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1. Wykaz skrotéow

1.1. Skroty wykorzystane w rozprawie

AEDA (Aroma Extract Dilution Analysis)- analiza rozcienczen ekstraktu
DAP- fosforan dwuamonowy

FD Factor (Flavor Dilution Factor)- wspotczynnik rozcienczenia zapachu

FID (Flame lonization Detector)- detektor ptomieniowo- jonizacyjny
GCxGC/MS- petna dwuwymiarowa chromatografia gazowa ze spektrometrig mas
GC/MS- chromatografia gazowa ze spektrometrig mas

GCO- chromatografia gazowa z olfaktometrig

LLE (Liquid- Liquid Extraction) - ekstrakcja ciecz-ciecz

OAV (Odor Activity Value)- wartos¢ aktywnosci aromatu

OTC (Odor Threshold Concentration)- stezenie progu wyczuwalnosci zapachu
PCA (Principal Component Analysis)- analiza gtownych sktadowych

SAFE (Solvent Assisted Flavor Evaporation)- ekstrakcja zwigzkow lotnych

wspomagana rozpuszczalnikiem
SPE (Solid Phase Extraction) — ekstrakcja do fazy stacjonarnej

SPME- Solid Phase Microextraction — mikroekstrakcja do fazy stacjonarnej



1.2. Oznaczenia probek oraz procesow produkcyjnych

ANS- midd pitny z miodu akacjowego, niesycony, fermentacja spontaniczna

ANSM- midd pitny z miodu akacjowego, niesycony, inokulacja pleSniami Galactomyces

Geotrichum

ANY- miod pitny z miodu akacjowego, niesycony, inokulacja drozdzami Saccharomyces

cerevisiae

ABY- miod pitny z miodu akacjowego, sycony, inokulacja drozdzami Saccharomyces

cerevisiae
BNS- midd pitny z miodu gryczanego, niesycony, fermentacja spontaniczna

BNSM- miéd pitny z miodu gryczanego, niesycony, inokulacja plesniami Galactomyces

Geotrichum

BNY- midd pitny z miodu gryczanego, niesycony, inokulacja drozdzami Saccharomyces

cerevisiae

BBY- miod pitny z miodu gryczanego, sycony, inokulacja drozdzami Saccharomyces

cerevisiae
TNS- midd pitny z miodu lipowego, niesycony, fermentacja spontaniczna

TNSM- midd pitny z miodu lipowego, niesycony, inokulacja plesniami Galactomyces

Geotrichum

TNY- midd pitny z miodu lipowego, niesycony, inokulacja drozdzami Saccharomyces

cerevisiae

TBY- miéd pitny z miodu lipowego, sycony, inokulacja drozdzami Saccharomyces

cerevisiae

F1, F5, F10, F15, F30- pierwszy, piaty, dziesigty, pictnasty i trzydziesty dzien

fermentac;ji

M3, M6, M9, M12- trzeci, szosty, dziewiaty i dwunasty miesigc dojrzewania



2. Streszczenie w jezyku polskim

Midd pitny to tradycyjny napoj alkoholowy, powstajacy w wyniku fermentacji wodnego
roztworu miodu pszczelego. Jego jako$¢ organoleptyczna, w tym charakterystyczny aromat,
jest determinowana przez szereg czynnikow, takich jak rodzaj surowca, szczep drozdzy
uzyty do fermentacji oraz czas dojrzewania. Wspolczesnym standardem w badaniu
zwigzkow zapachowych w zywnosci jest podejscie sensomiczne, ktore dostarcza
szczegotowe] wiedzy na temat molekularnych podstaw aromatu produktéw. Dotychczas
metoda ta nie byta stosowana do analizy miodu pitnego, co ograniczato petne poznanie jego
charakterystyki sensorycznej. W zwigzku z powyzszym gtownym celem prezentowanych
badan byto zastosowanie podejscia sensomicznego w analizie aromatu miodu pitnego, ktore
bada zwigzki aktywne zapachowo na poziomie molekularnym i pozwala na identyfikacje
kluczowych zwiazkéw zapachowych charakteryzujacych jego aromat. Szczegdtowa analiza
zachowania tych zwiazkow, taczaca zarowno analizy celowane, jak i niecelowane, na
kazdym etapie produkcji wskazuje na mozliwo§¢ wplywania na finalny aromat miodu
pitnego za pomoca rodzaju surowca, ogrzewania brzeczki, typu fermentacji czy czasu
dojrzewania. W badaniach wyodrebniono 9 kluczowych zwigzkéw zapachowych
odpowiadajacych za aromat miodu pitnego typu trdjniak, okreslono jego profil zapachowy
oraz monitorowano zmiany st¢zen zwigzkow zapachowych w czasie catego procesu
produkcyjnego. W dalszym etapie przygotowano 12 modelowych miodow pitnych,
roznigcych si¢ odmiang miodu pszczelego (akacjowy, gryczany, lipowy), rodzajem
fermentacji (spontaniczna, drozdzowa, inokulacja plesniami Galactomyces geotrichum)
oraz zastosowaniem ogrzewania brzeczki. W kazdej probce okre§lono istotne zwigzki
aktywne zapachowo 1 ich profile aromatyczne, co pozwolilo na oceng wplywu
poszczegbdlnych zmiennych produkcyjnych na ostateczny charakter miodu pitnego.
Najwigkszy wptyw na rdéznice w profilu zapachowym miata odmiana miodu pszczelego.
Wykazano, ze fermentacja spontaniczna prowadzila do zwigkszonej produkcji zwigzkow z
grupy zapachéw owocowych 1 niepozadanych w poréwnaniu do fermentacji drozdzowej,
natomiast miody pitne fermentowane z wykorzystaniem drozdzy Saccharomyces cerevisiae
cechowaty sie wieksza spdjnoscia i przewidywalno$cig aromatu. Ponadto, w trakcie 12-
miesigecznego okresu dojrzewania zaobserwowano znaczny spadek intensywnosci obu grup
zwigzkow, co podkresla istotng role tego procesu w ksztaltowaniu ostatecznego aromatu

miodu pitnego.

Stowa kluczowe: zwigzki aktywne zapachowo, chromatografia gazowa, olfaktometria, miéd pitny
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3. Streszczenie w jezyku angielskim

Mead is a traditional alcoholic beverage made by fermenting a water solution of bee
honey. Its organoleptic quality, including its characteristic aroma, is determined by several
factors such as the type of raw material, the strain of yeast used for fermentation, and the
aging time. The contemporary standard in the study of odor compounds in food is the
sensomic approach, which provides detailed knowledge about the molecular basis of product
aromas. Until now, this method had not been applied to the analysis of mead, limiting the
full understanding of its sensory characteristics. Therefore, the main aim of the presented
research was to apply the sensomic approach in the analysis of mead aroma, which examines
odor-active compounds at the molecular level and allows for the identification of key odor
compounds characterizing its aroma. Detailed analysis of the behavior of these compounds,
combining both targeted and untargeted analyses at each stage of production, indicates the
possibility of influencing the final aroma of mead through the type of raw material, wort
heating, type of fermentation, or aging time. The research identified 9 key odor compounds
responsible for the aroma of trojniak-type mead, determined its odor profile, and monitored
changes in the concentrations of odor compounds throughout the entire production process.
In the next stage, 12 model meads were prepared, differing in the variety of bee honey
(acacia, buckwheat, linden), type of fermentation (spontaneous, yeast, inoculation with
Galactomyces geotrichum molds), and the use of wort heating. In each sample, significant
odor-active compounds and their aromatic profiles were determined, allowing for the
assessment of the impact of individual production variables on the final character of mead.
The variety of bee honey had the greatest impact on differences in the odor profile. It was
shown that spontaneous fermentation led to increased production of compounds from the
fruity and undesirable odor groups compared to yeast fermentation, while meads fermented
with Saccharomyces cerevisiae yeast were characterized by greater consistency and
predictability of aroma. Additionally, during the 12-month aging period, a significant
decrease in the intensity of both groups of compounds was observed, highlighting the
important role of this process in shaping the final aroma of mead.

Key words: odor-active compounds, gas chromatography, olfactometry, mead



4. Wstep

4.1. Mioéd pitny- charakterystyka produktu oraz opis procesu
produkcji

Midd pitny to charakterystyczny nap6j alkoholowy znany dobrze na ziemiach polskich
juz od czasow S$redniowiecza. Pierwsze doniesienia dotyczace spozywania napojow
alkoholowych przygotowanych na bazie miodu pszczelego si¢gajg nawet 7000 lat p.n.e.
(Rasmussen, 2015). Jego najwicksza popularnos¢ w Polsce przypada na okres
sredniowiecza, o czym S$wiadczg czeste wzmianki w wielu utworach literackich
opowiadajacych o zwyczajach panujacych wtedy na ziemiach polskich. W 2008 roku polskie
miody pitne zostaly zarejestrowane przez Komisj¢ Europejska jako Gwarantowana
Tradycyjna Specjalnos¢. Wedlug danych kolekcjonowanych przez Fortune Business
Insights warto$¢ rynku miodéw pitnych w roku 2023 w Europie wyniost nieco ponad 222
miliony dolaréw i w najblizszych latach bedzie wykazywatl staty wzrost (Fortune Business

Insights, 2024).

Technologia wytwarzania miodu pitnego opiera si¢ na fermentacji alkoholowej miodu
pszczelego zmieszanego z woda w odpowiednich proporcjach. Miody pitne sg cenione za
swoj charakterystyczny 1 bogaty aromat, a rosnace grono koneserOw przyczynia si¢ do
wzrostu zainteresowania tym szlachetnym trunkiem zaréwno w kraju, jak i za granica.
Do ich produkcji najczesciej stosuje si¢ miod wielokwiatowy, a dla zwigkszenia asortymentu
czegsto dodaje si¢ ziota, przyprawy lub owoce, a takze zastepuje czeS¢ wody w brzeczce
sokiem owocowym. W Polsce tradycyjnym podzialem mioddéw pitnych jest ten oparty na
proporcjach miodu pszczelego i wody zastosowanych w procesie produkcyjnym. W podziale
tym wyrdznia si¢ pottoraki, w ktorych stosunek objetosci miodu do wody wynosi 1:0,5,
dwojniaki, gdzie stosunek ten wynosi 1:1, trojniaki ze stosunkiem 1:2 oraz czworniaki,
w ktorych udzial miodu pszczelego jest najmniejszy i wynosi 1:3 (Czabaj i in., 2016).
Kolejnym podziatem stosowanym w produkcji tego tradycyjnego trunku jest podziat na
miody sycone (gdzie brzeczka gotowana jest od kilkunastu do kilkudziesigciu minut) oraz
niesycone, w ktorych ten etap jest pomijany. W zaleznosci od zastosowanych podczas
produkcji dodatkow miody pitne mozna podzieli¢ rowniez na miody pitne tradycyjne

(przygotowane tylko z udziatem wody i miodu), pymenty (z udziatem winogron lub soku
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winogronowego), cysery (z dodatkiem jablek lub soku jabtkowego) czy methegliny, ktore

zawieraja dodatek r6znego rodzaju przypraw.

Podstawowymi surowcami niezbednymi do produkcji miodu pitnego sg miod pszczeli
oraz woda. Proces przygotowania brzeczki miodowej polega na zmieszaniu okreslonej ilosci
miodu z wodg, a nastepnic poddaniu jej procesowi sycenia tj. gotowania brzeczki
z jednoczesnym usuwaniem powstajacej piany. Proces ten nie jest jednak konieczny i coraz
czgsciej w sprzedazy mozna spotka¢ miody pitne niesycone. Przygotowana wczesniej
brzeczke zaszczepia si¢ drozdzami, najczgsciej Saccharomyces cerevisiae, ktore
odpowiadajg za fermentacje i produkcj¢ etanolu. W celu optymalizacji procesu fermentacji
czesto stosuje si¢ dodatki, takie jak fosforan dwuamonowy oraz kompleksowe pozywki
drozdzowe, zawierajace m.in. komponenty $cian komorkowych drozdzy oraz witaming B1.
Czas fermentacji zalezy od rodzaju miodu pitnego i moze wynosi¢ od kilkunastu dni do kilku
tygodni. Po zakonczeniu tego etapu kluczowa role¢ w ksztattowaniu jakosci finalnego
produktu odgrywa proces dojrzewania, ktory jest najbardziej czasochtonng fazg produkcii.
Okres dojrzewania moze trwa¢ od kilku miesigcy do kilku lat, przy czym im wyzsza jest
zawarto$¢ miodu w stosunku do wody, tym dhuzszy jest czas jego dojrzewania. W trakcie
tego procesu zachodza istotne zmiany chemiczne, takie jak wzrost stgzenia glicerolu
i etanolu (Czabaj i in., 2016). W przesztosci, aby poprawi¢ zapach i smak miodéw pitnych,
czesto dodawano do nich ziota, owoce lub przyprawy. Obecnie, dzigki dynamicznemu
rozwojowi miodosytnictwa i wzrostowi liczby miodosytni, ros$nie zainteresowanie
produkcja miodow pitnych bez dodatkow. Miod pitny, wytwarzany wylacznie
z miodu pszczelego, pozwala skupi¢ si¢ na unikalnym charakterze surowca. Dzigki
popularyzacji wiedzy na temat produkcji i poprawy jakosci miodow pitnych, tradycyjne
miody pitne zachowuja wyjatkowy charakter miodu pszczelego, jednoczesnie pozwalajac na

pelniejsze wydobycie jego walorow.
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4.2. Podejscie sensomiczne w badaniach aromatu zywnosci

Chromatografia gazowa, najczeSciej sprz¢zona ze spektrometrig mas, stanowi
podstawowg metode badania zwigzkow lotnych wystepujacych w zywnosci. Technika ta
umozliwia precyzyjng identyfikacje zwigzkdéw lotnych obecnych w analizowanym materiale
1jest szeroko wykorzystywana, zwlaszcza w potaczeniu z analizg niecelowana, do okreslania
profilu zapachowego produktow spozywczych. Nalezy jednak podkresli¢, ze analiza ta nie
pozwala na pelne odzwierciedlenie rzeczywistego aromatu zywnosci, ktoéry wynika ze
ztozonej interakcji wielu substancji zapachowo aktywnych, czgsto wystepujacych
w $ladowych ilo$ciach. Zastosowanie analizy niecelowanej moze prowadzi¢ do pominigcia
marginalnych zwigzkéw lotnych, ktére — mimo niskiego st¢zenia — mogg miec istotne
znaczenie dla percepcji finalnego aromatu produktu. Szacuje si¢, ze sposrod okoto 10 000
znanych zwigzkéw lotnych mniej niz 3% wykazuje zdolno$¢ do oddziatywania
z receptorami wechowymi cztowieka (Dunkel i in., 2014). Wiele z tych zwigzkow wykazuje
zdolno$¢ do wptywania na aromat produktu nawet przy stezeniach siegajacych kilku nano
czy mikrogramow, co sprawia, ze s3 one wyjatkowo trudne w identyfikacji, szczegdlnie jesli
opiera si¢ ona jedynie na analizie niecelowanej. Co wigcej, badania psychofizyczne
wykazaly, Zze percepcja mieszanin substancji zapachowych nie jest jedynie suma odbioru
poszczeg6lnych sktadnikéw — kazdy ze zidentyfikowanych zwigzkéw moze odgrywaé
kluczowa rolg w ksztaltowaniu koncowego wrazenia zapachowego (Laing, 1994).
Konieczno$¢ opracowania metody analitycznej o wyzszej doktadnosci i precyzji w zakresie
oceny aromatu doprowadzita do powstania tzw. podejScia sensomicznego,
wykorzystujagcego zaawansowane techniki analityczne do kompleksowej oceny zapachu
jego percepcji. Podejscie sensomiczne zostato opracowane w latach 90. XX wieku przez
prof. Petera Schieberle i prof. Thomasa Hofmanna i ich zespdét na Uniwersytecie
Technicznym w Monachium, w Niemczech. Gtownym celem sensomiki byto potaczenie
zaawansowanej analizy chemicznej z oceng sensoryczng, aby lepiej zrozumie¢, ktore lotne
zwiazki zapachowe maja kluczowy wplyw na percepcje¢ aromatu i smaku w rdéznych
produktach. Od tej pory podejscie to stalo si¢ szeroko stosowane w analizie aromatu
zywno$ci 1 uwazane jest za jedno z najprecyzyjniejszych w tej dziedzinie (Schieberle &
Hofmann, 2011). Wedlug tego podejscia pelne okreslenie kluczowych zwigzkow
odpowiedzialnych za aromat produktéw spozywczych wymaga zastosowania nast¢pujacych

metod badawczych:
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Profilowa ocena sensoryczna produktu, ktora dostarcza szczegdétowych informacji na
temat charakterystyki aromatu produktu poprzez okreslenie rodzaju, intensywnos$ci
i jako$ci poszczegdlnych nut zapachowych. Analiza ta powinna by¢ podstawa
dalszych badan nad aromatem produktu i wskazywac obszary zapachowe, ktore

dominujg w aromacie.

Izolacja zwigzkoéw lotnych, do ktorej wykorzystuje si¢ metody takie jak SAFE
(Solvent Assisted Flavor Evaporation), SPME (Solid Phase Microextraction), purge-
and-trap, LLE (ekstrakcja ciecz-ciecz) czy SPE (Solid Phase Extraction), ktore

powinny by¢ dobrane w oparciu o charakter badanej proby.

Chromatografia gazowa potaczona z olfaktometrig (GC-O) polega na wachaniu eluatu
z kolumny chromatograficznej przez wyszkolonego oceniajacego, ktory identyfikuje
1 ocenia intensywnos$¢ oraz charakter zapachu poszczegolnych lotnych zwigzkow
zapachowych, wcze$niej rozdzielonych metoda chromatografii gazowej. Dzigki
polaczeniu analizy instrumentalnej z percepcja sensoryczng cztowieka metoda ta
pozwala okresli¢, ktore zwiazki lotne sa aktywne zapachowo i istotne dla ludzkich
doznah wechowych. Podczas gdy GC-MS umozliwia wykrycie 1 ilo§ciowe oznaczenie
zwigzkow lotnych, tylko GC-O pozwala wskazac¢, ktore z nich rzeczywiscie wptywaja

na odbior aromatu.

Analiza rozcienczen ekstraktu- analiza AEDA (Aroma Extract Dilution Analysis),
Z wyznaczeniem wspotczynnikow rozcienczenia aromatu (FD Factor, Flavor Dilution
Factor). Wspolczynnik ten przyjmuje warto§¢ najwyzszego rozcienczenia ekstraktu,
w ktorym dany zwigzek nadal byt odczuwalny w analizie GCO 1 jest wyznaczany dla
kazdego zidentyfikowanego zwigzku. Wysoko$¢ wspolczynnika rozcienczenia
informuje o tym, jaki jest potencjat danego zwigzku do budowania finalnego aromatu

produktu.

Oznaczenie ilosciowe zidentyfikowanych zwigzkow aktywnych zapachowo.
Precyzyjne oznaczenie ilo§ciowe zwigzkow aktywnych zapachowo mozliwe jest m.in.
dzigki metodom wykorzystujacym standardy znakowane stabilnymi izotopami, takim
jak metoda SIDA (Stable Isotope Dilution Analysis). SIDA jest szczeg6lnie polecana
w analizie zywno$ci, poniewaz pozwala na doktadne, selektywne i wiarygodne

oznaczenie st¢zen, eliminujagc wplyw matrycy Zywno$ci oraz zmienno$ci procesu
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ekstrakcji 1 analizy, co czyni ja jedng z najbardziej precyzyjnych metod ilosciowych

w badaniach zwigzkow zapachowych.

Obliczeniu wartosci aktywnos$ci aromatu (OAV), wskaznika okreslajacego, na ile dany
zwigzek zapachowy przyczynia si¢ do ksztaltowania aromatu produktu. Obliczenie
OAV, czyli stosunku stezenia danego zwigzku do jego progu wyczuwalnosci
zapachowej, wskazuje, ktore zwigzki maja najwickszy potencjal do ksztattowania
aromatu. Przyjmuje si¢, ze zwigzki o OAV > 1 realnie wptywaja na ksztatltowanie
aromatu, a im wyzsza warto$¢ OAV, tym wigkszy wptyw danego zwigzku na zapach

produktu.

Eksperymenty rekombinacyjne polegaja na zmieszaniu wybranych zwigzkow
w odpowiednich proporcjach, ustalonych na podstawie wcze$niej okreslonych stezen,
1 poréwnaniu ich z oryginalnym produktem. Pozwalaja one zweryfikowaé, czy
zestawienie tych substancji dokladnie odtwarza autentyczny aromat, a takze
sprawdzi¢, czy identyfikacja oraz analiza ilo$ciowa zostaly przeprowadzone

poprawnie..

Eksperymentéw omisyjnych, polegajacych na przygotowaniu wielu rekombinatow
aromatu,

z pomini¢ciem jednego z wyznaczonych zwigzkoéw zapachowych w kazdej kolejne;j
mieszaninie pozwala na okreslenie, ktore ze zwigzkow o wysokim OAV maja
kluczowe znaczenie dla finalnego aromatu wynikajace z odpowiednio wysokiego
stezenia danego zwiazku lub interakcji, do ktorych dochodzi pomigdzy zwigzkami
obecnymi w mieszaninie. Testy omisyjne przeprowadzane sg z wykorzystaniem oceny
trojkatowej, a szacowanie istotnosci danego zwigzku polega na poréwnaniu liczby
prawidlowych identyfikacji identycznych par do liczby wszystkich wykonanych ocen
dla mieszaniny, w ktorej zostal on pominigty. Dzigki zastosowaniu tej analizy istnieje
mozliwos¢ weryfikacji 1 prawidlowe] oceny istotnosci kazdego zwigzku
zidentyfikowanego w produkcie. Analiza ta jest niezwykle istotna dla prawidlowego
wnioskowania, poniewaz cze$¢ zwigzkéw pomimo stosunkowo wysokiej wartosci

OAV wecale nie wykazuje istotnosci w kwestii finalnego aromatu produktu.

Pelng procedurg okreslajaca kluczowe zwiagzki zapachowe ukazano na Rysunku 1.
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Rysunek 1. Schemat przeprowadzanych analiz w wyznaczaniu kluczowych zwigzkoéw
zapachowych przy uzyciu podejscia sensomicznego [opracowanie wiasne na podstawie Dunkel
iin., 2014].

Wiele badan wskazuje, ze podej$cie sensomiczne jest obecnie najlepszym narzgdziem
do pelnego rozszyfrowania aromatu produktow spozywczych. Jednym z faktow
potwierdzajacych te¢ teze jest praca przegladowa autorstwa Dunkela i in. (2014), ktora
podsumowuje badania dotyczace wykorzystania chromatografii gazowej potaczone;j
z olfaktometria (GC-O), obliczania wartosci aktywnosci aromatu (OAV) oraz
eksperymentow rekombinacyjnych 1 omisyjnych w analizie aromatu. Podejscie to pozwala
na kompleksowe zrozumienie zaréwno chemicznych, jak i sensorycznych aspektow

percepcji aromatu Zywnosci.

Przeprowadzenie tak szczegétowej analizy z wykorzystaniem ro6znych metod
analitycznych jest niezb¢dne do identyfikacji zwiazkow zapachowych kluczowych dla
danego produktu. Pomini¢cie kazdego z wymienionych etapow moze skutkowaé
uzyskaniem niepelnych informacji dotyczacych aromatu zywnosci oraz jego sktadowych.
Jednak ze wzgledu na szeroki zakres wymaganych badan oraz ich duza czasochtonnos¢
technika ta nie byta dotychczas w pelni zastosowana w analizie profilu zapachowego

miodow pitnych. Znacznie cz¢$ciej] wykorzystywana jest niecelowana analiza profilu
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zwigzkow lotnych, ktora jest analizag mniej czasochtonng. Takie podejscie moze jednak
prowadzi¢ do pominigcia istotnych sktadnikéw aromatu, zwtaszcza tych trudnych do
identyfikacji, np. ze wzgledu na ich niska stabilno$¢ w wysokich temperaturach lub stezenie
ponizej progu detekcji stosowanych urzadzen. Z tego powodu analiza oparta na podejsciu
sensomicznym stata si¢ obecnie ,,zlotym standardem” w badaniu kluczowych zwiazkow
zapachowych. Interesujacym kierunkiem badawczym jest jednak integracja danych
sensomicznych z wynikami niecelowanej analizy zwigzkow lotnych. Takie polaczenie moze
dostarczy¢ bardziej szczegdtowych informacji na temat badanego produktu, szczegodlnie

w konteks$cie zmian zachodzacych podczas jego procesu produkcyjnego.

4.3. Uzasadnienie i charakterystyka problemu badawczego

Zapach jest jednym z kluczowych atrybutéw ocenianych przez konsumentéw podczas
wyboru 1 akceptacji produktu spozywczego, dlatego stanowi przedmiot badan nie tylko
technologéw zywnos$ci, ale takze neuropsychologéw i psychologow. Badania nad
zwigzkami zapachowymi sg istotne dla producentéw zywnosci, ktorzy, aby sprostac
wymaganiom konsumentow, muszg tworzy¢ produkty o wysokiej jakosci, kontrolowanej na
kazdym etapie produkcji 1 przechowywania. Dzigki badaniom nad zwigzkami zapachowymi
mozliwe jest nie tylko lepsze zrozumienie mechanizméw ksztattujacych aromat, ale takze
sterowanie procesem technologicznym w taki sposob, aby uzyska¢ produkt o okreslonym
profilu zapachowym. Poznanie zwigzkow odpowiedzialnych za zapach Zzywnosci oraz
wptywu poszczeg6lnych zabiegdw technologicznych na ich powstawanie pozwala na lepsza
kontrolg procesu produkcyjnego i uzyskanie produktu, ktory w pelni spetnia wymagania
konsumentoéw. Na koncowy aromat miodu pitnego moze wptywac¢ wiele czynnikow, takich
jak zastosowany rodzaj miodu pszczelego, zastosowane dodatki czy wykorzystanie réznych
procesow produkcyjnych. Li i Sun wykazali réznice w profilu zwigzkow lotnych w miodach
pitnych przygotowanych na bazie miodéw wielokwiatowych i1 akacjowych, szczegdlnie
w stezeniach alkoholi 1 estrow (Li & Sun, 2019). Z kolei Wintersteen 1 in. zauwazyli roznice
w profilu zwigzkéw lotnych w miodach pitnych gryczanych, ktore przygotowywane byty
poprzez podgrzewanie brzeczki w nizszych (60°C) i wysokich (100°C) temperaturach.
Badania te wykazaly wzrost st¢zenia p-krezolu o nieprzyjemnym, fekalnym zapachu,
wywotane podgrzewaniem brzeczki miodowej (Wintersteen i in., 2005). Kolejny wazny
czynnik, jaki stanowi rodzaj uzytych w procesie fermentacji mikroorganizmow badany byt
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w  kontek$cie  profilu  zwigzkéw  lotnych. Schwarz 1 in.  zastosowali
5 szczepoéw drozdzy Saccharomyces cerevisiae 0 niskim zapotrzebowaniu na azot
1 zauwazyli istotne roznice w profilach zwigzkéw lotnych miedzy miodami pitnymi
fermentowanymi przy uzyciu tych szczepow (Schwarz i in., 2020). Wyniki uzyskane przez
Benes i in. potwierdzily rowniez zwiazek miedzy roznymi szczepami drozdzy a sktadem
lotnych zwigzkéw w miodzie pitnym w przypadku S. cerevisiae var. bayanus (Bénes i in.,
2015). Zagadnienie badania aromatu miodu pitnego z wykorzystaniem technik stosowanych
w podejsciu sensomicznym nie cieszyto si¢ do tej pory duzym zainteresowaniem wsrod
naukowcow. Najblizej peinej analizy sensomicznej byli Starowicz 1 Granvogl, ktorzy
zastosowali analiz¢ olfaktometryczng do identyfikacji substancji zapachowych w dwéch
rodzajach miodéw pitnych (z gotowaniem i bez gotowania brzeczki) a takze obliczyli OAV
zidentyfikowanych zwigzkow zapachowych. W badaniach tych nie przeprowadzono jednak
eksperymentéw rekombinacyjnych oraz testow omisyjnych, co uniemozliwito wyciagnigcie
pelnych wnioskéw dotyczacych kluczowych dla aromatu badanego miodu pitnego
zwigzkéw zapachowych (Starowicz & Granvogl, 2022). Pelne poznanie charakterystyki
zwigzkéw chemicznych odpowiedzialnych za zapach produktu pozwala na lepsze
zrozumienie zmian zachodzacych w trakcie jego produkcji, a takze na polepszenie jakosci
produktu gotowego. W trakcie produkcji miodu pitnego mozliwe jest zastosowanie wielu
zmiennych (takich jak rodzaj miodu pszczelego, ogrzewanie brzeczki, rodzaj fermentacji
czy czas dojrzewania), ktore mogg prowadzi¢ do formowania charakterystycznych
zwigzkow aktywnych zapachowo. Poznanie wagi wplywu poszczegélnych zmiennych
produkcyjnych na aromat produktu gotowego pozwoli na lepsze zaplanowanie produkciji,
poprawe jakosci wyrobu, a takze moze doprowadzi¢ do powstawania nowych produktéw

0 niespotykanych dotychczas wiasciwosciach.

Doglebna analiza aromatu tego napoju alkoholowego, ktora jest przedmiotem niniejszej
rozprawy doktorskiej oparta na podejsciu sensomicznym pozwolita zarowno na okreslenie
kluczowych zwiazkéw zapachowych odpowiadajacych za jego charakterystyczny aromat,
a takze na okre§lenie etapu ich powstawania podczas procesu produkcyjnego.
Zaawansowane metody analityczne pozwalajace na precyzyjne okreslenie zmian zwigzkow
zapachowych na poziomie molekularnym potaczone zostaly ze szczegdtowa analiza
sensoryczng produktu, ktora jest kluczowym aspektem badan nad jakoscig napojow
alkoholowych. Badania te wypelniaja istniejaca luk¢ w wiedzy naukowej, a takze
dostarczaja podstawowych informacji na temat jednego z najstarszych napojow

alkoholowych spozywanych zar6wno w Polsce jak i1 na calym S$wiecie. Dodatkowo
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przeprowadzenie szczegotowych badan na kazdym etapie produkcji pozwolito na lepsze
poznanie procesOw zachodzacych w produkcie podczas jego wytwarzania,
a takze pozwolilo na okreslenie wagi poszczegolnych parametréw produkeyjnych na jakos¢
sensoryczna wyrobu. Dlatego wiedza ta jest rOwniez niezwykle cenna z punktu widzenia
miodosytnikoéw, ktorzy dzieki jej wykorzystaniu beda mogli lepiej zaplanowaé procesy

produkcyjne oraz tatwiej nadzorowaé jako$¢ miodu pitnego.
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5. Cel i zakres badan

Gtownym celem rozprawy doktorskiej byla identyfikacja kluczowych zwigzkéw
zapachowych ksztattujacych aromat polskich tradycyjnych miodow pitnych, a takze

okreslenie wptywu surowca oraz procesoOw fermentacji i dojrzewania na ich powstawanie.
W trakcie prowadzonych badan wyroznione zostaty nastgpujace cele szczegdtowe:

1. Identyfikacja kluczowych zwigzkéw zapachowych odpowiedzialnych za aromat miodu
pitnego typu trojniak przy zastosowaniu podejscia sensomicznego, Kkorelacja
z profilem zapachowym oraz okreslenie zmian stezenia tych zwigzkow w trakcie

produkcji.

2. Przeprowadzenie badan modelowych polegajacych na przygotowaniu 12 wariantow
miodow pitnych w celu ustalenia wptywu odmiany miodu pszczelego, ogrzewania
brzeczki, trzech rodzajow fermentacji: spontanicznej, drozdzowej i z dodatkiem plesni
Galactomyces geotrichum, oraz etapu dojrzewania na profil zapachowy oraz zmiany

zawartosci kluczowych zwigzkéw zapachowych.

3. Wykorzystanie zaawansowanych metod statystycznych do analizy wynikow
uzyskanych w badaniach modelowych, co umozliwi producentom miodéw pitnych
optymalizacj¢ procesow produkcyjnych i uzyskanie produktéw o pozadanym profilu

zapachowym.
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Wyszczegodlnione cele badawcze pozwolily na sformutowanie ponizszych hipotez

badawczych:

Hipoteza glowna: Zastosowanie podej$cia sensomicznego, ktore bada zwigzki
aktywne zapachowo na poziomie molekularnym, pozwala na identyfikacje kluczowych
zwigzkow zapachowych charakteryzujgcych aromat miodu pitnego. Szczegdtowa analiza
zachowania tych zwigzkéw, taczaca zaréwno analizy celowane, jak i niecelowane, na
kazdym etapie produkcji wskazuje na mozliwo§¢ wptywania na finalny aromat miodu
pitnego za pomocg rodzaju surowca, ogrzewania brzeczki, typu fermentacji czy czasu

dojrzewania.
Hipotezy szczegdtowe:

H1. Zwiazki zapachowe wykryte w miodzie pitnym typu trojniak, o wysokich wartosciach
OAYV, maja kluczowy wptyw na jego charakterystyczny aromat, a ich stezenie zmienia

si¢ w trakcie procesu produkcji, w tym podczas fermentacji i dojrzewania.

H2. Rézne odmiany miodu pszczelego, rézne metody ogrzewania brzeczki oraz rodzaje
fermentacji (spontaniczna, drozdzowa, z dodatkiem plesni Galactomyces geotrichum)
wptywaja na profil zapachowy miodu pitnego oraz na stezenie kluczowych zwigzkow

zapachowych.

H3. Zastosowanie zaawansowanych metod statystycznych do analizy wynikow uzyskanych
w badaniach modelowych pozwala na identyfikacje¢ kluczowych czynnikow
wplywajacych na profil zapachowy miodéw pitnych, co umozliwia producentom
optymalizacje procesoOw produkcyjnych w celu uzyskania produktow o pozadanych

cechach sensorycznych.
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6. Material i metody badawcze

Material badawczy poddany badaniom stanowit:

1. midéd pitny typu trdjniak "Wezesny” (pokazany na zdjeciu 1) pochodzacy od
producenta (Augustowska Miodosytnia, Augustow, Polska), probki miodu pszczelego
z ktorego zostal przygotowany oraz probki miodu pitnego pobierane na etapie
produkcji (brzeczka po syceniu, 1 dzien fermentacji, 30 dzien fermentacji). Probki
pobierane byly bezposrednio z linii produkcyjnej i natychmiast zamrazane, a nast¢pnie
przechowywane w zamrazarce w -20°C az do czasu analizy. Probki miodu pszczelego
oraz gotowy miod pitny przechowywane byly w szczelnie zamknigtych pojemnikach,
w temperaturze 4°C az do momentu analizy. Materiat badawczy pochodzacy z tej
czgsci  eksperymentu  wykorzystany  zostat do  przeprowadzenia analiz

zaprezentowanych w publikacji 1 (Publikacja 1).
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Zdjecie 1. Midd pitny typu trdjniak [fotografia wlasna].
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miodd pszezeli odmianowy: akacjowy, gryczany zakupiony w pasiece Miody Szlaku

Piastowskiego (Biskupice, woj. wielkopolskie) oraz lipowy zakupiony w pasiece

Pasieki Rodziny Sadowskich (Biata, woj. mazowieckie, Polska). Dla potwierdzenia

odmianowo$ci miodow zlecona zostala analiza pytkowa w Laboratorium Badania

Jako$ci Produktéw Pszczelich Instytutu Ogrodnictwa - Panstwowego Instytutu

Badawczego- Zaktad Pszczelnictwa W Putawach (Putawy, Polska). Badanie zostalo

przeprowadzone zgodnie z Polska Norma PN-88/A-77626 “Midd pszczeli”. Materiat

stanowily rowniez probki pobierane z modelowych nastawow miodow pitnych typu

trojniak przygotowanych w 12 réznych wariantach (przedstawionych na Rysunku 2).

<=
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_’- N TR T
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Rysunek 2. Schemat przygotowania modelowych miodow pitnych [opracowanie wlasne].




Kazdy z 12 wariantow przygotowany zostal na bazie jednego z trzech miodow
pszczelich odmianowych (akacjowy, gryczany, lipowy), z wykorzystaniem procesu
sycenia brzeczki lub z jego pominigciem i z zastosowaniem jednego z trzech
wariantow  fermentacji (fermentacja spontaniczna, zaszczepienie plesniami
Galactomyces Geotrichum lub zaszczepienie drozdzami Saccharomyces cerevisiae).
Probki pobierane byly podczas procesu produkcyjnego (brzeczka, 1, 5, 10, 15, 30
dzien fermentacji, 3, 6, 9 miesigc dojrzewania). Probki pochodzace z procesu
produkcyjnego pobierane zostaly w czyste pojemniki typu Falcon i natychmiast
mrozone, a nastepnie przechowywane w zamrazarce w -20°C az do czasu analizy.
Probki miodu pszczelego oraz gotowy midd pitny przechowywane byly w szczelnie
zamknigtych pojemnikach, w temperaturze 4°C az do momentu analizy. Do procesu
fermentacji wykorzystano komercyjne drozdze Sachcharomyces cerevisiae BC s103
(Fermentis, Lesaffre, Francja), ktore zostaly przygotowane zgodnie z instrukcja
producenta, liofilizowane plesnie Galactomyces Geotrichum wyizolowane wcze$niej
z wielkopolskiego sera smazonego (liofilizat przygotowany w ramach badan (Szudera-
Konézal i in., 2020)) oraz pozywki winiarskie: fosforan dwuamonowy (DAP) oraz
»Kombi Vita” (Browin, Polska). Schemat prowadzonego procesu produkcyjnego
zostal pokazany na Rysunku 3. Material badawczy pochodzacy z tej cze$ci
eksperymentu wykorzystany zostal do przeprowadzenia analiz zaprezentowanych
w publikacjach 2 i 3 (Publikacja 2, Publikacja 3).
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Rysunek 3. Schemat produkcyjny modelowych miodow pitnych [opracowanie wiasne].



Zastosowane metody badawcze obejmowaty:

. Ekstrakcje zwigzkow lotnych z materialu badawczego (gotowe miody pitne, probki
pochodzace z proceséw produkcyjnych, midéd pszczeli, 12 wariantow miodow
modelowych) przy uzyciu ekstrakcji Solvent Assisted Flavor Evaporation (SAFE)
(Publikacja 1, Publikacja 2).

. Ekstrakcje zwigzkow lotnych z materialu badawczego (gotowe miody pitne, probki
pochodzace z proceséw produkcyjnych, midd pszczeli) przy uzyciu metody Solid Phase

Microextraction (SPME) (Publikacja 2, Publikacja 3).

Identyfikacje zwigzkoéw aktywnych zapachowo z materiatu badawczego (gotowe miody
pitne od producenta oraz 12 miodow modelowych) przy zastosowaniu chromatografii
gazowej z olfaktometrig (GCO) oraz detektora ptomieniowo- jonizacyjnego (FID) oraz
chromatografii gazowej ze spektrometria mas (GC/MS) 1 dwuwymiarowej
chromatografii gazowej ze spektrometrig mas (GCxGC/MS) (Publikacja 1, Publikacja
2)

Oznaczenie stgzenia zwigzkoéw aktywnych zapachowo z materialu badawczego (gotowe
miody pitne od producenta oraz z 12 miodéw modelowych, probki pochodzace
z proceséw produkeyjnych, midd pszczeli) przy wykorzystaniu chromatografii gazowej
ze spektrometria mas (GC/MS) 1 dwuwymiarowe] chromatografii gazowej ze
spektrometrig mas (GCxGC/MS) oraz metod ilosciowych wykorzystujacych standardy
znakowane izotopowo oraz metody potilosciowe (Publikacja 1, Publikacja 2,
Publikacja 3).

Przeprowadzenie profilowej oceny sensorycznej (Quantitative Sensory Profile Analysis)
gotowych miodéw pitnych (midéd pitny typu trojniak ,,Wczesny” (Augustowska
Miodosytnia) oraz 12 modelowych miodéw pitnych (Publikacja 1, Publikacja 2).

Przeprowadzenie testow omisyjnych stuzacych do wylonienia kluczowych zwiazkéw
aktywnych zapachowo w miodzie pitnym typu trdjniak ,,Wczesny” (Augustowska
Miodosytnia) metodg trojkatows (Publikacja 1).

Oznaczenie st¢zen cukrow (fruktoza i glukoza), glicerolu oraz mio-inozytolu
w probkach miodu pitnego oraz probkach pochodzacych z proceséw produkcyjnych

z zastosowaniem chromatografii gazowej ze spektrometrig mas (GC/MS) (Publikacja 3).
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8. Okreslenie stosunku grup drobnoustrojow (drozdze i bakterie) odpowiedzialnych za
proces fermentacji wybranych miodow modelowych przy wykorzystaniu cytometrii

przeptywowej (Publikacja 3).

9. Przeprowadzenie niecelowanej analizy zwigzkéw lotnych 1 aktywnych zapachowo
w wybranych modelowych miodach pitnych oraz probkach pochodzacych z procesow
produkcyjnych z wykorzystaniem dwuwymiarowej chromatografii gazowej ze
spektrometrig mas (GCxGC/MS) (Publikacja 3).

10. Analiza uzyskanych danych z wuzyciem odpowiednich narz¢dzi statystycznych:
jednoczynnikowej analizy wariancji (ANOVA), testu wspotczynnika korelacji Pearsona,
analizy glownych sktadowych (PCA), analizy klastrowania hierarchicznego oraz
cze$ciowej analizy dyskryminacyjnej najmniejszych kwadratow (PLS-DA). Analizy
statystyczne przeprowadzane byly w programach Statistica, SIMCA oraz Python.
(Publikacja 1, Publikacja 2, Publikacja 3).
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/. Wyniki badan i ich interpretacja

7.1. Identyfikacja kluczowych zwigzkow zapachowych
tworzacych aromat miodu pitnego - wplyw surowca oraz

procesu technologicznego

Aby pozna¢ kluczowe zwigzki aktywne zapachowo, ktére ksztattuja aromat miodu
pitnego przeprowadzono szczegdétowa analiz¢ zwigzkow zapachowych z wykorzystaniem
podejscia sensomicznego. W pierwszym etapie, w celu odroznienia zwigzkow zapachowych
od tych pozbawionych zapachu, przeprowadzono analiz¢ olfaktometryczng uzyskanych
ekstraktow, a w celu wylonienia zwigzkéw zapachowych wykazujacych najwyzszy
potencjat do tworzenia finalnego aromatu produktu przeprowadzono analiz¢ rozcienczen
aromatu (AEDA). Wyniki przedstawione w tabeli 1 (publikacja 1) wskazuja, ze potaczenie
szczegotowych analiz instrumentalnych oraz sensorycznych pozwolito na zidentyfikowanie
29 zwigzkow aktywnych zapachowo, ktore nalezaty do zr6znicowanych grup chemicznych,
glownie estrow, aldehydow oraz kwasow. Zwigzki te charakteryzowaly si¢ réwniez
zréznicowanym wspotczynnikiem rozcienczenia zapachu ktéry osiggnat wartosci od 1 do
16384. Zidentyfikowane zwigzki aktywne zapachowo odpowiadaja za zapachy owocowe,
kwiatowe, miodowe oraz stodowe. Zwigzkiem chemicznym o najwyzszym wspotczynniku
FD byt alkohol fenyloetylowy o przyjemnym, kwiatowym zapachu. Inne zwigzki
o wspotczynnikach FD pomiedzy 8192 a 128 to kozieradkowy sotolon (8192), karmelowy
furaneol (1024), owocowy propionian etylu (512), metional (512) o zapachu gotowanych
ziemniakow, mietowy 4-methylquinazolin (512), stodowy 2- i 3-metylbutanol (256), kwas
2- | 3-metylomastowy o zapachu potu (256), owocowy, jagodowy 3-metylobutanian etylu
(128), prazona 2-acetylopyrolina (128) i owocowy octan etylu (128).

W kolejnym etapie przeprowadzono analize ilo§ciowa zwigzkow o wspotezynniku FD
>32 1 obliczono dla nich warto$¢ aktywnoS$ci aromatu (odor activity value; OAV) jako
stosunek st¢zenia danego zwigzku w badanej probie do stezenia progu jego wyczuwalnosci
(OTC, Odor Threshold Concentration), ktérych warto$ci pochodza z bazy danych Leibniz
Institute for Food Systems Biology at Technical University of Munich we Freisingu (Kreissl
J, Mall V, Steinhaus P, 2022). Warto§¢ OAV >1 wskazuje na to, ze dany zwigzek moze
odgrywac wazng rolg w ksztaltowaniu zapachu produktu. Uzyskane wyniki, zaprezentowane

w tabeli 2 (publikacja 1), wskazaly, ze dla 15 zwigzkow wartos¢ OAV byla wyzsza lub
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rowna 1. Najwyzszag  wartos¢ OAV  uzyskaly: aldehyd fenylooctowy
0 zapachu miodowym (OAV 3100), furfural o zapachu karmelowym (OAV 1900),
methional (OAV 890) o zapachu gotowanych ziemniakéw i alkohol fenyloetylowy (OAV
680) o zapachu kwiatowym. Zwiazki te, ktore powstaja wskutek roznych procesow, takich
jak ogrzewanie, aktywnos$¢ mikroorganizmow w trakcie fermentacji czy utlenianie produktu
sa powszechnie kojarzone z fermentowanymi napojami alkoholowymi. Aldehyd
fenylooctowy o zapachu miodowym identyfikowany byt réwniez w miodach pitnych
produkowanych z dodatkiem pylku pszczelego oraz napojach spirytusowych
przygotowanych na bazie odmianowych miodow pszczelich (Pino & Fajardo, 2011; Roldan
I in., 2011). Mimo ze zwiazek ten wiaze si¢ z ,,przedwczesnym utlenianiem” win, jego
miodowy zapach jest bardzo pozadany w miodzie pitnym (Monforte i in., 2018). Glownym
mechanizmem powstawania aldehydu fenylooctowego jest szlak Ehrlicha polegajacy na
przemianach aminokwasu L-fenyloalaniny poprzez transaminacj¢ a nastepnie
dekarboksylacj¢. Nastepnie aldehyd fenylooctowy moze by¢ dalej redukowany do alkoholu
fenylooctowego lub utleniany do kwasu fenylooctowego (Etschmann i in., 2002). Procesy
redukcji do alkoholu fenyloetylowego oraz utleniania do kwasu fenylooctowego zaleza od
warunkow  $rodowiskowych, aktywno$ci enzymatycznej oraz dostgpnosci tlenu
i kofaktorow redoks (np. NADH/NAD"). Redukcja do alkoholu fenyloetylowego zachodzi
glownie w warunkach beztlenowych (np. w trakcie fermentacji alkoholowej), natomiast
utlenianic do kwasu fenylooctowego wystepuje glownie w warunkach tlenowych
(np. podczas dojrzewania napojow fermentowanych). Aldehyd fenylooctowy moze réwniez
powstawa¢ w wyniku nieenzymatycznych reakcji Streckera, ktore zachodza podczas
dojrzewania napojow alkoholowych, czy tez w procesach termicznych np. podczas
podgrzewania brzeczki w wyniku reakcji Maillarda (Marrufo-Curtido i in., 2022). Aldehyd
fenylooctowy, alkohol fenyloetylowy i kwas fenylooctowy charakteryzuja si¢ podobnym,
miodowo-r6zanym aromatem i cze¢sto wspotwystepuja podczas fermentacji, a ich tgczny
wplyw na profil zapachowy moze by¢ oceniany wspdlnie. Szudera-Konczal i in. w Swojej
analizie kluczowych zwiazkéw zapachowych powstajacych podczas fermentacji maslanki
i serwatki przez plesn Galactomyces geotrichum zauwazyta, ze zamiast analizowac¢ aldehyd
fenylooctowy, alkohol fenyloetylowy i kwas fenylooctowy indywidualnie, warto traktowaé
je jako catos¢, poniewaz wszystkie powstaja w ramach jednej przemiany szlaku Ehrlicha,
wspolnie odpowiadajac za charakterystyczny miodowo-rdézany aromat (Szudera-Konczal
i in., 2021). Zwiazek o drugim najwyzszym OAV to furaneol, o zapachu karmelu. Chociaz

czesto jest opisywany jako zwigzek wpltywajacy na aromat win, to w miodzie pitnym zostat
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on zidentyfikowany tylko raz (Starowicz & Granvogl, 2022). Jego stezenie w probce miodu
pitnego wynosito 48,5 mg/L. Furaneol moze powstawa¢ zarowno w wyniku reakcji
zwigzkdéw aminowych 1 cukrow redukujacych (reakcja Maillarda), rozpadu cukréw podczas
procesOw termicznych ale moze by¢ rowniez wytwarzany W wyniku biotransformacji przez
mikroorganizmy (Zhu i in., 2019). Gtownym prekursorem furaneolu jest fruktoza, bedaca
cukrem redukujacym, ktéra odgrywa kluczowsa role w jego produkcji, nadajac miodowy,
karmelowy 1 truskawkowy zapach zaréwno owocom takim jak truskawki i ananas, jak
i produktom przetworzonym termicznie, takim jak kawa, wata cukrowa czy ciemne piwo
(Haag i in., 2021; Pérez i in., 1996). Methional o zapachu gotowanych ziemniakow jest
czesto wigzany z zapachem lezakowanego piwa 1 utlenionych win. Powstaje glownie
w wyniku degradacji metioniny podczas reakcji Maillarda lub obrobki termicznej, takiej jak
pieczenie lub smazenie. Dodatkowo, methional moze by¢ produkowany podczas
fermentacji, gdy mikroorganizmy, takie jak drozdze i bakterie, rozktadaja metioning,
przyczyniajac si¢ do powstawania charakterystycznych aromatéw w fermentowanych
produktach spozywczych i napojach, takich jak piwo, wino i niektore produkty mleczne
(Quek i in., 2011). Kwiatowy alkohol fenyloetylowy jest powszechnie spotykany
w napojach alkoholowych, takich jak wino, piwo, oraz w miodzie pszczelim, gdzie odgrywa
wazng role W ksztaltowaniu aromatu. Jak wcze$niej wspomniano, alkohol fenyloetylowy
moze powstawa¢ W wyniku redukcji aldehydu fenylooctowego w ramach szlaku Ehrlicha,
ktéry obejmuje przemiany aminokwasow przez mikroorganizmy takie jak drozdze, podczas
fermentacji. zapach. Jego obecno$¢ w napojach alkoholowych przyczynia si¢ do tworzenia
aromatu o bardziej kwiatowo r6zanym charakterze (Rahman iin., 2017; Reglitz i in., 2022).
Pozostate trzy zwigzki o OAV od 290 do 230 to odpowiednio: sotolon, 2- i 3-metylbutanoli
3-metylobutanian etylu. Sposrdd nich, szczegdlnie 3-methylbutanol i 2-methylbutanol oraz
3-metylobutanian etylu opisane zostaty jako powstajace w czasie fermentacji napojow
alkoholowych. 3-Methylbutanol powstaje z waliny, a 2-methylbutanol z izoleucyny,
w wyniku dekarboksylacji i redukcji przez drozdze. Z kolei 3-metylobutanian etylu jest
estrem, ktory powstaje w wyniku estryfikacji kwasu 3-methylbutanowego i etanolu, nadajac
napojom alkoholowym owocowy zapach. Ester ten opisywany byt juz jako jeden z istotnych

zwigzkow zapachowych wystepujacych w miodzie pitnym (Starowicz & Granvogl, 2022).

Profilowa analiza sensoryczna badanego miodu pitnego wykazata, ze jego aromat zostat
scharakteryzowany glownie jako miodowy, stodowy i alkoholowy, z subtelniejszymi nutami
rumowymi, fermentacyjnymi, karmelowymi 1 kwiatowymi. Wyniki te znajduja

odzwierciedlenie w danych pochodzacych z analizy ilosciowej, ktora wykazata, ze
29



najwyzsze wartosci OAV osiggnety zwigzki chemiczne o zapachu miodowym (aldehyd
fenylooctowy), karmelowym (furaneol), kozieradkowym (methional) i kwiatowym (alkohol
fenyloetylowy). Aromat rumowy, ktory cechuje oceniany miod pitny, najprawdopodobniej
wynika z oddziatywania wielu zwigzkdéw zapachowych, a nie z pojedynczego sktadnika.
Podobne wyniki uzyskali Franitza i in., ktorzy wykazali, ze za charakterystyczny zapach
rumu odpowiadajg takie kluczowe zwiazki jak etanol, wanilina, (S)-2-metylobutanian etylu,
(E)-p-damascenon, 2,3-butanedion, 3-metylbutanal i maslan etylu (Franitza i in., 2016).
Roéwniez w ich badaniach nie stwierdzono obecno$ci pojedynczego zwigzku o zapachu

rumowym.

Test rekombinacji aromatu wykazal wysokie podobienstwo wzgledem badanej proby
miodu pitnego, co poswiadcza prawidtowos$¢ oznaczen ilosciowych zwigzkéw aktywnych
zapachowo. Natomiast, przeprowadzone testy omisyjne wykazaly, ze kluczowymi
zwigzkami aktywnymi zapachowo odpowiadajacymi za aromat miodu pitnego s3:
methional, alkohol fenyloetylowy, furaneol, propionian etylu, 3-metylobutanian etylu,

aldehyd fenylooctowy, kwas 2- i 3-metylomastowy, sotolon, oraz wanilina.

Aby okresli¢c wplyw procesu produkcyjnego na powstawanie kluczowych zwigzkow
zapachowych porownano ich zawarto$¢ na czterech etapach produkcji: w surowcu (miod
wielokwiatowy), w probkach pobranych pierwszego dnia fermentacji w celu
zweryfikowania wptywu gotowania brzeczki (F1), w probkach pobranych 30 dnia
fermentacji w celu zweryfikowania wplywu fermentacji (F30) oraz w produkcie kohcowym
w celu zweryfikowania wptywu dojrzewania (midd pitny po 1 roku dojrzewania). Analizujac
zebrane wyniki (tabela 4 ) mozna stwierdzi¢, ze zmiany w stezeniach poszczegdlnych
zwigzkow byly silnie zwigzane z grupami chemicznymi, do ktorych nalezg oraz $ciezkami
ich powstawania. W surowcu zidentyfikowano tylko cz¢§¢ kluczowych zwiazkéw
zapachowych, takich jak aldehyd fenylooctowy, alkohol fenyloetylowy, sotolon,
2- i 3-metylbutanol, 3-metylobutanian etylu, p-krezol, kwas octowy, wanilina, furfural, kwas
mastowy 1 4-methylquinazolin, a ich stezenia byly najnizsze w poréwnaniu do innych
etapow produkcji (z wyjatkiem 4-methylquinazolinu, ktérego stezenie w miodzie pszczelim
byto najwyzsze). Ogrzewanie brzeczki miodowej skutkowato wzrostem stezen zwigzkoéw
o przyjemnych zapachach: kwiatowym, miodowym i karmelowym, ale tez powigzanych
z niepozadanymi aromatami, takimi jak octowy czy fekalny. Procesy fermentacji
1 dojrzewania wywotaly najwigksze zmiany w stezeniach kluczowych zwigzkow

zapachowych. W trakcie fermentacji zauwazono wzrost stezen zwiazkow z grupy estrow
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0 przyjemnych, owocowych zapachach (3-metylobutanian etylu, propionian etylu oraz octan
etylu). Kolejnymi zwigzkami, ktérych zawarto§¢ wzrosta w trakcie fermentacji byty aldehyd
fenylooctowy (12 krotny wzrost), alkohol fenyloetylowy (30 krotny wzrost)
2- | 3-metylbutanol (ponad 130 razy wyzsze stezenie po okresie fermentacji). Furaneol
o przyjemnym, karmelowym zapachu wykazat stezenie 24,2 mg/L. Natomiast proces
dojrzewania spowodowal najwigksze zmiany zwigzkéw z grupy aldehydow, ktorych
stezenia byty najwyzsze po 12 miesigcach dojrzewania. Wyniki te moga by¢ zwigzane ze
wspomniang wczesniej degradacjg Streckera. Marrufo-Curtido i in. (2022) udowodnili, ze
stezenia zwigzkow takich jak methional i aldehyd fenylooctowy znaczgco wzrosty podczas
utleniania win (Marrufo-Curtido i in., 2022). Alkohol fenyloetylowy osiagnat maksymalne
stezenie 95,9 mg/L. w miodzie pitnym po dojrzewaniu, co moze by¢ wynikiem przemian
L-fenyloalaniny, zachodzacych w mechanizmie Ehrlicha (Camara i in., 2006). Z drugiej
strony jednak okres dojrzewania produktu spowodowat spadek stezenia zwigzkow takich jak
estry, najprawdopodobniej wskutek ich utleniania (Patrianakou & Roussis, 2013). Spadek
stezen zanotowano rowniez dla wszystkich zidentyfikowanych kwasow, p-krezolu oraz
4-methylquinazolinu (o charakterystycznym, mi¢towym zapachu), ktdry po raz pierwszy

zidentyfikowany zostal w napojach alkoholowych.

Podsumowujgc, w badaniu przedstawionym w Publikacji 1 scharakteryzowano
Kluczowe zwiagzki aktywne zapachowo miodu pitnego na poziomie molekularnym
1 wskazano wstgpne podstawy formowania jego aromatu. W miodzie pitnym i posrednich
etapach jego produkcji zidentyfikowano osiemnascie waznych zwiazkéw zapachowych,
a analizy ilosciowe wykazaly, ze w trakcie procesu produkcji miodu pitnego widoczne byty
zmiany w stezeniu zwigzkéw odpowiedzialnych za koncowy aromat produktu. Wyniki te
wykazaly, ze cho¢ kazdy z etapow produkcyjnych (ogrzewanie brzeczki, fermentacja
i dojrzewanie) wnosi istotne zmiany w st¢zeniach kluczowych zwigzkow zapachowych to
fermentacja 1 dojrzewanie odgrywaja kluczowa rolg¢ w formowaniu charakterystycznego

aromatu miodu pitnego.

Wyniki badan ukazane w Publikacji 1 pozwolity na potwierdzenie pierwszej hipotezy
badawczej: H1. Zwigzki zapachowe wykryte w miodzie pitnym typu trojniak,
o wysokich wartosciach OAV, majg kluczowy wplyw na jego charakterystyczny
aromat, a ich stezenie zmienia si¢ w trakcie procesu produkcji, w tym podczas
fermentacji i dojrzewania. Sa one rowniez podstawag do przeprowadzenia dalszych,

szczegdtowych analiz majacych na celu okreslenie wptywu poszczegdlnych parametrow
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stosowanych w procesie produkcyjnym mioddéw pitnych na ich profil zapachowy oraz

zwigzki aktywna zapachowo.

7.2. Wplyw odmiany miodu pszczelego, sposobow fermentacji
i ogrzewania brzeczki na wlasciwosSci sensoryczne oraz

zwiazki aktywne zapachowo w miodach pitnych

W celu doktadnego okreslenia wagi wpltywu parametrow produkcyjnych na aromat
gotowego miodu pitnego, zostal szczegdétowo zbadany wplyw trzech kluczowych
czynnikow: odmiany miodu pszczelego (akacjowy, gryczany i lipowy), efektu
podgrzewania brzeczki oraz rodzaju fermentacji (z uzyciem komercyjnych drozdzy
S. cerevisiae, fermentacji spontanicznej oraz zastosowania ple$ni G. geotrichum. Procesowi
fermentacji spontanicznej oraz zaszczepieniu plesniami G. geotrichum poddane zostaty
miody, ktorych brzeczki nie byly sycone, natomiast inokulacje drozdzami
S. cerevisiae poddano oba rodzaje miodow (sycone i niesycone). Proces przygotowania
modelowych miodéw pitnych ukazany zostal na rycinie 6 (Publikacja 2). Zastosowanie
plesni G. geotrichum w procesie fermentacji miato na celu probe zwigkszenia zawartosci
zwigzkow o zapachu miodowo-rézanym, takich jak alkohol fenyloetylowy, aldehyd
fenylooctowy oraz kwas fenylooctowy, na podstawie badan przeprowadzonych w pracy
doktorskiej Pani Kamilli Szudery-Konczal (Szudera-Konczal, 2023). Wyprodukowano
dwanascie modelowych rodzajow miodu pitnego, a ich ekstrakty uzyskane metoda Solvent-
Assisted Flavor Evaporation (SAFE) zostaly poddane analizie olfaktometrycznej w celu
identyfikacji zwigzkéw aktywnych zapachowo. Nastgpnie przeprowadzono ilo$ciowa
analiz¢ wybranych zwigzkéw zapachowych metoda SPME-GC/MS w fazie
nadpowierzchniowej. W koncowym etapie, w celu okreslenia, w jaki sposéb kazdy
z parametrow produkcji wplywa na koncowy aromat miodu pitnego, zastosowano
jednowymiarowe i wielowymiarowe analizy statystyczne, a takze analiz¢ korelacji migdzy
stezeniami zwigzkéw zapachowych a cechami sensorycznymi miodow pitnych, a wyniki

tych analiz zaprezentowane zostaty na rycinie 5 (Publikacja 2).
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Przeprowadzona profilowa analiza sensoryczna 12 rodzajow miodu pitnego wykazata,
ze ogblna intensywnos$¢ zapachu miodow pitnych przygotowanych z tych samych rodzajow
miodu byta bardzo podobna w kazdej grupie (rysunki 1, 2 i 3, Publikacja 2 ). Wyrazne
roznice zauwazalne byly migdzy miodami pitnymi przygotowanymi z réznych odmian
miodu, nie tylko w ogodlnej intensywnosci aromatu, ale takze w intensywnos$ciach
indywidualnych deskryptorow. Wszystkie miody pitne na bazie gryki charakteryzowaly si¢
najwyzsza ogolng intensywnoscig zapachu (od 7,5 do 8,6), kolejne byty miody pitne na bazie
lipy (zakres punktacji od 3,8 do 5,5). Najnizsze warto$ci ogdlnej intensywnos$ci zapachu
odnotowano dla miodéw pitnych na bazie akacji, ktorych wyniki wahaty si¢ od 2,2 do 2,8.
W aromacie miodéw pitnych gryczanych dominowaty takie zapachy jak: miodowy stodowy,
rumowy, fermentacyjny i alkoholowy. Jednak odczucie zapachu kwiatowego byto bardziej
wyraziste w miodach lipowych i1 akacjowych i przewyzszalo zapachy rumowe, ktoére
dominowaty w miodach gryczanych. Fermentacja spontaniczna natomiast wykazata
(zarowno z udziatem G. geotrichum, jak i bez) wyzsze wyniki w odniesieniu do cech

miodowych, stodowych i drozdzowych.

W  celu potwierdzenia obecnosci kluczowych  zwiazkéw  zapachowych
zidentyfikowanych w Publikacji 1 ekstrakty zwigzkow lotnych przygotowane ze wszystkich
dwunastu miodow modelowych poddano analizie GCO. Zastosowanie analizy GCO
pozwolito na zidentyfikowanie 23 zwigzkéw aktywnych zapachowo w dwunastu badanych
probkach miodu pitnego oraz stwierdzenie, ze wszystkie zidentyfikowane zwiazki aktywne
zapachowo s3 zgodne z wynikami uzyskanymi w naszym poprzednim badaniu. Wyniki
badan zebrane w tabeli 1 (Publikacja 2) pokazaty, Zze znaczna wigkszos¢ zidentyfikowanych
zwigzkow zapachowych znajdowala si¢ we wszystkich analizowanych probach, a niewielkie
réznice w wystgpowaniu poszczegdlnych zwigzkéw wynikaty jedynie z zastosowania
roznych odmian miodu pszczelego, natomiast rodzaj fermentacji oraz ogrzewanie brzeczki
nie wykazywaty wigkszych roznic w identyfikacji zwigzkow zapachowych. Szczegotowa
identyfikacja zwigzkéw lotnych w miodach pitnych przygotowanych zar6wno
z wykorzystaniem roznych odmian surowca, sposobdéw fermentacji jak 1 roéznego
przygotowania brzeczki wykazala, ze na aromat miodow pitnych wplywaja te same zwiazki
aktywne zapachowo, co w przypadku miodu pitnego pozyskanego od producenta,
przygotowanego na bazie miodu wielokwiatowego. To potwierdza wyniki opisane w pracy
przegladowej Dunkel i in (2014). Autorzy zauwazaja, ze aromat roéznych produktow

spozywczych, np. fermentowanych napojow alkoholowych, wynika z kombinacji
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podobnych zwigzkéw zapachowych, ktore wystepuja w réznych stezeniach, tworzac

charakterystyczny profil zapachowy dla danej grupy produktow.

Nastepnie, w kazdym =z 12 rodzajéw miodu pitnego, okreslono stezenia
zidentyfikowanych zwigzkow zostaty nastepnie okreslone w kazdym rodzaju miodu pitnego
oraz wyznaczono rowniez ich OAV. Wartosci zostaty przedstawione w tabelach 2, 3 1 4
(Publikacja 2). Najwyzsze stezenia we wszystkich probkach wykazaty alkohol
fenyloetylowy o zapachu kwiatowym, kwas fenylooctowy o zapachu miodowym oraz
stodowy kwas 2- i 3-metylomastowy. Pomiedzy wszystkimi badanymi probkami
wystepowaty widoczne rdznice w ich stezeniach. Wartosci OAV obliczone dla zwigzkoéw
roznity si¢ w zalezno$ci od badanych probek. Najwyzszymi wartosciami OAV we
wszystkich miodach wyrdzniaty si¢ 2- i 3-metylbutanal, aldehyd fenylooctowy, alkohol
fenyloetylowy, furaneol i kwas fenylooctowy, powigzane z takimi zapachami jak stodowy,
miodowy, kwiatowy i1 karmelowy. Pomimo dominacji tych samych zwiagzkéw aktywnych
zapachowo w miodach pitnych przygotowanych na bazie trzech odmian miodéw pszczelich,
poziomy stezen tych zwigzkéw we wszystkich badanych probkach byty rozne. Najwyzsze
stezenia kwiatowego alkoholu fenyloetylowego odnotowano w miodach pitnych lipowych
niesyconych, zaszczepianych drozdzami (TNY) 1 akacjowych niesyconych,
fermentowanych spontanicznie (ANS) (odpowiednio 4,29 i 4,19 mg/l), a najnizsze
w miodzie pitnym gryczanym syconym, zaszczepianym drozdzami (BNY) (2,0 mg/l).
Zwiazek ten jest czesto identyfikowany w réznych napojach alkoholowych, takich jak midd
pitny czy wino (Mayr i in., 2014). Widocznie wyzsze stezenia stodowego
2- 1 3-methyl-1-butanalu odnotowano w przypadku wszystkich miodéw pitnych na bazie
gryki w poréwnaniu z innymi rodzajami miodow pitnych. Roznice w stezeniach tego
zwigzku znajduja réwniez odzwierciedlenie w ocenie sensorycznej omawianych miodow
pitnych, poniewaz zapachy stlodowe dla wszystkich miodéw pitnych na bazie gryki byty
widocznie wyzsze niz te przedstawione dla pozostatych z akacji czy lipy. Analiza korelacji
wykazata, ze zapach rumowy skorelowany byt ze stezeniem kwasu fenylooctowego, kwasu
2- i 3-metylomastowego 2- i 3-metylbutanalu oraz kwasu mastowego. Podobne obserwacje
poczynili Franitza i in., ktérzy zidentyfikowali kluczowe zwiazki zapachowe w rumie,

a posrdd nich znalazt si¢ m.in. 3-metylbutanal (Franitza i in., 2016).

Pomimo zauwazalnych ro6znic w ocenie poszczegdlnych deskryptoréw uzyskanych
podczas analizy sensorycznej przygotowanych miodéw pitnych, nie stwierdzono korelacji

z konkretnymi zwigzkami zapachowymi, gdy do fermentacji wykorzystano dodatek
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G. geotrichum. Najsilniejsze rdéznice opisane przez osoby oceniajgce wykazano dla miodow
pitnych na bazie akacji, co mozna wyjasni¢ ich subtelnym i delikatnym aromatem, ktory nie
jest przyémiony przez dominujace zapachy stodowe lub kwiatowe, jak ma to miejsce
w przypadku miodow gryczanych czy lipowych. Analiza zidentyfikowanych zwigzkow
aktywnych zapachowo wsérod 12 réznych wariantow miodéw pitnych wykazata, ze
zaobserwowane roznice w profilach aromatow r6znych miodéw pitnych mozna przypisaé
nie tyle r6znorodno$ci zwigzkdw aromatycznych, lecz raczej réznicom w ich stezeniach w
obregbie badanych prob. Uzyskane wyniki sugeruja, ze identyfikacja zwigzkow aktywnych
zapachowo dla kazdego indywidualnego wariantu miodu pitnego moze by¢ zbedna. Zamiast
tego korzystnym wydaje si¢ by¢ skupienie si¢ na wyznaczeniu roéznic w stezeniach
kluczowych zwiazkéw zapachowych, ktore okreslone zostaly w Publikacji 1. Takie
podejscie moze umozliwi¢ skuteczng identyfikacje roznic w profilach aromatoéw poprzez
analize ilosciowa, bez potrzeby wyczerpujacej i czasochlonnej identyfikacji zwigzkow

zapachowych dla kazdego produktu.

Aby okresli¢ wptyw badanych parametréw technologicznych na cechy sensoryczne
1 wazne zwigzki zapachowe dwunastu badanych miodéw pitnych, zastosowano
nienadzorowang analiz¢ gléwnych sktadowych (PCA), ktorej wyniki zostaty ukazane na
rysunku 4 (Publikacja 2). Analiza ta potwierdzita, ze rodzaj miodu mial najistotniejszy
wpltyw na wiasciwosci sensoryczne miodu pitnego. Nie zaobserwowano wyraznych
zalezno$ci lub trendow wynikajacych z rodzaju fermentacji lub zastosowanego procesu
ogrzewania. Wyniki te r6znig si¢ od tych, ktore do tej pory dostgpne byly w literaturze.
Istniejg potwierdzenia, ze rodzaj zastosowanego miodu pszczelego znaczaco wplywa na
profil zwigzkéw lotnych w miodach pitnych (Li & Sun, 2019; Vidrih & Hribar, 2007),
natomiast dotychczasowe badania wskazuja rowniez na znaczacy wpltyw zardwno procesu
ogrzewania brzeczki (Starowicz & Granvogl, 2022) jak i rodzaju fermentacji
wykorzystujacych drozdze inne niz S. cerevisiae (Pereira i in., 2019; Sottil i in., 2019).
Roéznice te mogg wynika¢ z faktu, ze dotychczas wszystkie badania skupialy si¢ na
okresleniu wptywu tylko jednego czynnika na zwiazki lotne miodu pitnego w danym
momencie. Uzyskane wyniki pokazuja, Ze jedynie poprzez pordéwnanie wszystkich
kluczowych zmiennych w procesie produkcji mozna prawidlowo zidentyfikowac ich
rzeczywisty wptyw na r6znice w aromacie produktu. Przeprowadzone badania wykazaty, ze
tylko poprzez systematyczne badanie wptywu trzech krytycznych czynnikow — rodzaju
miodu (akacja, gryka 1 lipa), ogrzewania brzeczki i1 technik fermentacji (drozdze

S. cerevisiae, fermentacja spontaniczna i inokulacja plesniami Galactomyces geotrichum)
35



na powstawanie zwigzkow aktywnych zapachowo istnieje mozliwo$¢ okreslenia wagi
wplywu tych czynnikéw na aromat gotowego miodu pitnego. Wyniki potwierdzity, ze rodzaj
miodu odgrywa najwazniejsza role w okreslaniu wlasciwosci sensorycznych miodu pitnego.
Rodzaj zastosowanej fermentacji czy proces sycenia brzeczki wywotujg zdecydowanie
mniejsze, cho¢ nadal znaczace zmiany w stezeniu zwigzkow zapachowych, szczegdlnie
w miodach pitnych przygotowanych na bazie miodu pszczelego o delikatniejszym i mniej

dominujgcym charakterze (miod akacjowy i lipowy).

Zaprezentowane w Publikacji 2 wnioski pozwolity na przyjecie hipotezy badawczej
H2. R6zne odmiany miodu pszczelego, rozne metody ogrzewania brzeczki oraz rodzaje
fermentacji (spontaniczna, drozdzowa, z dodatkiem plesni Galactomyces geotrichum)
wplywaja na profil zapachowy miodu pitnego oraz na stezenie kluczowych zwigzkow
zapachowych. Wyniki przedstawionych badan dostarczaja cennych spostrzezen na temat
ztozonych interakcji migdzy rodzajem miodu pszczelego, ogrzewaniem brzeczki i metodami
fermentacji w ksztattowaniu aromatu i cech sensorycznych miodu pitnego. Informacje te sa
niezwykle cenne z punktu widzenia producentow miodéw pitnych, szczegélnie tych
chcacych rozwija¢ nowe gamy produktéw o unikalnych cechach sensorycznych. Uzyskane
dane wskazujag rowniez na réznice a odbiorze aromatu przez panel sensoryczny
w odniesieniu do dwoch rodzajow fermentacji- spontanicznej oraz drozdzowej w miodach
pitnych na bazie miodu akacjowego i lipowego, wykazujacych si¢ delikatnym aromatem.
Aby lepiej zglebi¢ to zagadnienie 1 dostarczy¢ szczegdtowych danych charakteryzujacych
przebieg procesow produkcyjnych w obu rodzajach fermentacji zdecydowano si¢ na
dokonanie dogtebnych analiz wybranych miodéw pitnych podczas calego procesu
produkcyjnego, rozszerzajgc badania o niecelowang analiz¢ zwigzkow lotnych oraz
okreslenie gtownych grup drobnoustrojéw (bakterie 1 drozdze) w calym procesie

produkcyjnym.
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7.3. Wyjasnienie wplywu rodzaju fermentacji (spontanicznej
i drozdzowej) na powstawanie zwigzkow aktywnych
zapachowo oraz profil zwigzkow lotnych za pomocg analizy

GC/MS i cytometrii przeplywowej

W wyniku wczesniej przeprowadzonych analiz sensorycznych zauwazono, ze
najwyzszg zmienno$cig aromatu w miodzie pitnym (w konteks$cie pordwnania rodzajow
fermentacji) cechowaly si¢ proby fermentowane na dwa sposoby: spontanicznie oraz po
zaszczepieniu drozdzami S. cerevisiae (nie poddane syceniu). Aby szczegotowo zbadaé te
roznice 1 doktadnie okresli¢ zmiany zachodzace miedzy dwoma typami fermentacji,
zastosowano potaczenie zaawansowanych technik instrumentalnych, takich jak niecelowana
analiza profilu zwigzkoéw lotnych oraz ocena st¢zen zwiazkoéw aktywnych zapachowo,
w potaczeniu z monitorowaniem zmian w mikrobiocie za pomocg cytometrii przeptywowe;j.
Wryniki te zostaly opracowane przy pomocy adekwatnych analiz statystycznych, aby
wykaza¢  zachodzace  interakcje, = wyjasni¢ = mozliwe  przyczyny  rdznic
W ocenie sensorycznej prob oraz wykaza¢ rdznice w procesie produkcyjnym przy

zastosowaniu dwoch metod fermentacji.

W celu kontroli prawidtowosci zachodzacych procesow produkcyjnych miodu pitnego
1 oceny efektywnos$ci fermentacji monitorowano podstawowe parametry, takie jak stopnie
Brixa 1 pH oraz stezenia cukrow (glukoza 1 fruktoza) oraz glicerolu w trzech punktach
produkcyjnych (w pierwszym dniu fermentacji, w 30 dniu fermentacji i w miodzie pithnym
po okresie dojrzewania). Biorgc pod uwage rodzaj fermentacji, widoczne jest, ze miody pitne
zaszczepione drozdzami S. cerevisiae zakonczyly proces fermentacji w ciggu 30 dni,
natomiast miody pitne fermentowane spontanicznie wymagaty wigcej czasu na zakonczenie
procesu fermentacji, ktory trwat w trakcie dojrzewania. Podobna sytuacja zostala
odnotowana dla miodéw przygotowywanych z réoznymi dodatkami, ktore wykazaly wzrost
stezenia etanolu w czasie wielomiesiecznego dojrzewania (Czabaj i in., 2016). Rowniez
Bednarek i in. (2019) w swoich badaniach wskazuja, ze tempo wzrostu drozdzy w miodach
pitnych  zaszczepionych drozdzami S. cerevisiae jest duzo szybsze niz
w przypadku zastosowania fermentacji spontanicznej (Bednarek i in., 2019). Tempo
fermentacji cukrow zaobserwowane dla probek fermentowanych spontanicznie byto nizsze,
niz w przypadku miodow zaszczepianych drozdzami, co moze wskazywacé na wolniejsza

adaptacje naturalnie wystgpujacych w miodzie mikroorganizmow.
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Aby w pelni zrozumie¢ zmiany zachodzace w miodzie pitnym wynikajgce zard6wno
z prowadzonego procesu produkcyjnego jak i zastosowanych zmiennych (r6zne rodzaje
fermentacji) probki miodow pitnych zostaly poddane niecelowanej analizie profilu
zwigzkow lotnych. W celu doktadniejszego ustalenia zachodzgcych zmian analizie poddane
zostaly proby pobierane w 1, 5, 10, 15 1 30 dniu fermentacji oraz w 3, 6, 9 1 12 miesiagcu
dojrzewania. Do dalszej analizy wybrane zostaty tylko te zwigzki lotne, ktore wykazuja
potencjal zapachowy. W celu lepszej i bardziej przejrzystej interpretacji danych do
zidentyfikowanych zwigzkéw przypisano jedng z o$miu kategorii grup chemicznych (kwas,
alkohol, aldehyd, ester, furan, keton, lakton lub inny) oraz opis zapachu danego zwigzku
dostepny w zrddlach literaturowych. Na podstawie opisu zapachu do kazdego zwiazku
przydzielono jedng z siedmiu kategorii zapachowych (alkoholowy, kwiatowy, owocowy,
miodowy, stodowy, zapach przypraw, niepozadany). Posréd wszystkich badanych probek
zidentyfikowano 109 zwiazkdéw o potencjale zapachowym nalezacych do réznych grup
chemicznych. Najwieksza liczba potencjalnych zwigzkow zapachowo aktywnych
zidentyfikowanych we wszystkich probkach byty estry, ktore stanowily okoto 1/3
wszystkich zidentyfikowanych substancji. Zwigzki te sa w wigkszo$ci zwigzane
z wrazeniami zapachowymi opisywanymi jako owocowe i1 miodowe, jak rodwniez
odpowiadajg za zapachy niepozadane. Druga co do wielkosci grupe stanowity alkohole,
charakteryzujace si¢ réznymi zapachami, opisywanymi jako stodowy, kwiatowy, mydlany
czy ostry, draznigcy. W trakcie trwania procesu produkcyjnego intensywno$¢ potencjalnych
zwigzkéw zapachowo-aktywnych wahata si¢ w zaleznosci od konkretnego etapu.
Niezaleznie od rodzaju fermentacji, intensywnos$¢ estréw wzrastata w trakcie fermentacji
i malata w ciggu dwunastomiesigcznego okresu dojrzewania. Podobne zmiany
zaobserwowano dla ketonéw 1 furandéw, ktérych intensywno$¢ wzrastata podczas
fermentacji 1 malata podczas dojrzewania. Aldehydy utrzymywaty podobng intensywnos$¢
przez caty proces produkcji, niezaleznie od rodzaju fermentacji. Rosngca intensywnos¢
wielu zwigzkow w trakcie fermentacji, takich jak estry lub kwasy, moze by¢ zwigzana
z ich formowaniem podczas wzrostu drozdzy. Spontaniczna fermentacja wykazala
maksymalne intensywnos$ci wigkszosci zwiazkdw pozniej niz fermentacja kontrolowana
(odpowiednio w dziesigtym 1 pigtym dniu fermentacji). Prawdopodobnie bylo to
spowodowane tym, ze fermentacja spontaniczna przebiega mniej gwattownie 1 burzliwie niz
fermentacja zaszczepiona drozdzami (co zostalo rowniez wykazane spadkiem stezen

cukrow).
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Analiza potencjalnych zwigzkow zapachowych z uwzglednieniem przypisanych im
kategorii zapachowych wykazala, ze grupa zapachow okreslanych jako niepozadane
(ang. off-flavors) obejmuje szeroki zakres zwigzkow z roznych grup chemicznych takich jak
ketony, kwasy 1 estry, o zroznicowanych deskryptorach zapachowych (siarkowe, octowe,
mydlane, plesniowe, rozpuszczalnikowe, stechte). Omawiana kategoria zapachow wykazata
znaczny wzrost intensywnosci podczas procesu fermentacji w obu jej typach. Natomiast
dlugi proces dojrzewania (trwajacy 12 miesigcy), spowodowal znaczny spadek ich
intensywnos$ci, co moze wyjasnia¢, dlaczego zwigzki te nie zostaly wczedniej
zidentyfikowane w badanych prébkach przy wykorzystaniu metody GCO. Tak znaczace
zmniejszenie intensywnos$ci niepozadanych zwigzkéw zapachowych moze réwniez
wskazywaé jak ogromne znaczenie dla bukietu zapachowego ma ten czasochtonny etap
produkcji. Zwigzki skategoryzowane jako miodowe, alkoholowe, niepozadane i owocowe
wykazatly szybszy wzrost intensywnosci podczas procesu fermentacji w miodach pitnych
przygotowanych z zaszczepieniem drozdzami S. cerevisiae w porownaniu do miodow
pitnych fermentowanych spontanicznie (odpowiednio piaty i dziesiaty dzien fermentacji).
Moze to rowniez potwierdza¢ wolniejszy przebieg procesu, gdy wykorzystywana jest
fermentacja spontaniczna. Profilowa analiza sensoryczna przeprowadzona dla omawianych
miodow pitnych w poprzednim badaniu (Publikacja 2) wykazata wyzsze wrazenia stodowe
i miodowe w miodach pitnych uzyskanych za pomocg fermentacji spontanicznej w obu
typach miodow pitnych (na bazie akacji i lipy) w poréwnaniu z miodami pitnymi
zaszczepianymi drozdzami. Roznice te zostaly potwierdzone przez wyniki niecelowanej
analizy profilu zwigzkow lotnych, ktore wykazaly, ze fermentacja spontaniczna skutkowata
wyzszymi intensywnosciami zwigzkow o zapachach alkoholowych, stodowych,

owocowych i miodowych.

Przeprowadzone analizy statystyczne wykazaly, ze zarowno procesy fermentacji, jak
i dojrzewania sa bardzo zroznicowane pod wzgledem wystepowania zwigzkow
o potencjale zapachowym. Fermentacja spowodowata powstanie 95 zwigzkow, z ktorych 25
jest unikalnych dla tego etapu, przy czym opisy zapachow tych zwiazkow sa klasyfikowane
gldwnie jako owocowe, niepozadane i1 przyprawowe. Z drugiej strony okres dojrzewania
spowodowal powstanie 14 zwigzkow, ktore nie zostaly zidentyfikowane podczas
fermentacji, ktore byty gléwnie zapachami owocowymi, z mniejszym udzialem grupy
zapachow niepozadanych, slodowych i1 przyprawowych. Wyniki te ukazuja zmiany
chemiczne, ktore zachodza podczas procesu dojrzewania. Fakt, ze dojrzewanie miodu

pitnego wprowadza nowe zwigzki, sugeruje, ze proces ten jest kluczowy w budowaniu
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zlozonos$ci aromatu miodu pitnego. Dojrzewanie moze rowniez prowadzi¢ do zaniku lub
modyfikacji niektorych zwiazkow lotnych powstatych w wyniku fermentacji, co wskazuje,

ze proces ten nie polega tylko na wzroscie intensywnosci nowych zwigzkow.

Porownujgc dwa rodzaje fermentacji, wida¢ wyraznie, ze fermentacja spontaniczna
skutkuje obecnoscig wigkszej liczby unikalnych, potencjalnie aktywnych zapachowo
zwigzkow lotnych (27) niz fermentacja kontrolowana z zastosowaniem zaszczepienia
drozdzami S. cerevisiae (8). Fermentacja spontaniczna opiera si¢ na mikroorganizmach
naturalnie wystepujacych w miodzie pszczelim i1 $srodowisku, co moze prowadzi¢ do
szerszego spektrum reakcji chemicznych, a tym samym do produkcji wigkszej
réznorodnosci zwigzkéw lotnych. Natomiast drozdze S. cerevisiae, majg tendencje do
dominowania w procesie fermentacji, co prowadzi do bardziej kontrolowanego
1 przewidywalnego wyniku tego procesu. Obecno$¢ tylko 8 unikalnych zwiazkéw
w fermentacji drozdzowej wskazuje na bardziej jednolity proces chemiczny, skutkujacy

wytworzeniem mniejszej liczby specyficznych zwigzkow.

W celu zidentyfikowania gléwnych grup mikroorganizméw odpowiedzialnych za
proces fermentacji oraz okreslenia zmian w ich liczebnosci, wszystkie probki czterech
badanych miodéw pitnych na kazdym etapie produkcji zostaty przebadane za pomoca
cytometrii przeptywowej. Analiza obejmowala zdefiniowanie trzech gléwnych frakeji:
debris (zanieczyszczania niebedace komorkami drozdzy i bakterii), bakterii i drozdzy.
Proporcje zawarto$ci bakterii i drozdzy w probkach fermentowanych dwoma typami
fermentacji, w odniesieniu do tych samych rodzajow miodu, w pierwszym dniu fermentacji
byly bardzo podobne i wynosilty 87,99% do 8,36% (odpowiednio bakterii do drozdzy)
w probce ANS (miod akacjowy, fermentacja spontaniczna) i1 88,18% do 8,52%
w probce ANY (midd akacjowy, fermentacja drozdzowa). Miody pitne na bazie lipy
wykazaly réwniez podobiefistwo migdzy réznymi typami fermentacji: 81,13% bakterii
1 15,80% drozdzy w probce TNS (fermentacja spontaniczna) i 81,91% bakterii 1 15,19%
drozdzy w probce TNY (fermentacja drozdzowa). Wzrost zawartosci drozdzy w probkach
zaszczepionych S. cerevisiae byt znacznie szybszy i bardziej gwattowny w poréwnaniu do
fermentacji spontanicznej w obu odmianach miodu, co moze wskazywac¢, ze czyste kultury
S. cerevisiae wykazuja lepsza tolerancje i odporno$¢ na wysokie stezenia cukru obecne

w brzeczce miodowe;j.
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Ilosciowa analiza st¢zen zwigzkéw aktywnych zapachowo o wysokim OAYV, ktore
zidentyfikowane zostaly we wcze$niejszym etapie (Publikacja 2) pozwolita na przesledzenie
zmian stezen tych zwiazkdw w catym procesie produkcyjnym oraz zaobserwowac rdznice
pomiedzy przebiegiem tych procesoOw w obu rodzajach fermentacji. Stezenia zwigzkoéw
zmieniaty si¢ w zaleznosci od etapéw produkcji, przez caty okres wytwarzania miodu
pitnego. Wigkszo$¢ zmian byta $cisle powigzana ze specyficznymi grupami chemicznymi
zwigzkéw 1 $ciezkami ich powstawania. Fermentacja spontaniczna wykazala roéwniez
wiekszg produkcje estrow w procesie fermentacji, co skutkowato ich wyzszym st¢zeniem
w miodach po okresie dojrzewania w poréwnaniu do probek zaszczepionych drozdzami.
Podobne obserwacje zostaly wczesniej opisane w odniesieniu do win (Boban i in., 2022).
Dodatkowo uzyskane dane wykorzystano do opracowania modelu pozwalajacego na
dyskryminacj¢ miodéow pitnych w odniesieniu do sposobu ich fermentacji (spontaniczna
1 kontrolowana). Model osiggnal wysoka efektywnos$¢ klasyfikacji, co pozwolito na
prawidtowa dyskryminacje ~90% typow fermentacji, przy uwzglednieniu stezen
zidentyfikowanych zwigzkéw aktywnych zapachowo. Analiza ta pomogta wykazaé, ze
réznice w fermentacjach sg widoczne nie tylko w dynamice fermentacji cukréw, zmianach
intensywnos$ci zwigzkOéw o potencjale zapachowym oraz w rozwoju drozdzy i bakterii
w trakcie procesow produkcyjnych, ale takze na poziomie tych samych zwigzkéw

aktywnych zapachowo, r6zniacych si¢ jedynie stezeniami pomig¢dzy probkami.

W celu dalszego zbadania zwigzku pomig¢dzy zmianami zawarto$ci bakterii 1 drozdzy w
trakcie procesu produkcyjnego a zmiang stezen zwiazkoéw aktywnych zapachowo
przeprowadzono analize korelacji wymienionych danych. Analiza korelacji wykazata, ze
zawarto$¢ bakterii miala umiarkowany wplyw na produkcje waznych zwigzkoéw aktywnych
zapachowo, takich jak heksanian etylu (0,63), furfural (0,33) i kwas fenylooctowy (0,49),
CO sugeruje, ze obecnos$¢ bakterii przyczyniaja si¢ do powstawania niektorych zwiazkoéw
lotnych. Zwigzki te powigzane sg z zapachami owocowymi, karmelowymi 1 miodowymi,
co moze uzasadnia¢ wyzsze oceny dla zapachu miodowego w przypadku miodéw
fermentowanych spontanicznie. Natomiast zmiany w liczebnosci bakterii wykazaty ujemna
korelacje ze zwigzkami takimi jak aldehyd fenylooctowy (-0,39), co sugeruje, ze wyzsza
liczba bakterii moze hamowaé powstawanie tego zwigzku lub prowadzi¢ do jego
przeksztatcenia w inne produkty. Zmiana ilosci drozdzy podczas procesu produkcyjnego
wykazata jedynie staba korelacje z aldehydem fenylooctowym (0,37), podczas gdy
wykazywata ujemne korelacje z heksanianem etylu (-0,59), kwasem fenylooctowym (-0,50)

i furfuralem (-0,47). Sugeruje to, ze chociaz drozdze sa gtdéwnym motorem fermentacji, ich
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wzrost moze prowadzi¢ do zmniejszenia st¢zen niektorych zwigzkow zapachowych
zwigzanych z bakteriami, prawdopodobnie z powodu konkurencji lub zmian

metabolicznych.

Podsumowujgc, w tym badaniu (Publikacja 3) oceniono wplyw dwoch typow
fermentacji (spontanicznej i drozdzowej) w trakcie trwania catego procesu produkcyjnego
na rozwdj lotnych zwigzkoéw organicznych i substancji zapachowych w miodach pitnych,
wykorzystujac szeroki zakres réznorodnych analiz instrumentalnych w potaczeniu
z zaawansowang analizg statystyczng. Wyniki przeprowadzonych badan pozwolity na
przyjecie hipotezy badawczej H3. Zastosowanie zaawansowanych metod statystycznych
do analizy wynikéw uzyskanych w badaniach modelowych pozwala na identyfikacje
kluczowych czynnikow wplywajacych na profil zapachowy miodow pitnych, co
umozliwia producentom optymalizacj¢ proceséw produkcyjnych w celu uzyskania
produktow o pozadanych cechach sensorycznych. Wyniki te pozwolity ustali¢ znaczenie
rodzaju fermentacji w odniesieniu do stezen waznych zwigzkéw zapachowych
w eksperymentalnych miodach pitnych. Badania pokazuja, ze fermentacja spontaniczna
prowadzi do bardziej =zlozonego 1 zmiennego profilu zwigzkéw lotnych,
z wigksza liczbg unikalnych zwigzkow. Wiaze si¢ to jednak z ryzykiem niepozadanych
zapachow 1 braku powtarzalnosci. Proces ten moze by¢ bardziej odpowiedni dla
producentéw poszukujacych wyjatkowosci 1 zlozonosci w swoich miodach pitnych,
z bardziej rzemieS$lniczym podejSciem, ktéore obejmuje nieprzewidywalnos¢ dzikiej
fermentacji. Z drugiej strony kontrolowana fermentacja wykorzystujaca drozdze
S. cerevisiae daje bardziej przewidywalny midd pitny z mniejsza liczbg posmakow
1 spojnym owocowym aromatem. Cho¢ moze mu brakowac ztozonoS$ci 1 zmiennosci obecne;j
w fermentacji spontanicznej, oferuje wigksza kontrole nad produktem koncowym
1 prawdopodobnie jest bardziej niezawodny w przypadku dhuzszej produkcji. Uzyskane
wyniki niewatpliwie przyczynig si¢ do zwigkszenia roznorodnosci profili aromatow miodow
pitnych poprzez zastosowanie nowych rozwigzan. Przeprowadzone badania majg znaczaca
warto$¢ dla producentow miodow pitnych, poniewaz identyfikuja istotne czynniki, ktore
nalezy wzig¢ pod uwage przy planowaniu cech produktu koncowego jeszcze przed

rozpoczeciem produkeji.
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8. Podsumowanie i wnioski

Niniejsza rozprawa doktorska, ktora jest zbiorem trzech publikacji objetych wspolnym
tytutem: ,,Analiza zwigzkow aktywnych zapachowo ksztattujacych aromat polskich miodow
pitnych: wptyw surowca oraz proceséw fermentacji i dojrzewania.” Prezentuje, dzieki
zastosowaniu podejscia sensomicznego, szczegdtowq identyfikacje kluczowych zwigzkow
zapachowych w tradycyjnym miodzie pitnym wraz z odniesieniem do jego profilu
zapachowego. Zaprezentowane badania opisuja réwniez wplyw surowca oraz procesow
fermentacji 1 dojrzewania na zmian¢ stezen zwigzkow aktywnych zapachowo

w modelowych miodach pitnych.
Na podstawie uzyskanych wynikéw sformutowano nastepujace wnioski:

1. Zastosowanie podej$cia sensomicznego do analizy aromatu miodu pitnego umozliwito
identyfikacj¢ dziewieciu kluczowych zwiazkéw zapachowych, sposrod ktorych
najwigksze znaczenie maja kolejno aldehyd fenylooctowy o zapachu miodowym,
furaneol o zapachu karmelowym, metional o zapachu gotowanych ziemniakow,
alkohol fenyloetylowy o zapachu kwiatowym, sotolon o zapachu kozieradki,
3-metylobutanian etylu (zapach owocowy) propionian etylu (zapach owocowy), kwas

2- i 3-metylomastowy (zapach potu, stodowy) oraz wanilina 0 zapachu waniliowym.

2. Profil zapachowy miodu pitnego zostal okreSlony jako miodowy, stodowy
i alkoholowy, z subtelnymi nutami rumowymi, fermentacyjnymi, karmelowymi
1 kwiatowymi. Wrazenia te najprawdopodobniej wywolane byly przez zwiagzki
zapachowe o0 wysokim OAV, takie jak aldehyd fenylooctowy (OAV 3100)
w przypadku nut miodowych, furaneol (OAV 1900) w przypadku nut karmelowych,
alkohol fenyloetylowy (OAV 680) skutkujacy odczuwaniem nut kwiatowych oraz
2- 1 3-metylbutanol (OAV 240), wprowadzajacy do aromatu nuty stodowe. Wrazenia
zapachowe scharakteryzowane jako rumowe oraz fermentacyjne sa wywotywane

najprawdopodobniej poprzez mieszaniny kilku zwigzkow aktywnych zapachowo.

3. Poréwnanie zawarto$ci zwigzkéw zapachowych na czterech etapach produkeji miodu
wykazato, ze podczas etapu ogrzewania brzeczki nastapil  przyrost
7 zwiazkéw zapachowych, przy czym najwigkszy przyrost odnotowany zostal dla
alkoholu fenyloetylowego (79-krotny). W trakcie fermentacji nastgpit wzrost

zawartosci 11 zwigzkdéw, a najwyzsze wzrosty odnotowano dla aldehydu

43



44

fenylooctowego (12-krotny), alkoholu fenyloetylowego (30-krotny) oraz furaneolu
(karmelowy). Z kolei dojrzewanie skutkowalo wzrostem zawartosci 6 zwigzkow
zapachowych, przy czym najwyzsze wzrosty zaobserwowano dla aldehydu
fenylooctowego (22-krotny), alkoholu fenyloetylowego (4-krotny) oraz furaneolu
(2-krotny). Dodatkowo proces dojrzewania skutkowat spadkiem zawarto$ci estrow

1 kwasow.

Badania olfaktometryczne ekstraktéw uzyskanych z 12 modelowych miodéw pitnych
wykazaly, ze roznice w ich profilach zapachowych wynikajg przede wszystkim
z roznic w stezeniach tych samych kluczowych zwiazkow zapachowych, a nie
z obecno$ci unikalnych zwigzkéw charakterystycznych dla poszczegélnych

warlantow.

Na podstawie badan modelowych okreslono, ze wplyw odmiany miodu pszczelego na
zréznicowanie profilu zapachowego 1 stezenia zwigzkow aktywnych zapachowo
miodow pitnych jest najwyzszy, a zastosowanie sycenia brzeczki i trzech sposobow

fermentacji ma drugorzgdne znaczenie.

Niezaleznie od sycenia brzeczki oraz zastosowanego sposobu fermentacji miody pitne
przygotowane na bazie miodu akacjowego charakteryzowaly si¢ zapachami
miodowym i alkoholowym oraz najnizsza intensywnos$cig aromatu, miody pitne na
bazie miodu lipowego wyrdzniaty si¢ zapachem miodowym, kwiatowym
i fermentowanym, natomiast miody pitne gryczane scharakteryzowane zostaty jako
stodowe, rumowe 1 miodowe. Miody gryczane wyr6znialy si¢ rowniez najwyzsza

intensywnoscig aromatu.

Zastosowanie fermentacji spontanicznej skutkowato wzmocnieniem nut miodowych,
stodowych, drozdzowych i1 rumowych w profilu zapachowym miodéw pitnych,
w porownaniu do nastawow przygotowanych z dodatkiem drozdzy Saccharomyces
cerevisiae. Niecelowana analiza profilu zwigzkow lotnych wykazata wicksza liczbg
unikalnych zwigzkéw lotnych (27) oraz bardziej ztozony profil substancji
zapachowych w przypadku fermentacji spontanicznej, podczas gdy fermentacja
z udziatem drozdzy wytworzyta bardziej spojny profil sensoryczny i mniejszg liczbg

unikalnych zwigzkéw lotnych (8).



8. Proces dojrzewania, trwajacy 12 miesigcy ma wptyw na poprawe aromatu miodu
pitnego poprzez zmniejszenie intensywno$ci zwigzkow lotnych o niepozadanym
zapachu, a jego skrocenie mogloby owocowac obnizeniem jakosci gotowego

produktu.

9. Analiza statystyczna wykazata, ze intensywnos$¢ zwigzkoéw lotnych z grupy zwigzkow
o zapachu owocowym oraz niepozadanym zwigksza si¢ w trakcie procesu fermentacji,
niezaleznie od rodzaju zastosowanej fermentacji, natomiast proces dojrzewania
skutkuje znaczacym obnizeniem intensywnosci tych zwigzkow.
Do zwigzkoéw tych zaliczy¢ mozna estry o zapachu owocowym: octan etylu oraz

heksanian etylu.

10. Analiza korelacji wykazata, ze procentowy udzial bakterii miat wptyw na produkcje
waznych zwigzkéw aktywnych zapachowo, takich jak heksanian etylu (zapach
owocowy, 0,63), furfural (zapach karmelowy, 0,33) i kwas fenylooctowy (zapach
miodowy, 0,49), co moze uzasadnia¢ wyzsze oceny dla zapachu miodowego
w przypadku miodow fermentowanych spontanicznie. Procentowy wzrost udzialu
drozdzy korelowatl dodatnio ze stezeniami aldehydu fenylooctowego (0,37), natomiast
powodowat spadek stezen heksanianu etylu (-0,59), kwasu fenylooctowego (-0,50)
i furfuralu (-0,47).

Przedstawione badania pozwalaja na znaczne poszerzenie wiedzy dotyczace]
zwigzkow zapachowych wystepujacych w miodach pitnych z uwzglednieniem zaréwno
wielu zmiennych produkcyjnych (takich jak odmiana miodu pszczelego, ogrzewanie
brzeczki czy rdzne rodzaje fermentacji) jak 1 zmian zachodzacych w procesie produkcyjnym.
Dzigki zgromadzonym danym mozliwe bylo: wyznaczenie gldéwnych zmian w st¢zeniach
zwigzkéw zapachowych zachodzacych w czasie fermentacji i dojrzewania produktu,
okreslenie wagi wptywu poszczegdlnych parametréw produkcyjnych oraz okreslenie rdznic
w profilach zapachowych pomiedzy fermentacja spontaniczng oraz drozdzowa. Typ
zastosowanego miodu pszczelego okresla gtowny charakter profilu zapachowego
uzyskanego produktu oraz intensywno$¢ jego aromatu, natomiast zastosowanie réznych
typow fermentacji pozwala na uwydatnienie okreslonych nut zapachowych, czego
przyktadem jest podbicie aromatéw miodowych i kwiatowych w miodach pitnych
z zastosowang fermentacjg spontaniczng. Zastosowanie réznorodnych odpowiednio

dobranych i precyzyjnych metod instrumentalnych, okreslajacych aromat produktu na
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poziomie molekularnym pomoglto w dostarczeniu istotnych informacji na temat
ksztattowania si¢ zapachu w tym tradycyjnym napoju alkoholowym, co z pewnoscig bedzie
przydatne nie tylko dla dalszych badan naukowych nad tematem, ale rowniez pomoca dla
producentéw. Omawiane badania ukazujg réwniez ogromng wage procesu dojrzewania,
ktory dzieki swojej dlugosci wywiera pozytywny wptyw na aromat miodéw pitnych, a jego
skrocenie  mogloby  owocowaé pojawianiem si¢  niepozadanych  zapachow

w produkcie i obnizeniem jego jakosci.

Uzyskane wyniki prezentujag rowniez wysoka warto$¢ praktyczng, umozliwiajac
producentom optymalizacj¢ aromatu ich miodu pitnego. Uzyskane wyniki niewatpliwie
przyczynia si¢ do zwigkszenia r6znorodnosci profili aromatéw miodu poprzez zastosowanie
nowych rozwigzan. Przeprowadzone badania ukazujg, jakie odmiany miodu pszczelego
powinny zosta¢ zastosowane w celu osiggnigcia konkretnego charakteru aromatycznego
gotowego wyrobu, a takze pokazuja, ze zastosowanie fermentacji spontanicznej moze
pozwoli¢ na uwydatnienie aromatow miodowych i kwiatowych. Istotnym aspektem badan

jest rowniez wskazanie konsekwencji skrocenia czasu dojrzewania produktu.
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ABSTRACT: Mead was analyzed by using the concept of molecular sensory science for the identification of key odorants. A total of
29 odor-active compounds were identified in mead by using gas chromatography olfactometry (GCO). Flavor dilution (FD) factors
of identified compounds ranged from 1 to 16,384, compounds with FD factors >32 were quantitated by using stable isotopically
substituted odorants as internal standards or external standard method, and odor activity values (OAVs) were calculated. Fifteen
compounds showed OAVs >1: aldehydes (2-phenylacetaldehyde, 3-(methylsulfanyl)propanal), 4-hydroxy-3-methoxybenzaldehyde),
esters (ethyl 3-methylbutanoate, ethyl propanoate, ethyl octanoate), alcohols (2-phenylethan-1-ol, 3- and 2-methylbutan-1-ol, 3-
(methylsulyfanyl)propan-1-ol), furanons (4-hydroxy-2,5-dimethylfuran-3(2H)-one, 3-hydroxy-4,5-dimethylfuran-2(SH)-one), acids
(3- and 2-methylbutanoic acid, acetic acid), 1,1-diethoxyethane, and 4-methylphenol. 2-Phenylacetaldehyde (OAV, 3100) was
suggested as the compound with the biggest influence on the aroma of mead, followed by 4-hydroxy-2,5-dimethylfuran-3(2H)-one
(OAV, 1900), 3-(methylsulfanyl)propanal (OAV, 890), and 2-phenylethan-1-ol (OAV, 680). Quantitative olfactory profile analysis
revealed strong honey, malty, and alcoholic impressions. Omission experiments revealed that 3-(methylsulfanyl)propanal, 2-
phenylethan-1-ol, 4-hydroxy-2,5-dimethylfuran-3(2H)-one, ethyl propanoate, ethyl 3-methylbutanoate, 2-phenylacetaldehyde, 3- and
2-methylbutanoic acid, 3-hydroxy-4,5-dimethylfuran-2(SH)-one, and 4-hydroxy-3-methoxybenzaldehyde were the key odorants in
the mead. Determining concentrations of key odorants in important production steps showed that the fermentation and maturation
stages had the strongest effect on the formation of mead aroma.

KEYWORDS: mead, GC-O, aroma extract dilution analysis (AEDA), stable isotopically substituted odorant, key odorants

B INTRODUCTION The aroma of food products is one of the most important
properties considered by the consumer. The final aroma of the
mead may be influenced by many factors. One of the most
important is believed to be the type of honey used in the
production process. Li and Sun® showed differences in the
odor active volatile compounds between multifloral and acacia
honeys, especially in concentrations of alcohols and esters. The
traditional production process of mead may include heating of

Mead is a traditional alcoholic beverage known since the
Middle Ages throughout Europe, Asia, and Africa.' Poland has
a long and rich history of mead production, dating back to
ancient times, when it was already produced by the Slavic
peoples who inhabited the region before the arrival of
Christianity. Mead is a highly valued beverage in Polish

culture, and it is often served at important celebrations and wort before inoculating with yeast, which can lead to changes

ceremonies. Since then, the way of production has not changed in volatile compounds. Wintersteen et al.” reported differences

significantly and nowadays it is obtained by alcoholic in volatile compounds of low- and high-heated buckwheat

fermentation of honey diluted with water in a proper ratio.” meads, showing that the total amount of volatiles was

Its final alcohol content can vary from 8 to 18%.° To attract significantly lower in low-heated than in high-heated

final taste and aroma, manufacturers use the addition of fruits buckwheat mead (109.42 and 129.99 mg/L respectively).

or fruit juices, spices, and herbs.* This study showed that wort heating resulted in a higher total
Despite a long tradition of production, its popularity in volatile amount in mead and also increased the concentration

Poland has decreased over the centuries in favor of wine, beer, of 4-methylphenol with a phenolic, horse stable-like odor.

and vodka. In 2019, the production of mead in Poland reached

7100 hectoliters. Over recent years, however, there has been an Received: February 8, 2024 AGRICULTURAL

increase in domestic demand, as well as an increase in foreign Revised:  April 9, 2024 y

exports of this alcoholic beverage.” Presently, mead has a vast Accepted:  April 10, 2024

number of enthusiasts primarily due to its distinctive and Published: April 26, 2024

unique flavor profile, described as ethanolic, honey-like, and

fruity."”
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Another important factor influencing the final quality of the
mead is the type of yeast strain used in the fermentation
process. Schwarz et al.® selected yeast strains with low nitrogen
demand and reported significant differences in volatile
compounds between meads fermented with those strains.
Differences in identified volatile compounds among meads
fermented with different yeast strains were also shown by
Teramoto et al.” Studies on mandarin orange mead showed
differences in dominant volatile compounds depending on the
Saccharomyces cerevisiae strain used. Results obtained by Benes
et al." also confirmed the relationship between different yeast
strains and volatile compound composition in mead in the case
of S. cerevisiae var. bayanus.

Although mead is recognized as one of the most traditional
alcoholic beverages in Poland, to the best of our knowledge,
there is a lack of scientific data about the formation of
important odorants that are responsible for the final mead
aroma. Most of the research results to date focus on the
analysis of the volatile compounds in mead overlooking
olfactometric analysis, which is proven to be crucial for the
determination of odor-active compounds that affect the aroma
of this alcoholic beverage."' Additionally, there are no data
available regarding changes in the concentrations of important
odorants during the production process. To the best of our
knowledge, only Starowicz and Granvogl® applied olfacto-
metric analysis for the identification of odorants in two types of
mead (with and without wort boiling) by calculating OAVs.
However, no reconstitution experiments were done. Taking
this into consideration, we can conclude that the influence of
major stages of manufacturing processes on important
odorants of mead is still unrevealed. Choice of honey, heating
of wort, fermentation process, and long maturation period are
key production steps, which in our beliefs determine the final
aroma of meads. In our opinion, knowledge of the impact of
each stage of the production process is of key importance to
the final aroma of this traditional alcoholic beverage.

The presented study aimed first to characterize key odorants
of the Polish traditional mead and second to determine the
influence of the manufacturing process on their formation. For
this purpose, important odorants were identified by gas
chromatography with olfactometry and aroma extract dilution
analysis (AEDA) in combination with GC—MS and
quantitated using stable isotopically substituted odorants as
internal standards and semiquantitated by an external standard
method. The odor activity values (OAVs) were calculated, and
the aroma reconstitution model and omission experiments
were performed. The influence of the manufacturing process
on the mead’s final aroma was investigated by determining the
concentration of important odorants in honey, in samples on
the first and 30th day of fermentation, and in mead.

B MATERIALS AND METHODS

Mead and Honey Samples. Honey samples and samples from
the production stages, first day of fermentation (F.1), 30th day of
fermentation (F.30), and ready mead, were obtained from the mead
producer in Augustow, Poland. Multifloral honey collected from the
northeastern part of Poland was used for the mead production. To
prepare wort, one part of honey was dissolved in two parts of water
and boiled. After the wort was cooled, yeasts were added, and the
fermentation process was held at 22 °C for 30 days. After
fermentation, mead was maturated for 12 months in 15 °C. Honey
and mead samples were stored at 4 °C, and samples from the first and
30th day of fermentation were frozen at —21 °C until the day of
analysis.

Reference Odorants. Pure reference odorants of compounds 1,
4-10, 12-23, and and 26—29 were purchased from Merck
(Darmstadt, Germany). Compounds 2 and 3 were obtained from
Thermo Scientific (Waltham, MA). Compound 11" was synthesized
according to the method described in the literature. Compound 24
was obtained from abcr GmbH (Karlsruhe, Germany).

Stable lIsotopically Substituted Odorants. The following
stable isotopically substituted standards were used: (*Hj)-3, (*Hs)-
12, (*H;)-15, (*H;)-19, and (*3C,)-22 were purchased from EPTES
(Vevey, Switzerland), (*H;)-14, (*H;)-17, (**C,)-18, (*Hy)-19, and
(*H;)-20 were obtained from aromalAB (Martinsried, Germany),
and (*Hg)-naphthalene was obtained from Merck.

Gas Chromatography—Olfactometry and Compound Iden-
tification. A GC coupled with a cold on-column injector, a flame
ionization detector, a sniffing port, and DB—FFAP (30 m X 0.32 mm
i.d,, film thickness 0.25 ym; Agilent, Waldbronn, Germany) or DB—$
(30 m X 0.32 mm id,, film thickness 0.25 ym; Agilent) columns was
used for GC—O analyses. Identification was performed using a GC—
O/FID system, a GC—GC—MS (Pegasus III) system, a heart-cut
GC—GC—HRMS system, and a GC—QQQ-—MS (MRM mode)
system. Detailed specifications of the GC systems used are provided
in the Supporting Information.

Structure proposals were developed using GC—O by comparing
odor descriptors of detected odorants and their Rls to the data of
reference compounds available at the Leibniz-LSB@TUM Odorant
Database."” The proposed structures were confirmed by analyzing
proper reference compounds in an adjusted dilution and comparing
them to those present in mead volatile isolates using two columns of
different polarities (DB—FFAP and DB—S5). The final identification
was performed by a GC—GC—MS (Pegasus III) system, a heart-cut
GC—GC—HRMS system in the EI and CI modes, and a GC—QQQ—
MS (MRM mode) system.

Isolation of Mead Volatiles. Mead (50 mL) was extracted with
dichloromethane (S0 mL X 3). Combined organic phases were
washed with saturated sodium chloride (150 mL X 3) and dried over
anhydrous sodium sulfate. Nonvolatiles were removed by automated
solvent-assisted flavor evaporation (aSAFE)'* at 40 °C using an
open/closed time combination for the pneumatic valve of 0.2 s/10 s.
The distillate was concentrated to a final volume of 0.5 mL using a
Vigreux column. Mead volatile isolates were stored at —20 °C until
analysis.

At all stages of mead volatile isolation, the odor was monitored.
The extract, distillate, and concentrated mead isolate were
orthonasally tested on a strip of filter paper. The characteristic odor
of mead was perceivable at all stages of mead volatiles isolation.

AEDA. The mead volatile isolate was prepared as described above
and then stepwise diluted with dichloromethane to obtain 1:2, 1:4,
1:8..., and 1:16,392 dilutions. Each isolate dilution was analyzed by a
GC—-O/FID system. Each odorant was assigned an FD factor
representing the dilution factor of the highest diluted sample, in which
the odor-active compound was detected during the GC—O/FID
system.

Odorant Quantitation. For the quantitation, compounds with an
FD factor higher than or equal to 32 were chosen. To the different
volumes of mead, F.1, and F.30 (0.5—150 mL), stable isotopically
substituted odorants of the target analytes dissolved in dichloro-
methane (in concentration ranges from 1 to 30 yg/mL) were added.
After stirring for 30 min at room temperature for equilibration, the
samples were extracted with dichloromethane (total volume ranged
from 3 to 450 mL), washed with saturated sodium chloride, and dried
over anhydrous sodium sulfate. Honey samples (10—100 mL) were
diluted with water (10—100 mL) and stirred until dissolved. Then,
stable isotopically substituted odorants of the target analytes dissolved
in dichloromethane (in concentrations ranges from 1 to 30 ug/mL)
were added. After stirring for 30 min at room temperature for
equilibration, the samples were extracted with dichloromethane (total
volume ranged from 30 to 450 mL) and dried over anhydrous sodium
sulfate. Volatile compounds from all samples were isolated by SAFE.
Distillates were concentrated to final volumes from 0.5 to 1 mL. The
concentrates were analyzed using GC—GC—MS (Pegasus 4D) system

https://doi.org/10.1021/acs jafc.4c01276
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Table 1. Odor-Active Compounds Identified among Volatiles Isolated from Mead

no. odorant®
1 1,1-diethoxyethane
2 3-methylbutanal
2-methylbutanal
3 ethyl propanoate
4 butane-2,3-dione
S ethyl butanoate
6 ethyl 2-methylbutanoate
7 ethyl 3-methylbutanoate
8 ethyl pentanoate
9 3-methylbutan-1-ol
2-methylbutan-1-ol
10 ethyl hexanoate
11 1-(3,4-dihydro-2H-pyrrol-S-yl)ethan-1-one
12 ethyl octanoate
13 acetic acid
14 3-(methylsulfanyl)propanal
15 furan-2-carbaldehyde
16 2-methylpropanoic acid
17 butanoic acid
18 2-phenylacetaldehyde
19 3-methylbutanoic acid
2-methylbutanoic acid
20 3-(methylsulyfanyl)propan-1-ol
21 (2E)-1-(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)but-2-en-1-one
22 2-phenylethan-1-ol
23 4-hydroxy-2,5-dimethylfuran-3(2H)-one
24 4-methylphenol
25 4-methylquinazoline
26 2-methoxy-4-(prop-2-en-1-yl)phenol
27 3-hydroxy-4,5-dimethylfuran-2(SH)-one
28 phenylacetic acid
29 4-hydroxy-3-methoxybenzaldehyde

NG
CAS odor quality FEAP DB-S FD factor”

105-57-7 fruity 931 736 64
590-86-3 malty 933 683 8
96-17-3

105-37-3 fruity, glue-like 950 717 512
431-03-8 butter-like 981 621 1
105-54-4 fruity 1039 804 8
7452-79-1 fruity 10SS 854 8
108-64-5 fruity, blueberry-like 1073 858 128
539-82-2 fruity 1140 898 1
123-51-3 malty, solvent-like 1211 739 256
137-32-6

123-66-0 fruity, pineapple-like 1236 1004 8
85213-22-5 popcorn-like, roasty 1348 936 128
106-32-1 fruity, green 1436 1194 128
64-19-7 vinegar-like 1457 632 32
3268-49-3 cooked potato-like 1464 909 512
98-01-1 sweet 1477 831 32
79-31-2 sweaty 1564 811 8
107-92-6 sweaty 1630 804 32
122-78-1 floral, honey-like 1650 1056 32
503-74-2 sweaty 1670 892 256
116-53-0

505-10-2 cooked potato-like 1724 982 64
255058-92-5 cooked apple-like 1822 1387 16
60-12-8 floral, honey-like 1917 1119 16,384
3658-77-3 caramel-like 2046 1078 1024
106-44-5 faecal, horse stable-like 2091 1076 64
700-46-9 mint-like, foxy 2115 1357 S12
97-53-0 clove-like 2179 1362 1
28664-35-9 fenugreek-like 2213 1111 8192
103-82-2 honey-like, beeswax-like 2572 1267 8
121-33-§ vanilla-like, sweet 2593 1404 32

“Structure assignment was based on odor quality, RIs (DB-FFAP, DB-5), and mass spectrum; data were compared with the data obtained for
reference compounds analyzed under the same conditions. “Retention index; calculated by linear interpolation of retention time of the odorant and

adjacent n-alkanes. “Flavor dilution factor.

(1, 3,7, 12, 14, 15, 17-20, 22) and GC—QQQ—MS system (9, 13,
24, 29). Peak areas of the target compounds and the internal
standards were collected from the extracted ion chromatograms using
unique quantifier ions. The concentrations of target compounds were
calculated based on area counts of the target compound peak, the area
counts of the stable isotopically substituted odorant peak, the amount
of the sample used, and the amount of the stable isotopically
substituted odorant added. The calibration line for every target
compound was obtained by analysis of mixtures of the analyte and
stable isotopically substituted odorant in five ratios (S:1, 2:1, 1:1, 1:2,
and 1:5). For compounds 23, 25, and 27, an external standard
quantitation method was applied. 150 mL of mead, F.1, and F.30 were
extracted with dichloromethane (total volume 450 mL), washed with
saturated sodium chloride, and dried over anhydrous sodium sulfate.
The honey sample (75 mL) was diluted with water (7S mL) and
stirred until it was dissolved. The sample was extracted with
dichloromethane (total volume of 450 mL) and dried over anhydrous
sodium sulfate. Volatile compounds from all samples were isolated by
SAFE. Distillates were concentrated to final volumes of 0.5 mL and
analyzed using a GC—QQQ—MS (MRM mode) system. Peak areas
of the target compounds were collected from the selected transition
from the MRM mode. The concentrations of target compounds were
calculated based on area counts of the target compound peak and the
amount of the sample used. The calibration line for every target
compound was obtained by analysis of the analytes in five

10550

concentrations. Details of the quantitation are available in the
Supporting Information (Tables S1 and S2).

Quantitative Olfactory Profile Analysis. For the mead sample,
quantitative olfactory profile analysis was performed in a sensory
room at 22 + 1 °C. The sensory panel consisted of 18 experienced
assessors (12 females and 6 males, aged from 25 to SS), who were
trained weekly. Odor descriptors were chosen in the preliminary
experiments. Before the final analysis, assessors experienced a training
session with the chosen odor descriptors and their descriptions. Odor
descriptors were obtained from Givoudan (Vernier, Switzerland). For
quantitative olfactory profile analysis, the panelists were asked to rate
each odor quality using a 10 cm linear scale from 0 (not perceivable)
to 10 (strongly perceivable). Samples (20 mL) were presented in
covered glass vessels at room temperature.

Odor Reconstitution Model Preparation. For odor recon-
stitution model evaluation, 12% ethanol (v/v) solution containing 120
g/L of sugar and 5.5 g/L of glycerol and pH 3.6 was prepared. To the
solution were added all odorants with an OAV of >1 (odorants were
prepared in an ethanol solution). The final odorant concentrations in
the model represent the concentrations previously determined in the
mead. The odor reconstitution model was analyzed as described
above by five experienced assessors (3 females and 2 males, aged from
27 to 60).

Omission Experiments. Three-alternative forced choice (3-AFC)
tests were performed to determine the influence of particular odorants
on the final aroma of the mead. The complete odor reconstitution

https://doi.org/10.1021/acs jafc.4c01276
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Table 2. Concentration, OTC, and OAV for Odorants in Mead

no.” odorant

18 2-phenylacetaldehyde

23 4-hydroxy-2,5-dimethylfuran-3(2H)-one
14 3-(methylsulfanyl)propanal

22 2-phenylethan-1-ol

27 3-hydroxy-4,5-dimethylfuran-2(SH)-one
9 3- and 2-methylbutan-1-ol

7 ethyl 3-methylbutanoate

1,1-diethoxyethane

3 ethyl propanoate

12 ethyl octanoate

20 3-(methylsulyfanyl)propan-1-ol

24 4-methylphenol

19 3- and 2-methylbutanoic acid

13 acetic acid

29 4-hydroxy-3-methoxybenzaldehyde

15 furan-2-carbaldehyde

17 butanoic acid

25 4-methylquinazoline

concentration (mg/L) b OTC (mg/L)‘ OAV*
16.2 0.0052" 3100
48.5 0.025* 1900
0.384 0.00043"? 890
95.9 0.14" 680
0.448 0.0017"* 290
53.8 0.22" 240
0.497 0.0022"% 230
19.0 0.72'¢ 26
0.126 0.0049"° 26
0.164 0.0087"* 19
0.304 0.036"% 8.4
0.00696 0.0039"* 1.8
0.868 0.49"3 1.8
7.90 5.6 1.4
0.0546 0.053"% 1.0
1.72 3.0"7 <1
0.349 245 <1
0.0000378 0.00043" <1

“Compounds were ordered according to decreasing OAVs calculated for the mead sample. Concentration (mg/L); mean of triplicates;
coefficients of variation of all odorants were <10% and together with quantitation details are given in the Supporting Information (Table S3).
“Odor threshold concentration in water; reference numbers represent OTCs in water from literature. 40dor activity value; calculated as the ratio of

the concentration in mead to OTC.

model was prepared as described above. The incomplete models each
lacking one aroma-active compound (OAV > 1) were prepared and
orthonasally tested against complete reconstitution models in (3-
AFC) tests performed by eight experienced assessors (S females and 3
males, aged 27 to 60). Statistical significance evaluation was based on
the total number of participants and the correctly identified samples,
according to Jellinek."

B RESULTS AND DISCUSSION

Screening for Odor-Active Compounds and Structure
Identification. Gas chromatography with olfactometry (GC—
O/FID system), a GC—GC—MS (Pegasus III) system, a heart-
cut GC—GC—HRMS system, and a GC—QQQ—MS (MRM
mode) system was applied for the identification of odor-active
compounds in the mead sample.

The application of GC—O/FID analyses and AEDA showed
a total of 29 odor-active compounds in the tested mead
sample. All identified odor-active compounds coupled to
AEDA results are shown in Table 1.

Identified compounds can be divided into different groups
according to their chemical structures. The largest group was
esters with a pleasant, fruity odor (3, 5, 6, 7, 8, 10, and 12).
Esters are known for being formed during microbial
fermentation of beverages. Ethyl esters produced during fatty
acid metabolism in the reaction of ethanol with acyl-CoA'
were previously found in other studies on mead volatiles.'”"®
Li and Sun® found 23 esters contributing to the fruity aroma of
mead. Their concentrations varied due to the different honey
sources used for mead production. Esters are also believed to
be responsible for the fruity aroma of young wines."” The
second largest group of odor-active compounds in mead
samples was aldehydes. Odor impressions caused by this group
of compounds were more diverse. Malty odor (2) was followed
by cooked potato-like (14), sweet (15), floral, honey-like (18),
and vanilla-like (29). Those compounds, as well as esters, are
produced in food during fermentation processes or the
Maillard reaction.”® Aldehydes were also found in other
mead volatiles studies.”’ The next groups identified during the

study were acids, represented by (13) with vinegar-like odor,
sweaty (16, 17, 19), and honey, beeswax-like (28). This group
of volatiles was also found in sparkling, boiled, and pollen-
nourished meads.”””** Other compounds identified in the
mead sample were fruity (1), butter-like (4), malty, solvent-
like (9), popcorn-like, roasty (11), cooked potato-like (20),
cooked apple-like (21), floral, honey-like (22), caramel-like
(23), faecal, horse stable-like (24), mint-like (25), clove-like
(26), and fenugreek-like (27). 4-Methylquinazoline (25) has
never been identified in alcoholic beverages before. Previously,
it was found in pan-fried white mushrooms™* (Agaricus bisporus
L.), gluten-free rice bread,” and matsutake mushroom”®
(Tricholoma matsutake Sing.). Although data on its sources are
very limited, this odor-active compound was recently
discovered to be an important airborne biomolecule emitted
by brown recluse spider’’ (Loxosceles reclusa). Its formation
was also linked with the degradation of the tryptophan
metabolite indole-3-acetic acid by Pseudomonas aeruginosa.”
The FD factors ranged between 1 and 16,384. The highest
FD factor was obtained for 2-phenylethan-1-ol (16,384) with a
floral, honey-like odor. Other compounds with FD factors
between 8192 and 128 were fenugreek-like 3-hydroxy-4,S-
dimethylfuran-2(SH)-one (8192), caramel-like 4-hydroxy-2,S-
dimethylfuran-3(2H)-one (1024), fruity, glue-like ethyl prop-
anoate (512), cooked potato-like 3-(methylsulfanyl)propanal
(512), mint-like, foxy 4-methylquinazoline (512), malty,
solvent-like 3- and 2-methylbutan-1-0l (256), sweaty 3- and
2-methylbutanoic acid (256), fruity, blueberry-like ethyl 3-
methylbutanoate (128), roasty 1-(3,4-dihydro-2H-pyrrol-S-
yl)ethan-1-one (128), and fruity, green ethyl octanoate (128).
Quantitation of Odorants in Mead and OAV
Calculation. For quantitation purposes, a total of 18
compounds with FD factor >32 were analyzed using stable
isotopically substituted odorants as internal standards or an
external standard method (details in Supporting Information).
Their OAVs were calculated as a ratio of their concentration to
the OTC in water collected from the literature. According to
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quantitation experiments, the highest concentrations were
determined for odorants 22 (95.9 mg/L), 9 (53.8 mg/L), and
23 (48.5 mg/L). Mead quantitation results for all quantified
compounds, their OTCs, and their OAVs are shown in Table
2. Fifteen of the analyzed compounds showed OAVs > 1. The
highest OAVs were calculated for 2-phenylacetaldehyde (18,
OAV 3100), 4-hydroxy-2,5-dimethylfuran-3(2H)-one (23,
OAV 1900), 3-(methylsulfanyl)propanal (14, OAV 890), and
2-phenylethan-1-0l (22, OAV 680). Those compounds are
linked with odor qualities like honey-like, caramel-like, cooked
potato-like, and floral. Other compounds with high or
moderate OAVs were 3-hydroxy-4,5-dimethylfuran-2(SH)-
one (27, OAV 290, fenugreek-like), 3-methylbutan-1-ol and
2-methylbutan-1-ol (9, OAV 240, malty, solvent-like), ethyl 3-
methylbutanoate (7, OAV 230, fruity, blueberry-like), 1,1-
diethoxyethane (1, OAV 26, fruity), ethyl propanoate (3, OAV
26, fruity), ethyl octanoate (12, OAV 19, fruity), and 3-
(methylsulyfanyl)propan-1-ol (20, OAV 8.4, cooked potato-
like). Four compounds only slightly exceeded their OTCs: 4-
methylphenol (24, OAV 1.8, fecal, horse stable-like), 3-
methylbutanoic acid, and 2-methylbutanoic acid (19, OAV 1.8,
sweaty), acetic acid (13, OAV 14, vinegar-like), and 4-
hydroxy-3-methoxybenzaldehyde (29, OAV 1.0, vanilla-like,
sweet). Only three of the identified compounds reached OAVs
< 1, including furan-2-carbaldehyde (15) with a concentration
of 1.72 mg/L and butanoic acid (17) with a concentration of
0.349 mg/L. Surprisingly, 4-methylquinazoline (25) despite a
high FD factor (FD factor 512) had a concentration below its
OTC (0.0000378 mg/L). This exemplifies the importance of
the quantitation and the calculation of OAVs for the
substantiation of GC-O data.””

2-Phenylacetaldehyde (18) according to the highest OAV
was suggested to have a major influence on the final aroma of
mead. This compound with a floral, honey-like odor is present
in honey, independent of its origin. It was previously identified
in mead nourished with bee pollen.”> Pino and Fajardo™®
obtained OAV for this compound in the range from 3 to S in
spirits made by distillation of unifloral meads. Although 2-
phenylacetaldehyde is associated with the “premature
oxidation” of wines,* its honey-like odor is highly desirable
in mead. The compound with the second highest OAV was 4-
hydroxy-2,5-dimethylfuran-3(2H)-one (23). Although togeth-
er with 3-hydroxy-4,S-dimethylfuran-2(SH)-one (27), it is
often described as a compound influencing the aroma of
wines,”" and in meads, those compounds were identified only
once, by Starowicz and Granvogl.” Concentration of
compound 23 in the mead sample was 48.5 mg/L, which is
in agreement with concentrations of 4-hydroxy-2,5-dimethyl-
furan-3(2H)-one in Msalais wine quantitated by Zhu et al.*”
Caramel-like (23) was also found in red wines.>*** Cooked
potato-like smelling 3-(methylsulfanyl)propanal (14) was the
compound with the third highest OAV in the mead sample.
This comgound is believed to be associated with the flavor of
aged beer % and oxidized wines.*® Floral-like (22) is commonly
found in alcoholic beverages such as beers,>® wines,*® and
meads.”” It is also present in honey.”® In our studies, the
concentration of 2-phenylethan-1-ol in mead was 95.9 mg/L,
and on the contrary, Starowicz and Granvogl® quantified 2-
phenylethan-1-ol (22) at much lower levels: 0.82 mg/L for
mead prepared with unheated wort and 0.551 mg/L for mead
where the heating process was applied. Pascoal et al.”* noted
more similar concentrations for mead prepared with combined
fining agents (49.6 mg/L). Other compounds with high OAV
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were also previously found in alcoholic beverages. 3-
Methylbutan-1-ol and 2-methylbutan-1-0ol (9) are widely
identified compounds responsible for the aroma of meads.
Pereira et al.'” showed concentrations of these compounds
ranging from 78.8 to 125 mg/L and from 8.79 to 16.6 mg/L,
respectively, in meads fermented with different S. cerevisiae
strains and conditions. Pascoal et al.”” noted similar results in
meads prepared with different fining agents. In addition, Sottil
et al.*” revealed that the concentration of 2-methylbutan-1-ol
differed significantly in mead samples fermented with
Torulaspora delbrueckii, Saccharomyces bayanus, and S. cerevisiae
and ranged from 97.1 to 120 mg/L. The concentration level of
both compounds (quantitated as a mixture) in this research
was lower than those achieved in the studies mentioned above
and reached 53.8 mg/L. The concentration of ethyl 3-
methylbutanoate (7) was determined with 0.497 mg/L,
being the ethyl ester with the highest OAV in the mead
sample. This compound with a fruity, blueberry-like odor was
previously described as one of the most important odor-active
molecules in meads prepared with or without wort boiling.” Its
concentration in this study was quite similar to this presented
here and reached 0.25 mg/L. As shown in previous studies,
aroma of mead may be influenced by many factors, such as
honey type,® microflora used for fermentation,”” and different
parameters of production.”” Although the formation pathways
of odor-active compounds may be similar, their final
concentrations will depend on the production parameters used.

Quantitative Olfactory Profile Analysis. A quantitative
olfactory profile analysis of the mead sample was performed to
characterize its sensory attributes. Analysis was performed by
trained assessors, and descriptors were chosen in preliminary
experiments. The results of the analysis are shown in Figure 1.
Mead samples showed strong general odor intensity. The
sensory panel characterized the aroma of mead as predom-
inantly honey-like, malty, and alcoholic, with subtler notes of
rum, fermented, caramel, and floral. The results are in
correlation with the OAV of quantitated compounds, as for
the honey-like and floral odor note compounds 18 and 22

Quantitative Olfactory Profile Analysis
General odor intensity
8,00

Floral Malty

Alcoholic Caramel

Fermented

Figure 1. Quantitative olfactory profile analysis of mead.
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reached OAVs of 3100 and 680, respectively. Malty, solvent-
like 9 had an OAV of 240. Caramel-like 23 showed the second
highest OAV of 1900.

Odor Reconstitution Model Evaluation. To verify that
the identification and quantitation of odor-active compounds
was performed correctly, an odor reconstitution model was
analyzed. Odorants with an OAVs > 1 were added to water/
ethanol solution (88/12 by volume) in concentrations
quantitated in the presented study. Sugar and glycerol
concentrations of the model matrix were established similar
to those in meads, and the pH was adjusted to 3.6. Trained
assessors analyzed the odor reconstruction model, as it was
described above. A comparison of the odor reconstruction
model and mead analysis is shown in Figure 2. The odor

Quantitative Olfactory Profile Analysis

General odor intensity

/ —e—0dor reconstitution model
Floral (
\ —e—Mead

Fermented

Figure 2. Quantitative olfactory profile analysis of odor reconstitution
model and mead.

reconstruction model showed good similarity compared to the
mead sample. The overall general intensity was rated similarly,
as far as floral, alcoholic, caramel, malty, and rum descriptors
are concerned. The biggest difference between those two
samples was noticed for the honey odor. All in all, the resulting
quantitative olfactory profiles revealed good agreements
between the model and the mead sample, thus providing
evidence that all major aroma contributing compounds in the
mead were correctly identified and quantitated.

Omission Experiments. To confirm the importance of the
quantitated odorants for the mead aroma, omission experi-
ments were performed. The mead odor reconstitution model
containing all odorants with OAVs > 1 was compared with
model mixtures of odorants, where one odorant was missing
(results presented in Table 3). Very highly significant
differences (p < 0.1%) between evaluated samples were
shown for 3-(methylsulfanyl)propanal (14) and 2- phenyl—
ethan-1-ol (22). Highly significant differences (1% > p >
0.1%) were noted for 4-hydroxy-2,5-dimethylfuran-3(2H)-one
(23), and significant differences (5% > p > 1%) were noted for
ethyl propanoate (3), ethyl 3-methylbutanoate (7), 2-phenyl-
acetaldehyde (18), 3- and 2-methylbutanoic acid (19), 3-
hydroxy-4,5-dimethylfuran-2(SH)-one (27), and 4-hydroxy-3-
methoxybenzaldehyde (29). For compounds 1, 9, 12, 13, 20,
and 24, no significant differences were observed. Referring to
the presented results, we can conclude that compounds 3, 7,
14, 18, 19, 22, 23, 27, and 29 were the key odorants forming
the aroma of mead.

Table 3. Omission Tests Applied to the Mead Model

odorant correct answers/ p-value significance
omitted” assesors (%) level”
18 6/8 2.0 *
23 7/8 0.3 wox
14 8/8 0.0 Ak
22 8/8 0.0 ok
27 6/8 2.0 *
9 3/8 53 —
7 6/8 2.0 *
4/8 26 —
3 6/8 2.0 *
12 1/8 96 —
20 2/8 80 —
24 5/8 8.8 —
19 6/8 2.0 *
13 3/8 53 —
29 6/8 2.0 *

“Compounds were ordered according to Table 2. “Number of correct
answers resulting from the 3-AFC test and total number of assessors
participating. “—, not significant (p > 5%). * significant (5% > p >
1%). ** highly significant (1% > p > 0.1%). *** very highly
significant (p < 0.1%).

Influence of the Manufacturing Process on the Mead
Aroma Formation. To verify the influence of the
manufacturing process on the aroma of mead, the quantitation
of odor-active compounds was conducted at four different
production stages: in raw material (multifloral honey), in
samples at first day of fermentation to verify the influence of
wort boiling, (F.1), in samples at 30th day of fermentation to
verify the influence of fermentation, (F.30), and in the final
product to verify the influence of maturation (mead after 1
year of maturation). Compounds were quantitated as
described above. The results of the quantification of the four
production points are shown in Table 4. Details of quantitation
and coefficients of variation can be found in the Supporting
Information.

8 out of the 18 quantitated compounds were found in every
stage of production (18, 22, 9, 7, 13, 29, 15, and 25). Boiling
of wort increased the concentrations of compounds 18, 22, 20,
24, 13, 29, and 15, while after fermentation, we noticed an
increase in the concentrations of compounds 18, 23, 14, 22,
27,9, 7,1, 3, 12, 20, 19, 13, and 17. The concentration of
honey-like 2-phenylacetaldehyde (18) was over 12 times
higher than that of the sample before fermentation. Floral-like
22 increased its concentration almost 80 times after wort
boiling, and the fermentation process increased the production
of this compound almost 30 times. Another compound that
showed a high increase in its concentration was malty, solvent-
like 9 with over 130 times higher concentration after the
fermentation period. A high concentration of 23 with a
pleasant, caramel-like odor (24.2 mg/L) was noted, even
though it was not detected before fermentation. Ethyl esters
(7, 3, and 12) as well as fruity 1 and cooked potato-like 14
increased their concentrations clearly during this manufactur-
ing process. The maturation process caused increases in the
concentrations of compounds 18, 23, 14, 22, 27, 1, 24, 29, and
15. 2-Phenylacetaldehyde (18) reached a concentration of 16.2
mg/L, which is twenty-two times higher than this quantitated
after fermentation. A high increase of concentration in
comparison with the postfermentation point was also observed
for caramel-like 15 (33 times higher), vanilla-like 29 (over 7
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Table 4. Concentration of Odorants in Honey, F.1, F.30, and Mead

no.” odorant concentration (mg/L) b
honey F.1 F.30 mead

18 2-phenylacetaldehyde 0.0142 0.0569 0.725 16.2
23 4-hydroxy-2,5-dimethylfuran-3(2H)-one <0.00224° <0.00308° 242 48.5
14 3-(methylsulfanyl)propanal <0.00209° <0.00196° 0.0871 0.384
22 2-phenylethan-1-ol 0.00888 0.704 20.6 95.9
27 3-hydroxy-4,5-dimethylfuran-2(SH)-one 0.137 <0.00702¢ 0.145 0.448
9 3- and 2-methylbutan-1-ol 0.582 0.499 66.0 53.8
7 ethyl 3-methylbutanoate 0.611 0.212 0.550 0.497
1 1,1-diethoxyethane <0.0152° <0.0168° 6.79 19.0
3 ethyl propanoate <0.000175° <0.000147° 0.279 0.126
12 ethyl octanoate <0.000458° <0.000211° 1.85 0.164
20 3-(methylsulyfanyl)propan-1-ol <0.00187¢ 0.00828 0.582 0.304
24 4-methylphenol 0.0269 0.0452 <0.00135° 0.00696
19 3- and 2-methylbutanoic acid <0.000987° <0.00184° 1.85 0.868
13 acetic acid 0.589 0.812 13.3 7.90
29 4-hydroxy-3-methoxybenzaldehyde 0.00897 0.00964 0.00750 0.0546
15 furan-2-carbaldehyde 0.0680 0.142 0.0516 1.72
17 butanoic acid <0.00191° <0.00112° 1.87 0.349
25 4-methylquinazoline 0.00176 0.000481 0.0000509 0.0000378

“Compounds were ordered according to Table 2. bConcentration (mg/L); mean of triplicates; coefficients of variation of all odorants were <10%
and together with quantitation details are given in the Supporting Information (Table S4). “No analyte peak was observed; values were derived

from the integration of the background noise.

times higher), cooked potatoes-like 14, and floral 22 (over 4
times higher each). On the other hand, compounds 9, 7, 3, 12,
20, 19, 13, 17, and 25 showed a decrease in their
concentrations. Concentration levels of particular compounds
were mostly associated with their formation pathways.
Concentrations of aldehydes (18, 14, 29, 15), 4-hydroxy-2,5-
dimethylfuran-3(2H)-one, and 3-hydroxy-4,5-dimethylfuran-
2(5H)-one (23 and 27) were the highest in mead after the
maturation period. Compounds 23 and 14 were not detectable
in honey and F.1 samples, and compound 27 was not
detectable in the F.1 sample. In these cases, the obtained
results suggest that the fermentation step may be an important
factor for their formation. Compound 23 normally forms
during the heating stage of processing, but it may be also
produced by biotransformation pathways by microbes.’” For
compounds 23, 14, and 27, clear changes in the rest of the
described group were visible after 12 months of maturation of
mead. Those results may be associated with the postfermenta-
tive formation of Strecker aldehydes, which takes place, for
example, in wines. Marrufo-Curtido et al.** proved that 3-
(methylsulfanyl)propanal and 2-phenylacetaldehyde concen-
trations significantly grew during the oxidation of wines. The
increase of concentration of 3-(methylsulfanyl)propanal may
be associated with oxidation mechanisms based on perox-
idation of acetaldehyde.”' Higher concentration of 2-phenyl-
acetaldehyde after maturation period can be explained by the
presence of metals and oxygen, during the phenolic
oxidation.*® Due to long time of storage, oxygen can also
cause oxidation of 3-(methylsulyfanyl)propan-1-ol.*” By the
oxidation of compound 20, we can observe a decrease of its
concentration and an increase of 3-(methylsulfanyl)propanal.
The same changes were observed by Ferreira et al. during
oxidative aging of wines.”’ 4-hydroxy-2,5-dimethylfuran-
3(2H)-one (23) concentration increased 2 times during the
maturation period and increased from 24.2 to 48.5 mg/L.
These results are in agreement with Zhu et al.”* who observed
a significant increase in 4-hydroxy-2,5-dimethylfuran-3(2H)-
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one leve] after the fermentation and storage process. According
to the authors, the formation of this compound during storage
of wine at room temperature can be caused by chemical
transformations.

Two alcohols identified during the study (22 and 9) showed
clear differences in their concentrations during production
steps. Big increases in their concentrations were noted after
wort boiling (22) and the fermentation process (22 and 9).
Changes were also visible for 2-phenylethan-1-ol (22) after
fermentation and the maturation period. 2-Phenylethan-1-ol
(22) reached the maximum level of 95.9 mg/L in mead after
maturation and 3- and 2-methylbutan-1-ol (9) had the highest
concentration level in the F.30 sample (66.0 mg/L). Alcohols
are one of the largest groups of compounds formed during the
fermentation process. 2-Phenylethan-1-ol with floral odor is
derived from phenylalanine and is considered desirable in
wines; on the other hand, higher concentrations of 3- and 2-
methylbutan-1-ol derived from branched-chain amino acids
associated with malty and solvent odors may be considered as
off-flavor. In addition to that 3-(methylsulyfanyl)propan-1-ol
(20) derived from methionine was not detected in the honey
sample and reached maximum concentration for the F.30
sample. This compound with a cooked potato-like odor may
be also considered as not desirable in wines and other alcoholic
beverages."* The increase of 2-phenylethan-1-ol in the
presented study may be associated with oxidative deamination
of the free amino acids precursor, phenylalanine in the Ehrlich
mechanism.*’

Acids quantified during the presented study (19, 13, and 17)
associated with sweaty and vinegar-like odors changed their
concentrations during the manufacturing process. 3- and 2-
methylbutanoic acid as well as butanoic acid was not detected
in honey and F.1 samples. After fermentation, they reached
similar concentrations (1.85 and 1.87 mg/L respectively).
Acetic acid did not show big changes in its concentration
between the honey and F.1 samples, but the same as previous
acids scored the highest concentration in the F.30 sample (13.3
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mg/L). This compound may be produced during the
fermentation process and as a result of ethanol oxidation.
Moreover, in fermentation conducted by S. cerevisiae yeast, a
direct relationship between glycerol and acetic acid production
has been proven.”® All three acids reduced their concentrations
after 12 months of the maturation process.

Ethyl esters (3, 7, 12) responsible for fruity odors in mead
showed changes in their concentration levels in the four tested
samples. Ethyl propanoate and ethyl octanoate (3 and 12)
were not detected in honey and F.1 samples and then reached
maximal concentrations in sample F.30 (0.279 and 1.85 mg/L,
respectively). After 12 months of maturation, concentration of
those two compounds decreased to 0.126 and 0.164 mg/L,
respectively. Ethyl 3-methylbutanoate showed differences in
concentration levels among all tested points. This compound
had the highest concentration in the honey sample (0.611 mg/
L), decreased to 0.212 mg/L in F.1, and increased to 0.55 mg/
L after fermentation. For the other esters, after the maturation
process, the concentration decreased to 0.497 mg/L. Esters are
mostly produced by yeast by alcoholic fermentation. Decreases
in some ethyl esters can be observed during the aging of wines.
Patrianakou and Roussis*’ proved that ethyl esters oxidized
during the aging of the wine.

4-Methylphenol (24) with fecal, horse stable-like odor may
be recognized as off-flavor in meads, wines, and other alcoholic
beverages. This compound reached the highest concentration
(0.0452 mg/L) in the F.1 sample, and this value was different
from that detected for the honey sample. The increase in this
compound in the F.1 sample may be explained by heat
treatment of the wort. Wintersteen et al.” showed that the
concentration of 4-methylphenol increased significantly in
highly heated buckwheat and soy meads. The lowest
concentration of this compound was detected for the ready
mead sample, although it was not detected in the F.30 sample.

4-Methylquinazoline (25) was identified in alcoholic
beverages for the first time. The highest concentration of
this compound was noted for the honey sample (0.00176 mg/
L), and then, it decreased between tested samples to reach
0.0000378 mg/L, suggesting that honey could be a source of
this mint-like compound. The data of its sources are very
limited, and it is not clear why it was present in honey. Foulks
et al.”” found this compound in pheromones emitted by brown
sucralose spiders.

In conclusion, in this study, the molecular background of
mead was elucidated, and the key odorants were characterized.
Eighteen important aroma compounds were identified in the
mead and its intermediate stages of the production.
Quantitative analyses revealed that during the mead
production process, changes in the concentration of com-
pounds responsible for the final aroma of the product were
visible. This knowledge provides valuable insights into aroma
development throughout the production process, enabling
beverage manufacturers to optimize the aroma of their mead, a
crucial factor in consumer satisfaction.
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Abstract: This study investigates the impact of key factors on the formation of odorants and sensory
properties in mead. The effects of the honey type (acacia, buckwheat, linden), wort heating, and
the fermentation method (commercial Saccharomyces cerevisiae yeasts, spontaneous fermentation,
Galactomyces geotrichum molds) were examined. Twelve model mead batches were produced, ma-
tured for 12 months, and analyzed using gas chromatography-olfactometry (GC-O) and headspace
SPME-GC/MS to identify odor-active compounds. Results confirmed that the honey type plays a
significant role in sensory profiles, with distinct aroma clusters for buckwheat, acacia, and linden
honey. Compounds like phenylacetic acid, 2- and 3-methylbutanal, and butanoic acid were identified
as the most important odorants, correlating with sensory attributes such as honey-like, malty, and fer-
mented aromas. Univariate and multivariate analyses, followed by correlation analysis, highlighted
how production parameters affect mead aroma, providing insights to optimize sensory quality.

Keywords: mead aroma; sensory analysis; odor-active compounds; gas chromatography; olfactometry

1. Introduction

Mead, an ancient alcoholic beverage made from honey, water, and yeast, has attracted
considerable consumer interest for its unique and attractive aroma. It also serves as a
captivating research subject for many scientists, who are particularly interested in under-
standing the factors that influence the development of mead’s characteristic aroma. Studies
indicate that several factors can affect the aroma of mead, with one of the most frequently
studied being the variety of honey used in its preparation. Li and Sun (2019) compared
the volatile compound profiles of meads prepared from vitex, acacia, multi-floral, linden,
and jujube honey. In their studies, they showed that the honey type had a significant
impact on the abundance of alcohols, esters, and acids, which were the main groups of
volatiles identified among meads [1]. Differences in meads prepared from chestnut, lime,
and honeydew varieties of honey were also described by Vidrih and Hribar (2007) [2]. The
type of honey can also influence other chemical parameters of mead, such as antioxidant
capacity and phenolic compounds profile [3].

The fermentation of honey wort is one of the most important steps in mead production.
Many important odor-active compounds such as esters, alcohols, ketones, or acids are
produced by yeast activity. Saccharomyces cerevisiae are the most popular yeasts used in
mead production, although a few studies were conducted to characterize aroma profiles
of meads produced mostly with the use of non-Saccharomyces strains. In the study on
mead prepared from multi-floral honey and rosehips, three yeast strains (two S. cerevisiae
(var. bayanus) and Torulaspora delbrueckii) were employed. This study revealed that the
yeast strain used for mead preparation can significantly affect volatile concentrations in the
product, especially with the use of T. delbrueckii [4]. Similar experiments concerning the
use of different yeast strains were also conducted by other researchers [5,6]. Recently, there
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has been a growing desire to improve the sensory properties of fermented beverages by
using new species of microorganisms, such as molds. One of the examples is Galactomyces
geotrichum mold, which, according to our previous studies, has the ability to improve the
formation of odorants 2-phenylethan-1-ol, phenylacetic acid, and 2-phenylacetaldehyde
with strong rose-like, honey aroma [7]. These molds are also capable of synthesizing volatile
compounds such as 3-methylbutan-1-ol and 2-phenylethan-1-ol, which can significantly
influence the aroma profile of alcoholic beverages [8].

Another factor that may affect the final attributes of mead is the heating of honey wort.
This step may improve fermentation by inactivation of naturally occurring microbiota,
which is represented by lactic acid bacteria groups and wild yeast strains [9]. On the
other hand, wort boiling may increase the concentration of some off-flavors, such as
4-methylphenol, which smells like a horse stable [10]. Starowicz and Granvogl (2022)
applied the molecular sensory science concept to verify the effect of wort boiling on the
sensory analysis and volatile formation of meads. Although the authors compared the OAV
of both meads, they did not discuss which odorants could be responsible for the difference
in the sensory profiles [11]. Czabaj et al. (2017) showed that heat treatment of honey wort
is highly correlated with the total antioxidant capacity and total phenolic content of meads,
as the highest antioxidant capacity and phenolic content were observed for gently boiled
mead samples [12].

In our previous studies, we successfully identified and quantified the key odorants
of triple mead purchased from the producer at each production step, providing valuable
insights into the evolution of these compounds during the production process [13]. These
molecular-level findings have laid the groundwork for further investigation into the factors
that influence the formation of key odorants in mead, which play a crucial role in shaping
the sensory properties of the beverage. Consequently, the studies presented in this research
aim to delve deeper into this subject by conducting model studies to elucidate the impact of
various elements not only on the formation of important odorants in mead but also on its
sensory properties. By systematically examining these variables, it is possible to enhance
our understanding of the mechanisms driving the development of mead’s characteristic
aroma and to identify potential strategies for optimizing its sensory qualities.

To the best of our knowledge, this study represents the first comprehensive identifi-
cation and quantification of odorants in mead using gas chromatography—olfactometry
(GC-0), while simultaneously examining numerous variables in the production process.
This provides a detailed analysis of how these factors influence the overall aroma profile
and which one has the greatest potential to change the mead’s aroma profile. For the first
time, G. geotrichum molds have been utilized in the production of mead. This species was
recently described as a fermenter of glucose and xylose and showed the ability of ethanol
production from sugars present in the sugarcane bagasse hydrolysate [14,15]. Given their
known ability to grow on glucose and galactose and their resistance to different ethanol and
glucose concentrations (up to 14% ethanol and 65% glucose), there is a potential to harness
these molds for improving the sensory properties of mead, introducing the novel method
of the enhancement of rose-like, floral notes [16]. This innovative approach represents a
significant advancement in the enrichment of mead aroma.

Numerous studies have investigated the impact of specific factors on either the sensory
properties or the volatile composition of mead. However, to the best of our knowledge, no
research has simultaneously investigated such a vast range of production parameters on
both the sensory profile and aroma-active compounds of meads. Such comprehensive stud-
ies are not only scientifically significant but also hold practical value for mead producers.
Understanding the changes in sensory properties during production is crucial for ensuring
that the final product meets consumer expectations and preferences, thereby enabling the
design of products with specific, desired features.

In detail, we investigated the influence of three critical factors: the type of honey
(acacia, buckwheat, and linden honey), the effect of wort heating, and the type of fermen-
tation (using commercial S. cerevisige yeasts, spontaneous fermentation, and the use of G.
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geotrichum molds). Twelve model batches of mead were produced (including 12 months
maturation) and their Solvent-Assisted Flavor Evaporation (SAFE) extracts were screened
for odor-active compounds using gas chromatography-olfactometry. Following this, quan-
titation of the selected odorants using headspace SPME-GC/MS has been performed.
Finally, to decode how each production parameter affects the final aroma of the mead, both
univariate and multivariate analyses were applied, followed by the correlation analysis
between the important odorants and the sensory attributes.

2. Results and Discussion
2.1. Quantitative Profile Sensory Analysis

In order to provide a comprehensive understanding of the aromatic profile of all
twelve model mead products, quantitative profile sensory analysis was carried out by a
qualified team of experts. The results of the sensory evaluation, categorized by the type of
honey used in the preparation, are shown in Figures 1-3.

It has been noted that the general odor intensity of meads prepared from the same
types of honey was very similar in each group. Evident differences can be noted between
meads from different honey sources not only in overall aroma intensity but also in individ-
ual descriptors. All buckwheat-based meads (BNS, BNSM, BNY, and BBY) were noted for
the highest general odor intensity (from 7.5 to 8.6), followed by tilia-based meads (TNS,
TNSM, TNY, and TBY, score range from 3.8 to 5.5). The lowest values for general odor
intensity were noted for acacia-based meads (ANS, ANSM, ANY, and ABY) with scores
ranging from 2.2 to 2.8. Based on the profile sensory analysis, the buckwheat mead aroma
was dominated by such attributes as honey (maximum score 8.6 for BNY), malty (maximum
score 6.2 for BBY), rum (maximum score 6.1 for BNSM), fermented (maximum score 5.5
for BNS), and alcoholic (maximum score 5.5 for BNY). Floral and yeasty were slightly less
perceptible (maximum scores of 3.0 and 4.0 for BBY and BNS, respectively). On the other
hand, the sensation of floral aroma was more pronounced in tilia and acacia meads and
exceeded that of rum, which was dominant in buckwheat mead. Considering the effect of
wort boiling on the final aroma of the meads, it has been seen that boiling increased the
honey and malty sensation, while it decreased the alcoholic aroma sensation. This effect has
been observed in buckwheat and linden meads but not so much in acacia. Meads prepared
from acacia honey showed greater variability in the aroma caused by the different types of
fermentation. As shown in Figure 1, spontaneous fermentation, both with and without G.
geotrichum, gave higher scores in honey, malty, and yeasty descriptors. In general, all meads
with spontaneous fermentation were characterized by stronger yeasty, fermented, and, in
the case of tilia mead, alcoholic aromas. The addition of G. geotrichum during fermentation
noticeably increased the floral and rum sensation in acacia mead, floral and fermented in
buckwheat mead, and rum, alcoholic, and honey in tilia meads.

2.2. Odor-Active Compounds ldentification

To understand which specific compounds are responsible for the characteristic aroma
of meads and what makes a product attractive to consumers, a screening for odor-active
compounds was performed. In the first stage of the research, all twelve safe extracts
were subjected to GC-O analysis. The application of GC-O analyses showed a total of
23 odor-active compounds in twelve tested mead samples. All identified odor-active com-
pounds are listed in Table 1, and they are consistent with those obtained in our previous
study [13]. 2- and 3-Methyl-1-butanal (malty), 2- and 3-methylbutan-1-ol (malty, solvent-
like), ethyl octanoate (fruity), acetic acid (vinegar-like), 3-(methylsulfanyl)propanal (cooked
potatoes-like), propanoic acid (sour, sweaty), butanoic acid (sweaty), 2-phenylacetaldehyde
(honey-like), 2- and 3-methylbutanoic acid (malty, solvent-like), 2-phenylathan-1-ol (floral),
4-methylphenol (horse stable-like), phenylacetic acid (honey-like, beeswax-like), and 4-
hydroxy-3-methoxybenzaldehyde (vanilla-like) were identified in all tested mead samples.
Ethyl hexanoate (fruity, pineapple-like) was identified in only two mead samples undergo-
ing spontaneous fermentation: ANS and BNS. 1-(3,4-Dihydro-2H-pyrrol-5-yl)ethan-1-one
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(roast-like) was found in only one sample (ANS). Among identified compounds, alde-
hydes 2- and 3-methyl-1-butanal (malty), 3-(methylsulfanyl)propanal (cooked potatoes-
like), furan-2-carbaldehyde (sweet, cereal-like), 2-phenylacetaldehyde (honey-like), and
4-hydroxy-3-methoxybenzaldehyde (vanilla-like) were the biggest group together with
the acids acetic acid (vinegar-like), propanoic acid (sour, sweaty), butanoic acid (sweaty),
2- and 3-methylbutanoic acid (malty, sweaty), and phenylacetic acid (beeswax-like). The
third largest group was esters, ethyl pentanoate (fruity), ethyl hexanoate (fruity, pineapple-
like), and ethyl octanoate (fruity), together with alcohols: 2- and 3-methylbutan-1-ol (malty,
solvent-like), 3-(methylsulfynyl)propan-1-ol (cooked potatoes-like), and 2-phenylathan-1-ol
(floral). Two compounds, 3-(methylsulfynyl)propan-1-ol (cooked potatoes-like) and (2E)-1-
(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)but-2-en-1-one (cooked apple-like), were identified
only in meads prepared from acacia honey, in all fermentation types. 4-Methylquinazoline,
an odorant with a characteristic mint-like odor was identified in all fermentation samples
made from buckwheat and tilia honey but was absent in all samples prepared using acacia
honey. This compound was also detected in our previous research on mead made from
multifloral honey, where its concentration was highest in the honey sample, suggesting that
honey may be its source [13]. The results of this study indicate that acacia honey, unlike
buckwheat and tilia honey, does not contain this odor-active compound. Additionally,
3-hydroxy-4,5-dimethylfuran-2(5H)-one, which has a fenugreek-like odor, was identified
exclusively in three samples made from buckwheat honey: BNS, BNSM, and BNY. Sweet
furan-2-carbaldehyde was identified in all samples prepared from tilia honey and one
sample made from buckwheat honey: BNS.

General odor intensity
9.0

8.0

70
Rum Honey

6.0

g ANS

* ANSM

* ANY
ABY

Floral Malty it

Alcoholic Yeasty

Fermented

Figure 1. Quantitative olfactory profile analysis of acacia-based meads.
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Figure 2. Quantitative olfactory profile analysis of buckwheat-based meads.
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Figure 3. Quantitative olfactory profile analysis of tilia-based meads.
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Table 1. Odor-active compounds identified among volatiles isolated from meads.

RI 2 Detection in Samples

Odorant ! gﬁrsnber Odor Quality FFAP DB-5 ANS ANSM ANY ABY BNS BNSM BNY BBY TNS TNSM TNY TBY
2-methyl-1-butanal 96-17-3 . . . . . .
3-methyl-1-butanal 590863  malty 933 83 ¢ ! ’ : ! !
butane-2,3-dione 431-03-8 butter-like 981 621 * * * nd * * * * * * nd *
ethyl pentanoate 539-82-2 fruity 1140 898 nd nd nd nd * nd nd nd * * nd nd
2-methylbutan-1-ol 137-32-6 . . . . .
3-methylbutan-1-ol 123-51-3 malty, solvent-like 2 739 ) ! ! ) ’ ) ’ )
ethyl hexanoate 123-66-0 fruity, pineapple-like 1236 1004 * nd nd nd * nd nd nd nd nd nd nd
13 4-dihydro-2H-pyrrol-5- 85213-22-5  roast-like 1348 936 * nd nd nd nd nd nd nd nd nd nd nd
yl)ethan-1-one
ethyl octanoate 106-32-1 fruity 1436 1194 * * * * * * * * * * * *
acetic acid 64-19-7 vinegar-like 1457 633 * * * * * * * * * * * *
3-(methylsulfanyl)propanal 3268-49-3 cooked potatoes-like 1464 909 * * * * * *
furan-2-carbaldehyde 98-01-1 sweet, cereal-like 1477 831 nd nd nd nd * nd nd nd * * * *
propanoic acid 79-09-4 sour, sweaty 1535 820 * * * * * * * * * * * *
butanoic acid 107-92-6 sweaty 1630 804 * * * * * * * * * * * *
2-phenylacetaldehyde 122-78-1 honey-like 1650 1056 * * * * * * * * * * * *
2-methylbutanoic acid 116-53-0 . . . . .
3-methylbutanoic acid 503-74-2 malty, sweaty 1670 892 : ! : ! i ! ’
3-(methylsulfynyl)propan-1-ol 505-10-2 cooked potatoes-like 1724 982 * * * * nd nd nd nd nd nd nd nd
(2E)-1-(2,6,6-
trimethylcyclohexa-1,3-dien-1- 23726-93-4  cooked apple-like 1822 1387 * * * * nd nd nd nd nd nd nd nd
yl)but-2-en-1-one
2-phenylethan-1-ol 60-12-8 floral 1917 1119 * * * * * * * * * * * *
2,5-dimethyl-3(2H)-furanone 3658-77-3 caramel-like 2046 1078 * * * * * * * * * nd * *
4-methylphenol 106-44-5 horse stable-like 2091 1076 * * * * * * * * * * * *
4-methylquinazoline 700-46-9 mint-like, foxy 2115 1357 nd nd nd nd * * * * * * * *
3-hydroxy-4,5-dimethylfuran- 28664-35-9  fenugreek-like 2213 1111 nd nd nd nd * * * nd nd nd nd nd
2(5H)-one

; : _Qn_ honey'hke/ * * * * * * * * * * * *
phenylacetic acid 103-82-2 beeswaxlike 2572 1267
4—hydroxy—3— : i * * * * * * * * * * * *
methoxybenzaldehyde 121-33-5 vanilla-like 2593 1404

(1) Structure assignment was based on odor quality, RIs (DB-FFAP, DB-5), and mass spectrum; data were compared with the data obtained for reference compounds analyzed under the
same conditions. (%) Retention index, calculated by linear interpolation of retention time of the odorant and adjacent n-alkanes. *—odorant detected in the sample; nd—odorant not
detected in the sample.
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2.3. Odorants Quantitation

To determine the specific volatile constituents responsible for the overall aroma profile
of a model meads a total of 11 compounds were quantified in response to calibration
curves made for (ZHg)—naphtalene as the internal standard and Headspace Solid Phase
Micro-Extraction coupled with gas chromatography-time-of-flight-mass spectrometry (GC-
ToF-MS) (details in Supplementary Materials). Their odor activity values (OAVs) were
calculated as the ratio of their concentration to the odor threshold concentrations (OTCs) in
water collected from the literature.

Odor-active compounds’ quantitation for twelve mead samples, their OTCs, and
their OAVs are shown in Tables 2—4. The highest concentrations among all samples were
determined for floral 2-phenylethan-1-ol, honey-like phenylacetic acid, and malty 2- and
3-methylbutanoic acid, and there are visible differences in their concentrations between
all samples.

Table 2. Concentration, OTC, and OAV for odorants in acacia-based meads.

ANS ANSM ANY ABY
oTc!? Concentration 2 Concentration Concentration Concentration

Odorant (mg/L) (mg/L) OAV 3 (mg/L) OAV (mg/L) OAV (mg/L) OAV
1 0.0005 0.00173 ¢ 3 0.0172 b 34 0.0246 2 49 0.000615 © 1
3 0.015 nd - nd - nd - nd -
5 0.0012 0.00520 4 nd - nd - nd -
7 0.0087 0.00309 P <1 0.00142 ¢ <1 0.00085 ¢ <1 0.00624 2 <1
10 3 nd - nd - nd - nd -
12 24 0.553 2 <1 0.391b <1 0.339 be <1 0.267 ¢ <1
13 0.0052 0.0744 2 14 0.0512 b 10 0.0693 2 13 0.0702 2 13
14 0.49 0.0144 P <1 0.0249 b <1 0.101b <1 1.262 3
17 0.14 4192 30 3.71ab 26 3.27P 23 2.05¢ 15
18 0.025 0.351P 14 0.318"° 13 0.352P 14 1544 62
22 0.068 1.10 @b 16 1.282 19 0.902b 13 1.192 17

(1) Odor threshold concentration (OTC) in water. OTCs according to Leibniz-LSB@TUM Odorant Database [17].
(%) Concentration (mg/L), mean of triplicates, and coefficients of variation of all odorants were <20% and, together
with quantitation details, are given in the Supplementary Materials (Table S2); nd—not detected; different letters in
superscript in the same line indicate a significant difference (p < 0.05) based on the post hoc Fisher’s least significant
difference (LSD) test. (°) Odor activity value, calculated as the ratio of the concentration in mead to OTC.

Table 3. Concentration, OTC, and OAV for odorants in buckwheat-based meads.

BNS BNSM BNY BBY
orc!? Concentration 2 3 Concentration Concentration Concentration
Odorant (o) (mg/L) OAvV (mg/L) OAV (mg/L) OAV (mg/L) OAV
& & & &
1 0.0005 0.0334b 67 0.0387 ab 77 0.0413 &b 83 0.0462 2 92
3 0.015 0.00468 <1 nd - nd - nd -
5 0.0012 nd - nd - nd - nd -
7 0.0087 0.00517¢ <1 0.00714 2 <1 0.0041 4 <1 0.00658 P <1
10 3 1.12 <1 nd - nd - nd -
12 24 0.838P <1 1.042 <1 0.828 b <1 0.529 ¢ <1
13 0.0052 0.0713 ¢ 14 0.0990 @ 19 0.0836 P 16 0.0955 @ 18
14 0.49 1.54P 3 24842 5 2.624 5 0.547 ¢ 1
17 0.14 2964 21 2.6442 19 2.00P 14 2544 18
18 0.025 0.395b 16 1.402 56 nd - 0342 14
22 0.068 3.33P 49 4052 60 3.764 55 3.32b 49

(1) Odor threshold concentration (OTC) in water. OTCs according to Leibniz-LSB@TUM Odorant Database [17].
(%) Concentration (mg/L), mean of triplicates, and coefficients of variation of all odorants were <20% and, together
with quantitation details, are given in the Supplementary Materials (Table S2); nd—not detected; different letters in
superscript in the same line indicate a significant difference (p < 0.05) based on the post hoc Fisher’s least significant
difference (LSD) test. (°) Odor activity value, calculated as the ratio of the concentration in mead to OTC.
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Table 4. Concentration, OTC, and OAYV for odorants in tilia-based meads.
TNS TNSM TNY TBY
orc? Concentration 2 3 Concentration Concentration Concentration
Odorant (mg/L) (mg/L) OAV (mg/L) OAV (mg/L) OAV (mg/L) OAV
1 0.0005 0.0218° 44 0.00188 ¢ 4 0.0298 @ 60 0.000748 ¢ 1
3 0.015 nd - nd - nd - nd -
5 0.0012 nd - nd - nd - nd -
7 0.0087 0.0138 @ 2 0.00326 € <1 0.00445 P <1 0.00521 P <1
10 3 0.617b <1 nd - 0.568 b <1 3.03? 1
12 24 0.00251 © <1 0.236b <1 0.350 2 <1 0.274b <1
13 0.0052 0.0560 P 11 0.08352 16 0.0514 b 10 0.1012 20
14 0.49 0.129 b <1 0.0760 © <1 0.2652 <1 0.2512 <1
17 0.14 2.99b 21 2.70b 19 4292 31 230 16
18 0.025 0.334b 13 nd - 0.3902 16 0.407 2 16
22 0.068 1222 18 0.857 ¢ 13 nd - 0.961" 14

(1) Odor threshold concentration (OTC) in water. OTCs according to Leibniz-LSB@TUM Odorant Database [17].
(%) Concentration (mg/L), mean of triplicates, and coefficients of variation of all odorants were <20% and, together
with quantitation details, are given in the Supplementary Materials (Table S2); nd—not detected; different letters
in superscript in the same line indicate a significant difference (p < 0.05) based on the post hoc Fisher’s least
significant difference (LSD) test. (®) Odor activity value, calculated as the ratio of the concentration in mead
to OTC.

OAUVs of quantitated compounds are different among tested samples. For meads made
of acacia, buckwheat, and tilia honey, the highest OAVs were noted for 2- and 3-methyl-
1-butanal, 2-phenylacetaldehyde, 2-phenylathan-1-ol, 2,5-dimethyl-3(2H)furanone, and
phenylacetic acid, which are associated with odor descriptors described as malty, honey-
like, floral, caramel-like, and beeswax-like. These results are in agreement with results
obtained by sensory assessors, as ratings of descriptors honey, malty, and floral were
rated relatively high in those meads. Despite the dominance of the same odor-active
compounds in meads made of tilia, buckwheat, and acacia honeys, concentration levels
for those compounds were different in all tested samples. The highest concentrations
of floral 2-phenylethan-1-ol were noted for TNY and ANS meads (4.29 and 4.19 mg/L,
respectively) and the lowest for BNY mead (2.0 mg/L). A high concentration of this floral
odorant in the ANS sample resulted in the highest OAV for all compounds, which suggests
it is the most important odorant in this type of mead. Floral 2-phenylathan-1-ol is a widely
identified compound in meads and wines [18,19], and it is derived from phenylalanine in
the fermentation process [20].

Visibly higher concentrations of malty, solvent-like 2- and 3-methyl-1-butanal were
noted for buckwheat-based meads when compared to other mead types. The highest
concentration was determined for BBY (0.0462 mg/L), followed by BNY (0.0413 mg/L),
BNSM (0.0387 mg/L), and BNS (0.0334 mg/L). The differences in the concentrations of
this compound are also reflected in the sensory evaluation of the discussed meads, as
the notes of the malty descriptor for all buckwheat-based meads were visibly higher
than those presented for other meads. Malty, solvent-like 2- and 3-methyl-1-butanal also
showed the highest OAVs in all buckwheat-based meads, making it the most important
and characteristic odor-active compound in meads prepared from buckwheat honey. It
was also an important odor compound for two acacia-based meads, ANSM and ANY
(OAV, 34 and 49, respectively), and two tilia-based meads, TNS and TNY (OAYV, 44 and 60,
respectively). In the rest of the tested samples, the concentration of this compound only
slightly exceeded its odor threshold. The second important aldehyde identified in tested
meads was 2-phenylacetaldehyde with a honey-like odor. This compound was detected in
all tested mead samples, and its OAVs were comparable among all meads. The highest OAV
was noted for TBY (20) and the lowest for ANSM and TNY equally (10). The concentration
ranged from 0.0512 mg/L to 0.101 mg/L. Honey-like 2-phenylacetaldehyde formed during
Strecker degradation is reported to be an important odorant in wines [21]. The last of
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quantitated aldehydes was furan-2-carbaldehyde, which was detected in one buckwheat-
based mead (BNS) and three tilia-based meads (TNS, TNY, and TBY). Its concentration did
not exceed its odor threshold in almost all cases (except the TBY sample, in which its OAV
was equal to 1), which suggests that this compound did not have a meaningful influence
on the final aroma of tested meads.

Acids represented by sweaty butanoic acid, malty and sweaty 2- and 3-methylbutanoic
acid, and honey- and beeswax-like phenylacetic acid were determined in almost all tested
samples (the only exception was phenylacetic acid in the TNY sample). Concentrations of
butanoic acid in all tested samples were below its odor threshold concentration, but 2- and
3-methylbutanoic acid scored concentrations above its odor threshold in all buckwheat-
based meads and in the ABY sample, with the highest value of 2.62 mg/L for the BNY
sample. Those results are in agreement with sensory evaluation data, as all buckwheat-
based meads had relatively high malty scores. Concentrations of 2- and 3-methylbutanoic
acid for buckwheat-based meads are relatively higher than those obtained in our previ-
ous research for mead made from multi-floral honey (0.868 mg/L) [13]. The last of the
quantified acids with a pleasant, beeswax-like odor was an important odorant in almost
all tested samples (except TNY). The concentration of this compound was visibly higher
for buckwheat-based meads when compared to acacia- and tilia-based meads. Higher
concentrations resulted in high OAVs, making it the second most important odor-active
compound in buckwheat-based meads. Those concentrations (ranging from 4.05 mg/L
for the BNSM sample to 3.32 mg/L for the BBY sample) are visibly higher than those
observed by Starowicz and Granvogl for meads prepared from heated and unheated wort
(0.748 mg/L and 0.77 mg/L, respectively). Meads prepared from acacia and tilia honey
scored concentrations of phenylacetic acid similar to or slightly higher than those observed
by Starowicz and Garnvogl [11].

Caramel-like 2,5-dimethyl-3(2H)furanone was detected in almost all tested meads,
except BNY and TNSM samples. The concentration of this compound was very diverse
among samples and ranged from 0.318 mg /L (ANSM) to 1.54 mg /L (ABY). In those samples
where 2,5-dimethyl-3(2)H-furanone was detected the concentration was above its odor
threshold, and OAVs ranged from 13 (ANSM and TNS) to 62 (ABY). A high concentration
of this caramel-like compound suggests that it was important for the final aroma of almost
all meads. This compound is known to form easily in heated and fermented foods, and it
was detected in many kinds of food products such as popcorn, non-alcoholic beverages,
and wines [22].

The last group of odor-active compounds detected in tested mead samples were
esters, which showed the biggest differentiation in the presence of particular compounds
among all samples. Fruity ethyl octanoate was the only ester identified in all samples. Its
concentration was above its odor threshold in all samples. Fruity, pineapple-like ethyl
hexanoate was detected only in the ANS sample, and its concentration slightly exceeded its
odor threshold (0.0052 mg/L, OAYV 4). The last ester, identified in only one sample (BNS),
was ethyl pentanoate, with a fruity odor. Its concentration was above the odor threshold
concentration (0.00468 mg/L, OAV < 1). Additional esters (ethyl pentanoate and ethyl
hexanoate) were identified only in samples fermented by wild yeasts present in acacia
and buckwheat honey (spontaneous fermentation). Despite their low concentrations, not
exceeding odor threshold concentrations, these compounds may affect the final aroma of
the product [23].

Despite noticeable differences in aroma descriptors from sensory analysis of the
prepared meads, no correlation to specific odor-active compounds was found when G.
geotrichum was added. The strongest differences described by sensory assessors were
shown for acacia-based meads, which may be explained by their subtle and delicate aroma,
which is not overshadowed by dominant sensory descriptors. Further advanced research is
necessary to elucidate the interactions in this context.

In summary, the observed differences in the aroma profiles of various meads could
be attributed not to the diversity of aromatic compounds but rather to variations in their
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concentrations within specific groups of compounds. Consequently, the obtained results
suggest that the identification of odor-active compounds for each individual product might
be unnecessary. Instead, focusing on the primary product might be sufficient, with deter-
mining differences between variants through quantitative analysis alone. This approach
may allow for the efficient identification of differences in aroma profiles through quantita-
tive analysis, without the need for exhaustive compound identification for every product.

2.4. Effect of Honey Varieties, Fermentation Techniques, and Production Process on the Sensory
Attributes and Important Odorants Formation

To determine the effect of technological parameters on the sensory attributes and
important aroma compounds of twelve tested meads, an unsupervised principal component
analysis (PCA) was applied. Multivariate analysis confirmed that the type of honey
had the most significant impact on the sensory properties of mead. Those results are
in agreement with Li and Sun (2019), who observed significant differences in the flavor
volatiles in meads prepared with vitex, acacia, linden, multi-floral, and jujube honey [1].
The clear clustering was achieved for the analyzed data (Figure 4A). Buckwheat-based
meads, irrespective of the processing type, were positioned on the left side of the plot,
while tilia- and acacia-based meads were located on the right side. Interestingly, there was
no clear separation between acacia- and tilia-based meads. No distinct dependencies or
trends for fermentation type or heating process implementation were observed. Opposite
observations were noted by Pereira et al. (2019). When two strains of S. cerevisiae (QA23
and ICV D47) in free and immobilized form were compared, significant differences in
some characteristics of the products, such as pH, fructose concentration, volatile acidity,
and volatile compound concentrations, were observed [24]. Czabaj and Rygielska (2017)
and Starowicz and Granvogl (2022) also discerned that heating of mead wort results in
important changes in antioxidant activity and aroma quality [11,12]. These differences may
be due to the fact that, so far, all studies have focused on determining the impact of only
one factor on the mead’s volatiles at a given time. This shows that, only by comparing all
key variables in the production process, the real impact of these variables on the differences
in the aroma of mead can be correctly identified.

BNS mead was the most associated with fermented, honey, malty, rum, and general
odor intensity attributes, while BNY and BNSM were associated with the concentration
of phenylacetic acid, 2- and 3-methylbutanal, 2- and 3-methylbutanoic acid, and butanoic
acid. TNS mead was associated with the presence of furan-2-carbaldehyde. Hierarchical
analysis confirmed the clustering of the analyzed meads into two groups (Figure 4B). Inter-
estingly, TNY was more similar to acacia-based meads than to other tilia-based products
(Figure 5). These meads were associated with the concentration of 2-phenylethan-1-ol and
ethyl hexanoate.

Moreover, to confirm the effect of individual important odorants on the perception
of odor attributes, a correlation analysis between sensory attributes and the concentration
of each important odorant was performed. General odor intensity was strongly corre-
lated with the concentrations of phenylacetic acid, 2- and 3-methyl-1-butanal, 2- and
3-methylbutanoic acid, and butanoic acid. These compounds (except sweaty butanoic
acid) showed high concentrations and high OAV values in tested samples in all honey
types used. Despite lower concentrations of butanoic acid, the correlation between overall
aroma intensity was significant, which may suggest that this compound interacts with
other odorants even in lower concentrations. These compounds also contributed to the
perception of a malty aroma, with phenylacetic acid contributing the most (r = 0.88). Three
of these compounds, 2- and 3-methyl-1-butanal, 2- and 3-methylbutanoic acid, and pheny-
lacetic acid, are connected with odors that are honey-like, beeswax-like, and malty. The
perception of a honey odor was strongly associated with the concentrations of phenylacetic
acid and 2- and 3-methyl-1-butanal. Both compounds are produced mainly during the
fermentation and maturation processes [25,26]. The perception of fermented aroma was
strongly correlated with compound phenylacetic acid (r = 0.75) and mildly correlated with
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compound 2- and 3-methylbutanoic acid (r = 0.59). The perception of an alcoholic odor
was associated with the concentration of compound 2- and 3-methyl-1-butanal (r = 0.79).
Notably, a negative correlation was observed between a floral aroma and butanoic acid.
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Figure 4. Multivariate analysis of odorant concentrations and sensory attributes of meads. The results
of the multivariate analysis of important odorant concentrations and sensory attributes of the meads
obtained with different technologies. (A) Biplot from principal component analysis (PCA). PC1 and
PC2 explain 58% of the variance. Different colors represents different mead samples. (B) Dendrogram

from hierarchical analysis. Different colors represents different clusters.
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Figure 5. Correlations between odorant concentrations and sensory attributes. The results of cor-
relation analysis between the important odorant concentrations and sensory attributes obtained
using the Pearson correlation coefficient test. Exact values are given only for significant correlations
(p-value < 0.05).

3. Materials and Methods
3.1. Honey Samples

Three types of honey, acacia (Robinia pseudoacacia L.), buckwheat (Fagopyrum Mill.),
and tilia (Tilia), were purchased from local beekeepers in the Wielkopolska region. The
botanical origin of each honey was confirmed by pollen analysis according to the criteria
described in Polish standard [27]. PN-88/A-77626 “Midd pszczeli”. Honey samples were
stored at 4 °C until the mead preparation.

3.2. Yeast and Mold Preparation

Commercially available yeasts S. cerevisiae BC s103 (Fermentis, Lesaffre, France) were
prepared according to the producer’s instructions. G. geotrichum molds used for the
fermentation were previously isolated from the Wielkopolski fried cheese produced in
Poznan (Poland), and thirty-nine strains were identified by amplification of the 185 rRNA
coding sequence and then lyophilized by Szudera-Konczal et al. [7]. For the experiment
purposes, strain 32 was chosen, according to its ability to produce 2-phenylacetaldehyde
and 2-phenylethan-1-ol in the most desirable ratio, and ready lyophilizate was used. To the
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3 mL vial with mold lyophilizate containing 9 x 10~7 colony-forming units (CFU), distilled
water was added to the volume of 4 mL right before inoculation. To the four mead batches,
1 mL (each) of hydrated lyophilizate was added.

3.3. Mead Preparation

To prepare honey wort, one part of each honey was diluted with two parts of tap water
(v/v) to reach 34°Brix. From each honey, four wort batches (2 L each) were prepared: three
were not heated and one batch was boiled for 10 min. After cooling the boiled batch to
room temperature (around 25 °C), tap water was added to reach 34°Brix. To three unheated
batches (one from every type of honey), inoculated G. geotrichum mold was added. To
three unheated and three heated batches (two from every type of honey), S. cerevisiae yeast
inoculum (1.5 g/L) was added. The last three batches (one from every type of honey) were
not inoculated. The production process of all batches is presented in Figure 6. All wort
batches were mixed and closed with a fermentation pipe. Diammonium phosphate (DAP)
and the commercial nutrient “Kombi Vita” (Browin, Poland) containing diammonium
hydrogen phosphate, yeast cell wall components, and thiamine hydrochloride were added
to each batch in two equal parts (1 g/L and 1.5 g/L, respectively, in total) after 12 and
48 h of fermentation. Fermentation was carried out at 22 °C for 30 days. After 30 days of
fermentation, meads were decanted from the yeast sediment, closed with fermentation
pipes, and kept at 15 °C for 12 months for maturation. Decanting from the sediment was
repeated at 3 and 6 months of maturation. Labeling of the samples was set to include honey
and fermentation type and heating/not heating of the wort. All sample labels together
with a precise description of the parameters used are shown in Table 5.

Table 5. Mead sample labeling.

Sample Code Honey Type Manufacturing Process Fermentation Type

ANS spontaneous

ANSM acacia not boiled spontaneous + G. geotrichum molds
ANY . S. cerevisiae yeasts
ABY boiled
BNS spontaneous

BBI’\IT\?y buckwheat not boiled spontaneous + G. geotrichum molds
BBY boiled S. cerevisiae yeasts
TNS spontaneous

TNSM lia not boiled spontaneous + G. geotrichum molds
TNY . S. cerevisiae yeasts
TBY boiled

3.4. Reference Odorants

Pure reference odorants of 2- and 3-methylbutanal, butane-2,3-dione, ethyl pentanoate,
2-and 3-methylbutan-1-ol, ethyl hexanoate, ethyl octanoate, acetic acid, 3-(methylsulfanyl)
propanal, furan-2-carbaldehyde, propanoic acid, butanoic acid, 2-phenylacetaldehyde, 2-
and 3-methylbutanoic acid, 3-(methylsulfynyl)propan-1-ol, (2E)-1-(2,6,6-trimethylcyclohexa-
1,3-dien-1-yl)but-2-en-1-one, 2-phenylethan-1-ol, 2,5-dimethyl-3(2H)furanone, 4-methyl
quinazoline, phenylacetic acid, and 4-hydroxy-3-methoxybenzaldehyde were purchased
from Merck (Darmstadt, Germany). Compound 1-(3,4-dihydro-2H-pyrrol-5-yl)ethan-1-one
was obtained from aromalLAB (Martinsried, Germany), and compounds 4-methylphenol
and 3-hydroxy-4,5-dimethylfuran-2(5H)-one were obtained from Thermo Scientific (Waltham,
MA, USA). (*Hg)-naphthalene was obtained from Merck.
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MATURATION (15°C, 12 months)

Figure 6. Scheme of the production process of twelve mead types.

3.5. Quantitative Olfactory Profile Analysis

For all mead samples, quantitative olfactory profile analysis was performed. The
sensory panel consisted of 9 experienced assessors (6 females and 3 males, aged from
25 to 55). Odor descriptors were chosen in the previous study [13]. Before the final
analysis, assessors experienced a training session with the chosen odor descriptors and
their descriptions. Odor descriptors were obtained from Givoudan (Vernier, Switzerland).
For quantitative olfactory profile analysis, the panelists were asked to rate each odor quality
using a 10 cm linear scale from 0 (not perceivable) to 10 (strongly perceivable). Samples
(20 mL) were presented in covered glass vessels at room temperature. For the sensory
analysis, all panelists gave their consent, and ethical permission was not required.

3.6. Isolation of Mead Volatiles

Meads (50 mL each) were extracted with dichloromethane (50 mL x 3, each). Com-
bined organic phases were washed with saturated sodium chloride (150 mL X 3, each)
and dried over anhydrous sodium sulfate. Nonvolatiles were removed by solvent-assisted
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flavor evaporation (SAFE) at 40 °C. The distillates were concentrated to a final volume of
0.5 mL using a Vigreux column (Chemland, Poland). Mead volatile isolates were stored at
—20 °C until analysis. At all stages of mead volatile isolation, the odor was monitored. The
extracts, distillates, and concentrated mead isolates were orthonasally tested on a strip of
filter paper. The characteristic odor of mead was perceivable at all stages of the isolation of
the mead’s volatiles.

3.7. Gas Chromatography—Olfactometry and Odor-Active Compounds Identification

A GC coupled with a cold on-column injector, a flame ionization detector (FID),
a sniffing port, and DB—FFAP (30 m x 0.32 mm i.d., film thickness 0.25 um; Agilent,
Waldbronn, Germany) or DB—5 (30 m x 0.32 mm i.d., film thickness 0.25 um; Agilent)
columns was used for the identification of odor-active compounds. Identification was
performed using a GC—O/FID system and a GC-ToF-MS system. Detailed specifications
of the GC systems used are provided in the Supplementary Materials.

Structure proposals were developed using GC—O by the comparison of odor descrip-
tors of detected odorants and their RIs to the data of reference compounds available in the
Leibniz-LSB@TUM Odorant Database [17]. The proposed structures were confirmed by
analyzing proper reference compounds in an adjusted dilution and comparing them to
those present in mead volatile isolates using two columns of different polarities (DB—FFAP
and DB—5). The final identification was performed by comparing the mass spectra of
the compounds identified in mead volatile isolates and proper reference standards on a
GC-ToF-MS system.

3.8. Odorant Quantitation

2- and 3-Methyl-1-butanal, ethyl pentanoate, ethyl hexanoate, ethyl octanoate, furan-
2-carbaldehyde, butanoic acid, 2-phenylacetaldehyde, 2- and 3-methylbutanoic acid, 2-
phenylethan-1-ol, 2,5-dimethyl-3(2H)-furanone, and phenylacetic acid were quantitated
using HS-SPME-GC-ToF-MS, and (ZHg)—naphthalene was used as the internal standard.
A total of 5 mL of each mead sample was added to 20 mL glass vials, and 3 g of sodium
chloride was added. Mead samples were spiked with the internal standard dissolved
in ethanol (in concentration ranges from 0.001 to 0.1 pug/mL). Vials were closed with
crimp caps, and Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS)
fiber was used for the extraction. Extraction was held at 40 °C for 40 min. All analyses were
performed in triplicates.

Peak areas of the target compounds and the internal standard were collected from the
extracted ion chromatograms using unique quantifier ions. The concentrations of target
compounds were calculated based on the area counts of the target compound peak, the area
counts of the internal standard peak, the amount of the sample used, and the amount of
the internal standard added. The calibration line for every target compound was obtained
by the analysis of mixtures of the analyte and (*Hg)-naphthalene in five ratios (5:1, 2:1,
1:1, 1:2, and 1:5). Details of the quantitation are available in the Supplementary Materials
(Table S1).

3.9. Statistical Analysis

All the analyses were conducted in triplicates unless stated differently. The differences
between the study groups were compared using one-way ANOVA with Fisher’s LSD test
as a post hoc, after testing the normality using the Shapiro-Wilk test. The differences with a
p-value < 0.05 were considered significant. Correlations between parameters were analyzed
using the Pearson correlation coefficient test. All the statistical analyses were performed
using STATISTICA version 13.3 (TIBCO Software Inc., Palo Alto, CA, USA) software.

An unsupervised principal component analysis (PCA) was applied to classify the
analyzed mead samples and to evaluate the effect of technological parameters on the
sensory attributes and important aroma compounds. The PCA model was built with the
SIMCA 17 software package (Umietrics, Umea, Sweden).
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4. Conclusions

The findings from the presented research provide valuable insights into the complex
interactions between honey type, wort heating, and fermentation methods in shaping the
aroma and sensory characteristics of mead. By systematically investigating the impact
of these three critical factors—honey type (acacia, buckwheat, and linden), wort heating,
and fermentation techniques (commercial Saccharomyces cerevisiae, spontaneous fermen-
tation, and spontaneous fermentation with the inoculation of Galactomyces geotrichum
molds)—on the formation of odor-active compounds, this study contributes to a deeper
understanding of mead aroma development.

The results confirmed that the type of honey plays the most significant role in determin-
ing the sensory properties of mead, with distinct clusters of aroma profiles for buckwheat,
acacia, and linden honeys. Buckwheat-based meads were associated with intense honey,
malty, and rum-like aromas, while acacia and linden-based meads shared a lighter, more
floral profile. Despite this clear influence of honey type, no consistent trends were observed
for the effects of wort heating or the fermentation method on the overall aroma, indicating
that while these factors can influence specific compounds, their impact is secondary to that
of honey type.

Through the use of gas chromatography-olfactometry (GC-O) and headspace SPME-
GC/MS quantitation, this study identified several odor-active compounds, including
phenylacetic acid, 2- and 3-methylbutanal, and butanoic acid, which were strongly cor-
related with sensory attributes such as honey-like, malty, and fermented aromas. Com-
pounds like phenylacetic acid, 2- and 3-methyl-1-butanal, 2- and 3-methylbutanoic acid, and
2-phenylethan-1-ol were particularly influential in driving the perception of honey, malty,
beeswax-like, and floral odors. The application of the molecular sensory science concept
led to the suggestion that the identification of odor-active compounds for each individual
product might be unnecessary in the case of meads. This approach may allow for efficient
identification of differences in aroma profiles through quantitative analysis, without the
need for exhaustive compound identification for every product. Those findings may form
the basis for establishing easier and faster methods for controlling the quality parame-
ters of meads and determining the correctness of the fermentation process by monitoring
odor-active compounds. In conclusion, this research highlights the critical role of honey
selection in crafting a mead’s characteristic aroma and provides mead producers with
strategic guidance for optimizing sensory profiles. By understanding the contributions
of odor-active compounds and their correlation with sensory attributes, producers can
tailor their processes to enhance desired aromas, such as honey-like or malty notes, while
controlling for less desirable characteristics.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/molecules29245913/s1, Miscellaneous Chemicals and Materials, detailed
GC systems specifications, Table S1: Experimental Data of Quantitation with Internal Standard
(Quantifier Ions, Calibration Lines); Table S2: Coefficients of Variance of Odorants Quantitation
of Meads.
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ABSTRACT: This study compares spontaneous and yeast-inoculated mead fermentations,

analyzing their effects on sensory and chemical profiles. Using advanced instrumental
techniques: untargeted analysis of odorants, quantitation of odor-active compounds, and flow
cytometry—this research identifies key fermentation-driven changes. Sensory analysis
demonstrated enhanced honey, malty, yeasty, and rum notes in spontaneous fermentation,
showing a need to explain chemical background of those differences. Untargeted analysis
revealed a more complex volatile profile in spontaneous fermentation, characterized by unique
fruity esters and off-flavors, whereas yeast-inoculated fermentation produced more consistent
profiles. Statistical analysis identified distinct compounds linked to fermentation type and stage,
with microbial dynamics influencing odor-active compound formation. Bacterial content
correlated with ethyl hexanoate (0.63), furan-2-carbaldehyde (0.33), and phenylacetic acid
(0.49), while yeasts displayed correlations with 2-phenylacetaldehyde (0.37), ethyl hexanoate
(-0.59), phenylacetic acid (-0.50), and furan-2-carbaldehyde (-0.47). These findings enhance
understanding of fermentation strategies' impact on mead aroma, aiding production control and

sensory quality optimization.

Keywords: aroma evolution, odor-active compounds, flow cytometry, fermentation

metabolomics, volatilomics, flavoromics, mead



1. Introduction

Mead is an alcoholic beverage made from honey and water, with its distinctive aroma and
unique flavor developed during the alcoholic fermentation and maturation periods. Its
popularity peaked during the Middle Ages, but the earliest evidence of honey used in alcoholic
beverage production dates back to 7000-5500 BCE in China (Rasmussen, 2015). Over
thousands of years, the basic production method of mead has remained largely unchanged:
honey must be diluted with water in appropriate ratios to allow yeast to grow and ferment the
sugars into alcohol. Meads were fermented by the naturally occurring yeast in honey, which are
predominantly osmophilic. Historically, spontaneous fermentation has been employed in mead
production and other traditional beverages; however, it is now less common among modern
producers. This fermentation process, driven by indigenous microbiota, contributes to the
development of complex and unique volatile profiles in alcoholic beverages. While it can result
in products with distinctive sensory characteristics (Luzzini et al., 2021), it also introduces
variability and unpredictability. In contrast, controlled fermentation with selected yeast strains
enhances reproducibility, efficiency, and targeted aroma development. Recently, there has been
increasing interest in the use of non-Saccharomyces yeast strains, either alone or in co-culture,
as they enable the development of novel aromatic profiles that arise from yeast interactions and

are not present in pure cultures. (Bordet et al., 2023)

Most researchers investigating the aroma profile of alcoholic beverages utilize untargeted
volatilome analysis. While this approach is informative and provides tools to differentiate
beverages produced from various raw materials or methods, it does not fully address the
complexity of aroma perception. Targeted analysis of odor-active compounds, including
olfactometric evaluation combined with precise compound quantification and sensory
assessment, provides deeper insights into both the chemical composition of aroma and its

perception by consumers. However, despite their high value, targeted analyses are time-



consuming and often omitted. Only a few studies have integrated both untargeted and targeted
analyses of odor compounds, primarily in wine research (Boban et al., 2022; Monforte et al.,
2020) often excluding olfactometry. The present study is the first to comprehensively
characterize the aroma of mead by integrating both untargeted and targeted analyses, including
olfactometry, precise compound quantification, and sensory assessment, across the entire

production process.

While the changes during the production processes of wines, distilled spirits, and beers are well-
established, there is a significant lack of comprehensive knowledge about the changes in aroma
compounds in meads. Although there are some similarities in the production processes of wines
and meads, the differences in the chemical composition of the raw materials used are
substantial. Therefore, it is crucial to conduct detailed studies on these changes to better
understand the unique characteristics of mead. The influence of some variables such as different
honey varieties, heating of wort or different microorganisms used in the production on the
aroma of mead was previously studied (Li & Sun, 2019; Sottil et al., 2019; Starowicz &
Granvogl, 2022), however these studies only identified differences at a single point in the
production process. None of them assessed the changes in odor-active compounds throughout

the entire, lengthy process of mead production concerning different variables.

In our previous study, we identified key odorants in traditional polish mead and evaluated their
changes throughout the production process. Furthermore, in order to identify how the aroma of
mead is formed during the production process, 12 model meads were produced, allowing for a
detailed investigation of the impact of different honey varieties, fermentation methods, and wort
boiling on the development of odor-active compounds (Cicha-Wojciechowicz, Drabinska, et
al., 2024). Olfactometric experiments revealed that the differences in mead aroma were driven
by varying concentrations of the same odor-active compounds rather than the presence of

unique compounds. While the type of honey played a key role in shaping the overall aromatic



profile, sensory analysis demonstrated that fermentation type significantly influenced the final
flavor characteristics. Mead produced through spontaneous fermentation exhibited a distinct
sensory profile compared to that made with yeast inoculation, suggesting underlying
biochemical and microbial processes at play. To uncover the mechanisms behind these
differences, this study employed advanced instrumental techniques, including untargeted
analysis of potential odorants, quantification of odor-active compounds, and flow cytometry
combined with statistical analysis, enabling a comprehensive examination of fermentation-
driven changes throughout mead production.. To gain a deeper understanding of the processes
occurring during fermentation and maturation, mead samples were analyzed at multiple stages
of production. Two types of honey (acacia and tilia) and two fermentation methods
(spontaneous fermentation and inoculation with the commercially available yeast
Saccharomyces cerevisiae) were used. Samples were collected at five fermentation time points
(1st, 5th, 10th, 15th, and 30th day) and four maturation stages (3rd, 6th, 9th, and 12th month).
Throughout the entire production process, untargeted analysis of potential odor-active
compounds was conducted. Additionally, flow cytometry was applied to assess the influence
of the two main microbial groups, bacteria and yeast, on the formation of these compounds. We
believe that this extensive research provides a foundation not only for a deeper understanding
of the chemical changes shaping mead’s aroma during production but also for the development
of predictive approaches to control and optimize its final sensory profile. To the best of our
knowledge, this is the first study to comprehensively examine mead production from
fermentation through maturation, considering both different honey varieties and fermentation
strategies while applying an extensive experimental design. A key novelty of this research lies
in the application of microbial enumeration using flow cytometry, allowing for the first-time

correlation between microbial dynamics and the formation of odor-active compounds in mead.



Additionally, the integration of targeted and untargeted volatilomics across multiple production

stages offers unprecedented insights into the transformation of aroma compounds over time.

2. Materials and methods

2.1. Mead samples

Four distinct mead samples were used in the experiment, each prepared from a specific type of
varietal bee honey—acacia or tilia. For both honey types, meads were produced using two
different fermentation methods: spontaneous fermentation and fermentation inoculated with
Saccharomyces cerevisiae yeast. The samples were labeled as follows: ANS (acacia using
spontaneous fermentation), ANY (acacia using the inoculation of S. cerevisiae yeast), TNS
(tilia using spontaneous fermentation), and TNY (tilia using the inoculation of S. cerevisiae
yeast). This approach allowed for a comprehensive examination of how honey variety and
fermentation strategy influence the development of volatile and odor-active compounds. The
specific production conditions and methodologies applied in their preparation were described
in our previous study (Cicha-Wojciechowicz, Drabinska, et al., 2024). These four meads were
particularly interesting from a scientific point of view for observing how fermentation type
influences the sensory profile of the final product, as they exhibited significant differences in
both sensory evaluation and the concentrations of key odor-active compounds. For the purposes
of this study, samples were collected throughout the entire production process—during
fermentation: on days 1, 5, 10, 15, and 30 (F1, F5, F10, F15, F30) and during maturation: at 3,
6, 9, and 12 months (M3, M6, M9, M12). The samples were stored in a freezer at -20 ° C

immediately after collection until analysis.



2.2. Brix degrees and pH

Samples from three stages of production (F1, F30, and M12) were analyzed for Brix and pH
levels right after collection. An optic refractometer Optika Microscopes (Ponteranica, Italy)
was used to measure Brix degrees, while a EImetron CP-411 pH meter (Zabrze, Poland) was

employed for pH evaluation
2.3. Reference chemicals

Pure reference odorants of 2-methyl-1-butanal, 3-methyl-1-butanal, ethyl hexanoate, ethyl
octanoate, furfuran-2-carbaldehyde, 2-phenylacetaldehyde, 2-phenylethan-1-ol, 2,5-dimethyl-
3(2H)-furanone and phenylacetic acid were purchased from Merck (Darmstadt, Germany).
(°Hg)-naphthalene, glucose, fructose, maltose, mio-inositol, glycerol, methoxylamine-
hydrochloride, pyridine, (N,O-bis(trimethylsilyltrifluoroacetamide and 1,4-dibromobenzene

pure standards were obtained from Merck.
2.4. The analysis of primary metabolites

The standard stock solution was prepared by dissolving approx. 20 mg of glycerol, fructose,

glucose and mio-inositol in methanol in 20 mL measuring flask.

Mead or production samples were diluted with ethanol and the aliquot of 50 puL was dried in 2
mL vials under a gentle stream of nitrogen. Then the derivatization was performed
automatically in a 7696A Sample Prep WorkBench (Agilent Technologies, Santa Clara, CA).
Firstly, 45 pL of methoxylamine-hydrochloride solution (20 mg/mL in piridine) were added
and metoximation reaction was carried out for 2 h at 60 °C. Then, 60 pL of (N,O-
bis(trimethylsilyDtrifluoroacetamide were added and the sylilation reaction was carried out for
1 h at 60 °C. Finally, the mixture was spiked with 20 pL of 1,4-dibromobenzene (1 g/L in
methylene chloride) as internal standard and the 75 pL of methylene chloride were added up to

a final volume of 200 pL.



The derivatized analytes were analyzed using an GC/MS system. Agilent 7890A gas
chromatograph coupled to a 5975C mass spectrometer (Agilent Technologies, Santa Clara,
CA). The compounds were separated on a SLB-5ms nonpolar column (30 m x 250 um x 0.5
pum; Supelco, Bellefonte, PA). The injection port was operated in a splitless mode at 230 °C.
Sugars, glycerol and myo-inositol were identified and quantified using standards for each
compound and normalized in relation to the internal standard. Detailed specifications of the GC
system used are described in Supplementary Material. Details of the quantitation are available

in the Supplementary Material (Table S1).

2.5. Untargeted analysis of potential odorants

Volatile Organic Compounds (VOCs) from all samples were extracted by the means of the
solid-phase micro-extraction (SPME). 5 mL of each sample was added to 20 mL glass vials and
3 g of sodium chloride was added. Vials were closed with crimp caps and
Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS) fiber was used for the
extraction. Extraction was held at 40°C for 45 minutes. The separation of VOCs was performed
using an Agilent 6890N gas chromatograph (Agilent Technologies, Santa Clara, CA, USA)
with an Agilent GC sampler 80 (detailed specifications of the GC system used are provided in
the Supplementary Material). Data were collected and processed using LECO ChromaTOF
version 4.40 (LECO, St. Joseph, MI, USA). The compounds were tentatively identified using
the NIST library (version 2.0) and using the linear retention indices (LRIs) calculated based on
a series of alkanes (C5—C20). The criterion for tentative identification of compounds using the
NIST library was hit> 800. The peak areas of modulated peaks of the same unique mass were
summarized for each of the identified compound. Compounds that were present in fewer than
50% of samples were eliminated. Peak areas were calculated based on TIC chromatograms, and
the same signal-to-noise ratio (s/n >50) was applied to analyses processed. For the statistical

analysis only compounds with the potential to be odor-active were chosen.



2.6. Flow cytometry

Flow cytometric evaluation of yeast vs bacterial cells was performed using the imaging flow
cytometer Amnis FlowSight™ (Luminex Corp., USA), equipped with 3 lasers (405 nm, 488
nm and 642 nm), 9 fluorescence channels, brightfield (BF) and side scatter (SSC) detectors
(acquisition by a multi-channel CCD camera) was used for the analysis. Samples were also
stained with Syto9 fluorescent dye (emission maximum = 500 nm)to discriminate microbial
cells (yeast and bacteria) from cellular and non-cellular debris. The post-acquisition analysis of
imaging flow cytometric (IFC) data was based on 5 000 events recorded per analysis using the
IDEAS software (Luminex Corp., USA). To improve the discrimination of debris vs microbial
cells and subsequent evaluation of yeast vs bacterial cells involved in the fermentation process,
a machine learning (ML) module was engaged. The Machine Learning (ML) module is
incorporated in to the IDEAS® 6.3. software. The ML assisted the discrimination started with
the selection of the representative sub-populations (through the manual indication of images of
objects - the "truth” populations; at least 25 objects images were selected). Then the IDEAS
software using linear discriminant analysis (LDA - Linear Discriminant Analysis) created a
"super parameter” - classifier to discriminate between the indicated sub-populations. The
classifier consists of individual parameters, each assigned a specific weight specifying the
discrimination power between the indicated sub-populations. The resulting debris vs microbial
cells, bacteria vs yeast cells and debris and yeast vs bacterial cells and debris classifiers
contained a series of 16, 7 and 90 differentially weighted features (parameters), respectively.
The cell classifier was plotted into histogram and events with values higher than zero belong to
images that are best represented by specified sub-population. Histograms presenting 3
classifiers generated using Machine Learning (ML) module are shown in Figure 1. Detailed
information about individual parameters and their weight specifying the discrimination power

used for creation of the ‘super parameter’ are presented in Supplementary Material (Table S2).



2.7. Quantitation of odorants

Compounds 2-methyl-1-butanal, 3-methyl-1-butanal, ethyl hexanoate, ethyl octanoate,
furfuran-2-carbaldehyde, 2-phenylacetaldenyde, 2-phenylethan-1-ol, 2,5-dimethyl-3(2H)-
furanone and phenylacetic acid were previously identified in tested mead samples with the use
of gas chromatography-olfactometry and gas chromatography- mass spectrometry and chosen
for the quantitation purposes according to their high Odor Activity Values (OAV) in tested
samples (Cicha-Wojciechowicz, Drabinska, et al., 2024). Chosen compounds were quantitated
using HS-SPME-GC-ToF-MS with (?Hs)-naphthalene as the internal standard. 5 mL of each
mead sample was added to 20 mL glass vials and 3 g of sodium chloride was added. Mead
samples were spiked with internal standard dissolved in ethanol (in concentration ranges from
0.001 to 0.1 pug/mL). Vials were closed with crimp caps and
Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS) fiber was used for the
extraction. Extraction was held at 40°C for 40 minutes. All analyses were performed in

triplicates.

Peak areas of the target compounds and the internal standard were collected from the extracted
ion chromatograms using unique quantifier ions. The concentrations of target compounds were
calculated based on area counts of the target compound peak, the area counts of internal
standard peak, the amount of the sample used, and the amount of the internal standard added.
The calibration line for every target compound was obtained by analysis of mixtures of the
analyte and (°Hs)-naphthalene in five ratios (5:1, 2:1, 1:1, 1:2, and 1:5). Details of the

quantitation are available in the Supplementary Material (Table S3).
2.8. Statistical analysis

All statistical analyses were performed in Statistica version 14.1.04 and the Python environment

using the pandas libraries for data processing and numpy for numerical calculations. Data



visualization was performed using the matplotlib.pyplot and seaborn libraries, which allow the

generation of graphs, including cluster maps and graphs of the results of statistical analyses.

Hierarchical clustering analysis was performed using the clustermap function of the seaborn
library, using the average linkage method and a custom Euclidean distance metric that accounts
for missing values. To improve the interpretation of the results, the data were standardized with

a z-score, which allowed the comparison of variables with different scales.

Complex relationships between categorical variables and their co-occurrences were visualized
using UpSet plots generated using the upsetplot library. Peak areas of volatile compounds were
binarized, converting numeric data into presence/absence matrix, allowing the identification of

unique and common volatiles under different fermentation conditions.

Pearson correlation coefficients were calculated to estimate the relationship between the
amount of volatile compounds, and their significance was estimated. Also, Principal
Component Analysis (PCA) was used to assess the relationship between variables. The
parametric Student's T-test and non-parametric Whitney's U-Mann test were used to estimate

the significance of differences between the mean volatile compound contents

Partial Least Squares Discriminant Analysis (PLS-DA) was used to analyze differences in
volatile compound profiles by fermentation type. PLS-DA is a supervised multivariate
statistical method that extends Partial Least Squares Regression (PLS-R) for classification
problems. It is particularly useful when the number of predictor variables is high and when
strong collinearity exists among them. The objective of the method is to maximize the
separation between predefined classes while modeling the relationship between predictor
variables (volatile compounds) and a categorical response variable (fermentation type). The
PLS-DA model was constructed with two components, which captured the maximum variance

while maintaining class separability, using the sklearn.cross_decomposition library and the



predictor variables were previously standardised using StandardScaler. The results of the
analysis were verified using cross-validation (stratified K-fold, k=5), calculating the mean value
of the coefficient of determination (R2 score) and the classification accuracy (accuracy score).
In order to identify the most important variables influencing the classification, Variable
Importance in Projection (VIP) scores were calculated to evaluate the importance of each

volatile compound in the differentiation of fermentation types.

3. Results and discussion

3.1. Determination of fermentation efficiency

To control the quality parameters of mead and assess fermentation efficiency, basic parameters
such as Brix degrees and pH were monitored at three production points (F1, F30, and M12) for
each mead variety. Among all tested meads, pH values varied according to the honey variety

used. These results are detailed in the Supplementary Material (Table S4).

When considering fermentation type, it is evident that meads inoculated with S. cerevisiae yeast
completed the fermentation process within 30 days, as the Brix degrees for samples after 30
days of fermentation and after maturation remain unchanged. Meads prepared with spontaneous
fermentation required more time to complete the fermentation process, which continued during
maturation. This ongoing fermentation of sugars in honey wort during maturation was also
observed by Czabaj et al. (2016), who noted an increase in ethanol concentration after 37

months of maturation in meads prepared with different additives.

Meads made from two honey varieties with spontaneous fermentation had higher Brix degrees
than those inoculated with yeast, suggesting lower fermentation efficiency in meads fermented

by native microbiota present in the tested honeys.



3.2. The analysis of primary metabolites

To evaluate chemical changes ongoing during fermentation process, concentrations of most
important sugars and glycerol were measured. Changes in glucose and fructose concentrations

during production process are presented in Figure 2.

The most significant reduction in sugar concentrations occurred after the fermentation period
for all samples tested. Samples with yeast inoculation exhibited greater variations in glucose
levels after the fermentation, though the levels were only slightly different after the maturation.
For meads made with acacia honey using spontaneous fermentation a decrease in glucose levels
was noted after 12 months of maturation. The change in fructose levels after the fermentation
was consistent across all samples, except for mead prepared from acacia honey and spontaneous
fermentation (ANS). These changes and their rates are linked to the conversion of sugars into
ethyl alcohol and carbon dioxide through the fermentation process by various microorganisms

(Iglesias et al., 2014).

Myo-Inositol, a minor sugar alcohol typically found in grape must, was detected in tilia-based
meads, as well as in the ANS sample, after both fermentation and maturation. It was also present
in the mead prepared from acacia honey and yeast-inoculated fermentation (ANY) sample after
the maturation. The concentrations of myo-inositol were noticeably lower in meads made from
acacia honey compared to those made from tilia. The highest concentration of this sugar was
observed in the mead prepared from tilia honey and yeast-inoculated fermentation (TNY)
immediately after fermentation. During maturation, its concentration slightly decreased in tilia-
based meads. Myo-Inositol is a characteristic component of natural and concentrated grape
musts (CMs) and is considered a marker for the authenticity of rectified concentrated must
(Paolini et al., 2023). As a dietary supplement, myo-inositol acts as an effective

anticarcinogenic, antioxidant, hypolipidemic, and antidiabetic agent. It also plays unique roles



in plant development and has been previously found in blueberry fruits (Song et al., 2016) and

honey (Sanz et al., 2004).

Glycerol, a byproduct of alcoholic fermentation, was not found in F1 samples, as expected.
After fermentation, glycerol concentrations ranged from 6.87 g/L in the ANS sample to 17.31
g/L in the mead prepared from tilia honey and spontaneous fermentation (TNS). These
concentrations were noticeably higher in all tilia-based meads, as well as in the ANY sample,
compared to acacia mead that underwent spontaneous fermentation. There were no significant
changes in glycerol concentrations after the maturation period. The glycerol levels observed in
this study were higher than those reported by Czabaj et al. (2016) and previously noted in wines
(Czabaj et al., 2016; Gomes et al., 2013). Those differences may result from varying
fermentation efficiencies and the additives used during production. Detailed concentrations of

myo-inositol and glycerol in tested samples are shown in Supplementary Material (Table S5).

3.3. Untargeted analysis of potential odorants

Our previous study identified differences in the sensory evaluation of meads produced using
two distinct fermentation techniques: spontaneous fermentation and yeast-inoculated
fermentation. Notably, higher values for honey, malty, and rum descriptors were observed in
meads produced via spontaneous fermentation (Cicha-Wojciechowicz, Drabinska, et al., 2024).
To investigate the causes of these aromatic differences and understand the changes occurring
during the manufacturing process, the samples were subjected to untargeted analysis of volatile
compounds using headspace SPME coupled with GCxGC-ToF-MS. All potential odorants
tentatively identified in samples are listed in Supplementary Material (Table S6). To every
compound specific category of its chemical group (acid, alcohol, aldehyde, ester, furan, ketone,
lactone or other) and odor descriptions were assigned according to the data available in the

literature (Kreissl J, Mall V, Steinhaus P, 2022). Odor descriptions were further categorized into



specific groups (alcoholic, floral, fruity, honey-like, malty, off-flavor or spices) in terms of their

odor descriptions and odor descriptors used in previous study.

To correlate the analytical data with sensory analysis, the interpretation of experimental data
was divided into comparisons of the behavior of specific compound groups throughout the
production process and the characteristic odor groups they form. Given that aroma is not only
the primary focus of this study but also a key differentiator for consumers, we integrated both
untargeted and targeted analyses, including olfactometry, precise compound quantification, and
sensory assessment. We believe that tracking changes in these specific categories provides the
most efficient approach for data interpretation, while also facilitating comparisons with

previously discussed sensory evaluation results.

Among all tested samples 109 potential odorants belonging to the different chemical groups
were identified. The largest number of potentially odor-active compounds identified in all
samples were esters, which constituted about 1/3 of all identified potential odorants. Those
compounds are mostly related to the odor impressions described as fruity and honey like (for
example 3-methylbutyl acetate, ethyl 2-hydroxypropanoate, ethyl butanoate, ethyl hexanoate
and 2-phenylethyl acetate) or off-flavors (sweaty, soapy methyl decanoate, sulfuric ethyl 3-
methylsulfanylpropanoate or solvent-like ethyl acetate). The second largest group were
alcohols, with diverse odor descriptors, such as malty, floral, soapy, pungent. Similar results
were observed by Senn et al. (2021), which identified 43 volatile compounds with esters and
alcohols being the largest groups among 41 meads purchased from American meaderies (Senn
et al., 2021). The same groups of compounds were also the most abundant in the research on

the mead fermented with Cannabis sativa L. (Romano et al., 2021).

Changes in the intensity of the potential odor-active compounds divided by their chemical

group according to the fermentation type are presented on the Figure 3.



Throughout the production process, the intensity of potential odor-active compounds fluctuated
depending on the specific stage. Regardless of the fermentation type, esters increased in
intensity during fermentation (F1 to F30) and decreased over the twelve-month maturation
period (M3 to M12). However, the peak intensity of these fruity-scented compounds varied: in
spontaneous fermentation, it was highest in sample F10, whereas in meads inoculated with S.
cerevisiae yeast, the maximum intensity was observed earlier, at sample F5. The. A similar
pattern was observed for ketones and furans, which increased in intensity during fermentation
and decreased during maturation. Aldehydes maintained similar intensities throughout the
entire production process, irrespective of the fermentation type. Higher alcohol intensity was
observed in meads fermented spontaneously after 12 months of maturation. The increasing
intensity of many compounds, such as esters or acids, may be linked to their formation during
yeast growth. Spontaneous fermentation showed maximal peak intensities later than controlled
fermentation (F10 and F5, respectively), probably due to the fact, that spontaneous fermentation
proceeds less rapidly and turbulently than yeast-inoculated fermentation (which was also

demonstrated by decreases in sugars concentrations).

Changes in intensity of potential odorants, divided by odor group according to the fermentation

type, are presented in the Figure 4.

The first group of odors, classified as off-flavors (according to their odor descriptions available
in the literature), includes a wide range of compounds from different chemical groups with
diverse odor descriptors, such as ketones (causing smoky, sulfuric and rubber-like odor
impressions), acids (vinegar-like, soapy, moldy and pungent impressions) and esters (sulfuric,
solvent-like, musty and soapy impressions). Seven compounds were shared among samples
from both fermentation types (1-(furan-2-yl)ethenone, 1-phenylethanone, 2-methylthiolan-3-
one, acetic acid, decanoic acid, ethyl decanoate and propan-1-ol), two compounds were found

only in the yeast-inoculated samples (1-methyl-4-prop-1-en-2-ylbenzene and nonanoic acid)



and six compounds were formed only in the spontaneously fermented samples (2-methyl-5-
propan-2-ylphenol, ethyl 3-methylsulfanylpropanoate, ethyl acetate, methyl 2-
hydroxybenzoate, methyl decanoate and octanoic acid). The off-flavor group shows a
significant increase in intensity during the fermentation process in both types of fermentation.
In both fermentation types, this group of compounds decreases in intensity during the long
maturation process, which may explain why these compounds were not previously identified in
tested samples during gas chromatography-olfactometry experiments (Cicha-Wojciechowicz,
Drabinska, et al., 2024). Our previous research investigating the creation of key odorants during
the production process of meads also showed the decrease of off-flavor compound 4-
methylphenol (horse stable-like odor) after the maturation time (Cicha-Wojciechowicz, Frank,
etal., 2024). Such a substantial decrease in compounds from this odor category may also justify

the importance of this time-consuming production step to the overall aroma of meads.

Compounds grouped as honey-like, alcoholic, off-flavor, and fruity showed a faster increase in
intensity during the fermentation process in meads prepared with yeast inoculation compared
to meads with spontaneous fermentation (F5 and F10, respectively). This may also confirm the

slower fermentation process when spontaneous fermentation is involved.

Quantitative sensory profile analysis, performed according to the methodology described in the
previous publication (Cicha-Wojciechowicz, Drabinska, et al., 2024) for those meads
(presented on Figure 5) showed higher malty and honey-like impressions in aged meads from
spontaneous fermentations in both (acacia- and tilia-based) mead types compared to yeast-
inoculated meads. These differences were confirmed by results from untargeted analysis of
potential odorants, which showed that spontaneous fermentation resulted in higher peak
intensities of alcoholic, malty, fruity, and honey-like odors. Yeast-inoculated samples showed

higher intensities of compounds categorized as spices and off-flavor.



UpSet plots of potential odorants divided into the production process or the type of fermentation
together with unique compounds are shown in Supplementary Material (Figure S7). Those
results revealed that both fermentation and maturation processes are very varied in terms of
potential odorants appearance. Fermentation introduces 95 volatile compounds, with 25 of them
being unique to this stage, with odor descriptions of those compounds mostly classified as
fruity, off-flavor and spices, with smaller amount of floral and malty group. On the other hand
maturation period resulted in the appearance of 14 compounds that were not identified during
the fermentation, which were mostly fruity odors, with smaller share of off-flavor, malty and
spices group. This results highlights the ongoing chemical changes that occur during the aging
process. The fact that maturation introduces new compounds suggests that the aging process is
crucial in adding complexity to the mead. Some of these compounds may arise from the
breakdown of compounds formed during fermentation, or the interaction between the mead and
any aging containers (e.g., wood), which was observed previously in wines (Ferndndez De
Simén et al., 2014). Maturation may also lead to the disappearance or modification of certain
volatile compounds from fermentation, indicating that the aging process is not just about the
accumulation of new compounds, but also about the transformation and reduction of others.
This situation was well demonstrated by reduction of intensities of compounds categorized as
off-flavors to the levels that were not detected by the consumers and in the olfactometry
assessment. Finally, the presence of specific unique volatile compounds formed during
fermentation and maturation steps can be a key area for innovation in mead production. By
understanding which compounds are produced at each stage and how they contribute to the
final flavor profile, producers could potentially engineer fermentation and maturation
conditions (e.g., yeast strains, fermentation temperature, or maturation time) to emphasize
desired flavors and aromas and optimize production time and costs without sacrificing product

quality.



When two types of fermentation were compared it is clear that spontaneous fermentation results
in the presence of higher number of unique potentially odor-active compounds (27) than
controlled fermentation with the inoculation of S. cerevisiae yeast (8), as shown in the Figure
S7. Compounds that were uniquely identified in the samples fermented spontaneously showed
the presence of many different chemical groups with the predominant share of odors classified
as fruity, however the second largest group were off-flavors. Spontaneous fermentation relies
on naturally occurring yeasts and microbes from the environment (such as wild yeast strains,
bacteria, and other microorganisms), which can lead to a broader spectrum of chemical
reactions and thus the production of a greater variety of volatile compounds. This is
characteristic of wild fermentation, which often results in more complex and unpredictable
flavor profiles. In contrast, S. cerevisiae yeast, when inoculated, tends to dominate the
fermentation process, leading to a more controlled and predictable outcome. The presence of
only 8 unigque compounds in the controlled fermentation indicates a more streamlined and
uniform chemical process, as the yeast strain likely ferments the sugars in a more consistent
and efficient manner, producing fewer, more specific compounds. In the samples fermented by
the yeast inoculation group of uniquely identified compounds was clearly smaller and
dominated by fruity odors, followed by off-flavors. Analysis of compounds found in the
samples where different fermentation methods were used showed that spontaneous
fermentation may be an interesting alternative to the commercial yeast inoculation, especially
when multiple fruity aroma are desired. However, the significant formation of the off-flavors
should not be overlooked, and new strategies for reducing this group of compounds should be
explored. The increased number of unique compounds and the broader array of odors in
spontaneous fermentation suggest that this method could lead to a more complex and variable
flavor profile. On the other hand, manufacturers opting to employ this type of fermentation

should be aware of potential complications and hazards arising from this fermentation type.



Because spontaneous fermentation depends on the natural microbiota, the results can be highly
variable from batch to batch, making it difficult to predict the final flavor. This unpredictability
might be attractive to producers seeking a unique, “wild” or artisanal product but could pose
challenges in ensuring product consistency. In comparison, the controlled fermentation with S.
cerevisiae offers more predictability and consistency in the final product, that is highly valuable
among professional manufacturers producing well-known and valued product ranges, for
which, the elimination of risks such as microbiological contamination leading to product

spoilage is a priority.

Ultimately, the choice between spontaneous and controlled fermentation depends on the desired
characteristics of the final mead. If complexity, uniqueness, and variability are prioritized,
spontaneous fermentation could be the preferred method. If consistency, quality control, and a
cleaner flavor profile are the goals, controlled fermentation with S. cerevisiae would be more

suitable.

Untargeted analysis of volatile organic compounds (VOCs) has previously been employed
primarily to assess differences between meads produced from various honey varieties or
production methods, such as boiled and unboiled wort. This approach has proven valuable in
determining the origin of the honey used in mead production, as well as verifying the mode of
its preparation, including whether it underwent heat treatment (Kus et al., 2022). Additionally,

this method has been used to distinguish aging stages in Chinese rice wine (Wang et al., 2020).

However, our study presents a novel contribution by expanding the application of untargeted
VOC analysis to explore and compare the volatile profiles between two different fermentation
methods—spontaneous and controlled fermentation using S. cerevisiae yeast—as well as the
subsequent maturation phase during mead production. We observed distinct differences in the
volatile compound profiles between the two fermentation types, with spontaneous fermentation

resulting in a higher number of unique, potentially odor-active compounds (27 compared to 8



in controlled fermentation). These compounds were predominantly fruity in nature, but a
significant portion of them also contributed off-flavors, which added complexity to the profile.
In contrast, controlled fermentation yielded fewer unique compounds, primarily fruity, with

off-flavors present but less pronounced.

Further, our results highlight the role of maturation in shaping the final flavor profile of mead.
During maturation, we identified 14 unique compounds that were not present during
fermentation, underscoring the chemical transformations that occur as the mead ages. The
maturation phase, therefore, contributes to the complexity and refinement of the mead, with
certain compounds from fermentation evolving or being replaced by others, further altering the

aroma and flavor characteristics.

This study provides new insights into how both the type of fermentation and maturation
processes contribute to the overall volatile profile of mead. By comparing spontaneous versus
controlled fermentation alongside the maturation phase, our results offer a deeper understanding
of how these stages influence the sensory characteristics of mead, providing valuable

information for producers looking to tailor flavor profiles and improve product consistency.

3.4. Flow cytometry

To identify main groups of microorganisms responsible for fermentation process and define
changes in their count all samples of four tested meads on every step of the production were

tested by flow cytometry.

A major advancement in flow cytometric techniques is imaging flow cytometry (IFC), which
merges the advantages of both fluorescence microscopy and flow cytometry. IFC addresses the
limitations of conventional flow cytometry by integrating its statistical power with the imaging
capabilities of microscopy within a single system. While traditional flow cytometers primarily

measure fluorescence signal intensities, IFC takes it a step further by correlating fluorescence



data with digitally processed images of analyzed cells. Additionally, IFC provides spatial
insights into the distribution of fluorescent signals within individual cells or particles
(Barteneva et al., 2012; Hildebrand et al., 2016). By linking fluorescence intensity data with
cellular morphology and hundreds of pixel-based parameters, IFC utilizes a charge-coupled
device (CCD) camera to capture multiple high-resolution images of each cell in flow, including
brightfield (BF), side scatter (SSC), and up to 10 fluorescent markers. These images are then
analyzed using specialized software, incorporating machine learning (ML) and artificial
intelligence (Al) modules to enhance data classification and interpretation (Konieczny et al.,

2021).

During the analysis three main fractions (debris, bacteria and yeast) were defined according to
their morphological attributes and dying features. Changes in the bacteria and yeast ratio during
the time of the production in terms of different fermentation types (spontaneous and yeast-

inoculated) are shown of Figure 6.

Ratios of the bacteria and yeast content in the samples fermented by two types of fermentation
when the same honey types were used were very similar on the first day of the fermentation
and counted 87,99% to 8,36% (bacteria to yeast, respectively) in ANS sample and 88,18% to
8,52% in ANY sample. Tilia-based meads also showed good similarity between different
fermentation types, counting 81,13% of bacteria and 15,80% of yeast in TNS sample and
81,91% of bacteria and 15.19% of yeast in TNY sample. Increase in yeast content in samples
inoculated by S. cerevisiae was much faster and more rapid when compared to the spontaneous
fermentation in both honey variations, which may indicate that the commercially available and
pure cultures of S. cerevisiae show better tolerance and resistance to the high sugar
concentrations present in mead wort. This tendency was also confirmed by the differences in
sugars (fructose and glucose) consumptions by yeasts controlled during the production process.

Maximal yeast content in the yeast-inoculated meads was noted in the 10" day of the



fermentation (for acacia and tilia-based meads) while in spontaneous fermentation maximal
content was noted in 30" day of the fermentation (TNS sample) and at the end of the maturation
process (ANS sample). High content of bacteria in all mead samples and its changing ratio

illustrates the importance of the bacteria activity and presence during the fermentation process.

3.5. Quantitation of odorants

To identify and understand changes in odor-active compounds with high OAV throughout the
production processes, 8 odor-active compounds, previously identified using sensomic
approach, were quantified using Headspace Solid Phase Micro-Extraction coupled with GC-
ToF-MS. Calibration curves were created using (*Hs)-naphthalene as an internal standard.
Detailed information on the instruments and quantitation methods are provided in the

Supplementary Material.

The quantified odorants belong to different chemical groups: three aldehydes (2- and 3-methyl-
1-butanal, furan-2-carbaldehyde, and 2-phenylacetaldehyde), two esters (ethyl hexanoate and
ethyl octanoate), one acid (phenylacetic acid), one alcohol (2-phenylethan-1-ol), and one
furanone (2,5-dimethyl-3-(2H)-furanone). These compounds were associated with odors such
as malty, fruity, honey-like, floral, and caramel-like, and most were previously identified as key

odorants in mead (Cicha-Wojciechowicz, Frank, et al., 2024).

The concentrations of the compounds, which are shown in Supplementary Material (Table S8,
S9), varied according to the production steps and throughout the entire manufacturing period.
Most of the changes were closely linked to the specific chemical groups of the compounds and
their formation pathways. Esters identified among the tested mead samples (ethyl hexanoate
and ethyl octanoate), which have a pleasant, fruity odor, were not detected in any sample from

the first day of fermentation in any mead type. The highest concentrations of these odorants



were observed immediately after the fermentation period and significantly decreased after
twelve months of maturation. Both meads fermented spontaneously showed higher production
of esters during the fermentation process which resulted in their higher concentration in the
ready product after maturation period when compared to yeast-inoculated samples. Higher
concentrations of esters was also noticed by Boban et al. (2022) in wines prepared with
spontaneous fermentation regardless of grape origin used (Boban et al., 2022). Ethyl esters are
formed intracellularly by yeast cells during active growth. The observed decrease in their
concentration was observed before and is likely due to their oxidation (Cicha-Wojciechowicz,

Frank, et al., 2024; Patrianakou & Roussis, 2013).

The second group of compounds quantified in the tested model meads were aldehydes (2- and
3-methyl-1-butanal, furan-2-carbaldehyde, and 2-phenylacetaldehyde), which have diverse
odors such as malty, sweet, and honey-like. Malty 2- and 3-methyl-1-butanal and honey-like 2-
phenylacetaldehyde were detected in all mead samples, regardless of the honey type or
production methods used. Their concentrations varied significantly across almost all production
stages in each mead. Honey-like 2-phenylacetaldehyde was previously considered one of the
most important odorants contributing to the aroma of mead, due to its high odor activity value
(OAV) (Cicha-Wojciechowicz, Frank, et al., 2024). Furan2-carbaldehyde, with a sweet, cereal-
like odor, was abundant in all acacia-based meads. Aldehydes can be formed through several
pathways, with the most likely being Maillard reactions, Strecker degradation, or secretion by

fermenting yeast (Gernat et al., 2020).

Acids, another important group of compounds, were represented by honey-like phenylacetic
acid. This compound was not detected in any mead sample on the first day of fermentation. Its
concentration significantly increased during the maturation period for most of the tested
samples. This compound was previously identified in mead and wines (Cicha-Wojciechowicz,

Frank, et al., 2024; Fang & Qian, 2005).



2-Phenylathan-1-ol, characterized by its floral aroma, was detected in all meads after both the
fermentation and maturation periods, with its highest concentrations observed immediately
after fermentation. 2-Phenylethan-1-ol is derived from phenylalanine through yeast amino acid
metabolism via the Ehrlich pathway. During the maturation period, the concentrations of this
floral compound decreased, contrary to the observations made in our previous study (Cicha-
Wojciechowicz, Frank, et al., 2024). This decrease may be partially attributed to the oxidation
of the alcohol into the corresponding aldehyde and the partial evaporation of this volatile

compound from the mead during maturation (Ugliano, 2013).

2,5-Dimethyl-3(2H)-furanone, characterized by its pleasant, caramel-like odor, was found in
all honeys and in most mead samples, suggesting that honey may be the source of this
compound. In all meads where this odorant was detected, its concentrations significantly
increased after fermentation. This compound can be formed through various pathways,
including the Maillard reaction, chemical transformation, and biosynthesis by yeast and bacteria
(Zhu et al., 2019). After the maturation period, a significant decrease in its concentration was

observed.

Partial Least Squares Discriminant Analysis (PLS-DA) was performed to investigate the
potential of differentiation between two fermentation types (spontaneous vs yeast-inoculated)
by the concentration of odor-active compounds identified in samples. The results are shown in

Figure 7.

Presented model showed high classification efficiency, which allowed for the proper
classification of ~90% of the fermentation types when considering the concentrations of
identified odor-active compounds. VIP analysis revealed that phenylacetic acid, ethyl
hexanoate, and 2-phenylacetaldehyde are very important (VIP score >1), and ethyl octanoate
and 2,5-dimethyl-3(2H)-furanone are moderately important (VIP score 0.8-1.0) factors when it

comes for the fermentation types differentiation. This analysis helped demonstrate that



differences in fermentations are evident not only in the dynamics of sugars fermentation,
changes in the intensity of the potential odorants evaluated by the untargeted analysis of VOCs,
and the development of yeast and bacteria during the production processes, but also at the level

of the same compounds differing only in their concentrations among samples.

3.6. Assessment of microorganisms activity and odorants creation relation

To further investigate the relation of bacteria and yeast ratio changes to the formation of odor-
active compounds during the whole production process of the mead the flow cytometric
evaluation of both main groups of microorganisms involved in fermentation (yeast and bacteria)
was compared to the concentrations of odor-active compounds determined in all tested samples

and assessed by statistical analysis. Results of the analysis are presented in Figure 8.

Correlation analysis revealed that bacterial content moderately influenced the production of
important odor-active compounds such as ethyl hexanoate (0.63), furan-2-carbaldehyde (0.33),
and phenylacetic acid (0.49), indicating that bacteria contribute to the formation of some
volatile compounds In contrast, bacterial content showed a negative correlation with 2-
phenylacetaldehyde (-0.39), suggesting that higher bacterial presence may inhibit the formation
of this compound or lead to its transformation into other products. Yeast concentration during
fermentation showed only a weak correlation with phenylacetaldehyde (0.37), while it exhibited
negative correlations with ethyl hexanoate (-0.59), phenylacetic acid (-0.50), and furan-2-
carbaldehyde (-0.47). This suggests that while yeast is the primary driver of fermentation, its
increase may lead to a reduction in certain bacterial-associated volatile compounds, possibly
due to competition or metabolic shifts. The interplay between yeast and bacteria likely
contributes to this enhanced aroma complexity, where fermentation-derived esters provide
fruity and floral notes, while maturation-related compounds (such as furan-2-carbaldehyde and

phenylacetic acid) contribute deeper honey, malty, and aged characteristics.



Comparison of the particular compounds concentration changes resulted with noticing very
strong positive correlations between esters with other compounds: ethyl hexanoate and 2,5-
dimethyl-3(2H)-furanone, and ethyl hexanoate and 2-phenylethan-1-ol (0.88, 0.81,
respectively), and ethyl octanoate and 2,5-dimethyl-3(2H)-furanone (0.84), as long as the
strongest correlation was observed for both esters (0.93). This result is probably due to the same
pathway of formation of these compounds during fermentation process. On the other hand, ethyl
hexanoate showed moderate correlation with phenylacetic acid (0.62) and moderate negative
correlation with 2-phenylacetaldehyde (-0.70). Another moderate correlations (positive and
negative) were observed between furan-2-carbaldehyde and three other compounds: 2- and 3-
methyl-1-butanal (0.76), phenylacetic acid (0.75) and 2-phenylacetaldehyde (-0.63). The
presence of important volatile compounds, particularly esters and aldehydes, translated into a
significant increase in floral, rum, honey, malty, yeast, and fermented odor perceptions in

sensory evaluations.

4. Conclusions

To summarize, this study evaluated the impact of two fermentation types (spontaneous and
yeast-inoculated) and two honey varieties (acacia, and tilia) on the development on the volatile
organic compounds and odorants in meads. A wide range of diverse instrumental analyses,
such as HS-SPME-GCXGC-ToF-MS, flow cytometry, and quantification of odorants by HS-
SPME-GC-ToF-MS, combined with advanced statistical analysis, were performed on four
varieties of meads and their intermediate production stages, leading to a better understanding
of the chemical changes occurring during mead production. These results allowed to establish
the importance of fermentation type on the concentrations of crucial odorants in experimental
meads. Study shows, that spontaneous fermentation leads to a more complex and variable
volatile profile, with a higher number of unique compounds. However, it comes with the risk

of unwanted off-flavors and a lack of consistency. This process may be more suited for



producers looking for uniqueness and complexity in their meads, with a more artisanal approach
that embraces the unpredictability of wild fermentation. On the other hand controlled
fermentation with S. cerevisiae yeast produces a cleaner, more predictable mead with fewer off-
flavors and a consistent fruity aroma. While it may lack the complexity and variability of
spontaneous fermentation, it offers greater control over the final product and is likely more
reliable for consistent production. The combination of various advanced scientific methods
allowed for the discovery of relationships between numerous production variables and the
expansion of existing knowledge about the chemical and microbial interactions occurring in
mead during its production. Those considerations showed that not only yeast play important
role in the meads aroma shaping, but bacteria play a specific role in forming important volatile

compounds.

This knowledge provides valuable insights into aroma development throughout the production
process and the influence of different production variables, enabling beverage manufacturers to
optimize the aroma of their mead. The obtained results will undoubtedly contribute to
enhancing the diversity of honey aroma profiles through the use of new solutions. The
conducted research holds significant value for mead producers by identifying the essential
factors to consider when planning the final product’s characteristics even before production

begins.
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Identified in Mead Samples by Untargeted HS-SPME-GCxGC-MS Analysis), Figure S7
(Relationships Between Categorical Variables and Their Co-occurrences), S8 (Concentration
of the Odor-active Compounds in Meads During the Production Process), and S9 (Standard

Deviations of Odor-active Compounds Quantitation in Meads During the Production Process).
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Tables and figures

Figure 1. Discrimination of Debris, Bacteria and Yeast in Tested Samples.

Histograms presenting 3 classifiers generated using Machine Learning (ML) module
(incorporated in to the IDEAS® 6.3. software) to discriminate i) debris from microbial cells
(classifier debris) and ii) subsequent evaluation of yeast (classifier yeast) vs bacterial cells
(classifier bacteria). Generated classifiers are composed of specified features chosen by the ML
module together with the weights of each feature expressed in percent’s contained a series of
16, 7 and 90 differentially weighted features (parameters) for classifiers debris, yeast and
bacteria, respectively (supplementary). Events with values higher than zero belong to cell
images that are best represented by the classifier (A). Example histograms (sample TNY _F15)
presenting the discrimination of debris vs microbial cells and subsequent evaluation of yeast vs
bacterial cells; the percentages of the discriminated sub-populations are shown under the

histograms (B).

Figure 2. Concentrations of Sugars in Mead Samples During Production Process.

A)Glucose; B)Fructose

Sample type: ANS-acacia and spontaneous fermentation; ANY- acacia and yeast-inoculated
fermentation; TNS- tilia and spontaneous fermentation; TNY- tilia and yeast-inoculated
fermentation. Production point: F1- 1%day of fermentation; F30- 30" day of fermentation, M12-

12" month of maturation

Figure 3. Changes in the Intensity of the Potential Odorants Chemical Groups in Mead

Samples.

Intensities are presented as the mean value of peak areas of triplicates in mead samples grouped

by the potential odorants chemical group in two fermentation types: A) spontaneous



fermentation; B) yeast-inoculated fermentation. Production point: F1, F5, F10, F15, F30- 1st,
5th, 10th, 15th, 30th day of fermentation; M3, M6, M9, M12- 3rd, 6th, 9th, 12th month of

maturation.

Figure 4. Changes in the Intensity of the Potential Odorants Odor Groups in Mead

Samples.

Intensities are presented as the mean value of peak areas of triplicates in mead samples grouped
by the potential odorants odor group in two fermentation types: A) spontaneous fermentation;
B) yeast-inoculated fermentation. Production point: F1, F5, F10, F15, F30- 1st, 5th, 10th, 15th,

30th day of fermentation; M3, M6, M9, M12- 3rd, 6th, 9th, 12th month of maturation.

Figure 5. Quantitative Olfactory Profile Analysis of Four Mead Varieties.

Sample type: ANS-acacia and spontaneous fermentation; ANY- acacia and yeast-inoculated
fermentation; TNS- tilia and spontaneous fermentation; TNY- tilia and yeast-inoculated

fermentation.

Figure 6. Changes in the Microbial Content in Mead Samples Divided by Fermentation

Type. A)Spontaneous Fermentation; B)Yeast-inoculated Fermentation.

Sample type: ANS-acacia and spontaneous fermentation; ANY- acacia and yeast-inoculated
fermentation; TNS- tilia and spontaneous fermentation; TNY- tilia and yeast-inoculated
fermentation. Production point: F1, F5, F10, F15, F30- 1st, 5th, 10th, 15th, 30th day of

fermentation; M3, M6, M9, M12- 3rd, 6th, 9th, 12th month of maturation.

Figure 7. Differences in Volatile Compound Profiles by Fermentation Type.

Results of the differentiation of fermentation type of mead by volatile compound profiles. A)
Biplot from Partial Least Squares Discriminant Analysis (PLS-DA). B) Variable Importance in

Projection (VIP) scores.



Figure 8. Correlations Between Odor-active Compounds Concentrations and Microbial
Activity.

The results of correlation analysis between the important odor-active compounds concentration

and microbial activity obtained using Pearson correlation coefficient test.
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experimental design, we analyzed mead samples at multiple production stages using untargeted
volatilomics, quantification of odor-active compounds, and flow cytometry combined with statistical
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of key aroma compounds, leading to novel insights into mead’s sensory profile development. Notably,
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Highlights (for review)

HIGHLIGHTS:

e Aroma profiles of spontaneous and yeast-inoculated fermentations were compared
e Untargeted and targeted analysis of VOCs and flow cytometry were combined
e Spontaneous fermentation produced a more complex and variable volatile profile

e yeast-inoculation exhibited greater consistency and reproducibility in the aroma
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Figure 8

Correlation Matrix: Microbial Content vs. Aroma Compounds
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Miscellaneous Chemicals and Materials. Dichloromethane, ethanol and sodium chloride

were purchased from Merck (Darmstadt, Germany).

GC-ToF-MS. A 7890B gas chromatograph (Agilent) was equipped with a CIS4 injector
(Gerstel), and a GC capillary column SLB-5ms (30 m x 0.25 mm i.d., film thickness 0.25 pum;
Agilent). The carrier gas was helium at constant flow. The end of the column was connected to
the MS interface (280 °C) of a Pegasus BT time-of-flight mass spectrometer (ToF-MS) (LECO,
Monchengladbach, Germany). Mass spectra were generated in the EI mode at 70 eV, in a range
of 33-333 m/z, at a rate of 50 spectra/s. The oven temperature program was 40°C (2 min), then

9°C/min to 280 °C (4 min). LECO ChromaTOF software was used for data analysis.

GC-GC-MS (Pegasus 4D) System. A 6890 gas chromatograph (Agilent) was equipped with
a GC sampler 80 autosampler (Agilent) and a GC capillary column SPB-5 (30 m x 0.25 mm
i.d., film thickness 0.25 um; Agilent). The end of the column was connected to a second column,
which was an SPB-50 (0.8 m x 0.25 mm i.d., film thickness 0.25 um; Agilent). The carrier gas
was helium at 0,8 mL/min constant flow. At the beginning of the second column, a liquid
nitrogen-cooled thermal modulator was used to collect the volatiles eluted from the first column
in discrete portions (4 s) which were subsequently separated on the second column. The end of
the second column was connected to the MS interface (250 °C) of a Pegasus 4D (LECO) time-
of-flight mass spectrometer (ToF—-MS) (LECO). Mass spectra were generated in the EI mode
at 70 eV, in a range of 33-450 m/z, at a rate of 150 spectra/s. The oven temperature program
was 40 °C (1 min), then 6 °C/min to 200 °C, then 25 °C/min to 250 °C (15 min) for the first
oven. The second oven was heated with an offset of +5 °C to the first oven, and its temperature
program was 70 °C (1 min), then 6 °C/min to 230 °C, then 25 °C to 250 °C (15 min). Data

were collected using the LECO ChromaTOF v.4.44 software.



Table S1. Experimental Data of Quantitation of Primary Metabolites (Calibration Lines
Equations, R?).

metabolite calibration line equation* R?
glucose y=0.5938x+0.3005 0.9935
fructose y=1.4247x-0.8662 0.9805
glycerol y=3.6392x-1.4583 0.9984
mio-inositol y=2.4652x-0.0488 0.9999

“y=peak area standard / peak area analyte; x=concentration standard (ug/mL) / concentration
analyte (ug/mL).

Table S2. Individual Parameters and Their Specific Weight Specifying the
Discrimination Power Used for Creation of the ‘Super Parameter’.

Debris

Feature Weight (%0)

H Homogeneity Mean_MO01_BF 5 7.72

H Entropy Mean_MO01_BF 1 7.71

Shape Ratio_Object(M09,Ch09, Tight) -7.57

Aspect Ratio Intensity_Skeleton(Morphology(M02,Syt09),Syto9,Thin)_Syto9 | -7.05

Mean Pixel_Threshold(M01,BF,30%) BF -6.91

H Energy Mean_M02_Syto9 1 -6.73

Aspect Ratio_Skeleton(Morphology(M02,Syt09),Syto9, Thin) -6.71

Mean Pixel_Threshold(M02,Syt09,30%) Syto9 -6.32

H Correlation Mean_M01_BF 5 6.29

Max Pixel_Skeleton(Morphology(M02,Syt09),Syt09,Thin)_Syto9 -6.21

Aspect Ratio Intensity _Skeleton(M02,Syto9, Thin)_Syto9 -6.18

Max Pixel_Skeleton(Object(M02,Syt09, Tight),Syto9, Thin)_Syto9 -6.18

H Energy Std_MO02_Syto9 1 -6.15

Std Dev_Morphology(M02,Syto9) Syto9 -6.14

Max Pixel_Skeleton(M02,Syt09,Thin) Syto9 -6.13

Bacteria

Feature Weight (%0)

H Entropy Mean_M09_Ch09_5 -18.98

H Entropy Mean_MO01 BF 5 -17.64

H Entropy Mean_M09_Ch09_3 -16.71

H Entropy Mean_MO01_BF_3 -16.14

H Homogeneity Mean_M06 SSC 5 -15.5

H Entropy Mean_MO06_SSC 5 -15.04
Yeast

Feature Weight (%0)

Mean Pixel_Threshold(M02,Syt09,30%)_Syto9 1.6

Max Pixel_Skeleton(Morphology(M02,Syt09),Syto9, Thin)_Syto9 1.57



Max Pixel_Skeleton(Object(M02,Syto9, Tight),Syto9,Thin) Syto9
Mean Pixel _MO02_Syto9

Std Dev_M02_Syto9

Max Pixel_Skeleton(M02,Syt09,Thin) Syto9
Modulation_M02_Syto9

Std Dev_Morphology(M02,Syto9) Syto9

Std Dev_Object(M02,Syt09,Tight) Syto9

Max Pixel MC_Syto9

Raw Max Pixel MC_Syto9

Mean Pixel_Morphology(M02,Syto9) Syto9

Mean Pixel_Skeleton(Morphology(M02,Syt09),Syto9,Thin) Syto9
Mean Pixel _Object(M02,Syto9,Tight) Syto9
Modulation_M06 SSC

Mean Pixel_Skeleton(Object(M02,Syto9, Tight),Syt09,Thin) Syto9
Modulation_Morphology(M06,SSC)_SSC
Modulation_Object(M01,BF, Tight)_BF

Mean Pixel _Skeleton(M02,Syto9,Thin) Syto9
Modulation_Object(M02,Syto9,Tight) Syto9

Gradient Max_M06_SSC

Intensity Skeleton(M02,Syto9,Thin) Syto9
Modulation_MO01_BF

Modulation_Morphology(M01,BF)_BF

Min Pixel_Skeleton(Morphology(M02,Syt09),Syto9,Thin) Syto9
Gradient RMS_MO06_SSC

Intensity Skeleton(Morphology(MO02,Syt09),Syto9,Thin) Syto9
Lobe Count_Skeleton(M06,SSC,Thin) SSC

Intensity Skeleton(Object(M02,Syto9, Tight),Syto9,Thin) Syto9
Modulation_Object(M06,SSC, Tight) SSC

H Entropy Mean_MO06_SSC 3

Lobe Count_Skeleton(Object(M06,SSC, Tight),SSC, Thick) SSC
Thickness Max_Object(M02,Syt09,Tight)

Std Dev_Object(M01,BF, Tight) BF

Mean Pixel_Threshold(M01,BF,30%)_BF

Raw Max Pixel_MC_BF

Width_MO06

Bright Detail Intensity R3_MC_Syto9 + Gradient RMS_M02_Syto9
Max Pixel_MC_BF

Bright Detail Intensity R3 MC_Syto9

H Correlation Mean_M06_SSC_1

Lobe Count_Skeleton(Morphology(M06,SSC),SSC, Thin) SSC
H Entropy Mean_MO06_SSC 1

Min Pixel_Skeleton(Object(M02,Syto9,Tight),Syto9,Thin) Syto9
H Correlation Mean_M01_BF 1

Lobe Count_Skeleton(Object(M06,SSC, Tight),SSC,Thin)_SSC
Diameter M06

Minor Axis_MO06

H Entropy Mean_MO06_SSC 5

Max Pixel Valley(Morphology(M01,BF),BF,3) BF

Max Pixel_Valley(M01,BF,3)_BF
Compactness_Morphology(M06,SSC) SSC

Lobe Count_Skeleton(M06,SSC, Thick) SSC
Elongatedness_Object(M06,SSC, Tight)

Max Pixel_Valley(Object(M01,BF,Tight),BF,3)_BF

H Entropy Mean_M09 Ch09 3

Minor Axis_Object(M02,Syto9, Tight)

H Correlation Std_MO01_BF 1

Std Dev_Morphology(M01,BF)_BF

Symmetry 2_Skeleton(Object(M06,SSC, Tight),SSC,Thin) SSC

1.56
1.54
151
1.49
1.47
1.47
1.46
141
141
141
14
1.39
1.35
1.34
1.29
1.26
1.25
1.23
1.23
1.23
1.22
1.22
1.21
1.21
1.17
1.17
1.13
1.13
1.13
1.12
1.12
1.09
1.09
1.08
1.08
1.08
1.08
1.08
1.07
1.07
1.07
1.07
1.07
1.05
1.05
1.05
1.04
1.04
1.04
1.04
1.04
1.03
1.03
1.02
1.02
-1.02
1.01
1.01



Table S3. Experimental Data of Quantitation With Internal Standard (Quantifier lons,

Std Dev_MO01_BF

Perimeter M06

Modulation_ M09 Ch09

H Homogeneity Std_M01 BF 1
Width_Object(M02,Syt09,Tight)
Modulation_Morphology(M09,Ch09) Ch09

H Correlation Std M01 BF 3

Symmetry 2_Skeleton(M06,SSC,Thin) SSC

Std Dev_M09_Ch09
Modulation_Object(M09,Ch09,Tight) Ch09

Std Dev_Morphology(M09,Ch09) Ch09

Symmetry 2_Skeleton(Object(M06,SSC, Tight),SSC, Thick) SSC
Thickness Max_Object(M09,Ch09,Tight)

H Homogeneity Std_MO01 BF 3

Std Dev_Object(M09,Ch09, Tight)_Ch09

Gradient RMS_MO01 BF

Max Pixel_Valley(Object(M02,Syto9, Tight),Syt09,3) Syto9
Min Pixel_Skeleton(M02,Syt09,Thin)_Syto9

H Entropy Std_MO06_SSC 7

Min Pixel_Valley(M09,Ch09,3)_Ch09

Perimeter Object(M06,SSC, Tight)

Raw Min Pixel_MC_Ch09

Thickness Max_MO06

H Entropy Mean_M09 Ch09 5

Min Pixel_Valley(Morphology(M09,Ch09),Ch09,3) Ch09
H Contrast Std_M09 Ch09 1

Lobe Count_Object(M06,SSC, Tight) SSC

Major Axis_Object(M06,SSC, Tight)

Lobe Count_Morphology(M06,SSC) SSC

Calibration Lines)

quantifier ions (m/z)

isotopically

odorant substituted standard analyte standard
2- and 3-methyl-1-butanal (*Hg)-naphtalene 44 136
ethyl hexanoate (®Hs)-naphtalene 99 136
ethyl octanoate (®Hs)-naphtalene 127 136
furan-2-carbaldehyde (°Hg)-naphtalene 96 136
2-phenylacetaldehyde (?Hg)-naphtalene 91 136
2-phenylethan-1-ol (®Hs)-naphtalene 122 136
2,5-dimethyl-32H)- oy anhtalene 43 136

furanone

phenylacetic acid (®Hs)-naphtalene 91 136

-0.99
0.99
0.99
0.99
0.99
0.98
0.98
-0.98
0.97
-0.97
0.97
0.95
0.94
-0.92
0.92
-0.92
0.92
0.92
-0.92
-0.91
0.91
0.91
0.91

calibration line
equation*

y=68.855x+0.3013
y=11.994x+0.3008
y=29.154x+0.0472
y=26.23x+0.0029
y=278x+0.3964
y=2129.1x-0.0055

y=57753x+23.18

y=17828x-2.7962

R2
0.9895
0.9904
0.9977
0.9945
0.9806
0.9978

0.9896

0.9918

(")y=peak area standard / peak area analyte; x=concentration standard (ug/mL) / concentration
analyte (ng/mL).



Table S4. pH and Brix Degrees of Meads During Production Process.

pH Brix (°)
sample
F1** F30 M12 F1 F30 M12
ANS* 3.97 3.77 3.69 33 25.5 24.0
ANY 3.94 3.67 3.74 33 185 18.5
TNS 4.00 3.92 3.72 33 19.0 19.0
TNY 4.02 3.91 3.73 33 16.5 16.5

*Sample type: ANS-acacia and spontaneous fermentation; ANY - acacia and yeast-inoculated
fermentation; TNS- tilia and spontaneous fermentation; TNY - tilia and yeast-inoculated
fermentation; ** Production point: F1- 1%t day of fermentation; F30- 30" day of fermentation,

M12- 12" month of maturation.

Table S5. Concentration of Mio-inositol and Glycerol in Mead Samples.

mio-inosytol (g/L)* glycerol (g/L)*

sample

F1*** F30 M12 F1 F30 M12
ANS** ' nd 0.0173+£0.00478 0.00367 + 0.000125 nd 6.87 + 0.386 7.94 +1.36
ANY nd nd 0.00900 + 0.000712 nd 12.7 £0.303 11.5+0.458
TNS nd 0.323 +0.0222 0.270 + 0.0159 nd 17.3+0.231 15.7 +£0.245
TNY nd 0.361 + 0.0669 0.283+£0.0319 nd 16.8 £ 2.75 13.8+1.16

*All concentrations are presented as mean value + standard deviation. **Sample type: ANS-

acacia and spontaneous fermentation; ANY - acacia and yeast-inoculated fermentation; TNS-

tilia and spontaneous fermentation; TNY - tilia and yeast-inoculated fermentation;

***Production point: F1- 1%t day of fermentation; F30- 30" day of fermentation, M12- 12

month of maturation.



Table S6. List of the Potential Odorants Tentatively Identified in Mead Samples by

Untargeted HS-SPME-GCxGC-MS Analysis.

No. Compound name o odor
number

1 Acetic acid 64-19-7 vinegar-like

2 Hexanoic acid 142-62-1 sweaty

3 Octanoic Acid 124-07-2 carrot-like, musty

4 Decanoic acid 334-48-5 soapy, musty

5 Pentanoic acid 109-52-4 sweaty, fruity

6 Nonanoic acid 112-05-0 moldy, pungent

7 Butanoic acid 107-92-6 sweaty

8 Ethanol 64-17-5 ethanolic

9 2-Phenylethan-1-ol 60-12-8 floral, honey-like

10 Benzyl alcohol 100-51-6 bitter almond-like, fruity

11 2-Methylpropan-1-ol 78-83-1 malty

12 3-Methylbutan-1-ol 123-51-3 malty

13 1-Octen-3-ol 3391-86-4 mushroom-like

14 1-Butanol 71-36-3 malty, solvent-like

15 2-(4-methylcyclohex-3-en-1-yl)propan-2-ol 98-55-5 floral, citrus-like

16 3-Methylpentan-1-ol 589-35-5 fruity

17 furan-2-ylmethanol 98-00-0 cooked ham-like, sweaty

18 heptan-1-ol 111-70-6 fruity, soapy

19 pentan-1-ol 71-41-0 fruity, ethereal

20 octan-1-ol 111-87-5 soapy, citrus-like, green

21 bitter almond-like, marzipan-
Benzaldehyde 100-52-7 like

22 2-phenylacetaldehyde 122-78-1 floral, honey-like

23 Acetaldehyde 75-07-0 fresh, green

24 ethyl decanoate 110-38-3 soapy, pear-like

25 ethyl butanoate 105-54-4 fruity

26 2-phenylethyl acetate 103-45-7 honey-like, floral

27 ethyl propanoate 105-37-3 fruity, glue-like

28 pentyl acetate 628-63-7 fruity

29 ethyl 2-phenylacetate 101-97-3 beeswax-like

30 2-methylpropyl acetate 110-19-0 fruity

31 ethyl hexanoate 123-66-0 fruity, pineapple-like

32 ethyl benzoate 93-89-0 starfruit-like

33 ethyl nonanoate 123-29-5 fruity

34 methyl benzoate 93-58-3 starfruit-like, sweet

35 methyl 2-aminobenzoate 134-20-3 sweet

36 ethyl octanoate 106-32-1 fruity, green

37 ethyl 2-hydroxypropanoate 97-64-3 fruity

38 methyl hexanoate 106-70-7 fruity, musty

39 ethyl 3-phenylpropanoate 2021-28-5 cinnamon-like, fruity

40 methyl decanoate 110-42-9 sweaty, soapy

41 ethyl (E)-but-2-enoate 623-70-1 fruity

42 ethyl (2S)-2-hydroxypropanoate 687-47-8 fruity

43 methyl octanoate 111-11-5 fruity, musty

44 ethyl 3-methylsulfanylpropanoate 13327-56-5 sulfuric, fruity

45 ethyl 2-methylpropanoate 97-62-1 fruity



46
47
48
49
50
51
52
53

54
55
56
57
58
56
60
61
62
63
64
65
66
67
68
69

70
71
72
73
74
75
76
77

78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95

hexyl acetate

ethyl heptanoate

ethyl pentanoate
2-methylpropyl hexanoate
ethyl 3-hydroxybutanoate
ethyl 2-oxopropanoate
ethyl 3-methylbutanoate

1-phenylethanone
methoxymethane
oxolan-2-one
butane-2,3-diol
1-(furan-2-yl)ethanone
2-ethylhexan-1-ol
furan-2-carbaldehyde

ethyl acetate
1-methyl-4-prop-1-en-2-ylbenzene
3-methylbutyl acetate
butan-2-yl acetate
4-ethenyl-2-methoxyphenol
Octanal
3-hydroxybutan-2-one
5-butyloxolan-2-one
propan-1-ol

(E)-1-(2,6,6-trimethylcyclohexa-1,3-dien-1-

yl)but-2-en-1-one

hexan-1-ol
2-methyl-5-propan-2-ylphenol
1,1-diethoxyethane
5-hexyloxolan-2-one
2-methylthiolan-3-one
Toluene

Nonanal

(1R,2R,4R)-1,7,7-
trimethylbicyclo[2.2.1]heptan-2-ol
methyl 2-hydroxybenzoate
heptan-3-one

cyclohexanone
4-methoxybenzaldehyde
Hexanal

pentan-2-one
3,7-dimethylocta-1,6-dien-3-ol
5-ethyloxolan-2-one
2-methylbutanoic acid
(2S)-2-methylbutan-1-ol
2-phenylacetonitrile
5-methylfuran-2-carbaldehyde
3-methylbutanoic acid
heptan-2-ol

1,3-benzothiazole

Heptanal
4-methylhexan-2-one
(methyldisulfanyl)methane

142-92-7
106-30-9
539-82-2
105-79-3
5405-41-4
617-35-6
108-64-5

98-86-2

115-10-6
96-48-0
513-85-9
1192-62-7
104-76-7
98-01-1
141-78-6
1195-32-0
123-92-2
105-46-4
7786-61-0
124-13-0
513-86-0
104-50-7
71-23-8

23726-93-4
111-27-3
499-75-2
105-57-7
706-14-9
13679-85-1
108-88-3
124-19-6

124-76-5
119-36-8
106-35-4
108-94-1
123-11-5
66-25-1
107-87-9
78-70-6
695-06-7
116-53-0
1565-80-6
140-29-4
620-02-0
508-74-2
543-49-7
95-16-9
111-71-7
105-42-0
624-92-0

fruity, pear-like
fruity

fruity

fruity

fruity

fruity

fruity, blueberry-like
foxy, bitter almond-like,
rubber-like

ethereal

sweet

butter-like, sweet
smoky

ethereal, fruity
marzipan-like, oats-like
solvent-like
terpene-like
banana-like, fruity
fruity

smoky, clove-like
citrus-like, green
butter-like, carrot-like
coconut-like

pungent, fruity

cooked apple-like
grassy, marzipan-like
phenolic, leather-like
fruity

peach-like, coconut-like
sulfuric, garlic-like
chemical-like
citrus-like, soapy

earthy, moldy

fatty, tallowy, terpene-like
fruity, ethereal

bitter almond-like, pungent
woodruff-like, aniseed-like
green, grassy

fruity, banana-like
citrus-like, floral
coconut-like, fruity

malty, fruity, sweaty
malty, solvent-like
mushroom-like

sweet, bitter almond-like
sweaty

coconut-like, dill-like
rubber-like, cabbage-like
citrus-like, fatty

ethereal, bitter almond-like
cabbage-like, sulfuric



96 dodecan-1-ol 112-53-8 soapy

97 propan-2-one 67-64-1 solvent-like, pungent
98 3-phenylpropan-1-ol 122-97-4 floral, sweet

99 3-methylpentanoic acid 105-43-1 cheesy, sweet

100 | nonan-2-one 821-55-6 fruity, musty

101 | 2-pentylfuran 3777-69-3 vegetable-like

102 | 3-methylpentan-2-ol 565-60-6 ethereal

103 | 6-propyloxan-2-one 698-76-0 coconut-like

104  pentane-2,3-dione 600-14-6 butter-like

105 | pyridine 110-86-1 unpleasant

106 | 4-methyl-2-(2-methylprop-1-enyl)oxane 16409-43-1 | floral

107 | (E)-oct-2-enal 2548-87-0 fatty, nutty

108 | 3-methyl-1H-indole 83-34-1 fecal, mothball-like
109  hexan-2-one 591-78-6 fuel-like, fruity

Figure S7. Relationships Between Categorical VVariables and Their Co-occurrences.
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Uniquelly identified compounds: Uniquelly identified compounds:
2-(4-methylcyclohex-3-en-1-yl)propan-2-o, pentan-1-ol, ethyl heptan-1-ol, ethyl (25)-2-hydroxypropanoate,
pentanoate, methyl 2-hydroxybenzoate, heptan-3-one, ethyl 2-methylpropanoate, hexyl acetate,
cyclohexanone, hexanal, pentan-2-one, 2-methylbutanoic acid, 2-methylpropyl hexanoate,
2-phenylacetonitrile, 3-methylbutanoic acid, heptan-2-ol, ethyl 3-hydroxybutanoate, ethyl 2-oxopropanoate,
1,3-benzothiazole, heptanal, 4-methylhexan-2-one, ethyl 3-methylbutanocate, (25)-2-methylbutan-1-ol,
(methyldisulfanyl)methane, 3-phenylpropan-1-ol, octan-1-ol, (E)-oct-2-enal, 2-pentylfuran,
3-methylpentanoic acid, nonan-2-one, 6-propyloxan-2-one, 3-methylpentan-2-ol,
pentane-2,3-dione, pyridine, hexan-2-one, 5-methylfuran-2-carbaldehyde

4-methyl-2-(2-methylprop-1-enyl)oxane, 3-methyl-1H-indole
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Uniquelly identified compounds: Uniquelly identified compounds:
3-Methylpentan-1-ol, furan-2-ylmethanol, heptan-1-ol, hexyl acetate, ethyl 3-methylbutanoate,
pentan-1-ol, octan-1-ol, ethyl (E)-but-2-enoate, hexan-2-one, 3,7-dimethylocta-1,6-dien-3-ol, nonan-2-one,
ethyl 3-methylsulfanylpropanoate, ethyl heptanoate, octanal, 2-pentylfuran, pyridine, (E)-oct-2-enal,
2-methylpropyl, hexanoate, ethyl 3-hydroxybutanoate, 4-methyl-2-(2-methylprop-1-enyl)oxane

ethyl 2-oxopropanoate, hexan-1-ol, 5-hexyloxolan-2-one,
hexanal, 2-phenylacetonitrile, 5-methylfuran-2-carbaldehyde,
heptanal, dodecan-1-ol, propan-2-one, 3-phenylpropan-1-ol,
3-methylpentanoic acid, 3-methylpentan-2-ol,
6-propyloxan-2-one, pentane-2,3-dione, 3-methyl-1H-indole

UpSet plots demonstrates number of potential odorants found in meads samples grouped by:

A) production step; B) fermentation type.



Table S8. Concentration of the Odor-active Compounds in Meads During the
Production Process.

odorant

2- and 3-methyl-1-
butanal

ethyl hexanoate

ethyl octanoate
furan2-carbaldehyde
2-phenylacetaldehyde
2-phenylethan-1-ol
phenylacetic acid
2,5-dimethyl-3(2H)-
furanone

2- and 3-methyl-1-
butanal

ethyl hexanoate

ethyl octanoate
furan2-carbaldehyde
2-phenylacetaldehyde
2-phenylethan-1-ol
phenylacetic acid
2,5-dimethyl-3(2H)-
furanone

2- and 3-methyl-1-
butanal

ethyl hexanoate

ethyl octanoate
furan2-carbaldehyde
2-phenylacetaldehyde
2-phenylethan-1-ol
phenylacetic acid
2,5-dimethyl-3(2H)-
furanone

2- and 3-methyl-1-
butanal

ethyl hexanoate

ethyl octanoate
furan2-carbaldehyde
2-phenylacetaldehyde
2-phenylethan-1-ol
phenylacetic acid
2,5-dimethyl-3(2H)-
furanone

Fl***

0.000832
nd****
nd

nd
0.0266
0.102

nd

1.54

0.000801
nd

nd

nd
0.0648
nd

nd

151

0.0150
nd

nd
0.121
0.0594
0.0904
nd

1.07

0.0177
nd

nd
0.132
0.0583
nd

nd

0.888

Odor-active compounds concentrations (mg/L)*
ANS**

F5

0.00107
nd

nd

nd
0.0294
0.130
0.769

1.71

0.000918
nd
0.0158
nd
0.0605
0.132

nd

1.863

0.0152
nd
0.0164
0.0834
0.0596
0.109
0.685

1.19

0.0204
nd
0.0128
0.0550
0.0616
0.133
nd

1.11

F10

0.00132
0.00897
0.0291
nd
0.0383
3.55
154

2.19

0.00100
nd
0.0239
nd
0.0606
2.45
0.357

212

0.0159
nd
0.0393
0.0437
0.0632
2.55
0.842

1.49

0.0181
nd
0.0222
0.0256
0.0641
3.78
nd

1.48

F15

0.00212
0.0123
0.0568
nd
0.0451
7.33
1.56

2.77

0.00105
nd
0.0325
nd
0.0654
3.84
0.374

2.34

0.0142
nd
0.0528
0.0405
0.0692
6.65
0.666

2.05

0.0157
nd
0.0307
0.0178
0.0661
9.62
nd

1.88

F30

0.00247
0.0127
0.0668
nd
0.0470
9.96
1.57

2.92
ANY

0.00112
nd
0.0302
nd
0.0735
5.00
0.397

2.40
TNS

0.0127
nd
0.0653
0.0282
0.0715
10.59
0.678

2.64
TNY

0.0151
nd
0.0306
0.0140
0.0676
12.88
nd

2.16

M3

0.00233
0.0116
0.0606
nd
0.0491
8.71
1.47

2.65

0.00157
nd
0.0210
nd
0.0778
4.46
0.417

2.15

0.0178
nd
0.0569
0.240
0.0686
8.91
0.672

2.37

0.0170
nd
0.0205
0.247
0.0659
11.58
nd

1.73

M6

0.00227
0.00875
0.0339
nd
0.0518
6.03
1.38

2.24

0.00193
nd
0.00728
nd
0.0755
3.82
0.496

1.23

0.0197
nd
0.0420
0.492
0.0609
6.24
0.834

1.99

0.0190
nd
0.0125
0.522
0.0624
7.40
nd

1.20

M9

0.00189
0.00746
0.00854
nd
0.0649
481
131

1.02

0.00241
nd
0.00142
nd
0.0719
3.55
0.774

0.564

0.0221
nd
0.0237
0.586
0.0593
3.53
1.00

0.914

0.0247
nd
0.00714
0.559
0.0563
5.12

nd

0.687

M12

0.00173
0.00520
0.00309
nd
0.0744
4.19
1.10

0.351

0.00246
nd
0.000852
nd
0.0693
3.27
0.902

0.352

0.0218
nd
0.0138
0.617
0.0560
2.99
1.22

0.334

0.0298
nd
0.00445
0.568
0.0514
4.29

nd

0.390



*Concentration (mg/L); mean of triplicates; standard deviations are given in the
Supplementary Material (Table S9). **Sample type: ANS-acacia and spontaneous
fermentation; ANY - acacia and yeast-inoculated fermentation; TNS- tilia and spontaneous
fermentation; TNY- tilia and yeast-inoculated fermentation. *** Production point: F1, F5,
F10, F15, F30- 1st, 5th, 10th, 15th, 30th day of fermentation; M3, M6, M9, M12- 3rd, 6th,

9th, 12th month of maturation. ****nd-not detected



Table S9. Standard Deviations of Odor-active Compounds Quantitation in Meads
During the Production Process.

odorant

2- and 3-methyl-1-
butanal

ethyl hexanoate

ethyl octanoate
furan2-carbaldehyde
2-phenylacetaldehyde
2-phenylethan-1-ol
phenylacetic acid
2,5-dimethyl-3(2H)-
furanone

2- and 3-methyl-1-
butanal

ethyl hexanoate

ethyl octanoate
furan2-carbaldehyde
2-phenylacetaldehyde
2-phenylethan-1-ol
phenylacetic acid
2,5-dimethyl-3(2H)-
furanone

2- and 3-methyl-1-
butanal

ethyl hexanoate

ethyl octanoate
furan2-carbaldehyde
2-phenylacetaldehyde
2-phenylethan-1-ol
phenylacetic acid
2,5-dimethyl-3(2H)-
furanone

2- and 3-methyl-1-
butanal

ethyl hexanoate

ethyl octanoate
furan2-carbaldehyde
2-phenylacetaldehyde
2-phenylethan-1-ol
phenylacetic acid
2,5-dimethyl-3(2H)-
furanone

FL*

7.31E-05

9.89E-05
9.20E-03

3.77E-02

9.46E-05

1.12E-02

5.43E-02

0.000926

0.0139
0.000516
0.0127

0.0101

0.000431

0.00550
0.000996

0.00420

)

4.77E-05

2.62E-04
3.38E-03
9.84E-02

4.53E-02

2.88E-05

9.32E-05
5.93E-04
5.88E-03

4.82E-02

0.000256
0.00137
0.00114
0.000421
0.00170
0.0851

0.00684

0.000829
0.0000565
0.00130
0.00105
0.0138

0.0104

F10

7.23E-06
1.51E-03
4.24E-03
3.79E-04
1.72E-01
1.87E-01

1.55E-01

1.58E-05

1.43E-03
1.37E-03
6.38E-02
2.39E-02

1.79E-01

0.00163
0.00531
0.00232
0.00137
0.154
0.126

0.0156

0.000252
0.00130
0.00114
0.000767
0.124

0.00411

F15

4.57E-04
9.63E-04
4.09E-03
4.10E-04
3.24E-01
1.88E-01

1.13E-01

5.46E-05

1.33E-03
7.31E-04
1.11E-01
7.79E-03

1.64E-01

0.00125
0.00296
0.00102
0.000963
0.206
0.120

0.00539

0.000662
0.000874
0.000444
0.00120
0.293

0.0210

ANS*
F30

1.83E-04
2.80E-04
5.85E-04
5.35E-04
4.64E-02
1.97E-01

1.11E-01
ANY

3.20E-05

2.16E-03
6.45E-03
3.68E-01
2.23E-02

5.95E-02
TNS

0.000178
0.0000864
0.00288
0.000750
0.0354
0.0752

0.113
TNY

0.000667
0.0000284
0.000357
0.00103
1.98

0.0132

M3

1.84E-04
9.20E-04
5.79E-04
1.25E-04
1.03E-01
1.23E-02

1.05E-01

8.37E-05

4.17E-04
1.90E-03
1.64E-01
2.24E-02

4.20E-02

0.000845
0.00318
0.0118
0.001933
0.0942
0.00900

0.0784

0.0000429
0.000775
0.0190
0.000496
0.291

0.0166

M6

1.08E-04
9.44E-04
1.15E-03
1.03E-03
4.69E-01
1.49E-02

5.57E-02

6.13E-05

1.57E-04
4.19E-04
4.80E-02
7.05E-03

2.05E-02

0.000543
0.00168
0.00339
0.000821
0.0984
0.0181

0.0751

0.000318
0.000483
0.0158
0.000421
0.215

0.0195

M9

1.23E-04
6.71E-04
5.35E-04
3.17E-04
5.31E-02
4.05E-02

8.95E-02

1.87E-04

5.49E-05
4.7E-04

5.60E-02
2.59E-02

1.17E-02

0.0000753
0.000219
0.01321
0.000746
0.250
0.0634

0.0598

0.00232
0.0000938
0.00228
0.00293
0.129

0.00502

M12

5.55E-05
4.41E-04
1.15E-04
8.88E-03
3.38E-01
4.92E-02

4.29E-02

1.23E-04

5.54E-05
3.26E-03
3.15E-01
4.42E-02

4.76E-02

0.000860
0.000735
0.02545
0.000275
0.00307
0.0384

0.0265

0.00178
0.0000745
0.0708
0.00215
0.576

0.0115



*Sample type: ANS-acacia and spontaneous fermentation; ANY - acacia and yeast-inoculated
fermentation; TNS- tilia and spontaneous fermentation; TNY - tilia and yeast-inoculated
fermentation. ** Production point: F1, F5, F10, F15, F30- 1%, 51 10", 15" 30" day of

fermentation; M3, M6, M9, M12- 3@ 6 9t 12" month of maturation.
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