Praca doktorska

wykonana w Katedrze Ekofizjologii Roslin
Instytutu Biologii Eksperymentalnej
Uniwersytetu todzkiego

pod kierunkiem
prof. dr hab. Matgorzaty M. Posmyk

todz, 2021

Stacjonarne Studia Doktoranckie
Mikrobiologii, Biotechnologii
i Biologii Eksperymentalnej

Izabela Kotodziejczyk

Egzogenna melatonina jako czynnik
modyfikujgcy metabolizm kietkujacych
nasion kukurydzy (Zea mays L.)

Exogenous melatonin as a factor modifying the metabolism
of germinating maize seeds (Zea mays L.)






Spis tresci

1. Zrédta finansowania badar prowadzonych w ramach pracy doktorskiej 4
2. Wspotpraca 4
3. Wykaz elementéw wchodzgcych w sktad mieszanej rozprawy doktorskiej 5
4. Omdwienie celu naukowego i uzyskanych wynikow 6
4.1. Wprowadzenie 6

4.2. Cel pracy i hipoteza badawcza 9

4.3. Metodyka badan 10

4.4. Omdéwienie wynikow 13

4.5. Wnioski 21

5. Streszczenie w jezyku polskim 24
6. Streszczenie w jezyku angielskim 26
7. Dorobek naukowy 28
7.1. Spis publikacji niewchodzacych w sktad rozprawy doktorskiej 28

7.2. Doniesienia konferencyjne 28

7.2.1. Wystapienia ustne 28

7.2.2. Plakaty 29

7.3. Dziatalno$¢ naukowa 31

7.3.1. Staze zagraniczne 31

7.3.2. Nagrody 31

Zataczniki
1. Kopie publikacji wchodzacych w sktad rozprawy doktorskiej wraz z o$wiadczeniami
wspotautoréw (Zat. 1-4).
2. Manuskrypt wchodzacych w sktad rozprawy doktorskiej z oswiadczeniem
wspotautoréw i potwierdzeniem z Int. J. Mol. Sci. o przyjeciu go do recenzji (Zat. 5).
3. Wydruk raportu Web.Sci. z dn. 19.05.2021 r. na temat danych bibliometrycznych
publikacji wchodzacych w sktad rozprawy doktorskiej (Zat. 6).



1. Zrédta finansowania badan prowadzonych w ramach pracy doktorskiej

Badania finansowane w latach 2011-2015,
Grant NCN N N310 111940

‘ NARODOWE »,Proteomiczna analiza zmian profili biatkowych
CENTRUM
ANNAUKI

w osiach zarodkowych nasion kondycjonowanych
z melatoning eksponowanych na stres chtodu

podczas kietkowania” —

kierownik: prof. dr hab. Matgorzata M. Posmyk.

2. Wspotpraca

dr hab. Andrzej Kazmierczak, prof. Ut

Katedra Cytofizjologii
Wydziat Biologii i Ochrony Srodowiska
Uniwersytet £édzki

dr hab. Katarzyna Dzitko, prof. UL,

Katedra Mikrobiologii Molekularnej
Wydziat Biologii i Ochrony Srodowiska
Uniwersytet £édzki

dr Rafat Szewczyk

Katedra Mikrobiologii Przemystowej i Biotechnologii
Wydziat Biologii i Ochrony Srodowiska
Uniwersytet £édzki



3. Wykaz elementéw wchodzgcych w sktad mieszanej rozprawy doktorskiej

PUBLIKACIE

Kotodziejczyk I., Posmyk M.M. (2016) Melatonin - a new plant biostimulator? Journal of
Elementology 21(4): 1187-1197 DOI: 10.5601/jelem.2015.20.3.1012.

2016

IF 0.641%°*°, 0.781"; 14 cytowan* (40" pkt-y MEiN)

Kotodziejczyk I., Batabusta M., Szewczyk R., Posmyk M.M. (2015) The levels of melatonin

and its metabolites in conditioned corn (Zea mays L.) and cucumber (Cucumis
sativus L.) seeds during storage. Acta Physiologiae Plantarum 37(6): 105 DOI
:10.1007/s11738-015-1850-7.

2015

IF 1.563%°"°, 2.078"; 17 cytowan* (70" pkt-y MEiN)

Kotodziejczyk 1., Dzitko K., Szewczyk R., Posmyk M.M. (2016a) Exogenous melatonin

expediently modifies proteome of maize (Zea mays L.) embryo during seed
germination. Acta Physiologiae Plantarum 38: 146 DOI: 10.1007/s11738-016-2166-y

2016

IF 1.364°%*°, 2.078"; 12 cytowan* (70" pkt-y MEiN)

Kotodziejczyk 1., Dzitko K., Szewczyk R., Posmyk M.M. (2016b) Exogenous melatonin

improves corn (Zea mays L.) embryo proteome in seeds subjected to chilling stress.
Journal of Plant Physiology 193: 77-56 DO0I:10.1016/j.jplph.2016.01.012.

2016 3 615"; 30 cytowan* (100" pkt-y MEiN)

IF3.121
MANUSKRYPT

Kotodziejczyk 1., Kazmierczak A., Posmyk M.M. (2021) Melatonin application modifies

antioxidant defence and induces endoreplication in maize seeds exposed to chilling
stres. International Journal of Molecular Science

219 4.653" (140" pkt-y MEiN)

Manuskrypt przyjety do oceny dn. 25.05.2021r.  IF 4.556
Na dysertacje doktorska sktadajg sie:

% 4 opublikowane prace o tgcznym IF z dnia publikacji 6,689 oraz aktualnym
piecioletnim IF 8,556, faczng suma punktéw wg. listy MEIN 280 - prace te byty
cytowane 73 razy*;

¢ 1 manuskrypt przyjety do recenzji w International Journal of Molecular Science

(IF 4.556%°*, 4.653"; 140" punkty MEIiN).

*Dane bibliometryczne z dn. 19.05.2021 r. wg. Web.Sci (Zat. 6).



4. Omoéwienie celu naukowego i uzyskanych wynikéw

4.1. Wprowadzenie

Istotnym kierunkiem badan z zakresu biologii i uprawy roslin jest poznanie
mechanizmdéw odpornosci i tolerancji odpornosci istotnych gospodarczo roslin wzgledem
zmieniajgcych sie, czesto niekorzystnych warunkéw srodowiska. Wrazliwos$é roslin na
stresy jest rézna w zaleznosci od stadium rozwojowego. Szczegdlnie newralgicznym
okresem jest moment kietkowania nasion i wschody siewek. Z tego powodu jakos¢ nasion,
ich wigor i zywotno$é, jak rowniez odpowiednie przygotowanie do wysiewu, jest kluczem
dla prawidtowego rozwoju mtiodej siewki i jej przetrwania w potencjalnie niekorzystnych
warunkach srodowiska.

W celu polepszania jakosci nasion od lat z powodzeniem stosuje sie zabiegi
kondycjonowania/primingu, takie jak: hydro-, osmo- lub matri-kondycjonowanie [Lutts
i wsp., 2016] Priming nasion opiera sie na kontrolowanym uwadnianiu ich suchych tkanek
okreslong eksperymentalnie iloscig wody, ktéra pozwala na uruchomienie wstepnych faz
kietkowania, lecz nie dopuszcza do wzrostu zarodka i przebicia okrywy nasiennej przez
korzen zarodkowy. Taka ograniczona imbibicja nasion umozliwia ich powtdrng desykacje
(ostatni etap kondycjonowania), a nastepnie ewentualne przechowywanie do momentu
wysiewu [Hasanuzzaman i Fotopoullos, 2019]. Odpowiednio dobrany dla gatunku
i prawidtowo przeprowadzony zabieg kondycjonowania nasion polepsza parametry
kietkowania m.in.: wydajnosci, tempo i energie kietkowania. Ponadto powoduje, Ze
nasiona kietkujg rownomiernie nawet w warunkach suboptymalnych np. w szerszym
zakresie temperatur, ograniczonym przez zasolenie dostepie wody, czasowej hypoksji itp.
[Lutts i wsp., 2016]. Przekfada sie to réwniez na réwnomierne wschody silniejszych,
tolerujacych stresy siewek.

Poszczegdlne typy primingu mogg byé uzupetnione aplikacjg bioaktywnych
substancji stymulujacych lub/i ochronnych takich jak: regulatory wzrostu roslin, hormony,
antyoksydanty, fungicydy, antybiotyki itp. Takie chemiczne uzupetnienie
kondycjonowania nasion z zatozenia powinno potegowaé pozytywne efekty zabiegu i nie
przysparza¢ probleméw toksykologicznych, wiec aplikowane substancje winny by¢

naturalne, a co najmniej biodegradowalne. Tylko poszukiwanie sposobdw poszerzenia



tolerancji na stresy bez dodatkowej chemizacji Srodowiska, otwiera szeroko perspektywe
ekologicznych upraw i zdrowych produktéw spozywczych pochodzenia roslinnego —
w trend ten wpisuje sie prezentowana dysertacja.

Jako obiekt badan niniejszej pracy doktorskiej wybrano nasiona (ziarna) kukurydzy
cukrowej (Zea mays L. var. Ambrozja). Ta jednoliscienna roslina jest szeroko stosowana
w zywieniu cztowieka. Jej wazng cechg jest to, ze nie indukuje glutenozaleznych alergii
pokarmowych, wiec kukurydziane produkty spozywcze sg nie tylko smaczne ale
i bezpieczne. Zielone czesci kukurydzy sg cenng paszg dla zwierzat gospodarskich, zas
z widkien produkuje sie ekologiczne biodegradowalne materiaty na opakowania i torby.

Warunki  klimatyczne  obszaru  Polski  bywajg  niewystarczajgce  dla
satysfakcjonujgcej uprawy nawet aklimatyzowanych odmian kukurydzy. Krotki okres
wegetacji , a zwtaszcza niskie wiosenne temperatury w okresie kietkowania, sg stresujace
i ograniczajgce dla pochodzgcego z Ameryki Potudniowej gatunku [Ranum i wsp., 2014;
Soare i wsp., 2018]. Dlatego kazde niskonaktadowe polepszenie kietkowania i wschodéw
w warunkach wiosennych chtodéw, a w efekcie wydtuzenie okresu wegetacji i poprawe
plonu, ktéry da wymierne korzysci ekonomiczne — jest pozadane. Zgodnie z takim
zatozeniem, w prezentowanej pracy doktorskiej eksperymentalnie dobrano optymalng dla
nasion kukurydzy technike kondycjonowania, ktérg wzmacniano biostymulujgcym
dziataniem melatoniny.

Melatonina (MEL; N-acetylo-5-metoksytryptamina), poczatkowo znana byta jako
neurohormon zwierzecy. W efekcie licznych badan dowiedziono, iz jest ona wysoce
konserwatywng czgsteczkg, obecng w znacznie oddalonych ewolucyjnie organizmach.
Endogenna MEL (fitomelatonina) zostata odkryta i opisana u wielu gatunkéw roslin. Jej
zawartos$¢ jest rézna i waha sie od kilku pg do kilkuset ng w gramie Swiezej masy,
w zaleznosci od gatunku, odmiany, a nawet organu z ktérego pobrano materiat do analiz
[Hattori i wsp., 1995]. Poziom fitomelatoniny w tkankach jest zalezny réwniez od etapu
rozwoju i stanu fizjologicznego rosliny i moze by¢ zwigzany z warunkami w jakich roslina
egzystuje. Stwierdzono, ze szczegdblnie intensywnie MEL jest syntetyzowana
w niesprzyjajacych warunkach s$rodowiska, a rosliny z wyziszg jej zawartoscig lepigj
toleruja stresy [Zhang i wsp., 2015; Kotodziejczyk i Posmyk, 2016; Arnao i Hernandez-Ruiz
2021; Tripathi i wsp. 2021].



Fenomen ten wigzano z faktem iz MEL jest wysoce efektywnym uniwersalnym
antyoksydantem, niwelujgcym zaréwno reaktywne formy tlenu (RFT) jak i azotu (RFA), co
w potgczeniu z niewielkimi rozmiarami i amfifilnoscig (doskonale penetruje wszystkie
kompartmenty komérkowe), czyni jg niezwykle skuteczng w ochronie przed wtérnym
stresem oksydacyjnym [Kotodziejczyk i Posmyk, 2016]. Co ciekawe, produkty powstajace
z MEL podczas redukcji wolnych rodnikéw tlenowych i nie rodnikowych RFT takie jak
m.in.: hydroksy-melatonina, cykliczna melatonina, czy N(1)-acetyl-N(2)-formyl-5-
methoksykinuramina (AFMK) - zachowujg wfasciwosci przeciwutleniajgce. Tworzy wiec
MEL specyficzng kaskade antyoksydantéw co generuje duzo wyzszy potencjat
detoksykujgcy niz ten obserwowany u powszechnie znanych nieenzymatycznych
przeciwutleniaczy [Arnao i Hernandez-Ruiz, 2019]. Opisywano takze rdzny, pozytywny
wptyw w MEL na dziatanie enzymdw antyoksydacyjnych [Batabusta i wsp., 2016].

Te wifasnosci niewatpliwie sankcjonujg obecnos¢ MEL w mitochondriach
i chloroplastach [Tripathi i wsp., 2021]. Mimo, iz organella te wyksztatcity wiele
mechanizméw ochronnych, MEL wydaje sie takie by¢ czasteczkg zapewniajaca
integralnos$é strukturalng i funkcjonalng ich bton [Arnao i Hernandez-Ruiz 2021]. Ponadto,
indolamina ta chroni chlorofil przed degradacjg co zapewnia utrzymanie chloroplastéow
w stanie poprawnego funkcjonowania [Szafraniska i wsp., 2017]. i przyczynia sie posrednio
do spowolnienia proceséw starzenia. Wspomaga wiec MEL nieprzerwane prowadzanie
najwazniejszych procesow zyciowych rosliny: fotosyntezy i oddychania komérkowego.
Poniewaz MEL jest analogiem strukturalnym IAA (kwas indolilo-octowy) przypisuje sie jej
wiasnosci auksynopodobne, zwtaszcza, ze indukuje rozwdj korzeni i moduluje ich
architekture [Arnao i Hernandez-Ruiz, 2017]. Jednak najintensywniej stymuluje MEL
wegetatywny wzrost nadziemnych czesci roslin, co jest widoczne zwtaszcza w warunkach
suboptymalnych. Poniewaz zauwazono, ze pozytywne efekty dziatania MEL uwidaczniajg
sie zwykle w warunkach réznych streséw (np. temperaturowych, solnego, osmotycznego,
suszy, dziatania metali ciezkich) [Arnao i Hernandez-Ruiz, 2021] wydaje sie, ze moze ona
poprawia¢ sprawnos¢ strategii obronnych roslin lub specyficznie akcelerowac ich
odpornosé/tolerancje na stresy [Kotodziejczyk i Posmyk, 2016].

Naturalng konsekwencjg tych przemyslen byt plan suplementacji nasion kukurydzy
odpowiednim, eksperymentalnie ustalonym stezeniem egzogennej MEL dla podwyzszenia

ich wartosc¢ siewnej i zwiekszenia prawdopodobienistwa przetrwania wyrostych z nich



siewek warunkow chfodu. Efekty dziatania MEL podawanej do nasion w drodze ich
przedsiewnego hydrokondycjonowania, na kietkowanie kukurydzy w warunkach stresu
chtodu ipo jego ustgpieniu, zbadano na poziomie fizjologicznym, biochemicznym,

cytofizjologicznym i molekularnym (proteomicznym).

4.2, Cel pracy i hipoteza badawcza

Celem pracy byto udokumentowanie korzystnego wptywu MEL na metabolizm
kietkujgcych nasion kukurydzy cukrowej (Zea mays L. var. Ambrozja) i zbadanie jakie
procesy indukuje/stymuluje MEL w roslinie poszerzajac jej tolerancje na stres chtodu
i wzmagajac proces regeneracji po jego ustgpieniu.

Pierwotna hipoteza badawcza zaktadata, ze: (1) przedsiewne kondycjonowanie
bedzie efektywng metodg aplikacji MEL do nasion, (2) znacznie podniesiony poziom MEL
w nasionach ograniczy negatywne dziatanie chtodu podczas kietkowania, poprzez
ograniczenie wtdrnego stresu oksydacyjnego, (3) celowym jest przesledzenie
potencjalnych zmian w proteomie zarodkdw kietkujgcych nasion dla ustalenia procesow
metabolicznych modulowanych przez kondycjonowanie i przez egzogenng MEL.

Wyniki badan proteomicznych sprowokowaty do postawienia kolejnej hipotezy
wtérnej zaktadajacej, ze (4) ilosSciowe zmiany biatek generowane pod wptywem MEL mogg
by¢ rezultatem powielenia materiatu genetycznego w strefach bazalnych zarodkdw przez

endoreplikacje.

Nakreslony cel pracy osiggnieto realizujgc wymienione ponizej cele szczegétowe (etapy).
* Charakterystyka materiatu siewnego:

- testy kietkowania w gamie temperatur, ustalenie warunkéw stresu chtodu;
- kinetyka imbibicji - ustalenie inicjalnej i finalnej/granicznej wilgotnosci nasion;
- dobdr metody i warunkéw kondycjonowania dla nasion kukurydzy;
- dobdr optymalnego stezenia MEL aplikowanej do nasion
- testy poréwnawcze pokroju/wielkosci zarodkow.
Dziatania te pozwolity na (i) ustalenie warunkéw eksperymentu - czasu trwania
i intensywnos¢ stresu - oraz (ii) wybdr wariantéw nasion do poréwnania.

* Badanie zawartosci MEL i jej metabolitéw w materiale roslinnym:



- oznaczenie poziomu endogennej MEL w nasionach kukurydzy;

-szacowanie efektywnosci i trwatosci wybranej metody podawania egzogennej
MEL, poprzez oznaczenie poziomu tej indoloaminy w nasionach zaraz po
zabiegach kondycjonowania i co miesigc przez rok ich przechowywania;

- identyfikacja pochodnych/metabolitow MEL.

* Obserwacje efektéw kondycjonowania i MEL w kontekécie wtdérnego stresu
oksydacyjnego generowanego chtodem:

- szacowanie uszkodzen oksydacyjnych;

- analizy aktywnosci enzymdéw antyoksydacyjnych i detoksykujgcych.

* Analizy proteomiczne biatek izolowanych z osi zarodkowych nasion kietkujgcych

w warunkach optymalnych i stresu chtodu:

- charakterystyka zmian generowanych kondycjonowaniem;

- charakterystyka zmian generowanych przez MEL.

* |dentyfikacja zmian zachodzacych za posrednictwem MEL na poziomie cyklu

komérkowego w strefach bazalnych osi zarodkowych kietkujgcych nasion.

4.3. Metodyka badan

Materiat roslinny

Materiat roslinny stanowity nasiona kukurydzy cukrowej (Zea mays L., var. Ambrozja)
zakupione w firmie nasienniczej TORSEED (Torun, Polska). Przed rozpoczeciem
eksperymentow byly one przechowywane w szczelnie zamknietych pojemnikach,

w ciemnosci, w temperaturze pokojowe;j.

Testy kietkowania
Testy kietkowania w warunkach laboratoryjnych, z wykorzystaniem komoér fitotronowych
(gama temperatur 1-25 °C; podtoza osmotycznie czynne w zakresie 0-2 -MPa — roztwory

PEG-8000) prowadzono wedtug zasad ISTA (ang. International Seed Testing Association).
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Ustalenie warunkéw i dobdr optymalnego typu primingu
Wykonano i testowano dwa typy primingu: osmo- i hydrokondycjonowanie; uzupetniane
o aplikacje MEL w réznych stezeniach (zakres 25-500 uM). Rezultaty zabiegdéw

kondycjonowania byty monitorowane testami fizjologicznymi.

Analiza pokroju zarodkéw
Wypreparowane z wybranych wariantow nasion zarodki byty fotografowane, a ich

powierzchnia mierzona przy pomocy oprogramowania Imagel.

Monitoring zawartosci MEL i jej pochodnych w nasionach

Poziom MEL i jej analoga strukturalnego — IAA oznaczono metodg wysokosprawnej
chromatografii cieczowej z detekcjg elektrochemiczng (HPLC-EC).

Analizy ilosciowe i jakosciowe, dotyczgce MEL i jej metabolitéw w wybranych wariantach
nasion przechowywanych przez rok prowadzono przy uzyciu techniki HPLC-MS/MS t;.

wysokosprawnej chromatografii cieczowej ze spektrometrem masowym.

Badanie markeréw uszkodzen oksydacyjnych
W okreslonych momentach eksperymentu i wybranych wariantach nasion, oceniano

stopien peroksydac;ji lipidow (test TBARS) oraz utleniania biatek (test OxiProt).

Analizy aktywnosci enzymoéw antyoksydacyjnych i detoksykujacych

Aktywnos$¢ enzymow: dysmutazy ponadtlenkowej (SOD), katalazy (CAT), peroksydazy
askorbinianowej (APX), peroksydazy glutationowej (GSH-PX), peroksydaz niespecyficznych
(GPX), reduktazy glutationowej (GSSG-R) i S-transferazy glutationowej (GST), oznaczano -
w okres$lonych momentach eksperymentu i wybranych wariantach nasion - metodami

biochemicznymi, analizujgc spektrofotometrycznie kinetyke ich reakcji.

Analizy proteomiczne

W celu rozdzielenia oczyszczonych i zageszczonych ekstraktéow biatkowych pochodzgcych
z zarodkéw wybranych wariantdw nasion kietkujgcych w warunkach optymalnych
i w stresie chtodu, wykorzystane zostaty techniki 2D tj. ogniskowanie izoelektryczne (IEF)

i elektroforeza w warunkach denaturujgcych (SDS-PAGE). Do obrazowania map
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proteomicznych, analiz graficznych i statystycznych oraz typowania spotéw uzyto
oprogramowania PDQuest. Pozwolito to na wyselekcjonowanie, charakterystycznych dla
danych wariantéw, plam biatkowych oraz okreslenie podstawowej puli proteomowe;j.
Wytypowane spoty biatkowe byty trawione i poddane analizie HPLC MS/MS. Kazde biatko
zostato zidentyfikowane, nazwane, przypisane do rodziny i sklasyfikowane wg funkcji

w oparciu o baze danych Mascot / przy uzyciu narzedzi MASKOT, NCBI i DELTA-BLAST.

Metody cytofizjologiczne

Przekroje zarodkéw z wybranych wariantdw nasion zostaty wybarwione fluorochromem
DAPI (4’-6-diamidyno-2-fenylindol). Barwnik ten interkaluje w miejsca DNA bogate w pary
zasad AT. Postuzyto to wizualizacji mikroskopowej w $wietle UV ilosci materiatu
genetycznego w jadrach komérkowych. Obserwacje byty dokumentowane fotograficznie.
Analizom zostata poddana strefa bazalna zarodka, czyli ta, w ktérej wraz z jego wzrostem
zachodzg zmiany zwigzane z dyferencjacjag komdrek. Niestusznym bytoby badac caty
zarodek, poniewaz w merystemach korzeniowym i zawigzku pedu, zachodzi w trakcie
wzrostu tylko proliferacja i nie determinuje ona kierunku rozwoju namnazanych komarek.
Na podstawie pomiarédw densytometrycznych wykonanych za pomocg oprogramowania
Scnimage, poprzez odniesienie intensywnosci fluorescencji materiatu genetycznego
w poszczegdlnych jadrach do podstawowej ilosci DNA, utworzono histogramy rozktadu

zawartosci materiatu genetycznego i otrzymano procentowy udziat jgder poliploidalnych.

Analizy statystyczne

Dane analizowano za pomocg oprogramowania STATISTICA v.10.0. W zaleznosci od
potrzeby stosowano jedno- lub dwukierunkowa analize wariancji (ANOVA), a nastepnie
test post-hoc Duncana, aby znaleié istotne rdznice, ktére okres$lano w kazdym

eksperymencie przy p <0,01.
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4.4. Oméwienie wynikow

Badania wstepne — m.in. testy fizjologiczne kietkowania i inne okreslajgce
zywotnos¢ i wigor nietraktowanych nasion (NT) — pozwolity na ustalenie odpowiednich
warunkéw eksperymentu. Optimum temperaturowe kietkowania nasion kukurydzy
okreslono na 25 °C — w tej temperaturze w ciggu 24 h obserwowano 96% skietkowan.
Suboptymale temperatury zmieniaty gtéwnie tempo kietkowania i stopniowo ilos¢
skietkowan. Dopiero w temperaturze 5 °C obserwowano zdecydowane zahamowanie tego
procesu — przez 2 tygodnie imbibicji w chtodzie skietkowato 11% nasion ale wiekszos¢ tak
inkubowanych pozostawata zywa. Nizsza temperatura (1 °C) szybko ograniczafa ich
zywotnos¢ (wynikdw testu tetrazolinowego nie prezentowano). Na tej podstawie
wyznaczono warunki eksperymentu: 25 °C / 24 h jako optimum dla kietkowania nasion
kukurydzy (C — kontrola), 5 °C / 14 d jako stres chtodu (S) i 5 °C / 14 + 25 °C / 24 h jako
warunki wystarczajac dla zaobserwowania proceséw regeneracji (R) po ustgpieniu stresu
[Kotodziejczyk i wsp., 2021].

Testowano dwa typy primingu: hydrokondycjonowanie i osmokondycjonowanie.
Oznaczono wilgotnos¢ inicjalng nasion (8.84% +0.23) i korncowg/graniczng (38.01% +1.12)
do ktérej mozna je uwodni¢ dla bezpiecznego/prawidtowego przeprowadzenia zabiegu
przedsiewnego kondycjonowania.

Niestety okazato sie, ze ziarna kukurydzy nie powinny pozostawac zbyt dtugo w stanie
podwyzszonej wilgotnosci, czego wymaga osmokondycjonowania (25 °C /-1,5 MPa / 3 d).
Dtugotrwata (liczona w dniach) inkubacja nasion o duzej zawartosci skrobi
w podwyzszonej wilgotnosci powoduje utrate ich zdolnosci do bezpiecznego
i prawidtowego wtdérnego suszenia — zaburza wiec ostatni etap kondycjonowania. Ma to
prawdopodobnie zwigzek z aktywacjg alfa-amylaz i nieodwracalng mobilizacjg zasobdéw
poprzez rozktad skrobi. W konsekwencji osmokondycjonowane nasiona kukurydzy
kietkowaty gorzej niz nasiona NT (dane nieprezentowane).

W przypadku hydrokondycjonowania istniejg dwa sposoby kontrolowania wilgotnosci
nasion podczas imbibicji: (1) ograniczajac ilos¢ wody dodawanej bezposrednio do nasion
lub (2) kontrolujgc czas moczenia nasion. W pierwszym przypadku nalezy zwrdci¢ uwage
na jednorodny dostep nasion do okreslonej ilosci wody obliczonej dla danej ich porcji

(wagi), dlatego hydrokondycjonowanie powinno by¢ prowadzone w obracajgcych sie
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pojemnikach/naczyniach, a woda dodawana sukcesywnie. Niestety, kanciaste i suche
ziarna kukurydzy ulegaty uszkodzeniom mechanicznym podczas rotacji naczynia.
W zwigzku z powyzszym zastosowano statyczne ich namaczanie w nieograniczonej ilos¢
wody, przy czym na podstawie badania kinetyki imbibicji okre$lono czas namaczania
niezbedny dla uzyskania tzw. finalnej/granicznej wilgotnosci nasion. Wykazano, ze 3 h
moczenia nasion kukurydzy w temperaturze 25 °C wystarcza do uzyskania 36,8% *2 ich
wilgotnosci. Po wykonaniu zabiegu hydrokondycjonowania (25 °C / 3 h namaczania nasion
w natlenionej wodzie destylowanej lub wodnych roztworach MEL) nasiona suszono do
wilgotnosci inicjalnej na otwartych tacach, w temperaturze pokojowej, przez kolejne 3 dni
i takie przechowywano, a nastepnie wykorzystywano do testow.

Udokumentowano, ze dobrze dobrana technika hydrokondycjonowania
zastosowana do nasion kukurydzy zapewnia zadowalajgce wyniki zaréwno pod wzgledem
kietkowania nasion, jak i wzrostu osi zarodkowych w warunkach optymalnych i stresu
chtodu [Kofodziejczyk i wsp., 2021]. Efekty hydrokondycjonowania nasion zostaty
dodatkowo wzmocnione przez zastosowanie naturalnego biostymulatora - MEL.
Testowano jej stezenia w zakresie 25-500 pM. Na podstawie ww. testéw fizjologicznych
do doswiadczen biochemicznych, proteomicznych i cytofizjologicznych wybrano
nastepujgce  warianty nasion: nietraktowane (NT — nasiona kontrolne),
hyrokondycjonowane wodg (H — wtdrna kontrola pozwalajgca okresli¢ efekty samego
zabiegu kondycjonowania, dla odréznienia od efektéw MEL) i hydrokondycjonowane
w dwéch roztworach wodnych MEL 50 i 500 uM (akronimy odpowiednio: HMel 50 i HMel
500). Dawka MEL 50 uM zostata okreslona jako optymalna — tak traktowane nasiona
osiggaty najlepsze wyniki w testach fizjologicznych; natomiast dawke 500 uM traktowano
jako wariant, w ktérym obserwowano efekty przedawkowania (patrz kinetyka kietkowanie
w gamie temperatur i wzrost osi zarodkowych) [Kotodziejczyk i wsp., 2021].

Badane ziarna kukurydzy (NT, H) zawieraty 30-35 ng endogennej MEL na gram
Swiezej masy. Zabieg hydroprimingu z MEL okazat sie by¢ niezwykle efektywnym
w podwyzszeniu jej zawartosci w nasionach — do wartosci ~1 pg/grw W wariancie HMel 50
i az 20-21 pg/grw W wariancie HMel 500 [Kotodziejczyk i wsp., 2021].

Przy okazji ww. oznaczeh HPLC-EC zbadano réwniez zmiany w zawartosci analoga
strukturalnego MEL — kwasu indolilooctowego (IAA — auksyna). Zastosowanie 50 uM MEL

podczas hydropriming nasion kukurydzy nie zmienito w nich poziomu IAA, tylko 500 uM
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MEL zmniejszyta jego ilos¢ do 43% kontroli NT. Nalezy jednak zaznaczy¢, ze hydropriming
(sama metoda zaprawiania nasion) zwiekszyt poziom IAA w nasionach o okoto 35%, stad
korelacja ujemna wzgledem NT mogta byé widoczna tylko przy wyzszym stezeniu MEL.

W kontekscie dostepnej literatury, wydaje sie, ze wptyw MEL na IAA zalezy od
zastosowanej ilosci MEL, jednak wazna jest rowniez metoda jej podawania i docelowy
organ rosliny. Poniewaz jednak rézne badania wykazujg zaréwno dodatnig, jak i ujemna
korelacje miedzy MEL i IAA, problem ten nalezatoby jeszcze rozpatrywac w szerszej sieci
zaleznosci modulujgcych ekspresje czynnikdw transkrypcyjnych zwigzanych z auksynami.

Niestety, ze wzgledu na brak monoklonalnych przeciwciat przeciwko MEL

i wystepowanie w komorkach roslinnych szeregu jej analogdéw strukturalnych (auksyny),
nie udato sie zwizualizowaé, gdzie w nasionach lokuje sie MEL. Przeprowadzono za$
z sukcesem eksperyment dotyczacy fluktuacji zawartosci MEL podczas rocznego
przechowywania wszystkich wariantéw nasion [Kotodziejczyk i wsp., 2015].
Okazato sie, ze nasiona nietraktowane egzogenng MEL (tj. NT i H) pomimo statych
warunki przechowywania (szczelnie zamkniete pojemniki, ciemnos$¢, temperatura
pokojowa) wykazywaty sezonowe zmiany stezenia tej indoloaminy, ze znacznym ok. 3-
krotnym wzrostem jej poziomu w miesigcach zimowych. Te sezonowe zmiany -
zauwazone po raz pierwszy w KER przy badaniach nasion jednolisciennej kukurydzy
i dwulisciennego ogorka [Kotodziejczyk i wsp., 2015] — sugerujg istnienie nieregulowanej
przez czynniki zewnetrzne, swego rodzaju ,,pamieci biochemicznej” pdr roku, tj. zegara
biologicznego, ktory dziata jako kalendarz biochemiczny (prawdopodobnie rozwiniety
ewolucyjnie w umiarkowanym, zmiennym klimacie) regulowany przez fitomelatonine.

W okresie rocznego przechowywania nasion kukurydzy w obu wariantach znacznie
wzbogaconych egzogenng MEL (HMel 50 i HMel 500) obserwowano stopniowy spadek tej
indoloaminy [Kotodziejczyk i wsp., 2015]. Tempo jej utylizowania byfto charakterystyczne
dla gatunku. Dzieki jakosciowej analizie HPLC-MS/MS u kukurydzy zidentyfikowano trzy
gtéwne pochodne MEL: beta-hydroksymelatonine, 3-(etano-1-ol)-5-metoksyindol
i cykliczng melatonine. Wszystkie ww. pochodne sg produktami utleniania MEL. To
sugeruje, ze podczas przechowywania nasion MEL ulegajac utlenianiu w stosunkowo
suchych tkankach nasion (prawdopodobnie bez aktywnych enzymdw antyoksydacyjnych),
chroni je przed stresem oksydacyjnym zapobiegajac uszkodzeniom generowanym

w trakcie dtugotrwatego przechowywania.
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Nalezy wyjasni¢ rozbieznosci jakie wystgpity w wartosciach przy rdznych
oznaczeniach MEL. W przypadku nasion NT i H (12-14 ng/gFW w publiacji Kotodziejczyk i
wsp., 2015; 30-35 ng/gFW w manuskrypcie Kotodziejczyk i wsp., 2021) mogly one
wynikng¢ (i) z powodu réznych rocznikéw nasion poddawanych analizie oraz (ii) wykrytej
sezonowej fluktuacji fitomelatoniny. Natomiast, w przypadku nasion HMel50 i HMel500
zawyzone w publikacji Kotodziejczyk i wsp., 2015 wyniki oznaczenn wykonanych zaraz po
kondycjonowaniu wyniknety prawdopodobnie z wiekszej czutosci zastosowanego tu
detektora MS/MS.

W prezentowanych badaniach wykazano, ze MEL aplikowana do nasion
modyfikuje dziatanie podstawowych enzymdéw antyoksydacyjnych i detoksykujacych,
redukujac wtorny stres oksydacyjny i uszkodzenia generowane chtodem [Kotodziejczyk
i wsp., 2021]. Zimno jest stresem specyficznym - ze wzgledu na spowolnienie reakc;ji
biochemicznych i konserwujgcy efekt niskich temperatur, czasami trudno jest
zaobserwowac¢ negatywne skutki podczas trwania chtodu. Dlatego tak wazine s3
obserwacje i analizy wykonywane po przeniesieniu roslin do optymalnych warunkéw -
uszkodzenia spowodowane przez zimno sg lepiej widoczne w okresie regeneracji
W wyzszej temperaturze.

Przedtuzajacy sie stres chtodu nasila peroksydacje lipidéw i biatek. Wykazano, ze
osie zarodkowe z nasion przedsiewnie traktowanych MEL kumulujg znacznie mniej TBARS
(produktéw utleniania lipidéw) niz NT, zaréwno podczas stresu, jak i po jego ustgpieniu.
Ponadto analiza stopnia karbonylacji biatek wykazata, ze nasiona z podwyziszong
zawartos$cig MEL nie wykazywaty (HMel 500) lub nieznacznie (HMel 50) wzrostu utleniania
biatek w poréwnaniu z jego poziomem w optymalnych warunkach temperaturowych.
Taka ochrona przed chtodem bton biatkowo-lipidowych i dziatajgcych w nich enzymoéw
jest z pewnoscig powodem skutecznej regeneracji i szybszego wzrostu osi zarodkowych
z nasion hydrokondycjonowanych z MEL, co udokumentowano fotograficznie i pomiarem
ich powierzchni.

Opisane wyzej efekty majg zwigzek 2z bezposrednimi wifasciwosciami
przeciwutleniajgcymi MEL, jak réowniez z jej wptywem na aktywno$é¢ enzymow
antyoksydacyjnych [Kotodziejczyk i wsp., 2021]. Wykazano, ze chociaz SOD z zarodkdéw
nasion kukurydzy wydaje sie by¢ wrazliwa na chtéd 5 °C — bo jej aktywno$é znacznie

spadfa w niskiej temperaturze i nie regenerowata sie po ustgpieniu stresu do poziomu
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osigganego przy 25 °C przez rodliny inkubowane przez caty czas w optymalnych
warunkach — to jednak, w warunkach stresu chfodu i po nim, aktywnos¢ SOD byta 2-2,5
razy wieksza w nasionach traktowanych MEL niz w nasionach NT i H. Szczegdlnie
intensywnie stymulowane przez MEL byty peroksydazy: askorbinianowa (APX)
i glutationowa (GSH-PX) oraz S-transferaza glutationowa (GST); i chociaz wspomniane
enzymy glutationo-zalezne (GSH-PX i GST) wydajg sie by¢ réwniez wrazliwe na niskg
temperature 5 °C (w chtodzie dziataty stabo), to po przeniesieniu kietkujgcych nasion HMel
50 i HMel 500 do 25 °C szybko odzyskaty niezwykle wydajng funkcjonalno$é. Natomiast
reduktaza glutationu (GSSG-R) w nasionach hydrokondycjonowanych z MEL byta
dwukrotnie bardziej aktywna zaréwno w warunkach stresu chtodu, jak i po jego
ustgpieniu, w poréwnaniu z nasionami NT i H. Pomaga to z pewnoscig w utrzymaniu
korzystnej puli zredukowanego glutationu w komaérkach.

Istotng czedcig badan prezentowanej dysertacji doktorskiej byty ilosciowe
i jakosciowe analizy proteomoéow ekstrahowanych z zarodkdow wszystkich badanych
wariantdw nasion kietkujacych w warunkach optymalnych i stresu chtodu [Kotodziejczyk
i wsp., 2016a; 2016b]. Dzieki nim zostaty okreslone biatka, ktérych ekspresja jest
indukowana przez MEL oraz, ktérych biosynteza jest znacznie zwiekszona w nasionach
przedsiewnie traktowanych MEL.

Wiadomo, ze juz sam zabieg hydrokondycjonowania modyfikuje proteom nasion.
Poréwnujac uzyskane mapy biatkowe zarodkdw nasion kietkujgcych w 25 °C stwierdzono,
ze przy statej puli 129 biatek typowych dla wszystkich wariantéw nasion, zabieg
hydroprimingu generowat dodatkowe 14 biatek, a MEL kolejne 14 wspdlnych dla obu
aplikowanych dawek (50 i 500 uM) i 23 charakterystycznych dla HMel 50 oraz
3 charakterystyczne dla HMel 500. Aplikacja MEL spowodowata znaczacy, w stosunku do
nasion NT i H, wzrost zawartosci enzymow metabolizmu energetycznego, biatek
zaangazowanych w tzw. ,plastycznos¢ proteomu”, tj. tych ktdre usprawniajg biosynteze,
sktadanie i transport nowych biatek do miejsc ich funkcjonowania, a takze biatek
detoksykujgcych, obronnych i anty-stresowych — mimo ze analizowano proteomy z nasion
kietkujagcych w warunkach optymalnych 25 °C. Biatka te sg bardzo czesto uwazane za
markery jakosci nasion — szczegdlnie HSP, LEA, TRX i podobne biatka stresowe.
Rozpoznajac je i wskazujac jako powstajace po aplikacji MEL do nasion, czesciowo

wyjasniono dlaczego wyroste z takich nasion siewki sg silniejsze i sprawniej adaptujg sie
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do suboptymalnych warunkéw srodowiska — sg z géry lepiej przygotowane do obrony
przed potencjalnymi stresami (dziatanie prewencyjne MEL) [Kotodziejczyk i wsp., 2016a].

Pomimo, iz metabolizm zwalnia i biosynteza biatek jest silnie ograniczana przez
niskg temperature 5 °C, pozytywne modyfikacje w proteomie zarodkdéw izolowanych
znasion H, a zwtaszcza HMEL 50, zaobserwowano réwniez podczas ich kietkowania
w stresie chtodu [Kofodziejczyk iwsp., 2016b]. Tym razem mapy biatkowe zarodkdéw
nasion kietkujgcych w 5 °C prezentowaty, statg pule 78 biatek typowych dla wszystkich
wariantdw nasion, zabieg hydroprimingu generowat w warunach stresu dodatkowe
3 biatka, 5 biatek byto wspdlnych dla nasion H i obu wariantow HMEL; 6 typowych dla
HMEL; 2 dla HMel 50 i 5 dla HMel 500. Zmiany indukowane przez MEL wigzaty sie
z mobilizacjg rezerw, intensyfikacjg oddychania i metabolizmu energetycznego. Tego typu
modyfikacje, ze wzgledu na zwiekszone potrzeby energetyczne w warunkach stresu, sg
kluczowe dla przetrwania go. Ponadto w osiach zarodkowych izolowanych z nasion
traktowanych MEL pojawiato sie znacznie wiecej biatek stresowych, obronnych
i detoksykujgcych, kilka specyficznych biatek, ktére mogg petni¢ role selekcjonujgcych
ligaz E3 w roslinnym ubikwityno-zaleznym systemie degradacji protein, a takze szereg
dodatkowych biatek o charakterze opiekuriczym (ang. chaperons). Plastycznosé proteomu
(biosynteza, postranslacyjne modyfikacje, ,,dojrzewanie” i inkorporacja biatek w komadrce)
ale takze selektywna degradacja warunkujgca ,obrét biatek”, ma istotne znaczenie dla
przetrwania niekorzystnych warunkéw — kiedy-to generowane s3g uszkodzenia starych
i perturbacje w metabolizmie nowo powstajgcych protein — oraz umozliwiajg efektywna
regeneracje po ustgpieniu stresu.

Wszystkie wskazane pozytywne modyfikacje proteomu zarodkéw wywotywane
przez hydrokondycjonowane, a zwtaszcza hydrokondycjonowanie potgczone z aplikacjg
MEL do nasion kukurydzy, wskazujg Sciezki metaboliczne odpowiedzialne za fenomen
lepszej tolerancji stresu iskuteczniejszej regeneracji po jego ustgpieniu u roslin
rozwijajacych sie z tak traktowanych nasion (dziatanie interwencyjne MEL) [Kotodziejczyk
i wsp., 2016b].

Poniewaz w badaniach proteomicznych zaobserwowano nie tylko jakosciowy, ale
i iloSciowy wzrost puli biatek osi embrionalnych izolowanych z nasion traktowanych MEL,
pojawity sie pytania: jak to mozliwe, a zwtaszcza jak jest to mozliwe w warunkach stresu

chtodu, gdy metabolizm zwalnia?
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Poniewaz sktad biatkowy i wielko$¢ jego puli jest nastepstwem dostepnosci matryc
DNA, fenomen iloSciowego wzrostu puli biatek w osiach embrionalnych izolowanych
z nasion traktowanych MEL i kietkujgcych w stresie chfodu skojarzono z ewentualng
poliploidalnoscia. Powszechnie wiadomo, ze w komadrkach poliploidalnych obserwuje sie
bardziej efektywny i produktywny metabolizm. Jezeli komdrki wchodzg w endocykle,
dochodzi do dodatkowych rund syntezy DNA i w efekcie koncowym zwielokrotnienia
ostatecznego produktu multiplikowanych gendéw - biatek funkcyjnych. Z kolei,
zwiekszeniu zawartosci materiatu genetycznego w jadrze komérkowym towarzyszy
zwiekszenie objetosci catej komaérki, co opisuje tzw. wspdtczynnik jgdrowo-plazmatyczny.
Komérki przybierajgce na objetosci akcelerujg wzrost. Ponadto, dostepna literatura
wskazuje, ze mutanty roslinne z supresjg syntezy, transportu i sygnalizacji auksyn,
wykazujg szybkie przetgczanie mitozy na endocykl oraz osiggajg podwyziszony poziom
poliploidii [De Veyler i wsp., 2011]. Te znane fakty, zbiezne z naszymi wynikami —
zwiekszong synteza biatek, obnizeniem poziomu IAA i szybszym wzrostem osi
zarodkowych pod wptywem podawanej do nasion MEL — byty przestankami do
sprawdzenia, czy MEL moze takze indukowac¢ endoreplikacje w rosngcych osiach
zarodkowych kukurydzy [Kotodziejczyk i wsp., 2021].

Pomiary mikrocytfotometryczne jader wybarwionych fluorochromem DAPI i ich
transformacja cyfrowa, pozwolity stwierdzié, ze egzogenna MEL (zwtaszcza w dawce 50
uM) stymuluje pojawienie sie endocykli w osiach zarodkowych nasion kukurydzy juz
podczas kietkowania w temperaturze optymalnej 25 °C (C). Osie zarodkowe izolowane
z wariantédw nasion NT i H daty obraz niezréznicowanych tkanek, w ktérych zachodzi
proliferacja, a to skutkuje powolnym, statym wzrostem zarodka.

Histogramy otrzymane dla nasion kietkujgcych w temperaturze 5 °C (S) wykazaty,
ze proces proliferacji zostat zaktécony przez chtéd. W wariantach nasion NT i H komorki
zarodkéw najczesciej zatrzymane byty w fazie G1, a stosunkowo niewiele komédrek
znajdowato sie w innych fazach cyklu. Najwieksza liczba endoreplikujgcych komérek
w warunkach stresu pojawita sie w zarodkach nasion przedsiewnie traktowanych MEL —
okoto 40% jader komorkowych w HMel 50 i 20% w HMel 500.

Pomiary wykonane po stresie — w czasie regeneracji (R) w przypadku osi
zarodkowych pochodzacych z nasion wariantéw NT i H ujawnity pogtebienie stanu

obserwowanego podczas inkubacji w 5 °C. Prawie 100% jader pozostawato w fazie G1, nie
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odnotowano powrotu do proliferacji, a nawet zaobserwowano uszkodzenia materiatu
genetycznego — pofragmentowanie. Ttumaczyto to zty stan tych roslin. Z kolei w osiach
zarodkowych nasion hydrokondycjonowanych z MEL ponownie zidentyfikowano wiele
jader poliploidalnych, szczegdélne duzo (okoto 40%) w wariancie HMel 50 — co wyjasniato
ich szybki wzrost podczas regeneracji.

W prezentowanej pracy po raz pierwszy wskazano na zwigzek aplikowania
egzogennej MEL do nasion kukurydzy z wystepowaniem endocykli w strefie bazalnej
zarodkéw w trakcie i po stresie chtodu — w kontekscie uruchomienia kolejnej strategii dla
zwiekszenia przezywalnosci roslin.

Wiadomo, ze endoreplikacja wystepuje jako naturalny sposéb kompensowania
przez rosliny ewolucyjnych strat w matym genomie. Jest to wiec strategia majgca na celu
uzyskanie wiekszej ilosci produktéw koncowych, ktérych rosliny potrzebujg w rdznych
warunkach srodowiskowych z ktérymi muszg sie zmierzyé [De Veyler i wsp., 2011]. Dobrze
bytoby wiec mie¢ w dyspozycji narzedzie, ktére pozwalatoby taka strategie indukowaé
i kontrolowa¢ dla polepszenia jakosci i ilosci plonéw. Naszym zdaniem MEL jest dobrym

do tego kandydatem, jednak dalsze badania w tym wzgledzie sg konieczne.

Konkludujac, podjete w niniejszej pracy doktorskiej badania wyjasniajg na
poziomie fizjologicznym, biochemicznym, cytologicznym i proteomicznym fenomen
pozytywnego dziatania egzogennej MEL na kietkowanie nasion oraz wzrost zarodkow.
Sugerujg one réwniez, dlaczego rosliny bogate w endogenng MEL wydajg sie by¢ bardziej
odporne na stresy i na odwrdt, dlaczego stresy generujg zwiekszong synteze tej
indoloaminy u niektérych roslin. Prezentowane wyniki uzasadniajg ponadto poprawnos¢
sklasyfikowania MEL jako obiecujgcego naturalnego, ekologicznego, fitobiostymulatora,
ktéry moze by¢ stosowany w roli czynnika prewencyjnego — przygotowujgcego na stres
zanim zaistnieje, jak iinterwencyjnego — wspomagajgcego przezwyciezenie/tolerowanie

dziatajgcego stresu.
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4.5. Wnioski

Wyniki badan zawartych w niniejszej rozprawie doktorskiej upowazniajg do
sformutowania nastepujgcych wnioskdéw:

1. Dobrze dobrana technika hydrokondycjonowania zastosowana do nasion kukurydzy
zapewnia zadowalajgce wyniki zarowno pod wzgledem kietkowania nasion, jak
i wzrostu osi zarodkowych w warunkach optymalnych i stresu chtodu. Jednak
pozytywne efekty hydrokondycjonowania s3g zdecydowanie wzmacnhiane przez
zastosowanie naturalnego biostymulatora — MEL, przy czym odpowiednio dobrana
dawka jest kluczem do sukcesu.

2. Hydrokondycjonowanie jest wysoce efektywng metodg aplikowania egzogennej MEL
do nasion kukurydzy. Zawarto$¢ tej indoloaminy wzrasta w nich proporcjonalnie do
zastosowanego stezenia MEL. Efekt utrzymuje sie co najmniej przez rok, a stopniowe
utlenianie MEL w tym czasie moze chroni¢ suche tkanki nasion przed stresem
oksydacyjnym i zapobiegaé¢ uszkodzeniom generowanym podczas dtugotrwatego
przechowywania.

3. Odkryto nowg nieopisywang dotychczas funkcje MEL jako regulatora w biochemicznym
kalendarzu nasion. Sezonowe fluktuacje fitomelatoniny (endogenna MEL) ze
znacznym wzrostem zimg dajg roslinie informacje o niekorzystnym dla kietkowania
okresie.

4. MEL aplikowana do nasion pozytywnie modyfikuje dziatanie podstawowych enzymoéw
antyoksydacyjnych i detoksykujgcych (SOD, APX, GSH-PX, GSSG-R i GST) redukujac
wtérny stres oksydacyjny i uszkodzenia (utlenianie biatek ilipidéw) generowane
podczas kietkowania w chtodzie i po jego ustgpieniu, warunkujac lepszg regeneracja
roslin. Przy czym, nie jest zmieniana pula biatek enzymatycznych tylko ich aktywnos¢.

5. Opisano prewencyjne i interwencyjne $ciezki dziatania MEL na poziomie molekularnym.
Badania proteomiczne wskazaty, ze juz podczas kietkowania w warunkach
optymalnych (25 °C) aplikowana do nasion MEL wzbogaca pule biatek osi
zarodkowych o dodatkowe enzymy metabolizmu energetycznego, biatka warunkujgce
plastycznosci proteomu oraz biatka obronne, antystresowe i detoksykujgce. Proteiny
nalezgce do tych grup funkcyjnych to w wiekszos$ci markery jakosci nasion.

Analogiczne zmiany indukowane przez MEL w proteomie zarodkéw nasion
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kietkujacych w stresie chtodu (5 °C) — wigzace sie z mobilizacja rezerw, intensyfikacja
oddychania i metabolizmu energetycznego, plastycznoscia proteomu w tym
sprawnym ,,obrotem biatek”, a wiec i detoksykacjg komérek — sg szczegdlnie istotne
dla przetrwania stresu i sprawnej regeneracji uszkodzen po jego ustgpieniu.

6. Kolejng strategia, ktérg indukuje MEL podawana do nasion w celu przezwyciezenia
stresu chtodu jest poliploidyzacja przez endoreplikacje ktérg obserwowano
w komérkach bazalnej czesci zarodkéw. Komorki poliploidalne zdecydowanie lepiej
dostosowujg sie do zmian $rodowiskowych, w tym niekorzystnych.

Biorgc pod uwage osiggniecia prezentowanej pracy doktorskiej wydaje sie, ze MEL moze

stanowic¢ niedrogi, bezpieczny i tatwy w aplikacji biostymulator roslinny, ktéry mégtby by¢

stosowany powszechnie w uprawach ekologicznych.
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5. Streszczenie w jezyku polskim

Rozprawa doktorska dotyczy biostymulujgcych wtasciwosci melatoniny (MEL, N-acetylo-5-
metoksytryptamina) aplikowanej do nasion kukurydzy podczas hydrokondycjonowania.
Do badan fizjologicznych, biochemicznych, cytologicznych i molekularnych, uzyto nasion
nietraktowanych — kontrolnych (NT), hydrokondycjonowanych wodg (H) iwodnymi
roztworami MEL o stezeniach 50 i 500 uM (odpowiednio HMel 50 i HMel 500). Wykazano,
ze aplikowanie egzogennej MEL do nasion poprawiato ich kietkowanie w temperaturach
suboptymalnych i stymulowato wzrost osi zarodkowych w warunkach stresu chtodu (5 °C)
i po jego ustgpieniu — podczas regeneracji. Do oceny skutecznosci kondycjonowania jako
metody suplementacji nasion MEL oraz do okreslenia zawartosci MEL i jej potencjalnych
metabolitédw w nasionach podczas rocznego ich przechowywania zastosowano ilosciowe
i jakosciowe analizy HPLC-MS/MS. Po raz pierwszy, w nasionach NT i H udokumentowano
sezonowe wahania stezen endogennej MEL — zaobserwowano istotny wzrost tej
indoloaminy w miesigcach zimowych. Na tej podstawie zasugerowano, ze endogenna MEL
w nasionach moze odgrywaé kluczowa role w sezonowych, niezaleznie od warunkéw
srodowiskowych, rytmach. Metoda hydrokondycjonowania jest efektywng dla aplikacji
MEL do nasion. Poziom tej indoloaminy wzrdst znacznie i proporcjonalnie do
zastosowanego stezenia, w nasionach kukurydzy HMel 50 i HMel 500. Zwrdcono uwage,
ze MEL podczas rocznego przechowywania nasion byta stopniowo utleniana, przez co
prawdopodobnie chronita suche tkanki nasion przed stresem oksydacyjnym. Wtasciwosci
przeciwutleniajgce MEL potwierdzit niski poziom uszkodzen oksydacyjnych biatek oraz
mniejsza ilo$¢ produktéw peroksydacji lipidéw w osiach zarodkowych nasion HMel 50
i HMel 500 eksponowanych na dziatanie niskiej temperatury (5 °C) podczas kietkowania.
Byto to skorelowane ze stymulujgcym wptywem MEL na podstawowe enzymy
antyoksydacyjne: SOD, peroksydazy APX i GSH-PX oraz na GST — enzym detoksykujacy.
W celu zidentyfikowania zmian w proteomie generowanych przez stosowane metody
primingu: H, HMel 50 i HMel 500 — ekstrakty biatkowe z zarodkéw nasion kietkujgcych
w warunkach optymalnych (25 °C) i w stresie chtodu (5 °C) rozdzielono metoda 2D-PAGE.
Nastepnie uzyskane mapy proteomoéw poréwnano (statystycznie i graficznie) za pomoca
oprogramowania PDQuest, a charakterystyczne plamy biatek przeanalizowano jako$ciowo

technikami spektrometrii mas i zidentyfikowano w bazach danych biatek Mascot. Badania
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pomogty zidentyfikowa¢é biatka zwigzane z hydroprimingiem i po raz pierwszy takie, ktére
ulegaty ekspresji tylko w obecnosci MEL. Badania potwierdzity, ze odpowiednio dobrany
przedsiewny zabieg aplikowania MEL do nasion, poprzez modyfikacje proteomu zarodka,
skutecznie przygotowuje rosline a priori do niekorzystnych warunkéw srodowiskowych.
W zarodkach nasion suplementowanych MEL, nawet w optymalnych warunkach,
syntetyzowane byty dodatkowe biatka o dziataniu przeciwutleniajgcym, odtruwajgcym
i przeciwstresowym oraz enzymy intensyfikujgce metabolizm energetyczny komorek.
Pozytywne efekty kondycjonowania nasion byty szczegdlnie widoczne podczas
kietkowania w suboptymalnych warunkach. Analogiczne zmiany indukowane przez MEL
w proteomie zarodkéw nasion kietkujgcych w warunkach stresu chtodu (5 °C) — zwigzane
z intensyfikacja oddychania i metabolizmu energetycznego, plastycznoscig proteoméw
i wydajnym ,obrotem biatek”, a co za tym idzie réwniez detoksykacjg komdrek — s3
szczegdlnie istotne dla przetrwanie stresu i skutecznej regeneracji uszkodzen po jego
ustgpieniu. Po raz pierwszy udokumentowano, ze MEL stymuluje réwniez strategie
obronne przed stresem na poziomie -cytofizjologicznym, indukujgc endoreplikacje
w komérkach bazalnej strefy osi zarodkowych. Podsumowujac, MEL aplikowana do nasion
kukurydzy poprawia ich jakos¢, dziata biostymulujgco i optymalizuje proces kietkowania

zwtaszcza w warunkach stresu chtodu.

Stowa  kluczowe: biostymulacja, endoreplikacja, enzymy  antyoksydacyjne,
hydrokondycjonowanie, kietkowanie, kukurydza, melatonina, metabolity melatoniny,
nasiona, peroksydacja lipidéw, proteomika, stres chtodu, stres oksydacyjny, utlenianie

biatek, zaprawianie nasion, Zea mays.
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6. Streszczenie w jezyku angielskim

The PhD dissertation concerns biostimulating properties of melatonin (MEL, N-acetyl-5-
methoxytryptamine) applied to the maize seeds by hydroconditioning. For the tests at the
physiological, biochemical cytological and molecular levels, control, non-treated seeds
(NT), hydroconditioned with water (H) and with aqueous MEL solutions at 50 and 500 uM
concentrations (HMel 50 and HMel 500, respectively) were used. It was demonstrated
that the application of exogenous MEL to seeds improved their germination under
suboptimal temperatures and stimulated the growth of embryonic axes under chilling
stress conditions (5 °C) and after stress removal, during regeneration. The HPLC-MS/MS
guantitative and qualitative analyses were used to evaluate conditioning efficacy as
a method for MEL seed supplementation and to determine the content of MEL and of its
potential metabolites in the seeds during 1 year following the conditioning. For the first
time, in the NT and H seeds, seasonal fluctuations of endogenous MEL concentration
were noted and significant increase in this indoleamine in the winter month was
observed. This suggests that in seeds endogenous MEL could play a crucial role in
seasonal rhythms independently of environmental conditions. The NT seeds and those
conditioned with water (H) contained small amount of endogenous MEL. However, the
level of this indoleamine increased markedly in maize seeds primed with exogenous MEL
and it was correlated with the concentration of MEL applied. It was noted that MEL was
metabolized during seed storage by its gradual oxidation, thus it protects dry seeds
against oxidative stress. The antioxidant properties of MEL was also confirmed by low
level of protein oxidative damage and smaller quantity of lipid peroxidation products in
embryonic axes of HMel 50 and HMel 500 seeds exposed to chilling temperature 5 °C
during germination. It was correlated with the stimulatory effects of MEL on antioxidant
enzymes: SOD, peroxidases: APX and GSH-PX and on GST, a detoxifying enzyme.
To identify modifications in proteome of maize seeds caused by all applied conditioning
techniques (H, HMel 50, HMel 500), protein extracts of germinated seed embryos in
optimal temperature (25 °C) and under chilling stress (5 °C) were separated by 2D-PAGE.
Next, obtained maps of proteomes were compared (statistically and graphically) using
PDQuest software, and characteristic spots of proteins were analysed qualitatively by

mass-spectrometric techniques and identified in the Mascot protein databases. Research
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helped to identify hydropriming-associated proteins and for the first time those which
were expressed only in the presence of MEL. Study confirmed that suitably selected pre-
sowing treatment with MEL, by embryo proteome modification, a priori effectively
prepares plants to adverse environmental conditions. In melatonin treated seeds during
the initial state of embryos growth, even under optimal conditions, additional
antioxidative, detoxifying, anti-stresses proteins and those accelerating energy
metabolism were synthesized. Positive effects of seed priming were particularly apparent
during germination under suboptimal conditions. Analogous changes induced by MEL in
the proteome of seed embryos germinating under cold stress (5 °C) — related to the
intensification of respiration and energy metabolism, the proteom plasticity and efficient
"protein turnover" and thus also the cells detoxification — are particularly important for
the survival of stress and efficient regeneration of damage after it has subsided.
Moreover it was showed, for the first time, that MEL induced defence strategies against
stress at the cytophisiological level, inducing endoreplication in embryonic axes cells. To
sum up, MEL applied to corn seeds improves their quality, has a biostimulating effect and

optimizes the germination process, especially under cold stress.

Keywords: antioxidant enzymes; biostimulation; chilling stress; corn; endoreplication;
germination, hydroconditioning, lipid peroxidation, maize, melatonin; melatonin
metabolites, oxidative stress, protein oxidation, proteomics, seeds, seed priming; Zea

mays
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ABSTRACT

Melatonin (MEL) is a highly conserved molecule occurring in evolutionarily distant organisms
such as bacteria, mono- and multicellular algae, higher plants, invertebrates and vertebrates.
Although until recently, this molecule was mainly known as an animal hormone and neuro-
transmitter, its role in plants is currently being extensively investigated. MEL, N-acetyl-5-
-methoxytryptamine was found in various agronomically important vegetables, fruits, grains and
herbs. Its concentration varies from ng to pg per gram fresh weight. MEL is present in all plant
organs with its highest level found in seeds. Since the germ tissues are highly vulnerable to
oxidative damage, and MEL is well known as an effective amphiphilic free radical scavenger,
MEL may play an important role in plant antioxidant defence system. Especially in desiccated
seed tissues, where the activity of detoxifying enzymes is limited, MEL may be essential for
protecting plant germ and reproductive tissues from oxidative injuries. Recent studies provide
solid evidence for MEL acting as plant growth and development regulator as well as a biostimu-
lator, especially under unfavourable environmental conditions. Various plant species rich in
MEL exhibit higher capacity for stress tolerance. MEL is also involved in stress-affected deve-
lopmental transitions including flowering, fruiting and senescence. Plants are equipped with an
enzymatic system for MEL biosynthesis; they are also able to synthesize a MEL precursor,
tryptophan. In addition to in vivo synthesis, plants can also absorb exogenously provided MEL
from the environment. These, and particularly the evidence that in plants MEL induces
resistance against stresses, suggest that our concept of seed enrichment with exogenous MEL is
justified. Our experiments proved that exogenous MEL applied into seeds by pre-sowing treat-
ment (priming) improved their vigour and germination efficiency as well as seedling growth.
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INTRODUCTION

Melatonin is a natural compound commonly occurring in a large number
of evolutionarily unrelated eukaryotic and prokaryotic taxa. It was isolated
for the first time from a bovine pineal gland in 1958 and considered to be an
animal neurohormone performing the critical function in circadian rhythm,
seasonal reproductive cycles, and in modulating immunology in mammals
(VAN TasseL et al. 2001, AcozziNo et al. 2003, HERNANDEZ-RuUIz et al. 2004,
Papg, LuninGg 2006). Subsequently, because of its numerous roles in animal
organisms, considerable interest arose in MEL utilization as a therapeutic
agent in many diseases such as circadian rhythm disorders, insomnia, Al-
zheimer’s disease or even different kinds of cancer (AcozziNo et al. 2003).

Since then, MEL has been searched and described in organisms belon-
ging to all kingdoms: Monera, Protista, Animalia, Plantae and Fungi (MaN-
CHESTER et al. 2000). Much attention was focused on the study of Gonyaulax
polyedra (Lingulodinium polyedrum 1987) belonging to dinoflagellate (BaL-
ZER, HARDELAND 1991, VAN TasseL et al. 2001) and then of feverfew (Tanace-
tum parthenium), St John’s Wort (Hypericum perforatum) and other medici-
nal herbs (MURCH, SaxeNa 1997). The presence of endogenous MEL in these
organisms directed the attention of scientists to its role in autotrophs, espe-
cially in higher plants (DUBBELS et al. 1995, HATTORI et al. 1995). Since then,
the presence of this indoleamine in edible plants and medicinal herbs has
been extensively reported (Posmyk, Janas 2009, PArREDEZ et al. 2009, TaN et al.
2012, ArNao 2014). Melatonin has been found inter alia in apple, barley,
bean, cucumber, grapes, lupin, maize, potato, rice, tomato etc. and its concen-
tration in plants varies from ng to pg per gram (CHEN et al. 2003, ArRNAO,
HerNANDEZ-RU1z 2006, 2007, PAREDES et al. 2009, Posmyk, Janas 2009, MAN-
CHESTER et al. 2000, CHEN et al. 2009, Tan et al. 2012). It was detected and
quantified in roots, shoots, leaves, flowers, fruits and seeds, but its highest
level is found in reproductive organs, particularly in seeds. Since MEL was
identified in a huge number of edible plants and herbs, its presence in food
products and beverages originating from plants is unsurprising. Various be-
verages e.g. beer, coffee, red vine, and several types of tea (Tan et al. 2012)
and also olive and mustard oil (IriTi et al. 2010) were studied as potential
natural sources of MEL.

It was observed that MEL concentrations differed not only from species
to species but also among varieties of the same species (TaN et al. 2012). It
was suggested that variations in MEL contents might result not only from
different extraction and detection techniques applied (i.a. radioimmunoas-
says, high performance liquid chromatography with electrochemical or fluore-
scent detection, mass spectrometry) but also from the fact that biosynthesis
and metabolism of this indoleamine are affected and modified by environ-
mental conditions (i.a. stresses), and MEL levels change during plant onto-
genesis (Okazaki, Ezura 2009). It partially explains why different organs of
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the same plant contain various amounts of MEL during consecutive stages of
morphological and physiological development.

Generally, it was noticed that various plant species rich in MEL had
greater capacity for stress tolerance (PARK, LEE et al. 2013, Baswa et al. 2014,
ZHANG et al. 2015) and this fact turned our attention to melatonin as a poten-
tial effective factor improving plant stress defence.

THE ROLE OF MELATONIN IN PLANTS

It should be pointed out that evolutionary MEL is a high conserved mo-
lecule and cell protection has been its primary role. Plants possess the neces-
sary enzymatic system for MEL biosynthesis. In contrast to animals, they
are also able to synthetize the MEL precursor - tryptophan. However, in
addition to in vivo synthesis, plants can also absorb exogenously provided
MEL from the environment and accumulate its high concentrations (TaN et
al. 2007b, KoropzIEJczYK et al. 2015).

Melatonin is a structural analogue of indole-3-acetic acid (IAA) — a com-
mon auxin, hence the debate over its potential auxin-like properties is in
progress. Biosynthetic pathway of both indoleamines are similar — both are
derived from tryptophan. In the case of MEL, it is based on four enzymatic
reactions (Figure 1). Firstly, tryptophan decarboxylase (TDC) catalyzes tryp-
tophan transformation into tryptamine. The second step —tryptamine 5-hy-
droxylase (T5H) derived from cytochrome P450, hydroxylates tryptamine and
converts it into serotonin. The third phase — arylalkylamine N-acetyltransfe-
rase (AANAT) catalyzes N-acetylserotonin generation in chloroplasts. Finally,
N-acetylserotonin is converted into MEL using N-acetylserotonin methyl-
transferase (ASMT) in the cytoplasm (Kanc et al. 2013, ByEoN et al. 2014,
ZHANG et al. 2015).

Currently, the role of MEL in plant physiology is being intensively explo-
red. Much evidence implicates MEL as a growth promoter and plant develop-
ment factor (HERNANDEZ-RUIZ et al. 2004, 2005, ArNao, HERNANDEZ-RuUI1z 2007,
HErNANDEZ-RUIZ, ARNAO 2008a, CHEN et al. 2009, SARROU et al. 2014, ZHANG et
al. 2014).

Under certain conditions MEL can simulate the auxin effects (ARNAO
2014). Evidence for the involvement of MEL in root formation in Hypericum
perforatum L. (MUrcH et al. 2001), and etiolated hypocotyls of Lupinus albus L.
(ArNAO, HERNANDEZ-RUIZ 2007) was provided. A similar effect accompanied
by an increase in IAA level was observed in the roots of mustard (Brassica
juncea L. Czern.) after exogenous MEL application (CHEN et al. 2009). Howe-
ver, it is unclear whether MEL induces auxin biosynthesis, or whether it
may be metabolized and converted to IAA, or whether by structural analogy
to JAA MEL exerts auxin-like effects — but these concepts need more studies.
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Fig. 1. Melatonin biosynthesis pathway. Enzymes involved: 1 — L-tryptophan transaminase
and decarboxylase, 2 — L-tryptophan decarboxylase, 3 — tryptamine deaminase, 4 — tryptophan-
-5-hydroxylase, 5 — 5-hydroxytryptophan decarboxylase, 6 — serotonin N-acetyltransferase,

7 — acetyloserotonin N-methyltransferase

It was also shown that MEL in a dose-dependent manner stimulated elonga-

tion of hypocotyls (HERNANDEZ-RUIZ et al. 2004) and cotyledons of lupine —
Lupinus albus L. (HERNANDEZ-RU1Z, ARNAO 2008c).

PoEGGELER et al. (1991) suggested participation of MEL in circadian cycle
regulation in unicellular photosynthesizing dinoflagellate Lingulodinium
polyedrum. A similar rhythm of MEL occurrence was reported in short-day
plants, e.g. Chenopodium rubrum (WoLF et al. 2001), while daily changes in
MEL content were not observed in tomato (VAN TASSEL et al. 2001). Research
of TaN et al. (2007a) on the water hyacinth revealed the highest content of
MEL and its metabolite N1-acetyl-N2-formyl-5-methoxykynuramine (AFMK)
just before sunset, which might confirm the fact that MEL synthesis depends
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on the intensity of light. This differentiates plants from animals, since in the
latter light suppresses MEL production in pineal glands (MURrcH et al. 2000).
It seems that the MEL content in plants is regulated not only by its biosyn-
thesis rate but also by the intensity of its consumption. Thus, although the
correlation of rhythmic MEL content changes with the circadian rhythm de-
pending on the photoperiod was confirmed in some plants, this phenomenon
seems to be more complex and susceptible to the influence of additional fac-
tors. In general, rhythmic changes in the MEL content in plants, like in
other organisms, may be evolutionarily related to the photoperiod. Melatonin
synthesized and stored in the dark is consumed in the light in order to redu-
ce photo-oxidative damage so its level during the day falls. It seems that re-
peated rhythmic fluctuations associated with the synthesis and utilization of
MEL could be used by organisms to biochemically measure duration of the
day, and consequently to determine changes of the seasons (KoropzIEJCZYK et
al. 2015). However, it should be taken into account that during evolution
plants developed a number of other photoreceptors (phytochrome, cryptochro-
me, light-dependent photosynthetic apparatus), which effectively regulate the
processes of photomorphogenesis.

Certainly, melatonin consumption in the light is associated with protec-
tion against photooxidizing processes, to which photosynthetic apparatus of
plants is particularly exposed. In plants treated with this indoleamine pho-
tosynthesis was more efficient, concentrations of starch, sorbitol and sucrose
were higher and chlorophyll degradation during the aging process was slo-
wer, while the expression of pheophorbide oxidase (PAO) gene (a key gene
for the chlorophyll degradation process) and senescence-associated gene 12
(SAG12) was inhibited. Moreover, exogenous MEL inhibited the expression
of sugar-sensing and senescence-associated hexokinase-1 gene (HXK1) (WaANG
et al. 2013b) and effectively prevented the accumulation of H,O,, which is a
characteristic indicator of the cell aging process (WANG et al. 2012, 2013a). In
A. thaliana MEL treatment inhibited chlorophyllase (CLHI) gene expression,
an enzyme regulated by light and also involved in chlorophyll degradation
(WEEDA et al. 2014). Decreased chlorophyll degradation in barley leaves tre-
ated with MEL was also observed and its effects were more pronounced than
those invoked by cytokines, widely accepted as anti-aging hormones (ARNAO,
HEerNANDEZ-RUIZ 2009a). A similar impact of exogenous MEL on chlorophyll
protection against the effects of oxidative stress was observed in the leaves
of A. thaliana treated with herbicide paraquat (WEEDA et al. 2014). Studies
on rice revealed that treatment with MEL significantly reduced chlorophyll
degradation, suppressed transcripts of senescence-associated genes, delayed
leaf senescence and enhanced salt stress tolerance (LiaNG et al. 2015).

Various stresses inhibit plant growth via different mechanisms but all
stimulate reactive oxygen species (ROS) production and disturb red-ox home-
ostasis. It i1s well known that oxidative stress is a secondary effect of all
biotic and some abiotic stresses. Thus, the antioxidant behaviour based on
the capability of electron donation resulting in such antioxidant structure
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reconformation which does not allow for secondary free radical appearance is
highly desirable in plant cells. Since MEL is soluble in both water and lipids,
it may be a hydrophilic and hydrophobic antioxidant. This fact together with
the MEL’s small size makes it particularly able to migrate easily between
cell compartments in order to protect them against excessive ROS. Moreover,
recent evidence indicates that the primary MEL metabolites, especially
AFMK, also have high antioxidant abilities. AFMK could be formed by nu-
merous free-radical reactions thus a single MEL molecule is reported to
scavenge up to 10 ROS. It is documented that the free radical scavenging
capacity of MEL extends to its secondary, tertiary and quaternary metaboli-
tes (TaN et al. 2000, 2002, 2007¢). This process is referred to as the free radi-
cal scavenging cascade, which makes MEL even at low concentrations highly
effective at protecting organisms against oxidative stress. This cascade reac-
tion is characteristic of MEL making it more efficient than other conventio-
nal antioxidants.

As 1t was mentioned above, various plant species rich in MEL have
shown higher capacity for stress tolerance (PArRK et al. 2013, Bajwa et al.
2014, ZHANG et al. 2015). Exogenously applied MEL improved resistance to
Marssonina apple blotch (YIN et al. 2013), this also implies its important role
in plant innate immunity. Melatonin is also involved in stress-affected develop-
mental transitions including flowering, fruiting and senescence (KoLAR et al.
2003, ArNAO, HERNANDEZ-RUiz 2009a, ZHAO et al. 2013, ByroN, Back 2014).
An increase in the MEL content was detected in sunflower seeds during
sprouting (CHo et al. 2008). Since the germ tissue is highly vulnerable to
oxidative damage, MEL might be an important component of its antioxidant
defense system as a free radical scavenger. Thus, MEL in seeds may be es-
sential for protecting plant germ and reproductive tissues from oxidative in-
juries (MANCHESTER et al. 2000). It have been described that plant MEL actu-
ally scavenges ROS in Vigna radiata leaves and protects Gentiana
macrophylla protoplasts under UV-B exposure (Tax et al. 2012). Generally,
oxidative stress elevates amount of endogenous melatonin (BoCCALANDRO et
al. 2011). Transgenic plants opulent of endogenic MEL survive negative ef-
fects induced by ROS and are able to prevent the damage (WaNG et al. 2012).
Moreover, it 1s proved that elevated concentration of melatonin ensures hi-
gher levels of GSH, vitamin C and E or carotenoids (Tan et al. 2012, WaNG et
al. 2012). These suggest that MEL constitutes the first line of antioxidant
safeguard.

The aforementioned facts, and particularly the evidence that MEL indu-
ced resistance to stresses in plants, indicate that our concept of seed or who-
le plant enrichment with exogenous MEL is justified.
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MELATONIN - A NOVEL PLANT BIOSTIMULATOR

Plant biostimulators — phytostimulators are various kinds of non-toxic
substances of natural origin that improve and stimulate plant life processes
differently than fertilizers or phytohormones. Their influence on plants is not
the consequence of direct metabolic regulation of particular processes but
their action could be multidirectional and they influence metabolism more
generally. The crucial point is that biostimulators, in contrast to bioregulators,
improve plant metabolic processes without changing their natural pathway.

Recent plant neurobiology trends in science based on auxin signaling
investigations (BRENNER et al. 2006) focus our attention on MEL, which de-
monstrates parallelism with the plant auxin — indole-3-acetic acid (IAA).
Resumption of research on classic plant models used in plant physiology is
still necessary to clarify the role and mechanism of action of MEL: (i) as an
independent plant growth regulator, (i1) as a factor mediating the activity of
other substances influencing plant growth or (iii) as a substance involved in
growth regulation but whose activity generally is ascribed to other compo-
unds. However, recent knowledge may qualify MEL as a biostimulator. Its
advantages are as follows: (i) it is of natural origin but it can be easily syn-
thesized in laboratories, (i1) it is non-toxic, (ilil) it is not expensive, (iv) it
dissolves in different solvents: water, alcohols but also lipids — which facili-
tates the use of various application methods (v) it could be actively uptaken
by plants from environment, (vi) it is a small molecule easily penetrating cell
compartments, (vil) it has strong antioxidant properties (viii) it improves
plant tolerance to stresses.

The quality of seed material is a primary and basic condition determi-
ning good harvest. Thus, finding effective methods to improve sowing mate-
rial by applying biostymulators into seeds is a crucial problem. Generally,
it was observed that physiological concentrations of MEL in seeds were
very high, for example in white and black mustard seeds they were 129 and
189 ng g'!, respectively (HATTORI et al. 1995), much higher than the known
physiological blood concentrations of many vertebrates

The known techniques of seed priming: hydro- and osmo-conditioning
were tested by Posmyk and colleagues (Posmyk, Janas 2007, Posmyk et al.
2008, 2009, 2009a, Janas et al. 2009). Different pre-sowing seed treatments
effectively counteract diseases and pests as well as improve seed viability
and seedling vigour per se (TAYLOR et al. 1998). All of them are based on con-
trolled seed hydration. These techniques can be combined with other suppor-
ting factors such as aeration, light-irradiation, temperature-stratification.
Seed priming can also be combined with an application of growth regulators
and other bioactive substances (McDonNaLD 1999). Our previous experiments
(PosmyKk, Janas 2007, Posmyk et al. 2008, 2009, 2009a, JaNas et al. 2009) pro-
ved that exogenous MEL applied into seeds by pre-sowing treatment impro-
ved their vigour and germination as well as seedling growth.
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Indeed, red cabbage seed hydropriming with MEL proved to be a good
tool for vigour improvement (Posmyk et al. 2008). Positive effect of this treat-
ment was visible especially under copper stress conditions. Similarly, experi-
ments with cucumber seeds osmoprimed with MEL (Posmyk et al. 2009a,
2009) and with corn seeds hydroprimed with MEL (JaNas et al. 2009) proved
its positive effects on seeds.

Beneficial effects of priming were not visible in cucumber and corn seed
germination tests performed under optimal temperature conditions. Except
that primed seeds germinated more uniformly (smaller +SEM), both parame-
ters: the germination rate and the final germination percentage, were com-
parable with control seeds (Posmyk et al. 2009a, JaNas et al. 2009). However,
subsequent experiments showed that seedlings grown from seeds conditioned
with melatonin tolerated better stresses of suboptimal temperature (10°C)
and heavy metal contamination (2.5 mM Cu?"), and also regenerated much
better after the relief of stress. It was manifested by better growth (greater
weight of seedlings) and higher chlorophyll content and phenolic synthesis in
the seedlings grown from seeds hydroprimed with melatonin (Janas et al.
2009).

When in seeds laboratory tests were subjected to stress, differences be-
tween the untreated and conditioned variants were apparent. Cucumber se-
eds osmoprimed with MEL started to germinate at 10°C, which was impossi-
ble for the control, untreated ones (Posmyk et al. 2009, 2009a). We also
obtained interesting results when corn seeds were germinated at 10°C (JANAS
et al. 2009 ). The control non-primed seeds germinated after 5 days of imbi-
bition and achieved ~97% germinability after 12 days of experiments, where-
as those treated with MEL reduced the lag phase up to 2 days and all seeds
were germinated on day 10 of experiment. Hydropriming without MEL also
reduced the lag phase to 3 days of imbibition but germinability of the seeds
decreased to ~90% (JaNas et al. 2009). The seed pre-sowing treatments accele-
rated germination rates of corn seeds at suboptimal temperature.

Field tests equivocally proved that MEL applied in a specific way to se-
eds was a perfect biostimulator enhancing plant growth and development as
well as increasing yield. Field experiments were performed with the follo-
wing seeds: Cucumis sativus L., Zea mays L, Vigna radiata L. (JaNAs, PosMYK
2013). All seeds were primed and re-dried under laboratory conditions, up to
one month before being sown in fields. During vegetation, the plants were
not supplemented by fertilizers or pesticides — experiments were performed
as organic farming. The field experiments showed that plants from the MEL
-treated seeds of corn, mung bean and cucumber were greater, better develo-
ped, their vegetation was prolonged (they were longer green) and they had
higher crop yield than the control ones (Posmyk, Janas 2009, Janas, PosMyk
2013). At harvesting, 50 uM MEL osmoprimed cucumber plants had more
fruits than those osmoprimed with MEL 500 pM, osmoprimed without MEL
or non-treated plants. We observed that some fruits of MEL-treated plants
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were larger than those of osmoprimed without MEL and non-osmoprimed
ones (Janas, Posmyk 2013). 50 and 500 uM MEL-treated corn plants had
more and larger cobs than those hydroprimed without MEL and the non-pri-
med plants. Similar results were observed on mung bean, whose seeds were
hydroprimed with MEL at 20, 50 and 500 uM concentrations. Numbers
of pods were greater in the plants grown from the seed hydroprimed with
50 uM MEL than in hydroprimed without MEL and non-primed ones
(Posmyk, Janas 2009, Janas, Posmyk 2013). It is surprising that a single MEL
application into the seeds increased yield of plants growing naturally in a
field. It was assessed that the production of corn, cucumber and mung bean
primed with MEL was about 10-25% greater in comparison to those primed
without MEL and it depended on plant species (JaNas, Posmyk 2013).

Since melatonin is safe for animals and humans as well as inexpensive,
a conditioning technique using this indoleamine as a plant biostimulator
may be a reliable, feasible and cost-effective tool for positive seed quality
modification and may be economically beneficial for organic farming (PosmYK,
Janas 2009, Janas, Posmyk 2013).
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Abstract The efficiency of pre-sowing conditioning/
priming methods used to apply melatonin into seeds was
verified: osmopriming in the case of dicot Cucumis sativus
and hydropriming of monocot Zea mays seeds. Both
priming techniques were selected experimentally as opti-
mal for the studied plant species. Four different seed
variants were compared: control non-treated ones, and
seeds conditioned with water or with 50 or 500 uM me-
latonin water solutions. The HPLC-MS quantitative and
qualitative analyses were used to determine the content of
melatonin and of its potential metabolites in the seeds
during 1 year following the conditioning. The control seeds
and those conditioned with water contained small amount
of endogenous melatonin in both species. However, the
level of this indoleamine increased markedly in cucumber
and corn seeds primed with exogenous melatonin and it
was always correlated with the concentration of melatonin
applied. It was noted that melatonin was metabolized
during seed storage by its gradual oxidation, thus it protects
dry seeds against oxidative stress, prevents potential in-
juries and significantly increases seeds quality. Interest-
ingly, in the control and water-primed seeds, seasonal
fluctuations of endogenous melatonin concentration were
noted and significant increase in this indoleamine in the

Communicated by J. van Staden.

< Matgorzata M. Posmyk
posmyk@biol.uni.lodz.pl

Department of Ecophysiology and Plant Development,
Faculty of Biology and Environmental Protection, University
of Lodz, 12/16 Banacha Str., 90-237 Lodz, Poland

Department of Industrial Microbiology and Biotechnology,
Faculty of Biology and Environmental Protection, University
of Lodz, 12/16 Banacha Str., 90-237 Lodz, Poland

Published online: 07 May 2015

winter month was observed. This suggests that in seeds
endogenous melatonin could play a crucial role in seasonal
rhythms independently of environmental conditions.

Keywords Melatonin - Seeds - Melatonin metabolites -
Seed conditioning - Plant rhythms

Introduction

Melatonin is an indoleamine (N-acetyl-5-methoxy-
tryptamine) that occurs in evolutionary distant organisms.
It reflects the conservative nature of this molecule. Till
now, it has been found in bacteria, algae, vascular plants,
invertebrates and vertebrates (Murch and Saxena 2002;
Hardeland and Poeggeler 2003).

Lerner et al. (1958) identified the chemical structure of
melatonin in 1958. Since then, the functions, biosynthesis
and degradation of melatonin in animals, especially ver-
tebrates, have been widely studied, well documented and
accepted as being valid. As concerns the plant kingdom
first melatonin was detected in the photosynthesizing alga
Gonyaulax polyedra (Balzer and Hardeland 1991) and then
in vascular plants (Dubbels et al. 1995; Hattori et al. 1995).
Up till now, the occurrence of this indoleamine in many
edible plants and herbs has been widely reported (Posmyk
and Janas 2009; Paredes et al. 2009; Tan et al. 2012; Arnao
2014). Melatonin was found in fresh fruits/plants and food
products, e.g., in tomatoes, cherries, olives and oils, grapes
and red vine, walnuts, sunflower, mustard oil, etc, and its
content varies from nanograms to picograms per gram of
these products (Chen et al. 2003; Arnao and Hernandez-
Ruiz 2006, 2009b; Hernandez-Ruiz and Arnao 2008b;
Paredes et al. 2009; Posmyk and Janas 2009). Moreover,
melatonin was detected and quantified in different plant

@ Springer
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organs: roots, shoots, leaves, flowers, fruits and seeds, but
its highest concentrations were noted in reproductive or-
gans, particularly in seeds.

Currently, melatonin functions in plant physiology are
being intensively explored. Some evidence implicates its
role as a growth stimulator and plant development factor
(Hernandez-Ruiz et al. 2004, 2005; Arnao and Hernandez-
Ruiz 2007; Hernandez-Ruiz and Arnao 2008a; Chen et al.
2009; Sarrou et al. 2014; Zhang et al. 2014). It seems that
this indoleamine plays a significant role in plant stress
defense. It was observed that melatonin-rich plant species
showed higher capacity for tolerance of unfavorable con-
ditions (Park et al. 2013; Bajwa et al. 2014; Zhang et al.
2015). Moreover, exogenously applied melatonin improved
resistance to Marssonina apple blotch caused by Diplo-
carpon mali—dangerous pathogen that generates losses in
the cultivation of apples (Yin et al. 2013). This implies the
role of the described indoleamine also in combat against
biotic stresses. The importance of melatonin in stress ef-
fects/injuries limitation during different developmental
stages including flowering, fruiting, and senescence was
discussed (Kolar et al. 2003; Arnao and Hernandez-Ruiz
2009a; Zhao et al. 2013; Byeon and Back 2014). An in-
crease in melatonin level in sunflower seeds during
sprouting was also observed (Cho et al. 2008). Since the
germ tissue is highly susceptible to oxidative injuries,
melatonin in seeds might act as an important antioxidant
and effective free radical scavenger. Thus, melatonin may
be essential for protecting plant germ and reproductive
tissues from oxidative damages (Manchester et al. 2000).

Plants, in contrast to animals, are able to synthesize the
melatonin precursor—tryptophan, so they provide com-
plete biosynthetic pathway leading to endogenous mela-
tonin accumulation. In addition to unlimited in vivo
synthesis, plants can also absorb exogenous melatonin
from the environment (Tan et al. 2007). This and par-
ticularly the evidence that melatonin induces resistance to
stresses in plants indicate that our concept of seed enrich-
ment with exogenous melatonin is justified. Our previous
experiments (Posmyk et al. 2008, 2009a, b; Janas et al.
2009) proved that exogenous melatonin applied into seeds
by pre-sowing treatment improved their vigor and germi-
nation as well as seedling growth. Since melatonin is
nontoxic and biodegradable, thus safe for the environment,
as well as being inexpensive, a priming methods supple-
mented with this indoleamine may be a reliable, feasible
and cost-effective tool for seed quality improvement thus
beneficial for organic farming (Janas and Posmyk 2013).

Generally, seed priming comprises different condition-
ing techniques (e.g., hydro-, osmo-, matri-conditioning)
based on controlled seed hydration leading to limited seed
imbibition. This pre-sowing treatment can be supplemented
with an application of growth stimulators, protective

@ Springer

components and other bioactive substances. In the pre-
sented work, the efficacy of two techniques used for me-
latonin application into seeds was tested. The following
priming methods were verified: osmopriming (O) in the
case of dicot Cucumis sativus and hydropriming (H) in the
case of monocot Zea mays. The conditioning methods were
selected experimentally as optimal for seeds of the studied
species. In the case of both plants, four variants of seeds
were compared: non-treated control (C), and seeds condi-
tioned with water or conditioned with 50 and 500 pM
melatonin water solutions. Melatonin content in the seeds
and the appearance of its potential metabolites were
monitored during 1 year following the conditioning.

Materials and methods
Plant material

The seeds of cucumber (Cucumis sativus L. var. Odys) and
corn (Zea mays L. var. Ambrozja) were provided by
‘Torseed’ (Torun, Poland). All seeds (different variants)
were stored in dry conditions, at room temperature, in the
dark, in tightly closed containers.

Hydropriming

Corn seeds were hydroprimed by soaking them at 25 °C in
darkness for 3 h, using distilled water or melatonin (50 or
500 uM) water solutions. Seed water content was increased
from an initial value of 8.8 % (+0.2) to 36.8 % (£2.3).
The quantity of water needed to increase seed humidity
was determined experimentally. Corn seed variants: control
(C)—non-treated, hydroprimed (H), hydroprimed with
melatonin 50 and 500 uM (HMel50 and HMel500, re-
spectively). Seeds were re-dried during 3 days at room
temperature after hydropriming.

Osmopriming

Cucumber seeds were osmoprimed as described by Posmyk
et al. (2001). Seeds were placed on a layer of cotton wool
wet with polyethylene glycol-8000 (PEG-8000) solution at
—1.5 MPa for 4 days. The PEG osmotic potential was
calculated according to Michael and Kaufman (1973); PEG
was dissolved in distilled water or melatonin solutions to
final concentrations 50 and 500 pM. Treatments were
carried out in darkness at 25 °C. Seed water content was
increased from an initial 8.10 % (%1.3) to final 27.8 %
(£1.4). Cucumber seed variants: control (C)—non-treated,
osmoprimed (O), osmoprimed with melatonin, 50 and
500 pM (OMel50 and OMel500, respectively). Seeds were
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re-dried during 3 days at
osmopriming.

room temperature after

Melatonin and its derivatives determination in seeds
Extraction procedure

The seeds (0.5 g) were homogenized in ice bath, with 6 ml
of 50 mM sodium phosphate buffer (pH 8.0) containing
1 mM EDTA and 5 pM butylated hydroxytoluene (BHT)
as an antioxidant. The homogenate was incubated for
15 min at room temperature in darkness with minimal
shaking, to ensure complete extraction of indoles. It was
subsequently centrifuged at 20,000g for 10 min at 5 °C.
The supernatant was filtered through two layers of Mira-
cloth and purified in two steps by solvent partitioning using
ethyl acetate (first at pH 8.0 and second at pH 3). Each 3 ml
of supernatant was shaken horizontally with 10 ml of ethyl
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Fig. 1 Changes in melatonin level of dry cucumber (Cucumis sativus
L.) seeds, beginning from osmopriming and indoleamine application
(X—October) and during the following months of seed storage:
control non-treated seeds (a), seeds osmoprimed with water (b), seeds
osmoprimed with melatonin at the concentrations of 50 (¢) or 500

(d) pM. The results are expressed as mean values of six measure-
ments =SEM. One-way ANOVA and Bonferroni’s post hoc test were

acetate (15 min/darkness/room temperature). The first or-
ganic phase was collected. The remaining aqueous phase
was adjusted to pH 3.0 with 1N H3POy,, supplemented with
the next 10 ml of ethyl acetate followed by horizontal
shaking (30 min/darkness/room temperature). The second
organic phase was added to the first one and both were
evaporated together under vacuum. Dry residue was re-
dissolved in 100 pl of acetonitrile (ACN) and then top up
to 1 ml with deionized water and filtered through Supelco
ISO-Disc filters (PTEF-4-2.4 mm, A~ 02 pm) before
HPLC-MS analysis. The extraction efficiency was esti-
mated as ~ 85 %.

HPLC-MS analyses
The concentrations of melatonin and its metabolites were

determined in plant tissue extracts using high-performance
liquid chromatography with mass spectral detection
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performed. The small letters next to the values show statistical
significance p < 0.001. ANOVA results: a months of measurements
(X, XI, I, I, 111, V, VII) F(6.11) = 58.71; b months of measurements
(X, XI, I I, II1, V, VII) F(6.12) = 257.02; ¢ months of measurements
(X, XI, I, II, III, V, VII) F(6.32) = 135.62; d months of measure-
ments (X, XL, I, II, I1I, V, VII) F(6.34) = 184.45

@ Springer



105 Page 4 of 11 Acta Physiol Plant (2015) 37:105
A 100 ¢ B 100
80 B 80’
‘T; b
& 60 E 60 d
= o)
s £
o 40 o 40 P
= =
20 a g 20 ¢
Il m T
- oML HH [ rd—r
X X XI 1 W oIVOV OVE VIV X X X X X1 0 W vV VI VIV IX X
C 2000 D 30000 -
|
Cc .\\
1600 "t %b 25000r \a\a\
1§ 2 . a
- i
E \a\?t\a\alb a . ,'; 20000 - % aF i-\E _ar
D 1200 I H \E\l 4 T~
=2 o
£ T~ £ 15000 \
] 800 m
= s
10000 |
400 +
5000 f
0 ‘ ‘ : 0

X X0 X1 v v ovEvIEVIE X X

Fig. 2 Changes in melatonin level of dry corn (Zea mays L.) seeds
beginning from hydropriming and indoleamine application (X—
October) and during the following months of seed storage: control
non-treated seeds (a), seeds hydroprimed with water (b), seeds
hydroprimed with melatonin at the concentrations of 50 (¢) or 500
(d) uM. The results are expressed as mean values of six measure-
ments =SEM. One-way ANOVA and Bonferroni’s post hoc test were

(HPLC-MS). Analyses were performed on Agilent 1200
LC System coupled with AB Sciex 3200 QTRAP mass
detector equipped with TurboSpray Ion Source (ESI). The
column used was Agilent SB-C18, 1.8 pm, 4.6 x 50 mm
and a mobile phase was a mixture of: A—H,0 + 2 mM
ammonium  formate + 0.2 %  formic acid; B—
ACN + 2 mM ammonium formate + 0.2 % formic acid.

Quantitative analysis

10 pl of the tested samples was injected on a column
maintained in isocratic conditions A:B—20:80, tem-
perature 40 °C and 600 pl min~' flow. The retention time
of melatonin was 7.69 min. MS/MS detection was done in
MRM positive ionization mode. Optimized MRM pairs for
melatonin were: 233.2-174.2 m/z (CE = 17)—quantifier
ion, 233.2-130.1 (CE = 57)—qualifier ion. The other pa-
rameters of the detector were: CUR: 35.00; TEM: 600.00;
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X XX o nom v v v vivi IX X
performed. The small letters next to the values show statistical
significance p < 0.001. ANOVA results: a months of measurements
X, X1, L IL, III, IV, V, VII) F(7) = 50.94; b months of measurements
X, XI, I, I, I, IV, V, VII) F@7)=200.67; ¢ months of
measurements (X, XI, I, II, III, IV, V, VII) F(7) = 8.29; d months
of measurements (X, XI, I, I, III, IV, V, VII) F(7) = 13.75

GS1: 50.00; GS2: 60.00; ihe: ON; IS: 5500.00; CAD:
Medium; DP: 36.00; EP: 5.50; CEP: 14.00; CXP: 3.00.
Standard equation used for the quantitative analysis
showed linearity in the range from 0 to 100 ng ml~" of
melatonin (r = 0.9992).

Qualitative analysis

10 pl of the tested samples was injected on a column with
mobile phase flow 500 pl min~' and temperature set to
40 °C. The following gradient was applied: 0—1 min 90:10
(A:B); 1—15 min gradient 90:10 (A:B) to 10:90 (A:B) in
15 min and maintained to 20 min; 20.10 reverse to start
conditions 90:10 (A:B) and maintained till the end of the
method in 23.00 min. MS/MS detection was made in IDA
(information-dependant acquisition) mode composed of
mixed scan modes and IDA criteria for dynamic m/z filter-
ing. The method was constructed as follows: Prec 1
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Fig. 3 Chromatographic analysis of melatonin (MEL) and its metabolites (M1-3) detected in Cucumis sativus L. and Zea mays L. seeds
preconditioned (osmoprimed and hydroprimed, respectively) with melatonin. Analyses were performed after 10 months of dry seed storage
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(Precursor ion scan), Prec 2, ER (enhanced resolution scan),
IDA criteria, EPI (enhanced product ion scan). Precursors
were 130.1 m/z (DP = 36, CE = 50) working in range
140-350 m/z and 174.2 m/z (DP = 36, CE = 17) working
in range 188—400 m/z. Both precursors were assigned as
markers for potential melatonin metabolites. ER scan was
working in 250 Da/s scan rate (DP = 36) and was used for
isotopic distribution studies of molecular ion species. EPI
scan was working in range 50-400 m/z (DP = 36,
CE = 50, CES = 15) and was used for MS? mass spectra
collection. The other MS parameters were the same as in
quantitation method. The most important IDA criteria used
for selective m/z filtering were as follows: choose 1-2 most
intense peaks from range 130-400 m/z which charge state is
+1 and exceeds 10,000 counts intensity, exclude former
target ions for 30 s after three occurrences.

Statistic analysis

The results are expressed as mean values of six measure-
ments +=SEM. The data were analyzed using STATISTICA
v.10.0_MRI1_PL [StatSoft] software. One-way analysis of
variance (ANOVA) and then the post hoc Bonferroni’s
multiple range test was carried out to find the significant
differences at p < 0.001 in each experiment and variant.

Results and discussion

The present research focused on changes in melatonin
content in dry cucumber and corn seeds. Physiological
concentrations of this indoleamine in the control seeds, at
the beginning of the experiment, were low and persisted in
the ranges 7-11 ng gry in cucumber (Fig. 1a) and
12-14 ng grw in corn (Fig. 2a) seeds. Both species of
seeds untreated with exogenous melatonin (i.e., the control
and those osmo- or hydroprimed with water) despite con-
stant storage conditions (tightly sealed plastic bags, dark-
ness, room temperature) showed seasonal changes in this
indoleamine concentration with significant increases in the
winter months (Figs. la, b, 2a, b). These seasonal chan-
ges—noted in the first time in seeds—may suggest the
existence of an endogenous circannual rhythm regulated/
set by melatonin—independently of environmental condi-
tions. By definition, an endogenous rhythm is one in which
the cycle persists although external conditions remain
constant.

The possible role of melatonin as a regulator of light/-
dark cycles in plants also has been studied. Some oscilla-
tions in endogenous melatonin levels have been described
in the green macroalgae Ulva sp. (Tal et al. 2011) and also
in higher plants: Chenopodium rubrum L. (Kolar et al.
1995, 1997; Wolf et al. 2001), Eichhornia crassipes
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(hyacinth) (Tan et al. 2007), Vitis vinifera (Boccalandro
et al. 2011), and Prunus sp. (Zhao et al. 2013), pointing to
its possible role as a regulator of light/dark-mediated
rhythms. The changes mentioned above were associated
with the external factor—photoperiod. Our results suggest
the existence of an independent ‘chemical memory’ in
plants that is not susceptible to extrinsic factors. Seasonal
fluctuations in the amount of melatonin in seeds indicate
existence of endogenous biological clock that functions as
a biochemical calendar (probably developed evolutionarily,
e.g., in cold and temperate climate changes) precisely
regulated by this melatonin.

Both conditioning techniques, osmopriming and hy-
dropriming, when melatonin was present proved to be
highly effective tools allowing this indoleamine to accu-
mulate in the seeds of cucumber and corn, respectively. In
both species, levels of this compound increased propor-
tional to the concentration of melatonin applied and be-
came much higher than its physiological levels in both
cucumber (Fig. la, ¢, d) and corn (Fig. 2a, c, d) seeds.
However, in both variants of seeds treated with exogenous
melatonin, a continuous decline of this indoleamine was
observed throughout the experiment: from October 2013 to
July 2014 (Figs. lc, d, 2c, d).

Derivatives of the applied melatonin began to emerge
along with a reduction of melatonin content in the seeds.
Chromatographic analysis of melatonin and its metabolites
in Cucumis sativus L. revealed three derivatives (Fig. 3
Cucumis sativus: M1, M2, M3). In all cases, the melatonin
molecule was oxidized by addition of a hydroxyl (-OH)
group to the second carbon (B) in the side chain of the
hetero-ring, e.g., like in M1 (Fig. 4a—c). Additionally,
elimination of the acetamide (—NH—CO—CH3) group and
oxidation to the aldehyde in M2 was observed (Fig. 4b), or
the third ring was undergoing cyclization as seen in M3
(Fig. 4c).

Chromatographic analysis of melatonin and its
metabolites in Zea mays L. also revealed three derivatives
(Fig. 3 Zea mays: M1, M2, M3). In the formation of M1
and M2, melatonin was oxidized by addition of a hydroxyl
(—OH) group to the second carbon (B) in the side chain of
hetero-ring (Fig. 5a, b); additionally, in M2 this side chain
was reduced to two carbons and the acetamide (-NH-CO-
CH3;) group was removed (Fig. 5b). In the third derivative,
M3, only cyclization of the third ring was observed
(Fig. 5¢).

The IDA method for substrate metabolite screening was
developed according to the workflow described elsewhere
and successfully applied for biodegradation studies of
alachlor (Staba et al. 2013). On the basis of the EPI and
MS3 (data not shown) scans of melatonin, the fragmenta-
tion pathway leading to full interpretation of melatonin
mass spectra was done (Fig. 6). The obtained data were
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Fig. 4 Mass spectra of
particular metabolites detected
in Cucumis sativus L. seeds
after 10 months of storage:

M1 = beta-hydroxymelatonin
(a), M2 = 3-(2-
hydroxyethanal)-5-metoxyindol
(b), M3 = cyclic beta-
hydroxymelatonin (c)
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Fig. 5 Mass spectra of
particular metabolites detected
in Zea mays L. seeds after

10 months of storage:

M1 = beta-hydroxymelatonin
(a), M2 = 3-(ethan-1-ol)-5-
metoxyindol (b), M3 = cyclic
melatonin (c¢)
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Fig. 6 Melatonin mass spectrum (pattern)

used for the construction of semi-targeted IDA method
scanning the samples for potential melatonin metabolites,
on the basis of precursor ion scans 130.1 m/z (CoH,NT,
3-methyl-1H-indole substructure) and 174 m/z (C;H;;.
NO™, 3-ethyl-5-methoxy-1H-indole substructure). Based
on a comparative mass spectra analysis of the samples, 6
metabolites were found. All of them underwent charac-
teristic fragmentation in the EPI scan confirming the
presence of 3-ethyl-5-methoxy-1H-indole substructure
(normal or cyclic form). Other changes in the structure
were characterized by manual mass spectra analysis sup-
ported by ACD Labs MS Fragmenter and AB Sciex
PeakView 2.1 software tools.

In both plant species, the melatonin derivative labeled
M1 is the same compound, B-hydroxymelatonin. Also, the
pair labeled as M2 is very similar in structure. In both,
hetero-ring’s side chain reduction to two carbons was ob-
served and these derivatives differed only by the degree of
oxidation. In cucumber, it was 3-(2-hydroxyethanal)-5-
metoxyindol and in corn 3-(ethan-1-ol)-5-metoxyindol.
The third derivative, M3 in both, cucumber and corn seeds,
was: cyclic B-hydroxymelatonin and cyclic melatonin,
respectively.

The present data prove that the selected seed condi-
tioning techniques to be effective tools allowing to the
introduction of exogenous melatonin into both types of

seeds: monocot corn grains and dicot cucumber seeds.
During seed storage, the quantity of melatonin decreased
considerably compared to the initial amount determined
immediately after priming. The magnitude and the rate of
its decline were characteristic of the species. All the
metabolites were oxidized melatonin derivatives. This
suggests that during seed storage melatonin is oxidized,
even in relatively dry seed tissues (probably without active
enzymes) and thus it protects dry seeds against oxidative
stress, prevents potential injuries and significantly in-
creases seeds quality. These positive effects were also
visible as better vigor and stress tolerance of the seedlings
grown from the seeds conditioned with melatonin (Posmyk
et al. 2009b; Janas et al. 2009).

Important new data obtained from this work consist in
evidence suggesting the existence of endogenous circan-
nual rhythm regulated/set by the endogenous melatonin
level in cucumber and corn seeds. This raises the question
whether the application of exogenous melatonin in doses
significantly exceeding its physiological level may impair
the aforementioned rhythm? The answer will be possible
only when sites of melatonin biosynthesis in plant cells and
its localisation in organs and tissues of seeds are clearly
established.

It is postulated that mitochondria and plastids are the
primary sites of melatonin biosynthesis (Tan et al. 2013),
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but during evolution some of the genes of mitochondrial
and plastid genome could have been successfully trans-
ferred to the nucleus (Adams and Palmer 2003), and me-
latonin biosynthesis ability could have been transferred to
other cell compartments such as cytosol. Studies on
transgenic rice plants that examined location of typical
enzymes of melatonin biosynthesis pathway in plants (De
Luca and Cutler 1987; Stevens et al. 1993; Kang et al.
2007; Fujiwara et al. 2010; Zhao et al. 2013; Byeon et al.
2014) provided interesting results, indirectly confirming
the hypothesis concerning correlation of melatonin
biosynthesis sites with the endosymbiotic theory (symbio-
genesis). It is suggested that melatonin biosynthesis in
plants occurs sequentially in three cellular compartments:
cytoplasm, endoplasmic reticulum (ER) and chloroplasts.
Unfortunately, there is no direct evidence for visualizing its
location in seed or whole plant organs and tissues. This
would probably be the key information allowing to answer
the question whether the application of exogenous mela-
tonin into seeds disrupts the rhythms potentially generated
by endogenous phytomelatonin. If endogenous melatonin
is synthesized and stored in a specific part of an embryo
and there are also the receptors regulating the annual
rhythms mentioned above (which is very likely because an
embryo is the most important and the only growing organ
of a seed), introduction/application of exogenous mela-
tonin, even at a high dose, stored just under the seed coat
and/or in seed storage tissues should have no impact on
these rhythms. However, to explain this phenomenon,
precise immunohistochemical localization of melatonin in
the organs and tissues of the seed is required. This will not
be easy due to the co-existence of a number of structural
analogs of melatonin in plants (auxins). Lack of appro-
priate commercial monoclonal antimelatonin antibodies for
use in studying plant tissues is another serious obstacle.
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Abstract Melatonin (N-acetyl-5-methoxytryptamine) has
a great potential for plant biostimulation. Its role in plant
physiology is intensively explored, and its important
function in plant stress defence frequently underlined.
Melatonin is particularly effective when applied as an
additional factor of seed priming. In the presented research,
hydroconditioning was chosen experimentally as optimal
for maize (Zea mays L.) seeds. The following seed variants
were compared: controlled non-treated, hydroprimed with
water and hydroprimed with melatonin solutions 50 and
500 pM. To identify modifications in proteome of maize
seeds caused by the applied hydroconditioning techniques,
protein extracts of germinated seed embryos (24 h, 25 °C)
were separated by 2D-PAGE. Next, obtained maps of
proteomes were compared (statistically and graphically)
using PDQuest software, and characteristic spots of pro-
teins were analysed qualitatively by mass-spectrometric
techniques and identified in the Mascot protein databases.
Research helped to identify hydropriming-associated pro-
teins, and for the first time those which were expressed
only in the presence of melatonin. Study confirmed that
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suitably selected pre-sowing treatment with melatonin, by
embryo proteome modification, effectively prepares plants
to adverse environmental conditions. In melatonin treated
seeds during the initial state of embryos growth, even under
optimal conditions, additional antioxidative, detoxifying,
anti-stresses proteins were synthesized. Moreover, the
supply of energy from seed storage substances was pretty
intensified. The presented results partially explain how
melatonin acts in plant stress defence, and why plants with
higher melatonin content have exhibited increased capacity
for stress tolerance.

Keywords Germination - Melatonin - Maize - Proteomics -
Seed conditioning - Zea mays

Introduction

Problems related to seed quality, their germination, seed-
ling emergence, and development under various environ-
mental stresses firmly influence on crop establishment and
prospective yield. Seed priming/conditioning has become a
common practice to obtain optimal seed performance and
ultimate yield notably under adverse germination condi-
tions (Jisha et al. 2013; Mabhaudhi and Modi 2011).
Conditioning is defined as pre-sowing treatment in water
that, by controlled seed hydration, leads to limited imbi-
bition but prevents the emergence of radicle (Bradford and
Bewley 2002). Seeds after priming can be redried to the
initial moisture content and stored. Such conditioning can
accelerate seed germination, improve seedling uniformity,
and increase yields in various crops (Eskandari 2013;
Rahimi, 2013). Among various conditioning techniques,
e.g., osmopriming, matrix priming and hydropriming—the
latter one is simple and low cost and, therefore, extremely
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welcomed by farmers. Water pre-sowing treatments give
the opportunity to apply biostimulators beneficial for plant.
Biostimulators are different harmless substances mostly of
natural origin that are able to improve plant development
and stimulate life processes but in a different way than
phytohormones and/or fertilizers. Their influence on plants
is not the consequence of their direct ability to regulate
metabolism, and their action could be multidirectional. The
crucial point is that biostimulators in contrast to hormones
improve plant metabolic processes without changing their
natural pathway. They can facilitate the uptake of nutrients,
stimulate root growth, also contribute to higher yield, and
improve its quality via increase plants resistance/tolerance
to unfavourable conditions, such as drought, extreme
temperature, toxic pollutions, and so on (Basak 2008).
Some studies indicate such a beneficial role of various
substances, e.g. glycinebetaine, proline, natural nitrophe-
nols (Asashi SL) as supplementation of irrigation into
roots, with foliar fertilizers or protection spraying and also
as seed treatment. Our previous research showed efficient
conditioning methods for cucumber, cabbage and corn seed
quality amelioration, with simultaneous melatonin appli-
cation (Janas et al. 2009a; Posmyk et al. 2008, 2009a, b).

In general, results of our team suggest that melatonin
(N-acetyl-5-methoxytryptamine) has a significant potential
for biostimulation of plants (Janas and Posmyk 2013).
Moreover, it is of natural origin, biodegradable, and
harmless. Currently, the role of melatonin in plant physi-
ology is being widely investigated. Solid evidence indi-
cates melatonin as a growth promoter and plant
development factor (Arnao and Hernandez-Ruiz 2007,
Chen et al. 2009; Hernandez-Ruiz et al. 2005; Hernandez-
Ruiz and Arnao 2008; Sarrou et al. 2014; Zhang et al.
2014). The pre-sowing seed conditioning with melatonin
protected cabbage seedlings against toxic effects of Cu®™
(Posmyk et al. 2008). Moreover, melatonin application into
maize and cucumber seeds had a positive effect on seedling
development and yield of plants that grown from them,
especially those subjected to water-stress (Zhang et al.
2013) or cold (Posmyk et al. 2009a, b).

The physiological effects of seed conditioning have
been extensively studied in a wide range of crops (Chen
and Arora 2013; Di Girolamo and Barbanti 2012). How-
ever, until now, the performance of primed seeds can only
be verified by germination tests, which provide retrospec-
tive indication of the conditioning affects (Gallardo et al.
2001). Therefore, it is necessary to develop molecular
markers improved vigour of primed seeds for commercial
seed lots. Proteomics become widely applicable in seed
research as a novel tool for protein characterisation and
function analysis (Catusse et al. 2011; Gallardo et al. 2001;
Wu et al. 2011). Seeds develop differently in dicots and
monocots, especially the changes induced by priming
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treatment. Therefore, the results obtained from Arabidopsis
may not be applicable in monocot crops (e.g., maize). To
date, the proteomic analysis of protein profiles of seed
priming in maize (Zea mays L.)—one of the most impor-
tant crops widely planted in the world—has not been done
yet. There is lack of data concerning effects of melatonin
applied by hydropriming on protein profiles in germinating
seeds.

This study aimed to analyse the hydropriming-induced
modifications in corn embryo proteome and to indicate
hydropriming-associated and melatonin-associated proteins
in corn seeds. Comparative proteomic analysis was applied
to identify differentially expressed proteins in the untreated
and hydroconditioned seeds and in those hydroprimed with
melatonin. The possible roles of indicated proteins in
maize seed vigour were discussed.

Materials and methods
Plant material

Grains of Zea mays L. var. Ambrozja were provided by
TORSEED (Torun, Poland). Before experiments, seeds
were stored at room temperature, in darkness, under dry
conditions, in tightly closed boxes.

Hydropriming

Hydropriming was conducted by corn grains imbibing at
25 °C for 3 h, using distilled water or melatonin water
solutions (50 or 500 uM). During conditioning seed,
moisture content was increased from an initial 8.8 %
(£0.2) to final 36.8 % (£2.3). The water quantity needed
to enhance seed humidity was established experimentally.
After soaking, seeds were redrying during 3 days at room
temperature (20-23 °C; 40 &= 5 % RH) to obtain initial
water content. Maize seed variants: non-treated (nt—gel
A), hydroprimed (H—gel B), hydroprimed with melatonin
50, and 500 pM (HMel50—gel C and HMel500—gel D,
respectively).

Seed germination

All investigated seed variants were germinated in darkness
at 25 °C for 24 h. Afterwards, axes were isolated, treated
with liquid nitrogen, and then lyophilized.

Protein preparation

Lyophilized tissue (200 mg) was homogenised (in ice bath)

with 1.5 ml of extraction buffer 50-mM TrisHCI (pH 7.7)
containing: 0.5-mM deoxycholate sodium salt (DOXC);
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10-mM DL-dithiothreitol (DDT); and 10-mM EDTA;
I-mM  phenylmethanesulfonylfluoride ~ (PMSF). The
homogenate was centrifuged: 20,000g/5 °C/10 min. The
pellet was discarded, whereas proteins resuspended in the
collected supernatant were precipitated with 0.07 % mer-
captoethanol and 10 % trichloroacetic acid (TCA) in ace-
tone, at 0 °C, during 45 min. The mixture was centrifuged
at 20,000g for 10 min at 5 °C. The obtained pellet with
precipitated proteins was then washed twice with 0.07 %
mercaptoethanol in acetone. After the final centrifugation:
3000g/5 °C/5 min, sediment was vacuum-dried and then
rediluted in buffer of Rabilloud consisting of: 65-mM DTT,
4 % CHAPS and 8 M urea. The proteins content was
estimated in 96 microplates by Bradford (1976) method.
The protein extracts were stored at —20 °C and then used
for 2D PAGE.

2-D protein separation and image analysis

Protein separation and analysis was performed according to
Kolodziejczyk et al. 2016. Samples of 300-mg proteins
were applied to 11-cm IPG strips (pH 3-10, non-linear
gradient ReadyStrip) in a Protean IEF cell (Bio-Rad,
Hercules, CA) and in-gel rehydrated for 12 h. According to
the isoelectric point, proteins were separated in the IEF-
SYS (Scie-Plas Ltd. GB). Isoelectric focusing (first
dimension separation) was performed at 18 °C for 72 h at
0-3000 V gradually changing (first 24 h: 0-1500 V; sec-
ond: 1500-3000; third 3000 V). Before the second
dimension PAGE, the gel strips were equilibrated twice
with Eq solution (Eq: 50-mM Tris—HCI, pH 8.5, 6 M urea,
30 % glycerol, 10 % SDS) containing 1 % DTT for 15 min
and next with Eq solution containing 2.5 % iodoacetamide.
Then strips were applied to SDS-PAGE (4 % stacking gel
and 12 % analytical gel) and fixed with 0.5 % agarose in
0.5 M Tris—HCI buffer (pH 6.8) and 10 % SDS. Appro-
priate protein markers (Thermo Scientific Page-Ruler Plus
Prestained Protein Ladder No 26619) were loaded beside
the strip. PAGE was performed in TV400YK Cooled Twin-
Plate Maxi-Gel Electrophoresis Unit (Scie-Plas Ltd. GB)
with SDS electrophoresis buffer containing: 25-mM Tris
base, 192-mM glycine, 0.1 % SDS; for 2 h at 100 V and
next for 2 h at 200 V, at constant temperature 25 °C. At
least four independent biological replicates were performed
to ensure the reliability of the results.

Separated proteins were visualised in gels using Impe-
rial™ Protein Stain (Pierce). Then, stained gels were
scanned at 300-dpi resolution using an Epson Perfection
V700 Photo scanner. Obtained images were analysed with
the PDQuest version 8.0.1 software (BioRad). Sample
quantification was performed with four analytical gels
originating from independent biological replicas. The vol-
ume of each spot was normalised to a relative volume, and

mean values calculated from repeated data were compared.
Qualitative and quantitative analysis sets were prepared.
The cutoff for differentially expressed proteins was a
fivefold change.

Protein digestion

Indicated protein spots were cut out from stained gels and
subjected to in-gel tryptic (Promega, Madison, WI) diges-
tion, as it was described previously by Kotodziejczyk et al.
2016.

Every gel piece containing the protein of interest was
first decolorized in solution: 50-mM NH, HCOs/acetonitrile
(ACN) (50:50, v/v) for 15 min at room temperature. The
colourless gel pieces were washed with ACN to dehydrate
the band pieces. For reducing and alkylation, gel pieces
were then washed with 10-mM DTT in 100-mM NH,HCO;
and incubate at 56 °C for 30 min, then with 50-mM
iodoacetamide in 100-mM NH4HCOj; and incubate at room
temperature for 30 min in dark. Then, the pieces were
washed twice alternately with 100-mM NH4HCO; and
ACN. Finally, the band pieces were dried at room tem-
perature and rehydrated overnight at 37 °C in 25-mM
NH4HCO; with trypsin (Promega). After this digestion, gel
bands were extracted twice with 2 % ACN/0.1 % trifluo-
roacetic acid (TFA) to collect the remaining peptides. The
obtained supernatant was used for LC-MS/MS analysis.

LC-MS/MS analysis

LC-MS/MS analysis was performed on Eksigent Express
HT Micro LC and AB Sciex QTRAP 3200 mass spec-
trometer with a microspray ESI ion source installed, as it
was described by Kotodziejczyk et al. 2016.

Samples were ultrasonicated for 30 s, shaken on vortex,
and centrifuged for 5 min. 10 pl of the protein sample was
applied by injection mode directly on Eksigent C8-CL-120
column (3 pum 120 10\, 0.5 x 100 mm) at 40 °C. The
mobile phase was: water with 0.1 % formic acid (A) and
ACN with 0.1 % formic acid (B). Gradient profile (10 pl/
min constant flow conditions) started from 95 % A for
1 min, followed by 60 % A after 40 min and 5 % in
45 min and maintained until 50 min of the run. The col-
umn equilibration under the initial gradient conditions was
applied from 50.1 to 53 min and as a prerun for 1 min
before subsequent injection. MS/MS detection was per-
formed using information-dependent acquisition method
(IDA) composed of mixed positive ionization scan modes
and IDA criteria for dynamic m/z filtering. The process was
constructed as follows: enhanced MS scan (EMS),
enhanced resolution scan (ER), IDA criteria and enhanced
product ion scan (EPI). Overall survey of EMS scan
parameters comprehended the mass range 500-1400 Da
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with scan speed 4000 Da/s and 50-70 V declustering
potential (DP) values. ER scan was active in 250 Da/s scan
rate (DP = 50-70 V) and was used for peptide charge
determination. EPI scan was active in the range
50-1600 m/z (DP = 60 V and optimised rolling collision
energy) and was applied for mass spectra collection and for
the peptide sequence analysis. The ion source parameters
were: CUR: 25.00; TEM: 400.00; GS1: 20.00; GS2: 40.00;
ihe: ON; IS: 5000.00; CAD: high. The most important IDA
criteria applied for selective m/z filtering were as follows:
dynamic background subtraction—on, choose 1-3 most
intense peaks from range 500—1400 m/z which charge state
is 24 (include unknown) and exceeds 10,000 counts
intensity, exclude former target ions for 30 s after 3
occurrences and use enhanced resolution scan to confirm
charge state.

Database searching

The ProteinPilot v 4.0.8 software (AB Sciex, USA) and the
MASCOT search engine v. 2.3 were applied for the data-
base searching, as those were described previously by
Kotodziejczyk et al. 2016.

The data were searched against the Zea mays (over
212,000 sequences) database extracted from NCBI (version
05.2013). Mascot MS/MS ion searches were conducted
using trypsin as the digesting enzyme, up to two missed
cleavages were tolerated, and the following modifications
were applied: acetyl (N-term), carbamidomethyl (C), car-
bamyl (N-term), deamidated (NQ), formyl (N-term), Gln to
pyro-Glu (N-term Q), Glu to pyro-Glu (N-term E) and
oxidation (M). The searches were performed with a peptide
mass tolerance of 0.7 Da and fragment ion mass tolerance
of 0.3 Da. The proteins established by MASCOT searches
were further processed using a BLAST search against the
NCBI non-redundant protein sequence database (circa 39
million sequences) applying the algorithm of domain
enhanced lookup time accelerated BLAST (DELTA-
BLAST) to confirm and/or define the probable protein
function.

Results and discussion

Positive effects of conditioning were not visible in corn
seed germination tests performed under optimal tempera-
ture conditions. Except that hydroprimed seeds germinated
more uniformly (smaller £ SEM), both the germination
rate and the final germination percentage were comparable
in good quality control seeds and their primed equivalents
(Janas et al. 2009a). However, subsequent experiments
showed that the seedlings grown from the seeds
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hydroconditioned with melatonin extremely well-tolerated
stresses of suboptimal temperature (10 °C), and heavy
metal contamination (2.5 mM Cu2+) and also regenerated
much better after relief of stress. It was manifested by
better growth (greater weight of seedlings) and higher
chlorophyll content and phenolic synthesis in the seedlings
developed from the seeds hydroprimed with melatonin
(Janas et al. 2009a). These experiments of our team pro-
voked reflection that if the effects of conditioning are not
visible in seed parameters investigated under the optimal
conditions maybe the explanation why the seedlings grown
from the seeds pretreated with melatonin tolerate stresses
so well can be found at the molecular/proteomic level.

That is why proteomes of embryos isolated from par-
ticular seed variants (nt, H, HMel50 and, HMel500) ger-
minated 24 h at optimal temperature (25 °C) were
compared. The seed variants: nt and H, were the reference
for the detection of melatonin-associated proteins, since it
is well known that already the conditioning with water
provokes modifications in seed proteome (Catusse et al.
2011; Wu et al. 2011; Gallardo et al. 2001).

The protein maps made in four replicates pointed out a
significant level of reproducibility. Specialised software
was able to indicate as corresponding ~95 % of the
stained protein spots in the replicated gel images.
PDQuest densitometric analysis of master gels was prin-
ciple for qualitative (Table 1) and quantitative analyses of
particular experimental seed variants (Tables 2, 3). 130
protein spots were indicated on gel A—representing
proteome of axes isolated from nt seed variant, 143 on gel
B—axes proteome from H seeds, 180 on gel C—axes
proteome from HMel50 seeds, and 160 on gel D—axes
proteome from HMel500 seeds (Figs. 1, 2). Our data
suggested that hydroconditioning and especially hydro-
conditioning supplemented with melatonin induced new
proteins biosynthesis in grain embryonic axes (Fig. 2).
Previous comparative proteomic analysis by Gong et al.
(2013) identified eight protein spots, which markedly
differed in abundance between the primed and unprimed
maize seeds, while the abundance of approximately 98 %
spots was almost the same. However, the mentioned study
was performed with dry—no imbibed/germinated primed
and unprimed seeds. Thus, during the short hydropriming
process, metabolic activities (such as protein synthesis
and degradation) were quite low. We performed our study
after first 24 h of germination under optimal conditions,
when the metabolic processes were very intensive.
Moreover, we used the relatively sensitive and effective
Imperial™ Protein Stain (Pierce)—in comparison with
Coomassie Brilliant Blue or Silver Stain—to visualise
proteins in 2-DE gels; thereby, even the changes of low-
abundance proteins might be detected.
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Table 1 Identification of the proteins unique to different seed
variants: control, non-treated (A), hydroprimed (B), all primed (B,

C, D), all hydroprimed with melatonin (C, D) and characteristic of the

seeds treated with 50-uM (C) or 500-uM (D) melatonin, deter-
mined after 24 h of germination at optimal 25 °C

Spot No Function  Protein family Protein name Accession Mascot % Peptide MW  p/
category No score Cover +/— [kDa]
Protein unique to control, non-primed seeds (1)—A
Protein destination and storage
0402 06.13 Phytepsin Aspartic proteinase oryzasin-1 gil226506070 65 10 3/1 54.90 5.41
precursor [Zea mays]
Protein unique to hydroprimed seeds (0)—B
Proteins unique to all primed seeds (14)—B, C, D
Metabolism
4503 01.01 Trp-synth-beta Cysteine synthase precursor gil295421203 321 40 1377 34.19 591
I [Zea mays]
1601 01.03 Ribokinase pfkB Adenosine kinase [Zea mays] gil4582787 332 29 13/6 36.01 5.23
5301 01.04 Pyrophosphatase Inorganic pyrophosphatase 2il414586181 59 5 1/1 24.35 5.46
[Zea mays]
Energy
5602 02.01 02 Gpdh N Glyceraldehyde-3-phosphate 2il6016075 122 16 3/2 31.97 6.4
dehydrogenase 1, cytosolic isoform
X1 [Zea mays]
7502 02.01 02 Gpdh N Cytosolic glyceroldehyde-3- 2il6166167 76 18 5/1 36.43 7.01
phosphate dehydrogenase
GAPC3 [Zea mays]
2301 02.07 SugarP 6-phosphogluconolactonase isoform 1 gil414591367 98 22 7/3 34.76 7.71
isomerase [Zea mays]
Protein destination and storage
1801 06.01 PDIb Protein disulphide isomerase (PDI) 2il145666464 447 33 25/12 56.7 5.01
[Zea mays]
2802 06.01 Chaperonin like  Chaperonin 60 [Zea mays] gil257734900 79 9 4/1 61.2 5.68
8103 06.20 Cupin 2 Cupin family protein [Zea mays] 2il226509468 68 11 471 56.49 6.1
Disease/defence
3502 11.05 SDR General stress protein 39 [Zea mays] gil414590804 79 14 5/1 38.6 9.06
4502 11.05 SDR General stress protein 39 [Zea mays]  gil195659117 709 47 29/17 32.92 5.78
3901 11.05 HSP70 actin Heat shock 70 kDa protein [Zea 2il414589839 141 15 92 72.50 5.62
mays]
6902 11.05 MDR Alcohol dehydrogenase 1 isoform X1 gil7262819 89 5 2/2 40.96 6.28
[Zea mays]
6001 11.06 Thioredoxin like Thioredoxin homolog 2 protein 2il66841004 61 8 171 13.03 6.19
[Zea mays]
Proteins unique to seeds hydroprimed with melatonin (14)—C, D
Energy
6502 020102 GpdhC Glyceraldehyde-3-phosphate 2il6016075 182 12 4/2 24.93 8.44
dehydrogenase, partial [Zea mays]
Cell growth/division
7804 03.22 APP MetAP Proliferation-associated protein 2G4  gil413945091 117 10 6/4 43.20 6.58
[Zea mays]
Transcryption
2503 04.01 Ribosomal L10  60S acidic ribosomal protein PO 2il413941828 124 9 4/3 34.47 5.2
PO [Zea mays]
Protein synthesis
0301 05.04 EF1B Elongation factor 1-delta 1 1414887578 199 22 6/4 24.84 4.39

[Zea mays]
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Table 1 continued

Spot No Function  Protein family Protein name Accession Mascot % Peptide MW  p/
category No score Cover +/— [kDa]
Protein destination and storage
2604 06.07 Ahal N Activator of 90 kDa heat shock 2il414869818 89 6 2/2 38.58 5.33
protein ATPase [Zea mays]
2501 06.13 Ntn hydrolases  Proteasome subunit alpha type 1 gil226531007 277 46 1177 30 5,19
[Zea mays]
3202 06.20 Cupin 2 Cupin family protein [Zea mays] 2il4139567 67 4 2/1 71 6.30
4301 06.20 Cupin 2 Globulin-1 S allele-like [Zea mays] 2il413956703 255 10 6/5 71.09 6.31
7401 06.20 Cupin 2 Globulin-1 S allele precursor gil195658011 136 11 52 49.93 6.16
[Zea mays]
Transporters
2801 07.25 ABC ATPase ATP synthase subunit beta family 2il414880947 828 50 33/22 59.28 5.95
protein [Zea mays]
Disease/defence
3105 11.05 o -crystallin- Heat shock 22 kDa protein gil195621504 104 16 3/2 23.85 6.47
Hsps [Zea mays]
7102 11.05 a-crystallin- Class II heat shock protein 2il413939226 208 39 9/6 18.34 6.6
Hsps [Zea mays]
0203 11.06 PITH Thioredoxin family Trp26 isoform 4  gil414881868 177 27 6/4 22.60 4.95
[Zea mays]
Secondary metabolism
8506 20.01 DAHP synthl 2-dehydro-3-deoxyphosphooctonate gil414878308 64 8 171 15.89 5.07
aldolase [Zea mays]
Proteins unique to seeds hydroprimed with 50 pM melatonin (23)—C
Energy
1501 02.01 Bac FRK Fructokinase 1 [Zea mays] 2il75293604 152 28 6/3 34.67 4.87
4805 02.01 alkPPc 2,3-bisphosphoglycerate-independent  gil551288 118 10 6/3 60.58 5.29
phosphoglycerate mutase isoform
XI [Zea mays]
3805 02.01 TIM phosphate  Triosephosphate isomerase, cytosolic  gil257353728 64 10 3/1 60.50 5.34
binding [Zea mays]
7701 02.01 TIM phosphate  Aldolasel [Zea mays] Fructose- 2il414879138 419 35 15/10 38.57 7.52
binding bisphosphate aldolase cytoplasmic
isozyme [Zea mays]
7603 02.01 02 Gpdh N Glyceraldehyde-3-phosphate 2il413921396 351 45 10/7 31.92 6.45
dehydrogenasel isoform 1
[Zea mays]
7702 02.01 02 Gpdh N Glyceraldehyde-3-phosphate 2il413921395 115 13 3/1 36.47 6.46
dehydrogenasel cytosolic isoform
X1 [Zea mays]
2602 02.10 CoA-ligase Succinyl-CoA ligase beta-chain gil226510248 311 29 15/8 45.17 5.99
[Zea mays]
5504 02.10 SDR Malate dehydrogenase [Zea mays] gil550576396 119 9 3/2 35.62 7.63
Cell growth/division
2401 03.01 SMP, LEA Late embryogeneis abundant protein  gil414872767 226 17 4/4 27.16 5.41
D-34 [Zea mays]
0701 03.19 UBQ DNA repair protein RAD23 gil525344153 62 2 171 42.57 4.61
[Zea mays]
Protein synthesis
0303 05.04 EF1B Elongation factor 1-beta [Zea mays]  gil414887997 141 26 6/2 234 4.55
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Table 1 continued

Spot No Function  Protein family Protein name Accession Mascot % Peptide MW  p/
category No score Cover +/— [kDa]
Protein destination and storage
0002 06.01 BBI plant serine  Hypothetical protein gil414876537 54 4 171 26.05 5.45
protease ZEAMMB73_733594 [Zea mays]
inhibitors 66 % identities to Bowman-Birk
trypsin inhibitor TI1
[Coix lacryma-jobi]
6301 06.01 SPFH like Prohibitin2 [Zea mays] gil7716458 79 13 2/2 30.70 6.55
8401 06.13 Ntn hydrolases  20S proteasome alpha 4 subunit gil414590073 201 18 6/4 27.21 8.3
[Zea mays]
Cell structure
2001 09.04 ADF gelsolin Actin-depolymerizing factor 3 2il413932602 258 65 10/6 15.9 5.47
[Zea mays]
8101 09.07 C2 Unnamed protein product [Zea mays] gil257692306 62 12 171 18.92 6.59
98 % identities to ADP-ribosylation
factor GTPase-activating protein
AGD11 [Zea mays]
Disease/defence
0201 11.05 o-crystallin- Co-chaperone protein SBA1 2il413920965 50 3 171 20.80 4.43
Hsps [Zea mays]
0202 11.05 TCTP Translationally controlled tumour 2il413935193 69 16 4/1 18.68 4.52
protein homolog [Zea mays]
0501 11.05 USP USP family protein [Zea mays] gil413952234 81 6 171 27.12 4.88
2601 11.05 GAT 1 Hypothetical protein 2il413954138 195 13 74 42.22 5.51
ZEAMMBT73_682876 [Zea mays]
88 % identities to Protein DJ-1
homolog B-like [Setaria italic]
2402 11.06 Glo EDI BRP Glyoxalase I [Zea mays] gil37932483 120 23 7/3 35.14 6.62
like
6201 11.06 Thioredoxin like 1-Cys peroxiredoxin antioxidant gil414887819 165 28 6/3 24.96 6.38
PERI1 [Zea mays)
6402 11.06 Esterase lipase Esterase D [Zea mays] gil413951351 121 10 2/2 31.87 6.13
Proteins unique to seeds hydroprimed with 500 pM melatonin (3)—D
Metabolism
0901 0l1. ... Transferases Transferase [Zea mays] gil126633162 62 4 2/1 75.4 5.16
5803 01.03 TIM phosphate  Inosine-5-monophosphate gil226507304 81 11 4/2 52.65 5.89
binding dehydrogenase 2 [Zea mays]
Protein synthesis
5603 05.04 ABC ATPase Translation elongation/initiation gil413932419 138 19 6/2 43.84 5.76

factor family protein [Zea mays]

The table contains: spots excised from gels and numbered by PDQuest Software used for gel qualitative analysis; function category consistent
with Nature (Bevan et al. 1998); protein family’s, names and accession numbers consistent with NCBI database; Mascot score, sequence
coverage (%), number of matched/unmatched (+/—) peptides, MW [kDa] and p/ values

Influence of hydropriming on axes proteome
in germinated maize grains

Proteomic analysis of extracts from particular seed variants
(nt, H, HMel50 and HMel500) enabled to identify 14
proteins, which appeared after seed conditioning (presented
in gels B, C, and D—Table 1; Fig. 1BCD).

There were the proteins related to: (1) cysteine biosyn-
thesis (cysteine synthase precursor—4503)—an endogenic
sulphuric amino acid with —SH group and by glutathione
metabolism connected/associated with the detoxification
processes and regulation of cell redox status; (2) the
preservation of intracellular adenylate pools due to regu-
lation of extracellular adenosine levels (adenosine kinase—
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Table 2 Proteins showing different expressions in axes of the control nt seeds (A) germinated for 24 h at optimal 25 °C, to those from all
hydroprimed seeds: H, HMel50, HMel500 (B, C, D)

Spot No Function Protein name Accession Mascot % Peptides MW  p/ Fold change p < 0.01
category No score Cover +/— [kDa]

A/B A/C A/D

Proteins up-regulated in A in comparison with B, C, D

Metabolism

1301 01.04 Adenylate cyclase [Zea mays] gil414888163 57 8 3/0 2351 5.18 499 1.14 545
Energy

5601 02.10 Malate dehydrogenase, gil320449084 498 43 16/12 3550 576  3.04 193 2.65

cytoplasmic [Zea mays]
Cell growth/division

8803 03.01 Embryonic protein DC-8-like gil413936531 107 5 2/2 61.73 7.27 34.1 18.6
[Zea mays]

Protein synthesis

9701 05.04 Elongation factor 1 alpha gil7230387 162 14 7/3 49.12 9.2 1.8 7.6
[Zea mays]

Protein destination and storage

2903 06.01 Mitochondrial chaperonin-60 gil22248 1342 47 49/33 61.15 5.68 40.8 271 5.63
[Zea mays]

4203 06.13 Proteasome subunit beta type 6  gil229612088 169 22 6/3 26.16 547 17.63 .13 223
precursor [Zea mays]

1702 06.13 Hypothetical protein gil413944465 77 13 6/2 4778 494 133 1.29 151
ZEAMMB73_715164
[Zea mays]

96 % identity to 26S protease
regulatory subunit 6A
homolog [Oryza sativa
Japonica Group]
Cell structure
2105 09.04 Actin depolymerizing factor gil414873646 71 36 5/1 15.80 546 1.11 4.19 597
[Zea mays]

Disease/defence

5502 11.05 General stress protein 39 gil414590803 829 50 24/18 38.60 5.78 147 752 244
[Zea mays]
2901 11.05 Unknown [Zea mays] 98 % 2il194688822 289 17 11/7 7262 554  8.62 637 3.77

identities to Heat shock
70 kDa protein,
mitochondrial-like [Setaria

italica]

1001 11.06 Glyoxalase family protein gil195604212 314 42 8/5 15.07 5.47 76.6 1.98 1.98
superfamily [Zea mays]

Unclassified

5402 13 Secreted protein [Zea mays] gil413951152 108 29 6/4 2733 5.84 12.6 17.4

Proteins down-regulated in A in comparison with B, C, D.

Energy

4201 02.01 Triose-phosphate isomerase gil414876338 187 25 5/5 27.01 5.52 0.11  0.10
[Zea mays] (EC 5.3.1.1)

4701 02.01 Cytosolic 3-phosphoglycerate gil413935730 405 20 13/12 60.80 941 6.85 0.15 0.22

kinase [Zea mays]

8601 02.01 02  Fructose-bisphosphate aldolase  gil413951593 536 38 21/13 3844 696 0.03 0.17  0.09
[Zea mays]

8604 02.01 02  Fructose-bisphosphate aldolase, gill13621 115 9 2/2 38.58 7.52  0.01 0.39  0.02
cytoplasmic isozyme
[Zea mays]
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Table 2 continued

Spot No Function  Protein name Accession Mascot % Peptides MW  pl Fold change p < 0.01

category No score Cover +/— [kDa]
A/B A/C A/D

8602 02.10 Succinyl-CoA ligase alpha- 2il414887289 61 12 3/0 34.19 8.16 031 0.02 0.08
chain 2 [Zea mays]

Cell growth/division

6602 03.01 Hypothetical protein gil413955864 66 11 3/1 37.89 6.6 0.05 0.13  0.05
ZEAMMB73_579239
[Zea mays] 80 % identities to
LEA protein [Setaria italica]

Transcryption

8902 04.19 22 Hypothetical protein gil414588971 62 7 4/0 71.13 755 024 027  0.17
ZEAMMB73_983793
[Zea mays] 94 % identities to
Polyadenylate-binding protein
2-like [Setaria italica]

Protein destination and storage

8202 06.01 1-Cys peroxiredoxin antioxidant gil87133468 115 10 4/2 24.89 6.31 0.07 0.10
[Zea mays]

3101 06.02 Globulin 2 [Zea mays] gil414873301 291 14 8/6 4989 6.16 021 0.03 0.15

6302 06.13 Proteasome subunit alpha type  gil414865138 504 49 17/13 2740 6.10 0.03 0.11 1.17
[Zea mays]

5304 06.13 Proteasome subunit alpha type  gil414865138 330 39 13/9 274 6.1 0.42 0.02
[Zea mays]

3702 06.20 Homogentisate 1,2-dioxygenase gil413953601 149 7 7/3 5030 530 0.19 0.17 0.39
[Zea mays]

Signal transduction

6003 10.0404  Nucleoside diphosphate kinase  gil414867768 84 10 1/1 16.53 6.3 0.013  0.032 0.004
[Zea mays]

8001 10.0404  Nucleoside diphosphate kinase 4  gil413946787 64 4 1/0 2593 9.04 0.09 0.04 0.16
[Zea mays]

Disease/defence

4601 11.02 Protein Z [Zea mays] gil195606550 141 16 10/5 42.16 552 1.12 0.08 0.36

5001 11.05 16.9 kDa class I heat shock gil296512085 59 24 41 17.05 6.77 0.10 0.66
protein 1 [Zea mays]

7002 11.05 Stress-inducible membrane pore gil195642018 146 40 5/3 17.80 6.41 0.39  0.02
protein [Zea mays]

3301 11.05 General stress protein 39 gil414590803 71 6 2/1 38.6  9.06 0.11 0.04
[Zea mays]

Unclassified

8003 13 CBS domain protein isoform 3 gil414872657 359 40 11/8 2248 935 037 0.11  0.11

[Zea mays]

The table contains: spots excised from gels and numbered by PDQuest Software used for quantitative gel analysis; function category consistent
with Nature (Bevan et al. 1998); protein names and accession numbers consistent with NCBI database; Mascot score, sequence coverage (%),
number of matched/unmatched (+/—) peptides, MW [kDa] and p/ values; and relative abundance fold change in comparison with control nt
(A) seeds (p < 0.01)—bolded number indicate >5-fold changes in protein expression in the compared variants

1601); and (3) phosphate
pyrophosphatase—35301).

In the axes of primed seeds, there were also a number of
additional enzymes involved in cell energy metabolism:
glyceraldehyde-3-phosphate dehydrogenase 1 cytosolic
isoform X1—5602; cytosolic glyceraldehyde-3-phosphate

metabolism  (inorganic

dehydrogenase =~ GAPC3—7502; 6-phosphogluconolac-
tonase isoform 1—2301 (Table 1; Fig. IBCD). These
enzymes are involved in gluconeogenesis and glycolysis,
also in the pentose phosphate pathway (the latter one).
Improvement of the energy acquisition from sugar turnover
is of utmost importance for growth and development of
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Table 3 Proteins showing different expressions in axes of the hydroprimed seeds (B) germinated 24 h at optimal 25 °C, to those from all seeds
hydroprimed with melatonin: HMel50, HMel500 (C, D)

Spot No Function Protein name Accession Mascot % Peptides MW  p/ Fold
category No score Cover +/— [kDa] change

p <0.01

B/C B/D

Proteins up-regulated in B in comparison with C, D

Energy

8501 02.01 02  Cytosolic glyceraldehyde-3-phosphate 2il6016075 640 61 22/11 37.16 6.67 432 6.62
dehydrogenase [Zea mays]

8604 02.01 02  Fructose-bisphosphate aldolase, cytoplasmic  gill13621 115 9 22 38.58 7.52 364 1.60

isozyme [Zea mays]

Protein destination and storage

8103 06.20 Cupin family protein [Zea mays] 2il195606798 68 11 471 5649 6.1 416 11.1
Cell structure

2105 09.04 Actin depolymerizing factor [Zea mays] 2il414873646 71 36 5/1 15.890 546 3.76 5.36
Signal transduction

6003 10.0404  Nucleoside diphosphate kinase [Zea mays] gil414867768 84 10 1/1 16.53 63 257 5.09
5503 10.0410  Guanine nucleotide-binding protein gil413948362 176 12 5/4 36.21 6.13 9.14 0.88

B-subunit-like [Zea mays]

Disease/defence

1202 11.05 Heat shock protein 26 [Zea mays] gil453670 84 22 4/1 2636 7.88 3.70 60.8

5202 11.06 1-Cys peroxiredoxin antioxidant [Zea mays]  gil87133468 204 29 /4 2496 6.38 5.07 0.72

5502 11.05 General stress protein 39 SDR family protein  gil414590803 829 50 24/18 38.60 5.78 5.11 1.66
[Zea mays]

6001 11.06 Thioredoxin h2 protein [Zea mays] 2il66841004 61 8 1/1 13.03 6.19 231 8.09

Proteins down-regulated in B in comparison with C, D

Metabolism

1601 01.03 Adenosine kinase [Zea mays] gil4582787 332 29 13/6 36.01 5.23 0.08 0.08

1602 01.01 Agmatine deiminase [Zea mays] gil226508546 133 12 4/3 41.6 493 0.14 0.14

3701 01.05 UTP-glucose-1-phosphate uridylyltransferase gil212275097 281 21 10/6 5206 53 011 0.31
[Zea mays]

4503 01.01 02 O-acetylserine (thiol) lyase [Zea mays] gil758353 321 40 13/7 3419 591 0.61 0.18

Energy

2301 02.07 6-phosphogluconolactonase isoform 2 gil414591367 98 22 7/3 3476 771 0.14 0.07
[Zea mays]

2701 02.01 02  Enolase [Zea mays] gil22273 690 34 15/11 48.03 52 0.11

4202 02.01 Triosephosphate isomerase, cytosolic gil414876339 53] 42 18/11 33.04 696 0.19 0.15
[Zea mays]

4602 02.10 Malate dehydrogenase [Zea mays] 2il414871066 148 26 7/4 3559 54 040 0.16

4701 02.01 Cytosolic 3-phosphoglycerate kinase gil413935730 405 20 13/12 60.80 9.41 0.02 0.03
[Zea mays]

5602 02.01 02  Glyceraldehyde-3-phosphate dehydrogenase  gil6016075 122 16 3/2 3197 64 017 0.56

2, cytosolic [Zea mays]
8601 02.01 02  Fructose-bisphosphate aldolase [Zea mays] gil413951593 536 38 21/13 38.44 6.96 0.03 0.17

8602 02.10 Succinyl-CoA ligase alpha-chain 2 [Zea 2il414887289 51 12 3/0 34.19 8.16 0.07 0.24
mays)

Protein destination and storage

2802 06.01 Chaperonin 60 [Zea mays] gil309557 79 9 4/1 612 5.68 023 0.05
2903 06.01 Mitochondrial chaperonin-60 [Zea mays] gil22248 1342 47 49/33 61.15 5.68 0.07 0.14
3101 06.20 Globulin 2 [Zea mays] gil414873301 291 14 8/6 49.89 6.16 0.16 0.74
3103 06.20 Globulin-1 S allele precursor [Zea mays] gil195658 81 5 2/1 4993 6.16 0.03 0.23
4003 06.20 Globulin-1 S allele precursor [Zea mays] gil195658011 99 10 4/1 49.89 6.16 0.06 0.14
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Table 3 continued
Spot No Function  Protein name Accession Mascot % Peptides MW  p/ Fold
category No score Cover +/— [kDa] change
p <0.01
B/C B/D
5304 06.13 Proteasome subunit alpha type [Zea mays] gil414865138 330 39 13/9 274 6.1  0.04
4203 06.13 Unnamed protein product [Zea mays] 97 %  gil229612088 169 22 6/3 26.16 547 015 0.29
identities to Proteasome subunit beta type 6
precursor [Zea mays]
Transporters
1702 07.25 Hypothetical protein ZEAMMB73_715164 2il413944465 77 13 6/2 4778 494 0.0 0.11
[Zea mays] 96 % identities to 26S protease
regulatory subunit 6A homolog
[Oryza sativa Japonica Group]
Disease/defence
1001 11.06 Glyoxalase family protein superfamily gil195604212 314 42 8/5 15.07 547 0.03 0.03
[Zea mays]
3401 11.06 Glyoxalase family protein isoform 2 gil413917004 579 55 19,13 3232 5.82 0.08
[Zea mays]
4502 11.05 General stress protein 39 SDR family gil195659117 709 47 29/17 3292 578 015 0.35
protein [Zea mays]
4601 11.02 Protein Z [Zea mays] gil195606550 141 16 10/5 42.16 552 0.07 0.33
5102 11.05 22.0 kDa class IV heat shock protein 2il195644560 77 37 71 22.88 6.01 0.10 0.11
precursor [Zea mays]
5201 11.06 Glutathione transferase Ill(a) [Zea mays] 2il4468792 107 27 4/2 2379 9.33 0.04 0.20
6702 11.05 Formate dehydrogenase 1 [Zea mays] 2il413953926 95 14 4/2 41.39 632 0.04 0.01
7501 11.05 Hypothetical protein ZEAMMB73_578099 gil414866592 268 22 15/10 3837 63 013 0.15
[Zea mays] 78 % identities to Stress
responsive protein [Zea mays]
Secondary metabolism
1303 20.1 Caffeoyl-CoA O-methyltransferase 1 gil413925228 109 19 3/0 273 5.09 0.13
[Zea mays]
Unclassified
4403 13 Secreted protein [Zea mays] gil413951152 238 44 12/7 2733 5.84 0.06 0.06

The table contains: spots excised from gels and numbered by PDQuest Software used for quantitative gel analysis; function category consistent
with Nature (Bevan et al. 1998); protein names and accession numbers consistent with NCBI database; Mascot score, sequence coverage (%),
number of matched/unmatched (4/—) peptides, MW [kDa] and p/ values; and relative abundance fold change in comparison with hydroprimed
(B) seeds (p < 0.01)—bolded number indicate >5-fold changes in protein expression in the compared variants

seedlings, especially if starch is seed storage material, as is
in the case of maize.

The appearance of new isomerases (1801), cupins
(8103) and chaperonins (2802) involved in efficient protein
destination and storage was also observed (Table 1;
Fig. 1BCD). Cupins belong to superfamily of functionally
diverse proteins, including seed storage proteins, auxin
binding proteins, enzymes, transcription factors, and stress-
related proteins, which are involved in seed germination
and seedlings development (Dunwell et al. 2004; Gong
et al. 2013). Fu et al. (2011) suggested that cupin proteins,
such as native germin and germin-like proteins, protected
plant cells from the oxidative stress during seed
germination.

Similar to the observations by other authors (Gallardo
et al. 2001; Gong et al. 2013) in the conditioned plant
material, a significant synthesis of so-called stress proteins
(5 new spots) was indicated. They belonged to short-chain
dehydrogenases/reductases family (SDR; general stress
proteins 39—3502, 4502), heat shock proteins (HSP
70 kDa—3901), thioredoxins (TRX; thioredoxin homolog
2—6001) and anaerobic proteins (ANPs; alcohol dehy-
drogenase 1 isoform XI—6902) (Table 1, Fig. 1BCD).

HSPs were first described as associated with heat shock,
but now, it is known that they are also overexpressed
during other stresses, i.a. exposure to cold, UV light, and
during wound healing or tissue remodelling. They may
participate in intracellular distribution and degradation of

@ Springer



146  Page 12 of 18

Acta Physiol Plant (2016) 38:146

—r-2% 00

——t1

T“M
- O 7
| @
- 55 - ° 803 9
mo T © e
‘ Comn
S
| 1 L 8604
8 e s010° °
1B ) w30 .
|
s e
Os
i 201 O
1201 04 e
. & £ R o
& . v 2

©3101

Os °
€000
(<)
wor
"
e
\

—i 2
—L - $ L

- 01 - e

> 003
.—‘r’" - ’;‘:'(’r x5 e -
© o
| 79 2 -
' %,

-—ru ok = pe m,v;u —
| -l o mm@- x =
| ‘3’8& R 904 - X508

1801X - s * i
| 0B 4o oz gen S w - - x
T“ ll &n:. E wazx x -9
| LT . TR R o -
WBE B e = e ’
_+'”’ anx W =2 - " .
W - S e
8&) «1() 901
1sx ey
. - o2
xne X
27080
-—T—u 2001x =
@ &
o2
x
|
=

Fig. 1 Analytical gels of IEF/SDS-PAGE (2D) separation of
proteins from: control nt (A), hydroprimed (B), hydroprimed with
melatonin 50 pM (C) and 500 pM (D) seeds germinated in darkness
at 25 °C for 24 h. The proteins were separated by first dimensional
pH 3-10 non-linear IPG strips and 12 % vertical slab gels in the
second dimension (ImperialTM Protein Stain). The proteins were
numbered (PDQuest Software, BioRad) in a preparative 2D elec-
trophoresis gel and excised for MS/MS analysis, corresponding to the
spot/proteins in Tables 1, 2 and 3. According to the qualitative

proteins, thus perform chaperone activity (Timperio et al.
2008), but also act as molecular factors in signal trans-
duction cascades, affording a protective function during
seed germination (Wang et al. 2004).

TRX is a small conservative protein, which causes the
changes in redox state of target proteins by reversible
oxidation of di-thiol—an active site exposed at the pro-
tein’s surface (at least 30 target proteins functioning are
regulated this way). Some of TRXs are transcription factors
and enzymes involved in plant oxidative stress response.
They can also limit stress via direct hydrogen peroxide and
certain radicals scavenging, and/or by acting as a reductant
for peroxiredoxins (Vieira Dos Santos and Rey 2006).
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analysis, the black X symbols mean proteins characteristic only of
particular gels (A or B or C or D), blue X symbols mean proteins
characteristic of all hydroprimed seeds (BCD), and red X symbols
means proteins characteristic of the seeds hydroprimed with mela-
tonin (CD) (see Table 1). According to the quantitative analysis,
ellipses are used to mark proteins five times upregulated or
downregulated: black for A to B, C, D (see Table 2), blue for B to
C, D (see Table 3)

ANPs mostly represent enzymes of the glycolytic and
alcohol fermentation pathways. Their upregulation occurs
in response to hypoxia/anoxia stress, but cross talk with
other kinds of stresses is possible too (Grover et al. 2001).

Interestingly, under the influence of seed hydrocondi-
tioning aspartic proteinase oryzasin-1 precursor (0402)
disappeared from embryo. It was characteristic only of the
axes from control nt seeds (Table 1; Fig. 1A). This plant
phytepsin is a homolog of lysosomal pepsins of mammals,
and it appears in seeds but also in leaves, stems, flowers
and roots. Phytepsin could be overexpressed in plant tis-
sues undergoing apoptosis. It may influence metabolic
turnover and other protein processing events.
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Fig. 2 Number of protein spots in particular gels: A, B, C, D,
corresponding with seed variants: nt, H, HMel50, HMel500, respec-
tively. The numbers of protein spots which occurred in certain types
of gels were highlighted in different pattern: (1) common for all seeds
(ABCD), (2) common for the hydroprimed seeds (BCD), (3) common
for the melatonin treated seeds (CD) and (4) unique for the particular
seed variants (A or B or C or D). Bolded italics numbers above the
bars indicate the total number of protein spots in the particular gels

There were no more proteins characteristic only of the
control seed axes (gel A); nevertheless, several enzymes of
primary metabolism showed here overexpression compar-
ing with the axes of conditioned seeds (gels B, C, D), i.e.
adenylate cyclase—1301 and cytoplasmic maleate dehy-
drogenase (MDH)—5601 (Table 2; Fig. 1A). Adenylate
cyclase (AC) is an enzyme that plays a crucial regulatory
function in almost all cells. It facilitates the conversion of
ATP to 3’ 5'- cyclic AMP (cAMP) and pyrophosphate. The
resultant cAMP operates as a regulatory factor by activa-
tion of cAMP-binding proteins, transcription factors, or
other enzymes (e.g. cAMP-dependent kinases). MDH acts
in the Krebs cycle. It catalyses: the conversion of malate to
oxaloacetate and also replenishing level of oxaloacetate via
pyruvate reductive carboxylation.

An embryonic DC-8-like protein—8803 also showed
significant overexpression (Table 2; Fig. 1A); generally, its
content decreases during the initial phase of maize seeds
imbibition (Tnani et al. 2012), and this phase, in a case of
hydroconditioned seeds, took place just during priming
hydration.

It should also be noted that three of the stress-related
proteins that occurred in embryos of all seed variants
showed overexpression in the control ones: general stress
protein 39—5502; heat shock 70-kDa mitochondrial-like
protein—2901; glyoxalase family protein—1001; more-
over, another protein of unknown function—secreted pro-
tein—5402 also showed significant overexpression
(Table 2; Fig. 1A). However, the above-described meta-
bolism improvement in nt seed axes is not so significant

compared with the effects of the aforementioned com-
pletely new stress proteins in primed seed axes (Table 1;
Fig. 1BCD) as well as to a significant overexpression in the
primed seed embryos of four other proteins that were
present in all seed variants: protein Z—4601; 16.9-kDa
class I heat shock protein 1—5001; stress-inducible
membrane pore protein—7002; and other (different pl
values in comparison with spot 5502) general stress protein
39—3301 (Table 2; Fig. 1).

Moreover, the enzymes most important for the energy
metabolism, i.e.: triose-phosphate isomerase—4201;
cytosolic 3-phosphoglycerate kinase—4701; fructose-bis-
phosphate aldolase—8601; fructose-bisphosphate aldolase
cytoplasmic isozyme—=8604; succinyl-CoA ligase alpha-
chain 2—8602, occurred in much greater quantities in the
embryos of conditioned seeds (Table 2, Fig. IBCD).
Triosephosphate isomerase (TPI) plays a significant role in
glycolysis and is fundamental for efficacious energy gen-
eration. It makes possible interconversion of dihydroxy-
acetone phosphate and bp-glyceraldehyde-3-phosphate.
Phosphoglycerate kinase (PGK) enables the phosphate
group transfer from 1,3-bisphosphoglycerate into ADP,
forming ATP and 3-phosphoglycerate. This is one of the
two substrate-phosphorylation reactions during glycolysis.
Moreover, fructose-1,6-bisphosphate aldolase catalyses the
cleavage of fructose 1,6-bisphosphate to glyceraldehyde
3-phosphate and dihydroxyacetone phosphate (DHAP).
The last of mentioned above enzymes—succinyl-CoA
ligase [GDP-forming]—participates in the Krebs cycle and
propanoate metabolism, and thus, it also affects the
improvement of energy metabolism.

In addition, some kinases crucial for signals transduction
were also overexpressed in axes of primed seeds, e.g.:
nucleoside diphosphate kinase—6003 and nucleoside
diphosphate kinase 4—8001; (Table 2, Fig. IBCD).
Nucleoside diphosphate kinases (NPcs) are involved in the
nucleoside triphosphates (NTPs) generation, and they act in
various regulatory processes related to proliferation, dif-
ferentiation and development. For example, they are
essential for DNA and RNA synthesis—thus crucial for
metabolism of macromolecules, cell division, and growth.

As it was mentioned earlier, it is difficult to compare
proteomes of Arabidopsis seeds with those of mono-
cotyledonous corn, especially that in research concerning
Arabidopsis, whole seeds were usually used, while in the
case of corn seeds, we were able to isolate from them the
parts which were most active during germination, i.e.
embryonic axes. The one important effects of hydroprim-
ing common for both plants considered in overexpression
of glyceraldehyde-3-phosphate-dehydrogenase in Ara-
bidopsis and appearance of its additional isoforms in corn
axes (Table 1; Gallardo et al. 2001). In Arabidopsis, this
enzyme was correlated with the secondary desiccation
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(drying after seed priming hydration/imbibition) (Gallardo
et al. 2001). Moreover, it was also reported to be a
molecular seed vigour marker in Beta vulgaris seeds (Ca-
tusse et al. 2011).

In our hydroprimed plant material WD-40 proteins,
aconitase and such a great amount of seed storage pro-
teins subunits (12S) as in Arabidopsis (Gallardo et al.
2001) were not observed. The latter ones might not be
detected because of storage tissues absence in our mate-
rial (only axes). However, as concerns storage proteins,
we observed that cupin translocation to the axes was
much more efficient in the primed corn (especially when
priming was supplemented with melatonin) than in the
control.

Moreover, overexpression of tubulin and catalase (CAT)
observed in Arabidopsis was not noted in our material. Out
of energetic metabolism enzymes, other than phospho-
enolopyruvate carboxykinase were overexpressed in corn.
On the other hand, increase in HSP proteins was observed
both in Arabidopsis and corn; however, in corn, not only
18 kDa but also 22- and 70-kDa HSPs were detected.
(Tables 1, 2; Gallardo et al. 2001). In general, the spectrum
of anti-stress and defence proteins induced by priming was
wider in corn than in Arabidopsis.

It is difficult to find precise similarities between seed
plant standard (Arabidopsis) and our plant material in
terms of their reactions to hydropriming, but it is certainly
possible to compare changes in the proteins of specific
functional groups, such as: protein mobilising reserves
(different enzymes depending on the seed storage mate-
rial), those responsible for energy processes in cells (gly-
colytic enzymes, and involved in the Krebs cycle) as well
as anti-stress and defence ones (e.g. various HSP, LEA,
TRX, and ANP).

To sum up, significant improvement of metabolic pro-
cesses involved in energy production as well as biosyn-
thesis of anti-stress/stress-induced protective proteins
before the occurrence of stress conditions are the facts that
explain positive effects of hydroconditioning on seed
quality.

Influence of melatonin on axes proteome
in germinated maize grains

Presented results are the first that describe influences of
exogenous melatonin on embryo’s proteome during early
stages of seed germination. Only one paper concerning
proteomic modifications during leaf senescence in Malus
hupehensis treated with exogenous melatonin has been
published so far (Wang et al. 2014). Thus, those researches
have been performed with completely different plant
materials and focused on different developmental stages
and processes (senescence).

@ Springer

Application of melatonin during the hydropriming treat-
ment resulted in stronger improvement of energy metabo-
lism in axes—compared with the only hydroprimed seed
variant. Especially, the dose of 50-uM melatonin provoked a
synthesis of additional six isoforms of enzymes involved in
the sugar metabolism through glycolysis and gluconeogen-
esis processes (i.e. fructokinase 1—1501; 2,3-bisphospho-
glycerate-independent phosphoglycerate mutase isoform
X1—4805; triosephosphate isomerase, cytosolic—3805;
aldolasel = fructose-bisphosphate aldolase cytoplasmic
isozyme—7701; glyceraldehyde-3-phosphate dehydroge-
nasel isoform 1—7603 and glyceraldehyde-3-phosphate
dehydrogenasel cytosolic isoform X1—7702) and also two
of the crucial enzymes in the citric acid cycle (succinyl-CoA
ligase beta-chain—2602 and malate dehydrogenase—5504)
(Table 1; Fig. 1C).

A very interesting result, according to Szafranska et al.
(2012) research, is the fact confirming that melatonin
applied to seeds stimulates polyphenol metabolism. Only in
the embryos, proteome of melatonin treated seeds synthesis
of 2-dehydro-3-deoxyphosphooctonate aldolase (8506) was
observed (Table 1; Fig. 1CD). This enzyme is involved in
the shikimate pathway. Members of its family catalyse first
steps during biosynthesis of aromatic amino acids. Sec-
ondary metabolites accumulation often occurs in plants
subjected to different stresses, various elicitors, and also by
direct signal molecules action. It is widely known that
secondary metabolites are essential for plant interaction
with its environment, for adaptation and defence against
stress conditions (Bennett and Wallsgrove 1994; Janas
et al. 2009b; Ramakrishna and Ravishankar 2011).

In the case of embryos from seeds pretreated with
melatonin, a significant improvement of the processes
related to the biosynthesis, modifications, and protein
destination and storage was observed. In axes of both seed
variants treated with melatonin, additional transcription
factor 60S acidic ribosomal eukaryotic protein PO (2503),
which composed large subunit of ribosome (it forms main
structure in the large subunit, and it is believed to be linked
with GTPase activities during protein biosynthesis), as well
as directly involved in translations elongation factor 1-delta
1 (EF1B’—0301), occurred. Additionally, elongation fac-
tor 1-beta (EF1B—0303) was characteristic for axes from
HMel50 seeds (Table 1, Fig. 1CD). Both EF1B’ and EF1B
catalyse the exchange of GDP bound to the G-protein, for
GTP, and this is vital step in elongation processes during
protein formation. EF1A—the overexpression of which
was observed in all variants of conditioned seed axes
(Table 2)—is related to deliver the aminoacyl-tRNA to the
ribosome. FEukaryotes eEFl-alpha interacts with the
cytoskeleton by actin and may thereby play important role
in cellular transformation or apoptosis. This with the
simultaneous occurrence of proliferating-associated protein
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2G4 (7804), actin-depolymerizing factor 3 (2001),
GTPase-activating protein AGD11 (8101) and of DNA
repair protein RAD 23 (0701) in HMel50 seeds (Table 1;
Fig. 1C) resulted in intense proliferation and better cell
growth of the embryos pretreated with melatonin.

As mentioned earlier, already seed hydroconditioning
treatment stimulated the biosynthesis of stress proteins in
embryos (5 additional spots in B, C, D gels), while melatonin
added at the same time provoked additional 3 protein spots in
both melatonin seed variants (small HSP—3105, 7102 and
thioredoxin TRp26 isoform 4—0203) (Table 1, Fig. 1CD)
and 7 anti-stress proteins in HMel50 seeds (co-chaperone
protein SBA1—0201; translationally controlled tumour pro-
tein (TCTP) homolog—0202; universal stress family protein
(USP)—0501; hypothetical protein ZEAMMB73_682876—
2601; 1-Cys peroxiredoxin antioxidant PER1—6201; glyox-
alase [-—2402; and esterase D—6402) (Table 1; Fig. 1C).

SBA1 is an alpha-crystallin-HSPs p23-like protein.
TCTP is a highly conserved protein associated with a
variety of cellular processes. Primarily, it acts as a mole-
cule that prevents cell death via calcium binding and
microtubule stabilization. TCTP also reduces cellular stress
acting as molecular chaperone like HSP.

USP family is composed of small cytoplasmic proteins
highly expressed as response to various stress factors. USP
improves cell survival during prolonged exposure to
harmful conditions, and may provide an overall “stress
endurance”. Hypothetical protein ZEAMMB73_682876
showed 88 % identities to protein DJ-1 B-like homolog
[Setaria italica]. This DJ-1 homolog exhibits chaperone-
like properties, and it is activated together with genes
related to oxidative stress response in plants.

In addition, peroxiredoxins (PRXs) are involved in
redox status regulation in cells. Subfamily of 1-Cys-PRX is
composed of PRXs containing only one conserved cys-
teine. This amino acid operates as peroxidatic agent. Thus,
PRXs are homodimeric thiol-specific antioxidants, which
play defensive role by reduction of organic hydroperox-
ides, peroxynitrite, and excess of hydrogen peroxide in
plant cells. While glyoxalases and esterases are typical
detoxifying enzymes; glyoxalase I (other name: lactoyl-
glutathione lyase) catalyses the hemithioacetal isomeriza-
tion, formed by a glutathione and 2-oxoaldehyde, to S-D-
lactoyl-glutathione. It is considered as a part of two-step
system (called glyoxalase system) for detoxication of
methylglyoxal (toxic side product of glycolysis).

Esterases and lipases interact with carboxylic esters.
Many of them participate in the first phase of xenobiotics
metabolism (especially toxins). The resulting this way
carboxylates is then joined by other enzymes to increase
their solubility and/or eventually for their excretion.

Quantitative analyses revealed that although the two
glycolytic enzymes were overexpressed in axes of hydro-
primed seeds (H) (cytosolic glycerqaldehyde-3-phosphate
dehydrogenase—8501 and fructose-bisphosphate aldolase,
cytoplasmic isozyme—8604) (Table 3; Fig. 1), their other
isomeric forms were present in much greater quantity in
axes of seeds conditioned with melatonin (glyceraldehyde-
3-phosphate dehydrogenase 2, cytosolic—5602 and fruc-
tose-bisphosphate aldolase—8601) (Table 3; Fig. 1). In
general, comparing the enzymes involved in energy
metabolism a significant number (6) was overexpressed
in the seeds hydroconditioned with melatonin compared
with those hydroprimed without it. They were 6-phos-
phogluconolactonase isoform 2—2301, enolase—2701,
triosephosphate isomerase, cytosolic—4202, malate dehy-
drogenase—4602, cytosolic 3-phosphoglycerate kinase—
4701 and succinyl-CoA ligase alpha-chain 2—8602
(Table 3; Fig. 1).

Many proteins involved in protein destination, storage
and turnover also were overexpressed under the influence
of melatonin compared all hydroprimed seeds (i.e. chap-
eronin  60—2802, mitochondrial chaperonin-60—2903,
globulin 2—3101, globulin-1 S allele precursors—3101
and 4003, proteasome subunit alpha type—5304, and
unnamed protein product similar to proteasome subunit
beta type 6 precursor—4203) (Table 3; Fig. 1CD). In the
axes of hydroconditioned seeds in this functional protein
group, only one cupin (8103) was overexpressed.

As concerns stress-related and defence proteins, 4 of
them (i.e. HSP 26—1202, 1-Cys peroxiredoxin antioxi-
dant—>5202, general stress protein 39—5502, thioredoxin
h2 protein—6001) were overexpressed in the hydroprimed
seed axes (Table 3; Fig. 1B) and 8 in the axes from seeds
hydroprimed with melatonin (i.e. glyoxalase family protein
superfamily—1001, glyoxalase family protein isoform 2—
3401, other general stress protein 39—4502, protein Z—
4601, 22.0 kDa class IV HSP precursor—5102, glutathione
transferase I1I(a)—5201, formate dehydrogenase 1—6702,
and hypothetical protein ZEAMMB73_578099 similar to
stress responsive protein—7501) (Table 3; Fig. 1CD).

Again, it was confirmed that melatonin applied to the
seed affects polyphenols metabolism. In axes of HMel50
seeds, significant overexpression of caffeoyl-CoA O-
methyltransferase 1 (1303) was observed in comparison
with H seeds (Table 3; Fig. 1BC). It is an enzyme that
catalyses the reaction between S-adenosyl-L-methionine
and caffeoyl-CoA, which are transformed to S-adenosyl-L-
homocysteine and feruloyl-CoA. A large number of sec-
ondary metabolites are generated via a step involving this
enzyme. In general, it participates in phenylpropanoid
biosynthesis.

@ Springer



146  Page 16 of 18

Acta Physiol Plant (2016) 38:146

Conclusions

To sum up (Fig. 2), hydropriming (H, HMel50, HMel500)
provoked biosynthesis of 14 new, characteristic proteins in
embryonic axes of the grains germinated at optimal tem-
perature compared with the non-treated ones. When this
pre-sowing treatment was supplemented with melatonin
(HMel50, HMel500), additional 14 proteins occurred.
Moreover, in the seed variant HMel50 (optimal melatonin
concentration)—23 and in HMel500—3 characteristic
spots were noticed. The majority of additional proteins
belonged to energy metabolism enzymes, proteins involved
in proteome plasticity via improving protein synthesis,
folding, destination and storage, and—most importantly—
defence, anti-stresses and detoxifying proteins.

Proteins belonging to these functional groups are fre-
quently ranked as seed quality markers. Particularly,
important are those considered to be anti-stress proteins,
e.g. HSP, LEA, TRX, and other general stress proteins
(Gallardo et al. 2001; Catusse et al. 2011; Wu et al. 2011).
Especially, many of these proteins were determined in the
corn seeds conditioned with melatonin.

In the literature, the beneficial effect of antioxidant
enzymes, i.a. superoxide dismutase (SOD), CAT, glu-
tathione-S-transferase (GST) on seed quality improvement,
was underlined (Gallardo et al. 2001; Catusse et al. 2011).
However, in our study, we did not observe any differences
in the synthesis of these enzymes in the compared seed
variants. It seems possible that supplementation of the
seeds with melatonin—a highly effective, small molecule
antioxidant—and overexpression of other antioxidant and
detoxifying factors, such as TRXs, glioxylases, and
improved polyphenol biosynthesis, were enough to regu-
late internal redox balance, and additional antioxidant
enzymes were not needed in the conditioned (improved)
seeds.

Moreover, the following factors are important for better
seed vigour and quality, on the one hand, efficacious
reserve mobilisation, and thus increase in the seed storage
proteins, such as cupins and/or globulins—their transloca-
tion into embryonic axes of the conditioned corn seeds was
noted in the presented study—and, on the other hand, the
highly productive energy metabolism. With regard to that
overexpression of gliceraldehyd-3-phosphate-dechydroge-
nase observed by us was also mentioned by other authors
(Gallardo et al. 2001; Catusse et al. 2011; Wu et al. 2011),
however, other glycolytic or Krebs cycle enzymes indi-
cated as vigour markers were different depending on the
seed type. In addition, Catusse et al. (2011) also pointed to
the voltage-dependent anion channels (VDACsSs) as these
markers, which were confirmed neither by other authors
nor by us.
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It seems that when determining markers of seed quality
attention should also be paid to the proteins involved in
sulphur assimilation and metabolism. Similarly, with
regard to that also various proteins were indicated by sci-
entists, i.a. phosphoserine aminotranspherase, S-adenosyl-
L-methionine synthetase, serine hydroxymethyl tran-
spherase (Catusse et al. 2011), but in most reports as well
as in our work, cysteine synthase appeared (Gallardo et al.
2001; Catusse et al. 2011; Wu et al. 2011).

Unfortunately, it seems that the determination of
specific seed quality markers will be really difficult due to
the variety of seed material subjected to tests under dif-
ferent conditions. However, it is possible to indicate
functional groups in which overexpression of different
proteins could be beneficial for seed vigour improvement.

Indicating such protein groups and also specific exam-
ples for the tested plant material (Table 1), we partially
explained why the hydroprimed corn seeds—especially
hydroprimed with melatonin, and the seedlings grown from
them were stronger in comparison with the non-treated
ones, and so quickly and efficiently adapted to the chang-
ing environmental conditions (Posmyk et al. 2008, 2009a,
b; Janas et al. 2009a). They could be a priori prepared to
defence against potential harmful condition. In embryonic
axes during the initial state of growth, even under optimal
conditions, a number of antioxidative, detoxifying, and
chaperon proteins were synthesized. Moreover, the supply
of energy from seed storage substances was pretty inten-
sified. The presented results for the first time direct explain
how melatonin acts in seed axes as plant stress defence
factor. It could be taken as a part of explanation why
various plant species with higher content of melatonin have
shown improved tolerance to stress (Park et al. 2013;
Bajwa et al. 2014; Zhang et al. 2015).

Since melatonin is safe for environment (non-toxic, of
natural origin, biodegradable) as well as being inexpensive,
it is using as a supplement of various priming methods may
be a reliable and cost-effective manner for beneficial seed
quality modifications and could be economically favour-
able for organic farming (Janas and Posmyk 2013). Plant
biostimulation by melatonin application is a promising tool
to enhance ecological crops and to support safety-food
production.
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ABSTRACT

Melatonin (MEL; N-acetyl-5-methoxytryptamine) plays an important role in plant stress defense. Vari-
ous plant species rich in this indoleamine have shown a higher capacity for stress tolerance. Moreover,
it has great potential for plant biostimulation, is biodegradable and non-toxic for the environment. All
this indicates that our concept of seed enrichment with exogenous MEL is justified. This work concerns
the effects of corn (Zea mays L.) seed pre-sowing treatments supplemented with MEL. Non-treated seeds
(nt), and those hydroprimed with water (H) or with MEL solutions 50 and 500 uM (HMel50, HMel500)

ii{‘i/‘t;?(qu:nt were compared. Positive effects of seed priming are particularly apparent during germination under
Chilling stress suboptimal conditions. The impact of MEL applied by priming on seed protein profiles during imbibi-
Melatonin tion/germination at low temperature has not been investigated to date. In order to identify changes in
Proteome analysis the corn seed proteome after applying hydropriming techniques, purified protein extracts of chilling
Seed priming stressed seed embryos (14 days, 5°C) were separated by two-dimensional electrophoresis. Then pro-
Zea mays teome maps were graphically and statistically compared and selected protein spots were qualitatively
analyzed using mass spectrometry techniques and identified. This study aimed to analyze the priming-
induced changes in maize embryo proteome and at identifying priming-associated and MEL-associated
proteins in maize seeds subjected to chilling. We attempt to explain how MEL expands plant capacity for

stress tolerance.
© 2016 Elsevier GmbH. All rights reserved.

1. Introduction

Abbreviations: ACN, acetonitrile; AFMK, N1-acetyl-N2-formyl-5- Crop production technologies based only on the improvement

methoxykynuramine; Btf3, basal transcription factor 3; CHIP, carboxyl terminus
of Hsc70-interacting protein; DDT, DL-dithiothreitol; DOXC, deoxycholate sodium
salt; DP, declustering potential; elF5A, eukaryotic translation initiation factor 5A;
EMS, enhanced MS scan; EPI, enhanced product ion scan; ER, enhanced resolution
scan; GLPs, germin-like proteins; GSH, reduced glutathione; H, hydroprimed seeds;
HMel50, HMel500; HSP, heat shock proteins; IDA, information dependent acquisi-
tion method; LEA, late embryogeneis abundant; LMW, low molecular weight; MEL,
melatonin; MG, methylglyoxal; NAC, nascent polypeptide-associated complex;
NDP, nucleoside diphosphate; NDPk, nucleoside diphosphate kinase; NDPk, nucle-
oside diphosphate kinases; nt, non-treated seeds; NTP, nucleoside triphosphate;
PDIa, protein disulfide isomerase; PMSF, phenylmethanesulfonylfluoride; Prx,
peroxiredoxin; RING, really interesting new gene; RNS, reactive nitrogen species;
ROS, reactive oxygen species; SDR, short-chain dehydrogenases/reductases; SMP,
seed maturation proteins; TCA, trichlorocetic acid; TFA, trifluoroacetic acid; TIM,
triosephosphate isomerase; TRX, thioredoxin; UPS, proteins degradation system by
ubiquitination.
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of cultivation techniques are beginning to face limitations result-
ing from an inability to use the biological potential inherent in
the cultivar. Climate change is already beginning to impair maize
and wheat production. Higher average temperature fluctuations
in most major grain-producing countries are beginning to work
against the progress made by improving seeds and farming prac-
tices, according to the study published in Science by Lobell et al.
(2011). Thus, there is a constant search for new solutions to ensure
the most favorable conditions for plant growth and development,
for instance by limiting various biotic and abiotic stresses, and ulti-
mately to increase yield. The most preferable solution seems to be
search for and then the use of natural bio-stimulators together with
seed priming.

The latest results obtained by our group suggest that MEL
has a great potential for plant biostimulation (Janas and Posmyyk,
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2013).Itis anatural, biodegradable and non-toxic, highly conserved
molecule present in evolutionarily distant organisms including
plants. The pre-sowing seed treatment with MEL protected red
cabbage seedlings against toxic Cu ion concentrations (Posmyk
et al., 2008) and MEL application to cucumber and corn seeds had
a beneficial effect on the seedling growth and crop production of
plants that germinated from them, especially those subjected to
cold (Posmyk et al., 2009a,b) and water stress (Zhang et al., 2013).
MEL plays an important role in plant stress defense (Zhang et al.,
2015). Recently, a several papers have tried to explain the molec-
ular mechanism of MEL action in this case (Shi and Chan, 2014;
Shi et al., 2015). It was shown that, in Arabidopsis thaliana leaves,
freezing stressincreased endogenous MEL content and it was corre-
lated with the induction of At-ZAT6 expression. Then, the activation
of AtZAT6 increased the expression of CBF1-3 directly binding to
TACAAT elements of CBF1-3 promoters, and up-regulation of CBF1-
3 improved freezing stress resistance in Arabidopsis (Shi and Chan,
2014).

Another model of MEL-mediated action in A. thaliana leaves
assumes that, upon abiotic stresses (cold, salt, and drought) and
biotic stress (pathogen infection), an increase in MEL levels is
followed by an increase in the transcripts of CBF/DREBI1s. This
overexpression results in higher transcript levels of multiple stress-
responsive genes (COR15A, RD22, and KIN1) and enhanced soluble
sugar accumulation (sucrose), thus improving resistance to the
above-mentioned stresses (Shi et al., 2015). A complete explana-
tion of all molecular pathways that MEL stimulates and through
which it acts in plants will not be easy because MEL appears to be
involved into a very dense network of connections in different parts
of plants.

Different plant species rich in MEL exhibit a higher capacity for
stress tolerance (Park et al., 2013; Bajwa et al., 2014). An increase
in melatonin content was also detected in sunflower seeds during
sprouting (Cho et al.,2008). Since the germ and reproductive tissues
are highly vulnerable to oxidative damage, MEL might be an impor-
tant component of its antioxidant defense system as a free radical
scavenger, especially in dormant and relatively dry tissues of seeds,
where enzymes are poorly effective and cannot be up-regulated
(Manchester et al., 2000).

Since MEL is soluble in both water and lipids, it may be a
hydrophilic and hydrophobic antioxidant. This fact, together with
MEL'’s small size make it particularly able to migrate easily between
cell compartments in order to protect them against excessive ROS
and RNS. Moreover, recent evidence indicates that the primary MEL
metabolites, especially AFMK, also have strong antioxidant abil-
ities. It is documented that the free radical scavenging capacity
of MEL extends to its secondary, tertiary and quaternary metabo-
lites (Tan et al., 2007). This process is referred to as the free radical
scavenging cascade, which makes MEL, even at low concentrations,
highly effective at protecting organisms against oxidative stress. It
seems that in an evolutionary sense, the strong antioxidant proper-
ties of MEL (Terrén et al., 2001) were its primary role in the defense
against unfavorable conditions and in plant stress tolerance, but
our results presented in this paper indicate other beneficial effects.

In addition to in vivo synthesis, plants can also absorb exoge-
nously provided MEL from the environment and accumulate it at
high concentrations (Tan et al., 2007). This, and particularly the
evidence that MEL induces resistance to stresses in plants, indi-
cates that our concept of seed enrichment with exogenous MEL is
justified.

Despite methodological difficulties, interest in plant proteome
researchis still growing. Elucidation of changes in protein synthesis
and expression under the influence of biotic and abiotic factors can
provide a clear understanding of the processes and mechanisms of
the plant response to stress. This is a particularly useful and impor-
tant research tool when the purpose of the study is to find ways to

improve the vigor of plants under suboptimal environmental condi-
tions. There is no information concerning the impact of MEL applied
by priming on seed protein profiles during germination under low
temperature conditions.

This study aimed to analyze the priming-induced changes in
the maize embryo proteome and to identify priming-associated
and MEL-associated proteins in maize seeds subjected to chilling
stress during germination. Comparative proteomic analysis was
used to identify differentially expressed proteins in the unprimed
seeds (nt) and those hydroprimed (H) and hydroprimed with MEL
(HMel50 and HMel500).

2. Materials and methods
2.1. Plant material

Corn seeds (Zea mays L. var. Ambrozja) were provided by
TORSEED (Torun, Poland). They were stored in the dark, under dry
conditions at room temperature, in tightly closed containers before
the experiments started.

2.2. Hydroconditioning

Hydroconditioning was performed by the soaking corn seeds at
25°C in darkness for 3 h, using distilled water or melatonin (50 or
500 wM) water solutions. Seed water content was increased from
an initial value of 8.8% (4-0.2) to 36.8% (+2.3). The quantity of water
needed to increase seed humidity was determined experimentally.
Corn seed variants: non-treated (nt-gel A), hydroprimed (H-gel B),
hydroprimed with melatonin 50, and 500 uM (HMel50-gel C and
HMel500-gel D, respectively). The seeds were re-dried for 3 days at
room temperature after hydropriming.

2.3. Seed germination

Germination of all seed variants were carried out in darkness
at 5°C for 14 days. Then, axes were isolated, placed into the liquid
nitrogen and finally lyophilized.

2.4. Protein extraction and purification

Protein extraction was carried out using a homogenizer in an ice
bath. Lyophilized tissue (200 mg) was treated with 1.5 mL of extrac-
tion buffer 50 mM Tris-HCl (pH 7.7) containing: 0.5 mM DOXC;
10 mM DDT; 10 mM EDTA; 1 mM PMSF. The homogenate was cen-
trifuged: 20 000g/10 min/5 °C. The pellet was discarded. Proteins
from the supernatant were precipitated with 10% TCA and 0.07%
merkaptoethanol in acetone, in an ice bath for 45 min. The mixture
was centrifuged as noted above. The resulting pellet containing pre-
cipitated proteins was washed twice with 0.07% mercaptoethanol
in acetone. After the second centrifugation: 3000 x g/5 min./5 °C;
sediment was vacuum-dried and then diluted in Rabilloud Buffer
containing: 8 M Urea; 4% CHAPS and 65 mM DTT. The protein con-
tent was determined in 96-microplates using Bradford’s (1976)
method. The protein solution was stored at —20°C and then used
for 2-D electrophoresis.

2.5. 2-D protein separation and visualization

Quantified proteins (300 mg) were applied to an 11 ¢cm IPG strip
(pH 3-10, non-linear gradient ReadyStrip) in a Protean IEF cell
(Bio-Rad, Hercules, CA) and in-gel rehydrated for 12 h. The pro-
teins were separated according to their isoelectric point in the
IEF-SYS (Scie-Plas Ltd., GB). Isoelectric focusing was performed at
18°C for 72 h at 0-3000V gradually changing (first 24 h:0-1500V,;
second: 1500-3000; third 3000V). Prior to the second dimension
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electrophoresis, the gel strips were equalibred twice: with Eq solu-
tion (Eq: 50 mM Tris-HCI, pH 8.5, 6 M urea, 30% glycerol, 10% SDS)
containing 1% DTT for 15 min and then with Eq solution containing
2.5% iodoacetamide. Equilibrated strips were applied to SDS-PAGE
(12% analytical gel and 4% stacking gel) and then sealed with 0.5%
agarose in 0.5 M Tris—HCl bufer (pH 6.8) and 10% SDS. Protein mark-
ers (Thermo Scientific Page-Ruler Plus Prestained Protein Ladder No
26619) were loaded beside the strip before sealing. After solidifica-
tion, electrophoresis was performed in TV400YK Cooled Twin-Plate
Maxi-Gel Electrophoresis Unit (Scie-Plas Ltd., GB) with SDS elec-
trophoresis buffer containing: 25 mM Tris base, 192 mM glycine,
0.1% SDS; for 2h at 100V and next for 2 h at 200V, maintaining
a constant temperature 25 °C. At least four independent biological
replicates for each sample were performed.

Proteins separated in polyacrylamide gels were visualized by
Imperial™ Protein Stain (Pierce). The stained gels were digitalized.

2.6. Statistical analysis of gels images

Gel images were analyzed with the software PDQuest version
8.0.1 (BioRad). For each sample, quantification was performed with
3-4 analytical gels originating from three independent biological
replicas/experiments (n=at least 9-12). The volume of each spot
was normalized to a relative volume, and mean values calculated
from repeated data were compared. Qualitative and quantitative
analysis sets were created.

Proteins exhibiting the highest reproducible alterations (about
5-fold) were subjected to statistical analysis. The Wilcoxon rank-
sum test was chosen to evaluate the statistical significance of the
differences (at p <0.01) between the control (A) and primed (B, C,
D) samples (Table 2) as well as between the hydroprimed (B) and
hydroprimed with MEL (C, D) samples (Table 3).

Mass spectrometry was used to identify the proteins that were
unique for particular seed variants (Table 1 and those whose
amount changed significantly (Tables 2 and 3—the cut-off for dif-
ferentially regulated proteins was a 5-fold change).

2.7. In-gel digestion

The spots of interest were cut out from stained gels and sub-
jected to in-gel tryptic digestion (Promega, Madison, WI) described
previously (Huynh et al., 2009). Each gel piece containing the pro-
tein of interest was decolorized with a destaining solution: 50 mM
NH4HCO3/ACN (50:50, v/v) for 15 min at room temp. The destein-
ing procedure was repeated until the gel was colorless. Then the
gel pieces were washed with ACN to dehydrate the band pieces.
The supernatant was discarded. For reducing and alkylation gel
pieces were washed with 10 mM DTT in 100 mM NH4HCO3; and
incubate at 56°C for 30 min, then with 50 mM iodoacetamide in
100 mM NH4HCO3 and incubate at room temperature for 30 min in
dark. Then, the pieces were washed twice alternately with 100 mM
NH4HCO3 and ACN. Each time the supernatant was poured. The
band pieces were dried at room temperature and rehydrated in
25 mM NH4HCO3 with trypsin (Promega) at 37 °C overnight. After
the digestion gel bands were extracted with 2% ACN/0.1% TFA two
times to collect the remaining peptides. The collected supernatant
was used for further analysis.

2.8. LC-MS/MS analysis

LC-MS/MS analysis was done on Eksigent ExpressHT Micro LC
and AB Sciex QTRAP 3200 mass spectrometer with a microspray ESI
ion source installed. Tryptic digests were ultrasonicated for 30 sec,
shaken and centrifuged for 5 min. 10 L of the sample were applied
in standard injection mode directly on Eksigent C8-CL-120 (3 wm
120A,0.5 x 100 mm) column maintained at 40 °C. The mobile phase

consisted of water with 0.1% formic acid (A) and ACN with 0.1%
formic acid (B). Gradient profile under 10 p.L/min constant flow
conditions started from 95% A for one minute, followed by 60% A
after 40 min and 5% in 45 min and maintained till 50 minute of the
run. The column equilibration, under the initial gradient conditions
was applied from the 50.1 to the 53 min. and as a pre-run for one
minute before next injection. MS/MS detection was made using IDA
method composed of mixed positive ionization scan modes and IDA
criteria for dynamic m/z filtering. The method was constructed as
follows: EMS, ER, IDA criteria and EPI. General survey EMS scan
parameters covered the mass range 500-1400 Da with scan speed
4000 Da/s and 50-70V DP values. ER scan was working in 250 Da/s
scan rate (DP=50-70V) and was applied for the peptide charge
determination. EPI scan was working in the range 50-1600 m/z
(DP=60V and optimized rolling collision energy) and was used
for mass spectra collection for the peptide sequence analysis. The
ion source parameters were as follows: CUR: 25.00; TEM: 400.00;
GS1: 20.00; GS2: 40.00; ihe: ON; IS: 5000.00; CAD: High. The most
important IDA criteria used for selective m/z filtering were as fol-
lows: dynamic background subtraction — on, choose 1 to 3 most
intense peaks from range 500-1400 m/z which charge state is 2-4
(include unknown) and exceeds 10,000 counts intensity, exclude
former target ions for 30s after 3 occurrences and use enhanced
resolution scan to confirm charge state.

2.9. Database searches

The Protein Pilot v 4.0.8 software (AB Sciex, USA), coupled
with the MASCOT search engine v2.3 was used for the database
searches. The data were searched against the Zea mays (212 248
sequences) database extracted from NCBI non-redundant database
(version 05.2013). Mascot MS/MS ion searches were performed
using trypsin as the protein-digesting enzyme, up to two missed
cleavages were tolerated, and the following variable modifications
were applied: Acetyl (N-term), Carbamidomethyl (C), Carbamyl (N-
term), Deamidated (NQ), Formyl (N-term), GIn to pyro-Glu (N-term
Q), Glu to pyro-Glu (N-term E) and Oxidation (M). The searches
were conducted with a peptide mass tolerance of 0.7 Da and a frag-
ment ion mass tolerance of 0.3 Da.

The proteins identified and unidentified by MASCOT searches
were further processed using a BLAST search against the
NCBI non-redundant protein sequence database (total number
of sequences=38 633 935) using the DELTA-BLAST algorithm
(Domain Enhanced Lookup Time Accelerated BLAST) to confirm or
define the probable function of the protein.

3. Results and discussion

Our previous results showed that the priming methods with
simultaneous application of MEL were highly effective in improv-
ing cucumber and corn seed quality (Posmyk et al., 2008; Posmyk
et al., 2009a,b; Janas et al., 2009). In fact, beneficial effects of prim-
ing were not visible in physiological tests performed under optimal
conditions. Only when the plants were subjected to stress dif-
ferences between the untreated and conditioned variants were
they apparent. Our previous results (Janas et al., 2009) were very
interesting when the corn seeds were germinated at 10 °C. The con-
trol non-primed seeds germinated after 5 days of imbibition and
achieved ~97% germability after 12 days of experiments, whereas
those treated with MEL reduced the lag phase up to 2 days and all
seeds were germinated on 10th day of experiment. Hydropriming
without MEL also reduced the lag phase to 3 days of imbibition but
germinability of the seeds decreased to ~90% (Janas et al., 2009).
The seed pre-sowing treatments accelerated germination rates of
corn seeds at suboptimal temperature. In the presented research
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Table 1

Identyfication of the proteins unique to different seed variants: control, non-treated (A), hydroprimed (B), all primed (B, C, D), all hydroprimed with melatonin (C, D) and
characteristic of the seeds treated with 50 wM (C) or 500 M (D) melatonin. All seeds ware germinated/incubated for 14 days at 5°C. The Table contains: spots excised from
gels and numbered by PDQuest Software used for gel qualitative analysis; function category consistent with Nature (Bevan et al., 1998); protein familys, names and accession
numbers consistent with NCBI database; Mascot scor, sequence coverage (%), number of matched/unmatched (+/—) peptides, MW [kDa] and pI values.

Spot N° Function Protein family Protein name Accession N° Mascot Scor % Cover Peptides +/— MW [kDa] pl
category
Protein unique to control, non-primed seeds (0)-A
Proteins unique to hydroprimed seeds (3)-B
Energy
8601 02.01 02 TIM phosphate  Fructose-bisphosphate 2i|414879138 150 13 5/3 38.44 6.96
binding aldolase, cytoplasmic isozyme
[Zea mays]
Cell growth/division
6004 03.01 NDPk Hypothetical protein 2i|414867769 88 36 3/1 16.53 6.3
ZEAMMB73.585316 [Zea mays]
99% identities to Nucleoside
diphosphate kinase I [Zea
mays]
Disease/Defence
3002 11.06 a—crystallin- 16.9kDa class I heat shock 2i|414876444 116 9 2/1 17.05 6.77
Hsps protein 1 [Zea mays]
Proteins unique to all primed seeds (5)-B, C, D
Cell growth/division
6001 03.01 SMP, LEA Late embryogenesis abundant gi|22271 51 28 2/0 9.68 6.6
protein EMB564 [Zea mays]
Protein destination and storage
0401 06.13 UBA like SF Nascent 2i|219363641 150 14 2/2 22.82 4.29
polypeptide-associated
complex a-subunit [Zea mays]
Disease/Defence
1903 11.05 PLN03020 Low-temperature-induced gi|413933891 79 5 4/1 58.72 4.75
65 kDa protein [Zea mays]
4403 11.05 SDR General stress protein 39 [Zea gi|414590804 219 14 714 38.60 9.06
mays]
1902 11.06 Thioredoxin Protein disulfide isomerase gi|625148 96 8 4/2 57.06 5.24
like [Zea mays]
Proteins unique to seeds hydroprimed with melatonin (6)—C, D
Cell growth/division
8302 03.01 SMP, LEA Late embryogenesis abundant gi|413946305 93 14 3/2 22.75 8.8
protein MGL3 [Zea mays]
Transcription
6502 04.19 WD40 Guanine nucleotide-binding, §  gi|413946394 76 204 3/0 36.21 6.13
subunit-like protein [Zea mays]
Protein synthesis
5103 05.07 S1 like Eukaryotic translation gi|414887439 84 7 11 17.49 5.61
initiation factor 5A [Zea mays]
Protein destination and storage
2102 06.20 Cupin 2 Vicilin-like embryo storage gi|414872020 54 38.5 2/0 64.86 6.39
protein [Zea mays]
Disease/defence
1001 11.06 Glo EDI BRP Glyoxalase family protein gi|414866129 51 18 2/0 15.07 5.47
like superfamily [Zea mays]
Unclassified
4402 13 DUF1264 Secreted protein [Zea mays] gil413951152 164 27 6/3 27.33 5.84
Proteins unique to seeds hydroprimed with 50 .M melatonin (2)—C
Energy
7504 02.16 AKRs Aldose reductase [Zea mays] gi|413945705 115 7 3/2 35.64 6.47
Protein destination and storage
3205 06.20 Cupin 2 Globulin-1S allele precursor gi|195658011 162 11 5/4 49.93 6.16
[Zea mays]
Proteins unique to seeds hydroprimed with 500 wM melatonin (5)-D
Cell growth/division
0402 03.01 SMP Rab28 protein [Zea mays] gi|414864900 346 28 10/8 28.39 4,54
2401 03.01 SMP, LEA Late embryogenesis abundant gi|414872767 134 10 3/2 27.16 5.41
protein D-34 [Zea mays]
9302 03.01 SMP, LEA Late embryogenesis abundant 2i|414880812 51 10 2/1 23.53 8.96
protein, group 3 [Zea mays]
Transcription
0703 04.19 RING RING zinc finger domain gi|414585686 56 3 11 42.82 5.77
superfamily protein [Zea mays]
Protein destination and storage
2702 06.01 Hip Hsc70-interacting protein [Zea  gi|552562419 142 13 5/3 43.36 5.06

mays]
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Table 2

Proteins showing different expression in axes of the control nt seeds (A) germinated/incubated for 14 days at 5 °C, to those from all hydroprimed seeds: H, HMel50, HMel500
(B, C, D). The Table contains: spots excised from gels and numbered by PDQuest Software used for quantitative gel analysis; function category consistent with Nature (Bevan
et al., 1998); protein names and accession numbers consistent with NCBI database; Mascot scor, sequence coverage (%), number of matched/unmatched (+/—) peptides, MW
[kDa] and pl values; and relative abundance fold change in comparision to control (A) seeds — statistical significance of the differences (at p <0.01) between the compared
variants is marked by bolded font of numbers (the cut-off for differentially regulated proteins is a 5-fold change).

Spot N°  Function category Protein name Accession N°  Mascot Scor % Cover Peptides +/— MW [kDa] pl Fold change p <0.01
A/B  A/C A/D

Proteins up-regulated in A in comparision to B, C, D.

Energy

4601 02.01 Cytosolic 3-phosphoglycerate 2i|28172917 180 27 8/6 31.61 501 091 1.87 5.45
kinase [Zea mays]

3702 02.01 02 Enolase [Zea mays] £i|195619804 111 14 5/2 48.13 57 266 115 185

Cell growth/division

8802 03.01 Embryonic protein DC-8-like [Zea gi|413936531 210 13 7/3 61.73 727 137 6.90 1.70
mays]

Protein destination and storage

3302 06.20 Germin-like protein 2 [Zea mays] gi|413956703 241 7 5/5 71.09 631 129 871 2.52

Transporters

1301 07.01 High-affinity potassium gi|576866892 89 16 3/2 16.69 486 346 201 259
transporter 3 [Zea mays]

Disease/defence

7301 11.06 1-Cys peroxiredoxin antioxidant 2187133468 866 48 50/21 24.89 631 215 649 144
[Zea mays]

Unclassified

2202 13 Hypothetical protein gi|413916092 76 15 31 16.13 498 195 7.09 235
ZEAMMB73_.452374 [Zea mays]

Proteins down-regulated in A in comparision to B, C, D.

Energy

5301 02.01 Triosephosphate isomerase, gi|414876338 149 14 4/3 27.01 5,52 025 0.10 0.60
cytosolic [Zea mays]

6603 02.01 02 Glyceraldehyde-3-phosphate £i|6016075 96 4 11 36.49 646 0.19 0.08
dehydrogenase 2 [Zea mays|

3301 02.20 Ferritin [Zea mays] £i|29840836 123 15 5/3 3143 6.13 0.04 0.04

Protein synthesis

3101 05.04 Eukaryotic translation initiation gi|414887439 78 7 IYA! 17.49 561 0.05 0.003 0.04
factor 5A [Zea mays]

Protein destination and storage

1802 06.01 Protein disulfide isomerase [Zea gi|145666464 96 10 5/3 56.83 501 021 0.18 0.18
mays]

3801 06.01 Chaperonin HSP 60 [Zea mays] gi|22242 245 15 9/5 61.26 568 0.08 0.21 0.55

4001 06.20 Globulin-1S allele precursor [Zea £i|195658011 240 10 6/4 49.89 6.16 0.02 0.05 0.06
mays]

Disease/defence

7102 11.05 Class Il heat shock protein [Zea gi|413939226 269 50 10/7 18.34 6.6 0.03 0.02 0.06
mays]

7506 11.05 Hypothetical protein gi|414866592 302 23 12/10 38.37 63 002 0.02 013
ZEAMMB73.578099, [Zea mays]
78% identity to Stress responsive
protein [Zea mays]

1102 11.06 Peroxiredoxin-5 [Zea mays] gi|413950901 58 6 11 17.31 485 010 025 0.58

2001 11.06 Glyoxalase family protein £i|414866129 86 13 2/1 15.07 547 0.04 0.04 0.04
superfamily [Zea mays]

2501 11.06 Glyoxalase family protein isoform gil413917004 56 6 2/1 32 5 0.07 038 0.13
Il [Zea mays]

3401 11.06 Glyoxalase I [Zea mays] gi|37932483 145 17 8/3 32.34 559 0.10 0.21 0.39

the seeds were subjected to a stress temperature 5°C (below min-
imum for maize germination) and the influence of different types
of priming on the embryo proteome was verified. For this purpose,
proteomes of embryos isolated from nt, H, HMel50 and, HMel500
seeds incubated for 14 days at 5°C were compared. The first two
seed variants (nt and H) were the control/reference for the determi-
nation of MEL-associated proteins, because it is known that already
hydropriming with water generates changes in proteome of seeds
(Gallardo et al., 2001; Wu et al., 2011).

Protein maps produced in four independent replicates showed
a high level of reproducibility. PDQuest software was able to recog-
nize and marked as corresponding ~95% of the visualised protein
spots in the replicated gel images. The data obtained from den-
sitometric analysis of PDQuest master gels were the basis for
qualitative (Table 1) and quantitative (Tables 2 and 3) analyses of

different experimental seed variants. 78 protein spots were marked
on gel A—representing the proteome of axes from nt seeds, 86
on gel B—proteome of H seed variant, 90 on gel C—proteome of
HMel50 seed variant, and 94 on gel D—proteome of HMel500 seed
variant (Figs. 1 and 2). Already the first data suggested general
repression of protein biosynthesis in response to low tempera-
ture stress. In comparison to the previous work, the quantity of
protein spots in particular seed variants decreased by about 50%
(the spot numbers in particular gels after seed germination under
optimal temperature conditions, at 25 °C for 24 h were as follows:
A—130, B—143, C—180, D—160; data in press). Despite signifi-
cant slowdown in seed metabolism caused by low temperature,
hydropriming and especially hydropriming supplemented with
MEL stimulated biosynthesis of new proteins in the seed embryonic
axes under stress conditions (Fig. 2).
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Table 3

Proteins showing different expression in axes of the hydroprimed seeds (B) germinated/incubated for 14 days at 5°C, to those from all seeds hydroprimed with melatonin:
HMel50, HMel500 (C, D). The Table contains: spots excised from gels and numbered by PDQuest Software used for quantitative gel analysis; function category consistent
with Nature (Bevan et al., 1998); protein names and accession numbers consistent with NCBI database; Mascot scor, sequence coverage (%), number of matched/unmatched
(+/-) peptides, MW [kDa] and pl values; and relative abundance fold change in comparision to hydroprimed (B) seeds-statistical significance of the differences (at p<0.01)
between the compared variants is marked by bolded font of numbers (the cut-off for differentially regulated proteins is a 5-fold change).

Spot N°  Function category  Protein name Accession N° Mascot Scor % Cover  Peptides +/— MW [kDa] pl Fold change
p<0.01
B/C B/D

Proteins up-regulated in B in comparision to C, D

Energy

4601 02.01 Cytosolic 3-phosphoglycerate 2i|28172917 247 27 8/6 31.61 501 2.05 5.96
kinase [Zea mays]

2703 02.01 02 Enolasel [Zea mays] gi|298544549 418 28 11/8 48.11 514 1.87 836

3702 02.01 02 Enolase [Zea mays] £i|195619804 111 14 5/2 48.13 5.7 4.33 6.95

Cell growth/division

8802 03.01 Embryonic protein DC-8-like [Zea gi|413936531 210 13 7/3 61.73 727 5.04 125
mays]

Protein destination and storage

3302 02.20 Germin-like protein 2 [Zea mays] gi|l413956703 241 7 5/5 71.09 631 6.76 1.96

3801 06.01 Chaperonin hsp60 [Zea mays] gi|22242 245 15 9/5 61.26 568 2.60 6.88

Disease/defence

4403 11.05 General stress protein 39 SDR £i|414590804 219 14 7/4 38.60 9.06 4.00 255
family protein [Zea mays]

7506 11.05 Stress responsive protein [Zea 2i|414866592 302 23 12/10 38.37 6.3 1.15 7.10
mays]

1102 11.06 Peroxiredoxin-5 [Zea mays] gi|413950901 58 6 11 17.31 485 2.63 5.98

2501 11.06 Glyoxalase family protein isoform gi|413917004 56 6 2/1 32.34 559 5.59 1.88
2 [Zea mays]

Proteins down-regulated in B in comparision to C, D

Energy

8502 02.01 02 Glyceraldehyde-3-phosphate gi|413921395 56 13 5/1 30.34 6.32 017
dehydrogenasel cytosolic isoform
X1 [Zea mays]

Cell growth/division

6001 03.01 Embrygenic protein [Zea mays], gi|22271 51 28 2/0 9.68 6.6 0.03 0.02
Late embryogenesis abundant
protein EMB564 [Zea mays]

Protein synthesis

3101 05.04 Eukaryotic translation initiation gi|414887439 78 7 11 17.49 5.61 0.06 0.75
factor 5A [Zea mays]

Protein destination and storage

3001 06.20 Vicilin-like embryo storage protein  gi|22287 54 2 1YA! 60.20 9.33  0.08 0.15
[Zea mays]

Disease/defence

1903 11.05 Low-temperature-induced 65 kDa gi|413933891 79 5 4/1 58.72 475 0.07 080

protein [Zea mays]

3.1. Hydropriming influence on axes proteome in stressed corn
seeds

Proteomic analysis of embryo extracts isolated from nt, H,
HMel50 and HMel500 seeds allowed us to identify proteins that
appeared after seed priming (only in gels B, C, D—Table 1, Fig. 1).
There were the proteins associated mainly with stress condi-
tions i.e.: low-temperature-induced 65 kDa protein—1903; general
stress protein 39-4403; protein disulfide isomerase (PDIa)—1902
and also late embryogenesis abundant (LEA) protein EMB564-6001
(Table 1, Fig. 1BCD).

Initially small hydrophilic plant seed proteins LEA were impli-
cated in embryogenesis in higher plant seeds (Dure et al., 1981);
they appeared during late stages of embryogenesis under physio-
logical seed desiccation. However, the function of these proteins is
not clear but they are often implicated in the plant abiotic stresses
response, especially if stress limits water absorption. They protect
other proteins from aggregation due to dehydration or osmotic
stresses associated with low temperature (Goyal and Walton,
2005). LEA proteins are particularly protective of mitochondrial
membranes against structural damage (Tolleter et al., 2010).

PDIa are a family of redox active proteins containing a conserved
structural disulfide in the redox-inactive thioredoxin-like domain.
They are involved in oxidative protein folding in the endoplasmic

reticulum acting as catalysts and folding assistants. They catalyze
the formation of disulfide bonds in new polypeptides, but they also
exhibit reductase activity acting as isomerases to correct any non-
native disulfide bonds. Moreover, they can act as chaperones to
prevent protein aggregation and facilitate folding of new proteins.

Another protein — nascent polypeptide-associated complex a-
subunit protein (NACA; 0401) — found in the conditioned seeds
(Table 1, Fig. 1B-D) also appears to be involved in the improvement
of protein destination, modifications or degradation. In complex
with B-subunit (NACB) NAC is known as a basal transcription
factor 3 (Btf3), which plays a crucial role in protection of newly
formed proteins from interaction with inappropriate cytosolic fac-
tors (Panasenko et al., 2009). NAC directly interacts with a signal
recognition particle and was reported to be involved in new protein
translocation to the endoplasmic reticulum to prevent their mistar-
geting (Lauring et al., 1995). Expression of NAC was differentially
regulated by abiotic stresses, including salinity, drought and cold.
Constitutive over-expression of NAC in Arabidopsis was observed
during normal growth and it enhanced tolerance to saltand drought
stresses. NAC protects newly synthesized polypeptides involved in
the mechanisms allowing plants to tolerate abiotic stress-induced
damage, thus preventing cell death (Karan and Subudhi, 2012).

In the embryos isolated from H seeds an additional 16.9kDa I
class heat shock protein (HSP; 3002), similar to nucleoside diphos-
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Fig. 1. Analytical gels of IEF/SDS-PAGE (2D) separation of proteins from: control nt (A), hydroprimed (B), hydroprimed with MEL 50 uM (C) and 500 wM (D) seeds germinated
in darkness at 5°C for 14 days. The proteins were separated by first dimensional pH 3-10 non-linear IPG strips and 12% vertical slab gels in the second dimension (ImperialTM
Protein Stain). The proteins were numbered (PDQuest Software, BioRad) in a preparative 2D electrophoresis gel and excised for MS/MS analysis, corresponding to the
spot/proteins in Tables 1-3. According to the qualitative analysis the black X symbols mean proteins characteristic only of particular gels (A or B or C or D), blue X symbols
mean proteins characteristic of all hydroprimed seeds (BCD), red X symbols means proteins characteristic of seeds hydroprimed with MEL (CD) (see Table 1). According to
the quantitative analysis ellipses are used to mark proteins five times up- or down- regulated: black for comparison of A with B-D (see Table 2), blue for comparison of B

with C and D (see Table 3).

phate kinase I protein (NDPk; 6004) and fructose-bisphosphate
aldolase, cytoplasmic isozyme (8601) were observed (Table 1,
Fig. 1B). First class cytoplasmic LMW HSPs, with molecular mass
15-30kDa, are the major proteins synthetized during heat stress,
but they also frequently accumulate in seeds, seed pods, and flow-
ers during a normal growing season (Hernandez and Vierling,
1993). The clear function of LMW HSPs is unknown but their evo-
lutionary conservation and presence in different compartments
(cytoplasma, endomembrane and chloroplasts) suggest that they
are significant for plant survival.

NDPk domains are present in a large family of structurally and
functionally conserved proteins from bacteria to humans that gen-
erally catalyze the transfer of gamma-phosphates of a NTP donor
onto a nucleoside diphosphate NDP acceptor through a phospho-
histidine intermediate. Starting with ADP and GTP, the activity of
NDPk produces GDP and ATP. Thus, with fructose-bisphosphate
aldolase — glycolytic enzymes, which catalyze decomposition of
fructose 1,6-bisphosphate into triose phosphates dihydroxyace-
tone phosphate and glyceraldehyde 3-phosphate, NDPk could be
involved in energy acquisition and distribution in cell.

There were no proteins unique to the control nt seeds (gel A)
(Table 1, Fig. 1A), however, some enzymes of primary metabolism
were overexpressed in them in comparison with the primed seed

A (nt)

78 spots

B (H)

86 spots

Fig. 2. Venn diagram analysis of the proteins accumulated in the embryonic axes
of various seed variants germinated in darkness at 5°C for 14 days. The number
of proteins in axes isolated from the control non-treated (A), hydroprimed (B),
hydroprimed with MEL 50 M (C) and 500 wM (D) seeds, are shown in the respective
segments.

variants (gels B, C, D) i.e.: cytosolic 3-phosphoglycerate kinase
(4601) and enolase (3702) (Table 2, Fig. 1A). However others, such
as cytosolic triosephosphate isomerase (5301), glyceraldehyde-
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3-phosphate dehydrogenase 2 (6603) and ferritin (3301) were
overexpressed in the conditioned seeds (Table 2, Fig. 1B-D). The
control nt seeds were characterized by greater quantity of embry-
onic DC-8-like protein (8802) (Table 2, Fig. 1A). In fact its level
gradually decreased during the first steps of imbibition of maize
seeds (Tnani et al., 2012) and in the case of hydroprimed seeds
these steps took place during the first phase of priming — hydra-
tion. Moreover, in the embryos of nt seeds, greater quantities
of germin-like protein 2 (3302) and 1-Cys peroxiredoxin (7301)
were synthetized (Table 2, Fig. 1A). 1-Cys peroxiredoxin is a
member of the peroxiredoxin superfamily. It can protect cells
against membrane oxidation through GSH-dependent reduction of
phospholipid hydroperoxides to corresponding alcohols. In higher
plants, members of this antioxidant group have previously been
isolated from monocotyledons. It has been suggested that seed
peroxiredoxins protect tissues from ROS and RNS during desic-
cation and early imbibition and/or are involved in the protection
maintenance during dormancy (Haslekas et al., 1998). Germins and
germin-like proteins are a plant cupin subfamily of water-soluble
glycoproteins. Germin was first identified during wheat germina-
tion (Thompson and Lane, 1980). There is evidence suggesting that
GLPs play a crucial role not only in plant development, but also in
plant defense responses (Lane 2002). This was shown by increased
expression of certain GLPs in various plants under stresses such as
fungal, bacterial, and viral infections (Zimmermann et al., 2006),
parasite attacks, insect invasions (Lou and Baldwin, 2006), chem-
ical toxicities, salt pressures (Hurkman et al., 1994) and drought
stresses (Ke et al., 2009). Moreover, enhanced resistance of trans-
genic GLP plants to various stresses was noticed.

Another protein belonging to the cupin family—globulin-1S
allele precursor (4001), was overexpressed in the primed seeds
(Table 2, Fig. 1BCD). Moreover, improvement of protein folding,
destination and modifications in the primed seeds was possible by
overexpression of other proteins disulphide isomerase isoenzym
(1802) and chaperonin HSP 60 (3801). In gels B, C and D signifi-
cant overexpression of 6 defence proteins i.e.: HSP class I (7102),
stress responsive protein (7506), peroxiredoxin-5 (1102) and 3 of
glyoxalases (2001, 2501, 3401), was visualised (Table 2, Fig. 1BCD).

Plant peroxiredoxins are thiol-based peroxide reductases with
wide substrate specificity, ranging from hydrogen peroxide to alkyl
hydroperoxides and peroxinitrite. Prx have several features in
common (Dietz 2011). They are numerous proteins that are rou-
tinely detected in proteomics research. They interact with other
proteins i.a glutaredoxins, thioredoxins and cyclophilins as reduc-
tants, but also non-dithiol-disulphide exchange proteins. In studies
using transgenic plants, peroxiredoxins were shown to influence
metabolic integrity to protect DNA from damage in vitro and in vivo,
and to modulate intracellular signaling related to ROS and RNS.

The results of numerous recent studies have shown that alle-
viation of oxidative damage and increased resistance to abiotic
stresses are often correlated with more efficient antioxidative and
glyoxalase systems. Stress-induced Gly I protein and Gly Il mRNA
expression was first demonstrated by Espartero et al. (1995) in
tomato seedlings subjected to NaCl, mannitol and ABA treatment.
The regulatory roles of the glyoxalase system and ROS detoxifi-
cation systems in plant abiotic stress tolerance have increasingly
attracted interest because excessive ROS and methylglyoxal pro-
ductionis acommon repercussion of both abiotic and biotic stresses
in plants (Hossain et al., 2011). Plants have a complex network of
enzymatic and non-enzymatic scavenging pathways or detoxifica-
tion systems that cooperate to efficiently counteract the harmful
effects of ROS and MG as well as to perform their signaling func-
tion. In plants, MG is detoxified mainly via the glyoxalase system.
The glyoxalase system could also play a role in maintaining glu-
tathione homeostasis by recycling its reduced form that would be
affected noenzymatically by MG to form hemithioacetal. In addi-

tion, in plants, ROS levels are controlled via a universal antioxidant
network. The interplay between ROS and components of the antiox-
idant and glyoxalase systems could generate compartment-specific
changes in both the absolute concentrations of ROS, MG and antiox-
idant compounds as well as in the ascorbate and glutathione redox
ratios. Under stress conditions, these redox signals could interfere
with the signaling networks complementary to the antioxidant sys-
tem and regulate defense gene expression, thus coordinating the
necessary readjustments in the redox-regulated plant defense to
overcome oxidative stress (Hossain et al., 2011).

3.2. Melatonin influence on axes proteome in stressed corn seeds

MEL application during the hydropriming procedure resulted
in an additional protein biosynthesis. One of them was the ear-
lier described protective dehydrin—LEA protein MGL3 (8302), and
the other was glyoxalase family protein (1001) (Table 1, Fig. 1CD).
The glyoxalase system is an enzyme set responsible for detoxifi-
cation of MG and the other reactive aldehydes. They are produced
as a normal part of metabolism and especially under abiotic stress
conditions and they were discussed earlier in this paper.

Moreover, an additional cupin: vicilin-like embryo storage pro-
tein (2102) was also noticed (Table 1, Fig. 1CD). Vicilin is a globulin
which occurs mainly in legume seeds. This family contains 11S and
7S plant germins and seed storage proteins, the latter provide the
major nitrogen source for developing plants.

In the MEL-treated seeds a secreted protein (4402) of unknown
function appeared (Table 1, Fig. 1CD). DUF1264 family contains
a number of bacterial and eukaryotic proteins of unknown func-
tion that are approximately 200-residue long. Some of this family’s
members are putative lipoproteins, but it is still unclear why they
appear.

In comparison to the nt and H seeds, in the MEL-treated
ones additional elements involved in protein synthesis destina-
tion and storage were observed (i.e.: guanine nucleotide-binding, 3
subunit-like protein—6502; eukaryotic translation initiation factor
5A—5103) (Table 1, Fig. 1CD). Guanine nucleotide binding proteins
(G proteins) are a family of membrane-associated ones that couple
extracellularly-activated integral-membrane receptors to intracel-
lular effectors, such as ion channels and enzymes, and they are
responsible for second messenger molecule concentration (Simon
et al., 1993). G proteins are usually composed of 3 subunits (o, 3
and ) which, in the resting state, associate as trimers at the inner
face of the plasma membrane. GDP is attached to the a subunit.
Stimulation of the G protein by an active receptor leads to its con-
version into GTP. This results in disconnection of the o from the 3
and vy subunits, which always remain closely associated [3-y dimers.
Both the a and -y subunits are able to interact with effectors,
either individually or in a cooperative mode. The intrinsic GTPase
activity of the a subunit hydrolyses GTP to GDP. This makes the «
subunit return to its inactive conformation and allows it to reasso-
ciate with the 3-y subunit, thus rebuilding the system in its basic
state. Although originally the o subunit was thought to be a pas-
sive attenuator and membrane anchor for the 3-y subunit, now
it is recognized as playing an active role in a number of different
G protein-coupled signaling events (Clapham and Neer 1993). G
proteins have been shown to change the activity of some isoforms
of adenylyl cyclase, phospholipase C and some ion channels. They
are involved in phosphorylation of receptors via specific kinases
and have been implicated in the p21ras-dependent activation of
the MAP kinase cascade. They are also likely to contribute to the
recognition of specific receptors and are associated with a variety of
functions ranging from signal transduction and transcription regu-
lation to control of cell cycle, apoptosis and autophagy (Stirnimann
etal., 2010).
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Eukaryotic translation Initiation Factor 5A contains an S1-like
RNA-binding domain. It is an evolutionarily conserved protein dis-
covered in eukaryotes. eIF5A is the only protein that has the unusual
amino acid-hypusine. Hypusine is a post-translationally modified
lysine and it is essential for eIF5A functioning. elF5A in a hypusine-
dependent manner interacts with components of 80S ribosome
and translation elongation factors 2, thus elF5A plays a role in
translation elongation instead of translation initiation as previously
proposed. This superfamily also contains the cold shock domain,
which is a homolog of the S1 domain. Both domains are members
of the oligonucleotide/oligosaccharide binding, which binds RNA.

In HMel50 seeds an additional isoenzym, aldose reductase
(7504) and globulin-1S allele precursor (3205) were noticed
(Table 1, Fig. 1C). The former improves energy metabolism under
stress conditions, the latter belongs to seed storage proteins and
constitutes nutrient reservoir. In the HMel500 seeds also additional
Rab28 protein (0402), LEA D-34 (2401), and LEA group 3 (9302)
were observed (Table 1, Fig. 1C). The role of LEA proteins in stresses
combat has been previously described in this paper.

The Rab28 protein is known as a plant seed maturation protein
but it should be underlined that it is ABA-responsive. The rab28
gene responds to ABA treatment. This gene encodes a protein of
28 kDa molecular weight, which shows significant homology with
the LEA D-34 protein determined in cotton (Pla et al., 1991). The
rab28 mRNA has been identified as ABA-inducible in seed embryos
and young leaves. It is also activated by water-stress in leaves of
wild-type plants. Inuction of the rab28 gene was also studied in
maize viviparous mutants (Pla et al., 1991). Thus, Rab28 proteins
could be synthetized under stress conditions in response to ele-
vated ABA level generated by stress. ABA is lived-in phytohormone
that plays important roles during many phases of plant life cycle,
including seed development, maturity and dormancy, and espe-
cially the acquisition of desiccation tolerance. Elucidation of the
molecular basis of ABA-mediated plant response to stressis of inter-
est not only in basic research on plant adaptation but also in applied
research on plant productivity.

RING zinc finger domain superfamily protein (0703) and Hsc70-
interacting protein (2702) were also characteristic of the embryos
from HMel500 seeds (Table 1, Fig. 1D). Both proteins could be
involved in protein turnover by ubiquitination. Ubiquitination
is a unique, widely conserved molecular mechanism to degrade
proteins (UPS). The covalent attachment of ubiquitin to a tar-
get substrate involves the sequential action of three enzymes:
ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme
(E2), and ubiquitin ligase (E3). Usually, once a targeted protein
has been labelled with a polyubiquityn chain, it is recognized and
degraded by 26S proteasome. The E3 are the proteins/enzymes,
which specifically select the target proteins ensuring the speci-
ficity of entire process. E3-mediated protein degradation regulates
almost all cellular processes including the abiotic stress response
(Lyzenga and Stone, 2012). The plant genomes examined thus far
contain two or more E1 enzymes, dozens of E2s and a large number
of E3s. Analysis of the Arabidopsis genome idicated two E1s, 37 E2s,
and over 1300 E3 encoding genes (Kraft et al., 2005). Specificity of
the UPS is managed mainly by the substrate-selecting E3 ubiquitin
ligases. The large number of ubiquitin enzymes suggests that many
cellular processes are regulated via protein ubiquitination (Stone,
2014). The majority of plant E3s are homologous to E6-associated
carboxy-terminus, U-box, or RING E2 binding domain. It is known
that SDIR1 is a RING finger E3 ligase that positively regulates stress-
responsive ABA signaling in Arabidopsis (Zhang et al., 2007) and it
has been proved that RING zinc finger protein ZmZF1 from maize
confers salt and drought tolerance in transgenic Arabidopsis (Huai
et al.,, 2009). Moreover, A. thaliana Carboxyl Terminus of Hsc70-
Interacting Protein is a U-box-type E3 ligase named for its sequence
similarity to mammalian co-chaperone CHIP which targets non-

native or damaged proteins for degradation by the 26S proteasome
(Murata et al., 2001). Since cold and heat stresses modulate expres-
sion of AtCHIP one would expect that E3 improves stress tolerance
by targeting denatured and injured proteins for degradation. Thus,
the aforementioned RING zinc finger domain superfamily protein
(0703) and Hsc70-interacting protein (2702) in the embryos from
HMel500 seeds could have an important function in stress signaling
and response to cold stress.

Energetic metabolism enzymes (ie.: cytosolic 3-
phosphoglycerate kinase—4601; enolases—2703, 2702), stress
proteins (i.e.: general stress protein 39 SDR family protein—4403;
stress responsive protein—7506; peroxiredoxin-5-1102; gly-
oxalase family protein isoform 2—2501) a protective protein
(chaperonin hsp60-3801) were observed in all hydroprimed
seeds, but were overexpressed only in the variant HMel500
(Table 3, Fig. 1). The differences between H and HMel50 vari-
ants were not so great. Unquestionably the H variant contained
much more germin-like protein 2 (3302) and embryonic protein
DC-8-like (8802) then both MEL-treated ones (Table 3, Fig. 1).

On the other hand, the MEL-treated seeds (especially HMel50)
showed overexpression of some proteins compared to H seeds i.e.:
glyceraldehyde-3-phosphate dehydrogenase1 cytosolic isoform X1
(8502), LEA protein EMB564 (6001), eukaryotic translation initia-
tion factor 5A (3101), vicilin-like embryo storage protein (3001)
and low-temperature-induced 65kDa protein (1903) (Table 3,
Fig. 1). Their physiological roles were described earlier in this work.

4. Conclusions

Although protein biosynthesis was significantly inhibited under
prolonged cold stress conditions (14 d/5 °C) positive changes in the
embryo proteome were observed in the hydroconditioned seeds
and especially in those hydroconditioned with MEL. To summarize
(Fig. 2), hydroconditioning (seed variants: H, HMel50, HMel500)
generated 5 new proteins in embryonic axes of seeds germinated
at chilling temperature compared to the control nt ones. When
this presowing treatment was supplemented with MEL application
(seed variants: HMel50, HMel500) additional 6 specyfic proteins
appeared. Moreover, 2 and 5 characteristic spots were noticed in
HMel50 and HMel500 variants respectivelly.

MEL induced modifications improving the respiratory/energetic
metabolism of the conditioned seeds, and these changes could be
crucial for efficient stress amelioration. Moreover, in the seeds
pretreated with MEL, many more stress-related, defense and detox-
ifying proteins were synthetized. Plants ability to survive abiotic
stresses such as salinity, radiation, heavy metals, nutrient depri-
vation, cold and drought heavily depends on proteomic plasticity
including: protein synthesis de novo, their posttranslational modifi-
cations and folding as well as destination to their activity sites and
also their specific degradation and turnover. UPS plays a critical
role allowing plants to alter their proteome in order to effectively
and efficiently react to environmental stresses (Lyzenga and Stone,
2012). In the seeds hydroconditioned with MEL some characteris-
tic proteins that could play E3 ligase role and extended UPS action
were noticed. The plant response to adverse environmental con-
ditions is a complex and coordinated process involving activation
of signaling networks and changes in the expression of hundreds
of genes. By modulating the amount of transcription factors, UPS
may affect the changes in gene expression required to mitigate the
potential negative effects of environmental stress.

All these above mentioned positive proteome modifications
elicited by hydropriming and especially by MEL, which occurred
even under harmful temperature conditions, could explain the phe-
nomenon of better stress tolerance and also of more effective corn
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seedling regeneration after stress alleviation observed by us previ-
ously (Janas et al., 2009).

To conclude, MEL seems to be a promising seed biostimulator.
This was already evident after the physiological and biochemical
tests (Posmyk et al., 2008; PosmyKk et al., 2009a,b; Janas et al., 2009)
but now the mechanism by which MEL improves seed quality and
extend their tolerance to chilling stress was elucidated on the pro-
teomic level. Moreover, MEL-induced changes of seed physiology
may have preventive (preparation for the stress before it occurs
— data in press), and/or emergency character (better tolerance of
occurring stress — presented data), which certainly enhances crop
yield under optimal and especially under unfavorable conditions.
Future research should be extended to other species of important
crops.
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Abstract: The work concerns biostimulating properties of melatonin (MEL) applied to maize seeds
by hydroconditioning. For the tests at the physiological, biochemical and cytological level, control,
non-treated seeds (NT), hydroconditioned with pure water (H) and with aqueous MEL solutions
at 50 and 500 uM concentrations (HMel 50 and HMel 500, respectively) were used. It was demon-
strated that the application of exogenous MEL to seeds improved their germination under subop-
timal temperatures and stimulated the growth of embryonic axes under chilling stress conditions
(5 °C) and after stress removal, during regeneration. The antioxidant activity of MEL was con-
firmed by low level of protein oxidative damage and smaller quantity of lipid oxidation products
in embryonic axes of HMel 50 and HMel 500 seeds exposed to chilling temperature 5 °C for 14
days. The activity of basic antioxidant and detoxifying enzymes was also analyzed. The stimula-
tory effects of MEL on SOD, peroxidases: APX and GSH-PX and on GST, a detoxifying enzyme
were demonstrated. It was also showed, for the first time, that MEL induced defense strategies
against stress at the cytological level, inducing endoreplication in embryonic axes cells partially
even in the seeds germinating under optimal conditions (preventive action), but very intensively
in those germinating under chilling stress conditions (intervention action), and after stress remov-

al, to improve regeneration.

Keywords: antioxidant enzymes; biostimulation; chilling stress; corn seeds; endoreplication; mel-
atonin; seed priming; Zea mays

1. Introduction

The majority of plant cultivation in spite of various agrotechnical procedures is car-
ried out in suboptimal conditions for plants, but also the changing climate exposes them
to new stresses. Unfortunately, excessive agriculture chemicalization, application of
fertilizers and synthetic plant protection products, is unfavorable for the environment.
Hence the necessity of search for natural (biodegradable) factors, that through induction
of internal defense strategies, might help plants overcome or adapt to stress [1,2].

One of the most important cultivated plants in the world is corn (Zea mays L.). The
plant is an important part of human diet, and in the face of prevalence of food allergies,
the absence of gluten in corn grains increases their value on the cereal market [3,4].
Moreover, green parts of corn are the fodder for farm animals, and biodegradable, fully
ecological materials are produced from its fibbers. Because this plant comes from South
America, the climate requirements for its growth are not entirely achieved in temperate
climate zone, even for adapted varieties. Particularly temperature conditions for germi-
nation are suboptimal and limiting [5], therefore every low-cost improvement of
sprouting might bring measurable increase in harvests and economic benefits.

Int. . Mol. Sci. 2021, 22, x. https://doi.org/10.3390/xxxxx
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The quality of seed material is a primary and basic criterion determining good
yields. Thus, finding the effective techniques to improve sowing material seems to be a
crucial point to combat potential stressors [6,7]. Conditioning is a highly effective meth-
od for improvement of seeds vigor [8]. However, to succeed, the water application
method must be properly adjusted to a type (species) of seeds. Selection of the method
should involve physiology, biochemistry and anatomy of seeds, the value of initial seed
moisture and experimentally determined final value. The final moisture value in one
that initiates the germination process, but does not allow the growth of the embryo and
promotes secondary desiccation - the necessary step in any type of conditioning [9-12].
This technique can be combined with other supporting factors such as aeration,
light-irradiation, and temperature-stratification. What is most important, various soluble
bioactive substances (growth regulators, fungicides, biostymulators) can be introduced
with water into the seeds [2,13,14].

Many scientists as well as breeders consider development of new natural biostimu-
lators as the most promising method for ecological crops production that favors healthy
food and protection of the environment. Our research experience suggest, that melato-
nin (MEL) has a significant phytobiostimulation potential, however, the effect of its,
usually positive activity, is resultant of many factors [2,15]. The research on MEL role in
plants has been significantly intensified recently [16,17]. Scientists are interested both in
(1) the role, regulation and endogenous phytomelatonin synthesis [17-20] and (2) effects
of exogenous MEL application in plants, most often throughout supplementation of
substrates, or spraying [21-24]. The presented work is follows the second trend, yet in
our research MEL is applied into seeds via conditioning.

MEL antioxidative activity is well documented [25-28]. It detoxifies a variety of free
radicals and reactive oxygen species (ROS) including hydroxyl radical (OH"), peroxyni-
trite anion (ONOO), singlet oxygen ('Oz’), and nitric oxide (NO) [29]. One of the most
appealing properties of this molecule, which distinguishes it from most antioxidants, is
the fact that its metabolites also have the ability to scavenge ROS and reactive nitrogen
species (RNS) [30,31]. Melatonin generates free radical scavenging cascade providing
continuous cell defense, which makes this molecule, even at low concentrations, highly
effective in protecting organisms from oxidative stress [32,33]. There are also scientific
reports suggesting influence of MEL on the activity of antioxidant enzymes [25-27,34]
and their genes expression [35-37] — thereby on multidirectional effect on red-ox status
in plant tissues. Direct and indirect antioxidant properties of MEL are particularly im-
portant in the face of environmental stress. Various stressors inhibit plant growth via
different mechanisms, however all of them cause increase in ROS concentration.
Over-production of these reactive compounds that is unfollowed by their neutralization
disturbs redox homeostasis and induces oxidative stress, which is a well-known sec-
ondary effect of all biotic and abiotic stresses. Additionally to the fact that antioxidant
activity is very desirable in stressed plant cells, it is worth mentioning that ROS can also
be formed naturally as products of biochemical reactions involved in various physiolog-
ical cycles (e.g., water-water cycle, cell-wall biosynthesis, and detoxification processes)
and they also play important role in signaling pathways in plants. Thus they should not
be completely eliminated but successfully restrained.

Oxidative stress blockade has a protective effect on biological membranes [38].
Owing to this property, MEL indirectly delays plant aging and limits damage in chloro-
plasts and mitochondria [39-41].

The purpose of the presented work is to document positive effects of MEL as bi-
ostimulator, supplemented during corn seed hydropriming, and study how exogenous
melatonin can affect redox status of cells and modify antioxidant enzyme activity in
embryonic axes isolated from corn seeds pretreated with MEL. Comparison was made
between differently primed seeds variants: hydroconditioned with water (H), hydro-
conditioned with melatonin: 50 and 500 uM water solutions (HMel 50, HMel 500 respec-
tively) and control — untreated ones (NT). There were three experimental procedures of
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germination for each seed variant: (i) optimal conditions at 25 °C (C), (ii) chilling stress at
50C (S), (iii) chilling stress with subsequent recovery at 25 °C (R).

Furthermore, our previous proteomic analyzes [14,42] have shown significant
quantitative and qualitative differences between proteomes from embryos treated with
MEL, untreated and water hydroconditioned. The results of these tests formed the
grounds for the assumption, that enlarging the protein pool in MEL treated seed em-
bryos can be a result of DNA amount multiplication. Therefore, in the presented work
we investigate the correlation between the exogenous MEL application and the poly-
ploidization in plants. We dealt with the issue of multiple replications of genetic materi-
al — endocycles.

We are the first to check whether MEL actually triggers the switchover of cell cycles
to endocycles in maize. Based on densitometric measurements of the embryonic basal
zones, after reference of fluorescence intensity of the genetic material in individual nu-
clei, to the basic amount of DNA, histograms of genetic material distribution were cre-
ated and a percentage of polyploid nuclei were obtained.

2. Results
2.1. Hydropriming condition determination

There are two ways to control the moisture of the seeds during imbibition, (1) by
limiting the quantity of water added directly to the seeds or (2) by controlling the time of
seed soaking.

In the former case, attention should be paid to homogeneous access of seeds to a given
water amount calculated for their specific portion (weight) [43]. Limited amount of seeds
(small portions) could be used in this technique and hydropriming should be carried out
in rotating containers. Unfortunately, angular seeds, as dry corn, can be injured during
rotations - as it was observed in our preliminary experiments. In the latter case, when
unlimited quantity of water is used, the time of soaking to obtain experimentally
established final seed moisture content should be precisely determined. In this case
kinetics of imbibition at optimal temperature 25 °C was determined (Figure 1). It was
shown that 3 h of corn seed soaking at 25 °C was sufficient to obtain 36.77% +2 of
moisture content, thus hydropriming was done as follows: portions of 200 g of corn
seeds were placed in plastic containers with 200 ml of oxygenated, distilled water or
MEL water solutions (depending on the experimental variant) and incubated for 3 h at
25 °C. Than the seeds were air-dried at room temperature for the subsequent 3 days (to
let them return to the initial water content) and used in tests.

50

25°C H

o 36822 [T
i

35

30

2

20

Seed moisture content [%]

Time [h]
Figure 1. Kinetics of maize seed imbibition with distilled water at 25 °C.

2.2. MEL and IAA content in seeds
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137 HPLC-EC analyzes of NT, H, HMel 50 and HMel 500 seed extracts confirmed the
138 efficacy of hydropriming supplemented with melatonin. The content of MEL increased
139 30 times in HMel 50 seeds and 600 times in HMel 500 ones compared to the untreated
140 seeds. Hydropriming with water did not affect the amount of endogenous MEL - it re-
141 mained at a level similar to that observed in NT seeds (Table 1).
142 Table 1. Effect of different seed hydropriming treatments on melatonin and IAA content in maize
143 seeds. Seeds were hydroconditioned with water (H) or with melatonin water solution at concen-
144 trations: 50 and 500 uM (HMel 50 and HMel 500 respectively). Control seeds were not primed
145 (NT). The results were expressed as means of 9-12 measurements +SEM. One-way ANOVA and
146 Duncan's post-hoc test were performed. The lowercase letters next to the values show the statisti-
147 cal significance at the specified p.
Seed variants Melatonin [ng gFW-1] TAA [ug gFW1]
NT 35+5a 2.63+0210b
H 31+2a 350+0.4c¢

HMel 50 1058+58b 2.07+0.130b

HMel 500 20830+902 ¢ 1.13+0.14 4
148 1 Melatonin — ANOVA results: Seed Variant (v, 1, rvel 50, Hvel 500) F3;25=675.0, p<0.000001.
149 TIAA — ANOVA results: Seed Variant (v, 1, tmel 50, ivel 500) Fi3;39=13.96, p<0.000005.
150
151 Hydropriming with water provoked a statistically significant increase in the level of
152 IAA in the seeds, while MEL applied during such treatment caused the inverse effect,
153 i.e. a decrease in IAA content proportional to the concentration of MEL used during hy-
154 dropriming (Table 1).
155 2.3. Seed germination
156 Maize seeds used in the experiments were of good quality — in optimal conditions
157 (25 °C) they achieved 96% of germination on the second day and 100% on the fifth day of
158 the experiment (Figure 2A). Therefore, under these conditions positive effects of
159 pre-sowing treatments cannot be seen, as all variants of the seeds germinated well, the
160 exception was HMel 500, with the surprising 13% germinated only (Figure 2A).

161
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162
163 Figure 2. Effect of different maize seed hydropriming treatments on seed germination at optimal,
164 25 °C (A) and chilling: 15 (B), 10 (C) and 5 °C (D) temperatures. The seeds were hydroprimed with
165 water (H - blue line) or with MEL water solution at concentrations 50 pM (HMel 50 — red line) and
166 500 uM (HMel 500 — purple line). Non-treated seeds (NT — black line) were not primed. Vertical
167 bars represent +SEM (n=4).
168
169 Lowering the temperature to 15 °C resulted in a slowdown of germination rate, the
170 lag phase prolongation to 2 days and germination decrease to 84% in the control seeds -
171 NT (Figure 2B). Germinability of H and HMel 50 seeds decreased very slightly - to 96%
172 and 98%, respectively. Interestingly, at the suboptimal temperature, HMel 500 seeds be-
173 gan to germinate better then at optimal temperature, reaching a maximum of 64% on
174 day 7 (Figure 2B)
175 Further lowering the temperature to 10 °C prolonged the lag phase of NT seeds to
176 6-7 days and reduced their germination to 77% (Figure 2C). In contrast, the conditioned
177 seeds germinated from the 3rd day (H and HMel 500) and even the 2ed in the case of
178 HMel 50. The obtained results were 87%, 95% and 54% for H, HMel 50 and HMel 500,
179 respectively (Figure 2C).
180 Only 5 °C temperature significantly blocked germination of maize. Single germina-
181 tions appeared on days 6-7 in all seed variants, and by the 14th day of the experiment
182 only 11%, 23%, 25% and 20% of NT, H, HMel 50 and HMel 500 seeds germinated, re-
183 spectively (Figure 2D). At 5 °C, a marked slowdown in the metabolic activity of seeds
184 was observed, a small number could be considered germinated but in the case of every
185 conditioned seed variant it was at least twice more compared to the NT ones. At these
186 chilling conditions almost no seedlings developed. On the basis of the presented germi-
187 nation tests, 5 °C was chosen as a chilling stress temperature for maize seeds and suita-
188 ble experimental scheme of seed germination and seedling growth conditions was cre-
189 ated (see M&M - C, S, R).
190 2.4. Embryonic axes growth
191 During germination at optimal temperature, 25 °C, the embryonic axes of HMel 50

192 seeds developed the best. In the other variants of seeds (NT, H, Mel500), their axes
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growth was similar at 25 °C, but more than half weaker (56-58%) in comparison with
HMel 50 (Figure 3).

0,250

0,200

e
g
o
®

Axes growth [cm?]
5

0,050 a a

NT H HMel 50  HMel 500

C - optimum S - chilling stress - regeneration

NT

HMel50

HMel500

1cm

Figure 3. Effect of different maize seed hydropriming treatments on growth of the axes isolated
from the non-treated seeds (NT), and those from hydroprimed with water (H) and with MEL wa-
ter solutions in concentrations: 50 uM (HMel 50) and 500 pM (HMel 500). The seeds were im-
bibed/germinated in water at 5 °C in darkness for 14 days (S [m] — chilling stress), and subsequent-
ly regenerated at 25 °C for 1 day (R [ ] - regeneration). Growth was also estimated in axes isolated
from the seeds germinated for 24 h under optimal conditions 25 °C (C [m] — optimum, control con-
ditions). The results presented on graph are expressed as means of 20-40 measurements +SEM.
Two-way ANOVA and Duncan's post-hoc tests were performed. The lowercase letters next to the
values show statistical significance at the specified p. The results are also presented as a photo
panel.

GROWTH - ANOVA results: Seed Variant o, 1, 1uel 50, el s00) F3;348=368.9, p<0.000001; Condi-
tions (¢, s, ) F 318=267.4, p<0.000001; interaction Seed Variant x Conditions Fi; 348=67.2, p<0.000001.

The chilling stress, 5 °C, significantly inhibited the growth of embryonic axes in NT,
H and HMel 500, while in the case of HMel 50 the limiting effect was attenuated and 49,
45 and 33% better results were observed, respectively. Interestingly, the chilled HMel 50
axes were also statistically significantly higher (by 20-23%) compared to the axes of NT,
H and HMel 500 seeds developing under optimal conditions of 25 °C. However, when
comparing the embryonic axes of HMel 50 seeds growing in optimal conditions with
chilled ones, it is clearly visible that in this seed variant the growth was also significantly
(45%) limited by cold stress (Figure 3).

Seed conditioning treatments improved their regenerative potential after the
chilling stress. Even hydroconditioning with pure water improved growth after the
stress removal by 36% compared to the non-conditioned (NT) variant, while in the seeds
hydroconditioned with MEL solutions the effects were spectacular. The embryonic axes
in the regenerated HMel 50 and HMel 500 seeds were 4.6 and 2.7 times larger, respec-
tively, compared to the analogous NT ones (Figure 3).
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226 2.5. Oxidative injury estimation
227 Under optimal germination conditions, the level of compounds formed as a result
228 of lipid peroxidation (TBARS) remained at a low and similar level in embryonic axes
229 from all seed variants (slightly higher in NT) (Figure 4). In the seed embryos incubated
230 for 14 days at chilling 5 °C (S), the degree of lipid oxidation increased significantly 2.7
231 and 2.5 times in NT and H, respectively and about 2 times in HMel 50 and HMel 500,
232 comparing with the results obtained under optimal conditions. Although the trend of
233 changes in TBARS level was the same in all seed variants under the given incubation
234 conditions (C, S, R) - so the interaction of Seed Variant x Conditions was not statistically
235 significant - the absolute values always showed statistically significant weaker lipid pe-
236 roxidation in melatonin pretreated seeds comparing with NT ones - especially under
237 chilling stress (Figure 4). After transferring the germinating seeds from chilling back to
238 the optimal temperature (R), the downward trend of TBARS was observed in all seeds
239 but in NT this decrease was not statistically significant. After regeneration (R), once
240 again the weakest of oxidative damage of lipids was observed in embryonic axes isolat-
241 ed from the seeds pretreated with melatonin (HMel 50 and HMel 500) (Figure 4).
242
0,030
Ta
0,025 d
cd
} 0,020 c 4
: N i
5 0,015
g ab
= 0010 a a
a
0,005
0,000 LJ
NT H HMel 50  HMel 500
243
244 Figure 4. Effect of different maize seed hydropriming treatments on TBARS accumulation in the
245 axes isolated from the non-treated seeds (NT), and those from hydroprimed with water (H) and
246 with melatonin water solutions in concentrations: 50 uM (HMel 50) and 500 uM (HMel 500). The
247 seeds were imbibed/germinated in water at 5 °C in darkness for 14 days (S [m] — chilling stress),
248 and subsequently regenerated at 25 °C for 1 day (R [ ]-regeneration). TBARS were also estimated
249 in axes isolated from the seeds germinated for 24 h under optimal conditions 25 °C (C [m] — opti-
250 mum, control conditions). The results are expressed as means of 6-9 measurements +SEM.
251 Two-way ANOVA and Duncan's post-hoc tests were performed. The lowercase letters next to the
252 values show statistical significance at the specified p.
253 TBARS — ANOVA results: Seed Variant (t, 1, ivel 50, el 500) Fs;89=6.57, p<0.000001; Conditions
254 © s, ® Fz;89=44.07, p<0.000001; interaction Seed Variant x Conditions F;s4=0.80, p=0.57 no statistical
255 significance.
256
257 The degree of protein carbonylation in embryonic axes of the seeds germinating
258 under optimal conditions was also similar (Figure 5). The 14-day chilling stress (S)
259 strongly increased the concentration of carbonyl groups in the proteins extracted from
260 NT seed embryos and to a lesser extent from H seed embryos (Figure 5). Unfortunately,
261 the upward trend of this parameter was maintained in the above seed variants even af-
262 ter the stress relieve during regeneration (R) (Figure 5). In contrast, in embryos of HMel
263 50 seeds an insignificant increase in protein carbonylation was observed under chilling
264 stress and after its removal and in the case of HMel 500 even decrease in this parameter
265 (Figure 5). In both cases, the actual reduction of oxidative modifications / damages to
266 proteins probably thanks to MEL applied to the seeds can be postulated.

267
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268
269 Figure 5. Effect of different maize seed hydropriming treatments on protein oxidation expressed
270 as carbonyl group concentration in the axes isolated from non-treated seeds (NT), and those from
271 hydroprimed with water (H) and with melatonin water solutions in concentrations: 50 pM (HMel
272 50) and 500 uM (HMel 500). The seeds were imbibed/germinated in water at 5 °C in darkness for
273 14 days (S [m] — chilling stress), and subsequently regenerated at 25 °C for 1 day (R [ ] — regenera-
274 tion). Proteins and its oxidation were also estimated in axes isolated from the seeds germinated for
275 24 h under optimal conditions 25 °C (C [m] — optimum, control conditions). The results are ex-
276 pressed as means of 6-9 measurements +SEM. Two-way ANOVA and Duncan's post-hoc tests
277 were performed. The lowercase letters next to the values show statistical significance at the speci-
278 fied p.
279 Carbonyls — ANOVA results: Seed Variant (v, 1, imel 50, Hvel 500) F3;849=35.9, p<0.000001; Condi-
280 tions (¢, s, r) F:84=25.0, p<0.000001; interaction Seed Variant x Conditions F; s4=7.83, p<0.000001.
281 2.6. Antioxidant and detoxifying enzymes activities
282 Smaller oxidative damages observed were correlated with a better functioning of
283 antioxidant enzyme system. SOD already under optimal conditions exhibited higher ac-
284 tivity in the HMel 50 and in particular HMel 500 seed embryos (Figure 6A). Chilling sig-
285 nificantly reduced SOD activity in the embryonic axes of NT and H seeds, and it did not
286 increase even after their regeneration at optimal conditions. In the axes of seeds treated
287 with MEL, cold also decreased SOD activity but only by 1/3 of the control value. More-
288 over, both in stress and after regeneration, it remained about twice as high as in NT and
289 H seeds (Figure 6A).
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292 Figure 6. Effect of different maize seed hydropriming treatments on the antioxidant enzymes ac-
293 tivities: SOD (A), CAT (B), GPX (C) and APX (D) in the axes isolated from non- treated seeds (NT),
294 and those from hydroprimed with water (H) and with melatonin water solutions in concentra-
295 tions: 50 uM (HMel 50) and 500 pM (HMel 500). The seeds were imbibed/germinated in water at 5
296 °C in darkness for 14 days (S [m] — chilling stress), and subsequently regenerated at 25 °C for 1 day
297 (R [ ] - regeneration). Enzyme activities were also estimated in axes isolated from the seeds ger-
298 minated for 24 h under optimal conditions 25 °C (C [m] — optimum, control conditions). The results
299 are expressed as means of 6-9 measurements +SEM. Two-way ANOVA and Duncan's post-hoc
300 tests were performed. The lowercase letters next to the values show statistical significance at the
301 specified p.
302 SOD — ANOVA results: Seed Variant (, 1, imel 50, ivel 500) Fs;79=39.69, p<0.000001; Conditions
303 s,®) F2;79=167.53, p<0.000001; interaction Seed Variant x Conditions Fis79=2.96 p<0.01.
304 CAT - ANOVA results: Seed Variant (t, 1, el 50, el 500) F3; 88=4.33, p<0 005; Conditions « s,
305 F;88=4.32, p<0.01; interaction Seed Variant x Conditions F;ss=2.09, p=0.062 no statistical signifi-
306 cance.
307 GPX — ANOVA results: Seed Variant (t, 1, Hmel 50, ivel 500) Fs;82=75.27, p<0,000001; Conditions (,
308 s,®) F2;82=16.69, p<0.000001; interaction Seed Variant x Conditions Fis;s2=14.79, p<0.000001.
309 APX — ANOVA results: Seed Variant r, 1, ivel 50, ivel s00) F3;77=77.32, p<0.000001; Conditions (c,
310 s,®8) F:77=0.71, p=0,049 no statistical significance; interaction Seed Variant x Conditions F;77=3.13,
311 p<0.005.
312
313 There were no significant changes in CAT activity, which was low in embryonic
314 axes isolated from all seed variants. Its activity increased after the chilling stress relief in
315 the case of HMel 500, however, SEM of the values obtained was high, which suggests
316 significant heterogeneity of the material tested with regard to this parameter (Figure 6B).
317 It seems that in the studied plant material, peroxidases played the main role in
318 eliminating oxidative stress. At optimal conditions 25 °C their activity slightly increased
319 in H and HMel 50 seeds in comparison to NT. The highest activity was observed in
320 HMel 500 ones (Figure 6C). It is important that, peroxidases were not chilling-sensitive
321 and they kept their activity during the stress. In the non-specific peroxidase test (GPX),
322 in the embryonic axes of NT and H seeds the highest enzymatic activity of all the anti-

323 oxidant enzymes tested at 5 °C, was observed (Figure 6C). After stress removal during
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324 regeneration (R) their activity increased in all seed variants. Moreover this activity was
325 higher in HMel 50 and HMel 500 as compared to the NT variant. The greatest GPX ac-
326 tivity was observed in axes of HMel 500 seeds under optimal conditions: C and R (Fig-
327 ure 6C).
328 Detailed peroxidase tests showed, that MEL applied into the seeds significantly
329 stimulated the APX activity in the axes of HMel 50 and HMel 500 variants under all ex-
330 perimental conditions C, S and R (Figure 6D). In contrast, the activity of APX in NT and
331 H was small, as was the activity of GSH-PX (Figure 7A). Under optimal conditions (C),
332 MEL application significantly stimulated the activity of GSH-PX — 10 fold in the case of
333 HMel 50 and 12 fold in the case of HMel 500 comparing with NT. While in the case of
334 GST activity this effect was much less intensive, the increases were 2- and 1.5-fold for
335 HMel 50 and HMel 500, respectively comparing to NT and H (Figure 7C). Only GSSG
336 activity was similar in all experimental seed variants germinated at optimal conditions
337 (C) (Figure 7B). The studied glutathione-associated enzymes appear to be sensitive to 5
338 °C chilling (Figure 7ABC) - the exception was GSSG-R in the HMel 50 and HMel 500
339 seed axes, where its activity under stress conditions (S) doubled compared to NT and H.
340 High activity of GSSG-R in the melatonin treated seeds was also maintained after stress,
341 during regeneration (R) (Figure 7B). The activity of the detoxifying GST enzyme was al-
342 so significantly greater in the embryonic axes from melatonin treated seeds (HMel 50
343 and HMel 500) during recovery after chilling stress (R) (Figure 7C).
344
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346 Figure 7. Effect of different corn seed hydropriming treatments on the glutathione-dependent de-
347 toxification enzymes activities: GSH-PX (A), GSSG-R (B), and GST (C) in the axes isolated from
348 non treated seeds (NT), and those from hydroprimed with water (H) and with melatonin water
349 solutions in concentrations: 50 uM (HMel 50) and 500 uM (HMel 500). The seeds were im-
350 bibed/germinated in water at 5 °C in darkness for 14 days (S [m] — chilling stress), and subsequent-
351 ly regenerated at 25 °C for 1 day (R [ ] — regeneration). Enzyme activities were also estimated in
352 axes isolated from the seeds germinated for 24 h under optimal conditions 25 °C (C [m] — optimum,
353 control conditions). The results are expressed as means of 6-9 measurements +SEM. Two-way
354 ANOVA and Duncan's post-hoc tests were performed. The lowercase letters next to the values
355 show statistical significance at the specified p.

356 GSH-PX — ANOVA results: Seed Variant (t, 1, tmel 50, tivel 500) Fs;81=33.27, p<0.000001; Condi-
357 tions (¢, s, 8 F:81=13.06, p<0.000001; interaction Seed Variant x Conditions Fis; s1=14.62, p<0.000001.
358 GSSG-R — ANOVA results: Seed Variant (t, 1, rmel 50, Hmel 500) F3;118=8.52, p<0.0001; Conditions
359 © s, ®) F2;118=5.68, p<0.005; interaction Seed Variant x Conditions Fi; 118=2.60, p<0.01.

360 GST - ANOVA results: Seed variant (NT, H, HMel 50, el 500) F3;77=24.61, p<0.000001; Conditions (s, v
361 F;77=24.61, p<0.000001; interaction Seed Variant x Conditions Fis;77=3.79, p<0.005.

362 2.7. Analysis of cell distribution in the determined cell cycle phases

363 The target of our work was also to determine whether there was a connection be-
364 tween pre-sowing MEL application into maize seeds and endoreplication stimulation in
365 the embryos basic zone. The microcytphotometric measurements of nuclei stained DAPI
366 fluorochrome (Figure 8A-]) and their digital transformation (Figure 8A’-]") allowed us to
367 observe different karyokinesis phases (Figure 8A-F), endocycle appearance (Figure
368 8G-H) as well as nuclei fragmentation (Figure 8I-]).

369
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370
371 Figure 8. Micrographs (A-]) and their digital transformations (A’-]’), of nuclei from Zea mays axes
372 basic zone cells fixed in Carnoy's and stained with DAPI showing: prophase (A, A’), metaphase (B,
373 B’), anaphase (C, C’) and telophase (D, D’), nucleus during under the G1 (E, E’) and under the G2
374 (F, F') phases and nuclei in endocycle, i.e. endo S with 6C (G, G') and with 8C DNA (H, H’) as well
375 as nuclei fragmentation (I, I' and J, J). Scale bar is 10 um (A). The photos and digital transfor-
376 mations represent cells from NT seeds germinated at optimal temperature (Control): A, A’, B, B/,
377 C, C, D, D’ and F, F’; from hydroconditioned H seeds germinated at optimal temperature (Con-
378 trol): E, E’; from HMel 50 seeds after regeneration phase (R): G, G’ and H, H; from hydrocondi-
379 tioned H seeds after regeneration phase (R): I, I"and J, J'.

380

381 The densitometric measurements of DAPI fluorochrome allowed us to conclude
382 that exogenous MEL stimulates endocycle appearance in embryonic axes even during
383 germination at optimal temperature 25 °C (C) (Figure 9). The histograms on Figure 9 are
384 characteristic of undifferentiated tissues, where proliferation takes place and the slow,
385 constant embryo growth ensues. It was important, that in the embryos isolated from
386 MEL-treated seeds the polyploid nuclei occurred - especially in HMel 50.

387
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Figure 9. Effect of different maize seed hydropriming treatments on DNA content (line charts) and
relative number of cells in G1, G2, S and > 4C phases/Endo (bar graphs) in the axes isolated from
non treated seeds (NT), and those from hydroprimed with water (H) and with melatonin water
solutions in concentrations: 50 uM (HMel 50) and 500 uM (HMel 500). The seeds were im-
bibed/germinated for 24 h under optimal conditions 25 °C (C [m] — optimum, control conditions).
The results of cell cycle phase distribution are expressed as means of 5 analyses +SEM. Two-way
ANOVA and Duncan's post-hoc tests were performed. The lowercase letters next to the values
show statistical significance at the specified p.

Cell cycle phases distribution — ANOVA results: Seed Variant (t, 1, Hvel 50, vel 500) F3; 64=0, p=1;
Cell Phase (1,5, G2, Endo) F(3;64=136.07, p<0.0000001; interaction Seed Variant x Cell Phase F;64=4.85,
p<0.0001.

The histograms received for seeds germinated at 5 °C (Figure 10) revealed that the
proliferation process was disturbed by chilling (S). In NT and H seed variants, cells were
mostly stopped in G1 phase, and relatively few cells were observed in other cycle phas-
es. As we supposed, the largest number of endoreplicating cells (about 40% cell nuclei in
HMel 50 and 20% in HMel 500) appeared in MEL-treated seeds.
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Figure 10. Effect of different maize seed hydropriming treatments on DNA content (line charts)
and relative number of cells in G1, G2, S and > 4C phases/Endo (bar graphs) in the axes isolated
from non treated seeds (NT), and those from hydroprimed with water (H) and with melatonin
water solutions in concentrations: 50 uM (HMel 50) and 500 pM (HMel 500). The seeds were im-
bibed/germinated in water at 5 °C in darkness for 14 days (S [m] — chilling stress). The results of cell
cycle phase distribution are expressed as means of 5 analyses +SEM. Two-way ANOVA and Dun-
can's post-hoc tests were performed. The small lowercase next to the values show statistical sig-
nificance at the specified p.

Cell cycle phases distribution — ANOVA results: Seed Variant (t, 1, Hvel 50, ivel 500) F3;64=0, p=1;
Cell Phase (c1,s, G2, Endo) F3;64=291.08, p<0.0000001; interaction Seed Variant x Cell Phase F;64=102.89,
p<0.0000001.

The measurements made after stress in recovery period (R) (Figure 11) showed that
in the case of embryonic axes isolated from NT and H seeds the state observed earlier at
chilling stress became prevailing — almost 100% of nuclei were in G1 phase - they did not
return to proliferation and nuclei fragmentations were also observed (Figure 8I-]). These
seeds were in very bad condition. On the other hand, again we detected a lot of poly-
ploid nuclei — endo-S phase (6C) and tetraploid nuclei (Figure 8G and H, respectively) —
in MEL-treated grains, particularly in HMel 50 (about 40%), that resulted in the fast
growth and regeneration of seedlings (Figure 3).
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431 Figure 10. Effect of different maize seed hydropriming treatments on DNA content (line charts)
432 and relative number of cells in G1, G2, S and > 4C phases/Endo (bar graphs) in the axes isolated
433 from non treated seeds (NT), and those from hydroprimed with water (H) and with melatonin
434 water solutions in concentrations: 50 uM (HMel 50) and 500 pM (HMel 500). The seeds were im-
435 bibed/germinated in water at 5 °C in darkness for 14 days and subsequently regenerated at 25 °C
436 for 1 day (R [#] — regeneration). The results of cell cycle phase distribution are expressed as means
437 of 5 analyses +SEM. Two-way ANOVA and Duncan's post-hoc tests were performed. The lower-
438 case letters next to the values show statistical significance at the specified p.
439 Cell cycle phases distribution — ANOVA results: Seed Variant ~t, 1, ivel 50, ivet s00) F3;64-0, p=1;
440 Cell Phase (c1,s, G2, Endo) F3;64=207.15, p<0.0000001; interaction Seed Variant x Cell Phase F;64=78.56,
441 p<0.0000001.
442 3. Discussion
443 Maize (Zea mays L.) is cereal greatly important for people and animals as nutritional
444 ingredient as well as it may be processed into other industrial biodegradable products
445 [4]. In order to be efficient a cultivation of maize in temperate climate zone has to be
446 constantly strengthened by various treatments. We suggest, that it is possible with ap-
447 plication of proper methods of pre-sowing seed conditioning.
448 There are three main types of seeds conditioning: (1) hydroconditioning (2) os-
449 moconditioning and (3) matriconditioning [8-10,13]. All this methods are based on con-
450 trolled seed hydration leading to limited imbibition, without embryonic axes growth in-
451 itiation. Final MC has to prevent radical growth and emergence, that allows for seed
452 secondary desiccation to initial MC and than their safety storage until sowing. Final MC,
453 although typical for the seed species, should always be determined experimentally for
454 given seed lot.
455 First, and the simplest priming - water soaking — is a rapid method (time measured
456 in hours), wherein the water availability might be controlled by (i) its quantity given to
457 the seeds (it has to be calculated for known mass of seeds) or (ii) the time of its accessi-
458 bility (soaking period has to be chosen on the basis of earlier examined kinetics of the
459 seed imbibition — as shown in Figure 1). During osmoconditioning water availability for
460 seeds is limited by a low osmotic potential of the prepared osmotically active solution,

461 which means, that seeds must be incubated in it longer (time measured in days). Simi-
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462 larly, during matriconditioning low water potential (matrioptential) of specific solid car-
463 riers is used. All the conditioning techniques mentioned may be supplemented with an
464 application of growth stimulators, protective components and other bioactive substances
465 (so-call chemical priming).

466 The seeds with high starch content, including maize (it contains approximately 72%
467 of starch) [4], endures osmopriming badly. Prolonged (measured in days) seed incuba-
468 tion in increased moisture causes losing ability to safe and proper secondary desiccation
469 - so it disturbs the last stage of conditioning. It is probably related to the activation of
470 alpha-amylases and irreversible mobilization of resources by decomposition of starch. In
471 consequence, osmoconditioned maize seeds germinate worse unfortunately than the
472 non-conditioned ones (results non shown). We documented that experimentally
473 well-matched hydroconditioning technique applied to corn seeds provided satisfying
474 results both in seed germination (Figure 2) and embryonic axes growth (Figure 3). The
475 effects of seed priming was additionally enhanced by the use of a natural biostimulator —
476 melatonin.

477 The positive effect of hydropriming, and especially hydropriming with MEL, is
478 clearly visible in germination tests carried out under suboptimal temperature (Figure 2).
479 Additionally we observed higher regenerative potential of maize embryos after chilling
480 stress 5 °C (Figure 3). The surprising effect of a significant reduction in germination of
481 HMel 500 seeds variant in optimal conditions of 25 °C can be explained by excessive re-
482 duction of ROS due to a very high concentration of MEL in these seeds (Table 1). Too
483 low ROS level disturb phenomenon of the so-called 'oxidative window' necessary to
484 sustain correct signal transduction during germination [44]. This effect is gradually
485 eliminated at decreasing temperatures, where chilling stress replenishes the 'missing’
486 ROS pool in this case.

487 The level of endogenous melatonin in plants varies depending on the species, or-
488 gan, age and growth conditions [45,46]. The seeds seem to be exceptionally rich with it.
489 The studied maize grains contained 30-35 ng endogenous MEL per gram fresh weight
490 (Table 1) — that is an average result compared to the richest mustard seeds (129-'89 ng g
491 [47]) however, such a concentration is incomparably higher than that recorded in animal
492 tissues. As it was found, that phytomelatonin is synthesized particularly vigorously in
493 suboptimal conditions and melatonin-rich plant species showed higher capacity for
494 stress tolerance [48-50] it seemed advisable to provide the seeds with this idoleamine
495 preventively. For this purpose, the hydropriming technique was successfully applied
496 (Table 1).

497 Melatonin is structurally similar to IAA, but the functions of these two molecules
498 differ. MEL more intensely stimulates the growth of aboveground parts of plants [51],
499 although similar to IAA, it also stimulates root development. All positive effects of MEL
500 activity are especially visible during environmental stresses. In tomato (Lycopersicon es-
501 culentum Mill) [52] and brown mustard (Brassica juncea L.) [53] treated with exogenous
502 MEL (0.05, 0.01 uM), a slight, transient increase in IAA concentration was observed, but
503 it decreased over the time [54]. In contrast, overproduction of MEL in Arabidopsis thaliana
504 L. and tomato mutants [55] and treatment of plants with a higher concentration of ex-
505 ogenous MEL (above 0.5 pM) caused a significant decrease of IAA level. The effect of
506 MEL on IAA seems to depend on the MEL quantity used, however, the method of its
507 application and targeted plant organ are also important. In our experiments, a much
508 higher concentrations of MEL were used than in studies discussed above. The applica-
509 tion of 50 uM MEL to corn seeds did not change the IAA level, only 500 uM MEL re-
510 duced its amount to 43% of the control. However, it should be noted, that the hydro-
511 priming (seed treatment method) increased the level of IAA in seeds by about 35%,
512 hence the negative correlation was visible only at a higher MEL concentration used. We
513 have indirectly demonstrated similarly to Wang ef al. (2016) [56], that MEL negatively
514 regulates auxin concentration in seeds. However, since various studies show both posi-

515 tive and negative correlation between MEL and IAA, this problem should be considered
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516 in a wider network of relationships modulating the expression of auxin-related tran-
517 scription factors [57,58].

518 In the presented study, we indicated that MEL applied into the seeds modifies the
519 activity of basic antioxidant and detoxifying enzymes, reducing secondary oxidative
520 stress and chilling injuries.

521 Cold stress intensifies lipid and protein peroxidation. We have shown that embry-
522 onic axes from MEL treated seed variants cumulate significantly less TBARS (products
523 of lipid oxidation) than NT ones, both during stress and after it has subsided (Figure 4).
524 Moreover, the degree of protein carbonylation analysis showed that the seeds treated
525 with MEL had no (HMel 500) or slight (HMel 50) increase in proteins oxidation compar-
526 ing with its level at optimal temperature condition (Figure 5). Such a protection against
527 chilling stress of protein-lipid membranes and the enzymes functioning in them is cer-
528 tainly the reason for the efficient regeneration and faster growth of the embryonic axes
529 from MEL-treated seeds as documented in Figure 3. The results above are very con-
530 sistent with those presented by Cao et al. (2019) [59], who conditioned wax maize seeds
531 with MEL (50 and 100 uM) and then observed seedlings grown from them under con-
532 stant chilling of 13 °C. Moreover, the reduction of ROS accumulation in rice seedlings
533 exposed to 12 °C chilling was also observed after the application of MEL (20 and 100
534 M) administered via seed soaking, seedling root immersing or leaves spraying [39]. The
535 positive effects increased with the MEL concentration used. Similarly, spraying with 1
536 mM MEL solution of wheat seedlings [60] and maize seedlings [61] exposed to cold 2-5
537 °C was selected as significant inhibitor of oxidative damage, maintaining membrane
538 functionality. Gao et al. (2018) [38] successfully applied 100 uM MEL during 28 days cold
539 storage of peach fruit. The MEL-treated fruit had a lower level of lipid peroxidation -
540 better membrane integrity than the untreated ones. Thus, the reduction of ROS, lower
541 lipid peroxidation, and decrease in relative electrolyte leakage (a measure of membrane
542 integrity) under the influence of MEL in many plants exposed to various environmental
543 stresses are well documented [56,62-64]. It is certainly related to the MEL direct antioxi-
544 dant properties as well as its influence on the antioxidant enzymes activity.

545 Our research showed that although SOD from the embryonic axes of maize seeds
546 seems to be sensitive to 5 °C cold. Its activity decreased significantly at low temperature
547 and did not regenerate, after the stress subsides, to the activity level achieved at 25 °C by
548 plants incubated under optimal conditions all the time. However, despite that, under
549 and after cold stress, SOD activity was 2-2.5 times higher in seeds pre-sowing treated
550 with MEL than in NT and H ones. (Figure 6A). Especially intensely stimulated by MEL
551 were peroxidases: of ascotrbate (APX - Figure 6D) and of glutathione (GSH-PX - Figure
552 7A), as well as glutathione S-transferase (GST - Figure 7C); and although the mentioned
553 glutathione-dependent enzymes (GSH-PX and GST) appear to be also sensitive to the
554 low temperature of 5 °C (under cold they performed poorly), thus after transferring the
555 germinating seeds of HMel 50 and HMel 500 to 25 °C they regained remarkably efficient
556 functionality quickly. While glutathione reductase (GSSG-R) in seeds hydroconditioned
557 with MEL was twice as active both under cold stress and after its disappearance, com-
558 pared to that in NT and H ones. This helps to maintain a favorable pool of reduced glu-
559 tathione under stress and during regeneration after it has subsided, which is in line with
560 the data published by Batabusta et al. (2016) [65], that involved cucumber seeds osmo-
561 conditioned with MEL.

562 Cold is a specific stress - due to deceleration of biochemical reactions and the pre-
563 servative effect of low temperatures, it is sometimes difficult to observe negative effects
564 during its operation. That is why observations and analyses performed after plants have
565 been transferred to optimal conditions are so important - cold damage is most clearly
566 visible during the regeneration period at a higher temperature.

567 In a thematically similar work by Cao et al. (2019) [59] it was documented a clearly
568 stimulating and directly proportional to the concentration used (MEL 50 and 100 uM),

569 the effect of melatonin applied to wax maize seeds, on the activity of all tested antioxi-
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570 dant enzymes, i.e. SOD, CAT, APX and non-specific peroxidases. However, it should be
571 noted, that the chilling stress used in the experiments mentioned above was milder (13
572 °C) and short-lived (up to 5 days) and probably for this reason it did not strain the activ-
573 ity of cold-sensitive enzymes. Similarly, in the work of Han et al. (2017) [66] MEL of 20
574 and 100 uM, applied via various ways - into the seeds, roots or leaves of rice seedlings,
575 stimulated the activity of SOD, CAT and non-specific peroxidases, especially at the
576 higher concentration of MEL (100 uM) used. But also in this case, plants were exposed to
577 milder stress of 12 °C for 6 days. Moreover the examined organs - the leaves of 12 and 14
578 days old seedlings - were different than our material (embryonic axes) discussed in this
579 work. Most of the available publications describing the effect of exogenous MEL on the
580 antioxidant enzymes activity concern the developing seedlings of various species i.g. of
581 wheat [60], corn [61], rice [66] — plant material isolated from germinating seeds was ana-
582 lyzed rarely. The vast majority of works confirm that exogenous MEL applied to plants
583 provoke a positive effects by intensifying (although in slightly various ways) the activity
584 of antioxidant enzymes in face of cold / chilling stress, that in consequence reduces
585 symptoms and damage generated by secondary oxidative stress.

586 Our latest results [14,42] indicated that MEL seed treatment expediently modified
587 proteome of maize (Z. mays L.) embryo during seed germination. The majority of addi-
588 tional proteins were (i) energy metabolism enzymes,(ii) proteins involved in proteome
589 plasticity via improving protein synthesis, folding, destination and storage, and — most
590 importantly — (iii) defense, anti-stresses, and detoxifying proteins. This explains why
591 seeds hydroconditioned with MEL and seedlings grown from them were stronger in
592 comparison to the non-treated ones, and quickly and efficiently adapted to changing en-
593 vironmental conditions. They were a priori prepared to cope with potential harmful
594 conditions. These results partially explain how melatonin acts in plant stress defense and
595 why various plant species rich in MEL have shown higher capacity for stress tolerance
596 [67].

597 Because it was observed not only qualitative but also quantitative increase in the
598 protein pool of embryonic axes isolated from the seeds treated with MEL, the questions
599 appeared: how is this possible and especially how is this possible during chilling stress
600 when the metabolism is slowing down?

601 It is well known that in polyploid cells” more efficient and more productive metab-
602 olism is observed. Endocycles multiply the number of copies of the desired gene, max-
603 imizing mRNA availability and protein production. This phenomenon occurs both dur-
604 ing optimal plant development and under harmful environmental conditions [68]. It has
605 been shown that polyploid cells adapt better to environmental changes, including unfa-
606 vorable ones [69,70]. Polyploidization is associated with the phenomenon of endorepli-
607 cation - also known as the endocycle. This process is much less understood than the
608 standard cell cycle. However, it has been noticed that plant mutants with suppression of
609 auxin synthesis, transport and signaling show fast mitosis switching to the endocycle
610 and achieve an increased level of polyploidy, which allows cells to grow faster [70].
611 These known facts, consistent with our results - of increased protein synthesis, lower
612 IAA levels, and faster seedling growth due to MEL application into the maize seeds -
613 prompted us to verify whether MEL can also induce endoreplication in growing maize
614 embryonic axes.

615 Cells that have entered the endocycles quickly increase their size without losing the
616 materials for building organelles, which would have to be duplicated before classic divi-
617 sion, and their enlargement describes the caryoplasmic factor (the greater the content of
618 genetic material in the nucleus, the greater the cell surface area). This positively influ-
619 ences the rapid growth of plant, and the duplication of genes allows the intensification
620 of certain attributes such as flower color, scent, fruit flavor, but also the content of de-
621 sirable compounds e.g. with antioxidant properties [68,69,71].

622 In the preparations from the basal zone of maize embryonic axes, we observed ex-

623 ceptionally large cells, and after staining with DAPI, the typical endocycle nuclei inside
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624 them (Figure 8 GG'HH'). They were most often observed in the HMel 50 seed variant
625 and appeared during their incubation under chilling stress (Figure 10) and after it had
626 subsided - during regeneration phase (Figure 11). They were also observed, but less fre-
627 quently, during the incubation of these seeds in optimal conditions (Figure 9). It should
628 be remembered that at the same moments of the experiment the embryos HMel 50 grew
629 best (Figure 3) compared to the remaining seed variants Application of MEL at a con-
630 centration 10 times higher - 500 uM - also provoked endocycles but less effectively than
631 in the case of 50 uM MEL seed treatment. It seems that the MEL concentration used is
632 crucial for the occurrence of endocycles, although the sensitivity to it may also vary de-
633 pending on the organ examined, and certainly the plant species. Wang et al. (2017) [72]
634 showed that high concentration of MEL (1000 uM) suppresses the leaf growth in Ara-
635 bidopsis thaliana L. by reduction of cell size and cell number. Their further comprehensive
636 analyses suggested that MEL might regulate the leaf growth by inhibiting cell prolifera-
637 tion and endoreduplication too. However, mentioned above observations were carried
638 out under optimal for plant growth conditions. Our results are the first that indicate the
639 relationship of MEL application effect with the occurrence of endocycles during, and af-
640 ter chilling stress - as a strategy for increasing plant survival.
641 It is known that endoreplication occurs as a natural way for plants to compensate
642 evolutionary losses in small genome and an evolutionary strategy to obtain more of the
643 final products that plants need and synthesize in the different environmental conditions
644 they have to face [73-76]. Hence it would be useful to have a tool that would allow to
645 induce and control such a strategy to improve the quality and quantity of crops. In our
646 opinion, MEL is a good candidate for this, but further research is necessary in this topic.
647 4. Materials and Methods
648 4.1. Plant Material
649 Maize seeds (Zea mays L. var. Ambrozja) were delivered by TORSEED (Torun, Po-
650 land). They were stored in the dark, in dry conditions at room temperature, in tightly
651 closed containers before the experiments started.
652 4.2. Hydropriming
653 The maize seeds were hydroprimed according to the methods described by Taylor
654 et al. (1998) [43] with our modifications. Seed water content (MC — moisture content) was
655 calculated as the percentage of fresh weight basis (1):
656

Mc = =P g0y, 0
657
658 First, the seeds were weighed (FW) and then after 3 days of their incubation at 108
659 °C their dry mass (DW) was also weighed. Their initial moisture content was 8.84%
660 +0.23.
661 To establish crucial water content in imbibed seeds before radical protrusion, the
662 seeds were imbibed in different PEG-8000 solutions giving an osmotic potential between
663 -1 and -2 MPa [77]. After 7 days of imbibition with PEG — 1.5 MPa the corn seeds did
664 not germinate (there were no radical protrusion observed — the seeds imbibed, but em-
665 bryos were not grown), so of 38.01% +1.12 MC was chosen as sufficient for corn seed
666 metabolic activity to occur while preventing radical growth and emergence.
667 The technique and hydropriming conditions were determined experimentally as: 3
668 h of seed soaking at 25 °C (see Results). Oxygenated, distilled water (H) or MEL water
669 solutions 50 (HMel 50) and 500 (HMel 500) uM were used depending on the experi-

670 mental variant.
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671 Than the seeds were re-dried at room temperature for the subsequent 3 days (time
672 sufficient for returning to the initial water content) and than used in physiological, bio-
673 chemical and cytological tests.

674 4.3. Germination test

675 The seeds placed on 9-cm diameter Petri dishes with 2 layers of Wht 2 filter paper
676 wetted with distilled water were germinated in darkness at 5-25 °C temperature range.
677 The germination test was performed on samples of 100 seeds: 25 seeds per dish, 4 repli-
678 cates. A seed was scored as germinated when its coat was broken and a radicle was visi-
679 ble. Germination counts were made daily up to 14 days. The results presented are the
680 means of the values obtained in 4 replicates + SEM.

681 4.4. Seed germination and seedling growth conditions

682 The seeds (variants: NT, H, HMel 50, HMel 500) placed on 9-cm diameter Petri
683 dishes (30 seeds per dish) with two layers of Whatman 2 filter paper (Whatman Interna-
684 tional Ltd. Maidstone, UK) wetted with distilled water were imbibed/germinated: (i) at
685 optimal temperature 25 °C for 24 h (C - control), (ii) at chilling stress temperature 5 °C
686 for 14 days (5 - chilling stress), (iii) at 5 °C for 14 days and then subsequently at 25 °C for
687 24 h (R, recovery / regeneration after stress). Corn embryonic axes isolated from
688 seeds/young seedlings were used for growth visualization and for biochemical and cy-
689 tological tests.

690 The growth of embryonic axes was estimated by analyzing their photographs using
691 Image], an image-processing program designed for scientific multidimensional images,
692 which converts pixels to cm? based on the indexed scale. The results are the means of
693 20-40 measurements +SEM.

694 4.5. Melatonin and indole-3-acetic acid determination

695 The concentrations of MEL and indole-3-acetic acid (IAA) were determined using
696 high-performance liquid chromatography with electrochemical detection (HPLC-EC).
697

698 4.5.1. Extraction procedure

699 The seeds (1 g) were homogenized with 5 ml of 50 mM sodium phosphate buffer
700 (pH 8.0) containing 1 mM EDTA. The homogenate was incubated for 30 min. at room
701 temperature in darkness with minimal shaking, in order to ensure complete extraction of
702 indoles. Then, it was centrifuged at 15 000 g for 20 min at 8 °C. Initial purification con-
703 sisted in two-step solvent-partitioning using ethyl acetate (2 x 10 ml). First at the initial
704 phosphate buffer pH 8.0 and second after pH changing to 3.0. The two organic phases
705 (~10 ml each) were evaporated together under vacuum. The dry residue was
706 re-dissolved in 1 ml of mobile phase, filtered through Supelco ISO-Disc filters
707 (PTEF-4-24 mm x 0.2 pm), and frozen at -70 °C until HPLC-EC analysis. When ana-
708 lyzed, 10 pl of each filtrate was injected into the HPLC-EC system.

709

710 4.5.2. HPLC-EC analysis

711 The HPLC system consisted of a quaternary gradient delivery pump Model 1050
712 (Agilent Technology), a sample injector Model 7125 (Rheodyne, Berkeley) and an ana-
713 lytical column ZORBAX SB-C18 3.0 x 250 mm, particle size 5 um (Agilent Technology)
714 protected by an analytical guard column ZORBAX SBC18 4.6 x 12.5 mm, (particle size 5
715 um Agilent Technology). The electrochemical detector model HP 1049 A (Agilent Tech-
716 nology), with glassy carbon working electrode, was used at a voltage setting of +0.80V
717 vs. an Ag/AgCl reference electrode. The detector response was plotted and measured

718 using a Chromstation ver. A.08.03 (Agilent Technology).
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719 The mobile phase contained 0.15 M sodium dihydrogen phosphate, 0.1 mM EDTA,
720 0.5 mM sodium octanesulphonic acid, 20% (v/v) methanol and 5 mM lithium chloride.
721 The mobile phase was adjusted to pH 3.4 with phosphoric acid, filtered through What-
722 man nylon membrane filter (45 pm) and degassed with helium. The column temperature
723 of 32 °C and flow rate of 0.8 ml min-! were used.

724 The concentrations of all compounds in each sample were calculated from the inte-
725 grated chromatographic peak height on the basis of standards, IAA and MEL, calibra-
726 tion curves, and expressed as ng MEL or pg IAA of g fresh weight (FW) of tissues. The
727 results are the means of 6-9 measurements +SEM.

728 4.6. TBARS test

729 Lipid peroxidation was evaluated from the resultant products. Thiobarbituric acid
730 reactive substances (TBARS): aldehydes, mainly malondialdehyde (MDA) and en-
731 doperoxides were determined according to the methods described by Hodges et al.
732 (1999) [78]. MDA, routinely used as an indicator of lipid peroxidation, was extracted
733 with 1% (w/v) trichloroacetic acid (TCA). The reaction with 0.5% (w/v) thiobarbituric
734 acid (TBA) in 20% (w/v) TCA was conducted at 95 °C for 30 min. After the samples were
735 chilled in ice, specific absorbance was measured at 532 nm and non-specific absorbance
736 at 600 nm. The results were calculated using a molar absorption coefficient of 155 000 M-!
737 cm! and expressed as MDA umol g1 of fresh weight (FW) and they are the means of 9
738 measurements +SEM.

739 4.7. OxiProt test

740 Protein oxidation was estimated in terms of total carbonyl group content in modi-
741 fied proteins [79]. Protein carbonyl groups reacted with 2,4-dinitrophenyl hydrazine
742 (DNPH) to yield the corresponding 2,4-dinitrophenyl hydrazones, spectrophotometri-
743 cally measured at 370 nm.

744 Samples, 250 mg of fresh tissue (axes isolated from germinating seeds), were ho-
745 mogenized in extraction buffer (3 ml) consisting of 100 mM phosphate buffer (pH 7.5), 1
746 mM EDTA and 2 mM dithiothreitol (DTT) as follows. Each homogenate was centrifuged
747 at 20 000 g for 30 min. at 4 °C. Then the supernatant fraction was filtered through Mira-
748 cloth and used for assays. The protein content was determined according to the Brad-
749 ford (1976) [80] method using bovine serum albumin (BSA) as a standard. To 0.5 ml of
750 extract (aliquot of 500-800 pg protein), 0.5 ml of 10 mM DNPH in 2 M HCI was added
751 and vortexed every 10 min for 1 h at room temperature. Corresponding protein blanks
752 were prepared by adding 0.5 ml of 2 M HCl instead of DNPH. After incubation, 0.5 ml
753 of 30% (w/v) TCA was added for protein precipitation, the samples were vortexed, then
754 placed on ice for 15 min. Following centrifugation at 10 000 g for 15 min at 4 °C, the su-
755 pernatant was discarded and the pellets were subjected to extensive washing (three
756 times) with 1 ml of mixture ethanol:ethyl acetate (1:1; v/v) to remove any unreacted
757 DNPH. Finally, the pellets were solubilized in 1 ml of 6 M guanidine hydrochloride in
758 5% (w/v) phosphoric acid at 37 °C (water bath) for 45 min with shaking.

759 Carbonyl contents were determined from the absorbance at 370 nm using a molar
760 absorption coefficient of 22 000 M-* cm [81]. The results are the means of 9 measure-
761 ments +SEM.

762 4.8. Enzyme extraction procedure

763 One gram of fresh weigh of axes was ground in a mortar and homogenized with 0.5
764 g polyvinylpyrrolidone (PVP) in 5 ml of 0.1 M phosphate buffer (pH 7.5) containing 2.5
765 mM DTT, 1 mM EDTA, 1.25 mM PEG-4000 and 1 mM phenylmethylsulfonyl fluoride
766 (PMSEF). The homogenate was centrifuged at 15 000 rpm for 30 min in 4 °C. The resulting

767 supernatant was filtered through Miracloth, desalted on a PD10 column (Pharmacia,
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768 Uppsala, Sweden) and used for the enzyme assays. All steps of the extraction procedure
769 were carried out at 4 °C.

770 4.9. Enzyme activity tests

771 Superoxide dismutase (SOD, EC 1.15.1.1) activity was measured according to
772 Giannopolitis and Ries (1977) [82]. The reaction mixture contained 2 uM riboflavine, 13
773 mM methionine, 0.1 mM EDTA, 70 pM nitrotetrazolium blue chloride (NBT) in 0.1 M
774 phosphate buffer (pH 7.5), and 100 pl of the enzyme extract in the final volume of 3 ml.
775 SOD activity was assayed by measuring the ability of the enzyme extract to inhibit the
776 photochemical reduction of NBT. Glass test tubes containing the mixture were illumi-
777 nated with a fluorescent lamp at 25 °C (Philips MLL 5000 W, Eindoven, the Nether-
778 lands). Identical tubes, which were incubated in darkness served as blanks. After illu-
779 mination for 60 min, absorbance was measured at 560 nm. One unit of SOD was defined
780 as the enzyme activity, which inhibited the photoreduction of NBT to blue formazan by
781 50 %. SOD activity was expressed as the enzyme unit per milligram of protein [U
782 mgprot].

783 Catalase (CAT, EC 1.11.1.6.) activity was measured according to Clairbone (1985)
784 [83]. The enzyme assay mixture contained 18 mM H20:2 in 0.1 M phosphate buffer (pH
785 7.0) and 100 pl of the enzyme extract in the total volume of 2 ml. CAT activity at 25 °C
786 was estimated by the decrease in H20:2 determined from the absorbance at 240 nm mon-
787 itored for 100 s. The molar absorption coefficient of 40 000 M- cm™ [84] was used for
788 calculations. The results were expressed as micromoles of H202 decomposed during 1
789 minute per 1 milligram of protein [umol min”' mgprot-].

790 Non-specific peroxidases (GPX) activity was measured according to Scebba et al.
791 (2001) [85]. The reaction mixture contained 2.25 mM guaiacol, 11 mM H:0: in 0.1 M
792 phosphate buffer (pH 6.0), and 100 pl of the enzyme extract in the total volume of 2 ml.
793 GPX activity was assayed at 25 °C by following the increase in oxidized guaiacol deter-
794 mined from the absorbance at 470 nm monitored for 300 s. The molar absorption coeffi-
795 cient of 26 600 M-! cm-! [84] was used for calculations. The results were expressed as mi-
796 cromoles of guaiacol oxidized during 1 minute per 1 miligram of proteins [pmol min-!
797 mgprot].

798 Ascorbate peroxidase (APX, EC 1.11.1.11) activity was assayed according to Kato
799 and Shimizu (1987) [84]. The reaction mixture contained 1.2 mM EDTA, 35 mM H:0:, 15
800 mM L-ascorbic acid, 0.1 M phosphate buffer (pH 7.0) and 200 pl of the examined extract.
801 APX activity at 25 °C was estimated by the decrease in ascorbate determined from the
802 absorbance at 290 nm monitored for 300 s. The molar absorption coefficient of 2 800 M-!
803 cm! [84] was used for calculations. The enzyme activity was expressed as uM L-ascorbic
804 acid decreased in 1 min per 1 mg of proteins [pmol vit C min' mg prot?].

805 Glutathione peroxidase (GSH-PX, EC 1.11.1.9) activity was determined according to
806 Nagalakshmi and Prasad (2001) [86]. The assay mixture contained 1 M NaCl, 10 mM
807 EDTA, 10 mM reduced glutathione (GSH), 8 mM NADPH, 25 mM H202, GSSG-R (200 U
808 ml1), 0.1 M phosphate buffer (pH 8.0) and 100 pl of the examined extract. GSH-PX activ-
809 ity at 30 °C was assayed by the decrease in NADPH determined from the absorbance at
810 340 nm monitored for 10 min. The molar absorption coefficient of 6 200 M-' cm! [87] was
811 used for calculations. The enzyme activity was expressed as pmol of NADPH decreased
812 during 1 min per 1 mg of proteins [pimol NADPH min! mg prot-].

813 Glutathione reductase (GSSG-R, EC 1.6.4.2) activity was determined according to
814 Esterbauer and Grill (1978) [88]. The assay mixture contained 0.5 mM NADPH, 10 mM
815 glutathione disulfide (GSSG), 6.25 mM MgClz in 0.1 M phosphate buffer (pH 7.5), and
816 100 pl of the enzyme extract in the total volume of 400 pl. GSSG-R activity at 30 °C was
817 estimated by the decrease in NADPH determined from the absorbance at 340 nm moni-
818 tored for 20-30 min. The molar absorption coefficient of 6 200 M-! cm-! [87] was used for
819 calculations. GSSG-R activity was expressed as micromoles of NADPH decreased dur-

820 ing 1 minute per 1 miligram of proteins [pimol min! mgprot-].
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821 Glutathione S-transferase (GST; EC 2.5.1.18) activity was determined according to
822 Habig, et al. (1974) [89] and Nagalakshmi and Prasad (2001) [86]. The assay mixture con-
823 tained 10 mM GSH, 100 mM 1-chloro-2,4-dinitrobenzene (CDNB), 0.1 M phosphate
824 buffer (pH 8.0) and 200 pl of the examined extract. Activity of GST was measured at 30
825 °C by following the increase in G5-DNB at 340 nm during 300 sec. The molar absorption
826 coefficient of 9 600 M- cm™ [89] was used for calculations The enzyme activity was ex-
827 pressed as pmol of GS-DNB composed during 1 min per 1 mg of proteins [pmol
828 GS-DNB min' mg prot'].

829 SOD, CAT, GPX, APX, GSH-PX, GSSG-R and GST activities of each extract were
830 measured 3 times, and the results presented correspond to the means + SEM of the val-
831 ues obtained with 3 different extracts (n = 9). Protein content of the extracts was deter-
832 mined according to the method of Bradford (1976) [80].

833 4.10. DAPI staining

834 The DAPI staining was accomplished according to Byczkowska et al. (2013) [90] and
835 Kazmierczak (2010) [91] methods. The isolated embryos were fixed in cold Carnoy's
836 containing 96% ethanol and glacial acetic acid, in proportion 3:1 for 1 h, and then
837 washed with ethanol series of dilutions, finally with distilled water. Then they were cut
838 to slides with cryostat (CM1950, Leica) and stained with 4',6-diamidine-2'-phenylindole
839 dihydrochloride (DAPI) by 5-min pretreatment with 0.2 M citric acid and 0.1% Tween.
840 The dyeing solution contained 3.2 mM DAPI (2 ug ml™?) in mixture of 0.1 M Na2HPO4
841 and 0.2 M citric acid in 9:1 ratio. After 5 min staining, the axes were washed with the
842 buffer mixture, and subsequently analyzed using a fluorescence microscope (Optiphot-2,
843 Nikon, Japan) with UV2A filter, and photographed using ACT-1 digital camera (Precop-
844 tic, Poland). The microphotographs were used for microcytophotometric measurements
845 and digital transformations using Image] software.

846 4.11. Statistical analyses

847 The results represent the average values + standard error of the mean (+SEM). The
848 data were analysed using STATISTICA v.10.0_MR1_PL [StatSoft] software. The two-way
849 analysis of variance (ANOVA) and then the post-hoc Duncan multiple range test were
850 carried out to find the significant differences which were determined at p<0.01 in each
851 experiment.
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