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Wykaz stosowanych skrotow

AEDA analiza wiclokrotnych rozcienczen (ang. aroma extract dilution analysis)

DB-5 faza stacjonarna: 5% difenylo / 95% dimetylopolisiloksan
(ang. 5% diphenyl / 95% dimethylpolysiloxan)

FD rozcienczenie zapachu (ang. flavor dilution)

FFAP faza  stacjonarna:  2-nitrotereftalan  glikolu  polietylenowego
(ang. free fatty acid phase)

FPA analiza profilu smakowo-zapachowego (ang. flavor profile analysis)

GC chromatografia gazowa (ang. gas chromatography)

GC x GC kompleksowa dwuwymiarowa chromatografia gazowa
(ang. comprehensive two-dimensional gas chromatography)

GC-MS chromatografia gazowa - spektrometria mas (ang. gas chromatography -
mass spectrometry)

GC-O chromatografia gazowa - olfaktometria (ang. gas chromatography -
olfactometry)

OAV warto$¢ aktywnosci zapachowej (ang. odor activity value)

oTC stezenie progowe zapachu (ang. odor threshold concentration)

RI indeks retencji (ang. retention index)

SAFE zageszczanie aromatu w obecnosci rozpuszczalnika (ang. solvent

assisted flavor evaporation)

SIDA analiza rozcienczen stabilnych izotopow (ang. stable isotope dilution
analysis)

SPME mikroekstrakcja do fazy statej (ang. solid phase microextraction)

TIC catkowity prad jonowy (ang. total ion current)
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Streszczenie

Aromat zywnos$ci stanowi jedng z najwazniejszych cech sensorycznych zywnosci, ktora
swiadczy o wysokiej jakosci produktu 1 determinuje wybor konsumentow. Wedlug
najnowszych wytycznych zywieniowych Spozywanie warzyw i owocOw Stanowi zaraz po
aktywnosci fizycznej trzon piramidy zywienia, przy czym wazne sg réwniez proporcje.
Warzywa 1 owoce powinny stanowi¢ az polowe spozywanej zywnosci, z czego okoto 75%
powinny stanowi¢ warzywa. Poza substancjami odzywczymi zawierajg one réwniez liczne
zwiagzki bioaktywne, ktore wykazuja szerokie dzialanie prozdrowotne. Spozywanie warzyw
kapustowatych niesie za sobg szereg korzystnych wlasciwosci, m.in.: wykazuja one dziatanie
przeciwnowotworowe, przeciwzapalne, przeciwbakteryjne, przeciwutleniajace,
kardioprotekcyjne, przeciwdziatajg otylosci czy schorzeniom zotadka. Wykazano, ze
pozytywny wptyw na zdrowie cztowieka zwigzany jest z dzialaniem produktow rozpadu

glukozynolanow.

Lotne produkty rozpadu glukozynolanéw pod katem sensorycznym wcigz stanowia mato
poznang grupe zwigzkow chemicznych. Glowne cele niniejszej rozprawy doktorskiej
obejmowaly: przeglad literaturowy pod katem zwigzkow lotnych siarki, uzupetnienie danych
sensorycznych dla izotiocyjanianéw, znalazienie metody inaktywacji mirozynazy do celow
analizy zwigzkow lotnych oraz identyfikacja i kwantyfikacja kluczowych zwigzkéw lotnych

I aktywnych zapachowo, ktore sa odpowiedzialne za aromat kalarepy surowej i gotowanej.

Przeglad literatury dotyczacy zwigzkow lotnych siarki, o aktywno$ci zapachowej
w warzywach kapustowatych zostat rozszerzony o warzywa cebulowe oraz trufle 1 grzyby
shiitake ze uwagi na podobienstwa w drogach ich powstawania. Zaraz po estrach zwigzki siarki
stanowig druga, najliczniejszg grupe lotnych zwigzkéw organicznych wystepujacych
w zywnos$ci. Dodatkowo tworza one dominujaca grupe zwigzkéw identyfikowanych jako
kluczowe zwiazki odpowiedzialne za aromat zywnosci w tym réwniez warzyw kapustowatych,
cebulowych, trufli 1 grzybow shiitake. Zwigzki lotne, zawierajace siarke powstajg gtownie
w procesach enzymatycznych ale rowniez podczas ich degradacji termicznej z prekursorow
takich jak aminokwasy siarkowe, a takze z glukozynolanéw. Ograniczona stabilno$¢, podatno$é
na utlenianie oraz niskie progi detekcji powodujg, ze analiza jakoSciowa i iloSciowa lotnych

zwiazkow siarki jest wyzwaniem.

Analiza sensoryczna (FPA) 19 izotiocyjanianow dostarczyta informacji na temat

charakteru zapachow i st¢zen progowych zapachu dla poszczegoélnych zwigzkéw. Wyznaczono
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takze wspotczynniki podziatu gaz/ciecz dla powietrza i czterech matryc cieklych — wody,

buforu slinowego, sztucznej $liny oraz sliny ludzkiej. Zebrane dane pozwalaja na oceng
migracji do fazy nadpowierzchniowej izotiocyjanianéw w czasie spozywania/przezuwania

warzyw kapustowatych.

Aktywno$¢ mirozynazy — enzymu katalizujagcego reakcj¢ hydrolizy glukozynolanow
W procesie przygotowania proby do analizy zwiazkow lotnych i zapachowych powinna by¢
zahamowana. Z uwagi na trudnosci w hamowaniu aktywnos$ci mirozynazy pod katem analizy
zwigzkow zapachowych za pomoca metod opartych na dziataniu temperatury podjeto w pracy
badanie przydatnosci do tego celu soli nieorganicznych. Oceniono dziatanie wybranych soli
nieorganicznych (kationow Cu?*, Fe?*, Fe%*, Ag*, Mn?*, Ca?*, Na*) na ilo§¢ powstawania
lotnych produktow rozpadu glukozynolanéw w uktadzie modelowym oraz w tkance kalarepy.
Jako optymalny inhibitor mirozynazy sposréd badanych czynnikow wybrano bezwodny

siarczan(VI) sodu, ktory zastosowano przy realizacji kolejnego zadania badawczego.

Sktad zwiazkow lotnych wystepujacych w kalarepie byt juz wczesniej znany, jednakze
nie podjeto proby wyznaczenia kluczowych zwigzkow aktywnych zapachowo,
odpowiedzialnych za aromat tego warzywa. W celu wyizolowania zwigzkoéw przygotowano
ekstrakt z surowej 1 gotowanej kalarepy, ktory nastepnie zageszczono. Tak przygotowang probe
poddano analizie GC-0O, dzi¢ki zastosowaniu analizy wielokrotnych rozciefnczen wyznaczono
55 zwigzkow aktywnych zapachowo w kalarepie surowej i gotowanej. Wykorzystanie analizy
GC-O umozliwito zidentyfikowanie 6 zwigzkow lotnych i aktywnych zapachowo, ktérych
obecno§¢ w  kalarepie nie  byla  wcze$niej znana.  Analiza  ekstraktu
z dodatkiem standardow znakowanych izotopami umozliwita wyznaczenie st¢zen analitow
w badanej probie kalarepy i wyznaczenie OAV. Okreslenie OAV pozwolito na wyznaczenie
osmiu kluczowych zwigzkow odpowiedzialnych za aromat surowej i gotowanej kalarepy,
wsrod ktorych znajdowaty si¢ 3 izotiocyjaniany. W wigkszosci obliczone OAV byly wyzsze
dla proby kalarepy surowej i nizsze dla kalarepy gotowanej ze wzgledu na utrate zwiazkow

lotnych podczas gotowania.
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Summary

The aroma of food is one of the most important sensory features of food, which proves
the product's high quality and determines the consumers' choice. According to the latest
nutritional guidelines, consuming vegetables and fruits is the backbone of the nutrition pyramid
right after physical activity nevertheless, proportions are also substantial. Vegetables and fruits
should constitute at least half of the food eaten of which about 75% should be vegetables. In
addition to nutrients, they also contain numerous bioactive compounds that have a wide range
of health benefits. Consumption of Brassica vegetables brings a number of health-promoting
effects, including anti-cancer, anti-inflammatory, antibacterial, antioxidant, cardioprotective,
anti-obesity, and stomach diseases properties. It has been shown that the positive impact on

human health is associated with the activity of glucosinolate breakdown products.

Volatile products of the decomposition of glucosinolates in sensory terms are still a little-
known class of chemical compounds. The main objectives of this doctoral dissertation included:
a literature review for volatile sulfur compounds, enhancement of the sensory data for
isothiocyanates, finding a method for quenching myrosinase activity for the analysis of volatile
compounds and identification and quantification of key volatile and odor-active compounds

that are responsible for the aroma of raw and cooked kohlrabi.

The review of the literature on volatile odor-active sulfur compounds in Brassica
vegetables was extended to Allium vegetables, truffles, and shiitake mushrooms due to the
similarities in the pathways of their formation. After esters, sulfur compounds are the second
most numerous class of volatile organic compounds found in food. In addition, they form the
dominant group of compounds identified as key odor-active compounds in food including
Brassica vegetables, Allium vegetables, truffles, and shiitake mushrooms. Volatile sulfur-
containing compounds are formed mainly in enzymatic processes, but also during their thermal
degradation from precursors such as sulfur amino acids, as well as from glucosinolates. Limited
stability, susceptibility to oxidation, as well as low detection thresholds makes the qualitative

and quantitative analysis of volatile sulfur compounds a challenge.

Sensory analysis (FPA) of 19 isothiocyanates provided information on the nature of the
odor-active compounds and the odor threshold concentrations for the individual compounds.
Gas/liquid partition coefficients were also determined for air and four liquid matrices - water,

saliva buffer, artificial saliva, and human saliva. The collected data allow evaluation of the
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migration to the headspace of isothiocyanates during the consumption/mastication of Brassica

vegetables.

The activity of myrosinase - an enzyme catalyzing the reaction of glucosinolate
hydrolysis in the process of sample preparation for the analysis of volatile and odor-active
compounds should be inhibited. Due to the difficulties in inhibiting the activity of myrosinase
in terms of the analysis of odor-active compounds using methods based on thermal treatment,
the study of the suitability of inorganic salts for this purpose was undertaken. The effect of
selected cations of inorganic salts (Cu?*, Fe?*, Fe3*, Ag*, Mn?*, Ca?*, Na*) on the amount of
formation of volatile glucosinolate breakdown products in the model system and in green
kohlrabi tissue was evaluated. Anhydrous sodium sulfate was selected as the optimal
myrosinase inhibitor from among the tested agents, which was used in the subsequent research
task.

The composition of the volatile compounds found in kohlrabi was already tested, but no
attempt was made to determine the key odor-active compounds responsible for the odor of this
vegetable. In order to isolate the compounds, an extract of raw and cooked kohlrabi was
prepared and concentrated. The sample prepared in this way was subjected to
GC-O analysis and due to aroma extract dilution analysis, 55 aroma-active compounds were
determined in raw and cooked kohlrabi. The application of GC-O analysis enabled the
identification of 6 volatile and odor-active compounds whose presence in kohlrabi was
previously unknown. The analysis of the extract with the addition of isotope-labeled standards
allowed the determination of analyte concentrations in the kohlrabi sample and the calculation
of the OAVs. Determination of the OAVs was crucial in the determination of eight key
compounds responsible for the aroma of raw and cooked kohlrabi, including 3 isothiocyanates.
For the most part, the calculated OAVs were higher for the raw kohlrabi sample and lower for

the cooked kohlrabi due to the loss of volatile compounds during cooking.

10



UNIWERSYTET
PRZYRODNICZY
W POZNANIU

N

Wstep

Aktywnos¢ fizyczna oraz spozywanie warzyw 1 owocOw stanowig trzon zasad
prawidlowego zywienia i w konsekwencji prowadza do zdrowego stylu zycia [1, 2]. Biorac pod
uwage aspekt zywieniowy, warzywa i owoce odgrywaja kluczowa role w diecie czlowieka, ze
wzgledu na wysoka warto$¢ odzywcza, natomiast zawarte w roslinach fitozwiazki, makro
i mikroelementy sa odpowiedzialne za utrzymywanie prawidlowej homeostazy organizmu
cztowieka [3, 4]. Produkty pochodzenia roslinnego stanowig rowniez cenne zrédto zwigzkow
biologicznie aktywnych, ktore wykazujg szereg prozdrowotnych funkcji, jednak do
najwazniejszych nalezg: obnizanie stanu zapalnego i potencjalne dzialanie zapobiegawcze
w roznych przewlektych stanach chorobowych takich jak otytos¢, cukrzyca typu 2, choroby

uktadu krazenia i niektore rodzaje chorob nowotworowych [5].

Zgodnie z zaleceniami Swiatowej Organizacji Zdrowia oraz Miedzynarodowej Agencji
Badan nad Rakiem dzienne spozycie warzyw 1 owocOw powinno by¢ nie mniejsze niz 400
gramow, jednakze nawet w wielu europejskich panstwach takich jak: Holandia, Niemcy,
Szwecja, Dania, Norwegia dzienne spozycie warzyw i owocOw jest nizsze [6, 7]. Wedlug
danych Gtéwnego Urzedu Statystycznego w Polsce na przestrzeni ostatnich czterech lat
obserwuje si¢ nieznaczne zmniejszenie spozycia warzyw. Natomiast dzienne spozycie warzyw
i owocow jest bliskie 400 gramow na dzien, w szczeg6lnosci dla 0sob mieszkajacych w miescie.

Zestawienie danych zaprezentowano na ponizszym wykresie:

Przecietne dzienne spozycie warzyw i owocOw na
1 osobe w gospodarstwach domowych wedlug miejsca zamieszkania
w latach 2018 - 2021
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Rys. 1 Przecietne dzienne spozycie warzyw i owocow w Polsce na 1 osobe w gospodarstwach domowych w latach 2018
— 2021 (na podstawie danych Glownego Urzedu Statystycznego 2018-2021)
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Z roku na rok naukowcy z catego §wiata probuja odkry¢ nowe lub potwierdzi¢ istniejace

przestanki dotyczace prozdrowotnych funkcji zywnosci pochodzenia roslinnego [8].
Dodatkowo wicle badan skupia si¢ wokot sprawdzenia wpltywu réznych czynnikow, np.:
stadium wzrostu ro$liny, jakosci s$rodowiska, w ktorym roslina wzrasta, warunkéw
przechowywania, sposobu przetwarzania na finalng ilo$¢ zwigzkéw bioaktywnych [9-11].
Z ekonomicznego punktu widzenia walory prozdrowotne nie sa jednakze jedynymi, ktore
przyciagaja potencjalnych klientow, dla ktérych zywno$¢ musi by¢ przede wszystkim
atrakcyjna pod wzgledem wygladu, tekstury, a ponadto smaczna i aromatyczna [12, 13].
W zwiazku z tym producenci zywnosci, w interesie takze konsumentoéw, zainteresowani sg
wykorzystaniem réznych wariantdéw analizy sensorycznej i technik instrumentalnych w celu

rutynowej kontroli jakosci surowcow lub finalnego produktu [14-16].

Sposrod warzyw dostepnych na rynku, istotng grupe stanowig warzywa kapustowate,
ktore obejmuja wiele waznych gospodarczo gatunkéw uprawianych na calym $wiecie. Od
czasOw starozytnosci do wspolczesnosci warzywa te stanowily wazny element diety cztowieka
i byly spozywane glownie w formie surowej lub przetworzonej. Warzywa kapustowate
reprezentujg grupe monofiletyczng rozprzestrzeniong na calym $wiecie, z wyjatkiem
Antarktydy i obejmujg okoto 338 rodzajow i 3709 gatunkow [17]. Do warzyw kapustowatych
nalezy szeroka grupa surowcoéw roslinnych takich jak: kapusta, brokut, kalafior, kalarepa,
jarmuz, gorczyca, a takze rzepak i wiele innych [18]. Dodatkowg zaleta jest fakt, ze warzywa

te sa powszechnie dostgpne przez caty rok [19].

Pod katem zywieniowym warzywa kapustowate charakteryzuja si¢ niskg zawartoscig
thuszczu, mozna je sklasyfikowa¢ jako zywnos¢ niskokaloryczng [20]. Ponizej przedstawiono

wykres kalorycznos$ci wybranych warzyw kapustowatych (rys 2.).

Wartos¢ odzywcza warzyw kapustowatych
70,00

60,00
50,00

40,00

= 30,00
o
=5
20,00
10,00
0,00

brokut kalafior —kapustabiala kapusta kapusta jarmuz gorczyca rzepa
czerwona wloska

wartos¢ odzyweza na 100 g warzywa

Rys. 2. Warto$¢ odzywcza wybranych warzyw kapustowatych [keal / 100 g warzywa] (na podstawie [21])
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Sposrod zwigzkéw chemicznych wehodzacych w sktad warzyw, najwiekszy udziat ma
woda (ktorej zawarto$¢ miesci si¢ w zakresie 89 — 92%), natomiast pozostate sktadniki
odzywcze stanowia: weglowodany, btonnik, biatka, thuszcze, a takze makroelementy takie jak
wapn i magnez, mikroelementy, karotenoidy, tokoferole, witamina C i kwas foliowy [21].
Udziat sktadnikow odzywczych w roznych gatunkach warzyw kapustowatych jest do siebie
zblizony. Ponizej zaprezentowano profile gtéwnych sktadnikoéw wybranych warzyw

kapustowatych takich jak: brokul, kalafior, kapusta biata, kapusta wtoska, rzepa i jarmuz

(rys.3).
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Dodatkowo warzywa kapustowate sg zrodlem roznorodnych wyspecjalizowanych

metabolitow, z czego najwicksza role odgrywaja glukozynolany i produkty ich rozpadu.
Aktywno$¢ biologiczng wykazujg rowniez inne grupy zwigzkéw chemicznych, ktore sg obecne
w tych warzywach miedzy innymi: zwigzki fenolowe (flawonoidy, kwasy fenolowe, proste
fenole, kwasy hydroksycynamonowe), tokoferole, karotenoidy, terpeny [21]. W ostatnich
latach sktad chemiczny warzyw kapustowatych byl przedmiotem intensywnych badan, ze
wzgledu na obecno$¢ cennych metabolitow, ktore spelniajg szereg korzystnych funkcji

biologicznych, co przedstawiono na rys. 4.
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[21])
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Sposrod licznych funkcji biologicznych metabolitow wystepujacych w warzywach
kapustowatych najwigksze zainteresowanie skupiajg zwigzki, ktore Spelniajg funkcje
prozdrowotne takie jak: ograniczenie stresu oksydacyjnego, wtasciwosci przeciwutleniajgce
I przeciwzapalne, indukcja enzymoéw detoksykacyjnych, stymulacja uktadu odpornosciowego,
dziatanie przeciwcukrzycowe, obnizanie poziomu cholesterolu, redukcja proliferacji komorek
nowotworowych, a takze zahamowanie mutacji rakotworczych [22, 23]. Glukozynolany
i produkty ich rozpadu, gtéwnie izotiocyjaniany petnig kluczowa rolg w chemoprewencji wielu
nowotworow, migdzy innymi: ptuc [24], Zotadka [25], jelita grubego [26], piersi [27],
endometrium [28], szyjki macicy [29], p¢cherza moczowego [30], prostaty [31] oraz watroby
[32]. W rezultacie warzywa kapustowate mogg zosta¢ wykorzystane jako potencjalne sktadniki
w profilaktycznych dietach przeciwnowotworowych [33].
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Pomimo licznych waloréw prozdrowotnych, spozycie warzyw kapustowatych powinni

ograniczy¢ i kontrolowaé pacjenci z niedoczynnoscig tarczycy. Duze st¢zenia glukozynolanow
i produktow ich degradacji takich jak izotiocyjaniany, tiocyjaniany i oksazolidyno-2-tiony
mogg wykazywac¢ dziatanie antyodzywcze i goitrogenne (wolotworcze). Zwigzki powstajace
podczas hydrolizy tioglikozydow hamujg szlak metaboliczny odpowiedzialny za transport jodu
i wbudowywanie go w biatka hormonalne — tyreoglobuliny. W konsekwencji prowadzi to do
zwiekszenia proliferacji komorek tarczycy i pobudzenia wydzielania hormonu tyreotropowego
(TSH) [20, 22, 34]. Wedtug Narodowego Centrum Edukacji Zywieniowej pacjenci cierpiacy
na niedoczynno$¢ tarczycy nie powinni catkowicie eliminowaé warzyw kapustowatych
z codziennej diety, jednakze konieczne jest ograniczenie w ich spozywaniu oraz odpowiednie
przetworzenie. Warto zwroci¢ uwage, ze zmniejszeniu zawartosci zwiazkoéw antyodzywczych
0 30 — 40% w tych warzywach sprzyja gotowanie w duzej ilosci wody bez przykrycia [35].
Goitrogenne dziatanie zwigzkow obecnych w warzywach kapustowatych jest $cisle zalezne od
podazy jodu w diecie, dlatego moze by¢ tagodzone poprzez zwickszenie spozywania zywnosci

bogatej w jod [36, 37].

Aspekt zdrowotny nie jest jedynym, ktory wplywa na preferencje zywieniowe
konsumentéw. Wybory zywieniowe zaleza od wczesniejszych doswiadczen, $rodowiska
zywieniowego, a takze czynnikow biologicznych, ktére s3a czgsciowo uwarunkowane
genetycznie. Warzywa kapustowate powoduja awersje u niektorych konsumentow ze wzgledu
na ich charakterystyczny aromat, na ktory sktada si¢ smak i zapach. Celem wyksztalcenia si¢
u czlowieka zmystu smaku bylo przede wszystkim odroznienie pokarmu od potencjalnie
trujacych substancji. W konsekwencji przyjemne odczucia takie jak smak stodki i umami
wskazywaty na obecno$¢ w zywnos$ci cukrow i weglowodanow. Za zapewnienie homeostazy
wodno-elektrolitowej organizmu odpowiadal smak stony, natomiast smak gorzki i kwasny
umozliwialy wykrycie potencjalnie szkodliwych zwigzkéw chemicznych w zZywnosci takich

jak wyspecjalizowane metabolity czy toksyny mikrobiologiczne [38, 39].

Glukozynolany i produkty ich enzymatycznej hydrolizy — izotiocyjaniany nadaja
warzywom kapustowatym charakterystyczny ostry i gorzki smak, ktory przyczynia si¢ do
ograniczenia lub wyeliminowania tych produktow z codziennej diety [40, 41]. Dla przyktadu
dla synigryny, ktora jest glukozynolanem o gorzkim smaku, prog detekcji w wodzie wynosi
106 mg/kg [42]. Badania sensoryczne glukozynolanow i izotiocyjanianow stanowig wyzwanie,
ze wzgledu na szereg aspektow, ktore nalezy mie¢ na uwadze. Po pierwsze panel sensoryczny

sklada si¢ z odpowiednio wytrenowanych 0s6b w ocenie zapachu czy smaku, jednak kazda
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z nich posiada inne, indywidualne predyspozycje do oceny sensorycznej probek [43],

a percepcja smaku gorzkiego uwarunkowana jest genetycznie [44]. Jeden z 25 receptorow
reagujacych na smak gorzki —hTAS2R38 do aktywacji wymaga fragmentu czgsteczki —N=C=S
[45]. Co wiecej, ze wzgledu na wystepowanie tych zwigzkow w zlozonej matrycy tkanki
ro§linnej, badania nad smakiem wymagaja uzycia wzorcow 0 Wysokiej czystosci, ktore sa
trudno dostepne lub catkowicie niedostepne. Wysoki koszt standardéow glukozynolanéw,
akceptowalny przy wykorzystaniu ich jako wzorcow chromatograficznych, na potrzeby analizy
sensorycznej, gdzie wymagane sg znacznie wigksze ilosci wzorca, sprawia, ze dane
literaturowe na temat ich wlasciwosci sensorycznych sa szczatkowe. Dostepnosé
izotiocyjaniandw jest wigksza, natomiast brak w literaturze danych na temat ich wtasciwosci
smakowych, zwtaszcza takich, ktore wykonane zostaly w tych samych warunkach dla duzej
grupy zwigzkéw. Przyczyny te sprawiaja, ze wiedza na temat smaku wigkszosci
izotiocyjanianéw 1 glukozynolanoéw, ktore wystepuja w warzywach kapustowatych jest
niedostgpna lub w znacznym stopniu ograniczona. Na wykresie 5 zestawiono, ktore

z glukozynolandw zostaty zaklasyfikowane jako gorzkie [46, 47].

glukorafanina, sinigryna,
glukotropeolina, glukonapina,
glukonasturtiina, Progoitryna,

glukokaparyna, epi-progoitryna,
glukoputranjiwina, glukobrasycyna,

glukobrassikanapina, neoglukobrasycyna

glukozynalbina,

glukorafasatyna,

glukozatiwina,

glukoiberweryna,

glukoerucyna smak gorzki brak smaku lub brak danych

Rys. 5 Smak glukozynolanéw (na podstawie [46, 47])

Rowniez pod wzgledem aromatu warzywa kapustowate stanowig interesujacy przedmiot
badan, ze wzgledu na charakterystyczny, siarkowy, ostry i draznigcy zapach, ktory najczesciej
przypisywany jest lotnym produktom hydrolizy enzymatycznej glukozynolanéw, ktore
zawierajg atom siarki w swojej budowie (gldwnie izotiocyjaniany i siarczki) [47—49]. Odczucia
sensoryczne, ktorych dostarczajg warzywa w postaci surowej lub po ugotowaniu dla niektorych
konsumentéw sg nieakceptowalne w takim stopniu, ze Stanowig wystarczajacy argument do
pomijania ich w codziennej diecie [40]. Przez ostatnie dekady dokonano wielu analiz

jako$ciowych 1 ilo$ciowych pod katem zwiazkéw lotnych wystepujacych w warzywach
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kapustowatych. Przeglad literaturowy pod katem identyfikacji i kwantyfikacji zwiazkow

lotnych dostarcza wielu informacji na temat zr6znicowania metabolitow i zwigzkow lotnych
w tych warzywach, jednakze nie wyjasnia, ktore z nich sg bezposrednio odpowiedzialne za ich
charakterystyczny zapach. Zastosowanie wylagczniec metod instrumentalnych lub
elektronicznych nosow pomimo ich wielu zalet, nadal nie jest metoda powszechnie

wykorzystywang do analiz zapachu, ze wzgledu na istniejgce ograniczenia [50].

Wyznaczenie kluczowych zwigzkéw aktywnych zapachowo (ang. key odorants)
w probkach zywnosci jest procesem ztozonym i pracochtonnym. Ztotym standardem w analizie
kluczowych zwigzkow aktywnych zapachowo jest polaczenie analizy sensorycznej

(olfaktometrii) z instrumentalng — tzw. sensomika (ang. sensomics), ktora obejmuje nast¢pujace

etapy:

1. izolacja i zaggszczanie aromatu w obecnosci rozpuszczalnika (SAFE) (rys. 6) i analiza
sensoryczna uzyskanego ekstraktu;

2. analiza ekstraktu przy uzyciu chromatografii gazowej sprzezonej z olfaktometrig
(GC-0) na kolumnach r6znigcych si¢ polarnoscia;

3. analiza wielokrotnych rozcienczen (AEDA) — wyznaczenie aktywnych fragmentow
chromatogramu nawet przy wielokrotnych rozcienczeniach wyjéciowego ekstraktu;

4. identyfikacja zwigzkéw odpowiedzialnych za aktywne zapachowo fragmenty
chromatogramu przy uzyciu baz danych, standardow, analiz GC-O oraz GC-MS
lub GC x GC-MS;

5. wykonanie analizy GC-MS lub GC x GC-MS dla serii rozcienczen standardow oraz
przygotowanie krzywych kalibracyjnych;

6. przygotowanie ekstraktu SAFE wraz z dodatkiem standardow znakowanych izotopami;

7. analiza danych chromatograficznych ekstraktu i wyznaczenie st¢zen poszczegdlnych
analitow odpowiedzialnych za zapach danej proby (SIDA);

8. przeprowadzenie analizy sensorycznej kluczowych zwigzkow aktywnych zapachowo
w celu uzyskania stezen progowych zapachu w wodzie lub znalezienie odpowiednich
danych literaturowych;

9. wyznaczenie wartosci aktywnos$ci zapachowej (OAV) dla kazdego zwiazku, ktéremu

mozna przypisa¢ charakterystyczny zapach [51].

17



UNIWERSYTET
PRZYRODNICZY
W POZNANIU

~

Rys. 6 Przygotowanie ekstraktu do analizy chromatograficznej; a — homogenizacja i ekstrakcja rozpuszczalnikiem
organicznym; b — SAFE; ¢ — zageszczanie ekstraktu do finalnej objetosci 1 cm®

Majac na uwadze analityke zywnosci, analiza zwigzkow lotnych zywnosci jest szeroko
eksploatowana. Baza danych Web of Science (WoS) dla hasta FOOD — and — VOLATILES
daje 8633 dokumenty, FOOD —and — AROMA ACTIVE COMPOUNDS daje 592 dokumenty,
natomiast hasto FOOD —and — SENSOMICS daje 29 wynikoéw. Sam termin sensomics w WoS
ukazuje 130 publikacji (dane z 06.06.2023), aczkolwiek prac z uzyciem tego podejscia jest
wigcej. Gtownym powodem relatywnie matej popularnosci tego podejscia analitycznego jest
stopien zlozono$ci opisanych analiz i wymagania metodyczne dotyczace identyfikacji oraz
przede wszystkim analizy iloSciowej badanych zwigzkoéw. Sensomika byta wykorzystana do
analizy zwigzkéw zapachowych wystepujacych w szerokiej kategorii produktow, takich jak:
napoje alkoholowe, produkty migsne, ryby i owoce morza, produkty zbozowe i piekarnicze,
produkty mleczne, thuszcze i nasiona oleiste, owoce, warzywa, grzyby, przyprawy i ziota, kakao
i czekolada, kawa, herbata, i kilka innych, w tym sos sojowy, ocet balsamiczny, mioéd, karmel
i popcorn [52]. Najwazniejsze zastosowania sensomiki to profilowanie kluczowych zwigzkow
odpowiedzialnych za aromat danej zywnosci, weryfikowanie jej jakosci podczas proceséw
przetworczych 1 przechowywania [15, 53, 54], a takze optymalizacja procesow
biotechnologicznych, migdzy innymi fermentacji [55, 56].

W przysztosci potencjat analizy olfaktometrycznej do identyfikacji kluczowych
zwigzkéw moze przyczyni¢ si¢ do zwigkszenia jej roli jako techniki analitycznej zwtaszcza
w doskonaleniu upraw hodowlanych odmian interesujagcych pod katem aromatu, kontroli
autentycznosci zywnosci, czy potencjalu wykorzystania biotechnologii w tworzeniu zwigzkoéw

zapachowych na drodze enzymatycznej [52].

18



UNIWERSYTET
PRZYRODNICZY
W POZNANIU

N

Dalsze rozwijanie wiedzy oparte na chromatografii gazowej i olfaktometrii w przysztosci

moze umozliwi¢ otrzymanie rekombinantéw zapachowych, ktore potencjalnie moga shuzy¢
np. do celow leczniczych takich jak: rehabilitacja pacjentow z hiperestezjg wechowa, terapia
pacjentow z niedoborem odpornos$ci lub chorobg nowotworowa, ktorzy czesto cierpia z powodu
znacznego ograniczenia przyjmowania pokarmu w nastgpstwie uposledzonych zdolnosci

chemosensorycznych lub w celu sensorycznie indukowanej regulacji apetytu [52].

W literaturze naukowej dopiero na przestrzeni ostatnich kilku lat zaczety powstawac
prace, ktorych celem byto badanie zwigzkow odpowiedzialnych za kreowanie aromatu warzyw
kapustowatych. Do chwili obecnej kluczowe zwigzki lotne i1 aktywnie sensorycznie
wyznaczono jedynie dla kilku warzyw kapustowatych takich jak: brokut [57], kalafior [58],
kapusta wiasciwa [59], rzepak [60, 61], gorczyca [61] czy kimchi, ktérego gltdéwnym
sktadnikiem jest kapusta pekinska lub kapusta chinska [62]. Biblioteki danych sensorycznych,
zawierajacych indeksy retencji na kolumnie polarnej i niepolarnej, progi wyczuwalnosci
sensorycznej, deskryptor jakos$ci zapachu a takze wystepowanie w danej matrycy zywnosci tym
samym wzbogacily si¢ 0 nieznane wczesniej zwigzki takie jak: izotiocyjaniany, nitryle, siarczki
1 inne zwigzki lotne. Niektore zwigzki chemiczne byty wczesniej znane jako zwigzki aktywne
zapachowo, ale zostaty zidentyfikowane w roslinie innego gatunku lub catkowicie innym

produkcie zywnosciowym [63, 64].

Z punktu widzenia chemii analitycznej warzywa kapustowate stanowig wymagajaca
probe ze wzgledu na liczne metabolity, ktore nierzadko wystepuja w sladowych ilosciach [65].
Dla przyktadu stezenia niektorych zwiazkéw lotnych i1 aktywnych zapachowo nie osiagaja
wartos$ci progu detekcji dla réznych metod analitycznych, jednoczesnie sg na tyle wysokie, ze
ich OAV umozliwia swobodng detekcje przez ludzki nos [66]. Problemem w analizie tkanek
roslinnych s3 rowniez aktywne enzymy, ktore przyczyniajg si¢ do uzyskiwania wysokich
odchylen standardowych nawet w przypadku prob pobranych z tego samego warzywa [67].
Konieczne jest zatem znalezienie optymalnej metody w celu inaktywacji dziatania enzymow
endogennych. Co wigcej, podczas analizy zwigzkow lotnych i aktywnych zapachowo nalezy
mie¢ na uwadze zwigzki termolabilne, ktére moga tworzy¢ artefakty 1 utrudniaé
przeprowadzenie ostatecznej klasyfikacji zwigzkéw lotnych i aktywnych zapachowo

odpowiedzialnych za aromat konkretnej zywnosci [68].

Warzywa kapustowate stanowig niewatpliwie interesujacg matryce, ktora interesuje

naukowcow z roznorodnych dyscyplin naukowych. Z tej przyczyny istnieje obecnie wiele prac
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naukowych, w ktorych wykorzystuje si¢ te warzywa, badajac je pod rozmaitym katem. Mimo

licznego zainteresowania, szczegdlnie w aspekcie aktywnosci biologicznej i prozdrowotne;j,
w literaturze naukowej wcigz brakuje podstawowych informacji sensorycznych zaréwno na
temat metabolitow aktywnych zapachowo oraz zwigzkow, ktore odpowiadajg za
charakterystyczny smak tych warzyw. Co wigcej w zaleznosci od metody przeprowadzania
testow sensorycznych, uzyskiwane dane na temat jakosci zapachu czy OTC moga si¢ znacznie
rézni¢ pomiedzy laboratoriami. Dla przyktadu zakres dostepnych w literaturze danych OTC
wyznaczonego w wodzie dla izotiocyjanianu allilu miesci si¢ w zakresie od 0,046 do 3,8 mg/kg
[69].

Przedstawione dane dowodza, ze badania nad zwigzkami odpowiedzialnymi za aromat
warzyw kapustowatych w porownaniu do bardzo duzej liczby publikacji dotyczacych réznych
aspektow zwigzkéw bioaktywnych tych warzyw (gldwnie glukozynolandw) stanowig
marginalny odsetek prac, biorgc pod uwage popularnos¢ i rozpowszechnienie tych warzyw

wsrod konsumentow.
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Hipoteza i cel pracy
W oparciu o dane literaturowe postawiono hipoteze badawczg, ze na aromat warzyw

kapustowatych w znacznym stopniu wptywajg lotne produkty degradacji glukozynolanow,
glownie izotiocyjaniany. Jako warzywo modelowe w badaniach wykorzystano kalarepe

(Brassica oleracea var. gongylodes L.).
Cele niniejszej rozprawy doktorskiej byly nastepujace:

e przeglad literaturowy dotyczacy zwigzkow  sensorycznie aktywnych
W warzywach ze szczegdlnym uwzglednieniem prekursorow, biosyntezy oraz
sposobu przetwarzania;

e zbadanie cech sensorycznych wybranych izotiocyjaniandw (st¢zenia progowe
zapachu, jako$¢ zapachu) oraz wspolczynnikow podzialu gaz/ciecz
warunkujacych ich progi wyczuwalnos$ci sensorycznej i uwalnianie w odniesieniu
do réznych matryc (woda, bufor $linowy, sztuczna $lina, §lina ludzka);

e optymalizacja procesu blokowania aktywnosci tioglukozydazy (mirozynazy) dla
celow analitycznych poprzez zastosowywanie soli nieorganicznych;

e izolacja, identyfikacja, oznaczenie ilo§ciowe i charakterystyka zwigzkoéw lotnych
i aktywnych zapachowo powstajacych w kalarepie surowej oraz gotowanej

w wodzie.
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Omowienie wynikow pracy przegladowej i badan
Wykaz artykutéw wchodzacych w sktad rozprawy doktorskiej

Marcinkowska, M.; Jelen, H.H. Role of Sulfur Compounds in Vegetable and
Mushroom Aroma. Molecules 2022, 27, doi:10.3390/molecules27186116.
IF =4.927

Marcinkowska, M.; Jelen, H.H. Determination of the odor threshold
concentrations and partition coefficients of isothiocyanates from Brassica
vegetables in aqueous solution. LWT 2020, 131, doi:10.1016/j.Iwt.2020.109793.
IF =6.056

Marcinkowska, M.; Jelen, H.H. Inactivation of thioglucosidase from Sinapis
alba (white mustard) seed by metal salts. Molecules 2020, 25,
doi:10.3390/molecules25194363. IF = 4.927

Marcinkowska, M.; Frank, S.; Steinhaus, M.; Jelen, H.H. Key Odorants of Raw
and Cooked Green Kohlrabi (Brassica oleracea var. gongylodes L.). J. Agric.
Food Chem. 2021, 69, 12270-12277, doi:10.1021/acs.jafc.1c04339. IF = 5.895

W ramach niniejszej pracy doktorskiej przygotowano trzy publikacje eksperymentalne

oraz jedng prac¢ przegladowa. Omowienie najwazniejszych aspektow poszczegoélnych prac

przedstawiono w nastepujacych podrozdziatach — kazdy z nich odnosi si¢ do odrgbnie

opublikowanych wynikéw badan:

Rola zwigzkow siarki w kreowaniu aromatu warzyw;

Zbadanie cech sensorycznych wybranych izotiocyjanianow;

Blokowanie natywnego enzymu poprzez zastosowanie soli metali cigzkich;
Kluczowe zwigzki aktywne zapachowo odpowiedzialne za aromat surowej

i gotowanej kalarepy (Brassica oleracea var. gongylodes L.).

Na podstawie wyszczeg6lnionych prac sformutowano i zestawiono wnioski, ktore

podsumowujg najwazniejsze wyniki przeprowadzonych badan. Wszystkie publikacje

wchodzace w sktad niniejszej rozprawy doktorskiej zostaty zataczone w calosci z zachowanym

formatowaniem czasopisma w czesci ,,Kopie publikacji naukowych wchodzacych w zakres

rozprawy doktorskiej”.
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Rola zwigzkow siarki w kreowaniu aromatu warzyw [Publikacja 1]

Siarka jest waznym pierwiastkiem, ktory tworzy wiele réznorodnych zwigzkow
nieorganicznych 1 organicznych. Najwazniejsze funkcje budulcowe odgrywaja aminokwasy
siarkowe - metionina i cysteina, ktore dodatkowo stanowig wazne Zrodlo siarki w diecie
cztowieka [70]. Wystepujace w zywnoS$ci zwigzki siarki stanowig (zaraz po estrach) najwigksza
grupe lotnych zwigzkéw organicznych. Nie wszystkie zwiazki lotne siarki sg aktywne

zapachowo, jednakze w ujeciu kluczowych zwigzkéw odpowiedzialnych za aromat zywnosci

stanowig najwigkszg grupe (rys. 7).

Inne Furany
39, 39 Zwiazki siarki
16%

Zwiazki
heterocykliczne
4%

Pirazyny
5%

Laktony
5%

Aldehydy
15%

Ketony
6%

Kwasy
6%

Alkohole
6%

Estry
14%

8% Terpenoidy

9%

Rys. 7 Kluczowe zwigzki lotne i aktywne zapachowo wykryte w Zywno$ci (na podstawie [52])

Zwiazki zawierajace siarke sa szeroko dostepne w warzywach kapustowatych,
cebulowych a takze w grzybach shiitake czy truflach. Celem pracy przegladowej byto zebranie
i podsumowanie informacji na temat podstawowych funkcji zwigzkow siarki oraz
przedstawienia ich udziatu w tworzeniu ogdlnego aromatu zywnosci w odniesieniu do warzyw
1 grzybow. Pierwotnie cel pracy nie obejmowal grzybow, jednakze ze wzgledu na wiele
podobienstw pod wzgledem szlakow biosyntezy zwigzkoéw zawierajacych siarke 1 ich
wlasciwosci sensorycznych do wyszczegdlnionych wyzej warzyw, zostaly one dodatkowo
wlaczone do pracy przegladowej. Dodatkowo omédwiono rowniez wplyw przetwarzania

zywnosci na zwigzki siarki oraz drogi powstawania zwigzkoéw aktywnych sensorycznie.

Prekursorami lotnych zwigzkow siarki sg aminokwasy i glukozynolany. Sposrod

dwudziestu aminokwasow bialkowych tylko cysteina i metionina zawieraja w swojej budowie
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atom siarki [71]. Gtéwng rola cysteiny w ro$linach jest utrzymywanie poziomu siarki

nieorganicznej pozyskiwanej z srodowiska. Aminokwas ten jest jedynym donorem siarczkow
potrzebnym do biosyntezy kluczowych biomolekut, w szczegdlnosci przeciwutleniaczy
(glutationu), kofaktorow, witamin czy zwigzkéw obronnych — glukozynolandéw, tionin,
fitoaleksyn. Metionina warunkuje rozwoj i potencjalnie odpowiada za biosyntezg substancji
regulujacych wzrost (auksyny, brassinosteroidy, cytokininy). Jest rowniez waznym
prekursorem biosyntezy Kkarnityny, cysteiny, lecytyny, tauryny i fosfolipidow [72].
Glukozynolany to wyspecjalizowane metabolity roslinne, ktorych czasteczka sklada sie
z B-D-glukozy, sulfonowanego oksymu oraz tancucha bocznego, ktory determinuje klasg
glukozynolanu (alifatyczny, aromatyczny, indolowy). Glukozynolany w warzywach odgrywaja
role naturalnych pestycydow, ktore zostaja uaktywnione w momencie, gdy tkanka roslinna

ulega zniszczeniu i w konsekwencji degraduja enzymatycznie do zwigzkéw lotnych [73].

Biosynteza siarkowych zwigzkow lotnych zachodzi przy udziale enzyméw w warzywach
kapustowatych i cebulowych. Degradacja enzymatyczna glukozynolanow jest zalezna od
warunkow, w jakich jest prowadzona i moze prowadzi¢ odpowiednio do ré6znych zwigzkow

lotnych takich jak: izotiocyjaniany, nitryle, tiocyjaniany, epitionitryle (rys. 8) [74, 75].
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Rys. 8 Powstawanie glownych, lotnych produktéw rozpadu glukozynolanéw w zalezno$ci od warunkéw prowadzenia
hydrolizy enzymatycznej; ESP — bialko epitiospecyficzne; ESM — modyfikujace bialko epitiospecyficzne zwiazane
z mirozynaza; NSP — nitrylospecyficzne bialko; TFP — bialko tworzace tiocyjaniany; R — lancuch boczny glukozynolanu
pochodzacy od aminokwasu (na podstawie [74, 75])

Natomiast w warzywach cebulowych bezzapachowe i nielotne prekursory stanowia
pochodne cysteiny: sulfotlenki (+)-S-alk(en)ylo cysteiny i peptyd y-glutamylowy [76]. Za
wytwarzanie charakterystycznego zapachu cebuli podczas zniszczenia tkanki warzywa
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odpowiadaja gtownie sulfotlenki, ktore tak jak np. alliina moze przeksztatcac¢ si¢ pod wplywem
allinazy w allicyng, ktora jest niestabilna i ulega dalszej degradacji do kwasoéw
alkenylosulfenowych lub bezposrednio do siarczkow allilu. Szlak metaboliczny powstawania

zwigzkow lotnych w warzywach cebulowych zaprezentowano na rys. 9 [77].
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Rys. 9 Tworzenie zwiazkéw lotnych i aktywnych zapachowo w reakcjach enzymatycznych warzyw cebulowych (na
podstawie [78-81])
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Podczas degradacji prekursoréw powstaja lotne zwiazki zawierajace w swojej budowie

siarke, ktore wykazuja si¢ obiecujagcymi wlasciwos$ciami chemicznymi. Do tej grupy zwiazkow
naleza: izotiocyjaniany, nitryle, epitionitryle, siarczki, polisiarczki, tiole i inne np. metional czy
zwiazki heterocykliczne zawierajace siarke, ktore wystepujg w truflach i grzybach shiitake.
Izotiocyjaniany od lat zyskuja zainteresowanie ze wzglgdu na ich liczne wiasciwosci, ktore
pozytywnie wptywaja na zdrowie czlowieka (dziatanie antyzapalne, prewencyjne
1 terapeutyczne) jak roéwniez pomagajg ochroni¢ plony czy zabezpieczy¢ zywno$¢ przed
zepsuciem. Pod katem sensorycznym izotiocyjaniany stanowig wcigz niedostatecznie poznang
grupe zwigzkow, jednakze dotychczasowe prace opisuja, ze ich gldowne noty zapachowe
skupiaja si¢ wokot zapachu siarki, ostrego, draznigcego, charakterystycznego dla zapachu

czosnku czy kapusty [64, 82].

W poréwnaniu do izotiocyjanianow o funkcjach bioaktywnych i cechach sensorycznych
nitryli i epitonitryli wiadomo niewiele. Wedlug zrédet literaturowych ekspozycja na nitryle jest
niekorzystna dla cztowieka 1 wigze si¢ z wieloma zaburzeniami zdrowotnymi, jednakze
obecno$¢ nitryli w spozywanej zywnosci moze wywolywac efekt prozdrowotny, ale mniejszy
niz w przypadku izotiocyjanianow. Nitryle majg podobny zapach w odniesieniu do ich
odpowiednich aldehydéw. Wystepujace w warzywach nitryle i epitionitryle wykazywaty
réznorodny zapach od przyjemnych zapachow $wiezo skoszonej trawy, ziol, bulionu
warzywnego do nieprzyjemnych nut opisujacych =zapach jako: ostry, drazniacy,

przypominajacy siarke lub zapach potu [83].

Wazng klasg lotnych zwiazkéw siarki stanowiag siarczki i polisiarczki, chociaz ich
obecnos¢ jest zwigzana zazwyczaj z nieprzyjemnym i nieakceptowanym zapachem. Siarczki
odgrywaja jednak kluczowa rolg w tworzeniu aromatu zywnosci, co potwierdza fakt, ze wiele
z nich jest stosowanych jako dodatki do Zzywnosci wchodzacych w sktad kompozycji smakowo-
zapachowych [84]. Czasami obecno$¢ siarczkbw w zywnosSci jest niespodziewana
I nieakceptowalna (np. w wodzie pitnej, napojach alkoholowych, sokach), zwigzana
z niepozadanymi cechami sensorycznymi w danym produkcie [85-87]. Warzywa zawierajace
wysokie stezenia siarczkOw organicznych charakteryzujg si¢ silnymi wlasciwosciami
przeciwutleniajacymi oraz wykazuja funkcje antybakteryjne. W ujeciu sensorycznym siarczki

maja do siebie podobny, ostry drazniacy zapach i ostry smak [64, 88].

Sposrod lotnych produktow rozpadu glukozynolanéw tiole stanowig wazng grupe

W ujeciu sensorycznym, poniewaz stanowig kluczowe zwiazki zapachowe odpowiedzialne np.
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za aromat surowego brokuta. Dodatkowo tiole moga by¢ utlenione do odpowiednich siarczkow

[57]. Zaréwno w wyniku enzymatycznego i nieenzymatycznego procesu powstawania
zwigzkow lotnych zawierajacych w swojej strukturze atom siarki mozna réwniez znalez¢
w truflach 1 grzybach shiitake. Powstajace heterocykliczne, lotne zwigzki posiadajg
charakterystyczny zapach siarki [89]. Lotnym zwiazkiem siarki, ktory rowniez zastuguje na
uwage ze wzgledu na powszechne wystepowanie w zywnosci jest metional, ktérego biosynteza
rozpoczyna si¢ od aminokwasu — metioniny. Metional charakteryzuje si¢ niskim progiem
wyczuwalno$ci sensorycznej oraz przyjemnym zapachem, ktéry przypomina gotowane

ziemniaki [64].

Procesy przetwarzania zywnosci stanowig wazny etap w produkcji zywnosci, poniewaz
bezposrednio wptywaja na zachowanie jakoS$ci, przedtuzenie trwatosci lub ograniczenie masy
w celu redukcji kosztow transportu [90]. W pracy przegladowej wyrdzniono i opisano szereg
procesOw przetwarzania warzyw i grzybow (suszenie, blanszowanie, gotowanie, gotowanie na
parze, smazenie, mrozenie, fermentacja) oraz ich wptyw na profil zwiazkéw lotnych siarki.
Procesy przetworcze zywnos$ci (w szczegdlnosci wykorzystujacych obrobke termiczng lub
fermentacj¢) wigza si¢ ze zmiang parametroOw sensorycznych zywnosci wraz z wytworzeniem
wielu zwigzkow lotnych zawierajacych atom siarki w swojej budowie. Wysoka temperatura
stanowi wazny czynnik, ktoéry nie tylko powoduje wytworzenie zwigzkow lotnych
zawierajacych siarke, ale rowniez decyduje o stabilno$ci tych zwigzkéw. Labilno$¢ termiczna
wielu zwigzkow siarki przyczynia si¢ do dynamiki zmiany wzajemnych proporcji zwigzkow
lotnych i w konsekwencji przyczynia si¢ do zmiany finalnego aromatu koncowego produktu
[35].

Ze wzgledu na niskie progi wyczuwalnosci sensorycznej zwigzki siarki stanowig czgsto
kluczowe zwigzki odpowiedzialne za charakterystyczny zapach zywnosci. Analiza ilo§ciowa
zwigzkow siarki w warzywach lub grzybach stanowi duze wyzwanie analityczne z uwagi na
dynamiczne zmiany podczas wytwarzania tych zwigzkow w zywych tkankach oraz degradacje
zwigzkow siarki w podwyzszonej temperaturze. Dodatkowo zwigzki siarki sg termolabilne,
dlatego istnieje mozliwos¢ tworzenia artefaktow w wysokiej temperaturze panujacej w porcie
nastrzykowym GC. Wiele zwigzkow lotnych siarki tworzonych jest podczas procesow
przetworczych zywnosci w ktorych wykorzystuje si¢ podwyzszona temperature [91].
Podsumowanie wplywu obrobki termicznej na degradacje zwigzkéw zawierajacych siarke

wystepujacych w warzywach i grzybach zestawiono na rys. 10.
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Rys. 10 Degradacja termiczna zwiazkoéw siarki w warzywach i grzybach (na podstawie [92-98])
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Zbadanie cech sensorycznych wybranych izotiocyjanianow [Publikacja 2]

Spozywanie warzyw kapustowatych niesie za soba wiele waznych korzysSci
prozdrowotnych, ktére w duzej mierze zawdzieczamy glukozynolanom i produktom ich
przemian [99], jednakze produkty degradacji glukozynolanéw stanowig wcigz niedostatecznie
zbadang grupe zwigzkoOw w ujeciu sensorycznym. Wedlug literatury izotiocyjaniany
charakteryzujg si¢ ostrym, draznigcym zapachem [100], ktéry moze odgrywac kluczowa role
w kreowaniu aromatu tych warzyw. W celu potwierdzenia tej hipotezy nalezy przeprowadzi¢
szereg analiz sensorycznych, ktore pozwolg wyznaczy¢ stezenie progowe zapachu (OTC) oraz

jako$¢ zapachu.

Przeglad literatury dotyczacy progéow wyczuwalno$ci sensorycznej zwigzkoéow
powstajacych podczas rozpadu glukozynolanéw dowiddl, ze dane pomiedzy poszczegdlnymi
pracami roznig si¢ od siebie, podobnie jak metody ktorych uzyto do ich wyznaczenia. Obecnie
nie istniejg Sposoby pomiaru progéw wyczuwalno$ci sensorycznej, ktore nie angazujg udziatu
cztowieka, poniewaz nadal ludzki nos stanowi najczulszy detektor wrazliwy na niezwykle mate
stezenia (ng/L) [66]. Celem pracy bylo uzupetnienie biblioteki danych sensorycznych
(deskryptora zapachu, progu wyczuwalnosci sensorycznej W wodzie) w odniesieniu do
dziewietnastu izotiocyjanianow metoda analizy profilu smakowo-zapachowego (FPA) [101].
W?zory chemiczne badanych izotiocyjanianéw przedstawiono ponize;.
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Rys. 11 Wzory chemiczne izotiocyjanianéw wykorzystanych w badaniach
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Zgoda Komisji Bioetycznej przy Uniwersytecie Medycznym im. Karola

Marcinkowskiego w Poznaniu uzyskana 6 wrzesnia 2018 roku zapoczatkowata tworzenie
i trening panelu sensorycznego, w sktad ktorego wchodzili gtéwnie pracownicy, doktoranci
i studenci Wydziatu Nauk o Zywnosci i Zywieniu Uniwersytetu Przyrodniczego w Poznaniu.
Ich zadaniem byta ocena jakosci zapachu (lub jego braku) oraz jego intensywnosci (w skali od
zera do dwunastu punktow) w sekwencji wodnych roztworéw izotiocyjanianéw utozonych
zgodnie ze wzrastajagcym stezeniem. W sekwencjach znajdowaty si¢ réwniez proby bez

dodatku izotiocyjanianow.

Nastepnie, osobno dla kazdego z dziewigtnastu badanych izotiocyjaniandw
zarejestrowane wartosci intensywnosci dla danej sekwencji probek zostaly usrednione,
natomiast odpowiednie deskryptory policzone. Z uzyskanych danych dla kazdego
izotiocyjanianu  wyznaczono krzywa Webera-Fechnera (wykres zaleznosci S$redniej
intensywnosci zapachu od logarytmu stezenia). Jako przyktad ponizej przedstawiono wykres

dla izotiocyjanianu 3-butenylu (rys. 12).

12
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sredni wynik intensywnosci

0 T T T T 1
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Rys. 12 Wykres Webera-Fechnera do wyznaczenia progu wyczuwalnosci dla izotiocyjanianu 3-butenylu (n = 10)

Na podstawie liniowej zaleznoSci wyznaczano réwnanie Webera-Fechnera, na podstawie
ktorego obliczono prog wyczuwalnoSci sensorycznej w roztworze wodnym (temperatura
pomiarow 45°C) dla kazdego z badanych zwigzkéw chemicznych. Izotiocyjaniany zostaty
podzielone na kategorie pod wzgledem ich budowy chemicznej. Wyrdzniono izotiocyjaniany
n-alifatyczne, rozgalezione, alifatyczne nienasycone, cykliczne, aromatyczne oraz inne
(w ktorej znalazly si¢ izotiocyjaniany, ktore nie pasowaty do grup wczesniej wymienionych).

W tabeli zestawiono réwniez deskryptory zapachu, ktore najczesciej wymienialy osoby
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oceniajace proby wodnych roztwordéw, ktore zostaly uporzadkowane zgodnie ze stezeniami

izotiocyjanianéw w analizowanych probach (tabela 1.).

Tab. 1 Progi wyczuwalnoS$ci sensorycznej izotiocyjanianéw w wodzie w temperaturze 45°C

Kl L. Réwnanie Webera-Fechnera Jako§é zapachu,
a asa Stezenie progowe I=a-losc+b .
Lpd | . . o Nazwa g najczestsze
izotiocyjanianu zapachu [g/L] desk .
a b R? eskryptory’
N kapusta, gotowana
1 A 'ZOtr']‘q’gg’JﬁJ”'a” 0,04 x 102+0,21 x 10° 48 22 0,992 brukselka, brokut,
y siarkowodér
izotiocyjanian R R czosnek, kapusta,
2 A etviu 0,2 x 10°+0,6 x 10 7,0 27 0,973 brokut,
Y siarkowodor
3 A 'Zogfggﬁﬂ'a" 0,03 x 103 % 0,40 x 10° 5,0 23 0,990 rf;;;:;’;;‘;;‘;‘r‘]
. kapusta, suszony
4 A Iszuct);/]liman 0,01 x 10%+0,05 x 10 7.2 37 0,985 czosnek, kiszony
ogorek
izotiocyjanian 0,007 x 108+ 0,052 x grzyby, kwiaty,
5 A heksylu 10° 43 23 0,974 rzepa, kalarepa
izotiocyjanian 0,005 x 103+ 0,030 x stodki, kwiatowy,
6 A oktylu 108 36 21 0,946 owocowy, kolendra
N : : bulion, kapusta,
3 3 1 3
7 B |Z;)Ztc|)o$gjanl:jan 0,02>107:+0,08 < 10 5,6 27 0,979 czosnek,
propy chemiczny
musztarda,
izotiocyjanian 0,009 x 103+ 0,085 x czosnek, siarka,
8 B izobutylu 103 51 27 0,984 chemiczny, farba
olejna
. siarka, czosnek,
9 B&AU 'Zorﬂgf;{?lﬁ'a” 0,03 x 10°£0,16 x 103 6,3 30 0,987 rzezucha, ostry i
draznigcy
10 AU izotiocyjanian 0,09 x 10% 40,22 x 107 9.1 38 0,980 siarka, czosnek,
allilu chrzan
1 AU 'th;)‘ift?ni/”lf” 0,01 x 1034 0,07 x 10° 5,6 29 0,984 S'arkghfzz;s”ek'
izotiocyjanian 3 3 bgllon,
12 Cc cvkloproovlu 0,01 x 10° 0,08 x 10 5,2 26 0,983 szczypiorek, por,
yklopropy czosnek
czosnek, farba
izotiocyjanian 3 3 olejna, metaliczny,
13 c cyklopentylu 0,02 >107£0,10 10 51 % 0,980 kalarepa, czarna
rzepa
T stodki, tworzywo
14 c 'é;i'g%’lf:ﬁ? 0,03 x 10340,19 x 10° 6,0 29 0,980 sztuczne, mieta,
farba olejna, anyz
T siarka, tworzywo
15 AR 'ZOt}ce’f]yJIi”'a” 0,05 x 103+0,22 x 10° 7.4 33 0,982 sztuczne, ziola,
Y koper wloski
16 AR izotiocyjanian | ¢ o« 104+ 0,22 x 10 78 34 0965 | czosnek, rzezucha,
benzylu por, kietki brokuta
17 AR 'Zolfé?@‘{g‘e’:ﬁﬂ 2| 0,01 x10°£0,05 x 107 63 32 0,992 S'arkar'zzzi‘ffcﬂ'orek*
izotiocyjanian 2- 3 3 IS|arka, czgsnek,
18 M metoksyetylu 0,07 x 10° £ 0,32 x 10 53 23 0,978 siarkowodor, ostry
i draznigcy
o 3 siarka, tworzywo
19 M (';C":t'olﬁg?”r'g” 3;u 0,006 1 fo_f 0,058 x 43 23 0,996 sztuczne, ryba,
yitio)propy bulion, chrzan

a

— numery odnosza si¢ do wzoréw izotiocyjanianéw przedstawionych na rys. 11. * — A — n-alifatyczny;

B — rozgaleziony; AU - alifatyczny nienasycony; C — cykliczny; AR — aromatyczny; M — inny. ¢ — odczuwana

jakos¢ zapachu — deskryptory zostaty uporzadkowane zgodnie ze wzrostem stgzenia izotiocyjanianu.
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Dane uzyskane podczas przeprowadzonych analiz sensorycznych zostaly rowniez

opracowane pod katem czestosci wystgpowania konkretnych deskryptorow zapachu
w odniesieniu do wszystkich badanych izotiocyjanianéw. Osoby oceniajace jakos¢ zapachu
wodnych roztwordw izotiocyjanianow najczesciej okreslaty je jako przypominajacy: czosnek,
siarkg, siarkowodor, kapuste lub rzezuche, co potwierdza ze izotiocyjaniany mogg byc¢
odpowiedzialne za ostry zapach warzyw. Co ciekawe, wraz ze zmiang st¢zenia ten sam zwigzek
chemiczny moze pachnie¢ nieco inaczej, co jest niezwykle istotne podczas innych analiz
angazujacych zmyst wechu takich jak np. GC-O. Ponizej przedstawiono wykres, ktory
odzwierciedla czgsto$¢ uzycia danego deskryptora zapachu — pole powierzchni jest

proporcjonalne do czgstosci uzycia (rys. 13).

Rys. 13 Noty zapachowe zwiazane z percepcja izotiocyjanianéw, pole powierzchni odzwierciedla czesto$¢ odczuwanego
zapachu

Dodatkowo dla dziewigtnastu izotiocyjaniandéw wykonano pomiary wspotczynnikow
podziatu, ktore bedg mogly zosta¢ wykorzystane np. w badaniach chemosensorycznych. W celu
zbadania zachowania izotiocyjanianow w uktadzie faz gaz/ciecz Wyznaczono wspotczynniki
podzialu dla réznych matryc (woda, bufor §linowy, sztuczna $lina, ludzka $lina), przy czym
faz¢ gazowg stanowito powietrze. Zebrane dane sg przydatne do oceny, czy izotiocyjaniany
jako produkty degradacji glukozynolanoéw majg wigcksze powinowactwo do matrycy $liny, czy
podczas przezuwania w jamie ustnej — w wiekszym stopniu beda dazyty do przedostawania si¢

do fazy gazowej.
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Tab. 2 Wspélczynniki podziatu gaz/ciecz (K) okreslone dla izotiocyjanianéw w réznych matrycach (woda, bufor
slinowy, sztuczna §lina $lina ludzka

L.p2 Nazwa A Kuwoda Koufor stinowy Kotuema stina | Ksina ludzka warto$¢ p°
[min.]°
1 izotiocyjanian metylu 6,792 0,08+0,03 | 0,108+0,007 | 0,18+0,09 | 0,17+0,02 0,02
2 izotiocyjanian etylu 6,890 0,13+0,04 0,17 +0,01 03+0,1 0,38 + 0,04 0,0005
3 izotiocyjanian propylu 7,448 0,18 £0,05 0,24 +£0,01 0,3+0,1 0,65 +0,09 0,00003
4 izotiocyjanian butylu 8,422 0,24 £ 0,07 0,32 +0,02 0,4+0,2 0,9+0,2 0,00001
5 izotiocyjanian heksylu 10,382 0,36 + 0,09 0,46 + 0,04 0,5+0,2 3,0+06 0,0000001
6 izotiocyjanian oktylu 12,018 0,45 + 0,06 0,36 +0,03 0,2+0,1 4,0+0,7 0,000000007
7 izotiocyjanian izopropylu 6,419 0,20+ 0,06 0,27+0,01 0,4+0,2 09+0,1 0,000002
8 izotiocyjanian izobutylu 7,661 0,25+ 0,07 0,33+0,01 04+02 1,1+0,2 0,000002
9 izotiocyjanian metallilu 8,622 0,17 +0,06 0,23+0,02 0,4+0,2 0,12+0,03 0,02
10 izotiocyjanian allilu 8,072 0,13+0,04 0,17+0,01 03+0,1 0,06 + 0,01 0,003
izotiocyjanian
11 9,109 0,18 +0,05 0,25+0,02 04+0,2 0,41 £0,06 0,01
3-butenylu

12 izotiocyjanian cyklopropylu 8,371 0,14+0,04 0,19+0,01 0,3+0,1 0,02 +0,02 0,007
13 izotiocyjanian cyklopropylu 10,195 0,23 £ 0,06 0,31 +0,02 0,4+0,2 12+0,2 0,00004
14 izotiocyjanian cykloheksylu 11,239 0,28 + 0,06 0,36 0,03 0,5+0,2 2,0+04 0,0000003
15 izotiocyjanian fenylu 11,696 0,23 £ 0,05 0,30 £ 0,04 0,4+0,2 0,1+0,09 0,01
16 izotiocyjanian benzylu 14,021 0,19+0,03 0,24 +0,03 0,4+0,2 0,04 + 0,04 0,001
17 izotiocyjanian 2-fenyloetylu 14,911 0,18 +£0,03 0,21 +£0,05 04+0,1 0,43 £ 0,07 0,002
18 izotiocyjanian 2-metoksyetylu 10,302 0,08 £ 0,02 0,11+0,01 02+0,1 0,13+0,06 0,02
19 izotiocyjanian 3-(metyltio)propylu 13,274 0,12 £ 0,02 0,15+0,02 0,3+0,1 0,20 + 0,02 0,02

2_ numery odnosza sie do wzoréw izotiocyjanianéw przedstawionych na rys. 11 oraz tab. 1. ° — Rt — czas retencji.

¢ — warto$¢ p — poréwnanie $liny ludzkiej z pozostatymi matrycami.
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Niskie wartosci progow detekcji rzedu pg/L uzyskane w roztworze wodnym

potwierdzaja, ze lotne i aktywne zapachowo produkty hydrolizy glukozynolan6w moga mieé
znaczagcy wplyw na tworzenie aromatu warzyw kapustowatych. FPA oraz wykresy Webera-
Fechnera wykazaty tendencje, ze wraz ze wzrostem tancucha nienasyconego izotiocyjanianu
n-alifatycznego jego OTC maleje (poza izotiocyjanianem etylu). Najwyzsze wartosci
wspotczynnikoéw podziatu wyznaczono dla izotiocyjanianu oktylu (4,0 £ 0,7) i izotiocyjanianu
heksylu (3,0 + 0,6) co sugeruje, ze te zwigzki najmniej oddziatujg z fazg cieklg. Najnizsze
warto$ci uzyskano natomiast dla izotiocyjanianu cyklopropylu (0,02 + 0,02) i izotiocyjanianu
benzylu (0,04 + 0,04), co moze wskazywac¢ na wystepujace oddzialywania pomigdzy nimi

a biatkami obecnymi w $linie ludzkie;.

Wspoélczynniki podziatu gaz/§lina ludzka roznig si¢ od wynikow uzyskiwanych
w pozostatych badanych matrycach, co wykazano dla izotiocyjanianéw po raz pierwszy. Ma to
szczegblne znaczenie dla percepcji tych zwigzkow zapachowych. Dostepne dane, na podstawie
ktérych wnioskujemy o uwalnianiu zwigzku do fazy nadpowierzchniowej dotycza prostych
matryc, najczesciej wody. Percepcja aromatu ortonazalna wiaze si¢ z wachaniem produktu
1 zwiazki zapachowe docieraja do nabtonka wechowego od strony nosa. Sytuacja zmienia si¢
diametralnie w sytuacji spozywania produktu (percepcja retronazalna), gdy zwigzki zapachowe
danego produktu wchodza w interakcje¢ ze §ling, z niej sg uwalniane do fazy
nadpowierzchniowej i docieraja od strony jamy ggbowej do nabtonka wechowego. Pomimo
tego, ze §lina w 99% sktada si¢ ona z wody, to zachowanie zwigzkdéw lotnych w tej matrycy
znacznie r16zni si¢ od zachowania w wodzie, CO Zzwigzane jest najprawdopodobniej
z interakcjami badanych zwigzkéw z biatkami wystepujacymi w $linie. Bedzie to skutkowato
takze zréznicowanymi progami wyczuwalno$ci sensorycznej okre$lanej w sposdb orto
1 retronazalny. Z uwagi na konieczno$¢ rozprowadzenia roztworow izotiocyjanianow w jamie
ustnej cztonkéw panelu sensorycznego (czgsto o nieznanej toksycznosci) nie okreslano

retronazalnych progdw wyczuwalnosci sensorycznej dla tych zwigzkow.
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Blokowanie natywnego enzymu poprzez zastosowanie soli metali ciezkich [Publikacja 3]

W ujeciu chemii analitycznej warzywa stanowig ztozong matryce glownie ze wzgledu na
zmienng zawartos¢ zwiazkow chemicznych, ktore niekiedy sg rowniez specyficzne dla danego
gatunku, odmiany, warunkéw Srodowiskowych, czesci rosliny, sposobu uprawy, regionu
uprawy, stadium wzrostu, pory roku, przechowywania i sposobu przetwarzania [102].
Dodatkowo obecno$¢ natywnych enzymow w tkankach roslin przyczynia si¢ do uzyskiwania
wysokich odchylen standardowych miedzy poszczegélnymi pomiarami zarejestrowanymi
nawet dla tego samego warzywa, z uwagi na dynamiczne zmiany zachodzace w probie
wynikajace z trudnos$ci hamowania procesOw enzymatycznych na etapie przygotowania prob.

W konsekwencji prowadzi to do trudnosci w analizie i opracowaniu uzyskanych wynikow.

W okresie pracy nad publikacja istnialo jedynie kilka prac, ktore skupialy swoja uwage
na metodach blokowania aktywnosci enzymatycznej mirozynazy (zmiana odczynu srodowiska,
metoda termiczna, zastosowanie ci$nienia lub potaczenie tych technik). Zastosowanie
procesOw z wykorzystaniem podwyzszonej temperatury (np. gotowanie w kuchence
mikrofalowej, gotowanie na parze, gotowanie w wodzie) prowadzito do termicznej denaturacji
enzymu [103], jednakze jak wspomniano wczesniej, nie bylo korzystne majac na uwadze
kolejny etap badan, tj. analiz¢ zwigzkéw lotnych i aktywnych zapachowo (wykluczenie
mozliwosci analizy zwigzkéw termolabilnych). Zastosowanie ci$nienia wymagalo uzycia
specjalnej aparatury [104], ktora nie byla dostepna w laboratorium. Metody oparte na
stosowaniu niskiej temperatury (ciekly azot) nie sg wystarczajace do hamowania aktywnosci
mirozynazy [105]. Ze wzgledu na biatkowa budowe enzymu, postanowiono sprawdzi¢ inne
czynniki powodujace jego denaturacje — zastosowanie soli bezwodnych w celu usunigcia
srodowiska wodnego lub soli metali ciezkich w celu denaturacji enzymu. W konsekwencji
celem omawianej pracy byto zbadanie wplywu nieorganicznych soli metali na blokowanie
aktywnosci mirozynazy (natywnej oraz dodawanej sztucznie do wody lub tkanki warzywa)
poprzez badanie jakoSciowe i ilosciowe zwiazkdéw lotnych powstalych podczas rozpadu

glukozynolanow.

Wstepne badania polegaly na zastosowaniu ukladu modelowego, w ktorym do
jednakowej ilosci i objetosci wodnego roztworu enzymu dodawano badang sol lub jej wodny
roztwor i kolejno w ustalonym czasie dodawano okreslong ilos¢ wodnego roztworu
glukozynolanu (synigryna i glukotropeaolina). Reakcje prowadzono w $cisle okreslonym
czasie, w szklanych, szczelnie zamknietych fiolkach do analizy GC. Nastepnie frakcje gazows

proby analizowano przy uzyciu GC-MS. Wyniki zestawiono w postaci dwoch wykresow
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reprezentujgcych glowne lotne produkty rozpadu glukozynolanow takie jak izotiocyjaniany
(rys. 14a) oraz nitryle (rys. 14b).

M izotiocyjanianometylobenzen M 3-izotiocyjanianoprop-1-en
jednokierunkowa ANOVA test Duncanajako post-hoc:
ay, by, ¢, d; izotiocyjanianometylobenzen  as, bs, ¢, d, e, 3-izotiocyjanianoprop-1-en
300.000.000
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% 200.000.000 b
g c
=
& 150.000.000 G2
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Cuz+ Fe2+ Fe3+ Ag* Mn?* Caz+ Na* CaCl, r-r NaClrr NapSO4 H,O
nasycony nasycony bezwodny

@)

1 2-fenyloacetonitryl but-3-enonitryl

jednokierunkowa ANOVA test Duncanajako post-hoc:
a,, by, c; 2-fenyloacetonitryl , b, ¢, cl, but-3-enonitryl
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(b)

Rys. 14. Lotne produkty rozpadu glukozynolanéw w potencjalnych czynnikach blokujacych aktywno$¢ enzymu;
r-r — roztwér; > ¢ % ¢ _ wynik analizy statystycznej (jednokierunkowa ANOVA test Duncana jako post-hoc, wartosci
oznaczone ta sama litera w grupie Duncana, nie réznia si¢ istotnie, numer indeksu dolnego i kolor liter odpowiadaja
legendzie wykresu (o = 0,05); (n = 3); (a) Izotiocyjaniany (izotiocyjanianometylobenzen pochodzacy z glukotropeoliny
i 3-izotiocyjanianoprop-1-en produkt rozpadu synigryny); (b) Nitryle (2-fenyloacetonitryl z glukotropeoliny
i but-3-enonitryl z sinigryny)

Badania wstepne na uktadzie modelowym dostarczyty informacji, ze zastosowanie soli
z jonami zelaza(Il), zelaza(Ill), srebra(l), nasyconego roztworu chlorku wapnia oraz

bezwodnego siarczanu(V1) sodu powodujg skuteczne zablokowanie reakcji enzymatycznej

36



UNIWERSYTET
PRZYRODNICZY
W POZNANIU

N

w kierunku tworzenia izotiocyjanianéw. Jednakze uzycie soli z jonami zelaza(Il) czy

nasyconego roztworu chlorku wapnia (powszechnie stosowanego w analizie zwigzkow lotnych
1 zapachowych w zréznicowanych matrycach) powodowaty degradacj¢ glukozynolanow
w kierunku nitryli. Zwigkszong ilo$¢ nitryli zaobserwowano rdéwniez podczas uzycia soli
z jonami miedzi(ll) i nasyconego roztworu chlorku wapnia, co nie bylo wczeséniej zbadane
I opisane w literaturze naukowej. Dodatkowo przeprowadzono eksperyment modelowy,
w ktorym zaobserwowano, ze w przypadku jonow zelaza(Il), miedzi(Il) oraz nasyconego
roztworu chlorku wapnia mirozynaza nie musi by¢ obecna w uktadzie, zeby zaobserwowac

powstawanie nitryli w srodowisku wodnym.

Tkanka ro$linna stanowi zlozong matryce, ktorej sklad chemiczny determinuje
degradacje glukozynolanéw do izotiocyjanianéw [106]. Kolejny etap badan polegat na
sprawdzeniu skutecznosci w blokowaniu natywnego enzymu wystgpujacego w kalarepie
poprzez detekcje i identyfikacje zwigzkow lotnych za pomocg GC-MS. W tym celu do
okreslonej ilosci proby zblendowanej kalarepy dodano czynnik blokujacy, a nastepnie
okreslong objetos¢ roztworu glukozynolanu, ktéry naturalnie nie wystepowal w warzywie.
Kazde powtdrzenie i etap eksperymentu wykonano w $cisle okreslonym czasie. Zielona
kalarepa zawiera natywne glukozynolany: glukoerucyne, glukoiberweryne oraz glukorafanine
[107]. Moga si¢ one przeksztatci¢ w odpowiednie lotne produkty degradacji — izotiocyjaniany
oraz nitryle (kolejno 4-metylosulfanylobutanonitryl, 1-izotiocyjaniano-3-
metylosulfanylopropan,  1-izotiocyjaniano-4-metylosulfanylbutan).  Sztucznie  dodane
glukozynolany do proby kalarepy to synigryna i glukotropeaolina, natomiast w zaleznosci od
potencjalnego czynnika blokujacego reakcje enzymatyczng produktami mogly byé
izotiocyjaniany (odpowiednio 3-izotiocyjanianoprop-1-en i izotiocyjanianometylobenzen)
i nitryle (but-3-enonitryl i 2-fenyloacetonitryl). W badaniach uwzgledniono rowniez wpltyw
czynnika blokujacego na lipooksygenazg, ktora jest enzymem katalizujacym utlenianie

wielonienasyconych kwasow tluszczowych (wyniki zestawiono w publikacji).

Glukozynolany sg podatne na hydrolize enzymatyczng, ktéra zalezy od $rodowiska
prowadzenia reakcji np.: odczynu pH, dostepnosci jonéw zelaza(Il), obecnosci specyficznych
biatek [74]. Warunki panujace wewnatrz tkanek warzyw kapustowatych faworyzuja
powstawanie izotiocyjanianéw. Sposrod szeregu eksperymentow modelowych prowadzonych
poczatkowo w srodowisku wodnym i kolejno w tkance kalarepy stwierdzono, ze najsilniejszym
czynnikiem ograniczajacym tworzenie izotiocyjanianow byly jony: zelaza(Il), zelaza(IIl),

srebra(l), roztwor nasyconego roztworu chlorku wapnia oraz zastosowanie bezwodnego
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siarczanu(VI1) sodu. Niestety uzycie soli zawierajacych jony zelaza(Il) lub nasyconego

roztworu chlorku wapnia powodowaly znaczaca zmiang S$ciezki degradacji w kierunku
tworzenia nitryli. Natomiast jony zelaza(Ill) obecne w tkance warzywa przyczyniaty sie do
znaczgcego WZzrostu zwigzkoéw lotnych pochodzacych z utlenienia thuszczow. W konsekwencji
sole zelaza(lll) zostaty wykluczone z dalszych rozwazan. Z kolei jony srebra(l) sa toksyczne
dla srodowiska, powodowaly ciemnienie tkanki warzywa i stwarzaly trudnosci zwigzane
z utylizacjg probek pozostatych po analizie. W zwigzku z tym za optymalny czynnik blokujacy
uznano bezwodny siarczan(VI) sodu, ktory finalnie zastosowano w dalszych badaniach

zwiazkow lotnych odpowiedzialnych za aromat kalarepy.
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Kluczowe zwigzki aktywne zapachowo odpowiedzialne za aromat surowej i gotowanej

kalarepy (Brassica oleracea var. gongylodes L.) [Publikacja 4]

Zielona kalarepa to dwuletnie warzywo nalezace do rodziny warzyw Brassicaceae
i poczatkowo uprawiana byta w poétnocno-zachodniej Europie, rozprzestrzeniajgc si¢ dalej na
cala Europe 1 swiat. Bulwa kalarepy jest wykorzystywana w satatkach i zupach, ale moze by¢
réwniez spozywana w wersji SUrowej, pieczonej lub smazone;j. Jej liscie i todygi sg rowniez
jadalne i mogg zosta¢ ugotowane, podobnie jak kapusta zielona. Kalarepa zawiera
wyspecjalizowane metabolity takie jak: glukozynolany, antocyjany, karotenoidy
I fenylopropanoidy. Dodatkowo zawiera takze duze ilosci wegglowodandéw, aminokwasow,

kwasow organicznych, witamin i mineratow [108, 109].

Glukozynolany stanowig wazng grup¢ metabolitow, poniewaz pod wplywem natywnego
enzymu mirozynazy mogg zostac¢ przeksztalcone w zwiazki charakteryzujace si¢ aktywnoscia
sensoryczng takie jak: izotiocyjaniany, nitryle, siarczki. Majac na uwadze zapach,
izotiocyjaniany najczesciej charakteryzowane sg jako zapachy nieprzyjemne, ostre, draznigce.
Jednakze niektore z nich wykazuja przyjemniejsze noty zapachowe takie jak zapach: grzybow,

cebuli, zielonych warzyw lub rosotu [82, 110].

W literaturze naukowej istnieja prace gdzie zidentyfikowano i oznaczono ilo§ciowo
zwiazki lotne wystgpujace w kalarepie, jednakze brak w nich podejscia sensorycznego, ktore
tlumaczy jakie zwigzki s odpowiedzialne za aromat kalarepy. Ponadto nalezy pamigtaé, Ze nie
wszystkie zwiagzki lotne sg aktywne zapachowo, natomiast niektoére z nich majg niskie progi
wyczuwalno$ci sensorycznej (np. zwiazki zawierajace siarke czy pirazyny) ale wystepuja
w warzywie w iloSciach §ladowych, co utrudnia ich oznaczenie. Ponizej przedstawiono
najwazniejsze wyniki uzyskane podczas poszczegdlnych etapéw majacych na celu
wyznaczenie kluczowych zwigzkow sensorycznie aktywnych odpowiedzialnych za aromat

w dwoch wariantach kalarepy surowej i gotowane;j.

Zwiazki lotne z kalarepy wyizolowano w wyniku homogenizacji proby surowej
i gotowanej z dodatkiem bezwodnej soli siarczanu(V1) sodu oraz rozpuszczalnika organicznego
(dichlorometanu). Nastgpnie wykorzystano metode SAFE w celu oddzielenia zwigzkow
lotnych od nielotnych oraz zageszczenie ekstraktu do finalnej objetosci 1 em®. Podczas izolacji
zwigzkow lotnych jakos¢ zapachu prob byta na biezaco kontrolowana sensorycznie za pomocg
paskow bibuly. Po odparowaniu rozpuszczalnika zarowno dla ekstraktow jak i1 destylatow

zapach byt charakterystyczny dla surowej i gotowanej kalarepy.
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Tab. 3. Zwigzki aktywne zapachowo zidentyfikowane sposrod zwiagzkow lotnych wyizolowanych z kalarepy surowej

i gotowanej
RIP wspotczynnik FD

Ip nazwa zapach® FFAP DB-5 surowa gotowana
1 5-(metanosulfinylo)pentanonitryl rosotu, cebuli, siarki 943 1563 256 256
2 pentan-1-tiol palony, gumy 1022 850 1 <1
3 disiarczek dimetylu kapusty, siarki 1094 803 <1 8
4 (32)-heks-3-enal zielonej trawy 1141 802 16 <1
5 but-3-enonitryl ostry, musztardowy 1191 900 4 32
6 2-pentylofuran warzywny 1243 1015 256 <1
7 okt-1-en-3-on grzybowy 1287 974 64 32
8 2-acetylo-1-pirolina popcornu 1330 904 256 64
9 trisiarczek dimetylu siarki, kapusty 1352 963 16 128
10 (3E)-heks-3-en-1-ol zielonej trawy 1395 814 <1 1
11 2-izopropylo-3-metoksypirazyna zielonego groszku, ziemisty 1418 1096 512 128
12 kwas octowy octu 1450 631 16 16
13 izotiocyjanian 3-butenylu ostry, czosnku 1453 981 16 8
14 (2E,4E)-hepta-2,4-dienal thusty 1487 1158 <1 1
15 4-(metylosulfanylo)butan-2-on ziemisty 1514 989 8 <1
16 oktan-1-ol cytruséw 1545 981 32 4
17 (1S)- 1-fenyloetano-1-tiol spalenizny 1626 1122 2 <1
18 2-acetylotiazol pieczony 1635 1015 32 16
19  disiarczek 2-metylo-3-furylu metylu migsny, kapusty 1645 1187 64 4
20 y-heksalakton owocowy, stodki 1655 1052 1 64
21 tiofen-2-karbaldehyd pieczony 1685 981 64 <1
22 2-fenyloetano-1-tiol grumy 1690 1167 32 <1
23 3-hydroksy-4-metylo-2H-furan-5-on warzywny, cebulowy 1695 985 32 64
24 3-metylosulfanylopropan-1-ol gotowanych ziemniakow 1715 963 4 32
25 4-(metylosulfanylo)butanonitryl rosolu, czosnku, siarki 1721 1063 128 64
26 kwas heksanowy potu 1805 1015 64 <1
27 5-(metylosulfanylo)pentanonitryl gotowanego brokuta, kapusty 1845 1193 256 128
28 4-(metylosulfanylo)butan-1-ol kapusty, czosnku 1858 965 64 <1
29 12-metylotridekanal wotowiny 1863 1015 16 <1
30 p-cymen-8-ol stechly, benzyny 1863 1208 <1 512
31 1,3-benzotiazol gumy, kapusty 1900 1245 8 16
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Tab. 3. Zwigzki aktywne zapachowo zidentyfikowane sposrod zwiagzkow lotnych wyizolowanych z kalarepy surowej

i gotowanej c.d.

RIP wspdlczynnik FD
Ip. nazwa zapach® FFAP DB-5  surowa gotowana
32 sulfon dimetylowy siarki, thusty 1918 959 <1 4
33 fenyloacetonitryl grzybow 1922 1107 128 <1
34 kwas heptanowy potu, jetki 1939 1089 4 <1
35 2-fenyloetan-1-ol kwiatow, miodu 1940 1112 <1 32
36 3-hydroksy-2-metylopiran-4-on (maltol) karmelu 1950 1245 32 16
37  1-izotiocyjaniano-3-(metylosulfanylo)propan siarki, czosnku, grzybow 1972 1231 128 4
38 trans-4,5-epoksy-(E)-2-dekenal metaliczny, stodki 1989 1379 256 64
39 y-nonalakton stodki, kokosowy 2022 1387 8 32
40 4-metoksybenzaldehyd (aldehydanyzowy) anyzu 2033 1257 <1 1024
41 3-fenylopropanonitryl kwasny, thusty 2047 1241 512 8
42 pirolidyn-2-on mysi, kwasny 2065 1052 16 8
43 izotiocyjanian benzylu ziotowy, potu, ostry 2076 1363 256 256
44 tiocyjanian benzylu rosolu, maslany, rzezuchy 2113 1352 128 <1
45 1-izotiocyjaniano-4-(metylosulfanylo)butan grzybowy, rosotu 2141 1404 256 16
46 bis(2-metylo-3-furylo)disiarczek miesny 2138 1540 16 <1
47 2-metoksy-4-winylofenol gozdzikow, dymu 2150 1300 32 32
48 2-fenoksyetanol kwiatowy 2156 1240 1 <1
49 4-hydroksy-2,3-dimetylo-2H-furan-5-on (sotolon) lubczyku, przypraw 2210 1107 128 1024
50 2-izotiocyjanianoetylobenzen rosotu, warzywny 2220 1430 256 64
51 etano-1,2-ditiol czosnku, kapusty 2225 817 8 16
52 nieznany potu, gumy 2244 1021 1 16
53 4-metylo-5-tiazoleetanol rosolu, siarki, orzechowy 2320 1269 256 512
54 kwas fenylooctowy miodowy 2555 1252 128 32
55  4-hydroksy-3-metoksybenzaldehyd (wanilina) stodki, waniliowy 2576 1395 512 32

apotwierdzenie struktury oparto o jakos$¢ zapachu, wartosci Rl (DB-FFAP, DB-5) i widma masowe; dane
poréwnano z danymi uzyskanymi dla zwigzkéw odniesienia analizowanych w tych samych warunkach. "Wartosci
RI1 obliczono na podstawie czasu retencji zwiazku aktywnego sensorycznie i czasu retencji sasiednich n-alkanow

metoda interpolacji liniowe;.

Zastosowanie analizy GC-O oraz AEDA wykazato 55 zwigzkow aktywnych zapachowo
w kalarepie surowej i gotowanej (tabela 3). Wspotczynniki FD dla kalarepy surowej miescity
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si¢ w zakresie od 1 do 512, natomiast dla kalarepy gotowanej od 1 do 1024, jednakze dla

wigkszosci zwigzkéw aktywnych zapachowo wieksze wartosci FD wyznaczono dla proby
z kalarepy surowej. Biorgc pod uwage wartosci FD W probie otrzymanej z kalarepy surowej
dominowaty noty takie jak: zapach zielonego groszku, ziemisty, kwasny, oleisty, stodki,
waniliowy, natomiast w kalarepie gotowanej dominujacymi byly zapachy: skoszonej trawy,

anyzu, lubczyku, przypraw, stechty, benzyny, rosotu, siarki czy orzechow.

Dla wszystkich aktywnych sensorycznie regionéw chromatogramu (rys. 15) obliczono
wartosci RI na kolumnach r6znigcych si¢ polarnosciag: DB-FFAP (polarna) i DB-5 (niepolarna).
W tym celu wykorzystano czasy retencji mieszaniny n-alkanéw, uprzednio nastrzyknigtej na
ten sam system GC-O. Wstepna proba identyfikacji struktury zwigzkéw aktywnych zapachowo
opierata si¢ o przeglad baz danych (the Leibniz-LSB@TUM Odorant Database [64]) i literatury

pod katem RI oraz jakosci zapachu.
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Rys. 15. Aromagramy FD zwiazkéw aktywnych zapachowo izolowanych z surowej i gotowanej kalarepy z ich
wspotczynnikami FD i wskaznikami retencji (RI) na kolumnie DB-FFAP, numeracja zgodna z tabela 3
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Tozsame RI oraz jako$¢ zapachu zostaty potwierdzone przy uzyciu GC-O (kolumny

DB-FFAP i DB-5) oraz odpowiednich zwigzkéw odniesienia, ktore zostaly nastrzyknigte
w stezeniu zblizonym do badanego ekstraktu. Struktura zwigzkéw aktywnych zapachowo
zostala ostatecznie potwierdzona poprzez analizy chromatograficzne: GC-MS lub
GC x GC-MS. Zwiazki aktywne zapachowo wystepujace w surowej i gotowanej kalarepie wraz
z deskryptorem zapachu, wartosciami RI obliczonymi na kolumnach réznigcych si¢

polarnoscia, a takze wspotczynniki FD zostaty przedstawione w tabeli 3.

Majac na uwadze prekursory oraz mechanizm powstawania zwiazki aktywne zapachowo
wystepujace w kalarepie mozna podzieli¢ na kilka grup, ktore gtownie sg zwigzane ze szlakiem
metabolicznym lipidow 1 aminokwaséw. Wczesniejsze badania dowiodly, ze dominujacymi
zwigzkami lotnymi w kalarepie sa: izotiocyjaniany, nitryle, siarczki oraz nienasycone aldehydy
[68]. W literaturze naukowej raportowano rowniez obecno$¢ zwigzkdéw lotnych nalezacych do:
alkoholi, ketonéw zawierajacych siarke, tiazoli, pirazyn, i pochodnych furanu [111].
Zastosowanie analiz GC-O umozliwito zidentyfikowanie zwigzkow lotnych aktywnych
zapachowo, ktorych obecnos¢ w Kalarepie nie byta wczesniej znana, np.: okt-1-en-3-on (7),
2-izopropylo-3-metoksypirazyna (11), disiarczek 2-metylo-3-furylu metylu (19), kwas
heksanowy (26), trans-4,5-epoksy-(E)-2-dekenal (38) i 3-hydroksy-4,5-dimetylofuran-2(5H)-
on (sotolon) (49).

AEDA zostata przeprowadzona w celu ustalenia, ktore ze zwigzkow aktywnych
zapachowo majg najwigkszy udziat w tworzeniu aromatu kalarepy. Wyznaczono 28 zwigzkoéw
aktywnych zapachowo, ktore charakteryzowaty si¢ wysokimi wspotczynnikami FD (> 64)
i oznaczono je ilosciowo wykorzystujac nowoczesne techniki analityczne (GC-MS,
GC x GC-MS, 2D-GC-HRMS z jonizacjg elektronowa i chemiczng). Nastepnie dzielgc wartos¢
stezenia otrzymanego w probie przez OTC otrzymano OAV dla kazdego z badanych zwigzkow
aktywnych zapachowo, ktére odzwierciedlajg udziat poszczegdlnych analitbw W ogdlnym

aromacie kalarepy.

Zwiazki takie jak: okt-1-en-3-on (7), 2-izopropylo-3-metoksypirazyna (11),
1-izotiocyjaniano-3-(metylosulfanylo)propan (37), izotiocyjanian benzylu (43), trisiarczek
dimetylu (9), disiarczek 2-metylo-3-furylu metylu (19), trans-4,5-epoksy-(E)-2-dekenal (38)
i 1-izotiocyjaniano-4-(metylosulfanylo)butan (45) opisane wysokimi OAV majg najwickszy
udzial w tworzeniu ogoélnego aromatu kalarepy zarowno surowej jak i gotowanej, co

przedstawiono na ponizszym schemacie:
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Rys. 16. Zwiazki aktywne zapachowo scharakteryzowane przez najwyzsze wartosci OAV w kalarepie, w nawiasie podano
oznaczenie zgodne z numeracja w tabeli 3 i zapach

Ze wzgledu na niskie OAV nitryle maja niewielki wptyw na aromat kalarepy, pomimo
wysokich wartosci FD dla tych zwigzkéw. AEDA zostata przeprowadzona jako metoda
przesiewowa, ktora umozliwita wyodrebnienie kluczowych zwigzkéw odpowiedzialnych za
aromat kalarepy. Natomiast izotiocyjaniany stanowig gtowny produkt degradacji
glukozynolandow, wystepuja w surowym oraz gotowanym warzywie w wysokich stgezeniach
i osiggajg wysokie OAV. Co wigcej, wzrost stezenia izotiocyjaniandw po ugotowaniu warzywa
byt juz wczesniej opisywany [112]. Trisiarczek dimetylu stanowi wazny produkt termicznej
degradacji izotiocyjanianéw 1 stanowi jeden z kluczowych zwigzkoéw odpowiedzialnych za

aromat kalarepy.

Aromat kalarepy zmienia si¢ po ugotowaniu warzywa. Przede wszystkim wartosci OAV
dla zwigzkéw kluczowych (7, 9, 11, 19, 38, 43) oraz dla innych zwigzkow aktywnych
zapachowo, ktore maja mniejszy udzial w tworzeniu ogdlnego aromatu (8, 26, 44, 49) sa
wyraznie wyzsze dla proby otrzymanej z surowego warzywa. Jest to zwigzane z procesem
gotowania, ktory prowadzi do uwalniania zwigzkéw chemicznych do wody i utraty zwigzkow
lotnych. Dodatkowo, jedynie trzy zwigzki aktywne zapachowo, ktérych OAV > 1 (37, 45, 50)
wykazywaty zblizony wktad w calo$ciowy aromat kalarepy surowej 1 gotowanej. Zwigzkiem
aktywnym  zapachowo,  ktorego OAV  wzrosta  wskutek  gotowania,  jest
3-fenylopropanonitryl (41), co moze by¢ zwigzane z inaktywacja tioglukozydazy podczas
gotowania kalarepy.
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Whioski

Ponizej przedstawiono wnioski, ktore sformutowano na podstawie dokonanego przegladu

literatury, oraz przeprowadzonych badan, ktore szczegdélowo opisano w publikacjach

wchodzacych w sktad niniejszej rozprawy doktorskiej.

1)

2)

3)

4)

Przeglad literaturowy pod katem lotnych i1 aktywnych zapachowo zwiazkow
siarki dowiddl, ze stanowig one kluczowe zwiazki, odpowiedzialne za
charakterystyczny aromat warzyw kapustowatych, cebulowych, a takze
niektorych grzybow (shiitake i trufli). Liczba badan nad profilem zwigzkow
aktywnych zapachowo dla warzyw kapustowatych jest bardzo mata. Zwigzki
lotne zawierajace siarke powstaja gtownie podczas procesow enzymatycznych,
a ich ograniczona stabilno$¢ termiczna, podatno$¢ na utlenianie, niskie progi
detekcji powoduja, ze ich analiza jako$ciowa i iloSciowa jest problematyczna.
Wyznaczone st¢zenia progowe zapachu dla 19 izotiocyjaniandw zawieraja si¢
w przedziale od 0,005 - 102 do 0,2 - 103 g/L, co moze predysponowa¢ je jako
potencjalne zwigzki wptywajace na aromat warzyw kapustowatych. Wyznaczone
wspotczynniki podziatu dla roznych matryc, w tym wody i $liny wykazuja bardzo
zroznicowane wartosci dla danego zwigzku i bedg determinowaty ich aktywno$é
sensoryczng w procesie konsumpcji warzyw kapustowatych. Uzyskane wyniki
pozwalaja na oceng roli tych zwiazkéw W percepcji orto- i retronazalnej. Biorac
pod uwage S$ling ludzka, najwieksze powinowactwo do fazy cieklej maja:
izotiocyjanian cyklopropylu i izotiocyjanian benzylu, natomiast do fazy gazowej
w pierwszej kolejnosci beda przechodzity: izotiocyjanian oktylu i izotiocyjanian
heksylu.

Sposrod wybranych nieorganicznych soli metali najwigksza skutecznosc¢ inhibicji
w matrycy tkanki roslinnej w stosunku do mirozynazy i lipooksygenazy
wykazywaty: jony srebra(l) i bezwodny siarczan(VI) sodu. Jako optymalny
inhibitor wybrano bezwodny siarczan(V1) sodu, uwzgledniajac zasady zielonej
chemii (zwigzane gléwnie z trudno$cig utylizacji probek zawierajagcych jony
srebra(l)) oraz zadowalajaca skutecznos¢ i tatwo$¢ wykorzystania w kolejnym
etapie pracy badawczej.

Wyznaczono 55 zwigzkéw aktywnych zapachowo w kalarepie w dwoch
wariantach: surowej i gotowanej. Zastosowanie potaczenia chromatografii

gazowej i olfaktometrii (GC-O) umozliwilo zidentyfikowanie 6 zwigzkow
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lotnych i aktywnych zapachowo, ktorych obecnos¢ w kalarepie nie byta wczesniej
znana. Porownanie OAV umozliwito wyznaczenie o$miu kluczowych zwiazkoéw
odpowiedzialnych za aromat surowego i gotowanego warzywa. Trzy z tych
zwiazkow to izotiocyjaniany, a jeden to produkt ich degradacji. W wigkszosci
obliczone OAV sa wyzsze dla proby kalarepy surowej i nizsze dla kalarepy

gotowanej ze wzgledu na utratg zwigzkow lotnych podczas gotowania.
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Abstract: At the base of the food pyramid is vegetables, which should be consumed most often of
all food products, especially in raw and unprocessed form. Vegetables and mushrooms are rich
sources of bioactive compounds that can fulfill various functions in plants, starting from protection
against herbivores and being natural insecticides to pro-health functions in human nutrition. Many
of these compounds contain sulfur in their structure. From the point of view of food producers, it is
extremely important to know that some of them have flavor properties. Volatile sulfur compounds
are often potent odorants, and in many vegetables, belonging mainly to Brassicaeae and Allium
(Amaryllidaceae), sulfur compounds determine their specific flavor. Interestingly, some of the pathways
that form volatile sulfur compounds in vegetables are also found in selected edible mushrooms. The
most important odor-active organosulfur compounds can be divided into isothiocyanates, nitriles,
epithionitriles, thiols, sulfides, and polysulfides, as well as others, such as sulfur containing carbonyl
compounds and esters, R-L-cysteine sulfoxides, and finally heterocyclic sulfur compounds found in
shiitake mushrooms or truffles. This review paper summarizes their precursors and biosynthesis, as
well as their sensory properties and changes in selected technological processes.

Keywords: sulfur compounds; vegetable aroma; glucosinolates; isothiocyanates; nitriles; sulfides;
polysulfides; thiols; Brassica vegetables

1. Introduction

The intake of vegetables plays a crucial role in maintaining the homeostasis of the
human body due to bioactive compounds that are present in plant tissues. Sulfur is a
fundamental element, ensuring the sustainable development of plants and people. Amino
acids, such as methionine and cysteine, derived originally from plants, represent the main
source of sulfur for the human diet [1]. Vegetables contain vitamins, polyphenols, fiber,
and micronutrients, which are necessary for daily diets, and they can contribute to the
prevention of chronic diseases [2,3]. Sulfur-containing compounds are commonly present
in Brassica vegetables, namely broccoli, cabbage, and cauliflower, or Allium vegetables,
for example, garlic, leeks, and onions. The structure of organosulfur compounds is based
on sulfur atoms that are bound with a cyanate group or a carbon atom in a chain or
cyclic arrangement. The bioactive compounds present in Allium species are alk(en)yl
cysteine sulfoxides; S-allyl cysteine; thiosulfinates; diallyl; mono-, di-, and tri-sulfides; and
vinyldithiins, while for cruciferous vegetables the largest group are glucosinolates (GLSs)
and their breakdown produces isothiocyanates (ITCs) [4]. An equally important role of
GLSs in plants is their self-protection strategies. The first mechanism of food protection
involves repelling pests by releasing ITCs, whereas the attraction of the natural enemies
of insects is linked with the effects of nitriles [5]. Depending on the condition of GLSs
degradation, such as the company of additional cofactors and proteins, presence of metal
ions, or pH value, it is possible to obtain other rearranged products, namely epithionitriles,
nitriles, oxazolidine-2-thiones, and thiocyanates [6]. Volatile sulfur compounds contribute
significantly to the characteristic aroma of vegetables belonging to discussed above Brassica
and Allium, being usually among their key odorants. It makes them a very unique group
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of plant metabolites, which are interesting from a flavor chemistry and also analytical point
of view due to their diversity, low odor thresholds, instability, and reactivity.

Although mushroom-like flavor is usually associated with eight carbon unsaturated
alcohols and ketones (mainly 1-octene-3-ol, 3-octanone, 1-octene-3-one), sulfur compounds
are also important components of some mushrooms, particularly shiitake and truffles,
which are discussed in this review. Due to their high price, truffles are used as food
seasoning rather than vegetables, unlike shiitake. Heterocyclic organosulfur compounds
provide burned, sulfuric, onion-like, rubber-like, and truffle-like odor notes [7,8]. Although
mushrooms are consumed mainly for their sensory features, especially aroma, they also
are valuable sources of valuable bioactive compounds. Shiitake mushrooms are a low
energy-dense food and supply nutritionally relevant amounts of B group vitamins and
minerals; they may be a proper source of vitamin D5, and their consumption has some
medicinally beneficial properties, such as improved immunity [9]. Truffles are valuable
sources of dietary fiber, essential amino acids, metals, and ergosteroids and have many
health-promoting properties, particularly antioxidant, anti-inflammatory, antimicrobial
property, immunomodulatory, antitumor properties, and anti-depressant properties [10].

Sulfur compounds as metabolites show various chemical structures due to their differ-
ences in molecular weight, stability, polarity, and volatility. They are present in food and
may be formed or altered as a result of enzymatic and chemical reactions in technological
processes and during storage. As a result of heating, smoking, cooking, frying, or roasting,
many complex reactions, namely oxidation, degradation, hydrolysis, dehydration, conden-
sation, and decarboxylation, may take place. Volatile sulfur compounds (VSCs) in food can
be divided into several classes according to their functional groups (Table 1) [11]. Thiols
(mercaptans) constitute a wide group with antioxidant properties that are labeled as part of
the sulfhydryl functional group [12]. Methanethiol represents the parent compounds, as a
result of easy oxidation into sulfides (dimethyl sulfide, dimethyl disulfide, and dimethyl
trisulfide) [13]. Further oxidation of sulfides can lead to sulfoxides or sulfones. The va-
riety of sulfur compounds is connected to the ability of sulfur atoms for taking different
oxidation states, ranging from —2 in sulfides, 0 in sulfoxides, and +2 in sulfones [14]. In
addition to the sulfur compounds resulting from the breakdown of GLSs mentioned above,
an important group is S-heterocyclic compounds. Thiophenes, with a smoky, sulfurous,
and roasted aroma, are created during thermal processes, especially when bioavailability
of sulfur is sufficient by a high concentration of cysteine [15]. Thiazolines and thiazoles are
formed under thermal processes in the Maillard reaction. Thiazoles are associated with
a roasted aroma in food [16]. The 2-acetyl-2-thiazoline is a crucial flavor compound with
a lower detection threshold at 1 ppm level, with a pleasant popcorn-like, roasted, nutty
aroma [17].
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Table 1. Selected sulfur key odorants in food formed in enzymatic and chemical (mainly thermal) reactions.

Name Structure Odor Threshold Odor Quality Occurence Name Structure Odor Threshold Odor Quality Occurence
diallyl [o] 3-
. J m Freshly crushed . . . s fo) . Cooked Beef, truffle,
»Eomn.:._:u»m P m/m ~F NA garkic Garlic, onion ABmmgﬁmdov_uno@m:& PN N 1.3 ug/L in water potato-like coffee, cheese
(allicin) (methional)
benzenemethanethiol 0.01 ug/L in 67% Roasted, garden . 2-furfurylthiol(2- 7 0.004 pg/ks in . Popeorn, coffee,
X s ethanol-water Beef, wine, Baijiu ) s, water-alcohol Sulfuric, burnt meat, sesame
(phenylmethanethiol) N . cress seed furanmethanethiol) (0} H N
H solution solution seeds
s Shiitake bis-(2-methyl-3- \\ s Beof, coffee
—_ T e g 3 ~ . # )y
1,2 4-trithiolane F S 1.27 pg/L in water mrimwﬁ Enm‘. Ezm_ﬁdo.ﬂ:m‘ ?n%d&-ms_m—mmﬁ‘m 0 S \ 0.00002 g/ L in Meat-like brown rice, tea,
- sulfury, onion-like truffle, stinky bis(2-methyl-3- o water f
° i kohlrabi
beans. furanyl)disulfane)
4-mercapto-4- S. . o . B . . . . Brassica
et //—_\VA H 0.0001 pg/L in Blackcurrant-like, Green tea, edible dimethyl trisulfide \w/W\W/ 0.009 pg/L in mimﬁin.\ vegetables, wine,
o) water sulfury flowers (DMS) water cabbage-like T &
pentanone cheese, coffee
. I Grapefruit, . Coffee, cheese,
1-p-menthene-8- 0.0002 pg/L in Grapefruit-like, ! . S. . Sulfuric, o
thiol S. H water sulfuric orange, honey methanethiol ~H 0.59 pg/L in water cabbage-like potato, m,_uimn?
pomelo durian
N o . .. s . .
2-acetyl-2- m 2 . Roasted, Meat, rice, shiitake 3-methyl-2- = “H 0.00076 pg/L in Beer-like, .
thiazoline mu A 1 ug/L in water popcorn-like mushroom butene-1-thiol /j/\ water animal-like Beer, cofee, durian

NA-—not available. Based on references [18-26].
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Sulfur compounds present in such complex matrices as food are an analytical challenge
due to their often sub-parts-per-billion concentrations. As a result of low sensory detection
thresholds, VSCs are emphatically responsible for the aroma creation of food. Diallyl
disulfide (DADS) is an aroma impact compound for garlic and allyl isothiocyanate causes a
typical mustard flavor. However, not all sulfur compounds are a backbone of vegetable
aroma; some of them are responsible for sensory nuances in total flavor. Moreover, flavor
sensory impact relies on specific odor threshold and level of content in particular food [27].
Nevertheless, sulfur compounds have a significant impact in creating food aroma also
because they are the second largest category in volatile constituents in food after esters
(Figure 1). Sulfur compounds can be grouped into many distinct categories, which include
ITCs, nitriles, epithethriles, sulfides, polysulfides, and thiols, as well as a wide group of
miscellaneous compounds.

127; Nitriles and
~

44; Anhydrides and
amides h /

phthalides

1792; Esters

154; Halogens |

[286; Phenols

341; (Ep)oxides, |—
pyrans,coumarins| -

A 1247; Sulfur
compounds

542; Carbonyls,
aldehydes

1163; Hydrocarbons

861; Carbonyls,
ketones 990; Alcohols

Figure 1. Volatile compounds in food according to volatile compounds in food database based on [28].

The main aim of this study is to summarize information and highlight the basic
function of sulfur compounds in the creation of the aroma of vegetables and mushrooms.
Although the main focus is on vegetables as a source of sulfur aroma compounds (mainly
Allium and Brassica), mushrooms were included in the review, as some of their volatiles
characteristics are shared with Allium vegetables, partially the pathways in the formation
of aroma compounds. The formation of sulfur aroma compounds and their precursors are
summarized, as well as their role as key odorants. The influence of food processing, namely
cooking, baking, freezing, and frying, on sulfur compounds will be discussed. Apart from
their aroma, sulfur compounds are also crucial in the creation of the taste of vegetables,
especially Brassica; however, the present review is focused solely on aroma compounds.

2. Precursors of Volatile Sulfur Compounds
2.1. Amino Acids

The proteins that build every living organism consist of 20 standard or canonical
amino acids—aliphatic, which are the most prevalent, aromatic, and heterocyclic. Nine
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of them must be supplied through the diet, as they cannot be produced in the human
organism [29]. Amino acids control the nutrostat system, take part in regulating blood
pressure, can be used as an alternative source of fuels and biosynthetic materials, and show
crucial importance as antioxidants and protective agents, especially when they contain
sulfur in their structure [30-32].

Amino acids that have a sulfhydryl group in their structure—sulfur amino acids
(SA As)—are represented by cysteine and methionine [33]. The main function of cysteine in
plants is maintaining an inorganic sulfur level obtained from the environment. This amino
acid is the sole sulfide donor needed for the biosynthesis of crucial biomolecules, in particular,
antioxidants (glutathione), cofactors, vitamins, or defense compounds—glucosinolates, thionins,
phytoalexins. Methionine belongs to the group of essential amino acids, and it determines
the development and is potentially responsible for the biosynthesis of growth-regulating
substances (auxins, brassinosteroids, and cytokinins) [34]. It is also an important precursor
to the biosynthesis of carnitine, cysteine, lecithin, taurine, and phospholipids. SAAs, such
as methionine and cysteine, are the principal source of sulfur in the human diet supplied
with food of plant origin. It was estimated that approximately 70% of sulfur obtained from
plant products is accumulated in amino acids [1]. However, alliaceous and cruciferous
vegetables have lower sulfur levels accumulated in amino acids in favor of specialized
metabolites (Figure 2).

100 —
50 ~D H — =
=
. L [~ - =
s ¥ &£ £ g &8 &2 & 5 35 =
= 3 - = ) @ < = i} <
o s < : 5 [-% o £ © o 4
o ) ~ o a 2 51 it <] =
oo 3 &' = - &~ = b5
= =] a s =) <&
£ © o z =
—
& % a 5
5 )
A
[ Cysteine + Methionine amino acids [ Sulphate

Methionine derived glucosinolate

Tryptophan derived glucosinolate

@ Other sulfur compounds (glucosinolates omitted)

Figure 2. Sulfur distribution in selected vegetables based on [35].

2.2. Glucosinolates

Glucosinolates are amino acid-derived secondary pant metabolites containing a sul-
phate and a thioglucose moiety (Figure 3). Their origin from particular amino acid struc-
tures determines their classification into aliphatic (usually methionine derived), aromatic
(phenylalanine and tyrosine derived), or indolyl (originating from tryptophan). The GLSs
biosynthesis comprises three stages: (i)—synthesis of chain elongated aminoacids; (ii}—glucone
common to all glucosinolates addition and; (iii)—side chain modification [36]. In the
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process of side chain elongation, methionine can be elongated to homo, then dihomo,
and finally trihomo-methionine. The formation of glucone moiety starts from aminoacids
conversion into oximes. Starting points for oximes formation are tyrosine, phenylalanine,
methionine (with potential chain extension), and tryptophan. This yields the basic type
sidechains, as listed in Table 2. The oximes are oxidized via aci-nitro compound, which
serves as an acceptor for a thiol donor (preferably cysteine). The activated form of glucose
(UDPG, uridine diphosphate glucose) is incorporated forming desulphoglucosinolate in
S-glucosylation, transferred into glucosinolate in the presence of 3’-phosphoadenosine-5'-
phosphosulfate [36,37]. For a detailed description on GLS biosynthesis, one can refer to the
thorough review in [38].

OH

HO OH
CH,OH

N ~—— -
0SO;
Figure 3. Structure of GLSs; R expresses side chain.

GLSs are naturally occurring compounds found in 16 dicotyledonous families. As
mentioned above, significant amounts of GLSs occur in plants of the Brassicaceae family,
though they are also present at a high level in the Capparacene and Caricaceae families.
By 2012, around 132 natural GLSs were documented [39]. The content of GLSs in the
plant depends on plant organs, species, and vegetable development stage, for example,
broccoli sprouts have 10-100 times higher concentrations of glucoraphanin, in contrast to
mature broccoli.

GLSs are non-volatile compounds and their taste is associated with cruciferous veg-
etables. Though GLSs are non-odoriferous, their taste influences the characteristic flavor
of Brassica vegetables. It is generally approved that bitterness is related to the presence
of these sulfur-containing compounds in the plant [40]. Nevertheless, there is currently
limited research focusing on the sensory evaluation of pure compounds and estimation of
their impact on overall flavor assessment. The sensory evaluation of GLSs is problematic
due to the personal abilities of panelists (non-tasters, bitter blind), limited quantities, or
the lack of suitable and pure standards that could be used in taste sensory tests. These
reasons contribute to a lack of taste knowledge for most of the studied GLSs [41]. The
existing studies showed that there are differences in the perception of GLSs bitterness. Taste
evaluation of four GLSs indicated that most taste panelists (71% for sinigrin and 79% for
gluconapin) found a bitter taste. However, in the case of glucobrassicin and progoitrin,
only 21% and 9% of panelists, respectively, stated a bitter taste. A bitter mouthfeel of GLSs
may be reduced by the application of debittering processes, such as selective breeding,
non-bitter cultivars, or customized growth conditions [42].
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Table 2. Chemical structure of glucosinolate side chain [43,44].

Name Structure of Side Chain Systematic Name Type of Glucosinolate
H
N
Glucobrassicin / 3-indolylmethyl glucosinolate Indole
Glucotropeolin benzyl glucosinolate Aromatic
o}
Glucoraphanin |S 4-methylsulfinylbutyl glucosinolate Aliphatic
/ \/\/\ e
OH
Progoitrin ? 2(R)-2-hydro?< y-3-butenyl Aliphatic
\/\ - glucosinolate
Sinigrin \/‘ A allyl glucosinolate Aliphatic

According to the scientific literature, the great importance on bitter taste sensation
has the concentration of plant constituents with a sweet mouthfeel, e.g., sugars and amino
acids. In reference to the first, a sensation of bitter taste in cruciferous vegetables can be
reduced by sweetness caused by the presence of free sugars, such as fructose, galactose,
glucose, or sucrose. Vegetables differ in the ratio of free sugars to GLSs; higher ratio value
results in desirable consumer preferences. Amino acids, such as alanine, proline, serine,
and threonine, induce a sweet taste against leucine and valine, which are responsible for
bitterness mouthfeel [42]. Some research showed an association between the content of
sweet-tasting amino acids and reducing the effect in a bitter taste. However, the correlation
between amino acid levels and GLSs content in vegetables requires more attention and
additional research [41].

The moiety of GLSs consist of an unchanging part 3-D-thioglucoside-N-hydroxysulfates
and side chain, which is different for each GLS because it is a derivative of one of eight
amino acids (Figure 3). GLSs are divided, according to the amino acids from which the
side chain is formed, into aliphatic (Ala, Leu, Ile, Met, Val), aromatic (Phe, Tyr), and indole
(Trp) GLSs; nevertheless, side chain is generally subjected to many modifications, such as
acylation, desaturation, elongation, glycosylation, hydroxylation, and O-methylation [43].
The side chain variety of selected GLSs is shown in Table 2. The side chain of GLSs deter-
mines the character and structure of volatile compounds released after GLSs enzymatic or
thermal degradation.

The enzyme myrosinase catalyzes the breakdown of GLSs. To initiate the hydrolysis
reaction, it is necessary to disrupt the plant tissue (chewing, chopping, crushing, cutting)
because GLSs are found in the cytoplasm, whereas the enzyme is stored in vacuoles. The
first stage of hydrolysis degradation is the cleavage of the 3-D-glucose molecule and
obtaining an unstable intermediate product called an aglycone. Aglycone is subject to a
spontaneous Lossen rearrangement, causing detachment of sulfate ion and depending on
many factors (e.g., pH, presence of Fe?* ions, or specialized proteins) described below,



UNIWERSYTET
PRZYRODNICZY
W POZNANIU

Molecules 2022, 27, 6116

80f28

obtaining various aroma sulfur volatile compounds, such as epithionitrile, ITC, nitrile,
oxazolidine-2-thione, and thiocyanate [6,38,45].

3. Biosynthesis of Sulfur Volatiles in Vegetables

The formation of VSCs in vegetables has been intensively explored in Allium veg-
etables. The second group of vegetables with important and abundant VSCs described
is Brassicaceae. These two groups of vegetables dominate, though S-methylmethionine
derived compounds are formed in asparagus and other vegetables. The Allium genus
comprises about 700 species, of which garlic (Allium sativum) and onion (Allium cepa) are
the most important vegetables appreciated mainly for their unique flavor.

The formation of Allium flavor include: (i) enzyme-mediated degradation of non-
volatile precursors; (ii) secondary reactions of primary flavor compounds, and; (iii) thermal
degradation of precursors. Cysteine as a sulfur containing amino acid plays a crucial role
in formation of flavor compounds of Allium vegetables along with glutamine, as (+)-S-
alk(en)yl cysteine sulfoxides (CSOs) and their y-glutamyl peptide (yGPs) are the main
non-volatile, odorless precursors [46]. Detailed review papers on biosynthesis of flavor
compounds and their precursors have been published [46-48].

Garlic, onion, and other members of the Allium contain 1-5% dry weight of nonprotein
SAA secondary metabolites. The disruption of the cell results in the release of allinase
(C-S lyase) are present in vacuole and the reaction with S-alk(en)yl-L-cysteine S-oxides
(volatile compounds precursors) located in the cytoplasm [49]. Four sulfoxides occur
in Allium species: S-2-propenyl-L-cysteine sulfoxide (alliin, ACSO), S-(E)-1-propenyl-L-
cysteine sulfoxide (isoalliin, 1-PeCSO), S-methyl-L-cysteine sulfoxide (methiin, MCSO,
also present in Brassica vegetables), and S-propyl-L-cysteine sulfoxide (propiin, PCSO).
Differences in flavor within Allium is caused in various amounts of these precursors [47].
As summarized by Block, based on experiments with labelled S0, fed to onion plants,
the sulfate is reduced and assimilated into cysteine in the chloroplasts. Then incorporation
of glutamic acid yields y-glutamylcysteine, which reacts with methacrylic acid (from
valine) to yield y-glutamyl-S-2-carboxypropylcysteine, which can undergo sequential
decarboxylation to y-glutamyl-S-1-propenylcysteine, Subsequently oxidation to y-glutamyl-
S-1-propenylcysteine-S-oxide takes place and it is cleaved by y-glutamyl transpeptidase
[EC 2.3.2.1] to S-(E)-1-propenylcysteine S-oxide [47].

The main enzymes, involved in the formation of Allium volatiles—allinases [EC
4.4.1.4]—are o, -eliminating lyases that catalyze the decomposition of the above-mentioned
S-oxides to ammonium pyruvate and allicin and its homologues. Sulfenic acids, which
are highly unstable, are key enzymatically formed intermediates in Allium chemistry. The
initial stages of sulfenic acids enzymatical formation has been summarized on Figure 4.

It is assumed that the flavor components of garlic and onion mainly include S-allyl
cysteine sulfoxide (allicin); S-allyl-cysteine; and the sulfides of diallyl-, methyl allyl-,
and dipropyl mono-, di-, tri-, and tetrasulfides, all being produced by sulfur-containing
precursors—mainly S-alkenyl cysteine sulfoxides (ACSO) through an enzyme-mediated
degradation process [48]. Allicin (C¢H10S;), a key molecule in garlic flavor, is responsible
for the typical smell and taste of freshly cut or crushed garlic. It accounts for 70% (w/w) of
the total thiosulfinate compounds present/formed during the crushing of garlic cloves [50].
Allicin is very unstable and can easily be converted to diallyl sulfide (DAS), diallyl disulfide
(DADS), diallyl trisulfide (DATS), and diallyl tetrasulfide (DATTS).
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Figure 4. Initial stages of Allium flavor compounds formation by enzymatic reactions. Based on [47-49,51].

Due to the instability of primary flavor compounds of Allium, they can decompose
or undergo condensation to secondary ones—these derived from alk(en)yl thiosulfinates.
Allicin is the best example, as it undergoes degradation to a variety of sulfides (mainly
DADS). It is sensitive to pH (>11), solvents, and temperature. At temperatures exceeding
50 °C, it decomposes rapidly [52]. It was investigated that heating S-methyl-L-cysteine and
S-methyl-L-cysteine sulfoxide in a model system with varying water content and tempera-
tures resulted in formation of volatile breakdown products of these precursors [53] that can
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contribute to the thermally processed Brassica and Allium vegetables flavor. The predomi-
nant volatile was dimethyl sulfide. Dimethyl trisulfide, dimethy] thiosulfinate, dimethyl
thiosulfonate were also detected as products of S-methylcysteine sulfoxide (MCSO) degra-
dation. Dimethyl trisulfide was proposed as an off-odorant of overcooked vegetables [53].
The data on the thermal degradation of flavor precursors in garlic and onion was collected
by Li and coworkers, and, according to this, the main degradation products of MCSO are
dimethyl disulfide and, to a lesser extent, dimethyl trisulfide (after heating at 120-160 °C); for
PCSO—dipropyl disulfide and dipropyl trisulfide and propylthiol; and for alliin—diallyl
sulfides (mono-, di-, tri-, and tetra-), methyl sulfides, 2-acetylthiazole, and other cyclic
compounds (2,5-dimethyl-1,4-dithianes, 2-methyl-1,4-dithiepae, and others) [48].

Sulfur containing volatile compounds formed in Brassica originate mainly from the
hydrolysis and degradation of their precursors—GLSs, as discussed in the previous chapter.
The detailed pathways for the formation of VSCs being the products of GLSs degradation
were discussed in [5].

The breakdown of GLSs aglycone is strictly contributed to reaction conditions. The
receiving of ITCs is favored when the reaction environment is neutral or slightly acidic
(pH range from 5 to 7), which corresponds to plant tissue. ITC molecules consist of an
isothiocyanate group (-N=C=S) stuck to carbon chain (-R) that can be represented by a
general formula R-N=C=S (Figure 5).

.S
R.\+C

isothiocyanate \[ >=S

Hso,, oxazolidine
HO OH myrosinase, H20 pH 4, ESP, NSP _N
o} //
R S CHzOH IFP Fe
i OH 0503 Hso4 nitrile
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0S0s HO ° CH,OH

pH7E

Z_

HSO4
% HSOs
[5a]
WN
eplﬂuomtrﬂe ﬂuocyanate

Figure 5. Formation of main groups of volatile compounds as a result of GLSs hydrolysis in Bras-
sica vegetables; ESP—epithiospecifier protein; ESM —epithiospecifier modifier protein; NSP—nitrile-
specifier proteins; TFP—thiocyanate-forming protein; R—side chain [6,54].

The formation of methanethiol and dimethyl trisulfide in disrupted cabbage tissue
from the reaction of thiosulfinates and thiosulfonates and hydrogen sulfide following the
action of CSO lyase was proposed, whereas dimethyl sulfide was proposed to originate from
chemical disproportionation of methyl methanethiosulfinate [51]. Dimethyl disulfide, often
detected as major VSC in the headspace of freshly disrupted cabbage tissue, is considered a
secondary product of C-S lyases hydrolysis of S-methyl-L-cysteine sulfoxide (MCSO), the
primary reaction product being methanesulfonic acid, which dehydrates to more stable
methyl methanethiosulfinate, which is disproportionate to dimethyldisulfide. Alternative
mechanism could be proposed involving methanethiol oxidation to dimethyl disulfide in
the presence of air. The formation of dimethyl trisulfide was postulated via reaction of
dimethyl disulfide obtained after C-S lyase action from S-methyl-L-cysteine sulfoxide with
elemental sulfur, or reaction of methanesulfonic acid and hydrogen sulfide [51].
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S-methylmethionine was identified in asparagus by Challenger and Hayward (1954),
and it has been shown that it undergoes decomposition during food storage/thermal
treatment into dimethyl sulfide being a part of boiled asparagus, processed tomatoes,
corn, and beer flavor (Figure 6). The S-methylmethionine has been found in a range of
2.8-176 mg/kg in tomato, cabbage, turnip cabbage, beetroot, celery, and leek [55].

| 0] @)
H,O
/C%\/\(U\OH ? SO HO\/\HJ\OH
NH; NH,
S-methylmethionine dimethyl sulfide homoserine

Figure 6. Thermal degradation of S-methylmethionine.

Sulfur containing acids were identified in asparagus and characterized in the 1970s, as
precursors of aroma compounds [56,57]. They were 1,2-dithiolane-4-carboxylic acid (aspara-
gusic acid), 3,3-dimercaptoisobutyric acid (dihydroasparagusic acid), and S-acetyldihydro
asparagusic acid. It was found that sulfur compounds are formed in asparagus in the
intact plant cells, which is an exceptional case in the formation of sulfur compounds,
which are usually formed by enzymatic reactions. In asparagus, 13 sulfur containing
acids were detected (of which asparagusic acid is predominant) and three esters (methyl
1,2-dithiolane-4-carboxylate being the dominant one). After performing [U-14C], labelled
experiments valine was postulated as a starting molecule that is transformed via corre-
sponding oxo acid, isobutyric acid, and methacrylic acid into 3-mercaptoisobutyric acid,
3-methylthioisobutyric acid, and, to a lesser extent, asparagusic acid [56]. In the cook-
ing process, asparagus yields compounds belonging to different chemical classes: sulfur
compounds (17), pyrroles, pyridines, pyrazines, furanes (25), aldehydes (12), ketones
(15), alcohols (26), phenols (11), lactones (5), acids (10), and dimethyl sulfide and methyl
1,2-dithiolane-4-carboxylate (3000 ppb and 7000 ppb, respectively) [57].

Sulfides are formed in vegetables from the methionine or cysteine pathway or trans-
forming other sulfur substrates, e.g., ITC rearrangement reactions [58]. For example,
vegetables belonging to the Amaryllidaceae family include S-alk(en)yl-L-cysteine sulfoxides
in n the cytosol of storage mesophyll cells, whereas alliinase is sequestered in the vacuole
of vascular bundle sheath cells vacuoles of plant cells [59]. The mechanism of sulfide
formation is similar to that of the GLS-myrosinase system. Tissue disruption is required to
allow the enzyme to contact the substrate and a series of unstable products is then created.
Sulfenic acids are converted into thiosulfinates and, finally, into a complex mixture of com-
pounds, in which mono-, di-, and polysulfides predominate [60]. Some studies show a close
relationship between sulfide formation and the raised temperature necessary for industrial
processes, for example, in preparing tomato paste or cooking cabbage [27]. The extension
of the influence of industrial processes will be discussed in the following paragraphs.

After tissue disruption alliinase reacts with ASCOs and cleaves their C-S bond, obtain-
ing sulfenic acid, pyruvic acid, and ammonia. Notoriously unstable sulfenic acids undergo
additional chemical reactions according to the non-enzymatic pathway (self-condensation
resulting in thiosulfinates) and enzymatic mechanisms (for example 1-propenyl sulfenic
acid lachrymatory factor synthase (LFS) leads to propanethial S-oxide and, finally, in the
presence of water forms propanal). Concisely, a series of sulfur organic compounds contributing
to aroma creation (odor sensation, mouthfeel) and bioactive properties of Allium plants are
spontaneously obtained from sulfenic acids in the absence of the enzyme that catalyzes the
conversion of sulfenic acids [59,61]. Figure 7 shows the formation of sulfur compounds from
CSOs, indicating the pathway to lachrymatory factor (in onion, propanethial-S-oxide), as well
as a simplified route, leading to polysulfides and thiosulfonates.
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Figure 7. Transformations of cysteine sulfoxides (CSOs) after tissue disruption. LFS—lachrymatory
factor synthase based on [61].

4. Main Groups of Volatile Sulfur Compounds
4.1. Isothiocyanates

In recent years, knowledge of ITCs has increased significantly. As a result of the
growing interest in human health and research, it was possible to learn about many of the
desired properties of these compounds. Most studies of ITCs properties are a concern to
their chemopreventive and chemotherapeutic action [62]. Moreover, antimicrobial prop-
erties have been demonstrated, which can be used in agriculture for plant protection and
food preservation as well [63]. Anti-inflammatory effects have been examined, respectively,
for example, allyl ITC [64] and benzyl ITC [65].

Although GLSs are non-volatile and odorless precursors of their hydrolysis products
ITCs [66], the pungent flavor of Brassica vegetables is associated with the presence of
ITCs [67]. ITCs have specific aroma of a wide variety. There is a relationship between
chemical structure and the odor threshold value. According to the increasing number of
carbon atoms in aliphatic molecules, odor threshold value decreases, with the exception
of ethyl ITC, which has a higher odor threshold value than methyl ITC. The chemical
structure of ITCs (e.g., aliphatic saturated and unsaturated, aromatic, branched, cyclic, and
miscellaneous) determines not only odor thresholds but odor quality too. Quite the non-
obvious quality of the smell that ITCs described were sweet, fruity, floral, herbs, mushroom,
or even fish descriptors. Of all recorded odor descriptors, the most frequent for ITCs are
sulfur, garlic, and pungent smell [68] (Figure 8). Nevertheless, the sensory evaluation of
ITCs odor is still limited, and there are not many studies that would allow us to compare
odor quality and thresholds.

broth pungent
10 6

9 mushroom-like

cabbage mustard-like
8

turnip

6 cabbage-like sour

sweet chemical

4

sulfurous fatty

sulfur

pungent

chives

herbal

cress

garlic-like

sweaty

broth-like

horseradish garlic grass, green onion-like

Figure 8. The most common odor descriptors for isothiocyanates (green) [68], nitriles, and epithioni-
triles (blue) [26,61-64] found in vegetables.

There are generally very limited, if any, data on the taste of ITC. They occur naturally
in a complex food matrix, often in a large number. Insufficient information on bi-modal
sensory activity of ITC, combining both their aroma and taste leaves many questions on
their role in flavor formation unanswered. The quantitative determination of GLSs and
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ITCs separately and statistical analysis showed correlations only between some compounds
and bitter taste [41].

4.2. Nitriles and Epitionitriles

Nitriles and epitionitriles are produced by the rearrangement of unstable aglycone in
the presence of specified cofactors, such as nitrile specifier proteins (NSP), epithiospecifier
proteins (ESP), or specific environmental conditions [69,70]. The presence of nitriles and
epithionitriles are significantly connected with edible parts and the stage of growth for
crops from the Brassicaceae family. ITCs are the most abundant GLSs; hydrolysis produces
edible parts, such as leaves in white cabbage, Savoy cabbage, or heads of Brussels sprouts,
whereas nitriles and epitionitriles are mainly found in considerable concentrations in
sprouts and seeds [71].

Although in scientific reports, occupational exposure to nitriles is commonly asso-
ciated with numerous health disorders (e.g.: cardiovascular, gastrointestinal, hepatic,
neurologic, renal) [72], food borne nitriles also show cytotoxic and genotoxic potential [73].
The presence of nitriles in Brassica can be associated with health-promoting effects [74].
Compared to ITC and their bioactivity, relatively little is known about nitriles. Due to
reduced beneficial health-promoting activities of nitriles, in comparison with ITCs, some
strategies are used to select particular varieties of vegetables. They are characterized
by either reducing the activity of ESP or increasing the activity of the native enzyme,
myrosinase [70].

Nitriles as volatile compounds, in comparison to corresponding aldehydes, have
comparable odors to corresponding aldehydes [75]. Nitriles and epithionitriles found in
vegetables show diverse aromas from pleasant grassy, herbal, broth-like notes to unaccept-
able ones, such as pungent, sulfurous, or sweaty. Figure 8 summarizes the most common
descriptors of nitriles and epithionitriles found in vegetables.

Taking into consideration that the taste of nitrile compounds is unknown, it is not
possible to identify how nitrile derivatives influence taste in major vegetables, if at all. In the
present day, we do not have data that indicate the bitter taste of nitriles and epitionitriles [41].
Therefore, further research is needed, in particular sensory analysis and taste evaluation of
these GLS hydrolysis products.

4.3. Sulfides and Polysulfides

The presence of sulfide volatiles in food samples is commonly associated with an
unpleasant and unacceptable odor. Indeed the cause of rejection of cauliflower is the
presence of dimethyl trisulfide and dimethyl sulfide, among other odorants [76]. High
concentrations of sulfides are present in vegetables from the Brassicaceae and Amaryllidaceae
families [77,78]. Vegetables containing abundant organic sulfides in different species have
strong antioxidant activities and these important bioactive compounds exhibit antibacterial
and immune activities [79].

Sulfides play a crucial role in the creation of organoleptic properties of food, which is
why many synthetic sulfides are commonly used as food flavors (more than 80 mono-, di-,
and polysulfides) and additives in processed foodstuff [60]. Sulfides are also associated
with the off-flavors of many other products, such as drinking water, alcoholic beverages,
and juices [80-83]. The sensory properties of sulfides are similar to each other because these
compounds are most often characterized by a pungent smell and a spicy taste [26,84,85].

4.4. Thiols and Miscellaneous Sulfur Compounds

Volatile thiols are mainly associated with off-flavors in various types of food and
beverages [86,87]. Among the breakdown products of GLSs, thiols are an important group
that determines the smell of vegetables, especially Brassica vegetables. Research shows that
in raw broccoli, methanethiol and 1-pentanethiol are two aromatic active compounds with
the highest flavor dilution factor. What is more, thiols can be oxidized to the corresponding
sulfides [88]. Thiols were also found in green kohlrabi but were not the key flavor active
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compounds [89]. The regulation of thiol biosynthesis in plants means their redox status
is related to plant stress tolerance; nevertheless, the biochemical pathways have not been
completely explained so far [90].

Interesting aroma-active compounds that contain a sulfur atom in their structure
are odorants found in truffles and shiitake mushrooms, in which volatile compounds
are formed in the enzymatic and non-enzymatic way. The compounds responsible for
the aroma of shiitake mushrooms come from the fatty acid pathway and the amino acid
pathway. Linolenic acid and linoleic acid are the precursors of the fatty acid pathway. They are
converted by enzymes—lipoxygenase, hydroperoxide lyase, and alcohol dehydrogenase—to
generate aldehydes and alcohols (mostly C6, C8, and C9 volatiles). Multi-step oxidation
and polymerization of sulfur-containing amino acids provide precursors, namely lentinic
acid, which is a precursor substance to form heterocyclic sulfur volatiles in the presence
of enzymes, in particular, y-glutamyl transpeptidase and CSO lyase [91]. Sulfur volatiles
obtained from shiitake mushrooms responsible for distinctive, sulfurous aroma is related
to the presence of 1,2,4-trithiolane, 1,2,4,6-tetrathiepane, and lenthionine [92]. However,
in truffles, the origin of sulfur-containing volatiles is complex and unclear at the same
time. Aroma-active compounds might be derived from the truffle itself but also the
microbial population residing in truffle-fruiting bodies. Organic volatile compounds
are biosynthesized, mainly by sulfate reduction, amino acid, and fatty acid catabolism
pathways [93,94].

An interesting flavor compound that has been found in many vegetables, as well
as shiitake mushrooms and truffles, is methional. Biosynthesis begins with the amino
acid methionine, which is converted to methional through Strecker degradation, in which
intermediates in the Maillard reaction interact with the methionine. Methional as a volatile
compound containing a sulfur atom in its structure is characterized by a low detection
threshold, and the quality of its smell is defined as pleasant, reminiscent of a boiled
potato. What is more, methional can be further converted into sulfide and disulfide
compounds [95,96]. Table S1 (Supplementary Files) lists the main aroma sulfur compounds
with their odor qualities, representing different classes found in vegetables and mushrooms.

5. Sulfur Compounds as Key Odorants in Vegetables

In the fundamental review on food key odorants, presence in various food products
sulfur compounds are 16% of all (226) of them [97]. Along with aldehydes and esters, sulfur
compounds form 45% of all key odorants (Figure 9). However, one has to remember that
key odorants form roughly only <3% of all volatiles in foods.

Heterocyclic Miscellaneous| |Furans
s 3% 3% Sulfur compounds
compounds % o
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Pyrazines
5%
Lactones
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Ketones
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Acids
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Figure 9. Key food odorants detected in food samples based on [97].
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VSCs in food form a significant group of compounds, regarding their number and,
what is probably more important, their odor thresholds and odor notes. As estimated for
a piece of research conducted prior to 1991, a total of 633 VSC were detected in food [98],
and one can presume that the number increased within last 30 years.

Although in many publications VSCs are regarded as compounds of potential influence
on the aroma of vegetables, there are not many papers devoted to elucidation of their
key odorants. The use of gas chromatography—olfactometry (GC-O)—to detect aroma
compounds of foods and methods to quantify the sensory sensation, started the sensomics
approach to characterize foods [99]. After vacuum distillation - the most frequent technique
being SAFE (solvent-assisted flavor evaporation), it involves the application of GC-O to
detect odor active regions in chromatogram and then identify compounds with the highest
sensory role in the creation of the overall aroma of a product. Usually to present the aroma
importance of particular compounds, FD (flavor dilution) is determined by subsequent
GC-O analyses of a serially diluted extract of aroma compounds (AEDA, aroma extract
dilution analysis). Moreover, the concept of OAV value (defined as ratio of compound
concentration to its odor threshold) is used in the characterization of odorants [99].

Literature data on key odorants in vegetables can be divided into early works on
crucial sensory active compounds, especially in Allium vegetables; some works are on other
vegetables, mainly Brassica, and there are works, especially in recent years, on compounds
migrating in the cold pressing of rapeseed oils, especially after roasting seeds [69,100-102].

The early works on VSC presence and also their sensory properties were summarized
by Boelens (1993), who provided data for onion, garlic, and leek, but also truffle, tomato,
and potato. In raw onion, thiopropanal-S- oxide, as well as propyl methanethiosulfonate
and propyl propanethiosuflonate with OT 1700 and 1500 ng/L for the latter two com-
pounds, respectively, were detected. Dipropyl disulfide and cis- and trans-1-propenyl
propyl sulfide contributed to the aroma of cooked onion. After heating, they tend to form
dimethylthiophenes with a distinct fried onion aroma. The most important odorants in
garlic were di(2-propenyl)disulfide and di(2-propenyl)trisulfide. In leek, compounds pos-
sessing leek aroma were propanethiol, methylpropylsulfide, methylpropyldisulfide, and
also 3,4-dimethyl-2,5-dioxo-2,5-dihydrothiophene, which can possibly hydrolyze in water
to yield hydrogen sulfide [98].

Several Brassica vegetables were investigated using chromatography and olfactometry.
In cauliflower, the main compounds responsible for sulfur odor notes detected by GC-O
were methanethiol, perceived by sniffers as “sulfur, cooked cabbage”, dimethyl sulfide
(DMS) described as “cauliflower”, allyl isothiocyanate described as “black mustard-like
and pungent”, and dimethyl trisulfide (DMTS) with the odor note as “sulfur, cauliflower,
cabbage”. Of 63 odor active compounds, 13 were sulfur compounds [103]. Key odorants of
raw and cooked kohlrabi (Brassica oleracea var. gongylodes L.) were analyzed, and a total of 55
odor active compounds were detected and identified using GC-O. Twenty-eight compounds
with the highest FD were quantified and OAV were determined. Of eight compounds
with the highest OAV, five were sulfur compounds (dimethyl trisulfide, methyl 2-methyl-
3-furyl disulfide, and three ITCs—1-isothiocyanato-3-(methylsulfanyl)propane, benzyl
isothiocyanate, and 1-isothiocyanato-4-(methylsulfanyl)butane). The same compounds
formed the backbone of both raw and cooked kohlrabi; differences were noted in OAV
values and minor compounds [89]. Raw and cooked broccoli was subjected to GC-O and
AEDA to assess the main odorants. Among 30 odor active compounds in raw broccoli,
19 were sulfur-containing ones. They were also characterized with the highest FD values.
Two compounds with the highest FD were methanethiol and 1-pentanethiol (FD 1024).
They were followed with dimethyl sulfide, dimethyl trisulfide, 2-methyl methanethio
sulphonate, 4-methylpentyl isothiocyanate, hexyl isothiocyanate, dimethyl tetrasulfide,
and 3-methylthiopropyl isothiocyanate (all FD 256). In contrast, cooked broccoli florets
had only nine odor active compounds, among which dimethyl sulfide and dimethyl
trisulfide were detected [88]. For Brassica rapa cv. Yukina, 12 odor active compounds were
detected among 50 volatiles using GC-O. Among them, eight compounds contained sulfur.
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The highest FD factors were obtained for dimethyl tetrasulfide, 3-phenylpropanenitrile
(FD = 64), methional (FD = 32), and dimethyl trisulfide (FD = 16) [101].

For fermented Brassica vegetables, GC-O was used to assess the odor active com-
pounds present in Kimchi. It is a traditional Korean fermented vegetable product in which
Chinese cabbage is a main ingredient. Minor components can be red pepper, garlic, ginger,
and fish sauce. For a Kimchi, in which Chinese cabbage was 86.1%, which also included
garlic (1.4%) and <1% of leek, green onion, ginger, and carrot, 23 sulfur compounds were
detected among 160 volatiles. The highest abundances were noted for DADS, methylallyl
disulfide, dimethyl trisulfide, and dimethyl disulfide, whereas the highest odor intensities
were noted for dimethyl trisulfide, DADS, and DATS [104]. In another fermented vegetable
called Yongchuan Douchi (fermented soybean)—a traditional Chinese product—49 aroma
active compounds were detected by GC-O. Twenty-two compounds were characterized
by determining FD and OAV. Among these 20 key odorants, two sulfur compounds were
playing an important role, where dimethyl trisulfide was characterized by an OAV of
8818—the highest OAV. For 3-(methylthio)propionaldehyde OAV was 229 [105]. Tempeh
prepared from soy, fermented with R. oligosporus for 1 and 5 days, showed 21 odor ac-
tive compounds. Among the three were sulfur compounds—dimethyl sulfide, dimethyl
trisulfide, and 3-(methylthio)propanal. After 5 day fermentation, 3-(methylthio)propanal
was characterized by the highest OAV (680) of all 21 compounds. Dimethyl trisulfide
was also among the seven most potent odorants with OAV 120 [106]. In fermented fresh
garlic, known as black garlic in Asia, 52 aroma compounds were detected after SAFE and
SPME extraction and when assessed using FD, 24 compounds with the log2FD >2 were
selected. Nine of them were sulfur compounds with the highest log2FD values noted for
allyl methyl trisulfide (8), 2-vinyl-4H-1,3-dithiine (6), DATS (5), 3-vinyl-1,2-dithiacyclohex-
4-ene (5), and 3-(methylthio)propionaldehyde. The highest OAV value calculated for black
garlic were noted as 5-heptyldihydro-2(3H)-furanone (536) followed by DADS (188) and
(E,Z)-2,6-nonadien-1-ol (134) [107].

Aged garlic extract (ethanolic, AGE) aged for more than 10 months was compared
to fresh garlic. When AEDA was performed, fresh garlic compounds with the highest FD
factor were 2-vinyl-4H-1,3-dithiin (FD 65,536), followed by S-methylmethanethiosulfinate
(FD 256), 3-vinyl-4H-1,2-dithiin, methional (both FD 128), diallyldisulfide, allyl methyl
trisulfide (FD 64), and allyl mercaptan (FD 32). All identified odorants of fresh garlic
were sulfur compounds. Moreover, 2-vinyl-4H-1,3-dithiin was the main odorant in AGE,
however, it was followed by phenolic compounds absent in fresh garlic [24].

Dimethyl trisulfide was detected by GC-O as an odor active compound in dried
bell peppers [108]. Methional was characterized with an FD of 512 and was detected in
Hungarian sweet bell pepper powder, however, the most intense odorants in it were -
ionone (FD 32768), furaneol (FD 16384), 2 and 3-methylbutanoic acid, and sotolon (FD 8192).
The role of methional as an odor active compounds in Moroccan sweet bell pepper powder
was more significant [109]. In red bell pepper, a secondary alkanethiol—2-heptanethiol
with low OT (10 ug/L)—was detected [110]. Several sulfur compounds were detected in
packed rocket leaves close to expiration date by GC-O: methanethiol, dimethyl sulfide,
dimethyl disulfide, and 2,4-dithiapentane [111]. Interesting sulfur-containing acids were
characterized in asparagus, and in cooked asparagus, dimethyl sulfide and methyl 1,2-
dithiolane-4-carboxylate were predominant [56], but their role in the formation of asparagus
flavor has not been elucidated by sensomics. The odorants of cooked asparagus explored
by GC-O and Charm analysis revealed 3-(methylthio)propanal and S-methyl thioacetate
as important odorants, though the highest Charm values were noted for 2-methoxy-3-
isopropyl pyrazine [112]. Sulfur compounds also play an important role in the aroma
of truffles. When aroma active compounds of white alba truffles (WAT) were compared
to burgundy truffles (BT), among the 56 odorants obtained from SAFE extracts, 5 were
sulfur compounds: bis(methylthio)methane, dimethyl trisulfide, 3-(methylthio)propanal,
3-(methylthio)propanol and 1,2 4-trithiolane. Their sensory importance was high: for WAT,
the compound with the highest FD factor was 3-(methylthio)propanal (4096), followed
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by bis(methylthio)methane (FD 1024). Interestingly, the last compound played a minor
role in the aroma of BT when considering FDs. In the headspace, dimethyl sulfide and
methanethiol were also detected. When OAV was calculated for key aroma compounds
the highest value was observed for bis(methylthio)methane (817,000) in WAT, though not
quantifiable for BT. Moreover, 3-(methylthio)propanal was characterized with very high
OAV values (807 and 500), respectively [113].

The roasting process of rape seeds results in a grand increase in sulfur compounds
responsible for aroma. When expressed as OAV, values for 2-furanmethanethiol in roasted
rapeseeds was 14,200, followed by dimethyl trisulfide (13300) increased from unquantifiable
values in raw rapeseed. Moreover, very high OAV were noted for methanethiol (1160),
dimethyl sulfide (962), and 3-(methylthio)propanal (54). Among the 10 compounds with
the highest OAV values, 5 were sulfur compounds. Similar results in profile of sulfur key
odorants were noted for roasted mustard seeds, in which 2-furanmethanethiol was also the
most pronounced odorant with an OAV of 36,300 [102]. When native, cold-pressed rapeseed
oil was investigated using the sensomics approach, 54 aroma active compounds were noted,
among them 47 were identified. Dimethyl trisulfide (FD 128) and 2-propionylthiazole
(FD 512) were two sulfur compounds with high importance of flavor creation, though the
highest FD values were noted for 2-isopropyl-3-methoxy pyrazine (IPMP) and 2-isobutyl-
3-methoxypyrazine (IBMP) (both FD of 20148). Using HS-AEDA, dimethyl sulfide was
also detected (FD 4). When OAV was calculated for odorants characterized by FD, the
highest value was for IPMP (330), followed by dimethyl trisulfide (37) and dimethyl sulfide
(37) [114]. Dimethyl trisulfide was one of the compounds responsible for fusty/musty
defects in cold-pressed rapeseed. The FD values for this compound in fusty/musty rape
seeds (2048) and oil obtained from these seeds (512) exceeded this in the control oil (128).
When expressed in OAV, dimethy] trisulfide in fusty /musty oil (1900) and seeds (2900)
exceeded the OAV for control oil (37) even more [115]. Pollner and Schieberle analyzed
key odorants in cold pressed rapeseed oils from unpeeled and peeled seeds and among
60 compounds with FD > 2 dimethyl sulfide and dimethyl trisulfide were detected (FD 2
and 32, respectively, in oil from unpeeled seeds and FD 128 and 16 in oil from peeled seeds).
The OAV values for DMS in commercial rapeseed oils (from peeled and unpeeled seeds)
were as high as 480 and in 6 out of 10 samples were >200 [116]. Dimethyl sulfide was the
key odorant in rapeseed oil obtained from traditional and high oleic rapeseed varieties,
with dimethyl trisulfide also detectable [117].

In rapeseed oil obtained from microwaved seeds, four thiols with low odor thresholds were
identified: 2-methyl-3-furanthiol (OT 0.481 ng/L), 2-furfurylmethanethiol (OT = 0.061 ug/L),
phenylmethanethiol (OT 0.029 pug/L), and 3-sulfanyl-1-hexanol (OT 0.006 pg/L). The OAV in
various rapeseed oils ranged from 2-28, 56-626, 1043589, and 213-7565, respectively [118].

6. Influence of Vegetable Processing on Sulfur Compounds

Industrial processes are an important element in food production because they di-
rectly influence the preservation of its quality, extend the shelf life, or reduce in transport
mass [119]. Dehydration and fermentation as preservation methods were utilized for cen-
turies not only to preserve and extend the shelf life of food products but also to impart
new, attractive sensory properties. Thermal processes are utilized due to the reduction in
microbial population, destroying native enzymes and finally rendering food more palatable.
Conversely, the main function of freezing technologies is the preservation of food as a result
of lowered water activity and reduced rates of chemical reactions [120]. Nevertheless, there
is no doubt that industrial processes have a considerable impact on the aroma of processed
products, in particular, vegetables and mushrooms. The prudent choice of appropriate food
processing methods from farm to consumer can guarantee that the health-promoting prop-
erties of specific bioactive compounds are preserved [121]. The research on quantitative
aspects of flavor changes, involving especially sulfur compounds is limited. The majority
of papers published focus on GLSs. A few selected industrial processes are presented in
the following subsections.
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Many VSCs are formed during a variety of industrial processes, in particular, thermal
processes. Figure 10 shows the thermal degradation and the production of the most impor-
tant groups of VSCs, such as GLSs, ITCs, alliin, thiols, sulfides, polysulfides, lenthionine,
and sulfur-containing flavor compounds, derived from SAA as cysteine and methionine.
This makes the influence of high temperatures a substantial factor in creation, as well as
stability of VSCs. Thermal lability of many sulfur compounds contributes to dynamic
changes in mutual proportions of volatile compounds in products and flavor changes in it.

6.1. Drying

Drying is probably the oldest method of food preservation. Today, there are many
drying options: combined convective hot-air and non-thermal drying involve other tech-
nologies, such as reduced pressure, ultrasound, pulsed electric field, and ultraviolet tech-
nologies [119]. Vegetables and other food extracts can be used as additives to commercial
food products [129].

Among various drying techniques (convective drying, freeze-drying, vacuum mi-
crowave drying, combined drying) of shiitake mushrooms, freeze-drying showed the best
results in terms of volatile compounds content and sensory parameters [130]. The spray
freeze-drying (SFD) method, first introduced as a new method for biopharmaceutical
powder preparation, was used to produce the aromatic powder obtained from shiitake
mushrooms. It turned out that, as a result of SFD, the content of volatile and aroma-
active compounds in food was reduced. Concerning sulfur compounds, the percentage
of recovery ranged from 30.9 to 68.3%. Other important key odorants showed similar or
higher recoveries. The greatest losses after the SFD of volatile compounds containing sulfur
concerned 2,3,5,6-tetrathiaheptane, dimethyl, trisulfide and disulfide, and methyl [129].

Raw shiitake mushrooms are almost odorless, therefore, mushroom aroma is cre-
ated in enzymatic and non-enzymatic reactions. Sulfur volatiles involving straight-chain
dimethyl disulfide, dimethyl trisulfide, 1-(methylthio)dimethyl disulfide, and cyclic sulfur
compounds, including 1,2,4-trithiolane and lenthionine, are formed by enzymatic processes.
The formation of cyclic sulfur compounds via non-enzymatic reactions, such as polymeriza-
tion and degradation, is also possible for example formation 1,2,4-trithiolane from dimethyl
disulfide [122].

6.2. Blanching

The main aim of blanching is the deactivation of degradation enzymes by short-term
heat treatment. Blanching also eliminates air and inhibits oxidative processes, and it can
remove some food-spoilage microorganisms. Generally, the temperature is set at a range
of 85-100 °C (in water, steam, and less often by microwaving or application of infrared or
radio waves). The thermal process takes up 60 to 150 s, and it is followed by rapid cooling,
for example, by immersing the product in cold water. This short-term heating affects the
composition and sensory properties, for example, blanching Brussels sprouts caused a
significant decrease in the dry matter, antioxidant activity, total polyphenol, and ascorbic
acid content [131,132]. Among the heat treatment processes, blanching is one of the mildest
and recommended to minimize the loss of GLSs and their derivatives [133].
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Figure 10. Thermal degradation of sulfur compounds in vegetables and mushrooms [122-128].

Despite the short treatment period with temperature, the content of GLSs in cabbage
after blanching in relation to fresh vegetables decreased [134]. The loss of GLSs may be
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explained by leaching into the heating water, enzymatic hydrolysis, or thermal degradation
of GLSs [135]. The use of blanching for radish also caused a reduction in the number of
volatiles compounds, in comparison with raw radish. Concerning organosulfur compounds,
the amount of thiophene decreased three times; 1-menthen-8-thiol was observed at a similar
level using E-nose analysis. Gas chromatography with mass spectrometry showed that there
are no consistent trends in major sulfur volatile compounds between raw and blanched
vegetables, with respect to specific classes of compounds. For example, the contents of
methyl-, 3-butenyl-, hexyl-, 3-methylthiopropyl- isothiocyanate increased after blanching,
whereas pentyl-, 4-methylpentyl- isothiocyanate and erucin, and berteroin had lower values
after blanching. However, the content of sulfides during blanching decreases, which is best
illustrated by dimethyl disulfide, dimethyl trisulfide, methyl (methylthio)methyl disulfide,
and dimethyl tetrasulfide [136].

6.3. Cooking

Some Brassica vegetables are not commonly eaten raw but, after processing, are most
often by cooking. Unfortunately, food processing, especially thermal processes, significantly
changes the composition of bioactive and odor-active compounds, as well as the taste of
the vegetable itself. Increased temperature also affects the possibility of denaturing the
myrosinase enzyme and ESP. The inactivation of myrosinase and ESP mainly leads to an
increasing trend in the production of nitriles relative to ITCs; however, in general, few
hydrolysis products are formed from GLSs. Cooking promotes the formation of sulfur
volatiles with the typical sulfurous odor of boiled Brassica vegetables, which is mainly
related to the release of sulfides, such as dimethyl sulfide. Unfortunately, the effect of
cooking on changing the taste is unknown [41].

Boiling in water is the most common method of cooking shiitake mushrooms. Changes
in volatile compounds during boiling in water at 70 °C depend on the cooking time and on
the form of the mushrooms used (raw or dried). In general, the short cooking time of raw
mushrooms (up to 1 h) favors an increase in the concentration of volatile compounds; only
the amount of 1-octen-3-one and dimethyl trisulfide decreased. A similar tendency was
noticed during the cooking of dried mushrooms, however, apart from dimethyl trisulfide,
the concentration of lenthionine decreased in the first hour of cooking. In the case of using
raw mushrooms, long-term cooking (for 3 h) resulted in a decrease in the concentration
of aroma-active compounds, such as 1-octen-3-one, 3-octanone, dimethyltrisulfide, 1-
(methylthio)dimethyl disulfide, and 1,2,4,5-tetrathiane, while the concentration of dimethyl
disulfide, 1-octen-3-ol, and 1,2 4-trithiolane, increased. In contrast, most long-term cooking
of dried mushrooms increased in the number of volatile compounds, however, a decrease
in the amount of three of them (dimethyl trisulfide, 1,2,4,5-tetrathiane, and lenthionine)
was also observed. What is more, lenthionine is unstable during water boiling [122].

6.4. Steaming

Steaming involves exposing a vegetable to the steam generated from boiled water,
whereby the vegetable is separated from the boiling water with which it is not in direct
contact. Steaming is milder than cooking in boiling water; additionally, it resulted in
lower rates of cell lysis and myrosinase inactivation. Steaming broccoli, green cabbage,
cauliflower, and Brussels sprouts for 20 min has no significant effect on the total GLSs
content, unlike cooking. During the first two minutes of the steaming process, myrosinase
activity remains unchanged, but as steaming progresses, after 7 min, myrosinase activity is
lost by 90.4% [137].

Studies have shown that ESP usually denatures at a lower temperature than myrosi-
nase, which results in the advantage of ITCs over nitriles in volatile compounds obtained as
a result of the breakdown of GLSs [41]. The steaming of broccoli and cauliflower decreased
the overall odor profile in both vegetables with a reduction in the intensity of most volatiles
but sulfur volatiles after steaming were more perceptible. However, the process favors
the production of dimethyl trisulfide, which becomes the dominant odorant in steamed
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vegetables. The odor intensity of ITCs created from corresponding GLSs increased three
times, in comparison with raw vegetables, which confirms that the activity of myrosinase
during steaming was retained [138].

While the use of steaming is commonly used in the preparation of vegetables, no use
of steaming has been found for shiitake mushrooms or truffles.

6.5. Frying

Mushrooms need to be processed (e.g., cooked or fried) as food because they are
not usually eaten raw. The heat treatment process favors the conversion of non-volatile
precursors into volatile compounds. Nine odor active compounds were lost or degraded
during frying and one of these compounds was methional. The greatest losses were related
to the compounds responsible for the fungal odor of 1-octen-3-one and phenolic from
2-methoxyphenol. On the other hand, the concentration of several sulfur compounds were
characteristic of the smell of shiitake mushrooms, e.g., lenthionine, dimethyl trisulfide, and
1,2,4,5-tetrathiane. Moreover, after frying, an increase in the compounds responsible for the
desired odor notes was observed, such as caramel-like from 4-hydroxy-2,5-dimethyl-3(2H)
-furanone and fatty fried from (E,E) -2,4-decadienal [139].

Vegetables are often prepared by frying by preheating oil in a pan and adding the
selected vegetable. Stir-frying Brassica vegetables, such as broccolini or kale, reduces the
total amount of GLSs. The loss of GLSs in frying is not as great as in cooking, where GLSs
leaks directly into the water, which is the heating medium. Interestingly, frying these veg-
etables does not cause a considerable decrease in the content of ITCs, such as sulforaphane
in broccolini or iberin content in kale, which means that the active enzyme myrosinase
remained in the vegetable tissues even after the heating treatment was completed. A slight
decrease in the number of ITCs compared, for example, to another thermal process, which
is cooking, means that frying and steaming are classified as mild heating methods [140].

6.6. Freezing

Freezing is one of the most popular food processing methods, mainly used to extend
its shelf-life. The quality of the frozen product depends on many factors, including the
quality of the product itself, and the speed of the freezing process. Quick freezing leads to
large amounts of small ice crystals and less tissue disruption, as opposed to slow freezing,
which causes the formation of large intracellular crystals and the destruction of vegetable
tissue) [132]. Freezing Brussels sprouts have a major impact on the biochemical pathways
and, as a consequence, the volatile profile and aroma properties of raw vegetable sam-
ples. After freezing, reduced concentrations were observed for alcohols and bioactive ITC
compounds; nevertheless, the number of nitriles, and aldehydes increased considerably.
Changes in the ratio of alcohols to aldehydes are related to lipoxygenase activity, how-
ever, the increase in the number of nitriles to ITCs after freezing remains unclear at the
moment. To maintain the health-promoting properties of Brassica vegetables (e.g., high
content of ITCs), it is recommended to consume them when they have not been previously
frozen [141].

Freezing has a significant effect on the truffle flavor, as opposed to the negligible effect
of storing the mushrooms at the same time, but at a temperature of 4 °C [142]. Descriptive
sensory analysis has shown that the aroma of black truffles can be defined by eight major
descriptors, such as characteristic fresh truffle aroma, sulfurous, mushroom-like, moldy,
animal-like, boiled potatoes-like, buttery, and cheesy. It has been observed that even the
mildest freezing conditions at —20 °C for 24 h caused significant changes in the aroma
of black truffles. More precisely, the characteristic aroma of truffles was reduced, but the
intensity of the aroma remained at the same level due to the increase in odor notes, such
as sulfurous, mushroom-like, boiled potatoes-like. The change in the odor of the frozen
samples compared to the fresh truffle samples was explained on the basis of quantitative
analysis. Frozen samples contained higher amounts of such compounds as diacetyl, 1-
octen-3-one, 1-octen-3-ol, 2-methylisoborneol, and dimethyltrisulfide; however, isoamyl
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alcohol, ethyl 3-methylbutyrate, and methionol decreased [143]. Summing up, freezing has
a significant impact on the qualitative (descriptive quantitative analysis) and quantitative
impact on the aroma of truffles [7].

6.7. Fermentation

Fermentation is both a food preservation method and a food processing method
(improving not only the structure but also the flavor) that has been used since ancient times.
The microorganisms are capable of processing some of the metabolites present in food by
fermentation, resulting in the formation of novel flavor compounds, which impart a unique
texture, flavor, and aroma to the processed food. It is mainly bacteria, which produce lactic
acid or acetic acid, fungi (mostly yeasts), or molds (species Mucor, Aspergilus), that are used
in food fermentation processes [144].

Brassica fermentation is a very popular food processing method to improve the flavor
of raw vegetables. During fermentation, biochemical reactions and transformations occur
with the participation of vegetable enzymes (e.g., myrosinase), native bacteria, and added
fermentation microorganisms [145]. GLSs concentration decreases during the fermentation
process, which is most likely the result of GLSs biotransformation into other metabolites.
No GLSs was found in sauerkraut and fermented white cabbage, as GLSs degrades quickly,
from 2 to 5 days of fermentation. Fermentation carried out by lactic acid bacteria not
only produces lactic acid but also enriches the fermentation product with bioactive com-
pounds. What is more, fermentation supports the biotransformation of glucoraphanin to
sulforaphane [146]. A synergistic effect of microorganisms (Lactobacillus plantarum and
Leuconostoc mesenteroides) was also observed, which resulted in a 16-fold increase in sul-
foraphane concentration in fermented white cabbage, compared to samples where the
microorganisms were used separately [147].

In order to refine the characteristic mushroom aroma of shiitake mushrooms, the
food industry uses various food processing methods, including fermentation. The results
of fermented shiitake mushroom samples showed that the acidity, total free amino acid
content, and total flavor nucleotides increased throughout the fermentation process, in-
dicating that Saccharomyces cerevisiae, Aspergillus oryzae, Aspergillus niger, and Lactobacillus
plantarum species had the ability to improve the flavor substances of the shiitake mushroom.
Lactobacillus plantarum species showed the greatest influence on the improvement of taste
and aroma in the fermentation process. The taste activity value of free amino acids and
flavor nucleotides were both higher than one, suggesting that those flavor substances have
a significant influence on the fermented food taste [144].

7. Conclusions and Perspective

Over the years, there have been many attempts to determine what molecular deter-
minants affect the smell of chemical compounds—molecular mass, polarity, presence of
hydrogen bonding, stability, symmetry of the molecule, and volatility. Sulfur as a het-
eroatom in molecules, compared to an oxygen atom from the same group of the periodic
table, significantly increases sensory properties. It is believed that this effect is associated
with the electronic capabilities of these two atoms. Unlike oxygen, sulfur has the option of
expanding d-orbital to 10 electrons on the valence shell [11].

Flavor research indicates that VSCs are responsible for the remarkable flavor of many
food products. For vegetables of Allium and Brassica, but also for some mushroom they
are crucial for their characteristic aroma. However, considering the dynamic formation of
sulfur-containing volatiles in enzymatic reactions, their instability, and rapid decomposition
of some intermediates, analysis of them is extremely challenging. It starts from matrix
issues, easily undergoing oxidation processes, low detection limits required to quantify
aroma relevant concentrations, and also the possibilities of the creation of artefacts in gas
chromatography injection port. VSCs ale listed among the most potent odorants found in
raw materials and foods. With their extremely low odor thresholds, they contribute to the
characteristic flavor of many foods. However, their very often low odor thresholds and
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low concentrations make the analytical process difficult. For vegetables, especially Brassica,
further research using the sensomics approach is necessary to fully explore their flavor
potential. There is still insufficient data on odor/taste thresholds of many VSC and even
GLSs to fully explore the flavor of Brassica.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /molecules27186116/s1. Table S1. Variety of Sulfur Compounds
in Vegetables and Mushrooms.
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Isothiocyanates (ITCs) are products of the enzymatic breakdown of glucosinolates and may cause pungent flavor
notes in vegetables. Limited data on odor threshold concentrations (OTCs) and odor quality descriptors of ITCs
exist in literature. These parameters were determined in aqueous samples for 19 isothiocyanates found mainly in
Brassica vegetables. Thresholds and odor quality descriptors were ascertained by panelists using flavor profile
analysis (FPA). The odor threshold concentrations of ITCs range from 0.005 x 107 (octyl ITC) to 0.2 x 102
(ethyl ITC) g/L and ITCs were mainly characterized by sulfur, garlic, and Brassica vegetable-like notes. Corre-
lation coefficients were between 0.946 (octyl ITC) and 0.996 (3-(methylthio)propyl ITC) and proved convincing
results of OTCs using FPA.

Partition coefficients were determined in water, artificial saliva and human saliva to provide an insight into
behavior of ITCs in two-phase liquid/air systems. Partition coefficients (K) for human saliva are significantly
different from other matrices nevertheless the profile of ITCs K values in water and saliva buffer solution were
similar. In human saliva the highest K values were observed for octyl, hexyl and cyclohexyl ITCs, and the lowest
for cyclopropyl, benzyl, allyl ITCs. Obtained data provide essential and previously unknown sensory properties
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for future flavor studies.

1. Introduction

There is no doubt that eating vegetables has a positive influence on
human health consequently they are affirmed as the desired food among
consumers. Vegetables of the family Brassicaceae include a high level of
beneficial health compounds for instance vitamins, minerals, poly-
phenols, carotenoids, and glucosinolates (GLS). They have been culti-
vated worldwide due to their easy adaptation to the harsh
environmental conditions. Moreover, Brassica vegetables are widely
consumed after being treated by a different food processing methods
(cooking, baking, freezing, drying, steaming, microwaving, canning).
Advantageous health properties, in particular prevention or reversal of
cancer, hepatic steatosis, cardiovascular disease, antioxidant, anti-
inflammatory, gastroprotective and anti-obesity activity activities are
connected with the content of phytochemicals — mainly glucosinolates
and their hydrolysis products (Samec, Pavlovic, Radojcic Redovnikovic,
& Salopek-Sondi, 2018). Even if the scientific literature focuses its
attention and reports on many beneficial properties of GLS breakdown
products, attention should be paid to the anti-nutritional effect of these

* Corresponding author.
E-mail address: henrykj@up.poznan.pl (H.H. Jelen).

https://doi.org/10.1016/j.1wt.2020.109793

compounds (Cartea & Velasco, 2008). Glucosinolate derivatives can
adversely affect the thyroid gland. Especially organisms with hypothy-
roidism are prone to negative effects of glucosinolate rich products
(Pasko et al., 2018). Brassica vegetables such as broccoli, cabbage,
cauliflower, etc. are a rich source of GLS which are precursors of
bioactive compounds like isothiocyanates (ITCs) characterized by above
mentioned positive health effects (Wu et al., 2018).

Glucosinolates are nitrogen and sulfur-containing plant secondary
metabolites that are present in a significant concentration in Brassica
vegetables. The variation in the structure of GLS gives an opportunity to
divide this type of compounds into three groups of aliphatic, aromatic
and indolic glucosinolates, corresponding to the structure of the side
chain (Hanschen, Kiihn, Nickel, Rohn, & Dekker, 2018). In plant cells
GLS are stored in vacuole in contrast to f-p-thioglucosidase, an endog-
enous hydrolyzing enzyme called myrosinase, which is located in a
distinct compartment of a cell (Hanschen, Lamy, Schreiner, & Rohn,
2014). When a vegetable cell is damaged enzyme and GLS can interact
and the hydrolysis is started, resulting in a diversity of biodegradation
products, namely nitriles, epithionitriles, thiocyanates, indoles,
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oxazolidines, and isothiocyanates. A product formed in an enzymatic
reaction between glucosinolate and myrosinase is related to the struc-
ture of glucosinolates and the biodegradation conditions (e.g. pH, the
presence of proteins and metal ions). When hydrolysis happens at
neutral pH the default products are volatile odor - active compounds —
isothiocyanates (Oliviero, Verkerk, & Dekker, 2018).

Odor represents the main factor of the food quality and customer
satisfaction as well. That is why flavor evaluation is a matter of concern,
especially for the food industry. ITCs, which are products of enzymatic
breakdown of glucosinolates may cause a pungent flavor note, therefore
it is an important group of volatile compounds, which play a leading role
in generation of aroma of Brassica vegetables (Wieczorek, Walczak,
Skrzypezak-Zielinska, & Jelen, 2019). Nevertheless nowadays or in the
immediate future, there are no appropriate apparatuses available for
detecting and measuring odor threshold (OT). The best way to measure
OT is by directly utilizing sensory analysis and more specifically using
the human nose. The human nose provides a superior quality detector
with enormous sensitivity to certain chemicals at extremely low con-
centrations in range from some mg/L to few ng/L, which is lower than
any analytical instrument is able to detect (Pelosi, Zhu, & Knoll, 2018).

Numerous research of odor thresholds of various groups of com-
pounds has been published thus far however, literature data have shown
that the thresholds of food odorants are inconsistent and differ as a result
of different experimental methodologies, impurities of the standards and
the choice of panelists in sensory studies. Odor threshold data in water
previously available for allyl isothiocyanate have covered a very high
variation from study to study in a wide range of concentrations from
0.046 to 3.8 mg/kg (Gemert, 2011).

The flavor profile analysis (FPA) is a standard sensory evaluation
method applied to describe odor, taste, and odor threshold concentra-
tions (OTGCs) in water (APHA, 2170 Flavor Profile Analysis, 2017).
Principally FPA was developed for analyzing food, beverages, and
pharmaceuticals and was adapted for assessing samples of drinking
water (Krasner, 1988). This method of sensory evaluation based on a
group of trained sensory panelists who analyze the samples by flavor
descriptor and intensity level value chosen from point scale with defined
standards (Schweitzer, Tomboulian, Atasi, Chen, & Khiari, 2004). The
average intensity for each sample to the logarithm of the corresponding
compound concentration is represented as a Weber-Fechner curve,
which allows determination of the OTC (Diaz, Fabrellas, Ventura, &
Galceran, 2005).

No data about most of the odor parameters of glucosinolates break-
down compounds has been published previously in the literature. The
aim of the present study, therefore, was to investigate the OTCs of 19
ITCs included their descriptors using FPA as the main technique based
on defined aqueous solutions of standard reference compounds. This
will expand the library of odor threshold concentrations in water and
partition coefficients (K) that can be used by the flavor study e.g. che-
mosensory perception. The results obtained can be used to establish the
influence of variation and concentration ITCs compounds in the gener-
ation of the aroma of Brassica vegetables. It will be also an important
data for GC-O (gas chromatography - olfactometry) studies on the
determination of key odorants in Brassica vegetables and quantifying
them using odor aroma value (OAV) concept, where ratio of particular
compound concentration to its OTC is calculated.

2. Materials and methods

This study was approved on 6 Sep 2018 by the Bioethical Commis-
sion at the Medical University of Poznan (No. 869/18) and conducted
according to the Declaration of Helsinki. All assessors were recruited
from The University of Life Sciences in Poznan and provided informed
consent for this study.

LWT 131 (2020) 109793

2.1. Preparation of glassware

Stoppered conical glass flasks with a capacity of 0.25 L were carefully
cleaned to remove odors. Glassware was washed with soapy water,
rinsed with tap water, ultrapure Milli-Q water with a conductivity of
18.2 MQ/cm and with reagent-grade acetone. Conical glass flasks were
air-dried and baked at 200 °C overnight. Then they were finally covered
with aluminum foil to avoid odors adsorption, dust, and other
contaminants.

2.2. Reference odorants and chemicals

The reference compounds (allyl isothiocyanate, 2-phenethyl iso-
thiocyanate, benzyl isothiocyanate, butyl isothiocyanate, 3-butenyl
isothiocyanate, cyclopentyl isothiocyanate, isobutyl isothiocyanate,
isopropyl isothiocyanate, ethyl isocyanoacetate, hexyl isothiocyanate,
octyl isothiocyanate, methyl isothiocyanate, cyclohexyl isothiocyanate,
3-(methylthio)propyl isothiocyanate, phenyl isothiocyanate, propyl
isothiocyanate, cyclopropyl isothiocyanate, methallyl isothiocyanate, 2-
methoxyethyl isothiocyanate) were obtained from Sigma-Aldrich
(Poznan, Poland). Components to prepare saliva buffer and artificial
saliva: calcium chloride dihydrate, sodium chloride, sodium bicarbon-
ate, potassium phosphate dibasic trihydrate, potassium chloride, pig
gastric mucin were from Sigma-Aldrich (Poznan, Poland). Other reagent
grade chemicals such as hydrochloric acid, acetone, and methanol were
also purchased from Sigma-Aldrich (Poznari, Poland). Milli-Q water was
from The Simplicity UV Water Purification System (Merck, Darmstadt,
Germany).

2.3. Standard solutions

The reference odorants were dissolved in methanol by weighing
approximately 0.02 g of reference odorant separately into a 0.01 L
volumetric flask and diluting to volume. Several dilutions were prepared
in odor-free Milli-Q water immediately before sensory evaluation by
using the flavor profile analysis (FPA) method. The initial concentra-
tions of samples were selected according to previously published odor
threshold values for allyl isothiocyanate fixed in water. Suitable aliquots
of stock solutions were added to glass conical flasks with a capacity of
0.25 L with ultrapure water.

2.4, Sensory methodology

The main technique which was used to determine the odor threshold
concentrations of isothiocyanates was flavor profile analysis (FPA).
Appropriate aliquots of methanol stock solutions were mixed into
conical flasks (0.25 L) with ultrapure odor-free water and immediately
closed to prevent loss of volatile reference odorants. Concentrations in a
range between 1 x 1073 and 5 x 10~ g/L with a total volume of 0.1 L
per sample were obtained. Erlenmeyer flasks were covered with
aluminum foil to avoid contamination caused by the adsorption of odors
from panelist’s hands through the glass and maintain the temperature of
the samples during the sensory session. Prior to the sensory session, all
samples were heated to 45 + 1 °C for half an hour on the heating plate in
order to achieve an equilibrium state.

Volunteers were recruited mainly from the Food Chemistry and
Instrumental Analysis Department of The University of Life Sciences in
Poznan. The qualified panel consists of carefully selected seven to ten
assessors (from a group of 15, age 27 - 50) per sensory session. The
panelists had no specific health problems that could affect their sense of
the odors and they were not permitted to eat or drink before 1 h of the
sensory experiment. No extraneous interference cosmetics were
allowed, perfume, hand cream, or chewing gum. The panels took place
in a specific room retained free from distracting odors. Sensory evalu-
ation experiments were performed individually from 12:00 noon to
15:00 p.m.
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Prepared and preheated set of aqueous samples was presented to the
trained panel. Panelists were informed to swirl the contents, smell each
sample, in the specific order and they were allowed to use free-odor
water without reference odorant sample to sniff between samples to
avoid overloading of the senses. The sequence of aqueous solutions was
set from the most diluted to the most concentrated with random blank
samples. Judges were not informed about increasing concentration in
the sample sequences (Cancho, Fabrellas, Diaz, Ventura, & Galceran,
2001). Attention was paid to record the first sensation of the smells.
Evaluators were instructed to determine odors in samples and assign an
intensity for each odor based on a point scale with defined scale pre-
sented below in the table (Table 1).

Assessors were asked to smell aqueous samples in established order,
describe intensity value (I), and assess the quality of odor value to the
corresponding concentration. The intensity of odor values given by the
sensory panelist was recorded and averaged excluding [ = 0 values. A
Weber-Fechner curve was plotted which shows a correlation between
the average intensity value and the concentration logarithm. Odor
threshold concentrations (OTCs) were calculated for individual ITCs
from the equations of Weber-Fechner curve at an intensity of I = 1. The
lowest concentration detected by one or more assessors was defined as
the experimental threshold concentration (OTCeyp) (Diaz et al., 2005).

2.5. Matrices preparation

Different matrices like water, human saliva (HSaliva), artificial
saliva (ASaliva), and saliva buffer (SBuffer) was prepared. Water was
purified by Simplicity UV Water Purification System (Millipore) to
conductivity of 18.2 MQ/cm.

SBuffer solution was obtained by dissolving in ultrapure water the
subsequent constituents: calcium chloride dihydrate CaCl, - 2H,0
(0.441 g/L), sodium chloride NaCl (0.877 g/L), sodium bicarbonate
NaHCOj3 (5.208 g/L), potassium phosphate dibasic trihydrate KoHPO, -
3H20 (1.369 g/L), potassium chloride KCl (0.477 g/L).

ASaliva was made up using a saliva buffer described above by
addition of pig gastric mucin (2.16 g/L). The pH of saliva buffer and
artificial human saliva was adjusted by hydrochloric acid HCl to 7.3 +
0.1, which corresponds to the pH of human saliva sample described
below (Pagés-Hélary, Andriot, Guichard, & Canon, 2014).

HSaliva was collected from 7 volunteers and they were not allowed
to eat or drink for at least 1 h before saliva collections at habitual pe-
riods. Received saliva samples were combined to obtain a total volume
of 70 mL and inhibitor of bacterial and fungal contamination NaN3 was
added immediately at a concentration of 0.02 g/L. Mixed saliva was
centrifuged (MPW-223e, MPW Med. instruments, Warszawa, Poland) at
1000 g for 15 min and the precipitate was separated from the clear
liquid. Before further usage, the pH was measured and it was 7.3 + 0.1
(Munoz-Gonzalez et al., 2014).

2.6. Static equilibrium headspace analysis

Equal quantity of methanol stock solutions were added into matrices
(Water, HSaliva, ASaliva, and SBuffer solution) in two volume variation

Table 1
Flavor profile analysis (FPA) scale for assessment of isothiocyanate aqueous
samples; * - odor perception without its quality.

Intensity of odor Corresponding level value

No odor perception, odorless
Odor threshold*

Very slight

Weak

Weak/Moderate

Moderate

Strong

Very strong

== Do AN RO

N o
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1 and 10 mL in four repetitions for each volume diverse. The headspace
vials of total volume 22 mL were immediately closed with silicone septa
caps. The headspace tray with the samples was loaded at automatic
headspace sampler (Agilent Technologies 7697A Headspace Sampler,
Agilent Technologies, Willmington, DE) with defined equilibration
temperature of 40 °C and time 20 min to reach a static equilibrium state.
Samples were introduced to gas chromatography system (Agilent
Technologies 7890A GC System, Agilent Technologies, Willmington,
DE) by transfer line set at 140 °C and analyzed by GC. The injector
temperature was established at 220 °C in split mode (split ratio 1:5). A
ZB-Wax column (60 m, 530 pm x 1 pm; Phenomenex, Torrance, CA) was
used and a constant flow of He as a carrier was kept at 10 mL/min. Oven
temperature was programmed from 40 °C (1min.) ramped at 10 °C/min
to 140 °C (2 min), then 20 °C/min to 240 °C (7 min). Total runtime was
20 min. FID detector was kept at 240 °C with H; flow of 30 mL/min, air —
300 mL/min and makeup gas (Ng) — 5 ml/min. FID acquisition rate of 20
Hz was used. Chemstation B.04.03 by Agilent Technologies (Agilent
Technologies, Santa Clara, CA), was used to process chromatographic
data. Partition coefficients (Kwater, Kspuffers KAsalivas Kusaliva) for tested
ITCs were determined based on the equilibrium partitioning in closed
systems (EPICS) method applied originally by Gossett and Lincoff
(Valsaraj, Gupta, Thibodeaux, & Harrison, 1988). This approach is
focused on partition of volatile organic compounds within liquid and air
phase, where the total number of moles (M) equals the sum of the total
mass in the gas (CgVg) and liquid (CV)) phase expressed in moles as
shown by formula (1):

M=V + GV, 6h)

where M — total mass in the vial (mol); C; — liquid phase concentration
(mol-L™Y); V; - total liquid volume (L); Cg — gas phase concentration
(mol-L™h); Vg — total gas volume (L). In regard to that method, the same
amount of the moles of the compound added into two sealed vials that
differ in volume of water is suitable to determine the K values according
to equation (2).

C

(%)Vu = Vi
K= =t 2 @

Absolute concentrations are not required and the ratio of gas phase
concentrations are reflected by GC peak areas (Hansen, Zhou, Yaws, &
Aminabhavi, 1995).

3. Results
3.1. Flavor profile analysis - odor threshold concentrations

The Weber-Fechner curves were plotted separately for each iso-
thiocyanate standard in aqueous solutions. Fig. 1 presents the average
intensity score as a function logarithm of the concentration of hexyl
isothiocyanate as an example. The flavor profile analysis (FPA) plots
contain between five and seven points depending on the ITC investi-
gated and its OTC. The Weber-Fechner plots were linear with the cor-
relation coefficients (R%) between 0.946 (octyl ITG) and 0.996 (3-
(methylthio)propyl ITC) (Table 2).

The OTCs were determined for the nineteen ITCs, collected in Fig. 2,
the values were obtained from the equation of every tested compound
and ranged from 0.005 x 10~ g/L (octyl ITC) to 0.2 x 1073 g/L (ethyl
ITC). The lowest concentration detected by minimum one panelist is
defined as experimental threshold concentration (OTCeyp) and the
values coincide with the previous OTC results. The OTCeyp, was between
0.001 x 1072 g/L (octyl ITC) to 0.1 x 10~ g/ (ethyl ITG, allyl ITC).

3.2. Flavor profile analysis - flavor descriptors

According to the sensory panel assessment, the flavor descriptors
were associated with the chemical structure of the ITC molecule —
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Table 2

average intensity score

12

-5

y=5.62x+28.6
R2=0.984

-4.5 -4

concentration log (g/L)
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Fig. 1. Weber-Fechner curve for determination of odor threshold of 3-butenyl isothiocyanate (n = 10).

Odor thresholds in water (OTs) at 45 °C, Weber ~Fechner equations where I - intensity score; a - slope; b - intercept; log ¢ - concentration logarithm (g/L); R? -
coefficient of determination, odor qualities, and data on isothiocyanates (ITCs) presence in Brassica plants.

No*  Class” Compound OT [g/L] Weber-Fechner Odor quality” Natural occurrence
equation] = a - log
c+b
a b R?
1 A Methyl ITC 0.04 x 107° + 48 22 0.992 cabbage, cooked Brussels Brassicaceae, Capparacaee (Iranshahi, 2012)
0.21 x 10°% sprouts, broccoli, hydrogen
sulfide
2 A Ethyl ITC 0.2x107° + 7.0 27 0973 garlic, cabbage, broccoli, Brassicaceae, Tropaeolaceae (Iranshahi, 2012)
0.6 x 1072 hydrogen sulfide
3 A Propyl ITC 0.03 x 103 + 50 23  0.990 cress, sulfur, garlic, Capparaceae (Iranshahi, 2012)
0.40 x 10°° horseradish
4 A Butyl ITC 0.01 x 107° + 7.2 37 0.985 cabbage, green/dried garlic, Brassicaceae, Capparaceae (Iranshahi, 2012)
0.05 x 1072 pickled cucumber
5 A Hexyl ITC 0.007 x 1072 4.3 23 0.974 mushroom, floral, turnip, Brassicaceae (Iranshahi, 2012)
+0.052 x 1072 kohlrabi
6 A Octyl ITC 0.005 % 102 3.6 21 0.946 sweet, floral, fruity, coriander Brassicaceae (Iranshahi, 2012)
+£0.030 x10°°
7 B Isopropyl ITC 0.02 x 10°% + 56 27 0.979  broth, cabbage, garlic, Brassicaceae, Capparaceae, Gyrostemonaceae, Euphorbiaceae,
0.08 x 107* chemical i d Tovariaceae, Tr 1l (
Iranshahi, 2012)
8 B Isobutyl ITC 0.009 x 10°% 51 27 0.984 mustard, garlic, sulfur, Brassi Morings Gy Tre I (
+0.085 x 102 chemical, oil paint Iranshahi, 2012)
9 B&AU  Methallyl ITC 0.03x107%+ 63 30 00987 sulfur, garlic, cress, pungent -
0.16 x 1072
10 AU Allyl ITC 0.09 x 107% + 91 38 0.980  sulfur, garlic, horseradish Brassicaceae, Capparaceae (Iranshahi, 2012)
0.22 x10°°
11 AU 3-Butenyl ITC 0.01 x 103+ 5.6 29 0.984 sulfur, garlic, horseradish Brassicaceae (Iranshahi, 2012)
0.07 x 1073
12 C Cyclopropyl ITC 0.01 x 1073 + 52 26 0.983  broth, chives, leek, garlic Brassicaceae (Peng et al., 2014)
0.08 x 1072
13 C Cyclopentyl ITC 0.02 x 1073 + 5.1 25 0.980 garlic, oil paint, metallic, Brassicaceae (Tomsone, Kruma, Galoburda, & Talou, 2013)
0.10 x 103 kohlrabi, black turnip
14 C Cyclohexyl ITC 0.03 x 107% + 6.0 29 0.980 sweet, plastic, mint, oil paint, Brassicaceae (Iranshahi, 2012)
019 x107* anise
15 AR Phenyl ITC 0.05 x 107 % & 7.4 33 0.982  sulfur, plastic, herbs, fennel Brassicaceae (Iranshahi, 2012)
022 x10°°
16 AR Benzyl ITC 0.06 x 103 + 7.8 34 0.965 garlic, cress, leek sprouts, Brassicaceae, Capparaceae, Caricaceae, Moringaceae,
0.22x107° broccoli sprouts Phytol, R , Sterculi
Tovariaceae, Tropaeolaceae (Iranshahi, 2012)
17 AR 2-Phenethyl ITC 0.01 x107° & 6.3 32 0.992  sulfur, chives, cress i il Valerianaceae (
0.05 x 10°° Iranshahi, 2012)
18 M 2-Methoxyethyl 007 x10%+ 53 23 0978 sulfur, garlic, hydrogen -
ITC 032 %1072 sulfide, pungent
19 M 3-(Methylthio) 0.006 x 1072 4.3 23 0.996 sulfur, plastic, fish, vegetable Brassicaceae (Kala, Ali, Ahmad, Gilani, & Khan, 2018)
propyl ITC +0.058 x 1073 broth, horseradish

# Numbers correspond to those in Fig. 2.
bA- n-aliphatic; B - branched; AU - aliphatic unsaturated; C - cyclic; AR — aromatic; M — miscellaneous.
© Odor qualities (sensation) perceived, associated with changes in concentration (form low to high) of analyzed ITCs (n = 7-10).

mainly presence of sulfur atom in their structure. Garlic, sulfur,
hydrogen sulfide, cabbage, cress are the main descriptors characterizing
tested ITCs. The frequency of occurrence of a given descriptor during

sensory evaluation is expressed in the area of the diagram and expressed
in the area of particular boxes representing main odor notes (Fig. 3). The

odor descriptors presented in Table 2 are listed from the most concen-
trated to the least standard solutions to those being the most concen-
trated for particular compound.
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Fig. 2. Formulae of isothiocyanates (ITCs) used in experiments (1 — Methyl ITC;
2 - Ethyl ITC; 3 - Propyl ITC; 4 — Butyl ITC; 5 - Hexyl ITC; 6 - Octyl ITC; 7 -
Isopropyl ITC; 8 - Isobutyl ITC; 9 - Methallyl ITC; 10 — Allyl ITC; 11 - 3-Butenyl
ITGC; 12 - Cyclopropyl ITC; 13 — Cyclopentyl ITC; 14 — Cyclohexyl ITC; 15 —
Phenyl ITC; 16 — Benzyl ITC; 17 — 2-Phenethyl ITC; 18 — 2-Methoxyethyl ITC; 19
— 3-(Methylthio)propyl ITC).

3.3. Static equilibrium headspace analysis - partition coefficients

The gas/liquid partition coefficients calculated for nineteen ITCs in
different matrices (water, saliva buffer, artificial saliva, human saliva)
are provided in Table 3. Partition coefficients obtained for the human
saliva matrix are significantly different (p < 0.003) and were

LWT 131 (2020) 109793

characterized by higher values compared to other matrices. In human
saliva the highest K were observed to octyl ITC (4.0 + 0.7), hexyl ITC
(3.0 £ 0.6) and cyclohexyl ITC (2.0 + 0.4) respectively while in artificial
saliva, it were cyclohexyl ITC (0.5 + 0.2) and hexyl ITC (0.5 + 0.2). The
lowest partition coefficient were cyclopropyl ITC (0.02 + 0.02), benzyl
ITC (0.04 + 0.04), allyl ITC (0.06 + 0.01) and in artificial saliva it were
methyl ITC (0.18 £ 0.09), octyl ITC (0.2 £ 0.1), 2-methoxyethyl ITC
(0.2 £ 0.01). In comparison to the profile ITCs K in water and saliva
buffer solution, similar values were observed.

4. Discussion
4.1. Correlation of OTC and chemical structure

To our knowledge, this is the first study done on the sensory prop-
erties of the majority of ITCs present mainly in Brassica vegetables. ITC
compounds were divided into groups according to the chemical struc-
ture to aliphatic (saturated/unsaturated), branched, cyclic, aromatic,
and miscellaneous. The Weber-Fechner plots for n-aliphatic saturated
ITCs showed a relationship between OTCs and the number of carbon
atoms. The OTCs decrease with the increase of the saturated chain
length. According to the EPA DSSTox database, the octanol/water
partition coefficient (LogP) values are 0.94 (methyl ITC), 1.47 (ethyl
ITC), 2.94 (butyl ITC), 3.98 (hexyl ITC) respectively(“EPA DSSTox,”
2020). This tendency was related to the increased hydrophobicity of
isothiocyanates as the carbon chain is lengthened. What is more, the
partition coefficients determined for the gas-liquid system showed an
increased affinity for the air phase as the number of carbon atoms in the
isothiocyanate molecule increases. The above data showed that if the
partition coefficient is high, the less amount of compound is needed to
be perceptible by the human nose, which explains the lower detection
threshold. The exception to this rule was ethyl isothiocyanate, which
was the least noticeable in this group of ITCs. The discrepancy of the
ethyl ITC OT detection relative to other n-aliphatic unsaturated ITCs
may be due to a different mechanism of perception of this compound or
different receptors responsible for detection. In relation to ITCs which
consist of isothiocyanate group and three carbon atoms (C-3 ITCs) OTC
increased for ITC cyclic, branched saturated, aliphatic saturated,

Main descriptors determining the ITCs odor quality

Fig. 3. Odor notes associated with orthonasal perception of investigate isothiocyanates. The area of squares reflects the frequency of perceived odor.
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Table 3

Partition coefficients (K) determined for isothiocyanates (ITCs) in different matrices (n = 4); Rt - retention time, No — numbers correspond to those in Fig. 2 & Table 2.
No Compound Rt [min.] Kwater Kspuffer Kasaliva Kusaliva p-value
1 Methyl ITC 6.792 0.08 £ 0.03 0.108 + 0.007 0.18 = 0.09 0.17 £ 0.02 0.02
2 Ethyl ITC 6.890 0.13 £ 0.04 0.17 £0.01 0.3 £0.1 0.38 + 0.04 0.0005
3 Propyl ITC 7.448 0.18 + 0.05 0.24 + 0.01 03+0.1 0.65 + 0.09 0.00003
4 Butyl ITC 8.422 0.24 £ 0.07 0.32 £ 0.02 04 +£02 0.9 £0.2 0.00001
5 Hexyl ITC 10.382 0.36 + 0.09 0.46 + 0.04 05+0.2 3.0+ 0.6 0.0000001
6 Octyl ITC 12.018 0.45 + 0.06 0.36 + 0.03 02+01 4.0 £0.7 0.000000007
7 Isopropyl ITC 6.419 0.20 + 0.06 0.27 £0.01 04+02 09+0.1 0.000002
8 Isobutyl ITC 7.661 0.25 + 0.07 0.33 £ 0.01 04 +02 11+0.2 0.000002
9 Methallyl ITC 8.622 0.17 £ 0.06 0.23 £ 0.02 04+£02 0.12 £ 0.03 0.02
10 Allyl ITC 8.072 0.13 £ 0.04 0.17 £0.01 0.3 +£0.1 0.06 + 0.01 0.003
11 3-Butenyl ITC 9.109 0.18 £ 0.05 0.25 + 0.02 04 +02 0.41 £+ 0.06 0.01
12 Cyclopropyl ITC 8.371 0.14 £ 0.04 0.19 £ 0.01 0.3 £0.1 0.02 + 0.02 0.007
13 Cyclopentyl ITC 10.195 0.23 + 0.06 0.31 + 0.02 04+02 12402 0.00004
14 Cyclohexyl ITC 11.239 0.28 £ 0.06 0.36 £ 0.03 05£02 20=04 0.0000003
15 Phenyl ITC 11.696 0.23 £ 0.05 0.30 £ 0.04 04+£02 0.1 £0.09 0.01
16 Benzyl ITC 14.021 0.19 £ 0.03 0.24 £ 0.03 04 +£0.2 0.04 + 0.04 0.001
17 2-Phenethyl ITC 14911 0.18 £ 0.03 0.21 £ 0.05 0.4 £0.1 0.43 £ 0.07 0.002
18 2-Methoxyethyl ITC 10.302 0.08 + 0.02 0.11 £ 0.01 02+01 0.13 £ 0.06 0.02
19 3-(Methylthio)propyl ITC 13.274 0.12 + 0.02 0.15 + 0.02 03+0.1 0.20 £+ 0.02 0.02

alkoxy-containing, and aliphatic unsaturated. For compounds that
contain four carbon atoms and a -N=C=S group (C-4 ITCs) differing in
chemical structure it was observed that the OTC decrease sequentially
for ITCs branched unsaturated, thioether-containing, branched satu-
rated, saturated aliphatic, aliphatic unsaturated groups. Nevertheless,
when uncertainties for each threshold were calculated using ‘linest’
function the obtained values determined based on human response were
high compared to measurements performed for instrumental methods
(detectors) with highly reproducible curves (in terms of slope and
intercept) between replicates. Such high variability in perception of ITCs
from person to person may be similar to bitter taste sensitivity diver-
gence among people resulting in very different acceptability of Brassica
vegetables among consumers (Wieczorek et al., 2019).

4.2. Relation of odor quality and chemical structure

The odor of unsaturated aliphatic ITCs is described as characteristic
for Brassica vegetables. In case of saturated ITCs, the aroma corre-
sponding to Brassica vegetables referred to compounds with the number
of carbon atoms C < 3 in the whole range of concentrations, whereas
when the number of carbon atoms increases C > 6 the dominant
descriptor were sweet and herbal. The examined aromatic ITCs (phenyl
ITC, benzyl ITC, 2-phenethyl ITC) smelled like vegetables and herbs. For
the branched saturated ITCs, the aroma of Brassica vegetables was
present only at low concentrations, high concentrations were charac-
terized by a chemical odor. Additionally for methallyl ITC and 2-
methoxyethyl ITC, odor quality was described mainly as sulfur, garlic,
hydrogen sulfide, pungent and gained descriptors responsible for the
smell of Brassica vegetables, even though their natural occurrence had
not been reported.

4.3. Interaction effects in air-liquid phase systems

Partition coefficients were studied to provide information on the
behavior of ITCs in liquid - air two-phase systems, which would be useful
in prediction of their release behavior from foods and in-mouth release,
which would affect retronasal perception of these compounds. Indeed
human saliva as a matrix resulted in significantly different (p < 0.003) K
compared to other matrices, even artificial saliva. Although human
saliva consists of more than 99% water, it is still difficult to reproduce it
in laboratory conditions. This oral fluid consists of numerous electro-
lytes (bicarbonate, calcium, magnesium, phosphates, potassium, and
sodium), immunoglobulins, proteins, enzymes, mucins, and nitrogenous
products (ammonia and urea) (Humphrey & Williamson, 2001). The
differences are probably related to the composition of artificial saliva in

which only mucin was present, no amylases, or other proteins, whereas
the pH was the same as of human saliva. Increasing the value of gas/-
liquid partition coefficients depended on the complexity of the matrix
ranging from water, buffer, artificial saliva, and human saliva. Looking
at the partition coefficients for human saliva, it can be noticed that their
values were higher in relation to water, buffer and artificial saliva. This
may be due to a decrease in polarity in subsequent, more complex
matrices. The differences in composition regarding macromolecules
could result in viscosity differences high enough to influence partition
coefficients. Regarding human saliva, the highest partition coefficients
were obtained for ITC octyl (4.0 &+ 0.7) and hexyl ITC (3.0 + 0.6),
respectively, which can be explained as a result of the lack of interaction
with the liquid phase, which is also suggested by low OT values. The
lowest K values were obtained for cyclopropyl ITC (0.02 + 0.02) and
benzyl ITC (0.04 + 0.04) which may indicate the interaction of these
compounds with salivary proteins.

5. Conclusions

FPA method described first by Cairncross and Sjostrom (1950) for
the food and beverages, a standard method used for evaluation of odors
in drinking water (APHA, 2170 Flavor Profile Analysis, 2017) allowed
the determination of OTCs for investigated ITCs. The method in its
concept is similar to method detection levels in chemical analyses,
however it has to be remembered that sensory thresholds vary across
individuals, in many cases substantially, and the measurements are
prone to differences related to contamination, background in-
terferences, experimental conditions and practice. To minimize proba-
bility of bias and errors strict conformation to method instructions and
control requirements should be followed (Meng & Suffet, 1992; Suffet
et al., 1988).

The low values for orthonasal OTs for 19 ITCs (ug/L) obtained in
water matrix confirms that volatile hydrolysis products of glucosinolates
can have considerable influence on aroma generation in Brassica vege-
tables. However, not every ITC for which the OTC has been determined
has a natural occurrence in Brassica vegetables and their role as key
odorants in these vegetables still requires a comprehensive study. It
should be emphasized that the OTCs obtained refer to aqueous solutions
and while similar values can be expected for vegetables, they will be
different from the threshold values determined by gas chromatography
with olfactometry. FPA and plotted Weber-Fechner curves show that an
increase in carbon atoms of n-aliphatic unsaturated ITC molecule causes
a decrease in the OTC. This correlation does not apply to the ethyl iso-
thiocyanate, which requires more chemosensory and chemoreceptor
research in the future. This work provides valuable data for fragrance
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research, e.g. profiling key odor compounds in various matrices using e.
g GC-0.

No clear relationship was observed between the OTC and the water/
air coefficient. Salting-out effect occurring in the artificial saliva buffer
sample have no influence on profile of K. This study emphasizes the
effect of human saliva on retention or release of aroma compounds
present in Brassica vegetables. By comparison, human saliva and arti-
ficial saliva, the compounds which are more likely to transit to air phase
are octyl ITC, hexyl ITC, cyclohexyl ITC, cyclopentyl ITC, and isobutyl
ITC. The results suggest that these ITCs can be sensed mainly by
orthonasal sensing. The strongest effect of retention by proteins present
in saliva concerns cyclopropyl ITC, benzyl ITC, and allyl ITC. That re-
sults indicate a possibility that retained ITCs may have a major influence
on mouthfeel flavor sensation however, both cases require detailed on
receptor research.
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Abstract: The glucosinolates which are specialized plant metabolites of Brassica vegetables are
prone to hydrolysis catalyzed by an endogenous enzyme myrosinase (thioglycoside hydrolase,
thioglucosidase) that exists in Brassica plant tissue causing volatile isothiocyanates release. Currently
existing literature data on the inactivation of myrosinase is insufficient in particular for use in
the analysis of volatile and odor compounds in vegetables rich in glucosinolates. In this study,
the impact of different metal salts in effective inactivation of enzyme activity was investigated by
solid-phase microextraction (SPME) and GC/MS system in aqueous samples and kohlrabi matrix.
A saturated solution of calcium chloride which is commonly used to stop enzyme activity in plant
tissue inactivates the myrosinase-glucosinolate system. However, even without the participation
of myrosinase, it changes the reaction pathway towards nitrile formation. The model experiment
shows that optimum efficiency in inhibition of the enzyme system shows iron(III) ions, silver ions,
and anhydride sodium sulfate resulting in no volatile products derived from glucosinolates. However,
in the kohlrabi matrix, the strongest enzyme inhibition effect was observed for silver salt resulting in
no volatile products, also both anhydrous Na;SO,4 and saturated CaCl, solution seem to be useful
inhibitors in flavor studies.

Keywords: myrosinase; thioglucosidase; enzyme inactivation; glucosinolates hydrolysis; kohlrabi;
isothiocyanates; nitriles; SPME

1. Introduction

Enzymes (mainly myrosinase and lipoxygenase) play a crucial role in the creation of Brassica
vegetable flavor. Myrosinase can convert glucosinolates into volatile products that not only
contribute to the aroma of vegetables, but also have documented health-promoting properties
(anticarcinogenic activity, chemoprotective, prevention of cardiovascular and neurodegenerative
disorders) [1]. The lipoxygenase enzyme family provide catalytic oxidation of polyunsaturated fatty
acids with a cis,cis-1,4-pentadiene moiety resulting in a number of important metabolites and odor
active compounds [2,3]. Meat-like flavors associated mainly with Maillard reaction can be created by
a double enzyme (Flavourzyme) in the two-step hydrolysis of Brassica proteins [4]. Knowledge of
enzymes allows for controlling the enzymatic processes in plant tissue and thus maintain the quality
by using a wide range of anti-browning agents against enzymatic browning of fruit and vegetable
products [5].

On the other hand, enzymes pose an analytical challenge, especially in plant-derived food.
The study which is based on analysis of vegetable tissues is enormously complex due to variable content
of compounds which are specific for plant species, varieties, environmental conditions, part of a plant,
cultivation, the region of origin, the status of growth, the season of cultivation, postharvest, and food
processing [6], and varying activity of endogenous enzymes such as myrosinase [7]. Myrosinase is
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endogenous thioglucoside glucohydrolase that is present in glucosinolate-rich Brassicaceae vegetables
such as broccoli, brussels sprout, cabbage, cauliflower, kohlrabi, mustard, and radish; however it was
also found in bacteria, fungi and even in the human gut microflora [8]. Glucosinolates in presence of
myrosinase are prone to hydrolysis after tissue disruption (blending, cutting) into 3-p-glucose and an
intermediate product (aglycon). This latter compound is spontaneously converted into isothiocyanates,
nitriles, thiocyanates, epithionitriles, indoles, or 1,3-oxazolidine-2-thiones. The type of glucosinolate
product obtained during hydrolysis strictly depends on the reaction conditions and the original
glucosinolate side-chain structure (aliphatic, aromatic, and indolic) [9,10].

Myrosinase is an enzyme that converts glucosinolates into glucosinolate degradation compounds,
most of which are volatile and odor active. An active enzymatic reaction in the vegetable tissue is an
analytical problem as it leads to inaccurate results and large variations between samples. Screening of
volatiles is not the only branch of analytical chemistry where blocking of thioglucosidase enzyme is
important. Quantitative analysis of metabolites (glucosinolates) in plant tissues requires the enzyme to
be blocked, which prevents their further degradation during the analysis and leads to deviations in
the obtained results. The inactivation of the enzyme at an exact time is also important to increase the
reproducibility of results obtained between laboratories.

Currently, there are only few studies about the inactivation methods of myrosinase. The only
well-known approach of deactivating this enzyme activity is pH changing [11], thermal treatment [12],
pressure enzyme inactivation, or fusion of these latter two methods [13]. However, both methods have
disadvantages; the first approach cannot be used simultaneously with the analysis of thermolabile
compounds and pressure inactivation needs specific equipment that is unique and not available for
all laboratories.

The aim of this study was to investigate the impact of different metal salts in inactivation of
myrosinase activity. The utilization of metal salts is simple to use, widely available, and relatively cheap.
This knowledge will be useful for future research in flavor studies especially for identification and
quantification of volatile compounds extracted from plant tissue and to improve analytical extraction
protocols for glucosinolate-containing plants by increasing reproducibility when preparing samples
for analysis.

2. Results

2.1. Preliminary Experiments with Commercial Thioglucosidase

A preliminary experiment relied on analyzing volatile glucosinolate breakdown products in
aqueous system. To select the most effective agent for the inactivation of thioglucosidase, the volatile
products were determined by GC/MS system. The peak area represents the total ion current (TIC).
As shown in Figure 1a not all of the investigated metal salts were effective at blocking myrosinase,
resulting in a similar amount of obtained isothiocyanates as in the control test (H,O). Manganese
ions proved to be completely ineffective at blocking the enzymatic reaction for both glucosinolates,
glucotropeaolin, and synigrin. The adequate molar concentration of calcium and sodium ions and
saturated solution of sodium chloride exhibited inhibition effect for synigrin, nevertheless they were
ineffective in the case of blocking glucotropeaolin hydrolysis.
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Figure 1. Volatile products of glucosinolates breakdown in miscellaneous enzyme inactivation
media; sat.—saturated solution; anh.—anhydrous; b.¢,d e__the result of statistical analysis (one-way
ANOVA Duncan test as post-hoc), values followed by the same letter in a Duncan grouping are not
significantly different, the subscript number and letter color are corresponding to the chart legend
(= 0.05); (n = 3); (a) Isothiocyanates (isothiocyanatomethylbenzene derived from glucotropaeolin
and 3-isothiocyanatoprop-1-ene is a product from sinigrin); (b) Nitriles (2-phenylacetonitrile from
glucotropaeolin and but-3-enenitrile from sinigrin).

The maximum efficiency in inhibition of enzyme system was noticed for iron ions (Fe?* and Fe3*),
silver ions, saturated solution of calcium chloride, and anhydrous sodium sulfate. The use of these
salts did not produce volatile isothiocyanates for both glucotropeaolin and synigrin. However, some of
the potential enzyme-blocking agents produced volatile nitriles, for example iron(II) and saturated
calcium chloride. Except for these salts, copper(Il) ions show the ability to produce a considerable
amount of nitriles (Figure 1b).

Previous preliminary experiments show that silver ions were one of the most effective methods to
inactivate myrosinase enzymatic activity resulting in no volatile products derived from glucosinolate.
Figure 2a shows silver ions dependent inhibition of sinigrin hydrolysis curve where concentration
is presented as a logarithm function. The same experiment was performed on glucotropeaolin
glucosinolate (Figure 2b). The average peak areas were measured in extracted-ion chromatogram
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mode (EIC) for products of enzymatic hydrolysis: 3-isothiocyanatoprop-1-ene (m/z = 99.2) and for
isothiocyanato methylbenzene (m/z = 91.2).

4 3-isothiocyanatoprop-1-ene ¢ isothiocyanatomethylbenzene

80,000,000 60,000,000

70,000,000
50,000,000
© 60,000,000 { { i 3

g
£ 40000000
000,000 i g
% 40,000,000 % 30,000,000
< &
&, 30,000,000 & }
& 3 & 20,000000
g b
= 20,000,000 = ;
i 10,000,000 -
10,000,000
0 & & A 0 * * +
-20 -15 -10 5 0 20 15 -10 5 0
concentrationlog (mol/L) concentration log (mol/L)
(a) (b)

Figure 2. Area of the peaks (EIC) to the logarithm of the concentration of silver ions in the aqueous
solution (mol/L); Statistical analysis: One-way ANOVA Duncan test as post-hoc ( = 0.05); (n = 3) (a)
3-isothiocyanatoprop-1-ene derived from sinigrin (m/z = 99.2); values obtained for concentration log
in the range of 0 to —5 are not significantly different (b) Isothiocyanatomethylbenzene derived from
glucotropaeolin (m/z = 91.2); values obtained for concentration log in the range of 0 to -5, -7, to —11,
and —15 to —20 are not significantly different.

The silver ions were an effective inhibition factor for the inactivation of thioglucosidase for both
glucosinolate sinigrin and glucotropeaolin. The lowest concentration of silver salt, which is effective
in blocking thioglucosidase enzyme activity was 5 x 107> mol/L. Results obtained for the lowest
investigated concentration of silver salt (5 x 1072 mol/L) equals average peak areas measured for the
control sample (water, enzyme, sinigrin, or glucotropeaolin).

Results obtained from the first experiment indicated that the favored volatile products for
some enzyme-blocking agents (metal salts) are nitriles. An investigation of the interaction between
glucosinolate and inactivation agent to investigate non enzymatic reaction pathway was performed.
To this stage, metal salts were selected with the best ability in blocking enzymatic hydrolysis of
glucosinolates. In that part of the study, volatile compounds after the addition of glucosinolate to
an aqueous solution of metal salts without enzyme (thioglucosidase from Sinapis alba) addition were
measured. The control sample was water and glucosinolate (sinigrin potassium salt or glucotropaeolin
potassium salt) in which no volatiles were produced.

It was observed that aqueous silver and iron(III) solutions did not result in any volatile products
derived by chemical degradation of glucosinolates. On the other hand, iron(II) and copper(Il) ions or
saturated solution of calcium chloride produced nitriles (2-phenylacetonitrile and but-3-enenitrile).
When both sinigrin and glucotropaeolin were used, the highest amount of nitrile was obtained in
the iron(Il) solution. In a blocking agent environment, more volatile products were formed from
sinigrin than glucotropaeolin from the same amount of glucosinolate, nevertheless, results obtained in
saturated sodium chloride solution were similar. The results are presented in Figure 3.
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m 2-phenylacetonitrile but-3-enenitrile
one-way ANOVA Duncan test as post-hoc:
2-phenylacetonitrile , b, ¢, but-3-enenitrile
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Figure 3. Volatile products from the interaction between glucosinolate (sinigrin or glucotropaeolin) and
an enzymatic reaction blocking agent (without enzyme presence); 2-phenylacetonitrile (m/z = 117.2);
but-3-enenitrile (1/z = 41.3); * P ¢—the result of statistical analysis (one-way ANOVA Duncan test
as post-hoc), values followed by the same letter in a Duncan grouping are not significantly different,
the subscript number and letter color are corresponding to the chart legend (e« = 0.05); (n = 3).

2.2, Study of the Effect of Metal Salts on the Native Enzyme in Kohlrabi Tissue

There is no doubt that plant tissue is a different environment than water, that is why the behavior
of glucosinolates (absent in kohlrabi and used previously in the model experiment) was investigated
in a model matrix in which this class of compounds occur naturally. The same batches of kohlrabi
were used for established volume (3 mL) of aqueous metal salts solutions or sufficient amount of
anhydride sodium sulfate salt. The control sample was water and glucosinolate (sinigrin potassium
salt or glucotropaeolin potassium salt) without any metal salt addition. Compared to the model
experiment, a larger volume of salt solution was used—allowing the complete immersion of plant
tissue in the aqueous solution and an adequately increased amount of glucosinolate. It was observed
that kohlrabi samples after extraction and analysis differed depending on the metal salt used for the
analysis. Results of GC/MS analyses are shown in Figure 4.

Figure 4. Kohlrabi matrix samples with addition of sinigrin potassium salt after GC/MS analysis (a)
control (H,0); (b) iron(Il) sulfate (FeSOy); (c) iron(IIl) sulfate (Fey(SOy)3); (d) saturated solution of
calcium chloride (CaCly); (e) silver nitrate (AgNOs); (f) copper sulfate (CuSOy); (g) anhydrous sodium
sulfate salt (NapSOy).

The main volatiles derived from glucosinolates in various environmental conditions in the kohlrabi
matrix are presented in Table 1. But-3-enenitrile was formed only in samples with addition of synigrin
with the presence of iron(II) and copper(Il) ions. The most abundant peak for 3-isothiocyanatoprop-1-ene
was recorded in control sample (H,0), low amounts of this isothiocyanate were also noted for a
saturated solution of calcium chloride and anhydrous sodium sulfate. Iron(Ill) and silver ions caused
the complete blockage of the enzyme that hydrolyzes the added synigrin.
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The presence of 2-phenylacetonitrile was not recorded in the sequence with the addition of synigrin,
while it was detected in the samples with the addition of glucotropaeolin. The highest amount of
2-phenylacetonitrile was found for copper(Il) ions, half less when iron(II) ions were used, and negligible
amounts were found in the calcium chloride and iron(III) solutions. Isothiocyanatomethylbenzene
was also found only in the samples to which glucotropaeolin was added. However, the presence of
this isothiocyanate was not confirmed in the samples with the addition of synigrin. The only peak for
isothiocyanatomethylbenzene was in the control sample (H;O).

The profile of 4-methylsulfanylbutanenitrile and 5-methylsulfanylpentanenitrile average peak
area depending on various environmental conditions for samples with the addition of synigrin and
glucotropeaoline was similar. The higher content of 4-methylsulfanylbutanenitrile than the control
was observed in both samples with the addition of sinigrin and glucotropaeolin in aqueous solutions
of copper(Il) sulfate, and iron(ll) salts. In aqueous solution of silver salt 4-methylsulfanylbutanenitrile
was not found. Concerning the control sample, an increased amount of this compound is observed in
the presence of copper ions, while in the medium of silver and iron(III) ions, the presence of this nitrile
was not observed.

For the 1-isothiocyanato-3-methylsulfanylpropane and 1-isothiocyanato-4-methylsulfanylbutane,
the average peak area values follow a comparable trend. Isothiocyanates were observed only
in the control sample (H,O), in a saturated solution of sodium chloride and anhydrous sodium
sulfate. Average peak areas for the 1-isothiocyanato-4-methylsulfanylbutane are analogous, and for
1-isothiocyanato-3-methylsulfanylpropane peak area obtained for samples with saturated sodium
chloride solution is slightly reduced compared to the control sample.

Miscellaneous volatiles not related to the breakdown of glucosinolates were shown in Table 2.
Addition of silver ions resulted in no volatiles produced. Sulfides ((methyldisulfanyl)methane and
(methyltrisulfanyl)methane) were obtained mainly in the control sample and samples with anhydrous
sodium sulfate and iron(II) sulfate. The presence of benzaldehyde was found in almost all tests
except those with an aqueous solution of silver nitrate and anhydrous sodium sulfate. Compared
to the control sample, an increased concentration of volatile compounds (hexanal, 2-pentylfuran,
heptan-2-one, (E)-non-2-enal) was observed with the use of iron(Ill) ions. The highest mean peak value
for hexanal was observed for iron(lII) ions, copper ions, and iron(II) ions, respectively. Pent-1-en-3-ol
was detected in tests with the addition of iron(Il) ions, saturated sodium chloride solution and
anhydrous sodium sulfate.
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Table 2. Miscellaneous volatile compounds from kohlrabi tissue.

80f13

Compound Name RRIexp RRIj; H,0 FeZt Agt Fed+ CaCl, sat. ! Cu?t Na;SO, anh. 2
sinigrin potassium salt
(methyldisulfanyljmethane 1068 1064 [15] 317715 *b 69214 fic - 5106 ¢ - 2482 3¢ 419816 52
hexanal 1075 1082 [18] 47284 80 169473 *P - 3789656 #2 42992 *P 233815 @F 61231 *P
pent-1-en-3-ol 1141 1158 [18] 5905 $< 119966 *< - - 70899 b - 187903 #4
(E)-hex-2-enal 1218 1216 [18] - - - - 13660 @b - 36592 #2
2-pentylfuran 1222 1232 [18] - 26154 *® - 138788 #2 - 2988 #< 2493 %¢
heptan-2-one 1325 1182 [18] - - - 242172 %2 - - -
(Z)-hex-3-en-1-0l 1364 1380 [18] - 10077 @ - - 102469 *© - 58909 #
(methyltrisulfanyl)methane 1391 1376 [18] 2974175 #2 - - - - - 83767 $0
benzaldehyde 1530 1518 [18] 46994 52 1311 #¢ - 25629 *P 16560 *0 2234%¢ -
(E)-non-2-enal 1539 1535 [18] 20479 *b - - 147120 *2 - - -
glucotropaeolin potassium salt
(methyldisulfanyl)methane 1068 1064 [15] 615854 ** 93952 ¢ - - 3438 *¢ 3848 ¢ 342112 +P
hexanal 1075 1082 [18] 71835 #0 140440 #P - 3789656 #2 27612 #b 202812 *P 57077 #0
pent-1-en-3-ol 1141 1158 [18] 9007 *2 100647 *P - - 190000 52 2830 #b 159107 52
(E)-hex-2-enal 1218 1216 [18] - - - - 69644 2 - 39481 52
2-pentylfuran 1222 1232 [18] - 10856 *P - 138788 #2 - - -
heptan-2-one 1325 1182 [18] - - - 242172 %2 - - -
(Z)-hex-3-en-1-0l 1364 1380 [18] - 3675 30 - - 142612 #2 - 45657 $©
(methyltrisulfanyl)methane 1391 1376 [18] 3243687 *2 - - - - - 88756 b
benzaldehyde 1530 1518 [18] 43684 2 3781 ¢ - 25629 *b 23531 %0 18571 *b< -
(E)-non-2-enal 1539 1535 [18] 29224 *P - - 147120 #2 - - -

1. saturated solution of calcium chloride; 2: anhydrous sodium sulfate; RRIexp: relative retention index calculated by n-alkane series using the experimental value (Supelcowax-10 column);
RRIji: relative retention index calculated by n-alkane series using the literature value; relative standard deviation: *: RSD < 10%, #:10% < RSD < 25%, 5: 25% < RSD < 50%, @: RSD > 50%;
values express the mean peak area; %% ¢: the result of statistical analysis (one-way ANOVA Duncan test as post-hoc), values followed by the same letter in a Duncan grouping are not

significantly different (e« = 0.05); (n = 3).
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3. Discussion

The composition of Brassica vegetable tissue usually promotes the formation of isothiocyanates [19].
Glucosinolates are prone to hydrolysis by myrosinase and as a result of degradation various volatile
compounds can be obtained, which are strictly dependent on the conditions (e.g., pH value, availability
of iron(II) (Fe*) and the presence of specific proteins that interact with myrosinase) [20,21]. Several
heavy metals were reported to exhibit inactivation of enzymatic reaction on different types of enzymes
that are used especially in biosensors studies [22]. Saturated sodium chloride and calcium chloride
solutions are known to inactivate enzyme system and they are commonly used in flavor study [23,24].
An alternative method to stop the enzyme reaction is to remove water by using anhydrous sodium
sulfate [25]. However, myrosinase has so far been poorly studied, particularly concerning the volatile
analysis and flavor study.

Results of the preliminary experiments showed that the addition of metal salts may have different
consequences such as decreasing or stopping of enzyme activity, change of breakdown pathways,
or salting-out effect. Silver and iron(III) ions are enzyme reaction inhibitors as heavy metals. Silver
ions completely block the action of myrosinase, even at a concentration of 5 x 10~ mol/L, regardless of
the glucosinolate used. Their action can be explained by the conformational change of myrosinase
protein. Anhydrous sodium sulfate is also effective because it removes water without which the
enzyme is inactive. A saturated solution of sodium chloride is a valuable inhibitor concerning aliphatic
glucosinolates however, in the case of aromatic glucosinolates it is ineffective. A slight inhibitory effect
with a similar tendency was observed in equimolar solutions of sodium and calcium ions. This effect
can be explained by changing the enzyme’s active center, which blocks the enzyme’s activity only in
relation to a specific substrate—the group of aliphatic glucosinolates.

The increased average peak area of isothiocyanates in samples with additional manganese salt is
related to the salting-out effect. It is well known that iron(lI) ions as well as the acidic environment
promote the formation of nitriles, which is explained by the formation of a complex with glucosinolate.
Copper also forms considerable amounts of nitriles because, like iron(Il), it is a transition metal that
willingly forms supramolecular structures. What is more, both the aqueous solution of iron(Il) and
copper(Il) are acidic (pH < 7), because their salts are derived from strong acids and transition metals.
Nevertheless, the previously tested aqueous solution of manganese chloride does not change the
reaction pathway to nitriles, which suggests that when using transition metal salt ions, the formation
of the complex is a more important factor than the pH value of the reaction medium. Interestingly,
a saturated sodium chloride solution indeed blocked the possibility of obtaining isothiocyanates,
but nitriles were recorded instead. The use of saturated sodium chloride solution to inactivate the
enzyme may falsely increase the proportion of nitriles in the analysis of volatile compounds directly
from vegetables in the sample. Metal salts which do not form any volatile compounds such as
isothiocyanates and nitriles from the glucosinolate can be considered as a suitable blocking agent.

An experiment with glucosinolate and selected metal salts was executed to show that nitriles can
be formed without the enzyme presence. The highest amount of nitriles was obtained when iron(II)
ions were used, which is consistent with current scientific reports [26,27]. The presence of nitriles was
also noted in samples with copper ions and a saturated sodium chloride solution. The absence of the
enzyme in the samples tested suggests that the degradation of glucosinolates can be non-enzymatic.
Thus, the degradation of glucosinolates can take place catalytically through the formation of a complex
structure [26]; however, the full confirmation of this hypothesis still requires further research.

Measurements of myrosinase activity are usually done by utilizing isolated enzyme and
water environment however to establish the best blocking agent for myrosinase it is needed to
study this phenomenon in cellular conditions [28]. But-3-enenitrile and 3-isothiocyanatoprop-1-ene
are formed from synigrin. 2-phenylacetonitrile and isothiocyanatomethylbenzene are obtained
from glucotropaeolin.  These two glucosinolates were artificially added to the vegetable.
Additionally, kohlrabi contains native glucosinolates (glucoerucin, glucoiberverin, glucoraphanin [29])
which form the corresponding volatile products (4-methylsulfanylbutanenitrile, 1-isothiocyanato-3-
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methylsulfanylpropane, 1-isothiocyanato-4-methylsulfanylbutane). 5-methylsulfanyl pentanenitrile
derived from glucoberteroin.

In kohlrabi bulb tissue several volatiles were observed that are related to the action of
lipoxygenase (e.g., hexanal, (E)-hex-2-enal, pent-1-en-3-ol, (E)-hex-2-enal, 2-pentylfuran, heptan-2-one,
(Z)-hex-3-en-1-ol, (E)-non-2-enal) [30], therefore, we can additionally evaluate the effectiveness of
the metal salts used to block this enzyme. According to the preliminary experiment, the strongest
inhibition effect of thioglucosidase inactivation in the kohlrabi matrix has a silver and iron(Ill). However,
the iron(I1I) salt causes an important increase in some volatile compounds derived from lipid oxidation,
primarily hexanal, 2-pentylfuran and heptan-2-one, which may distort the results of the analyzes
(profile of volatiles). Enzyme inactivation can be caused by changing the conformation of the enzyme
protein and destroying the key and lock enzyme system. Likewise, in the kohlrabi matrix environment
of copper and iron(ll) salts, analogous products are formed as in the model system. The change
of the pathway of glucosinolates degradation by these salts is most likely caused by the catalytic
decomposition of an intermediate complex compound.

4. Materials and Methods

4.1. Materials and Reagents

The reference compounds (3-isothiocyanatoprop-1-ene (CAS 57-06-7), but-3-enenitrile (CAS
109-75-1), isothiocyanatomethylbenzene (CAS 622-78-6), 2-phenylacetonitrile (CAS 140-29-4)) of
the highest available GC purity (>98%) were obtained from Sigma-Aldrich (Poznan, Poland).
Thioglucosidase from Sinapis alba, sinigrin potassium salt, anhydrous sodium sulfate, iron(Il) sulfate
heptahydrate, SPME fiber divinylbenzene/ carboxen/polydimethylsiloxane (DVB/CAR/PDMS) were
purchased from Sigma-Aldrich (Poznar, Poland), glucotropaeolin potassium salt was purchased from
Extrasynthese (Genay Cedex, France), copper(ll) sulfate pentahydrate was purchased from Chempur
(Piekary Slaskie, Poland) and silver nitrate was purchased from POCh S.A. (Gliwice, Poland). Fresh
kohlrabi was purchased at a local grocery store (Poznar, Poland).

4.2. Preliminary Experiments with Commercial Thioglucosidase from Sinapis alba: Screening of Potential
Metal Inhibitors

One milliliter of liquid was added (0.5 mol/L of Cu2+(aq), Fe2+(aq), Fe3+(aq), Ag*ag), Mn2+(aq),
Na2+<aq), and Ca“(aq), saturated solutions of NaCl, CaCl, or water) was placed in a 20 mL vial.
50 uL of aqueous thioglucosidase from Sinapis alba (2.9 g/L) was added to the vial. Afterward 50 uL
of an aqueous solution of glucosinolate (2 mmol/L of sinigrin potassium salt or glucotropaeolin
potassium salt) was added and the vial was immediately closed with a cap. Fifty microliters of aqueous
thioglucosidase from Sinapis alba (2.9 g/L) was added to the vial. A sufficient amount of anhydride
Na,SO4 was placed in a 20 mL vial. Afterward 50 uL of an aqueous solution of glucosinolate (2 mmol/L
of sinigrin potassium salt or glucotropaeolin potassium salt) was added and the vial was immediately
closed with a cap.

The stock solution of silver nitrate (0.5 mol/L AgNO3) was diluted step by step to obtain the
following concentrations: 5 x 1072,5x 1073, 5x 1074, 5x 1075, 5 x 1076, 5 x 1078, 5 x 10711, 5 x 10714,
5x 10717, 5 x 1072 mol/L. One milliliter of silver solution was placed in a 20 mL vial and 50 uL of
an aqueous thioglucosidase from Sinapis alba (2.9 g/L) was added to the vial. Subsequently, 50 uL of
aqueous solution of glucosinolate (2 mmol/L of sinigrin potassium salt or glucotropaeolin potassium
salt) was added and the vial was immediately closed with cap.

1 mL of liquid was added (0.5 mol/L of Cuz*(aq), Fez*‘(aq), Fe?+ (aq)r A8 (aq), and saturated solution
of CaCl,) was placed in a 20 mL vial. 50 pL of an aqueous solution of glucosinolate (2 mmol/L of
sinigrin potassium salt or glucotropaeolin potassium salt) was added and the vial was immediately
closed with a cap. These tests were negative control, while the positive control sample was prepared
with 1 mL of water and adequate glucosinolate addition.
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4.3. Endogeneous Thioglucosidase Activity of Kohlrabi Extract and Application of Metal Inhibitors

Kohlrabi bulb with no water added was homogenized using a table-top stainless steel blender.
2 g of kohlrabi was placed in a 20 mL vial. The enzymatic reaction blocking agent (Cu2+(aq), Fe2+(aq),
Fe3*(aq), Ag*(aq), anhydrous NaySO,, and saturated solution of CaCly) was added whenever in
the exact time (1 min and 30 sec) after blending and glucosinolates addition (200 uL of 2 mmol/L
of sinigrin potassium salt or glucotropaeolin potassium salt). The vial was immediately closed
with a cap. The control sample was prepared with 2 g of kohlrabi, 3 mL of water, and adequate
glucosinolate addition.

4.4. Solid-Phase Microextraction and GC-MS Analysis

Extraction of volatiles by SPME and their subsequent analysis were performed on gas
chromatograph coupled with triple quadrupole mass spectrometer (7890A/7000B, Agilent Technologies,
Santa Clara, CA, USA) working in a single quadrupole mode. The GC/MS system was equipped
with an automatic MultiPurpose MPS-2 sampler (Gerstel, Germany). The headspace solid-phase
microextraction (SPME) was performed at 40 °C and the sample was incubated for 5 min prior to
extraction, and then the fiber was exposed in the vial for 30 min. After extraction SPME fiber was
removed from the vial and subsequently was placed in a desorption port (230 °C) of GC-MS system.
Samples were injected in a splitless mode.

A Supelcowax-10 column (60 m x 0.25 mm x 0.25 um, Supelco, Bellefonte, PA) was used and a
constant flow of He as a carrier gas was kept at 1 mL/min. The oven temperature was 40 °C for 1 min,
ramped at 8 °C/min to 200 °C and 20 °C/min to 280 °C, and held at 280 °C for 5 min. The transfer line
temperature was 260 °C. The mass spectrometer was operating in an electron ionization (EI) mode
at 70 eV, in a scan range of m/z 33-333. The temperature of MS ion source was 230 °C. Instrument
control, data acquisition, and peak area count calculation were performed by Agilent Technologies
MassHunter Workstation (B 07.00, Agilent Technologies, Santa Clara, CA, USA) software with a library
of the National Institute of Standards and Technology (version 2.0) (NIST, Gaithersburgh, MD, USA).
Then the spectra of volatile compounds derived from synigrin and glucotropaeolin were compared
with those obtained after the reference compounds analysis. All samples were run in triplicate (n = 3).

5. Conclusions

A saturated solution of calcium chloride and anhydrous sodium sulfate salts were effective
in inhibiting synigrin and glucotropaeolin hydrolysis in the vegetable matrix. Compared to the
preliminary experiment in aqueous system, no major discrepancies were observed for a saturated
sodium chloride solution and the formation of an increased amount of nitriles compared to the control.
The discrepancies in results obtained from the preliminary experiment and during the use of the
vegetable matrix were mainly due to the differences between the chemical composition of these
two environments.

Summing up, the most effective inhibitors are silver ions concerning both myrosinase and
lipoxygenase deactivation. Milder blocking conditions, resulting in a similar profile of volatile
compounds in the control provides the use of anhydrous sodium sulfate.

Author Contributions: Conceptualization, M.M. and H.H.J.; methodology, M.M. and H.H.].; formal analysis,
H.HJ.; investigation, M.M.; writing—original draft preparation, M.M.; writing—review and editing, H.H.].;
funding acquisition, H.-H.J. All authors have read and agreed to the published version of the manuscript.
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ABSTRACT: Volatile compounds of raw and cooked green kohlrabi were investigated using a sensomics approach. A total of 55
odor-active compounds were detected and identified in raw and cooked green kohlrabi using GC-O. Twenty-eight odor-active
compounds with high flavor dilution (FD) factors ranging from 64 to 1024 were quantitated, and odor activity values (OAVs) were
determined. Eight compounds showed high OAVs in raw and cooked kohlrabi: five sulfur compounds (dimethyl trisulfide, methyl 2-
methyl-3-furyl disulfide, and three isothiocyanates (l-isothiocyanato-3-(methylsulfanyl)propane, benzyl isothiocyanate, and 1-
isothiocyanato-4-(methylsulfanyl)butane)), two lipid oxidation products (1-octen-3-one and trans-4,5-epoxy-(2E)-dec-2-enal), and
2-isopropyl-3-methoxypyrazine. Among these, the sulfur compounds contributed most to the overall smell of the raw and cooked
vegetables. The quantitation analysis indicates that the eight odorants are the backbone compounds for raw and cooked kohlrabi.
The OAVs for the backbone compounds and also for minor odorants are clearly higher in raw kohlrabi than in the cooked one.

Differences can be explained by the influence of the cooking process.

KEYWORDS: kohlrabi (Brassica oleracea var. gongylodes L.), aroma extract dilution analysis (AEDA),
stable isotope dilution assay (SIDA), odor activity value (OAV), GC-O, isothiocyanate (ITC), nitrile

B INTRODUCTION

Kohlrabi (Brassica oleracea var. gongylodes L.) belongs to the
vast family of Brassicaceae vegetables. Kohlrabi was initially
cultivated in northwestern Europe and later spread throughout
Europe and around the world to the USA, Canada, Asia, and
Africa." Kohlrabi is consumed year-round. The main edible
part of the plant is its bulbous stem that is delicate and slightly
sweet in taste.” Nowadays several kohlrabi species are
identified that differ in their bulb and stalk color, which can
invariably be green, purple, or white. The flesh, however, is
always pale. Usually kohlrabi bulbs are peeled and eaten raw.
Kohlrabi may also be cooked, used for sauces, soups, or even as
a pickled vegetable. Kohlrabi leaves are also edible. In Poland,
they are used to prepare salads, soups, green smoothies, or
pesto.

Due to its nutritional benefits and low calorific value,
kohlrabi flesh and leaves are highly recommended for
consumption. The health benefits of kohlrabi are diverse and
include anti-inflammatory, antimicrobial, and antioxidant
effects; reduction of oxidative stress; cancer inhibition;
prevention of asthma, cancer, and Alzheimer’s disease;
management of type-I diabetes, and improve heart health.”
These positive effects are attributed to the vegetable’s contents
of antioxidants; vitamin C; folic acid; minerals such as iron,
potassium, and selenium; carotenoids, particularly zeaxanthin
and lutein; and glucosinolates,5

Glucosinolates are special organosulfur plant metabolites
that occur in significant amounts in Brassica vegetables. They
consist of an oxime sulfate group, the carbon atom of which is
bound via a sulfur atom to a ff-p-glucopyranosyl group and on
the other side carries an aliphatic or aromatic side chain

© XXXX American Chemical Society

< ACS Publications

derived from an amino acid*’ Tissue disruption brings
glucosinolates in direct contact with the endogenous enzyme
myrosinase, which cleaves the glycosidic bond. The aglycone
spontaneously reacts to yield compounds such as isothiocya-
nates, nitriles, thiocyanates, epithionitriles, indoles, and 1,3-
oxazolidine-2-thiones.™*

Glucosinolate breakdown products can greatly affect the
flavor of Brassica vegetables. Favored by hydrolysis at neutral
pH, isothiocyanate55 include volatile compounds with a strong
garlic and sulfur odor, frequently found at a low odor threshold
concentration (OTC) in the range of ug/L in water.” An
aroma extract dilution analysis (AEDA) recently applied to
horseradish of different varieties resulted in a considerable
number of isothiocyanates with high flavor dilution (FD)
factors. While most of the identified isothiocyanates were
pungent, some additionally showed specific odor qualities such
as mushroom-like (1-isothiocyanato-3-methylsulfanylpropane),
onion-like (3-isothiocyanatopro-1-ene (allyl isothiocyanate)),
or green-like (2-isothiocyanatobutane).® Nitriles are formed
from glucosinolates in the presence of nitrile-specific proteins
or iron(1l) ions under acidic conditions.” The presence of
nitrile compounds in Nakajimana (Brassica rapa cv.
nakajimana) has been associated with pungency and bitterness,
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Table 1. Odor-Active Compounds Identified among Volatiles Isolated from Raw and Cooked Green Kohlrabi
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odorant
5-(methanesulfinyl)pentanenitrile
pentane-1-thiol
dimethyl disulfide
(3Z)-hex-3-enal
but-3-enenitrile
2-pentylfuran
oct-1-en-3-one
2-acetyl-1-pyrroline
dimethyl trisulfide
(3E)-hex-3-en-1-0l
2-isopropyl-3-methoxypyrazine
acetic acid
3-butenyl isothiocyanate
(2E4E)-hepta-2,4-dienal
4-(methylsulfanyl)butan-2-one
octan-1-ol
(1S)-1-phenylethane-1-thiol
2-acetylthiazole
methyl 2-methyl-3-furyl disulfide
7-hexalactone
thiophene-2-carbaldehyde
2-phenylethane-1-thiol
3-methylfuran-2(SH)-one
methionol
4-(methylsulfanyl)butanenitrile
hexanoic acid
S-(methylsulfanyl)pentanenitrile
4-(methylsulfanyl)butan-1-ol
12-methyltridecanal
p-cymen-8-ol
1,3-benzothiazole
dimethyl sulfone
phenylacetonitrile
heptanoic acid
2-phenylethan-1-ol
maltol
L-isothiocyanato-3-(methylsulfanyl)propane
trans-4,5-epoxy-(E)-2-decenal
y-nonalactone
p-anisaldehyde
3-phenylpropane nitrile
pyrrolidin-2-one
benzyl isothiocyanate
benzyl thiocyanate
1-isothiocyanato-4-(methylsulfanyl)butane
bis(2-methyl-3-furyl)disulfide
2-methoxy-4-vinylphenol
2-phenoxyethan-1-ol
sotolon
(2-isothiocyanatoethyl)benzene
ethane-1,2-dithiol
unknown
4-methyl-5-thiazoleethanol
phenylacetic acid
vanillin

RI” FD factor”

odor quality” FFAP DB-5 raw cooked
broth-like, onion-like, sulfurous 943 1563 256 256
burned, rubber-like 1022 850 1 <1
cabbage-like, sulfurous 1094 803 <1 8
green, grassy 1141 802 16 <1
pungent, mustard-like 1191 900 4 32
vegetable-like 1243 1015 256 <1
mushroom-like 1287 974 64 32
popcorn-like 1330 904 256 64
sulfurous, cabbage-like 1352 963 16 128
green, grassy 1395 814 <1 1
pea-like, earthy 1418 1096 512 128
vinegar-like 1450 631 16 16
pungent, garlic-like 1453 981 16 8
fatty 1487 1158 <1 1
potato-like, earthy 1514 989 8 <1
green, citrus-like 1545 981 32 4
burned 1626 1122 2 <1
roasty 1635 1015 32 16
meat-like, cabbage-like 1645 1187 64 4
fruity, sweet 165 1052 1 64
roasty 1685 981 64 <1
rubber-like 1690 1167 32 <1
vegetable-like, onion-like 1695 985 32 64
cooked potato-like 1715 963 4 32
broth-like, garlic-like, sulfurous 1721 1063 128 64
sweaty 1805 1015 64 <1
broceoli-like, cabbage-like 1845 1193 256 128
cabbage-like, garlic-like 1858 965 64 <1
beef-like, tallow-like 1863 1015 16 <1
musty, petrol-like 1863 1208 <1 S12
rubber-like, cabbage-like 1900 1245 8 16
sulfurous, fatty 1918 959 <l 4
mushroom-like 1922 1107 128 <1
sweaty, rancid 1939 1089 4 <1
floral, honey-like 1940 1112 <1 32
caramel-like 1950 1245 32 16
sulfurous, gatlic-like, mushroom-like 1972 1231 128 4
metallic, sweet 1989 1379 256 64
sweet, coconut-like 2022 1387 8 32
woodruff-like, anise-like 2033 1257 <1 1024
sour, fatty 2047 1241 512 8
mouse-like, sour 2065 1052 16 8
herb-like, sweaty, pungent 2076 1363 256 256
broth-like, buttery, cress-like 2113 1352 128 <1
mushroom-like, broth-like 2141 1404 256 16
meat-like 2138 1540 16 <1
clove-like, smoky 2150 1300 32 32
floral 2156 1240 1 <1
lovage-like, seasoning-like 2210 1107 128 1024
broth-like, vegetable-like 2220 1430 256 64
garlic-like, cabbage-like 2225 817 8 16
sweaty, rubber-like 2244 1021 1 16
broth-like, sulfurous, nutty 2320 1269 256 512
honey-like, beeswax-like 2555 1252 128 32
sweet, vanilla-like 2576 1395 512 32

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

B https://doi.org/10.1021/acs.jafc.1c04339
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whereas sulfur-containing volatiles were perceived as pungent
and burnt rubber-like.”

Food aroma and appearance are among the most important
factors driving consumers’ preferences and food choices. These
product features can be directly assessed at the moment of
decision-making, as opposed to texture and taste. Many
publications have focused on the identification and quantita-
tion of primary and specialized metabolites'”"' present in
kohlrabi, including volatiles."” However, to date no study has
been conducted on its odor-active compounds.

The main objectives of the current study include (i)
screening for odor-active compounds in raw and cooked green
kohlrabi, (i) quantitation of major odorants to assess their
relevance on the basis of odor activity values (OAVs), and (iii)
finally a comparison of the odorant profiles of raw and cooked
green kohlrabi to gain insight into changes in odor induced by
the cooking process.

H MATERIALS AND METHODS

Green Kohlrabi (Brassica oleracea var. gongylodes L.). Raw
kohlrabi samples were obtained from a local grocery store (Freising,
Germany). All vegetables were stored at 5 °C until use.

Reference Odorants. Compounds 1-§, 9—15, 17—24, 26—28,
30-33, 35, 37, 39, 41—43, 45—46, and 49—55 were obtained from
Merck (Darmstadt, Germany). Compounds 6—7 and 47 were
purchased from Alfa Aesar (Karlsruhe, Germany). Compound 16
was obtained from Carl Roth (Karlsruhe, Germany), 25, and 44 from
Santa Cruz Biotechnology (Heidel‘berg, Germany), and 34, 36, 40,
and 48 were from Fluka (Munich, Germany). Compounds 8,'* 29,'*
and 38" were synthesized according to methods described in the
literature.

Stable Isotopically Substituted Odorants. The following
isotopically substituted standards were synthesized accordin§ to the
literature cited: (*H,)-7,"° (°Cy)-8," (*Hy)-11,"% (C,)-49," (°H,)-
3-(methylthio)proj an-1-ol,'¢ (*H,)-5-methylthiophene-2-carbalde-
hyde,”* (°C,)-40,"" (*Hg)-9,” (*H,)-55,' and (*H,)-38.” (°H,)-6
was purchased from aromalLAB (Martinsried, Germany), (*Hj)-
naphthalene and ('*C,)-54 were obtained from Merck, and (*H;)-26
was purchased from CDN Isotopes (Pointe-Claire, Quebec, Canada).

Gas Chromatography. A GC equipped with a cold on-column
injector, a flame ionization detector, a sniffing port, and DB-FFAP (30
m X 0.32 mm, film thickness 0.25 ym; Agilent, Waldbronn, Germany)
or DB-5 (30 m X 0.32 mm, film thickness 0.25 ym; Agilent) columns
was used for GC-O analyses. Identification and quantitation were
carried out using a GC-O/FID system, a GC X GC-MS system, a GC-
(CDMS, and a heart-cut GC X GC-HRMS system. Detailed
specifications of the GC systems are provided in the Supporting
Information.

Isolation of Green Kohlrabi Volatiles. Raw kohlrabi bulbs were
peeled, cut into strips with a knife, and blended to a pulp with a
Moulinex Moulinette table blender (Krups GmbH, Frankfurt am
Main, Germany). A preliminary experiment revealed that the panelists
rated dichloromethane extract higher than the diethyl ether one
according to the similarity of aroma to the vegetable sample. The
kohlrabi pulp (100 g) was immediately subjected to solvent extraction
with dichloromethane (500 mL) in an ice bath. Anhydrous sodium
sulfate (400 g) was added promptly to stop the enzymatic reactions.
The mixture was homogenized with a hand blender and then kept
under vigorous stirring (1 h). The extracts were filtered and the
filtrate was subjected to solvent-assisted flavor evaporation (SAFE)**
at 40 °C. The vacuum degree of the SAFE apparatus was on the order
of magnitude of about 10~ to 10~* Pa and was achieved using a
vacuum pump set (Oetlikon Leybold Vacuum, Cologne). The
distillate was concentrated using a Vigreux column to reach a final
volume of 1 mL. The cooked kohlrabi volatile isolate was prepared in
an analogous manner from kohlrabi (100 g) cooked (20 min) in tap
water (2 L) with the addition of sucrose (10 g) and sodium chloride

(10 g). The kohlrabi volatile isolates were stored at —20 °C until
analysis.

AEDA. Raw and cooked kohlrabi volatile isolates were prepared as
described above and then stepwise diluted with dichloromethane to
obtain 1:2, 1:4, 1:8, 1:16, .., and 1:1024 dilutions. The diluted
samples were analyzed by GC-O. Finally, each odorant was assigned
an FD factor representing the dilution factor of the highest diluted
sample, in which the odorant was detected during GC-O.

Odorant Quantitation. For the quantitation of compounds 1, 6—
9, 11, 19—21, 23, 25—28, 30, 33, 37, 38, 40, 41, 43—45, 49, 50, and
53—55, dichloromethane (500 mL) was added to raw and cooked
kohlrabi blends (100 g) under ice-cooling. Stable isotopically
substituted odorants of the target analytes (0.05—10.65 ug) in a
dichloromethane solution (0.1—-1 mL) were added as internal
standards. Anhydrous sodium sulfate (400 g) was added, and the
mixture was homogenized with a hand blender made of stainless steel.
After magnetic stirring in an ice bath (1 h), the mixture was filtered
through sea sand and cotton wool. The residue was washed with
dichloromethane. Volatile compounds were isolated from the
combined organic phases by SAFE at 40 °C. The distillates were
concentrated to final volumes of between 0.1 and 1 mL. The
concentrates were analyzed using the GC-MS system (6, 9, 11, 2§,
27-28, 30, 33, 37, 41, 43—45, 50, 53—55), the GC-(CI)MS system
(1,7, 19-21, 23, 26, 40, 49), or the heart-cut GC-GC-HRMS system
(8, 38). Peak areas of the target compounds and the internal
standards were acquired from the extracted ion chromatograms using
unique quantifier ions. The concentrations of each target compound
in the kohlrabi samples were calculated from the area counts of the
target compound peak, the area counts of the standard peak, the
amount of kohlrabi blend used, and the amount of the standard added
by employing a calibration line equation (see Supporting Information,
Table S1) earlier obtained from the analysis of mixtures of the analyte
and the standard in five concentration ratios (4:1, 2:1, 1:1, 1:2, and
1:4).

Odor Threshold Concentrations. Odor threshold concentra-
tions (OTCs) not available in the literature were determined
orthonasally in pure water according to the American Society for
Testing and Materials (ASTM) standard practice for determination of
odor and taste thresholds by a forced-choice ascending concentration
series method of limits.”> The panel consisted of 15—20 assessors,
male and female, aged 24—6S years. OTC determinations were
performed in a sensory room at 22 + 1 °C.

B RESULTS AND DISCUSSION

Screening for Odor-Active Compounds and Struc-
tural Identification. During isolation of the volatiles from
raw and cooked green kohlrabi by solvent extraction, SAFE,
and concentration, the odor was continuously monitored. The
extracts, the distillates, and the concentrated kohlrabi volatile
isolates were orthonasally assessed on a strip of filter paper
after evaporation of the solvent. The characteristic odors of raw
and cooked kohlrabi were still clearly perceivable at all stages
tested.

The application of GC-O analyses and AEDA revealed a
total of 55 odor-active compounds in the raw and cooked
kohlrabi samples. Data is summarized in Table 1. The results
obtained from the coupling of the GC-O with the AEDA are
presented as an FD chromatogram for raw and cooked
kohlrabi samples (Figure S1).

The FD factors ranged between 1 and 512 in the sample
obtained from raw kohlrabi and between 1 and 1024 in the
sample obtained from cooked kohlrabi. Moreover, for all of
these compounds, FD factors for raw kohlrabi were much
higher than those for the cooked one. In the raw kohlrabi
sample, the highest FD factors were obtained for three
compounds with odor descriptors such as pea-like, earthy (11),
sour, fatty (41), and sweet, vanilla-like (55), while in the
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cooked kohlrabi, the dominant odor notes were woodruff-like,
anise-like (40), lovage-like, seasoning-like (49), musty, petrol-
like (30), and broth-like, sulfurous, nutty (53). Somewhat
lower FD factors in raw kohlrabi were determined for broth-
like, onion-like, sulfurous (1), vegetable-like (6), popcorn-like
(8), broccoli-like, cabbage-like (27), metallic, sweet (38),
herb-like, sweaty, pungent (43), mushroom-like, broth-like
(45), broth-like, vegetable-like (50), and broth-like, sulfurous,
nutty (53). In cooked kohlrabi, it was broth-like, onion-like,
sulfurous (1), sulfurous, cabbage-like (9), pea-like, earthy (11),
broccoli-like, cabbage-like (27), and herb-like, sweaty, pungent
(43). Preliminary structure proposals were developed by
comparing the RIs and odor descriptors of the odorants
detected during AEDA to the data of reference compounds
collected from the Leibniz-L.SB@TUM Odorant Database™
and from a literature review. Outcomes were confirmed by
analyzing the corresponding reference compounds in a proper
dilution in parallel to the isolates of kohlrabi volatiles by GC-O
with capillary columns of different polarities (DB-FFAP, DB-
5). Final identification was accomplished by GC-MS or GC x
GC-MS analysis in the EI and CI modes.

The odor-active compounds in kohlrabi can be divided into
several groups according to their precursors and formation
mechanisms. The main pathways are related to lipid and
protein metabolism. Prior studies revealed that the major
volatile constituents of kohlrabi are isothiocyanates such as (3-
isothiocyanatopropyl) (methyl)sulfane and 1-isothiocyanato-4-
(methylsulfanyl)butane; nitriles such as 4-(methylsulfanyl)-
butanenitrile and 5-(methylsulfanyl)pentanenitrile; sulfides
such as dimethyl disulfide, dimethyl trisulfide, and 1,4-
dimethyltetrasulfane; and unsaturated aldehydes such as
(2E)-hex-2-enal, (2E)-non-2-enal, and (2E,4E)-hepta-2,4-dien-
al”” Sulfur-containing ketones such as 4-(methylsulfanyl)-
butan-2-one and 1-(methylthio)pentan-3-one, thiazoles, alco-
hol, pyrazines, and furan derivatives have also been re:pcurted.28
Previous research, however, was targeted at the identification
and quantitation of major volatiles in kohlrabi and not focused
on odor-active compounds. Nevertheless, most odorants
identified in our study had been reported as kohlrabi volatiles
before. In contrast, compounds 7, 11, 19, 26, 38, and 49 were
previously unknown in kohlrabi.

According to a previous study, green kohlrabi contains seven
main glucosinolates. In the order of increasing concentrations,
these are glucotropaeolin, neoglucosobrassicin, 4-hydroxyglu-
cobrassicin, glucoraphanin, glucobrassicin, glucoalyssin, and 4-
methoxyglucobrassicin." Other studies reported that kohlrabi
additionally contains progoitrin, glucoiberverin, glucoiberin,
sinigrin, glucobrassicanapin, and uconasturtiin.>® In agree-
ment with earlier assumptions,” our data suggests that
degradation products of these special metabolites, particularly
isothiocyanates, might have a considerable impact on kohlrabi
odor. Isothiocyanates and nitriles characterized by high FD
factors include 1, §, 13, 285, 27, 33, 37, 41, 43, and 45. These
compounds are well-known degradation products of glucor-
aphanin (1), synigrin (S), glucoiberin (13), glucoiberverin
(25, 37), glucoerucin (27, 45), glucotropaeoline (33, 43), and
gluconasturtiin (41). Among these glucosinolates, glucoerucin
has not been detected in green kohlrabi yet but has been
reported in purple kohlrabi. !

Further sulfur-containing odorants include the sulfides 3, 9,
19, and 46. While sulfides have been reported previously in
Brassica vegetables (kohlrabi, cauliflower, Brussel sprouts,
broceoli,'” and white mustard see:ds),29 19 and 46 are reported

for the first time in green kohlrabi. Interestingly, these
compounds are usually associated with meat-like aromas.
Miscellaneous sulfur-containing odorants are 2, 15, 17, 18, 21,
22, 24,28, 32, 51, and §3. In summary, the vast majority of the
odor-active compounds in kohlrabi include sulfur in their
structure.

Green-grassy, metallic, and mushroom-like odors are
provided by 4, 7, 10, 14, and 38. These compounds are
products of the breakdown of unsaturated fatty acids such as
linoleic and linolenic acids.***" trans-4,5-Epoxy-(2E)-dec-2-
enal (38) is reported for the first time in kohlrabi. The
aldehyde 29 (12-methyltridecanal) detected as an odorant in
kohlrabi was previously found in Gouda-type cheese,”” and
stewed beef, and it can be formed by microorganisms.*

A green pea-like odor quality is associated with odorant 11,
2-isopropyl-3-methoxypyrazine. In fresh vegetables, the biosyn-
thesis of this compound occurs through the use of S-containing
amino acids; the cooking process resulted in a decrease in this
compound. 2-Isopropyl-3-methoxypyrazine is not only an
important odorant in grapes, wine,”* and hops® but was also
detected as a crucial odorant in cold-pressed rapeseed oil.*® As
summarized in a recent review,”’ methoxypyrazines as a group
are important odorants in cold-pressed rapeseed oil.

Different pathways for the biosynthesis of sotolon (3-
hydroxy-4,5-dimethyl-2(SH)-furanone, 49) have been pro-
posed in the literature involving threonine as a startin§
molecule in Vin jaune or 4-hydroxyisoleucine in fenugreek.”
Sotolon is one of the key odorants in foods such as raw
sugarcane, fenugreek, flor-sherry, botrytized wines, lovage, and
sweet, fortified wines exhibiting caramel, nutty, or curry
notes.””

A compound with a low OTC is 2-acetyl-1-pyrroline (8). Its
odor is described as cooked rice-like or popcorn-like. 2-Acetyl-
1-pyrroline is naturally present in both plant and animal
products. In plants it is formed by biosynthesis, but in foods it
is mainly generated from proline during thermal food
processing in the Maillard reaction.”’

Odorant Quantitation and Calculation of OAVs. To
further estimate the contribution of odor-active compounds to
the overall odor of raw and cooked kohlrabi, a total of 28
odorants with high FD factors of >64 were quantitated, and
their OAVs were calculated as a ratio of their concentration to
the OTC. Quantitation was accomplished using different
approaches (cf. Supporting Information, Table S1). The
highest concentrations in both raw and cooked kohlrabi were
determined for some isothiocyanates and nitriles such as
odorant 37 (1.4 mg/kg in raw kohlrabi and 1.4 mg/kg in
cooked kohlrabi), 45 (1.0 mg/kg in raw kohlrabi and 1.1 mg/
kg in cooked kohlrabi), 2§ (371 ug/kg in raw kohlrabi and 379
pug/kg in cooked kohlrabi), and 27 (272 ug/kg in raw kohlrabi
and 282 pg/kg in cooked kohlrabi).

Thirteen odorants in the raw kohlrabi sample showed an
OAV >1, while in cooked kohlrabi samples, 11 compounds
exceeded their respective OTCs. OAV calculations confirmed
isothiocyanates as dominant odorants in kohlrabi: high OAVs
were determined for 1-isothiocyanato-4-(methylsulfanyl)-
butane (45), dimethyl trisulfide (9), l-isothiocyanato-3-
(methylsulfanyl)propane (37), and benzyl isothiocyanate
(43). These compounds are associated with odors described
as mushroom-like, broth-like, sulfurous, cabbage-like, garlic-
like, and herb-like, sweaty, as well as with pungency. Based on
OAVs, further important odorants were 1-octen-3-one (7), 2-
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Figure 1. Odorants characterized by the highest OAV in green kohlrabi (for numbers refer to Table 2).

Table 2. Concentration, OTC, and OAV for Odorants in Raw and Cooked Green Kohlrabi

concentration (ug/kg)" OAV*

no. odorant raw cooked OTC (ug/kg)” raw cooked
1 S-(methanesulfinyl)pentanenitrile 3118 20,18 780 <1 <1
6 2-pentylfuran 2.43° <0TC 4.8" 1.0 <1
7 oct-1-en-3-one 0.851° 0.503° 0.016 53 31
8 2-acetyl-1-pyrroline <OTC <0TC 0.053 <1 <1
9 dimethyl trisulfide 3618 2134 0.0099 370 220
11 2-isopropyl-3-methoxypyrazine 0.110° 0.0931° 0.0039 28 24
19 methyl 2-methyl-3-furyl disulfide 0.00690° 0.00150° 0.00026 27 6.0
20 7-hexalactone 1.62° 2.11° 13 000" <1 <1
21 thiophene-2-carbaldehyde 0.343° 0.306° 200" <1 <1
23 3-methylfuran-2(5H)-one 0.0479° 0.0243® 10 000 <1 <1
25 4-(methylsulfanyl) butanenitrile 371° 379° 8700 <1 <l
26 hexanoic acid 59.7° 39.2° 4800 6.0 4.0
27 5-(methylsulfanyl) pentanenitrile 272° 282° 31000 <1 <1
28 4-(methylsulfanyl)butan-1-ol 16.9° 12,64 100* <1 <1
30 p-cymen-8-ol 347¢ 2758 52 <1 <1
33 phenylacetonitrile 6.74° <0TC 1000* <1 <1
37 1-isothiocyanato-3-(methylsulfanyl)propane 1350° 1360° 50" 270 270
38 trans-4,5-epoxy-(E)-2-decenal 6.98% 5.95° 0.22 32 27
40 p-anisaldehyde 0.172° 0.0913% 2.6 <1 <1
41 3-phenylpropanenitrile 99.1° 139° 15 7.0 9.0
13 benzyl isothiocyanate 154° 130¢ 0.70* 220 190
44 benzyl thiocyanate 224° 2.024 50" 4.0 <1
45 1-isothiocyanato-4-(methylsulfanyl)butane 1050° 1060° 3.0% 350 350
49 sotolon 4134 1.66M 17 2.0 10
50 (2-isothiocyanatoethyl)benzene 39.9° 43.4° 60" 7.0 7.0
53 2-(4-methyl-thiazol-5-yl)ethan1-ol 2.55° 6.81° 100" <1 <1
54 phenylacetic acid 0.8324 1.828 68 <1 <1
55 vanillin 1328 24.1¢ 53 <1 <1

“Concentration—mean of triplicates; standard deviation °—SD < 10%; 4_10% < SD < 20%; ®—20% < SD < 30%; A_sp> 30%; quantitation
details are given in the Supporting Information. *OTC—reference number represents OTCs in water from the literature data used in the
calculations. “OAVs were calculated as the ratio of the concentration in green kohlrabi (raw or cooked) to OTC.

isopropyl-3-methoxypyrazine (11), and trans-4,5-epoxy-(2E)-
dec-2-enal (38).

Surprisingly, a number of odor-active compounds identified
in raw and cooked kohlrabi with high FD factors during the
screening experiments showed OAVs <1; thus, their role in the
overall odor of kohlrabi is disputable. These included 1, 8, 20,
21, 27, 28, 33, 40, 53, 54, and 55. The AEDA is a routine
procedure in food flavor science and in this experiment, it is
just used as a screening method. It is the first step in
understanding the relevant volatile compounds in a food

matrix. The differences in high FD factors and low OAVs may
be explained in several approaches. The threshold values for
the aroma-active compounds were determined in water.
Despite the high water content of kohlrabi, the matrix also
contains sugars, fiber, protein (as well as vitamins and
minerals), which may be the cause of the mechanisms of
vatious sensory interactions, e.g., masking certain sensations.
The OAVs were calculated using odor thresholds measured in
water or oil, without considering the specificity of a particular
product, whereas during a GC-O analysis the assessor
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evaluated the odorants directly from the olfactometry port. In
addition, the tissue of fresh and cooked vegetables definitely
differs in structure, which also undoubtedly affects the release
or retention of volatile compounds. However, compounds with
the highest OAV were also characterized with usually high or
moderately high FD values (Table 1). This observation clearly
exemplifies the importance of quantitation and calculation of
OAVs for the substantiation of GC-O data.

When comparing the kohlrabi odorants with the odorants
reported in other vegetables of the Brassica genus, one can see
some similarities particularly associated with the presence of
glucosinolate degradation products. Considering that com-
pounds with OAVs >1 constitute the backbone of kohlrabi
odor, we note that 9, 11, 26, 37, and 45 are also odor-active in
Brassica napus;°®*"** 7, 9, 26, and 45 also occur in Brassica
t’a}:m;"‘ﬂ"44 9, 37, 41, 45, and 50 were previously detected in
odor-active amounts in Brassica oleracea;*” and in cooked
cauliflower com})ounds, 7, 9, and 45 were reported in odor-
active amounts."®

Comparison of Olfactory Profiles of Raw and Cooked
Kohlrabi. Odor-active compounds estimated based on the FD
factors reflecting the intensity of the sensation perceived on
GC-O indicated both similarities and differences in the profile
of odorants (Figure SI, Table 1). Two compounds of the
highest FD factor (1024) detected in cooked kohlrabi, p-
anisaldehyde (40) and sotolon (49), were either nonexistent
or much weaker in raw kohlrabi. Also p-cymen-8-ol (30) with a
celery-like smell was not detected in raw kohlrabi, but in the
cooked samples, it had an FD factor of 512. Therefore, their
potential formation/release during cooking is an open
question. An opposite situation (in terms of FD) could be
observed for some nitriles (33, 41), benzyl thiocyanate (44),
and 2-pentylfuran (6).

However, we treat AEDA analysis as a screening method,
and that is why when these samples were compared based on
quantitation analysis, the OAVs of eight compounds
dominated the flavor and formed the backbone odorants of
both raw and cooked kohlrabi (Figure 1). However, kohlrabi
after the cooking process varies from the raw one. First of all,
the OAVs for backbone compounds (7, 9, 11, 19, 38, 43) and
also for minor odorants (19, 26, 44, 49) are clearly higher in
raw kohlrabi than in the cooked one. It is associated with the
cooking process, which leads to the release of compounds
directly into water and the loss of volatile odorants into the air
due to thermal factors. Moreover, only three odorants with
OAV >1 (37, 45, 50) express the same level in the fresh and
cooked vegetables. Only 3-phenylpropanenitrile (41) from a
minor odorant increases OAV after cooking, which could be
associated with the inactivation of thioglucosidase during
cooking. These observations clearly exemplify the importance
of quantitation and calculation of OAVs for the substantiation
of GC-O data.

As summarized in a thorough review,” thermal degradation
of glucosinolates is, among other factors, temperature depend-
ent and results in the formation of high amounts of nitriles at
high temperatures (>150 °C) and also isothiocyanates at lower
temperatures. In the cooking process, myrosinase is
inactivated, so the possible influence of temperature on the
formation of nitriles and isothiocyanates could be observed.
However, when nitrile concentrations were compared (Table
2) for 3 out of 5 compounds (1, 25, 27), they remained on the
same level for fresh and cooked kohlrabi. The temperature
used in cooking may be not sufficient to induce their

degradation. Only in the case of 3-phenylpropane nitrile
(41), its concentration in cooked kohlrabi increased
significantly.

To sum up, the role of nitriles in the creation of flavor of raw
and cooked kohlrabi was negligible based on OAV evaluation.
On the contrary, isothiocyanates (37, 43, 45), being other
major degradation compounds of glucosinolates, play a crucial
role in both raw and cooked kohlrabi aroma. They were
present in high concentrations, which also resulted in high
OAVs. As observed for nitriles, the cooking process did not
induce thermal degradation of glucosinolates resulting in
higher isothiocyanate concentration. The increase in iso-
thiocyanate concentration in cooked vegetables has been
previously reportecl;'2 and in these studies,® glucoiberin and
glucoraphenin were identified as the most thermolabile
glucosinolates.

Apart from the isothiocyanates mentioned above, dimethyl
trisulfide (9) was characterized with very high OAVs (highest
OAV of all compounds in raw kohlrabi). It is known as the
thermal degradation product of isothiocyanates, and also plays
an important role in the formation of aroma of white mustard
seeds” and rapeseed oils.**"’

Cooking of kohlrabi favors the release of some volatile
compounds (1, 7, 9, 11, 19, 21, 23, 26, 28, 30, 38, 40, 43, 44,
49) from the vegetable tissue, which results in their decrease
on cooking. On the other hand, there are volatile compounds
(20, 41, 50, 53, 54, 55) whose concentrations slightly increase
after cooking.

The results of our experiments allowed the determination of
55 compounds that are characteristic to both raw and cooked
kohlrabi. Using the concept of molecular sensor science
enabled the selection of compounds that play a crucial role in
the formation of kohlrabi aroma. The comparison of OAVs
allowed for the selection of the crucial odorants, dominated by
sulfur compounds, but it turns out that eight backbone
odorants are present in raw and cooked kohlrabi. Differences
in the overall aroma are strongly associated with the OAVs,
which are generally higher for raw kohlrabi and smaller for
cooked kohlrabi due to the loss of volatiles during the cooking
process and are attributed to compounds of lower OAVs.
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AEDA, aroma extract dilution analysis; CI, chemical
ionization; EI, electron ionization; FD factor, flavor dilution
factor; FFAP, free fatty acid phase; FID, flame ionization
detector; GC, gas chromatography; GC X GC, comprehensive
two-dimensional gas chromatography; GC-O, gas chromatog-
raphy—olfactometry; ITC, isothiocyanate; MS, mass spectrom-
etry; OAV, odor activity value; OTC, odor threshold
concentration; RI, retention index; SAFE, solvent-assisted
flavor evaporation; SIDA, stable isotope dilution assay
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methyl disulfide, (methyldisulfanyl)methane; 2-acetyl-1-pyrro-
line, 1-(3,4-dihydro-2H-pyrrol-5-yl)ethan-1-one; dimethyl tri-
sulfide, dimethyltrisulfane; 2-isopropyl-3-methoxypyrazine, 2-
methoxy-3-(propan-2-yl)pyrazine; 3-butenyl isothiocyanate, 4-
isothiocyanatobut-1-ene; 2-acetylthiazole, 1-(1,3-thiazol-2-yl)-
ethan-1-one; methyl 2-methyl-3-furyl disulfide, 2-methyl-3-
(methyldisulfanyl)furan; y-caprolactone, 5-ethyloxolan-2-one;
methionol, 3-(methylsulfanyl)propan-1-ol; p-cymen-8-ol, 2-(4-
methylphenyl)propan-2-0l; dimethyl sulfone,
(methanesulfonyl)methane; maltol, 3-hydroxy-2-methyl-4H-
pyran-4-one; trans-4,5-epoxy-(E)-2-decenal, (2E)-3-(3-penty-
loxiran-2-yl)prop-2-enal; y-nonalactone, S-pentyloxolan-2-one;
p-anisaldehyde, 4-methoxybenzaldehyde; benzyl isothiocya-
nate, (2-isothiocyanatoethyl)benzene; 4-methylthiobutyl iso-
thiocyanate, (4-isothiocyanatobutyl)(methyl)sulfane; bis(2-
methyl-3-furyl)disulfide, 3,3'-disulfanediylbis(2-methylfuran);
2-methoxy-4-vinylphenol, 4-ethenyl-2-methoxyphenol; soto-
lon, 3-hydroxy-4,5-dimethylfuran-2(SH)-one; phenethyl iso-
thiocyanate, (2-isothiocyanatoethyl)benzene; 4-methyl-S-thia-
zoleethanol, 2-(4-methyl-1,3-thiazol-5-yl)ethan-1-ol; vanillin,
4-hydroxy-3-methoxybenzaldehyde; allyl isothiocyanate, 3-
isothiocyanatoprop-1-ene
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Supporting Information

Miscellaneous Chemicals and Materials. Dichloromethane was purchased from CLN
(Freising, Germany). Before use, it was freshly distilled through a column (120 cm X 5 cm)
packed with Raschig rings. Anhydrous sodium sulfate and sodium chloride were purchased
from Merck (Darmstadt, Germany). Sucrose was obtained from a local shop (Freising,
Germany).

GC-O/FID System. A GC 8000 series gas chromatograph (Fisons Instruments, Mainz,
Germany) was equipped with a cold on-column injector, flame ionization detector, and a
sniffing port. A DB-FFAP column (30 m x 0.32 mm, film thickness 0.25 pm; Agilent,
Waldbronn, Germany) or a DB-5 (30 m x 0.32 mm, film thickness 0.25 pm; Agilent) was used
for separation. The carrier gas was helium at 45 kPa (DB-FFAP) and 55 kPa (DB-5). The oven
temperature was 40 °C for 2 min, then ramped at 6 °C/min to 230 °C (DB-FFAP) or 240 °C
(DB-5), and held for 5 min. The end of the capillary column was connected to a glass Y-splitter
which divided the column effluent at a 1:1 volume ratio. One part of the effluent was transferred
to the FID, while the other portion was routed to the sniffing port. During a GC-O analysis, the
assessor placed the nose closely above the sniffing port and evaluated the odor of the effluent.
Odor-active regions were marked and described by the assessor in the chromatogram printed
by the FID recorder. Linear retention indices (RIs) of the odor-active compounds were
calculated after co-injection with a mixture of n-alkanes from the retention times of the odorants
and the adjacent two n-alkanes by linear interpolation.

GC-MS. A 6890 Plus gas chromatograph (Agilent) was equipped with a Combi PAL
autosampler (CTC Analytics, Zwingen, Switzerland), a CIS4 injector (Gerstel, Miilheim/Ruhr,
Germany), and a GC capillary column DB-FFAP (30 m x 0.25 mm, film thickness 0.25 pum;
Agilent). The end of the column was connected to a second column, which was a DB-5 (2.5 m

% 0.15 mm, film thickness 0.30 um; Agilent). The carrier gas was helium at 2.0 mL/min
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constant flow. At the beginning of the second column, a liquid nitrogen-cooled dual-stage quad-
jet thermal modulator was used to collect the volatiles eluted from the first column in discrete
portions (4 s) which were subsequently separated on the second column. The end of the second
column was connected to the MS interface (250 °C) of a Pegasus III time-of-flight mass
spectrometer (ToF-MS) (Leco, Mdnchengladbach, Germany). Mass spectra were generated in
the EI mode at 70 eV, in a range of 35-350 m/z, at a rate of 100 spectra/s. The oven temperature
program was 40 °C (2 min), then 6 °C/min to 230 °C (5 min) for the first oven. The second
oven was heated with an offset of +20 °C to the first oven. GC Image software (GC Image,
Lincoln, NE, USA) was used for data analysis.

GC—(CI)MS. Mass spectra in the chemical ionization (CI) mode were acquired with a
7890B GC System (Agilent) connected to a 240 Ion Trap GC-MS mass spectrometer (Agilent)
using methanol as a reagent gas. The system was equipped with a GC sampler 80 (Agilent).
The column was a DB-FFAP (30 m x 0.32 mm, film thickness 0.25 um; Agilent). The injection
volume was 1 pL. The carrier gas was helium at 1 mL/min. The oven temperature program was

40 °C (2 min), then 8 °C/min to 230 °C (5 min).

Heart-Cut GC-GC-HRMS System. A Trace 1300 gas chromatograph (Thermo Fisher
Scientific, Dreieich, Germany) was equipped with a TriPlus RSH autosampler (Thermo) and a
programmed temperature vaporizing (PTV) injector. The injection volume was 1 pL. The
carrier gas was helium at a constant flow of 1 mL/min. The column in the first oven was DB-
FFAP (30 m x 0.25 mm, film thickness 0.25 pm; Agilent), and a DB-1701 (30 m x 0.25 mm,
film thickness 0.25 um; Agilent) in the second oven. For the quantitation of odorant 8, the
temperature program of the first oven was 40 °C (2 min), then 6 °C/min to 105 °C, then 40
°C/min to 230 °C (5 min). The temperature program of the second oven was 40 °C (2 min),
then 6 °C/min to 150 °C, then 40 °C/min to 230 °C (5 min). For the quantitation of odorant 38,

the temperature program of the first oven was 40 °C (2 min), then 6 °C/min to 170 °C, and then
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15 °C/min to 230 °C (5 min). The temperature program of the second oven was 40 °C (2 min),
then 6 °C/min to 150 °C, and then 15 °C/min to 230 °C (5 min). The end of the second GC
column was connected to a Q Exactive GC Orbitrap high resolution (HR) mass spectrometer
(Thermo) operated in CI HR mode with isobutane as a reagent gas. For the quantitation of
odorant 8, positive CI was used with a scan range of 85 to 130 m/z, and the temperature of the
ion source was 220 °C. For the quantitation of odorant 38, negative CI was used with a scan
range of 90 to 180 m/z, and the temperature of the ion source was 250 °C. Data were evaluated

using the Xcalibur software (Thermo).
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Table S1 continued

quantifier ions (m/z)

odorant isotopically substituted standard calibration line equation® R?
analyte standard
41 (*Hs)naphthalene 91 136 y =1.098x - 0.038 1.000
43 (*Hs)naphthalene 91 136 y=1.095-0.115 0.999
44 (*Hg)naphthalene 91 136 y =1.089x - 0.034 1.000
45 (*Hs)naphthalene 61 136 y = 1.205x - 0.089 0.999
49 (13C2)-49 129 131 y =0.996x + 0.092 0.999
50 (*Hs)naphthalene 91 136 y=0.972x + 0.013 0.999
53 (*Hg)naphthalene 112 136 y =1.104x - 0.045 1.000
54 (BCr)-54 136 138 y =0.706x + 0.151 0.994
55 (*H3)-55 151 154 y =1.002x + 0.037 1.000
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“y = peak area standard / peak area analyte; x = concentration standard (pug/mL) / concentration analyte (ng/mL).
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