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ABSTRACT

Mead is a traditional drink that contains 8 % to%8§v/v) of ethanol, resulting from the
alcoholic fermentation of diluted honey by yeast®ney is a matrix with a low nutrient
concentration and other unfavourable growth coon#j so several problems are usually
encountered in mead production, namely delayedrest@d fermentations, unsatisfactory
guality parameters, as well as unpleasant sensopepies. Also, mead fermentation is a
time-consuming process and the quality of the fpratluct is highly variable.

In this context, the global objective of this Pre3earch project was the optimization of
growth and fermentative performance of yeast leadiinthe maximization of mead quality.
To achieve this purpose, two wine yeast strainSamfcharomyces cerevisj@A23 and ICV
D47 were selected to conduct several fermentatials t

Initially, it was evaluated the potential of thetnitive enrichment of honey-must to
improve mead fermentation. The must was supplerdenith salts, vitamins or a mixture of
both, although those additions had no positivectdfen yeast growth, fermentation profile or
on the characteristics of the mead.

In this line further strategies have been testeghirattempt to optimize the fermentative
process, including the use of high cell densitycell immobilization. The increasing of
inoculum size resulted in a reduction of fermentatiength, although no additional positive
effects where verified in yeasts net growth. At kbest innoculum size, minor differences
were detected in the growth kinetics between thedtrains.

In order to assess the most effective alginate exnation for immobilization, the two
yeast strains were entrapped in 2 or 4% (w/v) alginbeads, although neither of the
concentrations was able to prevent the cell lealtaye the beads. So, the immobilization of
yeast cells on single-layer Ca-alginate or douajet alginate-chitosan was applied to mead
production. Immobilization had no adverse effectaafi viability, since minor differences
were found on fermentation kinetics between fer@ugms conducted with free or
encapsulated cells. Also, the double-layer alghchtesan had no advantage compared with
the single-layer Ca-alginate, as the number of éeés in the medium, resulting from cell
leakage, was similar.

In addition to the studies of yeast growth kinetesxl fermentative performance, all
fermentations have also been screened for the ptioduof aroma volatile compounds and

for the physicochemical characteristics of meadsntification and quantification of volatile



compounds was performed by GC-FID and GC-MS innadlads at the end of alcoholic
fermentation. The results obtained showed that Mieatlaroma composition was dependent
on the inoculum size: the formation of the volatlampounds in concentrations above their
detection thresholds was particularly pronouncetbwat inoculum sizes. Immobilized cells
produced meads with higher concentrations of comgswvith fruity characteristics and of
undesirable compounds. The esters isoamyl acetihiyd, octanoate and ethyl hexanoate and
acetaldehyde were the major powerful odorants foumdall mead, although their
concentrations varied according to the inoculune simd cell immobilization. In general, the
oenological quality of meads was not influencedthy inoculum size or immobilizations,
except for the volatile acidity. Mead obtained wehtrapped yeast cells or with higher
inoculum size presented more acetic acid.

Finally, fermentations were conducted in higheruwobs to evaluate a possible
correlation between aroma compound formation aadsénsory attributes of mead. The most
pleasant aroma compounds formation was detecteesd fermented by non-immobilized
yeast cells. Sensory analysis corroborates thisreason, revealing that the most pleasant
aroma descriptors were correlated with mead obdaivith yeast free cells, independently of
the strain.

In sum, the conditions that improved the fermentaind growth performance were not
necessarily associated with high quality mead.

Keywords: aroma volatile compounds; honey-must supplememtatioculum size; mead;

sensory analysis; yeasts immobilization.
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RESUMO

O hidromel é uma bebida tradicional que contém 8%8% (v/v) de etanol e resulta da
fermentacao alcodlica de mel diluido, realizadalpeeduras. Como o mel € uma matriz com
uma baixa concentracdo de nutrientes e outras giewlidesfavoraveis de crescimento,
normalmente sdo varios os problemas encontradpsodaicdo de hidromel, nomeadamente,
paragens ou amuos de fermentacdo, parametrossfasaios de qualidade, bem como
propriedades sensoriais desagradaveis. Além disssmentacdo do hidromel € um processo
moroso e a qualidade do produto final € muito vatia

Neste contexto, o objectivo global deste proje@aldutoramento foi a optimizacéo do
crescimento e desempenho fermentativo da levedara ponduzir & maximizacdo da
qualidade do hidromel. Para atingir esta finalidéol@m seleccionadas duas estirpes da
levedura Saccharomyces cerevisja®A23 e ICV D47, para realizar varios ensaios de
fermentacdao.

Inicialmente, para melhorar a fermentacdo do hiéfpravaliou-se o potencial do
enriguecimento nutritivo do mosto-mel. O mosto $aplementado com sais, vitaminas ou
uma mistura de ambos, embora essas adicbes naametilo efeitos positivos no
crescimento de leveduras, no perfil de fermentagéioas caracteristicas do hidromel.

Na tentativa de optimizar o processo fermentatouatras estratégias foram testadas,
incluindo a utilizacdo de elevadas densidades arelsilou a imobilizacdo das células. O
aumento da quantidade de in6culo resultou numac&ddo tempo de fermentacdo, embora
nao se tenham verificado efeitos positivos adigema crescimento das leveduras. Com a
menor quantidade de indculo, detectaram-se pequifeasncas na cinética de crescimento
entre as duas estirpes.

Para avaliar a concentracdo de alginato mais efiaeez a imobilizacéo, as duas estirpes
de levedura foram encapsuladas em esferas cond2oqp/v) de alginato, embora nenhuma
das concentracfes tenha sido capaz de evitar a dagdcélulas das esferas para o meio.
Assim, a imobilizacdo das células de levedura emada simples de Ca-alginato ou em
camada dupla de alginato-quitosano foi aplicadg@nmoducdo de hidromel. A imobilizacao
nao teve qualquer efeito adverso na viabilidadel&ael uma vez que foram observadas
diferencas minimas na cinética de fermentacdo astfermentacdes conduzidas com células
livres ou encapsuladas. Além disso, a imobilizagdiocamada dupla de alginato-quitosano

nao apresentou nenhuma vantagem comparativameanta camada simples de Ca-alginato,
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uma vez que o numero de células livres no meiajteege da saida das células das esferas,
foi semelhante.

Adicionalmente aos estudos de cinética de crestordas leveduras e de desempenho
fermentativo, pesquisaram-se, em todas as fern@ga¢anto a producdo de compostos
volateis aromaticos como as caracteristicas figidoticas dos hidroméis. No final da
fermentacao alcodlica procedeu-se a identificacoamtificacdo dos compostos volateis dos
hidroméis por GC-FID e GC-MS. Os resultados obtidegstraram que a composicao
aromatica final do hidromel dependeu da concentradgéinoculo: a formacdo de compostos
volateis em concentracdes acima dos seus limitegt@ecdo foi particularmente pronunciada
com concentragfes baixas de inéculo. As céluladilimadas produziram hidroméis com
concentracdes mais elevadas de compostos com erésticas frutadas e de compostos
indesejaveis. Os ésteres, acetato de isoamilonaatia de etilo e hexanoato de etilo e o
acetaldeido foram os principais odorantes encoogran todos os hidroméis, embora as
concentragdes tenham variado de acordo com a doac@&n do inoculo e a imobilizagdo das
células. Em geral, a qualidade enoldgica de hidimnexcepto a acidez volatil, ndo foi
influenciada pela concentracdo do inéculo ou impdgdo. O hidromel obtido com células de
levedura imobilizadas ou com maiores concentragliesnoculo apresentou mais acido
aceético.

Finalmente, as fermentagbes foram realizadas enmeas mais elevados para avaliar
uma possivel correlacdo entre a formacao dos cdogasomaticos e os atributos sensoriais
do hidromel. A formacdo dos compostos de aromatmas agradaveis foi detectada no
hidromel fermentado por células de levedura nadilzadas. A analise sensorial também
corroborou esta observacao, revelando que os ttgssride aroma mais agradaveis estavam
correlacionados com o hidromel obtido com céluasegledura livres, independentemente da
estirpe.

Resumindo, as condicbes que melhoraram o0s deseoypefdgmnmentativo e de
crescimento ndo resultaram, necessariamente, eonfetide alta qualidade.

Palavras-chave:suplementacdo do mosto-mel; concentracdo do iaptidiromel; analise
sensorial; compostos volateis aromaticos; imohjpede leveduras.
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Introduction to mead

Definition, historical aspects of mead and per spectives

Mead is a traditional alcoholic beverage containamgalcoholic strength, by volume,
between 8 % and 18 %, resulting from the alcohelimentation of diluted honey by yeasts.
It is a popular beverage in Eastern Europe (Pol&aenia)and inthe Baltic states, being
also widely consumed in England, Germany, and,cslbg in the African countries, among
which Ethiopia and South Africa. In Portugal mesadiill homemade, produced according to
the traditional and empirical procedures. This bl beverage is recognized as the oldest
consumed by man, perhaps even before wine and Igyoltee precursor of beer. It has a long
heritage of use for over 5000 years, even thoughattailable archaeological evidence for its
production dates back to 7000 BC. The first battimead probably occurred when it rained
into someone's open a pot of honey and the wildtydid the rest (Kime and Morse, 1998).
Pottery vessels containing mixture of mead, rice atter fruits with organic compounds of
fermentation have been found in northern China;fits¢ known description was found in
Rigveda and dates back to 1700 to 1100 BC (GupdeSéwarma, 2009). The long tradition of
mead consumption led to the coining of the téromeymoonsince besides being drunk in
great quantities at weddings, the newlyweds usumatythe practice of drinking mead for one
month (a moon) after the ceremony, with the bahet a child would be born nine months
later (National Honey Board, 2001).

Although in past its use was widespread, the deweémt of civilizations and
agricultural resources triggered the replacemenneéd by other beverages, like wine and
beer, in many areas of the world. In northern Eeraphere vines are not cultivated, mead
consumption was quite popular until wine was imgdrat a low cost from the southern
regions. In the last few years there has been a bpike in demand, after the drink became
fashionable in America. The American Mead Makersossation, an organization dedicated
to promoting mead and bringing together mead maksts almost 240 mead-brewers in the
United States and 40 in the rest of the world.



Mead styles

Mead is an alcoholic beverage made by fermentingixure of honey and water.
Depending on the proportion to which honey is @itljtdifferent types of mead are obtained
at 1:0.5, 1:1, 1:2 or 1:3 (honey:water). Worts ttantain high concentration of sugar (1:0.5
or 1:1) are prepared in fed-batch, successivelyngdappropriate portions of honey to avoid
premature fermentation arrest, due to excessivetsipressure (Sroka and Tugsli, 2007)

A weak or watered mead is called hydromraeld sack mead a sweeter mead due to the

addition of honey (National Honey Board, 2001).rngsa terminology similar to the used in
wine, mead styles are classified as dry, semi-sweetweet, according to its final sugar
concentration (Morales et al., 2013).

In order to enhance its character and complexitigreety of fruits, vegetables, herbs or
spices (ginger, cardamom, cloves, thyme, rosembay, leaves, sage, parsley, fennel,
cinnamon, nutmeg, lemon or orange peels, among9theay be added to during or after

fermentation._Traditional mead or show meadnade either using honey from a particular

flower source or a multifloral honey. Show medadroduced only by honey’s fermentation;
nutrients and additives are tolerable but additiamces, fruits or herbs are not allowed.
Regarding traditional mead, small amounts of spi@ests or herbs are permitted without
ever overpowering the honey flavour or aroma (Ma@dnand Schramm, 1995).

According to the American Mead Makers Associatimw(.meadmakers.org) there are

several mead styles depending on local traditiomts specific recipes. Pymentsysersand

melomelsare types of mead that include the addition oft fou fruit juices. Pyment is a
fermented beverage made from a mixture of grape jand honey or from a blend of grape
wine and mead after fermentation. It has a distynape wine character, manifested in acidity,
tannin and other grape characteristics, but theeywarharacter should balance the fruity
flavours. Cysers or apple honey cider are made fmomixture of honey and apple juice or
cider without additional water. This beverage has apple distinct character with a
pronounced honey aroma, sweet and similar to arysh€oncerning melomels, these are
meads that contain one or a blend of fruits whimhtigcbute with subtle acidic notes to intense,
instantly recognizable fruit flavours. Methegism mead made with spices and/or herbs, and
Rhodomelis made from honey and rose petals. Other alcotmverage that can be made
from honey is Braggota type of beer made with a mixture of honey aradt,ncharacterized
by an aroma of honey and malt, with some bitterniegsto hop. Also, brandies and spirits

can be produced from distilling mead. In additiarsparkling beverage with high amounts of



carbon dioxide resulting from a second natural etation either in bottle or in tanks may be
produced (National Honey Board, 2001).

Mead products derivatives

Honey is produced practically in the whole worl® % of which is consumed as table
honey and 10 % is distributed among food, cosnaaiat pharmaceutical industry. Different
new products may be produced from mead, among whingygar. In fact, by performing the
acetic fermentation of mead, Illha et al. (2000faoted approximately 5 L of honey vinegar
with 90 g/L of acetic acid, using 1 kg of bee horesyraw material. This honey-vinegar
showed an acceptability index over 70 % for appeaga colour, odour and flavour,
indicating its good consumer acceptability. In $odtfrica it is possible to find in a meadery,
“Makana Meadery, www.ighilika.co.Zzahoney mead mustard made by mixing whole grain

black mustard with freshly ground yellow mustardd amead vinegar, honey and salt,

resulting in a product with a complex flavour.

Characterization of honey

Honey is “the natural sweet substance producedbgybees from the nectar of plants
(blossom honey or nectar honey) or from secretans/ing parts of plants or excretions of
plant sucking insects on the living parts of plafsneydew honey), which the bees collect,
transform by combining with specific substancesheiir own, deposit, dehydratstore and
leave in the honey comb to ripen and mature” (Col@xentarius, 2001). For a long time in
human history, it was an important source of caydodte and the only largely available
natural sweetener (Bogdanov et al., 2008; Feak, &04.0). Besides its nutritional properties,
honey is one of the products most referred in cdditional medicine, due its therapeutic
potential, in treating respiratory and gastrointestillnesses, in healing wounds and burns, as
an antimicrobial agent, among other biological pietpes (Al-Mamary et al., 2002; Mulu et
al., 2004).

According to its botanical origin, honey can bessified in monofloral or multifloral in
which the bees forage predominantly on one typeplaht or several botanical species,

respectively (Alvarez-Suarez et al., 2014).



Honey is mainly composed by carbohydrates, lesssouats of water and minor
components (Bogdanov, 2011) such as, mineralsgipsytvitamins, lipids, organic acids,
amino acids, phenolic compounds, enzymes and pthgochemicals (Bertoncelj et al., 2007,
Buba et al., 2013; Finola et al., 2007). Neverts®léoney composition is rather variable and
dependent on floral source, climate, environmemtadi seasonal conditions as well as
handling and processing practices of its productidriViamary et al., 2002; Alvarez-Suarez
et al., 2014; Anklam, 1998; Arraez-Roman et alQ&@0Azeredo et al., 2003; BaltruSaitygt
al., 2007; Chua et al., 2015; Kirs et al., 2011¢c#kiet al, 2007).

Carbohydrates

Carbohydrates account for about 95 % to 99 % ofndayter (Bogdanov, 2011; Olaitan
et al., 2007). Fructose (38.2 % as mean value)ghubse (mean value of 31.3 %), are the
major carbohydrates in honey followed by sucroseamvalue of 0.7 %) (Bogdanov et al.,
2008; Bogdanov, 2011). Additionally, other 25 diéfiet oligosaccharides have been detected
(Bogdanov et al., 2008; Bogdanov, 2011) which idelunaltose, isomaltose, trehalose,
turanose; trisaccharides, erlose, raffinose andeziteke; and trace amounts of tetra and
pentasaccharides, among others (Anklam, 1998; Bugdat al., 2008) According to Codex
Alimentarius (2001), the minimum concentration lué teducing sugars, glucose and fructose,
is 60 % (w/w). The ratio of fructose to glucosehighly dependent on the nectar source
(Anklam, 1998) and is usually 1.2/1 (de Rodrigueale 2004). The concentration of these
sugars influences the sweetness and texture ayhdructose is sweeter than glucose and
honeys with higher ratios fructose/glucose remajunid for longer periods since glucose is

less water soluble than fructose (de Rodriguek,e2@04; Finola et al., 2007)

Water

Water is the second most important component oéyoranging between 15 % and 20
%, with an average value of 17.2 % (Bogdanov et24l08). The water content of honey
depends on several factors: climate conditionsyesegf maturity of the hive, and treatments
applied during nectar and honey collection andasfer(Finola et al., 2007; Olaitan et al.,
2007). This parameter will influence its physicabgerties such as the viscosity (Olaitan et
al.,, 2007). Honey with a high water content usuglhgsents preservation and storage

problems since increases the probability of thelpcb fermentation (Olaitan et al., 2007). In



fact, low water content contributes to the stapilif honey, preventing fermentation and
crystallization during storage (Kuguk et al., 2007)

Minerals

Minerals come from the soil and plants and aregmes small amounts ranging from
0.04 %, in the clear honeys, to 0.2 %, in some dareys (Anklam, 1998; Fernandez-Torres
et al., 2005). In addition, other elements may ¢h&ed during the processes of centrifugation
and storage (Freitas et al., 2006). Potassiuneisndyor mineral with an average of about one
third of the total (Anklam, 1998; Bogdanov et @D07; Conti et al., 2007; Olaitan et al, 2007;
Silva et al., 2009), followed by calcium, sodiunmogphorus, magnesium, iron, manganese
and copper (Bogdanov et al., 2008; Olaitan et28Q7). Trace elements like aluminium,
iodine, chloride, fluorine, bromine, barium, amasthers, are also present in honey (Alvarez-
Suarez et al., 2010; Bogdanov, 2011). The mineyadposition depends on the environment,
geographic location and botanical species (Alv&@wearez et al., 2010; Anklam, 1998;
Bogdanov et al.,, 2007; Gonzalez-Miret et al., 200B) fact, honeys from light blossom
commonly have lower mineral content than dark hengych as honeydew, chestnut and
heather (Bogdanov et al., 2007).

Organic Acids

Organic acids comprise gluconic acid, resultingmfréhe oxidation of glucose by
glucose oxidase (Bogdanov, 2011; Olaitan et aD,720followed in minor concentrations by
pyruvic, malic, citric, succinic and fumaric aci(®ogdanov, 2011). These acids account for
0.5 % of the dry matter (Bogdanov et al., 2008;it@taet al., 2007), for the acidity of honey
and its characteristic taste (Anklam, 1998).

Honey acidity is also dependent on the botaniciepd&lculk et al., 2007) and time of
harvest (de Rodriguez et al., 2004)yhe presence of osmophilic yeasts adapted to high
osmotic pressures, such as high sugar concensatioay be responsible for the increase in
acidity (de Rodriguez et al., 2004). So, low agiditelow the maximum limit of 50 mmol/kg,
indicates absence of undesirable fermentationl#iet al., 2007)Most honeys are acidic,
with pH ranging from 3.4 to 6.1, and an averageizaf 3.9 (Bogdanov, 2011; lurlina and
Fritz, 2005). However, this parameter is not disecelated to the free acidity due to the



buffer capacity of honey (de Rodriguez et al., 208ich is dependent on phosphates,
carbonates and other minerals of honey.

Nitrogen compounds

Amino acids, peptides, proteins and nucleic acelsvdtives are the major nitrogenous
substances in honey. Amino acids content corresptmebout 10 g/kg (Alvarez-Suarez et al.,
2010) Amino acids composition of honey is highly varmldepending on its origin, thus
amino acid profile is a good indicative of the botal and geographical origin of honey
(Alvarez-Suarez et al., 2010; Anklam, 1998; Chualgt2015). Proline is the major amino
acid in honey, corresponding to values between 58n% 85 % of total free amino acids
(Alvarez-Suarez et al., 2010; Anklam, 199B)oline content should be above 200 mg/kg;
values below 180 mg/kg indicate potential adulterabf honey by sugar addition (Bogdanov,
2011). Besides proline, 26 other amino acids haenkdentified in honey: glutamic acid,
aspartic acid, glutamine, histidine, glycine, anggn tryptophan, cysteine, among others
(Alvarez-Suarez et al., 2010; Anklam, 1998). Theot@n content is relatively low,
approximately 2 g/kg to 4 g/kg (Bogdanov 2011).t€ires in honey are mainly enzymes:
invertase, diastase, glucose oxidase, catalaselginkl998),a-glucosidasef-glucosidase
(Won et al., 2008). Some enzymes come from the deesg the process of honey ripening
(Bogdanov, 2011). The enzymes, diastase and irseedee important for assessing honey
quality, since are used as indicatives of honegtiness. Diastase catalyses the hydrolysis of
starch into disaccharides and monosaccharidestasdalatively stable to heat and storage,
and invertase catalyses the hydrolysis of sucrosglucose and fructose. The hydrogen
peroxide, HO,, antibacterial factor found in honey, is regulated the enzymes glucose
oxidase and catalase. Thus, the enzymatic actividy indicate exposure to heat during
processing and storage of honey (Bogdanov, 2011).

Vitamins

The vitamin content in honey is low and varies with floral origin (Ciulu et al., 2011).
Most are water-soluble vitamins due to aqueousreabfi honey and a low percentage of
lipids (Ledn-Ruiz et al., 2013). Vitamins C (asdoracid), B1 (thiamine) and B2 (riboflavin),
B6 (pyridoxine), B3 (niacin), B5 (pantothenic aci&) (phyllochinon) have been reported in
honey (Alvarez-Suarez et al., 2010; Bogdanov e8l08; Ledn-Ruiz et al., 2013; Olaitan et



al., 2007). Ascorbic acid in the main vitamin foumdhoney with concentrations ranging
from 22 mg/kg to 25 mg/kg (Bogdanov et al., 200&) & is found in almost all honeys. On
the other hand, Ciulu et al. (2011) observed a pthdssociation between the concentration

of vitamins B3 and B5 and the botanical origintod product.

Phenolic compounds

Honey contains a diversity of phenolic compoundsesondary constituents, such as
flavonoids, phenolic acids and phenolic acid deiwes. The main polyphenols are the
flavonoids, in concentrations that can vary betw@dh g/kg and 4.6 g/kg, and are mainly
found in honey produced in dry and high temperatoreditions (Bogdanov et al., 2008). The
flavonoids present in honey are essentially flam@soand flavones, namely myricetin,
tricetin, quercetin, hesperetin, lutein, kaempferplnocembrine, chrysin, pinobanksin,
genkvanin, galangin, apigenin, naringer(@nklam, 1998; Arraez-Roman et al., 2006;
BaltruSaitye et al., 2007; Bertoncelj et al., 2007; Bogdanoalgt2008; Estevinho et al., 2008;
Yao et al., 2004). The phenolic acids are foundancentrations ranging from 0.01 mg/kg to
10 mg/kg (Anklam, 1998). The predominant phenoticsa are gallic ang-coumaric, being
caffeic, ferulic, chlorogenic, ellagic, syringicanillic, p-hydroxybenzoic and cinnamic acids
minor constituents (BaltruSaityet al., 2007;. Bertoncelj et al., 2007; Estevirttal., 2008;
Tomas-Barberan et al., 2001).

The composition in flavonoids of some honeys, saglneather, citrus, or chestnut, can
be used for determining its botanical origin (Eslee et al., 2011; Tomas-Barberan et al.,
2001). Dark coloured honeys contain more phendalidsaderivatives but less flavonoids than
light coloured ones (Bogdanov, 2011). In fact, heathoneys are characterized by high
concentrations of benzoic, phenylacetic, mandeidtfa phenyllactic acids (Anklam, 1998).
Considerable differences in composition and comaéioh of phenolic among unifloral
honeys have also been found (Bogdanov, 2011).Astanice, hesperetin proved to be a useful
marker for the floral origin of citrus honey; kael@m| a marker for rosemary honey, abscisic
acid for heather honey and homogentisic acid fomwdierry-tree Arbutus unedp honey
(Tomés-Barberan et al., 2001).

The phenolic content of honey is highly relatedhwiis bioactive properties, namely
antioxidant and antimicrobial activities. The artdant activity of honey has been reported

by numerous authors (Al et.al2009; Al-Mamary et al 2002; Alzahrani et al., 2012;



BaltruSaitye et al, 2007; Bertoncelj et al., 2007; Estevinho et 2008; Gorjanou et al.,
2013; Kishore at al., 2011; Kuguk et al., 2007; Med al, 2005; Ruiz-Navajas et al., 2011).
Others, provided evidence of antibacterial activiy honey against pathogenic bacteria
resistant to antibiotics (Basualdo et al., 2007miau et al., 2005; Lusby et al., 2005; Moussa
et al., 2012; Mulu et al., 2004; Nzeako and Har@@DO0; Sherlock et al., 2010; Taormina et
al., 2001; Voidarou et al., 2011) and against fspdilage bacteria (Mundo et al., 2004).

Volatile compounds

Volatile compounds of honey are derived from théabmral specie or nectar source,
from the transformation process carried out by pdesn heating or handling during
processing and storage or from microbial and enwrental contamination (Bogdanov, 2011,
Escriche et al., 2012; Manyi-Loh et al., 2011).

Aroma compounds are present at very low conceaftrsitimainly as complex mixtures
of volatile components with different functionalignd relatively low molecular weight
(Cuevas-Glory et al., 2007). Indeed, more than \&fl@tile compounds have been identified
in different honeys, including hydrocarbons, aldddg; alcohols, ketones, acids, esters,
benzenes derivatives, furans and pyrans, norisomgnterpenes and sulphur compounds
(Cacho et al., 2015; Castro-Vazquez et al., 200&8nWALoh et al., 2011).

Usually, monofloral honeys possess highly indivicarama profiles when compared to
multifloral ones (KaSkonien and Venskutonis, 2010). The volatile profile resgmets a
chemical fingerprint of monofloral honey since theure and amount of volatile compounds
are related to the floral source (Bianchi et a1®, Escriche et al., 2011; Jerkovic et al.,
2009). So, the determination of volatile compouhds been used to differentiate honeys
according to botanical origin (Aliferis et al. 2QIBianchi et al., 2011; Castro-Vazquez et al.,
2009; Escriche et al., 2012; Jerkoet al., 2009) and geographical origin (Aliferisagét 2010;
Karabagias et al., 2014; Stanimirova et al., 20I0e differences between the geographic
sources could be attributed to climatic conditiansl to the surrounding flora; nevertheless,
the volatile compounds seem to contribute morénéodifferentiation of honey according to
botanical origin, than country of origin (Juan-Basret al., 2014). In fact, a considerable
number of volatiles have been referred as possiidekers of the following monofloral
honeys: acacia, chestnut, eucalyptus, heather, dintk sunflower (Radovic et al., 2001);

strawberry-tree (Bianchi et al., 2005); thyme (Odshal., 2007); citrus, eucalyptus and
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lavender (Castro-Vazquez et al., 2009; Escrichal.eR011). For example, carvacrol amd
terpinene seem to be important in tilia honeypinene and 3-methyl-2-butanol in sunflower

and cis-linalool oxide in acacia honey (Juan-Boetal., 2014).

Colour

The determination of honey colour is a useful dfasgion criterion for unifloral
honeys, since it is related with the contents @friic and flavonoids and minerals (Alvarez-
Suarez et al., 2010; BaltruSaitt al, 2007; Bertoncelj et al., 2007; Gomes et al., 20I0e
mineral content influences the colour and the tdst@eys with higher quantity of minerals
have darker colour and stronger taste (GonzaleetMiral., 2005). The colour of honey, that
depends on the processing used, temperature amurof storage (Olaitan et al., 2007),
ranges from white-water, extra-white, white, exttear amber, light amber, amber to dark
amber (Bertoncelj et al., 2007). However, it is ortpnt to ascertain that colour’'s intensity
increases during storage due to Maillard reactioasamelization of fructose and reactions

with polyphenolic compounds (Bertoncelj et al., 208hafiee et al., 2013).

The natural microbiota of honey

The microbial population of honey includes micramigms that come from the
environment, soil, plants, and pollen, and thos tisually colonize the digestive tract of
bees (primary sources of contamination) {&aiova et al., 2009; Olaitan et al., 2007;
Snowdon and Cliver, 1996). Thus, microbial popolatof honey includes fungi (yeasts and
moulds) and spore-forming bacteria @&aiova et al., 2009; Snowdon and Cliver, 1996). The
intestine of bees contains high numbers of Granitipesbacteria Bacillus, Bacteridium,
Streptococcus and Clostridium spp.) and Gram-negative bacteridAciromobacter,
Citrobacter, Enterobacter, Erwinia, Escherichia icdFlavobacterium, Klebsiella, Proteus,
and Pseudomonaspnd lower number of yeasts (Al-Walli et al., 201Additionally,
microbial contamination may also have origin in@®tary sources, such as human handling,
containers and equipment, insects, animals andr\l&ganiova et al., 2009; Snowdon and
Cliver, 1996). Possible routes of microbial contaation include air (during packaging),
handlers (from skin infections and faecal contannomd, cross-contamination (from animals
or animal products) and equipment (including resgdof food and water) (Snowdon and
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Cliver, 1996). While primary sources of contamioatiare very difficult to control, the
secondary sources can be controlled with propeiehggand good manufacturing practices.

The survival of microorganisms is influenced by é&gsi chemical composition,
particularly by the low water content. Indeed, tp@rameter hampers microbial growth,
especially of bacteria, which are generally lederémt to high osmotic pressure, when
compared to fungi (Olaitan et al., 2007). Also, b pH and the high sugar content play a
key role in the survival and growth of microorgansgs(Al-Waili et al., 2012; Bogdanov, 2011;
lurlina and Fritz, 2005).

Even though bacteria can survive in this naturadpct, they are unlikely to replicate
(Snowdon and Cliver, 1996). As consequence, thectleh of high numbers of vegetative
bacteria might be indicative of recent contaminatiy a secondary source (lurlina and Fritz,
2005). The consumption of honey contaminated v@thbotulinum spores is especially
dangerous for infants and children, with many reggbrcases of infant botulism. Although
honey itself does not contain the toxin, the sparas theoretically build the toxin after
digestion in infants until one year old (Bogdan2911).

Moulds, or filamentous fungi, normally associateithwhoney include the genera
Penicillium, Aspergillus, Cladosporidiunand Mucor (Ka¢aniova et al., 2009; Popa et al.,
2009) These microorganisms can survive but do not tengréow in honey (Snowdon and
Cliver 1996). The specieBettsya alvei Ascosphaera apiand Ascosphaera majomay
indicate recent contamination by inadequate bee management practices (Finola et al.,
2007)

Honey naturally contains different osmotolerant/ophilic yeasts that grow at low pH
values and are not inhibited by high osmotic pressiost of yeasts isolated from this
environment include species of the gen&accharomycesDebaromyces Hansenula
Lipomyces Pichia, Schizosaccharomyce3orula and ZygosaccharomyceéSnowdon and
Cliver, 1996). Although studies on the quantifioatiof yeast in honey are scarce, the values
reported are normally low. In fact, it were fours$d than 10 colony forming unitS€KU) of
yeasts per gram, in honeys of central ArgentinadJ&i et al., 2007) and an average of 12/g in
crude honey from India (Pota and Aruna, 2013) whildnoney from Brazil the number of
yeasts varied frofBFU = 5x10P/g (Sereia et al., 2010) ©FU = 1.5<10°/g (Rall et al., 2003).

Osmophilic or osmotolerant yeasts have the abtlityconvert honeys’ glucose and
fructose into ethanol, carbon dioxide and acidskintpa the product unsuitable for

consumption. According to the literature, honeywtidollow the quality criteria: maximum
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yeast counting of %10%g and maximum glycerol content of 300 mg/kg; etian
concentration should be less than 150 mg/kg (Bogda?011). Honey with moisture content
less than 17.1 % is safe of fermentation risk reélgas yeast count, however a value above 20
% means that the honey is always in danger of fetatien occurrence (Bogdanov, 2011).

Mead production

The production of mead involves several steps #natpresented in the diagram of
Figure 1.1.

Nutrzents Honey Water Arids
(mitrogen. salts, vitamuns) (tartaric, malic)

o| Homey-must [,

T

Pasteunization

v

Yeast Alcoolic
Fermentation

l

Mead

|

Finning

|

Amng

Figure 1.1.Diagram of mead production.
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Initially, honey is diluted with water in a propmm that depends on the type of mead
desired. In most processes, honey-must starts®®iik between 20 and 23 (Chen et al., 2013;
Mendes-Ferreira et al., 2010; Morales et al., 2(@&eira et al., 2013, 2014a, 2104b and
2015; Qureshi and Tamhane, 1986; Roldan et al.];20fntersteen et al., 2005). Spices or
herbs, either as an extract or directly can be éduer or during the process (National
Honey Board, 2001).

After that dilution, a mixture of nutrients, nitreq, minerals and growth factors may be
added if necessary, in order to stimulate yeaswvigr@and fermentation. Also the adjustment
of acidity may be done to obtain a better balanetsvéen sweetness and acidity. In general,
the acids used for honey-must adjustment arecatid (Sroka and Tusagki, 2007), malic
acid (Pereira et al., 2013, 2014a, 2104b and 20d&rtaric acid (Pereira et al., 2009; Roldan
et al., 2011). A mixture of tartaric and malic acithay be used not only to adjust the acidity
but also to increase the buffer capacity of honexth{Mendes-Ferreira et al., 2010). The
must is subsequently sanitized, being pasteurizatiee of the most commonly used methods
(Mendes-Ferreira et al., 2010; Pereira et al., 2@8034a, 2104b and 2015; Wintersteen et al.,
2005). In alternative, other techniques are usdt Wie aim of controlling or inactivating
most wild microorganisms, including the additionpaitassium metabisulphite (Roldan et al.,
2011) and sulphudioxide (Gomes et al., 2013; Pereira et al., 200@pabi, 2006), or the
boiling of must (Navrétil et al., 2001; Sroka andsZyiski, 2007; Ukpabi, 2006). After
honey-must treatment, it is inoculated with selécstrains ofSaccharomyces cerevisjae
from culture collections or active dry yeasts aafalie in the market. Fermentations are
conducted at temperatures ranging fronfQ2o 25°C and are daily monitored to reduce the
risk of premature fermentation arrest. The durabbriermentation depends on the type of
honey, the nutrients added to honey-must, the atnafunoculum size and the fermentation
conditions. After completion of alcoholic fermentat, mead must be clarified by
centrifugation or by using fining agents such astteite, isinglass, egg white, gelatine, and
casein, and filtered before bottling. Fining agearts applied to obtain limpid and clear mead,
eliminating substances in suspense as well asipriosability (Castillo-Sanchez et al., 2008).
Aging is important in mead production, particulaity the development of favourable aroma
compounds, generally moving from a harsh, acidipleasant taste to a smooth, to a mellow
beverage with a nice bouquet and fragrance (Ndtibloaey Board, 2001). The length of

aging can go from months to years, depending onyjpe of mead. In general, lighter meads
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will be ready sooner while darker, sweet meads tAnde with higher alcohol content will
need more time to fully develop (National Honey Bh2001).

Control of honey-must fermentation

S. cerevisiaenetabolizes glucose and fructose through the Embékyerhoff pathway
with the formation of 2 moles of pyruvate per madé hexose. Then pyruvate is
decarboxylated by pyruvate decarboxylase to acgtatik, which is reduced to ethanol with
the concomitant oxidation of NADH coenzyme formadhe oxidation of glyceraldehyde-3-
phosphate to 1,3-di-phosphogliceric acid. The éffecethanol yield depends on the strain, as
well as on the fermentative conditions, among whieh temperature and wort composition.
In addition to ethanolS. cerevisiagproduces small amounts of glycerol, higher alcshol
diacetyl, acetoin, 2,3-butanediol, succinic acidl draces of acetic acid, lactic acid and
acetaldehyde (Boulton et al., 1996, Mendes-Ferretral., 2011; Phaff et al., 1978) which
have strong impact in final taste and aroma contiposi

Despite the excellent properties of honey, meadlystion faces several problems,
namely, slow or premature fermentation arrest, laickiniformity of the final product, and
production of yeast off-flavours. Many factors mntidfe related with these problems, such as
honey variety, medium composition (vitamin, mingerahd nitrogen content), fermentative
yeast and fermentation conditions (temperaturepkf)d Ramalhosa et al., 2011).

The influence of the honey type was already evatliat mead production (Pereira et al.,
2009). Light honey, comparatively to dark one, hageficiency in the amount of nitrogen
compounds and in the content of minerals that rbastulfilled by supplementation taking

into account the yeasts requirements.

Yeasts

The unpredictable nature of spontaneous fermentatra stock fermentation may be
associated with the risk of undesirable flavour usence (Chen et al.,, 2013). Hence,
inoculation with selected yeasts is a common pradid control the nature and quantity of
fermentation products, particularly metabolitest timpair the final quality of the product.
The yeasts used in mead production are usuallynstraf S. cerevisiaewith suitable

characteristics as required for wine and beer prbolu vigorous fermentative activity,
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tolerance to ethanol and sulphur dioxide, toleratacéemperature variation and ability to
flocculate easily after completion of fermentatiém.a previous work, fermentative abilities
of five strains ofS. cerevisiagisolated from Portuguese honey were compared twe wi
commercial strain (Pereira et al., 2009). Accordiagthe results, the performance of the
strains isolated from honey was similar to the ol in those available in market, which are
used in the production of other beverages. Evemgihomost mead is produced using
commercial yeast strains, the traditional mead pred in some African countries still use
natural fermentation conducted by microorganisnisalty present in the substrates and
fermentation equipment. Fortunately, the ye&tserevisiagTeramoto et al., 2005) and
Kluyvermyces bulgaricu@Bahiru et al., 2006) appear to be the dominamreorganisms in
this traditional beverage.

In wine, mixed culture fermentation has been exptbito enhance aroma and flavour
and to obtain different types and styles of thedpob (Fleet, 2003). This practice has been
recently tested in mead production by Chen et2018), who successfully used multiple
yeast inoculations with different strains.

The use of reduced inoculum $f cerevisiaean be associated with sluggish and stuck
fermentations (Carrau et al., 2010). So, in ordeprovide evidence to this claims, Pereira et
al. (2013) studied the effect of the inoculum reyeast fermentation performance, as well
as on mead composition and the volatile compoumddugtion. The increasing of pitching
rate resulted in significant fermentation time sgyieven though high inoculums could lead

to lower production of desirable aromatic compounds

Nutrient supplementation

The problems of honey-must fermentation are constléo be due to deficiency of
nitrogen, minerals and other growth factors (Gugma Sharma, 2009). The correction of
these nutritional deficiencies may reduce stressigeity of yeast, improving fermentation
performance (Gibson, 2011).

Vitamins, whose concentration is not usually limiti are required by yeast cells for
many enzymatic reactions (Alfenore et al., 200hI8aolles, 2009). Minerals are required as
cofactors for several metabolic pathways influegdime rate of sugar conversion (Pereira et
al., 2010). Nevertheless, nitrogen deficiency heenbreported as the major cause of stuck or

sluggish fermentations in grape juice fermentati@altran et al., 2005; Mendes-Ferreira et
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al., 2011), since nitrogen affects yeast growtlasyéermentation rate and fermentation length
(Bely et al., 1994). Nitrogen concentration alsgutates the formation of by-products, such
as HS, fatty acids, higher alcohols, and esters, anathgrs, which affect the chemical and
sensorial proprieties of the alcoholic beverageep@r et al., 2012; Mendes-Ferreira et al.,
2011; Torrea et al., 2011). In alcoholic fermemtatiS. cerevisiaenormally requires a
minimum of 267 mg/L, expressed as nitrogen, for plate fermentation of a must containing
200 g/L of hexoses (glucose + fructose), in an stdlally reasonable time (Mendes-Ferreira
et al., 2004) In spite of this, there are differences in theagén demand according to the
industrial yeast strain, or the quality of the ogfen source or the must sugar concentration
(Manginot et al., 1998; Martinez-Moreno et al., 201

Taking into account all the knowledge used in wpr@duction, honey-must was
optimised by supplementing it with potassium taeranalic acid and diammonium phosphate
(DAP) and fermentation time was reduced to 11 ddmsndes-Ferreira et al., 2010). Even
under these improved conditions, the available sugaere not completely consumed by
yeasts and a certain amount of residual assimilaittegen remained in all of the meads,
even in controls in which no nitrogen was addeggssting that other factors could account
for the reduced yeast activity in honey-must fertagons. Besides reducing the fermentation
length and increasing specific growth rate of ygatte addition of DAP to honey-must can
contribute to the enhancement of the fruity chanact mead (Pereira et al., 2015)

In fact, the supplementation of nitrogen deficiescivith DAP addition is a practice
widespread in mead production (llha et al., 200@rdes et al., 2013; Pereira et al., 2013,
2014a and 2014Db). In other cases, the honey-mutistional deficiencies are supplemented in
the form of commercial nutrients (Navratil et &001; Pereira et al., 2009; Wintersteen et al.,
2005). In the fermentation of longan mead, the tamdiof commercial nutrients containing
yeast hulls, yeast extract, DAP, vitamin B1l, magmassulphate, folic acid, niacin and
calcium pantothenate Chen et al. (2013) only agthihigh fermentation rates. Also using
commercial nutrients, Gomes et al. (2013) detedtegh sugar consumption and high
production of ethanol, acetic acid, and glycerdhvé concentration of 0.88 g/L.

There are references in literature about otherrabtupplements that can be added to
mead to improve yeast growth or yeast fermentatotevity: black rice, a natural nutrient for
yeast, as a source of fungal glucoamylase (Kogetchl., 2009; Teramoto et al., 2005); fruit

juices as source of acids and growth factors (GapthSharma, 2009) or even pollen (Roldan
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et al., 2011). In this study, the addition of polienproved fermentation rates, ethanol yield,
and final sensory attributes.

Yeasts immobilization in mead production

Whole-cell immobilization may be defined as the gibgl confinement or localization
of intact cells to certain defined region of spagigh the preservation of some desired
catalytic activity (Kourkoutas et al., 2004). Miorganism’s immobilisation methods have
gained attention in the last few decades and aresiccessfully applied in the alcoholic
beverage production. The use of these techniqussnfade it possible to reduce labour
requirements, to simplify time-consuming proceduaesl thereby to reduce costs (Divies and
Cachon, 2005).

To be attractive for industrial purpose the methogy must be: robust, not susceptible
to contamination, able to impart correct flavouaiehes to the beverage, not liable to cause
oxidation of the product and use commercially ataigp supports and organisms (Diviés and
Cachon, 2005).

To obtain the desired product it is fundamentalsétect a suitable support for cell
immobilization, and the choice depends on the m®de which it will be applied as well as
the process conditions (Genisheva et al., 2014&nelly, four major categories of
immobilization techniques can be distinguishedgeldasn the physical mechanism employed:
attachment or adsorption on solid carrier surfaeegapment within a porous matrix, self-
aggregation by flocculation (natural) or with crdsking agents (artificially induced), and
cell containment behind barriers (Genisheva et@ll4a; Pilkington et al., 1998).

In comparison with free cells, the immobilizatiomynnduce alterations in cell growth,
physiology and metabolic activity, may affect theéalerance to stress factors and the
formation of aroma compounds. Mass transfer linateg by diffusion, disturbances in the
growth pattern, surface tension and osmotic presstiects, reduced water activity, cell-to-
cell communication, changes in the cell morphologifered membrane permeability are
some factors considered responsible for alteratiormgigh immobilization (Kourkoutas et al.,
2004).

Immobilized yeast cells have not been widely usethead production. Indeed, only a
few studies have been reported on this theme. Wpitckknowledge, the pioneer work on this

matter was conducted by Qureshi and Tamhane (1988p whole cells of5. cerevisiae
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immobilized in calcium alginate gels to produce thedhe optimum pH for alcohol
production was 4.5 or 5.5 when used free or imnddll cells, respectively. The authors
produced mead for a period of more than 3 montmgyusimobilized cells, thus reducing the
problems of contamination and secondary fermemtaissociated with traditional mead
production. Later, the same authors (Qureshi andhBae, 1986) used two series reactors
separately packed with immobilized cellsSfcerevisia@andHansenula anomal& produce
meads of controlled quality, and reduced the tiragod of production and eliminated the
costlier aging process.

Navratil et al. (2001) used a two-column packed-fgstem with an entrapped ethanol-
tolerant distillery yeast o8. cerevisiag¢o provide higher ethanol productivity and thus to
make the process more efficient. Yeast cells waraabilised in calcium pectate, which has
higher mechanical stability than calcium alginafehe system enabled to increase
fermentation rate and allowed to produce meaddorginuous mode.

The capacity of two sodium alginate concentratichdp and 4 %, to immobiliz&.
cerevisiae yeast strains QA23 and ICV D47, in the contextnoéad production was
investigated by Pereira et al. (2014a). Neitherth&f alginate concentrations was able to
prevent cell leakage from the beads. Even so,etfid of the fermentation, the number of
cells entrapped in the beads was higher than timebeu of free cells, and the total 4 %
alginate bead wet weight was significantly higheart the 2 % alginate bead wet weight. The
fermentation length was 120 h for both yeast s¢raind the evaluation of mead quality
showed that the yeast strain had significantly moftuence on the physicochemical
characteristics than the alginate concentration.

To avoid cell leakage, it was assessed the potearitepplication of immobilised yeast
cells on single-layer Ca-alginate or double-lay&ginate-chitosan for mead production
(Pereira et al., 2014b). Minor differences wereedigd in the fermentation length and in the
rate between fermentations conducted with freenonobilised cells, even though higher
concentrations of viable cells were achieved in obilised systems. The double-layer
alginate-chitosan had no advantage compared wétkitigle-layer Ca-alginate, as the number
of free cells in the medium, resulting from celdkage, was similar. Meads obtained with
entrapped yeast cells presented less ethanol adrgl and more acetic acid, presenting
larger amounts of volatile compounds. Immobilisesllsc produced meads with higher

concentrations of fruity characteristics compourglgch as ethyl octanoate and ethyl
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hexanoate; however the concentrations of undesirabmpounds, namely ethyl acetate,

octanoic and hexanoic acids, in such meads weoehadber.

Aroma of Mead

The aroma profile is one of the most typical feasuof a food product, both for its
organoleptic quality and authenticity (Alvarez-Smet al., 2010). The aroma of mead has
contributions from honey, inoculated yeast and rietgical processes (Chen et al., 2013;
Gupta and Sharma, 2009; Pereira et al., 2013, 2aidd2015).

Honey-derived volatiles

The honey quality, that is crucial in the consurmhassessment, is strongly dependent
on the botanical and geographical origin of thedpod (Bogdanov et al., 2008; Manyi-Loh et
al., 2011). Honey aroma is very complex and invelgeveral volatile compounds, however
not all have a significant impact on the aromagémeral, the impact of a given compound
depends on the extent to which the concentrati@eeds its odour threshold. It is important
to state that some synergistic and/or antagonisteractions between different components
may occur, and thus, even compounds present ircémeentrations may contribute to honey
aroma (KaSkonienand Venskutonis, 2010; Manyi-Loh et al., 2011pider to determine the
influence of the volatile compounds on overall homeoma, odour activity value©AV)
should be assessed by dividing the concentratioreamh compound by its perception
threshold. Only the compounds wi@®AVs greater than 1 (or near) may have contributed to
honey aroma (Manyi-Loh et al., 2011). The same tilel@ompounds identified in various
honey samples can be characterized by a wide m@ingema descriptors, for example, from
bitter, rancid, or fishy, to sweet and flowery (Tath.1).
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Table 1.1. Odour descriptors of some volatile compounds foumdhoneys g$ources KaSkonieg and
Venskutonis, 2010; Manyi-Loh et al., 2011).

Volatile compound Odour descriptor

Benzaldehyde Bitter almond; fragrant; aromatic; etyearzipan
Benzeneacetaldehyde Harsh; green

y-butyrolactone Woody; toasty; caramel

Carvacrol Pungent; warm

p-Cymenene Citrus; pine

B-damascenone Fruity; sweet; honey

Decanal Strong; sweet; orange peel odour; citrste tgoap; fat
Dimethyl disulphide Vegetable; cabbage; putrid

Dimethyl sulphide Cabbage; sulphuric; gasoline;etwieoney; acrid; cooked vegetables
Dimethyl trisulphide Powerful; fish; diffusive

Ethyl acetate Ethereal; sharp; wine-brandy-likejiréscent of pineapple
Ethyl butyrate Sweet; fruity; pineapple

Furfural Bread; almond; sweet; woody; fragrantijtfrucherry
Heptanoic acid Rancid; sour; sweet-like; fatty

Hexanol Balsamic; aromatic herb

Hotrienol Hyacinth; balsamic; aromatic herb

Isophorone and ketoisophorone Spicy

Lilac aldehyde Flowery; fresh

Linalool Sweet; floral; lavender; refreshing; cirwrange; forest; geranium
2-methylbutanal Sweet; musty; aldehydic

3-methylbutanal Sweet; musty; aldehydic

Nonanal Citrus; fatty; floral; green

Nonanol Green; sweet; oily

Oak lactone Woody; toasty; caramel

Octanal Fat; soap; lemon; green

Pantolactone Woody; toasty; caramel

Phenylacetaldehyde Sweet; honey-like

2- phenylethyl acetate Flowery; sweet; champagne

Sinensal Sweet; orange

Spathulenol Cheese; hay

Sensory evaluation, based mainly in attributesrofra and taste, is one of the most

useful tools in honey characterization (Anupamalet2003; Castro-Vazquez et al., 2009;
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Castro-Vazquez et al., 2010). Some of the aronmdatits proposed have been floral, fruity,
candy, waxy, resin, wood, citric, acidic, spicy, Idaanic, caramel, herbaceous,
coffee/chocolate, cheese, chemical and fermentadng others. The attributes sweet, acid,
astringent, ripe fruit, toasty caramel, woody armicys have been selected for taste
characterisation. Honeys from different geogragdraca botanic origins differ regarding their
sensory profile. For instance, the attributes flouyéruity, waxy, jaggery-like, chemical and
caramel notes were the major variables among heamples from India (Anupama et al.,
2003). Castro-Vazquez et al. (2009) identified trwatile compounds and the sensory
descriptors that are more representative of difter@onofloral honeys namely, citrus,
rosemary, eucalyptus, lavender, thyme and heailse authors verified that citrus honeys
were characterised by higher amounts of linaloaglvdéves and by fresh fruit and citric
aromas; eucalyptus honeys had hydroxyketones paogimene derivatives together with
cheese and hay aromas; lavender honeys had maxanal, nerolidol oxide and coumarin
and the sensorial attributes balsamic and arorhatios aromas; finally, heather honeys were
characterised by high contents of benzene and jibesmmpounds and ripe fruit and spicy
aromas. Regarding chestnut honeys from Spain itweafied that the volatile composition
and sensory profile are greatly influenced by teegyaphic origin, i.e., honeys from the
Spanish north-east presented significantly highemcentrations of aldehydes, alcohols,
lactones and volatile phenols which are associaiddherbaceous, woody, and spicy notes;
honeys from the north-west area showed superi@dex terpenes, esters and some benzene
derivatives, closely related with honey-like, floend fruity notes (Castro-Vazquez et al.,
2010).

Fermentation yeast-derived volatiles

During the alcoholic fermentation, yeasts produaarege of compounds with strong
sensorial importance in the quality of the finabguct. Fermentative compounds, resulting
from the metabolic activity of yeasts, represenardiiatively, the majority of volatile
compounds in wines (Vilanova and Oliveira, 201Bgrefore these microorganisms play an
important role in the development of wine aromathia last decade, some research has been
conducted on volatile compounds formation duringadhéermentation. The production of
volatile compounds is affected by several factoctuding the yeast strain (Chen et al., 2013;
Teramoto et al., 2005), cell condition (free or iobiised) (Pereira et al., 2014b) and
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inoculum size (Pereira et al., 2013), as well ashigyfermentation conditions (Wintersteen et
al., 2005). In addition, the type of honey (Smoggova et al., 2012; Vidrih and Hribar, 2007;
Wintersteen et al., 2005), and the honey-must caitipo/formulation (Sroka and Tuszski,
2007; Mendes-Ferreira et al.,, 2010; Roldan et 2011; Pereira et al., 201%an also
modulate the formation of volatile compounds. Tludatile compounds produced by yeasts
are: alcohols, organic acids, esters, volatileyfatids, carbonyl compounds, volatile phenols,

among others.

Alcohols

Alcohols are secondary yeast metabolites and, &auantitative point of view, are the
most important group of volatile compounds producgdeast during alcoholic fermentation
of sugars (Swiegers et al., 2005; Ugliano and Hekesc2009), inclusive in mead production
(Mendes-Ferreira et al., 2010; Pereira et al., 2@084b and 2015; Roldan et al., 2011).
Alcohols include 2-methyl-1-propanol (isobutand}methyl-1-butanol, 3-methyl-1-butanol
(isoamyl alcohol) and 2-phenylethanol (with pledsaose-like aroma), among others
(Swiegers et al., 2005; Ugliano and Henschke, 20D8¢ most predominant alcohol in some
meads has been 3-methyl-1-butanol, in concentratoging from 90 mg/L to 350 mg/L
(Chen et al., 2013; Mendes-Ferreira et al., 2080eiRa et al., 2013, 2014b and 2015; Roldan
et al., 2011; Teramoto et al., 2005; Wintersteeal.e2005), above the odour threshold of 30
mg/L (Guth, 1997; Moreno et al., 2005). Compardyiviower concentrations of 3-methyl-1-
butanol were found in Slovak and South African nseé8imogromova et al., 2012). Other
secondary predominant alcohols present in mead 2ameethyl-1-butanol, 2-methyl-1-
propanol, 1-propanol and 2-phenylethanol (Mendeselita et al., 2010; Pereira et al., 2013,
2014b and 2015; Roldan et al., 2011; Teramoto €t2805; Vidrih and Hribar, 2007,
Wintersteen et al., 2005).

Generally, concentrations of alcohols in mead aetovb 300 mg/L. Excessive
concentrations, above 400 mg/L, may have negatiyeacts on the aroma and flavour
resulting in a strong, pungent smell and taste §evieet al., 2005). Mendes-Ferreira et al.
(2010) verified an inverse correlation between brghlcohols and nitrogen levels in mead
and Roldan et al. (2011) found an increase in alsotvith pollen addition to honey must.
Moreover, the immobilisation of yeast cells®f cerevisiaseems to enhance the production

of 1-propanol (Pereira et al., 2014Db).
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Esters

Esters are derived from a reaction between organiolatile fatty acids and ethanol
(ethyl esters) or between acetic acid and higheyhalls (acetates), being largely responsible
for wine and fermented beverages fruitiness, aedethre they play an important role in the
sensory composition of the related young produdiendes-Ferreira et al., 2010; Pereira et al.,
2013; Ugliano and Henschke, 2009). Ethyl acetatuentitatively the most important ester
found in mead produced in Portugal (Mendes-Fermetia., 2010; Pereira et al., 2013, 2014b
and 2015), Slovak and South Africa (Smogeovi et al., 2012), Spain (Roldan et al., 2011),
Slovenia (Vidrih and Hribar, 2007) and Southwedti@ia (Teramoto et al., 2005). Ethyl
acetate is an ester compound with a solvent-like didour (Bartowsky and Pretorius, 2009;
Meilgaard, 1975) and an odour threshold of 12.3Ln{§scudero et al., 2004). Other esters
found in mead in minor amounts are isoamyl ace@dghenylethyl acetate, ethyl butyrate,
ethyl hexanoate and ethyl octanoate. These est®es frear-drops aromas (isoamyl acetate),
honey, fruity, flowery aromas (2-phenylethyl acejand fruity, sweet aromas (ethyl butyrate,
ethyl hexanoate and ethyl octanoate) (Bartowsky Bretorius, 2009). However, highly
variability in the concentration of these compounsisobserved between mead, probably
because different commercial yeast strains canuysedariable amounts (Swiegers et al.,
2005).

Esters production by yeasts increases with nitragmrcentration (Mendes-Ferreira et
al., 2010), with the addition of nutrients to hommauyst, like pollen (Roldan et al., 2011), and
in mead fermented with yeast cells immobilisedingke-layer of alginate or double-layer of

alginate-chitosan (Pereira et al., 2014b).

Volatile fatty acids

Volatile fatty acids includes a mixture of straigiftain fatty acids, resulting frofg-
oxidation of fatty acids, usually referred to asrtthain (C2—C4), medium chain (C6-C10),
long chain (C12-C18), and a group of branched-cfaiy acids, from the metabolism of the
aminoacids (Ugliano and Henschke, 2009). Acetid &cguantitatively and sensory the most
important volatile fatty acid produced during alobb fermentation, accounting for more
than 90 % of the total volatile acidity (Bartowskyd Pretorius, 2009). Acetic acid at elevated
concentrations imparts a vinegar-like characteriashdcomes objectionable at concentrations
of 0.7 g/L to 1.1 g/L, being the optimal concentratbetween 0.2 g/L and 0.7 g/L (Swiegers
et al., 2005). In mead, it have been reported gunatons of acetic acid less than 0.6 g/L
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(Pereira et al., 2009 and 2014b; Sroka and Tiskiy2007), although Svecova et al. (2015)
found concentrations above 1 g/L in Czech meadslatM® acidity increases during
fermentation mainly as a result of acetic acid Bgais. So, values ranging between 0.4 g/L
and 4 g/L have been referred in mead (Mendes-Faredi al., 2010; Pereira et al., 2013,
2014b and 2015; Roldan et al., 2011; Smogmw et al., 2012; Wintersteen et al., 2005). As
the fatty chain length increases, the volatilitgr@@ases and the odour changes from sour to
rancid and cheese (Ugliano and Henschke, 2009)acteaistic of the compounds hexanoic,
octanoic, and decanoic acids. Generally, octancid & the main fatty acid in mead,
followed by hexanoic and decanoic acids (Mendeseltaret al., 2010; Pereira et al., 2013
and 2014b; Roldan et al., 2011). This fatty acid &a odour threshold of 0.5 mg/L (Ferreira
et al., 2000) and its amount in mead can vary floinmg/L (Roldan et al., 2011) to 6 mg/L
(Mendes-Ferreira et al., 2010). On the other h&ndka and Tus#zgki (2007), verified that
decanoic acid was in higher amounts in mead thémo and dodecanoic acids, but all of
them in concentration below 30 mg/L. The conceitnabf medium chain fatty acids was
higher in meads supplemented with nitrogen compé&vedon-supplemented fermentations
(Mendes-Ferreira et al., 2010; Pereira et al., 280dan et al., 2011).

Carbonyl compounds

Yeasts produce various carbonyl compounds from rsugeetabolism, being
acetaldehyde quantitatively the most important,stituting more than 90 % of the total
aldehydes in wines and other alcoholic fermentectages (Nykanen, 1986). It contributes
with ‘bruised apple’ and ‘nutty’ characters, wheegent at sensory detectable concentrations,
but can also be a sign of wine oxidation (Swiegeral., 2005; Ugliano and Henschke, 2009).
This compound has been found in meads producell bgrevisiaén concentrations between
5 mg/L and 30 mg/L (Pereira et al., 2013, 2014b 201th; Roldan et al., 2011), always above
its perception threshold of 0.5 mg/L (Guth, 199'However, considerably higher
concentrations of this compound were obtained feadnproduced by any other yeast specie,
Saccharomycedayanus either in lime mead (608 mg/L) or chestnut mead@70 mg/L)
(Vidrih and Hribar, 2007). In addition, the conaation of this compound appears to be
related with the must composition, increasing wiith addition of pollen (Roldan et al., 2011)

and nitrogen (Pereira et al., 2015).
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Volatile phenols

Volatile phenols have a relatively low detectiomeghold and are, therefore, easily
detected due to their pharmaceutical odour (Sweeggral., 2005). Although they can
contribute positively to the aroma of some wine® better known as off-flavours such
“Band-aid”, “barnyard” or “stable” (Bartowsky andréRorius, 2009). The most important
volatile phenols are the ethylphenols, 4-ethylgeaiand 4-ethylphenol, and the vinylphenols,
4-vinylguaiacol and 4-vinylphenol. Higher concetites of 4-vinylphenol than 4-
vinylguaiacol have been found in mead produced withultifloral dark Portuguese honey,
but in concentrations below their detection thrédh@Pereira et al., 2013, 2014b and 2015).
This production was not affected by the yeast strAiso in buckwheat and soy mead was
detected 4-methylphenol, but again, in concentnatizelow the odour threshold (Wintersteen
et al., 2005).

Because beverages can contain a very complex sailatile compounds, to estimate
the contribution of an individual compound in theemll aroma it is important the
determination ofOAV (Czerni et al., 2008) The volatile compounds witbre influence on
mead aroma profile are the alcohols (3-methyl-Jabat and 2-phenylethanol), esters (mainly
ethyl acetate, isoamyl acetate, ethyl butyrateyldtbxanoate and ethyl octanoate), medium
chain fatty acids (hexanoic, octanoic and decamaeids) and acetaldehyde (Pereira et al.,
2013, 2014b and 2015; Wintersteen et al., 2005¢nEkough few studies are available about
the OAVs in mead, the results show that they depend onintbeulum size, yeast cell
immobilisation, nitrogen addition to fermentaticas well as on the yeast strain and honey

used in mead production.

Sensory evaluation of mead

Aroma volatile compounds play a key role in deteing the quality of beverages
because are the primary contributors to aroma avdupe an effect on sensory characteristics
(Andreu-Sevilla et al., 2013; Vilanova et al., 2D10Two main types of methodologies are
used for evaluation of quality of food and bevesmgéhe identification and quantification of
aroma compounds, as an objective analysis technagugibjective methods based on human

assessment of the quality characteristics of tlogl i®&myth and Cozzolino, 2013). Sensory
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analysis is indispensable for the assessment af flavour characteristics to identify the
significant sensory and quality contributors to doguality and consumer preference
(Schmidtke et al., 2010). Overall, the more impartsensory characteristics of beverages are
the smell, the taste and to a lesser extent, tloeic(Robinson et al., 2011) and are performed
by a panel of experts or consumers. However, tmsosg perception is variable within
individuals, the context of the consumer experieand the chemical composition of the
product (Schmidtke et al., 2010).

Even though the identification and quantificatioh aroma compounds in mead
produced under different conditions has been asdg€hen et al., 2013; Mendes-Ferreira et
al., 2010; Pereira et al., 2013 and 2014b; Smogpwvi et al., 2012; Sroka and Tussi,
2007; Vidrih and Hribar, 2007; Wintersteen et 2005), there is a lack of evidence regarding
the sensory quality of the mead produced.

Koguchi et al. (2009) produced mead with honey blatk rice and performed the
sensory test of the beverages, revealing that meate from Chinese milk vetch honey was
acceptable, while the produced using buckwheat ynom&s not very palatable. Sensory
characteristics of mead produced with cassdan{hot esculentafloral honey under farm
conditions in Nigeria was also assessed (UkpaldgR0n this latter study, the expert test
panel included nine food scientists, who commefreely on fresh and stored mead samples.
The colour and taste of the meads were generatigpgable and the characteristic after-taste
bitterness of samples was both pointed as positidenegative attribute.

Vidrih and Hribar, (2007) studied the sensory praps of three different types of mead
produced from chestnut, lime and honeydew variaifdsoney. The trained panellists chose
the chestnut honey solution as the best raw maferianead production, followed by lime
and honeydew honey solutions. After fermentatiamdy was added to meads and panellists
preferred meads with 80 g/L sugar over meads witly/lt reducing sugar (dry mead with no
reducing sugar is rather flat in taste and podrady) and gave the best scores to chestnut and
lime types mead. In the chestnut mead the redusiiggrs masked the bitterness taste of the
raw honey and the fermentation process improvedthdguet of lime mead.

In short, the results of the works on mead sensmialysis indicate that high sugar
content is an important requisite to mead’ conssmer

The establishment of correlations between instruatiemeasurements of specific
attributes and sensory characteristics may leaal better understanding of the relationship

between volatile composition and sensory propenidgsch is important to assess the quality
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of the beverage (Schmidtke et al., 2010). In tlistext, Roldan et al. (2011) evaluated the
influence of pollen addition on the sensory chamastics of mead, namely on visual
(turbidity and colour), aroma (quality and integisitand taste (quality and intensity)
characters and verified that the aroma quality apgzkto be related to the volatile compounds.
The aroma of control mead was described as flassqciated with 2-phenylethanol) and
vinegar-like acid (presence of 3-methylbutyric &eckanoic acids, ethyl acetate and high total
and volatile acidity) masking other aromas, whigtréased the aroma quality. Mead with
high amount of pollen added was characterised bgtéal, bitter almond and honey scents
that masked all other aromas, principally consistéth its high phenylacetaldehyde levels.
Briefly, the pollen addition led to an increasethe volatile contents of meads, consequently

improving its sensory profile.
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Context, Objectives and Outline

In Portugal beekeeping is a dynamic activity tisaini frank expansion in recent years.
Even so, it is necessary to continue to valorizerihtional honey and simultaneously find
alternatives for the honey that can not be comrakzed. Thus, the mead production may
emerge as a great alternative for profit and to walde to honey not suitable for trading.
Although mead has been produced since ancient tifteegroduction is empirical and
homemade by the beekeepers. The producers fourmiasgroblems during fermentation,
such as, lack of uniformity in the final produdipw or premature fermentations arrest, and
the production of “off-flavours”. Due to these pleims and to the lack of scientific progress
in this area, we considered essential optimizirgattocesses of mead production.

In recent years our team has been focused on timaipgtion of mead production and
some achievements have been attained: yeast stesitkents in honey have been selected,
their fermentation performance under ethanol, sulptioxide and osmotic stress was
evaluated; a honey-must formulation has been dedignd some problems related with delay
or fermentation arrest have been identified an@, certain way, have been overcame. Taking
into account all these factors, the evaluationhtifieation of limiting factors of fermentation
and the development of new production processesynas extreme importance in the
optimization of mead production. These constith&erhain objectives of this work.

To this end, two active dry wine yeastaccharomyces cerevisiatrains, QA23 and
ICV D47, were selected for all the studies perfaitnfiar this thesis. In the same way it was
selected a honey-must formulation from a previowslys of our research group (Mendes-
Ferreira et al., 2010). Although it was the forntigla that provided the best fermentation
results, some problems were reported, such asd$idual nitrogen and reducing sugar
concentrations in the final of fermentation. In@rdlo prove that nothing was limiting in the
composition of the medium formulated, it was evtddathe effect of honey-must
supplementation with salts and/or vitamins requifed yeast growth Ghapter 2). The
supplementation with salts and/or vitamins had aositve effects on the fermentation and
growth profiles or in mead final composition. Orethasis of the results obtained, we
proceeded to evaluate the impact of a high initall density on yeast fermentation
performance and mead quality, using five differsites of inoculum Ghapter 3). Our
results demonstrate that increasing inoculum seselts in significant time savings in the

fermentation process, from 24 to 96 h dependingheninoculum size. However, the final
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aroma composition was dependent on the yeast straininoculum size; an exaggerated
inoculum led to lower production of desirable artimaompounds. Therefore, we continued
the studies using yeast cell immobilization givee fidvantages over free cells reported in
literature, such as, increased substrate uptakepestdction against inhibitory substances,
among others. First, we started the experiments @atcium alginate gels since they are the
most widely used matrices for cell entrapment. that purpose 2 and 4 % of sodium alginate
concentrations was tested. The results showedhbatlginate concentrations tested have not
prevent the phenomenon of cell leakage but theapmtent agent did not cause negative
effects on mead productiorCljapter 4). Thus, further experiments were conducted with
yeast cell immobilization in single layer of Cadalgte (4%) or double layers of alginate-
chitosan were tested for mead productiGhdpter 5). The fermentation profile, cell viability,
composition and aroma profile were evaluated indnfeamented with free or immobilized
cells. Results showed that the most aromatic meads the ones produced by immobilized
cells, but the undesirable compounds were alsoehighthese fermentations. To analyse the
sensory properties of mead and to relate the Wwlatmpounds identified with differences
detected in aroma attributes of mead, several erpats were conducted using high
fermentation volumes. The results of volatie coomuis formation and the
acceptance/preference of taster panel are present@dapter 6. Finally, in Chapter 7 are
presented the final conclusions, and perspectives.

Altogether, the results of this study are expedtedontribute to the optimization of
mead production, particularly in solving some pesht associated with problematic
fermentations. Moreover, it also provides new infation that can be very useful for this
beverage industry.
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CHAPTER 2

Improvement of mead fermentation by honey-must suplementation
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Abstract

Through honey’s fermentation, diverse beveragesbeaabtained, among which mead,
an alcoholic drink with 8 to 18% of ethanol (v/@ince honey is a matrix with a low nutrient
concentration and other unfavourable growth coodg several problems are usually
encountered, namely delayed or arrested fermengtimsatisfactory quality parameters and
lack of uniformity of the final product, as well aspleasant sensory properties. In this
context, the aim of this work was to optimize mepaibduction through honey-must
supplementation with i) salts, ii) vitamins or igplts + vitamins. The effects of the honey-
must formulation on fermentation kinetics, growtbfe and physicochemical characteristics
of final meads were evaluated. The results showewmdifferences in the fermentation
profile and length between fermentations with tifeecent formulations. The growth profile
was influenced more by the yeast strain than bysthmlements added to the honey-must. In
general, the honey-must composition did not infaeemeads’ final characteristics, except
regarding the S©concentration of the meads produced using thenspA23. In summary,
the addition of salts and/or vitamins to honey-nhest no positive effects on the fermentation,

growth profile or on the characteristics of theafiproducts.

Keywords: fermentation, honey-must, mead, salts, vitamins.
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Introduction

Honey is a natural product with recognized biolagiactivity, whose composition
depends on the floral origin, climate, environméatal seasonal conditions, as well as on the
agricultural practices (Al-Mamary et al., 2002; Aak, 1998; Arrdez-Roman et al., 2006;
Azeredo et al., 2003; BaltruSaityté et al., 200dg#k et al., 2007). Honey contains about 200
different substances, with carbohydrates beingmle constituents and minor components
are minerals, proteins, vitamins, lipids, organgida and amino acids (Al-Mamary et al.,
2002; Arraez-Roman et al., 2006; Kuguk et al., 2@0ola et al., 2007).

The increasing appreciation of beehive productgheyconsumers has boosted honey
production, promoting the economic developmenthef beekeeping industry (Ramalhosa et
al., 2011). As such, the development of honey-@eriproducts, such as mead, especially
using honey unsuitable for commercialization, igamant to provide innovative alcoholic
drinks to the consumers and to increase beekegmefds (Kucik et al., 2007).

Mead results from the alcoholic fermentation otititd honey performed by yeasts and
contains between 8 and 18% ethanol (v/v). Evenghahis product is perhaps the oldest
fermented drink known, its production, to a gredest, continues to occur empirically and
has recently decreased. This is due, in some ne&sunsufficient scientific progress in the
field (Iglesias et al., 2014).

Mead's fermentation is a time-consuming proceskingafrom weeks to months to
complete, and the quality of the final product hygbariable (Iglesias et al., 2014; Navrétil et
al., 2001). Indeed, especially when produced inomdmade way, producers find several
problems, namely, the lack of uniformity in the dinproduct, slow or premature
fermentations arrest, and the production of “ofivtburs” by the yeasts (Pereira et al., 2009).

In the context of wine production, similar problears usually associated with the yeast
strain’s inability to adapt to unfavourable grovabnditions, such as limitations in nutrients,
osmotic stress, ethanol toxicity and temperatureclststresses (Attfield, 1997; Bauer and
Pretorius, 2000; Bisson, 1999).

In mead production, little evidence is availablen@erning the importance of the
supplementation of honey-must with nutrients (Raret al., 2009), DAP (Mendes-Ferreira et
al., 2010; Pereira et al., 2015) or bee pollen ¢gol et al., 2011) for improving the
fermentation rates and the final characteristidhefbeverage. Moreover, Pereira et al. (2009)

verified that mead production depends not onlylengupplements added to the fermentation

34



medium, but also on the honey used, since betgitsewere obtained with dark honey,
which had a higher mineral content and pH. Thus vériation of honey composition must be
taken into account in the addition of supplememtsorder to create optimal fermentation
conditions.

The correction of wort nutritional deficiencies minerals and vitamins may reduce
stress sensitivity of yeast, improving the fermé&ataperformance (Gibson, 2011). Indeed,
yeast cells require diverse vitamins, such as massitol, pantothenic acid and biotin. In
addition, the assimilation and storage of biotifiuences the growth rate, being therefore
essential for the success of the fermentation (#lfe et al., 2002).

Owing to this, the aim of this work was to investig the effect of honey-must
supplementation on mead production. The musts tdddasalts, vitamins or salts + vitamins
and the fermentations were conducted with two adtity wine yeast strains (QA23 and IVC
D47). In parallel, a control fermentation withoutne@rals or vitamin supplementation was
conducted under the same conditions. The fermentgtiofile and yeast growth, as well as
the mead’s final composition, were evaluated ireotd determine the most adequate honey-

must formulation for mead production.

Material and Methods

Yeast strains

Two Saccharomyces cerevisiatrains, Lalvin QA23 (Lallemand, Montreal, Canada)
and Lalvin ICV D47 (Lallemand, Montreal, Canada)raveised in this study as dry active
wine yeasts. The starter cultures were rehydratedvater at 38°C according to the
manufacturer’s instructions and inoculated ontoastd’eptone Dextrose agar (YPD - 20 g/L
glucose, 10 g/L peptone, 5 g/L, yeast extract ahd/2 agar). Incubation was carried out at
25°C for 3-5 days.

Honey

In this study, dark honey, purchased from a loa@kieeper in the northeast region of
Portugal, was used. A palynological analysis of ltlheey was performed according to the
acetolytic method (Pires et al., 2009) and it watenmined that this multifloral honey was
derived primarily from the pollen o€astaneaspp. andErica spp. In accordance with
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requirements established in Portuguese legislébacreto-Lei n°® 214/2003, 18th September),
the characteristics and satisfactory quality of hbeey were assured through an analysis of
the following parameters: moisture content, diastadex and hydroxymethylfurfural (HMF)
content according to Gomes et al. (2010); pH, &cidnd reducing sugars (fructose and
glucose) as described by Bogdanov et al. (1990);edectric conductivity and ash content as
described by Gomes et al. (2010).

Preparation of honey-must for fermentation

To obtain an alcoholic beverage with approximaftel$o ethanol, honey was diluted in
natural spring-water obtained from the market (3%#), and mixed to homogeneity as
previously described (Mendes-Ferreira et al., 20k®oluble materials were removed from
the mixture by centrifugation (268§ for 30 min; Eppendorf 5810 R centrifuge) to obtain
clarified honey-must. Titrable acidity was adjusteidh 5 g/L of potassium tartrate (Sigma-
Aldrich, St. Louis, USA) and the pH was adjustethvd g/L of malic acid (Merck, Darmstadt,
Germany). The nitrogen content was adjusted to @@7/L with diammonium phosphate
(DAP, BDH Prolabo, Leuven, Belgium). After the astiments the honey-must was divided in
4 parts to perform the following fermentations:

)] control

i) control + salts (14 g/L of dipotassium phosphat231g/L of magnesium
sulphate and 0.44 g/L of calcium chloride)

iii) control + vitamins (100 mg/L of inositol, 2 mg/L @yridoxine, 2 mg/L of
nicotinic acid, 1 mg/L of calcium pantothenate, @dfg/L of thiamine, 0.2
mg/L of riboflavin and 0.125 mg/L of biotin)

iv) control + salts + vitamins

The parameters °Brix (Optic Ivymen System, ABBE rRetometer), pH (Five Easy
FE20, Mettler-Toledo), titratable acidity and as#amle nitrogen concentration were
determined prior to and after the adjustmentsafiatrle acidity was determined according to
standard methods (Organisation Internationale dédae et du Vin, 2006). Yeast assimilable
nitrogen (YAN) was determined by the formaldehydetimd as previously described (Aerny,
1996). The honey-musts were pasteurised at 65°C0fanin and then immediately cooled.
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Fermentation conditions and monitoring

For all experiments, starter culture was prepase@rb-growing the yeasts overnight in
100 mL flasks, containing 70 mL of Yeast NitrogeasB (without amino acids and without
ammonium sulphate) with 10% glucose and 1 g/L DisBubation was performed at 25°C in
an orbital shaker at 120 rpm riinThe appropriate amount of inoculum was pitched the
honey-musts to obtain an initial population of TGFUs/mL.

All fermentations were carried out in triplicatesing a previously described system
(Mendes-Ferreira et al., 2010) that consisted & 2& flasks filled to 2/3 of their volume
and fitted with a side-arm port sealed with a ruldsmtum for anaerobic sampling. The flasks
were maintained during alcoholic fermentation aPQ%under permanent, but moderate
shaking (120 rpm), mimicking an industrial enviragmh Aseptic sampling for assessing
fermentation and growth parameters was performaud)assyringe-type system as previously
described (Mendes-Ferreira et al., 2009). Fermiengatvere monitored daily by weight loss
as an estimate of G@roduction. At the same time, samples were catkéaind appropriately
diluted for the measurement of their optical dgnait 640 nm in a UV-visible spectrometer
(Unicam Helios) and for counting the CFUs on theaePeptone Dextrose agar (YPD - 20
g/L glucose, 10 g/L peptone, 5 g/L, yeast extraxt 20 g/L agar) plates after incubation at
25°C for 48 h. At the end of alcoholic fermentatisamples were taken from all fermented
media for a culture dry weight determination, a#l @ for the analysis of several oenological

parameters of the meads.

Analyses performed at the end of fermentation

The culture dry weight was determined using trglicsamples of 14 mL, centrifuged in
pre-weighed tubes at 3898d.for 10 min, washed twice with sterile deionisedevadried
for 24 h at 100°C and stored in a desiccator befeggghing. The oenological parameters
such as total sulphur dioxide (§0pH, titratable acidity, volatile acidity and atiol content
were determined according to standard methods (@rgi@on Internationale de la Vigne et
du Vin, 2006), and YAN was determined by the fomehlyde method (Aerny, 1996).
Determinations of reducing sugars were performedguthe 3,5-dinitrosalicylic acid (DNS)

method with glucose as the standard.
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Statistical analysis

All the experiments were performed in triplicatedaiesults expressed as mean values
and standard deviatioAn analysis of variance (ANOVA) with type Il suno$ squares was
performed using the general linear model procedsréamplemented in the SPSS software,
version 17.0 (SPSS, Inc.). The fulfilment of the @BWA requirements, namely the normal
distribution of the residuals and the homogeneityasiance, were evaluated by means of the
Shapiro-Wilks testr{ < 50) and Levene’s testespectively. All dependent variables were
analysed using a one-way ANOVA. For each straie,tfain factor studied was the effect of
honey-must supplementation on the physicochemibalracteristics of meads and if a
significant effect was found, the means were coegbarsing Tukey’s honestly significant
difference multiple comparison test. All statistitests were performed at a 5 % significance

level.

Results and Discussion

In order to optimize mead production, the best lgemast formulation selected from a
previous study of our research group (Mendes-Ferm al., 2010) was supplemented with
salts, vitamins or salts + vitamins. In paralletamtrol fermentation without supplementation
was conducted. The honey-musts were inoculatedstigins QA23 or ICV D47 to obtain an
initial population of 1x1® CFUs/ml and yeast growth, fermentation profile ameéad

composition were evaluated.

Effect of honey-must supplementation on fermentation profile and on yeast growth

The effect of supplementation of honey-must on feementation profiles ofS.
cerevisiaeQA23 and ICV D47 is presented in Figure 2.1.

The fermentation profile determined by the weigbss, as an estimate of €O
production, showed almost no differences betweenfénmentations with different honey-
must supplementations or between the 8agscharomyces cerevisiagains. Even though the
fermentations were conducted during 288 h, aftdr188 h, almost no additional weight loss

was observed, suggesting that the fermentationsinealdy ended.
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Figure 2.1 Fermentation profiles @&. cerevisia®A23 (A) and ICV D47 (B) in control fermentationc
fermentations with honey-must supplemented wittssaitamins or salts + vitamins.

The effect of supplementation of honey-must witmenals and/or vitamins on the
growth of yeasts QA23 and ICV D47 is displayed ayuFe 2.2.

The honey-must supplementation had a distinct etieche growth of yeasts, with the
differences between fermentations more obviousstain QA23 than for strain ICV D47.
From all fermentations performed by strain QA23thvein initial population of T0CFUs/mL,
the control fermentation was the one that preseatsiibht lag phase until 24 h. In the other
fermentations with supplemented honey-must, theplagse was almost non-existent. In the
fermentation supplemented with salts, at 24 h thErswas already entering/ reaching the
stationary phase. Although there were differendesensed between the fermentation until 48

h, after that time the growth behaviour of straa3 was similar in all fermentations and the
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population almost reached 10FUs/mL. The growth profile of strain ICV D47 (Fiig 2.2B)
was markedly different from the strain QA23 un@ K of fermentation. Independently of the
honey-must composition, the stationary phase adirstiCV D47 started at 48 h of
fermentation. The presence of salts and vitamiogeased the adaption phase of the yeast to
the medium, which lasted up to 24 h. The combimatb salts + vitamins in the medium
reduced slightly the duration of that phase, buwas almost identical to the control
fermentation. The population after 48 h of ferméntareached 7 - & 10" CFUs/mL, and
was slightly lower in the fermentations with vitameiand salts + vitamins. For both strains
and in all fermentations the population remainedstant between 48 and 168 h, and then
decreased slightly up to 288 h, indicating, asaalyesuggested with the weight loss (Figure
2.1), that fermentations had ended at 144-168 lveltleeless, it would be necessary to

confirm this by determining the reducing sugar ecmngtion throughout the fermentation.
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Figure 2.2. Growth profiles ofS. cerevisiaeQA23 (A) and ICV D47 (B) in control fermentatiomd
fermentations with honey-must supplemented wittssaitamins or salts + vitamins.
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Specific nutrients, such as nitrogen, minerals itamins, are required to obtain rapid
fermentation and high ethanol levels (Alfenore bt 2002). The minerals, magnesium,
calcium and zinc, influence the rate of sugar cosiee and are required as cofactors for
several metabolic pathways (Pereira et al., 20ABp, deficiencies in vitamins, especially
thiamine and biotin, have been identified as begntentially responsible for fermentation
problems, such as slow yeast growth (Alfenore et 2002; Maisonnave et al., 2013).
However, the supplementation of honey-must wittamins or salts did not contribute
significantly to enhance the fermentation and yg@astormance. These results thus indicate
that the yeast’'s requirement for vitamins and naftseemwere fulfilled by the honey. The
different trace and mineral element concentrationioney depend on its botanical and
geological origin (Alvarez-Suarez, et al., 2010yv&iet al., 2009), and dark honeys have a
higher mineral content (0.2%) than light honey9496) (Anklam, 1998; Fernandez-Torres et
al., 2005). In heather honey&ri{ca sp.) potassium, calcium and phosphorus are therals
present in the highest levels, with potassium ttaively being the most important mineral;
and can account for 76% of the total mineral can{Earnandez-Torres et al., 2005; Silva et
al., 2009). The vitamin content in honey is gergrldw, and includes phyllochinon (K),
thiamine (B1), riboflavin (B2), pyridoxine (B6), acin, panthothenic acid and ascorbic acid
(Alvarez-Suarez, et al.,, 2010; Bogdanov et al., 800n conclusion, the dark honey
composition in terms of salts and vitamins is ndivating factor of alcoholic fermentation

and the honey appears to provide these essentigdaxmds/nutrients for the fermentation.

Effect of honey-must supplementation on mead composition

At the end of the alcoholic fermentation, samplesentaken to evaluate the mead’s final
composition. The parameters determined prior tméatation in honey-musts and in the final
meads, such as pH, volatile acidity, titratablal#ygj final assimilable nitrogen, total $@nd
ethanol, for strains QA23 and ICV D47 are preseiri€thble 2.1.
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Table 2.1.Physicochemical characteristics of honey-must asdds produced b$. cerevisia®A23 and ICV
D47 in control fermentation and fermentations sappnted with salts, vitamins or salts + vitamins.

Control Control Control
Control + + +

Salts Vitamins Salts + Vitamins
Honey-musts
pH 3.67 £0.06 3.77 £0.06 3.67 £0.04 3.78@40.
° Brix (%) 23.20£0.26 23.40 £0.26 23.30+£0.20 23.23£0.12
Titratable acidityartaric acia(9/L) 4,28 +0.24 4,13+0.33 4,19 +0.26 4403.38
Initial nitrogenyay (Mg/L) 263.67 £4.04 268.33 £5.35 269.50 £7.00 268.33 £ 11.25
Meads produced by strain QA23
pH 3.61+0.13 3.64+£0.13 3.58 +0.12 3.6410.
Volatile acidity seetic acia(9/L) 0.63+0.11 0.67 +0.08 0.53+0.21 0160.00
Titratable acidityartaric acia(9/L) 7.53+0.15 7.57 £0.16 7.09 £0.16 7420.35
Final nitrogenyay (Mg/L) 31.50 £ 3.50 39.67 £2.02 36.17 £7.29 8.58 £ 0.00
Total SQ (mg/L) 13.23+1.96 19.21 +3.39° 1451 +1.96 2219 +1.9%
Ethanol (% vol) 10.33+£0.70 10.93+0.12 10.80.35 10.67 £0.23
Reducing sugars (g/L) 21.98 +1.09 22.10+1.09 .5232.03 21.64 +1.46
Meads produced by strain ICV D47
pH 3.55+0.13 3.66 £0.11 3.62+£0.12 3.68H#40.
Volatile acidity seetic acia(9/L) 0.57 +0.03 0.55 +0.05 0.60 + 0.06 0456.02
Titratable acidityartaric acia(9/L) 7.06 £0.52 6.69 +0.30 6.69 +£0.40 617@.41
Final nitrogenyay (Mg/L) 37.33+7.29 37.33+14.57 32.67 +5.35 35.00 £7.00
Total SQ (mg/L) 1451 £0.74 14.93 £ 2.66 1495 £1.96 5.7 £ 2.66
Ethanol (% vol) 10.60 +0.40 10.83 £0.40 10.93.23 11.13+0.12
Reducing sugars (g/L) 23.20+2.81 23.18 +2.07 .823 0.52 23.56 + 1.50

a—b Indicates significant difference within a lipes 0.05. Lack of a superscript indicates no sigaificdifferencep > 0.05.

The low pH and the poor buffer capacity of honeulddead to the decrease of pH
during the fermentation (Ramalhosa et al., 201hg drop of pH can affect the fermentation
efficiency of the strain, so the addition of a basiffer can help by holding the pH between
3.7 and 4.0 throughout the fermentation (McConaetl Schramm, 1995). Although the pH
was slightly higher in the honey-musts supplementéd salts, probably due to the buffer
capacity associated with phosphates, no significififérences were observed between the
different musts. Independently of the strain, tleerdase in pH during fermentation was
verified in all fermentations. Even so, no sigrafit differences were observed in final mead
between fermentations with different supplementetio

The volatile acidity of meads was mainly due to gneduction of acetic acid by the

yeast during fermentation. This acid, in an alc@hdermentation, is produced b$.
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cerevisiadn levels that range from 0.3 to 0.8 g/L, althouighformation is highly undesirable
(Nikolaou et al., 2006). The volatile acidity in aheads varied between 0.53 and 0.67 g/L,
and these were similar to values previously repomemead (Mendes-Ferreira et al., 2010;
Pereira et al., 2009; Pereira et al., 2013; Pesdita., 2014; Roldan et al., 2011; Sroka and
Tuszyiski, 2007). In general, the higher amounts of acetid were found in meads
produced by strain QA23. Indeed, according to th®rmation provided by the yeast
producer (www.lallemand.comstrain QA23 is a slightly higher producer of atie acidity
(0.25 g/L) than strain ICV D47 (0.2 g/L).

The titrable acidity increased during fermentatiimm 4 g/L in the honey-must to 6.7 —

7.6 g/l, in the final meads. Increases in titrabt®dity, in order of 2-3 g/L, during the
fermentation of mead has previously been repoméeh(les-Ferreira et al., 2010; Roldan et
al., 2011; Sroka and Tuszki, 2007). The increase in acidity is caused myaly the
synthesis of acetic and succinic acids by yeastskéSand Tuszjski, 2007). The amounts of
these organic acids were probably responsiblehferpH reduction during fermentation. As
already verified with volatile acidity, the two ains produced different amounts of titrable
acidity. As expected, based on acetic acid conatatr, the titrable acidity of the meads
produced by strain QA23, independent of the suppigation, was higher (above 7 g/L) than
that of the meads fermented by strain ICV D47 (leetw6.7 and 7.1 g/L). However, for both
strains slightly lower concentrations of titrab@dity were found in the meads supplemented
with vitamins.

Since honey is a poor source of nitrogen, in maadyztion nitrogen supplementation
iIs a widely accepted practice to promote complei@ @apid fermentation (McConnell and
Schramm, 1995; Mendes-Ferreira et al., 2010). ledéent of the strain or the honey-must
formulation, at the end of all fermentations a aartcation of residual nitrogen, between 30 to
40 mg/L, remained in all meads. Mendes-Ferreirale(2010) found similar amounts of
nitrogen in mead produced with the same formulatibmust as in our fermentation control.
The concentration of residual nitrogen may corraesgipo the quantification of the amino acid
proline, which is not assimilable by the yeastsisTdtompound represents 50 - 85% of the
total nitrogen content of honey (Anklam, 1998).

Concerning the concentration of §Qhe strains showed different behaviour in its
production during the fermentations. Although no,S&as added to the honey-must, its
concentration was detected in all of the meadseaehd of fermentations. Yeasts can produce

less than 10 mg/L, of SQluring fermentation, but in certain cases productan exceed 30
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mg/L (Ribéreau-Gayon, 2000). For strain ICV D47,significant differences were observed
between the fermentations, with the amount o &hging from 14.5 to 15.8 mg/L in the
final meads. However, for strain QA23, the concatidn of SQ in meads supplemented with
salts and salts + vitamins was significantly highére production of S{ran be affected by

fermentation conditions such as the nutritional position of the medium (Eglinton and
Henschke, 1996) and the choice of yeast straingdirat al., 1986).

As expected, ethanol concentration ranged betw8e38knd 11.13 % (vol.) and almost
no differences were detected between strains. Btr btrains, the meads of the control
fermentation presented a slightly lower ethanolteot In all fermentations, independent of
the strain and honey-must supplementation, redusimgars remained a concentration of
around 21 — 24 g/L. These sugars were probablyntimefermentable sugars present in the
honey and quantified by the method. Residual sugare also determined by GC-MS and
the results confirmed the presence of trehalosemnafiose, saccharose and melezitose
(Pereira et al., 2013; Pereira et al., 2015).

Conclusions

The present study’s aim was to evaluate the patleafithe nutritive enhancement of
honey-must within the scope of the improvement ehds’ fermentation performance. It was
observed that in the first hours of fermentatidre honey-must composition had a distinct
effect on the growth of each strain, but this dff@as diluted throughout the fermentation.
The supplementation with vitamins or salts did remtuce the fermentation length, nor did it
improve the quality of the final meads. No improwsrh in fermentation and yeast
performance was observed after the honey-must sopgpitation with salts or vitamins,
suggesting that the dark honey composition was ablerovide all of the essential
compounds for fermentation.

Even though further studies are needed, the resutgest that reduced yeast
fermentative ability and the consequent increasgld of difficult fermentations are due to
factors other than a low availability of vitaminsdasalts in the honey-musts.
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CHAPTER 3

High-cell-density fermentation of Saccharomyces cerevisiae for the

optimisation of mead production

Published irfFood Microbiology(2013), 33, 114-123
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Abstract

Mead is a traditional drink that contains 8 % to%§v/v) of ethanol, resulting from the
alcoholic fermentation of diluted honey by yeadfkead fermentation is a time-consuming
process and the quality of the final product ishhigvariable. Therefore, the present
investigation had two main objectives: first, tdadenine the adequate inoculum size of two
commercial winemaking strains &accharomyces cerevisider the optimisation of mead
fermentation; and second, to determine if an irsgem yeast pitching rates in batch
fermentations altered the resulting aroma profidor differences were detected in the
growth kinetics between the two strains at the kiwmtching rate. With increasing pitching
rates net growth of the strain ICV D47 progressivedcreased, whereas for the QA23 the
increasing inoculum size had no influence on itsgrewth. The time required to reach the
same stage of fermentation ranged from 24 to 98shdepending on the inoculum size. The
final aroma composition was dependent on the y&esn and the inoculum size. Fourteen of
the twenty-seven volatile compounds quantified daxdntribute to mead aroma and flavour
because their concentrations rose above their ceégpahresholds. The formation of these
compounds was particularly pronounced at low pitghiates, except in mead fermented by
strain ICV D47, at 1D CFUs/mL. The esters isoamyl acetate, ethyl octenaad ethyl
hexanoate were the major powerful odourants foarttie meads. The results obtained in this
study demonstrate that yeast strain and inoculze can favourably impact mead’s flavour

and aroma profiles.

Keywords: aroma profile, fermentation profile, mead, pitahi rate, Saccharomyces
cerevisiagyeast growth.

47



Introduction

Mead is a traditional drink, containing 8 % to 18(9#v) of ethanol resulting from the
alcoholic fermentation of diluted honey by yeadt®ney production is an activity of
significant economic importance in several regiohg?ortugal. New honey-based products
such as mead must be developed to maintain apiewdsia viable industry. However, when
mead is homemade, problems such as a lack of umtiorof the final products arise,
probably due to the variability of honey compogsitizetween years, refermentation by yeasts
or by acetic acid- and lactic acid-producing baatewhich may increase volatile acidity and
abnormal ester production and thus affect the aiggtic qualities of the final product
(O Connor-Cox and Ingledew, 1991).

Mead fermentation is a time-consuming process tifitgn takes several months to
complete, depending on the type of honey, yeaainsand honey-must composition (Navratil
et al., 2001). An important objective of mead maker to reduce the fermentation time
without decreasing the quality of their end produckome studies of mead production
optimisation have been performed. Pereira et &@09® achieved fermentations within
roughly 8 days using dark and light honeys enriciwétl two different supplements. More
recently, Mendes-Ferreira et al. (2010) optimisedndy-must preparation for mead
production by supplementing the honey-must withapsium tartrate, malic acid and
diammonium phosphate (DAP) and were able to redlneefermentation time to 11 days.
Even under these improved conditions, the availaibgrs were not completely consumed by
yeasts and a certain amount of residual assimilaibttegen remained in all of the meads,
even in controls in which no nitrogen was addedaddition, the density of yeast in colony
forming units (CFUs) even under the most favouralnleditions was never higher than’ 10
CFUs/mL, suggesting that there is something in fzanast that inhibits the growth of yeast.

It has been shown that significant time can be ¢amethe fermentation process by
increasing the pitching rate.e., the amount of suspended yeast cells added totch ba
fermenter (Verbelen et al., 2009a, b). Howeverjremease in the pitching rate could also
have deleterious side effects on the fermentatesfopnance or on the flavour profile of the
final beverage (Verbelen et al., 2009a).

In this study, to further improve the mead fermaataprocess, the best formulation
selected from a previous study (Mendes-Ferreiral.et2010) was used to investigate the

impact of the pitching rate on yeast fermentati@fgrmance as well as on the mead
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composition and the volatile aromatic compound pobidn. The impact of higher inoculum
size was assessed with two active dry wine y8astharomyces cerevisiagains. The strain
QA23 was selected because it offers dependabititieudifficult winemaking conditions and
it has low requirements for oxygen and assimilabteogen. The strain ICV D47 was used
because it has a high fermentation rate, a lowymtooh of acetaldehyde and volatile acidity
and because it is recommended for mead produdtorther details about the strains are

given in the website of yeast producer www.lallechaom.

Material and Methods

Yeast strains

S. cerevisiadalvin QA23 (Lallemand, Montreal, Canada) édcerevisiad¢alvin ICV

D47 (Lallemand, Montreal, Canada) were used inghidy as active wine dry yeasts.

Honey

In this study, dark honey purchased from a loca&kbeper in the northeast region of
Portugal was used. A palynological analysis of hloeey was performed according to the
acetolytic method (Pires et al., 2009) and it watenined that this multifloral honey was
derived primarily from the pollen @d@astaneaspp. anderica spp.

In accordance with requirements established inugodse legislation (Decreto-Lei n°
214/2003, of 18 September), the characteristics and satisfactosjityy of the honey were
assured through an analysis of the following patarsemoisture content, diastase index and
hydroxymethylfurfural (HMF) content according to @es et al. (2010); pH, acidity and
reducing sugars as described by Bogdanov et @07(1 and electric conductivity and ash

content as described by Sancho e(1891).

Preparation of honey-must for fermentation

To obtain an alcoholic beverage with approximafely?o of ethanol, honey was diluted
in natural spring-water obtained in the market @87w/v), and mixed to homogeneity as
previously described (Mendes-Ferreira et al.,, 20E®er, any insoluble materials were
removed from the mixture by centrifugation (268%@ for 30 min; Eppendorf 5810 R

centrifuge) to obtain a clarified honey-must. Tile acidity was adjusted with 5 g/L of
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potassium tartrate (Sigma-Aldrich, St. Louis, US#d pH was adjusted to 3.7 with malic
acid (Merck, Darmstadt, Germany). The nitrogen eontwas adjusted to 267 mg/L with
diammonium phosphate (DAP, BDH Prolabo, LeuvengBeeh). The parameters °Brix, pH,
total acidity and assimilable nitrogen concentratiwere determined, prior and after the
adjustments. The honey-musts were pasteurised°& &% 10 min and then immediately
cooled. No sulphur dioxide was added to the honagtm

I noculum preparation

Starter cultures were prepared by rehydration off b active dry yeast into 100 mL of

honey-must at 38 °C according to the manufactunestsuctions to obtain faCFUs/mL.

Fermentation conditions and monitoring

The appropriate amounts of inoculum were pitchéd the honey-must to obtain five
different pitching rates: (PR1) 1.5¥10FUs/mL, (PR2) 1DCFUs/mL, (PR3) 10CFUs/mL,
(PR4) 4x10 CFUs/mL and (PR5) fOCFUs/mL. All fermentations were carried out in
triplicate using a previously described system (MenFerreira et al., 2010) that consisted of
250 mL flasks filled to 2/3 of their volume andditl with a side-arm port sealed with a rubber
septum for anaerobic sampling. The flasks were tamied during alcoholic fermentation at
22 °C under permanent but moderate shaking (120 npmt) mimicking real industrial
environment. Aseptic sampling for assessing feratemt and growth parameters was
performed using a syringe-type system as previades$gribed (Mendes-Ferreira et al., 2009).
Fermentations were daily monitored by weight lossa estimate of C{production. At the
same time, samples were collected and appropridikljed for the measurement of their
optical density at 640 nm in a UV-visible spectreengUnicam Hgios) and for counting
their CFUs in solid Yeast Peptone Dextrose agaiDYZ g/L glucose, 10 g/L peptone, 5 g/L
yeast extract and 20 g/L agar) plates after indgobadt 25 °C for 48 h. Determinations of
reducing sugars were performed using the 3,5-dsuidicylic acid (DNS) method with
glucose as the standard. At the end of alcoholimdatation, samples were taken from all
fermented media for culture dry weight determimates well as the analysis of several

oenological parameters and the aroma profilesefribads.
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Analyses performed at the end of fermentation

The culture dry weight was determined from tripiecaamples of 14 mL centrifuged in
pre-weighed tubes at 3898d.for 10 min, washed twice with sterile deionisedevadried
for 24 h at 100 °C and stored in a desiccator leefeeighing. The maximum fermentation
rate was determined from the slope of the linegeddence of the steepest decline in weight
at the corresponding time points.

The oenological parameters such as total sulphaxidé (SQ), pH, titratable acidity,
volatile acidity and ethanol content were determingccording to standard methods
(Organisation Internationale de la Vigne et du \A806). Yeast assimilable nitrogen (YAN)
was determined by formaldehyde method as descrédsewhere (Aerny, 1996). After
clarification, 10 mL of sample was transferred iatb0 mL beaker and diluted with 15 mL of
water. The pH was adjusted to 8.1 with NaOH 0.1rd d.5 mL of formaldehyde with pH
8.1 was added. After 5 min the pH was adjustednaa8.1 by titration with NaOH 0.05 M.
Assimilable nitrogen was calculated using the fdamu

YAN (mg/L) = [(vol. NaOH)x (conc. NaOH¥ 4x1000]/ (sample volume)

Analysis of mead aromatic compounds

Mead produced with five different yeast pitchingesawas analysed for major volatile
compounds by GC-FID and for minor volatile composibg GC-MS. The major compounds
in the samples were determined directly by therivalestandard (4-nonanol) method, taking
into account the relative response of the detdotoeach analyte. Identification was made by
a comparison of retention times with those of pstesidard compounds. The minor volatile
compounds were analysed after extraction with dicthethane and quantified as 4-nonanol
equivalents. Identification was made by a comparigbretention indices and mass spectra
with those of pure standard compounds.

Chromatographic analysis of major volatile composind

In a glass tube, 100 pL of an ethanolic solutiothw@640 mg/L of internal standard (4-
nonanol, Merck, Darmstadt, Germany) was addedn. ®f mead.

A Chrompack GC CP-9000 gas chromatograph equiptbdansplit/splitless injector, a
flame ionisation detector (FID) and a capillarywwoh CP-Wax 57 CB (50 m x 0.25 mm; 0.2
um film thickness) was used. The temperature ofitfextor and detector were both set to
250 °C and the split ratio was 15 mL/min. The caiuemperature was initially held at 60 °C
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for 5 min and then programmed to rise from 60 °C2&8 °C at 3 °C mift and finally
maintained at 220 °C for 10 min. The carrier gas wpecial helium % (Praxair) at a flow
rate of 1 mL/min (125 kPa at the head of the coluniime analysis was performed by the
injection of 1uL of sample. The quantification of volatile compdsnafter the determination
the detector response factor for each analyte, pexformed with the software Star—
Chromatography Workstation version 6.41 (Varian)doynparing test compound retention

times with those of pure standard compounds.

Extraction of volatiles

The extraction of mead minor volatiles was perfatmeccording to the method
described by Oliveira et al. (2006). In a 10 mLtard tube (Pyrex, ref. 1636/26MP), 8 mL of
mead clarified by centrifugation, 80 pL of an etbién solution, 36.4 mg/L of an internal
standard (4-nonanol, Merck, Darmstadt, Germany) amdagnetic stir bar (22.2 mm4.8
mm) were added. The tube was sealed and extrastisraccomplished by stirring the mead
with 400 pL of dichloromethane (Merck, Darmstadgr@any) for 15 min with a magnetic
stirrer. After cooling the solutions at O °C for t@n, the magnetic stir bar was removed and
the organic phase was separated by centrifuga®@#(= 5118.5 min, 4 °C) and transferred
into a vial with a Pasteur pipette. Finally, theraatic extract was dried with anhydrous

sodium sulphate (Merck, Darmstadt, Germany) anthagansferred into a new vial.

Chromatographic analysis of minor volatile composind

Minor volatile compounds were analysed by GC-M$igs gas chromatograph Varian
3800 with a 1079 injector and an ion-trayass spectrometer Varian Saturn 2000. A 1 pL
injection was made in splitless mode (30 s) in @araFactor Four VF-WAXms (30 m 0.15
mm; 0.15 um film thickness) column. The carrier gas helium UltraPlus % (99.9999 %)
at a constant flow rate of 1.3 mL/min. The deteegtas set to electronic impact mode with an
ionisation energy of 70 eV, a mass acquisition eafigm 35 m/zto 260 m/z and an
acquisition interval of 610 ms. The oven tempegtuas initially 60 ° C for 2 min and then
raised from 60 °C to 234 °C at a rate of 3 °C/maised from 234 °C to 250 ° C at 10 °C/min
and finally maintained at 250 °C for 10 min. Thenperature of the injector was maintained
at 250 °C during the analysis time and the splitvflwas maintained at 30 mL/min. The

identification of compounds was performed using shé&ware MS WorkStation version 6.6
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(Varian) by comparing their mass spectra and rigtenndices with those of pure standard

compounds. The minor compounds were quantifiednms of 4-nonanol equivalents.

Statistical analysis

An analysis of variance (ANOVA) with Type Ill suna$ squares was performed using
the GLM (General Linear Model procedure) of the SB8ftware, version 17.0 (SPSS, Inc.).
The fulfilment of the ANOVA requirement of homogétyeof variance was evaluated by
means of Levene’s test. All dependent variablesevasralysed using a one-way ANOVA
with or without Welch correction, depending on wieetthe requirement of the homogeneity
of variances was fulfilled. The main factor studwds the effect of pitching rate on the
physicochemical characteristics and aromatic comgsuof meads and if a statistically
significant effect was found, the means were coegbarsing Tukey’'s honestly significant
difference multiple comparison test or Dunnett's #3t, depending on whether equal

variances could be assumed. All statistical testiewwerformed at a 5 % significance level.

Results and Discussion

Honey-must was diluted in spring water to obtain acoholic beverage with
approximately 11% (v/v) ethanol (Mendes-Ferreiralet 2010).0n the basis of the results
obtained in previous assays, adjustments in asdirilnitrogen and pH were performed to
optimise the yeasts’ fermentation performance. Valuate the impact of a high initial cell
density on yeast fermentation performance and nuegdity, four different pitching rates
were used to obtain the following CFUs/mL:®1a0’, 4x10" and 18 of Saccharomyces
cerevisiae In parallel, a control fermentation was carriegt @ith 1.5<10° CFUs/mL for

comparison.

Effect of pitching rate on yeast growth
Figure 3.1 contains the growth profiles of bothasts QA23 and ICV D47 under the

various conditions tested. As expected, the maximalnbiomass and the maximum number

of CFUs were obtained at a pitching rate of C&Us/mL.
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Figure 3.1. Growth and sugar consumption profiles ®f cerevisiaeQA23 andS. cerevisiadCV D47 in
fermentations with different yeast pitching rate#ching rates: (PR1) 1x80° CFUs/mL, (PR2) 1DCFUs/mL,
(PR3) 10 CFUs/mL, (PR4) 410’ CFUs/mL, and (PR5) feCFUs/mL.

Yeast net growth, calculated by subtracting th&ahiCFU count from the maximum
count, was higher for the lowest pitching rate ¥1L& CFUs/mL) for both strains (Figure 3.2).
The net growth of the strain ICV D47 progressivegcreased with increasing pitching rates,
in agreement with previous studies using high-deltsity fermentations for wine-making
(Carrau et al., 2010) or brewing (Verbelen et2009a). At the highest pitching rates<{4’
or 10 CFUs/mL), no detectable increase in yeast growds wbserved, which could be
explained by a cell-to-cell contact mechanism ghtdell-density ofS. cerevisiag¢Verbelen
et al., 2009a). Contrary, the yeast net growth eshvere similar for the QA23 strain for the

other pitching rates tested, ®10L0' and 4«10’ CFUs/mL, suggesting that the increasing
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inoculum size had no influence on its net growtakdn together these results, it seems that
each strain responded differently to cell densiggnb ICV D47 more sensitive to space
limitation. Further studies are required to estblivhy one yeast strain is less able to

compete for space than another.

10.0 ~

BQA23
BICV D47

Net growth (xlO7 CFU/mL)

PR1 PR2 PR3 PR4 PR5
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Figure 3.2.Net yeast growth (the maximum CFU count minusitiitgal inoculum size) of mead fermentations
with the yeast strainS. cerevisiadQA23 andS. cerevisiadCV DA47. Pitching rates: (PR1) &50° CFUs/mL,
(PR2) 16 CFUs/mL, (PR3) 10CFUs/mL, (PR4) 410" CFUs/mL, and (PR5) f@CFUs/mL.

Minor differences in growth kinetics were detectastween the strains. At the three
highest pitching rates (10 16° CFUs/mL), the number of CFUs of the strain ICV D47
remained constant throughout the fermentation; kewea slight increase was observed in
the strain QA23 at pitching rates of 1GFUs/mL and #10° CFUs/mL. Moreover, at all
pitching rates tested, the final CFUs of the stt@¥ D47 were lower than those attained by
the strain QA23, as shown in Figure 3.2. Althouphcific growth rates were similar in both
strains, ICV D47 (0.15 1) and QA23 (0.16 1), at the lowest pitching rate, fermentation
conducted by the former strain started later. Niyedgss, both strains entered into stationary
phase 48 h after inoculation and the yeast celisameed viable after 168 h (results not
shown). Entrance into stationary phase cannot terdened solely by the nitrogen depletion
of the media because at the end of fermentatiangs@sidual assimilable nitrogen remains
in the media. Moreover, the amount of residualogén was almost independent of the
pitching rate or yeast strain used. This obseradtas been reported by Mendes-Ferreira et al.
(2010) using the same honey-must formulation kdiffarent yeast strain.

To verify whether the phenolic compounds were thighitors of yeast growth, the

honey-musts were filtered through a SEPAK C-18rclge to partially remove phenolic
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compounds before inoculation with the same straim under the same conditions detailed
above in the material and methods section. No reiffees in yeast growth characteristics or
fermentative performance were detected, suggestisgprobably other compounds present

in honey are the interfering agents (results notst).

Effect of pitching rate on yeast fermentation profiles

Figure 3.1 contains the fermentation kineticsSofcerevisiagQA23 andS. cerevisiae
ICV D47 after pitching at five different rates. Thme required to reach the same stage of
fermentation in all pitching rates tested was apipnately 96 h for the two smallest inocula,
72 h for the pitching rate of 1{@FUs/mL, 48 h for the pitching rate ok’ CFUs/mL and
approximately 24 h for the highest pitching coratiti Therefore, a 100-fold increase in the
number of cells pitched reduced the fermentatioretby 3 days, suggesting that the increase
in pitching rate strongly decreased the durationfesmentation. Different results were
obtained by Verbelen et al. (2009a), who achiev@@% reduction of fermentation time by
increasing the pitching rate to fourfold of thatdsn conventional brewery fermentations
(20x10° viable cells/mL). In fact, in the present worke trermentation time was reduced by
34% at a fourfold higher yeast concentratidhis result is in agreement with previous
observations that in addition to exogenous nitrogeher factors could account for reduced
yeast activity in honey-must fermentations (MenBes-eira et al., 2010). Given the difficulty
in inocula preparation associated with the probleénimgrent in mead clarification and the
accumulation of products or metabolic by-productstgrowth-inhibitory level (Riesenberg
and Guthke, 1999), high-cell-density fermentatioras/ be of limited utility.

The fermentation profile of the strain IVC D47 afferent pitching rates was largely
similar to that of the strain QA23; however, a ltigncrease in fermentation time was
observed (Figure 3.1). For example, at the higpéshing rate of the strain ICV D47, the
fermentation lasted for approximately 10 h morenthvath QA23.

The differences between the two strains were mbveas at the highest pitching rates
(Figure 3.2). Hence, young cells of strain ICV Ddiére not generated in the high-cell-
density fermentations. It is clear that the str@A23 had fermentation and growth
characteristics suitable to mead production, comfig its adaptation to the stressful
conditions of wine-making. The strain QA23 consumsedars more efficiently than did the

strain ICV D47, especially at the smallest inoculsine (1.%10° CFUs/mL). In fact, the
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strain ICV D47 experienced longer lag phases am@isugar consumption on the first day
of fermentation.

For both strains and for all experimental condgioalthough the fermentation had
ceased, approximately 30 to 40 g/L of residual sugamained in the media (Figure 3.1 and
Tables 3.1 and 3.2). Residual sugars were detedrbgeGC-MS and the results confirmed
the presence of the non-fermentable sugars usiaalhd in honeys (i.e., not glucose, fructose
or sucrose, results not shown). In a previous studyy low residual glucose and fructose
levels were detected in meads obtained from daneyenriched with different supplements
(Pereira et al., 2009).

Effect of pitching rate on mead composition

At the end of the alcoholic fermentations, samplese analysed to evaluate the meads’
final compositions. Tables 3.1 and 3.2 presentagefarameters recognised as essential for
the composition and stability of meads, such as yblatile and titratable acidity, SO
concentration and ethanol concentration of thd fimeads fermented by QA23 and ICV D47,
respectively. Both strains behaved similarly widspect to these characteristics, with the
exceptions of pH and volatile acidity.

The pH values of the meads obtained with strain ##2re identical to the honey-must
(3.7) and remained constant during all fermentationdicating that this parameter was not
influenced by the pitching rate. On the contrarygaadis obtained with strain ICV D47
demonstrated a slight decrease in pH to a ranget6fto 3.55.

The volatile acidity of meads fermented with QA2Bged from 0.25 to 1.38 g/L (Table
3.1) and increased with pitching rate. In contrtst, ICV D47 strain yielded slight variations
in the volatile acidity among meads (0.39 - 0.6Q)gbut again, the highest value was
detected at the highest pitching rate. The resldtained with ICV D47 are very interesting,
considering that volatile acidity should be miniedsto avoid vinegar-like off-flavours
(Mendes-Ferreira et al., 2010). At the pitchingeraf 10 CFUs/mL, the volatile acidity of
mead fermented by strain QA23 (0.63 g/L) was lowwan that obtained by Sroka and
Tuszyiski (2007) after 7 d of fermentation (0.75 g/L) hvidtherS. cerevisiaestrain. In fact,
the production of acetic acid, which is quantitelyvand sensorially the most important
volatile fatty acid produced during alcoholic femtetion, is influenced by several factors,

including yeast strain and inoculum size (Ugliand &lenschke, 2009).

57



Table 3.1 Physicochemical characteristics of honey-mustraedds obtained after fermentation®ycerevisiad)A23 at different pitching rates. Pitching ratéRR1)
1.5x10° CFUs/mL, (PR2) 10CFUs/mL, (PR3) 10CFUs/mL, (PR4) 410’ CFUs/mL, and (PR5) £@CFUs/mL. Data are the means of triplicate fermigma + S.D.

Honey-musts Prior adjustment After adjustment

pH 4.54 +0.14 3.70+0.01

° Brix 22.87+£0.15 23.17+0.35
Titratable acidityararic acia(9/L) 0.70 + 0.09 4.64 +1.07

Initial nitrogenyay (Mg/L) 49.00 + 7.00 277.67+14.15
Meads PR1 PR2 PR3 PR4 PR5 P-value
pH 3.66 £ 0.07 3.71+0.07 3.70£0.10 3.70£0.13 3.70+0.10 0.964
Volatile acidity acec acia(Q/L) 0.25 + 0.02 0.33+0.03 0.63 +0.04 1.02+0.12 1.38+0.16' <0.001
Titratable acidityararic acia(9/L) 6.74 +0.62 6.68 + 0.83 7.18+1.01 7#48.93 7.76 £ 0.88 0.509
Final nitrogen,ay (Mg/L) 29.17 +5.35 32.67 +2.02 33.25+2.47 7.33 £2.02 37.33+2.02 0.049
Total SQ (mg/L) 26.45 £ 3.91 24.32 £ 4.62 24.32 £ 5.58 3.04 £4.43 24.32 £6.77 0.949
Ethanol (% vol) 10.03+£0.38 10.33+£0.12 10.10.34 10.33+£0.23 10.13+£0.31 0.555
Final reducing sugar (g/L) 37.87 +1.30 40.52 300 37.41+2.43 37.87 +1.56 38.91 +1.68 210.

a—d Means within a line with different superscrigifer, P < 0.05.
P-values are those for the effect of pitching ratgpbysicochemical characteristics of mead, frommwag ANOVA analysis. If there was a significanteff of pitching rate on the analysed parametees the
means were compared with Tukey’s test because ggtiahces could be assum&id>0.05 by means of the Levene test).
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Table 3.2.Physicochemical characteristics of honey-must aedds obtained after fermentation®ycerevisia¢CV D47 at different pitching rates. Pitching mtéPR1)
1.5x10° CFUs/mL, (PR2) 10CFUs/mL, (PR3) 10CFUs/mL, (PR4) 410’ CFUs/mL, and (PR5) £@CFUs/mL. Data are the means of triplicate fermigma + S.D.

Honey-musts Prior adjustment After adjustment

pH 4.39+0.21 3.71£0.03

° Brix 22.57 £0.25 22.93+0.12
Titratable acidityataric acid(9/L) 0.69 £ 0.06 4.08 £1.03

Initial nitrogenyay (Mg/L) 64.17 + 29.35 281.17 +15.78
Meads PR1 PR2 PR3 PR4 PR5 P-value
pH 3.52+0.16 3.54+0.16 3.52 +0.19 3.49 +0.20 3.55+0.19 0.996
Volatile acidity aceic acia(9/L) 0.39 £ 0.08 0.46 £ 0.12 0.53 £0.17 0#40.10 0.60 + 0.03 0.262
Titratable acidityararic acia(9/L) 6.35 + 1.02 6.24 +1.13 6.48 +1.12 6458.08 6.70 + 0.93 0.984
Final nitrogen,ay (Mg/L) 31.50 +9.26 29.17 £ 12.29 36.17 £ 22.77 30.33 £ 14.15 42.00 +12.62 0.821
Total SQ (mgl/L) 25.60 + 2.56 25.60 *+ 3.39 25.60 + 4.62 2.61 +2.66 26.45 +3.91 0.716
Ethanol (% vol) 9.70 £ 0.26 10.10 + 0.56 10.08.38 10.27 + 0.06 10.37 + 0.06 0.092
Final reducing sugar (g/L) 35.27 + 2.86 39.08901 37.06 + 3.16 37.58 + 2.26 38.68+2.44  430.

Lack of a superscript indicates no significantefiécepP > 0.05.

* P-values are those for the effect of pitching ratgphysicochemical characteristics of mead, frommeag ANOVA analysis. If there was a significanteaff of pitching rate on the analysed parametees) the
means were compared with Tukey’s test because ggtiahces could be assum&id>0.05 by means of the Levene test).

** P-values are those for the effect of pitching ratgbysicochemical characteristics of mead, fromwag Welch ANOVA analysis. If there was a signifit&ffect of pitching rate on the analysed paramsete
then the means were compared with the Dunnettt€3tsecause equal variances could not be assiitne0.05 by means of the Levene test).
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The titratable acidity, total sulphur dioxide, a@ob content and final reducing sugars
were similar in all of the meads fermented by eitsteain. Despite the increase in titratable
acidity, the accentuation of which in meads ferradnwith QA23 indicates a high production
of acids by this strain, no statistically signifitadifferences were detected among the five
pitching rates. The amounts of sulphur dioxide posdl by the strain QA23 or by the strain
ICV D47 were similar in all assays and were indejggn of the pitching rate. The total
absence of SQOis rare, even when sulphite is not added pridetmentation, because yeast
produce small quantities of this compound duringnfntation that in certain cases can
exceed 30 mg/L (Ribéreau-Gayon et al., 2000).

Despite the differences in net growth of QA23, fimal ethanol content was nearly
identical for all of the assays and varied from0B0% (v/v) at the lowest pitching rate
(1.5x10° CFUs/mL) to 10.33 % at £@&nd 410" CFUs/mL (Table 3.1). The yeast strain ICV
D47 produced less ethanol but similarly varied frdm0 % (1.%10°> CFUs/mL) to 10.37 %
(16® CFUs/mL). The discrepancy between the expectedtmndetected ethanol is explained
by the residual non-fermentable sugars, approximate- 40 g/L that remained in meads.

The residual nitrogen in all of the meads produggdthoth strains varied between 29.17
and 42.0 mg/L and there were no significant diffiees between the pitching rates tested.
These results are in agreement with the conceoiatdf residual nitrogen detected by
Mendes-Ferreira et al. (2010) using the same fatimd of honey-must as in this study.
Regardless of the inoculum size, the yeast asdtailaitrogen (YAN) consumed (initial
nitrogen minus final nitrogen) was identical in aflthe assays for both strains (Figure 3.3).
The estimated content of residual nitrogen mayheerésult of the quantification of nitrogen
compounds not assimilable by the yeasts and incp&at the amino acid proline. In fact, the
formaldehyde method used here has a recovery faiely 23 % for proline (Filipe Ribeiro
and Mendes-Faia, 2007); however, this amino agdesents 50 - 85 % of the total nitrogen
content of honey (Anklam, 1998).
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Figure 3.3.Total yeast assimilable nitrogen (YAN) consumpt{onitial nitrogen minus final nitrogen) of mead
fermentations with the yeast straiBs cerevisiaeQA23 andS. cerevisiadCV D47. Pitching rates: (PR1)
1.5x10° CFUs/mL, (PR2) 10CFUs/mL, (PR3) 10CFUs/mL, (PR4) 410" CFUs/mL, and (PR5) £@CFUs/mL.

The results of our mead composition analysis indiggot only that an increase in
pitching rates is not recommended but also thatstn@n ICV D47 appears to be more
suitable for the production of high quality meadihough the strain QA23 showed a better

fermentation profile.

Effect of pitching rate on mead aroma profile

Seven major volatile compounds, including acetafldeh ethyl acetate, methanol, 1-
propanol, 2-methyl-1-propanol, 2-methyl-1-butanad 8-methyl-1-butanol were analysed by
GC-FID. The minor compounds quantified by GC-MS evethyl butyrate, isoamyl acetate,
ethyl hexanoate, ethyl lactate, 3-ethoxy-1-propaethlyl octanoate, isobutyric acid, butanoic
acid, ethyl decanoate, 3-(methylthio)-1-propantthykephenylacetate, 2-phenylethyl acetate,
ethyl dodecanoate, hexanoic acid, 2-phenylethamzinoic acid, 4-vinylguaicol, decanoic
acid, 4-vinylphenol and dodecanoic acid.

The effects of the pitching rate and the straimmad volatile aromatic composition are
presented in Table 3.3 for strain QA23 and in T&@&efor strain ICV D47. A total of twenty-
seven fermentative aroma compounds which contrittutbe sensorial qualities of alcoholic
beverages, including alcohols, esters, volatilenplg volatile fatty acids and carbonyl

compounds were identified and quantified in thesads.
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Table 3.3. Concentration of volatile compounds in meads okethiafter fermentation b$. cerevisiasQA23 at different pitching rate®itching rates: (PR1) 140
CFUs/mL, (PR2) 1DCFUs/mL, (PR3) 10CFUs/mL, (PR4) 410’ CFUs/mL and (PR5) fCFUs/mL. Data are the means of triplicate fermtona + S.D.

PR1 PR2 PR3 PR4 PR5 P-value
Alcohols (mg/L)
3-methyl-1-butanol 167.92 +5.83 133.64 +10.43 128.45 + 9.64 117.57 +11.7% 122.90 +9.7% 0.001"
2-methyl-1-propanol 2252 +2.33 19.90 + 2.8¢ 27.99 +2.96 41.24 +8.14° 62.57 +1.26 <0.001"
2-methyl-1-butanol 21.48 +1.62 16.16 + 0.98 22.56 + 3.2 28.33+2.62° 31.75 +3.53 <0.001"
1-propanol 17.95+1.69 14.93 +1.0F 22.11+3.03° 30.53+5.29 40.13 +3.62 <0.001"
2-phenylethanol 12.84 +1.38 12.47 + 4.44° 8.05 + 0.47*° 6.97 +1.26° 5.76 + 0.27 0.007"
methanol 5.36 £ 4.65 2.62 £0.45 3.44 £ 0.50 748.73 3.46 £0.95 0.091"
3-ethoxy-1-propanol 0.08 +0.01 0.15+0.11 Q@801 0.10 +0.03 0.08 +0.01 0.773"7
3-(methylthio)-1-propanol 0.06 +0.01 0.07 £0.03 0.06 +0.01 0.07 +0.01 0.08 +0.01 0.089"
Total 248.21 +7.96 199.93 + 11.77 212.75 + B1.0 229.68 + 15.49 266.75 + 11.06
Esters (mg/L)
ethyl acetate 27.15+0.80 25.02+1.67 23.58+1.97 27.21+3.17 35.19 +2.14 <0.001"
isoamyl acetate 1.03 £ 0.69 1.02 +0.27° 0.47 £0.08 0.21 +0.07 0.23 £0.02 <0.001"
2-phenylethyl acetate 0.60 +0.66 0.50 +0.18" 0.15 + 0.03 0.06 + 0.0P 0.06 + 0.0G° 0.001"
ethyl octanoate 0.48 +0.69 0.54 +0.12° 0.23 +0.02 0.14 +0.03° 0.10 + 0.0% 0.002"
ethyl hexanoate 0.34 +0.67 0.27 +0.07" 0.12 +0.0P 0.07 +0.02° 0.05 +0.0P 0.004"
ethyl decanoate 0.30 +0.10 0.29 +0.06" 0.10 +0.0P 0.04 +0.0P 0.022 +0.003 0.002"
ethyl butyrate 0.12+0.03 0.07 £0.01 0.05&10. 0.08 +0.05 0.10 +0.05 0.064"
ethyl dodecanoate 0.07 +£0.02 0.07 £0.02 0.00082 tr. tr.
ethyl lactate 0.023 +0.003 0.03+0.02 0.020 + 0.005 0.807008 0.013 +0.004 0.257"
ethyl phenylacetate 0.004 +0.001 0.003 + 0.000 0.003 +0.001 0.004 + 0.002 0.003 + 0.000 0.682"
Total 30.13+0.83 2781+1.71 24.72 +1.97 887+ 3.17 35.76+2.14
Volatile phenols (ug/L)
4-vinylphenol 195.17 + 29.68 178.63 + 49.56° 144.72 + 6.26 96.49 + 17.06° 112.61 +8.72 0.016"
4-vinylguaiacol 100.67 +9.17 85.13 + 11.68° 67.52 + 3.85° 50.92 +15.19 55.02 +5.3¢F 0.001"
Total 295.84 * 31.07 263.76 +50.86 212.24 £7.30 147.41 + 22.80 167.63 £10.21
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Table 3.3. (Cont.)Concentration of volatile compounds in meads olkethiafter fermentation b$. cerevisia€)A23 at different pitching rateRitching rates: (PR1) 180
CFUs/mL, (PR2) 1DCFUs/mL, (PR3) 10CFUs/mL, (PR4) 410’ CFUs/mL and (PR5) f@CFUs/mL. Data are the means of triplicate fermtona + S.D.

PR1 PR2 PR3 PR4 PR5 P-value
Volatile fatty acids (ug/L)

octanoic acid 2158.77 + 124.05 1622.81 + 509.2%° 852.45 +118.22 516.75 + 174.16° 308.85 + 45.82 <0.001"
decanoic acid 1028.31 + 339.35 540.88 + 160.01" 222.08 +23.08 82.29 + 42.77° 27.93 + 6.04 0.001"

hexanoic acid 600.66 + 78.68 567.37 +202.16" 272.35 + 28.98 155.67 + 37.14° 118.25 + 7.04 0.002"

isobutyric acid 24.99 +11.4% 33.88+20.78 44.15+9.73° 102.77 £ 31.7%° 213.19 + 45.4% 0.013"

dodecanoic acid 55.39 * 28.47 21.91 £11.43 AQF1.79 17.60 +1.26 15.95 + 3.64 0.452"

butanoic acid 16.90 + 4.48 20.24 +8.78° 12.04 + 179 15.50 + 3.82° 26.84 +4.3% 0.047

Total 3885.02 + 371.08 2807.08 +571.35 1420.4804.28 890.58 + 185.85 711.00 + 65.46

Carbonyl compounds (mg/L)
Acetaldehyde 7.12 +£2.38 6.27 £0.49 9.81 £ 3.00 7.91 +£2.83 7.53+1.28 0.429"

tr.- traces. a—d Means within a line with differenperscripts diffef? < 0.05. Lack of a superscript indicates no sigaiiit differenceP > 0.05.

* P-values are those for the effect of pitching ratetee volatile profile of mead, from one-way ANO\&halysis. If there was a significant effect of pitg rate on the volatile compounds data, themtkans were
compared with Tukey's test because equal variaoaelsl be assumed > 0.05 by means of the Levene test).

** P-values are those for the effect of pitching ratetlee volatile profile of mead, from one-way WeldNOVA analysis. If there was a significant effedtpitching rate on the volatile compounds datanttree
means were compared with the Dunnett T3's testusecaqual variances could not be assurRed@.05 by means of the Levene test).

63



Table 3.4.Concentration of volatile compounds in meads okthiafter fermentation b$. cerevisiadCV D47 at different pitching rate®itching rates: (PR1) 1x40°
CFUs/mL, (PR2) 1DCFUs/mL, (PR3) 10CFUs/mL, (PR4) 410’ CFUs/mL and (PR5) f@CFUs/mL. Data are the means of triplicate fermtona + S.D.

PR1 PR2 PR3 PR4 PR5 P-value
Alcohols (mg/L)
3-methyl-1-butanol 150.34 + 28.98 139.83 +9.45 126.24 +14.83 146.00 + 2.47 165.18 + 13.76 0.236"
2-methyl-1-propanol 19.86 +1.32 20.68 +1.19 24.65 + 4.26 41.70 +3.27P 74.73 £17.36° 0.002"
2-methyl-1-butanol 21.28 + 4.52 19.86 +2.32 23.93 +6.06 34.67 £2.96 3554 +2.84 0.001"
1-propanol 18.66 + 1.49 22.76 +2.47 32.62+0.97 36.60 +5.99 52.53 +2.02 <0.001"
2-phenylethanol 12.68 +1.63 11.07 +0.4% 7.62 +1.1¢ 7.86 + 0.8 7.95 + 1.5% <0.001"
methanol 4.08 £0.04 4.67 £0.85 8.94 +7.69 408 25.28 5.48 +1.85 0.545"
3-(methylthio)-1-propanol 0.09 +0.61 0.07 £0.0% 0.07 £0.03 0.15 +0.04 0.24 £ 0.04 <0.001"
3-ethoxy-1-propanol 0.004 + 0.001 0.010 + 0.002 .00@ + 0.001 0.008 + 0.003 0.009 +0.003 0.080"
Total 226.98 +29.42 218.95 + 10.15 224.07 + 88.3 285.38 + 26.48 341.64 +22.51
Esters (mg/L)
ethyl acetate 22.73+1.21 25.76 +4.18 21.3648 1 17.91 +3.25 20.24 +3.39 0.074
isoamyl acetate 1.34+0.22 1.26 +0.18 0.56 + 0.14 0.23+0.02 0.18 +0.02 0.001"
2-phenylethyl acetate 0.69 +0.3%5 0.57 +0.03 0.14 +0.0% 0.08 + 0.0F 0.08 +0.0F <0.001"
ethyl octanoate 0.39 +0.69 0.44 +0.06" 0.32 +0.03 0.23 +0.0P° 0.172 +0.008 0.003"
ethyl hexanoate 0.21+0.63 0.23+0.0F 0.17 +0.05%¢ 0.095 +0.008° 0.08 + 0.0F <0.001”
ethyl decanoate 0.11+0.62 0.14 +0.04 0.09 +0.03° 0.05 + 0.02 0.04 +0.0F 0.005"
ethyl butyrate 0.07 £0.01 0.12 +0.07 0.06 £0.0 0.07 +0.03 0.06 +0.05 0.738"
ethyl lactate 0.02+0.01 0.022 + 0.004 0.012004 0.017 + 0.006 0.013 +0.001 0.121
ethyl dodecanoate 0.01 +0.02 0.04 +£0.01 tr. Lot tr.
ethyl phenylacetate 0.003 + 0.001 0.004 + 0.000 0.003 +0.001 0.003 + 0.001 0.013 +0.001 0.231"
Total 25.59 +1.24 28.57 +4.19 22.73+1.41 6BB+ 3.25 20.87 +3.39
Volatile phenols (ug/L)
4-vinylphenol 160.07 + 2.49 166.24 + 13.53 155.31 + 21.3%° 74.55 + 0.84¢ 67.80 + 21.90° <0.001"
4-vinylguaiacol 89.39 +10.1% 103.00 + 18.38" 87.44 +14.3%8° 31.23 +1.1%8° 29.83 +7.12 0.003"
Total 249.46 + 10.45 269.24 +22.78 242.76 + 85.7 105.78 + 1.42 97.63 + 23.03
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Table 3.4. (Cont.)Concentration of volatile compounds in meads olethiafter fermentation b$. cerevisiadCV D47 at different pitching rate®itching rates: (PR1)
1.5x10° CFUs/mL, (PR2) 1DCFUs/mL, (PR3) 10CFUs/mL, (PR4) 410" CFUs/mL and (PR5) £@CFUs/mL. Data are the means of triplicate fermtoa + S.D.

PR1 PR2 PR3 PR4 PR5 P-value
Volatile fatty acids (ug/L)
octanoic acid 1344.51 £239.84 1869.02 £ 903.08 901.17 £226.76 657.89 £ 197.15 441.05 £54.43 0.020"
hexanoic acid 420.61 +27.85 448.50 + 19.92 308.74 +12.48 193.94 + 57.86" 167.74 +11.56 <0.001"
decanoic acid 401.86 +62.45 374.05 £ 66.58 224.95 + 69.18 108.92 + 38.57" 49.16 +12.08 <0.001
isobutyric acid 21.95+5.39 36.29 £1.87 614505.99 140.68 + 35.17 270.70 £114.89 0.017"
dodecanoic acid 16.23+5.46 15.92 +4.65 15299 15.88 +5.77 17.10 £4.89 0.996"
butanoic acid 14.78 £ 4.57 17.29 £2.06 17.70483 16.44 £4.41 14.26 £2.23 0.694"
Total 2219.94 + 249.55 2761.06 £ 905.77 1529.4788.13 1133.74 £212.11 960.00 £ 128.33

Carbonyl compounds (mg/L)

Acetaldehyde 6.43 +2.30 6.54 £0.61 8.00 £0.72 8.15+1.04 9.16 + 1.22 0.131"
tr. — traces. a—d Means within a line with differenperscripts diffef? < 0.05. Lack of a superscript indicates no sigaificdifferenceP > 0.05.

* P-values are those for the effect of pitching ratetlee volatile profile of mead, from one-way ANO\&halysis. If there was a significant effect of pitgg rate on the volatile compounds data, themtikans
were compared with Tukey’s test because equaln@egacould be assumedel ¥ 0.05 by means of the Levene test).

** P-values are those for the effect of pitching ratetee volatile profile of mead, from one-way WellNOVA analysis. If there was a significant effedtpitching rate on the volatile compounds datanttie
means were compared with the Dunnett T3's testusecaqual variances could not be assurRed.05 by means of the Levene test).
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Meads obtained with different pitching rates andrented by the two strains showed
quantitative differences in aroma profiles, confirgn the contribution of both yeast
metabolism and inoculum size on the sensory cheniatits of meads. In general, the total
concentration of volatile compounds increased witlreasing pitching rate, except for the
lowest pitching rate (1:8.0°> CFUs/mL) and was higher in meads inoculated wiitairs ICV
D47.

Alcohols were quantitatively the most abundant wi@laompounds in all of the meads,
confirming the importance of this group of volattempounds produced by yeast during
alcoholic fermentation (Ugliano and Henschke, 20@®jerall, we observed that increasing
inoculum size led to higher concentration of aldeh@ur results are in agreement with those
of Mateo et al. (2001) and Verbelen et al. (2009a,who studied the influence of yeast
inoculum size on the fermentation performance &edvblatile compound formation of wine
and beer. The concentration of alcohols was bel@@vr8g/L in all of our meads, representing
values considered desirable for increasing the texitp of wines (Ugliano and Henschke,
2009; Mateo et al., 2001). Quantitatively, the maleohol in all of the meads was 3-methyl-
1-butanol (Tables 3.3 and 3.4). There are few studif mead aroma composition; however,
our results are in accord with those of Mendesdheret al. (2010), who verified that the
alcohol 3-methyl-1-butanol was the major compoundmgified in mead obtained with the
same formulation used in our work, at a concemmatf approximately 140 mg/L. Similar
concentrations of this compound were obtained inveark, irrespective of the yeast strain
used. The concentrations of 1-propanol, 2-methgtdpanol and 2-methyl-1-butanol
increased with increasing pitching rates, exceptttie two lowest inoculum sizes (kB
CFUs/mL and 19 CFUs/mL). Verbelen et a(2008), working in brewing, also detected an
increase in higher alcohol formation when usinghhgtching rates. No differences in 3-
methyl-1-butanol were observed in meads fermentedifferent pitching rates by the strain
ICV D47, whereas a higher concentration of thiolatd was detected only at the lowest
pitching rate (1.810° CFUs/mL) with the strain QA23. Different result®ne obtained by
Mateo et al. (2001), Verbelen et al. (2008) andogln et al. (2009a), who indicated a direct
dependence of the concentration of that compoundanulum size.

Esters represented the most diverse group with campounds quantified. Their
concentrations varied between 18 and 35 mg/L, thighhighest ester concentrations found in
the meads fermented by the strain QA23. No cleamdtrwas observed between the total

concentration of esters and the pitching rate,oaljh minor differences were observed
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among meads fermented at different pitching ratthyl acetate was the major ester
compound quantified, although at lower concentretidghan those detected by Mendes-
Ferreira et al. (2010) for the same alcoholic bager Similar concentrations were detected by
Verbelen et al. (2009a) in beer. Other authors sglbwhat ester levels were negatively
influenced by higher pitching rates (Verbelen et 2008). A similar result was observed in
this study for isoamyl acetate and 2-phenylethgtae, compounds with fruity and flowery
flavours, respectively. Also Erten et al. (2006)rid an inverse correlation between inoculum
size and the concentration of isoamyl acetateatn, fthe highest concentration of the ester
was found in wines fermented with the lowest cetsity (10 cells/mL).

Volatile phenols are predominantly produced by yehsing fermentation and are
known for their contribution to off-flavours (Swiets et al., 2005). Two phenols and in
particular 4-vinylphenol, were identified in meaals concentrations below their respective
detection thresholds. There were no relevant diffees between the two strains with respect
to these compounds; however, increasing the pigctate resulted in a slight decrease in their
concentration.

The most abundant of six volatile fatty acids (VFfyantified was octanoic acid and
the amount of this compound was independent of yhast strain. In general, the
concentration of VFA decreased with increasinghpitg rate, except for the strain ICV D47.
At the lowest pitching rates, X50° CFUs/mL and 1DCFUs/mL, the strain QA23 produced
more VFA than did the strain ICV D47, whereas tppasite was observed at higher pitching
rates. Two of the six compounds quantified, hexarmid octanoic acids, were above their
respective detection thresholds. The results obthimere are in agreement with those of
Mendes-Ferreira et al. (2010), who verified thatanoic acid was quantitatively the major
volatile fatty acid founds in meads, followed byxaeoic and decanoic acids. Acetaldehyde
was the only carbonyl compound quantified in meatatsined after fermentation with strains
QA23 and ICV D47. This compound is quantitativete imost important saturated aldehyde
produced from sugar metabolism and ranges in aecration from 10 to 75 mg/L (Swiegers
et al., 2005). Acetaldehyde formation is known ® Highly variable among strains &t
cerevisiag(Ugliano and Henschke, 2009), although in ourgtbdth strains produced similar
concentrations of this aldehyde. Some non-sigmficzariation in acetaldehyde formation
was observed among pitching rates. No relationshgiween the concentration of
acetaldehyde and the inoculum size was observestifan QA23, corroborating the results

previously obtained by Erten et al. (2006) who Fathd no effect on this or other carbonyl
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compounds. On the contrary, ICV D47 formed lesdaddehyde at high pitching rates, as
observed by Verbelen et al. (2009a).

In previous studies of the influence of volatileng@ounds on wine aroma, the Odour
Activity Values (OAVs) were determined (Escuderoabt 2004; Vilanova et al., 2009;
Vilanova et al., 2010). To evaluate the contriboitaf a certain chemical compound to the
aroma of mead, the OAVs were calculated by dividimg concentration of each compound
by its perception threshold. Only those compoundi®se OAV was greater than 1 were
considered to cause a significant contributionht® mead’s aroma. It should be pointed out
that individual OAVs do not account for the antaigbo or synergistic effects resulting from
the perceptual interactions between different mdéscpresent in wines, but they can serve as
estimates for the potential contribution of eachmpound to the global aroma (Vilanova et al.,
2009). Those compounds, including odour descripgois thresholds, are displayed in Table
3.5.

Fourteen of the twenty-seven volatile compoundsntiied could have a valuable

contribution to mead’s aroma and flavour, becaumsr tconcentrations were above their
corresponding thresholds. The most aromatic meadse vdependent not only on the
fermentative strain but also on the pitching ratged. More aromatic meads were fermented
by S. cerevisiaestrain QA23 at small inoculum sizes (#18° CFUs/mL and 1DCFUs/mL).
By contrast, the strain ICV D47 produced aroma coummgals with higher OAVs than QA23 at
high pitching rates (T0OCFUs/mL to 18 CFUs/mL). However, at low pitching rates, more
interesting aroma compounds were released by b@tims. In general, the lower the pitching
rate, the higher the OAVs of the resulting meadeex for the mead fermented by ICV D47
at 10 CFUs/mL.

Ethyl hexanoate, ethyl octanoate and isoamyl azetate the most powerful odourants
detected in all of the meads. In fact, commercialewstrains produce variable amounts of
esters, such as isoamyl acetate, ethyl hexanodtetagl octanoate, which have a potential
impact on the aroma profile (Swiegers et al., 208Sjers contribute favourably to aroma as a
fruity characteristic. Indeed, ethyl octanoate asdamyl acetate were two of the most
abundant odourant compounds identified in the difie meads. The OAV values of these

compounds and of ethyl hexanoate decreased witbasmg pitching rates.
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Table 3.5.0dour activity values (OAV) of volatile compounds more influence on the aroma of meads obtaineer dérmentation bys. cerevisia€QA23 and S.

cerevisiaelCV D47 at different pitching rates. Pitching mitéPR1) 1.810° cells/mL, (PR2) 1®cells/mL, (PR3) 10cells/mL, (PR4) 410’ cells/mL and (PR5) f0
cells/mL.

QA 23 ICV D47
Compounds Odor descriptor® Odo(LBh/rLe)sahO'd PR1 PR2 PR3 PR4 PR5 PR1 PR2 PR3 PR4 PR5
3-methyl-1-butanol Cheese; nail polish 30 000 5.60 4.45 4.28 3.92 4.10 5.01 4.66 421 4.87 5.51
2-methyl-1-propanol Alcohol; bitter 40 000 --- 1.03 1.56 1.04 1.87
ethyl acetate Solvent like; nail polish 12 300 221 2.03 1.92 221 2.86 1.85 2.09 1.74 1.46 1.65
isoamyl acetate Banana 30 34.43 34.16 15.59 7.06 53 7. 44.75 42.09 18.57 7.59 6.16
2-phenylethyl
acetate Flowery; roses 250 2.40 2.02 2.75 2.28
ethyl octanoate Fruity; sweet 5 95.44 107.11 46.4727.19 19.17 78.72 87.48 63.21 45.03 34.48
ethyl hexanoate Fruity; aniseed 14 24.64 19.12 8.28 5.10 3.78 15.17 16.27 12.01 6.79 5.56
ethyl decanoate Pleasant; soap 200 1.52 1.43 — - - -
ethyl butyrate Fruity; pineapple 20 6.22 3.39 2.41 3.90 5.20 3.74 5.81 2.92 3.36 2.97
4-vinylphenol Almond shell 180 1.08 --- --- --- --- --- --- --- --- -
octanoic acid Fatty; rancid 500 4.32 3.25 1.70 1.03 --- 2.69 3.74 1.80 1.32
decanoic acid Fatty; soapy 1000 1.03 - -
hexanoic acid Cheese; sweaty 420 1.43 1.35 1.00 1.07
acetaldehyde Fresh; green leaves 500 14.24 12,55 .6119 15.81 15.06 12.86 13.08 15.99 16.31 18.32
Total 195.11  192.89 103.73 68.71 61.15 170.87 181.08 123.90 89.33 78.70

@ Odor descriptors and odor threshold reportedérithrature (Guth, 1997, Moremt al, 2005, Sieberét al, 2005, Culleréet al, 2004, Escuderet al 2004, Ferreirat al, 2000, Boidroret al, 1988, Czerngt al,
2008).
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Scientific studies of mead production and quality lEmited and are mainly concerned
with the selection of yeasts for inoculation of Bgrimusts and with the impact of honey-must
formulation on mead quality. This is the first studf the effects of inoculum size on the
optimisation of mead production and final quali@ur results demonstrate that increasing
pitching rates results in significant time savimgshe fermentation process. However, caution
should be taken, as an exaggerated inoculum ceald to lower production of desirable
aromatic compounds. In addition to this quantii@wnalysis of the impact of strain selection
and inoculum size on mead aroma, a complementasgosal evaluation of the meads would

yield further useful information for mead producers
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CHAPTER 4

Mead production: fermentative performance of yeast&ntrapped in

different concentrations of alginate

Published inJournal of the Institute of Brewin@014), 120, 575-580
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Abstract

Mead is an alcoholic drink known since ancient smproduced by yeast fermenting
diluted honey. However, the production of mead fwd#tered in recent years, partially owing
to the lack of scientific progress in this fieleh this study, two strains ddaccharomyces
cerevisiag QA23 and ICVD47, were immobilized in 2 or 4% (Walginate beads to assess
the most effective alginate concentration for yeasthobilization to produce mead. Neither
of the alginate concentrations was able to preveeatcell leakage from the beads. The
fermentation length was 120 h for both yeast s¢calm all cases, at the end of fermentation,
the number of cells entrapped in the beads washigiftan the number of free cells, and the
total 4% alginate bead wet weight was significaritigher than the 2% alginate bead wet
weight. In addition, the evaluation of mead qualghiowed that the yeast strain had
significantly more influence on the physicochemiadiaracteristics than the alginate
concentration. Although the yeasts immobilizedha two alginate concentrations were able
to perform the fermentation, further research isdeel in order to understand the evolution of
the yeast population inside the beads through@utaitmentative process.

Keywords: alginate concentration, cell leakage, mead, y@astabilization.
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Introduction

Mead has been produced since ancient times, maingn empirical and artisanal
manner. This drink has been reported to containynodrthe elements required by humans
and to have excellent effects on digestion and beditan. It has also been considered to be
beneficial for people who suffer from chronic an&erand diseases of the gastrointestinal
tract (Gupta and Sharma, 2009). Mead, which re$udta the fermentation of diluted honey,
can have an alcoholic content that ranges from 88% (v/v).This is accomplished by
varying the proportions of honey and water andpihiat at which the fermentation is stopped
(Ramalhosa et al., 2011). The fermentative proaadsmaturation require an extended period
in which several problems may occur. For instatice,anticipated alcohol content may not
be achieved, a successive addition of honey mageleeled to avoid the premature end of
fermentation, and there is a high likelihood farcét fermentations (Ramalhosa et al., 2011).
This is related to the specific properties of thendy solution, mainly the high sugar
concentration, high acidity, low protein contemtyvlindigenous microbiota and the shortage
of substances essential for yeast development §Sxoét Tuszyski, 2007)

Indeed, this complex fermentative process dependsweral factors, such as the type of
honey, yeast strain, honey-must composition and &b ratil et al., 2001). In the past few
years, several studies on the optimization of m@aduction have been carried out, mainly
regarding yeast selection and honey -must formaniaiMendes-Ferreira et al., 2010; Pereira
et al., 2009; Pereira et al., 2013; Sroka and Tiskay 2007). However, it is worth nothing
that immobilized cells were used in just two of teidies involving mead production
(Navratil et al., 2001; Qureshi and Tamhane, 1986).

The application of immobilized yeast cells for v@duction of alcoholic beverages has
been extensively studied in the past few yeard.i@ehobilization has some advantages over
free cells, such as high cell loads, high volunasgbrioductivities, increased substrate uptake,
protection from inhibitory substances and reuséhefsame biocatalyst for extended periods
of time (Bezbradica et al., 2007; Kourkoutas et 2004; Park and Chang, 2000; Tsakiris et
al., 2004; Vilela et al., 2013). One of the mosmeoaon methods of immobilization is the
entrapment of cells in hydrogels, which involvedraoping living cells within a rigid
network, which permits the diffusion of substraéesl products, thereby making possible cell
growth and the maintenance of active cells (Diard Cachon, 2005). Calcium alginate gels
have been the most widely used matrices for cetbpment owing to their simplicity (Inal
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and Yigitoglu, 2011). Alginate is a natural co-polymer thatgslled when it comes into

contact with bivalent cations such as*Cdorming beads (Liouni et al., 2008). Despite its
numerous advantages, some problems can occurdltamolic fermentation using yeast cells
entrapped in Ca-alginate beads, the most commang begll leakage. This phenomenon
results in destabilization and rupture of beadsnipawing to cell growth, and gas formation
and accumulation within the beads, as well as thsgmce of chelators in the medium (Liouni
et al., 2008). The aim of the present study wasvestigate the capacity of two sodium
alginate concentrations, 2 and 4%, to immobil&&ccharomyces cerevisiaeast strains

QA23 and ICV D47, in the context of mead productidhe cells were entrapped in the gels
by a drop-forming procedure and with the goal oéleating the most effective alginate

concentration.

Material and Methods

Yeast strains

Active wine dry yeastsS. cerevisiad.alvin QA23 and Lalvin ICV D47 (Lallemand,
Montreal, Canada) were used in this study.

Honey

A dark honey was purchased from a local beekeepéna northwest of Portugal. A
palynological analysis of the honey was performecbeding to the acetolytic method (Pires
et al., 2009) and it was determined that this rflotal honey was derived primarily from the
pollen of Castaneaspp. (45%) anderica spp. (32%). The characteristics and satisfactory
qguality of the honey were in agreement with theumnsgments established by Portuguese
legislation (Decreto-Lei n® 214/2003, 18 September)

Preparation of honey-must for fermentation

The honey-must for fermentation was prepared asritbesl by Pereira et al. (2013).
Honey was diluted (to 37% wi/v) using natural spnvaeter to obtain, at the end of
fermentation, an alcoholic beverage of approxinyat&Pso of ethanol, with the solution mixed
to homogeneity. Insoluble materials were removemmfrthe mixture by centrifugation
(2682g for 30 min; Eppendorf 5810 R centrifuge) to obtanclarified honey-must.
Titratable acidity was adjusted with 5 g/L of paiasn tartrate (Sigma-Aldrich, St. Louis,
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USA) and pH was adjusted to 3.7 with malic acid (ke Darmstadt, Germany). The
nitrogen content was adjusted to 267 mg/L with dreamium phosphate (DAP, BDH Prolabo,
Leuven, Belgium). The parameters °Brix, pH, titakeaacidity and assimilable nitrogen
concentration were determined, prior and after #upustments. The honey-must was
pasteurised at 65 °C for 10 min and then immediatebled. No sulphur dioxide was added

to the honey- musts.

Immobilization of yeast cells

The dry yeast was hydrated by dissolving 2 g oifvaalry yeast in 20 mL of sterilized
water at 38 °C, according to the manufacturer'sriictions, to obtain focolony forming
units (CFU)/mL. Sodium alginate (BDH Prolabo, LenyBelgium) was dissolved in distilled
water at concentrations of 2 and 4% (w/v). Theiaaicchloride (Panreac, Barcelona, Spain)
solution was prepared with distilled water at aganration of 180 mM. Sodium alginate and
calcium chloride solutions were autoclaved at 12¥c¢r 15 min, and then were cooled. To
inoculate the honey-must with @GFUs/mL, the appropriate amount of yeast suspansas
added to 10 mL of a sodium alginate solution. Thkymer—cell mixture was added dropwise
to the Cad solution and left to harden in this solution f& @in at 4°C. Thé&. cerevisiae
immobilized beads were rinsed three times withilstetistilled water, and then transferred

into the honey-must.

Fermentation conditions and monitoring

The immobilized beads were transferred into theelgemust for batch fermentation. All
fermentations were carried out using a previouslgcdbed system (Mendes-Ferreira et al.,
2010), which consisted of 250 mL flasks filled teotthirds of their volume and fitted with a
side-arm port sealed with a rubber septum for amersampling. The flasks were
maintained during alcoholic fermentation at 25 “@ler continuous, but moderate shaking
(120 rpm), mimicking an industrial environment. ASe sampling for monitoring the
fermentation was performed using a syringe-typaesysas previously described (Mendes-
Ferreira et al., 2009). Fermentations were morutataily by weight loss as an estimate of
CO, production. For determining the growth parametdrsuspended cells in the medium,
samples were collected and appropriately dilutedHfe measurement of their optical density
at 640 nm in a UV-VIS spectrometer (Unicam Heliasyl for counting CFU in solid Yeast
Peptone Dextrose agar (YPD — 20 g/L glucose, 1(pgfitone, 5 g/L yeast extract and 20 g/L

agar) plates after incubation at 25 °C for 48 htebmination of reducing sugars was
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performed using the 3,5-dinitrosalicylic acid methweith glucose as the standard. At the end
of the alcoholic fermentation, samples were takemfthe fermented media for several

analytical determinations.

Analyses performed at the end of fermentation

At the end of fermentation, the culture dry weighthe suspended cells in the medium
was determined using triplicate samples of 14 mhtrifeiged in pre-weighed tubes at
3890.1xg for 10 min, washed twice with sterile deionizedt@vadried for 24 h at 100 °C and
stored in a desiccator before weighing. For deteation of dry weight, determination of the
concentration of viable cells immobilized in theatls and the immobilization yield at the end
of fermentation, the beads were liquefied usindp@nacal method, according to a procedure
adapted from Goksungur and Zo(R001). Fifty beads were washed with water, disswlwn
50 mL of a sterilized sodium citrate solution (58jnwith continuous stirring for 30 min at
room temperature. The dry weight of the immobilizeglls was determined by the same
procedure as described previously for suspendéslinaghedium. For assessing the growth of
immobilized cells, after appropriate dilutions @juefied beads, these were counted as the
number of CFU in solid YPD plates, after incubatair25 °C for 48 h. The immobilization
yield was calculated as the immobilized dry weighyeasts/immobilized and free dry weight
of yeasts x 100 (Inal and #itoglu, 2011).

The oenological parameters, such as total sulploxicde (SQ), pH, titratable acidity,
volatile acidity and ethanol content, were detesdinaccording to standard methods
(Organisation Internationale de la Vigne et du \A806). Yeast assimilable nitrogen (YAN)
was determined by the formaldehyde method as puslicdescribed (Aerny, 1996). After
clarification, 10 mL of the sample was transfernetd a 50 mL beaker and diluted with 15
mL of water. The pH was adjusted to 8.1 with 100 W&OH and 2.5 mL of formaldehyde at
pH 8.1 was added. After 5 min, the pH was adjustgain to 8.1 by titration with 50 mM
NaOH. Assimilable nitrogen was calculated usingftlewing formula:

YAN (mg/L) =[(vol. NaOH)x (conc. NaOH) 14 x 1000]/ (sample volume)

Statistical analysis

All of the fermentation experiments were performedduplicate and the results are
expressed as mean values and standard devidtlmn.data were analysed using SPSS
Software, version 17.0 (SPSS, Inc.). To test sigguit differences amongst the
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physicochemical characteristics of meads and behdscteristics, a two factor — alginate
concentration (A) and strain (S) — analysis of alace (ANOVA) was applied. In order to
compare the means between two unrelated groupsd2% of alginate) for each strain, an
independent-samples t-test was performElde fulfilment of the ANOVA requirements,

namely the normal distribution of the residuals ahd homogeneity of variance, were
evaluated by means of the Shapiro—Wilks tesk (50) and Levene’s testespectively. All

statistical tests were performed at a 5 % signiftedlevel.

Results and Discussion

In this work the immaobilization o8. cerevisiageast strains QA23 and ICV D47, using
two alginate concentrations (2 and 4%), with a pajon corresponding to approximately
10° CFU/mL, was studied. The effectiveness of the irifimation was determined by
counting the yeast cells released from the beatts ttre medium and by analysing the
reducing sugar consumption profile (Figure 4.1).ndi differences were detected in the
number of CFU in the medium and in reducing sugérhe fermentations carried out with
the cells immobilized in 2 or 4 % of Ca-alginatesing both strains. The strain ICV D47
immobilized in 4% of Ca-alginate showed a slightlgher sugar consumption until 72 h of
fermentation. Nevertheless, all fermentations erafeet 120 h with similar concentrations of
residual sugars, ranging from 15.13 = 0.49 to 128857 g/L, in meads fermented by the
strains ICV D47 and QAZ23, respectively, and enteabpn 2% alginate beads. Similar
concentrations of residual sugars and times of detation were obtained for mead
production using free yeast cells (Mendes-Ferretral., 2010; Pereira et al., 2013). These
residual sugars include disaccharides such as sjomaltose, isomaltose, trisaccharides and
tetrasaccharides (Pereira et al., 2013). The gr&migtics profile shows that, at the beginning
of fermentation, the number of free cells in thediaen was higher when yeast cells were
entrapped in 2% than in 4% alginate. This diffeeen@s seen more clearly for strain QA23.
For this strain, at the end of fermentation, thenhar of free cells in medium was 6:810°
CFUs/mL and 4.& 10° CFUs/mL when immobilized in 2 and 4% Ca-alginaéspectively.
For the strain ICV D47, minor differences were alied at the end of fermentation in the

number of free cells in medium for both alginate@entrations (1.% 10’ CFUs/mL). The
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strain ICV D47, presented a higher number of frelisén medium. However for both strains,
independent of the alginate concentration usedntimeber of cells in medium had increased
to 10 — 10 CFU/mL in the first 48 h and then remained constamiil the end of the
fermentation. The evolution of GOparticularly in the first 48 h of fermentationagncause
an internal mechanical loading of the beads, leatlinthe disintegration of the majority of
beads (Goksungur and Zorlu, 2001). The increadbdrcell population in the medium was
exponential, resulting from the combined effectscefl leakage from the beads and the
proliferation of free cells in the medium. Othetlars have obtained similar results 30 h after
cultivation, when a different entrapment agent (ita® carrier) was applied (Bezbradica et
al., 2007).
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Figure 4.1. Growth of the free cells in medium and reducedasugpnsumption bysaccharomyces cerevisiae
QA23 and ICV D47 immobilized cells in 2% ) and 4% &) alginate.
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Yeast cell growth was confirmed by cellular dry gfgi values and it was verified that
the dry weight of cells in the beads was highemtlizat of the free cells in medium,
irrespective of the concentration of Ca-alginatd #me yeast strain used (Figure 4.2). This
observation corroborates previous results obtaiméth S. cerevisiaeencapsulated in
polyvinyl alcohol particles for a beer fermentati@ezbradica et al., 2007), in which a higher
final cell concentration in the LentiK&tsarrier than in suspended cells{4. cells/mL of

carrier vs 3x 10’ cells/mL) was observed.
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Figure 4.2. Cell dry weight ofS. cerevisiag®QA23 and ICV D47, at the end of fermentation, susled in the
medium (1) and inside the beads)(

At the end of the fermentation, several growth pesters were determined after
dissolution of the beads in a sodium citrate sotuand these are presented in Table 4.1. The
total wet weight of the 4% Ca-alginate beads wgsificantly higher when compared with
the 2% Ca-alginate beadp € 0.011 for QA23 ang = 0.015 for ICV D47). Significant
differences were found in the total bead wet welggttveen the alginate concentratiops<(
0.001). No significant differences were detectedtha number of CFU/mL between the
strains or the alginate concentrations, with theelovalue of 9.89 + 1.64 10 for mead
produced using 2% alginate QA23 beads and the highkie of 1.88 + 0.0% 1,
corresponding to the mead produced using 4% aklyih@yv D47 beads. Regarding the
immobilization yield, although the values obtainedh 4% alginate were higher for both

strains, the differences between the two conceot®bf alginate were not significant.
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Table 4.1.Total beads wet weight, colony forming units (CRd immobilization yield oSaccharomyces cerevisi@A23 and ICV D47 immobilized cells in 2 or 4%
alginate.

Strain QA23 Strain ICV D47 Significance
Meads
2% alginate 4% alginate 2% alginate 4% alginate Alginate (A)  Strain (S) A*S
Total beads wet weight (g) 8.36£0.25* 10.15090¢ 7.65+0.33* 11.10+0.52 * <0.001 n.s. 026
CFUs/mL of alginate 1.40 +0.61 E+08 9.89 + 1.6DE+ 1.82 +0.43 E+08 1.88 +0.07 E+08 n.s. n.s. s. n.
Immobilization yield (%) 58.73 £ 6.15 59.82 + 3.79 56.43+4.12 63.24 + 1.45 n.s. n.s. n.s.

* significant difference between the alginate cancations for each straip € 0.05); lack of superscript indicates no significdifference; n.s., no significant differencepat 0.05.

Table 4.2.Physicochemical characteristics of honey-must aedds fermented b§. cerevisia€)A23 and ICV D47 immobilized cells in 2 or 4% agte.

Honey-must
pH 3.71+0.00
° Brix (%) 23.20+0.14
Titratable acidityaaric acig(9/L) 3.43+0.03
Initial nitrogenyay (Mg/L) 353.50 +4.95
Strain QA23 Strain ICV D47 Significance
Meads 2% alginate 4% alginate 2% alginate 4% alginate Alginate (A)  Strain (S) A*S
pH 3.66 + 0.02 3.67 £0.03 3.62+0.01 3.63 #10.0 n.s. 0.031 n.s.
Volatile acidity acetic acia(9/L) 0.63+0.00 0.65 + 0.02 0.51 + 0.04 0.5@.84 n.s. 0.007 n.s.
Titratable acidityataric acid(9/L) 5.18 £ 0.00 5.14 £ 0.16 499+0.21 5.10.65 n.s. n.s. n.s.
Final nitrogenyay (Mg/L) 52.50 + 4.95 42.00 £ 9.90 43.75 £ 2.47 505+ 4.95 n.s. n.s. n.s.
Total SQ (mg/L) 23.68 +0.91 23.68+0.91 21.12+0.91 21+ 0.91 n.s. 0.016 n.s.
Ethanol (% vol) 10.54 + 0.94 11.20 £ 0.57 11.50.14 11.40+0.14 n.s. n.s. n.s.

Lack of superscript indicates no significant diéiece between the alginate concentrations for eaain ¢ < 0.05); n.s., no significant differencepat 0.05
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The quality of meads produced using strains QA28 I&V D47 immobilized with 2 or 4%
of Ca-alginate was assessed in terms of the plgrséenical characteristics (pH, volatile
acidity, titratable acidity, final nitrogen, tot8lO, and ethanol), and is presented in Table 4.2
The pH has been noted in the past as one of trsesanf sluggish or premature fermentation
arrest in alcoholic beverages (Mendes-Ferreird. €2@10), which is why this parameter was
determined in all of the experiments. As expectednfprevious work on mead production
(Mendes-Ferreira et al., 2010; Pereira et al., 2&t8ka and Tuszgki, 2007), the pH of the
meads was lower than that of honey-musts (3.7100)0for both strains and alginate
concentrations. The reduction of pH during meadn@ntation is probably caused by the
production of acids by yeasts (Sroka and Tasky 2007) and the low buffer capacity of
honey-musts (Mendes-Ferreira et al., 2010). Howererads fermented by strain QA23
presented a significantly higher pH than those fsirain ICV D47 p = 0.031). Control of
volatile acidity is a critical issue for the induat manufacture of fermented beverages.
Indeed, the production of acetic acid, by far thestmabundant volatile acid, can have a
dramatic effect on the quality of the final produlet addition to undesirable aromas, high
levels of acetic acid are toxic to yeast and cad ke stuck alcoholic fermentations (Luo et al.,
2013). The volatile acidity ranged from 0.51 + 0t840.65 = 0.02 g/L of acetic acid and was
within the values reported for wine (Nikolaou et &006) and the results obtained previously
for mead produced without an immobilization systdiMendes-Ferreira et al., 2010; Pereira
et al., 2009; Pereira et al., 2013; Sroka and Tisikdy2007). For this parameter and for total
SO, which varied between 21.12 + 0.91 and 23.68 & @@/L, no differences were detected
between meads obtained with either alginate coratorts. However, significant differences
were observed between the strajns:(0.007 for volatile acidity and = 0.016 for total S¢),
with the lowest concentrations found in meads pceduwith strain ICV D47. Similar
concentrations of titratable acidity, around 5 g@fLtartaric acid, were found in all meads
irrespective of the strain or alginate concentratibligher titratable acidity was found in
meads, when compared with the honey-must, indigdtie production of acids by the yeast.
Different results were obtained during the fermgataof a fruit wine from cagaita, where a
reduction of titratable acidity from 0.5% in must@.3% in wine was observed (Oliveira et al.,
2011). The ethanol content ranged from 10.54 tdbA1% (v/v) with no remarkable
differences in meads fermented with immobilizediscéh 2 or 4% Ca-alginate. Different
results are reported in the literature. Najafpduale(2004) found that immobilization in 2%

alginate was more suitable for ethanol productimased on the activity ahe beads. Similar

82



amounts of ethanol have already been reportedmneigtations of mead with the same initial
°Brix and produced with free cells (Mendes-Ferrataal., 2010; Pereira et al., 2013). A
concentration of residual nitrogen remained innadlads independent of the yeast strain and
concentration of alginate used for immobilizatioks reported previously, some of the
residual nitrogen could correspond to the concgatraf the amino acid proline, present in
honey, which is not assimilated by yeast duringféimentation (Pereira et al., 2013).

In summary, at the end of the fermentation the remal cells entrapped in beads was
higher than the number of free cells in the medilmdependent of the strain, the number of
cells in the medium was similar for both concembrag of alginate. Considering the quality of
meads, the results showed that the yeast strainmuae influence than the concentration of
alginate used for yeast entrapment. Indeed, thanpeters of pH, volatile acidity and total
SO, were significantly different between the two yestsains.

Although the alginate concentrations tested did pra@tvent the phenomenon of cell
leakage, the entrapment agent did not cause negafigcts on mead production, since no
remarkable differences were observed in fermemtagperformance and mead quality
compared with mead produced previously with frdéscBermentation length was 120 h and
the characteristics of the final product were ndtuenced by the alginate concentration.
Since no differences were found between the twanallg concentrations, for economic
reasons using 2% of alginate for immobilization ydasts for mead would be more
advantageous. The current study also suggests d¢basidering the low volatile acidity

produced by strain ICV D47, it appears be the nsarable yeast for immobilization.
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CHAPTER 5

Effect of Saccharomyces cerevisiae cells immobilisation on mead production

Published irLWT — Food Science and Technol¢g914), 56, 21-30
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Abstract

Mead is a traditional alcoholic beverage obtaingdhe fermentation of diluted honey
performed by yeasts. In this work the potentiabpplication of immobilised yeast cells on
single-layer Ca-alginate or double-layer algindigesan for mead production was assessed
for the first time. The meads produced either veitrapped or free cells were evaluated in
terms of quality and aroma profile. The immobilisatprocedure had no adverse effect on
cell viability, since minor differences were foumdfermentation kinetics among the strains
and immobilisation systems. The double-layer algireitosan had no advantage compared
with the single-layer Ca-alginate, as the numbefred cells in the medium, resulting from
cell leakage, was similar. Although meads obtaweét entrapped yeast cells presented less
ethanol and glycerol and more acetic acid, it ex¢ablarger amounts of volatile compounds.
Immobilised cells produced meads with more compeunith fruity characteristics, such as
ethyl octanoate and ethyl hexanoate; however theartrations of undesirable compounds in
such meads were also higher. The effect of immediibn on the aroma profile was
important, but the strain contribution was also no@jor importance. Thus, the sensory

analysis of final product gives an important insigh the overall quality.

Keywords: alcoholic fermentation; aroma profile; honey; megehst immobilisation.
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Introduction

Mead is a traditional honey-derived beverage cairtgi8 to 18 % (v/v) ethanol. The
beverage is produced by yeast alcoholic fermemtatifadiluted honey (Mendes-Ferreira et al.,
2010; Ramalhosa et al.,, 2011). Honey productiora isignificant economic activity in
European countries, however to the developmentooferderived, such as mead, is of
extreme importance to increase the profit of thekbeping industry. Mead fermentation
progress depends on several factors, such assteaist(Pereira et al., 2013), honey type and
composition (Navratil et al., 2001), lack of essantutrients such as a deficiency in available
nitrogen (Mendes-Ferreira et al., 2010), low miharancentration, low pH (Sroka and
Tuszynski, 2007) and low buffer capacity (Maugeri&64). Several strategies have been
introduced for the optimisation of mead fermentatihrough the use of an appropriate
honey-must formulation to improve the alcoholic nientation performance of yeast
(Mendes-Ferreira et al., 2010), using starter yeaKures isolated from honey/honey-wine
(Pereira et al., 2009; Teramoto et al., 2005) onroercial yeast starter cultures (Koguchi et
al., 2009; Navrétil et al.,, 2001; Sroka and Tuskyn®007). It has been shown that
supplementation of honey-must with ammonium sigaiftly reduces fermentation length
(Mendes-Ferreira et al., 2010). However, some wvasidugars, other than glucose, still
remain in meads after alcoholic fermentations dedpie initial nitrogen concentration or the
yeast strain used (Mendes-Ferreira et al.,, 2016¢eRtly, we have shown that increasing
pitching rate impacts yeast fermentative activipd significant time was saved in the
fermentation process, with no detrimental impachwad aroma composition (Pereira et al.,
2013).

Microorganism immobilisation methods have gainerdaion in the last few decades
and are being successfully applied in the prodactwd alcohols (ethanol, butanol and
isopropanol), organic acids (malic, citric, lacand gluconic acids), enzymes (cellulose,
amylase and lipase), the biotransformation of sierdor wastewater treatment and food
applications (beer and wine) (Liouni et al., 20B&ddy, et al., 2008), among others. Despite
the great potential, the industrial use of immaleitl cells is still limited because further
application depends on the development of immaib® procedures that can be readily
scaled up (Kourkoutas et al., 2004). The main tegles that enable biomass confinement are

attachment or adsorption on solid carrier surfaeegapment within a porous matrix, self-
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aggregation of cells (flocculation) and cell contaent behind a barrier (Pilkington et al.,
1998). Entrapment involves imprisoning living celghin a rigid network that permits the
diffusion of substrates and products, thereby ntakiossible the growth and maintenance of
active cells (Divies and Cachon, 2005). The polyméeads are usually spherical, with
diameters ranging from 0.3 to 3 mm (Verbelen gt28106). Owing to the very gentle, simple
and rapid procedure, the entrapment of cells imatg hydrogels is still the most frequently
used method for immobilisation (Pajic-Lijakovicadt, 2010).

The immobilised microbial cells in a hydrogel matrare protected from harsh
environmental conditions such as pH, temperatwgaroc solvent and inhibitors (Kocher et
al., 2006; Park and Chang, 2000). Cell growth i@ porous matrix depends on diffusion
limitations imposed by the porosity of the mateaal later by the impact of accumulating
biomass (Kourkoutas et al., 2004). Cell immobilatalso allows easier handling of the cells
and facilitates the clarification of the final prad (Kocher et al., 2006; Kostov et al., 2010;
Kourkoutas et al., 2004; Park and Chang, 2000)di&uwith immobilised cells in Ca-
alginate (Qureshi and Tamhane, 1986) or pectateréliiaet al., 2001) in mead production
have showed that fermentation length was reducedfeamentation rate increased,
respectively. Therefore, the purpose of this stwdg to evaluate the effect of the yeast cell
immobilisation of two yeast strains (QA23 and ICWAD in a fed-batch system. The
fermentation profile, cell viability, mead compasit and mead aroma profile were evaluated
in meads fermented with free or immobilised cel¥east cell immobilisation was
accomplished using alginate high molecular hydropipiolymeric gel at a concentration of
4%. In addition, single (Ca-alginate) or doubleelmsy (alginate-chitosan) were tested. The
cells were entrapped in the gel using a drop-fognpirocedure.

Material and Methods

Yeast strains

Saccharomyces cerevisiakalvin QA23 (Lallemand, Montreal, Canada) arfl
cerevisiaeLalvin ICV D47 (Lallemand, Montreal, Canada) wemsed in this study as active

wine dry yeasts.
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Honey

A dark multifloral honey was used that was derivaimarily from the pollen of
Castaneaspp. ancErica spp. and was purchased from a local beekeepd&eimdrtheastern
region of Portugal. The characteristics and satiefg quality of the honey were assured in
accordance with the requirements established itugoese law (Decreto-Lei n°® 214/2003,
18th September).

Preparation of honey-must for fermentation

The honey-must for fermentation with free or imniigleid cells was prepared as
described by Pereira et al. (2013). The honey vilased in natural commercially obtained
spring water purchased in the market (37% w/v)dbieve 23 °Brix, corresponding to an
alcoholic beverage with approximately 13.5% ethaara mixed to homogeneity. Then, the
insoluble materials were removed from the mixtuyeckntrifugation (2682g for 30 min;
Eppendorf 5810 R centrifuge) to obtain a clarifiedney-must. Titratable acidity was
adjusted with 5 g/L of potassium tartrate (Sigmdr#h, St. Louis, USA), and pH was
adjusted to 3.7 with malic acid (Merck, Darmsta@grmany). The nitrogen content was
adjusted to 267 mg/L with diammonium phosphate (PBPH Prolabo, Leuven, Belgium).
The parameters °Brix (Optic lvymen System, ABBE rRetbmeter), pH (Five Easy FE20,
Mettler-Toledo), titratable acidity and assimilabiiérogen concentration were determined
prior to and after the adjustments. Titratable i¢idias determined according to standard
methods (Organisation Internationale de la VignéueYin, 2006). Yeast assimilable nitrogen
(YAN) was determined by the formaldehyde methog@viously described (Aerny, 1996).
After clarification, 10 mL of the sample was tragrséd into a 50-mL beaker and diluted with
15 mL of water. The pH was adjusted to 8.1 with 1M NaOH (Merck, Darmstadt,
Germany) and 2.5 mL of formaldehyde (Merck, Darmist&ermany) at pH 8.1 was added.
After 5 min, the pH was adjusted again to 8.1 Ination with 50 mM NaOH. Assimilable
nitrogen was calculated using the following formula

YAN (mg/L) =[(vol. NaOH)x (conc. NaOH) 14 x 1000]/ (sample volume)
The honey-must was pasteurised at 65 °C for 10 anoh then immediately cooled. No

sulphur dioxide was added to the honey-must.

90



Immobilisation of yeast cells

Starter cultures were prepared by the rehydratfch @ of active dry yeast in 20 mL of
sterilised water at 38 °C, according to the marnufacs instructions, to obtain ca. ®10
CFUs/mL. Sodium alginate (BDH Prolabo, Leuven, Betg was dissolved in distilled water
at concentrations of 4% (w/v) and sterilised byoalsving at 121 °C for 20 min.

To inoculate the honey-must with 2.@FUs/mL, the appropriate amount of yeast
suspension was added to 10 mL of sodium algindt¢isn. The polymer—cell mixture was
added dropwise to a 180 mM Ca@Panreac, Barcelona, Spain) sterilised solutiahlaft to
harden in this solution for 30 min at 4 °C. Sinlglger S. cerevisiaémmobilised beads were
rinsed three times with sterile distilled water.efhthe immobilised beads were transferred
into the honey-must.

For double-layer immobilisation, after the cellsrevéeft to harden in Cagbkolution for
30 min at 4 °C, the beads were decanted and addadahitosan (Sigma-Aldrich, St. Louis,
USA) solution prepared according to Liouni et 20@8) and maintained at 25 °C for 24 h at
a rotational speed of 80 min Double-layerS. cerevisiaémmobilised beads were decanted,
rinsed three times with autoclaved distilled wated transferred into the honey-must.

Fermentation conditions and monitoring

The immobilised beads in the single and doublertayeere transferred into the honey-
must for fed-batch fermentations. In parallel, foedl fermentations witls. cerevisiaestrain
QA23 or ICV D47 were performed with 4@CFUs/mL for comparison with immobilised
systems. All fermentations were conducted in gt using a previously described system
(Mendes-Ferreira et al., 2010) that consisted & &8 flasks filled to two thirds of their
volume and fitted with a side-arm port sealed veithubber septum for anaerobic sampling.
The flasks were maintained during alcoholic ferragoh at 25 °C under permanent but
moderate shaking (120 rpm), which mimicked the rnealustrial environment. Aseptic
sampling for monitoring fermentation was performading a syringe-type system as
previously described (Mendes-Ferreira et al., 2008 weight losses of the fermentations
were monitored daily as an estimate of gfoduction. To determine the growth parameters
in the free system and of the suspended cells enntedium, samples were collected and
appropriately diluted for the measurement of tlogitical density at 640 nm in a UV-visible
spectrometer (Unicam Helios) and for counting tl&hUs in solid yeast peptone dextrose
agar (YPD — 20 g/L glucose, 10 g/L peptone, 5 ¢ghst extract and 20 g/L agar) plates after
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incubation at 25 °C for 48 h. Determinations ofuadg sugars, prior to inoculation and
during fermentation, were performed using the 3ritsalicylic acid (DNS) method with
glucose as the standard. At the end of alcoholiméatation, samples were taken from all

fermented media for several analytical and aroroéilprdeterminations.

Analyses performed at the end of fermentation

Free and immobilised cell concentrations were datexd as cell dry weight. The
culture dry weight of the suspended cells in thediona (from the free and immobilised
systems) was determined from triplicate sampled4fmL that were centrifuged in pre-
weighed tubes at 389(xd for 10 min, washed twice with sterile deionisedevadried for 24
h at 100 °C and stored in a desiccator before vimggh

For determination of dry weight, immobilisation ieand concentration of viable cells
immobilised in single and double layers, the beadee liquefied using a chemical method,
according a procedure adapted from Goksungur amid Z2001). Fifty beads were washed
with water and dissolved in 50 mL of a 50 mM steeitl sodium citrate (Merck, Darmstadt,
Germany) solution with continuous stirring for 30nnat room temperature. The dry weight
of immobilised cells was determined by the samegulare described previously for the free
cell system. For assessing the growth of immolulisells, after appropriate dilutions of
liquefied beads, the number of CFUs in solid YPBtgd was counted after incubation at 25
°C for 48 h. The immobilisation yield was calcuthtas the immobilised dry weight of
yeasts/immobilised and free dry weight of yeast®@ (Inal and Ygitoglu, 2011).

The oenological parameters, such as total sulploxide (SQ), pH, titratable acidity,
volatile acidity and ethanol content, were detemdinaccording to standard methods
(Organisation Internationale de la Vigne et du \d806). Yeast assimilable nitrogen (YAN)

was determined by the formaldehyde method as puslia@escribed (Aerny, 1996).

Determination of glucose, fructose, glycerol, acetic acid and ethanaol

Glucose, fructose, ethanol, glycerol and acetid a@re individually analysed, using a
Varian high performance liquid chromatography (HPpIs§stem, equipped with a Rheodyne
injector with a 20-puL loop, a Supelco Gel C—610 dduenn (300 mm x 7.8 mm) at 35 °C
and a refractive index detector Rl -4 (Varian).clstic elution was employed with a mobile
phase consisting of 0.1 % (v/v) phosphoric acich(Pac, Barcelona, Spain) at a flow rate of

0.5 mL/min. Data were recorded and integrated uStey Chromatography Workstation
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software (Varian). Glucose, fructose, ethanol, glgt and acetic acid were quantified by

external standard calibration.

Analysis of mead aromatic compounds

Mead produced with different immobilisation systemnsd the free cell system was
analysed for major volatile compounds by GC-FID &rdminor volatile compounds by GC-
MS. The major compounds in the samples were detexandirectly by the internal standard
(4-nonanol) method, taking into account the relatesponse of the detector for each analyte.
Identification was achieved by a comparison ofmetam times with those of pure standard
compounds. The minor volatile compounds were aedlysafter extraction with
dichloromethane and quantified as 4-nonanol egental Identification was achieved by a

comparison of retention indices and mass spectirathose of pure standard compounds.

Chromatographic analysis of major volatile composind

In a glass tube, 100 pL of an ethanolic solutiothv@640 mg/L of internal standard (4-
nonanol, Merck, Darmstadt, Germany) was addednd. ®f mead.

A Chrompack GC CP-9000 gas chromatograph equipmdansplit/splitless injector, a
flame ionisation detector (FID) and a capillarywwoh CP-Wax 57 CB (50 m x 0.25 mm; 0.2
um film thickness) was used. The temperatures ofrifeetor and detector were both set to
250 °C, and the split ratio was 15 mL/min. The cmtutemperature was initially held at 60
°C for 5 min, then programmed to rise from 60 °C220 °C at 3 °C mirnt and finally
maintained at 220 °C for 10 min. The carrier gas wpecial helium ¥ (Praxair) at a flow
rate of 1 mL/min (125 kPa at the head of the coluriime analysis was performed by the
injection of 1uL of sample. The quantification of volatile compdsnafter the determination
of the detector response factor for each analyts performed with Star—Chromatography
Workstation software, version 6.41 (Varian) by camipg test compound retention times

with those of pure standard compounds.

Extraction of volatiles

The extraction of mead minor volatiles was perfatmaccording to the method
described by Oliveira et al. (2006). In a 10-mLtore tube (Pyrex, ref. 1636/26MP), 8 mL of
mead clarified by centrifugation, 80 puL of an etblan solution, 36.4 mg/L of an internal
standard (4-nonanol, Merck, Darmstadt, Germany) amdagnetic stir bar (22.2 mm 4.8

mm) were added. The tube was sealed, and extrasasraccomplished by stirring the mead
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with 400 pL of dichloromethane (Merck, Darmstadgr@any) for 15 min with a magnetic
stirrer. After cooling the solutions at 0 °C for &fin, the magnetic stir bar was removed, and
the organic phase was separated by centrifugaR&@F (= 5118qg for 5 min at 4 °C) and
transferred into a vial with a Pasteur pipette.afyn the aromatic extract was dried with
anhydrous sodium sulphate (Merck, Darmstadt, Geyinand again transferred into a new

vial.

Chromatographic analysis of minor volatile composind

Minor volatile compounds were analysed by GC-MS$wgs gas chromatograph Varian
3800 with a 1079 injector and an ion-trafass spectrometer Varian Saturn 2000. A 1-pL
injection was made in splitless mode (30 s) in aaraFactor Four VF-WAXms (30 m 0.15
mm; 0.15 um film thickness) column. The carrier gas helium UltraPlus % (99.9999 %)
at a constant flow rate of 1.3 mL/min. The deteetas set to electronic impact mode with an
lonisation energy of 70 eV, a mass acquisition eafigm 35 m/zto 260 m/z and an
acquisition interval of 610 ms. The oven tempertuas initially 60 °C for 2 min and then
raised from 60 °C to 234 °C at a rate of 3 °C/maised from 234 °C to 250 ° C at 10 °C/min
and finally maintained at 250 °C for 10 min. Thenperature of the injector was maintained
at 250 °C during the analysis time, and the spivfwas maintained at 30 mL/min. The
identification of compounds was performed using M®rkStation version 6.6 software
(Varian) by comparing their mass spectra and rigterindices with those of pure standard

compounds. The minor compounds were quantifiedrnims of 4-nonanol equivalents.

Determination of odour activity values

The Odour Activity Values (OAVs) were determinedetaluate the contribution of a
certain chemical compound to the aroma of meady @& compounds with an OAV greater
than 1 were considered to give a significant cbntron to the mead’s aroma (Escudero et al.,
2004; Vilanova et al., 2009). The OAV was calculater each quantified volatile compound
as the ratio between the concentration of an iddai compound and the perception
threshold found in the literature (Escudero et 2004; Ferreira et al., 2000; Guth, 1997,
Moreno et al.2005).

Statistical analysis

An analysis of variance (ANOVA) with type Il sune$ squares was performed using

the general linear model procedure as implememi¢loel SPSS software, version 17.0 (SPSS,
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Inc.). The fulfilment of the ANOVA requirements, maly the normal distribution of the
residuals and the homogeneity of variance, weréuated by means of the Shapiro—Wilks
test ft < 50) and Levene’s testespectively. All dependent variables were analyssidg a
one-way ANOVA. For each strain, the main factordstd was the effect of yeast
immobilisation on the physicochemical charactesssand aromatic compounds of meads and
if a significant effect was found, the means warmpared using Tukey’s honestly significant
difference multiple comparison test. All statistitests were performed at a 5 % significance

level.

Results and Discussion

Traditional fermentations conducted with free cellgere compared with the
fermentations using immobilised cells, in singlendadouble-layer beads. The cell

concentrations in both systems weré C&US/mL of honey-must.

Effect of immobilisation on fermentation performance

Based on previous studies performed by our groulpsesjuent studies were conducted
with 4% Ca-alginate beads of the two yeast stré@%23 and ICV D47). To overcome the
phenomenon of cell leakage, beside the single-layenobilisation, immobilised cells in
double-layer alginate-chitosan beads were useddéraations with free cells were conducted
in parallel with immobilised cell fermentations foomparison.

The fermentation kinetics profiles of the free mmobilised cells expressed in terms of
sugar consumption are presented in Figure 5.1l Iferanentations 50 % of the sugars, or
more, were consumed after 48 h of fermentation,clwhcorresponds to an ethanol
concentration of 5 to 6% vol. (data not shown). &tehweless, fermentations conducted with
different systems reached the same final ethanutertration, 10 - 11% vol. (Table 5.2). It
has been reported higher productivity in the imrsdd system than in the free cell system
(Nigam, 2000; Yu et al., 2007). However, it is imjamt to state that the fermentation
productivity depends on the concentration of yeadls immobilised in beads (Inal and
Yigitoglu, 2011), on the bead-size, as well as on the ¢eatpre of fermentation (Divies and
Cachon, 2005).
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Figure 5.1. Fermentation profiles and growth kinetics ®f cerevisiagQA23 (A) and ICV D47 (B) cells in
medium, in fermentations with free cell& Y and immobilised cells in singlez) or double-layers) beads.

Independently of the cell system, the strain IC\V7[pdesented lower sugar consumption
in the first 48 h than the strain QA23, but fernagioins performed with both strains ended
120 h after inoculation. These results are notgdgreement with the findings from other
studies, which observed longer fermentation lengtHree cells on orange peels, when
compared with immobilised cells (Plessas et alQ720At the end of all fermentations,
approximately 30 g/L of non-fermentable sugars agtrehalose, isomaltose, saccharose and
melezitose (data not shown) remained in all meadsch is in agreement with results
previously published by our group (Mendes-Ferretral., 2010; Pereira et al., 2013).

For both strains, the reducing sugar consumptiafilershowed a slight difference
between the three cell conditions from the 24 uhid 72 h of fermentation. Nevertheless,
minor differences were detected between fermemmtamnducted with free or encapsulated
cells and between the fermentations with cells ifnifimed in single or double-layer. In fact,
Mariam et al. (2009) have already mentioned $haterevisiaeonsumed practically the same
amount of sugar in free or in immobilised form. Beting the efficiency of sugar
consumption by encapsulated cells, Yu et al. (20@rified that immobilized ones consumed

the sugars faster and more efficiently than the @ells, while Nikok et al. (2009) found the
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opposite. The discrepancies might be due to diffe@e in yeast strains, immobilisation

agents, must composition and fermentation condition

Effect of immobilisation on yeast growth

Colony-forming unit (CFU) in medium analysis indied an increase in the yeast cell
population of both strains QA23 and ICV D47 withire first 24 and 48 h (Figure 5.1). The
cell viability remained constant until the end bétexperiments, with the number of CFUs
slightly higher in fermentation with free cells, ivh reached almost @CFUs/mL. At the
beginning of fermentations with single-layer Cahadge and double-layer alginate-chitosan
beads no free cells were detected in the fermemntaiedium. However, 24 or 48 h after the
onset of fermentation, depending on the strairgresiderable increase in cell population was
observed, reaching 1{@FUs/mL. That increase in CFUs resulted from thelined effects
of the cell leakage from beads, most likely duehe intensive cell growth on peripheral
beads section, and to cell proliferation in the imed Cell leakage was especially prominent
during intensive carbon dioxide evolution, mosklk due to the creation of pores in the
polymer matrix by arising bubbles (Bezbradica et2007).

It is important to note that the number of CFUdermentations with encapsulated cells
was significantly lower than that of control fern&tion reflecting the early arrest of yeast
cell division most likely because the honey-musklaufficient nutrients to support both free
and encapsulated cells growth. Another explandtorthe early arrest of yeast cell division
under those conditions might be the space limiatioe to the presence of beads. This is in
agreement with the fact that no differences werealed in the number of free cells in
medium fermented with single-layer Ca-alginate aulde-layer alginate-chitosan beads. Due
to cell leakage, it is difficult to determine thentribution of entrapped cells on the
fermentation progress. To actually compare trad@idermentations with free cells with the
fermentations using encapsulated cells, the cdtisrdted from the beads have to be
periodically withdrawn from the medium.

Cell viability in beads was measured as the povweegroduction after their dissolution
in sodium citrate (Table 5.1). In addition, the ergight of cells in medium and in beads was
determined (Figure 5.2). For both strains and imitisattion systems the number of CFUs in
beads was higher than the number of CFUs of frde tethe outside medium, probably

because encapsulated cells are more protectedsinolnharsh environmental conditions.
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Table 5.1. Total beads wet weight, CFUs and immobilisationldyief S. cerevisiaecQA23 and ICV D47
immobilised cells in single- or double-layer beads.

Strain QA23 Strain ICV D47
Single layer Double layer Single layer Double layer
immobilisation immobilisation immobilisation immobilisation
Total beads wet weight (g) 10.27 £ 0.27 10.73 80.2 11.22 +0.28 11.19 £ 0.50

CFUs/mL of alginate 2.28+0.08x30 2.45+0.98x1H 487 +151x1® 5.67 +1.95x1b
Immobilisation yield (%) 59.41 + 6.30 66.79 + 4.21 61.37 + 6.6 72.89 +2.55

" significant atp < 0.05. Lack of a superscript indicates no sigaificdifferencep > 0.05.
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Figure 5.2.Dry weight, at the end of fermentation,®fcerevisia®A23 (A) and ICV D47 (B) cells suspended
in medium @) and in beadsa, in fermentations with free cells and immobiliseslls in single- or double-layer
beads.

Identical results were obtained for cell dry wejgtdrroborating identical observations with
yeast cells immobilised in PVA patrticles and onngia peels (Bezbradica et al., 2007; Plessas
et al., 2007). In addition, the final overall vialdell concentration in beads plus free cells in
medium was higher than the total cell concentratiohieved in free cell fermentation, most
likely due to the high growth rate of entrappedscal beads. Nevertheless, the final amounts
of viable cells were higher in immobilised systethan in the free system, although the
cellular dry weights were lower. This result indesthat the immobilisation has a negligible
effect on cell viability, in agreement with prev®uesults obtained with entrapped cells in
PVA particles for beer fermentation (Bezbradicalet 2007). The results also indicated that
there was no advantage of using double-layer dkgricaitosan beads, since the final

concentration of cells in medium and beads waslamNevertheless, an exception was
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observed in the immobilisation yield of strain 10¥7, which was significant higher in
double-layer fermentation.

Cell leakage is considered one of the main problefrike cell immobilisation and was
especially prominent during intensive carbon diexigvolution, most likely due to the
creation of pores in the polymer matrix by arisingbbles (Bezbradica et al., 2007). Other
reason for this phenomenon is the presence in #renehtation medium of high
concentrations of chelating agents, such dsidts and phosphate, which destroy the
formatted gel matrix (Tataridis et al., 2005). Clelthkage should be minimised by double-
layer immobilisation because the Ca-alginate beaeie coated with chitosan. Thus, cell
leakage is reduced to a significant level with ¢batribution of both the presence of an outer
layer containing no cells coating the single-lapelads and a polyelectrolyte complex of
alginate and chitosan (Liouni et al., 2008). Momout is important to take into account in
the immobilisation procedure the bead size to mtherphenomenon of cell leakage. Cells
entrapped in small diameter beads are generalfgnee because provide high solid-liquid
interfacial areas per unit reactor volume and misé&® mass-transfer limitation problems
(Nigam, 2000; Nikok et al., 2009). In contrast, cells immobilised inlaage-size bead
proliferate only in the periphery of the bead doewbstrate and oxygen limitation (Park and
Chang, 2000). Additionally, pH is a key factor woaling cell leakage because it affects the
mechanical stability and integrity of the beadd€Mi et al., 2013).

Effect of immobilisation on mead quality

The physicochemical characteristics such as pHt®lacidity, titratable acidity, final
assimilable nitrogen, total SOethanol and reducing sugars of meads producestrayn
QA23 and ICV D47 with free cells and different imiiicsation systems are presented in
Table 5.2. The final pH of meads was lower than itiieal pH of honey-must but no
significant differences were found between cell dibons for both strains. Identical

observations were verified for titratable aciditydaotal SQ.
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Table 5.2.Physicochemical characteristics of honey-must ardds fermented b$. cerevisiag®)A23 and ICV D47 with free cells and immobiliseells in single- or
double-layer beads. The results are shown as the ra@ues and their standard deviations.

Honey-musts Prior adjustment After adjustment
pH 4,54 +0.05 3.71+£0.01
° Brix (%) 22.60 £0.40 23.30£0.20
Titratable acidityararic aci 0.79+0.17 4.94+0.84
(9/L)
Initial nitrogenyay (Mg/L) 48.30 £5.75 273.00 + 22.55
QA 23 ICV D47
Meads Free system . Slnglg_laygr . DoubIg_ Iay_er Free system . Smglg_lay_er . DoubIg_ Iay_er
immobilisation immobilisation immobilisation immobilisation
pH 3.67 £0.05 3.62+0.10 3.63+0.12 3.60 +0.06 3.60+£0.08 3.62 £0.07
Volatile acidityacetc acia(0/L) ~ 0.43 +0.02 0.50 + 0.03 0.50 + 0.05 0.34 +0.038 0.56 + 0.02 0.58 + 0.02
T'"atab'e(gfl_")"'%m aid  §.58+0.27 8.75 + 2.31 8.56 £ 2.15 6.96 £ 0.15 8.94 £ 2.23 9.04 + 2.34
Final nitrogen,ay (mg/L) 33.83+2.02 31.50 £ 3.50 26.25 +5.25 33.83 + 4.04 23.33 £ 4.04 31.50 + 3.56°
Total SQ (mg/L) 25.60 £ 2.56 23.89+£3.91 21.76 £1.28 26.03 £ 3.22 23.47 £3.70 23.04 £ 2.56
Ethanol (% vol) 11.20 + 0.0b 10.53+0.12 10.81 + 0.32° 10.87 +0.12 10.73+0.32 10.73 +0.20

3P Means within a line with different superscriptffet, p < 0.05. Lack of a superscript indicates no sigaificdifferencep > 0.05.
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Volatile acidity, expressed as g/L of acetic acmhfirms the values of acetic acid obtained by
HPLC (Figure 5.3) and showed differences betweea &nd immobilised fermentations with
strain ICV D47. The ethanol concentration rangesmfr10.53 to 11.20% vol. in meads
produced by the strain QA23 with immobilised cétfisingle-layer Ca-alginate or free cells,
respectively. A similar concentration of residuakiailable nitrogen remained in all meads
independently of the strain and the condition offiscemost likely corresponding to the
concentration of the amino acid proline, which regent in honey but not assimilable by
yeasts (Pereira et al., 2013). Concerning thenst@V D47, the consumption of nitrogen by
immobilised cells in single-layer Ca-alginate wangicant higher than the consumption by
free cells. These results are in accordance widh bell growth in immobilised systems due
to the growth of cells inside the beads and in rifedium, which can explain the higher
consumption of nitrogen in the immobilised systéthers have reported a low consumption
of free amino nitrogen linked to a very limitedrar cell growth in immobilised yeast systems
(Willaert and Nedovic, 2006).

The concentration of glycerol produced by bothisgraat the end of fermentations
ranged from 5.3 to 6.6 g/L (Figure 5.3). For bottaiss, at the end of fermentations, a
significant difference was found (results not shpwnglycerol concentration produced by
free cells or cells immobilised in double-layergHer concentration of glycerol was obtained
for the fermentations conducted with free cellse Thncentrations of this alcohol determined
in all assays were in agreement with the valuesllysteported in wine (Ribéreau-Gayon et
al., 2000; Ugliano and Henschke, 2009) and in méRdseira et al., 2009). Environmental
factors such as temperature, aeration, nitrogercepgugar concentration and the yeast strain
have been found to affect the rate and yield ot@lgl production (Remize et al. 2000). A
significant increase in glycerol formation by imniaed cells ofS. cerevisiaeghas been
reported in the production of alcohol-free beem(Varsel et al. 2000), of wine (Balli et al.
2003; Reddy et al. 2011) as well as in other flenitnented beverage (Oliveira et al. 2011). In
contrast, other authors have observed higher amairglycerol in fermentations performed
with free cells (Genisheva et al. 2012; Lépez derizeet al. 2012). High glycerol production
in fermented products using immobilised cells may @& yeast response to the stress
conditions imposed by this system (Reddy et al120devertheless, no explanation has been
proposed before for the increase in glycerol prtidady free cells.
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Figure 5.3.Concentration of glycerol and acetic acid produog®. cerevisia®A23 and ICV D47 after 24, 48
and 120 h of fermentation with free cells and imitiséd cells in single- or double-layer beads.

In respect to acetic acid production, the immoail@an process had a distinct effect on
strain QA23 and ICV D47 (Figure 5.3). For strain Z¥Athe immobilisation did not affect the
acetic acid production in mead, where the concBatravas approximately 0.3 g/L in all
meads. Instead, the strain ICV D47 produced alti@stiouble of acetic acid in immobilised
than in the free form. Indeed, the difference iet&cacid production between strains or cell
conditions has already been reported (Genisheah, &012; van lersel et al., 2000; Lépez de
Lerma et al., 2012; Oliveira et al., 2011). Thecthpancies among the results obtained may
be explained by differences in yeast strains, nradiomposition and fermentation conditions.
In fact, as previously stated, meads obtained within ICV D47 displayed lower volatile
acidity than the meads produced by strain QA23) loothe free form (Pereira et al., 2013).
Similar concentrations have been observed in meadlped from Portuguese honey (Pereira
et al., 2009), whereas Sroka and Tuisky (2007) reported higher concentrations (0.79.g/L
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Effect of immobilisation on mead aroma profile

The alcoholic fermentation produces not only ethdnd also a complex mixture of
flavour-active by-products. The concentrations ofatile compounds in meads produced by
strain QA23 and ICV D47 immobilised in single-lay@a-alginate or double-layer alginate-
chitosan and in free form are shown in Tables BB%34, respectively. A total of twenty-five
compounds were identified and quantified, includaigohols, esters, volatile phenols and
medium chain fatty acids.

The alcohols were the major group of volatile commpts quantified in all meads. No
correlation could be established between the cdrateon of alcohols and the condition of
cells (immobilised or free). The strain QA23 prodddess alcohol in meads fermented with
single-layer Ca-alginate immobilised cells, whertas strain ICV D47 produced the lowest
concentration of this group of compounds in meagsnénted with cells immobilised in
double-layer alginate-chitosan (data not shown)weéicer, as desirable for the complexity of
alcoholic beverage the concentration of these alsothould be below 300 mg/L (Boulton et
al., 1996; Ugliano and Henschke, 2009). The malool®l detected in all meads was 3-
methyl-1-butanol at a concentration above its p®roe threshold. In general, the
concentration of alcohol compounds decreased or suadar in meads obtained with
immobilised cells, with the exception of 1-propan®hat alcohol was more produced by
immobilised cells over a range of 20.16 - 31.62Infgf strain QA23 and 24.12 - 60.12 mg/L
for strain ICV D47. Identical values of 1-propanolthe ones obtained in fermentation with
QA23 immobilised in single-layer Ca-alginate, wereserved by Plessas et al. (2007) in
anaerobic batch fermentations of glucoseSbyerevisiaeells immobilised on orange peels.
Normally, the significant lower amounts of 2-metiiybutanol and 2-phenylethanol were
produced by cells immobilised. Higher alcohols wndiially do not give pleasant notes to the
beverage, except 2-phenylethanol, but together tiagycontribute positively to the overall
aroma (Genisheva et al., 2012). The concentrati@iphenylethanol in all meads was above
their perception threshold, 14 mg/L (Escudero et 2004, Guth, 1997), and similar
concentrations have already been reported in wigrasented with free or immobilised cells

of S. cerevisia¢Genisheva et al., 2012).
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Table 5.3. Concentration of volatile compounds of meads fetew$. cerevisiagQA23 with free cells and
immobilised cells in single- or double-layer beatike results are shown as the mean values andstagidard

deviations.

Free cell system

Single-layer
immobilisation

Double-layer
immobilisation

Alcohols (mg/L)

1-propanol 20.16 +1.05 25.45 + 6.02° 31.62 +3.47
2-methyl-1-propanol 23.98 +2.29 17.33 +1.97 20.76 + 1.56°
2-methyl-1-butanol 18.80 + 2.73 13.28 + 1.76 16.09 + 1.74°
3-methyl-1-butanol 141.86 £ 18.93 120.59 £ 19.48 143.49 £ 16.54
2-phenylethanol 29.09 + 3.43 21.06 + 1.9F 27.52+1.93
3-ethoxy-1-propanol 0.13+£0.04 0.16 £ 0.08 Q1605
3-(methylthio)-1-propanol 0.07 +0.62 0.04 + 0.0F° 0.04 + 0.004
Esters (mg/L)
ethyl acetate 35.66 £ 3.15 44,54 +10.10 53.4642
ethyl butyrate 0.10+£0.01 0.12£0.03 0.12 #10.0
isoamyl acetate 1.15+0.05 1.28 +0.38 1.27260.
ethyl hexanoate 0.21+0.02 0.25+0.05 0.27080.
ethyl lactate 0.03+£0.01 0.03£0.01 0.03+£0.01
ethyl octanoate 0.14 + 0.04 0.23+0.03° 0.25 + 0.06’
ethyl decanoate 0.06 +0.63 0.12 +0.02° 0.17 +0.08
ethyl phenylacetate 0.002 £ 0.001 0.002 + 0.000 .00D+ 0.001
2-phenylethyl acetate 0.46 +£0.12 0.52+0.14 1&40.05
Volatile phenols (pg/L)
4-vinylguaiacol 79.17 +£17.90 75.99 + 14.40 80t2B53
4-vinylphenol 115.06 £ 21.10 111.53 + 26.53 162t814.88
Medium chain fatty acids (ug/L)
isobutyric acid 25.59 + 5.5% 12.34 + 4.24 10.68 + 1.9C
butanoic acid 10.96 + 3.82 10.00 + 4.04 8.69052.
hexanoic acid 510.42 +£141.89 557.86 + 158.16 .E&2F 81.50
octanoic acid 1533.17 + 287.61 1880.71 + 456.45 934190 + 175.73
decanoic acid 268.94 + 60.59 358.03 £ 149.45 9159.30.82
dodecanoic acid 5.10+4.08 3.31+1.18 1.84820.
Carbonyl compounds (mg/L)
acetaldehyde 7.45 +1.60 5.02 + 0.46 8.27 + 3.38

@ Means within a line with different superscriptffet, p < 0.05. Lack of a superscript indicates no sigaificdifferencep > 0.05.
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Table 5.4.Concentration of volatile compounds of meads fets@®8. cerevisiadCV D47 with free cells and
immobilised cells in single- or double-layer beatike results are shown as the mean values andstagidard

deviations.

Free cell system

Single-layer
immobilisation

Double-layer
immobilisation

Alcohols (mg/L)

1-propanol 2412 +1.3% 60.12 + 3.20 57.97 + 10.62
2-methyl-1-propanol 20.88 +1.30 22.04 +£1.02 91% 0.33
2-methyl-1-butanol 22.15+1.50 18.27 + 1.66 15.19 + 1.02
3-methyl-1-butanol 157.26 + 6.87 141.20 + 13.98" 120.03 + 6.48

2-phenylethanol 33.68 +2.35 33.89 + 4.89 17.96 + 1.16
3-ethoxy-1-propanol 0.01 £0.003 0.01 £0.003 1G:®.001
3-(methylthio)-1-propanol 0.08 + 0.01 0.02 +0.008 0.02 £ 0.0F
Esters (mg/L)
ethyl acetate 35.41+4.75 4992 +1.17F 50.75 + 1.50
ethyl butyrate 0.09 + 0.0 0.11 + 0.0F° 0.12 + 0.0P
isoamyl acetate 1.61+0.28 1.06 + 0.05" 1.16 +0.12°
ethyl hexanoate 0.18+0.61 0.26 + 0.02 0.27 +0.04
ethyl lactate 0.03 £0.004 0.03+£0.01 0.03 #8.0
ethyl octanoate 0.10+0.01 0.16 £ 0.04 0.17080.
ethyl decanoate 0.04£0.01 0.06 £ 0.02 0.0506%.
ethyl phenylacetate 0.002 + 0.000 0.001 + 0.000 .00+ 0.000
2-phenylethyl acetate 0.70 + 0.5 0.28 +0.02 0.24 +0.04
Volatile phenols (ug/L)
4-vinylguaiacol 91.55+12.24 82.82+4.34 831380.06
4-vinylphenol 118.78 £21.53 104.73 £7.25 102:727.13
Medium chain fatty acids (ug/L)
isobutyric acid 23.02+5.95 11.11 +2.7¢F 10.53 + 2.88
butanoic acid 8.67 £ 3.61 9.77 £3.29 10.23 82.6
hexanoic acid 426.20 £ 90.90 508.39 £+ 95.45 8D4.28.59
octanoic acid 1439.98 + 71.23 1557.63 + 166.18 1799.55 + 153.28
decanoic acid 224.37 £ 24.09 205.02 + 45.85 »4.25.27
dodecanoic acid 2.10+0.81 1.84+0.83 1.0480.
Carbonyl compounds (mg/L)
acetaldehyde 5.87£0.33 11.43+4.68 6.14 £1.26

@ Means within a line with different superscriptéfeti, p < 0.05. Lack of a superscript indicates no sigaiiicdifferencep > 0.05.
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The second major group of compounds quantified @ass was the esters, which give
fruity/flowery nuances to the aroma of fermenteddrages (Swiegers et al., 2005; Willaert
and Nedovic, 2006). Meads obtained with immobilisetls presented higher concentrations
of esters, but no remarkable differences were tiddmetween the two strains, as reported in
literature (Willaert and Nedovic, 2006). The magster in all meads was ethyl acetate, with a
concentration ranging from 35.41 to 53.46 mg/Laatordance to previous results on mead
fermentation (Mendes-Ferreira et al., 2010). Lamy@aounts of ethyl acetate were produced
by cells immobilised in double-layer alginate-ckaa, and the strain IVC D47 produced
significant less ethyl acetate, when free cell @yst were applied. These results are in
accordance to Genisheva et al. (2012) and Reddgl.e2011) who observed higher
concentrations of ethyl acetate in fermentationsgusnmobilised cells, whereas Tsakiris et
al. (2004) observed higher concentrations in fetateons using free cells. The strain QA23
produced ethyl octanoate and ethyl decanoate mifisignt higher amounts immobilised in
double-layer alginate-chitosan than in the freemfoDifferent results were obtained in
fermentation with the strain ICV D47, which proddamore 2-phenylethyl acetate using free
cells and oppositely produced more ethyl hexanmatermentations using single- or double-
layer cells. In contrast, Genisheva et al. (201@)ntl higher amounts of both esters in
fermentations using immobilised cells.

The volatile phenols, 4-vinylphenol and 4-vinylgaeol, considered as off-flavours
because they give an unpleasant aroma of wet aii@naégers et al., 2005), were quantified
herein at concentrations below their perceptioaghold. However, no significant differences
were detected between the strains or cells comditio

Six medium-chain fatty acids (MCFA) were identifieschd quantified in all meads.
Octanoic acid was the major MCFA quantified in aleads, and it was observed in
concentrations above its perception thresholdfthy.). The concentration of this compound
was highly variable in fermentations using freeimmobilised cells in double-layer of the
strain ICV D47, whereas no differences were deteatefermentations conducted with the
strain QA23. High concentrations of octanoic andag®ic acids have been reported in wines
obtained with immobilised cells on grape pomacdspg8enisheva et al., 2012). Isobutyric
acid was the only MCFA that displayed significarftedences in its concentrations for both
strains, depending on the system used (free or lrised).

The concentration of acetaldehyde ranged from $021.43 mg/L, always above its

perception threshold (0.5 mg/L), and no differeneese found between cells conditions for
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both strains. Tsakiris et al. (2004) reported heghounts of acetaldehyde in fermentations
with free cells compared to fermentations usingsaeimobilised on dried raisin berries.

In summary, the major differences between our figdiand other studies result from the
use of different strains, different fermentatiomdiions and media composition. In fact, the
differences in mead flavour are most likely deteraai by amino acid metabolism and thus
the growth of the yeast cells (Verbelen et al.,&00

To evaluate the contribution of the volatile compdsi to the aroma of mead, the odour
activity values (OAVs) were determined. Howevediudual OAVs can serve as estimates
for the potential contribution of each compoundhe global aroma, but do not account for
the antagonistic or synergistic effects resultingnt the perceptual interactions between
different molecules present in wines (Vilanova et @009). The OAVs of volatile
compounds with more influence on mead aroma prdalike presented in Table 5.5. Only
eleven volatile compounds out of the twenty-fiveagtified most likely have a more
significant contribution to mead’s aroma. The mastmatic meads were produced by strain
QA23 immobilised in double-layer alginate-chitosan. general, the meads produced by
strain ICV D47 were less aromatic than the oneainbtl with strain QA23 in agreement with
previous results obtained with the same strainsaitli different inocula size (Pereira et al.,
2013). The most aromatic mead produced by strathD@7 was the one fermented with cells
immobilised in single-layer Ca-alginate. Indeede tless aromatic meads were the ones
obtained with free cells, irrespective the yeasaistused. However, the OAVs of the
undesirable compounds, such as ethyl acetate,@mctacid and hexanoic acid, were higher in
fermentations using immobilised cells. The most @dul odorants in meads were ethyl
octanoate, isoamyl acetate and ethyl hexanoatdreely reported in literature (Pereira et al.,
2013). All these esters, contribute with desiratblaracteristics, such as floral/fruity notes for
mead aroma profile (Guth, 1997; Moreno et al., 3008erestingly, the OAVs of these three

compounds were higher in fermentations using imirssal cells.
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Table 5.5. Odouractivity values (OAV) of volatile compounds of margluence on the aroma of meads fermente@bgerevisia®@A23 and ICV D47 in fermentations

with free cells and immobilised cells in single-dmuble-layer beads.

Odour QA23 ICV D47
Compounds Odour descriptor® threshold Free cell  Single layer  Double layer Free cell Single layer ~ Double layer
(ugiL) * system immobilisation immobilisation system immobilisation immobilisation
3'?““3’"1' Cheese: nail polish 30 000 47 4.0 48 5.2 47 4.0
utanol
2-phenylethanol Roses; flowery 14 000 2.1 15 2.0 2.4 2.4 1.3
ethyl butyrate Fruity; sweet 20 5.0 5.8 5.9 4.5 7 5. 6.0
ethyl hexanoate Fruity; aniseed 14 15.2 18.1 19.6 13.1 18.4 19.5
ethyl octanoate Fruity; sweet 5 27.8 46.4 50.6 719. 32.3 33.5
ethyl acetate Solvent; nail polish 12 300 2.9 3.6 34 2.9 4.1 4.1
isoamyl acetate Banana 30 38.2 42.8 42.3 53.6 354 38.5
2-phenylethyl Flowery; roses 250 1.9 2.1 1.6 2.8 1.1 1.0
acetate
hexanoic acid Cheese; sweaty 420 1.2 1.3 1.3 1.0 2 1 1.2
octanoic acid Fatty; rancid 500 3.1 3.8 3.9 2.9 1 3. 3.6
acetaldehyde Fresh; green leaves 500 14.9 10.0 16.5 11.7 22.9 12.3

@ Odour descriptors and odour threshold reportetériterature (Guth, 1997, Morers al, 2005, Escuderet al, 2004, Ferreirat al 2000).
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Conclusions

The present study aimed to evaluate the effectsofguimmobilised cell systems on
mead productionOur results demonstrate that the immobilisatiogezfsts in Ca-alginate did
not negatively affect the fermentation process. dvlilifferences were detected in the
fermentation length and in the rate between feratemts conducted with free or immobilised
cells, even though higher concentrations of vialelés were achieved in immobilised systems.
The phenomenon of cell leakage, one of the majasblpms encountered in cell
immobilisation was not reduced by the use of doldfer alginate-chitosan, and was
probably responsible for the main differences oledrbetween free and immobilised
fermentations.

Although the most aromatic meads were the onesupsxti by immobilised cells, the
OAVs of undesirable compounds were also highermese fermentations. It appears that
immobilisation has minor advantages for mead prtidnc Despite this, the scale-up of the
process can be studied because of unrealised deshtages, several engineering problems
and altered yeast physiological and metabolic ptagse which may influence the flavour of
the beverage or the fermentation performance. Sahsmalysis of meads could complement
the analysis of aroma compounds and therefore aitderring about its acceptance by

consumers.
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CHAPTER 6

Volatile composition and sensory properties of mead

In preparation for submission
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Abstract

Mead is a traditional beverage that results from dlcoholic fermentation of diluted
honey performed by yeasts. Several studies have taeently performed to optimize the
production of this beverage. Contrary to other latdic beverages, only few studies have
been done on the physicochemical characterizafiomead and much less it has been done on
its sensory properties. So, the main objectivenef work was to assess if there is or not a
correlation between aroma compound formation bytgeand the sensory attributes of mead.
Thus, free and immobilised cells of two yeast sgafSaccharomyces cerevisjg@A23 and
ICV D47, were used for mead fermentation. The dquabdf mead was assessed by
determination of several physicochemical charasties, aroma compound formation and
sensory analysis in final product. The results aéee that both the “strain” and the
“condition” had a significant effect on final pHphatile acidity and final concentration of
fructose. Regarding mead aroma composition, a totatlwenty-seven compounds were
identified and quantified, including alcohols, estevolatile phenols and medium chain fatty
acids. The effect of “condition” was more importathtan the “strain” in the volatile
composition of mead. Even so, only fourteen oftthenty-seven compounds quantified were
present in some samples at concentrations higlaer tteir corresponding odour thresholds
(OAV > 1), thus contributing to mead final aromaeTOAVs showed that yeast free cells
produced more pleasant volatile compounds than iodimed cells, displaying the strain
QA23 more aroma potential. In respect to sensorglyars the most pleasant aroma
descriptors were correlated with mead obtained wéhst free cells, independently of the
strain. In short, either sensory analysis or vidatomposition, indicate that the most pleasant

mead was produce by free yeast cells.

Keywords: aroma volatile compounds, mead, sensory analysis
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Introduction

Aroma volatile compounds play a key role in deteing the quality of wines because
are the primary contributors to aroma and producefiect on the sensory senses of the taster
(Andreu-Sevilla et al.,, 2013; Vilanova et al., 2D1Wine aroma is composed of varietal
aroma that arises directly from the grapes with animodifications; fermentation aroma,
produced by yeasts during the alcoholic fermematmd the maturatiobouquetthat results
from chemical reactions during ageing (Mendes-kerret al., 2011; Robinson et al., 2011;
Swiegers et al., 2005; Vilanova et al., 2010). bdealcoholic fermentation increases the
number and total concentration of the volatilesially present in grape must and enhances
the aroma properties of the fruit leading to a abtaristic, aromatic and healthy fruit wine
(Andreu-Sevilla et al., 2013). The combination ofatile compounds defines the quality of
the beverage and therefore allows the distinctiadifterent beverages (Andreu-Sevilla et al.,
2013).

Two main types of methods for evaluation of theligyiaf beverages and foods can be
used, namely, subjective and objective. An exaroplan objective analysis technique is the
identification and quantification of aroma volatdéempounds by gas chromatography (GC).
However to asses the contribution of an individaampound in the overall aroma it is
important the determination of the odour activigiue (OAV). In general, the aroma active
compounds are volatiles whose concentration in fagpeis above their perception threshold
(OAV > 1). However, it is necessary take into actothe additive or synergistic effect
among different volatile compounds (Vilanova et 2012; Vilanova et al., 2013). Subjective
methods are based on human assessment of theygqunaracteristics of the food (Smyth and
Cozzolino, 2013). For instance, sensory analysiadspensable for the assessment of food
flavour characteristics to identify the significas¢énsory and quality contributors to food
quality and consumer preference (Schmidtke et 2010). Overall, the most important
sensory characteristics of beverages are evaltiatedgh the smell, the taste and to a lesser
extent, the colour and the appearance (Robinsah,&011) and are performed by a panel of
experts or consumers. However, the flavour of akdis a sensory perception that varies with
the individual, the context of the consumer expergeand the chemical composition of the
product (Schmidtke et al., 2010).

The establishment of correlations between sensbgracteristics and instrumental

measurements of specific compositional attributes lead to a better understanding of the
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relationship between compositions and sensory ptiege(Schmidtke et al., 2010). The
correlation between instrumental and sensory dasalbeen explored to establish the wine
quality (Andreu-Sevilla et al., 2013; Vilanova &t 2010; Vilanova et al., 2012; Vilanova et
al., 2013).

Mead is traditional alcoholic beverage, still nodustrialized that results from the
fermentation performed by yeasts of honey diluted water. Although the scientific
improvements on honey-must formulation, fermentatbmnditions and yeast performance
(Chen et al., 2013; Gomes et al., 2013; Mendeskaret al., 2010; Navratil et al., 2001,
Pereira et al., 2009, 2013, 2014b and 2015; QueeshiTamhane, 1986; Roldan et al., 2011),
there is a lack of information about sensory guabf mead. The aroma of mead has
contributions from honey, yeast and processes tiondi (Chen et al., 2013; Gupta and
Sharma, 2009). The identification and quantificatecd aroma compounds in mead produced
under different conditions has been assessed (Mdreleeira et al., 2010; Pereira et al., 2013
and 2014b; Smogrotova et al., 2012; Sroka and Tusgki, 2007). However, as far as we
know, there are only two works focused on meada@gngrofile. One is about the influence
of pollen addition on physicochemical and sensdrgracteristics of mead (Roldan et al.,
2011). The other was about the sensory charadtsrist mead produced with cassava floral
honey (Ukpabi, 2006). Indeed, there is a need ofopaing sensory analysis for better
understanding how the volatile aroma profile magifere on consumer’s acceptance.

Therefore, the first aim of this work was to chaesize the quality, including the
identification and quantification of volatile compuls of mead produced by free and
immobilised cells of two different yeast strainsS#ccharomyces cerevisja@A23 and ICV
D47. The second objective was to analyse the sgmsoperties of mead and correlate the

volatile compounds identified with differences aéel in aroma attributes of mead.

Material and Methods

Yeast strains and honey

Saccharomyces cerevisiakalvin QA23 (Lallemand, Montreal, Canada) arfl
cerevisiaelLalvin ICV D47 (Lallemand, Montreal, Canada) wersed in this study as active

wine dry yeasts.
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A dark multifloral honey was used that was deriyaimarily from the pollen of
Castaneaspp. ancErica spp. and was purchased from a local beekeepd&eimdrtheastern
region of Portugal. The characteristics and satiefg quality of the honey were assured in
accordance with the requirements established itugoese law (Decreto-Lei n°® 214/2003,
18th September).

Immobilisation of yeast cells

Starter cultures were prepared by the rehydratiothe active dry yeasts according to
the manufacturer’s instructions, to obtair® ILFUs/mL. To inoculate the honey-must with
10° CFUs/mL, the appropriate amount of yeast suspengas added to a 4 % (w/v) sterilised
sodium alginate (BDH Prolabo, Leuven, Belgium) siolw The polymer—cell mixture was
added dropwise to a 180 mM Ca@Panreac, Barcelona, Spain) sterilised solutiahlaft to
harden in this solution for 30 min at 4 °€. cerevisia@mmobilised beads were rinsed three
times with sterile distilled water. Then, the imnisled beads were transferred into the

honey-must.

Honey-must and fermentation conditions

The honey-must for fermentation with free or imniigleid cells was prepared as
described by Pereira et al. (2013). The honey vilaged in natural spring water (37 % wi/v)
to obtain an alcoholic beverage with approximately % ethanol. Titratable acidity was
adjusted with 5 g/L of potassium tartrate (Sigmdsah, St. Louis, USA), and pH was
adjusted to 3.7 with malic acid (Merck, Darmsta@grmany). The nitrogen content was
adjusted to 267 mg/L with diammonium phosphate (PBPH Prolabo, Leuven, Belgium).
The parameters °Brix, pH, total acidity and assblé nitrogen concentration were
determined prior to and after the adjustments. fitveey-must was divided into 2 L glass
vessels and inoculated with approximatelj @BUs/mL ofS. cerevisiastrain QA23 or ICV
D47 in the immobilised or free form. All fermentats were conducted in duplicate. The
glass vessels were maintained during alcoholic éatation at 25 °C under permanent but
moderate shaking (120 rpm), which mimicked the medilistrial environment. Fermentations
were monitored daily by the weight loss as an esnof CQ production. At the end of
alcoholic fermentation, the mead was centrifugedfdather analysis (enological, aroma and

sensory determinations).

116



General oenological parameters

The reducing sugars were determined using the iBjBabalicylic acid (DNS) method
with glucose as standard. The oenological parasietach as total sulphur dioxide (SOpH,
titratable acidity, volatile acidity and ethanolntent, were determined according to standard
methods (Organisation Internationale de la VignegueYin, 2006). Yeast assimilable nitrogen

(YAN) was determined by the formaldehyde methograsiously described (Aerny, 1996).

Determination of glucose, fructose, glycerol, acetic acid and ethanaol

Glucose, fructose, ethanol, glycerol and acetid a@re individually analysed, using a
Varian high performance liquid chromatography (HPpls§stem, equipped with a Rheodyne
injector with a 20-pL loop, a Supelco Gel C—610 dduenn (300 mm x 7.8 mm) at 35 °C
and a refractive index detector Rl -4 (Varian).clstic elution was employed with a mobile
phase consisting of 0.1 % (v/v) phosphoric acich(Pac, Barcelona, Spain) at a flow rate of
0.5 mL/min. Data were recorded and integrated uStey Chromatography Workstation
software (Varian). Glucose, fructose, ethanol, glgt and acetic acid were quantified by

external standard calibration.

Analysis of mead aromatic compounds

Mead produced with different immobilisation systemnsd the free cell system was
analysed for major volatile compounds by GC-FID #&rdminor volatile compounds by GC-
MS. The major compounds in the samples were detexandirectly by the internal standard
(4-nonanol) method, taking into account the relatesponse of the detector for each analyte.
Identification was achieved by a comparison ofmeta times with those of pure standard
compounds. The minor volatile compounds were aedlysafter extraction with
dichloromethane and quantified as 4-nonanol egental Identification was achieved by a

comparison of retention indices and mass spectitathose of pure standard compounds.

Chromatographic analysis of major volatile composind

In a glass tube, 100 pL of an ethanolic solutiothv8540 mg/L of internal standard (4-
nonanol, Merck, Darmstadt, Germany) was addednd. ®f mead.

A Chrompack GC CP-9000 gas chromatograph equipmdansplit/splitless injector, a
flame ionisation detector (FID) and a capillarywwoh CP-Wax 57 CB (50 m x 0.25 mm; 0.2
um film thickness) was used. The temperatures ofrifeetor and detector were both set to
250 °C, and the split ratio was 15 mL/min. The cmtutemperature was initially held at 60
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°C for 5 min, then programmed to rise from 60 °C220 °C at 3 °C mirt and finally
maintained at 220 °C for 10 min. The carrier gas wpecial helium x4 (Praxair) at a flow
rate of 1 mL/min (125 kPa at the head of the coluniime analysis was performed by the
injection of 1uL of sample. The quantification of volatile compdsnafter the determination
of the detector response factor for each analyts performed with Star—Chromatography
Workstation software, version 6.41 (Varian) by camipg test compound retention times

with those of pure standard compounds.

Extraction of volatiles

The extraction of mead minor volatiles was perfatmaccording to the method
described by Oliveira et al. (2006). In a 10-mLtore tube (Pyrex, ref. 1636/26MP), 8 mL of
mead clarified by centrifugation, 100 uL of an etbi&c solution, 35.4 mg/L of an internal
standard (4-nonanol, Merck, Darmstadt, Germany) amdagnetic stir bar (22.2 mm4.8
mm) were added. The tube was sealed, and extragasraccomplished by stirring the mead
with 400 pL of dichloromethane (Merck, Darmstadgr@any) for 15 min with a magnetic
stirrer. After cooling the solutions at 0 °C for &fin, the magnetic stir bar was removed, and
the organic phase was separated by centrifugaB@FE 5118«g for 5 min at 4 °C) and
transferred into a vial with a Pasteur pipette.afyn the aromatic extract was dried with
anhydrous sodium sulphate (Merck, Darmstadt, Geyinand again transferred into a new

vial.

Chromatographic analysis of minor volatile composind

Minor volatile compounds were analysed by GC-MS$wgs gas chromatograph Varian
3800 with a 1079 injector and an ion-trafass spectrometer Varian Saturn 2000. A 1-pL
injection was made in splitless mode (30 s) in aaraFactor Four VF-WAXms (30 m 0.15
mm; 0.15 um film thickness) column. The carrier gas helium UltraPlus % (99.9999 %)
at a constant flow rate of 1.3 mL/min. The deteetas set to electronic impact mode with an
lonisation energy of 70 eV, a mass acquisition eafigm 35 m/zto 260 m/z and an
acquisition interval of 610 ms. The oven tempertnas initially 60 °C for 2 min and then
raised from 60 °C to 234 °C at a rate of 3 °C/maised from 234 °C to 250 ° C at 10 °C/min
and finally maintained at 250 °C for 10 min. Thenperature of the injector was maintained
at 250 °C during the analysis time, and the spivfwas maintained at 30 mL/min. The

identification of compounds was performed using M®rkStation version 6.6 software
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(Varian) by comparing their mass spectra and rigtenndices with those of pure standard

compounds. The minor compounds were quantifiedrnims of 4-nonanol equivalents.

Odour activity values

The odour activity value (OAV) was calculated feck volatile compound by dividing
the concentration of each quantified compound Byperception threshold found in the
literature (Boidron et al., 1988; Escudero et aD04; Ferreira et al., 2000; Guth, 1997;
Moreno et al.2005).

Sensory analysis
The evaluation of mead by sensory analysis wasopedd using the methodology

described in Standards 1SO 4121 (International Qisgdéion for Standardization, 2003) and
ISO 6658 (International Organisation for Standaation, 2005). The sensory attributes
evaluated were divided into 3 groups: appearanger@nd turbidity), taste (sweet, sour and
astringency) and aroma (fruity, honey, vegetablephwl and chemical). These attributes
were selected by reference to those normally usexensory analysis of semi-sweet white
wines. The intensity of each parameter was measusied) a 7-point scale, corresponding 1
to "missing or invalid" and 7 "very strong". Fingllthe overall impression of each mead
sample was evaluated using a scale of 1 to 10amelyzes were carried out by a panel of 16

semi-trained tasters.

Statistical analysis

The chemical, HPLC and volatile data were analys&idg a SPSS software, version
17.0 (SPSS, Inc.). To test significant differenaesongphysicochemical characteristics and
aromatic compounds of mead, a two factor — str&hn gnd condition (C) — analysis of
variance (ANOVA) was appliedin order to compare the means if a Tukey’'s honestly
significant difference multiple comparison test wased. The fulfilment of the ANOVA
requirements, namely the normal distribution of tesiduals and the homogeneity of
variance, was evaluated by means of the Shapir«ksWeést (n<50) and Levene’s test,
respectively. All statistical tests were perfornagc 5% significance level.

The sensory data was analysed using the softwargaKlprogram with Excel from
Microsoft Office, following the internet tutoriatdm XLSTAT (PrefMap) (2006).

Principal Component Analysis (PCA) is one of thestmcommonly used multivariate

techniques for grape and wine analysis (Oliveiralet2011; Tao et al., 2009; Vilanova et al.,
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2010). For interpreting the results PCA on volatlempounds (OAV > 1) and aroma
descriptors was applied. PCA provides a very simphethod for characterizing
multidimensional data and it was used to relatevtiiatiie compounds with OAV > 1 and the

different aroma attributes with mead.

Results and Discussion

General physicochemical characterization of mead

The values of the classical physicochemical pararseif mead produced by the strains

QA23 and ICV D47, under free or immobilised forng displayed in Table 6.1.

Table 6.1.Physicochemical characteristics of mead fermente&.bcerevisiagQA23 and ICV D47 with free
cells (F) or immobilised cells (I) and significanoéthe factors strain (S) and condition (C) acamgdo two-
way ANOVA.

Significance
QA23 F QA231 ICVD47F  ICV D471 _ —
Strain  Condition SxC
pH 3.48+0.0 353+0.0% 3.46+0.02 3.47+0.0% 0.021 0.047 ns

Volatile acidity 5 57 508> 0,69+ 0.04 051+0.08 0.54+0.00 0016  0.045

ns
ac.etic acid(g/L) o
Tiratable acidity 79, 903 53840.19 587+029 553+029 ns ns ns
tar_‘(aric acil_;l(g/ L)
'(:r::‘;'L';'”OgeWAN 31.50+4.95 29.75 + 2.47 33.25+2.47 3675724 ns ns ns
Total SQ (mg/L) 29.44+1.81 24.32+1.81 26.88+1.81 625t 0.00 ns 0.045 ns
Ethanol (% vol) 11.38+0.18 11.13+0.18 11.1318 11.00+0.35 ns ns ns
Final reducing 2431+588 24.66+0.98 2570+3.43 2171904 ns ns ns
sugar (g/L)

Values with different letters (a,b) in the same rane significantly different according to Tukeytté8<0.05); ns - indicates no significant
difference

The pH of mead varied from 3.46 to 3.53, being lothan the pH of honey-must. The
pH and volatile acidity values were the parametaost influenced by the strain and the
condition (free or immobilised cells); each stralisplayed higher pH values and higher
volatile acidity in fermentations with immobiliseglls compared to those performed by free
cells. In both conditions the pH values were loviar strain ICV D47. Volatile acidity in
mead fermented by the strain QA23 in free and inhselo form was 0.57 and 0.69 g/L

acetic acid, respectively. These values were sagmfly higher than those obtained in mead
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produced by the strain ICV D47, irrespective of tbadition (0.51 — 0.54 g/L of acetic acid).
Slightly lower values of volatile acidity have aiy been reported in mead obtained with
free cells (Pereira et al., 2013). The use of lementations volumes in this work probably
modified the fermentation conditions, which may eaff yeast growth or induced
physiological stress, and therefore modulate theuraalation of acetic acid (Ugliano and
Henschke, 2009). Total S@as lower in mead fermented with immobilised cdhssum, the
yeasts strains behaved similarly when submittesirtolar conditions and thus no significant
interaction between strain and condition was vedlififor the parameters tested.

The concentrations of sugars, glucose and frucensg fermentation products, ethanol,

glycerol and acetic acid, at the end of fermentatiare shown in Table 6.2.

Table 6.2.Concentration obugars, glycerol, acetic acid and ethanol of meachdénted byS. cerevisiad)A23
and ICV D47 with free cells (F) or immobilised &e(l) and significance of the factors strain (S) @ondition
(C) according to two-way ANOVA.

Significance
QA23 F QA23 | ICV D47 F ICV D47 |

Strain  Condition SxC

Glucose (g/L) 1.78+0.53 1.72+0.03 1.84 +0.23 1.69 + 0.07 ns ns ns
Fructose (g/L) 2.72+0.66 2.66+0.18 3.67+0.14 3.05+0.14 0.002 0.021 0.040

Glycerol (g/L) 5.23+0.19 5.14 +0.08 5.07+0.21 4.43+0.28 0.032 ns ns

Acetic acid (g/L) 0.30+0.02 0.39+0.03 0.21+0.01 0.29+0.0% 0.001 0.002 ns

Ethanol (%) 9.63+0.05 10.12+0.06 10.36 £ 0.159.54 + 0.78 ns ns ns

Values with different letters (a-c) in the same rane significantly different according to Tukeytt€8<0.05); ns - indicates no significant
difference

The concentrations of fructose consumed and glyaerd acetic acid produced were
mostly dependent on the strain. The strain ICV D43 consumed less fructose than the strain
QA23, resulting in mead with higher residual frisg#o(3.67 and 3.05 g/L for free and
immobilised cells, respectively). On the other hahé strain QA23 produced higher amounts
of glycerol and acetic acid, either in free or inbitiged form. Consumption of fructose and
production of acetic acid were dependent on thestyealls condition: yeast free cells
consumed less fructose and conversely, immobileis produced more acetic acid. The
values of acetic acid ranged from 0.21 to 0.39 gAlues lower than volatile acidity. This
result confirms that volatile acidity comprises @up of volatile organic acids, including
acetic acid which comprises about 90% of volatdels, and others acids like propionic and
hexanoic acids (Swiegers et al., 2005). Accordingte interaction between the strain and

cell condition was statistical significant, in regpto fructose concentration.
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Mead aromatic compounds

Alcoholic fermentation by yeast result not onlyeithanol and carbon dioxide production
but also in a complex mixture of flavour-active pagducts. The concentrations of volatile
compounds in mead produced by strain QA23 and 1@V b immobilised and free form are
shown in Table 6.3, together with the ANOVA resuits the factors “strain (S)” and
“condition (C)". A total of twenty-seven compoundsre identified and quantified, including
alcohols, esters, volatile phenols and volatileyfatids.

The alcohols were quantitatively the largest grotigolatile compounds and 3-methyl-
1-butanol was the major compound in all mead studfdcohols are, from a quantitative
point of view, the major group of volatile compogndroduced by yeast during alcoholic
fermentation (Ugliano and Henschke, 2009). Conegiotrs of alcohols below 300 mg/L add
a desirable level of complexity to wine, whereascamtrations that exceed 400 mg/L can
have a detrimental effect (Swiegers et al., 2006 strain had a significant effect on the
production of methanol and 3-ethoxi-1-propanol,tead the condition influenced the
production of five alcohol compounds (methanol, @tdmyl-1-propanol, 2-methyl-1-butanol,
3-methyl-1-butanol, and 3-(methylthio)-1-propanoBven so, four alcohol compounds
present a significant interaction between the tactdrs, strain and condition (2-methyl-1-
propanol, 2-methyl-1-butanol, 3-methyl-1-butanol dar8-(methylthio)-1-propanol). The
alcohol 3-ethoxi-1-propanol was produced signiftgamn lower amounts in fermentation
conducted with strain ICV D47 irrespective the daind. Similar results have already been
obtained for this strain in mead under other feragon conditions (Pereira et al., 2013 and
2014b). In general, independently of the straip,ithmobilization of yeast cells led to lower

concentrations of 2-methyl-1-propanol, 2-methylitamol, 3-methyl-1-butanol.
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Table 6.3.Concentration of/olatile compounds of mead fermented ®ycerevisiag®)A23 and ICV D47 with
free cells (F) or immobilised cells (l) and sigoénce of the factors strain (S) and condition (€oading to
two-way ANOVA.

Significance
QA23 F QA23 1 ICV D47 F ICV D47 |
Strain  Condition SxC
Alcohols (mg/L)
methanol 3.25+0.68 4.82+1.0% 1.09+0.23 4,01 +0.24 0.028 0.007 ns
1-propanol 32.28 £6.04 41.87 +1.14 40.15+8.98 65.37 +18.23 ns ns ns
ZET:;%I&L 15.73 +2.04 14.74 £ 0.6% 18.27 +1.08 10.77 £0.13 ns 0.007  0.018
2-methyl-1-butanol ~ 13.36 + 0.7 11.04 £ 1.7% 16.61 +0.32 8.79+0.38 ns 0.002  0.015
3-methyl-1-butanol  104.72 +3.39  99.65 + 14.0%’ 125.18 +9.75 78.79 £ 6.18 ns 0.017 0.034
2-phenylethanol 2459 £5.19 2478 +6.48 35.5020 21.64 +5.68 ns ns ns
3;:3“;;:6'1' 0.18 +0.0% 0.16 + 0.0} 0.02 +0.01 0.009 +0.002 0.000 ns ns
3'(”:)$gh£;‘(')‘l’)'l' 0.0136 +0.0003  0.010 + 0.00% 0.04+0.0%  0.005+0.001 ns 0.008  0.016
Esters (mg/L)
ethyl acetate 34.28 £0.81 50.07 £11.83 28.061 1 38.03+£2.94 ns 0.041 ns
ethyl butyrate 0.15+0.04 0.167 +0.003 0.08@10. 0.16 + 0.06 ns ns ns
isoamyl acetate 1.49+0.16 1.13+0.33 1.16 0.4 1.12 £0.27 ns ns ns
ethyl hexanoate 0.47 £0.05 0.31+0.10 0.37 80.1 0.44 +0.08 ns ns ns
ethyl lactate 0.07 £0.01 0.05+0.01 0.08 +0.03 0.04 £0.01 s n ns ns
ethyl octanoate 0.92+0.21 0.45+0.01 0.80 80.0 0.71+0.23 ns ns ns
ethyl decanoate nd 0.24 +0.02a 0.82 +0.25b #091a 0.013 ns 0.009
ethyl phenylacetate  0.017 +0.605 0.007 + 0.00% 0.013+0.00®  0.006 +0.001 ns 0.010 ns
2-phenylethyl 0.74£0.22 0.51 +0.09 0.67 £0.13 0.37 £0.06 sn ns ns
acetate
ethyl dodecanoate 0.08 £0.03 0.007 +£0.002 0.0D%F 0.007 +£0.004 ns 0.030 ns
Volatile phenols
(Hg/L)
4-vinylguaiacol 128.11 + 27.76 53.15+3.72 122+(88.86 59.03 +4.80 ns 0.015 ns
4-vinylphenol 183.67 £+ 28.65 157.34 £ 8.41 17%6m62 139.85 +16.90 ns ns ns
Volatile fatty acids
(Hg/L)
isobutyric acid 25.80+0.71 19.41 £0.43 40.129415 17.06 £4.90 ns ns ns
butanoic acid 20.89 +2.68 15.07 + 3.03 29.13 ¥@a1 15.52 +5.44 ns ns ns
hexanoic acid 714.12 £ 95.56 713.94 £14.99 75%.98.22 769.58 +296.92 ns ns ns
octanoic acid 3224.03 £282.58 2825.68 £293.58 94FB + 758.90 2817.21 + 335.32 ns ns ns
decanoic acid 1263.80 £71.73 1178.30£178.95 1108+ 354.72 1126.96 = 204.77 ns ns ns
dodecanoic acid 3.48 + 130 10.69 +1.28 2.55+0.90 8.72 + 1.6% ns 0.003 ns
Carbonyl
compounds
(mg/L)
acetaldehyde 15.80 + 2225 3.63+£0.28 12.72 +2.38 4,32 £0.53 ns 0.001 ns

Values with different letters (a-c) in the same rang significantly different according to Tukeytté8<0.05); ns - indicates no significant
difference; nd - indicates not detected

123



The esters were the second group of quantifiedtie@leompounds. The production of
esters by the yeasts during fermentation can haign#icant effect on the fruity flavours in
wine (Bartowsky and Pretorius, 2009; Swiegers £t2805). Comparatively with alcohols,
less number of esters showed significant differerem@ong strains or conditions. The strain
QA23 in free form has not produced ethyl decanasier, whereas the strain ICV D47
produced it in higher concentration in free thannmmobilised form, leading to a significant
interaction S x C. A significant effect of the catimh was observed in the production of ethyl
acetate, ethyl phenylacetate and ethyl dodecangttgl. acetate was the major ester found in
mead. Roldan et al. (2011) observed that ethyladéeeatoncentration is related to acetic acid
content, so higher volatile acidity led to highény acetate concentration. The concentration
of ethyl acetate varied from 28.02 to 50.07 mg/kjnly higher in mead produced with
immobilised cells. Similar results have alreadyrbegported in mead (Pereira et al., 2014b)
or in white wine (Genisheva et al., 2012) produegith immobilised cells. The reverse was
observed for ethyl phenylacetate and ethyl dodest@nae., lower concentrations were found
in mead obtained by immobilised cells.

Volatile phenols are formed by decarboxylation wlitoxycinnamic acid precursors,
coumaric, caffeic and ferulic acids (Boulton etl8B6). These acids have also been detected
in chestnut, sunflower, lavender and acacia honEysmas-Barberan et al., 2001).
Vinylphenols, particularly 4-vinylguaiacol and 4ayiphenol, are responsible for producing a
pharmaceutical odour (Swiegers et al., 2005). Higlmcentrations of these two phenols
were detected in fermentations with free cells.ilainresults have been recently reported in
wine assays using immobilized cells (Genishevd 044b). The volatile phenol present in
higher concentrations in mead was 4-vinylphenolwédner only the production of 4-
vinylguaicol was significantly influenced by thellamndition.

Medium Chain Fatty Acids (MCFA) are produced throdige lipid metabolism by yeast
and are usually associated with unpleasant aromedy as fatty, sweat, rancid or cheese
(Ferreira et al., 2000). Six MCFA were identifietidaquantified in all fermentations.
Octanoic acid was the main MCFA found in all measlalready reported in a previous work
in the same type of beverage (Pereira et al., 203 concentration of dodecanoic acid
showed significant differences among yeast celldd@ns, being higher in fermentations

performed by immobilised cells.
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Acetaldehyde is the major carbonyl compound foumavine, contributing to flavour
with aroma descriptors such as ‘bruised apple’ ‘autty’ but can also be associated with
oxidation off-flavors at high concentrations (Sweeg et al., 2005; Ugliano and Henschke,
2009). The concentration of acetaldehyde was degenoin yeast cell conditions; higher
amounts were detected in mead produced with frée epproximately 13 and 16 mg/L for
strain ICV D47 and QA23, respectively. These resate in agreement with the ones reported
in wine by Genisheva et al. (2014b) and Tsakiriglet(2004), who also observed higher
amounts of acetaldehyde in wines produced with dedls. Nevertheless, the values found in
this work are above those previously reported iadn@ereira et al., 2013 and 2014b; Roldan
et al., 2011).

Odour activity values

The odour activity values (OAVS) were determinedider to evaluate the contribution
of each volatile compound to the mead aroma. Ohé ¢compounds with an OAV > 1
contribute individually to the beverage aroma (Gutf97). However, in wine, compounds
with an OAV less than 1, may also contribute to #hema because the additive effect of
similar compounds (Vilanova et al., 2010). The coomls with more influence (OAV > 1)
on mead aroma are presented on Table 6.4. Fronmwiety seven volatile compounds
quantified, only fourteen were above their peraapthreshold, and therefore were potential
contributors to mead’s aroma.

Among the esters, a total of 7 compounds prese@®d > 1, being isoamyl acetate,
ethyl hexanoate and ethyl octanoate the most aronaaid thus may contribute to the
beverage with fruity/floral characteristics (Gutt997; Moreno et al., 2005), although, no
significant differences in their concentrations agatrain or cell condition was observed
(Table 6.3).

The alcohols, 3-methyl-1-butanol and also 2-phdhgleol were present above its odour
threshold, particularly in mead produced with freglls. 2-phenylethanol is generally a
positive contributor to wine aroma, being charasegl by a pleasant rose-likeomatic
alcohol(Swiegers et al. 2005).

Three MCFA, usually associated with unpleasant asowf fatty, rancid and cheese,
were detected in all mead above their odour peimeghreshold, being octanoic acid in

higher concentrations in mead produced with frdks.calthough, according to the ANOVA,
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no statistical significant differences were obsdribetween conditions (Table 6.3). They are
precursors of esters associated with fruity charadike ethyl octanoate (a fruity, sweet
aroma,) which exhibited the highest OAV and thaistitQA23 in free form produced the

highest value (OAV = 183.50).

Table 6.4. Odour activity values (OAV) of volatile compound$ more influence on the aroma of mead
fermented byS. cerevisia€)A23 and ICV D47 with free cells (F) or immobileseells (1).

Odour Odour
Compounds d ) a threshold QA23 F QA23 | ICV D47 F ICV D47 |
escriptor
_ (ugl)
g-methyl-1- - Cheese; nail 4 54, 3.49 3.32 4.17 2.63
butanol polish
2-phenylethanol ~ |ROS€S: 14 000 1.76 1.44 254 1.55
flowery
ethyl acetate ~ S°Vent nai 12 300 2.79 4.07 2.28 3.09
polish
ethyl butyrate Fruity; sweet 20 7.40 8.35 4.20 8.13
isoamyl acetate Banana 30 49.70 37.54 38.63 37.31
ethyl hexanoate I 14 33.60 22.42 26.68 31.34
aniseed
ethyl octanoate  Fruity; sweet 5 183.50 89.93 159.69 141.31
ethyl decanoate = Pleasant; soap 200 1.18 4.1
2-phenylethyl - Flowery; 250 2.95 2.03 2.67 1.49
acetate roses
4-vinylphenol Almond shell 180 1.02 1.00
hexanoic acid ~ C1€eSe; 420 1.70 1.70 1.80 1.83
sweaty
octanoic acid Fatty; rancid 500 6.45 5.65 6.19 5.63
decanoic acid Fatty; soap 1 000 1.26 1.18 1.08 1.13
acetaldehyde Fresh; green 500 31.60 7.26 25.45 8.65

62 g)odsc;ur descriptors reported in the literature (€dllet al., 2004; Czerni et al., 2008; Escudewl.e004; Meilgaard, 1975; Siebert et al.,

The volatile phenol, 4-vinylphenol, was detecteccamcentrations above its perception
threshold (OAV > 1) in mead produced with free £€e\folatile phenols play a minor role in
the aroma of most wines, unless their concentrasi@ove certain limits seems to depreciate
the aroma of wine by masking the fruity characéed giving phenolic off-flavors (Baumes,
2009).

Acetaldehyde was one of the most aromatic compquand their contribution was
particularly relevant in mead produced with fredlsge3 to 4 times higher compared to
immobilized cells (Table 6.4). The OAVs showed thrgad produced by free cells presented
a more interesting aroma profile. The opposite alaserved in a previous work about mead
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production with the same strains free and immadmlidut in fermentations in smaller
volumes (Pereira et al., 2014b).

To obtain a more simplified view of the relationshof mead with their volatile
composition, a Principal Component Analysis (PCAswerformed using the fourteen aroma

compounds with OAV >1 (Figure 6.1).

ICVDA47 Free
u]

2phenylethanol

3mehyl1butanol
ethyl decandate
1

4vinylphenol

2phenylethyl acetate®
Gic acidisoamyl acetate

PC2 (41.20%)
o
1

Qa23 Immopffisef
m]

thyl octanoate
QA23 Free

cetaldehydeethyl hexanoate

hexangefc acid

ICVD47 Immobilised
m]

ethy|l butyrate

ethyl acetate

PC1 (55.16%)

Figure 6.1. Principal component analysis (PCA) plot, using #aéues of volatile compounds concentrations
quantified in mead obtained by the two strains, QARd ICV D47, with free or immobilised cells.

The approach allowed identifying the volatiles campds that better discriminate the
different mead. The first two principal componerR€1 and PC2, accounted for 96.36% of
total variance, 55.16% and 41.20%, respectively.e Tirst component, PC1l, was
characterized by higher levels of isoamyl acet@ehenylethylacetate, 4-vinylphenol,
octanoic acid, ethyl hexanoate, ethyl octanoate aredaldehyde. For the second principal
component, PC2, the volatile compounds 2-phenytiehand ethyl decanoate showed the
highest and positive values, while ethyl acetatd ethyl butyrate contributed to the negative
side of the same principal component. PC1 discaeth mead produced with free or
immobilised cells of the strain QA23 and PC2 disinated mead produced by strain ICV
D47. In general mead produced with free cells vatr@racterized by compounds associated
with pleasant aromas: ethyl octanoate (sweet frudgetaldehyde (green leaves, fresh) and

ethyl hexanoate (apple, aniseed, fruity) for st@m23 and 2-phenylethanol (roses, flowery),
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ethyl decanoate (pleasant, soap, fruity) and 3-yhétbutanol (cheese, nail polish) for strain
ICV D47. Instead, mead produced with immobiliseliscdocated at negative values of PC1
and PC2, were mainly correlated with off-flavoumgmounds: ethyl acetate (solvent, nail

polish), ethyl butyrate (fruity, sweet) and hexanacid (sweaty, cheese).

Mead sensory analysis

Mead samples were subjected to a sensory chawatten in order to evaluate the effect
of strain and their form (free or immobilised) imetr aroma and flavour. The analysis was
performed by a panel of 16 semi-trained tastensguaitotal of 10 sensory attributes: two for
appearance (color and turbidity), three for tasteegt, sour and astringency) and five for
aroma (fruity, honey, vegetable, alcohol and chathic

For interpreting the results, PCA was applied enidy the aroma descriptors that better
discriminated mead obtained by the two strains raeatl above (Figure 6.2).

The first two principal components accounted forl8% of total variance. PC1, which
accounted for 79.62% of total variance, clearlycdisinated mead produced with free or
immobilised cells. The first component, PC1, waghhpositively correlated with turbidity
and astringency and so, the appearance and taste the greatest contributors to
discriminating mead produced by free yeast cellsis Tmead was also correlated to the
following sensory aroma attributes: acid, vegetald ahoney. Mead produced with
immobilized cells located at the negative sidehef PC1, were correlated to the attributes of
color and alcohol. PC2 accounted for 12.51% ofarare and the attributes of alcohol and
vegetal showed high and positive values and swekftraity contributed to the negative side
of same PC. In fact, the results obtained in sgnanalysis reflect the degree of clarification
of mead produced by immobilized cells, correlatathvappearance (color), whereas mead
obtained with free cells were correlated with theilaute turbidity. The strain and the
condition had a significant effect on volatile atycand therefore on acetic acid concentration,
which were higher in mead produced by the strair2®k immobilised form (Tables 6.1 and
6.2). However, the sensory analysis showed thatttidute acid was more perceptible in
mead obtained with the strain QA23 in free formgémeral, the overall appreciation revealed

that tasters showed preference for mead produdddmse cells.
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Figure 6.2.Principal component analysis (PCA) plot of meadaoted by the two strains, QA23 and ICV D47,
with free or immobilised cells (A) and scores ofisery descriptors (B).

The results of the PCAs for the 14 volatile compmisumwith OAV>1 and the results
obtained from the sensory analysis indicate thatatoma descriptors that discriminate for
mead produced by yeast free cells are: acid, vegethfruity (Figure 6.2). These descriptors
are associated with volatile compounds that betfearacterized mead, namely, ethyl
octanoate, acetaldehyde, ethyl hexanoate, 2-phtbiaylel and ethyl decanoate (Figure 6.1).
Moreover, mead produced by free cells of the st@i23 was more aromatic (compounds
with higher OAV) than that produced by the stra@VID47 (Table 6.4 and Figure 6.1).

However, that difference was not perceptible by thster panel. In contrast with mead
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produced with free cells of the strain ICV D47, three obtained with immobilised cells was
characterized by volatile compounds associated wiffieasant aroma, such as, hexanoic acid
and ethyl acetate (Figure 6.1), which was notiaeabl sensory analysis with the aroma
attributes of alcohol and chemical (Figure 6.2)g&ding the strain QA23 there is not a so
apparent distinction between mead produced with dreimmobilised cells, as for strain ICV
D47. For instance, the attribute sweet was coedlatith mead produced with immobilised
cells (Figure 6.2), which were characterized by tin@leasant aroma compounds, such as

ethyl acetate, ethyl butyrate and hexanoic aciguife 6.1).

Conclusions

This study is one of the first approaches combinintatile composition and sensory
properties of mead. Two strains, QA23 and ICV Da7ree or immobilised form were used
to produce four different meads. The strain andtyeall conditions had significant effect on
some characteristics of the final product, suchfiaal pH, volatile acidity, fructose
degradation, and volatile compounds formation. Qaiyteen volatile compounds out of the
twenty seven quantified, were above their perceptimeshold, and therefore were potential
contributors to mead aroma. This work reveals aretation between the volatile
characteristics and sensory properties of mead.sénsory analysis allowed to distinguish
mead produced with free and immobilised cells; hsgbres were given to mead obtained
with free cells compared to those obtained by imifisglll yeast. The strain ICV D47
behaved differently in terms of aroma compoundsnédion in free or immobilised cells;
differences were less pronounced in the strain QA28eneral, yeast cell conditions (free or
immobilised) had more influence than the strainlensensory characteristics of final product.
Despite some off-flavour compounds detected in naduced with free cells, they were
overall more appreciated by the taste panel.

Considering the results obtained in respect to@gnmroperties of mead and to have a
better understanding on the correlation betweeat¥®lcomposition and sensory properties,

further studies focused on sensory quality shoelgdrformed.
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CHAPTER 7

Final Considerations and Perspectives
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Mead is a traditional alcoholic beverage made afeyowhich is mainly produced at a
homemade level. Given the demand for this kind e¥ebage in the last decade much
researchers has been focused on solving some pfab&ems associated to its production. So,
this work intended to optimize mead quality by imyng yeast growth and yeast
fermentative performance through the supplemematib honey-must, the application of
higher inoculum size or by using immobilized yeeslls. It was also intended to establish a
potential correlation between the sensory properied the volatile aroma composition of
mead produced with free or immobilized cells.

The research developed during this work, allowedathieve the following main
conclusions:

- the supplementation of honey-must with salts anditamins did not improve yeast
growth or yeast fermentative performance;

- dark honey composition was able to provide alleébgential minerals and vitamins for
fermentation;

- increasing the inoculum size resulted in significame savings in the fermentation
process;

- minor differences were detected in the fermentatemgth and fermentation rate
among fermentations conducted with free or immpédicells;

- higher concentrations of viable cells were achiemadmobilized systems;

- the entrapment agent had no negative effects on preauction, since no remarkable
differences were observed among fermentations aieduwith free or immobilized
cells;

- the phenomenon of cell leakage was not reduceddrgasing alginate concentrations
nor by the use of double-layer alginate-chitosamahilization;

- the honey-must supplementation with salts increasedSQ concentration of mead
produced by the strain QA23;

- volatile acidity of meads increased in fermentaianth higher inoculums size and in
those produced with immobilized cells;

- residual nitrogen, from 30 to 40 mg/L, remained alh mead at the end of
fermentations, probably corresponding to the amawdd proline which is not

assimilable by yeasts;
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some residual sugar remained in mead, correspomalingn-fermentable sugars, such
as trehalose, isomaltose, saccharose and melezitose

the formation of volatile compounds in concentnasioabove their perception
threshold was particularly pronounced in fermeotati with low pitching rates and
with immobilized cells;

the alcohols were the major group of volatile coomuts quantified in all mead,;

the esters isoamyl acetate, ethyl octanoate amtllethanoate, and acetaldehyde were
the major powerful odorants found in mead, contritwuto its fruity character;

the concentrations of these compounds was enhancettad produced with low
inoculum sizes and in mead produced with immolxlizells;

the concentrations of undesirable volatile compsungre higher in fermentations
with immobilized cells compared to fermentationsduacted with free cells;

the sensory analysis allowed to distinguish meadlyced with free and immobilized
cells;

yeast cell conditions (free or immobilized) had marfluence than the strain on the
sensory characteristics of final product;

despite of some off-flavour compounds detected @adnproduced with free cells,
high scores were given to this mead compared toothtained by immobilized yeast.

The overall results achieved in this work showedt tihe availability of vitamins and

salts in the honey-musts was not a limiting fadtwrfermentation. The application of lower

inoculums size seems to be more suitable for meadlption since it improves the formation

of desirable aroma compounds and sensory analggealed that mead produced with free

cells was overall more appreciated.

Considering the results obtained in this researotkwfuture studies should be focused

on continuing to improve the fermentation procass eonsequently, the quality of mead. So,

in future, some work may pass through:

to perform a sensory analysis on mead produced vatiey-must supplemented with
salts and/or vitamins in order to understand tifiecebf its addition on sensory quality;
to evaluate the use of fed-batch and continuousdrtation processes in mead
production. These processes may emerge as anadiernsince, although the batch
system has been the most used, it shows someeaaies, in particular those related

to low concentrations of reagents and the slow gee®f final product purification.
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Also, and was far as we know, the fed-batch cudtin@ve not been studied for mead
production;

- to study the use of mixed cultures for the producgtionce previous studies
demonstrate that the use of multiple strains haveoaitive effect on mead
fermentation;

- to improve the sensory quality of mead with theitiold of honey or fruit juices at
different stages of fermentation, because the atudvailable on sensory analysis of
mead revealed that the tasters usually prefer arage more sweet. Due to the high
osmotic pressure involved in these fermentatidms efffect of the addition should be
assessed not only on the quality of mead but alsoyeast growth and yeast
fermentative performance.

Finally, the production of mead derivatives seemsbé an opportunity to explore.
Although there is some research in this field, tsicire very scarce. Considering the growing
interest of consumers in gourmet products, inclgdimegars, mead could be used as raw

material for the elaboration of quality ones.
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