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1. Streszczenie

W ostatnich latach coraz wigksze zainteresowanie zyskuja badania nad nowymi,
alternatywnymi probiotykami. W trend ten wpisuja si¢ badania nad drozdzami
probiotycznymi, ktére przez wiele lat staly w cieniu lepiej poznanych bakterii
probiotycznych. Niniejsza praca dotyczy izolacji, charakterystyki oraz zastosowania
drozdzy probiotycznych pochodzacych z zywnosci 1 napojéw spontanicznej fermentacji.
Badania odpowiadajg na rosngce zainteresowanie naukowe 1 przemystowe probiotykami
niebakteryjnymi oraz na potrzebe wyjscia poza dobrze poznany gatunek drozdzy
probiotycznych ~ Saccharomyces cerevisiae  var. boulardii. Poprzez seri¢
komplementarnych badan - od syntezy literatury, poprzez izolacj¢ eksperymentalna,
charakterystyke funkcjonalng az po proby aplikacyjne - wykazano, ze zaréwno gatunki
drozdzy konwencjonaln, jak i niekonwencjonalnych ,stanowia obiecujace kultury do
wykorzystania jako probiotyki, oraz sktadniki zywnos$ci funkcjonalnej. W drodze prac
eksperymentalnych pozyskano izolaty drozdzy z réznych nisz ekologicznych (wina
spontanicznej fermentacji, psujaca si¢ zywnos¢) 1 dokonano ich identyfikacji
genetycznej, a w kolejnym etapie przeprowadzono ocen¢ ich wlasciwosci
probiotycznych i technologicznych. W ostatnim etapie wytypowane izolaty nalezace do
rodzajow: Saccharomyces, Hanseniaspora, Metschnikowia i Pichia zastosowano jako
kultury startowe do produkcji tradycyjnego polskiego napoju fermentowanego -
podpiwku. Uzyskane podpiwki poddano szeregowi testow oceniajacych ich
wlasciwosci oraz okreslono potencjat technologiczny pozyskanych drozdzy. W toku
analiz udato potwierdzi¢ si¢ peten zakres hipotez zalozonych w ponizszej pracy. Jako
najbardziej obiecujace drozdze probiotyczne w toku badan wytypowano szes$¢ szczepow

Hanseniaspora uvarum (15 Hans uvarum i 16 Hans_uvarum), Metschnikowia
pulcherrima (110_Metsch_pulcherrima i 113 _Metsch_pulcherrima), Pichia kudriavzevii

(101_Pich_kudriavzevii) oraz Saccharomyces cerevisiae (37_Sacch_cerevisiae).

Stowa kluczowe: drozdze, drozdze probiotyczne, podpiwek, probiotyki, zywnos¢ funkcjonalna
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2. Summary

In recent years, research into new, alternative probiotics has been gaining increasing
interest. This trend includes research on probiotic yeasts, which for many years have been
overshadowed by better-known probiotic bacteria. This paper concerns the isolation,
characterization, and application of probiotic yeasts derived from spontaneously fermented
foods and beverages. This research responds to the growing scientific and industrial
interest in non-bacterial probiotics and the need to expand beyond the well-known
probiotic yeast species Saccharomyces cerevisiae var. boulardii. Through a series of
complementary studies-from literature synthesis, through experimental isolation,
functional characterization, and application trials-it has been demonstrated that both
conventional and unconventional yeast species represent promising cultures for use as
probiotics and functional food ingredients. Through experimental work, yeast isolates from
various ecological niches (spontaneous fermentation wines, spoiled foods) were obtained
and genetically identified. Subsequently, their probiotic and technological properties were
assessed. Finally, the selected isolates, belonging to the genera Saccharomyces,
Hanseniaspora, Metschnikowia, and Pichia, were used as starter cultures for the
production of a traditional Polish fermented beverage -underbeer. The obtained underbeer
strains were subjected to a series of tests to assess their properties, and the technological
potential of the yeasts was determined. The analyses confirmed the full range of
hypotheses proposed in this study. Six strains were selected as the most promising
probiotic yeasts in the course of the study: Hanseniaspora uvarum (15_Hans_uvarum and
16 _Hans_uvarum),  Metschnikowia  pulcherrima  (110_Metsch_pulcherrima  and
113_Metsch_pulcherrima), Pichia  kudriavzevii (101_Pich_kudriavzevii) and

Saccharomyces cerevisiae (37_Sacch_cerevisiae).

Key words: yeast, probiotic yeasts, underbeer, probiotics, functional food
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3. Wprowadzenie teoretyczne

Drozdze towarzysza ludzkosci od zarania dziejow, pierwsze potwierdzone
naukowo doniesienia zastosowania drozdzy si¢gaja czasow starozytnego Egiptu, gdzie
stosowane byly w produkcji piwa i chleba (Samuel 1996). Fermentacja zaliczana jest do
najstarszych metod biotechnologicznych znanych ludzkosci, w zalezno$ci od zrodia
pierwsze dowody na celowe wykorzystanie zywnosci fermentowanej siegajg od 13 000
do 6000 lat temu (Craig 2021; Mannaa et al. 2021; Samuel 1996). Fermentacja pojawita
si¢ w starozytnych kulturach jako spos6b na konserwacje zywnos$ci w trudnych
okresach, byta takze wykorzystywana podczas uczt rytualnych oraz do poprawy smaku i
zapachu potraw (Ojha and Tiwari 2016). Dowody historyczne wskazuja, ze fermentacja
produktow, takich jak mleko i zboza byta powszechna w wielu regionach $wiata, a sam
proces fermentacji odgrywat kluczowg rolg w wielu dawnych cywilizacjach np. warzenie
piwa w Babilonii, produkcja sosu sojowego we wschodniej Azji oraz fermentacja

owocow w Grecji (Mannaa et al. 2021; Ojha and Tiwari 2016).

Wraz z procesem fermentacji nieodlagcznym towarzyszem ludzkosci byty
probiotyki. Naukowcy zauwazali korzystny wplyw spozywania duzych ilo$ci
fermentowanych produktow mlecznych na zdrowie juz w XIX wieku, lecz przyczyna
tych pozytywnych efektow pozostawala nieodkryta. Chociaz Louis Pasteur
zidentyfikowat bakterie i drozdze odpowiedzialne za proces fermentacji , to nie powigzat
tych mikrobéw z Zzadnym wptywem na zdrowie (Barnett 2000). W 1905 roku Ilja
Miecznikow, wysnul teorie, ze wptyw na dlugowiecznos¢ Bulgarow majg bakterie
kwasu mlekowego uzywane do fermentacji jogurtu, ktore sg rOwniez obecne w
okreznicy (Lynne V. McFarland 2015). Jedno z najwcze$niejszych badan dotyczacych
wplywu probiotykéw na ludzi, odbylo si¢ w 1922 roku i obejmowalo zastosowanie
bakterii Lactobacillus acidophilus u 30 pacjentow z przewlektymi zaparciami, biegunka
lub egzemg. Badanie to wykazatlo poprawe stanu zdrowia we wszystkich trzech
schorzeniach (Cheplin, Post, and Wiseman 1923; Lynne V. McFarland 2015). Termin
,probiotyk” opisujacy substancj¢ wydzielang przez mikroorganizm, o dzialaniu
stymulujgcym wzrost innego drobnoustroju, pojawit si¢ w literaturze po raz pierwszy w
1965 roku, w pracy Lilley i Stillwell (Lilly and Stillwell 1965). Liczne badania

prowadzone w Kkolejnych dekadach znacznie poszerzyly wiedz¢ naukowa O
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probiotykach. W 2001 roku WHO/FAO zdefiniowata na nowo probiotyki jako ,,zywe
mikroorganizmy, ktore podane w odpowiednich ilo$ciach przynosza korzysci zdrowotne
gospodarzowi”, a w kolejnych latach International Scientific Association for Probiotics
and Prebiotics przedstawito konsensus w kwestii zakresu i wilasciwego stosowania

terminu ,,probiotyk” (Hill et al. 2014).

Wytypowanie odpowiednich kandydatéw na probiotyki moze by¢ czasochtonne i
kosztowne, jednak pewne wiasciwos$ci utatwiajg przeprowadzenie wst¢pnego przesiewu
in vitro. Te wlasciwo$ci mozna podzieli¢ na dwie gtdwne grupy: cechy funkcjonalne i
technologiczne. Wsrod cech funkcjonalnych wyréznia si¢ przede wszystkim: zdolnos¢
mikroorganizmu do przezycia w przewodzie pokarmowym, interakcje z organizmem
gospodarza, wilasciwosci przeciwdrobnoustrojowe oraz bezpieczenstwo stosowania.
Poniewaz wigkszo$¢ probiotykow jest przyjmowana doustnie, aby dotrze¢ do przewodu
pokarmowego (jelit), muszg one przetrwaé przejscie z jamy ustnej do jelit. Oznacza to
konieczno$¢ sprawdzenia, czy potencjalne szczepy probiotyczne sg odporne na warunki
panujace w przewodzie pokarmowym (enzymy trawienne, kwas zoladkowy, sole
zolciowe, pH 1 temperatura ciata gospodarza), czy maja zdolno$¢ kolonizacji
powierzchni $luzéwki jelit oraz czy sa w stanie wytrzymaé konkurencj¢ ze strony
mikrobioty jelitowej (zdolnos¢ do auto- 1 koagregacji, hydrofobowos¢ powierzchniowa
oraz oporno$¢ na antybiotyki). Wybrany szczep musi by¢ roéwniez zidentyfikowany
gatunkowo 1 szczepowo, poddany testom bezpieczenstwa (nie moze wytwarza¢ toksyn 1
innych czynnikow wirulencji, ani wykazywac¢ szkodliwych aktywnosci metabolicznych
(Lynne V. McFarland 2015; Staniszewski and Kordowska-Wiater 2021; Zuntar et al.
2020). Cechy technologiczne obejmuja tatwos¢ wytwarzania duzych ilosci biomasy,
odporno$¢ na procesy konserwacji, takie jak liofilizacja, dlugi okres przydatnosci
produktu koncowego, stabilno$¢ genetyczng oraz brak negatywnego wplywu na
wlasciwosci organoleptyczne (smak, zapach, konsystencje) produktu koncowego (Jach

et al. 2013; Libudzisz 2002).

Jednym z rozwijajacych sie trendéw badawczych nad probiotykami sa badania
nad probiotycznymi drozdzami (Staniszewski and Kordowska-Wiater 2021). Historia
drozdzy probiotycznych siega poczatku XX wieku, kiedy Henri Boulard wyizolowat
oryginalny szczep drozdzy Saccharomyces boulardii z owocéw liczi podczas epidemii

cholery w Indochinach. W 1947 roku francuska firma farmaceutyczna Biocodex nabyta
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prawa wiasnosci intelektualnej do tego szczepu S. boulardii i zarejestrowata go w
Instytucie Pasteura w 1953 roku jako S. boulardii CNCM [-745. Obecnie drozdze te sg
jedynymi drozdzami probiotycznymi stosowanymi w leczeniu biegunki zwigzanej z
antybiotykoterapig oraz ostrego niezytu zotadkowo-jelitowego u dzieci. Skutecznos¢
tego szczepu zostata potwierdzona klinicznie rowniez w leczeniu ostrych i przewlektych
zaburzen przewodu pokarmowego, takich jak biegunka wywotana przez Clostridioides
difficile, biegunka podréznych, zespdt jelita drazliwego (IBS) oraz choroba Crohna
(Kelesidis and Pothoulakis 2012; Ting, Lee, and Goh 2025).

Obecnie taksonomiczna pozycja S. cerevisiae var. boulardii jest wcigz
dyskusyjna, jednak aktualne publikacje naukowe oraz baza Index Fungorum uznaja S.
cerevisiae var. boulardii jedynie za odmian¢ S. cerevisiae, blisko spokrewniong ze
szczepami winiarskimi tego gatunku. Poczatkowo S. cerevisiae var. boulardii byt
opisywany jako osobny gatunek - Saccharomyces boulardii, jednak szybki rozwoj
filogenetyki molekularnej w ostatnich latach doprowadzit do zmiany tej klasyfikacji,
podobnie jak w przypadku wielu innych gatunkow drozdzy (L. V. McFarland 1996;
Ting, Lee, and Goh 2025). Zaproponowano kilka mechanizméw dziatania
probiotycznego S. cerevisiae var. boulardii, w tym modulacje mikrobiomu jelitowego,
hamowanie rozwoju patogendw, adhezj¢ do nablonka jelitowego, immunoregulacje
odpornosci oraz wptyw troficzny na przewdd pokarmowy. S. cerevisiae var. boulardii
pomaga w przywroceniu prawidlowej flory jelitowej u pacjentow po antybiotykoterapii
lub operacji, potencjalnie dziatajac jako tymczasowy substytut naturalnego mikrobiomu
do czasu jego regeneracji. Jego dziatanie przeciwdrobnoustrojowe obejmuje produkcje
biatek neutralizujacych toksyny bakteryjne (takie jak toksyna cholery), co wptywa na
redukcje poziomu cAMP, przyczyniajacego si¢ do powstania biegunki oraz hamowanie
powierzchniowych endotoksyn Escherichia coli poprzez defosforylacj¢. Dodatkowe
mechanizmy obejmujg stymulacj¢ produkcji immunoglobuliny A przeciwko toksynie A
Clostridium difficile, degradacje toksyn za pomoca wydzielanych proteaz oraz
modulacje produkcji cytokin. (Buts et al. 2006; Deleu et al. 2024; Hedin et al. 2024;
Kelesidis and Pothoulakis 2012; Pais et al. 2020; Tiago et al. 2012). Drozdze te moga
takze wzmacnia¢ integralno$¢ bariery jelitowej przez stymulacje wydzielania biatek TJ
(ang. tight junction proteins) oraz ogranicza¢ kontakt patogendéw z nabtonkiem jelit
poprzez bezposrednie wigzanie z ich komodrkami za pomocag reszt mannozowych w

$cianie komorkowej drozdzy (Pothoulakis et al. 1993). Cho¢ wydzielanie zwigzkow
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przeciwdrobnoustrojowych (peptydow, nadtlenku wodoru 1 kwaséw organicznych) jest
typowym mechanizmem bakteryjnych probiotykéw, nie wykazano, by S. cerevisiae var.
boulardii miat bezposrednie dziatanie hamujace wzrost bakterii czy wydzielat takie
zwigzki (Offei et al. 2019). Efekty troficzne przypisywane S. cerevisiae var. boulardii sa
rowniez bardzo interesujace. Obejmujg one stymulacje blony rgbkowej, zwiekszanie
wydzielania enzymow trawiennych (np. sacharazy-izomaltazy, maltazy-glukoamylazy,
laktazy-flozyny hydrolazy, aminopeptydazy alaninowej, fosfatazy alkalicznej) oraz
transporterow sktadnikow odzywczych (np. biatka transportujace glukoze z sodem), co
moze by¢ indukowane przez poliaminy, a takze wpltyw na produkcje
krotkotancuchowych i rozgatezionych kwasow tluszczowych, odgrywajacych wazne role
w roznych tkankach (jelita, watroba, tkanka tluszczowa, migénie i mozg) (Pais et al.
2020; Ting, Lee, and Goh 2025). W ostatnich latach dodatkowo zyskuja na znaczeniu
badania molekularne majgce na celu zrozumienie roéznic pomiedzy Saccharomyces
cerevisiae var. boulardii (Sb), a Saccharomyces cerevisiae (Sc) i1 odkrycie
molekularnych przyczyn witasciwosci probiotycznych tych drozdzy (Carvalho, Moreno,
and Domingues 2025; Ting, Lee, and Goh 2025). Ting i in. wyrdzniaja nast¢pujace
roéznice: Sb to szczep diploidalny, charakteryzujacy sie tetrasomig chromosomu XII,
podczas gdy Sc wystepuje zarowno w formie haploidalnej, jak 1 diploidalnej. Sb nie
posiada nienaruszonych elementow transpozycyjnych Ty, zachowujac jedynie
pojedyncze dlugie powtdrzenia terminalne (LTR). Sb wykazuje zmienno$¢ liczby kopii
gendw, w tym wzrosty liczby kopii THI13, IMD3, COS3, FEX1 i HSP32 oraz spadek
liczby kopii CUPL. Dodatkowe zroznicowania obserwuje si¢ w genach zwigzanych z
wykorzystaniem maltozy (MAL11, MAL13, IMA2, IMA3, IMA4), metabolizmem
heksoz (HXT9, HXT11l, REE), katabolizmem asparaginy (ASP3-1,ASP3-2,ASP3-
3,ASP3-4), transportem Zelaza sideroforowego (ARN2,ENBI1), sortowaniem
wakuolarnym (VTH1, VTH2) i innymi (AYT1, AIF1, COS10, BDS1). Autorzy
sugeruja, iz grubsza warstwa mannoproteinowa $ciany komorkowej Sb -
prawdopodobnie zwigzana z rozszerzong rodzing genoéw seripauperyny - zwieksza
oporno$¢ na octany. Mutacja punktowa G1278A w genie PGM2 zmniejsza metabolizm
galaktozy, lecz sprzyja lepszemu wzrostowi w temperaturze 37°C. Sb jest organizmem
asporogennym, prawdopodobnie ze wzgledu na dwie mutacje (C1578T i T2096A) w
genie MATal, ktore skutkujg niepelng mejoza 1 brakiem zdolnosci do prawidtowej

sporulacji (Ting, Lee, and Goh 2025).
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Wiele badan wykazato skuteczno$¢ S. cerevisiae var. boulardii w leczeniu
schorzen przewodu pokarmowego, takich jak biegunki pokarmowe i podrdznych,
choroba Crohna, nieswoiste zapalenia jelit, zespot jelita drazliwego, ostry niezyt
zotadkowo-jelitowy u dorostych 1 dzieci, a takze przewlekta biegunka u osob
zakazonych HIV, wywotana przez Clostridium difficile, Vibrio cholerae i inne patogeny
(Cassanego et al. 2015; Das, Gupta, and Das 2016; Feizizadeh, Salehi-Abargouei, and
Akbari 2014). Badania Profir i wsp. wykazaly réwniez istotne zmniejszenie nasilenia
toksokarozy (Czerucka, Piche, and Rampal 2007; Profir, Buruiana, and Vizireanu 2015;
Staniszewski and Kordowska-Wiater 2021). Probiotyczne drozdze sg takze stosowane w
celu ograniczenia dzialan niepozadanych terapii eradykacyjnej Helicobacter pylori
(Profir, Buruiana, and Vizireanu 2015; Yang et al. 2017). Skuteczno$¢ probiotycznych
drozdzy zostalta udokumentowana w wielu badaniach klinicznych (Bahuguna,
Venugopal, and Rai 2024; Consoli et al. 2016; Das, Gupta, and Das 2016; Efremova et
al. 2024; Feizizadeh, Salehi-Abargouei, and Akbari 2014; D. Wang et al. 2025). Das i
wsp. wykazali w randomizowanym badaniu klinicznym, ze podawanie dawki 250 mg
dwa razy dziennie dzieciom ponizej 5. roku zycia istotnie skracato czas trwania biegunki
1 pobytu w szpitalu, bez skutkéw ubocznych, ale nie wptywalo na dlugos¢ goraczki ani
wymiotow w ostrej biegunce rotawirusowej (Das, Gupta, and Das 2016). Feizizadeh i
wsp., na podstawie metaanalizy 22 badan randomizowanych, stwierdzili, ze S. cerevisiae
var. boulardii moze by¢ skuteczny w leczeniu ostrej biegunki u dzieci niezaleznie od jej
przyczyny, znaczaco zmniejszajac czestotliwos¢ stolcow 1 ryzyko biegunki. W
analizowanych badaniach nie zaobserwowano powaznych dziatan niepozadanych, cho¢
byly one prowadzone na wczesniej zdrowych dzieciach, wykluczajac pacjentow z
niedozywieniem lub niedoborami odpornosci (Feizizadeh, Salehi-Abargouei, and Akbari
2014). Dla tych grup pacjentow dane sg ograniczone, cho¢ opisano pojedyncze
przypadki: Thygesen i wsp. opisali przypadek 79-letniej kobiety z fungemig
spowodowang S. cerevisiae var. boulardii (SbF) po resekcji jelita (Thygesen, Glerup,
and Tarp 2012), Kara i wsp. opisali dwa przypadki SbF po leczeniu probiotykiem na
oddziale intensywnej terapii (Kara et al. 2018), Ellouze i wsp. zglosili przypadki
wstrzasu septycznego po podaniu S. cerevisiae var. boulardii (Ellouze et al. 2016).
Przypadki SbF zgtaszano takze u pacjentow z biegunka zwiagzang z Clostridium difficile,
leczonych doustnie S. cerevisiae var. boulardii wraz z antybiotykami (Santino et al.

2014). Jednak wiekszos¢ tych przypadkow dotyczy ciezko chorych lub oséb z obnizong
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odpornoscia.

Kolejng ewolucja wsrdéd trendu badawczego dotyczacego probiotycznych
drozdzy jest rozszerzenie zakresu zainteresowan badawczych poza przedstawicieli
Saccharomyces spp. Nowe izolaty drozdzy o potencjale probiotycznym zostaty
pozyskane z réznych produktéw i srodowisk, takich jak owoce, warzywa, zywnos¢ i
napoje fermentowane czy odpady przemystu mleczarskiego. Nowe szczepy musza
spetnia¢ wszystkie wymagane kryteria probiotyczne, cechowac si¢ bezpieczenstwem
oraz wykazywaé¢ dobre wlasciwosci technologiczne. Izolowanie drozdzy z wielu
srodowisk pozwala odkrywa¢ nowe szczepy probiotyczne o unikalnych cechach
biochemicznych, na przykiad zdolno$¢ do wydzielania zewnatrzkomorkowej laktazy, co
moze umozliwia¢ trawienie serwatki stosowanej jako dodatek paszowy. Najnowsze
badania wskazuja, ze oprocz S. cerevisiae var. boulardii, takze inne gatunki, takie jak
Kluyveromyces marxianus oraz Pichia kudriavzevii, moga wykazywaé wlasciwosci
probiotyczne. Europejski Urzad ds. Bezpieczenstwa Zywnosci (EFSA) przyznatl status
QPS (qualified presumption of safety) jedynie kilku drozdzom dopuszczanym jako
dodatki do zywnos$ci, m.in. K. marxianus var. lactis oraz K. marxianus var. fragilis
(Arévalo-Villena et al. 2018). Wiele badan dotyczacych nie-Saccharomyces wykazato,
ze moga one mie¢ wlasciwosci probiotyczne. Przyktadowo, Ochangco i
wspolpracownicy przebadali szczepy Debaryomyces hansenii wyizolowane z sera oraz
przewodow pokarmowych ryb. W trakcie badan za najlepszego kandydata na probiotyk
uznali szczep DI 02 ze wzgledu na jego wyjatkowa zdolno$¢ przetrwania w trudnych
warunkach przewodu pokarmowego, silng adhezj¢ do komoérek Caco-2 i mucyny oraz
wywotywanie silniejszej odpowiedzi przeciwzapalnej niz S. cerevisiae var. boulardii (do
oceny uzyto stosunku cytokin IL-10 do IL-12 jako wskaznika efektu przeciwzapalnego).
Inny szczep, DI 09, wykazal jeszcze silniejsze przyleganie do komoérek Caco-2 i
mucyny. Dwa kolejne szczepy (DI 10 i DI 15) indukowaly wyzszy stosunek 1L-10/1L-12
niz szczepy S. cerevisiae var. boulardii, co wskazuje na silniejsze dziatanie
przeciwzapalne wobec ludzkich komorek dendrytycznych (Ochangco et al. 2016).
Wyniki uzyskane przez Oliveire 1 wspotpracownikéw sugeruja, ze niektore drozdze
wyizolowane z fermentowanych oliwek stotowych, takie jak Pichia guilliermondii 25A
oraz Candida norvegica 7A, wykazuja potencjal probiotyczny dzigki odpornosci na
warunki symulowanego przewodu pokarmowego, na poziomie zblizonym do szczepu

referencyjnego S. cerevisiae var. boulardii (Oliveira et al. 2017). Gil-Rodrigues i
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wspoélautorzy przeanalizowali 130 szczepow drozdzy z kolekcji kultur 1 zaobserwowali,
ze dwa szczepy Schizosaccharomyces pombe (IFI-936 i IFI-2180) charakteryzuja si¢
wysoka zdolnoscig do przetrwania w jelitach gospodarza (dobry wzrost w temperaturze
37°C, wysoka tolerancja na warunki przewodu pokarmowego oraz duza autoagregacja),
a takze znaczng aktywno$cig antyoksydacyjng (Gil-Rodriguez, Carrascosa, and Requena
2015). Z kolei Rodriguez i wspotpracownicy sposrdd 108 zidentyfikowanych szczepow
drozdzy réznego pochodzenia wskazali, ze Hanseniaspora osmophila i P. kudriavzevii
sa najbardziej obiecujagcymi szczepami na podstawie analiz statystycznych

zastosowanych na kazdym etapie selekcji (Fernandez-Pacheco Rodriguez et al. 2018).

Zastosowanie drozdzy probiotycznych jako dodatku do Zywno$ci pozwala na
powstanie produktow spetniajacych definicje zywnosci funkcjonalnej. Termin ,,zywnos$¢
funkcjonalna” jest zazwyczaj stosowany w celach marketingowych, ma rézne definicje i
nie jest prawnie uznawany na calym $wiecie. Wyjatkiem jest Japonia, gdzie zywnos$¢
funkcjonalna stanowi odrgbng kategori¢ prawng. Wedlug Migdzynarodowej Rady
Informacji o Zywnoéci (IFIC) zywnoéé funkcjonalna to ,,zywno$¢ lub skladniki diety,
ktére moga przynosi¢ korzysci zdrowotne wykraczajace poza podstawowe odzywianie”
(Henry 2010; Ifland et al. 2015). W 2022 roku Temple zaproponowal nowa definicjg
zywnosci funkcjonalnej: ,,Zywno$¢ funkcjonalna to nowoczesna zywno$é, ktore;
formula opiera si¢ na substancjach lub zywych mikroorganizmach o potencjalnej
wartosci prozdrowotnej lub zapobieganiu chorobom, w stezeniu bezpiecznym 1
wystarczajgco wysokim, aby osiggna¢ zamierzone korzysci. Dodane sktadniki moga
obejmowaé sktadniki odzywcze, btonnik pokarmowy, fitochemikalia, inne substancje

lub probiotyki.” (Temple 2022).

Produkty probiotyczne, dzigki swoim korzystnym wlasciwo§ciom wplywajacym
na rozne funkcje fizjologiczne, moga by¢ zaliczane do zywno$ci funkcjonalnej
(Roberfroid 2000). W ostatnich latach opublikowano wiele badan dotyczacych
wykorzystania drozdzy probiotycznych 1 potencjalnie probiotycznych w Zywnosci.
Senkarcinova 1 wspolpracownicy wykazali mozliwo§¢ zastosowania szczepu
probiotycznego S. cerevisiae var. boulardii w produkcji piwa niskoalkoholowego i
bezalkoholowego (Senkarcinova et al. 2019). Dane przedstawione przez Ramirez-Cota i
in. sugerujg, ze ten gatunek drozdzy moze przetrwaé stgzenia etanolu spotykane w

najpopularniejszych stylach piwa rzemieslniczego, co 0znacza, ze stworzenie piwa
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wzbogaconego w probiotyki jest potencjalnie mozliwe (Ramirez-Cota et al. 2021).
Mulero-Cerezo i wspotautorzy stwierdzili, ze ,,Saccharomyces cerevisiae var. boulardii
jako jedyny starter drozdzowy pozwala uzyskaé piwo rzemieSlnicze o wyzszej
aktywnos$ci antyoksydacyjnej, nizszej zawarto$ci alkoholu, podobnych walorach
sensorycznych oraz wiekszej przezywalnosci drozdzy po 45 dniach w poréwnaniu z
piwem produkowanym przy uzyciu komercyjnego szczepu S. cerevisiae powszechnie
stosowanego w browarnictwie” (Mulero-Cerezo, Briz-Redon, and Serrano-Aroca 2019).
Wyniki przedstawione przez de Paula i wspotpracownikéw wykazaty rowniez, ze piwo
funkcjonalne zawierajace S. cerevisiae var. boulardii po przechowywaniu oraz po
symulowanym przejsciu przez przewod pokarmowy miato populacje zywych komorek
przekraczajaca minimalng dawke zalecang dla efektu prozdrowotnego (de Paula et al.
2019). Drozdze probiotyczne moga by¢ stosowane nie tylko w napojach, ale takze w
wielu innych produktach spozywczych. Swieca i wspétpracownicy zaproponowali
wykorzystanie S. cerevisiae var. boulardii jako dodatku do wzbogacania kietkow fasoli i
zastosowania ich jako nosnika probiotykéw. Ten dodatek nie wptywat na wlasciwosci
kietkow, a jednocze$nie znaczaco poprawiatl jako§¢ mikrobiologiczng produktu
koncowego (Swieca et al. 2019). Sarwar i in. opracowali jogurt synbiotyczny z udziatem
S. cerevisiae var. boulardii i inuliny. Potgczenie drozdzy i inuliny zwigkszato ilosé
korzystnych zwiagzkéw lotnych oraz poprawiato teksturg¢ produktu w pordéwnaniu do
jogurtu kontrolnego (Sarwar et al. 2019). Drozdze i bakterie kwasu mlekowego (LAB)
sa czesto izolowane razem z rdznych spontanicznie fermentowanych produktow
spozywczych (Staniszewski and Kordowska-Wiater 2021). Karaolis 1 wspotpracownicy
badali mozliwo$¢ wykorzystania S. cerevisiae var. boulardii jako probiotyku w jogurcie
kozim z kulturami starterowymi LAB, stwierdzajac, ze drozdze wspieraty wzrost LAB, a
ich liczebno$¢ byla stabilna przez caly okres przechowywania (Karaolis et al. 2013).
Podobne korzystne interakcje migdzy S. cerevisiae, a LAB wystepuja w fermentacji
zakwasu (Sieuwerts, Bron, and Smid 2018). Xu i wspolpracownicy opisali zalezno$¢
pomig¢dzy Lactobacillus, a S. cerevisiae jako ztozong i zalezng od sktadu i procesu
produkcji fermentowanej zywnosci (Z. Xu et al. 2020). Zwykle interakcja ta jest
mutualistyczna i korzystna dla obu grup mikroorganizméw, cho¢ nie zawsze oznacza
pozytywny wplyw na produkt koncowy. Przykladowo, fermentacja malolaktyczna
prowadzona przez Lactobacillus moze by¢ pozadana w niektoérych napojach, takich jak

kwasne piwa, ale w wiekszosci przypadkow zakwaszenie produktu uznaje si¢ za wadg
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spowodowang zanieczyszczeniem podczas produkeji (Bartowsky 2009; Suzuki 2011; Z.
Xu et al. 2020). S. cerevisiae wydziela czynniki wzrostowe, takie jak dwutlenek wegla i
aminokwasy, ktore wspierajg rozwdj Lactobacillus; dwutleneck wegla tworzy lokalne
srodowisko mikrobeztlenowe, preferowane przez Lactobacillus spp. (Subarja,
Henriksson, and Liu 2014). Drozdze wydzielaja réwniez aminokwasy takie jak treonina,
glutamina, alanina, glutaminian, seryna i glicyna, umozliwiajagc LAB wzrost nawet w
warunkach, ktére normalnie bytyby dla nich niekorzystne (Ponomarova et al. 2017). W
fermentowanych produktach mlecznych Lactobacillus rozklada laktoze (gtowny cukier
mleka, ktorego S. cerevisiae nie metabolizuje) na glukoze i galaktoze, dostarczajac
drozdzom zrodita wegla. Oprocz galaktozy, kwas mlekowy produkowany przez LAB
moze by¢ rowniez wykorzystywany przez drozdze w warunkach tlenowych, co moze
dodatkowo stymulowaé okreslone gatunki Lactobacillus do produkcji wigkszych ilo$ci
kefiranu - biopolimeru o potencjalnych zastosowaniach spozywczych i biomedycznych
(Staniszewski and Kordowska-Wiater 2021). Drozdze probiotyczne i potencjalnie
probiotyczne moga by¢ rowniez wykorzystywane do fermentacji produktéw zbozowych.
Cho¢ spozycie produktoéw petnoziarnistych i wieloziarnistych przynosi wiele korzysci
zdrowotnych, to jednak produkty te zawierajg czesto czynniki antyodzywcze. Banik i
wspolpracownicy wykazali, ze zastosowanie kultury starterowej S. cerevisiae APK1 w
biofortyfikacji substratow wieloziarnistych wykorzystywanych w tradycyjnych daniach
indyjskich prowadzito do wzrostu zawartosci bialka, btonnika i1 skrobi oraz redukcji
poziomu antyodzywczych skladnikow. Podczas fermentacji zaobserwowano réwniez
wzrost potencjalu antyoksydacyjnego oraz zawartosci zwigzkow fenolowych i
flawonoidéw (Banik et al. 2020). Co wiecej, probiotyczne drozdze z rodzaju
Saccharomyces korzystnie wplywaja na warto$¢ odzywcza produktow roslinnych
poprzez syntez¢ folianow oraz eliminacj¢ fityniandbw 1 innych substancji
antyodzywczych. Wytwarzane przez nie fitazy zwigkszaja biodostepnos¢ 1 przyswajanie
kluczowych mineratow, takich jak Zelazo, cynk, magnez i fosfor (Rajkowska, Kunicka-
Styczynska, and Rygala 2012). Dodatkowg zaletg S. cerevisiae var. boulardii sg jego
wlasciwos$ci przeciwdrobnoustrojowe oraz zdolno$¢ do rozktadu mykotoksyn takich jak
aflatoksyny, patulina, ochratoksyna A i inne (Abdel-Kareem, Rasmey, and Zohri 2019;
Liu et al. 2020). Naimah 1 wspdlpracownicy wykazali, ze peptydy
przeciwdrobnoustrojowe wytwarzane przez te drozdze hamuja wzrost Bacillus cereus,

Escherichia coli, Pseudomonas aeruginosa i Staphylococcus aureus (Naimah, Al-
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Manhel, and Al-Shawi 2018). Goktas i in. wykazali rowniez aktywno$¢
przeciwdrobnoustrojowa S. cerevisiae var. boulardii pochodzacych z suplementéw diety
wobec Salmonella Typhimurium, Yersinia enterocolitica, Candida albicans, Alternaria
alternata i Aspergillus flavus (Goktas, Dertli, and Sagdic 2021). Oprocz zastosowania S.
cerevisiae var. boulardii w produkcji nowych funkcjonalnych produktéw spozywczych,
szczep probiotyczny Pichia kudriavzevii OG23 zostal uzyty przez Ogunremi i
wspotpracownikow do fermentacji produktu zbozowego. Uzyskano zwigkszong
aktywno$¢ antyoksydacyjng oraz bogactwo zwigzkow aromatycznych, a autorzy
sugeruja, ze produkty zbozowe moga by¢ skutecznym no$nikiem probiotykow
(Ogunremi, Agrawal, and Sanni 2015). Amorim i in. porownali S. cerevisiae var.
boulardii i Meyerozyma caribbica w produkcji napojow ananasowych oraz ich
wilasciwosci. Wyniki wykazaty, ze dwa szczepy M. caribbica, wyizolowane ze skorki
ananasa, wykazuja pozadane wiasciwo$ci probiotyczne na poziomie zblizonym do
referencyjnego szczepu S. cerevisiae var. boulardii. Szczep 9D M. caribbica wybrano do
fermentacji. Uzyskany napdj cechowat si¢ wysoka aktywnoscig antyoksydacyjna, ktora
nie ulegla zmianie w trakcie fermentacji. Produkt wytworzony przy uzyciu szczepu 9D
charakteryzowat si¢ rowniez dobrymi cechami sensorycznymi i zostal dobrze przyjety
przez konsumentow w poréwnaniu z napojem fermentowanym przez S. Cerevisiae var.

boulardii (Amorim, Piccoli, and Duarte 2018).

Podsumowujac, drozdze probiotyczne stanowig obiecujacy kierunek w aspekcie
badan nad probiotykami, ktore w dluzszej perspektywie moga dokona¢ przelomu na
rynku zywnosci funkcjonalnej i nutraceutykéw. Chociaz S, cerevisiae var. boulardii od
dawna jest flagowym probiotykiem drozdZzowym o udowodnionych korzysciach,
obecnie badania wykazuja, ze takze inne drozdze izolowane z fermentowanych
produktéw roslinnych i srodowisk naturalnych réwniez mogg petnic role probiotyczna, a
w dodatku niektore z nich posiadajg unikalne cechy metaboliczne i biochemiczne,
niespotykane u tradycyjnych bakterii probiotycznych, co stwarza mozliwos$ci rozwoju
nowej zywnos$ci funkcjonalnej o dodatkowych korzysciach zdrowotnych. Integracja
drozdzy probiotycznych z Zywno$ciag wzbogacong moze prowadzi¢c do powstania
produktow, ktore nie tylko wspierajg zdrowie jelit, ale takze poprawiajg profil odzywczy
1 bezpieczenstwo zywnosci - 1aczac w sobie tradycje i innowacje. Dlatego tez w swej
pracy doktorskiej wybratem fermentowane produkty roslinne jako zrédlo do izolacji

drozdzy, aby w koncowym etapie zastosowaé¢ pozyskane izolaty do opracowania
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nowoczesnego produktu probiotycznego.
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4. Hipotezy i cele badawcze

W zwiazku z wyzej opisanym problemem badawczym, sformutowane zostaty

nastepujace hipotezy badawcze:

1. Zywno$¢ fermentowana pochodzenia roélinnego moze byé $rodowiskiem

bytowania drozdzy o potencjale probiotycznym.

2. Drozdze probiotyczne pochodzace z fermentowanych produktow pochodzenia

ros$linnego Moga stanowi¢ kultury starterowe do produkcji zywnosci funkcjonalnej.

Aby zweryfikowa¢ hipotezy sformutowano nastgpujace cele:

1. Pozyskanie izolatow drozdzy z zywnosci fermentowanej pochodzenia roslinnego i

ich identyfikacja genetyczna.

2. Przetestowanie uzyskanych izolatbw pod katem posiadania wilasciwosci

probiotycznych.

3. Przygotowanie produktu spozywczego z zastosowaniem wyselekcjonowanych

drozdzy probiotycznych.
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5. Materiaty i metody badawcze

Dysertacja obejmuje doswiadczenia laboratoryjne prowadzone w latach 2019-2025.

Doswiadczenia wykonywano w Katedrze Biotechnologii, Mikrobiologii i Zywienia

Czilowieka Uniwersytetu Przyrodniczego w Lublinie. Szczegdétowe metodyki

(przygotowane zgodnie z wymogami czasopism) doswiadczeh zwiazanych z izolacja

drozdzy i badaniem ich wila$ciwosci probiotycznych przedstawiono w publikacjach (II i

H1): ,Probiotic Yeasts and How to Find Them-Polish Wines of Spontaneous
Fermentation as Source for Potentially Probiotic Yeasts” i
,,Probiotic Yeasts and How to Find Them-From Spoilage to Probiotic”, a metodyke

do$wiadczenia analizujacego wlasciwo$ci produktu spozywczego wyprodukowanego w

oparciu o wyizolowane szczepy drozdzy - w publikacji (I1V): ,, Probiotic Yeast and How

to Use Them-Combining Traditions and NewWaves in Fermented Beverages”.

Uproszczony schemat wykonanych do§wiadczen przedstawiony zostat na Rys. 1.

Identyfikacja

Lzl sl pozyskanych izolatéw

Badanie cech Badanie cech

probiotycznych izolatow

technologicznych
izolatow

Przygotowanie
podpiwku z
zastosowaniem
wyselekcjonowanych
izolatow

Ocena wtasciwosci
podpiwkow

Rys. 1. Uproszczony schemat przeprowadzonych doswiadczen
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5.1 lIzolacja drozdzy i badanie ich wtasciwosci probiotycznych

Na potrzebg badan wyizolowano drozdze z r6znych produktow roslinnych spontaniczne;j
fermentacji: win, piw, dzemoéw, sokow, kompotow, zakwasow. Szczegotowe zrodla do
izolacji drozdzy wymienione s3 w publikacjach II i III - publikaja Il, tabela 1 oraz
publikacja 111, tabela 1.

5.1.1 lzolacja drozdzy

Przygotowano seryjne rozcienczenia dziesigtne probek zywnosci w zakresie od 107"
do 107, a objetosci 0,2 ml rozprowadzono na plytkach Petriego z podlozem
dedykowanym do izolacji drozdzy, agarem YGC (ekstrakt drozdzowy, glukoza,
chloramfenikol, BTL L6dz, Polska). Ptytki inkubowano przez 3-5 dni w temperaturze
25°C. Typowe pojedyncze kolonie drozdzy wysiano na agar WL (Biomaxima, Polska) w
celu potwierdzenia szczepdéw innych niz Saccharomyces, a nast¢pnie na agar YPD, ktory
wykorzystano dwukrotnie w celu uzyskania czystych kultur. Dodatkowo w celu
potwierdzenia obecno$ci drozdzy przeprowadzono obserwacje mikroskopowe
preparatow przyzyciowych. Czyste kultury zamrozono i przechowywano w kolekcji
kultur Katedry Biotechnologii, Mikrobiologii i Zywienia Czlowieka Uniwersytetu
Przyrodniczego w Lublinie.

str. 21



5.1.2 ldentyfikcja drozdzy

W celu zidentyfikowania uzyskanych szczepéw poddano je identyfikacji
gatunkowej na podstawie techniki ITS-PCR. Izolacjc DNA wykonano zgodnie z
procedurg Genomic Mini AX Yeast (A&A Biotechnology, Gdansk, Polska).
Amplifikacje regionu ITS1- 5,8S - ITS2 przeprowadzono z uzyciem starterow ITS1
(TCCGTAGGTGAACCTGCGG) i ITS4 (TCCTCCGCTTATTGATATGC). Do
mieszaniny reakcyjnej zawierajacej polimeraz¢ Taq - PCR Mix Plus Green (A&A
Biotechnology,Gdansk, Polska) dodano oba startery w stezeniu 0,5 uM i 1 uL matrycy
DNA. Warunki amplifikacji: poczatkowa denaturacja w 95°C przez 5 min, a nastgpnie
34 cykle: denaturacja w 95°C przez 1 min, hybrydyzacja w 56°C przez 1 min, elongacja
w 72°C przez 2 min, koncowy etap elongacji w 72°C przez 10 min. Sprawdzono
obecno$¢ amplikonow za pomoca elektroforezy w 1,5% (w/v) zelu agarozowym w
buforze TBE. Sekwencjonowanie uzyskanych amplikonow wykonane zostato przez
Genomed S.A. (Warszawa, Polska). Kontigi ztozono za pomoca oprogramowania DNA
SequenceAssembler v5 (Heracle BioSoft, www.DnaBaser.com).

Uzyskane kontigi poréwnano ze znanymi sekwencjami regionu ITS w bazie danych

NCBI GenBank poprzez dopasowanie algorytmem BLAST.

5.1.3 Ocena wilasciwosci probiotycznych uzyskanych izolatéw

5.1.3.1 Zdolnos$¢ do wzrostu w temperaturze 37°C

W celu sprawdzenia zdolno$ci szczepdw do rozwoju w temperaturze ciala
cztowieka, 10 pul $wiezej hodowli drozdzy wprowadzono do 1 ml bulionu YPD i
inkubowano w temperaturze 37°C przez 48 godzin. Przezywalnos¢ w tych
specyficznych warunkach okreslano, obserwujac wzrost lub brak wzrostu po okresie
inkubacji. Jesli szczep nie wykazywal zdolnosci do wzrostu w tych warunkach,

wykluczano go z dalszych analiz.

5.1.3.2 Wzrost i przezywalnosé w warunkach symulowanego przewodu pokarmowego

Wszystkie szczepy poddano trawieniu in vitro zgodnie z Fernandez-Pacheco i in.,
2018, z modyfikacja (Fernandez-Pacheco Rodriguez et al. 2018). Jeden mililitr $wiezej

hodowli wirowano (5000 obr./min, 10 min), biomasg przemyto bulionem YPD w PBS
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(buforowanym roztworze soli fizjologicznej) o pH = 2, uzupetnionym 3 mg/ml pepsyny,
odwirowano w tych samych warunkach i po przemyciu zaszczepiono do 1 ml roztworu
zotadkowego zawierajacego bulion YPD uzupetniony 3 mg/ml pepsyny w buforowanym
roztworze soli fizjologicznej o pH = 2, w celu symulacji warunkow panujacych w
zotadku. Mieszaning inkubowano w temperaturze 37°C przez 3 godziny. Nast¢pnie
zawwiesing komorek w roztworze zotadkowym odwirowano (5000 obr./min, 10 min), a
biomas¢ przemyto roztworem imitujacym warunki panujagce w jelicie cienkim,
sktadajacym si¢ z bulionu YPD o pH = 8, zawierajacego 1 mg/ml pankreatyny i 0,5%
(w/v) soli zotciowych. Biomase nastepnie przeniesiono do tego samego roztworu
jelitowego i inkubowano w temperaturze 37°C przez 22 godziny. Aby ocenié
przezywalnos¢ i wzrost komoérek w warunkach zotadkowo-jelitowych, zastosowano
technik¢ posiewu ptytkowego na agarze YPD po wykonaniu rozcienczen

dzisigciokrotnych. Wskaznik przezywalnosci i wzrostu obliczono jako % wedtug wzoru:

wskaznik przezywalnosci [%] = (liczba zywych komorek/ml po trawieniu in vitro/liczba

zywych komorek/ml przed trawieniem in vitro) x 100%

5.1.3.3. Hydrofobowos$¢é powierzchni komérek

Hydrofobowo$¢ powierzchni komoérek badano zgodnie z metoda Amorim 1 in.,
2018 (Amorim, Piccoli, and Duarte 2018). Jeden mililitr §wiezej hodowli odwirowano
(5000 obr./min, 10 min), biomas¢ przemyto dwukrotnie i zawieszono w 5 ml PBS
(buforowanego roztworu soli fizjologicznej) o pH = 7. Trzy mililitry zawiesiny zmieszano
z 1 ml ksylenu. Mieszaning energicznie wytrzasano przez 2 minuty, a nast¢pnie
pozwolono na niezakiocone osiadanie w temperaturze 37°C przez 30 minut, co
umozliwilo catkowite rozdzielenie faz. Nastepnie ostroznie usuni¢to faz¢ wodng 1
spektrofotometrycznie zmierzono gestos¢ optyczng przy dtugosci fali 600 nm. Spadek
warto$ci OD przyjeto jako miar¢ hydrofobowos$ci powierzchni komorki obliczong wedtug

ponizszego wzoru:

Hydrofobowos$¢ [%] = [1 - ((ODpoczatkowe = ODxkoncowe)/ ODpoczatkowe)] % 100%

gdzie ODpocrgikowe 1 ODkorcowe t0 g€Sto$¢ optyczna (przy 600 nm) przed i po ekstrakcji

ksylenem.
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5.1.3.4 Zdolnos$¢ do autoagregacji

Test autoagregacji przeprowadzono zgodnie z metodami Amorim i in., 2018 oraz
Gil-Rodriguez i in., 2015 (Amorim, Piccoli, and Duarte 2018; Gil-Rodriguez, Carrascosa,
and Requena 2015). Drozdze hodowano w bulionie YPD w temperaturze 37°C przez 24
godziny. Pobrane probki odwirowano (5000 obr./min, 10 min) i dwukrotnie przemyto PBS
0 pH = 7. Nastepnie biomase¢ zawieszono ponownie w PBS. Aby oceni¢ autoagregacje, 3
ml zawiesiny komoérek wirowano przez 10 sekund. Autoagregacje okreslono
spektrofotometrycznie po 2, 4 i 24 godzinach inkubacji w temperaturze 37°C na podstawie
absorbancji (A) (ODego) 1 wyrazono ja jako:

Autoagregacja [%] =[1 - (A/Ap)] x 100%

gdzie A; to absorbancja po 2, 4 lub 24 godzinach, a A, to wartos¢ zerowa.

5.1.3.5 Wiasciwo$ci antyoksydacyjne

Badanie aktywnosci antyoksydacyjnej przeprowadzono zgodnie z metoda Gil-
Rodrigueza i in., 2015 (Gil-Rodriguez, Carrascosa, and Requena 2015). Jeden mililitr
hodowli drozdzy w bulionie YPD odwirowano (5000 obr./min, 10 min), przemyto
dwukrotnie sterylnym roztworem 0,9% NacCl, a osad zawieszono ponownie w 1 ml 0,9%
NaCl. Nastepnie 800 ul zawiesiny komorek przeniesiono do nowej probowki, do ktorej
dodano 1 ml roztworu DPPH (2,2-difenylo-1-pikrylohydrazylu) (0,2 mM w metanolu).
Mieszaning zworteksowano i inkubowano w ciemnosci w temperaturze pokojowej przez
30 min. Po inkubacji probowki reakcyjne wirowano (12 000 obr./min, 5 min), a 300 pl
powstalego supernatantu przeniesiono na ptytki 96-dotkowe w celu pomiaru absorbancji
przy 517 nm (As17). Nastepnie obliczono procent redukcji DPPH za pomoca nastgpujacego

wzoru :

Procent redukcji DPPH [%] = [(kontrola Asi7 - probka As;7)/kontrola As;7] x 100%

gdzie kontrola As;7 oznacza absorbancj¢ kontroli (roztwor DPPH bez drozdzy),a probka

As17 0znacza absorbancje probki (hodowla drozdzy traktowana roztworem DPPH).

5.1.3.6 Wiasciwosci przeciwdrobnoustrojowe

Do oceny aktywnosci przeciwdrobnoustrojowej szczepoéw drozdzy wobec réznych
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gatunkow bakterii, w tym Escherichia coli, Salmonella enterica, Staphylococcus aureus,
Bacillus cereus, Listeria monocytogenes i Enterococcus faecalis, zastosowano metode
studzienkowo-dyfuzyjng. Hodowle bakteryjne po calonocnej inkubacji w bulionie BHI
(bulion sercowo-moézgowy) w temperaturze 37°C, pojedynczo zaszczepiono po 1 ml na
ptytki agarowe BHI, rozprowadzono 1 pozostawiono do wchionigcia ptynu. Nastgpnie, w
srodku kazdej plytki wycigto trzy studzienki (kazda o $rednicy 5 mm) w rownych
odstepach od siebie i zaszczepiono swieza hodowla drozdzy. Ptytki inkubowano przez 24
godziny w temperaturze 37°C, aby oceni¢ zahamowanie wzrostu bakterii wokot

studzienek.

5.1.4 Wilasciwosci szczepOw zwiazane Z bezpieczehstwem i wirulencia

5.1.4.1 Aktywnos¢é hemolityczna

Aby zbada¢ aktywno$¢ hemolityczng, drozdze posiewano na ptytki z agarem z
krwig (agar Columbia z dodatkiem 5% odfibrynowanej krwi baraniej) (Biomaxima,
Lublin, Polska). Ptytki inkubowano nastgpnie w temperaturze 37°C przez 72 godziny. Po
inkubacji ptytki obserwowano pod katem widocznych oznak hemolizy. Jako kontrole

zastosowano szczep S. aureus, ktory wykazuje zdolnosci hemolityczne.

5.1.4.2 Produkcja amin biogennych

W celu oceny zdolnosci szczepoéw do produkcji amin biogennych, zastosowano
metod¢ zaproponowang przez Aslankoohi i in., 2016 (Aslankoohi et al. 2016). Drozdze
wysiewano na ptytki z agarem YPD uzupetlione 0,006% (w/v) dodatkiem purpury
bromokrezolowej 1 mieszaning aminokwasow (tyrozyna, histydyna, fenyloalanina,
leucyna, tryptofan, arginina i lizyna w rownych proporcjach) o catkowitym stezeniu masy
1% (w/v). W celu wykrycia amin biogennych (BA), ptytki inkubowano w temperaturze
30°C przez 7 dni. Przez caty okres inkubacji codziennie monitorowano wzrost szczepow i
wszelkie zmiany w kolorze podtoza. U szczepdéw drozdzy produkujacych aminy biogenne,
proces dekarboksylacji aminokwaséw powodowat natychmiastowe pojawienie si¢
fioletowej strefy otaczajacej obszar wzrostu. Z drugiej strony, u szczepoéw, ktore nie
produkowaly amin biogennych, obszar wzrostu byl otoczony zo6tta strefa, ktorg

przypisywano fermentacji glukozy.

5.1.5 Aktywno$¢ enzymatyczna badanych szczepow
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Aktywno$¢ enzymatyczng szczepOw oznaczono za pomocg systemu APl ZYM
(bio-Merieux, Craponne, Francja) zgodnie z zaleceniami producenta. Zawiesing komorek
drozdzy przeniesiono do dotkéw paskow API ZYM i inkubowano w temperaturze 37°C
przez 4 godziny. Po okresie inkubacji do kazdego dotka dodano po jednej kropli
odczynnika ZYM A 1 ZYM B. Zmiany koloru obserwowane w dotkach, wskazujace na
dodatnie reakcje enzymatyczne, odnotowano i wykorzystano do oceny wynikow na

podstawie karty kolorow API ZYM.

5.1.6 Badanie wla$ciwosci szczepOw zwiazanvych z produkcija napojéw fermentowanych

5.1.6.1 Tolerancja na etanol

Szczepy hodowano w temperaturze 28°C przez 48 godzin w bulionie YPD z
dodatkiem réznych stezen etanolu. Stgzenie etanolu dla kazdego gatunku dobierano na
podstawie literatury naukowej (Staniszewski et al. 2025). W przypadku S. cerevisiae i S.
cerevisiae var. bouardi (szczepy 37_Sacch_cerevisiae i Sacch_boulardi) zastosowano
stezenie etanolu wynoszace 8, 10, 12, 141 16% (v/v). Dla pozostatych gatunkéw stezenia
etanolu wynosity 2, 4, 6, 81 10% (v/v). Kultury kontrolne kazdego szczepu hodowano w
podtozu YPD bez etanolu. Wzrost badanych szczepow oceniano poprzez pomiar gestosci
optycznej ODggo.

Przezywalno$¢ (S) drozdzy obliczono wedtug nastepujacego wzoru:
S =[ODggo probka / ODggo kontrola] x 100%

5.1.6.2 Zdolnos$¢ do produkcji siarkowodoru

Testowane szczepy zaszczepiono ez na podiozu Biggy Agar (Biomaxima, Lublin,
Polska) w szalkach Petriego i inkubowano w temperaturze 28°C przez 48 godzin. Wzrost

kolonii i zmiana ich barwy na brazowa lub czarng wskazywata na zdolno$¢ do produkcji
H.S.

5.2 Przygotowanie probiotycznego produktu spozywczego

5.2.1 Dobér produktu spozywczego do dalszych badan
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Potencjalnie probiotyczne drozdze izolowane z zywnos$ci moga by¢ wykorzystywane
jako sktadniki funkcjonalnych napojow fermentowanych. W toku rozwazan podjatem
decyzje siegniecia po tradycyjny staropolski napdj — podpiwek jako baze do produkcji
fermentowanego napoju probiotycznego majacego na celu polaczy¢ nowoczesnosé
(probiotyczne drozdze) z tradycja (podpiwkiem). Podpiwek jest uwazany za tradycyjny
napdj spozywany w Polsce 1 na Litwie pochodzacy z czasow Rzeczypospolitej Obojga
Narodow. Jego pierwsza komercyjna produkcja rozpoczeta si¢ W potowie X1X wieku. Napoj
ten byt bardzo popularny do konca lat 80. XX wieku jako alternatywa dla dostgpnych w
sprzedazy napojow stodzonych, ktore w czasach socjalizmu byly w duzej mierze trudno
dostepne. Podpiwek to fermentowany napdj wytwarzany z prazonych ziaren jeczmienia,
znanych jako kawa zbozowa, oraz zmielonego korzenia cykorii z dodatkiem chmielu. Napo6j
nie zawiera stodu. Podczas fermentacji, podobnie jak w przypadku produkcji piwa, drozdze
przyswajaja cukier i wytwarzaja alkohol oraz dwutlenek wegla, co oznacza, ze napdj nie
wymaga sztucznego wzbogacania dwutlenkiem wegla. Gotowy nap6j ma lekko kwasny,
orzezwiajacy smak z nutg goryczki i charakterystycznym aromatem kawy zbozowej 1
drozdzy. Co wigcej, ze wzglgdu na intensywny smak, kolor i aromat, uzyskiwane
tradycyjnymi metodami produkcji, napdj ten nie wymaga dodawania chemicznych
konserwantow, aromatow ani barwnikow (Modzelan 2020; Podpiwek, the Traditional Polish
Refreshing Soft-Drink — 3 Seas Europe n.d.; Smiechowska, Jakubowski, and Dmowski
2018).

Do produkcji eksperymentalnych podpiwkow zastosowalem szczepy drozdzy
probiotycznych uzyskanych na drodze wcze$niejszej pracy badawczej (publikacja II 1 III).
Dodatkowo elementem utwierdzajagcym w wyborze podpiwku jako bazy, jest fakt, iz do tej
pory nie opublikowano doniesien na temat wykorzystania izolatow Saccharomyces
cerevisiae var. boulardii, Pichia kudriavzevii, Metschnikowia pulcherrima ani
Hanseniaspora uvarum w produkcji podpiwku, co stalo si¢ dodatkowym argumentem za
wyborem podpiwku.

Szczegbdlowa lista szczepdw drozdzy probiotycznych wykorzystanych do przygotowania
podpiwkow wraz z opisem przygotowania inokulum znajduje si¢ w publikacji IV (publikacja
IV, tabela 1.)
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5.2.2 Przygotowanie podpiwku

Aby zapewni¢ jednorodno$¢ i ograniczy¢ wptyw surowcow na wiasciwosci badanego
napoju, zdecydowano si¢ na zastosowanie komercyjnej bazy do przygotowania podpiwku
»Podpiwek” (Bakalland S.A., Warszawa, Polska); w ktorej sktad wchodza: prazone buraki
cukrowe, jeczmien i cykoria, chmiel oraz regulatory kwasowosci (difosforany i kwas
cytrynowy; 0,15% (+0,05%)). Brzeczke przygotowano zgodnie z zaleceniami producenta, z
dodatkiem 500 g sacharozy na kazde 10 1 brzeczki; brzeczke rozlano do kolb stozkowych o
pojemnosci 500 ml, wysterylizowano, zaszczepiono w warunkach sterylnych i zamknigto
gumowymi korkami z rurkami fermentacyjnymi. Fermentacje prowadzono przez 14 dni w
temperaturze pokojowej, a nastgpnie kolby przeniesiono do lodéwki. Probki do analizy

pobrano w dniach 0 (kontrola), 7, 14 i 30.

5.2.3 Pomiar parametréw zwiazanych z fermentacija

5.2.3.1 Zywotno$¢ drozdzy w przygotowanych podpiwkach

Aby oceni¢ liczb¢ zywych komoérek drozdzy w napoju, przygotowano
dziesigciokrotne rozcienczenia probek w roztworze soli fizjologicznej i po 0,2 ml kazdego
rozcienczenia rozprowadzono na ptytkach Petriego z agarem YGC w dniach 0, 7, 14 i 30,
a nastgpnie inkubowano w temperaturze 28°C przez 72 godziny. Po inkubacji kolonie

zliczono, a ich liczbg przeliczono na 1 ml napoju.

5.2.3.2 pH podpiwku

Warto$ci pH oznaczono za pomocg pehametru HI2210-02 (Hanna Instruments,

Olsztyn, Polska). Poczatkowe pH brzeczki wynosito 6,71.

5.2.3.3 Kwasowo$¢ miareczkowa podpiwku

Calkowitg kwasowo$¢ miareczkowa (TTA) oznaczono zgodnie metodyka opisang
przez z Neffe-Skocinska i in., 2017 oraz Oliveira Alves i in., 2025 (Neffe-Skocinska et al.
2017; Oliveira Alves et al. 2025). Probki przygotowano poprzez 10-krotne rozcienczenie
podpiwku (w wodzie destylowanej) i miareczkowanie 100 ml roztworu za pomoca 0,01 M
NaOH. Warto$¢ wyrazono w g ekwiwalentu kwasu octowego na litr (g/1) i obliczono z

nastepujacego roéwnania:
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TTA= [(VNaOH x 0.01 x 6005)/V)] x 10

gdzie

VnaoH = objetos¢ NaOH uzytego do miareczkowania (w ml);

0,01 = stezenie molowe roztworu NaOH uzytego do miareczkowania (w mol/l);
60,05 = rownowaznik wagowy kwasu octowego (60,05 g/mol);

V = objetos¢ miareczkowanej probki (w ml);

10 = wspolczynnik rozcienczenia.

5.2.3.4 Wigor fermentacyjny
Wigor fermentacyjny (FV) oceniano jako utrat¢ masy nastawu, odpowiadajacg

ilosci CO, wydzielanego do atmosfery podczas procesu fermentacji. Naczynia
fermentacyjne wazono na poczatku fermentacji oraz w siddmym i czternastym dniu

procesu.

5.2.3.5 Zmetnienie podpiwku

Zmetnienie podpiwku oznaczano zgodnie z zaleceniami Amerykanskiego
Towarzystwa Chemikow Piwowarskich (ASBC), prébki oceniano w czasie 0, 7 1 14 dni

zgodnie z metodologig zastosowang przez Pyrovolou i in., 2024 (Pyrovolou et al. 2024).

5.2.3.6 Kolor podpiwku

Pomiar barwy przeprowadzono w dniach 0, 7 i 14 zgodnie z metodologia

opracowang przez Pyrovolou i in., 2024 (Pyrovolou et al. 2024). Do wyrazania jednostek
barwy zastosowano skal¢ EBC (Europejskiej Konwencji Browarniczej). Wartos$¢ barwy w
jednostkach EBC okreslono wedlug nastgpujacego wzoru:

Barwa piwa (EBC) =25 x Ayso

5.2.3.7 Analiza podpiwku metoda wysokosprawnej chromatografii cieczowej

Probki pobrane po 7, 14 i 30 dniach filtrowano przez filtry strzykawkowe z membrang
PTFE o $rednicy porow 0,22 um, a nastepnie rozcienczano Woda destylowang. Oznaczenie
jakosciowe 1 ilosciowe produktow pofermentacyjnych 1 pozostatosci substratow
przeprowadzono na systemie HPLC Dionex UltiMate 3000 (Thermo Scientific,
Mundelein, IL, USA) sktadajgcym si¢ z pompy (LPG-3400SD), autosamplera (WPS-
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3000SL), termostatu kolumnowego (TCC-3000SD) i kolumny Aminex HPX-87H (300 x
7,8 mm, Bio-Rad, Hercules, CA, USA). Jako faz¢ ruchomg zastosowano 3 mM wodny
roztwor H,SO4. Probke o objetosci 20 pl analizowano na kolumnie utrzymywanej w
temperaturze 60°C z szybkoscig przeptywu eluentu 0,5 ml/min. Absorbancje kwasow
organicznych przy dtugosci fali 210 nm monitorowano za pomocg detektora UV-Vis
(Dionex Ultimate, Thermo Scientific), a do identyfikacji weglowodanow, etanolu i
glicerolu zastosowano detektor refraktometryczny (RefractoMax 521, Thermo Scientific,

Mundelein, IL, USA). Chromatogramy analizowanoza pomocg pakietu oprogramowania

Chromeleon 7.3 (Thermo Scientific, Mundelein, IL, USA).
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5.3 Analizy statystyczne

Wyniki analizowano za pomocg oprogramowania Statistica w wersji 13.3 (2017)
dla systemu Windows (StatSoft Inc., Tusla, OK, USA). Do pordéwnania wynikdéw
dotyczacych przezywalnosci, hydrofobowosci i aktywnosci antyoksydacyjnej dla
kazdego szczepu zastosowano jednoczynnikowg analize wariancji (ANOVA), a
nastgpnie testy post hoc Tukey HSD (p < 0,05), a takze mieszang dwuczynnikowg
analiz¢ wariancji (ANOVA) dla poziomu autoagregacji dla badanych szczepow po 2, 4
i 24 godzinach. Do poréwnania wynikéw tolerancji na etanol (2-10% EtOH po 24 i 48
h) dla szczepow nalezacych do rodzajow: Hanseniaspora, Metschnikowia i Pichia,
zywotnosci drozdzy (po 0, 7, 14 i 30 dniach), pH podpiwku (7, 14 i 30 dni), catkowitej
kwasowos$ci miareczkowej (TTA) (po 7, 14 i 30 dniach), wigoru fermentacyjnego (7 i
14 dni), zmetnienia (0, 7 i 14 dni) i barwy (0, 7 i 14 dni) dla kazdego szczepu
zastosowano dwuczynnikowg analize wariancji (ANOVA), a nastgpnie testy post hoc
Tukeya HSD (p < 0,05). Do oceny poziomu tolerancji na etanol (8-16% EtOH po 24 i
48 godzinach) dla szczepéw nr 37 1 SB oraz stezen cukrow, etanolu i kwasow
organicznych dla kazdego szczepu (po 0, 7, 14 1 30 dniach) zastosowano

jednoczynnikowg analiz¢ wariancji.
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6. Omowienie wynikow I dyskusja

Wyniki uzyskane w doswiadczeniach zwigzanych z izolacja probiotycznych
drozdzy oraz przygotowaniem na ich podstawie podpiwku potwierdzity hipotezy
badawcze i zostaty przedstawione w powigzanych tematycznie w trzech publikacjach z
listy Journal Citation Reports o tacznej liczbie punktow 340 wg punktacji MEiN.
Sumaryczny Impact Factor zgodny z rokiem wydania artykutow wynosi 12,3.

6.1 Izolacja drozdzy i badanie ich wtasciwosci probiotycznych

6.1.1 lzolacja i identyfikacja drozdzy

Na drodze przeprowadzonych prac udato si¢ wyizolowa¢ siedemdziesiat cztery

szczepy drozdzy - czterdziesci siedem izolatdéw z win spontanicznej fermentacji (tabela
1.) oraz dwadzieScia siedem szczepoéw z fermentujacych produktow spozywczych
(tabela 2.). Wérod wyizolowanych szczepoéw oznaczono Candida metapsilosis, Candida
zeylanoides, Hanseniaspora uvarum, Metschnikowia pulcherrima, Metschnikowia
ziziphicola, Meyerozyma caribbica, Pichia kluyveri, Pichia kudriavzevii, Pichia

manshurica, Saccharomyces cerevisiae i Starmerella bacillaris.

Drozdze wyizolowane z win zostaly zidentyfikowane jako H. uvarum, P.
kluyveri, M. pulcherrima, M. ziziphicola, S. cerevisiae i S. bacillaris. Pomimo
ograniczonych badafh nad biordznorodno$cia drozdzy w polskich winach, otrzymane
wyniki w duzej mierze pokrywaja si¢ z listami gatunkow opisanymi przez Drozdz i in.
oraz Cioch-Skoneczny i in. (Cioch-Skoneczny et al. 2021; Drozdz et al. 2015), ale
obejmujg jeden gatunek nie wymieniony przez autoréw - Starmerella bacillaris.
Gatunek S. bacillaris, znany rowniez jako Candida zemplinina, jest czgsto izolowany z
winogron oraz win i moze wptywac¢ na sktad chemiczny moszczoéw i1 win ze wzgledu na
swoja zdolno$¢ do wytwarzania roéznych metabolitow, ktére wptywaja na ich
wiasciwosci enologiczne (Englezos et al. 2017; Masneuf-Pomarede et al. 2015; Nadai,
Giacomini, and Corich 2021). Wszystkie gatunki wyizolowane z win w moim badaniu,
wystepuja powszechnie i sg izolowane w $rodowiskach winogron, moszczu i wina na

calym $wiecie.

Szczepy wyizolowane z psujacych sie produktow spozywczych nalezaty do

szesciu gatunkow: C. metapsilosis, C. zeylanoides, M. pulcherrima, M. caribbica, P.
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kudriavzevii i P. manshurica. Wigkszos¢ gatunkéw, do ktérych nalezg uzyskane w

badaniach izolaty pochodzace z psujacej si¢ zywnosSci, byla juz wyizolowana z

produktéw pochodzenia roslinnego, w wielu czgsciach §wiata przez innych badaczy i

opisana w literaturze jako posiadajgca potencjat probiotyczny na podstawie analiz in

vitro (Aydin et al. 2024; Lara-Hidalgo et al. 2019; Muche, Geremew, and Jiru 2023;

Shruthi et al. 2024; Simdes et al. 2021; B. Wang et al. 2024).

Tabela 1. Szczepy drozdzy wyizolowane z win spontanicznej fermentacji

Numer szczepu

Gatunek

Numer kodowy szczepu

Metschnikowia

01_Metsch_pulcherrima

1 pulcherrima

2 Starmerella bacillaris 02_Starm_bacillaris

3 Saccharomyces cerevisiae 03_Sacch_cerevisiae

4 Hanseniaspora uvarum 04_Hans_uvarum

5 Hanseniaspora uvarum 05_Hans_uvarum

6 Saccharomyces cerevisiae 06_Sacch_cerevisiae

7 Hanseniaspora uvarum 07_Hans_uvarum

8 Starmerella bacillaris 08_Starm_bacillaris

9 Saccharomyces cerevisiae 09 Sacch_cerevisiae

10 Saccharomyces cerevisiae 10 Sacch_cerevisiae

11 Saccharomyces cerevisiae 11 Sacch_cerevisiae

12 Hanseniaspora uvarum 12 Hans uvarum

13 Metschnikowia ziziphicola 13 Metsch_ziziphicola

14 Hanseniaspora uvarum 14 Hans_uvarum

15 Hanseniaspora uvarum 15 Hans_uvarum

16 Hanseniaspora uvarum 16 _Hans _uvarum

17 I\/Ietschnik_owia 17 _Metsch_pulcherrima
pulcherrima

18 I\/Ietschnik_owia 18 Metsch_pulcherrima
pulcherrima

19 Starmerella bacillaris 19 Starm_bacillaris

20 Starmerella bacillaris 20_Starm_bacillaris
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21

Metschnikowia

21 _Metsch_pulcherrima

pulcherrima
22 Starmerella bacillaris 22 _Starm_bacillaris
23 Hanseniaspora uvarum 23_Hans_uvarum
24 Hanseniaspora uvarum 24 Hans_uvarum
25 Saccharomyces cerevisiae 25 Sacch_cerevisiae
26 Saccharomyces cerevisiae 26 _Sacch_cerevisiae
27 Saccharomyces cerevisiae 27_Sacch_cerevisiae
31 Starmerella bacillaris 31_Starm_bacillaris
32 Pichia kluyveri 32_Pich_kluyveri
33 Hanseniaspora uvarum 33 _Hans_uvarum
34 I\/Ietschnik_owia 34 _Metsch_pulcherrima
pulcherrima
35 Saccharomyces cerevisiae 35_Sacch_cerevisiae
36 I\/Ietschnik_owia 36_Metsch_pulcherrima
pulcherrima
37 Saccharomyces cerevisiae 37_Sacch_cerevisiae
38 Saccharomyces cerevisiae 38 Sacch_cerevisiae
39 Saccharomyces cerevisiae 39 Sacch_cerevisiae
40 Saccharomyces cerevisiae 40 _Sacch_cerevisiae
41 Starmerella bacillaris 41 Starm_bacillaris
42 Starmerella bacillaris 42 _Starm_bacillaris
43 Starmerella bacillaris 43 _Starm_bacillaris
44 Pichia kluyveri 44 Pich_Kluyveri
45 Starmerella bacillaris 45 _Starm_bacillaris
46 I\/Ietschnik_owia 46_Metsch_pulcherrima
pulcherrima
47 Starmerella bacillaris 47 _Starm_bacillaris

Saccharomyces cerevisiae
var. boulardii

Sacch_boulardi

Tabela 2. Szczepy drozdzy wyizolowane z psujacych si¢ produktow spozywczych

Numer szczepu

Gatunek

Numer kodowy szczepu
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52 Pichia kudriavzevii 052_Pich_kudriavzevii
53 Pichia kudriavzevii 053 _Pich_kudriavzevii
58 Candida metapsilosis 058 Cand_metapsilosis
63 Candida metapsilosis 063_Cand_metapsilosis
64 Pichia manshurica 064 _Pich_manshurica
75 Meyerozyma caribbica 075_Mey_caribbica

76 Meyerozyma caribbica 076_Mey_caribbica

80 Candida metapsilosis 080_Cand_metapsilosis
83 Candida metapsilosis 083_Cand_metapsilosis
85 Pichia manshurica 085_Pich_manshurica

str. 35




89 Candida metapsilosis 089_Cand_metapsilosis

90 Candida metapsilosis 090_Cand_metapsilosis

91 Candida metapsilosis 091_Cand_metapsilosis

93 Candida metapsilosis 093_Cand_metapsilosis

95 Candida metapsilosis 095_Cand_metapsilosis

96 Candida metapsilosis 096_Cand_metapsilosis

99 Pichia kudriavzevii 099_Pich_kudriavzevii

101 Pichia kudriavzevii 101_Pich_kudriavzevii

105 Metschnikowia 105_Metsch_pulcherrima
pulcherrima

106 Metschnikowia 106_Metsch_pulcherrima
pulcherrima

107 Metschnikowia 107_Metsch_pulcherrima
pulcherrima

108 Metschnikowia 108_Metsch_pulcherrima
pulcherrima

109 Metschnikowia 109_Metsch_pulcherrima
pulcherrima

110 Metschnikowia 110_Metsch_pulcherrima
pulcherrima

111 Metschnikowia 111 Metsch_pulcherrima
pulcherrima

112 Metschnikowia 112 Metsch_pulcherrima
pulcherrima

113 Metschnikowia 113 Metsch_pulcherrima

pulcherrima

Saccharomyces cerevisiae
var. boulardii

Sacch_boulardi

6.1.2 Ocena wilasciwos$ci probiotycznych pozyskanych izolatéw drozdzy

6.1.2.1 Zdolno$¢ do wzrostu w temperaturze 37°C

W przypadku szczepoéw pochodzacych z win spontanicznej fermentacji tylko

dwadziescia jeden szczepoOw wykazato dobry wzrost w temperaturze ciata czlowieka, w

tym 4 izolaty drozdzy z gatunku H. uvarum, 5 izolatow Metschnikowia sp., 2 izolaty P.

klyveri i 10 szczepoéw nalezacych do S. cerevisiae. Jedynym gatunkiem drozdzy
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wyizolowanym z win, u ktoérego zaden ze szczepow nie wykazat tej zdolnosci byta
Starmerella bacillaris. Z drugiej strony wszystkie szczepy wyizolowane z psujacej si¢
zywno$ci wykazaly zdolno$¢ do wzrostu w 37°C. Roéznica ta moze wynikaé z
przystosowan poszczegdlnych szczepoéw do ich oryginalnego srodowiska bytowania.
Pomimo tego, ze Srodowisko fermentacji wina jest srodowiskiem pelnym wyzwan dla
drozdzy (niekorzystne cis$nienie osmotyczne, niskie pH, akumulacja etanolu ect.), nie
promuje ono ewolucji szczepoéw w kierunku termotolerancji, z drugiej strony obecno$¢
drozdzy pochodzacych z psujacej si¢ zywnosci moze by¢ skutkiem kontaminacji
mikrobiotg cztowieka lub ich odpornoscig na procesy zwigzane z obrobka zywnosci, co
zwykle powigzane jest ze zdolnoscia do przetrwania w wyzszej temperaturze (Alkalbani et
al. 2022; Vergara Alvarez et al. 2023).

6.1.2.2 Wzrost i przezywalno$é w warunkach symulowanego przewodu pokarmowego

Kolejnym etapem badan wlasciwosci probiotycznych pozyskanych izolatéw byto
sprawdzenie czy sa zdolne przetrwaé w warunkach symulowanego przewodu
pokarmowego. Sposrod dwudziestu jeden szczepéw wyizolowanych z win, ktore
wykazaty si¢ wzrostem w tem. 37°C, tylko jedynascie przetrwato warunki symulowanego
przewodu pokarmowego, z czego osiem wykazalo wyzszg przezywalno$¢ niz szczep
kontrolny Saccharomyces cerevisiae var. boulardii CNCM [-745. Pig¢ szczepow
wykazalo przezywalno$¢ przekraczajaca sto procent: 16 Hans uvarum (147,8%),
15 Hans_uvarum (106,6%), 37_Sacch_cerevisiae (104,6%), 34 Metsch_pulcherrima
(100,4%) 1 36_Metsch pulcherrima (100,1%). W przypadku szczepéw pozyskanych z
fermentujacej zywnosci jedenascie szczepdw wykazalo taka samag lub wyzsza
przezywalnos¢ niz S. cerevisiae var. boulardii CNCM 1-745, lecz tylko trzy szczepy
wykazaly przezywalno$¢ przekraczajaca sto procent: 052 Pich_kudriavzevii (100,61%),
053 _Pich_kudriavzevii (103,47%) oraz 113 Metsch_pulcherrima (104,99%). Moze to
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sugerowac, ze warunki panujace w przewodzie pokarmowym moga by¢ korzystne dla
wzrostu wymienionych szczepéw w poroéwnaniu ze standardowymi warunkami hodowli
drozdzy. Podobne wyniki dla szczepoéw pochodzacych z wina opublikowali Vergara
Alvarez 1 in. (Vergara Alvarez et al. 2023). Takze inni autorzy stwierdzili wysoka
zdolnos¢ do przetrwania warunkéw przewodu pokarmowego u M. pulcherrima, a ich
potencjat probiotyczny przedstawiono w pracach Al-Nijir i in., 2024 oraz Abolghasemi i
in. (Abolghasemi, Larypoor, and Hosseini 2022; Al-Nijir et al. 2024). Liczni autorzy
przedstawiajg réwniez obiecujgca zdolno$¢ P. kudriavzevii do przetrwania warunkow
przewodu pokarmowego i sugerujg jego probiotyczny potencjat (Agarbati et al. 2024; Hsu
and Chou 2020; Lara-Hidalgo et al. 2019; Muche, Geremew, and Jiru 2023; Paul et al.
2023; Piraine et al. 2023; Tamang and Lama 2022; B. Wang et al. 2024). Aydin i in.
wyizolowali sze$¢ szczepow P. kudriavzewi z produktow fermentowanych, takich jak
tradycyjny ser, zakwas, solanka oliwna 1 Shalgam, ktore wykazaly wskazniki
przezywalnosci od 51% do 84,4% dla szczepow najbardziej odpornych i daty podobne
wyniki do tych przedstawionych w ponizszej pracy (Aydin et al. 2024). W innym artykule
Piraine i in. opisano szczep P. kluyveri LAROO1 pochodzacy z zywnosci, ktory wykazat
potencjat probiotyczny 1 wlasciwosci, ktore moga pozwoli¢ na jego wykorzystanie w
dalszej produkcji napojow (Piraine et al. 2023). Szczegotowe dane dla poszczegdlnych
szczepow Wyizolowanych z win przedstawiono na Rys. 2., dla szczepow wyizolowanych z
psujacej si¢ zywnosci szczegdtowe dane przedstawione sg na Rys. 3. Wszystkie szczepy,
ktore nie wykazaty zdolnosci przetrwania w warunkach przewodu pokarmowego, zostaty

wytaczone z dalszych badan.
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Przezywalnosc[%]

Rys. 2. Przezywalnos$¢ 1 wzrost drozdzy wyizolowanych z win w warunkach przewodu

pokarmowego (jednoczynnikowa ANOVA: szczep: F(11,24) = 89,533, p = 0,00000; btad
standardowy + 0,043683).
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Rys. 3. Przezywalno$¢ i wzrost drozdzy wyizolowanych z psujacej si¢ zywnos$ci w
warunkach przewodu pokarmowego (jednoczynnikowa ANOVA: szczep: F(27,56) = 85.544, p =
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0.0000, se + 0.031514).

6.1.2.3 Hydrofobowos¢ powierzchni komérek

Ocena hydrofobowosci powierzchni komorek, obok zdolnosci do autoagregacji
pozwala na ocen¢ zachowania mikroorganizméw w przewodzie pokarmowym, a drozdze
o wysokiej hydrofobowosci wykazuja wysoka zdolno$¢ do przylegania do linii
komorkowych jelit (Fernandez-Pacheco Rodriguez et al. 2018; Perricone et al. 2014; Syal
and Vohra 2013). Zdolno$¢ ta jest kluczowym warunkiem kolonizacji potencjalnie
probiotycznych szczepdw w przewodzie pokarmowym, poniewaz pomaga im unikngc
natychmiastowej eliminacji poprzez ruchy perystaltyczne uktadu pokarmowego i daje
przewage konkurencyjng w obrebie przewodu pokarmowego. W przypadku szczepdéw
pozyskanych z win wszystkie, z wyjatkiem trzech szczepow: 36 _Metsch pulcherrima
(54,63%), 32 Pich kluyveri (59,42%) 1 13 Metsch ziziphicola (76,53%), wykazaty
hydrofobowos¢ powyzej 80%, co moze sugerowac ich zdolnos¢ do szybkiego przylegania
do btony sluzowej. W przypadku szczepow pozyskanych z psujacej si¢ zywnosci tylko
cztery szczepy wykazaly hydrofobowos¢ powyzej 80%: 110_Metsch_pulcherrima
(88.44%), 111 Metsch_pulcherrima (82.97%), 113 Metsch_pulcherrima (83.16%), and
058 _Cand_metapsilosis (98.16%). Rezultaty te pokrywaja si¢ lub przewyzszajg rezultaty
hydrofobowosci uzyskane przez innych badaczy dla tych samych gatunkéw drozdzy (Al-
Nijir et al. 2024; Goémez-Gaviria et al. 2024; Liao et al. 2023; Vergara Alvarez et al.
2023). Szczegotowe dane dla szczepow pozyskanych z win przedstawiono na Rys. 4., dla

szczepdw wyizolowanych z zepsutej zywnosci na Rys, 5.
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6.1.2.4 Zdolnos¢ do autoagregacji

Zdolnosci do autoagregacji pozwala na ocen¢ zachowania mikroorganizmow
(m.in. zdolno$¢ do tworzenia biofilmu) w przewodzie pokarmowym. Pizzolitto i in.
sugeruja, ze wskaznik autoagregacji wynoszacy 80% lub wiecej nalezy uzna¢ za wysoki
(Pizzolitto et al. 2013). U wszystkich szczepow, niezaleznie od zrédta izolacji, wskazniki
autoagregacji wzrastaly wraz z uplywem czasu, przekraczajac 80% po 24 godzinach, z
wyjatkiem szczepu 110 _Metsch pulcherrima, ktory wykazal autoagregacj¢ na poziomie
78,96% po tym czasie. Wyniki te sa wyzsze W porownaniu do szczepoéw Wyizolowanych z
r6znych typow zywnosci przebadanych przez Fernandez-Pacheco i in., lecz zblizone do
rezultatéw autoagregacji uzyskanych przez Vergara Alvarez i in., podczas badania
izolatéw drozdzy uzyskanych z win (Fernandez-Pacheco Rodriguez et al. 2018; Vergara
Alvarez et al. 2023). Szczegdtowe dane dla szczepow pozyskanych z win przedstawiono

na Rys. 6., dla szczepéw wyizolowanych z fermentujacej zywnosci na Rys. 7.
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13_Metsch_...

15 Hans uvarum
16_Hans uvarum
17_Metsch_...

27 Sacch_ cerevisiae
32_Pich Kluyveri wT=2h
33 Hans uvarum ET=4h
34 Metsch ... H T=2h
35_Sacch_ cerevisiae
36_Metsch_...

37 _Sacch_ cerevisiae

Sacch _boulardi

0,00% 20,00% 40,00% 60,00% 80,00% 100,00%

Autoagregacja[%]

Rys. 6. Wyniki testu autoagregacji dla szczepéw wyizolowanych z wina po 2, 4 i 24
godzinach (dwuczynnikowa ANOVA: szczep: F(11,72) = 925,80 , p = 0,00000; btad
standardowy % 0,431909; czas: F(2,72) = 13,991, p = 0,00000; btad standardowy + 0,215954;
szczep x czas: F(22,72) = 174,89 , p = 0,00000; btad standardowy =+ 0,748088).
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Rys. 7. Wyniki testu autoagregacji szczepéw wyizolowanych z psujacej si¢ zywnosci w
ciggu 2, 4 1 24 godzin (dwuczynnikowa analiza wariancji: szczep: F(27,168) = 580,26, p =
0,0000, btad standardowy + 0,376682; czas: F(2,168) = 71106, p = 0,0000, btad standardowy =+
0,123298; szczep * czas: F(54,168) = 294,56, p = 0,0000, btad standardowy + 0,652432)

6.1.2.5 Wlasciwosci antyoksydacyjne

Wszystkie badane szczepy wykazaty wysokie wlasciwosci antyoksydacyjne.
Szczepy, ktore wykazaty wyzsze wlasciwosci antyoksydacyjne od szczepu kontrolnego S.
cerevisiae var. boulardii CNCM 1-745: 15 Hans_uvarum (71.20%), 16_Hans_uvarum
(71.44%)), 32_Pich_kluyveri (69.83%), 099_Pich_kudriavzevii (67.05%),

101 _Pich_kudriavzevii (81.36%), 105_Metsch_pulcherrima (74.01%),
107_Metsch_pulcherrima (76.47%), 110_Metsch_pulcherrima (81.90%),
111 Metsch_pulcherrima (82.05%), 112_Metsch_pulcherrima (80.92%),

113 Metsch_pulcherrima (81.23%). Hsu i Chou uzyskali wysokie wyniki wtasciwosci
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antyoksydacyjnych (powyzej 50%) tylko dla 31,6% wyizolowanych szczepdéw drozdzy,
ale nie dla P. kudriavzevii, ktore wykazaty aktywno$¢ antyoksydacyjng na poziomie okoto
35% (Hsu and Chou 2020). Agarbati i in. opisali aktywno$¢ antyoksydacyjng szczepow M.
pulcherrima w zakresie 11,65 - 60,12%, a dla S. cerevisiae miedzy 46,12, a 66,49%, przy
czym szczep referencyjny CODEX wykazal 65,58% (Agarbati et al. 2020). Byto to
ponizej wynikow uzyskanych przez badane w pracy szczepy. Wang i in. uzyskali bardzo
dobre wyniki w reakcji z DPPH dla izolatéw drozdzy przekraczajace 80%, a dla P.
kudriavzevii i S. cerevisiae - 90% (B. Wang et al. 2024). W badaniu Fernandez-Pacheco i
in., najwyzszy odsetek redukcji DPPH odnotowano dla dwoch szczepow Saccharomyces
(31 6) oraz jednego P. kudriavzevii (1200), z wartosciami odpowiednio 33,71%, 32,66% i
33,42% (Fernandez-Pacheco, Pintado, et al. 2021), co stanowi warto$¢ 2-2,5 razy mniejsza
niz uzyskane w tej pracy wyniki. Takie roznice w aktywnosci antyoksydacyjnej szczepow
moga wynika¢ z kilku czynnikdw - zmiennosci genetycznej, réznic w aktywnosci
metabolicznej szczepow, a takze innych warunkéw $rodowiskowych, wptywajacych na
aktywno$¢ metaboliczng poszczeg6élnych szczepow (Fakruddin, Hossain, and Ahmed
2017; Feng and Wang 2020; Sarwar et al. 2022). Szczegotowe dane dla szczepow
pozyskanych z win przedstawiono na Rys. 8., dla szczepoéw wyizolowanych z

fermentujacej zywnosci na Rysunku 9.
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Rys. 8. Aktywnos¢ antyoksydacyjna szczepow wyizolowanych z win (jednoczynnikowa

0,00000; biad standardowy + 0,007562).

36,078, p =

ANOVA: szczep: F(11,24)

100,00

[25] eulfoepdsyolyue rsoumipyy <,

Figura 9. Aktywnos¢ antyoksydacyjna szczepoéw wyizolowanych z psujacej si¢ zywnosci

0.0000, btad standardowy =+

p:

72.221,

(jednoczynnikowa ANOVA: szczep: F(27,56) =

0.011803)

str. 46



6.1.2.6 Wiasciwosci przeciwdrobnoustrojowe

Zaden z badanych szczepéw (poza 15 Hans uvarum, ktory wykazal slaba
aktywnos$¢ przeciw S. aureus) nie wykazat aktywnosci przeciwdrobnoustrojowej wobec
testowanych szczepow bakterii Gram-dodatnich i Gram-ujemnych, co jest zgodne z
raportami Wang i in. oraz Binetti i in. , ktorych drozdze wyizolowane z kombuchy i sera,
nie hamowaty wzrostu patogendéw (Binetti et al. 2013; B. Wang et al. 2024). Z drugiej
strony, Muche i in. stwierdzili, ze szczepy S. cerevisiae, C. humilis i P. kudriavzevii
hamowaty W roznym stopniu wzrost klinicznych szczepoéw bakterii chorobotwoérczych, w
tym Salmonella Typhi, E. coli i S. aureus (Muche, Geremew, and Jiru 2023). Podobnie,
Agarbati 1 in. uzyskali r6zng aktywno$¢ przeciwdrobnoustrojowg wyizolowanych
szczepow, np. M. pulcherrima i P. fermentans wykazaly aktywno$¢
przeciwdrobnoustrojowa wobec L. monocytogenes, S. aureus, E. coli i S. enterica
(Agarbati et al. 2020). Zdolnos¢ szczepow probiotycznych do zwalczania szkodliwych
bakterii jest uwazana za istotng cech¢ ich dzialania przeciwko patogenom w przewodzie
pokarmowym czlowieka. Jak jednak wynika z powyzszych doniesien, nie wszystkie

drozdze wykazuja te cenng wlasciwos$¢.

6.1.3 Wiasciwosci szczepdw zwiazane Z bezpieczehstwem i wirulencja

6.1.3.1 Aktywnos$¢é hemolityczna

Zaden z badanych szczepéw nie wykazat zdolnosci do hemolizy (brak rozktadu
krwinek czerwonych), co $wiadczy o braku patogennosci testowanych szczepow (Suvarna
etal. 2018). Podobne wyniki dla badanych drozdzy probiotycznych otrzymali inni badacze
m.in. Fernandez-Pacheco i in. (Fernandez-Pacheco, Pintado, et al. 2021).

6.1.3.2 Produkcja amin biogennych

Kolejng wazng cecha pod wzgledem bezpieczenstwa mikroorganizmoéw
probiotycznych jest ich niezdolno$¢ do produkcji amin biogennych, ktore mogg miec
niekorzystny wpltyw na organizm ludzki po spozyciu (Aslankoohi et al. 2016). Ze

wszystkich  szczepéw  testowanych w tym badaniu, tylko pig¢ szczepow
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27 _Sacch_cerevisiae, 32_Pich_Kluyveri, 34_Metsch_pulcherrima,
107 _Metsch pulcherrima i 111 Metsch_pulcherrima, wykazato zdolno$¢ do produkcji
amin biogennych i z tego powodu nie moga by¢ uwazane za kandydatow na probiotyki. W
swoim badaniu Caruso i in. stwierdzili, ze szczepy M. pulcherrima, S. cerevisiae i
Brettanomyces bruxellensis moga wytwarzaé¢ specyficzne aminy biogenne (Caruso et al.
2002). Ponadto Delgado-Ospina i in. wykazali te zdolnosci u 58% szczepow S. cerevisiae
i 37% szczepoéw P. kudriavzevii wyizolowanych z fermentowanych ziaren kakaowca
(Delgado-Ospina et al. 2020). Aslankoohi i in. , badajgc nickonwencjonalne drozdze,
stwierdzili, ze Lachancea thermotolerans, Wickerhamomyces subpelliculosa i P.
kudriavzevii wytwarzaja te zwigzki w niewielkich iloSciach (Aslankoohi et al. 2016). Z
kolei Landete i in. nie stwierdzili zdolnosci do wytwarzania amin biogennych u
badanychprzez siebie szczepow drozdzy winiarskich (Landete, Ferrer, and Pardo 2007).
Wyniki przedstawione w tej pracy potwierdzaja obserwacje, iz zdolnos$¢ drozdzy do

wytwarzania amin biogennych jest zalezna od szczepu.

6.1.3.3 Inne aspekty zwiazane z bezpieczenstwem

Dodatkowo, Candida metapsilosis opisana w tym badaniu nalezy do kompleksu
Candida parapsilosis, ktory wedlug wielu autoréw obejmuje gatunki uznawane za
potencjalne patogeny. W zwigzku z tym mozliwos¢ wykorzystania jej jako potencjalnego
probiotyku wymaga przeprowadzenia szeregu dodatkowych badan i testow, przez co
szczepy C. metapsilosis pojawiajace si¢ w tej pracy zostaly wylaczone z dalszych
eksperymentow (Gomez-Gaviria et al. 2024; Orsi, Colombari, and Blasi 2010; Rodriguez
et al. 2018; Trofa, Gacser, and Nosanchuk 2008).

6.1.4 Aktywno$¢ enzymatyczna badanych szczepow

Szczegdtowe wyniki aktywnosci enzymatycznej w oparciu o testy API ZYM dla
szczepow pozyskanych z win przedstawiono w tabeli 2, publikacja II., dla szczepow
wyizolowanych z psujacej si¢ zywnosci w tabeli 2, publikacja I1I. W przypadku izolatow
pozyskanych z win wszystkie testowane szczepy wykazywaty szeroki zakres aktywnosci
enzymatycznej, w tym enzymy rozktadajace lipidy i cukry, takie jak esterazy, lipazy, i a-
glukozydaza, co moze potencjalnie poprawi¢ trawienie pokarmu. Ponadto Zaden ze

szczepow nie wykazywal aktywnosci trypsyny (enzymu, ktory moze by¢ powigzany z
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patogennoscig niektorych mikroorganizméw u ludzi) ani B-glukuronidazy zwigzanej z
transformacjg prekarcynogenéw w karcynogeny i stymulacja raka jelita grubego
(Monteagudo-Mera et al. 2011; Tanner et al. 1985). Aktywno$¢ aminopeptydaz
enzymatycznych, takich jak arylamidazy (wykazana u niektorych izolatow) i esterazy,
moze wptywac na wiasciwosci produktu ze wzgledu na ich zdolnos$¢ do biotransformacji
sktadnikoéw zywnosci (Lee et al. 2019; Monteagudo-Mera et al. 2011; Pytka et al. 2022;
Valderrama et al. 2021).

W przypadku szczepéw pozyskanych z zywno$ci ulegajacej niepozadanej
fermentacji wszystkie szczepy wykazywaly aktywno$¢ arylamidazy leucynoweyj,
fosfatazy alkalicznej i fosfatazy kwasnej, a zaden ze szczepow nie wykazywat
aktywnosci o-fukozydazy. Wszystkie izolaty oprocz jednego (085 Pich manshurica)
wykazywaty aktywnos¢ esterazy C4 i lipazy esterazowej C8. Ponadto tylko dwa szczepy
(110_Metsch_pulcherrima i 111_Metsch_pulcherrima) wykazywaty aktywno$¢ trypsyny
1 B-glukuronidazy, a tylko 063 C metapsilosis wykazywat aktywnos$¢ lipazy (C14). W
przeciwienstwie do wynikéw podobnych testow opublikowanych przez Fernandez-
Pacheco i in., w ktorych prawie nie wykazano aktywno$ci fosfatazy alkalicznej,
arylamidazy waliny i arylamidazy cysteiny, aktywno$ci te sa szeroko obecne w
szczepach testowanych w ponizszej pracy (Fernandez-Pacheco, Pintado, et al. 2021). Z
drugiej strony, wyniki aktywnosci esterazy (C4), lipazy esterazowej (C14) i arylamidazy
leucynowej, uzyskane przez drozdze w badaniu Fernandez-Pacheco 1 in. §wiadczg o
podobnej obfitosci wystgpowania jak u szczepow przedstawionych w niniejszej
rozprawie (Fernandez-Pacheco, Rosa, et al. 2021). Podobne aktywnosci enzymatyczne
szczepOw probiotycznych zaobserwowali Bilski 1 in. oraz Psomas 1 in. (Bilski et al.
2017; Psomas et al. 2001). Aktywnos$¢ fosfatazy alkalicznej u szczepdéw probiotycznych
moze pozytywnie wplywa¢ na pacjentow z zaburzeniami zapalnymi przewodu
pokarmowego, a ponadto aktywnos¢ arylamidaz leucynowych i cysteinowych, fosfatazy
kwasnej i naftolo-AS-Bl-fosfohydrolazy miesci si¢ w zakresie odpowiedniego profilu
aktywnosci enzymatycznej dla szczepow probiotycznych (Bilski et al. 2017; Kunyeit,
Rao, and Anu-Appaiah 2023; Psomas et al. 2001).
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6.1.5 Badanie wla$ciwosci szczepOw zwiazanych z produkcja napojdéw fermentowanych

6.1.5.1 Tolerancja na etanol

Okreslenie wrazliwo$ci na etanol jest jednym z podstawowych wymagan dla
szczepOw drozdzy przeznaczonych do stosowania w przemysle fermentacyjnym. W
klasycznym te$cie probéwkowym poziom tolerancji na etanol wyrazony jest jako
procentowy spadek gestosci optycznej (ODggo) hodowli w obecnosci odpowiednich stgzen
etanolu w stosunku do kontroli . Wyniki przezywalno$ci w obecnosci etanolu drozdzy
Saccharomyces zostaty przedstawione na Rys. 10 i 11. Szczep 37 Sacch cerevisiae
wykazal najwyzsza odpornos¢ na etanol, zachowujac przezywalnosc na poziomie okoto
32% i1 23-29% odpowiednio przy 14% i 16% (v/v) etanolu po 24 i 48 godzinach. Rowniez
wysokg odpornos$cig charakteryzowat si¢ szczep referencyjny Sacch_boulardi, ktory po 24
godzinach wykazywatl odpowiednio 25% i 18% przezywalnosci przy 14% i 16% etanolu,
ze stopniowym spadkiem po 48 godzinach. Wsro6d drozdzy nie nalezacych do rodzaju
Saccharomyces, szczep 101 _Pich kudriavzevii wykazywal najwyzsza przezywalno$é po
24 godzinach w obecnosci 2%, 6% i 8% (v/v) etanolu, natomiast po 48 godzinach szczep
16_Hans_uvarum cechowat si¢ lepszym przezyciem W obecnosci wszystkich testowanych
stezen etanolu. Ogdlnie rzecz biorac, nawet w obecnosci 10% (v/v) etanolu drozdze
przezywaly w zakresie 25,5-35% po 24 godzinach i 14,8-22,8% po 48 godzinach, jak
przedstawiono na Rys. 12 i 13.. Analiza wykazata oczekiwane r6znice w tolerancji etanolu
pomiedzy szczepami drozdzy zardwno Saccharomyces, jak i nie-Saccharomyces. Szczepy
S. cerevisiae wykazatly tolerancj¢ na etanol porownywalng do klasycznych szczepow
winiarskich Saccharomyces, ktore zwykle fermentujg do stezenia etanolu wynoszgcego
12-15% (v/v) (Ji et al. 2025; Stewart 2016; Wimalasena et al. 2014). Wyniki uzyskane dla
szczepu Sacch_boulardi (S. cerevisiae var. boulardii CNCM 1-745) sa zgodne z badaniami
dotyczacymi tolerancji etanolu przeprowadzonymi przez Ramirez-Cota i in., 2020
(Ramirez-Cota et al. 2021). Jesli chodzi o drozdze nie-Saccharomyces, szczepy 15 i 16
nalezace do H. uvarum wykazywaty niewielki wzrost nawet przy 10% (v/v) etanolu, co
potwierdza obserwacje Matraxia i in., 2021(Matraxia et al. 2021). Ogolnie jednak szczepy
te charakteryzowaty si¢ niska odpornosciag na etanol, co jest typowe dla gatunkow
odgrywajacych gtownie role w poczatkowych etapach fermentacji wina i cydru (Martin et

al. 2022; Sola et al. 2024), a wlasciwos¢ ta moze zaleze¢ od temperatury inkubacji
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(Hutzler et al. 2012). Oba szczepy H. uvarum nie byty w stanie intensywnie si¢ namnazac,
gdy st¢zenie etanolu przekraczato 6-8%, co jest zgodne z licznymi doniesieniami
literaturowymi dotyczacymi tego rodzaju (Al Daccache et al. 2020; Del Fresno et al. 2021,
Martin et al. 2022; Du Plessis et al. 2019; Sola et al. 2024; A. Xu et al. 2022). Szczep
101 _Pich_kudriavzevii wykazywal umiarkowang tolerancje na etanol, lepsza niz szczepy
Metschnikowia, ale wciaz nizszg niz Saccharomyces; praktycznie rzecz biorac, Szczep ten
moze aktywnie rosna¢ do poziomu okoto 6-8% (v/v) etanolu. Jest to zgodne z literatura,
poniewaz Pichia kudriavzevii zazwyczaj toleruje okoto 7% (v/v) etanolu w standardowych
warunkach fermentacji (Candida krusei | Viticulture and Enology n.d.). Gorna granica
tolerancji etanolowej tego szczepu (niewielki wzrost przy 8% (v/v) jest nieco wyzsza od
przecigtnej, ale nadal znacznie nizsza niz w przypadku S. cerevisiae (Chu et al. 2023;
Stewart 2016). Oba szczepy M. pulcherrima (110 i 113) okazaty si¢ bardzo wrazliwe na
etanol, co potwierdzaja dane literaturowe, wedtug ktorych szczepy Metschnikowia zwykle
przezywaja W stezeniu etanolu 3-5% (v/v) 1 sg stosowane glownie do fermentacji
mieszanych z Saccharomyces cerevisiae (Canonico, Comitini, and Ciani 2019; Morata et
al. 2019; Torres-Diaz et al. 2024).
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m 16%

37 SB

Szczep

Rys. 10. Tolerancja na etanol u szczepow Saccharomyces spp. (37 i SB) przy réoznym
stezeniu etanolu po 24 h. Przezywalno$¢ badanych szczepow nr 37 i SB w ciagu 24 godzin w 8,
10, 12, 14 i 16% etanolu (dwuczynnikowa ANOVA: szczep: F(1,20)=72,703, p=0,00000, btad
standardowy + 0,004721; EtOH %: F(4,20)=20,349, p=0,00000; btad standardowy = 0,007465;
szczep x EtOH %: F(4,20)=25,313; p=0,00000, btad standardowy + 0,010557).
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Rys. 11. Tolerancja na etanol u szczepé6w Saccharomyces spp. (37 i SB) przy réoznym

stezeniu etanolu po 48 godzinach. Przezywalno$¢ badanych szczepéw nr 37 i SB w ciggu 48
godzin w 8, 10, 12, 14 i 16% etanolu (dwuczynnikowa ANOVA: szczep: F(1,20)=83,267,
p=0,00000, btad standardowy =+ 0,005503; EtOH %: F(4,20)=24,112, p=0,00000; btad
standardowy + 0,008701; szczep x EtOH %: F(4,20)=41,1991; p=0,00000, btad standardowy =+

0,012305).
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Rys. 12. Tolerancja na etanol u szczepdéw innych niz Saccharomyces przy réznych

stezeniach EtOH po 24 h. Przezywalnos$¢ badanych szczepow nr (15, 16, 101, 110 i 113) w ciagu
24 godzinw 0, 2, 4, 6, 8, 10 i 12% EtOH (dwuczynnikowa ANOVA: EtOH %: F(5,62) = 27 461,
p = 0,00000; btad standardowy = 0,006318-0,014128; szczep x EtOH %: F(20,62) =25 563; p =
0,00000, btad standardowy + 0,014128; jednoczynnikowa ANOVA: szczep: F(4,88) = 5,2884, p
=0,00073, btad standardowy + 0,063141-0,068200).
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Rys. 13. Tolerancja na etanol u szczepdéw innych niz Saccharomyces przy réznych
stezeniach EtOH po 48 h. Przezywalno$¢ badanych szczepow nr (15, 16, 101, 110 i 113) w ciagu
48 godzin w 0, 2, 4, 6, 8, 10 i 12% EtOH (dwuczynnikowa ANOVA:; EtOH %: F(5,62) =
117,35, p = 0,00000, btad standardowy = 0,006299-0,014084; szczep x EtOH %: F(20,62) =
40,080, p = 0,00000, btad standardowy + 0,014084; jednoczynnikowa ANOVA: szczep: F(4,88)
=4,5875, p = 0,00206, btad standardowy + 0,079084-0,085420).

6.1.5.2 Zdolno$¢ do produkcji siarkowodoru

Kolejng istotng cechg drozdzy wykorzystywanych w procesach fermentacyjnych jest
zdolno$¢ do produkcji siarkowodoru (H:S). Zwiazek ten ma duze znaczenie w przemysle
napojow alkoholowych, takich jak wino, piwo czy cydr. Drozdze zazwyczaj wytwarzaja
H>S poprzez redukcje nieorganicznych zwigzkéw siarki, najczesciej siarczkow
powstajacych podczas rozktadu zwigzkow organicznych. Na przyktad ilos¢ HaS podczas
fermentacji piwa zalezy od czasu gotowania brzeczki. Uwaza si¢, ze H2S pelni w
komoérkach drozdzy zaréwno funkcje metaboliczne, jak 1 ochronne, zwlaszcza we
wczesnej fazie fermentacji, gdy komorki przechodza krytyczne zmiany zywieniowe i
muszg radzi¢ sobie ze stresem oksydacyjnym (Hou et al. 2023). Mechanizmy powstawania
tego zwigzku sg dobrze poznane u drozdzy Saccharomyces sp. (Wainwright 1971). W

prezentowanych badaniach zaréwno izolaty Saccharomyces, jak i Metschnikowia oraz
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Pichia wykazaty zdolnos$¢ do produkcji H2S na podtozu BIGGY agar. Natomiast szczepy
nalezace do H. uvarum nie wykazaly tej aktywnosci, co jest zgodne z typowymi cechami
tych gatunkow (Hou et al. 2023; Matraxia et al. 2021; Wainwright 1971).
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6.2 Przygotowanie probiotycznego produktu spozywczego

Na drodze przeprowadzonych eksperymentow udato si¢ wytypowac szes¢ szczepow
o wlasciwos$ciach probiotycznych, ktére przeznaczono do finalnego etapu eksperymentu -
przygotowania monokulturowego podpiwku o wtasciwiosciach probiotycznych (Rys. 14).
Lista szczepéw wykorzystanych do przygotowania eksperymentalnych podpiwkow

znajduje si¢ w tabeli 3.

Rys. 14. Podpiwki przygotowane z uzyciem probiotycznych drozdzy w trakcie fermentacji
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Tabela 3. Szczepy drozdzy potencjalnie probiotycznych zastosowanych do przygotowania

podpiwkow
Numer szczepu Gatunek Numer kodowy szczepu
15 Hanseniaspora uvarum 15 Hans_uvarum
16 Hanseniaspora uvarum 16_Hans_uvarum
37 Saccharomyces cerevisiae 37_Sacch_cerevisiae
101 Pichia kudriavzevii 101_Pich_kudriavzevii
Metschnikowia .
110 pulcherrima 110_Metsch_pulcherrima
Metschnikowia .
113 pulcherrima 113 _Metsch_pulcherrima
Saccharomyces cerevisiae .
SB var. boulardii Sacch_boulardi

6.2.1 Pomiar parametrow zwiazanych z fermentacija

6.2.1.1 Zywotno$¢ drozdzy w przygotowanych podpiwkach

Liczbe drozdzy w brzeczce oceniano tuz po inokulacji oraz w dniach 7, 14 1 30.
Wszystkie szczepy wykazywaty wzrost w badanym czasie fermentacji i przechowywania,
chociaz niektore szczepy (16_Hans_uvarum, 37_Sacch_cerevisiae,
101_Pich_kudriavzevii) wykazaty przejsciowy, niewielki spadek liczby komoérek. Wyniki
przedstawione na Rys. 15. wskazuja, ze wszystkie szczepy zachowaly zywotno$¢ na
poziomie powyzej 108 jtk/ml przez caty okres analizy. Przezywalno$¢ drozdzy podczas
fermentacji wptywa zar6wno na wydajnosc fermentacji, jak 1 stabilnosc produktu
koncowego, a w kontek$cie probiotycznych produktow spozywczych przezywalnosé
szczepOdw probiotycznych jest kluczowa (Azhar and M.S. 2023; Pereira de Paula et al.
2021; Ramirez-Cota et al. 2021; Youn et al. 2022). Niewielkie wahania liczby drozdzy

obserwowane w trakcie fermentacji moga by¢ zwigzane z reakcja na stres wywotang przez
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trudne warunki, takie jak wzrost stezenia etanolu, niedobor sktadnikéw odzywczych czy
zmiany ci$nienia 0smotycznego. Tego typu stresory aktywuja mechanizmy przetrwania, w
tym zmiany w metabolizmie i ekspresji gendow, co moze prowadzi¢ do tymczasowego
spadku zywotnosci drozdzy. Badania pokazuja, ze te reakcje stresowe sg kluczowe dla
adaptacji drozdzy i czesto skutkujg krotkotrwalym spadkiem liczby komoérek podczas
fermentacji (Bauer and Pretorius 2000; Costa et al. 2023; de Paula et al. 2019; Postaru et
al. 2023; Walker and Basso 2020; Youn et al. 2022). Wszystkie badane szczepy
przekroczyly minimalng zalecang przez WHO liczbg zywych komorek, wynoszaca 10°
jtk/ml, co sugeruje ich potencjat do wykorzystania przy produkcji podpiwku
probiotycznego, biorac pod uwage tendencje zwyzkowa ich liczby (nawet do 107 jtk/ml)
podczas fermentacji (Morelli and Capurso 2012; Staniszewski et al. 2025). Ponadto, biorac
pod uwage wielkos¢ typowej porcji serwowanego podpiwku (250-500 ml), liczba zywych
komoérek wynoszaca 10° sugerowana przez innych autorOw powinna zosta¢ osiggnigta
(Hill et al. 2014). Drozdze zachowaly przezywalnos¢ przez caty okres przechowywania (1
miesigc). Otrzymane wyniki sg zgodne z obserwacjami Hinojosa-Avila (2025) (Hinojosa-
Avila et al.), ktéry podczas produkcji piwa na bazie mieszanej brzeczki uzyskat 6,2 Log
jtk/ml dla komercyjnego S. cerevisiae var. boulardii na koncu fermentacji, oraz z
wynikami Mulero-Cerezo, gdzie zastosowane do produkcji piwa rzemieslniczego S.

cerevisiae var. boulardii osiagnely liczbe komorek 8,3 x 108 jtk/ml.
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Rys. 15. Przezywalnos¢ drozdzy w podpiwku w dniach 0, 7, 14 i 30. Przezywalno$¢

badanych szczepow nr (15,16,37,101,110,113,SB) w ciaggu 0, 7, 14, 30 dni (dwuczynnikowa
ANOVA: szczep: F(5,60)=15,718, p= 0,0000, btad standardowy +494907,0; czas:

F(3,60)=49,091, p= 0,0000; btad standardowy +£386886,6; szczep x czas: F(15,60)=4,1785; p=
0,00003, btad standardowy £0,699904,1-989813,9).

6.2.1.2 pH podpiwku

pH podpiwkoéw podczas catego okresu fermentacji i przechowywania miescito si¢
w zakresie 3,5-5,5 (wykres 6, publikacja IV). W trakcie procesu fermentacji pH
zmniejszyto si¢ dla wszystkich testowanych szczepow, przy czym najwyzsze wartosci pH
odnotowano w napojach zawierajacych szczep 15 Hans uvarum, a najnizsze w

produktach ze szczepem Sacch_boulardi.

6.2.1.3 Kwasowos¢ miareczkowa podpiwku

We wszystkich podpiwkach wykazano wzrost calkowitej kwasowosci
miareczkowej (TTA) w trakcie trwania eksperymentu. Najnizsza warto$§¢ TTA okreslono
dla napoju wytworzonego ze szczepu 15 Hans uvarum, a najwyzsza wartos¢ TTA dla
napoju wytworzonego przez Sacch_boulardi podczas eksperymentu. TTA wahato si¢ od

0,094 g rownowaznika kwasu octowego na litr napoju ze szczepem 15 Hans_uvarum do
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0,97 g/l dla kontrolnej proby zawierajgcej Sacch boulardi w dniu 7. W dniu 14. TTA
wahala si¢ od 0,102 g/l do 1,02085 g/l rownowaznika kwasu octowego na litr dla tych
samych podpiwkow, a w dniu 30. wartoSci te wynosity odpowiednio 0,114 g/l i 1,085 g/l
(wykres 7, publikacja IV). Wszystkie badane szczepy drozdzy powodowaly wzrost
kwasowos$ci miareczkowej (TTA) napoju podczas fermentacji, co jest typowym efektem
wynikajacym z produkcji kwaséw organicznych przez komorki drozdzy (Rozes et al.
2024; Sanchez-Suédrez and Peinado 2024). Najwyzsze wartosci TTA uzyskano dla
podpiwkow zawierajagcych oba szczepy Saccharomyces (37 Sacch cerevisiae |
Sacch boulardii), co odzwierciedla ich intensywng aktywnos$¢ metaboliczng 1 dobrze
znang zdolno$¢ do zakwaszania S$rodowiska. Wysoka produkcja kwasoéw jest
charakterystyczna dla ich roli w fermentacji wina i piwa, gdzie wytwarzaja takie kwasy jak
octowy, bursztynowy czy mlekowy jako produkty uboczne metabolizmu (Ambroset et al.
2011; Pinu, Villas-Boas, and Martin 2019; Sanchez-Suarez and Peinado 2024). Z kolei
aktywnosc¢ szczepow 15 _Hans_uvarum i 16_Hans_uvarum wptyneta jedynie na niewielki
wzrost kwasowosci w trakcie calej fermentacji, co jest zgodne z obserwacjami innych
autoréw, wedlug ktérych H. uvarum przyczynia si¢ do zakwaszenia gldwnie poprzez
ograniczong produkcje kwasu octowego, ktéry moze wzmacnia¢ odczucie §wiezosci w
napojach fermentowanych. Napoje zawierajace oba szczepy M. pulcherrima
(110_Metsch pulcherrima 1 113_Metsch_pulcherrima) osiggnety posrednie wartosci TTA.
To réwniez jest zgodne z wezesniejszymi badaniami, ktore wykazaty, ze M. pulcherrima
wytwarza relatywnie niewiele kwasoéw organicznych, co wynika z jej wolniejszego tempa
fermentacji 1 mniejszej aktywnosci metabolicznej (Jolly, Varela, and Pretorius 2014;
Pawlikowska and Kregiel 2017; Torres-Diaz et al. 2024; Vicente et al. 2020; Vilela 2019).
Rezultaty te sg zgodne z analizg pH 1 metabolitoéw, poniewaz najwyzsza kwasowos¢ 1
najnizsze pH skorelowane byly z najwyzszymi stezeniami kwasow wytwarzanych przez

badane drozdze. Szczegdtowe wyniki znajduja si¢ na Rysunku 16.
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Rys.16 Catkowita kwasowos¢ miareczkowa (TTA) napojow wyprodukowanych przez
testowane szczepy. TTA testowanych szczepow nr (15, 16, 37, 101, 110, 113 i SB) w ciagu 7, 14 i
30 dni (dwuczynnikowa ANOVA: szczep: F(5,24) = 5,0736, p = 0,00259, btad standardowy =+
0,070830-0,100168; czas: F(2,24) =0,20727, p = 0,81424; btad standardowy + 0,067814; szczep x
czas: F(10,24) = 0,06997; p = 0,99994, btad standardowy + 0,173497).

6.2.1.4 Wigor fermentacyjny

Wigor fermentacyjny (FV) oceniano jako utrat¢ masy wyrazong w g CO, (w/v) na
100 ml brzeczki. Naczynia fermentacyjne wazono na poczatku fermentacji oraz w 7. i 14.
dniu. RézZnica w wigorze fermentacyjnym byla zalezna od szczepu i wzrastata w trakcie
fermentacji. Szczep 15_Hans_uvarum charakteryzowat si¢ najnizsza FV zarowno w 7., jak
i 14. dniu (odpowiednio 0,357 g i 0,557 g). Natomiast szczep kontrolny, Sacch_boulardi,
charakteryzowat si¢ najwyzsza FV w 7. 1 14. dniu (odpowiednio 6,587 g i 10,83 g).

Wyniki testu przedstawiono na wykresie 8, publikacja IV.

6.2.1.5 Zmetnienie podpiwku

Zmgtnienie jest to zmniejszenie przezroczystosci cieczy spowodowane obecnoscia
nierozpuszczonych substancji 1 czesto jest wykorzystywane jako wskaznik tworzenia

biomasy, zawieszenia drozdzy oraz stabilno$ci koloidalnej napoju. Prawie wszystkie
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testowane podpiwki wykazaty wzrost metnosci w catym okresie fermentacji, z wyjatkiem
napojow zawierajacych szczepy 15 Hans_uvarum, 37_Sacch_cerevisiae i Sacch_boulardi.
Megtno$¢ napojow zawierajacych szczepy 15 Hans uvarum i 37 Sacch cerevisiae
pozostata na dos¢ podobnym poziomie przez caty okres fermentacji. Nastawy zawierajgce
szczepy 101 _Pich kudriavzevii 1 Sacch boulardi wykazaty niewielki spadek zmetnienia w
dniu 14, a te z dodatkiem drozdzy 113_Metsch_pulcherrima i 16_Hans_uvarum znacznie
zwickszyly poziom zmgtnienia (wykres 9, publikacja IV). Zmiany zmetnienia uzaleznione
sg od tendencji do flokulacji szczepow w miarg postepu fermentacji, drozdze flokulujace
zaczynajg osadzac si¢ na dnie, co prowadzi do spadku metnosci (101_Pich_kudriavzevii i
Sacch_boulardii po 14 dniach), podczas gdy szczepy nieflokulujace moga utrzymywaé
wysoka zawartos¢ komoérek w zawiesinie. Spadek zmetnienia bedacy efektem wzrostu
aktywnos$ci flokulacyjnej lub cze$ciowego opadania komorek w koncowej fazie
fermentacji, moze byc zwigzany z obnizong aktywno$cig metaboliczng drozdzy i mniejsza
iloscig wydzielanych metabolitow zewnatrzkomorkowych (Sica et al. 2024). Warto jednak
pamigtac, ze WZrost metnosci W czasie nie zawsze wynika wytacznie z przyrostu biomasy;
moze by¢ rowniez zwigzany z gromadzeniem si¢ zewnatrzkomorkowych polisacharydow,

mannanoprotein oraz B-glukanéw uwalnianych podczas autolizy lub przebudowy $ciany

komorkowej (Alexandre and Guilloux-Benatier 2006; Steiner, Becker, and Gastl 2010). Te
makroczasteczki moga zwigkszac¢ niestabilnos¢ koloidalng 1 powodowa¢ zmetnienie w
fazie ciektej. Dodatkowo uwolnienie pecherzykdéw 1 réznych egzometabolitow do
medium, szczegolnie w p6znych etapach fermentacji, moze wptywac na poziom metnosci
(Mencher et al. 2020; Speers et al. 2003; Steiner, Becker, and Gastl 2010). Procesy
autolizy rowniez moga sprzyja¢ czgsciowemu klarowaniu si¢ cieczy, gdy wigksze
czasteczki koloidalne opadajg lub ulegaja degradacji (Meledina, Davydenko, and
Dedegkaev 2015).

6.2.1.6. Kolor podpiwku

Barwe podpiwkoéw mozna oznaczy¢ wedlug metody stosowanej do piwa. Im
wyzsza warto$¢ jednostek EBC, tym ciemniejsza jest barwa piwa. Piwa jasne zazwyczaj
mieszczg si¢ W zakresie 1,5-3,0 jednostek EBC, piwa jasne i bursztynowe w zakresie 3,0-
15,0, a piwa ciemne w zakresie 15,0-200 i wiecej (Is the color of beer related to the color
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of the distillers grain? - Hunterlab n.d.). Wyniki badania barwy podpiwkow przedstawiono
na wykresie 10, publikacja IV. Kolor wszystkich badanych probek zmieniat si¢ w trakcie
eksperymentu i nie wykazywat Zzadnego trendu ani tendencji zwigzanej z gatunkiem lub
okresem fermentacji, co pozwala zatozy¢, ze jest to cecha uzalezniona od szczepu
drozdzy. Wszystkie podpiwki wedtug skali EBC zostaty sklasyfikowane jako piwa jasne i
bursztynowe. Jednakze, analizujac uzyskane wyniki, mozna zaobserwowac nastgpujace
trendy: (1) Stopniowa redukcja koloru (szczep 15 Hans uvarum): charakteryzuje si¢
stalym spadkiem wartosci EBC w punktach czasowych. Moze to odzwierciedla¢ stale
procesy adsorpcji polifenoli lub transformacji enzymatycznej, czgsto zwigzane z
aktywnoscig metaboliczng drozdzy (Karabegovi¢ et al. 2021; Sanchez-Suarez and Peinado
2024). (2) Stopniowy wzrost koloru (szczep 16_Hans_uvarum): charakteryzuje si¢ statym
wzrostem warto$ci EBC w punktach czasowych, co moze wynika¢ z postepujacego
uwalniania pigmentu ze sktadnikow z powodu tagodnej aktywnosci enzymatycznej lub
strukturalnego zaktocenia matryc materiatowych. Ponadto ograniczona adsorpcja
pigmentu na $cianach komorkowych drozdzy i ciaggta ekstrakcja w §rodowisku o niskiej

zawartosci etanolu moze wyja$ni¢ ten wzrost (Karabegovic¢ et al. 2021; C. Wang, Mas, and

str. 63



Esteve-Zarzoso 2015; J. Wang et al. 2024). (3) Poczatkowy wzrost, a nast¢pnie redukcja
koloru (szczepy 101 Pich kudriavzevii i 110 _Metsch pulcherrima), co tlumaczy sie¢
op6zniong autoliza, rozerwaniem $cian komorkowych lub uwolnieniem pigmentu, a
nastepnie wytrgceniem lub adsorpcjg substancji zwigzanych z kolorem (Benito et al. 2011,
Pons-Mercadé et al. 2021). (4) Poczatkowy spadek, a nastgpnie wzrost (szczepy
37_Sacch_cerevisiae, 113 Metsch_pulcherrima i Sacch boulardi): taki wzor moze
odzwierciedla¢ wczesng adsorpcje polifenoli na $cianach komoérkowych drozdzy lub
transformacj¢ enzymatyczng, poczatkowo redukujac kolor. Na pozniejszych etapach
autoliza lub chemiczne zmiany powierzchni komoérki mogg spowodowaé uwolnienie
wczesniej zwigzanych pigmentow do medium (Benito et al. 2011; Pons-Mercad¢ et al.

2021).

6.2.1.7 Analiza podpiwku metoda wysokosprawnej chromatografii cieczowej

Brzeczka przygotowana po sterylizacji, a przed zaszczepieniem zawierata
weglowodany: glukoze (35,26 g/l) i fruktoze (30,42 g/l), pochodzace z hydrolizy
sacharozy oraz weglowodany ztozone (104,30 g/l) zawierajace produkty czesciowej
hydrolizy skrobi, uwolnione podczas prazenia ziarna (np. maltodekstryne) i inuling obecng
w cykorii (czasy retencji byly takie same w warunkach separacji). Wykryto réwniez
niewielkg ilos¢ kwasu cytrynowego (0,13 g/l), ktory byt sktadnikiem mieszaniny jako
regulator kwasowosci. Podczas inkubacji nastapily zmiany w zawartosci cukrow w
brzeczce ze wzgledu na ich asymilacje przez komorki drozdzy i metabolizm (w tym
fermentacje etanolowa). Szczegdlowe dane dotyczace zuzycia substratow przez szes$¢
szczepow drozdzy potencjalnie probiotycznych i1 Sacch boulardi przedstawiono na
Rysunkach 17-19. W pierwszych dniach fermentacji zaobserwowano istotne zmiany w
sktadzie brzeczki, ktore zalezaty od uzytych drozdzy. Wyraznie widaé, ze monosacharydy
glukoza 1 fruktoza zostaty wykorzystane najszybciej przez Sacch _boulardi, odpowiednio
28,68 g/l i 13,87 g/l. Szczep 37 Sacch_cerevisiae przyswoit 15,47 g/l glukozy i 7,97 g/l
fruktozy i byt najlepszy w przyswajaniu cukrow ztozonych. Drozdze M. pulcherrima i P.
kudriavzevii przyswoity w tym czasie 16,36-27,45% glukozy i 15,94-30,86% fruktozy, a
szczepy H. uvarum zasymilowaty tylko okoto 10-11% glukozy i 12-13% fruktozy.
Spozycie weglowodandéw ztozonych byto rowniez niskie. Szybkie zuzycie cukru bylo
zgodne z produkcja etanolu (Rysunek 20.), a najwigksza ilos¢ wyprodukowat
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Sacch boulardi, osiggajac poziom 22,51 g/l po 7 dniach, podczas gdy
37 Sacch cerevisiae  wyprodukowal 84 g/l etanolu w tym czasie, a
110_Metsch_pulcherrima, 101_Pich_kudriavzevii i 113 _Metsch_pulcherrima
wyprodukowaty odpowiednio 4,91 g/, 1,29 g/l i 1,07 g/I. Oba szczepy H. uvarum nie byty
zdolne do produkcji etanolu w zastosowanych warunkach. W podpiwkach zawierajacych
drozdze Saccharomyces zaobserwowano wzrost stezenia kwasu cytrynowego w stosunku
do stezenia w brzeczce 0 0,1 g/l i 0,42 g/l odpowiednio dla szczepow 37_Sacch_cerevisiae
i Sacch_boulardi (Rysunek 21.). Kwas winowy wykryto w niewielkich ilosciach podczas
fermentacji prowadzonej przez Saccharomyces spp., odpowiednio 1,63 g/l i 0,71 g/l dla
szczepow Sacch boulardi i 37 Sacch cerevisiae, , a szczep 110 Metsch_pulcherrima
wytworzyt 0,15 g/l tego kwasu (Rysunek 22.). Kwas jabtkowy wystgpowat w kulturach
wszystkich  szczepow w  stezeniach 0,16-0,39 g/l, z wyjatkiem szczepu
110_Metsch_pulcherrima, gdzie po 7 dniach fermentacji wykryto 1,27 g/l (Rysunek 23.).
W kolejnych tygodniach, gdy partie przechowywano w temperaturze chtodniczej, drozdze
Saccharomyces powoli asymilowaty glukozg i fruktoze, a takze produkowaty etanol do
stezen koncowych 9,69 g/l dla szczepu 37 Sacch cerevisiae 1 24,27 g/l dla szczepu
Sacch boulardi. Etanol byt réwniez obecny przez caty czas trwania eksperymentu w
kulturze szczepu 110 Metsch pulcherrima (do 6,20 g/l). Pozostale drozdze réwniez
powoli przyswajaty cukry, ale nie wykazywaly aktywnos$ci metabolicznej. Podczas
przechowywania probek w warunkach chtodniczych widoczna bylta stabilizacja skladu

napojow (Rysunki 20-23).
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Rys. 17. Zmiany st¢zenia glukozy (g/1) w piwie fermentowanym pod wpltywem réznych
szczepOw drozdzy (SB, 15, 16, 37, 101, 110 i 113) oraz w probcee kontrolnej po 7, 14 i 30 dniach
fermentacji. Stupki oznaczaja warto$ci $rednie + odchylenie standardowe (n = 3). Kolorowe
gwiazdki (*) oznaczaja statystycznie istotne roznice (p < 0,05) migdzy wszystkimi szczepami a

probka kontrolng w tym samym punkcie czasowym (7, 14 lub 30 dni).
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Rys. 18. Zmiany st¢zenia fruktozy (g/1) w piwie fermentowanym pod wptywem réznych
szczepow drozdzy (SB, 15, 16, 37, 101, 110 i 113) oraz w probcee kontrolnej po 7, 14 i 30 dniach

fermentacji. Stupki oznaczaja wartosci srednie + odchylenie standardowe (n = 3). Kolorowe
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gwiazdki (*) oznaczaja statystycznie istotne roznice (p < 0,05) migdzy wszystkimi szczepami a

probka kontrolng w tym samym punkcie czasowym (7, 14 lub 30 dni).
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Rys. 19. Zmiany stezenia weglowodandow ztozonych (g/l) w piwie fermentowanym pod
wplywem réznych szczepdéw drozdzy (SB, 15, 16, 37, 101, 110 i1 113) oraz w probee kontrolnej
po 7, 14 i 30 dniach fermentacji. Stupki oznaczaja warto$ci $rednie + odchylenie standardowe (n
= 3). Kolorowe gwiazdki (*) oznaczaja statystycznie istotne rdznice (p < 0,05) migdzy

wszystkimi szczepami a probka kontrolng w tym samym punkcie czasowym (7, 14 lub 30 dni).
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Rys. 20. Zmiany stezenia etanolu (g/l) w piwie fermentowanym pod wptywem réznych
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szczepOw drozdzy (SB, 15, 16, 37, 101, 110 i 113) oraz w probce kontrolnej po 7, 14 i 30 dniach
fermentacji. Stupki oznaczaja wartoéci Srednie + odchylenie standardowe (n = 3). Kolorowe
gwiazdki (¥) oznaczaja statystycznie istotne réznice (p < 0,05) miedzy wszystkimi szczepami a

probka kontrolng w tym samym punkcie czasowym (7, 14 lub 30 dni).
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Rys. 21. Zmiany stezenia kwasu cytrynowego (g/l) w piwie fermentowanym pod wplywem
roznych szczepdéw drozdzy (SB, 15, 16, 37, 101, 110 1 113) oraz w probce kontrolnej po 7, 14 i 30
dniach fermentacji. Stupki oznaczajg wartosci érednie + odchylenie standardowe (n = 3). Kolorowe
gwiazdki (*) oznaczajg statystycznie istotne roznice (p < 0,05) migdzy wszystkimi szczepami a

probka kontrolng w tym samym punkcie czasowym (7, 14 lub 30 dni).
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Rys. 22. Zmiany stezenia kwasu winowego (g/l) w piwie fermentowanym pod wptywem réznych
szczepow drozdzy (SB, 15, 16, 37, 101, 110 i 113) oraz w prébce kontrolnej po 7, 14 i 30 dniach
fermentacji. Stupki oznaczaja wartosci $rednie + odchylenie standardowe (n = 3). Kolorowe
gwiazdki (*) oznaczajg statystycznie istotne rdznice (p < 0,05) migdzy wszystkimi szczepami a

probka kontrolng w tym samym punkcie czasowym (7, 14 lub 30 dni).
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Rys. 23. Zmiany stezenia kwasu jabtkowego (g/1) w piwie fermentowanym pod wplywem réznych
szczepow drozdzy (SB, 15, 16, 37, 101, 110 i 113) oraz w probce kontrolnej po 7, 14 i 30 dniach
fermentacji. Stupki oznaczaja wartosci $rednie + odchylenie standardowe (n = 3). Kolorowe
gwiazdki (*) oznaczaja statystycznie istotne réznice (p < 0,05) miedzy wszystkimi szczepami a

probka kontrolng w tym samym punkcie czasowym (7, 14 lub 30 dni).
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7. Stwierdzenia i wnioski

Badania przedstawione w niniejszej pracy pozytywnie weryfikuja postawione hipotezy
badawcze. Wykazuja, iz spontaniczne fermentacje roslinne - niezaleznie od tego, czy
jako pozadane (fermentacja moszczu winnego), czy jako niepozadane przypadki psucia
si¢ zywnosci - kryja w sobie zrdznicowang mikrobiote drozdzy, ktérg mozna
wykorzysta¢ do poszukiwania szczepOw probiotycznych, a warunki fermentacji moga
stanowi¢  preselekcje  ekologiczng wzgledem niektorych  pozadanych  cech
probiotycznych. Szczepy wyizolowane przeze mnie w toku pracy wykazywaty liczne
pozadane cechy probiotyczne - wysoka zdolno$¢ do przezycia w warunkach
symulowanego przewodu pokarmowego, wysoka hydrofobowos$¢ oraz autoagregacje
oraz szeroki zakres produkowanych enzymow, co przy kompatybilnos$ci pozyskanych
szczepOw z wymaganiami technologicznymi pozwala uznaé, iz szczepy te sa drozdzami
probiotycznymi o wysokim potencjale aplikacyjnym w produkcji napojow
fermentowanych. W toku badan udato si¢ istotnie poszerzy¢ zakres wiedzy w aspekcie
potencjatu probiotycznego drozdzy bioragcych udziat w fermentacji win, a takze siggnac
po alternatywne, do tej pory nie wykorzystane zrodia izolatow drozdzy probiotycznych
jakim jest zepsuta i psujaca si¢ zywno¢, ktora tradycyjnie kojarzy si¢ raczej z
niepozadang mikrobiota, anizeli obiecujacym obiektem do izolacji potencjalnych

probiotykow.

W drugiej cz¢$ci badan wykazano, iz podpiwek, tradycyjny polski nap6j fermentowany,
ktory do tej pory nie stanowit obiektu zainteresowania badaczy, moze by¢ uzyty jako
nos$nik dla drozdzy probiotycznych. Tym sposobem moze on stanowigc tacznik
pomiedzy tradycja, a nowoczesnoscia bedac jednoczesnie staropolskim napdjem
fermentowanym i innowacyjnym produktem funkcjonalnym. Powyzsze badania moga
stanowi¢ istotny przyczynek do dalszych badan w aspekcie zaro6wno drozdzy
probiotycznych i ich wlasciwosci, a takze siggania po zapomniane do tej pory tradycyjne

typy Zywnosci.
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Na podstawie uzyskanych wynikéw sformutowane zostaly nastepujace wnioski:

1. Zywno$¢ fermentowana spontanicznie, zaréwno pozadana, jak i niepozadana jest

zrodtem drozdzy o potencjale probiotycznym.

2. W zastosowanej procedurze selekcyjnej najwiecej kryteriow probiotycznosci
wykazaly nastepujgce gatunki i szczepy drozdzy: Hanseniaspora uvarum
(15_Hans_uvarum i  16_Hans uvarum),  Metschnikowia  pulcherrima
(110_Metsch_pulcherrima i 113 Metsch_pulcherrima), Pichia kudriavzevii

(101_Pich_kudriavzevii) oraz Saccharomyces cerevisiae (37_Sacch_cerevisiae)

3. Drozdze probiotyczne wyizolowane z zywno$ci spontanicznej fermentacji moga
stanowi¢ bezpieczne kultury starterowe do przygotowania fermentowanych

napojow o wilasciwos$ciach probiotycznych

4. Podpiwek ferementowany z uzyciem drozdzy probiotycznych moze stanowié
no$nik dla szczepdw probiotycznych z uwagi na dobrg przezywalnosc szczepow

w ciggu okresu fermentacji 1 przechowywania w warunkach chtodniczych.

5. Drozdze nalezace do roznych gatunkdw wytwarzaja podpiwki o nieco
odmiennych wlasciwosciach, lecz wszystkie otrzymane napoje mozna
zaklasyfikowa¢ do produktow niskoalkoholowych lub bezalkoholowych, co

zgodne jest z definicjg podpiwku.
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Abstract: Probiotics are live microorganisms which when administered in adequate amounts confer
a health benefit on the host. Besides the well-known and tested lactic acid bacteria, yeasts may
also be probiotics. The subject of probiotic and potentially probiotic yeasts has been developing
and arising potential for new probiotic products with novel properties, which are not offered by
bacteria-based probiotics available on the current market. The paper reviews the first probiotic yeast
Saccharomyces cerevisiae var. boulardii, its characteristics, pro-healthy activities and application in
functional food production. This species offers such abilities as improving digestion of certain food
ingredients, antimicrobial activities and even therapeutic properties. Besides Saccharomyces cerevisiae
var. boulardii, on this background, novel yeasts with potentially probiotic features are presented.
They have been intensively investigated for the last decade and some species have been observed
to possess probiotic characteristics and abilities. There are yeasts from the genera Debaryomyces,
Hanseniaspora, Pichia, Meyerozyma, Torulaspora, etc. isolated from food and environmental habitats.
These potentially probiotic yeasts can be used for production of various fermented foods, enhancing
its nutritional and sensory properties. Because of the intensively developing research on probiotic
yeasts in the coming years, we can expect many discoveries and possibly even evolution in the
segment of probiotics available on the market.

Keywords: probiotics; probiotic yeasts; Saccharomyces cerevisiae var. boulardii; potentially probi-
otic yeasts

1. Introduction

According to the World Health Organization (WHO) and the Food and Agriculture
Organization of the United Nations (FAO), probiotics are “live microorganisms which
when administered in adequate amounts confer a health benefit on the host” [1]. Health
benefits have been predominantly demonstrated for specific probiotic strains of the bacteria
genera Lactobacillus, Bifidobacterium, Enterococcus, Streptococcus, Pediococcus, Leuconostoc,
Bacillus and Escherichia [2], while the only yeast genus that has been proven effective in
double-blind studies is Saccharomyces [3].

Probiotics are able to grow at 37 °C, survive unfavourable conditions of human
digestive track (e.g., digestive enzymes, pancreatic juice and low pH) and contribute to
the health of the host environment by regulating microbiota as well as exerting biological
functions; some also adhere to gut epithelial cells’ mucus [2]. Within the last years, the
interest in this subject has increased; PubMed indexes over 31,000 articles that use the
term probiotic and over 15,000 have been published within the last five years (Figure 1),
but probiotic yeast research is a minor part of this with fewer than 850 articles indexed
by PubMed within the last 5 years (Figure 1). The aim of the publication is to review the
latest information about probiotic and potentially probiotic yeasts and their application in
various kinds of functional food.
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Figure 1. Number of PubMed publications under the terms “probiotics” and “probiotic yeast” in the last 5 years.

2. Properties of Perfect Probiotic Strain

Screening for promising probiotic candidates could be time-consuming and expensive,
but certain properties have proven helpful and allow carrying out initial in vitro screening.
These properties fall under two groups—functional and technological features. In func-
tional features, we can distinguish four main properties: ability to survive delivery to the
target organ, interaction with host systems, antipathogenic properties and safety. Most
probiotics are taken orally to reach the intestinal tract (GI tract) as its target organ. Thus,
they must survive transit from the mouth to the GI tract. This implies screening potential
probiotic strains for resistance to environmental conditions inside the GI track (digestive
enzymes, gastric and bile salts, pH and body temperature of host), ability to colonise
mucosal surfaces and ability to withstand the gut’s microbiota (auto- and coaggregation
capability, surface hydrophobicity and antibiotic resistance) [4]. The selected strain must
also be species identified, strain typed and tested by means of safety (strain cannot produce
toxins, be pathogenic or have hazardous metabolic activities) and must be able to survive
the manufacturing process [5]. Technological features include an ability to easily produce
large amounts of biomass, resistance to preservation procedures such as lyophilisation
with high shelf life in the finished product, genetic stability and no deterioration of the
organoleptic characteristics of final products [6,7].

3. Saccharomyces cerevisiae var. boulardii

The history of probiotic yeast dates back to the early 20th century, when Henri Boulard
isolated the original strain from fruits in Indochina [8]. Since the 1950s, it has been widely
used as a commercially available treatment for diarrhoea worldwide. The taxonomic
position of S. cerevisiae var. boulardii is debatable [9,10], but current literature and Index
Fungorum claim S. cerevisiae var. boulardii to be no more than a variety of S. cerevisiae,
closely related to the S. cerevisiae wine strains [11,12]. S. cerevisiae var. boulardii was
originally described as a separate species—Saccharomyces boulardii—but rapid development
of molecular phylogenetics in recent years has led to a change in its classification, as has
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happened with many yeast species, and it is currently classified as Saccharomyces cerevisiae
var. boulardii. Despite having some unique properties, it cannot be regarded as a distinct
species [13,14]. According to McFarland [10], there are some important differences between
S. cerevisiae var. boulardii and S. cerevisiae at the physiological (i.e., lack of ability to use
galactose as carbon source and lack of ability to produce ascospores) and molecular levels
(i.e., individual chromosome and gene copy numbers). This was confirmed by Edwards-
Ingram et al. [13]. The main differences between these microorganisms are presented in
Table 1.

Table 1. Differences between Saccharomyces cerevisiae and Saccharomyces cerevisiae var. boulardii.

Saccharomyces cerevisiae Saccharomyces cerevisiae var. boulardii
Ability to grow at 37 °C - +
Usage of galactose as carbon source + -
Ability to produce ascospores + -
Ability to survive pH 2.5 +
Additional copies IX chromosome +
Enhanced ability for pseudohyphal switching - +

diploid or haploid diploid

The results published by Mitterdorfer et al. [14] show that either Saccharomyces cere-
visiae or Saccharomyces cerevisiae var. boulardii amplification product (1170 bp) specific
for S. cerevisiae could be obtained during species-specific polymerase chain reaction with
primers SC1/SC2 [15]. Nevertheless, they showed that distinctive fingerprint patterns for
S. cerevisiae var. boulardii could be produced via RAPD; in addition, restriction profiles of
the ITS region with four endonucleases applied (Msel, Mspl, ScrFI and Taql) were identical
for all S. cerevisiae var. boulardii strains and always differed from all of the others.

Edwards-Ingram et al. [16] reported that S. cerevisiae var. boulardii is a strain of S. cere-
visiae that has lost most of its Ty1/2 elements, while data obtained by Khatri et al., show
the presence of Ty2 elements but absence of Ty1, Ty3 and Ty4 elements [11]. However, how
important these distinct properties of S. cerevisiae var. boulardii are for its probiotic potency
is not fully known yet. Comparative transcriptome analysis conducted by Pais et al,,
presents significant differences in expression levels of various genes between S. cerevisiae
var. boulardii and S. cerevisiae under GI-track-like conditions. They also suggested 30 genes
which are predicted to be associated with the main probiotic properties of S. cerevisiae var.
boulardii including genes associated with poliamine metabolism, carbon source assimilation
and acetate production [17]. The list of genes mentioned by Pais et al,, is presented in
Table 2. Moreover, there are genes with higher copy number in S. cerevisiae var. boulardii
than in S. cerevisiae responsible for protein synthesis (RPL31A, RPL41A, RPS24B, RPL2ZB and
RSA3) and stress response (HSP26, SSA3, SED1, HSP42, HSP78 and PBSZ2). It is possible
that these genes support increased growth rate, pseudo-hyphal switching and higher resis-
tance to high pH. Duplicated and triplicated genes mostly encode stress response proteins,
elongation factors, ribosomal proteins, kinases, transporters and fluoride export, which
may be helpful in adaptation to stress conditions. S. cerevisiae var. boulardii is also reported
to have several genes with different number of copies related to pseudo-hyphal growth
(CDC42, DFG16, RGS2, CYR1, CDC25, STE11, SKM1 and RAS1). The higher maximum
number of repetitive sequences within flocculation genes (e.g., FLO1), which may affect
adhesion and flocculation ability, was also identified in S. cerevisiae var. boulardii [17].
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Table 2. Genes predicted to be associated with the main probiotic properties of S. cerevisiae var.
boulardii (data acc. to Pais et al. [17]).

Poliamine Metabolism Carbon Source Assimilation Acetate Production
AGP2 CYCS8 ACS2
ARG7 GAL1 ADH1
CAR2 GAL7 ALD4
PTK1 IMA1 ALDS5
TPO1 MIG1 CIT3
TPO2 PGM1 IDP3
TPO4 SuUC2 LSC2

TUP1 MAE1
MDH3
MLS1
PDC6
SDH2
SDH5
SHH3
SHH4

Multiple mechanisms (modulation of normal microbiome of the gut, antagonism
against pathogens, adhesion to the mucus, immune modulation and trophic effects on
GI tract) have been proposed for the probiotic action of S. cerevisiae var. boulardii [18,19].
S. cerevisiae var. boulardii helps to restore the normal microbiota of the gut in patients
after antibiotic therapy or surgery and may temporarily work as a replacement of the
natural microbiome until it is re-established. Among various modes of antimicrobial
activity, there are secretion of special proteins that cleave microbial toxins (i.e., cholera
toxin) or reduce cAMP levels responsible for diarrhoea and the ability to inhibit Escherichia
coli surface endotoxins by dephosphorylation. Other mechanisms include stimulation of
immunoglobulin A production against Clostridium difficile toxin A, degradation of the toxin
by a secreted protease [20-22] and modulation of cytokine production [23]. S. cerevisiae
var. boulardii could preserve enterocyte barrier integrity by stimulating tight junction
protein secretion and could reduce or exclude pathogens from interaction with intestinal
epithelial cells by binding directly to the pathogen cells via mannose residues in the yeast
cell wall [20]. Secretion of antimicrobial compounds in the form of peptides, hydrogen
peroxide and organic acids features prominently among the generally accepted action
mechanisms of bacterial probiotics, but none of the direct inhibitory actions on bacterial
growth or antimicrobial compound secretion by this species has been reported [24]. Trophic
effects postulated for S. cerevisiae var. boulardii are also a very interesting subject. Among
the effects, it is especially worth highlighting such effects as stimulation of brush border
membrane; secretion of digestive enzymes, e.g., sucrase-iso-maltase, maltase-glucoamylase,
lactase-phlorizin hydrolase, alanine aminopeptidase, alkaline phosphatase and nutrient
transporters (sodium-glucose transport proteins), which may be induced by polyamines;
and modulation of short- and branched-chain fatty acids synthesis, which play various
roles in the physiological and biochemical functions in different tissues (intestine, liver,
adipose, muscle and brain) [19].

Several studies have been conducted using S. cerevisiae var. boulardii in the treatment of
gastrointestinal diseases such as foodborne and traveller’s diarrhoeas; Crohn’s and inflam-
matory bowel disease; irritable bowel syndrome; adults and children’s acute gastroenteritis;
and HIV-infected chronic diarrhoea caused by Clostridium difficile, Vibrio cholerae and other
pathogenic enterobacteria. In addition, research conducted by Profir et al.,, shows significant
reduction in the intensity of toxocariasis [3,25-28]. Additionally, probiotic yeasts have been
used to reduce side effects of treatments against Helicobacter pylori [28,29]. The efficiency
of probiotic yeasts has been documented in several clinical studies [3,30-34]. Das et al,,
showed in a randomised clinical trial that the dose of 250 mg twice a day for children under
5 years old significantly shortened the diarrheal duration and duration of hospitalisation
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without any adverse events, but it had no effect on the duration of fever or vomiting in
acute rotavirus diarrhoea in children [33]. Feizizadeh et al., based on a meta-analysis of
22 randomised control trials, concluded that S. cerevisiae var. boulardii might be effective in
treating acute childhood diarrhoea regardless of its causes and can significantly decrease
stool frequency and the risk ratio of diarrhoea in children. The studies included in the
meta-analysis did not show any major side effects related to S. cerevisiae var. boulardii, but
these trials were carried out on previously healthy children, excluding malnutrition and
immunodeficient patients [31]. For those groups, data are limited, but some case studies
occur. Thygesen et al., described a case report of 79-year-old woman who developed
S. cerevisiae var. boulardii fungemia (SCF) after bowel resection [35]. Kara et al., described
two cases of SCF after probiotic treatment of intensive care unit patients [36]. Ellouze et al.,
reported cases of septic shock after S. cerevisiae var. boulardii treatment [37]. SCF has also
been reported in patients with Clostridium difficile-associated diarrhoea who have been
treated orally with S. cerevisiae var. boulardii in association with antibiotic treatment [38].
However, most cases concern severely ill or immunocompromised patients.

4. Novel Strains of Yeast with Probiotic Potential

Within the last years, interest in the subject of novel yeast with potentially probiotic
properties has been increasing. Novel isolates have been isolated from diverse products
and environments such as fruit and vegetables, fermented food and beverages, industrial
dairy wastes, etc. Novel isolates must have all properties required for probiotics strain,
fulfil safety requirements and have good manufacturing properties. Isolation of various
species from numerous environments allows discovering new probiotic strains with in-
novative biochemical properties, for example the ability to extracellularly secret lactase
which may confer the additional ability to digest whey used as food additive in animal
feed. Recent studies report evidence that in addition to S. cerevisiae var. boulardii other
species have probiotic properties, e.g., Kluyveromyces marxianus and Pichia kudriavzevii.
The European Food Safety Authority (EFSA) has granted the QPS status (qualified pre-
sumption of safety) to only a few yeasts which might be used as “food additive”, i.e,
K. marxianus var. lactis and K. marxianus var. fragilis [39]. Several studies conducted on
non-Saccharomyces yeasts demonstrated the presence of probiotic potential. Ochangco et al,,
investigated Debaryomyces hansenii strains obtained from cheese and fish guts. During
the research, they selected strain DI 02 as the best probiotic candidate because of its out-
standing ability to survive the GI stresses, adhere to Caco-2 cells and mucin and induce
higher anti-inflammatory response than S. cerevisiae var. boulardii (the authors used the
anti-inflammatory cytokine IL-10 to pro-inflammatory cytokine IL-12 ratio as an indicator
of anti-inflammatory properties). The other strain, DI 09, adhered more strongly to Caco-2
cells and mucin. Two strains (DI 10 and DI 15) induced a higher IL-10/IL-12 ratio than
the S. cerevisiae var. boulardii strains, indicating higher anti-inflammatory effects on human
dendritic cells [40]. The results obtained by Oliveira et al,, suggest that some yeasts iso-
lated from fermented table olives such as Pichia guilliermondii 25A and Candida norvegica
7A have probiotic potential because of their resistance to the simulated digestive track’s
conditions on a similar level as S. cerevisiae var. boulardii, the reference strain used in the
research [41]. Gil-Rodrigues et al., analysed 130 yeast strains from a culture collection and
observed that two strains of Schizosaccharomyces pombe (IF1-936 and IF1-2180) display a
high capacity to thrive in the host intestine (good growth at 37 °C, good tolerance to GI
tract conditions and high autoaggregation percentage) and a high antioxidant activity [42].
From the 108 identified yeasts strains of various origin, Rodriguez et al., showed that two
yeasts, Hanseniaspora osmophila and P. kudriavzevii, were the most promising strains on the
basis of statistical analyses applied in each step of selection [43]. All scientists highlight
that future studies are needed for the final selection including the GRASS character of the
selected strains. Table 3 presents a summary of the data on the novel strains described and
their sources of origin.
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Table 3. Novel potentially probiotic strains of yeast.

Species Strain Origin References

Candida orthopsilosis CCMA 1748 Naturally fermented table olives, Brazil [44]

Candida tropicalis CCMA 1751 Naturally fermented table olives, Brazil [44]

Debarvomvyces hansenii CCMA 1761 Naturally fermented table olives, Brazil [44]

oy DI02 Dairy isolate, Denmark [40]

Hanseniaspora osmophila 1056, 1094 Food environment, YBL of the UCLM, Spain [45]

Kluyveromyces marxianus B0399 Whey, BCCM (accession number MUCL 41579) [46]

Lachancea thermotolerans B13 Moss on oak, Italy [47]

P 9D Pineapple, Brazil [48]

Meyerozyma caribbica CCMA 1758 Naturally fermented table olives, Brazil [44]

Metschnikowia ziziphicola B27 Beech tree bark, Italy [47]

Pichia fermentans BY5 Raw milk, China [49]

Pichia guilliermondii CCMA 1753 Naturally fermented table olives, Brazil [44]

Pichia kudriavzevii BY10, BY 15 Raw milk, China [49]

3,146 Food environment, YBL of the UCLM, Spain [45]

Saccharomyces cerevisiae Or /0Oy UL £V Verdicchio wine, Italy [47]

AKP1 Haria (traditional Indian food), India [50]

CCMA 1746 Naturally fermented table olives, Brazil [44]

Torulaspora delbrueckii 35,1.1¢2,7.3t2, c7.4,j401, Sugar cane juice, Cameroon [47]
tdvesff

Yarrowia lipolytica HY4 Raw milk, China [49]

Abbreviations: YBL of the UCLM, Culture Collection of the Yeast Biotechnology Laboratory of the University of Castilla-LaMancha; BCCM,
Belgian Coordinated Collection of Microorganisms.

5. Probiotic and Potentially Probiotic Yeasts in the Aspect of Functional Food

The term “functional food” is usually used as a marketing term with various def-
inition and it is not recognised by law globally. The exception is Japan, where the law
treats functional foods as a separate food category. According to the International Food
Information Council (IFIC), functional foods are “foods or dietary components that may
provide health benefit beyond basic nutrition” [51,52].

Probiotics due their properties beneficially affect various physiologic functions, which
allow them to be classified as functional foods [53]. In the last years, various studies
including the use of probiotic and potentially probiotic yeasts in food have been published.
Senkarcinova et al.,, showed the possibility of using a probiotic strain of S. cerevisiae var.
boulardii in production of low-alcohol and alcohol-free beer [54]. The data published by
Ramirez-Cota et al., also suggest the ability of the species to survive ethanol concentration
occurring in the most popular craft beer styles; thus, it is potentially possible to create
probiotic-fortified beer [55]. Mulero-Cerezo et al., reported that “Saccharomyces cerevisiae var.
boulardii as a single yeast starter produces craft beer with higher antioxidant activity, lower
alcohol content, similar sensory attributes and higher yeast viability after 45 days than that
produced by a commercial Saccharomyces cerevisiae strain commonly used in the brewery
industry” [56]. The results published by de Paula et al., also show that functional beer
containing S. cerevisiae var. boulardii after storage and in vitro GI transit had a population
of living cells above the minimal dose prescribed for health benefit [57].

Probiotic yeast could be used not only for beverages, but various other products as
well. Swieca et al.,, suggested the use of S. cerevisiae var. boulardii as a food additive to
enrich bean sprouts and use them as a carrier for probiotics. This additive did not affect any
properties of the sprouts, and the yeast significantly improved microbiological quality of the
final products [58]. Sarwar et al., developed symbiotic yogurt with S. cerevisiae var. boulardii
and inulin. The combination of yeast and inulin increased amount of favourable volatile
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compounds and improved product texture in comparison to plain, control yogurt [59].
Yeasts and lactic acid bacteria (LAB) are often isolated together from various spontaneously
fermented foods [60-68]. Karaolis et al., investigated the potential application of S. cerevisiae
var. boulardii as a probiotic in goat’s yoghurt with lactic acid bacteria starter cultures.
The authors indicated that S. cerevisiae var. boulardii promoted the growth of LAB, and
its concentration was steady during the whole storage period [69]. Similar mutually
stimulating interactions between S. cerevisiae and LAB occur in sourdough fermentation [70].
Xu et al,, described interaction between Lactobacillus and Saccharomyces cerevisiae. The
interaction is complex and dependent on the composition and production process of
fermented foods. Usually, the relationship between LAB and yeast is mutualistic for
both groups of microorganisms; however, this does not always mean a positive effect
on the final product. For example, malolactic fermentation carried out by Lactobacillus
in wine and beer might be desirable and beneficial in some types of beverages such as
sour beers, but, in most cases, acidification is seen as a product defect, often caused by
contamination during production process [71-73]. S. cerevisiae secretes several growth
factor such as carbon dioxide and amino acids which encourage Lactobacillus growth;
the release of carbon dioxide provides a local micro-anaerobic environment preferred by
Lactobacillus spp. [74]. The yeasts also secrete amino acids such as threonine, glutamine,
alanine, glutamate, serine and glycine, promoting the growth of LAB and allowing LAB
to grow in environments which otherwise would not be possible [75]. In fermented milk
products, Lactobacillus decomposes lactose (the main sugar in milk foods, which S. cerevisiae
cannot metabolise) into galactose, providing carbon sources for yeasts. Next to galactose,
lactic acid produced by LAB might also be used as a carbon source under aerobic condition,
while the assimilation of the lactic acid under this condition might stimulate specific
species of Lactobacillus to produce higher amounts of kefiran—a food-derived biopolymer
with potential for use within food and biomedical applications [68,70,76-79]. Moreover,
probiotic and potentially probiotic yeast can be used in fermentation of grain products.
The consumption of whole, multigrain grain products has many advantages, but whole
grain products present many antinutrients. Banik et al., reported the ability to use probiotic
S. cerevisiae APK1 starter cultures as biofortification of multigrain substrates used as a base
in traditional Indian dishes. The fermented product showed significant improvement in
the increment of protein, fibre and starch content and decreasing the level of antinutrients.
Furthermore, during fermentation, antioxidant potential and the level of total phenolic and
total flavonoid contents increased [80]. Besides, probiotic Saccharomyces has an interesting
beneficial effect on the nutritional value of foods of plant origin since it synthesises folates
and eliminates phytates and other antinutrients. Enzymes—phytases produced by this
yeast—enhance the bioavailability and absorption of essential minerals such as iron, zinc,
magnesium and phosphorus [81]. Another advantage of S. cerevisiae var. boulardii may be
its antimicrobial properties and ability to decompose mycotoxins such as aflatoxins, patulin,
ochratoxin A and others [82,83]. Naimah et al., reported that antimicrobial peptides isolated
from S. cerevisiae var. boulardii inhibit growth of Bacillus cereus, Escherichia coli, Pseudomonas
aeruginosa and Staphylococcus aureus [84]. Goktas et al., also reported antimicrobial activity
against Salmonella Typhimurium, Yersinia enterocolitica, Candida albicans, Alternaria alternata
and Aspergillus flavus in strains of S. cerevisiae var. boulardii isolated from commercial food
supplements [85].

Besides S. cerevisiae var. boulardii usage in production of novel functional products, the
probiotic strain Pichia kudriavzevii 0G23 was used by Ogunremi et al., to produce fermented,
cereal-based food. They reported increased antioxidant activity and a variety of flavour
compounds. They also suggested the ability to use cereal-based products as delivery vehicle
for probiotics [86]. Amorim et al., compared S. cerevisiae var. boulardii and Meyerozyma
caribbica for pineapple beverage production and the beverage properties. The results reveal
that two strains of M. caribbica, isolated from pineapple’s skin, showed desirable in vitro
probiotic properties similar to the reference probiotic strain S. cerevisiae var. boulardii. Strain
9D of M. caribbica was selected to be used in a fermentation study. The obtained beverage
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had high antioxidant activity, and the data show that the antioxidant activity was not
affected by the fermentation process. The beverage produced with 9D strain also had good
sensorial characteristics and was well accepted by consumers, compared to the beverage
obtained by fermentation with S. cerevisiae var. boulardii [48]. Table 4 shows examples of
novel probiotic and potentially probiotic strains for potential application in food.

Table 4. Novel probiotic and potentially probiotic strains of yeast for potential application in food.

Product Added Value ! References
Pichia fermentans BY5 - Cholesterol reduction [49]
Pichia kudriavzevii BY10 i Cholesterol reduction [49]

Pichia kudriavzevii BY15

Cholesterol reduction

Meyerozyma caribbica 9D Fermented pineapple Better sensory properties with [48]
beverage lower ethanol content
Possibility to produce
Saccharomyces cerevisiae var. boulardii Craft beer functional beer with high [55]
CNCM 1-745 ethanol concentration
Saccharomyces cerevisiae var. boulardii Low-alcohol and alcohol-free  Production of alcohol-free and [54]
(strain from Biopron Forte) beer low-alcohol products
Yarrowia lipolytica HY4 - Cholesterol reduction [49]

1 An aspect in which the use of the strain shown can bring innovative properties to the product or improve its properties.

6. Maintaining the Viability of Probiotic Yeasts in Food

A minimum dose of 10° colony forming units per millilitre or gram (CFU/mL or
CFU/g) must be reached for the food product to be labelled as probiotic [87]. As viability
of microorganism is the key to achieve the health benefits, some researches even suggest
increasing the dose up to 107 CFU/mL or CFU/g [88-90]. There are several ways to
accomplish the goal which depends on environmental conditions in final product and its
interaction with the probiotic strain. The food matrix’s chemical composition and its physi-
cal state affect and can interrupt growth, stability and survival of probiotic microorganisms
during product storage and GI transition [91]. From the technological point of view, it
is favourable if microbial cultures are capable of growing in substrate media, survive
during processing and maintain their viability throughout the storage. If the product’s
matrix provides this condition, the dosage of probiotic microorganism during produc-
tion can be reduced due to self-propagation of the microorganism [92]. Otherwise, if the
environmental condition within the matrix does not allow proliferation of the probiotic
strain, experimental dose determination is required, or usage of other methods which will
increase strain survivability might be necessary [92]. The most commonly used methods of
protective strategies are encapsulation (cells are closed in protective shells made of food
grade polymers such as chitosan, gelatine or alginate [90,93]), addition of protective agents
(i.e., cryoprotectants and osmoprotectants) and usage of miscellaneous carriers [94-97].
Microencapsulation of S. cerevisiae var. boulardii has been reported many times. These
yeast’s cells were entrapped in sodium alginate beads to protect them from adverse condi-
tions [98-100]. Scientists confirmed that microencapsulation assured yeast survival and
its controlled release. The encapsulation of S. cerevisiae var. boulardii with a mixture of
alginate, inulin and mucilage was also used to design new functional products such as
cheeses and yogurts, and it increased the viability of yeast and extended the full benefits
of the product compared with the product supplemented with free or non-encapsulated
cells [101]. Arslan et al,, (2015) found that the use of gelatin and arabic gum for S. cerevisiae
var. boulardii microencapsulation at higher temperatures resulted in yeast with higher
resistance to simulated gastric processes.

Bevilaqua et al., (2020) investigated the effect of microencapsulation into alginate gels
on the functional properties of probiotic yeasts and confirmed that yeasts in beads did not
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affect such properties as hydrophobicity, autoaggregation and biofilm formation. On the
other hand, encapsulation affected protection of the cells against simulated GI conditions.
Finally, the kinetic study showed that alginate beads may be useful as reusable carriers of
starter cultures or probiotics into the gut [100].

7. Conclusions

Research on probiotics has been dynamically developing in recent years, including
the use of probiotic yeasts, which has been minimised thus far, and is gaining more and
more interest. The latest research shows the wide potential of the use of probiotic yeast in
the food industry and the use of their unique properties thus far not found in probiotic
bacteria. The most known probiotic yeast, S. cerevisiae var. boulardii, has been investigated
in detail, and many of its characteristics concerning beneficial effects on human health and
the positive or negative influence on food matrices have been reported. Besides S. cerevisiae
var. boulardii, there are other yeasts with potential probiotic activity, but they need to be
investigated because the information about them is very scarce. These yeasts (from genera
Pichia, Hanseniaspora, Torulaspora, Metchnikowia, etc.), which are isolated from food and
non-food habitats, are the objects of intensive studies nowadays, and there is a real chance
to introduce them into various kinds of food not only for fermentation processes but also
for supplementation as valuable nutrients with health benefits. The coming years will
bring more information and possibly also a wider use of probiotic yeast in food.
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Abstract: One approach towards maintaining healthy microbiota in the human gastrointestinal tract
is through the consumption of probiotics. Until now, the majority of probiotic research has focused
on probiotic bacteria, but over the last few years more and more studies have demonstrated the
probiotic properties of yeast, and also of species besides the well-studied Saccharomyces cerevisiae
var. boulardii. Probiotic strains have to present the ability to survive in harsh conditions of the host
body, like the digestive tract. Must fermentation might be an example of a similar harsh environment.
In the presented study, we examined the probiotic potential of 44 yeast strains isolated from Polish
wines. The tested isolates belonged to six species: Hanseniaspora uvarum, Pichia kluyveri, Metschnikowia
pulcherrima, Metschnikowia ziziphicola, Saccharomyces cerevisiae and Starmerella bacillaris. The tested
strains were subjected to an assessment of probiotic properties, their safety and their other properties,
such as enzymatic activity or antioxidant properties, in order to assess their potential usefulness as
probiotic yeast candidates. Within the most promising strains were representatives of three species:
H. uvarum, M. pulcherrima and S. cerevisiae. H. uvarum strains 15 and 16, as well as S. cerevisiae strain
37, showed, among other features, survivability in gastrointestinal tract conditions exceeding 100%,
high hydrophobicity and autoaggregation, had no hemolytic activity and did not produce biogenic
amines. The obtained results show that Polish wines might be a source of potential probiotic yeast
candidates with perspectives for further research.

Keywords: enology; Polish wines; probiotics; Saccharomyces cerevisiae var. boulardii; probiotic yeasts;
non-Saccharomyces yeast; viniculture

1. Introduction

The human microbiota significantly influence the well-being of the human host, and
may participate in the development of a wide variety of diseases. One of the approaches
towards maintaining healthy microbiota is through probiotic consumption [1,2]. The World
Health Organization defines probiotics as live microorganisms that, when administered in
sufficient amounts, confer a health benefit. While the majority of probiotic research has
focused on bacterial strains (mainly Lactobacillus (according to previous nomenclature) and
Bifidobacterium), the exploration of probiotic yeast is just gaining momentum due to its potential
in terms of unique features and potential therapeutic applications [3-5]. Most probiotic
yeast research focuses on Saccharomyces cerevisiae var. boulardii, the only species of yeast
that has been tested well and is widely used as a probiotic [6-9]. However, more and
more research is focused on the search for new strains with probiotic properties, not only
Saccharomyces cerevisiae var. boulardii [4,10-12]. Examples of non-Saccharomyces species with
probiotic properties may be Debaryomyces hansenii and Kluyveromyces marxianus [13-15].

Fermented foods and beverages have been a source of probiotic microorganisms in
the human diet since the dawn of time. The coexistence of yeasts and lactic acid bacteria
often occurs in a synergistic manner, where they mutually enhance their growth and
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survival [16-18]. Examples of fermented products that can be sources for the isolation of
probiotic strains are cheese, dough, dairy products, fermented fruits and vegetables, and
traditional food and beverages [19-21]. Among such products, wines deserve attention
as a source of probiotic microorganisms due to the richness of their microbiota [22-28].
Examples of such potentially probiotic isolates include bacteria like Lactobacillus fermentum,
Lactobacillus rhamnosus, Pediococcus pentosaceus [23,29] and both Saccharomyces and non-
Saccharomyces yeasts like Candida spp., Hanseniaspora spp., Pichia spp. and Torulaspora
delbrueckii [27,28,30]. Over recent years, with the warming of Poland’s climate, there has
been an increased interest in viticulture, resulting in the growth of vineyards by over 550
in the last decade [25,31]. At the time of publication preparation, only two publications
characterizing native yeast strains of Polish wines and one metagenomic study were
available, but none of them were dedicated to exploring the probiotic potential of the tested
strains [22,25,32]. To the best of our knowledge, this is the first study focusing on the aspect
of probiotic potential of yeast isolates derived from Polish wines and may provide some
new perspectives on wine-derived yeasts besides the typical look inside their influence on
wine’s enological properties, such as aroma, acidity, texture, etc.

The main aim of the study was the isolation of probiotic yeast candidate strains from
spontaneously fermented Polish wines and the in vitro testing of their potentially probiotic
and safety properties.

2. Materials and Methods
2.1. Yeast Strains

Forty-four yeast strains were obtained from the culture collection of the Department
of Biotechnology, Microbiology and Human Nutrition, Faculty of Food Science and Biotech-
nology, University of Life Sciences in Lublin. The strains originated from spontaneously
fermented wines produced from grapes of the Regent variety sourced from three Polish
vineyards, “Dom Bliskowice” (DB), “Mate Dobre” (MD) and “Winnica Janowiec” (W]),
located in the Matopolska Vistula Gorge region in 2019. Fresh cultures for the following
experiments were grown for 48 h at 28 °C in YPD (yeast extract peptone dextrose) broth
(BTL, L6dz, Poland). A commercial probiotic yeast, Saccharomyces cerevisiae var. boulardii
CNCM I-745 (Enterol, Biocodex, France), was used as a positive control. To ensure consis-
tency in the measurements, the initial optical density at 600 nm (ODeoo) of each culture
was determined. Subsequently, the results were standardized to an ODgoo value of 1.0
for each experiment, unless stated otherwise. This normalization allowed for accurate
and comparable data analysis across different cultures. The strains were preserved in
freezing conditions (—20 °C) with glycerol (20%). The code names for individual strains
with vineyard origin are listed in Table 1.

Yeast Identification

To verify the identification of the strains obtained from the collection, they were sub-
jected to species identification based on ITS1-5.8S rDNA-ITS2 regions. Strains’ identification
was obtained via 5.8S-ITS gene sequencing. DNA isolation was performed according to the
procedure of Genomic Mini AX Yeast (A&A Biotechnology, Gdansk, Poland). Amplification
of the region was performed with the primers ITS1 (5!TCCGTAGGTGAACCTGCGG-3%)
and ITS4 (5:-TCCTCCGCTTATTGATATGC-3!) using PCR Mix Plus Green (A&A Biotech-
nology, Gdansk, Poland) with both primers concentration 0.5 pM and 1 pL of fungal DNA
template [33]. Amplification conditions: cycle of initial denaturation at 95 °C for 5 min, fol-
lowed by 34 cycles: denaturation at 95 °C for 1 min, annealing at 56 °C for 1 min, extension
at 72 °C for 2 min with final extension step at 72 °C for 10 min. Sequencing of the amplicons
was performed using Genomed (Warsaw, Poland). Contigs were assembled with DNA Se-
quence Assembler v5 (Heracle BioSoft, www.DnaBaser.com) (accessed on 10 January 2023).
Obtained contigs were compared to the known sequences of the ITS region in the NCBI
GenBank database via alignment with the BLAST algorithm and evolutionary analyses
were conducted in MEGA11. The phylogenetic tree was created based on the ITS region
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sequences using the maximum likelihood method with the best-fit Kimura 2-parameter
model with a discrete gamma distribution (+G), with 1000 bootstrap replication [34].

Table 1. Code names for tested strains.

Strain Number Species Code Name Vineyard !
01 Metschnikowia pulcherrima 01_Metsch_pulcherrima DB
02 Starmerella bacillaris 02_Starm_bacillaris DB
03 Saccharomyces cerevisiae 03_Sacch_cerevisiae DB
04 Hanseniaspora uvarum 04_Hans_uvarum DB
05 Hanseniaspora uvarum 05_Hans_uvarum DB
06 Saccharomyces cerevisiae 06_Sacch_cerevisiae DB
07 Hanseniaspora uvarum 07_Hans_uvarum DB
08 Starmerella bacillaris 08_Starm_bacillaris DB
09 Saccharomyces cerevisiae 09_Sacch_cerevisiae DB
10 Saccharomyces cerevisiae 10_Sacch_cerevisiae DB
11 Saccharomyces cerevisiae 11_Sacch_cerevisiae DB
12 Hanseniaspora uvarum 12_Hans_uvarum DB
13 Metschnikowia ziziphicola 13_Metsch_ziziphicola MD
14 Hanseniaspora uvarum 14_Hans_uvarum MD
15 Hanseniaspora uvarum 15_Hans_uvarum MD
16 Hanseniaspora uvarum 16_Hans_uvarum MD
17 Metschnikowia pulcherrima 17_Metsch_pulcherrima MD
18 Metschnikowia pulcherrima 18_Metsch_pulcherrima MD
19 Starmerella bacillaris 19_Starm_bacillaris MD
20 Starmerella bacillaris 20_Starm_bacillaris MD
21 Metschnikowia pulcherrima 21_Metsch_pulcherrima MD
22 Starmerella bacillaris 22_Starm_bacillaris wj
23 Hanseniaspora uvarum 23_Hans_uvarum W]
24 Hanseniaspora uvarum 24_Hans_uvarum Wwj
25 Saccharomyces cerevisiae 25_Sacch_cerevisiae DB
26 Saccharomyces cerevisiae 26_Sacch_cerevisiae DB
27 Saccharomyces cerevisiae 27_Sacch_cerevisiae DB
31 Starmerella bacillaris 31_Starm_bacillaris DB
32 Pichia kluyveri 32_Pich_kluyveri DB
33 Hanseniaspora uvarum 33_Hans_uvarum DB
34 Metschnikowia pulcherrima 34_Metsch_pulcherrima DB
35 Saccharomyces cerevisiae 35_Sacch_cerevisiae DB
36 Metschnikowia pulcherrima 36_Metsch_pulcherrima DB
37 Saccharomyces cerevisiae 37_Sacch_cerevisiae DB
38 Saccharomyces cerevisiae 38_Sacch_cerevisiae DB
39 Saccharomyces cerevisiae 39_Sacch_cerevisiae DB
40 Saccharomyces cerevisiae 40_Sacch_cerevisiae DB
41 Starmerella bacillaris 41_Starm_bacillaris MD
42 Starmerella bacillaris 472_Starm_bacillaris MD
43 Starmerella bacillaris 43_Starm_bacillaris MD
44 Pichia kluyveri 44_Pich_kluyveri MD
45 Starmerella bacillaris 45_Starm_bacillaris MD
46 Metschnikowia pulcherrima 46_Metsch_pulcherrima MD
47 Starmerella bacillaris 47_Starm_bacillaris MD

Saccharomyces cerevisiae var. bouardi

Sacch_boulardi

1 Vineyards: “Dom Bliskowice” (DB); “Mate Dobre” (MD); and “Winnica Janowiec” (WJ).

2.2. Evaluation of Potentially Probiotic Traits
2.2.1. Survival and Growth at 37 °C

For checking the ability to grow at human body temperature, 10 YL of fresh yeast
culture was inoculated into 1 mL of YPD (Yeast Peptone Dextrose) broth and was incubated
at 37 °C for 48 h. Survival under these conditions was assessed via growth or no growth
after 48 h. If the strain did not show the ability to grow in the above-mentioned conditions,
it was removed from further analysis.

2.2.2. Survival and Growth under Gastrointestinal Tract Conditions

All strains undergo in vitro digestion according to Fernandez-Pacheco et al., 2018,
with modification [12]. One milliliter of fresh culture was centrifuged (5000 rpm, 10 min),
biomass was washed with YPD broth in PBS (phosphate-buffered saline) at pH = 2 supple-
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mented with 3 mg/mL pepsin, centrifuged under the same conditions and after washing,
inoculated into 1 mL of gastric solution containing YPD supplemented with 3 mg/mL
pepsin in phosphate-buffered saline at pH = 2 to simulate gastric conditions. The mixture
was then incubated at 37 °C for 3 h. Following this, the gastric solution was centrifuged
(5000 rpm, 10 min) and the biomass was washed with an intestinal solution composed of
YPD broth containing 1 mg/mL pancreatin and 0.5% bile salts, adjusted to pH = 8 and
was transferred to the same intestinal solution and incubated at 37 °C for 22 h. To assess
survival and growth of cells under gastrointestinal conditions, the spread plate technique
on YPD agar was used after serial dilution preparations [35,36].
Survival rate and growth was calculated as % by the formula:

survival rate [%] = concentration of living cells after in vitro digestion/
concentration of living cells before in vitro digestion X 100%

2.2.3. Hydrophobicity of Cell Surface

Cell surface hydrophobicity was tested according to Amorim et al,, 2018 [37]. One
milliliter of fresh culture was centrifuged (5000 rpm, 10 min), biomass was washed twice
and was resuspended in 5 mL of PBS (phosphate-buffered saline) at pH = 7. Three milliliters
were blended with 1 mL of xylene. The mixture was vigorously shaken for 2 min and then
allowed to settle undisturbed at 37 °C for 30 min, facilitating the complete separation of
the phases. Subsequently, the aqueous phase was carefully removed, and the absorbance at
600 nm was measured spectrophotometrically. The decrease in the absorbance was taken
as the measure of cell surface hydrophobicity calculated using the formula bellow:

Hydrophobicity [%] = [1 — ((ODinitiat — ODfina1)/ODinitiat)] X 100%

where ODinitial and ODginal are the absorbance (at 600 nm) before and after extraction with
xylene [37-39].

2.2.4. Autoaggregation Assay

Autoaggregation assay was carried out according to Amorim et al,, 2018, and Gil-
Rodriguez et al., 2015 [37,40].

The yeasts were grown in YPD broth at 37 °C for 24 h. After that, they were cen-
trifuged (5000 rpm, 10 min) and washed twice with PBS at pH = 7. The biomass was then
resuspended in PBS. To assess autoaggregation, 3 mL of the cell suspension was vortexed
for 10 s. Autoaggregation was determined spectrophotometrically after 2, 4 and 24 h of

incubation at 37 °C via absorbance (A) (ODsoo) and it was expressed as:
Autoaggregation [%] = [1 — (At/Ao] X 100%
where A; is the absorbance at 2, 4 or 24 h and Ay is at zero time [37].

2.2.5. Antioxidant Activity

Antioxidant activity assay was carried out according to Gil-Rodriguez et al., 2015 [40].
One milliliter of yeast culture in YPD broth was centrifuged (5000 rpm, 10 min), washed
twice with a sterile solution 0.9% NaCl and the pellet was resuspended in 1 mL of 0.9%

NaCl. Next, 800 pL of the cell suspension was transferred to a new tube, to which 1 mL
of a DPPH (2,2-diphenyl-1-picrylhydrazyl) solution (0.2 mM in methanol) was added.
The mixture was vortexed and incubated in darkness at room temperature for 30 min.

Following incubation, the reaction tubes were centrifuged (12,000 rpm, 5 min) and 300 pL
of the resulting supernatant was transferred to 96-well plates for measurement of the
absorbance at 517 nm (As17). The percentage of reduction in DPPH was then calculated
using the following formula [40]:

Percentage of reduction of DPPH [%] = [(As517 control — A517 sample)/A517 control] X 100%
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where As17 control represents the absorbance of the control (DPPH solution without yeast)
and As17 sample represents the absorbance of the sample (yeast culture treated with DPPH
solution).

2.2.6. Antimicrobial Activity

The well-diffusion method was employed to evaluate the antimicrobial activity of the
yeast strains against various bacterial species [41,42], including Escherichia coli, Salmonella
enterica, Staphylococcus aureus, Bacillus cereus, Listeria monocytogenes and Enterococcus faecalis.
The bacterial strains were cultivated in BHI (brain heart infusion) broth at 37 °C overnight.
Then, the bacterial cultures were individually inoculated with 1mL of bacterial suspension
onto BHI agar plates, spread and left to allow for the liquid absorption. Afterward, three
wells (5 mm diameter each) were cut in the center of every plate at equal intervals between
each other and inoculated with fresh yeast culture. The plates were incubated for 24 h at
37 °C, to evaluate bacterial growth inhibition.

2.3. Traits Related to Safety and Virulence
2.3.1. Hemolytic Activity

To test hemolytic activity, yeasts were streaked onto blood agar plates (Columbia
agar supplemented with 5% defibrinized sheep’s blood) (Biomaxima, Lublin, Poland).
The plates were then incubated at 37 °C for 72 h. Following incubation, the plates were
observed for any visible signs of hemolysis. As a positive control, Staphylococcus aureus,
known to exhibit hemolysis, was included in the experiment.

2.3.2. Biogenic Amine Production

To evaluate strains’ ability to produce biogenic amines, the method suggested by
Aslankoohi et al., 2016 was used [43]. Yeasts were streaked onto YPD agar plates sup-
plemented with 0.006% bromocresol purple and an amino acid mix (tyrosine, histidine,
phenylalanine, leucine, tryptophan, arginine and lysine in equal ratios) with a total mass
concentration of 1%. For the detection of biogenic amines (BAs), the plates were incubated
at 30 °C for 7 days. Throughout the incubation period, the growth of strains and any
changes in the color of the medium were monitored on a daily basis. This monitoring
aimed to identify the presence of biogenic amines, which could be indicated by specific
changes in the appearance of the medium. In yeast strains that produce biogenic amines,
the process of amino acid decarboxylation resulted in the immediate appearance of a
purple halo surrounding the growth area. On the other hand, in the strains that did not
produce biogenic amines, the growth area exhibited a yellow halo surrounding it, which
was attributed to glucose fermentation. During the growth of the strain, pH reduction
occurred, leading to the medium gradually turning purple [43].

2.4. Enzymatic Activity

We determined the enzymatic activities of the strains using the API ZYM system
(bio-Merieux, Craponne, France) according to the manufacturer’s recommendations. Yeast
cell suspensions were transferred into the wells of the API ZYM strips and incubated at
37 °C for 4 h. After the incubation period, one drop each of the reagents ZYM A and ZYM B
was added to each well. Color changes observed in the wells indicating positive enzymatic
reactions were noted and used for evaluation of the results on the basis of the API ZYM
color chart [44].

2.5. Statistical Analysis

The results were analyzed with Statistica version 13.3 (2017) for Windows (StatSoft Inc.,
Tusla, OK, USA). The one-way ANOVA followed by Tukey HSD post hoc tests (p < 0.05)
was used to compare the results for: survivability, hydrophobicity and antioxidant activity
for each strain, and mixed two-way ANOVA for level of autoaggregation for testing strains
after 2,4 and 24 h.
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3. Results
3.1. Yeast Identification

All strains were identified to the species level (Table 1). All forty-four identified
strains belong to five yeast genera: Saccharomyces (29.54% of strains), Starmerella (25% of
strains), Hanseniaspora (22.72% of strains), Metschnikowia (18.2% of strains) and Pichia (4.5%
of strains). The results of the phylogenetic analysis are presented in Figure 1.
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37 Sacch cerevisiae

03 Sacch cerevisiae

38 Sacch cerevisiae

26 Sacch cerevisiae
E 35 Sacch cerevisiae
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23 Hans uvarum

07 Hans uvarum

12 Hans uvarum

33 Hans uvarum

18 Metsch pulcherrima
] 46 Metsch pulcherrima
34 Metsch pulcherrima
17 Metsch pulcherrima
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21 Metsch pulcherrima
36 Metsch pulcherrima
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1 05 Hans uvarum
_E 15 Hans uvarum
14 Hans uvarum
——— 24 Hans uvarum
— 11 Sacch cerevisiae
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41 Starm bacillaris

31 Starm bacillaris
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— 08 Starm bacillaris
[ 19 Starm bacillaris

Figure 1. Maximum likelihood tree based on ITS sequences of the studied isolates.
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3.2. Evaluation of Potentially Probiotic Traits
3.2.1. Survival and Growth at 37 °C

Out of forty-four tested strains only twenty-one isolates showed an ability to survive
and grow at 37 °C. Within tested strains, the highest percentage of survived strains was
shown by Pichia kluyveri (100% of strains survived), followed by Saccharomyces cerevisiae
(76.9% of strains survived), Metschnikowia spp. (62.5% of strains survived) and Hanseniaspora
uvarum (40% of strains survived). None of the tested Starmerella bacillaris isolates survived.
Detailed data are presented in Figure 2. All strains that did not demonstrate the ability to

grow at 37 °C were excluded from further studies.
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Figure 2. Ability to survive at 37 °C.

3.2.2. Survival and Growth under Gastrointestinal Tract Conditions

As the next step, the remaining strains were subjected to in vitro digestion. Out
of twenty-one strains subjected to the procedure, eleven strains showed the ability to
survive simulated gastrointestinal conditions. Eight of the eleven strains showed better
survivability than the positive control (Saccharomyces cerevisiae var. boulardii CNCM I-
745 with survivability at 48.7%). Five strains demonstrated survivability above 100%:
16_Hans_uvarum (147.8%), 15_Hans_uvarum (106.6%), 37_Sacch_cerevisiae (104.6%),
34_Metsch_pulcherrima (100.4%) and 36_Metsch_pulcherrima (100.1%). This may suggest
that the conditions in the gastrointestinal tract for the five mentioned strains could be
prevailing for their growth compared to standard culture conditions. Detailed data are pre-
sented in Figure 3. All strains that did not demonstrate the ability to survive gastrointestinal
tract conditions were excluded from further studies and are not included in Figure 3.

3.2.3. Hydrophobicity of Cell Surface

The ability to adhere to intestinal epithelial cells is a crucial requirement for the colo-
nization of potentially probiotic strains in the gastrointestinal tract, as it helps them avoid
immediate elimination through peristalsis and gives a competitive advantage within the
gastrointestinal tract. Many authors suggest that strains with high hydrophobicity exhibit
high adherence to intestinal cell lines [45,46]. All, except three strains: 36_Metsch_pulcherrima
(54.63%), 32_Pich_kluyveri (59.42%) and 13_Metsch_ziziphicola (76.53%), showed hydropho-
bicity above 80% which may suggest their ability to quickly adhere to the mucosa. Detailed
data are presented in Figure 4.
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Figure 3. Survival and growth of yeasts under gastrointestinal tract conditions (one-way ANOVA:
strain: F(11,24) = 89,533, p = 0.00000; se + 0.043683). The values designated by the different letters are
statistically significantly different.
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Figure 4. Hydrophobicity of cell surface of yeasts (one-way ANOVA: strain: F(1124) = 45,775,

p = 0.00000; se £ 0.017750). The values designated by the different letters are statistically signif-
icantly different.
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3.2.4. Autoaggregation Assay

Pizzolitto et al., 2013, and Amorim et al,, 2018, suggest that autoaggregation above
80% should be considered as high [37,47]. Besides 37_Sacch_cerevisiae, all strains pre-
sented autoaggregation above 25% after 2 h with the highest autoaggregation rate af-
ter 2 h for strains: 27_Sacch_cerevisiae (80.31%), 34_Metsch_pulcherrima (67.90%) and
32_Pich_kluyveri (60.28%). For all strains, autoaggregation rates increased with time reach-
ing above 90% after 24 h, excluding 37_Sacch_cerevisiae, which obtained autoaggregation
rates at 12.62%, 37.42% and 85.30% after 2, 4 and 24 h. Detailed data are presented in
Figure 5. Result of Tukey HSD post hoc test for Figure 5 is included in the Supplementary
Materials (Spreadsheet S1: Figure_5_Tukey_results).

-

13_Metsch_...
15_Hans_uvarum
16_Hans_uvarum

17_Metsch_...

|
|
|
27 Sacch_ cerevisiae ‘- "
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|
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32_Pich_kluyveri L T=2h
BT=4h

. T=24h

|
-
36_Metsch_... -
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33_Hans_uvarum
34 Metsch_...
35_Sacch_ cerevisiae

Sacch_boulardi -

0.00% 20.00% 40.00% 60.00% 80.00% 100.00%

Figure 5. The results of autoaggregation assay for each strain after 2, 4 and 24 h (two-way ANOVA:
strain: F(11,72)=925.80, p = 0.00000; se + 0.431909; time: F(,72) = 13,991, p = 0.00000; se & 0.215954;
strain X time: F(22,72) = 174.89, p = 0.00000; se *+ 0.748088).

3.2.5. Antioxidant Activity

The DPPH assay showed that all tested strains presented high antioxidant activ-
ity, but only five strains: 13_Metsch_ziziphicola (55.79%), 15_Hans_uvarum (71.20%),
16_Hans_uvarum (71.44%), 32_Pich_kluyveri (69.83%) and 34_Metsch_pulcherrima (60.42%)
showed a significant difference in antioxidant activity toward the control sample of
Sacch_boulardi (65.10%). Detailed data are presented in Figure 6. Result of Tukey HSD
post hoc test for Figure 6 is included in the Supplementary Materials (Spreadsheet S1:
Figure_6_Tukey_results).

3.2.6. Antimicrobial Activity

Only strain 15_Hans_uvarum showed weak antimicrobial activity against Staphylococ-
cus aureus; other strains did not inhibit the growth of pathogenic bacteria.



Foods 2023, 12,3392

10 of 16

100

90

80

60 - . - —

40 o —

Antioxidant activity [%]
N
o
T

30 — —

10 - —

Figure 6. Antioxidant activity for tested strains (one-way ANOVA: strain: F(11,24) = 36,078, p = 0.00000;

se £ 0.007562).

3.3. Traits Related to Safety and Virulence
3.3.1. Hemolytic Activity

None of strains tested in the experiment presented hemolytic activity.

3.3.2. Biogenic Amine Production

From all tested strains, three strains: 27_Sacch_cerevisiae, 32_Pich_kluyveri and
34_Metsch_pulcherrima produced a purple halo around the growth area, which indicate

the presence of biogenic amines [43].

3.4. Enzymatic Activity

The API ZYM assay showed various activity profiles within the tested strains. All
strains presented activity of alkaline phosphatase, esterase (C4), esterase lipase (C8) and
acid phosphatase, but none of the strains presented activity of trypsin, «-galactosidase,
B-glucuronidase nor &-fucosidase. The differences in enzymatic activity between tested

strains are presented in Table 2.
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Table 2. Results of API-ZYM assay for selected yeast strains.

Enzyme 131 151 161 171 271 321 331 341 351 361 371
Lipase (C14) - - - - + - - - - - -
Leucine arylamidase - + - + + + - + + + +
Valine arylamidase - + - + + + - + - + +
Cystine arylamidase - - - + - + - + - + -
Chymotrypsin - + - + - + - - - + -
Acid phosphatase + + + + + + + + + + +
Naphthol-AS-BI- N . . N . . . ) . . ]
phosphohydrolase
B-Galactosidase + - + - - - + + + - -
-Glucosidase + + + + + + - + + + +
B-Glucosidase + - + + + + - - - + +
glucNo-::ritiy;i-(lig:;se * * i i . - - + + - -
®-Mannosidase - + - + + + - + + + +

1 Strain number (see Table 1).

4, Discussion

At the time of preparation for publication, to the best of our knowledge, nobody
has published studies focused on the aspect of probiotic potential of yeasts isolated from
Polish wines.

The forty-four strains examined belonged to six species: Hanseniaspora uvarum, Pichia
kluyveri, Metschnikowia pulcherrima, Metschnikowia ziziphicola, Saccharomyces cerevisiae, and
Starmerella bacillaris. Despite limited research on yeast biodiversity in Polish wines, our find-
ings mostly align with the lists of species described by Drozdz et al. and Cioch-Skoneczny
et al. [22,32], but include one species not mentioned by the authors—Starmerella bacillaris.
The species, S. bacillaris, known also as Candida zemplinina, is frequently isolated from
grapes and wines, and may affect the chemical composition of the musts and wines by its
ability to produce various metabolites which influence their enological properties [48-50].
All species identified in the study commonly occur and are isolated from grape, must and
wine environments worldwide [51-53].

Despite challenging environmental conditions for microorganisms during the wine
fermentation process, only 11 out of the 44 strains subjected to the initial experiments
demonstrated potential for further research. Two of the most discriminative tests for the
experiments were the ability to survive at 37 °C and the ability to survive and grow under
gastrointestinal tract (GIT) conditions, eliminating 52.3% and 47.6% of the strains at each of
those steps. Among the isolates able to survive the two initial steps of the experiment were
the strains belonging to H. uvarum, P. kluyveri, M. pulcherrima, M. ziziphicola and S. cerevisiae.
Besides their enological potential, none of S. bacillaris strains tested in the study were able
to survive and grow at 37 °C, which stands in opposition to the results obtained by Shen
et al,, who described S. bacillaris CC-PT4 as showing properties as a probiotic candidate [54].
Current data about potentially probiotic strains belonging to S. bacillaris are limited to the
data of Shen et al. and do not include exact information about the source of isolation of each
strain and the information is mainly limited to the list of fruits bought from greengrocers
in China. Possibly the reason for differences in the tolerance for the host temperature and
the ability to survive under GIT conditions between S. bacillaris strains from this study and
Shen et al.’s study might be differences in climate conditions at the place of isolate’s origin,
but such a hypothesis cannot be verified without more detailed data.
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Gastrointestinal tract conditions play an important role in human health protection.
serving as a barrier between the external environment and the body and helping to prevent
the entry of harmful substances and pathogens. Such conditions also play important role
in survival of potential probiotics [40]. In our study, eight of the eleven strains presented
better survival rate than Saccharomyces cerevisiae var. boulardii CNCM 1-745 (positive control),
with survivability at 48.7%. Two strains for both Hanseniaspora uvarum and Metschnikowia
pulcherrima, and one strain of Saccharomyces cerevisiae exceeded 100% survival rate, which
may suggest that GIT conditions are more favorable for them than typical culture conditions.
Similar results for wine-derived strains were published by Vergara Alvarez et al. [27].
Such properties may result from the adaptation of the strains to the conditions of wine
fermentation, where low pH is common [55,56].

Hydrophobicity and autoaggregation assays allow for the estimation of microor-
ganisms’ behavior in GIT [12]. Yeasts with high hydrophobicity exhibit high adher-
ence to intestinal cell lines [38,39]. All strains, with exception of 13_Metsch_ziziphicola,
32_Pich_kluyveri and 36_Metsch_pulcherrima, showed similar or higher hydrophobic-
ity to the control strain, with the highest hydrophobicity in 16_Hans_uvarum (93.83%),
27 _Sacch_cerevisiae (90.70%) and 37_Sacch_cerevisiae (90.87%).

Pizzolitto et al. suggest that an autoaggregation rate at 80% or higher should be
considered as high [47]. For all examined strains, autoaggregation rates increased with
time exceeding above 80% after 24 h and were higher than values obtained for strains
derived from various food environments tested by Fernandez-Pacheco [12]. Similar results
for wine-derived strains were presented by Vergara Alvarez et al. [27].

According to Gil-Rodriguez et al,, 2015, the antioxidant activity of yeasts can be a
result of their cell walls and other cellular compounds and sometimes even higher than in
lactic acid bacteria [40]. In the study, antioxidant activity levels of tested isolates were close
to those of the control, S. cerevisiae var. boulardii.

Despite some yeast strains exhibiting antimicrobial properties (i.e., M. pulcherrima
known for its ability to produce antimicrobial pulcherrimin), none of the tested strains
showed such properties against tested pathogenic bacteria, which was consistent with the
results of other researchers [30,57,58].

As a safety aspect, no hemolytic activity was present in our wine-derived strains.
That is a result comparable to those obtained by Corbu et al., 2023, and Fernandez-
Pacheco et al,, 2021 [59,60]. However, the strains 27_Sacch_cerevisiae, 32_Pich_kluyveri and
34_Metsch_pulcherrima showed the ability to produce biogenic amines (BAs) that excludes
them as candidates for potentially probiotic strains [43], despite their promising proper-
ties in previous assays, due to potential risks for consumers [61,62]. Both Caruso et al,
2001, and Delgado-Ospina et al.,, 2021, showed that strains belonging to M. pulcherrima,
S. cerevisiae and P. kluyveri might produce BAs [63,64]. Comparing the number of the strains
producing BAs to the total number of strains in their and our study (where only three of all
strains produced BAs) the result can be surprising, especially in the context of places of
isolation—wine, in which the presence of biogenic amines formed during the fermentation
process is not unusual and influences the sensory properties of wine. Our findings are
closer to results obtained by Landete et al., 2007, where none of the examined wine-derived
yeast strains produced BAs [65].

All tested strains presented a wide range of enzymatic activity including enzymes
that break down proteins and sugars like esterases, lipase, arylamidases and &-glucosidase,
which may confer a potential improvement on food digestion. Moreover, none of the
strains presented any activity of trypsin (the enzyme that can be related with pathogenic-
ity of some microorganisms in human) or B-Glucuronidase related to transformation of
pre-carcinogens into carcinogens and stimulation of colon cancer [66,67]. Activity of en-
zyme aminopeptidases like arylamidases and esterases may influence product properties
because of their biotransformation ability [21,67-69]. Four strains also presented activity

of N-acetyl-B-glucosaminidase, an enzyme with the primary functions of targeting and
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hydrolyzing oligosaccharides containing chitin [70] that may possibly arise in the biocontrol
and biotransformation of some fungal- and invertebrate-based foods.

5. Conclusions

Our data show that Polish wines may be a source of yeast isolates with probiotic
potential. Environmental conditions that occur during the must fermentation can help to
preselect yeast for some desirable probiotic traits like low pH tolerance. Although isolates
obtained during the study were sensitive for high temperature, 52.3% of strains were not
able to grow and survive at 37 °C. One of the potential hypotheses of such a result may
be due to the climate in Poland, which, despite global warming, does not force the local
yeast populations to evolve towards higher temperature tolerance, but further studies will
be needed.

The strains with the highest resistance to the conditions in the gastrointestinal tract
belong to the species: Hanseniaspora uvarum (15_Hans_uvarum and 16_Hans_uvarum),
Metschnikowia pulcherrima (34_Metsch_pulcherrima and 36_Metsch_pulcherrima) and Sac-
charomyces cerevisiae (37_Sacch_cerevisiae). These strains exceeded the 100% survival rate at
GIT conditions and at least doubled the survival rate showed by commercial probiotic yeast
Saccharomyces cerevisiae var. boulardii CNCM 1-745, which suggests their high adaptation
to such harsh conditions and may allow a reduction in dosage in the case of probiotic
administration.

Besides their ability to survive in GIT conditions, four of the five mentioned isolates
showed high hydrophobicity and autoaggregation, which are highly desirable traits in
probiotic strains, with the exception of 36_Metsch_pulcherrima with the lowest hydropho-
bicity rate among all tested strains. Antioxidant activities of tested isolates were close to
the control S. cerevisiae var. boulardii. Unfortunately, the strains did not show the ability to
inhibit the growth of common foodborne pathogens.

The selected strains showed valuable enzymatic activities necessary in food digestion

and did not have activities of undesirable enzymes such as trypsin and B-glucuronidase.

As a safety aspect, none of the strains presented hemolytic activity, but 34_Metsch_

pulcherrima produced biogenic amines; thus, regardless of its other promising characteris-
tics, it cannot be considered as a probiotic yeast candidate.

Here, we can suggest some improvements in the experimental design in future—in
case of screening high number of isolates, we suggest screening the tolerance for both
temperature and GIT condition at first and moving forward to testing the traits related to
the virulence and safety aspects, which will allow a reduction in costs and workload, in the
case of experiments where high number of isolates may present such undesirable traits.

In our opinion, Polish wines may be a source of potentially probiotic yeasts and based
on our results we suggest 15_Hans_uvarum, 16_Hans_uvarum and 37_Sacch_cerevisiae as
encouraging probiotic yeast candidates with perspectives for further research in aspects
including food science, development of probiotic formulations, etc.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods12183392/s1, Spreadsheet S1: Figure_5_Tukey_results,
Figure_6_Tukey_results.
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Abstract: In the last decade, probiotic yeasts have gained more attention from the scientific community.
However, over the decades, researchers have mostly viewed spoilage yeasts as unnecessary and
unwanted contamination without considering any of their potentially positive properties. This
often led to oversights and the loss of many potentially interesting yeast strains. In this study, we
have screened multiple spoilage yeast strains from various spoiled food products and assessed
their potential as probiotic candidates. Within this research, we identified two promising probiotic
candidates, 113_Metsch_pulcherrima and 101_Pich_kudriavzevii.

Keywords: probiotic yeasts; spoilage yeasts; food microbiology; Metschnikowia pulcherrima; Pichia
kudriavzevii; antioxidant activity; gastrointestinal survival; autoaggregation

1. Introduction

Yeasts are found in a variety of environments where they can ferment available sub-
strates. The fermentation process involves the conversion of complex compounds (primarily
carbohydrates) into simpler ones with the simultaneous production of various beneficial
metabolites. Generally, fermentation is the preferred process undertaken by yeasts to
produce a specific product enriched with nutrients and to protect it against pathogens [1].
The fermentation of carbohydrates such as glucose, fructose, sucrose, or maltose is the
basis for the growth and development of yeast in facultative anaerobic conditions. Because
sugars are common in foods, especially those of plant origin, their fermentation is crucial in
microbial infections caused by yeast. Due to their ability to present with various metabolic
activities, these microorganisms can be either starter cultures, desirable in the production of
fermented foods and beverages, or spoilage organisms found in many food products and ca-
pable of life and proliferation in a wide range of environmental conditions like temperature,
pH, water activity, etc. Because of such properties, yeasts can cause undesirable changes in
products’ texture, flavour, and appearance. The above-mentioned properties might result
in yeasts that are as important as they are risky. Food and beverage processing industries
are forced to pay attention to microbial contamination throughout the entire production
chain to avoid unwanted contamination and production losses [2-4]. On the other hand,
some cases of unplanned spoilage by yeasts can result in yeasts playing a positive role in
some types of fermented food, such as dairy products and beverages. In such cases, the
spoilage yeast contributes to the fermentation, maturation, and development of flavour in
the final products derived from cheese and alcoholic beverages, i.e.,, wine and craft beer
are good examples [5,6]. Some of these yeasts have been considered to be novel probiotic
organisms after appropriate selection procedures [3].

Fermented foods and beverages are the main sources of yeasts with probiotic poten-
tial. Their screening and identification have been gaining attention from researchers in
recent years. There are an increasing number of publications in which authors describe
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yeast strains they have isolated from various fermented foods of plant origin. This group
includes Saccharomyces cerevisiae strains isolated from spontaneously fermented wines [6,7],
fermented olives [8], Indian traditional fermented foods [9], kombucha [10], Ethiopian
fermented foods [11], the fermented rice beverage Chhang [12], and traditional Turkish
sourdough [13]. On the other hand, non-Saccharomyces yeasts are becoming the object
of increasing interest. The literature contains reports on the isolation and study of the
potential probiotic properties of yeasts, including the following: Candida orthopsilosis, C.
tropicalis, Debaryomyces hansenii, Meyerozyma carribica, Pichia guilliermondii from fermented
olives [8], M. carribica from pineapple [14], Hanseniaspora opuntiae, P. kudriavzevii, and
Wickerhamomyces anomaluss from spontaneously fermented guajillo peppers [15], P. kudri-
avzevii from kombucha [10], Candida humilis and P. kudriavzevii from Ethiopian fermented
foods [11], Meyerozyma guillermondii and M. caribbica from Indian traditional fermented
products [16], Diutina (Candida) mesorugosa from tempeh [17], P. kudriavzevii from shalgam,
and W. anomaluss from olive brine [13]. There are also reports of obtaining potentially
probiotic yeasts from foods of animal origin, e.g., P. kudriavzevii, P. fermentans, and Yarrowia
lipolytica isolated from raw milk [18], Kluyveromyces lactis from cheese, Torulaspora del-
brueckii from kefir [13], and S. cerevisiae and K. marxianus from kefir [19,20]. Many of the
above-mentioned species of potentially probiotic yeasts can cause negative changes in
food products during uncontrolled fermentation, which means they can be treated as
spoilage factors [2,3]. All the above-mentioned authors used similar screening procedures
for testing probioticity in vitro, consisting of the following analyses: growth at human
body temperature, survival in the gastrointestinal tract, ability to colonise mucosal sur-
faces, antimicrobial and antioxidant properties, antibiotic resistance, as well as cell surface
properties (hydrophobicity, autoaggregation, and co-aggregation ability). Determining the
safety of the tested yeast candidates (no pathogenicity or ability to produce hazardous
metabolites) is also an important aspect [21]. This approach has made it possible to obtain
several satisfactory isolates from among the dozen or more strains isolated.

In this research, we decided to go against the mainstream trend of fighting to reduce
spoilage yeasts and instead focus on screening their probiotic properties and potential. The
aim of this study was to obtain yeast isolates from various food products of plant origin,
where fermentation was undesirable, and perform in vitro testing for potential probiotic
and safety characteristics.

2. Materials and Methods
2.1. Yeast Strains

Twenty-seven yeast isolates originating from various types of spoiled food and bev-
erages were obtained during the isolation procedure, which was followed according to
Section 2.1.1.

As a positive control, we used the commercial strain of the probiotic yeast—Saccharomyces
cerevisiae var. boulardii CNCM 1-745 (Enterol, Biocodex, Gentilly, France). The more detailed
data about each strain (code names for individual strains, origin, and species) are included
in Table 1.

The yeast cultures were stored frozen in 30% glycerol at —80 °C, and before use, they
were cultured for 48 h at 28 °C in YPD broth (Yeast Extract Peptone Dextrose, BTL, L6dZ,
Poland). The initial optical density at 600 nm (OD600) of each culture was assessed to
maintain uniformity in the measurements. Following this, the outcomes were adjusted to
an 0D600 value of 1.0 for every experiment unless specified otherwise. The purpose of
such standardisation was to enable the accurate data analysis needed for the comparison of
various strains.
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Table 1. Yeast strains used in this study.

Strain Number Species Code Name Origin/Type of Spoiled Product
052 Pichia kudriavzevii 052_Pich_kudriavzevii strawberry jam
053 Pichia kudriavzevii 053_Pich_kudriavzevii pumpkin jam
058 Candida metapsilosis 058_Cand_metapsilosis fermented red kale
063 Candida metapsilosis 063_Cand_metapsilosis fermented green kale
064 Pichia manshurica 064_Pich_manshurica craft beer
075 Meyerozyma caribbica 075_Mey_caribbica persemon jam
076 Meyerozyma caribbica 076_Mey_caribbica persemon jam
080 Candida metapsilosis 080_Cand_metapsilosis compote
083 Candida metapsilosis 083_Cand_metapsilosis craft beer
085 Pichia manshurica 085_Pich_manshurica craft beer
089 Candida metapsilosis 089_Cand_metapsilosis compote
090 Candida metapsilosis 090_Cand_metapsilosis compote
091 Candida metapsilosis 091_Cand_metapsilosis compote
093 Candida metapsilosis 093_Cand_metapsilosis compote
095 Candida metapsilosis 095_Cand_metapsilosis compote
096 Candida metapsilosis 096_Cand_metapsilosis compote
099 Pichia kudriavzevii 099_Pich_kudriavzevii sourdough
101 Pichia kudriavzevii 101_Pich_kudriavzevii sourdough
105 Metschnikowia pulcherrima 105_Metsch_pulcherrima fruit juice
106 Metschnikowia pulcherrima 106_Metsch_pulcherrima fruit juice
107 Metschnikowia pulcherrima 107_Metsch_pulcherrima fruit juice
108 Metschnikowia pulcherrima 108_Metsch_pulcherrima fruit juice
109 Metschnikowia pulcherrima 109_Metsch_pulcherrima fruit juice
110 Metschnikowia pulcherrima 110_Metsch_pulcherrima fruit juice
111 Metschnikowia pulcherrima 111_Metsch_pulcherrima fruit juice
112 Metschnikowia pulcherrima 112_Metsch_pulcherrima fruit wine
113 Metschnikowia pulcherrima 113_Metsch_pulcherrima fruit wine

Saccharomyces cerevisiae var. bouardi

Sacch_boulardi -

2.1.1. Isolation of Yeasts

Serial decimal dilutions of spoiled food samples in the range of 10~ to 10> were
prepared, and 0.2 mL volumes were spread on Petri dishes with a medium dedicated for
yeastisolation, YGC agar (yeast extract, glucose, chloramphenicol, BTL £.6dZ, Poland).
The plates were incubated for 3-5 days at 25 °C. The typical singular colonies of yeasts
were seeded onto WL agar (Wallerstein Laboratories, Oxoid, Hampshire, UK) to confirm
non-Saccharomyces strains, followed by seeding onto YPD agar, which was used twice to
obtain pure cultures. Microscopic observations of vital preparations were performed to
confirm the yeast presence. Pure cultures were frozen, as described above.

2.1.2. Strain Identification

To confirm the identification of the strains obtained, the 5.8S-ITS gene sequencing
method was used. The procedure was carried out in accordance with Staniszewski and
Kordowska-Wiater (2023) [6]. Sequencing of the amplicons was performed by Genomed
(Warsaw, Poland). Contigs were assembled with the DNA Sequence Assembler v5 (Heracle
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BioSoft, https://www.dnabaser.com/ (access on 25 September 2024) and compared to
the known sequences of the ITS region in the NCBI GenBank database by alignment
with the BLAST algorithm, and evolutionary analyses were conducted in MEGA11. The
phylogenetic tree was created based on the ITS region sequences, using the maximum
likelihood method and the best-fit Kimura two-parameter model with a discrete gamma
distribution (+G) and 1000 bootstrap replication [22,23].

2.2. Evaluation of Potentially Probiotic Traits
2.2.1. Growth and Survival at 37 °C

To test the strains’ capability to thrive at human body temperatures, 10 yL of a fresh
yeast culture was introduced into 1 mL of YPD broth and incubated at 37 °C for a period of
48 h. Survival under these specific conditions was determined by observing either growth
or the absence of growth after the 48-h incubation period. If a strain demonstrated an
inability to grow under these conditions, it was excluded from subsequent analyses.

2.2.2. Growth and Survival Under Gastrointestinal Tract Conditions

All the tested strains were subjected to the in vitro digestion procedure described
by Fernandez-Pacheco et al. [24] with the modifications mentioned in Staniszewski and
Kordowska-Wiater (2023) [6]. To determine the viability and growth capacity of the strains
after in vitro digestion, serial dilutions of all samples were prepared and spread on Petri
dishes with YPD agar [25]. After incubation at 37 °C for 48-72 h, the survival rate and
growth were calculated as a % using the following formula:

survival rate [%] = number of living cells/mL after in vitro digestion/number of living cells/mL before in vitro digestion X 100%

2.2.3. Autoaggregation Assay

The autoaggregation test was performed according to Amorim et al. [14] and Gil-
Rodriguez et al. [26]. After overnight cultivation in YPD broth at 37 °C, the yeasts’ biomass
was centrifuged (5000 rpm, 10 min), washed twice with PBS (phosphate-buffered saline) at
pH =7, and resuspended in PBS. To evaluate autoaggregation, 3 mL of the cell suspension
was vortexed for 10 s. Autoaggregation was determined spectrophotometrically after 2, 4,
and 24 h of incubation at 37 °C by absorbance (A) (ODsoo).

It was expressed as a % using the following formula:

Autoaggregation [%] = [1 — (A:/Ao)] X 100%
where A:is the absorbance at 2, 4, or 24 h and Ay is at zero time.

2.2.4. Hydrophobicity Assay

The hydrophobicity of the cell surface was evaluated according to the method de-
scribed by Amorim et al. [14]. One milliliter of fresh culture was centrifuged (5000 rpm,
10 min), then the yeast biomass was washed twice and resuspended in 5 mL of PBS at
pH = 7. A mixture of 3 mL of yeast suspension and 1 mL of xylene was vigorously vor-
texed for 2 min and then allowed to settle undisturbed at 37 °C for 30 min to allow the
complete separation of the phases. After carefully removing the aqueous phase, the ab-
sorbance at 600 nm was measured spectrophotometrically. The value for the decrease in
absorbance was taken as a measure of cell surface hydrophobicity and calculated with the
following formula:

HydrophObIClty [%]= [1 - ((OD initial — oD ﬁnal)/OD initial)] X 100%

where OD initial and OD final are the absorbance (at 600 nm) before and after extraction
with xylene.
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2.2.5. Antioxidant Activity

To evaluate the antioxidant activity of each strain, an assay was performed according
to the method of Gil-Rodriguez et al. [26]. One milliliter of yeast culture in YPD broth was
centrifuged (5000 rpm, 10 min), washed twice with a sterile 0.9% NaCl solution, and the
pellet was resuspended in 1 mL of this physiological saline. In the next step, one mL of a
DPPH (2,2-diphenyl-1-picrylhydrazyl) solution (0.2 mM in methanol) was added to the cell

suspension (800 pL) in a new tube. After vortexing, the blend was incubated in darkness at
room temperature for 30 min. After incubation, the reaction tubes were centrifuged (12,000

rpm, 5 min), and 300 pL of each supernatant was transferred to a 96-well plate to measure
the absorbance at 517 nm (As17). The percentage reduction in DPPH was then calculated
with the formula:

Percentage of reduction of DPPH [%] = [(A 517 control = A 517 sample) /A 517 control] X 100%

where As17 controi—the absorbance of the control (DPPH solution without yeast),
As17 sample—the absorbance of the sample (yeast culture treated with DPPH solution).

2.2.6. Antimicrobial Activity

To estimate the antimicrobial activity of the yeast strains against various bacterial
species, we used the well-diffusion method [27]. Within the experiment, the yeasts’ an-
timicrobial activity was tested against the following Gram-positive bacteria: Bacillus cereus,
Enterococcus faecalis, Listeria monocytogenes, and Staphylococcus aureus, as well as the follow-
ing Gram-negative ones: Escherichia coli and Salmonella enterica obtained from the culture
collection of the Department of Biotechnology, Microbiology and Human Nutrition of
University of Life Sciences in Lublin (Poland). The bacteria were cultivated in BHI (Brain
Heart Infusion) broth at 37 °C overnight, and 1 mL of each culture was inoculated onto
BHI agar plates, spread, and left to allow for absorption of the liquid. Next, three wells
(5 mm diameter each) were cut in an inoculated agar medium at equal intervals between
each other and filled with fresh yeast culture. Incubation of the plates was carried out at
37 °Cfor 24 h, and the bacterial growth inhibition zones around the wells were measured.

2.3. Safety and Virulence Related Traits
2.3.1. Haemolytic Activity

The yeast inoculum was streaked onto blood agar plates (Columbia agar supplemented
with 5% defibrinised sheep’s blood, Biomaxima, Lublin, Poland). The plates were incubated
at 37 °C for 72 h. After the incubation, the plates were observed for any signs of haemolysis.
Staphylococcus aureus, known to exhibit haemolysis, was used as a positive control in
the experiment.

2.3.2. Biogenic Amine Production

Biogenic amine (BA) production for each yeast strain was evaluated using the method
described by Aslankoohi et al. [28] with the modifications mentioned in Staniszewski
and Kordowska-Wiater (2023) [6]. The strains producing BAs present with a purple halo
surrounding the growth area, representing the decarboxylation of amino acids, while those
that do not produce BAs exhibit a yellow halo showing only glucose fermentation.

2.4. Enzymatic Activity

We used the API ZYM system (bio-Merieux, Craponne, France) to determine the
enzymatic activities of the strains, following the instructions provided by the manufacturer.
We prepared yeast cell suspensions and transferred them into the wells of the API ZYM
strips. The strips were then incubated at 37 °C for 4 h. After the incubation period, we
added one drop of reagent ZYM A and one drop of reagent ZYM B to each well. The colour
changes observed in the wells were noted and used for evaluation using the API ZYM
colour chart [29].
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2.5. Statistical Analysis

Statistical analysis of the obtained results was carried out using Statistica ver. 13.3
(2017) for Windows (StatSoft Inc., Tusla, OK, USA). One-way ANOVA followed by Tukey
HSD post hoc tests (p < 0.05) were used to compare the results for survivability, hydropho-
bicity, and antioxidant activity for each strain, and the mixed two-way ANOVA was used
to evaluate the level of autoaggregation for those strains tested after 2, 4, and 24 h. Detailed
results of the analyses are included in the Supplementary Materials.

3. Results and Discussion
3.1. Strain Identification

The isolation procedure for obtaining yeast from fermented products allowed us to
obtain morphologically different yeasts that have been subjected to genetic identification.
We identified and isolated twenty-seven strains to the species level. These strains be-
longed to four genera and six species, as follows: Candida metapsilosis, Candida zeylanoides,
Metschnikowia pulcherrima, Meyerozyma caribbica, Pichia kudriavzevii, and Pichia manshurica.
Figure 1 presents the results of the phylogenetic analysis. The isolates obtained from
the WL medium grew in the form of green colonies of various morphologies, confirming
that they did not belong to the Saccharomyces genus. Most of the obtained species were
isolated from food of plant origin found in many parts of the world by other researchers
and described in the literature as having probiotic potential based on the in vitro analyses
presented below [8,10,11,13,15,16].
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085 Pich manshurica
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099 Pich kudriavzevii
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Sacch boulardi

095 Cand metapsilosis
— 063 Cand metapsilosis

093 Cand metapsilosis
052 Pich kudriavzevii
101 Pich kudriavzevii

s

Figure 1. Maximum likelihood tree of the studied isolates based on ITS sequences.
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3.2. Evaluation of Potentially Probiotic Traits
3.2.1. Growth and Survival at 37 °C

All the tested strains grew at 37 °C, meeting the basic selection criterion for being
viable in a human body. Previous studies have shown that strains of the above-mentioned
species were able to grow at human body temperatures, e.g., Metschnikowia species [6,28], P.
kudriavzevi [10,11,13,15], and M. carribica [8,14,16].

3.2.2. Growth and Survival Under Gastrointestinal Tract Conditions

All the examined strains were subjected to in vitro digestion and presented with var-
ious survival abilities under simulated gastrointestinal (GI) conditions (Figure 2). Only
11 strains showed the same or higher survivability than the positive control (commercial
probiotic Saccharomyces cerevisiae var. boulardii), with survivability at 48.70% in experimental
conditions. These strains belonged to Candida metapsilosis (058_Cand_metapsilosis, 66.22%),
Metschnikowia pulcherrima (105_Metsch_pulcherrima, 52.18%; 107_Metsch_pulcherrima,
54.31%; 110_Metsch_pulcherrima, 85.25%; 111_Metsch_pulcherrima, 71.55%; 112_Metsch_
pulcherrima, 62.37%; and 113_Metsch_pulcherrima, 104.99%), and Pichia kudriavzevii
(052_Pich_kudriavzevii, 100.61%; 053_Pich_kudriavzevii, 103.47%; 099_Pich_kudriavzevii,
82.44%; and 101_Pich_kudriavzevii, 78.94%). Similar to the findings from our last study,
where yeast strains were derived from wines, some strains of Hanseniaspora uvarum,
Metschnikowia pulcherrima, and Saccharomyces cerevisiae presented with above 100% surviv-
ability rates, which may suggest that GI tract conditions favour their proliferation [6]. In the
cases of spoilage yeast, three out of the twenty-seven strains presented with such properties,
including two Pichia kudriavzevii (052_Pich_kudriavzevii; 053_Pich_kudriavzevii) and one
Metschnikowia pulcherrima (113_Metsch_pulcherrima). A similarly high ability to survive
the GI tract was found for M. pulcherrima, and its probiotic potential is presented by Al-Nijir
et al,, 2024 [30] and Abolghasemi et al. [31]. Also, in the case of P. kudriavzevii, various
authors present its promising ability to survive GI tract conditions and suggest its probiotic
potential [10,11,15,19,32-35]. Aydin et al. [13] isolated six strains of P. kudriavzewi from
fermented products like traditional cheese, sourdough, olive brine, and Shalgam, which
showed survival rates ranging from 51% to 84.4% for the most resistant strains and yielded
similar results to those presented here. In the other article, Piraine et al. [33] described the
food-derived strain Pichia kluyveri LAR001 which showed probiotic potential and properties
that may allow its use in further beverage production. Strains with survivability lower than
the Saccharomyces cerevisiae var. boulardii CNCM 1-745 were excluded from further studies.
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Figure 2. Survival of examined strains under gastrointestinal tract conditions (One-Way ANOVA:
strain: F (27,56) = 85.544, p = 0.0000, se + 0.031514).
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3.2.3. Autoaggregation Assay

The assessment of autoaggregation ability, next to hydrophobicity, allows for the estimation
of the behaviour of the studied strains in the conditions of the digestive system, and values
above eighty percent are considered high [14,36]. Each of the studied strains demonstrated
autoaggregation values above 80%, except for 110_Metsch_pulcherrima, which showed results
at 78.96% after 24 h. However, the positive control, Sacch_boulardi, presented with very high
results in the assay in all tested times (2, 4, and 24 h), with values of 30.71%, 50.02%, and 96.91%.
Comparing these values to other tested strains, only three strains presented with better results
than the control: 107_Metsch_pulcherrima (21.39%; 40.77%; 99.27%), 101_Pich_kudriavzevii
(19.36%; 40.76%; 97.10%), and 058_Cand_metapsilosis (53.58%; 70.39%; 98.41%). The results of
the assay are presented in Figure 3. The P. kudriavzewi strains isolated by Aydin et al. [13]
showed a higher degree of aggregation, with most already reaching values of around
80% after 3 h, except for one strain. After 24 h, all strains aggregated in the range of 94.4-
99.8%, which was similar to the reference strain of S. boulardii (98.7%). A high degree of
autoaggregation was also achieved by Hsu and Chou [19] for its P. kudriavzevii isolate, with
results of 76% and approximately 100% after 2 h and 24 h, respectively. On the other
hand, the P. kudriavzevii IPNFG1 isolated by Lara-Higaldo et al. [15] exhibited a high
autoaggregation percentage after 15 min of incubation, reaching 79.2 £ 6.6%. After 1 h,
these yeasts demonstrated an autoaggregation ability exceeding 99%.
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Figure 3. Results of the autoaggregation assay of tested strains within 2, 4, and 24 h (Two-Way
ANOVA: strain: F (27,168) = 580.26, p = 0.0000, se + 0.376682; time: F (2168) = 71,106, p = 0.0000,
se £ 0.123298; strain X time: F (54,168) = 294.56, p = 0.0000, se + 0.652432).
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3.2.4. Hydrophobicity Assay

The hydrophobicity assay, next to autoaggregation, allows us to estimate the mi-
croorganisms’ ability to survive and adhere to the mucosa due to the high correlation
between high hydrophobicity assay values and the strains’ ability to adhere to intestinal
cell lines [37-40]. The ability of probiotics to adhere to the host intestinal mucosa is one
of the mechanisms of protection against enteropathogens by competing for attachment
sites to host cells. Additionally, the adhesion ability of a probiotic may prolong the time
of interaction with the cells of the gastrointestinal tract and thus prolong the time of the
intended beneficial effect [39]. Lara-Hidalgo et al. [15] stated that yeast isolates with hy-
drophobicity levels exceeding 40% may be considered hydrophobic. In our research, the
yeast strains showed moderate to high hydrophobicity in xylene, with values ranging from
54.35% to 98.16%, except for 107_Metsch_pulcherrima, which showed weaker hydropho-
bicity. Detailed results of the assay are presented in Figure 4. Seven strains presented with
lower values than the control and only four strains showed hydrophobicity values higher
than S. cerevisiae var. boulardi: 110_Metsch_pulcherrima (88.44%), 111_Metsch_pulcherrima
(82.97%), 113_Metsch_pulcherrima (83.16%), and 058_Cand_metapsilosis (98.16%), which
is consistent with the observations of other authors for both M. pulcherrima and C. metap-
silosis [30,41-43]. In turn, P. kudriavzevii strains showed hydrophobicities in the range of
54-67%, which was lower than the result obtained for P. kudriavzevii isolated from kom-
bucha by Wang et al. [10]. On the other hand, Aydin et al. [13] isolated six strains of P.
kudriavzevii, which showed hydrophobicities in the range of 18.56-61.12%. They stated
that large differences in the hydrophobic capacity of yeasts indicate that this feature is
strain-dependent. Hsu and Chou [19] reported that 23 isolated yeast strains (38.3%) showed
moderate to high hydrophobicity, with values ranging from 25% to 50%, and 21 strains
(35%) had a high hydrophobicity rate above 50%, with many isolates outperforming S.
cerevisiae var. boulardii.
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Figure 4. Results of the hydrophobicity assay of tested strains (One-Way ANOVA: strain:
F (27,56) = 38.982, p = 0.0000, se + 0.027319).
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3.2.5. Antioxidant Activity

The antioxidant activity assay showed that all the tested strains had high antioxidant
abilities. In comparison to the control sample of Sacch_boulardi (65.10%), eight strains
presented with a higher antioxidant activity. The strains included two P. kudriavzevii
(099_Pich_kudriavzevii, 67.05% and 101_Pich_kudriavzevii, 81.36%) and six M. pulcher-
rima (105_Metsch_pulcherrima, 74.01%; 107_Metsch_pulcherrima, 76.47%; 110_Metsch_
pulcherrima, 81.90%; 111_Metsch_pulcherrima, 82.05%; 112_Metsch_pulcherrima, 80.92%;
and 113_Metsch_pulcherrima, 81.23%). The results of the assay are presented in Figure 5.
Our results are similar to the results obtained by Staniszewski and Kordowska-Wiater [6].
Hsu and Chou [19] obtained high results (above 50%) only for 31.6% of their isolated yeast
strains but not for P. kudriavzevii, which showed about 35% antioxidant activity. Agarbati
etal. [7] reported antioxidant activity for M. pulcherrima strains in the range of 11.65-60.12%
and for S. cerevisiae between 46.12 and 66.49%, with the reference CODEX strain showing
65.58%. This was below the results obtained by our strains. Wang et al. [10] obtained
very good results from yeast isolates in reaction with DPPH, which exceeded 80%, and in
P. kudriavzevii and S. cerevisiae which exceeded 90%. In the study by Fernandez-Pacheco
et al. [44], the highest percentage in the reduction of DPPH was for two Saccharomyces
strains (3 and 6) and one P. kudriavzevii (1200) with values of 33.71%, 32.66%, and 33.42%,
respectively, which was 2-2.5 times less than in this analysis report.
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Figure 5. Results of the antioxidant activity of tested strains (One-Way ANOVA: strain:
F(27,56)=72.221,p =0.0000, se = 0.011803).
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In general, it can be stated that such differences in this activity can arise from various
factors—from genetic variations, differences in the strains’ metabolic activity, or even
other environmental conditions, which may influence the metabolic activity of individual
strains [45-47].

3.2.6. Antimicrobial Activity

None of the examined strains presented with antimicrobial activity towards the tested
Gram-positive and Gram-negative bacterial strains, which is consistent with the reports by
Wang et al. [10] and Binetti et al. [48], whose yeast from kombucha and cheese, respectively,
did not inhibit the growth of pathogens. On the other hand, Muche et al. [11] found that
the strains of S. cerevisiae, C. humilis, and P. kudriavzevii inhibited, to varying extents, the
growth of clinical strains of pathogenic bacteria, including Salmonella Typhi, Escherichia
coli, and Staphylococcus aureus. Similarly, Agarbati et al. [7] obtained varying antimicrobial
activities of isolated strains, e.g., M. pulcherrima and P. fermentans showed antimicrobial
activity against L. monocytogenes, S. aureus, E. coli, and S. enterica. The ability of probiotic
strains to combat harmful bacteria is seen as an essential feature of their action against
pathogens in the human digestive tract. However, as can be seen from the above reports,
not all yeasts exhibit this valuable property.

3.3. Safety and Virulence-Related Traits
3.3.1. Haemolytic Activity

Determination of the haemolytic activity of a microorganism is the basic test for
determining the safety of a potentially probiotic strain and is often performed during
screening studies [10,44,49,50]. None of the tested yeast strains presented with haemolytic
activity in this study, which is consistent with the results of such an analysis performed by
Fernandez-Pacheco et al. [44], Corbu et al. [49], Menezes et al. [50], and Wang et al. [10] on
their isolates including, i. a., S. cerevisiae, P. kudriavzevii, and M. pulcherrima. Although the
in vitro tests showed no harmful effects due to the yeasts, in vivo safety testing is necessary
to confirm that probiotics are safe for human use [10].

3.3.2. Biogenic Amine Production

Another important feature in terms of the safety of probiotic microorganisms is their
inability to produce biogenic amines, which can have adverse effects on the human body
after consumption. From all the strains tested in this study, only two Metschnikowia pul-
cherrima strains, 107_Metsch_pulcherrima and 111_Metsch_pulcherrima, presented with
the ability to produce biogenic amines and, for this reason, they cannot be considered as
probiotic candidates. In their study, Caruso et al. [51] found that strains of M. pulcherrima,
S. cerevisiae, and Brettanomyces bruxellensis can produce specific biogenic amines (BAs). In
addition, Delgado-Ospina et al. [52] demonstrated these abilities for 58% of S. cerevisiae
strains and 37% of P. kudriavzevii strains isolated from cocoa beans during fermentation.
Aslankoohi et al. [28], while studying unconventional yeasts, found that Lachancea thermo-
tolerans, Wickerhamomyces subpelliculosa, and P. kudriavzevii produce these compounds in
small amounts. Landete et al. [53], on the other hand, found no ability to produce biogenic
amines in the wine yeast strains they studied. The results presented in our work confirm
the observation that the ability of yeast to produce biogenic amines is strain-dependent.

3.3.3. Other Safety Aspects

Additionally, the Candida metapsilosis presented in this study belongs to the Can-
dida parapsilosis complex, which is described by many authors as containing emerging
pathogens. Therefore, the possibility of using it as a probiotic candidate might require
further discussion and multiple additional tests [43,54-56].
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3.4. Enzymatic Activity

The API ZYM assay results are presented in Table 2. All the strains presented with the
activity of leucine arylamidase, alkaline phosphatase, and acid phosphatase, and none of
the strains presented with the activity of a—fucosidase. All but one (085_Pich_manshurica)
presented with the activity of esterase C4 and esterase lipase C8. Also, only two strains
(110_Metsch_pulcherrima and 111_Metsch_pulcherrima) presented with the activity of
trypsin and f3-glucuronidase, and only 063_C_ metapsilosis presented with the activity of
lipase (C14). In opposition to the results of similar assays published by Fernandez-Pacheco
et al. [44], where nearly no activity of alkaline phosphatase, valine arylamidase, and cysteine
arylamidase were presented, these activities are widely present in the strains tested in this
article. On the other hand, the results obtained by yeasts in the study by Fernandez-Pacheco
et al. [44] show similar enzymatic activity abundance to strains presented in our study in the
aspects of esterase (C4), esterase lipase (C14), and leucine arylamidase. Similar enzymatic
activities in probiotic strains were observed by Bilski et al. [57] and Psomas et al. [58]. The
activity of alkaline phosphatase in probiotic strains may positively impact patients with
inflammatory disorders of the gastrointestinal tract and, furthermore, the activity of leucine
and cysteine arylamidases, acid phosphatase, and naphthol-AS-Bl-phosphohydrolase is
within the range of an adequate enzymatic activity profile for probiotic strains [57-59]. On
the other hand, only two strains of M. pulcherrima showed the presence of trypsin and
B-glucuronidase, which may have detrimental effects on human health [60,61].

Table 2. Results of the API-ZYM assay.
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4. Conclusions

Over the decades, we have looked at food spoilage yeasts as unnecessary and un-
wanted without considering whether they may possess any positive properties. This
often led to oversights and the loss of many potentially interesting strains. The screen-
ing procedure used in this study identified eleven isolates, selected on the basis of their
gastrointestinal viability at levels similar to or higher than the reference strain S. cerevisiae
var. boulardii. The strains included the following: one strain of Candida metapsilosis from
fermented red kale, six strains of Metschnikowia pulcherrima from fermented fruit juice, and
four strains of Pichia kudriavzevii isolated from fermented strawberry jam, pumpkin jam,
and sourdough. Some of these isolates showed survival rates approximately 1.5-2 times
higher than the reference strain. The elimination factor for 107_Metsch_pulcherrima and
111_Metsch_pulcherrima appeared to be the ability to produce biogenic amines, while for
110_Metsch_pulcherrima it was the enzymatic activity of trypsin and beta-glucuronidase.
Many of the strains tested were similar to the reference strain or even better in terms
of their autoaggregation capacity, hydrophobicity, or antioxidant properties. All isolates
showed no haemolytic or antimicrobial activity against important foodborne pathogenic
bacteria. We selected the two most promising strains from the screening procedure,
113_Metsch_pulcherrima and 101_Pich_kudriavzevii. However, these yeasts require further
genetic and safety studies, including in vivo testing, to confirm their probiotic potential
and to conclusively prove that they are safe for humans, although they have been used in
biotechnological processes for years.
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As far as we know, this is the first study to focus on the probiotic potential of yeast
isolates obtained from spoiled food and beverages by unwanted fermentation. Our research
shows that some of the spoilage-derived yeast strains could have probiotic properties, and
spoiled food could be used as a source of potentially probiotic strains. We hope that our
work will encourage other researchers to look into this direction.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app142411698/s1, Spreadsheet S1: Figure S1. Survivability_Tukey
results, Figure S2. Autoaggregation_Tukey results, Figure S3. Hydrophobicity_Tukey results,
Figure S4. Antioxidant activity_Tukey results, Figure S5: Simplified scheme of the experiment.
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Abstract

Potentially probiotic yeasts isolated from foodstuffs can be used as components in func-
tional fermented beverages. To date, there have been no reports on the use of Saccharomyces
cerevisiae var. boulardii, Pichia kudriavzevii, Metschnikowia pulcherrima, or Hanseniaspora
uvarum isolates in the production of a traditional Polish beverage called underbeer (pod-
piwek). The aim of the study was to determine the usefulness of six isolates of the above-
mentioned species as starter cultures for the fermentation of underbeer. First, the important
characteristics of the yeasts, like ethanol tolerance and H,S production, were examined. In
the next stage, the wort was fermented by the tested yeasts, and cell viability, fermenta-
tion vigor, sugar assimilation, and production of metabolites, as well as properties of the
beverage (pH, titratable acidity, color, and turbidity), were determined. Saccharomyces
yeasts tolerated the addition of ethanol up to 16% (v/v), while Pichia, Metschnikowia, and
Hanseniaspora tolerated up to 10% (v/v) ethanol, and all except H. uvarum produced H:S.
The yeasts remained viable in the beverages for 1 month at the required level, utilized
glucose, fructose and partially complex carbohydrates, and produced ethanol (S. cerevisiae,
P. kudriavzevii, and M. pulcherrima) and organic acids such as tartaric, malic, and citric acid.
The underbeers became sour and showed varying turbidity and a color corresponding to
pale-amber beers. All tested strains produced fermented beverages that were low- or non-
alcoholic with different properties. This experiment may be a starting point for research
into regional products as probiotic or synbiotic foods; however, further research is required
for selection of the best strains for underbeer fermentation.

Keywords: probiotic yeast; podpiwek; underbeer; Saccharomyces boulardii; Hanseniaspora
uvarum; Metschnikowia pulcherrima; Saccharomyces cerevisiae var boulardii; Saccharomyces
cerevisiae; Pichia kudriavzevii; fermented beverages; functional food

1. Introduction

Fermented beverages have accompanied humanity since the dawn of time and have
remained an important part of the human diet all over the world, and within such, the
most commonly used beverages are wine, cider, kombucha, and beer [1-5].

The key stage in the production of this type of beverage is fermentation, often carried
out by yeast, bacteria, or their co-cultures. The genera of yeasts most commonly found in
fermented foods and beverages include Debaryomyces, followed by Candida, Saccharomyces,
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Pichia, Kluyveromyces, Wickerhamomyces, Torulaspora, Yarrowia, and Metschnikowia [6-8]. Sev-
eral examples of the use of the commercial probiotic yeast S. cerevisiae var. boulardii, either
alone or in co-cultures, for the production of probiotic beer based on cereal wort containing
hops and other additives can be found in the scientific literature [9-13]. However, apart
from the commonly used commercial species and strains (i.e., Saccharomyces cerevisiae),
recent research has shown the potential of various yeast species, including probiotic strains
belonging to the genera Kluyveromyces, Debaryomyces, Candida, Pichia, Hanseniaspora, and
Metschnikowia, isolated from numerous sources and suggests the possibility of the usage of
these non-conventional yeasts as inoculum in the fermentation of novel fermented food
and beverages [6,7,14,15]. There are also reports of the use of unconventional yeasts in
co-cultures with other yeasts, including Saccharomyces or lactic acid bacteria, to produce
innovative fermented beverages such as craft beers, bitter beers, ciders, and others [16-21].
Numerous species of the aforementioned yeasts have been classified as moderate or weak
fermenters, so they can potentially be used to produce non-alcoholic or low-alcohol bever-
ages [22].

P. kudriavzevii was found in the fermentation of some alcoholic beverages, including
beer, fermented fruits or berries, and traditional cereal beverages [23].

Metschnikowia spp. and Hanseniaspora spp. play a significant role in winemaking
during spontaneous fermentation, as well as in fruit wine fermentation [24,25].

Hence, we arrived at the idea of combining two aspects important in the human diet:
the consumption of beverages with desirable taste values and the addition of live cultures
of organisms with probiotic potential. This combination makes such fermented beverages
into functional foods according to the definition proposed by Temple, 2022, stating that
“Functional foods are novel foods that have been formulated so that they contain substances
or live microorganisms that have a possible health-enhancing or disease-preventing value,
and at a concentration that is both safe and sufficiently high to achieve the intended
benefit. The added ingredients may include nutrients, dietary fiber, phytochemicals, other
substances, or probiotics” [26]. Nowadays, the development of plant-based functional
foods including cereals is a topic of interest due to their content of vitamins, minerals, and
dietary fiber [12].

As a continuation of our previous research on the isolation of yeasts with probiotic
potential, we decided to combine tradition with modernity and attempted to produce the
Polish traditional fermented beverage “podpiwek” using strains with probiotic potential
that we had previously isolated [14,15]. The English name of the “podpiwek” beverage
is not well established and is present in various sources in untranslated and translated
forms [27,28]; hence, for the purposes of the article, we decided to use the term “underbeer”,
which is the literal translation from the Polish language.

Underbeer is considered traditional to Poland and Lithuania and may date back to
the times of the Polish-Lithuanian Commonwealth. Its first commercial production began
in the mid-19th century. This drink was very popular until the end of the 1980s as an
alternative to commercially available sweetened drinks, which were largely not easily
accessible during the times of socialism. Underbeer is a fermented beverage made from
roasted barley grains, known as cereal coffee, and ground chicory root with the addition of
hops. The beverage does not contain malt. During fermentation, similar to the production
of beer, yeasts assimilate sugar and produce alcohol and carbon dioxide, which means
that the drink does not need to be artificially enriched with carbon dioxide. The finished
drink has a slightly sour, refreshing taste with a hint of bitterness and a distinctive aroma
of cereal coffee and yeast. Furthermore, due to its intense flavor, color and aroma, obtained
through traditional production methods, this beverage does not require the addition of
chemical preservatives, flavorings or colorings [3,27-29].
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The aim of the research is to evaluate the usefulness of selected probiotic yeast strains
as potential starter cultures for underbeer fermentation in terms of cell survival, sugar
utilization, and production of metabolites influencing the physicochemical properties of
beverages. Additionally, important characteristics of the strains used as starter cultures,
such as ethanol tolerance and H;S production, were examined.

2. Materials and Methods
2.1. Strains and Inoculum Preparation

As starter cultures, the six yeast isolates with probiotic potential, originating from vari-
ous types of fermented food and beverages, were obtained during our previous work [14,15].
As the positive control, we used Saccharomyces cerevisiae var. boulardii CNCM I-745 (Enterol,
Biocodex, Gentilly, France).

The cultures were stored frozen in 30% glycerol at —80 °C, and before usage, the
strains were cultured for 72 h at 28 °C in YPD broth (BTL, L.6dz’, Poland).

More detailed data about each strain (code names for individual strains, species) are
included in Table 1.

Table 1. Strain details.

Strain Number Strain Species Strain Code !
15 Hanseniaspora uvarum 15_Hans_uvarum
16 Hanseniaspora uvarum 16_Hans_uvarum
37 Saccharomyces cerevisiae 37_Sacch_cerevisiae
101 Pichia kudriavzevii 101_Pich_kudriavzevii
110 Metschnikowia pulcherrima 110_Metsch_pulcherrima
113 Metschnikowia pulcherrima 113_Metsch_pulcherrima
SB Saccharomyces cerevisiae var. boulardii Sacch_boulardi

1 Strain codes used in our previous articles [9,10] where the probiotic potential of the strains was tested.

To ensure uniformity of measurement, the original optical density at 600 nm (ODsg0)
was determined for all cultured strains. Before the inoculation of the underbeers, liquid
yeast cultures in YPD medium, after incubation at 28 °C for 48 h, were centrifuged for
10 min at 8000 rpm, washed, and the cell biomass was suspended in sterile water. The
suspensions were then normalized to an ODggo of 1.0, and 2% (v/v) of such was used as
inoculum for underbeer preparation.

2.2. Underbeer Preparation

In order to ensure homogeneity and limit the influence of raw materials on the prop-
erties of the tested underbeer, a decision was made to use a commercial underbeer base,
“Podpiwek” (Bakalland S.A., Warsaw, Poland); the base includes the following: roasted
sugar beet, barley, and chicory, hops, and acidity regulators (diphosphates and citric acid;
0.15% (£0.05%)). The wort was prepared according to the manufacturer’s recommenda-
tions with the addition of 500 g of sucrose for every 10 | of wort; wort was poured into
500 mL conical flasks, sterilized, inoculated in sterile conditions, and rubber stoppers with
fermentation tubes were fitted on. Fermentations were carried out over 14 days at room
temperature, and then the flasks were moved to fridge. The samples were taken on days 0
(control), 7, 14, and 30.
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2.3. Properties of Strains Related to Beverage Production
2.3.1. Ethanol Tolerance

The strains were cultured at 28 °C for 48 h in YPD broth with addition of different
concentrations of ethanol. The ethanol concentration for each species was selected based
on the scientific literature [30-34].

For Saccharomyces cerevisiae and Saccharomyces cerevisiae var. bouardi (strains 37_Sacch_
cerevisiae and Sacch_boulardi), the ethanol concentration used were 8, 10, 12, 14, and 16%
of EtOH (v/v). For the rest of the species, the ethanol concentrations were 2, 4, 6, 8, and
10% of EtOH (v/v). Control cultures of each strain were grown in YPD medium without
ethanol. The growth of the tested strains was evaluated spectrophotometrically at ODsggo.
The survivability (S) of yeast was calculated according to the following formula:

0Dgoo_sample
= — X 0,
ODgoo control 100%

2.3.2. H2S Production

The tested strains were inoculated with a loop on Biggy Agar (Biomaxima, Lublin,
Poland) in Petri dishes and incubated at 28 °C for 48 h. The growth of colonies and their
change in the color to brown or black indicates the ability to produce H>S [35,36].

2.4. Parameters Related to Fermentation
2.4.1. Yeast Viability in Fermented Beverages

In order to assess the number of live yeast cells in underbeer, serial dilutions of the
samples were prepared in saline solution and 0.2 mL of each dilution was spread on Petri
dishes with YGC (yeast extract, glucose, chloramphenicol) agar (BTL, L.6dZ, Poland) on
days 0, 7, 14, and 30 and incubated at 28 °C for 72 h. After incubation, the colonies were
counted and their numbers were converted to 1 mL of beverage [37].

2.4.2. pH

The pH values were determined using a pH meter HI2210-02 (Hanna Instruments,
Olsztyn, Poland). The pH of the wort at the beginning was 6.71.

2.4.3. Titratable Acidity

Total titratable acidity (TTA) was determined according to Neffe-Skocinska et al., 2017
and Oliveira Alves et al., 2025 [38,39]. The samples were prepared by 10-fold dilution
of underbeer (10 mL of underbeer, 90 mL of distilled water) and titrating 100 mL of the
samples with 0.01 M NaOH. The value was expressed in g of acetic acid equivalent per liter
(g/L) and was calculated from the following equation:

TTA = ((Vnaon X 0.01 X 60.05)/V) X 10

where
Vnaon = volume of NaOH used in the titration (in mL);
0.01 = molarity of the NaOH solution used in titration (in mol/L);
60.05 = equivalent weight of acetic acid (60.05 g/mol);
V = volume of sample titrated (in mL);
10 =dilution factor.
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2.4.4. Fermentative Vigor

The fermentative vigor (FV) was evaluated as the weight loss in g of CO; to the
atmosphere during fermentation. The fermentation vessels were weighed at the beginning
of fermentation and days seven and fourteen [36].

2.4.5. ASBC Turbidity

The American Society of Brewing Chemists Turbidity (ASBC Turbidity) was evaluated
attime 0, 7, and 14 days according to the methodology used by Pyrovolou et al,, 2024 [40].

2.4.6. ASBC Color

Color measurement was performed at time 0, 7, and 14 days according to the method-
ology used by Pyrovolou etal., 2024 [40]. The EBC (European Brewery Convention) scale
is used to express color units. The color value in EBC units is determined using the
following formula:

Beer Color (EBC) = 25 X Asso.

2.4.7. High-Performance Liquid Chromatography Analysis

Samples collected after 7, 14, and 30 days were filtered using 0.22 pm pore size PTFE
membrane syringe filters and subsequently diluted with distilled water. The quantification
of post-fermentation products and substrate residues was conducted on the HPLC system
Dionex UltiMate 3000 (Thermo Scientific, Mundelein, IL, USA) comprised of a pump
(LPG-3400SD), an autosampler (WPS-3000SL), a column oven (TCC-3000SD), and Aminex
HPX-87H column (300 X 7.8 mm, Bio-Rad, Hercules, CA, USA). A measure of 3 mM sulfuric
acid aqueous solution was used as the mobile phase. A 20 pL sample was analyzed on a
column maintained at 60 °C with a flow rate of 0.5 mL/min. The absorbance of organic acids
at 210 nm was monitored using a UV-Vis detector (Dionex Ultimate, Thermo Scientific),
while a refractometric detector (RefractoMax 521, Thermo Scientific, Mundelein, IL, USA)
was employed to identify carbohydrates, ethanol, and glycerol [41]. Chromatograms were
analyzed using the Chromeleon 7.3 software suite (Thermo Scientific, Mundelein, IL, USA).

2.5. Statistical Analysis

Statistical analysis of the obtained results was carried out using Statistica ver.
13.3 (2017) for Windows (StatSoft Inc., Tusla, OK, USA). Two-way ANOVA followed by
Tukey HSD post hoc tests (p < 0.05) were used to compare the results for ethanol tolerance
(2-10% EtOH in 24 and 48 h) for strains no. 15, 16,101, 110, and 113, yeast viability (for
0, 7, 14, and 30 days), underbeer pH (7, 14, and 30 days), total titratable acidity (TTA) (for
7, 14, and 30 days), fermentative vigor (7 and 14 days), turbidity (0, 7, and 14 days) and
color (0, 7, and 14 days) for each strain. One-way ANOVA was used to evaluate the level of
ethanol tolerance (8-16% EtOH in 24 and 48 h) for strains no. 37 and SB and concentrations
of sugars, ethanol, and organic acids for each strain (for 0, 7, 14, and 30 days). Detailed
results (statistical significance) of the analyses are included in the Supplementary Materials.

3. Results

3.1. Properties of Strains Related to Beverage Production
3.1.1. Ethanol Tolerance

The change in cell number is presented as a percentage of growth decrease relative
to the control at the appropriate ethanol concentrations. For Saccharomyces spp. (strains
37_Sacch_cerevisiae and Sacch_boulardi), ethanol concentrations were in the range of
8-16% (v/v). For the rest of the species, ethanol concentrations were in the range of 2-12%
(v/v). The ethanol tolerances of Saccharomyces yeasts are presented at Figures 1 and 2. The
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strain with the highest ethanol tolerance is the strain 37_Sacch_cerevisiae, still presenting
about 32 and 23-29% survivability at 14 and 16% ethanol concentration after 24 and 48 h,
respectively; the next-highest is the strain Sacch_boulardi, which presents 25 and 18% for
14 and 16% of ethanol after 24 h, with a slight decrease following after 48 h. In the case of a
non-Saccharomyces yeast, 101_Pich_kudriavzevii showed the highest survival rate after
24 h of cultivation in the presence of 2, 6, and 8% ethanol, while after 48 h, 16_Hans_uvarum
showed higher survival rates in the presence of all tested concentrations of added ethanol.
Overall, even in the presence of 10% ethanol, yeasts survived at a rate of 25.5-35% after
24 h and 14.8-22.8% after 48 h, as is presented in Figures 3 and 4.

% 24h
X 60 8%
>
§ m10%
'g 40
2 m12%
i
8 20 14%
>
m16%
0
37 SB

Figure 1. Ethanol tolerance for Saccharomyces spp. strains (37 and SB) at various EtOH concentrations
after 24 h. Survivability of tested strains no. 37 and SB within 24 h in 8, 10, 12, 14, and 16% EtOH
(two-way ANOVA: strain: F(1,20) = 72,703, p = 0.00000, se =+ 0.004721; EtOH %: F(4,20) = 20,349,
p=0.00000; se + 0.007465; strain X EtOH %: F(4,20) = 25,313; p=0.00000, se £+ 0.0.010557). Statistical
significance of the analyses is included in the Supplementary Spreadsheet S1.
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3 14%
>

" 16%
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Figure 2. Ethanol tolerance for Saccharomyces spp. strains (37 and SB) at various EtOH concentrations
after 48 h. Survivability of tested strains no. 37 and SB within 48 h in 8, 10, 12, 14, and 16% EtOH
(two-way ANOVA: strain: F(1,20) = 83,267, p = 0.00000, se + 0.005503; EtOH %: F(4,20) = 24,112,
p=0.00000; se £ 0.008701; strain X EtOH %: F(4,20) =41,1991; p = 0.00000, se £ 0.012305). Statistical
significance of the analyses is included in the Supplementary Spreadsheet S1.
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Figure 3. Ethanol tolerance for non-Saccharomyces strains at various EtOH concentrations after 24 h.
Survivability of tested strains no. (15,16,101, 110, and 113) within 24 hin 0, 2,4, 6, 8,10, and 12% EtOH
(two-way ANOVA: EtOH %: F(5,62) = 27,461, p = 0.00000; se £+ 0.006318-0.014128; strain x EtOH %:
F(20,62) =25,563; p =0.00000, se £ 0.014128; One-Way ANOVA: strain: F(4,88) = 5.2884, p = 0.00073,
se = 0.063141-0.068200). Statistical significance is included in the Supplementary Spreadsheet S1.
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Figure 4. Ethanol tolerance for non-Saccharomyces strains at various EtOH concentrations after 48 h.
Survivability of tested strains no. (15, 16,101,110, and 113) within48 hin 0, 2,4, 6, 8,10, and 12% EtOH
(two-way ANOVA:; EtOH %: F(5,62) = 117.35, p = 0.00000, se & 0.006299-0.014084; strain X EtOH %:
F(20,62) = 40,080, p = 0.00000, se + 0.014084; One-Way ANOVA: strain: F(4,88) = 4.5875, p = 0.00206,
se £ 0.079084-0.085420). Statistical significance of the analyses is included in the Supplementary
Spreadsheet S1.

3.1.2. H;S Production

All tested strains with exception of 15_Hans_uvarum and 16_Hans_uvarum presented
the ability to produce H;S (brown and dark brown colonies on Biggy Agar).
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3.2. Parameters Related to Fermentation
3.2.1. Yeast Viability in Fermented Beverages

The viability of the yeast in the wort was assessed at days 0, 7, 14, and 30. Generally,
all of the strains presented growth within tested fermentation time, although some strains
(16_Hans_uvarum, 37_Sacch_cerevisiae, 101_Pich_kudriavzevii) presented a temporary,
slight decrease in the number of cells. The results presented in Figure 5 indicate that all
strains retained their viability above 10® CFU/mL throughout the entire analysis period.
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1.20x107
m0day
1.00x107

W 7days
8.00x10°

14 days
6.00x10°

30 days

Cells number [CFU/mL]
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2.00x10°

0.00
15 16 37 101 110 113 SB

Figure 5. Yeast viability at day 0, 7, 14, and 30. Survivability of tested strains no. (15, 16, 37, 101,
110, 113, and SB) within 0, 7, 14, and 30 days (two-way ANOVA: strain: F(5,60) = 15,718, p = 0.0000,
se £ 494,907.0; time: F(3,60) = 49,091, p = 0.0000; se = 386,886.6; strain X time: F(15,60) = 4.1785;
p = 0.00003, se = 699,904.1-989,813.9). Statistical significance of the analyses is included in the
Supplementary Spreadsheet S1.

3.2.2. pH

The pH results for whole period of fermentation are presented at Figure 6. The pH
decreased during the fermentation period for all tested strains, with the highest pH value
in 15_Hans_uvarum and the lowest pH value in Sacch_boulardi.

B 7 days
= 14 days

Underbeer pH

30 days

15 16 37 101 110 113 SB

Figure 6. Underbeer at day 0, 7, 14, and 30. pH of tested strains no. (15, 16, 37, 101, 110, 113,
and SB) within 7 and 14 day (two-way ANOVA: strain: F(5,45) = 49,379, p = 0.0000, se £ 0.082286;
time: F(2,45) =4.5594, p = 0.01574; se £ 0.055708; strain X time: F(10,45) = 0.37153; p = 0.95266,
se = 0.142523). Statistical significance of the analyses is included in the Supplementary Spreadsheet S1.
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3.2.3. Titratable Acidity

All the strains showed an increase in total titratable acidity (TTA) within the duration
of the experiment. The lowest TTA value was determined for the beverage made with
the strain 15_Hans_uvarum and the highest TTA value was in the beverage produced
by Sacch_boulardi during the experiment. The TTA ranged from 0.094 g of acetic acid
equivalent per liter for strain 15_Hans_uvarum to 0.97 g/L for control Sacch_boulardi at
day 7. For day 14 TTA ranged from 0.102 g/L of acetic acid equivalent per liter for strain
15_Hans_uvarum up to 1.02085 g/L for the control Sacch_boulardi. At day 30, the TTA
ranged between 0.114 g/L for the strain 15_Hans_uvarum and 1.085 g/L for the SB.

The results of the assay are presented in Figure 7.
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Figure 7. Total titratable acidity (TTA) of beverages produced by the tested strains. TTA of
tested strains no. (15, 16, 37, 101, 110, 113, and SB) within 7, 14, and 30 days (two-way ANOVA:
strain: F(5,24) =5.0736, p = 0.00259, se =+ 0.070830-0.100168; time: F(2,24) = 0.20727, p = 0.81424;
se £ 0.067814; strain X time: F(10,24) = 0.06997; p = 0.99994, se + 0.173497). Statistical significance of
the analyses is included in the Supplementary Spreadsheet S1.

3.2.4. Fermentative Vigor

The fermentative vigor (FV) was evaluated as weight loss expressed as g of CO;
(v/v) per 100 mL of wort. The fermentation vessels were weighted at the beginning of
fermentation and days 7 and 14. The difference in fermentative vigor was strain-dependent
and increased during the fermentation period. The strain 15_Hans_uvarum presented the
lowest FV both at 7 d and 14 d (acc. 0.357 g and 0.557 g). Conversely, the control strain,
Sacch_boulardi, presented the highest FV on days 7 and 14 (acc. 6.587 g and 10.83 g).

The results of the assay are presented in Figure 8.
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Figure 8. Fermentative vigor of the tested yeast strains. Fermentative vigor of tested strains no. (15, 16,
37,101,110, 113, and SB) within 7 and 14 days (two-way ANOVA: strain: F(6,28) = 46,242, p =0.00000,
se £ 0.427739; time: F(1,28) = 57,659, p = 0.00000; se £ 0.228636; strain X time: F(6,28) = 7.0805;
p = 0.00012, se £ 0.604914). Statistical significance of the analyses is included in the Supplementary
Spreadsheet S1.

3.2.5. ASBC Turbidity

The results of turbidity assay at days 0, 7, and 14 are presented in Figure 9. Almost all
the tested strains presented increases in turbidity within the whole fermentation period,
except the strains 15_Hans_uvarum, 37_Sacch_cerevisiae, and Sacch_boulardi. In the case
of the strains 15_Hans_uvarum and 37_Sacch_cerevisiae, turbidity remained quite similar
for the entire fermentation period, although 101_Pich_kudriavzevii and Sacch_boulardi
showed slight decreases in turbidity at day 14.
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Figure 9. ASBC Turbidity of the tested underbeers. Results of the turbidity of tested strains
no. (15, 16, 37, 101, 110, 113, and SB) within 0, 7, and 14 days (two-way ANOVA: strain:
F(5,45) = 44,535, p=0.0000, se £ 0.081080; time: F(2,45) = 17,763, p = 0.0000, se + 0.054891;
strain X time: F(10,45) =21,912; p = 0.0000, se £ 0.099302-0.140435). Statistical significance of the
analyses is included in the Supplementary Spreadsheet S1.
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3.2.6. ASBC Color

ASBC Color was assessed at days 0, 7, and 14. The higher the ASBC Beer Color value,
the darker the color of the beer. Light beers usually are in the range of 1.5-3.0 ASBC color
units, pale and amber beers in the range of 3.0-15.0, and dark beers in the range of 15.0-200
and more [42]. The results of the color assay are presented in Figure 10.
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Figure 10. ASBC Color (EBC units) of the underbeers produced by the selected yeast strains. Results
in the color assay of tested strains no. (15, 16, 37, 101, 110, 113, and SB) within 0, 7, and 14 days
(two-way ANOVA: strain: F(5,45) =19,232,p =0.0000, se = 0.365406-0.516763; time: F(2,45) =4.2397,
p =0.02056; se = 0.349850; strain X time: F(10,45) = 5.7225; p = 0.00002, se £+ 0.632903-0.895059).
Statistical significance of the analyses is included in the Supplementary Spreadsheet S1.

3.2.7. High-Performance Liquid Chromatography Analysis

The wort prepared after sterilization and before inoculation contained carbohydrates:
glucose (35.26 g/L) and fructose (30.42 g/L), originating from the hydrolysis of sucrose
and complexed carbohydrates (104.30 g/L) containing products of partial starch hydrolysis
released during grain roasting (e.g., maltodextrin) and inulin present in chicory (reten-
tion times were the same under separation conditions). The small amount of citric acid
(0.13 g/L), which was a component of the mixture as an acidity regulator, was also de-
tected. During incubation, changes in the sugar content occurred in the wort due to their
assimilation by yeast cells and metabolism (including ethanol fermentation). Detailed data
on substrate consumption by six strains of potentially probiotic yeasts and Sacch_boulardi
are presented in Figure 11A-C. Significant changes in the composition of the wort were
observed within the first days of fermentation, which depended on the yeast used. It is
clearly visible that the monosaccharides glucose and fructose were used the fastest by
Sacch_boulardi, at 28.68 g/L and 13.87 g/L, respectively. The strain 37_Sacch_cerevisiae
assimilated 15.47 g/L glucose and 7.97 g/L fructose and was the best in assimilation of the
complexed sugars. M. pulcherrima and P. kudriavzevii yeasts assimilated 16.36-27.45% of
glucose and 15.94-30.86 of fructose at that time, and H. uvarum strains assimilated sugars
the least, about 10-11% of glucose and 12-13% of fructose. The consumption of complexed
carbohydrates was also low. Rapid sugar consumption was compatible with ethanol pro-
duction (Figure 12), and the highest amount was produced by Sacch_boulardi, with as much
as 22.51 g/L after 7 d, while 37_Sacch_cerevisiae produced 8.4 g/L of ethanol during this
time and 110_Metsch_pulcherrima, 101_Pich_kudriavzevii, and 113_Metsch_pulcherrima
produced 4.91 g/L, 1.29 g/L, and 1.07 g/L, respectively. Both strains of H. uvarum were
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not able to produce ethanol in the conditions used. In Saccharomyces yeast, an increase in
citric acid concentration was observed above the concentration in the broth by 0.1 g/L
and 0.42 g/L for strains 37_Sacch_cerevisiae and Sacch_boulardi, respectively (Figure 13C).
Tartaric acid was also detected in small amounts during fermentation carried out by Sac-
charomyces spp., with 1.63 g/L and 0.71 g/L for Sacch_boulardi and 37_Sacch_cerevisiae,
respectively, and by 110_Metsch_pulcherrima, with 0.15 g/L (Figure 13A). Malic acid
appeared in the cultures of all strains in concentrations of 0.16-0.39 g/L, with the excep-
tion of 110_Metsch_pulcherrima, where 1.27 g/L was detected after 7 d of fermentation
(Figure 13B). In the following weeks, when the batches were stored at refrigeration tem-
perature, Saccharomyces yeast consumed glucose and fructose slowly and also produced
ethanol to final concentrations of 9.69 g/L for 37_Sacch_cerevisiae and 24.27 g/L for
Sacch_boulardi. Ethanol was also present throughout the duration of the experiment in
the 110_Metsch_pulcherrima culture (up to 6.20 g/L). The remaining yeasts also assim-
ilated sugars slowly but showed no metabolic activity. During the storage of samples
in refrigerated conditions, stabilization of the composition of the beverages was visible
(Figures 12 and 13A-C).
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Figure 11. Changes in the concentration of glucose (A), fructose (B), and complex carbohydrates
(€) (g/L) in underbeer fermented with various yeast strains (SB, 15, 16, 37, 101, 110, and 113) and
a control sample after 7, 14, and 30 days of fermentation. Bars represent mean values + standard
deviation (n = 3). Colored asterisks (*) indicate statistically significant differences (p < 0.05) between
all the strains and the control within the same time point (7, 14, or 30 days), as determined by Tukey’s
HSD test (Supplementary Spreadsheet S2).
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Figure 12. Changes in the concentration of ethanol (g/L) in underbeer fermented with various yeast
strains (SB, 15, 16,37, 101, 110, and 113) and a control sample after 7, 14, and 30 days of fermentation.
Bars represent mean values * standard deviation (n = 3). Colored asterisks (*) indicate statistically
significant differences (p < 0.05) between all the strains and the control within the same time point (7,
14, or 30 days), as determined by Tukey’s HSD test (Supplementary Spreadsheet S3).
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Figure 13. Changes in the concentration of tartaric acid (A), malic acid (B) and citric acid (C) (g/L)
in underbeer fermented with various yeast strains (SB, 15, 16, 37, 101, 110, and 113) and a control
sample after 7, 14, and 30 days of fermentation. Bars represent mean values % standard deviation
(n = 3). Colored asterisks (*) indicate statistically significant differences (p < 0.05) between all the
strains and the control within the same time point (7, 14, or 30 days), as determined by Tukey’s HSD
test (Supplementary Spreadsheet S3).
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4. Discussion

In the experiment, yeasts with probiotic potential were used as starter monocultures
for the production of a traditional Polish fermented beverage called underbeer, which
belongs to the group of low-alcohol or non-alcoholic products. The yeast strains were
initially tested for tolerance to ethanol as a stress agent and their ability to produce H:S,
as these are characteristics describing starter cultures. The analysis showed differences
between strains in ethanol tolerance according to expectations for both Saccharomyces and
non-Saccharomyces yeast. Taking into account S. cerevisiae strains, such performance is
comparable to classical wine Saccharomyces strains, which commonly ferment to 12-15%
ethanol concentration [43-45]. Results obtained for the strain Sacch_boulardi (S. cerevisiae
var. boulardii CNCM [-745) align with the ethanol tolerance assay presented by Ramirez-
Cota et al,, 2020 [30]. In the case of non-Saccharomyces yeasts, strains 15 and 16, belonging
to H. uvarum, showed slight growth even at 10% ethanol, which is consistent with Matraxia
et al’s, 2021, observation [17]. These strains showed very limited ethanol tolerance, in
line with their known role as early-phase fermenters in wine and cider [46,47], which may
depend on the incubation temperature [22]. Both H. uvarum strains failed to propagate
vigorously once ethanol exceeded 6-8%, which matches numerous literature reports for
this genus [46-51]. The strain 101_Pich_kudriavzevii showed a moderate ethanol toler-
ance, better than Metschnikowia strains but still lower than Saccharomyces. So, for practical
purposes, this Pichia strain could actively grow up to around 6-8% ethanol. This behavior
aligns with literature: Pichia kudriavzevii is often noted to tolerate around 7% ethanol in
traditional fermentation environments [52]. The strain’s limit (8% with slight growth) is
slightly above that typical range but still far below S. cerevisiae’s typical ethanol tolerance
threshold [23,44]. Both of the M. pulcherrima strains (110 and 113) proved to be quite sen-
sitive to ethanol, which aligns with literature observations, where Metschnikowia strains
usually show survivability in 3-5% ethanol and are used mainly in cofermentation with
Saccharomyces cerevisiae [53-55].

Another important feature of the yeast used in fermentation processes is H3S. This
sulfur compound is of great importance in industries producing alcoholic beverages such
as wine, beer, or cider. Most often, yeast produces it as a result of the reduction of inorganic
sulfur compounds, most commonly from sulfides released during the decomposition of
organic compounds. For example, the amount of H,S during beer fermentation is related
to the boiling time of the wort. H,S was suggested to play metabolic and protective roles in
the cell during the early phase of fermentative transition, where a time-critical nutritional
switch and oxidative stress response occur [56]. The process of releasing this compound has
been fairly well understood for Saccharomyces yeasts [57]. Our isolates 37_Sacch_cerevisiae
and Sacch_boulardii also showed the ability to produce H;S on BIGGY agar. Positive results
were obtained for all strains with the exception of Hanseniaspora uvarum strains and were
typical for individual species [17,56,57].

The monocultures of studied yeasts were used for fermentation of the prepared wort
based on roasted barley grain, chicory root and hops. Yeast viability during fermentation
plays a crucial role in both fermentation efficiency and the stability of the final product, and
in the context of probiotic food products, survivability of probiotic strains is a key [30,58-61].
Slight fluctuations in yeast counts observed during fermentation may be related to stress
responses initiated by challenging environmental conditions during fermentation. Such
stressors, like rising ethanol levels, nutrient shortages, changes in osmotic pressure, etc.,
trigger survival mechanisms. These include metabolism shifts and changes in gene expres-
sion levels, which can temporarily reduce yeast growth or viability. Research indicates
that these stress responses are key to how yeast adapts, and they often lead to short-term
declines in cell counts during fermentation [61-66]. All of the tested strains exceeded the



Foods 2025, 14,2921

15 of 22

minimum viable cell count of 10® recommended by World Health Organization (WHO),
which suggests their potential use in probiotic underbeer preparation in the context of
survivability during fermentation [7,67]. Additionally, taking into account the size of the
typical served portion of underbeer (250-500 mL), the viable cell count of 10° suggested
by other authors should be reached [68]. The yeast remained viable throughout the entire
storage period (1 month). Our result are in agreement with Hinojosa-Avila, 2025 [13], who,
during the production of beer based on mixed wort, found that commercial S. cerevisiae var.
boulardii yeast reached 6.2 Log CFU/mL at the end of fermentation, whereas Mulero-Cerezo,
when trying to use S.cerevisiae var. boulardii to produce probiotic craft beer, obtained a cell
count of 8.3 x 10® CFU/mL.

The fermentation process lasted 14 days at room temperature, after which the products
were stored in a refrigerator. Fermentation conditions were standardized for all strains due
to the preliminary nature of the research and the possibility of comparing yeast performance.
Certainly, in order to achieve optimal results, fermentation requires optimization with re-
spect to temperature, pH, culture time, and oxygen access, depending on the preferences of
individual strains. Analyses of underbeers conducted in terms of substrate consumption,
basic metabolites production, and fermentation vigor indicate the fermentative activity of
the yeast. The analyses showed that Sacch_boulardii was the most active, utilizing sugars
the fastest, exhibiting the highest fermentation vigor, and producing the highest concentra-
tions of ethanol, tartaric acid, and citric acid. The next strain was the wine-derived isolate
37_Sacch_cerevisiae, which had lower activity in the wort environment but maintained a
similar trend. These Saccharomyces spp. strains exhibited one of the highest levels of CO;
production from all tested yeasts, underscoring their vigorous fermentative capability. Such
characteristics make them suitable for fermentations aimed at rapid conversion of sugars
to alcohol and CO,, which aligns well with previous studies in the field of beer fermenta-
tions [69-71]. It should be emphasized that the commercial probiotic yeast S. cerevisiae var.
boulardii was used by other researchers to produce probiotic beer with good results [10,12].
Silva stated that wheat and sour beers can be highlighted as useful matrices to deliver
probiotic strains, and Gutiérrez-Nava confirmed the usefulness of barley wort as a potential
medium to produce probiotic beverages with the yeast S. boulardii. At the opposite end of
the spectrum were the H. uvarum strains, also derived from wine, which, however, did not
perform well in the wort environment, as they consumed little sugar, had very low fermen-
tation vigor, and did not produce ethanol. In general, Hanseniaspora yeasts are glucophilic in
nature, but they do not completely consume the sugars in grape must. Ethanol production,
on the other hand, is species-dependent, and these yeasts are mainly known for the pro-
duction of aromatic compounds and acids. On the other hand, Hanseniaspora does not have
the ability to assimilate maltose, and only a few species of this genus can utilize sucrose.
Therefore, they are not considered components of the natural microbiota of grain-based
fermentation, but their use is in line with the trend towards the production of low-alcohol or
non-alcoholic beers [17,25]. The isolates 101_Pich_kudriavzevii, 110_Metsch_pulcherrima,
and 113_Metsch_pulcherrima had slightly higher fermentation activity, especially strain 110,
which produced ethanol and a lot of malic acid. Additionally, one strain of Metschnikowia
pulcherrima (113_Metsch_pulcherrima) presented high FV at 14 d, with 6.76 g compared to
only 0.44 g at day 7, which might be caused by the evolutionary adaptation of the strain
during the fermentation process [62,72]. The adaptive mechanisms of Metschnikowia yeast
to fermentation environments have been studied to some extent at various levels: genetic,
cellular, and extracellular (cellular response). In-depth research by Sipiczki et al, 2024,
comprehensively explains the unique adaptive abilities of these yeasts at the genetic level
due to the presence of a chimeric genome structure (heterozygosity, multiple gene alleles)
and gene regulation, which allows for the switching of allele expression to suit conditions
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and further adaptation of metabolism to the environment [73]. It is very interesting that
these yeasts assimilated sugars poorly and used them mainly for growth, as evidenced by
the number of live yeast cells analyzed during the experiment.

During and after fermentation, the selected underbeers’ properties were examined on
the basis of beer characteristics such as pH, titratable acidity, turbidity, and color [13]. The
acidity analysis was consistent with the pH and metabolite analysis, as the highest acidity
and lowest pH were correlated with the highest concentrations of acids produced by the
tested yeasts.

Turbidity is considered a decrease in a liquid’s transparency due the presence of
undissolved substances, and turbidity is very often indicative of biomass formation, yeast
suspension, and the colloidal stability of a beverage. With progressing fermentation, floc-
culating strains begin to sediment, reducing turbidity, while non-flocculating strains may
maintain high levels of suspended cells. However, increased turbidity over time is not
always solely attributable to biomass growth. Other contributing factors include the accu-
mulation of extracellular polysaccharides, mannoproteins, and B-glucans released during
autolysis or cell wall remodeling [74,75]. These macromolecules can increase colloidal
instability and haze formation in the liquid phase. Additionally, mannoproteins might
provide various prohealth properties such as prebiotic, antimicrobial, immunostimulat-
ing, and antioxidant activities [76]. The release of vesicles and exometabolites into the
medium during late fermentation stages can affect turbidity levels [74,77,78]. The level of
turbidity may vary during incubation, and decreases in its value may indicate the ability
of a yeast to form aggregates and sediments at the bottom of fermentation vessels, as was
observed for 101_Pich_kudriavzevii and Sacch_boulardi at 14 days. Such an observation
could result from increased flocculation activity or partial cell sedimentation during the
final fermentation stage, which might be connected with reduced metabolic activity of
yeast and lower amount of excreted extracellular metabolites, which can also affect the
turbidity [69]. Additionally, autolysis processes might lead to partial clarification as larger
colloidal particles settle or degrade [79].

All yeast strains increased the titratable acidity (TTA) of the beverage during
fermentation, which is a typical outcome due to the production of organic acids by
yeast metabolism [80,81]. Both Saccharomyces spp. strains (37_Sacch_cerevisiae and
Sacch_boulardi) exhibited the highest TTA, reflecting their robust metabolic activity and
known acidification capacity. This high level of acid production is consistent with their role
in wine and beer fermentation, where they generate various acids such as acetic, succinic,
and lactic acids as byproducts of their metabolism [81-83]. Strains 15_Hans_uvarum and
16_Hans_uvarum showed low increases in acidity during the whole fermentation period,
which is consistent with the observations of other authors where H. uvarum contributes to
acidification through limited acetic acid production that could enhance freshness perception
in fermented beverages [50,84,85]. Both M. pulcherrima strains (110_Metsch_pulcherrima
and 113_Metsch_pulcherrima) presented values of TTA between those of the tested strains
belonging to Hanseniaspora and Saccharomyces. This observation is consistent with prior
studies showing that M. pulcherrima produces relatively fewer organic acids, partly due to
its lower fermentative capacity and slower metabolism [53,72,86-88].

The color of all tested samples changed throughout the experiment and did not show
any trend or tendency related to the species or fermentation period, which allows us to as-
sume that this is a strain-specific feature of the tested yeasts. All underbeers were classified
as pale and amber beers, taking into account EBC values. However, the following trends
can be observed by analyzing the obtained results: (1) Gradual color reduction (strain
15_Hans_uvarum): characterized by a consistent decline in EBC values across time points.
This may reflect steady polyphenol adsorption or enzymatic transformation processes,
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often associated with yeasts’ metabolic activity [81,89]. (2) Gradual color increase (strain
16_Hans_uvarum): characterized by a consistent increase in EBC values across time points,
which may result from progressive pigment release from ingredients due to mild enzymatic
activity or structural disruption of material matrices. Moreover, limited pigment adsorption
to yeast cell walls and continued extraction in a low-ethanol environment could explain
this rise [89-91]. (3) Initial increase followed by decline (strains 101_Pich_kudriavzevii and
110_Metsch_pulcherrima): those two strains showed a temporary rise in color intensity be-
fore a drop. This could be due to delayed autolysis, cell wall disruption, or pigment release
followed by precipitation or adsorption of color-related substances by [92,93]. (4) Initial
decrease followed by increase (strains 37_Sacch_cerevisiae, 113_Metsch_pulcherrima, and
Sacch_boulardi): such a pattern may reflect early adsorption of polyphenols onto yeast
cell walls or enzymatic transformation, reducing color initially. In later stages, autolysis or
changes in cell surface chemistry may result in the release of previously bound pigments
into the medium [92,93].

Our study is part of the current trend of searching for optimal food matrices for pro-
biotic and potentially probiotic yeasts in order to obtain functional products. In recent
years, there has been an intense increase in research on the use of unconventional yeasts,
e.g., Pichia, Debaryomyces, Kluyveromyces, Metschnikowia, and others, for the production
of fermented beverages such as low-alcohol and non-alcoholic beers, ciders, kombucha,
and other plant-based fermented beverages [1,2,6,8]. The results presented here are only a
preliminary step towards further research, which can be conducted in many ways: (1) the
use of yeast monocultures or yeast co-cultures or yeast-bacterial co-cultures, (2) the addi-
tion of health-promoting additives, e.g., prebiotics; (3) the optimization of fermentation
conditions and upscaling. These research proposals have a chance of being implemented,
as market trends in recent years are optimistic. According to Research and Market, the
global probiotics market was worth approximately USD 59.3 billion in 2022, and estimates
predict strong growth to approximately USD 91.7 billion by 2030. Bacteria are the main
segment of probiotics, but the yeast segment is expected to see dynamic growth over the
next 8 years [2]. According to an analysis by Future Market Insight, the probiotic beverage
market will grow from USD 22,069 million to USD 43,009 million by 2035, reflecting con-
sumers’ ever-increasing awareness of health and well-being and the prevention of many
diseases [94]. The functional beverage category is expanding through the introduction of,
among other things, dairy-free options, i.e., plant-based alternatives. The growing interest
of societies on all continents in functional probiotic beverages is forcing the adaptation
of appropriate global legal regulations for manufacturers, as can be learned from a de-
tailed article by Mukherjee et al,, 2022 [95]. In summary, in the context of the research
conducted, it is certainly worthwhile to continue it by following the latest market trends
and consumer expectations.

5. Conclusions

All of the tested probiotic yeast strains presented the ability to conduce underbeer
fermentation. None of the tested strains presented properties above expectations for
already-examined strains belonging to the same genus in the context of beverage fermen-
tation. However, due our previous findings regarding the probiotic potential of the yeast
strains used in the study and the inulin presented in underbeer wort, the study can be
a starting point for further research on aspects of the production of both probiotic and
synbiotic beverage preparations, as well as an impulse to search for often-forgotten regional
products that can be an interesting base for probiotic products.
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