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1. Wprowadzenie

1.1. Zmiany klimatu i ich potencjalny wplyw na ozime rosliny uprawne — zjawisko
rozhartowania

Zmianom klimatu, bez wzgledu na ich przyczyny jakimi moga by¢ dziatalno$¢
cztowieka, zmiany aktywnosci Stonca, erupcje wulkanow itp., towarzyszy globalne ocieplenie.
Modele klimatyczne przewidujg wzrost temperatur na §wiecie o co najmniej 2°C do konca XXI
wieku (Fan et al., 2021). W Polsce, w ostatnich latach zaobserwowano podwyzszenie $redniej
temperatury w kazdej z por roku. Latem zwigksza si¢ liczba dni upalnych (z temperatura
powyzej 30°C) (Zrodto internetowe 1 — Nauka o klimacie). W zaleznosci od regionu Polski,
w latach 1961-1990 notowano $rednio 3,5 dnia upalnego rocznie, za§ w latach 2011-2020
zanotowano $rednio 10,4 dni upalnych rocznie (rycina 1). W niektorych rejonach bylto to nawet
14—15 dni upalnych rocznie. Roéwnoczes$nie spadata liczba dni z temperaturg nizsza niz 0°C

(Zrédto internetowe 1 — Nauka o klimacie).

Srednia liczba dni upalnych z T, ,, 2 30°C

Rycina 1. Srednia liczba dni upalnych (z temperaturg powyzej 30°C) w Polsce — zmiany
na przestrzeni ostatnich 60-ciu lat. Zrodlo: https:/naukaoklimacie.pl/aktualnosci/zmiana-

klimatu-w-polsce-na-mapkach-468

W poréwnaniu do lat 1961-1990, w latach 2011-2020 odnotowano znaczne
zwickszenie si¢ $redniej temperatury powietrza zima, $rednio o 1,7°C (rycina 2) (Zrédlo

internetowe 1 — Nauka o klimacie). Wraz ze wzrostem S$rednich temperatur, czesciej


https://naukaoklimacie.pl/aktualnosci/zmiana-klimatu-w-polsce-na-mapkach-468
https://naukaoklimacie.pl/aktualnosci/zmiana-klimatu-w-polsce-na-mapkach-468

obserwowane sg zmiany wzorcow pogodowych wystepujacych w poszczego6lnych porach roku.
Na przyktad, poczatek stycznia 2023 roku byt wyjatkowo cieply. W niektérych dniach
odnotowano temperatur¢ siegajaca okoto 16°C (Zroédto internetowe 2 — Meteo AGH)
(rycina 3). Wrzesien tego roku byt z kolei cieplejszym miesigcem niz czerwiec (IMGW, 2023).

Srednia temperatura powietrza w Polsce zima (XII-11)
[°c]

2011-2020: -0,2
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Rycina 2. Srednia temperatura powietrza w Polsce zimg (XII-II) — zmiany na przestrzeni
ostatnich 60-ciu lat. Zrodto: https://naukaoklimacie.pl/aktualnosci/zmiana-klimatu-w-polsce-

na-mapkach-468
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Rycina 3. Zmiany temperatury powietrza w styczniu 2023 roku w Krakowie. Zrodto:

http://meteo2.1tj.agh.edu.pl/meteo/archiwalne WykresyMeteo
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Wahania temperatur w poszczegdlnych porach roku moga wptywacé negatywnie na cykle
rozwojowe ros$lin, co moze by¢ szczegdlnie niekorzystne w przypadku ozimych roslin
uprawnych. Odmiany ozime ro$lin uprawnych (np. rzepak czy pszenica) sg uprawiane w Polsce
czgsciej niz odmiany jare, poniewaz dajg wyzsze plony. Do prawidlowego przebiegu cyklu
rozwojowego ro$liny ozime potrzebujg okresu wzrostu w warunkach chtodu — tzw.
wernalizacji, ktora jest wazna dla indukcji rozwoju generatywnego (Chouard, 1960).
Jednocze$nie, podczas kilkutygodniowego wzrostu roslin w chlodzie jesieniag (zwykle
w temperaturze 2—4°C), zachodzi proces hartowania, ktéry umozliwia roslinom zwigkszenie
mrozoodpornos$ci 1 ulatwia przetrwanie zimy. Dobrze zahartowane rosliny rzepaku moga
przetrwaé nawet w temperaturze rz¢du —20°C (Rapacz i Janowiak, 1998). Proces hartowania
ro$lin jest zwigzany z wieloma zmianami biochemicznymi i metabolicznymi (Fiirtauer et al.,
2019). Dochodzi woéwczas miedzy innymi do zwiekszonej akumulacji cukrow, ktore
zageszczaja sok komorkowy 1 obnizaja temperature jego zamarzania (Sasaki et al., 1996) oraz
zwigkszenia ptynnosci bton komodrkowych (m.in. przez zwigkszenie ilo$ci nienasyconych
kwasow thuszczowych), co utatwia ich funkcjonowanie w chtodzie (Uemura et al., 1995; Filek
et al., 2017). Obserwuje si¢ rowniez zwigkszenie ilosci bialek ochronnych, takich jak biatka
szoku cieplnego HSP [ang. Heat Shock Proteins| (Zhang et al., 2008; Sadura et al., 2020) oraz
biatek, ktorych ekspresja jest regulowana przez chtéod — tzw. COR [ang. Cold-Regulated
proteins] nazywanych niekiedy takze LTI [ang. Low Temperature Induced proteins] (Giorni
et al.,, 1999; Kmie¢ et al., 2005). Istotnym zmianom ulega gospodarka hormonalna roslin —
czgsto notuje si¢ podwyzszong zawarto$¢ hormondw stresu, takich jak kwas abscysynowy
(ABA) (Kosova et al., 2012). Wzrost roslin w warunkach chtodu/ niskich temperatur skutkuje
zazwyczaj obnizeniem intensywnosci fotosyntezy (Stitt 1 Hurry, 2002).

Coraz czestsze wystgpowanie zimg okresOw z podwyzszong temperaturg (np. powyzej
9°C) moze stanowi¢ zagrozenie dla wielu gatunkdw ozimych roslin uprawnych, poniewaz taka
temperatura (utrzymujaca si¢ kilka dni) moze prowadzi¢ do rozhartowania (dehartowania/
deaklimacji), obnizenia mrozoodpornosci, a nawet do stymulacji/wznowienia wzrostu roslin
(Rapacz, 2002a). Rozhartowanie moze by¢ szczeg6lnie niebezpieczne, gdy wystagpi po nim
nagty silny mrdz, znacznie bowiem zwigksza to ryzyko uszkodzenia roslin (Rapacz et al., 2017;
Rys et al., 2020), co pocigga za sobg mozliwos¢ strat ekonomicznych (Watkowski, 2016).
Z danych literaturowych wynika, Zze tempo spadku mrozoodpornos$ci w wyniku rozhartowania
zalezy od temperatury rozhartowujacej (Rapacz, 2002a). Tempo rozhartowania rzepaku byto

wyzsze w temperaturze 20°C niz w 12°C zaréwno w ro$linach rzepaku odmiany jarej, jak



1ozimej (Rapacz, 2002a), a takze w temperaturze 20/12°C (dzien/noc) niz w 12/20°C
(dzien/noc) (Rapacz, 2002b). Zjawisko rozhartowania moze zaj$¢ w ciggu kilku dni ekspozycji
ro$lin na podwyzszong temperaturg. Przyktadowo, rozhartowanie rzepaku potwierdzono po
siedmiu dniach wzrostu w temperaturze 16°C w dzien 1 9°C w nocy (Rys et al., 2020). Badania
genetyczne ujawnity jednak, ze zmiany w ekspresji genow pojawiajg si¢ juz po kilku godzinach

dziatania podwyzszonej temperatury (Pagter et al., 2017).

Rozhartowanie jest procesem odwracalnym, méwimy wtedy o zjawisku rehartowania.
Rehartowanie roslin zachodzi (zwykle p6zng jesienig czy zimg), gdy wystapig ponownie niskie,
hartujace temperatury, a jednoczesnie nie miato miejsca istotnie silne wznowienie wzrostu
ros§lin (w szczegdlnym przypadku — rzepaku ozimego — niebezpieczne jest wybicie pedu

kwiatowego).

1.2. Aktualny stan wiedzy w zakresie fizjologiczno-biochemicznych zmian
zachodzacych w czasie rozhartowania roslin ze szczegélnym uwzglednieniem
gatunkow z rodziny Brassicaceae

Badania zjawiska rozhartowania prowadzono na licznych gatunkach, m.in. na drzewach

(Taulavuori et al., 2004) i trawach (Hoffman et al., 2014), ale przede wszystkim na ro$linach
istotnych gospodarczo, takich jak herbata chinska (Camellia sinensis L. Kuntze) (Ding et al.,
2023), kapusta (Brassica olearea L.) (Sasaki et al., 1996), jeczmien (Pociecha et al., 2020), ryz
(Cen et al., 2018), pszenica (Vaitkevicitte et al., 2022) oraz pszenzyto (Rapacz et al., 2022).
Szczegoétowe zmiany metaboliczne towarzyszace rozhartowaniu tych i innych gatunkow

zostaly omowione w pracy przegladowej (Stachurska i Janeczko, 2024).

1.2.1. Roslina modelowa Arabidopsis thaliana

Z danych literaturowych wynika, iz rozhartowanie najcze¢$ciej prowadzi do odwrdcenia
zmian metabolicznych, ktére zostaly wczesniej wywotane poprzez hartowanie chlodem
(Kalberer et al., 2006; Rapacz et al., 2017; Rys et al., 2020), jednak zjawisko rozhartowania jest
stabiej poznane niz hartowanie (Vyse et al., 2019). Zmiany fizjologiczno-biochemiczne
zachodzace w ro$linach w czasie rozhartowania badano dotychczas m.in. na modelowe;j
roslinie, pochodzacej z tej samej rodziny co rzepak — Arabidopsis thaliana L. Heynh. (m.in.
Byun et al., 2014; Zuther et al., 2015; Pagter et al., 2017; Kutsuno et al., 2023). Rozhartowane
rosliny A. thaliana po wykonanym tescie mrozowym charakteryzowal zwigkszony

w porownaniu do ro$lin hartowanych wyplyw elektrolitow, a zatem zwigkszona

10



przepuszczalno$¢ membran, ktéra dowodzi wiekszych uszkodzen mrozowych (Miki et al.,

2019).

W rozhartowanych roslinach 4. thaliana zwigkszona byta ekspresja gendéw kodujacych
biatka, ktore zwigzane sg ze §ciang komorkowa, takie jak np. ksylozydaza i pektynesteraza
(Oono et al., 2006). Po rozhartowaniu, zwigkszyla si¢ takze ekspresja zahamowanych w czasie
hartowania genéw kodujacych biatka AGP12 [ang. Arabinogalactan Protein 12] (Byun et al.,
2014), a zmianom ulegla akumulacja biatek arabinogalaktanowych (Kutsuno et al., 2023).
Opisane przez Kutsuno et al., (2023) zmiany w strukturach §cian komérkowych wskazuja
jednak, ze rozhartowanie w przypadku $cian komoérkowych nie odwraca catkowicie zmian
indukowanych chtodem tj. nie przywraca ich do poziomu charakterystycznego dla roslin
nichartowanych. Raczej powoduje powstanie nowej, specyficznej struktury, ktéra zdaniem
autoré6w moze z jednej strony umozliwiaé/sprzyja¢ wznowieniu wzrostu, ale z drugiej, nie

wyklucza ponownego zahartowania (rehartowania).

Z kolei, jezeli chodzi o biatka bton komdrkowych, analizy proteomiczne wykazaty,
ze u A. thaliana wzrost lub spadek wybranych biatek w czasie hartowania wykazuje najczgsciej
odwrotng tendencje w czasie rozhartowania, a wigkszo$¢ zmian w akumulacji biatek
zaindukowanych chtodem wraca do poziomu obserwowanego w ros$linach przed hartowaniem

(Miki et al., 2019).

W rozhartowanych roslinach A. thaliana, zaobserwowany zostal spadek akumulacji
transkryptow COR, kodujacych biatka COR (Zuther et al., 2015). COR to biatka, ktorych
akumulacja zwigksza si¢ w niskiej temperaturze przyczyniajac si¢ do poprawy
mrozoodpornosci roslin (Artus et al.,, 1996). Maja one dziatanie stabilizacyjne poprzez

faldowanie 1 wigzanie si¢ do m.in. membran chloroplastéw (Thalhammer 1 Hincha, 2014).

Rozhartowanie wptywa réwniez na akumulacje aminokwasdéw majacych role ochronne.
Zawartos¢ proliny (aminokwasu, ktory jest akumulowany przez rosliny w stresie 1 peini
antyoksydacyjne funkcje (Hayat et al., 2012)), akumulowanej w rozhartowanych roslinach
A. thaliana obnizala si¢, w poroéwnaniu do zawarto$ci tego aminokwasu w ros$linach

hartowanych (Zuther et al., 2015).

Rozhartowanie wywotuje zmiany takze w gospodarce weglowodanowej 1 wodnej roslin
A. thaliana. Gldwnie dochodzi do odwrdcenia zmian zaindukowanych hartowaniem, tj. np.
obnizenia zawartosci cukrow, ktore u hartowanych ro$lin zageszczaja sok komorkowy.

W rozhartowanym 4. thaliana zaobserwowano obnizong zawarto$¢ cukrow takich jak glukoza,
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fruktoza, sacharoza i rafinoza (Zuther et al., 2015) oraz skrobia (Kutsuno et al., 2023).
Dodatkowo, zwigkszyta si¢ ekspresja gendow zwigzanych z gospodarka weglowodanowa, takich
jak B-galaktozydaza i syntaza sacharozy, ktore sa zaangazowane w metabolizm m.in. sacharozy
(Oono et al., 2006). Zmiana ekspresji tych genow rowniez byla odwrdceniem zmian

indukowanych hartowaniem w chtodzie (Oono et al., 2006).

Pod wptywem rozhartowania, zmiany zachodza takze w homeostazie hormonalne;.
W rozhartowanych roslinach A. thaliana zaobserwowano zwigkszong ekspresje genow
zwigzanych z biosyntezag hormondéw odpowiedzialnych za wzrost i rozwdj, m.in. giberelin
iauksyn (Pagter et al., 2017), co mozna skorelowa¢ z indukowanym rozhartowaniem
zjawiskiem wznowienia wzrostu ro$lin, o ktorym byta mowa wcze$niej. Réwniez ekspresja
genoéw zwigzanych z biosynteza brasinosteroidow byla wyzsza w porownaniu do poziomu

ekspresji obserwowanej w roslinach hartowanych (Pagter et al., 2017).

W rozhartowanych ro$linach A. thaliana stwierdzono wzmozong, w poréwnaniu
do hartowanych roslin, ekspresje genéw powigzanych z fotosynteza, gendéw kodujacych
podjednostke D2 kompleksu PSII oraz genéw zaangazowanych w reakcje fazy jasnej
fotosyntezy (Byun et al., 2014). Wykryto takze zwigkszong, w poréwnaniu do roslin
hartowanych, ekspresje genow kodujacych mala podjednostk¢ RuBisCO oraz biatka zwigzane
z PSI 1 PSII (Oono et al., 2006).

1.2.2. Rzepak (Brassica napus L.)

Rzepak jest rosling, dla ktoérej przeprowadzono juz wczesniej badania dotyczace
zjawiska rozhartowania (Rapacz, 2002a; Rapacz, 2002b; Rapacz i Hura, 2002; Rapacz et al.,
2003; Trischuk et al., 2014; Rys et al., 2020). Pozwolito to na poznanie/opisanie u tego gatunku
cze$ci zmian fizjologiczno-biochemicznych indukowanych rozhartowaniem, wcigz jednak

wiele pozostato do wyjasnienia.

Rownowaga pomigdzy iloscig hormonow wzrostowych (takich jak gibereliny, auksyny
1 cytokininy), a ilo$cig hormonow stresowych (np. ABA, JA, SA) jest istotna dla utrzymania
mrozoodpornosci hartowanych roslin. Szczegdlnie dotyczy to giberelin i ABA. Rapacz et al.
(2003) badali zawarto$¢ tych hormonow w hartowanych i rozhartowanych roslinach rzepaku.
Po rozhartowaniu (trwajacym jeden lub dwa tygodnie) stwierdzono niewielki wzrost
zawartosci ABA oraz roznice pomig¢dzy odmiang 0zima, a jarag — odmiana jara charakteryzowala

si¢ wyzsza zawartoscia ABA niz odmiana ozima. Poziom ABA obnizyt si¢ dopiero
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po trzech—czterech tygodniach rozhartowania (Rapacz et al., 2003). Podczas rozhartowania
generalnie zaobserwowano wzrost stg¢zenia giberelin. W pierwszym tygodniu rozhartowania,
zaobserwowano wzrost stezenia giberelin w odmianie ozimej i jarej, niezaleznie od warunkow
rozhartowujacych zastosowanych w eksperymencie. W odmianie ozimej, po tygodniu
rozhartowania wzrost st¢zenia giberelin obserwowano w warunkach wyzszej temperatury
w ciggu dnia: 20/12°C 1 20/20°C (d/n). W nizszych temperaturach w ciggu dnia: 12/12°C
1 12/20°C, zawarto$¢ giberelin byta podobna do zawartosci obserwowanej w roslinach przed
hartowaniem. W przypadku odmiany jarej, zawartos¢ giberelin wzrosta w pierwszym tygodniu
rozhartowania o okoto 10 razy w poréwnaniu do odmiany ozimej, a najszybszy wzrost stezenia
tych hormondéw zaobserwowano w roslinach rozhartowanych w wyzszej temperaturze za dnia.

W ramach niniejszej pracy doktorskiej znacznie poszerzono profil hormonalny
poddany analizie u hartowanych i rozhartowanych roslin rzepaku, wlaczajac w badania
takze m.in. auksyny, cytokininy, kwas jasmonowy, ich prekursory, pochodne i koniugaty,
a takze dos$¢ szczegélowo zanalizowano grupe hormondéw steroidowych —
brasinosteroidow (BR), wraz z ich receptorem BRI1 oraz genami, ktorych ekspresja jest
indukowana przez te zwiazki (Stachurska et al., 2022; Stachurska et al., 2023; Stachurska
et al., 2024).

Zmiany gospodarki hormonalnej pociagaja za sobg posrednio lub bezposrednio inne
zmiany metaboliczne. Na szczegdlng uwage zastuguje fotosynteza, gospodarka
weglowodanowa 1 wodna.

Rozhartowanie rzepaku prowadzi do zmian w obrgbie aparatu fotosyntetycznego
(Rapacz i Hura, 2002; Rys et al., 2020). Wzrost temperatury w czasie rozhartowania (zardwno
w dzien, jak 1 w nocy) skutkowal poprawg aktywnosci fotosyntetycznej ocenionej poprzez
pomiary szybkiej kinetyki fluorescencji chlorofilu a (Rapacz i Hura, 2002). Pomiary
te wykazaly m.in., Ze po rozhartowaniu warto§¢ parametru Fy/Fm, informujacego
o maksymalnej kwantowej wydajnosci PSII, byta znaczaco wyzsza niz warto$¢ obserwowana
w ro$linach hartowanych, a nawet wyzsza od wartosci charakterystycznej dla roslin
niehartowanych (Rys et al., 2020). Generalnie, podczas rozhartowania dochodzi u rzepaku
do intensyfikacji reakcji jasnej fazy fotosyntezy. Zmiany obserwowano rowniez w zawartosci
chlorofilu — hartowanie rzepaku obnizalo zawarto$¢ tego barwnika, a rozhartowanie zwickszato
(Rys et al., 2020).

Pomiary op6znionej fluorescencji chlorofilu a [ang. delayed fluorescence, DF) oraz

odbiciowosci modulowanej [ang. modulated 820 nm reflection, MR820] nie byly do tej pory
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badane w aspekcie rozhartowania roslin rzepaku i s3 przedmiotem analiz w ramach
niniejszej pracy doktorskiej (Stachurska et al., 2022).

Jezeli chodzi o faz¢ ciemna fotosyntezy i aktywno$¢ niektorych enzymoéw zwigzanych
z biosynteza cukrow to, jak stwierdzaja Rapacz i Hura (2002), podczas rozhartowania dochodzi
do obnizenia aktywnos$ci enzymow RuBPCO i1 syntazy fosforanu sacharozy (SPS). W lisciach
rozhartowanego rzepaku dochodzi takze do spadku koncentracji cukrow rozpuszczalnych,
nawet do poziomu podobnego jak obserwowany w roslinach niehartowanych (Rys et al., 2020).

Liscie rozhartowanego rzepaku charakteryzowato (cze$ciowo zalezne od odmiany)
zwickszenie wzglednej zawartosci wody [ang. RWC, Relative Water Content] oraz
podwyzszenie potencjatu osmotycznego (Rys et al., 2020). W hartowanych roslinach, potencjat
osmotyczny wynosil $rednio okoto —1.3MPa i obnizyl si¢ o okoto 20-25% w pordéwnaniu
do roslin niehartowanych. W ro$linach rozhartowanych wzrdst on o 23—45% w poréwnaniu
do roslin hartowanych (Rys et al., 2020). Dodatkowo, w lisciach rzepaku poddanego
rozhartowaniu stwierdzono obnizenie akumulacji akwaporyny BnPIP1 (Rys et al., 2020).
Obnizenie akumulacji akwaporyn bylo odwroceniem zmian zaindukowanych hartowaniem,
jednakze poziom transkryptu kodujacego BnPIP1 nie ulegl zmianie po rozhartowaniu i pozostat
na niskim poziomie podobnym jak w roslinach hartowanych (Rys et al., 2020).

Zmiany wywolane rozhartowaniem wptywaja takze na akumulacje innych waznych
biatek, przyktadem sa tu dehydryny i biatka COR. Dehydryny pehnig role¢ ochronng wzgledem
innych biatek i membran przed niekorzystnymi zmianami wywotanymi odwodnieniem tkanek
(Kosova et al., 2007). W rozhartowanych roslinach rzepaku akumulacja dehydryny (47 kD)
uleglta znacznemu obnizeniu, do poziomu podobnego jak w roslinach niehartowanych
(Trischuk et al., 2014). Po rozhartowaniu zaobserwowano nizszg w poréwnaniu do roslin
hartowanych akumulacje biatka COR78 (Trischuk et al., 2014).

Na tym tle, badania wykonane w ramach niniejszej pracy doktorskiej wzbogacaja
wiedze o szczegélowa analize zmian akumulacji bialek szoku cieplnego (HSP)
u rozhartowanych roslin rzepaku (Stachurska et al., 2023).

Sposrod innych zmian biochemicznych, warto doda¢ iz zawarto$¢ pektyn
po rozhartowaniu roslin rzepaku obnizyta si¢ do poziomu podobnego jak u roslin
niehartowanych, w poréwnaniu do zwigkszonej ich akumulacji w czasie hartowania (Solecka
et al., 2008). Pektyny to polisacharydy wystepujace w $cianach komoérkowych roslin, ktore
petnig funkcje m.in. kontrolujac porowatos¢ §cian komorkowych 1 reakcje na stres. Spadek
akumulacji pektyn po rozhartowaniu méglt by¢ powigzany z rozrastaniem si¢ lisci (Solecka

et al., 2008).
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Z danych literaturowych wiadomo, ze hartowanie do niskich temperatur powoduje
zmiany w strukturze membran i kompozycji lipidéw. Zmiany te zwykle oznaczaja zwigkszenie
ptynno$ci membran, co ma na celu poprawg ich funkcjonowania w chtodzie (Uemura et al.,
1995; Ogweno et al., 2009; Filek et al., 2017). Wigksza ptynnos¢ membran zwigzana jest
ze zwigkszeniem zawarto$ci nienasyconych kwasoéw tluszczowych wiaczonych w strukture
membrany. Plynno§¢ membran moze by¢ takze modyfikowana poprzez wbudowanie
do membran innych komponentow, takich jak sterole, tokoferole czy karotenoidy, co ma
miejsce szczegdlnie w membranach chloroplastow (Ford i Barber, 1983; Munné-Bosch, 2005).
Wplyw rozhartowania na strukture oraz wlasnosci fizykochemiczne membran
komorkowych roslin rzepaku po rozhartowaniu nie zostal dotad poznany/opisany, dlatego

tez badania takie staly si¢ przedmiotem niniejszej pracy doktorskiej (Rys et al., 2024).

1.3. Metody detekcji rozhartowania roslin i mozliwosci przeciwdzialania skutkom
rozhartowania

W zwigzku z nasilaniem si¢ zmian klimatu i wystepowaniem anomalii pogodowych

takich jak okresy podwyzszonej temperatury zimg, warto poszukiwaé prostych i szybkich
sposobdw oceny stopnia rozhartowania roslin. Mialoby to na celu umozliwienie zastosowania
odpowiednich $rodkéw prewencyjnych np. preparatow ochronnych zapobiegajacych
uszkodzeniom mrozowym ro$lin w razie gwaltownego spadku temperatury ponizej zera
po rozhartowaniu. Podjecie takich dziatan moze by¢ istotne zwlaszcza w przypadku waznych
gatunkéw uprawnych, ktore stanowig zrodto pozywienia dla wcigz rosnacej liczby ludnos$ci na
Swiecie. Monitorowanie zmian zachodzacych podczas rozhartowania upraw jest
skomplikowane, poniewaz najczeSciej zmiany te (zwlaszcza na poczatku) nie sa widoczne
golym okiem, za$ analizy laboratoryjne wymagajg zebrania prob lisci oraz sa czasochtonne.
Z pomoca przychodza nieinwazyjne metody pomiarowe, takie jak np. pomiar bezposredniej
fluorescencji chlorofilu a [ang. prompt fluorescence, PF], ktorej skuteczno$¢ zostala
udowodniona u zb6z i rzepaku (Rapacz et al., 2017; Rys et al., 2020). Co istotne, metody tej
mozna uzywac¢ na wigkszg skale (np. calych pdl uprawnych), przy uzyciu drondw,
bezzatogowych  statkow powietrznych lub  satelitow specjalnie  dostosowanych
do monitorowania zmian fluorescencji (Lednev et al., 2022). Pomiary szybkiej kinetyki
fluorescencji chlorofilu a sa popularnym narzedziem do oceny stresu roslin, jednak
pomiary opéznionej fluorescencji (DF) i odbiciowosci modulowanej (MR820) nie byly

do tej pory stosowane do stwierdzenia rozhartowania roslin rzepaku. Przetestowania
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wymagaja roéwniez inne, nieinwazyjne metody pomiarowe, np. pomiar wlasnoSci
spektralnych lisci dajacy mozliwos¢ uzyskania licznych parametrow obliczanych
na podstawie m.in. refleksji lisci. Z tego wzgledu jednym z celow niniejszej pracy bylo
przetestowanie tych metod pod katem przydatnosci do oceny rozhartowania ros$lin
rzepaku (Stachurska et al., 2022, Stachurska et al. 2024).

Jak wspomniano wyzej, wczesna detekcja stanu rozhartowania uprawy stwarza
mozliwo$¢ podniesienia jej mrozoodpornosci przy uzyciu preparatow o dzialaniu
ochronnym. W niniejszej pracy doktorskiej po raz pierwszy badano aktywnos$¢ w tym
kierunku Kilku regulatoréw steroidowych (hormonoéw steroidowych i ich analogéw) oraz
dostepnego komercyjnie preparatu Asahi SL, starajac si¢ takze wyjasnic¢
niektore/wybrane mechanizmy ich dzialania (Stachurska et al., 2024).

Majac na uwadze iz wykonywanie dodatkowych zabiegow (opryskow) zawsze jest
kosztowne ekonomicznie, w przypadku poglebiania si¢ zmian klimatycznych innym
podejsciem mogto by by¢ uprawianie odmian, ktére bedq charakteryzowac si¢ zdolnoscia
utrzymania  wysokiej mrozoodpornosci mimo  wyst¢epowania  warunkow
rozhartowujacych, tj. beda charakteryzowa¢ si¢ lepsza tolerancja warunkow
rozhartowujacych (Stachurska et al., 2022; Stachurska i Janeczko, 2024) lub wolniejszym
tempem rozhartowywania (Rowland et al., 2005). Przekonanie to przy$wiecalo badaniom
w tej czesci pracy doktorskiej, ktorej celem byla charakterystyka mrozoodpornosci
wybranych odmian rzepaku ozimego (a takze jarego) po rozhartowaniu i wskazanie

odmian slabiej/lepiej tolerujacych rozhartowanie (Stachurska et al., 2022).
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2. Cele pracy

Celem doswiadczen przeprowadzonych w ramach rozprawy doktorskiej byto:

e scharakteryzowanie mrozoodpornosci wybranych odmian rzepaku po rozhartowaniu,
w tym znalezienie odpowiedzi na pytanie, czy odmiany roznig si¢ tolerancjg
na rozhartowanie

e okreslenie fizjologiczno-biochemicznego poditoza procesu rozhartowania oraz
powigzanie ich ze zmianami mrozoodporno$ci

e przetestowanie mozliwosci zastosowania nieinwazyjnych metod pomiarowych
do monitorowania rozhartowania

e zweryfikowanie potencjalnej, ochronnej roli regulatoréw zwigkszajacych

mrozoodporno$¢ rozhartowanych roslin

Szczegotowe cele zostaty przedstawione w publikacjach wchodzacych w sklad rozprawy

doktorskie;j.
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3. Material roslinny oraz schematy eksperymentow

3.1. Material roslinny
Materiat ro§linny wykorzystany w eksperymentach stanowity rosliny rzepaku. Wybrano
dziesi¢¢ odmian, w tym dziewi¢¢ odmian ozimych (Birdy, Bojan, Darcy, Finley, Graf, Monolit,

Pantheon, President i Rokas) oraz jedng odmiang jarg (Feliks).

Odmiany Birdy, Bojan, Darcy, Feliks, Finley, Monolit 1 Rokas s3 odmianami
populacyjnymi, a Graf, Pantheon i President s3 odmianami hybrydowymi (F1). W momencie
rozpoczgcia badan, w krajowym rejestrze COBORU znajdowato si¢ pi¢e¢ odmian,
charakteryzujacych si¢ nastepujaca wysokoscia roslin: Birdy —139 cm, Bojan — 160 cm, Feliks
— 121 cm, Graf — 140 cm, Monolit — 138 cm, Rokas — 131 cm. Inne odmiany, nieujgte
w rejestrze, zostaly scharakteryzowane przez producentéw: Pantheon 1 President

charakteryzuja wysokie rosliny, a Darcy 1 Finley to odmiany potkartowe.

Wedhug producentéw, odmiany Birdy, Bojan, Finley, Graf, Monolit, Pantheon, President
1 Rokas charakteryzuja si¢ wysoka i bardzo wysoka zimotrwalo$cig, odmiana Darcy — dobra

zimotrwatoscia.

Wedhug producentéw, odmiany Bojan, Finley, Monolit, Pantheon, President, Rokas
charakteryzuja si¢ wysokg mrozoodpornoscig, a odmiany Darcy i1 Birdy charakteryzuja si¢

dobrag mrozoodpornoscig. Mrozoodporno$¢ odmiany Graf nie zostata podana przez producenta.

Nasiona odmian Bojan, Monolit i Feliks otrzymano z Hodowli Ro$lin Strzelce Sp. z 0.0.
Grupa IHAR (Strzelce, Polska). Nasiona odmian Darcy, Finley, Pantheon i1 President uzyskano
z firmy Saatbau (Sroda Slaska, Polska). Nasiona odmiany Rokas uzyskano z firmy Syngenta
(Warszawa, Polska). Nasiona odmiany Birdy uzyskano z firmy KWS (Poznan, Polska),

a nasiona odmiany Graf uzyskano z firmy Obrol (Kruszewnia, Polska).

Obecnie, w krajowym rejestrze COBORU (dostep: 25.04.2024 r.) znajdujg si¢
nastepujace odmiany: Birdy, Graf, Monolit, Rokas.

W eksperymencie opisanym w publikacji Stachurska et al., 2022 badaniom poddano
10 nastepujacych odmian: Birdy, Bojan, Darcy, Feliks, Finley, Graf, Monolit, Pantheon,
President, Rokas. Wykonano badania poréwnawcze mrozoodpornosci roslin po wzroscie
w kontrolowanych warunkach komdr wegetacyjnych. Do eksperymentéw opisanych
w publikacjach Stachurska et al., 2023 i Rys et al., 2024 wybrano odmiany ozime Bojan,

President 1 Rokas oraz jarg Feliks na podstawie oceny mrozoodpornosci (dane RT50). Rokas
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wykazywat wysoka mrozoodpornos¢, za$ Feliks niskg. Mrozoodpornos¢ odmian Pantheon
i President zalezna byta od warunkéw wzrostu — rosliny tych odmian niehartowane, hartowne
chlodem i rozhartowane reagowaly nieco inaczej [tabela w rozdziale 5]. W publikacji
Stachurska et al.,, 2024 uzyto do eksperymentow juz tylko odmiany ozime Pantheon

1 President.

3.2. Przebieg eksperymentow

3.2.1. Schemat eksperymentow opisanych w publikacjach Stachurska et al., 2022;
Stachurska et al., 2023; Rys et al., 2024

Uproszczony schemat eksperymentu przedstawia rycina 4. Nasiona rzepaku kietkowano
w temperaturze 24°C przez dwa dni, a nastepnie siewki zostaly wysadzone do doniczek
z mieszankg ziemi 1 piasku i rosty w temperaturze 20°C przez 4 dni, po czym temperature
obnizono do 17°C (trzy tygodnie). Po trzech tygodniach wykonano pomiary i pobrano probki
do analiz biochemicznych, a tak pozyskane rosliny okre§lono jako niehartowane (kontrolne).
Nastgpnie, stopniowo obnizano temperatur¢ stosujac prehartowanie (jeden tydzien).
Po prehartowaniu temperatur¢ obnizono do 4°C (trzy tygodnie). Po uptywie trzech tygodni,
wykonano pomiary oraz pobrano proby do analiz biochemicznych, a rosliny okreslono jako
hartowane chtodem. Nastepnie, poddano je rozhartowaniu w temperaturze 16/9°C (dziefi/noc)
przez jeden tydzien, po czym wykonano pomiary oraz pobrano proby do analiz. Rosliny tej

trzeciej grupy okreslono jako rozhartowane.

Ze wzgledu na stosowanie jezyka angielskiego w cyklu publikacji, na potrzeby
niniejszego opracowania przyjeto nastepujace skroty do oznaczania w/w trzech grup roslin,
ktore byly podawane pomiarom nieinwazyjnym i z ktdrych pobierano probki materiatu

ro$linnego:

e NA —ro$liny niehartowane (kontrolne) [ang. non-acclimated]
e CA —ro$liny hartowane [ang. cold-acclimated]

e DA —rosliny rozhartowane (dehartowane, deaklimowane) [ang. deacclimated)
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DZIEN WEGETACI
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Nieninwazyjne pomiary:
- fluorescencja chlorofilu a

Rycina 4. Schemat eksperymentu opisanego w publikacjach Stachurska et al., 2022; Stachurska
et al., 2023; Rys et al.,, 2024, przedstawiajacy grupy ro$lin niehartowanych, hartowanych
1 rozhartowanych, ze wskazaniem momentu wykonania pomiaroéw nieinwazyjnych (Stachurska et

al., 2022).

3.2.2. Schemat eksperymentu opisanego w publikacji Stachurska et al., 2024

Uproszczony schemat eksperymentu przedstawia rycina 5. Generalnie, schemat
eksperymentu byt podobny jak opisany w publikacjach Stachurska et al., 2022; Stachurska
et al., 2023; Rys et al., 2024, z t3 r6znica, iz stosowano opryski regulatorami, co miato na celu
popraw¢ mrozoodpornos$ci. Nasiona kietkowano w 24°C w ciemno$ci przez trzy dni. Nastgpnie,
siewki przeniesiono do doniczek z mieszanka ziemi i piasku i pozostawiono je w 20°C przez

cztery dni, a nastgpnie w 17°C przez 17 dni. W 21 dniu wegetacji rosliny podzielono na trzy
grupy.

Pierwsza grupe, 21-dniowych roslin, ktérg stanowity rosliny niehartowane (NA),
podzielono na kolejne trzy podgrupy: rosliny, ktére zostaty opryskane wodnym roztworem
zawierajacym hormon steroidowy z grupy brasinosteroidéw (24-epibrasinolid; stosowany skrot
EBR), ro$liny opryskane roztworem wodnym zawierajacym rozpuszczalnik steroidow —

DMSO (kontrola) i rosliny niepryskane (kontrola absolutna).

Drugg grupe roslin stanowily ro$liny, ktore po 21 dniach wegetacji pozostawiono by
kontynuowaty wzrost przez kolejne trzy dni w 17°C, a nastgpnie zostaly poddane
prehartowaniu przez sze$¢ dni. Po tym okresie ro$liny byly hartowane w 4°C przez trzy

tygodnie. Te¢ grupe roslin okre§lono mianem hartowanych (CA). Jeden dzien przed
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rozpoczeciem procesu hartowania, rosliny zostaty podzielone na trzy podgrupy 1 podobnie j.w.
opryskane roztworami zawierajacymi EBR, rozpuszczalnik DMSO (kontrola), a jedna

podgrupa roslin pozostata nie opryskana (kontrola absolutna).

Trzecig grupg stanowity ro$liny, ktére po 21 dniach wegetacji zostalty poddane
prehartowaniu, 1 hartowaniu (jak opisano powyzej), a nastepnie zostaty rozhartowane w 16/9°C
(dzien/noc) przez sze$¢ dni. Jest to grupa roslin okreslana mianem rozhartowanych (DA). W 55
dniu wegetacji, ros$liny podzielono na sze$¢ grup 1 opryskano roztworami wodnymi
zawierajacymi brasinosteroidy — 24-epibrasinolid (EBR) i1 28-homokastasteron (HCS),
roztworami z syntetycznymi analogami brasinosteroidow — MK-266 (MK) i triolonem (TR),
roztworami z DMSO (kontrola) oraz (dodatkowo) roztworem komercyjnego preparatu Asahi
SL (AS) (Agrecol, Wieruszow, Polska). Grupe ro$lin niepryskanych pozostawiono jako
kontrolg absolutna.

DZIEN WEGETACH

klell;i\:u:nle wzrost w 20°C, a nastepnie w 17°C prehartowanie + hartowaniew 4°C rozhartowanie w 16/9°C (d/n)
L3 dni 4-24 dni 25-51 dni 52-58 dni

A ROZHARTOWANE
24°C wzrost w 20°C, a nastepnie w 17°C prehartowanie + hartowanie w 4°C R0§ LINY
1-3 dni gzt S Kontrola absolutna I
(roéliny niepryskane) i odpr.\,rs ;5)
: - w dniu
klell;z\ivgnle wzrost w 20°C, a nastepnie w 17°C b by 1
A 4-24dni \_J/
1-3 dni * —‘
Kontrola absolutna
P . oprysk - AS
(rosliny niepryskane) “ Pry: 47 /
(w dniu 30) 3
*Zhiér prébek: oprysk TR
Materiat (liscie) do analizy . Yol w dniu 21
akumuladji biatka BRI1 K“'"_‘"’Ia_ab’“h"‘"a t t ) ‘\* MK
i transkryptow (COR14, SERKI, (rosliny niepryskane) “
SERK2) pobierano tylko z roélin EBR
kontroli absolutnej. . 15l kontrola
-l (oprysk DMSO) HES
Pomiary nieinwazyjne: ¥
- fluorescencja chlorofilu @ kontrola EBR
- wymiana gazowa (oprysk DMSO)
- wiasnosci spektralne lisci kontrola
{oprysk DMSO) EBR
Pomiary nieinwazyjne w dniu 57
Pomiary nieinwazyjne w dniu 23 Pomiary nieinwazyjne w dniu 49 Zbiér prébek® w dniu 57
Zbiér prébek* w dniu 23 Zbiér prébek* w dniu 49 Ocena mrozoodpornosci (trzy grupy:
Ocena mrozoodpornosci (-39°C) w dniu 24 Ocena mrozoodpornosci (-13°C) w dniu 51 -6°C, -9°C, -12°C) w dniu 58

Rycina 5. Uproszczony schemat eksperymentu opisany w publikacji Stachurska et al., 2024,
przedstawiajacy grupy roslin niehartowanych, hartowanych 1 rozhartowanych wraz
z podzialem na poszczegdlne traktowania regulatorami; EBR — 24-epibrasinolid; HCS — 28-
homokastasteron; analogi brasinosteroidow (MK — MK-266; TR — triolon); AS — regulator
Asahi SL; DMSO — rozpuszczalnik steroidow; kontrola absolutna (rosliny niepryskane).
Pomiary nieinwazyjne 1 ocena mrozoodpornosci zostalty wykonane na wszystkich
grupach/podgrupach roslinach. Zbior probek do analiz akumulacji biatka BRI1 1 transkryptow
(COR14, SERK1, SERK?2) wykonano tylko z ro$lin niepryskanych (kontrola absolutna).
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Struktury chemiczne brasinosteroidéw stosowanych w publikacji Stachurska et al.,
2024 oraz ich analogéw przedstawiono na rycinie 6. Brasinosteroidy i ich analogi stosowano
w stezeniu 0,5 mg/L. Stezenie preparatu Asahi SL dobrano wg wskazan producenta. Szczegoty

techniczne przygotowania wszystkich roztworéw podano w publikacji Stachurska et al., 2024.

"I,-J. ! -/:\ ’-“v
I ud ) A on
[ H (ot
HO. - Py \ H
Al w HO, o~ H‘(}H
HOY »\,/H':lj/ Ha' !.I-___O
) 0
28-homokastasteron 24-epibrassinolid

OH

MK-266 Triolon
Rycina 6. Struktura brasinosteroidow: 28-homokastasteronu i 24-epibrasinolidu oraz struktura
syntetycznych analogéw brasinosteroidow: MK-266 1 Triolon. MK-266 1 Triolon
zsyntetyzowane wg Kohout et al., 1987; Kvasnica et al., 2016.

W publikacji Stachurska et al., 2024, niewielka cze$S¢ badan (wyplyw elektrolitow
zmierzony metoda konduktometryczng) zostala wykonana na roslinach, ktore uzyskano
wg nieco zmodyfikowanego schematu przedstawionego na rycinie 5. Modyfikacja ta dotyczy
przede wszystkim terminéw stosowania opryskow, co szczegdétowo opisano w publikacji

Stachurska et al., 2024.

22



4. Metody badawcze
Szczegdlowy opis wszystkich przedstawionych w tabeli 1 metod analitycznych,
pomiaréw i obserwacji znajduje si¢ w poszczeg6élnych publikacjach wchodzacych w sktad

rozprawy doktorskiej.

Tabela 1. Wykaz metod analitycznych wykorzystanych w rozprawie doktorskie;.

Metoda Analizy Publikacja
1. | Pomiar fluorescencji | Analiza wydajnosci reakcji fazy | Stachurska et al.,
chlorofilu a jasnej fotosyntezy 2022
Stachurska et al.,
2024
2. | Wysokosprawna Analiza  zawartosci  hormonow | Stachurska et al.,
chromatografia cieczowa | steroidowych — brasinosteroidow | 2022
sprzezona ze spektrometrig | [BR] (tyfasterol, kastasteron,
masowa brasinolid, dolichosteron, dolicholid,

homokastasteron) = w  materiale

ro$linnym

Analiza  zawarto$ci  pozostalych | Stachurska et al.,
hormonéw 1 ich metabolitow, | 2023

prekursoréw 1 koniugatow: auksyn
(indolilo-3-acetamid [IAM]; idolilo-
3-acetonitryl [IAN]; kwas
indolilooctowy [[AA], kwas indolilo-
3-acetyloasparaginowy [IAAsp],
kwas 2-oksindolo-3-octowy
[OxIAA], kwas indolilo-3-
karboksylowy [I3CA]), giberelin
(GA15, GAg, GA4, GA7, GAs3, GAjo,
GA2, GA3, GAsg), cytokinin (cis-
zeatyna [cis-zea], rybozyd cis-
zeatyny [cis-zea-rib]), hormonow

stresu (kwas abscysynowy [ABA],
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kwas 12-oksofitodienowy [12-oxo0-
PDA], kwas jasmonowy [JA], kwas
benzoesowy [BA], kwas salicylowy

[SA]) w materiale ro§linnym

Analiza zawarto$ci tokoferoli (a-, B-,
v-, O-tokoferolu) i1 karotenoidow (j-
karotenu i zeaksantyny) w materiale
ro§linnym (lisScie 1 izolowane

chloroplasty)

Rys et al., 2024

Quantitative Real-Time

PCR

Analiza akumulacji transkryptu BRI

w materiale ro$linnym

Stachurska et al.,

2022

Analiza akumulacji transkryptow
CORI14, SERKI, SERK2 w materiale

ro$linnym

Stachurska et al.,

2024

Western Blotting,

Immunoblotting

Analiza akumulacji biatek HSP70
cytoplazmatycznego, HSP70
chloroplastowego i HSP90

w materiale ro§linnym

Stachurska et al.,

2023

Analiza akumulacji biatka
receptorowego BRIl w materiale

ro$linnym

Stachurska et al.,

2024

Chromatografia gazowa

Analiza zawartosci kwasow

thuszczowych w materiale roslinnym

Rys et al., 2024

Waga Langmuira

Analiza wlasciwosci
fizykochemicznych membran
chloroplastow (monowarstw
lipidowych)

Rys et al., 2024

Analiza  odzialywan  analogow
brasinosteroidow (Triolon i MK-266)
z modelowymi membranami (zmiany
wlasnosci fizykochemicznych

monowarstw lipidowych)

Stachurska et al.,

2024
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Pomiar wlasciwos$ci | Analiza wlasnosci spektralnych lisci | Stachurska et al.,

spektralnych (refleksji) 2024

lisci

Pomiar wymiany gazowej | Analiza wymiany gazowej lisci (faza | Stachurska et al.,

lisci ciemna fotosyntezy) 2024

Konduktometria Ocena uszkodzen membran | Stachurska et al.,
komoérkowych na podstawie | 2024

wyptywu elektrolitow
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5. Podsumowanie najwazniejszych wynikow

5.1. Zjawisko rozhartowania a mrozoodpornos¢ wybranych odmian rzepaku

1.

Dziesig¢ badanych odmian rzepaku, charakteryzujacych si¢ m.in. réznymi cechami
morfologicznymi (wysokoscia), wykazywalo takze roznice w tzw. bazowej
mrozoodpornosci (rycina 7A—C). Zgodnie z przewidywaniami najnizsza bazowa
mrozoodporno$¢ charakteryzowata odmiang jarg (Feliks). Roznice wystepowaty takze
migedzy odmianami ozimymi i uwidacznialy si¢ w temperaturach —3°C 1 —5°C.
Najwyzszg bazowag mrozoodpornoscig charakteryzowaty si¢ odmiany Rokas i Bojan

(rycina 7B—C).

Po hartowaniu mrozoodpornos¢  wszystkich odmian ozimych, zgodnie
z oczekiwaniami, znacznie wzrosta (rycina 7D—F). Co ciekawe, mrozoodpornos¢
wzrosta rowniez u odmiany jarej (Feliks), tak iz nie odbiegata ona od mrozoodpornosci
niektorych odmian ozimych (np. President). Stosunkowo najwyzsza mrozoodpornoscia
wykazywaly si¢ odmiany Bojan i Rokas, co uwidocznilo si¢ szczegdlnie po testach

w temperaturze —13°C (rycina 7E).

Rozhartowanie (siedem dni w temperaturze 16/9°C d/n) obnizalo mrozoodporno$¢
wszystkich badanych odmian (rycina 7G-I). Po rozhartowaniu odmiana jara
charakteryzowata si¢ najnizsza mrozoodporno$cia, co szczegdlnie uwidocznito sie
po testach w temperaturze —6° 1 —12°C (poréwnanie z tabelg 2). Na podstawie wartosci
RT50 mozna przyja¢ iz odmiana Rokas, wykazywata si¢ najwyzsza mrozoodpornoscia

po rozhartowaniu.
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Rycina 7. Mrozoodporno$¢ czterech przyktadowych odmian rzepaku ozimego: Bojan,
President 1 Rokas oraz odmiany jarej Feliks, charakteryzujaca ro$liny niehartowane (NA),
hartowane (CA) i rozhartowane (DA). Ocene mrozoodpornosci przeprowadzono na podstawie
obserwacji odrostu roslin po ich ekspozycji na mréz od —1°C do —5°C (rosliny NA); od —10°C
do —16°C (rosliny CA); od —6°C do —12°C (ro$liny DA). Odrost roslin po mrozie oceniano
wg skali wizualnej (0—7 punktéw) po dwoéch tygodniach wzrostu w warunkach szklarniowych
w temperaturze okoto 12°C, gdzie 7 — roéliny bez uszkodzen, a 0 — roéliny martwe. Srednie

wartosci = SD oznaczone tymi samymi literami nie rozniq sig istotnie na poziomie p<(0.05.
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Tabela 2. Przewidywana/estymowana temperatura [°C], ktora zredukuje potencjalny odrost
po wykonaniu testow mrozowych o 50% (RT50). Wartosci RT50 obliczono na podstawie trzech

temperatur stosowanych do oceny mrozoodpornosci.

Rosliny niehartowane Rosliny hartowane Rosliny rozhartowane
odmiana RT50 odmiana RT50 odmiana RT50
Bojan —3.68 Bojan —13.54 Rokas -8.91
Rokas -3.34 Rokas —13.50 Pantheon —8.84
Monolit -3.23 Darcy —13.26 Graf -8.41
President -3.21 Graf -13.24 Bojan —-8.40
Darcy -3.12 Pantheon —13.09 Monolit —8.35
Birdy —-3.07 Monolit —12.98 Finley -8.31
Finley —2.94 Feliks -12.92 Darcy —-8.29
Graf —2.69 President -12.80 Birdy -8.14
Feliks —2.54 Finley —12.76 President —7.96
Pantheon —2.35 Birdy —12.44 Feliks —7.63

5.2. Fizjologiczno-biochemiczne podloze obnizonej mrozoodpornosci rzepaku

po rozhartowaniu

5.2.1. Gospodarka hormonalna

1. W pracy badano wplyw rozhartowania na zmiany koncentracji ponad 20 fitohormonéw,
ich metabolitow, prekursorow i koniugatow (ABA, 12-oxo0-PDA, JA, BA, SA, GAjis,
GAo, GA4, GA7, GAs3, GA, GA2, GA3, GAs, IAM, TAN, TAA, TAAsp, OxIAA,
[AGlu, I3CA, cis-zea, cis-zea-rib) (Stachurska et al., 2023). W wigkszo$ci przypadkow
analizy tych zwiazkéw w aspekcie rozhartowania przeprowadzono po raz pierwszy.
Narycinie 8 przedstawiono uproszczong wizualizacje zmian stezen wybranych
hormonow w lisciach roslin rzepaku niehartowanych, hartowanych i rozhartowanych.
Sposréd zbadanych zwigzkow szczegdlng uwage warto zwroci¢ na wyniki dotyczace

ABA, giberelin oraz auksyn i I3CA.
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ABA 12-ox0-PDA| JA GA5 GA; GAys GA; 1AM 1AA OxIAA 13CA cis-zea

Rycina 8. Uproszczona wizualizacja zmian stezen wybranych hormonow w liciach roslin rzepaku
niehartowanych (NA), hartowanych (CA) i rozhartowanych (DA) odmian Bojan, Feliks, President
1 Rokas. ABA — kwas abscysynowy; 12-oxo-PDA — kwas 12-oksofitodienowy; JA — kwas
jasmonowy; GAis — giberelina A15; GA7 — giberelina A7; GA19 — giberelina A19; GA3 — kwas
giberelinowy; IAM - indolilo-3-acetamid; IAA — kwas indolilo-3-octowy; OxIAA — kwas 2-
oksindolo-3-octowy; I3CA — kwas indolilo-3-karboksylowy; cis-zea — cis-zeatyna. Kolorem
niebieskim symbolicznie oznaczono statystycznie istotnie niskie stezenia hormonow, a kolorem
czerwonym oznaczono wysokie stezenia. Gradientem oznaczono nieistotne statystycznie tendencje

(wzrost stezenia). Dane na podstawie publikacji Stachurska et al., 2023.

2. Hartowanie chlodem powodowalo zmiany réwnowagi hormonalnej rzepaku.
W poréwnaniu do roslin niehartowanych zwigkszeniu ulegla akumulacja tzw.
hormonow stresu (glownie ABA, a takze JA 1 jego prekursora, kwasu 12-
oksofitodienowego), natomiast u wigkszosci badanych odmian obnizata si¢ zawarto$¢
hormonoéw zwigzanych ze wzrostem i rozwojem — niektorych aktywnych giberelin, GA7
oraz GAs, a takze ich prekursora, GAis, czy cytokininy — cis-zeatyny (Stachurska
etal.,, 2023). Na tym tle wykazano, iz rozhartowanie odwracato indukowany
hartowaniem kierunek zmian hormonalnych (Stachurska et al., 2023). U wickszosci
badanych odmian obserwowano zwigkszenie koncentracji wymienionych wyzej
hormonéw zwigzanych ze wzrostem 1 rozwojem oraz obnizenie koncentracji hormonu
stresu (ABA). Model zmian rownowagi hormondéw z grupy giberelin oraz ABA

u ozimych odmian rzepaku oraz odmiany jarej ilustruje rycina 9A—B.
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Rycina 9. Stosunek st¢zenia hormonow odpowiedzialnych za wzrost 1 rozw6j — aktywnych

giberelin (GAs3, GA4, GAs, GA7) 1 hormonu stresu — kwasu abscysynowego (ABA)

w nichartowanych (NA), hartowanych chtodem (CA) i rozhartowanych (DA) liSciach ro$lin

rzepaku. Zmiany rownowagi hormonalnej zilustrowano u trzech odmian ozimych Bojan,

President i Rokas [A] oraz u odmiany jarej Feliks [B] (Stachurska et al., 2023).

3. W odroéznieniu od wspomnianych cytokinin oraz czesci giberelin, w przypadku auksyn,

u trzech z czterech badanych odmian rzepaku, nie stwierdzono istotnego wptywu

rozhartowania na zawarto$¢ aktywnej auksyny IAA (Stachurska et al., 2023). Jej

poziom byt zblizony u ro$lin hartowanych i1 rozhartowanych. Wyjatek stanowita jedynie

odmiana Bojan, u ktorej rozhartowanie zwigkszato poziom IAA. Na rycinie 10

przedstawiono wptyw hartowania i rozhartowania na (zalezne od odmiany) zmiany

réwnowagi pomie¢dzy jednym z prekursorow biosyntezy auksyn (IAM), aktywna

auksyna IAA oraz oksydowang formg auksyny (OxIAA) o obnizonej aktywnoSci

biologicznej, powstajaca zwykle w odpowiedzi na wysokie stezenia IAA jako element

regulacyjny poziomu auksyn w tkankach.
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Rycina 10. Zalezne od odmiany modele zmian st¢zeh prekursora auksyn (IAM), formy
aktywne; (IAA) 1 pochodnej (OxIAA) w niehartowanych (NA), hartowanych (CA)
1 rozhartowanych (DA) liSciach roslin rzepaku odmiany Bojan, Feliks, President 1 Rokas. Dane

na podstawie publikacji Stachurska et al., 2023.

4. W niniejsze] pracy po raz pierwszy zidentyfikowano w rzepaku kwas indolilo-3-
karboksylowy (I3CA, ang. indole-3-carboxylic acid), ktory jest pochodng indolowg
uznawang za regulator auksyno-podobny. I3CA jest zaangazowany w procesy
ksztattowania si¢ odpornosci na patogeny oraz udzial w regulacji podzialow
komoérkowych (szerzej na ten temat w publikacji Stachurska et al., 2023).
Obserwowany silny wzrost poziomu [3CA w wyniku rozhartowania rzepaku (zaréwno
ozimego jak 1 jarego; rycina 11) mozna zatem probowac powigza¢ z intensyfikacja
procesdw wzrostowych a zarazem z konieczno$cig lepszej ochrony rosliny przed

patogenami tatwiej atakujagcymi w warunkach podwyzszonej temperatury.

31



odmiany ozime odmiana jara
2500
HO — 2000
O |=
(5
:, 1500
AN E
N Z 1000
<
H 2
LS00
I3CA
0
NA CA DA NA CA DA
—Bojan =——President —Rokas Faliks

Rycina 11. Dynamika zmian stezenia kwasu indolilo-3-karboksylowego (I3CA) w lisciach
ro$lin rzepaku — odmian ozimych (Bojan, President, Rokas) i jarej (Feliks) w wyniku procesu
hartowania i rozhartowania. NA — ro$liny niehartowane, CA — ro$liny hartowane chtodem, DA
— ro$liny rozhartowane. Dane dla odmian Bojan, President, Rokas i Feliks na podstawie

publikacji Stachurska et al., 2023.

5. W niniejszej pracy po raz pierwszy w kontek$cie rozhartowania rzepaku badano takze
zmiany akumulacji ro§linnych hormonoéw steroidowych — brasinosteroidéw (BR) wraz
z ckspresja ich receptora btonowego BRII. W rzepaku wykryto nastepujace
brasinosteroidy: tyfasterol, kastasteron, brasinolid, dolichosteron, dolicholid
1 homokastasteron (Stachurska et al., 2022). Wszystkie odmiany miaty podobny sktad
(profil) BR, lecz zauwaza si¢ duze miedzy-odmianowe zréznicowanie koncentracji
poszczego6lnych BR. Podobnie, w zréznicowany sposob na akumulacje BR oddzialywat
proces hartowania i1 rozhartowania (Stachurska et al., 2022). Tylko w niektorych
przypadkach obserwowano wzrost akumulacji wybranych BR w czasie hartowania,
a nastegpnie ich spadek w czasie rozhartowania — odmiana Feliks (tyfasterol, kastasteron,
dolichosteron 1 homokastasteron); odmiana Rokas (tyfasterol, dolicholid,
dolichosteron); odmiana President (brasinolid) (Stachurska et al., 2022). Znacznie
bardziej jednoznaczne wyniki uzyskano w przypadku ekspresji BRII, a w szczeg6lnosci
akumulacji biatka BRI1. Akumulacja transkryptu BRI/ (kodujacego membranowy

receptor brasinosteroidowy BRI1) byfa nizsza po hartowaniu i pozostala na niskim
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poziomie po rozhartowaniu u dwoch odmian (Pantheon i Rokas), natomiast
u pozostatych dwoch (Feliks 1 President) wzrosta po rozhartowaniu. Akumulacja biatka
receptorowego BRII wyraznie spadla w roslinach hartowanych 1 wzrosta
po rozhartowaniu, a zjawisko to byto jednoznacznie niezalezne od odmiany i zostato
potwierdzone u 5 przebadanych pod tym katem odmian, w tym u odmiany Bojan, Feliks,
President i Rokas (Stachurska et al., 2024 + materialy uzupelniajace — rycina S4)
(rycina 12). Wysoka akumulacja biatka receptora BRIl obserwowana w roslinach
rozhartowanych (mimo fluktuacji, w tym spadkow, koncentracji BR stanowigcych
ligandy BRI1) moze oznacza¢, ze w rozhartowanych roslinach rzepaku wzmagata si¢
transdukcja sygnatu w kierunku pobudzenia wzrostu. Wspomniane hormony steroidowe
wykazuja bowiem aktywno$¢ stymulujaca wzrost, a w tym przypadku jest
to niekorzystne z punktu widzenia mrozoodpornosci. Rozhartowanie prowadzilo takze
do odwrécenia wywotanych hartowaniem zmian w ekspresji genow CORI4
(regulowanych m.in. przez BR) i SERK (ale nie SERK?2), bioracych udziat w szlaku
transdukcji sygnatu od receptora brasinosteroidow (Stachurska et al., 2024). Ekspresja
SERKI wykazywata spadek w chlodzie 1 wzrost w czasie rozhartowania. CORI14
charakteryzowato zwigkszenie akumulacji w czasie hartowania i obnizenie w czasie

rozhartowania.
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Rycina 12. Schematyczne przedstawienie zmian akumulacji transkryptu genu BRII,

Akumulacja brasinolidu

akumulacji biatka receptorowego BRIl oraz akumulacji brasinosteroidow: kastasteronu
(prekursora brasinolidu) 1 brasinolidu (aktywnej formy BR) zachodzacych w roslinach
niehartowanych (CA) i rozhartowanych (DA) dla dwoch wybranych odmian: jarej Feliks
1 ozimej Rokas. Zmian¢ w roslinach hartowanych przedstawiono w odniesieniu do warto$ci
notowane] u ro$lin niehartowanych (CA vs. NA); zmiang w ro$linach rozhartowanych
przedstawiono wzgledem wartos$ci zanotowanej u roslin hartowanych (DA vs. CA). Czerwona
strzatka w gore oznacza istotny statystycznie wzrost, niebieska strzatka w dot — spadek; linia
przerywana ozmnacza wystgpowanie tendencji (wzrost lub spadek) nieistotnej statystycznie;
szara strzatka pozioma — brak zmian. Dane na podstawie publikacji Stachurska et al., 2022;

Stachurska et al., 2024.

5.2.2. Bialka chaperonowe
Analizy akumulacji biatek szoku cieplnego (HSP) wykazaly, Ze rozhartowanie najczesciej

prowadzitlo do odwrécenia wywolanych hartowaniem zmian. Akumulacja biatka HSP70
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cytoplazmatycznego [HSP cyt.], HSP70 chloroplastowego [HSP chl.] oraz biatka HSP90
w trzech z czterech badanych odmian wzrosta po hartowaniu, a obnizata si¢ po rozhartowaniu
(rycina 13) (Stachurska et al., 2023). Zjawisko to bylo wyraznie widoczne w przypadku
wszystkich badanych biatek u wrazliwej na rozhartowanie odmiany jarej Feliks, natomiast
u ozimych odmian Bojan i President obserwowano je w przypadku HSP70 cyt. i HSP9O.
Interesujacy wyjatek stanowita najbardziej mrozoodporna po rozhartowaniu odmiana Rokas,
u ktorej taka prawidtowos$¢ nie wystepowata. Odmiang ta cechowala wysoka bazowa
(tj. notowana przed hartowaniem) zwarto$¢ HSP70 cyt. 1 HSP90, ktora pozniej systematycznie
obnizata si¢ w czasie hartowania, a nastepnie rozhartowania. Z kolei poziom HSP70 chl. u tej
odmiany wzrastal po hartowaniu i dalej w czasie rozhartowania. Generalnie zauwazy¢ mozna
prawidtowo$¢, ze zawarto$¢ biatka HSP70 chl. nie spadala po rozhartowaniu u odmian
ozimych, spadata natomiast u podatnej na rozhartowanie odmiany jarej Feliks (rycina 13)
(Stachurska et al., 2023). Biorac pod uwage, ze wystepujace w stromie chloroplastu biatko
HSP70 odpowiada za fotoprotekcje i naprawe PSII zjawisko to moglo by si¢ przyczyniaé
do lepszej ochrony biatek aparatu fotosyntetycznego u odmian ozimych niz u odmiany jarej

po rozhartowaniu.

Bojan Feliks President Rokas
NA CA DA|NA CA DA|NA CA DA|NA CA DA
e VAY VAV VAV AVY
cytoplazmatyczne
HSPT0

chloroplastowe

H5P90

VAA

VAV

VAA

VAA

VAV

AVY

VAV |VAY

Rycina 13. Schematyczny model zmian akumulacji biatek szoku cieplnego (HSP70
cytoplazmatycznego i1 chloroplastowego oraz HSP90) w lisciach czterech odmian rzepaku —
Bojan, Feliks, President i Rokas — niehartowanych (NA), hartowanych (CA) i rozhartowanych
(DA). Niebieskim trojkqtem symbolicznie zwizualizowano istotny statystycznie niski poziom
akumulacji biatka, czerwony trojkqt oznacza istotnie podwyzszong akumulacje biatka,
wystepowanie statystycznie  zilustrowano  trojkqtem

tendencji  spadkowej nieistotnej

z niebieskimi skosnymi liniami. Dane na podstawie publikacji Stachurska et al., 2023.
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5.2.3. Wiasno$ci membran chloroplastow

Rozhartowanie generalnie powoduje odwrdcenie wywotanych hartowaniem zmian
we wlasciwosciach membran chloroplastow w kierunku obnizenia ich ptynnosci,
co moze zwigksza¢ szanse uszkodzenia membran w wyniku nagtego wystgpienia
ujemnych temperatur (Rys et al., 2024). Informacje o zmianie plynno$ci membran
uzyskano na podstawie analizy wartosci parametru Aim z wykorzystaniem wagi
Langmuira dla monowarstw lipidowych zbudowanych z frakcji fosfolipidow (PL)
i galaktolipidow (MGDG). Parametr Aim [A%] opisuje pole powierzchni przypadajace
na czgsteczke lipidu w maksymalnie upakowanej monowarstwie. Warto$ci Aiim
zwigkszaty si¢ dla monowarstw lipidéw ekstrahowanych z ro$lin hartowanych (rycina
14A), co interpretuje si¢ jako zwigkszenie plynnosci membran. Rozhartowanie
odwrdcito te zmiane, co $wiadczylo o obnizeniu ptynno$ci membran. Kierunek zmian
warto$ci Ajim byt zgodny z kierunkiem zmian stosunku kwasow tluszczowych 18:3/18:2
we frakcjach PL i MGDG (Rys et al., 2024) (rycina 14B), ktorego warto$¢ generalnie
u wszystkich odmian zwigkszala si¢ w wyniku hartowania, a nastepnie spadata
w wyniku rozhartowania. Wzrost udzialu ditugotancuchowych wielonienasyconych
kwasow tluszczowych zmienia wilasnosci fizykochemiczne btony w kierunku

zwigkszenia jej ptynnosci (rycina 15).
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Rycina 14. Uproszczony model zmian ptynnosci membran chloroplastow — monowarstw
zbudowanych z fosfolipidéw (PL) i galaktolipidéw (MGDG) [A] w powigzaniu ze zmianami
stosunku kwasow tluszczowych 18:3/18:2 [B]. Frakcje izolowano z chloroplastow
niechartowanych (NA), hartowanych (CA) i rozhartowanych (DA) ro$lin rzepaku. Pltynnos¢
okre$lano na podstawie parametru Ajim [A?] opisujacego pole powierzchni przypadajace na
czasteczke lipidu w maksymalnie upakowanej monowarstwie. [C] Kierunki zmian st¢zen a-
tokoferolu i B-karotenu zachodzace w ro$linach pod wplywem hartowania i rozhartowania.
Czerwona strzatka w gore oznacza wzrost wartosci parametru lub wyzszq akumulacje zwigzku,
niebieska strzatka w dot — spadek; szara strzatka pozioma — brak zmian. Dane dla odmian

Bojan, Feliks, President i Rokas na podstawie publikacji Rys et al., 2024.
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Rycina 15. Uproszczony model struktury btony komorkowej: dwuwarstwa lipidowa ztozona
z nasyconych kwaséw thuszczowych [A], dwuwarstwa lipidowa zawierajaca nasycone oraz
nienasycone kwasy tluszczowe |[B]. Dwuwarstwe zawierajacg kwasy nienasycone
charakteryzuje wigksza plynnos¢, co jest korzystne z punktu widzenia funkcjonowania btony
u roélin rosnacych w niskiej temperaturze. Zrodto grafik: https:/ib.bioninja.com.au/membrane-

fluidity/

2. Na wiasciwosci membran chloroplastéw moga mie¢ wplyw takze wystepujace w nich
komponenty, takie jak tokoferole i karotenoidy (Rys et al., 2024) (rycina 14C).
W chloroplastach hartowanych ro$lin rzepaku stwierdzono wyzsza akumulacje
tokoferoli, w tym wyzszg zawarto$¢ a-tokoferolu niezaleznie od odmiany. W przypadku
karotenoidow, wzrost akumulacji f-karotenu byt zalezny od odmiany. Warto zaznaczy¢,
ze znaczacy wzrost B-karotenu stwierdzono w chloroplastach odmiany Rokas,
o wysokiej mrozoodporno$ci. Zwigkszona akumulacja tych zwigzkéw moze wptywac
na plynnos¢ membran poprzez lokalizowanie si¢ ich pomiedzy tancuchami kwasow
thuszczowych, co ma na celu ich ochron¢ przed oksydacja przez reaktywne formy tlenu.
Obnizenie akumulacji tokoferoli w chloroplastach po rozhartowaniu moze przyczynia¢
si¢ do oslabienia ochrony antyoksydacyjnej membran chloroplastéw i1 sprzyja¢ ich
uszkodzeniu w temperaturach ujemnych. W odniesieniu do karotenoidow, dla ktérych
nie obserwowano tak jednoznacznych zmian (NA vs. CA vs. DA) jak dla tokoferoli,
nauwage zastuguje jednak fakt, iz odmiana o wyZszej mrozoodpornosci
po rozhartowaniu (Rokas) akumulowata jednoczes$nie wysokie ilosci karotenoidow.
Akumulacja B-karotenu, szczeg6lnie po rozhartowaniu, moze by¢ korzystna z punktu
widzenia ochrony membran. Zjawisko to moze dodatkowo mie¢ znaczenie dla ochrony
aparatu fotosyntetycznego przed stresem oksydacyjnym u rozhartowanych roslin
w przypadku wystapienia nagtego mrozu i wysokiej intensywno$ci nastonecznienia.

Wyzsza akumulacj¢ P-karotenu obserwowano takze u odmiany President oraz
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(tendencj¢) u odmiany Bojan, a zatem u odmian ozimych, natomiast nie u odmiany jarej

bardziej podatnej na rozhartowanie.

Plynno$¢ membran moga modyfikowac takze zwiazki steroidowe. W niniejszej pracy
badania takie przeprowadzono jedynie na membranach modelowych tj. ztozonych
z kwasow 18:3 i/lub 16:0 (Stachurska et al., 2024). Po raz pierwszy przetestowano
oddzialywanie z membranami dwoch syntetycznych analogéw brasinosteroidow (MK-
266 i triolon). Wykazano, ze steroidy te lokalizowaty si¢ w monowarstwach lipidowych
1 zmienialy ich wlasciwosci fizykochemiczne w kierunku zwigkszenia ptynnosci,
o czym s$wiadczyt wzrost warto$ci parametru Ajim. Zjawisko to wystepowato przede
wszystkim dla stosunku lipid:analog 4:1. W dalszej cze$ci pracy testowano aktywnos$é
tych analogbw w kontek$cie poprawy mrozoodpornosci rzepaku poddanego

rozhartowaniu.

Zmiany w plynno$ci i budowie membran chloroplastéw moga by¢ powigzane
ze zmianami w procesie fotosyntezy (fazy jasnej) roslin poddanych hartowaniu
i rozhartowaniu. Rdéznice w wydajnosci fotosyntetycznej PSII 1 PSI widoczne byty
gléwnie pomiedzy roslinami niehartowanymi, hartowanymi 1 rozhartowanymi,
a w mniejszym stopniu obserwowano réznice mi¢dzyodmianowe (Stachurska et al.,

2022).

5.3. Wykrywanie stanu rozhartowania roslin metodami nieinwazyjnymi

1.

Metoda pomiaru szybkiej kinetyki fluorescencji chlorofilu @ pozwalajaca
na charakterystyke wydajnosci fotosystemu II u hartowanych i rozhartowanych roslin
stosowana byla juz przez innych autorow. W niniejszej pracy potwierdzono tylko
obnizong wydajnos¢ PSII u roslin hartowanych chtodem. Z kolei wzrost temperatury
w czasie rozhartowania wigzat si¢ ze zwickszeniem wydajnosci PSII. Ten kierunek
zmian obserwowano np. w przypadku warto$ci parametru Fy/Fn, ktéry informuje
o maksymalnej fotochemicznej wydajnosci PSII, wartosci Plags (ogélnego wskaznika

sprawnosci funkcjonowania PSII w relacji do absorpcji energii) oraz tzw. przeptywoéw
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fenomenologicznych takich jak np. parametr DIo/CSm, informujacy o rozpraszaniu
cieplnym energii wzbudzenia przez PSII (Stachurska et al., 2022).

W niniejszej pracy wykonano jednak pomiary dodatkowe — réznych sygnatow
zwigzanych z fluorescencjg chlorofilu nie tylko bezposrednig (PF), ale takze op6zniong
(DF) oraz odbiciowos$cig modulowang (MR820) (Stachurska et al., 2022). Op6zniona
fluorescencja jest formg emisji Swiatla w zakresie §wiatta czerwonego-podczerwonego
po wystawieniu roslin na ekspozycje swietlng. Emisja DF z PSII nastepuje przez krotki
czas po zaniknieciu PF. Z kolei sygnaty odbiciowo$ci modulowanej (MR820) informujg
o transporcie elektronéw po plastochinonie 1 do akceptoréow PSI, wskazujac w ten
sposob na zmiany stanu redoks centrow reakcji PSI i plastocyjaniny (Salvatori et al.,
2014 i literatura tam cytowana). Uzyskane w pracy wyniki pokazuja, ze rozhartowanie
u rzepaku generalnie powoduje odwrocenie zmian wywotanych hartowaniem.

Po rozhartowaniu roslin, zmiany obserwowane byly takze w przypadku
intensywnosci fazy ciemnej fotosyntezy, ktora zbada¢ mozna wykonujac nieinwazyjne
pomiary wymiany gazowej lisci. Przyktadowo, parametr Pn informuje o intensywnosci
asymilacji CO; (fotosyntezy netto). W wyniku hartowania intensywno$¢ asymilacji CO2
obnizyta si¢, a na skutek wzrostu temperatury (rozhartowania), zgodnie
z przewidywaniami, zwigkszyla sie.

. Metody fluorescencyjne (szybka kinetyka fluorescencji chlorofilu a) byty juz
z powodzeniem zastosowane do wykrywania stanu rozhartowania roslin. Na podstawie
wynikow z niniejszej] pracy do metod tych doda¢ mozna takze mozliwo$¢
wykorzystania pomiaru op6znionej fluorescencji chlorofilu (DF). Krzywe opdznionej
fluorescencji chlorofilu dla roslin niehartowanych 1 rozhartowanych charakteryzowat
podobny przebieg, za$ krzywe dla roslin hartowanych charakteryzowaly si¢ innym
ksztattem w przedziale od 0,1 do kilku ms (rycina 16A). Jednym z parametrow, ktory
bylby uzyteczny do oceny stanu rozhartowania roslin moze by¢ parametr 1, okreslajacy
maksimum krzywej DF w przedziale czasu od 1 do 10 ms (rycina 16A). Najwyzsze
wartosci parametru [i, charakteryzowaty rosliny hartowane chtodem, a najnizsze
(u wigkszo$ci badanych odmian) rosliny rozhartowane. Na przyktad, dla odmiany
President, warto$¢ parametru [; zwigkszyla si¢ o prawie 40% na skutek hartowania,

a nastgpnie, po rozhartowaniu, obnizyta si¢ 0 47% (rycina 16B).
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Rycina 16. Krzywe indukcji fluorescencji opdznionej (DF) dla niehartowanych (NA),
hartowanych (CA) i rozhartowanych (DA) roslin rzepaku ozimego, odmiana President [A].
Wartoéci maksimum krzywej opoznionej fluorescencii (parametr I1) [B]. Srednie wartosci + SD
oznaczone tymi samymi literami nie rozniq si¢ na poziomie p<0.05 wg testu Duncana. Dane na

podstawie publikacji Stachurska et al., 2022.

3. Sygnaly odbiciowosci modulowanej (MR820) takze rdéznily si¢ pomiedzy
poszczegblnymi traktowaniami — podobne wartosci charakteryzowaly ro$liny
niehartowane 1 rozhartowane, a inne byly charakterystyczne dla roslin hartowanych.
Istotne réznice stwierdzono w przypadku parametru MRmax, ktory informuje
o maksymalnej odbiciowosci [ang. maximum of modulated 820 nm reflection intensity].
Najczesciej wartosci parametru MRmax obnizaly sie po hartowaniu, a po rozhartowaniu
obserwowano tendencj¢ do zwigkszania warto§ci MRmax, co bylo dobrze widoczne

u roslin odmian Rokas i Pantheon (Stachurska et al., 2022).

4. Nieinwazyjny pomiar wymiany gazowej lisci rowniez wydaje si¢ by¢ uzyteczny
do wykrywania rozhartowania roslin (Stachurska et al., 2024). Mierzona ta metoda
warto$¢ fotosyntezy netto (Pn) np. u ro$lin hartowanych odmiany President, spadta
0 25%, za$ po rozhartowaniu warto$¢ ta wzrosta i byta wyzsza o okoto 25% w
poréwnaniu do wartosci charakteryzujacej rosliny niehartowane (rycina 17). Jednak
ze wzgledu na zréznicowane dane uzyskane przed innych autorow, kwestia ta wymaga

dalszych badan.
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Rycina 17. Intensywnos$¢ fotosyntezy netto (Pn) zmierzona dla lisci roslin niehartowanych
(NA), hartowanych (CA) i rozhartowanych (DA) odmiany President. Srednie wartosci + SD
oznaczone tymi samymi literami nie rozniq sig istotnie na poziomie p<(.05 wg testu Duncana.

Dane na podstawie publikacji Stachurska et al., 2024.

5. Pomiar wlasno$ci spektralnych lici pozwolit na uzyskanie i zanalizowanie duzej liczby
parametroéw refleksji (WBI [Water Band Index], SIP1 [Structure Insensitive Pigment
Index], RENDVI [Red-Edge Normalised Difference Vegetation Index], ARI1
[Anthocyanin Reflectance Index 1], ARI2 [Anthocyanin Reflectance Index 2], TVI
[Triangular Vegetation Index], SRPI [Simple Ratio Pigment Index], NDVI
[Normalised Difference Vegetation Index], G [ Greenness Index] oraz CRI1 [Carotenoid
Reflectance Index 1]) (Stachurska et al., 2024). Sam przebieg krzywej refleksji
pozwala wskaza¢ charakterystyczne zmiany w zakresie 500—650 nm, ktére réznicujg
ro$liny NA, CA 1 DA (rycina 18A). Sposrdd przeanalizowanych parametrow jako
nadajace si¢ do wykrywania stanu rozhartowania roslin rzepaku wytypowano — ARI1,
ARI2, RENDVI, G (Stachurska et al., 2024). Szczegodlnie przydatne w przypadku
rzepaku wydaja si¢ jednak parametry z grupy ARI (np. ARI1 — Anthocyanin Reflectance
Index 1) (rycina 18B).
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Rycina 18. Wilasnosci spektralne lisci roslin rzepaku. Przebieg krzywej refleksji lisci,
charakterystyczny dla roslin odmiany President [A]. Strzalka wskazano roéznice w spektrum
500—650 nm. Wartosci parametru ARI1 (Anthocyanin Reflectace Index 1) charakterystyczne
dla niehartowanych (NA), hartowanych (CA) i rozhartowanych (DA) roslin rzepaku ozimego
odmiany President [B]. Srednie wartosci + SD oznaczone tymi samymi literami nie rézniq sie
istotnie na poziomie p<0.05 wg testu Duncana. Dane na podstawie publikacji Stachurska et

al., 2024.

6. Monitorowanie upraw metodami nieinwazyjnymi i stwierdzenie stanu rozhartowania
mogloby pozwoli¢ na przedsiewzigcie srodkéw ochronnych takich jak zastosowanie
preparatow poprawiajacych mrozoodpornos¢, zwlaszcza w momencie kiedy po cieptej
przerwie prognozowany jest gwattowny spadek temperatury. W niniejszej] pracy
testowano brasinosteroidy, ich analogi 1 preparat komercyjny Asahi SL pod katem
poprawy mrozoodpornos$ci rzepaku po jego rozhartowaniu. Przyktadowo, zastosowanie
brasinosteroidu (24-epibrasinolidu) prowadzito do poprawy mrozoodpornosci
rozhartowanych ro$lin, jednak efekt ten byt zalezny od roéznych czynnikow
(Stachurska et al., 2024). Ochronny efekt dziatania steroidow zaobserwowano
w przypadku Izejszego mrozu (—6°C) (rycina 19). Wsrdd czynnikow modyfikujacych
aktywno$¢ testowanych regulatorow wymieni¢ nalezy odmiang, dodatek
rozpuszczalnika steroidu do roztworu roboczego, a nawet termin, w ktorym

wykonywano oprysk roslin (Stachurska et al., 2024).
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Rycina 19. Wplyw wybranych regulatorow na mrozoodporno$¢ rozhartowanych roslin rzepaku
odmian President i Pantheon (Stachurska et al., 2024). Rozhartowane ro$liny rzepaku poddano
testom mrozowym w temperaturze —6°C. Po mrozeniu rosliny odrastaty w szklarni
w temperaturze —6°C. Po mrozeniu rosliny odrastaty w szklarni w temperaturze 12°C przez okolo
dwa tygodnie; obserwowano i oceniano stopien uszkodzen liSci wg wczesniej opracowanej skali

(Stachurska et al., 2022).

Na rycinie 20 zebrano 1 przedstawiono osiggnigcia omowione W niniejszym

opracowaniu na tle wynikéw prac innych autoréw dotyczacych rzepaku.
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Rycina 20. Wybrane fizjologiczne i biochemiczne zmiany zachodzace w roslinach rzepaku
w wyniku procesu hartowania chlodem, a nastgpnie rozhartowania w podwyzszonej
temperaturze. CA vs. NA — zmiany obserwowane w ros$linach hartowanych w poréwnaniu
do roslin niehartowanych; DA vs. CA — zmiany obserwowane w roslinach rozhartowanych
w poroéwnaniu do hartowanych. Czerwong ramkq zaznaczono wyniki badan uzyskane w ramach
niniejszej pracy doktorskiej. Strzatka w gore oznacza wzrost, strzatka w dot oznacza spadek,
strzatka pozioma oznacza brak zmian. Gwiazdkq zaznaczono parametry, dla ktorych

wystepowata zaleznos¢ odmianowa. Dane na podstawie publikacji podanych na rycinie.
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6. Wnioski

Nasilanie si¢ zmian klimatycznych i zwigkszanie czgstotliwosci zjawisk powodujacych
rozhartowanie roslin sktania do zastanowienia si¢, czy i jakie §rodki zaradcze mozna/trzeba
bedzie podja¢ w przysztosci w uprawach ozimin. W pracy wykazano, ze wystgpowanie
cieptych przerw generalnie powoduje odwrdcenie wielu istotnych zmian fizjologiczno-
biochemicznych wywotanych hartowaniem, dlatego jedna z opcji moze by¢ dobor i uprawa
odmian charakteryzujacych si¢ mniejsza podatno$cig na rozhartowanie, a zatem utrzymujacych
jak najwyzszg mrozoodporno$s¢ mimo wystepowania cieptych przerw. Alternatywa moze by¢
takze zastosowanie preparatdow zapobiegajacych uszkodzeniom mrozowym roslin ozimych
w trakcie wegetacji po wystapieniu cieplych przerw — nalezy jednak pamigtaé iz jest to koszt
dodatkowy. Ponadto, w takim przypadku stan upraw nalezaloby monitorowac przy pomocy
nieinwazyjnych metod umozliwiajagcych szybka oceng¢ stopnia rozhartowania roslin
(np. refleks;ji lisci). Jak pokazaty wyniki uzyskane w niniejszej pracy istnieje kilka tego typu
metod pomiarowych, ktére (po koniecznym zweryfikowaniu ich przydatnosci w warunkach
polowych) powinny pozwoli¢ na dostrzezenie nawet wezesnych etapéw rozhartowania ro$lin,
a dodatkowo ich atutem bytaby mozliwos$¢ uzycia ich do oceny rozhartowania roslin na szeroka

skalg za pomocg dronow i satelitow.

46



7. Spis literatury

Artus, N.N., Uemura, M., Steponkus, P.L., Gilmour, S.J., Lin, C., Thomashow, M.F., 1996.
Constitutive expression of the coldregulated Arabidopsis thaliana CORI5a gene affects
both chloroplast and protoplast freezing tolerance. Proceedings of the National Academy
of Sciences of the United States of America 93, 13404-13409.
https://doi.org/10.1073/pnas.93.23.13404

Byun, Y.J., Koo, M.Y., Joo, H.J., Ha-Lee, Y.M., Lee, D.H., 2014. Comparative analysis of gene
expression under cold acclimation, deacclimation and reacclimation in Arabidopsis.

Physiologia Plantarum 152, 256-274. https://doi.org/10.1111/ppl.12163

Cen, W., Liu, J., Lu, S., Jia, P., Yu, K., Han, Y., Li, R., Luo, J., 2018. Comparative proteomic
analysis of QTL CTS-12 derived from wild rice (Oryza rufipogon Grift.), in the regulation
of cold acclimation and de-acclimation of rice (Oryza sativa L.) in response to severe

chilling stress. BMC Plant Biology 18, 1-17. https://doi.org/10.1186/s12870-018-1381-7

Chouard, P., 1960. Vernalization and its Relations to Dormancy. Annual Review of Plant

Physiology 11, 191-238. https://doi.org/10.1146/annurev.pp.11.060160.001203

Ding, C., Hao, X., Wang, L., Li, N., Huang, J., Zeng, J., Yang, Y., Wang, X., 2023. iTRAQ-
based quantitative proteomic analysis of tea plant (Camellia sinensis (L.) O. Kuntze)
during cold acclimation and de-acclimation procedures. Beverage Plant Research 2023.

https://doi.org/10.48130/BPR-2023-0016

Fan, X., Miao, C., Duan, Q., Shen, C., Wu, Y., 2021. Future Climate Change Hotspots Under
Different 21st Century Warming Scenarios. Earth’s Future 9.
https://doi.org/10.1029/2021EF002027

Filek, M., Rudolphi-Skorska, E., Sieprawska, A., Kvasnica, M., Janeczko, A., 2017. Regulation
of the membrane structure by brassinosteroids and progesterone in winter wheat seedlings
exposed to low temperature. Steroids 128, 37-45.
https://doi.org/10.1016/].steroids.2017.10.002

Ford, R.C., Barber, J., 1983. Incorporation of sterol into chloroplast thylakoid membranes and
its effect on fluidity and function. Planta 158, 35—41. https://doi.org/10.1007/BF00395400

Fiirtauer, L., Weiszmann, J., Weckwerth, W., Ndgele, T., 2019. Dynamics of plant metabolism

during cold acclimation. International Journal of Molecular Sciences 20, 5411.

47



https://doi.org/10.3390/ijms20215411

Giorni, E., Crosatti, C., Baldi, P., Grossi, M., Mare¢, C., Stanca, A.M., Cattivelli, L., 1999. Cold-
regulated gene expression during winter in frost tolerant and frost susceptible barley
cultivars  grown  under  field conditions. = Euphytica 106,  149-157.
https://doi.org/10.1023/A:1003564503628

Hayat, S., Hayat, Q., Alyemeni, M.N., Wani, A.S., Pichtel, J., Ahmad, A., 2012. Role of proline
under changing environments: A review. Plant Signaling and Behavior 7:11, 1456-1466.

https://doi.org/10.4161/psb.21949

Hoffman, L., DaCosta, M., Bertrand, A., Castonguay, Y., Ebdon, J.S., 2014. Comparative
assessment of metabolic responses to cold acclimation and deacclimation in annual
bluegrass and creeping bentgrass. Environmental and Experimental Botany 106, 197-206.

https://doi.org/10.1016/j.envexpbot.2013.12.018

Horvath, D.P., Zhang, J., Chao, W.S., Mandal, A., Rahman, M., Anderson, J. V., 2020.
Genome-wide association studies and transcriptome changes during acclimation and

deacclimation in divergent Brassica napus varieties. International Journal of Molecular

Sciences 21, 1-24. https://doi.org/10.3390/ijms21239148
IMGW, 2023. Biuletyn Monitoingu Klimatu Polski. Wrzesien 2023.

Kalberer, S.R., Wisniewski, M., Arora, R., 2006. Deacclimation and reacclimation of cold-
hardy plants: Current understanding and emerging concepts. Plant Science 171, 3—16.

https://doi.org/10.1016/j.plantsci.2006.02.013

Kmie¢, B., Drynda, R., Woloszynska, M., 2005. Molekularne podstawy odpowiedzi roslin
na niskg temperature. Biotechnologia 3, 184-200.

Kohout, L., Velgova, H., Strnad, M., Kaminek, M., 1987. Brassino steroids with androstane
and pregnane skeleton. Collection of Czechoslovak Chemical Communications 52, 476—

486. https://doi.org/10.1135/cccc19870476

Kosova, K., Prasil, I.T., Vitamvas, P., Dobrev, P., Motyka, V., Flokova, K., Novék, O.,
TureCkova, V., RolCik, J., Pesek, B., Travnickova, A., Gaudinova, A., Galiba, G., Janda,
T., Vlasédkova, E., Prasilova, P., Vankov4, R., 2012. Complex phytohormone responses
during the cold acclimation of two wheat cultivars differing in cold tolerance, winter

Samanta and spring Sandra. Journal of Plant Physiology 169, 567-576.

48



https://doi.org/10.1016/;.jplph.2011.12.013

Kosova, K., Vitamvas, P., Prasil, I.T., 2007. The role of dehydrins in plant response to cold.
Biologia Plantarum 51, 601-617. https://doi.org/10.1007/s10535-007-0133-6

Kutsuno, T., Chowhan, S., Kotake, T., Takahashi, D., 2023. Temporal cell wall changes during
cold acclimation and deacclimation and their potential involvement in freezing tolerance

and growth. Physiologia Plantarum 175, 1-11. https://doi.org/10.1111/ppl.13837

Kvasnica, M., Oklestkova, J., Bazgier, V., Rarova, L., Korinkova, P., Mikulik, J., Budesinsky,
M., Béres, T., Berka, K., Lu, Q., Russinova, E., Strnad, M., 2016. Design, synthesis and
biological activities of new brassinosteroid analogues with a phenyl group in the side
chain. Organic and Biomolecular Chemistry 14, 8691-8701.
https://doi.org/10.1039/c60b0147%h

Lednev, V.N., Grishin, M.Y ., Sdvizhenskii, P.A., Kurbanov, R K., Litvinov, M.A., Gudkov, S.
V., Pershin, S.M., 2022. Fluorescence Mapping of Agricultural Fields Utilizing Drone-
Based LIDAR. Photonics 9. https://doi.org/10.3390/photonics9120963

Miki, Y., Takahashi, D., Kawamura, Y., Uemura, M., 2019. Temporal proteomics
of Arabidopsis plasma membrane during cold- and de-acclimation. Journal of Proteomics

197, 71-81. https://doi.org/10.1016/j.jprot.2018.11.008

Munné-Bosch, S., 2005. The role of a-tocopherol in plant stress tolerance. Journal of Plant

Physiology 162, 743—748. https://doi.org/10.1016/j.jplph.2005.04.022

Ogweno, J.O., Song, X.S., Hu, W.H., Shi, K., Zhou, Y.H., Yu, J.Q., 2009. Detached leaves
of tomato differ in their photosynthetic physiological response to moderate high and low
temperature stress. Scientia Horticulturae 123, 17-22.

https://doi.org/10.1016/j.scienta.2009.07.011

Oono, Y., Seki, M., Satou, M., Iida, K., Akiyama, K., Sakurai, T., Fujita, M., Yamaguchi-
Shinozaki, K., Shinozaki, K., 2006. Monitoring expression profiles of Arabidopsis genes

during cold acclimation and deacclimation using DNA microarrays. Functional and

Integrative Genomics 6, 212-234. https://doi.org/10.1007/s10142-005-0014-z

Pagter, M., Alpers, J., Erban, A., Kopka, J., Zuther, E., Hincha, D.K., 2017. Rapid
transcriptional and metabolic regulation of the deacclimation process in cold acclimated

Arabidopsis thaliana. BMC Genomics 18, 1-17. https://doi.org/10.1186/s12864-017-

49



4126-3

Pociecha, E., Janeczko, A., Dziurka, M., Gruszka, D., 2020. Disturbances in the Biosynthesis
or Signalling of Brassinosteroids That Are Caused by Mutations in the HvDWARF,
HvCPD and HvBRII Genes Increase the Tolerance of Barley to the Deacclimation Process.
Journal of Plant Growth Regulation 39, 1625—-1637. https://doi.org/10.1007/s00344-020-
10183-4

Rapacz, M., 2002a. Cold-deacclimation of oilseed rape (Brassica napus var. oleifera)
in response to fluctuating temperatures and photoperiod. Annals of Botany 89, 543-549.
https://doi.org/10.1093/aob/mcf090

Rapacz, M., 2002b. Regulation of frost resistance during cold de-acclimation and re-
acclimation in oilseed rape. A possible role of PSII redox state. Physiologia Plantarum

115, 236-243. https://doi.org/10.1034/j.1399-3054.2002.1150209.x

Rapacz, M., Hura, K., 2002. The pattern of changes in photosynthetic apparatus in response
to cold acclimation and de-acclimation in two contrasting cultivars of oilseed rape.

Photosynthetica. https://doi.org/10.1023/A:1020142223930

Rapacz, M., Janowiak, F., 1998. Physiological effects of winter rape (Brassica napus var.
oleifera) prehardening to frost. I. Frost resistance and photosynthesis during cold
acclimation. Journal of Agronomy and Crop Science 181, 13-20.

https://doi.org/10.1111/5.1439-037X.1998.tb00392.x

Rapacz, M., Jurczyk, B., Sasal, M., 2017. Deacclimation may be crucial for winter survival of
cereals under warming climate. Plant Science 256, 5-15.

https://doi.org/10.1016/j.plantsc1.2016.11.007

Rapacz, M., Macko-Podgorni, A., Jurczyk, B., Kuchar, L., 2022. Modeling wheat and triticale
winter hardiness under current and predicted winter scenarios for Central Europe: A focus
on deacclimation. Agricultural and Forest Meteorology 313.

https://doi.org/10.1016/j.agrformet.2021.108739

Rapacz, M., Waligorski, P., Janowiak, F., 2003. ABA and gibberellin-like substances during
prehardening, cold acclimation, de- and reacclimation of oilseed rape. Acta Physiologiae

Plantarum 25, 151-161. https://doi.org/10.1007/s11738-003-0048-6

Rowland, L.J., Ogden, E.L., Ehlenfeldt, M.K., Vinyard, B., 2005. Cold hardiness,

50



deacclimation kinetics, and bud development among 12 diverse blueberry genotypes under
field conditions. Journal of the American Society for Horticultural Science 130, 508-514.
https://doi.org/10.21273/jashs.130.4.508

Rys, M., Pociecha, E., Oliwa, J., Ostrowska, A., Jurczyk, B., Saja, D., Janeczko, A., 2020.
Deacclimation of winter oilseed rape-insight into physiological changes. Agronomy 10,

1565. https://doi.org/10.3390/agronomy10101565

Rys, M., Stachurska, J., Rudolphi-Szydlo, E., Dziurka, M., Waligorski, P., Filek, M.,
Janeczko, A., 2024. Does deacclimation reverse the changes
in structural/physicochemical properties of the chloroplast membranes that are

induced by cold acclimation in oilseed rape? Plant Physiology and Biochemistry,

Volume 214, 108961. https://doi.org/10.1016/j.plaphy.2024.108961

Sadura, I., Libik-Konieczny, M., Jurczyk, B., Gruszka, D., Janeczko, A., 2020. HSP transcript
and protein accumulation in brassinosteroid barley mutants acclimated to low and high

temperatures. International Journal of Molecular Sciences 21.

https://doi.org/10.3390/ijms21051889

Salvatori, E., Fusaro, L., Gottardini, E., Pollastrini, M., Goltsev, V., Strasser, R.J., Bussotti, F.,
2014. Plant stress analysis: Application of prompt, delayed chlorophyll fluorescence and
820nm modulated reflectance. Insights from independent experiments. Plant Physiology

and Biochemistry 85, 105—113. https://doi.org/10.1016/j.plaphy.2014.11.002

Sasaki, H., Ichimura, K., Oda, M., 1996. Changes in sugar content during cold acclimation and
deacclimation of cabbage seedlings. Annals of Botany 78, 365-369.
https://doi.org/10.1006/anbo.1996.0131

Solecka, D., Zebrowski, J., Kacperska, A., 2008. Are pectins involved in cold acclimation and
de-acclimation of winter oil-seed rape plants? Annals of Botany 101, 521-530.

https://doi.org/10.1093/aob/mem329

Stachurska, J., Janeczko, A., 2024. Physiological and Biochemical Background
of Deacclimation in Plants, with Special Attention Being Paid to Crops:

A Minireview. Agronomy 14, 1-17. https://doi.org/10.3390/agronomy14030419

Stachurska, J., Rys, M., Pociecha, E., Kalaji, H.M., Dabrowski, P., Oklestkova, J.,
Jurczyk, B., Janeczko, A., 2022. Deacclimation-Induced Changes of Photosynthetic

Efficiency, Brassinosteroid Homeostasis and BRI! Expression in Winter Oilseed

51



Rape (Brassica napus L.)—Relation to Frost Tolerance. International Journal

of Molecular Sciences 23, 5224. https://doi.org/10.3390/ijms23095224

Stachurska, J., Sadura, 1., Jurczyk, B., Rudolphi-Szydlo, E., Dyba, B., Pociecha, E.,
Ostrowska, A., Rys, M., Kvasnica, M., Oklestkova, J., Janeczko, A., 2024. Cold
Acclimation and Deacclimation of Winter Oilseed Rape, with Special Attention Being
Paid to the Role of Brassinosteroids. International Journal of Molecular Sciences 25.

https://doi.org/10.3390/ijms25116010

Stachurska, J., Sadura, 1., Rys, M., Dziurka, M., Janeczko, A., 2023. Insight into
Hormonal Homeostasis and the Accumulation of Selected Heat Shock Proteins
in Cold Acclimated and Deacclimated Winter Oilseed Rape. Agriculture 13, 641.
https://doi.org/https://doi.org/10.3390/agriculture13030641

Stitt, M., Hurry, V., 2002. A plant for all seasons: Alterations in photosynthetic carbon
metabolism during cold acclimation in Arabidopsis. Current Opinion in Plant Biology 5,

199-206. https://doi.org/10.1016/S1369-5266(02)00258-3

Taulavuori, K.M.J., Taulavuori, E.B., Skre, O., Nilsen, J., Igeland, B., Laine, K.M., 2004.
Dehardening of mountain birch (Betula pubescens ssp. czerepanovii) ecotypes at elevated
winter temperatures. New Phytologist 162, 427-436. https://doi.org/10.1111/j.1469-
8137.2004.01042.x

Thalhammer, A., Hincha, D.K., 2014. A mechanistic model of COR15 protein function in plant
freezing tolerance: Integration of structural and functional characteristics. Plant Signaling

and Behavior 9, €977722—-e977723. https://doi.org/10.4161/15592324.2014.977722

Trischuk, R.G., Schilling, B.S., Low, N.H., Gray, G.R., Gusta, L. V., 2014. Cold acclimation,
de-acclimation and re-acclimation of spring canola, winter canola and winter wheat:
The role of carbohydrates, cold-induced stress proteins and vernalization. Environmental

and Experimental Botany 106, 156—163. https://doi.org/10.1016/j.envexpbot.2014.02.013

Uemura, M., Joseph, R.A., Steponkus, P.L., 1995. Cold acclimation of Arabidopsis thaliana:
Effect on plasma membrane lipid composition and freeze-induced lesions. Plant

Physiology 109, 15-30. https://doi.org/10.1104/pp.109.1.15

Vaitkeviciuité, G., Alelitinas, A., Gibon, Y., Armoniené, R., 2022. The effect of cold
acclimation, deacclimation and reacclimation on metabolite profiles and freezing tolerance

n winter wheat. Frontiers in Plant Science 13, 1-17.

52



https://doi.org/10.3389/1p1s.2022.959118

Vyse, K., Pagter, M., Zuther, E., Hincha, D.K., 2019. Deacclimation after cold acclimation- A
crucial, but widely neglected part of plant winter survival. Journal of Experimental Botany

70, 4595-4604. https://doi.org/10.1093/jxb/erz229

Watkowski, T., 2016. Przezimowanie rzepaku w warunkach klimatycznych Polski - dobor

odmian, Konferencja: Nauka Doradztwu Rolniczemu. Radzikow, Polska, 2016.

Zhang, J.H., Wang, L.J., Pan, Q.H., Wang, Y.Z., Zhan, J.C., Huang, W.D., 2008. Accumulation
and subcellular localization of heat shock proteins in young grape leaves during cross-
adaptation to temperature stresses. Scientia Horticulturae 117, 231-240.

https://doi.org/10.1016/j.scienta.2008.04.012

Zrédlo internetowe 1 — Nauka o klimacie. https://naukaoklimacie.pl/aktualnosci/zmiana-

klimatu-w-polsce-na-mapkach-468. Dostep: 09.04.2024 r.

Zrodto internetowe 2 - Meteo AGH.
http://meteo2.ftj.agh.edu.pl/meteo/archiwalne WykresyMeteo. Dostep: 09.04.2024 r.

Zuther, E., Juszczak, 1., Ping Lee, Y., Baier, M., Hincha, D.K., 2015. Time-dependent
deacclimation after cold acclimation in Arabidopsis thaliana accessions. Scientific

Reports 5, 1-10. https://doi.org/10.1038/srep12199

53



8. Streszczenie rozprawy doktorskiej w j. polskim

W ostatnich latach, z powodu postepujacych zmian klimatu, coraz czgéciej obserwuje si¢
wystepowanie w czasie poznej jesieni, a takze zimy okresOw z podwyzszong temperatura
(np. powyzej 9°C), ktéra zaburza proces hartowania powodujac rozhartowanie roslin
i prowadzac do obnizenia ich mrozoodpornosci. Problem ten dotyczy szczegdélnie odmian
ozimych, jednak odmiany jare rowniez mogg by¢ narazone na wystgpienie nagltego mrozu

po okresie wyzszej temperatury w okresie wczesnowiosennym.

Na podstawie oceny mrozoodpornosci rozhartowanych roslin w warunkach
kontrolowanych stwierdzono, ze odmiany rzepaku rdznig si¢ stopniem tolerancji warunkow
rozhartowujacych, przez ktora nalezy rozumie¢ utrzymanie jak najwyzszej mrozoodpornos$ci
pomimo rozhartowania. Spos$réod odmian ozimych, wyzsza tolerancja charakteryzowata
np. odmian¢ Rokas. Odmiang podatng na rozhartowanie byta odmiana jara Feliks. Przyczyna
spadkéw mrozoodpornosci roslin rzepaku na skutek rozhartowania (7 dni w temperaturze
16°C/9°C d/n) sa liczne zmiany fizjologiczno-biochemiczne. Generalnie bowiem
rozhartowanie w w/w warunkach wywotuje cze$ciowe lub calkowite odwrdcenie zmian
indukowanych hartowaniem. W rozhartowanych ro§linach rzepaku dochodzi m.in.
do przesunigcia rownowagi hormonalnej w kierunku zwigkszenia akumulacji hormonow
zwigzanych ze wzrostem (np. giberelin, cytokinin) i obnizenia akumulacji ochronnych
hormondéw stresu (ABA). Na skutek rozhartowania zwigksza si¢ akumulacja biatka receptora
brasinosteroidow (BRI1) wraz ze wzrostem ekspresji SERKI, ktoérego produkt bierze udziat
w szlaku transdukcji brasinosteroidow. Obnizona jest akumulacja chaperonow — biatek szoku
cieplnego (HSP). Rozhartowanie przyczynia si¢ do spadku stosunku kwaséw thuszczowych
(18:3/18:2) membran chloroplastowych oraz obnizenia ich ptynnos$ci. Dodatkowo, dochodzi
do zmniejszenia akumulacji zwigzkéw o dziataniu ochronnym/antyoksydacyjnym (tokoferoli)

w btonach chloroplastowych oraz intensyfikacji reakcji fazy jasnej i ciemnej fotosyntezy.

Stan rozhartowania roslin mozna wykry¢ poprzez analizy markeré6w biochemicznych
(np. zmianeg koncentracji ABA czy I3CA), ale rowniez za pomocg szybkich, nieinwazyjnych
pomiardéw fizjologicznych. W tym celu mozna zastosowac nie tylko pomiary fluorescencji
chlorofilu (bezposredniej, opodznionej 1 odbiciowosci modulowanej), ale takze pomiar
wlasnosci spektralnych roslin (np. refleksji). Mierzone lub obliczane parametry takie jak Ii,
MRumax czy ARII informujg o rozhartowaniu roslin. Wykrycie stanu rozhartowania umozliwia
zastosowanie regulatorow poprawiajacych mrozoodporno$¢ rozhartowanych roslin, takich jak

np. 24-epibrasinolid. Niemniej, biorgc pod uwage iz wykonywanie dodatkowych opryskow
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upraw podnosi koszty, w przypadku dalszego nasilania si¢ zmian klimatycznych i globalnego
ocieplenia wydaje si¢ bardziej uzasadnione zalecanie do uprawy odmian, ktore charakteryzuja

si¢ wyzszg tolerancja warunkéw rozhartowujacych.
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9. Streszczenie rozprawy doktorskiej w j. angielskim (Summary)

In recent years, due to ongoing climate change, there have been more frequent periods with
higher temperatures (e.g., above 9°C) in late autumn and winter, for example, in the Eastern
European region. This disrupts the cold acclimation process and causes deacclimation leading
to a decrease in plant frost tolerance. Although this problem particularly concerns winter
cultivars, spring cultivars may also be exposed to sudden frost after a period of higher
temperatures in early spring. Based on an assessment of the frost tolerance of deacclimated
plants under controlled conditions, it was found that oilseed rape cultivars differ in their
tolerance to deacclimating conditions. Plants with a higher tolerance of deacclimating
conditions should be able to maintain the highest possible frost tolerance despite deacclimation.
Among the winter cultivars, the cv. Rokas was characterised by higher tolerance
of deacclimating conditions. The cultivar that was most susceptible to deacclimation was the
spring cultivar Feliks. The reasons for the decrease in frost tolerance of oilseed rape plants due
to deacclimation (7 days at 16°C/9°C d/n) are numerous physiological and biochemical
changes. In general, deacclimation in the above-mentioned conditions caused a partial
or complete reversal of the changes that had been induced by cold acclimation. In the
deacclimated oilseed rape plants, among other things, there was a shift in the hormonal balance
towards an increase in the accumulation of the growth-related hormones (e.g., gibberellins,
cytokinins) and a decrease in the accumulation of the protective stress hormones (ABA).
As a result of deacclimation, the accumulation of the brassinosteroid receptor protein (BRI1)
increased along with an increase in the expression of SERK, the product of which is involved
in the brassinosteroid transduction pathway. The accumulation of the chaperones — heat shock
proteins (HSP) — also decreased. Deacclimation contributed to a decrease in the fatty acid ratio
(18:3/18:2) of the chloroplast membranes as well as a decrease in their fluidity. In addition,
there was a decrease in the accumulation of the protective/antioxidant compounds (tocopherols)
in the chloroplast membranes and an intensification of the light and dark phase reactions

of photosynthesis.

The deacclimation of plants can be detected by analysing the biochemical markers (e.g.,
changes in the concentration of ABA or I3CA) and also by quick, non-invasive physiological
measurements. In this case, not only can the measurements of chlorophyll a fluorescence
(prompt, delayed and modulated reflection) be used, but also the measurements of the leaf
spectral properties (for example reflection). The measured or calculated parameters such as I,

MR max or ARI1 provide information about the deacclimation of plants. Detecting deacclimation
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enables the use of regulators that improve the frost tolerance of deacclimated plants such as 24-
epibrassinolide. However, taking into account that additional crop spraying increases costs,
in the case of any further intensification of climate change and global warming, it would seem
to be more justified to recommend the cultivation of cultivars that are characterised by a higher

tolerance of deacclimating conditions.
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10. Zalaczniki
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Oswiadczenie Promotora pracy

Oswiadczam, ze niniejsza rozprawa doktorska zostata przygotowana pod moim kierunkiem
1 stwierdzam, ze spelnia ona warunki do przedstawienia jej w postepowaniu o nadania stopnia
doktora nauk rolniczych.

Krakow..%.. Ly k

Oswiadczenie Autora pracy

Swiadoma odpowiedzialnosci prawnej o$wiadczam, ze niniejsza rozprawa doktorska zostata
napisana przeze mnie samodzielnie i nie zawiera tresci uzyskanych w sposob niezgodny z
obowigzujacymi przepisami.

Oswiadczam ponadto, Ze niniejsza wersja pracy jest identyczna z zalgczong wersja
elektroniczng.

........................................
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Abstract: The objective of this study was to answer the question of how the deacclimation process
affects frost tolerance, photosynthetic efficiency, brassinosteroid (BR) homeostasis and BRI1 expression
of winter oilseed rape. A comparative study was conducted on cultivars with different agronomic
and physiological traits. The deacclimation process can occur when there are periods of higher
temperatures, particularly in the late autumn or winter. This interrupts the process of the acclimation
(hardening) of winter crops to low temperatures, thus reducing their frost tolerance and becoming a
serious problem for agriculture. The experimental model included plants that were non-acclimated,
cold acclimated (at 4 °C) and deacclimated (at 16 °C/9 °C, one week). We found that deacclimation
tolerance (maintaining a high frost tolerance despite warm deacclimating periods) was a cultivar-
dependent trait. Some of the cultivars developed a high frost tolerance after cold acclimation
and maintained it after deacclimation. However, there were also cultivars that had a high frost
tolerance after cold acclimation but lost some of it after deacclimation (the cultivars that were more
susceptible to deacclimation). Deacclimation reversed the changes in the photosystem efficiency that
had been induced by cold acclimation, and therefore, measuring the different signals associated with
photosynthetic efficiency (based on prompt and delayed chlorophyll fluorescence) of plants could be
a sensitive tool for monitoring the deacclimation process (and possible changes in frost tolerance) in
oilseed rape. Higher levels of BR were characteristic of the better frost-tolerant cultivars in both the
cold-acclimated and deacclimated plants. The relative expression of the BRI1 transcript (encoding the
BR-receptor protein) was lower after cold acclimation and remained low in the more frost-tolerant
cultivars after deacclimation. The role of brassinosteroids in oilseed rape acclimation/deacclimation
is briefly discussed.

Keywords: brassinosteroids; brassinosteroid insensitive 1; dehardening; delayed chlorophyll flu-
orescence; frost tolerance; homocastasterone; photosystem I; photosystem II; prompt chlorophyll
fluorescence; stress tolerance
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1. Introduction

Oilseed rape (Brassica napus ssp. oleifera L.) is a major crop and is an important source
of vegetable oil for the food, chemical and fuel industries. There are winter and spring
cultivars of oilseed rape that differ with the season of growth and in crop yield. The yield
of the winter cultivars is higher, and in Poland, winter oilseed rape is cultivated more often.
The winter growth of the plants carries the risk of frost injuries that may lead to severe
economic losses. Ice forms outside or inside a plant’s cells, causes membrane damage
and initiates frost injures. However, the winter species have developed mechanisms that
enable them to survive temperatures below 0 °C. A few weeks of cold acclimation (cold
hardening usually at +2—+5 °C) improves the ability of plants to survive winter frost [1].
Cold acclimation causes many biochemical and physiological changes in the lipid and
protein components of the cell membranes, soluble sugar content, osmotic potential and
many other changes [2]. Sugar management is a particularly important element in the
hardening process. The leaves of plants that have been cultivated in the cold retain an
overexpression of the enzymes that are involved in sugar production and a have higher level
of activity of the Calvin cycle enzymes compared to the leaves that have been grown before
cold acclimation [3]. Well-cold-hardened plants of oilseed rape can survive at temperatures
as low as about —20 °C. However, if the period of cold acclimation is interrupted by
episodes of higher temperatures (deacclimation), the frost tolerance of plants decreases [1,4].
In recent years, such warm periods during late autumn have occurred more often due
to climate change. Generally, deacclimation can occur when the temperature is higher
than 9 °C, and in some circumstances, there can be an impulse to resume growth and
development [1]. The rate of deacclimation depends on the temperature, plant species
and plant genotype [5]. Warm periods have a negative effect on frost tolerance when they
occur in late autumn, in winter and sometimes in early spring. Spring frost events increase
the risk of frost injuries to plants [6]. During spring, when the temperature rises and then
suddenly falls below zero, deacclimated plants are threatened, among others, because of
a decrease in the amount of soluble carbohydrates that are necessary to survive frost [7].
Deacclimation has been well studied in woody plants [8], grasses [9] and the model plant
Arabidopsis [3,10]. Although the physiological and biochemical changes that occur during
deacclimation in oilseed rape are less understood, deacclimation definitely reduces the
freezing tolerance in winter rape cultivars [4,11] which can cause stem elongation or even
the development of buds [11]. After deacclimation, many of the biochemical/physiological
parameters reached values that were on the level observed in the non-acclimated control [4].
Deacclimation was accompanied, among others, by a decrease in soluble sugar content
(and osmotic potential), a decrease in the accumulation of the aquaporin protein (cellular
water channels), and a decrease in the anthocyanin level, while there was an increase in
the chlorophyll content, which was also associated with an increase in the efficiency of the
light reactions of photosynthesis.

Photosynthesis is generally widely understood to be a highly sensitive indicator
that mirrors the interaction of plants with environmental stressors, including the stress
that is associated with an exposure to low temperatures. For example, cold slows down
the Calvin cycle enzymes in Arabidopsis [12]. The cold-acclimated seedlings of Pinus
concorta L. had an inhibited photosynthesis that was accompanied by a partial loss of
the PSII reaction centers, which was indicated by the decreased levels of the reaction
center D1 protein and the loss of chlorophyll. Conversely, the cold-acclimated winter
wheat maintained a high level of photosynthesis and a chlorophyll content at the same
level [13]. The cold-acclimated winter wheat cultivars had a CO, assimilation and O,
evolution that were similar to or greater than the non-acclimated plants [14], and this was
associated with, among others, an increased capacity for PSI cyclic electron transport [15].
Similar to many other physiological processes, the process of photosynthesis functions
under the influence of phytohormones. Extensive studies have already been devoted to
explaining the role of brassinosteroids (plant steroid hormones; BR) in photosynthesis [16].
A brassinosteroid-insensitive 1 (bril) Arabidopsis mutant showed downregulation of the
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genes connected to the regulation of photosynthesis and was also characterized by reduced
growth, lower photosynthetic activity and a disrupted PSII assemblage [17]. Studies of BR
mutants of Arabidopsis that were conducted by [18] showed that brassinosteroids control
the thylakoid membrane architecture and PSII function. Arabidopsis cyp51A2 mutants
that were defective in an early stage of the sterol biosynthesis pathway element, sterol
14a-demethylation, are lethal, and their genes, which are connected to the photosynthesis
processes such as with the Rubisco large subunit, chlorophyll a/b binding protein and
photosystem components, are downregulated and have reduced chlorophyll content and
photosynthetic activity [19]. Conversely, BR deficiency can also lead to an increased
accumulation of chlorophyll and the photosynthetic proteins that change the leaf color from
green to dark green [20-22]. As for the effect of brassinosteroids on photosynthesis in plants
that have been exposed to temperature stress (particularly low temperature), the knowledge
is much more limited (reviewed in [23]). For example, in Secale cereale, BR stimulate the
photoprotective mechanisms during a prolonged exposure to cold via the temporary
suppression of the quantum efficiency of PSII, which is a consequence of energy dissipation
in the form of non-photochemical quenching [24]. The duration of cold acclimation (three
or six weeks) has a slightly different and cultivar-dependent effect on the regulation of
the photosynthetic activity that is induced by BR in Secale cereale [25]. The brassinosteroid
signaling pathways in plants are still being discovered, but an important element is the
brassinosteroid membrane receptor protein (BRI1—brassinosteroid-insensitive 1) [26]. BRI1
encodes a putative leucine-rich repeat receptor kinase. Mutations in BRI1 result, among
others, in semi-dwarfness or dwarfness in plants of Arabidopsis thaliana L. or barley [27,28].
The timing of flowering is also delayed in the BR-insensitive bril mutants of Arabidopsis [29].

One of the most recent articles, in the section of the issue “expert views”, [8] clearly
states that deacclimation after cold acclimation is “a crucial, but widely neglected part of
plant winter survival”. Considering that the mechanisms of deacclimation are relatively
poorly explained, especially regarding crop plants such as oilseed rape (where this phe-
nomenon can cause severe injuries and economic losses), the main goal of our work was
to study the deacclimation-induced changes in photosynthetic efficiency (PSI and PSII),
brassinosteroid homeostasis and BRI1 expression in winter oilseed rape. These changes
were discussed in relation to the deacclimation-induced loss of frost tolerance. Moreover,
we attempted to answer the question of whether the fluorescence measurements, which
describe PSI and PSII efficiency, enable the potential changes in frost tolerance that are
caused by the deacclimation process to be non-invasively predicted, which is well de-
scribed in winter cereals [1] and can also be useful from the practical point of view in
oilseed rape. Deacclimated plants were compared to plants that were non-acclimated and
cold-acclimated. Ten cultivars were used for chlorophyll a fluorescence measurements and
in frost tests. Based on the frost tests, four cultivars were selected and further examined for
their BR content and BRI1 accumulation.

2. Results and Discussion
2.1. Frost Tolerance

The data about the frost tolerance of the plants were obtained by examining their
regrowth—resumption of growth and the appearance of new leaves two weeks after
freezing. A temperature of —1 °C did not seriously affect the non-acclimated (NA) plants,
and all of the regrowth of the cultivars was on a level of between six and seven points
(Figure 1A). The NA plants were barely able to survive a temperature of —5 °C, and they
had the lowest frost tolerance at a level of below one point. Cold acclimation significantly
imxroved the frost tolerance of the plants, which was expected. The cold-acclimated
(CA) plants were able to survive temperatures of —13 and —16 °C, and regrowth was at a
level of about three to four points (Figure 1B). The deacclimated plants (DA) were more
sensitive to frost than the cold-acclimated plants (Figure 1C). Freezing the DA plants at
a temperature of —12 °C enabled the regrowth at a Ievel below two points in all of the

cultivars. The frost tolerance of the deacclimated plants was, however, higher compared to
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the non-acclimated plants. A temperature of —5 °C caused regrowth in the non-acclimated
plants at a level of about one point, while a temperature of —6 °C caused regrowth in
the deacclimated plants at a level of about four to six points. The photographs of the
oilseed rape plants that had been exposed to frost and then left to regrow (14 days at
12 °C) are presented in Figures 2 and 3. Generally, our results are in agreement with the
results that were obtained for oilseed rape by [4] and [11], where the authors found that
deacclimation decreased the frost tolerance of oilseed rape. The current work, however,
brings some new information due to the use of not one or two but ten cultivars with
different traits. The estimated temperature that is required to reduce plant regrowth by
50% (RT50) was calculated for all of the cultivars, and this enabled the cultivars to be
ranked (Table 1). As shown in Table 1, testing the ten different oilseed rape cultivars
enabled us to observe that some oilseed rape cultivars with a high frost tolerance after cold
acclimation such as Rokas also maintained a higher frost tolerance after deacclimation. The
cultivar Feliks, which had a lower tolerance after cold acclimation, was characterized by
low tolerance also after deacclimation. However, there were also cultivars that had a higher
frost tolerance after cold acclimation but a decreased tolerance to frost after deacclimation
(or opposite) as is clearly shown in Table 1. The higher basal frost tolerance (observed in
the non-acclimated plants) did not result in a higher frost tolerance after deacclimation (see
the cultivar President). Similarly, a low basal frost tolerance did not result in a low frost
tolerance after deacclimation (see the cultivar Pantheon). Tolerance to deacclimation seems
to be a cultivar-dependent trait. As tolerance to deacclimation, we generally understand
that plants maintain a satisfactory level of frost tolerance (as much as possible similar to the
level of frost tolerance acquired after cold acclimation) after warm periods that interrupt
the process of cold hardening (acclimation) in autumn or after warm periods that appear in
winter or even early spring.

Table 1. Estimated temperature (°C) required to reduce plant regrowth by 50% (RT50). Ten cultivars
of the non-acclimated, cold-acclimated and deacclimated oilseed rape were exposed to frost. The
cultivars that were selected for a detailed analysis of the chlorophyll a fluorescence curves, analysis
of brassinosteroid profile and BRII expression are indicated with color.

Non-Acclimated Plants

Cold-Acclimated Plants Deacclimated Plants

Cultivar RT50 Cultivar RT50 Cultivar RT50
Bojan —3.68 Bojan —13.54 Rokas —-8.91
Rokas —3.34 Rokas —13.50 Pantheon —8.84

Monolit —3.23 Darcy —13.26 Graf —8.41

President -3.21 Graf —13.24 Bojan —8.40
Darcy -3.12 Pantheon -13.09 Monolit —8.35
Birdy -3.07 Monolit —12.98 Finley —8.31
Finley —2.94 Feliks —-12.92 Darcy —-8.29
Graf —2.69 President —12.80 Birdy —8.14
Feliks —2.54 Finley —-12.76 President —7.96

Pantheon —2.35 Birdy —12.44 Feliks —7.63

Finally, based on the ranking (Table 1), four cultivars that differed in their frost
tolerance were selected for a more detailed analysis of chlorophyll a fluorescence curves
—Rokas, Feliks, Pantheon and President. The cultivar Rokas had a high frost tolerance
of the NA, CA and DA plants. The cultivar Feliks had one of the lowest frost tolerances,
especially in the non-acclimated and lowest tolerance in the deacclimated plants. The
cultivar Pantheon had the lowest frost tolerance for NA plants, medium for CA plants, and
high for DA plants. The plants of cultivar President had a relatively high frost tolerance
if non-acclimated, a relatively low frost tolerance after cold acclimation and a low frost
tolerance after deacclimation.
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Figure 1. Frost tolerance of ten different cultivars of oilseed rape—Birdy, Bojan, Darcy, Feliks, Finley,
Graf, Monolit, Pantheon, President and Rokas—that characterized the (A) non-acclimated plants,
(B) cold-acclimated plants and (C) deacclimated plants. Frost tolerance based on the regrowth scale
(0-7 points) after frost treatment (—1 to —16 °C); more detailed explanations of scale are in Section 3.3.
Mean values & SD that are marked with the same letters (separately for each cultivar) did not differ
significantly at p < 0.05 according to Duncan’s test, n = 15.
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Figure 2. Plants of the non-acclimated, cold-acclimated and deacclimated oilseed rape (cultivars
Birdy, Bojan, Darc%.Feliks, Finley) after exposure to frost. After frost treatment, the plants were left |
to regrow for two xﬁ/lg!(-;l{se §2t H@%s (%,@?IT,R{ﬁCrigr?gt%%ﬁﬁglt(eiEfluceclg%}agﬁ,ﬁgl,%ﬁflé%}%@a%c ﬁ%e??[celg ape (cult
. irdy, bojan, arcz, eliks, Finley) after exposure to frost. Atter frost treatment, the plants wer
plants; (CELL,0) %eraegclhorvr\}aftg%l(e}ﬁgéks at 12 °C. (A,D,G,J,M) non-acclimated plants; (B,E,H,K,N) cold-acclim
plants; (C,F,IL,O) deacclimated plants.
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Figure 3. Plants of the non-acclimated, cold-acclimated and deacclimated oilseed rape (cultivars
Graph, Monolith, Pantheon Presu:lent Rokas) after exposure to frost. After frost treatment, t .
lants were left to g ¢ glatnts % non Errg\e@ ﬁJk Clmr}?z;gc 12}33’(&% cj%lmat? ’i—ieﬁdl\f pe (culti
P Cr %)R“Mono‘fvt%%n ﬁeon resident, Kokas) after exposure O ftef tf reatment,
cold-acclimated plnfs(GEILO) dearsimatad BIgREs at 12 °C. (A,D,G,J,M) non-acclimated plants; (B,E, H,
cold-acclimated plants; (C,F,I,L,O) deacclimated plants.

2.2. Prompt Chlorophyll a Fluorescence (PF)

Based on the PF transients and their normalization, differences between the tested
treatments (NA, CA, and DA) were significant in all cultivars (Figure 4, Tables S1 and S2).
The cold-acclimation (CA) caused higher intensity of chlorophyll fluorescence than the
NA and DA treatments, especially in the J-I phase. However, there were no significant
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differences between the cultivars. The differences between the cultivars were noticeable
only after the normalization of the induction curves in the specific phases (O-J and O-K).
The AW (o) parameter revealed that the CA transient was most pronounced in the Rokas
cultivar (Figure 5). The transient curves that were measured in DA plants had a lower
intensity than those in the CA treatment. The AW o_k) parameter showed that the DA treat-
ment had higher values compared to the CA treatment in all of the tested cultivars. During
this phase, the Rokas cultivar showed the lowest intensity of chlorophyll fluorescence for
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with a reduction in the acceptor side of PSII [34], while AW i_p) provides information about
the electron flow to the end electron acceptors of PSI [35].

Looking at the selected values of the parameters of the JIP test, which are expressed as
a radar plot (spider), it can also be concluded that there were differences between the three
applied treatments (NA, CA and DA), and some differences were between the cultivars
(Figure 7). Generally, deacclimation caused the changes that had been induced by cold
acclimation to be reversed, which agrees with our earlier findings [4]. The pattern of the
changes in the chlorophyll fluorescence parameters presented in Figure 7 (for four cultivars)
shows that the response of the DA plants was more similar to the NA plants than to the
CA plants. This phenomenon can also be well tracked based on the values of the F, /F,
and Pl and the parameters of the phenomenological fluxes and specific energy fluxes,
which are presented in Table S1 for all ten tested cultivars. In all of the cultivars, most of
these measured and/or calculated parameters (especially the F; /Fy, and phenomenological
fluxes), which are presented in Table S1, were similar in the NA and DA plants compared
to the CA and DA plants.

Table 2. The description of fluorescence parameters, modified from [36].

Time (in ms) to reach the maximal fluorescence

Trm intensity Fp,

Area Area above the curve

F, Minimal fluorescence, where all RC (reactive centers)
are open

Fm Maximal fluorescence, where all RC are closed

Fy/Fm = (Fm — Fo)/Fm

Maximum quantum yield of PSII photochemistry

V] = (F] - Fo)/(Fm — Fm)

Relative variable fluorescence at the J-step

Sm = Area/(Fm — Fo)

Normalized total area above the curve

N=5m M, (1/V])
turn-over number Qp

Amount of Qa reduction from 0 to T,

ABS/RC = (1 — yrc)/Yre

Absorption flux (of antenna Chls) per RC

DI, /RC = (ABS/RC — TR, /RC)

Dissipated energy flux per RC (at t = 0)

TRo/RC = M, (1/V))

Trapping flux (leading to Qa reduction) per RC

ET,/RC =M,(1/V))¥,

Electron transport flux (further than Q o~) per RC

REo/RC =M, (1/Vy)(1 — Vi)

Electron transport beyond PSI

ABS/CSp, =Fm

Absorption flux per excited cross section (CSp,)

DIo/CSm = (ABS/CSp) —(TR0/CSp)

Energy dissipation per CSp,

TR, /CSm = Fy/Fm (ABS/CSm)

Energy flux for trapping per CSp,

ETo/CSm = (Fy/Fm)(1 — V) Fry

Energy flux for electron transport per CSp,

RE,/CSm

Electron transport beyond PSI per CSp,

Plaps = YRc/ (1 — YRC) X ©po/(1 — @po) X ¥Eo/(1 —
lI'rEo)

Performance index (potential) for energy
conservation from exciton to the reduction of
intersystem electron acceptors

I; and I, Maxima of DF induction curve
D, Minimum of DF induction curve
MR, Modulated 820 nm reflection intensity at time “0”
MR min Minimum of modulated 820 nm reflection intensity
MRax Maximum of modulated 820 nm reflection intensity

Fast phase (oxidation) of reflection intensity = MR,
AMRfast _ X

MRmm

Slow phase (reduction) of reflection intensity =

AMRSIOW P ( ) Y

MRmax — MRpin
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to excited cross section; PI,,s—performance index (potential) for energy conservation from exciton
to the reduction of intersystem electron acceptors. The description of fluorescence parameters is

modified from [36] Detailed equations are also given in Table 2.

Some cultivar-dependent changes were also observed. For example, the time it took to
reach maximal fluorescence (T¢,) significantly increased in the CA plants compared to the
NA and DA plants (Figure 7). At the same time, the DI, /RC increased in the CA plants only
in the Feliks and Rokas cultivars, while in the President and Pantheon cultivars, the values
of these parameters were below the values that were observed for the non-acclimated
control plants. The parameter PI,,s was usually lower in the CA and DA experimental
variants and was similar in all four cultivars (the one exception was that the P, parameter
in cultivar Pantheon was similar to the one in the NA and DA plants).

The main visible effects of the acclimation/deacclimation procedures caused on the
photosynthetic machinery were a decrease in the excitation energy migration toward the
PSII reaction centers (an increase in the Fo in the CA compared to both the NA and DA
plants), a slight fluorescence quenching in the CA and DA samples (decreased Fm values),
a decrease in the electron transport rates on the PSII acceptor side and from the PQH, pool
to the PSI end acceptors, and deacclimation that partially restored the electron transport in
the PSII acceptor side (the appearance of a ] band).
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The delayed chlorophyll fluorescence curves are presented in Figure 8. The beginning
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Figure 8. Delayed fluorescence induction curves for non-acclimated (NA), cold-acclimated (CA) and

Figud6 X DNRfed ARAQilsrssl rapkldy b Fdiksc Rhentidvar Ranthaere fhsrit verah mvirlent;
deadhextitly e R kAR catntistical Analisivt Yelies pBrharactarivticrebnts e PHi Guayesrastagiten in

(D) dahle@3Rokas. Statistical analysis of values of characteristic points of DF curves are given in

Table S3.
Based on statistical analysis (Table S3), it can be stated that in all tested cultivars, the

Ipriatoihomestiighen KT B 4 traq paepi eelqpmmarst teshA caimydtangrusly,
L pd} Sreaiveaniipigsarsiitac ioauest e tnsimalh tested cipiicarsoNoersim iNekasotrigeliks
DA i Bekasagbrrermibidkesaneiricinldy/ ferba ddrwsrsy HRARBEAS. [rernRyt as
and?Rmeasr%fe A and DA FRastReSD TS, qusver Sk e Athar aritbratshagda sigailergend
tha by ke gnddh RApknfsREbeIRVaTARIe ditenad witthe thongeadn thedwbeipdrpisht
rreisddpieRienur e (hiRbetasenicl-raechatyatinnnb wiRin Highberpiting
relaﬁ!at%% 6?1%8}%&’1‘(‘i??ﬁ%%o%ﬂ%%k&%’“a%@%‘?ﬁm}?a&r&&%ﬁﬁs%gm kiflge to
statdBOEIRCIPeH sEadiet farmsd B &by Brdfisexidized [ilease in the DF due to
the electrlf g%alal%m% e B r%a% 8{2&&@&?&?Ply related to the prolonged
T4PReRIR x1fms Gt eﬁle“ro%rafa%ﬁrl ro%‘eb‘ie re‘i%?eﬁ?% he2 fﬁo?fﬁ thq full

reogg%wg i1 %8& HAIRRER U Y SRUCDE 7 BB BRRRS lbﬂhe

red ]Ero(c):g % uctl ROO an t tlme en, 1s (Pming ollsrlgf Ee Wlt(ﬁ)]gh e an
1cat (% rLPCP Vl‘grf) Rzﬁ

processe red lﬁlé 1me e c?ch nt is reached cgrabe an

.. fnociy. 1 catlons rﬂ on ma 1 formation and dissipation

mdloiuﬁo ; re ucm aCth 1e entr the precursors of the
he mo 1ca ons ‘%? %he ﬁrs 1n uction”’ max1mum r ]‘3 ?lﬁle ?o? ation an

dissipation of the “light-emitting states” of PSII RC, i.e., the concentration of the
precursors of the re-excited states of P680, which are the sources of the excitation energy
for the DF emission. As a precursor to the micro-s DF, the PSII RC state Peso*Qa~has been
proposed.
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re-excited states of P680, which are the sources of the excitation energy for the DF emission.
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Figure 9. The kinetics of the modulated light reflection at 820 nm for the non-acclimated (NA), cold-
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Rokas. Statistical analysis of values of characteristic points of curves are given in Table S4.
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dependency of the level of frost tolerance and BR content is generally observable in oilseed
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was accompanied by a lower PSII efficiency during cold acclimation (compare Figure 11
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and Table S1). The phenomenon was, however, not so clear after deacclimation. Despite
the low level of BRI1 in Rokas, for example, the PSII efficiency in this cultivar was higher
compared to the efficiency observed after cold acclimation. Generally, the dependency of
the brassinosteroid level, BRI1 transcript (and protein level) and photosynthetic efficiency
in cold-acclimated and particularly deacclimated plants would be an interesting matter for
further, more in-depth studies.

To summarize and conclude, frost tolerance of oilseed rape after deacclimation was
lower than frost tolerance after cold acclimation. Regarding tolerance to deacclimation, we
generally understand that plants maintain a satisfactory level of frost tolerance (as much as
possible similar to the level of frost tolerance acquired after cold acclimation) after warm
periods that interrupt the process of cold hardening (acclimation) in autumn or after warm
periods that appear in winter or even early spring. Tolerance to deacclimation seems to
be a cultivar-dependent trait. As presented in the rankings (Table 1), some of the cultivars
that had acquired a high frost tolerance after cold acclimation also maintained a high
frost tolerance after deacclimation (Rokas). However, there were also cultivars that had a
high frost tolerance after cold acclimation but partially lost it after deacclimation (Bojan)
and/or cultivars with a lower frost tolerance after cold acclimation (compared to the other
cultivars) but that better handled the deacclimation (Pantheon). Cold acclimation resulted
in a particular pattern of changes in fluorescence; delayed fluorescence and deacclimation
largely reversed those changes. The measurements of the various signals that are associated
with photosynthetic efficiency (based on the prompt and delayed chlorophyll fluorescence
signals) of plants can be a tool for monitoring the process of deacclimation (and potential
changes in frost tolerance) in oilseed rape. However, we have to remember that although
the fluorescence parameters of deacclimated plants resembled the control (not acclimated
plants), they still had some remaining level of frost tolerance (higher than characteristic
for not acclimated plants). This is probably because not all metabolic changes induced
by cold acclimation (and responsible for frost tolerance after cold acclimation) were fully
reversed during the seven days of deacclimation. Regardless, using drones, unmanned
aerial vehicles (UAV) or satellites to monitor the changes in the fluorescence of crop fields,
such measurements may enable the moment when plants are deacclimated to be estimated
in late autumn/winter/early spring and therefore to be more sensitive to sudden frost. It
can even enable precautions, such as spraying plants with regulators to improve their frost
tolerance, to be undertaken. A higher content of brassinosteroids was more characteristic
for the better frost-tolerant cultivars of oilseed rape in both the case of the cold-acclimated
and deacclimated plants. The relative expression of the BRI transcript (an encoding protein
of the BR receptor) was lower after cold acclimation and remained low after deacclimation
in the cultivars that were more tolerant to frost after deacclimation.

3. Materials and Methods
3.1. Plant Material

The study was conducted on ten cultivars of oilseed rape (Brassica napus ssp. oleifera
L.), which are available for cultivation in Poland—DBirdy, Bojan, Darcy, Feliks, Finley, Graf,
Monolit, Pantheon, President and Rokas. Among the selected cultivars, nine are winter
forms and only Feliks is a spring cultivar, which served as a kind of reference point for the
lowest frost tolerance. Moreover, Birdy, Bojan, Darcy, Feliks, Finley, Monolit and Rokas are
population cultivars. Graf, Pantheon and President belong to the hybrid (F1) cultivars.

Five of the ten cultivars that were used are characterized in the COBORU database
(Development of Polish Official Variety Testing) in terms of plant height, the percentage of
dead plants after winter 2015/16 and 2017/18 and the general condition of the plants after
winter (nine-point scale of winter survival).

According to COBORU, the height of the plants of each cultivar is as follows: Birdy
139 cm, Bojan 160 cm, Feliks 121 cm, Graf 140 cm, Monolit 138 cm and Rokas 131 cm. As
for other cultivars, we obtained general information from the breeder (Saatbau Poland),
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that the Pantheon and President cultivars are characterized by a tall plant, while the Darcy
and Finley cultivars are semi-dwarf.

As was mentioned above, for some of the cultivars, data about winter survival are
also available in the COBORU database. The percentage of dead plants after the winter
of 2015/16 was 59% for Birdy, 41% for Graf, 21% for Monolit and 33% for Rokas. The
percentage of dead plants after the winter of 2017/18 was 26% for Birdy, 19% for Monolit
and 8.4% for Rokas. The general condition of the plants after the winter (on a nine-point
scale) was 7.2 for Birdy, 8.0 for Bojan, 6.4 for Graf, 7.2 for Monolit and 7.0 for Rokas.

The seeds of the Bojan, Monolit and Feliks cultivars were derived from The Plant
Breeding and Acclimatization Institute (IHAR), the National Research Institute in Strzelce
(Poland). The seeds of the Darcy, Finley, Pantheon and President cultivars were derived
from Saatbau (Poland). The seeds of Rokas were derived by Syngenta (Poland). The seeds
of Birdy were derived from KWS (Poland), and the seeds of Graf were derived from the
Obrol company (Poland).

3.2. Experimental Model/Plant Growth Conditions

Similar to the details that were described in an earlier work [4], the seeds were sown
in Petri dishes in the dark at 24 °C (two days) for germination. The seeds were then
transferred into 90 pots (40 x 15 x 15 cm; 18 plants/pot) with a soil mixture: the universal
soil “Eco-Ziem Universal soil” (Eko-Ziem s.c., Jurkéw, Poland) pH = 5.5-7, the soil from the
cultivation plots at the University of Agriculture (Krakéw) and sand (2:1:1). The plants were
cultured in a growth chamber in a controlled environment for three weeks (17 °C day/night
(d/n); 12 h photoperiod). Three plants were removed from every pot to obtain a group of
15 plants of a uniform size. Next, for the pre-hardening, the plants were grown at 14 °C d/n
(12 h photoperiod; two days); 12 °C d/n (8 h photoperiod; three days) and 10 °C d/n (8 h
photoperiod, two days). Then, the temperature was lowered to 4 °C (8 h photoperiod, three
weeks) for cold acclimation. Next, the plants were deacclimated at 16 °C/9 °C, d/n (8 h
photoperiod, one week). The light intensity in the growth chamber was the same (at a
canopy level of 300 pumol m~'s~!) during the entire experiment. Light source—LED lamps
HORTI A (PERFAND LED, Trzebnica, Poland), which had been modified to emit light at
a constant intensity and a blue light: red light spectrum (46%:54%). The experiment was
conducted in the autumn/winter season (November/December 2020).

During the experiment, fluorescence measurements were taken three times: (1) after
three weeks of growth at 17 °C (non-acclimated plants—control group), (2) after growth at
4 °C (cold-acclimated plants) and finally (3) in the deacclimated plants. The leaf samples
for the analyses of the brassinosteroid content and transcript BRI1 accumulation were
collected at the same time points. After each time point, some of the pots with the plants
were selected and placed in a freezing chamber to conduct the frost tests and to estimate
the frost tolerance of the plants (for more details, see Section 3.3).

3.3. Testing of Freezing Tolerance of Cultivars

The test of the freezing tolerance was performed for each group of plants (treatments):
non-acclimated, cold-acclimated and deacclimated plants (NA, CA and DA plants). The
temperatures of freezing were selected based on the experience of the authors and were
matched to the predicted level of frost tolerance of a specific group of plants. The non-
acclimated plants were tested at —1, —3 and —5 °C; the cold-acclimated plants were tested
at —10, —13 and —16 °C and the deacclimated plants were tested at —6, —9 and —12 °C. All
of the pots were placed into the freezing chamber at 2 °C in darkness. Next, the temperature
was decreased by 3 °C per hour until the required temperature (frost) was reached. The
plants were kept at this temperature for 6 h. Afterward, the temperature was increased by
3 °C per hour to reach 2 °C, and the plants were transferred into the growth chamber at
12 °C (8 h photoperiod, 150 pmol m~! s~! light intensity). After two weeks of growth at
12 °C, the plant survival rate was evaluated using a visual score of:

0—a completely dead plant with no signs of leaf growth;
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All of the pots were placed into the freezing chamber at 2 °C in darkness. Next, the
temperature was decreased by 3 °C per hour until the required temperature (frost) was
reached. The plants were kept at this temperature for 6 h. Afterward, the temperature was
increased by 3 °C per hour to reach 2 °C, and the plants were transferred into the growth
chamber at 12 °C (8 h photoperiod, 150 pumol m-'s™ light intensity). After two weelof
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Figure 12. Scale showing the plant injuries after 14 days of their regrowth from the moment of frost
exposure; (A) non-acclimated plants (B) cold-acclimated and deacclimated plants. See more details
including an explanation of points 0-7 in Section 3.3.

Finally, based on data of the frost tolerance for all three groups of plants (treatments
NA, CA, DA), the estimated temperature that was required to reduce plant regrowth by
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50% (RT50) was calculated as was described earlier in [48], and the cultivar ranking is
presented in Table 1.

3.4. Chlorophyll a Fluorescence Measurements

Chlorophyll a fluorescence was measured using a MPEA+ Multi-Function Plant Effi-
ciency Analyser (PEA, Hansatech Ltd., King’s Lynn, UK) for the analyses of photosystem I
(PSI) and photosystem II (PSII). This apparatus measures prompt fluorescence, delayed
fluorescence and modulated reflectance.

The leaves were adapted to dark for 30 min. using special clips. The measurements
were taken in 15 replicates for each cultivar and treatment, using one leaf of an individual
plant as one replicate. The measurements were always taken on the best-developed healthy
leaves for a specific treatment (non-acclimated, cold-acclimated and deacclimated plants).
Fluorescence measurements were taken for all ten cultivars, but more detailed analyses are
presented in the article for four cultivars (Rokas, Feliks, Pantheon and President). Cultivars
were selected based on calculated RT50 (Table 1).

The fluorescence signal was recorded with a maximum frequency of 105 points s
(each 10 ms) within 0-0.3 ms. In the next steps, the frequency of the recording decreased
gradually, which resulted in the collection of 118 points within 1 s. The PF kinetics of
the fluorescence were described by a fluorescence induction curve (fluorescence transient)
in which its normalized analysis is known as the JIP-test [35,49]. The minimum curve is
Fo, which is the initial fluorescence level measured at time 0.05 ms after actinic light, and
maximum is Fm when the saturating light is applied to the leaf. There are also characteristic
points between the minimum and maximum, which are labeled K (300 ps), J (2-3 ms), I
(30 ms) and P (500-800 ms—T1 s). The OJIP transients were induced by a short pulse (1 s) of
saturating red light (650 nm and 3000 pmol s~! m~2 of intensity) and were plotted on a
logarithmic time scale.

In order to better visualize the effect of salt stress on the dynamics of the chlorophyll
transients, the relative variable fluorescence was calculated. In the next stage, the differences
in the relative variable fluorescence curves were calculated by subtracting the normalized
fluorescence values (between the O and P steps) recorded in the control plants and plants
under stress. The relative variable fluorescence intensity (Vi) and the difference of the
relative variable fluorescence intensity (AV) were also calculated:

Vi = (Ft — Fo)/(Fm — Fo) D
AViNA = Vicaorba =V control 2)
Woj) = (Ft — Fo)/(Fj — Fo) 3)
Wk = (Ft — Fo)/(Fx — Fo) 4)
Wi = (Fe — E)/F — F) ®)
Wp) = (Ft — F)/(Fp — F) (6)
AW Na = Wicaor DA — W, control @)

The JIP-test was also used to recalculate the characteristic points of the photoinduced
chlorophyll fluorescence transients to the specific parameters of the light phase of photo-
synthesis [49].

The DF and MR signals were recorded simultaneously with the PF. The characteristic
points (I3, I, and D) of the DF curve were assessed according to [39]. The I; point is the first
maximum of a curve, the I, point is the second maximum, and D, is the second minimum
of the curve. To better illustrate the changes of the DF induction curves, two ratios were
calculated: (I; — D;)/D, and I; /1,.

The ratio MR /MR, was assessed from the MR signal. MR; is the modulated 820 nm
reflection intensity at time t, and MR, is the value of the 820 nm reflection of a sample
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at the onset of the actinic illumination. MR, is the minimum of the modulated 820 nm
reflection intensity. MRmay is the maximum of the modulated 820 nm reflection intensity.

In order to better compare non-acclimated, cold-acclimated and deacclimated plants,
the technical parameters were extracted from the curves of the fast fluorescence kinetic of
chlorophyll a. The technical parameters and fluorescence parameters calculated based on
them are presented on radar plots (Figure 7) for the four cultivars (Feliks, Pantheon, Presi-
dent and Rokas): Tgy,, Area, Fo, Fiy, Fy /Fr, Vj, Sm, N, ABS/RC, DI, /RC, TR, /RC, ET/RC,
RE,/RC, ABS/CSm, Dlo/CSm, TR, /CSm, ET,/CSm, RE,/CSm and Pl,,s. T¢,,—time to
reach maximal fluorescence (Fy,); Area—the area above the fluorescence induction curve
from Fo to Fm; value is proportional to the size of the electron acceptors; F,—minimal
fluorescence when all PSII reaction centers are open; Fm—maximal fluorescence when
all PSII reaction centers are closed; F,/Fyn—maximum quantum yield of the photosys-
tem II primary photochemistry; V;_relative variable fluorescence in step ] (after 2 ms);
Sm—normalized total area above the OJIP curve; N—turnover number (the number of
Qa reductions from time 0 to Tg,,); ABS—energy absorption by the antenna chlorophylls,
TR,— trapping flux leading to Qa reduction; ET,—electron transport flux (further than Qa ™);
DI,—dissipation of energy as heat; RE,—electron transport beyond PSI; PI,,s—represents
the general performance of PSII. Parameters (ABS, TR,, ET,, DI,) were expressed on the
CSp (the sample cross section) (phenomenological energy flues) and on the reaction center
(RC) (specific energy fluxes). The detailed equations for particular parameters can be found
in [36,50], and they are also presented in Table 2.

In Figure 7, the values for the non-acclimated plants are expressed as 100%, while
the values given for the cold-acclimated and deacclimated plants are given as the percent
changes compared to 100%. Original, average values of selected parameters (Fy/Fn,
ABS/RC, TR, /RC, ET,/RC, DI, /RC, ABS/CSm, TR, /CSm, ET,/CSm, DI, /CSm, PI 4,)
for all ten cultivars are additionally presented in Table S1.

3.5. Analysis of the Brassinosteroid Content

BR analysis was performed as described in [51]. Plant leaves were powdered in
liquid nitrogen, and then 60% acetonitrile was added. The samples were enriched by
deuterium-labeled internal standards of brassinosteroids (25 pmol/sample, Olchemim
s.r.o., Olomouc, Czech Republic). The samples were centrifuged, and the supernatant
was passed through Discovery DPA-6S columns (Supelco, Bellefonte, PA, USA) and im-
munoaffinity (IA) columns (Laboratory of Growth Regulation, Olomouc, Czech Republic).
The brassinosteroids were eluted from the IA columns using cold 100% methanol. The
samples were dried and resuspended in 40 uL of methanol in order to measure the brassi-
nosteroid content on a UHPLC using a tandem mass spectrometer (UHPLC-MS/MS) with
an ACQUITY UPLC® I-Class System (Waters, Milford, MA, USA) and a Xevo™ TQ-S
MS triple quadrupole mass spectrometer (Waters MS Technologies, Manchester, UK). The
detailed conditions of measurements are given in [51,52]. The analyses were performed
in five repetitions, and each repetition included about 100 mg of fresh weight of the first
and second leaf in the case of non-acclimated plants, the second and third leaf in the case
of cold-acclimated plants and the fourth or fifth leaf of the deacclimated plants. This was
because the period of growth of a culture was a total of about three months, and therefore,
new leaves were developing systematically while the first leaves became senescent.

3.6. BRI1 Transcript Accumulation

The Quantitative Real Time PCR analysis for BRI1 expression was performed using
QuantStudio 3 (ThermoFisher Scientific, Waltham, MA, USA). After collection, the leaf ma-
terial was frozen in liquid nitrogen. RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) was
used for the RNA extraction and was enriched for mRNA according to the manufacturer’s
protocol. Each RNA sample concentration and quality were determined spectrophotomet-
rically (UV-Vis Spectrophotometer, Quawell, San Jose, CA, USA). Approximately 700 ng
of RNA was subjected to a genomic DNA elimination, and immediately afterward, a re-
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verse transcription reaction was performed (QuantiTect Reverse Transcription Kit, Qiagen,
Hilden, Germany), according to the manufacturer’s protocol. The PCR primers and probes
for BRI1 and actin Brassica napus genes (Table S5) were designed using Primer Express
Software v.3.0.1 (Applied Biosystems by Life Technologies, Foster City, CA, USA). The
PCR amplifications for BRI1 and Actin as the endogenous control genes were conducted in
triplicate as was described by [53]. The PCR data were analyzed using QuantStudio Design
and Analysis Software v.1.5.0. The relative standard curve method (Applied Biosystems)
was used to calculate the relative gene expression. The BRI1 expression level was deter-
mined relative to the actin. The analyses were performed in three biological repetitions,
and for each repetition, four technical repetitions were made. The leaf material (50 mg
per sample) was collected as follows: fresh weight of first and second leaf in the case of
the non-acclimated plants, the second and third leaf in the case of the cold-acclimated
plants and the fourth or fifth leaf of the deacclimated plants. This was because the period
of growth of a culture was a total of about three months, and therefore, new leaves were
developing systematically while the first leaves became senescent.
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Table S1. Values of selected parameters of chlorophyll a fluorescence (Photosystem Il efficiency) of non-acclimated (NA), cold-acclimated (CA) and deacclimated (DA)

plants of oilseed rape (ten cultivars). Average values £SD marked with the same letters did not differ significantly at p<0.05 according to Duncan’s test, N=15.

Treatment Fv/Fm ABS/RC TRo/RC ETo/RC Dlo/RC ABS/CSm TRo/CSm ETo/CSm Dlo/CSm P.I. aBs
Birdy NA 0.826+0.01 a 1.04+0.04 b 0.86+0.04 b 0.58+0.03 b 0.18+0.01 b 27783+793 a 22961+751 a 156764848 a 4823+161b  10.05+1.57 a
Birdy CA 0.711+0.06 b 1.44+0.34 a 1.01+0.19 a 0.51+0.03 ¢ 0.43+0.17 b 23080+5330 b 16645+4954 ¢ 863412923 c 6435+916a 2.45+1.79b
Birdy DA 0.806+0.01 ¢ 1.09+0.12 b 0.88+0.08 b 0.62+0.04 a 0.21+0.04 a 24509+1509 b 19773+1424 b 13956+1335 b 4736+312b  9.66+2.54 a
Bojan NA 0.822+0.01 a 1.01+0.07 b 0.83+£0.05 b 0.59+0.02 a 0.18+0.02 b 27099+1553 a 22291+1388 a 15943+1183 a 4808+264 b  12.12+3.33 a
Bojan CA 0.72610.11 b 1.61+1.07a 1.06+0.33 a 0.50+0.08 b 0.54+0.79 a 2545045352 ab 1891445551 b 9822+3789 ¢ 6536+993a 3.20+2.64c
Bojan DA 0.784+0.03 a 1.24+0.26 ab 0.97+0.16 a 0.62+0.04 a 0.27£0.09ab  23803+1935b 18647+1577 b 12138+1788 b 5156+815b 6.67+3.46b
Darcy NA 0.827+0.01 a 1.08+0.06 b 0.89+0.04 a 0.65+0.04 a 0.19+0.02 b 27700+1411 a 22914+1328 a 167354953 a 4786+169b  12.16+1.59a
Darcy CA 0.746+0.08 b 1.33+0.47 a 0.96+0.22 a 0.53+£0.05 b 0.37+0.27 a 25462+4296 b 19268+4906 b 11488+4200 ¢ 6194+883a  5.04+3.77b
Darcy DA 0.807+0.03 a 1.15+0.23 ab 0.93+0.14 a 0.64+0.05 a 0.23+0.09 b 26274+1638ab  21227+1758 a 1494842221 b 5047+645b  10.03+4.08 a
Feliks NA 0.824+0.02 a 1.114+0.10 a 0.92+0.07 a 0.65+0.04 a 0.20+0.04 b 27811+1605 a 22939+1661 a 16430+1870 a 4871368 b  11.26+3.08 a
Feliks CA 0.76340.05 b 1.23+0.37 a 0.92+0.20 a 0.52+0.06 b 0.31+0.18 a 26026+3502 b 19981+3711 b 1167242873 ¢ 6044+928a  5.01+3.39c
Feliks DA 0.805+0.02 a 1.15+0.15a 0.92+0.10 a 0.63+0.04 a 0.23+0.05 b 25789+1244 b 20771+1159 b 1424141278 b 50181404 b  8.44+2.86 b
Finley NA 0.822+0.01 a 1.08+0.12 a 0.89+0.09 a 0.61+0.05 a 0.19+0.03 b 26049+1999 a 21418+1781 a 14712+1703 a 4631+401b  10.20+3.31a
Finley CA 0.775+0.03 b 1.11+0.25a 0.86+0.17 a 0.48+0.03 ¢ 0.26+0.09 a 24425+4102ab  19049+3955 b 10963+3039 b 5376+318a  4.88+2.36 b
Finley DA 0.810+0.01 a 1.02+0.07 a 0.83+0.05 a 0.58+0.02 b 0.19+0.02 b 23891+1744 b 19365+1485 b 13622+1376 a 4527+332b  10.39+3.04 a
Graf NA 0.826+0.01 a 1.07+0.05 b 0.88+0.04 a 0.61+0.03 a 0.19+0.01 b 26979+1386 a 22291+1286 a 15400+1048 a 4688+196 b  10.08+1.57 a
Graf CA 0.753+0.05 ¢ 1.20+0.20 a 0.90+0.09 a 0.52+0.04 b 0.31+0.12 a 25344+4126 ab 192664377 b 1140643012 c 6078+509a 4.37+2.22b
Graf DA 0.801+0.02 b 1.15+0.25 ab 0.92+0.17 a 0.64+0.05 a 0.23+0.08 b 24749+1574 b 19828+1298 b 13950+1415 b 4921+632b  9.67+3.50 a
Monolit NA 0.830+0.01 a 1.06+0.08 b 0.88+0.06 a 0.63+0.04 a 0.18+0.02 b 27204+1228 a 22567+1048 a 16178+1005 a 4637276 b  12.21+3.50 a
Monolit CA 0.75040.06 b 1.31+0.42 a 0.96+0.22 a 0.49+0.04 b 0.35+0.21a 26217+3728 a 19852+4142 b 107353734 b 6365+924a  3.78+2.59 b
Monolit DA 0.814+0.02 a 1.10+0.18 b 0.89+0.13 a 0.62+0.05 a 0.21+0.05 b 26485+1863 a 21576+1673 a 15082+1749 a 4909+449b  10.46+4.23 a
Pantheon NA 0.75440.21 a 1.89+2.69 a 0.88+0.07 a 0.62+0.05 a 1.01+2.64 a 25527+2180 b 1945945838 a 13581+4173 a 6068+4533a 9.20+3.75a
Pantheon CA 0.784+0.04 a 1.1740.26 a 0.91+0.16 a 0.55+0.06 b 0.26+0.11a 27648+4017 a 21799+4040 a 13302+2698 a 5850+545a  5.69+2.74 b
Pantheon DA 0.808+0.02 a 1.08+0.20 a 0.87+0.13 a 0.60+0.04 a 0.21+0.07 a 24775+1634 b 20015+1493 a 14052+1553 a 4760+528a  10.09+3.10 a
President NA 0.797+0.16 a 1.34+1.39a 0.87+0.05 a 0.64+0.07 a 0.48+1.41a 26608+5730 a 22058+5024 a 15879+3630 a 4550728 ¢ 11.61+3.02 a
President CA 0.788+0.04 ¢ 1.13+0.27 a 0.88+0.16 a 0.52+0.04 b 0.25+0.11 b 275663035 a 21811+3253ab 1332943186 b 57551686 a  6.47+3.31c
President DA 0.807+0.02 b 1.1440.21a 0.92+0.14 a 0.61+0.04 a 0.2240.06 ab 260791255 b 21037+1099 b 14267+1564 b 5042+507b  8.80+3.62 b
Rokas NA 0.829+0.01 a 1.01+0.03 b 0.84+0.03 b 0.60+0.03 a 0.174£0.01 b 26253+1201 a 21753+1077 a 156954850 a 4500+158 ¢ 12.62+1.99 a
Rokas CA 0.739£0.05 ¢ 1.37+0.47 a 1.00+0.27 a 0.53+0.05 b 0.37+0.21 a 2459744712 a 1832814414 b 1012842792 ¢ 6268+887a  3.40+1.97 ¢
Rokas DA 0.801+0.02 b 1.09+0.16 b 0.87+0.10 b 0.61+0.04 a 0.22+0.06 b 25097+2117 a 20121+1952ab 1413441667 b 4976+448b  9.504+3.19b




Table S2. Statistical analysis of values of typical transient points O, K, J, | and P of the chlorophyll a fluorescence induction curves presented on figure 3 A, C, E and G.
Oilseed rape plants of cultivar Feliks, Pantheon, President and Rokas were not acclimated (NA), cold acclimated (CA) and deacclimated (DA). Average values £SD
marked with the same letters did not differ significantly at p<0.05 according to Duncan’s test.

Treatment O K J | P

Feliks NA 4998+407 a 6018+525 a 11397956 a 14044+1075a 2784811646 a
Feliks CA 61731973 b 748611433 b 1422742632 b 1669242549 b  24589+6640 b
Feliks DA 5131+440 a 6160665 a 11515+1083 a 14810+1351a 25741+1283 a
Pantheon NA 4788236 a 5729+374 a 11070+889 a 14060+1188 a 25569+2152 a
Pantheon CA 6020+598 b 733911010 b 1434612174 b 1702142432 b 27553+4097 a
Pantheon DA 4871565 a 5776892 a 10723+1468 a 14421+1809a 24718+1646 a
President NA 4831+142 a 5751+176 a 11152+564 a 14073+789 a 277031196 a
President CA 5920+738 b 7197+1131 b 14237+2054 b 16716+£2075b  27564+3039 a
President DA 5181+552 a 6259+912 a 11812+1637 a 20720£1967 ¢  26070+1255a
Rokas NA 4605+172 a 54611259 a 105641827 a 13556+1158a 2621711206 a
Rokas CA 64561988 b 7895+1711 b 14468+3526 b 16831+3753 b 2354416869 b
Rokas DA 5030+478 ¢ 5899+695 a 10618+1205 a 14309+1445a 24241+2116a




Table S3. Statistical analysis of values of characteristic points of DF curves measured for oilseed rape leaves and presented on figure 7. Oilseed rape plants of cultivar
Feliks, Pantheon, President and Rokas were not acclimated (NA), cold acclimated (CA) and deacclimated (DA). Average values +SD marked with the same letters did not

differ significantly at p<0.05 according to Duncan’s test.

Treatment I1 I2 D> 1/12 (11-D2)/D2
Feliks NA 191004882 a 4301+1892 a 16021810 a 5.3t2.3a 14.448.1a
Feliks CA 2527843945 b 519942702 a 3338+1491 b 6.2+3.1a 8.2+4.6 b

Feliks DA 159682005 ¢ 345212267 a 863+150 c 7.5+55a 18.2+49a
Pantheon NA 20114+602 a 3503+2321 a 1198+ 169 a 8.1x4.1a 16.3+2.3a
Pantheon CA 32204+3972 b 1060416322 b 2180+553 b 4.1+23a 145+3.8a
Pantheon DA 16502+2077 ¢ 34432259 a 9914217 a 7.1x4.2a 16.5+4.8 a
President NA 2075841500 a 437142943 a 1369+376 a 7.2+4.6a 15.3+t4.6 a
President CA 2889245533 b 873916833 b 17681223 b 5.6+35a 15.4+3.0a
President DA 15472+2660 c 2278+1516 ¢ 1144+425 a 10.1+6.2 a 14776 a
Rokas NA 150961961 a 3300+2219 a 956+247 a 6.9+4.6 a 15.5+3.3a
Rokas CA 2229843949 b 438841949 a 2594+431 b 5.7t1.9a 7.9+2.4b

Rokas DA 166441886 a 2331+£1494 a 910+202 a 10.1+5.7a 179133 a




Table S4. Statistical analysis of the modulated infrared light reflection at the 820 nm (MR820) signals measured for oilseed rape leaves (curves presented on figure 8).
Oilseed rape plants of cultivar Feliks, Pantheon, President and Rokas were not acclimated (NA), cold acclimated (CA) and deacclimated (DA). Average values £SD
marked with the same letters did not differ significantly at p<0.05 according to Duncan’s test.

Treatment MRo MRmin MRmax
Feliks NA 0.00044 a -0.00874 a 0.00240 a
Feliks CA 0.00006 b -0.00813 a 0.00100 b
Feliks DA 0.00013 a -0.00764 a 0.00125 b
Pantheon NA 0.00002 a -0.00720 a 0.00182 a
Pantheon CA -0.00010 b -0.00734 a 0.00009 b
Pantheon DA 0.00009 a -0.00715 a 0.00725c¢
President NA 0.00101 a -0.00673 a 0.0128 a
President CA 0.00011 b -0.00749 a 0.00114 a
President DA -0.00001 ¢ -0.02026 b 0.00077 b
Rokas NA 0.00005 a -0.00726 a 0.00163 a
Rokas CA 0.00006 a -0.00683 a 0.00010 b

Rokas DA 0.00012 a -0.00847 a 0.00136 ¢




Table S5. Genes, sequence origins and the designed primers and probes used in the study.

Gene | GenBank Forward primer Reverse primer Probe

name |ID

BRI1 JX871217.1 | GATGTTCAAGCA | TCTTTCTTCATCCCGTC | FAM-TCGCTGTGAATTTCA-
ATCCGGGAAAA | GTTTTTTATGTA NFQ

Actin AF111812.1 | GCTATCCTCCGT | GTGGTGAACATGTACC | FAM-ACCTCACTGATTCCC-
CTCGATCTC CTCTCT NFQ
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Abstract: The aim of the current work was to characterize disturbances in the hormonal balance and
changes in the accumulation of the protective heat shock proteins (HSP) as a result of deacclimation
in a few cultivars of oilseed rape. Samples for both analyses were collected from plants that had not
been acclimated (before cold acclimation—control), cold acclimated (at 4 °C d/n, three weeks) and
then deacclimated at 16/9 °C d/n (one week). The tested hormones included abscisic acid, jasmonic
acid, salicylic acid, gibberellins, auxins and cytokinins (including their precursors, intermediates
and conjugates). Unambiguous results were obtained for a stress hormone, abscisic acid, whose
concentration increased in the leaves of all of the tested cultivars during cold acclimation while it
strongly decreased during deacclimation. Deacclimation resulted also in an elevated level of the
typical growth hormones. As a result of cold acclimation, the accumulation of protective proteins such
as cytoplasmic HSP70 and HSP90 increased in three of the four tested cultivars. The HSP content most
often decreased in the deacclimated plants compared to the cold-acclimated plants. The hormonal
and protein changes are discussed relative to the frost tolerance changes of the tested cultivar.

Keywords: ABA; auxins; cytokinins; deacclimation; gibberellins; HSP70; HSP90; indole-3-carboxylic acid

1. Introduction

Cold acclimation (cold hardening) is a low-temperature-induced process that is espe-
cially important/characteristic for winter cultivars of crops because their vegetation season
includes the autumn/winter months and, thus, requires specific metabolic adjustments.
After a few weeks of growth at a temperature between +2 °C to +5 °C (in autumn), well
cold-acclimated crop plants can survive temperatures that are as low as —20 °C, especially
when they are under snow cover [1,2]. The process of cold acclimation of winter crops
occurs in autumn. However, due to changes in climate conditions, in some regions where
winter crops are cultivated, periods of warm breaks that interrupt the cold-hardening
process are occurring more and more often. This phenomenon is called deacclimation
(dehardening) and it disturbs the natural process of acquiring a high level of frost toler-
ance. Deacclimation can also occur in the middle of winter or in very early spring when
the temperature starts to rise and plants begin to resume their growth and development,
thereby losing their frost tolerance. In such a case, the sudden occurrence of even a light
frost during that time is dangerous and could cause frost injuries. The negative effects of a
seven-day deacclimation on a decrease in the frost tolerance of winter oilseed rape were
characterized in detail in the work [3]. According to [4], deacclimation becomes “a crucial,
but widely neglected” part of the problems that are associated with the winter survival
of plants.

Cold acclimation triggers many biochemical and physiological changes in plant cells;
for example, the most known are changes in the composition of fatty acids, changes in
carbohydrate management and in the osmotic potential, the stimulation of the production
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of protective proteins and an elevated level of stress hormones [5,6]. Deacclimation, on the
other hand, is dangerous because it can reverse these metabolic adjustments. Although
climate changes have led to more studies that are devoted to the detailed biochemical
changes that accompany deacclimation, knowledge about these changes is still quite scarce.

One of the winter crops that is affected by deacclimation is oilseed rape—a plant that
is mainly cultivated as the major source of vegetable oil. Our earlier studies confirmed that
during cold hardening of this species, even one week of a warm break at a temperature
of 16 °C/9 °C (d/n) had a reverse effect on metabolism. The chemical composition of
the leaves, which was measured using FT-Raman spectroscopy, clearly confirmed that
there were metabolic differences between the cold-acclimated and deacclimated plants [7].
Deacclimation increased the photosystem II efficiency that was suppressed by cold acclima-
tion [3,7]. The content of soluble sugars was drastically decreased after deacclimation [7],
which was accompanied by changes in the osmotic potential in a direction that was not
beneficial from the point of view of frost tolerance. The leaf relative water content also
increased after deacclimation [7]. Cold hardening also increased the accumulation of
proteins BnPIP1 (aquaporin), while deacclimation decreased it [7]. The current work is a
continuation of the studies of the deacclimation process of oilseed rape in which, as the
next step, we are going to focus on a detailed analysis of hormonal homeostasis and any
potential changes in the accumulation of the protective proteins from a group of heat shock
proteins (HSP).

All metabolism of plants is controlled by hormones, and hormonal homeostasis is
specifically linked to plant growth conditions. External factors such as temperature, light
or water availability modify hormonal management, thereby allowing the metabolism
to adapt to changing environmental conditions. Hormones, such as cytokinins, gib-
berellins, auxins, abscisic acid or brassinosteroids (and the interactions among them),
play an important role in the growth/development of plants and in plants’ reaction
to various stressors [8-10]. Hormonal changes that occur during the cold acclimation
of plants are important for the survival of plants in low temperatures. A higher level
of ABA with a lower level of bioactive cytokinins, auxins and gibberellins was observed
in wheat cultivars during cold acclimation [11]. In cold-acclimated oilseed rape leaves
discs, the exogenous application of gibberellin GA3 decreased the frost tolerance, while
the application of ABA increased the frost tolerance [12]. The exogenous use of the auxin
analogues TA-12 (calcium 4-(2-chloroethoxycarbonylmethyl)-1-naphthalenesulfonate) and
TA-14 (w-trialkylammonioalkyl ester of 1-napthylethanoic acid) on oilseed rape improved
the winter hardiness of plants [13]. The exogenous application of jasmonate improved
the freezing tolerance of Arabidopsis thaliana L. while blocking endogenous biosynthesis.
and the signaling pathways of jasmonate caused plants to be hypersensitive to freezing
stress [14]. While these are only a few examples, generally, there is a wealth of knowledge
about the activity and significance of plant hormones in cold acclimation. However, the
hormonal balance during deacclimation and its role in the changes in the frost tolerance
of deacclimated plants is quite limited and relatively new. According to the literature,
during the deacclimation of A. thaliana L., there was an overexpression of the genes related
to the metabolism of auxins, gibberellins, brassinosteroids, jasmonate and ethylene [15].
Deacclimated plants of barley (Hordeum vulgare L.) were characterized by an increased
level of hormones from growth-promoting groups such as indole-3-acetic acid (IAA), IAA
methyl ester; the level of some gibberellins was also elevated, i.e., GA4 or cytokinins (trans-
zeatin and cis-zeatin), compared to cold acclimated plants [16]. In our earlier studies, the
most abundant brassinosteroid (28-homocastasterone) in oilseed rape was accumulated
in higher amounts in the cultivars that had maintained a better frost tolerance after deac-
climation [3]. Interestingly, the accumulation of the transcript of BRI1 (which encodes
the BR-receptor protein) decreased after cold acclimation, and in the more frost-tolerant
cultivars, it remained low even after deacclimation [3].

Although heat shock proteins (HSP) are a group of proteins that are produced in plants
especially as a reaction to heat stress [17], changing amounts of HSP are also found in
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plants growing at room temperature or even cold-stressed plants [18,19]. There are many
types of heat shock proteins that differ in their molecular weight from 10 to 200 kDa and
perform various functions [20,21]. Among them, the HSP90 proteins are necessary for
the proper functioning of all of the eucaryotic cells and assist other proteins in folding,
maintaining and stabilizing the cytosolic proteins, including the proteins that are involved
in cell cycle control and signal transduction [22]. Another family is HSP70, which stabilizes
the precursor proteins and maintains them in an unfolded form [23]. Specific chloroplastic
proteins HSP70 were also identified in plants [23]. For example, HSP70, which is found
in the stroma, participates in the photoprotection and reparation of PSII during and after
photoinhibition [24]; it is also necessary for heat tolerance [25].

As was mentioned earlier, although the heat shock proteins accumulate in plants that
are growing under a high temperature stress, their expression increases under different
abiotic stresses as well as during cold acclimation [18]; however, this has been much less
studied. In grape plants (Vitis vinifera L. cv. Jingxiu), during, among others, cold accli-
mation stress, an increased level of HSP70 and small HSP17.6 was observed. Moreover,
the synthesis of the HSP proteins was parallel to an increase in cold tolerance [18]. In
oilseed rape plants, an increased level of HSP90 mRNA was observed in young plant
tissues such as the shoot apices, as well as after exposure to high and low temperatures.
During an exposure to 5 °C, there was a 15-fold increase in the hsp90 mRNA level, which
remained elevated during the entire cold treatment. It decreased again when the temper-
ature increased to 20 °C. This change was observed between the 4th and 5th hours after
the transfer to 20 °C [26]. Those results illustrate that HSP90 could be significant in the
adaptation of plants to low-temperature stress and in their tolerance to low temperatures.
Therefore, the questions of whether the deacclimation process causes the changes in the
HSP accumulation or if it correlates with a decrease in frost tolerance of plants arises.

The aim of the current work was to characterize the disturbances in the hormonal
balance and changes in the accumulation of protective heat shock proteins as a result of
deacclimation in an economically important crop plant—oilseed rape. The results are
discussed relative to a deacclimation-induced decrease in the frost tolerance of plants.

2. Materials and Methods
2.1. Plant Material

The experiment was conducted on four cultivars of oilseed rape (Brassica napus L.
var. napus L.): Bojan, President, Rokas (winter cultivars) and Feliks (spring cultivar).
These cultivars are available to cultivate in Poland. President is a hybrid cultivar (F1)
while Bojan, Rokas and Feliks are population cultivars. The cultivars were selected based
on a previous experiment in which their frost tolerance was characterized in controlled
conditions [3]. After cold acclimation, the plants were characterized by a higher tolerance
(in comparison to non-acclimated plants), while after a period of deacclimation, the frost
tolerance decreased, although not to the level that was recorded in the non-acclimated
control. The control plants after frost (—5 °C) had one point on a seven-point scale of injuries.
The cold acclimated plants were able to survive —15 °C (three to four points on the scale of
injuries), while the deacclimated plants were already severely injured by a temperature
of —12 °C (one to two points on the scale of injuries). There were differences between
cultivars. Rokas and Bojan had the highest basal frost tolerance (noted for non-acclimated
plants), President was moderately frost tolerant, while Feliks had the lowest basal frost
tolerance [3]. After cold acclimation, Rokas and Bojan were highly frost tolerant, while
President and Feliks were characterized by a lower frost tolerance. After deacclimation,
Rokas remained the most frost tolerant. Bojan exhibited a moderate tolerance to frost, while
President and Feliks had the lowest frost tolerance. Among the tested cultivars, Rokas is
a semi-dwarf cultivar. The average height of fully-developed Rokas plants, according to
COBORU (Development of Polish Official Variety Testing), is 131 cm. The seeds of cultivars
Bojan and Feliks were obtained from The Plant Breeding and Acclimatization Institute
(IHAR) the National Research Institute in Strzelce (Radzikow, Poland). The seeds of the
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President cultivars were obtained from Saatbau (Sroda Slaska, Poland), and the seeds of
the Rokas cultivar were obtained from Syngenta (Warszawa, Poland).

2.2. Experimental Design and Sampling

The experimental model was similar to an earlier model that was described in detail
by [3]. Briefly, the seeds of the oilseed rape were germinated in darkness at 24 °C (two days).
Then, the seedlings were transferred into pots (18 plants per pot; details regarding soil
are given in [3]). The plants were cultured in a growth chamber (20 °C day/night, 12 h
photoperiod, four days; then 17 °C d/n, 12 h photoperiod, three weeks). After that, a group
of 15 uniform plants was retained in each pot and the plants were pre-hardened at 14 °C
d/n (12 h photoperiod, two days); 12 °C d/n (8 h photoperiod, three days) and 10 °C d/n
(8 h photoperiod, two days). Then, for the cold acclimation, the temperature was set at 4 °C
(8 h photoperiod, three weeks). Next, for deacclimation, the temperature was set at 16/9 °C
d/n (8 h photoperiod, one week). The intensity of light was constant during the experiment
(300 pmol m~! s~1; modified LED lamps HORTI A provided by PERFAND LED, Trzebnica,
Poland; for details see [3]). The experiment was conducted in the autumn/winter seasons.
The scheme of the experiment is visualized in Figure S1 (Supplementary Materials).

For all of the hormonal and HSP analyses, samples of leaves were collected from the
non-acclimated plants (NA, control group), cold-acclimated plants (CA) and deacclimated
plants (DA). During sampling, all tested plants were in vegetative stage-rosette, but there
were some architectural differences between younger (non-acclimated) and older (cold-
acclimated and deacclimated); older plants were more compact (pictures available in [3]).
The best developed rosette leaves (not too young or senescing) were always selected.

2.3. Measurements
2.3.1. Analysis of the Plant Hormones and Related Metabolites

The collected leaf samples were frozen in liquid Nj and then stored at —80 °C.
Analyses were performed according to [27] with modifications. For the analyses of the
hormones and related substances, the material was lyophilized and ground (MM 400,
Retsch, Kroll, Germany). Weighed samples (10 mg) were spiked with a stable isotope-
labelled internal standard solution (ISTD) in acetonitrile (ACN) and then extracted in 1 mL
methanol/water/formic acid (MeOH/H,O/HCOOH, 15/4/1, v/v/v). The samples were
shaken for 10 min, sonicated (5 min) and centrifuged (5 min, 22,000x g, 15 °C, Universal
R32, Hettich, Haan, Germany). The supernatant was collected and evaporated to dryness
under an N stream at 45 °C. The residues were dissolved in 1 mL of 3% MeOH ina 1l M
aqueous solution of formic acid, sonicated (5 min), centrifuged (5 min, 22,000x g, 15 °C) and
purified on cartridges (BondElutPlexa PCX, 30 mg, 1 mL, Agilent Technologies, Santa Clara,
CA, USA). The cartridges were activated with 1 mL of methanol and 1 mL of 1 M formic
acid. The samples were applied to the cartridges, aspirated slowly and washed with 1 mL
of 1 M formic acid. The substances of interest were washed out with 0.5 mL of ACN/MeOH
(1/1v/v),0.5 mL of 5% NHsaq in ACN/MeOH (1/1 v/v) and 0.5 mL of ACN/MeOH (1/1
v/v) in succession. The collected eluate was evaporated to dryness under nitrogen and dis-
solved in 70 uL of ACN prior to the UHPLC analyses. Four or five replicates were analyzed
using an UHPLC apparatus (Agilent Infinity 1260, Agilent, Germany) that was coupled to
a triple quadruple mass spectrometer MS/MS (6410 Triple Quad LC/MS, Agilent, Savage,
MD, USA) with electrospray ionization (ESI). The samples were separated on an Ascentis
Express RP-Amide analytical column (2.7 pm, 2.1 mm x 150 mm; Supelco, Bellefonte, PA,
USA). Further technical details are given in Table 1 and [27-30]. The following phytohor-
mones and related metabolites were detected: cytokinins: cis-zeatin (cis-ZEA) and cis-zeatin
riboside (cis-ZEA-rib); auxins: indole-3-acetic acid (IAA), oxoindole-3-acetic acid (OxIAA),
indole-3-acetyl-aspartic acid (IAAsp), indole-3-carboxylic acid (I3CA), indole-3-acetonitril
(IAN), indole-3-acetyl-glutamic acid (IAGlu), indole-3-acetamid (IAM); gibberellins: gib-
berellic acid (GA3), gibberellin Ag (GAg), gibberellin Ay (GAyp), gibberellin Ajg (GAq9),
gibberellin As; (GAsj3), gibberellin Ay (GAy), gibberellin A4 (GAy), gibberellin A5 (GA15)
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and gibberellin Ag (GAy); stress hormones: benzoic acid (BA), salicylic acid (SA), abscisic
acid (ABA), jasmonic acid (JA) and 12-oxo-phytodenoic acid (12-oxo-PDA). The following
ratios of hormones were calculated: GA3/ABA, ratio GAz + GA4 + GAg + GA7/ABA and
ratio IAA + cis-ZEA + GA3 + GA4 + GAg + GA7/ABA +JA.

Table 1. The optimized mass spectrometry parameters that were used to quantify the phytohormones.
The following conditions were optimal for the analyses: capillary voltage 4 kV, gas temperature
350 °C, gas flow 12 L/min and a nebulizer pressure of 35 psi. The measurements were performed
using multiple reaction monitoring (MRM) in a positive polarity. MassHunter software was used to
control the LC-MS/MS system and data analysis. For the MRM parameters, a MassHunter Optimizer
was used. The quantities of the internal standards (ISTD) are given in parenthesis. DHZ-N15 and t-Z-
R-D5-internal standards for the cytokinins; GA1-D2 and GA5-D2-internal standard for gibberellins;
for the other abbreviations, see Material and Methods Section 2.3.1.

Compound Tvoe of Ton Quantifier Transition Fragmentor Collision MRM Start
P M (Precursor/Product Ions) Voltage (V)  Energy (V)  Time (min.)
ISTD +
DHZ-N15 (10 pmol) M +H] 226.2/152 124 18 1.5
cis-ZEA M +H]* 220.2/136.3 85 9
oxIAA [M + H]* 192.2/146.1 54 9 4.0
1AM M+ H]* 175.1/130 66 17
t-Z-R-D5 ISTD M +H]* 357.3/225.2 116 17 5.12
(10 pmol)
cis-ZEA-rib M +H]* 352.2/220.3 120 9
IAAsp M +H]* 291.2/130.1 54 25 6.4
ISTD +
BA-D4 (500 pmol) M + H] 128.1/84.1 61 13
BA M +H]* 123.1/79.1 56 13
TAGIu [M + HJ* 305.2/130.1 58 29
GA; [M-H,O + H]* 329.3/311.3 100 14 8.15
ISTD +
GA1-D2 (10 pmol) [M-H;O + H] 333.3/287.2 58 9
I3CA M +H]* 162.2/118.1 58 9
ISTD +
IAA-D5 (100 pmol) M + H] 181.1/135.1 38 14
IAA M +H]* 176.1/130.3 51 9
ISTD +
SA-D4 (500 pmol) M + H] 143.2/125.2 80 14
SA M +H]* 139.2/121.2 80 14
GA6-D2 ISTD [M-H,O + H]* 331.3/115.1 96 5 104
(10 pmol)
GAq4 [M-H,O + H]* 329.3/283.3 104 14
IAN-D4 ISTD (100 M +H]* 161.1/134.1 66 13 12.0
pmol)
IAN M +H]* 157.1/130.1 71 13
ABA-D6 ISTD [M-H,0 + H]+ 253.4/191.3 80 14 14.6
(30 pmol)
ABA [M-H,O + H]* 247.4/187.2 80 14
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Table 1. Cont.

Compound Tvpe of Ion Quantifier Transition Fragmentor Collision MRM Start
P yp (Precursor/Product Ions) Voltage (V)  Energy (V)  Time (min.)
GA5-D2 ISTD [M-H,O + H]* 287.3/115.0 96 5 15.45
(10 pmol)
GAy [M-H,O + H]* 287.3/115.0 96 5
GAy9 345.2/299.1 80 9 16.8
ISTD +
JA-D5 (100 pmol) M + H] 216.3/153.2 80 5 19.5
JA M+ HJ* 211.3/151.2 80 14
GAy [M-H,O + H]* 313.2/223.1 104 14 18.5
ISTD +
GA4-D2 (10 pmol) [M-H,O + H] 317.3/271.2 88 9
GA4 [M-H,O + H]* 315.3/269.3 100 14
GAs; 303.2/285.1 100 9
GAy [M-H,O + H]* 271.3/225.2 136 13 22.25
GA15 331.2/285.1 115 9
dinor-12-oxo- ISTD N
OPDA-D5 (10 pmol) M +H] 270.3/252.2 84 5
12-oxo-PDA [M + HJ* 293.3/275.2 68 9 24.54

2.3.2. HSP Analysis

Measurements of the Protein Concentration in the Leaf Extracts. The samples that
were obtained from leaves (1 g) were homogenized in liquid N and immediately extracted
using a Tricine buffer (100 mM Tricine, 3 mM MgSO4, 1 mM DTT, 3 mM EGTA, pH = 8.0
and a protease inhibitor (Protease Inhibitor Cocktail Tablets, Roche, Germany)). The
samples were centrifuged for five minutes at 38,030x g (MIKRO R, Hettich Centrifugen,
Tuttingen, Germany). After the centrifugation, the supernatant was collected and the
protein concentration in the obtained extracts was measured according to Bradford [31]
using a SynergyTM2 Multi-Detection Microplate Reader (BioTek, Winooski, VI, USA).
Bovine serum albumin (BSA) (Sigma-Aldrich, Poznan, Poland) was used as the calibration
standard. The analysis was performed in three replications.

Analysis of the Accumulation of HSP90 and HSP70 (Cytosolic and Chloroplastic) in
the Leaf Samples Using Immunoblotting. The same amount of protein extracts (selected
after being optimized in a range of 2.5 pg to 20 pg for HSP70 cytoplasmic; 5 pg to 30 ug for
HSP70 chloroplastic and 5 ug to 30 pug for HSP90), which were isolated from tested samples,
were loaded and separated on 12% SDS-PAGE (1 mm polyacrylamide gel) according to
the procedure of Laemmli [32]. Based on the testing, we decided to use 3 ug of the protein
for the HSP70 cytoplasmic, 5 ng for the HSP70 chloroplastic and 10 pg for the HSP90.
The samples were diluted with an SDS loading buffer (0.125 mM TRIS pH 6.8, 4% SDS,
20% glycerol, 5% 2-mercaptoetanol, 0.004% bromophenol blue). The molecular weight
standard was Thermo Scientific PageRuler Prestained Protein Ladder (Thermo Scientific,
Vilnius, Lithuania). After the proteins were separated, they were blotted to nitrocellulose
membranes (0.2 um, Trans-Blot Turbo Transfer Pack, Bio-Rad Laboratories, Inc., Hercules,
CA, USA) using a BioRad Trans-Blot Turbo Transfer System (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Then, the membranes were blocked with 4% low-fat milk diluted in a
Tris-buffered saline/Tween (TSB-T) buffer (containing 0.9% NaCl, 10 mM Tris) overnight.
Next, the membranes were washed four times for five minutes with a TBS-T buffer and
probed in the appropriate antibodies for 1.5 h (Anti-HSP70 cytoplasmic (AS08 371), 1:3000;
Anti-HSP70 chloroplastic (AS08 348), 1:2000; Anti-HSP90-1 (AS08 346), 1:3000 (Agrisera,
Vinnds, Sweden)). The membranes were washed four times for five minutes with a
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TBS-T buffer and then incubated with the appropriate secondary antibody (Alkaline-
Phosphate Conjugated Anti-rabbit, for HSP70 cytoplasmic 1:5000; for HSP70 chloroplastic
1:10,000; for HSP90 1:5000 (Sigma-Aldrich, Poznan, Poland)) for 1.5 h. Dilutions of the
antibodies were selected based on the previous optimalization process and the protocol
of the manufacturer. Three independent repetitions (both biological and technical) were
performed. Densitometric analyses were performed to measure the protein content using
Image] software (NIH, Bethesda, MD, USA). The averages are expressed as arbitrary
units (A.U.) correlated with the area under the densitometric curves. Exemplary blots are
presented in Figure S2 (Supplementary Materials).

2.4. Statistical Analyses

All of the statistical analyses (ANOVA, post-hoc Duncan’s tests) were conducted using
Statistica 13.1 software (StatSoft, Tulsa, OK, USA). For a specific hormone or protein, the
non-acclimated, cold-acclimated and deacclimated plants (within each cultivar separately)
were compared. The average data are presented as £SD. Values that are marked with the
same letters did not significantly differ according to the Duncan’s test (p < 0.05).

3. Results
3.1. Hormonal Analyses

Twenty-three hormonal compounds were identified in the group of growth-promoting
hormones and stress hormones (active forms, precursors, metabolites, conjugates) in all of
the tested cultivars.

Five hormones (more characteristic for the plant stress response) and their precursors
were identified: abscisic acid, 12-oxo-phytodenoic acid, jasmonic acid, benzoic acid and
salicylic acid (Figure 1A-U). The concentration of abscisic acid (ABA) increased (from 485%
in cultivar Bojan to 963% in cultivar Rokas) in all of the cold-acclimated plants (compared
to the non-acclimated plants) and then decreased once again in the deacclimated plants.
However, the ABA level in the DA plants was still significantly higher than in the NA
plants (Figure 1A-D). The abscisic acid (ABA) content had the same, statistically significant
pattern of changes in all of the tested cultivars.

Changes in the content of 12-oxo-phytodenoic acid (a precursor of jasmonic acid) were
also observed. Lower amounts of this phytohormone were detected after cold acclimation
of all of the cultivars from 51% to 77% (Figure 1E-H). After deacclimation, the 12-oxo-
PDA content once again increased in three cultivars, the exception was Rokas, in which
there were no changes between the CA and DA plants (Figure 1H). As for the active form
(jasmonic acid), in the CA plants (Bojan, Feliks), its content was visibly higher by an average
of 327% (Figure 1L]). In President, there was a slight tendency of JA to increase, while in
Rokas, no changes were observed between the NA and CA plants. Deacclimation reduced
content of JA in Bojan and Feliks to the level that was observed in the NA plants. There
was an opposite effect for the deacclimated plants of President and especially Rokas, in
which an higher content of JA was observed (Figure 1K,L).

A lower amount of benzoic acid was detected in the cold-acclimated Bojan, Feliks and
Rokas plants by an average of 11% compared to the non-acclimated plants. In President,
the tendency was similar but statistically insignificant. After the deacclimation process, the
effects of cold was generally reversed (Figure IM-P). There were no differences in the level
of salicylic acid in the cold-acclimated cultivars of Bojan, Feliks and President (Figure 1R-T).
A decrease in the level of salicylic acid in the cold-acclimated plants was detected only in
Rokas (Figure 1U). In all of the cultivars, there were no statistically significant differences
in the SA level between the CA and DA plants.
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In Bojan and President plants, the level of GAis decreased after cold acclimation (54%
and 55%, respectively), but after deacclimation, it increased to a level that was similar to
the non-acclimated plants (Figure 2A,C). In the Feliks and Rokas plants, there were no
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was a slightly, although statistically significant, lower level of this compound in the CA
Bojan plants (Figure 2E).
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Cold acclimation generally reduced the concentration of GA4 and GA; (Figure 2I-P);

deacclimation more or less reversed this effect in almost all of the studied cultivars, which

was particularly visible in the case of GA7 (Bojan, President and Rokas; Figure 2M,O,P).
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the Rokas plants, GAs3 decreased after cold (Figure 3B,D). After deacclimation, the level of
this phytohormone was similar to the level that was observed in the cold-acclimated plants
in three of the four tested cultivars (Figure 3B-D).

The GA1g rather showed a tendency to accumulate more in cold acclimated plants (than
in NA plants); interestingly, deacclimation further strengthened this effect (Figure 3E-H). For
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Cold acclimation reduced the level of IAM in three of the four tested cultivars, while
in one cultivar (President), IAM remained at a similar level as in the non-acclimated plants
(Figure 4A-D). During the deacclimation, there was a significant increase in the level of
IAM in the Bojan plants—the accumulation of IAM reached the same level as that in the
non-acclimated plants (Figure 4A). There was a similar tendency (statistically insignificant)
in the Rokas cultivar (Figure 4D). Deacclimation did not change the content of this hormone
in the Feliks and President plants (Figure 4B,C).

The content of the second precursor (IAN) decreased after cold acclimation only in
the Bojan plants (there were no changes between the NA and CA plants in the other three
cultivars) (Figure 4E-H). After the Bojan plants were deacclimated, IAN was higher once
again and reached a level that was 190% higher than in the NA plants and 103% higher
than in the CA plants. In the Feliks cultivar (Figure 4F), IAN decreased after deacclimation,
while in two of the other cultivars, it remained at the same level as after cold acclimation
(Figure 4G,H).

The cold-acclimated Bojan plants were characterized by a decreased level of IAA (by
approximately 53% compared to the NA plants) (Figure 4I). The hormone level in this
cultivar increased again after deacclimation (although it did not reach the same level as in
the NA plants). In the Feliks and Rokas plants, cold acclimation lowered the concentration
of IAA slightly, and this level was also maintained after deacclimation (Figure 4],L). There
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were no statistically significant differences in the accumulation of IAA (similar to IAM and
IAN) between NA, CA and DA plants in the President cultivar (Figure 4K).

The leaf accumulation of the auxin conjugates IAAsp, IAGlu and the oxidized form
OxIAA had the same pattern of changes in the Bojan plants. Their concentrations decreased
after cold and increased again after deacclimation, although not to the level that was
characteristic for the NA plants (Figure 5A,E,I). In the three other genotypes, cold also
decreased (or did not change) the content of these compounds (Figure 5B-D,F-H,J-L), but
the accumulation of IAAsp and IAGlu in the leaves of deacclimated Feliks, President and
Rokas plants, in most of the cases, reached the lowest values compared to both the NA and
CA plants (Figure 5B-D,]J-L). The deacclimation of these three cultivars did not change the
level of OXIAA (compared to the CA plants) (Figure 5F-H).

The amount of I3CA decreased significantly (from 41% to as much 94%) in th%’c(())th%z1
acclimated plants (with the exception of the Feliks plants; Figure 5N). After deacclimation,

the content of this hormone returned to a similar level as was detected in the NA plants
(Figure 5M,O,P).
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cultivar was characterized by a decrease in the level of the HSP70 cytoplasmic protein
after cold acclimation, and a further decrease was also observed after deacclimation
(Figure 7D).

As for chloroplastic HSP70, in the Bojan plants, there was an increase in the amount
of this protein after cold acclimation. After deacclimation, the level of chloroplastic HSP70
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deacclimation more or less decreased it (Figure 7I-K). In contrast to these three cultivars,
the Rokas cultivar accumulated the highest amount of HSP90 in the non-acdirtated

plants, and thiS amount was surprisingly lower in the cold-acciimated plants and
decreased further in the deacclimated plants (Figure 7L).
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The common tendency for all of the tested cultivars was a lower accumulation of

HSP90 (so as cytoplasmic HSP70) in the DA plants (compared to the CA plants).
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4. Discussion
4.1. The Impact of Deacclimation on Plant Hormone Management

Generally, the profile of the hormones detected in the oilseed rape was in agreement
with the data that are available in the literature. The presence of auxins (for example IAN,
IAM, TAA, oxIAA, IAAsp, IAGlu) in oilseed rape was reported by [34], gibberellins (for
example GA1, GA3, GA1g9, GApp) by [35] and cytokinins (for example cis-ZEA and cis-ZEA-
rib) by [36]. Additionally, stress hormones such as ABA, JA, SA (and its precursor BA) were
reported by [37-39]. According to our best knowledge, only 12-oxo-PDA and I3CA were
not previously detected in oilseed rape plants; thus, we report it for the first time here.

It is well known that the temperature in which a plant grows modifies the content
of hormones in plant tissue. Regarding the cold acclimation (hardening), the changes in
ABA are well known. This is related to the fact that the role of cold hardening in the case
of winter plants is to increase their frost tolerance, and therefore, the increase in the level
of ABA is important for the development of frost tolerance [40]. This is also confirmed by
studies in which this hormone was used exogenously and an increase in frost tolerance
of winter plants was noted [41,42]. In our experiment, in winter oilseed rape, after three
weeks of cold acclimation, the ABA content increased unequivocally in all four of the tested
cultivars (Bojan, Feliks, President, Rokas). An increase in the ABA content (from 300 to
almost 600 pg/mg D.W.) in the cold was also observed in the fifth cultivar of winter oilseed
rape—Pantheon, which was tested in another experiment (data not shown). These results
were expected and are consistent with previous reports on oilseed rape [40]. The rapid
increase in the ABA content in the leaf discs was noted within the first three days of cold
acclimation at 2 °C. The ABA level remained high during the next 18 days. According
to [37], increased levels of ABA were already observed in oilseed rape during early seedling
growth in prehardened plants (plants growing at temperature 12 °C vs. plants growing at
20 °C).

Generally, the cold-induced increase in the ABA content in the plants of the cultivars
that were studied here corresponded with a significant increase in the frost tolerance of these
plants [3]. It was also observed that the most frost-tolerant cultivar, Rokas, accumulated
more than 1200 pg of this hormone per mg of D.W. in the leaves after cold acclimation,
while the other tested cultivars accumulated approximately two-fold less. This corresponds
somewhat to the results of experiments with the exogenous use of ABA, where it was
proven that while the supplementation of ABA increased the frost tolerance, the hormone
was more effective in cultivars that had a naturally lower content of ABA [43].

In an earlier work [3], deacclimation (7 days 16/9 °C d/n) caused a significant decrease
in frost tolerance of the ten tested cultivars of oilseed rape. Considering the significant
relationship between ABA and the level of frost tolerance, a decrease in the level of this
hormone as a result of deacclimation could be expected. The results obtained in this paper
fully support this assumption. In all of the cultivars (Bojan, Feliks, President, Rokas), as
well as in the additionally tested cultivar Pantheon (data not shown), this deacclimation
caused a decrease in ABA content, although not to the level that was recorded in the control
plants (those without cold hardening). This corresponds to the fact that the frost tolerance
of the plants after deacclimation was lower, although it remained higher than that of the
control plants [3]. Surprisingly, according to [37],the deacclimation of oilseed rape caused a
slight increase in the ABA content in both of the tested cultivars of oilseed rape that were
tested by the authors.

Although the role of ABA in the cold hardening and in frost tolerance of plants is
the most well-known, other typical stress hormones can also contribute to improving the
tolerance to temperature stress. Among them, we also studied jasmonic acid and salicylic
acid in our experiment. According to the literature, the exogenous application of jasmonic
acid improves the freezing tolerance of A. thaliana L. with or without the cold acclimation
process. In contrast, blocking the endogenous JA biosynthesis resulted in plants that
were hypersensitive to freezing [14]. Simultaneously, the content of JA increased also in
cold-treated wheat [11]. It is in agreement with our studies, where the leaf content of JA
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generally increased after cold acclimation (although an interesting exception was the most
frost tolerant Rokas in which there were no changes in NA vs. CA plants). In addition, in
some of the cultivars (Bojan and Feliks, partly also President) the relationship between JA
and its precursor (12-oxo-PDA) was particularly clear. A higher precursor content in the
control plants or deacclimated plants was usually reflected in a lower JA content. A lower
content of the precursor in cold-acclimated plants was associated with a higher JA content.

It is also worth emphasizing that, unlike the other three cultivars, after deacclimation,
the plants of the Rokas cultivar were characterized by a several times higher content of
JA compared to the level of JA in the other cultivars. Because it is believed that JA is
important for improving low temperature tolerance ([14,44] and the literature cited there),
it is possible that the high levels of this hormone in this cultivar are among the factors that
contribute to maintaining a high frost tolerance despite deacclimation.

In the case of the third hormone, which was salicylic acid, the differences between the
NA, CA, and DA plants were not too large. Although the exogenous treatment of plants
with salicylic acid may induce cold or frost tolerance, i.e., in wheat (not acclimated and
cold acclimated plants [45-47]), in our opinion, the significance/importance of SA in the
frost tolerance of oilseed rape remains an open question.

Because plant growth is limited during the cold acclimation period, a reduction in
the level of the growth-stimulating hormones such as gibberellins, auxins and cytokinins
can be expected. In the plants of the same family as oilseed rape-Arabidopsis, GSF (Gib-
berellin Suppressing Factor) participates in the response to abiotic stresses such as cold by
suppressing the biosynthesis of gibberellins [48]. An increased deactivation of gibberellins
(in response to a short period of cold) was reported in winter wheat [11]. According to [37],
during the cold acclimation of oilseed rape seedlings (cultivar Gorczariski), the level of
GAj; decreased slightly. On the other hand, exogenous GAj disturbed cold acclimation,
thus, increasing the susceptibility of the photosynthetic apparatus to cold-induced pho-
toinactivation [12]. In our studies, the dominating, active gibberellin GA3 did not change
during cold acclimation (or in one cultivar—Bojan—even increased). On the other hand, a
cold-induced decrease was observed for the other active gibberellins, mainly for GA7 and
GA4 (usually accompanied by decrease in the precursor GAjs). In two of the four tested
cultivars, the content of GA¢ also decreased. Those differences in the contents/changes
of specific gibberellins between the cultivars indicates that the effect of temperature on
gibberellin biosynthesis in oilseed rape may be (at least partly) cultivar-dependent. This
could justify some of the differences between our results and the results in oilseed rape
that were obtained by [37]. It is worth mentioning here that the level of gibberellins may
dynamically change during the cooling time, which should be taken into account when
performing only single/point analyses. For example, in winter wheat, the concentration of
GAj and GAg (gibberellins from the group that is synthetized in the pathway via GAs3 [33])
began to increase significantly on the 9th day of cold up to the 15th day of cold [49]. On
the other hand, GA4 and GAy (gibberellins from group synthetized in pathway via GA1s)
had only one peak on the 12th day of cold and then their content decreased once again.
In barley, there was a tendency to accumulate fewer GA3 and GA4 in the cold acclimated
plants, while the amount of GAg4 tended to increase [50].

In oilseed rape, however, the gibberellin levels can already begin to increase at the end
of the cold period, especially when long (i.e., ten weeks) cooling periods are used [51]. This
is connected with the fact that in oilseed rape, gibberellins are engaged in development and
in this aspect, cold exposure is crucial to the vernalization process. Winter cultivars require
cold for the induction of stem elongation and flowering, and according to [51], vernalization
influences GA content and metabolism with GAs serving as probable regulatory interme-
diaries between the cold treatment and subsequent stem growth. The authors observed
a further increase in the level of gibberellins (especially GAjy, GA; and GA3) eight days
after the plants were moved from cold to 23 °C. In the experiment performed by [37] and
in our experiment, the cold period was much shorter (three to four weeks) and there was
an increase in the level of gibberellins in the plants, but during the period of deacclimation.
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It should be emphasized that in the oilseed rape that we studied, the increase in the level of
gibberellins as a result of deacclimation was varied (i.e., depending on the cultivar) but it
concerned especially GA1g (four cultivars), GA7 and GA4 (three cultivars), GApy and GAg
(two cultivars), GA3 and GAj5 (one cultivar). However, unlike the experiment of [51] in
which the importance of gibberellins in the context of development was examined, in our
experiment, the increase in the level of gibberellins as a result of deacclimation should be
interpreted as being unfavorable. Deacclimation in winter could mean a resumption of
growth and could be associated with a decrease in the frost tolerance of a plant. It is worth
mentioning here that exogenous gibberellins accelerate development ([52] and the literature
cited there) and especially at higher concentrations, GAs can decrease the tolerance to low
temperature [53,54].

Cytokinins are also engaged in the transition of winter oilseed rape to the generative
phase due to vernalization [52]. In our experiment, cold decreased the cis-ZEA levels in
oilseed rape (in all four cultivars), while deacclimation caused a statistically significant
increase in the level of this hormone in two cultivars; in the third cultivar, a similar
trend was observed, but it was not statistically significant. These trends are consistent
with those that were observed in previous studies on barley, where it was also shown
that cis-ZEA decreased after three weeks of cold, while after deacclimation, the level of
cytokinins increased again [16]. A decrease in cis-ZEA was also observed in winter wheat
after 2 weeks of cold [49]. However, for oilseed rape [36], reported that in the 21st day of
cold, the concentration of cis-ZEA started to increase slightly, while maximal value was
reached on the 42nd day of cold. Thus, as in the case of gibberellins, shorter periods of
cooling may be associated with a lower level of cytokinins, but after a longer period of
cooling, the accumulation of cytokinins can increase due to the progress of the processes
of the induction of generative development. However, when it comes to deacclimation
(as in the case of gibberellins), a sudden increase in the level of cytokinins as a result of
this process, which may occur, e.g., in the middle of the winter, should, in our opinion,
be interpreted as unfavorable as it could indicate the resumption of growth related to the
lowering of frost-tolerance.

As for the hormones from the third group of growth-promoting substances—auxins,
in our studies, the amount of IAA (the main active auxin) generally had a tendency to
decrease in the cold acclimated plants, which is in agreement with earlier findings for
wheat or barley [11,16,49]. However, the deacclimated plants of barley were characterized
by an increased level of hormones such as IAA or IAA methyl ester [16]. In our work, a
similar phenomenon was observed for only one of the four tested cultivars—Bojan. In this
cultivar, deacclimation very clearly reversed the effect of cold by not only increasing the
concentrations of IAA, but it was simultaneously connected to an increase in the production
of the precursors in IAA biosynthesis (IAM and IAN). The significant increase was also
recorded for IAAsp and oxIAA (and a tendency in IAGlu). OxIAA is characterized by
a weak biological activity and is usually irreversibly formed in response to increases in
the auxin levels [55]. Both conjugates IAAsp and IAGlu are also a form of deactivation
of IAA, and their level usually increases with an increase in the IAA content [56]. The
results suggest that generally the entire metabolism of auxins from biosynthesis to con-
jugation/deactivation in this cultivar was enhanced. In contrast to Bojan, there was a
different picture for auxin metabolism in the CA and DA plants for Feliks, President and
Rokas. The IAA content generally dropped slightly in these cultivars after cold and this
level was maintained after deacclimation. The lower content of the main active auxin was
accompanied by a relatively low content of the precursors (mainly IAM in Feliks and Rokas)
as well as IAAsp or oxIAA, which reflects a less intense metabolism of auxins than in Bojan,
especially after deacclimation.

In the end of this part of the discussion, it is worth emphasizing that the work of [15]
provided important genetic support for our studies that were devoted to changes in the
content of gibberellins and auxins in the deacclimated plants. According to the authors,
during the deacclimation of A. thaliana (a plant from the same family as oilseed rape),



Agriculture 2023, 13, 641

18 of 24

there was an overexpression of the genes associated with the metabolism of auxins and
gibberellins (but also brassinosteroids, jasmonate and ethylene).

The data regarding the accumulation of I3CA in the aspect of cold acclimation and
deacclimation must be taken into account for these very interesting and novel results.
I3CA (indole-3-carboxylic acid) is an indolic compound that is mainly recognized as a
player in plant pathogen resistance [57,58]. In our studies, its content decreased in cold (in
three of the four tested cultivars), while in all four of the tested cultivars, it significantly
increased after deacclimation. A simpler, although still theoretical, explanation is that this
is connected to the susceptibility of plants to some pathogen infection. Plants growing
in higher temperatures (deacclimated and also non-acclimated) are more susceptible to
a pathogen infection [59], thus, the involvement of the I3CA accumulation as protective
agent is higher (than in cold). There might also be another explanation based on the fact
that I3CA is one of the factors that regulate the callose accumulation [58]. Callose is a plant
polysaccharide that was mainly studied in the context of plant defense reactions, although
it is also engaged in the process of growth and development [60]. During the process of cell
division, the cell plate determines the correct composition of the cell wall layer—callose
forms a coat-like structure that covers the surface of the cell plates [60]. Limited growth
(and cell division) processes in cold might be connected to a lower requirement for callose
(thus I3CA as callose synthesis regulator may be lower). After the deacclimation processes,
the resumption of plant growth is linked to the higher activity of the growth regulation
factors, perhaps also including a higher callose synthesis that is regulated, among others,
by I3CA. The temperature-dependent changes in I3CA are a reason for further studies of
this matter and the verification presented hypothesis.

To conclude this part of the discussion, a few words need to be devoted to the relationship
between ABA and GA, which are hormones with an antagonistic activity [61]. To visualize
general changes in the hormonal balance between the active forms of the growth-promoting
and stress hormones in non-acclimated, cold-acclimated and deacclimated oilseed rape, the
following ratios were calculated: GA3/ABA, ratio GA3 + GA4 + GAg + GA7/ABA and ratio
TIAA + cis-ZEA+ GA3 + GA4 + GAg + GA7/ABA +JA (Figure 8A-F).

As for the ratio of gibberellins to ABA, the model of changes that is presented in
Figure 8A-D shows that the value of the ratio decreased in cold but increased again after
deacclimation, although (especially in winter cultivars) it did not reach the level that was
recorded for the control plants (before acclimation). In the case of the spring cultivar—Feliks
(Figure 8B,D), the effect of deacclimation was more pronounced than in the case of the
winter cultivars (Figure 8A,C), which (as expected) could indicate a lower tolerance to the
deacclimation of the spring cultivar. This lower tolerance to the deacclimation in a spring
cultivar is even better expressed in the relationship between all of the studied active forms
of the growth-promoting hormones (IAA + cis-ZEA+ GA3 + GA4 + GAg + GAy) and stress
hormones (ABA + JA) (Figure 8E,F).

Generally, the ratio of gibberellins to ABA corresponded well to the earlier results
concerning cold acclimation- and deacclimation-induced changes in frost tolerance [3].
After cold acclimation, the plants were characterized by a higher tolerance, while after
a period of deacclimation, the frost tolerance decreased, although not to the level that
was recorded in the control plants (basal tolerance). The control plants after frost (—5 °C)
had one point on a seven-point scale of injuries. The cold acclimated plants were able to
survive —15 °C (three to four points on the scale of injuries), while the deacclimated plants
were already severely injured by a temperature of —12 °C (one to two points on the scale
of injuries).
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To conclude this part of the discussion, a few words need to be devoted to the rela-
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growth-promoting and stress hormones in non-acclimated, cold-acclimated and deaccli-
mated oilseed rape, the following ratios were calculated: GAs/ABA, ratio GA3+(§19A(Zf+2 éAa

+GA7/ABA and ratio IAA + cis-ZEA+ GAs+ GAs+ GAs+ GA7/ABA +JA (Figure 8A-F).
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4.2. The Impact of Deacclimation on Heat Shock Protein Accumulation

As was mentioned in the Introduction, the heat shock proteins play an important
role as chaperones and assist other proteins in folding, maintaining and stabilizing [22].
Moreover, HSP90 is an important player that mediates the stress signal transduction [62]. A
similar function was also proposed for HSP70 [63]. As for chloroplastic HSP70, this protein
contributes to the photoprotection and repair of photosystem II [24]. HSPs are accumulated
in higher amounts (by various plants including oilseed rape), particularly during the
heat stress [17,26,64], but various classes of HSPs have often also been found elevated
in cold treated plants of grapevine [18], winter wheat [65] or barley [19]. That is why
the elevated accumulation of HSPs in cold-acclimated oilseed rape, which was observed
in our experiment, was an expected phenomenon. On the other hand, in our studies,
deacclimation most often resulted in a lower accumulation of HSPs. A higher level of hsp90
mRNA under low temperature was previously described in oilseed rape, after which the
accumulation of hsp90 mRNA decreased once again to the level of the control when the
cold-treated plants were transferred back to 20 °C [26]. In some way, exposing plants to
20 °C here could reflect deacclimation conditions. Moreover, in Rhododendron anthopogon
D.Don (an evergreen shrub), the expression of, among others, stromal HSP70 was up-
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regulated during the cold-acclimation phases and down-regulated during the transition to
the deacclimation phase [66]. Although a decrease (or increase) in gene expression does
not always have to correlate with a decrease (or increase) in protein accumulation, in our
oilseed rape, the directions of the changes in protein accumulation (an increase after cold
acclimation and then a decrease after deacclimation) were generally consistent with the
directions of the changes in the HSP gene expression that were previously found in genetic
studies on oilseed rape [26] and even in another family plant—R. anthopogon [66].

It is worth noting that changes in level of the protective HSP proteins (an increase in
the CA plants and usually a decrease in the DA plants) were accompanied by changes in
their frost tolerance (at least for three cultivars). As we previously described, deacclimation
significantly lowered the cold-induced frost tolerance of the tested cultivars [3]. The
exception, however, was a different pattern of changes in the HSP accumulation that
was recorded in the most frost tolerant cultivar—Rokas. This cultivar was generally
characterized by high basal level of HSP90 (measured in non-acclimated plants) and
cytoplasmic HSP70, but accumulation of these HSPs in the CA plants was surprisingly
decreased. While deacclimation caused a further decrease in the level of these proteins, the
deacclimated Rokas plants maintained the highest frost tolerance compared to the other
cultivars [3]. This is difficult to explain, and we can only offer a theory that it had something
to do with the complex dependency of HSP with many other factors, such as hormones,
various signaling proteins, transcription factors, etc. [62]. We also have to remember that
in our experiment, we only tracked the final accumulation of HSP and we did not know
anything about the intensity of the complex processes of the synthesis or degradation of
the proteins or the balance between them [67].

In the light of all the results presented in this work, it is worth making a brief comment
about a potential link between the HSPs, hormone ABA and cytokinins. According to
the review of [68], HSP90 may play a role in the signal transduction of ABA and this
presumption was made, among others, because of the evidence that a genetic or pharmaco-
logical interference with HSP90 could result in disturbances of the ABA-induced stomata
closure [69]. HSP90 clients and their potential involvement in the signaling pathways of
cytokinins (such as PAS1) were also described [68]). On the other hand, an exogenous ABA
treatment of A. thaliana and Festuca arundinacea Schreb. resulted in a higher level of the
expression of various HSPs, together with an improved tolerance to heat stress [70]. The
picture from our studies is somewhat similar to the results of [70]. In our work, an increase
in the ABA content (not by exogenous treatment but as a natural effect of a low temperature)
was usually accompanied by an increase in the HSPs, which was in agreement with an
increase in the cold-induced frost tolerance (as was previously described for the tested
cultivars [3]). Deacclimation significantly reversed these effects. Against this background,
it can be seen that the level of cytokinins decreased in cold and usually increased again
after deacclimation, thus, in contrast to the changes in ABA and HSPs. It is commonly
known that ABA and cytokinins have antagonistic effects on many physiological processes,
however, the dependency of cytokinin level on the HSP expression is more interesting.
For example, as was reported by [71], transgenic A. thaliana overexpressing ZmsHSP was
characterized by a lower level of cytokinins (although it was more sensitive to cytokinins).
However, on the other hand, according to [67,72], cytokinins up-regulated most of the
HSP70s and stimulated protein accumulation. Simultaneously, ABA (and jasmonates) have
a negative effect on the HSP70 expression/HSP70 protein accumulation, which only shows
that the relationship/interaction between these groups of players (ABA, cytokinin, HSP)
is a result of a complex crosstalk on multiple levels that certainly (in the aspect of cold
acclimation and deacclimation) requires further studies, probably using plant mutants or
inhibitors as well as genetic research. To summarize, a model of the changes in the frost
tolerance of cold acclimated and deacclimated oilseed rape against the background of the
changes in the concentrations of ABA, cis-ZEA, HSP70 cytoplasmic, HSP70 chloroplastic
and HSP90 is visualized in Figure 9.
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HSP70 cytoplasmic (cyt.), HSP70 chloroplastic (chl.) and HSP90. The visualization is based on the

data from [3] (frost tolerance) and on Figure 1A-D, Figure 6A-D and Figure 7A-L. Blue—increase,
red—decrease, grey—no changes.

5. Conclusions

In conclusion, in the winter oilseed rape, deacclimation-induced changes in the hor-
monal balance in the direction of the increased participation of hormones accompanied
by a stimulation in plant growth and development (cytokinin, GAs (cultivar-dependent))
while there was a decrease in the concentration of the stress hormone (ABA (cultivar inde-
pendent)). This is probably one of the factors that is responsible for the growth resumption
of deacclimated plants and the lowering of their frost tolerance. The measurements of ABA
or the ratio of gibberellins/ABA can be a tool for monitoring the process of deacclimation
(and potential changes in frost tolerance) in oilseed rape. In most cases, deacclimation
reversed the effect of cold acclimation on the protective heat shock proteins, which could
also be responsible for lowering plant frost tolerance. An interrelation between HSP and
hormones such as ABA or cytokinins in cold-acclimated and deacclimated plants seems to
be an interesting matter for more detailed studies. Similarly, finding an explanation for the
reason for changes in the concentration of indolic compound I3CA, which is lower in cold
but higher after deacclimation, requires further research. I3CA is an indolic compound
that, to date, has mainly been linked with the reaction of plants to pathogens.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/agriculture13030641/s1, Figure S1: The scheme of the experiment and sam-
pling of non-acclimated (NA), cold-acclimated (CA) and deacclimated (DA) oilseed rape. Figure S2:
The accumulation of the HSP proteins in the leaves of four cultivars of the non-acclimated (NA),
cold-acclimated (CA) and deacclimated (DA) oilseed rape. The visualized bands correspond to the
HSP70 cytoplasmic, HSP70 chloroplastic and HSP90 protein identified as described in Section 2.3.2.
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Figure S1. The scheme of the experiment and sampling of non-acclimated
(NA), cold-acclimated (CA) and deacclimated (DA) oilseed rape.
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Figure S2. The accumulation of the HSP proteins in the leaves of four cultivars
of the non-acclimated (NA), cold-acclimated (CA) and deacclimated (DA)
oilseed rape. The visualized bands correspond to the HSP70 cytoplasmic,
HSP70 chloroplastic and HSP90 protein identified as described in Section 2.3.2.
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ARTICLE INFO ABSTRACT

Keywords: Winter crops acquire frost tolerance during the process of cold acclimation when plants are exposed to low but

An“"_’“daﬂts non-freezing temperatures that is connected to specific metabolic adjustments. Warm breaks during/after cold

ﬁm“stlm ";p“s L. acclimation disturb the natural process of acclimation, thereby decreasing frost tolerance and can even result in a
arotenoids

resumption of growth. This phenomenon is called deacclimation. In the last few years, studies that are devoted to
deacclimation have become more important (due to climate changes) and necessary to be able to understand the
mechanisms that occur during this phenomenon. In the acclimation of plants to low temperatures, the impor-
tance of plant membranes is indisputable; that is why the main aim of our studies was to answer the question of
whether (and to what extent) deacclimation alters the physicochemical properties of the plant membranes. The
studies were focused on chloroplast membranes from non-acclimated, cold-acclimated and deacclimated culti-
vars of winter oilseed rape. The analysis of the membranes (formed from chloroplast lipid fractions) using the
Langmuir technique revealed that cold acclimation increased membrane fluidity (expressed as the Ajp, values),
while deacclimation generally decreased the values that were induced by cold. Moreover, because the chloro-
plast membranes were penetrated by lipophilic molecules such as carotenoids or tocopherols, the relationships
between the structure of the lipids and the content of these antioxidants in the chloroplast membranes during the
process of the cold acclimation and deacclimation of oilseed rape are discussed.

Cold acclimation
Langmuir technique
Low temperature
Tocopherols

1. Introduction warming of the climate, however, the phenomenon of deacclimation

(dehardening) is occurring more frequently and is caused by periods of

Oilseed rape (Brassica napus L.) is an important crop whose seeds are
used in human nutrition due to the high-quality composition of their
fatty acids, as well as an ingredient in animal feed. Oilseed rape is also
used for biodiesel production (van Duren et al., 2015). Winter cultivars
have higher yield potential than spring cultivars but their vegetation (in
regions such as Central Europe) must last throughout the winter months
when plants are exposed to below zero temperatures. Naturally, cold
acclimation (cold hardening) is a process that prepares oilseed rape
plants to survive winter conditions. This phenomenon occurs during
several weeks of plant growth at a temperature of about 4 °C and is
associated with a significant increase in frost tolerance. In such case,
plants enter the winter time in stage of hardened leaf rosette. With the

* Corresponding author.
** Corresponding author.

higher temperatures that interrupt the natural processes of cold accli-
mation in winter crops. Deacclimation makes such plants more suscep-
tible to frost (Rapacz et al., 2017; Stachurska et al., 2022; Vyse et al.,
2019). Generally, deacclimation is far more dangerous for the winter
cultivars of oilseed rape than for the spring cultivars of oilseed rape, but
the spring cultivars can also be exposed to this phenomenon. This is
because during the early stages of their growth (spring: March/April) in
some regions (like the Central/Eastern EU), temperatures below 0 are
nothing abnormal. Simultaneously, temperatures in the range 16-20 °C
or even higher are also possible. Oilseed rape that is germinated in cold
is hardened and tolerates slight frost well, but if seedlings are exposed to
20 °C and then the weather suddenly changes to frost, the risk of
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frost-induced injuries of leaves increases.

The metabolic changes in leaves during cold acclimation are well
understood (Fiirtauer et al., 2019). Cold acclimation causes changes,
among others, in the membrane lipid composition in the direction of
increased fluidity (Uemura et al., 1995), a decreased leaf water content
and an increased sugar content (Sasaki et al., 1996), an increased con-
tent of the stress hormones, e.g., ABA (Kosova et al., 2012) and an
increased accumulation of the protective proteins, e.g., the Heat Shock
Proteins (Sadura et al., 2020; Zhang et al., 2008) compared to the
non-acclimated plants.

In recent years, after recognising the problem of deacclimation and
its impact on economic losses, which are the result of frost injuries of
crops (Rapacz et al., 2017; Vyse et al.,, 2019), there has been an
increasing number of papers that describe the metabolic changes during
deacclimation and their relationship with the loss of frost tolerance in
crops. Studies of a few cultivars of winter oilseed rape have shown that
deacclimated plants were characterised by a lower frost tolerance
compared to cold-acclimated plants (Rys et al., 2020; Stachurska et al.,
2022). It was also well correlated with hormonal changes (Stachurska
et al., 2023). A decreased frost tolerance of oilseed rape was also
accompanied by a decrease in the content of sugars and an increase in
the osmotic potential (Rys et al., 2020). The chemical composition of the
leaves, which was measured using FT-Raman spectroscopy, confirmed
the metabolic differences between the cold-acclimated and deaccli-
mated plants (Rys et al., 2020). In fact, the metabolic profile of deac-
climated oilseed rape was more similar to the metabolic profile of
non-acclimated plants.

The reorganisation of the cell membranes (including the chloroplast
membranes) is a crucial part of the acclimation of plants to low tem-
peratures (Ogweno et al., 2009). Under stressful conditions, the lipid
composition of the chloroplast membranes changes (Filek et al., 2016),
as does, as among others, the content of tocopherols and carotenoids,
which are localised in the membranes (Munné-Bosch, 2005). The chlo-
roplast membranes are (depending on the plant genotype) composed of
about 65-90% of glycolipids such as monogalactosyldiacylglycerol
(MGDG) and digalactosyldiacylglycerol (DGDG) and also contain a
small amount of phospholipids (PL) (Jouhet et al., 2007; Quinn and
Williams, 1983). MGDG and DGDG are present in the membrane at
about 58% and 29%, respectively, of the total chloroplast lipid content.
Unlike DGDG and the majority of phospholipids that create a bilayer
lipid structure, MGDG forms hexagonal II or cubic phases (Webb and
Green, 1991). Because the non-bilayer lipids are responsible for the
permeability and thermal stability of membranes, a high content of the
MGDG in the chloroplasts is essential for the proper functioning of these
organelles (Dlouhy et al., 2020; Kirchhoff, 2018). In the hydrophobic
part, glycolipids are characterised by a high quantity of polyunsaturated
fatty acids, especially the linolenic (18:3) and linoleic acids (18:2)
(Mackender and Leech, 1974). The presence of unsaturated (at the
cis-conformation) fatty acids promotes the incorporation of other
hydrophilic-hydrophobic molecules into the lipid structure to a greater
extent than for the saturated acids (Filek et al., 2017). Some of the
molecules that can be incorporated into the membranes are tocopherols.
Tocopherols are a family of hydrocarbon compounds with a chromanol
ring and a saturated phytol side chain. The main isomer is a-tocopherol
(Niki and Abe, 2019). Tocopherols can be involved in the scavenging of
ROS, so they are classified as antioxidants (Havaux et al., 2005).
Atkinson et al. (2010) hypothesised that a-tocopherol, which is prefer-
entially included in the spaces of membranes that are rich in
poly-unsaturated fatty acids, can protect these fatty acids against per-
oxidation. a-Tocopherol might additionally stabilise the lipid domains
similar to what was found for the reaction of cholesterol in rafts. Based
on model systems that were mainly built from phospholipids, the spe-
cific action of a-tocopherol on the physicochemical properties of mem-
branes such as modifying the phase behaviour and lipid dynamics and
decreasing the motional freedom of the lipid fatty acyl chains was
confirmed. These responses were particularly observed at a low
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temperature (Hincha, 2008).

Another group of lipophilic substances that penetrate the chloroplast
membranes are carotenoids, which are synthesised in the chloroplasts in
the form of isoprenoid metabolites as the structural components of
photosystems (Sun et al., 2018). Carotenoids function as antioxidants
and photoprotectors. The ones that are found in large amounts in the
photosynthetic organs are usually p-carotene, its metabolite zeaxanthin,
which is a component of the xanthophyll cycle and also lutein (Dhami
and Cazzonelli, 2020; Ponder and Hallmann, 2019). The location of
specific carotenoids in the chloroplast membranes is conditioned by
their chemical structure (Gruszecki, 2004; Milon et al., 1986). In cold
conditions, similar to sterols, carotenoids can modify membrane fluidity
by increasing the membrane order and maintaining lateral lipid mobility
(Strand et al., 1997; Filek et al., 2016; Seel et al., 2020).

The temperature of plant growth influences the content of caroten-
oids and tocopherols in plant tissue. An increased level of a-tocopherol
was detected during exposure to a low temperature in maize plants
(Leipner et al., 1999) and in A. thaliana (Bergmiiller et al., 2003). The
cultivars of winter wheat that accumulated a higher amount of to-
copherols had a higher frost tolerance than the cultivar with a lower
amount of these compounds in the leaves (Janeczko et al., 2018). The
foliar application of a-tocopherol in bell pepper that was then exposed to
cold significantly increased the activity of enzymes such as catalase,
decreased the amount of Hy0, and improved the proline content (Atiq
etal., 2021). Carotenoids such as f-carotene are also antioxidants whose
biosynthesis and accumulation changes in cold-stressed plants (Sinha
et al., 2015). More frost-tolerant cultivars of winter wheat accumulated
more B-carotene in their leaves (Janeczko et al., 2018). The exogenous
application of carotenoids also helps to protect plants against low tem-
perature stress (Ding et al., 2022).

The current work is a continuation of our earlier studies on the
deacclimation process in oilseed rape in which, as the next step, we
focused on performing a detailed analysis of the impact of deacclimation
on the physicochemical properties of membranes (the chloroplast
membranes), which had been isolated from oilseed rape leaves. This
permits a better understanding of the mechanisms of the deacclimation
process. Our earlier studies showed that cold acclimation reduced in-
tensity of the light reactions of photosynthesis in oilseed rape while
deacclimation reversed the changes that had been induced by cold and
increased the photosynthetic activity (Rys et al., 2020; Stachurska et al.,
2022). The physicochemical properties of membranes may be measured
using the Langmuir technique. The Langmuir technique makes it
possible to obtain highly ordered, well-defined and controlled mono-
layers by using the phenomenon of the spontaneous orientation of the
hydrophilic-hydrophobic molecules at the water/air interface (Hussain
et al., 2018). Because lipids (like long-chain fatty acids) are amphiphilic
substances, they are attracted to water molecules with their polar group,
while the hydrophobic group is attracted to air. This is a model for the
behaviour of lipids in one of the monolayers of the membrane and maps
the orientation of the lipids at the border of the cytosol (hydrophilic
environment) and the “inside” of the membrane (hydrophobic envi-
ronment). This enables the creation of molecular architectures that are
useful for studying the physical phenomena at the molecular level
(Hussain et al., 2018). In the Langmuir method, the tested particles are
introduced to the water surface in the area of a special “gutter” at low
concentrations. Initially, they are located far from each other and the
interactions between them are weak. Therefore, the tested surface ten-
sion relative to the pure water (measured as the surface pressure)
changes little (initial area of the Langmuir diagram). After a slow
compression (through a moving barrier), the lipid molecules come closer
to each other reaching the maximum possible orientation in monolayer,
which is determined by the properties of attractive-repulsive in-
teractions between the polar groups of the lipids and their hydrophobic
groups. In this situation, the surface tension changes rapidly, reaching
the maximum of the Langmuir diagram. Further compression would
cause the particles to “overlap” (collapse). Calculating the data that
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obtained from the Langmuir diagram enables the physicochemical pa-
rameters of the monolayer, such as the area that is occupied by a single
molecule in a completely “packed” layer and the value of the surface
pressure at which the layer collapsed to be obtained. The interpretation
of these parameters provides information about the fluidity and elas-
ticity of the monolayer (see section 2.7 for details). Using the Langmuir
technique, monolayers can be produced from both pure fatty acids
(model monolayers) and also from the fatty acids that have been isolated
from plant lipids (native monolayers). In this case, the monolayers serve
as a simplified model of natural cell membranes. By examining only the
chemical composition of membranes (fatty acids), we obtain general
information about the possibility of changes towards more liquid
membranes (more unsaturated fatty acids) or more stiffened membranes
(more saturated fatty acids). On the other hand, physicochemical studies
using a Langmuir trough provide direct information about the actual
state of the membrane structure. Moreover, determining of physico-
chemical parameters of monolayer provides additional information
about the possibility of penetration of other molecules (carotene, to-
copherols) into the membrane. All modifications occurring within the
membranes serve to maintain such structure of the membranes, that
allows the proper functioning of the processes occurring in them (e.g.
transport, signalling) independently of the growth conditions of plants
and the effects of stress factors (including temperature changes).

The aim of the research was to describe the influence of deacclima-
tion on the physicochemical properties of the chloroplast membranes
(Langmuir trough studies) as well as any changes in the content of the
low-molecular antioxidants — tocopherols and carotenoids in isolated
chloroplasts (and in whole leaf tissue) of oilseed rape. Changes in the
properties of the membrane structure were investigated by determining
the physicochemical parameters of the MGDG (forms hexagonal struc-
ture) and PL (bi-layers) chloroplast fractions, which were selected as
lipids with a different spatial configuration in the membranes. We
verified the hypothesis that cold acclimation causes an increase in the
fluidity of the chloroplast membranes while deacclimation can reverse
this effect thus decreasing the membrane functionality in a low tem-
perature. The involvement of selected lipophilic molecules (tocopherols
and carotenoids) in the stabilisation of the membrane structure during
the cold-acclimation and deacclimation processes in oilseed rape is
discussed.

2. Material and methods
2.1. Plant material

The experiment was conducted on four cultivars of oilseed rape
(Brassica napus L. var. napus L.). Three were winter cultivars (Bojan,
President, Rokas [semi-dwarf]) and one was a spring cultivar (Feliks).
The cultivars were selected based on the work of (Stachurska et al.,
2022) in which their frost tolerance had been tested. The original results
have been recalculated and are presented in Fig. 1 —supplementary data.
Moreover, based on the results of the frost testing, the temperature that
was required to reduce plant regrowth by 50% (RT50) was calculated for
a particular cultivar. The data of RT50 are available in the work
(Stachurska et al., 2022).

Briefly, the spring cultivar Feliks had the lowest basal frost tolerance
(the frost tolerance of non-acclimated plants); the temperature of frost
testing was —3 °C. Non-acclimated winter cultivar Rokas had the highest
frost tolerance. After cold acclimation, Feliks (and President) had a
lower frost tolerance than Bojan and Rokas (frost test at a temperature of
—13 °C). The deacclimated winter cultivars Rokas, Bojan and President
were characterised by a similar frost tolerance, but it was clearly a
higher frost tolerance than was noted for the spring cultivar Feliks (frost
test at a temperature of —12 °C).

The seeds of the cultivars Bojan and Feliks were obtained from The
Plant Breeding and Acclimatisation Institute (IHAR), the National
Research Institute in Strzelce (Poland). The seeds of the President were
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Fig. 1. The values of the ratio between the two most unsaturated fatty acids:
a-linolenic acid (18:3) and linoleic acid (18:2) in (A) the phospholipid (PL)
fraction and (B) in the monogalactolipid (MGDG) fraction. The lipid fractions
that were isolated from the chloroplasts of the non-acclimated (NA), cold-
acclimated (CA) and deacclimated (DA) plants of oilseed rape (cultivars
Bojan, Feliks, President, Rokas). Values indicated by the same letters (within each
cultivar separately) are not significantly different according to the Duncan test (p
< 0.05).

obtained from Saatbau (Poland) and the seeds of the Rokas from Syn-
genta (Poland).

2.2. Experimental design and sampling

The experimental model was described in detail by (Stachurska et al.,
2022). Briefly, after germination, the seedlings were planted in pots with
soil (18 plants per pot) and were cultured for three weeks in a growth
chamber (4 day at 20 °Cd/n and 17 days at 17 °C d/n; 12h photoperiod).
The plants (15) were left in each pot and the plants were pre-hardened
for seven days (14 °C d/n, two days — 12h photoperiod; 12 °C d/n, three
days — 8h photoperiod; 10 °C d/n, two days — 8h photoperiod). Next, the
conditions were changed for the cold acclimation (4 °C d/n, 21 days - 8h
photoperiod). Finally, the temperature was increased to 16/9 °C d/n (8h
photoperiod, seven days) for the deacclimation of the plants. Light
conditions (LED lamps HORTI A were purchased from PERFAND LED,
Trzebnica, Poland) were the same during the entire experiment with a
light intensity of 300 pmol m~!s™%; for details see (Stachurska et al.,
2022). The experiment was conducted in the autumn/winter season.

The samples for all of the analyses were always collected from the
best-developed leaves in the rosette of the non-acclimated plants (NA,
control group), cold-acclimated plants (CA) and deacclimated plants
(DA). Pure chloroplasts for further analysis were also isolated from these
plant materials. The composition and content of the carotenoids and
tocopherols were measured in the leaves and in the chloroplast samples.
The composition of selected fatty acids was measured in the chloroplast
samples. A Langmuir trough analysis was performed on the lipids that
were isolated from the chloroplasts.
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2.3. Isolating the chloroplast from the fresh leaves

The chloroplasts were isolated based on the protocol that was
described earlier by (Sadura et al., 2021) at 4 °C. Briefly, the samples of
fresh leaves were homogenised with a CIB buffer (50 mM Tris-HCl, 5
mM ethylenediaminetetraacetic acid (EDTA), 0.33 mM sorbitol, pH =
7.5) using a kitchen blender (SM 3735, Severin, Germany)). The samples
were filtered through a material filter, collected into tubes, and centri-
fuged (3 min, 4 °C, 300 g). The supernatant was collected into new tubes
and centrifuged (10 min, 4 °C, 1200 g). On average, it was possible to
obtain about 1.22 g of pure chloroplasts from 23 g of fresh leaves. The
sediment of the chloroplasts was diluted with a CIB buffer. For the fatty
acid analysis, samples of about 580 mg of chloroplasts were diluted with
1.2 mL of a CIB buffer. For the analysis of antioxidants, samples of about
310 mg of chloroplasts were diluted with 1 mL of a CIB buffer. All of the
samples were stored at —80 °C for further analyses.

2.4. Extracting and separating the lipids from the chloroplast membranes

2 mL of hot isopropanol (four times 0.5 mL each time) and 0.15 mL
BHT (butylated hydroxytoluene) in isopropanol were added to the
samples of the chloroplast suspension in the CIB buffer and then shaken
for 10 min. Next, the lipids were extracted using a mixture of methanol/
chloroform (2:1) according to the method of (Bligh and Dyer, 1959) with
the modification of (Janeczko et al., 2009). The obtained extracts of
total lipids were dissolved in 1 mL of chloroform and the lipid fractions
were separated in a Supleco SPE tube (Discovery DSC-NH,,
Sigma-Aldrich, Poznan, Poland). The fraction of MGDG was eluted from
the column with 5 mL (five times 1 mL) of a mixture of acetone/ch-
loroform (1:2) and the fraction of PL with 5 mL (five times 1 mL) of
methanol. The fractions were evaporated to dryness under Ny and dis-
solved in 1 mL of chloroform. Subsequently, 2 mL of sulfuric acid (95%—
97%) in methanol (1:4) was added and the samples were heated in a
heating block at 100°C for 1h (shaking every 20 min). After cooling, 1
mL of Hy0 was added, and the samples were shaken vigorously. After
the phase separation, 1 mL was taken from the chloroform phase and
filtered directly into vials through a cotton wool filter. The composition
of fatty acids (FA), in particular the isolated fractions, was analysed
using gas chromatography (GC). The analyses were performed in three
replicates.

2.5. Estimating the FA composition and calculating the FA ratios

The samples were analysed using an Agilent Technologies 7820A
(Agilent Technologies, Santa Clara, CA, USA) gas chromatograph
equipped with a flame-ionisation detector (FID) and an HP-88 60m x
250 pm x 0.2 pm GC column (Agilent Technologies, Santa Clara, CA,
USA). The inlet temperature was set to 280 °C with a split mode (10:1).
The mobile phase was hydrogen, gas flow was set to 2 mL/min. The
temperature gradient that was used was as follows: initial 120 °C hold 1
min, ramp 10 °C/min to 175 °C, hold 8 min, ramp 5 °C/min to 210 °C,
hold 3 min and finally, post time 2 min with 250 °C. The detector
temperature was set to 280 °C. The individual fatty acid methyl esters
were identified by comparing their retention times with a standard
mixture of Supelco 37 component FAME Mix (Merck, Darmstadt,
Germany).

The data were expressed as the molar percentage of a specific fatty
acid relative to all of the fatty acids that were measured. Due to their
importance for the structure of the membranes, the focus was on FA 18:3
and 18:2 and calculating the ratio 18:3/18:2 (Fig. 1). The other fatty
acids identified based on Supelco 37 component FAME Mix, were among
others: 16:0, 16:1, 18:0, 18:1 and 20:0.

2.6. Analysis of tocopherols and carotenoids

The tocopherols (a-, B-, y-, 8-) and carotenoids (zeaxanthin,
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B-carotene) were measured based on the method reported by (Laskos
et al., 2021). The samples were extracted in 1 mL
ethanol/acetone/methanol/2-propanol (8/3/3/1 v/v) containing a 1%
solution of BHT by shaking in a water bath at 75 °C for 15 min. Then,
250 pL of 80% KOH was added and the extraction was continued for 30
min. Next, the samples were diluted with 3 mL H50 and cleaned up by a
double liquid-liquid extraction with n-hexane. After evaporation under
N, the combined n-hexane layers were reconstituted in 0.1% BHT in
methanol/dichloromethane (3/1 v/v) prior to the HPLC separation. An
Agilent 1260 UHPLC binary system with diode array (DAD) and fluo-
rescence (FLD) detectors was used. The separation was performed on an
Ascentis Express RP-Amide (3 x 150 mm,; 2.7 pm, Supelco, St Louis, MO,
USA) column at 0.8 mL/min, 60 °C and a linear gradient of (A) 0.5%
formic acid (FA) in acetonitrile (ACN)/H-0 (6/4 v/v) and (B) 0.5 % FA
in 2-propanol/ACN (9/1 v/v) from 40 to 100% of B in 15 min. The to-
copherols were detected using FLD at an excitation wavelength of 295
nm and an emission wavelength of 330 nm, while the carotenoids were
detected using DAD at 450 nm. Calibration was performed based on the
data that had been obtained for pure standards in conditions that were
identical to those for the samples. Pure o-, f-, y- and 8-tocopherol were
purchased from Sigma-Aldrich (Poznan, Poland). The carotenoids were
purchased from DHI Lab Products (Horsholm, Denmark). The analyses
were performed in three replicates (chloroplast samples) or five repli-
cates (leaf samples where one replicate = one leaf sample from different
plants).

2.7. Forming and measuring the physicochemical parameters of the
Langmuir monolayers

The lipid fractions (PL and MGDG) that had been isolated from the
chloroplast membranes were used for the experiment using the Lang-
muir technique (Minitrough, KSV, Finland). The Langmuir monolayers
were produced by spreading chloroform solutions of the lipids on the
surface of water (as the subphase). The obtained monolayers were
compressed at a rate of 3.5-4.6 A%/molecule x min. A Platinum Wil-
helmy plate connected to an electrobalance was used to detect the sur-
face pressure with an accuracy of +£0.1 mN/m. The experiments were
conducted at a temperature of 7 °C. The measurements were repeated
three to five times in order to prove the high recurrence of the obtained
isotherms (+£0.1-0.3 10\2). The following parameters, which charac-
terised the physicochemical properties of the lipid monolayers, were
calculated based on the dependence of the surface pressure () vs the
area per lipid molecule (A): Ay, — the area that was occupied by a single
molecule in a completely packed layer and o) — the value of the surface
pressure at which a layer collapsed. The static compression modulus was
calculated as Cs = — (dn/dInA). Cs provides information about the me-
chanical resistance of the layers and therefore their elasticity.

2.8. Statistical analysis

Statistical analysis was performed in Statistica 13.1 (StatSoft, Tulsa,
OK, USA). The average data in the tables/figures are presented +SD.
The Duncan’s test was used to compare the averages for each cultivar
separately (within a given parameter). Significant differences between
the averages are indicated by different letters.

3. Results
3.1. Fatty acid content and composition

The MGDG and PL fractions of the chloroplasts that were isolated
from the studied objects were characterised by a composition of fatty
acids such as, among others, palmitic (16:0), stearic (18:0), oleic (18:1),
linoleic (18:2) and a-linolenic (18:3) acids (data not shown). Fatty acid
18:3 was presented in the highest molar percentage, reaching a value of
about 70% for MGDG and about 50-60% for PL. Because of the
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importance of two unsaturated FA (18:3 and 18:2) for the properties of 3.2. Physicochemical parameters of the Langmuir monolayers

the membranes (particularly in relation to temperature), the ratio of

18:3/18:2 was calculated (Fig. 1). For the MGDG fraction, the values of Examples of the relationship between the surface tension and the
the 18:3/18:2 ratio were higher than for the PL fraction and reached a area that was occupied by the monolayer that was composed of the PL
value that ranged from 16 to 35 (while in the PL fraction, it was about and MGDG fractions are presented in Figs. 2 and 3. Using these re-
5-11). In all of the tested cultivars, cold acclimation increased the ratio lationships, the physicochemical parameters of the monolayer structure
18:3/18:2 compared to the NA plants, while deacclimation reversed the were calculated (Table 1).

effect of cold — the ratio was lower and was similar to that of the NA For the PL fraction, the area per particle (Ajy) for the lipids that were
plants. isolated from all of the tested cultivars significantly increased when the

temperature decreased (lipids from the CA plants) and decreased once
again after deacclimation (lipids from the DA plants). For three of the
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Fig. 2. Exemplary Langmuir isotherms (surface pressure © vs area per molecule A) — column (A) and the dependence of the compression modulus (C; ) vs the surface
pressure of the analogous systems — column (B) for the phospholipids (PL). The monolayers were prepared from the PL that were isolated from the chloroplasts of four
cultivars of winter oilseed rape (Bojan, Feliks, President, Rokas). NA — non-acclimated plants, CA — cold-acclimated plants, DA - deacclimated plants.
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Fig. 3. Exemplary Langmuir isotherms (surface pressure & vs area per molecule A) — column (A) and dependence of the compression modulus (Cg 1y vs the surface
pressure of the analogous systems — column (B) for the galactolipids (MGDG). The monolayers were prepared from the MGDG that were isolated from the chloroplasts
of four cultivars of winter oilseed rape (Bojan, Feliks, President, Rokas). NA — non-acclimated plants, CA - cold-acclimated plants, DA — deacclimated plants.

four tested cultivars, o) increased as a result of cold and remained at a
similar level in the lipids from the DA plants. The exception here was
cultivar Rokas in which cold did not influence 7.o;; (CA vs NA plants)
while deacclimation decreased it (DA vs CA plants). For President and
Rokas, the Cg 1 decreased under the influence of cold acclimation and
this effect was stronger in the DA plants. In the case of the lipids that
were isolated from cultivar Bojan, cold acclimation and deacclimation
increased the value of Cg I (Table 1 and Fig. 2).

For the MGDG fraction, the parameters that characterised the
monolayers was also influenced by the temperature of the growth of the
plants from which the lipids were isolated. Aj, increased under the

influence of cold acclimation for all of the tested cultivars, especially for
Rokas and Bojan for which there was close to a two-fold increase
compared to the non-acclimated plants (Table 1). For the lipids that
were isolated from these two cultivars, after deacclimation, the Ajm
values decreased once again but did not reach the values that are
characteristic for the non-acclimated plants (remained statistically
significantly higher). Similar effects were observed also for Feliks
although in the CA plants, the increase in Aj, was not as high as in the
case of Bojan and Rokas. In the case of the cultivar President, deaccli-
mation did not change the values of this parameter (DA vs CA); the
values remained at the level that was observed after cold acclimation.
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Table 1

The physicochemical parameters: the limiting area per molecule (Aj;,), collapse
pressure (micon) and compression modulus (Cs ') of the monolayers that were
prepared from the phospholipids (PL) and galactolipids (MGDG) that were iso-
lated from the chloroplasts of four cultivars of winter oilseed rape (Bojan, Feliks,
President, Rokas). NA — non-acclimated plants, CA — cold-acclimated plants, DA
- deacclimated plants. Mean values + SD indicated by the same letters did not
significantly differ according to the Duncan test, p < 0.05.

System Ajim [A?] Teont [MN/m] Canax [MN/m]
Fraction PL

BOJAN NA 38.4 +0.2° 41.0 £ 0.3° 45.2 + 0.9°
BOJAN CA 41.4 £0.3* 42.0 +0.4° 52.3 + 0.8%
BOJAN DA 40.4 +0.5° 41.8 + 0.5 51.8 + 1.0°
FELIKS NA 45.3 +0.3° 40.3 + 0.6° 51.4 + 1.0°
FELIKS CA 47.0 £ 0.4 41.2 +£0.7% 49.5 + 1.1%
FELIKS DA 45.5 + 0.4° 41.7 £ 0.5% 44.8 + 0.8°
PRESIDENT NA 37.2+0.5" 39.7 £0.3" 60.7 + 0.5°
PRESIDENT CA 41.6 £ 0.7% 40.8 + 0.8% 52.9 + 1.0°
PRESIDENT DA 35.4 + 0.6° 41.1 £ 0.4 483+ 1.1°
ROKAS NA 38.7 + 0.6° 42.0 + 0.6% 57.3 +1.2%
ROKAS CA 40.1 + 0.4° 41.6 + 0.4° 48.6 +1.3°
ROKAS DA 38.5 + 0.3° 40.8 +0.7° 44.9 £ 0.9°
Fraction MGDG

BOJAN NA 33.4 + 0.4° 35.2 + 0.5° 36.4 + 0.7°
BOJAN CA 58.7 + 0.8° 39.3+0.3° 49.6 + 0.9°
BOJAN DA 42.2 +0.3° 39.9 +0.7° 42.9 +0.9°
FELIKS NA 32.7 + 0.6 38.3 +0.3° 41.2 + 1.0°
FELIKS CA 45.2 4+ 0.7% 39.2 + 0.7° 53.9 + 1.1%
FELIKS DA 42.9 +0.3° 37.9 + 0.6° 49.6 + 0.9°
PRESIDENT NA 31.5 + 0.5° 35.6 + 0.7° 39.1 +1.2°
PRESIDENT CA 36.6 + 0.6% 39.4 + 0.6% 45.1 + 1.0°
PRESIDENT DA 36.5 + 0.3 39.3 + 0.4° 44.4 + 0.9°
ROKAS NA 35.4 + 0.7 39.9 +0.3° 53.8 + 0.8%
ROKAS CA 62.0 +0.3% 41.5 +0.8% 51.9 + 0.9°
ROKAS DA 43.7 £ 0.5" 39.7 + 0.5° 41.4+1.1°

The value of 7 o) increased after cold in all of the cultivars. In Feliks
and Rokas, it decreased after deacclimation once again, while in Presi-
dent and Bojan, there were no differences between the CA and DA
plants. The monolayers of the lipids that were isolated from the CA
plants were characterised by a higher value of C;! (exception Rokas —
where C5 ! was lower in the CA plants) and then again decreased in the
DA plants (Fig. 3).
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3.3. Tocopherol content and composition

The analysis of the content of tocopherols showed that the oilseed
rape leaves and isolated chloroplasts primarily contained a-tocopherol
(Fig. 4A, Table 2), while the remaining tocopherols were present in
amounts that were approximately 100-fold lower; the lowest was for
§-tocopherol (Fig. 4D-Table 2). In the leaves of the non-acclimated
plants, o-tocopherol was detected in a range from 141 ng mg~! DW
(President) to 177 ng mg’1 DW (Feliks). The chloroplasts that were
isolated from the non-acclimated plants accumulated a-tocopherol from
102 ng mg~! DW (Bojan) to 190 ng mg ™! DW (President). y-tocopherol
was present in the non-acclimated leaves and chloroplasts in a range of
1.8-6.1 ng mg~! DW (Fig. 4C-Table 2). In the leaves and chloroplasts of
the non-acclimated plants, p-tocopherol was also detected (2.4-4.7 ng
mg’1 DW) (Fig. 4B-Table 2). 8-tocopherol was accumulated in all of the
cultivars in amounts that averaged 0.5 ng mg ™' DW (exception — cultivar
Feliks).

Table 2

The content of tocopherols (ng' mg™?) in the leaves of oilseed rape (cultivars:
Bojan, Feliks, President and Rokas). NA - the non-acclimated plants, CA — cold-
acclimated plants, DA — deacclimated plants. Mean values + SD indicated by the
same letters (within each cultivar separately) did not significantly differ according to
the Duncan test, p < 0.05.

cultivar/ o-tocopherol  f-tocopherol y-tocopherol §-tocopherol
treatment
Bojan NA 143 + 16° 2.93 + 2,58 +0.31°  0.57 +0.12*
0.26°°
Bojan CA 228 + 142 2.28+0.73"  6.24+1.44®  0.30 + 0.09"
Bojan DA 227 + 78° 401 +£1.26° 3.47 +0.88°  0.43 +
0.14%°
Feliks NA 177 + 26° 472 +1.47°  6.10+1.28"°  1.27 +0.39"
Feliks CA 269 + 52° 5.25+0.97°  23.57 + 4.56 + 2,167
5.557
Feliks DA 411 + 76% 21.27 + 10.59 + 2.08 + 0.63"
2.66° 2.69°
President NA 141 +£19° 3.67 £0.83°  3.08+0.55"  0.70 + 0.28°
President CA 202 + 24° 228 +0.50° 6.14+1.01*  0.36 + 0.09"
President DA 184 + 397 2.72+0.35°  3.24+095"  0.36 +0.09"
Rokas NA 150 + 17° 2.30 £0.77°  3.34+0.80°  0.52 + 0.06°
Rokas CA 247 + 467 2.80 + 9.12 +3.06°  0.46 +0.13°
0.79%®
Rokas DA 327 + 972 372 +1.02°  4.63+0.56° 0.38+0.18%
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Fig. 4. The content of tocopherols: o — tocopherol (A), p - tocopherol (B), y-tocopherol (C) and & — tocopherol (D) in the chloroplasts of the non-acclimated (NA),
cold-acclimated (CA) and deacclimated (DA) oilseed rape cultivars (Bojan, Feliks, President, Rokas). Mean values + SD indicated by the same letters (within each cultivar

separately) did not significantly differ according to the Duncan test, p < 0.05.
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During cold acclimation, the content of a- and y-tocopherol increased
significantly in the leaves and chloroplasts of all of the cultivars
compared to the non-acclimated plants. In some cases, the content of
a-tocopherol was doubled (chloroplasts of Bojan) or even tripled
(chloroplasts of Rokas). The accumulation of y-tocopherol was also a few
times higher on average after the cold acclimation of the plants. A more
differentiated response (increase, decrease or no change) was observed
for all of the cultivars in the case of the other two tocopherols. The
accumulation of y-tocopherol in the leaves and chloroplasts of the
deacclimated plants decreased and reached a level that was similar to
the ones that were observed in the non-acclimated plants, or, in some
cases (chloroplasts of Rokas), they were only slightly higher. A similar
situation was recorded in the case of the accumulation of a-tocopherol in
the chloroplasts. Interestingly, in the deacclimated leaves, the content of
a-tocopherol was maintained at the level that was recorded after cold
acclimation (Fig. 4, Table 2).

3.4. Carotenoid content and composition

After analysing the content of the carotenoids, it was found that the
largest amount was constituted by the p-carotene pool (on average about
3000 ng mg ! in the non-acclimated plants), which was about one-order
of magnitude higher than that of zeaxanthin (Fig. 5, Table 3). The
content of carotenoids in the leaves decreased after cold acclimation in
three of the four tested cultivars. After deacclimation, the leaves of
President and Rokas were characterised by a further decrease of the
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Table 3

The content of carotenoids (ng mg’l) in the leaves of oilseed rape (cultivars:
Bojan, Feliks, President and Rokas). NA — the non-acclimated plants, CA — cold-
acclimated plants, DA — deacclimated plants. Mean values + SD indicated by the
same letters (within each cultivar separately) did not significantly differ according to

the Duncan test, p < 0.05.

cultivar/treatment p-carotene zeaxanthin
Bojan NA 3029 + 5257 435 + 48°
Bojan CA 2474 + 172° 272 + 88"
Bojan DA 2424 + 254° 327 + 52°
Feliks NA 2966 + 539° 448 + 55°
Feliks CA 2235 + 357° 337 + 44°
Feliks DA 2475 + 178 377 + 69%°
President NA 2785 + 287° 454 + 35°
President CA 2790 + 2317 293 + 30°
President DA 2386 + 104° 410 + 75°
Rokas NA 3269 + 2847 412 + 39°
Rokas CA 2532 + 267° 368 + 52°
Rokas DA 2070 + 171¢ 387 + 79%

most abandoned carotenoid — f-carotene. In the leaves of Feliks and
Bojan, the p-carotene level was maintained at a level that was similar to
the one that was observed after cold acclimation. The content of zeax-
anthin was similar in the CA and DA plants (in three of the four tested
cultivars, there were no statistical differences). The exception was an
increase of the zeaxanthin content in the deacclimated President plants
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Fig. 5. The content of carotenoids: p-carotene (A) and zeaxanthin (B) in the chloroplasts of the non-acclimated (NA), cold-acclimated (CA) and deacclimated (DA)
oilseed rape cultivars. Mean values + SD indicated by the same letters (within each cultivar separately) did not significantly differ according to the Duncan test, p < 0.05.
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(Table 3).

Somewhat less unequivocal results were observed for the isolated
chloroplasts. Cold acclimation and deacclimation did not result in any
statistically significant changes in any of the carotenoids in Bojan
(compared to the non-acclimated plants). In the chloroplasts of the cold-
acclimated and deacclimated Feliks, there was a significant increase
only for zeaxanthin. The chloroplasts that were isolated from the cold-
acclimated plants of President were characterised by a similar content
of B-carotene and zeaxanthin as was observed for the chloroplasts from
the non-acclimated plants. However, the content of both carotenoids
increased after deacclimation. On the other hand, in Rokas, the chlo-
roplasts that were isolated from the cold-acclimated and deacclimated
plants accumulated similar amounts of p-carotene and zeaxanthin (but it
was more than in the non-acclimated plants) (Fig. 5).

4. Discussion

The fatty acid content and composition of the chloroplast thylakoid
membranes is unique to this organelle and differs from the other plant
cell compartments thus indicating a major role for the lipids in the
structure and function of chloroplasts (Hernandez and Cejudo, 2021). In
our work, the effect of a low temperature on the FA ratio 18:3/18:2 in
the individual lipid fractions was also confirmed (Rudolphi-Szydlo et al.,
2020).

Changes in the degree of the saturation of the polyunsaturated fatty
acid content can regulate the fluidity of the membrane lipids and
improve a plant’s tolerance to chilling stress (Liu et al., 2018; Zhao et al.,
2021). The increase in the ratio of the more unsaturated FA 18:3 to 18:2
that was demonstrated in the presented research under low temperature
conditions (CA plants) was expected because such relationships were
also demonstrated earlier (Filek et al., 2017). This is generally connected
to a higher pool of 18:3 and the simultaneous decrease of 18:2. The
cultivars of winter wheat, which were more tolerant to a low tempera-
ture, responded (after cold acclimation) with a higher increase in
unsaturation than the sensitive ones (Filek et al., 2017). An analysis of
the changes in unsaturation that were initiated by a temperature drop
(CA plants) showed that the increase in unsaturation in Rokas and Bojan
(cultivars with higher frost tolerance) was the highest, particularly in
the PL fraction and was also high in MGDG fraction (Fig. 1). An increase
in lipid unsaturation is usually considered to be an indicator of
augmented membrane fluidity. Hence, it was expected that the increase
of the 18:3/18:2 ratio would be correlated with an increase of the Ajim
values, which characterise a change of the layer structure towards a
reduction of the density of its packing compared to the control (the lipid
monolayers from non-acclimated plants). Generally, a low temperature
resulted in a looseness of the lipid packing in the monolayers for all of
the studied cultivars. The fact that the plants of Rokas and Bojan had the
biggest changes in the value of the Ay, parameter after cold acclimation
(MGDG fraction) could confirm the assumption that the more
frost-tolerant cultivars of oilseed rape respond with greater changes in
membrane fluidity when the temperature decreases. Two other cultivars
(President and Feliks; more sensitive to frost) responded with a smaller
increase in membrane fluidity after cold.

Deacclimation more or less reversed the influence of cold on the
fluidity of the membranes (monolayers, PL fraction), resulting in a state
of membrane fluidity that was similar to that of the NA plants. In the
case of the MGDG fraction, relatively high monolayer fluidity was
maintained after deacclimation. Since MGDGs are the main lipid frac-
tion of chloroplasts, it can be assumed that despite deacclimation, the
membranes of these organelles are ‘prepared’ for another temperature
drop.

Another important parameter (Cg 1), which characterises the flexi-
bility of the membrane (resulting from the arrangement of the lipids
relative to each other), showed that both cold acclimation and deaccli-
mation modified the elasticity of the membrane of the tested cultivars. In
model studies (Brown and Brockman, 2007; Leshem et al., 1988;
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Rudolphi-Skorska et al., 2014), a higher participation of poly-
unsaturated FA in the monolayer (or a higher ratio of 18:3/18:2)
resulted in a higher fluidity of the monolayer (higher Aj;,) and simul-
taneously its increased elasticity (expressed by the lower values of the
compression modulus Cs'). The effect of increased elasticity is con-
nected to the specific organisation of the cis-unsaturated fatty acid
structures of the adjacent hydrocarbon chains relative to each other. In
our studies, the opposite phenomenon was observed especially for the
MGDG fraction in which cold treatment increased the Aj, values
together with an increase of C ! (i.e., the density of the molecules in the
monolayer decreased with a decrease of its flexibility). Therefore, it can
be assumed that in the MGDG fraction, there is a specific spatial fit of the
individual molecules in the monolayer. Such interactions of both the
hydrophobic part and the polar part (large in the case of this lipid) might
result in a lower elasticity of the monolayer. The exception here was the
frost-tolerant cultivar Rokas in which a higher elasticity (expressed by a
lower Cg 1y characterised the monolayers of the MGDG that had been
isolated from the CA plants (compared to NA plants). In the case of the
MGDG fraction, the higher temperatures during deacclimation reversed
the effects of cold (Bojan, Feliks), but in the case of Rokas, a high elas-
ticity (lower Cg 1y also characterised the monolayers of the DA plants,
which could be favourable for a better frost tolerance. As was mentioned
above, the effect of increased elasticity is connected to the specific
organisation of the cis-unsaturated FA. On the other hand, the spatial
arrangement of the unsaturated fatty acid groups might depend on the
effectiveness of the penetration of such monolayers (and in natural
conditions, the membrane of the chloroplast) by the lipophilic mole-
cules, such as, for example, the tocopherols or p-carotene, which are
compounds that can modify the physicochemical properties of the
membranes (Atkinson et al., 2010).

Since the increase in tocopherol synthesis is believed to be due to the
activation of defence mechanisms under stress conditions
(Munné-Bosch, 2005), an increase in the amount of tocopherols (mainly
a-tocopherol) in the chloroplasts after cold acclimation appears to be
justified. A similar effect was also observed in the whole leaves. On the
other hand, although deacclimation decreased the content of a-as well as
y-tocopherol in the chloroplasts, interestingly, this did not happen in the
leaf tissue. Tocopherols have been proven to be accumulated in the
chloroplast membranes (Vidi et al., 2006) and also in the cells in other
biological membranes (Atkinson et al., 2010; Maguire et al., 1989). One
of theoretical explanations is that after the deacclimation, the rebuilding
of the chloroplast membranes causes some amount of tocopherol to be
withdrawn from the chloroplasts. Simultaneously, the total cell content
of tocopherols remains unchanged or is even additionally increased,
possibly even synthetised. Such a situation was observed in the DA
Feliks, in which the a- and B-tocopherol content was higher compared to
the CA plants (Table 2).

Studies on model membranes have revealed that tocopherols can
interact with the polyunsaturated acyl groups of lipids that might sta-
bilise the membrane structure (Wang and Quinn, 2000). Interestingly,
a-tocopherol caused a destabilisation of the layers of the lipids that
contain only saturated FA (Jurak and Minones Conde, 2013). On the
other hand, (Gzyl-Malcher et al., 2010) conducted Langmuir through
studies of the interaction of tocopherols with the monolayers of lipids
that had been isolated from the cells of winter wheat. The experiments
showed that the mixed lipid/tocopherol monolayers were more stable.
This effect was noted, e.g., for MGDG - lipids that are predominant in
the chloroplasts. FA unsaturation (and a number of the galactose groups)
determined the interactions between the tocopherols and lipids.
Tocopherol generally limited membrane destabilisation. According to
Gzyl-Malcher et al. (2010), it could be one of the mechanisms of the
natural protection of the cells that synthesise this compound under
stress. As was shown by (Rudolphi-Skorska et al., 2016), not only
tocopherol, but also the products of tocopherol oxidation might stabilise
the lipid layers. All of the tested cultivars reacted to cold with an in-
crease in the a- and y-tocopherol content in the chloroplast membranes,
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which combined with the increase in the distance between the lipids
(Ajim) in the hydrophobic part of the membrane, can favour the for-
mation of sites in which the tocopherol molecules can be located. The
formation of tocopherol-containing sites not only stabilises the mem-
brane structure but at the same time, it protects it from oxidation by
reactive oxygen species, especially at those sites in the membrane that
contain the most unsaturated fatty acids (Rudolphi-Skorska et al., 2016).
It is also worth emphasising that various tocopherols are produced in the
cells and their slightly different structure can also affect their local-
isation and, in particular, their interaction with the membranes. To
conclude, the accumulation of tocopherols in the chloroplast mem-
branes might be useful for the effectiveness of the cold-acclimation
process (as biochemical adjustments to cold). Simultaneously, since
deacclimation reversed the metabolic changes that had been generated
by cold (and the content of tocopherols in the chloroplast decreased
once again), it could be one of many causes of the lower frost tolerance
of deacclimated plants.

The second group of low-molecular antioxidants — carotenoids — are
compounds that have many functions in plants. One of the most
important is the participation of carotenoids in the structure of the
photosynthetic antennae, their scavenging effect for reactive oxygen
species and in modifying the membrane physicochemical properties
(Gruszecki and Strzatka, 2005; Havaux, 1998; Lokstein et al., 2021). A
higher accumulation of f-carotene in the membranes provides an
additional level of protection of the chloroplasts and might support a
higher frost-tolerance in plants. Our earlier studies showed that the
more frost-tolerant cultivars of winter wheat accumulated more
fB-carotene and tocopherols in their leaves (Janeczko et al., 2018). It is
also known that carotenoids modulate the stability of the membrane
structures (Gruszecki and Strzatka, 2005; Havaux, 1998). p-Carotene
increases membrane fluidity while zeaxanthin is considered to be the
carotenoid that is responsible for decreasing membrane fluidity
(Gabrielska and Gruszecki, 1996; Havaux, 1998). In the studied chlo-
roplasts, the p-carotene content dominated strongly compared to the
content of zeaxanthin (and tocopherols), which could be one of factors
that create a higher fluidity of the native membranes (beneficial for
better frost tolerance). In light of this, it is worth emphasising that a
higher content of f-carotene characterised the CA plants of the most
frost-tolerant cultivar (Rokas). It is also interesting that after deaccli-
mation, a high accumulation of p-carotene in the chloroplasts was
observed not only in Rokas, but also in President (and a slight tendency
was observed in Bojan). All three cultivars had a better frost tolerance
(after deacclimation) than Feliks (Fig. 1, Supplementary). To summa-
rise, we can offer a theory here that a higher amount of p-carotene in
chloroplasts (especially after deacclimation) can be necessary to
modulate the membrane fluidity (important for frost tolerance) and may
also help to ‘prepare’ plants (photosynthetic apparatus) for another
temperature drop (so-called reacclimation process) and this phenome-
non could also be connected to the enhanced photosynthetic efficiency
that is characteristic for deacclimation (Rys et al., 2020; Stachurska
et al., 2022).

Finally, the results obtained in this work we were trying to discuss/
explain in the light of the previously described frost tolerance of the
cultivars that are selected for studies. It should be remembered however
that acquiring and maintaining different levels of frost tolerance is a
complicated and multilevel process, in which the described changes in
the chloroplast membranes may only be one of many other changes.

5. Conclusions
Despite the existing some cultivar-dependent differences in response
to cold acclimation and deacclimation, the following general conclu-

sions can be drawn regarding oilseed rape:

(1) The cold-induced changes in the unsaturation of fatty acids
(expressed as ratio 18:3/18:2) in the chloroplast were associated

10

Plant Physiology and Biochemistry 214 (2024) 108961

with changes in the fluidity of the monolayers (Ajin,). Cold (as was
expected) increased the fluidity of the membranes. The seven
days of deacclimation partly reverse this effect, which is probably
unfavourable from the point of view of frost tolerance.

In the chloroplasts of the cold-acclimated plants, the increase in
tocopherols (especially a-tocopherol) and carotenoids (especially
B-carotene) can influence membrane fluidity and favour the for-
mation of specific tocopherol-/carotene-lipid “sites” in the
membranes (in order to prevent them from the oxidation of the
unsaturated fatty acid by reactive oxygen species). The decrease
in the accumulation of tocopherols in the chloroplasts as a result
of deacclimation might, therefore, contribute to the weakening of
the membrane structure and may join with many factors that
affect the decrease in plant frost tolerance. On the other hand, the
accumulation of larger amounts of carotenoids ($-carotene) in the
chloroplast membranes of the deacclimated plants was a more
cultivar-dependent phenomenon. Nevertheless, this can be
explained by both the enhanced photosynthetic efficiency (that is
characteristic for deacclimation) and could also be among the
factors that are favourable for a better tolerance of plants to frost,
especially after periods of higher temperatures.

(2)
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Appendix A. Supplementary data
The following is the Supplementary data to this article:
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figs1. The frost tolerance of four cultivars of oilseed rape — Bojan, Feliks, President and Rokas
that characterized the non-acclimated plants (NA), cold-acclimated plants (CA) and
deacclimated plants (DA). The frost tolerance based on the regrowth scale (0—7 points; where
0 — dead plants, 7 — uninjured plants) after frost treatment (-3, -13 and -12°C, respectively for
particular group of plants). Data were originally published in Stachurska et al. 2022,
International Journal of Molecular Sciences 23, 5224. Current version is presented with
different statistical approach and with permission of publisher MDPI. Mean values + SD that
are marked with the same letters (for each group of plants: NA, CA and DA separately) did not
differ significantly at p < 0.05 according to Duncan’s test, n = 15.
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Abstract: Winter plants acclimate to frost mainly during the autumn months, through the process of
cold acclimation. Global climate change is causing changes in weather patterns such as the occurrence
of warmer periods during late autumn or in winter. An increase in temperature after cold acclimation
can decrease frost tolerance, which is particularly dangerous for winter crops. The aim of this study
was to investigate the role of brassinosteroids (BRs) and BR analogues as protective agents against
the negative results of deacclimation. Plants were cold-acclimated (3 weeks, 4 °C) and deacclimated
(1 week, 16/9 °C d/n). Deacclimation generally reversed the cold-induced changes in the level
of the putative brassinosteroid receptor protein (BRI1), the expression of BR-induced COR, and
the expression of SERK1, which is involved in BR signal transduction. The deacclimation-induced
decrease in frost tolerance in oilseed rape could to some extent be limited by applying steroid
regulators. The deacclimation in plants could be detected using non-invasive measurements such as
leaf reflectance, chlorophyll a fluorescence, and gas exchange monitoring.

Keywords: leaf reflectance; BRI1; COR; SERK; chlorophyll a fluorescence; brassinosteroid analogues;
24-epibrassinolide; 28-homocastasterone; CO; assimilation; frost tolerance

1. Introduction

Oilseed rape (Brassica napus ssp. oleifera L.) is one of the most important oil crops
cultivated in the world—it is a major source of vegetable oil for food and various industries.
The plants from winter cultivars produce higher yields, and that is why, e.g., in Poland,
they are cultivated more often, but this exposes them to growth in conditions of low
temperatures (including frost) during winter. However, the winter species have evolved
mechanisms of so-called cold acclimation (cold hardening), which enables them to survive
temperatures below 0 °C. The biochemical and physiological processes that accompany
cold acclimation are generally well known [1,2]. The more important changes include
(1) changes in the membrane lipid composition in the direction of formation of more fluidic
cell membranes [3,4], (2) a decrease in the leaf water content along with an increase in
the soluble sugar content and the contents of other osmoprotectants [5], (3) an increase
in the concentrations of stress hormones such as ABA [6], and (4) an increase in the
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production of the protective proteins heat shock proteins (HSPs) [7] or cold-responsive
proteins (CORs) [8].

Various climate models project that there will be an increase in average global tem-
peratures by at least 2 °C by the end of the 21st century [9]. Global warming in Poland is
visible, among other factors, by a rapid increase in the number of days with temperatures
higher than 30 °C per year. In the years 1961-90, it was 3.5 days, but between 2011 and
2020 it was already 10.4 days [10]. Global warming is also connected with fluctuations in
temperatures in autumn, for example, in regions of the eastern EU. Normally, a systematic
drop in temperature to cold (more than zero) is a natural condition for cold acclimation. A
period of 3-6 weeks of cold acclimation with a temperature of about 4 °C is usually needed
for winter oilseed rape. After such a period, plants become much more frost-tolerant
than before the cold acclimation and are able to survive the winter frost [11]. Because of
the aforementioned climate changes, the cold acclimation process could be disturbed by
sudden episodes of higher temperatures, such as 16 °C or more, e.g., during autumn and
early winter, which induces the deacclimation (dehardening) process. This phenomenon
decreases the frost tolerance of plants [11,12]. Deacclimation depends on the duration
(number of days with higher temperatures) or the range of the higher temperatures [12].
For example, the deacclimation rate is faster at 20 °C than at 12 °C [12]. Longer periods of
deacclimation could even lead plants to the resumption of growth and development.

As was mentioned earlier, although the metabolic background of cold acclimation
is quite well known, more in-depth studies that are devoted to the mechanisms of the
reactionof plants to deacclimation are relatively new and not numerous. To date, research
has been conducted on the model plant Arabidopsis thaliana (L.) (among others [13,14]) and
crop plants such as oilseed rape [12,15], barley [16], and wheat [17]. Regarding oilseed
rape, our earlier studies have shown that deacclimation increases the efficiency of the light
and dark reactions of photosynthesis, while on the metabolic level it causes changes in
hormonal homeostasis, soluble sugars, or the accumulation of HSPs, although there is a
revertive effect compared to the effect that is generated by cold [11,15,18]. For example, as
a result of deacclimation, there was a decrease in the concentrations of the stress hormones
(mainly ABA) and an increase in the growth-promoting hormones [18]. Such a shift in
the hormonal balance as a result of deacclimation could be one of the possible causes of
the decreased frost tolerance in deacclimated oilseed rape plants. This could happened
especially when it is accompanied by a decrease in the concentration of soluble sugars,
which have osmoprotective properties, and a decrease in the accumulation of the protective
proteins [15].

The current work is a continuation of studies on the metabolic background of deaccli-
mation in this economically important species (oilseed rape). In this study, however, we
focused more on the possible role of brassinosteroids in the process of the cold acclimation
and deacclimation of oilseed rape, along with the possibilities of using these regulators to
counteract the negative effects of frost. It is worth emphasising that although the steroid
hormones brassinosteroids (BRs) were first discovered in oilseed rape’s pollen [19], their
physiological role in this species is still rather poorly explained. The group of brassinos-
teroids includes 81 compounds. Brassinosteroids are characterised by various numbers
of carbon (C) atoms in a molecule. There are three main groups of brassinosteroids: C27,
C28, and C29 [20,21]. For example, brassinosteroids include brassinolide, castasterone,
24-epibrassinolide, and 28-homocastasterone. Synthetic analogues of BRs, the physiolog-
ical activity of which is still being tested [22], are also available. Generally, the role of
brassinosteroids in plants is important for regulating their growth and development, while
BRs also have a protective effect in plants that are growing under stressful conditions
such as drought [23], salinity [24], heavy metal stress [25,26], or low temperatures [27,28].
Regarding low-temperature stress, a limited number of studies have been devoted to the
role of BRs as players that prepare the metabolism of plants for subzero temperatures
during the cold acclimation/hardening process [20]. The effect of BRs on frost tolerance in
cold-acclimated plants has been studied in the monocot plants of a group of cereals [28,29],
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as well as in dicot plants (A. thaliana, basal frost tolerance) [30]. As for oilseed rape, it is
known that cold acclimation reduces the accumulation of the BRI1 transcript (encoding
the BR receptor protein) [11]. After deacclimation, in more frost-susceptible cultivars, the
level of the BRI1 transcript increases once again, but in more frost-tolerant cultivars, the
level of BRI1 remains low, similar to what is observed in the cold-acclimated plants [11].
Interestingly, cold acclimation increased the concentrations of some of the brassinosteroids
in oilseed rape, while deacclimation most often decreased their levels [11].

The current article presents the results of a cycle of experiments that were conducted
on non-acclimated (NA), cold-acclimated (CA), and deacclimated (DA) oilseed rape, in
which the aims were as follows:

1.  To examine a few brassinosteroids (24-epibrassinolide (EBR) and 28-homocastasterone
(HCS)) and brassinosteroid analogues (triolon (TR) and MK-266 (MK)) as potential
agents that exhibit a protective activity against frost in NA plants (EBR), CA plants
(EBR), and DA plants (EBR, HCS, MK, TR).

2. To describe the impact of steroids on the physicochemical properties of membranes,
including describing the interaction of two BR analogues with the defined model
lipid monolayers (mimicking cell membranes) in order to assess their influence on
the fluidity of the lipid monolayers, which are important from the point of view of
frost tolerance.

3. To describe the activity of the abovementioned steroids in regulating photosynthesis
and the leaf spectral properties during the cold acclimation and deacclimation of
oilseed rape.

4.  To characterise any cold-acclimation-induced and deacclimation-induced changes in
(a) the accumulation of the protein BRI1 (brassinosteroid membrane receptor), (b) the
expression of the genes encoding the proteins that participate in BR signalling (SERK1
and SERK?2), and (c) the expression of the BR-dependent genes (COR).

5. To verity the possibility of using non-invasive measurement techniques (i.e., leaf
reflectance) for the detection of deacclimation in plants.

2. Results
2.1. The Influence of BR and BR Analogues on Frost Tolerance

In the current research, both of the non-acclimated cultivars, Pantheon and President,
suffered only minor injuries to their leaves, and on the regrowth scale they reached values
close to the maximal seven points (control abs) (Table 1, Figure S1). In both cultivars,
application of water with DMSO (control) statistically significantly decreased plant survival
by roughly one point. The application of EBR reduced this effect, but only in the cultivar
President. There were, however, no statistically significant differences between the plants
of the control abs and the EBR-sprayed plants.

The CA plants were able to survive —13 °C with a score that ranged between 3.00 and
4.69 points (Table 1). In both cultivars, spraying the plants with water containing DMSO
(control) was not beneficial and lowered frost tolerance (by about 0.7 points compared to
the control abs). Interestingly, EBR reduced this effect. However, when the untreated plants
(control abs) and the EBR-sprayed plants were compared, EBR improved the frost tolerance
in only one cultivar (President). The EBR-treated plants of this cultivar had a score more
than 0.8 points higher than the control abs (Table 1, Figure S1).

The oilseed rape plants that had been deacclimated and then exposed to frost of —6 °C
were able to survive with a score between 2 and 5 points (Table 1). The DA plants that had
been treated with EBR had higher scores compared to both the control abs and control. No
cultivar dependency was observed (Figure S1). However, the effect of EBR was, weaker
when the plants were exposed to —9 °C, and it disappeared at —12 °C (regrowth between
1 and 2 points) (Table 1, Figure S1).
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Table 1. The frost tolerance of the winter oilseed rape cultivars Pantheon and President, which were
characteristic for non-acclimated (NA), cold-acclimated (CA), and deacclimated (DA) plants based on
the regrowth scale. Control abs—untreated plants; control—plants treated with a water solution of
DMSO (a solvent of the tested steroids). The other objects represent plants that had been sprayed with
brassinosteroids (EBR—24-epibrassinolide; HCS—28-homocastasterone), brassinosteroid analogues
(MK—MK-266; TR—triolon), and the regulator Asahi SL (AS). NT—not tested. Frost tests at —3 °C
and —13 °C (NA and CA plants, respectively); DA plants were exposed to —6 °C, —9 °C, and —12 °C.
Mean values + SD that are indicated by the same letters did not differ significantly according to
Duncan’s test (p < 0.05)—a comparison between plants treated with a different substance that had
been grown in the same conditions; statistical analysis was conducted separately for the cultivars
Pantheon and President.

NA Plants; CA Plants; DA Plants; DA Plants; DA Plants;
Cultivar Treatment Frost: Frost: Frost: Frost: Frost:
—3°C —13°C —6°C —9°C —12°C

Control abs 6.86 +0.532 3.75+0.622 3.14 £ 0.66 ¢ 220+ 042¢ 2.00 £ 0.00 2P

Control 593 +1.10b 3.00 £ 0.00P 220+ 042° 240+ 0.55¢ 220+ 0.422

EBR 5.80 +1.08b 391+ 0942 5.13 + 0.83 2 229 +0.73¢ 22240442

Pantheon HCS NT NT 3.53 +0.83 3.17 +£0.58b 1.33 + 0.78 <d

MK NT NT 4214 1.37bc 3.92 40672 0.90 + 0574

TR NT NT 5.07 +1.272 229 +091°¢ 1.90 + 0.322b

AS NT NT 454 +1.05 P 3.14 +£053b 1.75 + 0.62 b¢

Control abs 6.53 +0.642 3.92+090P 3.81 +0.98¢ 2.82 4+ 0.40P 220+ 0422

Control 487 +1.96P 321 +043¢ 453 4+ 1.06bc 3.73+0.802 2.00 £+ 0.71 2P

EBR 7.00 +0.002 4.69 + 0.632 5.60 + 0.99 391 +0832 2.00 £ 0.77 2

President HCS NT NT 547 +1.362 350 +1.022 1.92 +0.28 3P

MK NT NT 3.86 +0.95¢ 3.50 +0.522 1.44 +0.73P

TR NT NT 5.33 +1.18 2P 3.83+0.722 1.92 +0.292b

AS NT NT 4.87 +1.06 2P 3.33 £0.78 2P 1.64 + 0.67 P

Other regulators were also tested on the DA plants: the brassinosteroid HCS, detected
earlier in the leaves of oilseed rape [11]; two BR analogues (MK, TR); and the commercial
plant growth regulator Asahi (AS). The solvent of steroids (DMSQO in the DA control) had
some effect compared to the untreated plants (DA control abs), particularly after the frost
tests at —6 °C (Pantheon, weakened regrowth) and —9 °C (President, even better regrowth).

Plants of the cultivar Pantheon responded well to the application of the tested regula-
tors in the case of a milder frost. Improved plant regrowth was observed for all of them
after the frost test at —6 °C (compared to the control with DMSO), and for MK, TR, and AS
compared to the control abs (Table 1). After the frost tests at —9 °C, HCS, MK, and AS were
effective. Frost at —12 °C caused severe injuries; however, similar to the case of EBR, the
other regulators were no longer effective. Statistically significant negative effects of HCS
and MK were even observed.

As for the cultivar President, improved plant regrowth after the frost test at —6 °C
was observed for HCS, TR, and AS (compared to the control abs), but only for HCS in
comparison to the control with DMSO (Table 1). After the frost tests at —9 °C, compared to
the untreated plants, all of the steroid regulators were effective, but due to the relatively
good regrowth of the plants of the control with DMSO, there were no statistically significant
differences between this control and the plants that had been sprayed. Frost at —12 °C
caused severe injuries, and the regulators were no longer effective. Statistically significant
negative effects of MK and AS were even observed in comparison to the control abs.

2.2. The Effects of BRs and BR Analogues on Membrane Permeability

After 3 h from the moment of freezing, the electrolyte leakage in the NA control abs
leaves reached a value of 53.75 uS (Table 2). After cold acclimation, the electrolyte leakage
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in the control abs leaves reached a value of 2.82 uS, while after deacclimation it was at a
similar level as in the CA leaves (2.25 puS). Application of DMSO to the NA leaves (control)
resulted in a similar value to that in the control abs (57.82 uS). Moreover, in the CA and
DA leaves, DMSO did not significantly affect the electrolyte leakage when compared with
the control abs. Application of EBR and HCS to the NA and DA plants did not change the
electrolyte leakage values compared to the control leaves, but in the CA plants EBR and
HCS significantly increased its values. Another regulator, MK, significantly increased the
electrolyte leakage in the leaves of the NA, CA, and DA plants compared with control and
control abs. TR did not affect the electrolyte leakage in the NA and CA plants, while in the
DA plants its application caused the highest electrolyte leakage.

Table 2. Membrane permeability based on electrolyte leakage after 3 h and after 24 h from the moment
of freezing in the leaves of non-acclimated (NA), cold-acclimated (CA), and deacclimated (DA) oilseed
rape (President cultivar). HyO—redistilled /deionised water (without leaves); NFL—non-frozen leaves;
Control abs—frozen leaves of untreated plants; control—frozen leaves of plants treated with a water
solution of DMSO (a solvent of the tested steroids). The other objects represent frozen leaves of plants
that had been sprayed with brassinosteroids (EBR—24-epibrassinolide; HCS—28-homocastasterone) and
brassinosteroid analogues (MK—MK-266; TR—triolon). Mean values indicated by the same letters did
not differ significantly according to Duncan’s test (p < 0.05). Comparisons within specific groups of plants
(NA, CA, DA).

Growth Conditions and Freezing Time Electrolyte Leakage Electrolyte Leakage

after 3 h (uS) after 24 h (uS)
H,O 14+02¢ 154024
NFL 1.7+03¢ 25+074
Control abs 53.8 4+ 27.5b 1282 +£51.7°¢
NA Control 57.8 +35.7b 149.8 + 77.8 bc
1min50's EBR 499 +17.3b 152.3 4 33.8 be
HCS 58.9 +249b 174.1 + 61.1 abc
MK 108.4 +£70.12 2237 £96.32
TR 86.4 + 28.8 b 210.7 + 36.5 b
H,O 13+014d 15+014
NFL 254124 36+254
Control abs 28+1.24d 55+524d
CA Control 17.1+15.84 473 + 482
4min30s EBR 230.6 4+ 44.52 459.9 + 56.02
HCS 1635 +39.4P 4175+ 119.02
MK 77.6 +64.2°¢ 25214+ 155.0b
TR 40.6 +35.6d 136.6 & 109.6 ©
H,0 16+02¢ 1.8+02¢
NFL 23+02¢ 3.0+02¢
Control abs 23+1.0°¢ 414+£39°¢
DA Control 1.8+ 05¢ 24+06¢
2min 30's EBR 22+05¢ 274+07¢
HCS 19+05¢ 24+07¢
MK 16.6 £10.2° 80.5 &+ 46.7b
TR 59.8 + 30.4 2 2025 +93.62

Electrolyte leakage 24 h after freezing in the NA control abs leaves reached a value
of 128.24 uS (Table 2). In the control abs plants, after cold acclimation, it was lower than
in the NA plants (only 5.54 puS). After deacclimation, the electrolyte leakage in the control
abs leaves also was lower than in the leaves of the NA plants. DMSO slightly increased
the electrolyte leakage in the NA and CA plants, while it did not affect the DA plants
when compared to the control abs. EBR and HCS did not increase the electrolyte leakage
in the leaves of the NA plants. In the leaves of the CA plants, those regulators caused a
significantly higher electrolyte leakage than in the control and control abs. EBR and HCS
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Adding the analogues MK-266 and triolon to the single- and double-compound lipid
mixtures, consisting of saturated and unsaturated lipids, resulted in an increase in the Ay,
parameter (Figure 1A,B, Table S1). Higher hormone concentrations were associated with a
greater increase in the Ay, value, which ranged from approximately 2% to around 31%
and was concentration-dependent. The most significant changes in these experimental
systems were observed for the 4:1 mixture (M:M).

In the case of the second determined parameter, 7., the changes that were observed
in the studied systems were slight but were statistically significant compared to the control
(system without the addition of hormones). Changes in the pressure at which the monolayer
collapsed ranged from approximately 0.5 to 3 mN/m (Table S1).
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COR14. (D) Relative expression of SERK1. (E) Relative expression of SERK2. The transcript levels
were calculated relative to actin (endogenous reference gene). Mean values =+ SE that are indicated by
the same letters did not differ according to Duncan’s test (p < 0.05). Lowercase letters—comparisons
between the NA, CA, and DA plants within each cultivar. Capital letters—comparisons between the
NA, CA, and DA plants of both cultivars.
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2.5. Expression of the Genes Encoding the Proteins That Participate in BR Signalling (SERK1 and
SERK?2) and the BR-Dependent Gene (COR14)

The relative expression of the COR14 gene in the NA Pantheon plants reached a value
of 0.0494 (Figure 2C). After cold acclimation, there was a significant increase (18-fold) in the
COR14 expression. In the DA plants, the amount of this transcript decreased by almost 50%
compared to the CA plants. A similar tendency was observed in the cv. President—in the
NA plants, the amount of the COR14 transcript reached a value of 0.0236, while after cold
acclimation there was a significant increase of about 30-fold. In the DA President plants,
the expression of COR14 decreased (about 50%), but it did not reach the level that was
characteristic of NA plants.

In the NA Pantheon plants, the SERK1 expression reached a value of 0.611 (Figure 2D).
After cold acclimation, the amount of this transcript decreased significantly, by 25%. How-
ever, after deacclimation, the expression of SERK1 increased to a level that was similar to
that of the NA plants. A similar tendency of changes in the SERK1 expression was observed
in the cultivar President. In the NA President plants, the expression of SERK1 reached
a value of 0.3882. After cold acclimation, the expression significantly decreased by 44%,
while after deacclimation it increased once again and reached a level similar to that of the
NA plants. The expression of SERK2 in the NA Pantheon plants reached a value of 1.284
(Figure 2E), and after cold acclimation it did not change significantly. In the DA Pantheon
plants, the SERK2 expression decreased significantly, by 27% compared to the CA plants. In
the cultivar President, the expression of SERK2 that was detected in the NA plants reached
a value of 1.114, and it did not change significantly in the CA and DA plants.

2.6. The Effects of BRs and BR Analogues on PSII Efficiency

The so-called parameters of yield, or flux ratios (@p,, Vo, and ¢g,), were calculated
based on data from fluorescence curves.

The maximum quantum yield of primary photochemistry (¢p,) in the cultivar Pan-
theon (NA control abs) reached a value of 0.81, and after cold acclimation it significantly
decreased by about 9% (Figure 3A). After deacclimation, the ¢@p, value returned to the level
that was characteristic of the NA plants. The application of the working solutions with
DMSO (control plants) did not cause any changes in the ¢p, value in the NA, CA, and DA
plants. The application of the tested regulators did not influence the ¢p, values (compared
to the control plants).

In the NA President plants (control abs), the value of ¢p, reached 0.82 (Figure 3B).
After cold acclimation, @p, significantly decreased by 15%, while after deacclimation ¢p,
increased and reached a value that was similar to that of the NA plants. The application of
DMSO did not affect the @p, values in the NA and DA plants, but in the CA plants ¢p,
was increased by about 13% compared to the control abs. No effect of the tested regulators
on @p, was observed.

The probability that a trapped exciton moves an electron into the electron transport
chain beyond Qa ™~ (o) in the NA Pantheon plants (control abs) reached a value of 0.58
(Figure 3C). After cold acclimation, it did not change significantly, but after deacclimation
1P, increased to a value that was 22% higher than in the NA plants. There was no effect
of the DMSO treatment (control) on the NA, CA, and DA plants. The application of the
regulators did not change .

In the cultivar President, in the NA control abs plants, the 1, value was 0.59 (Figure 3D).
After cold acclimation, it decreased significantly by 8%, while after deacclimation it increased
to a value of 0.70, which was 17% higher than in the NA plants. The DMSO application did
not affect {, in the NA and DA plants, but it significantly increased the 1, value in the CA
plants compared to the control abs plants (by 11%). The application of the regulators did not
change 1), significantly.

The quantum yield of electron transport (@g,) in the NA Pantheon control abs plants
reached a value of 0.47, and it did not change after cold acclimation (Figure 3E). After
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reached a value of 0.47, and it did not change after cold acclimation (Figure 3E). After
deacclimation, @ increased by 26%. In comparison to the absolute control, there was no
effect of DMSO (control) and the applied regulators on k.

In the NA control abs plants of the cultivar President, the value of @e. reached 0.49,
and it decreased by 22% after cold acc11mat10n (F1gure 3F) After deacchmatlon qjﬁom}

DMSO did not affect @ro in the NA plants, but in the CA plants it 1ncreased Pro by 26%
dbsctdbieatiBR s angliBReassld grye2adid motdnmghacisenyt sidhe fibanhudeargesdh therealassraf
gitect of DMSO (control) and the applied regulators on ¢g,.

A Pantheon B President
1.00
A A A B g AAAAAAA |AAA B g AAAAARAA
2 6 & : a 5 a alt. a‘b a ab p ab a a a c al a ah ilb ab a a ab b
0.80 1] p |

(o}

=]
8. 0.60
0.40
0.20 .

A A A as
os0 C AB AB 3 ab be BC
0.60 || | I

a bc a hc
B B
0.40
0.20

o8 E F

A A A AB AB A
a

>

w
w
o
)
o
—
—— >
fa)
=]
[a]
=]

[T
p-J
b-J
L
T
—

—
—_——
—_—om

—

Yo

A A pB

o A& 5 & & N S R o O & el
FELE P \‘5‘{’ & ‘c?%%&\‘*« v \"’04.\':‘0‘& \’?4:530‘& O “?
o o o o O O 0" o O 0 O ©
& C & ¢ (\é v ¢¢ ¢ (\6
& s & @ & ¢

DA 2 DA

Figure 3. Quantum photosynthetic efficiency described by the chlorophyll a ﬂuorescence measure-
gt i QuantimarRatpsy e sifisisack gy Sr yct(})]dce?clé’lrnP}%Xct | aid des e paEte
eld/fll atlo ]l of the non-ac ed (CA), and deacchmated

@aj ter o1 (]:i Vars egl)n 1&?@& @l é —IMmaximum quantum
Winter oilseed pe cultivars rest g Po—Maximum quan-

YISy RbRT R BB bR AY (atQUo‘} &} Rrg?g@éttm ST ARt N
MOVes an @@Eﬁr&‘i‘ﬁ‘[‘c’E?tﬂ?e%%ﬁé%ﬁﬁ@ﬁBWEﬁM%ﬁ&%&‘@)Q&, Btﬁseq@lar&umgnerdyeﬁ@&f
elestiennEPosPEItHato) fEQ))(]@Ehtﬁﬁ%QLﬁ\hﬁtrela&féieplﬁﬂtsﬂ@@fﬂ/rm%t?lﬁéﬁfe&F%fﬁd awitver

water solution of DMSO (a solvent of the tested steroids). The other objects represent plants that
had been sprayed with brassinosteroids (EBR—24-epibrassinolide; HCS—28-homocastasterone),
brassinosteroid analogues (MK—MK-266; TR—triolon), and the regulator Asahi SL (AS). Mean
values indicated by the same letters did not differ significantly according to Duncan’s test (p < 0.05).
Lowercase letters—comparisons between the treatments within a specific group (NA, CA, and DA
plants); capital letters—comparisons between the treatments of the plants in all three groups (NA,
CA, and DA plants).

In the NA control abs plants of the cultivar President, the value of ¢, reached 0.49, and
it decreased by 22% after cold acclimation (Figure 3F). After deacclimation, @, increased
once again and reached a value 20% higher compared to the NA plants. The DMSO did not
affect @, in the NA plants, but in the CA plants it increased ¢g, by 26%. The tested BRs
and BR analogues did not induce any significant changes in the values of @g,.
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2.7. The Effects of BRs and BR Analogues on Leaf Gas Exchange

Net photosynthesis intensity (Py) is a parameter that provides information about the
intensity of the CO, assimilation. In the cultivar Pantheon, in the NA plants (control abs),
the value of Py reached 11.67 pmol (CO,) m ™2 57! (Figure 4A). After cold acclimation, in
the control abs plants, Py increased by about 36%, while after deacclimation there was
a further increase by about onefold in comparison to the NA plants. The application of
DMSO did not affect Py in the NA, CA, or DA plants. The application of EBR significantly
increased Py in the NA, CA, and DA plants. The other regulators that were used in the DA
plants, HCS and AS, also caused an increase in Py, while the application of MK and TR did
not affect this parameter.

In the NA President plants (control abs), the value of Py reached 11.41 umol
(COz) m~2 s~ ! (Figure 4B). After cold acclimation, Py decreased by about 25%. Af-
ter deacclimation, Py increased again and reached values of about 25% higher compared
to the NA plants. The application of DMSO did not significantly affect the Py values in
the NA, CA, and DA plants. The application of EBR improved Py in the NA, CA, and DA
plants. The application of the other regulators, TR and AS, to the DA plants increased Py.
The application of MK did not affect Py in the DA President plants.

Transpiration intensity (E) in the NA control abs plants of the Pantheon cultivar
reached 2.88 mmol (H,O) m~2 s~!, while after cold acclimation it decreased by 44%
(Figure 4C). However, after deacclimation, there was generally about a twofold increase in
E when compared to the CA plants. The application of DMSO increased E in the NA plants
very slightly, but it did not affect the CA and DA plants. The application of EBR decreased
E in the NA plants but did not have a significant effect in the CA and DA plants compared
to the controls. Plants sprayed with the other regulators, HCS and AS, had E values similar
to the controls. MK and TR even caused a decrease in E.

In the cultivar President, the NA plants were characterised by E reaching 2.92 mmol
(H,O) m—2 57! (Figure 4D). After cold acclimation, E significantly decreased, by about
60%. After deacclimation, in the control abs plants, E increased by about threefold when
compared to the CA plants. The application of DMSO did not affect E in the NA and CA
plants, but it caused a decrease in E in the DA plants. Although the application of EBR did
not affect the NA plants, it caused a significant increase in E in the CA plants. In the DA
plants, there was a significant decrease in E after the application of EBR. The application of
HCS, TR, and AS caused a decrease in E, while MK caused an increase in E when compared
to the control plants.

Stomatal conductance (gs) in the control abs of NA Pantheon plants reached a value
of 0.39 mol (H,O) m 2 s~! (Figure 4E). After cold acclimation, gs in the control abs plants
increased by 78%, while after deacclimation it further increased by 76% compared to the
CA plants. The application of DMSO did not affect g in the NA and CA plants; however,
in the DA plants, it decreased gs significantly, by about 37%, compared to the control abs.
The use of EBR did not cause significant changes in g5 in the NA, CA, and DA Pantheon
plants. Among the other regulators that were used in the DA Pantheon plants, HCS, TR,
and AS did not change the g5 values, while MK increased gs.

The value of g5 in the control abs of NA President plants was 0.41 mol (H,0O) m2s”
(Figure 4F), and after cold acclimation, unlike the Pantheon plants, it did not change signifi-
cantly. However, after deacclimation, in the control abs plants, gs increased significantly by
about 170% compared to the CA plants. Similar to the Pantheon plants, the application of
DMSO did not affect g5 in the NA and CA plants, but it decreased g significantly (by about
17%) in the DA plants. In the NA and CA President plants, the application of EBR did not
change the values of gs compared to the control plants. However, in the DA plants, EBR
decreased the values of g to a level that was similar to those in the NA plants and even in
the CA plants. The application of HCS, TR, and AS decreased the gs value compared to the
control abs, and also partially compared to the plants that were treated with DMSO. The
plants that were treated with MK were characterised by a level of gs that was similar to the
control abs.
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The intracellular concentration of CO; (C;) in the plants of the control abs (NA, Pan-
theon) was 380 umol (CO,) mol (air) ! (Figure 4G). In the CA plants, it remained similar
(398 pmol (CO,) mol (air)~ 1), and C; did not change significantly after deacclimation.
There was no effect of DMSO on the values of C; in the NA, CA, and DA Pantheon plants
compared to the control abs. EBR did not affect the values of C; in the NA plants; however,
the steroid did decrease C; in the CA and DA plants, similar to HCS and AS. There was no
effect of MK and TR on the values of C; in the DA plants compared to both controls.

In the cultivar President, C; did not vary significantly between the NA, CA, and DA
plants of the control abs (Figure 4H). The application of DMSO did not affect the NA
and CA plants; however, it caused a slight, but significant decrease in C; (6%) in the DA
plants. The application of EBR affected the NA, CA, and DA plants; the hormone caused
significant decreases in C;. The other BR (HCS) caused a decrease in C; compared to the
control abs. The BR analogue (TR) that was used in the DA plants did not generally change
the C; values. Only MK increased C; compared to the control.

The value of water-use efficiency (WUE) reached 4.09 in the NA control abs plants
of the cultivar Pantheon (Figure 4I). After cold acclimation, there were increases in WUE
for the control abs and control (DMSO) plants by about 140%, while for the EBR-treated
plants the increase was more than 260%. After deacclimation, WUE generally decreased
to values that were similar to those of the NA plants. The application of DMSO did not
change the WUE values in the NA, CA, and DA plants when compared to the control abs.
In the NA plants, EBR did not affect WUE, while in the CA plants it caused an increase
in this parameter. After deacclimation, the application of EBR increased the WUE. The
application of all of the regulators (except for MK) slightly increased the values of WUE
(by an average of 33%) in the DA plants compared to both of the controls.

In the control abs plants of the President cultivar, the WUE value was 3.91 (Figure 4]).
Cold acclimation resulted in an increase in the WUE values; in the control abs plants,
there was almost a 90% increase. After deacclimation, the WUE in the control abs plants
decreased to a level that was even lower than in the NA plants. The application of DMSO
did not affect the NA and CA plants, while it resulted in higher WUE in the DA plants
when compared to the control abs plants. No effect of EBR was observed in the NA plants.
The application of EBR caused an increase in the WUE value in the CA plants, and a similar
effect was observed after deacclimation. Higher WUE was also observed in the DA plants
that were treated with HCS, TR, and AS.

2.8. The Effects of BRs and BR Analogues on the Leaf Spectral Properties

The reflectance intensity of the leaves of the cultivars Pantheon and President increased
in the range of 500-550 nm for the NA, CA, and DA plants (Figure 5). Then, it decreased
in the range of 550-700 nm, increased sharply in the range of 700-750 nm, and reached a
plateau at the range of 750-950 nm for both the control abs and control, as well as in EBR-
treated plants. Slight visible differences were observed in the reflectance intensity between
the NA, CA, and DA plants, especially in the ranges of 500-650 nm and 750-950 nm.

Based on the reflectance curves, the following parameters of reflectance were calcu-
lated: the Water Band Index (WBI), Structure Insensitive Pigment Index (SIPI), Red-Edge
Normalised Difference Vegetation Index (RENDVI), Anthocyanin Reflectance Index 1
(ARI1), and Anthocyanin Reflectance Index 2 (ARI2) (Figure 6). Additionally, the Trian-
gular Vegetation Index (TVI), Simple Ratio Pigment Index (SRPI), Normalised Difference
Vegetation Index (NDVI), Greenness Index (G), and Carotenoid Reflectance Index 1 (CRI1)
were also calculated (Figure S5). As for the values of additionally calculated parameters
(TVI, SRPI, NDVI, and CRI1), there were no significant changes between NA, CA, and DA
plants. There was also no influence of the tested regulators (Figure SSA-ELJ). An exception
was the Greenness Index, which slightly decreased in CA and DA plants. A slight effect
of the steroids was observed in the DA group. For example, TR increased the G value in
Pantheon plants in comparison to both controls (Figure S5G,H).
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The Structure Insensitive Pigment Index (SIPI) generally characterises the carotenoids/
chlorophyll a ratio. In the cultivar Pantheon, there were no significant differences in the
SIPI values between the NA, CA, and DA plants (control abs) (Figure 6C). The application
of DMSO (control) did not affect the SIPI values in the specific groups of the NA, CA, and
DA plants compared to the control abs plants. There were no significant effects of any of
the tested regulators on the SIPI values.
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The DMSO in the working solutions did not affect the SIPI values in the sprayed control
plants. There was also no effect of the BRs and BR analogues on the SIPI values.

RENDVI is a parameter that is usually used to indirectly estimate the photosynthetic
capacity and net primary productivity. In our study, the value measured for the NA
control abs (Pantheon plants) reached 0.396 (Figure 6E). After cold acclimation, it increased
significantly, by 20%. After deacclimation, there was a further increase of 17% in the value
of the RENDVI. The application of the working solutions containing DMSO did not have
any effects. EBR did not affect the RENDVI in the NA and CA plants; however, in the
DA plants, the use of EBR caused a decrease in the RENDVI value when compared to the
control abs. The application of the other regulators did not change the RENDVI values
when compared to the control plants.

In the cultivar President, the RENDVI value that was measured for the NA control abs
plants reached a value of 0.362. In the CA plants (control abs), the RENDVI value increased
significantly, by 27% (Figure 6F). After deacclimation, there was another increase in the
RENDVI (16%). The application of a working solution containing DMSO in the NA plants
did not affect the RENDVI In the CA and DA plants, DMSO decreased this index by about
10% compared to the control abs. The application of EBR and the other regulators, except
for AS, did not affect the RENDVI value. AS caused a significant decrease in the RENDVI
compared to the control abs.

ARI1 and ARI2 are parameters that reflect the presence of anthocyanins in plants.
In the NA oilseed rape cv. Pantheon, the value of ARI1 for the control abs plants was
0.0021 (Figure 6G). After cold acclimation, ARI1 increased significantly, by about fourfold,
while after deacclimation this value decreased, although it did not reach the value that
was characteristic of the NA plants. The same trend was observed for ARI2 (Figure 6I).
Spraying with DMSO (control) did not affect the ARI1 and ARI2 values in the NA, CA,
and DA plants. EBR also did not affect ARI1 and ARI2 in the NA and CA plants. The
application of all of the regulators to the DA plants resulted in a decrease in the ARI1 and
ARI2 values, particularly in the cases of TR and AS.

In the NA control abs of President plants, the ARI1 value reached 0.0028 (Figure 6H).
In the CA plants, the ARI1 value increased significantly, by almost threefold. After deaccli-
mation, ARI1 decreased by about 40% compared to the CA plants; however, it did not reach
the level that was characteristic of the NA plants. An identical trend was observed for ARI2
(Figure 6]). The application of DMSO did not affect ARI1 and ARI2 in the NA, CA, and DA
plants. The application of EBR did not change the ARI1 value in the NA and CA plants. In
the case of the DA plants, EBR had practically no effect. The use of the other regulators in
the DA plants caused only a minor decrease in the values of the calculated parameters.

3. Discussion
3.1. The Frost Tolerance of Plants and the Modulation of the Properties of Their Membranes by BRs
and BR Analogues

Basal frost tolerance characterises non-acclimated plants and enables them to survive
slight frost, e.g., —1 to —3 °C, usually without injuries or with some small injuries [11].
On the other hand, it is commonly known that, after cold acclimation, winter cultivars
become more frost-tolerant. This phenomenon was also observed in our experiment. The
attempt to improve the frost tolerance of cold-acclimated plants by applying EBR was
only successful for President compared to the absolute control and the DMSO-treated
control plants. In Pantheon, the negative effect of DMSO was, in fact, reduced by the
application of EBR, but in the end, the frost tolerance of the EBR-treated plants was similar
to that of the absolute control. To conclude, in the case of the cold-acclimated oilseed
rape plants, the effect of EBR seemed to be cultivar-dependent. This is in agreement
with earlier studies on cold-acclimated winter wheat [28] and cold-acclimated perennial
ryegrass (Lolium perenne L.) [32], where the application of EBR reduced frost injuries
in a cultivar-dependent manner. In our experiment, EBR was also applied in order to
improve the basal tolerance of oilseed rape (non-acclimated plants); however, it had no
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effect. We somehow expected a protective effect of EBR against frost in non-acclimated and
cold-acclimated oilseed rape based, among other thing, on earlier studies of [30] devoted
to A. thaliana—a species of the same family as oilseed rape. Studies on mutants have
proposed that brassinosteroids participate in the control of the basal and acquired freezing
tolerance of A. thaliana. The BR-deficient mutants of A. thaliana were hypersensitive to
freezing stress, whereas the activation of BR signalling increased their freezing tolerance
both before and after cold acclimation [30]. Our results only confirm that the effects that
were observed after the exogenous application of the hormone are different from the
effects that are observed in mutants with hormonal disturbances. A similar situation was
observed in the case of deacclimated plants. The protective effects of selected growth
regulators, BRs, or BR analogues against frost in deacclimated plants are reported here
for the first time. However, the results are somewhat contradictory to earlier studies that
were carried out on deacclimated barley mutants with disturbances of the BR biosynthesis
or signalling [16]. Lower contents of endogenous BRs or defects in the BR receptors were
accompanied by a better frost tolerance of deacclimated barley mutants. The exogenous
application of BRs rather increases the natural concentrations of BRs [33]. The reasons for
the contradictions/inconsistencies between the results obtained for mutants and for plants
exogenously treated with steroids are complex. Among other factors, they are connected to
the additional influence of various factors that will be discussed in a further part of the text.

In addition to the observed cultivar-dependent effects and some structure-dependent
activity of the steroids that were used, the intensity of frost was also significant. A positive
effect of EBR was observed in the DA plants at a temperature of —6 °C, although that effect
disappeared at lower temperatures (—9 and —12 °C), where injuries to the plants were
generally too strong to be alleviated by the application of the regulators.

Another factor that seriously disturbed the assessment of the physiological effects of
the tested BRs and BR analogues was the presence of the solvent DMSO in the working
solutions. It is known that hormone solvents can affect the metabolism of plant cells [34].
This was the situation that most clearly occurred in the DA President plants, where, after the
frost test at —9 °C, it was observed that the plants that had been sprayed with DMSO had
better frost tolerance than the control abs plants; therefore, the effect of the steroids was not
proven. From the point of view of agricultural practice, the effects of the applied regulators
should be proven relative to an absolute control with a simultaneous lack of positive
effects (or only weak positive effects) being generated by working solutions containing
solvents. When it would be recommended that brassinosteroids be used in fields to protect
plants against frost, solvents that are less active in plants should probably be sought for
commercial preparations.

Finally, the effects of the tested regulators should be considered relative to the extent
to which these compounds penetrate the tissue—i.e., pass through the cell walls and
membranes—after being sprayed on the leaf surface. The structure of the cell wall and cell
membranes depends on the thermal conditions in which plants grow. There are significant
differences in the cell wall structure between NA, CA, and DA plants of A. thaliana [35].
On the other hand, the fluidity of membranes is different in plants that are growing at
higher temperatures [36,37] than in plants that are growing at lower temperatures [38—41].
Because the biological membranes of cells alters their lipid composition in order to acclimate
the plant to lower/higher temperatures, this “rearrangement” of the composition results
in a different membrane fluidity, which consequently causes a varied localisation and
interaction of different compounds. According to [4], steroids that have different chemical
structures interact differently with lipid monolayers with a different degree of fluidity and
different lipid components, such as phospholipids and galactolipids.

Because EBR and HCS have already been proven to be modulators of the physicochem-
ical properties of membranes [4,42], in the current work, we only conducted supplementary
studies for two BR analogues. The analysed MK-266 and triolon have basic chemical
structures that are typical for steroids. The strongly hydrophobic character of the molecu-
lar skeleton favours localisation within membranes [43]. Indeed, studies that have been
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conducted in model systems that differ in the degree of lipid saturation have revealed
changes that occur at the physicochemical and structural levels of membranes due to
treatment with MK-266 and triolon. Specifically, an increase in the Ay, parameter with
a rising concentration of the hormone in the examined monolayers might indicate their
interaction/localisation within the model membrane. An analogous trend in membrane
modifications had previously been observed for other steroids [42,44]. An increase in
the values of the Ay, parameter, which provides information about the fluidity of the
monolayer and was induced by BR analogues in the current work and by EBR in earlier
studies, could be one of the mechanisms responsible for improving the frost tolerance of the
tested plants. Because of these mechanisms, the proteins that are present in the membranes
can function properly despite any changes in temperature and alterations in the mechanical
properties of the membranes. However, it should be remembered that, in our Langmuir
studies, only defined (and somewhat higher) concentrations of steroids were active. In
conclusion, the fluidity of the membranes, which was increased by the analogues, would be
important for frost tolerance, but this is only one of the possible mechanisms. Generally, the
weaker effects (on frost tolerance) that were obtained for the plants that had been sprayed
with MK rather than with TR or EBR could be a result of differences in chemical structure
between these steroids. In MK, an additional ring is attached to a carbon chain at position
C17 of the sterane skeleton. This could be a reason for the weakened physiological activity
of MK (see also: net photosynthesis in Figure 4A). However, this hypothesis should be
confirmed in further research.

In the context of the importance of membrane fluidity for the effects that are caused
by steroids, it is worth commenting on the results of experiment 2, which included a
simplified laboratory test that was performed on cut leaves, and in which the effects of
steroids were investigated by determining the electrolyte leakage after the leaf tissue was
frozen. Measuring the electrolyte leakage is a method that enables the condition of cellu-
lar membranes—specifically, their permeability—to be assessed [45]. In cold-acclimated
A. thaliana, when the freezing tolerance increased, the electrolyte leakage decreased com-
pared to the non-acclimated plants [46]. In our studies, this simple phenomenon was
confirmed in the control abs of the non-acclimated and cold-acclimated leaves. On the
other hand, the decreased electrolyte leakage that was observed here in the deacclimated
and frozen leaves (vs. the cold-acclimated leaves) was surely connected to the shorter
duration of freezing that was used for the leaves of the DA plants. However, the most
important observation in experiment 2 was that the application of steroids increased the
membrane permeability of the detached leaves. This effect was particularly visible for all
of the steroids that were applied to the cold-acclimated plants (Table 2). As for the leaves of
the non-acclimated and deacclimated plants, when the steroids were applied to the plants
that were growing at a higher temperatures, the effect was only statistically proven for
MK and TR. In this context, earlier studies of the interactions of HCS and castasterone
with model membranes, which also showed a dependency of the effects caused by these
steroids on the temperature at which they were applied to the lipid monolayer, are also
interesting [42]. Specifically, these natural brassinosteroids increased the fluidity of the
model membranes when they were applied at 20 °C, but they decreased it when they were
applied at cold temperatures (10 °C). Thus, theoretically, in experiment 2, the application of
natural BRs (such as EBR or HCS) in the final week of cold acclimation could “stiffen” the
membranes, thus making the leaves more susceptible to freezing temperatures. In contrast
to the natural BRs, the BR analogues increased the membrane permeability on a more or less
similar level in the leaves of the NA, CA, and DA plants (Table 2). Therefore, it is possible
that this effect is also structure-dependent. The explanation of the observed phenomenon
requires further studies, but the preliminary conclusions that can be drawn here could
have a practical aspect. The moment that a steroid is applied, particularly natural BRs,
and the specific composition/fluidity of the cell membranes at that time should not be
neglected. It seems that in order to improve the frost tolerance of plants that have been
subjected to cold acclimation, the steroid (EBR, HCS) should instead be applied before the
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cold acclimation, as was the case in experiment 1. In turn, in order to improve the frost
tolerance of plants that are at risk of deacclimation, natural steroids could be administered
during deacclimation, but detailed systematic applied studies are required.

3.2. Model of the Changes in the Accumulation of the Putative Brassinosteroid Receptor (BRI1) and
the Accumulation of the Transcripts of the COR and SERK Genes

To the best of our knowledge, the presence of the putative BRI1 protein (brassinosteroid
receptor) in oilseed rape is reported for the first time in this work. The accumulation of
this protein decreased after cold acclimation, which is consistent with a decrease in the
accumulation of the BRIT transcript [11]. It is worth emphasising that this phenomenon
was characteristic of almost all of the studied cultivars ([11]; Figures 2 and S4). The
increased content of putative BRI1 that was observed in tested cultivars after deacclimation
was accompanied by a higher abundance of the BRII transcript in only two of them—
President and Feliks [11]. An earlier analysis of endogenous BRs revealed significant
differences in the contents of specific BRs between the four tested cultivars, and the pattern
of changes was not very clear during cold acclimation or after deacclimation [11]. Generally,
cold acclimation rather increased the concentrations of some of the BRs in oilseed rape.
According to the literature, at higher concentrations, the BR content has stress-protective
functions while at lower concentrations it has growth-promoting functions [47]. Thus, the
increase in the concentrations of some of the BRs in cold could be expected and seemed
to be justified. After deacclimation, a decrease can be observed in some of the BRs [11]. A
lower content of BRs, which have growth-promoting activity [47], could then be somehow
accompanied by a resumption of growth after deacclimation. The higher abundance of the
receptor protein (despite a decrease in some of the BRs after deacclimation) could mean
a strong signal transduction towards the resumption of growth that is induced by these
growth-promoting steroids, which is unfavourable from the point of view of maintaining
frost tolerance. Additionally, this would be consistent with the hypothesis of [47] that, at
higher concentrations, BRs have stress-protective functions, and that the growth-promoting
effects of BRs occur at lower concentrations because, as our results indicate, this might
result from an increased level of the receptor protein.

In terms of stress-protective functions, it is known that BRs can affect, e.g., the COR
protein expression [30]. In our study, we observed some agreement between the changes
in the BR contents [11] and COR expression—an increase in those parameters during cold
acclimation and a decrease after deacclimation.

The increased expression of the SERK genes, including SERK1 and SERK2, was pre-
viously observed under abiotic stress conditions such as salinity stress in barley [48].
Moreover, an increased expression of AcSERK2 was observed at a low temperature (4 °C)
in Ananas comosus [49]. However, our results are more in line with the findings of [50], who
observed a decreased expression of DISERKI in Diospyros lotus under low-temperature
treatment, as we also observed in CA oilseed rape. Generally, SERK1 is involved in BR
signal transduction [51]; in our studies, the lower level of the SERK1 transcript (but not
SERK?2) in the CA plants was accompanied by a decrease in the accumulation of the puta-
tive BR receptor (BRI1). The opposite effect was observed in the DA plants, which might
confirm the role of BRI1 together with the SERK1 protein in the resumption of growth as
an effect of a longer exposure of plants to higher temperatures (during deacclimation).

3.3. The Effects of BRs and BR Analogues on Photosynthesis

Regarding the light reactions of photosynthesis, PSII efficiency was assessed based on
the chlorophyll a fluorescence measurements. Similar to our previous studies [11], there
were some slight differences in the values of the parameters that describe PSII efficiency in
both cultivars, and there were more significant changes between the groups of NA, CA,
and DA plants. Generally, PSII efficiency, which is expressed by yield/flux ratios (¢@p,,
Vo, ®Eo), was lower in the cold-acclimated plants. This effect was more visible in the
cultivar President but was weaker in Pantheon, where only one of the three calculated
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parameters was lower in cold. The fact that cold acclimation decreases the efficiency of
PSII has been well studied. The cold acclimation of barley at 5 °C (three weeks) resulted
in a decrease in the maximum quantum efficiency of the PSII photochemistry (Fy/Fn
parameter), as well as a decrease in the general PSII efficiency, described as the Pl zps
index [52]. In cold-acclimated Avena sativa L. (4/2 °C d/n, four weeks), the values of the
maximum quantum efficiency of the PSII photochemistry (Fy /Fn,) decreased [53]. The cold
acclimation of oilseed rape also decreased the maximal fluorescence (Fy,) [11] and Fy /Fr,
values [15]. After a period of cold, an increase in the temperature (during deacclimation)
increases PSII efficiency. This effect was observed for both cultivars in our experiment, and
it is in agreement with previous studies [11].

In our studies, calculation of yield /flux ratios showed that BRs had no effect on PSII
efficiency in the NA, CA, or DA plants of oilseed rape. However, some effect of BRs was
expected because, according to the literature, in cereals, BRs can limit the effects of low
temperatures on the light reactions of photosynthesis, and especially on the energy flow in
PSII [29]. In a cold-acclimated, EBR-treated, frost-tolerant cultivar of winter rye, the energy
flow from the photosynthetic antennas to the electron transport chain was more effective
than in the untreated control plants, and the energy that was lost as heat was lower. Even
though a moderately frost-tolerant cultivar presented slightly different patterns of changes,
EBR still decreased the energy lost as heat [29].

In contrast to the light reactions of photosynthesis, the measurements of gas exchange
clearly indicated that, in both cultivars, BRs had an effect on some of the parameters
associated with the dark reactions of photosynthesis. The values of the most important
parameter (Py), which provides information about the CO, assimilation, were on a similar
level in the NA and CA plants of both controls, which is in agreement with the earlier
findings of [15]. On the other hand, ref. [29] observed that six weeks of cold acclimation
of winter rye resulted in a higher activity of Rubisco (a CO,-binding enzyme), which
might be associated with the increased need for sugar accumulation. Typically, during
cold acclimation, the accumulation of soluble sugars increases in order to protect the cell
sap from freezing [5]. This process is favourable for increasing frost tolerance, and it
was also observed earlier by [15] for two cultivars of oilseed rape. In our experiment 1,
in both cultivars of oilseed rape, EBR strongly increased the CO, assimilation in cold,
which was clearly accompanied by a lower intracellular concentration of CO,. According
to the literature, the exogenous application of EBR on cold-acclimated winter rye also
increased the activity of Rubisco and increased the accumulation of soluble sugars [29].
The application of EBR on cold-stressed maize seedlings resulted in increased amounts
of sugars: glucose, starch, and sucrose [54]. Taken together, higher CO, assimilation in
EBR-treated oilseed rape growing in cold conditions could be accompanied by higher sugar
production and could be responsible, as one of several possible mechanisms, for the better
frost tolerance of cold-acclimated plants, especially in the cultivar President. A barely
provable effect of EBR on the CO, assimilation (Py) was visible in the non-acclimated
plants, and the frost tolerance was also not affected by this hormone in these plants. In the
deacclimated plants that had been treated with EBR and HCS, Py increased, and here the
explanation could still be the same as for CA plants. Better assimilation of CO, may favour
sugar production and could be one of many mechanisms that are beneficial for a better
frost tolerance of steroid-treated plants. Regarding the BR analogues and their influence on
the assimilation of CO, in connection with the effects of these steroids on frost tolerance,
some cultivar dependency was observed. In the DA President plants that had been treated
with TR, higher assimilation of CO, was still accompanied by increased frost tolerance. In
the case of the MK-treated plants, there was no effect on the assimilation of CO,, and there
was also no effect on their frost tolerance. In Pantheon, this connection was not so clear. As
mentioned earlier, weaker activity of MK could be a result of differences in its chemical
structure (Figure S7) in comparison to TR or to natural BRs. At position C17 of the sterane
skeleton, MK has an additional ring attached through a carbon chain.
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Generally, in our experiments, higher values of PNy were observed in the deacclimated
plants than in the NA and, particularly, the CA plants. In our opinion, this is an effect that
could be expected for photosynthesis at higher air temperatures, and which could be ac-
companied by a later resumption of growth (due to the need for the higher synthesis of the
assimilates). In the literature, however, the opposite effects have been observed. In the stud-
ies of [55] in deacclimated oilseed rape plants of the winter cultivar Gérczanski, there was
decreased activity of the CO,-binding enzyme (Rubisco) compared to the cold-acclimated
plants. The authors of [15] also reported a decrease in the Py values in the DA cultivars of
winter oilseed rape compared to the CA plants. The matter of regulation of photosynthesis
in deacclimated plants could thus be more complex and requires further studies.

The other parameters of gas exchange—transpiration [E] and WUE—also exhibited
specific dynamics and were different in the NA, CA, and DA plants of both cultivars.
Transpiration was predictably lower in cold and increased at higher temperatures in NA
and DA plants. The photosynthetic ratio of WUE, here understood as the ratio Pn/E,
is a parameter that generally provides information about the amount of carbon that is
assimilated as biomass [56]. Because the values of transpiration were low in cold, while
Pn was similar in NA and CA plants, the WUE ratio was also increased in cold in both
cultivars. WUE decreased again after deacclimation relative to the intensified transpiration
processes. Due to the especially high values of Py in the CA plants that had been treated
with EBR, the WUE was additionally increased in these plants compared to the CA control
abs and the control.

To conclude, from a practical point of view, monitoring the gaseous exchange—
especially changes in E and WUE (also in Py)—can provide good indicators that enable the
moment that plants become deacclimated be recognised.

3.4. Leaf Spectral Properties and Their Usefulness for Detecting Deacclimation

No significant effects of the tested regulators on leaf spectral properties were observed.
Measurements of leaf reflectance, however, appear to be a good non-invasive method that
could enable the early detection of deacclimation in plants. According to the literature,
the spectral properties of leaves might be an indicator of the stresses that affect plants [57].
Of particular interest is the reflectance at visible wavelengths of 400-720 nm, and in our
study most of the changes were detectable within this range. From the point of view of
the early detection of deacclimation, attention was paid to the reflection at 550 nm, which
gave the first pick on the reflectance curve (Figure 5). This phenomenon was present
independent of the cultivar or treatment (hormone EBR, control with DMSO). The NA
plants were characterised by the highest values of reflectance at 550 nm, while lower values
were observed for CA and the lowest for DA. Currently, in agriculture satellite imagery, the
so-called “red-edge” region of reflectance (670-760 nm) is promoted for detecting plants’
stress [58]. The shift in the reflectance curve (red-edge spectral region) on the left side
is interpreted as characterising stressed plants [58]. In our experiment, the curves that
characterised the NA, CA, and DA plants were in the same place within the red-edge
spectral region (Figure 5A-F). For this reason, we suggest that attention should be paid
to the range of 520-650 nm, with particular emphasis on the peak at 550 nm, to assess the
occurrence of deacclimation.

Based on the reflectance curve, various parameters and ratios can be calculated, e.g.,
WBI, SIPI, RENDVI, ARI1, and ARI2.

The common range of WBI for green vegetation is from 0.80 to 1.20 [59]. The results
that were obtained for the Pantheon and President plants from all of the treatments had a
WBI that ranged between 1.00 and 1.03. Those values are in agreement with [59] and did
not mean a water deficit in the CA and DA plants, even though there were some significant
changes between the BR-treated and control plants. The patterns of the changes in the
values of WBI for the NA, CA, and DA plants of Pantheon and President were slightly
different than the results that were obtained by [15] for different cultivars of oilseed rape.
However, despite this, those values did not indicate a water deficit in the plant tissues.
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From a practical point of view of the non-invasive detection of deacclimation in plants,
WBI does not seem to be useful.

The Structure Insensitive Pigment Index (SIPI) is a function of chlorophyll a and
carotenoids [60]. In addition, the SIPI is an approach that minimises the confounding
effects of the leaf surface and mesophyll structure in estimating the carotenoid /chlorophyll
a ratio [60]. However, the SIPI is sensitive to the leaf water status, among a few other
factors [61]. The values for the SIPI range from 0 to 2. The typical range for green vegetation
is between 0.8 and 1.8 [60,61]. In our studies, the values ranged from 0.774 to 0.835. Only
minor changes, which were mostly insignificant, were observed between the NA, CA,
and DA plants, as well as after the steroid treatments. Similar to the WBI, from the
practical point of view, the SIPI does not seem to be useful for the non-invasive detection of
deacclimation in plants.

The Red-Edge Normalised Difference Vegetation Index (RENDVI) is a modification of
the Normalised Difference Vegetation Index (NDVI), which is a broadband index that is
associated with green biomass and has been used to indirectly estimate the photosynthetic
capacity and net primary productivity using the reflectance measurements along the
red-edge [62]. In our experiment, this index increased with the duration of vegetation,
independent of the cultivar.

In contrast to the RENDVI, the values of the Greenness Index (G) decreased during
plant growth, and they were highest in the NA plants and lowest after deacclimation. G is
slightly correlated with the contents of chlorophyll and other photosynthetic pigments [63].
From a practical point of view, for the non-invasive detection of deacclimation in plants,
both the RENDVI and G could be useful. However, due to the changes in the values of the
RENDVI and G over time, we cannot exclude the possibility that these values change as
a result of the progress of plant growth/development. Hence, this issue requires further
studies, where plants grown in parallel are not acclimated throughout the entire experiment
or are cold-acclimated for a longer period than in the current study (i.e., six weeks).

The Anthocyanin Reflectance Index 1 (ARI1) enables the accumulation of anthocyanins
to be estimated even in small amounts in intact senescing and stressed leaves [64]. The
common range of this index is from 0.001 to 0.1. Another index that reflects the anthocyanin
content is the Anthocyanin Reflectance Index 2 (ARI2), which is a modified anthocyanin
reflectance index that is less dependent on leaf thickness and density, and is able to detect
higher concentrations of anthocyanins in vegetation [64]. In our study, both of those indices
exhibited a tendency to increase in the CA plants and decrease in the DA plants. This is a
similar tendency to the one that was observed for ARI, calculated according to the equation
for ARI2, in the earlier studies of [15] on two other cultivars. Changes in the values of
the parameters from the ARI group are also supported by fact that, under abiotic stresses
such as a low temperatures, plants accumulate an increasing number of anthocyanins, and
this phenomenon has been observed in many plant species—for example, A. thaliana and
apple (Malus domestica) [65,66]. Thus, an increase in the ARI values in cold, along with
their later decrease at higher temperatures (deacclimation), is in agreement with these data.
Therefore, it can be concluded that the ARI parameters (1 and 2) could be a useful indicator
for assessing a plant’s deacclimation using non-invasive measurements.

To summarise, attempting to find methods that could enable us to detect deacclimation
seems to be increasingly important today. Due to climate change and the more frequent
changes in weather patterns, the phenomenon of deacclimation threatens many winter
crop plant species, especially when sudden frost occurs after a warm period of deacclima-
tion. Earlier detection of deacclimation using non-invasive techniques, such as measuring
photosynthesis or leaf reflectance properties, could enable some of the regulators that at
least limit the possibility of frost injury after deacclimation to be used. In our research,
the results were obtained in control conditions; thus, it is advisable that the pattern of
the changes of specific parameters be confirmed in open-field conditions. However, the
positive information is that non-invasive methods for the early detection of deacclimation
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could also be useful on a large scale by using drones or satellites to detect any changes in
reflectance [58,67] or changes in chlorophyll a fluorescence [68].
Concluding remarks are given in Section 5.

4. Materials and Methods
4.1. Plant Material

Experiment 1 was conducted on two winter cultivars of oilseed rape (Brassica napus L.
var. napus L.): President and Pantheon. Both cultivars are hybrid cultivars (F1), and the seeds
were obtained from Saatbau, Sroda Slaska, Poland. The plant material in the experiments were
analysed on these cultivars, while exceptionally, for the analysis of the accumulation of the
protein BRI1, three additional cultivars of oilseed rape were included in the experiment—the
winter cultivars Rokas and Bojan, and the spring cultivar Feliks. In experiment 2, only the
President cultivar was chosen.

4.2. Experimental Design

The experimental design consisted of a few separate experiments (1, 2, and 3), which
are a continuation of previous research devoted to the deacclimation-induced biochemi-
cal/physiological changes in oilseed rape [11,15,18].

4.2.1. Experiment 1

In experiment 1, the main aim was to verify the hypothesis that the selected BRs
and BR analogues might improve the frost tolerance of oilseed rape, especially the frost
tolerance after deacclimation.

The experimental design was similar to the model that was described in detail in our
earlier article [11]. The detailed number of plants used in the experiment, i.e., the number of
plants in the pods/treatments, is given there [11]. Growth conditions such as light source,
light spectrum, and intensity are also given in [11]. The experimental design is presented
in Figure S6. Briefly, the seeds of oilseed rape were germinated on Petri dishes at 24 °C in
darkness for three days. The seedlings were transferred into pots with soil and cultured at
20 °C for four days, and then at 17 °C for 17 days. Earlier, at day 21 of vegetation, the pots
with plants were divided into three groups.

In the first group, referred to as non-acclimated plants (NA), the 21-day-old plants
were divided into the next three groups: NA plants that had been sprayed with 24-
epibrassinolide (EBR), NA plants that had been sprayed with DMSO—a solvent of EBR
(control)—and NA plants that had not been sprayed and served as an absolute control
(control abs). Three days after spraying, the plants were exposed to frost (—3 °C), and the
frost tolerance of the NA plants—so-called basal frost tolerance—was estimated based on
the regrowth of the plants (for details, see Section 4.3.1).

The second group of 21-day-old plants continued growing at 17 °C for three days.
Then plants were pre-hardened for six days and then cold-acclimated at 4 °C for three
weeks (days 31-51 of vegetation). This group was referred to as cold-acclimated plants
(CA). One day before beginning the process of cold acclimation, the plants were sprayed
with EBR or DMSO, and a group of unsprayed plants was left as an absolute control. All of
the 51-day-old CA plants, after pre-hardening and cold acclimation, were exposed to frost
(=13 °C), and then their frost tolerance was estimated based on the regrowth of the plants
(for details, see Section 4.3.1).

The third group of 21-day-old plants continued growing at 17 °C for three days. Next,
the plants were pre-hardened, cold-acclimated as described above, and then were also
deacclimated at 16/9 °C between days 52 and 58 of vegetation. This group was referred to
as deacclimated plants (DA). On day 55 of vegetation, the plants were divided and then
sprayed with the following compounds: brassinosteroids—EBR and 28-homocastasterone
(HCS); and brassinosteroid analogues—triolon (TR) and MK-266 (MK). The plants that
had been sprayed with DMSO served as controls. Moreover, the group of plants in this
group was also sprayed with a commercial preparation, Asahi SL, (Agrecol, Wieruszdow,
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Poland) (AS). The plants that had not been sprayed served as absolute controls. At day 58
of vegetation (the seventh day of deacclimation), the DA plants had been exposed to frost
at —6, —9, and —12 °C, and then their frost tolerance was estimated based on the regrowth
of the plants (for details, see Section 4.3.1).

In all of the cases, the concentration of the tested steroids, BRs, and their analogues
was 0.5 mg/L. The working solutions were prepared based on stock solutions of these
steroids that had been dissolved in DMSO as a solvent (2 mg/0.5 mL of DMSO). This is why
the control plants were sprayed with solutions that contained an adequate concentration
of DMSO in water. In the case of Asahi SL, its concentration was adjusted based on the
manufacturer’s protocol. In all of the cases, about 10 mL of the working solution was
spread out over all of the plants growing in one pot. The BR analogues were generously
provided by the Laboratory of Growth Regulators, Faculty of Science, and Institute of
Experimental Botany of the Czech Academy of Sciences (Olomouc, Czech Republic). The
EBR and HCS were purchased from Sigma Aldrich, Poznan, Poland.

The effects of BRs and BR analogues on photosynthesis were studied in this experiment.
Non-invasive measurements of photosynthesis (PSII efficiency, gas exchange) and the leaf
spectral properties (leaf reflectance) were always taken for the leaves of the plants from all
of the groups (NA, CA, and DA). In NA and DA plants, measurements were taken one day
before the frost test. In CA plants, measurements were taken two days before the frost test.
The non-invasive measurements were always taken from the best-developed leaf in the leaf
rosette of the plants. Moreover, before the frost tests, samples were taken for analyses of the
accumulation of the protein BRI1 (brassinosteroid membrane receptor), the accumulation
of transcripts of genes encoding the proteins that participate in BR signalling (SERK1 and
SERK2), and the accumulation of the transcript of COR. COR is a BR-regulated gene that is
connected to the acclimation of plants to low temperatures. Samples were also taken from
the best-developed leaves and immediately frozen in liquid nitrogen. The exact times of
the measurements and sampling are given in Figure S6.

4.2.2. Experiment 2

In experiment 2, the aim was to answer the question of whether/how BRs and their
analogues modify the membrane permeability that was measured for the leaves of NA, CA,
and DA plants that had been exposed to frost.

Briefly, this experimental design was similar to the one described in [11] and Section 4.2.1,
with modifications (see also: Figure S6). In comparison with experiment 1, the spraying of
plants with steroids (EBR, HCS, MK, TR) was carried out in each group of plants (NA, CA, and
DA). Plants that had been sprayed with a solution containing DMSO (a solvent for steroids)
served as controls, while plants that had not been sprayed served as absolute controls. Further,
in comparison with experiment 1, the moment of spraying of a group of CA plants was
changed, and spraying took place seven days before the end of a period of cold acclimation.
The regulator Asahi was not tested in this experiment.

Two days after being sprayed, the best-developed leaves were cut off from the NA and
DA plants. Next, the leaves were placed in Petri dishes (one leaf/one dish) and exposed
to frost. In the case of CA plants, the leaves were cut off three days after spraying. In all
three groups (NA, CA, and DA), after frost exposure, the electrolyte leakage was measured.
Electrolyte leakage provides information about any changes in membrane permeability.
A detailed description of the frost test and the measurements of electrolyte leakage is
presented in Section 4.3.2.

The preparation of the solutions for spraying was the same as those described in
experiment 1, and the concentrations that were used were also the same. The temperature
of the frost test and the duration of keeping the leaves in the frost chamber were established
based on preliminary trials.
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4.2.3. Experiment 3

The main aim of experiment 3 was to describe the interaction of two BR analogues,
triolon and MK-266, with defined model lipid systems that have been described previously.
The chemical structure of those analogues is given in Figure S7. Similar to the study of [42],
in order to assess the impact of the tested MK-266 and triolon, lipids with varying saturation
levels but with unchanged polar components were selected for the Langmuir monolayer
model studies. 1,2-Dilinolenoyl-sn-glycero-3-phosphocholine (PC 18:3) was selected to
represent unsaturated lipids, while 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (PC 16:0)
was selected as a lipid that only contains saturated fatty acids. The mixed system of PC
(18:3) + PC (16:0) at a 1:1 molar ratio was selected as being equivalent to natural membrane
systems, in which saturation is regulated by the proportions of the saturated and unsatu-
rated acids. The research system that was used, in which the polar parts remained constant,
permitted a clear analysis of any modifications in the impact of the tested compounds on
the membranes, which resulted solely from changes in the fatty acid saturation.

The lipid solutions were prepared by dissolving synthetic PC 16:0 and PC 18:3 (Avanti
Polar Lipids, Alabaster, Alabama, USA) in chloroform (Avantor, Gliwice, Poland) to achieve
a final concentration of 1 mg/mL. Then, the two-compound lipid solution, which was
represented by the saturated (PC 16:0) and unsaturated (PC 18:3) hydrophobic parts, was
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BRs and BR analogues), ten replicates were made (10 different leaves).

4.3.3. Langmuir trough Studies

The systems were prepared based on the method described in [42]. Single-compound
solutlons (PC 18:3 and PC 16: 0) as well as mlxed systerns (PC 18 3+ PC 16:0 M:M molar
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4.3.3. Langmuir trough Studies

The systems were prepared based on the method described in [42]. Single-compound
solutions (PC 18:3 and PC 16:0) as well as mixed systems (PC 18:3 + PC 16:0 M:M molar
ratio) were spread on an ultrapure deionised water subphase (HLP 5 apparatus “Hydrolab”
(Poland)) to obtain the surface pressure isotherms. All of the systems were tested using a
Langmuir trough (Minitrough, KSV, Finland) with a Pt-Wilhelmy plate. Each experiment
was repeated three to five times to maintain a high level of repeatability and accuracy in
the surface tension measurements (+/—0.1 mN/m). During the experiments, a constant
temperature (20 °C) was thermostatically maintained.

Based on the Langmuir isotherms, three physicochemical parameters were calculated
and determined (1) Aj,—the area occupied by a single molecule in a maximum-packed
layer, (2) mon—the value of surface pressure at which the layer collapsed, and (3) the
static compression modulus, which is defined as Cs 1= —(dm/dInA) and represents the
mechanical resistance during mechanical compression and provides information about the
layer stiffness.

4.3.4. Analysis of the BRI1 Protein Accumulation
Measurements of the Protein Concentration in the Leaf Extracts

The samples that had been obtained from the leaves (1 g) were homogenised in
liquid nitrogen and immediately extracted using 2.5 mL of extraction buffer containing
250 mM sucrose, 50 mM HEPES-KOH pH 7.5, 5% glycerol, 0.5% Triton X-100, 50 mM
NayP;07, 1 mM NapyMoOy, 25 mM NaF, 2 mM DTT, and protease inhibitor cocktail tablets
(Roche, Mannheim, Germany). The samples were centrifuged for five minutes at 38,030 x g
(MIKRO R, Hettich Centrifugen, Tuttingen, Germany). After centrifugation, the supernatant
was collected, and the protein concentration was measured using 2-D Quant Kit (Cytiva,
Marlborough, MA, USA) according to the manufacturer’s protocol, using a SynergyTM2
Multi-Detection Microplate Reader (BioTek, Winooski, VT, USA). Bovine serum albumin
(BSA) (2-D Quant Kit, Cytiva, Marlborough, MA, USA) was used as the calibration standard.
The analysis within experiment 1 was performed in three replications.

Analysis of the Accumulation of the BRI1 Protein in the Leaf Samples Using Immunoblotting

The samples were diluted in an SDS loading buffer at a ratio of 3:1. The SDS loading
buffer contained 200 mM Tris pH 6.8, 400 mM DTT, 8% SDS, 40% glycerol, and 0.1%
bromophenol blue. Protein denaturation was performed at 90 °C for 5 min. The same
amounts (15 pug) of protein extracts were loaded and separated on 10% SDS-PAGE (1 mm
polyacrylamide gel) according to the procedure described in [70]. After the proteins were
separated, they were blotted onto low-fluorescence PVDF membranes (0.45 pm, Bio-Rad
Laboratories, Inc., Hercules, CA, USA) (30 min, 25V /1A) using a semi-dry transfer (Bio-Rad
Trans-Blot Turbo Transfer System, Bio-Rad Laboratories, Inc., Hercules, CA, USA). Then,
the membranes were blocked with 5% low-fat milk diluted in a Tris-buffered saline/Tween
(TSB-T) buffer (containing 0.9% NaCl, 10 mM Tris, and 0.5% Tween 20) for 1 h at room
temperature (RT) with agitation. Next, the membranes were washed four times for five
minutes with a TBS-T buffer at RT with agitation, and then they were incubated in the
primary antibody (dilution: 1:2000; Anti-BRI1 (AS12 1859), Agrisera, Sweden) at 4 °C
overnight. Next, the membranes were washed four times for five minutes with a TBS-T
buffer, and then they were incubated with the secondary antibody (HRP-conjugated Goat
anti-Rabbit IgG (H&L (AS09 602), Agrisera, Sweden) diluted with TBS-T buffer (1:5000)
for 2 h at RT with agitation. The membranes were then washed three times for five
minutes with a TBS-T buffer at RT with agitation, and the protein was visualised using the
chemiluminescence method (AgriseraECL SuperBright (AS16 ECL-S), Agrisera, Sweden),
with three-minute exposure duration of the membrane.

Dilutions of the antibodies were selected based on the previous optimisation process
and the protocol of the manufacturer.
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The optimisation of the analysis method included a trial on A. thaliana as a positive
control in which the BRI1 accumulation was confirmed (AS12 1859 antibody manufacturer’s
product information, Agrisera, Sweden). Simultaneously, on the same gel, samples of
oilseed rape leaves were loaded. The obtained bands from samples of A. thaliana and
oilseed rape were observed at the same level and were located above 130 kDa, as expected
by the antibody producer (Agrisera). Thus, we claim that putative BRI1 protein was found
in samples of oilseed rape. The results presented in this article were obtained using the
same method.

Three independent replicates were performed. The densitometric analyses of the
staining intensity of the visualised bands were performed to quantify the BRI1 protein
content using Image] software version 1.53k (NIH, Bethesda, MD, USA). The averages are
expressed as arbitrary units (A.U.) correlated with the area under the densitometric curves.

4.3.5. Analysis of SERK1, SERK2, and COR14 Gene Expression

The quantitative real-time PCR analysis for the COR14, SERK1, and SERK2 expression
was performed using QuantStudio 3 (Thermo Fisher Scientific, Waltham, MA, USA). RNA
extraction was carried out according to the manufacturer’s protocol using the RNeasy Plant
Mini Kit (Qiagen, Hilden, Germany) from 50 mg of leaf tissue. The concentration and
quality of each RNA sample were determined spectrophotometrically (Quawell, San Jose,
CA, USA). Approximately 700 ng of RNA was subjected to a genomic DNA elimination,
and a reverse-transcription reaction was performed immediately (QuantiTect Reverse
Transcription Kit, Qiagen, Hilden, Germany) according to the manufacturer’s protocol.

The PCR primers for the COR14, SERK1, SERK2, and actin Brassica napus genes
(Table 3) were designed using Primer Express Software v.3.0.1 (Applied Biosystems by Life
Technologies, Foster City, CA, USA). The PCR amplifications were conducted in triplicate
as described in [71], with a dissociation step to confirm the specificity of the reactions.
The PCR data analysis was performed using QuantStudio Design and Analysis Software
v.1.5.0. The relative standard curve method (Applied Biosystems) was used to calculate
the relative gene expression. The COR14, SERK1, and SERK2 expression levels were
calculated relative to that of actin. The analyses were performed within experiment 1 in
five biological repetitions.

Table 3. Genes, sequence origins, and designed primers used in the study.

Gene Name GenBank ID Forward Primer Reverse Primer
COR14 AY456378.1 GTCAGATTTGGCCGGAAAAC CTCGGCGTAGATCAACGACTT
SERK1 KT281978.1 CGACCACTGCGACCCTAAGAT CCCTTTCACCCAGTCAAGCA
SERK2 KR869962.1 GAGCCTCATCAGCTTGGATCT GAAGTGTTCTTACAAGGTCACCCC
actin AF111812.1 TCAGTGGTGGTTCGACCATGT CCGTGATCTCTTTGCTCATACG

4.3.6. Chlorophyll A Fluorescence Measurements

To describe the efficiency of PSII, chlorophyll 4 fluorescence measurements were taken
using a Plant Efficiency Analyser (PEA, Hansatech, King’s Lynn, UK). The leaves were
covered with special clips for 30 min in order to adapt them to darkness. The following
parameters were calculated based on the fluorescence (OJIP) curve as described in [31]:
(1) ppo—maximum quantum yield of the primary photochemistry (at t = 0); ¢p, = TRg/ABS
=[1 — (Fo/Fm); (2) Wo—probability (at t = 0) that a trapped exciton moves an electron
into the electron transport chain beyond Qa ~; P, = ETg/TRg = (1 — Vj); and (3) @g,—the
quantum yield of electron transport (at t = 0); ¢g, = ETo/ABS = [1 — (Fo/Fm)]U). The
measurements were taken within experiment 1. The measurements were always taken on
the middle part of the best-developed leaf that was selected from the leaf rosette, and they
were taken in ten replicates (each replicate was one leaf from different plants).
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4.3.7. Leaf Gas Exchange Measurements

Gas exchange was measured using an LCpro-SD infrared gas analyser (ADC BioScien-
tific Ltd., Hoddesdon, UK), which automatically controlled the measurement conditions.
The following parameters were measured: photosynthetic rate (Py), transpiration (E),
stomatal conductance (gs), and intercellular concentration of CO; (C;j). The instantaneous
water-use efficiency (WUE) was determined based on the quotient of the photosynthetic
rate and transpiration (Pn/E). The conditions in the measurement chamber were as follows:
carbon dioxide concentration 470 pmol mol ! air; temperature, air humidity, and PAR
intensity equal to ambient. The measurements were taken in experiment 1 on the middle
part of the first leaf from the top, in seven replicates.

4.3.8. Leaf Spectral Properties (Leaf Reflectance Measurements)

To analyse the leaf reflectance in experiment 1, a CI-710S SpectraVue Leaf Spec-
trometer (CID-BioScience, Camas, WA, USA) was used. The following parameters of leaf
reflectance were measured/calculated: (1) Water Band Index; WBI = (R900/R970) [59].
(2) Structure Insensitive Pigment Index; SIPI = (R800 — R445)/(R800 + R680) [60]. (3) Red-
Edge Normalised Difference Vegetation Index; RENDVI = (R750 — R705)/(R750 + R705) [62].
(4) Anthocyanin Reflectance Index 1; ARI1 = (1/R550.8839) — (1/R700.9216). (5) Antho-
cyanin Reflectance Index 2; ARI2 = R801.1251-((1/R550.8839) — (1/R700.9216)) [64] mod-
ified. Additionally, the following parameters were measured/calculated: (1) Triangular
Vegetation Index; TVI = 0.5-(120-(R750 — R550)-200-(R670 — R550) [72]. (2) Simple Ra-
tio Pigment Index; SRPI = R430/R680 [60]. (3) Normalised Difference Vegetation Index;
NDVI = (R800 — R680)/(R800 + R680) [73]. (4) Greenness Index; G = R554/R677 [63].
(5) Carotenoid Reflectance Index 1; CRI1 = (1/R510)-(1/R550) [74]. The measurements
were always taken on the middle part of the best-developed leaf that was selected from the
leaf rosette. Measurements were taken in experiment 1 in ten replicates, and each replicate
was one leaf from the different plants.

4.4. Statistical Analyses

All of the statistical analyses were performed using Statistica 13.1. software (StatSoft,
Tulsa, OK, USA). The results were analysed with ANOVA and Duncan’s post hoc test.
Values that are marked with the same letters do not differ significantly (p < 0.05).

5. Conclusions

From the point of view of climate change, studies that are devoted to mechanisms
of deacclimation are important. The knowledge that is acquired could help to counteract
the adverse effects of warm breaks, e.g., in autumn/early winter, on winter crops that
require the cold acclimation (hardening) process to survive temperatures below 0 °C in
winter. Deacclimation generally induces a reversal of the cold-induced changes in the
level of the putative brassinosteroid receptor protein (BRI1), the expression of BR-induced
COR, and the expression of SERKI, which is involved in BR signal transduction. The
dynamics of the changes in the accumulation of putative BRI1 and SERK1 indicate that BRs
might participate in the regulatory mechanisms that adapt plants to growth in different
temperature conditions. The deacclimation-induced decrease in frost tolerance in oilseed
rape could to some extent be limited by applying steroid regulators. The deacclimation
in plants could be detected using non-invasive measurements such as leaf reflectance
measurements (recommended parameters: ARI1 and ARI2). Characteristic changes in the
leaf reflectance spectrum in the range 500-650 nm, could also be useful for the satellite
monitoring of deacclimation.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/1jms25116010/s1. References [75,76] are cited in the Supplementary Materials.
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Oilseed rape cultivar Pantheon
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Figure S1. Exemplary photographs of non-acclimated (NA), cold-acclimated
(CA), and deacclimated (DA) plants of the oilseed rape cultivars Pantheon and
President after the frost tests and a period (two weeks) of regrowth at 12 °C.
(A-E) unsprayed Pantheon plants of the absolute control; (F-J) Pantheon plants
sprayed with brassinosteroid (EBR—24-epibrassinolide); (K-O) unsprayed
President plants of the absolute control; (P-U) President plants sprayed with

EBR.
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Figure S2. Langmuir isotherms (surface pressure (m) vs. molecular area
occupied by lipid) for monolayers of saturated phosphocholine (PC 16:0),
unsaturated phosphocholine (PC 18:3), and a lipid mixture (PC 16:0: PC 18:3;
1:1 M:M) without hormones (black line), and with the mixtures of triolon and
MK-266 at different molar ratios (lipid-hormone): 16:1 (red line), 8:1 (green
line), 4:1 (blue line).
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Figure S3. The static compression modulus (Cs') as a function of surface
pressure () for monolayers of saturated phosphocholine (PC 16:0),
unsaturated phosphocholine (PC 18:3), and a lipid mixture (PC 16:0: PC 18:3;
1:1 M:M) without hormones (black line), and with the mixtures of triolon and
MK-266 at different molar ratios (lipid-hormone): 16:1 (red line), 8:1 (green
line), 4:1 (blue line).
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Figure S4. The accumulation of putative BRI1 protein in the leaves of
non-acclimated (NA), cold-acclimated (CA) and deacclimated (DA) oilseed
rape cultivars Bojan, Feliks and Rokas. The visualised bands corresponding to
the level of putative BRI1 protein. 15 ug of protein was loaded onto gel. Mean
values + SE marked with the same letters do not differ according to Duncan’s test
(p<0.05). Comparison between NA, CA and DA plants within each cultivar.
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Figure S5. The leaf reflectance parameters of leaves of non-acclimated (NA),
cold-acclimated, (CA) and deacclimated (DA) oilseed rape cultivars Pantheon
(A,CE,G,]) and President (B,D,F,H,]). TVI—Triangular Vegetation Index (A,B);
SRPI—Simple Ratio Pigment Index (C,D); NDVI—Normalised Difference
Vegetation Index (EF); G—Greenness Index (GH); CRI1—Carotenoid
Reflectance Index 1 (I,]). Control abs—untreated plants; control —plants treated
with DMSO (solvent of tested steroids); The other objects represent plants
sprayed by  brassinosteroids = (EBR—24-epibrassinolide; =~ HCS—28-
homocastasterone), brassinosteroid analogues (MK—MK-266; TR—triolon),
and the regulator Asahi SL (AS). Mean values marked with the same letters did not
differ significantly according to Duncan’s test (p < 0.05). Lowercase letters—
comparisons between treatments within a particular group (NA, CA, and DA plants);
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capital letters—comparisons between treatments of plants of all three groups (NA, CA,
and DA plants) together.
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Figure S6. Simplified model of experiment 1. NA plants—non-acclimated
plants, CA plants—cold-acclimated plants, DA plants—deacclimated plants;
EBR—24-epibrassinolide, HCS—28-homocastasterone, brassinosteroid
analogues (MK—MK-266; TR—triolon), AS—regulator Asahi SL, DMSO—
solvent of steroids, control abs—absolute control (untreated plants). Non-
invasive measurements and frost tests were carried out on all plants. Samples
for protein and transcript analysis were collected only from untreated plants of
the absolute control (control abs).
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Figure S7. Structure of brassinosteroid analogues MK-266 and triolon. These
compounds were synthesised as described in [75,76].



Table S1. Physicochemical parameters of the Langmuir monolayers: the limiting area
per lipid molecule (Aim[A2?]), collapse pressure (et [MN/m]) and compression
modulus (Cs?! [mN/m]). Statistically significant changes for systems with different
molar concentrations (lipid:hormone 4:1 vs. 8:1 vs. 16:1) are noted by uppercase letters
for MK-266 and lowercase letters for triolon.

Lipids Aiim Tleoll Cs! max
and [A2/molecule] | [mN/m] [MN/m]
BR analogues

PC 16:0 57.3PM 59.2+0.14% 229.3+0.14/
PC 16:0 + MK 4:1 72.04 57.0+£0.1¢ 218.2+0.18
PC 16:0 + MK 8:1 65.48 58.3+0.28 202.0+0.1¢
PC 16:0 + MK 16:1 60.0¢ 57.1£0.1¢ 199.9+0.1P
PC 16:0 + TR 4:1 75.22 60.9+0.12 220.0+0.24
PC 16:0 + TR 8:1 65.9° 60.4+0.1° 226.5+0.1¢
PC16:0 + TR 16:1 60.3¢ 59.0+0.2¢ 227.0+0.1°
PC18:3 93.20/d 41.8+0.14% 73.8+0.34/
PC 18:3 + MK 4:1 105.04 40.2+0.28 70.5+0.18
PC 18:3 + MK 8:1 97.88 40.5+0.28 74.0+0.14
PC 18:3 + MK 16:1 95.7¢ 40.1+0.28 68.8+0.2¢
PC18:3 + TR 4:1 120.02 39.4+0.1° 58.1+0.14
PC18:3+ TR 8:1 103.3¢ 38.6+0.1¢ 60.9+0.1¢
PC 18:3 + TR 16:1 102.0¢ 39.6+0.1° 63.2+0.1°
PC 18:3 +16:0 82.8Pnd 43.6+0.24/ 83.5+0.14/
PC 18:3 +16:0 MK 4:1 | 104.74 40.9+0.18 69.7+0.1°
PC 18:3 +16:0 MK 8:1 | 90.78 43.2+0.34 79.3£0.2¢
PC 18:3 +16:0 MK 16:1 | 85.8¢ 43.3+0.24 84.4+0.28
PC18:3+16:0 TR4:1 | 104.12 42.9+0.2° 79.0+0.1¢
PC18:3+16:0 TR 8:1 | 93.9° 43.1£0.1° 80.9+0.2°
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Abstract: Global climate change, which is connected to global warming and changes in weather
patterns, affects various parts of the environment, including the growth/development of plants.
Generally, a number of plant species are capable of acquiring tolerance to frost after exposure to
cold (in the cold-acclimation/cold-hardening process). In the last few decades, there have been
more and more frequent periods of higher temperatures—warm periods that, e.g., break down
the process of cold acclimation. This generates deacclimation, which could stimulate growth and
lower frost tolerance in plants. Generally, deacclimation causes the reversal of changes induced by
cold acclimation (i.e., in concentration of sugars, accumulation of protective proteins, or hormonal
homeostasis). Unlike cold acclimation, the phenomenon of deacclimation has been less studied. The
aim of this article was (1) to briefly describe the problem of deacclimation, with more attention being
paid to its significance for economically important winter crop species, (2) to review and characterize
the physiological-biochemical changes that are induced in plants by deacclimation, and (3) to discuss
the possibilities of detecting deacclimation earlier in order to counteract its effects on crops.

Keywords: cold acclimation; deacclimation; frost tolerance; climate change; crop plants; plant metabolism

1. Introduction—Significance of Cold Acclimation and Deacclimation for Crops

Global climate change (regardless of its causes) is accompanied by global warming. In
the first two decades of the 21st century, the global surface temperature has increased by
0.99 °C when compared with the years 1850-1900 [1]. In countries located in the temperate
climate zone, the average air temperature has changed in the past sixty years. In Poland, the
last decade was exceptionally warm compared to previous periods [2]. The average annual
temperature reached as high as 9.1 °C. For comparison, in the reference period 1961-1990,
it was 7.5 °C. Global climate change has a variety of effects on nature and the environment,
including on the growth of plants. This may be important, especially for cultivated species,
for example, from the group of winter plants. Because the temperature in the world is
generally rising, the episodes of higher temperatures in autumn and winter are happening
more frequently, i.e., in countries where winter cultivars of crops are cultivated. To winter
cultivars belong many economically important species, such as oilseed rape or cereals.
Normally, winter cultivars require exposure to cold in order to complete their growth cycle
and induce generative development (in the vernalization process) [3]. Simultaneously,
growth in cold conditions results in the acclimation of plants to lower temperatures (below
zero), which increases their frost tolerance. Cold acclimation, for example in eastern EU,
takes place in late autumn at a temperature usually ranging from between +2 to +4 °C,
3-6 weeks. Well-cold-acclimated (cold-hardened) crops in autumn can survive freezing
temperatures that reach approximately —20 °C [4]. Cold acclimation is accompanied
by, among other things, the following more important biochemical and physiological
changes: (1) an increased accumulation of sugars, which thicken the cell sap and decrease
sap freezing temperature [5]; (2) an increase in membrane fluidity due to an increased
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also discuss the possibilities of the earlier detection of deacclimation in crops in order to
counteract its effects in winter crops.

2. Factors That Influence the Phenomenon of Deacclimation

The kinetics of deacclimation depend on a few factors. Among them, the most im-
portant are temperature and the length of the warm period. Usually, higher temperatures
and longer periods of warmth result in more effective deacclimation. Cold-acclimated
cabbage (Brassica oleracea (L.)) seedlings that had been exposed to deacclimation at dif-
ferent temperatures (15 °C, 20 °C, and 25 °C) showed that the higher the deacclimation
temperature was, the more accelerated was the loss of freezing tolerance [29]. Studies on
oilseed rape revealed that deacclimation was more effective at 20 °C than at 12 °C [30].
Furthermore, when deacclimation lasted no longer than five days, reacclimated oilseed
rape plants were able to recover their tolerance to a low temperature at a level that was
close to (or even higher) than before the deacclimation process [31]. Moreover, in this
species, the changes that are induced by deacclimation might be reversible when it is not
accompanied by elongational growth [30] and when there are temperature conditions that
allow plants to reacclimate once again. The deacclimation temperature can differ between
day and night, but a higher temperature during the night is also important for this process.
Studies conducted on Antarctic hair grass (Deschampsia antarctica (E. Desv.)) revealed that
the deacclimation process had a greater effect in nocturnal-warmed plants [21].

In addition to the temperature and the length of the warm period, another important
factor is also the species/cultivars. Specific species, and even cultivars, can be more or less
susceptible to deacclimation. In this context, we can use the term “tolerance for deacclima-
tion”. Tolerance to deacclimation can be understood as the capacity of a plant to maintain
the highest possible frost tolerance despite deacclimation [13]. A comparison of two species
of Solanum (S. multidissectum and S. megistacrolobum subsp. toralapanum) that had been
exposed to deacclimation (at 18 °C for 12 h) showed that the rate of deacclimation depends
on the cultivar [32]. In oilseed rape, the tolerance for deacclimation also differs depending
on the cultivar [13]. According to Pagter et al. [33], hardier species (which was defined
based on their winter freezing tolerance) of Hydrangea, H. paniculata (Siebold) deacclimated
more quickly than H. macrophylla (Thunb.), a less hardy species. In H. macrophylla, the
deacclimation kinetics showed a sigmoid course with a short lag-phase that was followed
by a rapid deacclimation rate.

Tolerance to deacclimation can also depend on the genotype of a plant. Pociecha
et al. [34] tested the frost tolerance of the deacclimated barley cultivar Bowman and its near
isogenic lines with disturbances in the biosynthesis and the signaling of brassinosteroids
(plant steroid hormones). The authors found that both lines tolerated frost better after
deacclimation compared to the wild-type cultivar (Bowman). Wéjcik-Jagla and Rapacz [35]
also demonstrated that some lines of barley were characterized as being more tolerant
to deacclimation than others. According to the authors, the results indicated that the
freezing tolerance and the tolerance to deacclimation might be independent traits, whereas
cold-acclimated plants with a high freezing tolerance can be sensitive to deacclimation [35].

Finally, Takeuchi and Kasuga [18] discovered an interesting phenomenon that different
tissues of one plant might deacclimate in a different manner. In birch (Betula platyphylla var.
japonica (Hara)), bark cells required much higher temperature (10-20 °C) to decrease their
freezing tolerance than xylem cells (deacclimated at subfreezing temperature —2 °C).

The physiological and biochemical basics of the tolerance to deacclimation require
further studies. Based on the current knowledge, we can suspect that the decreases in
frost tolerance after deacclimation might be lower in those plants/cultivars/lines (or even
parts of plants) in which the metabolic changes that are induced by cold acclimation are
sufficiently maintained after deacclimation.
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3. The Physiological-Biochemical Changes That Occur in Plants during Deacclimation

As mentioned, compared to the process of the acclimation of plants to low tempera-
tures, the metabolic changes that occur during deacclimation are still less well known and
have been under more detailed research relatively recently, partly due to the intensification
of studies that have been devoted to global climate change. The metabolic changes that ac-
company the process of deacclimation have been studied in woody plants [36], herbaceous
plants [4], and grasses [22]. Much deacclimation research has been done in the model plant
Arabidopsis thaliana ((L.) Heynh), among others, [24,37-39]. In the group of crop plants, the
deacclimation process has been studied in oilseed rape [13,25,30,40], barley [34], rice [41],
wheat [42], and triticale [43], among others.

3.1. The Cell Walls and Cell Membranes

The structural and compositional changes in the cell wall during the process of cold
acclimation and deacclimation are important for the acquisition or loss of freezing tolerance
as well as in the growth response [39]. In earlier studies, Solecka et al. [44] observed
that the deacclimation of oilseed rape resulted in decreased content of pectin to a level
similar to control plants. During the deacclimation of Arabidopsis (a plant of the same
family as oilseed rape), the genes encoding cell-wall-related proteins such as xyloglucan
endotransglycosylase, xylosidase, xylose isomerase, pectinesterase, and the arabinogalactan
proteins were up-regulated [23]. The components of the cell wall of Arabidopsis, such as
the arabinogalactan proteins and pectic galactan, changed along with the changes in
frost tolerance and growth during cold acclimation and deacclimation [39]. Interestingly,
although some reversible tendencies were induced in the cell wall by deacclimation (versus
cold acclimation), arabinan and xyloglucan did not return to the level observed in the
non-acclimated control. According to Kutsuno et al. [39], deacclimation rather initiates
a specific novel composition of the cell wall. Cell wall polysaccharides could probably
work to achieve the regulation that is necessary to balance the trade-off between freezing
tolerance and growth in plants, and also prepare for, for example, reacclimation.

The changes in the lipid part of cell membranes that are induced by cold acclimation
are well known and they usually go in the direction of an increase in membrane fluidity,
which improves membrane functioning at low temperatures [6,7]. The fluidity of the cell
membrane is significantly associated with larger amounts of the unsaturated fatty acids
that are incorporated into membranes. It can be additionally modified via incorporation
into the membranes, including the chloroplast membranes, of compounds such as sterols
or tocopherols and carotenoids [45,46].

Deacclimation can modify lipid composition, which was observed in trees, mulberry
bark (Morus bombysis (Koidz.)), and Scots pine roots (P. sylvestris (L.)) [19,47]. The ratio of
unsaturated to saturated fatty acids of the phospholipids decreased, and that was a reversal
effect compared to the changes that were induced by cold acclimation. These findings are
in agreement with the results of our last studies, which were conducted on lipids that had
been isolated from the chloroplasts of four cultivars of non-acclimated, cold-acclimated
and deacclimated oilseed rape. Deacclimation (7 days, 9°/16 °C d/n) changed the molar
percentage of the fatty acids of lipids; however, not in all of the fatty acids [48]. The
reversal effect of deacclimation compared to cold acclimation was visible the best after the
calculation of the ratio of the two most unsaturated fatty acids 18:3/18:2 (linoleic [18:2] and
o-linolenic [18:3]) in the fractions of the monogalactolipids and phospholipids. The ratio
increased after cold, while after deacclimation it decreased again. In some cultivars, the
ratio decreased even to the level that had been observed in non-acclimated plants.

Under cold conditions, simultaneously with the alterations of the membrane lipid
composition, there are changes in the content of low-molecular antioxidants such as the
tocopherols and carotenoids [46]. «-Tocopherol, the tocopherol that occurs most often [49],
is involved in the scavenging of ROS [50]. The carotenoid ((3-carotene) also acts as a
ROS scavenger [51]. Therefore, 3-carotene and a-tocopherol might limit the membrane
lipid peroxidation. 3-Carotene and «-tocopherol, after incorporation into the membranes,
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also modify their physicochemical properties [52,53]. 3-Carotene acts as membrane sta-
bilizer [53]. The studies of Hincha [52] showed the influence of the tocopherols on the
stability and lipid dynamics of model membranes (mimicking the lipid composition of the
plant chloroplast membranes) in cold conditions. Based on model systems that were mainly
built from the phospholipids, the specific action of x-tocopherol on the physicochemical
properties of the membranes, such as modifying the phase behavior and lipid dynamics
and decreasing the motional freedom of the lipid fatty acyl chains, was confirmed. These
responses were particularly observed at a low temperature. Regarding deacclimation, our
studies on oilseed rape revealed that the content of tocopherols after deacclimation gener-
ally decreased compared to the cold-acclimated plants [48]. «-Tocopherol and y-tocopherol
were the most abandoned in the chloroplast membranes [48]. In some of the tested cultivars,
the content of «-tocopherol in the chloroplasts after deacclimation even reached the level
that had been observed in the non-acclimated control. In the case of 3-carotene, the changes
after deacclimation were more cultivar-dependent.

The reverse effect of deacclimation on membrane components such as the fatty acids
or the content of low-molecular antioxidants might be one of the more important reasons
for the deacclimation-induced lower tolerance of plants to frost. The cold-acclimated
(7 days) and then frost-exposed seedlings of cabbage (B. oleracea (L.)) were characterized by
decreased electrolyte leakage (less membrane injuries) than the seedlings that had been
exposed to frost after only one day of deacclimation [5]. Electrolyte leakage (membrane
permeability), which was measured in Arabidopsis leaves, was clearly lower in the cold-
acclimated and frost-exposed plants compared to non-acclimated plants or deacclimated
plants that were then exposed to frost [26]. Lower electrolyte leakage (membrane permeabil-
ity) in cold-acclimated /frost-exposed plants informs about the lower injuries of membranes.
Higher values of electrolyte leakage in non-acclimated, deacclimated /frost-exposed plants
informs about the more severe injuries of membranes. One of the causes of membrane
injuries as a result of exposition to low temperature (frost) may be lipid peroxidation. It
is usually measured by MDA (malondialdehyde) content [54]. MDA is considered to be
the final product of lipid peroxidation in the plant cell membrane. Finally, it is also worth
mentioning that the cold-acclimated winter wheat cultivars that had accumulated a higher
amount of tocopherols and (3-carotene had a higher frost tolerance than the cultivars with a
lower amount of these compounds in the leaves [55].

3.2. Soluble Sugar Concentration and Water Management

Cold acclimation generally increases the accumulation of sugars, which thickens the
cell sap and lowers its freezing temperature [5]. It is usually accompanied by decreased
osmotic potential and an increase in frost tolerance. Studies on many species have con-
firmed a reverse tendency in sugar accumulation after deacclimation compared to cold
acclimation. In cabbage seedlings (B. oleracea L.), after only one day of deacclimation, the
amounts of sugars such as sucrose, glucose, and fructose decreased significantly [5]. A
decrease in the content of soluble sugars was also observed in deacclimated cultivars of
white clover stolons (Trifolium repens L.) [56], the stems of Hydrangea plants (H. macrophylla
ssp. macrophylla Thunb.) [33], seedlings of Aleppo pine (Pinus halepensis Mill.) and radiata
pine (Pinus radiata D. Don) [20], crowns of grasses (Agrostis stolonifera L. and Poa annua
L.) [22], and the shoot tissues of peach (Prunus persica L.) [57]. In deacclimated (at temper-
ature 16/11 °C d/n, 2 weeks) blackcurrant (Ribes nigrum L.), although the concentration
of a primary soluble carbohydrate (sucrose) decreased significantly in the buds of all of
the tested plants, the rate of the decrease depended on the cultivar [58]. Additionally, the
concentration of raffinose decreased in these species as a result of deacclimation [58]. Rys
et al. [25] described a lower accumulation of soluble sugars in the leaves of deacclimated
(7 days, 9°/16 °C d/n) oilseed rape. The content of these sugars decreased in this species
to a level that was observed in the non-acclimated control. The authors also noted that cold
acclimation reduced the osmotic potential of oilseed rape (by approximately 20-25%), while
deacclimation increased it again by approximately 23-45%. The changes were accompanied
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by a decrease in the frost tolerance of the plants [25]. Finally, a deacclimation-induced
lower content of sugars was also described by Kutsuno et al. [39] in A. thaliana.

In addition to lowered content of sugars in plant tissues, deacclimation causes the up-
regulation of some genes associated with carbohydrate metabolism, such as 3-galactosidase,
sucrose synthase, and B-fructosidase [23]. 3-Galactosidase is involved in lactose catabolism,
while sucrose synthase and (3-fructosidase are involved in sucrose metabolism [23].

A high content of water in tissues is unfavorable for freezing tolerance, because
temperatures below 0 may lead, e.g., to membrane injuries by forming ice outside or inside a
cell. Deacclimation generally results in an increase in the osmotic potential and rehydration
of tissues [25,58]. Ogren [59], in experiments made in field conditions on Vaccinium myrtillus,
observed a significant dependency between sugar content and rehydration of tissues and
susceptibility of deacclimated plants to frost. In the buds of deacclimated blackcurrant
(Ribes nigrum (L.)), a higher water content was observed (calculated as [Fresh Weight-Dry
Weight]/Dry Weight) [58]. In oilseed rape (cultivar Kuga and Thure), cold acclimation
generally decreased the value of the relative water content (RWC). The RWC increased
significantly in the deacclimated plants of one cultivar [25].

The dehydration of plant tissues is controlled by proteins such as aquaporins, which
are involved in water transport in cells [60]. In cold-acclimated oilseed rape cultivars, the
accumulation of protein BnPIP1 (plasma membrane intrinsic protein) was generally higher,
probably for the purpose of better dehydrating the cells [25]. Deacclimation decreased Bn-
PIP1 to a level that was also observed in non-acclimated plants, or even lower. Interestingly,
the cold acclimation of oilseed rape drastically reduced the accumulation of the transcript
aquaporin BnPIP1, but its level remained unchanged after deacclimation [25]. It did not
correlate with changes in the protein accumulation, which could suggest a role of some
of the posttranscriptional mechanisms in controlling aquaporin production differently in
cold-acclimated and deacclimated plants; however, this requires further studies.

To conclude, the reverse effect of deacclimation (compared to cold acclimation) on the
sugar metabolism and water management is surely one of the more important factors that
are responsible for lowering the tolerance of plants to frost.

3.3. Accumulation of Selected Proteins

Generally, proteomic analyses that have investigated the influence of deacclimation
on plasma membrane proteins have shown that an increase or a decrease in particular
proteins during cold acclimation has the opposite tendency during deacclimation [26]. In
deacclimated A. thaliana, the majority of the membrane proteins whose accumulation is
stimulated by cold returned after deacclimation, even to a level that was similar to the
non-acclimated plants [26]. In deacclimated tea (Camellia sinensis (L.) Kuntze), comparative
proteomic studies also revealed differences in the accumulation of many proteins from
the groups that are involved in, among other things, the cell wall, photosynthesis, pro-
tein synthesis, antioxidation, or sugar metabolism when compared with cold-acclimated
plants [61]. In deacclimated plants compared to cold-acclimated plants, 115 up-accumulated
and 136 down-accumulated proteins were detected. Compared to the non-acclimated
plants, 477 differentially accumulated proteins, including 253 up-accumulated proteins and
224 down-accumulated proteins, were observed in deacclimated plants [61].

Based on the aforementioned works, it can be said that, similar to the research of the cell
wall conducted by Kutsuno et al. [39], deacclimation initiates a novel composition of many
proteins from different tested groups. However, focusing our review on three groups of
proteins with particular significance for cold acclimation (COR, heat shock proteins (HSP),
and dehydrins (DHN)), it can be seen that most often deacclimation has the reverse effect on
them compared to cold acclimation. For example, in deacclimated wheat and oilseed rape,
the COR78 protein decreased to an undetectable level, which was similarly observed in non-
acclimated plants compared to the increased accumulation in cold-acclimated plants [62].
Our studies on oilseed rape showed that during cold acclimation the accumulation of the
protective proteins from a group of HSP is enhanced [63]. The main role of HSP is to act
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as molecular chaperones. They are responsible for regulating protein folding as well as
its accumulation, location, translocation, and degradation [64,65]. After the deacclimation
of oilseed rape, the amount of cytoplasmic HSP70 and HSP90 most frequently decreased
compared to cold-acclimated plants [63]. Deacclimation also results in a decrease in the
accumulation of DHN in Scots Pine (Pinus sylvestris) [66]. DHN are protective proteins
that are produced in dehydrated tissues [67], which is observed in cold [68]. The role of
DHN is to protect the other proteins and membranes against negative structural changes
that are induced by the dehydration of tissues [67]. In deacclimated wheat and oilseed
rape, the accumulation of dehydrin (47-kD) decreased to a level that was observed in the
non-acclimated plants [62]. The relative expression of a gene that is related to dehydrins
(PpDhn1) revealed a decrease in its amount during the deacclimation of peach (Prunus
persica (L.) Batsch) [57].

To summarize, in deacclimated plants there is usually a decreased accumulation of
stress-related and protective proteins [62,63], along with a simultaneous increase in the
number of proteins associated with the metabolic processes [26,61]. This seems to be an
important reason for the deacclimation-induced lowering of frost tolerance.

3.4. Hormonal Balance

Plant hormones and the interactions between them play an important role in a
plant’s stress responses, including low-temperature stress. The interplay between growth-
promoting hormones such as gibberellins, auxins, and cytokinins and stress hormones
such as abscisic acid (ABA) seem to be particularly important in the context of the balance
between growth and the frost tolerance of cold-acclimated plants. The deacclimation pro-
cess can disturb this balance. The research that was conducted on deacclimated A. thaliana
revealed an increased expression of the genes that are associated with growth-promoting
hormones biosynthesis, for example, gibberellins and auxins [24]. In deacclimated Vitis
plants, the downregulation of ABA synthesis might play an important role in the loss
of cold hardiness and budbreak [69]. In deacclimated barley (Hordeum vulgare L.) plants,
there was an increase in the growth-promoting hormones, including indole-3-acid (IAA),
some gibberellins, and cytokinins [34]. Similar phenomena were observed in deacclimated
bermudagrasses (Cynodon spp.)—the amount of cytokinin was higher while the amount of
ABA was lower [70]. Stachurska et al. [63] conducted detailed analysis of the hormonal
homeostasis in cold-acclimated and deacclimated oilseed rape (four cultivars). In the tested
cultivars, the concentration of ABA increased (in a cultivar-independent manner) in the
cold-acclimated plants, while it decreased significantly as a result of seven days of deaccli-
mation [63]. Changes in the growth-promoting hormones (their precursors and inactivated
forms) were more cultivar-dependent, but the general tendency was a decrease in their
concentrations, i.e., cytokinin: cis-zeatin, active auxin (IAA) and its precursors or some
gibberellins (GAy) during cold acclimation that was followed by an increase after deaccli-
mation. Studies allowed the preparation of a model of hormonal changes characterizing
the winter and spring cultivars of cold-acclimated and deacclimated oilseed rape [63].

Another group of hormones that have recently been studied in the aspect of deaccli-
mation are brassinosteroids (BR). BR are plant steroids that are involved in plant growth
and stress response. Pagter et al. [24] found that, in deacclimated A. thaliana, the expression
of the genes related to brassinosteroid biosynthesis was higher. Our studies on cereals [71]
and oilseed rape [72] showed that endogenous BR generally increased in leaves, but only
after cold acclimation. In the case of oilseed rape, there was, however, a dependency on the
cultivar and on the type of analyzed BR. Deacclimation (in oilseed rape) rather decreased
some of the BR [72]. In the winter wheat cultivar Grana, long periods of cold acclimation
(43 days) finally resulted in a high accumulation of brassinosteroid (28-homocastasterone)
in crowns (Figure 3). Deacclimation (7 days) reversed this effect (Figure 3).

Interestingly, in contrast to the BR level, the accumulation of the BR receptor (BRI1)
clearly decreased in cold but increased after deacclimation [72]. This higher accumulation
of the BR receptor protein (despite the fluctuations in the BR levels in deacclimated plants)
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yield) [75]. Further, regarding the dark reactions of photosynthesis, studies by Rapacz and
Hura [76] showed that deacclimated oilseed rape plants had, conversely to cold-acclimated
plants, a decreased activity of Rubisco and sucrose-phosphate synthase (SPS), which is in
agreement with the later studies of Rys et al. [25], where the authors showed that, after
deacclimation, the intensity of photosynthesis (net photosynthesis, parameter Py) was
lower in both of the tested cultivars of oilseed rape (Kuga and Thure). On the other hand,
this seems to be a slight contradiction to our last observations [77] of two cultivars of oilseed
rape (Pantheon and President), where the deacclimated plants were characterized by an
increased intensity of the CO, assimilation. In our opinion, an increase in Py is more likely
after deacclimation because it is accompanied by a further resumption of growth. This is
why the issue may require more studies, especially because Py is sensitive to the soil water
content, and therefore even a slight deficit of water in a controlled pot culture is mirrored
in photosynthetic activity due to the effect on the stomata closure.

As a result of the deacclimation of A. thaliana, the following genes that are connected
to photosynthesis, chlorophyll a/b-binding protein; ribulose 1,5-bisphosphate carboxy-
lase/oxygenase small subunit; photosystem I reaction center subunit II, and photosystem II
5 KD protein, were up-regulated [23]. Other studies on A. thaliana revealed that, although
they were suppressed during cold acclimation, the genes associated with photosynthesis,
which encode the D2 subunits of the photosystem II complex, were reactivated during
deacclimation [37]. Research on the gene expression of cold-acclimated and deacclimated
B. napus revealed differences in the genes that are responsible for, among other things,
photosynthesis and light-regulated diurnal responses, whose expression was reversed
within one week of deacclimation [78].

3.6. Other Changes

Antioxidants. Research conducted on the needles of Norway spruce (Picea abies L.)
revealed that the concentration of the O ™, radical and HyO, did not vary significantly
between the tree populations during the deacclimation period [79]. In contrast, the con-
centrations of the low-molecular-weight antioxidants such as flavonoids, ascorbic acid,
and glutathione were lower, while similarly a decrease was also observed in the activity of
superoxide dismutase (SOD) and guaiacol peroxidase (PO). The activity of catalase (CAT)
did not change between the tree populations [79]. In winter wheat plants, the concen-
trations of antioxidants such as ascorbate and glutathione generally tended to decrease
after deacclimation, while they were higher in the cold-acclimated plants [80]. In olive
leaves (Olea europea L.), antioxidant activity such as ascorbate peroxidase, CAT, peroxidase,
and SOD increased during cold acclimation and decreased during deacclimation [81]. It
is known that low-temperature stress is accompanied by oxidative stress (increasing the
accumulation of reactive oxygen species (ROS) such as superoxide, hydrogen peroxide,
and hydroxyradicals). A too-high concentration of ROS is harmful for cellular structures
and macromolecules. Plants developed a defense system against oxidative stress, which is
among others connected with increased activity of the aforementioned ROS-scavenging
enzymes. By lowering the activity of ROS-scavenging enzymes or lower accumulations
of other antioxidative compounds, deacclimation weakens plant antioxidative capacities,
thus making them more susceptible to frost-induced damages.

Under abiotic stress such as low temperature, plants accumulate an increasing amount
of anthocyanins [82], and this phenomenon was observed in many plant species, e.g.,
maize, grape, apple [83-85]. The expression of the genes responsible for the biosynthesis of
anthocyanins was enhanced under low-temperature treatment [86]. In oilseed rape, cold
acclimation significantly increased the content of anthocyanins, while deacclimation caused
the decrease in anthocyanin content [25].

Amino acids (proline). Proline is accumulated by plants under stress and is involved
in, among other things, antioxidative protection [87]. In A. thaliana, the concentration of
proline decreased gradually during the three days of deacclimation, compared to the high
levels of this amino acid in cold-acclimated plants [38]. In oilseed rape, the level of proline
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decreased significantly after the exposure of plants to elevated temperature (18/16 °C) [88].
A lower concentration of proline and amino acids was also detected in deacclimated winter
wheat when compared with cold-acclimated plants [80].

General metabolic profile. The FT-Raman technique, which provides general informa-
tion about the changes in the metabolic profile (the content and composition of carotenoids,
chlorophylls, flavonoids, fatty acids, or polysaccharides, etc.), has been implemented to
compare non-acclimated, cold-acclimated, and deacclimated oilseed rape [25]. A cluster
analysis (chemometric method) revealed clear differences in the FT-Raman spectra. The
non-acclimated and deacclimated plants were in one group, while the cold-acclimated
plants were in another group. This indicates that seven days of the deacclimation of oilseed
rape is generally the period that significantly reverses the cold-induced metabolic changes,
thus making the plant metabolism more similar rather to non-acclimated plants than to
cold-acclimated plants.

Physiological and biochemical changes that occur in plants during cold acclimation
and deacclimation have been summarized in Table 1, where we compared two species
from the same family, Brassicaceae, a model plant Arabidopsis thaliana, and a crop plant
oilseed rape.

Table 1. The effects of cold acclimation and deacclimation on the physiological, biochemical, and
genetical changes in two plants of the Brassicaceae family—the model plant A. thaliana and the crop
plant oilseed rape. Cold-acclimated plants were compared to non-acclimated plants. Deacclimated
plants were compared to cold-acclimated plants.

Arabidopsis thaliana Oilseed Rape

Cold-Acclimation

Deacclimation

Cold-Acclimation

Deacclimation

Cell walls

Down-regulation of the genes
encoding cell-wall-related
proteins such as putative

xyloglucan
endotransglycosylase,
xylosidase arabinogalactan
protein, and xylosidase [23]

Up-regulation of the genes encoding
cell-wall-related proteins such as putative
xyloglucan endotransglycosylase,
xylosidase, xylose isomerase,
pectinesterase, and arabinogalactan
protein [23]

Suppression of the cell
wall-related genes [37]

Reactivation of the cell-wall-related genes
[37]

Increase in the arabinogalactan
protein content [39]

Decrease in the arabinogalactan protein
content [39]

The content of pectin in the
cell walls increased [44]
Higher levels of
non-covalently bound pectins
and an increased content of
galactose, arabinose, and
glucose in the pectins and of
galactose and arabinose in the
hemicelluloses [89]

The content of pectin in the
cell walls decreased to a level
similar to that in the control
plants [44]

Cell membranes

Lower electrolyte leakage
(membrane permeability) after
the frost test [26]

Increase in membrane fluidity

[6]

Higher electrolyte leakage (membrane
permeability) after the frost tests [26]

Increased ratio of the
unsaturated to saturated fatty
acids [48]

Decreased ratio in the
unsaturated to saturated fatty
acids [48]

Sugars

Increased sugar content [38]

Decreased sugar content [38]

Increased starch content [39]

Decreased starch content [39]

Downregulation of the genes
associated with carbohydrate
metabolism (e.g.,
{3-galactosidase, sucrose
synthase) [23]

Upregulation of the genes associated with
carbohydrate metabolism (e.g.,
[3-galactosidase, sucrose synthase) [23]

Increased sugar content [25]

Decreased sugar content [25]

Water
management

Down-regulation of the genes
encoding the water channel
proteins (such as tonoplast

intrinsic protein gamma (TIP))

[23]

Up-regulation of the genes encoding
water channel proteins (such as tonoplast
intrinsic protein gamma (TIP)) [23]

Decreased osmotic potential,
decreased relative water
content (RWC), increased
accumulation of aquaporin
(BnPIP1) [25]

Increased osmotic potential,
increased relative water
content (RWC) in one cultivar,
decreased accumulation of
aquaporin BnPIP1 [25]

Proteins

Increased COR expression [12]

Reduced amount of COR transcripts [38]

Increased accumulation of
heat shock proteins (HSP) [63]

Decreased accumulation in the
heat shock proteins (HSP) [63]

Increased accumulation of the
cell structure-related proteins
and decrease in protein
synthesis, destination and
storage-related proteins [26]

Reversal of the changes induced by cold in

the majority of the protein accumulations

(e.g., in the protein synthesis, destination

and storage-related proteins, decrease in
cell structure-related proteins [26]

Increased accumulation of
dehydrins (DHNs) [62]

Decreased accumulation in
dehydrins (DHNSs) [62]

Increased accumulation of the
cold-regulated protein
(COR?78) [62]

Decreased accumulation in
cold-regulated protein
(COR?78) [62]
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Table 1. Cont.

Arabidopsis thaliana

Oilseed Rape

Cold-Acclimation

Deacclimation

Cold-Acclimation

Deacclimation

Suppression of the
photosynthesis-related genes
encoding the D2 subunit of the
PSII complex [37]

Reactivation of the photosynthesis-related
genes encoding the D2 subunit of the PSII
complex [37]

Decreased maximum
quantum yield of the PSII
photochemistry (Fv/Fm) [25]

Increased maximum quantum
yield of the PSII
photochemistry (Fv/Fm) [25]

Inhibition of photosynthesis
(reactions of the dark phase) and
increase in sucrose-phosphate

Increased expression of the genes
involved in the light reactions of
photosynthesis [37]

Limited intensity of the light
reactions of photosynthesis
[13]

Intensification of the light
reactions of photosynthesis
[13]

Photosynthesis synthase (SPS) activity [12]
Increased activity of RuBPCO  Decreased activity of RuBPCO
Down-regulation of the Up-regulation of the and SPS [76] and SPS [76]
ph::rli(::zy: mezlrf;ﬁ?;edaiﬁ;? photosynthesis-related protein genes, e.g., Unchanged or decreased inszsﬁeasffd %thrclcsrea'tslfglsis
8 subilr{i%.;)f R CgO 23] encoding a small subunit of RuBisCO [23]  intensity of CO, assimilation €O t};ssix}:lilatioﬁnP )
- (Pn) (cultivar-dependency) bz blv d d 4 I\{)
o5 77 (prg ably dependent by
’ additional factors) [25,77]
Increased ABA content and a Decreased'ABA content and
decrease in growth-promoting h an mncrease ll’ln
hormones [63] growt -prorrE(g’;l]ng ormones
Down-regulation of the genes Increased expression of the genes . \
H ) involved in auxin and associated with growth-promoting Tendencfybt 0 increase thg Tendencglgo de'crease t}.ls
h ormonal gibberellin metabolism, hormones (auxins and gibberellins) and cgntent do rassg{lostelrgn S cgntent do rasm}rllostequ S
omeostasis down-regulation of the BR an increased expression of the genes ;nslz)?ﬂf;:;;e to feaxlt}l/\;:il ;nse)?t}fentty(?e to feacnualt}l/\;:il
bi thesis path 90 i i .
iosynthesis pathway [90] associated with BRs [24] steroid) [13] steroid) [13]
Decrease in the accumulation Increase in the accumulation
of the brassinosteroid receptor  of the brassinosteroid receptor
(BRI1) [72] (BRI1) [72]
Increased level of proline [88] Decreased level of proline [88]
Other effects Increased level of proline [38] Decreased level of proline [38]

Increased anthocyanin content
[25]

Decreased anthocyanin
content [25]

4. How Could the Results of Deacclimation Studies Be Used in Practice?

Summarizing the results presented in this work, it should be emphasized that the

degree of the reversal of the cold-induced changes via deacclimation is dependent on the
species, cultivar, and above all, on the duration and the temperature of the deacclimation.
Moreover, some physiological or biochemical parameters return to the values that are
observed before cold acclimation more easily, while others are more stable. The research on
the physiological-biochemical changes that accompany deacclimation will require further
research. Nevertheless, the described physiological and biochemical changes that are
induced by deacclimation can help to explain the basics of a lower frost tolerance in
deacclimated plants. Deacclimation is a problem, especially in the case of winter crop
plants. This is because the frost tolerance decreased by the deacclimation generates specific
economic problems, as it may be connected to the loss of yields.

Today, we are dealing with the problem of global climate change and the challenge of
feeding an increasing number of people in the world. Because the problem of deacclima-
tion is occurring more frequently, we will have to consider the following: (1) cultivating
crops that are characterized by a higher frost tolerance after deacclimation (deacclimation
tolerant), (2) choosing cultivars that are characterized by a slower/later deacclimation
process [91], or even (3) applying special preparations to protect deacclimated plants from
frost injuries. It is also important to extend the current knowledge about the timeframes
of deacclimation in order to predict more precisely how fast particular changes occur (in
given species/cultivars).

Tracking the metabolic changes induced by deacclimation in field conditions is com-
plicated because it is difficult to evaluate those changes visually, while complex laboratory
analyses require the invasive collection of samples and are time-consuming. Fortunately,
there are a few non-invasive measurements, such as measuring the chlorophyll a fluores-
cence, whose effectiveness has been proven for detecting deacclimation-induced changes
in crop plants [13,16,25]. Measurements of the efficiency of photosystems based on chloro-
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phyll a fluorescence can be used as a sensitive tool for monitoring the deacclimation process.
What is even more important is that this method could also be used on large-scale cultiva-
tions in fields using drones or satellites to detect any changes in the fluorescence. Another
method that could be used to evaluate the rate of deacclimation could be measuring the
spectral properties of leaves (leaf reflectance measurements). Selected parameters such as
ARI1 and ARI2, which define the level of anthocyanins, correspond well with the changes
that are induced by deacclimation [25,77].

Another technique that could be used in assessing plant freezing tolerance during
deacclimation could be electrical impedance tomography (EIT). Even though this technique
is not yet popular in plant science, it could be used to examine the tolerance of plants to
various stressors [92]. EIT is a rapid, nondestructive measurement, and the values of EIT
images can be useful in a quantitative evaluation of changes induced during deacclimation
and estimation of frost tolerance [92].

The results of laboratory research on deacclimation and non-invasive measurements
taken together indicate that the deacclimation process (as mentioned above) generally
partly or fully reverses the changes that are induced by acclimation in cold. However, many
of the results were obtained in a controlled environment (plants grown in growth chambers
with controlled light, temperature, humidity, etc.). It seems reasonable to conduct further
similar studies in field conditions, which are more unpredictable. Already, in 1976, Gusta
and Fowler [93] conducted research on winter wheat crowns artificially cold-acclimated
and field-cold-acclimated. The results clearly indicated that the field-cold-acclimated
crowns deacclimated faster and had a higher water content than the artificially acclimated
plants [93].

Finally, it is worth emphasizing once again that the phenomenon of deacclimation
is dangerous (e.g., for winter crops) when frost occurs after a period of warming. Deac-
climated plants have the ability to reacclimate again, which may even result in acquir-
ing higher frost resistance [31]. The mechanisms of this phenomenon are also worth
deeper studies.
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Abstrakt

Zmiany klimatu prowadza do wzrostu temperatur na swiecie oraz wystepowania czestszych okreséw z pod-
wyzszong temperaturg w okresie jesienno-zimowym. Rosliny ozime, w tym wazne rosliny uprawne, ktérych
okres wegetacyjny przypada na ten czas, sg szczegdlnie narazone na niekorzystny wplyw podwyzszonej tem-
peratury, ktéra moze zaburzadé naturalny proces hartowania do niskich temperatur. Zjawisko to okreslane
jest mianem rozhartowania i powoduje najczesciej odwrécenie zmian fizjologiczno-biochemicznych zain-
dukowanych hartowaniem. Celem niniejszej pracy jest (1) przyblizenie zagadnienia wplywu rozhartowania
na mrozoodpornos$é ozimin, (2) analiza zmian fizjologiczno — biochemicznych zachodzacych w komdérkach
w czasie procesu hartowania i rozhartowania, (3) krétka dyskusja nieinwazyjnych metod umozliwiajacych

ocene stanu rozhartowania upraw dla celéw praktyki rolniczej.

Slowa kluczowe: rozhartowanie, hartowanie, zmiany klimatu, mrozoodpornosc
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Abstract

Climate change leads to an increase in global temperatures and the more frequent occurrence of periods
that are characterised by higher temperatures in autumn and winter. Winter plants, including important
crops whose growing season is during these periods, are particularly exposed to the adverse effects of
higher temperatures, which could disturb the natural process of hardening to low temperatures. This phe-
nomenon is called dehardening and most often results in the reversal of the physiological and biochemical
changes that are induced by cold hardening. The aim of this work is (1) to describe the problem of the influ-
ence of dehardening on the frost tolerance of winter crops, (2) to analyse the physiological and biochemical
changes that occur in cells during the cold hardening and dehardening process and (3) to briefly discuss
non-invasive methods that will enable the dehardening state of crops to be assessed for the purposes of

agricultural practice.

Key words: dehardening, cold-hardening, climate change, frost tolerance

WPROWADZENIE

Zmiany Kklimatu, bez wzgledu na ich przy-
czyny (okresowe zmiany w aktywnosci Slorica,
erupcje wulkanéw, aktywnos$c¢ czlowieka czy
inne), zwigzane sa z globalnym ociepleniem.
W Polsce ostatnie dekady byly szczegdlnie cie-
ple — w ciggu ostatnich szes$c¢dziesieciu lat $red-
nia temperatura powietrza zima wzrosla z -1,9°
do -0,2°C (Nauka o klimacie, https://naukaokli-
macie.pl/aktualnosci/zmiana-klimatu-w-polsce
-na-mapkach-468/). Co wiecej, srednia roczna
temperatura powietrza tez osiagnela wyzsza
warto$¢ w ostatnich latach, a liczba cieplych
dni (z temperatura powyzej +30°C) ciagle sie
zwieksza (Nauka o klimacie, https://naukaokli-
macie.pl/aktualnosci/zmiana-klimatu-w-pol-
sce-na-mapkach-468/). W pierwszych dniach
stycznia 2023 roku mozna bylo zaobserwowad
kilka dni z temperaturg siegajacg nawet +17°C
(Archiwalne wykresy meteo, http://meteo2.ftj.
agh.edu.pl/meteo/archiwalnewykresymeteo),
a wrzesienl tego roku byl cieplejszym miesig-
cem niz czerwiec (IMGW, 2023). Takie zmiany
moga szczegdlnie niekorzystnie wplywac na we-
getacje roslin ozimych. Nasiona roslin ozimych
wysiewane s3 jesienia, poniewaz w fazie siewki
rosliny te wymagaja okresu chlodu (tzw. werna-
lizacji — zwykle w +1 do +6°C; Chouard 1960)
do indukcji rozwoju generatywnego i do ukori-
czenia cyklu rozwojowego. Wyrdznia sie¢ m.in.
ozime odmiany rzepaku (Brassica napus L.),

pszenicy (Triticum aestivum L.), jeczmienia (Hor-
deum vulgare 1.) oraz zyta (Secale cereale L.).
Poniewaz plon roslin ozimych jest wyzszy niz
jarych, sa one czesciej uprawiane w Polsce,
mimo ze sa bardziej narazone na niekorzyst-
ne dzialanie mrozu. Rosliny te rozwinely jed-
nak naturalne mechanizmy umozliwiajace im
przetrwanie niekorzystnych warunkéw atmos-
ferycznych, takich jak ujemne temperatury
zimg. Dobrze zahartowane (zaaklimowane),
zwykle w temperaturze rzedu +2° do +4°C, ro-
$liny moga przetrwac¢ mrozy siegajace nawet
ok. -20°C (Rapacz i Janowiak 1998). Jesienne
hartowanie roslin powoduje miedzy innymi:
(1) zwiekszong akumulacje cukréw zagesz-
czajacych sok komérkowy i obnizajacych tem-
perature jego zamarzania (Sasaki i wspdlaut.
1996) oraz obnizenie zawarto$ci wody w li-
$ciach (Charest i Ton Phan 1990; Rys i wspo6l-
aut. 2020), (2) wzrost plynnosci blon komérko-
wych poprzez zwiekszenie udzialu nienasyco-
nych kwaséw tluszczowych w ich strukturze,
co ulatwia funkcjonowanie blon komdérkowych
w chlodzie (Uemura i wspélaut. 1995; Filek
i wspdlaut. 2017), (3) zwiekszong akumulacje
bialek ochronnych (np. HSP, ang. Heat Shock
Proteins), ktére m.in. chronig inne bialka przed
uszkodzeniem (Zhang i wspdlaut. 2008; Sadu-
ra i wspdlaut. 2020), (4) zwiekszenie poziomu
hormondéw stresu, np. kwasu abscysynowego
(ABA), ktéry m.in. reguluje gospodarke wodna
(Kosova i wspélaut. 2012).
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Wystepujace obecnie w wielu rejonach zmia-
ny klimatyczne powoduja zaburzenia natural-
nego procesu hartowania oraz moga prowadzic¢
do rozhartowania (deaklimacji, dehartowania)
roslin. Zjawisko to najczesciej powoduje odwroé-
cenie powstalych na skutek hartowania zmian
metabolicznych (Rapacz i wspélaut. 2017; Rys
iwspodlaut. 2020; Stachurska i wspélaut. 2023).

Odwrécenie zaindukowanych hartowaniem
w +4°C zmian moze zachodzié¢ juz po Kkilku
dniach ekspozycji roslin na podwyzszong
temperature (np. 7 dni z temperaturg +16°C
w dzieni i +9°C w nocy) (Rys i wspdlaut. 2020;
Stachurska i wspélaut. 2022). Z kolei w tem-
peraturze +20°C rozhartowanie zachodzi juz po
2 dniach (Rapacz, informacja ustna). Rozharto-
wanie moze wystapi¢ po okresach podwyzszo-
nej temperatury jesienia (np. na przelomie li-
stopada i grudnia), zima (cieple okresy w stycz-
niu i lutym) a nawet wczesng wiosng. Nagle
pojawienie sie mrozu po okresie rozhartowania
znaczaco zwieksza ryzyko uszkodzen mrozo-
wych (Rapacz i wspélaut. 2017; Rys i wspélaut.
2020; Stachurska i wspélaut. 2022). W nie-
ktérych latach (np. w roku 2012) uszkodzenia
spowodowane niska temperatura wymusily ko-
niecznos$é zaorania 32% upraw rzepaku ozime-
go (Walkowski 2016), co wigze sie ze stratami
ekonomicznymi.

Stopien rozhartowania roslin zalezny jest od
réznych czynnikéw, m.in. od wysokosci tempe-
ratury oraz czasu trwania tzw. cieplej przerwy.
Szybkos¢ rozhartowania byla wieksza w tempe-
raturze 20° niz w 12°C (Rapacz 2002). Podat-
no$c¢ na rozhartowanie moze réznic sie¢ w zalez-
nosci od gatunku (Byun i wspoélaut. 2014). Ba-
dania prowadzone na réznych odmianach rze-
paku wykazaly takze, ze tolerancja warunkéw
rozhartowujacych w pewnym stopniu zalezna
jest od odmiany rosliny (Stachurska i wspdlaut.
2022). Z kolei u jeczmienia zaobserwowano
nawet réznice miedzy genotypami/liniami (Po-
ciecha i wspélaut. 2020, Wéjcik-Jagla i Rapacz,
2023). Podloze fizjologiczno-biochemiczne tej
tolerancji wymaga jeszcze badan. Najpraw-
dopodobniej spadki mrozoodpornosci beda
mniejsze po dzialaniu temperatur rozhartowu-
jacych u tych roslin/odmian, u ktérych zmiany

metaboliczne zaindukowane wczesniej chlo-
dem utrzymaly sie na zadowalajacym poziomie
przez okres rozhartowywania.

Jesli po okresie rozhartowania nastanie po-
nownie okres chlodu oraz nie doszlo do silnego
wzrostu elongacyjnego, a w szczegdlnosci wybi-
cia pedu kwiatowego (np. u roslin rzepaku), moz-
liwe jest odwrdcenie zmian spowodowanych
rozhartowaniem (tzw. rehartowanie) oraz po-
nowny wzrost mrozoodpornosci (Rapacz 2002).

CHARAKTERYSTYKA ZMIAN
FIZJOLOGICZNO-BIOCHEMICZNYCH
ZACHODZACYCH W CZASIE
ROZHARTOWANIA

W przeciwienistwie do zmian fizjologiczno
— biochemicznych zachodzacych w roslinach
na skutek hartowania do niskich temperatur,
zmiany zachodzace w tkankach roslin w cza-
sie rozhartowania sg relatywnie slabo poznane
i staly sie przedmiotem bardziej szczegélowych
badar dopiero w ostatnich latach (Vyse i wspol-
aut. 2019; Firtauer i wspdlaut. 2019). Bada-
nia wykonywano dotychczas m.in. na modelo-
wej roslinie Arabidopsis thaliana (L.) Heynh.
(m.in. Pagter i wspélaut. 2017; Byun i wspdl-
aut. 2014) oraz na roslinach uprawnych takich
jak: rzepak (m.in. Rapacz 2002; Rys i wspdlaut.
2020), jeczmienn (Pociecha i wspdélaut. 2020)
oraz pszenica (Vaitkeviciaté i wspélaut. 2022).
Dzialanie podwyzszonych temperatur powodu-
jace rozhartowanie stanowi dla roslin impuls
do wznowienia wzrostu i rozwoju. Dochodzi
bowiem najczesciej do odwrdcenia kierunku
zmian indukowanych dzialaniem chlodu i po-
budzenia metabolizmu.

Sciany i blony komérkowe. Pod wplywem
rozhartowania nastepujg zmiany w obrebie
elementéw skladowych $cian komérkowych
Arabidopsis thaliana (L.) Heynh., takich jak
zmiany ilosciowe bialek arabinogalaktanowych
(AGPs) i pektynowego galaktanu. Co ciekawe,
arabinian i ksyloglukan po rozhartowaniu nie
wracaja stricte do poziomu obserwowanego
w roslinach niehartowanych. Wynika z tego,
ze polisacharydy scian komérkowych zmienia-
ja sie w czasie hartowania (w poréwnaniu do
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kompozycji charakteryzujacej rosliny nieharto-
wane), ale rozhartowanie indukuje powstanie
specyficznej, nowej kompozycji i struktury Scia-
ny, ktéra nie byla obserwowana ani w roslinach
niehartowanych ani hartowanych (Kutsuno
i wspélaut. 2023). Nieco inaczej wyglada spra-
wa blon komdérkowych (w tym blon chloropla-
stéw). Ich reorganizacja (najczesciej w kierun-
ku zwiekszenia plynnosci) jest niezwykle waz-
nym elementem hartowania roslin do niskiej
temperatury (Ogweno i wspdlaut. 2009). Zmia-
ny dotycza gléwnie skladu lipidowego (m.in.
udzialu poszczegélnych kwaséw thiszczowych)
w blonach (Filek i wspdlaut. 2016), zawartosci
tokoferoli i karotenoidéw (Munné-Bosch 2005)
oraz steroli (Willemot 1980). Badanie zmian
wlasciwoséci membran przy uzyciu wagi Lang-
muira wykazalo, ze rozhartowanie generalnie
powoduje odwrdcenie zmian powstalych na
skutek dzialania chlodu. Zmiany dotycza kom-
pozycji kwaséw tluszczowych zlokalizowanych
w membranach chloroplastowych. Przykla-
dowo stosunek zawartosci kwasow 18:3/18:2
[kwas a-linolenowy (18:3) i linolowy (18:2)] we
frakcjach monogalaktolipidéw i fosfolipidéw
w badanych odmianach rzepaku wzrésl w cza-
sie hartowania, ale rozhartowanie odwrdcilo te
zmiane (Rys i wspélaut. 2024).

Gospodarka weglowodanowa i wodna. Istot-
na czes$¢ zmian metabolicznych zachodzacych
w czasie rozhartowania dotyczy gospodarki
weglowodanowej. Podczas rozhartowania do-
chodzi bowiem do spadku zawartosci cukréw
rozpuszczalnych, niezbednych do zageszcze-
nia soku komodrkowego, co zwieksza podat-
nos$é komorek na uszkodzenia mrozowe (Pag-
ter i wspolaut. 2008; Rys i wspdlaut. 2020).
Jest to potegowane dodatkowo zwiekszaniem
sie zawarto$ci wody w komérkach. Znaczacy
wzrost wzglednej zawartosci wody (wyrazony
parametrem RWC, ang. Relative Water Con-
tent) zaobserwowano w liSciach rzepaku pod-
danych rozhartowaniu i byl to trend odwrotny
do obserwowanego w czasie hartowania (Rys
i wspélaut. 2020). Podobnie jak w rzepaku,
w rozhartowanych roslinach Arabidopsis thalia-
na (L.) Heynh. i kapusty (Brassica oleracea L.)
zaobserwowano zmniejszong akumulacje cukréw

rozpuszczalnych (Sasaki i wspélaut. 1996;
Kutsuno i wspélaut. 2023). Na poziomie mo-
lekularnym po rozhartowaniu zmianie ulegla
ekspresja genéw zwigzanych z gospodarka we-
glowodanowa — w rozhartowanym Arabidopsis
thaliana (L.) Heynh., stwierdzono zwiekszona
ekspresje genéw [-galaktozydazy i syntazy sa-
charozy (Oono i wspdélaut. 2006).

Bialka. U rzepaku w czasie rozhartowania
obserwowany jest spadek zawartosci bialek
ochronnych z grupy HSP, ktérych akumulacja
wczesniej wzrastala w warunkach chlodu (Sta-
churska i wspdélaut. 2023). Z kolei w przypadku
Arabidopsis thaliana (L.) Heynh. poddanego
rozhartowaniu, wiekszo$¢ bialek blonowych
akumulowanych na skutek hartowania powré-
cila w czasie rozhartowania do poziomu sprzed
hartowania, cho¢ czes$é bialek zwiazanych ze
stresem pozostala jednak na wyzszym pozio-
mie (Miki i wspélaut. 2019). Rozhartowanie po-
woduje spadek akumulacji dehydryn, ktére sa
bialkami produkowanymi w celu ochrony mem-
bran i innych bialek przed niekorzystnymi zmia-
nami wywolanymi dehydratacjg tkanek (Kosova
i wspélaut. 2007). Do dehydratacji tkanek do-
chodzi m.in. w czasie hartowania roslin do ni-
skich temperatur (Kalberer i wspdlaut. 2006).
Badania prowadzone na bialkach blony komor-
kowej wykazaly, ze generalnie bialka, ktérych
akumulacja zwieksza si¢ lub zmniejsza w cza-
sie hartowania, na ogdl wykazuja odwrotna ten-
dencje w czasie rozhartowania (Miki i wspdlaut.
2019). W czasie rozhartowania szczegdlnie ob-
niza sie akumulacja bialek odpowiedzi na stres
abiotyczny oraz kinaz/fosfataz (Miki i wspdlaut.
2019). Badania proteomiczne rozhartowanych
roslin herbaty chiriskiej (Cammelia sinensis
(L.) Kuntze) wykazaly réznice w akumulacji
bialek z réznych grup, w tym bialek $ciany ko-
morkowej, bialek zaangazowanych w fotosynte-
ze, synteze bialek, antyoksydacje i metabolizm
cukréw w poréwnaniu do roslin hartowanych
(Ding i wspdlaut. 2023).

Homeostaza hormonalna. Nieco pdézZniej-
szym efektem rozhartowania moze byé wy-
ksztalcenie sie pedu kwiatowego, a nawet roz-
woéj pakéw. Hartowane chlodem rosliny np.
rzepaku znajduja sie bowiem w stadium rozety
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lisSciowej, w ktorej najlepiej znosza mréz. Jedna
z przyczyn tego zjawiska moze byé spadek steze-
nia hormonéw stresu (gléwnie ABA) i zwieksze-
nia sie udzialu hormonéw odpowiedzialnych za
wzrost i rozwdj (Stachurska i wspotaut. 2023).
Takie przesuniecie réwnowagi hormonalnej
w wyniku rozhartowania to takze jedna z moz-
liwych przyczyn obnizenia mrozoodpornosci
roslin rzepaku po rozhartowaniu (Stachurska
i wspdlaut. 2023). Badania prowadzone na
Arabidopsis thaliana (L.) Heynh. potwierdzaja,
ze po rozhartowaniu nastepuje wzrost ekspre-
sji genéw zwigzanych z biosynteza hormondéw
wzrostu i rozwoju, m.in. giberelin i auksyn (Pag-
ter i wspolaut. 2017). Podobnie, rozhartowane
rosliny jeczmienia (Hordeum vulgare (L.)) cha-
rakteryzowaly sie zwiekszeniem koncentracji
hormonéw wzrostowych, w tym auksyny (kwa-
su indolilo-3-octowego, IAA) oraz podwyzszo-
nym poziomem giberelin i cytokinin (Pociecha
i wspolaut. 2020). Rozhartowanie skutkuje tez
zmianami ekspresji wielu genéw zaangazowa-
nych miedzy innymi w tzw. sygnalizacje hor-
monalng (takich jak receptor brasinosteroidéw
BRI1). W bardziej mrozoodpornych odmianach
rzepaku, po rozhartowaniu ekspresja BRI1 po-
zostala na poziomie podobnym jak u roslin har-
towanych (Stachurska i wspélaut. 2022).

NIEINWAZYJNE METODY OKRESLANIA
STOPNIA ROZHARTOWANIA ROSLIN

Nasilanie sie zmian klimatycznych i zwiek-
szanie czestotliwosci zjawisk powodujacych
rozhartowanie roslin sklania do zastanowienia
sie, czy i jakie srodki zaradcze mozna/trzeba
bedzie podjaé w przyszlosci w uprawach ozi-
min. Jedng z opcji moze byc dobér i uprawa od-
mian charakteryzujacych sie mniejsza podatno-
$cig na rozhartowanie. Inng alternatywa moze
byé zastosowanie preparatéw zapobiegajacych
uszkodzeniom mrozowymroslin ozimych wtrak-
cie wegetacji po wystgpieniu cieplych przerw.
W takim przypadku stan upraw ozimin naleza-
loby monitorowaé przy pomocy nieinwazyjnych
metod umozliwiajacych szybka ocene stopnia
rozhartowania roslin, bowiem ocena szcze-
golowych zmian metabolicznych wymagajaca

zebrania lisci i wykonania zlozonych analiz la-
boratoryjnych, moze by¢ niepraktyczna. Istnie-
je jednak kilka nieinwazyjnych metod pomia-
rowych, ktére umozliwiajg dostrzezenie nawet
wczesnych etapéw rozhartowania roslin. Obie-
cujace sg metody pomiaru wlasnosci spektral-
nych lisci (tzw. refleksji lisci), dostarczajacych
informacji o strukturze, uwodnieniu i zmianach
w obrebie koncentracji barwnikéw w liciach.
Przykladem moze byé parametr ARI opisuja-
cy poziom barwnikéw antocyjanéw, ktérego
warto$ci dobrze koreluja ze zmianami powo-
dowanymi rozhartowaniem — u hartowanych
roslin rzepaku ARI osigga wysokie wartosci,
ktére — niezaleznie od odmiany — spadaja kil-
kakrotnie po rozhartowaniu (Rys i wspdlaut.
2020; Stachurska i wspélaut. 2024). Poniewaz
fotosynteza jest dobrym wskaznikiem odzwier-
ciedlajacym wplyw réznych czynnikéw na rosli-
ny, to analiza fluorescencji chlorofilu a (i efek-
tywnosci dzialania fotosystemdéw) jest jedng
ze skutecznych metod oceny rozhartowania
upraw, co wykazano w przypadku zb6z (Rapacz
i wspolaut. 2017) oraz potwierdzono u rzepa-
ku (Rys i wspdlaut. 2020; Stachurska i wspol-
aut. 2022). Mozna tego dokonac¢ wykorzystujac
drony, bezzalogowe statki powietrzne czy sate-
lity do monitorowania zmian fluorescencji pol
uprawnych.

Praca finansowana z projektu Narodowego
Centrum Nauki 2019/35/B/NZ9/02868.
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