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STRESZCZENIE

Wzbogacenie zywno$ci o zwigzki bioaktywne i ograniczenie ich strat w procesie
obrobki stanowig wyzwania dla nowoczesnej technologii zywnosci. Jednym
z podstawowych surowcow wykorzystywanych w przemysle spozywczym sg zboza,
ktore sg zrodlem skladnikow odzywczych 1 zwigzkow bioaktywnych w diecie
cztowieka. W technologii produkcji piwa gtdéwnym surowcem sg stody wytwarzane
w wyniku moczenia, kietkowania i suszenia ziaren zb6dz. Sg one zrédtem 80% zwigzkoéw
fenolowych zawartych w piwie oraz melanoidyn — zwigzkéw reakcji Maillarda
wykazujacych dziatanie przeciwutleniajgce, w ktore szczegodlnie bogate sg stody
ciemne. Na kompozycje zwigzkow bioaktywnych piwa wptywa gldwnie dobor stodow,
jak rowniez chmieli, technologii wytwarzania brzeczki, szczepow drozdzy | parametrow
procesu fermentacji. Z tego wzgledu zasadnym jest zbadanie wplywu zastosowania
stodow ciemnych w technologii piwowarstwa na wtasciwosci antyoksydacyjne piw oraz

przebieg procesu technologicznego.

Celem badan byla ocena potencjatu wykorzystania stodéw ciemnych
1 prazonych ziaren zbdz, dobor technologii produkcji oraz szczepow drozdzy
w ksztattowaniu jako$ci piw ciemnych o zwigkszonej zawartosci zwigzkow fenolowych
1 aktywnosci antyoksydacyjnej. Materiat badawczy stanowity ciemne slody
(czekoladowy jasny, czekoladowy ciemny, pszeniczny czekoladowy), prazone ziarna
zb6z (jeczmien prazony 1 jeczmien brown), chmiele (Marynka, Lubelski, Amarillo,
Cascade, Centennial, Galaxy) oraz drozdze piwowarskie dolnej fermentacji
Saccharomyces pastorianus S23, gérnej fermentacji Saccharomyces cerevisiae S04, jak
réwniez niekonwencjonalne drozdze gornej fermentacji S. cerevisiae var. diastaticus
oraz S. cerevisiae typu kveik. Wyniki badan zostaty zaprezentowane w formie sp6jnego
tematycznie cyklu publikacji naukowych, na ktory sktadajg si¢ cztery prace badawcze.
W badaniach szczegdlng uwagg poswiecono kluczowym dla ksztattowania wlasciwosci
przeciwutleniajacych piwa etapom procesu technologicznego: opracowaniu sktadu
zasypu stodowego, procesowi chmielenia z uwzglednieniem chmielenia technikg na
zimno, jak réwniez procesowi fermentacji z udziatlem szczepow drozdzy piwowarskich

0 zrdéznicowanej charakterystyce. W efekcie przeprowadzonych badan oceniono



przydatno$¢ ciemnych stodow i prazonych ziaren zboz w produkcji brzeczek
o podwyzszonej aktywnosci przeciwutleniajagcej oOraz opracowano recepture
1 technologie produkcji piw ciemnych chmielonych na zimno o wysokiej zawartosci
ksantohumolu. W cyklu badawczym uwzgledniono rowniez analize wptywu stosowania
stodow ciemnych na przebieg i efekty fermentacji etanolowej prowadzonej z udziatem

réznych szczepoéw drozdzy, w tym niekonwencjonalnych.

Na podstawie uzyskanych wynikow okres§lono, ze zastosowanie 10% dodatku stodu
czekoladowego ciemnego lub jeczmienia prazonego w kompozycji surowcoOw zacieru
prowadzito do ponad dwukrotnego wzrostu ogolnej zawartosci zwigzkoéw fenolowych
(TPC, ang. total phenolic content) skorelowanego ze wzrostem zdolnosci do redukcji
jonow zelaza FRAP (ang. ferric reducing antioxidant power) 1 pojemnosci
przeciwutleniajagcej ABTS™ (ang. 2,2'-Azino-bis[3-ethylbenzothiazoline-6-sulfonic
acid] diammonium salt) brzeczek. Ponadto zastosowanie znaczacego udziatu stodu
czekoladowego ciemnego (20 — 40%) w sktadzie zasypu stodowego powodowato
obnizenie zawarto$ci maltozy i maltotriozy w profilu wgglowodanowym brzeczki, jak
réwniez wzrost wartosci indeksu bragzowienia, zawartosci 5-hydroksymetylofurfuralu,
TPC oraz aktywnos$ci przeciwutleniajacej (FRAP i ABTS™). Wykazano, ze wartos¢
TPC w technologii produkcji piw rosta w wyniku procesu chmielenia (7,7 — 22,9%),
fermentacji (30,8 — 86,0%) i dofermentowania (2,5 — 17,8%). Nastgpnie, po
lezakowaniu obnizata si¢ (35,1 — 55,8%). Zaobserwowano, ze fermentacja
z zastosowaniem szczepu S. cerevisiae S04 powoduje catkowita redukcje
5-hydroksymetylofurfuralu w piwach. Udowodniono réowniez, ze dobor surowcow,
zastosowana metoda zacierania oraz chmielenie na zimno prowadzito do wytworzenia
piw o wysokiej zawarto$ci ksantohumolu (1,77 — 3,83 mg/L) i izoksantohumolu (0,85 —
1,19 mg/L). Najwyzsza wartosciag TPC (475,05 mg GAE/L, ang. gallic acid
equivalents), jak rowniez zawarto$cig ksantohumolu (3,83 mg/L) i izoksantohumolu

(1,19 mg/L) charakteryzowalo si¢ piwo ciemne chmielone odmiang Galaxy.

W kolejnym etapie badan potwierdzono, ze sposrdéd badanych szczepoéw drozdzy
S. cerevisiae var. diastaticus charakteryzowal si¢ zdolnoScig do wykorzystywania

dekstryn, co pozwolilo na wytworzenie piwa o wysokim stopniu odfermentowania



(78,56 — 80,36% w/w) i zawartosci etanolu (5,6 — 5,79% v/v). Wykazano rowniez, ze
zastosowanie stodow ciemnych powodowato obnizenie rzeczywistego 1 pozornego
stopnia odfermentowania piw. Ponadto badane piwa ciemne charakteryzowatly sie
wyzsza TPC (20,62 — 123,96%) oraz potencjatem przeciwutleniajacym FRAP (60,19 —
69,07%) i ABTS™ (39,86 — 48,80%) niz piwa jasne. Wykazano, ze piwo ciemne
fermentowane z udzialem S. cerevisiae var. diastaticus SA charakteryzowato si¢
najwyzsza TPC (547,56 mg GAE/L), jak rowniez najwyzsza catkowita zawartoScia
zwigzkow lotnych (TV, ang. total volatiles; 134,33 — 143,08 mg/L) sposrod
analizowanych piw. Dodatek ciemnego stodu nie wptynat na TV w piwach, jednak byt
przyczyng zmian w catkowitej zawartosci estrow oraz terpenow i terpenoidow w czesci
badanych piw. Kluczowe réznice w profilu zwigzkow lotnych piw fermentowanych
z zastosowaniem roznych szczepéw wynikaty z zawartosci estrow 1 alkoholi wyzszych.
Dominujacg grupa zwiazkow we wszystkich analizowanych piwach byty alkohole
wyzsze (56,41 — 72,17%), nastepnie estry (14,58 — 20,82%), aldehydy (8,35-20,52%),
terpeny i terpenoidy (1,22 — 6,57%) oraz ketony (0,42 — 1,00%). Wsrod alkoholi
wyzszych zidentyfikowano najwigcej 2-metylopropan-1-olu, 3-metylobutanolu
i alkoholu fenyloetylowego, wsrod aldehydow — furfuralu, dekanalu i nonanalu, a wéréd

estrow — octanu etylu, octanu fenyloetylu i octan izoamylu.

Przedstawiony cykl prac badawczych pozwala na potwierdzenie potencjatu
wykorzystania stodow ciemnych w produkcji piw o podwyzszonej zawartoSci
zawigzkow fenolowych oraz aktywnosci przeciwutleniajacej. Ponadto wyniki
przeprowadzonych badan wykazaty réwniez potencjal fermentacji z udzialem réznych
szczepoOw drozdzy piwowarskich goérnej 1 dolnej fermentacji, w tym szczepow
niekonwencjonalnych, jako metody ksztattujacej zdolnosci antyoksydacyjne, jak

réwniez cechy sensoryczne piw przez wptyw na profil zwigzkéw lotnych.



ABSTRACT

The enrichment of food with bioactive compounds and the prevention of their loss
during processing are challenges for modern food technology. One of the main raw
materials used in the food industry are cereals, which are a source of nutrients and
bioactive compounds in the human diet. In beer production technology, the main raw
materials are malts produced by soaking, germination and drying of cereal grains. They
are the source of 80% of the phenolic compounds contained in beer, as well as
melanoidins - Maillard reaction compounds that exhibit antioxidant activity, in which
dark malts are particularly rich. The compositions of beer's bioactive compounds are
mainly influenced by the selection of malts, as well as hops, wort production technology,
yeast strains and parameters of the fermentation process. Therefore, it is reasonable to
study the influence of the use of dark malts in brewing technology on the antioxidant

properties of beers and the course of the technological process.

The aim of the study was to evaluate the potential of using dark malts and roasted
cereal grains, the selection of production technology and yeast strains in shaping the
quality of dark beers with an increased content of phenolic compounds and antioxidant
activity. The experimental material consisted of dark malts (pale chocolate malt, dark
chocolate malt, wheat chocolate malt), roasted cereal grains (roasted barley and brown
barley), hops (Marynka, Lubelski, Amarillo, Cascade, Centennial, Galaxy) and bottom-
fermentation brewing yeast Saccharomyces pastorianus S23, top fermentation
Saccharomyces cerevisiae S04, as well as unconventional top-fermentation yeast
S. cerevisiae var. diastaticus and S. cerevisiae type kveik. The results of the research
were presented in a thematically consistent series of scientific publications, comprising
four research papers. In the research, special attention was paid to the key stages of the
technological process for shaping the antioxidant properties of beer: the development of
the malt composition, the hopping process including dry hopping technique, as well as
the fermentation process with the participation of brewing yeast strains with different
characteristics. As a result of the research, the usability of dark malts and roasted cereal
grains in the production of worts with increased antioxidant activity was evaluated, and

a recipe and technology for the production of dry hopped dark beers with high



xanthohumol content was developed. The research cycle also included an analysis of the
effect of using dark malts on the course and effects of ethanol fermentation carried out

with different yeast strains, including unconventional.

Based on the results, it was determined that the use of a 10% addition of dark
chocolate malt or roasted barley in the composition of mash raw materials led to a more
than two-fold increase in total phenolic content (TPC) correlated with an increase in the
ferric reducing antioxidant power (FRAP) and antioxidant capacity ABTS " (2,2'-azino-
bis[3-ethylbenzothiazoline-6-sulfonic acid] diammonium salt) of worts. In addition,
applying a significant proportion of dark chocolate malt (20 — 40%) in the composition
of the malt, a decrease in maltose and maltotriose content in the carbohydrate profile of
the wort was observed, as well as an increase in the values of browning index,
5-hydroxymethylfurfural content, TPC and antioxidant capacity (FRAP and ABTS"¥).
It was shown that the TPC value increased as a result of hopping (7.7 — 22.9%),
fermentation (30.8 — 86.0%) and post fermentation (2.5 — 17.8%). Then, after aging, it
decreased (35.1 — 55.8%). It was observed that fermentation with S. cerevisiae S04
results in a complete reduction of 5-hydroxymethylfurfural in beers. It was also proven
that the selection of raw materials, the use of decoction mashing and dry hopping led to
the production of beers with a high content of xanthohumol (1.77 — 3.83 mg/L) and
isoxanthohumol (0.85 —1.19 mg/L). Dark beers hopped with the Galaxy variety had the
highest TPC value (475.05 mg GAE/L, gallic acid equivalents), as well as xanthohumol
(3.83 mg/L) and isoxanthohumol (1.19 mg/L) contents.

In the next step of the study, it was confirmed that among the tested yeast strains
S. cerevisiae var. diastaticus was characterized by its ability to utilize dextrins, which
allowed to produce beers with a high degree of attenuation (78.56 — 80.36% w/w) and
ethanol content (5.6 — 5.79% v/v). It was also shown that the use of dark malts reduced
the real and apparent degree of attenuation of the beers. In addition, the dark beers tested
had higher TPC (20.62 — 123.96%) and antioxidant potentials FRAP (60.19 - 69.07%)
and ABTS* (39.86 — 48.80%) than pale beers. It was shown that dark beer fermented
with S. cerevisiae var. diastaticus SA had the highest TPC (547.56 mg GAE/L), as well
as the highest total volatiles (TV; 134.33 - 143.08 mg/L) among the beers analyzed. The



addition of dark malt did not affect TV in the beers, but it was responsible for changes
in the total ester content and terpenes and terpenoids in some of the beers studied. The
key differences in the volatile compound profile of beers fermented with different strains
were due to the content of esters and higher alcohols. Higher alcohols were the dominant
group of compounds in all analyzed beers (56.41 — 72.17%), followed by esters (14.58
— 20.82%), aldehydes (8.35 — 20.52%), terpenes and terpenoids (1.22-6.57%) and
ketones (0.42 — 1.00%). Among higher alcohols, 2-methylpropan-1-ol, 3-methylbutanol
and phenylethyl alcohol were identified the most, among aldehydes - furfural, decanal

and nonanal, and among esters - ethyl acetate, phenylethyl acetate and isoamyl acetate.

The presented series of research allows to confirm the potential of using dark malts
in the production of beers with increased phenolic compounds and antioxidant activity.
In addition, the results of the research also showed the potential of fermentation with
different strains of top and bottom-fermenting brewing yeasts, including unconventional
strains, as a method for shaping antioxidant capacity, as well as sensory characteristics

of beers by affecting the profile of volatile compounds.



1. Wprowadzenie

Zawarto$¢ zwigzkéw bioaktywnych jest waznym aspektem w kontek$cie
projektowania receptur produktow spozywczych. W ostatnich latach wzrasta
zainteresowanie konsumentéw produktami, ktore charakteryzuja sie potencjatem do
modulowania procesow fizjologicznych i1 metabolicznych czlowieka, wpisujac si¢
w strategi¢ zapobiegania przewleklym chorobom niezakaznym, w ktorych jednym
z czynnikOw ryzyka jest narazenie organizmu na stres Oksydacyjny. Dostarczanie z dietg
zwiagzkow antyoksydacyjnych jest elementem koncepcji przeciwdziatania negatywnym
zmianom wywotanym przez wolne rodniki w organizmie cztowieka, dlatego niezwykle
waznym aspektem technologii zywnosci jest doskonalenie receptur i procesow w celu
maksymalnego wykorzystania potencjatu sktadnikéw biologicznie czynnych. Ponadto
potencjat do zmiatania wolnych rodnikow wptywa na zachowanie cech jakosciowych
produktu w trakcie przechowywania (Zhao 2015). Surowce roslinne, w tym stody
1 chmiele, z ktorych wytwarzane jest piwo, sg zrodlem szerokiej gamy zwigzkow
o dziataniu przeciwutleniajacym. Do szczegoélnie interesujacych zwigzkow
bioaktywnych, bedacych sktadnikami piwa zaliczane sa zwigzki fenolowe
I melanoidyny (Martinez-Gomez i wsp. 2020). Badania prowadzone nad przemianami
w trakcie procesu technologicznego, ktore wptywaja na wlasciwosci przeciwutleniajace
sa wiec niezwykle istotne zarowno z perspektywy udzialu antyoksydantow
w ksztattowaniu stabilno$ci oksydacyjnej piw, ale réwniez ze wzgledu na potencjalne

korzysci dla konsumentéw wynikajace z warto$ci prozdrowotnej przeciwutleniaczy.

Piwo jest napojem otrzymanym w wyniku procesu fermentacji etanolowej brzeczki
wytworzonej z wody, stodu i chmielu. Pierwszym etapem procesu technologicznego
produkcji piwa jest zacieranie, ktorego glownym celem jest hydroliza enzymatyczna
skrobi 1 biatek z udzialem endogennych enzymow stodu. Wsrod stodow piwowarskich
wyrdzniamy stody podstawowe oraz stody specjalne, do ktorych zaliczamy stody
produkowane z =ziaren zb6z nietypowych rodzajéw lub stody wytwarzane
z zastosowaniem zmodyfikowanej technologii (Coghe i wsp. 2005). Podstawowym
surowcem uzywanym do produkcji stodu jest jeczmien zwyczajny (Hordeun vulgare L.)

(Wannenmacher i wsp. 2018). Stéd piwowarski wytwarzany jest w wyniku procesu



stodowania ziaren zbdz, obejmujgcego moczenie, kietkowanie i suszenie (Zhao 2015).
Kompozycja surowcow uzywanych w produkcji piwa moze by¢ ztozona wytacznie ze
stodow jasnych, ale moze rowniez uwzglednia¢ dodatek ciemnych stodow celem
nadania piwu pozadanej barwy, smaku i aromatu. Wérod ciemnych stodow specjalnych
wyr6ézniamy stody karmelowe i palone, ktore sa produkowane z zastosowaniem
prazenia wykietkowanych ziaren (stody karmelowe) tzw. stodu zielonego (ang. green
malt) lub uprzednio wysuszonego stodu (stody prazone). Ponadto w asortymencie
stodowni znajdziemy czg¢sto rowniez prazone, niestodowane ziarna zb6z np. jeczmienia
lub pszenicy (Coghe 1 wsp. 2003). Barwe stodow 1 brzeczek stodowych wyraza sie w
skali EBC (ang. European Brewery Convention). Na rynku dostgpne sg stody o barwie
w zakresie 5 — 1600 EBC (Coghe i wsp. 2003). W zaleznosci od intensywnos$ci obrobki
termicznej stosowanej w procesie suszenia i prazenia, stodownie oferuja szeroka game
stodow karmelowych, czekoladowych i malanoidynowych. Zalecana dawka stodu
ciemnego w recepturze piwa rozni si¢ w zaleznosci od stopnia jego wyprazenia. Bardzo
jasne stody karmelowe mozna dodawaé do zasypu stodowego w dawce stanowigce;j
nawet 40%, a ciemne w ilosci 5 — 10% (Kunze 1999). Stosowanie stodéw ciemnych,
jako dodatkéw w produkcji piwa pozwala na modyfikacje: barwy, smaku, zapachu, jak
rowniez zwigkszenie odczucia petni smaku, ze wzgledu na zawarto$¢ melanoidyn

i dekstryn (Prado i wsp. 2021).

Stody karmelowe i prazone swoje cechy sensoryczne zawdzigczajg zwigzkom
smakowo — zapachowym generowanym gitoéwnie w wyniku reakcji Maillarda (Prado
i wsp. 2021). Ten cykl przemian obserwuje si¢ w zywnosci podczas obrobki termicznej,
jak rowniez dlugotrwatego przechowywania. Produkty reakcji wptywajg zarowno na
cechy sensoryczne zywnosci, trwato$¢ i warto$¢ zywieniowa (Shakoor 1 wsp. 2022).
Wyrodznia si¢ trzy etapy reakcji: faze wezesna, zaawansowang i koncowa (Michalska
1 Zielinski 2007). Cykl zapoczatkowany jest reakcja pomigdzy grupg aminowag wolnych
aminokwasoéw, peptydow lub biatek, a cukrem redukujacym, w wyniku czego
otrzymywane sg zasady Schiffa (aldozyloaminy i1 ketozyloaminy), ktére nastgpnie
ulegaja przegrupowaniu Amadori lub Heynsa (Hellwig i Henle 2020). Powstajace na
tym etapie zwiazki stanowig substraty do dalszych przemian, w ktérych generowane sa

zwigzki lotne ksztaltujace aromat oraz substancje odpowiedzialne za brazowe
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zabarwienie (Cui i wsp. 2020). W zaleznos$ci od wartosci pH srodowiska reakcji na tym
etapie moga powstawacé zroznicowane produkty. W pH <7 obserwuje si¢ reakcje 1,2-
enolizacji prowadzaca do powstania 3-deoksyosonu, z ktoérego nastepnie moze powstaé
5-hydroksymetylofurfural (w przypadku, gdy substratem sa heksozy) lub furfural (gdy
substratem sg pentozy). W pH>7 obserwuje si¢ glownie 2,3-enolizacje, ktorej
produktem jest 1-deoksyoson, ktory z kolei zostaje nastepnie zdegradowany do
zwigzkow a-dikarbonylowych oraz ketondéw (Shakoor i1 wsp. 2022, Michalska
1 Zielinski 2007). Nie jest to jednak jedyna $ciezka przemian na tym etapie cyklu.
Produkty przegrupowania Amadori moga rowniez ulegaé¢ oksydacji, dekarboksylacji
lub reakcjom enzymatycznym (Shakoor i wsp. 2022). Powstajgce podczas procesu
zwigzki a-dikarbonylowe moga ponadto uczestniczy¢ w procesie degradacji Streckera,
ktory prowadzi do powstania lotnych produktow istotnych z perspektywy sensoryki
Zywnosci np. pirazyn, piranonoéw, furanéw, furanonéw, piroli, tioli, tiofendéw 1 tiazoli
(Hellwing i Henle 2020, Shakoor i wsp. 2022). Shakoor i wsp. (2022) wskazuja ponad
100 zwigzkow reakcji Maillarda, ktérych mechanizmy syntezy zostaly poznane.
W  koncowej fazie reakcji powstaja melanoidyny, definiowane jako
wysokoczasteczkowe zwiazki azotowe o potencjale przeciwutleniajagcym 1 brgzowe;j
barwie odpowiadajacej za charakterystyczny kolor produktow spozywczych takich jak
kawa, stdd, chleb czy kakao (Echavarria i wsp. 2012, Carvalho i wsp. 2014, ALjahdali
I Carbonero 2019).

Melanoidyny wykazuja silne wlasciwosci redukujace, ktére moga swiadczy¢ o ich
wlasciwosciach prozdrowotnych (Echavarria i wsp. 2012). Schemat dziatania
melanoidyn jako przeciwutleniaczy polega na zdolnosci do przerywania tancuchowych
reakcji rodnikowych, chelatowaniu metali, redukcji nadtlenku wodoru i zmiataniu
wolnych rodnikéw (Delgado-Andrade i Morales 2005, Delgado-Andrade i wsp. 2005,
Martinez-Gomez i wsp. 2020, Carvalho i wsp. 2012). Ponadto wykazuja one takze
wlasciwosci  przeciwdrobnoustrojowe,  przeciwmutagenne,  przeciwalergiczne,
obnizajace poziom cholesterolu, zapobiegajace nadcis$nieniu oraz prebiotyczne
(Alijahdali i wsp. 2020, Echavarria i wsp. 2012, Carvalho i wsp. 2014). W literaturze

opisywana jest rowniez prooksydacyjna aktywno$¢ melanoidyn oraz wplyw
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cytotoksyczny, rakotworczy i mutagenny zwiazkow generowanych w trakcie obrobki

termicznej zywnosci (Carvalho i wsp. 2012, Echavarria i wsp. 2012).

Budowa chemiczna melanoidyn nie zostata dotychczas doktadnie poznana. Okresla
si¢, ze jest to grupa wielkoczgsteczkowych zwigzkow powstajacych w wyniku
polimeryzacji posrednich produktéw reakcji Maillarda o mniejszych rozmiarach
czasteczek, obserwowanej w trakcie procesu termicznej obrobki zywnosci (Martinez-
Gomez i wsp. 2020, Carvalho i wsp. 2014). Stody jasne zawierajg wigcej zwigzkow z
grupy niskoczgsteczkowych produktow reakcji Maillarda (LMW — ang. low molecular
weight compounds) niz slody prazone, w ktorych dominujg wielkoczasteczkowe
produkty reakcji (HMW —ang. high molecular weight compounds) (Coghe i wsp. 2006,
Carvalho i wsp. 2014). Zmienno$¢ struktury i masy czasteczkowej melanoidyn
przypisuje si¢ typowi substratow reakcji, wartosci pH Srodowiska, temperaturze
I czasowi obrobki termicznej (Martinez-Gomez i1 wsp. 2020). Okreslono, ze
wysokoczasteczkowe melanoidyny (>300 kDa, HMW) wykazuja nawet 3-krotnie
wyzsza aktywnos$¢ przeciwutleniajacg niz LMW (<10 kDa), a ich zawarto§¢ wzrasta
wraz z wydluzeniem czasu prazenia (Carvalho 1 wsp. 2014). Wiasciwosci
przeciwutleniajgce przypisuje si¢ rowniez zwigzkom powstajagcym na wczesniejszych
etapach reakcji Maillarda np. niektérym produktom przegrupowania Amadori,
zwigzkom  o-dikarbonylowym,  ketonom, lotnym  zwigzkom  siarkowym

I heterocyklicznym zwigzkom lotnym (Shakoor i wsp. 2022).

Podczas obrobki termicznej ziarna jeczmienia, stodu i1 brzeczki piwowarskiej
obserwuje si¢ reakcje nieenzymatycznego brazowienia, W tym pirolizg, karmelizacje
I reakcje Maillarda. Smak, zapach i kolor stodu zalezy od parametrow procesu
technologicznego m.in. czasu, temperatury i wilgotnosci w trakcie obrobki (Prado i wsp.
2021). Podczas suszenia i prazenia, ekspozycja na wysoka temperature, poza udziatem
w tworzeniu zwigzkow lotnych, jest rdwniez przyczyng utraty aktywnos$ci
enzymatycznej i sktadnikoéw odzywczych w ziarnie. Suszenie stodu prowadzi si¢
zwykle w temperaturze do 80°C, natomiast w trakcie prazenia temperatury osiggaja 110
- 250°C (Carvalho i wsp. 2014). W zaleznos$ci od zawartosci oraz sktadu aminokwasow

I cukrow w ziarnie jeczmienia, reakcje nieenzymatycznego brazowienia mogg



12

zachodzi¢ z wytworzeniem rdznej kompozycji zwigzkow smakowo-zapachowych
(Nobis i wsp. 2019). Suszenie i prazenie sg kluczowymi etapami w produkcji stodow
ciemnych. Podczas prazenia obserwuje si¢ pyrolize, czyli rozpad cukréw w wyniku
narazenia na temperatur¢ powyzej 200°C. Z kolei karmelizacja zachodzi w temperaturze
powyzej 120°C 1 odpowiada za konwersje czasteczek cukréw z wydzieleniem
pozadanych aromatow. W odroznieniu od karmelizacji 1 pyrolizy, reakcje Maillarda
zachodza w tagodniejszych warunkach, nawet w 50°C, 1 to wtasnie one sg najistotniejsze
z perspektywy ksztattowania pozadanych cech sensorycznych stodu. Wsréd zwigzkow
waznych dla modelowania smaku i zapachu stodu mozemy wyr6zni¢ pochodne
furfuralu o karmelowym aromacie, maltol i izo-maltol o zapachu palonym, aldehydy
Streckera, 2-acetylo-1l-pyroling wprowadzajaca aromat popkornu oraz pirazyny

odpowiedzialne za nuty prazone (Prado i wsp. 2021).

Wiele badan skupia si¢ na wysokiej zdolnosci do redukcji wolnych rodnikow
wykazywanej przez zywno$¢ bogata w produkty reakcji Maillarda m.in. piwo, pieczywo
I kawe (Echavarria i wsp. 2012). Celem oceny przebiegu reakcji nieenzymatycznego
brazowienia w zywnoS$ci stosuje si¢ najczesciej pomiary spektrofotometryczne dla
oceny zawartosci zwigzkow pirazyny lub w celu wykrycia brgzowego zabarwienia
ksztattowanego m.in. melanoidyny. Alternatywa moga by¢ réwniez metody
kolorymetryczne oraz ocena zawartosci 5-hydroksymetylofurfuralu (5-HMF) jako
posredniego produktu cyklu reakcji Maillarda, (Echavarria i wsp. 2012). W przypadku
brzeczek piwowarskich oraz piw do okreslenia barwy stosuje si¢ rowniez skalg
zaproponowang przez European Brewery Convention, opartag na analizie absorbancji

(Analityca EBC).

Ciemne stody specjalne, dzigki zawartosci melanoidyn mogg poprawia¢ pienistos¢
i pelni¢ smaku oraz zwigksza¢ stabilno$¢ cech sensorycznych piwa podczas
przechowywania (Coghe i wsp. 2005). Od kompozycji zasypu stodowego zalezy
zawartos¢ weglowodanow 1 aminokwaséw w brzeczce, co z kolei jest kluczowym
czynnikiem wplywajacym na jako$¢ piwa, poniewaz zwigzki te sg niezbedne dla
prawidlowego metabolizmu komorki drozdzy. W przebiegu reakcji Maillarda, w trakcie

termicznej  obrobki  stodu, zostaje wykorzystana cze$¢  weglowodanow
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i aminokwasow ziarna. Z tego wzgledu brzeczki wytwarzane ze znaczacym udzialem
stodow ciemnych charakteryzujg si¢ zmniejszong zawartos$cig ekstraktu w porownaniu
do brzeczek sporzadzanych ze stodu jasnego. Moze to by¢ przyczyng obnizenia
dynamiki fermentacji i stopnia odfermentowania piw (Coghe i wsp. 2005). Aminokwasy
brzeczki piwowarskiej uczestniczag w budowaniu struktur komodrkowych oraz
ksztaltowaniu profilu zwigzkow lotnych piw. Obnizona zawarto$¢ aminokwasow
w brzeczce moze by¢ przyczyng zmian w kompozycji alkoholi wyzszych, estrow
i ketonow (Olaniran i wsp. 2017). Ze wzgledu na to zaleca si¢ dawkowanie ciemnych

stodow w niewielkiej iloéci stanowiacej 5-10% zasypu stodowego (Coghe i wsp. 2005).

Stody ciemne nie wykazuja aktywnosci enzymatycznej. Ich dodatek w procesie
technologicznym jest przyczyng obnizenia wydajnosci procesu zacierania, w wyniku
czego ograniczona zostaje ilo$¢ dostepnych dla drozdzy weglowodandéw
1 aminokwasow w brzeczce. W rezultacie zawartos¢ cukrow fermentowanych przez
drozdze piwowarskie (glukozy, fruktozy, sacharozy, maltozy, maltotriozy)
w brzeczkach obniza si¢ wraz ze wzrostem udziatu stodéw ciemnych w sktadzie zacieru
(Coghe i wsp. 2005). Ponadto dodatek ciemnych stodow w technologii wytwarzania
piwa wigze si¢ z wprowadzeniem znaczacych ilosci zwigzkow powstajacych w wyniku
reakcji nieenzymatycznego brazowienia W tym zwigzkoéw, wykazujacych dziatanie
toksyczne wobec drozdzy piwowarskich (Dack i wsp. 2017, Liu i wsp. 2004).
Substancje powstajace w wyniku obrobki termicznej stodu majg wplyw na metabolizm
mikroorganizmow m.in. powoduja inhibicje enzyméw katalizujacych przebieg
fermentacji etanolowej. Wsréd tych zwigzkow mozemy wyrdznié: furfural,
5-HMF i melanoidyny (Dack i wsp. 2017, Liu i wsp. 2004). Furfural i 5-HMF wykazuja
potencjat do hamowania aktywno$ci enzymow glikolitycznych i indukowania
uszkodzen DNA komorki (Liu i wsp. 2004). Ponadto, zwigzki te hamujg aktywno$¢
dehydrogenazy pirogronianowej i dehydrogenazy aldehydowej, ktore uczestnicza
w syntezie alkoholi wyzszych z aminokwasow na szlaku Erlicha (Dack i wsp. 2017).
Co wigcej, rowniez melanoidyny moga mie¢ negatywny wplyw na zdolnosci
fermentacyjne drozdzy. Wynika to z ich potencjalu do chelatowania jonéw magnezu,
ktore maja kluczowa role w przebiegu fermentacji ze wzgledu peknienie funkcji

kofaktorow enzyméw. Jony magnezu sa niezwykle istotne dla prawidtowego przebiegu
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procesOw metabolicznych drozdzy. Ich zawartos¢ w $rodowisku fermentacyjnym
przeciwdziata skutkom narazenia na stres komdrkowy oraz pozwala na prawidtowy
wzrost i rozw6j komorek (Dack i wsp. 2017, Liu i wsp. 2004). Z tego wzgledu,

ograniczenie ich dostepnosci moze mie¢ negatywny wpltyw na przebieg fermentacji.

Zawarto$¢ zwigzkéw Maillarda w zywnosci wigze si¢ ze wzbogaceniem cech
sensorycznych przy jednoczesnym obnizeniu wartosci zywieniowej produktow,
wynikajgcej z  niekorzystnego wpltywu  furozyny, koncowych produktow
zaawansowanej glikacji, akrylamidu, heterocyklicznych amin i 5-HMF na zdrowie
cztowieka (ALjahdali i Carbonero 2019). Zwiazki te powstaja w trakcie obrobki
zywnoS$ci i moga wykazywaé dzialanie mutagenne, rakotworcze lub cytotoksyczne.
Z drugiej strony, 5-HMF, furozyna 1 malanoidyny wykazuja wlasciwosci
antyoksydacyjne, przeciwdrobnoustrojowe i zapobiegajace nadci$nieniu (ALjahdali
i Carbonero 2019). 5-HMF wystepuje powszechnie w zywnos$ci. Jego zawartos$¢
obserwuje si¢ m.in. w miodzie, ciastkach, pieczywie, suszonych owocach, ziarnach
kawy, ptatkach $niadaniowych i stodzie piwowarskim (Akillioglu i wsp. 2011). Ziarno
jeczmienia zawiera 100 — 1200 mg/kg 5-HMF, st6d 100 — 6300 mg/kg, podczas gdy
piwo w zaleznosci od stylu jedynie 2,4 — 7,4 mg/L (Akillioglu i wsp. 2011, Choudhary
i wsp. 2021, Capuano i wsp. 2011). Fermentacja jest jedng ze strategii obnizania
zawartosci 5-HMF 1 akrylamidu w zywnosci (Lee i1 wsp. 2019). Wykazano,
ze Saccharomyces cerevisiae i Lactobacillus plantarum sg zdolne do metabolizowania
5-HMF do alkoholu 5-hydroksymetylofurfurylowego podczas fermentacji (Lee i wsp.
2019, Akillioglu i wsp. 2011) lub 2,5-bis-hydroksymetylofuranu (Hellwig i wsp. 2021).
Zawarto$¢ 5-HMF w $rodowisku fermentacji ma jednak negatywny wplyw na jej
przebieg ze wzglgdu na inhibicj¢ dehydrogenazy alkoholowej, dehydrogenazy
pirogronianowe] 1 dehydrogenazy aldehydowej, ktore sa istotne dla metabolizmu

I rozwoju drozdzy (Erkan i wsp. 2022).

Poza zwigzkami Maillarda za aktywnos$¢ przeciwutleniajacg piw odpowiadaja
réwniez zwigzki fenolowe. Korzystny wpltyw zwigzkow fenolowych na zdrowie
cztowieka zwigzany jest z ich aktywnos$cig przeciwutleniajaca. Wykazuja one zdolno$¢

do zmiatania wolnych rodnikéw tlenowych i azotowych m.in. takich jak rodniki
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hydroksylowe, nadtlenek wodoru czy tlen singletowy. Majg réwniez zdolno$¢ do
inhibicji enzymow, ktorych aktywnos¢ generuje wolne rodniki oraz chelatowania jonow
miedzi 1 zelaza, ktére uczestnicza w oksydacji lipoprotein o niskiej gestosci (Karabin
1 wsp. 2016). Zaburzenie rownowagi pomiedzy iloscig generowanych wolnych
rodnikow, a zdolnosciami przeciwutleniajagcymi wywoluje zjawisko stresu
oksydacyjnego w organizmie, co z kolei jest jedng z przyczyn chordéb nowotworowych,
miazdzycy, cukrzycy, choroby Alzheimera czy choroby Parkinsona (Karabin i wsp.
2016).

Szacuje sie ze 80% zwigzkow fenolowych piwa pochodzi ze stodu, a 20% z
chmielu (Carvalho i Guido 2022, Zhao 2015, Wannenmacher i wsp. 2018). Zwiazki te
ksztaltujg wlasciwosci przeciwutleniajgce przez co majg wplyw na stabilnos$¢ jakosci
piwa podczas przechowywania (Wannenmacher i wsp. 2018, Zhao 2015). Jeczmien jest
zrodtem  prostych  zwigzkow  fenolowych, kwasow fenolowych, kwasow
hydroksycynamonowych i ich pochodnych oraz flawonoidéw, z czego nawet 88%
zwigzkoOw wystepuje w nierozpuszczalnej postaci zwigzanej (np. glikozydow lub
estrow) (Zhao 2015, Carvalho i Guido 2022). Proces stodowania wptywa na sklad
ilosciowy zwigzkow fenolowych w ziarnie, prowadzac do zwickszania ich zawartosci
m.in. dzigki przemianom pod wptywem temperatury procesu i aktywnosci enzymow
(Wannenmacher i wsp. 2018, Zhao 2005). Istotnym etapem produkcji stodu,
wplywajacym na zawarto$¢ zwigzkéw fenolowych jest suszenie. Podczas
poczatkowych faz suszenia ziarna (<80°C) zawartos¢ zwigzkow fenolowych wzrasta ze
wzgledu m.in. na aktywno$¢ enzymow estarazy kwasu cynamonowego i estarazy kwasu
ferulowego. W wyzszych temperaturach obserwowane jest obnizenie zawarto$ci
zwigzkow fenolowych przypisywane termicznej degradacji lub reakcji z posrednimi
produktami reakcji Maillarda (Wannenmacher i wsp. 2018). Dominujacymi zwigzkami
fenolowymi w ziarnach jeczmienia sg: kwas ferulowy, kwas p-kumarowy, kwas
prokatechowy, katechina, kwercetyma, naringina, prodelfinidyna B3, procyjanidyna
B2, B3 i C2 (Carvalho i Guido 2022).

Proces zacierania jest kluczowy w ksztattowaniu sktadu brzeczki. W wyniku

hydrolizy enzymatycznej skrobi, dzigki endogennym enzymom stodu powstaja cukry
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bedace substratem w fermentacji etanolowej prowadzanej przez drozdze piwowarskie
(Jurkova 1 wsp. 2012). Wyr6zniamy dwie podstawowe metody prowadzenia zacierania:
infuzyjna lub dekokcyjng. W metodzie infuzyjnej wzrost temperatury zacieru osigga si¢
przez ogrzewanie calej jego objeto$ci, natomiast metoda dekokcyjna polega na
odebraniu czesci zacieru, zagotowaniu w osobnym kotle i zawroceniu jej do gtowne;j
kadzi zaciernej (Mikyska i wsp. 2023, Jurkova i wsp. 2012). Podczas zacierania
obserwuje si¢ zwigkszenie zawartosci zwigzkow fenolowych zwigzane z dziataniem
enzymoOw hydrolitycznych stodu. Dobor temperatur, czas =zacierania 1 ilo$¢
prowadzonych cykli dekokcji ma wpltyw na ekstrakcje zwigzkow fenolowych.
Zacieranie metodg dekokcyjng zard6wno jednowarowa, dwuwarowg jak i trojwarowa
pozwala na uzyskanie wyzszej zawartosci zwigzkow fenolowych oraz aktywnosci
antyoksydacyjnej piw w poréwnaniu do metody infuzyjnej. Co wigce] w piwach
produkowanych z uzyciem dekokcyjnego zacierania obserwuje si¢ wyzsza zawarto$¢
fenoli z grup flawanoli, proantocyjanidyn, jak réwniez chmielowych flawonoli

i prenyloflawonoidéw (Mikyska i wsp. 2023, Jurkova i wsp. 2012).

Kolejnym kluczowym etapem technologicznym, majgcym wptyw na zawarto$¢
zwigzkow fenolowych w piwie jest chmielenie, podczas ktorego nastepuje ekstrakcja
zwigzkow fenolowych z chmielu i termiczna degradacja niektorych zwigzkow. Co
wiece], podczas gotowania zachodzg interakcje miedzy polifenolami oraz migdzy
polifenolami, a biatkami 1 polisacharydami (Fumi 1 wsp. 2011). Zawartos¢ zwigzkow
fenolowych w chmielu jest nawet o 40% wyzsza niz stodu, jednak udzial chmielu
w ksztattowaniu profilu zwigzkow fenolowych piwa jest nizszy ze wzgledu na znacznie
nizsza dawke surowca w procesie warzenia piwa w poréwnaniu do dawki stodu
(Carvalho i Guido 2022). Wzrost zawartosci zwigzkéw fenolowych po gotowaniu
brzeczki zalezy od czasu i temperatury chmielenia, odmiany chmielu oraz typu
stosowanego produktu chmielowego. Na rynku dostepny jest chmiel w formie szyszek,
peletow i ekstraktow (Magalhaes i wsp. 2007). Zwigzki fenolowe chmielu, ktore
w najwigkszym stopniu odpowiadajg za aktywno$¢ przeciwutleniajaca to (+) katechina,
procyjanidyna B3, kwercetyna, kwas galusowy, jak rowniez kwas cynamonowy, kwas
kawowy, kwas ferulowy, gallokatechina, ksantohumol i mirycetyna (Karabin i wsp.
2016).
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Wsrod zwigzkéw fenolowych chmielu wyrdzniajacg aktywnoscig biologiczng
odznacza si¢ ksantohumol. Przy zastosowaniu klasycznej technologii produkcji piwa
notuje si¢ duze straty tego cennego zwigzku. W rezultacie jego zawarto$¢ jest zwykle
niewystarczajgca, aby gwarantowaé aktywno$¢ biologiczng (de Andrade Silva i wsp.
2022, Wunderlich i wsp. 2005). Ksantohumol to prenyloflawonoid, o aktywnosci
przeciwutleniajacej zblizonej do katechin z zielonej herbaty i kilkukrotnie silniejszej niz
aktywno$¢ witaminy C i E (Karabin i wsp. 2016). Dziala przeciwzapalnie,
przeciwwirusowo, przeciwbakteryjnie, przeciwnowotworowo, przeciwmiazdzycowo,
przeciwmutagennie, antyoksydacyjnie, wspomagajaco w chorobach uktadu
pokarmowego oraz zapobiega otytosci (de Andrade Silva i wsp. 2022, Di Sotto i wsp.
2018, Karabin 1 wsp. 2013, Stevens i Page 2004, Wunderlich i wsp. 2005). Straty
ksantohumolu w procesie wytwarzania piwa wynikaja z jego termicznej izomeryzacji
do izoksantohumolu w trakcie gotowania brzeczki, adsorpcji na powierzchni komorek
drozdzowych 1 osadoéw biatkowych, ktore sg oddzielane od piwa w procesach filtracji
(Wunderlich i wsp. 2005). W rezultacie w piwach obserwuje si¢ zwykle zawartosc¢
ksantohumolu na poziomie 0,2 mg/L (Golgbczak i wsp. 2010) lzoksantohumol,
powstajacy podczas gotowania brzeczki charakteryzuje si¢ nizsza aktywnoscia
biologiczng niz ksantohumol, dlatego dazy si¢ do ograniczenia procesu izomeryzacji.
Wykazano, ze piwa ciemne zawieraja znaczaco wiecej ksantohumolu niz piwa jasne
(Magalhaes i wsp. 2008). Przypisuje si¢ to hamowaniu procesu izomeryzacji przez
wysokoczgsteczkowe zwigzki Maillarda zawarte w stodach prazonych (Magalhaes
1 wsp. 2008, Wunderlich i wsp. 2005, Karabin 1 wsp. 2013). Zwiazki te prawdopodobnie
tworzg kompleksy z ksantohumolem, ograniczajgc jego izomeryzacje. Innymi
strategami uzyskania piwa o podwyzszonej zawarto$ci tego cennego zwiazki sa:
dawkowanie chmielu pod koniec procesu gotowania brzeczki, dawkowanie chmielu do
brzeczki o obnizonej temperaturze (<80°C), chmielenie na zimno oraz stosowanie
ekstraktow chmielowych bogatych w ksantohumol na r6éznych etapach produkcji piwa
(Magalhaes 1 wsp. 2008, Wunderlich 1 wsp. 2005, Karabin 1 wsp. 2013, Machado 1 wsp.
2019). Szczegoélnie interesujace w procesie produkcji piw o wysokiej zawartosci

ksantohumolu jest chmielenie na zimno, w ktorym chmiel dawkowany jest do
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schtodzonej brzeczki lub piwa, wigc wykluczony jest gtowny czynnik sprzyjajacy

izomeryzacji - temperatura (Machado i wsp. 2019).

Gléwnymi zwigzkami fenolowymi w gotowych piwach sg: proste fenole,
pochodne kwasu benzoesowego i cynamonowego, kumaryny, katechiny, flawonoidy,
proantocyjanidyny, chalkony oraz a-kwasy i izo-a-kwasy (Gerhduser i wsp. 2005,
Wannenmacher i wsp. 2018). Cz¢s¢ zwigzkow fenolowych w piwie wystepuje w formie
zwigzane] w postaci m.in. glikozydéw (Wannenmacher 1 wsp. 2018). Dominujacymi
zwigzkami wsrdd identyfikowanych zwigzkow fenolowych sg kwas ferulowy, kwas p-
kumarowy, kwas galusowy, kwas kawowy, kwas wanilinowy i kwas sinapowy
(Carvalho i Guido 2022). Zawartos¢ zwigzkow fenolowych w gotowym piwie zalezy od
doboru surowcéw, parametréw procesu zacierania i gotowania brzeczki, odmiany
I dawki zastosowanego chmielu, technologii chmielenia brzeczki, stosowania filtracji

I przebiegu procesu fermentacji (Mikyska i wsp. 2023, Zhao 2015).

Fermentacja jest metoda przetwarzania zywno$ci, wykazujaca potencjat do
zwigkszenia zawarto$ci zwigzkow fenolowych i poprawy wartosci odzywczej. Podczas
fermentacji obserwuje si¢ zmiany w zawartos$ci zwigzkow fenolowych spowodowane
biotransformacjami lub procesem adsorpcji na powierzchni komorek mikroorganizmow
(Leonard i wsp. 2021). Dzi¢ki zjawisku adsorpcji, komorki drozdzowe charakteryzujace
si¢ dobrym stanem fizjologicznym maja zdolno$¢ do wychwytywania zwigzkow
fenolowych z medium fermentacyjnego (Salmon 2006, Fumi i wsp. 2011) . Najbardziej
podatne na adsorpcj¢ sg zwiazki z grupy flawan-3-oli, w tym katechina, epikatechnina
1 procyjanidyny, ktore sg silnymi antyoksydantami (Méarquez Campos 1 wsp. 2019).
Zjawisko adsorpcji moze by¢ traktowane jako korzystne ze wzgledu na mozliwos¢
oddzielenia komorek z zaabsorbowanymi zwigzkami fenolowymi od fermentujacego
produktu, co moze pozwoli¢ na ograniczenie powstawania zmgtnien polifenolowo-
biatkowych podczas przechowywania piwa. Z drugiej strony, w ten sposob produkt
fermentowany pozbawiony zostaje czgsci zwigzkdéw bioaktywnych (Marquez Campos
I wsp. 2019, Leonard i wsp. 2021).

Zmiany w zawartos$ci i kompozycji w zwigzkow fenolowych podczas fermentacji

moga wynika¢ m.in. z przemian form glikozydow w aglikony, hydrolizy
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z wytworzeniem prostszych zwigzkdéw, wigzania si¢ zwigzkéw fenolowych
w kompleksy z biatkami, biotransformacji z wytworzeniem nowych zwigzkoéw
i kondensacji fenoli. Biotransformacjom ulegaja zwigzki z grupy antocyjanow,
flawanonow, flawonow 1 izoflawondéw, flawonoli, kwaséw fenolowych, tanin,
stilbenow, lignanow 1 innych (Leonard 1 wsp. 2021). W rezultacie zachodzacych
w trakcie fermentacji przemian najczesciej obserwuje si¢ wzrost catkowitej zawartosci
zwigzkow fenolowych, jednak analiza zmian aktywnosci przeciwutleniajgcej nie daje
jednoznacznych rezultatow. Fermentacja ma wplyw na aktywno$¢ antyoksydacyjna,
dzigki uwalnianiu zwigzanych form fenoli oraz ich konwersji do nowych zwigzkéw,
jednak wyniki otrzymywane przy stosowaniu roznych technik analizy wtasciwosci
antyoksydacyjnych sg niejednoznaczne ze wzgledu na ré6zne mechanizmy dziatania

przeciwutleniaczy (Leonard i wsp. 2021, Munteanu i wsp. 2021).

Niniejsze badania zostaly podjete z uwagi na udzial zwigzkéw fenolowych
oraz zwigzkéw Maillarda w ksztaltowaniu aktywnosci przeciwutleniajacej piw
oraz ich wplyw na przebieg procesu fermentacji. W doswiadczeniach okreslono
potencjal zastosowania stodow ciemnych w wytwarzaniu piw o wysokiej zawartosci
zwigzkow fenolowych i aktywnosci przeciwutleniajacej. Ponadto oceniono wplyw
etapow procesu technologicznego: wytwarzania brzeczki, procesu chmielenia
z zastosowaniem roznych odmian chmielu i procesu fermentacji etanolowej
z udzialem roznych szczepow drozdzy piwowarskich gornej i dolnej fermentacji na
przebieg i efekty procesu fermentacji brzeczek wytworzonych z dodatkiem
ciemnych slodow. Koncepcja badan obejmowala ponadto analize kompozycji
zwigzkéw lotnych piw polaczong z kompleksowa analiza sensoryczng celem
wskazania wplywu stosowania r6znych szczepow drozdzy piwowarskich i dodatku

stodow ciemnych na cechy jako$ciowe piw.
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2. Cel pracy

Celem badan byla ocena potencjalu wykorzystania slodéw ciemnych

i prazonych ziaren zboz, doboér technologii produkcji oraz szczepow drozdzy

w ksztaltowaniu jako$ci piw ciemnych o zwigekszone] zawartoSci zwigzkow

fenolowych i aktywnosci antyoksydacyjnej

Cele szczegolowe

Okreslenie potencjatu wykorzystania stodow ciemnych i prazonych ziaren zbo6z
w procesie technologicznym pozyskiwania brzeczek laboratoryjnych
o zwiekszonym potencjale przeciwutleniajgcym

Opracowanie receptury i technologii produkcji piw ciemnych o wysokiej
zawarto$ci ksantohumolu

Analiza wpltywu doboru szczepu drozdzy oraz zastosowania ciemnych stodow
na efekty procesu fermentacji etanolowej

Okreslenie wptywu doboru szczepu drozdzy 1 zastosowania ciemnych stodéw na

kompozycj¢ lotnych zwigzkéw oraz cechy sensoryczne piw
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3. Hipotezy badawcze

Zastosowanie ciemnych stodow lub ziaren zb6z prazonych w technologii
piwowarstwa stanowi metode zwigkszenia zawartosci zwigzkow fenolowych
o dziataniu przeciwutleniajgcym w brzeczkach

Profil weglowodanowy, zawarto$¢ S5-hydroksymetylofurfuralu oraz barwa
brzeczek sg ksztaltowane przez zastosowanie ciemnych stodéw lub ziaren
zb6z prazonych w recepturze zasypu stodowego

Modyfikacja skladu surowcoéw 1 przebiegu procesu technologicznego
pozwala na otrzymanie piw ciemnych o zwigkszone] zawartosci
ksantohumolu

Przebieg procesu fermentacji, cechy fizykochemiczne, potencjat
przeciwutleniajagcy oraz zawarto§¢ zwiazkow fenolowych w piwach
ciemnych zaleza od doboru szczepéw drozdzy piwowarskich stosowanych
w procesie fermentacji

Profil zwigzkow lotnych 1 wlasciwosci sensoryczne piw sg ksztaltowane
przez kompozycj¢ zasypu stodowego oraz dobor szczepdéw drozdzy

piwowarskich zastosowanych w procesie fermentacji



4. Postepowanie eksperymentalne

Na schemacie 1. przedstawiony zostal szczegotowy zakres prac badawczych

przeprowadzonych w ramach realizacji pracy doktorskiej. Cele i zalozenia badawcze

zostaly zrealizowane poprzez analize i interpretacje danych pozyskanych

w przeprowadzonych doswiadczeniach. Cykl badawczy obejmowal cztery etapy

zakonczone publikacjag wynikow prac eksperymentalnych w czasopismach z listy

Journal Citation Reports (JCR).

Etap 1: Okreslenie potencjatu wykorzystania stodow ciemnych i ziaren
zboz prazonych w procesie technologicznym pozyskiwania brzeczki
laboratoryjnej o0 zwigkszonym potencjale przeciwutleniajgcym

» Wytworzenie metoda infuzyjng serii brzeczek ze stodu
pilznenskiego z dodatkiem wybranych ciemnych stodéw lub ziaren
zb0z prazowych

» Analiza profilu weglowodanowego brzeczek

* Okreslenie barwy oraz zawartosci 5-hydroksymetylofurfuralu

» Analiza ogolnej zawartosci zwiazkow fenolowych oraz aktywnosci
antyoksydacyjej brzeczek

Etap 2: Opracowanie receptury i technologii produkcji piwa ciemnego
0 wysokiej zawarto$ci zwigzkoéw biologicznie aktywnych

» Opracowanie technologii produckji piw ciemnych o wsokiej
zawarto$ci ksantohumolu

» Wytworzenie serii piw z zastosowaniem dodatku ciemnego stodu,
dekokcyjnej metody zacierania i techniki chmielenia na zimno

* Analiza profilu wegglowodanowego brzeczek i piw

» Ocena zawartosci etanolu i glicerolu w piwach

* Okreslenie zawartosci kasntohumolu i izoksantohumolu w piwach

* Okreslenie barwy oraz zawartosci 5-hydroksymetylofurfuralu w
brzeczkach i piwach

* Analiza ogolnej zawartosci zwigzkow fenolowych oraz aktywnosci
brzeczek i piw




Etap 3: Ocena wptywu doboru materiatu biologicznego na parametry
fizykochemiczne piw jasnych i ciemnych gornej i dolnej fermentacji

» Wytworzenie serii piw jasnych ze stodu pilznenskiego i ciemnych z
dodatkiem ciemnego stodu z zastosowaniem infuzyjnej metody
zacierania i fermentacji z udzialem wybranych szczepéw drozdzy
piwowarskich goérnej i dolnej fermentacji, w tym szczepoéw
niekonwencjonalnych

* Analiza profilu wegglowodanowego brzeczek i piw

« Ocena zawartos$ci etanolu i glicerolu w piwach

* Analiza ogdlnej zawarto$ci zwigzkoéw fenolowych oraz aktywnosci
antyoksydacyjej brzeczek i piw

* Ocena cech morfologicznych komoérek drozdzy za pomoca
analizatora Scepter Cell Counter

Etap 4: Badanie wptywu doboru materiatu biologicznego na profil
zwigzkow lotnych piw jasnych i ciemnych gérnej i dolnej fermentacji

» Wytworzenie serii piw jasnych ze stodu pilznenskiego i ciemnych z
dodatkiem ciemnego stodu ciemnego z zastosowaniem infuzyjnej
metody zacierania i fermentacji z udziatem wybranych szczepow
drozdzy piwowarskich gornej i dolnej fermentacji, w tym szczepow
niekonwencjonalnych

* Analiza piw za pomoca chromatografii gazowej

 Zaprojektowanie autorskiej ankiety oceny sensorycznej piw
ukierunkowanej na analiz¢ aromatéw W piwach

* Przeprowadzenie panelu sensorycznego

Schemat 1. Szczegoétowy zakres prac badawczych
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4.2. Model badawczy

Technologia wytwarzania piwa jest procesem ztozonym i obejmuje szereg operacji,
w tym dobor surowcow, zacieranie stodu, filtracje i wystadzanie zacieru, chmielenie
brzeczki oraz fermentacje¢. Koncepcja przeprowadzonych badan obejmowata analizg
rozwigzan technologicznych stosowanych na etapie zacierania i pozyskiwania brzeczki,
procesu chmielenia, w tym rowniez chmielenia metoda na zimno oraz fermentacji
z zastosowaniem drozdzy piwowarskich gornej i dolnej fermentacji celem otrzymania
piw o wysokim potencjale przeciwutleniajacym. W wyniku realizacji planu badawczego
pozyskano kompleksowe informacje o wptywie kompozycji surowcow i kluczowych
procesow technologicznych oraz doboru materiatu biologicznego na przebieg procesu

fermentacji 1 wyrozniki jakosciowe gotowych piw.

Etap 1: Okreslenie potencjatu wykorzystania stodow ciemnych 1 ziaren zbdz prazonych
w procesie technologicznym pozyskiwania brzeczki laboratoryjnej o zwigkszonym

potencjale przeciwutleniajagcym

Etap 2: Opracowanie receptury i technologii produkcji piwa ciemnego o wysokiej

zawartosci zwigzkow biologicznie aktywnych

Etap 3: Ocena wptywu doboru materiatu biologicznego na parametry fizykochemiczne

piw jasnych i1 ciemnych goérnej i dolnej fermentacji

Etap 4: Badanie wptywu doboru materiatu biologicznego na profil zwigzkow lotnych

piw jasnych i1 ciemnych goérnej 1 dolnej fermentacji
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4.3. Material badawczy

Material badawczy stanowily stody podstawowe, stody specjalne, prazone ziarna
zb6z, chmiele odmian goryczkowych i aromatycznych oraz drozdze gornej i dolnej
fermentacji. Charakterystyke wykorzystanego materiatu badawczego przedstawiono

w tabelach 1 - 3.

Tabela 1. Charakterystyka stodow zastosowanych w badaniach

Nazwa Barwa Producent
Stod podstawowy
Viking Malt, Strzegom,
Stod pilznenski 3-4,3EBC
Polska
Slody specjalne
Viking Malt, Strzegom,
Stod czekoladowy jasny 350 — 450 EBC
Polska
Viking Malt, Strzegom,
Stod czekoladowy ciemny 1100 - 1300 EBC
Polska
Thomas Fawcett &
Stod pszeniczny

czekoladowy

800 — 1000 EBC

Sons, Castleford,

Wielka Brytania

Prazone ziarna zboz

Jeczmien prazony

> 1000 EBC

Viking Malt, Strzegom,
Polska

Jeczmien brown

175 -200 EBC

Viking Malt, Strzegom,
Polska
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Tabela 2. Charakterystyka chmieli zastosowanych w badaniach

Odmiana Zawarto$¢ a-kwasow [%] Zroédlo

Twoj Browar, Wroctaw,
Marynka 8,8 Polska

Marxam, Krakow, Polska

Lubelski 5-6 Marxam, Krakoéw, Polska

Twoj Browar, Wroctaw,

Amarillo 8,8
Polska
Twoj Browar, Wroctaw,
Cascade 7,7
Polska
) Twoj Browar, Wroctaw,
Centennial 8,5
Polska
Twoj Browar, Wroctaw,
Galaxy 13,3
Polska
Tabela 3. Charakterystyka drozdzy zastosowanych w badaniach
Nazwa
Drozdze Typ Producent
handlowa
Saccharomyces . ~ : f
o Gornej fermentacji Safale S04 Fermentis, Lesafire,
cerevisiae Francja
Saccharomyces ) N Fermentis, Lesaffre,
_ Dolnej fermentacji | Saflager S23 )
pastorianus Francja
Saccharomyces _ - _
o Gornej fermentacji Voss kveik Lallemand, Kanada
cerevisiae
Saccharomyces
cerevisiae var. Gornej fermentacji Belle Saison Lallemand, Kanada
diastaticus




4.4,

Metody badawcze
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Tabela 4. Aparatura badawcza oraz metody analityczne zastosowane w celu realizacji

cyklu badan
Zastosowanie / Badany
Aparatura Metoda
parametr
Mtynek do stodu DLFU
W20050 (VLB, Berlin, Srutowanie stodu -
Niemcy)

Zaciernica laboratoryjna
typu LB-12 (VLB,

Berlin, Niemcy)

Prowadzenie procesu
zacierania infuzyjnego
stodu w kontrolowanych
warunkach temperatury
celem pozyskania

brzeczek

Wiréwka laboratoryjna
MPW-351R (MPW
MED. INSTRUMENTS,

Warszawa, Polska)

Oddzielenie biomasy
drozdzy od podtoza

fermentacyjnego

Wytrzasarka
laboratoryjna 358A
(Elpin Plus, Lubawa,
Polska)

Odgazowanie piw

Kolumienki Strata C18-
E, 500 mg /6 mL
(Phenomenex, Torrance,
USA)

Ekstrakcja do fazy stalej
(SPE) poprzedzajaca
chromatograficzng
analize
prenyloflawonoidow
(ksantohumolu i

izoksantohumolu)

Ekstrakcja do fazy stalej
(SPE)
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(Mettler Toledo,
Columbus, USA)

Gestosciomierz
oscylacyjny 30PX Pomiar zawartosci
Ekstrakt
(Mettler Toledo, ekstraktu
Columbus, USA)
pH-metr MP 240
Warto$¢ pH Pomiar pH

Gestosciomierz
oscylacyjny z
analizatorem piwa DMA
450M (Anton Paar, Graz,
Austria)

stopien odfermentowania

Gestos¢, ekstrakt
rzeczywisty i pozorny,
ekstrakt brzeczki,

rzeczywisty i pozorny

(ADF i RDF), barwa
brzeczki, kalorycznos¢,

zawartos¢ etanolu

Spektroskopia w zakresie

bliskiej podczerwieni

Wysokosprawny
chromatograf cieczowy
(HPLC) Shimadzu
Prominence LC-20DP
(Shimadzu, Kyoto,
Japan) wyposazony w
detektor
refraktometryczny

Shimadzu RID-10A

oraz kolumne Rezex
ROA-Organic Acid H+
column (300 x 7.8 mm)
(Phenomenex, Torrance,
USA)

Profil weglowodanowy
(zawarto$¢ glukozy,
maltozy, maltotriozy,
dekstryn), zawarto$¢

produktow fermentacji

(etanolu i glicerolu)

Wysokosprawna
chromatografia cieczowa

Wysokosprawny

Zawartosé 5-

hydroksymetylofurfuralu

chromatograf cieczowy

Wysokosprawna

chromatografia cieczowa
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(HPLC) Dionex (Thermo
Fischer Scientific,
Germering, Niemcy)
wyposazony w detektor
typu DAD (diode array
detector) UltiMate 3000,
pompe LPG-3400A,
autosampler EWPS-
300SI oraz kolumne
Cadenza CD-C18 (75 x
4.6 mm, 5 pm) (Imtakt,
Kyoto, Japan)

Wysokosprawny
chromatograf cieczowy
Waters 2690 (Millipore,

USA) wyposazony w
detektor typu DAD
Waters 996 (Millipore,
USA) oraz kolumng
Kinetex C-18 5u XB-
C18 100A (Phenomenex
Torrance, USA)

Zawartos¢
prenyloflawonoidéw
(ksantohumolu i

izoksantohumolu)

Wysokosprawna

chromatografia cieczowa

Chromatograf gazowy
GC-2010 Plus
(Shimadzu, Kyoto,
Japan) ze spektrometrem
mas GCMS-QP2010 SE
(Shimadzu, Kyoto,
Japan) wyposazony w
kolumng ZB-5 (30 m x
0,25 mm x 0,25 pm)

Profil zwiagzkow lotnych

Chromatografia gazowa
sprzezona ze
spektrometrig mas (GC-
MS)
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(Phenomenex, Torrance,
USA)

Spektrofotometr UV-
2401 PC (Shimadzu,
Kyoto, Japan)

Ogoblna zawarto$¢
zwiazkow fenolowych
metodg Folina-Ciocalteu
oraz aktywnos¢
przeciwutleniajgca
metoda badania
zdolnosci do redukcji
jonéw zelaza (FRAP),
metodg pomiaru
zdolno$ci neutralizacji
rodnika DPPH" i
kationorodnika ABTS™

Spektrofotometria UV-
VIS

Spektrofotometr
BECKMAN DU-650
UV-2401 PC (Shimadzu,
Kyoto, Japan)

Analiza poziomu

goryczki w piwie (IBU)

Spektrofotometria UV-
VIS

Spektrofotometr
Evolution 300
(ThermoScientofic,
Waltham, USA)

Analiza indeksu

brazowienia (BI)

Spektrofotometria UV-
VIS

Analizator komorek
Scepter Cell Counter
wyposazony w 40 pm
sensory (Merck,
Darmstadt, Niemcy)

Analiza cech
morfologicznych

drozdzy

Pomiar réznic napigé
elektrycznych w trakcie
przeptywu przez sensor

zawiesiny komorkowej
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5. Wykaz prac stanowigcych cykl publikacji wchodzacych w sklad rozprawy
doktorskiej

Gasior, J., Kawa-Rygielska, J. & Kucharska, A. Z. (2020). Carbohydrates profile,
polyphenols content and antioxidative properties of beer worts produced with different

dark malts varieties or roasted barley grains. Molecules, 25(17), p. 3882.

MEIN 140, IF 4,412

Paszkot, J., Kawa-Rygielska, J. & Aniot, M. (2021). Properties of Dry Hopped Dark
Beers with High Xanthohumol Content. Antioxidants, 10(5), p.763.

MEIN 100, IF 7,675

Paszkot, J., Kawa-Rygielska, J. (2022). Yeast Strains and Wort Color as Factors
Affecting Effects of the Ethanol Fermentation Process. Molecules, 27, 3971.

MEIN 140, IF 4,6

Paszkot, J., Gasinski, A. & Kawa-Rygielska, J. (2023). Evaluation of volatile
compound profiles and sensory properties of dark and pale beers fermented with

different strains of brewing yeast. Scientific Reports, 13(1), 6725.

MEIN 140, IF 4,6

Sumaryczna ilo§¢ punktéw Ministerstwa Edukacji i Nauki wynosi: 520

Sumaryczny Impact Factor wynosi: 21,287
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6. Omodwienie publikacji wchodzacych w sklad rozprawy doktorskiej

Cykl prac badawczych stanowi opracowanie technologii produkcji piwa ciemnego
o wysokim potencjale antyoksydacyjnym, uwzgledniajacy etapy technologiczne i ich
wplyw na sktad i parametry technologiczne brzeczek i piw. W badaniach szczegodlna
uwaga zostala poswiecona kluczowym dla  ksztaltowania  wlasciwosci
przeciwutleniajgcych etapom procesu technologicznego: projektowaniu sktadu zasypu
stodowego (publikacja 1), procesowi chmiclenia z uwzglednieniem chmielenia
technikg na zimno (publikacja 2), jak rowniez procesowi fermentacji z udziatem
szczepow drozdzy piwowarskich o odmiennej charakterystyce (publikacja 3 i 4).
W tym rozdziale przedstawione zostaly najwazniejsze wyniki uzyskane w ramach
przeprowadzonych badan. Publikacje omawiane sg chronologicznie, w kolejnosci

ukazywania si¢ w czasopismach.
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Publikacja 1: Carbohydrates profile, polyphenols content and antioxidative properties

of beer worts produced with different dark malts varieties or roasted barley grains

Przedmiotem badan bylo okreslenie wplywu stosowania stodéw ciemnych
i ziaren zbo6z prazonych na jakos$¢ brzeczki piwowarskiej. Model doswiadczalny
obejmowal ocen¢ profilu weglowodanowego, zawartosci zwigzkow fenolowych,
wlasciwosci  przeciwutleniajagcych, poziomu brgzowienia oraz  zawarto$ci
5-hydroksymetylofurfuralu w brzeczkach wytworzonych z dodatkiem ciemnych stodow
lub ziaren zbdz prazonych. Wyrdzniajagcym elementem badan byla analiza jakoSci
brzeczki, ktorej sktad ma kluczowy wplyw na przebieg procesu fermentacji

1 wlasciwosci przeciwutleniajace piwa.

Materiat badawczy stanowity brzeczki pozyskane w wyniku filtracji zacierow
wytworzonych z 90% stodu jeczmiennego typu pilznenskiego oraz dodatku 10%
wybranego stodu ciemnego (czekoladowego jasnego - CJ, czekoladowego ciemnego -
CC, pszenicznego czekoladowego - PC) lub prazonego ziarna zbo6z (jeczmienia
prazonego - JP oraz jeczmienia brown - JB) oraz brzeczki pozyskane w wyniku filtracji
zacierow wytworzonych z 60 - 80% stodu jgczmiennego typu pilznenskiego oraz 20 —
40 % stodu czekoladowego ciemnego (CC20, CC25, CC30, CC35, CC40). W procesie
wytwarzania brzeczek zastosowano nastgpujace parametry: 52°C przez 10 min, 63°C
przez 40 min, 72°C przez 30 min oraz 78°C przez 10 min mash out. Zaciery poddano
filtracji uzyskujac brzeczki. Probe kontrolng (P) stanowila brzeczka sporzadzona
w analogicznych warunkach ze 100% slodu jeczmiennego typu pilznenskiego.

Zawartos¢ ekstraktu w brzeczkach ustalono na 12°BX.

Przeprowadzone badania wykazaly, ze gldéwnymi weglowodanami brzeczek
byty: maltoza (51,8 — 55,71 %), maltotrioza (13,9 — 14,64%), dekstryny (24,91 —
28,90%) i glukoza (0,77 — 6,80 %). Wyniki te potwierdzajg inni autorzy (Coghe i wsp.
2005, Briggs i wsp. 2004). Wykazano, ze brzeczki wytworzone z 10% udziatem roznych
stodéw ciemnych lub prazonych ziaren réznity si¢ pod wzgledem zawartosci: maltozy,
dekstryn, maltotriozy i glukozy. W wyniku dodatku ciemnych stodéw lub ziaren zbdz
prazonych zawarto§¢ maltozy obnizata si¢ (CJ, CC, PC, JB) lub pozostawata bez zmian

(JP). Zawartos¢ dekstryn byta wyzsza w poréwnaniu do proby kontrolnej w probach
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CC, JP1JB, anizsza w CJ 1 PC. Okres$lono rowniez, ze wraz ze wzrostem udziatu stodu
ciemnego w zasypie (w zakresie 20 — 40%) obnizala si¢ zawartos¢ maltozy
i maltotriozy, a zawarto$¢ dekstryn w brzeczkach rosta. Sposrod analizowanych
weglowodandw, maltoza, maltotrioza i glukoza sg cukrami ulegajacymi fermentacji
z udzialem drozdzy S. cerevisiae. Dekstryny nie sg fermentowane przez klasyczne
szczepy drozdzy piwowarskich (Walker i Stewart 2016). Najwyzsza zawartoscia
cukrow fermentowanych przez S. cerevisiae w brzeczkach cechowata si¢ proba JP,
kolejno proba kontrolna P i JB. Brzeczki JP i JB byly wytworzone z zastosowaniem
niestodowanych, prazonych ziaren zb6z. Wyniki wskazuja, ze stosowanie
niestodowanych ziaren zboz prazonych w mniejszym stopniu wptywato na zawartos¢
cukréw fermentujacych w brzeczce w porownaniu do stosowania stodow ciemnych.
W serii prob wytworzonych z dodatkiem 20 — 40 % stodu czekoladowego ciemnego
zaobserwowano obnizenie zawartosci cukréw fermentowanych przez klasyczne
szczepy drozdzy piwowarskich w poréwnaniu do proby kontrolnej. Wyniki badan
Coghe 1 wsp. (2005) potwierdzajg, ze dodatek 10% stodow ciemnych nie powoduje
znaczacych zmian w profilu weglowodanowym brzeczki, ale moze mie¢ niekorzystny
wplyw na proces fermentacji etanolowej, prowadzac do obnizenia stopnia

odfermentowania i zawarto$ci etanolu w piwach.

Miarg zawartosci produktow reakcji Maillarda w probach byt indeks bragzowienia
(BI) oraz zawartos¢ 5-hydroksymetylofurfuralu (5-HMF). Brzeczki réznily sie pod
wzgledem BI w zalezno$ci od zastosowanego typu slodu ciemnego lub prazonych
ziaren, jak rowniez ich dawki. Préba kontrolna charakteryzowata si¢ wartos$cig indeksu
brazowienia 0,62 AU i zawartoscig S-HMF 0,66 mg/L. Brzeczki z dodatkiem ciemnych
stodow wykazywaty znaczaco wyzszy Bl (1,05 — 17,77 AU) i zawartos¢ 5-HMF (5,54
— 91,94 mg/L). Ponadto zaobserwowano, ze wraz ze wzrostem intensywnosci barwy
(Bl) wzrastata zawartos¢ dekstryn oraz 5-HMF, a obnizata si¢ zawarto$¢ maltozy

I maltotriozy w brzeczkach.

Brzeczki poddano réwniez analizie ogdlnej zawartosci zwigzkéw fenolowych
metodg Folina — Ciocalteu (TPC), zdolnosci do redukcji jonow zelaza FRAP (ang. ferric

reducing antioxidant power) oraz aktywnos$ci przeciwutleniajacej ABTS™ [2,2’-
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azobis(3-etylobenzotiazolino-6-sulfonian)].  Zawarto$¢  zwigzkow  fenolowych
w brzeczkach z dodatkiem wybranego stodu ciemnego lub ziaren prazonych wynosita
176,02 — 922,32 mg GAE/L i byta wyzsza od zawartosci w probie kontrolnej (192,58
mg GAE/L) dla wszystkich brzeczek ciemnych poza JB. Analiza korelacji wykazata, ze
wraz ze wzrostem ogolnej zawartoSci zwigzkow fenolowych wzrastala aktywnos¢
przeciwutleniajaca okreslona zaro6wno metodg FRAP, jak i ABTS™. Zaobserwowano
rowniez zwigzek pomiedzy TPC, ABTS™ i FRAP, a poziomem brgzowienia brzeczek
1 zawarto$cig 5-HMF. Wykazano, ze TPC wzrastata wraz ze wzrastajagcg wartoscig Bl
I 5-HMF. Oznacza to, ze dodatek ciemnych stodow byt przyczyng wzrostu zawartosci

zwigzkoéw fenolowych jak rowniez aktywnosci przeciwutleniajacej brzeczek.

Osiggnieciem naukowym badan przedstawianych w publikacji jest
wskazanie zmian w parametrach technologicznych i wlasciwosciach
przeciwutleniajacych brzeczek piwowarskich spowodowanych dodatkiem
ciemnych slodow lub ziaren zbéz prazonych. W wyniku przeprowadzonych badan
okreslono, ze zastosowanie ciemnych stodow lub prazonych ziaren zb6z w dawce 10%
pozwolito na zwigkszenie zawartoSci zwigzkow fenolowych 1 potencjatu
przeciwutleniajacego brzeczek. Sposrod brzeczek sporzadzonych z 10% dodatkiem
stodu ciemnego lub prazonego ziarna zb6z, najwyzsza ogolng zawartoscig zwigzkow
fenolowych 1 aktywnos$cia przeciwutleniajaca charakteryzowaty si¢ brzeczki
wytworzone z dodatkiem stodu czekoladowego ciemnego i jgczmienia prazonego. Wraz
ze zwigkszajacym sie udzialem stodu ciemnego z skladzie zasypu stodowego
zaobserwowano obnizenie zawarto$ci maltozy, maltotriozy i1 glukozy w profilu
weglowodanowym brzeczki, jak rowniez wzrost wartosci indeksu brgzowienia,
zawartosci 5-hydroksymetylofurfuralu, ogélnej zawartosci zwigzkéw fenolowych oraz
aktywnos$ci przeciwutleniajacej. Na podstawie analizy profilu weglowodanowego,
ogolnej zawartosci zwigzkow fenolowych oraz aktywnosci przeciwutleniajacej
brzeczek jako material badawczy do kolejnego etapu badan wytypowano brzeczke

wytworzong z dodatkiem 10% stodu czekoladowego ciemnego.
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Publikacja 2: Properties of Dry Hopped Dark Beers with High Xanthohumol Content

Celem badan bylo okreslenie wplywu procesu technologicznego na
wlasciwosci  przeciwutleniajace piw ciemnych o wysokiej zawartosci
ksantohumolu. Badania obejmowaly zaprojektowanie receptury i technologii
produkcji piwa ciemnego pozwalajacej na uzysk wysokiej zawarto$ci zwigzkow
fenolowych, ze szczegdlnym uwzglednieniem wybranych prenyloflawonoidow
chmielu. Analizie poddano zawarto$¢ etanolu, ekstraktu rzeczywistego i pozornego,
stopien odfermentowania, gestos¢, poziom goryczki, profil weglowodanowy (zawarto$¢
maltozy, maltotriozy, glukozy i dekstryn), zawartos¢ glicerolu, zawartos¢ ksantohumolu
I izoksantohumolu, barwe, zawartos¢ 5-hydroksymetylofurfuralu, ogoélng zawartos¢

zwigzkow fenolowych oraz aktywnos¢ przeciwutleniajacg (FRAP 1 ABTS™).

Materiat doswiadczalny stanowily brzeczki i1 piwa ciemne. Receptura
1 technologia produkcji zostata opracowana pod katem celem uzyskania piw
o podwyzszonej zawartosci ksantohumolu i aktywnosci przeciwutleniajacej. Zacier
ztozony z 90% stodu jeczmiennego typu pilznenskiego oraz 10% stodu czekoladowego
ciemnego. Otrzymang w wyniku filtracji zacieru brzeczke nachmielono
z zastosowaniem chmielu goryczkowego Marynka (1,2 g/L, 60 min, 100°C), nastepnie
podzielono na 4 proby 1 kazdg z nich nachmiclono jedng z odmian chmieli
aromatycznych: Amarillo, Cascade, Centenial lub Galaxy (2,5 g/L, 10 min, 100°C).
Nachmielone brzeczki schtodzono i inokulowano uprzednio rehydratowang biomasa
drozdzy piwowarskich gornej fermentacji Saccharomyces cerevisiae S04. Fermentacje
prowadzono przez 7 dni w temperaturze 18°C. Nastepnie brzeczki zlano znad osadu
drozdzowego do sterylnych fermentorow, chmielono na zimno (2,5 g/L) i poddano
dofermentowaniu przez kolejne 7 dni w temperaturze 18°C. Nastepnie piwa przelano do
butelek i poddano refermentacji. Lezakowanie prowadzono przez 28 dni w temperaturze
4°C. Proby do analiz pobierano po nastgpujagcych etapach technologicznych:

chmieleniu, fermentacji, dofermentowaniu i lezakowaniu.

Na podstawie przeprowadzonych badan okreslono, ze wytworzone piwa nie
roznily si¢ pod wzglgdem zawartosci etanolu, ktora wynosita 5,37 — 5,49 % v/v.

Zblizona zawarto$¢ etanolu, poziom odfermentowania 1 gesto$¢ piw wynikaly z uzycia
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w procesie tej samej brzeczki, ktorej zawarto$¢ ekstraktu wynosita 12,31 — 12,61 %
w/w. Goryczka piw roznita si¢ pomigdzy wariantami piw chmielonych réznymi
odmianami chmielu i wynosita 55,45 — 75,22 IBU (ang. International Brewery Unit).
Nachmielone brzeczki réznily sie rowniez zawarto$cig maltozy (49,21 — 58,02 g/L),
dekstryn (30,68 — 46,85 g/L), maltotriozy (12,06 — 15,13 g/L) i glukozy (6,53 — 8,34
g/L). Proces fermentacji doprowadzit do obnizenia zawarto$ci maltozy (0,34 — 0,36
g/L), maltotriozy (4,51 — 5,31 g/L) i calkowitego wykorzystania glukozy. Badania
wykazaly, ze zastosowany szczep drozdzy S. cerevisiae S04 wykorzystywat w procesie
fermentacji glukoze, maltoze 1 maltotriozg. Zdolno§¢ do wykorzystania tych
weglowodanow przez drozdze gornej fermentacji S. cerevisiae potwierdzaja badania
innych autorow (Walker i Stewart 2016). Dekstryny nie zostaly wykorzystane w
procesie fermentacji etanolowej przeprowadzonej z zastosowaniem wybranego szczepu
drozdzy S. cerevisiae S04. Zawartos¢ maltozy w piwach po fermentacji,
dofermentowaniu 1 lezakowaniu nie rdéznita si¢. Po dofermentowaniu wsrod
weglowodanow dominowaty dekstryny (34,22 — 44,24 g/L). W gotowych piwach
wykazano zawartos¢ maltozy (0,14 — 0,46 g/L), maltotriozy (0 — 1,39 g/L), glukozy (0
— 0,84 g/L) i dekstryn (33,58 — 42,56 g/L). Ponadto na tym etapie technologicznym
zaobserwowano rowniez obnizenie zawarto$ci dekstryn w probach piw ciemnych
chmielonych odmianami Cascade i Centennial. Przyczyna tego zjawiska moze by¢
aktywno$¢ enzymow chmielu dawkowanego technikg na zimno po fermentacji gtownej
do piwa (Kirkpatrick i wsp. 2018). Zawartos¢ glicerolu, ktory jest gldwnym produktem
ubocznym fermentacji zmieniata si¢ w trakcie kolejnych etapow fermentacji
i w gotowym piwie wynosita 2,74 — 3,03 g/L. Biosynteza glicerolu przez S. cerevisiae
zalezy od temperatury procesu fermentacji, wykorzystanego szczepu drozdzy
piwowarskich, zawartosci ekstraktu w fermentujacej brzeczce, ilosci i rodzaju zrodia

azotu, warto$ci pH, zawartos$ci SOz 1 tlenu w podtozu hodowlanym (Zhao 2015).

Brzeczki i piwa ciemne zostaty poddane analizie ogoélnej zawarto$ci zwigzkow
fenolowych, wiasciwosci przeciwutleniajacych (FRAP i ABTS™) oraz zawartosci
ksantohumolu oraz izoksantohumolu. Na podstawie otrzymanych wynikéw wykazano,
ze zastosowanie réznych odmian chmieli prowadzi do uzyskania piw roéznigcych si¢

0g6lng zawarto$cig zwigzkow fenolowych (371,51 — 475,05 mg GAE/L), zdolnoscig do
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redukcji jonéw zelaza (3,64 — 4,88 mmol TE/L) oraz pojemnos$cig przeciwutleniajgca
ABTS™ (1,18 — 1,43 mmol TE/L). Podczas procesu technologicznego w wigkszosci piw
zaobserwowano wzrost ogélnej zawarto$ci zwigzkow fenolowych po chmieleniu
brzeczki, fermentacji i dofermentowaniu oraz obnizenie zawarto$ci po lezakowaniu.
Zdolnos¢ do redukceji jonow zelaza rosta wraz z przebiegiem kolejnych etapodw procesu
technologicznego, a dla gotowych piw wynosita 3,64 — 4,88 mmol TE/L. Z kolei wzrost
pojemnosci przeciwutleniajacej ABTS ™ obserwowano po chmieleniu (1,53 — 1,76 mmol
TE/L), natomiast po lezakowaniu zanotowano obnizenie si¢ jej wartosci (1,18 — 1,43
mmol TE/L). Badane piwa charakteryzowaly si¢ wyrozniajaco wysoka zawartoscia
ksantohumolu (1,77 — 1,93 mg/L) i izoksantohumolu (0,85 — 1,19 mg/L) w poréwnaniu
do piw badanych przez innych autoréow (Stevens 1 wsp. 1999, Tobota i wsp. 2014).
Wysoka zawarto$¢ ksantohumolu w badanych piwach ciemnych moze by¢ zwigzana
z wykorzystaniem w procesie produkcji stodow ciemnych bogatych w melanoidyny,
ktore moga ogranicza¢ proces izomeryzacji ksantohumolu do izoksantohumolu
(Magalhaes i wsp. 2008, Wunderlich i wsp. 2005, Karabin i wsp. 2013). Piwo chmielone
odmiang chmielu Galaxy mialo najwyzsza ogolng zawarto$¢ zwigzkéw fenolowych,
aktywnos¢ przeciwutleniajaca FRAP i ABTS™ oraz zawieralo najwigcej ksantohumolu
I izoksantohumolu Roéznice w zwartosci zwiazkéw fenolowych 1 aktywnosci
przeciwutleniajacej, jak rowniez w zawartosci ksantohumolu w réznych odmianach

chmielu potwierdzaja inni autorzy (Kowalczyk i wsp. 2013, Stevens i Page 2004).

Analizie poddano réwniez barwe brzeczek 1 piw oraz zawarto$¢
5-hydroksymetylofurfuralu. Gotowanie brzeczki byto przyczyng wzrostu intensywnosci
barwy (133,43 EBC), natomiast fermentacja prowadzita do jej obnizenia (107,10 —
132,08 EBC). W rezultacie gotowe piwa charakteryzowaly si¢ barwa 110,40 — 130,05
EBC. Zawarto$¢ 5-hydroksymetylofurfuralu wykazano jedynie w brzeczkach (18,92 —
26,72 mg/L). Po procesie fermentacji gtdownej zaobserwowano catkowita redukcje
zawartosci 5-hydroksymetylofurfuralu w piwach. 5-HMF w procesie fermentacji
zostaje prawdopodobnie przeksztatcony do alkoholu 5-hydroksymetylofurfurylowego
(Viegas i wsp. 2018).



39

Wytworzone w ramach do$§wiadczenia piwa ciemne réznily si¢ zawarto$cig
zwigzkow fenolowych 1 potencjatem przeciwutleniajagcym w zaleznosci od
zastosowanej w procesie technologicznym odmiany chmielu. Ogodlna zawartosé
zwigzkow fenolowych w piwach rosta po fermentacji glownej i dofermentowaniu,
a obnizala si¢ po lezakowaniu. Z Kkolei zdolno$¢ piw do redukcji jondw zelaza rosta
z kazdym kolejnym badanym etapem procesu technologicznego. Fermentacja
etanolowa prowadzita do zmian barwy piwa oraz byta przyczyna catkowitej redukcji
zawartos$ci 5-hydroksymetylofurfuralu. Wybrany materiat badawczy oraz zastosowana
technologia produkcji piwa pozwolity na uzyskanie piw o wyrdzniajaco wysokiej
zawartosci ksantohumolu i izoksantohumolu w poréwnaniu do piw komercyjnych oraz

piw wytworzonych klasycznymi metodami przez innych autorow.

Osiagnieciem naukowym badan przedstawionych w publikacji jest
okreslenie kluczowych etapow procesu technologicznego dla ksztaltowania
zawarto$ci zwigzkow fenolowych i potencjalu przeciwutleniajacego. Ponadto
uzyskane wyniki pozwolity na scharakteryzowanie wptywu procesu fermentacji
etanolowej na barwe piw i zawartos¢ 5-hydroksymetylofurfuralu. Ustalono, ze w trakcie
fermentacji obserwuje si¢ catkowita redukcje 5-hydroksymetylofurfuralu w piwach.
Udowodniono réowniez, ze dobor surowcoéOw, metody zacierania oraz chmielenia

pozwala na pozyskanie piw ciemnych o wysokiej zawartosci ksantohumolu.
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Publikacja 3: Yeast Strains and Wort Color as Factors Affecting Effects of the

Ethanol Fermentation Process

Celem badan byla analiza wplywu zastosowania ciemnych slodow oraz
doboru materialu biologicznego na efekty procesu fermentacji etanolowej piw.
Material badawczy stanowily brzeczki, brzeczki nachmielone, piwa wytworzone
z udzialem réznych szczepdw drozdzy piwowarskich, jak rowniez biomasa drozdzy
piwowarskich oddzielona po procesie fermentacji. Brzeczki zostaty uzyskane w wyniku
filtracji zacierow. Zastosowano nastepujgce parametry zacierania: 52°C przez 10 min,
63°C przez 40 min, 72°C przez 30 min i 78°C przez 10 min (mash out). Surowcem
w produkcji brzeczki jasnej byt stod pilznenski, ktory stanowit 100% zasypu stodowego.
Do produkcji brzeczki ciemnej uzyto 90% stodu pilznenskiego oraz 10% stodu
czekoladowego ciemnego. Po profesie filtracji przeprowadzono chmielenie brzeczek
chmielem goryczkowym Marynka (1 g/L, 60 min, 100°C) oraz chmielem aromatycznym
Lubelski (1 g/L, 10 min, 100°C). W procesic fermentacji zastosowano drozdze
piwowarskie dolnej fermentacji Saccharomyces pastorianus S23 (Saflager S-23),
drozdze gornej fermentacji Saccharomyces cerevisiae S04 (Safale S-04) oraz
niekonwencjonalne szczepy S. cerevisiae KV (Voss kveik) lub S. cerevisiae var.
diastaticus SA (Belle Saison). Proces fermentacji gtéwnej prowadzono przez 7 dni w
temperaturze optymalnej dla badanego szczepu drozdzy (S23 — 12°C, S04 — 18°C, KV
— 35°C, SA — 18°C). Nastegpnie piwa zlano znad osadu drozdzowego i poddano
dofermentowaniu przez kolejne 7 dni. Po procesie dofermentowania piwa
zabutelkowano z dodatkiem glukozy w celu przeprowadzenia refermentacji i wysycenia

dwutlenkiem wegla.

W wytworzonych brzeczkach okreslono zawarto§¢ dekstryn, maltozy,
maltotriozy i glukozy. Dodatek 10% stodu czekoladowego ciemnego W procesie
technologicznym produkcji brzeczki nie wptynat na zawarto$¢ maltotriozy (8,17 — 9,78
g/L), jak réwniez na calkowita zawarto$¢ zidentyfikowanych weglowodanow
w brzeczkach nachmielonych (64,91 — 69,11 g/L). Gotowe piwa nie roznily si¢ istotnie
statystycznie zawarto$cig maltozy (0 — 1 g/L), maltotriozy (0,85 — 1,84 g/L) i glukozy

(0 — 0,6 g/L). Badania potwierdzity zdolnos$¢ drozdzy S. cerevisiae var. diastaticus SA
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do wykorzystywania dekstryn. W piwach fermentowanych z zastosowaniem tego
szczepu drozdzy zanotowano obnizenie zawartosci dekstryn 0 50,8 — 59,0% w stosunku
do odpowiednich brzeczek nachmielonych. S. cerevisiae var. diastaticus wykazuja
aktywnos$¢ enzymu glukoamylazy, dzi¢ki czemu majg zdolnos¢ wykorzystywania

dekstryn w procesie fermentacji (Krogerus i Gibson 2020).

Zawarto$¢ etanolu w piwach wynosita 4,51 — 5,79% v/v. Poza etanolem
1 dwutlenkiem wegla w procesie fermentacji etanolowej powstaje szereg ubocznych
produktow fermentacji, wsrod ktorych dominuje glicerol (Walker i Stewart 2016).
Uzyskane piwa zawieralty 1,37 — 2,05 g¢/L glicerolu. Nie zaobserwowano
jednoznacznych tendencji obrazujacych wpltyw zastosowania ciemnych slodéw lub
szczepu drozdzy zastosowanego w procesie fermentacji na zawartos¢ glicerolu. Piwa
fermentowane przez S. cerevisiae var. diastaticus SA niezaleznie od zastosowania
ciemnych stodow w produkcji brzeczki charakteryzowaty si¢ najwyzszg zawartoscig
etanolu (5,60 —5,79% v/v), rzeczywistym i pozornym stopniem odfermentowania (RDF
78,56 — 80,36% w/w, ADF 95,89 — 98,26% wi/w) i najnizsza zawarto$cig ekstraktu
rzeczywistego (2,23 — 2,58% w/w) i pozornego (0,19 — 0,47% w/w). Badane piwa jasne
wykazaly wyzszy rzeczywisty i pozorny stopien odfermentowania niz piwa ciemne
fermentowane z uzyciem tego samego szczepu drozdzy. Moze to by¢ rezultatem
hamujacego wpltywu zwigzkéw Maillarda na procesy metaboliczne drozdzy, jak
réwniez réznic w zdolnosci komorek drozdzy roznych szczepow do flokulacji (Dack

I wsp. 2017, Stewart 2018).

Przeprowadzone badania pozwolilty rowniez okresli¢, w jaki sposob stosowanie
ciemnych stodow oraz zastosowany szczep drozdzy piwowarskich wplywaja na ogdlng
zawarto$¢ zwigzkoéw fenolowych oraz aktywno$¢ przeciwutleniajacg (FRAP, ABTS™,
DPPH"). Zaréwno brzeczki jak i piwa wytworzone z dodatkiem ciemnego stodu
charakteryzowaly si¢ wyzsza ogdlng zawartoscig zwigzkow fenolowych (TPC) oraz
potencjatem przeciwutleniajacym FRAP i ABTS™ niz odpowiadajgce im brzeczki
I piwa jasne. Ciemne piwa charakteryzowaty si¢ wyzsza wartoscig TPC 0 20,62 —
123,96%, zdolnoscig do redukcji jonow zelaza o 60,19 — 69,07%, a pojemnoScig
antyoksydacyjng ABTS™ 0 39,86 —48,80% wyzsza w porownaniu do odpowiednich piw
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jasnych. Ponadto charakteryzowaly si¢ wyzsza aktywnoS$cig przeciwutleniajgca,
co prawdopodobnie wynika z zawartosci melanoidyn — zwigzkow powstajacych
w koncowym etapie reakcji Maillarda o udowodnionej aktywnos$ci antyoksydacyjnej
(Carvalho i wsp. 2014, Echavarria i wsp. 2012, Martinez-Gomez i wsp. 2020). Proces
fermentacji prowadzi do zmian w zawartosci zwigzkow fenolowych, a w rezultacie
réwniez wlasciwosci przeciwutleniajacych piw m.in. ze wzgledu na zjawisko adsorpcji
polifenoli na powierzchni $cian komoérkowych komorek drozdzowych (Carvalho i wsp.
2022). Budowa s$ciany komoérkowej zmienia si¢ w trakcie cyklu zyciowego komorki
drozdzowej. Wraz z pogarszajacym si¢ stanem fizjologicznym biomasy, zmniejsza si¢
udzial mannoprotein w strukturze $cian komorkowych, co moze by¢ przyczyna
zmniejszenia zdolno$ci komorki do adsorpcji zwigzkow fenolowych na powierzchni
i uwolnienia tych zwigzkow do podloza pod koniec procesu fermentacji. Szczepy
drozdzy r6znig si¢ sktadem S$ciany komorkowej, co z kolei moze wplynaé na
zrdznicowanie zawartosci zwigzkow fenolowych i potencjatu przeciwutleniajacego piw

(Carvalho i wsp. 2022, Fumi i wsp. 2011, Leonard i wsp, 2021).

Biomas¢ pofermentacyjng drozdzy poddano badaniu za pomocg analizatora
komorek Scepter Cell Counter. Okreslono $rednig objetosé i srednice komorek. Ponadto
na podstawie danych literaturowych komorki drozdzy podzielono na cztery klasy
wielkosci: klasa I — komorki o $rednicy 3 — 4,5 um, klasa Il — komorki o $rednicy 4,6 —
8 um, klasa Il — komorki o $rednicy 8,1 — 15,0 um (Kawa-Rygielska 2012). Drozdze
S. cerevisiae S04 oraz S. pastorianus S23 charakteryzowaly si¢ najwicksza Srednica
sposrod badanych szczepow (5,86 — 6,0 um). Najmniejszy rozmiar komoérek byt
charakterystyczny dla drozdzy S. cerevisiae var. diastaticus SA. (4,13 — 4,5 um),
a najwickszym zroznicowaniem pomie¢dzy wielkoscig komorek po fermentacji piwa
jasnego i ciemnego charakteryzowaty si¢ drozdze S. cerevisiae KV (4,54 — 5,43 um),
gdzie komorki byly srednio niemal o 0,89 um wigksze po fermentacji brzeczki
wytworzonej z dodatkiem ciemnego stodu. Ponadto wykazano zréznicowanie pomiedzy
rozkladem wielkosci komorek zaréwno pomiedzy Szczepami drozdzy, jak i te
wynikajace z réznego sktadu podtoza fermentacyjnego. Wiekszo$¢ komorek drozdzy
w biomasie pofermentacyjnej S. cerevisiae S04 i S. pastorianus S23 charakteryzowata

si¢ $rednica 4,6 — 8 um. Nie wykazano znaczacego zréznicowania w wielko$ci komorek
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w przypadku zastosowania ciemnych stodéw w technologii produkcji. Drozdze
S. cerevisiae var. diastaticus SA charakteryzowatly si¢ najwigkszym udziatem komorek
matych o s$rednicy 3 — 4,5 um (klasa ). Do tej klasy zaliczono az 80,96 — 84,90%
wszystkich analizowanych komorek tego szczepu. Z kolei S. cerevisiae KV wykazaty
najwigksze zroznicowanie W wielkosci komorek w zaleznosci od dodatku stodu
ciemnego w procesie wytwarzania brzeczki. W przypadku biomasy drozdzy KV
zanotowano wyrazny wyzszy udziat komorek w klasie | (3 — 4,5 pum) w biomasie po
fermentacji brzeczki ciemnej w poréwnaniu do biomasy po fermentacji brzeczki jasne;j.
Rozmiar komoérek drozdzy po procesie fermentacji zalezny byt od zawartosci etanolu
w podiozu. Wraz ze wzrostem jego zawarto$ci obserwuje si¢ zwigkszenie udzialu
mniejszych komorek w biomasie. Potwierdzaja to badania Foszczynskiej i wsp. (2013).
Co wigcej na rozmiar komoérek wplyw moze mie¢ rowniez zawarto$¢ zwigzkow reakeji
Maillarda, ktére dziatajg hamujaco na wzrost i rozw6j komoérek m.in. przez wiasciwosci
chelatujgce jony magnezu, ktore sg istotne z perspektywy metabolizmu komorki

drozdzowej (Dack i wsp. 2017).

Innowacyjnym elementem pracy bylo wykazanie roéznic w przebiegu
i efektach procesu fermentacji brzeczek w zalezno$ci od zastosowania dodatku
slodu ciemnego w technologii produkcji oraz doboru szczepu drozdzy
piwowarskich. W wyniku przeprowadzonych badan wykazano, ze zastosowanie
ciemnych stodow w technologii produkcji brzeczki odgrywalo kluczowa role
w ksztattowaniu cech jakosciowych i technologicznych piwa. Brzeczki roéznity si¢ pod
wzgledem kompozycji weglowodandéw w zaleznosci od zasypu stodowego. Gtownymi
weglowodanami w brzeczkach i piwach byty dekstryny. Szczep drozdzy S. cerevisiae
var. diastaticus SA charakteryzowat si¢ zdolnoscia do wykorzystywania dekstryn, co
w rezultacie pozwolito na wytworzenie piwa o wysokim stopniu odfermentowania
i zawartosci etanolu. Wykazano, Zze zastosowanie stodow ciemnych powodowato
obnizenie stopnia odfermentowania piw, niezaleznie od szczepu drozdzy uzytego
w procesie fermentacji. Badane piwa ciemne charakteryzowaly si¢ wyzsza og6lna
zawarto$cig zwigzkow fenolowych oraz potencjalem przeciwutleniajagcym (FRAP
i ABTS™) niz piwa jasne. Ponadto okre$lono wplyw szczepu drozdzy zastosowanego

w procesie fermentacji na aktywnos$¢ antyoksydacyjng i zawarto$¢ zwigzkow
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fenolowych w piwach. Wykazano, ze w przypadku piwa ciemnego najwyzszg ogolng
zawartoscig zwigzkow fenolowych charakteryzowalo si¢ piwo fermentowane
z udzialem S. cerevisiae var. diastaticus SA, a w przypadku piwa jasnego — z udziatem
szczepu S. cerevisiae S04. Zastosowanie slodow ciemnych W recepturze zacieru
wplyneto rowniez na rozmiar komorek drozdzy w biomasie pofermentacyjnej,
powodujgc zmiany w wielko$ci komorek widoczne szczegdlniec w biomasie
S. cerevisiae KV. Ponadto zaobserwowano roznice w $rednicy komoérek drozdzy

piwowarskich roznych szczepow.
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Publikacja 4: Evaluation of volatile compound profiles and sensory properties of dark

and pale beers fermented with different strains of brewing yeast

Celem badan byla analiza wplywu zastosowania ciemnego slodu i réoznych
szczepow drozdzy piwowarskich gornej i dolnej fermentacji na profil zwigzkow
lotnych i wlasciwosci sensoryczne piw. Material badawczy stanowito osiem piw, w
tym cztery piwa jasne wytworzone ze 100% stodu jeczmiennego typu pilznenskiego
oraz cztery piwa ciemne wytworzone z 90% stodu jeczmiennego typu pilznenskiego
oraz 10% stodu czekoladowego ciemnego. Zacieranie stodu przeprowadzono w
nast¢pujgcych warunkach: 52°C przez 10 min, 63°C przez 40 min, 72°C przez 30 min
i 78°C przez 10 min (mash out). Brzeczki nachmielono z zastosowaniem chmielu
goryczkowego Marynka (1 g/L; 60 min, 100°C) oraz chmielu aromatycznego Lubelski
(1 g/L, 10 min, 100°C). Brzeczki jasne i ciemne zostaty poddane fermentacji z udziatem
drozdzy Saccharomyces pastorianus S23 (Saflager S-23), Saccharomyces cerevisiae
S04 (Safale S-04) oraz nieckonwencjonalnych w piwowarstwie szczepow S. cerevisiae
var. diastaticus SA (Belle Saison) oraz S. cerevisiae KV (Voss kveik). Fermentacje
glowng 1 dofermentowanie prowadzono W temperaturach optymalnych dla
zastosowanych szczepow drozdzy (S23 — 12°C, S04 — 18°C, KV - 35°C, SA — 18°C).
Piwa po dofermentowaniu zabutelkowano, poddano refermentacji i lezakowaniu (4°C
przez 28 dni). Profil zwiazkow lotnych analizowano metodg chromatografii gazowe;j z
detekcja ptomieniowo jonizacyjng (GC-FID) oraz chromatografii gazowej ze
spektrometrig masowg (GC-MS). Przeprowadzono rowniez analiz¢ sensoryczng piw z

zastosowaniem autorskiej ankiety zaprojektowanej na potrzeby doswiadczenia.

W badanych piwach zidentyfikowano 58 zwiazkow lotnych, w tym 16 alkoholi
wyzszych, 15 estrow, 9 aldehydow, 4 ketony, 1 kwas thuszczowy, 1 alkan i 1 dien.
Dominujgcg grupa zwigzkéw chemicznych w profilu zwigzkow lotnych wszystkich
badanych piw byly alkohole wyzsze (56,41 — 72,17%), nastgpnie estry (14,58 —
20,82%), aldehydy (8,35 — 20,52%), terpeny i terpenoidy (1,22 — 6,57%) oraz ketony
(0,42 — 1,00%). Zastosowany szczep drozdzy piwowarskich wptynat na catkowitg
zawarto$¢ zwigzkow lotnych (TV) w piwach. Najwyzszg TV charakteryzowaly si¢ piwa

fermentowane przez drozdze S. cerevisiae var. diastaticus SA (134,33 — 143,08 mg/L).
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Klasyczne piwa gornej fermentacji fermentowane przez szczep drozdzy S. cerevisiae
S04 charakteryzowaty si¢ nizszg TV (105,69 — 114,00 mg/L), a najmniej zwigzkoéw
lotnych zawieraly piwa dolnej fermentacji, fermentowane z uzyciem szczepu
S. pastorianus S23 (69,25 — 72,51 mg/L). Dodatek ciemnych stodow w produkcji
brzeczki miat istotny wptyw na zawarto$¢ estroéw w piwach fermentowanych z udziatem
S04 1 SA oraz terpendw 1 terpenoidow w piwach fermentowanych z udziatlem S04, S23
I KV. Piwa ciemne fermentowane przez S. cerevisiae S04 i S. cerevisiae var. diastaticus
SA zawieraly wigcej estrOw niz piwa jasne fermentowane z zastosowaniem tego samego
szczepu. Dack i wsp. (2017) wykazali, ze podczas fermentacji ciemnych brzeczek
drozdze wytwarzaja mniej estrOw niz podczas fermentacji brzeczek jasnych. Nizszg
synteze estroOw przypisali oni zmniejszeniu aktywnosci enzymow lub ekspresji gendw
zwigzanych z ich synteza podczas fermentacji brzeczek z dodatkiem stodéw ciemnych.
Wyniki naszych badan wskazuja, ze wptyw sktadu brzeczki, w tym zawartosci
zwigzkow Maillarda, na ilo§¢ wytwarzanych estrow podczas fermentacji moze by¢
zalezny od szczepu drozdzy uzytego w procesie fermentacji. Ponadto
zaobserwowaliSmy rowniez, ze piwa jasne fermentowane przez szczepy S04, S23 i KV
zawieraty wigcej zwigzkow z grupy terpenow i terpenoidow niz odpowiadajace im piwa
ciemne. Réznice w zawartosci terpenow 1 terpenoidow pomiedzy analizowanymi
piwami mogg wynika¢ z roznego potencjalu szczepoéw drozdzy do biotransformacji
terpendw oraz ich adsorpcji na powierzchni komorek (Jiang i wsp. 2023, Praet i wsp.
2012). Istotnym czynnikiem w ksztattowaniu profilu zwigzkow lotnych piw jest rowniez
temperatura fermentacji. Piwa fermentowane przez szczepy drozdzy o wyzszej
optymalnej temperaturze fermentacji, mialy wyzszg catkowita zawartos¢
zidentyfikowanych zwiazkoéw lotnych w porownaniu do piw dolnej fermentacji. Wyniki

te potwierdzaja Castro i wsp. (2022).

Sposrod zidentyfikowanych alkoholi wyzszych, niezaleznie od zastosowanego
szczepu drozdzy piwowarskich, dominujgcy byt 3-metylobutanol (11,46 — 37,52 mg/L),
2-metylopropan-1-ol (6,37 — 21,84 mg/L) i alkohol fenyloetylowy (4,93 — 20,15 mg/L).
W piwach ciemnych fermentowanych przez S04 i KV zaobserwowano wyzsza
zawarto$¢ alkoholi wyzszych niz w analogicznych piwach jasnych. Estrami

zidentyfikowanymi w najwickszym stezeniu byly: octan etylu (6,01 — 20,07 mg/L),
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octan fenyloetylu (1,81 — 7,03 mg/L), oktanian etylu (0,62 — 1,44 mg/L) i octan izoamylu
(0,54 — 1,05 mg/L). Z kolei sposrod aldehydow w najwigkszej ilosci wystepowaly:
furfural (2,60 — 7,77 mg/L), dekanal (1,79 — 5,61 mg/L), nonanal (1,42 — 2,79 mg/L)
i acetal dietylowy aldehydu octowego (0,56 — 2,23 mg/L). Wsrod ketonow najwigce;j
zidentyfikowano 6-metylo-5-hepten-2-onu (0,11 — 0,28 mg/L) i nerylacetonu (0,11 —
0,69 mg/L). We wszystkich badanych piwach wykryto linalool (1,15 — 2,05 mg/L),
citroneloll (0,32 — 1,38 mg/L) i nerolidol (0,03 — 0,12 mg/L), ktore naleza do grupy

terpenéw lub terpenoidow.

W ocenie sensorycznej piw uwzgledniono zaréwno podstawowe wyznaczniki
jakosciowe piwa takie jak: nasycenie, pienisto$¢, barwa, klarownos¢, goryczka, smak
stodki 1 kwasny oraz deskryptory aromatu: alkoholowy, stodowy, karmelowy, prazony,
chmielowy, owocowy, przyprawowy i trawiasty. Kluczowymi cechami réznicujacymi
badane piwa byla wyczuwalno$¢ smaku kwasnego oraz aromatu karmelowego
1 prazonego. Zaobserwowano, ze piwa fermentowane z zastosowaniem szczepu drozdzy
dolnej fermentacji S. pastorianus S23 charakteryzowaly si¢ najmniej kwasnym
smakiem sposrod badanych prob, opisywanym jako bardzo stabo wyczuwalny do
srednio wyczuwalnego. Dobrze wyczuwalnym smakiem kwasnym charakteryzowato
si¢ z kolei piwo jasne fermentowane przez S. cerevisiae S04 oraz piwa jasne i ciemne
fermentowane przez S. cerevisiae var. diastaticus SA oraz S. cerevisiae KV. Aromaty
karmelowy i prazony byty we wszystkich piwach ciemnych bardziej intensywny niz w
piwach jasnych. Interesujacych danych na temat zwigzku deskryptorow sensorycznych
piw z iloscig zidentyfikowanych zwigzkéw lotnych z poszczegolnych grup
chemicznych dostarczyta analiza korelacji. Wskazuje, ze wyczuwalno$¢ aromatu
alkoholowego byta skorelowana glownie z zawartosciag alkoholi wyzszych.
Zaobserwowano rowniez silng dodatnig korelacje pomigdzy zawartoscig alkoholi
wyzszych 1 estrow oraz silng ujemnag korelacj¢ pomiedzy zawarto$cig terpenow
i terpenoidow, a zawartoScig estrOw Oraz aromatem przyprawowym piw. Ponadto
analiza wykazata, ze wraz ze wzrostem intensywnosci smaku gorzkiego, obnizala si¢
wyczuwalno$¢ smaku kwasnego w piwach. Co wiecej, wraz ze wzrastajaca
intensywnos$cig barwy piwa wzrastala wyczuwalnos¢ zapachu karmelowego

i prazonego. W piwach o ciemniejszej barwie zaobserwowano rowniez zmniejszong
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wyczuwalno$¢ aromatow pochodzacych od chmielu: chmielowego, owocowego

I kwiatowego.

Osiagnieciem naukowym badan przedstawianych w publikacji jest
wskazanie kluczowych roznic w profilu zwigzkéw lotnych piw ciemnych i jasnych
fermentowanych z zastosowaniem roznych szczepow drozdzy piwowarskich gornej
i dolnej fermentacji, w tym niekonwencjonalnych drozdzy Saccharomyces
cerevisiae KV oraz Saccharomyces cerevisiae var. diastaticus SA. Piwa
fermentowane z przez drozdze goérnej fermentacji S. cerevisiae S04 oraz S. cerevisiae
var. diastaticus SA wykazywaly najwyzsza catkowita zawarto$¢ zwigzkoéw lotnych
sposrdod analizowanych piw, podczas gdy piwo dolnej fermentacji fermentowane przez
drozdze Saccharomyces pastorianus S23 — najnizszg. Dodatek ciemnego stodu nie
wpltynat na catkowita zawarto$¢ zwigzkéw lotnych w piwach, jednak spowodowat
istotne roznice w catkowitej zawartosci estrow w piwach fermentowanych przez
drozdze S. cerevisiae S04 oraz S. cerevisiae var. diastaticus SA oraz terpenow
i terpenoidow w piwach fermentowanych przez S. cerevisiae S04, S. pastorianus S23
oraz S. cerevisiae KV. Wickszy wplyw na profil zwiazkéw lotnych piw miat
zastosowany szczep drozdzy piwowarskich niz kompozycja zasypu stodowego.
Kluczowe roznice w profilu zwigzkéw lotnych piw fermentowanych z zastosowaniem
roznych szczepéw wynikaly z roznic w zawarto$ci estréw i1 alkoholi wyzszych. Piwa
fermentowane przez S. cerevisiae var. diastaticus SA charakteryzowaly sie¢
wyrozniajaco wysoka catkowita zawartoscig zwigzkow lotnych na tle innych badanych

szczepow drozdzy.
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7. Podsumowanie

W ramach badan przedstawionych w spdjnym tematycznie cyklu publikacji pod
tytutlem ,,Projektowanie piw ciemnych o wysokim potencjale przeciwutleniajacym”
przeprowadzono szereg doswiadczen, ktorych gtdownym celem byta ocena potencjalu
wykorzystania stodow ciemnych i prazonych ziaren zboz, dobor technologii
produkcji oraz szczepow drozdzy w ksztaltowaniu jakoSci piw ciemnych

o zwiekszonej zawartosci zwigzkow fenolowych i aktywnosci antyoksydacyjnej

Wyniki przeprowadzonych badan przedstawione zostaly w postaci czterech
spojnych tematycznie publikacji wydanych w czasopismach naukowych z listy Journal

Citation Reports.

W ramach wynikéw badan przedstawionych w publikacji 1. wskazano zmiany w
parametrach technologicznych, wlasciwosciach przeciwutleniajacych oraz zawartosci
zwigzkow fenolowych w brzeczkach piwowarskich zwigzanych z dodatkiem ciemnych
stodow lub ziaren zboz prazonych. Udowodniono, ze zastosowanie ciemnych stodow w
dawce 10% pozwala na zwigkszenie zawartosci zwigzkow fenolowych i potencjalu
przeciwutleniajacego brzeczek. Najwyzsza ogdlng zawartoscig zwigzkéw fenolowych
1 aktywnoS$cig przeciwutleniajgcg charakteryzowaly si¢ brzeczki wytworzone
z dodatkiem stodu czekoladowego ciemnego lub jeczmienia prazonego. Wykazano
réwniez, ze wraz ze zwickszajacym sie udziatem stodu ciemnego w zasypie obnizata si¢
zawarto$¢ cukréow wykorzystywanych przed drozdze piwowarskie Saccharomyces
cerevisiae w brzeczkach, jak réwniez wzrastata warto$¢ indeksu bragzowienia, zawarto$¢
5-hydroksymetylofurfuralu, ogélna zawartos¢ zwigzkow fenolowych oraz aktywnos$c¢

przeciwutleniajaca.

Osiaggnieciem naukowym przedstawionym W publikacji 2. bylo okreslenie
kluczowych etapow procesu technologicznego dla ksztattowania zawarto$ci zwigzkow
fenolowych i potencjalu przeciwutleniajgcego oraz zaprojektowanie receptury
1 technologii produkcji piwa ciemnego o wysokiej zawarto$ci ksantohumolu.
Zaobserwowano, ze zawarto$¢ zwigzkow fenolowych w piwie rosta na etapie
chmielenia i fermentacji, a obnizala si¢ po lezakowaniu. Ponadto udowodniono, ze

zastosowanie stodu czekoladowego ciemnego w dawce stanowiace] 10% zasypu
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stodowego, dekokcyjnej metody zacierania i chmielenia na zimno pozwolito na
uzyskanie piwa o wysokiej zawartosci ksantohumolu. Co wigcej, jego zawartos$¢
zalezala od zastosowanej w procesie technologicznym odmiany chmielu.
Zaobserwowano rowniez catkowita redukcj¢ 5-hydroksymetylofurfuralu w piwach
trakcie fermentacji z zastosowaniem drozdzy piwowarskich gornej fermentacji

S. cerevisiae S04.

Osiaggnieciem naukowym zaprezentowanym w publikacji 3. byto wykazanie réznic
w przebiegu i efektach procesu fermentacji brzeczek w zaleznoSci od zastosowania
dodatku stodu ciemnego w technologii produkcji oraz doboru szczepu drozdzy
piwowarskich. Okreslono, ze zastosowane szczepy drozdzy prowadzity do wytworzenia
piw o odmiennym profilu weglowodanowym, jak rowniez zawartosci etanolu
I glicerolu. Wykazano, ze dodatek stodéw ciemnych powodowat obnizenie stopnia
odfermentowania piw, niezaleznie od szczepu drozdzy uzytego w procesie fermentacji.
Okreslono réwniez, ze komorki drozdzy réznity si¢ $rednicg w zaleznosci od szczepu
jak 1 skladu podtoza fermentacyjnego. Udowodniono ponadto, ze piwa ciemne
charakteryzowaty si¢ wyzsza ogo6lng zawartoscig zwigzkéw fenolowych oraz

potencjatem przeciwutleniajacym (FRAP i ABTS™) w porownaniu do piw jasnych.

Dane zaprezentowane w publikacji 4. pozwalaja na zidentyfikowanie kluczowych
roznic w profilu zwigzkéw lotnych piw ciemnych 1 jasnych fermentowanych
z zastosowaniem roznych szczepdw drozdzy piwowarskich gornej 1 dolnej fermentacii,
w tym niekonwencjonalnych drozdzy S. cerevisiae KV oraz S. cerevisiae var.
diastaticus SA. Piwa fermentowane z przez drozdze gornej fermentacji Saccharomyces
cerevisiae S04 oraz S. cerevisiae var. diastaticus SA charakteryzowaly si¢ najwyzsza
catkowitg zawarto$¢ zwigzkow lotnych sposrod analizowanych piw, podczas gdy piwo
dolnej fermentacji fermentowane przez drozdze Saccharomyces pastorianus S23 —
najnizszg. Dodatek ciemnego stodu nie wptynat na catkowita zawartos¢ zwigzkow
lotnych w piwach, jednak spowodowat istotne réznice w catkowitej zawarto$ci estrow
w piwach fermentowanych przez drozdze S. cerevisiae S04 oraz S. cerevisiae var.
diastaticus SA oraz terpenéow i terpenoidow w piwach fermentowanych przez

S. cerevisiae S04, S. pastorianus S23 oraz S. cerevisiae KV. Wigkszy wptyw na profil
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zwiazkow lotnych piw mial szczep drozdzy piwowarskich niz kompozycja zasypu
stodowego. Kluczowe roznice w profilu zwigzkow lotnych piw fermentowanych
z zastosowaniem roznych szczepow wynikaty z réznic w zawartosci estrow i alkoholi
wyzszych. Piwa fermentowane przez S. cerevisiae var. diastaticus charakteryzowaty sie
wyrozniajgco wysoka catkowitg zawartoscig zwigzkow lotnych na tle innych badanych

szczepow drozdzy.

Powyzej przedstawiony cykl prac badawczych pozwala na potwierdzenie
potencjalu wykorzystania ciemnych stodow w produkcji piw o podwyzszonej
zawartosci zawigzkow fenolowych oraz aktywnosci przeciwutleniajacej. Ponadto
wyniki przeprowadzonych badan wskazaly rowniez na potencjal fermentacji jako
metody ksztattujacej zdolnosci antyoksydacyjne, zawartos¢ zwigzkow fenolowych, jak

rowniez cechy sensoryczne przez wplyw na profil zwiazkéw lotnych piw.
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8. WhnioskKi

VI.

Zastosowanie stodow ciemnych w technologii produkcji brzeczki pozwala na
otrzymanie piw 0 zwigkszonym potencjale przeciwutleniajacym, jak roéwniez
modyfikacje cech technologicznych 1 jako$ciowych piwa.

Dodatek 10% wybranych ciemnych stodow lub ziaren zb6z prazonych w procesie
technologicznym produkcji brzeczek piwowarskich spowodowal wzrost
potencjalu antyoksydacyjnego FRAP nawet o 68,3%, ABTS™ o 87,5% oraz
ogolnej zawartosci zwigzkow fenolowych nawet 0 110,0%.

Wraz ze wzrostem indeksu bragzowienia wzrastata ogdlna zawarto$¢ zwigzkow
fenolowych i aktywnos$¢ antyoksydacyjna FRAP i ABTS™ brzeczek. Najwyzsza
ogolna zawarto$cig zwigzkow fenolowych charakteryzowaty sie brzeczki
z dodatkiem stodu czekoladowego ciemnego lub jeczmienia prazonego.

Wraz ze wzrostem dawki slodu czekoladowego ciemnego w zakresie 20-40%
udziatu w zasypie stodowym wzrastala intensywnos¢ barwy brzeczek wyrazona
za  pomoca indeksu  brazowienia, rosta  zawarto$¢ dekstryn
I 5-hydroksymetylofurfuralu oraz obnizata si¢ zawarto$¢ maltozy i maltotriozy
w brzeczkach.

Ogolna zawarto$¢ zwigzkéw fenolowych w procesie technologicznym produkcji
piwa wzrastata na etapie chmielenia (7,7 — 22,9%), fermentacji (30,8 — 86,0%)
I dofermentowania (2,5 — 17,8%). Nastepnie, w wyniku lezakowania obnizala si¢
(35,1 -55,8%). W rezultacie procesu fermentacji prowadzonego z zastosowaniem
szczepu drozdzy Saccharomyces cerevisiae S04 uzyskano piwa, ktore
w zalezno$ci od odmiany chmielu zastosowanego w procesie technologicznym,
zawieraty 371,51 — 475,05 mgGAE/L zwiazkow fenolowych. Najwyzsza ogdlng
zawartoscig zwigzkéw fenolowych charakteryzowato si¢ piwo ciemne chmielone
z uzyciem odmiany Galaxy.

Zastosowanie stodu czekoladowego ciemnego w dawce stanowiacej 10% zasypu
stodowego, dekokcyjnej metody zacierania i chmielenia na zimno pozwolito na
uzyskanie piw o wysokiej zawarto$ci ksantohumolu (1,77 — 1,93 mg/L)

I izoksantohumolu (0,85 — 1,19 mg/L). Sposrod badanych chmieli, zastosowanie
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odmiany Galaxy pozwolito na uzyskanie najwyzszej zawarto$¢ ksantohumolu
I izoksantohumolu w piwach.

Okreslono, ze proces fermentacji etanolowej z zastosowaniem drozdzy
piwowarskich gornej fermentacji Saccharomyces cerevisiae S04 prowadzit do
catkowitej redukcji zawartosci 5- hydroksymetylofurfuralu w piwach.

Szczep drozdzy Saccharomyces cerevisiae var. diastaticus SA charakteryzowat
si¢ zdolnoscig do wykorzystywania dekstryn, co pozwolito na wytworzenie piwa
0 wysokim stopniu odfermentowania (78,56 — 80,36% w/w) i zawarto$ci etanolu
(5,6 — 5,79% v/v).

Badane piwa ciemne fermentowane z zastosowaniem roéznych szczepoéw drozdzy
piwowarskich charakteryzowaly si¢ wyzsza ogdlng zawarto$cig zwigzkéw
fenolowych (0 20,62 — 123,96%) oraz potencjatem przeciwutleniajgcym FRAP
(0 60,19 — 69,07%) i ABTS™ (0 39,86 — 48,80%) niz odpowiadajgce im piwa
jasne. Wykazano, ze w przypadku piwa ciemnego najwyzszg ogdlng zawartoscia
zwigzkéw fenolowych charakteryzowato sie¢ piwo fermentowane z udziatem
Saccharomyces cerevisiae var. diastaticus, a w przypadku piwa jasnego —
Z udziatem Saccharomyces cerevisiae S04.

Profil zwigzkéw lotnych w piwach tworzyty gtownie: alkohole (56,41-72,17%),
aldehydy (8,35-20,52%), estry (14,58-20,82%), terpeny i terpenoidy (1,22—
6,57%), a kompozycja zwigzkow byta zalezna gltownie od szczepu drozdzy
zastosowanego w procesie fermentacji. Piwa fermentowane przez drozdze
Saccharomyces cerevisiae var. diastaticus SA wykazywaty najwyzsza catkowita
zawartos¢ zwigzkow lotnych (134,33 — 143,08 mg/L). Dodatek ciemnego stodu
w kompozycji zasypu stodowego nie wptynat na catkowita zawarto$¢ zwigzkow
lotnych w piwach, jednak spowodowatl istotne rdéznice w zawarto$ci estrow
w piwach fermentowanych przez drozdze Saccharomyces cerevisiae S04 oraz
Saccharomyces cerevisiae var. diastaticus SA oraz terpenéw i terpenoidow
w piwach fermentowanych przez Saccharomyces cerevisiae S04, Saccharomyces
pastorianus S23 oraz Saccharomyces cerevisiae KV.

Kluczowymi réznicami w profilu cech sensorycznych piw byta wyczuwalnosé

smaku kwasnego oraz aromatu karmelowego 1 prazonego. Piwa gornej
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fermentacji byly bardziej kwasne niz piwa dolnej fermentacji. W piwach
ciemnych zaobserwowano wigksza wyczuwalno$¢ zapachu karmelowego,
stodowego i prazonego oraz obnizong wyczuwalno$¢ aromatow pochodzacych od

chmielu - chmielowego, owocowego i kwiatowego w poréwnaniu do piw jasnych.
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Abstract: The aim of this study was to assess the possibility of shaping properties of beers at the
stage of brewing wort production with the use of various types of special malts (chocolate pale,
chocolate dark, wheat chocolate, brown barley) and roasted barley grains. The carbohydrate profile,
polyphenols content, antioxidant capacity, 5-hydroxymethylfurfural content, and the browning index
level were analyzed. Statistical analysis showed significant differences in the values of the examined
features between the samples. The sugars whose content was most affected by the addition of
special malts were maltose and dextrins. The polyphenol content in worts with 10% of additive
was 176.02-397.03 mg GAE/L, ferric reducing antioxidant power (FRAP) 1.32-2.07 mmol TE/L,
and capacity to reduction radical generated from 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS**) 1.46-2.70 mmol TE/L. Wort with 40% dark malt showed the highest
content of polyphenolic compounds and antioxidant activity (FRAP and ABTS**). The HMF content
and the browning index value were higher for wort with the addition of darker-colored malts (EBC)
and increased with increasing dark malt dose.

Keywords: antioxidants; polyphenols; melanoidins; wort; malt; specialty malt; dark malt; beer;
barley; roasting

1. Introduction

Composition of brewing wort is a crucial factor which forms quality of beer. The main raw
materials used in the production of beer are malt and hops, which are also the main source of
polyphenols. It is estimated that 80% of them come from malt and 20% from hops [1]. Polyphenols, as a
part of a diet, contribute to maintaining the balance between the quantity of produced and deactivated
free radicals, preventing oxidizing stress that causes numerous diseases such as obesity, diabetes type
II, hypertension and atherosclerosis [2—4].

There are different types of malts used in brewery: base malts (Pilsner malt), malts made from
non-standard (other than barley) grains (wheat, rye, oat, triticale, sorghum, maize etc.) and specialty
malts (caramel, chocolate, roasted, melanoidin) [5,6]. Malts can be also produced from unusual
materials such as leguminous plants seeds [7,8]. One of the quality indicators differentiating malts
is their color described in EBC units (European Brewery Convention). The color range of malts
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ranges from 5 to 1600 EBC [6]. Dark malts are received through the process of roasting sprouted,
not dried grains or roasting pale malt (previously dried). The malt houses offer a wide range of
dark malts of varying color intensity. Examples include caramel malt (30-600 EBC), pale chocolate
malt (350-450 EBC), dark chocolate malt (800-1000 EBC), melanoidin (1300-1500 EBC), roasted barley
(900-1200 EBC) and others [9]. As a result of heat treatment they lose their enzymatic activity and
therefore they are traditionally used only in small amounts (usually about 5%) compared to pale malts,
which are enzymatically active [10]. Intendent use of specialty malts is colorization and production
of characteristic flavors and aromas. Coghe et al. [11] indicated in a sensory evaluation that the
intensity of aromas defined as roasted and bitter increases with the intensity of the wort color, while
the perception of sweet taste and husky flavor decrease. The use of dark malts also affects the profile
of flavor compounds, which are products of yeast metabolism in the fermentation process.

Malt is mainly produced from barley grains. Technological processes influence antioxidative
activity of the final product. The grain in the malt house is subjected to soaking, germination,
kilning and roasting in order to obtain malt with the desired characteristics [12]. During malting,
numerous changes, resulting from the activity of enzymes, occur in barley grains. The main group of
polyphenols in barley grain as well as in malt are flavon-3-ols, whereas the main phenolic compounds
are (+)-catechin and ferulic acid. Components that cannot be found in barley grains, but are present
in barley malt are (—)-epicatechin and sinapic acid. As a result of enzymatic transformations during
malting, a change in polyphenol composition occurs in the grains. Among the compounds whose
content is reduced we can distinguish catechin, prodelphinidin B3, procyanidin B3 and ferulic acid [13].

The technological process of beer production can also result in a phenolic profile change. In the
final product the following phenolic compounds such as simple phenolic, derivatives of benzoic and
cinnamic acids, coumarins, flavan-3-ols, proanthocyanidins, chalcones, flavanones, flavons, flavonols,
a-acids and iso-a-acids can be distinguished [14]. The content of individual compounds, as well as the
total content of polyphenols in beer, changes in the subsequent stages of production. Their final content
in beer depends on the selection of raw material and wort production technology [15]. Melanoidins
formed as a result of heat treatment of the malt made from reductive sugars and amino acids or
proteins contribute to the forming of the antioxidative activity of worts and the final beers [16-18].
Colored macromolecules formed in the final stage of the Maillard reaction are subjected to a number of
studies consequential to their interesting biological properties and unknown chemical structure [19].
Melanoidins positively affect antioxidative abilities of food products, as well as storage stability.
The mechanism of their antioxidative activity relies on the ability to break chain reactions of radicals,
chelation of metals, H,O, reduction and scavenging of free radicals [16,17]. Melanoidins, apart from
their antioxidative properties, also demonstrate antiviral and antimutagenic activity, and the ability to
reduce cholesterol levels and stimulate growth of intestinal bacteria. However, some of the compounds,
formed during early stages of the Maillard reaction process, are considered carcinogenic and mutagenic.
Therefore, it is difficult to explicitly decide which of the activities are dominant [20,21]. One of the
compounds formed during the heating of the malt is 5-hydroxymethylfurfural (HMF), which is also
formed during thermal treatment of food, e.g., malt, dried fruit, fruit juices, coffee, bread or vinegar.
Toxic effects of HMF consumption have been proved after receiving a dose of 75 mg/kg of body
weight [22].

Research on antioxidant compounds which are natural food components is an important element
of research on the prolongation of food products’ shelf life without the use of artificial preservatives [6].
The antioxidant activity of various types of beers and main raw materials used for their production has
been repeatedly described in the literature. The influence of the addition of various malts, hops, fruits
or fruit juices and their application on the physicochemical parameters and the sensory profile of beer
have also been studied [23-28]. Additionally, it has been shown that dark beers possess a considerably
higher content of polyphenols and antioxidative activity than pale beers [29-31]. This work focused on
the analysis of the formation of the properties of beer through modifications at the primary stage of
production—obtaining of the beer wort. Numerous publications present research that concerns the
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final product, but overlooks extremely important early stages of beer production process. The content
of wort affects final beer quality and that is why it is necessary to focus on the properties of this
intermediate product. The analysis of HMF content and the browning index along with the influence
of these features on antioxidant activity is also interesting.

The aim of this study was to assess the possibility of shaping the properties of beers at the stage of
brewing wort production with the use of various types of special malts (chocolate pale, chocolate dark,
wheat chocolate, brown barley) and roasted barley grains. The purpose was achieved by the means
of analysis of the carbohydrate profiles, total phenolic compounds content, antioxidative capacity,
the level of browning and HMF content in worts produced with the use of specialty malts.

2. Results

2.1. Carbohydrates Profile

The analysis of the content of maltose, maltotriose, dextrins and glucose was carried out on wort
prepared with the addition of 10% of selected special malts (light chocolate, dark chocolate or chocolate
wheat, brown barley) or roasted barley grain (series I) and tests with 20-40% dark chocolate malt
(series II). In each case, the remaining part of the malt charge was Pilsen malt. The control sample (P)
was a wort made of 100% Pilsen malt. The results are shown in Table 1.

Table 1. Carbohydrate profile of wort with the addition of special malts.

Maltose Dextrin Maltotriose Glucose
Series Variant
g/L
P 51.59 £ 0.012A 2349+ 0.049E 1357 +0.02bA 565 +0.19 bcA

CJ 45.86 + 0.40 ¢ 21.86 + 0.40 © 12.21 +0.10¢ 396 +0.154
CcC 50.50 + 0.04 b 26.09 +0.22b 13.46 = 0.01 ¢ 548 +0.14¢
I PC 34.74 + 0.02 € 18.03+030f 9.13+0.01f 0.47 +0.06 ¢
JP 51.69 + 0.33 2 28.43 +0.08 2 13.87 + 0.08 2 5.80 £ 0.02P
JB 50.14 + 0.06 P 2531 +0.23¢ 13.34 +0.00 4 6.48 £ 0.04 2

CC20 46.12 +0.18 B 35.06 +0.17€ 12.68 +0.10B nd
CC25 4550 + 0.23 € 33.73+0.32D 11.83 +0.12P 2.80 +0.40°€
II CC30 4571 £ 0418C 372210228 12.05 + 0.11 € 418 +034B
CC35 41.17 £ 0220 3743 £0.228 10.90 + 0.06 E 5.60 + 0.08 &

CC40 39.50 + 0.06 E 39.85+0.16 4 10.74 + 0.00 F nd

Abbreviations: nd—not detected; series [—wort with 10% addition of one of the following special malts: pale
chocolate malt (CJ), dark chocolate malt (CC), wheat chocolate malt (PC), roasted barley (JP) or brown barley
(JB); series II—wort with the addition of 20% (CC20), 25% (CC25), 30% (CC30), 35% (CC35) or 40% (CC40) of
dark chocolate malt; control wort made of 100% Pilsen malt (P). Values are expressed as mean of 3 replications
(n = 3) = standard deviation. The mean values with different letters (a, b, ¢, d, e, for A, B, C, D, E, F) in the same
column and within one series are statistically different (p-value < 0.05).

The sugars in series I were mainly maltose (51.8-55.71%), followed by dextrins (24.91-28.90%),
maltotriose (13.9-14.64%) and glucose (0.75-6.80%). The statistical analysis showed significant
differences in the content of the tested carbohydrates between the samples with the addition of
special malts and the control sample, and between the samples with different types of special malts.
The maltose content ranged from 34.74 + 0.02 g/L in wort with the addition of wheat chocolate malt
(PC) to 51.69 + 0.33 g/L in wort with addition of roasted barley (JP). There are no statistically significant
differences between the maltose content in the JP test and the control sample (P) (51.59 + 0.01 g/L).
These variants contained the most maltose among the worts in series I. The dextrin content ranged from
18.03 + 0.30 g/L (PC) to 28.43 + 0.08 g/L (JP). The results higher than the control sample were shown
by the tests performed on the samples made with the addition of roasted barley grains (JP), brown
barley (JB) and dark chocolate malt (CC), while the lower results were obtained for the samples with
light chocolate malt (CJ) and chocolate wheat malt (PC). The amount of maltotriose in the trials ranged
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from 9.13 + 0.01 (PC) to 13.87 + 0.08 g/L (JP). Despite statistically significant differences, the amount
of maltotriose clearly differed from the control sample only in the PC sample. The control sample
contained 5.65 + 0.19 g/L glucose. The JB showed higher glucose content. Statistical analysis showed no
significant differences between the glucose content in the control sample and in the JP and CC samples.

In the series Il worts, the highest proportion of sugars was maltose (43.85-58.07%), followed by
dextrins (26.44—44.23%), maltotriose (11.92-15.27%) and glucose (up to 6.36%). Statistical analysis
showed significant differences in the content of maltose, dextrins and maltotriose between the control
sample and the series II variants. The control wort (P) contained the most glucose, maltotriose and
maltose among the CC20-CC40 variants (wort with addition 20-40% of dark chocolate malt). With the
increase in the share of dark chocolate malt, the content of dextrins not fermented by brewer’s yeast
increased, while the content of maltose and maltotriose decreased. The highest content of maltose
and maltotriose was found in the control wort (P), while the lowest was in the wort with the highest
addition of dark malt (39.50 + 0.06 g/L maltose and 10.74 + 0.00 g/L maltotriose). The dextrin content
ranged from 23.49 0.04 g/L to 39.85 0.16 g/L. All series Il samples had a higher dextrin content than the
control sample (P). No glucose was found in the CC20 and CC40. In the remaining samples, its content
ranged from 2.80 + 0.40 (for CC25) to the value close to the control sample, 5.60 + 0.08 g/L (for CC35).

Figure 1 shows the shares of individual tested sugars in the carbohydrate profile of the control
wort (), worts in series I (CJ, CC, PC, JP, JB) and series II (CC20, CC25, CC30, CC35, CC40). In the
control sample (P), maltose constituted 58.07% of the tested sugars, dextrins 26.44%, maltotriose
15.27%, and glucose 6.36%. Series I wort was characterized by a higher than control content of dextrins
(26.06-28.9%), and a similar percentage of maltotriose (13.90-14.64%). The addition of special malts
in the dose of 10% had a slight effect on the maltose content in the wort. Its share ranged from
51.80-55.71%. A significantly lower share of glucose content was characteristic for the PC wort (0.75%).
On the other hand, the JB wort had a higher glucose share (6.8%). In the remaining wort, the share of
glucose in the sugar profile was 4.72-5.81%.

100 Ty H B
el # H E HE E B B EE E OB
) 60 1 W glucose
40 1 dextrin
20 4 M maltotriose
0 - M maltose
ROELE R QPP S P
“ % S E

Variant

Figure 1. The share of individual sugars in the carbohydrate profile of the wort produced.

Series II worts were characterized by a lower than control share of maltose (43.8-48.75%) and
maltotriose (11.92-13.51%), and a higher share of dextrins (36.88-44.23%). The share of dextrins in
the total sugars of the wort increased with the increase in the share of dark chocolate malt in the malt
charge. The opposite trend was observed for the content of maltotriose and maltose. Their content
decreased with increasing dose of special malt. The CC30 and CC35 samples had the highest share of
glucose, comparable to the control sample, in the carbohydrate profile.

Figure 2 shows the content of fermentable sugars (maltose, maltotriose and glucose) in the control
wort (P), series I trials (CJ, CC, PC, JP, ]B) and series II trials (CC20, CC25, CC30, CC35, CC40. In the
series I trials, JP had the highest content of sugars fermented with brewer’s yeast. These results were
close to the P, CC, and JB samples. It confirms that the addition of 10% special malts does not cause
major changes in the sugar profile of the wort. The lowest content of fermentable carbohydrates was
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characteristic for the PC sample. The use of another variety of grain led to significant changes in the
composition of the brewing wort. The content slightly varied between the tests of CC20, CC25 and
CC30. With a higher proportion of special malt in the powder, the content of fermentable sugars began
to drop significantly.

80

60 -
= 40

[=10]

N I I I I I [
0_

JB CCZO CC25 CC3O CC35 CC40

Figure 2. Content of fermentable sugars (glucose, maltose, maltotriose) in wort. Values are expressed
as sums of the means of 3 replications (1 = 3) for the fermentable sugars tested (glucose, maltose,
maltotriose). Mean values with different letters (a, b, ¢, d, e, for A, B, C, D, E, F) are statistically different
(p-value < 0.05).

2.2. Concentration of Total Polyphenols and Antioxidative Activity

Wort made with different types of dark malt and roasted barley grain (series I) and wort produced
with different proportions of dark chocolate malt (series II) were tested for the content of phenolic
compounds and antioxidant activity. The results are shown in Table 2.

Table 2. Characteristics of wort produced with selected dark malts and roasted barley grains in terms of
polyphenol content and antioxidant activity expressed with FRAP (ferric reducing antioxidant power)
and ABTS** (2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt) methods.

Total Polyphenol -
Series Variant Content (F-C) FRAP ABTS

mg GAE/L mmol TE/L mmol TE/L % Inhibition

P 192.58 + 8.66 4F 1.23 £ 0.01 fP 1.44 + 0.09 <B 2217 + 0.87

q 252.84 +12.81 ¢ 1.66 £ 0.03 ¢ 1.76 £ 0.17 ¢ 26.82 +1.70

CcC 404.38 +5.982 2.07 +0.032 217 £0.17b 32.78 + 1.80

I PC 303.90 +7.83P 1.44 +0.014 1.46 +0.11¢ 22.53 +1.13
JP 397.03 +7.632 1.90 £ 0.02P 270 +0402 40.33 + 4.06

JB 176.02 + 0.59 4 1.32 £ 0.02¢ 1.46 +0.05 ¢ 22.53 +0.51

CC20 593.82 + 6.23 E 6.01+0.09€ 1.23 +0.03€ 19.19 + 0.31

CC25 628.79 +10.73 P 6.10 £ 0.09 € 1.01 + 0.03 P 16.06 + 0.26

11 CC30 776.21 £ 10.78 € 6.62 +0.09 B 1.50 + 0.09 B 23.11 + 0.92
CC35 871.77 + 16.55 B 714 +£0.154 151 +0.048 23.26 +0.41

CC40 922.32 + 6.96 A 7.09 £ 0.07 4 1.68 £0.134 25.73 +1.34

Values are expressed as mean of 3 replications (n = 3) + standard deviation. The mean values with different letters
(a,b,c,d, e for A, B,C,D,E, F) in the same column and within one series are statistically different (p-value < 0.05).

CJ, CC, PC, and JP wort contained significantly more phenolic compounds than the control sample.
The JP variant was characterized by a similar phenols content to the control sample. The worts CC
(404.38 + 5.98 mg GAE/L) and JP (397.03 + 7.63 mg GAE/L) had the highest total polyphenol content
among the series I samples. The remaining worts showed a lower phenolic content. The worts were
also analyzed for the ability to reduce iron ions (FRAP) and the antioxidant capacity (by the means of
ABTS** assay). Similarly to the content of total polyphenols, the CC wort (2.07 + 0.03 mmol TE/L)
was characterized by the highest FRAP value. The wort with the lowest ability to reduce iron ions
was JB (1.32 + 0.02 mmol TE/L). All the samples of series I showed a FRAP ability higher than the
control. In the analysis of capacity to reduction of ABTS** the JB wort showed the highest result
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(2.70 + 0.40 mmol TE/L). The CC wort was also characterized by a high activity of scavenging ABTS®**
radicals (2.17 + 0.17 mmol TE/L).

The wort produced with different proportions of dark chocolate malt (series II) were also analyzed.
The control sample was characterized by the lowest total phenol content (192.58 + 18.66 mg GAE/L)
and the lowest antioxidant activity measured with both methods (FRAP, ABTS**). Along with an
increase in the share of CC malt in the range of 20-40%, an increase in the content of polyphenols,
the ability to reduce iron ions, and the ABTS** antioxidant capacity were observed. The CC40 wort
contained the most polyphenols (922.32 + 6.96 mg GAE/L). The content of polyphenols increased in
proportion to the applied dose of dark malt. As a result, the lowest polyphenol content among worts
with special malt was characterized by the CC20 wort (593.82 + 26.23 mg GAE/L). Similar trends were
observed for the antioxidant activity (ABTS** and FRAP).

2.3. Browning Index and Concentrations of 5-Hydroxymethylfurfural (HMF)

The browning index analysis of samples using the spectrophotometric method of measuring
absorbance at 420 nm is the simplest method of assessing the content of colored compounds. The content
of HMF and the browning index are presented in the Table 3.

Table 3. The content of 5-hydroxymethylfurfural (HMF) and the browning index of wort produced
with the use of different types and doses of special malts in the wort.

Browning Index HMF
Series Variant
AU mg/L
P 0.62 + 0.04 £F 0.66 + 0.00 £F
(o] 1.80 £ 0.01 4 19.65 + 0.00 ©
CcC 443 +0.04" 20.90 +0.01 b
I PC 3.16 +0.01 € 5.54 + 0.03 ©
P 5.57 +0.032 2431 +0.172
JB 1.05 + 0.00 ¢ 12.32 + 0.04 4
CC20 10.05 + 0.07 E 51.81 +0.54 €
CC25 10.79 + 0.16 P 50.62 +0.14 D
II CC30 13.58 + 0.50 € 47.62 + 054 E
CC35 15.53 + 0.39 B 75.61 + 0.43 B
CC40 17.99 + 048 A 91.94 +0.85 4

Values are expressed as mean of 3 replications (1 = 3) + standard deviation. The mean values with different letters
(a,b,c,d, e ffor A, B,C, D, E, F) in the same column and within one series are statistically different (p-value < 0.05).

Among the wort from series I, the JP variant (5.57 + 0.03 AU) was characterized by the highest
value of the browning index. The parameter value decreased in the following sequence: CC > PC > C]J
> JB. The control sample had the lowest parameter value (0.62 + 0.04 AU). In series II, along with the
increase in the share of special malt, the level of browning index increased. The absorbance results
ranged from 10.05 + 0.07 AU to 17.99 + 0.48 AU. Statistical analysis classified all the results into separate
statistical groups. The HMF content increased with increasing heat treatment time or temperature.
In the series I trials with the addition of various types of special malts, it was shown that the highest
HMF content among the tested samples was shown by JP (24.31 + 0.17 mg/L). The analysis results
for series I trials decrease in the following sequence: CC > CJ > JB > PC. The lowest HMF content
was recorded for the control sample (0.66 + 0.00 mg/L). The highest HMF content was shown by the
CC40 variant, as expected. Another test with high HMF content was the CC35 test (75.61 + 0.43 mg/L).
The differences between the remaining trials were smaller, but statistically significant. They contained
from 47.62 + 0.54 to 51.81 + 0.54 mg/L of HME

The color of the wort expressed in absorbance units differed significantly between the samples,
indicating the highest value for the JP (5.57 + 0.03 AU), and the lowest for the control sample P
(0.62 + 0.04 AU). The color of the wort defined as the browning level was related to the color of the
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malt used in the production of the wort or the dose of dark malt used. With the increase in the malt
color intensity expressed in EBC units, the absorbance value in the browning analysis increased.

3. Discussion

3.1. Carbohydrates Profile

According to results of Coghe et al. [32] the addition of 10% of special malts did not cause such
significant changes in the carbohydrate profile of the wort, although it had an adverse effect on the
subsequent ethanol fermentation process, causing a decrease in the degree of attenuation and ethanol
content in beers. Maltose and maltotriose were the main sugars in the brewing wort in all trials of
our experiment. This is consistent with the results of Briggs et al. [33]. Coghe et al. [32] also showed
that in a wort made of 100% Pilsen malt, the amount of maltose is about 70% of the main fermentable
sugars, about 18% is maltotriose, and 12% is glucose. The discrepancy in our results may be due to the
use of different parameters of the mashing process or malt with different properties. According to
Briggs et al. [33], maltose is usually between 50 and 60% of the sugars in the wort. In our research, only
the wort prepared with 40% of special malt has a lower maltose content than 50%. The addition of
dark malts in the wort production reduces the content of fermentable sugars [33]. Coghe et al. [32]
analyzed wort with the addition of 50% special malts (7-900 EBC) and showed that the maltose content
decreases as the color intensity of the malt increases in the studied range. In the worts prepared
with the darkest tested malts, a decrease in the content of glucose, fructose, and maltotriose was also
observed in comparison with the control wort from Pilsen malt [32]. Some of the sugars are used in
non-enzymatic browning reactions during the thermal treatment of cereal grains. This is the main
reason for reducing the content of fermentable sugars during heat treatment [34].

The differences in the sugar content between JP and other samples result not only from the
difference in their color. Contrary to the other tested samples, these grains are not malted before the
roasting process. The malting process leads to an increase in the content of maltose, sucrose and
glucose, while slightly modifying the content of maltotriose and fructose [35]. Kilning and roasting,
on the other hand, decrease the content of fermentable sugars. The final sugar content in the tested
products is modified by a number of factors, ranging from the chemical composition, the treatment
method used, grain germination, and kilning and roasting parameters.

The carbohydrate profile of brewing wort is closely related to the type of malt used in their
production. The tested raw materials differ in terms of production technology. JP is roasted, unmalted
barley grains, while the remaining grain samples (CC, CJ, PC, JB) are grains which were subjected to
the processes of soaking, germination, kilning and roasting, so they are products with a very different
chemical composition. Wheat grain may have a higher maltose content and a lower glucose content
than barley, therefore the addition of wheat malt could cause changes in the composition of these sugars
in the wort [36]. The glucose content of the roasted unmalted grain sample (JP) is significantly higher
than in CC, CJ, and PC. According to Vinje et al. [37] in the process of grain germination, the content of
maltose, maltotriose, and glucose increases in the grain due to the activity of enzymes. This suggests
that the malts used should have a higher content of these sugars than unmalted grains.

According to Briggs et al. [33], the addition of special malts reduces the obtained wort extract,
which consists of the content of sugars such as glucose, fructose, sucrose, maltose, and maltotriose [31].
In the case of the production of brewing wort, the toxic effect of melanoidins on yeast metabolism is
important. Coghe et al. [31] tested worts with the addition (5-50%) of caramel malt (300 EBC) and
Pilsen malt. The addition of dark malts had not significantly affected the apparent extract of the wort,
while the samples were clearly differentiated in terms of the real extract, and thus also the degree of
attenuation and the final ethanol content in the beer. This may indicate that the content of sugars in the
darker worts may be less susceptible to fermentation or that the substances produced as a result of the
Maillard reaction have an inhibitory effect on yeast metabolism [32]. According to our results, dextrin
concentration increases with the content of the dark malts used. Dextrins do not undergo ethanol



Molecules 2020, 25, 3882 8 of 18

fermentation using the classic strains of Saccharomyces cerevisiae brewer’s yeast, therefore their amount
in the wort is similar to that in the beer [38].

3.2. Concentration of Total Polyphenols and Antioxidative Activity

Polyphenolic compounds are responsible for antioxidant activity and storage stability, but can also
cause haze in beer [1]. The ability to scavenge free radicals is also demonstrated by compounds formed
in the Maillard reactions that are formed during the thermal treatment of malt and wort. Barley grains
and barley malts used in brewing are dried and roasted. As a result, a number of products are obtained,
differing in sensory characteristics as well as physicochemical properties. During roasting, the main
chemical reactions are the Maillard reactions. These are a series of changes initiated by the reaction
between reducing sugars and amino groups, leading to the formation of compounds responsible for
the color and flavor of heat-treated products. The non-enzymatic browning reactions can be divided
into several stages. In the first of them, the early phase reaction products are created. They are mainly
products of the Amadori rearrangement. The second step involves the formation of intermediates such
as: HMF, Strecker aldehydes and pyrazines. The last, third stage is the formation of the melanoidins,
which are reaction end products [39]. Melanoidins are a group of compounds with a very diverse
structure. They differ in chemical properties depending on the origin. Melanoidins give beer its color
and provide it with antioxidant activity [40]. The antioxidant activity of the Maillard reaction products
is confirmed by studies on the antioxidant properties of coffee. As the degree of roasting of coffee
beans increases, some polyphenolic compounds are lost, however this is not correlated with a decrease
in the antioxidant activity of coffee infusions. In place of these compounds, new chemicals are created,
which also act as antioxidants [41]. Similar tendencies can be observed in the case of the wort tested in
our experiment.

Polyphenolic compounds undergo chemical changes under the conditions of the technological
process of malt and wort production. This happens during the thermal processing of the grains. For some
polyphenols (e.g., quercetin), heat treatment is associated with an increase in antioxidant activity.
Their decomposition products are more powerful antioxidants than the original compounds [42].
This proves the influence of the compound’s structure on its antioxidant properties. The antioxidant
activity is enhanced by the presence of certain chemical groups in the structure of phenols and the
degree of polymerization of the compound [43]. Woffenden et al. [44] showed a significant increase in
the content of catechin and ferulic acid during the malt kilning process. An increase in the antioxidant
capacity ABTS®** and the ability to reduce iron ions (FRAP) of malt during the process was also observed.
Polyphenolic compounds are extracted during the production of the wort and build its antioxidant
activity. Fogarasi et al. [45] demonstrated that wheat malt is characterized by a lower content of phenolic
compounds than barley malt. The differences in the content of polyphenolic compounds in the tested
samples may be the result of the addition of raw materials of different varieties (barley, wheat), different
colors (3-1300 EBC), and different production technologies (malting process parameters).

On the other hand, it was shown that the malt kilning process led to a reduction in ferulic acid
content. Melanoidins may have the ability to cross-link simple phenolic compounds in their structure,
leading to a decrease in the content of phenolic compounds. High temperatures may also affect the
activity of enzymes (e.g., ferulic acid esterase) responsible for the release of phenolic compounds from
the cell walls [31,46]. This explains the decrease in the ferulic acid content of the malt compared to the
corresponding cereal grain. In the wort obtained in the experiment, the antioxidant activity increased with
the increase in the dose of dark malts and was higher for wort obtained from darker-colored malts. Dark
special malts are made through a high temperature treatment. The increase in the content of phenolic
compounds during the production of malt occurs at the stage of germination and kilning. Grain soaking is
the cause of the loss of some of these bioactive compounds [31,45]. Roasted barley grains are not subjected
to soaking and germination, therefore their polyphenol content may differ from malts.

Despite the chemical changes that take place in the wort during the fermentation and aging
process, when obtaining a wort with a higher content of polyphenolic compounds and antioxidant
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activity we can expect a higher content of polyphenolic compounds in the finished product. Due to
this, it is worth striving to achieve a high dose of these bioactive compounds already at the stage of
wort production.

3.3. Browning Index and Concentrations of 5-Hydroxymethylfurfural (HMF)

The browning index increased with the darkening of the wort color. This is consistent with the
results [47] and is similar to the content of HMF. The HMF content is one of the indicators of the
non-enzymatic browning reaction, as it is formed as an intermediate product of the reaction [20].
There are two main mechanisms of its formation in food. The first is the transformation of
3-deoxyglucosan during the Maillard reaction, the second is the dehydration of sugars under acidic
conditions (caramelization) [48]. HMF is found in a wide variety of foods. In beer, its content ranges
from 0.2-9.2 mg/kg. It can also be found in other alcohols: wine (0.1 mg/L), whiskey (8.6 mg/L), white
spirit (2.2 mg/L), brandy (22 mg/L), rum (8.4 mg/L), and others [49]. Among other food products,
it can also be found in honey (0.34-58.8 mg/kg), cookies (1.75-35.21 mg/kg), bread (2.2-22 mg/kg),
dried fruit (25-2900 mg/kg), coffee beans (100-2186 mg/kg), instant coffee (91.3-4100 mg/kg), fruit
juices (2-22 mg/kg), chocolate (42-99 mg/kg), or breakfast cereals (12-47 mg/kg) [50,51]. In brewing
malt its content varies widely and ranges from 100-6300 mg/kg, while in the grain of barley it is
100-1200 mg/kg [52,53]. Compared to other food products, the HMF content in beer is relatively
low. The low content of HMF in the beer compared to the values obtained in the wort results from
the potential of Saccharomyces cerevisiae brewer’s yeast to reduce this compound during the ethanol
fermentation process. HMF has been shown to be converted by yeast into hydroxymethyl furfuryl
alcohol with high efficiency (79-84%). Moreover, it has been shown that the degradation of HMF
is carried out by yeast preferentially, faster than ethanol fermentation [53]. The HMF content in
commercial beers in different styles has been analyzed. It was shown that blond beers contain HMF in
range of 2.42-5.80 mg/L, amber beers 5.92-7.44 mg/L, and dark beers 6.29-7.52 mg/L. Moreover, there
is no clear difference between top fermented (ale) and bottom fermented (lager) beers in the content of
HMEF [54]. Coffee (50.43%) and white bread (31.8%) have the highest share in the daily consumption of
HMF by humans. Beer, on the other hand, influences the daily dose of HMF by 2.86% [55]. Both positive
and negative effects of HMF consumption by humans have been reported [51].

3.4. Correlation and Linear Regression Analysis

Multiple linear regression analysis was used to investigate the relationship between tested
parameters and the wort composition. The results are presented in Table 4 and Figure 3, showing a
number of relationships between the content of sugars, polyphenols and the antioxidant activity of
worts produced with the use of 20-40% dark chocolate malt in the raw material composition.

Table 4. Analysis of the correlation between the antioxidant activity, total polyphenol content, color of
the wort, 5-hydroxymethylfurfural (HMF) content and the carbohydrate profile of wort produced with
20-40% dark chocolate malt.

Variable FRAP ABTS*+ TPC BI HMF Dextrin Maltotriose Maltose Glucose
FRAP 1.00 0.83 091 0.94 0.79 0.87 -0.87 -0.86 0.32
ABTS** 1.00 0.75 0.84 0.70 0.95 -0.62 -0.72 -0.01

TPC 1.00 0.93 0.87 0.82 -0.91 -0.91 0.17

BI 1.00 0.88 0.94 —-0.88 -0.91 0.11
HMF 1.00 0.80 —-0.88 -0.98 -0.17
Dextrin 1.00 -0.70 —-0.81 —-0.06
Maltotriose 1.00 0.94 -0.19
Maltose 1.00 0.04
Glucose 1.00

The marked correlation coefficients are significant with p < 0.05, n = 15.
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Figure 3. Scatter graphs for selected variables. Relationship between: (a) FRAP and ABTS** assays,
(b) FRAP and TPC (content of polyphenols) assays, (c) ABTS** and TPC assays, (d) TPC and browning
index, (e) HMF and browning index, (f) browning index and TPC.

A strong positive correlation was observed between the content of polyphenols (TPC) and the
level of browning index expressed in absorbance units (r = 0.93), the ability to reduce iron ions (FRAP)
(r = 0.91), antioxidant capacity ABTS** (r = 0.75), the content of HMF (r = 0.87) and dextrins (r = 0.82).
The influence of polyphenolic compounds on the antioxidant activity has already been demonstrated
many times [26-29]. The analysis showed significant correlation between the results of the antioxidant
capacity test with the ABTS** and FRAP methods. Tests for the analysis of antioxidant activity are
based on various mechanisms. In both the FRAP and ABTS®** analyses, we investigated the ability to
transfer a single electron from a compound with anti-oxidative abilities to an oxidant. These methods
belong to the group of methods based on the SET (single electron transfer) mechanism. Nevertheless,
they do not have to show conclusive results. An example is the study by Miiller et al. [56], where
the authors compared the antioxidant capacity with the use of various analytical methods, obtaining
divergent results. Therefore, it is suggested to use several research methods simultaneously. It has also
been shown that one of the main polyphenols of malt wort, i.e., ferulic acid and catechin, showed a
higher value for ABTS®** than for FRAP (in both methods the results were presented in terms of the
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Trolox equivalent). Moreover, the ABTS®**/FRAP ratio for the plant extracts analyzed by the authors
varies widely, from 0.7 to 3.3 [57].

The content of polyphenolic compounds is also significantly negatively correlated with the content
of maltose (r = —0.91) and maltotriose (r = —0.91). The amount of sugars is also related to the browning
index level (r = —0.88 for maltotriose, r = —0.91 for maltose, r = 0.94 for dextrin). Similar trends
occur in the case of HMF content (r = —0.88 for maltotriose, r = —0.98 for maltose, r = 0.80 for
dextrin). Woo et al. [58] analyzed the formation of HMF during the thermal processing of glucose and
maltose. It has been shown that thermal processing of maltose produces slightly less HMF compared
to processing glucose. The content of dextrins in the wort is strongly related to the dose of dark malt
and its concentration with its increase, which was demonstrated in this study.

The content of HMF and the browning indexes are indicators of the presence of Maillard reaction
compounds derived from heat-treated malt. It was shown that the value of both these features was
strongly correlated with the results of measuring the content of polyphenolic compounds by the
Folin-Ciocalteu method and the antioxidant activity (FRAP and ABTS**). Bastola et al. [59] analyzed
the results of the polyphenol content (F-C) for interference with the mixture of phenolic compounds,
sugars (including glucose, which belongs to the reducing sugars), and HMF. It was shown that the
content of glucose and HMF did not affect the level of phenols determined by the F-C method.
The analysis showed a strong correlation between the content of maltotriose and maltose and the
level of browning. A correlation was not observed with glucose. x-dicarbonyl compounds formed
in the advanced stage of the Maillard reaction have a key influence on the type and structure of
high-molecular melanoidins responsible for the color formation. Studies on Maillard reaction kinetics
prove that oligomeric carbohydrates have a greater influence on the intensity of the browning reaction,
and this influence increases with the increase of the compound polymerization level. This is due to the
lower number of carbonyl groups in the oligosaccharides [60].

The analysis of the correlation between the examined features allows for the demonstration of a
number of dependencies that are introduced by the increase in the share of dark chocolate malt in
the composition of the brewing wort. Conducting such an analysis is a valuable tool that allows for a
better visualization and understanding of changes in physicochemical parameters of the wort related
to the change in the composition of raw materials.

4. Materials and Methods

4.1. Raw Material

For the wort production we used: Pilsen malt 3-4.3 EBC (Viking Malt, Strzegom, Poland), pale
chocolate malt 350-450 EBC (Viking Malt, Strzegom, Poland), roasted barley > 1000 EBC (Viking Malt,
Strzegom), wheat chocolate malt 800-1000 EBC (Thomas Fawcett & Sons, Castleford, Great Britain),
barley brown 175-200 EBC (Viking Malt, Strzegom, Poland), dark chocolate malt 1100-1300 EBC
(Viking Malt, Strzegom, Poland).

4.2. Prepartation of the Congress Worts

Malts were ground with the mill for malts model VLB DLFU W20050 and mashed with the
laboratory masher VLB type LB. A total of 12.50 g of malt blends was weighed in a cup and
complemented with 200 mL distilled water (T = 52 °C). Cups were weighed and put in the masher
along with the stirrer. The mash program was performed as follows: 52 °C (10 min), 63 °C (40 min),
72 °C (30 min) and 78 °C (10 min) (Figure 4).
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Figure 4. Technological process of producing wort.

After the mashing was completed, the iodine test was performed. Mashes were cooled down to
20 °C, filled up with water until primary mass was achieved and filtered through paper filters into
an Erlenmeyer flask, while first returning 100 mL of the filtrate. The extract content in each sample
was set for 12°Bx. Wort extract was studied using density meter 30PX (Columbus, OH, USA) in 20 °C.
The obtained worts were centrifuged with laboratory centrifuge type MPW-351R in falcon containers
with the capacity of 50 cm? using 5000 rpm for 10 min.

Obtained samples were decanted. Two series of wort were obtained (Figure 5): series I-with the
addition of 10% pale chocolate malt (CJ), dark chocolate malt (CC), wheat chocolate malt (PC), roasted
barley (JP) or brown barley (JB), series II-with the addition of 20% (CC20), 25% (CC25), 30% (CC30),
35% (CC35) or 40% (CC40) chocolate malt dark and control wort made of 100% Pilsen malt (P).

SERIES SERIES
= < =

Dark speciality

malt or roasted Chocolate dark

Pilsen malt barley grain Pilgen malt malt
90 % 10% 0309 20-40 %

S P2 3§ P

Figure 5. Wort production scheme.
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4.3. Analytic Methods

4.3.1. High-Performance Liquid Chromatography (HPLC) Analysis of Carbohydrate Profile

Carbohydrate profiles of worts were determined using high-duty methods of liquid
chromatography (HPLC) [61]. Samples were centrifuged with laboratory centrifuge type MPW-351R
(10 min, 5000 rpm) and subjected to 2-times dilution. Separation of the mixture was made using
Rezex ROA Organic Acid H* (300 x 7.8 mm) column made by Phenomenex. Respectively, a method
of high-duty chromatography HPLC, using Shimadzu Prominence apparatus, was used to analyze
concentration of glucose, maltose, maltotriose, dextrin and amount of produced glycerol and ethanol.
A volume of 0.02 cm? injection, celerity of the flow of eluent 0.6 cm3/min, temperature of separation
60 °C, solution H,SO, 0.005 mol/dm? as eluent and refractometric method of detection were used.

4.3.2. High-Performance Liquid Chromatography (HPLC) Analysis of 5-Hydroxymethylfurfural
(HMF) Content

HMF content was determined using high-performance liquid chromatography [62]. For the
analysis we used a Dionex system (Thermo Fisher Scientific, Germering, Germany) equipped with
diode detector UltiMate 3000, LPG-3400A pomp, EWPS-300SI autosampler and thermostated column
TCC-3000SD. Cadenza Imtakt CD-C18 (75 x 4.6 mm, 5 um) column was used. Moving phase was A
(4.5% aq. formic acid, v/v) solvent and B (100% acetonitrile).

Following the procedure of elution we used: 0-1 min 5% B in A, 20 min 25% B in A, 21 min
100% B, 26 min 100% B, 27 min 5% B in A. Celerity of the flow was 1.0 mL/min, and the volume of
injection 20 puL. Temperature of operating column was 30 °C. HMF was detected at 280 nm. Integration
and quantification of the data was made using the software Chromeleon v.7.2.-Chromatography Data
System (Thermo Scientific Dionex, Sunnyvale, CA, USA). Results were in mg/L of the wort.

4.3.3. Total Polyphenols Content

Total content of polyphenol compounds in worts was determined using spectrophotometric
Folin—Ciocalteu (F-C) method [63]. Samples of the worts with the volume of 0.1 mL along with
0.2 mL of F-C reagent were placed in the cups using automatic pipette. After 3 min each sample was
completed with 1 mL 20% of the water solution of sodium carbonate (Na;CO3) and 2 mL of distilled
water. After 1 h, prepared samples were analyzed using UV-2401 PC Shimadzu spectrophotometer
with wave length 765 nm; distilled water was used as a blind sample. Results were presented as an
average value from three repetitions. Calibration curve in the range of 0.30-9.00 mg GAE/L was used
to read the results.

4.3.4. Antioxidative Activity

Ability to Iron Ions Reduction (FRAP)

The principle of the FRAP method (ferric ion reducing antioxidant parameter) is the reduction
of iron-2,4,6-tri(2-pyridyl)-1,3,5-thiazide [Fe(IlI)-TPTZ] to the ferric complex in the environment of
low pH [64]. A total of 200 mL of FRAP reagent was made by combining 20 mL of a water solution
containing 0.1018g of iron chloride (III) (FeCls) with a solution of 0.0664g TPTZ in 20 mL 40 mmol
solution of muriatic acid (HCI) using acetate buffor with pH 3.6.

Quantitative analysis was made using method of the external standard using iron (II)
(2 x 107! mmol/L) sulfate (VI) as a referential standard. On this basis, a correlation curve between
absorbency value and compound concentration was made. A total of 1 mL of beer dissolved in distilled
water and 3 mL of FRAP reagent was mixed in cups. Results were presented in milimoles of Trolox
per liter of the wort. Absorbance was determined using spectrophotometer UV-2401 PC Shimadzu.
Determinations were performed in triplicate.
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Ability to Cation Radical ABTS®** Reduction

Antioxidative activity was determined using cation radical reduction method ABTS** [65]. Thus,
0.03 mL volume wort sample was mixed with the ABTS** solution with determined absorbance value
(0.700). After 6 min, measurement was made using UV-2401 PC Shimadzu spectrophotometer with
the wave length 734 nm. The measurement of each sample was conducted and repeated three times.
Results were presented after calculation for mmol equivalent of Trolox for liter of the beer and as a
percentage value (I%) of inhibition of oxidation reaction compared to the blind sample.

I% = Aio x 100% 1)
I%—inhibition of oxidation reaction degree (%); A—absorbance value for the actual sample;
Ag—absorbance value for the reference sample.

4.3.5. Browning Index

Browning index was estimated using absorbance measurement method at 420 nm [66]. The analysis
was made using UV-Vis Evolution 300 spectrophotometer (ThermoScientific, Waltham, MA, USA).
The results were presented as arbitrary absorbance units (AU).

4.3.6. Statistical Analysis

Obtained data were analyzed using Statistica 13.5 (StatSoft, Tulsa, OK, USA). One-way variation
analysis (ANOVA) on the statistical significance level 0.05 was performed. Significance of the differences
between mean values was examined using Duncan test (p < 0.05). In order to study connections
between examined characteristics, a Pearson correlation (p < 0.05) analysis was conducted. The results
were presented as a correlation matrix and a regression diagram.

5. Conclusions

Our research confirms that the use of dark malts and roasted cereal grains in a 10% dose in the
production of brewing wort influences antioxidant potential and the content of phenolic compounds
of the worts, with slight changes in the carbohydrate profile. Among the tested worts, the wort with
the addition of dark chocolate malt and roasted barley had a distinguishing polyphenolic content and
antioxidant activity. Samples differed in terms of the tested parameters due to the type of roasted
grain used. The wort with the addition of wheat malt was characterized by a lower sugar content than
the other worts made of malts or barley grains. It has been shown that with increasing dose of dark
chocolate malt, the share of dextrins not fermented by the brewer’s yeast increased, while the content of
fermentable sugars decreased. In the study of wort containing 20-40% dark chocolate malt, it has been
shown that a high addition of this malt resulted in an increase in the content of polyphenols and the
antioxidant capacity as well as the content of HMF and browning index. Information about the factors
influencing the antioxidant activity were obtained by correlation analysis. The ability to reduce iron
ions (FRAP) and capacity for reduction of ABTS*" is strongly positively correlated with the content
of polyphenols, the level of browning index, and the content of dextrins, and negatively correlated
with the content of maltotriose and maltose. This research allowed us to present the relationships
between the tested properties of the brewed worts. The addition of dark malts can be used to increase
the antioxidant activity of the wort, influencing the characteristics of the finished beer. The ability to
scavenge free radicals may shape the biological activity of products and contribute to the maintenance
of product quality during storage. An interesting direction for further research would be the study of
the addition of other roasted raw materials, e.g., coffee beans or cocoa, as well as the use of untypical
malts in beer production.
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Abstract: The antioxidant activity of beers comes mainly from phenolic compounds and melanoidins.
The aim of this research was to evaluate the effect of technological operations, especially the ethanol
fermentation process using top fermentation brewer’s yeast Saccharomyces cerevisiae, on the antioxi-
dant activity of dark dry hopped beers with a high xanthohumol content. Four beers were produced
using different varieties of hops. The polyphenol content during beer processing increased at the
stage of hopping and fermentation, while it decreased during aging. The ability to reduce iron ions in-
creased for all beers compared to hopped wort. The opposite tendency was noted for the antioxidant
capacity expressed as the ability to reduce the radical cation ABTS®* generated from 2,2'-azino-bis
(3-ethylbenzthiazoline-6-sulfonic acid). Fermentation and aging caused a decrease in beer color
intensity. The content of 5-hydroxymethylfurfural (5-HMF) increased with the color intensity of wort,
therefore in beers no presence of 5-HMF was observed. The beers were characterized by a distinctly
high content of xanthohumol in the range of 1.77-3.83 mg/L and 0.85-1.19 mg/L of isoxanthohumol.
The content of prenylflavonoids and bitterness of beer depended on the variety of hops used.

Keywords: fermentation; beer; phenols; antioxidant activity; dark beer; 5-hydroxymethylfurfural;
dry hopping; xanthohumol

1. Introduction

Beer is an alcoholic beverage obtained by ethanol fermentation of wort consisting of
water, malt and hops. In the diet, it can be a source of phytochemicals with positive effects
on human health. The bioactive compounds in beer have anti-obesity, anti-cancer, anti-
inflammatory, antioxidant and anti-diabetic effects [1]. Regarding the antioxidant activity
of beer, it is influenced by the selection of raw materials, the method of brewing wort
production, the biological material used, and the parameters of the ethanol fermentation
process, as well as the conditions and storage time of the product [2].

The antioxidant activity of beer is mainly due to the content of phenolic compounds
and melanoidins [3,4]. Phenols in beer are derived from malt (80%) and from hops (20%) [5].
The crucial stages for the extraction of antioxidants in the technological process of beer pro-
duction are mashing and hopping [6]. The compounds obtained from raw materials during
the preparation of brewing wort undergo further transformations with the participation
of brewer’s yeast in the process of ethanol fermentation [2]. Beer phenols are classified
into the following groups: simple phenols, derivatives of benzoic and cinnamic acids,
coumarins, catechins, flavonoids, proanthocyanidins, chalcones, as well as «-acids and iso-
a-acids [7]. The presence of polyphenols in beer, apart from a positive effect on antioxidant
activity, also results in the appearance of temporary or permanent haze in beer during its
storage. This is due to their ability to form complexes with proteins [8]. An interesting
compound among beer polyphenols is the hop-derived prenylflavonoid xanthohumol (XN).
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Its ability to scavenge free radicals is comparable to that of catechins present in green tea,
and is several times stronger than the activity of vitamins C and E [9]. Xanthohumol has
many beneficial properties, including anti-inflammatory, antiviral, antibacterial, antitumor,
antiatherosclerotic, antimutagenic and antioxidant properties [10-12]. The only source
of this compound in the human diet is beer. However, its content is low, and amounts
to about 0.1 mg/L of beer. Dark beers have a higher XN content than pale beers, some-
thing which is probably related to the participation of melanoidins formed through the
Maillard reaction in the inhibition of the isomerization of XN to a compound with lower
biological activity—isoxanthohumol (IXN) [11-14]. Due to the content of melanoidins
and their antioxidant activity, dark beers are also characterized by a higher total content
of polyphenolic compounds and antioxidant activity than pale beers [15]. Structurally,
they are nitrogenous macromolecular compounds responsible for the brown coloration
produced during the process. The content of melanoidins in food cannot be estimated by
our limited knowledge of their exact structure. Therefore, the content of the intermediate
product 5-hydroxymethylfurfural (5-HMF) can be taken as an indicator of the Maillard
reaction [3].

The aim of this research was to evaluate the effect of technological operations and the
ethanol fermentation process using top fermentation brewer’s yeast Saccharomyces cerevisiae
on the antioxidant activity of dark dry hopped beers with high XN content. A unique
element of this work is the analysis of the antioxidant properties of four dry hopped
dark beers produced with different varieties of hops at subsequent technological stages,
with attention to the impact of indicators of the Maillard reaction on wort and beers’
features. We conducted the analysis of total phenolic compounds, antioxidant capacity,
5-hydroxymethylfurfuralcontent, color intensity, glycerol and carbohydrate profiles at
successive technological stages with assessment of xanthohumol, iso-x-acids content and
the basic physicochemical properties of finished beers.

2. Materials and Methods
2.1. Materials and Sample Preparation
2.1.1. Biological Material

Top fermentation brewer’s yeast Saccharomyces cerevisiae Safale S-04 (Fermentis, Lesaf-
fre, France) was used in the beer wort fermentation process. Before adding to the wort, the
yeast was rehydrated in sterile distilled water at 25 °C for 30 min. In accordance with the
manufacturer’s recommendations, a dose of 0.46 g/L was used.

2.1.2. Raw Materials

The following malts were used in the production of beer wort: Pilsner malt (3—4.5 EBC,
Viking Malt; Strzegom, Poland) and dark chocolate malt (1100-1300 EBC, Viking Malt;
Strzegom, Poland). The beers were hopped with the hop varieties Marynka (Twoj Browar,
Poland, 8.8% «-acids), Amarillo (Tw6j Browar, Poland, 8.8% «-acids), Cascade (Twdj
Browar, Poland, 7.7% «-acids), Centennial (Twoj Browar, Poland, 8.5% o-acids) and Galaxy
(Twdj Browar, Poland, 13.3% o-acids).

2.1.3. Brewing Technology

The wort was obtained by filtering the mash, which was produced using the two-step
decoction method. The mash was made with 90% Pilsner malt and 10% dark chocolate
malt. The mashing process steps were as follows: 52 °C for 10 min, 63 °C for 40 min, 72 °C
for 30 min and 78 °C for 10 min. The temperature increase was obtained by taking 1/3
of the mash volume, boiling in a separate vessel for 10 min, and returning it to the main
mash tun. After mashing, the mash was filtered. The obtained wort (10 L) was boiled with
the addition of Marynka hop (12 g). The wort extract was then set at 12 °Bx by measuring
with a Densito 30PX densimeter (Mettler Toledo, Columbus, OH, USA) (Analitica EBC,
2010). The wort was divided into four samples (2 L volume). Then, separately, the samples
with the addition 2.5 g/L of hops (samples: A—Amarillo, B—Cascade, C—Centennial,
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D—Galaxy) were boiled for 10 min. The worts were cooled down to 18 °C and fermented
with S. cerevisiae Safale US-04 top fermenting yeast (Fermentis, Lesaffre, France) at a dose
according to the manufacturer’s recommendations (0.46 g/L) and temperature of 18 °C.
Main fermentation was carried out for seven days. The beers were then decanted from the
yeast sediment into disinfected fermentation flasks. The next stage of the technological
process was dry hopping of the beers using a dose of 5 g of one of the hop varieties (samples:
A—Amarillo, B—Cascade, C—Centennial, D—Galaxy). The beers were post-fermented for
seven days at 18 °C, then poured into 500 mL bottles. Carbonation was obtained as a result
of refermentation. For this purpose, sucrose was added to the beer in a dose of 4.7 g/L
before bottling. The beers were aged for 4 weeks at 4 °C.

2.1.4. Sample Preparation and Abbreviations

The beers were degassed in a 358A laboratory shaker (ElpinPlus, Lubawa, Poland)
and filtered into Erlenmeyer flasks through a pleated filter. Before analysis, both the wort
and beers were centrifuged in a laboratory centrifuge (MPW-351R type) in Falcon 50 cm?
containers (5000 rpm for 10 min). The obtained samples were decanted.

The following abbreviations were used to mark the samples: W0—wort after filtration,
W1l—wort hopped with bitter hops (Marynka), A—wort and beers hopped with the
Amarillo variety, B—wort and beers hopped with the Cascade variety, C—wort and beers
hopped with the Centennial variety, D—wort and beers hopped with the Galaxy variety.
Technological stages have been additionally marked with numbers: 1—hopped wort, 2—
beer after main fermentation, 3—Dbeer after post-fermentation and 4—Dbeer after maturation.

2.2. Analytic methods
2.2.1. Basic Physico-Chemical Parameters

The beers were degassed using a 358 A laboratory shaker (Elpin Plus, Lubawa, Poland),
and then filtered using paper filters and diatomaceous earth. Next, using a beer densime-
ter Anton Paar beer analyzer DMA 4500 M (Graz, Austria), the ethanol content, real
attenuation, apparent attenuation, wort extract content, color (EBC) and beer density
were measured.

2.2.2. Determination of Beer Bitterness (IBU)

The analysis of iso-x-acids content was performed according to Analytica EBC [16]. A
sample of degassed beer (10 cm?) was transferred to a 35 cm® Falcon tube. Then 6 N HCI
solution (0.5 cm?®) and isooctane (20 cm3) were added. The samples were shaken for 5 min,
before 10 cm? of the mixture was transferred to a 15 cm? Falcon centrifuge tube. The sample
was centrifuged (2675 centrifugal force (RCF)) in Falcon containers (5 min, 3000 rpm). Then
a sample was taken from the isooctane layer and determined with a BECKMAN DU-650
UV-2401 PC spectrophotometer (Shimadzu, Kyoto, Japan) at a wavelength of 275 nm. Pure
isooctane was the reference sample. The content of iso-x-acids was calculated according to
the formula: IBU= 50A (IBU—brewery units [mg/ dm?®], A—absorbance at 275 nm).

2.2.3. High-Performance Liquid Chromatography (HPLC) Analysis of
Carbohydrates Content

Carbohydrate profiles (maltose, maltotriose, glucose, dextrin) and glycerol content
were analyzed by high-performance liquid chromatography (HPLC) [17]. Samples were
degassed and centrifuged with a laboratory centrifuge MPW-351R (10 min, 5000 rpm). Then
the samples were diluted with water and filtered through 0.22 pm filters. A 5-fold dilution
for wort and a 2-fold dilution for beer samples was used. Separation was made using Rezex
ROA—Organic Acid H+ (300 x 7.8 mm) column (Phenomenex, Torrance, USA). The HPLC
method, using Prominence (Shimadzu, Kyoto, Japan) was used. Measurement parameters:
injection volume—0.02 mL, flow rate—0.6 mL/min, temperature of separation—60 °C,
mobile phase—0.005 mol/ dm?® H,S0, A refractometric method of detection was used. All
measurements were performed in triplicate. Results were presented as g/L of wort or beer.
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2.2.4. High-Performance Liquid Chromatography (HPLC) Analysis of Xanthohumol (XN)
and Isoxanthohumol (IXN) Content

The content of XN and IXN was analyzed using the method by Jurkovd et al. [18] with
modifications. The analysis consisted of solid-phase extraction (SPE) using the Strata C18-
E, 500 mg/6 mL column (Phenomenex, Torrance, CA, USA). For the analytes separation
from beer samples, we used: No.l—methanol, No. 2—water:H3PO, (100:0.2 v/v), No. 3—
methanol:water:H3z POy (20:80:0.2 v/v/v) and No.4—methanol:H3PO, (100:0.2 v/v). Columns
were conditioned by passing 10 mL of No. 1, and next 10 mL of No. 2. The acidified beer
samples (25 mL) were applied to the SPE columns, treated with 10 mL of No. 3 and allowed
to “dry” for 10 min under vacuum. The analytes were washed out with 5 mL of No. 4
solution into 2.5 mL measuring tubes to the level just before the mark, filled with the same
solution and mixed. Samples were filtered through a 0.45 Pm PTFE filter and analyzed
by HPLC.

High-performance liquid chromatograph (Waters 2690) with a diode array detector
(Waters 996) was used. The analyzes were performed on a C-18 reverse phase column
(Kinetex 5u XB-C18 100A). The column was thermostated at 28 °C and the analyzed
samples at 12 °C. The following solutions were used as eluent: A-1% vol. formic acid in
water; B 1% vol. formic acid in acetonitrile. Elution program: 65% A-10 min., 65% A-10%
A-8 min., 10% A-4 min., 10% A-65% A-1 min., 65% A-7 min. The flow rate was 1.5 mL/min.
The XN and IXN external standard (0.535 mg/mL of XN and 0.496 mg/mL of IXN) was
used in the analysis. The analyses were performed in triplicate. Results were presented in
mg of XN or IXN per liter of beer.

2.2.5. High-Performance Liquid Chromatography (HPLC) Analysis of
5—Hydroxymethylfurfural (5-HMF) Content

The content of 5-HMF in wort and beers was analyzed by high-performance liquid
chromatography using the Dionex system (Thermo Fisher Scientific, Bremen, Germany) and
the TCC-3000SD Cadenza Imtakt CD-C18 column (75 x4.6 mm, 5 um) [17]. An UltiMate
3000 diode detector, LPG-3400A pump and EWPS-300SI autosampler were used. The
mobile phase was composed of solvents A (4.5% v/v formic acid) and B (100% acetonitrile).
An injection volume of 20 uL and an elution rate of 1.0 mL/min were used. The elution
procedure was as follows: 0-1 min 5% B in A, 20 min 25% B in A, 21 min 100% B, 26 min
100% B, 27 min 5% B in A. The column temperature was 30 °C. 5-HMF was identified at
280 nm. Chromeleon v.7.2.—Chromatography Data System (Thermo Scientific Dionex,
Sunnyvale, CA, USA) was used for integration and quantification of the data. Results were
presented as mg/L of wort or beer.

2.2.6. Total Polyphenols Content

The Folin-Ciocalteu (F-C) spectrophotometric method was used to determine the
total polyphenol content (TPC) in worts and beers [19]. The analyzed wort or beer samples
(0.1 mL) and F-C reagent (0.2 mL) were mixed in plastic cuvettes and incubated for 3 min.
A 20% aqueous sodium carbonate solution (1 mL) and distilled water (2 mL) were then
added to the samples. The blank was distilled water. After one hour of incubation, the
absorbance was analyzed spectrophotometrically using UV-2401 PC (Shimadzu, Kyoto,
Japan) at a wavelength of 765 nm. The results are presented as the mean value of triplicates.
A calibration curve in the range of 0.30-9.00 mg GAE/L was used to read the results.

2.2.7. Ability of Iron Ion Reduction (FRAP)

An analysis of the ability to reduce ferric ions was performed using the method
by Benzie and Strain [20]. The FRAP (ferric reducing antioxidant power) reagent was
prepared by combining 20 mL of an aqueous solution of iron (III) chloride (0.1018 g FeCl3)
with a solution of 2,4,6-Tris(2-pyridyl)-s-triazine (0.0664 g TPTZ) in 40 mM hydrochloric
acid (20 mL HCI) with acetate buffer pH 3.6. Quantitative analysis was performed by
the external standard method using iron (II) sulfate (0.2 mmol/L) (VI) as reference. A



Antioxidants 2021, 10, 763

50f 14

correlation curve between the absorbance value and the compound concentration was
prepared. Beer (1 mL) diluted in distilled water and FRAP reagent (3 mL) were mixed in
cuvettes. Distilled water was used as a blank. The absorbance was determined at fli 593 nm
with a UV-2401 PC spectrophotometer (Shimadzu, Kyoto, Japan). The results are presented
as the mean of triplicates in millimoles of Trolox per liter of wort or beer.

2.2.8. Ability of Radical Cation ABTS** Reduction

Antioxidant activity was determined using the radical cation reduction method
ABTS** [21]. The wort or beer samples (0.03 mL) were mixed with the 2,2'-azino-bis
(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS®**) solution with a determined absorbance
value (0.700). After 6 min of incubation, the measurement was made using UV-2401 PC
spectrophotometer (Shimadzu, Kyoto, Japan) with the wavelength 734 nm. Determinations
were performed in triplicate. Results were presented in mmol of Trolox per liter of wort
or beer.

2.2.9. Statistical Analysis

One-way analysis of variability (ANOVA) was performed for the obtained data.
The significance of differences between the mean values was tested using Duncan’s test
(p < 0.05). Statistical analysis was performed using the Statistica 13.5 program (StatSoft,
Tulsa, OK, USA).

3. Results and Discussion
3.1. Physicochemical Properties of Beers

Finished beers, after the aging process, were analyzed with the use of an oscillating
densimeter with a beer analyzer (Table 1). The beers did not differ significantly in ethanol
content (5.37—5.49% v/v). The values of apparent and real attenuation differed statistically
significantly, but the magnitude of these differences was not large. The apparent attenuation
ranged from 80.27 to 81.33% w/w, while the real attenuation 64.93 to 65.73% w/w. Similar
parameters (ethanol content, attenuation and final beer density) resulted from the use
of wort for fermentation with similar extract content (12.31-12.61% w/w). The above-
mentioned parameters allowed us to conclude that the variety of hops used did not have a
significant impact on the process of fermentation of beer wort.

Table 1. Physicochemical properties of beers.

Attenuation Extract

Sample Ethanol Apparent Real Apparent Real Density Bitterness
% vlv % wlw % wlw g/cm3 IBU
A4 542 +0.032 80.71 £ 0.02 ¢ 65.21 +£0.02°¢ 12.61 +0.052 439 4+0.022 1.0076 + 0.00 b 59.45 + 0.10 P
B4 5.37 £0.052 81.33 +0.01° 65.67 +£0.01b 12.31 £0.03 ¢ 4.23+0.02°¢ 1.0072 4+ 0.00 4 55.45 + 0.67 ©
C4 542 4+0.022 80.385 +0.022 65.73 +0.022 12.43 +0.02P 433 +0.01P 1.0075 £ 0.00 © 56.35 +0.31 ¢
D4 549 +0.022 80.27 + 0.02 4 64.93 +0.02 4 12.60 £0.022 44+0.012 1.0078 £ 0.002 7522 +1.162

Results are presented as a mean of three replicates + standard deviation. The mean values presented in one column, marked with different
letters (a, b, ¢, etc.), differ statistically (p < 0.05).

The addition of dark malt did not significantly affect the apparent extract of wort,
while the samples were clearly differentiated in terms of the real extract, the degree of
attenuation, and the final ethanol content in the beer. Although wort had a similar extract
content, the attenuation level and ethanol content were lower for beers with a higher
proportion of dark malt, while the real extract content and density increased. This may
indicate the fact that dark wort contains sugars that are less susceptible to fermentation, or
that the Maillard substances inhibit yeast metabolism. Research by Coghe et al. [22] gave
very similar results to those obtained in our experiment. They also used 10% dark malt to
prepare the wort, and the apparent extract of the beers was (as in our trial) close to 12 °Plato.
The beers they obtained were characterized by a lower real extract and a higher degree of
attenuation than our beers. These values confirm that there are less fermentable sugars in
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darker-colored malt. The ethanol content in the beers obtained in both experiments is at a
similar level (about 5.3% v/v). The higher EBC value of the malt used in our research did
not significantly affect the alcohol content of the produced beers [22].

Hopped wort differed statistically significantly in terms of the content of all tested
sugars (Table 2). Neither of them contained glycerol. Maltotriose, maltose, and glucose
contribute to the ethanol fermentation process with the use of S. cerevisie brewer’s yeast,
therefore their content decreases during the process. Maltose is the main sugar of wort [23].
The wort contained 49.21-58.02 g/L maltose, 12.06-15.13 g/L maltotriose, 6.53-8.34 g/L
glucose and 30.68-46.85 g/L dextrin. The D1 wort was characterized by the highest content
of all tested sugars. After the fermentation process, the content of maltose decreased signif-
icantly to 0.34-0.36 g/L. There were no statistically significant differences in the content of
this sugar in beers after the main fermentation, post-fermentation, and maturation. After
main fermentation and post-fermentation, no glucose content was noted in any of the
tested beer variants. Its small amounts were contained in the sample of A4 beer at the final
stage of the technological process—after maturation. This may be due to the addition of
glucose to the beer prior to bottling as a raw material for refermentation, which is used to
naturally saturate beer with carbon dioxide.

Table 2. Carbohydrate profiles and glycerol content in hopped worts and beers.

Sample Maltose Maltotriose Glucose Dextrins Glycerol
g/L
Hopping
Al 5259 +0.23° 13.63+0.10° 753+020P 39.46 + 0.08 4 nd
Bl 4921 4+169 1213+0.05¢ 7.01+0.05¢ 34.46 + 0.358 nd
C1 53.87 +0.79P 12.06 +045¢ 6534+ 0.15¢ 30.68 £ 0.56 1 nd
D1 58.02+0902 15134+0262 83440392 46.85 +1.322 nd
Main fermentation
A2 036 +0.01¢ 517+0.104 nd 38.49 +0.789¢ 339 +0.032
B2 0.34+0.00¢ 4.83+0.06¢ nd 37.28 + 0.34 ©f 2.61+ 0.038
c2 0.36 £0.00¢ 53140054 nd 39.86 & 0.59 4 2714+ 0.01f
D2 036+0.01¢ 4514+0.09¢ nd 37.06 +£0.18¢F 283 +0.01¢
Post-fermentation
A3 0.41+0.01¢ nd nd 37.15 £ 0.09 ©f 2.88 +0.00¢
B3 0.31+0.01¢ nd nd 34.22 + 0558 262 +0.028
Cc3 032+001¢ 1.13+£0.02f nd 36.19 +0.32f 213+0.11h
D3 0.39 +£0.04¢ nd nd 4424 4+ 0.75P 3.01 +£0.02b
Maturation
Ad 044 +0.04¢ 118+ 005f 084 +0.06¢ 34.840.228 2.85 + 0.03 ¢d
B4 0.14 +0.03¢ nd nd 33.58 + 0.08 8 2.74+ 0.00 ¢
C4 046 £0.02¢ 134+0.14f nd 36.82 +2.75f 2.80 & 0.12 de
D4 0434+0.04¢ 139+0.04f nd 42564+ 0.21°¢ 3.03+0.02b

Results are presented as a mean of three replicates & standard deviation. The mean values presented in one
column, marked with different letters (a, b, ¢, etc.) differ statistically (p < 0.05); nd — not detected.

The maltotriose content in beers after main fermentation (4.51-5.31 g/L) results from
the order of use carbohydrates by the brewer’s yeast. First, S. cerevisiae yeast metabolizes
monosaccharides (glucose and fructose), then disaccharides (maltose and sucrose), and
finally maltotriose [24]. Dextrins are carbohydrates that do not undergo ethanol fermenta-
tion using S. cerevisine brewer’s yeast, and therefore the significant changes in their content
observed in the trials cannot be related to the use of these carbohydrates in the fermenta-
tion process. The content of dextrin decreased significantly after fermentation for trials
B3 and C3, and after aging compared to beers after the main fermentation for trials A4,
B4, C4. The decrease in dextrin content during the process of dry hopping is attributed
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to their hydrolysis with the participation of enzymes present in hops added to cold beer
or enzymes of microbiological origin. The presence of the following enzymes in hops has
been documented: amyloglucosidase, x-amylase, 3-amylase, and limit dextrinase. It is
worth noting that the material tested in that experiment was Cascade hop, which was also
used in our experiment (variant B). The activity of hop enzymes is the cause of fermentable
sugars appearing in beer after dry hopping and a decrease in the content of dextrin. Their
action may increase the attenuation of beer. Thanks to the action of enzymes from hops, an
additional dose of sugars appears in the beer, which causes the ethanol fermentation to
reinitiate. This phenomenon is called ‘hop creep’ [25]. The reason for resuming fermenta-
tion after dry hopping may also be the fact that a certain dose of sugar is introduced into
the beer with hops. About 2% of the dry weight of hop cones are monosaccharides [5].

Glycerol is synthesized by S. cerevisiae yeast cells. It is responsible for protecting
the cell against osmotic and thermal stress, and also affects the sensory features of beer
defined as body and fullness [26]. The glycerol content changed with the successive stages
of the technological process. It is the main byproduct of ethanol fermentation, which
explains its lack in brewing wort. In finished beers, its content ranged from 2.74-3.03 g /L.
Han et al. [27] examined 34 pale beers for glycerol content. The beers they tested had from
925.2 to 1.502.74 mg/L. Glycerol biosynthesis by S. cerevisiae depends on the temperature
of the fermentation process, the strain of brewer’s yeast, sugar content in the fermenting
wort, amount and type of nitrogen source, pH value, SO; and oxygen content in the culture
medium [26].

The bitterness of the beers was also analyzed. The beers were characterized by the
bitterness level index in the range of 55.45-75.22 IBU. This indicator is related to the content
of iso-x-acids in beer. In the experiment, Marynka bitter hops were used—the same for
all produced variants of beers. The samples were differentiated in terms of the variety of
aromatic hops used, which, to a lesser degree, affect the bitterness of beer. The varieties of
hops used differed in the content of x-acids. They contained from 7.7-13.3% of these bitter
compounds. The determined value of bitterness in beer depends on the content of these
compounds in the type of hops used.

3.2. The Content of Xanthohumol and Isoxanthohumol

Hops are responsible for the beer’s characteristic aroma and bitter taste. It is also a
source of several bioactive substances. One group of compounds found in hops with a
wide range of health-promoting properties are flavonoids. Due to the presence of hydroxyl
groups and multiple bonds in the structure of these compounds, they have the ability to
protect the body’s cells against reactive oxygen species. A group of flavonoids with one
or more prenyl groups is called prenylated flavonoids. As much as 95% of the prenylated
hop flavonoids are prenylated chalcones. Among them, the dominant is xanthohumol,
constituting 80-90% of the prenylflavonoids. In a smaller amount than XN, another
prenylated flavonoid, desmethylxanthohumol, is also present in the lupulin glands of hop
cones. As a result of thermal isomerization in beer wort, this compound is transformed
into a racemic mixture of enantiomers 6-prenylnaringenin and 8-prenylnaringenin, which
is the most potent plant phytoestrogen known [5].

The results of the XN and IXN content in obtained beers are presented in Table
3. The samples differed significantly in terms of the content of both prenylflavonoids.
The beers were characterized by a high XN content, in the range of 1.77-3.83 mg/L,
while IXN was between 0.85-1.19 mg/L. The highest XN content was found in D4 beer,
hopped with the Galaxy hop variety, while the lowest in B4 beer, hopped with the same
dose of Cascade hop. Compared to the XN content in beers tested by other authors, our
results are outstanding. This is due to the specially designed beer production technology.
The use of decoction mashing allowed efficient extraction of colored compounds from
malt. As the amount of melanoidin in the wort increases, the loss of XN during the
boiling of the wort decreases. This indicates the participation of these compounds in
inhibiting the thermal isomerization of chalcones to flavanones [13]. Additionally, in our
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experiment application of the dry hopping process, in which the thermal factor favoring
isomerization of XN is excluded, we were able to obtain a high content of prenyloflavonoids
in the final beer. Stevens et al. [28] analyzed 13 beers for the content of xanthohumol,
isoxanthohumol, 6-prenylnaringenin, and 8-prenylnaringenin. The research showed that
the total content of these four compounds in beer was in the range of 0-4 mg/L. Lager-type
beers contained 0.009-0.034 mg/L of XN, while 0.4-0.68 mg/L of its isomerization product
was IXN. Stout and porter beers had a higher XN content from pale beers (0.34 mg/L and
0.69 mg/L, respectively). The study of the XN content in 27 Polish beers was undertaken
by our department. In these beers, the XN content was determined to be in the range of
0.006-0.22 mg/L, and the highest results were also recorded for dark beers and unfiltered
light beers with extract content greater than 12.5% w/w [29]. The higher XN content in dark
beers is probably related to the presence of melanoidins, which are high molecular weight
end products of the Maillard reaction [13].

Table 3. The content of xanthohumol (XN) and isoxanthohumol (IXN) in beers.

Sample XN IXN
mg/L
A4 1.93 +£0.03¢ 0.96 + 0.00 ¢
B4 1.77 +£0.024 0.85 + 0.00 4
Cc4 255+ 0.01b 1.03 £0.00P
D4 3.83 £+ 0.05 2 1.19 £ 0.012

Results are presented as a mean of three replicates + standard deviation. The mean values presented in one
column, marked with different letters (a, b, ¢, etc.), differ statistically (p < 0.05).

Xanthohumol is the dominant substance in the composition of (3-resins in hops. Its
content in hop cones is 0.3-1.5% of dry matter. It is a prenylated chalcone present in the
lupulin glands of hops. Although XN is the main component of the hard resins of hops, only
a small amount of it passes into the beer as a result of the traditional production process.
It has been estimated that it goes into the finished product with a yield of only 5%. This
is due to its hydrophobic nature, which makes it poorly soluble in wort. Large amounts
of XN are removed from the wort as the hops separate and lost during fermentation.
Part of it is absorbed by yeast cells and separated by clarification processes using PVPP
(polyvinylpolypyrrolidone). As a result, the content of XN in the finished beer is usually
lower than 0.1 mg/L [13].

Isoxanthohumol is a compound with better solubility in wort than xanthohumol,
but shows lower pro-health activity. However, there are studies showing its activity as a
phytoestrogen due to its conversion into 8-prenylnaringenin [30]. It was shown that the
content of IXN in commercial beers ranges between 0.04-3.44 mg/L in alcoholic beers and
reaches about 0.11 mg/L in nonalcoholic beers. The results of IXN content obtained in our
experiment are similar to Stevens et al. [28].

Researchers have repeatedly attempted to enrich beer in XN using an addition of dark
malt, modified hopping technologies, using preparations rich in XN dosed at different
stages of beer production, skip filtering and stabilizing the beer with PVPP or activated
carbon, reuse of yeast biomass for fermentation, and changes in pH of the wort before
hopping [11,13]. Wunderlich et al. [13] obtained beer with an XN content of 17.2 mg/L as a
result of using an 80 mg/L dose of XN and 10% dark malt. In our experiment, we obtained
beer using conventional hopping without the use of XN extracts. It is also worth noting
that our results are close to the content of XN showing biological activity (5 mg/L) [31].

3.3. The Content of 5-Hydroxymethylfurfural and the Color (EBC) of Wort and Beers

The color of the beers depends mainly on the malts used in the wort production
process. During the production of beer, it undergoes little change, mainly at the stage
where the wort is subjected to thermal treatment. The color of the wort (Table 4), before
boiling with hops, was 106.73 EBC. The process of hopping with bitter hops led to a
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significant darkening of wort (to 133.43 EBC). At the same time, the content of 5-HMF, one
of the markers of the Maillard reaction, increased. For W0, it was 18.92 mg/L. The content
of 5-HMF in brewing wort produced with the participation of 10% of various types of dark
malt ranges from 5.54-24.31 mg/L, assuming the highest value for the wort produced with
dark chocolate malt [23]. The wort, before hopping W0 obtained in the experiment, has a
lower 5-HMF content. After boiling with bitter hops, the 5-HMF level rose to 24.65 mg/L
(W1), which was due to the Maillard reaction changing during heating.

Table 4. Color (EBC) and 5-hydroxymethylfurfural (5-HMF) content in worts and beers.

Sample Color 5-HMF
EBC mg/L
Worts
WO 106.73 £ 0.22 h 18.92 + 0.07 ¢
W1 133.43 4+ 3.08 P 24.65 + 0.03P
Hopping
Al 114.15 + 0.00 f& 20.05 + 0.46 4
B1 139.58 +2.322 234 +0.29°¢
C1 142.95 + 0.452 26.52 + 0.01 2
D1 141.60 & 0.90 2 26.72 +£0.122
Main fermentation
A2 107.10 +£2.10h nd
B2 113.03 4 0.08 f8 nd
2 126.45 + 3.30 <d nd
D2 132.08 + 1.58 P nd
Post-fermentation
A3 122.93 4 2,03 de nd
B3 114.68 + 0.53 f nd
C3 131.03 £2.32b nd
D3 131.40 +1.80 P nd
Maturation
Ad 12132 +330¢ nd
B4 110.40 =+ 4.95 8h nd
C3 123.15 4 2.85 de nd
D4 130.05 + 0.30 b¢ nd

Results are presented as a mean of three replicates + standard deviation. The mean values presented in one
column, marked with different letters (a, b, ¢, etc.) differ statistically (p < 0.05); nd — not detected.

After the next technological stage, boiling with aromatic hops, the samples were
characterized by a color of between 114.15 to 142.95 EBC and a content of 5-HMF at a
level of 20.04 to 26.72 mg/L. The 5-HMF content increases with increasing EBC colour
index. The intensity of boiling of the trials during hopping may be the reason for the
differences in the results between the variants, differing in the type of hops used in the
production process. As a result of the main fermentation, the color intensity of the beers
decreased. The decrease ranged from 6.2% (A2) to 19.0% (B2). This may be the result of
melanoidin decolorization by the enzyme manganese peroxidase from yeast S. cerevisiae.
Kahraman et al. [32] showed that S. cerevisiae yeast caused a 33% decolorization of molasses
wastewater, which were a byproduct from the sugar industry. In turn, Tsiakiri et al. [33]
showed that the immobilized S. cerevisiae baker’s yeast is capable of 80 to 100% reduction
of melanoidin from solutions of various initial concentrations after 48 h of incubation.
The reduction in the content of colored compounds is due to the activity of laccase and
peroxidase stimulated by Cu?* and Mn?* ions.
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After post-fermentation and maturation, the color of the beers also changed, but on a
smaller scale compared to the earlier technological stage. 5-HMF is one of the intermediates
in the Maillard reaction. The fermentation process carried out with the participation of
S. cerevisiae depends on the presence of 5-HMF. The effect of doses of 0.5-15 g/L of 5-HMF
was analyzed by Da Silva et al. [34]. The results indicate that the content of 1-10 g/L in the
medium prolongs the yeast lag phase period proportionally to the dose, while with the use
of 15 g/L the growth of yeast is completely inhibited. 5-HMF is the product of a series of
reactions that occur as a result of heating a medium containing pentosis and hexosis. It
hinds the fermentation process by inhibiting enzymes from the group of dehydrogenases
involved in the metabolism of S. cerevisiae [35].

After the ethanol fermentation process, a complete reduction of the 5-HMF content
was observed in all tested beer variants. 5-HMF is converted to 5-hydroxymethylfurfuryl
alcohol (5-HMF alcohol) during ethanol fermentation. The yeast S. cerevisiae has been shown
to process 5-HMEF into 5-HMF alcohol both under aerobic and anaerobic conditions [36].
Viegas et al. [37], analyzed commercial beers in various styles for the content of 5-HMEF. They
showed that dark beers contain an average of 6.99 mg/L 5-HMEF, amber beers 6.84 mg/L,
while light beers contained 4.29 mg/L. The beers in our analysis were tested shortly after
the finished production process, while commercial beers tested by Viegas et al. [37] were
obtained from supermarkets. The higher content of 5-HMF may be due to its formation
during the storage of beers.

3.4. Total Polyphenol Content (TPC) and Antioxidant Activity

The total content of polyphenols (TPC) and the antioxidant activity of wort and beers
at subsequent production stages are presented in Table 5. The content of polyphenols
in the wort (W0) was 336.13 mg GAE/L. The ability to reduce iron ions (FRAP) and the
antioxidant capacity (ABTS®**) wort were 1.61 and 0.91 mmol TE/L, respectively. After
hopping the wort with bitter hops (W1), the TPC value rose to 388.19 mg GAE/L (an
increase of 15.5% over the wort before hopping). The antioxidant potential ABTS®** of wort
also increased by 39.5%, while FRAP by 20.8%.

TPC in hopped worts increased for samples Al and D1 by 7.7% and 22.9%, respectively.
The sample hopped with the Galaxy (D1) variety was characterized by the highest content
of polyphenolic compounds. The lowest content was found in samples B1 and C1, where
TPC slightly decreased in relation to W1. After hopping, ABTS** and FRAP antioxidant
potential increased (by 19.5-43.0% for ABTS** and 20.3-43.0% for FRAP results). Hop
varieties differ in content of phenolic compounds. Their quantitative and qualitative
composition in hops is also determined by the harvest date, place and climatic conditions
of cultivation as well as the method of storage [38].

The phenolic compounds undergo changes during the thermal treatment. Such
processes may occur during the boiling of the beer wort. For some of the polyphenols, heat
treatment is associated with an increase in antioxidant activity. Moreover, the antioxidant
ability is a feature more resistant to high temperatures than the content of polyphenols. The
presence of other compounds in the environment influences the behavior of polyphenols
under high temperature conditions [39].

All variants after the main fermentation had a higher TPC than before the process.
There was an increase in the parameter from 30.8% for D2, up to even 86.0% for C2. The
sample C2 contained 713.8 mg GAE/L, while D2 623.91 mg GAE/L. The FRAP assay
results did not change statistically after fermentation for samples D2 and B2. For the
remaining samples, we noted a slight increase in the FRAP capacity. Differently in the
case of the radical reduction potential (ABTS®**). A statistically significant decrease in
antioxidant power was noted for B2 (by 24.5%) and C2 (by 18.45%). The increase in
antioxidant capacity after ethanol fermentation may be a result of the overproduction of
NADH by yeast in the process of glycolysis. It is presumed that the conversion of sugars
to pyruvate or acetaldehyde during ethanolic fermentation is faster than acetaldehyde to
ethanol. It results in increased NADH (nicotinamide adenine dinucleotide) production,
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and this in turn leads to an increase in the antioxidant potential of beers after ethanol

fermentation [40].

Table 5. The total content of polyphenolic compounds (TPC), the ability to reduce iron ions (FRAP),

and the antioxidant capacity (ABTS**) of wort and beers at subsequent technological stages.

Sample TPC FRAP ABTS*
mg GAE/L mmol TE/L mmol TE/L
Worts
WO 336.13 £ 392k 1.61 £ 0.05! 0.91 +0.018
W1 388.19 + 10.67] 1.94 +0.03 k 1.27 £ 0.09 ©f
Hopping

Al 418.00 + 16.57 1 2.56 + 0.04 1 153 4+ 0.1

Bl 387.53 &+ 10.03 J 2.32 4+ 0.061 1.61 + 0.16 ¢

C1 383.82 + 15.931 2.71 +0.07 8h 1.75 £ 0.00 @b

D1 477.1 £2056h 278 +0.03 18 1.76 £ 0.06 3P

Main fermentation

A2 676.74 + 6.51 29+0.17¢ 151 +£0.24<d

B2 670.2 +14.08 f 2.39 £+ 0.091 1.21 +£0.13f

C2 713.8 +9.12 <d 2.85 + 0.01 1.43 + 0.05 cde

D2 623.91 +9.358 2.78 +£0.07 8 1.91 +0.022

Post-fermentation

A3 693.34 + 17.01 de 2.67 +0.03 8h 1.38 & 0.04 def

B3 740.1 +5.44° 2.61 &+ 0.03 hi 1.26 £ 0.06 ©f

C3 840.75 4+ 14.89 2 2.36 £ 0.03 1 1.49 +0.1¢d

D3 732.04 + 8.29 be 3.08 +0.03 4 1.43 £ 0.08 cde

Maturation

Al 433.32 +9.541 3.64+0.05° 118+ 0.1

B4 41832 + 11.63 1 4.88 4 0.04 2 1.24+0.11f

C4 37151 + 10.94} 3.73+0.05¢ 1.24 +£0.21 ¢

D4 475.05 + 23.30 0 3.86 +0.04" 1.43 +0.11 ¢de

Results are presented as a mean of three replicates + standard deviation. The mean values presented in one
column, marked with different letters (a, b, ¢, etc.) differ statistically (p <0.05).

After post-fermentation, an increase in TPC was observed in trials B3, C3, and D3.
There were no statistically significant changes in the TPC content in sample A3 in relation
to A2. At this stage, the C3 had the highest TPC content (840.75 mg GAE/L), while A3 had
the lowest (693.34 mg GAE/L). After post-fermentation, the increase in polyphenol content
was not as high as after the main fermentation. There was an increase in TPC from 2.5%
(A3) to 17.8% (C3). It is worth noting that after separating the beer from the yeast sediment
after the main fermentation, the beers were dry hopped. Dry hopping increases TPC by up
to 49% [41], so it could be compensated for the decrease in TPC during post-fermentation.
The ABTS®*" antioxidant activity changed significantly only for D3, the remaining trials
after fermentation showed no statistically significant changes in this parameter. This is
not the case for FRAP activity. For this method, post-fermentation and dry hopping led to
significant changes. There was a decrease in FRAP antioxidant activity for A3 and C3 (8.1%
and 17.1%), while for B3 and D3 an increase (9.0% and 10.8%).

After bottling and maturation, the beers showed a statistically significant decrease
in the content of TPC, regardless of the variant, from 35.1% (D4) to even 55.8% (C4). The
finished beer with the highest TPC was D4 (475.05 mg GAE/L). The obtained results are
not consistent with Pascoe et al. [1]. They observed an increase in antioxidant activity
as a result of the mashing process, after filtration, hopping, as well as post-fermentation
and pasteurization. Moreover, after filtration, storage, and bottling of beer, this increase



Antioxidants 2021, 10, 763

12 of 14

was correlated with an increase in the content of the most monitored polyphenolic com-
pounds [1]. Our experiment confirms that the content of polyphenols rises at the stage of
main fermentation and post-fermentation but significantly decreases during maturation.
McMurrough et al. [42] described the transformation of beer flavanols during storage. In
4-5 weeks, they noted a large loss of tested compounds. Monomeric and dimmeric fla-
vanols disappeared, while the content of macromolecular compounds (tannins) increased.
These processes can explain the reduction in TPC in the tested samples after maturation.
It may also be caused by the spontaneous sorption of polyphenols by sediments and the
polymerization of catechin and epicatechin [43]. Polyphenolic compounds also contribute
to the formation of haze in beer. Polymerized to form macromolecular compounds forming
sediments, which may also be the cause of a decrease in TPC [44].

Zhao et al. [45] showed that lager beers had a lower TPC content that beers obtained
by us. It ranged from 152.01 mg GAE/L to 339.12 mg GAE/L. In Canadian beers, the
content of polyphenols was between 3.72-13.73 mg GAE /100 mL, with the highest value for
dark beer seen in stout style [45]. Phenolic compounds are responsible for the antioxidant
activity in 55.0-88.1%. The most abundant polyphenolic in beer samples are gallic acid
and ferulic acid. In turn, Piazzon et al. [46] tested commercial beers in the following styles:
lager, pilsner, wheat, ale, abbey, and bock. The bock-style beer was characterized by the
highest TPC determined by the Folin—Ciocalteu method (875 mg GAE/L). This value is
almost twice as high as that obtained for the beer with the highest polyphenol content
in our experiment. Abbey and wheat beers also had higher TPC values, while lager and
pilsner styles are similar to the beers we obtained. Piazzon et al. [46] analyzed the beers in
terms of FRAP antioxidant activity. We found that that despite the much lower content of
polyphenolic compounds, the antioxidant activity of the beers produced in our experiment
is similar to bock beer (4.7 pymol TE/mL). The remaining tested beers styles show clearly
lower activity (2.2-3.6 pmol TE/mL) [46].

According to Pulido et al. [47], the content of polyphenols in dark beer ranges from
37.3-57.2 mg GAE/100 mL. These results were similar to those obtained in our experiment.
Compared with lagers, dark beers have a much higher polyphenol content. Pale beers
contain about 31.2-37.0 mg GAE/100mL. It is worth noting that the dark beers we obtained
had an antioxidant activity higher than that of white wine (1.54 umol T/mL) and rose wine
(2.86 umol T/mL), as well as orange juice (5.15 umol T/mL), while red wine, coffee and
tea are significantly stronger as antioxidants.

4. Conclusions

The ethanol fermentation process, with the use of Saccharomyces cerevisiae top-fermented
yeast, led to an increase in total polyphenol content for each tested sample when compared
to responding hopped worts. The content of polyphenols increased after the main fermen-
tation and post-fermentation, while it decreased after the maturation process. The ferric
ion reduction ability (FRAP) rose at all process stages up to post-fermentation, where little
variation was noted depending on the variant. After maturation, it increased again and
achieved the highest value in the whole process. In turn, the ability to scavenge ABTS**
free radicals increased during hopping, while it decreased after maturation. The use of
different varieties of aromatic hops led to the obtaining of beers diversified in terms of total
polyphenol content, antioxidant potential, while to a lesser extent influencing the beer pa-
rameters such as: ethanol content, attenuation level or extract, as well as the carbohydrate
profile and glycerol content in beers. The ethanol fermentation process led to a complete
reduction of the 5-hydroxymethylfurural content and to significant changes in the color
of the beers. The beers were characterized by a distinctly higher xanthohumol content
compared to commercial beers, or beers produced using conventional methods without
enrichment with preparations rich in this prenylated flavonoid. The analysis of changes in
sugar content during the production process allowed to observe the effect of dry hopping
on changes in the carbohydrate profile, probably resulting from the activity of enzymes
present in the hops.
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Abstract: Dark malts used in the production of brewing wort affect the ethanol fermentation process, the
phenolic content, antioxidant capacity and the physiology of yeast cells. An innovative element of this
research is the combination of investigating the effect of beer wort color modulated by the use of dark
specialty malts on the course and effects of fermentation and the characteristics of post-fermentation
yeast biomass of brewer’s strains with different characteristics. Dark and pale beer were obtained. The
beers had different ethanol contents (4.51-5.79% v/v), resulting from real (62.29-80.36%) and apparent
(75.37-98.26%) attenuation levels. Metabolic and morphological differences were demonstrated in the
brewer’s yeast strains used. S. cerevisiae var. diastaticus was distinguished by its ability to ferment dextrin,
resulting in the highest ethanol content in beers. The total phenolic content in beer depends on the color
of the wort and the yeast strain used (244.48-547.56 mg of gallic acid/L). Dark beers show higher ferric
ion reduction ability (FRAP) and antioxidant capacity (ABTS®") than pale beers fermented with the
same yeast strains. Through biomass analysis, differences in yeast cell physiology depending on yeast
strain and beer wort color were also revealed.

Keywords: fermentation; brewing; yeast; dark beers; dark malts

1. Introduction

Beer is an alcoholic beverage made mainly from water, malt, and hops. The variety
of raw materials gives a wide range of possibilities for creating beer recipes. Color is one
of the main determinants of beer quality. It depends on the malts used and their degree
of drying and roasting, as well as on thermal treatment during wort processing [1]. The
Maillard initiated by reaction between reducing sugars and amino acids in the wort during
its exposure to elevated temperature is responsible for shaping the intensity of color, as well
as other sensory descriptors of beer [2,3]. Pale malts, such as pilsner, pale ale, and wheat,
are the base material in the production of beer. Special malts are used in smaller doses
to add color and enrich the sensory qualities of beer. The term specialty malts includes
malts that, as a result of more intense and longer thermal processing, are characterized by
intense caramel, chocolate, or roasted flavor and aroma. The use of specialty malts in the
production of brewing wort has a direct effect on the composition of the wort, but also on
the metabolism of yeast [1].

Among the strains used in the brewing, we can distinguish two main groups: bot-
tom fermenting yeast (Saccharomyces pastorianus) and top fermenting yeast (Saccharomyces
cerevisiae). Yeasts differ in their metabolic capacities and therefore produce beers with
different sensory and physicochemical characteristics. Saccharomyces cerevisiae kveik type
yeast used in the production of traditional Norwegian beers and Saccharomyces cerevisiae
var. diastaticus used in the production of Belgian saison-style beers are distinct from classic
brewer’s yeast strains [4,5]. S. cerevisiae kveik yeast shows a high ability to flocculate and
rapidly attenuate wort sugars under high temperature conditions (>28 °C). A characteristic
feature of S. cerevisiae var. diastaticus is glucoamylase activity that allows the utilisation
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of dextrins, which are one of the main carbohydrates in wort. Dextrins are not fermented
by the classical strains used in brewing [5,6]. Both kveik yeast and strains used in saison
beer production are capable of very efficient utilisation of wort sugars but are incapable of
carrying out hydroxycinnamic acid transformations, which are the cause of unfavourable
beer aroma characteristics, the so-called phenolic off flavour. These features make yeast
interesting for use in the production of beers characterized by a high level of dryness and
low calorific value [5].

The purpose of this study was to analyze the influence of the selection of biological
material and the use of special dark malts on the effects of the ethanol fermentation
process carried out by different yeast strains. Analysis of carbohydrate profiles, content of
fermentation products (ethanol and glycerol), pH value, extract and degree of attenuation
of worts and beers was performed to characterize the physico-chemical properties of the
obtained samples. Wort and beer were subjected to analysis of the content of total phenolic
compounds and antioxidant activity. The morphological characteristics of yeast cells in
postfermentation biomass was examined using a Scepter Cell Counter cell analyzer. The
study provides new information on the characteristics of dark and pale beers produced with
different yeast strains, as well as differences in the course and effects of the fermentation
process depending on the yeast strain and the color of the beer.

2. Results and Discussion
2.1. Physicochemical Parameters, Carbohydrates and Glycerol Content

Our research strategy involved the production of a series of dark and pale beers
using different strains of brewer’s yeast in the fermentation process. Top-fermenting and
bottom-fermenting yeasts were used, among which Saccharomyces cerevisine kveik type and
Saccharomyces cerevisiae var. diastaticus were distinguished for their metabolic capabilities.

Carbohydrates and glycerol content in worts and beers are presented in Table 1 and
Figure 1. Maltose, maltotriose, glucose, and dextrins are the main carbohydrates of beer
wort. They are mainly obtained by the amylolytic decomposition of starch during malt
mashing. The content of individual sugars in the wort depends on the composition and
amount of sugars in the malt, the occurrence of non-enzymatic browning reactions and
enzyme activity during mashing [1,7]. The proportion of sugars in the wort is influenced
by the composition of the mash. The addition of dark chocolate malt at a dose of 10% did
not result in significant changes in maltose, maltotriose, and glucose content compared
to pale wort [6]. In our investigation, there were no significant differences in maltotriose
content between HPW (hopped pale wort) and HDW (hopped dark wort). HPW contained
more maltose and glucose than HDW. These sugars are classified as reducing sugars and
are involved in Maillard reactions, which may be the reason for their lower content in
dark worts [7]. Although DW (dark wort) had a higher extract than PW (pale wort), a
lower content of all individual sugars tested was identified in this wort. The sum of the
fermentable sugars accounted for 62.93% of the HPW and 56.85% of the HDW extract
content. The remaining components of the wort extract are mainly compounds other than
fermentable sugars. This is the direct reason for the differences in attenuation rates between
pale and dark beers. This is consistent with the observations of other authors [1,6].

The beer variants were not statistically different in terms of maltose, maltotriose, and
glucose content. Glucose as a simple sugar is utilized by yeast first. Next, among the sugars
tested, the yeast utilizes maltose followed by maltotriose [8]. Dextrins are not fermented by
the classical strains of top and bottom fermenting brewing yeasts (S04, S23) and kveik yeast
(KV). An exception is the yeast S. cerevisiae var. diastaticus (SA), which due to the activity
of the enzyme glucoamylase has the ability to metabolize dextrins by fermentation [5].
This potential was confirmed in our study. SAP (pale beer fermented with S. cerevisiae var.
diastaticus) and SAD (dark beer fermented with S. cerevisiae var. diastaticus) beers contained
8.08 mg/L and 10.66 mg/L of dextrins, respectively, while the corresponding HPW and
HDW hopped worts contained 19.69 mg/L and 21.84 mg/L. The glucose content in the
beers analyzed was 0.15-0.60 g/L. The glucose content of the beers may have resulted from
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its use for refermentation. The residual amount of sugars in the beers was probably related
to the attenuation ability of the yeast strains used.

Table 1. Carbohydrate profile and glycerol content of worts and beers.

Compound  Unit PW DW HPW HDW S04P $04D $23P $23D KVP KVD SAP SAD
Maltose 3224+ 2647+ 3310+ 3017+ 036+ a2 0.86 + 0.66 + 100+ 0994+ 097+ 086+
253al 136¢ 145a 0.40b 0.01d 0.00d 0.00d 0.01d 0.02d 0.06 d 0.05d

Maltotri 961+ 870+ 978+ 8.17 + 171+ 0.85 + 1.84 + 097+ 137+ 151+ 100+ 091+
attotriose 0.87a 248a 0.66 a 0.10a 0.00 b 0.00b 0.00b 0.00b 0.01b 0.04b 0.06 b 0.04b
Clucose I 634+ 416+ 654+ 473+ 023 + d 032+ nd 060+ 048+ 023+ 015+

g 053a 021b 097a 0.05b 0.00 ¢ 0.00 ¢ 0.01c 0.10 ¢ 0.01 ¢ 0.00 ¢
Dextrins 2134+ 1877+ 1969+ 2184+ 2225+ 3213+ 2507+ 2750+ 2055+ 2573+ 808+  10.66 +
237de  115f 0.51 ef 033d 0.05d 0.0la 0.04 ¢ 010b  0.16def  0.19c 0.15h 0.04g

Glicerol nd nd nd nd 154 + 1.92 + 2,05+ 135+ 137+ 151+ 18+ 1.68 +

0.00 cd 0.00 ab 0.00 a 0.01d 0.01d 0.15cd 0.19abc  0.33 bed

1 Values are expressed as mean =+ standard deviation. Different letters (a, b, ¢, etc.) indicate significant differ-
ences between values (n = 2, p < 0.05), 2 nd, not detected. Abbreviations: PW—pale wort, DW—dark wort,
HPW—hopped pale wort, HDW—hopped dark wort, S04P—pale beer fermented with S. cerevisine, S04D—dark
beer fermented with S. cerevisine, S23P—pale beer fermented with S. pastorianus, S23D—dark beer fermented
with S. pastorianus, KVP—pale beer fermented with S. cerevisiae kveik strain, KVD—dark beer fermented with

S. cerevisiae kveik strain, SAP—pale beer fermented with S. cerevisiae var. diastaticus, SAD—dark beer fermented
with S. cerevisiae var. diastaticus.
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Figure 1. Sum of carbohydrates (glucose, maltose, maltotriose) and dextrins in worts and beers.

Values are expressed as mean =+ standard deviation. Different letters indicate significant differences
between values (n = 2, p < 0.05).

Glycerol is the main metabolic byproduct of S. cerevisiae yeast cells. Its content in beers
depends on the course of fermentation and the physiological state of the yeast used in the
process. Increased glycerol production is a response to osmotic stress. Therefore, it can be
an indicator of the physiological state of yeast during fermentation. Its content in beer can
positively influence the viscosity and smoothness sensation of beer during drinking [8]. In
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our beers, the glycerol content was 1.37-2.05 g/L. The yeast strain that produced beer with
the highest glycerol content regardless of beer color was S. cerevisiae var. diastaticus.

Table 2 shows the results of the analysis of physicochemical parameters of beer. The
ethanol content of the beers ranged from 4.51 to 5.79% v/v. Beers with the highest ethanol
content were obtained using the yeast strain S. cerevisiae var. diastaticus. The influence
of beer color on the degree of fermentation was observed. Pale beers were characterized
by a higher real degree of fermentation (RDF) as well as apparent degree of fermentation
(ADF) regardless of the strain of brewer’s yeast used in the fermentation process. As a
result of the high level of attenuation, lower real and apparent extract values were also
observed for pale beers. The SAP had the highest attenuation level and the S23D (S23D—
dark beer fermented with S. pastorianus) the lowest. The beer with the lowest attenuation
level was also characterized by the highest real and apparent extract value and the highest
caloric value. Beers and S04P (pale beer fermented with S. cerevisiae) and KVP (pale beer
fermented with S. cerevisiae kveik strain) had the lowest caloric value. Dark beers due to
lower attenuation and higher wort extract and real extract had higher caloric value. The pH
values of the beers ranged from 3.99 to 4.44. The lowest pH values were characteristic for
SAD, KVP, and KVD (dark beer fermented with S. cerevisiae kveik strain), and the highest
were for 523P (pale beer fermented with S. pastorianus) and S23D. The dark beer fermented
with the KV strain was characterized by a significantly lower pH than the corresponding
pale beer. By using different yeast strains, we obtain products with different pH values,
which affects the properties of the finished product.

Table 2. Physicochemical parameters of beers.

Parameter Unit S04P S04D S23P S23D KVP KVD SAP SAD
Ethanol % v/v 4514002h!  471+£00le 473+001d 466+000f 480+00lc 458+00lg 560+00lb 579+0.00a
Density g/cm® 1.006£000d  1.0094+0.00a 1.006+0.00e 1.009+000b 1.004+0.00f 1.008+£000c 0999+000h 1.00240.00g

Real extract % w/w 3754+000d 438+000b 370+000e 456+000a 334+001f 420+000c 223+000h 258+000g

Afg;‘;ift % w/w 2114001d 268+001b 198+£00le 287+00la 158+00le 254+00lc 019+001g 047 +0.01f

RDF % w/w 66.06+£0.11e 6344+002g 6745+006d 6229+001h 7003+00lc 6378+0.06f 8036+0.04a 7856+0.01b
ADF % w/w 8025+0.13e 7681+£0.03g 81.94+008d 7537+001h 8523+00lc 7731+0.08f 9826+0.04a 95.89+0.02b
Calories keal/100mL  38.07+0.12g 4147+0.02b 39.46+035e 41.83+00la 3824+005g 40.10+£007d 3871+006f 41.01+0.04c
pH - 421+£004b 4124000b 444+£00la 442+000a 413+001b 400+00lc 404+00lc 3.99+00lc

1 Values are expressed as mean =+ standard deviation. Different letters (a, b, ¢, etc.) indicate significant differences
between values (n = 2, p < 0.05). Abbreviations: RDF—real degree of fermentation, ADF—apparent degree
of fermentation.

The degree of attenuation of beers is not only the result of the yeast’s potential to
utilize the sugars of the wort but is also related to the ability to flocculate. Flocculation is
the phenomenon of yeast forming aggregates of cells, resulting in them sedimenting to the
bottom of the fermentation vessel. A strong ability to flocculate early in fermentation can
result in beers with lower levels of attenuation [9]. The yeast strains we used differ in these
capacity, which affects the fermentation process and the characteristics of the resulting
beers. S. cerevisiae var. disataticus has a low flocculation potential, leading to SAP and
SAD beers being characterized by the highest RDF and ADE, as well as the highest ethanol
content. The other yeast strains, S04, 523, and KV, are characterized by flocculation capacity,
which was reflected in the results of RDF, ADF, and the apparent extract content of beers.

2.2. Phenolic Compound Content and Antioxidant Activity of Worts and Beers

Table 3 shows the results of the analysis of worts and beers for total phenolic content
(TPC) and antioxidant properties (FRAP—ferric reducing antioxidant power, ABTS"*—2,2’-
azino-bis(3-ethylbenzothiazoline-6-sulfonate) diammonium salt, DPPH®*—2,2-Diphenyl-
1-picrylhydrazyl). Both dark worts and dark beers have higher TPC, FRAP, and ABTS**
than analogous pale worts and beers made with the same yeast strain. The ability to reduce
DPPH® radicals is also higher for dark than for pale worts. The antioxidant potential
DPPH?* for beers was not statistically significantly different depending on the color for the
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variants S23P and 523D and SAP and SAD. The remaining samples showed a higher value
of DPPH® capacity in pale beers than in dark beers.

Table 3. Total phenols content (TPC) and antioxidant activity (FRAP, ABTS*®, DPPH®) of worts
and beers.

Parameter Unit PW DwW HPW HDW 504P S04D S23pP $23D KvP KVD SAP SAD
TPC mg 24254 + 316.99 278.65 402.55 286.99 346.16 260.32 365.88 233.09 333.66 244.48 547.56
GAE/L  255h! +387e +210f +£750b +585f £1.04d £316g £587c +712i +307d +£337h +207a

FRAP 0.68 + 1.28 = 1.13 &+ 1.70 = 0.97 + 1.64 = 1.03 & 1.65 = 0.99 + 1.62 &+ 1.01 &+ 1.64 =
0.02g 0.02¢ 0.04d 0.02a 0.05 £ 0.04 ab 0.0le 0.01 ab 0.02 ef 0.01b 0.01 ef 0.01 ab

ABTS* mmol 1.19 £ 1.73 + 131+ 222 £ 1.25 + 1.86 + 1.38 £ 1.93 + 121 + 1.74 £ 125+ 1.76 +
TE/L 0.02h 0.01d 0.02 f 0.01a 0.02¢g 0.03 ¢ 0.01e 0.04b 0.01g 0.02d 0.04¢g 0.01d

DPPH® 0.31 £ 0.58 £ 0.20 + 0.87 £ 0.18 £ 0.04 + 0.27 + 0.30 £ 0.23 £ 0.01 + 0.50 + 0.47 £

0.01d 0.02b 0.04 gh 0.01a 0.02h 0.021 0.01 ef 0.02 de 0.02 fg 0.011 0.01c 0.01c

1 Values are expressed as mean =+ standard deviation. Different letters (a, b, ¢, etc.) indicate significant differences
between values (n = 2, p < 0.05).

Dark beers fermented with the same yeast strain had a higher TPC compared to
analogous pale beers by 20.62% to 123.96%. Similarly, for FRAP and ABTS**—for each beer
analyzed made with the same yeast strain, dark beers showed higher antioxidant activity
than pale beers. The FRAP of dark beers was higher than that of pale beers by 60.19-69.07%,
ABTS** from 39.86 to 48.80%. In turn, DPPH?® radical scavenging activity did not show
significant differences between the dark and pale beer variants S23P and 523D and SAP
and SAD, while dark beers made with the top fermentation yeast S04P and the kveik yeast
KVD had lower DPPH’ value than the corresponding pale beers.

Brewing malt and hops are sources of antioxidant compounds in beer: phenols and
melanoidins. The amount and type of phenols present in beer affect the sensory properties,
shelf life, and colloidal stability of beer during storage. Polyphenolic compounds in a beer
occur in a free or bound form [10]. Melanoidins are macromolecular compounds formed
in the final phase of the Maillard reaction which are responsible for the resulting color
of brewing malt during thermal processes, as well as color changes during the boiling of
brewing wort [6]. They affect the antioxidant properties of beers, which explains the higher
antioxidant activity of dark beers compared to pale beers.

DW and HDW show higher TPC and FRAP and ABTS** than pale worts. As the color
of the brewing wort darkens, TPC and the antioxidant activity increase [6]. The conditions
of the technological process of beer production contribute to a number of changes in the
composition of phenolic compounds, which are related to the temperature of the processes,
active enzymes of malt, hops, or bioprocesses that occur with microorganisms during
fermentation [10-12]. As evaluated in our previous studies [11], TPC in beers increases
during the hopping and fermentation stages, while it decreases after maturation. According
to Fumi et al. [13], fermentation leads to a 16% decrease in TPC due to the adsorption of
phenolic compounds on the surface of negatively charged yeast cell walls. This is also
supported by reports on the identification of phenolic compounds in waste brewing yeast
biomass [14].

Yeast strains used in fermentation differentiate beers in polyphenol content and an-
tioxidant activity [4]. The reason for these variations may be a different cell wall structure.
The amount of phenolic compounds adsorbed by yeast increases with the mannan content
in the cell wall structure, which depends on the yeast strain. [10]. Mannoproteins, which
are one of the main building blocks of the yeast cell wall, located mainly in the outer
layer of the cells, play a major role in the determination of the cell charge. During the
logarithmic growth phase of yeast cells, a higher mannan content is observed in the cell
wall composition compared to the stationary and death phases. As a result of the reduced
physiological activity of cells, the mannanoproteines content decreases, so an increase in
the content of TPC and individual phenolic compounds in beer is observed towards the end
of fermentation [15]. These are released from the mannan-polymer structures. Differences
in TPC between beers made with different yeast strains may be due to the physiological
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state of the cells. The poorer physiological state of biomass after fermentation of dark beers
may be due to the content of Maillard reaction compounds that are toxic to yeast. Cells
exposed to unfavorable conditions may release some of the adsorbed phenols, resulting in
higher phenolic content in dark beers.

2.3. Evaluation of the Morphological Characteristics of Yeast Cells

The yeast cells of the tested strains differed in size and volume (Table 4, Figures 2 and 3).
The largest diameter was characteristic for the top fermentation yeast S. cereviasiae and the
bottom fermentation yeast S. pastorianus. No differences in cell volume were observed between
lower and upper fermentation yeasts. The S. cerevisiae type kveik yeast was characterised by
a cell diameter ranging from 4.54 um for KVD to 5.43 um for KVC and showed the highest
variation in diameter and cell volume depending on the color of fermented beer. The smallest
cells among the yeasts were characterised by S. cerevisiae var. diastaticus strain.

Table 4. Characteristics of the brewing yeast cell biomass using Scepter Cell Counter.

Parameter Unit S04P S04D S23P S23D KVP KVD SAP SAD
Mean cell diameter um 5.88 6 5.86 5.89 5.43 4.54 4.15 4.13
Mean cell volume pL 0.11 0.11 0.11 0.11 0.08 0.05 0.04 0.04
M1 37.26 32.43 42.59 32.04 43.80 70.74 84.90 80.96
Cell size cl. M2 o 56.98 61.19 51.11 62.50 52.96 28.76 14.51 18.54
clisizeclass 3 ° 5.57 6.25 6.13 5.30 3.16 0.50 0.59 0.51
M4 0.19 0.13 0.18 0.16 0.08 0.00 0.00 0.00
A B
Current Acquisition Current Acquisition
E 2] ‘ — § ] - - i
3 6 9 12 15 18 3 6 9 12 15 )
Diameter (um) Diameter (um)
c D
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£ ) M2 . . ] 2
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Figure 2. Histograms of yeast cell size in the yeast biomass after the main fermentation by the top
fermentation yeast Saccharomyces cerevisiae ((A)—S04P, (B)—S04D) and by the bottom fermentation
yeast Saccharomyces pastoriuanus ((C)—S23P, (D)—S23D).

For the biomass collected after fermentation of S04P and S04D (S04D—dark beer
fermented with S. cerevisiae), no clear differences were observed between the classes. The
highest number of cells (56.98-61.19%) were classified in the M2 group, with less in M1
(32.43-37.26%), M3 (5.57-6.25%) and M4 (0.13-0.19%). Among yeast cells in S23P and 523D,
we can observe a more pronounced difference in size distribution. In S23P, the number of
cells in the M2 was 51.11%, while in 523D it was up to 62.50%. On the other hand, S23P
biomass was characterized by a higher proportion of smaller cells—in the M1 class (42.59%)



Molecules 2022, 27, 3971

7 of 12

compared to S23D biomass (32.04%). The color of fermented beer had the greatest effect on
cell size in the case of KVP and KVD variants, as well as SAP and SAD. The kveik yeast
collected after dark beer (KVD) fermentation had a higher proportion of smaller cell size
(M1—70.74%) than biomass from KVP beer (M1—43.80%). More cells in the M2 class were
observed in the KVP biomass (KVP—52.96%, KVD—28.76%). Most of the S. cerevisiae var.
diastaticus cells were characterized by a size in the range of 4.5-8.0 um (M1)—84.90% of
SAP biomass and 80.96% of SAD biomass cells were classified in the M1 class.

A B

ent Acguurion Current Acguistion

Chameter (pm) Chameter ()

Figure 3. Histograms of yeast cell size in yeast biomass after main fermentation by Saccharomyces
cerevisine kveik ((A)—KVP, ((B)—KVD) and Saccharomyces cerevisine var. diastaticus ((C)—SAP,
(D)—SAD).

Monitoring the physiological state and morphological characteristics of yeast cells is
of importance to the brewing industry. Part of the assessment of the physiological status of
yeast cells is measuring their size. The stress conditions for yeast during the fermentation
process can promote changes in yeast cell size. Kawa-Rygielska et al. [16] determined
that the size and volume distribution of S. cerevisiae distillery yeast cells, as well as the
concentration of cells in the media after fermentation, depend on the ethanol concentration.
As the initial concentration of ethanol in the medium increased, the distribution of cell
numbers in size classes changed. They also observed an increase in the number of small
cells (M1) and the largest cells (M4) associated with an increase in the ethanol content in the
medium. Foszczyriska et al. [17] showed that yeast differed in morphological characteristics
depending on the strain used, and ethanol and glucose content in the medium. An increase
in ethanol content in the medium favored yeast cells of smaller sizes. Our study confirms
that a higher ethanol content causes the appearance of yeast cells with a smaller size.
The highest proportion of small cells (M1) was observed in SAP and SAD, which were
characterized by the highest ethanol content among all variants analyzed. In the KVD,
significantly more cells were recorded in the M1 class than in the KVP. This may be a result
of the influence of Maillard reaction compounds on microbial growth and development,
caused, among other things, by the chelation of magnesium ions, which are an important
factor in yeast metabolic processes [7].
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3. Materials and Methods
3.1. Biological Material

In the ethanol fermentation process of the worts, the following 4 strains of brewer’s
yeast were used: Saccharomyces cerevisiae “Safale S-04” (Fermentis, Lasaffre, France), Sac-
charomyces pastorianus Saflager S-23 (Fermentis, Lasaffre, France), Saccharomyces cerevisiae
“Voss” (Lallemand, Canada), Saccharomyces cerevisiae var. diastaticus “Belle Saison” (Lalle-
mand, Canada).

Saccharomyces cerevisiae ‘Safale S-04’ is a yeast strain with high flocculation ability used
for English-style beers. The recommended fermentation temperature is 18-26 °C [18].

Saccharomyces pastorianus ‘Saflager S-23’ is a yeast used in the production of German
style beers. This strain is characterized by a high capacity for flocculation and attenuation.
The recommended fermentation temperature is 12-18 °C [19].

Saccharomyces cerevisiae ‘“Voss’ is one of the kveik yeast strains used in the production
of traditional Norwegian beers, a strain selected by Lallemand from a heterogeneous
culture of yeast and bacteria that has been cultivated using traditional methods since
1980. Saccharomyces cerevisiae ‘Voss’ kveik yeast shows a very high flocculation capacity
with a medium to high attenuation level. The recommended fermentation temperature is
18-26 °C [20].

Saccharomyces cerevisiae var. diastaticus “Belle Saison” is a yeast strain used in the
production of Belgian-style beers. It has a low flocculation ability, which allows for beers
with a high attenuation level. The recommended fermentation temperature is 35-40 °C [21].

3.2. Abbreviations

The following abbreviations were used to mark the samples: PW—pale wort, DW
-dark wort, HPW—hopped pale wort, HDW—hopped dark wort, S04P—pale beer fer-
mented with S. cerevisine, S0O4D—dark beer fermented with S. cerevisiae, S23P—pale beer
fermented with S. pastorianus, S23D—dark beer fermented with S. pastorianus, KVP—pale
beer fermented with S. cerevisiae kveik strain, KVD—dark beer fermented with S. cerevisiae
kveik strain, SAP—pale beer fermented with S. cerevisiae var. diastaticus, SAD—dark beer
fermented with S. cerevisiae var. diastaticus.

3.3. Brewing Technology

The technological process for the production of dark and pale beers was carried out
considering the following technological stages: infusion mashing, mash filtration, batch
sparge with water (72 °C), hopping (60 min, 100 °C), cooling (20 °C), filtration, division
into 2 L samples, inoculation and fermentation. The malt mash was composed of pale beer
from 100% (3.3 kg) pilsner barley malt (Viking Malt, Strzegom, Poland) and for dark beer
from 90% (3.1 kg) pilsner barley malt and 10% (0.34 kg) chocolate dark barley malt (Viking
Malt, Strzegom, Poland).

For mashing, 3.5 L of water per kilogram of malt was used. Mashing was carried out
as follows: 52 °C for 10 min, 63 °C for 40 min, 72 °C for 30 min and 78 °C for 10 min [11].
The temperature rise was achieved at a rate of 1 °C/min. Marynka bitter hops in a dose
of 17 g for 60 min of boiling (Marxam, Krakow, Poland) and 17 g aroma hops Lubelski for
10 min (Marxam, Krakow, Poland) were used for wort hopping. After cooling, pale hopped
wort (HWP, 8.39 + 0.36 EBC, extract 10.78 &+ 0.13 °Bx) and dark hopped wort (HWD,
85.71 £+ 1.67 EBC, extract 11.45 4+ 0.18 °Bx) were obtained.

The dried yeast biomass was rehydrated prior to wort inoculation. Worts with a
volume of 2 L were inoculated with one of 4 selected strains of brewing yeast (1 g of dried
biomass per 1 L of wort). Fermentation was carried out in a laboratory incubator for 7 days
at the following temperatures: 18 °C for S04P and S04D, 12 °C for S23P and S23D, 35 °C for
KVP and KVD and 18 °C for SAD and SAP. The beers were then decanted from above the
sediment and placed in sterile fermentation tanks. Post-fermentation was carried out for
7 days. The beers were bottled in 0.5 L bottles with glucose (2 g/L) to allow refermentation.
The ageing of the beer was carried out at 4 °C for 28 days.
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3.4. Basic Physico-Chemical Parameters

Analysis of ethanol content, real attenuation degree (RDF, % w/w) and apparent at-
tenuation degree (ADFE, % w/w), wort extract content (% w/w) and apparent beer extract
(% w/w), color (EBC), density (g/ cm?) and caloricity (kcal/100 mL) were performed using
an oscillating densitometer with a beer analyzer DMA 4500 M (Anton Paar, Graz, Aus-
tria) [4]. The beers were shaken for 20 min before analysis using a 358 A laboratory shaker
(Elpin Plus, Lubawa, Poland). Diatomaceous earth was added at a dose of 1 g/100 mL
to the degassed beers and shaking was continued for 10 min. The samples were filtered
using paper strainers. The results presented are the mean of two replications of the analy-
sis. The pH of the beers was determined in triplicate using a Mettler Toledo MP 240 pH
meter (Columbus, OH, USA). The analyzer determined by the analyzer based on density
(p), reak extract (Er) and alcohol content (A) according to the formula: Caloricity [kcal/
100 mL] =7 -A [w/w] + 3.5 Er [w/w]-p [g/cm3].

3.5. High-Performance Liquid Chromatography Analysis of Carbohydrates and Glycerol Content

Maltose, maltotriose, glucose, ethanol, and glycerol were analyzed by high perfor-
mance liquid chromatography (HPLC) using a Prominence apparatus (Shimadzu, Kyoto,
Japan) [4]. Worts and beers were degassed by shaking using a 358 A laboratory shaker
(Elpin Plus, Lubawa, Poland) and centrifuged (10 min, 5000 rpm, MPW-351R centrifuge).
A three-fold dilution of worts and a two-fold dilution of beers were used. The diluted
samples were filtered through 0.22 um syringe filters. Separation was carried out using
a Rezex ROA-Organic Acid H+ column (300 x 7.8 mmz) (Phenomenex, Torrance, CA,
USA), a temperature of 60 °C, a flow rate of 0.6 mL/min and an injection volume 0.02 mL.
The mobile phase was a solution of 0.005 mol/ dm3 H,S0;. The isocratic elution and the
refractometric detection method were used. The analysis was performed in duplicate.
The five-point calibration curve integrated in Chromax 10.0 software (Pol-Lab, Wilkowice,
Poland) was used to determine the analyte concentration. The results were presented as
g/L of wort or beer.

3.6. Total Polyphenols Content

The Folin-Ciocalteu (F-C) spectrophotometric method was used to determine total
polyphenols (TPC) in worts and beers [22]. In plastic cuvettes, 0.1 mL of sample and
0.2 mL of F-C reagent were mixed. After 3 min, 1 mL of 20% aqueous sodium carbonate
solution and 2 mL of distilled water were added. The samples were incubated for 1 h. The
absorbance was analyzed spectrophotometrically using a UV-2401 PC (Shimadzu, Kyoto,
Japan) at 765 nm. Distilled water was used as a blank. Results are presented as the average
value of three replicates. A calibration curve in the range of 0.30-9.00 mg GAE/L was used
to read the results. The results were expressed as gallic acid equivalents (GAE) per liter of
beer or wort.

3.7. Ability of Iron Ion Reduction (FRAP)

The analysis of ferric ion reducing ability was performed [23]. The ferric reducing
antioxidant power (FRAP) reagent was a mixture of 20 mL of aqueous ferric (III) chloride
solution (0.1018 g FeCl3) with a solution of 2,4,6-tris (2-pyridyl)-s-triazine (0.0664 g TPTZ)
in 40 mM hydrochloric acid (20 mL HCl) with acetate buffer (pH 3.6). Samples diluted in
distilled water (1 mL) and 3 mL of FRAP reagent were placed in cuvettes. The absorbance
was read at 593 nm using a UV-2401 PC spectrophotometer (Shimadzu, Kyoto, Japan).
Distilled water was used as a blank. The results were determined from a calibration curve
in the range of 1.25-12.50 pmol TE/L. Results were presented as the average of three
replicates in millimoles of Trolox (TE) per liter of wort or beer.

3.8. Ability of Radical Cation ABTS®** Reduction

Antioxidant activity was determined using the ABTS** (2,2-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid) cation radical reduction method [24]. Wort or beer (0.03 mL)
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were mixed in cuvettes with a solution of ABTS®** with a measured absorbance value (0.700).
The incubation was carried out for 6 min. The absorbance was measured using a UV-2401
PC spectrophotometer (Shimadzu, Kyoto, Japan) at 734 nm. Determinations were made
in triplicate. The results were determined from a calibration curve drawn in the range of
1.70-21.70 pmol TE/L and presented in mmol Trolox (TE) per liter of wort or beer.

3.9. Ability of Radical Cation DPPH® Reduction

Antioxidant capacity analysis was performed using the DPPH® (2,2-diphenyl-1-picry-
lhydrazyl) method [25]. In cuvettes, 0.1 mL of wort or beer was mixed with 2 mL of a
0.04 mmol/L DPPH?® solution in methanol and 0.4 mL of H,O. The samples were incubated
for 10 min. Absorbance was measured with a spectrophotometer at 517 nm. During the
DPPH?* radical reduction reaction, the color of the solution changed from purple to yellow.
A calibration curve was prepared using Trolox solution (2-10 pmol TE/L). The results were
presented in millimoles of Trolox (TE) per liter of wort or beer. All measurements were
made in triplicate.

3.10. Evaluation of the Morphological Characteristics of Yeast Cells

Analysis of the morphological characteristics and number of yeast cells after the
fermentation process was performed using a Scepter Cell Counter cell analyzer equipped
with 40 um sensors (Merck, Darmstadt, Germany). The biomass of the brewery yeast
was collected after the main fermentation process, then centrifuged 3 times (each time
separating the supernatant and resuspending the cells in saline). A buffered saline solution
was then prepared. To 100 mL of 0.9% NaCl was added 1 tablet of tris buffered saline (TBS)
(Merck, Darmstadt, Germany). The diluted biomass (100 uL) was collected in a 1.5 mL
Eppendorf tube, then 1 mL of TBS was added and centrifuged using a laboratory micro
centrifuge for 10 min. Centrifugation was repeated 3 times; each time, the supernatant
was separated and cells were resuspended in 1 mL of TBS. The sample was analyzed. The
results were presented as cell size divided into classes according to the method described
by Kawa-Rygieska et al. [16]. Cells were classified according to the following criteria: Class
I (M1) cells with a diameter of 3.0-4.5 um, Class II (M2) cells with a diameter of 4.6-8.0 um,
Class IIT (M3) cells with a diameter of 8.1-15.0 um, Class IV (M4) cells with a diameter of
15.1-18.0 pm.

3.11. Statistical Analysis

A one-way analysis of variability (ANOVA) was performed for the data obtained. The
significance of the differences between the mean values was tested using Duncan’s test
(p < 0.05). Statistical analysis was performed using the Statistica 13.5 program (StatSoft,
Tulsa, OK, USA).

4. Conclusions

The application of dark specialty malts in production technology plays a key role in
shaping the characteristics of beer quality. The addition of dark malts in the production
of brewing wort influenced the reduction in the total amount of carbohydrates, while the
selection of microorganisms in the fermentation process influenced the composition of
sugars in beer. The main carbohydrate identified in the worts and beers was dextrins,
regardless of the yeast strain used for fermentation. The yeast S. cerevisiae var. diastacicus
was distinguished from other yeast strains by its ability to attenuate dextrins, resulting in
beers with exceptionally high ethanol content. However, the color of the beers affected
the level of attenuation, which resulted in the content differences in ethanol and apparent
extract, as the well as caloric content between variants. Dark beers were characterized by
a lower level of attenuation regardless of the yeast strain used compared to pale beers.
As we know from the characteristics of the brewing yeast strains used, they had different
flocculation abilities, which affected the level of attenuation and the final quality of the beers.
The dark beers studied had a higher total phenolic compound content and antioxidant
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potential than the pale beers. Furthermore, the beers differed in antioxidant potential
depending on the yeast strain used. The dark color of the beers associated with the addition
of special malts affected the distribution of cell size in the post-fermentation biomass of
bottom-fermenting yeast and kveik yeast. The use of dark wort increased the number
of large cells in the biomass of S. cerevisiae kveik yeast and decreased their number in
the biomass of bottom-fermenting S. pastorianus yeast. Investigating the effect of the
physiological state during fermentation on antioxidant activity and phenolic compound
content when exposed to Maillard reaction compounds and ethanol stress conditions
during fermentation is an interesting area for further research.
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Evaluation of volatile compound
profiles and sensory properties
of dark and pale beers fermented
by different strains of brewing
yeast

Justyna Paszkot™, Alan Gasiniski & Joanna Kawa-Rygielska

To evaluate the differences in the volatile compound profile of dark and pale beers fermented by
different strains of brewer’s yeast, gas chromatography with flame ionization detection and gas
chromatography mass spectrometry analysis of eight beers was carried out. The prevalent group

of compounds in all the beers analysed were alcohols (56.41-72.17%), followed by esters (14.58—
20.82%), aldehydes (8.35-20.52%), terpenes and terpenoids (1.22-6.57%) and ketones (0.42-1.00%).
The dominant higher alcohols were 2-methylpropan-1-ol, 3-methylbutanol, phenethyl alcohol,
among aldehydes furfural, decanal, nonanal, and among esters ethyl acetate, phenylethyl acetate
and isoamyl acetate. Beers fermented by the top-fermenting yeast Saccharomyces cerevisiae var.
diastaticus had the highest volatile content. The addition of dark malt in wort production process had
no effect on the total content of volatiles, but for some beers it caused changes in the total content
of esters, terpenes and terpenoids. Variations in the total volatile content between beers fermented
by different yeast strains are mainly due to esters and alcohols identified. Sensory analysis of beers
allowed us to identify the characteristics affected by the addition of dark speciality malts in the
production of wort and yeast strains used in the fermentation process.

Taste and aroma are important factors that shape consumers’ perceptions of beer'~>. The main brewing raw
materials are water, malt, and hop. Malt is a source of cereal, malt, caramel or roasted flavor compounds. Hops,
in turn, add fresh citrus, fruit, or herbal notes to beer. An equally important factor that affects beer quality is
the strain of brewer’s yeast used in the technological process**. During the fermentation, in addition to ethanol
and carbon dioxide, yeast produces a number of by-products that make the aroma profile of beer more complex
compared to wort®. Therefore, it can be considered as a natural method of flavor and aroma enhancement—bio-
flavoring, which involves the use of microorganisms to improve sensory quality’.

Brewing raw materials and the conditions of the technological process influence the chemical composition
of beer, which shapes its taste, aroma, and colour>*®’. Sensory characteristics depends on raw materials and the
fermentation process'~. During the thermal processing of malt, mash and wort, Maillard reactions, caramelisa-
tion, and pyrolysis occur®. Non-enzymatic browning reactions involve a number of transformations between
reducing sugars and amino acids. Both groups of compounds are key in the metabolic processes of yeast, so a
reduction in their availability is a reason for changes in the fermentation course. Compounds generated dur-
ing heat treatment also have a direct effect on the metabolism of microorganisms by inhibiting the activity of
enzymes involved in the alcoholic fermentation pathway. Fermentation of dark worts rich in Maillard reaction
and carmelization products results in beers with a different volatiles profile from pale beers*®. Specialty malts
used in the production of dark beer styles introduce compounds with inhibitory effects on yeast metabolism
(furfural, 5-hydroxymethylfurfural, and melanoidins) into beer>'*!!. Furfural and 5-hydroxymethylfurfural
have been shown to inhibit glycolytic enzyme activity and induce cellular DNA damage'>'®. Furthermore, they
also inhibit the activity of pyruvate dehydrogenase and aldehyde dehydrogenase, which are necessary for the
synthesis of higher alcohols from amino acids (Ehrlich pathway)®. The final products of the Maillard reaction
are macromolecular melanoidins. They exhibit chelating properties of magnesium ions, which play a key role
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in yeast metabolism due to their participation as a cofactors of enzymatic reactions. Moreover, they counteract
the effects of cellular stress, and participate in gene expression, growth and proliferation of yeast cells>'***. Such
effects on metabolic processes may be the reason for changes in the content of volatile fermentation by-products.
Although Maillard reaction compounds were shown to affect the synthesis of key flavor compounds by yeast,
there is limited information in the literature on the effect of using dark speciality malts on fermentation by dif-
ferent strains of brewing yeast, including uncoventional—Saccharomyces cerevisiae kveik type and Saccharomyces
cerevisiae var. diastaticus.

The purpose of this study was to analyze the effect of dark specialty malts and brewer’s yeast strain on the
volatile compound profile and sensory characteristics of beers. The novelty of the research was the comparison
of the volatile compound profile and sensory evaluation results of beers fermented by classic top-fermenting and
bottom-fermenting brewing yeast strains, as well as unconventional yeast strains in the ethanol fermentation
of pale and dark wort made with the addition of dark speciality malt. The results of this research have enabled
the expansion of current knowledge in the design of sensory properties of fermented beverages through the
selection of biological material, which can contribute to increasing the sensory attractiveness of food products.
Additionally, our research has identified the potential for the use of Saccharomyces cerevisiae kveik type yeast
and Saccharomyces cerevisiae var. diastaticus in the production of dark beers, which has not been previously
studied. The experimental material consisted of dark and pale beers fermented by bottom-fermenting yeasts
Saccharomyces pastorianus and top-fermenting Saccharomyces cerevisiae, including unconventional kveik type
brewing yeast and Saccharomyces cerevisiae ver. diastaticus yeast. The volatile compound profile was analysed
by gas chromatography with flame ionising detection (GC-FID) and gas chromatography mass spectrometry
(GC-MS). Sensory attributes of the beers were evaluated using a proprietary questionnaire by panelists trained
in sensory analysis.

Results and discussion
In our research, we subjected pale and dark beers made with different strains of top-fermenting (ale) and bottom-
fermenting (lager) brewing yeast to comprehensive chromatographic analysis. Table 1 shows the total content of
higher alcohols, esters, aldehydes, terpenes and terpenoids, ketones, and other compounds in beers. The GC-FID
(Table 2) and GC-MS (Tables 3 and 4) methods were used to evaluate the content of 58 volatile compounds: 16
higher alcohols, 15 esters, 9 aldehydes, 4 ketones, 1 fatty acid, 1 epoxide, 1 alkane, and 1 diene. The proportion
of chemical groups in the profile of volatile compounds of beers was shown in Table 1. The dominant group of
compounds in all the beers analysed were alcohols (56.41-72.17%), followed by esters (14.58-20.82%), aldehydes
(8.35-20.52%), terpenes and terpenoids (1.22-6.57%) and ketones (0.42-1.00%).

Beers fermented by Saccharomyces cerevisiae var. diastaticus (SAP and SAD) had the highest total volatiles
content (TV). The top fermented beers S04P and S04D also were characterised by high TV values, while the the
bottom fermented beers S23P and S23D showed the lowest TV. The addition of dark malts in wort production

Volatile Terpenes and Other

compounds Higher alcohols | Esters Aldehydes terpenoid Ket compound Total volatiles

S04p mg/L 76.27+6.21'b 17.05+0.37d |8.83+0.05b 2.65+0.18 be 0.44+0.07a | 0.45+0.08b 105.69 +6.60 bc
% TV |72.17 16.13 8.35 2.51 0.42 0.43 -

04D mg/L | 76.61+12.67b |19.81+0.98¢c |13.30+2.37ab |2.01+0.11de 0.84+0.43a | 1.32+0.58 ab 114.00+£10.07 b
% TV |67.20 17.38 11.66 1.86 0.74 1.16 -

$23p mg/L | 45.83+2.35cd 10.57+0.04e |10.22+2.29b 4.77+0.51a 0.53+0.02a |0.59+0.07b 72.51+0.07 d
% TV |63.21 14.58 14.10 6.57 0.73 0.81 -

$23D mg/L | 39.07+2.89d 11.31+0.24e | 14.21+4.26ab | 2.40£0.49 cd 0.69+0.01a | 1.46+0.26 ab 69.25+1.88d
% TV |56.41 16.33 20.52 3.64 1.00 2.11 -

KVP mg/L | 58.89+4.30c 18.57+0.05¢ |11.62+1.14ab |2.96+0.22b 0.84+0.03a | 0.88+0.08 ab 93.81 tfive.d5 ¢
% TV |62.77 19.80 12.39 3.20 0.90 0.94 -

VD mg/L | 58.26+4.12¢ 18.82+0.50 ¢ | 13.82+1.59ab |2.38+0.22 cd 0.62+0.30a | 1.78+1.54ab 95.75+8.27 ¢
% TV |60.84 19.66 14.43 2.56 0.65 1.86 -

SAP mg/L | 9581%1.12a 2248+0.60b |11.44+1.34ab |2.13+0.07cde |0.91+£0.00a | 1.53+0.34ab 134.33+£0.01 a
% TV |71.33 16.74 8.52 1.60 0.68 1.14 -

SAD mg/L | 91.87+4.65a 29.79£093a |16.02+1.90a 1.69+0.14 ¢ 0.87+0.16a |2.79+1.70a 143.08£4.00 a
% TV |64.21 20.82 11.19 1.22 0.61 1.95 -

Table 1. Total contents and percentage share of groups of volatile compounds in beers. ! Values are expressed
as mean (n=2) +standard deviation. The mean values with different letters (a, b, ¢, d, e, f) within the same
column are statistically different (P<0.05). S04P—pale beer fermented by Saccharomyces cerevisiae S04 yeast
strain, SO4D—dark beer fermented by Saccharomyces cerevisiae S04 yeast strain, S23P -pale beer fermented
by Saccharomyces pastorianus S23 yeast strain, S23D—dark beer fermented by Saccharomyces pastorianus S23
yeast strain, KVP—pale beer fermented by Saccharomyces cerevisiae kveik type yeast strain, KVD—dark beer
fermented by Saccharomyces cerevisiae kveik type yeast strain, SAP—pale beer fermented by Saccharomyces
cerevisiae var. diastaticus yeast strain, SAD—dark beer fermented by Saccharomyces cerevisiae var. diastaticus
yeast strain.
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S04P \ S04D $23P $23D KVP KVD SAP SAD
Compound Chemical group | mg/L
1-propanol Alcohols 11.12+1.51ab' |9.45+131bc |7.51+£0.02de |575+048e |846+0.04cd |8.55+0.72cd 12.21+0.29a |10.73+£0.01 ab
fjﬁetyl("?mpa“' Alcohols 21.84+271a  |2158+1.86a |9.36%0.15c |637+043d |11.56+0.14c |11.07+0.74c |14.65£035b |11.84%0.14¢
2-methylbutanol | Alcohols 6.61+0.75 6.63+042c | 651+0.08c |499+0.27d [553+001d |5.39+034d |9.68+0.30a 8.81+0.19b
3-methylbutanol | Alcohols 17.49+2.02bc | 1655+1.54cd | 14.55+0.02d | 11.46+0.92¢ |1839+0.08bc |19.54+1.16b |39.74+0.64a |37.52+0.43a
aPl}éZ‘;ffthyl Alcohols 1673+0.89a | 18.80+7.39a |493+1.93b |562+147b |1205+3.92ab |11.01+0.71ab |1650+0.28a |20.15+5.57a
Acetaldehyde Aldehydes 0.95+0.10 d! 064+00le |1.11£00l1c |0.60+0.03e |1.03+0.05cd |212+005b [1.04£0.02cd | 2.23+£0.02a
diethyl acetal
Furfural Aldehydes 3.01+0.34d 2.60+0.25d 2.88+0.53d 3.79+0.31cd |6.32+0.73 ab 6.88+0.61 a 5.13+0.01 be 7.77+1.40 a
Ethyl acetate Esters 9.98+0.19d 102+024d  |639+00le |601+0.70¢ |13.83+0.08c |13.78+029¢c |1654+0.58b |20.07+0.93a
Isoamyl acetate | Esters 0.64+0.03 d 0.70+0.01c | 0.54£0.00¢ |054+0.02¢ |0.57+000e |0.61+0.00de |0.88+0.03b 1.05+0.04a
Ethyl hexanoate | Esters 0.06+0.01 d 0.08+001d |0.16+0.00c |0.10+0.03d |0.10+000d |0.11£000cd |0.30+0.04b | 052+0.04a
Ethyl octanoate Esters 0.62+0.03 d 0.75+£0.02cd | 0.73£0.01cd | 0.84+0.11bc | 0.66+0.00 d 0.75£0.00cd | 0.98+0.15b 1.44+0.01 a
Ethyl decanoate Esters nd? nd nd nd nd nd nd 1.60+£0.25a

Table 2. Concentration of volatile compounds identified in beers by GC-FID. ! Values are expressed as mean
(n=2) +standard deviation. The mean values with different letters (a, b, ¢, d, e, f) within the same row are
statistically different (P<0.05). ? nd -not detected.

did not have a statistically significant (P <0.05) effect on total volatile content, but was the cause of differences in
esters content in beers fermented by Saccharomyces cerevisiae (S04), Saccharomyces cerevisiae var. diastaticus (SA)
and terpenes and terpenoids in beers fermented by S04 and Saccharomyces pastorianus (S23) yeast. Dark beers
had higher esters content in samples fermented by S04 and SA yeast. The ketones content did not differ between
variants. On the contrary, the content of terpenes and terpenoids was significantly higher in pale beers than in
dark beers fermented by the S04, S23 and Saccharomyces cerevisiae kveik type (KV) strain. The microorganisms
used in fermentation strongly differentiate the compositions of volatile compounds in beers. On average, the ale
beers S04P and S04D contained 1.5 times higher total volatiles, 1.8 times more aldehydes, and 1.7 times more
esters compared to the lager beers S23P and S23D. A difference was also observed when comparing SAP and SAD
with the classic bottom fermented beers S23P and S23D. Beers made with S. cerevisiae var. diastaticus contained
more than 2 times higher TV, with 2.2 times more esters and 2 times more higher alcohols than lager beers.

A key factor in shaping the aromatic profile of beers is the yeast strain used in the alcoholic fermentation
process®. Volatile compounds that shape the aroma of beer are formed as by-products during the metabolic
transformation of the wort components, by which yeast cells are supplied with the compounds necessary for
growth and development (amino acids, proteins, nucleic acids, lipids, and others)!. The top fermentating yeasts
produce a higher total amount of volatile compounds than the bottom fermentating yeasts. Furthermore, ale
yeasts can form more esters and higher alcohols than lager yeast, which was also confirmed in our study®. Cas-
tro et al.* observed that the volatile content in beers increases with increasing fermentation temperature. Each
beer fermented by the top fermenting yeast strain, with higher optimal fermentation temperature (S04, KV, and
SA), had a higher total amount of identified volatile compounds. Lasanta et al.!* confirmed that conducting
fermentation at higher temperatures leads to beers with higher concentrations of volatile compounds, including
higher alcohols that can be converted to esters.

The content of coloured Maillard reaction compounds affects the sensory properties of beers both directly
through the sensory activity of the chemicals generated and by affecting the yeast metabolism products profile.
Dack et al.”> showed that during the fermentation of dark worts, yeast produces more higher alcohols and fewer
esters than during the fermentation of pale worts. They attributed lower ester synthesis to a reduction in enzyme
activity or the expression of genes related to ester synthesis®. In our research, a significant difference (P<0.05) in
total ester content between pale and dark beer made with the same yeast strain was shown for S04, as well as
SA. It can be assumed that the effect of malt colour compounds on the biosynthesis of volatiles depended on the
yeast strain used in the fermentation.

Tables 2, 3, 4 shows the results of analyses of beers by gas chromatography methods (GC-FID and GC-MS).
During the fermentation, higher alcohols and esters are formed concurrently as by-products'. Of the identi-
fied compounds, the dominant products, regardless of yeast strain and the wort, among the higher alcohols
were 3-methylbutanol (11.46-37.52 mg/L), 2-methylpropan-1-ol (6.37-21.84 mg/L) and phenethyl alcohol
(4.93-20.15 mg/L). These are the main higher alcohols in the aroma profile of beers fermented by Saccharomy-
ces yeast'"1%. We identified between 13 and 16 higher alcohols in the beers. More higher alcohols were identi-
fied in S04D and KVD than in the corresponding pale beers. Differences in higher alcohols content in beers
fermented by different yeast strains are confirmed by Dack et al.°. The key nutrients for yeast in the wort are
carbohydrates and amino acids. The amino acid content is closely related to the sensory characteristics of beers
through their participation in the synthesis of higher alcohols by yeast®. Moreover, they are involved in Maillard
reactions. Due to the use of dark malts, whose production technology includes a more intensive heat treatment,
dark worts contain fewer amino acids than pale®. It could result in the reduction of higher alcohols in dark
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S04P \ S04D S23P $23D KVP KVD SAP SAD
Compound Chemical group | mg/L
1-Hexanol Alcohols 0.05+0.00 ¢! 0.13+0.17 ab 0.07+£0.02bc | 0.10+0.03a 0.06+0.02 bc 0.12+0.03a 0.06+0.02 bc 0.10+0.00 ab
1-Heptanol Alcohols 0.10£0.01a | 0.12£0.00ab |0.13£0.00ab |0.12+0.04ab |0.08+0.00b | 0.14+0.03ab |0.15+0.02ab | 0.17£0.06a
1-Octen-3-ol Alcohols 0.05+0.00 ab 0.09+£0.01 a 0.05+0.01ab | 0.09+0.07 a nd? nd nd nd
gﬁ;fpyl'l’f’en’ Alcohols 0.02+0.02a | 0.03£0.01a 0.04+0.06a |0.01£0.01a |nd 0.03+0.01a nd nd
1-Octanol Alcohols 0.66£0.07ab | 0.8920.12a 0.46+0.07bc | 0.67£020ab | 0.49£0.02bc | 0.50+0.23bc | 0.34£0.06 ¢ 0.420.05 be
2-Nonanol Alcohols 029+0.06c | 027+0.02¢ 0.55+0.06a | 0.44+0.10ab | 0.24+0.00 0.46+0.05ab | 0.37+£0.04bc | 0.30+0.03 ¢
1-Nonanol Alcohols nd 0.33+0.03 a 0.27+0.06 a 0.15+0.07 b nd nd nd nd
1-Decanol Alcohols 024+0.06c |031£0.05bc |0.25+£0.06c |0.55+0.10a |0.24+0.03c 0.2140.05 0.14+0.03 ¢ 0.45+0.12 ab
2-Undecanol Alcohols nd 0.09+0.00d 0.31+0.01a 0.23+0.04b 0.13+0.01 cd 0.20+0.01 bc 0.11+0.00 cd 0.20+0.09 bc
1-Dodecanol Alcohols 1.07+0.10cde | 1.21+0.41bcd | 0.66£0.18e | 2.26+0.26a 141£0.00bc  |8.40+0.02de | 1.67+0.17b | 0.94+0.04 cde
1-Tetradecanol Alcohols nd 0.14+0.01b 0.18+0.06ab | 0.24+0.04a 0.24+0.01a 0.20+0.02 ab 0.21+0.03a 0.25+0.01 a
Octanal Aldehydes 03220032 |0.58+0.35a 0.35+0.09a |049+023a | 031+0.05a 0.34+0.13 2 0.35£0.06 2 0.3410.00a
Nonanal Aldehydes 1.72+0.15a | 2.79+0.88a 1.96 +0.66 2.69+1.482 14240122 1654027 a 1.66+0.41 a 1.74+0.01 a
Tetradecanal Aldehydes 0.08+0.02a | 0.07+0.05a 0.11+0.04a |0.12£0.09a | 0.14+0.04a 0.06+0.01 a 0.10£0.04 2 0.14+0.00 2
Decanal Aldehydes 2.11+040b |561+1.26a 3.11+198ab |543+2.52a 1.7940.08b  |2.14+044b  |246+0.85ab |2.94+0.60 ab
Undecanal Aldehydes 0.28+0.07b 0.56+0.16 a 0.34+0.11ab | 0.51+0.19ab | 0.24+0.07b 0.32+0.08 ab 0.36+0.06 ab 0.42+0.06 ab
Dodecanal Aldehydes 027+0.05b  |035+0.03ab |0.27+0.03b |045+0.17a |0.28+0.07ab |024+0.02b  |0.26+0.05b  |0.33+0.01ab
Tridecanal Aldehydes 0.08+0.04a | 0.08+0.01a 0.08+0.03a |0.14+0.02a |0.10£0.04a 0.08+0.01 a 0.08+0.02a 0.11+0.00 2
Methyl 4-methyl- | o, 0.10+0.01b  [0.10£0.02b | 0.14+0.00a |0.15+0.03a |0.06+0.02b  |0.07+000b |0.10+0.00b  |0.06+0.02b
idenehexanoate
Ethyl heptanoate | Esters 0.08+0.03b  |0.10£0.01b | 0.12+£0.00ab |0.10£0.02b |0.07+0.02b  |0.12£0.03ab |0.16+0.02a 0.16£0.02 2
fgzl phenylac- | g nd nd nd nd 0.06%0.04 2 0.06%0.01 a nd 0.05+0.00 2
Phenethyl acetate | Esters 500£0.04b |7.03+0.71a 1.81+£0.15d |2.34+056cd |2.63+0.13cd |257+0.18cd |247+0.11cd |291+021c
Ethyl 9-decenoate | Esters 0.15+0.01fg | 0.25+0.04¢ 0.17+0.00f |0.65+0.04b |0.09+0.01g 0.32£001d | 0.50+0.05¢ 0.97+0.022
Ethyl dodecanoate | Esters 0.08+0.02b 0.17+0.00 b 0.12+0.03b 0.15+0.02b 0.11+0.01b 0.10+0.00 b 0.12+0.02b 0.54+0.11a
gz;;r;;e)yl dode- | pters 0.17+0.00ab | 0.17£0.00ab | 0.18£0.00ab |0.16+0.03ab |0.19+0.01ab | 0.14£0.01b  |0.21+0.07a 0.14+0.00 ab
f:}rggzt”de' Esters 0.08+0.01d  |0.11£0.01cd |0.15£0.07bc |0.20+0.03ab |0.14+0.02bcd |0.14£0.00bed | 0.15+0.00 bed | 0.22+0.00 2
Hexyl acetate Esters 0.06+£0.02ab | 0.08+0.03 a 0.01+0.00 ¢ 0.05+0.00 abc | 0.03+£0.00bc | 0.04+£0.00bc | 0.04£0.00bc | 0.03+0.00 bc
i—()l\é[ﬁl;ﬁ%:tyl Esters 0.03+0.05ab | nd 0.05+0.00a |0.03£0.01ab |0.04£0.00ab |0.03+0.0lab |0.03£0.01ab |0.02£0.01 ab

Table 3. Concentration of alcohols, aldehydes and esters identified in beers by GC-MS. ! Values are expressed
as mean (n=2) +standard deviation. The mean values with different letters (a, b, ¢, d, e, f) within the same row
are statistically different (P<0.05). ? not detected.

beers. However, in our investigation, we did not confirm the effect of using dark speciality malt on total higher
alcohols content. Higher alcohols directly affect the sensory qualities of the product and are also precursors to
esters synthesis, which are highly flavour active compounds in beer!!. They are an important part of the beer
aroma composition, but they can also negatively affect the quality. Even if individual compounds in the beers
analysed are below their sensory thresholds, they can affect the sensory profile of beers through the synergistic
effect of volatile components®. Both the composition and the proportion of higher alcohols are important in
shaping the quality of beer'”.

Esters are a crucial group of compounds that shape the aroma of beer. They are formed during fermentation,
storage and originate from hop cones'”. Not only brewing raw materials are the source of esters in beer, they are
also synthesized during fermentation by yeast>!”. At appropriate concentrations, they can impart desirable fruity
and floral notes to beer. The synthesis of esters by yeast is related to both transformations during yeast growth
and fat metabolism, as well as during fermentation. Among beer esters, we can distinguish a group of acetate
esters (ethyl acetate, isoamyl acetate, phenylethyl acetate) and ethyl esters (ethyl hexanoate, ethyl octanoate, and
ethyl decanoate). Esters can penetrate the membranes of yeast cells and permeate beer, so an increase in their
content is observed during fermentation'!. Among the esters in the beers we tested, we detected ethyl acetate
(6.01-20.07 mg/L), phenethyl acetate (1.81-7.03 mg/L), ethyl octanoate (0.62-1.44 m/L) and isoamyl acetate
(0.54-1.05 mg/L) in the highest concentrations. Lasanta et al.'* found that the content of phenylethyl acetate in
beers fermented at higher temperatures, regardless of the yeast strain tested, was significantly higher compared to
beers fermented at lower temperatures. Our results confirmed that phenylethyl acetate was one of the main esters
of beer. In addition, we observed that beers that were fermented with S04 (at 18 °C) yeast contained the highest
amount of phenylethyl acetate (up to almost 4 times more) among the beers tested. In contrast, high temperature
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S04P ‘ S04D S23p $23D KVP KVD SAP SAD
Compound Chemical group | mg/L
3-Octanone Ketones 0.10£0.01a' | nd? nd nd nd nd nd 0.09+13.07b
gjﬁfh”l's'hepte“' Ketones 0.16+0.04a |023£0.06a |0.19%0.00a |024+0.05a |0.16+0.02a |028+0.17a |0.16+0.03a [0.11%0.01a
2-Nonanone Ketones 0.06+0.01a 0.09+0.04 a 0.11£0.04a 0.10+£0.01 a 0.06+0.02 a 0.07+0.05a 0.06+0.00 a 0.04+0.05a
Nerylacetone Ketones 0.11£0.01c¢ | 0.52+0.34ab |0.23+0.02bc | 0.35+0.07abc | 0.62+0.07a | 0.28+0.07bc | 0.69+0.03a |0.64+0.13a
Caryophyllene Sesquiterpenes nd nd 0.16£0.0la | nd nd nd nd nd
(E)-B-Farnesene Sesquiterpenes nd nd 0.24+0.0l1a | nd 0.03+£0.02b | nd nd nd
Humulene Sesquiterpenes nd nd 0.48+0.06a |nd nd nd nd nd
Nerolidol Sesquiterpenes 0.11£0.01ab | 0.04+0.01ef |0.06+0.01de |0.08+0.01cd |0.09+0.00bc |0.12+0.01a 0.04+0.01 ef | 0.03+0.01f.
D-Limonene Terpenes 0.20+£0.22a | 0.02+0.03a |0.10+£0.02a |0.01+0.01a nd nd nd nd
Linalool Terpenoids 1.63+0.10bc | 1.53+0.12 ¢ 2.05+0.12a 1.70+0.33 abc | 1.94+0.16 ab | 1.59+0.13 bc 1.56+0.08 bc | 1.15+0.10d
Citronellol Terpenoids 0.71+0.02ab |0.32+£0.03d 1.38+£0.06 a 0.57+0.15 be 0.80+0.06 b 0.63+0.08 abc | 0.53+0.12bc | 0.45+0.05 cd
Cis-Geraniol Terpenoids 0.07+0.02bc | 0.11+0.00 a 0.03+0.00d 0.12+0.02 a 0.08+0.08 b 0.07+0.02 be 0.04+0.00 cd | 0.05+0.00 bed
Methyl geranate Terpenoids nd 0.10£0.08b | 0.31+£0.01a |0.04+0.02bc |0.11+0.06b |0.04+0.00bc |nd 0.07+0.06 be
5-Methyl-2-furanmeth- | 7,50 nd 029+0.02b |nd 0.40£008a |nd 0.12£001¢  |nd 0.21£0.06b
anethiol
Tetradecane Alkanes 0.23+0.03a | 0.14+0.02bc | nd 0.04+0.05de | 0.13+0.00bc | nd 0.18+0.05ab | 0.10+0.01 cd
tlrzr_lgjii’ii;fethyl’ Dienes 0.04£0.00bc | 0.06+0.01bc | 0.05£0.01bc |0.02£0.02c | 0.06+0.01bc |0.10£0.02a  |0.07£0.0lab |0.06+0.00b
Humulene epoxide I Epoxides 0.04+0.00c | 0.06£0.00bc |0.15+0.02a |0.10+£0.02b 0.07£0.04bc | 0.05+0.02 ¢ 0.06+0.01 bc | 0.05+0.01¢
Octanoic acid Fatty acids 0.14+0.04b | 0.77£0.53ab | 0.40+0.10ab |0.90+0.09ab |0.63+0.06ab |151+1.49ab |121+0.29ab |236+1.65a

Table 4. Concentration of ketones, terpenes and terpenoids and other compounds identified in beers by
GC-MS. 'Values are expressed as mean (n=2) + standard deviation. The mean values with different letters (a, b,
¢, d, e, f) within the same row are statistically different (P<0.05). 2 nd—not detected.

(35 °C) of fermentation by Saccharomyces cerevisiae kveik yeast did not increase phenyl acetate content in beers.
The volatile compound content of beers is affected by the yeast strain used and the fermentation temperature'*.

Carbonyl compounds in beer are identified in relatively smaller amounts than the other discussed chemicals.
They are formed as products of the Maillard reaction (including Strecker degradation), by lipid oxidation during
wort production, and as an intermediate product during the conversion pathway of amino acids to alcohols. One
of the most important aldehydes determined in beer is acetaldehyde, which is intermediate in glucose conversion
to ethanol during fermentation'!. In tested beers, furfural (2.60-7.77 mg/L), decanal (1.79-5.61 mg/L), nonanal
(1.42-2.79 mg/L) and acetaldehyde diethyl acetal (0.56-2.23 mg/L) were the most abundant aldehyde. Among
ketones, 6-methyl-5-hepten-2-one (0.11-0.28 mg/L) and nerylacetone (0.11-0.69 mg/L) were dominant. The
furfural content of beer increases with increasing storage time, so it is an important indicator used to analyse
the ageing of beer'®*. The increase in furfural concentration in beers during ageing depends on the storage
conditions and can be up to 50-fold?!.

Carbonyl compounds are an important indicator of beer ageing. Among the most relevant are 2-furfural
(formed by the Maillard reaction during storage) and 2-methylpropanal, 2-methylbutanal , 3-methylbutanal and
2-phenylacetaldehyde, which are products of Stecker degradation or oxidation of higher alcohols?’. In our beers,
of the aforementioned aldehydes, we identified only furfural (2.60-7.77 mg/L). Dark and pale beers fermented
by the S04, S23, and KV yeast strain did not differ statistically (P <0.05) in furfural content. Nevertheless, the
observed level of this aldehyde was high compared to its content in beers tested by other authors. Cejka et al.??
determined that the content of furfural in beers was 5.2-452 pg/L, while Li et al.?* observed 0.4-1.91 pg/L of
furfural in fresh beer and up to a 470% increase during storage. Higher content of furfural was identified in dark
wort than in pale wort. Gibson et al.”* found that regardless of the use of dark malts in the production process,
the same increase in furfural content was observed during beer ageing®.

The acetaldehyde diethyl acetal content in beers was statistically different (P<0.05) for all samples depending
on the malt composition. The pale beers S04P and S23P contained more acetaldehyde diethyl acetal than the cor-
responding dark beers, while KVP and SAP- fewer. The yeast S. cerevisiae kveik and S. cerevisiae var. diastaticus
produced more acetaldehyde diethyl acetal in dark beers than in pale beers. Acetaldehyde is one of the key flavour
ingredients in beers, whose effect on beer quality depends on its concentration. It can impart notes of green apple
or an unpleasant pungent aroma to beer. Under acidic pH conditions, acetaldehyde reacts with ethanol to form
diethyl acetaldehyde, whose aroma is described as fruity. Different brewing yeasts produced different amounts
of acetaldehyde diethyl acetal, which was confirmed in our study®*. Other authors point to the acetaldehyde
diethyl acetal concentration in the range of 1.42 to 8.16 mg/L** and 2.72 to 11.63 mg/L*. Aldehydes in beer can
be formed as a result of lipid and fatty acids oxidation, Maillard reactions, Strecker degradation, oxidation of
isohumulones, aldol condensation of short-chain aldehydes, oxidation of higher alcohols, oxidation of long-chain
aldehydes, and secretion by yeast?. One of the reasons we recorded fewer diethyl acetal acetaldehyde in dark
beers may be the antioxidant activity of melanoidins, coloured macromolecular compounds formed at the final
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stage of the Maillard reaction, which exhibit antioxidant properties'®. As antioxidants, melanoidins can inhibit
the oxidation reaction leading to the formation of acetaldehyde, which can be converted to acetal®®.

The terpenes and terpenoids in beers are derived from hop. Among hop terpenes and their derivatives in
beers, hydrophobic terpene hydrocarbons (-myrcene, limonene, a-pinene, a-humulene, and p-farnesene) and
hydrophilic terpene alcohols (linalool, geraniol, B-citronellol and nerol) are identified””. The following com-
pounds classified as terpenes and their derivatives were identified in the beers studied: D-limonene, linalool,
citronellol, caryophyllene, (E)-p-farnesene, humulene, and nerolidol. Linalool (1.15-2.05 mg/L), citronellol
(0.32-1.38 mg/L) and nerolidol (0.03-0.12 mg/L) were identified in all beers tested. Other terpenes and terpe-
noids were identified in single samples. The D-limonene content was detected only for samples fermented by
yeast S04 and S23. Moreover, pale beers contained more than 8 times the amount of this compound than dark
beers. Differences in the content of terpenes and terpenoids between the analysed beers could be attributable to
the potential of yeast strains to biotransformation of monoterpenes®.

Linalool was considered as an indicator compound in the analysis of the aroma of hops. In addition to lin-
alool, humulene and farnesene were identified in hop oils, as well as the oxidation products of these compounds,
citronellol, geraniol, terpineol, which were compounds that shape the hop aroma. Caryophyllene, humulene, and
B-farnesene are components of hop products, but their content decreases during the technological processing
of wort?. As a result of boiling, the content of myrcene and linalool decreases rapidly. The compounds studied
that are more resistant to transformation under boiling wort are humulene, humulene epoxide I, f-farnesene,
caryophyllene and geraniol®®. However, hopping is not the only technological step that affects the conversion
and loss of terpenoids. These compounds also undergoes biotransformations with the participation of brewer’s
yeast. The main terpene hydrocarbons in hop essential oils (- myrcene, a-humulene, and B-caryophyllene) are
usually almost completely reduced during the fermentation process by adsorption onto hydrophobic yeast cells
and migration into foam during fermentation®. This phenomenon explains the absence or low content of hop
terpenes and terpenoids in the beers analysed.

The beers produced were subjected to sensory analysis. The results were presented in radar graphs (Fig. 1)
and added as Supplementary Table S1. All beers were characterised by medium to intense colour, typical of the
raw materials used in the production process. The highest foaminess rating had the KVD beer, whose foam was
described as good, persistent, fine, and dense. The lowest rating was given to the foaminess of the S04D beer.
The beers did not differ (P<0.05) in terms of carbonation. The taste of the beers was analysed for intensity of
bitter, sweet and sour taste sensations. The beers analysed were not statistically (P <0.05) different in sweetness.
For all beers, it was rated from very weak to moderately perceptible. Dark beers were rated as more bitter than
pale beers made with the same yeast strain. Dark specialty malts enhance the bitterness and astringency levels
of beers®. However, the differences were statistically significant (P <0.05) for each sample. The $23D was rated as
the most, while KVP as the least bitter. The most varied ratings in terms of taste among all descriptors used were
recorded for sour. The most sour beers were KVD, S04P, SAD, KVP and SAP. Regardless of the malt composi-
tion, kveik yeast and S. cerevisiae var. distaticus allowed the production of beers with perceptibly higher acidity
described as well or even very well perceptible.

The following descriptors were used in the analysis of beer aroma: malt, caramel, roasted, hoppy, fruity, floral,
spicy, grassy, and alcoholic. There were no statistically significant differences (P<0.05) between the samples in
the perceptibility of malt, hoppy, fruity, floral, spicy, grassy, and alcoholic aromas. However, some trends have
been observed. Higher perceptibility of malty, caramel, roasted and spicy aroma was reported in dark beers, while
hoppy, fruity, floral and grassy aroma in pale beers. Malt, caramel, and roasted aroma were also rated as well
or intensely perceptible in the S04D and S23D beers. Roasted and caramel notes described as undetectable to
weakly perceptible characterised pale beers S23P, KVP and SAP. The grassy aroma was very weak to moderately
perceptible depending on the variant. S04P, SAP and SAD were identified as the most alcoholic. This is justified
because of the highest ethanol content in SAP and SAD among the samples tested'>.

Principal component analysis (PCA) and correlation analysis (Supplementary Table S2) were performed to
better visualize the research results ( Fig. 2). The first two principal components explained 64.21% of the total
variation (PC1:40.03 and PC2:24.18%). Correlation analysis between volatile compounds groups showed that
higher alcohols were mainly responsible (r=0.870) for the perception of the alcoholic aroma. There was a sig-
nificant positive correlation between the content of higher alcohols and esters (r=0.858). However, there was a
negative correlation between terpenes and terpenoids and esters content (r=-0.709) and spice aroma (r=-0.823).
Correlations were also observed between the sensory descriptors of the beers. It was shown that the higher bit-
terness, the lower sensation of sourness (r=-0.724). The caramel aroma was more noticeable with increasing
beer colour intensity (r=0.759) and correlated (r=0.874) with malty aroma. The sensation of roasted aroma was
related to the intensity of caramel aroma (r=0.956), malty aroma (r=0.770) and colour intensity (r=0.860).
Roasted, caramel, and malt aromas and colour were strongly linked, forming a group of descriptors shaped
mainly by the compositions of malts used in the production of wort. It was also observed that the mentioned
group of aroma descriptors along with colour are negatively correlated with the perceptibility of hoppy aromas
(hoppy, fruity, floral) (-0. 962 <r<-0. 657). A significant correlation was also shown between foaminess and
hoppy aroma (r=0.724) and clarity and floral notes (r=—0.874).

The composition of the wort and the biochemical transformations that occur during fermentation determine
the final quality of the beer. Depending on their concentration, certain flavour compounds can impart positive
or negative sensory characteristics. Therefore, it is extremely important to control the fermentation process.
The composition of volatile beer compounds depends on the profile of the ingridients of the wort, the condi-
tions of the fermentation process, the yeast strain used, temperature, pressure, oxygen content, and the dose of
microorganisms used’. The malt aroma is shaped by aldehydes, pyrazines, pyrroles, furans, ketones, acids, and
alcohols. The formation of the sweet aroma is attributed to compounds from the aldehyde and furanone group®.
Pyrazines and pyrroles are responsible for nutty, bread-like, burnt, and roasted aromas. Alcohols and ketones,
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Figure 1. Sensory evaluation of beer, (a) Taste (bitter, sweet, sour) and clarity, color, frothiness, carbonation, (b)
Aroma descriptors.

on the other hand, are involved in shaping the notes perceptible as pungent and sulphurous. Esters and phenols
influence the perceptibility of floral, fruity, spicy, and woody notes®.

Our research allowed us to characterise the profile of volatile compounds of dark and pale beers fermented
by different strains of brewer’s yeast. On the basis of the results of chromatographic analyses, we obtained data
enabling us to indicate similarities and differences in the distribution of volatile compounds between groups
of chemical compounds in the analysed beers. The profile of volatile compounds in beers was found to consist
of alcohols, aldehydes, esters, terpenes, terpenoids, ketones, as well as thiols, dienes, fatty acids, and epoxides.
Among the beers obtained, the beers fermented by the top fermenting Saccharomyces cerevisiae var. diastaticus
strain and Saccharomyces cereviasiae S04 were characterised by the highest total volatile content, while beers
fermented by the bottom-fermenting yeast Saccharomyces pastorianus S23 exhibited the lowest. The malt com-
position did not affect the total content of volatiles, but for some beers it was the cause of significant differences
(P<0.05) in the total content of esters, terpenes, and terpenoids. This allows us to conclude that the yeast strain
used in the fermentation process influences the profile of volatile compounds of the beers to a greater extent
than the malt composition. Differences in the amount of volatile compounds produced between strains are
mainly due to variations in esters and alcohols. Beer fermented by Saccharomyces cerevisiae var. diastaticus was
characterised by an outstandingly high total volatile compound content. Groups of compounds and individual
chemicals influence the perceptibility of aroma notes in beers. Therefore, the results obtained in our research
will allow a better understanding of formation process of the aroma characteristics of beers.

Materials and methods

Biological material. In the experiment, bottom-fermenting brewing yeast Saccharomyces pastorianus
Saflager S-23 (Fermentis, Lasaffre, France)®, and top-fermenting Saccharomyces cerevisiae Safale S-04 (Fermen-
tis, Lasaffre, France)®!, Saccharomyces cerevisiae Voss kveik (Lallemand, Canada)®? and Saccharomyces cerevisiae
var. diastaticus Belle Saison (Lallemand, Canada)?® were used.
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Figure 2. Principal component analysis (PCA) of groups of volatile compounds and beers sensory descriptors.

S. pastorianus Saflager S-23, S. cerevisiae Safale S-04, and S. cerevisiae Voss were characterised by high floc-
culation and sedimentation ability in contrast to S. cerevisiae var. diastaticus Belle Saison. The yeast strains used
varied in their attenuation capacity. S. cerevisiae var. diastaticus Belle Saison was characterised by a remarkably
high ability to attenuate wort sugars 84-94%, due to its potential to ferment dextrins®. The attenuation level
for the remaining yeast strains used was lower, ranging from 74-84%°-32. Moreover, a distinguishing feature of
S. cerevisiae var. diastaticus Belle Saison is also its ability to decarboxylate hydroxycinnamic acids, thus being
classified as a POF + (phenolic off flavor) yeast®.

Raw materials. The following raw materials were used in the technological process of beer production: pils-
ner barley malt (Viking Malt, Strzegom, Poland), dark chocolate barley malt (Viking Malt, Strzegom, Poland),
Marynka hop (Polish Hops, Karczmiska Pierwsze, Poland) and Lubelski hop (Polish Hops, Karczmiska Pierwsze,
Poland).

Brewing Technology. The technological process of beer production was carried out according to Paszkot
& Kawa-Rygielska'? considering the following technological stages: infusion mashing, gravity filtration of the
mash, batch sparge with water, boiling of the wort with hops, cooling, filtration, division into 2 L samples,
inoculation with brewer’s yeast and fermentation. In the pale wort production process, 100% pilsner barley
malt (Viking Malt, Strzegom, Poland) was used. Dark wort was produced with 90% pilsner barley malt and
10% chocolate dark barley malt (Viking Malt, Strzegom, Poland). The pale wort contained 10.78 +0.13%w/w of
extract and had a colour of 8.4 +0.36 EBC, while the dark wort contained 11.45 +0.18%w/w of extract and had a
colour of 85.7 + 1.7 EBC.The worts tested were not statistically significantl (P <0.05) different in the sum of iden-
tified carbohydrates (maltose, maltotriose, glucose and dextrins)'. The colour of the worts was analysed using
by spectrophotometric method by measuring absorbance at 430 nm (DMA 4500 M, Anton Paar, Graz, Austria).
The extract content of the worts was measured using a Densito 30PX densitometer (Metler Toledo, Colum-
bus, USA). Worts were boiled with Marynka hop (7,9% a-acids, dose 1 g/L, 60 min; Polish Hops, Karczmiska,
Poland) and Lubelski hop (4% a-acids, dose 1 g/L, 10 min; Polish Hops, Karczmiska, Poland).The worts (2 L)
were inoculated with one of four selected strains of brewer yeast at a dose according to the manufacturer’s rec-
ommendations (1 g of dried biomass per litre of wort). Fermentation was carried out at the temperature optimal
for the yeast strain, in accordance with the manufacturer’s recommendations and industry practice for 7 days at
18 °C for S04P and S04D samples, 12 °C for S23P and S23D samples, 35 °C for KVP and KVD samples, and 18
°C for SAD and SAP samples. After the separation of the yeast sediment, secondary fermentation was carried out
for another 7 days. The beers were then bottled in 0.5 L bottles. During bottling, glucose was added at a dose of
2 g/L to allow refermentation. The maturation of the beer was carried out at 4 °C for 28 days. Basic physicochem-
ical parameters of beers have previously been described'. The beers were characterised by the following etha-
nol content: S04P—4.51%v/v, S04D—4.71%v/v, S23P—4.73%v/v, S23D—4.66%v/v, KVP—4.80%v/v, KVD—
4.58%v/v, SAP—5.60%v/v i SAD—5.79%v/v. The real extract of the beers was as follows: S04P—3.75%w/w ,
S04D—4.38%w/w, S23P—3.70%w/w, S23D—4.56%w/w, KVP—3.34%w/w, KVD—4.20%w/w, SAP—2.23%w/w,
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SAD -2.58%w/w'% During the technological process, microbiological control was carried out in the following
stages: inoculation, fermentation, maturation. No microbial contamination was found.

Analysis of volatile compounds by gas chromatography. Gas chromatography with flame ionising
detection (GC-FID). 'The volatile compounds of the beers were analysed using gas chromatography coupled
with flame ionisation detection (GC-FID) technique, using a GC2010 Plus apparatus with FID-2010 detec-
tor equipped with a headspace autosampler (HS-20) (Shimadzu Corporation, Kyoto, Japan) and a CP-WAX
57 CB column (50 mx0.32 mm ID x 0.2 um) (Agilent Technologies, Santa Clara, CA, USA). Before analyses,
beers were degassed by shaking on an orbital shaker, mixed with diatomaceous earth (1 g/100 mL of beer) and
filtered through a paper filter. Beer samples (10 mL) were transferred to glass headspace vials (20 mL). The vials
were then conditioned and shaken in a headspace autosampler oven (40 °C, 20 min.) before 1 mL of the sample
was transferred to the HS-20 headspace loop connected to the column, with the following parameters: hold-
ing time — 0.5 min, equilibration time —0.1 min, loading time — 0.5 min, equilibration time —0.1 min, injection
time —0.5 min, and the total GC analysis time—60 min. The following temperature program was used for gas
chromatography analysis: 40 °C (3 min), increase (5 °C/min) to 80 °C, maintain 80 °C (3 min), increase (10 °C/
min) to 140 °C, maintain 140 °C (9 min), increase (20 °C/min) to 160 °C and maintain 160 °C (4 min). The total
cycle time was 34 min. An initial pressure of 100 kPa was used, the initial flow 6.6 mL/min, the initial column
flow 0.33 mL/min, the initial linear velocity 11.8 cm/s, and the purge flow was set at 3 mL/min. Helium was used
as the carrier gas. The FID was operated at 280 °C with a sampling rate of 40 ms and a hold time of 34 min. H,
flow into the FID was at a rate of 50 mL/min, the air flow was 400 mL/min, and the helium flow was 30 mL/min.
Data were integrated and quantified in LabSolutions software (Shimadzu Corporation, Kyoto, Japan). The iden-
tification of compounds was performed using analytical standards. Quantification was performed using external
standards based on a standard curve with five calibration points (the coefficient of determination R* was greater
than or equal to 0.999).

Gas chromatography mass spectrometry (GC-MS). The volatile compounds were adsorbed on solid phase
microextraction fibre (SPME) according to Gasinski et al. ** using 30 pL of internal standard (IS) (1 mg of
2-undecanone per 1 dm’ of cyclohexane) and 2 cm® of beer. The extraction of volatiles was performed for
20 min at a temperature of 40 °C. Volatile compounds were analysed by gas chromatography mass spectrom-
etry using a GC-2010 Plus chromatograph coupled with a GCMS-QP2010 SE mass spectrometer (Shimadzu,
Kyoto, Japan), equipped with a ZB-5 column (Phenomenex, Torrance, CA, USA) (30 m length x 0.25 mm inner
diameter x 0.25 um layer thickness). Helium was used as the carrier gas (1.78 cm?®/min, initial pressure 100 kPa).
The injection port was maintained at 195 °C. The volatiles were desorbed from the fibre (1 cm long DVB/CAR/
PDMS fibre with 50/30 pm thickness of stationary phase; Supelco, Bellefonte, PA, USA) in the injection port
for 2 min. The following oven temperature programme for the GC analysis was used: 40 °C for 1 min, ramp up
(8 °C/min) to 195 °C; hold (5 min). The ion source temperature was 250 °C and the interface temperature was
195 °C. Scanning was performed in the range of 35-350 m/z using 70 mV electron ionisation, with an event time
of 0.3 s (scan rate of 1111). Mass spectral analysis was used to identify volatile compounds. Identification was
carried out by comparative analysis of retention indices with Kovats standards and NIST17 chemical standard
libraries. Peak integration was performed using the Shimadzu PostRun Analysis software (Shimadzu, Kyoto,

Japan).

Sensory analysis. Sensory analysis of the beers was carried out using the author’s questionnaire. The
following characteristics of the beers were evaluated: clarity, colour, foaminess, and carbonation. Beers were
evaluated for the perceptibility of bitter, sweet, and sour flavours. The aroma of the beers was evaluated for the
detectability of malty, caramel, roasted, hoppy, fruity, floral, spice, grassy and alcoholic notes. The sensory panel
was attended by 7 people, including two men and five women. All participants in the study were qualified and
experienced in specialised sensory analysis of beers. A table showing the scores of the descriptors assessed in
the sensory analysis is attached as Supplementary Table S3. Participation in sensory evaluation of products was
voluntary. Each participant was informed of and agreed to the principles of the analysis. The data is confidential
and will not be used without their knowledge.

Statistics. Parameters were compared with the one-way analysis of variance (ANOVA) at a=0.05 using
Statistica 13.5 (StatSoft, Tulsa, OK, USA). Duncan’s test (P <0.05) was used to detect statistically significant dif-
ferences between mean scores. The tables show the mean and standard deviation values. Principal component
analysis (PCA) was also performed to compare the results of the gas chromatography analysis and the sensory
characteristics of beer.

Data availability
The data presented in this study are available on request from the corresponding author.
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