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The science of minerality

C
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Minerality in wine has been a subject of intense debate. The current perception of minerality in wine is
mainly based on geological viewpoints and sensory studies, and the scientific understanding remains
limited. We review interdisciplinary studies and integrate their key findings with physicochemical
guidelines to wunravel the fundamental
combinatorial activity of various sensory receptors stimulated by versatile minerals, promoting

principles of minerality. Minerality arises from the

complexity and uniqueness. This comprehensive review will revolutionize how mineral sensation is
perceived and will allow the creation of convincing marketing strategies. A great impact on the

rsc.li/rsc-advances

1 Introduction

In wine tasting, minerality has been a fashionable and highly
regarded quality of wines for decades. Mineral tastes/aromas
are often used to differentiate products and to command high
prices." The current understanding of minerality is mainly
based on a geological perspective where rocks and stones have
no taste and solid minerals do not easily evaporate into the air
to be detected.> Furthermore, minuscule minerals in wine are
usually considered to be present below human detection
thresholds. This perceived minerality was proposed to originate

“Tipple Scientist, Institute of Biomedical Sciences, Academia Sinica, Taipei 115,
Taiwan. E-mail: drtai@tipplescientist.com
"Weinakademie Osterreich GmbH, Seehof, 7071 Rust, Austria

‘Kostaki Winery, Epameinonda Stamatiadi 4, Samos, Greece

Hui-Chung Tai is the director
and chief scientist of Tipple
Scientist, a consultancy focused
on tasting and understanding
wines and spirits from scientific
perspectives. She holds a PhD in
chemistry from the University of
Warwick, a diploma qualifica-
tion in wines and spirits from
the British Wine and Spirit
Education Trust (WSET), and
a Weinakademiker from the
Austria Wine Academy and she
has been a researcher at the

Hui-Chung Tai

Korean Institute of Advanced Study, Academia Sinica, and in the
biotech sectors. Her research interests range from bioinorganic
chemistry, computer-aided drug design, theoretical chemistry, and
wine chemistry.

© 2025 The Author(s). Published by the Royal Society of Chemistry

research of terroir, winemaking, and molecular mechanisms of mineral sensing is foreseen.

from organic compounds such as lipids rather than any
minerals.>® Hence, mineral related terms in wine tasting are
often used with care among wine professionals. On the other
hand, sensory study and statistical analysis of tasting notes are
common approaches to investigate relationships between
mineral descriptors and chemical compositions and flavors of
wine.** Although this viewpoint provides important insights,
the physicochemical origins and the associated chemical
elements/pathways that give rise to minerality are largely
unclear and elusive.?

The main difficulty of understanding minerality lies in the
broad range of related wine descriptors. How to use these
descriptors highly depends on personal wine knowledge and
tasting experiences/sensitivity."*” In addition, diverse metallic
sensations and combinations of the involved receptors make it
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challenging to define and characterise metallic sensations.®
Furthermore, mineral compounds in soils, vines, grapes, and
wines are usually present in minute amounts and can
constantly transform between different states (e.g. gas, liquid,
solid) via oxidation/reduction and by interacting with various
chemicals in the environment.®® In particular, a significant
number of minerals involve metal cations. Metal cations can
exist in various oxidation states that can form a wide range of
stable compounds by interacting with different negatively
charged anions.*'* These compounds often show different
chemical properties and reactivity. Therefore, it is challenging
to track how these ions are transported. How and in what
quantity the ions can be absorbed by vines and utilized for
grape growing is regulated by various viticultural factors such as
the soil conditions, water availability, rootstocks, and grape
varieties.>*>'* Moreover, mineral content in growing environ-
ments can be increased by artificial chemicals used to tune the
pH of the soil, the nutrients in the soil (e.g. Ca(NOj3), as
a nitrogen fertilizer) or to prevent vine diseases (e.g. CuSO, in
Bordeaux mixture). In turn, mineral content can be decreased
by heavy precipitation and loose soils. Mineral profiles in wine
are further affected by winemaking processes like pressing,
fermentation, fining, and filtration. Certain minerals are often
removed as precipitates or by filtration, whereas some can be
introduced via winemaking equipment, anti-microbial chem-
icals (e.g. sulfur dioxide, potassium bisulfite), and fining agents
(e.g. bentonite, copper sulfate).>*>** Most studies have shown no
positive relationship between the intensity of perceived miner-
ality and concentrations of related minerals in the wine and
no clear connection between mineral profiles in soils and the
wine.?

To gain a deeper understanding of minerality and to
scientifically use the related descriptions in wine tasting and
quality assessment, it is of prime importance to address the
following questions: (1) does minerality arise from specific
wine components as various aromas in wine? (2) do different
descriptors for minerality in wine originate from distinct
groups of wine components and what are the associated
chemical pathways? (3) what factors can affect the intensity of
perceived minerality in wine? and (4) how are different
minerals recognized by human sensory receptors to trigger
mineral perception?

In this work, we show that minerality can be broadly cate-
gorized into three main groups according to the physico-
chemical source and the chemical reactions involved: metal,
metal-catalyzed, and sulfur (Table 2). We explain how envi-
ronmental factors can influence the intensity of perceived
minerality and how they correlate with mineral concentrations
in wines and illustrate how minerality can reflect part of the
terroir of a wine. Moreover, we summarize recent research on
how distinct minerals target different human olfactory/taste
receptors to initiate cellular signaling for mineral perception
and elucidate the fundamental principles of mineral-receptor
recognition.
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2 Scientific definition and principles
of minerality

2.1 Minerals in wines can Be present above the sensory
threshold

The perception thresholds of minerals given in previous studies
are collected in Table 1. For comparison, concentration ranges
of minerals that are frequently found in wine at higher levels are
listed: sodium (Na), potassium (K), magnesium (Mg), calcium
(Ca), iron (Fe), copper (Cu), and volatile sulfur compounds.>*
Although the sensory thresholds of most metal-containing
minerals are assessed in water rather than in wine, the
numbers can serve as references. The perception thresholds
and the corresponding ranges of concentrations in wine can
overlap with each other and the estimations are subject to
participants’ individual sensitivity and how the tastings are
performed.®***"” In general, comparing the perception thresh-
olds of various minerals with their concentration ranges in
wines shows that minerality can remain within perceivable
ranges.

2.2 Define and categorize minerality

To reduce confusing and misleading terms in wine tasting, it is
important to scientifically define and categorize minerality.
Minerals are inorganic compounds (typically they do not
contain carbon atoms or carbon-carbon bonds) with an ordered
atomic arrangement and thus can form a particular crystal
shape (e.g. NaCl, FeS). According to their origin and the chem-
ical reactions involved, minerality in wine can be generally
classified into three main groups: metal, metal-catalyzed, and
sulfur (Table 2). Some descriptors may come from organic
sources. Based on current knowledge, the generation of the
flavored/aromatic molecules in wine may not involve inorganic
elements. Thus, they are organized into a separate organic
category. Metal ions that directly induce the perceived flavors/
aromas are in the metal group. Metal ions that do not directly
account for flavors/aromas yet catalyze chemical reactions
(mostly oxidation or reduction) to produce volatile compounds
are in the metal-catalyzed group. The sulfur group mainly
contains sulfur-containing compounds with distinctive aromas.
The chemical elements/compounds listed in Table 2 are well-
studied examples but not exhaustive.

2.2.1 Flavored/aromatic minerals. Some inorganic
compounds in the three main groups of minerals can be directly
tasted or smelled. For example, NaCl and Nal in the metal group
have salty tastes. H,S and SO, in the sulfur group mostly create
flinty/reductive aromas (Table 2). Magnesium/calcium salts in
the metal group can be bitter or sour, but so are many other
organic compounds such as benzaldehyde from bitter almonds
and various acidic molecules. It is difficult to distinguish the
subtle differences of bitter/sour taste from mineral and organic
origins without further investigation. Volatile sulfur molecules
include a wide range of compounds produced from fermenta-
tion and lees ageing or are generated/regenerated via chemical
reactions involved copper during winemaking or bottle ageing.
Thiols like methanethiol (MeSH) are organic compounds.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Perception thresholds of minerals in water and wines as well as mineral concentration ranges in wines around the world. ND denotes

not detected

Perception threshold in water (mg L)

Perception threshold in wine (mg L)

Range in wine (mg L")

NacCl 140-1780 (ref. 14)

75.4-1270 (ref. 8) ND
MgCl, 45-60 (ref. 16) ND
CaCl, 100-300 (ref. 16) ND
FeSO, 1.14-65.2 (ref. 17) ND
FeCl, 2.69-65.3 (ref. 17) ND
CuSo, 0.511-8.68 (ref. 17) ND
CuCl, 0.457-5.04 (ref. 17) ND
H,S ND
MeSH ND

80-5060 (ref. 14)

0.001-0.002 (ref. 18)
0.002-0.003 (ref. 18)

2.94 (ref. 15)-310 (ref. 9)
7.80-718 (ref. 9)

3.5-241 (ref. 9)
0.001-10.7 (ref. 9)

0.001 (ref. 9)-646 (ref. 15)

ND-0.035 (ref. 18)
ND-0.008 (ref. 18)'

Table 2 The three main categories of minerals perceived in wine according to their physicochemical sources and the chemical reactions
involved. The organic group may not necessarily be associated with minerals. The listed compounds/elements are typical examples but are not

exhaustive

Minerality Organic
Category Metal Sulfur Metal-catalyzed Organic
Perceived minerality ~ Salty Bitter Reductive, flinty, Wet stone, petrichor, metallic ~ Earthy

gunpowder, match

Flavored/aromatic NaCl, Nal, KCI =~ MgCl,, MgCO;,  H,S, SO,, MeSH, EtSH 1-Octen-3-one 2-Methylisoborneol
compound CaCl,, CaCO3 (derivative of fatty acids) (derivative of terpenes)
Associated Na, K, Cl, I Mg, Ca, Cl S Fe, Cu Unknown

inorganic element

However, sulfur is highly reactive and inorganic and organic
sulfur compounds can easily convert from one another with the
assistance of yeasts.” Thus, the flinty/match aromas from thiols,
particularly pronounced in reductive conditions with low levels
of oxygen exposure during winemaking, can be associated with
inorganic sulfur sources."®

2.2.2 Flavor/aroma stimulating minerals. The metal-
catalyzed group includes metal ions that can accelerate the
oxidation/reduction of organic molecules such as lipids to
release volatile organic compounds (Table 2).*> For instance,
skin that has touched a metal coin can give off a metallic odor.
Research has shown that reactive blood Fe** ions can reduce
and decompose lipid peroxides on the surface of the skin to the
odorous molecule 1-octen-3-one while simultaneously being
oxidized to Fe*". 1-Octen-3-one is perceivable by humans at very
low concentrations (20 ng L™ in white wine).*>* The quantity of
the volatile carbonyl compounds and the metallic odor
increased in line with the quantity of Fe>* ions in contact with
the skin. Moreover, the addition of a blood-iron chelator sup-
pressed the perceived metallic odor and greatly reduced the
levels of 1-octen-3-one produced, indicating that Fe®" ions play
a key role in the chemical reaction of the aroma generation.*
Likewise, aromas such as wet stone and petrichor can be
produced via similar chemical pathways involving metal ions.
These aromas often accompany the first rains after a warm
sunny period.”* The higher temperature facilitates the release
and accumulation of various volatile lipids in the air. The

© 2025 The Author(s). Published by the Royal Society of Chemistry

suddenly condensed moisture drives these organic compounds
to interact with minerals on rock and stone. Theses metal ions
can stimulate similar chemical reactions to release aromatic
compounds. Wine often contains abundant fatty acids of
various kinds along with different metal ions.”*** Aromatic
molecules can be easily produced following the pathways
illustrated above. In contrast, 2-methylisoborneol, a volatile
organic molecule that often gives an earthy odor, can be
produced by microorganisms or from other unknown pathways
that may not necessarily involve metals. The chemical reactions
associated with these odors need further investigation.*>** Based
on current understanding, the organic group is used to differ-
entiate the chemical sources and pathways from the three main
categories of minerality.

2.3 Effects of environmental factors on intensity of perceived
minerality

Environmental effects on mineral intensity are commonly
observed. For example, wines from cooler climates tend to show
more observable minerality because they usually undergo
slower chemical reactions in lower temperatures compared to
warmer climates. Reactive minerals or volatile compounds can
be better preserved under such conditions. In addition, the
lower pH values of wines from cooler climates help preserve
more freely available SO,, further reducing the levels of oxida-
tion. Likewise, wines produced in reductive winemaking
processes (e.g. with the use of stainless steel and screwcaps)

RSC Adv, 2025, 15, 40245-40251 | 40247
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tend to undergo less oxidation. Subtle volatile compounds and
reactive minerals are less likely to be lost during the processes.
In particular, iron in the oxidation state Fe*" often forms less
soluble salts in water/wine that can precipitate and are not easy
to recover. In the previous study, the intensity of the metallic
odor showed a positive correlation with the quantity of 1-octen-
3-one and Fe®* ions in contact with the skin, suggesting that
a positive relationship between concentrations of the associated
minerals and intensity of the minerality in wine can be observed
in a controlled experimental environment.”” Recent research
has shown that the intensity of flinty and reductive aromas is
positively connected to concentrations of metal ions in wine.
Sulfur has a high affinity with metals and the affinity can vary
according to the various oxidation states of the metals and
different oxygen exposure. Therefore, the minerality created can
be influenced by the amounts of metal ions present and the free
and metal-bound sulfur compounds as well as environmental
factors and other chemicals competing to bind the metals.’

2.4 Mineral perception arises from combinatorial activity of
diverse sensory receptors

The sense of smell and taste is initiated via the stimulation of
sensory receptors by chemical compounds. Depending on their
structural characteristics and flexibility, each sensory receptor
can recognize a subset of chemicals and a single chemical can
activate multiple receptors. The molecular mechanisms usually
involve key conformational changes of receptors upon binding
of specific chemicals to further trigger cellular signaling.*
Hence, we focus on structure-based studies of human sensory
receptors. Mineral perception is a combination of taste sensa-
tion by metal ions and thiols as well as olfactory/retronasal
sensation via volatile sulfur-containing molecules and lipid
oxidation catalyzed by metals. Human mineral sensory recep-
tors mainly comprise ion channels and G protein-coupled
receptors (GPCRs, the largest family of human membrane
proteins with seven conserved transmembrane helices that
transmit signals from extracellular stimuli, such as the binding
of ions and odorants to the intracellular G proteins).®*® Humans
have approximately 400 olfactory receptors (ORs), all in the
GPCR family. The study of how odorants are recognized by ORs
is still in its infancy but is rapidly evolving. The cryo-electron
microscopy (cryo-EM) structures of the OR51 and OR52 fami-
lies show the recognition of fatty acids, indicating their

Table 3 Structures of the key receptors involved in mineral perception
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association with mineral perception. In particular, the structure
of OR51 shows a binding pocket composed of polar, hydro-
phobic (to accommodate hydrocarbon tails), and positively
charged (to stabilize carboxylic acid odorants) residues.>>?”

Current research has identified five main types of mineral
taste receptors. Transient receptor potential (TRP) ankyrin
subtype 1 (TRPA1) and vanilloid subtype 1 (TRPV1) and epithelial
sodium channels (ENaC) are ion channels, whereas the sweet
and umami taste receptor 1 type 3 (Tas1R3) as well as the bitter
taste receptor 2 type 7 (Tas2R7) are GPCRs.*® Table 3 lists the
model structures of key mineral olfactory/taste receptors and
their pairing minerals. Currently, no human structure is avail-
able for Tas2R7.® These structures provide important insights
into the molecular mechanisms of mineral-receptor recognitions
and the resulting signal transduction for mineral sensation.

In essence, metal selectivity in receptors is governed by the
metal properties (net charge, ionic radius, charge-accepting
ability), the properties of the binding residues (net charge,
charge-donating/-accepting ability), the characteristics of the
composite metal and binding residues (coordination number,
coordination geometry), as well as the effects of the protein
matrix (pore size, rigidity, dielectric constant).”® ENaC is the
major salty taste receptor, which selects Na over K" via its
narrow and rigid pore (ionic radii 1.02 and 1.30 A for hexa-
coordinated Na" and K", respectively). Yet the smaller Li"* revert
can be accommodated. The noncharged selectivity filter (SF)
motif of (G/S)xS favors monovalent over divalent cations.>
TRPAL1 is a tetrameric nonselective cation channel with a rela-
tively wide yet rigid SF of LGD, binding to metals via the Leu
and Gly backbone groups and the Asp™ side chain. The four
negatively charged residues with a rigid protein matrix favor
divalent over monovalent cations. Fe>" is a dication that may be
less favorable for TRPA1 binding as its spin state can change
from high-spin for interacting with the Asp™ side chain
(charge-donor with small metal d-orbital splitting) to low-spin
for binding to the Leu and Gly backbone groups (charge-
acceptor with large d-orbital spitting). The low-spin Fe*" with
a markedly decreased ionic radius may not fit well in the rigid
channel. In addition, TRPA1 may bind to heavy metals and
thiol groups using the cysteine-rich pocket.*** TRPV1 ion
channels share a similar tetramer scaffold with the TRPA1
family but have a distinct GMGD SF motif. Despite the pres-
ence of four acidic residues, the wide and flexible pore with
better solvent accessibility can accommodate a wide range of

Receptor family Receptor SF motif Selective mineral Model PDB ID*

Olfactory GPCRs OR51/52 1-Octen-3-one Human 8F76

Taste GPCRs Tas1R3 Ca**, Fe** Human 9UTS8
Tas2R7 Mg?*, Ca®*, Cu®*, AI*'not monovalent Heterologous 6BQG

ions

Ion Channels ENaC” (G/S)xS Na', Li" Human 6WTH

TRP Ion Channels TRPA1 LGD Thiols, Ca**, Cu**, zn**, cd** Human 6PQP
TRPV1 GMGD Ca?", Fe**, cu**, zn**, Na*, K" Human 9P6B

“ Other structures of human sensory receptors may be available in the protein data bank. The listed PDB ID only serves as a model example. ” No

structure yet solved for the SF of ENaC.
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metal ions.*" Tas1R3 forms a heterodimer with Tas1R1 and
Tas1R2 to constitute the umami and sweet taste receptors,
respectively, and is essential for triggering umami and sweet
sensation. Structural studies suggest that Tas1R3 may play
a key role in the conformational transition of Tas1R2. Tas1R3
was shown to be activated by Ca®" in vitro, and potentially by
other dications. Solving the structure of Tas1R3 in the presence
of metal ions is required to identify the exact metal-binding
site and to explore its metal ion selectivity.>> Among the 25
human bitter taste receptors, Tas2R7 was reported to respond
to various divalent and trivalent cations but not to monovalent
ions in vitro. Molecular modeling and docking identified an
EHEE binding cavity with a high level of negative charge
density that favors divalent/trivalent cations over monovalent
cations.® This finding demonstrates that potassium chloride is
little known for its bitterness.***

3 Applications and future outlook

This study disentangles the fundamental principles of miner-
ality and will have great impact on how wines are tasted and
analysed, the applied viticulture and winemaking for mineral
wine styles, novel marketing strategies to promote distinctive
wine styles, mineral perception mechanisms, the design of
new cuisine and olfactory/taste modulators, and the engi-
neering of sensory receptors with desirable properties. During
the preparation of the manuscript, a thesis from the Institute
of Masters of Wine reported a thorough statistical analysis of
20 678 tasting notes published in Decanter.* Stone, salty,
metal, and smoke were concluded to be the highest positive
predictors of minerality, supporting the main concepts in this
work. Scientific and linguistic studies ultimately achieve the
same conclusion. Importantly, this work shows that a broad
knowledge of chemistry ranging from inorganic, theoretical,
and wine chemistry to biochemistry and structural biology can
not only advance the interdisciplinary research in agriculture,
enology, food and drink science, and beverage marketing, but
also provide scientific education to the general public. The
main applications and future research are discussed as
follows.

3.1 Petrol and kerosene in wines may be stimulated by
metals

1,1,6-Trimethyl-1,2-dihydronapthalene (TDN) is well known to
create aromas like petrol in white wines and kerosene in red
wines. TDN is usually produced from the decomposition of non-
volatile compounds called carotenoids. The production path-
ways involve reduction/oxidation catalyzed by metal-containing
enzymes (carotenoid cleavage dioxygenases), where metals have
been reported to play key roles.**** However, the overall mech-
anisms remain unclear. The chemical pathways and the
resulting concentrations of TDN are known to be promoted by
warm temperatures and sunlight.*®* Whether similar families of
enzymes are present in wines or if metal ions, in addition to
temperature and light, in wines can facilitate reduction/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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oxidation for TDN decomposition from precursor compounds
requires further investigation.

3.2 Mechanisms of mineral perception

Depending on its structural and physicochemical properties, an
individual sensory receptor may accommodate different
minerals and undergo distinct conformational changes to
trigger specific signaling pathways. The intricate structure-
activity relationships pose great challenges in understanding
the mechanisms of mineral perception. Nonetheless, cryo-EM,
quantum chemical calculations, and computer simulations
have been shown to provide important structure and dynamic
insights to reveal key molecular interactions governing mineral-
receptor recognition.” A leap in how mineral-receptor pairing
activates specific cellular signaling and the structure-percep-
tion relationships of minerals in the near future can be
anticipated.

3.3 Connection between minerality and terroir

The concept of terroir emphasises how the growing environ-
ment can affect wine quality. Unique terroir is often used to
promote wine quality and command high prices.’” However,
recent analysis of chemical compositions of soils, vines, berries,
and wines showed no clear connection between soils and
resulting wine products.>*****° Indeed, the chemical profiles of
soils through wines can be a powerful tool to quantify and
analyse their main features and explore the corresponding
relationships.*® As numerous factors related to climate, soil
conditions, and viticultural and vinification practices can all
have great impacts on wine components and flavors, the direct
comparison of the chemical compositions of wines cannot
easily uncover their complicated correlations. A more logical
analysis can be performed by regulating a few selected factors
while maintaining others under the same conditions. For
instance, by comparing samples of a specified varietal from
a specific vineyard with identical viticultural and vinification
processes yet produced in warm and cool vintages or in years
with highest and lowest precipitation, the unique chemical
profiles resulting from different growing temperatures or levels
of rain can be effectively revealed. On the other hand, inter-
pretation of correlation analysis for terroir and minerality is
challenging as conclusions are highly dependent on the range
of datasets, the conditions of the measurements, and the
statistical models applied. Furthermore, the general concept of
terroir cannot easily be translated into a simple variable
required in the analysis and its relationship with minerality may
not be monotonic.*

Versatile mineral compositions including various metals
and other inorganic elements in wine can potentially provide
distinct fingerprints and may reflect terroir.***> Recent studies
showed that elements frequently used in chemical agents for
viticulture and vinification or easily forming precipitates (e.g.
Mg, Ca, K, Cu) may need to be considered carefully.*® In addi-
tion to minerals, some unique organic phenolic compounds in
Malbec have been shown to be strongly related to terroir
features in Mendoza, Argentina.*

RSC Adv, 2025, 15, 40245-40251 | 40249
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The uptake of mineral ions from soils to vines is mainly
regulated by the soil conditions, water, and the rootstocks.
Slightly acidic soils (pH 6-7) tend to facilitate the absorption of
most minerals, whereas alkaline soils lower the availability of
transition metals such as iron and copper.”> Microorganisms can
improve soil texture and are more active in mildly acidic soils.
Sufficient water is critical to dissolve minerals from soils to be
absorbed by vines. Soils with a higher percentage of organic
components (humus) and clay can help attract and hold metal
cations.” Depending on nutrient availability and the preference
of grape variety, suitable rootstocks can be selected to improve
the absorption of minerals.

3.4 Winemaking skills to preserve or enhance minerality

Minerals have been shown to greatly influence the taste, aroma,
and mouthfeel of wine by directly inducing the sensation or as
a catalyst to stimulate the production of volatile molecules. The
composition of minerals in wine is subject to change depending
on the various winemaking approaches used.'**® Less human
intervention in winemaking using less chemicals such as fining
agents can help preserve the minerals from grapes. Reductive
winemaking and storage can also maintain the concentrations
of metal ions (e.g. copper, iron) as well as volatile sulfur
minerals and lipids that are highly reactive to oxygen. On the
other hand, the addition of anti-microbials/anti-oxidants such
as SO, may increase the reductive odors.>"> Other approaches
such as fining with bentonite and using rocks or vessels con-
taining minerals (e.g. amphorae made of clay, metals) can also
elevate mineral contents® and thus artificially promote miner-
ality so long as the types of minerals can dissolve in wine at
levels above the perception threshold. Theoretically, deliber-
ately making mineral wine for the mass market could be
possible.

3.5 Minerality as a marketing strategy

Mineral aromas/flavors have long been used in wine promotion
despite the intense debate surrounding their interpretation.
This study has provided a fundamental understanding of the
origins and the chemical pathways involved in wine minerality,
which can further create strengths and opportunities for
marketing. The diverse mineral lexicon can be rationally used to
describe different wines and to emphasise their high quality
and unique style. These concepts can be used to create
compelling stories linking distinctive geographies/climates and
skilful winemaking to wines exhibiting specific mineral sensa-
tions typical of the wine regions as well as to inform consumers
what exactly they are paying higher prices for. A market trend
for premiumization of mineral wines could be developed. In
addition, mineral compounds common in food means that
mineral wine pairing is feasible in daily life. The incorporation
of the science of minerality in wine education could attract
high-involvement consumers, whereas its integration in wine
tourism and fine dining can engage
customers.

low-involvement
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4 Conclusions

This review integrates interdisciplinary studies with physico-
chemical guidelines to unravel the fundamental principles of
mineral perception as well as to highlight future directions of
research and the wide applications of research into terroir,
winemaking, and the molecular mechanisms of mineral flavour
sensing. The unconventional perspectives on and key concepts
of minerality are summarized as follows.

1. Broad knowledge of chemistry is indispensable to unravel
the underlying principles and gain a comprehensive under-
standing of mineral perception.

2. Frequently encountered mineral perception can be clas-
sified into three main groups: metal, sulfur, and metal-
catalyzed according to the chemical source and pathway
which created the minerality. Metal ions that directly cause
perceived flavours/aromas are found in the metal group. NaCl
and KCl are common examples that give a salty sensation. Metal
ions that do not directly account for flavours/aromas yet cata-
lyze the chemical reactions to produce volatile compounds are
in the metal-catalyzed group. Reactive blood Fe®" ions that can
reduce and decompose lipidperoxides on the surface of the skin
to produce the odorous molecule 1-octen-3-one are a classic
example. The sulfur group is composed of mainly aromatic
sulfur-containing molecules. H,S and MeSH with flinty/
reductive aromas are typical examples of the wide range of
sulfur compounds in wines.

3. Chemical components in wine can internally interact with
one another to generate various compounds with different
properties. Furthermore, these chemical reactions can be
accelerated or decelerated by external environmental factors
such as temperature and exposure to oxygen. Thus, a positive
connection between mineral intensity and concentrations may
not be observed in experiments.

4. Mineral perception is a combinatorial taste sensation
caused by metal ions and thiols as well as olfactory/retronasal
sensation via volatile sulfur-containing molecules and lipid
oxidation catalyzed by metals. Current research has identified
five types of human mineral taste receptors. TRPA1, TRPV1, and
ENaC are ion channels, whereas Tas2R7 and Tas1R3 are GPCRs.
The principles of metal selectivity in proteins provide important
structure-perception relationships for minerals. The study of
odorant and olfactory receptor (all GPCRs) pairing is still in its
infancy. The cryo-EM structures of the OR51 and OR52 families
reveal the recognition of fatty acids, indicating an association
with mineral perception.
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