fermentation

Review

Advances in Mead Aroma Research: A Comprehensive
Bibliometric Review and Insights into Key Factors and Trends

Amanda Felipe Reitenbach 1*(0, Adriana Sturion Lorenzi
Paula Christina Mattos dos Santos (7, Igor Murilo Teixeira Rodrigues

2(), Grace Ferreira Ghesti 30,

3(0, Ananda Dos Santos Barbosa 2,

Rodrigo Ribeiro Arnt Sant’Ana 40, Carlise Beddin Fritzen-Freire 14, Bahareh Nowruzi ® and Vivian Maria Burin 1+

check for
updates

Academic Editor: Alice Vilela

Received: 17 March 2025
Revised: 8 April 2025
Accepted: 14 April 2025
Published: 17 April 2025

Citation: Reitenbach, A.F,; Lorenzi,
A.S.; Ghesti, G.F,; Santos, PC.M.d.;
Rodrigues, LM.T.; Barbosa, A.D.S.;
Sant’Ana, R.R.A.; Fritzen-Freire, C.B.;
Nowruzi, B.; Burin, V.M. Advances in
Mead Aroma Research: A
Comprehensive Bibliometric Review
and Insights into Key Factors and
Trends. Fermentation 2025, 11, 226.
https://doi.org/10.3390/
fermentation11040226

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

Postgraduate Program in Food Science, Department of Food Science and Technology, Federal University of
Santa Catarina, Florianépolis 88034-001, SC, Brazil; carlise.freire@ufsc.br (C.B.E.-F.);

vivian.burin@ufsc.br (V.M.B.)

Science of Beer Research Group, Science of Beer Institute, Florianépolis 88020-000, SC, Brazil;
aslorenz@gmail.com (A.S.L.); paulachristinam@gmail.com (P.C.M.d.S.);

barbosa.anandal8@gmail.com (A.D.S.B.)

Laboratory of Brewing Bioprocesses and Catalysis in Renewable Energies, Institute of Chemistry,
University of Brasilia, Brasilia 70904-970, DF, Brazil; ghesti.grace@gmail.com (G.E.G.);
igormurilot@gmail.com (LM.T.R.)

Department of Food Science and Technology, Federal University of Santa Catarina (UFSC),

Florianépolis 88034-001, SC, Brazil; rodrigorasantana@gmail.com

Department of Biotechnology, Science and Research Branch, Islamic Azad University, Tehran 1477893855, Iran;
bahare77biol@gmail.com

*  Correspondence: amanda_reitenbach@hotmail.com

Abstract: This article examines the key factors influencing the aromatic profile of mead,
which is increasingly popular in artisanal markets worldwide. Based on a bibliometric
review of 44 scientific studies, the analysis highlights the significant role of honey type
in shaping mead’s sensory characteristics. Acacia honey contributes subtle floral notes,
while eucalyptus honey brings bolder, resinous aromas. The bibliometric analysis also
emphasizes fermentation conditions, such as temperature and yeast selection, as crucial
factors. Lower fermentation temperatures help preserve volatile compounds, enhancing
fruity and floral aromas, while higher temperatures lead to increased concentrations of
undesirable higher alcohols. Additionally, aging mead in oak barrels for 6 to 12 months
adds complexity by introducing vanilla, coconut, and spice notes from the wood’s phenolic
compounds. The maturation process, including its duration and storage conditions, also
enables the flavors to blend and develop over time. Moreover, the addition of herbs and
fruits during fermentation or maturation has been proven to introduce new layers of
aroma and flavor, with ingredients like citrus, berries, and aromatic herbs enhancing the
final product with fresh, lively notes. The potential of non-Saccharomyces yeasts is also
explored as an alternative for enriching aromatic profiles, with the capacity to introduce
unique sensory characteristics, including diverse flavor profiles and regional or terroir-
based variations. Finally, the bibliometric review reinforces the importance of selecting
appropriate ingredients and controlling fermentation processes to improve mead quality.
It also suggests exploring microbiomes, exotic honey varieties, and the use of herbs and
fruits for even more distinct aromatic profiles.

Keywords: aromatic profile; bibliometric review; mead; fermentation; honey variety;
sensory analysis
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1. Introduction

Mead is one of the oldest alcoholic beverages in the world [1,2] and has experienced a
resurgence in recent years, driven by a growing interest in artisanal and natural products,
as well as the search for new sensory experiences in the beverage market [3,4]. Origi-
nally crafted from a simple blend of honey, water, and yeast, mead can display a wide
range of sensory profiles, shaped by factors such as honey type, fermentation conditions,
water quality, yeast strain, and the addition of ingredients like fruits and spices [1,5-7].
This modern resurgence of mead has spurred the demand for comprehensive studies on
its physicochemical and sensory characteristics, which are crucial for the craft beverage
industry [8].

Although interest in mead is increasing, the scientific literature remains limited, partic-
ularly concerning the relationship between its sensory properties and production variables.
Fermentation, a key process in mead production, is influenced by various factors, including
the organic composition of honey, temperature, pH, and yeast strain [1,9]. However, the
complex interactions between these factors and their effect on the final quality of mead
have not been comprehensively studied.

The mead’s sensory profile is shaped by the volatile constituents of honey and other
metabolites [10-12]. Honey contains a broad range of phenolic compounds as secondary
constituents, especially flavonoids and phenolic acids, which directly influence the bev-
erage’s flavor and stability [13,14], with notable variations depending on the honey’s
origin [15,16]. While it is known that these compounds influence mead’s longevity and an-
tioxidant profile, the interactions between these compounds and other production variables
are not fully understood [17].

To fill this gap in the mead’s literature, the present study investigates the factors
influencing mead quality and consumer acceptance, with an additional focus on optimizing
its aromatic profile. The research emphasizes the relationship between chemical and sensory
characteristics, such as phenolic compounds, organic acids, and consumer perception. The
main goal is to provide a scientific framework that supports the optimization of production
processes to meet market demands for high-quality mead. In addition to advancing the
beverage industry, the study seeks to encourage the creation of more refined mead products
by analyzing their molecular and sensory profiles, thereby helping them stand out in the
global market.

2. History, Tradition, and Modern State of Mead

The earliest evidence of mead production comes from ceramic jars containing residues
of fermented honey, dated to around 7000 BC (before Christ) in the region of present-
day China [18]. By around 4000 BC, mead had become a part of Egyptian and Sumerian
civilizations, valued both for its symbolic and therapeutic properties [1]. This tradition
of consumption persisted in various cultures throughout history. Archeological evidence
shows that mead was enjoyed by various ancient cultures, such as the Vikings, Celts, and
Greeks [19]. In ancient Greece, around 2000 BC, mead, called “Melikraton”, played a role
in religious ceremonies and feasts, often associated with the gods [4]. Similarly, both the
Celts and Vikings regarded it as a gift from the gods. During the Middle Ages (476-1453),
mead became popular in Europe, especially among the nobility.

The spread of mead was further propelled by its incorporation into trade routes.
During the Middle Ages, European cities such as London and Paris became centers of
exchange for various goods, including honey and mead. From the 11th century onward,
with the strengthening of trade between the Middle East and Europe, exotic ingredients like
spices and dried fruits enriched mead production, leading to a greater diversity of styles.
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This evolution not only enhanced the taste variety of mead, but also cemented its status as
an esteemed beverage, commonly featured at royal banquets and religious ceremonies [15].

Throughout its history, different regional variations of mead have emerged, shaped by
the incorporation of fruits, herbs, and/or spices during its production (Figure 1). Mead
that also contains spices is called “Metheglin”, and mead that contains fruit is called
“Melomel”. “Metheglin”, for instance, is a variation that includes spices and herbs, and
it was commonly consumed in medieval Britain, both as a recreational and medicinal
beverage [20]. In Ethiopia, “Tej” is a type of mead made with gesho herb, which gives the
drink its distinctive bitterness. One popular “Melomel” variety, cyser, particularly enjoyed
in France and England, blends honey with apple juice, offering a rich flavor profile where
the apple notes balance the sweetness of the honey. “Polski Mi6d”, a renowned Polish
mead, boasts a long-standing tradition and a wide range of styles, from sweet to dry [21].

MELOMEL TRADITIONAL METHEGLIN
MEAD + FRUITS WATER, HONEY AND YEASTS MEAD + SPICES OR HERBS
CAPSICUMEL
(GRAPE)
COFFEAMEL
CYSER N SRE (COFFEE)
(MORE HONEY)

(APPLE) '
\‘) RHODOMEL
N

MORAT (LESS HONEY)
(BLACKBERRY)
OTHER STYLES
BOCHET
VIKING BLOOD BRAGGOT
(CHERRY) (CARAMELIZED HONEY) (GRAINS/MALT)
BLACK MEAD MEDOVUKHA ACERGLYN
(BLACKCURRANT) (RAISINS AND CLOVES) (MAPLE SYRUP)
=

D A

"

Figure 1. Mead variations (adapted from [22]).
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Additionally, the ancient civilizations not only consumed mead as a daily drink, but
also included it in religious ceremonies, frequently linking it to gods and mythological
stories [19]. In Norse mythology, mead was offered to warriors who died in Valhalla, the
dwelling place of the gods [23]. In Brazil, indigenous tribes also consumed a fermented
drink made from honey and pollen from native bees, called “Tucunaira” [22]. However,
from the 16th to the 18th centuries, mead consumption waned as wine and beer gained
popularity, resulting in a decrease in its production [15]. In the late 20th century, mead ex-
perienced a revival, driven by the growing interest in natural and artisanal products. Small
producers began exploring new fermentation techniques and incorporating ingredients
such as fruits and spices, diversifying flavors and making mead more appealing to modern
consumers [24]. In the 2010s, mead gained recognition as a gourmet and sophisticated
beverage, standing out for its versatility and variety of styles. Artisanal productions began
to shine at fairs and specialized events, attracting a diverse audience [25].

Throughout the centuries, mead production techniques have undergone significant
evolution. Initially, fermentation occurred naturally, with diluted honey fermenting through
wild yeasts, with each civilization adapting their methods to the locally available ingredi-
ents. The Vikings, for instance, with a rich supply of honey and local fruits, developed mead
varieties that captured the distinctive flavors of the surrounding environment. However,
over time, particularly during the Middle Ages and the Renaissance, the process became
more sophisticated, utilizing ceramics and wood to regulate fermentation and enhance the
beverage’s quality [15]. Improvements in fermentation methods and the adoption of differ-
ent containers, such as amphorae in Greece and barrels in medieval Europe, helped achieve
a greater consistency in the quality of the beverage. This technical advancement played
a key role in its widespread popularity among the nobility during the Middle Ages [20].
Currently, the mead production process is well-defined and consists of a series of steps,
including must preparation, fermentation, clarification, maturation, and bottling [26,27].
The first step in mead production is sanitizing all the equipment and utensils (Figure 2).
For the preparation of the must, honey is mixed with water in a specific ratio, typically
ranging from 1:0.5 to 1:3 (honey-water). If needed, the pH is adjusted to a range of 3 to 5 to
promote optimal yeast activity [28]. Along with water, honey, and yeast, it is recommended
to add mead nutrients and sulfites to enhance fermentation efficiency [8,9,29,30]. The
use of metabisulfite (either sodium or potassium salts, or commercially available tablets)
releases sulfur dioxide, which kills or inactivates undesirable microbes [8]. The must is
then transferred to a fermenter, after which the alcoholic fermentation process begins.
Throughout this process, the yeast feeds on sugars (mainly monosaccharides like glucose
and fructose), converting them into ethanol and carbon dioxide (Figure 2). The fermen-
tation duration typically lasts between 2 and 4 weeks, depending on factors such as the
honey variety, honey—water ratio, yeast strain, inoculum size, nutrient salt addition, and
the physicochemical conditions (e.g., temperature and pH).

The alcoholic fermentation process is primarily carried out by yeasts of the Saccha-
romyces genus, with the most commonly used species being S. cerevisiae and S. bayanus.
However, fermented beverages can also be produced using wild yeasts or yeasts from
non-Saccharomyces genera. The yeast strain selected for mead production influences both
the fermentation process and the sensory profile of the final product, as they are responsi-
ble for the production of various secondary metabolites, such as organic acids, aromatic
alcohols, esters, carbonyls, and sulfur compounds, which contribute to the diverse flavors
and aromas of the beverage [28].
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Figure 2. Flowchart of the main stages of mead production (adapted from [31]).

Currently, mead keeps evolving with advancements in sustainability and fermentation,
including the use of unique yeasts and tailored aromatic profiles, to meet the demands of a
constantly changing market [3]. The modern resurgence of mead has introduced new styles
that blend innovative ingredients, like tropical fruits and aromatic herbs, with modern
fermentation techniques [7,32]. This evolution has created a broad range of sensory profiles,
enabling mead to appeal to a global and diverse audience [25].

Furthermore, according to Brazilian legislation, as defined by Decree No. 6871 of
4 July 2009, mead is classified as a fermented beverage with an alcohol content ranging
from 4 to 14% by volume at 20 °C, obtained through the alcoholic fermentation of a solution
composed of bee honey, nutrient salts, and potable water [33]. Normative Instruction No.
34 of 29 November 2012 establishes the chemical composition and classification criteria
for mead. Mead can also be categorized as either dry or sweet, depending on the residual
sugar content: dry mead must contain up to 3 g L ™! of residual sugar, while sweet mead
contains more than 3 g L-1[33].

3. Molecular Composition of Mead

Mead’s molecular composition is intricate, featuring a range of volatile compounds
that modulate its distinct aroma. Key molecular groups found in mead are esters, alcohols,
organic acids, phenols, and terpenes, each contributing uniquely to the drink’s scent
and overall sensory experience [1,2]. Esters are key in producing fruity aromas, while
higher alcohols add aromatic depth with floral hints [11,34]. Ethyl octanoate, an ester,
is particularly known for its fruity note, formed during alcoholic fermentation when
acids react with alcohols [24]. This compound contributes tropical, sweet, and fruity
aromas, playing a significant role in mead’s complex aroma [24]. Higher alcohols, like
phenylethanol, also significantly influence mead’s sensory profile. Phenylethanol is linked
to floral notes, often reminiscent of roses, and is produced during fermentation as a
byproduct of yeast metabolism. These higher alcohols are crucial in shaping the olfactory
profile of mead, enhancing its complexity and sensory richness [18].
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Organic acids derived from raw materials and produced during fermentation and
aging significantly impact the flavor and aroma of mead [24,35]. Acetic acid, in small
amounts, adds a mild acidity to mead, helping to balance the honey’s sweetness and
providing a refreshing touch on the palate. However, when present in high concentrations,
it can create undesirable sensory defects, such as vinegar-like flavors [15]. Other organic
acids, such as lactic and malic acids, play a key role in maintaining the balance between
acidity and sweetness, directly impacting the taste experience of mead [1].

Phenols, well-known for their antioxidant properties, are found in mead, primarily
originating from honey [14,36-38]. These compounds help to stabilize the beverage and
also affect its color and flavor, adding bitter or astringent notes depending on their concen-
tration [39,40]. Terpenes, though present in smaller amounts, contribute delicate and floral
aromas, which are derived from the nectar of the flowers used in honey production [20].

The interaction between these molecules, along with others, during the fermentation
and aging of mead results in a beverage with unique sensory characteristics, which vary
according to the ingredients and production methods employed. Table 1 provides a
summary of various mead types, including alcohol content, total and volatile acidity, pH,
soluble solids, reduced dry extract, aromatic compounds (esters and higher alcohols), and
organic acids, among others. These parameters are crucial for evaluating the final quality
of mead, as they have a direct impact on its sensory profile and preservation characteristics.
The physicochemical parameters and molecular compounds of mead were examined across
various variants [41].

Table 1. Physicochemical parameters and molecular compounds of different mead types.

- Mead with Mead with Unit of
Parameter Traditional Mead Orange Jabuticaba Measurement
Alcohol Content 25.6% + 0.1 13.7% + 0.2 14.1% + 0.1 % (v/v)
Total Acidity 94.05 + 0.04 85.55 + 4.4 114.84 + 0.16 mEq L
Volatile Acidity 521 £0.13 3.17 £0.12 4.83 £0.09 mEqL~!
Fixed Acidity 27.66 30.90 35.57 mEqL~!
pH 3.3 3.5 3.7 -
Soluble Solids (°Brix) 12 9 8 °Brix
Density 1.013 +0.03 0.998 + 0.002 1.016 £ 0.01 gcm™3
Reduced Dry Extract 20.24 £0.17 26.34 £ 0.21 19.29 £ 0.12 g L1
Residual Sugar Content 9.36 £0.23 11.74 + 0.08 5.91 £ 0.09 gLt
Organic Acids Acetic Acid, Lactic Acid Acetic Acid Acetic Acid, Lactic Acid mg L1
Main Aromatic Ethyl Octanoate, Ethvl Octanoate Ethyl Octanoate, )
Compounds Phenylethanol y Phenylethanol
Terpenes Presents Presents Presents -
Volatile Compounds Higher Alcohols Higher Alcohols Higher Alcohols -

Source: [11,42-44].

Typically, mead is a traditional alcoholic beverage containing 8% to 18% ethanol (v/v),
with concentrations ranging from 4% to 14% in Brazil [9,23,29,42]. However, the alcohol
content in mead can swing from a delicate 3.5% to a robust 23% ABV (alcohol by volume).
Natural mead had the highest alcohol content (25.6% = 0.1), compared to orange mead
(13.7% = 0.2) and jabuticaba mead (14.1% = 0.1) (Table 1). This difference can be attributed
to variations in sugar concentration and fermentation, as the addition of fruits can alter
the availability of fermentable sugars and yeast activity, resulting in different alcohol
concentrations. Furthermore, this supports the findings of [43], who demonstrate that
adding fruits during fermentation typically lowers the alcohol content due to the dilution
of the natural sugars in honey.
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Total acidity is another key factor, with notable differences observed between the ana-
lyzed samples (Table 1). Jabuticaba mead shows the highest acidity (114.84 + 0.16 mEq.L 1),
while orange mead has a lower acidity (85.55 4 4.4 mEq.L ™). Total acidity plays a crucial
role in shaping the flavor and perceived freshness of the beverage, influencing its overall
sensory appeal and acceptance. This observation suggests that the natural organic acids
present in fruits, such as citric acid in oranges and malic acid in jabuticaba, directly affect
the acidity of the mead. Jabuticaba (Plinia trunciflora), a native Brazilian fruit, produces
round berries ranging from red to purple, resembling grapes in appearance. Due to its rich
chemical composition, jaboticaba shows high potential for use in fermented beverages with
bioactive properties [45].

Natural mead has a lower pH value (around 3.3) compared to fruit-infused meads like
jabuticaba mead (pH 3.7) (Table 1). A higher pH is often linked to the presence of less disso-
ciated acids, which can impact the perception of acidity and the balance of sweetness and
acidity on the palate. Additionally, higher pH levels can affect the microbiological stability
of the mead, increasing its vulnerability to the growth of undesirable microorganisms [46].

Soluble solids content showed that natural mead has the highest concentration of
solids (12 °Brix), while orange and jabuticaba meads have lower values (9 °Brix and 8 °Brix,
respectively). This suggests that the addition of fruits influences the amount of residual
sugars after fermentation. The reduced dry extract, which reflects the content of non-
fermentable solids, follows a similar pattern, with orange mead showing the highest value
(26.34 £+ 0.21 g L™1). These data imply that fruit additions alter the composition of mead,
resulting in a lighter, less sweet beverage, which may appeal to consumers who prefer less
sugary flavor profiles. Aromatic compounds such as ethyl octanoate and phenylethanol
contribute to the sensory profile of mead, adding fruity and floral notes. These compounds
are found in all the mead variants analyzed, with both ethyl octanoate and phenylethanol
present in natural and jabuticaba meads.

The presence of higher alcohols in all the samples suggests that controlled fermentation
favors the formation of these compounds, enhancing the body and aromatic complexity
of the beverage. Previous studies indicate that fermentation control, especially regarding
temperature and yeast type, can modulate the production of these compounds, positively
influencing the aromatic profile [44].

Finally, the presence of terpenes in all the samples highlights their significant role in
enhancing aromatic complexity, adding distinct herbal and citrus notes. The addition of
fruits like oranges and jabuticaba appears to amplify these compounds, making the mead
more attractive to consumers seeking fresh and unique sensory profiles. In the context
of the craft beverage industry, the manipulation of these compounds can be strategic for
creating unique and sophisticated products, especially in premium markets.

4. Sources of Aromas in Mead

Honey is the primary ingredient in mead production, and its variety plays a decisive
role in shaping the aroma profile. The composition of honey, which depends on the flowers
from which bees collect nectar, leads to distinct aromatic characteristics that are transferred
to the mead during fermentation [24,47-51].

Honey from citrus flowers typically imparts fresh and fruity aromas, while wildflower
honey can add more complex and herbal notes [20]. Furthermore, mead can also be made
from honeydew honey, a non-floral honey that imparts its own unique set of aromas to the
beverage. This aromatic diversity is due to the presence of specific volatile compounds,
such as terpenes and phenols, which remain in the mead after fermentation [11].

The quality of the water used in mead production is crucial to the final composition
of the beverage. Water serves not only as a solvent for dissolving honey, but also directly
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impacts the biochemical reactions that take place during fermentation. Viscosity is a
physical property of honey that is influenced by its water content [52]. Impurities or
minerals present in the water can influence yeast activity, which in turn affects the formation
of aromatic compounds [1]. Thus, selecting high-purity water that is free from contaminants
and has the right mineral composition is essential for producing high-quality mead [18].

While Saccharomyces spp. is the most common yeast found in honey, other genera such
as Debaromyces, Hansenula, Lipomyces, Pichia, Schizosaccharomyces, Torula, and Zygosaccha-
romyces have also been identified [53]. During alcoholic fermentation, yeasts convert the
sugars in honey into alcohol, producing aromatic compounds as byproducts. Yeasts are
essential microorganisms in mead production, as they not only drive fermentation, but also
play a key role in shaping the aromatic profile of the beverage. This is achieved through the
production of various secondary metabolites, including volatile compounds such as esters,
higher alcohols, and organic acids, which define the sensory characteristics of mead [54].

Different yeast strains can significantly influence the aromatic profile of mead. Strains
of S. cerevisiae include C11-3 [9], BRL-7 [55], and UCD522 [30] from culture collections, as
well as commercial strains like Premier Cru [29], ENSIS-LE5 [8], Lalvin QA23 (Lallemand,
Montreal, QC, Canada), Lalvin ICV D47 (Lallemand, Montreal, Canada) [56], and BC s103
(Fermentis, Lesaffre, France) [57], are commonly used for their ability to produce fruity
esters that impart tropical and floral notes to the mead. On the other hand, strains like
Saccharomyces bayanus tend to produce fewer esters, resulting in meads with more subtle
aromas and a greater focus on spicy or mineral notes. Thus, selecting the appropriate yeast
strain is an essential aspect of mead formulation, as it directly affects the complexity and
intensity of the aromas.

In addition to the primary ingredients, incorporating fruits, spices, and herbs can
significantly enhance the aromatic profile of mead [6,7,32]. These additives introduce
new layers of flavor and aroma, enriching the overall sensory experience of the beverage.
Some popular additive combinations include the use of honey infused with herbs such
as mint or rosemary, which add freshness and herbal notes to mead. Another traditional
variation, “Metheglin”, combines spices and medicinal herbs, resulting in a complex and
layered aromatic profile [25]. The use of these additives not only broadens the flavor
spectrum of mead, but also allows for the creation of distinctive styles that appeal to
various sensory preferences.

The use of various types of honey in the fermentation process, including multifloral,
honeydew, and monofloral honeys, significantly affects the aromatic profile of meads
(Table 2). Traditional meads made with multifloral honey often display floral and fruity
notes linked to alcohols and esters [48]. The inclusion of additives like blackcurrant and
grape juice in “Melomels” adds aromatic complexity, with descriptors such as “citrus” and
“green”, as reported by [28,58], respectively. Mead made with Cannabis sativa (“Metheglin”)
presents a fresh and herbal aromatic profile [59]. Common volatile compounds identified
across these meads include alcohols (e.g., isoamyl alcohol), esters (e.g., ethyl acetate and
ethyl octanoate), and terpenes. Esters, particularly known for their fruity characteristics,
have the greatest influence on the sensory attributes, especially in fruit-infused meads.

5. Methods for Analyzing Volatile Compounds: Chromatographic and
Sensory Approaches

The analysis of volatile compounds in mead requires advanced methods that allow for
the identification and quantification of the various volatile and non-volatile components
present in the beverage. Gas Chromatography coupled with Mass Spectrometry (GC-
MS) is a widely used technique for the analysis of volatile compounds in mead. GC-MS
separates volatile compounds according to their physicochemical properties and then
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accurately identifies them using mass spectrometry. This technique is particularly effective
in detecting esters, higher alcohols, and volatile acids, which are crucial for the aromatic
profile of mead [23,56]. When combined, GC-MS and HPLC techniques provide a detailed
analysis of mead’s molecular composition, helping to enhance production processes and
create products with optimized sensory profiles [23].

In addition to chemical analyses, sensory evaluation is vital for understanding con-
sumer perceptions of mead’s aromas and flavors. Several studies incorporating sensory
analysis have explored the impact of various mead production techniques, including honey
types [28,48,60-62], the use of different fining agents [63,64], residual sugar content [65,66],
and the addition of diverse ingredients to the must, such as blackcurrant [28], pollen [8],
rice [61], grape juice [58], and natural hydrocolloids [67]. Tasting panels, typically consist-
ing of trained evaluators or consumers, are frequently used to assess the mead’s sensory
characteristics [42]. Panelists provide feedback on sensory attributes such as aroma, flavor,
body, and appearance, allowing for both qualitative and quantitative evaluations of the
mead [68].

Quantitative Descriptive Analysis (QDA) is one of the most widely used descriptive
methods for mapping the sensory profile of mead. In QDA, evaluators identify and
characterize the different sensory attributes of the beverage, which are then measured on a
scale. This method provides an in-depth analysis of sensory perceptions, helping to link
sensory data with chemical profiles derived from methods such as GC-MS and HPLC [69].
Therefore, sensory analysis complements analytical techniques, contributing to a more
comprehensive understanding of mead quality and consumer preferences.

Integrating both analytical and sensory approaches is essential for developing meads
that meet technical quality standards while also appealing to consumers across various
markets. By thoroughly analyzing aromatic compounds and conducting sensory evalu-
ations, producers can fine-tune their formulations to create products that excel in both
complexity and sensory balance, thereby improving the commercial success of mead in a
highly competitive market [3,25].
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Table 2. Aromatic profile of meads produced with different types of honey or addition of fruits and herbs.
Type of Type of Honey Additive Additive Maturation Volatile Compounds Method Sensory Aroma  Reference
Mead Concentration
Traditional Multifloral Pollen 10-50 g Lt 7 days at 6 °C Isovaleric acid, hexanoic GC-MS with SPE  Floral and acidic [8]
(Valencia, Spain) acid, octanoic acid
Melomel Multifloral and Blackcurrant 0.5w/w 1dayat4°C A total of 62 compounds, GC-MS with Floral, fruity, [28]
honeydew (Ribes nigrum) including isoamyl HS-SPME citrusy, green
acetate, ethyl hexanoate,
ethyl octanoate
Melomel Multifloral (Rio  Moscato grape 10%, 20%, 30% Not provided A total of 32 compounds, GC-MS with Floral, fruity, [58]
(pyment) Grande do Sul, juice (v/v) including alcohols, SPME honey and
Brazil) esters, fatty acids and balanced
terpenes
Traditional Multifloral Fining agents - 4-7 days at4 °C A total of 36 compounds, GC-FID and A total of [63]
(Braganga, including alcohols, GC-MS 2 fining agents
Portugal) acetates, esters that may
decrease aroma
intensity
Traditional =~ Multifloral (Rio None - Not provided A total of 52 compounds, GC-MS with S. cerevisiae had [70]
Grande do Sul, including higher HS-SPME less aromas than
Brazil) alcohols, esters, fatty S. bayanus
acids and others
Metheglin Honeydew Cannabis sativa ~ 0.25% and 0.50% None Alcohols, esters, terpenes GC-MS with Freshness and [59]
(Naples, Italy) and aldehydes SPME hemp aroma
Traditional Multifloral, None - None A total of 66 compounds, GC-MS with Floral and [48]
Vitex, Acacia, including alcohols, SPME honey-like
Linden, Jujube esters, acids, aldehydes,
ketones, terpenes
Traditional Multifloral None - None A total of 27 compounds, GC-MS Fruity notes [71]
(Portugal) including alcohols,

Isoamyl acetate, ethyl
hexanoate, ethyl
octanoate
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6. Sensory Profile of Different Types of Mead and Panelists” Insights

The different types of mead—dry, sweet, and sparkling—each have unique sensory
profiles that vary significantly in terms of sweetness, acidity, and aromatic complexity.
Dry meads, for instance, are characterized by low residual sugar content, resulting in
a dry sensation on the palate and a more prominent acidity [60,65]. These meads often
emphasize the volatile compounds in honey, such as terpenes, which provide floral and
herbal notes, along with a mild astringency from phenols [20]. The acidity in dry meads
enhances a refreshing, invigorating sensation, which is favored by consumers who prefer
less sweetness and more intricate flavors.

This preference for sweetness variation was further explored by [65], who studied the
effect of sweetness and ethanol content on sensory acceptability. By halting fermentation
at different stages to control residual sugars and adding brandy to adjust alcohol content,
the researchers found that a sweeter mead (75 g L™! residual sugar) was preferred over a
drier one (26 g L~! residual sugar). However, the ethanol content, which ranged from 18%
to 22% v/v, had no influence on the tasters’ preference. Similarly, [60] found that tasters
preferred meads sweetened with honey to 80 g L~ of reducing sugars, as opposed to those
sweetened to only 40 g L~!. This emphasizes the key role sweetness has in determining
mead preferences, independent of alcohol content.

Sweet meads have a higher concentration of residual sugars, resulting in a smoother
and sweeter sensory profile. This sweetness amplifies the fruity and floral aromas of honey,
making the mead more inviting to consumers who prefer richer, more indulgent flavors.
The acidity in these meads is often less noticeable, allowing aromatic compounds like fruity
esters to shine through. The residual sugars also enhance the body of the mead, providing
a velvety, full-bodied texture.

Sparkling meads, produced through secondary fermentation to generate carbon diox-
ide, offer a distinctive sensory profile. The effervescence adds a lively, tingling sensation
on the palate, while the carbonation often enhances the mead’s natural acidity [18]. Aro-
matically, sparkling meads can display a wide range of complexities, from citrus and floral
notes to richer, toasty undertones, influenced by the fermentation process and the honey
used. Much like sparkling wines, these meads are prized for their lightness and elegance,
making them a popular choice for celebrations and special occasions [64].

The preference between dry, sweet, or sparkling meads is heavily influenced by indi-
vidual consumer preferences, which are shaped by both cultural and situational factors.
Consumers who prefer less sweetness tend to favor dry meads, appreciating their acidity
and intricate flavor profiles [6]. On the other hand, those drawn to richer, more intense
flavors are more likely to select sweet meads [69]. Sparkling meads, known for their effer-
vescence and unique sensory experience, are particularly sought after for their versatility
and are often enjoyed during celebrations and special occasions.

Meads that incorporate fruits, spices, and other additives offer a wide range of sensory
profiles, combining the aromatic characteristics of honey with the flavors and aromas of
the added ingredients [7,72]. The addition of fruits, such as raspberries, apples, or cherries,
can intensify fruity and acidic notes, creating a mead with greater aromatic complexity and
balanced acidity. The addition of raspberries not only introduces a red fruit flavor, but also
enhances the natural acidity of honey, resulting in a refreshing and vibrant beverage [73].
Spices such as cinnamon, cloves, and ginger are commonly used to add layers of aromatic
complexity to mead. These spices add warm, aromatic notes that either enhance or balance
the natural fragrance of honey, depending on the combination selected [20]. These sensory
profiles make spiced meads especially well-suited for cold climates or for culinary pairings
that call for bold, distinctive flavors.
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Other additives, such as herbs (e.g., mint, rosemary) and flowers (e.g., lavender,
hibiscus), can also be used to craft distinctive sensory profiles in mead [72]. Herbs, in
particular, contribute fresh, green notes that help to balance the sweetness of honey, while
flowers provide subtle, fragrant nuances that enrich the overall aromatic complexity [25].
A successful mead relies on finding the right balance between the aromatic compounds
of honey and the chosen additives, with careful attention needed to ensure that no single
element overwhelms the others.

Table 3 presents sensory studies on meads, along with insights derived from sensory
panel evaluations. The combination of different additives allows for the creation of meads
that cater to diverse sensory preferences, from traditional profiles to more innovative ones.
This sensory diversity is one of the reasons why mead has been rediscovered by artisanal
producers and appreciated by consumers seeking new gustatory experiences. The sensory
analysis of these meads demonstrates that the harmonious integration of honey compounds
and additives results in beverages that are both complex and enjoyable, reflecting the rich
tradition and creative potential of this ancient beverage [74].



Fermentation 2025, 11, 226

13 of 36
Table 3. Sensory studies on meads and insights derived from sensory panel evaluations.
Mead Composition Mead Production Sensory Method Panelists Sensory Insights Reference
Acacia, buckwheat, and Must heated and Meads scored on a 10-point Experienced (n =9) Honey type had the greatest [57]
tilia honeys fermented using scale for intensity of specific impact on mead aroma, with
Saccharomyces cerevisiae, aroma attributes. buckwheat mead exhibiting
wild yeast, or Galactomyces the most pronounced
fragrance. Boiling the must
amplified malty notes, wild
fermentation increased yeasty
aromas, and G. geotrichum
fermentation enhanced floral
fragrances.
Meads with the addition Specific color, aroma, and Trained (n = 18) Mead with both hibiscus and [75]
of hibiscus and birch sap palate attributes, along with birch sap added was
to the must overall acceptability, were preferred by panellists over
rated on a 9-point scale. the control.
Commercial meads of Meads were evaluated on a Untrained (n = 122), Panelists preferred sweeter [76]

different styles

9-point hedonic scale for
appearance, flavor, mouthfeel,
and overall impression, along

with specific descriptive
attributes. Some participants
were also asked to describe a

scenario in which they
imagined drinking mead.

alcoholic beverage
consumers

meads with higher alcohol
content, and those who
imagined a mead-drinking
scenario rated the meads
more favorably than those
who did not.
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Table 3. Cont.

Panelists Sensory insights

Reference

Mead composition

Mead production Sensory method

Untrained (n = 160) Panelists indicated that both

[77]

Mead/pyment produced
from honey must
supplemented with
varying amounts of
Moscato (grape) juice

Meads rated on a 9-point
scale for color, aroma, flavor,
and overall impression, and

on a 7-point scale for
purchase intention.

Specific color, aroma, and

taste attributes, along with

overall quality, rated on a

9-point scale.

Mead fermented using
Saccharomyces boulardii
yeast (probiotic potential)
compared to Saccharomyces
cerevisiae
Meads produced through
single and sequential
inoculation with
Saccharomyces cerevisiae

and Hanseniaspora uvarum
Specific aroma and flavor

attributes, along with overall
acceptance, rated on a 9-point
scale. The attributes were
selected through group
consensus.
Specific aroma attributes
scored on a 7-point scale.

Meads prepared from both
boiled and non-boiled
musts
Meads fermented using
single and co-inoculation
of wild yeasts and

Saccharomyces cerevisiae

Meads rated on a 9-point
scale for both overall
impression and individual
taste and flavor attributes.

the S. cerevisine mead and the
mead with higher S. boulardii
inoculation exceeded the
“purchase intention” threshold.
Meads produced by
co-inoculation of both strains
were preferred by panellists
over those made with only
S. cerevisiae.
Panelists preferred pyments
over both traditional mead
and Moscato.

Trained (n =10)

Trained (n = 12)

Non-boiled mead received a
higher score for 'sweet’ aroma,
while flavor was not assessed.

Panelists favored meads
made with wild yeasts, both
in single and co-inoculation

methods, over those
inoculated solely with
S. cerevisiae.

Experienced and trained
(n=15)

Untrained (n = 21)

[78]

[58]

[79]

(80]
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Table 3. Cont.

Mead composition

Mead production

Sensory method

Panelists

Sensory insights Reference

Commercial meads (41);
traditional American
meads

Meads made from
blossom and honeydew
honeys, both with and
without the addition of
blackcurrant

Meads made from various
floral honey types and
yeast species

Meads made through
single and co-inoculation
of Saccharomyces cerevisiae
and Meyerozyma carribbica
"Sour” meads made with

different strains of lactic
acid-producing yeast

Intensity of specific aroma,

taste, and mouthfeel traits, in

relation to reference
standards. The attributes

were chosen based on group

consensus.
Meads scored on a 9-point

scale for aroma and taste, and

ranked best to worst for
overall impression.

Quantitative analysis of
meads, accompanied by a
group discussion

Meads scored on a 9-point
scale for color, aroma and

taste, and a 5-point scale for

overall purchase intention.
Qualitative evaluation of
specific aroma and flavor
attributes, and overall
impression of meads.

Trained (n = 14)
5 x 60 min training
sessions

Untrained (n = 44)

Experienced (n =
unspecified)

Untrained (n = 50)

Participants at the 2018
AMMA Mead Conference,
with varying levels of
experience (n = 50)

Variation in sour to sweet [81]
tastes, and viscous, cloying
and hot mouthfeel

descriptors.

Floral meads were preferred [28]
compared to honeydew
meads, and the addition of
blackcurrant had a minimal
impact.
Participants favored meads
made with darker honeys,
and Kluyveromyces
thermotolerans was the
preferred yeast.
Panelists showed no
significant preference
between single and
co-inoculation.
Participants preferred sour
meads made with Lachancea
fermentati YH77.

(48]

(82]

(83]
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Table 3. Cont.
Mead composition Mead production Sensory method Panelists Sensory insights Reference
_ Meads produced by free Specific appearance, aroma, Partially trained (n = 16) Panelists preferred mead [56]
and immobilized and taste attributes scored on made with free yeast cells.
Saccharomyces cerevisiae a 7-point scale, following ISO
cells (International Organisation
for Standardisation) 4121:2003
and ISO 6658:2005.
Meads made with Specific flavor attributes Experienced (n = 20) Panelists preferred the mead [66]
Saccharomyces cerevisiae, scored on a 5-point scale. made with T. delbrueckii,
Saccharomyces bayanus, and which was also sweeter.
Torulaspora delbrueckii
Different fining agents _ Meads scored on a 5-point Partly trained (n = 43) Mead fined with silica and a [63]
scale for aroma and palate combination of bentonite and
attributes. animal proteins were the most
preferred by panellists.
Meads made from must _ Meads scored on a weighted Trained (n = 10) Panelists found Arabic, carob [67]
with the addition of 5-point scale for color, clarity, bean, and ghatti gums to be
various natural aroma, and taste. the most preferred
hydrocolloids hydrocolloids.
Meads of different _ Meads scored on a 10-point Untrained (n = 108) Panelists preferred sweeter [65]
sweetness and ethanol scale for aroma and palate meads, and ethanol content
content attributes. did not influence their
preference.
Meads with various _ Meads scored on a 20-point Trained (n = 8) Panelists favored mead [84]

commercial yeasts and
musts supplemented with
different additives

scale comprising appearance,
aroma, and palate.

supplemented with a
combination of pollen and
ammonium dihydrogen
phosphate.
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Table 3. Cont.

Mead composition

Mead production

Sensory method

Panelists

Sensory insights

Reference

Meads made with varying
amounts of pollen added
to the must

Meads made from
buckwheat and Chinese
milk vetch honey, both
with and without rice
added
Meads made from various
types of honey

Specific visual, aroma, and
taste characteristics, and
overall acceptability,
scored 0-5.

Meads evaluated as very
good, good, or not good for
aroma and taste.

Meads judged by their overall
aroma and taste.

Trained (n = 10),
wine-tasting experience

Not provided

Trained (n = 11)

Panelists favored meads with
a pollen addition of
30-40g L1

Panelists favored milk vetch
meads over buckwheat, and
considered the addition of
rice acceptable.

Panelists favored floral meads
over honeydew meads, and
preferred those with higher

residual sugar.

8]

[61]

[60]
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7. Factors Affecting the Aroma of Mead

The variety and origin of honey are crucial factors that determine the aromatic profile
of mead [16,57,85,86]. Different types of honey, such as acacia honey and eucalyptus honey,
have distinct chemical compositions that directly affect the aroma of the final product.
Acacia honey is known for its mild flavor and subtle floral notes [57], which can resultin a
mead with a delicate and refined aroma. In contrast, eucalyptus honey has more intense
and resinous aromatic characteristics, giving mead a more robust and complex aromatic
profile [20]. These differences are attributed to the variability of volatile compounds present
in the nectar of the flowers that bees use to produce honey, such as terpenes and phenols,
which are transferred to mead during fermentation [47].

In addition to the variety of honey, the geographical origin or terroir of honey also
plays a significant role in the aromatic complexity of mead [10,14,16,39,47,85,87]. Terroir
reflects the specific environmental conditions, such as climate, soil, and flora of the region,
which influence the organic and volatile composition of honey [87]. Honey produced in
mountainous regions, for instance, may contain distinct mineral notes, while honey from
tropical regions may be richer in fruity and exotic aromas [88]. This regional influence
contributes to the uniqueness of each mead, making the choice of honey origin a strategic
decision for producers seeking to create specific aromatic profiles.

Yeasts of the genus Saccharomyces are known for their ability to produce a wide range
of aromatic compounds, including fruity esters and spicy phenols [89]. Non-Saccharomyces
yeasts may contribute with differentiated notes, such as herbal or earthy characteristics,
which add complexity to mead [73].

Fermentation and aging processes are fundamental to the development of aromatic
compounds in mead [1,8,29,35]. Fermentation conditions, including temperature, time,
and the type of yeast used, directly influence the production of esters, higher alcohols,
and other volatile compounds that make up the aroma of mead [56,66,81]. Fermentation
at lower temperatures tends to preserve volatile compounds, resulting in a fresher and
fruitier aromatic profile. In contrast, higher temperatures can accelerate fermentation, but
may also lead to the formation of undesirable compounds, such as higher alcohols, which
impart more aggressive aromas [18]. Furthermore, adjusting the fermentation time can
either heighten or tone down specific aromas, providing the producer with the flexibility to
tailor the sensory profile of the mead to their desired taste.

Aging mead in different containers, such as oak barrels, can also add layers of com-
plexity to the aroma [90,91]. Oak barrels can transfer compounds such as lactones and
tannins to mead, introducing aromatic notes of vanilla, coconut, and spices. This aging
process not only enriches the aromatic profile, but also softens and integrates the different
volatile components, resulting in a more balanced and harmonious mead [35].

Production techniques, such as carbonation, also influence the aromatic profile. Car-
bonation can enhance the perception of freshness and acidity, making aromas more pro-
nounced [18]. In addition, the choice of carbonation method (e.g., natural or forced) can
affect the intensity and persistence of aromas in mead. Natural carbonation, which occurs
during secondary fermentation, tends to produce more integrated and subtle aromas, while
forced carbonation may result in a more explosive, but less complex aromatic profile [21].

8. Impact of Molecular Interactions on Mead’s Aroma

The interactions among various aromatic compounds in mead are essential for de-
veloping a well-rounded sensory profile. These interactions can be either synergistic,
where compounds enhance and intensify each other, or antagonistic, where one compound
diminishes or masks the aroma of another [56]. For instance, a synergistic effect occurs
when fruity esters and floral terpenes combine, producing a rich and pleasant fragrance
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that highlights the fruity and floral notes in the mead [56]. In contrast, when compounds
like higher alcohols are present in excessive amounts, they can dominate the aroma and
suppress more subtle fragrances, leading to an unbalanced and less enjoyable beverage.

The interactions between volatile and non-volatile compounds in mead are also funda-
mental to sensory perception. Non-volatile compounds, such as organic acids and phenols,
can impact the volatility of other compounds, thereby altering the way aromas are sensed.
Organic acids, for instance, can heighten the perception of freshness and acidity, while
phenols introduce additional complexity and depth to the aroma, frequently adding bitter
or astringent notes [24].

These molecular interactions are important in creating balanced aromatic profiles,
where no single compound overwhelms the sensory perception. The balance between
volatile and non-volatile compounds must be carefully managed to highlight desirable
aromas, while minimizing any unwanted ones. This is essential for the production of
high-quality meads that are both complex and pleasing to consumers’ palates [69].

Understanding the molecular interactions in mead is essential for grasping how
volatile compounds influence the overall aroma of mead. By carefully managing fer-
mentation conditions, ingredient selection, and aging processes, producers can enhance
synergistic interactions and minimize antagonistic effects. This allows for the creation of
meads with complex, harmonious profiles that cater to different preferences and consump-
tion contexts, offering unique and memorable sensory experiences [25,69].

To determine the molecular interactions that influence mead aroma—particularly be-
tween volatile and non-volatile compounds, as well as synergistic or antagonistic effects—
researchers may use a combination of analytical, sensory, and computational methods.
Table 4 outlines the primary methods used to investigate these interactions.

Table 4. Methods to investigate molecular interactions that influence mead aroma.

Method Type Purpose
GC-MS/LC-MS/NMR Analytical Identify and quantify aroma-related compounds
Sensory panels/Reconstitution tests Sensory Understand perception and interaction effects
PCA /Cluster analysis Statistical Find correlations between compounds and aromas
Molecular docking Interaction Understand physical/chemical interactions
Volatility assays Analytical Evaluate influence of non-volatiles on aroma release

9. Current and Future Trends in Mead’s Aroma Research

Research on mead aromas has made significant progress due to advancements in
analytical technologies, enabling a more precise and detailed characterization of both
volatile and non-volatile compounds in the beverage. One such emerging technology is Ion
Mobility Spectrometry (IMS), which has proven effective in the rapid and efficient analysis
of volatile compounds [92]. IMS separates ions based on their mobility through a gas,
offering greater resolution than traditional techniques like Gas Chromatography coupled
with Mass Spectrometry (GC-MS). This enhanced sensitivity allows for the detection of
aromatic compounds at very low concentrations, which can significantly influence the
sensory profile of mead [74].

Another promising technology is advanced Nuclear Magnetic Resonance (NMR),
which not only delivers in-depth information about the molecular structure of compounds,
but also allows for the study of molecular interactions in mead [93]. When integrated
with techniques like Diffusion-Ordered Spectroscopy (DOSY), NMR facilitates the analysis
of molecular dynamics and intermolecular relationships, shedding light on how volatile
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compounds behave within the liquid and influence aroma perception [27]. This under-
standing is critical for fine-tuning fermentation and aging conditions to achieve the ideal
aromatic profiles.

Fourier Transform Infrared (FT-IR) spectroscopy, which has been previously used in
honey analysis [94], is recognized for its accessibility and ease of use compared to other
analytical techniques. However, FI-IR in mead analysis has not been documented yet,
suggesting it as a promising direction for future research in mead studies [42].

In addition to these techniques, bioinformatics and computational modeling has be-
come increasingly important in aroma research. Modeling tools can predict how different
yeast strains or variations in fermentation conditions impact the production of aromatic
compounds. These computational models also simulate interactions between volatile and
non-volatile compounds, enabling researchers to forecast how these interactions will influ-
ence the final aromatic profile of mead, even before conducting physical experiments [15].
These integrated approaches are revolutionizing the study and optimization of aromatic
profiles, offering a more efficient route for developing new products.

The customization of aromatic profiles is also becoming increasingly important, with
research dedicated to tailoring mead to the unique sensory preferences of consumers. This
may involve blending different types of honey, yeasts, and additives to craft personalized
sensory profiles that cater to the needs of various markets. The ability to customize mead
aromas is particularly valuable in a globalized market, where flavor preferences differ
significantly across regions and cultures [3]. An exciting and emerging area of interest is the
exploration of yeast biodiversity. While Saccharomyces yeasts have traditionally dominated
mead production, research is increasingly focusing on the potential of non-Saccharomyces
yeasts and microorganisms sourced from natural environments. These yeasts can introduce
unique and innovative aromatic profiles. The exploration of yeast biodiversity offers new
opportunities to craft meads with distinctive sensory characteristics, meeting the growing
consumer demand for exclusive and personalized products [25].

Future trends in mead research and production point to an increasing emphasis on
sustainability, yeast biodiversity, and the customization of aromatic profiles. Sustainability
has become has become a central concern in mead production, with research examining
the use of eco-friendly agricultural practices for honey production and efforts to minimize
environmental impact during fermentation and aging. This not only helps to protect the
environment, but can also enhance the aromatic profile of mead, as more natural practices
tend to preserve the integrity of volatile compounds [20].

10. Bibliometric Review and Insights into Mead Research as
Previously Discussed

This research presents a comprehensive review of global literature on mead studies,
utilizing Scopus (Elsevier data) for data collection. The programming code used for the
search query was as follows: TITLE-ABS-KEY (honey AND wine) OR TITLE-ABS-KEY
(fermented AND honey AND drink) OR TITLE-ABS-KEY (traditional AND mead) AND
(LIMIT-TO (SUBJAREA, “AGRI”) OR LIMIT-TO (SUBJAREA, “CHEM”) OR LIMIT-TO
(SUBJAREA, “BIOC”) OR LIMIT-TO (SUBJAREA, “MEDI”) OR LIMIT-TO (SUBJAREA,
“COMP”) OR LIMIT-TO (SUBJAREA, “PHAR”) OR LIMIT-TO (SUBJAREA, “IMMU”) OR
LIMIT-TO (SUBJAREA, “CENG”) OR LIMIT-TO (SUBJAREA, “ENVI”) OR LIMIT-TO (SUB-
JAREA, “HEAL”) OR LIMIT-TO (SUBJAREA, “MULT”) AND (LIMIT-TO (LANGUAGE,
“English”)). The data retrieved included keywords, abstracts, authors, and journals, which
were then exported in CSV format. The retrieval date for the data was 28 October 2024.

The research employed Biblioshiny (https://www.bibliometrix.org/home/index.
php/layout/biblioshiny (accessed on 7 November 2024)), an open-access package de-
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signed for the R programming language, which provides a suite of tools specifically for
bibliometric and scientometric research [95]. This open-source platform supports data im-
port from multiple sources to conduct various types of bibliometric analyses. Additionally,
VOSviewer (version 1.6.20), a widely adopted tool for constructing bibliometric networks,
was employed. VOSviewer provides the analysis of relationships among various entities,
such as authors and institutions, through methods like co-authorship, co-citation, term
co-occurrence, and bibliographic coupling [96]. In this study, term co-occurrence analysis
was used to identify key topics within the research field. For this analysis, a minimum
frequency criterion was adopted, i.e., only terms that occurred at least three times in the
database were considered. As a result, 2086 unique terms were identified, of which 116 met
the inclusion criterion. The resulting maps feature nodes and edges, where nodes represent
keywords and edges denote their relationships.

A total of 371 articles were excluded because they did not meet the prerequisites
defined for the thematic subarea and language (English). These criteria were established
based on the study objectives. For example, areas such as Social Sciences, Materials Science,
Nursing, Physics and Astronomy, Mathematics, Energy, Earth and Planetary Sciences,
Decision Sciences, Arts and Humanities, Neuroscience, Management and Accounting,
Psychology, Veterinary Medicine, Economics, Econometrics and Finance, and Dentistry do
not fit within the scope of the research, which justifies the application of this filter.

The option to restrict the analysis to studies published in English is also justified,
since this language is widely recognized as the lingua franca of science and academic
publishing. Most high-impact journals adopt English as their primary language, which
implies that a large part of the most relevant and influential studies is available in this
language. Furthermore, the adoption of English as the standard language in bibliometric
studies is a common practice and widely documented in the scientific literature.

Figure 3 presents the main indicators related to productivity, collaboration, and aca-
demic impact in the field of mead research. In total, 653 published documents were
identified, originating from 426 different sources, with an average annual growth rate of
5.02%, demonstrating a consistent evolution of scientific production over the last decades.

A total of 2344 authors participated in this production, with an average of 4.19 co-
authors per document, which shows a collaboration pattern typical of consolidated scientific
fields. Only 57 authors published single-authored articles, highlighting the predominance
of teamwork. International collaboration is present in 18.99% of the documents, reflecting a
relevant insertion in global research networks.

Regarding content, 2086 keywords provided by the authors were identified, indicating
thematic diversity. The total number of references used in the publications was 28,517,
which reflects a strong bibliographic base in the studies analyzed. The average age of the
documents is 10.5 years, indicating the coexistence of recent and classic publications within
the analyzed set.

The average number of citations per document was 33.09, suggesting a high impact
and the academic relevance of scientific production in the field. These data, taken together,
demonstrate a scenario of growing development, collaboration, and international visibility,
indicating that research on mead has attracted significant attention from the scientific
community over the last few decades.
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Timespan Sources Documents

1966:2025 426 653

Authors Authors of single-authored docs International Co-Authorship

2344 o7 18.99 %

Author's Keywords (DE) References Document Average Age

2086 28517 10.5

Figure 3. Bibliometric indicators of scientific production on mead.
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Figure 4 presents an exploratory analysis of papers published on mead between 1966
and 2025, outlining details such as publication year, authors, affiliations, country of origin,
document type, and research area. A notable increase in the number of publications is
observed over time, particularly from 2000 onward, with a peak between 2020 and 2022,
reflecting a growing interest in the topic in recent years. The most prolific authors include
Estevinho, L.M. and Reynolds, A.G., each with more than 10 publications, indicating their
significant influence and activity in the field. In terms of affiliations, the most prominent
institutions are the Ministry of Education of China, the University of California, and the
Polytechnic Institute of Braganca, highlighting the active participation of universities and
research centers from countries like China, the USA, and Portugal, respectively. China and
the United States lead in the number of publications, followed by Italy, India, and Spain,
positioning these countries as the primary contributors to mead research.

Regarding document type, the majority are articles (42.1%), followed by reviews (9.1%)
and book chapters (2.3%), indicating that research in this field is primarily published in
scientific articles (Figure 4). The main areas of publication include agriculture (21.2%),
chemistry (12.9%), and biochemistry (10.6%), with a notable presence in Engineering and
Computer Science. This suggests that the research is multidisciplinary, spanning from
agricultural production to biochemical analysis and beverage chemistry. These findings
highlight the increasing significance of mead in the scientific landscape and the collaborative
nature of the research, involving various fields of expertise.

Figure 5 shows a network of topics related to mead research, highlighting key research
areas, technologies, and associated methodologies. Overall, the analysis reveals that mead
research is predominantly centered on sensory quality and authenticity, underpinned by
chemical and statistical approaches. Additionally, there is a growing interest in the use of
computational methods for optimizing production processes.

The main central themes were “mead” and “honey wine”, indicating that most studies
and collaborations focus on these themes (Figure 5). Words such as “sensory analysis”
and “chemometrics” also appear frequently, highlighting a strong emphasis on sensory
evaluation and the application of advanced statistical methods to examine the sensory
and chemical properties of mead. The focus on quality and authenticity is also evident,
with words such as “adulteration” and “quality control” linked to these themes, indicating
a concern for verifying authenticity and ensuring product quality. This indicates the
importance of ensuring the purity of mead and preventing fraud in the beverage industry.

Terms like “antioxidant,” “HPLC” (High-Performance Liquid Chromatography), and
“amino acids” appear less often (Figure 5), indicating that some studies focus on the in-
depth analysis of mead’s chemical components, possibly to assess its nutritional value,
antioxidant activity, and overall composition.

The emphasis on “optimization” suggests a focus on improving efficiency and fos-
tering innovation in manufacturing processes (Figure 5). The mention of “chemometrics”
highlights the use of statistical analysis methods to interpret complex data, such as flavor
profiles and chemical properties of mead, enabling a quantitative assessment of its qualities.

Related themes like “sensory evaluation,” “flavor,” and “aroma profile” reinforce the
importance of understanding the sensory characteristics of mead, which are crucial for
consumer acceptance. The network also brings attention to terms such as “oxidative stress”
and “anthocyanin,” indicating research into antioxidant compounds and their potential
health benefits (Figure 5).
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Figure 5. Keywords from the neural network analysis of papers on mead published in Scopus
(1966-2024).

A combined analysis of Figures 6 and 7 provides an insightful look into the progres-
sion of research on mead and fermented beverages, emphasizing themes like authenticity,
quality, consumer experience, and methodological innovation. The findings indicate a
substantial increase in both the scope and variety of topics explored over the years, along-
side a shift in methodologies and areas of interest, reflecting the growing complexity and
sophistication of research in this field.

A temporal evolution and diversification of topics are evident, with mead research
progressing from basic subjects like sensory analysis and chemical components to more
complex areas such as authentication, food fraud, and traceability (Figures 6 and 7). A
sharp increase in publications on these topics has been observed since 2005 (Figure 6), with
Figure 7 highlighting their emergence in the more recent periods (2014-2019 and 2020-2025).
While terms like “mead”, “honey wine”, “sensory analysis”, and “aroma” continue to be
central, the growing presence of terms such as “food fraud” and “traceability” signals a
heightened focus on safeguarding product authenticity and improving quality.
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The integration of advanced techniques and interdisciplinary approaches has led to the
widespread use of analytical methods like gas chromatography—mass spectrometry (GC-
MS), chemometrics, and principal component analysis (PCA) (Figure 7). Initially employed
to analyze volatile compounds and aromatic profiles, these methods have now become
standard tools for evaluating the authenticity and quality of mead. Their application
extends to optimizing production processes and improving data analysis, highlighting the
interdisciplinarity between food science, analytical chemistry, and data science.

The focus on consumer experience and health has also evolved over time, with sensory
analysis still at the core (Figure 7). In recent years (2020-2025), this focus has broadened
to include new aspects, such as emotions and aromatic profiles (Figure 7). These emerg-
ing themes aim to better understand consumer perceptions and preferences, ultimately
enhancing the sensory experience of beverages. Additionally, there has been a noticeable
increase in research on bioactive components like polyphenols and antioxidants (Figure 6),
highlighting a growing interest in the potential health benefits of consuming mead and
other fermented beverages.

Additionally, this literature review confirms that the aromatic profile of mead is
significantly influenced by several factors, with the type of honey serving as a primary
determinant (Table 2). Studies such as those by [73] have already demonstrated that honey
from different floral sources confers distinct sensory characteristics, a conclusion that aligns
with the findings of this research (Table 3). As previously mentioned, acacia honey tends
to produce subtle floral notes [57], while eucalyptus honey contributes more robust and
resinous aromas. The novelty of the present findings lies in the increased emphasis on the
concept of terroir, highlighting the role of environmental factors—such as the climate and
soil of the honey’s origin region—in shaping the composition of volatile compounds. This
builds upon the research of [44], who examined the influence of terroir on other fermented
beverages such as wine and beer, and broadens this discussion to include mead. In contrast
to earlier studies that concentrated solely on the type of flower, this study suggests that
terroir is a crucial factor in producing high-quality mead, a topic that has been only sparsely
explored in mead-specific literature [97].

The pivotal role of temperature in the development of desirable aromatic compounds
during fermentation is widely recognized [5,29,97,98]. Lower fermentation temperatures
help to preserve volatile compounds responsible for fruity and floral aromas [97], while
higher temperatures encourage the formation of higher alcohols, which can compromise
the beverage’s sensory quality. This aligns with the insights from this review (Figure 1),
while also broadening the investigation to examine the effects of different yeast strains
on mead’s aromatic profile. While Saccharomyces yeasts are widely recognized for their
ability to produce aromatic esters, there is a growing interest in non-Saccharomyces strains,
such as Brettanomyces and Pichia, which may introduce distinct aromatic profiles [99,100].
Research by [69] also suggests that these unconventional yeasts can enhance mead’s aro-
matic complexity. Despite this, the commercial application of these yeasts remains largely
underexplored. The present studies, however, highlight significant potential for expand-
ing the use of alternative strains, especially for small-scale producers seeking to develop
innovative and unique products in the craft beverage market.

In addition, existing research recognizes the advantages of aging mead in oak barrels to
enhance the complexity of its aromatic profile. These barrels impart flavors such as vanilla,
coconut, and spices, thanks to the phenolic compounds in the oak [18,90,91]. Reference [91]
demonstrated that mead aged with oak chips for 360 days exhibited increased levels of total
phenolic and flavonoid content, along with enhanced antioxidant capacity. This not only
validates the use of oak barrels as an effective technique for mead, but also demonstrates
that extended maturation can intensify these sensory qualities, resulting in a more refined
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product that appeals to premium markets. While this practice is common in winemaking,
it has yet to be widely embraced by mead producers. Furthermore, the use of various
types of wood for aging opens up the possibility for creating meads with diverse and
unique aromatic complexities. Therefore, this evidence reinforces the opportunity for mead
producers to leverage barrel aging as a distinctive strategy in the highly competitive global
craft beverage market.

While the use of non-Saccharomyces yeasts and barrel aging offers promising potential,
there remains a gap in detailed studies on how these techniques can be effectively scaled for
commercial production. Furthermore, despite the literature emphasizing the importance of
raw materials like the type and origin of honey, the practical application of this knowledge
in commercial practices is still underdeveloped. As a result, future research should focus on
translating these scientific advancements into actionable strategies for the industry while
also providing clear guidance for artisanal producers seeking to enhance the quality and
consistency of their products.

The addition of fruits, herbs, spices, and other additives is a well-documented prac-
tice in the literature for enhancing the sensory profile of mead, but it is still often over-
looked [6,7,32]. By incorporating these ingredients, producers can create stylistic variations
that appeal to a wide array of consumer preferences. As highlighted by [25], the inclusion
of aromatic ingredients helps to diversify the mead portfolio, offering a range of innovative
and exotic flavors that maintain appeal in a competitive market. Our insights support
the commercial potential of this practice and suggest that producers could adopt a more
strategic approach when selecting ingredients that complement the base honey, thereby
crafting products that align with consumer desires for innovation and exclusivity.

In the international market, the United States, Canada, France, and Poland are the
top producers of mead, with a strong presence of small-scale producers. In recent years,
the number of mead producers in the United States has grown significantly, with over
500 establishments focused on producing the beverage [25]. Poland, with its rich tradition
of mead production, continues to lead in Europe. These countries provide valuable insights
for emerging markets like Brazil, where mead is still gaining traction. Previous studies have
shown that the Brazilian craft beverage market generates billions of reais (BRL) annually.
Additionally, mead is gradually establishing itself as a notable product within this sector [4].
Brazilian producers have a unique opportunity to stand out by incorporating unconven-
tional yeasts, native Brazilian fruits and herbs (Table 4), and barrel aging techniques, which
would allow them to differentiate their products and effectively compete in both national
and international markets [3,101,102].

In addition to international trends, understanding the technical and sensory factors
that influence mead production also has practical implications for the beverage industry.
Enhancing fermentation conditions and sensory attributes can contribute to the devel-
opment of safer, superior-quality, and more attractive products, aligned with consumer
expectations for artisanal beverages. For producers, particularly in emerging markets like
Brazil, these insights can drive innovation, improve economic viability, and open new
opportunities in the premium beverage segment. As global demand for differentiated
fermented products continues to grow, the expansion of mead production represents a
promising avenue for both small-scale and commercial-scale operations. Given this market
potential, a systematic investigation of mead’s quality determinants becomes essential to
bridge existing knowledge gaps and capitalize on these opportunities.

This review offers a comprehensive perspective on the commercial implications for
the craft beverage industry, highlighting the growing demand for natural products and
unconventional alcoholic beverages. This trend creates a favorable environment for the
expansion of the mead market, especially as consumers seek new and diverse sensory ex-
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periences. However, precise data on global production volumes remain limited, primarily
due to the fact that mead production is largely carried out by small- and medium-sized
producers using artisanal methods on a smaller scale. This gap in data highlights the
untapped potential within the market. This review also identifies key innovations that
could significantly impact the mead industry (Table 5). The complex interplay between
raw materials, fermentation conditions, and aging techniques provides producers with
various tools to create unique, high-quality products. As the craft beverage market contin-
ues to grow, mead producers—particularly in emerging markets—are well-positioned to
capitalize on consumer preferences for natural, diverse, and limited-production products.
However, their success will rely on their ability to adopt innovative practices and utilize
scientific insights to enhance the sensory profiles of their products, ensuring that they stay

competitive in an ever-evolving global market.

Table 5. Tropical fruit compounds using SPME-GC-MS (modified from [101]).

Br;:lllliltan Scientific Name Group Compound
. . 1-Butanol, Amyl alcohol, Prenol
Cajé Spondias lutea, L. Alcohols (3—methyl—2—buten-1—ol)%,?)—Hexen-l—ol, 1-Hexanol
Aldehydes Decyl aldehyde
Esters Ethyl acetate, Methyl butyrate, Ethyl butyrate, Butyl
acetate, Isoamyl acetate, Isobutyl butyrate
Butyl butyrate, Ethyl caproate, Hexyl acetate, Isoamyl
butyrate, Methyl benzoate, Ethyl benzoate, Hexyl
butyrate, Ethyl caprylate, Octyl acetate
Ketones 1-Penten-3-one
T . a-Pinene, Camphene, Sabinene, 3-Mircene, Limonene,
CTpenic -Terpinene, Terpinolene, (3-Linalool, Fenchyl alcohol
compounds y-ierp e ! ! Y /
a-Terpineol, Copaene, Caryophyllene
Graviola Anona reticulata, L. Alcohols 1-Butanol, 3-Hexen-1-ol
Aldehydes Nonyl aldehyde, Decyl aldehyde
Ethyl acetate, Methyl butyrate, Methyl crotonate,
Esters Ethyl butyrate, Butyl acetate, Ethyl crotonate, Methyl
caproate, Methyl 2-hexenoate, Ethyl caproate, Ethyl
2-hexenoate, Methyl caprylate, Methyl 2-octenoate
Ketones 1-Phenyl-1-penten-3-one
Terpenic Limonene, 3-Linalool
compounds
Others 2,5-Dihydro-2,5-dimethoxyfuran, Palmitic acid
Cupuassu Theobroma grandiflorum, Alcohols Ethanol, 1-Butanol, Isoamyl alcohol, Prenol,
Spreng. 2,3-Butanediol, 3-Hexen-1-ol, 1-Hexanol
Aldehydes Nonyl aldehyde, Decyl aldehyde
Ethyl acetate, Ethyl propionate, Ethyl isobutyrate,
Ethyl butyrate, Ethyl 2-methylbutyrate, Isoamyl
Esters acetate, Methyl caproate, Butyl isobutyrate, Butyl
butyrate, Ethyl caproate, Hexyl acetate, Butyl
2-methylbutyrate, Isoamyl butyrate, Butyl caproate
Ketones 1-Phenyl-2-pentanone
Terpenic Camphene, 3-Mircene, Limonene, Ocimene,
compounds -Linalool, x-Terpineol, Geraniol
Diacetyl, Acetic acid,
Others 2,5-Dihydro-2,5-dimethoxyfuran,

2,4,5-Trimethyl-1,3-dioxolane, y-Octalactone,
Palmitic acid
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Table 5. Cont.

Brazilian
Fruit

Scientific Name Group Compound

Siriguela Spondias purpurea, L. Alcohols

Ethanol, 1-Butanol, Isoamyl alcohol, Amyl alcohol
2,3-butanediol, 3-Hexen-1-ol, 2-Hexen-1-ol, 1-Hexanol
Aldehydes Caproic aldehyde, Nonyl aldehyde, Decyl aldehyde
Ethyl acetate, Ethyl propionate, Ethyl crotonate, Ethyl

2-methylbutyrate, Isoamyl acetate, Methyl caproate,

Esters Methyl 2-hexenoate, Ethyl caproate, Isobutyl
2-methylcrotonate, Ethyl benzoate
Ketones 1-Penten-3-one
Terpenic Limonene, Copaene
compounds
Others Diacetyl, Acetic acid, Palmitic acid

11. Final Considerations

This research broadens the knowledge of the key factors that influence the aromatic
profile of mead, including the type and origin of honey, fermentation and aging conditions,
and the use of additives like fruits and spices. It explored the key variables affecting
mead’s sensory complexity and the techniques for optimizing and analyzing these pro-
files, while addressing current and future trends in mead production. Additionally, the
literature review highlights emerging areas of research, such as non-traditional yeasts and
novel analytical technologies. It also highlighted that factors like the selection of honey
and yeast, fermentation, aging, and additives play a vital role in mead’s sensory quality,
with the careful combination of these elements resulting in diverse aromatic profiles that
appeal to various preferences. While based on a comprehensive literature review, the
study acknowledges the need for experimental research to validate these aspects more
precisely. In addition, it recommends further studies in different geographical and cultural
contexts to account for regional variability. Future research could focus on the interaction
between different honey types and specific yeasts, the impact of aging in various barrels,
the microbiome’s role in fermentation, and the exploration of exotic honey origins to di-
versify the mead market. Finally, this paper contributes significantly to both academia
and mead producers, indicating future innovations through new technologies and raw
material biodiversity.
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