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2 Wstep

Okoto 5-8% dzieci 1 2-3% dorostych cierpi na alergi¢ pokarmowe [1]. W Europie
Potnocnej i Srodkowej uczulenie na jabika jest zwiazana z nadwrazliwoscia na reagujacy
krzyzowo alergen pytku brzozy ze wzglgdu na strukturalng homologi¢ bialek. Okoto 50-70%
pacjentdw uczulonych na pytki po spozyciu §wiezych jabtek cierpi na zespo6t alergii jamy ustnej
(OAS) [2]. Jak dotad w jabtkach (Malus domestica Borkh.) zidentyfikowano cztery klinicznie
istotne alergeny: Mal d 1, Mal d 2, Mal d 3 i Mal d 4 [3]. W Europie Péinocnej Mal d 1 jest
glownym alergenem wywotujacym reakcje alergiczne na owoce jabtoni. Biatko to jest podobne
do gléwnego alergenu pytku brzozy Bet v 1 i posiada podobne epitopy dla przeciwciat IgE, co
powoduje reakcje krzyzowe [4]. W krajach $rodziemnomorskich natomiast reakcje alergiczne
wywotywane sg gtownie przez biatko Mal d 3. Dwa inne biatka znajdujace si¢ w jabtku, Mal d
2 i Mal d 4 sa rowniez sg zwigzane z nadreaktywno$cig na biatka jabtek, ale maja mniejsze
znaczenie kliniczne[5-7].

Zawartos¢ alergenow i/lub ekspresje gendw kodujacych gtowne biatka alergizujace owoce
jabtek scharakteryzowano tylko u kilku odmian. Obecnie tylko w odmianach Santana, Elise
1 Topaz uwaza si¢ za hipoalergenne, sg dobrze tolerowane przez alergikow [8-10]. Wykazano
zwigzek miedzy ryzykiem reakcji alergicznej a (genotypem jabtoni), stopniem dojrzatosci
1 czasem przechowywania owocoéw na podstawie ekspresji genu Mal d 1 lub poziomu biatka
Mal d 1. Analizy te przeprowadzono tylko na najpopularniejszych odmianach, np. Golden
Delicious, Granny Smith, Fuji, Santana, Cox’s Orange Pippin, Topaz oraz Braeburn [7].
Powstaje interesujgce pytanie, czy inne odmiany jabtoni, tradycyjne/stare i nowe (wyhodowane
odpowiednio przed i po ,,zielonej rewolucji”’) moga mie¢ niski potencjat alergizujacy.

Temat ekspresji genéw kodujacych cztery gtowne alergeny jabtek jest stabo poznany. Brak
jest rowniez informacji o wpltywie metody uprawy, stopnia dojrzatosci czasie przechowywania
owocOw na poziom alergendow w innych obecnie i dawniej uprawianych odmianach jabtoni.

Celem niniejszej pracy byta ocena alergennosci jabtek 21 tradycyjnych/starych i dziewigciu
nowoczesnych odmianach owocéw jabtek poprzez badanie poziomu biatka Mal d 1, ekspresji
gendw kodujacych cztery gldwne alergeny jabtek oraz immunoreaktywno$ci surowic.
Postawiono hipoteze, ze czynniki takie jak metoda hodowli, stopien dojrzatosci, genotyp lub
rodzaj tkanki maja wptyw na alergennos$¢ jabtek. Aby odpowiedzie¢ na te pytania, zastosowano
immunoblotting, technik¢ ELISA oraz PCR w czasie rzeczywistym.

2.1 Charakterystyka alergenow jablek

Owoce jabtoni (Malus % domestica Borkh.) sa bogatym zrédtem sktadnikow odzywczych
i nutraceutykow, takich jak polifenole 1 inne fitosktadniki. Gléwnymi sktadnikami
fitochemikaliow jabtek sa kwasy fenolowe, dihydrochalkony, flawonoidy (glikozydy
kwercetyny), katechiny i oligomeryczne procyjanidyny oraz glukozydy cyjanidyn znajdujace
si¢ gtéwnie w owocach czerwonych [11]. Dzigki wymienionym sktadnikom spozywanie jabtek
moze zmniejsza¢ ryzyko rozwoju chordb przewlektych poprzez rézne mechanizmy, w tym
antyoksydacyjne czy antyproliferacyjne [12]. Moga takze usprawnia¢ prac¢ przewodu
pokarmowego, regulowa¢ masg ciata oraz zwigksza¢ wydolnos¢ oddechowg organizmu [13].
Niestety jabtka moga by¢ rowniez przyczyng alergii, w tym reakcji anafilaktycznych.
Alergie na owoce, takie jak jabtka, gruszki, brzoskwinie, morele, wisnie 1 warzywa, takie jak
marchew, seler 1 ziemniaki, wystepuja czgsciej u starszych dzieci a takze dorostych i sg glownie



zwigzane z reaktywnos$cig krzyzowa miedzy aeroalergenami, takimi jak pytki drzew, pyltki traw
lub ambrozji, a alergenami pokarmowymi ze wzglgdu na homologi¢ strukturalng niektérych
biatek [14]. W Europie Pétnocnej i Srodkowej najczestszym przyktadem jest reakcja po
spozyciu surowych jabtek u pacjentéw uczulonych na pytek brzozy [15]. Pierwotne uczulenie
na alergizujace czasteczki Betula verrucosa (np. Bet vl) wyzwala synteze specyficznych
przeciwcial IgE, ktore s zdolne do reakcji krzyzowej z jej homologami, wystepujacymi
w jabtku (Mal d1). Kliniczna manifestacja takiej reakcji immunologicznej obejmuje szybko
pojawiajacy sie $wiad w obrebie jamy ustnej i gardta, obrzek naczynioruchowy, $wiad uszu
i czasami zwezenie krtani. Objawy te znane jako zespot alergii jamy ustnej (OAS) sa zwykle
tagodne i pojawiajg si¢ bezposrednio po ekspozycji na alergeny.

Objawy sa rzadko zwigzane z reakcja ze strony przewodu pokarmowego. Asero i in.
[16] oszacowali, ze rodzina biatek zwigzanych z patogeneza PR-10 i profilina, pomimo, ze s3
nietrwatymi czgsteczkami, moga wywotywac reakcje ogdlnoustrojowe u 0sob przyjmujacych
inhibitory pompy protonowej, spozywajacych duze ilosci surowej zywnosci a takze stosujacych
glodowki. Reaktywnos$¢ krzyzowa 1ipotencjal alergenny réznych odmian jabtoni sg
zréznicowane a zjawisko to moze by¢ przydatne klinicznie w planowaniu immunoterapii
doustnej z uzyciem mniej alergizujacych odmian.

2.2 Bialka z rodziny Mal d

Jak dotad zidentyfikowane zostaly i oficjalnie wlgczone do nomenklatury przez WHO
/ TUIS [3] 4 alergeny jabtek (Malus domestica Borkh.): Mal d 1, Mal d 2, Mal d 3, Mal d 4.
Wsrod nich Mal d 1 jest klinicznie najwazniejszym alergenem w Europie Potnocnej
i Srodkowej, Mal d 3 w Europie Poludniowej. W basenie Morza Srédziemnego dwa inne biatka
Mal d 2 1 Mal d 4 sg rowniez zwigzane z nadreaktywnoscig po spozyciu jabtka.

Mal d 1 jest identyfikowane jako biatko o masie 17-18 kDa zbudowane ze 158-159
aminokwasow, kodowane przez 480-483 nukleotydy [18]. Jego funkcja biologiczna zwigzana
jest z reakcja na infekcje spowodowane przez grzyby i bakterie, co wynika z aktywnosci
rybonukleazowej biatek nalezacych do rodziny PR-10, okreslanych jako biatka zwigzane
z patogeneza. Mal d 1 moze réwniez bra¢ udziat w wigzaniu i transporcie steroidéw roslinnych
oraz sygnalizacji wewnatrzkomorkowej [19-21]. Stres abiotyczny i biotyczny wplywa na
zawarto$¢ alergenu Mal d 1. Czas i warunki przechowywania owocéw jabtoni moga wptywaé
na ilo$¢ alergizujacych biatek [8]. Pacjenci z alergiami pokarmowymi i pytkowicg brzozowa,
zglaszaja rézne nasilenie objawdw po spozyciu jablek w zaleznos$ci od odmiany i stopnia
dojrzatosci spozytych owocow [22].

Zmiennos$¢ sity alergennej moze takze wynika¢ z réznych pozioméw ekspresji izoform
Mal d 1 zgrupowanych w 4 grupach (Mal 1.01 - Mal d 1.04) (www.allergen.org). W genomie
jabtka dotychczas zidentyfikowano wiele sekwencji izoalergendéw. Mal d 1 jest kodowane przez
18 genodw, 7 z nich lezy w grupie sprzezen 13 (LG13), 9 genow skupionych w LG16, jeden
z nich nie jest zgrupowany [18]. Rodzing gendw podzielono na 5 grup w zaleznosci od liczby
1 wielkosci introndw oraz analizy EST (Expressed Sequence Tags) [23]. W pierwszej
podrodzinie biatka Mal d 1 zlokalizowane sg dwa gtéwne warianty genetyczne Mald 1.01 1 Mal
d 1.02, w drugiej Mal d 1.04 i Mal d 1.05, w trzeciej Mal d 1.06A, Mal d 1.06B, Mal d 1.06C,
w czwartej zidentyfikowano: Mal d 1.07-1.09, Mal d 1.03AG, w piatym Mal d Ipsi [18]. Gao
11n. [24] wykazali zwigzek ekspresji Mal d 1.04 1 Mal d 1.06A z alergenno$cia. Ponadto Mal d
1.064 wykazuje wptyw dawki allelu na ilos¢ biatka Mal d 1 [24].



Wiadomo rowniez, ze inny alergen, Mal d2 (23 kDa), jest zwigzany ze zjawiskiem
alergennos$ci jabtek. Mal d 2 nalezy do grupy biatek podobnych do taumatyny (TLP)
o wlasciwosciach przeciwgrzybiczych (nalezy do grupy PR-5) [25]. Biatka TLP stanowia
gléwny biatkowy sktadnik dojrzalych owocéw jabtoni [26] isa uwazane za panalergen
w zywnosci oraz pytku [27]. Biatka Mal d 2 sa kodowane przez geny Mal d 2.01, 2.02 i 2.03
[28], chociaz tylko jedna izoforma (Mal d 2.01) jest oficjalnie uznana przez WHO / TUIS [3]
jako kodujaca alergen. Dwie kopie genu Mal d 2.01 nieznacznie rdzZnig si¢ wielkoscig peptydu
sygnatowego i intronu zmapowanych w tej samej pozycji na LG 9 [29]. Biatka Mal d 2 sa
bardzo stabilnymi czasteczkami, odpornymi na denaturacj¢ termiczng i proteolizg, dzigki
obecnosci 8 mostkéw dwusiarczkowych, ktore utrzymuja jej strukture trojwymiarowsa [30].
Hsieh i in. [31] zidentyfikowali Mal d 2 jako reaktywny in vitro alergen wsrod 75% (25/34)
alergikow na jablka rekrutowanych do badania w USA.

Biatko zidentyfikowane w jablkach o masie czasteczkowej 9 kDa jako Mal d 3, nalezy
do rodziny nieswoistych biatek przenoszacych lipidy (nsLTP). Biatka z tej rodziny sg gtéwnymi
alergenami uczulajgcymi pacjentéw z alergiami niezwigzanymi z pytkami roslin z rodziny
Rosaceae [32, 33]. W krajach srodziemnomorskich pacjenci uczuleni na jabtka, ale nie uczuleni
na pytki brzozy, sg uczuleni na brzoskwinie i inne owoce. Udowodniono, iz alergen Mal d 3
krzyzowo reaguje z alergenami brzoskwini Pru p 3. Mal d 3 jest kodowany przez dwa geny Mal
d 3.011Mald3.02[34].

Mal d 4 to biatko cytozolowe 12-15 kDa [32], odgrywajace istotng rolg we wzroscie
1 rozwoju roslin poprzez udzial w regulacji polimeryzacji filamentéw aktyny [28]. Alergia na
Mal d 4 wystepuje glownie w basenie Morza Srodziemnego [35]. Alergen ten bierze udziat
w reakcji na owoce innych gatunkéw, reagujac krzyzowo z profiling pytku brzozy Bet v 2 [8,
36]. Mal d 4 jest kodowany przez 3 geny Mal d 4.01, Mal d 4.02 1 Mal d 4.03 [28], wsréd nich
Mal d 4.02 charakteryzuje si¢ najwyzszym poziomem ekspresji [29].

2.3 Czynniki wplywajace na alergennos¢ jablek
2.3.1 Genotyp

Pomimo powszechnych alergii na jabtka, tylko kilka badan oceniajacych poziom
roznych alergendéw jabtek przeprowadzono w powszechnie uprawianych odmianach: Golden
Delicious, Granny Smith, Fuji, Santana, Cox's Orange Pippin, Topaz, Braeburn [21, 37, 3§],
przede wszystkim w odniesieniu do Mal d 1 (tab. 1 i1 2). Szerokie wykorzystanie popularnych
odmian spowodowalo ujednolicenie komercyjnych sadéw jabtoniowych 1 ograniczenie
genetycznej bior6znorodnosci [39].



Tabela 1. Lista odmian oraz badan jakie przeprowadzono w badaniach nad alergennoscig owocow

jabtoni.
Odmiana Metoda badan Mald 1 Mal d 2 Mald 3 Mal d 4
Ekspresja genow [63], [7], [44], [42], [63], [71, [71, [44], [71, [61]
[13] [44], [42] [42], [64]
ELISA, EAST, [631, [7], [22], [43], [63],[7] [7], [66], [71, [61]
Golden Delicious Immunoblotting [2], [42], [13], [9], [43]
[65], [42], [2], [63],
[61], [67], [68], [69]
SPT/ Prick-to-Prick [407, [42], [65] [42] [43] [71, [44]
Granny Smith Ekspresja genow [7],66], [13] [7] [7] [7]
ELISA, EAST, [22], [13], [66], [2], [66] [43]
Immunoblotting [38], [67], [69], [63]
SPT/ Prick-to-Prick [40] [43]
Braeburn Ekspresja gendw [7] [7] [7] [7]
ELISA, EAST, (441, [81, [71, [9], [7] [7] [7]
Immunoblotting [43], [61], [22]
SPT/ Prick-to-Prick [8]
Elstar Ekspresja genow [13]
ELISA, EAST, [13] [61]
Immunoblotting
SPT/ Prick-to-Prick [61]
Topaz Ekspresja genow
ELISA, EAST, [43], [8], [9], [48]
Immunoblotting
SPT/ Prick-to-Prick
Elise Ekspresja genow
ELISA, EAST, [8], [48]
Immunoblotting
SPT/ Prick-to-Prick [40]
Santana Ekspresja gendw [10]
ELISA, EAST, 68]
Immunoblotting
SPT/ Prick-to-Prick [2],[40]
Cox’s Orange Pippin, Ekspresja genow [71],[42],[13]
Jonagored, Jonagold, ELISA, EAST, [22], [42], [13], [9], [43]
Boskoop, Priscilla, Fuji, Immunoblotting [69], [22], [28],
Jonathan, Prima, [61], [48], [71]
Fiesta, Mcintosh, Gala, SPT/ Prick-to-Prick [21, [40], [65] [43]
Idared, Gloster, Szampion
Stare odmiany: Pink Lady Ekspresja genow, [42],[7] [421], [7], [42], [7] [7]
Cripps Pink, ELISA, EAST, [421, [7] [42], [7] [70] (71
Annurca,‘Calvilla Bianca Immunoblotting
d’Inverno, Mutsu, SPT/ Prick-to-Prick [401, [9], [65] [70] [70]

Osnabruecker Renette,
Delorina, Resista, Rajca,
Grey Renette, Starking

ELISA - Enzyme-Linked Immunosorbent Assay; EAST - Enzyme Allergosorbent Test; SPT - Skin Prick Test.



Tabela 2. Zawarto$¢ biatka Mal d 1 w ré6znych odmianach jabtoni.

Odmiana Zawartos¢ Mald 1 Jednostki Literatura
12.1 ng/g FW [13]
Cs0=0.12, Cs50=0.36 ug [22]
45 (4.5) ng/g (mg/100g) [67]
2.9, 3.4, okoto 10.0 ng/g FW [68]
o 14.1-135.17 ng/g [61]
Golden Delicious 73186 ng/g FW 2]
6.2-7.6 ng/g fFW [9]
7-8 (0,7-0,8) pg/g (mg/100g) [63]
7.6-17 ng/g [43]
5.5-12.8 ng/s [69]
5.95-18.17 ng/g [2]
12.14,8.81 ng/g FW [13]
Granny Smith 16 (1.6) pg/g (mg/100g) [67]
23-6.4 ng/g FW [63]
5.45-12.14 ug/g [69]
9.45-271.20 ng/g [61]

Braeburn

Cs0=0.12 ug [22]
2.0-6.4 ng/g FW 9]
Topaz 6.3-16.1 ng/s [43]
<1-25 ug/g FW [48]
Santana 0.5, 2.3, okoto 5.0 ng/g FW [68]
Elise 0.25-17 ng/g FW [48]
11.50 ng/g FW [13]
. 54,115 ng/g [16]
Fuji 32.84-455,01 gz [61]
50.8 ng/g [71]
Boskoop Cx2 LS [22]
1-25 ng/g FW [48]
7 (0.7) pg/g (mg/100g) [67]
3.33-55 ng/g FW [69]
Jonagold 1.3-8.7 ng/g FW [9]
12.98-38.82 ug/g [61]
17.2 ug/g [71]
Idared 8 (0.8) pg/g (mg/100g) [67]
Gloster 4(0.4) pg/g (mg/100g) [67]
Gala 14.6 ng/g FW [9]

FW- ($wieza masa), C50 — stgzenie biatka powodujace zahamowanie w 50% wiazania przeciwciata IgE zawartego w surowicy
pacjenta.

Temat ekspresji genow kodujacych alergeny w jablkach jest rowniez mato zbadany,
badania ograniczjg si¢ gtownie do kilku nowoczesnych odmian (tab.1)

Analizy ekspresji genow kodujacych Mal d 1, wykazaty zwigzek migdzy ekspresja
genow 1 stopniem dojrzatos$ci, warunkami przechowywania (tab. 1). Tylko nieliczne prace [9,
40] opisujace ekspresje gendéw alergenéw w kilku starych odmianach, ktore sa cenne pod
wzgledem roznorodnosci smaku, wartosci odzywczej, przetworstwa czy hodowli. Réwniez
uprawa odmian jabtoni o niskim potencjale alergizujagcym nie jest prowadzona na szersza skalg.
Obecnie tylko odmiany Santana, Topaz i Elise s3 uwazane za hipoalergiczne i tolerowane przez
alergikéw. Co wiecej, wykazano, ze odmiana Santana charakteryzuje si¢ duzg odpornos$cig na
parch jabloni, dzigki czemu mozna znacznie ograniczy¢ stosowanie fungicydow w jej uprawie



[41]. Udowodniono, ze stosowanie pestycydow moze prowadzi¢ do jeszcze silniejszej
odpowiedzi wywotujacej wyzsza ekspresj¢ Mal d 1 niz sam czynnik biotyczny [9].

2.3.2 Stopien dojrzatosci, warunki przechowywania owocéw, odpornos¢ na choroby

Zmienno$¢ zawartos$ci biatka Mal d 1 podczas dojrzewania, w dojrzatosci pozbiorczej
oraz czasu i warunkdw przechowywania potwierdzono jedynie w odmianach jabtek Golden
Delicious, Topaz, Braeburn i Cox’Orange Pippin. W okresie dojrzewania zawarto$¢ alergenow
Mal d 1 stale rosnie od okoto 0,2 mg / 100 g $wiezej masy do okoto 0,8 mg / 100 g Swiezej
masy (odpowiednio 130-164 dni po kwitnieniu). Zawarto$¢ Mal d 1 w owocach jabtoni odmian
Braeburn 1 Topaz zbieranych na réznych etapach dojrzatosci nie réznita sie [42]. Po
dodatkowym okresie przechowywania owocow, stwierdzono istotnie wyzsze stezenie Mal
d1w owocach przejrzatych. Przechowywanie w temperaturze otoczenia, OwocOwW
przetrzymywanych wcze$niej w chtodni przez 12-tygodni wyzej wymienionych odmian,
doprowadzito do akumulacji Mal d 1 wowocach niedojrzatych 1 przejrzatych,
w przeciwienstwie do owocoéw dojrzatych, gdzie poziom Mal d 1 pozostawat staty [43].
Podkreslono potrzebe dalszych badan innych odmian jablek w celu ustalenia rdznic
w zawartosci Mal d 1 na réznych etapach dojrzatosci jabtek i podczas ich przechowywania.
W kilku badaniach wykazano podwyzszenie zawartosci biatka Mal d 1 i zwigkszong ekspresje
genu Mal d 1 podczas przechowywania i stresu zwigzanego z niskg temperaturg [9]. Jednak
Botton i wsp. [29] wykazali, iz poziom ekspresji gendéw w analizowanych odmianach jablek,
m.in. Golden Delicious i Braeburn byt stabilny. Ekspresja Mal d 3 natomiast, byta 2-5 razy
wyzsza w skorce jabtka niz w migzszu i1zmniejszyta si¢ w czasie 5-cio miesiecznego
przechowywania. Co wiecej, czas przechowywania wplywa takze na ekspresje gendéw
kodujacych Mal d 4, powodujac jej zmniejszenie [29]. Yang i in. [44] wykazali spadek ekspresji
izoform Mal d 4 po zbiorze i podczas dojrzewania. Sugeruje si¢ roOwniez, ze etylen moze
wptywac na ekspresje genu profiliny.

Oszacowano, iz w uprawie ekologicznej jabloni, zawartos¢ Mal d 1 byta niska [45],
niestety komercyjne odmiany o znacznie obnizonej odpornosci na choroby nie nadajg si¢ do
tego typu upraw. Stare odmiany, u ktorych obserwuje si¢ duzg odpornos¢ na choroby grzybowe,
dzieki czemu nadajg si¢ do nowoczesnego rolnictwa ekologicznego, moga by¢ wartosciowym
zroédtem genotypow o potencjale hipoalergennym.

Rosliny reaguja na atak patogendéw (tab. 3), zranienia, promieniowanie UV-B, szok
osmotyczny, niskg temperature, niedobor wody, chemikalia takie jak etylen czy kwas
salicylowy, m.in. poprzez produkcj¢ bialek nalezacych do rodziny PR (Pathogen Resistance
Proteins). Trzy z czterech gldéwnych alergendéw jabtek (Mal d 1, 2 1 3) nalezg do tej grupy biatek,
ktore sa zwigzane z naturalng odpornoscig na maczniaka prawdziwego lub / i parch jabtoni lub
inne stresory, w tym chemikalia [46].



Tabela 3. Odporno$¢ na choroby grzybowe i potencjat alergenny

Odmiana Parch Maczniak  Alergenno$é¢ Literatura
jabloni

Golden Delicious S VS Wysoka [72]
Granny Smith S VS Niska [62]
Braeburn R R Niska/wysoka  [22,62]
Elstar S S Niska [62]
Topaz R R Niska [62]

Elise S/R S Niska [62]
Santana R S Niska [62]

R — odporny, resistant; S — podatny, susceptible; VS — bardzo podatny, very susceptible.

W badaniach potencjatu alergizujacego odmian jabtek, przeprowadzonych za pomoca
testow skornych typu prick-to-prick i testu prowokacyjnego u 52 pacjentow uczulonych na
pytek brzozy, majacych katar sienny i OAS, stwierdzono istotne rdéznice w stopniu manifestacji
uczulenia w zalezno$ci od spozytej odmiany jabtek. Najlagodniejsze reakcje alergiczne
pacjentow obserwowano po spozyciu jabtek odmian o czerwonym migzszu, ktore sg
proponowane jako potencjalnie przydatne narzedzie w doustnej immunoterapii pacjentow
z alergia na pytki brzozy i OAS [47].

Dodatkowg role w alergenno$ci owocdéw jabtek moze odgrywac¢ obrobka po zbiorach.
Hsieh 1 wsp., [31] ujawnili, ze dtugotrwate przechowywanie w 4°C owocow odmian Golden
Delicious 1 Granny Smiths moze zwigkszy¢ ilos¢ biatka w Mal d 1 1 Mal d 2. W odmianach
mato alergizujacych, takich jak Santana i Elise, poziom biatka Mal d 1wzrastat wraz z czasem
przechowywania, ale po potraktowaniu owocoéw czynnikiem hamujacym dojrzewanie (MCP-
1), zawartos¢ alergenu Mal d 1 ulegla zmniejszeniu [48].

2.3.3 Oksydacja polifenoli

Zagadnienie alergenno$ci jabtek jest bardziej ztozone ze wzgledu na mozliwe interakcje
biatka Mal d 1 z polifenolami (kateching) i enzymatycznym uktadem antyoksydacyjnym.
Reakcja pomiedzy Mal d 1 a utlenionymi polifenolami moze skutkowa¢ zmniejszeniem
wigzaniem IgE, jak pokazano w odmianie Braeburn [43]. Z drugiej strony, w odmianie Topaz,
przy wysokiej zawarto$ci polifenoli 1 niskiej aktywnosci PPO (enzymu oksydazy
polifenolowej), nadajacej wysoka catkowitg zdolnos¢ antyoksydacyjng, réwniez zmniejsza si¢
wigzanie IgE z Mal d 1 [49]. Wedlug Schmits-Eiberger i Matthes w odmianach Braeburn,
Golden Delicious oraz Topaz, zawarto$¢ wszystkich polifenoli byta stabilna w okresie
dojrzewania, jednak podczas przechowywania zawartos¢ tych skladnikéw znacznie si¢
zmniejszyta [43].

Podsumowujac, w Europie Pétnocnej i Srodkowej alergie na jabtka sa gtownie
zwigzane zuczuleniem na pytki brzozy i1 sg powodowane przez krzyzowo reagujace
przeciwciata z biatkami Bet v 1 i Mal d 1. W basenie Morza Srodziemnego alergie na jabtka sa
rzadsze, ale cigzkie i wigza si¢ z uczuleniem na LTP (Mal d 3). R6znice w ekspresji izoform
Mal d 1 moga takze odpowiada¢ za zmienno$¢ sily alergennej, co sugeruje, ze czynniki
genetyczne moga odgrywac duza role¢ w kontrolowaniu ilosci Mal d 1 w owocach. Réznice



w potencjale alergizujgcym jablek mogg takze by¢ zwigzane ze stopniem dojrzato$ci owocow,
na skutek akumulacji biatka Mal d 1 w trakcie dojrzewania. Podobnie czas i warunki
przechowywania owocoOw wplywaja na akumulacje alergenow Mal d 1 1 Mal d 2, co
udowodniono w odmianach Golden Delicious i Granny Smiths. Catkowity potencjat
antyoksydacyjny i interakcje polifenoli z biatkiem Mal d 1 moga wptywaé na potencjat
alergenny poprzez wplyw na wiazanie przeciwciat IgE. Obecnie tylko odmiany Topaz, Elise
i Santana s3 uwazane za dobrze tolerowane przez pacjentow uczulonych na jabtka. Wybor
odmian o niskim potencjale alergennosci, usunigcie skorki jablek i obrobka termiczna moze
zmniejszy¢ ryzyko wystapienia reakcji alergicznych i przypuszczalnie moga by¢ stosowane
w immunoterapii alergii na pytek brzozy. Znajomo$¢ molekularnego mechanizmu alergennos$ci
jablek oraz czynnikéw modyfikujacych nasilenie reakcji moze ulatwi¢ poradnictwo medyczne
1 polepszy¢ opieke nad pacjentami z alergiami zwigzanymi z owocami jabtoni.

3 Cel pracy

Celem niniejszej pracy byta ocena alergennosci 21 tradycyjnych, starych i 9 nowoczesnych
odmianach owocow jabtoni poprzez badanie immunoreaktywnos$ci surowic pacjentow
z ekstraktami biatkowymi jabltek, okreslenie poziomu ekspresji gendéw kodujacych cztery
gltowne alergeny jabtek oraz okreslenie poziomu biatka Mal d 1.

Hipoteza badawcza.

Stare odmiany jabtoni sg zrodtem odmian hipoalergennych.

Czynniki takie jak metoda uprawy, faza dojrzalo$ci, genotyp czy rodzaj tkanki maja wplyw na
potencjat alergennosci.

Aby odpowiedzie¢ na te pytania, zastosowano immunoblotting, pétilosciowy Real-Time PCR
oraz technike ELISA.

4 Materialy i metody
4.1 Materialy

4.1.1 Owoce jabtoni

Owoce jabtoni 21 starych odmian jabtoni (Malus x domestica Borkh.) (wprowadzonych do
uprawy przed zielong rewolucja) hodowanych metodami ekologicznymi zebrano z Arboretum
1 Instytutu Fizjografii w Bolestraszycach (tab. 4). Osiem nowoczesnych odmian jabtek,
uprawianych metodami ekologicznymi 1 intensywnie uprawianymi, otrzymano od firmy
,B10Grim” z Wojciechowa. Z drzew uprawianych w Instytucie Ogrodnictwa w Brzeznej
metoda integrowang zebrano trzy odmiany jabloni. Owoce odmiany Santana (Malus x
domestica Borkh. Odm. Santana) otrzymano z prywatnego sadu potozonego w poblizu Bielska-
Bialej. Skorki i migzsz owocow jabtek zbierano oddzielnie i przechowywano w temperaturze -
80°C. Kolejno probki liofilizowano a nastgpnie ekstrahowano RNA.
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Tabela 4. Charakterystyka probek roslinnych

ol(ll‘l)ndif:ljy E:JEE Odmiana Metoda uprawy Po;l;(g(lli(;nie
X 15 Rumianka from Alma-Ata ekologiczna Bolestraszyce
X 17 Sztetyna ekologiczna Bolestraszyce
X 19 Gloria Mundi ekologiczna Bolestraszyce
X 21 Kosztela ekologiczna Bolestraszyce
X 23 Reinette Coulon ekologiczna Bolestraszyce
X 25 Emperor Alexander Apple ekologiczna Bolestraszyce
X 27 Kantéwka Gdanska (Danzinger Kantapfel) ekologiczna Bolestraszyce
X 29 Zelezniak (Rother Eiserapfel) ekologiczna Bolestraszyce
X 31 Jonathan ekologiczna Bolestraszyce
X 33 Reinette de Canada ekologiczna Bolestraszyce
Stare X 35 Oberland Raspberry Apple (Callville d’Automne Raye) ekologiczna Bolestraszyce
X 37 Bukowka ekologiczna Bolestraszyce
X 39 Jakub Lebel ekologiczna Bolestraszyce
X 41 Winter Banana ekologiczna Bolestraszyce
X 43 Kandil Sinap ekologiczna Bolestraszyce
X 45 Parker’s Pippin ekologiczna Bolestraszyce
X 47 Gray French Reinette ekologiczna Bolestraszyce
X 51 Grochowka (Grosser Bohnapfel) ekologiczna Bolestraszyce
X 53 Berner Rose ekologiczna Bolestraszyce
X 103 Antonovka Usual ekologiczna Bolestraszyce
X 105 Antonovka One and a Half Pound ekologiczna Bolestraszyce
X 80B Jonagored ekologiczna Wojciechow
X 81B Jonagored intensywna Wojciechow
X 82A Gold Millennium ekologiczna Wojciechow
X 83A Gold Millennium intensywna Wojciechow
X 84B Gala ekologiczna Wojciechow
X 85A Gala intensywna Wojciechow
X _86A Idared ekologiczna Wojciechow
X 87A Idared intensywna Wojciechow
X 88A Golden Delicious ekologiczna Wojciechow
X 89A Golden Delicious intensywna Wojciechow
Nowe X 91A Trinity intensywna Wojciechow
X 93A Trinity I (X Gold Millennium) ekologiczna Wojciechow
X 94A Trinity IT (x Ligol) ekologiczna Wojciechow
X 96A Idared integracyjna Brzezna
X 97A Gala integracyjna Brzezna
X 99A Golden Delicious integracyjna Brzezna
X 108 Golden Delicious 2 ekologiczna Wojciechow
X 109 Golden Delicious 2 intensywna Wojciechow
X 110 Idared 2 intensywna Wojciechow
X 111A Idared 2 ekologiczna Wojciechow
X 112A Santana ekologiczna Bielsko-Biata
X 113B Golden Delicious 2 integracyjna Brzezna
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4.1.2  Surowice 0s0b uczulonych na pytek brzozy
Czterech pacjentow bioracych udzial w badaniu przebadano metoda SPT (skorny test
punktowy) i zdiagnozowano alergi¢ na pytki brzozyi w wywiadzie podawali alergi¢ na jabitka.
Wszyscy uczestnicy wyrazili Swiadomg zgode na udzial w tym programie badawczym.
Projekt uzyskal pozytywna oipni¢ Komisji Etyki Uniwersytetu Medycznego
w Poznaniu, dokument nr 178/19.

4.2 Metody
4.2.1 Ekstrakcja RNA

Ekstrakcje RNA przeprowadzono metoda stosowana przez Reida i wsp. [50],
z pewnymi modyfikacjami. Tkanke zmielono we wstepnie schtodzonym mozdzierzu na
drobny proszek, a nast¢pnie dodano do podgrzanego (65°C) buforu ekstrakcyjnego w proporcji
0,15 g tkanki na 7,5 ml buforu, nastgpnie energicznie wytrzasano. Bufor do ekstrakcji RNA
zawieral 2% CTAB (bromek cetylotrimetyloamoniowy; Sigma-Aldrich, Saint Louis, MO,
USA), 2 M NaCl, 300 mM Tris-HCI (pH = 8,0) (Sigma-Aldrich, Saint Louis, MO, USA), 0,25
mM EDTA (Sigma-Aldrich, Saint Louis, MO, USA), 0,05% spermidine (Sigma-Aldrich, Saint
Louis, MO, USA), 1% poliwinylopirolidon (PVP) K-30 (rozpuszczalny) (Sigma-Aldrich, Saint
Louis, MO, USA) i 2% B-merkaptoetanolu (Sigma-Aldrich, Saint Louis, MO, USA) dodawane
bezposrednio przed uzyciem. Probki inkubowano w tazni wodnej w 65°C przez 10—15 min
1 wytrzgsano przez 10-15 s co kazde 3 minuty. Probki pozostawiono do ostygniecia do
temperatury pokojowej a nastepnie dodano roéwne objetosci chloroformu / alkoholu
1izoamylowego (Sigma-Aldrich, Saint Louis, MO, USA) (24: 1), odwirowano przy 3500 g przez
20 min w 4 °C. Warstwe wodng przeniesiono do nowej probowki i odwirowano przy 30000 g
przez 15 min w4 °C w celu usuni¢cia wszelkich nierozpuszczalnych czastek pozostatych
w roztworze. W celu wytracenia kwasu nukleinowego dodano 0,1 objetosci 3 M NaOAc (pH =
5,2 £ 0,2) (Sigma-Aldrich, Saint Louis, MO, USA) i 0,6 obj¢tosci izopropanolu (Sigma-
Aldrich, Saint Louis, MO, USA), zmieszano, i inkubowano w -80 °C przez 20 min. Probki
nastepnie wirowano przy 3500 g przez 30 min w 4°C w celu odwirowania osadu kwasu
nukleinowego. Supernatant odrzucono, a osad rozpuszczono w 1 ml TE (Tris (hydroksymetylo)
aminometan i kwas etylenodiaminotetraoctowy; Sigma-Aldrich, Saint Louis, MO, USA) (pH
7,5) 1 przeniesiono do nowej 2 ml probéwki. Matrycowy RNA wytracono selektywnie przez
dodanie 0,3 objetosci 8 M LiCl (Sigma-Aldrich, Saint Louis, MO, USA) i inkubowano przez
25 godzin w 4°C, nastepnie odwirowano przy 20 000 g przez 30 minut w 4 °C. Osad mRNA
przemyto przez dodanie 700 pl 70% zimnego etanolu (Sigma-Aldrich, Saint Louis, MO, USA)
1 wysuszono na powietrzu. Osad rozpuszczono w 70—100 pl wody DEPC (piroweglan dietylu;
Sigma-Aldrich, Saint Louis, MO, USA).

Ilos¢ 1 jako§¢ catkowitego mRNA okreslono spektrofotometrycznie (Nanodrop
Technologies LLC, Wilmington, DE, USA) przez pomiar OD260 / 230 i OD260 / 280.
Integralno$¢ RNA oceniano przez na zelu agarozowym w obecnosci SybrGreen Safe Stain
(Ivitrogen, Carlsbad, CA, USA). Jedynie probki mRNA spetiajace kryteria 260/2880> 1,9
1260/280 > 2,0 oraz wysokoczasteczkowe zostaty poddane syntezie cDNA.

4.2.2 Synteza cDNA

Odwrotng transkrypcje przeprowadzono za pomocg zestawu TranScriba (A&A
Biotechnology, Gdansk, Polska) zgodnie z instrukcjami producenta, stosujac startery oligo (dT)
1250 ng catkowitego mRNA. Do oceny zanieczyszczenia genomowym DNA zastosowano jako
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kontrolg probke bez transkryptazy. Stezenie cDNA oceniano spektrofotometrycznie (Nanodrop
Technologies LLC, Wilmington, DE, USA).
4.2.3 Real-Time PCR

Ekspresje gendéw okreslano metoda PCR w czasie rzeczywistym przy uzyciu
termocyklera (Lightcycler-96; Roche Molecular Systems, Pleasanton, CA, USA). Sekwencje
starterow oligonukleotydowych zastosowane do PCR w czasie rzeczywistym (tab. 5) zostaty
przejete z literatury [7, 18, 44, 51]. Wydajnos$¢ amplifikacji oceniano dla kazdej pary starterow
za pomoca regresji i nachylenia zgodnie z nastepujacym réwnaniem: 10 ¢!/ nachylenie) 157
Wzgledna ekspresje znormalizowano do $redniej geometrycznej poziomoéw ekspresji genow
odniesienia (geny aktyny i ubikwityny) i wyrazono w jednostkach arbitralnych (A.U.).

Tabela 5. Startery uzyte do reakcji amplifikacji w czasie rzeczywistym

Gen Nazwa starera Sekwencja startera (5°-37) Access No.

Mal d 1.01 Md1-1.01F AAGCTGAAATCCTTGAAGGAA AJ417551
Md1-1.01R GTGCTCTTCCTTGATTTCAATG

Mal d 1.064 Mal d 1.06AF TTGTTGCCAGATGGATGGTC AY428580
Mal d 1.06AR TTGATGCTGACAATCTCATT

Mald 2.1 Mal d 2.01 F GTGTGCCCGGCTCCACTT AJ243427
Mal d 2.01 R TTCGAATCACCAAACGCAAG

Mald 3.1 Mal d3.01F GTGACCAGCAGCCTTGCG AF221502
Mal d 3.01R TTCAGGCAGTTGCAAGCAGT

Mal d 4.01 Mal d 4.01F GCTCTGGTGGCGTAACTGTG AF129426
Mal d 4.01R CCTGGAGTCAAAGGCTCCTC

MdUBI UBI-F TTGATCTTTGCTGGGAAACAG CN491263
UBI-R CACCACCATCATTCAACACC

MdActin Actin-F TGACCGAATGAGCAAGGAAATTACT CN938023
Actin-R TACTCAGCTTTGGCAATCCACATC

4.2.4 Ekstrakcja biatek jabtek

Mrozony migzsz jabtka (0,5 g) wytrzasano z 5 ml 10 mM buforu PBS (Sigma-Aldrich,
Saint Louis, MO, USA) o pH = 5,4, przez 1 godzing w temperaturze pokojowej, a nastgpnie
wirowano w 4°C przez 30 min przy maksymalnej predkosci. Kazdg probke ekstrahowano
dwukrotnie. Do dalszej analizy pobrano 2 ml supernatantu i odwirowano przy 15 000 rpm przez
10 minut, a nastgpnie supernatant przeniesiono do nowej probowki. Supernatanty
przechowywano w temperaturze -80°C do czasu uzycia w ponizszej procedurze.

4.2.5 Immunobloting

Blotting przeprowadzono stosujac Slot Blotter (Geneflow, Lichfield, Anglia). Podczas
procedury pobrano 150 pl wyekstrahowanego roztworu biatka. Membrang PVDF (Merck,
Darmstadt, Niemcy) (4,5 cm x 4,4 cm) aktywowano przez zanurzenie w metanolu i nasgczenie
buforem do transferu (12 mM Tris, 96 mM glicyna 1 20% metanol) (Bio-Rad, Hercules, CA,
USA) przez 5 min. Aktywowang membran¢ umieszczono migdzy bibulg nasgczong wczesniej
buforem do transferu. Po immobilizacji biatek jablek membrane inkubowano z ‘roztworem
blokujacym zawierajacym 1% BSA (Bio-Rad, Hercules, CA, USA) w buforze TBS (20 mM
Tris, pH 7,5, 500 mM NaCl) (Bio-Rad, Hercules, CA, USA) przez 45 minut z delikatnym
wytrzasaniem w temperaturze pokojowej. Po blokowaniu ptukano trzykrotnie przez 5 min
w buforze TBS-Tween (Bio-Rad, Hercules, CA, USA), pH 7.4.

Do testu immunologicznego surowice ludzkie (zawierajace pierwszorzedowe
przeciwciala IgE) rozcienczono 10-100 razy 1% buforem BSA — TBS. Membrany nastepnie
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inkubowano z rozcienczonym roztworem surowic przez 45 minut i przemywano pigciokrotnie
buforem TBS-Tween. Do immunodetekcji stosowano rozcienczone w stosunku 1:1000
drugorzgdowe kozie przeciwciato poliklonalne skierowane przeciwko ludzkim IgE sprzgzone
z fosfatazg alkaliczng (Invitrogen). Po inkubacji membrane¢ ptukano pigciokrotnie roztworem
TBS-Tween pH 7.,4. Bloty barwiono z uzyciem 5 mg BCIP (s6l p-toluidyny 5-bromo-4-chloro-
3'-indolifosforanu; Bio-Rad, Hercules, CA, USA) i 10 mg NBT (chlorek nitro-btekitu
tetrazoliowego; Bio-Rad , Hercules, CA, USA) przez 20 min. Reakcj¢ zatrzymano przez
przemycie mebran wodg. Membrany wysuszono na powietrzu i sfotografowano.

4.2.6 ELISA

Piytki wielodkotowe aktywowano przez dodanie 200 pl buforu weglanowo -
wodorowgglanowego, pH 9,6, w temperaturze 37 °C przez 30 min. Po aktywacji plytki
powlekano biatkami jabtkowymi poprzez dodanie do kazdego dotka po 100 pl ekstraktow a
nastepnie inkubowano w temperaturze 37 °C przez 120 min. Jako standardy bialek
alergenowych uzyto rMal d1 (Mal d1.0108, Biomay, Wien, Austria) (1000 ng/ml — 7,81 ng /
ml) i rBet v1-A (Cusabio Technology LLC, Houston, TX, USA) (138 ng / ml- 1,08 ng/ml).
Wolne miejsca wigzania blokowano 1% BSA w buforze TBS, pH 7,4, przez 45 minut. Dodano
specyficzne przeciwciato poliklonalne IgG Bet v 1 krolicze (100 pl; rozcienczenie 1: 2000) i
ptytke inkubowano w 37 °C przez 90 min. Immunokompleksy Mal d 1 1 IgG wykryto
monoklonalnym przeciwcialem przeciwko peroksydazie IgG przeciw IgG kréliczym (1: 400
000; SIGMA A1949; Sigma-Aldrich, Saint Louis, MO, USA) i inkubowano w 37°C przez 60
minut bez mieszania. Reakcje barwng wywotano po dodaniu 200 pl dichlorowodorku
o - fenylenodiaminy (OPD; Sigma-Aldrich, Saint Louis, MO, USA) i inkubowano przez 30
min. Reakcje zatrzymano przez dodanie 50 pl 3M H2SO4 (Sigma-Aldrich, Saint Louis, MO,
USA). Absorbancj¢ mierzono przy dlugosci fali 492 nm za pomoca spektrofotometru.

4.2.7 Analiza statystyczna

Dane sg wyrazone jako $rednie lub mediany i1 zostaly poddane analizie za pomoca
programu statystycznego Statistica v.13 (StatSoft, Krakow, Polska). Wartosci p <0,05 uznano
za istotne statystycznie. Jednorodno$¢ wariancji dla wszystkich danych oceniono za pomoca
testu Levene'a. Do oceny roznic migdzy grupami zastosowano jednokierunkowa analize
wariancji (ANOVA). Roznice miedzy Srednimi wartosciami starych i nowych odmian jabtek
analizowano za pomoca testu t-Studenta. Do oceny korelacji zastosowano korelacj¢ r-Pearsona
(dane o rozkladzie normalnym), w ktorej warto$¢ p uznawano za statystycznie istotng na
poziomie <0,05. Réznice miedzy grupami jabtoni uprawianych r6znymi metodami oceniano za
pomoca testu Tukeya.
Integracje ekspresji genéw (mRNA), immunoreaktywnosci i1 ekspres;ji biatek przeprowadzono
za pomocg pakietu R/Bioconductor moCluster [32]. Metoda ta polega na analizie
wieloczynnikowej z wieloma blokami, ktéra definiuje zestaw ukrytych zmiennych
reprezentujagcych wspdélne wzorce w wejsciowych zbiorach danych, ktore s3 nastepnie
przekazywane do hierarchicznego algorytmu grupowania (odlegtos¢ euklidesowa, metoda
Warda) w celu wykrycia potgczonych klastréw. Decyzje o optymalnej liczbie klastréw podjeto
na podstawie statystyki luk [33].
Przeprowadzono réwniez hierarchiczng klasyfikacje glownych komponentow (HCPC)
z wykorzystaniem danych ekspresji gendw, przy uzyciu pakietu FactoMineR.
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5 Wyniki
5.1 Ekspresja genu Mal d 1, poziom bialka Mal d 1.

Analizie poddano ekspresje dwoch izoform genu Mal d 1 (Mal d 1.06A4 i Mal d 1.01) oraz
stezenie biatka Mal d 1 we wszystkich odmianach ujetych w badaniu (tab. 1, 2 i tab. 6). Wyniki
ekspresji gendw w poszczegdlnych odmianach przedstawione s3 w ,,Supplementary data”
oryginalnego artykutu ,,Molecular and Immunological Identification of Low Allergenic Fruits
among Old and New Apple Varieties”.

5.1.1 Ekspresja genu Mal d 1.06A

Ekspresja genu Mal d 1.06A4 jest wyzsza w starych odmianach jabtoni niz w nowych
(p= 0,000143). Poziom ekspresji zalezy take od rodzaju tkanki, w skorce byla wyzsza niz
w migzszu starych odmian (p = 0,053). Metoda uprawy nie wplyneta istotnie na ekspresje.
W odmianach: Golden Delicious, Idared, Jonagored, Gold Millennium i Gala, ekspresja Mal d
1,064 dodatnio korelowata z dojrzatosciag owocoOw (wspotczynnik r Pearsona = 0,52, p = 0,038,
tab. 6). Wykazano, iz, ekspresja Mal d 1.064 byla dodatnio skorelowana
z immunoreaktywnos$cig surowic pacjentow (tab. 8).

Tabela 6. Srednia wartos$¢ ekspresji genow kodujacych gtowne alergeny u jabtoni (A.U.).

Odmiany Odmiany nowe
stare
Tkanka Gen Razem Uprawa Uprawa Uprawa
nowe ekologiczna intensywna integrowana
Mald 1.064  3.43 2.90 2.74 3.04 2.99
Mal d 1.01 3.61 3.37 3.44 (g) 3.38 2.95(g)
Miazsz Mald 2.01 4.12 (b,d) 3.69(d) 3.35(a,b,c) 4.01(c) 3.66 (a)
Mal d 3.01 3.05 (e) 2.88 3.13 2.77 2.61
Mal d 4.01 3.30 3.23 3.29 3.2 2.96
Mal d 1.064  3.90 (h) 3.33 3.40 3.51 2.93
Mal d 1.01 4.32 (h) 3.78 3.91 4.01 2.9
Skorka Mald 2.01 3.56 3.31 3.05 3.67 2.96
Mal d 3.01 4.97 (e) 4.54 4.94 4.96 3.02
Mal d 4.01 2.81 2.89 2.85 2.93 2.78
Mal d 1.064  3.67 (f) 3.12 3.07 3.28 2.96
Mal d 1.01 3.97 () 3.57 3.68 3.70 2.93
Srednia Mal d 2.01 3.84 (j.k) 3.50(G) 3.20 (i,k) 3.84 (1) 3.31
Mal d 3.01 3.99 3.71 4.04 3.86 2.81
Mal d 4.01 3.05 3.06 3.07 3.10 2.87

5.1.2  Ekspresja genu Mal d 1.01

Ekspresja genu Mal d 1,01 istotnie r6zni si¢ migdzy starymi a nowymi odmianami
jablek (p = 0,013). Poziom transkryptu Mal d 1.01 byt wyzszy w jabtkach z upraw
ekologicznych niz w jabtkach z upraw integrowanych (p = 0,01). Ekspresja Mal d 1,01 byta
wyzsza w skorce niz w migzszu starych odmian (p = 0,00001). W odmianach. Golden
Delicious, Idared, Jonagored, Gold Millennium 1 Gala, ekspresja Mal d 1.01 dodatnio
korelowata z dojrzatoscia owocéw (wsp. r-Pearsona = 0,61, p = 0,012, tab. 6).
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Zaobserwowalismy rowniez dodatnig korelacje ekspresji Mal d 1,01 z immunoreaktywnoscig
(wsp. r-Pearsona = 0,3851, p = 0,036; tab. 8).

5.1.3 Ekspresja genéw Mal d 1.06A4 vs Mal d 1.01

W owocach starych odmian $redni poziom ekspresji izoformy Mal d 1.06A byt nizszy niz Mal
d 1.01 (odpowiednio p = 0,008) (tab. 6). Roéwniez w skorce jablek starych odmian, eskpresja
izoformy Mal d 1.06A4 byta nizsza niz Mal d 1.01 (p = 0,018) (tab. 6).

5.1.4 Poziom biatka Mal d1

Oceniono zawarto$¢ biatka Mal d 1 w migzszu jablek starych odmian uprawianych ekologicznie
oraz nowych uprawianych ekologicznych i intensywnie (tab. 7). R6znice w medianach migdzy
analizowanymi grupami nie byly istotne statystycznie. Udowodniono, ze ekspresja Mal d 1.064
koreluje z zawarto$cig biatka Mal d 1 (wspotczynnik r-Pearsona = 0,38, p = 0,036) (tab. 8),
natomiast ekspresja Mal d 1.0 nie korelowata z zawartoscia glownego alergenu.

Zaobserwowalis$my dodatnig korelacje miedzy zawarto$cig Mal d 1 a immunoreaktywnoscia (r
-Persona= 0,37, p = 0,04) (tab. 8).

Tabela 7. Zawartos$¢ biatka Mal d 1 w migzszu owocow.

Zawarto$¢
Odmiana Mal d 1
(ng/g FW)
Kantéwka Gdanska 0.3
Kosztela 0.6
Antonovka Usual 1.8
Sztetyna 1.9
Rumianka from Alma-Ata 2
Reinette Coulon 2.5
o Zelezniak 3.5
. § Kandil Sinap 4.6
5 'gn Bukowka 7.3
_g E Emperor Alexander Apple 7.6
o ° Jonathan 7.7
g 2 Antonovka One and a Half Pound 7.7
n =
§ Grochowka 8.2
Oberlands Raspberry Apple 10
Winter Banana 12.9
Jakub Lebel 17.5
Gloria Mundi 20.9
Gray French Reinette 23.5
Reinette de Canada 28.8
Berner Rose 37.7
Mediana (Stare) 7.65
Gala 1.3
s Golden Delicious 1.8
29 Jonagored 5.8
< 'Bh
g 28 Idared 6
B —% Santana 8.5
2 g | Trinity x Gold Millenium 12.7
> £ [ Gold Millenium 13.2
) Trinity x Ligol 15
Mediana 7.25
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s Gold Millenium 23

g g | Gala 2.4

£ 2 Idared 2.4
® £ | Golden Delicious 5.8
: g Jonagored 9.5
Z £ | Trinity 13.6
- Mediana 4.1
Mediana (Nowe) 5.9

FW-$§wieza masa

Korelacja miedzy ekspresja Mal d 1.064 a zawartoscig biatka Mal d 1 (tab. 8) byla istotna przy
wspotczynniku r-Perasona = 0,38 (p = 0,036).

Tabela 8. Korelacja ekspresji genéw ze stpniem dojrzatosci owocoOw.

Mal d 1.06A Mald 1.01 Mald2.01 Mald3.01 Mald4.01

r-Pearson 0.5211 0.6129 0.3461 0.4012 0.6175
p value 0.038 0.012 0.189 0.123 0.011

5.2 Ekspresja genu Mal d 2.01

Srednia ekspresja w grupie starych odmian rézni sig istotnie zarowno od ogdtu nowych jaki
nowych odmian uprawianych ekologicznie (odpowiednio p = 0,043 i p = 0,025) (tab. 6).
Wykazano iz, sposdb urawy wptywa na ekspresje genu Mal d 2.01 (p <0,04). Metoda
organiczna, w przeciwienstwie do metody intensywnej, powoduje obnizenie poziomu sredniej
ekspresji genu i ekspresji w migzszu (p <0,05) (tab. 1). Ekspresja Mal d 2.01 nie korelowata z
dojrzatoscig owocoOw ani immunoreaktywnos$cig surowic pacjentow.

5.3 Ekspresja genu Mal d 3.01

Stare i nowe odmiany nie roznily si¢ pod wzgledem poziomu transkrypcji genu Mal d 3.01.
We wszystkich odmianach skorka jabtka zawierata okoto dwa razy wigcej transkryptéw Mal d
3.01 niz migzsz (p <0,05). Wsrod starych odmian tylko w odmianie Oberland Raspberry Apple,
Kandil Sinap i Grochdéwka, ekspresja genow wzrosta jednakowo w miazszu jak i w skorce.
Uprawa ekologiczna 1 intensywna, w przeciwienstwie do metody zintegrowanej, znaczaco
wpltywa na wzrost ekspresji w skorce jabtek (p <0,05). Nie stwierdzno korelacji migdzy
ekspresja genu, stanem dojrzatosci 1 immunoreaktywnoscig surowic pacjentow.

5.4 Ekspresja genu Mal d 4.01
Nowe odmiany charakteryzuja si¢ podobnym poziomem ekspresji zarowno w skorce, jak
1 migzszu (wspoOtczynnik r Pearsona = 0,71, p <0,01). Metoda uprawy nie wplyneta na ekspresje

genu Mal d 4.01. Poziom dojrzatosci dodatnio korelowat z ekspresjg Mal d 4,01 (r= 0,62, p =
0,011). Nie wykazano korelacji ekspresji genu z immunoreaktywnoscia.

5.5 Grupowanie hierarchiczne
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Dane dotyczace ekspresji badanych genow (ocenione w migzszu owocu) zostaty
zintegrowane za pomocg analizy gltéwnych skladnikow, aby uzyskaé przeglad zachowania
réznych odmian pod wzgledem wszystkich mierzonych parametréw. Pierwsze dwie sktadowe
wyjasniaty 55,6% catkowitej wariancji. Pierwsza gltéwna skladowa byla w stanie wyjasnicé
32,6% catkowitej wariancji zaobserwowanej w analizie. Drugi sktadnik wyjasniat 23%
catkowitej wariancji i doprowadzit do wyrdznienia grup odmian o niskiej (na zielono), $redniej
(na czerwono) iwysokiej ekspresji (na niebiesko). Wiekszo$¢ starych odmian wykazuje
wiekszg zmienno$¢ niz nowe (rys. 1).

Cluster plot
A X 1YSERRA X 19 A

cluster

NE

Dim2 (23%)

Dim1 (32.6%)

Rysunek 1. Wykres grup (skupien) powstatych na podstawie ekspresji genow Mal d 1.01, Mal d 1.06A,
Mal d 2.01, Mald 3.01, and Mald 4.01 w miazszu jabtek. Nazwy probek sa opisane w tabeli 4.

6 Dyskusja

Celem pracy byla ocena alergenno$ci owocoéw roéznych odmian jabloni (genotypow)
u pacjentéw z pytkowica brzozowa. Badano takze wptyw takich czynnikow, jak typ tkanki,
metoda hodowli czy etap dojrzalosci. Wykazano, iz niektore stare odmiany, takie jak Kandil
Sinap, Ruminaka z Alma-Ata, Kantéwka Gdanska i Reinette Coulon, a takze nowe (Gala) moga
by¢ uwazane za hipoalergiczne. Poddajac analizie ekspresje gendéw wykazano, ze rozne
izoformy genu Mal d 1 moga mie¢ odmienny wptyw na alergenny potencjat jabtek.

Pacjenci uczuleni na jabtka zgtaszaja nasilenie objawow, ktore tacza ze spozyta odmiang
1 dojrzatoscig owocoéw [22]. Alergen Mal d 1 jest nietrwaly 1 podatny na trawienie, a objawy
alergii sa zwigzane gtownie z OAS, rzadziej ze strony przewodu pokarmowego. Zmienno$¢ sity
dziatania alergennego moze wynika¢ z rdéznych poziomow ekspresji izoform genow
kodujacych biatka Mal d.

W niniejszej pracy okreslono czynniki wptywajace na ekspresj¢ genow kodujacych cztery
gtowne alergeny jabtek. Wykazano, iz ekspresja izoform Mal d 1.064 1 Mal d 1.01 byta wyzsza
w skorce jabtka niz w miazszu, podobnie jak w badaniu Pagliarani i wsp. [23]. Podwyzszona
ekspresja w skorce moze wynika¢ z funkcji biatka zwigzanej z odpowiedzig na infekcje
grzybicze i1 bakteryjne [21]. Ponadto Schmitz — Eibereger et al. wykazali wyzsza zawartos¢
glownego alergenu jabtkowego Mal d 1 w skorce niz w migzszu [43]. Ekspresja Mal d 1.064,
w przeciwienstwie do Mal d 1.01, korelowata z poziomem biatka Mal d 1 (wspotczynnik r-
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Pearsona = 0,38, p = 0,036) (tab. 8), co jest zgodne z wynikami badan innych autorow [5,7].
Stwierdzono ponadto, ze ekspresja Mal d 1.01 byta wyzsza niz Mal d 1.06A4, podobnie do
obserwacji grupy Yang’a i wsp. [44].

Metoda uprawy istotnie wptywa na ekspresje Mal d 1.01. Niniejsza praca jest oierwszym
badnaiem ujawniajacym, ze jabtonie uprawiane ekologicznie i intensywnie maja w owocach
znacznie podwyzszong ekspresje izoformy Mal d 1.01 w porownaniu z jabtkami pochodzacymi
z upraw integrowanych (tab. 6). Sugeruje to, ze izoforma Mal d 1.01 moze by¢ zaangazowana
w reakcje na patogeny i traktowanie pestycydami. Ta hipoteza jest zgodna z ustaleniami
Matthesa i Schmitz-Eiberger el al. [9], ktorzy wykazali, Ze stosowanie pestycydow prowadzi
do silniejszej reakcji niz jakiekolwiek czynnik biotyczny. Co wigcej, Beuning [55] wykazat
podwyzszony poziom PR (biatek zwigzanych z patogeneza, w tym Mal d 1) w okresie
dojrzewania, infekcji grzybami patogennymi oraz w odpowiedzi na czynniki srodowiskowe.

Ekspresja Mal d 1.06A4 jest istotnie skorelowane nie tylko z ilo$cig batka Mal d 1 ale takze
z immunoreaktywnos$cig surowic pacjentdw, w przeciwienstwie do Mal d 1.01 co sugeruje, ze
izoforma Mal d 1.064 ma duzy wplyw na alergennos¢ jabtek. Wykazano rowniez, ze ekspresja
Mald 1.0641Mald 1.01 dodatnio koreluje z dojrzatoscig owocow (odpowiednio wspotczynnik
r-Pearsona = 0,52, p = 0,038; wspdlczynnik r-Pearsona = 0,61, p = 0,012, odpowiednio, tab. 8);
co jest zgodne z wynikami badan przeprowadzonych przez Schmitz-Eiberger 1 Matthes [43].

Badania innego alergenu jabtka - Mal d 2 byly podejmowane sporadycznie. W niniejszych

analizach stare odmiany jabtek cechowaly si¢ wyzszym poziomem transkrypcji izoformy Mal
d 2.01 niz nowe odmiany (p = 0,043). Sposéb uprawy wptywa na ekspresje genu Mal d 2.01,
jabtka pochodzace z upraw ekologicznych mialy mniejsza ilo$¢ transktryptu w miazszu niz
owoce pochodzace z uprawy integrowanej czy intensywnej (p <0,05). Roznice w ekspresji
mogg by¢ zwigzane z reakcja roslina — patogen ze wzgledu na to, iz biatko Mal d 2 nalezy do
klasy PR-5. Gau i in. [56] wykazali, ze wysoka zawarto$§¢ Mal d 2 w odmianie Remo odpornej
na parcha, co sugeruje ochronng rolg tego biatka przeciwko patogenom. Inne badania pokazty
réwniez, iz u wrazliwej odmiany Elstar, po zaszczepieniu patogenami, stezenie biatka Mal d 2
zwigkszyto si¢ [56].
Hsieh i in. [31] zidentyfikowali Mal d 2 jako alergen reaktywny in vitro wsrdéd 75% pacjentow
uczulonych na jabtka w USA. Niniejsze badania nie ujawnily korelacji ekspresji gendéw
z immunoreaktywno$cia, co moze wynika¢ z réznej etiologii uczulenia na biatka Mal d 1 i Mal
d?2.

Badania kiolejnego genu — Mal d 3 wykazaly, iz metoda uprawy wplywa na ekspresje
iziformy Mal d 3.01 w skorce, ale nie w migzszu w grupie nowych odmian jabtek. Wyniki te
sg zgodne z badaniami Borges 1 in. [57], ktorzy udowodnili stabilny poziom genu Mal d 3.01
w migzszu 1 akumulacje transkryptu w skoérce. Biologiczna rola tego biatka polega na udziale
w syntezie kutyny, ktéra gromadzi si¢ w powierzchniowej warstwie owocu [58]. To moze
wyjasnia¢, dlaczego ekspresja izoformy genu Mal d 3.01 w skérce byla podwyzszona
W porOwnaniu z migzszem jablka. Biorgc pod uwage czynniki srodowiskowe wptywajace na
ekspresje biatek z grupy PR, Gau i wsp. [56] wykazali, ze poziom Mal d 3 podczas infekcji
patogenem jednak maleje. Jednakze, w ninijeszych badaniach przeprowadzonych na
odmianach uprawianych ekologicznie i intensywnie, ekspresja genu Mal d 3.01 w skorce
wzrosta (tab. 6).

Alergen Mal d 3 gléwnie uczula pacjentéw u ktéorych wczesniej wsytgpila alergia na
brzoskwinie. W przeciwienstwie do alergii na Mal d 1, ktorej objawy sg ograniczone gtownie
do OAS, uczulenie na Mal d 3 ma powazne, a nawet zagrazajace zyciu konsekwencje. Mal d 3
jest jednym z nieswoistych biatek przenoszacych lipidy (nsLTP), odpornych na temperature lub
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enzymy trawienne, dzigki czemu uwaza si¢ go za czynnik wywolujacy reakcje od tagodnych
do ciezkich po spozyciu pokarmu zawierajacego ten alergen [5]. Warto zauwazy¢, ze Fernandez
— Rivas et al. [15] wykazali, Zze uczulenie na pylki brzozy wigzato si¢ z 3,5-krotnym
zmniejszeniem ryzyka uczulenia na Mal d 3, podczas gdy alergia na bylicg i platan zwigkszata
to ryzyko odpowiednio 2,3-2,8-krotnie. W badaniach opisanych w niniejszej pracy wykazano,
iz ekspresja Mal d 3 nie koreluje z immunoreaktywnoscig surowic pacjentow uczulonych na
pylek brzozy, co jest zgodne z obserwacjami grupy Fernandez-Rivas [15].

Ostatnim z analizowanych genoéw jablek byt Mal d 4, kodujacy bialko nalezace do
profilin. Zaobserwowano stabilny poziom ekspresji genu Mal d 4.01 wsrdd analizowanych
odmian zaréwno w miazszu i jak i skérce, co moze by¢ konsekwencja funkcji biologiczne;j
biatka Mal d 4. Profiliny sa prawdopodobnie zaangazowane w kaskady transdukcji sygnatéw
1 organizacje¢ cytoszkieletu, obejmujace podstawowe funkcje komérkowe [59], z konstytutywna
ekspresja, podobng do aktyny [44]. Ekspresja Mal d 4.01 korelowata dodatnio z dojrzatoscia
owocOw (wspdlczynnik r Pearsona = 0,62, p = 0,011). W przypadku dhuzszego
przechowywania owocow, ekspresja genu Mal d 4 moze jednak si¢ obniza¢, jak wykazali
Botton 1 in. [7]. Mal d 4 powoduje raczej tagodne objawy u alergikow, gtownie OAS [60].
Profiliny sa do$¢ wrazliwe na denaturacje cieplng i trawienie w zotadku, dlatego alergie
pokarmowe wywotywane przez profiling sg zwykle ograniczone do zespotu alergii jamy ustne;j
wywotanego spozyciem $wiezych jabtek. Uczulenie na Mal d 4 wystepuje gtownie wsrdéd oséb
zamieszkujacych tereny Europy Poocnej i Srodkowej, podobnie jak w przypadku alergii na
Mal d 1. Niemniej jednak w badaniu SAFE czestos¢ wystgpowania IgE swoistych dla profiliny
byla wyzsza u pacjentéow z Europy Potudniowej niz u pacjentéow z Europy Srodkowej
1 Polnocnej [61]. Surowice pacjentow z alergia na pylki i uczulonych na profiling czesto
wykazuja reaktywno$¢ krzyzowa IgE z innymi owocami i warzywami. W alergiach
krzyzowych owoce-brzoza a takze brzoza — bylica — seler — pieprz, podejrzewa sig, ze profilina
moze pehnié role czynnika uczulajacego [61]. Jednak w niniejszym badaniu ekspresja Mal d
4.01 nie korelowata z immunoreaktywno$cig surowic pacjentow uczulonych na pylek brzozy,
co moze wynika¢ z innego czynnik sprawczego alergii u tych pacjentdw, niezwigzanego
z profilinami.

Oceniajac jednoczesng ekspresje gendw kodujacych cztery gléwne alergeny we
wszystkich badanych odmianach, zastosowano hierarchiczng klasyfikacje (HCPC), ktora
ujawnila trzy skupienia: na zielono - obejmujace odmiany z niskg ekspresj¢, na niebiesko
obejmujace wysoka ekspresje oraz skupisko zaznaczone na czerwono obejmujace geny
alergenow jabtek o Sredniej ekspresji (rys. 1). Wiekszo$¢ starych odmian wykazuje wigksza
zmienno$¢ w ekspresji genow niz nowe. Co wiecej, zawarto$¢ biatka Mal d 1 réwniez byta
bardzo zroéznicowana (od 0,3 do 37,7 ug / g FW), wykazujac szeroki zakres roznorodnos$ci
biologicznej (wspotczynnik zmiennos$ci - odpowiednio 99,6% 1 68,6% w starych i nowych
odmianach). Duze zréznicowanie pod wzgledem zawarto$ci Mal d 1 w odmianach starych
w porOwnaniu z nowymi wskazuje na bogate zrodlo jabtek o potencjalnie niskiej alergennosci
(tab. 7).

Marzban i in. [13] sklasyfikowat odmiany jablek jako potencjalnie hipoalergiczne tylko
na podstawie zawartosci biatka Mal d 1, ustalajagc prog alergennosci na 5 pg/g. W naszej
analizie po zastosowaniu modelowaniu nienadzorowanego grupowania integracyjnego (UIC)
(rys. 2), bioragc pod uwage nie tylko zawartos¢ Mal d 1, ale takze ekspresje Mal d 1.064 i
immunoreaktywno$¢, wyloniono trzy grupy, potencjalnie nisko (prawa strona wykresu),
srednio i silnie alergizujace odmiany (lewa strona wykresu) (rys. 2). Na podstawie kryteriow
grupowania (UIC) oraz Marzbana [13] jako potencjalnie hipoalergiczne zostalty wylonione
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nastepujace odmiany: Kandil Sinap, Kosztela, Rumianka z Alma-Ata, Kantdéwka Gdanska,
Reinette Coulon i Gala.

PC2

PC1

Rysunek 2. Nienadzorowane, integracyjne grupowanie opierajace si¢ na eskpresji genu Mal d 1.064,
zawartosci biatka Mal d 1 oraz immunoreaktywno$ci surowic.

W niniejszym projekcie odmiana Gala zostala wiaczona do grupy odmian
hipoalrgennych dla pacjentéw z uczuleniem na Mal d 1, ze wzgledu na niski poziom biatka Mal
d 1 iekspresje kodowanych gendéw, ponadto immunoreaktywnos$¢ surowic wszystkich
pacjentow z ekstraktem z owocdéw byla niska, niezaleznie od metody uprawy jabtoni tej
odmiany. Genotyp ten jest fatwo dostepny dla konsumentéw ze wzgledu na jego popularnos$¢
jako bardzo dobra odmiana deserowa.

Wedlug Vlieg — Boerstra i in. [62] testy punktowe Prick-to-Prick nie sg skuteczne
w okreslaniu alergennosci odmian jabtek; w zwigzku z tym zastosowano technike slot bot
z testem immunologicznym jako bardziej wiarygodng metod¢ oceny alergennosci owocow.
W dalszych badaniach zamierzam rozszerzy¢ analiz¢ immunoreaktywnos$ci przy uzyciu
surowic osoOb uczulonych nie tylko na pylek brzozy i/lub owoce jabloni, ale takze na
brzoskwinie.

Ograniczeniem niniejszej pracy byto wykorzystanie rodzimych, mato znanych odmian
rosnacych w matych sadach lub bankach genow; jednakze, jak wykazano, stare odmiany moga
by¢ waznym zrodlem jablek o niskiej alergennosci.
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7 Whnioski

1.

Zastosowane podejscie do oceny alergenno$ci jablek na poziomie genetycznym,
proteomicznym i immunologicznym umozliwia identyfikacj¢ odmian potencjalnie
nisko, $rednio i silnie alergizujacych.

Stare odmiany jabtoni sg bogatym zrédiem potencjalnie hipoalergennych jabtek. Do tej
pory tylko odmiany Topaz, Elise i Santana byly uwazane za dobrze tolerowane przez
pacjentdw uczulonych na jabtka. Dzigki ninijszym badaniom mozna rozszerzy¢ liste
odmian hipoalergennych o pie¢ starych odmian: Kandil Sinap, Ruminaka z Alma-Ata,
Kantéwka Gdanska, Reinette Coulon, i jedng nowa odmiang Gala.

Ekspresja izoformy Mal d 1.06A odgrywa gtoéwng role w ksztattowaniu allergennosci
jabtek. Ekspresja izoformy Mal d 1.06A determinuje poziom gtownego alergenu jabtek
Mal d 1, a tym samym wptywa na stopien alergennosci.

Wyniki niniejszych badan poszerzaja wiedze na temat regulacji ekspresji genow
kodujacych alergeny, pod wptywem metody uprawy, stopnia dojrzatosci czy rodzaju
tkanki, co moze by¢ przydatne w ocenie ryzyka wystapienia reakcji alergicznej po
spozyciu jabtek o odmiennym profilu ekspresji genow.

Poznanie molekularnego mechanizmu alergennosci jabtek i czynnikéw modyfikujacych
moze ulatwi¢ poradnictwo medyczne 1 polepszy¢ opieke nad pacjentami z alergiami
pokarmowymi.

Wylonione odmiany o réznym potencjale alergenno$ci moga by¢ przydatne do
opracowania procedur immunoterapii alergii pokarmowej na jabtka oraz pylek brzozy.

Literatura

. Hassan, A.K.G.; Venkatesh, Y.P. An overview of fruit allergy and the causative

allergens. Eur. Ann. Allergy Clin. Immunol. 2015.

Gao, Z.; Weg, E.-W.V. De; Matos, C.I.; Arens, P.; Bolhaar, S.T.H.P.; Knulst, A.C.; Li,
Y.; Hoffmann-Sommergruber, K.; Gilissen, L.J.W.J. Assessment of allelic diversity in
intron-containing Mal d 1 genes and their association to apple allergenicity. BMC Plant
Biol. 2008, doi:10.1186/1471-2229-8-116.

WHO/IUIS  Allergen  Nomenclature = Home  Page  Available  online:
http://www.allergen.org/(accessed on Jul 8, 2020).

Ebner, C.; Birkner, T.; Valenta, R.; Rumpold, H.; Breitenbach, M.; Scheiner, O.; Kraft,
D. Common epitopes of birch pollen and apples-Studies by western and northern blot.
J. Allergy Clin. Immunol. 1991, doi:10.1016/0091-6749(91)90152-E.

Sancho, A.IL.; Foxall, R.; Rigby, N.M.; Browne, T.; Zuidmeer, L.; Van Ree, R.; Waldron,
K.W.; Mills, E.N.C. Maturity and storage influence on the apple (Malus domestica)
allergen Mal d 3, a nonspecific lipid transfer protein. J. Agric. Food Chem. 2006,
doi:10.1021/3f0530446.

Gao, Z.S.; Van De Weg, W E.; Schaart, J.G.; Van Arkel, G.; Breiteneder, H.; Hoffmann-
Sommergruber, K.; Gilissen, L.J.W.J. Genomic characterization and linkage mapping
of the apple allergen genes Mal d 2 (thaumatin-like protein) and Mal d 4 (profilin).
Theor. Appl. Genet. 2005, doi:10.1007/s00122-005-0034-z.

22



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Botton, A.; Lezzer, P.; Dorigoni, A.; Barcaccia, G.; Ruperti, B.; Ramina, A. Genetic
and environmental factors affecting allergen-related gene expression in apple fruit
(Malus domestica L. Borkh). J. Agric. Food Chem. 2008, doi:10.1021/5£800813d.
Bolhaar STHP, Van De Weg WE, Van Ree R, Gonzalez-Mancebo E, Zuidmeer L,
Bruijnzeel-Koomen CAFM, et al. In vivo assessment with prick-to-prick testing and
double-blind, placebo-controlled food challenge of allergenicity of apple cultivars. J
Allergy Clin Immunol. 2005;

Matthes A, Schmitz-Eiberger M. Apple (Malus domestica L. Borkh.) allergen Mal d 1:
Effect of cultivar, cultivation system, and storage conditions. J Agric Food Chem. 2009;
46. Kootstra HS, Vlieg-Boerstra BJ, Dubois AEJ. Assessment of the reduced allergenic
properties of the Santana apple. Ann Allergy, Asthma Immunol. 2007;

Kalinowska M, Bielawska A, Lewandowska-Siwkiewicz H, Priebe W, Lewandowski
W. Apples: Content of phenolic compounds vs. variety, part of apple and cultivation
model, extraction of phenolic compounds, biological properties. Plant Physiol Biochem
[Internet]. 2014;84:169-88. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0981942814002873

Breinholt V. DESIRABLE VERSUS HARMFUL LEVELS OF INTAKE OF
FLAVONOIDS AND PHENOLIC ACIDS. Nat Antioxidants Anticarcinog Nutr Heal
Dis. 1999.

Marzban G, Puehringer H, Dey R, Brynda S, Ma Y, Martinelli A, et al. Localisation and
distribution of the major allergens in apple fruits. Plant Sci. 2005;

Popescu F-D. Cross-reactivity between aeroallergens and food allergens. World J
Methodol. 2015;

Fernandez-Rivas M, Bolhaar S, Gonzalez-Mancebo E, Asero R, van Leeuwen A, Bohle
B, et al. Apple allergy across Europe: How allergen sensitization profiles determine the
clinical expression of allergies to plant foods. J Allergy Clin Immunol. 2006;

Asero R, Ariano R, Aruanno A, Barzaghi C, Borrelli P, Busa M, et al. Systemic allergic
reactions induced by labile plant-food allergens: Seeking potential cofactors. A
multicenter study. Allergy Eur J Allergy Clin Immunol. 2020;

WHO/IUIS Allergen Nomenclature Home Page [Internet]. [cited 2020 Jul §]. Available
from: http://www.allergen.org/

Gao ZS, Van De Weg WE, Schaart JG, Schouten HJ, Tran DH, Kodde LP, et al.
Genomic cloning and linkage mapping of the Mal d 1 (PR-10) gene family in apple
(Malus domestica). Theor Appl Genet. 2005;

Markovic-Housley Z, Degano M, Lamba D, Susani M, Ferreira F, Scheiner O, et al.
Crystal structure of a hypoallergenic isoform of the major birch pollen allergen Bet v 1
and its biological function. J Allergy Clin Immunol. 2002;

Neudecker P, Schweimer K, Nerkamp J, Scheurer S, Vieths S, Sticht H, et al. Allergic
cross-reactivity made visible. Solution structure of the major cherry allergen Pruav 1. J
Biol Chem. 2001;

Piihringer H, Moll D, Hoffmann-Sommergruber K, Watillon B, Katinger H, Da Camara
Machado ML. The promoter of an apple Yprl0 gene, encoding the major allergen Mal
d 1, is stress- and pathogen-inducible. Plant Sci. 2000;

Vieths S, Jankiewicz A, Schoning B, Aulepp H. Apple allergy: the IgE-binding potency
of apple strains is related to the occurrence of the 18-kDa allergen. Allergy. 1994;
Pagliarani G, Paris R, Arens P, Tartarini S, Ricci G, Smulders MMJ, et al. A qRT-PCR
assay for the expression of all Mal d 1 isoallergen genes. BMC Plant Biol. 2013;

23



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Gao Z, Weg EWV De, Matos CI, Arens P, Bolhaar STHP, Knulst AC, et al. Assessment
of allelic diversity in intron-containing Mal d 1 genes and their association to apple
allergenicity. BMC Plant Biol. 2008;

Krebitz M, Wagner B, Ferreira F, Peterbauer C, Campillo N, Witty M, et al. Plant-based
heterologous expression of Mal d 2, a thaumatin-like protein and allergen of apple
(Malus domestica), and its characterization as an antifungal protein. J] Mol Biol. 2003;
18. Oh DH, Song KJ, Shin YU, Chung W Il. Isolation of a cDNA Encoding a 31-kDa,
Pathogenesis-related 5/thaumatin-like (PRS5/TL) Protein Abundantly Expressed in
Apple Fruit (Malus domestica cv. Fuji). Biosci Biotechnol Biochem. 2000;
Breiteneder H, Radauer C. A classification of plant food allergens. J. Allergy Clin.
Immunol. 2004.

Gao ZS, Van De Weg WE, Schaart JG, Van Arkel G, Breiteneder H, Hoffmann-
Sommergruber K, et al. Genomic characterization and linkage mapping of the apple
allergen genes Mal d 2 (thaumatin-like protein) and Mal d 4 (profilin). Theor Appl
Genet. 2005;

Botton A, Lezzer P, Dorigoni A, Barcaccia G, Ruperti B, Ramina A. Genetic and
environmental factors affecting allergen-related gene expression in apple fruit (Malus
domestica L. Borkh). J Agric Food Chem. 2008;

Smole U, Bublin M, Radauer C, Ebner C, Breiteneder H. Mal d 2, the thaumatin-like
allergen from apple, is highly resistant to gastrointestinal digestion and thermal
processing. Int Arch Allergy Immunol. 2008;

Hsieh LS, Moos M, Lin Y. Characterization of apple 18 and 31 kd allergens by
microsequencing and evaluation of their content during storage and ripening. J Allergy
Clin Immunol. 1995;

Poltronieri P, Hong Y. Applied Plant Genomics and Biotechnology. Appl. Plant
Genomics Biotechnol. 2015.

Gomez F, Aranda A, Campo P, Diaz-Perales A, Blanca-Lopez N, Perkins J, et al. High
prevalence of lipid transfer protein sensitization in apple allergic patients with systemic
symptoms. PLoS One. 2014;

Gao ZS, Van De Weg WE, Schaart JG, Van Der Meer IM, Kodde L, Laimer M, et al.
Linkage map positions and allelic diversity of two Mal d 3 (non-specific lipid transfer
protein) genes in the cultivated apple (Malus domestica). Theor Appl Genet. 2005;
Andersen MBS, Hall S, Dragsted LO. Identification of European allergy patterns to the
allergen families PR-10, LTP, and profilin from rosaceae fruits. Clin. Rev. Allergy
Immunol. 2011.

28.Asero R, Mistrello G, Roncarolo D, Amato S, Falagiani P. Analysis of the heat
stability of lipid transfer protein from apple [2]. J. Allergy Clin. Immunol. 2003.
Homann A, Schramm G, Jappe U. Glycans and glycan-specific IgE in clinical and
molecular allergology: Sensitization, diagnostics, and clinical symptoms. J Allergy Clin
Immunol. 2017;

Hemmer W, Wohrl S, Wantke F, Altmann F. Immunocap Cellulose Displays Cross-
Reactive Carbohydrate Epitopes and Can Cause False-Positive Test Results in Patients
with Anti-CCD IgE Antibodies. J Allergy Clin Immunol. 2014;

Cerutti AK, Bruun S, Donno D, Beccaro GL, Bounous G. Environmental sustainability
of traditional foods: The case of ancient apple cultivars in Northern Italy assessed by
multifunctional LCA. J Clean Prod. 2013;

24



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Vlieg-Boerstra BJ, Van De Weg WE, Van Der Heide S, Dubois AEJ. Where to prick
the apple for skin testing? Allergy Eur J Allergy Clin Immunol. 2013;

51.Schenk MF, van der Maas MP, Smulders MJM, Gilissen LJWJ, Fischer ARH, van
der Lans IA, et al. Consumer attitudes towards hypoallergenic apples that alleviate mild
apple allergy. Food Qual Prefer. 2011;

Vegro M, Eccher G, Populin F, Sorgato C, Savazzini F, Pagliarani G, et al. Old Apple
(Malus domestica L. Borkh) Varieties with Hypoallergenic Properties: An Integrated
Approach for Studying Apple Allergenicity. J Agric Food Chem. 2016;
Schmitz-Eiberger M, Matthes A. Effect of harvest maturity, duration of storage and
shelf life of apples on the allergen Mal d 1, polyphenoloxidase activity and polyphenol
content. Food Chem. 2011;

Yang XT, Song J, Campbell-Palmer L, Walker B, Zhang Z. Allergen related gene
expression in apple fruit is differentially controlled by ethylene during ripening.
Postharvest Biol Technol. 2012;

Takacs K, Szamos J, Szabé EE, Szabo Z, Ny¢ki J, Gelencsér E. Apple allergens as
affected by cultivation technolog and variental factors. Int J Hortic Sci. 2010;
Savazzini F, Ricci G, Tartarini S. Apple allergens genomics and biotechnology:
Unravelling the determinants of apple allergenicity. Appl Plant Genomics Biotechnol.
2015

Nothegger B, Reider N, Covaciu CE, Cova V, Ahammer L, Eidelpes R, et al. Allergen-
specific immunotherapy with apples: selected cultivars could be a promising tool for
birch pollen allergy. J Eur Acad Dermatology Venereol. 2020;

Kiewning D, Schmitz-Eiberger M. Effects of long-term storage on Mal d 1 content of
four apple cultivars with initial low Maldl content. J Sci Food Agric. 2014;

Matthes A, Schmitz-Eiberger M. Polyphenol content and antioxidant capacity of apple
fruit: Effect of cultivar and storage conditions. J Appl Bot Food Qual. 2009;

Reid, K.E.; Olsson, N.; Schlosser, J.; Peng, F.; Lund, S.T. An optimised grapevine RNA
isolation procedure and statistical determination of reference genes for real-time RT-
PCR during berry development. BMC Plant Biol. 2006, doi:10.1186/1471-2229-6-27.
Wiersma, P.A.; Zhang, H.; Lu, C.; Quail, A.; Toivonen, P.M.A. Survey of the
expression of genes for ethylene synthesis and perception during maturation and
ripening of “Sunrise” and “Golden Delicious” apple fruit. Postharvest Biol. Technol.
2007, doi:10.1016/j.postharvbio.2006.12.016

Ramakers, C.; Ruijter, J.M.; Lekanne Deprez, R.H.; Moorman, A.F.M. Assumption-
free analysis of quantitative real-time polymerase chain reaction (PCR) data. Neurosci.
Lett. 2003, doi:10.1016/S0304-3940(02)01423-4.

Meng, C.; Helm, D.; Frejno, M.; Kuster, B. moCluster: Identifying Joint Patterns Across
Multiple Omics Data Sets. 2015, doi:10.1021/acs.jproteome.5b00824.

Tibshirani, R.; Walther, G.; Hastie, T. Estimating the number of clusters in a data set
via the gap statistic. J. R. Stat. Soc. Ser. B Stat. Methodol. 2001, doi:10.1111/1467-
9868.00293.

Beuning, L.L.; Bowen, J.H.; Persson, H.A.; Barraclough, D.; Bulley, S.; MacRae, E.A.
Characterisation of Mal d 1-related genes in Malus. Plant Mol. Biol. 2004.

Gau, A.E.; Koutb, M.; Pitrowski, M.; Kloppstech, K. Accumulation of pathogenesis-
related proteins in the apoplast of a susceptible cultivar of apple (Malus domestica cv.
Elstar) after infection by Venturia inaequalis and constitutive expression of PR genes in
the resistant cultivar Remo. Eur. J. Plant Pathol. 2004, 110, 703-711.

25



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Borges, J.P.; Jauneau, A.; Brulé, C.; Culerrier, R.; Barre, A.; Didier, A.; Rougé, P. The
lipid transfer proteins (LTP) essentially concentrate in the skin of Rosaceae fruits as cell
surface exposed allergens. Plant Physiol. Biochem. 2006.

Kader, J.C. Lipid-transfer proteins in plants. Annu. Rev. Plant Physiol. Plant Mol. Biol.
1996.

Machesky, L.M.; Poland, T.D. Profilin as a potential mediator of membrane-
cytoskeleton communication. Trends Cell Biol. 1993, doi:10.1016/0962-
8924(93)90087-H.

Zuidmeer, L.; Goldhahn, K.; Rona, R.J.; Gislason, D.; Madsen, C.; Summers, C.;
Sodergren, E.; Dahlstrom, J.; Lindner, T.; Sigurdardottir, S.T.; et al. The prevalence of
plant food allergies: A systematic review. J. Allergy Clin. Immunol. 2008,
doi:10.1016/j.jaci.2008.02.019.

Zuidmeer L, Van Leecuwen WA, Budde IK, Breiteneder H, Ma Y, Mills C, et al.
Allergenicity assessment of apple cultivars: Hurdles in quantifying labile fruit allergens.
Int Arch Allergy Immunol. 2006;

Vlieg-Boerstra BJ, Van De Weg WE, Van Der Heide S, Kerkhof M, Arens P,
Heijerman-Peppelman G, et al. Identification of low allergenic apple cultivars using
skin prick tests and oral food challenges. Allergy Eur J Allergy Clin Immunol. 2011;
Szamos J, Takacs K, Szabo EE, Kovacs E, Gelencsér E. Purification of natural Mal d 1
and Mal d 2 allergens and monitoring of their expression levels during ripening in
Golden Delicious apple. Food Res Int. 2011;

Zuidmeer L, Van Leeuwen WA, Budde IK, Cornelissen J, Bulder I, Rafalska I, et al.
Lipid transfer proteins from fruit: Cloning, expression and quantification. Int Arch
Allergy Immunol. 2005;

Wagner A, Szwed A, Buczytko K, Wagner W. Allergy to apple cultivars among patients
with birch pollinosis and oral allergy syndrome. Ann Allergy, Asthma Immunol. 2016;
Cudowska B, Kaczmarski M, Restani P. Immunoblotting in the diagnosis of cross-
reactivity in children allergic to birch. Rocz Akad Med w Bialymstoku. 2005;

Son DY, Scheurer S, Hoffmann A, Haustein D, Vieths S. Pollen-related food allergy:
Cloning and immunological analysis of isoforms and mutants of Mal d 1, the major
apple allergen, and Bet v 1, the major birch pollen allergen. Eur J Nutr. 1999;

Romer E, Chebib S, Bergmann KC, Plate K, Becker S, Ludwig C, et al. Tiered approach
for the identification of Mal d 1 reduced, well tolerated apple genotypes. Sci Rep. 2020;
Asero R, Marzban G, Martinelli A, Zaccarini M, Laimer Da Camara Machado M.
Search for low allergenic apple cultivars for birch pollen-allergic patients: Is there a
correlation between in vitro a says and patient response? Eur Ann Allergy Clin
Immunol. 2006;

Carnés J, Ferrer A, Fernandez-Caldas E. Allergenicity of 10 different apple varieties.
Ann Allergy, Asthma Immunol. 2006;

Sancho Al, Foxalll R, Browne T, Dey R, Zuidmeer L, Marzban G, et al. Effect of
postharvest storage on the expression of the apple allergen Mal d 1. J Agric Food Chem.
2006;

Barden JA, Marini RP. Incidence of diseases on fruit of nine apple genotypes as
influenced by six fungicide treatments. Fruit Var J. 1998;

26



Zalaczniki

Pelnotesktowe wersje publikacji ujetych w cyklu wraz z suplementem.

Wkiad poszczegolnych wspotautoréw w pracach jest opisany na koncu kazdej publikacji.

27



O 00O NN 0N DNWN -

T N Y
o N Ot AW -, O

19

Q1

Q2

Q3

Received: 21 December 2020 Revised: 11 March 2021 Accepted: 14 April 2021

DOI: 10.1002/clt2.12032

REVIEW EAACI

Apple allergy: Causes and factors influencing fruits allergenic
properties-Review

Aleksandra Siekierzynska? | Dorota Piasecka-Kwiatkowska? |
Aleksander Myszka® | Marta Burzynska®? | Barbara Sozanska® | Tomasz Sozanski®

1Department of Physiology and Plant Biotechnology, Institute of Agricultural Sciences, Land Management and Environmental Protection, University of Rzeszow,
Rzeszow, Poland

2Department of Food Biochemistry and Analysis, Poznan University of Life Sciences, Poznan, Poland
SInstitute of Medical Sciences, University of Rzeszow, Rzeszow, Poland
“#1st Department of Pediatric Allergology and Cardiology, Wroclaw Medical University, Wroclaw, Poland

>Department of Pharmacology, Wroclaw Medical University, Wroclaw, Poland

Correspondence

Aleksandra Siekierzynska, Department of Abstract

Physiology and Plant Biotechnology, Institute Apple tree fruits (Malus x domestica Borkh.) are a rich source of nutrients and
of Agricultural Sciences, Land Management . .

and Environmental Protection, University of nutraceuticals and are recommended as a part of the healthy, staple diet. However,
Rzeszow, Cwiklinskiej 2, 35-601 Rzeszow, apples could be also the cause of allergies including severe reactions. Allergies to
Poland.

Email: ola_sk@wp.pl fruits like apples are predominantly associated with pollinosis. In North and Central

Europe, sensitisation to apples is caused mainly by cross-reactive birch pollen aer-

Funding information . . 5
oallergen, whereas in the Mediterranean area of Europe, apple allergy is mostl
Polish Ministry of Science and Higher g P PP gy y

Education's program, Grant/Award Number: associated with allergies to peach. The allergenicity of apples differ across cultivars
Publication was co-financed within the

framework o but only a few varieties were studied. Some factors changing apples allergenicity

were identified, including unmodifiable and potentially modifiable factors for
example cultivation method, ripening stage and storage conditions. This review
presents current knowledge about the molecular basis of apple allergenicity and
factors influencing its level. Selecting cultivars with low potential of allergenicity,
removing apple peel and heat treatment could reduce the risk of severe allergy
reaction incidence and presumably can be used in birch pollen immunotherapy.

KEYWORDS
allergy, antioxidants, apple varieties, birch pollinosis, polyphenols

Abbreviations: BAT, basophil activation test; BMI, body mass index; CCDs, cross reactive carbohydrate determinants; EAST, Enzyme Allergosorbent Test;; ELISA, Enzyme-Linked
Immunosorbent Assay;; EST, expressed sequence tag; HR, histamine release test; LG, linkage group; (ns)LTPs, (non-specific) lipid transfer proteins family; OAS, oral allergy syndrome; OPT,
oral provocation test; PPO, polyphenol oxidase enzyme; PR, Pathogen Resistance Proteins, pathogenesis-related protein family; PR, Pathogen Resistance Proteins, pathogenesis-related
protein family; R, resistant; RAST, inhibition and immunoblotting; S, susceptible; sIgE, specific IgE; SPT, skin prick test; VS, very susceptible.

© 2021 The Authors. Clinical and Translational Allergy published by John Wiley and Sons Ltd on behalf of European Academy of Allergy and Clinical Immunology

Clin Transl Allergy. 2021;1-8. wileyonlinelibrary.com/journal/clt2 1

CLT212032_proof W 23 April 2021 W Pages: 8 W CE:

54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106



O 00O NN 0N DNWN -

T N Y
o N Ot AW -, O

19

2 | )

SIEKIERZYNSKA ET AL.

EAACI

1 | BACKGROUND

Apple tree fruits (Malus x domestica Borkh.) are a rich source of
nutrients and nutraceuticals like polyphenols and other phytochem-
icals. The main components of apple phytochemicals are phenolic
acids, dihydrochalcones, flavonoids (quercetin glycosides), catechins
and oligomeric procyanidins as well as cyanidin glucosides in red
fruits.® Due to the listed ingredients, apple may reduce risk of chronic
diseases, through various mechanisms, including antioxidant or anti-
proliferative.? They may also improve the functioning of the digestive
tract, regulate body mass and increase the respiratory efficiency of
the body.® Unfortunately, apples could also be the cause of allergies
including severe reactions.

About 5%-8% children and 2%-3% adults suffer from food
allergy.* Allergies to fruits like apple, pear, peach, apricot, cherry,
and to vegetables such as carrot, celery and potato are more
frequent in older children and adults and they are predominantly
associated with cross-reactivity between aeroallergens like tree
pollens, grass or ragweed pollens and food allergens due to struc-
tural homology of some allergenic proteins.” In North and Central
Europe, the most frequent example is the symptomatic response to
raw apple in patients sensitised to birch tree pollens.® The primary
sensitisation to allergenic molecules of Betula verrucosa (e.g., Bet v1)
triggers the synthesis of specific IgE antibodies which are capable to
cross-react with its homologues in apple (e.g., Mal d1). The clinical
expression of such immune-mediated reaction includes rapid-onset
pruritus of the oropharynx, angio-oedema, ears' pruritus and
sometimes larynx constriction. These symptoms known as an Oral
Allergy Syndrome (OAS) are usually mild and occur directly after
exposure to the allergens. The apple allergens are heat-labile
and susceptible to digestion thus the symptoms are rarely con-
nected with gastrointestinal track. Asero et al.” estimated the
pathogenesis-related protein family PR-10 and profilin are although
labile molecules, can induce systemic reactions facilitated by proton
pump inhibitors, ingestion of large amounts of raw foods and fast-
ing. The cross-reactivity properties and allergenic potential of
different apple cultivars may vary and this phenomenon may be
clinically useful in planning oral immunotherapy treatment with the
use of less allergenic cultivars. These issues will be discussed in our
article.

1.1 | Sensitising components
1.1.1 | Mal d proteins

So far, four allergens have been identified and officially incorporated
into the nomenclature by WHO/IUIS® in apples (Malus x domestica
Borkh.): Mal d 1, Mal d 2, Mal d 3 and Mal d 4. Among them, Mal d 1
is clinically the most important allergen in North and Central Europe,
Mal d 3 in Southern Europe. In Mediterranean, the two other pro-
teins Mal d 2 and Mal d 4, are also associated with the hyper-

reactivity to apple fruits.

Mal d 1 is identified as a 17-18 kDa protein of 158-159 amino
acids encoded by 480-483 nucleotides.” Its biological function is
connected with fungal and bacterial infection response due to the
ribonuclease activity of proteins belonging to the pathogenesis-
related protein family (PR-10). Mal d 1 may also be involved in bind-
ing and transport of plant steroids and intracellular signalling.'°=*?
The abiotic and biotic stress affects the content of Mal d 1 allergen.
Time and conditions of apple fruits storage may quantitatively alter
the allergenic properties of their proteins.'® Moreover, patients with
birch pollen-related food allergies report the severity of their symp-
toms strongly dependent on apple variety and the degree of matu-
rity.** Variability in the allergenic potency might result from the
different expression levels of the Mal d 1 isoforms clustered in four
groups (Mal 1.01-Mal d 1.04) (www.allergen.org). In the apple
genome, many sequences of isoallergens has been identified so far.
Mal d 1 is encoded by 18 genes, seven of these are clustered into
linkage group 13 (LG13), nine genes clustered into LG16 and one of
them is unclustered.” The gene family was divided into five groups
depending on number and size of introns and analysis of EST
(expressed sequence tag).’® In the first subfamily of the Mal d 1
protein, two major genetic variants Mal d 1.01 and Mal d 1.02, in the
second Mal d 1.04 and Mal d 1.05, in the third Mal d 1.06A, Mal d 1.06B,
Mal d 1.06C, in the fourth: Mal d 1.07-1.09, Mal d 1.03A-G and in the
fifth Mal d 1ps1 have been identified.” Gao et al.*® demonstrated the
association of expression of Mal d 1.04 and Mal d 1.06A with the
allergenicity. Moreover, Mal d 1.06A showed the allele dosage effect
on the amount of Mal d 1 protein.*®

Another apple allergen Mal d2 (23 kDa), is also known to be
connected with apple allergenicity phenomenon. Mal d 2 belongs
to thaumatin-like proteins (TLPs) group with antifungal properties
(PR-5).Y7 TLPs are major protein component in mature apple
fruit'® and they are considered as a panallergen in food and in
pollen.’ Mal d 2 is similar to protein extracted from the fruit
Thaumatococcus daniellii. Mal d 2 proteins are encoded by Mal
d 2.01, 2.02 and 2.03 genes,’° although there is only one isoform
(Mal d 2.01) officially recognised by WHO/IUIS.® Two copies of the
Mal d 2.01 gene are slightly different in the signal peptide and
intron size mapped at the same position on LG 9.2* Mal d 2
proteins are very stable molecules, resistant to heat denaturation
and proteolysis, as a result of the presence of the eight disulphide
bridges which hold together three-dimensional structure.?? Hsieh

et al.?®

identified Mal d 2 as an in vitro reactive allergen among
75% (25/34) of apple allergic subjects recruited in the study in
USA.%®

A 9 kDa molecular weight protein—Mal d 3 identified in apples,
belongs to the non-specific lipid transfer proteins family (nsLTPs).
Proteins from that family are major allergens sensitising patients
with non-pollen related allergies to Rosaceae fruits.’*”>’ In Medi-
terranean countries, patients allergic to apples, but not sensitised to
Betula pollen, confer allergies to peach and other Rosaceae and non-
Rosaceae fruits. Apple Mal d 3 allergens cross-react with peach Pru
p 3 allergens. Mal d 3 is encoded by two genes Mal d 3.01 and Mal
d 3.02.%°

CLT212032_proof W 23 April 2021 W Pages: 8 W CE:

54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106



O 00O NN 0N DNWN -

T N Y
o N Ot AW -, O

19

T1 T2

SIEKIERZYNSKA €T AL

‘

EAACI | 3

Mal d 4 is a cytosolic protein 12-15 kDa,’* playing essential role
in plant growth and development by participating in the regulation of
actin filament polymerisation.?° Allergy to Mal d 4 occurs mostly in
the Mediterranean, with minor role in apple sensitisation.?® This
allergen is involved in sensitisation to fruits of other species and
strongly cross-reacts with birch pollen Bet v 2 profilin.’>?® Mal d 4 is
encoded by three genes Mal d 4.01, Mal d 4.02 and Mal d 4.03,°
among them Mal d 4.02 has the highest expression level.?*

1.2 | CCDs—cross reactive carbohydrate
determinants

About 20% of sensitised patients to pollen produce IgE antibodies
that can bind carbohydrate determinants. IgE specific to CCDs are
considered to have no or minor clinical significance, Glycans with
carbohydrate determinants in plants and in invertebrates differ from
those glycoproteins existing in mammals. These foreign epitopes for
humans are highly immunogenic resulting in specific IgE antibodies.?’
The widespread presence of fucose and xylose on N-linked glycans of
plants and in invertebrates may explain the high degree of cross-
reactivity that has been reported for CCD-specific IgE antibodies.*°
The clinical relevance of IgE antibodies to CCDs relies on the
composition of the allergen-monovalent or multivalent with respect
to the carbohydrate determinant.

To avoid misdiagnosis, an investigation of the presence of CCD
antibodies should be conduct. Determination of anti-CCD IgE anti-
body in blood can be tested with bromelain or horseradish peroxi-
dase, and also by the use of a test specific to MUXF3, a common plant
glycan structure.®* A positive in vitro test and a negative skin prick
test to the same plant food allergen may indicate presence of non-
cross-linking CCD-specific IgE antibodies to that allergen. However,
this phenomenon does not exclude cross-linking to other allergens
with multivalent CCD epitopes or the presence of concomitant IgE
antibodies to peptide epitopes.®?

1.3 | Allergenicity varies regards to apple tree
varieties and cultivation method

Despite common allergies to apples, only a few studies assessing the
amount of different apple allergens were conducted in commonly
cultivated varieties: Golden Delicious, Granny Smith, Fuji, Santana,

12:3031 3nd mainly in relation to

Cox's Orange Pippin, Topaz, Braeburn
the Mal d 1 (Tables 1 and 2). The extensive use of these popular
cultivars has resulted in uniformity of commercial apple orchards and
the limitation of genetic biodiversity.®

The issue of the expression of genes encoding allergens in ap-
ples is also poorly understood. Even limited number of publications
regarding the gene expression encoding apple allergens showed an
association among gene expression and degree of maturity, storage
conditions mainly with respect to the Mal d 1 gene (Table 1).
Therefore, it is expected to expand similar research to a larger

number of varieties, in particular with regard to old ones. There are
only a few papers*®** describing allergen gene expression in old
varieties, which are valuable in terms of taste, nutritional value,
processing or for breeding. Nevertheless, cultivation of apple vari-
eties with low allergenic potential is not developed. Currently, only
Santana, Topaz and Elise cultivars, are considered hypoallergenic,
and are quite well tolerated by patients with allergies. It has been
shown that the Santana variety is characterised by considerable
resistance to apple scab, thanks to which it is possible to signifi-
cantly reduce the use of fungicides in its cultivation.’® There is
some evidence that pesticide treatment may lead to an even more
robust response inducing higher expression of Mal d 1 than biotic
factor.*°

1.4 | Abiotic factors influencing allergenicity

Variation of Mal d 1 content during ripening, postharvest maturity,
and storage time and conditions were confirmed only in the context
of Golden Delicious, Topaz, Braeburn and Cox’Orange Pippin apple
varieties. During the ripening period, content of Mal d 1 allergens
continuously increases from about 0.2 mg/100 g fresh weight to
approximately 0.8 mg/100 g fresh weight (130-164 days after
blooming respectively). Mal d 1 content in apple fruit varieties
Braeburn, Topaz harvested at different stages of ripeness revealed
no differences.®® After an additional shelf life, significantly higher Mal
d 1 concentration in the overripe fruit in comparison to the unripe
fruit were determined. Storage, at ambient temperature, of 12 weeks
cold-stored fruit of above mentioned cultivars led also to Mal d 1
accumulation in unripe and overripe harvested fruit, contrary to ripe
fruit, where Mal d 1 remained stable.’’ The study emphasises the
need for further research on other apple cultivars to ascertain the
differences of Mal d 1 content at different maturity stage and during
apple storage. Several studies shown the elevation of Mal d 1 protein
content and up-regulation of Mal d 1 gene expression during storage
and by cold stress.*® However, Botton et al.?* indicated stable level
of gene expression in analysed apple cultivars, inter alia in Golden
Delicious and Braeburn. Mal d 3 expression was two to five times
higher in apple skin than in a pulp and down-regulated upon storage
time by about 5 months. The duration of storage time down regulates
Mal d 4 coding genes.?! Yang et al.>> showed a decrease in expression
of the Mal d 4 isoforms after harvest and during ripening. It is sug-
gested that different responses to ethylene can affect profilin gene
expression.

A point of interest is that organic farming weakened Mal d con-
tent,”? unfortunately, commercial varieties with a significantly
reduced resistance to apple diseases are not suitable for this type of
crop. We should focus our attention on old varieties, in which a
significant resistance to fungal diseases is observed, making them
suitable for organic farming that is getting modern nowadays.
Moreover, the impact of cultivation methods on allergenicity is not
established nor in commonly cultivated apple trees neither in old

cultivars.
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TABLE 1 The list of apple cultivars and methods used for Mal d allergens studies

Cultivar

Golden Delicious

Granny Smith

Baeburn

Elstar

Topaz

Elise

Santana

Cox's Orange Pippin, Jonagored,

Jonagold, Boskoop, Priscilla, Fuiji,
Jonathan, prima, Fiesta, Mcintosh,

Gala, Idared, Gloster, Szampion

Old varieties: Pink Lady Cripps Pink,
Annurca, ‘Calvilla Bianca d’'Inverno,

Mutsu, Osnabruecker Renette,
Delorina, Resista, Rajca, Grey
Renette, Starking

Analysis method

Gene expression

ELISA, EAST, immunoblotting
SPT/prick-to-prick

Gene expression

ELISA, EAST, immunoblotting
SPT/prick-to-prick

Gene expression

ELISA, EAST, immunoblotting
SPT/prick-to-prick

Gene expression

ELISA, EAST, immunoblotting
SPT/prick-to-prick

Gene expression

ELISA, EAST, immunoblotting
SPT/prick-to-prick

Gene expression

ELISA, EAST, immunoblotting
SPT/prick-to-prick

Gene expression

ELISA, EAST, immunoblotting
SPT/prick-to-prick

Gene expression

ELISA, EAST, immunoblotting
SPT/prick-to-prick

Gene expression,

ELISA, EAST, immunoblotting
SPT/prick-to-prick

Mald 1 Mal d 2 Mal d 3 Mal d 4
3, 21, 34-36 21,34-36 21,35-37 21,38
3, 14, 16, 16, 21, 34, 34, 36, 38-42, 48-50 21, 34 21,42,43 21,38
36, 41, 44 36 43 21, 35
3,21, 36 21 21 21
3, 14, 16, 31, 34, 42, 48, 50 36 43
44 43
21 21 21 21
13, 14, 21, 35, 38-40 21 21 21
13
S
3 38
38
13, 39, 40, 45
13,45
44
46
49
16, 44
3, 36, 47
3, 14, 14, 28, 36, 38, 40, 45, 47, 50 43
16, 41, 44 43
21, 36 21, 36 21, 36 21
21, 36 21, 36 43 21
40,41,44 43 43

Abbreviations: EAST, Enzyme Allergosorbent Test; ELISA, enzyme-linked immunosorbent assay; SPT, Skin Prick Test.

1.5 | Biotic factors

Plants react to pathogen attacks (Table 3), wounding, UV-B radiation,
osmotic shock, low temperature, water deficit, chemicals like
ethylene or salicylic acid, inter alia by producing proteins belonging
to the PR (Pathogen Resistance Proteins) family. Three of the four
main apple allergens belongs to PR, which are connected with natural
resistance to powdery mildew or/and to apple scab or to other

stressors and chemicals.”®

1.6 | Allergenicity modifying factors

The allergenicity of apples is more complex due to the interactions of

Mal d 1 protein with polyphenols (catechin) and enzymatic

antioxidant system. The reaction between Mal d 1 and oxidised
polyphenols can result in decrease of IgE binding as shown in Brae-
burn cultivar.®? On the other hand, in Topaz, with high polyphenols
content and low activity of PPO (polyphenol oxidase enzyme)
conferring a high total anti-oxidative capacity, IgE binding to Mal d 1
is also reduced.’® According to Schmits-Eiberger and Matthes,®” in
the cv. Braeburn, cv. Golden Delicious and cv. Topaz amount of total
polyphenols were stable during maturation; however during storage,
polyphenol content significantly decreased.

Traditional cultivation of apple varieties with low allergenic po-
tentials is not well developed. Currently, Santana, Topaz and Elise
cultivars, are considered as hypoallergenic, and are quite well toler-
ated in patients experiencing OAS syndrome.*® Furthermore, it has
been demonstrated that Santana is characterised by considerable

resistance to apple scab, thanks to which it is possible to significantly
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TABLE 2 Mald 1 protein content X . .
across apple cultivars Cultivar Mal d 1 content Units Literature

Golden Delicious 12.1 vg/g FW 3

Cso = 0.12, Cso = 0.36 g 14

45 (4.5) ug/g (mg/100 g) 48

2.9, 3.4, about 10.0 vg/g FW 49

14.1-135.17 ug/g 38

7.3-18.6 ug/g FW 16

6.2-7.6 vg/g f FW 40

7-8 (0.7-0.8) pg/g (mg/100 g) 34

7.6-17 vg/g 39

5.5-12.8 ug/g 50

Granny Smith 5.95-18.17 vg/g 16
12.14, 8.81 ug/g FW 5

16 (1.6) vg/g (mg/100 g) 48

2.3-64 ug/g FW 34

545-12.14 [V:74: 50

Baeburn 9.45-271.20 ug/g 38

Cso = 0.12 ug 14

Topaz 2.0-64 vg/g FW 40

6.3-16.1 ug/s 39

<1-25 vg/g FW 45

Santana 0.5, 2.3, about 5.0 ug/g FW 49

Elise 0.25-17 ug/g FW 45
Fuji 11.50 ug/g FW 3

54,115 ug/g 28

32.84-455.01 ug/g 38

50.8 ug/g 47

Boskoop Cs0=2 ug 14

1-25 ug/g FW 45

Jonagold 7 (0.7) pg/g (mg/100 g) 48

3.33-5.5 ug/g FW 50

1.3-8.7 vg/g FW 40

12.98-38.82 ug/s 38

17.2 vg/g 47

Idared 8 (0.8) pg/g (mg/100 g) 48

Gloster 4 (0.4) yg/g (mg/100 g) 48

Gala 14.6 ug/g FW 40

Abbreviations: C50, concentration of protein causing 50% inhibition of IgE binding from patients

sera; FW, fresh weight.

reduce the usage of chemicals with anti-fungal properties in its

cultivation,”® thus the use of organic cultivation of this variety may

led to reduce the amount of allergenic proteins. In a recent study of

allergenic potential of apples cultivars, tested by prick-to-prick skin

tests and provocation test in 52 patients with birch pollen hay fever

and OAS, significant differences among various cultivars were

revealed. Red-fleshed cultivars gave the mildest reactions, being

proposed as potentially useful tool in oral immunotherapy treatment
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TABLE 3 Fungi disease susceptibility and allergenicity

Apple Powdery

Apple variety scab mildew Allergenicity Study
Golden S VS High 54
delicious
Granny smith S VS Low 55
Braeburn R R Low/high 14,55
Elstar S} S} Low 55
Topaz R R Low 55
Elise S/R S| Low 55
Santana R S Low 55

Abbreviations: R, resistant; S, susceptible; VS, very susceptible.

in patients with birch pollen allergy and OAS due to birch-apple
cross-reactivity.”’ Post-harvest treatment may have additional role

in apple fruit allergenicity. Hsieh et al.?

revealed that prolonged
storage at 4°C of Golden Delicious and Granny Smiths fruits can
elevate Mal d 1 and Mal d 2 protein levels. In low allergenic cultivars
like Santana and Elise, Mal d 1 proteins increased along with storage
time, but after treatment with MCP-1-inhibiting ripening, the content

of Mal d 1 protein was reduced.*

2 | CONCLUSIONS

In Northern and Central Europe, apple allergies are mostly related to
birch pollen sensitisation and are caused by cross-reactive proteins
Bet v 1 and Mal d 1. In the Mediterranean, apple allergies are
less frequent but severe and associated with sensitisation to LTPs
(Mal d 3).

Variation in the Mal d 1 isoforms expression may account for the
variability of allergenic potency of apple cultivars, which suggests
that genetic factors could have a major role in controlling the Mal d 1
allergenicity in mature apples.

The differences in the allergenic potential of apple fruits can be
also the effect of the degree of ripeness of the fruit, as a result of an
accumulation of Mal d 1 protein during maturation. Similarly, the
time and conditions of fruit storage affect the accumulation of the
Mal d 1 and Mal d 2 allergens as shown in Golden Delicious and
Granny Smiths varieties.

The total anti-oxidative status of apple fruits and interactions of
polyphenols with Mal d 1 protein can affect the allergenic potential
and the ability to bind IgE antibodies.

Currently, only the Topaz, Elise and Santana varieties are
considered to be well tolerated by apple allergic patients.

Selecting cultivars with low potential of allergenicity, removing
apple peel and heat treatment could reduce the risk of severe allergy
reaction incidence and presumably can be used in birch pollen
immunotherapy. Knowledge of the molecular mechanism of apples

allergenicity and factors that modify the reaction severity could

facilitate medical counselling and improve patients' care with al-

lergies related with apple fruits.
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Abstract: About 50-70% of patients allergic to birch pollen suffer from sensitization after apple
ingestion. Apple allergenicity was established in only few varieties. Studies were performed on apple
fruits of 21 traditional and nine modern varieties organically, intensively, or integratively produced.
The aim of the study was to assess whether the factors like cultivation method, maturity stage,
genotype, or type of tissue place an impact on the allergenic potential of apples. To answer these
questions, we used semiquantitative real-time PCR, ELISA, and immunoblotting. Apple allergen
genes present divergent expression across apple cultivars. Expression of the Mal d 1.06A correlates
with the Mal d 1 level and is affected by the cultivation method and maturity of the fruit. The content
of the main allergen Mal d 1 varied widely across cultivars. Interestingly, in our study, the Gala
variety presented a low Mal d 1 concentration regardless of the cultivation method. Based on the
Mal d 1.06A expression, the Mal d 1 protein content, and the immunoreactivity assay, the Kandil
Sinap, Kosztela, Rumianka from Alma-Ata, Kantéwka Gdariska, Reinette Coulon, and Gala cultivars
emerged as potentially hypoallergenic apple cultivars. Our study allowed distinguishing between
potentially low, medium, and highly allergenic varieties.

Keywords: apple allergy; Mal d 1; gene expression; immunoreactivity; old apple varieties; hypoallergenic

1. Introduction

About 5-8% of children and 2-3% of adults suffer from a food allergy [1]. In Northern
and Central Europe, sensitization to apples is associated with the cross-reactive birch
pollen aeroallergen due to the structural homology of allergenic proteins. About 50-70%
of pollen-sensitized patients suffer from oral allergy syndrome (OAS) after fresh apple
ingestion [2].
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So far, in apples (Malus domestica Borkh.), four clinically relevant allergens have been
identified: Mal d 1, Mal d 2, Mal d 3, and Mal d 4 [3]. In Northern Europe, Mal d 1 is the major
allergen that causes allergic reactions to fruit. Mal d 1 is very similar to the main birch pollen
allergen Bet v 1 and has similar epitopes for IgE antibodies, resulting in cross-reactions [4].

Two other proteins, Mal d 2 and Mal d 4 of less clinical importance, are also associated
with hyperreactivity to apples. In Mediterranean countries, allergic reactions are mainly
caused by the Mal d 3 protein [5-7].

The content of allergens and/or the expression of genes encoding the main apple fruit
allergenic proteins has been characterized in only few varieties. Currently, only cv. Santana,
cv. Elise, and cv. Topaz are considered to be less allergenic and well-tolerated by allergic
patients [8-10]. The previous findings showed a relationship between the risk of allergic reaction
with the variant (genotype), degree of maturity and storage behavior, mainly concerning the
Mal d 1 gene expression or the protein level. These analyses were carried out only on the Golden
Delicious, Granny Smith, Fuji, Santana, Cox’s Orange Pippin, Topaz, and Braeburn cultivars [7].
There is an interesting question of whether other apple tree cultivars, traditional /old and new
ones (bred before and after the “Green Revolution”, respectively), can have a low allergic
potential. The issue of the expression of genes encoding all four main allergens in apples is
poorly understood. There is also insufficient information about the influence of the cultivation
method, maturity degree, and storage time, and only in the abovementioned apple cultivars.

The present study aimed to assess the level of the expression of genes encoding four
main apple allergens and also the level of the Mal d 1 protein in 21 traditional/old and nine
modern/new apple fruit varieties. We hypothesized that the factors like cultivation method,
maturity stage, genotype, or type of tissue place an impact on allergenicity. To answer these
questions, we used semiquantitative real-time PCR, ELISA, and immunoblotting techniques.

2. Results

The Results section shows the average expression of the analyzed genes, the content of the
Mal d 1 protein, and the results of a serum immunoreactivity assay. The supplementary data show
the gene expression in individual cultivars. Clustering analysis is presented in the Discussion.

2.1. Mald1

We investigated the expression of two isoforms of the Mal d 1 gene (Mal d 1.06A and
Mal d 1.01) and Mal d 1 protein concentration in all of the analyzed cultivars (Tables 1 and 2,
Figures S1-54).

Table 1. Mean expression of genes encoding four main apple allergens in arbitrary units (AU).

Old Cultivars New Cultivars
Tissue Gene Organic All New Organic Intensive Integrated
Mal d 1.06A 3.43 2.90 2.74 3.04 2.99
Mald 1.01 3.61 3.37 3.44 (g) 3.38 2.95(g)
Flesh Mal d 2.01 4.12 (b,d,p) 3.69 (d) 3.35(a,b,c) 4.01 (c) 3.66 (a)
Mal d 3.01 3.05 (e) 2.88 3.13 2.77 2.61
Mal d 4.01 3.30 3.23 3.29 3.2 2.96
Mal d 1.06A 3.90 (h) 3.33 3.40 3.51 2.93
Mal d 1.01 4.32 (h) 3.78 3.91 4.01 2.9
Skin Mal d 2.01 3.56 (p) 3.31 3.05 3.67 2.96
Mal d 3.01 4.97 (e) 454 494 4.96 3.02
Mal d 4.01 2.81 2.89 2.85 2.93 2.78
Mal d 1.06A 3.67 (£,]) 3.12 (1) 3.07 3.28 2.96
Mal d 1.01 3.97 (fn) 3.57 (n) 3.68 (m) 3.70 2.93 (m)
Average  Mal d 2.01 3.84 (k) 3.50 (j) 3.20 (i,k) 3.84 (i) 3.31
Mal d 3.01 3.99 3.71 4.04 (1) 3.86 (1) 2.81 (r)
Mal d 4.01 3.05 3.06 3.07 3.10 2.87

a—n,p,r—the same letter indicates groups whose means differ significantly at p < 0.05.
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Table 2. Mal d 1 protein content in apple flesh.

Apple Cultivars Mal d 1 Content (ug/g FW 1)

Kantéwka Gdariska 0.3

Kosztela 0.6

Antonovka Usual 1.8

Sztetyna 1.9

Rumianka from Alma-Ata 2

Reinette Coulon 25

Zelezniak 35

Kandil Sinap 4.6

old Bukowka 7.3
organic farming Emperor Alexander Apple 7.6
Jonathan 7.7

Antonovka One and a Half Pound 7.7

Grochowka 8.2

Oberland Raspberry Apple 10
Winter Banana 12.9
Jakub Lebel 17.5
Gloria Mundi 20.9
Gray French Reinette 23.5
Reinette de Canada 28.8
Berner Rose 37.7
Median 7.65

Gala 1.3

Golden Delicious 1.8

Jonagored 5.8

N ew Idared 6

organic farming

Santana 8.5
Trinity I (x Gold Millennium) 12.7
Gold Millennium 13.2

Trinity II (x Ligol) 15
Median 7.25

Gold Millennium 23

Gala 24

New Idared 24
intensive farming Golden Delicious 5.8
Jonagored 9.5
Trinity 13.6

Median 4.1

Median in new 5.9

1 FW—fresh weight.
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2.2. Mal d 1.06A

We observed that the gene expression of Mal d 1.06A is higher in old apple cultivars
than in new ones (p = 0.000143). The expression of Mal d 1.06A was higher in the skin
than in the flesh in old varieties (p = 0.053). The cultivation method did not influence the
expression. In cv. Golden Delicious, cv. Idared, cv. Jonagored, cv. Gold Millennium, and cv.
Gala, the expression of Mal d 1.06A positively correlated with the fruit maturity (Pearson’s
r coeff. = 0.52, p = 0.038, Table 3). The expression of Mal d 1.06A positively correlated with
the immunoreactivity of patients’ sera (Table 4).

Table 3. Correlation between the mean expression and fruit maturity.

Mal d 1.06A Mal d 1.01 Mal d 2.01 Mal d 3.01 Mal d 4.01
Pearson’s r 0.5211 0.6129 0.3461 0.4012 0.6175
p-value 0.038 0.012 0.189 0.123 0.011

Table 4. Correlation between immunoreactivity of patients” sera, Mal d 1.06A expression, and Mal d 1 content.

Mal d1 (ug/gFW1)  Serum 1 Serum 2 Serum 3 Serum 4
. Pearson’s r coeff. 0.38 0.4 0.34 0.4 0.37
Expression of Mal d 1.06A p-value 0.036 0.027 ns 0.028 0.046
Pearson’s r coeff. - 0.24 0.25 0.22 0.39
Mald1 (ug/g FW) p-value - ns ns ns 0.031

1 FW—fresh weight; ns—not significant.

2.3. Mald 1.01

We observed that the gene expression of Mal d 1.01 significantly differs between old
and new apple cultivars (p = 0.013). The level of the Mal d 1.01 transcript was higher
in organically farmed apples than in the apples cultivated using the integrated method
(p = 0.01) (Figure S4). The expression of Mal d 1.01 was higher in the skin than in the flesh
in old varieties (p = 0.00001). Our study revealed that in cv. Golden Delicious, cv. Idared,
cv. Jonagored, cv. Gold Millennium, and cv. Gala, the expression of Mal d 1.01 positively
correlated with the fruit maturity (Pearson’s r coeff. = 0.61, p = 0.012, Table 3). We observed
a positive correlation of the Mal d 1.01 expression with immunoreactivity (Pearson’s r
coeff. = 0.3851, p = 0.036).

2.4. Mal d 1.06A vs. Mal d 1.01

Among old varieties, the level of Mal d 1.06A expression was lower than of Mal d 1.01
in the average expression and in the skin (p = 0.008 and p = 0.018, respectively) (Table 1).

2.5. Mal d 1 Protein

The content of the Mal d 1 protein was assessed in the apple flesh among old organic,
new organic, and new-intensively cultivated apple trees (Table 2). Differences in medians
between the analyzed groups were not statistically significant. We revealed that Mal d
1.06A expression correlates with the Mal d 1 protein content (Pearson’s r coefficient = 0.38,
p = 0.036) (Table 3). Nonetheless, Mal d 1.01 expression did not correlate with the main
allergen content. We observed a positive correlation between the Mal d 1 content and
immunoreactivity (r = 0.37, p = 0.04) (Table 4).

2.6. Mal d 2.01

The average expression in the group of old varieties differs significantly from all new
and organic new cultivars (p = 0.043 and p = 0.025, respectively) (Table 1, Figure S5). The
method of cultivation influences the Mal d 2.01 gene expression (p < 0.04). The organic
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method, contrary to the intensive method, decreased the level of average expression and
expression in the flesh (p < 0.05) (Table 1, Figure S6).

The expression of Mal d 2.01 did not correlate with fruit maturity and immunoreactivity
of patients’ sera.

2.7. Mal d 3.01

Old and new cultivars did not differ with regard to the Mal d 3.01 transcript level.
Across cultivars, we found that apple skin contains about two times more Mal d 3.01
transcripts than the flesh (p < 0.05). Among old cultivars, only in cv. Oberland Raspberry
Apple, cv. Kandil Sinap, and cv. Grochowka, the gene expression was raised in the flesh
as much as in the skin (Figure S7). The organic and intensive methods, contrary to the
integrated method, significantly enhance the expression in the skin (p < 0.05) (Figure S8).
There was no correlation between expression, maturity status, and immunoreactivity of
patients’ sera.

2.8. Mal d 4.01

New cultivars are characterized by the similar expression level both in the skin and
flesh (Pearson’s r coeff. = 0.71, p < 0.01) (Figures S9 and 510). The method of cultivation did
not influence the Mal d 4.1 expression. The maturity level positively correlated with the ex-
pression of Mal d 4.01 (r = 0.62, p = 0.011). There was no correlation with immunoreactivity.

2.9. Hierarchical Classification on Principal Components (HCPC)

The gene expression data (assessed in the fruit flesh) were integrated by means of
principal component analysis to give an overview how the different cultivars behave in
terms of all of the measured parameters. The first two components explained 55.6% of the
total variance. The first principal component was able to explain 32.6% of the total variance
observed in the analysis. The second component explained 23% of the total variance
and led us to distinguish cultivar groups of low (in green), medium (in red), and high
expression (in blue). Most of the old varieties display higher variability than the new ones
(Figure 1).

Cluster plot
X_33

x
w
©

A
A
X_112A x_1‘1>3§%§9f}<_‘2;<_‘1 9

rY

Dim1 (32.6%)

Figure 1. Hierarchical classification on principal components (HCPC) based on the gene expression of Mal d 1.01, Mal d
1.06A, Mal d 2.01, Mal d 3.01, and Mal d 4.01, in the flesh. Sample names are listed in Table 5.
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Table 5. Characteristics of apple fruit samples used in the study.

Type of Varieties =~ Sample Name Cultivar Name Cultivation Method  Sample Origin
X_15 Rumianka from Alma-Ata organic Bolestraszyce
X_17 Sztetyna organic Bolestraszyce
X_19 Gloria Mundi organic Bolestraszyce
X_21 Kosztela organic Bolestraszyce
X_23 Reinette Coulon organic Bolestraszyce
X_25 Emperor Alexander Apple organic Bolestraszyce
X_ 27 Kantéwka Gdanska (Danzinger Kantapfel) organic Bolestraszyce
X_29 Zelezniak (Rother Eiserapfel) organic Bolestraszyce
X 31 Jonathan organic Bolestraszyce
X_33 Reinette de Canada organic Bolestraszyce

Old X_35 Oberland;zsgzi?e%}gg (Callville organic Bolestraszyce
X_37 Bukéwka organic Bolestraszyce
X_39 Jakub Lebel organic Bolestraszyce
X 41 Winter Banana organic Bolestraszyce
X_43 Kandil Sinap organic Bolestraszyce
X_45 Parker’s Pippin organic Bolestraszyce
X_ 47 Gray French Reinette organic Bolestraszyce
X_51 Grochéwka (Grosser Bohnapfel) organic Bolestraszyce
X_53 Berner Rose organic Bolestraszyce

X_103 Antonovka Usual organic Bolestraszyce
X_105 Antonovka One and a Half Pound organic Bolestraszyce
X_80B Jonagored organic Wojciechow
X_81B Jonagored intensive Wojciechow
X_82A Gold Millennium organic Wojciechow
X_83A Gold Millennium intensive Wojciechow
X_84B Gala organic Wojciechow
X_85A Gala intensive Wojciechow
X_86A Idared organic Wojciechow
X_87A Idared intensive Wojciechow
X_88A Golden Delicious organic Wojciechow
X_89A Golden Delicious intensive Wojciechow
X_91A Trinity intensive Wojciechow
Modern X_93A Trinity I (x Gold Millennium) organic Wojciechow
X _94A Trinity II (x Ligol) organic Wojciechow
X_96A Idared integrated Brzezna
X_97A Gala integrated Brzezna
X_99A Golden Delicious integrated Brzezna
X_108 Golden Delicious 2 organic Wojciechow
X_109 Golden Delicious 2 intensive Wojciechow
X_110 Idared 2 intensive Wojciechow
X_111A Idared 2 organic Wojciechow
X_112A Santana organic Bielsko-Biata
X_113B Golden Delicious 2 integrated Brzezna

3. Discussion

Our goal was to determine if apple allergenicity relies on factors like genotype, tissue
type, cultivation method, maturity stage, and patients’ sera immunoreactivity. We showed
that some of the old cultivars like Kandil Sinap, Ruminaka from Alma-Ata, Kantéwka
Gdanska, and Reinette Coulon, and new ones (Gala) can be hypoallergenic. By involving
gene expression analysis, we could show that divergent isoforms of the Mal d 1 gene could
have a different impact on apple allergenicity.

Patients sensitized to apples report the severity of their symptoms depends on the
variety and fruit maturity [11]. Mal d 1 is heat-labile and susceptible to digestion and
symptoms are mainly connected with OAS, rarely with the gastrointestinal tract. Variability
in the allergic potency might result from the different expression level of the Mal d isoforms.
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In our study, we determined the factors affecting the expression of genes encoding four
main apple allergens.

Mal d 1 presents divergent expression across apple cultivars. The expression of Mal d
1.06A and Mal d 1.01 was lower in apple flesh contrary to apple skin, similarly to the study
of Pagliarani et al. [12]. Furthermore, Schmitz-Eibereger et al. revealed a higher content of
the main apple allergen Mal d 1 in the skin than in the flesh [13]. Elevated expression in
the skin can be due to the protein function connected with fungal and bacterial infection
response [14]. We indicated that the expression of Mal d 1.06A, contrary to Mal d 1.01,
correlates with the Mal d 1 protein level (Pearson’s r coeff. = 0.38, p = 0.036) (Table 1);
this indication is consistent with the results of other authors [5,7]. Moreover, we observed
that Mal d 1.01 expression was higher than of Mal d 1.06A, similar to the findings of
Yang et al. [15].

According to our research, the cultivation method significantly influences the expres-
sion of Mal d 1.01. This is the first report revealing that organically and intensively farmed
apples have a significantly elevated expression of Mal d 1.01 compared to the integratively
farmed ones (Table 1). It suggests that the Mal d 1.01 isoform can be involved in response to
the anti-pathogenic reaction and pesticide treatment as well. This hypothesis is consistent
with the findings of Matthes and Schmitz-Eiberger el al. [9] who showed that pesticide
treatment lead to an even more robust response than any biotic factors. What is more,
Beuning [16] showed an elevated level of PR (pathogenesis-related proteins, including Mal
d 1) during ripening, disease infection, and in response to environmental factors.

We observed that Mal d 1.06A is significantly correlated with immunoreactivity of
patients’ sera, opposite to Mal d 1.01; this suggests that the Mal d 1.06A isoform has a major
impact on apple allergenicity.

Our study also revealed the expression of Mal d 1.06A and Mal d 1.01 positively
correlates with fruit maturity (Pearson’s r coeff. = 0.52, p = 0.038; Pearson’s r coeff. = 0.61,
p = 0.012, respectively, Table 3); this is consistent with the findings of Schmitz-Eiberger and
Matthes [13].

Molecular studies of another apple allergen Mal d 2 are very few up to date. In our
study, old apple cultivars had a higher transcription level of the Mal d 2.01 isoform than new
cultivars (p = 0.043). The method of cultivation influences the Mal d 2.01 gene expression,
e.g., the organic method decreased the transcript level in the flesh (p < 0.05). These findings
indicate that genotype and farming method have an impact on the Mal d 2.01 expression.
Differences in the expression can be connected with the plant-pathogen reaction due to the
Mal d 2 protein belonging to class PR-5. Gau et al. [17] showed that a high protein content
of Mal d 2 was detected in scab-resistant cultivar Remo, suggesting a protective role against
pathogens. Moreover, in a susceptible cultivar Elstar, after inoculation of pathogens, the
concentration of the Mal d 2 protein increased [17].

Hsieh et al. [18] identified Mal d 2 as an in vitro reactive allergen among 75% of
apple allergic patients in the USA; in turn, we did not observe the correlation of the gene
expression with immunoreactivity, which may result from different etiology of sensitization
toMald 1and Mal d 2.

We established that the cultivation method affected the Mal d 3.01 gene expression
in the skin, but not in the flesh, in the group of new apple cultivars. Those findings are
consistent with the Borges group [19], who proved the stable level of the Mal d 3.01 gene in
the flesh and the accumulation of the transcript in the skin. The biological role of the protein
is participation in the cutin synthesis, and it can be accumulated in the epidermal layer of a
plant [20]. This could explain why the expression of the Mal d 3.01 gene isoform in the skin
was elevated compared to apple flesh. Taking into account environmental factors affecting
the expression of PR proteins, Gau et al. [17] showed that Mal d 3 is down-regulated during
the pathogen infection. In turn, we observed the enhanced expression in the apple skin in
organic and intensive methods (Table 1).

Mal d 3 allergen mostly sensitizes patients with a previous allergy to peaches, mainly
in the Mediterranean. Unlike the allergy to Mal d 1, the symptoms whereof are pre-
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dominantly limited to OAS, sensitization to Mal d 3 has serious, even life-threatening
consequences. Mal d 3 is one of the non-specific lipid transfer proteins resistant to tempera-
ture or digestive enzymes, which is believed to be the factor causing reactions from mild
to severe after ingestion [5]. It is worth noting that Fernandez-Rivas et al. [21] found that
birch pollen sensitization was associated with 3.5-times decreased risk of Mal d 3 sensi-
tization, whereas the allergy to mugwort and plane trees increased this risk 2.3-2.8-fold,
respectively. The results of our study showed that Mal d 3 expression does not correlate
with immunoreactivity of sera of the patients sensitized to birch pollen, which is consistent
with the above findings.

The last of the main analyzed allergens in apples was Mal d 4, profilin. We observed a
stable expression level across the analyzed cultivars with a similar level in the flesh and
skin, which might be a consequence of the Mal d 4’s biological function. Profilins are
probably involved in signal transduction cascades and cytoskeleton organization, covering
essential cellular functions [22], with a constitutive expression similar to actin [15]. We
assumed the positive correlation of Mal d 4.01 expression with fruit maturity (Pearson’s
r’s coefficient = 0.62, p = 0.011); however, in case of prolonged storage, the Mal d 4 gene
expression can be downregulated as shown by Botton et al. [7]. Mal d 4 causes rather
mild symptoms in allergic patients, mostly OAS [23]. Profilins are quite sensitive to heat
denaturation and gastric digestion, and thus food allergies caused by profilin are usually
confined to the oral allergy syndrome elicited by fresh apple consumption. Sensitization
to Mal d 4 occurs in Northern and Central Europe, similar to Mal d 1. Nevertheless, in
the SAFE study, the prevalence of IgE specific to profilin was higher in Southern Europe
patients than in the Central and Northern Europe patients [24]. Moreover, sera from
patients with pollen allergy sensitized to profilin commonly show IgE cross-reactivity to
fruits and vegetables. In the birch-Rosaceae fruit and the birch-mugwort—celery-spice
cross-reactivity, profilin can play the role of the sensitizing agent [24]. However, in our
studies, Mal d 4.01 expression did not correlate with immunoreactivity of birch pollen-
sensitized patients’ sera, what could stem from different sensitizing factor.

Assessing the simultaneous expression of four main allergen genes across all the
studied cultivars, we used hierarchical classification on principal components (HCPC)
and we revealed three clusters, the cluster in green covering low-expressed, the cluster in
blue covering highly expressed, and the cluster in red covering medium-expressed apple
allergen genes (Figure 1). We noticed that most of the old varieties display higher variability
in gene expression than the new ones. What is more, the Mal d 1 protein content also varied
widely across cultivars (from 0.3 up to 37.7 ug/g FW), showing a wide range of biodiversity
(coefficient of variation—99.6% and 68.6% in old and new varieties, respectively). The large
variation in respect to the content of Mal d 1 in the old varieties compared to the new ones
indicates old varieties as a rich source of potentially low allergenic apples (Table 2).

Marzban et al. [25] classified apple cultivars as potentially low allergenic according to
the Mal d 1 protein content, setting the threshold of allergenicity at 5 ug/g. In our study, we
applied unsupervised integrative clustering (UIC) (Figure 2) taking into consideration not
only the Mal d 1 content, but also the expression of Mal d 1.06A and the immunoreactivity
datasets. We obtained three groups, potentially low (the right side of the chart), medium
and highly allergenic cultivars (the left side of the chart) (Figure 2). Based on clustering
(UIC) and the Marzban [25] criteria, we selected the following cultivars as potentially
hypoallergenic: Kandil Sinap, Kosztela, Rumianka from Alma-Ata, Kantéwka Gdariska,
Reinette Coulon, and Gala (a new one).

In the present report, we assumed cv. Gala can be considered low allergenic for
patients with Mal d 1 sensitization due to the low level of the Mal d 1 protein and encoded
gene expression; even the immunoreactivity of all the patients” sera with the fruit extract
was low regardless of the apple fruit production method. Moreover, this genotype is easily
accessible to consumers because of its popularity as a very good dessert variety.

According to Vlieg—Boerstra et al. [26], the prick-to-prick and skin prick test are not
effective to determine the allergenicity of apple cultivars; therefore, we applied protein
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slot blotting with an immunoassay as a more reliable approach to assess fruit allergenicity.
In the further study, we are going to extend the immunoreactivity analysis using sera of
individuals sensitized not only to birch pollen and/or apples, but also to peaches.

Figure 2. Unsupervised integrative clustering (UIC) based on the expression of Mal d 1.06A, Mal d 1
protein concentration, and immunoreactivity of patients’ sera with apple extracts. Sample names are
listed in Table 5.

The limitation of our study was the use of indigenous varieties that are not well-
known, growing in small orchards or gene banks; however, old varieties could be an
important source of low allergenic apples, as we have shown thereby.

To sum up, our approach to the issue of apple allergenicity made it possible to detect
potentially low, medium and highly allergenic varieties. Up to date, only Topaz, Elise,
and Santana varieties are considered to be well-tolerated by apple allergic patients [26,27].
Thanks to our study, we can expand the list by five old and one new cultivar that emerged
as potentially hypoallergenic apples for patients sensitized to birch pollen exhibiting
apple allergy. Our research showed that old varieties are a rich source of potentially
hypoallergenic varieties.

This report extends the knowledge on the regulation of gene expression of apple
allergens under the influence of genotype, farming method, or maturity of fruits, which
may be useful in assessing the risk of allergic reaction occurrence after apple ingestion. We
provide basis to consider the Mal d 1.06A isoform as more important in the determination
of apple allergenicity than Mal d 1.01. The knowledge of the molecular mechanism of apple
allergenicity and factors that modify reaction severity could facilitate medical counselling
and improve care of patients with food allergies.
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4. Materials and Methods
4.1. Plant Material

Apple fruits of 21 old apple cultivars (Malus x domestica Borkh.) (before the Green
Rvolution) organically farmed were collected from the Arboretum and Institute of Phys-
iography in Bolestraszyce, Poland (Table 1). Eight modern apple cultivars, organically
and intensively grown, were collected from “BioGrim” company, Wojciechow, Poland.
Three apple cultivars were collected from trees farmed integratively at the Institute of
Horticulture in Brzezna, Poland. Fruits of the Santana cultivar (Malus x domestica Borkh.
cv. Santana) were collected from a private orchard located near Bielsko-Biata, Poland.
Apple skin and flesh of apple fruits were collected separately and stored at —80 °C. RNA
purification followed sample lyophilization.

4.2. Human Samples

The four patients participating in the study were tested using the skin prick test
and diagnosed with an allergy to birch pollen and other tree pollens. All participants
provided informed consent for participation in this research program, which was approved
by the Ethics Committee of Poznan University of Medical Sciences, Poland, document
number 178/19.

4.3. RNA Extraction

RNA extraction was performed according to the method used by Reid et al. [28]
with some modifications. The tissue was ground in a prechilled mortar to a fine powder
and then added to a prewarmed (65 °C) extraction buffer at a proportion of 0.15 g of
tissue per 7.5 mL and shaken vigorously. The RNA extraction buffer contained 2% CTAB
(Cetyltrimethylammonium bromide; Sigma-Aldrich, Saint Louis, MO, USA), 2 M Na(l,
300 mM Tris-HCI (pH = 8.0) (Sigma-Aldrich, Saint Louis, MO, USA), 0.25 mM EDTA
(Sigma-Aldrich, Saint Louis, MO, USA), 0.05% spermidine (Sigma-Aldrich, Saint Louis,
MO, USA), 1% polyvinylpyrrolidone (PVP) K-30 (soluble) (Sigma-Aldrich, Saint Louis, MO,
USA), and 2% p-mercaptoethanol (Sigma-Aldrich, Saint Louis, MO, USA) added directly
before use. The tubes were incubated in a water bath at 65 °C for 10-15 min and shaken
for 10-15 s every 3 min. Subsequently, tubes were left to cool down to room temperature
and equal volumes of chloroform/isoamyl alcohol (Sigma-Aldrich, Saint Louis, MO, USA)
(24:1) were added to samples, centrifuged at 3500 g for 20 min at 4 °C. The aqueous
layer was transferred to a new tube and centrifugated at 30,000 x g for 15 min at 4 °C to
remove any insoluble particles in the solution. For nucleic acid precipitation, 0.1 vol 3 M
NaOAc (pH = 5.2 + 0.2) (Sigma-Aldrich, Saint Louis, MO, USA) and 0.6 vol isopropanol
(Sigma-Aldrich, Saint Louis, MO, USA) was added, mixed, and stored at —80 °C for
20 min. The samples were centrifuged at 3500 x g for 30 min at 4 °C to collect the nucleic
acid pellet. The supernatant was discarded and the pellet was dissolved in 1 mL TE
(Tris(hydroxymethyl)aminomethane and ethylenediaminetetraacetic acid; Sigma-Aldrich,
Saint Louis, MO, USA) buffer (pH 7.5) and transferred to a new 2 mL microcentrifuge tube.
Messenger RNA was selectively precipitated by adding 0.3 vol 8 M LiCl (Sigma-Aldrich,
Saint Louis, MO, USA) and stored for 25 h at 4 °C, then centrifuged at 20,000 x g for
30 min at 4 °C. The messenger RNA pellet was then washed by adding 700 pL 70% ice-cold
ethanol (Sigma-Aldrich, Saint Louis, MO, USA) and air-dried. The pellet was dissolved in
70-100 uL DEPC (Diethyl pyrocarbonate; Sigma-Aldrich, Saint Louis, MO, USA) water.

Quantity and quality of total mRNA were determined spectrophotometrically (Nan-
odrop Technologies LLC, Wilmington, DE, USA) by measuring OD260/230 and OD260/280.
RNA integrity was assessed by inspection after agarose gel electrophoresis in the presence
of SybrGreen Safe Stain (Ivitrogen, Carlsbad, CA, USA). Only mRNA samples meeting
criteria 260/2880 > 1.9 and 260/280 > 2.0 were taken to cDNA synthesis.



Int. J. Mol. Sci. 2021, 22, 3527

110f 14

4.4. cDNA Synthesis

Reverse transcription was performed with a TranScriba Kit (A&A Biotechnology,
Gdansk, Poland) according to the manufacturer’s instructions using oligo(dT) primers and
250 ng total mMRNA. Controls with no transcriptase were used to assess the potential contam-
ination of genomic DNA. The cDNA concentration was assessed spectrophotometrically
(Nanodrop Technologies LLC, Wilmington, DE, USA).

4.5. Gene Expression

Gene expression was determined by real-time PCR using a thermal cycler (Lightcycler-
96; Roche Molecular Systems, Pleasanton, CA, USA). The oligonucleotide primer sequences
used for real-time PCR (Table 6) were adopted from the literature [7,15,29,30]. The am-
plification efficiency was evaluated for every primer pair using regression and the slope
according to the following equation: 10¢1/51°P¢) [31]. Relative expression was normalized
to the geometric mean of reference gene expression levels (actin and ubiquitin genes) and
expressed as arbitrary units (AU).

Table 6. Real-time PCR primers sets.

Gene Primers Sequence (5'-3') Access No.
Mal d 1.01 Md1-1.01F AAGCTGAAATCCTTGAAGGAA AJ417551
Md1-1.01R GTGCTCTTCCTTGATTTCAATG
Mal d 1.06A Mal d 1.06AF TTGTTGCCAGATGGATGGTC AY428580
Mal d 1.06AR TTGATGCTGACAATCTCATT
Mal d 2.01 Mald 2.01 F GTGTGCCCGGCTCCACTT AJ243427
Mal d 2.01 R TTCGAATCACCAAACGCAAG
Mal d 3.01 Mal d3.01F GTGACCAGCAGCCTTGCG AF221502
Mal d 3.01R TTCAGGCAGTTGCAAGCAGT
Mal d 4.01 Mal d 4.01F GCTCTGGTGGCGTAACTGTG AF129426
Mal d 4.01R CCTGGAGTCAAAGGCTCCTC
MdUBI UBI-F TTGATCTTTGCTGGGAAACAG CN491263
UBI-R CACCACCATCATTCAACACC
MdActin Actin-F TGACCGAATGAGCAAGGAAATTACT CN938023
Actin-R TACTCAGCTTTGGCAATCCACATC

4.6. Extraction of Apple Proteins

Frozen apple flesh in the amount of 0.5 g was shaken with 5 mL of 10 mM PBS buffer
(Sigma-Aldrich, Saint Louis, MO, USA), pH = 54, for 1 h at room temperature followed
by centrifugation at 4 °C for 30 min at maximum speed. Every sample was extracted
in duplicate.

For further analysis, 2 mL of a supernatant were taken and centrifuged at 15,000 rpm
for 10 min, and then the supernatant was transferred to a new tube. Supernatants we
stored at —80 °C until used in the following procedure.

4.7. Protein Slot Blotting

Blotting was performed using a Slot Blotter (Geneflow, Lichfield, England). In the
procedure, 150 uL of the extracted protein solution were taken. Before blotting, a PVDF
membrane (Merck, Darmstadt, Germany) (4.5 cm x 4.4 cm) was activated by immersion
in methanol and soaked with a transfer buffer (12 mM Tris, 96 mM glycine, and 20%
methanol) (Bio-Rad, Hercules, CA, USA) for 5 min. The activated membrane was placed
between the tissue paper soaked with the transfer buffer beforehand in the apparatus.
After immobilization of apple proteins, the membrane was incubated with the blocking
solution containing 1% BSA (Bio-Rad, Hercules, CA, USA) in a TBS buffer (20 mM Tris, pH
7.5, 500 mM NaCl) (Bio-Rad, Hercules, CA, USA) for 45 min with gentle shaking at room
temperature. Blocking was followed by washing three times for 5 min in a TBS-Tween
buffer (Bio-Rad, Hercules, CA, USA), pH 7 4.
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For the immunoassay, human sera (containing IgE primary antibodies) were 10-100x
diluted with a 1% BSA-TBS buffer. Membranes were then incubated with a diluted solution
of sera for 45 min and washed five times with a TBS-Tween buffer. For immunodetection,
1:1000 diluted secondary polyclonal goat antihuman IgE antibody conjugated with alkaline
phosphatase (Invitrogen) was used for 45 min. Incubation was followed by five washes
with TBS-Tween, pH 7.4. Blots were then stained with 5 mg BCIP (5-bromo-4-chloro-3’-
indolyphosphate p-toluidine salt; Bio-Rad, Hercules, CA, USA) and 10 mg NBT (nitro-blue
tetrazolium chloride; Bio-Rad, Hercules, CA, USA) for 20 min. The reaction was stopped
by washing with water. After staining, membranes were air-dried and photographed.

4.8. ELISA

Microtiter plates were activated with 200 puL carbonate/bicarbonate buffer, pH = 9.6,
at 37 °C for 30 min. After activation, microtiter plates were coated with 100 uL of apple
protein extracts at 37 °C for 120 min. As standards, rMal d1 (Mal d1.0108, Biomay, Wien,
Austria) (1000 ng/mL-7.81 ng/mL) and rBet v1-A (Cusabio Technology LLC, Houston,
TX, USA) (138 ng/mL-1.08 ng/mL) allergen proteins were used. Free binding sites were
blocked with 1% BSA in a TBS buffer, pH = 7.4, for 45 min. Specific Bet v 1 rabbit IgG
polyclonal antibody (100 puL; diluted 1:2000) was added and the plate was incubated at
37 °C for 90 min. Immunocomplexes of Mal d 1 and IgG were detected by monoclonal
anti-rabbit IgG peroxidase antibody (1:400,000; SIGMA A1949; Sigma-Aldrich, Saint Louis,
MO, USA) and incubated at 37 °C for 60 min without mixing. Color reaction was developed
after the addition of 200 uL o-phenylenediamine dihydrochloride (OPD;Sigma-Aldrich,
Saint Louis, MO, USA) and incubated for 30 min. The reaction was stopped by adding
50 puL 3M H2504 (Sigma-Aldrich, Saint Louis, MO, USA). The absorbance was measured
at 492 nm using a spectrophotometer.

4.9. Statistical Analysis

The data are expressed as the means or medians and were analyzed using the statis-
tical program Statistica v.13 (StatSoft, Krakow, Poland). P-values < 0.05 were considered
statistically significant. The homogeneity of variance for all the data was assumed using
the Levene’s test. The one-way analysis of variance (ANOVA) was used for assessing
differences between groups. Differences between the average values of the old and new
apple cultivars were analyzed using the unpaired ¢-test. For evaluating correlations, the
Pearson’s procedure (normally distributed data) was used, in which the p-value was con-
sidered to be statistically significant at < 0.05. Differences between groups of differentially
cultivated apple trees were assessed using the Tukey’s test.

Unsupervised, integrative clustering. The integration of gene expression (mRNA), im-
munoreactivity, and protein expression was performed using the R/Bioconductor package
moCluster [32]. In brief, this method relies on multiblock multivariate analysis that defines
a set of latent variables representing joint patterns across input datasets, which is further
passed to a hierarchical clustering algorithm (Euclidean distance measurement and Ward
linkage) in order to discover joint clusters. The decision on an optimal number of clusters
was made based on the gap statistic [33].

Hierarchical classification on principal components (HCPC) using gene expression
data using the FactoMineR R package was performed.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ijms22073527 /s1, Figure S1. Mal d 1.06A expression in fruits of old and new varieties
organically cultivated; Figure S2. Mal d 1.06A expression in fruits of the selected new cultivars
differentially farmed; Figure S3. Mal d 1.01 expression in fruits of old and new varieties organically
cultivated; Figure S4. Mal d 1.01 expression in fruits of the selected new cultivars differentially
farmed; Figure S5. Mal d 2.01 expression in fruits of old and new varieties organically cultivated;
Figure S6. Mal d 2.01 expression in fruits of the selected new cultivars differentially farmed; Figure S7.
Mal d 3.01 expression in fruits of old and new varieties organically cultivated; Figure S8. Mal d
3.01 expression in fruits of the selected new cultivars differentially farmed; Figure S9. Mal d 4.01
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Figure S1. Mal d 1.06A expression in fruits of old and new varieties organically cultivated
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Figure S2. Mal d 1.06A expression in fruits of the selected new cultivars differentially farmed
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Figure S3. Mal d 1.01 expression in fruits of old and new varieties organically cultivated
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Figure S4. Mal d 1.01 expression in fruits of the selected new cultivars differentially farmed
: Flesh
Skin -

- =)

26 < 6

2 <

o) 5 g 5

B

<4 = 4

53 o 3

%) n

g2 c 2

< &

; 1 uz-l 1

EO0 20

o Gala Golden Idared & Gala Golden Idared

Delicious Delicious
W organic integrated Hintensive M organic integrated  mintensive



Figure S5. Mal d 2.01 expression in fruits of old and new varieties organically cultivated

old cultivars

new cultivars

> 7
<
6
Q
= 5
=
% 4
% 3
%]
& 2
>
L 1
S
= 0
< > @ IR I I I IR N IO 2 @ & D> > O o N
o FPLRL LS FESE I E L L ELENTE L ISR Y s
%V\z@éov@@xmﬁov@\,%@@é\ooﬁ\)Qo RO S XK 0
o \&‘—;"-’b © Q,(JQ} @67\,& & OAQ,Q \\)Q\Q’ §§ R @ oé\oe’ NG 4 LU &d + \e}’bQQ’ N
\ & & @ o O A SISO G O NS SR
& F ¢ P& @ & ¥ Lo SRR F &
< SRR &7 R QD R & R 9 9 S W
N PN &2 QT & & < SRS
) \z‘& éo‘ » ¢ & (9"5\ «° & @
N K N > Q
> & o~o‘z’ & <
&
X
&
H flesh M skin

RELATIVE EXRESSION RATIO [A.U.]

O B, N W b U O

The number 2 followed the names of Idared and Golden Delicious indicates higher maturity status

Figure S6. Mal d 2.01 expression in fruits of the selected new cultivars differentially farmed
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Figure S7. Mal d 3.01 expression in fruits of old and new varieties organically cultivated

old cultivars new cultivars
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The number 2 followed the names of Idared and Golden Delicious indicates higher maturity status

Figure S8. Mal d 3.01 expression in fruits of the selected new cultivars differentially farmed
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Figure S9. Mal d 4.01 expression in fruits of old and new varieties organically cultivated

old cultivars new cultivars
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Figure S10. Mal d 4.01 expression in fruits of the selected new cultivars differentially farmed
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Streszczenie w jezyku polskim

Okoto 50-70% pacjentéw uczulonych na pytek brzozy po spozyciu swiezych jabtek cierpi
na zespét alergii jamy ustnej. W Europie Pomocnej i Srodkowej Mal d 1 jest gtéwnym
alergenem wywotujacym reakcje alergiczne na owoce jabtoni. W krajach srédziemnomorskich
natomiast reakcje alergiczne wywolywane sg gtownie przez biatko Mal d 3. Ryzyko reakcji
alergicznych po spozyciu jabtek =zalezy od genotypu, stopnia dojrzatosci i1 czasu
przechowywania. Potencjat alergenny jabtek zostat oceniony tylko w kilku powszechnie
uprawianych odmianach.

Celem niniejszej pracy byla ocena alergennosci jabtek starych i nowych odmian
uprawianych ro6znymi metodami, poprzez badanie poziomu biatka Mal d 1, ocene
immunoreaktywnos$ci surowic oraz ocen¢ ekspresji gendéw 1 ich izoform kodujacych cztery
gtowne alergeny jabtek.

Materialem do badan stanowity probki jablek 21 tradycyjnych/starych i dziewigciu
nowoczesnych odmian oraz surowice 4 pacjentow uczulonych na pylek brzozy. Do oceny
ekspresji gendéw 1 ich izoform Mal d 1.01, Mal d 1.064, Mal d 2.01, Mal d 3.01 i Mal d 4.01
zastosowano technike¢ Real-Time PCR. Immunoreaktywno$¢ surowic pacjentow uczulonych na
pytek brzozy z ekstraktami jablek oceniono z zastosowaniem techniki slot-blot. Poziom
gldwnego alergenu jabtka Mal d 1 oceniono za pomocg techniki ELISA.

Izoformy genu Mal d 1 wykazuja rézny poziom ekspresji w zaleznos$ci od genotypu,
stopnia dojrzatosci, rodzaju uprawy a takze tkanki. Stwierdzono, iz skorka zawierata wyzszy
poziom transkryptu Mal d 1.06A4 niz migzsz. Wykazano takze, iz ekspresja izoformy Mal d
1.064 koreluje z poziomem biatka Mal d 1. Zawarto$¢ gldownego alergenu Mal d 1 jest bardzo
zroznicowana pomi¢dzy odmianami (0,6 - 37,7 ug/ g). W niniejszych badaniach, odmiana Gala
charakteryzowata si¢ niskim st¢zeniem Mal d 1 (~ 2 pg/ g), niezaleznie od metody uprawy. Na
podstawie ekspresji Mal d 1.06A4, zawarto$ci biatka Mal d 1 oraz testu immunoreaktywnosci
wyloniono odmiany Grochdéwka, Kandil Sinap, Kosztela, Reinette Coulon i Gala jako
potencjalnie hipoalergenne.

Poznanie molekularnego mechanizmu alergennosci jabtek i czynnikow
modyfikujacych moze utatwi¢ poradnictwo medyczne i polepszy¢ opieke nad pacjentami
z alergiami pokarmowymi.



Streszczenie w jezyku angielskim

About 50-70% of patients allergic to birch pollen suffer from oral allergy syndrome
after apple ingestion. In Central and Northern Europe, Mal d 1 is the major cause of allergic
reactions, in the Mediterranean the Mal d 3 protein. The risk of allergenic reaction to apples
depends on plant genotype, maturity and storage. The apple allergenicity was establish only in
few varieties.

The aim of study was to determine the apple allergenicity of old and new varieties and
modifying factors, based on Mal d family genes expression, Mal d 1 protein content and sera
immunoreactivity assays.

Molecular study were performed on RNA extracted from apple fruits of 21 traditional
and 9 modern varieties organically, intensively or integratively produced.

Expression of apple allergen genes Mal d 1.01, Mal d 1.064, Mal d 2.01, Mal d 3.01,
and Mal d 4.01 was determined by Real-Time PCR. ELISA was used to measure the Mal d 1
protein content in apple samples. Immunoreactivity of apple extracts was determined by protein
slot-blotting with serum from patients allergic to birch pollen.

Apple allergen Mal d 1 gene isoforms present divergent expression across apple
cultivars, and was lower in the flesh than the peel. Eexpression of the Mal d 1.06A4 correlates
with the Mal d 1 level, and is affected by cultivation method and maturity. The content of main
allergen Mal d 1 varied widely across cultivars (0.6 - 37.7 png/g), intrestingly Gala variety
presents low Mal d 1 concentration (~2 pg/g), regardless to cultivation method. Based on Mal
d 1064 expression, Mal d 1 protein content and the immunoreactivity assay Grochowka, Kandil
Sinap, Kosztela, Reinette Coulon and Gala cultivars emerged as potentially low allergenic. The
results of our study could facilitate the medical counseling for patients with allergies.



