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Streszczenie

Sklad i wlasciwosci biochemiczne fermentowanych napojéow z nasion roslin

straczkowych

Celem prezentowanej pracy bylo opracowanie fermentowanych napojow
roslinnych z fasoli bialej i soczewicy brazowej, z zastosowaniem wybranych procesow
technologicznych, poprawiajacych ich warto§¢ odzywcza i zawarto$¢ sktadnikow
bioaktywnych. Sformutowano cztery hipotezy badawcze, ktore zweryfikowano poprzez
realizacj¢ badan podzielonych na etapy. Badania rozpoczeto od produkcji napojow
roSlinnych z fasoli bialej i soczewicy brazowej. Nastepnie dobrano optymalne
parametry procesow kietkowania i fermentacji. Proces fermentacji analizowano z
wykorzystaniem trzech przemystowych kultury starterowych (YO-MIX 207, ABY-3 i
Beaugel Soja 1), zawierajacych bakterie z rodzajow Lactobacillus, Streptococcus i
Bifidobacterium, oceniajac ich wpltyw na pH i populacje mikroflory w napojach
fermentowanych. Nastepnie przeprowadzono charakterystyke wartosci odzywczej,
wlasciwosci fizycznych i wlasciwosci biochemicznych badanych produktow, analizujac
wplyw procesOw kietkowania i fermentacji na badane parametry. Warto$¢ odzywcza
okreslono na podstawie analizy zawarto$ci biatka, thuszczu, wybranych weglowodanow,
witamin z grupy B 1 blonnika, a takze analize profilu i1 rozmieszczenia kwasow
thuszczowych ~w  czasteczkach  triacylogliceroli i indeksu  glikemicznego.
Charakterystyke wlasciwosci fizycznych przeprowadzono analizujac parametry barwy,
stabilno$¢, wielko$¢ czastek 1 wilasciwos$ci reologiczne. Wtasciwosci biochemiczne
analizowano poprzez oznaczenie zawartosci fenoli, zdolnosci do inhibicji rodnika
DPPH, zawarto$ci aglikonéw izoflawonow 1 profilu lotnych zwigzkéw. Dokonano
réwniez analizy wptywu kietkowania, fermentacji 1 dodatku smakowego na
charakterystyke sensoryczng badanych napojoéw roslinnych.

Badanie wykazato, ze proces fermentacji z wykorzystaniem analizowanych
kultur starterowych pozwolil na uzyskanie produktéw o pH charakterystycznym dla
mlecznych napojéw fermentowanych (okoto 4,5) 1 wysokiej liczebnosci zywych
komoérek mikroorganizméow (> 107 jtk/cm®) w calym okresie przechowywania.
Wskazuje to, ze napoje roslinne z fasoli bialej i soczewicy brazowej stanowig

odpowiednig matryc¢ do procesu fermentacji. Najkorzystniejsza okazata si¢ fermentacja



z kulturami starterowymi o jak najbardziej zréznicowanym skladzie gatunkowym
mikroorganizmow (YO-MIX 207 i ABY-3), co wynika z synergistycznego dzialania
bakterii z rodzajow Lactobacillus, Streptococcus i Bifidobacterium. Przedstawione
badania dowodzg, ze zaréwno proces kietkowania, jak i fermentacji ma wpltyw na
wlasciwo$ci napojow z fasoli biatej 1 soczewicy brazowej. Mikroorganizmy
odpowiadajace za fermentacj¢ badanych napojow produkowaty wybrane witaminy z
grupy B i inicjowaly przemiany enzymatyczne prowadzace do zwigkszenia zawartoSci
wybranych izoflawondéw, modyfikacji profilu lotnych zwigzkéw 1 zmniejszenia
zawarto$ci wybranych oligosacharyddéw. Proces kietkowania nasion fasoli 1 soczewicy
prowadzil do aktywacji enzyméw modyfikujacych strukture surowca i inicjujacych
syntez¢ nowych sktadnikéw komodrkowych, co prowadzitlo do modyfikacji profilu
weglowodanowego 1 profilu lotnych zwigzkow, a takze zwigkszenia zawartos$ci bialka,
wybranych izoflawonéw i witamin z grupy B w otrzymanych napojach roslinnych.
Badane napoje z fasoli bialej scharakteryzowano jako ciecze lepkosprezyste o strukturze
zawiesiny koloidalnej. Kietkowanie wplynelo na zmiany wielkos$ci czastek, co
bezposrednio determinuje warto$ci wybranych parametrow reologicznych i stabilnos¢
uktadu. Wtasciwosci fizyczne napojow z fasoli byly jednak ksztaltowane glownie w
wyniku zastosowanych proces6w technologicznych, a przede wszystkim homogenizacji
wysokocis$nieniowej, ktéra umozliwia otrzymanie produktu o wysokiej stabilnosci.
Napoje bazowe z fasoli biatej 1 soczewicy brazowej charakteryzowaty si¢ dos$¢ niska
ogolng jakoscig sensoryczng. Zastosowanie procesu kietkowania nie wptyneto
negatywnie na ten parametr, za$ fermentacja wplynela na jego istotne obnizenie.
Dodatek wsadu owocowego okazal si¢ najkorzystniejsza strategia zwigkszania
atrakcyjnosci  sensorycznej, a w szczegdlnoSci zmniejszania wyczuwalnos$ci
niekorzystnych zapachow i smakow (m.in. straczkowych i skrobiowych). Potaczenie
roznorodnych proceséw biotechnologicznych, takich jak fermentacja 1 kietkowanie,
stanowi optymalne rozwigzanie w produkcji napojow na bazie fasoli i soczewicy.
Pozwala to na kompleksowa poprawe wlasciwosci odzywczych otrzymanych

produktéw, ktore jednoczesnie petnig funkcje nosnika bakterii probiotycznych.

Stlowa kluczowe: napoje roslinne, rosliny straczkowe, fermentacja, kietkowanie,

substytuty mleka



Abstract

The composition and biochemical properties of fermented legume—based beverages

The presented study aimed to develop fermented bean—based and lentil-based—
beverages, using selected technological processes that improve their nutritional value
and content of bioactive compounds. Four research hypotheses were formulated and
verified by conducting research divided into stages. The research commenced with the
production of plant-based beverages utilizing white beans and brown lentils.
Subsequently, optimal parameters for germination and fermentation processes were
determined. The fermentation was analyzed using three industrial starter cultures (YO-
MIX 207, ABY-3 and Beaugel Soja 1), containing bacteria from the genera
Lactobacillus, Streptococcus and Bifidobacterium, assessing their effect on pH and the
population of microflora in fermented beverages. Then, the nutritional value, physical
properties and biochemical properties of the tested products were characterized,
analyzing the effect of the germination and fermentation processes on the analyzed
parameters. "The nutritional value was determined based on an analysis of protein, fat,
selected carbohydrates, B vitamins, and fiber content, as well as an analysis of the
profile and distribution of fatty acids in triacylglycerol molecules and the glycemic
index. The physical properties were characterized by analyzing the color, stability,
particle size and rheological properties. Biochemical properties were analyzed by
determining the content of phenols, the ability to inhibit the DPPH radicals, the content
of isoflavone aglycones and the profile of volatile compounds. The effect of
germination, fermentation and flavoring on the sensory characteristics of the plant—
based beverages was also analyzed.

The study showed that the fermentation using the analyzed starter cultures
allowed obtaining products with a pH characteristic of fermented milk beverages
(approx. 4.5) and a high number of microorganisms (>107 cfu/cm®) throughout the
storage period. This indicates that plant-based beverages from white beans and brown
lentils are a suitable matrix for the fermentation process. The most beneficial was
fermentation with starter cultures with the most diverse species composition of
microorganisms (YO-MIX 207 and ABY-3), which results from the synergistic action
of bacteria from the genera Lactobacillus, Streptococcus and Bifidobacterium. The



presented studies show that the germination and fermentation affect the properties of
bean—based and lentil-based beverages. The microorganisms responsible for the
fermentation of the investigated beverages produced selected B vitamins and initiated
enzymatic transformations leading to an increase in the content of selected isoflavones,
modification of the volatile compound profile, and a decrease in the content of selected
oligosaccharides. The germination of bean and lentil seeds led to the activation of
enzymes modifying the structure of the raw material and initiating the synthesis of new
cellular components, which led to the modification of the carbohydrate profile and the
profile of volatile compounds, as well as an increase in the content of protein, selected
isoflavones and B vitamins in the obtained plant—based beverages. The bean—bases
beverages were characterized as viscoelastic liquids with a colloidal suspension
structure. Germination influenced changes in particle size, which directly determines
the values of selected rheological parameters and the stability of the product. However,
the physical properties of bean—based beverages was mainly shaped by the applied
technological processes, especially by high—pressure homogenization, which allows
obtaining a product with high stability. The base bean-based and lentil-based
bevearages were characterized by a relatively low overall sensory quality. The
application of the germination did not negatively affect the sensory quality, while
fermentation significantly reduced it. The addition of fruit pulp proved to be the most
beneficial strategy for increasing sensory quality, primarily by reducing the
perceptibility of unfavorable odors and flavors (including leguminous and starchy ones).
The combination of various biotechnological processes, such as fermentation and
germination, is an optimal solution in the production of bean—based and lentil-based
beverages. This allows for a comprehensive improvement of the nutritional properties

of the obtained products, which at the same time act as a carrier of probiotic bacteria.

Key words: plant-based beverages, legumes, fermentation, germination, milk
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Wykaz skrotow i oznaczen

— |n*| - lepkos$¢ zespolona

— a* —barwa czerwona/zielona

— b* — barwa niebieska/zotta

— BS —rozproszenie wsteczne

— C* —nasycenie

— DPPH - rodnik 2,2—difenylo—1-pikrylohydrazylowy

— G’ — modut sprezystosci

— G”’ — modut lepkosci

— GC-—FID — chromatografia gazowa z detektorem ptomieniowo—jonizacyjnym

— GC/MS — chromatografia gazowa sprzezona ze spektrometrig mas

— h*—odcien

— HPLC — wysokosprawna chromatografia cieczowa

— 1G —indeks glikemiczny

— Kk —wspotczynnik konsystencji

— L*—jasnos¢

— LAB — bakterie kwasu mlekowego

— MUFA — jednonienasycone kwasy tluszczowe

— n—wspodtczynnik plynigcia

— NF —nap0j z fasoli

— NF+ABY-3 — nap0j z fasoli fermentowany z kultura ABY—-3

— NF+BS — napoj z fasoli fermentowany z kulturg Beaugel Soja 1

— NF+owoc — napdj z fasoli z dodatkiem wsadu malinowo—Zurawinowego

— NF+YO-MIX —nap¢j z fasoli fermentowany z kulturg YO-MIX 207

— NFK —nap¢j z fasoli skietkowanej

— NFK+ABY-3 — nap6j z fasoli skietkowanej, fermentowany z kulturg ABY—3

— NFK+BS — nap6j z fasoli skietkowanej, fermentowany z kulturg Beaugel Soja 1

— NFK+YO-MIX — napoj z fasoli skielkowanej, fermentowany z kulturg YO-
MIX 207

— NFKp — nap9j z fasoli skietkowanej, przechowywany przez 21 dni w temp. 6 °C

— NFKp+ABY-3 — nap¢j z fasoli skietkowanej, fermentowany z kultura ABY-3,
przechowywany przez 21 dni w temp. 6 °C
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NFKp+BS — nap6j z fasoli skietkowanej, fermentowany z kultura Beaugel Soja
1, przechowywany przez 21 dni w temp. 6 °C

NFKp+YO-MIX — nap6j z fasoli skietkowanej, fermentowany z kulturg YO—
MIX 207, przechowywany przez 21 dni w temp. 6 °C

NFp — napoj z fasoli, przechowywany przez 21 dni w temp. 6 °C

NFp+ABY-3 — napdj z fasoli fermentowany z kultura ABY-3, przechowywany
przez 21 dni w temp. 6 °C

NFp+BS — napdj z fasoli fermentowany z kultura Beaugel Soja 1,
przechowywany przez 21 dni w temp. 6 °C

NFp+YO-MIX — napdj z fasoli fermentowany z kulturg YO-MIX 207,
przechowywany przez 21 dni w temp. 6 °C

NS — napdj z soczewicy

NS+ABY-3 — nap6j z soczewicy fermentowany z kulturg ABY—3

NS+BS — napdj z soczewicy fermentowany z kulturg Beaugel Soja 1

NS+owoc — napdj z soczewicy z dodatkiem wsadu malinowo—zurawinowego
NS+YO-MIX —napgj z soczewicy fermentowany z kulturg YO-MIX 207

NSK — napdj z soczewicy skietkowanej

NSK+ABY-3 — napdj z soczewicy skietkowanej, fermentowany z kulturg
ABY-3

NSK+BS — nap6j z soczewicy skietkowanej, fermentowany z kulturg Beaugel
Sojal

NSK+YO-MIX — napdj z soczewicy skietkowanej, fermentowany z kultura
YO-MIX 207

NSKp — nap¢j z soczewicy skielkowanej, przechowywany przez 21 dni w temp.
6°C

NSKp+ABY-3 — napdj z soczewicy skietkowanej, fermentowany z kulturag
ABY-3, przechowywany przez 21 dni w temp. 6 °C

NSKp+BS — napdj z soczewicy skietkowanej, fermentowany z kulturg Beaugel
Soja 1, przechowywany przez 21 dni w temp. 6 °C

NSKp+YO-MIX — napdj z soczewicy skietkowanej, fermentowany z kultura
YO-MIX 207, przechowywany przez 21 dni w temp. 6 °C

NSp — napoj z soczewicy, przechowywany przez 21 dni w temp. 6 °C
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NSp+ABY-3 — napdj z soczewicy fermentowany z kultura ABY-3,
przechowywany przez 21 dni w temp. 6 °C

NSp+BS — nap6j z soczewicy fermentowany z kulturg Beaugel Soja 1,
przechowywany przez 21 dni w temp. 6 °C

NSp+YO-MIX — napdj z soczewicy fermentowany z kulturg YO-MIX 207,
przechowywany przez 21 dni w temp. 6 °C

PUFA — wielonienasycone kwasy tluszczowe

QDA — ilosciowa analiza opisowa

SFA — nasycone kwasy tluszczowe

TAG — triacyloglicerole

TSI — wskaznik stabilnosci Turbiscan

UFA — nienasycone kwasy tluszczowe

AE — catkowita réznica barwy

n — lepkos¢
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1. UZASADNIENIE PODJECIA TEMATU PRACY DOKTORSKIEJ

Do opracowania niniejszego rozdziatu postuzyta pierwsza publikacja z cyklu
publikacji wchodzacych w sktad niniejszej rozprawy doktorskiej: Cichonska P.,
Ziarno M. (2022). Legumes and Legume-Based Beverages Fermented with Lactic
Acid Bacteria as a Potential Carrier of Probiotics and Prebiotics. Microorganisms,
10, 91. W publikacji przedstawiono charakterystyke napojow roslinnych z nasion roslin
strgczkowych jako odpowiednich matryc do procesu fermentacji i nos$nikow

probiotykow.

1.1. Popularno$¢ zamiennikow produktow odzwierzecych na rynku

Na rynku spozywczym z roku na rok obserwuje si¢ rosngcg popularno$¢ roznego
rodzaju roslinnych zamiennikéw produktéw odzwierzgcych. Konsumenci coraz czesciej
siegaja po roslinne substytuty miesa (np. burgeréw, kietbasek, wedlin) 1 produktéw
mleczarskich, w tym przede wszystkim mleka, jogurtow i seréw [Boukid, 2021; Pua i
wsp., 2022]. Powodem tego jest przede wszystkim wystepowanie alergii i nietolerancji
pokarmowych, takich jak nietolerancja laktozy, rosnaca popularnos¢ diet roslinnych, a
takze wzgledy etyczne 1 zwickszajaca si¢ $Swiadomos¢ konsumentéw dotyczaca
negatywnego wplywu hodowli przemystowej zwierzat na srodowisko naturalne [Sethi i
wsp., 2016; Alcorta i wsp., 2021].

Najpopularniejszymi produktami w grupie roslinnych zamiennikéw produktow
mleczarskich sg napoje roslinne, ktore przez konsumentow traktowane sa przede
wszystkim jako substytuty mleka krowiego. Jest to bardzo rdéznorodna grupa, ze
wzgledu na mnogo$¢ surowcoéw, z ktorych moga by¢ wytwarzane [Mékinen i wsp.,
2016]. Napoje roslinne projektowane sg w taki sposob, aby mialy podobny wyglad,
smak i wiasciwosci do mleka krowiego, aby mozna bylo je stosowa¢ w podobny
sposob. W praktyce jednak kazdy rodzaj napoju roslinnego ma swoja unikalng
charakterystyke, ktoéra wynika gléwnie z jego skladu 1 operacji jednostkowych
towarzyszacych produkcji [McClements, 2020].

Wzrastajace zainteresowanie substytutami mleka krowiego powoduje, ze
producenci zywnosci staja przed koniecznoscia ciggtego udoskonalania oferty napojow
ro$linnych. Konsumenci oczekuja produktow nie tylko smacznych, ale przede
wszystkim warto$ciowych odzywczo. Dlatego tez istotnym zadaniem jest opracowanie

innowacyjnych rozwigzan technologicznych, ktoére umozliwig stworzenie napojow
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ro§linnych o bogatym profilu Zywieniowym 1 atrakcyjnych wlasciwosciach

sensorycznych [Nawaz i wsp., 2022].

1.2. Charakterystyka napojow roslinnych

Napoje roslinne nie maja okreslonej definicji i klasyfikacji w literaturze, jednak
najczesciej charakteryzuje si¢ je jako produkty otrzymywane w wyniku wodnej
ekstrakcji rozdrobnionych surowcow roslinnych, w postaci zawiesin lub emulsji
koloidalnych [Alcorta i wsp., 2021].

Technologia produkcji napojoéw roslinnych ro6zni si¢ w zaleznosci od surowca, z
ktorego sa wytwarzane, jednak ogdlny zarys procesu jest zazwyczaj podobny. Na
rysunku 1 przedstawiono schemat ogdlnej technologii produkcji napojéw roslinnych.
Proces rozpoczyna si¢ od przygotowania surowcéw do dalszej obrébki poprzez ich
czyszczenie i sortowanie. Nastepnie surowce poddaje si¢ procesom moczenia, mielenia
1 ekstrakcji wodg. Otrzymang zawiesing filtruje si¢ i/lub odwirowuje w celu usunigcia
substancji statych. Przefiltrowany ptyn poddawany jest procesom standaryzacji,
podczas ktorych ujednolicany jest sktad napojow oraz dodawane sa sktadniki
poprawiajace wlasciwosci technologiczne i funkcjonalne [Makinen i wsp., 2016; Jeske i

wsp., 2017].
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W produkcji napojoéw roslinnych najczesciej stosuje si¢ dodatki stabilizatoréw i
emulatorow (np. celulozy, tapioki, karagenu, maczki chleba $wigtojanskiego), olejow
roslinnych (np. arachidowego, stonecznikowego), substancji stodzacych 1 soli.
Dodatkowo napoje roslinne wzbogacane sg wapniem i witaminami (np. A i D). Zabiegi
te sg niezb¢gdne w celu zblizenia wartosci odzywczej i whasciwosci sensorycznych
napojow do mleka krowiego. Po procesie standaryzacji napoje sa homogenizowane w
celu zmniejszenia wielkosci czastek 1 ujednolicenia struktury. Powstaly produkt poddaje
si¢ obrobce termicznej, najcze$ciej w formie pasteryzacji lub sterylizacji, w celu
poprawy stabilnosci zawiesiny i dezaktywacji mikroorganizméw [Jeske i wsp., 2017,
Walczak i wsp., 2017].

Napoje roslinne wytwarzane sg z réznych surowcoOw, w tym [Mikinen 1 wsp.,
2016; McClements, 2020]:

— zboz (np. owies, ryz, proso);

— roslin straczkowych (np. soja, tubin, groch, fasola);

— orzechow (np. orzechy laskowe, migdaty, orzechy nerkowca);
— nasion (np. sezam, konopie);

— pseudozb6z (np. komosa ryzowa, kasza gryczana);

— 1innych materiatow (np. kokos).

Warto$¢ odzywcza napojow roslinnych w wigkszosci przypadkow istotnie rdézni
si¢ od mleka i jest uzalezniona przede wszystkim od surowca, z ktorego sg wytwarzane
i stosowanej technologii produkcji [Aydar i wsp., 2020]. Poréwnanie wartoSci
odzywczej mleka krowiego 1 wybranych napojoéw roslinnych przedstawiono w Tabeli 1.
Wigkszo$¢ z napojow roslinnych dostgpnych na rynku charakteryzuje si¢ wysoka
zawarto$cig weglowodanow 1 nawet kilkudziesigciokrotnie nizsza zawartoscig biatka w
porownaniu do mleka krowiego [Fructuoso i wsp., 2021]. Ponadto w biatkach
roslinnych wystepujg aminokwasy ograniczajace (np. lizyna w zbozach, metionina w
roslinach straczkowych), ktore wpltywaja na ich nizsza jakoS$¢ 1 przyswajalnos¢ w
poréwnaniu do biatek odzwierzgcych [Mékinen i wsp., 2016]. Napoje roslinne
przewaznie charakteryzuja si¢ niska naturalng zawartoscig tluszczu, ktora jest
zwigkszana poprzez dodatek olejow roslinnych. W zwigzku z tym w profilu kwasoéw
thuszczowych napojow roslinnych dominujg nienasycone kwasy ttuszczowe glownie w

postaci kwasu oleinowego, linolenowego i linolowego. Jest to kolejny czynnik
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odrézniajacy je od mleka krowiego, w ktorym dominuja nasycone kwasy tluszczowe
[Craig i Fresan, 2021].

Tabela 1. Porownanie wartosci odzywcze] mleka krowiego i wybranych napojow

ro$linnych
Zawarto$¢ skladnika (g/100 g)

Rodzaj produktu bialko tlhuszcz | weglowodany | blonnik
Mileko krowie 3,3 3,9 4,6 -
Napoj sojowy 2,9-8,7 1,7-4,3 0,2-5,0 0,5-0,9
Napo6j owsiany 0,4-1,0 0,7-1,5 6,5-12,7 0,0-0,8
Napoj ryzowy 0,1-0,8 1,0-2,3 9,4-25,2 0.0-0,1
Napo6j migdatowy 0,5-1,6 1,1-2,7 1,3-3,0 0,6-1,6
Napoj sezamowy 0,6 24-25 6,7-6,9 0,0-0,2
Napo6j kokosowy <1 445 1,1-7,0 0,0-0,2

Zrédto: Opracowanie wiasne na podstawie Mikinen i wsp., 2016, Sethi i wsp., 2016,
Vanga i Raghavan, 2018

Napoje roslinne charakteryzuja si¢ roéwniez odmienng zawartoscia
mikrosktadnikow w poréwnaniu do mleka krowiego. Substytuty mleka sa przewaznie
ubogie w wapn, ktorego zrédtem w diecie cztowieka jest mleko krowie (120 mg/100 g
produktu). Ponadto mleko jest Zzrodlem fosforu, potasu, cynku i magnezu [Walczak i
wsp., 2017]. Z drugiej jednak strony napoje ro$linne sa bogate w szereg
prozdrowotnych sktadnikéw bioaktywnych, takich jak polifenole, fitosterole, czy p—
glukany [Fructuoso i wsp., 2021]. Produkty te nie zawieraja laktozy i cholesterolu, ktore
bywaja przyczyng rezygnacji konsumentow ze spozywania produktow odzwierzecych
[Aydar i wsp., 2020]. Czynniki te sprawiaja, ze napoje roslinne mogg by¢ traktowanie
nie tylko jako zamienniki mleka, ale rowniez jako odrgbna grupa produktow,

charakteryzujaca si¢ unikalnymi wiasciwosciami prozdrowotnymi.

1.3.  Napoje z nasion roslin straczkowych

Rosliny straczkowe stanowig podstawowe pozywienie dla ludzi w wielu krajach
na $wiecie. Najczescie] spozywanymi odmianami sg fasola, ciecierzyca, groch,
soczewica, wspiega, tubin i soja [Kamboj i Nanda, 2018]. Nasiona roslin strgczkowych

moga stanowi¢ odpowiednie surowce do wytwarzania napojow roslinnych, przede
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wszystkim ze wzgledu na wysoka zawarto$¢ biatka (w zakresie 19-36%),
weglowodanoéw (30-60%) i btonnika pokarmowego (9-25%) [Kan i wsp., 2018].
Zwykle charakteryzuja si¢ niskg zawartoscig thuszczu, a w ich profilu kwasow
thuszczowych dominujg nienasycone kwasy tluszczowe. Sg dobrym zrédiem zelaza,
wapnia, cynku, selenu, magnezu, fosforu, miedzi, potasu i witamin z grupy B, a
jednoczesénie sg ubogie w witaming C i witaminy rozpuszczalne w ttuszczach [Ferreira i
wsp., 2021]. Zawierajg rowniez szereg sktadnikow bioaktywnych, takich jak fitosterole
o dziataniu obnizajacym cholesterol LDL we krwi, czy polifenole i aminokwasy
(gtéwnie tyrozyna, fenyloalanina, tryptofan i cysteina) o dzialaniu przeciwutleniajgcym
[Singh i wsp., 2017]. Dane epidemiologiczne wskazujg, ze spozycie przeciwutleniaczy
ro$lin strgczkowych zapewnia dziatanie ochronne przed niektérymi chorobami
przewlektymi zwigzanymi ze stresem oksydacyjnym, takimi jak choroby uktadu
krazenia, nowotwory, otyto$¢, cukrzyca i hipercholesterolemia [Petchiammal i Hopper,
2014; Singh i wsp., 2017].

Ze wzgledu na swoje walory odzywcze 1 prozdrowotne, nasiona roslin
stragczkowych stanowia odpowiednia matryce do wytwarzania substytutow mleka.
Napoje z roslin stragczkowych majg najbardziej zbilansowany sktad sposrod wszystkich
rodzajow tego typu produktow [Lopes i wsp., 2020]. Charakteryzuja si¢ zawartos$cig
biatka na poziomie 3,0-4,0%, podobnie jak w mleku krowim, podczas gdy inne rodzaje
napojow (np. na bazie zbdz i orzechow) zawieraja ponizej 2,0% biatka [Qamar i wsp.,
2020]. Jak dotad najpowszechniej wykorzystywana do przemystowej produkcji
napojow ro$linnych jest soja i to napdj sojowy jest najszerzej opisywany w literaturze.
Doniesienia literaturowe wskazujg jednak, ze rowniez inne rodzaje roslin straczkowych
moga by¢ odpowiednig matryca do produkcji napojow roslinnych [Nawaz i wsp., 2020].
W przypadku napojow na bazie roslin straczkowych innych niz soja wigkszo$¢
technologii produkcji nie zostata jeszcze catkowicie dopracowana, natomiast ich sktad 1
wlasciwo$ci sg zmienne | bezposrednio determinowane przez stosowane procesy
technologiczne [Chen i wsp., 2019].

Podstawowa technologia produkcji napojow z nasion roslin straczkowych
obejmuje selekcje surowca, namaczanie, mielenie, hydroliz¢ wodng, filtracje,
homogenizacj¢ 1 obrobke cieplng [Lopes i wsp., 2020]. Oprocz srodkoéw
technologicznych w procesie produkcji napojow na bazie roslin straczkowych
wykorzystuje si¢ takze stodziki, sol, aromaty i inne dodatki do Zzywnosci w celu

zwigkszenia ich ogodlnej akceptacji sensorycznej [Nawaz i wsp., 2020]. Napoje na bazie
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ros$lin stragczkowych stanowia ztozony uktad koloidalny, w ktorym zawieszone sg liczne
czastki, m.in. biatka i thuszcze. Taka budowa sprawia, ze trudno jest uzyskac produkty o
dhugotrwatej stabilnosci [Xia i wsp., 2019]. Bialka roslin stragczkowych, takich jak soja,
ciecierzyca, groch czy fasola, wykazujg zdolno$¢ emulgowania dzigki adsorpcji na
granicy faz olej-woda i tworzeniu stabilizujacych filméw biatkowych wokot kropel
oleju. Ta wlasciwo$¢ czyni je potencjalnymi stabilizatorami emulsji [Qamar i wsp.,

2020].

1.4.  Ograniczenia w spozyciu produktéw z nasion roslin straczkowych i metody
ich eliminacji

Pomimo bogactwa sktadnikow odzywczych i prozdrowotnych w ro$linach
stragczkowych, wsrdd konsumentdow w wielu rejonach $wiata obserwuje si¢ pewne
ograniczenia w ich wigczaniu do codziennej diety. Wynika to przede wszystkim z
obecnosci posmakéw warzywnych/straczkowych, nieumiejetnosci ich odpowiedniego
przygotowania przez konsumentow i obecnosci sktadnikow antyodzywczych [Nawaz i
wsp., 2022]. Do glownych sktadnikow antyodzywczych ro$lin stragczkowych naleza:
oligosacharydy z grupy rafinoz, inhibitory proteaz, fityniany oraz saponiny. Cho¢
substancje te moga mie¢ negatywny wplyw na organizm, czesto wykazuja takze
korzystne dzialanie, co rodzi pytania o celowo$¢ ograniczania ich zawarto$ci w tych
roslinach [Mazquiz i wsp. 2012].

Jednym ze sposobow rozwigzania problemu niskiego spozycia roslin
stragczkowych w diecie moze by¢ wytworzenie z nich napojéw roslinnych. Taka forma
produktu sprawia, ze konsumenci nie sg zmuszeni do jego dalszego samodzielnego
przetwarzania, jak w przypadku suchych nasion roslin straczkowych. W takiej sytuacji
maja  bezposredni  dostep do  pelnowartoSciowego  produktu  roslinnego,
niezawierajacego niekorzystnych sktadnikow ograniczajacych spozycie. Aby to
osiggnac¢ konieczne jest jednak zastosowanie odpowiednich zabiegéw technologicznych
w  produkcji napojéw ro$linnych, ktéore pozwola na eliminacj¢ czynnikow
antyodzywczych wystepujacych w surowcu.

Oligosacharydy sa to weglowodany z rodziny rafinoz, do ktoérych nalezg m.in.
rafinoza, stachioza i werbaskoza [Singh i wsp., 2017]. Sa dobrze znane jako sktadniki,
ktére powoduja wzdgcia 1 dyskomfort po spozyciu roslin straczkowych w wyniku
niedoboru enzymu oa—galaktozydazy w organizmie cztowieka [Campos—Vega i wsp.,

2010]. Po spozyciu przedostajg si¢ do jelita grubego, gdzie ulegaja fermentacji
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beztlenowej przez bakterie jelitowe, w wyniku czego powstajag wodor, dwutlenek wegla
I metan [Mazquiz i wsp. 2012]. Oligosacharydy sa jednocze$nie uwazane za sktadnik
btonnika pokarmowego i moga wykazywac¢ dziatanie prebiotyczne poprzez stymulacje
wzrostu korzystnych dla jelit bakterii kwasu mlekowego (LAB — ang. lactic acid
bacteria) i bifidobakterii oraz ograniczanie rozwoju gnilnych enterobakterii w
okreznicy [Singh i wsp., 2017].

Inhibitory proteaz w ro$linach straczkowych hamujg dziatanie enzymow
trawiennych, takich jak trypsyna i chymotrypsyna, poprzez wigzanie konkurencyjne
[Aviles—Gaciola i wsp., 2018]. Moga zmniejsza¢ strawno$¢ biatka i wchtanianie
sktadnikow odzywczych. Z drugiej strony uwaza si¢ je za naturalne substancje
bioaktywne, ktore moga wykazywac dziatanie przeciwnowotworowe [Nkhata i wsp.,
2018]. Fityniany sa to sole kwasu fitynowego, ktore spozywane w potaczeniu z
roslinami stragczkowymi, moga zmniejsza¢ biodostgpnos¢ sktadnikow mineralnych (np.
wapnia, zelaza, cynku) I ogranicza¢ enzymatyczne trawienie skrobi i bialek. Istnicja
jednak pewne korzystne skutki spozywania kwasu fitynowego, takie jak zmniejszenie
biodostgpnosci 1 toksycznos$ci metali cigzkich (np. kadmu i otowiu) z zywnoSci.
Fityniany wykazuja roéwniez dzialanie przeciwutleniajagce 1 przeciwnowotworowe
[Mazquiz i wsp. 2012; Kamboj i Nanda, 2018]. Saponiny dzialaja draznigco na zotadek
1 moga hamowac¢ wchtanianie sktadnikow odzywczych w jelitach. Potencjalne korzysSci
wynikajace z ich spozywania obejmuja zmniejszone ryzyko rozwoju chordb uktadu
krazenia i niektorych nowotworow [Kamboj i Nanda, 2018].

Spozycie surowych nasion roslin stragczkowych, w tym fasoli i soczewicy, jest
rowniez niebezpieczne ze wzgledu na obecnos¢ fitohemaglutynin. Fitohemaglutyniny
moga wywolywa¢ objawy zatrucia pokarmowego, takie jak nudnosci, wymioty,
biegunka i bdl brzucha, jes$li zostana spozyte w duzych ilosciach. Aby zniszczy¢
znajdujace si¢ w roslinach stragczkowych fitohemaglutyniny, konieczna jest obrobka w
wysokiej temperaturze: nalezy zastosowac np. gotowanie w temperaturze 97 °C przez
35 minut lub sterylizacje w temperaturze 121 °C przez 15 minut. W przeciwnym razie
toksyczno$¢ nasion moze nawet zwigkszy¢ si¢ [Nciri i wsp., 2015].

Sktadniki antyodzywcze z nasion ro$lin stragczkowych moga by¢ eliminowane
poprzez zastosowanie szeregu zabiegdw technologicznych, takich jak m.in. moczenie,
gotowanie, prazenie, ogrzewanie mikrofalowe, modyfikacj¢ skrobi, kielkowanie i
fermentacja [Lal i wsp., 2017; Margier i wsp., 2018]. Wedtug literatury zabiegi te moga

rowniez poprawia¢ smak tych surowcoéw, zwigksza¢ biodostepnos¢ sktadnikow
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odzywczych, a takze zwigksza¢ strawno$¢ skrobi i biatka [Kamboj i Nanda, 2018].
Niektore sktadniki antyodzywcze W roslinach stragczkowych sg eliminowane juz
podczas wstepnego przetwarzania, tj. moczenia surowcOéw 1 obrobki cieplne;.
Wykazano wyzszy poziom oligosacharydéw w roslinach stragczkowych, ktére nie byty
moczone przed obrobka cieplng [Han i Baik, 2006]. W nasionach soczewicy obrobka
termiczna prawie catkowicie eliminuje inhibitory trypsyny — garbniki i kwas fitynowy.
Zmniejsza jednak jednoczes$nie zawarto$¢ niektorych sktadnikéw mineralnych 1
aminokwasow (lizyny, tryptofanu i aminokwasow siarkowych) [Hefnawy, 2011].
Obrobka cieplna moze przyczynia¢ si¢ réowniez do eliminacji tzw. strgczkowych
posmakow, zwigzanych z obecno$cig endogennych lipooksygenaz, ktore utleniajg
nienasycone kwasy tluszczowe [Rincon i wsp., 2020]. Udowodniono, ze stragczkowe
posmaki napoju sojowego moga zosta¢ ograniczone poprzez zastosowanie obrobki
ziaren parg wodng w wysokiej temperaturze (ok. 130 °C) lub tradycyjnie poprzez ich
gotowanie przed procesem mielenia lub zastosowanie kietkowania [Lopes i wsp., 2020].

Obiecujacymi technikami zmniejszania zawarto$ci sktadnikow antyodzywczych
w nasionach roé$lin strgczkowych sa fermentacja i1 kietkowanie. Procesy te moga
zwicksza¢ biodostepnos¢ zwiazkéw fenolowych oraz stymulowa¢ uwalnianie
bioaktywnych peptydow [Abbas i Ahmad, 2018]. Proces kietkowania jest aktywowany
poprzez wchtanianie wody przez nasiono, co uruchamia szereg reakcji biochemicznych.
Kietkowanie roslin straczkowych zwigksza zawarto$¢ biatka i blonnika pokarmowego,
zmniejsza zawartos¢ termostabilnych garbnikow i saponin oraz poprawia biodostepno$¢
sktadnikow mineralnych [Nkhata i wsp., 2018; Agrahar—Murugka i wsp., 2020]. Jedna z
kluczowych reakcji jest takze biosynteza biatek, ktora zachodzi w zarodku. W czasie
kietkowania nasiona wykorzystuja zapasy biatka zgromadzone w nasieniu, ale rowniez
rozpoczynaja biosynteze nowych biatek z aminokwaséw. Aminokwasy te pochodza z
rozktadu biatek zapasowych, a takze z nowo syntetyzowanych weglowodandéw. Warto
podkresli¢, ze kietkowanie nasion ros$lin stragczkowych wiaze si¢ ze znacznymi
zmianami w ich profilu biatkowym. Proces ten prowadzi do rozktadu niektorych biatek
zapasowych oraz syntezy nowych. Aktywacja enzymoéw proteolitycznych dodatkowo
wplywa na przeksztalcanie bialek. W efekcie, zarowno sktad biatkowy kietkujacych
nasion, jak i napojow z nich otrzymywanych ulega modyfikacji. Badania z
wykorzystaniem soi potwierdzily ten fakt, wykazujac zwigkszenie zawartosci biatka i

réwnoczesng redukcje zawarto$ci tluszczu oraz szkodliwych substancji, takich jak
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inhibitory trypsyny, saponiny i kwas fitynowy, po procesie kietkowania [Lopes i wsp.,
2020].

Badania wykazaty, ze rézne metody przetwarzania, w tym moczenie i
kietkowanie, zmniejszajg zawarto$¢ niestrawnych oligosacharydow z rodziny rafinoz,
do ktorych nalezg stachioza, rafinoza i werbaskoza [Silva i Braga, 1982; Vidal-Val
Verde 1 wsp.,, 1992; Kannan i wsp., 2018]. Nazywa si¢ je oligosacharydami
galaktozylosacharozowymi lub o-—galaktozydami, gdyz posiadajg charakterystyczne
wigzanie o—galaktozydowe pomiedzy sacharozg i galaktoza. Wigzanie to jest niezwykle
wazne, gdyz czlowiek nie posiada enzymu o—galaktozydazy niezbednego do jego
hydrolizy, dlatego oligosacharydy w rodziny rafinoz nie moga zosta¢ strawione po
spozyciu.  Nienaruszone oligosacharydy docieraja do okreznicy, gdzie sa
metabolizowane przez LAB i bifidobakterie [Dostalova i wsp., 2009]. Obecnos¢ tych
oligosacharydow w diecie jest przyczyna nadmiernego tworzenia si¢ gazow i
dyskomfortu trawiennego u wickszosci ssakow.

Wigkszo$¢ napojow roslinnych opisanych w literaturze jest fermentowana przy
uzyciu monokultur LAB, bakterii z rodzajow Streptococcus lub Bifidobacterium, a
takze mikroflory grzybkow kefirowych [Bernat i wsp., 2014; Verni i wsp., 2020].
Bardzo nieliczne sa publikacje dotyczace wykorzystania komercyjnych kultur
starterowych przeznaczonych do otrzymywania mlecznych i niemlecznych napojow
fermentowanych. Dane literaturowe potwierdzaja, ze bakterie LAB i bifidobakterie
wykazuja wysokg aktywno$¢ enzymoéw, takich jak o— i B—galaktozydaza [Asmahan,
2010; Panesar, 2011]. Wykazano takze zdolno$¢ tych szczepéw do hydrolizy
oligosacharydéw z rodziny rafinoz [Mechai i wsp., 2014]. Wiadomo juz, ze wyniku
procesu fermentacji dochodzi m.in. do obnizenia zawarto$ci oligosacharydow,
garbnikow, inhibitorow proteaz 1 kwasu fitynowego, co zwigksza biodostgpnosé
wapnia, zelaza i cynku [Akeem i wsp., 2019; Hati i wsp., 2013]. Ponadto kwasy
organiczne wytwarzane podczas fermentacji przyczyniaja si¢ do zwigkszania
wchtaniania zelaza i cynku poprzez tworzenie rozpuszczalnych ligandow [Kumari i
wsp., 2018]. Fermentacja napojow na bazie roslin straczkowych prowadzi roéwniez do
zwickszenia wlasciwos$ci przeciwutleniajgcych [Zhang i wsp., 2021]. Ponadto, nap6j
sojowy fermentowany z Pediococcus pentosaceus i Lacticaseibacillus paracasei subsp.
paracasei wykazat dziatanie przeciwdrobnoustrojowe przeciwko wybranym patogenom
przenoszonym przez zywno$¢, np. Bacillus cereus, Staphylococcus aureus i

Pseudomonas aeruginosa [Olaniyi i wsp., 2019]. Stosowanie procesu kietkowania
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nasion przed fermentacja napojéw roslinnych okazuje si¢ korzystne, poniewaz w
napojach z nasion skietkowanych obserwuje si¢ przyspieszone tempo wzrostu szczepow
probiotycznych. Zjawisko to wynika ze zwigkszonej zawartosci monosacharydow i

aminokwasow [Ziarno i wsp., 2020].

1.5. Mozliwe Kkierunki rozwoju napojow roslinnych z nasion roslin
straczkowych

Warto$¢ odzywcza nasion roslin strgczkowych wplywa na ich wysoki potencjat
do wykorzystania jako surowce do produkcji napojow roslinnych [Nawaz i wsp., 2022].
Rosngce wymagania konsumentéw Sprawiaja, ze konieczne jest poszerzanie rynku o
produkty prozdrowotne, ktore sprostaja ich wymaganiom [Topolska i wsp., 2021]. Jak
dotad w tym celu wykorzystywana byta przede wszystkim soja, jednak korzystne moze
okazaé si¢ zastosowanie innych surowcow z tej grupy, takich jak fasola, soczewica,
groch czy tubin, ktorych potencjal zdaje si¢ by¢ wcigz niewykorzystany. W celu
wytworzenia napojow z ro$lin strgczkowych, ktore beda cieszyly si¢ akceptacja
konsumentow, konieczny jest jednak dobor i optymalizacja proceséw technologicznych
stosowanych w czasie produkcji.

Rownolegle ze zwigkszeniem zapotrzebowania na roslinne zamienniki mleka
obserwuje si¢ zwigkszone zainteresowanie ro$linnymi produktami fermentowanymi
[Rasika i wsp., 2021]. Rosliny straczkowe stanowig potencjalne matryce jako nosniki
probiotykdéw, poniewaz zawieraja niculegajace trawieniu oligosacharydy i skrobig
oporng, ktore moga by¢ metabolizowane przez mikroorganizmy. Witasciwosci roslin
straczkowych pozwalajg na wykorzystanie ich do tworzenia zywnosci symbiotycznej,
bedacej zrodtem probiotykow i prebiotykéw [Mohanty i wsp., 2018]. Fermentacja moze
prowadzi¢ do produkcji nowej gamy produktow, 0 lepszym profilu sensorycznym,
wlasciwosciach odzywczych 1 zapewnionym bezpieczenstwie [Tangyu i wsp., 2019;
Verni i wsp., 2020]. Produkty wytwarzane metoda fermentacji ro§linnej z probiotykami
mogg sprosta¢ zapotrzebowaniu konsumentow na bezmleczne produkty prozdrowotne
[Aduol i wsp., 2020; Kumari i wsp., 2018]. Rozwoj produktow fermentowanych,
nadajgcych si¢ do komercjalizacji, wymaga jednak starannego opracowania technologii
1 parametrow przetwarzania.

Dotychczas w literaturze pojawito si¢ niewiele publikacji dotyczacych
wlasciwosci napojow na bazie roslin stragczkowych innych niz te z nasion soi.

Obiecujgcymi surowcami do produkcji tego typu produktow wydajg sie fasola i
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soczewica, ktore charakteryzuja si¢ wysoka zawarto$cig biatka, btonnika, witamin,
sktadnikéw mineralnych i bioaktywnych [Qamar i wsp., 2020]. W dostgpne;j literaturze
naukowej istnieje wyrazny deficyt badan nad wiasciwosciami fizykochemicznymi i
sensorycznymi omawianych produktow, doborem optymalnych kultur starterowych do
ich fermentacji oraz charakterystyka fizycznych wlasciwosci tego typu ukladow.
Ponadto, brakuje systematycznych badan nad sposobami poprawy jako$ci napojow z
fasoli i soczewicy, zmierzajacych do zwickszenia ich wartosci odzywczej i

atrakcyjnosci sensorycznej, co mogloby przyczyni¢ si¢ do zwigkszenia ich konsumpcji.
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2. CEL | ZAKRES PRACY DOKTORSKIEJ

Celem glownym pracy doktorskiej byto opracowanie fermentowanych napojow

roslinnych z fasoli bialej i soczewicy bragzowej z zastosowaniem wybranych procesow

technologicznych, poprawiajagcych ich warto$¢ odzywczg i1 zawarto$¢ sktadnikow

bioaktywnych.

Wyodrebniono nastgpujace cele szczegdtowe:

Opracowanie receptury napojow roslinnych z fasoli biatej 1 soczewicy brazowej;
Okreslenie  drobnoustrojow odpowiednich do fermentacji opracowanych
napojow;

Zbadanie zmian zawartoSci wybranych  skladnikow odzywczych i
biochemicznych na réznych etapach przetwarzania opracowanych napojow
fermentowanych;

Wskazanie etapow przetwarzania badanych napojow roslinnych, w ktorych
dochodzi do zmniejszenia badz zwigkszenia zawarto$ci i/lub dostepnosci

wybranych sktadnikow biochemicznych.

Zakres pracy obejmowat:

Wytworzenie napojow roslinnych z fasoli biatej i soczewicy brazowej, wraz z
doborem parametrow procesow kietkowania i1 fermentacji;

Charakterystyke wartosci odzywczej, wlasciwosci fizycznych i wiasciwosci
biochemicznych napojow z fasoli biatej i soczewicy brazowe;;

Oceng¢ wpltywu procesow kietkowania 1 fermentacji na zmiany warto$ci
odzywczych, wlasciwosci fizycznych 1 wlasciwosci biochemicznych napojow z
fasoli biatej 1 soczewicy brazowej;

Analiz¢ wptywu kietkowania, fermentacji 1 dodatku smakowego na

charakterystyke sensoryczng napojoéw z fasoli biatej i soczewicy bragzowe;.
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3. HIPOTEZY BADAWCZE

Hipoteza 1: Napoje roslinne z fasoli biatej i soczewicy brazowej sa odpowiednimi

matrycami do procesu fermentacji.

Hipoteza 2: Zastosowanie procesu fermentacji w produkcji napojow na bazie fasoli
bialej i soczewicy brazowej wpltywa na zmiany ich warto$ci odzywczej, wlasciwosci
fizycznych i biochemicznych, w zalezno$ci od rodzaju zastosowanych Kkultur

starterowych.

Hipoteza 3: Proces kietkowania nasion fasoli biatej i soczewicy bragzowej wplywa na
zmiany wlasciwosci biochemicznych 1 wartosci odzywczej napojow roslinnych
przygotowanych z tych surowcéw, w poréwnaniu do napojoéw przygotowanych z nasion

nieskietkowanych.
Hipoteza 4: Zastosowanie fermentacji, kietkowania i dodatku smakowego wptywa na

poprawe wilasciwosci sensorycznych napojow roslinnych na bazie fasoli biatej i

soczewicy brazowe;.

26



4. ORGANIZACJA DOSWIADCZENIA

Przedstawione w cyklu publikacyjnym badania zrealizowano zgodnie ze
schematem przedstawionym na Rysunku 1. Badania rozpoczeto od okreSlenia
optymalnych parametréw do procesu kietkowania fasoli biatej i soczewicy brazowe;.
Nastepnie opracowano receptur¢ i parametry wytwarzania napojow roslinnych z
badanych surowcow. Dla opracowanych napojéw przeprowadzono analizy majace na
celu okreslenie przydatno$ci badanych kultur starterowych do zastosowania W procesie

fermentacji.

FASOLA BIAtA | SOCZEWICA BRAZOWA ]

Okreslenie parametréow
procesu kietkowania

Opracowanie receptury napojow roslinnych

v

{ Kietkowane napoje roslinne z fasoli i soczewicy ] [ Niekietkowane napoje roslinne z fasoli i soczewicy }

Dobér kultur starterowych i okreslenie
parametréw procesu fermentacji

Fermentowane napoje roslinne z Fermentowane napoje roslinne z
fasoli i soczewicy skietkowanej fasoli i soczewicy nieskietkowanej

| ! l

— — — — — — — —— — —— — — — —— — — — — — — — —

( Charakterystyka otrzymanych napojéw roslinnych: \

I — Analiza wartosci odzywczych, wiasciwosci fizycznych i wtasciwosci biochemicznych (P2, P3, P4) I

I — Ocena wptywu procesow kietkowania i fermentacji na zmiany wartosci odzywczych, wtasciwosci |
fizycznych i wtasciwosci biochemicznych (P2, P3, P4)

l — Analiza wptywu fermentacji, kietkowania i dodatku smakowego na charakterystyke sensoryczng (P4) |

/

Rysunek 1. Schemat przeprowadzonych badan

Otrzymane napoje, zaroOwno z nasion skietkowanych jak i nieskietkowanych,
fermentowano z zastosowaniem wybranych kultur starterowych, otrzymujac po cztery
podstawowe warianty kazdego z analizowanych napojow roslinnych:

— Napoje z fasoli biatej/soczewicy brazowej nieskietkowane
— Napoje z fasoli bialej/soczewicy brazowej skietkowane
— Napoje z fasoli bialej/soczewicy brazowej nieskietkowane, fermentowane
— Napoje z fasoli bialej/soczewicy brazowej skietkowane, fermentowane.
Tak przygotowane warianty napojow scharakteryzowano poprzez okreslenie warto$ci

odzywczej, wlasciwosci fizycznych i wlasciwosci biochemicznych. Analizy wykonano
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dla napojow bazowych, jak rowniez okreslono wplyw procesow kietkowania i

fermentacji na badane parametry. Ponadto dokonano charakterystyki sensorycznej

napojow z fasoli bialej i soczewicy bragzowej w wariantach: bazowym, skietkowanym,

fermentowanym i

przedstawiono z zastosowaniem kodéw probek przedstawionych w Tabeli 2.

z dodatkiem smakowym. Wyniki

przeprowadzonych analiz

Tabela 2. Objasnienie kodow probek badanych napojow z fasoli bialek (NF) i

soczewicy bragzowej (NS)

Przechowy Dodatek
Kod probki Kielkowanie Fermentacja —wanie w wsadu
6°C smakowego
NF/NS - — — —
NF/NS+BS - Beaugel Soja 1 — —
NF/NS+YO-MIX - YO-MIX 207 - -
NF/NS+ABY-3 - ABY-3 - -
NF/NSp - — — -
NF/NSp+BS - Beaugel Soja 1 21 dni -
NF/NSp+YO-MIX - YO-MIX 207 21 dni -
NF/NSp+ABY-3 - ABY-3 21 dni -
NF/NSK + - - -
NF/NSK+BS + Beaugel Soja 1 — —
NF/NSK+YO-MIX + YO-MIX 207 - -
NF/NSK+ABY-3 + ABY-3 - -
NF/NSKp + - - -
NF/NSKp+BS + Beaugel Soja 1 21 dni -
NF/NSKp+YO-MIX + YO-MIX 207 21 dni -
NF/NSKp+ABY-3 + ABY-3 21 dni -
NF/NS+owoc - - - +
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5. MATERIAL BADANY I METODYKA

5.1. Material badany

Materiat badany stanowily napoje roslinne z fasoli bialej odmiany Pigkny Jas Karlowy
(Lestello Sp. z 0.0., Cmolas, Polska) i soczewicy brazowej (Natural Expert, Biatystok,

Polska), wytworzone w nastepujacych wariantach:

z fasoli biatej/soczewicy brazowej nieskietkowane

z fasoli bialej/soczewicy brazowej skietkowane

z fasoli biatej/soczewicy bragzowej nieskietkowane, fermentowane

z fasoli biatej/soczewicy brazowej skietkowane, fermentowane.
Warto§¢ odzywcza suchych nasion fasoli biatej i soczewicy brazowej, deklarowang

przez producenta, przedstawiono w Tabeli 3.

Tabela 3. Warto$¢ odzywcza suchych nasion fasoli biatej i soczewicy brazowej

Fasola Soczewica
Wartos¢ odzywceza w 100 g produktu

biala brazowa

Warto$¢ energetyczna [keal] 295 353
[kJ] 1237 1477

Thuszcz [a] 2,3 1,1
— W tym kwasy tluszczowe nasycone [a] 0,5 0,2
Weglowodany [0] 37 28,6
—w tym cukry [0] 9,7 2,0
Biatko [a] 19 25,8
Sol [a] <0,05 <0,05

Materiat badany stanowity rowniez trzy przemystowe, liofilizowane kultury starterowe,
ktére wykorzystano do procesu fermentacji, w tym:

— Beaugel Soja 1 (Ets Coquard, Villefranche—sur—Saoéne, Francja), zawierajaca
Lacticaseibacillus casei, Streptococcus thermophilus i Lactobacillus delbrueckii
subsp. bulgaricus;

- YO-MIX 207 LYO 500 DCU (DuPont™ Danisco, Kopenhaga, Dania),
zawierajgca Streptococcus thermophilus, Lactobacillus delbrueckii subsp.
bulgaricus, Lactobacillus acidophilus i Bifidobacterium lactis;
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— ABY-3 (Chr. Hansen, Hearsholm, Dania), zawierajaca Lactobacillus acidophilus
La-5, Bifidobacterium animalis subsp. lactis BB-12, Streptococcus

thermophilus i Lactobacillus delbrueckii subsp. bulgaricus.

5.2. Metodyka badan

Proces kielkowania
Nasiona fasoli biatej i soczewicy bragzowej, przeznaczone do wytworzenia napojow z
fasoli skietkowanej, poddano procesowi kietkowania w kietkownicy w temperaturze 28

°C przez 72 godziny (wymieniajac wode co 24 godziny).

Wytworzenie napojéw roslinnych

Skietkowane lub nieskietkowane nasiona fasoli biatej/soczewicy brazowej poddano
procesowi sterylizacji w temperaturze 121 °C przez 15 minut, zmieszano z woda pitng
w stosunku 1:9 (w/w) i zblendowano do uzyskania jednorodnej masy. Uzyskang mase
przecedzono przez sito o wielkosci oczek 0,1 mm, a otrzymane napoje
homogenizowano z wykorzystaniem miksera laboratoryjnego i poddano procesowi
sterylizacji w temperaturze 121 °C przez 15 minut. Probki przeznaczone do oznaczen
wlasciwosci  fizycznych zostaly dodatkowo poddane procesowi homogenizacji
dwustopniowej przy cisnieniu 50 MPa/5 MPa w homogenizatorze wysokoci$nieniowym
NS 1001 L2 PANDA, GEA Niro Soavi (GEA, Parma, Wtochy). Zabieg homogenizacji

przeprowadzono przed koncowg sterylizacja.

Proces fermentacji

Probki napojow o objetosci 100 cm?® zaszczepiono inokulum kazdej z badanych kultur
starterowych (1,0% w/w, gestosé komorek 67 log jtk/cm®). Inokulum przygotowano
poprzez rozpuszczenie liofilizowanych kultur starterowych w sterylnym roztworze soli

fizjologicznej. Proces fermentacji prowadzono w temperaturze 45 °C przez 6 godzin.

Wytworzenie napoju z dodatkiem smakowym
Na potrzeby przeprowadzenia charakterystyki sensorycznej badanych napojow
otrzymano ich warianty smakowe poprzez dodanie do napoju z fasoli nieskietkowanej

wsadu malinowo—zurawinowego (Eurohansa, Torun, Polska) w ilosci 15% (w/w).
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Analiza procesu fermentacji

W celu analizy procesu fermentacji napojow z fasoli biatej i soczewicy brazowe;j

skietkowanych i nieskietkowanych, przed i po fermentacji z wykorzystaniem trzech

badanych kultur starterowych, dokonano oznaczen:

Kwasowosci czynnej: metoda potencjometryczng z wykorzystaniem cyfrowego
pH-metru, w dwoch powtdrzeniach [P3];

Populacji mikroflory: metoda hodowli na szalkach Petriego W podtozach
agarowych De Mana, Rogosy i Sharpe'a (MRS) dla LAB, M17 dla
Streptococcus thermophilus i Bifidus Selective Medium (BSM) dla
bifidobakterii. Ptytki Petriego inkubowano w temperaturze 37 °C przez 72
godziny w warunkach tlenowych dla Streptococcus thermophilus i w warunkach
beztlenowych dla bifidobakterii i pateczek kwasu mlekowego. Analizy
wykonano w trzech powtdrzeniach, a wynik wyrazono jako logarytm liczby
jednostek tworzacych kolonie (log jtk/g). Analizowano probki bezposrednio po

fermentacji i po 21 dniach przechowywania w temperaturze 6 °C [P3].

Charakterystyka wartos$ci odzywczej

W celu dokonania analizy warto$ci odzywcze] napojow z fasoli bialej i soczewicy

brazowej dokonano nastepujacych oznaczen:

Zawarto$ci tluszczu: metoda butyrometryczng, w trzech powtdrzeniach,
porownujac napoje z nasion skietkowanych i nieskietkowanych [P3];

Zawartosci biatka: metoda Kjeldahla, w trzech powtorzeniach, poréwnujac
napoje z nasion skietkowanych i nieskietkowanych [P3];

Suchej masy: metodg suszarkowa, w trzech powtorzeniach, porownujac napoje z
nasion skietkowanych i nieskietkowanych [P3];

Profilu kwasow tluszczowych: zgodnie z metoda opisang przez Ziarno i wsp.
[2020], wykorzystujac chromatografie gazowa z detektorem plomieniowo—
jonizacyjnym (GC-FID) i kolumng kapilarng. Udziat poszczegdlnych kwasow
thuszczowych w profilu ustalono poprzez obliczenie udzialu powierzchni
kazdego piku w catkowitej powierzchni pikow. Analizy wykonano w dwoch
powtorzeniach, poréwnujac fermentowane napoje z nasion skietkowanych i

nieskietkowanych [P3];

31



Rozmieszczenia kwasow thuszczowych w czasteczkach triacylogliceroli (TAG)
w pozycjach sn-1, sn—2 i sn—3: zgodnie z metodg opisang przez Ziarno i wsp.
[2020] wykorzystujac CG—FID z kolumng kapilarng. Hydroliz¢ TAG wykonano
z zastosowaniem  $winskiej lipazy  trzustkowej 1 chromatografii
cienkowarstwowej, z zelem krzemionkowym jako faza stacjonarna. Analizy
wykonano w dwdch powtdrzeniach, poréwnujgc fermentowane napoje z nasion
skietkowanych i nieskietkowanych [P3];

Zawarto$ci weglowodanéw: metodg opisang przez Ziarno i wsp. [2019],
wykorzystujac wysokosprawng chromatografi¢ cieczowa (HPLC) z detektorem
refraktometrycznym. Zawarto$¢ poszczegdlnych weglowodandow oszacowano
poprzez okreslenie powierzchni pikéw na chromatogramie w odniesieniu do pol
powierzchni otrzymanych dla roztworé6w wzorcowych. Analizy wykonano w
dwoch  powtodrzeniach, poréwnujac fermentowane napoje z nasion
skietkowanych i nieskietkowanych [P3];

Btonnika pokarmowego: metoda AOAC 991.43:1994, pozwalajaca na
oznaczenie blonnika catkowitego, w trzech powtorzeniach, pordéwnujac
fermentowane napoje z nasion skietkowanych i nieskietkowanych [P4];

Indeksu glikemicznego (IG): metoda in vitro zgodnie z U.S. Pat. 2009/0004642
Al autorstwa Magaletta i DiCataldo [2009] z pewnymi modyfikacjami. W celu
imitacji procesu trawienia probki napojow wytrawiano z wykorzystaniem
mieszaniny enzyméow: 10 000 1U lipazy, 8000 IU amylazy i 600 IU proteazy. W
celu okreslenia zawartosci poszczegdlnych weglowodandw po procesie
trawienia in vitro probki poddano analizie z wykorzystaniem HPLC. Kalkulacji
indeksu glikemicznego dokonano z wykorzystaniem rownania:

IG = 63,080214 — 0,974313 Biatko(%) — 0,67442 Thuszcz(%) + 367,97478
Glukoza(%) — 452,5341 Fruktoza(%) — 191,8138 Laktoza(%) — 437,3615
Galaktoza(%) — 298,0102 Maltitol(%)

Analizy wykonano w trzech powtdrzeniach, porownujac fermentowane napoje z

nasion skietkowanych i nieskietkowanych[P4];

Zawartosci witamin z grupy B: metoda HPLC z detektorem absorpcyjnym UV-
VIS, zgodnie z metodyka Agostini-Costa et al. [2007]. Witaminy B
zidentyfikowano przez poréwnanie ich czaséw retencji z czasami retencji

roztworow standardoéw witamin (w tym tiaminy, ryboflawiny, niacyny, kwasu
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pantotenowego, pirydoksyny, biotyny, kwasu foliowego i cyjanokobalaminy).
Analizy wykonano w dwoch powtorzeniach, porownujac fermentowane napoje z

nasion skietkowanych i nieskietkowanych [P4].

Charakterystyka wlasciwosci fizycznych

W celu dokonania analizy wtasciwosci fizycznych napojow z fasoli biatej dokonano

nastepujacych oznaczen:

Barwy: z zastosowaniem kolorymetru Minolta CR—400, zgodnie z systemem
pomiarowym CIEL*a*b* (L* — jasno$¢, a* — udzial barwy czerwonej/zielonej,
b* — udzial barwy niebieskiej/zéttej). Analizy wykonano w trzech
powtdrzeniach, porownujac  napoje  Skielkowane, nieskietkowane i
fermentowane. Wyznaczono calkowita réznice barwy AE napojow przed
fermentacja (L7, aj, b7) i po fermentacji (L%, a3, b3) , uzywajac wzoru:

AE = [(Ly — L2+ (a3 — ap?+ (b; — b2 [P2];

Stabilnosci napojow roslinnych: z wykorzystaniem analizatora stabilno$ci
Turbiscan Lab Expert, w oparciu o wskaznik stabilnosci Turbiscan (TSI — ang.
turbiscan Stability Index), zgodnie z metodyka Wang i wsp. [2018]. Analizy
wykonano w dwoch powtdrzeniach. porownujac napoje z nasion skietkowanych
i nieskietkowanych oraz napoje fermentowane i po 21 dniach przechowywania
w temperaturze 6 °C [P2];

Wielkosci czastek: z wykorzystaniem laserowego analizatora CILAS 1190,
zgodnie z metodyka Domian i wsp. [2020]. Srednia $rednice czastek
rejestrowano jako $rednig $rednice objetosciowa das. Analizy wykonano w
dwoch powtdrzeniach, poréwnujac napoje z nasion skietkowanych i
nieskietkowanych oraz napoje fermentowane [P2];

Wiasciwosci reologicznych: z wykorzystaniem reometru Haake MARS 40, w
temperaturze 20 °C. Analizy szybkosci $cinania probek wykonano przy liniowo
rosngcej szybkosci $cinania wynoszacej od 0 do 100 s'. W ramach badan
oscylacyjnych wykonano testy przemiatania odksztalceniem i przemiatania
czestotliwoscia, charakteryzujac parametry lepkosprezyste probek, tj. modut
sprezystosci (G'), modut lepkosci (G”) i lepkos¢ zespolonag (|n*[). Analizy
wykonano w dwoch powtorzeniach, porownujac napoje z nasion skietkowanych

i nieskietkowanych oraz napoje fermentowane [P2].
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Charakterystyka wlasciwosci biochemicznych

W celu dokonania analizy wlasciwosci biochemicznych napojéow z fasoli bialej i

soczewicy bragzowej dokonano nast¢pujgcych oznaczen:

Zawartosci fenoli: metodg Folina—Ciocalteu’a. Probki przygotowano i
przeanalizowano zgodnie z metodyka przedstawiong przez Zhao i Shah [2014].
Calkowitg zawarto$¢ fenoli wyrazono w miligramach kwasu galusowego
GAE/cm® napoju. Analizy wykonano w dwoch powtorzeniach, poréwnujac
napoje z nasion skietkowanych i nieskietkowanych oraz napoje fermentowane
[P3];
Whasciwosci  przeciwutleniajacych: poprzez oznaczenie zdolno$¢ inhibicji
rodnika 2,2-difenylo—1-pikrylohydrazylowego (DPPH), wedlig metodyki
przedstawionej przez Zhao i Shah [2014]. Zdolno$¢ inhibicji rodnika DPPH
wyrazono jako procent hamowania DPPH, stosujac nast¢pujace rownanie.

DPPH RSA (%) = [(Ao— As)/Ao] x 100,
gdzie Ao to absorbancja metanolowego roztworu rodnika DPPH, a As to
absorbancja analizowanej probki. Analizy wykonano w dwdch powtorzeniach,
poréwnujac napoje z nasion skietkowanych i nieskietkowanych oraz napoje
fermentowane [P3];
Zawartosci aglikonow izoflawonow: metodg HPLC z detektorem diodowym,
zgodnie z metodyka da Costa Cesar i wsp., [2006], na materiale poddanym
procesowi liofilizacji 1 hydrolizie kwasowej. Zawarto$¢ daidzeiny, genisteiny i
glicyteiny identyfikowano na podstawie czasu retencji, porownywanego z
czasem retencji roztwordw wzorcow. Analizy wykonano w trzech
powtorzeniach, porownujac napoje z nasion skietkowanych i nieskietkowanych
oraz napoje fermentowane [P4];
Profilu lotnych zwigzkéw: metodg chromatografii gazowej sprzgzonej ze
spektrometrig mas (GC/MS), zgodnie z metodyka Sokotowskiej i wsp. [2020].
Probki do oznaczen przygotowano metoda mikroekstrakeji do fazy stalej, z
wykorzystaniem wiokien SPME, pokrytych filmem
diwinylobenzen/carboxen/polidimetylosiloksan (DVB/CAR/PDMS). Analizy
wykonano w trzech powtorzeniach, porownujac napoje z nasion skietkowanych

i nieskietkowanych oraz napoje fermentowane [P4].
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Charakterystyka sensoryczna

Podobienstwa 1 réznice w jako$ci sensorycznej napojéow z fasoli biatej i soczewicy
bragzowej przeanalizowano metodg iloSciowej analizy opisowe] (QDA — ang.
Quantitative Descriptive Analysis), zgodnie z normg PN-EN ISO 13299:2016.
Charakterystyke sensoryczng probek przeprowadzil 9—osobowy zespot oceniajacych
posiadajacy kwalifikacje oceniajacych — ekspertoéw. Oceny realizowano w Pracowni
Analizy Sensorycznej, Instytutu Nauk o Zywieniu Czlowieka i Konsumpcji, SGGW w
Warszawie. Do analizy profilowej napojow roslinnych wybrano 32 atrybuty wygladu
zewngtrznego, zapachu, konsystencji oraz smaku. Intensywno$¢ wyroznikow,
odczuwanych w produktach, zaznaczano na 10-centymetrowej skali liniowej. Kazda
probka analizowana byla w dwoch niezaleznych powtdrzeniach, a podstawa
otrzymanych wynikéw $rednich byto 18 ocen jednostkowych [P4]. Niniejsze badanie
uzyskato akceptacj¢ Rektorskiej Komisji ds. Etyki Badan Naukowych z Udzialem
Cztowieka SGGW, ktora dokonata przegladu i zatwierdzenia procedur sensorycznych

(12/RKE/2023/U, 20 kwietnia 2023).

5.3. Opracowanie danych i analiza statystyczna

Otrzymane wyniki zgromadzono i opracowano z wykorzystaniem programu Microsoft
Excel. Do analizy danych uzyskanych w przeprowadzonych badaniach wykorzystano
program Statistica w wersji 13.1 (StatSoft, Krakow, Polska). W celu okreslenia wptywu
kietkowania, fermentacji i przechowywania na uzyskane wyniki przeprowadzono
analiz¢ wariancji ANOVA. Istotno$¢ otrzymanych rdznic analizowano z zastosowaniem
testu Tukeya, przy poziomie istotnosci a = 0,05.

Wyniki analizy sensorycznej analizowano z zastosowaniem programu XLSTAT 2021
(Addinsoft, Paryz, Francja). Do okreslenia podobienstw 1 réznic w charakterystyce

sensorycznej napojow wykorzystano Analize Sktadowych Gtownych.

35



6. OMOWIENIE I DYSKUSJA WYNIKOW

6.1. Analiza procesu fermentacji

Napoje roslinne z fasoli bialej i soczewicy brazowej poddano procesowi
fermentacji z zastosowaniem trzech komercyjnych kultur starterowych. Fermentacji
poddano napoje w wariancie bazowym, napoje z nasion poddanych procesowi
kietkowania oraz napoje po 21 dniach przechowywania w temperaturze 6 °C. Wyniki
analiz kwasowosci czynnej i populacji mikroflory napojow przedstawiono w trzecim
artykule z cyklu publikacji stanowigcych niniejsza prace doktorska: Cichonska P.,
Brys J., Ziarno M. (2023). Use of natural biotechnological processes to modify the
nutritional properties of bean—based and lentil-based beverages. Scientific Reports,
13, 16976.

Fermentacja napojow roslinnych zazwyczaj wymaga dluzszego czasu procesu
(okoto 12-48 godzin) w porownaniu z fermentacja mleczarska (okoto 4-6 godzin)
[Cichonska i Ziarno, 2022; Shafiee i wsp., 2010]. Podczas fermentacji zaréwno mleka,
jak i jego substytutow, korzystne jest utrzymywanie pH w zakresie 4,3-4,7. Kwasne pH
chroni produkt przed skazeniem mikrobiologicznym i nadaje korzystne wlasciwos$ci
organoleptyczne, zwiagzane ze st¢zeniem kwasow organicznych i innych sktadnikow
smakowo-zapachowych, takich jak np. diacetyl [Sfakianakis i Tzia, 2014; Fazilah i wp.,
2018].

W Tabeli 4 przedstawiono warto$ci pH oraz populacje LAB i bifidobakterii w
napojach z fasoli i soczewicy. W tabelach przedstawiono warto$ci $rednie i odchylenia
standardowe oraz statystyke ANOVA (wspdlczynnik m? wskazujacy wplyw
kietkowania, fermentacji i przechowywania). We wszystkich fermentowanych probkach
napojow Wwykazano istotne zmniejszenie wartosci pH, co wskazuje na aktywnos¢
metaboliczng mikroorganizméw w badanych kulturach starterowych. We wszystkich
badanych probkach napojow nie zaobserwowano istotnych zmian pH po okresie 21 dni
przechowywania w warunkach chtodniczych. Glownym czynnikiem majacym wptyw

na uzyskane wartoéci byla fermentacja (1?2 = 0,925-0,989).
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Tabela 4. Populacja LAB i bifidobakterii oraz pH napojow z fasoli biatej i soczewicy

brazowe;j
populacja bakterii [log10 CFU/mL]
Kod probki! pH paleczki kwasu S. bifidobakterie
mlekowego thermophilus

Napoje z fasoli bialej
NF 6,03+0,32° nw nw nw
NF+BS 4,79+0,17° 5,99 +0,05° 9,60 + 0,07 ¢ nw
NF+YO-MIX 4,59+ 0,36 2 7,17 £ 0,06 * 8,16 £0,13 8,07+£0,22°
NF+ABY-3 4,39+0,25° 7,50 +£ 0,02 ¢ 9,53+0,18 ¢ 7,86+ 0,08
NFp 5,96 +0,38° nw nw nw
NFp+BS 4,73+0,25° 525+0,21° 6,87 +0,11° nw
NFp+YO-MIX 4,39+0,55°2 7,28 £ 0,09 « 8,18 £ 0,23 7,52+0,132
NFp+ABY-3 4,38+ 0,262 7,49 £ 0,04 % 7,72+0,09°¢ 7,43+0,242
NFK 6,35+ 0,06 ° nw nw nw
NFK+BS 4,74 +0,24° 5,86+0,11° 7,72+0,18°¢ nw
NFK+YO-MIX 4,30+ 0,07 ® 7,17+0,18 8,08+ 0,20 7,76+0,13%®
NFK+ABY-3 4,27 +0,22° 7,73+0,11¢% 7,72+0,17° 7,72+0,18%®
NFK 6,30 + 0,02 ° nw nw nw
NFKp+BS 4,72 +0,06 2 5,15+0,07% 6,14+0,19% nw
NFKp+YO-MIX 4,40+0,18 2 7,47 +£0,09 ¢ 8,32+0,18 ¢ 7,74+£0,14%®
NFKp+ABY-3 4,31+0,13° 7,03+0,08°¢ 7,71+0,11°¢ 7,42+0,132
Statystyka ANOVA. n? []
Kietkowanie ns ns ns ns
Fermentacja 0,925 0,995 0,969 0,999
Przechowywanie ns 0,211 0,265 0,261
Napoje z soczewicy brazowej
NS 6,36 = 0,08 ¢ nw nw nw
NS+BS 4,36 0,04 573+£0,10%® 8,60 + 0,08 ¢ nw
NS+YO-MIX 4,43 +(,02 2 6,15+ 0,17 7,65+0,19 6,89+ 0,062
NS+ABY-3 4,38 £ 0,01 2 6,34 +£0,10 8,62+0,11° 6,75+0,142
NSp 6,27 £0,03 ¢ nw nw nw
NSp+BS 4,67+0,08 ¢ 5,87 £ 0,18 ¢ 7,28+0,18¢ nw
NSp+YO-MIX 4,46 + 0,08 2 7,23+0,15° 7,69+0,13 8,02+ 0,12 ¢
NSp+ABY-3 4,37+0,11 % 730+£0,16 1 582+0,29° 7,69+0,11"%
NSK 6,39 = 0,03 ¢ nw nw nw
NSK+BS 4,51 +0,2] 2 6,78 +£0,17 % 7,75+0,14 nw
NSK+YO-MIX 4,19+0,012 7,75+0,08 9" 7,62+0,17 7,52+0,13°
NSK+ABY-3 421+0,21% 780+0,15" 7,88+0,04¢ 7,47+0,20°
NSK 6,26 + 0,05 © nw nw nw
NSKp+BS 4,58 +£0,07 P 6,67 +0,16¢ 7,49 +0,01 nw
NSKp+YO-MIX 4,25+ 0,07 % 559+0,16° 6,74+0,21° 6,83+0,122
NSKp+ABY-3 4,140,042 7,66 = 0,06 " 7,25+0,12 "% 6,64 + 0,09 2
Statystyka ANOVA. n° [-]
Kietkowanie 0,347 ns ns ns
Fermentacja 0,989 0,969 0,978 0,992
Przechowywanie ns ns 0,358 ns

a,bcdefgh

istotnie (p < 0.05); nw — nie wykryto; ns — nieistotne statystycznie;

! Opis jak w Tabeli 2
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W momencie spozycia produkty probiotyczne musza zawiera¢ odpowiednig
liczbe zywych komérek bakterii probiotycznych, wahajaca sie od co najmniej 10° do
107 jtk/cm®, aby mogly wywieraé korzystne dzialanie na organizm [Fazilah i wp.,
2018]. W tym badaniu, stosujgc  kultury starterowe YO-MIX 207
(NF/NS/NFK/NSK+YO-MIX) i ABY-3 (NF/NS/NFK/NSK+ABY-3), zalecang liczbe
zywotnych komoérek z rodzajow Lactobacillus, Streptococcus i Bifidobacterium
uzyskano po fermentacji wszystkich badanych probek. Co niezwykle istotne, w
wickszosci analizowanych probek nie zaobserwowano redukcji populacji bakterii
ponizej 107 jtk/lcm® po okresie przechowywania. Probki NF, NFK i NS poddane
fermentacji z kulturg starterowa Beaugel Soja 1 nie osiagnely zalecanej liczby komoérek
LAB, osiagajac wartosci odpowiednio 5,99, 5,86 i 5,73 log10 jtk/cm®. We wszystkich
badanych probkach napojow nie wykazano istotnego wplywu kietkowania na populacje
LAB i bifidobakterii. Okres przechowywania roéwniez nie miat istotnego wplywu na pH
wszystkich badanych probek; wykazano jednak niewielki wplyw (n? = 0,211-0,358) na
zmiany w populacji badanych bakterii.

W przeprowadzonym badaniu w wigkszosci analizowanych probek uzyskano
wymagany poziom populacji LAB i bifidobakterii oraz wartosci pH zalecane dla
napojow fermentowanych. Ponadto wartosci te uzyskano w wyniku fermentacji
prowadzonej przez 6 godzin. Wigkszo$¢ napojow roslinnych opisywanych w literaturze
wykazuje nizsze tempo ukwaszania, powolny wzrost bakterii probiotycznych i
wydhluzony czas fermentacji [Fazilah i wsp., 2018; Rasika i wsp., 2021]. Skrocenie
czasu fermentacji jest rezultatem odpowiedniej obrobki technologicznej zwigkszajace;j
dostepnos$¢ rozpuszczalnych weglowodandw oraz optymalizacji parametrow procesu.
Zastosowanie zlozonych kultur starterowych i podwyzZszenie temperatury fermentacji
umozliwilo znaczne skrocenie czasu trwania procesu. Krotszy czas fermentacji
przeklada si¢ na wyzsza wydajnos¢ 1 korzystniejszy aspekt ekonomiczny w produkeji na
duza skale.

Fermentacja napojow z fasoli i soczewicy, zarowno skietkowanych, jak i
nieskietkowanych, z kultura Beaugel Soja 1 wykazala nizszg skuteczno$¢ w
uzyskiwaniu zalecanego pH i poziomu populacji bakterii w porownaniu do pozostatych
kultur. Ta kultura starterowa byta najmniej zréznicowana pod wzglgdem gatunkowym
drobnoustrojow i zawierala jedynie bakterie z rodzajow Lactobacillus i Streptococcus.
Pozostate badane kultury starterowe (YO-MIX 207 i ABY-3) zawieraly rowniez

bakterie z rodzaju Bifidobacterium, Wyniki te wskazuja, ze wigeksza roznorodnosé¢
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mikroflory w kulturze starterowej sprzyja bardziej efektywnej fermentacji badanych
napojow. Zjawisko to moze wynikac z synergistycznego dziatania mikroorganizmow w
ztozonych kulturach starterowych oraz metabolizmu weglowodanow w  roslinach
straczkowych. Zdaniem Adamberga i wsp. [2014], rownowaga szczepow i aktywno$é
mikroorganizméw s3 determinowane przez wzajemne oddzialywania r6znych
czynnikdw pomiedzy cztonkami konsorcjum, takich jak antagonizm, konkurencja o
substraty 1 symbioza poprzez krzyzowe odzywianie. Autorzy wykazali, ze wzrost L.
paracasei F8 byt stymulowany w obecnosci B. breve 46. Podobnie, w niniejszym
badaniu obnizone stezenie komorek Lactobacillus zaobserwowano jedynie w probkach
fermentowanych przy uzyciu startera Beaugel Soja 1, czyli kultury niezawierajacej
bifidobakterii.

Probki fermentowane przy uzyciu Kultury Beaugel Soja 1 charakteryzowaty si¢
najwolniejszym tempem zmniejszania wartosci pH. Wedlug Pokusaeva i wsp. [2011]
bifidobakterie metabolizujg weglowodany wydajniej niz LAB. Szlak fermentacji
bifidobakterii daje 2,5 mola ATP, 1,5 mola octanu i 1 mol mleczanu z 1 mola
sfermentowanej glukozy. Homofermentatywne LAB wytwarzaja 2 mole ATP i 2 mole
kwasu mlekowego, podczas gdy heterofermentatywne LAB wytwarzaja 1 mol kwasu
mlekowego, etanolu i ATP z 1 mola glukozy. Efektywng fermentacj¢ mleka mozna
osiggnac¢ stosujac klasyczng kulturg jogurtowa, ktéra charakteryzuje si¢ protosymbioza
pomiedzy S. thermophilus i L. delbrueckii subsp. bulgaricus [Heller, 2001]. Niniejsze
badanie pokazuje, ze W fermentacji napojow roslinnych najskuteczniejsze jest
stosowanie kultur starterowych wzbogaconych bifidobakteriami, ktére mogg zwiekszac

szybkos¢ procesu i proliferacje drobnoustrojow.

6.2. Charakterystyka wartosci odzywczej

Napoje roslinne z fasoli bialej 1 soczewicy bragzowej w wariantach bazowych, z
nasion skietkowanych 1 po procesie fermentacji przebadano pod wzgledem
charakterystyki warto$ci odzywczej. Wyniki analiz zawartosci biatka, thuszczu, suchej
masy, weglowodanow, profilu kwasow tluszczowych 1 pozycjonowania kwasow
thuszczowych w czasteczkach TAG napojow przedstawiono w trzecim artykule z cyklu
publikacji stanowigcych niniejszg prace doktorska: Cichonska P., Brys J., Ziarno M.
(2023). Use of natural biotechnological processes to modify the nutritional
properties of bean—based and lentil-based beverages. Scientific Reports, 13, 16976.

Wyniki analiz zawarto$ci wybranych witamin z grupy B, btonnika pokarmowego i I1G

39



napojow przedstawiono w czwartym artykule z cyklu publikacji stanowigcych niniejsza
prace doktorska: Cichonska P.*, Kostyra E., Piotrowska A., Scibisz I., Roszko M.,
Ziarno M. (2024). Enhancing the Sensory and Nutritional Properties of Bean—
Based and Lentil-Based Beverages through Fermentation and Germination. LWT
— Food Science and Technology, 199, 116140.

6.2.1. Analiza zawartoSci bialka, thuszczu i suchej masy

Napoje roslinne dostepne na rynku charakteryzujg si¢ bardzo zrdéznicowang
wartos$cig odzywcza, w zalezno$ci od surowca, z ktorego zostaly wytworzone. Produkty
te zwyczajowo stosowane sg jako substytuty mleka, dlatego tez korzystne jest, aby
podczas ich produkcji stosowaé takie procesy technologiczne i surowce, ktore pozwolg
na otrzymanie wyrobu charakteryzujacego si¢ warto$cig odzywcza zblizong do mleka
krowiego [Chalupa—Krebzdak i wsp., 2018]. Wysoki potencjal do tego celu wykazuja
nasiona roslin straczkowych, w przypadku ktérych konieczne jest jednak zastosowanie
procesoOw, ktore przyczyniga si¢ do zmniejszenia zawartosci obecnych w nich
sktadnikow antyodzywczych, ktore zmniejszaja dostgpnos¢ wybranych sktadnikow
odzywczych [Samtiya i wsp., 2020].

W Tabeli 5 przedstawiono zawarto$¢ biatka, thuszczu i suchej masy w badanych
napojach. Bazowe napoje z fasoli charakteryzowaly si¢ istotnie wyzsza zawarto$cia
biatka w poréwnaniu do napoju z soczewicy, jednak wartosci te wykazywaly podobny
rzad wielkosci (2,24 g/100 g dla NF 1 2,09 g/100 g dla NS). W przypadku obu rodzajow
napojow zaobserwowano istotny wplyw zastosowania procesu kietkowania nasion na
zwigkszenia zawarto$ci biatka — 0 15,6% w NFK i 13,4% w NSK. Napgj z fasoli
charakteryzowat si¢ 4—krotnie wyzsza zawartoscig ttuszczu w poroéwnaniu do napoju z
soczewicy. Znaczne roznice w tym parametrze zaobserwowano réwniez pomigdzy
surowymi nasionami roslin strgczkowych, z ktorych wytworzono napoje (Tabela 3).
Kietkowanie nasion nie miato istotnego wplywu na zawarto$¢ tluszczu w badanych
probkach. Nie wykazano istotnych roéznic w zawartosci suchej masy pomigdzy
bazowymi napojami z fasoli i soczewicy, a kietkowanie wptyne¢to na istotne obnizenie

tego parametru 0 10,6% dla NF i 21,1% dla NS.
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Tabela 5. Zawartos¢ biatka, tluszczu i suchej masy w napojach z fasoli bialej i

soczewicy brazowej

) Zawartos¢ biatka Zawarto$¢ Zawartos$¢ suchej
Kod prébki
[0/100 g] tluszczu [g/100 g] masy [9/100 g]

Napoje z fasoli biatej

NF 2,24+0,13" 0,60+0,0° 7,63+£0,24°¢
NFK 2,59+0,24°¢ 0,60+0,0° 6,82+ 0,50 °
Napoje z soczewicy brazowej

NS 2.09+£0,092 0,15+0,02 7.21+£0,65°¢
NSK 2,37+021°" 0,15+£0,02 569+0,42%

ab.¢ _ ¢rednie wartosci w kolumnach oznaczonych réznymi literami réznia sie istotnie

(p < 0.05);
! Opis jak w Tabeli 2

Obecnie na rynku napojem ro$linnym o wartosci odzywczej najbardziej
zblizonej do mleka krowiego jest napdj sojowy. Ma on najdtuzszg historie rozwoju 1
badan nad jego wilasciwos$ciami jako analogu mleka. Napoj ten charakteryzuje si¢
zawarto$cig biatka na poziomie okoto 3 g/100 g [Sethi i wsp., 2016]. Otrzymane napoje
bazowe z fasoli i soczewicy charakteryzowaly si¢ nieco nizszg zawartoscig biatka, na
poziomie 2,09-2,24 g/100 g, jednak proces kietkowania przyczyniat si¢ do istotnego
zwigkszenia jego =zawarto$ci. W nasionach ro$lin straczkowych biatko jest
syntetyzowane w retikulum endoplazmatycznym, a nast¢gpnie magazynowane jako
biatko zapasowe w wakuolach w zarodkach nasion lub komorkach wegetatywnych,
przede wszystkim w postaci biatek wicyliny i leguminy. W wyniku zastosowania
procesu kietkowania, biatka zapasowe ulegajg remobilizacji do postaci aminokwasow i
energii niezbednej do syntezy nowych biatek. Proces ten prowadzi do zwigkszenia
zawartosci biatka, w pordwnaniu do nasion niepoddawanych kietkowaniu [Ohaneneye i
wsp, 2020]. Zastosowanie kietkowania jest wigc bardzo korzystne w celu zwigkszenia
warto$ci odzywczej napojow z nasion roslin stragczkowych.

Zawarto$¢ tluszczu w napojach roslinnych, podobnie jak w przypadku biatka,
jest bardzo zroznicowana i zalezy przede wszystkim od surowca, z ktorego wytwarzany
jest produkt. Najwyzszg zawarto$cig tego makrosktadnika charakteryzujg si¢ napoje z
nasion (np. sezamu w zakresie 6,69—7,26 g/100 g) i orzechéw (np. orzechéw nerkowca
w zakresie 1,04-5,29 g/100 g), a najmniejszym z ryzu (w zakresie 0,00-1,95 g/100 g)
[Fructuoso i wsp., 2021]. Napoje roslinne dostgpne na rynku sg czgsto dodatkowo

wzbogacane w oleje (gtownie olej stonecznikowy). Oleje dodaje si¢ nie tylko w celu
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zwickszenia zawartos$ci thuszczu w produkcie, tak aby byt na poziomie zblizonym do
mleka krowiego, ale rowniez w celu uzyskania gladkiej konsystencji i poprawy
odczucia w ustach w trakcie spozywania produktu [Fructuoso i wsp., 2021]. Napoje z
fasoli i soczewicy, analizowane w niniejszej pracy, charakteryzuja sie niskg zawartoscig
thuszczu ze wzgledu na ich niskg zawartos¢ w surowcach, tj. na poziomie 2,3 g/100 g
dla fasoli i 1,1 g/100 g dla soczewicy (Tabela 3). Ze wzgledu na brak dodatku olejow
ro$linnych do receptury badanych napojéow z fasoli i soczewicy mozliwe byto
szczegblowe zbadanie profilu kwasow tluszczowych oraz ich rozmieszczenia w
czasteczkach triacylogliceroli (TAG), wystepujacych naturalnie w analizowanych
produktach.

W niniejszym badaniu zaobserwowano réwniez istotne obnizenie zawartosci
suchej masy w wyniku zastosowania procesu kietkowania. Jednocze$nie
zaobserwowano istotne obnizenie zawartosci glukozy w NF (z 6,53 do 2,58 mg/kg) i
NS (z 12,49 do 8,21 mg/kg), a takze sacharozy w NS (z 3,40 do 2,47 mg/kg) w
porownaniu do napojow z nasion skietkowanych (Tabela 6). W czasie procesu
kietkowania dochodzi do enzymatycznej hydrolizy skrobi, za§ glukoza jest
wykorzystywana jako substrat w procesach syntezy nowych sktadnikéw komoérkowych
[Nkhata i wsp., 2018]. Mozna zatem wysnu¢ wniosek, ze redukcja suchej masy w
napojach skietkowanych jest bezposrednia konsekwencja zmniejszenia zawartosci

wybranych weglowodanow.

6.2.2. Analiza zawartoS$ci weglowodanow

Weglowodany sa glownym skladnikiem roslin stragczkowych (55-65%) i
sktadajg si¢ na nie przede wszystkim skrobia, monosacharydy, disacharydy i o—
galaktozydy [Sanchez i wsp., 2015]. Ludziom i zwierz¢tom jednozotadkowym brakuje
enzymu o—galaktozydazy wymaganej do hydrolizy wigzan a(1 — 6)glikozydowych. W
wyniku tego oligosacharydy obecne w roslinach straczkowych pozostajg niestrawione w
gornym odcinku przewodu pokarmowego 1 ulegaja fermentacji w jelicie grubym,
powodujac dyskomfort trawienny [Kannan i wsp., 2018]. Podczas wytwarzania
produktow na bazie roslin straczkowych pozadane jest wiec usunigcie tych sktadnikdw.

W tabeli 6 przedstawiono zawarto$¢ wybranych weglowodanéw w badanych
napojach ros§linnych. W tabeli przedstawiono wartosci $rednie i odchylenia standardowe
oraz statystyke ANOVA (wspotczynnik n? wskazujacy wptyw kietkowania, fermentacji

| przechowywania).
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Tabela 6. Zawartos¢ wybranych weglowodanow w napojach z fasoli biatej i soczewicy

brazowe;j
1 Zawartos$¢ weglowodanow [mg/kg]

Kod probki glukoza | sacharoza rafinoza stachioza | werbaskoza
Napoje z fasoli bialej
NF 6,53+0,10° 340+0,24" 0,60+0,11% | 0,62+0,04% | 1,62+0,03"
NF+BS 473+0,29¢ | 2,67+0,10° | 058+0,12% | 0,51+0,03% | 1,56+0,09"
NF+YO-MIX 433+0,17¢ | 2,11+0,33% | 058+0,11% | 0,41+0,012 | 1,47+0,05"
NF+ABY-3 429+0,12¢ | 2,16+0,45% | 050+0,03% | 044+0,012 | 159+0,11"
NFp 6,93+0,28" | 2,99+0,03¢ | 0,59+0,04% | 0,65+0,08% | 1,51+0,02"
NFp+BS 6,37+053" | 220+0,12%¢ | 0,74+0,16% | 0,64+0,07® | 1,41+0,01°
NFp+YO-MIX 597+0,137 | 2,16+0,23% | 0,57+0,05% | 0,56+ 0,082 1,69+0,12°
NFp+ABY-3 487+0,41°¢ | 159+0,37" | 055+0,09% | 0,40+0,08% | 1,55+0,08"
NFK 2,58+0,42% | 247+0,17% | 0,61+0,02°2 1,68+0,29" | 0,25+0,082
NFK+BS 2,25+0,31°%¢ | 091+0,18%® | 0,33+0,06% | 1,18+0,09¢ | 0,27 +0,092
NFK+YO-MIX | 1,40+0,02% | 1,45+0,14" | 0,48+0,09% | 1,55+0,13 " | 0,21 +0,012
NFK+ABY-3 2,21+0,07°% | 102+0,31%® | 059+0,22% | 1,22+0,02%¢ | 0,22+0,012
NFK 3,03+0,13¢ | 2,46+0,16% | 062+0,05% | 1,67+0,09° nw
NFKp+BS 294+0,10% | 0,79+0,06% | 055+0,122 | 1,59+ 0,03 %f nw
NFKp+YO- 1,09+0,252% | 0,79+0,01® | 0,61+0,04?% | 1,09+0,05 | 0,19+0,07?2
MIX
NFKp+ABY-3 | 1,89+0,05%® | 0,32+0,11% | 0,53+0,14?% | 1,30+ 0,22 cf nw
Statystyka ANOVA. n? [-]
Kietkowanie 0,918 0,825 ns 0,899 0,984
Fermentacja 0,619 0,836 ns 0,394 ns
Przechowywanie 0,266 0,321 ns ns 0,254
Napoje z soczewicy brazowej
NS 1249+0,65" | 1,20+0,91° | 0,25+0,062 1,15+0,16° | 2,65+0,16"
NS+BS 11,53+0,529" | 1,22+0,01°¢ | 0,25+0,042 |0,87+0,10% | 2,24 +0,14 fo"
NS+YO-MIX 8,48+0,49" | 0,50+0,05° | 0,19+0,012 [0,86+0,19% | 245+0,159"
NS+ABY-3 468+0,14° | 040+0,03% | 0,18+0,012 |0,89+0,122d | 224 +0,08 "
NSp 10,29+0,259 | 1,08+0,04¢ | 0,23+0,03° 1,09+0,07¢ | 1,78 +0,06 ™
NSp+BS 6,33+0,28 ¢ | 0,33+0,08% | 0,250,022 1,00£0,03¢ | 1,40+ 0,05 °®
NSp+YO-MIX 257+0,642% | 0,31+0,01% | 0,14+0,012 | 0,99+0,07° | 1,64=+0,07¢
NSp+ABY-3 253+0,57% | 0,35+£0,07%® | 0,12+0,03% | 0,97 +0,09" | 1,60+ 0,14 %
NSK 821+024° | 1,21+0,05¢ | 0,91+0,12% | 1,19+0,07¢ | 0,90+ 0,03 b=
NSK+BS 6,19+ 0,08 | 0,21+0,08% | 0,68+0,06" | 1,08+0,03°¢ nw
NSK+YO-MIX | 586+0,16" | 052+0,03° | 0,71+0,08" | 0,98+0,08< | 0,31+0,01 %
NSK+ABY-3 6,76 0,33 " | 0,38 +£0,08% | 0,73+0,12"4 | 0,61 + 0,03 #© nw
NSK 7,79+0,60%" | 1,07+0,04¢ | 0,99+0,02° 1,01£0,02¢ | 0,78 0,06 %°
NSKp+BS 6,25+0,31%¢ | 0,36+0,08% | 0,61+0,03% | 1,13+£0,09¢ | 0,43+0,06%®
NSKp+YO- 6,49+ 0,42 | 0,49+0,02° | 0,50+0,05° | 055+0,03% | 0,17+0,062
MIX
NSKp+ABY-3 | 6,79+0,62 | 0,39+0,03% | 0,78 +0,08°® | 0,59+ 0,08 * nw
Statystyka ANOVA. n? [-]
Kietkowanie ns ns 0,905 ns 0,901
Fermentacja 0,487 0,714 0,440 0,468 0,389
Przechowywanie 0,219 ns ns ns 0,312

a,bcdefgh,i

istotnie (p < 0.05); nw — nie wykryto; ns — nieistotne statystycznie;
! Opis jak w Tabeli 2
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W przypadku napojow z fasoli w najwickszym st¢zeniu wystgpowata glukoza,
zarowno w napoju bazowym (6,53 = 0,10 mg/kg), jak i skietkowanym (2,58 + 0,42
mg/kg). Glownym czynnikiem wplywajacym na zmiany stezen analizowanych
weglowodanow bylo kietkowanie (n?>0,825). Zastosowanie procesu znacznie obnizyto
zawarto$¢ glukozy, sacharozy i werbaskozy, podnoszac jednocze$nie poziom stachiozy.
Fermentacja z r6éznymi kulturami starterowymi rowniez wplynela na sklad
weglowodanowy napojow, gléwnie poprzez redukcje glukozy i sacharozy. Ten efekt
jest wynikiem aktywno$ci metabolicznej mikroorganizmow.

W napojach z soczewicy rowniez zaobserwowano najwyzszg zawartos¢ glukozy
sposrod wszystkich testowanych weglowodandw, jednak w poréwnaniu z NF i NFK
zawarto$¢ glukozy byta prawie dwukrotnie wyzsza dla NS (12,49 mg/kg) i ponad
trzykrotnie wyzsza dla NSK (8,21 mg/kg) (Tabela 6). Fermentacja z réznymi kulturami
starterowymi byla gléwnym czynnikiem wptywajacym na zawarto$¢ glukozy
(n?=0,487) i sacharozy (n>=0,487) w NS i prowadzila do istotnego zmniejszenia
zawartosci tych weglowodanow. W napojach z soczewicy zastosowanie kietkowania
spowodowato istotne obnizenie zawarto$¢ werbaskozy 1 zwigkszenie zawarto$¢
stachiozy, natomiast fermentacja istotnie obnizyta zawartos¢ wszystkich badanych
oligosacharydow. We wszystkich badanych napojach roslinnych okres przechowywania
w warunkach chlodniczych mial najmniejszy wplyw na modyfikacje zawartosci
analizowanych weglowodanéw (n?=~0,219-0,321) i wplywat przede wszystkim na
istotne obnizenie zawartosci glukozy w fermentowanych napojach z fasoli i soczewicy
bazowej 1 skietkowanej.

Wedlug Nkhaty i wsp. [2018] wptyw kielkowania na weglowodany jest w duzej
mierze zalezny od aktywacji enzyméw hydrolitycznych i amylolitycznych. Dziatanie
tych enzymow wplywa na zmniejszenie zawartosci skrobi i zwigkszenie zawartosci
cukrow prostych. Kielkowanie znacznie wpltywa na weglowodany poprzez aktywacje
enzymow hydrolitycznych i amylolitycznych, takich jak o—amylaza. W niniejszym
badaniu zaobserwowano istotne zmniejszenie zawartosci glukozy w napojach z fasoli i
soczewicy. Warto zaznaczy¢, ze obecno$¢ glukozy w napojach moze by¢ réwniez
wynikiem innych etapéw przetwarzania, np. rozdrabniania.

Niedostateczna dyspersja roslin  stragczkowych prowadzi do obecnosci
makroczasteczek, ktore podczas procesu filtracji sg zatrzymywane na przesiewach, co
skutkuje zmniejszeniem wydajnosci ekstrakcji. W efekcie otrzymany napoj

charakteryzuje si¢ nizszg zawarto$cig suchej masy, w tym cukréw [Vishwanathan i
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wsp., 2011; Kinnarinen i wsp., 2017]. Badania przedstawione w drugim artykule
stanowigcym niniejszg prace doktorska wykazaly, ze napoje z nasion skietkowanych
majg wyzszy wspotczynnik Span i $rednig $rednice czastek ds 3 (Span = 2,24-2,35, d4,3
~ 76,8-84,2) niz napoje z nasion nieskietkowanych (Span = 1,90-2,00, d4,3 =~ 38,2—
47.0) (Tabela 13). Wskazuje to na obecno$¢ w napojach z nasion skietkowanych
wickszych czastek lub agregatéw, co moze by¢ bezposrednio powigzane z nizsza
efektywnoscig procesu filtracji. Tworzenie agregatéw biatkowych obserwuje si¢
glownie w roztworach przygotowanych z ro$lin strgczkowych [Tang i wsp., 2009].
Kietkowanie prowadzi do zwigkszenia dostgpnosci biatek, co moze skutkowad
intensywniejszym tworzeniem si¢ agregatow, a w konsekwencji mniej efektywnymi
procesami rozdrabniania i filtracji [Ohanenye i wsp., 2022]. Zahir i wsp. [2021] réwniez
zaobserwowali najintensywniejsze tworzenie si¢ agregatow biatkowych w probkach soi

poddawanych kietkowaniu w poréwnaniu z probkami nieskietkowanymi.

6.2.3. Analiza profilu kwaséw tluszczowych

Udziat procentowy poszczegdlnych kwasow tluszczowych w catkowitej puli
kwasow thuszczowych, a takze stosunek nienasyconych kwasow thuszczowych (UFA —
ang. unsaturated fatty acids) do nasyconych kwasow tluszczowych (SFA — ang.
saturated fatty acids), sa waznymi parametrami okre$lajacymi warto$¢ odzywcza
thuszczow [Baum i wsp., 2012]. Do analizy profilu kwaséow tluszczowych oraz
pozycjonowania kwasow thuszczowych w TAG wykorzystano napoje bazowe, z nasion
skietkowanych, przechowywane w warunkach chtodniczych oraz fermentowane z
kulturg starterowa ABY-3, ktora wykazata najefektywniejsza zdolno$¢ do ukwaszania
badanych napojow we wczesniejszych badaniach.

Na Rysunku 2 przedstawiono udziat UFA 1 SFA w catkowitej puli kwasow
thuszczowych badanych napojow roslinnych. We wszystkich probkach dominowaty
UFA, stanowiace 77,3-86,7% w NF/NFK i 74,1-80,3% w NS/NSK. Fermentacja z
kulturg starterowa ABY-3 miata istotny wptyw na udziat UFA i SFA jedynie w NFK,
gdzie spowodowata istotne zwigkszenie udzialu UFA z 815% do 86,7% przy
jednoczesnym obnizeniu udziatu SFA. Przechowywanie wptyneto istotnie jedynie na
NF i NFK, w ktérych doprowadzito do istotnego obnizenia UFA, z jednoczesnym
zwigkszeniem udziatu SFA. W pozostalych probkach napojow z fasoli i soczewicy
fermentacja, kietkowanie i przechowywanie nie miaty wptywu na catkowity udziat SFA
i UFA.
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Rysunek 2. Laczny udzial kwasdéw thuszczowych nienasyconych i nasyconych w
catkowitej puli kwasoéw ttuszczowych badanych napojéw z fasoli biatej (A) i soczewicy
brazowej (B)

abcde_ ¢rednie wartosci w grupach kwaséw tluszczowych (nasycone/nienasycone)
oznaczonych réoznymi literami rdznig si¢ istotnie (p < 0.05);
! Opis jak w Tabeli 2
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W Tabeli 7 przedstawiono profil kwasow tluszczowych napojow z fasoli biatej i

soczewicy brazowej. W tabeli przedstawiono warto$ci $rednie udzialu procentowego

poszczegbdlnych kwaséw tluszczowych w catkowitej puli kwasow tluszczowych,

odchylenia standardowe oraz statystyke ANOVA (wspotczynnik n? wskazujacy wplyw

kietkowania, fermentacji i przechowywania). W profilu kwasow tluszczowych

badanych napojow dominowat kwas linolenowy (C18:2 n—6c). Pozostatymi UFA, ktore

miaty znaczny udziat w tym profilu byty kwas a—linolenowy i oleinowy. Jedynie dwa

SFA mialy istotny udzial w profilu kwasow tluszczowych badanych napojow, tj. kwas

palmitynowy i stearynowy. Pozostate kwasy tluszczowe miaty udzial na poziomie okoto

0,1% lub mniej.

Tabela 7. Profil kwasoéw tluszczowych napojow z fasoli biatej i soczewicy brazowe;j.

kwasy tluszczowe [%]
Kod probki! palmitynowy stearynowy oleinowy linolowy a~linolenowy
C16:0 C18:0 C18:1 n9-c C18:2 n-6c¢ C18:3 n-3c

Napoje z fasoli bialej
NF 14,45+ 0,35°¢ | 3,00+0,00¢ | 12,95+0,21° | 44,00+0,14¢ | 2555+ 0,35
NF+ABY-3 15,65+0,35% | 2,15+0,07% | 13,00+ 0,00 | 40,70£0,14% | 27,70+ 0,14°¢
NFp 16,90 £0,429 | 2,95+0,07°¢ | 12,10+0,282 | 43,15+0,49¢ | 24,90+ 0,28
NFp+ABY-3 11,30+ 0,00° | 250+0,00° | 13,70+ 0,00°¢ | 41,85+ 0,07 ¢ | 29,25+ 0,07 ¢
NFK 15,15+ 0,35¢ | 3,25+0,07¢ | 12,80+0,00° | 43,75+0,07¢ | 25,05+ 0,21 %
NFK+ABY-3 9,60+0,142 | 255+0,07° | 12,75+0,07° | 42,95+ 0,07 | 29,30+ 0,14 ¢
NFK 19,40+ 0,579 | 3,25+0,079 | 11,80+0,00% | 41,25+ 0,64 % | 24,30+ 0,002
NFKp+ABY-3 11,85+ 0,07° | 250+0,00° | 12,90+0,00° | 41,95+ 0,07 | 28,45+ 0,07 ¢
Statystyka ANOVA. n° [-]
Kietkowanie ns 0,613 ns ns ns
Fermentacja 0,550 0,929 0,452 0,306 0,914
Przechowywanie ns ns ns ns ns
Napoje z soczewicy brazowej
NS 17,50+ 0,842 | 575+0,92°¢ | 26,15+0,49¢ | 39,90+ 0,712 | 10,65+ 1,06 %
NS+ABY-3 15,70+ 0,992 | 2,15+0,07?2 |24,70+0,14 " | 4235+ 0,492 | 11,05+ 0,07 °
NSp 18,40+ 0,852 | 6,65+1,06¢ | 2535+0,07% | 39,20+1,13% | 10,40+ 0,85
NSp+ABY-3 18,75+ 0,922 | 1,95+0,07?2 | 23,20+ 0,28 | 41,30+ 0,57 % | 11,30+ 0,14°
NSK 19,20+ 0,142 |4,75+1,20%° | 23,30+ 0,71 | 43,85+0,35¢ | 8,80+0,142
NSK+ABY-3 18,45+ 0,782 | 2,75+ 0,07% | 19,65+0,492 | 42,35+ 0,78 % | 10,60 + 0,14
NSK 19,45+1,202 |510+0,71° | 23,10+0,00° | 43,60+0,42 | 8,75+0,07?
NSKp+ABY-3 16,55+ 1,462 | 2,20+0,28% | 19,35+1,202 | 4510+1,12¢ | 11,35+0,49°
Statystyka ANOVA. n? [-]
Kietkowanie ns ns 0,872 0,626 0,426
Fermentacja ns 0,843 0,807 ns 0,613
Przechowywanie ns ns ns ns ns

Pozostate kwasy tluszczowe, o nieistotnym udziale w profilu kwaséw tluszczowych,
obejmuja: 14:0, 15:0, 16:1, 17:0, 17:1, 20:0, 20:1, 20:3 n—3, 22:2, 24:0, 20:5 n-3;

a,b,cd

(p <£0.05); ns — nieistotne statystycznie;
! Opis jak w Tabeli 2
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Glownym czynnikiem wptywajacym na profil kwaséw ttuszczowych NF 1 NFK
byla fermentacja z kulturg starterowa ABY—-3 (2 = 0,306-0,929). Zastosowanie tego
procesu istotnie zmodyfikowato profil kwasow tluszczowych n-3 i n—6, zwigkszajac
udzial kwasu oa-linolenowego n-3 i zmniejszajgc udzial kwasu linolowego n—6.
Ponadto fermentacja istotnie obnizyla zawarto$¢ kwasu palmitynowego w NFK i
obnizyla zawartos¢ kwasu stearynowego w NF i NFK. Kietkowanie wptyngto
wylgcznie na istotne zwickszenie udzialu kwasu stearynowego w NFK (z 3,0 do
3,25%).

Zarowno fermentacja, jak i kietkowanie znacznie wptynety na profil kwasow
thuszczowych w NS. Fermentacja spowodowata istotne zmniejszenie zawartosci kwasu
stearynowego 1 oleinowego oraz zwigkszenie zawarto$ci kwasu o—linolenowego.
Kietkowanie natomiast doprowadzito do istotnego zmniejszenia zawarto$ci kwasu
oleinowego 1 a-linolenowego oraz zwigkszenia zawarto$ci kwasu linolowego.
Przechowywanie w warunkach chtodniczych nie wykazalo istotnego wptywu na profil
kwasow tluszczowych zadnej z badanych probek.

W badanych napojach profil kwasow ttuszczowych byt zdominowany przez
nienasycone kwasy tluszczowe (UFA), co potwierdza, ze fasola i soczewica sg
warto§ciowymi surowcami do produkcji zywnosci o wysokiej warto$ci odzywcze;.
Analogiczny rozktad UFA zaobserwowano w niefermentowanych napojach roslinnych
na bazie ro$lin straczkowych, w szczegolnosci w napojach fasolowych [Ziarno i wsp.,
2020; Aydar i wsp., 2023] i z soi [Martinez—Padilla i wsp., 2020].

Podczas wytwarzania napojow na bazie roslin stragczkowych korzystne jest
zastosowanie procesow, ktore przyczynig si¢ do zwigkszenia udziatu UFA n-3 i/lub
zmniejszenia udziatu SFA w profilu kwaséw thuszczowych. W badanych napojach
roslinnych zastosowanie fermentacji do modyfikacji profilu kwaséw ttuszczowych byto
bardziej efektywne niz zastosowanie kietkowania. Fermentacja z uzyciem kultury
starterowej ABY-3 istotnie zwigkszyta udzial kwasu o-linolenowego i zmniejszyta
udziat kwasu stearynowego w NF/NFK i NS/NSK. We wszystkich badanych probkach
zaobserwowano rowniez wielokierunkowa modyfikacje udzialu  pozostatych
analizowanych kwasow ttuszczowych w catkowitej puli kwasoéw thuszczowych. Wedhlug
Adebo i wsp. [2021] zaobserwowane zwigkszenie | zmniejszenie udziatu
poszczegbdlnych kwaséw thuszczowych w catkowitej puli kwasow tluszczowych po
fermentacji sugeruje selektywne dziatanie lipaz. Z jednej strony enzymy lipolityczne

mogly przyczyni¢ si¢ do dysocjacji lipidow 1 zwigkszy¢ ekstrakcje sktadnikow
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zwigzanych z tluszczem, a z drugiej strony te same enzymy mogly wywieraé
selektywne dzialanie redukcyjne, wykorzystujac sktadniki zwigzane z thuszczami jako
zrodta wegla.

W badanych napojach proces kietkowania wplyngt przede wszystkim na
modyfikacj¢ udziatu UFA w profilu kwasow tluszczowych NS 1 NSK, poprzez
zmniejszenie udzialu kwasu oleinowego i a—linolenowego. Obserwowane zmniejszenie
zawartosci tych kwasoéw thuszczowych moze by¢ efektem hydrolizy zachodzacej
podczas kietkowania nasion. W procesie tym kwasy tluszczowe moga by¢
wykorzystywane jako zrodlo energii niezbgdnej do zachodzacych przemian
biochemicznych i fizykochemicznych sktadnikéw nasion [Pal i wsp., 2016]. Istotng
modyfikacj¢ profilu kwasow tluszczowych podczas kietkowania zaobserwowano
rowniez wczesniej] W surowych nasionach soczewicy [Pal i wsp., 2016; Alkaltham i
wsp., 2022].

6.2.4. Analiza pozycjonowania kwasow tluszczowych w czasteczkach TAG

Wewnatrzczasteczkowa struktura TAG pod wzgledem pozycjonowania kwasow
thuszczowych w szkielecie glicerolu (pozycje sn—1, sn—2 i sn—3) wplywa na trawienie i
wchtanianie kwasow tluszczowych w organizmie [Dima i wsp., 2020]. Lipaza
trzustkowa, ktora jest odpowiedzialna za hydrolize¢ TAG, hydrolizuje kwasy tluszczowe
w pozycjach sn—1 i sn-3, wytwarzajac w ten sposob wolne kwasy thuszczowe i 2—
monogliceryd. Podczas trawienia moze nastapi¢ strukturalne przegrupowanie 2-—
monoglicerydow, co skutkuje catkowita degradacjg do glicerolu 1 wolnych kwasow
thuszczowych [Golding i Wooster, 2010]. W tluszczach ro$linnych TAG sa
syntetyzowane w specyficznym uktadzie: SFA znajduja si¢ gléwnie w pozycjach
zewngtrznych (sn—1, sn—3), podczas gdy UFA znajduja si¢ w pozycji sn—2 [Gerbig i
Takats, 2010]. Istnieje bardzo niewiele doniesien naukowych na temat wplywu
proceséw fermentacji i kietkowania na rozmieszczenie kwasoéw thuszczowych w TAG w
zywnosci, a doniesienia te sg przede wszystkim zwigzane z lipidami w tluszczu mleka
zastgpczego dla niemowlat [Zhang i wsp., 2020].

Tabele 8 i 9 pokazujg odpowiednio procentowy rozktad kwaséw thuszczowych
w pozycji sn—2 w TAG i rozktad kwasoéw thuszczowych w pozycjach sn—-1,3 w TAG w
badanych napojach roslinnych. W tabelach przedstawiono warto$ci $rednie i odchylenia
standardowe oraz statystyke ANOVA (wspotczynnik n? wskazujacy wplyw

kietkowania, fermentacji i przechowywania).
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Tabela 8. Rozmieszczenie kwasow tluszczowych w pozycji sn—2 w TAG napojow z fasoli biatej i soczewicy brazowej

kwasy thuszczowe [%]

Kod prébki’ myristynowy palmitynowy stearynowy oleinowy linolowy a—linolenowy
C14:0 C16:0 C18:0 C18:1 n9—c C18:2 n—6¢c C18:3 n-3c
Napoje z fasoli bialej
NF nw 52,66 + 1,29 ¢ nw 39,42+1,10°¢ 4,62 +0,47 2 3,30+0,16%
NF+ABY-3 nw 572+0,64% 10,84 £ 0,64 ° 26,71+£1,00° 32,20+0,14¢ 24,53+ 1,09 ¢
NFp nw 52,25+1,39¢ nw 40,33+0,49 ° 4,40+0,16° 3,02+0,18%
NFp+ABY-3 nw 20,56 + 1,46 © 39,19+ 1,36°¢ 21,21+ 1,092 11,59+0,47° 7,45+0,55°
NFK nw 51,20 + 1,58 ¢ nw 40,63 £ 1,60 € 474+0,17°% 3,43+0,21°2
NFK+ABY-3 nw 14,55+ 0,61 ° 17,43+0,72°" 2472 £120%® 25,50+ 0,99 ¢ 17,80+ 0,83 ¢
NFK nw 52,55+ 0,92 ¢ nw 39,99+ 1,05°¢ 4,42 +0,15° 3,05+0,09°
NFKp+ABY-3 nw 6,71+0,35¢2 8,58 + 0,86 2 27,97 +1,27° 33,15+ 1,34 ¢ 23,59 + 0,91 ¢
Statystyka ANOVA. 1 [-]
Kietkowanie - ns ns ns ns ns
Fermentacja - 0,958 0,592 0,941 0,782 0,745
Przechowywanie - ns ns ns ns ns
Napoje z soczewicy brazowej
NS nw 34,10+ 1,43° 13,60+£0,62°¢ 30,80+ 1,30° 16,20+0,83% 5,30+ 0,23°
NS+ABY-3 3,70+0,28% 12,80+0,99° 4,40+0,28° 27,70+ 1,53 % 42,10+ 1,39 ¢ 9,30+0,31¢
NSp nw 3444+1,16°¢ 14,19+ 0,69 ¢ 30,53+£1,45%® 15,93+0,25% 4,93+0,22°
NSp+ABY-3 6,50 +0,42°¢ 19,60+ 1,13° 6,20 £ 0,472 26,80 + 1,06 2 33,30+1,13°¢ 7,60+0,18°¢
NSK nw 31,60+ 1,98°¢ 12,90+0,82°¢ 29,80 + 0,98 2 20,60+ 0,78° 5,10+ 0,23°
NSK+ABY-3 10,90 +£ 0,35 ¢ 33,10+ 1,84° 10,10+ 0,37°" 25,50+ 1,40? 16,80 + 0,64 ® 3,60+0,132
NSK nw 33,63+0,98 ¢ 12,69+0,52°¢ 29,33 +1,10% 19,47 £ 0,96 ® 4,88+0,18°
NSKp+ABY-3 540+0,42° 17,50+ 1,27 ® 4,60+0,20° 25,40+ 1,43° 39,40+ 1,24 ¢ 7,70 +0,66 ¢
Statystyka ANOVA. n? [-]
Kietkowanie ns ns ns 0,370 ns ns
Fermentacja 0,792 0,608 0,819 0,799 0,543 0,372
Przechowywanie ns ns ns ns ns ns
a, b cd

statystycznie; ! Opis jak w Tabeli 2
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Tabela 9. Rozmieszczenie kwasow tluszczowych w pozycji sn—1,3 w TAG napojow z fasoli biatej i soczewicy brazowej

kwasy thuszczowe [%]

Kod prébki’ myristynowy palmitynowy stearynowy oleinowy linolowy a—linolenowy
C14:0 C16:0 C18:0 C18:1 n9—c C18:2 n-6¢ C18:3 n-3c
Napoje z fasoli bialej
NF nw 2,93+0,20° nw 6,52 +0,552 56,80 + 1,40 ¢ 33,75+ 0,96
NF+ABY-3 nw 21,94+0,85°¢ 2,83+0,18% 12,68 + 0,99 ¢ 34,31+1,10° 28,24+0,91°
NFp nw 2,75+0,20° nw 6,00+0,182 56,59 + 1,58 ¢ 34,66 +0,92°¢
NFp+ABY-3 nw 8,35+0,59° nw 9,79+0,72° 45,40+ 0,98 © 36,41+0,82°¢
NFK nw 3,92+0,48 2 nw 6,32 +0,47 2 56,61 + 1,44 ¢ 33,15+ 1,00 ¢
NFK+ABY-3 nw 11,60 + 0,66 © 290+0,16% 12,20 £ 0,93 ¢ 40,26 + 1,16 ° 33,04+ 095"
NFK nw 3,68+0,18% nw 570+0,522 56,30 + 1,54 ¢ 34,32+ 0,81
NFKp+ABY-3 nw 16,79+ 0,929 345+024° 12,64 +0,69 © 36,67 +0,82%® 30,45+ 0,61 %
Statystyka ANOVA. 1 [-]
Kietkowanie - ns 0,613 ns ns ns
Fermentacja - 0,722 0,862 0,917 0,898 ns
Przechowywanie - ns ns ns ns ns
Napoje z soczewicy brazowej
NS nw 9,20+0,27% 1,90+0,13°¢ 23,80+ 1,05¢ 51,80 + 1,57 « 13,30 + 0,58 b«
NS+ABY-3 3,90+0,17 ° 12,80+0,79° 3,20+0,14 ¢ 28,50+ 1,27 ¢ 42,30+1,19°2 9,30 £0,54 ¢
NSp nw 9,02+0,33% 1,60 = 0,56 ¢ 23,18 £ 0,92 « 52,56 + 0,80 ¢ 13,65+ 0,83 <
NSp+ABY-3 1,90+ 0,072 18,30 £0,91°¢ 0,20+ 0,002 21,40 + 0,89 bed 45,00+ 1,00 13,20 + 0,61 >
NSK nw 13,00+ 0,69 ° 0,70+ 0,06 2 20,10 + 0,74 ¢ 55,50 + 1,68 ¢ 10,70 £ 0,51 ®
NSK+ABY-3 250+0,23° 11,10+0,85°" 0,90+ 0,10 % 16,20+ 0,47 @ 54,10 + 1,40 15,20+ 0,58 ¢
NSK nw 12,52 £ 0,59 ® 0,53+0,08% 19,37 £ 0,54 2 56,45 + 1,60 ¢ 11,14 + 0,83 ¢
NSKp+ABY-3 230+£017® 16,10+£0,82° 1,00 £ 0,30 ¢ 16,60+0,38% 49,80+ 1,17 ** 14,20 £ 0,99 ¢
Statystyka ANOVA. n? [-]
Kietkowanie ns ns 0,340 0,703 0,703 ns
Fermentacja 0,898 0,443 ns ns 0,718 ns
Przechowywanie ns ns 0,293 ns ns ns
a, bcde

statystycznie; ! Opis jak w Tabeli 2
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We wszystkich niefermentowanych napojach z fasoli i soczewicy najwickszy
udziat w pozycji sn—2 w TAG sposrdd SFA stwierdzono dla kwasu palmitynowego, za$
sposréd UFA dla kwasu oleinowego. W pozycjach sn—1,3 w TAG najwigkszy udziat
mialy wielonienasycone kwasy tluszczowe (PUFA — ang. polyunsaturated fatty acids),
czyli kwasy linolowy i a—linolenowy.

Fermentacja byla glownym czynnikiem wplywajacym na zmiany w
rozmieszczeniu kwaséw tluszczowych w  pozycjach sn-2 i sn-1,3 w TAG.
Zastosowanie tego procesu wplyneto istotnie na zmniejszenie udzialu SFA 1
jednonienasyconych kwasow tluszczowych (MUFA — ang. monounsaturated fatty acids)
W pozycji sn-2 , zwigkszenie udzialu PUFA w pozycji sn—2, a takze zwigkszenie
udziatu SFA 1 MUFA przy jednoczesnym zmniejszeniu PUFA w pozycji sn—1,3 w TAG
NF i NFK. W préobkach po fermentacji zaobserwowano pojawienie si¢ w pozycjach sn—
2 1sn—1,3 w TAG wczeséniej nieobecnego kwasu stearynowego w NF i NFK oraz kwasu
mirystynowego w NS i1 NSK. Przechowywanie w warunkach chtodniczych oraz
kietkowanie nie miato wyplywu na pozycjonowanie kwasow tlhuszczowych w TAG w
wiekszosci badanych probek.

Do chwili obecnej nie zostato w pelni wyjasnione, w jaki sposdb fermentacja z
wykorzystaniem ztozonych kultur starterowych wplywa na zmiany w profilu kwasow
tluszczowych TAG napojow roslinnych. Ziarno i wsp. [2020] analizowali wptyw
fermentacji napoju z fasoli na rozmieszczenie kwasow tluszczowych w TAG, stosujac
monokultury pateczek mlekowych. Po fermentacji w probkach zaobserwowano przede
wszystkim zmniejszenie udzialu kwasu palmitynowego 1 stearynowego, a takze
zwigkszenie udzialu kwasu oleinowego w pozycji sn—2. Napoje fermentowane
charakteryzowaty si¢ wyzszym udzialem PUFA w poréwnaniu z niefermentowanymi
probkami. Niniejsze badanie wykazato podobne wyniki dla SFA i PUFA.

Uzyskane wyniki wskazuja, ze fermentacja napojow z fasoli i soczewicy
zwigksza udziat PUFA w pozycji sn—2 w TAG 1 jednoczes$nie zwigksza udziat SFA 1
MUFA w pozycjach sn—1,3 w TAG. Jest to korzystne z zywieniowego punktu widzenia,
poniewaz W trakcie trawienia SFA i MUFA zostanag najpierw zhydrolizowane przez
lipazg trzustkowa i1 oddzielone od TAG. Te kwasy tluszczowe bedg mniej skutecznie
wchtaniane w jelicie, poniewaz mogg reagowa¢ z wolnymi jonami wapnia, tworzac
nierozpuszczalne sole, ktore sg nastgpnie wydalane z katem [Brys$ i Wirkowska, 2010].
PUFA zlokalizowane gtéwnie w pozycji sn—2 w TAG beda wchtaniane gtownie w

postaci monoacylogliceroli. Spozywanie PUFA wraz z dietg jest niezwykle istotne,
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poniewaz ludzki organizm nie jest w stanie samodzielnie syntetyzowac tych czasteczek,
a maja one duze znaczenie w utrzymaniu prawidlowego funkcjonowania ukladu

krwionosnego [Lee i wsp. 2016].

6.2.5. Analiza zawarto$ci wybranych witamin z grupy B

Roéliny straczkowe s3 naturalnym zrédlem witamin z grupy B, w tym
ryboflawiny, tiaminy, niacyny, pirydoksyny i kwasu foliowego [Rebello i wsp.,]. Ich
zawarto$¢ w produktach spozywczych moze by¢ jednak naturalnie zmieniana poprzez
procesy takie jak fermentacja i kietkowanie [Singh i wsp., 2015]. W Tabeli 10
przedstawiono zawarto$¢ wybranych witamin z grupy B w analizowanych probkach. W
tabeli przedstawiono wartosci $rednie 1 odchylenia standardowe oraz statystyke
ANOVA (wspotczynnik n? wskazujacy wplyw kietkowania i fermentacji). Pod
wzgledem zawarto$ci witamin z grupy B, blonnika pokarmowego i IG analizowano
probki napojow bazowe, z nasion skietkowanych oraz fermentowane z kulturami
starterowymi Beaugel Soja 1 i ABY-3 w celu porownania wpltywu zastosowania
kultury mleczarskiej (ABY-3) i weganskiej (Beaugel Soja 1) na analizowane wartosci.

W NS zaobserwowano wyzsza zawarto$¢ biotyny, ryboflawiny, niacyny,
pirydoksyny i kwasu foliowego w poréwnaniu do NF, co wynika z charakterystyki
surowcOw [Rebello 1 wsp., 2014]. Kietkowanie byto gtownym czynnikiem
wplywajacym na zwigkszenie zawarto$ci biotyny, niacyny i kwasu pantotenowego,
jednoczes$nie zmniejszajacym zawarto$¢ kwasu foliowego w probkach. Zastosowanie
fermentacji spowodowato ponad 3—krotne i 11-krotne zwigkszenie zawartosci tiaminy,
ponad 150—krotne i 2—krotne zwigkszenie zawartosci ryboflawiny i ponad 3—krotne i 2—
krotne zwickszenie zawarto$ci pirydoksyny, odpowiednio w NF i NS. Zaobserwowano,
ze spozycie porcji 250 cm® napojow jednoczesnie fermentowanych i skietkowanych
(NFK+BS, NFK+ABY-3, NSK+BS, NSK+ABY-3) spetnia zalecane dzienne spozycie
(RDA — ang. Recommended Daily Allowance) dla zdrowego dorostego cztowieka w

odniesieniu do biotyny, przy RDA wynoszacym 30 pg [Kennedy, 2016].
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Tabela 10. Zawarto$¢ wybranych witamin z grupy B w napojach z fasoli bialej i soczewicy bragzowe;j

Kod prébkit

zawarto$¢ witamin [mg/100 g]

B5

_ Bl_ B2 _ _ B3 kwas _ B6 _ B7 B9 ' B12 _
tiamina ryboflawina niacyna pantotenowy pirydoksyna biotyna kwas foliowy | kobalamina
Napoje z fasoli bialej
NF 0,044 + 0,002 @ nw 0,091 + 0,004 2 | 0,004 +0,0002 | 0,033 +0,008° | 0,029 + 0,006 ¢ | 0,165 + 0,026 2 | 0,015 + 0,001 °
NF+BS 0,133+0,001° | 0,283 +0,037 ¢ | 0,267 = 0,008 * | 0,010+ 0,002 | 0,102+ 0,011 ¢ | 0,035+ 0,0022 | 0,151 + 0,020 nw
NF+ABY-3 0,134+0,041° 10,156 + 0,015 % | 0,251 + 0,007 ® |0,016 + 0,004 ** | 0,193 + 0,008 © | 0,039 + 0,006 * nw 0,002 + 0,000 2
NFK 0,012+0,0012 nw 0,339+ 0,026 ¢ |0,058 + 0,001 "¢ | 0,013 = 0,002 2 | 0,159 + 0,005 ° nw nw
NFK+BS 0,162+ 0,006 ° | 0,207 =0,015"° | 0,335+ 0,021 ¢ |0,057 + 0,003 ** | 0,075+ 0,002 ¢ | 0,218 = 0,029 ° nw nw
NFK+ABY-3 0,155+0,003° | 0,107 +0,0152 | 0,344 + 0,035 ° | 0,078 + 0,008 ¢ | 0,080 + 0,018 ¢ | 0,225 + 0,055 ° nw 0,005+0,0012
Statystyka ANOVA. n? [-]
Kietkowanie ns 0,512 0,723 0,903 ns 0,932 0,650 ns
Fermentacja 0,886 0,960 ns ns 0,575 ns ns ns
Napoje z soczewicy brazowej
NS 0,029 +0,0082 | 0,022+0,00° | 0,147 +0,027° | 0,019 +0,0032|0,012+ 0,004 % | 0,034 +0,008 2 | 0,342+ 0,002 ¢ | 0,007 + 0,000 2
NS+BS 0,312 +0,009 | 0,055+0,012°| 0,152 +0,0082 | 0,035+ 0,007 | 0,025 + 0,004 > | 0,037 + 0,002 2 | 0,095 + 0,015 ° | 0,010 + 0,000 2
NS+ABY-3 0,340 + 0,034 * | 0,028 + 0,001 ®| 0,153 +0,0012 | 0,022 + 0,001 2 | 0,045 £ 0,002 ¢ | 0,046 + 0,005 0,018 + 0,002 * | 0,019 + 0,001 *
NSK 0,029 +0,0082 | 0,022+0,00° | 0,147 +0,0272 | 0,019+0,0032%|0,012 0,004 % | 0,034 +0,008 2 | 0,342 = 0,002 ¢ | 0,007 + 0,000 2
NSK+BS 0,312+ 0,009 ¢@| 0,055 +0,012°¢| 0,152 + 0,008 | 0,035+ 0,007 2 {0,025 =+ 0,004 > | 0,037 + 0,002 2 | 0,095 +0,015°¢ | 0,010 + 0,000 ®
NSK+ABY-3 0,340 + 0,034 * | 0,028 + 0,001 ®| 0,153 +0,0012 | 0,022 + 0,001 2 | 0,045 £ 0,002 ¢ | 0,046 + 0,005 0,018 + 0,002 * | 0,019 + 0,001 >
Statystyka ANOVA. n° [-]
Kietkowanie ns ns 0,751 0,693 ns 0,953 0,500 ns
Fermentacja 0,791 0,739 ns ns 0,567 0,694 0,616 ns
a, bocde

statystycznie;

! Opis jak w Tabeli 2
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Analiza wynikow badan wykazata, Ze proces kietkowania miat istotny wptyw na
zwigkszenie zawarto$ci biotyny, niacyny i kwasu pantotenowego w probkach napojow z
fasoli 1 soczewicy. Zwigkszenie zawartosci witamin z grupy B podczas kietkowania
przypisuje si¢ ich endogennej syntezie, niezbednej dla prawidtowego rozwoju i wzrostu
kietkujacych nasion [Lemmens i wsp., 2019]. W tym badaniu zaobserwowano jednak
roéwniez istotne zmniejszenie zawartosci tiaminy, pirydoksyny i cyjanokobalaminy w
NF po procesie kietkowania. Wedtug Lemmensa i wsp. [2019] zmniejszenie zawartosci
niektorych witamin z grupy B moze wynika¢ z ich przeniesienia do wody
wykorzystywanej w procesie moczenia, a takze ich transportu do korzonkéw i akrospir
w trakcie kietkowania.

Niektore szczepy LAB posiadajg zdolno$¢ do syntezy witamin z grupy B przy
uzyciu dostgpnych prekursoréw lub wykorzystujgc inne witaminy obecne w surowcach
[LeBlanc i wsp., 2013]. W niniejszym badaniu fermentacja przy uzyciu obu kultur
starterowych spowodowala zwigkszenie zawartosci tiaminy, ryboflawiny i pirydoksyny
w NF i NS. Poprzednie badania rowniez wykazaly zwigkszong zawarto$¢ tiaminy i
pirydoksyny w fermentowanych napojach sojowych [Champagne i wsp., 2010; Li i
wsp., 2012]. Kompletny szlak syntezy tiaminy przez drobnoustroje zostal opisany
wylacznie dla Limosilactobacillus reuteri ATCC 55730 [Saulnier i in., 2011].
Przeprowadzono rowniez obszerne badania nad szlakami syntezy najwazniejszej formy
pirydoksyny, pirydoksal-5'—fosforanu, dla Escherichia coli i Bacillus subtilis
[Rosenberg i wsp., 2017]. W przysztosci konieczne bedzie przeprowadzenie dalszych
badan w celu pogltebienia wiedzy na temat mechanizmow zaangazowanych w syntezg
tiaminy 1 pirydoksyny przez rozne szczepy LAB.

W LAB geny odpowiedzialne za synteze ryboflawiny sa zorganizowane jako
pojedynczy operon o okreslonej kolejnosci genow: ryboflawina—specyficzna deaminaza
I reduktaza (ribG), podjednostka alfa syntazy ryboflawiny (rib), dwufunkcyjny enzym
odpowiadajgcy za tworzenie 3,4-dihydroxy—2—butanonu—4—fosforanu z rybulozo-5—
fosforanu (ribA) i podjednostka beta syntazy ryboflawiny (ribH) [Capozzi i wsp., 2012].
W L. delbrueckii subsp. bulgaricus, obecnym w obu kulturach startowych
wykorzystanych w tym badaniu, obecny jest caty operon rib, co umozliwia mu synteze
ryboflawiny i prawdopodobnie przyczynia si¢ do zwigkszenia zawarto$ci tej witaminy
w fermentowanych napojach z fasoli i soczewicy. Jednak L. delbrueckii subsp.

bulgaricus nie jest w stanie syntetyzowac¢ folianow i potrzebuje zewnetrznych jej zrodet
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do wzrostu [Hugenholtz i Smid, 2002; LeBlanc i wsp., 2013], co moze to wyjasniaé

istotne zmniejszenie zawarto$ci foliandw we wszystkich fermentowanych probkach.

6.2.6. Analiza zawartoS$ci blonnika pokarmowego

Suche nasiona roslin straczkowych sa bogate w btonnik pokarmowy (21-47
9/100 @), przez co stanowig idealne zrodto tego sktadnika w diecie [Trinidad i wsp.,
2010]. Regularne spozywanie btonnika wspomaga prawidlowe funkcjonowanie jelit i
pomaga zmniejszy¢ ryzyko wystgpienia wielu chorob przewlektych, takich jak
cukrzyca, otylo$¢, nowotwory i choroby uktadu krazenia [Dahl i Stewart, 2015]. W
zwiazku z tym podejmowane sg prace zwigzane z tworzeniem nowych zamiennikow
mleka na bazie ro$lin strgczkowych zawierajacych btonnik pokarmowy [Sethi i wsp.,
2016]. W Tabeli 11 przedstawiono zawarto$¢ btonnika i IG analizowanych napojow
ro§linnych. W tabeli przedstawiono warto$ci $rednie i odchylenia standardowe oraz

statystyke ANOVA (wspotczynnik n? wskazujacy wptyw kietkowania i fermentacji).

Tabela 11. Zawarto$¢ btonnika pokarmowego i 1G napojow z fasoli bialej i soczewicy

brazowe;j.
ALl Blonnik Indeks glikemiczny

Kod probki [9/100g] ]
Napoje z fasoli bialej
NF 1,30 +0,10 % 60,70 = 0,0052 ¢
NF+BS 1,20 +£ 0,20 % 60,65 + 0,0069 °
NF+ABY-3 0,90 + 0,00 2 60,63 = 0,0081 P
NFK 1,60 £0,20 ° 60,19 +0,0100 2
NFK+BS 1,40 £ 0,00 60,20 = 0,0109 2
NFK+ABY-3 1,50+0,10° 60,20 = 0,0095 @
Statystyka ANOVA. n? [-]
Kietkowanie 0,738 0,994
Fermentacja ns ns
Napoje z soczewicy brazowej
NS 0,60 +0,00? 61,29+0,0132°¢
NS+BS 0,70 £ 0,20 ® 61,27 £0,0101 ¢
NS+ABY-3 0,80 £0,10° 61,05+ 0,0284 °
NSK 1,10 £ 0,00 % 60,87 +0,0247 @
NSK+BS 0,90 + 0,10 b° 60,82 +0,0085 @
NSK+ABY-3 1,00 + 0,20 * 60,82 =+ 0,0012 2
Statystyka ANOVA. n? []
Kietkowanie 0,604 0,921
Fermentacja ns ns

a,bcdefgh

— $rednie warto$ci w kolumnach oznaczonych réznymi literami r6éznig si¢

istotnie (p < 0.05); ns — nieistotne statystycznie;
! Opis jak w Tabeli 2.
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Analiza zawarto$ci rozpuszczalnego 1 nierozpuszczalnego blonnika w
testowanych napojach wykazala, ze bazowe NF mialy ponad dwukrotnie wigksza
zawarto$¢ btonnika w poréwnaniu do NS (1,3 g/100 g dla NF 1 0,6 g/100 g dla NS).
Otrzymane napoje roslinne mozna uzna¢ za produkty prozdrowotne, poniewaz
zawarto$¢ btonnika na porcje 250 ml produktu przekracza 1,5 g, zar6wno w napojach z
nasion skietkowanych, jak i nieskietkowanych (2,25-4,0 g/250 ml dla NF i 1,5-2,75
0/250 ml dla NS) [Craig i Fresan, 2021].

Kietkowanie byto jedynym czynnikiem istotnie wplywajagcym na otrzymane
wyniki. Zastosowanie tego procesu doprowadzito do istotnego zwickszenia zawartosci
blonnika zaréwno w NF (32 = 0,738), jak i NS (n? = 0,604). Chociaz wplyw
kietkowania na zawarto$¢ blonnika w napojach roslinnych nie byt dotychczas szeroko
zbadany przez innych autoréw, podobne zalezno$ci zaobserwowano dla kietkowania
suchych nasion roslin straczkowych, takich jak soja [Megat Rusydi i wsp., 2011],
fasola, soczewica i ciecierzyca [Ghavidel i Prakash, 2007]. Autorzy wskazuja, ze wptyw
kietkowania na zawarto§¢ btonnika roézni si¢ w zaleznosci od rodzaju ro$liny
straczkowej 1 wystepuje w fazie moczenia, przed faktycznym kietkowaniem [Megat
Rusydi i wsp., 2011]. Uwodnienie polisacharydow (hemicelulozy, pektyny, celulozy),
znajdujacych si¢ w $cianach komoérkowych komorek liscienia podczas poczatkowej
fazy kietkowania, prowadzi do zwigkszenia dostepnosci btonnika, co przejawia si¢
zwigkszeniem jego catkowitej zawartosci [Njoumi i wsp., 2019].

W przeprowadzonym badaniu nie stwierdzono istotnych zmian zawarto$ci
btonnika w badanych napojach pod wplywem procesu fermentacji. Wyniki te sg zgodne
z obserwacjami innych badaczy, ktorzy analizowali zmiany zawartosci blonnika
podczas fermentacji roznych napojow ro$linnych, w tym tych na bazie roslin
straczkowych, z wykorzystaniem roznych kultur starterowych. Przyktadowo, w
badaniach nad fermentacjg NS przez L. fermentum DSM 20052 [Verni i wsp., 2020],
zielonego groszku, soczewicy i maki sojowej przez L. plantarum [Byanju i wsp., 2021],
a takze tubinu i soi przez L. delbrueckii subsp. bulgaricus i S. thermophilus
[Kaczmarska i wsp., 2017] przedstawiono podobne wyniki, wykazujac minimalny
wplyw lub brak wplywu na zawarto$¢ btonnika pokarmowego w wyniku zastosowania

fermentacji.
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6.2.7. Analiza IG

IG mierzy odpowiedz glikemiczng wywolang przez spozycie porcji pozywienia
zawierajacego 50 graméw weglowodandw przyswajalnych i1 jest wyrazony jako procent
odpowiedzi glikemicznej wywotanej przez weglowodan referencyjny, taki jak np.
roztwor glukozy. Pokarmy s3 klasyfikowane na podstawie ich wartosci IG, jako
pokarmy o wysokim IG (> 70, tj. pokarmy zawierajace weglowodany, ktére sg
trawione, wchlaniane i metabolizowane szybko), pokarmy o $rednim IG (55 — 70) i
pokarmy o niskim IG (< 55, tj. pokarmy trawione, wchlaniane i metabolizowane
powoli) [Augustin i wsp., 2015]. W tym badaniu wszystkie analizowane probki
napojow z fasoli 1 soczewicy mozna bylo sklasyfikowaé¢ do kategorii zywnos$ci o
srednim IG, z wartosciami pomigdzy 60,19—60,70 dla NF i 60,82—61,29 dla NS (Tabela
11). Zastosowanie procesu kietkowania istotnie zmniejszyto 1G, zaréwno NF (n? =
0,994), jak i NS (n? = 0,921), jednak nie spowodowato przesuniecia tych produktéw do
kategorii zywnosci o niskim IG. Fermentacja nie wplynela istotnie na otrzymane
wyniKki.

Zwykle rosliny straczkowe maja $redni IG wynoszacy okoto 34, co klasyfikuje
je jako zywno$¢ o niskim IG [Atkinson i wsp., 2021]. Jednak w tym badaniu
przetwarzanie ros$lin straczkowych w celu wytworzenia napojow roslinnych zwigkszyto
ich IG ze wzgledu na zwickszong dostepnos¢ tatwo przyswajalnych weglowodanow.
Badanie Oboh i Agu [2010], wykazato, Zze r6zne metody obrobki termicznej, takie jak
gotowanie 1 smazenie, zwigkszyty 1G fasoli od 46,63 do 53,42.

Obnizenie IG obserwowane w badanych napojach w wyniku zastosowania
kietkowania nasion mozna przypisa¢ rownoczesnemu zwigkszeniu zawartosci btonnika
(Tabela 11). Ponadto w podrozdziale 6.2.2. (Tabela 6) zaobserwowano istotne
zmniejszenie zawartosci glukozy w badanych napojach po procesie kietkowaniu, z 6,53
mg/kg dla NF do 2,58 mg/kg dla NFK i z 12,49 mg/kg dla NS do 8,21 mg/kg dla NSK.
Zarowno zawarto$¢ glukozy, jak 1 obecno$¢ btonnika pokarmowego bezposrednio
wplywaja na IG zywnosci [@verby i wsp., 2013; Swieca i wsp., 2013]. Kietkowanie
okazato si¢ by¢ korzystng metoda zwickszania wtasciwos$ci substytutéw mleka na bazie
fasoli i soczewicy. Blonnik pokarmowy obecny w zywnos$ci przyczynia sie do
zwiekszonego rozdecia zotadka po spozyciu zywnosci, co prowadzi do zwigkszonego
uczucia sytosci 1 wolniejszego wchtaniania sktadnikow odzywczych. W szczegoélno$ci
btonnik rozpuszczalny zmniejsza wchtanianie glukozy w jelicie cienkim, co skutkuje

nizsza odpowiedzig glikemiczng po spozyciu pokarmu [Scazzina i wsp., 2013]. Nalezy
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zauwazy¢, ze w tym badaniu Gl oszacowano teoretycznie metodg in vitro, a przyszie

badania powinny réwniez okresli¢ ten parametr poprzez badania in vivo.

6.3. Charakterystyka wlasciwosci fizycznych

Napoje roslinne z fasoli biatej poddane homogenizacji wysokocisnieniowej, W
wariantach bazowych, z nasion skietkowanych i po procesie fermentacji przebadano
pod wzgledem charakterystyki wlasciwosci fizycznych. Wyniki analiz barwy,
stabilno$ci, wielkosci czgstek 1 wlasciwosci reologicznych probek napojow
przedstawiono w drugim artykule z cyklu publikacji stanowigcych niniejsza pracg
doktorska: Cichonska P., Domian E., Ziarno M. (2022). Application of Optical and
Rheological Techniques in Quality and Storage Assessment of the Newly
Developed Colloidal-Suspension Products: Yogurt-Type Bean-Based Beverages.
Sensors, 22, 8348.

6.3.1. Analiza barwy

Wilasciwosci optyczne zywnosci, w tym ich barwa, maja bezposredni wplyw na
jej percepcje przez konsumenta [Sliburyte i Skeryte, 2014]. Warto$ci parametrow barwy
(L*, a*, b*, C* i h*) napojow fasolowych przedstawiono w Tabeli 12. W tabeli
przedstawiono warto$ci §rednie 1 odchylenia standardowe oraz statystykg ANOVA
(wspotezynnik n? wskazujagcy wpltyw kietkowania, fermentacji i przechowywania).
Istotnie (p < 0,05) wyzsze wartosci L* i h* oraz nizsze wartoSci a* (tj. w zakresie barwy
czerwonej), b* (tj. w zakresie barwy zo6ltej) 1 C* obserwowano w przypadku
niefermentowanych i1 fermentowanych napojéw z fasoli skielkowanej NFK (L* =
71,70-72,69, h* ~ 81,46-81,50, a* =~ 1,25-1,94, b* = 16,78-17,03 i C* = 16,88-17,04)
w porownaniu do napojow bazowych NF (L* = 69,81-70,49, h* ~ 81,43-81,44, a* =
2,66-2,84, b* =~ 19,97-20,28 i C* = 20,16-20,46). Pomimo, ze uzyskane wyniki rdéznity
si¢ istotnie, to wykazywaty wartosci w podobnym rzedzie wielkosci, dlatego barwa
zarowno NF, jak 1 NFK zostala zidentyfikowana jako jasnozétta. W probkach napojow
bazowych i skietkowanych réznice w barwie (AE) miedzy probkami fermentowanymi i
niefermentowanymi nie byty wigksze niz 1,22 (Tabela 12). Oznacza to, Ze rdznice te nie
sa tatwo wykrywalne golym okiem ludzkim. Réznice te sg zauwazalne dopiero, gdy

warto$ci AE sg wieksze niz 3,0 [Aliakbarian i wsp., 2016].
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Tabela 12. Zmiany parametrow barwy (L*, a*, b*, C*, h*) napojow z fasoli biatej i

réznice barwy (AE) pomigdzy probkami przed i po fermentacji

rrye Parametry barwy
1

Kod pl‘Obkl L* | a* | b* | C* | h* | AE

Napoje z fasoli bialej

NE 70,49 + 2,66 20,28 20,46 81,44 B
0,01°¢ +0,02°¢ +0,03 ¢ +0,02 ¢ +0,00°

NE+BS 69,81 2,79 19,97 20,16 81,43 0,77

+0,012 + 0,02 +0,02°¢ +0,03°¢ +0,00 ® +0,02°

70,18 2,84 20,11 20,31 81,43 0,41

NE=YOSMIX +0,01° +0,00 ¢ +0,01¢ +0,01¢ +0,00° +0,038
70,22 2,84 20,18 20,45 81,44 0,35

NF+ABY-3 +0,01° + 0,02 ¢ +0,01 % +0,01 € +0,00" +0,022

NEK 71,70 1,25 17,03 17,04 81,50 B

+0,07¢ +0,172 +0,11° +0,12° +0,01¢

72,50 1,93 16,89 16,99 81,46 1,07

NFK+BS £004° | +£001° | £003%® | £002%® | +£0,00° | +0.16%
72,69 1,91 16,78 16,88 81,46 1,22

RS +0,02f +0,01° +0,012 +0,01 2 +0,00°¢ +0,14°¢
72,65 1,94 16,89 16,97 81,46 1,18

NFK+ABY=3 | 004t | £002° | £006® | +007% | £000° | +017¢

Statystyka ANOVA. n? [-]

Kietkowanie 0,933 0,945 0,998 0,999 0,777 0,813

Fermentacja ns 0,688 0,661 0,568 0,604 ns

a, b ycd e f

— §rednie warto$ci w kolumnach oznaczonych réznymi literami r6znig si¢
istotnie (p < 0.05); ns — nieistotne statystycznie;
! Opis jak w Tabeli 2

Roéznice w parametrach barwy migdzy NF i NFK mogg wynika¢ z rdznej
zawartosci sktadnikow bioaktywnych w badanych probkach. W trakcie kietkowania
nasion ro$lin  stragczkowych obserwuje si¢ obnizenie poziomu substancji
antyodzywczych, co prowadzi do zwigkszenia dostgpnosci zwiazkow bioaktywnych.
Badania wcze$niejsze wskazuja, ze zwigzki bioaktywne, takie jak fenole, karotenoidy, i
chlorofile, moga wptywa¢ na zmian¢ parametréw barwy produktow zywnosciowych
[Sant’Anna i wsp., 2013]. Ponadto napoje z fasoli skietkowanej charakteryzowaly si¢
istotnie wigkszg $rednig Srednicg czgstek (Tabela 14), co mogto prowadzi¢ do wigkszej
jasnosci i mniejszego nasycenia koloru. Wptyw kietkowania na zmiany parametrow
barwy zaobserwowali rowniez inni badacze dla ryzu brazowego [Patil i Khan, 2012],

napojow ryzowych [Beaulieu i wsp., 2020] i maki z ciecierzycy [Sofi i wsp., 2020].
6.3.2. Analiza stabilnosci i wielkosci czastek

Napoje ro$linne zawieraja czastki stale o rdznej gestosci. Ze wzgledu na

dzialanie grawitacji, czastki te majg tendencje do rozwarstwiania si¢. Lzejsze sktadniki,
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takie jak thuszcze, unoszg si¢ na powierzchni, podczas gdy cigzsze — np. fragmenty

komorek roslinnych czy biatka — opadajg na dno [McClements, 2020]. Stabilnos¢

napojow roslinnych mozna poprawi¢ poprzez zmniejszenie wielkosSci

czastek,

zwickszenie lepkosci fazy wodnej, zmniejszenie roznic gestosci, czy dodatek rdéznego

rodzaju hydrokoloidow [Mékinen i wsp., 2016; McClements, 2020]. Poprzednie

badania wskazuja, ze homogenizacja wysokoci$nieniowa wpltywa na zmniejszenie i

ujednolicenie wielkosci czastek [Wang i wsp., 2018], co moze mie¢ bezposredni wptyw

na jako$¢ produktu.

Wartosci TSI i kategorie stabilnosci badanych napojow z fasoli i soczewicy

przedstawiono w Tabeli 13. W tabeli przedstawiono wartosci Srednie i odchylenia

standardowe oraz statystyke ANOVA (wspdlczynnik n? wskazujacy wplyw

kietkowania, fermentacji i przechowywania).

Tabela 13. Wyniki stabilno$ci i wielkosci czastek napojow z fasoli bialej

A Parametry barwy Kategoria

Kod probki daz[pm] | dog[um] | Span[] L stabilno$ci?
Napoje z fasoli bialej
NF 43,0£0,1% | 843+£0,5% | 2,00+0,042 | 0,65+0,102 A
NF+BS 38,2+0,22 74,1 £0,52 1,94+0,012 | 0,65+0,10% A
NF+YO-MIX 449+£03% | 874+05° | 1,96+0,012 | 0,85+0,202 A
NF+ABY-3 470+0,1° 92,0+04"° | 1,980,012 | 0,90+0,102 A
NFp 46,6 +03° | 90,1+0,1° | 1,92+0,03°2 — —
NFp+BS 41,6 0,12 | 81,2+0,12 | 1,97+0,012 — -
NFp+YO-MIX | 450+0,1% | 86,4+0,1% | 1,90+0,02°2 - -
NFp+ABY-3 462+02° | 892+04° | 1,91+0,01°2 - -
NFK 81,5+1,6¢ | 169.8+5,5%9| 2,35+0,06° | 1,40 +0,30 % B
NFK+BS 76,8+0,2¢ | 156,8+0,6°¢ | 2,25+0,01° | 1,45+0,10® B
NF+YO-MIX 783+1,2°¢ | 160,8+3,1%| 227+0,01° | 2,00+0,20°" B
NFK+ABY-3 82,0+0,1% | 1713+1,79 ] 229+0,04° | 1,30+0,10® B
NFKp 79,3+0,2¢ [ 161,9+0,1% | 2,25+0,01° — -
NFKp+BS 80,1 +0,1°¢ | 163,5+04° | 2,24+0,01" - -
Iltl/lFlierYo_ 842+0,19 | 173,940,1% | 228+0,01" - _
NFKp+ABY-3 | 82,9+0,6% | 169,1+1,49 | 223+0,01° — -
Statystyka ANOVA. n? [-]
Kietkowanie 0,983 0,989 0,960 0,701 -
Fermentacja 0,446 0,469 ns ns =
Przechowywanie 0,177 ns 0,279 = =
a, bycdef

istotnie (p < 0.05); ns — nieistotne statystycznie; * Opis jak w Tabeli 2;
2 Kategoria stabilno$ci; A+ — doskonata stabilno$¢ (TSI < 0,5), A — dobra stabilno$¢
(TSI 0,5-1,0), B — zadowalajaca stabilnos¢ (TSI 1,0-3,0), C — staba stabilnos¢ (TSI
3,0-10,0), D — niezadowalajaca stabilnos¢ (TSI > 10,0)
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Stabilnos¢ badanych napojow z fasoli oceniono przy uzyciu narzgdzia
Turbiscan, ktoére umozliwia identyfikacj¢ niestabilnosci uktadu w skoncentrowanych
dyspersjach cieczy, poprzez analiz¢ $wiatla rozproszonego przez czastki zawieszone w
plynie, nie uszkadzajac badanego materiatu [Liu i wsp., 2014]. Badanie pozwolito
wykaza¢, ze zarowno niefermentowane, jak i fermentowane NF i NFK, niezaleznie od
rodzaju uzytej kultury starterowej, wykazywaty odpowiednio dobrg (kategoria A) i
zadowalajaca (kategoria B) stabilnos¢.

Profile rozproszenia wstecznego (BS - ang. backscattering) napojow
fasolowych wuzyskane w ciggu 21 dni przechowywania w temperaturze 6 °C
przedstawiono na Rysunku 3, na ktorym stabilno$¢ niefermentowanych i
fermentowanych NF i NFK oznaczono nachodzacymi na siebie liniami. Dla wszystkich
analizowanych napojoéw zaobserwowano podobng intensywnos¢ BS na catej wysokoS$ci
probki. Na powierzchniowej czgsci probki zauwazono redukcje BS, co moze
wskazywaé na zjawisko niewielkiej synerezy podczas przechowywania. Wraz ze
zmniejszaniem temperatury napojow po procesie fermentacji, zjawisko synerezy moze
wystepowaé ze wzgledu na zwigkszenie upakowania ziaren skrobi [Onyango i wsp.,
2020]. Zwigkszenie BS zaobserwowano dla fermentowanego NFK po 7 dniach
przechowywania. W dalszym okresie przechowywania nie zaobserwowano zadnych
zmian w BS, co wskazuje, ze probka zostata ustabilizowana. W pierwszym tygodniu
przechowywania pH fermentowanych probek mogto ulega¢ stabilizacji, co powodowato
zmiany w ich profilu BS. Wigksza dostepnos$¢ cukréw prostych w NFK, wynikajaca z
zastosowania procesu kietkowania nasion, mogta wydluzy¢ czas stabilizacji komorek
bakteryjnych, bioragcych udzial w fermentacji. Mniejszy rozmiar czastek 1 wyzsza
lepko$¢ NF, zaobserwowane w niniejszym badaniu (Tabela 13 1 14), skutkowaly
nieznacznie wyzsza stabilno$cia, co jest zgodne z wynikami badan przeprowadzonych
na innych uktadach [Fernandez—Avila i wsp., 2015; Hebishy i wsp., 2015; Li i wsp.,
2018; Wang i1 wsp., 2018].
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Rysunek 3. Profile rozproszenia wstecznego (BS) w funkcji wysokosci probki (w
czasie 21 dni w temperaturze 6 °C) napojow z fasoli bialej

NF/NFK, NF/NFK+BS, NF/NFK+YO-MIX, NF/NFK+ABY-3 — Opis jak w tabeli 2
Zdjecia  analizowanych  napojow  fasolowych, niefermentowanych i

fermentowanych, przed i po procesie przechowywania przez 21 dni w temperaturze 6
°C przedstawiono na Rysunku 4. Podczas przechowywania nie zaobserwowano
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rozwarstwienia si¢ probek, co $wiadczy o wysokiej stabilnosci ukladow. Nalezy
podkresli¢, ze tak wysokg stabilno§¢ uzyskano wylacznie dzigki zastosowaniu
zaawansowanych technologii, gtownie homogenizacji wysokoci$nieniowej. Badane
napoje nie zawieraja dodatkéw hydrokoloidowych, powszechnie stosowanych przez
producentéw napojow roslinnych. Jest to korzystne z perspektywy konsumentdw,
ktoérzy czegsto negatywnie oceniaja obecno$¢ tego typu dodatkow w produktach

spozywczych [Varela i Fiszman, 2013; Zhong i wsp., 2018].

Rysunek 4. Napoje z fasoli biatej przed i po procesie przechowywania
NF/NFK, NF/NFKp, — Opis jak w tabeli 2

Wartosci rozktadu wielkosci czastek napojow z fasoli przedstawiono w Tabeli
13. Zastosowanie homogenizacji wysokocis$nieniowej podczas wytwarzania badanych
napojow spowodowalo otrzymaniem uktadow 0 monomodalnym rozktadzie czastek
(Rysunek 5 i Rysunek 6) i czastkami mniejszymi niz doo ~ 84 um dla NF i doo ~ 170
um dla NFK (Tabela 13). Kietkowanie byto gtéwnym czynnikiem wplywajacym na
otrzymane wartosci (m?> = 0,983). W niefermentowanych i fermentowanych NFK
zaobserwowano wyzszy Span i $rednig $rednice czastek da3 (Span =~ 2,24-2,35, da3 =~
76,8-84,2) w porownaniu z NF (Span = 1,90-2,00, ds3 ~ 38,2-47,0). Wartosci Span

zostaly uzyte do wskazania szerokosci rozktadéw, a ds3 jako wskaznik obecnosci

64



wickszych czastek lub agregatow. Fermentacja miata mniejszy wptyw (32 = 0,446
0,469) na rozktad wielkosci czastek w poréwnaniu do kietkowania (n? = 0,960-0,989).
W napojach fermentowanym z kulturg starterowa ABY-3 (NF/NFK+ABY-3)
zaobserwowano niewielkie zwigkszenie ds3z 43,0 pm do 47,0 um dla NF i z 81,5 pm
do 82,9 um dla NFK.
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Rysunek 5. Rozktad wielko$ci czastek bazowych napojow z fasoli biatej
NF/NFp, NF/NFp+BS, NF/NFp+YO-MIX, NF/NFp+ABY-3 — Opis jak w tabeli 2

100 in volume / undersize

LGS /
o 80 ==
') I K YO-MIX
— I NFKABY-3
3 60 N ; T
c B NFKp+YO-MIX I =
2 @,
< 2]
< E
<
D 40 F 3
(= 4z
8 \
w
3 ZAIIIAN
X 20 / / \x
./ N
0 —-—“ﬁ’ \\
0.1 1.0 10.0 100.0 1000.0
2500.0

0.04 x (Diameter) / pm

Rysunek 6. Rozktad wielko$ci czastek napojow ze skietkowanej fasoli biatej
NFK/NFKp, NFK/NFKp+BS, NFK/NFKp+YO-MIX, NFK/NFKp+ABY-3 — Opis jak

w tabeli 2
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Najdrobniejsza  frakcja  czastek napojow  fasolowych  skladata  si¢
prawdopodobnie gtownie z biatek i cial oleistych, podczas gdy na najwigksze czastki
sktadajg si¢ pozostatosci tkanki komorkowej i agregaty czastek [Bernat i wsp., 2015].
Nieskietkowane ziarna majg twarda i suchg strukture, co pozwala na skuteczniejsze
mielenie podczas przetwarzania i homogenizacji wysokocisnieniowej. W rezultacie
powstaje produkt o matym rozmiarze czastek i matej roznorodnosci czastek. Proces
kietkowania indukuje modyfikacje struktury polisacharydow $cian komoérkowych roslin
straczkowych, prawdopodobnie zwigzane z uszkodzeniem tkanek roslinnych i
zaburzeniem interakcji biatlek z weglowodanami. To z kolei stymuluje biosynteze
nowych $cian komorkowych, prowadzac do powstania nowego rodzaju blonnika
pokarmowego. Jak wykazano w poprzednich badaniach, modyfikacje $cian
komorkowych nasion poddanych kietkowaniu wplywaja na wiele ich wilasciwosci
fizykochemicznych [Martin—Cabrejas i wsp., 2003]. Po procesie kietkowania ziarna
maja bardziej wioknista strukture, co zmniejsza wydajno$¢ mielenia 1 skutkuje
produktem o znacznie wigkszym rozmiarze czastek.

Fermentacja indukuje zmiany w wielko$ci czastek produktow, co jest zwigzane
ze zmniejszeniem wartosci pH. Kwasne $rodowisko powoduje przegrupowanie
czasteczek, szczegblnie bialek, na réznych poziomach strukturalnych. Obserwuje si¢
fuzje czastek 1 powstawanie wigkszych agregatow. Ten proces, nasilajacy si¢ podczas
przechowywania, prowadzi do tworzenia duzych klastréw biatkowych i redukcji liczby
mniejszych czastek [Jian i wsp., 2009; Hahn i wsp., 2011].

W niemniejszym badaniu wartosci Span roznity si¢ istotnie miedzy NF i NFK,
ale dla obu rodzajow napojow wykazywaly podobny rzad wielkosci (~2). Wskazuje to,
ze rozktad wielkos$ci czagstek napojow z fasoli ksztattowat si¢ przede wszystkim podczas
procesu technologicznego, szczegdlnie z w wyniku zastosowania homogenizacji
wysokocisnieniowej. Inni badacze rowniez donosili, ze proces ten zwigksza stabilnosc¢
napojow roslinnych poprzez rozbijanie agregatow 1 kropelek lipidow, a tym samym
zmniejszanie rozktadu wielkosci czastek. Taki efekt zaobserwowano wczesniej w
przypadku napojow sojowych [Poliseli-Scopel i wsp., 2012; Ferragut i wsp., 2014],
konopnych [Wang i wsp., 2018], migdatowych i orzechowych [Bernat i wsp., 2015].

6.3.3. Analiza wlasciwosci reologicznych
Struktura pierwotna, czynniki zewnegtrzne i czas obserwacji to parametry

okreslajace charakter reologiczny uktadu [Moelants i wsp., 2014]. Badane napoje z
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fasoli majg strukturg zawiesiny, na ktorg sktadaja si¢ woda, czastki state tkanki ro§linne;j
o roznych rozmiarach i komorki bakteryjne pochodzace z kultur starterowych. Badania
stabilnosci z wykorzystaniem analizy §wiatla rozpraszanego przez czastki zawieszone w
plynie wykazaty, ze sily oddziatywania miedzy sktadnikami uktadu zawiesiny
koloidalnej napojow stabilizowaly ich struktur¢ i utrzymywaly ja w stanie
nienaruszonym wbrew stabym sitom zewngtrznym, takim jak sita grawitacji. Wraz ze
zwiekszeniem odksztatcenia (np. podczas mieszania lub pompowania przez rurociggi w
warunkach produkcyjnych) sity $cinajagce mogg jednak przekroczy¢ sity oddziatywania
tworzacego strukturg, co moze doprowadzi¢ do reorganizacji pierwotnej struktury
napojow.

W niniejszym badaniu w ocenie ustalonych krzywych przeptywu $cinajacego
przyjeto, ze kazda szybkos$¢ §cinania odpowiada okreslonej strukturze rownowagowej i
lepko$ci rownowagowej, co pozwolito okresli¢c zwigzek miedzy strukturg wewngtrzng
wielofazowych uktadow cieklych napojow z fasoli a ich wlasciwosciami przeptywu.
Przeptyw lepki (w zakresie szybkosci $cinania od 1 do 100 s ) dyspersji ciektych NF i
NFK zostat dobrze opisany rownaniem Ostwalda—de Waele, co wskazato, ze wszystkie
badane napoje z fasoli to ptyny rozrzedzane scinaniem (n < 1,0) bez granicy ptynigcia.

Parametry modelu Ostwalda—de Waele okre$lone przez dopasowanie
eksperymentalnych krzywych przeptywu (12 w zakresie od 0,994 do 0,999)
przedstawiono w Tabeli 14. W tabeli przedstawiono wartosci $rednie i odchylenia
standardowe oraz statystyke ANOVA (wspotczynnik n? wskazujacy wplyw
kietkowania, fermentacji 1 przechowywania). Kietkowanie i1 fermentacja mialy istotny
wplyw na otrzymane wartosci n i k. Bazowe 1 fermentowane NFK charakteryzowaty si¢
istotnie nizszym wspotczynnikiem konsystencji k, w zakresie od 21,9 do 28,2 Pa'sn, w
porownaniu z NF (33,0-51,9 Pa-sn). Po fermentacji zaobserwowano istotne
zwigkszenie wartosci parametru k dla napojow fermentowanych z kulturg starterowa
ABY-3 (NF/NFK+ABY-3) (B: od 36,9 Pa-sn do 49,6 Pa-sn; BG: od 25,7 Pa-sn do 28,2
Pa-sn). Fermentacja z kultura ABY-3 wplyneta rowniez na istotne obnizenie
wspoélczynnika ptyniecia n w NFK, (z 0,12 do 0,07), podczas gdy dla NF nie

zaobserwowano istotnych zmian tego parametru.
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Tabela 14. Podsumowanie wartosci parametréw zwigzanych z przeptywem (parametry

modelu Ostwalda—de—Waele k i n oraz lepkos¢ 1 przy szybkosci $cinania 25, 501 75 s~

1Y dla napojéw z fasoli przed i po fermentacji oraz po 21 dniach przechowywania

R k n nat25s? nats50s? nat75s?

el R [Pa-s"] [] [Pa-s] [Pa-s] [Pa-s]
Napoje z fasoli bialej
NF 369+ 1,49 [0,08+0,01%¢| 1,94+0,019 | 1,03£0,02¢ | 0,71 £0,01 ¢
NF+BS 33,0+2,1% | 0,08+0,01% | 1,70+0,06¢ | 0,890,039 | 0,62 +0,02¢
NF+YO-MIX 50,0+2,8 | 0,070,012 | 2,50+0,0991,31+0,04%"| 0,90+ 0,03 9"
NF+ABY-3 496+2,1° |008+0,01%| 256+0,04%9| 1,35+0,02" | 0,93 +0,01"
NFp 451+1,2¢ | 0,08+0,00%° | 234+0,057 | 1,24+0,039 | 0,85+0,029
NFp+BS 36,9+0,99 | 0,07+0,00% | 1,86+0,03¢ | 0,98+0,01¢ | 0,67+0,01 %
NFp+YO-MIX 471+£1,0° | 0,08+£0,01%|243+0,047 |1,28+0,029 | 0,880,029
NFp+ABY-3 51,9+03° [0,07£0,00® | 263+0,02" | 1,383+0,01" | 0,95+0,01"'
NFK 257+2,3% | 0,12+0,01°¢ | 1,48+0,10¢ | 1,120,057 | 0,56+0,04f
NFK+BS 224+0,8% | 0,10+0,00% | 1,25+0,052 | 0,67 +0,02 | 0,53 + 0,02 2
NF+YO-MIX 259+1,0%® | 0,08+0,01 % | 1,33+0,05% | 0,70 = 0,03 *° | 0,48 0,02 *
NFK+ABY-3 282+1,9% | 0,07+0,01a | 1,42+0,06° | 0,75+0,03¢ | 0,51+0,02°¢
NFKp 21,9+0,3% | 0,10+0,00% | 1,23+0,01% | 0,66 +0,01% | 0,46=0,00
NFKp+BS 243+0,6% | 0,08+0,00® | 1,27+0,02% [0,67 + 0,01 2° 0,46 + 0,00 **
NFKp+YO- 232+0,8% | 0,09+0,012 1,25+0,02% | 0,66 +0,01% | 0,46+0,01
MIX
NFKp+ABY-3 242+0,5% | 0,07+0,00a | 1,20+0,052 | 0,63+0,002 | 0,43+0,002
Statystyka ANOVA. n? [-]
Kietkowanie 0,876 0,217 0,739 0,733 0,729
Fermentacja 0,500 0,347 0,307 0,302 0,299
Przechowywanie ns ns ns ns ns
a,bcdefgh,i

istotnie (p < 0.05); ns — nieistotne statystycznie; * Opis jak w Tabeli 2

— $rednie warto$ci w kolumnach oznaczonych réznymi literami rdznig si¢

Na podstawie wiasciwosci napojow fasolowych, jako ptynow rozrzedzanych

$cinaniem, mozna wnioskowac, ze ich struktura charakteryzuje si¢ stosunkowo niska

odporno$cig na odksztalcenia i przeptyw. Zastosowanie zmian szybko$ci $cinania

spowodowato, ze NF i NFK przyjely nowe struktury rownowagowe, zgodnie z

kierunkiem 1 czasem dzialania sit $cinajacych. Wraz ze zwigkszeniem szybkosci

$cinania z 25 do 50 i 75 s7%, lepkoé¢ badanych probek zmniejszyta si¢ z 2,24 Pa-s do
1,18 Pa's i 0,81 Pa's dla NF iz 1,30 Pa's do 0,69 Pa's i 0,47 Pa-s dla NFK (Tabela 14).

Nizsze warto$ci lepko$ci 1 rozrzedzania $cinaniem NF mozna wyjasni¢ wigkszym

rozktadem wielkos$ci czastek 1 wyzsza warto$cig wspotczynnika Span w poréwnaniu do

NF (Tabela 13). Ponadto badania uktadéw w postaci zawiesin wskazujg, ze duze czastki

majg orientacj¢ kierunkowg przeptywu [Zheng i wsp., 2020].

Uktady rozproszone, w ktorych obserwuje si¢ trojwymiarowa sie¢ faz, wykazuja

wlasciwosci lepkosprezyste jako funkcje rozmiaréw czastek [McClements, 2007].
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Analiza charakteru reologicznego napojow fasolowych w warunkach dynamicznego
$cinania pozwolita uzyska¢ informacje na temat ich natury i zachowania pod wplywem
niewielkich odksztatcen. Dlugo$¢ LVR modutu sprezystosci (G') mozna wykorzystac
jako miarg¢ stabilno$ci struktury probki, poniewaz wiasciwosci strukturalne dobrze
korelujg z elastycznoscig. Jak wskazuja inne badania, stabo flokulowane i stabilne
dyspersje maja dluzsze obszary liniowe, podczas gdy skoagulowane i silnie
flokulowane dyspersje maja stosunkowo krotkie obszary liniowe [Tabilo-Munizaga i
Barbosa—Canovas, 2004].

Wartosci LVR okreslone w naszym badaniu przedstawiono w Tabeli 15. W
tabeli przedstawiono warto$ci $rednie i odchylenia standardowe oraz statystyke
ANOVA  (wspotczynnik n? wskazujacy wplyw kietkowania, fermentacji i
przechowywania). Struktura badanych napojow fasolowych byta stabilna przy niskich
odksztalceniach. Niefermentowany i fermentowany NF mial wyzsze plateau G’ niz
NFK, ktore wynosito 191-250 Pa dla NF i 86-163 Pa dla NFK. W wyniku fermentacji z
kultura starterowych YO-MIX 207 (NF+YO-MIX) i ABY-3 (NF+ABY-3) plateau G’
istotnie zwigkszyto si¢ w nieprzechowywanych NF (ze 193 do 205-261 Pa) i istotnie
obnizylo si¢ we wszystkich fermentowanych (NFK+BS, NFK+YO-MIX, NFK+ABY—
3) i nieprzechowywanych NFK (z 163 do 98-138 Pa).

Przemiatanie czestotliwos$cig jest uzytecznym parametrem okre§lajacym
wlasciwos$ci lepkosprezyste probki w funkcji czasu. Stuzy réwniez do oszacowania
innych parametrow, takich jak modut sprezystosci (G') 1 modul lepkosci (G”). G’
odzwierciedla sprgzysta odpowiedz materiatu poprzez pomiar energii zmagazynowanej
w probce podczas procesu $cinania, a G” odzwierciedla lepka odpowiedZz materiatu
poprzez pomiar energii rozproszonej jako ciepta [Tabilo-Munizaga i Barbosa—Canovas,
2004]. Krzywa przemiatania czgstotliwoscia daje dobry opis reologiczny tego, jak

produkt bedzie si¢ zachowywat podczas przechowywania i przetwarzania.
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Tabela 15. Parametry reologiczne w badaniu oscylacyjnym w temperaturze 20 °C napojow z fasoli biatej

LVR Frequency Sweep. Values at 1 Hz log(n*) = a + blog(Hz) at f < 10 Hz
Kod probkll G’ Platean Y G’ G" II].*I tan(3) b )
(Pa) (%) (Pa) (Pa) (Pa-s) ) a r
Napoje z fasoli bialej

T 193 2,3 203 24 33 0,120 1,52 —0,888 1,000
+ D5 ode +04% + 15 abcd +12 + D abcd + 0,004 2 +0,03% | +0,004%° | +0,000?2

NI 183 2,1 159 20 26 0,126 1,42 -0,889 0,998
+11 cde 4+ 0,2 ab + 43 abcd +4 ab +6 abcd 4+ 0’007 abc 4+ 0’11 abc 4+ 09009 abc + 0,003 a

NGV 205 2,8 198 24 32 0,120 1,52 -0,897 0,998
+ 10 %f +0,32 + 16 cd +2® + 3 abcd +0,001 2 +0,03% | +£0,006° | +0,0022

NTEAENLE 261 2,5 229 26 37 0,113 1,58 —0,898 0,999
+209 +0,32 + 37 bed +32 + 6 bed + 0,004 2 +0,07 ¢ +0,005° | +0,0022

NFp 191 2,0 193 24 31 0,124 1,50 —0,902 0,996
+ 16 e +0,]1°2 + 45 abcd +42 + ( 2bcd + 0,006 ® +0,09 o +0,009 © +0,004 2

NFp+BS 176 2,0 159 20 25 0,125 1,42 -0,873 0,999
+5 cd + 091 a +7 abcd +1 ab +1 abcd 4+ 09001 ab 4+ 0’02 abc 4+ 09004 abc 4+ 0,000 a

NFp+YO_MIX 231 2,3 260 29 42 0,112 1,63 —0,895 1,000
+ 14 ©f9 +0,1% +324 +3b +64 +0,002 2 +0,05 ¢ +0,007° | +0,000?2

NFp+ABY_3 250 2,3 246 28 39 0,116 1,60 -0,889 1,000
+27 +02%® +51¢ +5b + 7 +0,003 2 +0,08 ¢ +0,001 % | +0,0002

K 163 2,9 178 22 29 0,126 1,56 —0,889 1,000
+ 17 bed + 0’2 ab +25 abcd +5 ab +7 abcd + 0’005 abc + 0,09 bc + 0,001 bc + 03000 a

s 98 3,0 147 19 24 0,137 1,24 —0,850 0,998
+22° +0,1° + 37 abe + 4 + § abe +0,013 bed + 0,062 + 0,005 2 +0,001 2

112 25 113 16 18 0,144 1,27 -0,875 0,997
NEA LS 118 10,1 1030 L3 140 100049 | £0092 | £0,005% | +0,002°

NN 138 2,7 135 19 22 0,143 1,34 -0,876 0,999
+ 10%¢ +0,5% +27% +32 +4 + 0,003 +0,00%® | £0,009% | +0,000?2

NFKp 86 2,8 108 16 17 0,145 1,26 -0,851 0,998
+32 +0,5% +20° +32 +32 +0,005 ¢ +0,07 2 +0,008% | +0,001?2
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LVR

Frequency Sweep. Values at 1 Hz

log(n*) = a + blog(Hz) at f < 10 Hz

Kod prébki* G’ Plateau Y G’ G" In*| tan(d) b 5
(Pa) (%) (Pa) (Pa) (Pa-s) [) a r
NFKp+BS 109 2,7 111 16 18 0,142 1,28 —0,853 0,998
+7%® +£0,1 % +72 +]12 +£1°2 +0,002 ¢ £0,03% | £0,004%° | +0,0002
NFKp+YO-— 110 2,5 105 15 17 0,149 1,25 —0,857 0,996
MIX +10% +£0,5% +£243 +432 +£5°8 +£0,0114 £0,09% | £0,008%¢ | +0,0032
108 2,8 108 16 17 0,145 1,27 —0,847 0,998
NFKp+ABY=3 | 1 pa +02® +g8a La La £0,0059 | £0,01° | £00032 | +0,000°
Statystyka ANOVA. n? [-]
Kietkowanie 0,792 0,350 0,509 0,425 0,508 0,715 0,714 0,456 ns
Fermentacja 0,328 ns ns ns ns ns ns ns ns
Przechowywanie ns ns ns ns ns ns ns ns ns
a,bcdefg

ns — nieistotne statystycznie;
! Opis jak w Tabeli 2
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Rysunek 7 przedstawia przebiegi widm mechanicznych G’, G", n*| i tand dla
niefermentowanych i fermentowanych NF i NFK przed przechowywaniem (Rysunek
7a, b, e, f) i po 21 dniach przechowywania w warunkach chtodniczych (Rysunek 7c, d,
g, h). Liczby te przedstawiono w podwdjnym logarytmicznym uktadzie wspoirzednych
1 obejmujg zakres trzech dekad czestotliwosci oscylacji od f=0,1 do 100 Hz (0 = 0,63—
628 rad/s). Widma mechaniczne uzyskano w zakresie liniowej lepkosprezystosci (1%
odksztalcenia), w ktorym pierwotna struktura napojow byta nienaruszona. Typ struktury
napojow fasolowych =zostat jednoznacznie scharakteryzowany przez widmo
mechaniczne przedstawione jako wykres G', G” = f (Hz). Zaréwno niefermentowane,
jak 1 fermentowane NF i NFK wykazywaly charakter cieczy lepkosprezystych o
strukturze zawiesiny koloidalnej. Jako dyspersji o strukturze sieci splatania, szczegdlng
cecha tych cieczy lepkosprezystych jest wystepowanie plateau w posrednim zakresie
czestotliwosei (do f = 10 Hz), w ktérym G’ przyjmuje przejSciowo stalg wartosc,
charakterystyczng dla sprezystego stanu usieciowanego. W literaturze dotyczacej
reologii jest to nazywane plateau spr¢zystym [Genovese i wsp., 2007].

W zakresie czgstotliwosci obejmujacym plateau sprezyste krzywa G” pojawia
si¢ ponizej krzywej G'. Natomiast w stosunkowo wyzszych zakresach czestotliwos$ci
oscylacji (trzecia dekada czgstotliwosci od f> 10 Hz), na prawo od plateau spr¢zystego,
warto$ci modutow G' 1 G” staja si¢ bardziej zalezne od czgstotliwosci oscylacji, a
krzywe G’ 1 G" daza do przecigcia przy czestotliwosci oscylacji 2100 Hz. Ten punkt
przeciecia jest uwazany za granice plateau sprezystego, poza ktorg — tj. gdy krzywa
przekroczy zakres jeszcze wyzszych czestotliwosci oscylacji — krzywa G”
najprawdopodobniej przebiegnie powyzej krzywej G’ [Ewoldt 1 wsp., 2009]. Ten stan
wielofazowego uktadu badanych napojow moze odzwierciedla¢ oddzialywania migdzy
duzymi czastkami obecnymi w fazie rozproszonej lub dodatkowe procesy rozpraszania

energii wynikajace z lokalnych ruchéw elementow lub fragmentdéw struktury.
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Rysunek 7. Widma mechaniczne badanych napojow z fasoli bialej przedstawione
graficznie jako zaleznos$ci funkcyjne G, G”, n*| i tand = f(Hz).

NF/NFp, NF/NFp+BS, NF/NFp+YO-MIX, NF/NFp+ABY-3,
NFK/NFKp+BS, NFK/NFKp+YO-MIX, NFK/NFKp+ABY-3 — Opis jak w Tabeli 2.

NFK/NFKp,
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W zakresie czgstotliwosci, w ktérym pojawiaja si¢ sprezyste plateau, male
warto$ci tangensa kata straty tan(d) od 0,112 do 0,149 (Rysunek 7b, d, f, h)
charakteryzujg stosunkowo niski udziat wilasciwosci lepkich we wiasciwosciach
lepkosprezystych napojow fasolowych. Wiasciwosci lepkie zaczynaja pojawiaé si¢ w
obszarach o wyzszych czestotliwosciach oscylacji, co prowadzi do szybkiego
zwigkszenia zaleznosci tan(d)—czestotliwos¢é. Dominujaca rola whasciwosci lepkich w
tworzeniu wlasciwosci lepkosprezystych badanego uktadu bedzie najprawdopodobniej
obserwowana przy f > 10 Hz (zakres czgstotliwosci nieobjety tymi testami), gdy
warto$ci tan(d) sg > 1.

Lepkos¢ zespolona [n*| maleje wraz ze zwigkszaniem czestotliwosci w zakresie
czestotliwosci plateau sprezystego (Rysunek 7b, d, f, h), co oznacza, ze badane napoje
wykazuja wiasciwosci ptynow rozrzedzanych $cinaniem. Warto$ci wspotczynnikow a i
b linii n*| = f(Hz) na wykresie logarytmicznym w zakresie czestotliwo$ci plateau
sprezystego (Tabela 15) korelujg z warto$ciami k (wspotczynnikiem spojnosci) i n
(wskaznikiem przeplywu) — parametrami roéwnania Ostwalda—de Waele, opisujacymi
krzywa przeptywu (Tabela 14). Warto$ci zarowno k, jak i a sg istotnie wyzsze dla NF (k
~ 33-52,a~ 1,42-1,63) w porownaniu do NFK (k =~ 22-28, a = 1,24-1,56). Podobnie,
n, jak i b sg istotnie nizsze dla NF (n = 0,07-0,08, b = —0,087-0,090) w poréwnaniu do
NFK (n = 0,07-0,10; b = —0,085-0,089).

Zauwazono istotny wplyw kietkowania na widma mechaniczne G', G", n*| 1
tand dla 1 Hz w plateau sprezystym (Tabela 15). Wartosci G’, G” i n*| byty istotnie
wyzsze dla niefermentowanych i fermentowanych NF (G’ = 159-246 Pa, G" =~ 20-29
Pa, m*| = 25-39 Pa‘s) w poréwnaniu do NFK (G' = 105-178 Pa, G" = 15-22 Pa, n*| =
17-29 Pa-s). Na to zjawisko moze mie¢ wpltyw rozklad wielkosci czastek badanych
probek. NF, ktory miat nizszg $rednig Srednice czastek ds3 (Tabela 14), wykazywat
istotnie wyzsze moduly G" 1 G" oraz wyzsza lepko$¢ zespolong n*| w poréwnaniu do
NFK.

W odniesieniu do wlasciwosci reologicznych, niefermentowane i fermentowane
NF i NFK mozna scharakteryzowac jako zawiesiny koloidalne o charakterze ptynu
lepkosprezystego z elastycznym plateau, rozrzedzane $cinaniem w przeptywie lepkim.
Doniesienia innych badaczy wykazaly podobny charakter reologiczny dla innych
ciektych produktow roslinnych [Tizani i Vodovotz, 2005; Wan i wsp., 2019] i dyspersji,

takich jak wegiel roslinny i weglan wapnia zawieszone w mieszaninach woda—glicerol
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[Domian i wsp., 2020], zawiesiny gluteniny [Xu i wsp., 2007] i zawiesiny celulozy [Jia
I wsp., 2014].

6.4. Charakterystyka wlasciwosci biochemicznych

Napoje roslinne z fasoli biatej i soczewicy bragzowej w wariantach bazowych, z
nasion skietkowanych 1 po procesie fermentacji przebadano pod wzgledem
charakterystyki wlasciwosci biochemicznych. Wyniki analiz zawartosci fenoli 1
zdolnosci do inhibicji rodnika DPPH napojow przedstawiono w trzecim artykule z
cyklu publikacji stanowigcych niniejsza prac¢ doktorska: Cichonska P., Bry§ J.,
Ziarno M. (2023). Use of natural biotechnological processes to modify the
nutritional properties of bean-based and lentil-based beverages. Scientific Reports,
13, 16976. Wyniki analiz zawarto$ci izoflawonow i profilu lotnych zwiazkéw napojow
przedstawiono w czwartym artykule z cyklu publikacji stanowiacych niniejsza prace
doktorska: Cichonska P.*, Kostyra E., Piotrowska A., Scibisz I., Roszko M., Ziarno
M. (2024). Enhancing the Sensory and Nutritional Properties of Bean—Based and
Lentil-Based Beverages through Fermentation and Germination. LWT - Food
Science and Technology, 199, 116140.

6.4.1. Analiza zawartosci fenoli i zdoInosci do inhibicji rodnika DPPH

Wolne rodniki, reaktywne formy tlenu i reaktywne formy azotu sg generowane
przez nasz organizm poprzez uklady endogenne, w wyniku narazenia na roznego
rodzaju czynniki fizykochemiczne lub biologiczne [Lobo i wsp., 2010]. Zastosowanie
wybranych technik przetwarzania, w tym kietkowania i fermentacji, moze zwigkszy¢
zawarto$¢ fenoli 1 wlasciwos$ci antyoksydacyjne roslin straczkowych, przede wszystkim
w wyniku zmniejszenia zawartosci sktadnikow antyodzywczych 1 wytwarzania nowych
sktadnikéw o wlasciwos$ciach antyoksydacyjnych [Vaz Patto i wsp., 2015].

Rysunek 8 przedstawia catkowita zawartos¢ fenoli i zdolno$¢ do inhibicji
rodnika DPPH w analizowanych napojach. Wyniki wskakuja, ze fermentacja,
kietkowanie i przechowywanie w czasie 21 dni w warunkach chtodniczych majg istotny
wplyw na analizowane parametry. Catkowita zawarto$¢ fenoli bazowych napojow z
soczewicy byla dwukrotnie wyzsza niz bazowych napojow z fasoli, cO potwierdza
wyniki innych autoréw, wskazujace, ze soczewica naturalnie zawiera wyzsze poziomy

zwiagzkéw fenolowych niz fasola [Djordjevic i wsp., 2011; Zhao i wsp., 2014].
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Rysunek 8. Catkowita zawarto$¢ fenoli w napojach z fasoli (A) i soczewicy (B) oraz zdolnos¢ do inhibicji rodnika DPPH przez napoje z
fasoli (C) i soczewicy (D)

abcdefo_ grednie wartoéci w kolumnach oznaczonych réznymi literami roznig sig istotnie (p < 0.05); * Opis jak w Tabeli 2
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Fermentacja z trzema roéznymi kulturami starterowymi byta glownym
czynnikiem wptywajacym na zawarto$é fenoli w analizowanych napojach (n? = 0,652
dla. NF 1 0,651 dla NS). Fermentacja z kulturg starterowa ABY-3
(NS/NSK/NF/NFK+ABY-3) w najwickszym stopniu wpltywala na zwigkszenie tego
parametru. Przechowywanie w warunkach chtodniczych istotnie zmniejszyto catkowita
zawarto$¢ fenoli w napoju z fasoli (n? = 0,505), jednak nie wptynat istotnie na ten
parametr dla napoju z soczewicy, co wskazuje na wyzszg ich stabilno$¢ w tej matrycy.

Wszystkie analizowane napoje wykazywaly stosunkowo wysoka zdolnos¢ do
inhibicji rodnika DPPH (>83%) (Rysunek 8). Bazowe napoje z fasoli i soczewicy
wykazywaty podobng zdolno§¢ wychwytywania rodnikow DPPH (~85%). Fermentacja
z trzema roznymi kulturami startowymi byta gldéwnym czynnikiem wptywajacym na
analizowany parametr (n">=0,601 i 0,752, odpowiednio dla NF i NS). Podobnie jak w
przypadku wynikéw uzyskanych dla zawartosci fenoli, fermentacja z kultura startowa
ABY-3 byta najskuteczniejszym metoda zwigkszenia zdolnosci do inhibicji rodnika
DPPH. Kietkowanie istotnie wplyneto na uzyskane wyniki tylko dla NF (n?=0,285).

Przechowywanie w warunkach chtodniczych nie miato istotnego wplywu na
zdolnos$¢ do inhibicji rodnika DPPH, w przeciwienstwie do zawartosci fenoli. Moze to
wynika¢ z obecnosci mikroorganizméw 1 ich aktywnosci metabolicznej, ktora
wystepuje réwniez podczas przechowywania. LAB 1 bifidobakterie moga wytwarzaé
bioaktywne peptydy, ktore zwigkszaja zdolnos¢ antyoksydacyjng produktu [Rahmawati
I Suntornsuk, 2016; Amiri i wsp., 2021]. Bioaktywne peptydy to krotkie sekwencje
aminokwasow uwalniane z biatek przez proteolize, ktore sg generowane przez enzymy
wytwarzane przez mikroorganizmy [Chaves—Lopez i wsp., 2014]. Heydari i wsp.
[2023] badali wptyw szczepow probiotycznych i komercyjnych, w tym B. lactis, L.
acidophilus i L. casei, na wtasciwosci funkcjonalne ekstraktu peptydowego. Badane
mikroorganizmy wykazywaty aktywno$¢ proteolityczng w trakcie 28—dniowego okresu
przechowywania w niskiej temperaturze, co skutkowato isotng produkcjg peptydow o
dziataniu antyoksydacyjnym, antymutagennym 1 antybakteryjnym.

W niniejszym badaniu analizowane napoje z fasoli i soczewicy wykazywaty
wlasciwo$ci antyoksydacyjne wynikajace z zawartoSci fenoli i zdolno$ci do inhibicji
rodnika DPPH. W poroéwnaniu z zawartoscig fenoli, zdolno$¢ do inhibicji DPPH
wskazywata wigksza stabilnos¢ po zastosowaniu fermentacji, kietkowania i

przechowywania. Wyniki te wskazuja, ze nie tylko zwigzki fenolowe sg odpowiedzialne
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za zdolno$¢ inhibicji rodnika DPPH, ale takze inne sktadniki, takie jak askorbinian,
tokoferole czy karotenoidy [Kebede i Admassu, 2019].

Fermentacja byta gtownym czynnikiem zwiekszajagcym badane wiasciwos$ci
antyoksydacyjne. Fermentacja z wykorzystaniem kultury ABY-3 wykazata najwiekszg
zdolnos¢ do zwigkszenia wlasciwosci antyoksydacyjnych badanych napojow. Kultura ta
zawierata najwigksza rdéznorodno$¢ mikroorganizméw (L. acidophilus La-5, B.
animalis subsp. lactis BB-12, S. thermophilus i L. delbrueckii subsp. bulgaricus)
sposrod analizowanych kultur startowych. Wigksza réznorodno$¢ mikroorganizméow
moze przedstawiaé szerszy zestaw enzymoOw, co moze poprawiaé dostepnosé
sktadnikéw antyoksydacyjnych, np. poprzez rozklad sktadnikow antyodzywczych
[Sakandar i wsp., 2021]. Ponadto kultura startowa ABY-3 zawiera szczep B. animalis
subsp. lactis BB—12, ktory jest najlepiej udokumentowanym na $wiecie Szczepem
probiotycznym z rodzaju Bifidobacterium [Jungersen i wsp., 2014]. Te mikroorganizmy
wytwarzaja znaczng ilo$¢ bioaktywnych peptydow, ktore moga rowniez wykazywac
wlasciwos$ci antyoksydacyjne (np. wigzace zelazo biatko antyoksydacyjne podobne do
ferrytyny) [Gilad i wsp., 2011]. Poprzednie badania wskazujg rOwniez, ze szczep ten ma
wyzszg aktywnos$¢ antyoksydacyjng niz LAB [Okon i wsp., 2017; Bujna i wsp., 2018].

Wptyw kietkowania na badane wtasciwosci antyoksydacyjne okazat si¢ zalezny
od rodzaju analizowanego napoju. Badanie to stanowi nowatorskie podejscie, poniewaz
dotychczasowe analizy koncentrowaty si¢ na wptywie kielkowania na surowe nasiona
roslin straczkowych. Otrzymane wyniki byly zréznicowane w zalezno$ci od rodzaju
surowca [Chon, 2013; MinYing i wsp., 2013; Khang i wsp., 2016]. W zwiazku z tym
mozna stwierdzi¢, ze polaczenie kietkowania i fermentacji jest najefektywniejsza

strategig zwigkszenia wlasciwosci antyoksydacyjnych napojow z fasoli i soczewicy.

6.4.3. Analiza zawartoSci izoflawonow

Izoflawony sg to bioaktywne zwiazki fitoestrogenowe, wystgpujace obficie w
ro$linach straczkowych, szczegdlnie w soi. Wykazuja one tagodne dzialanie estrogenne,
ktore wigze si¢ z wieloma korzy$ciami zdrowotnymi. Regularne spozywanie produktow
bogatych w izoflawony moze przyczyni¢ si¢ do ztagodzenia objawéw menopauzy,
zmniejszenia ryzyka zachorowania na raka piersi 1 prostaty, a takze zapobiec rozwojowi
chorob uktadu krazenia, osteoporozy i cukrzycy typu 2 [Zaheer i Akhtar, 2017].
Zawarto$¢ wybranych izoflawonéw w badanych napojach z fasoli 1 soczewicy

przedstawiono na Rysunku 9.
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Rysunek 9. Zawartos¢ izoflawonow w badanych napojach: daidzeiny (A), glicytyny

(B) i genisteiny (C) w napojach z fasoli oraz genisteiny (D) w napojach z soczewicy.

a b ¢ d e _ grednie wartosci w kolumnach oznaczonych réznymi literami réznig sie

istotnie (p < 0.05); ! Opis jak w Tabeli 2.
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W niniejszym badaniu wszystkie trzy analizowane aglikony izoflawonow
wykryto w napoju fasolowym, a daidzeina i genisteina byly obecne w najwigkszych
ilosciach (Rysunek 9). W napoju z soczewicy wykryto obecnos¢ jedynie genisteiny, w
ponad 100 razy nizszym st¢zeniu w porownaniu do napoju fasolowego. Ograniczong
zawarto$¢ izoflawonéw w suchych nasionach soczewicy zaobserwowali wcze$niej tez
inni badacze [Budryn i wsp., 2019].

Zastosowanie kietkowania 1 fermentacji istotnie wplynelo na zwickszenie
zawarto$ci daidzeiny i1 genisteiny zarowno w NF, jak 1 NS. W przypadku glicytyny w
NF, zastosowanie kietkowania doprowadzito do istotnego zmniejszenia jej zawartosci.
Co cickawe, fermentacja z kulturg starterowa ABY-3 (NF/NS+ABY-3,
NFK/NSK+ABY-3) wplyngta na istotne zwigkszenie zawartosci daidzeiny i genisteiny
w badanych napojach w przeciwienstwie do kultury Beaugel Soja 1 (NF/NS+BS,
NFK/NSK+BS). Wieksza réznorodno$¢ mikrobiologiczna kultury ABY-3, wynikajaca
z obecno$ci bifidobakterii, potencjalnie odpowiada za t¢ réznice w poréwnaniu do
kultury Beaugel Soja 1.

Do tej pory wptyw kietkowania i fermentacji na zawarto$¢ izoflawondéw w
napojach roslinnych nie zostal szeroko zbadany, chociaz podobne badania zostaty
wykonane z wykorzystaniem suchych nasion roslin stragczkowych. Poprzednie badania
roznych autorow wskazywaly na zwigkszenie zawarto$ci aglikonéw 1 glukozydow
daidzeiny 1 genisteiny w skietkowanych nasionach soi [Zhu 1 wsp., 2005; Yoshiara i
wsp., 2018]. Sugeruje si¢, ze zwickszenie zawarto$ci tych skladnikow podczas
kietkowania jest spowodowany szlakami metabolicznymi chalkonu naryngeniny i
izolikwirytygeniny, ktére sa prekursorami izoflawonoidow [Zhu i in., 2005]. Niniejsze
badanie wykazato istotne zmniejszenie zawarto$ci glicytyny po zastosowaniu procesu
kietkowania. Zjawisko to moze by¢ zwigzane z dziataniem B-glukozydazy, enzymu
katalizujgcego hydrolize izoflawonow. To dzialanie enzymatyczne moze zaleze¢ od
stezenia enzymu, temperatury i pH podtoza [Yoshiara 1 wsp., 2018]. Zwigkszenie
zawarto$ci izoflawondw po fermentacji, ktory réwniez zaobserwowano w niniejszym
badaniu, mozna przypisa¢ aktywnos$ci glukozydaz  wytwarzanych przez
mikroorganizmy z kultur starterowych. Enzymy te katalizuja hydrolize p—glukozydow
izoflawondéw, co prowadzi do wyzszego st¢zenia ich odpowiednich bioaktywnych

aglikonéw [Budryn i wsp., 2019].
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6.4.3. Profilu lotnych zwiagzkow

Analiza smaku stanowi integralng czg$¢ procesOw rozwoju Zywnosci,
umozliwiajgcg doglebne zrozumienie 1 optymalizacje jej wilasciwosci. Dzigki
zastosowaniu metod sensorycznych i instrumentalnych mozliwe jest precyzyjne
zidentyfikowanie sktadnikow, w tym zwiazkéow lotnych, odpowiedzialnych za
poszczeg6lne atrybuty produktu. Ocena smaku pozwala rowniez na okreslenie okresu
przydatnosci do spozycia oraz utrzymanie wysokiej jakosci zywnosci [Chambers i
Koppel, 2013]. Jednak obecnos¢ tych zwigzkéw w zywno$ci moze zostaé zmieniona ze
wzgledu na zastosowane procesy technologiczne.

W profilu lotnych zwiazkéw suchych nasion roslin straczkowych aldehydy
wystepuja w najwickszym stezeniu, a nastepnie estry, alkany, alkohole, ketony, laktony,
fenole, fenony, alkeny i weglowodory [Rajhi i wsp., 2021]. Podobne wyniki
zaobserwowano w badanych napojach z fasoli i soczewicy, gdzie dominowaty
aldehydy, a nastepnie alkohole, ketony, terpeny, estry, zwiazki siarkoorganiczne, kwasy
i kwasy tluszczowe. Zawarto$¢ poszczegoélnych zwigzkow lotnych w  badanych
napojach z fasoli i soczewicy przedstawiono odpowiednio w Tabeli 16 i Tabeli 17. W
tabelach przedstawiono wartosci $rednie i odchylenia standardowe oraz statystyke
ANOVA (wspotczynnik n? wskazujacy wptyw kietkowania i fermentacji).

W bazowych napojach z fasoli (NF) najwyzsze st¢zenia wsérdéd obecnych
zwigzkow lotnych zaobserwowano dla furan—-3-ylometanolu, 2-etyloheksan—1-olu,
hept-1-en-3-onu, pentan—-1-olu i kwasu 2-metylopropanowego. W bazowych
napojach z soczewicy (NS) najwyzsze stezenia zaobserwowano dla linalolu, estrow
(butanianu butylu i mrowczanianu heksylu), (2E,4E)-nona—2,4—dienalu, i kwasu 2—
metylopropanowego. Roéznice te wynikajg z unikalnych cech surowcow i obecno$ci
zwigzkow specyficznych dla niektorych gatunkow roslin stragczkowych [Khrisanapant i
wsp., 2019].
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Tabela 16. Zawartos¢ lotnych zwigzkéw [mg/kg] w napojach z fasoli biatej

Kod probkit Statyst;:]léa iA]NOVA.
Zwiazek lotny .
NF NF+BS NF+ABY3 NFK NFK+BS NFK+ABY3 | Kielkow | Ferment

anie acja
Alkohole
butan—1-ol 0,0001 + 0,0000 * | 0,0005 + 0,0000 2 | 0,0001 +0,00002 | 0,0110+0,0012° | 0,0143 +0,0003 ¢ | 0,0134 £ 0,0010 © ns 0,983
furan—3-ylometanol 0,0102 + 0,0009 ¢ | 0,0079 +0,0007 ® | 0,0061 £ 0,0004 2 | 0,0060 + 0,0003 | 0,0083 +0,0003 ® | 0,0062 = 0,0002 ? ns 0,411
2—etyloheksan—1-ol 0,0100 = 0,0004 ¢ | 0,0066 + 0,0005 ¢ | 0,0011 £0,0001 2 | 0,0033 £0,0001 ¢ | 0,0014 £ 0,0002 2 | 0,0024 + 0,0002 ° ns 0,595
pentan—1-ol 0,0051 + 0,0005 2 | 0,0055 +0,0001 2 | 0,0059 + 0,0005 % | 0,0076 + 0,0005 ¢ | 0,0093 +0,0006 ¢ | 0,0153 +0,0018 © 0,806 0,663
3—-metylobutan—1-ol 0,0008 = 0,00002 | 0,0002 + 0,0000 2 | 0,0067 + 0,0006 ° | 0,0204 +0,0012 ¢ | 0,0104 £ 0,0004 ¢ | 0,0317 +0,0017 ¢ 0,893 0,769
etanol 0,0022 £0,00022 | 0,0014 +0,0001 2 | 0,0018 £ 0,0001 2 | 0,0124 + 0,0008 *° | 0,0135+0,0014 ¢ | 0,0115 + 0,0007 ° 0,978 ns
ZwiazKi siarkoorganiczne
disiarczek dimetylu 0,0017 +0,00012 | 0,0153 +0,0010 ¢ | 0,0093 +0,0001° | 0,0022 +0,0001 2 | 0,0074 +0,0003° | 0,0088 + 0,0004 ° ns 0,736
trisiarczek dimetylu nw 0,0177 +£0,0011 9| 0,0122 +0,0009 ¢ | 0,0002 +0,00002 | 0,0012 +0,00013 | 0,0106 = 0,0004 ° ns 0,630
Terpeny
limonen 0,0001 +0,0000 % | 0,0006 <+ 0,0001° | 0,0001 +0,0000% | 0,0008 + 0,0000° | 0,0042 +0,0004 ¢ | 0,0014 +0,0000°¢ | 0,689 0,653
izoeugenol 0,0008 + 0,0000 © nw nw 0,0001 +0,0000 2 | 0,0003 +0,0000° | 0,0013 + 0,0000 ¢ ns ns
linalol 0,0001 + 0,0000 @ nw 0,0001 +0,00002 | 0,0009 +0,0001° | 0,0030 +0,0002 ¢ | 0,0040 + 0,0001 ¢ 0,792 0,494
Estry
butanian butylu 0,0001 +0,00002 | 0,0009 +0,00012 | 0,0044 +0,0004° | 0,0337+0,0023¢ | 0,0174 +0,0008 ¢ | 0,0205 + 0,0013 ¢ 0,876 ns
mrowczan heksylu 0,0033 +£0,00032 | 0,0112+0,0010° | 0,0047 +0,0002% | 0,0033 =£0,00032 | 0,0165+0,0015° | 0,0216 +0,0019 ° 0,512 0,640
Kwasy tluszczowe
S 2 0,0019 +0,0001 2 | 0,0045 +0,0001° | 0,0119 +0,0005°¢ | 0,0038 +0,0002° | 0,0117 +0,0008 ¢ | 0,0192 + 0,0003 ° 0,817 0,942
metyloheksanowy
Ketony
2—acetylo-tiazol 0,0001 £+ 0,0000 @ nw 0,0007 £ 0,0000 ® | 0,0031 +0,0002 ¢ | 0,0022 =+ 0,0001 ¢ | 0,0019 +0,0001 © 0,882 ns
acetoina nw 0,0413 +0,0028 ® | 0,0562 + 0,0006 ¢ | 0,0001 +0,00002 | 0,0718 +0,0012¢ | 0,0797 + 0,0071 ¢ ns 0,947
hept-1-en—-3-on 0,0050 £ 0,0003 ¢ | 0,0001 +0,0000 # | 0,0039 +0,0001 ° | 0,0081 + 0,0005 © nw 0,0059 + 0,0002 0,587 0,938
pentano-2,3—dion 0,0006 £ 0,0001 @ | 0,0734 +0,0026 ¢ | 0,0392 +0,0007 ¢ | 0,0005 + 0,00002 | 0,0600 = 0,0051 ¢ | 0,0103 £ 0,0005 ° 0,565 0,951
diacetyl 0,0011 £0,0001 2 | 0,0698 +0,0046 ¢ | 0,0471 +0,0025 *° | 0,0019 £ 0,0001 * | 0,0559 = 0,0055 ¢ | 0,0438 £ 0,0030 " ns 0,975
Aldehydy
(E)—okt—2—enal 0,0001 = 0,00002 | 0,0001 +0,00002 | 0,0020 +0,0001 2 | 0,0002 £ 0,0000 * | 0,0002 = 0,00002 | 0,0003 £ 0,0000 ° ns ns
nonanal 0,0030 + 0,0001 | 0,0004 + 0,0000 | 0,0046 + 0,0005 ® | 0,0058 + 0,0002 ¢ | 0,0077 +0,0005 ¢ | 0,0219 +0,0016 © 0,687 0,659
(2) —hept—2—enal 0,0002 = 0,00002 | 0,0004 +0,0000 2 | 0,0023 +0,0002 ¢ | 0,0010 +0,0001 ® | 0,0019 = 0,0002 ¢ | 0,0037 = 0,0002 © 0,922 0,972
oktanal 0,0014 = 0,0001 2 | 0,0057 +0,0003 ¢ | 0,0030 + 0,0002° | 0,0030 +0,0002 ° | 0,0068 £ 0,0004 ¢ | 0,0107 = 0,0004 © 0,559 0,649
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Statystyka ANOVA.

Kod prébki! W L]
Zwiazek lotny .
NE NF+BS NF+ABY3 NEK NFK+BS NFK+ABY3 | Kielkow | Ferment

anie acja
gzieEﬁglE)‘”O“a‘z"“ 0,0004 = 0,0000 2 | 0,0009 = 0,0000 2 | 0,0049 +0,0003 ® | 0,0357 £0,0013 ¢ | 0,0177+£0,0006°¢ | 0,0206+0,0021¢ | 0,859 ns
heksanal 0,0034 = 0,0003 @ | 0,0026 = 0,0000 2 | 0,0263 = 0,0026 ¢ | 0,0080 +0,0005 " | 0,0051 £ 0,0003 | 0,0253 +0,0011 © ns 0,977
pentanal 0,0009 = 0,0001 2 | 0,0772 £ 0,0054 ¢ | 0,0051 £0,0003® | 0,0018 +£0,0002 2 | 0,0054 + 0,0006"° | 0,0046 % 0,0002 b ns 0,528
2_metylobutanal 0,0002 = 0,0000 @ | 0,0003 = 0,0000 2 | 0,0003 = 0,0000 2 | 0,0027 +0,0002 ¢ | 0,0042 +0,0003 ¢ | 0,0015 +0,0000° | 0,835 0,488
Kwasy
kwas . 0,0268 =0,00159 | 0,0116+0,0001¢ | 0,0046 +0,00022 | 0,0267 = 0,0006 ¢ | 0,0065 = 0,0002 2 | 0,0074 + 0,0004 ® ns 0,966
2—metylopropionowy
kwas octowy 0,0170 £ 0,00152 | 0,0382 +0,0024 *| 0,2816 +0,0262 ¢ | 0,0363 £ 0,0010* | 0,0751 £0,0028"° | 0,4132 +0,0337 ¢ ns 0,962

ab.cde_¢rednie wartosci w wierszach oznaczonych réznymi literami réznia sie istotnie (p < 0.05)
ns — nieistotne statystycznie; nw — nie wykryto

! Opis jak w Tabeli 2
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Tabela 17. Zawartos¢ lotnych zwigzkéw [mg/kg] w napojach z soczewicy brazowej

Kod probkit Statystyk2a ANOVA.
n° [-]
Zwiazek lotny .
NF NF+BS NF+ABY3 NFK NFK+BS NFK+ABY3 | Kietkow | Ferment

anie acja
Alkohole
butan—1-ol nw nw nw nw nw nw - -
furan—-3—ylometanol | 0,0035 + 0,0001 ® | 0,0056 + 0,0004 % [0,0047 + 0,0003 | 0,0033 +0,0002 2 |0,0043 + 0,0001 *| 0,0063 + 0,0005 ¢ ns 0,667
2—etyloheksan—1-ol 0,0021 +0,0001 2 | 0,0106 + 0,0006 ¢ [0,0026 = 0,0001 ®| 0,0119 £0,0002 ¢ |0,0031 +0,0001 | 0,0060 + 0,0005 © ns ns
pentan-1-ol 0,0015 +0,0001 2 | 0,0034 £ 0,0002 ¢ |0,0082 + 0,0006 ¢ | 0,0006 =+ 0,0000* |0,0024 +0,0002 °| 0,0065 + 0,0005 ¢ 0,776 0,986
3—-metylobutan—1-ol 0,0001 £ 0,0000 2 | 0,0041 £ 0,0004 ° [0,0060 +0,0004 ¢| 0,0116 +0,0008 ¢ |0,0056 = 0,0005 €| 0,0221 + 0,0007 © 0,715 0,542
etanol nw 0,0031 + 0,0002 ® [0,0019 +0,0001 2| 0,0133+0,0011°¢ [0,0116 +0,0007 ¢| 0,0268 + 0,0011 ¢ 0,831 ns
ZwiazKki siarkoorganiczne
disiarczek dimetylu nw nw nw nw nw nw - -
trisiarczek dimetylu nw 0,0001 £ 0,0000 2 | 0,0069 £ 0,0001 © nw 0,0001 = 0,00002 | 0,0019 £ 0,0001 ° ns 0,757
Terpeny
limonen 0,0027 £ 0,0002 *° | 0,0030 + 0,0002 ¢ | 0,0217 +0,0021 ¢ 0,0001 £ 0,0000 2 |0,0005 = 0,0001 °| 0,0005 = 0,0001 ° 0,485 0,477
izoeugenol nw 0,0001 £ 0,0000 2 [ 0,0009 £+ 0,0001 ®| 0,0001 +0,00002 |0,0001 +0,00002| 0,0045 <+ 0,00 ° ns ns
linalol 0,0070 £ 0,0006 ®® | 0,0144 +0,0011 ¢ | 0,0248 +0,0024 ¢| 0,0052 + 0,0003 ® |0,0045 + 0,00052 | 0,0085 = 0,0001 © 0,688 0,665
Estry
butanian butylu 0,0062 + 0,0006 °© nw 0,0018 £ 0,0000 2| 0,0168 +£0,0016 ¢ [0,0036 +0,0003 ©| 0,0074 + 0,0008 ° 0,807 0,865
mrowczan heksylu 0,0056 £ 0,0004° | 0,0160 = 0,0005 ¢ |0,0195 +0,0016 9| 0,0026 + 0,0002 2 |0,0047 £ 0,0004 ®®| 0,0211 = 0,0018 ¢ 0,366 0,851
Kwasy tluszczowe
B2 0,0019 £ 0,0001 2 | 0,0040 = 0,0002 ¢ | 0,0063 + 0,0003¢| 0,0031 +0,0003° |0,0064 +0,0004 9| 0,0163 + 0,0003 ® 0,570 0,779
metyloheksanowy
Ketony
2-acetylo-tiazol 0,0015 £ 0,0001 2 | 0,0018 = 0,0000 2 | 0,0015 + 0,00002| 0,0040 + 0,0004 ¢ |0,0029 + 0,0002 °| 0,0058 £ 0,0001 ¢ 0,795 ns
acetoina nw 0,0327 +0,0022 2 |0,0434 +0,0025°| 0,0402 + 0,0034° |0,0287 = 0,0029 2| 0,0528 + 0,0033 © ns 0,596
hept-1-en—-3-on 0,0033 £ 0,0002 ° | 0,0061 +0,0004 ¢ |0,0094 + 0,0008 4| 0,0011 +0,0001  |0,0018 +0,0001 2| 0,0068 + 0,0002 © 0,886 0,954
pentano-2,3—-dion 0,0002 £ 0,0000 @ | 0,0547 = 0,0038 ¢ | 0,0314 +0,0021 °| 0,0001 +0,00002 |0,0032 = 0,0002 2| 0,0034 = 0,0002 2 0,609 0,554
diacetyl 0,0001 +0,00002 | 0,0594 =+ 0,0056 ¢ |0,0447 +0,0045 %] 0,0008 £ 0,0001 2 |0,0077 =0,0000°| 0,0288 +0,0016 ° ns 0,682
Aldehydy
(E)—okt—2—enal nw 0,0001 + 0,0000 2 |0,0027 +0,0002°| 0,0001 +0,00002 |0,0021 + 0,0001 ®| 0,0069 + 0,0005 © 0,600 0,846
nonanal 0,0011 + 0,0000 2 | 0,0064 + 0,0005 ¢ | 0,0052 + 0,0003 ¢ nw 0,0039 + 0,0001 °¢| 0,0312 =+ 0,0030 ¢ ns 0,558
(2) —hept—2—enal 0,0016 £ 0,0001 2 | 0,0051 +0,0002 ® | 0,0091 + 0,0004 ° nw 0,0074 = 0,0003 ¢| 0,0161 = 0,0015 ¢ 0,329 0,875
oktanal 0,0007 = 0,00002 | 0,0016 +0,0001 2 |0,0077 £ 0,0004 | 0,0012 £ 0,0001 2 |0,0060 = 0,0002°| 0,0194 + 0,0020 ¢ 0,569 0,833
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Statystyka ANOVA.

Kod prébki! W L]
Zwiazek lotny .
NF NF+BS NF+ABY3 NFK NEK+BS NEK+aBY3 | Kielkow | Ferment
anie acja

ézieEﬁilE)_nona_Z'A’_ 0,0065 +0,0001 ¢ | 0,0012 +0,0001 2 |[0,0033 +0,0002°| 0,0170+0,0013 ¢ |0,0031 +0,0002°| 0,0061 +0,0005¢ | 0,617 0,807

heksanal 0,0007 + 0,0001 2 | 0,0042 + 0,0003 ¢ |0,0059 + 0,0005 4| 0,0008 + 0,0000 % |0,0027 £ 0,0001 ®| 0,0190 =+ 0,0009 © ns 0,701

pentanal nw 0,0072 + 0,0001 ¢ | 0,0050 £ 0,0004 ¢| 0,0003 £ 0,0000 2 |0,0020 + 0,0001 ° | 0,0068 + 0,0006 ° ns 0,724

2-metylobutanal 0,0007 = 0,0000 2 | 0,0012 +0,0001° [0,0012 +0,0001°| 0,0019+0,0001° |0,0029 +0,0002 9| 0,0050 +0,0002¢ | 0,777 0,607

Kwasy

e 0,0113 +0,00062 | 0,0243 +0,0014 ¢ | 0,0113 +0,0003 2| 0,0149 +0,0010° [0,0103 +0,0008 2| 0,0114 + 0,0013 2 ns ns

2—metylopropanowy

kwas octowy 0,0010 £ 0,0000 2 | 0,0314+0,0017 " |0,1225 +0,0064 | 0,0292 +0,0014° ]0,0177 £ 0,0008 ®*| 0,2232 +0,0179 ¢ ns 0,897
a,b,cde

ns — nieistotne statystycznie; nw — nie wykryto

! Opis jak w Tabeli 2
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Najwigkszy wplyw na otrzymane wyniki mialo zastosowanie procesu
fermentacji, ale wptyw ten rdéznit si¢ w zalezno$ci od rodzaju lotnych zwigzkow. W
grupie aldehydow zastosowanie fermentacji istotnie zwigkszylo ich zawartos¢ w
wiekszosci testowanych NF 1 NS. Zjawisko to moze by¢ wynikiem proceséw utleniania
lipidow i/lub reakcji chemicznych katalizowanych przez aktywne bakterie
fermentacyjne. Aldehydy takie jak heksanal, (Z)-hept-2—enal i nonanal s3
prawdopodobnie powigzane z procesami utleniania lipidow, generowanymi przez szlak
lipooksygenazy. Ta $ciezka obejmuje konwersje wielonienasyconych kwasow
thuszczowych do aldehydow i alkoholi poprzez sekwencyjne dzialanie lipooksygenazy,
hydroperoksydazy liazy i dehydrogenazy alkoholowej [Fu i wsp., 2009; Lorn i wsp.,
2021]. Co wigcej, kultury starterowe moga indukowac¢ biosynteze oktantalu w trakcie
fermentacji alkoholowej, inicjowanej dekarboksylacja pirogronianu. Powstajace w tym
procesie etanol i kwas octowy sa produktami dziatania dehydrogenazy alkoholowej oraz
dehydrogenazy aldehydowej. W niniejszym badaniu stwierdzono podwyzszong
aktywnos¢ tych zwigzkéw w wigkszos$ci analizowanych probek [Park i Kim, 2021].

Fermentacja rowniez istotnie zwigkszyta zawartos¢ wybranych alkoholi,
zwiazkow siarki, estrow, kwasow tluszczowych i ketondéw w badanych prébkach
(Tabela 16 i Tabela 17). Te zwiazki lotne mogg powstawa¢ podczas fermentacji poprzez
degradacje aminokwasow na drodze szlaku Ehrlicha i degradacji kwasow tluszczowych
[Hazelwood i wsp., 2008]. Obecno$¢ aldehydoéw w profilu lotnych zwigzkow jest czesto
wigzana z zielonymi lub trawiastymi aromatami w owocach 1 warzywach, a takze z
nutami thustymi i cytrusowymi [Chambers o Koppel, 2013]. W fermentowanej
zywnosci estry powszechnie nadaja owocowy 1 kremowy aromat, podczas gdy kwasy
przyczyniaja si¢ do kwasnego smaku. Wysokie st¢zenia ketonow jest czesto wigzane z
kremowym, owocowym i ostrym smakiem [Zhang i in., 2023]. Zastosowanie
odpowiednich proceséw technologicznych moze istotnie zmienia¢ cechy sensoryczne
produktu, na ktére wptywaja zmiany w profilu lotnych zwigzkow.

Zastosowanie procesu kietkowania byto kolejnym czynnikiem istotnie
wplywajacym na zawarto$¢ zwigzkoéw lotnych w badanych napojach (Tabela 16 i
Tabela 17). Zastosowanie tego procesu spowodowato istotne zwiekszenie zawarto$ci
dwoch badanych alkoholi, tj. 3-metylobutan—1—olu (ponad 25 razy dla NFK i 116 razy
dla NSK) i etanolu (ponad 5 razy dla NFK i 130 razy dla NSK) w porownaniu do
nieskietkowanych NF i NS. Zaobserwowano rowniez istotne zwigkszenie zawartosci

estrow (butanianu butylu i mréowczanu heksylu) oraz kwasu thuszczowego (kwas 2—
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metyloheksanowy) w wigkszosci badanych probek. Proces kietkowania nasion
przyczynit si¢ rowniez do zwigkszenia zawartosci wybranych aldehydow i ketonow,
szczegblnie w przypadku 2-acetylo-tiazolu, (2E,4E)-nhona—2,4—dienalu, oktanalu i 2—
metylobutanalu.

Jednym z gléwnych wyzwan dotyczacych spozycia produktéw strgczkowych
jest obecno$¢ zapachow 1 posmakow straczkowych, ktoére konsumenci zazwyczaj
opisujg jako fasolowe, zielone, trawiaste, ziemiste, zjelczale i blotniste [Bott i
Chambers, 2006]. Kluczowe zwigzki odpowiedzialne za aromaty stragczkowe obejmuja
heksan—1-ol, heksanal, (2E,4E)-nona—2,4—dienal, pentylo—2—furan, 3—-metylobutan—1—
ol, (2E,4E)—deka—2,4—dienal, pentan—1-ol, 1-okten—3—ol, hepta—2,4—dienal i 1-okten—
3-on [Suwonsichon i wsp., 2004; Xu i wsp., 2020]. W niniejszym badaniu, sposrod
wyzej wymienionych zwigzkow, zidentyfikowano heksanal, (2E,4E)-nona—2,4—dienal i
pentan-1-ol. W wyniku kietkowania nastgpito istotne zwickszenie zawartos$ci tych
zwigzkéw w NF. W NS zawartos¢ (2E,4E)-nona—2,4—dienalu istotnie zwigkszyla sig,
podczas gdy zawarto$¢ heksanalu i pentan—1—olu nie zmienita si¢ istotnie. Zwigkszenie
poziomu tych zwigzkéw moze by¢ spowodowane degradacja lipidow zachodzaca
podczas kietkowania z udziatem lipooksygenazy. Nienasycone kwasy tluszczowe sa
podatne na utlenianie podczas kietkowania, co prowadzi do wytwarzania lotnych
substancji odpowiedzialnych za specyficzne atrybuty zapachowe nasion. Ponadto
reakcje biologiczne aktywowane podczas kietkowania, takie jak rozpad lipidow i puryn
oraz czynno$ci oddechowe, powoduja powstawanie wolnych rodnikoéw. Rodniki te
moga wplywa¢ na pekanie tancuchow lipidowych, co prowadzi do wytwarzania
zwigzkow uznawanych za odoranty, takich jak heksanal [Xu i in., 2020]. Analiza
przeprowadzonych badan wykazala, ze zar6wno proces kietkowania, jak i1 fermentacji
wywieraja istotny wptyw na profil lotnych zwigzkéw obecnych w badanych napojach.

To z kolei moze znaczaco wpltywac na percepcj¢ sensoryczng tych produktow.

6.5. Charakterystyka sensoryczna

Napoje roslinne z fasoli bialej i soczewicy brazowej w wariantach bazowych, z
nasion skietkowanych, po procesie fermentacji 1 z dodatkiem wsadu owocowego
(malinowo—zurawinowego)  przeanalizowano pod  wzgledem  charakterystyki
sensorycznej. Wyniki analiz przedstawiono w czwartym artykule z cyklu publikacji
stanowigcych niniejszg prace doktorska: Cichonska P.*, Kostyra E., Piotrowska A.,
Scibisz 1., Roszko M., Ziarno M. (2024). Enhancing the Sensory and Nutritional
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Properties of Bean—Based and Lentil-Based Beverages through Fermentation and
Germination. LWT — Food Science and Technology, 199, 116140.

Analiza sensoryczna odgrywa kluczowg rol¢ w rozwoju produktu i ocenie jego
jakosci [Chambers i Koppel, 2013]. Spozywanie produktéw z roslin strgczkowych,
pomimo ich bogatej warto$ci odzywczej, bywa ograniczone ze wzgledu na wlasciwosci
sensoryczne [Vaz Patto i wsp., 2015]. Istnieje mozliwo$¢ ograniczenia niekorzystnych
dla konsumentéw zapachow 1 posmakow stragczkowych poprzez zastosowanie
wybranych operacji technologicznych, taczenie ich z innymi produktami, czy
zastosowanie dodatkéw smakowych [Nawaz i wsp., 2022].

Charakterystyke sensorycznag napojow z fasoli i soczewicy przedstawiono
odpowiednio w Tabeli 18 i Tabeli 19. Wyniki wskazuja, ze NF+owoc charakteryzowat
si¢ istotnie ciemniejszg barwg w poréwnaniu z innymi napojami fasolowymi, podczas
gdy wsrod napojow z soczewicy to bazowy NS charakteryzowal si¢ najciemniejsza
barwg. Cechy zapachu badanych probek istotnie roznity sig, szczegdlnie w przypadku
NF/NFK i NS/NSK, ktore charakteryzowaly si¢ istotniec wigksza intensywno$cig
zapachow stragczkowych 1 skrobiowych, w porownaniu z NF/NS+ABY3 i
NF/NS+owoc. Co ciekawe, proces kietkowania wydawal si¢ zmniejsza¢ percepcje
zapachu stragczkowego. Napoje fermentowane (NF/NS+ABY3) charakteryzowaly sie
istotnie wigkszg intensywnoscig zapachow kwasnych, fermentowanych, alkoholowych i
ostrych w poréwnaniu do pozostatych probek, podczas gdy NF/NS+owoc wykazywaty
najbardziej intensywny stodki i owocowy zapach. W przypadku cech konsystenciji,
istotne roznice migdzy analizowanymi probkami zaobserwowano tylko w przypadku
napojow fasolowych, wsrod ktérych NFK charakteryzowat si¢ najwyzsza maczystoscia
W poréwnaniu z innymi probkami.

Analiza cech smaku badanych napojow wykazala, ze NF/NS i NFK/NSK
charakteryzowaly si¢ najwieksza intensywnoscig smaku straczkowego 1 skrobiowego w
poréwnaniu z pozostatymi probkami. Smak warzywny byl szczegdlnie wyczuwalny w
NFK i NS+owoc. Podobnie jak w przypadku cech zapachu, napoje fermentowane
(NF/NS+ABY3) byly postrzegane jako te o najwigkszej intensywnos$ci smakow
fermentowanych 1 kwasnych, podczas gdy NF/NS+owoc charakteryzowaly sig
najbardziej intensywnym owocowym i stodkim smakiem w poréwnaniu z innymi
probkami. Napoje z dodatkiem wsadu malinowo—zurawinowego otrzymaty najwyzsze
oceny ogodlnej jakosci sensorycznej, na poziomie 5,40 dla NF+owoc i 5,02 dla

NS+owoc. Napoje bazowe (NF/NS) 1 skietkowane (NFK/NSK) byly nieco mniej
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preferowane, podczas gdy napoje fermentowane (NF/NS+ABY3) zostaly
scharakteryzowane jako te o najnizej ogdlnej jako$ci sensorycznej otrzymujac not¢ na

poziomie 1,72.

Tabela 18. Charakterystyka jakos$ci sensorycznej napojow z fasoli biatej

Wyrézniki Kod prébki! Statystyka

jakoSciowe NF | NF+ABY3 NFK NF+owoc wartosé p
Cechy wizualne
barwa 3.37b 2.85b 3.19b 7.36a <0,0001
gestos¢ wizualnie 6.28b 6.38ab 6.64ab 6.82a 0,137
Cechy zapachu
skrobiowy 4.16a 2.07b 4.33a 1.81b <0.0001
straczkowy 5.52a 2.02¢c 4.13b 1.33c <0.0001
warzywny 3.07a 1.88b 3.13a 0.91c <0.0001
fermentacyjny 1.41b 6.97a 1.71b 0.76b <0.0001
kwasny 1.59b 6.49a 1.49b 2.31b <0.0001
stodki 1.63b 0.40c 1.29b 6.03a <0.0001
owocowy 0.86b 0.13b 0.29b 6.57a <0.0001
orzechowy 1.05ab 0.09c 1.13a 0.34bc 0.021
przypalony 1.33a 0.84c 1.23ab 0.36d 0.177
alkoholowy 0.27b 1.87a 0.12b 0.08b <0.0001
ziemisty 1.53a 1.25ab 2.10a 0.63b 0.154
ostry 1.09b 4.07a 1.19b 0.92b <0.0001
Cechy konsystencji
gestos¢ doustnie 6.11bc 6.02c 6.76a 6.63ab 0.021
oblepianie 4.22b 4.57ab 4.94ab 5.17a 0.138
maczystosé 4.47b 3.96b 6.41a 4.33b <0.0001
Cechy smaku/smakowitosci
skrobiowy 5.33a 2.47b 5.62a 2.97b <0.0001
straczkowy 5.72a 2.19b 5.09a 2.53b <0.0001
warzywny 2.89ab 1.94bc 3.56a 1.13c 0.000
fermentacyjny 1.41b 6.68a 1.41b 0.43b <0.0001
kwasny 1.02b 7.51a 1.27b 3.07b <0.0001
stodki 1.30b 0.69b 1.18b 6.18a <0.0001
owocowy 0.39b 0.52b 0.16b 6.81a <0.0001
orzechowy 1.07a 0.14b 0.72ab 0.29b 0.027
przypalony 1.42a 0.64ab 1.16a 0.07b 0.017
gorzki 1.55a 1.41a 1.66a 0.59b 0.052
stony 1.07a 0.76ab 0.61ab 0.23b 0.084
ziemisty 2.80a 1.84a 2.62a 0.29b 0.002
alkoholowy 0.14b 1.97a 0.08b 0.07b <0.0001
piekacy 0.80ab 1.42a 0.96ab 0.43b 0.028
sensoryczna ocena | 5 gap, 1.72¢ 3.69b 5.40a <0.0001
ogolna
a,becd

— $rednie warto$ci w wierszach oznaczonych réoznymi literami rdznig si¢ istotnie
(p <0.05); ! Opis jak w Tabeli 2
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Tabela 19. Charakterystyka jako$ci sensorycznej napojow z soczewicy brazowe;j

Wyrézniki Kod prébki’ Statystyka

jako$ciowe NS | NS+ABY3 NSK NS+owoc warto$¢ p
Cechy wizualne
barwa 7.51a 4.48c 6.02b 6.68ab <0.0001
gesto§¢ wizualnie 6.32a 5.46b 6.39a 6.54a 0.007
Cechy zapachu
skrobiowy 2.78a 1.72b 2.59a 2.09ab 0.033
stragczkowy 3.96a 1.60b 3.44a 2.01a 0.000
warzywny 2.61a 1.93ab 2.37a 1.12b 0.052
fermentacyjny 2.16b 6.87a 2.85b 1.19¢ <0.0001
kwasny 2.32b 5.64a 3.02b 2.55b <0.0001
stodki 2.59b 1.15¢ 3.48b 5.71a <0.0001
owocowy 2.44hbc 1.48c 3.32b 6.71a <0.0001
orzechowy 0.64a 0.32b 0.84a 0.44b 0.269
przypalony 1.11a 0.93ab 1.36a 0.29b 0.046
alkoholowy 0.83b 1.94a 0.75b 0.19b 0.007
ziemisty 1.17a 0.91b 1.36a 0.43c 0.244
ostry 1.16b 4.92a 1.69a 1.39a <0.0001
Cechy konsystencji
gestos¢ doustnie 6.29ab 5.43c 5.56bc 6.88a 0.002
oblepianie 5.18a 4.73a 4.97a 5.31a 0.228
maczystosé 5.11a 4.43b 5.11a 4.37b 0.272
Cechy smaku/smakowitosci
skrobiowy 3.78a 3.20b 3.77a 2.94b 0.188
stragczkowy 4.66a 3.37b 4.79% 2.24b <0.0001
warzywny 3.29a 2.14a 3.08a 0.77b 0.001
fermentacyjny 2.10b 6.58a 2.66b 0.83c <0.0001
kwasny 2.82b 5.77a 2.84b 2.72b <0.0001
stodki 1.27bc 0.63c 1.74b 5.90a <0.0001
owocowy 1.19b 2.16b 1.53b 6.94a <0.0001
orzechowy 0.63b 0.34b 1.24a 0.46b 0.008
przypalony 0.87ab 0.83ab 1.43a 0.10b 0.013
gorzki 1.92a 1.77a 1.29a 0.43b 0.002
stony 0.66b 1.28a 0.78ab 0.20b 0.011
ziemisty 1.88a 0.90b 1.63a 1.08b 0.284
alkoholowy 0.57b 1.71a 0.68b 0.17b 0.015
piekacy 1.04a 1.09a 1.06a 0.73ab 0.422
sensoryczna ocena | 3 37p 1.72¢ 3.34b 5.02a <0.0001
ogolna
a,b,c

Na Rysunku 10 i Rysunku 11 przedstawiono réznice i podobienstwa w jakosci
sensorycznej, odpowiednio napojow z fasoli w uktadzie dwoch pierwszych sktadowych
gtownych: F1 (51,52%) oraz F2 (40,66%) stanowigcych 98,38% zmienno$ci ogolnej
oraz napojow z soczewicy w ukladzie dwoch pierwszych skladowych gtownych: F1

(79,30%) oraz F2 (18,28%) stanowigcych 97,58% zmienno$ci ogolnej. Zardwno w

90

— $rednie warto$ci w wierszach oznaczonych réznymi literami r6znig si¢ istotnie (p
<0.05); 1 Opis jak w Tabeli 2




przypadku napojow z fasoli, jak i z soczewicy, probki napojow z dodatkiem wsadu
malinowo—zurawinowy (NF/NS+owoc) znalazly si¢ w poblizu sensorycznej oceny
ogolnej, a takze zapachu i smaku stodkiego i owocowego. W pewnym dystansie do niej
ulokowatly sie napoje bazowe (NF/NS) i skietkowane (NFK/NSK), zajmujac podobne
pozycje w uktadzie PCA, co wskazuje na porownywalny profil sensoryczny
charakteryzujacy si¢ zapachami i smakami skrobiowymi, stragczkowymi i warzywnymi.
Probki fermentowane (NF/NS+ABY3) ulokowaly si¢ po przeciwnej stronie uktadu
PCA, odzwierciedlajac cechy sensoryczne zwigzane z intensywnym fermentacyjnym i

kwasnym zapachem i smakiem, ktére negatywnie korelowaly z ogo6lna jakosciag

sensoryczna.
Biplot (axes F1 and F2: 98,38 %)
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Rysunek 10. Podobienstwa i roznice w jakos$ci sensorycznej napojow z fasoli biatej
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Biplot (axes F1 and F2: 97,58 %)
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Rysunek 11. Podobienstwa i rdznice w jako$ci sensorycznej napojow z Soczewicy

brazowe;j

Wptyw fermentacji, kietkowania oraz dodatku smakowego na wlasciwos$ci
sensoryczne napojow wytwarzanych z fasoli i soczewicy nie zostat dotychczas
kompleksowo zbadany. Chociaz wczesniejsze badania sugeruja, ze kietkowanie moze
mie¢ negatywny wptyw na jakos$¢ sensoryczng roslin straczkowych [Uwaegbute i wsp.,
2000; Toroszynska i1 wsp., 2011] 1 produktow na bazie roslin straczkowych [Yang i Li,
2010], to kwestia ta wymaga dalszych, poglebionych analiz. W przypadku badanych
napojow z fasoli i soczewicy proces ten nie zmienit istotnie ogélnej jakosci
sensorycznej, co jest pozadane ze wzgledu na korzysci wynikajace z zastosowania
kietkowania w technologii produkcji napojow roslinnych.

W badaniu zaobserwowano istotne zmniejszenie odczuwalnosci zapachu
straczkowego w wyniku kietkowania. Na cechy sensoryczne produktéw wplywaja
rézne zwiazki lotne, wérod ktérych w tym badaniu zidentyfikowano heksanal, (E,E)—

2,4—nonadienal i pentanol jako potencjalne czynniki przyczyniajace si¢ do powstawania

92



aromatow stragczkowych. Proces kietkowania nie przynidst oczekiwanego efektu w
postaci istotnego zmniejszenia zawarto$ci badanych zwigzkéw w  skietkowanych
probkach. Fakt ten mozna wytlumaczy¢ obecnoscia wigkszosci zwigzkow
odpowiadajagcych za posmaki strgczkowe w formie nielotnych i bezwonnych
glikozydow. Zwiazki te moga ulec reaktywacji sensorycznej w wyniku hydrolizy
wigzania cukrowego, co prowadzi do uwolnienia lotnego aglikonu odpowiedzialnego za
smak [Lorn i in. 2021].

Ocena ogolnej jakosci sensorycznej pozwolita wskaza¢, ze napoje fermentowane
byly najmniej preferowane, pomimo mniej wyczuwalnych atrybutéw aromatu i smaku
straczkowych, warzywnych i skrobiowych. Negatywne oceny wydaja si¢ by¢ zwigzane
przede wszystkim z obecnoscig cech fermentacyjnych, kwasnych i alkoholowych. Te
specyficzne atrybuty moga by¢ powigzane z wybranymi lotnymi zwigzkami, ktorych
zawarto$¢ zwigkszyta sie po procesie fermentacji, takimi jak 3—metylobutan—1-ol,
zwigzki siarkoorganiczne, acetoina, wybrane ketony (pentano—2,3-dion, diacetyl),
wigkszo$¢ badanych aldehydéw i kwas octowy. Co ciekawe, wysoka zawartos¢
niektorych zwigzkow, takich jak heksanal, oktanal i diacetyl w fermentowanych
produktach mlecznych, zazwyczaj powiazana jest z pozytywnymi ocenami w testach
sensorycznych i ksztattuje ich charakterystyczny profilu aromatyczny [Moineau—Jean i
wsp., 2020]. Niekorzystne postrzeganie fermentowanych napojoéw z fasoli i soczewicy
moze wynika¢ z braku harmonizacji proporcji tych lotnych zwiazkéw. Przewaga
aldehydéow w tych napojach moze przyczynia¢ si¢ do obecno$ci nieprzyjemnych,
trawiastych i ostrych aromatow, wptywajacych na ogdlne wrazenia sensoryczne [Xu i
in.,, 2020]. Dodatek wsadu owocowego okazat si¢ najkorzystniejsza strategia
zwigkszania atrakcyjnosci sensorycznej napojow z fasoli i soczewicy, a w szczegolnosci
zmniejszania wyczuwalnosci niekorzystnych zapachow i smakow straczkowych,

skrobiowych, warzywnych, gorzkich, fermentacyjnych i alkoholowych.

93



7. PODSUMOWANIE | WNIOSKI

Analiza wynikéw zrealizowanych badan, opublikowanych w formie cyklu publikacji
naukowych, pozwolita na zweryfikowanie zatozonych hipotez badawczych. Na tej
podstawie sformutowano nastepujgce stwierdzenia i wnioski:

1. Napoje roslinne z fasoli bialej i soczewicy brazowej stanowia odpowiednig
matryce do procesu fermentacji, CO Stanowi potwierdzenie Hipotezy 1.
Zastosowanie badanych kultur starterowych pozwala na uzyskanie produktow o
pH charakterystycznym dla mlecznych napojow fermentowanych (okoto 4,5) i
wysokiej liczebnosci mikroorganizméw (>107 jtk/cm®) w calym okresie
przechowywania.

2. Fermentujac napoje roslinne z fasoli 1 soczewicy korzystne jest stosowanie
zespolonych kultur starterowych o jak najbardziej zrdéznicowanym skladzie
gatunkowym mikroorganizméw. Synergistyczne dziatanie bakterii z rodzajow
Lactobacillus, Streptococcus i Bifidobacterium w kulturach starterowych YO-
MIX 207 i ABY-3 pozwolito na uzyskanie najwigkszej efektywno$ci procesu
fermentacji badanych matryc.

3. Mikroorganizmy odpowiadajace za fermentacj¢ badanych napojow wykazuja
zdolno$¢ do syntezy wybranych witamin z grupy B i inicjowania przemian
enzymatycznych prowadzacych do zwigkszenia zawartosci wybranych
izoflawondow, modyfikacji profilu lotnych zwigzkdéw i zmniejszenia zawartosci
wybranych oligosacharydow. Zastosowanie kultur starterowych zawierajacych
bakterie z rodzajow Lactobacillus, Streptococcus i Bifidobacterium (YO-MIX
207 i ABY-3), w procesie fermentacji napojow z fasoli i soczewicy, wptywa na
wigksza intensywno$¢ modyfikacji ich wlasciwosci, w poréwnaniu do
zastosowania kultury starterowej zawierajacej wytacznie bakterie z rodzajow
Lactobacillus i Streptococcus (Beaugel Soja 1). Wigksza roznorodnosé
gatunkowa mikroorganizméw gwarantuje szersze portfolio enzymatyczne,
wplywajace bezposrednio na wiasciwosci produktu. Stanowi to potwierdzenie
Hipotezy 2, ktora wskazuje, ze zastosowanie procesu fermentacji w produkcji
napojow na bazie fasoli bialej 1 soczewicy brazowej wplywa na zmiany ich
wartosci odzywczej, wlasciwosci fizycznych 1 biochemicznych, w zaleznos$ci od

rodzaju zastosowanych kultur starterowych.
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4. Proces kietkowania nasion fasoli i soczewicy prowadzi do aktywacji enzymow
modyfikujacych strukturg surowca i inicjujacych synteze nowych sktadnikow
komoérkowych, co wplywa na wihasciwosci napojow z nich wytworzonych.
Powoduje to do modyfikacje profilu weglowodanowego i profilu lotnych
zwigzkéw, a takze zwigkszenia zawarto$ci biatka, wybranych izoflawonow i
witamin z grupy B w napojach z fasoli i soczewicy. Stanowi to potwierdzenie
Hipotezy 3, ktora wskazuje, ze proces kielkowania nasion fasoli bialej i
soczewicy bragzowej wplywa na zmiany witasciwosci biochemicznych 1 warto$ci
odzywczej napojow roslinnych przygotowanych z tych surowcoéw w porownaniu
do napojéw przygotowanych z nasion nieskietkowanych.

5. Napoje z fasoli scharakteryzowano jako ciecze lepkosprezyste o strukturze
zawiesiny koloidalnej. Kietkowanie wplywa na zmiany wielko$ci czastek, co
bezposrednio determinuje wartosci wybranych parametrow reologicznych i
stabilno$¢ uktadu. Wtiasciwosci fizyczne napojow z fasoli sa jednak
ksztattowane gtownie w wyniku zastosowanych procesow technologicznych, a
przede wszystkim homogenizacji wysokoci$nieniowej. Zastosowanie tego
procesu zapobiega rozwarstwianiu si¢ produktu, co stanowi klucz do otrzymania
stabilnych napojow z nasion roslin straczkowych, atrakcyjnych wizualnie dla
konsumentow.

6. Napoje bazowe z fasoli biatej i soczewicy brazowej charakteryzuja si¢ do$é¢
niskg ogo6lng jako$cig sensoryczng. Zastosowanie procesu kietkowania nie
wplyneto negatywnie na ten parametr, co jest pozadane ze wzgledu na
pozytywny wplyw tego procesu na wilasciwosci odzywcze analizowanych
napojow. Fermentacja wplywa na istotne obnizenie jako$ci sensorycznej
badanych napojéw, co moze wynika¢ z braku harmonizacji proporcji lotnych
zwigzkow, odpowiadajacych za ksztattowanie si¢ wlasciwosci sensorycznych.
Dodatek wsadu owocowego okazat si¢ najkorzystniejsza strategia zwigkszania
atrakcyjnosci sensorycznej napojow z fasoli 1 soczewicy, a w szczegdlno$ci
zmniejszania wyczuwalnos$ci niekorzystnych zapachdéw i smakoéw straczkowych,
skrobiowych, warzywnych, gorzkich, fermentacyjnych i alkoholowych. Pozwala
to na cze$ciowe potwierdzenie Hipotezy 4, ktoéra wskazuje, ze zastosowanie
fermentacji, kietkowania i dodatku smakowego wplywa na poprawe wtasciwosci

sensorycznych napojoéw roslinnych na bazie fasoli biatej i soczewicy brazowe;.
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7. Potlaczenie roznorodnych proceséw biotechnologicznych, takich jak fermentacja
1 kietkowanie, stanowi optymalne rozwigzanie w produkcji napojéw na bazie
fasoli i soczewicy. Pozwala to na kompleksowg poprawe wlasciwosci
odzywczych otrzymanych produktow, ktore jednoczesnie petnig funkcje no$nika

bakterii probiotycznych.
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Abstract: Fermentation is widely used in the processing of dairy, meat, and plant products. Due to
the growing popularity of plant diets and the health benefits of consuming fermented products, there
has been growing interest in the fermentation of plant products and the selection of microorganisms
suitable for this process. The review provides a brief overview of lactic acid bacteria (LAB) and their
use in fermentation of legumes and legume-based beverages. Its scope also extends to prebiotic
ingredients present in legumes and legume-based beverages that can support the growth of LAB.
Legumes are a suitable matrix for the production of plant-based beverages, which are the most popular
products among dairy alternatives. Legumes and legume-based beverages have been successfully
fermented with LAB. Legumes are a natural source of ingredients with prebiotic properties, including
oligosaccharides, resistant starch, polyphenols, and isoflavones. These compounds provide a broad
range of important physiological benefits, including anti-inflammatory and immune regulation, as
well as anti-cancer properties and metabolic regulation. The properties of legumes make it possible
to use them to create synbiotic food, which is a source of probiotics and prebiotics.

Keywords: lactic acid bacteria; fermentation; legumes; plant-based beverages; legume-based bever-
ages; bioactive metabolites; probiotics; prebiotics

1. Introduction

Fermentation is a natural food preservation method that has been used for centuries.
Initially, this process was carried out spontaneously with microorganisms naturally present
in food, whereas currently, selected starter cultures with specific compositions are used
to this end [1]. The fermentation process is done by lowering the pH of the food, using
microorganisms that convert the sugars present in the product into acid. It is most often
accomplished with lactic acid bacteria (LAB), which produce lactic acid as the major
product of carbohydrate metabolism [2-6]. Some microorganisms in this group also exhibit
probiotic properties, and their consumption is beneficial to selected aspects of human
health (e.g., gastrointestinal function, immunity) [7,8]. Fermentation is widely used in
the processing of dairy, meat, and plant products [7,9]. In fermented foods, LAB shape
the taste, texture, nutritional value, and produce of beneficial metabolites that affect the
functional and healthy properties of food products [2]. Due to the growing popularity
of plant diets and the health benefits of consuming fermented products, there has been
growing interest in the fermentation of plant products and the selection of microorganisms
suitable for this process. The expanding range of alternatives to dairy products has spurred
new research into plant products as matrices for the production of fermented and probiotic
products [10-12].

The global dairy alternatives market was valued at USD 20.50 billion in 2020 and is
expected to expand at a compound annual growth rate (CAGR) of 12.5% from 2021 to
2028 [13]. A global survey conducted in 2019 showed that 40% of the surveyed consumers
try to limit their consumption of animal proteins, which resulted from concerns about
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climate change [14]. Plant-based beverages are among the most popular dairy alternatives,
usually treated as analogues of cow’s milk. The milk-based dairy alternatives product
segment led the market and accounted for a revenue share of more than 67.0% in 2020 [13].

The main drivers of the plant-based beverage boom are the growing popularity of the
plant-based diets and the growing concern for the environment among consumers [15,16].
Plant-based beverages are also consumed by people who are lactose intolerant, allergic
to cow’s milk proteins, and interested in low-cholesterol foods [15,16]. With the growing
number of consumers choosing alternatives to cow’s milk, the demand for non-dairy
probiotic foods (both fermented and unfermented) is increasing. However, so far, probiotics
have been used for enrichment mainly in dairy products due to their natural occurrence,
properties, and widespread availability [17,18].

The most popular among the alternatives to cow’s milk are beverages made from
soybeans, which are a type of legume [19,20]. However, there are also other legumes highly
suitable for the production of plant-based beverages, e.g., beans, peas, and chickpeas [21].
Legumes are a source of carbohydrates, dietary fiber, and proteins, and they are rich in
bioactive ingredients (including, e.g., polyphenols and phytosterols) [22]. Legumes are
also a potentially suitable matrix for the fermentation process [23]. The development of
legume-based beverages, subject to additional fermentation, can help expand and enrich
the range of milk alternatives available [24]. With that in mind, the aim of this review was
to evaluate legumes and legume-based beverages fermented with LAB as a potential carrier
of probiotics and prebiotics. The review provides a brief overview of lactic acid bacteria
(LAB) and their use in the fermentation of legumes and legume-based beverages. Its scope
also extends to prebiotic ingredients present in legumes and legume-based beverages that
can support the growth of LAB.

2. Lactic Acid Bacteria (LAB)
2.1. Characteristics of LAB

Lactic acid bacteria (LAB) are a phylogenetically heterogeneous group of Gram-
positive bacteria that share metabolic and physiological characteristics [25]. These bacteria
ferment carbohydrates into lactic acid (homofermentation), or into lactic acid, ethanol, and
CO2 (heterofermentation) [7,9]. Sugars are fermented mainly under anaerobic conditions,
but some species produce more lactic acid in the presence of a small amount of oxygen,
e.g., Lactobacillus delbrueckii subsp. bulgaricus, Lactiplantibacillus plantarum subsp. plantarum,
and Leuconostoc mesenteroides. They are non-sporulating cocci or bacilli, low in guanine
and cytosine in chromosomal DNA (not more than 53 mole% of G + C pairs). LAB do not
produce catalase, instead synthesizing superoxide dismutase, which removes reactive oxy-
gen species [9,26-28]. The majority of LAB belongs to the genera Lactobacillus, Leuconostoc,
Pediococcus, Lactococcus, Streptococcus, Enterococcus, Carnobacterium, Aerococcus, Oenococcus,
Tetragenococcus, Vagococcus, and Weissella [7,9,25,27]. LAB are generally associated with the
order of Lactobacillales (phylum Firmicutes); however, bacteria of the genus Bifidobacterium
(phylum Actinobacteria) are often grouped together with them. Bifidobacterium are strictly
anaerobic Gram-positive bacteria that also produce lactic acid as a major product of carbo-
hydrate metabolism [2,29].

Lactic bacteria have the ability to regulate intracellular pH and thus survive in a rela-
tively low pH environment [9]. LAB grow until the carbohydrates, amino acids, and other
substances necessary for life are consumed in the medium; until toxic or growth inhibitory
substances (e.g., hydrogen peroxide) accumulate; or until the concentration of hydrogen
ions drops below the tolerance limits of the bacteria. For example, Lactococcus lactis subsp.
lactis and Streptococcus thermophilus are grown in milk until the pH of the environment
drops to 4.5, even if the nutrient stock is unlimited [3,9,30].

Due to the limited biosynthetic capacity of some compounds (called auxotrophy),
LAB occur in environments rich in amino acids, vitamins, purines, and pyrimidines [9]. In
laboratory conditions, LAB cultures are grown in media containing tryptone, yeast extract,
and lactose. Lactose-free strains are cultured in glucose-containing media. Some of them
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are free living organisms, while others live in association with vertebrate animals and can
also be found in humans and animals as potential pathogens (e.g., Streptococcus pyogenes,
S. pneumoniae) [9,30]. Although most LAB are vitamin auxotrophs, some strains have the
ability to synthesize water soluble vitamins, mainly B vitamins (including folates, riboflavin,
and vitamin B12). For example, Streptococcus thermophilus and Lactobacillus delbrueckii subsp.
lactis have the ability to produce folates, while Lactococcus reuteri have the ability to biosyn-
thesize cobalamin [31].

LAB play an important role in many industrial sectors, including agricultural, food,
and clinical [7,9]. In nature, these microorganisms occur in fermented dairy, meat, and
vegetable products, in the digestive and urogenital tracts of humans and animals, as well
as in soil and water [7,9,25,27]. LAB are generally considered safe for human consumption.
Most of them are classified as GRAS (generally recognized as safe). Currently, the most
common use of LAB is as starter cultures for the production of fermented foods. Some LAB
have been classified as probiotic [2]. In addition, they are widely used in the industrial
production of lactic acid, polyols, vitamins, and food ingredients due to their resistance
to environmental stress and their versatile metabolic properties. In fermented foods, LAB
shape the taste, texture, and nutritional value of products, mainly by performing glycolysis
(sugar fermentation), lipolysis (fat breakdown), and proteolysis (protein breakdown) [2,28].
Their use as starter cultures is motivated not only by their production of lactic acid, but
also the production of beneficial metabolites that affect the taste and properties of food
products, including organic acids, alcohols, aldehydes, esters, sulfur compounds, polyols,
exopolysaccharides, and antimicrobial compounds. The starter cultures used in the food
industry most often include LAB from the genera Lactococcus, Streptococcus, Lactobacillus,
Pediococcus, and Leuconostoc [2,32].

2.2. Fermentation with LAB

LAB are widely used in the fermentation of animal and plant products [9,18,33,34].
Their main application is in the fermentation of dairy products (e.g., yoghurt, kefir, but-
termilk, koumiss, cheese) [35,36], meat [37], fish [38], fruit [39], vegetables [40], and cereal
products [41]. LAB fermentation is one of the main forms of food preservation that does
not require the use of chemical food additives [7]. LAB lower the pH of food, inhibit the
growth of putrefactive bacteria, improve the organoleptic properties of food, enhance the
nutrient profile, and optimize health benefits. LAB enzymes (including amylases, proteases,
and lipases) hydrolyze polysaccharides, proteins, and lipids into flavors, fragrances, and
texture modifiers and confer properties attractive to consumers [18,42].

LAB grow in the temperature range of 10 to 45 °C, salinity of 6.5% NaCl, and pH be-
tween 4 and 9.6. The fastest LAB-mediated fermentation and biomass production processes
take place at a temperature of 26 to 42 °C, whereas the bacteria themselves are mostly
grown at a temperature of 35-37 °C [9]. LAB can be classified as homofermentative or
heterofermentative organisms, based on their ability to ferment carbohydrates. Homofer-
mentative LAB (e.g., Lactococcus, Streptococcus) use the EM glucose degradation pathway
(Embden-Meyerhof) and produce two lactate molecules from one glucose molecule. Hetero-
fermentative bacteria (e.g., Leuconostoc, Wiessella) catabolize glucose along the 4PP (pentose
phosphate) pathway and produce lactate, ethanol, and carbon dioxide from a single glucose
molecule [7,9,25].

Traditionally, fermentation was carried out mainly by inoculating the food with a
sample of a previously fermented product, which is known as backslopping. However, the
products obtained via this process were of heterogeneous quality [2]. Currently, LAB are
predominantly added to products in the form of commercial, freeze-dried starter cultures,
which enables the production of homogeneous, high quality products on a large scale.
The starter cultures are divided into defined- and mixed-strain cultures. Strain-defined
cultures are pure cultures with known physiological and technological characteristics. They
consist of two to six strains, used in rotation either as paired single strains or as multiple
strains, and can be used to make high quality products on an industrial scale. Mixed
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strain cultures contain an unknown number of strains of the same species and may also
contain bacteria from different LAB species or genera [2]. The most common use of starter
cultures is in dairy production. The bacteria associated with fermented milk products are
the genera Lactobacillus, Lactococcus, Leuconostoc, Pediococcus, Bacillus, Propionibacterium, and
Bifidobacterium. In the production of fermented dairy products, LAB are used as primary
starter cultures involved in the acidification of the product (e.g., Lactobacillus sp., Leuconostoc
sp., Streptococcus sp.) and also as secondary starter cultures responsible for shaping aroma,
taste, and texture (e.g., Propionibacterium sp., Brevibacterium sp., Debaryomyces sp., Geotrichum
sp., Penicillium sp., Enterococcus sp.) [7,42].

In addition to the ability to bio-conserve food, LAB can also synthesize other sub-
stances that affect the organoleptic characteristics of food and its properties [7,32]. LAB
require essential amino acids and peptides to grow, which are released in the process of
proteolysis of proteins present in the raw material. They are capable of degrading the fats in
dairy products, turning them into methyl ketones, lactones, thioesters, and hydroxy acids,
which give dairy products their ultimate flavor. The products of these conversions help
develop the characteristic organoleptic features of fermented products [7,9,32]. The fermen-
tation process has also been found to elicit a beneficial effect on reducing the content of
anti-nutritional factors (ANFs), e.g., phytates and protease inhibitors, in plant products [18].
In addition, LAB have the ability to produce antimicrobial substances called bacteriocins,
which are ribosome-synthesized peptides that exhibit antimicrobial activity, can inhibit
pathogenic microflora in food [7,43,44], and are usually secreted outside the bacterial cell.
Bacteriocins synthesized by LAB strains, including those of the genera Lactococcus sp.,
Lactobacillus sp., Pediococcus sp., Carnobacterium sp., or Leuconostoc sp., are considered safe
to be used in food production [32,45,46].

LAB also include bacteria recognized as probiotic [8]. Probiotics were originally
defined as microorganisms that promoted the growth of other microorganisms [8,29]. In
recent years, they have been more precisely defined as mono- or mixed cultures of living
microorganisms which, when administered to an animal or a human, are beneficial for the
host, improving the properties of the native microflora. In the context of food, probiotics
are defined as preparations or dietary supplements that improve human and animal
health [8,29]. Their function is to restore the natural state of the human microflora that has
been disturbed by improper nutrition, disease, or the healing process. The main purpose
of consuming probiotics—whether as food and pharmaceutical preparations—is for their
beneficial effect on the colonic microflora [18]. Probiotics can be consumed in fermented
foods or in the form of capsules, pills, and tablets [17]. In order for a probiotic strain to be
considered for human use, it should be isolated from the human microflora, which grants it
a high capacity for adhesion to the human intestinal cell walls. The strain must also be safe
and not pose a threat to the host. The probiotic microorganisms most extensively isolated
from fermented foods and from the animal /human digestive systems include Lactobacillus,
Pediococcus, Bifidobacterium, Lactococcus, Streptococcus, and Leuconostoc [7,47].

Various mechanisms underlying the action of probiotics have been considered. In
general, probiotics elicit a positive effect on the human body, e.g., by competing with
pathogenic bacteria to bind to the cells of the intestinal epithelium; enhancing the func-
tion of the intestinal epithelial barrier; inhibiting the growth of pathogens by secreting
antimicrobial peptides; stimulating the production of immunoglobulins; enhancing phago-
cytosis; increasing the activity of NK (Natural Killer) cells; promoting cellular immunity
against pathogens; and preventing inflammation [7]. In addition to lactic acid, probiotic
LAB produce several bioactive metabolites (antimicrobial and shelf-life extending), such
as organic acids, short-chain fatty acids, carbohydrates, antimicrobial peptides, enzymes,
vitamins, cofactors, or immune signaling compounds—these substances are also known as
postbiotics [48].

Consuming probiotics is beneficial to many aspects of health, especially in the pre-
vention and treatment of infections and gastrointestinal diseases. The therapeutic uses of
probiotics also include the prevention of genitourinary diseases, constipation relief, protec-
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tion against traveler’s diarrhea, management of hypercholesterolemia, protection against
colon and bladder cancer, as well as prevention of osteoporosis and food allergies [7,8,49].
Additionally, the consumption of probiotic bacteria prevents obesity, type II diabetes and
cardiovascular diseases, while also stimulating the immune system. Probiotics help relieve
the symptoms of lactose intolerance by producing the enzyme galactosidase (lactase), which
breaks down lactose into simple sugars [7,8,29,49,50]. The health benefits of consuming
probiotic LAB may result from the combination of viable microorganisms contained in
fermented foods and bioactive ingredients released into the food as by-products of the
fermentation process [51]. Healthy benefits of foods fermented with probiotic LAB are
summarized in Table 1.

Table 1. Healthy benefits of foods fermented with probiotic LAB.

Probiotic Microorganisms Used for

Type of Food Product Fermentation Healthy Effects References
. improvement of stool quality and frequency, lower
Milk Lacticaseibacillus casei Shirota water content in stools; Matsumoto et al., 2010 [52]
. increase in the intrinsic Bifidobacteria
S : ion of th i f . -
Dairy drink Lacticaseibacillus casei DN-114 001 ¢ .reduc'tlon of the average duration and of common Guillemard et al., 2009 [53]
infectious diseases
Bifidobacterium breve YIT 12272, . increase in the hydration levels of the stratum
Milk Lactococcus lactis YIT 2027, corneum, defecation frequency, feces quantity, and Mori et al., 2016 [54]
Streptococcus thermophilus YIT 2021. clearness of the skin
Bifidobacterium animalis subsp. lactis, - ity of brai ) N |
. Streptococcus thermophilus, Lactobacillus @ influence activity of brain regions that contro - -
Milk delbrueckii subsp. bulgaricus, central processing of emotion and sensation Tillisch et al., 2013 [55]
Lactococcus lactis subsp. lactis
Lacticaseibacillus casei, L delbrueckii . reduction in the incidence of antibiotic associated
Milk subsp. bulgaricus, Streptococcus diarrhea and Clostridium difficile associated Hickson et al., 2007 [56]
thermophilus diarrhea
Milk Lactobacillus helveticus ¢ reduction in the arterial stiffness in hypertensive Jauhiainen et al., 2010 [57]
subjects
Mung and adzuki bean sprouts Lactiplantibacillus plantarum subsp. . cytostatic and cytotoxic activi Swi t al., 2020 [58
& P plantarum 299v y Yy ty wieca etal, 58]
Lactiplantibacillus pentosus var. S . . . .
Soybean plantarum C29 . ameliorating effect against memory impairments Yoo and Kim, 2015 [59]
. increase in the release and the intracellular content
Lactivlantibacillus plant b of inflammatory and anti-inflammatory cytokines;
Grape ACHPHANHDACLEUS PIANLaTint SUDSp. . potential therapeutic measure to mitigating Marzulli et al., 2012 [60]
plantarum X P .
neuroinflammation in pathologies such as
Parkinson’s disease and Alzheimer’s disease
. enhance the immune organs indexes and the
antioxidant capacity;
. increase in the secretions of cytokines and
Litchi juice Lacticaseibacillus casei CICC 6117 immunoglobulins; Wen et al., 2020 [61]
. protection of the intestinal tract;
. alleviation of immune dysfunction and beneficial

modification of gut microbiota structure

3. Characteristics of Legumes

Legumes are a staple food in many countries around the world. The most commonly
eaten varieties are beans, faba beans, chickpeas, peas, lentils, cowpeas, lupins, and soy-
beans [62-64]. Legumes are suitable for growing under adverse environmental conditions
and in a variety of growing systems due to their low input requirements, short growing
season, and nitrogen fixation capacity [64]. As shown in Table 2, legumes are a rich source
of carbohydrates (30-60% of total content), dietary fiber (9-25%), and protein (19-36%)
containing the necessary amino acids such as lysine, leucine, and arginine [22,65,66]. The
carbohydrates include monosaccharides, oligosaccharides, other polysaccharides, and
starch. In legumes, starch is the main source of available carbohydrates (22—45% of total
content) along with oligosaccharides (1.8-18%) and dietary fiber (4.3-25%). Legumes are
usually low in fat and contain no cholesterol, with a favorable fatty acid profile dominated
by unsaturated fatty acids (Table 2). They are also a good source of iron, calcium, zinc, sele-
nium, magnesium, phosphorus, copper, potassium, and B-group vitamins; however, they
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are poor in vitamin C and fat-soluble vitamins. The moisture content of all dry legumes
varies between 9 and 3%, which makes them suitable for long-term storage [64,67].

Table 2. The nutritional value of selected raw legumes, according to FoodData Central Search Results
by U.S. Department of Agriculture [65].

oy e, 1o
Type of Energy Protein Total Lipid Total and Polyunsat- Carbohydrate Fiber
Legumes (kcal/100 g) (g/100 g) (/100 g) Saturated urated (g/100 g) (g/100 g)
(/100 g) (/100 @
Soybean 446.0 36.5 19.9 2.88 15.7 30.2 9.3
Bean, white 333.0 234 0.85 0.2 04 60.3 15.2
Bean, black 341.0 21.6 1.42 0.3 0.7 62.4 15.5
Bean, adzuki 329.0 19.9 0.53 0.2 0.2 62.9 12.7
Faba bean 341.0 26.1 1.53 0.2 0.9 58.3 25.0
Chickpea 378.0 20.5 6.0 0.6 41 63.0 12.2
Pea, pigeon 343.0 21.7 15 0,3 0.8 62.8 15.0
Lentil, red 358.0 23.9 2.2 0.4 1.6 63.1 10.8
Lupin 371.0 36.2 9.7 1.1 6.4 40.4 18.9
Cowpea, catjang 343.0 23.8 2.1 0.5 1.1 59.6 10.7

Legumes contain bioactive substances that play a significant metabolic role in the hu-
man body. Their action can be considered positive, negative, or in some cases, both. Dietary
fiber, resistant starch, polyphenols, and phytosterols are referred to as health-promoting
ingredients [63,68,69]. Legumes are rich in both soluble and insoluble fiber. The seed coat is
rich in water-insoluble polysaccharides, while the cotyledon fiber consists of hemicelluloses,
pectin, and cellulose with varying degrees of solubility. Resistant starch is a non-digestible
fraction of starch, which, after passing into the large intestine, functions physiologically
similarly to dietary fiber [68,70]. Consuming fiber as part of one’s daily diet is essential
for nominal intestine function, which is implied in lowering the risk of development of
many chronic diseases, including colon cancer, heart disease, and diabetes [68,70]. Resistant
starch and fiber pass through the stomach and small intestine in undigested form until
they reach the colon, where they play a prebiotic role. Fiber and resistant starch also help
reduce body weight, increase stool volume, and decrease colon pH, while also lowering
serum cholesterol and triglycerides. In addition, they reduce the glycemic index of legumes,
regulating postprandial glycemia and insulin sensitivity [64,68,70].

The polyphenols present in legumes are bioactive compounds that have a broad thera-
peutic potential due to their antioxidant activity. They work by delaying or preventing the
oxidation of lipids, proteins, and DNA by reactive oxygen species [68,71]. The amino acids
of legume proteins (mainly tyrosine, phenylalanine, tryptophan, and cysteine) also exhibit
antioxidant properties that result from their ability to donate protons to free radicals [72].
Epidemiological evidence shows that dietary intake of legume antioxidants provides a
protective effect against certain chronic diseases associated with oxidative stress such as
cardiovascular disease, cancer, obesity, diabetes, and hypercholesterolemia [67,68,72].

Phytosterols are plant sterols with a structure similar to cholesterol. These compounds
belong to the group of steroid alcohols that occur naturally in legumes. As a natural
component of plant structures, phytosterols contribute to the regulation of the fluidity and
permeability of cell membranes [73,74]. The most common phytosterols are (3-sitosterol,
campesterol, and stigmasterol [73,74]. Phytosterols are well known for a wide range of
health benefits, the most important of which are lowering blood LDL cholesterol and
reducing its absorption in the intestine [64,68].
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Certain bioactive substances of legumes have been found to be ANFs. Some of them
play an important role in the mechanisms used by plants to protect themselves against
predators or environmental conditions, while others are storage compounds, accumulated
in seeds as an energy reserve [62,75,76]. The major ANFs of legumes include oligosac-
charides from the raffinose family, protease inhibitors, phytates, and saponins. These
factors, apart from their negative impact on the body, often also have a positive and health-
promoting effect, which has provoked some debate as to whether it is necessary to reduce
their content in legumes [62,75].

Oligosaccharides are carbohydrates from the raffinose family, including, i.e., raffi-
nose, stachyose, and verbascose [62,68]. They are well known as ANFs that cause gas
and discomfort upon consumption of legumes as a result of x-galactosidase depletion in
the human body [62,77]. When ingested, they pass into the large intestine, where they
are anaerobically fermented by intestinal bacteria to produce hydrogen, carbon dioxide,
and methane [75]. However, these oligosaccharides are also considered a component of
dietary fiber and may show prebiotic effects by stimulating the growth of Lactobacilli and
Bifidobacteria beneficial for the intestines and limiting the development of putrefactive
Enterobacteria in the colon [62,68,75].

Protease inhibitors in legumes inhibit the action of digestive enzymes, such as trypsin
and chymotrypsin, through competitive binding [22,75]. These inhibitors can reduce
protein digestibility and nutrient absorption. On the other hand, they are considered to be
natural bioactive substances that may have anti-cancer effects [62,75,78].

Phytates are salts of phytic acid, which, when consumed in tandem with legumes,
may reduce the bioavailability of minerals and limit enzymatic digestion of starch and
proteins [62,64]. Excess phytic acid forms insoluble complexes with copper, zinc, iron,
and calcium, limiting their availability in the intestine [64,78]. However, there are some
beneficial effects of phytic acid, such as reducing bioavailability and toxicity of heavy metals
(e.g., cadmium and lead) present in food. Phytates also elicit antioxidant, anti-cancer, and
DNA-protective effects [64,75].

Saponins are irritating to the stomach and can also inhibit the absorption of nutrients
in the intestine [64,75]. The potential benefits of consuming saponins include reduced risk
of development of cardiovascular disease and certain cancers. Some research suggests that
saponins may lower cholesterol by forming insoluble complexes with it in the intestine [75].

ANFs in legumes are usually removed by applying a number of technological treat-
ments such as soaking, microwaving, extrusion, steaming, boiling, roasting, infrared, starch
modification, germination, and fermentation [22,69,75,76]. These treatments also improve
the taste of these raw materials, increase the bioavailability of nutrients, and increase the
digestibility and absorption of starch and protein [64,75]. Modification of starch (total or
partial gelatinization) not only contributes to reducing the content of ANFs in legumes but
also affects the technological properties by improving emulsifying, foaming, water retention
capacity, and thickening [79,80]. Some of the ANFs in legumes are reduced during initial
processing—heat treatment and soaking of the raw materials. Soaking partially reduces
the oligosaccharide content. Higher levels of oligosaccharides have been demonstrated in
legumes that have not been soaked before the heat treatment [77]. For example, in lentils,
heat treatment almost completely eliminates the trypsin inhibitors—tannins and phytic acid.
However, it also reduces the content of minerals and some amino acids (lysine, tryptophan,
and sulfur-containing amino acids) [81]. Some of the ANFs (e.g., tannins and saponins) are
thermally stable, but their content can be reduced by sprouting and/or fermentation [75].
Fermentation reduces the content of thermostable ANFs in legumes, which leads directly
to an increase in digestibility of proteins and bioavailability of certain nutrients [77,78].

4. Fermentation of Legumes Using LAB

Fermented legumes have been consumed by humans for centuries [82]. Currently,
legume fermentation is widely used in the production of intermediate bakery products (e.g.,
cookies, pasta, bread), ingredients for Asian cuisine, substitutes for dairy products, and as
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an ingredient of animal feed [83-86]. The addition of fermented legumes to food products
may improve their technological properties and nutritional value, e.g., by increasing the
protein digestibility and mineral availability, reducing the ANFs content, and improving
the viscosity of the final product [87-98]. The use of legumes fermented with LAB as

ingredients of various types of food is summarized in Table 3.

Table 3. The use of legumes fermented with LAB as ingredients of various types of food.

Type of Food Type gg;‘;%;‘;:;’i}:;? asA Mlcro;z%x;ﬂ:igsed for Effect of the Addition of Fermented Legumes References
Lactiplantibacillus plantarum . increase in the concentrations of free
Bread Lupin subsp. plantarum C48, :Sg’l(oca;gk') Z(;lgkzletafibeﬁ,e;/(-j?mobutync Curiel et al., 2015 [91]
Levilactobacillus brevis AM7 . N otal p o
. increase in the antioxidant activity
. . increase in the viscoelastic properties and
Bread Faba bean V‘Sffgl%%”{g;i(\)gT specific volume; Wang et al., 2018 [92]
. decrease in the crumb hardness
Lactiplantibacillus plant . decrease in the oligosaccharide content;
Bread Chickpea actip mli ! aczl ltStP antarum . increase in the free amino acids, lysine, Galli et al., 2019 [87]
Subsp. prantarum and total phenolic content
Latilactobacillus sakei subsp. . decrease in the asparagine and sugar .
Cookies Lupin sakei, Pediococcus pentosaceus, contents; Bartk1enf:9e%t] al, 2016
Pediococcus acidilactici . decrease in the acrylamide content -
. increase in the protein digestibility,
Lactiplantibacillus plantarum nutritional indexes, and resistant starch
content; Rizzello et al., 2017
Pasta Faba bean squ;g]\/r[],{ng%m . decrease in the starch hydrolysis rate, [94]
without adversely affecting technological
and sensory features
. increase in the protein, in vitro protein St fsk
Tempeh White bean Lactiplantibacillus plantarum bioavailability, and antioxidant capacity; Jani arzyl;(z at A
empe € be subsp. plantarum DSM 20174 ) decrease in the stachyose, verbascose, and iszewska et al.,
; 2013 [95]
condensed tannins content
. increase in the protein, fat, iron and
Ogi Soybean Lactiplantibacillus plantarum calcium content; Adeyemo and

subsp. plantarum

decrease in the raffinose content;
improvement of organoleptic attributes

Onilude, 2018 [96]

Yogurt-style snack

Chickpea, lentil

Lactiplantibacillus plantarum
subsp. plantarum DSM33326,
Levilactobacillus brevis
DSM33325

increase in the concentration of free amino
acids and in vitro protein digestibility;
decrease in the ANFs (i.e., phytic acid,
condensed tannins, saponins and

Pontonio et al., 2020
[971

raffinose) content;

Camel milk and cow
milk yogurt

Soybean

Lactobacillus acidophilus LA-5,
Bifidobacterium Bb-12,
Lacticaseibacillus casei LC-01, i
Streptococcus thermophilus Th-4 ~ ®
and Lactobacillus delbrueckii
spp. bulgaricus

increase in the antioxidant activity;

increase in the viability of LAB Shori, 2013 [98]

LAB often represent the indigenous microflora of legumes. Therefore, in the produc-
tion of fermented legumes, fermentation is induced not only by inoculation of raw material
with LAB but also through spontaneous fermentation [84]. The use of LAB induces changes
in the organoleptic, functional, and technological properties of legumes. The type and
extent of these changes depend on the raw material, the bacterial species used, and the
fermentation parameters. LAB are characterized by a variety of pathways to produce acids
and other metabolites [99]. The fermentation of plant matrices is dependent upon their
ability to adapt rapidly and metabolize the available nutrients. Adaptation is species- and
strain-specific, as well as determined by the plant material. This is due to the diversity
of plant environments and inherent chemical /physical parameters, such as phenols, fer-
mentable carbohydrates, and environmental pH, which determine whether conditions are
optimal for bacterial growth. The same microorganisms can behave differently in plant
and animal matrices. Not all strains are endowed with an optimal portfolio of enzymes
and metabolic traits, and therefore it is necessary to properly adapt the plant matrix and
microorganisms for fermentation [100].

The selection of suitable microorganisms is based on whether they improve or im-
pair the properties of the raw material. Poorly chosen microorganisms may negatively
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affect functional properties, e.g., by reducing protein solubility and emulsifying capac-
ity [99]. Strain-specific metabolic features of the LAB, in synergy with the activity of plant
enzymes, can improve the bioavailability and bioactivity of phytochemicals while also
significantly boosting functional microbial metabolites, with beneficial consequences for
human health [100-102]. Landete et al. (2015) [103] fermented flours from yellow soy
beans and Mung beans. Fermentation with Lactiplantibacillus plantarum subsp. plantarum
promoted bioactivity due to conversion of glycosylated isoflavones into bioactive aglycones.
Moreover, an increase in the content of the bioactive vitexin tryptophan was observed [103].

In the production of fermented foods, optimization of the process parameters is crucial.
Excessive fermentation time may result in compounds with undesirable properties. For ex-
ample, fermenting pea protein isolate for 24 h yielded more acceptable products compared
to the 48 h fermented samples [99]. Longer fermentation time induced the production of
metabolites unappealing to consumers. In another study, by Shi et al. (2021) [104], the
fermentation parameters influenced the properties of fermented legumes. The soluble
protein levels in pea protein isolate (PPI) decreased at longer fermentation times, and the
protein profile changed after 15 h of fermentation. A 10-hour fermentation process was
found to be optimal for Lactiplantibacillus plantarum subsp. plantarum in terms of removing
off-flavor while maintaining protein functionality. About 42% of the aldehydes and 64% of
the ketones were removed and a small amount of alcohol was produced. This change in the
aroma profile was found desirable for PPI products that would be used in the production
of yoghurt substitutes [104].

Legumes subjected to fermentation are often of higher nutritional value than unfer-
mented seeds [82]. Legume fermentation may improve protein digestibility and related nu-
tritional values while increasing the biological availability of total fiber and phenols [84,105].
Fermentation can increase the levels of vitamins, amino acids, minerals, and short-chain
fatty acids [106]. The improvement in the nutritional profile of legumes upon LAB fer-
mentation is mainly due to the release of amino acids and bioactive compounds, reducing
the amount of ANFs through direct (activation of microbial enzymes) and indirect action
(activation of endogenous enzymes), while also enhancing in vitro protein digestibility and
antioxidant potential [107,108].

Soybean fermentation by Lactiplantibacillus plantarum subsp. plantarum has been
shown to improve protein digestibility and the total phenolic content by the end of fermen-
tation [109]. In addition to increasing the nutritional value of legumes, fermentation also
facilitates biological preservation of food by action of the various antimicrobial compounds
produced by LAB, including bacteriocins, HyO,, CO,, and organic acids that inhibit the
growth of harmful microorganisms [106,110].

Consumption of selected fermented legumes has been linked to a reduction in the
incidence and severity of chronic diseases such as cardiovascular disease, breast and
prostate cancer, menopausal symptoms, and bone loss [82,111-114]. Fermentation of
bean extracts with Lactiplantibacillus plantarum subsp. plantarum may have a potential
antihypertensive effect due to the high content of GABA (gamma-aminobutyric acid)
and the activity of ACEI (angiotensin converting enzyme) [114]. Likewise, fermentation
of pea seeds with Lactiplantibacillus plantarum subsp. plantarum resulted in potentially
antihypertensive peptides being released during in vitro digestion [115]. Sweet lupine
flour fermented with Lactiplantibacillus plantarum subsp. plantarum and Limosilactobacillus
reuteri has shown noticeable antiproliferative activity against Caco-2 and MCF-7 cancer cell
lines [116].

Fermentation increases the content of antioxidant components such as phenolic com-
pounds, peptides, protein derivatives, and vitamins that are released or produced by a
complex microbial enzyme system [117-119]. The metabolic activity of microorganisms
varies across species and strains, which is why the exact increase in antioxidant activity in
the fermented material is determined by the starter culture used [118]. Polyphenols are the
main natural antioxidants present in food; however, they are often bound to the cell wall,
glycosylated or in polymeric form, which affects their bioavailability [118]. The metabolic
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activity of LAB may induce their release or conversion into more active forms. Fermentation
also influences the bioavailability of other compounds, such as vitamins and exopolysac-
charides, further enhancing their antioxidant activity in vitro and in vivo [100,118].

The main limitation in the development and consumption of legume-based foods
lies in the ANFs contained within [106]. The presence of these factors leads to reduced
digestibility of proteins and bioavailability of certain nutrients [83,120]. Legumes con-
tain heterogeneous and species-dependent ANFs, such as oligosaccharides, phytic acid,
tannins, alkaloids, lectins, pyrimidine glycosides (e.g., vicin and convicin), and protease
inhibitors [84]. ANFs reduce the digestibility and bioavailability of other nutrients as well.
Some of them are thermolabile (e.g., protease inhibitors and lectins) and easily removed
by heat treatment. Others (e.g., phytic acid, raffinose, tannins, and saponins) remain un-
changed by heating. Thermostable components can be removed efficiently using biological
methods (including fermentation) [83,84].

Fermented soy products have a low content of trypsin inhibitors and phytates [121].
Fermentation of mung beans and soybeans with Lactobacillus delbrueckii subsp. bulgaricus,
Lb. acidophilus, and Lacticaseibacillus casei has been found to reduce the content of phytic acid
compared to unfermented seeds [122]. Red kidney beans fermentation with Lactobacillus
acidophilus, Bifidobacterium, and Streptococcus thermophilus results in reduction of phytates,
trypsin inhibitor activity, saponins, tannins, and raffinose oligosaccharides [123]. Faba
bean seeds fermented with Lactiplantibacillus plantarum subsp. plantarum have shown
reduced trypsin inhibitor activity, condensation of tannins, and better in vitro protein
digestibility [124].

LAB-fermented products may affect the sensory perception of legume products [125].
LAB produce different types of metabolites during the fermentation of proteins, carbohy-
drates, and lipids, including diacetyl, acetoin, ethyl acetate, and ethyl propanoate, which
impart flavor and aroma to the product. LAB produce various organic acids, such as
acetic acid, lactic acid, and propionic acid, during the metabolism of food ingredients
that impart the product a sour taste. Organic acids and such substances as alcohol and
aldehydes react to form various flavor compounds that enhance the taste of the fermented
product [106,125]. Pea protein products fermented with LAB starter culture and yeast have
been shown to incite better sensory perception than unfermented pea protein products.
Most of the molecules responsible for the unpleasant notes of legumes have been found
to degrade during the fermentation process [126]. The effect of fermentation by LAB on
selected properties of legumes is summarized in Table 4.
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Table 4. The effect of fermentation with LAB on selected properties of legumes.

Types of

Microorganisms Used for

Fermentation

L Form of Raw Material . ops Effect of Fermentation References
egumes Fermentation Conditions
. reduction of the total saponin content,
phytic acid content, and trypsin inhibitor
soybeans (Glycine max Lactiplantibacillusplantarum 37°C.30h activity; Rui et al., 2017
L.) subsp. plantarum B1-6 ’ . significant increase in the total phenolic [109]
content by the end of fermentation;
. improvement in the protein digestibility
ﬂct;)lur from soz/beands LL’é{CUHDStOC mese]r;tergzéf/[ 20°C. 241 . increase in the viscosity; Xu et al., 2017
; ( ]zcme 'E’{l/x ;{ a;\ L) subsp. meszeo'gzg‘” es ’ . decrease in the oligosaccharides content [90]
ava beans (Vicia faba L.
(LAB)-consortium:
Lactiplantibacillus
plantarum subsp.
plantarum WCFS1,
Lewl[z:elfocbécﬂ;sé é;rews . gecrease _in the bulk Qensity _with
Lacticaseibacillus th ’ " increase in fermentation period;
flour from sovbeans acticaseibacillus rhammnosus spontaneous . decrease in the swelling capacity; Ogodo etal,,
Glycine max L}.I Merr. GG ATCC 53/ 93' fermen‘tatlon with . decrease in the later holding capacity; 5018 89
(Cly ) Companilactobacill 12h 1 8o (891
ompaniiactovactiius intervals . increase in the oil holding capacity;
Lf’“ntfflnsés ;P:?l?' . increase in the emulsion capacity
imosilactobacillus
fermentum CIP 102980,
Limosilactobacillus reuteri
DSM 20016, Pediococcus
acidilactici DSM 20284
. increase in the total phenolic and
Soybean . P isofl 1 tent;

b Glycine max L) Lactiplantibacillus isotlavone aglycone content; o Xiao et al

soybean ( hycme max L. plantarum subsp. 37°C,24h . increase in the radical scavenging activity 25?2 el Oal v
wney plantarum B1-6 and protection against oxidative DNA [101]
damage

flour from yellow For fermented samples:
soybeans (Glycine max Lactiplantibacillus . increase in the bioactivity because of
Merit 5‘;1 . plantarum subsp. 30°C, 48 h conversion of glycosylated isoflavones Lazfécligt[elg';i]ﬂ-/

erit) and flour from plantarum CECT 748 T into blOaFthe aglycor}es; o g

Mung beﬁms (Vigna . increase in the bioactive vitexin;
radiata) . increase in the tryptophan content
For all fermented samples:
b . increase in protein digestibility;
soﬁl gar}s d Latilactobacillus sakei subsp. ° capacity to degrade phenylethylamine,

(\;)ar. ucojt ag sakei KTUOQ5-6, Pediococcus 30-35°C spermine and spermidine by tested LAB Bartki 1
wholerr(r)lgeraelsfsr )o?: lupin acidilactici KTU05-7, P. (depending on the strains; ) a;tOll;xﬁOe;]a v
(Lupinus luteus, L IIZ ) pentosaceus KTU05-8 (each strain), 24 h . capacity to produce putrescine, N

upimus [ EcbllS, - arous strain applied separately) histamine, and tyramine (biogenic
seeds amines) by tested LAB strains, but at
levels lower than those causing adverse
health effects
Lactiplantibacillus
plantarunt subsp. For all fermented samples:
plantarum DSM-20174,
Lacttggiz/ilfltszgzz)lens . after (2:14 h—ar(élr'na attributes and bitter
Limosilactobacillus 30-37°C e aTeseds A and salt Garcia.
pea (Pisum sativum L.) fermentum DSM-20391, (depending on the ~ ® ta ir —cneesy aro;r}a, acid and salty Artegoa et al
protein isolate Lacticaseibacillus casei DSM- strain), 24 h and ;S €s were tr}\\creasetz M lubilit d 20%1 [99] v
20011, Letconostoc 48 h . ecrease in the protein solubility an,
mesenteroides subsp. emulsifying capacity;
cremoris DSM-20200, ° f"zmi‘?g Ca.pi;it}.] remai nedfcc})lnstant;
Pediococcus pentosaceus * reductlon In the infensity of the
Pea DSM-20336 (each strain allergenic protein fractions
applied separately)
Lactobacillus acidophilus
NCFM, Lb. delbrueckii For all fermented samples:
subsp. bulgaricus, . degradation of most of the molecules
Str;p tf:;"bcc”ts tkerﬂ;opﬁllus, responsible for the leguminous and green
pea (Pisum sativum L.) HN(]UlﬁQO(sifa?_nmsu:l alciéil in 30 °C, until off-notes; . Youssef et al.,
protein isolate binati ‘I:;IP ¢ reaching pH4.55  ® the presence of yeasts triggered the 2020 [126]
combination) with one o generation of esters;
the yeasts: Kluyveromyces . decrease in the intensity of the

lactis, Kluyveromyces
marxianus, Torulaspora
delbrueckii

leguminous and green perception
compared to strains without yeasts
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Table 4. Cont.

Types of

Microorganisms Used for

Fermentation

Form of Raw Material . oY Effect of Fermentation References
Legumes Fermentation Conditions
. decrease in the water-soluble protein
. o content;
pea (Pisum sativum L.) L’;Ctlf luntlbacll)llus 37°C 25h reduction in off-flavor; Shi et al., 2021
protein isolate pran la rutm Subsp- ’ desirable changes in aroma profile [104]
prantaruim (removing the part of aldehyde and
ketone content)
pea seeds (Pisum Lactiplantibacillusplantarum }31 ht, ;5 };Oani;?’g . ACE iphibitory activity after in vitro J iklllb%}{lg
sativum var. Bajka) subsp. plantarum 299v ares, c a digestion of fermented seeds for all etas,
samples [115]
. reduction in the level of trypsin
Lactiplantibacill inhibitors; Starzynska-
flour from grass pea [;C lf it ac}l:’ us 30°C. 24 h . elimination of inositol phosphates; Janiszewska
(Lathyrus sativus L.) plar la rutm Subsp- 4 . increase in the amount of total phenolics; etal., 2011
prantariim . partial improvement of the antiradical [108]
activity (with DPPHe assay)
L actobacillus delbruschii . increase in the mushroom, soil, green,
ACLODACLLLUS GeLbTHecKn and nutty aroma characteristics;
lupine flour (Lupinus subsp. bulgaricus, . . modifice?c]ion of the overall aroma Kaczmarska
angustifolius) Streptocqccus the.rmo;.:hzlus 30°C,20h characteristics and potential etal., 2018
(strains applied in improvement of the consumer [125]
combination) acceptability of lupine products
Lactiplantibacillus . noticeable antiproliferative activities
. plantarum subsp. against Caco-2 and MCF-7 cancer cell
flour from sweet lupin ’ K779 lines: A et al
(Lupinus P .“”t“’“”? s 35°C,72h § : : P yyash et al,
ifoli Limosilactobacillus reuteri ’ . pronounced antihypertensive activities; 2019 [116]
angustifolius) K777 (strains applied in . «-glucosidase inhibition;
combination) . increase in the antioxidant activities
For all fermented samples:
. increase in the foaming activity while
maintaining proper emulsification
capacity as a result of the combination of
Lupin lupin (Lupinus Latilactobacillus sakei ssp. enzymatic hydrolysis and fermentation;
angustifolius L.) protein carnosus DSM 15831, Lb. 37-42°C . increase in the protein solubility at acidic legel et al
isolate treated with amylolyticus TL 5, Lb. (depending on the conditions; ch(;zigle[;f]a v
papain, alcalase 2.4 L, helveticus DSM 20075 (each strain), 24 h . combination of enzymatic hydrolysis and .
and pepsin strain applied separately) fermentation was effective in breaking
down large polypeptides into low
molecular weight peptides and
degrading with it the major allergen Lup
an 1 of lupin
Latilactobacillus sakei subsp. For all fermented samples:
lupin seeds (Lupinus sukiﬁ};i?ifk{ﬁ%gf’;ws 30-35°C X . . o Krungleviciate
Iuteus L. and Lupinus di 4 (depending on the increase in the protein digestibility; etal., 2016
albus L.) I;ETZ{)JCOD;CSMS( P”ﬁost“@_”s strain), 24 h . increase in the total phenolic compounds [119]
-8 (each strain content;
applied separately) . increase in the antioxidant activity
. increase in the concentration of
Lactobacillus delb Kii antioxidant substances, including total
red beans (Phaseolus {)zc 0 ;le us ae %Aec.l? 30°C. 120 h phenolics, anthocyanin, flavonoids, Jhanet al., 2015
vulgaris) Subsp- ot g‘;:l,i,us/ aciitus ’ vitamins C and E; [117]
subtilis . nattokinase activity exhibition
. exhibition of potential antihypertensive
flour from kidney beans Lactiplantibacillus activity due to their large Limd 1
Phaseolus vulgaris var. lantarum subsp. 37°C,9%h Y-aminobutyric acid (GABA) content; imon et a.,
$ P p 2015 [114
Pinto) plantarum CECT 748 . activity of angiotensin converting [114]
Bean enzyme inhibitory (ACEI)
Lactobacillus delbrueckii
Mung bean (Vigna subsp. bulgaricus For all fermented samples:
radiata), kidney bean EMCC1102, Lb. acidophilus Mohamed
(Phaseolus vulgaris L.), EMCC1324, 37°C,72h . L etal., 2011
and soybean (Glycine Lacticaseibacillus casei ° decrease in the phytic acid content [122]
max. L.), EMCC1643 (each strain

applied separately)
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Table 4. Cont.

Eypes of Form of Raw Material Mlcroorgamsms.Used for Fermel}t.a tion Effect of Fermentation References
egumes Fermentation Conditions
. 'antobq{:illus . . increase in the protein digestibility;
. acidophilus, Bifidobacterium, . PR
red kidney beans . N . reduction of phytates, trypsin inhibitor Worku et al.,
. Streptococcus thermophilus 42°C,9h - : :
(Phaseolus vulgaris L.) . Lo activity (TIA), saponins, tannins, and 2017 [123]
(strains applied in . . .
T raffinose oligosaccharides
combination)
. decrease in the vicine and convicine
contents;
. reduction of trypsin inhibitor activity
. R and condensed tannins;
flour from faba bean Lactiplantibacillus . . increase in the amount of free amino Coda et al.,
(Vicia faba cv. Kontu) plantarum subsp. 30°C,48h acids, especially of the essential amino 2015 [124]
plantarum VTT E-133328 acids and GABA (y-aminobutyric acid);
. enhancement in the in vitro protein
Faba bean digestibility;
. decrease in the hydrolysis index
For all samples:
faba bean seeds (Vicia Lactiplantibacillus 3h,72h, and o o Jakubczyk
faba L. var. White plantarum subsp. 168 h at 22, 30, . ACE-mhlbltory activity; etal., 2019
Winston) plantarum 299v and 37 °C . antiradical activity against ABTS-+; [111]
. LOX inhibitory activity
. increase in the GABA content;
lentil seeds (Lens Lactiplantibacillus . increase in the antioxidant capacity and Torino et al
Lentil ].e r.l seeds tellana) plantarum subsp. 37°C,96 h angiotensin I-converting enzyme ;011 30[16,1 By v
cutnaris var. castetiana plantarum CECT 748T inhibitory (ACEI) activities;
. increase in the total phenolic compounds
. reduction in the concentrations of
spontaneous raffinose and stachyose;
i £ hick Pedi " P fermentation at . elimination of verbascose; Xi tal
Chickpea Cpur rpltrr} chue Pecal . lococcu';.;lient osaceus, - 37 °C, 24 h with . reduction of phytic acid; 2(1;21% e] 230"
(Cicer arietinum) seeds aciaractict back-slopping ] increase in the total phenolic contents; [120]
. higher water-holding capacity of

for 10 days

sourdoughs

5. Legumes as Raw Materials for the Production of Fermented Plant-Based Beverages
5.1. Characteristics of Plant-Based Beverages

Plant-based beverages are products that do not have a specific definition and classi-

fication in the literature. They are most often categorized as products obtained by water
extraction of shredded plant materials, in the form of colloidal suspensions or emul-
sions [19,127,128]. Plant-based beverages are made from a variety of raw materials:

cereals (e.g., oats, rice, millet, spelled);

legumes (e.g., soybean, lupine, peas);

nuts (e.g., hazelnuts, pistachios, almonds, walnuts);
seeds (e.g., sesame, flax, hemp, sunflower);
pseudocereals (e.g., quinoa, amaranth, buckwheat);
other materials (e.g., coconut) [19,127,129,130].

Plant-based beverages are becoming more and more popular every year [19]. This
has been prompted, in large part, by the shift away from cow’s milk and its derivatives
among consumers, which is spurred by multiple factors. The most common motivator
behind this trend is allergy and/or intolerance to milk components, especially lactose and
casein [19,127,131]. The main consumers of plant-based beverages are vegetarians and
vegans, who avoid animal products for ethical reasons and prefer plant-based beverages
for their health benefits. Their popularity is further driven by the growing environmental
awareness of consumers [16,132-134]. Intensive animal farming leads to depletion of water
resources and high greenhouse gas emissions, which is why reining in growth of this sector
should be prioritized in environmental governance [135,136].

Plant-based milk substitutes are usually designed to have a similar appearance, taste,
and shelf life to cow’s milk, so that they can be used in a similar manner. In practice,
however, each type of plant-based beverage has its own unique properties, which are a
function of their composition and the unit operations involved in their production [15].

The production technology of each plant-based beverage is tailored to the raw mate-
rials used, but the general outline of the process is usually the same [131]. Initially, raw
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materials are inspected and cleaned to prepare them for further processing. They are then
subject to the process of soaking, grinding, and water extraction. The resulting slurry is
filtered and/or centrifuged to remove solid matter. The filtered fluid is subject to stan-
dardization processes wherein the composition of the beverages is unified, and various
types of ingredients are added to improve the technological and functional properties of
the product [127,131]. Emulsifiers and stabilizers are added to increase the stability of
the product (e.g., cellulose, tapioca, gella, guar, carrageenan, locust bean gum, lecithin).
The beverages are usually amended with vegetable oils (such as peanut or sunflower oil)
and sweeteners (such as sugar, agave syrup, fructose, and maltodextrin). Salt is added to
shape palatability. Additionally, the plant-based beverages are fortified with calcium and
vitamins (e.g., A and D) to make their nutritional value more similar to cow’s milk, then
homogenized to reduce the particle size and unify the structure. The resultant beverage is
heat treated (pasteurized or sterilized) in order to improve the stability of the suspension
and inactivate microorganisms [127,129,131,137]. An overview of the general plant-based
beverages production technology is shown in Figure 1.

raw material selection

i

—

soaking

.

—

S

grinding

!

water extraction

l

[
[
[
- [
[
[
§
[

(filtering and / or centrifuging) solid material ]

fluid standardization

e.g. emulsifiers, stabilizers,
vegetable oils, sweeteners, salt,

minerals, vitamins

!

homogenization

.

thermal treatment ]

(pasteurization / sterilization)

packing

.

[ storage ]

Figure 1. The general production technology of plant-based beverages.

Plant-based beverages are complex media that contain small particles (e.g., fat droplets,
protein particles, or plant cell fragments) dispersed in an aqueous medium [15]. The
characteristics of these colloidal particles (i.e., their composition, structure, size, interfacial
properties, and interactions) ultimately determine the physical, functional, sensory, and
nutritional properties of plant-based milk substitutes. They determine the appearance,
texture, taste, and stability of the drink, as well as bioavailability of individual nutrients.
The characteristics of the particles contained in plant-based beverages and their stability
are often determined by the type of processes used in their production technology and the
storage conditions [15,19].

The most frequently consumed plant-based beverages include soy, almond, coconut,
oat, and rice beverages [15,127,138]. The growing popularity of such products has prompted
producers to employ a wider range of raw materials in making their products [131]. Cate-
gorizing cow’s milk substitutes is an oft-raised issue. They are often referred to as “plant
milks”, but this is a misnomer as they do not meet the definition and do not have the
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nutritional value of milk [20,139]. Commission Regulation (EU) No 605/2010 of 2 July 2010
laying down animal and public health and veterinary certification conditions for the in-
troduction into the European Union of raw milk and dairy products intended for human
consumption defines “raw milk” as milk produced by the secretion of the mammary gland
of farmed animals [140]. Naming plant-based beverages as milk is therefore a generalization
that may mislead consumers.

The composition and properties of milk and plant-based beverages differ on several
levels. The nutritional value of plant-based beverages varies depending on the raw material
from which they are produced and the production technology used [16]. Nevertheless, in
most cases they are high in carbohydrates and low in protein, containing up to 30 times
less protein than cow’s milk. Soy beverages have the most similar protein content to cow’s
milk [16,141]. Even so, vegetable protein is inferior, mainly due to the presence of limiting
amino acids (lysine in cereals, methionine in legumes) and poor digestibility [127,129].
In most cases, plant-based beverages are low in fat unless supplemented with vegetable
oils. Compared to milk, plant-based beverages have a low content of saturated fatty acids
(less than 0.7 g /100 g), with the exception of coconut beverage, which is SFA-rich (about
1.7 g/100 g) [137]. Plant-based beverages are dominated by unsaturated fatty acids, mainly
in the form of oleic, linolenic, and linoleic acids [127,137,141]. Cow’s milk is a natural
source of calcium (120 mg/100 g on average), and plant-based beverages tend to be low in
this nutrient if not fortified during production. Cow’s milk contains naturally-occurring
vitamins A and trace amounts of vitamins D, E, K, C, and B. It is also a source of phosphorus,
potassium, zinc, and easily digestible magnesium, as well as small amounts of sodium and
iron [129].

Table 5 shows the nutritional value of selected plant-based beverages. The values
for the individual nutrients are presented as a range of values due to the discrepancies
between literature sources. This variability is mostly attributable to different authors using
different technologies for the production of plant-based beverages.

Plant-based beverages, compared to cow’s milk, have a nutritious fatty acid profile due
to the low content of saturated fatty acids and the dominant share of unsaturated fatty acids
in total fat [165,166]. In addition, plant-based beverages contain bioactive ingredients with
health-promoting effects, such as 3-glucans (present, e.g., in oat beverages), phytosterols,
and polyphenols (present, e.g., in soy and almond beverages) [131,137,141]. These products
do not contain lactose, which cannot be consumed by people allergic to this component,
and cholesterol, which is often avoided by people with hypercholesterolemia [16]. Scien-
tific reports indicate that individual components of plant-based beverages have a positive
effect on health. Unsaturated fatty acids and phytosterols in such products provide health
benefits, including reducing the risk of heart disease, stroke, and heart attack, as well as
lowering cholesterol, preventing cancer, modulating the immune system, and slowing
aging [167,168]. In addition, plant-based beverages are rich in antioxidants, the consump-
tion of which can prevent cancer of the ovary, breast, stomach, prostate, and lung, mainly
by reducing oxidative stress in the body [169,170].



Microorganisms 2022, 10, 91

16 of 39

Table 5. The nutritional value of selected plant-based beverages.

Category of Type of . . .
Protein  Total Lipid Carbohydrate Fiber
Plant-Based Plant-Based (/100 g) (/100 g) (/100 g) (/100 ) References
Beverages Beverages
Oat-based beverage ~ 0.4-1.0 0.7-19 6.5-27.0 - Makinen et al, 2015 [127]; Parrish
Cereal-based 2018 [142]; Veber et al., 2021 [143]
beverages _ Chalupa-Krebzdak et al., 2018
8 R;z‘e/iisid 0.1-0.8 0.9-2.6 9.1-27.0 0.0-0.1  [144]; Mékinen et al., 2015 [127];
& Vanga and Raghavan, 2018 [145]
Manzoor et al., 2017 [146]; Shen
etal., 2019 [147]; Giri and
Soy-based beverage 2.1-3.0 1.3-3.2 1.8-4.7 0.7-1.3 Mangaraj, 2012 [148]; Jiang et al.,
2013 [149]
Legume-based Parrish 2018 [142]; Veber et al.,
ea-based beverage .8-7. 1-4. .0-27. n.d. ; Pandhi and Poonia
beverages Pea-based b g 2.8-7.9 0.1-4.5 10.0-27.0 d 2021 [143]; Pandhi and P i
2021 [150]
. Vogelsang-O'Dwyer et al., 2021
L‘ép m'fased 1.8-3.5 13-14 12-33 nd. [151]; Lopes et al., 2020 [152];
everage Laaksonen et al., 2021 [86]
Cashew-based Manzoor et al., 2017 [146];
bever 0.4-2.2 1.0-5.2 3.7-5.7 0-1.1 Chalupa-Krebzdak et al., 2018
everage [144]; Singhal et al., 2017 [153];
Nut-based Chalupa-Krebzdak et al., 2018
beverages Almond-based » » B [144]; Jeske et al., 2017 [131];
beverage 0.3-2.1 0.8-4.4 0.2-33 1.0-1.6 Maékinen et al., 2015 [127]; Vanga
and Raghavan 2018 [145]
Hazelnut-based Atalar 2019 [154]; Aysu et al., 2020
beverage 23745 15-65 2:3-3.2 [155]; Gul et al., 2021 [156]
Afaneh et al., 2011 [157]; Sethi
Sesame-based 5009 6478 40-165  0.0-05 etal, 2016 [19];
beverage Ahmadian-Kouchaksaraei et al.,
Seed-based 2014 [158]
beverages Hemp-based Chalupa-Krebzdak et al., 2018
E P raase 0.8-1.9 1.2-7.0 22-7.9 0.0-0.2  [144]; Mékinen et al., 2015 [127];
cverage Parrish 2018 [142]
Quinoa-based Kaur and Tanwar, 2015 [159]; Sethi
04-4.5 0.2-6.0 9.0-15.5 - etal., 2016 [19]; Pineli et al., 2015
Pseudocereal- beverage [160]
betiizdes Buckuheat-based Cardinali et al., 2021 [161];
8 e 0243 0.0-1.2 4.6-8.8 0.0-09  Kowalska and Ziarno 2020 [162];
everage Zhou et al., 2019 [163]
Other Coconut-based Vanga and Raghavan, 2018 [145];
plant-based 0;0 ura ase <1 3.2-5.0 0.7-30.1 0.0-1.0 Sethi et al., 2016 [19]; Lu et al.,
beverages cverage 2019 [164]

n.d.—no data.

5.2. Legume-Based Beverages

From a nutritional point of view, legume seeds are high in protein, vitamins, and
minerals [171]. Of all plant-based beverages, legume-based beverages have the most
balanced composition while also having a low glycemic index [152]. Their protein fraction
is around 3.0-4.0 %, similar to cow’s milk (i.e., 3.3-3.5%), while other types of cereal- and
nut-based beverages usually have a protein fraction of between 0.1% and 1.0% [152,171].

So far, soybeans are the most commonly used to produce plant-based beverages and
the most widely described in the literature among the group of legumes. Though soybean
beverages are mainly produced on an industrial scale, other types of legumes may also be
a suitable matrix for the production of plant-based beverages [21]. In the case of beverages
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from legumes other than soybean, most of the production technologies have not yet been
entirely refined, whereas their composition and properties are variable, directly determined
by the technological processes applied [172].

Generally, plant beverages are typically an oil-in-water (O/W) emulsion with water as
the aqueous phase and oil as the dispersed phase. These two phases are immiscible and
thermodynamically unstable, tending to separate into fractions and aggregate particles as a
result [173]. Legume-based beverages are a complex colloidal system formed by dispersed
particles such as proteins, oil droplets, and solids from raw materials. These factors make it
difficult to obtain stable products [152,173]. Legume proteins exhibit emulsifying properties,
which result from their ability to adsorb at the oil-water interface and form stabilizing
protein films around the oil droplets. Such properties have been identified in the proteins
of soybean, chickpeas, peas, and beans and indicated them to be plant proteins that may
potentially affect the stabilization of O/W emulsions [171,174].

The basic technology for the production of beverages from legume seeds includes the
following stages: raw material selection, soaking, grinding, water hydrolysis, filtration,
homogenization, and thermal treatment [21,152]. Apart from technological measures, the
process of making legume-based beverages also employs sweeteners, salt, aromas, and
other food additives, as dictated by the local market. These treatments are used to increase
the overall acceptance of beverages [175].

In the production of vegetable beverages from legumes, it is vital to include processes
designed to reduce the content of anti-nutrients and increase the digestibility of proteins.
For example, ingredients such as trypsin inhibitors, lectins, and hemagglutinins inhibit
the action of proteolytic enzymes, resulting in reduced digestibility and absorption of
proteins [175]. The processes that directly reduce ANFs include, among others, soaking,
cooking, enzymatic treatment, protein extraction, germination, and fermentation [172,176].
The use of enzymatic treatment, fermentation, and germination processes increases the
bioactivity and bioavailability of phenolic compounds, while activating the release of
bioactive peptides. Such treatments make it possible to obtain functional food products or
beverages with improved health-promoting properties [172,177].

Legume germination increases the amount of protein and dietary fiber, reduces the
content of tannins and phytic acid, and improves the bioavailability of minerals [178].
During the germination process, proteolytic enzymes are activated, changing the protein
profile of legumes and, consequently, of their derived beverages. The protein content in
lentil-based beverages made of germinated seeds has been shown to be 3.3% higher (in
terms of dry matter) than in a beverage made of non-germinated seeds. The germinated-
lentil beverage contained more B vitamins and minerals compared to the beverage made
from non-germinated lentils. This is attributed to the activity of x-amylase, which cleaves
the high molecular weight carbohydrates that form cell membranes in plant materials.
This leads to increased extractivity and thus more nutrients being transferred into the
beverage [179]. In the soy-based beverage, the germination process increased the protein
content while reducing fat, trypsin inhibitors, saponins, and phytic acid, with the added
effect of inducing the proteolysis of the main storage proteins and releasing peptides that
were easier to digest [152]. Compared to its non-germinated counterpart, the germinated
bean-based beverage was characterized by higher “milk” yield, good color, and high
sensory acceptability due to the lack of “beany” flavor and aroma [152].

Protein extraction is used to produce isolates or concentrates that not only have high
protein content, but also better protein digestibility due to the elimination of ANFs [180].
Commercial protein isolates are usually obtained from legumes via alkaline protein ex-
traction, which is followed by precipitating the extracted proteins at their isoelectric
point [176,180]. To obtain legume-based beverages with greater stability, the formation of
protein—polysaccharide conjugates can also be induced by spray drying and preparing a
powder, which is then dissolved and reconstituted as a plant-based beverage [181].

The properties of the proteins may vary due to the use of processes such as high
shear mixing, homogenization, and ultra-high temperature (UHT) processing in the pro-
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duction of legume-based beverages [174]. The associated pressure and thermal effects
can lead to changes in the stability of protein emulsions [174,182]. Heat treatment, such
as pasteurization, can increase the viscosity of the legume-based beverage, affecting its
stability. This is important when the legumes are high in starch, such as chickpeas and
peas [152]. Accordingly, additional processing techniques are also used to improve the sta-
bility of legume-based beverages. Advanced processes such as High Hydrostatic Pressure
(HHP), Pulsed Electric Field (PEF), and Ultra High Pressure Homogenization (UHPH) have
been successfully employed to improve the acceptability and properties of chickpea and
faba bean beverages. These technologies are being rapidly developed thanks to ongoing
research efforts, which could lead to the production of high-quality legume-based milk
alternatives [21,173]. In addition to technological treatments, additives of various types of
stabilizing substances are also used. The most common of those are hydrocolloids, which
induce molecular interactions between the ingredients of the beverage, helping ensure a
uniform consistency [183].

The sensory acceptability of legume-based beverages is the main limiting factor due to
their characteristic “beany” flavor. This flavor is associated with the presence of endogenous
lipoxygenases in the legumes, which oxidize unsaturated fatty acids [152,184]. Thermal
inactivation is an effective technique for removing the “beany” flavor in legume-based bev-
erages. The flavor has also been suppressed in a soy-based beverage by high-temperature
(approx. 130 °C) steam treatment, or traditionally by boiling the beans prior to the grinding
process, and finally by the germination process [152].

5.2.1. Soy-Based Beverages

Among the legume-based beverages, the one most consumed and most widely avail-
able is derived from soy [152,173,185]. Soybeans are believed to be the first plant used in
the preparation of plant-based beverage substitutes in China some 2000 years ago [21]. The
soybean beverage has a high nutritional value and contains a similar amount of protein to
cow’s milk (minimum 3%) [152]. Arnoldi et al. (2007) [186] report that soy proteins exhibit
hypocholesterolemic properties. A soy-based beverage is an inexpensive, refreshing, and
nutritious product with additional health-promoting ingredients, including isoflavones
(such as genistein and daidzein) [20]. These ingredients are phytoestrogens, which have
a chemical structure similar to that of estrodiol-17§3, the most potent mammalian estro-
gen [187,188]. Isoflavones can help relieve postmenopausal symptoms and are well known
for their protective effect against certain diseases such as hormone-dependent cancers (e.g.,
breast and endometrial cancer), cardiovascular disease, and osteoporosis [20,21,188,189].

Soybean beverages contain fiber, minerals (mainly iron, calcium, and zinc), B-group
vitamins, unsaturated fatty acids, and plant sterols [20]. These products are also rich
in phytochemicals such as phytosterols, which are known for their cholesterol-lowering
properties [21]. Soy isoflavones elicit an antioxidant effect [187]. A study by Rossi et al.
(2001) [187] showed that consumption of soybean beverage over 3 weeks (two servings per
day providing 40 g protein and 44 mg genistein) increased the total plasma antioxidant
values in each of the 10 male adolescents.

The traditional basic method of producing a soybean beverage mainly consists of
soaking, hulling cooking, wet grinding, filtering, and heat treatment to obtain the final
product. The soybean beverage is similar in appearance to cow’s milk and is sold both
sterilized and pasteurized, with or without flavoring [175].

Consumption of soybean beverages has been met with barriers in the form of consumer
health concerns regarding genetic modification of soy, allergens in soy (mainly proteins
[-conglycinin and glycinin), high levels of isoflavones, and trace CO;. Accordingly, it
would be expedient to develop other milk alternatives from legumes—ones which may
exhibit sensory properties similar or superior to those of soybeans [152]. The available
products of this type which have been researched thus far include beverages made of peas,
chickpeas, lupins, beans, and lentils.
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5.2.2. Pea-Based Beverages

Peas are a raw material that is widely available on a commercial scale [190]. Peas
contain about 20-25% protein, which has properties similar to soybean protein and includes
a large amount of the amino acid lysine. Compared to soybeans, peas have a higher
level of dietary fiber, minerals, and vitamin C, as well as a lower fat content [190]. Pea
proteins show promising functional properties, such as gelling or the ability to emulsify
and foam across almost all pH ranges. What is more, these properties are retained after
heat treatment [21,171]. Pea protein isolate is one of the most useful functional protein
sources due to its high nutritional profile, high antioxidant potential, and low allergenicity
compared to protein sourced from other plants [21]. These factors make peas a very good
matrix for the production of plant-based beverages. Pea protein emulsions are more stable
than other plant protein emulsions. However, the stability of pea-based beverages is highly
dependent on the method used to process or prepare the beverage [21].

The nutritional value of peas varies depending on the degree of maturity [21]. For
example, peas reach their highest concentration of sucrose, glucose, and fructose in the
early stage of ripening, while these values decrease in fully ripe seeds with a concomitant
increase in proteins and oligosaccharides. This trait makes it possible for manufacturers
to pick and choose pea seeds with a specific degree of maturity, depending on the target
nutritional value of the plant-based beverage [21].

Under laboratory conditions, a beverage was made from pigeon peas by first produc-
ing a powdered pea extract through the shelling, soaking, cooking, drying, and pulverizing
of raw seeds [190]. The resultant beverage was shown to have hypoglycemic, hypocholes-
terolemic, and antioxidant properties in diabetic and hypercholesterolaemic rats. This
indicates the potential of the pigeon pea-based beverage as a functional anti-diabetes
product.

5.2.3. Chickpea-Based Beverages

Chickpea is another legume that is a good source of protein and can be used to make
plant-based beverages [171]. It is a good source of macro- and micronutrients, vitamins
(such as thiamine and niacin), and minerals (such as magnesium, calcium, iron, and zinc)
and is considered to be a suitable source of dietary protein due to its good balance of amino
acids and high bioavailability [21]. Chickpea beverage is high in threonine, glycine, alanine,
and arginine. Chickpea protein isolate can be used to make chickpea protein hydrolysates
as it has good solubility and high protein quality compared to the protein found in raw
seeds [171,184].

Though commercial chickpea beverages are available on the market, research into their
properties is relatively limited [21]. Wang et al. (2018) [191] produced a garbanzo chickpea-
based beverage by soaking, mixing, cooking, and filtering the liquid from its solid residues.
Compared to soybean beverage, the chickpea beverage contained less protein, less fat,
and more carbohydrates. Nevertheless, fresh chickpea beverage was determined to have
potential as a substitute for soy-based beverages in terms of nutritional and organoleptic
quality [191]. Other studies have also shown that the sensory acceptability of chickpea
beverages was the same as that of soybean beverages [192].

5.2.4. Lupine-Based Beverages

The main variety used in the production of lupine-based beverages is sweet lupine,
grown on a large scale in Australia [82]. Lupine protein is a good source of arginine but
has less sulfur-containing amino acids such as cysteine. Lupine contains mainly insoluble
dietary fiber; however, its properties have been described as very similar to those of pectin
and not to other insoluble non-starch polysaccharides. Its high carotenoid content gives
lupine products a yellow color. Compared to its bitter cousins and other legumes, sweet
lupine has negligible levels of anti-nutritional phytochemicals such as alkaloids, saponins,
lectins, and phytates. Therefore, unlike most other legumes, sweet lupines do not require
heating or chemical treatment to denature ANFs [82,173].
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Lupine proteins have very good technological and functional properties, such as
solubility and emulsification, which makes them a suitable raw material for the production
of cow’s milk and soybean beverage substitutes [21]. Various methods have been developed
to produce lupine-based beverages, but the basic process involves grinding the soaked
lupine grain and mixing it with water to make a thick paste. This paste is then forced
through a filter to obtain a milk substitute. However, this particular product has been shown
to feature low stability, and some years later a beverage was produced based on a lupine
protein extract obtained from lupine flour under alkaline conditions. The formulation
was then diluted and blended with fat, carbohydrates, and bleaching agents, producing a
lupine beverage with the desired organoleptic properties and nutritional value [21,186]. In
addition to having favorable technological properties, sweet lupine also exhibits health-
promoting attributes; it has hypoglycemic effects, induces satiety, promotes energy balance,
and regulates the function of the circulatory and digestive systems [173,186].

5.2.5. Bean-Based Beverages

Beans come in many varieties (including white, red, adzuki, and mung beans), but all
of them are characterized by a high protein content, which is two to three times higher than
in cereal grains. In addition, beans contain large amounts of dietary fiber, starch, vitamins,
and minerals, as well as a wide range of phytochemicals [176]. Their glycemic index is low,
not exceeding 27, so they are usually recommended for diabetic patients [20]. The basic
bean-based beverage is prepared mainly by rinsing, soaking, grinding, and cooking the
raw material. The obtained suspension is filtered and then thermally treated [20,172,193].
The resultant bean-based beverage contains the essential amino acids isoleucine, leucine,
tyrosine, valine, asparagine, serine, glutamine, and proline [171]. Bean-based beverages
are not produced on a large scale but have been successfully produced under laboratory
conditions [193].

5.2.6. Lentil-Based Beverages

Lentils are a valuable raw material that serves as a source of protein with a balanced
amino acid composition and low fat content. It is also a valuable source of complex
carbohydrates, soluble and insoluble fiber, vitamins, and minerals (including Na, Ca, Fe,
P, and Cu) [171,179]. Lentil proteins have similar properties to soy proteins in terms of
functionality and organoleptic properties [194]. Much like other legume-based drinks,
lentil-based beverages are prepared by cleaning the grains, soaking the raw material,
grinding, cooking, filtering, and heat-preserving [194]. Such products have not been
produced on a commercial scale so far, but laboratory tests have been carried out to study
their properties. A technology which has been used to successfully produce a lentil-based
beverage harnesses the germination process, which increases its nutritional value and the
protein digestibility of the final product [179].

5.2.7. Legume-Based Beverages as Elements of Beverage Blends

Legume-based beverages are often used in research as elements of beverage blends,
where they mainly serve to boost the protein content. The other ingredients are largely
intended to improve the organoleptic properties and stability of the final product.

Agrahar-Murugkar et al. (2020) [178] prepared beverages primarily composed of
sorghum and finger millet (5.8% each), sprouting soy flour (1.1%), sprouting green-gram
flour (0.7%), milk whitener (1.6%), and desiccated coconut (1.8%). In addition, one of the
beverage variants contained jaggery (8.3%) and water (75%), whereas the other contained
buttermilk (67%), cumin/black salt (1% each), and water (15%). Both variants were stable
and rich in minerals, flavonoids, and antioxidants compared to most beverages on the
market. Both products were acceptable to consumers. Sprouting legumes improved the
solubility and nutrient extractability, while also increasing the level of antioxidants and
flavonoids [178].
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In a study by Rincon et al. (2020) [184], a new milk substitute based on chickpeas and
coconut was developed, containing 70% chickpea extract, 30% coconut extract, and 0.3%
vanilla extract. The beverage had beneficial nutritional composition (protein, calcium, and
lipid content) compared to cow’s milk and other common cow’s milk substitutes such as
oat, almond, and rice beverages. However, the sensory acceptance scores for the beverage
were quite low [184].

Felberg et al. (2009) [175] developed a product based on a soybean beverage and
Brazil nut beverage. The latter, with a dry matter concentration of about 10%, was added
to soybean milk with a dry matter concentration of 7% at ratios ranging from 10 to 50%
(based on the final beverage), after which 3% sugar and 0.2% salt were added. The addition
of Brazil nut beverage to a soybean beverage positively influenced consumer response. The
blend was more stable than the Brazil nut-based beverage alone [175].

Cereal proteins contain little lysine and tryptophan but provide optimal levels of
sulfur amino acids (such as methionine and cysteine) [195]. The amino acid profile of
legumes is rich in lysine but quite low in methionine and cysteine. Therefore, combining
grains and legumes can improve the quality of the protein consumed [195]. Oladeji et al.
(2014) [195] produced a beverage containing dried and ground preparations of sorghum
and soybeans with the addition of cocoa powder and defatted melon flour. Cocoa powder,
malted sorghum, soy flour, and skim melon flour were mixed to the ratio of 60:10:20:10
and 65:05:20:10. Thus prepared beverages had good physicochemical and organoleptic
properties. It was also estimated that the production cost of such a beverage is low, which
would make it a competitive product on the market [195].

5.2.8. Other Potential Raw Materials for the Production of Legume-Based Beverages

Some legume seeds have yet to be used in the production of plant-based beverages,
neither in commercial nor laboratory conditions. However, their properties make them
potentially a good matrix for their production. These legumes include faba bean and
cowpea.

So far, faba bean protein has only been used to a limited extent on an industrial
scale, but that is gradually changing. It is a good source of macro and micronutrients
and minerals such as sodium, magnesium, calcium, iron, and zinc [21]. Faba bean is a
protein-rich legume with similar properties to soybean proteins. Due to these properties,
it can potentially be used as a soybean substitute in plant-based milk alternatives [174].
So far, to the best of the authors” knowledge, faba bean-based beverages have not been
commercialized, though there do exist faba bean concentrates with a favorable, neutral
taste [21].

Cowpea is an important legume used mainly in East and West Africa, as well as in
other developing countries. The total protein content of cowpea is approximately two
to four times higher than that of tubers and cereals. In addition, cowpea protein is rich
in amino acids such as lysine, phenylalanine, and histidine [21,171]. It is also a good
source of bioactive and functional ingredients, such as phenols with antioxidant, anti-
inflammatory, anti-cancer, hypolipidemic, and hypoglycemic effects. There are indications
that any potential production of a cowpea-based beverage should best involve a sprouting
process, as it significantly reduces the content of oligosaccharides [21].

5.3. Fermentation of Legume-Based Beverages Using LAB

An important direction in the development of plant-based beverages as milk substi-
tutes is the use of fermentation in their production technology. Fermentation can lead
to the production of a new range of products with a better sensory profile, nutritional
properties, and improved microbiological safety [24,128,194,196]. Plant matrices are a good
carrier for probiotic bacteria. Products made by plant fermentation with probiotics can
meet consumers’ demands for health-promoting, dairy-free products [129,197-200]. Most
of the plant-based beverages described in the literature are fermented using Lactobacillus,
Streptococcus, and Bifidobacterium [24,129,194,201]. Fermentation of plant matrices is usu-
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ally done through four main stages—obtaining a plant-based beverage; conditioning the
beverage to reach the temperature optimal for the growth of the microorganisms; fermen-
tation under specific conditions; and cooling to a temperature of about 4 °C [201]. These
procedures may vary depending on the raw material, the type of the starter cultures used,
and the final product characteristics. The fermentation of plant-based beverages is typically
longer (around 12-24 h) than standard fermented dairy production and ends when the pH
value is around 4.2-4.5 [21,201].

Fermentation of plant-based beverages significantly improves their nutritional and
health-promoting properties. As in the fermentation of raw legumes, the content of oligosac-
charides, tannins, protease inhibitors, and phytic acid is reduced, which increases the
bioavailability of calcium, iron, and zinc [196,202-204]. In addition, the organic acids pro-
duced during fermentation have the ability to increase the absorption of iron and zinc by
forming soluble ligands, while also producing a low pH that optimizes the activity of the
endogenous phytic acid-reducing phytase [196,200]. Fermentation of legume-based bever-
ages also increases antioxidant capacity and, as a result, anti-radical activity [200,205-207].
Some strains of LAB have the ability to synthesize B vitamins (including folic acid, ri-
boflavin, and vitamin B12) in legume-based beverages, e.g., those made with soy and
beans [31,208-210]. Microbial activity can also increase the content of minerals and protein
in the product [196]. The use of the germination process before fermentation improves the
growth rate of probiotic strains by increasing the content of fermentable monosaccharides
and amino acids [127,193].

So far, out of all legume-based beverages, soybean beverages are the ones most
commonly processed via fermentation. To that end, bacteria of the genus Lactobacillus,
Lactococcus, and Streptococcus are generally used [211-213]. In order to select suitable
LAB strains for the production of functional food based on a soybean beverage, the
fermentation properties of 14 strains of LAB belonging to the genera Bifidobacterium,
Lactobacillus, Lactococcus, and Streptococcus were assessed. All 14 strains were able to
grow in the soybean beverage, and the strains Bifidobacterium breve, Bifidobacterium bifidum,
and Lacticaseibacillus rhamnosus showed the most promising results [214]. Soy-based bev-
erages fermented by LAB have a higher content of aglycone isoflavones. The increase
of isoflavone aglycone contents during fermentation is a result of 3-glucosidase activity
towards isoflavone glucosides [205,212,215,216]. The use of LAB to ferment legume-based
beverages can also have an anti-mutagenic effect. Fermentation of soy-based beverages
using strains of the genera Lactobacillus, Streptococcus, and Bifidobacterium has been shown
to significantly enhance anti-mutagenicity, but the extent of that increase varied across
different starter organisms and types of mutagen tested [217].

Soymilk fermented by LAB can improve aroma, flavor, and overall acceptability [212].
Furthermore, they can be used to modulate and enhance the texture properties of soymilk,
such as its water holding capacity and apparent viscosity [211,218]. Exopolysaccharide-
producing (EPS-producing) LAB are used in the production of fermented soy beverages,
due to their effect on consistency and rheology. Exopolysaccharides can modify the flow
characteristics of fluids, stabilize suspensions, flocculate particles, encapsulate materi-
als, and produce emulsions [211]. Fermentation of soybean beverages with LAB also
reduces ANFs, e.g., fermentation with Leuconostoc mesenteroides removes phytates [203],
whereas raffinose is removed during fermentation by bacteria of the genera Lactobacillus
and Streptococcus [204]. LAB involved in soybean beverage fermentation may also ex-
hibit anti-pathogen properties in food. Soybean beverage fermented with Pediococcus
pentosaceus and Lacticaseibacillus paracasei subsp. paracasei demonstrated antimicrobial ac-
tivity against selected foodborne pathogens, e.g., Bacillus cereus, Staphylococcus aureus, and
Pseudomonas aeruginosa [219].

Bean, faba bean, lentil, chickpea, and cowpea beverages can also be good matrices
for the fermentation process. Fermentation of a red bean-based beverage, using bacteria
of the genera Lactobacillus and Streptococcus, has been shown to produce an increase in
the total phenolic content and promote antioxidant activity [220], while fermentation of
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a navy bean-based beverage with Lactobacillus has been found to boost ACE-inhibitory
activity [221]. An adzuki bean-based beverage fermented with Lactococcus lactis subsp.
lactis and Lacticaseibacillus rhamnosus GG has shown increased levels of y-aminobutyric acid
(GABA) [222]. Fermentation of a bean-based beverage with the use of Lactobacillus strains
can increase the share of palmitic, stearic, and oleic acids in the fatty acid profile compared
to raw bean seeds [193]. Fermentation of a beverage made from germinated beans using
yoghurt starter cultures Yo-Mix 205 LYO (S. thermophilus, Lb. delbrueckii subsp. bulgaricus,
Lb. acidophilus, B. lactis) and FD-DVS ABY-3 Probio-Tec (S. thermophilus, Lb. delbrueckii subsp.
bulgaricus, Lb. acidophilus, and B. animalis subsp. lactis) has been found to reduce stachyose
and raffinose, while increasing riboflavin, niacin, and pyridoxine in the manufactured
products [223].

Fermentation of a faba bean-based beverage using starter cultures containing bac-
teria from the genera Lactobacillus, Lactococcus, Streptococcus, and Leuconocstoc has been
demonstrated to enhance the DPPH radical scavenging ability and total phenol content.
The resultant beverage had higher complex viscosity values, which were expressed in
a weak, gel-like structure [224]. A study by Verni et al. (2020) [194] showed that the
strains of Lactobacillus spp., Lb. helveticus, Lb. acidophilus, Lb. johnsonii, Lacticaseibacillus
casei, Limosilactobacillus reuteri, Limosilactobacillus fermentum, and Lacticaseibacillus rhamnosus
were able to ferment a lentil-based beverage within 24 h, while strains Lb. acidophilus,
Limosilactobacillus fermentum, and Lacticaseibacillus paracasei subsp. paracasei boasted the
highest growth rates and the lowest pH values. The fermented beverages showed reduced
levels of phytic acid and oligosaccharides [194].

A study by Wang et al. [191] demonstrated that a chickpea-based beverage can be
a promising alternative to a soy-based beverage after some optimization. Compared to
soymilk, the chickpea beverage contained lower amounts of protein, fat, and sugar, due
to a higher starch content. Sensory analysis revealed that the fresh chickpea beverage
was as acceptable as the soy one. However, the fermented chickpea beverage did receive
lower appearance scores compared with the soy product [191]. A chickpea-based beverage
fermented with Lactiplantibacillus plantarum subsp. plantarum has been demonstrated to
have higher reducing power, and reduced content of 3-conglycinin and glycinin, which are
considered to be food allergens [225].

The cowpea-based beverage turned out to be a good fermentation matrix using
probiotic cultures containing bacteria from the genera Lactobacillus, Bifidobacterium, and
Streptococcus [198]. The obtained fermented beverage showed faster microbial growth
during the first two weeks of storage. During this period, no significant differences were
observed in terms of sensory attributes (taste, texture, and overall acceptability). However,
the authors recommend that more work should be done to improve the sensory acceptabil-
ity of the products, and that their potential health benefits should be determined through
in vivo studies. The effect of fermentation with LAB on selected properties of legume-based
beverages is summarized in Table 6.
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Table 6. Effect of fermentation with LAB on selected properties of legume-based beverages.

Type of
Legume- Ingredients of the Microorganisms.Used for Fermer}tfition Effect of Fermentation References
Based Beverage Fermentation Conditions
Beverages
. increase in the viscosity;
. . . ® . increase in the antioxidant activity;
ng?gf]&’léus ﬁ51d0P£‘11?;§ ATCC . increase in the isoflavones (genistein and AR tal
, Lacticaseibacillus casei oC, daidzein) content; san et al.,
soybean seeds, water ATCC® 393 (strains applied G 12k . improvement of the sensory evaluation 2020 [212]
as a mixed cultures) for parameters: color, texture, aroma,
flavor, overall acceptability
. increase in the water holding capacity,
apparent viscosity, and
Lactiplantibacillus plantarum exopolysaccharide (EPS) amount
subsp. plantarum 70810, (highest with Lactiplantibacillus plantarum
Lacticaseibacillus rhamnosus subsp. plantarun 70810);
soybean seeds, water, 6005, yogurt starter culture 37°C. 12 h . EPS-protein improved the texture of Lietal., 2014
sucrose, DVS YC-X11 (Lb. delbrueckii 4 fermented beverage; [211]
subsp. bulgaricus, Streptococcus . increase in the concentration of the
thermophilus) (strains applied characteristic flavor compounds and
separately) decrease in the beany off-flavor
(investigated only for Lactiplantibacillus
plantarum subsp. plantarum 70810)
soybean seeds, water Leuconostoc mesenteroides KC51 30°C,18h . decrease in the phytate content Oh e[tzez)l:;,]2009
Lactobacillus helveticus R0052, . decrease in the isoflavones level with L.
Bifidobacterium longum RO175, 30 °C, until pH helveticus R0052 and combination of S. Champagne
soybean seeds, water Streptococcus thermophilus STS 47 wz; E d thermophilus ST5 + L. helveticus R0052; etal., 2010
. A . s reache ! ; eroetie .
(strains applied single or as a . fermentation did not significantly modify [218]
Soy-based mixed cultures) vitamin B1 or B6 levels
beverages Lactobacillus acidophilus CCRC ) o
14079, Streptococcus . major reduction in the contents of
thermophilus CCRC 14085, 37°C,24-32h glucoside, malonylglucoside, and Chien et al
commercial soymilk Bifidobacterium infantis CCRC (depending on agetylglucqside isoflavones along with a 201086n ; lg M
14633, B. longum B6 (strains the strain) ?1gmf1€ant increase of aglycone (215]
applied single or as a mixed isoflavones content
cultures)
Lactobacillus acidophilus LAFTI
L10, Lb. delbrueckii ssp.
bulgaricus 1Lb1466, Lb.
acidophilus La4962,
commercial sovmilk Lacticaseibacillus casei LAFTI . reduction of raffinose content; Donkor et al
%7 4 126, Lacticaseibacillus casei 42°C, 48 ° release of bioactive peptides with 2007 [204 v
yeast extract, glucose Lc279, Bifidobacterium lactis ACE-inhibitory activities [204]
LAFTI B4, B. longum Bl 536,
Streptococcus thermophilus
St1342 (strains applied as a
mixed culture)
Lactobacillus acidophilus CCRC
14079, Streptococcus . fermentation significantly enhanced the
thermophilus CCRC 14085, antimutagenicity of soymilk (the levels of Hsieh et al
soybean seeds, water Bifidobacterium infantis CCRC 37°C,32h increased antimutagenicity of fermented 2006 [21 7]"
14633, B. longum BG6 (strains soymilk varied with the starter organism
applied single or as a mixed and the type of mutagen tested)
cultures)
Lactiplantibacillus plantarum
subsp. plantarum B1-6, . increase in the ACE inhibitory activity;
navy bean seeds Lactiplantibacillus plantarum 31-42°C . decrease in the protein content with Lb. Rui et al. 2015
y ter ’ subsp. plantarum 70810, Lb. (depending on delb’.““k”' SU'?SP- bulgaricus and [221"]
wate delbrueckii subsp. bulgaricus, Lb. the strain), 6 h Lactiplantibacillus plantarum subsp.
B helveticus MB2-1 (strains plantarum B1-6
ean-based .
beverages applied separately)
8 Lacticaseibacillus casei 388,
Lactiplantibacillus plantarum . ) . Naprasert
red bean powder, subsp. plantarum 299, 37°C. 1820 h . increase m.the total'phgnohc contents ) }1) 2019
water, refined sugar Streptococcus thermophilus 4 and antioxidant activities € ?2"20]

TISTR 894 (strains applied
single or as mixed cultures)
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Type of
Legume- Ingredients of the Mlcroorgamsms.Used for Fermer}tfitlon Effect of Fermentation References
Based Beverage Fermentation Conditions
Beverages
industrial starter cultures:
Yo-Mix 205 LYO (Streptococcus
thermophilus, Lactobacillus
delbrueckii subsp.
bulgaricus, Lb. acidophilus, increase in the content of stachyose and
white bean seeds, Bifidobacterium lactis) and 43°C. 4h Fafﬁnose{‘ . ) o Ziarno et al.,
water FD-DVS ABY-3 Probio-Tec (S. ’ increase in the levels of riboflavin, niacin, 2019 [223]
thermophilus, Lb. delbrueckii and pyridoxine
subsp.bulgaricus, Lb. acidophilus
La-5, B. animalis subsp. lactis
BB-12) (cultures applied
separately)
Lactococcus lactis subsp. lactis, . . . .
adzuki bean flour, Lacticaseibacillus rhamnosus GG 37°C.24h Increase in the content of y-aminobutyric Liao et al.,
water (strains applied as a mixed ’ acid (GABA) 2013 [222]
cultures)
Lactobacillus delbrueckii subsp.
bulgaricus ATCC 11842, Lb.
delbrueckii subsp. lactis ATCC
4797, Lb. “?”jophll”s La3, Lb. increase in the share of palmitic, stearic,
helveticus LH-B01, and oleic acids in the fatty acid profile
. Lactiplantibacillus plantarum compared to that in raw bean seeds; .
white bean seeds, SUbSP' Pl{’"t”f'um DSM 9843, 37°C, 18 h lower share of palmitic and stearic acids Ziarno et al,,
water Lactlcﬂsezbaczllys rham;lwsus . and higher share of oleic acid in position 2020 [193]
LH32, Limosilactobacillus sn-2 was observed compared to
f?rm@ntum ATCC 9338, non-fermented beverages
Levilactobacillus brevis 1.342,
Lacticaseibacillus casei 01,
Lacticaseibacillus paracasei subsp.
paracasei BGP1
Starter culture 1 contains
Streptococcus thermophilus and
Lactobacillus delbrueckii subsp.
Bulgaricus, and starter culture 2 increase of the DPPH radical scavenging
Faba faba bean and contains Lacticaseibacillus casei, a‘pility and total p_henql content; Vasilean et al
bean-based chickpea seed. water Lactococcus lactis subsp. 43°C,10h higher complex viscosity values for faba 2021 [224] v
beverages P ! cremoris, Lc. lactis subsp. lactis, bean-based products, which displayed a
Lc. lactis subsp. lactis bio var. weak gel-like structure
diacetylactis, Leuconostoc species,
Streptococcus thermophilus
(starters applied separately)
Lactobacillus acidophilus ATCC
4356, Lb. gasseri ITEM 13541,
Lb. helveticus ATCC 15009, Lb.
johnsonii NCC533, . L .
Lentil-based lentil seeds, water Lacticaseibacillus rhamnosus 37°C. 24 h decrease in the phytic acid and raffinose Verni et al.,
beverages ’ ATCC 53103, Lacticaseibacillus 4 content 2020 [194]
paracasei subsp. paracasei DSM
20312, Limosilactobacillus
fermentum DSM 20052 (strains
applied separately)
chlckpea seec}si water, increase in the reducing power;
"‘f"th addition Lactiplantibacillus plantarum 35°C 18h decrease in the content of 3-conglycinin Sl:rzlypzcozla;
Ot S0y sauce or subsp. plantarum 299v ’ and glycinin (which are considered as etal,
vanillin sugar and one of food allergens) [225]
Chickpea- coconut flakes
b elz,aeizcgles lower amounts of protein, fat, and sugar,
b hick Streptococcus thermophilus, and h?gher starch content compared to Wi tal
garbanzo chuckpea Lactobacillus delbrueckii subsp. 42°C,16h soymilk; ang eta.,
seeds, water 2018 [191]

bulgaricus, Lb. acidophilus

fermented chickpea beverage received
lower ratings than the soy one for
appearance
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Table 6. Cont.

Type of
Legume- Ingredients of the Mlcroorgamsms.Used for Fermer}tfitlon Effect of Fermentation References
Based Beverage Fermentation Conditions
Beverages
Probiotic starter cultures:
ABT-5 (Lactobacillus acidophilus
La-5 + Bifidobacterium animalis
Bp-12 + Streptococcus . decrease in the carbohydrate content;
Cowpea cowpea seeds, water thermophilus), YFL-903 (S. 45°C,14h . increase in microbial growth during the Aduol etal,

thermophilus + Lb. bulgaricus 2020 [198]
subs. debulgaricus) and Yoba Fiti
(Lacticaseibacillus rhamnosus
GR-1 + S. thermophilus)

(cultures applied separately)

first two weeks of storage

6. Prebiotic Ingredients in Legumes and Legume-Based Beverages

Literature studies indicate that one of the most important determinants of human
health is maintaining an optimal balance of the gastrointestinal microflora [226]. The
relationship between gastrointestinal microflora and human health is being increasingly
recognized. The influence of gastrointestinal microbiota on the host has been well charac-
terized, including maintenance of the body’s energy metabolism and immune system [227].
Dysbiosis of the intestinal ecosystem can lead to certain illnesses, e.g., inflammatory bowel
disease, irritable bowel syndrome, infectious and antibiotic-associated diarrhea, diabetes,
and nonalcoholic fatty liver disease. These illnesses can be reversed by probiotics and
prebiotics [228]. Probiotics can be defined as living bacteria or fungi that confer a health
benefit for the host [228].

According to the International Scientific Association for Probiotics and Prebiotics (IS-
APP), prebiotics are substrates that are selectively utilized by host microorganisms, eliciting
health-beneficial effects [229]. The following criteria are used to classify a compound as a
prebiotic:

e It should be resistant to acidic pH of stomach, cannot be hydrolyzed by mammalian
enzymes, and should not be an absorber in the gastrointestinal tract;
It can be fermented by intestinal microbiota;
The growth and/or activity of the intestinal bacteria can be selectively stimulated by
this compound, and this process is beneficial to the host’s health [230,231].

Prebiotics are not digested in the upper gastrointestinal tract and enter the cecum
without changing their structure. They are not excreted in the feces as they are fermented
by the flora of the colon, promoting the growth of beneficial bacteria from the genera
Bifidobacterium and Lactobacillus [232-234]. During the fermentation, a mixture of short-
chain fatty acids (SCFA) is produced, including acetate, propionate, and butyrate, as
well as L-lactate, CO,, and Hj [233,235]. These compounds provide a broad range of
important physiological benefits, including anti-inflammatory and immune regulation, as
well as anti-cancer properties and metabolic regulation [235]. The alleged mechanisms
of action of prebiotics may be direct or indirect. The indirect mode of action involves
providing nutrients to the intestinal flora for natural growth, which is beneficial to health.
A prebiotic may also act directly by inhibiting certain pathogenic bacteria, preventing
cancer, removing cholesterol, controlling cardiovascular disease, and finally—preventing
obesity and constipation [226].

Benefits of consuming prebiotics include improved intestinal barrier function and host
immunity, reduction of potentially pathogenic bacterial subpopulations (e.g., Salmonella ty-
phimurium, Listeria monocytogenes, Escherichia coli), and increased production of SCFAs [234],
which helps regulate the absorption of sodium and water and may increase the absorp-
tion of calcium and other minerals. SCFAs lower the pH of the colon, which can inhibit
the growth of potential pathogens and promote the growth of beneficial bacteria such as
Bifidobacterium and Lactobacillus [226,234]. Propionate exerts an anti-inflammatory effect
on colon cancer cells. Butyrate regulates apoptosis and reduces metastasis in colon cell
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lines. It is also the preferred energy source for colon epithelial cells, promotes normal cell
differentiation and proliferation, and protects the body against carcinogens by enhancing
the expression of enzymes involved in detoxification [226,234].

Legumes and legume-based beverages have proven to be a good source of food ingre-
dients that may exhibit prebiotic properties [235-237]. These ingredients mainly include
oligosaccharides, resistant starch, polyphenols, and isoflavones [237]. Legume oligosac-
charides are often considered unbeneficial ingredients. Due to their high fermentability,
they induce the production of gases (mainly CO,, H,, and sometimes CHy) responsible
for the digestive discomfort associated with the consumption of legumes. In addition,
their consumption may reduce the absorption of some nutrients. While it may be de-
sirable to remove these components from legumes, they also exhibit favorable prebiotic
properties [232,233,235].

Among the oligosaccharides of legumes with prebiotic properties, the most important
are those of the raffinose family (RFO), also called «-galactosides [232,238]. They are low
molecular weight, non-reducing carbohydrates that are widespread in the plant kingdom
and soluble in water and hydroalcoholic solutions [238]. Chemically, x-galactosides are con-
sidered to be derivatives of sucrose, as they are a combination of d-galactose units linked to
a group of d-glucose moieties. The oligosaccharides most common in legumes are raffinose,
stachyose, and verbascose [192,232,238]. These compounds are not digested by the human
gastrointestinal tract, as it does not produce x-galactosidase—An enzyme that has the
ability to digest oligosaccharides by cleaving «-galactosyl moieties. As a consequence,
these compounds are not broken down by digestive enzymes, so they are not absorbed
in the upper part of the gastrointestinal tract and pass into the large intestine, where they
promote the growth of bacteria from the genera Bifidobacterium and Lactobacillus [238,239].

Bifidobacterium and Lactobacillus prevent the growth of exogenous pathogenic microor-
ganisms and the excessive growth of native harmful microflora, resulting in the production
of SCFAs (mainly acetic and lactic acid) [232]. The production of SCFAs and subsequent
acidification of the colonic contents affect the availability of minerals. Lower pH leads to
increased solubility of minerals, especially calcium and magnesium, which consequently
increases their absorption [232]. SCFAs strengthen the intestinal barrier by inhibiting the
growth of pathogens and the production of toxic elements [236]. Oligosaccharides can
inhibit bacterial adhesion to the gastrointestinal wall and act as a repressor of virulence
factors by inhibiting gene expression in enteropathogens. They can adhere to bacterial
binding sites on the surface of enterocytes, blocking adhesion of pathogenic bacteria to
intestinal epithelial cells [226]. In a study with rats, prebiotic oligosaccharides from red
gram beans have been shown to be hypolipidemic [240]. The authors pointed out that the
use of prebiotics can be a potential as a preventive measure for overweight and obesity in
humans, and legume prebiotics could be tested as a new prebiotic product candidate for
the consumer market.

Resistant starch (RS) is the total amount of starch and products of starch degradation
resistant to digestion in the upper gastrointestinal tract [241]. RS is a linear a-1,4-d-glucan
molecule, which is a fraction of starch that is resistant to digestion by human pancreatic
amylase in the small intestine, thus reaching the colon unchanged. In the colon, RS is
fermented by intestinal bacteria [231,242]. Legume RS plays a role in improving digestive
health and meets the criteria for classification as a prebiotic [241]. It can be fermented
by the human gastrointestinal microflora, providing a source of carbon and energy for
bacteria present in the gastrointestinal anaerobic environment, thereby potentially altering
the composition of the microflora and its metabolic activity. Fermentation of carbohydrates
by anaerobic bacteria produces SCFAs, mainly composed of acetic, propionic, and butyric
acids, which can lower gut pH [242].

Resistant starch has no calories and does not increase blood glucose levels, having
physiological effects similar to those of dietary fiber [237,241]. Its prebiotic effect can be en-
hanced by combining it with other types of prebiotics with complementary kinetics, such as
fructooligosaccharides (FOS). These prebiotics are characterized by different fermentation
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rates in the large intestine, so their combination may result in a more pronounced probiotic
effect through synergy. This combined effect may provide greater health benefits to the host.
Additionally, the combination of RS and inulin has been shown to elicit a synergistic effect
on intestinal calcium and magnesium absorption in rats. Fermentation of these substrates
in the large intestine to SCFAs is a major cause of the increase in mineral absorption [242].

Scientific reports increasingly report interactions between polyphenols and the gas-
trointestinal microbiota, recommending them as candidates for prebiotics [243]. A growing
number of animal and in vitro models describe the interactions between polyphenols
and the gastrointestinal microbiota and the resulting health benefits, some of which in-
clude protection against cancer, obesity, insulin resistance, hepatitis, sleep deprivation,
and atherosclerosis [244]. Polyphenols are secondary metabolites of plants, characterized
by aromatic rings containing one or more hydroxyl groups in their chemical structure.
Phenolic compounds are the largest group of phytochemicals, comprising over 50,000 het-
erogeneous compounds [245]. Polyphenols found in all types of legumes are characterized
by low bioavailability and extensive metabolism in the large intestine, which promotes in-
teraction with intestinal microorganisms [246]. One mode of two-way interaction involves
polyphenols modulating the intestinal microflora, with microorganisms modulating the
activity of phenolic compounds in turn. This interaction can regulate the metabolism and
bioavailability of the polyphenols, converting them into metabolites that can have various
effects on the health of the host. Overall, polyphenols elicit antioxidant, anti-inflammatory,
anti-obesity, anti-lipidemic, and anti-diabetic effects. The role of polyphenols in the diet is
determined by their metabolic processes, their absorption, and bioavailability, which are
also associated with the modulation of the intestinal microflora [246].

Although polyphenols are currently recognized as modulators of the composition of
the intestinal microflora, there is still no conclusive evidence of their prebiotic effects [247].
The prebiotic activity of each polyphenol can be influenced by the food source and the
chemical structure of the compound, as well as by individual differences in the composition
of the intestinal microflora. Flavonoids, which belong to polyphenols, are consumed with
food mainly in the form of glycosides, which makes it difficult for their absorption through
the small intestine. Polyphenols can act as prebiotics by modulating the microbiome,
promoting the colonization of beneficial gut microbes. By acting as probiotics, the gut
microbes are capable of degrading glycosided polyphenols and producing simple phenolic
metabolites. The glycosylated flavonoids may serve as the sole source of carbon and energy
for certain microorganisms in the intestinal microbiota that preferentially ferment the
sugars associated with the flavonoids. Polyphenols can act as prebiotics to promote the
growth of beneficial gut microbes such as Bifidobacterium and Lactobacillus spp. [245,246].

Among the ingredients of legumes, isoflavones may also show prebiotic properties.
The highest concentration of isoflavones is found in soybeans [248]. These compounds
belong to the class of hormone-like diphenol phytoestrogens and are similar in structure
to the female estrogen 17f3 estradiol. The most popular soy isoflavone is genistein, which
is consumed in the form of an a-glycoside called genistin. Upon ingestion, genistin is
hydrolyzed to the aglycone genistein by $3-glucosidases. Enzymes capable of carrying out
this stage of deglycosylation are found on the brush border of the small intestine (lactase-
floridine hydrolase) and in enterocytes (cytosolic b-glucosidases). In addition, several major
groups of colon bacteria have §3-glucosidase activity, including Lactobacillus spp., Bacteroides
spp-, and Bifidobacterium spp. It is this ability of these intestinal bacteria to break down
isoflavone glycosides that may be related to the prebiotic effect of isoflavones, which stim-
ulate the growth of these microorganisms. Pharmacokinetic studies confirm that healthy
adults absorb genistein quickly and efficiently. The bioavailability of genistin depends
on deglycosylation by the intestinal bacteria [248]. Equol and O-desmethylangolensin are
active metabolites produced by the action of colonic bacteria on soy isoflavones. These
metabolites also have health benefits, such as estrogenic, antioxidant, anti-inflammatory;,
antioxidant, and hepatoprotective effects. [246].
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The prebiotic properties of legume ingredients make them a good matrix for the
fermentation process, also with the participation of probiotic bacteria [226]. Both pre- and
probiotics have been found to work best in combination. This combined effect of both
leads to the formation of the so-called synbiotics. Prebiotic foods remain unchanged in
the digestive tract because gastric enzymes cannot act on them. They reach the large
intestine intact and are selectively fermented for beneficial effects [226]. Probiotics present
in legumes may increase the survival rate of probiotic bacteria involved in the fermentation
process, which pass through the upper part of the digestive tract after ingestion with food.
This is the result of their selective stimulation by prebiotics. Prebiotics can also enhance the
effects of probiotic bacteria that enter the large intestine [242].

7. Conclusions

LAB are widely used in the fermentation of animal and plant products. The most
common use of LAB in food is in dairy production. Due to the growing popularity of plant
diets and the health benefits of consuming fermented products, there has been growing
interest in the fermentation of plant products and the selection of microorganisms suitable
for this process. Research into microorganisms suitable for fermenting plant matrices could
lead to an increase in the range of fermented plant products that can be used as alternatives
to dairy.

Legumes are a suitable raw material for the production of dairy alternatives. This
is mainly due to the high protein content and the presence of ingredients that enable
their fermentation. Currently, legume fermentation is widely used in the production of
intermediate bakery products (e.g., cookies, pasta, bread), ingredients for Asian cuisine,
substitutes for dairy products, and as an ingredient of animal feed. The fermentation has
also been found to elicit a beneficial effect on the bioconservation of legumes and their
sensory properties. Fermentation reduces the content of thermostable ANFs in legumes,
which are the main limitation in the development and consumption of legume-based foods.
This process leads directly to an increase in digestibility of proteins and bioavailability of
certain nutrients. Fermentation leads to an increase in the nutritional value of legume-based
foods by increasing the content of antioxidant components, biological availability of total
fiber and phenols, as well as increasing the levels of vitamins, amino acids, minerals, and
short-chain fatty acids.

Legumes are a suitable matrix for the production of plant-based beverages, which are
the most popular products among dairy alternatives. Among the legume-based beverages,
soybeans are the most commonly used to produce plant-based beverages. Scientific reports
indicate that there are also other legumes highly suitable for the production of plant-
based beverages, e.g., beans, peas, broad beans, chickpeas, lupins, lentils, and cowpea.
Creating beverages from legumes enables the production of plant-based beverages with a
composition similar to cow’s milk. These products can be successfully fermented with LAB,
including, e.g., Lactobacillus delbrueckii ssp. bulgaricus, Lb. acidophilus, Lacticaseibacillus casei,
Leuconostoc mesenteroides, Lactiplantibacillus plantarum subsp. plantarum, Lacticaseibacillus
rhamnosus, and Streptococcus thermophilus.

Both raw legumes and legume-based beverages can be carriers of probiotic bacteria.
This is favored by the presence of natural ingredients with prebiotic properties in legumes,
including oligosaccharides, resistant starch, polyphenols, and isoflavones. The properties of
legumes make it possible to use them to create synbiotic food, which is a source of probiotics
and prebiotics. However, in the production of fermented foods, it is crucial to optimize the
process parameters. Too long fermentation time of legumes and legume-based beverages
may affect the production of compounds with undesirable properties. The development of
fermented products that can be commercialized requires careful development of technology
and parameters of processing.
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Abstract: The objectives of this study were to compare the properties of the yogurt-type bean-
based beverages B and BG produced from the nongerminated and germinated beans, respectively,
by high-pressure homogenization (HPH) and fermentation with three starter cultures. Optical
techniques were used to evaluate the particle size distribution (PSD), color parameters, and instability
during storage, while rheological tests were used to evaluate the shear viscosity, flow behavior, and
viscoelastic properties. The BG compared to B, irrespective of the starter culture used, showed a
higher mean diameter and Span of PSD (d4 3 ~ 76.8-84.2, Span = 2.24-2.35 for BG vs. d4 3 ~ 38.2-47.0,
Span = 1.90-2.00 for B). The BG vs. B showed lower viscosity (0.47 Pa-s for BG vs. 0.81 Pa-s for B at
shear rate 75 s~1) and slightly lower but satisfactory stability (after 21 days at 6 °C, the Turbiscan
Stability Index TSI ~ 1.3-2.0 for BG vs. TSI ~ 0.6-0.9 for B). Both B and BG were characterized by
light-yellow color and showed the characteristics of a viscoelastic fluid. The HPH and germination
mainly affected the properties of the tested plant tissue, which has a direct impact on the properties
of the final products.

Keywords: plant-based beverages; fermentation; storage stability; viscoelastic properties; particle
size distribution; oscillatory rheology

1. Introduction

Foods are complex materials, mostly consisting of mixtures of solids and fluid struc-
tural components [1]. When developing a novel food, it is of great importance to determine
its properties, which is possible through the use of various types of analytical techniques.
Food analysis is an essential aspect of quality control, which enables the production of
safe food with defined and reproducible properties [2]. Besides traditional methods for
assessing the quality of food, such as chemical, microbiological, and sensory analysis, there
are also rheological and optical methods that describe the structural properties of food.

Most of the optical methods used in food analysis are based on conventional visible
and near-infrared spectroscopy. These techniques use measurements of the aggregate
amount of light either reflected from or transmitted through a biological or food material,
resulting from the combined effect of absorption and scattering of photons by the tissues.
The obtained data are converted into quantitative or qualitative parameters describing the
observed phenomenon [3]. The optical methods can be used for nondestructive, real-time,
and fast monitoring of the samples. They are based on measuring the properties of incident
or reflected light in food systems. Various types of analytical devices are used that analyze
light scattering, laser diffraction of particles, or monitor the mechanisms that occur in
food during storage, including particle destabilization. As a result, optical studies enable

Sensors 2022, 22, 8348. https://doi.org/10.3390/5s22218348

https:/ /www.mdpi.com/journal /sensors



Sensors 2022, 22, 8348

20f15

the analysis of various food characteristics, including, e.g., stability, color, turbidity, and
particle size distribution [4,5].

Rheology studies the flow and deformation of matter and is an important tool to char-
acterize fundamental processing properties of food systems such as fluid flow properties,
viscosity, and elasticity [6]. It describes a relationship between the stress acting on a given
material and the resulting deformation and/or flow that takes place [1,6]. Rheological
properties play an important role in food process design. Rheological data are required for
calculation in any process involving fluid flow, including pump sizing, extraction, filtration,
extrusion, and purification. These data enable an analysis of flow conditions in many food
processes (e.g., in pasteurization, evaporation, and drying) [5,7].

Plant-based diets have been gaining popularity in the food market in recent years.
As reported in previous studies, consumers are increasingly avoiding animal products
due to the following reasons: allergies to the proteins present in cow’s milk, intolerance to
lactose, environmental or animal welfare concerns, desire to follow a vegan lifestyle, and
willingness to diversify their diets [8-11]. Among dairy alternatives, the most popular ones
are milk substitutes, which are usually referred to as plant-based beverages [12]. These
products are colloidal systems that are formed by large, dispersed particles such as fat
globules, solid particles from raw materials, proteins, and starch granules. The presence of
these components limits the possibility of obtaining a stable product due to sedimentation [12].
Ultrahigh-pressure homogenization and high-pressure homogenization (HPH) are some
of the novel technologies used in the production of plant-based milk substitutes. These
processing technologies result in smaller and more uniform-sized particles, reduction of
adverse mouthfeel, and increased stability of liquid food products [12,13]. HPH alters the
arrangement of components and thus modifies the particle size, color, viscosity, and physical
stability of the product [14]. Application of HPH also allows deflocculating clusters of primary
oil bodies and uniform dispersion of agglomerates in plant-based beverages [14-17].

Since the demand for dairy alternatives is increasing in the world market, it is of
primordial importance to food companies to develop new products [18]. Soybean beverage
is the most popular milk substitute on the market [19,20]. However, some research studies
have shown that legumes other than soybean are also suitable to produce plant-based
beverages [21,22]. One of them is beans which are rich in carbohydrates, proteins, vitamins,
minerals, phenolics, polyphenols, and phytosterols [15,23,24]. Legumes have gained great
popularity as a dairy alternative; however, their beany flavor and the antinutritional factors
(ANFs) they contain are undesirable and must therefore be eliminated in the manufacturing
process [12,25]. ANFs present in food, such as phytic acid, trypsin inhibitor, lectins, and
some oligosaccharides, reduce the digestibility and bioavailability of nutrients [15,26]. A
variety of techniques are used to eliminate off-flavors and ANFs from legumes, including
soaking, boiling, heat treatment, fermentation, and germination. During germination,
proteolytic enzymes are activated, which change the protein profile of legumes. This results
in an increase in the amount of protein and dietary fiber and a reduction in the content of
tannins and phytic acid, as well as an improvement in the bioavailability of minerals [27,28].
Similarly, fermentation reduces off-flavors and ANFs and increases the bioavailability of
bioactive components as microorganisms break down complex organic substances into
simpler molecules [15,29].

The above-mentioned HPH, germination, and fermentation can aid in achieving new
organoleptic and functional characteristics in the product, which can favor the production
of novel dairy alternatives, including yogurt-type probiotic products [19,30,31]. Describing
the properties of newly developed products using specific analytical methods is important
for determining their application in the food industry. It may be advantageous to use
optical methods, the application of which allows for the analysis of the stability and
physicochemical characteristics of the product particles, as well as rheological methods that
describe the viscosity and flow behavior of the medium. There is a lack of studies on the use of
optical and rheological methods in the analysis of bean-based beverages (BBB). Therefore, our
study aimed to compare the quality and storage properties of the newly developed products
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with colloidal-suspension structure such as yogurt-type bean-based beverages (Y-T BBB) using
optical and rheological methods. The effects of germination, fermentation with three different
starter cultures, and storage at 6 °C on the BBB were analyzed. Optical techniques were
used to evaluate the Y-T BBB towards particle size distribution, color characteristics, and the
instability phenomena during storage, while rheological tests were used to evaluate the shear
viscosity, flow behavior, and viscoelastic properties.

2. Materials and Methods
2.1. Materials and Experimental Design

7

The BBB used in our study were prepared from white kidney beans “Piekny Ja$ Kartowy”
(Lestello Sp. z o.0., Cmolas, Poland). Three industrial freeze-dried starter cultures were
used: Beaugel Soja 1 (Ets Coquard, Villefranche-sur-Sa6éne, France), which consisted of
Lactobacillus casei (currently classified as Lacticaseibacillus casei), Streptococcus thermophilus, and
Lactobacillus delbrueckii subsp. bulgaricus; YO-MIX 207 LYO 500 DCU (DuPont™ Danisco,
Copenhagen, Denmark), which consisted of S. thermophilus, L. delbrueckii subsp. bulgaricus,
Lactobacillus acidophilus, and Bifidobacterium lactis; and ABY-3 (Chr. Hansen, Hersholm, Den-
mark), which consisted of L. acidophilus La-5, Bifidobacterium animalis subsp. lactis BB-12,
S. thermophilus, and L. delbrueckii subsp. bulgaricus.

Two variants of beverages were produced: B and BG from non- and germinated beans,
respectively. The experimental design used in the study was based on three factors: beans
germination, starter culture used for fermentation, and period of storage at 6 °C (Table 1).

Table 1. The explanation of the sample codes for B and BG beverages.

Sample Code Beans Germination = Fermentation/Starter Culture  Storage at 6 °C
BO - - 1 day
B100 - Beaugel Soja 1 1day
B101 - YO-MIX 207 1 day
B102 - ABY-3 1 day
BOs - - 21 days
B100s - Beaugel Soja 1 21 days
B101s - YO-MIX 207 21 days
B102s - ABY-3 21 days
BGO + - 1 day
BG100 + Beaugel Soja 1 1 day
BG101 + YO-MIX 207 1 day
BG102 + ABY-3 1 day
BGOs + - 21 days
BG100s + Beaugel Soja 1 21 days
BG101s + YO-MIX 207 21 days
BG102s + ABY-3 21 days

2.2. Development of Fermented Bean-Based Beverages

The BBB were obtained according to Ziarno et al. [32] with some modifications. Briefly,
the germination was carried out in a sprouter at 25 °C for 72 h (water was changed
every 24 h) placed in a laboratory incubator. Germinated and nongerminated beans were
sterilized in the drinking water at 121 °C for 15 min to perform the starch gelatinization and
inactivate microorganisms and native bean enzymes. The sterilized beans were then mixed
with drinking water at a ratio of 1:9 (m/m) including the water absorbed during sterilization
and blended for 7 min until a homogeneous mass was obtained. The resulting mass was
filtered through a sieve with a mesh size of 0.1 mm. The beverages were then prepared by
a two-step homogenization process at 50/5 MPa using a high-pressure homogenizer NS
1001 L2 PANDA, GEA Niro Soavi (GEA, Parma, Italy). HPH was used as a tool to prevent
BBB destabilization according to Bernat et al. [14]. The prepared beverages were sterilized
at 121 °C for 15 min.
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Inoculums were prepared by dissolving the freeze-dried starter cultures in distilled
water. The BBB were inoculated at 1.0% (m/m) and incubated at 45 °C for 6 h. After
fermentation, the beverages were refrigerated at 6 °C and stored for 21 days. In the case of
unfermented samples, 0.1% sodium azide (Chempur, Piekary Slaskie, Poland) was added
to prevent the occurrence of microbiological changes during storage.

Table 2 shows the physicochemical characteristics of the developed BBB, before and
after fermentation.

Table 2. Physicochemical characteristics of for B and BG beverages.

Sample Code ! pH Dry Mater Content (g/100 g) Water Activity (-)

BO 5.86 9.41 0.998

B100 5.86 8.74 0.997
B101 4.46 8.61 0.992
B102 4.14 8.25 0.994

BGO 6.46 7.33 0.996
BG100 4.41 6.66 0.995
BG101 427 6.89 0.995
BG102 413 713 0.996

1 Description as in Table 1.

2.3. Optical Analysis
2.3.1. Color Analysis

The color of the BBB was assessed using a Minolta CR-400 colorimeter (Konica Minolta
Inc., Tokyo, Japan) equipped with a 2° standard observer and illuminant D65, according
to the CIELab measuring system (measurement area o = 8 mm). The color parameters
determined were as follows: L (the analyzed sample was black when L = 0 or white if
L =100), a* (—a* was considered greenness and +a* redness), b* (—blue and + yellow), C*
(indicating the saturation of the color), and h* (indicating the angle of the shade). The
measurements were made in triplicate for each sample. The difference in the color of
the samples before and after fermentation was denoted by AE, which expressed how far
apart visually the two samples are in the color “sphere”. The reference samples for this
calculation were BBB before fermentation (BO for nongerminated beverages and BGO for
germinated beverages). The AE between BBB before fermentation (having L], aj, b}) and
after fermentation (having L3, a}, b3) was calculated according to the following equation:

E = /(L5 — L)% + (a3 — af)>+ (b — b)) M

2.3.2. Stability Analysis

The physical stability of the BBB was determined using a Turbiscan LabExpert light
scattering optical analyzer (Formulation, Toulouse, France) based on the Turbiscan Stability
Index (TSI) calculated using the TurbiSoftLab 2.3.1.15 program (Formulation, Toulouse,
France). Briefly, 20 mL of unfermented BBB was transferred to flat-bottomed borosilicate
glass cells (27.5 mm x 70 mm) and scanned immediately after inoculation. Then, the
samples were fermented at 45 °C for 6 h, and kept in a laboratory refrigerator at 6 °C.
The fermented BBB were stored at 6 °C and placed in the Turbiscan for scanning at preset
intervals within 21 days of sample preparation. Considering backscattering profiles as a
function of the height of the sample, the possible instabilities were identified and monitored
at regular intervals.

2.3.3. Particle Size Analysis

The particle size distribution (PSD) of the BBB was determined using a CILAS 1190
laser diffraction particle size analyzer (CILAS, Orléans, France). Measurements were
performed in a recirculating cell with distilled water as a dispersant using the following
operating procedures: dispersion of the sample by drops without ultrasound to achieve 15%
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laser obscuration, and the Fraunhofer approximation, which does not require the optical
properties of the sample and preferred for opaque particles. The mean particle diameter
was recorded as the volume mean diameter d4 3. PSD was characterized by dvyg1, dvos,
and dyy 9 percentiles denoting points on the cumulative granulometric curve representing
particle diameters at which 10%, 50%, and 90% of particles are smaller, respectively. The
Span of PSD was calculated according to the following equation:

dvoo — dvoa o)

Spany, = dvos

2.4. Rheological Analysis

Rheological measurements of the BBB were carried out using a Haake Mars 40 rheome-
ter (Thermo Scientific, Karlsruhe, Germany). To prevent spillage, a plate with serrated
platens was used (35 mm diameter, 1 mm gap) which was set at 20 °C. The results were
analyzed using the HAAKE RheoWinDataManager V.4.75 software (Thermo Scientific,
Karlsruhe, Germany).

Steady shear tests were performed in the controlled-rate mode at a linearly increasing
shear rate of 1-100 s~! for 210 s at 20 °C. Experimental flow curves (shear stress vs.
shear rate) were compared using the power law model, which is the typical equation
characterizing shear-thinning fluids: T =19 + k-4", where T is the shear stress (Pa), k is the
consistency index (Pa-s"), 7 is the shear rate (s~!), 1g is the yield stress (Pa), and  is the
flow index; for a shear-thinning fluid, the values of Tg and n are >0 and <1, while for a
Newtonian fluid the values are 0 and 1, respectively.

Small-amplitude oscillatory shear tests were conducted at 20 °C. Two different dy-
namic oscillatory rheological tests were performed: strain sweep and frequency sweep. The
strain amplitude with diverse strains from 0.1% to 100% was first scanned at 1 Hz in order
to identify the linear viscoelastic region (LVR) for each sample. Next, the frequency-sweep
test was carried out in a range of 0.1-10 Hz and a constant strain of 1%. The parameters
describing the viscoelastic behavior of the samples, namely elastic moduli (G), viscous
moduli (G”), complex viscosity (1*1), and loss angle tan(5), were determined using this test.
In addition, parameters “a” and “b” were determined using the power law (1*| = aHz)
equation, where “a” is the consistency coefficient and “b” is the slope of the curve in a
log-log plot of (y) against the frequency (x) and is related to the nature and behavior of the
dispersion analogous to that observed for the viscous flow. The model was appropriately
fit for the experimental data with a correlation coefficient (r2).

2.5. Statistical Analysis

The program Statistica 13.1 (StatSoft, Krakow, Poland) was used to analyze the data
obtained in the experiments. Analysis of variance was used to determine the effect of germina-
tion (G), fermentation (C), and storage period (S) on the observed outcomes of the experiments.
The significance of the differences was analyzed using Tukey’s test at & = 0.05.

3. Results and Discussion
3.1. Optical Analysis

Obtaining a high-quality colloidal-suspension product requires understanding the
properties of its particles and its stability. It is ensured by the use of various types of optical
techniques that analyze the transmissivity, reflectivity, and absorptivity of the food [33].
The optical characteristics of food have a direct impact on its properties and consumer
perception [5,34]; therefore, our study used optical techniques (color, PSD, and stability
analysis) to analyze the BBB.
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3.1.1. Color Analysis

The values of color parameters (L*, a* b*, C* and h*) of the BBB are shown in
Table 3. Significantly (p < 0.05) higher L* and h* values and lower a* (i.e., in reddish), b*
(i.e., in yellowness), and C* values were observed in nonfermented and fermented BG
(L* ~ 71.70-72.69, h* ~ 81.46-81.50, a* ~ 1.25-1.94, b* ~ 16.78-17.03, and C* ~ 16.88-17.04)
compared to B (L* ~ 69.81-70.49, h* ~ 81.43-81.44, a* ~ 2.66-2.84, b* ~ 19.97-20.28, and
C* ~ 20.16-20.46). Although the results obtained differed significantly, their orders of
magnitude remained the same; therefore, the color of both B and BG was identified as light
yellow. The differences in the content of bioactive ingredients in the samples might be the
reason for the different results observed in B and BG. In general, during germination, ANF
levels are reduced and, consequently, the availability of bioactive ingredients is increased.
It has been reported that bioactive ingredients such as phenols, carotenoids, chlorophylls,
and betalains can change the color parameters of the product [35]. Moreover, BG was
characterized by a significantly higher mean diameter of particles (Table 4), which might
have led to higher lightness and lower color saturation in these samples. Similar to our
results, other researchers have also observed that germination resulted in changes in the
color parameters of products [36-38].

Table 3. Variations of color parameters L*, a*, b*, C*, h* and color difference (AE) between BBB before
fermentation and after fermentation, and the results of Turbiscan Stability Index (TSI) after 21 days of
storage at 6 °C.

Sample Color Parameters Turbiscan Stability

Code 1 * * * * * 2
L a b C h AE TSI Category

BO 7049 £0.01¢  2.66+0.02° 2028+0.03°¢ 20.46+0.02¢ 81.44+0.00P - 0.65+0.102 A

B100 69.81£0.012 279+0.02°  19.974+0.02°¢ 20164+0.03° 8143+0.002> 077+0.02> 0754+0.102 A

B101 70.18 £0.01®  2.84+0.0094 2011+00149 2031+0014 81434+0.00® 0414+0.03% 08540202 A

B102 7022 £0.01> 28440029 20.184+0.019 2045+0.01°¢ 81.444+0.00° 035+0.022  090+0.102 A

BGO 7170 £ 0074  1.25+0172  17.03+0.11P 17.04+0.12° 8150+ 0.014 - 1.40 + 0.30 2P B

BG100 7250 £0.04¢  1.934+0.01° 1689 +£0.032® 1699+ 0.022> 81.464+0.00¢ 1.07+0.16Pc 1.45+0.102 B

BG101 72.69 +0.02 1.91 +£0.01b 16.78 £0.012  16.88+£0.01% 8146 +£0.00¢ 12240.14°¢ 2.00 +£0.20° B

BG102 7265+004f  194+002° 1689 £0.06% 1697 +0.072® 81.46+0.00¢ 1.184+0.17° 1.30+0.102 B

Statistics ANOVA, n2 [-]
G 0.933 0.945 0.998 0.999 0.777 0.813 0.701 -
C ns 0.688 0.661 0.568 0.604 ns ns -
a,b,c,d, e f

—mean values in columns denoted by different letters differ significantly (p < 0.05). ! Description
as in Table 1. 2 Category of Turbiscan Stability and TSI limits: A+—excellent stability (TSI < 0.5), A—good
stability (TSI 0.5-1.0), B—satisfactory stability (TSI 1.0-3.0), C—poor stability (TSI 3.0-10.0), D—unsatisfactory
stability (TSI > 10.0). Explanations: ns—non-significant; G—germination; C—starter culture; S—storage period;
n?—coefficient indicating the extent of the effect of factors G and C.

Table 4. The results of the volume PSD (dy 3, dg 9, Span) and summary of parameter values related to
flow (the parameters of the Ostwald-de-Waele model k and #, and the viscosity at shear rate of 25, 50
and 75 s~1) obtained for BBB before fermentation, after fermentation, and after 21 days of storage.

Sample n at25s1 at50s1 at75s1
Code! dy3 (um) dos (um) Span (-) k (Pa-s") ") (Pa-s) (Pa-s) (Pa-s)

BO 43.0+0.12 843+ 0.5 2004+0.042  369+149  008+0012P 19440014 1.03 +0.02¢ 0.71 £0.01°¢
B100 382+022 7414052 19440012 330+21°  0.08+001%  1.70+0.06¢ 0.89 + 0.03 4 0.62 +0.024
B101 449 + 0.3 8744+ 05P 196 £0.012  50.0+28¢ 00740012 2504+0.098" 1.31+0.048" 090+ 0.038"
B102 470+0.1° 92.0+04P 198 +£0012 496421  008+0012® 256+0048 135+0.02"  0.93+0.01N

BOs 46.6 £03b 90.1+0.1P 192+ 0.032  4514+12°  0.08+£000%  234+005f 1.24 +0.038 0.85 + 0.02 8
B100s 416 +0.12 812 +0.12 197 +0.012 369 +094d 0.07 £0.002 1.86 + 0.03 4 098 +£001¢ 067+ 0.019
B101s 45.04+0.12b 86.4 4+ 0.12P 1.90 £0.022  4714+1.0°  008+001% 243+004f 128+0.028" 0.88+0.028"
B102s 462 +02P 89.24+04P 19140012 519403  007+000%  263+002h 1.38 £0.011 0.95+0.011
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Table 4. Cont.
Sample n at25s1 at50s1 at75s1
Code 1 dy3 (um) doo (um) Span (-) k (Pa-s™) n (=) (Pa-s) (Pa-s) (Pa-s)
BGO 815+16¢ 169.8 £ 559 2354+ 006 257 +23a 0.124+0.01°¢ 1.48 +£0.10°¢ 112 +0.05°f 0.56 + 0.04 f
BG100 768 +0.2°¢ 1568 +£0.6° 225+001P 2244082 0.10 £0.00>¢  1.2540.052  0.67 +0.023b¢  (0.53 + 0.02 2bc
BG101 783+1.2¢ 160.8 +£3.1°d  227+001P 259+1.02% 008+0012> 1.33+0052> 070+003bc 048+ 0.02°c
BG102  829+01°  1713+179  229+0.04b> 282+19b¢  0.07£0.012 1.42 +0.06° 0.75+0.03°¢ 0.51 +£0.02¢
BGOs 793+02¢ 1619401 2254001 2194032  010+000>  1234+001%  0.66+001% 046+ 0.00 P
BG100s  80.1+0.1°¢ 1635+ 04  224+001° 243+06% 008+0002> 127+0.02% 0.67+0.01%° 046+ 0.00 2bc
BG101s 842 +0.14¢ 17394+0.14  228+0.01b 2324082 0.09+0.013 1254+0.022 0.66 +0.01% 046 4+ 0.012P
BG102s 829+ 0.6 169.1+ 1449  2234+0.01° 242+052 0.07 +0.002 1.20 £0.052 0.63 4+ 0.002 0.43 4+ 0.002
Statistics ANOVA, 12 (-)
G 0.983 0.989 0.960 0.876 0.217 0.739 0.733 0.729
C 0.446 0.469 ns 0.500 0.347 0.307 0.302 0.299
416 S 0.177 ns 0.279 ns ns ns ns ns
a,b,cdef,gh,i

—mean values in columns denoted by different letters differ significantly (p < 0.05). ! Descrip-
tion as in Table 1. Explanations: ns—non-significant; G—germination; C—starter culture; S—storage period;
12—coefficient indicating the extent of the effect of factors G, C, and S.

In both B and BG, color differences (AE) between fermented and unfermented samples
were not higher than 1.22 (Table 3). This means that color differences cannot be easily
detected by the naked human eye, and only AE values greater than 3.0 can be noticed [39].

3.1.2. Stability and PSD Analysis

Plant-based beverages contain particulate matter that has a different density than the
watery fluids they are dispersed in. This difference in density results in a gravitational pull
on particulate matter. Particulate matter that is less dense than water, such as oil bodies and
fat droplets, tends to reach the top surface of the beverages, whereas particulate matter with
a higher density, such as plant cell fragments, starch granules, and protein aggregates, tends
to sediment at the bottom [16]. The stability of plant-based beverages can be improved by
reducing particle size, increasing the aqueous phase viscosity, and reducing the density
contrast [16,17]. HPH has been shown to reduce the size of the particular matter [40].

The stability of Y-T BBB was assessed using the Turbiscan tool, which allows identify-
ing the instability of the system in concentrated liquid dispersions and does not damage
the test material [41]. The values of TSI determined after 21 days of storage at 6 °C, which
stimulates the real-life conditions for Y-T BBB, are shown in Table 3. Our study showed
that nonfermented and fermented B and BG, regardless of the type of the starter culture
used, displayed good (category A) and satisfactory (category B) stability, respectively, in
accordance with the Formulation Application Note (2013) (Table 3) [42].

The backscatter (BS) profiles of the BBB obtained within 21 days of storage at 6 °C
are shown in Figure 1, in which the stability of the nonfermented and fermented B and
BG is denoted by overlapping lines. A similar intensity in BS over the entire height of the
sample was observed for all BBB. On the surface part of the sample, a decrease in BS was
noticed, which may indicate the syneresis phenomenon of the sample during storage. As
the temperature of the BBB decreased after fermentation, syneresis occurred due to the
closer packing of starch granules [43]. An increase in BS was observed for fermented BG
after 7 days of storage. During the further storage period, no changes in BS were observed,
which indicates that the sample was stabilized. During the first week of storage, the pH of
fermented samples could have stabilized, which resulted in changes in their BS profile. The
higher availability of simple sugars due to the germination process used for BG could have
increased the stabilization time of bacterial cells involved in fermentation. The lower particle
size and higher viscosity of B in our study (Table 4) resulted in slightly higher stability, which
is consistent with the findings of studies conducted on other systems [40,44—46].
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Figure 1. The backscatter (BS) profiles as a function of sample height within 21 days at 6 °C for BBB.
Explanations: B/BG0, B/BG100, B/BG101, B/BG102—description as in Table 1.

The images of the studied nonfermented and fermented BBB stored for 21 days at 6 °C
are presented in Figure S1 in the Supplementary Material. During storage, delamination of the
samples was not observed and both tested types of beverages showed high storage stability.

The PSD values of B and BG before and after fermentation and after 21 days of
storage are given in Table 4. HPH used in the BBB production resulted in dispersions with
monomodal PSD (Figures S2 and S3 in the Supplementary Material) and with particles
smaller than dgg ~ 84 pm for B and dgg ~ 170 um for BG. Germination was the primary
factor affecting the PSD of the beverages (n? = 0.983). A higher Span and mean diameter
were observed in the nonfermented and fermented BG (Span ~ 2.24-2.35, d4 3 ~ 76.8-84.2)
compared to B (Span ~ 1.90-2.00, d43 ~ 38.2-47.0). Span values were used to indicate
the width of the distributions and d4 3 as an indicator of the presence of larger particles or
aggregates. The fermentation had a lesser effect (n? = 0.446) on the PSD of the BBB than the
germination. In BBB fermented with the ABY-3 (B/BG102) starter culture, a slight increase
in dg 3 from 43.0 to 47.0 um for B and from 81.5 to 82.9 pm for BG was observed.
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The finest particle fraction of the BBB was probably composed mainly of proteins and
oil bodies, whereas the largest particles were composed of the remains of cellular tissue
and particle aggregates [14]. Nongerminated beans have a hard and dry structure, which
allows more effective grinding during the processing and HPH. This results in a product
with a small particle size and low particle diversity. During germination, the structure
of the cell wall polysaccharides in legumes is modified, probably due to the intactness of
tissue histology and disruption in the protein—carbohydrate integration. This intensifies
cell wall biosynthesis and as a result, new dietary fiber is produced. As reported in a
previous study, the modifications in the cell walls of the germinated seeds include changes
in their physicochemical properties [47]. After germination, the beans have a more fibrous
structure, which reduces the grinding efficiency and results in a product with significantly
higher particle size.

Fermentation can affect the PSD of the products as the acidity of the products changes
during fermentation. The decrease in pH could lead to the rearrangement of particles such
as proteins and clusters on all length scales, causing particle fusion and an increase in
the size of the building blocks. Formation of large protein aggregates may occur during
fermentation, and this process may intensify during storage, resulting in the formation of
larger particle clusters and a decrease in the number of smaller particles [48,49].

The values of Span differed significantly between B and BG, but those for both types of
beverages showed a similar order of magnitude (~2). This indicates that the PSD of the BBB
was shaped primarily during the preparation process, especially due to HPH. Other researchers
have also reported that HPH increases the stability of plant-based beverages by disrupting
aggregates and lipid droplets and thus decreasing their PSD. Such an effect has previously been
observed for soy [50,51], hemp [40], almond, and hazelnut beverages [14] as well.

3.2. Rheological Analysis

Primary structure, external factors, and the time of observation are the parameters
determining the rheological character of a system [52]. The BBB showed a suspension
structure, which is attributable to solid particles of plant tissue of various sizes and bacterial
cells present in the starter cultures. Stability studies using Turbiscan showed that the forces
of interaction between the components of the colloidal suspension system of B and BG
stabilized the structure of the BBB and kept them intact against weak external forces, such
as the force of gravity. As deformation increases (e.g., during mixing or pumping through
the conduits), the shear forces may exceed the forces of the structure-forming interaction,
which leads to the reorganization of the original structure of the BBB.

In our evaluation of steady-state shear flow curves, it was assumed that each shear rate
corresponds to a certain equilibrium structure and equilibrium viscosity, which allowed us
to determine the relationship between the internal structure of multiphase liquid systems
of the BBB and their flow properties. The viscous flow (in the range of shear rate from 1 to
100 s~ 1) of the liquid dispersions of B and BG was well described by the Ostwald-de Waele
equation, which showed that all the BBB were shear-thinned fluids (n < 1.0) with no yield
stress. The Ostwald—de Waele model parameters determined by fitting the experimental
flow curves (r* ranging from 0.994 to 0.999) are shown in Table 4. The values of n and
k were significantly affected by germination and fermentation. The nonfermented and
fermented BG showed a significantly lower consistency index k, ranging from 21.9 to
28.2 Pa-s", compared to B (33.0-51.9 Pa-s"). After fermentation, a significant increase in k
was observed for BBB fermented with ABY-3 (B/BG102) starter culture (B—from 36.9 to
49.6 Pa-s", BG—from 25.7 to 28.2 Pa-s"). Fermentation with ABY-3 also influenced the flow
index n in BG as a significant reduction in n was noticed (from 0.12 to 0.07), whereas no
significant change in n was observed for B.

Based on the shear-thinning property of the BBB, it can be concluded that their struc-
tures were characterized by relatively low resistance to deformation and flow. Changes
in the shear rate made B and BG adopt new equilibrium structures in accordance with
the direction and duration of the action of shear forces. Hence, with the increase in the
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shear rate from 25 to 50 and 75 s, the viscosity of the nonfermented and fermented BBB
systems decreased on average from 2.24 to 1.18 and 0.81 Pa-s for B and from 1.30 to 0.69 and
0.47 Pa-s for BG, respectively (Table 4). The lower viscosity and shear-thinning values of
BG can be determined by PSD, which were significantly larger and had higher Span values
(Table 4). In addition, studies on food suspension systems indicate that coarse particles
have a flow-directional orientation [53].

The dispersed systems, in which a three-dimensional network of phases is observed,
exhibit viscoelastic properties as a function of particle sizes [54]. Analysis of the rheological
character of the BBB under dynamic shear conditions allowed us to obtain information on
their nature and behavior under the influence of slight deformations.

The length of the LVR of the elastic modulus (G’) can be used as a measure of sample
structure stability, since structural properties are in good correlation with elasticity. As
reported in a previous study, weakly flocculated and stable dispersions have longer linear
regions, whereas coagulated and strongly flocculated dispersions have relatively short
linear regions [1]. The values of LVR determined in our study are presented in Table 5. The
structure of the BBB was stable under low strains. The nonfermented and fermented B
had a higher G’ plateau than BG, which was 191-250 Pa for B and 86-163 Pa for BG. After
fermentation with starter cultures YO-MIX 207 (B101) and ABY-3 (B102), the G’ plateau was
significantly increased in nonstored B (from 193 to 205261 Pa) and significantly decreased
in all fermented (BG100, BG101, and BG102) and nonstored BG (from 163 to 98-138 Pa).

Table 5. Rheological parameters under oscillatory testing at 20 °C (including: LVR values obtained
in the amplitude sweep test at 1Hz; elastic (G’) and viscous (G”) moduli, complex viscosity *, and
tan(d) values at 1 Hz obtained at the frequency sweep test at strain 1%; and parameters obtained by a
power law (1*| = aHzP) equation of the curve in a log-log plot) for the BBB before and after 21 days
of storage.

s ) LVR Frequency Sweep. Values at 1 Hz log(*) = a + blog(Hz) at f <10 Hz
ample
Code’ G I(’Il,:t)ea“ v (%) G’ (Pa) G’ (Pa)  I*] (Pass) tan(s) [-) a b 2
BO 193 £25¢ 234042 2034 153d 24472 334 pabed 0.120 £ 0.004 2 1.52 +0.03 be —0.888 =+ 0.004 2bc 1.000 4 0.000 2
B100 183+ 11 21402 159 4433bd 29443 g4 gabed 01264+ 0.007°PC 142 +£0.11°¢  —0.889 +0.009 2 0.998 4 0.003 2
B101 2054+ 109f 284032 1984+ 16bd 24422  3p 4 3abd 0.120 + 0.001 2 1.52 +0.03 be —0.897 + 0.006 b¢ 0.998 + 0.002 2
B102 2614208 254032 229 4 37 bed 26 + 3 37 4 6bed 0.113 £ 0.004 2 1.58 +£0.07 4 —0.898 4 0.005 b* 0.999 + 0.002 2
BOs 191 + 16 e 204012 193 £452bcd 24 4490 3] fgabed (124 4 0.006 2P 1.50 = 0.09 be —0.902 4 0.009 © 0.996 + 0.004 2
B100s 176 + 5 20+01° 159 - 7 abed 204+13% 254123 0125+0.001% 142 +0.02°¢  —0.873 +0.0042¢  0.999 & 0.000 2
B101s 231 +14°8 23401 260 4324 29 43P 42+ 64 0.112 £ 0.002 2 1.63 4 0.05 4 —0.895 + 0.007 be 1.000 4 0.000 2
B102s 250 + 27 18 234023 246 + 51 <d 284+ 5P 39 £ 7cd 0.116 = 0.003 @ 1.60 + 0.08 4 —0.889 + 0.001 ¢ 1.000 = 0.000 @
BGO 163 £17bd 29402 1784 253bd  pp 4 53 pg 4 7abed (12640005 1564 0.09bc —0.889 4 0.001 b* 1.000 = 0.000 2
BG100 98 +222 30+01P 147 + 37 abe 19 + 42 24 4+ 83 0137 4 0.013 bed 1.24 £ 0.062 —0.850 + 0.005 2 0.998 4 0.001
BG101 112+182% 254012 113 4+ 232 16 + 3ab 18 +4° 0.144 + 0.004 4 1.27 £ 0.09 2 —0.875 + 0.005 2 0.997 +0.002
BG102 138 +10% 274052 135 + 27 ab 19 + 32 22 + 42b 0.143 4 0.003 <4 134 +0.092 —0.876 4+ 0.009 2> 0.999 + 0.000 2
BGOs 86+32 284052 108 +20° 16 +3° 17 £ 32 0.145 4 0.005 ¢ 1.26 +0.072 —0.851 + 0.008 0.998 4 0.001
BG100s 109 + 72 2.7 £0.12 11472 16+12 18+12 0.142 4 0.002 <4 1.28 £0.032 —0.853 4 0.004 2> 0.998 =+ 0.000 2
BG10ls  110+10%  25405% 105 4242 154+ 42 17 £52 0.149 + 0.011 9 1.25 +0.09 —0.857 + 0.008 @ 0.996 + 0.003
BG102s 108 + 102 2840249 108 £ 82 16+12 17+12 0.145 + 0.005 4 1.27 £ 0.012 —0.847 + 0.003 2 0.998 4 0.000 @
Statistics ANOVA, n2 [-]
G 0.792 0.350 0.509 0.425 0.508 0.715 0.714 0.456 ns
C 0.328 ns ns ns ns ns ns ns ns
S ns ns ns ns ns ns ns ns ns

abcdef g _mean values in columns denoted by different letters differ significantly (p < 0.05). ! Description as in
Table 1. Explanations: ns—non-significant; G—germination; C—starter culture; S—storage period; n2—coefficient
indicating the extent of the effect of factors G, C, and S.

Frequency sweep is a useful parameter to determine the viscoelastic properties of
a sample as a function of timescale. It is also used to estimate several parameters, such
as storage (elastic) modulus (G’) and viscous (loss) modulus (G”). G’ reflects the elastic
response of a material by measuring the energy stored in the sample during the shear
process, and G” reflects the viscous response of the material by measuring the energy
dissipated as heat [1]. To summarize, the frequency sweep curve gives a good rheological
description of how the product will behave during storage and application. Figure 2 shows
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the courses of mechanical spectra G/, G”, In*1, and tand for nonfermented and fermented
B and BG before (Figure 2a,b,e,f) and after storage (Figure 2¢,d,g,h). These figures are
presented in a double logarithmic coordinate system and cover a range of three decades of
oscillation frequency from f = 0.1 to 100 Hz (corresponding to w ~ 0.63-628 rad/s). The
mechanical spectra were obtained in the range of linear viscoelasticity (1% deformation), in
which the original structure of the beverages was intact.
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Figure 2. Mechanical spectra of germinated and non-germinated BBB presented graphically as
functional relationships G/, G”, In*|, and tand = f(Hz). Explanations: B/BGO0, B/BG100, B/BG101,
B/BG102—description as in Table 1.
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The type of structure of the BBB was precisely and unambiguously characterized by
the mechanical spectrum presented as a graph G/, G” = f (Hz). Both nonfermented and
fermented B and BG showed the character of a viscoelastic fluid with a colloidal suspension
structure before and after storage. As dispersions with the structure of an entanglement
network, a special feature of these viscoelastic liquids is the occurrence of a plateau in
the intermediate frequency range (up to f ~ 10 Hz), in which G’ assumes a transiently
constant value, characteristic of an elastic crosslinked state (Figure 2). In the literature on
rheology, this plateau is called the elastic plateau [55]. In the frequency range that involves
elastic plateaus, the G’ curve appears below the G curve. In contrast, in relatively higher
oscillation frequency ranges (third decade of the frequency from f > 10 Hz), to the right
of the elastic plateau, the values of G’ and G” modules become more dependent on the
oscillation frequency, and the G’ and G” curves follow the intersection at an oscillation
frequency of >100 Hz. This intersection point is considered the limit of the elastic plateau,
beyond which—i.e., when the curve exceeded in the range of even higher oscillation
frequencies—the G” curve will most likely run above the G’ curve [56]. This state of the
multiphase system of the BBB may reflect the interactions between coarse particles present
in the dispersed phase or additional energy dissipation processes resulting from the local
movements of elements or fragments of the structure.

In the frequency range in which elastic plateaus appear, small values of the tangent of
the loss angle tan(d) from 0.112 to 0.149 (Figure 2b,d,fh) express a relatively low contribution
of viscous properties in the viscoelastic properties of nonfermented and fermented B and BG.
The viscous features begin to appear in areas of higher oscillation frequencies, which leads to
a rapid increase in the tand—frequency relationship. The dominant role of viscous properties
in forming the viscoelastic properties of the BBB will most likely be observed at f > 10 Hz
(frequency range not covered by these tests) when the values of tand are >1.

The complex viscosity In*| decreases with increasing frequency in the frequency range
of the elastic plateau (Figure 2b,d,f,h), which means that the BBB exhibit the properties of
shear-thinning fluids. This behavior is like the one observed for these BBB in a viscous
flow. The values of the coefficients a and b of the line In*| = f(Hz) in a log-log plot in the
frequency range of the elastic plateau (Table 5) correlate with the values of k (consistency
coefficients) and 7 (flow index)—parameters of the Ostwald—de Waele equation describing
the flow curve (Table 4). The values of both k and a are significantly higher for B (k ~ 33-52,
a ~ 1.42-1.63) than that for BG (k ~ 22-28, a ~ 1.24-1.56). However, both n and b are
significantly lower for B (n ~ 0.07-0.08, b ~ —0.087-0.090) than for BG (n ~ 0.07-0.10;
b ~ —0.085-0.089).

A significant influence of the germination on the mechanical spectra G/, G, In*l,
and tan? for 1 Hz was noticed in the elastic plateau (Table 5). The values of G/, G”, and
In*| were significantly higher for the nonfermented and fermented B (G’ ~ 159-246 Pa,
G” ~20-29 Pa, In*| &~ 25-39 Pa-s) compared to the BG (G’ ~ 105-178 Pa, G” ~ 15-22 Pa,
In*| ~ 17-29 Pa-s). This finding may be impacted by the PSD of the tested samples. The B
that had a lower mean diameter dy 3 of the particles (Table 4) showed significantly higher
G’ and G” modules, and more complex viscosity In*| than BG.

With respect to the rheological properties, nonfermented and fermented B and BG
can be characterized as colloidal suspensions with the character of a viscoelastic fluid with
the elastic plateau and also with the shear-thinning behavior in the viscous flow. Previous
studies have reported similar rheological character for other liquid plant products [57,58]
and dispersions such as vegetable carbon and calcium carbonate suspended in water—
glycerol mixtures [59], glutenin suspensions [60], and cellulose suspensions [61].

4. Conclusions

The use of optical and rheological methods revealed that regardless of the starter
cultures used in the fermentation, the BBB were characterized by a light-yellow color, high
stability against dephasing during refrigerated storage, and the same rheological character.
As discussed earlier, being viscoelastic fluids with a colloidal suspension structure, a
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special feature of both nonfermented and fermented B and BG is the occurrence of the
elastic plateau in the intermediate frequency range (up to f ~ 10 Hz), in which the BBB
had a relatively low contribution of viscous properties. The viscous flow of both B and BG
liquid dispersions was well described by the Ostwald—de Waele equation, which indicates
that all the BBB are shear-thinned fluids with no yield stress; thus, the viscosity of the
beverages decreased with an increase in shear forces.

The findings of our study demonstrate that germination is the crucial process that
determines the values of selected rheological parameters (such as the parameters of the
Ostwald—de-Waele model k and n, the viscosity at shear rate of 25, 50, and 75 s 1, LVR,
elastic (G'), and viscous (G”) moduli, complex viscosity * and tan(8) values at 1 Hz), and
the TSI of the obtained beverages. This is directly related to the differences in the particle
size of the particulate matter obtained by HPH of nongerminated and germinated BBB.
Hence, the higher values of brightness and TSI as well as the lower values of viscosity
and elastic and viscous moduli observed for BG can be explained by the PSD of the tested
samples, i.e., significantly larger particles and higher Span than for B.

The applied optical and rheological methods allowed to conclude that HPH and
germination mainly affected the properties of the tested plant tissue, which has a direct
impact on the properties of the final products. Further research on the properties of
plant-based beverages made from other plant materials is needed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/s22218348 /51, Figure S1: The tested bean-based beverages before and
after 21 days of storage period at 6 °C; Figure S2: The particle size distribution of the nongerminated
bean-based beverages; Figure S3: The particle size distribution of the germinated bean-based beverages.
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Use of natural biotechnological
processes to modify the nutritional
properties of bean-based

and lentil-based beverages

Patrycja Cichoriska'*, Joanna Brys? & Malgorzata Ziarno?

The market for plant-based beverages (PBBs) is relatively new; hence, to enable its further
development, it is important to use new raw materials and improve production technology. The use
of natural biotechnological processes can diversify the segment of PBBs, which may offer products
with better functionality than those available in the market. Therefore, the present study aimed to
determine the effects of fermentation and germination on the nutritional properties of bean-based
beverages (BBs) and lentil-based beverages (LBs). The applied processes significantly (p <0.05)
influenced the characteristics of PBBs. Fermentation improved the antioxidant properties (e.qg., by
increasing the level of 1,1-diphenyl-2-picrylhydrazyl radical scavenging activity by 2-6% and 3-7%
for BBs and LBs, respectively) and modified the fatty acid (FA) profile of PBBs. This process increased
the share of polyunsaturated FAs in the sn2 position in triacylglycerols, which may promote its
absorption in the intestine. The simultaneous use of germination and fermentation was most effective
in decreasing oligosaccharide content (<1.55 mg/kg), which may reduce digestive discomfort after
consuming PBBs. We recommend that the designing of innovative legume-based beverages should
include the application of fermentation and germination to obtain products with probiotic bacteria
and improved nutritional properties.

Natural biotechnological processes have been used for centuries to increase the nutritional value of foods
and extend their shelf life. It is hypothesized that as farming started to replace hunting and gathering around
10,000 years ago, humans began to produce fermented foods and beverages'. Sprouting (also known as germina-
tion) of seeds has been known for a very long time, mainly in Eastern countries where germinated plants have
been used in traditional cuisine®. Presently, these techniques are being successfully used to process plant and
animal products®*; thus, it may be beneficial to use these techniques to produce novel healthy foods.

Plant-based diets are becoming increasingly popular in the global food market; consequently, plant-based
substitutes for animal products are in great demand’. The most popular products in this food group are milk
substitutes, which are also known as plant-based beverages (PBBs). PBBs are water-soluble extracts of shredded
plant materials (e.g., legumes, seeds, cereals, pseudocereals, and nuts) in the form of colloidal suspensions or
emulsions®’. Among the nondairy matrices, legumes are the least explored ones, with the majority of studies
focused on soybean alone>®. However, the market share of soy beverages is decreasing because of health concerns
related to genetically modified organisms, allergens, high levels of isoflavones, and CO, footprint’. Thus, there is
an opportunity to expand and diversify this segment by using other legumes that may provide better functionality
and nutrition than soy. Hence, it is necessary to gain more knowledge regarding the processing, functionality,
and health benefits and risks of beverages prepared using other legumes'.

Currently, legume consumption is minimal because of limitations such as taste, availability, flatulence factor,
and lack of knowledge regarding the preparation process. Designing new legume-based beverages is a beneficial
approach that can overcome these limitations by offering modern convenience food'’. Various methods have
been used to improve the properties of legumes, such as soaking, cooking, fermentation, and germination'.
The use of these processes, particularly in combination, can provide improved nutritional value, aroma, taste,
texture, stability, and safety against microbial contamination”!2.

IDepartment of Food Technology and Assessment, Institute of Food Science, Warsaw University of Life Sciences
- SGGW (WULS-SGGW), Nowoursynowska 159C St., 020776 Warsaw, Poland. 2Department of Chemistry,
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The market for PBBs is relatively new; therefore, to enable its further growth and development, it is essential
to improve the technology of producing PBBs. A goal of the food industry is to develop new, ecofriendly process-
ing strategies to reduce energy consumption and maximize the value of raw materials'®. The answer to this may
be the use of natural biotechnological processes such as germination and fermentation, which can increase the
attractiveness of legume-based beverages and does not require the use of technologies with limited industrial
application due to high energy consumption and cost related to complex equipment purchase!>!*,

Previous research on the properties of legume-based beverages other than those made from soybean does
not provide clear recommendations on using processes to improve product properties and overcoming barriers
to their consumption. Moreover, to date, the effects of a combination of different biotechnological processes on
the properties of bean-based beverages (BBs) and lentil-based beverages (LBs) have not been studied. The study
focused on a BBs and LBs due to their potential to produce highly nutritious PBBs from legumes other than soy.
This is the result of the high content of protein, carbohydrates, dietary fiber, and bioactive ingredients (such as
polyphenols) in beans and lentils'®!!. We believe that these legumes hold promise in addressing the growing
demand for sustainable and nutritious food alternatives, due to their nutritional richness, diversity, cultural
significance, availability, and the potential for further advancement in the development of protein-enriched
plant-based foods. Therefore, the present study aimed to assess the possibility of using natural biotechnological
processes, i.e., fermentation and germination, to improve the nutritional properties of BBs and LBs. The influ-
ence of the studied processes on fermentation (pH and population of lactobacilli and bifidobacteria), nutritional
profile (carbohydrate content, total share of fatty acids, fatty acid profile, and positional distribution of fatty acids
in triacylglycerols (TAGs)), and antioxidant properties (total phenolic content and 1,1-diphenyl-2-picrylhydrazyl
(DPPH) radical scavenging activity (RSA)) of BB and LB was analyzed. The changes in the tested properties of
the PBBs after their production and after 21 days of refrigerated storage at 6 °C were analyzed. This study also
aimed to offer recommendations for the use of fermentation and germination for producing innovative legume-
based beverages.

Materials and methods

Materials and experimental design

The PBBs used in our study were prepared from white kidney beans “Piekny Ja§ Kartowy” (Lestello Sp. z o.0.,
Cmolas, Poland) and brown lentils (Natural Expert, Bialystok, Poland). The nutritional values of the tested beans
and lentils are shown in Supplementary Table S1 online, according to the product label.

Three industrial freeze-dried starter cultures were used: Beaugel Soja 1 (Ets Coquard, Villefranche-sur-Sadne,
France), which comprised Lactobacillus casei (currently classified as Lacticaseibacillus casei), Streptococcus ther-
mophilus, and Lactobacillus delbrueckii subsp. bulgaricus; YO-MIX 207 LYO 500 DCU (DuPont™ Danisco, Copen-
hagen, Denmark), which comprised S. thermophilus, L. delbrueckii subsp. bulgaricus, Lactobacillus acidophilus,
and Bifidobacterium lactis; and ABY-3 (Chr. Hansen, Horsholm, Denmark), which comprised L. acidophilus
La-5, Bifidobacterium animalis subsp. lactis BB-12, S. thermophilus, and L. delbrueckii subsp. bulgaricus. These
starter cultures were selected to determine the differences between fermentation with a starter culture containing
basic yoghurt bacteria (Beaugel Soja 1) and fermentation with starter cultures enriched with different strains of
bifidobacteria (YO-MIX 207 and ABY-3).

Two variants of each PBB were prepared: from germinated (G) and non-G beans and lentils. The experimen-
tal design used in the study was based on three factors: germination, starter culture used for fermentation, and
storage period at 6 °C (Table 1). The experiment was conducted in duplicate. Supplementary Table S2 online

Sample code Germination | Fermentation | Storageat6°C
BBO/LBO - - -
BB100/LB100 - Beaugel Soja 1 | —
BB101/LB101 - YO-MIX 207 -
BB102/LB102 - ABY-3 -
BB0s/LBOs - - 21 days
BB100s/LB100s - Beaugel Soja 1 | 21 days
BB101s/LB101s - YO-MIX 207 21 days
BB102s/LB102s - ABY-3 21 days
BBGO/LBGO + - -
BBG100/LBG100 + Beaugel Sojal | —
BBG101/LBG101 + YO-MIX 207 -
BBG102/LBG102 + ABY-3 -
BBGOs/LBGOs + - 21 days
BBG100s/LBG100s + Beaugel Soja 1 | 21 days
BBG101s/LBG101s | + YO-MIX 207 | 21 days
BBG102s/LBG102s + ABY-3 21 days

Table 1. The explanation of the sample codes for tested PBBs.
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shows the physicochemical characteristics of basic PBBs derived from G beans (BBG), non-G beans (BB), G
lentils (LBG), and non-G lentils (LB).

Preparation of PBBs

Germination was performed in a sprouter at 25 °C for 72 h (water was changed every 24 h). G and non-G beans
and lentils were sterilized at 121 °C for 15 min, mixed with drinking water at the ratio of 1:9 (m/m), and blended
until a homogeneous mass was obtained. The resulting mass was filtered through a sieve with 0.1 mm mesh size
and then homogenized using the laboratory mixer L4R (Silverson, Chesham, UK). The prepared PBBs were then
sterilized at 121 °C for 15 min.

Fermentation of PBBs

Inoculums were prepared by dissolving the freeze-dried starter cultures in a sterile saline solution. The PBBs
were inoculated with 1.0% (m/m) of starter cultures (final cell density of around 6-7 log CFU/mL) and incubated
at 45 °C for 6 h. After fermentation, the PBBs were refrigerated at 6 °C and stored for 21 days. The non-stored
PBBs were frozen at — 18 °C until analysis.

Active acidity and microflora population analysis
The active acidity was determined by measuring the pH of the PBBs using a calibrated digital CPO-505 pH meter
(Elmetron, Zabrze, Poland). The measurement was conducted twice.

Microflora population was analyzed by the culture method in Petri dishes. De Man, Rogosa, and Sharpe
(MRS) agar (Merck, Darmstadt, Germany) was used to determine the viable population of lactobacilli. M17 agar
(Merck) was used to determine the viable population of S. thermophilus. Bifidus Selective Medium (BSM) agar
(Merck) was used to determine the viable population of bifidobacteria. The measurement was conducted twice.
Petri dishes were incubated at 37 °C for 72 h under aerobic conditions for M17 medium and under anaerobic
conditions for MRS and BSM media. After incubation, the number of colonies was counted, and CFU/mL was
calculated. The result was expressed as a logarithm of the total cell count.

Carbohydrate content of PBBs

The carbohydrate content was determined by high-performance liquid chromatography (HPLC) coupled with a
refractive index detector (RID). The sample was prepared according to the method of Ziarno et al.'> without any
modifications. The analytes were separated using an HPLC kit equipped with DeltaChrom™ pumps, an S 6020
needle injection valve dosing loop (Sykam, Fiirstenfeldbruck, Germany), a DeltaChrom™ temperature control
unit column temperature controller (Sykam), and a 05397-51 Cosmosil Sugar-D column (250 x 4.6 mm, 5 pm;
Cosmosil, Nacalai Tesque, Kyoto, Japan) secured by a pre-column 05394-81 Cosmosil Guard Column Sugar-D
(10x4.6 mm, 5 um, Cosmosil). The analytes were detected with an S3580 RID (Sykam). The chromatographic
analysis parameters were the same as those described by Ziarno et al.'® without any modifications. The analysis
was performed in duplicate. After the analysis, the carbohydrates were identified by comparison with the reten-
tion times of selected carbohydrate standards, including glucose, sucrose, raffinose, stachyose, and verbascose
(Sigma-Aldrich, Burlington, VT, USA).

Analysis of antioxidant properties

The antioxidant properties of the PBBs were analyzed by determining total phenolic content (TPC) and the level
of DPPH RSA according to the method of Zhao and Shah'® with some modifications. The PBB extracts were
prepared by mixing 2 mL of the sample with 4 mL of 80% methanol; the extract was then vortexed for 1 min and
centrifuged in an MPW-350R centrifuge (MPW Med. Instruments) at 4000 x g for 20 min at 4 °C. The precipitate
was then extracted twice with 2 mL of 80% methanol, and the supernatants were pooled. All supernatants were
filtered through a syringe filter (Merck) with 0.45 um pore size and were used as the antioxidant extracts (AEs)
to estimate TPC and DPPH RSA.

TPC (analyzed by the Folin-Ciocalteu method) and the efficiency of the PBBs to scavenge DPPH radicals
were determined according to the method of Zhao and Shah'® without any modifications. The analyses were
performed in duplicate. TPC was estimated by comparing the absorbance of the AEs with a calibration curve
constructed using a gallic acid standard (0.5-2.5 mg/mL) and was expressed as milligrams of gallic acid (GAE)/
mL of PBBs. RSA was expressed as percent DPPH inhibition using the following Eq. (1):

DPPH RSA (%) = [(Ao— As)/Ap] x 100, (1)

where A, is the absorbance of a methanolic solution of DPPH radicals without sample extract and A is the
absorbance of PBBs.

Analysis of fatty acid (FAs) profile

The PBBs were first extracted using the Folch method!”. The FAs profile was analyzed according to the method
of Ziarno et al.'® by using a gas chromatography system (YL6100 GC) with an installed flame ionization detec-
tor (Young Lin Instrument Co., Ltd., Anyang, Korea) and a MEGA-10 capillary column (ID 0.25 mm, film
thickness 0.25 pm, length 60 m, MEGA S.r.l., Legnano, Italy). FAs were detected based on the retention time by
comparison with a selected external standard (Fatty Acid Methyl Esters Standard Mixture, Merck). The analysis
was performed in duplicate. The share of the analyzed FA in the FA profile was estimated by determining the
area of the peaks in the chromatogram. The analysis was performed for basic PBBs obtained from G and non-G
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beans and lentils and for beverages fermented with the ABY-3 starter culture, which showed the highest acidi-
fication activity.

Analysis of the positional distribution of FAs in TAGs

The hydrolysis of TAGs and the analysis of the positional distribution of FAs in TAGs were conducted and cal-
culated according to the method of Ziarno et al.'® without any modifications. The analysis was performed for
basic PBBs obtained from G and non-G beans and lentils and for beverages fermented with the ABY-3 starter
culture (BB102/LB102, BB102s/LB102s, BBG102/LBG102, and BBG102s/LBG102s), which showed the highest
acidification activity.

Statistical analysis

Statistica version 13.1 software (StatSoft, Krakow, Poland) was used to analyze the data obtained in the experi-
ments. Analysis of variance (ANOVA) was performed to determine the effect of germination (GM), fermenta-
tion (C), and storage (S) on the obtained results. Differences were considered significant at a=0.05 based on
Tukey’s test.

Results and discussion

Active acidity and viable bacterial population

Legume-based beverages provide a favorable matrix for fermentation; however, the process typically requires a
longer time (approximately 12-48 h) for completion as compared to milk fermentation (approximately 4-6 h)5*°.
During the fermentation of food (including milk and milk substitutes), it is beneficial to maintain pH in the range
of 4.3-4.7; an acidic pH can protect the product from microbial contamination and retain favorable organoleptic
properties related to the concentration of organic acids and other flavor-forming components?»*'.

Table 2 shows the pH values and the population of lactic acid bacteria (LAB) and bifidobacteria in the tested
PBBs. All fermented samples of PBBs showed a significant decrease in pH, which indicated the metabolic activity
of microorganisms in all tested starter cultures. In all tested PBBs, no significant changes in pH were observed
after storage. Fermentation was the primary factor that affected the obtained values (n? = 0.925-0.989).

At the time of consumption, probiotic products must contain an adequate number of viable cells, ranging
from at least 10° to 10" CFU/mL, to exert their beneficial effects?'. Here, by using the starter cultures YO-MIX
207 (BB/LB/BBG/LBG101) and ABY-3 (BB/ LB/BBG/LBG102), the recommended number of viable cells of the
genera Lactobacillus, Streptococcus, and Bifidobacterium was achieved after fermentation of all tested samples
(BBs/LBs and BBGs/LBGs) (Table 2). Most of these samples did not show a decrease in the bacterial popula-
tion below 107 CFU/mL during the storage period. The BB100, BBG100, and LB100 samples fermented with
the Beaugel Soja 1 starter culture did not reach the recommended Lactobacillus cell count and showed values of
5.99, 5.86, and 5.73 log;, CFU/mL, respectively. All the tested samples of PBBs showed no significant effect of
germination on the population of LAB and bifidobacteria. The 21-day refrigerated storage period also had no
significant effect on the pH of all tested samples; however, it showed a slight effect (n> = 0.211-0.358) on changes
in the viable population of bacteria.

In the present study, the required population level of LAB and bifidobacteria and the pH value recommended
for fermented beverages were achieved for most of the tested samples. Moreover, these values were obtained
by fermentation performed for 6 h. Most of the PBBs described in the literature exhibited a lower acidification
rate, slow growth of probiotic bacteria, and prolonged fermentation time due to the low concentration of solu-
ble carbohydrates!>?!. A short fermentation time is more efficient and economically advantageous for use on a
production scale.

G and non-G BBs and LBs fermented with the Beaugel Soja 1 starter culture showed a lower efficiency in
obtaining the recommended pH and level of the bacterial population. This starter culture was the least diverse
one with regard to microbial species and contained only Lactobacillus and Streptococcus. The other tested starter
cultures (YO-MIX 207 and ABY-3) also contained the genus Bifidobacterium; this finding indicates that a greater
diversity of microflora in the starter culture is conducive to a more effective fermentation of PBBs. This phenom-
enon may be due to the synergistic activities of microorganisms in complex starter cultures and the metabolism
of carbohydrates in legumes. According to Adamberg et al.??, the strain balance and activities of microorgan-
isms are determined by an interplay of different factors between consortium members, such as antagonism,
competition for substrates, and symbiosis by cross-feeding. In their study, the authors showed that the growth
of L. paracasei F8 was enhanced in the presence of B. breve 46. Similarly, in our study, a reduced concentration
of Lactobacillus cells was observed only in samples fermented using the Beaugel Soja 1 starter culture, which
did not contain bifidobacteria.

The samples fermented with Beaugel Soja 1 also had the slowest rate of pH decrease. According to Pokusaev
et al.??, bifidobacteria metabolize carbohydrates more efficiently than LAB. The bifidobacterial pathway yields
2.5 mol of ATP, 1.5 mol of acetate, and 1 mol of lactate from 1 mol of fermented glucose. Homofermentative LAB
produce 2 mol of ATP and 2 mol of lactic acid from 1 mol of glucose, while heterofermentative LAB produce
1 mol each of lactic acid, ethanol, and ATP from 1 mol of fermented glucose. Efficient milk fermentation can
be achieved using the classic yogurt culture, which is characterized by protosymbiosis between Streptococcus
thermophilus and L. delbrueckii subsp. bulgaricus®'. The present study shows that for the fermentation of plant-
based beverages, it is more effective to use starter cultures enriched with bifidobacteria, which can enhance
fermentation rate and microbial proliferation.
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Bacteria population [logl0 CFU/mL]
Sample code! | pH Lactobacilli | S. thermophilus | Bifidobacteria
Bean-based beverages
BBO 6.03+£0.32° nd nd nd
BB100 4.79+0.17* 5.99+0.05° |9.60+0.07¢ nd
BB101 4.59+0.36° 7.17+0.06% | 8.16+0.13%¢ 8.07+0.22°
BB102 4.39+0.25 7.50+0.02% |9.53+0.18¢ 7.86+0.08%
BBOs 5.96+0.38" nd nd nd
BB100s 473025 525+021* |6.87+0.11° nd
BB101s 4.39+0.55 7.28+0.09% | 8.18+0.23¢ 7.52+0.13%
BB102s 4.38+0.26 7.49+0.04% | 7.72+0.09° 7.43+0.24°
BBGO 6.35+0.06" nd nd nd
BBG100 4.74+0.24° 5.86+0.11° | 7.72+0.18° nd
BBG101 4.30+0.07* 7.17+0.18¢ | 8.08+0.20% 7.76£0.13*
BBG102 4.27+0.22° 7.73£0.11% | 7.72+0.17° 7.72+0.18®
BBGOs 6.30+0.02° nd nd nd
BBG100s 4.72+0.06 5.15+0.07* | 6.14+0.19* nd
BBG101s 4.40+0.18* 7.47+0.09% | 8.32+0.18¢ 7.74+0.14%
BBG102s 4.3140.13* 7.03£0.08° | 7.71+0.11¢ 7.42+0.13
Statistics ANOVA. n? [-]
GM ns ns ns ns
C 0.925 0.995 0.969 0.999
S ns 0.211 0.265 0.261
Lentil-based beverages
LBO 6.36+0.08° nd nd nd
LB100 4.36+0.04«0 | 5.73+£0.10° | 8.60+0.08° nd
LB101 4.43+0.02°¢ | 6.15£0.17 | 7.65+0.19¢ 6.89+0.06
LB102 4.38+0.01°¢ | 6.34+0.10¢ | 8.62+0.11° 6.75+0.14*
LBOs 6.27£0.03¢ nd nd nd
LB100s 4.67+0.08¢ 5.87+0.18% | 7.28+0.18° nd
LB101s 4.46+0.08°¢ | 7.23+0.15¢ | 7.69+£0.13%¢ 8.02+0.12%
LB102s 4.37+0.11%¢ | 7.30+£0.16% | 5.82+0.29° 7.69+0.11%
LBGO 6.39+0.03¢ nd nd nd
LBG100 45120214 | 6.78+0.17% | 7.75+£0.14¢ nd
LBG101 4.19+0.01* 7.75+0.088" | 7.62+0.17%¢ 7.5240.13°
LBG102 421+021% |7.80+0.15" | 7.88+0.04¢ 7.47 £0.20°
LBGOs 6.26+0.05¢ nd nd nd
LBG100s 4.58+0.07°¢ | 6.67+0.16% | 7.49+0.01¢ nd
LBG101s 425+0.07% |559+0.16* |6.74+0.21° 6.83+0.12
LBG102s 4.14+0.04* 7.66+0.06%" | 7.25+0.12% 6.64+0.09*
Statistics ANOVA. n? [-]
GM 0.347 ns ns ns
C 0.989 0.969 0.978 0.992
S ns ns 0.358 ns

Table 2. The pH and population of lactic acid bacteria and bifidobacteria in the tested PBBs. Table shows
mean values and standard deviations (SD) range, and statistics ANOVA (n*—coeflicient indicating the extent
of the effect of factors G, C and S). nd not detected, ns non-significant, G germination, C starter culture,
storage period. All analyses were made in duplicate. *>>¢¢tehMean values in columns denoted by different
letters differ significantly (p<0.05). ' Description as in Table 1.

Carbohydrate content

Carbohydrates are the main component of legumes (55-65%) and consist mainly of starch, monosaccharides,
disaccharides, and a-galactosides®. Humans and monogastric animals lack a-galactosidase required to hydrolyze
a(1 — 6)glycosidic linkages; consequently, oligosaccharides remain undigested in their upper gastrointestinal
tract. The undigested oligosaccharides are responsible for digestive discomfort?; therefore, it is desirable to
remove these oligosaccharides during the production of legume-based products.
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Table 3 shows the content of carbohydrates in the tested PBBs. BBs and BBGs showed the highest glucose
content among all the carbohydrates tested. In BBs, germination was the primary factor that influenced the
changes in the concentrations of glucose, sucrose, stachyose, and verbascose (i >0.825). The germination process
significantly reduced the content of glucose, sucrose, and verbascose and increased the content of stachyose.
Fermentation with different starter cultures showed the greatest effect on reducing glucose and sucrose content
in most of the tested BB and BBG samples; this decrease was directly caused by the metabolic activity of micro-
organisms present in the starter cultures used for fermentation.

Carbohydrates content [mg/kg]
Sample code! | Glucose Sucrose ‘ Raffinose Stachyose Verbascose
Bean-based beverages
BBO 6.53+0.10 3.40+0.241 0.60+0.11* | 0.62+0.04* 1.62+0.03%
BB100 4.7340.29° 2.67+0.10¢ [0.58+0.12* | 0.5140.03* 1.56+0.09%
BB101 433+0.17° 2.11+0.33%% | 0.58+0.11° | 0.41+0.01° 1.47 +0.05>
BB102 429+0.12¢ 2.16+0.45% | 0.50+£0.03* | 0.44+0.01° 1.59+0.11%
BBOs 6.93+0.28 2.99+0.03¢  |0.59+£0.04* | 0.65+0.08 1.51+0.02°
BB100s 6.37+0.53f 2.20+0.12%% | 0.74+0.16° 0.64+0.07® 1.41+0.01°
BB101s 5.97+0.13f 2.16+0.23%% | 0.57+0.05° | 0.56+0.08" 1.69+0.12¢
BB102s 4.87+0.41° 1.59+0.37>¢ | 0.55+0.09° | 0.40+0.08" 1.55+0.08
BBGO 2.58+0.42% | 2.47+0.17% | 0.61+0.02* 1.68+0.29° 0.25+0.08*
BBG100 2.25+0.31%¢ 1 0.91+0.18° | 0.33£0.06 1.18+0.09¢ | 0.27+0.09*
BBG101 1.40£0.02° | 1.45+0.14> | 0.48+0.09° 1.55+0.13< | 0.21+0.01°
BBG102 221+0.07°4 | 1.02+£0.31® | 0.59+0.22° 1.22+£0.02¢% | 0.22+0.01°
BBGOs 3.03+0.13¢ | 2.46+0.16% |0.62+0.05 |1.67+0.09¢ |nd
BBG100s 2.94+0.10¢ 0.79+0.06® | 0.55+0.12° 1.59+0.03% | nd
BBG101s 1.09+0.25° 0.79+0.01® | 0.61£0.04* | 1.09£0.05> |0.19£0.07*
BBG102s 1.89+0.05% | 0.32+0.11° 0.53+0.14% 1.30+£0.22¢% | nd
Statistics ANOVA. n? [-]
GM 0.918 0.825 ns 0.899 0.984
C 0.619 0.836 ns 0.394 ns
S 0.266 0.321 ns ns 0.254
Lentil-based beverages
LBO 12.49+0.65" |1.20£0.91° | 0.25+0.06*° | 1.15+0.16° 2.65+0.16"
LB100 11.53+0.528" | 1.22+0.01¢ 0.25+0.04* 0.87+0.10%<¢ [ 2.24+0.14'8"
LB101 8.48+0.49" 0.50£0.05° | 0.19+£0.01*° | 0.86+0.19**¢ |2.45+0.158"
LB102 4.68+0.14° 0.40+£0.03® | 0.18+0.01* | 0.89+0.12% | 2.24+0.08%"
LBOs 10.29+0.25¢ | 1.08+£0.04° | 0.23+£0.03* | 1.09+0.07° 1.78 +£0.06¢%
LB100s 6.33£0.28>¢ | 0.33+0.08° |0.25+0.02* 1.00+0.03¢ 1.40+0.05%
LB101s 2.57+0.64° 0.31+£0.01® | 0.14£0.01° |0.99+0.07°¢ | 1.64%0.07¢f
LB102s 2.53+0.57* 0.35£0.07® | 0.12+£0.03* | 0.97+0.09%¢ | 1.60+0.14%f
LBGO 821+0.24% | 1.21+0.05° |0.91+0.12% |1.19+0.07 0.90+0.03b¢
LBG100 6.19+£0.08>¢ | 0.21+0.08° | 0.68+0.06"¢ | 1.08+0.03¢ nd
LBG101 5.86+0.16° | 0.52+0.03> [0.71+0.08>¢ | 0.98+0.08 | 0.31+0.01®
LBG102 6.76+0.33%% | 0.38+0.08® |0.73+0.12* | 0.61+£0.03 |nd
LBGOs 7.79+0.60% | 1.07£0.04° | 0.99+0.02¢ 1.01+0.02¢ 0.78 £0.06%¢
LBG100s 6.25+0.31°¢ | 0.36+0.08® |0.61+0.03> | 1.13+0.09° 0.43+0.06®
LBG101s 6.49+0.42°% |0.49+0.02> |0.50+0.05> |0.55+0.03* 0.17+0.06"
LBG102s 6.79+0.62°% 1 0.39+0.03® |0.78+0.08% |0.59+0.08° |nd
Statistics ANOVA. n? [-]
GM ns ns 0.905 ns 0.901
C 0.487 0.714 0.440 0.468 0.389
S 0.219 ns ns ns 0.312

Table 3. Carbohydrates content in the tested PBBs. Table shows mean values and standard deviations (SD)
range, and statistics ANOVA (n?*—coeflicient indicating the extent of the effect of factors G, C and S). nd
not detected, ns non-significant, G germination, C starter culture, S storage period. All analyses were made
in duplicate. *><defehiMean values in columns denoted by different letters differ significantly (p <0.05).

'Description as in Table 1.
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LBs and LBGs also exhibited the highest glucose content among all the carbohydrates tested; however, com-
pared to BBO and BGO, the glucose content was almost twofold higher for LBO (12.49 mg/kg) and more than
threefold higher for LGO (8.21 mg/kg), respectively (Table 3). Fermentation with different starter cultures was
the main factor that affected the content of glucose (n?=0.487) and sucrose (n>*=0.487) in LBs and led to a sig-
nificant decrease in the content of these carbohydrates. In LBs, germination significantly reduced verbascose
content and increased stachyose content, while fermentation significantly reduced the content of all the tested
oligosaccharides. In all tested PBBs, the refrigerated storage period had the least effect on modifying the content
of the analyzed carbohydrates.

According to Nkhata et al.”’, the effect of germination on carbohydrates is largely dependent on the activa-
tion of hydrolytic and amylolytic enzymes; these enzymes decrease starch content and increase the content of
simple sugars. Germination improves the digestibility of legumes by activating endogenous enzymes such as
a-amylase. However, in the present study, germination led to a significant decrease in glucose content in the
tested PBBs. The presence of glucose in the tested PBBs may result not only from the germination process used
but also from other processing steps, including grinding. Ineffective grinding of the legumes may lead to a mass
with a large particle size that will be retained on the sieves during the filtration process and will not be included
in the beverage solution. This could reduce the concentration of dry matter in beverages and further result in a
lower concentration of sugars®>?. Previous studies have shown that germinated BBs have a higher span and mean
diameter d, ; (span = 2.24-2.35, d, ; = 76.8-84.2) than non-germinated BBs (span =~ 1.90-2.00, d, ; = 38.2-47.0)*".
This indicates the presence of larger particles or aggregates in the germinated beverage, which may directly result
from the lower efficiency of the filtration process. The formation of protein aggregates is mainly observed in
solutions prepared from legumes®!. Germination leads to an increase in the availability of proteins®?, which may
result in more intensive formation of aggregates and, consequently, less effective grinding and filtration processes.
Zahir et al.*® also observed the most intensive formation of protein aggregates in samples of germinated soybean
preparations as compared to that in non-germinated ones.

TPC and antioxidant capacity

Free radicals, reactive oxygen species, and reactive nitrogen species are generated by our body through various
endogenous systems when exposed to different physiochemical or pathological conditions*. The use of various
processing techniques, including germination and fermentation, may increase the TPC and antioxidant capacity
of legumes following a reduction in the anti-nutritional factors (ANFs) and the production of new components
with antioxidant properties®>*®. We are also aware that the total phenolic content theoretically, but not neces-
sarily, correlates with the antioxidant activity, although this is widely accepted as a screening parameter. The
Folin-Ciocalteu method to quantify TPC has some limitations. This test is sensitive to pH, temperature, and
reaction time as well as to inorganic and nonphenolic organic compounds (including reducing sugars) that react
with the Folin reagent, thereby underestimating the phenol content®’.

Figure 1 shows the TPC of the tested BBs (A) and LBs (B) and DPPH RSA of the tested BBs (C) and LBs (D).
The results suggest that fermentation, choice of starter culture, germination, and storage conditions play crucial
roles in determining the TPC of both BBs and LBs. These findings highlight the importance of these factors in
modulating the antioxidant potential and potential health benefits of the tested products. The TPC of the base
LB was twice as high as that of the base BB, which confirms the previous report that lentils naturally contain
higher levels of phenolic compounds than beans®**’. Fermentation with the three different starter cultures was
the primary factor that influenced the TPC of the tested PBBs (n>=0.652 for BBs and 0.651 for LBs). Fermenta-
tion with the starter culture ABY-3 (BB/BBG/LB/LBG102) was the most effective process. The present study
showed that the refrigerated storage period significantly reduced the TPC in BBs, as indicated by the coefficient
of determination (n2) value of 0.505. However, the refrigerated storage period did not affect the results obtained
for LBs, thus implying that the phenolic content in LBs remained stable during refrigeration.

All the tested PBBs exhibited a relatively high DPPH scavenging capability (>83%) (Fig. 1). The base BB and
LB showed a similar ability to scavenge DPPH radicals (~85%). Fermentation with the three different starter
cultures was the primary factor that influenced the DPPH RSA of the tested PBBs (n?=0.601 and 0.752 for BBs
and LBs, respectively). Similar to the results obtained for TPC, fermentation with the starter culture ABY-3 (BB/
BBG/LB/LBG102) was the most effective process. Germination significantly affected the obtained results only
for the BBs (n*=0.285). Refrigerated storage had no effect on the DPPH RSA of all tested PBBs. This might be
due to the presence of microorganisms and their metabolic activity, which also occurs during storage. LAB and
bifidobacteria can produce bioactive peptides that increase the antioxidant capacity of the product*®*!. Bioactive
peptides are short amino acid sequences released from proteins by proteolysis, which are generated by enzymes
produced by microorganisms*2. Heydari et al.** studied the effects of Iranian probiotic and commercial strains
that included B. lactis, L. acidophilus, and L. casei on the functional properties of a water-soluble peptide extract.
The tested microorganisms showed proteolytic activity during the 28-day cold storage period and significantly
affected the formation of antioxidant, antimutagen and antibacterial peptides.

In the present study, the tested PBBs exhibited antioxidant properties derived from TPC and DPPH RSA.
Compared to TPC, the DPPH RSA of the tested PBBs was more stable after the application of biotechnological
processes and storage. This finding suggests that not only phenolic components but also other ingredients such
as ascorbate, tocopherols, or carotenoids are responsible for the DPPH RSA of the studied PBBs*.

Fermentation was the primary factor that increased the TPC and DPPH RSA of the tested samples. Regard-
less of whether microbial fermentation is performed using fungi, yeasts, or bacteria, it affects the content of
phenolic compounds in foods; moreover, metabolic activities are specific to the involved species or strains and
depend on their array of enzymes. Among the fermented legumes, phenolic acid decarboxylase and esterase
activities were reported in fermented cowpeas, lentils, and chickpeas®. In the present study, fermentation using
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Figure 1. Total phenolic content of the tested BBs (A) and LBs (B) and DPPH radical scavenging activity of
the tested BBs (C) and LBs (D). *><¢f¢Mean values in columns denoted by different letters differ significantly
(p<0.05). 'Description as in Table 1. All analyses were made in duplicate.

the ABY-3 culture showed the greatest ability to increase the antioxidant properties of the tested beverages; this is
because the culture contained the largest variety of microorganisms (L. acidophilus La-5, B. animalis subsp. lactis
BB-12, S. thermophilus, and L. delbrueckii subsp. bulgaricus) among the tested starter cultures. Greater microbial
diversity may present a broader enzyme array, which may increase the availability of antioxidant components,
e.g., through the breakdown of ANFs'!. In addition, the ABY-3 starter culture contains the strain B. animalis
subsp. lactis BB-12, which is the world’s most documented probiotic Bifidobacterium®. These microorganisms
produce a significant amount of bioactive peptides that may also exhibit antioxidant properties (e.g., iron-binding
ferritin-like antioxidant protein)*. Previous studies also indicate that this strain has higher antioxidant activity
than LAB*8,

The effect of germination on the TPC and DPPH RSA of the tested PBBs varied depending on the analyzed
raw material. Although these properties of BBGs and LBGs have not been previously investigated by other
researchers, inconsistent results, depending on the tested raw material, were obtained for raw G and non-G
legumes*-!. Therefore, the combination of germination and fermentation is the most beneficial approach to
extend the effect on increasing the antioxidant properties of PBBs. This was also indicated by a previous study of
Hubert et al.*, in which fermented soy germ extracts exhibited a higher inhibition effect against the superoxide
anion radical, and lesser but significant DPPH radical scavenging effects compared to raw soy germ.

Total share of FA and FA profile
The content of FAs and the ratio between unsaturated fatty acids (UFAs) and saturated fatty acids (SFAs) are
the important parameters to determine the nutritional value of fats®>**. Figure 2 and Supplementary Table S3
online shows the total share of UFAs and SFAs in the tested PBBs. UFAs dominated in all the tested PBBs, con-
stituting 77.3-86.7% in BBs/BBGs and 74.1-80.3% in LBs/LBGs. Fermentation with the ABY-3 starter culture
had a significant effect on the content of SFAs and UFAs in BBs/BBGs. Fermentation significantly increased the
concentration of UFAs from 81.5% to 86.7% and simultaneously decreased the concentration of SFAs in BBG.
In the remaining PBBs, fermentation, germination, and storage did not affect the total share of SFAs and UFAs.

In the FA profile of the tested PBBs, linolenic acid (C18:2 n-6¢) was the dominant FA (Table 4). The other
UFAs with a significant share in the tested PBBs were a-linolenic acid and oleic FAs. Only two SFAs, namely
palmitic acid and stearic acid, had a significant share in the FA profile of the tested PBBs. The remaining FAs
had a share of approximately 0.1% or less than that in the FA profile.

Fermentation with the ABY-3 starter culture was the primary factor that affected the FA profile of BBs
and BBGs (n? = 0.306-0.929) (Table 4). Fermentation significantly modified the profile of n-3 and n-6 FAs by
increasing the share of a-linolenic acid n-3 and reducing the share of linoleic acid n-6. Moreover, fermentation
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Figure 2. Total share of unsaturated and saturated fatty acids in the tested BBs (A) and LBs (B). *>*¢¢Mean
values in the group of FA denoted by different letters differ significantly (p<0.05). 'Description as in Table 1. All

analyses were made in duplicate.

Sample code! ‘ Palmitic FA C16:0 ‘ Stearic FA C18:0 ‘ Oleic FA C18:1 n9-c ‘ Linoleic FA C18:2 n-6¢ ‘ a-linolenic FA C18:3 n-3¢

Bean-based beverages

BBO 14.45+0.35¢ 3.00+0.00° 12.95+0.21° 44.00+0.14¢ 25.55+0.35
BB102 15.65+0.35% 2.15+0.07% 13.00+0.00 40.70+0.14° 27.70+£0.14
BBOs 16.90+0.42¢ 2.95+0.07° 12.10+0.28° 43.15+0.49¢ 24.90+£0.28%
BB102s 11.30£0.00° 2.50+0.00° 13.70 £0.00° 41.85+0.07%¢ 29.25+0.07¢
BBGO 15.15+0.35¢ 3.25+0.07¢ 12.80+0.00° 43.75+0.07¢ 25.05+0.21%
BBG102 9.60+0.14* 2.55+0.07° 12.75+0.07° 42.95+0.07% 29.30+0.14¢
BBGOs 19.40+0.57¢ 3.25+0.07¢ 11.80+0.00° 41.25+0.64%® 24.30£0.00°
BBG102s 11.85+0.07° 2.50+0.00° 12.90+0.00° 41.95+0.07% 28.45+0.07°
Statistics ANOVA. n2 [-]84

GM ns 0.613 ns ns ns

C 0.550 0.929 0.452 0.306 0.914

S ns ns ns ns ns
Lentil-based beverages

LBO 17.50+0.84° 5.75+0.92° 26.15+0.49¢ 39.90+£0.71% 10.65+ 1.06%
LB102 15.70£0.99* 2.15+0.07* 24.70+0.14% 42.35+0.49%¢ 11.05+0.07°
LBOs 18.40+0.85° 6.65+1.06° 25.35+0.07%¢ 39.20+1.13* 10.40+0.85®
LB102s 18.75+0.92° 1.95+0.07° 23.20+£0.28 41.30+0.57%¢ 11.30£0.14°
LBGO 19.20+£0.14° 4.75+1.20%¢ 23.30£0.71% 43.85+0.35° 8.80+0.14°
LBG102 18.45+0.78° 2.75+0.07* 19.65 +0.49* 42.35+0.78%¢ 10.60 +0.14%
LBGOs 19.45+1.20° 5.10+0.71% 23.10+£0.00 43.60+0.42°¢ 8.75+0.07°
LBG102s 16.55+1.46* 2.20+0.28* 19.35+1.20° 45.10+1.12¢ 11.35+0.49°
Statistics ANOVA. n? [-]

GM ns ns 0.872 0.626 0.426

C ns 0.843 0.807 ns 0.613

S ns ns ns ns ns

Table 4. Fatty acid profile (%) of the tested PBBs. Table shows mean values and standard deviations (SD)
range, and statistics ANOVA (2 - coefficient indicating the extent of the effect of factors G, C and S). Other
minor fatty acids in the fatty acid profile include 14:0, 15:0, 16:1, 17:0, 17:1, 20:0, 20:1, 20:3 n-3, 22:2, 24:0,
20:5 n-3. nd not detected, ns non-significant, G germination, C starter culture, S storage period. All analyses
were made in duplicate. *>>¢Mean values in columns denoted by different letters differ significantly (p <0.05).

'Description as in Table 1.

significantly reduced the content of palmitic acid in BBGs and reduced stearic acid content in BBs and BBGs.
Germination significantly increased the share of only stearic acid in BBG (from 3.0 to 3.25%).

Both fermentation and germination showed a significant effect on the FA profile of the tested LBs and LBGs.
Fermentation with the ABY-3 starter culture significantly reduced the share of stearic acid and oleic acid and
increased the share of a-linolenic acid (Table 4). Germination significantly reduced the share of oleic acid and
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a-linolenic acid and increased the share of linoleic acid. The refrigerated storage period had no effect on the FA
profile of all the tested PBBs.

UFAs dominated the FA profile of the tested PBBs, thus making beans and lentils suitable for nutritional
applications. A similar trend of the dominance of UFAs in FA profiles was observed for nonfermented legume-
based beverages, including BB'®** and soy-based beverages™. In the present study, among the SFAs, only palmitic
acid and stearic acid had a significant share, with palmitic acid being the predominant SFA; palmitic acid was
also identified in raw beans and lentil seeds'®*’. The FA profile in the fats of the legume seeds, however, differs
considerably between the legume species and even between their varieties®®. This is reflected directly by the FA
profile of PBBs prepared from them.

During the production of legume-based beverages, it is beneficial to use processes that will contribute to
increase the share of n-3 UFAs and/or reduce the share of SFAs in the FA profile. In the tested PBBs, the use
of fermentation to modify the FA profile was more efficient than the use of germination. Fermentation using
the ABY-3 starter culture significantly increased the share of a-linolenic acid and decreased the share of stearic
acid in the FA profile of BBs/BBGs and LBs/LBGs. In all the tested PBBs, a multidirectional modification of the
content of the remaining analyzed FAs was also observed. According to Adebo et al.*, the observed increase
and decrease in these fat-related constituents after fermentation suggest selective lipase activities. While these
lipolytic enzymes could have contributed to lipid dissociation and increased the extractability of fat-related
constituents, the same enzymes could have also exerted selective reductive activities, perhaps using these fat-
related components as carbon sources.

In the tested PBBs, germination mainly influenced the modification of the share of UFAs in the FA profile of
LBs and LBGs by reducing the share of oleic and a-linolenic acids. The decrease in FAs could be due to hydrolysis
during seed germination, where they were used to produce the necessary energy for biochemical and physico-
chemical modifications®. A significant modification of the UFAs in the FA profile during germination was also
reported in raw lentil seeds®®¢!,

Positional distribution of FAs in TAGs

The intramolecular structure of TAGs in terms of the position of the FA chain in the glycerol backbone (snl,
sn2, and sn3 positions) influences the digestion and absorption of FAs®2. Pancreatic lipase, which is responsible
for the hydrolysis of TAGs, hydrolyzes the snl and sn3 positions of dietary TAGs, thereby producing free FAs
and 2-monoglyceride. Structural rearrangement of 2-monoglycerides can occur during digestion, resulting in
complete degradation into glycerol and free FAs®. In plants, TAGs are synthesized with structural specificity:
SFAs can be found mostly in terminal positions, while UFAs are located at the sn-2 position®. There are very
few scientific reports on the effect of biotechnological processes on the distribution of FAs in TAGs in food, and
these reports are related to the use of lipids in human milk fat substitutes®.

Tables 5 and 6 show the positional distribution of sn2 FAs in TAGs and the positional distribution of snl1,3
FAs in TAGs in the tested PBBs, respectively. In all nonfermented PBBs, the highest share of palmitic acid was
found at the sn2 position in TAGs. Among UFAs, oleic acid had the largest share of all sn2 FAs. Similarly, in the
snl1,3 position in TAGs, PUFAs, i.e., linoleic acid and a-linolenic acid, had the highest share. Fermentation was
the main factor that influenced the changes in the distribution of sn2 and sn1,3 FAs in TAGs. The application
of fermentation significantly reduced the share of SFAs and monounsaturated fatty acids (MUFAs), increased
the share of PUFAs in the sn2 position in TAGs, increased SFAs and MUFAs, and decreased PUFAs in the snl,3
position in TAGs for BB/BBG/LB102. The exception was LBGs, where the share of PUFAs in the sn2 position in
TAGs decreased for linoleic and a-linolenic acids, and consequently, the share of a-linolenic acid in the sn1,3
position in TAGs increased. Moreover, after the fermentation, previously absent stearic acid in BBs and BBGs
and myristic acid in LBs and LBGs appeared among the sn2 and snl1,3 FAs in TAGs. The refrigerated storage
period had no effect on FA distribution in TAGs in most of the tested PBBs.

To date, it remains unclear how fermentation using complex starter cultures affects the changes in the distri-
bution of FAs in the TAGs of PBBs. Ziarno et al.'® analyzed the effect of fermentation of BBs on the positional
distribution of FAs in TAGs by using monocultures of Lactobacillus. After fermentation, the BBs usually showed a
lower share of palmitic and stearic acid in the sn2 position. The fermentation also increased the share of oleic acid
in the sn2 position as compared to that in BBs obtained from germinated beans. Fermented beverages showed
an average higher share of PUFAs (linoleic and a-linolenic acids) than that observed in the nonfermented PBBs.
The present study showed similar results for SFAs and PUFAs.

The obtained results indicate that the fermentation of legume-based beverages increases the share of PUFAs
in the sn2 position in TAGs and simultaneously increases the share of SFAs and MUFAs in the snl,3 position
in TAGs. This is beneficial from a nutritional point of view, as SFAs and MUFAs will be first hydrolyzed by pan-
creatic lipase and separated from TAGs. These FAs will be less efficiently absorbed in the intestine because they
can react with free calcium ions to form insoluble calcium salts, which are then excreted in the feces®®. PUFAs
located mainly at the sn2 position in TAGs will be mostly absorbed as monoacylglycerols. PUFAs are referred
to as dietary essential FAs because humans cannot synthesize these molecules; therefore, they must be supplied
with the diet®’.

Conclusions

The development of legume-based beverages is essential to provide consumers with PBBs with a high nutritional
value, particularly those with a protein content similar to milk. Although this segment of PBBs is still poorly
researched, previous studies indicate limitations related to their consumption, such as the presence of ANFs or
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Sample code' Myristic FA C14:0 Palmitic FA C16:0 Stearic FA C18:0 Oleic FA C18:1 n9-c Linoleic FA C18:2 n-6¢ gllggl:?;f: o
Bean-based beverages

BBO nd 52.66+1.29¢ nd 39.42+1.10° 4.62+0.47 3.30+0.16"
BB102 nd 5.72+0.64* 10.84 +0.64° 26.71+1.00 32.20+0.14¢ 24.53+1.09¢
BBOs nd 52.25+1.39¢ nd 40.33+0.49¢ 4.40+0.16 3.02+0.18°
BB102s nd 20.56+1.46° 39.19+1.36 21.21+1.09* 11.59+0.47° 7.45+0.55"
BBGO nd 51.20+1.58¢ nd 40.63+1.60° 4.74+0.17* 3.43+0.21°
BBG102 nd 14.55+0.61° 17.43+0.72° 24.72+1.20° 25.50+0.99¢ 17.80+0.83¢
BBGOs nd 52.55+0.92¢ Nd 39.99 +1.05¢ 4.42+0.15 3.05+0.09°
BBG102s nd 6.71+0.35° 8.58+0.86 27.97+1.27° 33.15+1.34¢ 23.59+0.91¢
Statistics ANOVA. n? [ ]84

GM - ns ns ns ns ns

C - 0.958 0.592 0.941 0.782 0.745

S - ns ns ns ns ns
Lentil-based beverages

LBO nd 34.10+1.43¢ 13.60+0.62¢ 30.80+1.30 16.20+0.83 5.30+0.23"
LB102 3.70+0.28" 12.80+0.99° 4.40+0.28" 27.70+1.53% 42.10+1.39¢ 9.30+0.31¢
LBOs nd 34.44+1.16° 14.19+0.69° 30.53 +1.45% 15.93+0.25° 4.93+0.22%
LB102s 6.50+0.42° 19.60+1.13 6.20+0.47° 26.80 +1.06® 33.30+1.13¢ 7.60+0.18°
LBGO nd 31.60+1.98° 12.90+0.82¢ 29.80+0.98% 20.60+0.78" 5.10+0.23°
LBG102 10.90 £0.35¢ 33.10+1.84¢ 10.10£0.37° 25.50+1.40* 16.80 +£0.64% 3.60+0.13
LBGOs nd 33.63+£0.98° 12.69+0.52¢ 29.33+1.10% 19.47 £0.96% 4.88+0.18"
LBG102s 5.40+0.42 17.50+£1.27% 4.60+0.20° 25.40+1.43° 39.40+1.24¢ 7.70+0.66°
Statistics ANOVA. n? [ -]

GM ns ns ns 0.370 ns ns

C 0.792 0.608 0.819 0.799 0.543 0.372

S ns ns ns ns ns ns

Table 5. Positional distribution of sn2 FA in TAGs (%) in the tested PBBs. Table shows mean values and
standard deviations (SD) range, and statistics ANOVA (n*—coeflicient indicating the extent of the effect of
factors G, C and S). nd not detected, ns non-significant, G germination, C starter culture, S storage period. All
analyses were made in duplicate. *>“¢Mean values in columns denoted by different letters differ significantly
(p<0.05). 'Description as in Table 1.

barriers related to taste and texture. The present study demonstrated that the use of natural biotechnological
processes in the production of newly developed beverages made from beans and lentils enables to increase their
nutritional properties. The use of germination and fermentation improved the antioxidant properties, modified
the oligosaccharide content, and altered the profile and positional distribution of FAs in TAGs of the tested PBBs.
Importantly, the tested beverages were a good matrix for the fermentation process using LAB and bifidobacteria,
including the probiotic species.

Based on the findings of the present study, we recommend that the designing of innovative legume-based
beverages should include the use of fermentation and germination processes that will allow to obtain products
that serve as carriers of probiotic bacteria and have improved nutritional properties. Moreover, it is recommended
to use multispecies starter cultures containing both LAB and bifidobacteria in the fermentation of legume-based
beverages, which enables a more efficient process. These products can directly meet the market demand for
high-quality plant products as a substitute for animal products. Future research should focus on analyzing the
properties of PBBs derived from other legumes and conducting a broad assessment of their sensory properties,
which may be the most important factor limiting the consumption of PBBs by consumers. Moreover, the pre-
sented study considered selected health-promoting and functional properties of BBs and LBs as plant products
with high nutritional value. These beverages are poorly described in the literature, so we recommend that future
research should focus on the analysis of their other properties, in particular the quantity and quality of proteins
and amino acids. This will allow for an in-depth analysis of these products also in terms of their suitability as
analogues of cow’s milk.
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Oleic FA C18:1 Linoleic FA C18:2 | a-linolenic FA
Sample code! | Myristic FA C14:0 | Palmitic FA C16:0| Stearic FA C18:0 | n9-c n-6¢ C18:3 n-3¢
Bean-based beverages
BBO nd 2.93+0.20° nd 6.52+0.55 56.80+ 1.40¢ 33.75+0.96"
BB102 nd 21.94+0.85° 2.83+0.18 12.68+0.99° 34.31+1.10° 28.24+0.91*
BBOs nd 2.75+0.20° nd 6.00£0.18" 56.59 +1.58¢ 34.66+0.92¢
BB102s nd 8.35+0.59" nd 9.79+0.72° 45.40+0.98° 36.41+0.82°
BBGO nd 3.92+0.48 nd 6.32+0.47° 56.61 +1.44¢ 33.15+1.00°
BBG102 nd 11.60+0.66° 2.90+0.16 12.20+0.93 4026+ 1.16° 33.04+0.95%
BBGOs nd 3.68+0.18° nd 5.70+0.52° 56.30 +1.54¢ 34.32+0.81%
BBG102s nd 16.79+0.924 3.45+0.24° 12.64+0.69° 36.67+0.82% 30.45+0.61%°
Statistics ANOVA. n? [-]84
GM - ns 0.613 ns ns ns
C - 0.722 0.862 0.917 0.898 ns
S - ns ns ns ns ns
Lentil-based beverages
LBO nd 9.20+0.27* 1.90+0.13¢ 23.80+1.05¢ 51.80+1.57< 13.30+0.58%
LB102 3.90+0.17¢ 12.80+0.79 3.20+0.14¢ 28.50+1.27¢ 4230+1.19° 9.30+0.54°
LBOs nd 9.02+0.33* 1.60%0.56> 23.18+0.92¢¢ 52.56+0.80%¢ 13.65+0.83%
LB102s 1.90+0.07° 18.30+£0.91° 0.20+0.00* 21.40+0.89%¢ 45.00 +1.00 13.20£0.61°
LBGO nd 13.00£0.69° 0.70+0.06*° 20.10+0.74% 55.50+1.68¢ 10.70£0.51%
LBG102 2.50+0.23" 11.10£0.85" 0.90+0.10% 16.20 £ 0.47° 54.10+1.40%¢ 15.20+£0.58¢
LBGOs nd 12.52£0.59* 0.53+0.08* 19.37 £0.54% 56.45+1.60¢ 11.14+0.83%¢
LBG102s 2.30+0.17% 16.10£0.82° 1.00+0.30%¢ 16.60+0.38° 49.80+1.17% 14.20+0.99¢
Statistics ANOVA. n? [-]
GM ns ns 0.340 0.703 0.703 ns
C 0.898 0.443 ns ns 0.718 ns
S ns ns 0.293 ns ns ns

Table 6. Positional distribution of sn1,3 FA in TAGs (%) in the tested PBBs. Table shows mean values and
standard deviations (SD) range, and statistics ANOVA (n*—coeflicient indicating the extent of the effect of
factors G, C and S). ns non-significant, G germination, C starter culture, S storage period. All analyses were
made in duplicate. *>>4¢Mean values in columns denoted by different letters differ significantly (p <0.05).
'Description as in Table 1.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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ARTICLE INFO ABSTRACT

Keywords: This study investigates the potential of using fermentation and germination can alter the nutritional and sensory

Fermentation properties of bean-based beverages (BBs) and lentil-based beverages (LBs). The research examines the impact on

](“;amc. acid bacteria B vitamins, dietary fiber, glycemic index (GI), isoflavones, and volatile compounds. In addition, the influence of
ermination

germination, fermentation, and the addition of raspberry—cranberry pulp on the sensory properties was inves-
tigated. Germination was found to increase the levels of specific B vitamins, isoflavones, and dietary fiber while
decreasing the GI. The microorganisms involved in fermentation showed the ability to synthesize thiamine,
riboflavin, and pyridoxine. However, the changes in volatile compounds due to fermentation had a negative
impact on the sensory quality of the beverages. The study suggests that the sensory quality of BBs and LBs could
be enhanced by incorporating raspberry-cranberry pulp. Although germination and fermentation improved the
nutritional properties of the beverages, the study highlights the need for further research to enhance their

Sensory quality
Milk substitutes

sensory quality.

1. Introduction

In today’s society, consumers are increasingly focused on improving
their health, leading to the rising popularity of plant-based diets. Studies
suggest that such diets can positively impact longevity by preventing
metabolic diseases and modulating the gut microbiome (Herlich et al.,
2022). This trend has led to a rising demand for plant-based products
that offer highly bioavailable nutrients to consumers (Henchion et al.,
2017). One of the fastest-growing segments in this market is plant-based
milk substitutes, also known as plant-based beverages (PBBs). Soy
beverages, due to their high nutritional value, closely resemble the
nutritional profile of cow’s milk. However, concerns about environ-
mental impact and health issues associated with soy have created a need
for alternative PBBs that mimic the nutritional value of cow’s milk
(Lopes et al., 2020). Research suggests that other legumes have the
potential to produce nutritionally rich PBBs (Nawaz et al., 2022).

Despite the nutritional benefits of legumes, their consumption faces
challenges such as beany off-flavor, poor digestibility, and cooking

* Corresponding author.

requirements (Rajhi et al., 2022). In the plant-based beverage (PBB)
market, challenges related to the consumption of these products include
beany or painty off-flavors caused by lipoxygenase activity and a chalky
mouthfeel due to insoluble large particles (Aydar et al., 2020). Previous
research suggests that various technological processes, including heat-
ing, germination, extrusion, fermentation, milling, and enzymatic
treatment, may help mitigate off-flavors in legume seeds (Rajhi et al.,
2022; Trindler et al., 2022). Techniques such as germination and
fermentation are particularly promising, as they not only enhance the
sensory profile of legumes but also alter their nutritional value by acti-
vating endogenous and microbial enzymes, increasing nutrient avail-
ability (Nkhata et al., 2018). Blending legumes or legume-based
beverages with fruit products has been suggested as an effective way
to mask the bean flavors (Kale et al., 2011; Nawaz et al., 2022).

So far, there have been few publications in the literature regarding
the properties of legume-based beverages other than those made from
soy. Promising raw materials for the production of these types of PBBs
are beans and lentils, which are characterized by a high content of
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protein, fiber, vitamins, minerals, and bioactive ingredients (Hall et al.,
2016). However, there are no reports on methods for improving the
properties of these products to increase their nutritional value and
sensory desirability, which could help to overcome barriers to their
consumption. Therefore, this paper aims to present the possibilities of
enhancing the sensory and nutritional properties of bean-based bever-
ages (BBs) and lentil-based beverages (LBs) through fermentation and
germination.

The effects of these processes on the content of B vitamins by high-
performance liquid chromatography (HPLC), dietary fiber by AOAC
991.43:1994 method, glycemic index (GI) by in vitro method, iso-
flavones by HPLC, and volatile compounds using gas chromatography
coupled to mass spectrometry (GC/MS) have been evaluated. The in-
fluence of germination, fermentation, and the addition of raspberry—-
cranberry pulp on the sensory characteristics of the tested PBBs using
Quantitative Descriptive Analysis (QDA) was also examined.

2. Materials and methods
2.1. Materials and experimental design

The study involved plant-based beverages (PBBs) made from “Pigkny
Jas Kartowy” white kidney beans (Lestello Sp. z 0.0., Cmolas, Poland)
and brown lentils (Natural Expert, Bialystok, Poland). These PBBs were
subjected to fermentation using two types of industrial freeze-dried
starter cultures: Beaugel Soja 1 (Ets Coquard, Villefranche-sur-Saone,
France), containing Lactobacillus casei (now classified as Lacticaseiba-
cillus casei), Streptococcus thermophilus, and Lactobacillus delbrueckii
subsp. bulgaricus; and ABY-3 (Chr. Hansen, Hgrsholm, Denmark), con-
sisting of Lactobacillus acidophilus La-5, Bifidobacterium animalis subsp.
lactis BB-12, S. thermophilus, and L. delbrueckii subsp. bulgaricus. Addi-
tionally, samples of the base PBBs were prepared by adding raspber-
ry—cranberry pulp (Eurohansa, Torun, Poland).

Various beverages were prepared for analyzing B vitamins, dietary
fiber, glycemic index (GI), isoflavones, and volatile compounds in their
base form (BB, LB), from germinated beans and lentils (BBG/LBG) and
fermented with two different starter cultures—Beaugel Soja 1 (BS1) and
ABY-3 (ABY3). The experimental design used in this study was based on
two main factors—germination and the starter culture used for
fermentation. For sensory analysis, PBBs were prepared in their base
form (BB, LB), fermented with the ABY-3 starter culture (BB + ABY3, LB
+ ABY3), germinated (BBG, LBG), and with the addition of raspberry-
cranberry pulp (BB + Fruit, LB + Fruit). The codes for the different
beverage types evaluated are explained in Table 1. Supplementary
Table S2, available online, presents the physicochemical characteristics
of the basic PBBs.

Table 1
The explanation of the sample codes for tested PBBs.

The addition of
raspberry-cranberry
pulp

BB/LB - - -

BB + BS1/LB + - Beaugel Soja 1 -
BS1

BB + ABY3102/ -
LB + ABY3102

BBG/LBG + - -

BBG + BS1/LBG + Beaugel Soja 1 -
+ BS1

BBG + ABY3/LBG +
+ ABY3

BB + Fruit - - +

LB + Fruit - - +

Fermentation/
starter culture

Sample code Germination

ABY-3 -

ABY-3 -
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2.2. Preparation and fermentation of PBBs

PBBs were prepared using germinated and nongerminated beans and
lentils following the method outlined by Cichonska et al. (2023) without
any modifications. Additionally, beverages containing raspberry—-
cranberry pulp were created by adding 15% fruit pulp to BB and LB. For
the fermentation of PBBs, inoculums were prepared by dissolving the
freeze-dried starter cultures in a sterile saline solution. PBBs were
inoculated with 1.0% (by mass) starter cultures, resulting in a final cell
density of approximately 6-7 log CFU/mL, and then incubated at 45 °C
for 6 h.

2.3. Analysis of B vitamins

The vitamin B content was assessed using HPLC coupled with a UV-
VIS detector. The samples were prepared following the method
described by Agostini-Costa et al. (2007) without any modifications. An
HPLC kit equipped with DeltaChrom™ pumps, an S6020 needle injec-
tion valve dosing loop (Sykam, Fiirstenfeldbruck, Germany), a Del-
taChrom™ temperature control unit column temperature controller
(Sykam), and a C18 Cosmosil column (150 mm x 4.6 mm, 5 pm; Cos-
mosil, Nacalai Tesque, Kyoto, Japan) was used to separate the analytes.
These analytes were detected using an S3210 UV-VIS detector (Sykam)
at a wavelength of 220 nm. The mobile phase used was a mixture of 50
mM K;HPO4 (pH = 7) and methanol (Sigma-Aldrich, Burlington, VT,
USA) in a ratio of 99:1. Sample solutions of 0.01 mL were injected into
the system using a microsyringe. Each sample underwent a 30-min
analysis. The B vitamins were identified by comparing their retention
times to vitamin standards, which included thiamine, riboflavin, niacin,
pantothenic acid, pyridoxine, biotin, folate, and cyanocobalamin (Sig-
ma-Aldrich, Burlington, VT, USA).

2.4. Analysis of isoflavones

The isoflavone content analysis was conducted using an HPLC
method following the procedure outlined by da Costa César et al., (2006)
with some modifications. Initially, 25 g of the beverage samples were
frozen at —40 °C using a ProfiMaster PMUO0452 shock freezer (GmbH,
Germany) and then subjected to freeze-drying for 48 h at 20 °C and
0.947 mbar pressure using Alpha 1-4 LSCplus (Martin Christ, Osterode
am Harz, Germany). Subsequently, 2 g of the resulting lyophilizate was
mixed with a solution of 80% ethyl alcohol (RCI LAB-SCAN, Bangkok,
Thailand) containing 3 M HCl (Merck, Darmstadt, Germany). This
mixture underwent intense mixing, followed by a 5-min ultrasonic bath
treatment at 30 °C (Ultrasonic Bath, SW 3H, Sonoswiss AG, Switzerland)
and incubation at 80 °C for 1 h. After the incubation period, the samples
were cooled and centrifuged at 4 °C and 16,000 xg for 10 min using the
MPW-350R centrifuge (MPW MED. INSTRUMENTS, Warsaw, Poland).
The resulting supernatant was transferred to a 25 mL flask and topped
up to the mark with ethanol solution. Before HPLC analysis, these so-
lutions were filtered using a syringe filter with a pore size of 0.45 pm
(Merck, Darmstadt, Germany).

The HPLC analysis was conducted using a Shimadzu Prominence
HPLC system (Shimadzu Europe, Duisburg, Germany) equipped with a
diode array detector (SPD M20A), a pump (LC-20AD), a degasser (DGU-
20A5R), an autosampler (SIL-20A HT), and the data collection was
managed by the LCsolution software. A Luna C18 RP (5 pm) 250 x 4.6
mm column was employed. The eluent, a mixture of 0.1% acetic acid
and methanol in a ratio of 520:480 v/v was delivered at a flow rate of
1.0 mL/min. The analysis was conducted using an isocratic method at
30 °C and a detection wavelength of 260 nm. Daidzein, genistein, and
glycitein were identified based on their retention time compared with
the standard solutions. The results are presented in mg/100 g of
lyophilizate.
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2.5. Analysis of dietary fiber content

The soluble and insoluble fiber content of the tested PBBs was
analyzed using the AOAC 991.43:1994 method.

2.6. Determination of the GI in vitro

The analysis of the GI was conducted based on U.S. Pat. 2009/
0004642 Al by Magaletta and DiCataldo (2009) with some modifica-
tions. Briefly, a sample equivalent of 0.50 g of available carbohydrates
(25.0 g for BB and 15.0 g for LB) was measured into 250 mL Schott
bottles. Then, 150 mg of Kreon Travix (Abbott products GMBH, Warsaw,
Poland) enzyme mixture, consisting of pancreatin enzymes with 10,000
IU lipase activity, 8000 IU amylase activity, and 600 IU protease ac-
tivity, was added. The pH of the mixture was adjusted to 2.5 with 0.01 M
HCI. The mixture was shaken in a 37 °C water bath (175 strokes/min) for
30 min. Subsequently, the pH was adjusted to 6 with 0.01 M NaOH, and
an additional 150 mg of the enzyme mixture was added. The samples
were shaken in a 37 °C water bath (175 strokes/min) for 20 min.
Following this, the samples were immediately transferred to falcon
tubes, and a ratio of 1:1 of 80% methanol (Avantor Performance Ma-
terials Poland) was added to halt the digestion reaction. The samples
were mixed, placed in an ultrasonic bath at 30 °C for 30 min, and then
centrifuged in the MPW-350R centrifuge (MPW MED. INSTRUMENTS)
at 4 °C and 16,000xg for 30 min. Then the supernatant was filtered
through a syringe filter with a pore size of 0.45 pm (Merck) and analyzed
using HPLC as detailed above. The in vitro GI of the PBB was calculated
using the following equation:

GI = 63.080214-0.974313 Protein(%) — 0.67442 Fat(%) + 367.97478 Glucose
(%) —452.5341 Fructose(%) — 191.8138 Lactose(%) — 437.3615 Galactose(%) —
298.0102 Maltitol(%)

Lactose, galactose, and maltitol were excluded from the calculations
since they are not present in beans and lentils. The calculations were
based on the protein, fat, glucose, and fructose content of the tested
PBBs, which are detailed in Supplementary Tables S1 and S2 online.

2.7. Analysis of volatile compounds

The analysis of volatile compounds in the PBBs was conducted using
GC/MS following the method of Sokotowska, Potaska, Dekowska
Wozniak, & Roszko (2020) with some modifications. Samples were
extracted and introduced into the GC instrument using a CombiPal
auto-sampler (CTC Analytics AG, Zwingen, Switzerland). Five grams of
the sample were placed in a 20 mL glass auto-sampler vial, mixed with 1
g of sodium chloride, and sealed with Teflonscrew caps. The samples
were then conditioned at 50 °C for 10 min. Headspace extraction was
carried out for 30 min using solid-phase microextraction (SPME) fibers
coated with 50/30 mm-thick divinylbenzene/carbox-
en/polydimethylsiloxane films. The SPME fibers were conditioned at
270 °C for 60 min in the GC injector port before usage. Desorption of the
fibers was performed for 10 min at the injector port operating at 260 °C
in splitless mode. Analysis was conducted using an Agilent 5975 C/6890
GC/MS instrument (Santa Clara, CA, USA) with a ZB-WAX fused-silica
capillary column (60 m x 0.25 mm id x 0.25 mm film thickness) for
chromatographic separation. Helium was used as the carrier gas at a
constant flow rate of 1.2 mL/min. The oven temperature was initially
held at 40 °C for 6 min, then ramped at 4 °C/min to 150 °C, followed by a
further ramp at 20 °C/min to 250 °C, and maintained for 15 min.
Samples were analyzed in triplicates, and urethane was used as an in-
ternal standard. Pure authentic standards (Sigma-Aldrich, St. Louis, MO,
USA) were used for the calibration of quantified compounds. Results
were expressed as the relative peak area of individual quantified peaks.
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2.8. Sensory analysis

The sensory characteristics of the PBBs were assessed using QDA
following the guidelines of PN-EN ISO 13299:2016. Thirty-two de-
scriptors were selected and defined specifically for the profiling pro-
cedure. The intensity of the attributes in the PBBs was measured on a
linear scale ranging from O to 10 cm. The visual appearance, odor,
consistency, flavor attributes, and overall sensory quality were assessed.
Each sample was analyzed in two independent replicates, and the results
were the average of 18 evaluations.

Panel and testing conditions: The sensory tests were conducted by a
specially trained sensory panel consisting of nine members who were
qualified experts according to PN-EN ISO 8586:2014-03. The panelists
had prior experience with sensory procedures and conducting assess-
ments using QDA. The evaluations took place in the Laboratory of
Sensory Analysis of the Institute of Human Nutrition Sciences at Warsaw
University of Life Sciences. The sensory evaluation was conducted with
the approval of the Rector’s Commission for Ethics in Scientific Research
Involving Human Subjects at Warsaw University of Life Sciences (reso-
lution no. 12/RKE/2023/U). The laboratory meets the requirements for
sensory laboratories according to PN-EN ISO 8589:2010/A1:2014-07. It
is equipped with individual booths and a computerized system for data
acquisition and processing system ANALSENS.

For sample preparation and presentation, each assessor received 30
mL of a PBB in plastic beakers (150 mL), covered with a lid to allow the
aroma to be assessed. The samples were coded individually and pre-
sented in random order to avoid carry-over effects. Still, water was
provided as a factor to neutralize the taste of the samples.

2.9. Statistical analysis

Analysis of variance (ANOVA) was conducted to assess the impact of
germination and fermentation on B vitamins, dietary fiber, Glycemic
Index (GI), isoflavones, and volatile compounds. The analysis was per-
formed using Statistica 13.1 software (StatSoft, Krakow, Poland). The
significance of the differences was determined using Tukey’s test at o =
0.05. For the sensory analysis results, XLSTAT 2021 software (Addinsoft,
Paris, France) was used. Principal Component Analysis (PCA) was uti-
lized to identify similarities and differences in the sensory characteristics
of the beverages.

3. Results and discussion
3.1. Analysis of B vitamins

The study observed that LB exhibited a higher content of biotin,
riboflavin, niacin, pyridoxine, and folate compared to BB (Table 2).
Germination emerged as the primary factor augmenting biotin, niacin,
and pantothenic acid while reducing folate content. Fermentation
notably resulted in over a 3-fold and 11-fold increase in thiamine con-
tent, a more than 150-fold and 2-fold increase in riboflavin content, and
a more than 3-fold and 2-fold increase in pyridoxine content in non-
germinated BB and LB, respectively.

Legumes serve as a natural source of B vitamins, including riboflavin,
thiamine, niacin, pyridoxine, and folate (Rebello et al., 2014). However,
their content in food products can be naturally altered through
biotechnological processes like fermentation and germination (Singh
et al., 2015). Analysis of the results demonstrated that a 250 mL serving
of fermented and germinated beverages (BBG + BS1/ABY3100/102 and
LBG + BS1/ABY3) meets the Recommended Daily Allowance (RDA) for
a healthy adult regarding biotin, with an RDA of 30 pg (Kennedy, 2016).
In our study, we observed that germination played a significant role in
elevating the levels of biotin, niacin, and pantothenic acid. The increase
in B vitamin content during germination is attributed to their endoge-
nous synthesis, which supports seedling development and growth
(Lemmens et al., 2019). However, this study also observed a notable
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Table 2
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Vitamins B content in tested PBBs: Mean Values, Standard Deviations (SD), and ANOVA Statistics (ANOVA statistics includes the r]2 coefficient, which indicates the

magnitude of the extent of the effect of germination and starter culture).

Sample code” vitamin content [mg/100 g]

Bl B2 B3 B5

B6 B7 B9 B12

Bean-based beverages

0.004 + 0.000 *
0.010 £ 0.002 #

0.016 + 0.004

0.033 + 0.008 °
0.102 + 0.011 ¢

0.193 + 0.008 ©

0.029 + 0.006 *
0.035 £ 0.002 *

0.039 + 0.006 *

0.165 + 0.026 *
0.151 £ 0.020 #

nd

0.015 + 0.001 ®
nd

0.002 + 0.000 *

0.058 - 0.001 >
0.057 + 0.003 ¢
0.078 + 0.008

0.013 4+ 0.002 *
0.075 =+ 0.002 ©
0.080 + 0.018 ©

ns
0.575

0.159 + 0.005 °
0.218 + 0.029 ®
0.225 + 0.055 °

0.932
ns

nd
nd
nd

0.650
ns

nd
nd
0.005 £ 0.001 *

ns
ns

0.019 £ 0.003 #
0.035 + 0.007 #

0.022 £ 0.001 #

0.012 + 0.004
0.025 =+ 0.004 >

0.045 + 0.002 ¢

0.034 + 0.008 *
0.037 + 0.002 *

0.046 + 0.005
ab

0.342 + 0.002 ¢
0.095 + 0.015 ©

0.018 + 0.002
ab

0.007 + 0.000 #
0.010 + 0.000 *

0.019 + 0.001 ™

0.035 =+ 0.006 °
0.075 + 0.011 °

0.110 + 0.014 ¢

BB 0.044 £0.002%  nd 0.091 + 0.004 2
BB + BS1 0.133 £0.001°>  0.283 +0.037 € 0.267 + 0.008
be
BB + ABY3 0.134 £0.041°  0.156 + 0.015%  0.251 + 0.007 °
ab

BBG 0.0124£0.001* nd 0.339 + 0.026 ©
BBG + BS1 0.162 £ 0.006 °  0.207 £0.015°>  0.335 +0.021 ¢
BBG + ABY3 0.155 +0.003®  0.107 £ 0.015%  0.344 + 0.035 ¢
Statistics ANOVA. n? [-]
Germination ns 0.512 0.723 0.903
Starter culture 0.886 0.960 ns ns
Lentil-based beverages
LB 0.029 £ 0.008*  0.022 4+ 0.00 ? 0.147 + 0.027 2
LB + BS1 0.312 £ 0.009 0.055 + 0.012 0.152 £ 0.008 ?

cd
LB + ABY3 0.340 + 0.034 0.028 + 0.001 *®  0.153 + 0.001 ?

cd
LBG 0.180 £ 0.018°  0.031 +0.003%®  0.178 + 0.001 *
LBG + BS1 0.222 + 0.061 0.045 +0.002 " 0.178 + 0.002 ?

be
LBG + ABY3 0.373 +0.003¢  0.038 + 0.001 0.189 + 0.008 *

abc

Statistics ANOVA. n? [-]
Germination ns ns 0.751 0.693
Starter culture 0.791 0.739 ns ns

0.009 + 0.001 #
0.029 + 0.006 ©

0.016 + 0.002

abc

ns
0.567

0.068 + 0.003 >
0.078 + 0.008 ©

0.086 + 0.001 ©

0.953
0.694

0.048 +0.012 "¢

0.038 + 0.011
ab

nd

0.500
0.616

0.009 + 0.002 *
0.010 + 0.002
ab

0.010 + 0.004
ab

ns
ns

Explanations: nd — not detected; ns — non-significant.
All analyses were made in triplicate.

a, b,c d, e

@ Description as in Table 1.

decrease in thiamine, pyridoxine, and cyanocobalamin content in BBs
following germination (Table 2). According to Lemmens et al. (2019),
the reduction in certain B vitamins may result from their transfer into
the steeping water during germination. Furthermore, B vitamins are also
transported to the rootlets and acrospires during this process.

Some strains of Lactic Acid Bacteria (LAB) possess the ability to
synthesize B vitamins using available precursors or by utilizing vitamins
present in the raw materials, consequently reducing their content
(LeBlanc et al., 2013). In the presented study, fermentation using both
starter cultures resulted in an increase in thiamine, riboflavin, and
pyridoxine content in nongerminated PBBs (Table 2). Previous studies
have also observed augmented thiamine and pyridoxine content in fer-
mented soy beverages (Champagne et al., 2010; Li et al., 2012). While
the complete microbial thiamine synthesis pathway has been described
solely for Lactobacillus reuteri ATCC 55730 (Saulnier et al., 2011),
extensive research on pyridoxine’s most crucial form, pyridox-
al-5'-phosphate (PLP), has been conducted in Escherichia coli and Bacillus
subtilis (Rosenberg et al., 2017). Further exploration is essential to
deepen our understanding of the mechanisms involved in thiamine and
pyridoxine synthesis by various LAB strains.In LAB, the genes respon-
sible for riboflavin synthesis are organized as a single operon with a
specific gene order: riboflavin-specific deaminase and reductase (ribG),
riboflavin synthase alpha subunit (rib), a bifunctional enzyme involving
the formation of 3,4-dihydroxy-2-butanone-4-phosphate from ribulose
5-phosphate (ribA), and riboflavin synthase beta subunit (ribH) (Capozzi
et al.,, 2012). L. delbrueckii subsp. bulgaricus, present in both starter
cultures used in this study, contains the entire rib operon, enabling it to
synthesize vitamin B2 (riboflavin) and likely contributing to the increase
observed in fermented PBBs. However, L. delbrueckii subsp. bulgaricus is
unable to synthesize folates and relies on external sources for growth
(Hugenholtz & Smid, 2002; LeBlanc et al., 2013). This could elucidate
the significant reduction in folate content across all samples fermented

- mean values in columns denoted by different letters differ significantly (p < 0.05).

in this study.

3.2. Analysis of isoflavones

In our study, all of the tested isoflavones aglycones were detected in
BBs, with daidzein and genistein present in the highest amounts (Fig. 1).
In LBs, only genistein was found, albeit in over 100 times lower con-
centration compared to BBs. The limited content of isoflavones in dry
lentil seeds has been previously noted (Budryn et al., 2019). Germina-
tion significantly increased daidzein (n? = 0.995) and genistein (n? =
0.998) content in BBs, as well as genistein (n? = 0.990) in LBs. Regarding
glycitein in BBs, germination led to a reduction in its content (1? =
0.939). Fermentation significantly increased the content of daidzein (n?
= 0.977) and genistein (q2 = 0.997) in BBs, as well as genistein (n2 =
0.654) in LBs. Notably, the ABY-3 starter culture (BB/LB + ABY3,
BB/LBG + ABY3) showed a more pronounced effect in elevating daid-
zein and genistein content in PBBs compared to the Beaugel Soja 1
starter culture (BB/LB + BS1, BB/LBG + BS1). The ABY-3’s greater
microbial diversity, owing to the presence of bifidobacteria, potentially
accounts for this difference compared to Beaugel Soja 1.

Isoflavones, bioactive compounds primarily found in legumes like
soybeans, possess mildly estrogenic properties and are associated with
various health benefits. These benefits include alleviating menopausal
symptoms, reducing the risk of breast and prostate cancer, and pre-
venting cardiovascular diseases, osteoporosis, and diabetes (Zaheer &
Akhtar, 2017). Until now, the effect of germination and fermentation on
isoflavone content in PBBs has not been extensively explored, although
similar studies have examined these processes in dry legumes. Previous
research by various authors has demonstrated an increase in the content
of aglycones and glucoside of daidzein and genistein in germinated
soybean seeds (Yoshiara et al., 2018; Zhu et al., 2005). The rise in these
components during germination is suggested to be influenced by the
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Fig. 1. Isoflavones content in tested PBBs: daidzein in BBs (A), glycitein in BBs
(B), and genistein in BBs (C) and LBs (D).

&b ¢ d e mean values in columns denoted by different letters differ signifi-
cantly (p < 0.05).

1 Description as in Table 1.

All analyses were made in triplicate.

metabolic pathways of naringenin chalcone and isoliquiritigenin, which
serve as precursors of isoflavonoids (Zhu et al., 2005). Our study
observed a significant decrease in glycitein content after germination.
This reduction might be linked to the action of f-glucosidase, an enzyme
catalyzing the hydrolysis of isoflavones. This enzymatic action could
depend on enzyme concentration, temperature, and pH of the medium
(Yoshiara et al.,, 2018). The increase in isoflavone content after
fermentation, as observed in our study, could be attributed to the ac-
tivity of glucosidases produced by microorganisms in the starter cul-
tures. These enzymes catalyze the hydrolysis of isoflavone p-glucosides,
leading to a higher concentration of their respective bioactive aglycones
(Budryn et al., 2019).
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3.3. Analysis of dietary fiber content

Analysis of soluble and insoluble fiber content in the tested PBBs
revealed that the base BBs had more than twice the fiber content
compared to LBs (1.3 g/100 g for BB and 0.6 g/100 g for LB) (Fig. 2).
Germination was the only factor significantly influencing the results,
leading to a substantial increase in fiber content in both BBs (n% = 0.738)
and LBs (n2 = 0.604). The obtained PBBs can be considered health-
promoting products, as the fiber content per 250 mL serving exceeds
1.5 g in both germinated and non-germinated beverages (2.25-4.0 g/
250 mL for BBs and 1.5-2.75 g/250 mL for LBs) (Craig & Fresan, 2021).

Legumes are rich in dietary fiber, containing approximately 21-47 g/
100 g, making them an excellent source of this essential nutrient in the
diet (Trinidad et al., 2010). Researchers are actively exploring the cre-
ation of new legume-based milk substitutes enriched with dietary fiber
(Sethi et al., 2016). While the impact of germination on the fiber content
in PBBs has not been extensively studied by other authors, similar re-
lationships as in this study have been observed during the germination
of raw legumes such as soybean (Megat Rusydi et al., 2011), cowpea,
lentils, and chickpeas (Ghavidel & Prakash, 2007). Authors indicate that
the effect of germination on fiber content varies based on the legume
type and occurs during the soaking phase before actual germination
(Megat Rusydi et al., 2011). The increase in fiber content in this phase is
mainly influenced by polysaccharides with various degrees of solubility
(e.g, hemicellulose, pectin, and cellulose), which are found in the
cotyledon cell walls. During the initial germination phase, these poly-
saccharides are hydrated, their availability increases, and consequently
the total fiber content increases (Njoumi et al., 2019).

In this study, no significant effect of fermentation on the content of
soluble and insoluble fiber was observed in legume-based beverages.
Similar findings were reported by other researchers analyzing changes
in fiber content during the fermentation of various legume-based bev-
erages with different bacterial cultures. For instance, investigations on
Lactobacillus fermentum DSM 20052 with LBs (Verni et al.,, 2020),
Lactobacillus plantarum with green peas, lentils, and soy flour (Byanju
etal., 2021), as well as L. delbrueckii subsp. bulgaricus and S. thermophilus
with lupine and soybeans (Kaczmarska et al., 2017) yielded similar re-
sults, showing minimal impact or no change in fiber content during
fermentation.

3.4. Determination of the GI in vitro

In this study, all tested PBB samples fell within values between 60.19
and 60.70 for BBs and 60.82-61.29 for LBs (Fig. 2). Germination
significantly reduced the GI of both BBs (0> = 0.994) and LBs (% =
0.921). Fermentation did not display a noticeable impact on the results.
Foods are categorized based on their GI value, with high-GI foods (>70,
i.e. foods having carbohydrates that are digested, absorbed, and
metabolized quickly), intermediate-GI foods (>55 to < 70), and low-GI
foods (<55, i.e., foods digested, absorbed and metabolized slowly)
(Augustin et al., 2015). Normally, legumes have an average GI of 34,
categorizing them as predominantly low-GI foods (Atkinson et al.,
2021). However, in this study, the processing of legumes to create PBBs
increased their GI due to an increased availability of easily digestible
carbohydrates.

The reduction in GI observed in the tested PBBs following germina-
tion could be attributed to a concurrent increase in their fiber content, as
indicated in Fig. 2. Additionally, our previous study highlighted a sig-
nificant decrease in glucose content in the tested PBBs after germination,
from 6.53 mg/kg for BB to 2.58 mg/kg for BBG, and from 12.49 mg/kg
for LB to 8.21 mg/kg for LBG (Cichonska et al., 2023). Both glucose
content and the presence of dietary fiber directly influence the GI food
(Swieca et al., 2013). In this study, germination significantly decreased
the GI of all the PBBs, although it did not shift them to the low-GI food
category However, germination appears to be an intriguing method for
enhancing the health-promoting properties of legume-based milk
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Fig. 2. Fiber content of BBs (A) and LBs (B) and glycemic index of BBs (C) and LBs (D).

a, b,c,d, e

1 Description as in Table 1.
All analyses were made in triplicate.

substitutes. Dietary fiber present in food contributes to increased
stomach distension postconsumption, leading to enhanced satiety and
slower nutrient absorption (Scazzina et al., 2013). It is essential to note
that in this study, GI was estimated in vitro theoretically, and future
studies should also determine this parameter through in vivo studies.

3.5. Analysis of volatile compounds

In the studied legume-based beverages, aldehydes were predominant
among the volatile compounds, followed by alcohols, ketones, terpenes,
esters, organosulfur compounds, acids, and fatty acids. The distribution
of volatile compounds in the tested BBs and LBs can be found in Tables 3
and 4, respectively. In the base BBs (BB), the highest concentrations
were identified for 3-furanmethanol, 2-ethylhexanol, 1-hepten-3-one, 1-
pentanol, and 2-methylpropanoic acid. In the base LBs (LB), the notable
compounds included linalool, esters (butanoic acid, butyl ester, and
formic acid, hexyl ester), (E,E)-2,4-nonadienal, and 2-methylpropanoic
acid.

The process of germination significantly affected the content of
volatile compounds in the tested PBBs (Tables 3 and 4). This process
resulted in a considerable increase in the content of two tested alcohols,
i.e., 3-methyl-1-butanol (over 25 times for BBG and 116 times for LBG)
and ethanol (over five times for BBG and 130 times for LBG) in com-
parison to nongerminated BBs and LBs. There was also a notable in-
crease in the content of esters (such as butanoic acid, butyl ester, and
formic acid, hexyl ester) and fatty acid (2-methylhexanoic acid) in most
of the tested samples. Furthermore, for most PBB samples where a sig-
nificant effect of germination on the content of aldehydes and ketones
was demonstrated, a significant increase in these components was
observed, particularly for 2-acetylthiazole, (E,E)-2,4-nonadienal, octa-
nal, and 2-methylbutanal. The impact of fermentation on the obtained
results was notably significant, yet varied across different types of vol-
atile compounds. In the group of aldehydes, fermentation notably
increased their content in most tested BBs and LBs. Fermentation also
notably increased the content of selected alcohols, sulfur compounds,
esters, fatty acids, and ketones (Tables 3 and 4).

Through the use of sensory and instrumental methods, it is possible
to identify the specific components, including volatile compounds,
responsible for food attributes (Chambers IV & Koppel, 2013). However,
the presence of these compounds in food can be altered due to techno-
logical processes. This study noted a significant impact of fermentation
on increasing the content of aldehydes, selected alcohols, sulfur com-
pounds, esters, fatty acids, and ketones. This elevated aldehyde content
may be the result of lipid oxidation processes and/or chemical reactions
catalyzed by active fermentation bacteria. Aldehydes like hexanal,
(Z)-2-heptenal, and nonanal are possibly linked to lipid oxidation

- mean values in columns denoted by different letters differ significantly (p < 0.05).

processes, generated through the lipoxygenase (LOX) pathway (Lorn
et al., 2021). Moreover, the activities of starter cultures can result in the
production of octantal during alcoholic fermentation, initiated by the
removal of the carboxyl group from pyruvate. Subsequently, ethanol and
acetic acid are formed through the actions of alcohol dehydrogenase and
aldehyde dehydrogenase, respectively, which were observed in this
study (Park & Kim, 2021).

Alcohols, sulfur compounds, esters, fatty acids, and ketones can be
generated during fermentation via the degradation of amino acids
through the Ehrlich pathway and fatty acids degradation (Hazelwood
et al., 2008). The presence of aldehydes is often linked with green or
grassy aromatics in fruits and vegetables, as well as fatty and citrus notes
(Chambers IV & Koppel, 2013). In fermented foods, esters and ketones
commonly impart a fruity and creamy aroma, while acids contribute to
the food’s acidic flavor (Zhang et al., 2023). Applying appropriate
technological processes may significantly alter the sensory characteris-
tics of the product, influenced by changes in the aromatic profile. The
analysis of the obtained results demonstrated that both germination and
fermentation have a multidirectional impact on the volatile compounds
of the tested PBBs, significantly influencing the sensory perception of
these products.

3.6. Sensory analysis

The sensory characteristics of BBs and LBs are depicted in Tables 5
and 6, respectively. The odor profile among the samples varied sub-
stantially, particularly between base (BB/LB) and germinated (BB/LBG)
beverages, demonstrating a significantly higher intensity of legume and
starch odors compared to fermented ones (BB/LB + ABY3) and bever-
ages with the addition of raspberry—cranberry pulp (BB/LB + Fruit).
Interestingly, the germination process appeared to reduce the percep-
tion of the legume odor. Fermented PBBs (BB/LB + ABY3) displayed a
significantly higher intensity of sour, fermented, alcoholic, and pungent
odors than the other samples. On the other hand, BB/LB + Fruit had the
most intensely sweet and fruity aroma.

The flavor profile of the tested PBBs showed that BB/LB and BB/LBG
had the most pronounced legume flavor. Additionally, BB and BBG were
found to have a significantly stronger starch flavor compared to the
other BB samples. The vegetable flavor was particularly noticeable in
BBG and LB + Fruit. The beverages containing raspberry—cranberry pulp
received the highest ratings for overall sensory quality, scoring 5.40 for
BB + Fruit and 5.02 for LB + Fruit. Base and germinated PBBs were
slightly less favored, whereas the fermented beverages received the
lowest overall sensory quality ratings (1.72 for BB + ABY3 and LB +
ABY3).

The principal component analysis plot of the similarities and
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Table 3
Volatile compounds in tested BBs: Mean Values, Standard Deviations (SD), and ANOVA Statistics (ANOVA statistics includes the n2 coefficient, which indicates the
magnitude of the effect of germination and starter culture).

Constituents Sample code® Statistics ANOVA. 1 [-]
BB BB + BS1 BB + ABY3 BBG BBG + BS1 BBG + ABY3 Germination Starter
culture
Alcohols
1-butanol 0.0001 + 0.0005 + 0.0001 + 0.0110 + 0.0143 + 0.0134 + ns 0.983
0.0000 ? 0.0000 ? 0.0000 ? 0.0012° 0.0003 © 0.0010
3-furanmethanol 0.0102 + 0.0079 + 0.0061 + 0.0060 + 0.0083 + 0.0062 + ns 0.411
0.0009 © 0.0007 ° 0.0004 2 0.0003 ? 0.0003 ° 0.0002 ?
2-etyloheksanol 0.0100 + 0.0066 + 0.0011 + 0.0033 + 0.0014 + 0.0024 + ns 0.595
0.0004 © 0.0005 ¢ 0.0001 ? 0.0001 © 0.0002 2 0.0002 ®
1-pentanol 0.0051 + 0.0055 + 0.0059 + 0.0076 + 0.0093 + 0.0153 + 0.806 0.663
0.0005 ? 0.0001 ? 0.0005 0.0005 © 0.0006 ¢ 0.0018 ¢
3-methyl-1-butanol 0.0008 + 0.0002 + 0.0067 + 0.0204 + 0.0104 + 0.0317 + 0.893 0.769
0.0000 2 0.0000 ? 0.0006 ° 0.0012 ¢ 0.0004 © 0.0017 ©
ethanol 0.0022 + 0.0014 + 0.0018 + 0.0124 + 0.0135 + 0.0115 + 0.978 ns
0.0002 2 0.0001 ? 0.0001 ? 0.0008 "¢ 0.0014 © 0.0007 ®
Organosulfur compounds
Dimethyl disulfide 0.0017 + 0.0153 + 0.0093 + 0.0022 + 0.0074 + 0.0088 + ns 0.736
0.0001 ? 0.0010 0.0001 ° 0.0001 ? 0.0003 ° 0.0004 ©
Dimethyl trisulfide nd 0.0177 + 0.0122 + 0.0002 + 0.0012 + 0.0106 + ns 0.630
0.0011 9 0.0009 © 0.0000 ? 0.0001 2 0.0004 ©
Terpenes
Limonene 0.0001 + 0.0006 =+ 0.0001 + 0.0008 + 0.0042 + 0.0014 + 0.689 0.653
0.0000 2 0.0001 ° 0.0000 2 0.0000 ® 0.0004 4 0.0000 ©
Isoeugenol 0.0008 + nd nd 0.0001 + 0.0003 + 0.0013 + ns ns
0.0000 © 0.0000 ? 0.0000 ° 0.0000 ¢
Linalool 0.0001 + nd 0.0001 + 0.0009 + 0.0030 + 0.0040 + 0.792 0.494
0.0000 ? 0.0000 2 0.0001 ° 0.0002 © 0.0001 ¢
Esters
Butanoic acid, butyl 0.0001 + 0.0009 + 0.0044 + 0.0337 + 0.0174 + 0.0205 + 0.876 ns
ester 0.0000 2 0.0001 2 0.0004 ° 0.0023 ¢ 0.0008 © 0.0013 €
Formic acid, hexyl ester ~ 0.0033 + 0.0112 + 0.0047 + 0.0033 + 0.0165 + 0.0216 + 0.512 0.640
0.0003 ? 0.0010° 0.0002 2 0.0003 2 0.0015 © 0.0019 ¢
Fatty acids
2-methylhexanoic acid ~ 0.0019 + 0.0045 + 0.0119 + 0.0038 + 0.0117 + 0.0192 + 0.817 0.942
0.0001 ? 0.0001 ° 0.0005 © 0.0002 ° 0.0008 © 0.0003 ¢
Ketones
2-acetylthiazole 0.0001 + nd 0.0007 + 0.0031 + 0.0022 + 0.0019 + 0.882 ns
0.0000 ? 0.0000 ° 0.0002 ¢ 0.0001 © 0.0001 ©
Acetoin nd 0.0413 + 0.0562 + 0.0001 + 0.0718 + 0.0797 + ns 0.947
0.0028 ° 0.0006 © 0.0000 ? 0.0012 ¢ 0.0071 ¢
1-Hepten-3-one 0.0050 + 0.0001 + 0.0039 + 0.0081 + nd 0.0059 + 0.587 0.938
0.0003 © 0.0000 ? 0.0001 ° 0.0005 © 0.0002 ¢
2,3-Pentanedione 0.0006 + 0.0734 + 0.0392 + 0.0005 + 0.0600 + 0.0103 + 0.565 0.951
0.0001 ? 0.0026 © 0.0007 © 0.0000 ? 0.0051 4 0.0005 °
diacetyl 0.0011 + 0.0698 + 0.0471 + 0.0019 + 0.0559 + 0.0438 + ns 0.975
0.0001 ? 0.0046 ¢ 0.0025 "¢ 0.0001 ? 0.0055 © 0.0030 ®
Aldehydes
(E)-2-octenal 0.0001 + 0.0001 + 0.0020 + 0.0002 + 0.0002 + 0.0003 + ns ns
0.0000 ? 0.0000 ? 0.0001 2 0.0000 ? 0.0000 ? 0.0000 ®
Nonanal 0.0030 + 0.0004 + 0.0046 + 0.0058 + 0.0077 + 0.0219 + 0.687 0.659
0.0001 ° 0.0000 2 0.0005 P¢ 0.0002 4 0.0005 4 0.0016 ©
(Z)-2-heptenal 0.0002 + 0.0004 + 0.0023 + 0.0010 + 0.0019 + 0.0037 + 0.922 0.972
0.0000 2 0.0000 2 0.0002 ¢ 0.0001 ® 0.0002 © 0.0002 ©
Octanal 0.0014 + 0.0057 + 0.0030 + 0.0030 + 0.0068 + 0.0107 + 0.559 0.649
0.0001 ? 0.0003 © 0.0002 ° 0.0002 ° 0.0004 ¢ 0.0004 ©
(E,E)-2,4-nonadienal 0.0004 + 0.0009 + 0.0049 + 0.0357 + 0.0177 + 0.0206 + 0.859 ns
0.0000 ? 0.0000 ? 0.0003 ° 0.0013 © 0.0006 © 0.0021 ¢
hexanal 0.0034 + 0.0026 + 0.0263 + 0.0080 + 0.0051 + 0.0253 + ns 0.977
0.0003 ? 0.0000 ? 0.0026 © 0.0005 ° 0.0003 * 0.0011 ©
pentanal 0.0009 + 0.0772 + 0.0051 + 0.0018 + 0.0054 + 0.0046 + ns 0.528
0.0001 2 0.0054 © 0.0003 ° 0.0002 2 0.0006 ° 0.0002 ®
2-methylbutanal 0.0002 + 0.0003 + 0.0003 + 0.0027 + 0.0042 + 0.0015 + 0.835 0.488
0.0000 2 0.0000 2 0.0000 2 0.0002 € 0.0003 ¢ 0.0000 ®
Acids
2-methylpropanoic acid ~ 0.0268 + 0.0116 + 0.0046 + 0.0267 + 0.0065 + 0.0074 + ns 0.966
0.0015 ¢ 0.0001 © 0.0002 2 0.0006 ¢ 0.0002 * 0.0004 ®
Acetic acid 0.0170 + 0.0382 + 0.2816 + 0.0363 + 0.0751 + 0.4132 + ns 0.962
0.0015? 0.0024 0.0262 © 0.0010 0.0028 ° 0.0337 ¢

Explanations: nd — not detected; ns — non-significant.

All analyses were made in triplicate.

ab.¢ d e_mean values in rows denoted by different letters differ significantly (p < 0.05).
@ Description as in Table 1.
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Table 4
Volatile compounds in tested LBs: Mean Values, Standard Deviations (SD), and ANOVA Statistics (ANOVA statistics includes the n2 coefficient, which indicates the
magnitude of the effect of germination and starter culture).

Constituents Sample code® Statistics ANOVA. 12 [-]
LB LB + BS1 LB + ABY3 LBG LBG + BS1 LBG + ABY3 Germination Starter
culture
Alcohols
1-butanol nd nd nd nd nd nd - -
3-furanmethanol 0.0035 + 0.0056 + 0.0047 + 0.0033 + 0.0043 + 0.0063 + ns 0.667
0.0001 * 0.0004 4 0.0003 ¢4 0.0002 2 0.0001 "¢ 0.0005 ©
2-etyloheksanol 0.0021 + 0.0106 + 0.0026 + 0.0119 + 0.0031 + 0.0060 + ns ns
0.0001 ? 0.0006 ¢ 0.0001 * 0.0002 © 0.0001 ° 0.0005 ©
1-pentanol 0.0015 + 0.0034 + 0.0082 + 0.0006 + 0.0024 + 0.0065 + 0.776 0.986
0.0001 2 0.0002 © 0.0006 © 0.0000 ? 0.0002 ° 0.0005 ¢
3-methyl-1-butanol 0.0001 + 0.0041 + 0.0060 + 0.0116 + 0.056 & 0.0005  0.0221 + 0.715 0.542
0.0000 2 0.0004 ° 0.0004 © 0.0008 ¢ ¢ 0.0007 ©
ethanol nd 0.0031 + 0.0019 + 0.0133 + 0.0116 + 0.0268 + 0.831 ns
0.0002 ° 0.0001 2 0.0011 © 0.0007 © 0.0011 ¢
Organosulfur compounds
Dimethyl disulfide nd nd nd nd nd nd - -
Dimethyl trisulfide nd 0.0001 + 0.0069 + nd 0.0001 + 0.0019 + ns 0.757
0.0000 ? 0.0001 © 0.0000 ? 0.0001 ®
Terpenes
Limonene 0.0027 + 0.0030 + 0.0217 + 0.0001 + 0.0005 + 0.0005 + 0.485 0.477
0.0002 "¢ 0.0002 © 0.0021 4 0.0000 ? 0.0001 ° 0.0001 °
Isoeugenol nd 0.0001 + 0.0009 + 0.0001 + 0.0001 + 0.0045 +£0.00 ¢ ns ns
0.0000 2 0.0001 ° 0.0000 2 0.0000 2
Linalool 0.0070 + 0.0144 + 0.0248 + 0.0052 + 0.0045 + 0.0085 + 0.688 0.665
0.0006 *° 0.0011 ¢ 0.0024 © 0.0003 ? 0.0005 ? 0.0001 ©
Esters
Butanoic acid, butyl 0.0062 + nd 0.0018 + 0.0168 + 0.0036 + 0.0074 + 0.807 0.865
ester 0.0006 © 0.0000 ? 0.0016 ¢ 0.0003 ° 0.0008 ©
Formic acid, hexyl ester ~ 0.0056 + 0.0160 + 0.0195 + 0.0026 + 0.0047 + 0.0211 + 0.366 0.851
0.0004 ° 0.0005 © 0.0016 ¢ 0.0002 2 0.0004 0.0018 ¢
Fatty acids
2-methylhexanoic acid ~ 0.0019 + 0.0040 + 0.0063 + 0.0031 + 0.0064 + 0.0163 + 0.570 0.779
0.0001 ? 0.0002 © 0.0003 ¢ 0.0003 ° 0.0004 4 0.0003 ©
Ketones
2-acetylthiazole 0.0015 + 0.0018 + 0.0015 + 0.0040 + 0.0029 + 0.0058 + 0.795 ns
0.0001 ? 0.0000 ? 0.0000 ? 0.0004 © 0.0002 ° 0.0001 ¢
Acetoin nd 0.0327 + 0.0434 + 0.0402 + 0.0287 + 0.0528 + ns 0.596
0.0022? 0.0025 ° 0.0034 ° 0.0029 2 0.0033 €
1-Hepten-3-one 0.0033 + 0.0061 + 0.0094 + 0.0011 + 0.0018 + 0.0068 + 0.886 0.954
0.0002 ° 0.0004 © 0.0008 ¢ 0.0001 2 0.0001 2 0.0002 €
2,3-Pentanedione 0.0002 + 0.0547 + 0.0314 + 0.0001 + 0.0032 + 0.0034 + 0.609 0.554
0.0000 ? 0.0038 0.0021 ° 0.0000 ? 0.0002 2 0.0002 2
diacetyl 0.0001 + 0.0594 + 0.0447 + 0.0008 + 0.0077 +0.00°  0.0288 + ns 0.682
0.0000 ? 0.0056 © 0.0045 9 0.0001 2 0.0016 ©
Aldehydes
(E)-2-octenal nd 0.0001 + 0.0027 + 0.0001 + 0.0021 + 0.0069 + 0.600 0.846
0.0000 ? 0.0002 ° 0.0000 ? 0.0001 ° 0.0005 ©
Nonanal 0.0011 + 0.0064 + 0.0052 + nd 0.0039 + 0.0312 + ns 0.558
0.0000 * 0.0005 © 0.0003 © 0.0001 "¢ 0.0030 ¢
(2)-2-heptenal 0.0016 + 0.0051 + 0.0091 + nd 0.0074 + 0.0161 + 0.329 0.875
0.0001 2 0.0002 ° 0.0004 © 0.0003 © 0.0015 ¢
Octanal 0.0007 + 0.0016 + 0.0077 + 0.0012 + 0.0060 =+ 0.0194 + 0.569 0.833
0.0000 2 0.0001 2 0.0004 ° 0.0001 2 0.0002 ° 0.0020 €
(E,E)-2,4-nonadienal 0.0065 + 0.0012 + 0.0033 + 0.0170 + 0.0031 + 0.0061 + 0.617 0.807
0.0001 © 0.0001 ? 0.0002 ° 0.0013 ¢ 0.0002 ° 0.0005 ©
hexanal 0.0007 + 0.0042 + 0.0059 + 0.0008 + 0.0027 + 0.0190 + ns 0.701
0.0001 2 0.0003 © 0.0005 4 0.0000 ? 0.0001 ° 0.0009 ©
pentanal nd 0.0072 + 0.0050 + 0.0003 + 0.0020 + 0.0068 + ns 0.724
0.0001 ¢ 0.0004 © 0.0000 ? 0.0001 ° 0.0006 ¢
2-methylbutanal 0.0007 + 0.0012 + 0.0012 + 0.0019 + 0.0029 + 0.0050 + 0.777 0.607
0.0000 ? 0.0001 ° 0.0001 ° 0.0001 © 0.0002 4 0.0002 ©
Acids
2-methylpropanoic acid ~ 0.0113 + 0.0243 + 0.0113 + 0.0149 + 0.0103 + 0.0114 + ns ns
0.0006 * 0.0014 © 0.0003 ? 0.0010 ° 0.0008 ? 0.0013 ?
Acetic acid 0.0010 + 0.0314 + 0.1225 + 0.00 0.0292 + 0.0177 + 0.2232 + ns 0.897
0.0000 2 0.0017 © 64 ¢ 0.0014° 0.0008 * 0.0179 ¢

Explanations: nd — not detected; ns — non-significant.

All analyses were made in triplicate.

a b ¢ de_mean values in rows denoted by different letters differ significantly (p < 0.05).
 Description as in Table 1.
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Table 5 Table 6

Sensory profiling of BBs. Sensory profiling of LBs.
Attributes Sample code” Statistics p- Attributes Sample code” p-value

BB BB + BBG BB + value LB LB + ABY3 LBG LB + Fruit
ABY3 Fruit _ B
Visual attributes
Visual attributes color 7.51%  4.48° 6.02°  6.68% <0.0001
color 337>  2.85° 319®  7.36° <0,0001 density 6.32°  5.46° 6.39°  6.54% 0.007
density 6.28"  6.38% 6.64°  6.82° 0,137 Odor attributes
Odor attributes starchy 2788 1.72° 2.59°  2.09% 0.033
starchy 416°  2.07° 4330 1.81° <0.0001 legume 3.96°  1.60° 3.44° 2,012 0.000
legume 5528  2.02¢ 413>  1.33° <0.0001 vegetable 2,617 1.93% 2.37° 1.12° 0.052
vegetable 3.07°  1.88° 3132 0.91°¢ <0.0001 fermentative 216>  6.87° 285>  1.19° <0.0001
fermentative 1.41*  6.97° 1.71>  0.76" <0.0001 sour 232> 5.64° 302>  255° <0.0001
sour 1.59"  6.49° 1.49°  231° <0.0001 sweet 259 1.15° 348> 5712 <0.0001
sweet 1.63°  0.40° 1.29°  6.03° <0.0001 fruity 244> 1.48° 332> 6.71% <0.0001
fruity 0.86*  0.13° 0.29°  6.57° <0.0001 nutty 0.64*  0.32° 0.84°  0.44° 0.269
nutty 1.05%®  0.09¢ 1.13*  0.34* 0.021 burnt 1.11*  0.93® 1.36°  0.29° 0.046
burnt 1.33%  0.84° 1.23%*  0.36¢ 0.177 alcoholic 0.83°  1.94° 0.75°  0.19° 0.007
alcoholic 0.27°  1.87° 0.12°  0.08° <0.0001 earthy 1.17¢0 0.91° 1.36°  0.43° 0.244
earthy 1.53°  1.25% 2.10°  0.63° 0.154 sharp 1.16°  4.92° 1.69°  1.39° <0.0001
sharp 1.09°  4.07% 1.19°  0.92° <0.0001 Consistency attributes
Consistency attributes oral density 6.20°°  5.43° 556>  6.88% 0.002
oral density 6.11"  6.02° 6.76°  6.63 0.021 sticking 518"  4.73° 497° 5312 0.228
sticking 422>  457%® 494" 5172 0.138 flouriness 5.11%  4.43° 511  4.37° 0.272
flouriness 4.47°  3.96° 6.41°  4.33° <0.0001 Flavor attributes
Flavor attributes starchy 3788 3.20° 3.77° 294" 0.188
starchy 5.33° 247" 5.62°  2.97° <0.0001 legume 466°  3.37° 479° 224" <0.0001
legume 5728 219" 5.09°  2.53° <0.0001 vegetable 329 2142 3.08°  0.77° 0.001
vegetable 2.89°°  1.94% 356"  1.13¢ 0.000 fermentative 2.10°  6.58° 2.66°  0.83° <0.0001
fermentative 1.41*  6.68° 1.41>  0.43° <0.0001 sour 282>  577° 2.84>  2.72° <0.0001
sour 1.02> 7517 1.27°  3.07° <0.0001 sweet 1.27°¢  0.63¢ 174>  5.90° <0.0001
sweet 1.30°  0.69° 118>  6.18% <0.0001 fruity 1.19° 216" 1.53° 6.94° <0.0001
fruity 0.39®  0.52° 0.16*  6.81° <0.0001 nutty 0.63°  0.34° 1244 0.46° 0.008
nutty 1.07%  0.14° 0.72®  0.29° 0.027 burnt 0.87°  0.83%" 1.43°  0.10° 0.013
burnt 1.42*  0.64% 1.16*  0.07° 0.017 bitter 1.922 1772 1.29°  0.43° 0.002
bitter 1.55%  1.41° 1.66*  0.59" 0.052 salty 0.66°  1.28° 0.78%  0.20° 0.011
salty 1072 0.76% 0.61%  0.23" 0.084 earthy 1.88°  0.90° 1.63*  1.08" 0.284
earthy 2.80°  1.84° 2,620 0.29° 0.002 alcoholic 057°  1.71° 0.68°  0.17° 0.015
alcoholic 0.14*  1.97° 0.08°  0.07° <0.0001 purgency 1.04*  1.09° 1.06  0.73® 0.422
purgency 0.80%  1.42% 0.96%  0.43" 0.028 overall sensory 3.37° 1.72¢ 3.34>  502° <0.0001
overall sensory 3.68° 1.72¢ 3.69° 5.40% <0.0001 quality
quality ab e . . . o
Toea > > ¢ - mean values in rows denoted by different letters differ significantly (p <

- mean values in rows denoted by different letters differ significantly (p <
0.05).
@ Description as in Table 1.

differences in the sensory profiling characteristics of the BBs and LBs are
shown in Figs. 3 and 4, respectively. The differences and similarities in
the sensory quality of PBBs are shown within the first two principal
components: F1 (51.52%) and F2 (40.66%) accounting for 98.38% of
the total variability for BBs and F1 (79.30%) and F2 (18.28%) ac-
counting for 97.58% of the total variability for LBs. For both BBs and
LBs, the PBBs samples containing raspberry-cranberry pulp (BB/LB +
Fruit) were positioned close to the overall sensory quality and exhibited
attributes associated with fruity and sweet odor and taste. Base (BB/LB)
and germinated (BB/LBG) PBBs shared similar positions in the PCA
system, indicating a comparable sensory profile characterized by star-
chy, legume, and vegetable odors and flavors. Conversely, samples of
fermented PBBs (BB/LB + ABY3) were situated on the opposite side of
the PCA system, reflecting sensory characteristics associated with
intense fermentative and sour odor and taste, which negatively corre-
lated with overall sensory quality.

Sensory analysis plays a vital role in product development and
quality assessment, enabling the identification of potential enhance-
ments or eliminations in the food’s aroma compounds (Chambers IV &
Koppel, 2013). Legumes, while nutritionally rich, often encounter
resistance due to their sensory attributes (Vaz Patto et al., 2015). In this
study, the overall sensory quality assessment highlighted fermented
beverages rated the lowest despite exhibiting less noticeable legume,
vegetable and starch aroma and flavor attributes. The negative reviews
seem to be primarily related to the presence of fermentative, acidic and

0.05).
@ Description as in Table 1.

Biplot (axesF1 and F2: 98,38%)

BB+ABY3

= + BB+Fruit

F2 (40,86 %)

BB
BBG

2 [ 2 4 6 8 10 12
F1(57,52 %)

| » Active variables  « Active observations I

Fig. 3. Principal component analysis plot of the similarities and differences in
the sensory profiling characteristics of the BBs.

0. — odor, f. — flavor, t. — taste

BB, BBG, BB + ABY3, BB -+ Fruit — description identical to Table 1.
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Biplot (axesF1 and F2: 97,58 %)

LB+Fruit

F2(18,28 %)

« LB+ABY3

LBG

2 0 2 4 6 8

F1(79,30 %)

I « Active variables ~Actrveobservamns|

Fig. 4. Principal component analysis plot of the similarities and differences in
the sensory profiling characteristics of the LBs.

0. — odor, f. — flavor, t. — taste

LB, LBG, LB + ABY3, LB + Fruit — description identical to Table 1.

alcoholic properties in the beverages. These specific attributes may be
linked to certain volatile compounds such as 3-methyl-1-butanol,
organosulfur compounds, acetoin, selected ketones (2,3-pentanedione,
diacetyl), most tested aldehydes, and acetic acid, which increased
notably in the volatile compounds of the PBBs after fermentation.
Interestingly, certain ingredients such as hexanal, acetanal, and diacetyl
in fermented milk products typically score positively in sensory tests and
contribute to their characteristic aroma profile (Moineau-Jean et al.,
2020). However, the unfavorable perception of fermented BBs and LBs
could be due to the lack of harmonization of the proportions of these
volatile compounds. The predominance of aldehydes in these beverages
could contribute to the presence of unpleasant, grassy, and pungent
aromatics, impacting the overall sensory experience (Xu et al., 2020).
The addition of fruit pulp proved to be the most favorable strategy to
increase the attractiveness of these beverages and, in particular, to
reduce the perception of unfavorable odors and flavors such as legumes,
starches, vegetables, bitter, fermentative, and alcoholic. This finding
suggests that the addition of fruit pulp could effectively counteract these
undesirable properties and thus improve the overall sensory profile of
the beverages.

4. Conclusion

This paper presents the potential of using specific technological
processes to alter the nutritional and sensory properties of BBs and LBs.
The study showed that germination increased the content of certain B
vitamins (biotin, niacin, pantothenic acid), isoflavones (daidzein, gen-
istein), and fiber, consequently reducing the GI in the PBBs tested. Mi-
croorganisms involved in the fermentation of BBs and LBs showed the
ability to synthesize thiamine, riboflavin, and pyridoxine and to produce
enzymes that increase the availability of daidzein and genistein espe-
cially in samples fermented with more diverse starter cultures. The re-
sults indicate that the simultaneous use of fermentation and germination
allows for the greatest improvement in their nutritional properties. This
is crucial for legume products, the consumption of which is limited
despite their high nutritional value, mainly due to the requirements
regarding time and method of preparation. Industrial production of
legume-based beverages subjected to appropriate pretreatment,
including fermentation and germination, may enable an increase in the
consumption of nutritional legume-based products.

The available literature lacks clear solutions regarding methods for
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improving the sensory properties of legume-based beverages. Our study
presents the impact of three different technological operations
(fermentation, germination, and flavor addition) on selected sensory
characteristics and the volatile compounds associated with them. Both
germination and fermentation showed a multidirectional influence on
the volatile compounds in the tested PBBs and influenced the sensory
properties of the base and fermented beverages. The fermentation-
associated changes in the content of certain alcohols, sulfur com-
pounds, esters, fatty acids, and ketones had a negative impact on the
overall sensory quality of the PBBs. Quantitative descriptive analysis
revealed relatively low sensory quality for BBs and LBs, which could be
significantly improved by including raspberry—cranberry pulp. These
results provide direct guidance for producers of plant-based beverages
who want to expand their offer with new milk substitutes with high
nutritional value and improved sensory acceptance.

Continued advances in technological processes, such as the use of
novel fermentation strains or the optimization of germination tech-
niques, could potentially refine the nutritional and sensory properties of
these beverages, leading to improved consumer acceptance and market
competitiveness. It will be beneficial to investigate the effects of
fermentation and germination on changes in the content of individual
amino acids of legume-based beverages. This will allow us to identify
processes that have a positive effect on the nutritional value of the
products obtained, making their proteins more similar to those in cow’s
milk. Moreover, investigating the stability and shelf life of these bev-
erages under different storage conditions is crucial for commercial
viability. Understanding how these products evolve and ensuring
consistent quality can pave the way for successful market placement and
sustained consumer satisfaction.
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