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Wykaz skrotow

ABA - kwas abscysynowy, ang. abscisic acid

ABTS - 2,2'-azobis(3-etylobenzotiazolino-6-sulfonianu)

AC - zdolno$¢ antyoksydacyjna, ang. antioxidant capacity

CAT - katalaza, ang. catalase

FRAP - zdolnos¢ redukowana jondéw zelaza, ang. ferric reducing antioxidant power
HM - metale ci¢zkie, ang. heavy metals

HSAB - teoria twardych i migkkich kwaséw 1 zasad, ang. hard and soft acids and bases
theory

IPTG - izopropylo B-d-1-tiogalaktopiranozyd

MT - metalotioneina, ang. metallothionein

MT1 - metalotioneina typu 1, ang. MT type 1

MT?2 - metalotioneina typu 2, ang. MT type 2

MT3 - metalotioneina typu 3, ang. MT type 3

MT4 - metalotioneina typu 4, ang. MT type 4

PEG - poliglikol etylenowy

PX - peroksydaza, ang. peroxidase

RFT - reaktywne formy tlenu, ang. reactive oxygen species
RWC - wzgledna zawarto$¢ wody, ang. relative water content
SOD - dysmutaza ponadtlenkowa, ang. superoxide dismutase

TPC - catkowita zawarto$¢ fenoli, ang. total phenolic content



I. Streszczenia

1. Streszczenie w jezyku polskim

Roéliny sa narazone na ciagly stres, ktéry moze by¢ wywolany czynnikami
abiotycznymi, np. niedoborem lub nadmiarem wody, obecnos$cig zanieczyszczen oraz
obecnoscig mikroorganizmow lub insektow. W odpowiedzi na niekorzystne czynniki
srodowiskowe w komorkach roslinnych wytwarzane sa mi¢dzy innymi reaktywne formy
tlenu, ktore w nadmiarze prowadza do uszkodzen bialek, lipidéw i DNA, co moze
prowadzi¢ do S$mierci komorki. Ros$liny wytworzyly szereg mechanizméw, ktore
minimalizuja negatywne efekty zmieniajacego si¢ srodowiska. Metalotioneiny (MT) to
biatka o niskiej masie czasteczkowej bogate w reszty cysteinowe (Cys). MT zostaty
wykryte u bakterii, ssakow i roslin. Ze wzgledu na swoje zdolnosci do wigzania jonow
metali, biatka te biorg udzial w utrzymaniu homeostazy metali, ale takze w procesach
ich detoksyfikacji. U roslin MT dzieli si¢ na cztery typy, w zalezno$ci od liczby i utozenia
Cys. Grupa tiolowa -SH Cys moze reagowac z reaktywnymi formami tlenu, chroniac

komorki przed stresem oksydacyjnym.

Celem niniejszych badan bylo zidentyfikowanie gendw MT owsa Avena sativa
L. (AsMT) 1 okreslenie roli kodowanych przez nie bialek w reakcji owsa na czynniki
abiotyczne (stres suszy, stres osmotyczny, metale cigzkie) oraz biotyczne (obecnos¢

grzybow Trichoderma viride).

W genomie A. sativa L. zidentyfikowano 21 genéw MT, nalezacych do czterech
typow (AsMTI1-4). W sekwencjach promotorowych tych gendw stwierdzono obecnos¢
cis-elementow odpowiedzialnych za reakcje rosliny na: metale cigzkie, fitohormony,
swiatto, niedobor wody i czynniki biotyczne oraz elementow regulatorowych zwigzanych
z rozwojem ro$lin. Zatozono, ze MT petnig szczegdlng role i sa niezbedne do
prawidlowego wzrostu irozwoju ro$lin. Wykazano zmiany ekspresji AsMTI-4
w pierwszych godzinach kietkowania nasion owsa, przy czym catkowita ilos¢
transkryptow AsMT pozostawala taka sama. Analiza funkcjonalna, wykazata, Ze bakterie
niosgce geny AsMTI-4 charakteryzowaly si¢ wicksza tolerancja na stres osmotyczny
1 stres wywolany obecnoscig jonow Zn i Cd. Obecno$¢ jonéw metali (Zn, Cd oraz
mieszaniny Zn i Cd) powodowal w r6znym stopniu zmiany ilo$ci transkryptow AsMT1-

4 w korzeniach i1 pedach siewek owsa. W warunkach stresu wywotanego metalami
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cigzkimi w 21-dniowych ros$linach owsa obserwowano wzrost zawartosci fenoli oraz
antyoksydantow hydrofilowych i lipofilowych, a zmiany te korelowaly z ekspresja
AsMT. W eksperymencie donicowym wykazano, ze wzrost zawartosci Cd w glebie
powoduje zmniejszenie biomasy owsa i liczby wytworzonych nasion oraz wzrost
zawarto$ci Cd w cze$ci nadziemnej roslin, nie stwierdzono istotnych statystycznie zmian
ekspresji AsMT. Natomiast stwierdzono zmiany ekspresji AsMT1-3 w obecnosci T. viride,
co wskazuje na udziat AsMT w interakcji tego gatunku z grzybem saprofitycznym. Stresy
osmotyczny 1 suszy powodowaly zmiany ekspresji genow AsMT w pedach i1 korzeniach
oraz wzrost aktywno$ci enzymow  antyoksydacyjnych, zawartosci kwasu

abscysynowego, zwigzkow fenolowych i cukrow.

Przeprowadzone badania wskazaly, ze MT owsa biorg udzial nie tylko
w odpowiedzi na obecno$¢ jonow metali w §rodowisku, ale sg nieodlacznym elementem
odpowiedzi na stresy osmotyczny i suszy oraz biorg udziat w interakcji ro$lina-grzyb.
Uowsa zwyczajnego poszczegbdlne typy AsMT pelnig zréznicowane funkcje,
aich ekspresja koreluje ze zmianami biochemicznymi zachodzacymi w komodrkach
ro$linnych pod wplywem stresow. Metalotioneiny AsMT2 1 AsMT3 mogg stanowic
odpowiednio markery molekularne suszy i stresu osmotycznego. Natomiast AsMT1,
ktorego ekspresja jako pierwsza zmienia si¢ w stresie wywolanym obecnoscig Cd, moze
by¢ wskaznikiem stresu powodowanego metalami cigzkimi. W przysztosci uzyskane
wyniki moga stanowi¢ podstawe do wytworzenia transgenicznego owsa zwyczajnego
o podwyzszonej tolerancji na stresy zwlaszcza spowodowanego odwodnieniem
1 zanieczyszczeniem Srodowiska metalami cigzkimi, co ma istotne znaczenie w dobie

zmian klimatycznych.



2. Streszczenie w jezyku angielskim (abstract)

Plants are exposed to constant stress caused by abiotic factors, such as water
deficiency or excess, pollutants and biotic factors. Inresponse to unfavourable
environmental factors, plant cells produce, among others, reactive oxygen species, which
in excess lead to damage to proteins, lipids and DNA, which can lead to cell death. Plants
have developed several mechanisms that minimise the adverse effects of a changing
environment. Metallothioneins (MTs) are low molecular weight proteins rich in cysteine
residues (Cys). MTs have been detected in bacteria, mammals and plants. Due to their
ability to bind metal ions in cells, these proteins participate in maintaining metal
homeostasis and in detoxification processes. In plants, MTs are divided into four types,
depending on the number and arrangement of Cys. The thiol group -SH of Cys can react

with reactive oxygen species, protecting cells from oxidative stress.

This study aimed to identify the MT genes of Avena sativa L. (AsMT) and
determine the role of the proteins they encode in the response of oat to abiotic (drought
stress, osmotic stress, heavy metals) and biotic (presence of Trichoderma viride fungi)

factors.

In A. sativa L. genome, 21 MT genes belonging to four types (AsMT1-4) were
identified. The promoter sequences of these genes contained cis-elements responsible for
the plant response to heavy metals, phytohormones, light, water deficiency and biotic
factors, and those related to plant development. MTs are necessary for the proper plant
growth and development. In the first hours of oat seed germination, changes
in the expression of AsMT1-4 were observed, while total number of AsMT transcripts
remained the same. An analysis carried out to understand the function of AsMT, showed
that bacteria carrying AsMT1-4 were characterised by greater tolerance to osmotic stress
and stress induced by the presence of Zn and Cd. The presence of metal ions (Zn, Cd and
mixture of Zn and Cd) caused variations in the level of AsMT1-4 transcripts in the roots
and shoots of oat seedlings. Under stress conditions induced by heavy metals, an increase
in the content of phenols and hydrophilic and lipophilic antioxidants was observed in 21-
day-old oat plants, and these changes correlated with the expression of 4sMT. Oat plants
growing with 7. viride and without the fungus were subjected to long-term stress induced
by Cd ions in the soil. It was shown that with the increase in Cd in the soil, the biomass

of plants and the number of seeds produced decreased, while the concentration of Cd in
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the above-ground part of the plants increased. Changes in the expression of AsMT1-3
were observed in the presence of 7. viride. In contrast, the presence of Cd did not cause
statistically significant changes in the content of transcripts of these genes, which
indicates the participation of AsMT in the interaction of plants with microorganisms.
Osmotic and drought stresses caused changes in the expression of AsMT genes in shoots
and roots. Moreover, those stresses increased the activity of antioxidant enzymes, the

content of abscisic acid, phenolic compounds and sugars.

The studies indicate that oat MTs participate not only in response to the presence
of metal ions in the environment but are also an integral element of the response to
osmotic and drought stresses and presence of microorganisms. In common oats,
individual types of AsMT perform diverse functions, and their expression correlates with
biochemical changes occurring in plant cells under stress. AsMT2 may be a molecular
marker of drought, and AsMT3 may be a marker of osmotic stress. In response to Cd the
expression of AsMT1 changed first. Thus, this gene may indicate stress induced by heavy
metals. The results may be used for producing transgenic varieties of oat with increased
tolerance to stresses, especially those caused by dehydration and environmental pollution,

which is important in the era of climate change.
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II. 'Wykaz publikacji bedacych podstawa rozprawy doktorskiej

Praca doktorska obejmuje wyniki badan zawartych w czterech pracach
eksperymentalnych, opublikowanych ~w  recenzowanych, mig¢dzynarodowych

czasopismach naukowych, ktérych wykaz zawarto ponizej.

Konieczna W., Mierek-Adamska A., Warchot M., Skrzypek E., | IF: 3,7

1 Dabrowska G. B. IF5.year: 4,0

| The involvement of metallothioneins and stress markers MNiSW: 140
in response to osmotic stress in Avena sativa L. Journal
of Agronomy and Crop Science, 2023,209(3), 371-3809.
doi.org/10.1111/jac.12633
Konieczna W., Warchot M., Mierek-Adamska A., Skrzypek E., | IF: 3,8
Waligorski P., Piernik A., i Dagbrowska G. B. IFs.year: 4,3

) Changes in physio-biochemical parameters and expression MNiSW: 140

of metallothioneins in Avena sativa L. in response to drought.
Scientific Reports, 2023, 13(1), 2486. doi.org/10.1038/s41598-
023-29394-2

Konieczna W., Mierek-Adamska A., Chojnacka N., | IF: 6,0
Antoszewski M., Szydtowska-Czerniak A. i Dabrowska G. B. | IFs.year: 6,7

3 | Characterization of the metallothionein gene family in Avena MNiSW: 100

sativa L. and the gene expression during seed germination
and heavy metal stress. Antioxidants, 2023, 12(10), 1865.
doi.org/10.3390/antiox 12101865
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doi.org/10.3390/foods13152469
Suma IF 18,2

Suma IFS.year 20,1
Suma MNiSW | 480
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III. Wstep

Ziemia jest planeta roslin - to one (oraz inne organizmy przeprowadzajace
fotosynteze) uksztattowatly atmosfer¢ Ziemi, pozwalajac na rozwoj zycia. Pierwsza
roslina ladowa pojawita si¢ okoto 500 milionéw lat temu w okresie kambru (Morris i in.,
2018). Od tego czasu ro$liny caty czas ewoluuja, by dostosowaé si¢ do warunkow
w jakich przyszto im zy¢é. W przeciwienstwie do zwierzat, ros§liny nie sg w stanie
przenies$¢ si¢ w inne miejsce, gdzie panujg korzystniejsze warunki. Rosliny sa wrazliwe
na zmiany $rodowiska, a kazde warunki, ktore nie sg optymalne dla ich wzrostu,
sg definiowane jako warunki stresowe (Zhang i in., 2020). Mimo wielu lat badan
nie s3 w petni  poznane mechanizmy stojace za odpowiedzig ro$lin na czynniki
powodujace stres. Ich zrozumienie jest kluczowe nie tylko dla dalszego rozwoju nauki,
alerowniez ma znaczenie dla rolnictwa oraz zapewnienia bezpieczenstwa
zywnosciowego $wiata (Zhang i in., 2020). Poznanie kluczowych procesow niezbednych
dla przetrwania roslin w trudnych warunkach umozliwi lepsze zrozumienie
funkcjonowania ro$lin. Wiedza ta w przyszlo§ci moze zosta¢ wykorzystana

do rozwigzania problemoéw zwigzanych ze stabilnoscig produkcji roslinne;j.

Jednym z takich probleméw jest niedostateczna produkcja zywnos$ci. Kwestia
ta dotyka gtéwnie krajow z duza populacjg 1/lub trudnymi warunkami §rodowiskowymi.
Innym problemem, z ktorym przyszto si¢ nam zmierzy¢ jest tak zwany gtod utajony.
Jest to sytuacja, w ktorej, mimo dostarczania organizmowi odpowiedniej (lub zbliZzonej
do odpowiedniej) liczby kalorii, ilosci skladnikéw odzywczych takich jak biatko,
thuszcze, witaminy czy mikroelementy sg niedostateczne. Szacuje si¢, ze ukryty gtod
dotyczy ponad dwoéch miliardow ludzi na catym S$wiecie (Lowe, 2021; Weffort

1 Lamounier, 2023).
1. Stres u roslin

Stres roslin odnosi si¢ do czynnikow zewnetrznych, w ktorych efekcie dochodzi
do nagltych zmian wptywajacych na wzrost, kwitnienie, rozw0j 1 kietkowanie nasion,
fotosynteze, starzenie si¢ oraz metabolizm komodrkowy. W konsekwencji dochodzi
do obnizenia plonowania i produktywnosci upraw (Fernandes i Ghag, 2022). Stres
uroslin dzieli si¢ na ten wywolany czynnikami abiotycznymi (wysoka lub niska

temperatura, Swiatlo, zmiany w ilo$ci dostepnej wody, obecnos$¢ zanieczyszczen
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naprzyktad  metali  cigzkich) oraz  biotycznymi  (obecno$¢  insektow

czy mikroorganizméw) (Fernandes i Ghag, 2022; Szmidt-Jaworska i Kopcewicz, 2024).

Rosliny wytworzyty skomplikowane mechanizmy, majace na celu zwigkszenie
tolerancji na czynniki zewngtrzne, aby przetrwac¢ w ciggle zmieniajacym si¢ srodowisku
mimo osiadlego trybu zycia oraz braku uktadu odpornos$ciowego jaki wystepuje
u zwierzat. Podstawg odpowiedzi na s$rodowisko jest odbieranie informacji.
Do kluczowych czasteczek sygnalowych zaangazowanych w odpowiedz roslin na stres
zalicza si¢ jony Ca*", tlenek azotu (NO) i reaktywne formy tlenu (RFT, ang. reactive
oxygen species). Podstawowe bodzce, np. $wiatlo, moga powodowa¢ depolaryzacje blon
komoérkowych roslin w ciggu kilku sekund, co jest powigzane z naplywem
Ca?" i wyplywem anionéw przez kanaty jonowe. Wapn jest podstawowa czasteczka
sygnatowa, awzrost jego  wewnatrzkomérkowego  stezenia  jest  jedna
z najwczesniejszych reakcji na bodzce egzogenne. Sygnalizacja Ca®' reguluje wiele
procesOw w roslinach, w tym regulacj¢ transkrypcyjnag i poézniejsze reakcje fizjologiczne
oraz rozwojowe (Xu 1 in., 2022a). Tlenek azotu jest powszechng czasteczka sygnatowa,
ktora dziata poprzez modulacje stresu oksydacyjnego, transportu metali a takze
aktywnosci niektorych czynnikow transkrypcyjnych (Kumar i Ohri, 2023). Rowniez RFT
dzialajgq jako czasteczki sygnatowe - kontrolujg i reguluja procesy biologiczne takie
jak wzrost, cykl komorkowy, programowana $mier¢ komorki, sygnalizacja hormonalna,
reakcje na stres biotyczny 1 abiotyczny (Mansoor i in., 2022). W wiekszych ilosciach RFT
powoduja uszkodzenia DNA czy peroksydacje lipidéw, co w efekcie moze prowadzi¢

do $mierci komorki (Storey i Storey, 2000; Yoshida i in., 2014).

Zmiany Srodowiska indukuja rozne odpowiedzi komorek roslinnych.
Na przyktad wysokie zasolenie czy stres suszy powodujg zmiany w osmolarnosci
komorek roslinnych poprzez zwigkszenie st¢zenia substancji rozpuszczonych, czego
efektem jest zmniejszenie potencjalu osmotycznego i zwigkszenie zdolnosci ro$liny
do zatrzymywania wody (Tuteja i Sopory, 2008; Zhang i in., 2023). W odpowiedzi
na czynniki zewnetrzne syntetyzowane sg w komorkach roslinnych hormony ro$linne
takie jak kwas jasmonowy, etylen, kwas salicylowy czy kwas abscysynowy (ABA).
Zmieniajace si¢ poziomy tych czasteczek wywoluja rézne reakcje komorek
roSlinnych —na przyktad wzrost stezenia ABA powoduje zamykanie aparatow

szparkowych (Zia 1 in., 2021).
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1.1. Stres suszy

Zmiany klimatyczne towarzysza roslinom od samego poczatku ich istnienia,
jednak nigdy wcze$niej nie zachodzity one w tak szybkim tempie jak teraz. Zmiany
temperatur, dystrybucji opadow i sktadu atmosfery negatywnie wpltywaja na wzrost
oraz plonowanie ro$lin (Raza i in., 2019; Chaudhry i Sidhu, 2022). Na skutek globalnego
ocieplenia coraz czesciej dochodzi do suszy. W roku 2022 $rednia obszarowa temperatura
powietrza wynosita w Polsce 9,8 °C i byta wyzsza o 0,8 °C od $redniej rocznej
wieloletniej (Migtus, 2023). Dodatkowo, w kluczowych dla uprawy rolnej miesigcach
(od marca do wrzes$nia) opady byly nizsze, przyczyniajac si¢ do zmniejszenia zapasow
wody w glebie (Glowny Urzad Statystyczny, Departament Rolnictwa i Srodowiska,
2023). Susza jest problemem dotykajacym wszystkich rolnikéw w Polsce, a straty
w plonach z powodu deficytu wody moga wynie$¢ w biezacym roku nawet 20% (Bernat,
2024). Woda jest niezbedna do funkcjonowania wszelkich istot zywych. Juz Tales
z Miletu prowadzil rozwazania na temat istotno$ci wody na $wiecie i okreslat ja jako
arche, czyli praprzyczyne wszystkich bytow (Legutko, 2017). To, jak wazna jest woda
wspaniale podsumowuje cytat z powiesci Antoine de Saint-Exupér’ego ,,Ziemia, planeta
ludzi” - ,,Wodo, [...] Nie jestes niezbedna do Zycia: jestes samym zZyciem”. Na kazdym
etapie rozwoju rosliny jest ona niezbednym substratem. To od dostepu do wody zalezy
czy nasiono wykietkuje. Na wezesnym etapie wzrostu 1 rozwoju rosliny zapotrzebowanie
na wode nie maleje, gdyz to wasnie jej dostepno$¢ umozliwia szybki wzrost elongacyjny
komorek (Szmidt-Jaworska i Kopcewicz, 2024). Potencjalt wody (Ww) w glebie musi
by¢ wyzszy niz w korzeniu wéwczas moga one pobiera¢ wodg, ktéra przemieszcza
si¢ w kierunku malejgcego potencjalu wody (Ryc. 1). Im gleba jest bardziej sucha, tym
ma nizszy potencjal wody (Van Loon, 2015; Szmidt-Jaworska 1 Kopcewicz, 2024).
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Niski ¥,

Atmosfera = -100 MPa

Liscie = -1,5 MPa

Pedy = -0,7 MPa

Gradient potencjatu wody ‘P,

Korzenie = -0,5 MPa

Gleba = -0,3 MPa

Wysoki ‘P,

Ryc. 1. Schematyczne przedstawienie gradientu potencjatu wody (Ww) miedzy gleba,
ro$ling i atmosfera. Rycina zaprojektowana z wykorzystaniem programu freepik.com.

W  warunkach naturalnych ro$liny doswiadczaja okreséw, gdy woda
jest niedostepna. Susza atmosferyczna wystepuje, jesli w danym analizowanym okresie
suma opadow atmosferycznych jest nizsza niz wieloletnia $rednia, lub gdy opad wcale
nie wystepuje. W jej efekcie moze dojs¢ do suszy glebowej 1 hydrologicznej. Ta pierwsza
ma miejsce wtedy, gdy wilgotno$¢ gleby jest zbyt niska by zaspokoi¢ potrzeby roslin.
Stwierdza si¢ ja dopiero po zaobserwowaniu reakcji roslin w postaci spadku biomasy
czy ograniczeniu plonowania. Susza hydrologiczna wynika z obnizenia zawarto$ci wody
powierzchniowej, przez co dochodzi do zanikania zrdédet i cieckow wodnych. Innym
typem suszy jest susza fizjologiczna, ktora wynika z niemoznosci pobrania przez rosling
wody obecnej w podtozu (Van Loon, 2015; Szmidt-Jaworska i Kopcewicz, 2024). Brak
dostepu do wody powoduje, ze rosliny maja krotsze pedy i korzenie oraz nizszg biomasg.
Dodatkowo susza prowadzi do ograniczenia aktywnos$ci fotosyntetycznej roslin
sterowanej mechanizmem ros$linnej odpowiedzi §cistej (Zia i in., 2021). W celu ochrony
przed negatywnymi skutkami niedoboru wody ro$liny wytworzyly szereg mechanizmow

obronnych, z ktérych trzy gléwne strategie opierajg si¢ na:

1) produkcji i akumulacji osmoprotektanow, takich jak prolina, cukry rozpuszczalne

czy betaina, w celu utrzymania turgoru komoérek (Hanson i in., 1994; Hoekstra
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iin., 2001; Mohanty i in., 2002; Ashraf i Foolad, 2007; Gong i in., 2010; Fang
1 Xiong, 2015);

2) syntezie kwasu abscysynowego (ABA), czyli hormonu odpowiedzialnego
za zamykanie aparatow szparkowych 1 hamowanie wzrostu roslin, a dodatkowo
hormon ten reguluje ekspresje wielu genéw na przyktad akwaporyn (Dabrowska
i Glowacka, 2004; Mordaka i Dabrowska, 2007), metalotionein (Koszucka
1 Dgbrowska, 2006), u rzodkiewnika (Arabidopsis thaliana (L.) Heynh.) genu
socl zwigzanego z kwitnieniem, genoéw abi2 i1 abi4/5 zwigzanych z kietkowaniem
nasion, czy genu rd29B zwiazanego z odpowiedzig na susz¢ (Uno i in., 2000;
Yamaguchi-Shinozaki i Shinozaki, 2005; Bhargava i Sawant, 2013; Liu i in.,
2018; Mahmood i in., 2019; Yao i in., 2021);

3) ograniczeniu negatywnego wplywu reaktywnych from tlenu powstajacych
w odpowiedzi na stres, wiaczajac stres suszy. W celu ochrony przed RFT, rosliny
w drodze ewolucji wytworzyly enzymatyczne i nieenzymatyczne systemy
antyoksydacyjne. Najwazniejsze enzymy antyoksydacyjne to katalazy
(CAT, ang. catalase), peroksydazy (PX, ang. peroxidase) 1 dysmutazy
ponadtlenkowe (SOD, ang. superoxide dismutase), za$ fenole, witamina C,
glutation, tokoferole to najwazniejsze antyoksydanty nieenzymatyczne (Ashraf,

2009).

1.2. Wplyw zanieczyszczenia Srodowiska na wzrost i rozwoj roslin

Dziatalno$¢ czlowieka prowadzi do nieustannych zmian $rodowiska. Mimo
rosngcej $wiadomosci ekologicznej ludzi, duza czgs$¢ dziatan cztowieka powoduje wzrost
zanieczyszczenia  §rodowiska; poczawszy od  zanieczyszczenia  $wietlnego,
przez zanieczyszczenia tworzywami sztucznymi do zanieczyszczen rdznego rodzaju
pierwiastkami (Briffa i1 in., 2020). Przemysl metalurgiczny, gérniczy, petrochemiczny,
transport oraz stosowanie niektorych nawozow mineralnych powoduje, ze do srodowiska
przedostajg si¢ szkodliwe metale ciezkie (HM, ang. heavy metals) takie jak otdw (Pb),
kadm (Cd), cynk (Zn), miedz (Cu) i inne (Mirsal, 2004; Mdller i in., 2005; Stefanowicz
1in., 2020). Metale ciezkie utrzymuja si¢ w $rodowisku przez stulecia, a nawet
tysigclecia, a dodatkowo moga rozprzestrzenia¢ si¢ na odlegle obszary. Stanowi
to potencjalne zagrozenie dla zdrowia ludzkiego, poniewaz metale te przedostajg

si¢ do tancucha pokarmowego ludzi poprzez bioakumulacje w tkankach ro$lin i zwierzat.
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Metale cigzkie moga powodowa¢ wady wrodzone, problemy z przewodem
pokarmowym, watrobg, nerkami i centralnym uktadem nerwowym (Zhang i in., 2020;
Stefanowicz i in., 2020). Wiele z nich ma toksyczny wplyw na organizmy zywe
juz w niewielkich ilosciach, jak na przyktad kadm (dla cztowieka wazacego 70 kg,
najnizsza $miertelna dawka Cd wynosi 5 g). Cynk jest mikroelementem niezbg¢dnym
do poprawnego funkcjonowania wszystkich organizméw, ale w nadmiarze staje
si¢ szkodliwy (powyzej 200 mg na dzien) (Ngole i Ekosse, 2012; Rafati Rahimzadeh i in.,
2017; Ryu i Aydemir, 2020; Charkiewicz 1 in., 2023). U roslin stres wywotany metalami
cigzkimi przejawia si¢ zahamowaniem fotosyntezy, ograniczeniem wzrostu imoze
wptywaé na asymilacje¢ sktadnikéw odzywczych oraz przyspieszaé starzenie si¢ roslin.
W skrajnych przypadkach moze doj§¢ nawet do $mierci rosliny (Rabélo 1 Borgo, 2016;
Singh 1 in., 2016). Rolg¢ w ochronie komorek roslinnych przed tym stresem odgrywaja
migdzy innymi biatka metalotioneiny, ktore wigza jony metali i pomagaja utrzymac ich
homeostaze w komodrkach (Emamverdian i in., 2015). Podobnie jak w przypadku stresu
suszy, w obecnos$ci toksycznych metali cigzkich dochodzi do produkcji 1 akumulacji
RFT. Rosliny, ktore tolerujg obecno$¢ metali cigzkich w swoim srodowisku majg dobrze
funkcjonujace systemy antyoksydacyjne, ktore chronig komorki przed negatywnym

dziataniem RFT (Gill i Tuteja, 2010).

2. Metalotioneiny

Metalotioneiny (MT) wystepuja u roslin, zwierzat 1 bakterii (Koszucka
1 Dabrowska, 2006; Blindauer, 2011; Capdevila i Atrian, 2011; Mierek-Adamska 1 in.,
2017, Mierek-Adamska 1 in., 2018). MT sa biatkami o niskiej masie czasteczkowe;j
(<10 kDa) 1 wysokiej zawartos$ci reszt cysteinowych (nawet do 30% w MT2A czlowieka)
(Isani 1 Carpene, 2014). To wlasnie cysteiny, ulozone w charakterystyczne
1 konserwowane ewolucyjnie motywy, odpowiadaja za wigzanie jonow metali,

a w szczego6lnosci jonow Cu(l), Zn(Il) 1 Cd(II) (Leszczyszyn i in., 2013).

Zidentyfikowano wiele MT roslinnych, ktore na podstawie liczby i utozenia reszt
Cys podzielono na cztery typy (MT1-4) (Ryc. 2). Typ pierwszy (MT1) stanowig biatka,
ktore w swojej sekwencji zawierajg 12 reszt Cys. W typie drugim (MT2) wystepuje
14 Cys, a w typie trzecim (MT3) jest ich 10. Z kolei metalotioneiny typu 4 maja
w sekwencji aminokwasowej az 17 Cys. Do MT4 nalezy biatko E¢ (ang. early cysteine-

labeled) - pierwsza odkryta metalotioneina roslinna wyizolowana z zarodkéw pszenicy
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(Triticum aestivum L.). W przypadku pierwszych trzech typow MT, Cys sa zgrupowane
w dwoch regionach na N- i C-koncu biatka potaczonych fragmentem niezawierajacym
reszt Cys. W typie czwartym MT cysteiny sg zlokalizowane w trzech regionach (Lane
1in., 1987; Koszucka i Dgbrowska, 2006; Freisinger, 2008; Capdevila i in., 2012;
Leszczyszyn i in., 2013).

Metalotioneiny roslinne

Typ 1 Typ 2 Typ 3 Typ 4
12reszt Cys | H 14reszt Cys | § 10reszt Cys | H 17 reszt Cys
1 motywy 1 motywy | motywy | motywy
CxC CC, CxC, CxxC CxC CxC

Ryc. 2. Podziat metalotionein roslinnych na podstawie Cobbett i Goldsbrough, 2002.
C - cysteina, x — dowolny inny niz cysteina aminokwas.

Cysteina stanowi wyjatkowy aminokwas, gdyz wraz z glicyna, proling
| tryptofanem jest jednym z najczeSciej konserwowanych aminokwaséw w biatkach,
a jednoczesnie jest najrzadziej wystepujacym aminokwasem (Marino i Gladyshev, 2010;
Krick i in., 2014). Co ciekawe, badania wskazuja, ze jesli cysteiny sg konserwowane,
to stopien ich konserwacji wynosi 90% lub wigcej, co podkresla jak wazne
sg dla funkcjonalnosci bialek (Marino i Gladyshev, 2010). Dzigki obecnosci grupy
tiolowej (-SH) w swojej strukturze, Cys moga ulegaé¢ réznym reakcjom nukleofilowym.
W zwigzku z tym Cys jest popularnym aminokwasem wystepujacym w miejscach
aktywnych enzymow (Ulrich i Jakob, 2019). Dodatkowo Cys wigze metale takie jak Zn,
Fe, Cu czy Cd z wysokim powinowactwem (Poole, 2015). Ponadto wazng cechg Cys jest
jej zdolno$¢ do przechodzenia odwracalnej i nieodwracalnej oksydacji. Dzigki temu
biatka posiadajgce ten aminokwas w swojej strukturze moga reagowac z RFT chronigc
komorki przed stresem oksydacyjnym (Ulrich 1 Jakob, 2019). Inng ciekawg obserwacja
z ewolucyjnego punktu widzenia jest czgsto$¢ wystepowania Cys w biatkach
organizmow eukariotycznych. Jako aminokwas kodowany przez dwa kodony, to jej

czestos¢ wystgpowania jest znaczaco nizsza niz teoretycznie wyliczona wartos¢, ktora
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rowna jest 3,3%. Ponadto czgsto$¢ wystgpowania Cys wzrasta wraz ze stopniem
skomplikowania organizmu, i tak u Archea warto$¢ ta jest rowna 0,4%, natomiast
W ssaczym proteomie jest rowna 2,3% (Miseta i Csutora, 2000). Ulrich i in. (2019)
sugeruja, ze fenomen ten moze by¢ zwigzany z koniecznoscia posttranslacyjnej regulacji

aktywnosci biatek u wyzszych organizmow.
2.1. Funkcje metalotionein w komoérkach roslinnych

Gltoéwng funkcjg MT jest utrzymanie homeostazy mikroelementow, zwlaszcza
cynku, ale takze detoksyfikacja szkodliwych jondw metali takich jak kadm (Blindauer
i Leszczyszyn, 2010). Metalotioneiny wigza metale poprzez grupy tiolowe Cys
(Freisinger, 2008; Hassinen i in., 2011; Joshi i in., 2016). Dodatkowo w przypadku MT
typu 4 potwierdzono udzial reszt histydynowych w wigzaniu jonéw metali (Blindauer
11in., 2007; Blindauer, 2008; Leszczyszyn i in., 2013). Liczba jondw metali wigzanych
przez MT zalezy od liczby Cys. Na przyklad MT3 z najmniejsza liczba Cys sa w stanie
zwigza¢ maksymalnie cztery jony Zn (Leszczyszyn i in., 2013). W warunkach in vitro,
inkubacja MT w wysokich stezeniach jonow metali powoduje powstanie form w pelni
wysyconych, czyli zwigzanych z maksymalng mozliwg liczbg jonéw metali.
W komorkach zwierzecych udowodniono istnienie MT, ktére miaty zwigzane mniej niz
maksymalng liczbe jonéw metali — byly w formie niewysyconej metalami (Petering i in.,
2006; Krezel 1 Maret, 2008). Przypuszcza sig, ze rowniez w komoérkach roslinnych
wystepuja MT, ktére zwigzaly mniej niz maksymalng mozliwg liczbg jondw metali.
Wydaje si¢ to by¢ szczegolnie istotne w przypadku MT bioracych udzial w odpowiedzi
na stres oksydacyjny. W sytuacji, gdy nie wszystkie reszty tiolowe sg zaangazowane
W wigzanie jonow, wolne grupy -SH moga bra¢ udziat w innych procesach, na przyktad

w neutralizowaniu RFT (Leszczyszyn i in., 2013).

W przesztosci wielokrotnie wykazano, ze ekspresja MT wzrasta w wyniku
traktowania roslin jonami metali. Na przyktad u rzepaku (Brassica napus L.) ekspresja
BnMT1-4 wzrastata pod wpltywem arsenu (Pan i in., 2018), a u Brassica rapa ekspresja
BrMT1-3 byta indukowana przez traktowanie Fe, Cu, Zni Mn (Ahn i in., 2012). U topoli
(Populus alba L.) ekspresja PaMT1 i PaMT3 w lisciach wzrosta w odpowiedzi
na traktowanie Zn, za$ ekspresja PaMT2 pozostata bez zmian (Castiglione i in., 2007).
U wierzby wiciowej (Salix viminalis L.) obserwowano zmiany ekspresji SvMT1

W obecnos$ci mikroorganizméw (Hrynkiewicz 1 in., 2012). W wyniku traktowania roslin

20



Salicornia brachiata L. jonami Zn i Cu wzrosta ekspresja SOMT2. Nadekspresja SoMT2
w bakteriach Escherichia coli spowodowata, ze bakterie te miaty zwigkszong tolerancje
wobec Zn, Cu i Cd (Chaturvedi i in., 2012). Ekspresja MT4 z ogorka (Cucumis sativus
L.) indukowana byta obecnoscig zardbwno Zn jak i Cd, a bakterie E. coli eksprymujace
ten gen charakteryzowaty si¢ nie tylko zwigkszong tolerancja na te pierwiastki, ale takze
byly w stanie akumulowaé¢ wigcej Cd (Duan i in., 2019). Roéliny transgeniczne
nadeskprymujace MT wykazujg wigkszg tolerancj¢ na kadm (Gu i1in., 2014; Zhi i in.,
2020),

Oprocz utrzymania homeostazy mikroelementow i detoksykacji toksycznych
jonoéw metali ciezkich wykazano tez inne funkcje MT. Przeprowadzono wiele badan,
w ktorych wykazano zmiany ekspresji MT pod wplywem roéznych czynnikow
srodowiskowych takich jak niska temperatura (Singh i in., 2011), susza (Ozturk i in.,
2002; Akashi i in., 2004), zasolenie (Kim i Kang, 2018), obecnos¢ metali cigzkich (Kim
1in., 2014; Kim 1 Kang, 2018), a takze obecno$¢ mikroorganizmoéw (Dauch i1 Jabaji-Hare,
2006; Miles 11n., 2011; Dabrowska i in., 2012a; Hrynkiewicz i in., 2012; Dabrowskai in.,
2014; Dabrowska i in., 2021a). Ponadto ro$liny transgeniczne nadeskprymujace
MT charakteryzowaty si¢ wigkszg tolerancja na stresy srodowiskowe np. na susze (Kumar
iin., 2022) i stres osmotyczny (Feng i in., 2022). Co ciekawe ekspresja MT zmienia
sie rowniez w trakcie wzrostu i rozwoju roslin (Moyle i in., 2005; Yuan i in., 2008),
w tym podczas kietkowania nasion (Yuan 1 in., 2008; Zhou 1 in., 2012; Dgbrowska i in.,
2013). Ta uniwersalno$¢ dziatania MT w reakcji roslin na stresy moze by¢ zwigzana
z wlasciwosciami antyoksydacyjnymi grup tiolowych cystein. Weczesniejsze badania
przeprowadzone w Katedrze Genetyki wykazaly, ze nadekspresja MT rzepaku
w komorkach E. coli ograniczata negatywny wpltyw RFT napodzialy komorkowe
bakterii (Mierek-Adamska i in., 2019). Inni badacze wykazali, Ze transgeniczne ro$liny
A. thaliana, ktore nadeksprymowaty MT2 daktylowca (Phoenix dactylifera L.)
wykazywaty zwigkszong zdolnos$¢ neutralizowania negatywnych skutkéw dziatania RFT

(Patankar 1 in., 2019).
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3. Owies zwyczajny

Owies zwyczajny (Avena sativa L.) jest ro$ling o duzym znaczeniu
gospodarczym. W 2022 roku w Europie zbiory owsa wyniosty 7,5 milionéw ton
(Eurostat, 2023). Popularnos¢ tego zboza wynika migdzy innymi z prozdrowotnych
wlasciwosci owsa. Roslina ta byta od dawna stosowana w medycynie ludowej do leczenia
nerwicy 1 bezsennos$ci. Owies stosowany byt takze na skore, w celu jej nawilzenia

oraz ztagodzenia zaczerwien i podraznien (Singh i in., 2013).

W Polsce uprawa owsa rozpoczeta si¢ w VII-IX wieku, za§ hodowle odmian
rozpoczeto w koncowcee XIX wieku (Spiss, 2003; Zarzecka i in., 2018). Wowczas owies
stanowil podstawe w zywieniu koni, ale juz wtedy zaczgto zwraca¢ uwage na potencjat
nasion owsa w zywieniu ludzi (Spiss, 2003). Zboze to bylo szczegdlnie popularne
w rejonach goérzystych i o trudnym klimacie, bowiem ro$lina ta dobrze przystosowuje
si¢ do trudnych warunkéw s$rodowiska (Zarzecka i in., 2018). Wystepuje zar6wno
w formie jarej jak i ozimej, w Polsce uprawia si¢ gtownie t¢ pierwsza. Wigzkowy system
korzeniowy owsa jest w stanie wydajnie pobiera¢ sktadniki odzywcze z gleby;
pojedyncze korzenie mogg siega¢ nawet do dwoch metrow w glab gleby. Dzieki temu
owies dobrze plonuje takze na stabszych glebach (Zarzecka i in., 2018). Jest to roslina
o niewielkich wymaganiach cieplnych, ale wysokich potrzebach wodnych, szczegolnie
w okresie wyrzucania wiech i kwitnienia, ktoéry to w Polsce przypada na maj/czerwiec
(Michalski 1 in., 1999). Owies jest rowniez znany jako ro$lina fitosanitarna. Uwazany
jest za dobry przedplon dla innych roslin zbozowych, gdyz charakteryzuje si¢ on duza
odpornoscig na choroby grzybowe, a takze duzg naturalng konkurencyjnosciag w stosunku

do chwastéw (Pawtowski i Deryto, 1988).

Do rodzaju Avena naleza gatunki ro$lin diploidalnych, tetraploidalnych
1 heksaploidalnych. Gatunki diploidalne majg genomy AA lub CC, tetraploidalne AABB,
AACC, CCCC lub CCDD, a heksaploidalne — AACCDD. Owies zwyczajny
jest gatunkiem heksaploidalnym (2n = 6x = 42), ktory powstal najprawdopodobnie;j
poprzez hybrydyzacje tetraploidu (CCDD) i diploidu (AA) (Yan i in., 2016a; Yan i in.,
2016b; Jiang 1 in., 2021). Poziom skomplikowania genomu owsa, podnosi fakt,
ze chromosomy tej ro$liny ulegly wielu rearanzacjom. Co wigcej, proces ten wcigz trwa
a chromosomy wspotczesnych odmian owsa moga by¢ réznie zorganizowane (Tinker

1in., 2022). W 21 chromosomach owsa zwyczajnego zlokalizowanych jest ponad
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80 tysiecy gendéw. Z tego powodu prace nad zsekwencjonowaniem genomu owsa
prowadzone byty przez dlugi czas, a pelna sekwencja genomu zostata opublikowana

dopiero w 2021 roku (PepsiCo, 2021; Kamal i in., 2022).

W ostatnich latach wzrasta zainteresowanie zywnoscig ekologiczng
1 zrownowazonym odzywaniem si¢. Nasiona owsa i1 produkty pochodzenia owsianego
idealnie wpisujg si¢ w ten trend, bowiem sg one bardzo dobrym zrédiem wapnia, thuszczy,
biatek, witamin (A, B i E) oraz btonnika (Butt i in., 2008). W poréwnaniu do ziaren
pszenicy, ziarna owsa zawieraja wiecej aminokwasow egzogennych, takich jak treonina,
metionina, lizyna, fenyloalanina, tyrozyna, walina i leucyna (Zarzecka i in., 2018).
Nasiona owsa zawieraja tez wigcej btonnika niz nasiona pszenicy, ryzu (Oryza sativa L.)
czy kukurydzy (Zea mays L.) (Singh 1 in., 2013). Wykazano, ze btonnik pochodzenia
owsianego efektywnie obniza poziom cholesterolu oraz normuje poziom cukru we krwi
(Wood i in., 1990; Wood, 1991; Kahlon i Chow, 1997). Waznym sktadnikiem btonnika
jest B-glukan, czyli polisacharyd o wyjatkowych wilasciwosciach. Juz w stezeniu
1% roztwory B-glukanu wykazuja wysoka lepkos¢, ktora jest stata w szerokim zakresie
pH (2-10), ale zmienia si¢ wraz ze wzrostem temperatury (Butt i in., 2008). Dzi¢ki temu,
w przewodzie pokarmowym tworzy lepkie zele, ktore zaspokajaja uczucie taknienia
1 spowalniajg pasaz tresci pokarmowej. Dodatkowo zwigkszona lepko$¢ ogranicza
wchlanianie cukréw, tluszczu icholesterolu oraz zwigksza wydalanie kwasow
z6tciowych z organizmu, obniza stezenie glukozy we krwi po positku (Wood 1 in., 1994;
Zarzecka 1 in., 2018). Dotychczasowe badania oparte o analizy genomu owsa pozwolily
wykaza¢, ze produkty spozywcze uzyskiwane z owsa sa bezpiecznym pokarmem dla osob
chorych na celiakie. Wynika to z faktu, Zze w poréwnaniu do innych zbdz jak pszenica,
czy jeczmien (Hordeum vulgare L.), w genomie owsa jest niewielka liczba kopii genow
kodujacych epitopy glutenu oraz innych wysoce immunogennych biatek (Kamal 1 in.,

2022; LeiSova-Svobodova i in., 2022).

Poznanie genomu ro$liny umozliwia doglebne zrozumienie mechanizméw
lezacych u podstaw wszystkich procesoOw zachodzacych w ro$linach, w tym wzrostu
irozwoju oraz odpowiedzi na stresy S$rodowiskowe. Pelne pojecie procesow
zachodzacych w roslinach w wyniku stresu, na przyktad suszy, jest kluczowe dla dalszego
rozwoju nowoczesnego rolnictwa. W obliczu zmian klimatycznych oraz rosngcej

swiatowej populacji niezwykle wazne jest scharakteryzowanie szlakow biorgcych udziat
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w odpowiedzi na stresy srodowiskowe, ktore w najwiekszym stopniu zagrazaja roslinom

1 zmniejszaja plony.
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IV. Cel pracy

Celem pracy byto zidentyfikowanie gendw metalotionein owsa (AsMT1-4)
1 okreslenie roli kodowanych przez nie biatek w odpowiedzi na stresy abiotyczne (stres

osmotyczny, suszy i metali ci¢zkich) oraz biotyczne (obecno$¢ mikroorganizmow).
Szczegotowe cele polegaly na:

1) Poznaniu 1  scharakteryzowaniu  sekwencji  nukleotydowych
1 aminokwasowych MT owsa zwyczajnego;

2) Sprawdzeniu udzialu AsMT we wzroScie 1 rozwoju roslin owsa
ZWYyCzajnego;

3) Ustaleniu roli AsMT w odpowiedzi ro$lin owsa zwyczajnego na obecnos¢
jonow metali ciezkich (Cd i Zn) i grzybow z rodzaju Trichoderma;

4) Ocenic wplywu stresOw suszy i osmotycznego na ekspresje AsMT

1 parametry biochemiczne roslin owsa zwyczajnego.
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V. Woyniki i dyskusja
1. Identyfikacja i charakterystyka rodziny genéw AsMT

Od momentu opublikowania sekwencji genomu A. sativa liczba publikacji
dotyczacych analizy gendéw owsa rosnie. Dostepno$¢ sekwencji genomu pozwala
na lepsze zrozumienie molekularnych podstaw mechanizmow regulacji wzrostu
i rozwoju czy odpowiedzi na stres u owsa (PepsiCo, 2021; Kamal i in., 2022; Liu i in.,
2022; Ghorbel i in., 2023; Ling i in., 2023; Pan i in., 2023; Chen i in., 2024; Pan i in.,
2024; Sandro i in., 2024; Zhang i in., 2024; Zhou i in., 2024). Znajomos$¢ molekularnych
mechanizmow stojacych za podstawowymi procesami zachodzacymi w ro$linach jest
kluczowa dla dalszego rozwoju rolnictwa. Wiedza ta umozliwi skrocenie czasu
niezbednego do otrzymania nowych odmian. Dodatkowo, poznanie mechanizmow
stojacych za odpowiedzia na stresy $rodowiskowe umozliwi szybsze 1 lepsze
dopasowanie dziatan rolnikéw, co w konsekwencji moze ograniczy¢ nadmierne zuzycie
srodkow ochrony ros$lin i nawozow, ale takze przyczyni¢ si¢ do ograniczenia strat
w uprawach do minimum. W niniejszej pracy doktorskiej postawiono hipoteze
badawcza, ktéra zaktada, ze MT to biatka konserwowane ewolucyjnie, o potencjalnej roli
w wielu procesach zachodzacych w roslinach w tym we wzrocie i rozwoju

oraz odpowiedzi na stres.

Przeprowadzone analizy genomu owsa in silico wykazaty obecnos$¢ 21 genow
kodujacych  MT  (AsMT). W zidentyfikowanych  sekwencjach  odnalaztam
charakterystyczne dla MT motywy bogate w reszty cysteinowe. Na ich podstawie
sekwencje zaklasyfikowalam do czterech typow roslinnych MT — pie¢ z nich koduje
MT1, dziewig¢ MT2, trzy MT3 oraz cztery MT4. Metalotioneiny 4. sativa rozmieszczone
sg na 12 z 21 chromosomow owsa (publikacja 3). Ta mnogo$¢ genow MT u owsa
zwigzana jest z jego heksaploidalno$cia. Kazdy z trzech subgenomow owsa (subgenom
A, C1iD) zawiera przynajmniej po jednym genie kodujacym kazdy z czterech typéw MT.
Poszczegolne subgenomy A. sativa musialy zawiera¢ wszystkie geny niezbgdne
do przetrwania gatunku (publikacja 3). To pokazuje jak wazng role w roslinach petnig
MT. Ponadto wczesniejsze badania wskazuja, zeliczba genow MT koreluje
z ploidalnoscia 1 nie zalezy od wielko$ci genomu (Yu i in., 2020). Przyktadem sg ro$liny
diploidalne: A. thaliana o genomie 135 Mb posiada siedem genow MT (Guo i in., 2003),
ryz o genomie 420 Mb posiada 11 genow MT (Chengin., 2021), a kukurydza o genomie
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2500 Mb posiada tylko 9 genow MT. U tetraploidalnych B. napus (975 Mb) i B. juncea
L. (920 Mb) obecnych jest odpowiednio 16 1 12 genéw MT (Yu i in., 2020).

Dzigki dostgpnosci petlnego genomu owsa mozliwe bylo wykonanie analiz
in silico sekwencji promotorowych gendéw AsMT pod katem obecno$ci potencjalnych
cis-elementow (publikacja 3). Analiza ta pozwolila na okreslenie prawdopodobnych
funkcji bialek kodowych przez poszczegélne geny AsMT. Na przyklad wsrod
cis-elementow obecnych w sekwencjach promotorowych MT owsa obecne byty elementy
odpowiedzi na fitohormony np. na kwas abscysynowy (element ABRE). Najwigcej
elementow zwigzanych z odpowiedzig na fitohormony posiadaty promotory genow
AsMT2 i AsMT4. Kolejng liczng grupg cis-elementdéw obecnych w promotorach
AsMTI1-4 byly cis-elementy zaangazowane w odpowiedz na stres suszy (elementy DRE,
MBS, MYB), stres wywolany obecnoscig metali ciezkich (MRE, CuRE), czy stresy
biotyczne wywotane obecnoscig mikroorganizmow (W-box, AT-rich sequences, TC-rich
repeats). Co ciekawe, suma cis-elementéw zwigzana z odpowiedzig na stresy abiotyczne
byta podobna wérdd wszystkich genow AsMT i1 srednio wynosita 11. Jednak w przypadku
elementow zwigzanych z odpowiedzig na stres suszy najwigcej elementow obecnych byto
w promotorach genéw AsMT4. W promotorach AsMTI-4 obecne byly tez elementy
zwigzane z rozwojem rosliny, na przyktad zwigzane z rozwojem merystemow (CAT-box,
NON-box) czy powstawaniem nasion (RY-element) (publikacja 3). Przeprowadzone
analizy z duzym prawdopodobienstwem wskazuja, ze AsMT sa zaangazowane we wzrost
1 rozwdj ro$lin, atakze w odpowiedZz ro$liny na stresy Srodowiskowe. Podobne
obserwacje przedstawiono odno$nie MT u innych roslin: kukurydzy, ryzu i rzodkiewnika
(Zhou 1 in., 2006; Dabrowska i in., 2012b; Yu i in., 2020). Udowodniono, ze promotor
MT typu 1 ryzu moze by¢ zaindukowany przez zranienie oraz traktowanie miedzia i PEG
(poliglikolem etylenowym) (Lii i in., 2007). Ponadto promotor MT typu 1 ryzu
gwarantuje specyficznos¢ tkankowg oraz jest indukowany przez wiele czynnikow, w tym
kwas abscysynowy (ABA), ciemnos¢, suszg i jony metali (Cu, Zn, Pb, Al, Cd i Co) (Dong
i in., 2010). Niewiele jest jednak doniesien potwierdzajacych funkcjonalno$¢
przewidzianych cis-elementéw w MT ro$linnych, dlatego uzyskane wyniki stanowia
wazng czeS¢ charakterystyki genow AsMT 1 sg istotnym wyznacznikiem dalszego

kierunku badan.
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2. Udzial AsMT w kielkowaniu owsa zwyczajnego

Wyniki analizy in silico wskazujace, ze w promotorach genéw AsMT typu
1 13 obecne sg cis-elementy RY-element i GCN4_motif, biorgce udziat w rozwoju nasion
ukierunkowaly moje badania, w ktérych sprawdzitam ekspresj¢ czterech genow
AsMTI-4 owsa w kietkujacych nasionach (publikacja 3). Kietkowanie nasion jest jednym
z najwazniejszych etapow w cyklu zycia rosliny, gdyz od tego etapu uzalezniona
jest takze wielkos¢ plonu. Zatozytam, ze ekspresja 4AsMT bedzie zmieniac si¢ trakcie
kietkowania nasion, a poziom ekspresji bedzie rozny w zalezno$ci od analizowanego typu
MT oraz czasu kietkowania. Geny te byly zrdznicowanie eksprymowane. W drugiej
dobie kietkowania ekspresja AsMT1 byla najwyzsza. W przypadku AsMT2 najwigcej
transkryptow bylo w 6.1 12. Godzinie kietkowania. Ilo§¢ transkryptow AsM7T3 byta
najwyzsza w suchych nasionach i w 48. godzinie kietkowania, a genu AsMT7T4 w 3., 9. 1
12. godzinie kietkowania. Po 24. 1 48. godzinach od rozpoczeciu kietkowania ekspresja
AsMT4 obnizyta si¢ ponad 20-krotnie. \% pierwszych
12. godzinach kietkowania w nasionach obecnych byto najwigcej mRNA genu AsMTH4.
W kolejnych godzinach ilo$¢ transkryptow tego genu gwattownie zmalata, a na wysokim
poziomie utrzymywato si¢ mRNA AsMTI-3 (publikacja 3). Wysoka ekspresja genow
AsMT w czasie kietkowania sugeruje ich wazng rol¢ w tym procesie. Podobne wyniki
uzyskano dla rzepaku, gdzie w kielkujacych nasionach stwierdzono ekspresj¢ genow
nalezacych do czterech typéw MT (Dabrowska i in., 2013). Z kolei Zhou i in. (2012)
wykazali, ze nasiona transgenicznych A. thaliana niosacy geny MT typu 2 lub 3 lotosu
zwyczajnego (Nelumbo nucifera Gaertn.) kietkowaly szybciej w poréwnaniu z roslinami
typu dzikiego. W przypadku badan prowadzonych na ryzu zaobserwowano, ze OsMT2b
pelni kluczowa role w kietkowaniu nasion poprzez regulowanie poziomu cytokinin
(Yuan 1 in., 2008). W dojrzewajacych nasionach gryki zwyczajnej (Fagopyrum
esculentum L.) zaobserwowano ekspresj¢ MT3, a takze wzrost ekspresji tego genu

po indukcji jonami Zn (Brkljaci¢ 1 in., 2004).

W kielkowaniu nasion najlepiej zbadana jest rola MT4. Zespot Kawashima i in.
(1992) pracujacy na pszenicy dostrzegl, ze geny Ec sa eksprymowane w trakcie
embriogenezy, a ekspresja zanika krotko po rozpoczeciu kietkowania. Transkrypty MT4
sa akumulowane w zarodkach czasie dojrzewania nasion kukurydzy, a ich poziom

wzrasta po traktowaniu ABA i po indukcji stresu osmotycznego (White i Rivin, 1995).
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W dojrzewajacych nasionach jeczmienia wystgpowanie zaréwno transkryptow
jak i biatek MT4 bylo ograniczone do warstwy zarodkowej i aleuronowej nasiona.
Dodatkowo wykazano, ze MT4 wigze preferencyjnie jony Zn. Sugeruje to rolg MT4 jako
magazynu Zn w dojrzewajacych i1 dojrzalych nasionach (Hegelund i in., 2012). Zespot
Schiller 1 in. (2014) wykazal, ze u jeczmienia ekspresja MT4 byta najwyzsza 28 dni
po zapyleniu. Co ciekawe, zaobserwowali oni tez zmiany w ekspresji genow kodujacych
MT pozostatych typow, sugerujac rolg wszystkich typow MT w powstawaniu nasion.
U rzodkiewnika wykazano, ze geny AtMT4a 1AtMT4b s3 eksprymowane
w dojrzewajacych zarodkach. Ich wyciszenie z uzyciem RNAi zmniejszylo mas¢ nasion
i spowodowato wolniejszy wzrost siewek, za§ nadekspresja tych genéw wywolata
odwrotny efekt. Dodatkowo wykazano, ze ekspresja AtMT4a 1 AtMT4b koreluje
pozytywnie z zawarto$cig jondw Zn w nasionach oraz tkankach wegetatywnych. Wyniki
wskazuja na kluczowa role MT4 jako magazynu jondw Zn, ktore sa wykorzystywane

we wczesnych etapach wzrostu siewek po kietkowaniu nasion (Ren i in., 2012).

Oczywista rola MT w procesie dojrzewania 1 kietkowania nasion
jest regulowanie iutrzymanie odpowiedniej iloSci mikroelementow (Cobbett
1 Goldsbrough, 2002; Kranner i Colville, 2011), jednakze ta funkcja zostala wykazana
jedynie dla MT4 1 jonéw Zn. W dojrzewajacych nasionach jeczmienia zaobserwowano,
ze transkrypty M73 utrzymywaty si¢ na stalym poziomie podczas rozwoju nasion i byty
obecne we wszystkich tkankach nasion. Sugeruje to rol¢ MT3 w utrzymaniu homeostazy
metali, a nie jako biatka zapasowe (Hegelund i in., 2012). Wskazuje si¢ tez na korelacje
miedzy kietkowaniem nasion, poziomem MT a poziom RFT. Reaktywne formy tlenu
odgrywaja kluczowa role w regulacji procesu kietkowania (Bailly, 2019). W nasionach
pomidora traktowanych zmiennym polem magnetycznym zauwazono wzrost poziomu
nadtlenku wodoru oraz ekspresji MT typu 1 i 4 (Anand i1 in., 2019). Nasiona
rzodkiewnika, u ktorych gen AtMT2a zostat wyciszony, byly bardziej wrazliwe na chtod
podczas kietkowania i1mialy podwyzszony poziom H»0,. Co ciekawe, u roslin
rzodkiewnika z wyciszonym genem kodujacym katalaz¢ zaobserwowano wzrost
ekspresji AtMT2a pod wptywem dziatania niskiej temperatury. Sugeruje to wzajemnie

uzupetniajace si¢ dzialanie AtMT2a 1 katalazy w regulacji poziomu RFT (Zhu i in., 2009).
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3. Zaangazowanie AsMT w reakcj¢ siewek owsa zwyczajnego na obecnos¢

metali ciezkich

Obecnos¢ w promotorach gendw AsMT cis-elementdw zwigzanych z reakcja
na dziatanie metali ciezkich wskazuje na udzial tych genéw w odpowiedz rosliny
na dziatanie HM (publikacja 3). W zwiazku z tym postawilam hipoteze zakladajaca,
ze metalotioneiny owsa sg zaangazowane w odpowiedz na Zn i Cd, jednakze rola
poszczegdlnych typdéw MT moze by¢ odmienna. W celu sprawdzenia zdolnosci AsMT
do ochrony komorek przed stresem wywotany obecnoscig metali cigzkich w wektor
ekspresyjny wklonowatam sekwencje kodujace AsMT1-4. Bakterie E. coli niosace geny
AsMT3 1 AsMT4 lepiej tolerowaty obecno$¢ jonow Zn i Cd w srodowisku, w porownaniu
do bakterii niosgcych pusty wektor ekspresyjny. W przypadku bakterii transformowanych
wektorem ekspresyjnym niosagcym geny AsMT1 1 AsMT2 tempo wzrostu bylo na takim
samym poziomie jak u bakterii niosacych wektor ekspresyjny nie zawierajacy wstawki
(publikacja 4). Podobnie, transgeniczne drozdze niosace geny B. rapa BrMTI-3 lepiej
tolerowaly obecnos¢ CdiZn w poréwnaniu do drozdzy niosacych pusty wektor,
a najwieksza tolerancja na oba pierwiastki charakteryzowaty si¢ bakterie eksprymujace
BrMT3 (Liu iin. 2021). Z kolei E. coli nadeksprymujace MT jeczmienia HvMT2b2
1 HvMT4 akumulowaly wigcej Zn 1 Cd. Wyzsze tempo wzrostu transformowanych
bakterii obserwowano jedynie w obecno$ci Zn. W przypadku Cd tempo wzrostu byto
nizsze niz dla bakterii kontrolnych (Pourjalali 1 in., 2022). Podobne obserwacje opisano
dla  bakterii transformowanych wektorem niosgcym sekwencje kodujaca
MT typu 4 zrzepaku, gdzie zaobserwowano szybsze tempo wzrostu bakterii
transformowanych  niz kontrolnych ~ w obecnosci Zn, zas w obecnosci
Cd nie obserwowano zmian (Mierek-Adamska i in., 2018). Obserwowane rdznice
tj. lepszy wzrost bakterii eksprymujacych AsM7T3 i AsMT4 w pordwnaniu do bakterii
kontrolnych 1 brak takich r6znic w przypadku AsMTI 1 AsMT2, wskazuja na ochrong
komorek bakterii przed szkodliwym dziataniem Zn 1 Cd przez AsMT3 i1 AsMT4, czego
nie potwierdzono dla AsMTI i AsMT2 (publikacja 4). Posrednio
moze to sugerowac zaangazowanie AsMT3 i AsMT4 w ochrong komoérek owsa
zwyczajnego przed stresem spowodowanym obecnoscia ZniCd. Co istotne,
w przypadku B. rapa i H. vulgare MT1 1 MT2 rowniez petnig funkcje ochronne (Liu i in.,
2021; Pourjalali i in., 2022).

30



W kolejnych eksperymentach, majacych na celu ustalenie roli MT podczas
stresu powodowanego obecnoscia HM sprawdzitam czy ekspresja MT owsa bedzie
zmienia¢ si¢ w odpowiedzi na traktowanie jonami Zn i Cd, oraz czy bgdzie ona rézna
w zaleznosci od czasu trwania stresu, typu MT, czeséci rosliny 1 zastosowanego metalu.
Siewki owsa w uprawie hydroponicznej traktowatam 100 uM CdSOs4 i 200 uM ZnSO4
i mieszaninie obu pierwiastkow (publikacja 3). Pod wzgledem fizykochemicznym
Zn i Cd sg do siebie podobne i w srodowisku czesto wystepuja razem. Ich fizjologiczne
role 1 oddzialywanie na organizmy zywe jest natomiast zupetnie odmienne, dlatego
tez wazne jest badanie wptywu obu tych pierwiastkOw na organizmy zywe (Almeida i in.,
2018). Co cieckawe, wykazano zaro6wno antagonistyczne jak i synergistyczne interakcje
pomiedzy tymi pierwiastkami (Moustakas 1 in., 2011; Puga 1 in., 2015). Ilo$¢
transkryptow AsMT byta rozna w pedach i1 korzeniach roslin rosngcych w warunkach
kontrolnych (bez obecnosci HM). Ekspresja AsMT zmieniala si¢ w czasie oraz na skutek
dziatania HM. Pod wptywem dziatania Cd i mieszaniny Zn i Cd wzrastata ekspresja
AsMTI 1 AsMT2 w pedach. W korzeniach za§ w wyniku dziatania tych czynnikéw
ekspresja AsMT1 malata. Obecno$¢ samego Zn stymulowala ekspresj¢ AsMT2 1 AsMT3
w korzeniach, ale nie pedach roslin. W oparciu o przedstawione wyniki zaktadamy,
ze AsMT1 pehi role w detoksykacji Cd, a AsMT2 i AsMT3 sa zaangazowane
w utrzymanie homeostazy Zn. Jednakze role te sg prawdopodobnie organospecyficzne
oraz zaleza od etapu rozwoju i/lub czasu trwania stresu (publikacja 3). Najwicksze
fluktuacje w ekspresji odnotowano dla AsM7T4. Ekspresja tej AsMT w pedach najwyzsza
byla trzeciego dnia traktowania roslin mieszaning Zn 1 Cd, w korzeniach za$ najwyzsza
ekspresj¢ odnotowano po czternastu dniach traktowania mieszaning jonéw (publikacja
3). Wzrost ekspresji AsMT4 tylko w odpowiedzi na jednoczesne dziatanie Cd i Zn, a nie
samego Zn lub Cd sugeruje role MT typu 4 jako filtrow, ktore dzieki obecnosci reszt
histydyny w swojej strukturze, s3 w stanie rozr6zni¢ niezbedny do zycia

Zn od toksycznego Cd (Leszczyszyn 1 in., 2007; Mierek-Adamska i in., 2018).

Wielokrotnie  wykazano, ze na ekspresje¢ MT wypltywa obecno$¢
HM w $rodowisku jednakze odpowiedZ zalezy od rodzaju metalu, typu MT, gatunku
rosliny, organu czy etapu rozwoju (Hsieh 1 in., 1995; Zhou 1 Goldsbrough, 1995; Cobbett
1 Goldsbrough, 2002). Na przyktad u kawy (Coffea arabica L.) zauwazono, ze ekspresja
MT?2 wzrastala wraz ze wzrostem stezenia Zn (Barbosa i in., 2017). Gao 1in. (2022)

wykazali zrdznicowang ekspresje dziewigciu MT kukurydzy zalezng od HM
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(Cu, Cd 1 Pb). Inne przyktady zmian ekspresji M7 pod wplywem HM mozna znalez¢ u
A. thaliana (Guo 1 in., 2003), rzepaku (Ahn i in., 2012), jadtoszynu baziowatego
(Prosopis juliflora L.) (Usha 1 in., 2009), czy wilca ziemniaczanego (lpomea batatas L.)
(Kim 1 in., 2014). W dwoch pracach, gdzie zbadano ekspresje czterech typéw MT
w odpowiedzi nastres wywolany HM, podkreslone zostaly rdznice pomiedzy
poszczegbdlnymi typami MT. Kazdy z analizowanych gené6w w inny sposéb reagowat na
dany pierwiastek, a ekspresja byta rozna w réznych tkankach roslinnych (Pan i in., 2018;
Gao 1 in., 2022). Wszystkie te analizy wskazujg na to, ze u owsa MT roznych typow
odpowiadajg za utrzymanie homeostazy mikroelementow i detoksykacje toksycznych

jonow, a dodatkowo wykazuja tez swego rodzaju organospecyficznos¢.

3.1. Ocena zawartosci Zn i Cd w A. sativa rosnacym w obecnosci HM

i Trichoderma viride

Niektore rosliny majg wyzsza niz inne tolerancje¢ na obecnos¢ HM w glebie,
ale istniejg rézne strategie na ograniczanie toksycznosci HM. Po pierwsze rosliny
ograniczaja pobieranie HM poprzez immobilizacj¢ HM z udzialem mikroorganizméw
mikoryzowych oraz sekwestracje i kompleksowanie metali przez zwiazki obecne
w eksudacie korzeniowym. Kolejno, jesli HM dostang si¢ do wngtrza rosliny, dochodzi
do sekwestracji 1 kompartmentacji HM w komorkach korzenia w przedziatach
komorkowych np. wakuolach, dzigki czemu ograniczone jest ich toksyczne dzialanie.
Cze$¢ roslin transportuje HM do nadziemnych czesci ros$lin gdzie s3 nastepnie
magazynowane (Emamverdian 1 in., 2015; Ghori 1 in., 2019). Poprzednio wykazano,
ze ros$liny owsa mogg nie tylko wzrasta¢ w obecnosci jonow Cd, ale takze moga
go akumulowa¢ (Tanhuanpii i in., 2007; Tuma i in., 2014; Rolka, 2015). Zatozytam,
ze wraz ze wzrostem stezenia Cd w glebie, stezenie Cd w roslinach owsa bedzie
wzrastalo. W celu oceny tolerancji oraz stopnia akumulacji Cd przez rosliny owsa
wykonatam doswiadczenie donicowe, w ktorym rosliny owsa byly hodowane w glebie
zawierajacej od 1 mg do 20 mg Cd na kg gleby. Dodatkowo zamierzatam zweryfikowac
hipotezg zakladajaca, ze obecno$¢ grzyba Trichoderma viride ogranicza akumulacje
Cd w tkankach roslinnych (publikacja 4). Po 6 miesigcach hodowli nie zaobserwowano
roznic w dtugosciach pedu 1 korzenia miedzy roslinami rosngcymi w rdéznych stezeniach
Cd. Roznice zaobserwowano jedynie w biomasie pedow 1 korzeni — wraz ze wzrostem

stezenia Cd w glebie, biomasa ro$lin malala. Ponadto, wraz ze wzrostem stgzenia
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Cd w glebie malata liczba wytworzonych wiech, a co za tym idzie, liczba powstatych

nasion (publikacja 4).

Rosliny owsa sg w stanie wydajnie transportowa¢ jony Cd z podtoza do czesci
nadziemnej rosliny (Ebbs i Kochian, 1998; Gutiérrez-Ginés 1 in., 2010; Tuma i in., 2014;
Marchel i1 in., 2018). Analiza zawarto$ci pierwiastkow w cze$ci nadziemnej owsa
potwierdzita, ze wraz ze wzrastajacym stezeniem Cd w glebie, wzrasta stgzenie Cd
w roslinie. Zaobserwowalam tez pozytywna korelacje miedzy stgzeniem Zn w roSlinie,
a stezeniem Cd w glebie (publikacja 4). Jest to o tyle ciekawe, ze Zn i Cd sa podobne
pod wzgledem fizykochemicznym i zwykle im wyzsze stezenie Cd w glebie, tym
mniejsze jest pobieranie Zn przez ro$liny (Vasiliadou i Dordas, 2009; Murtaza i in.,
2017). Zawarto$¢ Cu pozostawala na takim samym poziomie 1 korelowala negatywnie
zpoziomem Cd w glebie (publikacja 4). Obserwowana przeze mnie zawarto$¢
pierwiastkéw moze by¢ zwigzana z tym, ze rosliny lepiej akumulujg Zn i Cd niz Cu (Pusz
iin., 2021). Ponadto, na biodostepnos¢ metali w glebie ma wptyw wiele czynnikow takich
jak na przyktad: pH gleby, przewodno$¢ elektryczna, zdolno$¢ wymiany kationow
1 zawarto$¢ materii organicznej (Bayouliiin., 2020; Yangiin., 2021). Obecno$¢ grzybow
T. viride wpltyngta pozytywnie na biomas¢ pedow 1 korzeni oraz liczbe
wyprodukowanych nasion w obecnosci Cd, ale nie wptyneta na zawartos¢ Zn, Cd i Cu
w czeSci nadziemnej roslin. Mikroorganizmy te s3 znane ze swoich wlasciwosci
promujacych wzrost roslin (Znajewska i in., 2018; Turkan 1 in., 2023). Cho¢ tu nie
zaobserwowalismy wplywu T. viride na ilos¢ zakumulowanego Cd w cze$ci nadziemne;
owsa, to dostgpne sg raporty, w ktorych obecnos$¢ grzybdw z tego rodzaju spowodowata
wzrost akumulacji Cd w roslinach takich jak B. juncea (Cao 1 in., 2008) czy H. vulgare
(Taghavi Ghasemkheili i in., 2022). Dodatkowo, w obecnosci 7. viride plon owsa byt
wyZszy, co sugeruje, ze obecno$¢ tych grzybow ograniczala negatywny wpltyw
Cdnarosliny. Jest to istotne nie tylko w sytuacji, gdy poszukuje si¢ rozwigzan
zwigzanych z fitoekstrakcja metali z gleby, czyli usuwaniem zanieczyszczen z gleby
lub wody z uzyciem roslin. Ma to rowniez znaczenie ze wzgledu na zdrowie ludzi,
bowiem je$li Cd akumuluje si¢ roslinach wykorzystywanych do zywienia ludzi
1 zwierzat, to moze dochodzi¢ do bioakumulacji Cd w tancuchu pokarmowym. Nasze
wyniki pokazuja, ze T. viride zwigksza wytwarzanie nasion przez rosliny owsa,
a jednoczes$nie nie zwigksza akumulacji Cd w cze¢$ciach nadziemnych ro$lin. Jesli chodzi

o akumulacj¢ HM w nasionach ro§lin uprawnych rosnagcych w glebach skazonych
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metalami ciezkimi, to wyniki nie sg jednoznaczne. Dla soi rosnacej w glebie skazonej
Zn i Pb nie zaobserwowano wzrostu tych HM w nasionach (Salazar i in., 2012). Podobnie
dla rzepaku rosngcego w glebie skazonej Cu, Zn, Pb, Cd i Mn nie zaobserwowano
akumulacji HM w nasionach, ktora stanowitaby zagrozenie dla ludzi. Jednak dla nasion
ryzu i pszenicy rosngcych w tej samej glebie przekroczone zostaly maksymalne st¢zenia
Pb i Cd (Xu i in., 2022b). Dlatego tez by ograniczy¢ konsumpcje¢ HM przez ludzi
wprowadzono limity zawartosci HM w glebach uprawnych (Edelstein i Ben-Hur, 2018).

W celu okreslenia roli AsMT1-4 w interakcji roslin z 7. viride sprawdzitam
ekspresje genow MT u roslin owsa zainokulowanych lub niezainokulowanych sporami
T. viride, rosnacych w glebie zawierajacej od 1 mg do 20 mg Cd na kg gleby
(publikacja 4). W roslinach zainokulowanych sporami grzybow ekspresja AsMTI-3
w obecnosci 1 mg/kg Cd byla dwukrotnie wigksza w poréwnaniu z probkami
nieinokulowanymi. Natomiast w wyzszych stezeniach Cd (5, 10 i 20 mg/kg) ekspresja
w obu wariantach byla na podobnym poziomie. Obserwowano pozytywne korelacje
pomiedzy inokulacja 7. viride a ekspresja AsMTI-3, natomiast negatywne korelacje
zaobserwowalam pomig¢dzy poziomem Cd w glebie a ekspresja AsMT1-3. W przypadku
AsMT4 ekspresja wzrastala po inokulacji sporami grzyba w roslinach rosngcych w glebie
zawierajace] 10 mg Cd na kg gleby. Ekspresja tego genu negatywnie korelowata zaréwno
z inokulacja T. viride, jaki 1 zawartoscia Cd w glebie 1 ekspresja pozostalych
AsMT (publikacja 4). Istniejag dowody na to, ze MT biorg udzial w interakcjach miedzy
roslinami a mikroorganizmami — w przeszto$ci zaobserwowano, ze po inokulacji roslin
rzepaku grzybami arbuskularnymi wzrosta ekspresja MT typu 2 w lisciach tych roslin
w poréwnaniu do roslin nieinokulowanych (Dabrowska 1 in., 2014). Cicatelli i in. (2010)
wykazali, ze inokulacja topoli bialej grzybami arbuskularnymi nie tylko powodowata
zwigkszenie biomasy ro$liny w glebie zanieczyszczonej Cu i Zn, ale takze zaindukowana
zostata ekspresja MT typu 1, 2 1 3. Co ciekawe, badania Garsteckiej 1 in. (2023) wskazuja,
ze r6zne szczepy 1. viride w odmienny sposob wplywaja na ekspresje MT rzepaku.
W przypadku MT owsa wykazalam w promotorach tych genéw obecnos$¢ elementow
zwigzanych z odpowiedzig na stresy biotyczne. Wzrost ekspresji AsMT'1-3 odnotowatam
tylko dla roslin inokulowanych rosngcych w obecnosci 1 mg Cd natomiast wzrost
ekspresji  AsMT4 tylko dla ro$lin inokulowanych rosngcych w obecnosci
10 mg Cd. Wskazuje to na odmienne role AsMTI1-3 1 AsMT4 w interakcji

ro$lina - mikroorganizm w glebie skazonej Cd. Ponadto, prawdopodobnie w warunkach
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intensywniejszego stresu (wyzszych stezen Cd w glebie) grzyby 7. viride nie wchodza
w interakcje z owsem w takim samym stopniu jak w warunkach bardziej korzystnych,
gdyz ich metabolizm moze by¢ woéwczas skierowany na ochron¢ witasnych komorek

przed negatywnym dzialaniem HM. Hipoteza ta jednak wymaga dalszej weryfikacji.

4. Zaangazowanie AsMT w reakcj¢ siewek owsa zwyczajnego na stres

osmotyczny i suszy

Analizy in silico wykazaty w promotorach AsMT obecnos$¢ wielu elementow
zwigzanych z odpowiedzig na stres suszy oraz odpowiedzig na kwas abscysynowy.
Fitohormon ten jest $cisle zwigzany ze stresem suszy u roslin i odpowiada
m. in. za zamykanie aparatow szparkowych (Szmidt-Jaworska i Kopcewicz, 2024).
W zwiazku z tym zweryfikowatam hipotez¢ zakladajaca udziat MT owsa w reakcji
na dziatanie stresow osmotycznego 1 suszy. Zmiany w warto$ci potencjatu wody
w srodowisku wynikajace czy to z suszy atmosferycznej, czy tez z suszy fizjologicznej
wywoluja u roslin stres osmotyczny. Wymusza to na roslinach zmiany potencjatu
osmotycznego ich komoérek, by méc pobiera¢ wode z otoczenia. Niedobdr wody u roslin
powoduje zmiany m. in. w morfologii, wymianie gazowej i zawartosci chlorofilu
(Marcinska i in., 2013). W warunkach naturalnych to wtasnie susza i nadmierne zasolenie
gleby sa najczestszymi przyczynami stresu osmotycznego (Xiong i Zhu, 2002). Jednak
w pracach eksperymentalnych stosuje si¢ inne metody indukcji stresu osmotycznego
u roslin np. zwigzki chemiczne obnizajace potencjat wody takie jak poliglikol etylenowy
(PEG) 1 D-mannitol (Udawat i in., 2014; Yadav i1 in., 2014; Ghosh 1 in., 2019;).
PEG i1 D-mannitol dziatajg poprzez zmniejszenie dostgpnosci wody, nasladujac wplyw
suszy na ro$liny. Stosowanie PEG i D-mannitolu w hodowli hydroponicznej jest prostsze
niz prowadzenie do$wiadczen donicowych, jednak wymaga pewnym kompromisow.
Nie s3 to warunki identyczne z naturalnymi — brak wplywu rodzaju i heterogenicznosci
gleby, intensywno$ci $wiatla, dostepnosci sktadnikow odzywczych 1 innych.
Jest to uproszczona wersja stresu suszy, ktora skupia si¢ jedynie na deficycie wody

(Reyes i in., 2023).

W pierwszym etapie wykonatam analize funkcjonalng AsMT eksprymowanych
w Dbakteriach E. coli, rosnagcych w pozywce zawierajagcej PEG lub D-mannitol.
W warunkach stresu wywotanego przez D-mannitol nie zaobserwowano réznic istotnych

statystycznie mig¢dzy bakteriami niosagcymi geny AsMT-3 a bakteriami niosagcymi pusty
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wektor. W przypadku PEG, bakterie niosace gen AsMT2 charakteryzowaly si¢ szybszym
tempem wzrostu w porownaniu do pozostatych bakterii (publikacja 1). W literaturze
niewiele jest doniesien o wptywie nadekspresji roslinnych MT w bakteriach na tolerancje
stresu osmotycznego. Jednym z dostepnych jest badanie, w ktorym E. coli eksprymujace
MT typu 4 z ogorka (Cucumis sativus L.) charakteryzowaly si¢ wyzszym
wspotczynnikiem przezycia w obecnosci sorbitolu i chlorku sodu niz bakterie kontrolne

(Zhou i in., 2019).

Kolejnym krokiem byto sprawdzenie jak stres osmotyczny wptynie na ekspresje
AsMTI-3. Siewki owsa hodowatam w hodowli hydroponicznej z dodatkiem PEG
i D-mannitolu przez 4 dni, anastepnie sprawdzitam ekspresje gendéw AsMTI-3.
W warunkach stresu wywotanego PEG odnotowatam 1,5-krotny wzrost ekspresji AsM7T2
w pedach. W przypadku roslin traktowanych D-mannitolem — w pedach stwierdzitam
wzrost ekspresji genéw AsMTI-3, a w korzeniach AsMT2 i AsMT3. Najwyzszy,
bo prawie 9-krotny, wzrost ekspresji AsMT2 zaobserwowatlam w korzeniach roslin
traktowanych D-mannitolem (publikacja 1). Nastepnie, w eksperymencie donicowym,
ros$liny owsa poddatam stresowi suszy przez 14 dni. Nie odnotowatam zmian w ekspresji
AsMTI wpedach, a w korzeniach ekspresja tego genu byt o potowe nizsza niz w roslinach
kontrolnych. Ekspresja AsMT2 byla wyzsza 12-krotnie w pedach 1 27-krotnie
w korzeniach ro$lin poddanych stresowi suszy w porownaniu do proby kontrolne;j.
Ekspresja AsMT3 byta 2,6-krotnie wyzsza w korzeniach i 2,6-krotnie nizsza w pegdach

roslin poddanych stresowi suszy w porownaniu do roslin kontrolnych (publikacja 2).

W literaturze znajduja si¢ doniesienia wykazujace, ze w odpowiedzi na stres
osmotyczny dochodzi do podwyzszenia ekspresji M7T. Na przyktad u bawelny kosmate;j
(Gossypium hirsutum L.) zaobserwowano wzrost ekspresji MT typu 3 w obecnosci NaCl
1 PEG (Xue 1 in., 2009). Pod wptywem dziatania PEG odnotowano tez wzrost ekspresji
MTI u ryzu (Yang i in., 2009) 1 glozyny pospolitej (Ziziphus jujuba Mill.) (Yang 1 in.,
2015). Ponadto, zwigkszong tolerancj¢ na stres osmotyczny zaobserwowano
u transgenicznego tytoniu (Nicotiana tabacum L.) nadeksprymujacego M73 z bawelny
kosmatej (Xue i in., 2009) czy MT! z ryzu (Kumar i in., 2012). Podobnie stres suszy
powoduje wzrost ekspresji MT na przyktad u ciecierzycy poddanej stresowi suszy przez
7 dni zaobserwowano o$miokrotny wzrost ekspresji M7 (Kumar i in., 2022), a u gryki

zwyczajnej pod wplywem 15-dniowego stresu suszy ekspresja M73 wzrosta ponad
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trzykrotnie w dojrzatych li§ciach (Samardzi¢ i in., 2010). Wzrost ekspresji MT1 w wyniku
suszy zaobserwowano rowniez u Cyamopsis tetragonoloba L. Taub. (Jaiswal i in., 2018)
1 MT2 u arbuza (Citrullus lanatus (Thunb.) Mansf) (Akashi i in., 2004). Transgeniczny
rzodkiewnik nadeksprymujacy MT2 z ciecierzycy (Cicer arietinum L.) w warunkach
suszy charakteryzowal si¢ lepszym wzrostem i zwickszong zawarto$cig antyoksydantow
w poréwnaniu do rosliny dzikiej (Dubey i in., 2019). Podobne wyniki uzyskano
dla A. thaliana nadeksprymujacego MT2A4 daktylowca (Phoenix dactylifera L.) (Patankar
1in., 2019) 1 MT3 ryzu (Mekawy 1 in., 2020). Stres osmotyczny indukowany
z wykorzystaniem PEG i D-mannitolu jest uproszczong wersja stresu suszy, dlatego
mechanizmy zachodzace w roslinach w wyniku dzialania tych dwoch stresow moga
si¢ r6zni¢. Nasze badania to potwierdzaja, bo widoczne sg roznice w ekspresji genow
AsMT. Odmienna ekspresja AsMT1-3 w odpowiedzi na stresy podkresla ich rézne role

w ro$linach.

5. Zmiany parametrow biometrycznych owsa zwyczajnego w reakcji

na czynniki abiotyczne

Dziatanie czynnikow stresowych powoduje w roslinach zmiany wielu proceséw
metabolicznych. Zbadanie zmian zawarto$ci barwnikow fotosyntetycznych, wzglednej
zawartosci wody (RWC, ang. relative water content), aktywnosci enzymow
antyoksydacyjnych oraz zawarto$ci cukréw, fenoli i antyoksydantow pozwolito
na okreslenie, ktore szlaki sa uruchamiane w komorkach owsa w odpowiedzi na metale
cigzkie, stres suszy 1 stres osmotyczny. Ponadto, w celu okreslenia udzial AsMT1-4
w szlakach metabolicznych, wykonatam analizy korelacji tych parametrow z ekspresja
badanych MT. Zalozylam, Ze ekspresja AsMTI-4 bedzie pozytywnie korelowacd

z parametrami zwigzanymi $cisle z odpowiedzig na stres antyoksydacyjny.

5.1.  Metale ci¢zkie

Roéznice w parametrach biometrycznych siewek owsa traktowanych
ZniCd w stosunku do roslin kontrolnych pojawity si¢ juz w 7. dni traktowania
(publikacja 3). Obecno$¢ Zn w podilozu wptynela pozytywnie na produkcje swiezej
1 suchej biomasy pedu i korzenia, w 14. dniu stresu masa byta 1,3 razy wyzsza niz u roslin
kontrolnych. Ros$liny traktowane Cd lub mieszaning Zn i Cd miaty nizsze tempo wzrostu
1 byly znaczaco mniejsze od roslin kontrolnych — po 14 dniach hodowli pedy tych roslin

byly ponad dwukrotnie krotsze w porownaniu do roslin kontrolnych (publikacja 3).
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Podobny efekt zaobserwowano dla innych gatunkéw roslin — m. in. rzepaku, stonecznika
(Helianthus annuus L.), soi (Glycine max L. Merr.), orzecha ziemnego (Arachis hypogaea
L.) czy kukurydzy (Shi i Cai, 2010; Krishna i in., 2023). Cho¢ w przesztosci wykazano,
ze suplementacja Zn moze obniza¢ negatywny wpltyw dziatania kadmu (McKenna
1in., 1993; Cherif i in., 2011), to w tym do$wiadczeniu nie zaobserwowali§my znoszenia
negatywnego dziatania Cd kiedy ro$liny traktowano mieszaning Zn+Cd.
Takie obserwacje uzyskano na przyktad dla pszenicy, gdzie traktowanie roslin opryskiem
Zn obnizylo zawartos¢ Cd w czesci nadziemnej roslin, w tym w nasionach, zwickszajac
jednoczes$nie zawarto$¢ Zn (Qian i in., 2023). W przypadku badan na owsie brak takiego
ochronnego dziatania Zn moze wynika¢ z zastosowania zbyt wysokiego stezenia

Cd lub sposobu aplikacji Zn.

Traktowanie ro$lin jonami Zn w eksperymencie prowadzonym w hodowli
hydroponicznej nie wywotato istotnych zmian zawartosci zwigzkow fenolowych
w siewkach owsa (publikacja 3). Fenole akumulujg si¢ w komorkach roslinnych
w odpowiedzi na rézne stresy, w tym stres suszy, co zaobserwowano mig¢dzy innymi
dla pszenicy (Huraiin., 2016), grochu (Pisum sativum L.) (Juzon i in., 2013), kukurydzy
(Hura i in., 2008; Warzecha i in., 2023) czy tubinu zéttego (Lupinus luteus L.) (Juzon
11n., 2013). Moga one chroni¢ komoérki przed RFT, a ich wydajno$¢ antyoksydacyjna
moze by¢ nawet wyzsza niz ta tokoferolu czy witaminy C (Weidner i in., 2011). Mozna
dlatego przypuszczaé, ze w ros§linach owsa traktowanych jonami cynku poziom stresu nie
byl na tyle wysoki by doszto do akumulacji tych zwigzkoéw. W przypadku roslin owsa
traktowanych mieszaning Zn i1 Cd stwierdzilam wzrost zawartosci zwigzkow fenolowych
juz po trzech dniach stresu, za$ w przypadku traktowania samym Cd dopiero po siedmiu
dniach traktowania (publikacja 3). Wzrost zawarto$ci zwigzkéw fenolowych pod
wpltywem dzialania Cd zaobserwowano juz wcze$niej na przyklad u pszenicy
(Kobyletska 1 in., 2022) 1 u bazylii (Ocimum basilicum L), gdzie zaobserwowano,
ze zawartos¢ zwigzkoéw fenolowych rosta wraz ze wzrostem stezenia Cd w srodowisku
(Korkmaz i in, 2018). Dla bazylii traktowanej Zn zaobserwowano,
Ze wraz ze wzrastajacym stezeniem tego pierwiastka, zawarto$¢ fenoli malata (Mahmoudi
11in., 2021). Odwrotnych obserwacji dokonano dla czarnuszki siewnej (Nigella sativa L.),
dla ktérej wraz ze wzrostem stezenia Zn rosta zawartos¢ fenoli (Marichali 1 in., 2016).
Fernandez-Martinez z zespotem (2014) zbadali odpowiedz dwoch odmian topoli

na traktowanie Zn w dwoéch réznych stezeniach. Zauwazyli oni, ze u odmiany Eridano
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doszto do wzrostu zawartosci fenoli, za$ u bardziej wrazliwej odmiany 1-214 zawarto$¢
fenoli spadta. Wyniki te wskazuja, ze rosliny bardziej tolerancyjne na Zn zwigkszaja
produkcje fenoli w momencie kiedy dawka Zn zaczyna by¢ dla nich toksyczna. U roslin

bardziej wrazliwych na Zn mechanizm ten nie dziala tak sprawnie.

W wielu roslinach, na przyktad u pomidora (Lycopersicum esculentum Mill.)
1 grochu, obserwowano zmiany w zawartosci chlorofilu i karotenoidéw pod wplywem
dziatania Zn (Yadav i in., 2014; Manzoor i in., 2022). Jednak zmiana ta jest zalezna
od stezenia tego pierwiastka — nizsze st¢zenia Zn powodujg wzrost zawartosci
barwnikoéw, zas§ wyzsze — ich spadek (Jain i in., 2010; Fatima i in., 2011). W przypadku
owsa traktowanego Zn nie zaobserwowatam zmian w ilo$ci barwnikow
fotosyntetycznych, ale u roslin traktowanych mieszaning Zn 1 Cd ich poziom wzrdsl,
a w szczeg6lnosci zawarto$¢ chlorofilu a. Dla roslin traktowanych wylacznie Cd poziom
barwnikéw utrzymywal si¢ na podobnym poziomie, jedynie w 14 dniu traktowania
zaobserwowano wzrost zawartosci chlorofilu a (publikacja 3). Odmiennych obserwacji
dokonano miedzy innymi dla truskawki (Fragaria x ananassa Duch), gdzie wraz
ze wzrastajacym stezeniem Cd, zawarto$¢ chlorofilu a 1 b spadala. Spadek stezenia
barwnikéw fotosyntetycznych ma prawdopodobnie zwigzek z toksycznym wpltywem
Cd na enzymy bioragce udzial w syntezie barwnikow (Muradoglu 1 in., 2015). Jednak
w przypadku kukurydzy zaobserwowano, ze w wyniku traktowania roslin jonami
Cd wzrosta zawarto$¢ chlorofilu a w mtodych liciach, za$ w lisciach dojrzatych i starych
zawarto$¢ chlorofilu a utrzymywala si¢ na tym samym poziomie (Drazkiewicz

1 Baszynski, 2005).

W siewkach owsa traktowanych jonami cynku przez 3 dni zaobserwowatam
wzrost zawarto$ci antyoksydantow zmierzony metodg FRAP, jednak w kolejnych dniach
stresu roznica ta zanikta. Zmiany tej nie zaobserwowalam wcale w przypadku analizy
wykonanej metodg ABTS przez caty czas trwania eksperymentu (publikacja 3). Wzrost
zawartosci antyoksydantow zmierzony metoda FRAP 1 ABTS zaobserwowatam
dla siewek traktowanych Cd lub mieszaning Zn i Cd. Interpretujac wyniki nalezy
pamigtac, ze obie metody bazuja na réznych mechanizmach i1 uzyskiwane wyniki moga
si¢ od siebie rézni¢. Test ABTS jest bardziej specyficzny dla tak zwanych
przeciwutleniaczy pierwotnych czyli donoréw wodoru lub elektronow. W metodzie

FRAP na warto$¢ pomiaru wplywaja tez przeciwutleniacze, ktore dziataja posrednio
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poprzez wychwytywanie tlenu ichelatowanie jonéw metali przejSciowych. Stad
tez wynika réznica w pomiarach mi¢dzy tymi dwoma metodami — warto$ci uzyskiwane
metoda ABTS sg o dwa rzedy wielkosci wigksze w porownaniu do metody FRAP.
W przeciwienstwie do metody ABTS, metoda FRAP wuniemozliwia zmierzenie
antyoksydantow tiolowych, np. glutationu czy metalotionein. Ponadto ekstrakty roslinne,
dla ktorych warto§¢ ABTS jest wysoka najprawdopodobniej zawieraja wiecej
antyoksydantow pierwotnych (Szydlowska-Czerniak 1 Laszewska, 2015; Munteanu
1 Apetrei, 2021). Wyzsze wartosci FRAP niz ABTS moga by¢ zwigzane z faktem,
ze metoda ta wyklucza substancje o duzej masie molekularnej, przez co jony zelaza moga

reagowac z innymi antyoksydantami (Cecchini i Fazio, 2020). .

W celu zrozumienia potencjalnego udziatu MT w szlakach biochemicznych
wykonatam analiz¢ korelacji Pearsona. Stwierdzitam wysoka pozytywna korelacje
miedzy ekspresja AsMTI1 1AsMT2 a zawartoscia zwigzkéw fenolowych (TPC)
1 pojemnoscia antyoksydacyjng (AC), a takze miedzy AsMT3 a AC w pedach owsa.
Natomiast w korzeniach, stwierdzitam ujemne korelacje ekspresji AsMT1-3 z TPC 1 AC.
W pedach ekspresja AsMT4 korelowata pozytywnie z TPC 1 negatywnie z AC,
za$ w korzeniach korelowat dodatnio z AC. Mozna przypuszczaé zatem, ze AsMTI
1 AsMT?2 pelnig role w odpowiedzi na stres oksydacyjny w pedach, ale nie w korzeniach
ro$lin, za$ w przypadku AsMT4 sytuacja jest odwrotna (publikacja 3). Sugeruje si¢,ze MT
mogg dziata¢ jako pierwotne przeciwutleniacze, poniewaz wykazano bezposrednia
reakcje MT z RFT, kiedy nie wszystkie grupy tiolowe sg potaczone z metalami. Z drugiej
strony, MT wigzg si¢ z jonami metali przejSciowych, w tym miedzi, ograniczajac w ten

sposob reakcje Fentona i Habera-Weissa (Xue 1 in., 2009; Vasék i Meloni, 2011).
5.2.  Stres osmotyczny i suszy

Pod wptywem stresu osmotycznego w siedmiodniowych ro$linach owsa
z hodowli hydroponicznej z dodatkiem PEG zaobserwowalam 1,8-krotny wzrost
zawartosci zwigzkow fenolowych w korzeniach ro$lin traktowanych w poréwnaniu
do ro$lin kontrolnych (publikacja 1). Jednak w warunkach stresu suszy
nie obserwowatam réznic (publikacja 2). W literaturze sa dostgpne dane, w ktérych
pokazano, ze pod wplywem stresu suszy w roslinach moze doj$¢ do zmniejszenia
zawartosci zwigzkoéw fenolowych na przyktad u Rehmannia glutinosa (Chung 1 in., 2006)

1 winorosli (Vitis vinifera L.) (Krdl i in., 2014) lub do ich wzrostu na przykiad u soi
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(Swigonska 1 in., 2014) i kukurydzy (Latif i in., 2016). Obserwowane ro6znice miedzy
danymi literaturowymi a danymi uzyskanymi przeze mnie wynika¢ moga z faktu,
ze do analiz wykorzystano inne czesci roslin lub materiat roslinny pochodzacy z innej

fazy rozwojowej czy poddany innym czynnikom indukujacym stres wodny.

W przeprowadzonych badaniach w siewkach owsa rosnacych w warunkach
stresu osmotycznego wywotanego dziataniem PEG, D-mannitolu oraz w stresie suszy,
stwierdzitam wzrost zawarto$ci cukréw rozpuszczalnych (publikacje 1 1 2). Akumulacja
cukrow, ktore dziatajg jak osmoprotektanty, przez rosliny zwieksza zdolno$¢ komorek
do zatrzymywania wody, co moze zmniejsza¢ stres zwigzany z odwodnieniem (Hoekstra
iin., 2001, Arabzadeh, 2012). Dodatkowo cukry rozpuszczalne petnia role w utrzymaniu
rownowagi redoks w roslinach, przyczyniajac si¢ do eliminacji nadtlenku wodoru i wraz
ze zwigzkami fenolowymi moga tworzy¢ zintegrowany system usuwania RFT
(Bolouri-Moghaddam i in., 2010). Cukry moga roéwniez dziata¢ jako czasteczki
sygnatowe 1regulowac ekspresje¢ gendw. U rzodkiewnika udowodniono, ze cukry
wplywaja na ekspresj¢ miedzy innymi gendéw zaangazowanych w metabolizm wegla
(Lloyd 1 Zakhleniuk, 2004). Co ciekawe egzogenna aplikacja cukréow zwigkszyta
tolerancj¢ rzepaku, kukurydzy, ryzu i rzodkiewnika na stres suszy (Kaur i in., 2021).
Ponadto u soi poddanej stresowi suszy zaobserwowano wzrost ekspresji genow
zwigzanych z metabolizmem 1 transportem cukréw (Du i in., 2020). Jako, ze cukry
rozpuszczalne petnig tak wazng rol¢ w regulacji mechanizméw zwigzanych ze stresem
suszy, zasugerowano, zeé mozna uzy¢ ich jako marker do selekcji odmian pszenicy
1 lucerny siewnej (Medicago sativa L.) odpornych na susz¢ (Hakimi i1 in., 1995;

Maghsoodi i Razmjoo, 2015).

Ros$liny owsa poddane stresowi suszy charakteryzowaly obnizone zawartosci
chlorofilu a1 karotenoidéw (publikacja 2). Podobne obserwacje odnotowano
dla 13 odmian pszenicy twardej (7riticum durum L.) poddanych stresowi suszy, gdzie
odmiany bardziej wrazliwe na susz¢ miaty obnizong zawarto$¢ chlorofilu (Zaefyzadeh
11n., 2009). Postuluje sie, ze obnizona fluorescencja chlorofilu moze by¢ narzedziem
do oceny poziomu stresu suszy u truskawek (Razavi i in., 2008). W warunkach stresu
osmotycznego wywotanego PEG nie zaobserwowalam zmian w ilo$ci barwnikow
fotosyntetycznych, za§ w obecno$ci D-mannitolu poziom chlorofilu a wzrést
(publikacja 1). W innych badaniach zaobserwowano, ze pod wptywem dzialania PEG

zmniejsza si¢ zawarto$¢ chlorofilu w ryzu (Hsu 1 Kao, 2003) 1 orzechu ziemnym (Meher
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i in., 2018). Podobnie pod wpltywem dziatania D-mannitolu obserwuje si¢ spadek
zawarto$ci barwnikéw fotosyntetycznych u eukaliptusa (Eucalyptus camaldulensis
Dehnh.) (Cha-Um i Kirdmanee, 2010), ryzu (Cha-Um i in., 2010) i kukurydzy (Mozdzen
1 in., 2015). Wyniki te podkreslajg, ze cho¢ we wszystkich przypadkach ro$liny
sa wystawione na dziatanie deficytu wody, to wystepuja znaczace rdznice w niektorych
parametrach, wskazujac na rézne mechanizmy odpowiedzi na stres suszy i stres
osmotyczny wywotany dziataniem PEG i D-mannitolu. W warunkach suszy obserwuje
si¢ spadek parametréw zwigzanych z fotosynteza, gdyz rosliny chcgc ochronié
chloroplasty przed uszkodzeniem obnizaja tempo fotosyntezy, co jak pokazuja najnowsze
dane sterowane jest wzrostem zawartosci sygnatowych alarmondéw, nietypowych
ufosforylowanych nukleotydow (Lichtenthaler, 1987; Boniecka i in., 2017; Dabrowska
iin., 2021b).

Zaréwno w warunkach stresu suszy jak i w warunkach stresu osmotycznego
wywolanego dziataniem PEG lub D-mannitolu zaobserwowalam wzrost poziomu
enzymow antyoksydacyjnych (publikacje 112). W odpowiedzi na rdzne stresy obserwuje
si¢ wzrost zawartosci RFT, a w konsekwencji tez enzymow antyoksydacyjnych. Jednak,
jak pokazuja badania, w zalezno$ci od rosliny oraz czasu trwania i rodzajow bodzcow
wywotujacych stres, rosliny wykorzystujg enzymatyczne i nieenzymatyczne systemy
antyoksydacyjne. Dzialanie tych czasteczek wzajemnie si¢ uzupetnia i zapewnia roslinom
ochrong przed RFT (You i Chan, 2015; Nadarajah, 2020). W warunkach stresu deficytu
wody (wywotanego susza albo stresem osmotycznym) zaobserwowano wzrost
aktywnos$ci enzymow antyoksydacyjnych migdzy innymi u lucerny (Medicago sativa L.)
(Zhang i in., 2019), jabtoni (Malus domestica Borkn. cv. Red Fuji) (Wang i in., 2018),
ryzu (Liu i in., 2019), czy gerbery (Gerbera jamesonii Bolus) (Lai 1 in., 2007).

Charakterystyczng zmiang zachodzacg w komoérkach roslinnych w odpowiedzi
na odwodnienie jest wzrost stezenia ABA. Hormon ten odpowiada migdzy innymi
za zamykanie aparatow szparkowych, ograniczajac transpiracje. Dodatkowo ABA
indukuje ekspresje wielu genow, w tym metalotionein (Zhou i in., 2005; Dong i in., 2010;
Ahn iin., 2012; Szmidt-Jaworska i Kopcewicz, 2024). W pedach siewek owsa
traktowanych zarowno D-mannitolem jak i PEG zaobserwowalam gwattowny wzrost
zawartosci  ABA, przy czym najwyzsze stezenie tego  fitohormonu

obserwowano w roslinach traktowanych D-mannitolem (publikacja 2). W korzeniach
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stezenie ABA bylo na porownywalnym poziomie zarowno w kontroli jak i u roslin
traktowanych PEG i D-mannitolem. Podobnie dla roslin owsa z eksperymentu
donicowego poddanych stresowi suszy przez 14 dni w pedach zaobserwowatam znaczacy
wzrost stezenia ABA, z ta r6znicg, ze w tym przypadku wzrost stezenia tego fitohormonu
mial tez miejsce w korzeniach ro$lin (publikacja 1). Analizy biochemiczne roslin
poddanych stresowi osmotycznemu i stresowi suszy potwierdzaja, ze rosliny te znalazty
si¢ w warunkach stresowych. Szczegdlng uwage nalezy zwroci¢ na zawartos¢ kwasu
abscysynowego, hormonu kluczowego w odpowiedzi roslin na stresy abiotyczne, w tym
stres suszy (Vishwakarma i in., 2017). Zaobserwowatam pozytywne korelacje miedzy
iloscig ABA 1 ekspresja AsMT2 1 AsMT3, a negatywne z ekspresja AsMT1, co wskazuje
posrednio na to, ze ABA reguluje ekspresje tych genow. Dla wielu innych roslin
odnotowano wzrost ekspresji MT po traktowaniu ABA czego przyktadem sg badania
przeprowadzone na P. juliflora (Ushaiin., 2009), G. hirsutum (Xue i in., 2009) i O. sativa
(Zhou 1 in., 2005). Sugeruje to, ze ABA swoja kluczowa role w odpowiedzi na stres
osmotyczny odgrywa nie tylko regulujac transpiracje, ale takze poprzez regulacje
ekspresji MT. Ponadto ekspresja AsMT korelowata pozytywnie z zawarto$cig fenoli
1 aktywnos$cig enzymow antyoksydacyjnych. Uzyskane wyniki sg zgodne z obserwacjami
zespotu Li 1 in. (2016), ktorzy wykazali, ze nadekspresja genow MT moze znaczgco
poprawic tolerancj¢ roslin na susze i towarzyszy jej podwyzszona aktywnos¢ enzymow
przeciwutleniajacych. Powyzsze dane potwierdzaja, ze MT owsa, podobnie jak i innych

roslin biorg udziat w regulacji zawartosci RFT w komorkach.
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VI

Podsumowanie i wnioski

Genom heksaploidalnego owsa zwyczajnego (Avena sativa L.) zawiera 21 gendw
metalotionein, nalezace do czterech typdéw (AsMT1-4) (publikacja 3).
Promotory genow AsMT1-4 zawieraja sekwencji regulatorowe odpowiedzialne
za reakcj¢ owsa m.in. na: fitohormony, $wiatto, susz¢ i stresy wywotane metalami
cigzkimi. Analizy sekwencji promotorowych wskazaty na potencjalng role
MT w adaptacji owsa do warunkéw stresowych, 1 ich role w regulacji rozwoju
1 wzrostu rosliny (publikacja 3).

Ekspresja AsMT owsa wszystkich czterech typow ulega zmianom podczas
kietkowania nasion. Catkowita zawarto$¢ transkryptow AsMTI-4 utrzymuje
si¢ na podobnym poziomie podczas 48 godzin kietkowania, natomiast zmieniaty
sigilosci  transkryptow  poszczegdlnych  typow — AsMT.  Wskazuje
to, ze metalotioneiny owsa odgrywaja zroznicowane i uzupelniajace sie role
w czasie kietkowania nasion (publikacja 3).

Wykazatam zmiany ekspresji AsMT1-4 w siewkach owsa rosngcego w obecnosci
Zn, Cd 1 mieszaniny Zn i Cd po 3., 7. i 14. dniach od indukcji stresu. Ekspresja
AsMTI-4 byla rézna dla kazdego typu MT w pedach i korzeniach ro$lin.
Zaobserwowatam pozytywne jak 1 negatywne korelacje miedzy ekspresja
AsMTI-4 a parametrami pokazujgcymi potencjat antyoksydacyjny roslin, a rodzaj
korelacji zalezat od czg$ci rosliny 1 poréwnywanego parametru (publikacja 3).
Dhugotrwaty stres wywotany obecnoscia Cd w glebie nie wptywa negatywnie
na wzrost siewek owsa, ale powoduje spadek liczby nasion. Wraz ze wzrostem
ilosci kadmu w glebie wzrasta jego zawarto$¢ w cze$ci nadziemnej owsa.
Aplikacja spor grzybow T. viride oddzialuje pozytywnie na wzrost plonowania
A. sativa 1 co wazne nie powoduje wzrostu zawartosci Cd w roslinie oraz wpltywa
na zmiany ekspresji AsMT1-4 (publikacja 4).

Analiza funkcjonalna wykazata, ze E. coli eksprymujace AsMTI-4 owsa
w warunkach stresu wywotanego obecnoscig Zn 1 Cd oraz PEG i1 D-mannitolu
wykazuja zwiekszone tempo wzrostu w poréwnaniu do  bakterii
transformowanych pustym wektorem ekspresyjnym. Wskazuje to na udzial
AsMT2 w ochronie komorek bakteryjnych przed dziataniem stresu osmotycznego
oraz AsMT3 1 AsMT4 w ochronie przed stresem wywotanym Zn 1 Cd (publikacje
114).
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W warunkach stresu osmotycznego spowodowanego dziataniem PEG
1 D-mannitolu w siewkach owsa wzrasta zawarto$¢ ABA, fenoli, cukrow
rozpuszczalnych i enzymow antyoksydacyjnych oraz zmienia si¢ ekspresja AsMT.
Obecnos¢ D-mannitolu powodowat wzrost ekspresji AsMT1-3 w pedach
1 AsMT2-3 w korzeniach owsa zwyczajnego. Aplikacja PEG wplywata na wzrost
ekspresji AsMT2 w korzeniach. Zmiany ekspresji AsMTI-3 korelowaly
ze zmianami parametrow biochemicznych, co wskazuje na zaangazowanie
AsMT1-3 w odpowiedZz owsa na stres osmotyczny. Ekspresja poszczegdlnych
typéw MT byta odmienna, co sugeruje, ze petnig one rozne i uzupetiajace si¢ role
w komorkach owsa (publikacja 1).

W warunkach stresu suszy u owsa wzrastajg zawartosci kwasu abscysynowego,
cukréw 1 enzymow antyoksydacyjnych oraz zmian ulega ekspresja genow
AsMTI-3,w szczegdlnosci AsMT?2, co wskazuje na rolg tych gendw w odpowiedzi
A. sativa na susz¢ (publikacja 2).

Zmiany ekspresji genéw AsMTI-3 koreluja ze zmianami poziomu ABA
i1 aktywno$ci enzymdéw antyoksydacyjnych. Sugeruje to, ze ekspresja
AsMT jest regulowana przez kwas abscysynowy a metalotioneiny stanowig

element systemu antyoksydacyjnego (publikacja 2).
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Abstract

Osmotic stress frequently caused by drought is the most threatening environmental
stress that remarkably reduces crop yield. Oat (Avena sativa L.) is sensitive to water
deficiency during growth. Plant metallothioneins (pMTs) show tremendous promise in
enhancing general stress tolerance in plants. This study aimed to verify whether pMTs
and elements of the antioxidant defence system protect oat against osmotic stress.
Coding and genomic regions of A. sativa L. MTs belonging to three different types
were cloned. To evaluate the role of MTs in osmotic stress, the expression of genes
encoding AsMT1-3 was checked by gRT-PCR in the roots and shoots of oat plants
growing in a hydroponic culture in the presence of polyethylene glycol (PEG 6000)
and mannitol. The expression of AsMT1-3 changed in response to osmotic stress; how-
ever, the changes depended on the type of MT and the treatment. The amount of
AsMT3 transcript was about five-fold and nine-fold higher in shoots and roots, respec-
tively, in the presence of mannitol. To further analyse the response of oat to osmotic
stress, the level of phenolic compounds, soluble sugars, abscisic acid, and the activity
of antioxidant enzymes were tested using spectrophotometric and chromatographic
methods. During osmotic stress, the content of phenols, soluble sugars, abscisic acid,
and the activity of catalase and peroxidase in shoots increased. In roots treated with
PEG 6000, the amount of phenolic compounds was higher than that in roots treated
with mannitol. The activity of superoxide dismutase was about 5-fold higher in roots
than in shoots. MTs are involved in plant response to osmotic stress. In the future, in-
sight provided in this study will lead to application in agriculture either by using MTs as
molecular markers for stress-resistant crop cultivars or by a generation of genetically

modified crops overexpressing MTs.
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antioxidant enzymes.

content.

1 | INTRODUCTION

Oat (Avena sativa L.) is an important grain and forage crop in many
parts of the world, grown on about 13.2 million hectares. It is used
in the food, biomedical and cosmetics industries and as a biofuel
(Barcchiya et al., 2017; Rines et al., 2006). Oat grains have the high-
est protein level among cereals ranging from 9% to 20% in the whole
grain and high soluble fibre content (Peterson, 2015). This oat fibre
can attenuate blood postprandial glycaemic and insulinemic re-
sponses, lower total blood cholesterol and help to maintain a healthy
body weight (Daou & Zhang, 2012). A very important advantage of
oat is the fact that this species requires less intensive fertilization
and less chemical protection in comparison to the other cereals. A.
sativa L. is also characterized by a high forecrop value, constituting a
positive “anti-fatigue” element in the crop rotation. However, com-
pared to other cereal crops, oat has higher water requirements and is
more susceptible to drought (Pisulewska et al., 2011). Osmotic stress
occurs due to the lowering of soil water potential, which reduced the
uptake of water. It is usually caused by drought, salinity and cold.
Osmotic stress leads to DNA damage, membrane distortion and pro-
tein aggregation. It affects cell division and may lead to cell apopto-
sis (Storey & Storey, 2000; Yoshida et al., 2014).

Osmotic stress that causes water deficiency is one of the most
significant stressors for crops, such as oat (Llanes et al., 2016; Shao
et al., 2009), limiting plant development from seeds to mature plants
(Islam et al., 2011). Osmotic stress causes the increased production
of reactive oxygen species (ROS) such as singlet oxygen (102), hydro-
gen peroxide (H,0,), superoxide ion (O;) and hydroxyl radical (HO')
(Szechynska-Hebda et al., 2012). At low concentrations, ROS are
essential components in cell signalling pathways, but the excessive
generation of ROS results in toxicity, can damage macromolecules
and ultimately might lead to cell death (Gechev et al., 2006). To min-
imize the deleterious effect of oxidative stress, plants have evolved
a complex antioxidant system, which includes antioxidant enzymes
and non-enzymatic antioxidants, for example, glutathione, ascor-
bate, osmoprotectants, sugars, phenolic compounds and small pro-
teins metallothioneins (MTs; Mierek-Adamska et al., 2019; Skrzypek
et al., 2008; Yang et al., 2009). Antioxidant enzymes, such as cata-
lase (CAT), peroxidases (PXs) and superoxide dismutase (SOD), form
the first line of defence against ROS, and thus, their level in plant
tissues can be used as an indicator of oxidative stress. SOD catalyses
the dismutation of the superoxide anion radical to oxygen (O,) or
hydrogen peroxide (Sikora & Swieca, 2018). PXs catalyse the decom-
position of H,0, to H,0 with a reducing agent (e.g. ascorbic acid for
ascorbate peroxidase; Dabrowska et al., 2007). CAT does not require

e Osmotic stress increased the content of phenols, abscisic acid, sugars, and the activity of

e Expression of oat MTs correlates with the antioxidant enzymes activity and abscisic acid

e Oat metallothioneins can serve as markers of the occurrence of osmotic stress.

a reducing agent, and it catalyses the dismutation of H,0, to H,O
and O, (Alscher et al., 2002; Das & Roychoudhury, 2014). The level
of oxidative stress can be measured indirectly by the assessment
of the level of oxidative by-products of lipids and proteins and by
the analysis of the content of non-enzymatic antioxidants such as
phenolic compounds. Moreover, the accumulation of low-molecular-
weight, like carbohydrates, might serve as the determinant of ox-
idative stress level (Chiappero et al., 2021; Mohammadkhani &
Heidari, 2008; Skrzypek et al., 2008; Szymanska et al., 2019).

Environmental stresses cause changes in the level of phenolic
compounds, which are considered one of the stress indicators in
plants (Hura et al., 2016). Phenolic compounds, which are metabo-
lites derived from the phenylpropanoid pathway, are the most com-
mon secondary metabolites in plants (Vogt, 2010). Plant phenolic
content changes in response to water deficit; however, the nature
of the response depends on species, plant organs and the drought
tolerance of particular genotypes (Aninbon et al., 2016). In oat, an
increase in phenolic compound content was observed under cold
stress (Goyal & Kaur, 2018) and drought stress (Perveen et al., 2019).

Soluble sugars can act as osmolytes by maintaining the leaf cell
turgor, protecting the integrity of membranes and preventing the
denaturation of proteins (Keunen et al., 2013). It has been shown
that the accumulation of sugars in plant organs occurs in response
to a variety of environmental stresses. Moreover, in the selection of
drought-tolerant wheat cultivar, the content of soluble sugars was
proved to be a better marker than the content of proline (Nayer &
Reza, 2008). Sugars such as sucrose, glucose, fructose and trehalose-
6-phosphate can act as signalling molecules that can modulate plant
development and stress response. They can interact with other sig-
nalling pathways or act directly (Ruan, 2014).

Sucrose plays an important role in plant metabolism at both
cellular and whole-organism level (Pluskota et al., 2015). It not only
participates in plant response to abiotic stresses but also serves as
a nutrient and signalling molecule that modulates the expression of
a wide range of genes (Gibson, 2005). Sucrose is produced primarily
in the cytosol of mature leaves, but it can be resynthesized in sink
tissues. Sucrose can be degraded into glucose and fructose or into
UDP glucose and fructose (Ruan, 2014).

Plant metallothioneins (pMTs) are a family of low-molecular-
weight, cysteine-rich proteins. Based on the content and the ar-
rangement of cysteine (Cys) motifs (CC, CXC, CXXC), plant MTs
are divided into four types (Koszucka & Dabrowska, 2006; Mierek-
Adamska et al., 2018). Type 1 MTs contain 12 Cys residues, type 2
MTs contain 14 Cys residues, type 3 MTs contain 10 Cys residues,
and type 4 MTs possess 17 Cys residues. Thiolate groups of cysteine
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residues can bind a variety of metal ions, in particular, copper, zinc
and cadmium, allowing MTs to maintain the homeostasis of metals
(Cobbett, 2000; Evans et al., 1992; Freisinger, 2011; Leszczyszyn
et al., 2013). Some plant MTs have one or more histidine residues,
which also participate in metal binding (Leszczyszyn et al., 2013;
Tomas et al., 2014). MTs can protect plants from oxidative stress
since thiol groups of cysteine residues directly react with differ-
ent ROS (Mierek-Adamska et al., 2019). Moreover, MTs can reduce
the amount of produced ROS by binding copper and therefore de-
creasing the level of the Fenton reaction (Dabrowska et al., 2013;
Hrynkiewicz et al., 2012; Lee et al., 2004; Leszczyszyn et al., 2013;
Miller et al., 2010; Mir et al., 2004). There are many reports about
the response of plant MTs to various factors. It has been shown
that MT transcripts were upregulated in plants under heavy metals
(Dabrowska, 2014; Guo et al., 2003; Murphy & Taiz, 1995; Turchi
et al., 2012; Zhou & Goldsbrough, 1994), salt (Kawasaki et al., 2001;
Ozturk et al., 2002; Rabbani et al., 2003; Soda et al., 2016) and
drought/osmotic (Bae et al., 2010; Ozturk et al., 2002; Rabbani
et al., 2003; Samardzic¢ et al., 2010) stresses. Moreover, the expres-
sion of MTs is increased by abscisic acid (ABA), which is a plant stress
hormone (Singh et al., 2011; Xue et al., 2009). In addition, in the pro-
moters of MT genes, multiple regulatory elements of response to var-
ious abiotic and biotic factors are present (Dagbrowska, Hrynkiewicz,
& Trejgell, 2012; Dabrowska, Mierek-Adamska, & Goc, 2012).
Inspired by the postulated role of pMTs in stress response, our
objectives were to clone the coding and genomic sequences of A.
sativa L. metallothioneins (AsMTs), analyse the function of AsMT1-3
in a prokaryotic system and study the expression of AsMT1-3 in oat
seedlings in response to osmotic stress. Additionally, the activity
of antioxidant enzymes (SOD, CAT and PX), the content of low-
molecular-weight osmoprotectants (soluble sugars and phenolic
compounds) and ABA were determined. We hypothesized that MTs
are involved in the response of oat to osmotic stress and they con-
tribute to the protection of plants against dehydration. Moreover,
it is highly plausible that oat MTs are the part of oxidative stress-
response system, and their expression will correlate with other
elements of the antioxidant system. This work presents novel infor-
mation about the oat MT genes family since the oat's genome has
been recently sequenced but has not yet been fully annotated and
gives insight into the reaction of oat to osmotic stress. Our results
reported here will provide a framework for further studies to gain a
deeper understanding of the relationship between pMTs and anti-

oxidant systems.

2 | MATERIALS AND METHODS

2.1 | Hydroponic cultures of oat

A. sativa L. seeds cv. Bingo were disinfected in 70% ethanol (3 min)
and then washed three times in sterile distilled water. Then, seeds
were transferred to 90mm Petri dishes containing filter paper
soaked in sterile distilled water (2 mL per dish). For germination,

the seeds were incubated in the darkness at 21 +2°C for 48hours
and then under the light intensity of 100pmolm™ s™ (16/8 h light/
dark). The 5-day-old seedlings were placed in 500 mL plastic vessels
containing Hoagland liquid medium (Hoagland & Arnon, 1938) and
maintained in hydroponic culture in a growth chamber at 21 +2°C
under the light intensity of 100pmolm™ s (16/8 h light/dark). For
stress induction, polyethylene glycol (PEG 6000) at a concentration
of 180gL™! and mannitol at a concentration of 69gL™ of Hoagland
liquid mediums were used. To avoid hypoxia occurrence, the me-
dium was aerated consistently by an air pump (Hailea ACO-2201,
Happet, Poland). Seedlings growing in Hoagland liquid medium
without mannitol or PEG 6000 were used as a control. Six seedlings
were cultivated in five replications for each treatment (control, PEG
6000 and mannitol). After 4 days of stress treatment, oat shoots and
roots were washed in sterile distilled water and collected separately.
Samples were frozen in liquid nitrogen and kept at -80°C for further
analyses.

2.2 | Isolation of nucleic acid and reverse
transcription reaction

Genomic DNA was isolated from 1-week-old oat seedlings using
Gene MATRIX Plant and Fungi DNA Purification Kit (EURXx) ac-
cording to the manufacturer's protocol. Total RNA was isolated
separately from roots and shoots of 9-day-old oat seedlings using
RNeasy Plant Mini Kit (QIAGEN) according to the manufacturer's
protocol. The quality and quantity of the extracted RNA and DNA
were checked by agarose gel electrophoresis and by spectropho-
tometric measurement using NanoDrop™ Lite Spectrophotometer
(Thermo Fisher Scientific).

To remove any DNA contamination from RNA samples, 1.5 pg of
total RNA was treated with 1 U of DNase | (Thermo Fisher Scientific)
and incubated at 37°C for 30min. The enzyme was inactivated by
the addition of 1 uL 50mM EDTA and incubation at 65°C for 10 min.
Next, reverse transcription reaction using RevertAid™ Reverse
Transcriptase (Thermo Fisher Scientific) was performed according to

the manufacturer's protocol.

2.3 | Cloning and sequencing oat MTs

Coding sequences of MTs from Triticum aestivum L. (MT1 -
AY688468.1, MT2 - AF470355.1) and Hordeum vulgare L. (MT3 -
AJ555613.1) deposited in NCBI (National Center for Biotechnology
Information) GenBank were used for searching A. sativa L. EST (ex-
pressed sequence tags) database. From numerous EST sequences
found, the following were used to design gene-specific primers
(Table 1): CN818146.1 (MT1), GO588763.1 (MT2) and CN818499.1
(MT3). PCR mixture contained cDNA or gDNA as a template, 0.3 pL
of 10 pM primers, 0.4 pL of 10mM dNTPs and 1 U of Phusion High-
Fidelity DNA Polymerase (Thermo Fisher Scientific) in a total vol-
ume of 20 uL. The thermal cycling conditions were as follows: 30s of
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Amplicon

. TABLE 1 Primers used for cloning of
Amplicon

Primer name Sequence 5'-3' name size [bp] AsMTs.
AsMT1_f TGTGCTCATCATCTTCTCCGA cAsMT1 4047
AsMT1_r GCGAGCAAGTAAACCACACA gAsMT1 667°
AsMT2_f AGAAAGCAGATCGAGGTGGT cAsMT2 423
AsMT2_r GCACACAGTAAGTACAGGCG gAsMT2 712°
AsMT3_f GCTCTCTCTCTCCGTTCACA cAsMT3 4537
AsMT3_r ACTCACATACGATCCGAAGCT gAsMT3 788°
?cDNA as PCR template.
bGenomic DNA as PCR template.
TABLE 2 Primers for amplification of open reading frames of 2.5 | Preparation of expression constructs

AsMT1-3.

Primer name Sequence 5'-3’

eAsMT1_f Nde AAACATATGTCTTGCAGCTG
TGGACT

eAsMT1_r_Xho AAACTCGAGTTAACAGT
TGCAGGGGTTGC

eAsMT2_f_Nde AAACATATGTCGTGCTG
CGGAGGCAAC

eAsMT2_r_Xho AAACTCGAGTTACTTGC
AAGTGCACGGG

eAsMT3_f_Nde AAACATATGTCGAACACCTG
CGGCAAC

eAsMT3_r_Xho AAACTCGAGTCAGTGGC
CGCAGGTGCAG

denaturation at 98°C, followed by 30cycles of amplification (98°C
for 5s, 63°C for 10 s and 72°C for 20s). The amplified PCR prod-
ucts were separated in 1.5% agarose gel stained with EtBr in TAE
Buffer (40mM Tris, 20mM acetic acid and 1 mM EDTA). PCR prod-
ucts were purified from the gel using Gene MATRIX Agarose-Out
DNA Purification Kit (EURx) according to the manufacturer's pro-
tocol and ligated into the pJET1.2 vector (Thermo Fisher Scientific)
according to the manual. The ligation mixture was used to trans-
form Escherichia coli DH5a bacteria using the heat shock method
(Sambrook & Russell, 2001). Plasmid DNA was isolated using the
Gene MATRIX Plasmid Miniprep DNA Purification Kit (EURXx) ac-
cording to the manufacturer's protocol. The DNA sequencing was
performed in Genomed, Poland.

2.4 | |Insilico analysis of oat MT genes

The similarity of oat MT nucleotide sequences to other plant MTs
was verified using NCBI's nBLAST software (Altschul et al., 1990).
ExPASy Translate (Gasteiger et al., 2003) was used to obtain putative
amino acid sequences of AsMT1-3. Predicted amino acid sequences
were further analysed using NCBI's pBLAST to find their homologs.
Putative amino acid sequences of AsMT1-3 and their homologous
sequences were used in phylogenetic analysis via the MEGA-X
Neighbour-Joining algorithm (Kumar et al., 2018).

Coding regions of AsMT1-3 were amplified with sequence-specific
primers containing Ndel (forward primer) and Xhol (reverse primer)
restriction sites (Table 2). PCR products were digested with Ndel and
Xhol and ligated with pET21a(+) (Novagen) linearized with Ndel and
Xhol. The ligation mixture was used to transform E. coli DH5« bacte-
ria. Plasmid DNA was isolated (Gene MATRIX Plasmid Miniprep DNA
Purification Kit; EURX) and sequenced to confirm the presence of a
correct open reading frame without any point and indel mutations
(Genomed). The obtained constructs were named pET-AsMT1-3.

2.6 | Functional analysis of AsMT1-AsMT3 in
Escherichia coli

The E. coli Rosetta(DE3) cells (Novagen) were transformed using
the heat shock method (Sambrook & Russell, 2001) with an empty
pET21a vector (control) or pET-AsMT1-3 constructs. Overnight cul-
tures of transformed cells were diluted (1:100, v/v) in LB medium
with antibiotics (SOpgmL'1 ampicillin and 34pgmL’1 chlorampheni-
col) and 100gL™ PEG-6000 or 109gL™ mannitol to OD,,,=0.2.
To induce the expression of AsMT1-3, isopropyl-p-D-1-thiogalacto-
pyranoside (IPTG) was added to a final concentration of 0.1 mM (to
avoid high overexpression of transgene). Cultures without PEG 6000
or mannitol and with IPTG served as controls. Bacteria cells were
collected every hour for 7 h, and OD,,, was measured. The analysis
was performed in three biological replicates, and for each biological
replicate, three technical replicates were done. The growth rate of
bacteria cultures was expressed as the slope of the linear proportion

of the growth curve and was calculated using Microsoft Excel.

2.7 | Analysis of AsMT1-3 expression in response
to mannitol and PEG 6000

For analysis of changes in expression during osmotic stress, RNA
isolated from roots and shoots of oat treated with PEG 6000,
mannitol and control was used. Quantitative PCR was performed
using Maxima SYBR Green/ROX gPCR Master Mix (Thermo Fisher
Scientific). The reaction contained 5 uL of Master Mix, forward
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and reverse primer at final concertation of 0.3 uM each, and 4 uL
of 10x diluted cDNA in a total volume of 10 pL. Three replicates
were performed for each reaction. The gPCR reaction was con-
ducted in LightCycler® 480 Instrument (Roche) according to the
following protocol: 10 min denaturation at 95°C, followed by 40cy-
cles of amplification (95°C for 15s, 60°C for 30s and 72°C for 30s).
The SYBR Green | fluorescence signal was recorded at the end of
each extension step. The specificity of each reaction was verified
by performing a melting curve analysis using the following thermal
cycling profile: 95°C for 60s, 55°C for 30s and ramping to 95°C with
stepwise signal acquisition. Differences in the target genes expres-
sion were evaluated by a relative quantification method normalizing
the data to the reference genes encoding eukaryotic initiation fac-
tor 4A-3 (EIF4A) and heterogeneous nuclear ribonucleoprotein 27C
(HNR; Yang et al., 2020). The fold-change in gene expression was
calculated using LightCycler 480 Software (ver. 1.5.1.62). Primers
used for qPCR reactions are shown in Table 3.

2.8 | Biochemical analysis

For determination of the level of photosynthetic pigments, phe-
nolic compounds, soluble sugars and abscisic acid, plant material
was freeze-dried, and samples were ground in a ball mill (MM400;
Retsch) in 2 mL Eppendorf vials. Antioxidant enzymes activities

were determined in fresh plant material.

2.8.1 | Determination of photosynthetic pigments
(chlorophyll a and b and carotenoids)

The content of photosynthetic pigments in shoots was determined
via spectrophotometric measurement using a microplate reader
(Synergy IlI; BioTek). Five milligram of plant material was used for
extraction in 80% ethanol. The samples were shaken for 15min
(30Hz) and then centrifuged (20,000 xg). The spectrophotometric
measurement was carried out at the wavelengths of 470, 648 and
664nm. The content of chlorophyll a and b and the total amount
of carotenoids were calculated according to Lichtenthaler and
Wellburn (1983):

TABLE 3 Primers used for gPCR

reactions. X
Primer name

AsMT1_gPCR_f
AsMT1_qPCR_r

AsMT2_gPCR_f
AsMT2_gPCR_r

AsMT3_qPCR_f
AsMT3_gPCR_r

EIF4A_f
EIF4A _r

HNR_f
HNR_r
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Chl.a = 13.36 A4, — 5.19 Agg
Chl.b = 27.43A5 — 8.12A4,
Car = (1000A,7, — 2.13Chl.a — 97.64Chl.b) / 209

where AJ is the absorbance value for the wavelength [1], Chl. a
is the concentration of chlorophyll a, Chl. b is the concentration of

chlorophyll b, and Car is the concentration of total carotenoid.

2.8.2 | Soluble sugar content

The content of soluble sugars was determined spectrophotometri-
cally according to Dubois et al. (1956) using the phenol-sulphuric acid
method. The extraction was carried out from 5 mg of plant material
in 80% ethanol. The reaction mixture consisted of 150 pL of distilled
water, 50 uL of the ethanolic plant extract, 200pL of 5% phenol so-
lution and 1 mL of concentrated H,SO,. The absorbance at 490nm

was measured using a microplate reader (Synergy Il; Bio-Tek).

2.8.3 | Phenolic compound content

The total content of phenolic compounds was determined spec-
trophotometrically by the method of Singleton and Rossi (1965).
Phenolic compounds were extracted from 5mg of plant material in
1mL of 80% ethanol. The reaction mixture consisted of 150pL of
distilled water, 20 uL of the ethanolic plant extract, 250puL of 25%
Na,CO,, and 125uL of Folin-Ciocalteau reagent (diluted with dis-
tilled water 1:1 before use). Absorbance measurements were per-
formed at a wavelength of 760nm (Synergy IlI; Bio-Tek). Phenolic
content was determined in milligram of chlorogenic acid per 1 g of

the dry weight of plant tissue.

2.9 | Abscisic acid content

Extraction and quantification of abscisic acid (ABA) were performed

according to Dziurka et al. (2019). One hundred milligram of plant

Amplicon
Sequence 5'-3’ size [bp]
CAAACTGCAAGTGCGGGAAG 103
TTGTTCTCATGAGCCACGCC
CTGCGGAGGGTGCAAGATG 96
AACGATGGCTTGGAAGAGGG
TCCACCATGTCGAACACCTG 107
TGGCTCTTCTCGGTGTCAAC
TCTCGCAGGATACGGATGTCG 88
TCCATCGCATTGGTCGCTCT
ATTGGGTTTGTCACTTTCCGTAG 134

CTTGGAGGGTGTCTCGCATCT
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material spiked with stable isotope-labelled internal standards was
extracted using a methanol/water/formic acid mixture (MeOH/H,0O/
HCOOH 15:4:1, v/v/v) (Dobrev & Kaminek, 2002). The extraction
was repeated twice, and combined extracts were evaporated under
N,, then resuspended in 5% MeOH in 1 M HCOOH. The fraction con-
taining ABA was evaporated under N,, reconstituted in 70l of ACN,
filtered (0.22 um nylon membrane), and used for UHPLC analyses. The
system consisted of UHPLC (Agilent Infinity 1260; Agilent) and a triple
guadrupole mass spectrometer (Agilent 6410; Agilent) with electro-
spray ionization (ESI). Separation was performed on Ascentis Expres
RP-Amide analytical column (2.7 pm, 2.1mmx150mm; Supelco) at
the linear gradient of water vs. ACN both with 0.01% HCOOH. ABA
standard was from OIChemim (Olomunc) at the highest available pu-

rity, whereas solvents were of HPLC grade from Sigma-Aldrich.

2.10 | Determination of antioxidant
enzyme activity

One hundred milligrams of plant material was homogenized at 4°C
with 0.05M phosphate buffer (pH 7.0) containing 0.1 mM EDTA. The
homogenate was centrifuged at 10,000 xg for 15min. The activity
of antioxidant enzymes: superoxide dismutase (SOD), catalase (CAT)
and peroxidase (PX) were measured spectrophotometrically (Synergy
I; Bio-Tek). SOD activity was measured by the cytochrome method
(McCord & Fiodovich, 1969) at 1 = 550nm. CAT activity was assessed
by measuring the rate of H,0O, decomposition using the method of
Aebi (1984) at 2 = 240nm. PX activity was determined by measuring
the amount of oxidation products of 1% p-phenylenediamine in the
presence of H,0, at 1 = 485nm (Llick, 1962). The enzymatic activity
was expressed relatively to the total amount of proteins present in
shoots and roots. The total amount of proteins was determined ac-
cording to the method of Bradford (1976).

2.11 | Statistical analysis

Data analysis was performed using two-way ANOVA and post hoc
Duncan test in the statistical package STATISTICA 13.0 (Stat-Soft,
Inc.) or RStudio using Kruskal-Wallis and Mann-Whitney tests
(RStudio Team, 2020). Significant differences between treatments
were marked at p < .01 or p < .05. Pearson's simple correlation coef-
ficients were estimated between values to determine the relative
share of each trait in the multivariate variation of the treatment.
Principal component analysis (PCA) was used to assess the rela-
tionships between the expression level of AsMT1-3, the content of
soluble sugars, phenolic compounds, abscisic acid and the activity
of SOD, CAT and PX in shoots and roots considering treatments. An
acute angle on the biplot between the measured parameters means
that a positive correlation was observed, an obtuse angle - a nega-
tive correlation, and a right angle - no correlation. This orthogonal
transformation is defined in such a way that the first principal com-
ponent has the largest possible variance.

3 | RESULTS

3.1 | Analysis of nucleotide and amino acid
sequences of oat MT

The genomic and coding sequences of AsMT types 1-3 were cloned
and sequenced. The comparison of coding and genomic sequences re-
vealed that in AsMT1 and AsMT2, there were single introns 267 and
289bp long, respectively. The AsMT3 has two introns of 171 and 164 bp
in length (Table 4). The predicted amino acid sequences of AsMT1-3
differed in length, with AsMT2 being the longest (79 aa) and AsMT3
being the shortest (64 aa). BLASTP analysis of amino acid sequences
showed that AsMT1 shows the highest similarity to sequences of MT1
from Festuca rubra L., and H. vulgare L. AsMT2 was most similar to MT2
from Poa secunda J.Presl and Phalaenopsis equestris (Schauer) Rchb.f.
AsMT3 shares the highest number of identical amino acids with eu-
dicot Aquilegia coerulea E. James and monocot Oryza coarctata Roxb.
(Porteresia coarctata (Roxb.) Tateoka) (Table 4). Putative amino acid se-
quences of AsMT1-3 are rich in Cys residues arranged in two domains
characteristic for each type of plant MTs. AsMT1 contains 12 Cys ar-
ranged in two domains of six cysteine residues. AsMT2 contains 14
cysteines arranged in two domains of eight and six Cys. AsMT3 has
10 Cys in two clusters of four and six cysteines (Table 4, Figure 2).
Moreover, histidine residues were present in AsMT1 and AsMT3
(Figure 2). Phylogenetic analysis further confirmed that proteins coded
by AsMT1-3 genes belong to specific types of plant MTs (Figure 1). The
number and position of Cys residues are the most conserved in MTs
belonging to type 2 (Figure 2). Type 1 MTs from dicots Brassicaceae
family, Brassica napus L. and Arabidopsis thaliana (L.) Heynh., have a
shorter stretch between Cys-rich domains and have 13 cysteine resi-
dues. Type 1 MTs from monocots A. sativa L., H. vulgare L. and Oryza
sativa L. have 12 Cys residues and a long spacer between cysteine do-
mains. Type 3 MTs from some dicots belonging to the Brassicaceae
family have 12 Cys residues. Monocotyledonous type 3 MTs have only
10 Cys residues, and they also contain His residues (Figure 2).

3.2 | Functional analysis of AsMT1-3 genes under
osmotic stress

To evaluate whether oat MTs limit the negative impact of osmotic
stress on E. coli bacteria, the impact of heterologous overexpression
of AsMT1-3 on the growth of E. coli was investigated (Figures 3 and
4). To obtain negative water potential, LB medium was supplemented
with mannitol (109gL'1) or PEG 6000 (1OOgL'1). Figure 3 shows the
growth of transformed bacteria without IPTG, that is, the expres-
sion of the transgene was not induced. In the control environment
(LB medium) bacteria transformed with pET_AsMT3 had a lower
growth rate than bacteria transformed with pET_empty. In PEG
6000, no differences between bacteria transformed with an empty
vector and bacteria transformed with a vector containing AsMT1-3
were observed. In presence of mannitol, bacteria transformed with
pET_AsMT2 and pET_AsMT3 had a lower growth rate compared to



KONIECZNA ET AL.

b i : 1 7
:‘l!,"JourrTal o Agrﬂnomy ol grop Science | !—Wl LEY

TABLE 4 The characteristics of cloned AsMT genes and their homology to other plant MT.

Amino Length
Intron/s acid of spacer
Gene name and NCBI length length Cys residue Cys sequence  between Cys Protein with highest homology and % of
accession number [bp] [aa] number pattern domains [aa] identical aa
AsMT1 LC741351.1 267 72 12 (6+6) C-X-C 41 F. rubra - 87.93% (024528.1)
H. vulgare -78.67% (CAD54078.1)
AsMT2 LC741352.1 289 79 14 (8 +6) CC, C-X-C, 41 P. secunda - 84.72% (AAK38824.1)
C-X-X-C P. equestris - 69.14% (XP_020580705.1)
AsMT3 LC741353.1 171, 164 64 10 (4+6) C,C-X-C 32 A. coerulea - 75.00% (PIA55396.1)

pET_empty. After the addition of IPTG to the cell cultures, a decrease
in the growth rate of all tested cells was observed, which is related to
the toxic effect of IPTG (Figure 4). Bacteria cells expressing AsMT1-3
in the control environment grew better than cells transformed with
empty pET. In the presence of PEG 6000 and IPTG, bacteria trans-
formed with pET_AsMT2 had a higher growth rate compared to the
control. No significant differences were observed for the LB medium

supplemented with mannitol (Figure 4).

3.3 | Analysis of AsMT expression level in oat
under osmotic stress

The exposure of oat seedlings to mannitol increased the expression of
all tested MTs (Figure 5). The exception was the expression of AsMT1
in the roots, that is, it remains at the same level as in control regard-
less of the treatment used. In shoots treated with mannitol, the level
of AsMT1 increased 2.1 times compared to the control. The greatest
increase in expression was observed for AsMT2, 4.7 times higher in
shoot and 8.9 times higher in root in comparison to the control. In re-
sponse to mannitol, AsSMT3 expression increased two-fold in shoots
(Figure 5a) and 4.4-fold in roots (Figure 5b). PEG 6000 treatment did
not cause changes in AsMT1-3 expression in oat roots (Figure 5b).
In shoots after PEG 6000 treatment, the level of AsSMT2 transcripts

increased 1.5 times, when compared to control (Figure 5a).

3.4 | Chlorophyll a, chlorophyll b, and
carotenoid content

Oat treatment with PEG 6000 did not affect the content of chlorophyll
a, chlorophyll b and carotenoids in oat seedlings (Figure 6). Treatment
with mannitol caused a significant increase in the content of chloro-
phyll a (26.5mgg™* DW), compared to the control (14.1mgg™* DW).

3.5 | Phenolic compounds, soluble sugars, and
ABA content

Levels of phenolic compounds in shoots were unaffected by the os-
motic stress, whereas in roots, PEG 6000 treatment increased the

O. coarctata- 73.44% (AAF68995.1)

content of these compounds to the level of 3.4mgg™ DW, which is
1.8 times higher than that in the control (Figure 7a).

As a result of osmotic stress, the content of soluble sugars
(Figure 7b) increased in shoots of seedlings exposed to PEG 6000
and mannitol and decreased in roots. Generally, the highest content
of soluble sugars was observed in shoots treated with PEG 6000. In
contrast, in roots, a decrease in sugar content was observed in the
presence of PEG 6000 and mannitol compared to the control.

The treatment of oat seedlings with PEG 6000 and mannitol
caused no difference in the content of ABA in roots (Figure 7c). In
contrast, osmotic stress increased the content of ABA in shoots. As
a result of PEG 6000 and mannitol treatments, in shoots ABA accu-
mulation was more than five-fold and nine-fold higher, respectively,

than in the control.

3.6 | Antioxidant enzyme activity

Catalase activity increased significantly in response to PEG 6000
and mannitol treatments in shoots and was higher than in the con-
trol seedlings by 1.3 times and 1.5 times, respectively (Figure 8a). In
roots, CAT activity was around 3.5-fold lower than in shoots. CAT
activity was not affected by osmotic stress in oat roots.

The greatest increase in PX activity was observed in shoots
treated with PEG 6000, 2.5-fold higher than in control shoots and
shoots of seedlings treated with mannitol (Figure 8b). In roots, the
osmotic stress did not affect the level of PX activity.

SOD activity was significantly higher in roots compared to shoots
for all treatments (Figure 8c). In shoots, osmotic stress caused by
PEG 6000 or mannitol did not change SOD activity. In roots treated
with mannitol, SOD activity increased 1.3-fold compared to the

control.

3.7 | Correlation analysis

Correlations coefficients between studied parameters under two
stress treatments are presented in Table 5. The statistically signifi-
cant correlations in seedlings between the relative expression level
of AsMT1-3, the content of soluble sugars (SUG), the content of phe-
nolic compounds (PHE), the content of ABA and the activity of SOD,
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FIGURE 1 The phylogenetic analysis of plant MT proteins based on predicted amino acid sequences of MTs from monocots. The
evolutionary history was inferred using MEGA-X software. Evolutionary distances were computed using the Poisson correction method,
presented using the units of the number of amino acid substitutions per site. A bootstrap test with 1000 replicates was applied to assess
the reliability of the phylogenetic tree. The sequences of AsMT1-3 are highlighted. The following amino acid sequences deposited in NCBI
GenBank were used: AcMT3 - Ananas comosus (L.) Merr. (OAY84410.1), AetMT1 - Aegilops tauschii Coss. (XP 020173251.1), AlsMT1 - Allium
sativum L. (AAL13057.1), BAMT1 - Brachypodium distachyon (L.) P.Beauv. (XP 014757938.1), CvMT1 - Chloris virgata Sw. (BAF73618.1),
DcMT2 - Dendrobium catenatum Lindl. (XP 020694706.1), EgMT2 - Elaeis guineensis Jacq. (XP 010937631.1), FrMT1 - Festuca rubra L.
(024528.1), HYMT1 - Hordeum vulgare L. (CAD54078.1), HYMT3 - H. vulgare (CAD88266.1), OsMT1 - Oryza sativa L. (XP 015617237.1),
PeMT2 - Phalaenopsis equestris (Schauer) Rchb.f (XP 020571140.1), PhMT1 - Panicum hallii Vasey (XP 025826729.1), PhAMT3 - P. hallii

(XP 025815067.1), PmMT2 - Panicum miliaceum L. (RLM91775.1), PsMT2 - Poa secunda J.Presl (AAK38824.1), PvMT3 - Panicum virgatum L.
(XP 039846084.1), SbMT3 - Sorghum bicolor (L.) Moench (XP 021313180.1), TaMT3 - Typha angustifolia L. (ACV51811.1) and ZmMT2 - Zea

mays L. (ONM30027.1).

AsMT1 GKMYPDLDEQASTTTQAQAVVVVGVAHENKAVQFEVA
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FIGURE 2 Alignment of amino acid sequences of AsMT1-3 and representative members of types 1-3 plant MTs. Conserved Cys residues
are highlighted in black, and His residues are highlighted in grey. The following amino acid sequences deposited in NCBI GenBank were used:
Arabidopsis thaliana (L.) Heynh: AtMT1 Q38804.1, AtMT2 OAP04976.1, AtMT3 022433.1; Brassica napus L.: BhAMT1 AFO70132.1, BAnMT2
AFP57434.1, BAMT3 AFP57435.1; Hordeum vulgare L.: HyMT1 CAD54078.1, HYMT2 XP_044974743.1, HYMT3 CAD88266.1; Oryza sativa
L.: OsMT1 XP_015617237.1, OsMT2 XP_015645105.1, OsMT3 A1YTM8.1.

CAT and PX were found. The expression level of AsMT1 showed
strong significant correlations with the expression level of AsMT2,
positive in shoots (1.000) and negative (-1.000) in roots. Moreover,
strong positive correlations in shoots and negative in roots were
observed between the expression levels of AsMT1 and AsMT3. The
expression of AsMT2 and AsMT3 was strongly positively correlated
both in roots and shoots.

A significant negative correlation was observed between the ex-
pression level of AsMT1-2 in shoots and PX activity in roots (r = -.999
and r = -.998, respectively). In addition, very high (<0.9) correlations
between transcript levels of AsMT1 and AsMT2 in roots and PX ac-
tivity in roots (r = .993 for AsMT1 and r = -.992 for AsMT2) were
observed. Transcript levels of AsMT1 and AsMT2 in shoots were pos-
itively correlated with SOD in roots (r = .914 and r = .926, respec-
tively). Moreover, high and very high positive correlations between
the expression level of AsMT1-2 and ABA concentration in shoots
were observed (r = .898 and r = .910, respectively).

The expression level of AsMT3 in roots showed a strong signif-
icant positive correlation with SOD activity in roots (r = .999) and
with phenolic compound level, CAT activity and ABA content in
shoots (r = .989, r = .975 and r = .996, respectively). Additionally,

very high negative correlations between AsMT3 in roots, SUG in
roots and PHE in roots (r = -.903 and r = -.966, respectively) and
AsMT3 in shoots and PX activity in roots (r = -.920) were found.

In oat shoots, a strong positive correlation between PHE content,
CAT activity and ABA concentration (r = .997 and r = .998, respec-
tively) was also recorded. Additionally, PHE in shoots was negatively
correlated with SUG in roots (r = -.957). The high negative correla-
tions between soluble sugar concentration in roots and SOD activity
in roots (r = -.924) and ABA concentration in roots (r = -.957) were
also observed. In shoots, a negative correlation between SUG and
SOD activity (r = -.948) was found. A significant positive correlation
was shown between SOD activity in roots and ABA concentration in
shoots (r = .999), while the activity of SOD in shoots was negatively
correlated with the activity of CAT in shoots (r = -.914).

Principal component analysis and biplot analysis were used to visu-
alize correlations among the analysed in this study variables (Figure 9a).
Positive correlations among the expression of AsMTs are visible beside
the expression of AsMT1 in roots. The mRNA level of AsMT1 in roots is
strongly positively correlated with the activity of PX in roots. The ex-
pression PCA indicated that the expression level of AsMT1-3, the activ-
ity of SOD, CAT and PX, and the content of SUG, PHE and ABA in oat
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FIGURE 3 Comparison of the growth of Escherichia coli
transformed with empty pET vector (white bars) and pET vectors
bearing coding regions of AsMT1-3 (black, grey and dark grey
bars, respectively) in the presence of 100gL™* PEG or 109gL™?
mannitol without IPTG. Control was LB medium. Bars show the
slope of bacterial growth curves obtained from plotting optical
density against time. Bars represent mean values + SE of three
independent replicates. The results obtained for a given condition
(i.e. control, PEG and mannitol) were compared, and different
letters indicate significant differences between E. coli carrying
different plasmids (Kruskal-Wallis, Mann-Whitney; p < .05).
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FIGURE 4 Comparison of the growth of E. coli transformed with
empty pET vector (white bars) and pET vectors bearing coding
regions of AsMT1-3 (black, grey and dark grey bars, respectively)
in the presence of 100gL™ PEG or 109 gL™* mannitol and 0.1 mM
IPTG. Control was LB medium. Bars show the slope of bacterial
growth curves obtained from plotting optical density against time.
Bars represent mean values + SE of three independent replicates.
The results obtained for a given condition (i.e. control, PEG and
mannitol) were compared, and different letters indicate significant
differences between E. coli carrying different plasmids (Kruskal-
Wallis, Mann-Whitney; p < .05).

seedlings were differentiated by treatments (control, mannitol and PEG
6000; Figure 9b).

4 | DISCUSSION

Environmental water deficit caused by drought, cold and salinity
leads to osmotic stress in plants. The consequence of osmotic stress
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FIGURE 5 Relative gene expression of AsMT1-3 (a) in shoots and
(b) in roots of oat seedlings in control and osmotic stress conditions
induced by PEG (180gL™) and mannitol (69 gL™%). The AsMT1-3
genes were quantified with RT-qPCR and normalized using the
housekeeping gene EIF4A. Bars represent mean values (n = 3) +SE.
The results obtained for each gene were compared separately

for shoots and roots, and different letters indicate significant
differences (Kruskal-Wallis, Mann-Whitney; p <.01).
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FIGURE 6 Effect of osmotic stress on the content of chlorophyll
a, b (Chl a, b) and carotenoids (Car) in the leaves of oat. Bars
represent mean values (n = 5) + SE. Different letters indicate
significant differences between means (Duncan's multiple range
test; p < .05).

has reduced plant growth and significant loss of yield. Plants possess
mechanisms to sense osmotic stress and to trigger the signal trans-
duction pathways that activate the physiological, morphological and
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biochemical mechanisms allowing adaptation to water-deficit stress
(Fabregas et al., 2020). The effectiveness of these mechanisms
under drought stress depends on the plant species and plant cul-
tivar, as well as on the duration and the intensity of stress (Reddy
et al., 2004). Consequently, the potency of these mechanisms should
be determined not only for each species but also for genotypes
within species. These analyses are a potent tool for obtaining a set
of molecular markers of drought-tolerant species/cultivars useful in
breeding programmes.

Phenolic compounds can accumulate in plant cells as a result of
stress. They can protect the cells from ROS, and their antioxidant
efficiency tends to be higher than that of tocopherol or ascorbate
(Weidner et al., 2011). In leaves of crops such as rice and maize, the
levels of phenolic compounds increased under drought stress con-
ditions (Ayaz & Bertoft, 2001; Hura et al., 2008). In our study, the
osmotic stress did not change the content of phenolic compounds
in oat leaves. However, the Krdl et al. (2014) study showed that the
leaves of Vitis vinifera L. had lower content of phenolic compounds
than the roots. Moreover, the content of total phenolic compounds
in V. vinifera L. plants subjected to drought stress was lower than
that in the control plants. Drought stress reduced total phenolic
content also in roots of Rehmannia glutinosa (Gaertn.) Steud. (Chung
et al., 2006), and that result corresponds with our study, where the
lowest concentration of phenolic compounds was noted in oat roots
treated with mannitol. However, in soybean roots subjected to os-
motic stress, the level of phenolic compounds increased (Swigonska
et al., 2014). The inconsistent results concerning the impact of os-
motic stress on the content of phenolic compounds might depend
on plant parts used for analyses, on the stage of plant development
and on conditions during the stress period.

The plant tolerance mechanism in water-deficit conditions is as-
sociated with the accumulation of osmoprotectants such as soluble
sugars (Hoekstra et al., 2001). Soluble sugars serve as regulators of
gene expression and as signal molecules (Rosa et al., 2009; Tarkowski
& Van den Ende, 2015). In the Wilmer et al. (2022) study, plants
treated with PEG-induced osmotic stress produced more sugars
compared to plants without PEG. Moreover, compared to the roots,
more sugars were accumulated in the shoots, which could indicate
an inhibited sugar transportation. In our study, we observed that
osmotic stress increased the content of soluble sugars in oat shoots
and decreased in oat roots. Similarly, the content of these osmo-
protectants in the two oat cultivars, drought-resistant DA92-2F6
and drought-susceptible Longyan, slightly increased during the first
7 days of PEG treatment. Moreover, the soluble sugar content in
DA92-2F6 leaves was significantly higher than that in the leaves of
Longyan (Gong et al., 2022). In Zea mays L., the concentration of sol-
uble sugars increased in roots and shoots treated with PEG (Nayer
& Reza, 2008). As soluble sugars play an important role in the mech-
anisms of stress tolerance in the plants through osmotic adjustment
(Mostajeran & Rahimi-Eichi, 2009), it was suggested that soluble
sugars might be used as a marker for the selection of the drought-
tolerant cultivars of Triticum durum Desf. (Hakimi et al., 1995) and
Medicago sativa L. (Maghsoodi & Razmjoo, 2015). Moreover, soluble
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sugars act as key players in the maintenance of redox balance in
plants, they contribute to H,O, elimination, and together with phe-
nolic compounds can make an integrated redox system for quench-
ing reactive oxygen species (Bolouri-Moghaddam et al., 2010).

Antioxidant enzymes, such as CAT, PX and SOD, form the first
line of defence against ROS under stress conditions (Chiappero
et al., 2021). SOD is responsible for the dismutation of the super-
oxide radicals to molecular oxygen and hydrogen peroxide, while
CAT and PX decompose H,0O,. We observed the highest activity
of CAT and PX in the seedling shoots, whereas SOD activity was
significantly higher in roots. A similar observation was reported by
Pastuszak et al. (2021) in the wheat seedlings, where greater SOD ac-
tivity was detected in the roots than in the leaves. Gong et al. (2022)
reported different reactions of antioxidant enzymes in oat cultivars
under PEG-induced drought stress. In leaves of drought-resistant
cultivar DA92-2F6, first the activity of CAT, SOD and PX increased
but then it decreased. In contrast, in the drought-susceptible culti-
var Longyan, the activity of those three antioxidant enzymes con-
tinuously increased. In our experiment, in the shoots, the activity
of CAT was increased by both PEG 6000 and mannitol, whereas the
activity of PX increased only in seedlings treated with PEG 6000.
Interestingly, in the roots, only the activity of SOD increased under
mannitol treatment. In contrast to our study, Zhou et al. (2022) ob-
served in Glycine max (L.) Merr. roots treated with PEG the increas-
ing activities of CAT and PX. Although an increase in ROS content
and as a consequence an increase in the activity of antioxidant en-
zymes are widely observed for various stress treatments (reviewed
in Nadarajah, 2020; You & Chan, 2015), there are differences in the
action of antioxidant mechanisms depending on plant species, plant
organs, and type and duration of stress stimuli.

MTs, small cysteine-rich proteins, are known for their role in
maintaining micronutrient (mostly zinc and copper) homeostasis in
cells. Insilico analyses of plant MT genes showed that their promoter
regions have multiple sites for binding various transcription factors
that are known to be involved in response to abiotic stress in plants
(Dabrowska, Hrynkiewicz, & Trejgell, 2012; Dabrowska, Mierek-
Adamska, & Goc, 2012; Patankar et al., 2019). Several studies in-
dicate that pMTs are also involved in ROS scavenging via cysteine
residues (Gu et al., 2014; Guo et al., 2008; Liu et al., 2015; Mekawy
et al., 2020; Woo & Lazo, 1997; Xia et al., 2012; Xue et al., 2009). In
this work, we characterized three novel MT genes from A. sativa L.
- AsMT1, AsMT2 and AsMT3. Their predicted amino acid sequences
are rich in cysteine residues which are organized in Cys-rich motifs
typical for pMTs. Moreover, His residues, which are shown to also
take a part in binding metal ions (Leszczyszyn et al., 2013; Tomas
et al.,, 2014), are present in amino acid sequences of AsMT1 and
AsMT3.

Polyethylene glycol and mannitol decrease the availability
of water molecules, inducing osmotic stress in bacteria (Ghosh
et al., 2019; Udawat et al., 2014; Yadav et al., 2014). Our analyses
showed that E. coli bacteria were more sensitive to osmotic stress in-
duced by PEG 6000 than by mannitol. Functional analysis of AsMT1-3
in E. coli Rosetta cells showed that overexpression of the AsSMT2 gene
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increased bacteria tolerance to osmotic stress caused by PEG 6000.
In the literature, only a few reports are showing the effect of the
heterologous expression of pMTs on the tolerance of microorganisms
to osmotic stress. E. coli bacteria expressing MT type 4 from Cucumis
sativus L. had a higher survival rate than control E. coli in the presence
of NaCl and sorbitol (Zhou et al., 2019). Similarly, yeast expressing
the Phoenix dactylifera L. MT2 gene grew better under osmotic stress
(Patankar et al., 2019). Increased tolerance to osmotic stress was also
shown for transgenic plants overexpressing pMTs. Nicotiana tabacum
L. overexpressing MT1 from Oryza sativa L. had a higher tolerance
for PEG-induced stress (Kumar et al., 2012). Transgenic N. tabacum L.
overexpressing MT3 from Gossypium hirsutum L. had a higher toler-
ance towards 25% PEG and 300mM NaCl (Xue et al., 2009). Similarly,
transgenic A. thaliana (L.) Heynh. overexpressing MT3a from O. sativa
L. had increased tolerance to NaCl, PEG and CdCl, individually and
as combined stresses (Mekawy et al., 2020). A. thaliana (L.) Heynh.
overexpressing MT type 2 from P. dactylifera L. had a better toler-
ance towards drought and oxidative stresses (Patankar et al., 2019).
Transgenic N. tabacum L. overexpressing OsMT1e-P from O. sativa L.
had a better tolerance towards multiple abiotic stresses, including
drought stress (Kumar et al., 2012).

The expression of MTs is often shown to increase under various
abiotic stresses, including drought stress. For example, a three-fold
increase in the expression of MT type 3 from Fagopyrum esculentum
Moench was observed during drought stress (Samardzi¢ et al., 2010).
During drought stress, an increase in the expression of type 2 MT

from Citrullus lanatus (Thunb.) Matsum. & Nakai was observed (Akashi
et al., 2004). Similarly, the expression of MT3 from G. hirsutum L. in-
creased after the application of NaCl and PEG (Xue et al., 2009). An
increase in the expression of OsMT1 was observed under PEG stress
(Yang et al., 2009). The expression of ZjMT1 from stress-tolerant
Ziziphus jujuba Mill. increases under PEG, NaCl and CdCl, stress (Yang
et al., 2015). An increase in the expression of type 1 MT under PEG-
induced drought stress has been observed for Trifolium repens L. (Li
et al., 2016). We have shown that the expression of AsMT1-3 genes
increases under osmotic stress. The expression of oat MT genes is
more responsive towards osmotic stress induced by mannitol than by
PEG 6000. Only the expression of AsMT1 in the root did not change
after the application of mannitol, but in shoots, the expression of this
gene increased 2.1 times. Of all three tested oat MTs, the highest in-
crease in the expression was observed for AsMT2 for both shoots and
roots. Osmotic stress induced by PEG 6000 resulted in an increase in
AsMT2 expression in the shoots. Similarly, an increase of MT type 2
under osmotic stress was observed for MT from C. sativus L. (CsMT2)
(Zhou et al., 2019), Cicer arietinum L. (CmMet-2) (Singh et al., 2011) and
Populus sp. (Bae et al., 2010). It is generally accepted that plant MTs
belonging to different types can fulfil different physiological roles
(Leszczyszyn et al., 2013). We observed in our study that different
AsMT1-3 expression responses to osmotic stress and the different
impact of the heterologous expression of AsMT1-3 on bacterial tol-
erance to osmotic stress support the concept that oat MT1-3 plays
varied possibly complementary roles in plant stress response.
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TABLE 5 Pearson coefficients of linear correlation (p < .05) between relative expression level of metallothioneins (MT1-3), soluble sugars
(SUG), phenolic compounds (PHE), the activity of superoxide dismutase (SOD), catalase (CAT), peroxidases (PX) and abscisic acid (ABA)
content in shoots (S) and roots (R) of oat seedlings.

Varable | MT1S MTIR MT2S MT2R MT3S MT3R SUGS SUGR PHES PHER SODS SODR CATS CATR PXS PXR ABAS ABAR
MT1 S 1.000

MT1R
MT2 S
MT2 R
MT3 S
MT3 R
SUG S
SUGR
PHE S
PHE R
SOD S
SODR
CAT S
CATR

1.000
514 1.000

570

1.000

1.000
-394

-231 1.000

PXS 152 320 1.000
PXR 296
ABA'S 1.000
ABAR 307 475
[ ozh=2 [ 2<n=4 | —2<r=—4 [ 0=i=-2 |
Correlation analysis has shown very strong positive correlations were dependent on the type of AsMT and the type of antioxidant
between the activities of analysed antioxidant enzymes (CAT, PX and enzyme. Kumar et al. (2012) showed that MT1 protects against ox-

SOD) and the expression level of MTs; however, those correlations idative stress primarily through efficient scavenging of ROS in rice.
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Also, Usha et al. (2009) reported the involvement of plant MT3 in
maintaining the redox balance in wild rice exposed to heavy metals.
MT type 2 from watermelon was shown to efficiently detoxify hy-
droxyl radicals (Akashi et al., 2004). The number of research studies
indicating the antioxidant properties of plant MTs is constantly in-
creasing, but the link between metals and redox metabolism in the
plant cell remains elusive. Both CAT and SOD need metal ions for their

function. Interestingly, it has been shown that MTs can transfer metal
ions that can be used by SOD and CAT (Deljoona & Shahpiri, 2018).
Experiments on transgenic A. thaliana (L.) Heynh. showed that MTs
and CAT complement each other in the process of ROS scavenging.
Overexpression of AtMT2a in Arabidopsis cat2 mutant increased the
CAT activity under cold stress (Zhu et al., 2009). SOD activity was
elevated in plants overexpressed Tamarix androssowii Litv. MT3 gene
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in response to Cd?* stress (Zhou et al., 2014). Several other studies
showed that the plant antioxidant system is more efficient in plants
overexpressing MTs (Rahman et al., 2020; Yang et al., 2009). In vitro
studies on animal MTs showed that they can effectively scavenge
free radicals reacting with ROS even faster than typical antioxidant
enzymes (Kumari et al., 1998; Pan & Zhang, 2006; Ruttkay-Nedecky
etal., 2013; Zeitoun-Ghandour et al., 2011). The release of Zn** bound
to MTs via oxidation may have also a significant impact on general cell
metabolism. In animals, it is now widely accepted that Zn?** serves as
a signalling molecule (Maret, 2017) and a possibly similar mechanism
exists also in plants. Therefore, it might be hypothesized that zinc ions
are the indirect link between MTs and antioxidant enzymes.

The accumulation of ABA under unfavourable environmental
conditions such as drought, heat stress, salinity and cold is well
documented in the literature (Vishwakarma et al., 2017). ABA pro-
tects plants under abiotic stress, in particular through induction of
the production of osmoprotective proteins and metabolites, and
the regulation of stomatal conductance (Zhu et al., 2010). Gong
et al. (2022) showed that in oat drought-tolerant cultivar DA92-2F6,
ABA signalling pathways were activated, but in drought-sensitive
Longyan, they were suppressed. In our study, the highest concen-
tration of ABA was observed in oat shoots where stress was induced
by mannitol. Moreover, there was a very strong positive correlation
between the ABA and the soluble sugar concentration in shoots.
The exact mechanism of interaction between sugars and ABA re-
mains to be elucidated since they form a complex cascade regulat-
ing thousands of genes involved in photosynthesis and metabolism
(Chandrasekaran et al., 2020). Furthermore, we recorded a strong
positive correlation between the expression level of AsMT1 and
AsMT2 and the content of ABA. The upregulation of MT expression
after the application of ABA was observed for Prosopis juliflora (Sw.)
DC. MT1-3 (Usha et al., 2009), G. hirsutum MT3a (Xue et al., 2009),
Hevea brasiliensis Muli. Arg. MT2a (Li et al., 2015), and O. sativa L.
MT1a and MT2b (Yang et al., 2009; Yuan et al., 2008). Moreover, ABA
is a strong inductor of the expression of seed-specific type 4 MT
(Kawashima et al., 1992; Ren et al., 2012). These results may suggest
that ABA plays a crucial role not only in regulating the state of hy-
dration in plants through the stomatal opening but also through the

induction of the expression of MT genes (Li et al., 2016).

5 | CONCLUSIONS

Three new MT genes from Avena sativa L. were cloned, and their
response to osmotic stress using qPCR and heterologous expression
in a prokaryotic system was assessed. The observed upregulation of
the expression of oat MTs in response to osmotic stress caused by
the presence of mannitol indicates that these MTs are involved in
the protection of the oat against osmotic stress. We found signifi-
cant positive correlations between the expression of oat MTs with
osmoprotectants and antioxidant enzymes. For the first time, we
showed that pMTs are implicated in the network for plant osmotic
stress response. Further work is needed to elucidate whether oat
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MTs are involved in ABA-dependent or ABA-independent signalling

pathways in water-deficit stress response.
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Changes in physio-biochemical
parameters and expression

of metallothioneins in Avena sativa
L. in response to drought

Wiktoria Konieczna¥2>, Marzena Warchot**, Agnieszka Mierek-Adamska'-?,
Edyta Skrzypek?, Piotr Waligérski3, Agnieszka Piernik* & Grazyna B. Dgbrowska'**

Drought is one of the major threats to food security. Among several mechanisms involved in plant
stress tolerance, one protein family—the plant metallothioneins (MTs)—shows great promise for
enhancing drought resistance. Plant metallothioneins in oat (Avena sativa L.) have not yet been
deeply analysed, and the literature lacks a comprehensive study of the whole family of plant MTs in
response to drought. In this study, we showed that the number and nature of cis-elements linked with
stress response in promoters of AsMTs1-3 differed depending on the MT type. Drought stress in oat
plants caused an increase in the expression of AsMT2 and AsMT3 and a decrease in the expression of
AsMT1 compared to well-watered plants. Moreover, the low values of relative water content, water
use efficiency, net photosynthesis (P,), transpiration (E), stomatal conductance (g;), chlorophyll a, and
carotenoid were accompanied by high levels of electrolyte leakage, internal CO, concentration (C;) and
abscisic acid content, and high activity of antioxidants enzymes in plants under drought stress. The
present study puts forward the idea that AsMTs are crucial for oat response to drought stress not only
by regulating antioxidant activity but also by changing the plant water regime and photosynthesis.
Our results support the hypothesis that structural differences among types of plant MTs reflect their
diversified physiological roles.

Anthropogenic activities have raised the level of CO, and other greenhouse gasses in the atmosphere by 50% since
the eighteenth century. As a result, Earth’s temperature is rising and rainfall patterns are changing'. Studies show
that the Earth’s surface temperature is expected to exceed the limit of 2 °C above pre-industrial levels (1850-1900)
by the end of the twenty-first century®. As Earth warms, incidents of drought will be longer and more severe®.

Water deficit is one of the crucial factors limiting plant productivity and thus threatening food security. Agri-
cultural or ecological drought occurs when water demand exceeds supply’. When subjected to drought stress,
plants adopt one or more of the four main survival strategies, i.e. (1) drought avoidance, (2) drought escape,
(3) drought resistance, and (4) drought recovery. To avoid drought, plants reduce water loss by partial stomatal
closure, increased leaf wax accumulation, and leaf rolling*. Moreover, a well-developed root system enhances
water uptake ability. Drought escape is the natural adjustment of the growth period and life cycle of a plant
or artificial changes in planting time by farmers in order to decrease the possible harmful effects of drought.
Drought resistance and recovery are the ability of plants to sustain a certain level of physiological activities under
drought-stress conditions and then resume growth in non-drought conditions*.

In response to drought, several mechanisms are activated in plant cells. To maintain cell turgor pressure,
plants produce osmolytes such as proline, soluble sugars, spermine, and betaine>-. In drought conditions, the
production of abscisic acid (ABA) is induced. ABA is a stress-response phytohormone and functions as a cru-
cial signal molecule in plant response to drought®. ABA triggers a range of physiological processes including
induction of stomatal closure, modulation of root development, and inhibition of plant growth'®!!. Several lines
of evidence have shown that drought-responsive genes can be classified into two groups: ABA-dependent and
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ABA-independent!*'*. Uno et al.'? showed that many ABA-dependent drought-related genes possess an ABA-
responsive cis-element (ABRE) in the promoter region. On the other hand, genes induced by drought that are not
induced by ABA possess other cis-elements including drought-responsive elements (DRE) and C-repeat (CTR)™.

Drought stress leads to increased production of reactive oxygen species (ROS). This causes oxidative damage
to lipids, proteins, and DNA, which can lead to cell death's. Plants possess enzymatic and non-enzymatic anti-
oxidant systems. The enzymatic antioxidant system consists of superoxide dismutase (SOD), which catalyses the
dismutation of superoxide anion radical (O,) to hydrogen peroxide (H,0,) and oxygen (O,). Hydrogen peroxide
is converted to water and oxygen by ascorbate peroxidase (PX) in the presence of a reducing agent such as ascor-
bic acid or by catalase (CAT)'®. The non-enzymatic antioxidants include various reducing compounds, such as
tocopherols, glutathione, flavonoids, carotenoids, and ascorbic acid. Moreover, under drought, plants accumulate
phenolic compounds, which can function as sources of electrons and protons for reactive oxygen species'’*°.

Metallothioneins (MTs) are a family of small cysteine-rich proteins present in eukaryotes®® and some
prokaryotes?!. In plants, MTs (pMTs) are divided into four types depending on the amino-acid sequence, i.e.
pMTs belonging to type 1 (MT1) have 12 cysteine residues, type-2 MTs (MT2) contain 14 cysteines, type-3 MTs
(MT3) have ten cysteines, and type-4 pMTs (MT4) contain 17 cysteines?>*. M'Ts have been shown to bind a vari-
ety of heavy metal ions (in particular Cu*, Zn**, and Cd**) via thiol groups of cysteine residues**-*. Some plant
MTs have one or more histidine residues, which can also play a role in binding metal ions®*2. The expression of
PMT genes is spatiotemporal and induced by various stimuli, including drought, which suggests that pMTs have
arole that goes beyond the maintenance of micronutrient homeostasis and toxic metal detoxication®***. Several
lines of evidence have shown that thiol groups of pMTs are powerful antioxidants and can protect plants from
oxidative stress®*. Moreover, MTs can, by binding Cu* ions, stop the Fenton reaction®-%%.

One of the most cultivated cereals worldwide is oat (Avena sativa L.)*. This plant is mostly used as livestock
feed, but every year it is increasing in popularity as human food. Oat has many nutritional benefits due to its
high levels of calcium, soluble fibre, oil, and protein**-*2. Oat is also a popular and proven-to-work ingredient
in various skincare cosmetics. There are some clear indicators that pMTs play a role in drought tolerance, i.e.
the increased expression of pMTs in water-limiting conditions has been observed for various plant species**™,
and the expression of several pMTs is regulated by ABA*~*. We propound the hypothesis that certain pMTs
might play essential roles in plant drought resistance. The literature information concerning pMTs and drought
is rather scarce and usually limited to only one type of pMT. Therefore, we aimed to analyse and compare the
possible roles that MTs of types 1-3 play in response to drought in single plant species. We chose economically
important oat since the growth and yield of this crop plant are significantly limited by drought stress'®. Moreover,
we examined the physiological and biochemical parameters reflecting the water regime, photosynthesis efficiency,
and antioxidant activity of oat plants subjected to drought stress. The knowledge generated in this study that
allows us to gain deeper insight into the mechanisms of oat response to drought stress may enable us to obtain
oat varieties more tolerant to drought stress and to reduce yield losses.

Results and discussion

A. sativa is a crop of increasing interest as it is well-adapted to a wide range of soil types. It can perform bet-
ter than other small-grain cereals on marginal soils. However, oat is sensitive to hot, dry weather, and hence,
in several regions of the world, drought is the main factor limiting the yield of oat*. To succeed in breeding
programmes, the selection of plants with complex traits such as drought resistance should be based upon a
comprehensive understanding of innate tolerance mechanisms®. In the face of global warming and a grow-
ing world population, an understanding of the cellular mechanisms underlying drought tolerance seems to be
crucial for food security.

Since their discovery in wheat germs in 1987°!, plant metallothioneins have been linked with various
physiological roles including micronutrient homeostasis®, toxic metal detoxication®, reactive oxygen species
scavenging®®, senescence®, and stress response®. Plant MTs have been investigated in various plants such as
Arabidopsis thaliana (L.) Heynh.”"%, Nicotiana tabacum L.*', Ipomoea nil (L.) Roth*, Brassica napus L2362,
Cucumis sativus L.%, Oryza sativa L.%, and Zea mays L.®°. However, only one report on A. sativa metallothioneins
has been published so far®. This may be because oat is an allohexaploid species (21 =6x =42, AACCDD) with
alarge genome (12.5 Gb), which makes it difficult to work with on the gene level®’. Beginning in 2016, attempts
were made to sequence the oat genome®, and in March 2022 the oat genome was published®. This will signifi-
cantly accelerate the research on oat.

In silico analyses. Plant metallothioneins have been divided into four types based on the number and
arrangement of cysteine residues. In all those angiosperm genomes analysed to date, all four types of pMTs are
present. There is no clear picture of the possible physiological roles of each type of pMT. It is possible that there
is no single unifying role of plant metallothioneins and that one type fulfils different functions depending on the
stage of plant development, plant organ, and environmental conditions”. Type 4 pMTs are the best-known type
of pMTs. This type of pMTs was excluded from this study because pMT4s are seed-specific proteins and in most
analysed up-to-date species the expression of this type of pMTs is restricted to developing and mature seeds.
The putative amino acid sequences of oat metallothioneins analysed in this study have a high cysteine content.
The number and arrangement of cysteines allow oat MTs to be classified into three types—AsMT1, AsMT2,
and AsMT3 (Table 1). The predicted proteins were 64 (AsMT3) to 79 (AsMT2) amino acids long, and the
molecular masses ranged from 6814.56 to 7594.64 kDa. The isoelectric point (pI) of AsMT1-3 was similar for
all three proteins, and it ranged from 4.85 to 5.10 pI (Table 1). AsMT1 shares the highest homology with MT1
from Festuca rubra (87.93%, 024528.1) and MT1 from Hordeum vulgare (78.67%, CAD54078.1), AsMT?2 is
most similar to MT2a from Lolium rigidum (84.51%, XP_047054761.1) and MT2 from Poa secunda (84.72%,
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Length (aa) 72 79 64

Cys content (%) 16.7 17.7 15.6

pI 5.00 5.10 4.85
Mw (kD) 7289.20 | 7594.64 | 6814.56

Table 1. Characteristics of putative AsMT1-3 proteins.

AAK38824.1), and AsMT3 is most similar to MT3 from Oryza coarctata (73.44%, AAF68995.1) and MT3 from
Carica papaya (70.77%, XP_021894753.1). Comparison of the oat MT sequences cloned by our group (Bingo
cultivar) with the sequences deposited in the PanOat database revealed 100% identity for AsMT1, AsMT2 and
AsMT3 (AVESA.00001b.r3.7Cg0001922, AVESA.00001b.r3.1Cg0000164 and AVESA.00001b.r1.3Ag0000786,
respectively). Similarly to MTs from other plant species, AsMT1-3 had two Cys-rich domains separated by one
Cys-free stretch. Two His residues were present in AsMT3 and one in AsMT1 (Fig. 1). His residues are involved
in the binding of metal ions by MTs, which has been confirmed for bacterial metallothioneins™ and type 4 plant
MTs*2. As in AsMT3, it is common for type-3 pMTs to have one or more His residues: one His residue located
at the C-terminus of the protein, and a second His residue located in the spacer region of MT. In AsMT1, His
residue is located in the middle of the Cys-free region, which is rather uncommon for this type of pMT"’. The
potential involvement of histidines in metal binding has been suggested also for type 3 pMTs?!.

Promoter analysis is a powerful tool that can provide an insight into the regulatory mechanisms of genes of
interest. Moreover, studies on cis-regulatory elements (CREs) provide a foundation for future experiments®*”>73,
Regulatory elements play a crucial role in plant responses to various stresses, including drought stress”. There
are not many studies comparing promoters of different types of MTs in one plant species®*®>”2. Our analyses of
oat metallothionein promoters revealed the presence of several cis-acting elements involved in response to light,
phytohormones, biotic and abiotic stress, and plant development (Fig. 2, Supplementary Table S1). CREs are
not distributed equally among promoters of oat MTs. A similar observation was made for MT promoters of B.
napus, N. tabacum, and Z. mays®>72. The highest number of CREs was found in AsMT2 (104) and the lowest
in AsMT3 (92), whereas AsMT1 promoter contains 97 CREs (Supplementary Table S2). Elements involved in
abscisic acid (ABA), jasmonic acid (MeJA), gibberellin, and auxin response were found, of which the first two
were the most numerous. ABA-responsive cis-elements, also called ABRE, were present in all oat metallothio-
nein promoters: the promoter of AsMT2 had seven ABRE elements, AsMT1 had four and AsMT3 had only one
(Supplementary Table S1). In N. tabacum, ABRE elements were the most abundant regulatory motifs and were
present in all 12 NtMT promoters®’. The promoter of AsMT2 had the highest number of elements involved in light

AsMT1 MsEsEGs sEcEGSNEKEGKMY PDLDEQASTTTQAQAVVVVGVARENKAVOFEVASGE GESEGPNEKEN PN

AsMT2 MsEEGGNEGEGSCEKEGTGEGGEKMY PEMEEGVTSSQTLVMGVAPS SKPSFEAAAGATGAENGGEKEGANETED PR TEK

AsMT3 MSNTEGNEDEADKTNEVKKGDS YGIVMVDTEKSHLEEVOQEVAENDGKEKEGT SEsETNETEGH

A

2.1%
1.0% \ 7

Figure 1. Sequences of putative AsMT1-3 proteins. Cysteines are highlighted in blue, histidines are highlighted
in green.

O Light responsive
elements

1.9% @ Development
4.3% related elements

@ Promoter related
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OHormone responsive
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Figure 2. Pie charts depict frequencies of putative cis-regulatory elements in A. sativa L. AsMT1I (A), AsMT2
(B) and AsMT3 (C) gene promoters. Cis-regulatory elements were categorised into seven types according to
their predicted functions.
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response (20), while AsMT1 and AsMT3 had six and four light-responsive elements, respectively (Supplementary
Table S2). Cis-regulatory sequences related to the response to light have been identified in MT promoters in other
plants, e.g. in MT2 promoter of L. esculentum’. AtMT1B and AtMTIC in A. thaliana, OsMT1F, OsMT2A, and
OsMT2B in O. sativa’, EgMT3A and EgMT3B in Elaeis guineensis’®, C¢gMT1 in Casuarina glauca’’, and BrMT1
and BrMT2 in B. rapa”®. The analysed promoters also contained several development-related elements, i.e. seven
elements in AsMT2 and ten elements in AsMT3. Interestingly, AsMT1 had only two development-related CREs
(Supplementary Table S1).

Stress responsive elements were numerous in promoters of oat MTs, i.e. ASMT1 (11.3%), AsMT2 (8.6%),
and AsMT3 (6.5%) (Fig. 2). Crucially, drought-related CREs were the most common stress-responsive elements
among promoters of AsMT1-3. AsMT1I had nine drought-responsive elements, AsMT2 had six and AsMT3 had
two (Supplementary Table S1). A regulatory element associated with drought response has been identified in the
promoter of the rice OsMT2b gene”. Interestingly, elements involved in response to other stresses, such as fungal
elicitor response, wounding response, and anaerobic conditions response were not distributed evenly among
oat metallothioneins. In the promoter of AsMT3, there were no elements associated with wounding response,
however; only in the promoter of this gene CREs involved in the response to fungal elicitors and anaerobic
conditions were present (Supplementary Table S1).

Experimental research confirming the functionality of in silico identified CREs in plant MT promoters is
scarce. The function of MT promoters has usually been studied using transgenic A. thaliana plants, where the
promoter was fused with p-glucuronidase (GUS). For example, in the study by Ren and Zhao”, a rice type 2
MT promoter was especially induced by wounding, ABA, gibberellin, cytokinin, PEG, cold, hot, NaCl and Zn
treatment, and, in that promoter, respective CREs were found. In another, similar study, the promoter of another
rice type 2 MT had ABA and metal-responsive CREs, and the application of ABA, Zn, and Cu caused an increase
in GUS levels®. The promoter of rice type 1 metallothionein has been shown to be responsive to ABA, drought,
dark, Zn, Cu, Pb, and Al, and respective CRE motifs have been found in the promoter sequence®!. In an analysis
of type 1 MT promoter from C. glauca, CREs involved in the response to metals and wounding were found. The
researchers found that the promoter was indeed responsive to wounding, but did not find the responsiveness
to metals that the promoter analysis suggested. In transgenic A. thaliana, levels of GUS did not increase signifi-
cantly after Cu, Zn, and Cd treatment, whereas wounding and H,O, treatments led to an increase in levels of
the reporter gene activity®~.

AsMT1-3 expression in response to drought stress. Inalimited number of studies, the upregulation
of pMTs in response to drought has been shown, e.g. during drought stress, a higher expression of type 2 MT in
watermelon®® and a three-fold increase in the expression of M T3 in leaves of buckwheat (Fagopyrum esculentum
Moench) were observed®. Here, the exposure of oat seedlings to drought stress caused significant changes in
AsMT1-3 expression in oat shoots and roots. As mentioned before, in promoters of AsMTs, we found elements
involved in ABA and drought response, but each AsMT promoter had a different number of those elements. In
drought-stressed plants, the expression of AsMT1 in the shoots did not change, and the AsMT1 expression level
in the roots was half that of control plants (Fig. 3A,B). The highest upregulation by drought was observed for
AsMT2, i.e. it was 12-fold higher in the shoots and 27-fold higher in the roots in comparison to control plants
(Fig. 3C,D). The expression of AsMT3 in the shoots of drought-stressed plants was 2.6 times lower (Fig. 3E), but
in the roots of drought-stressed plants a 2.6-fold increase was detected (Fig. 3F). Interestingly, the total number
of ABA-responsive and drought-responsive CREs in the promoter regions of AsMTI and AsMT2 is the same
(13), but AsMT2 had more ABA-responsive elements than drought-responsive elements, whereas the opposite
is observed for AsMT1 (Supplementary Table S1). AsMT3 has the fewest drought-related and ABA-responsive
cis-elements. These results indicate different roles of oat MT1-3 in drought response and suggest that the expres-
sion of oat MTs in drought-stressed plants is regulated via the ABA-dependent pathway. Previous studies have
revealed that the expression levels of some MT genes, such as OsMT1a*, OsMT2b%, GhMT3a*®, and BrMT17,
are increased by ABA treatment, while the transcription levels of BrMT2 and BrMT3 were downregulated’®.

Contrary to our results, Jaiswal et al.% showed that, under drought stress, the expression of genes of MT2
and MT3 from guar (Cyamopsis tetragonoloba L.) was unchanged in roots or shoots, and the MTI gene was
upregulated in both organs of the plant. Exposing Citrullus lanatus (Thunb.) Mansf. to drought stress resulted in
increased expression of 32 genes, one of which was homologous to Lycopersicon esculentum L. MT2%. Overexpres-
sion of metallothioneins confers drought stress tolerance in plants. For example, drought-stressed A. thaliana
L. plants overexpressing type 1 metallothionein from chickpea had longer roots, higher biomass, and higher
levels of enzymatic and non-enzymatic antioxidants in comparison to WT®. Similar results were obtained for
A. thaliana L. plants overexpressing the MT2A gene from date palm® and OsMT3-a from rice®. The regulation
of MT genes expression in response to stress is multi-dimensional. Our results confirm the hypothesis that dif-
ferent types of MTs act differently and have different functions in plant cells. MTs exhibit a strong antioxidant
property against oxidative damage via the neutralization of O,~ and enhanced H,0, scavenging ability®*>*?,
According to a study done by Li et al.”, overexpression of M T genes can significantly improve drought tolerance
and is accompanied by elevated antioxidant enzyme activities, supporting the view that the MTs are involved in
the ROS scavenging pathway.

Water status and photosynthetic efficiency of oat seedlings under soil drought. Water defi-
ciency is an important factor affecting the growth and yield of plants subjected to drought. During the drought
period, disturbances of many metabolic processes such as photosynthesis are observed®?. The ability to retain
stability of cell membrane under drought stress is one of the key physiological indices widely used to evaluate
the drought tolerance of plants®. Measurements of relative water content (RWC), water loss (WL), electrolyte
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Figure 3. Relative gene expression of AsMT1 (A, B), AsMT2 (C, D) and AsMT3 (E, F) in shoots and roots of
oat seedlings in control and drought conditions. AsMT1-3 genes were quantified with RT-qPCR and normalised
using housekeeping gene EIF4A. Bars represent mean values + SE of three replicates. Student’s t-Test, p<0.05.
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Figure 4. Water status: relative water content—RWC (A), water loss—WL (B), electrolyte leakage—EL (C), and
photosynthetic water use efficiency—WUE (D) in shoots of oat seedlings in control and drought conditions.
Bars represent mean values + SE. Student’s t-Test, p<0.05.

leakage (EL), and photosynthetic water use efficiency (WUE) are parameters frequently used as a selection test
for the assessment of plant cultivar tolerance to various stresses?~*".

According to Hsiao®, the level of RWC drop corresponds to the severity of the water stress. In our study,
drought caused a significant decrease in leaf RWC (Fig. 4A), i.e. from 85.3% in well-watered plants to 56.1% in
drought-treated plants. In response to drought, a significant decrease in WL (Fig. 4B) and a significant increase
in EL (Fig. 4C) were observed. Both parameters show the loss of cell membrane permeability and are changed
under many stresses”. The photosynthetic water use efficiency (WUE), defined as the ratio of carbon assimilation
to transpiration, was considerably lower in drought-stressed plants (1.4 umol mmol™) in comparison to well-
watered plants (4.6 pmol mmol™) (Fig. 4D). WUE is controlled by synchronising the relation between carbon
assimilation and water intake, which is a significant strategy used by plants to survive drought. In the study by
Liang et al.”®, WUE and each of the gas exchange parameters of tomato leaves decreased in response to low levels
of soil moisture. It is a common phenomenon that drought limits plant growth by reducing the photosynthetic
rate. The key reasons for decreased photosynthesis are stomatal closure caused by decreased CO, levels and
reduced photosynthetic activity in the mesophyll®. At the beginning of drought stress, the stomata close first
to reduce water transpiration, and as a result, the level of CO, in the leaves decreases. When the decrease in net
photosynthesis (Py) as a result of drought is accompanied by increased (or unchanged) internal CO, concentra-
tion (Ci), non-stomatal factors are the main cause of reduced photosynthetic rate; meanwhile, when decreased
Py is accompanied by decreased Ci, stomatal factors are the main cause.

Usually, under moderate and severe drought stress, the Ci gradually increases as the Py and stomatal con-
ductance (g,) decrease. This indicates that non-stomatal restriction is the main factor of the decrease in the
photosynthetic rate as the drought stress extends, which could lead to damage to the chloroplast structure®.
In our study, drought significantly reduced the content of chlorophyll a and carotenoids in oat leaves (Fig. 5).
Moreover, the net photosynthesis (Py), transpiration (E), and stomatal conductance (g,) drastically decrease in
drought-treated plants (Fig. 6A-C). These changes accompany a substantial increase in internal CO, concentra-
tion (C;) (D) in oat leaves under drought (Fig. 6D). These observations suggest that nonstomatal restriction was
accountable for reduced photosynthesis in oat leaves. As described by Zhao et al.'®® and Zhang et al*’, Py, E, g,
decreased significantly and were strictly associated with the degree and duration of drought stress in Avena nuda
L.and A. sativa. A drought-prompted decrease in the photosynthetic activity of wheat leaves was also reported by
Todorova et al.'’!. A large decrease in Py and g, has been observed in drought-stressed oat plants in comparison to
control plants, while a lower decrease has been observed for E and WUE. Also, Py rate has been closely related to
chlorophyll loss!®? and all photosynthetic pigments, as well as the disruption or loss of thylakoid membranes!'®.
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Figure 5. Photosynthetic pigments (chlorophyll a, chlorophyll b and carotenoids) in shoots of oat seedlings in
control and drought conditions. Bars represent mean values + SE. Students t-Test, p<0.05.
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Figure 6. Leaf gas-exchange parameters: net photosynthesis—Py (A), transpiration—E (B), stomatal
conductance—g; (C), and internal CO, concentration—C; (D) in shoots of oat seedlings in control and drought
conditions. Bars represent mean values + SE. Student’s t-Test, p<0.05.

The activity of the antioxidant system of oat seedlings. Biochemical responses of crops associated
with tolerance to drought are linked to changes in metabolic pathways, leading to the production of, e.g., sug-
ars and phenolic compounds'®. These metabolites mainly act as osmolytes, which reduce cellular dehydration
and participate in the stabilization of enzymes and cellular membranes'®. In our study, soil drought markedly
increased the content of soluble sugars in roots and shoots of oat seedlings (Fig. 7A), whereas the amount of
phenolic compounds was unaffected (Fig. 7B). As reported by Arabzadeh'®, the accumulation of sugars by
plants enhances water-holding capacity in cells and can thus reduce drought stress via regulation of the plant’s
osmotic potential.

An oxidative burst commonly occurs in response to various stress conditions'”’. The question of whether plant
MTs are general stress proteins because of their potential to scavenge radicals'®® or whether they are involved
in response to some limited stress conditions is still open. Figure 8 shows the activities of antioxidant enzymes:
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Figure 7. Concentration of sugars (A), phenolics (B) and abscisic acid (ABA) (C) in shoots and roots of oat
seedlings in control and drought conditions. Bars represent mean values + SE. Student’s t-Test, p<0.05.
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Figure 8. Activity of antioxidant enzymes: catalase—CAT (A), superoxide dismutase—SOD (B), and
peroxidase—PX (C) in shoots and roots of oat seedlings in control and drought conditions. Bars represent mean
values + SE. Student’s t-Test, p<0.05.

catalase (CAT), superoxide dismutase (SOD), and peroxidase (PX) in shoots and roots of oat plants in response
to drought. Compared to well-watered plants, CAT activity increases significantly after drought treatment in oat
roots and shoots (Fig. 8A), while SOD activity decreases (Fig. 8B). PX activity was significantly higher in shoots
and lower in roots of drought-treated plants in comparison to control plants (Fig. 8C). In our previous study®,
in oat seedlings subjected to osmotic stress, CAT and PX had the highest activity in the treated plants and SOD
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Figure 9. Pearson correlations between AsMT gene expressions and measured plant traits in shoots (A) and in
roots (B). Only significant relations are demonstrated (p <0.05). Abbreviations: AsMT1—oat metallothionein
type 1, AsMT2—oat metallothionein type 2, AsMT3—oat metallothionein type 3, RWC—relative water content,
WL—water loss, EL—electrolyte leakage, WUE—photosynthetic water use efficiency, Chl a—chlorophyll a, Chl
b—chlorophyll b, Car—carotenoids, Pn—net photosynthesis, E—transpiration, gs—stomatal conductance, Ci—
internal CO, concentration, ABA—abscisic acid, CAT—catalase activity, SOD—superoxide dismutase activity,
PX—peroxidase activity.

had the lowest. A similar observation was reported by Chakraborty and Pradhan'® in Triticum aestivum L.,
where SOD activity showed a general decline in activity and the activity of PX increased greatly during water
deficit. This is in line with Gratio et al.!’°, who hypothesised that SOD acts as the first line of defence against.
H,O0, produced by SOD is then metabolized by the next enzyme, CAT. In our study we also observed a slight,
but insignificant, increase in phenolic compounds in both roots and shoots of drought-treated plants (Fig. 7B).
Soluble sugars and phenolics eliminate H,0,, and thus reduce the harmful effects of oxidative stress'!’.

Many studies emphasize the well-established role of ABA in physiological processes and acclimation to
abiotic stresses, thereby assigning it the role of a positive regulator of plant drought resistance!!>''>. Here, high
levels of ABA were observed in shoots (142.8 ng/g FW) and roots (121.1 ng/g FW) of drought-treated plants
comparing to control (5.0 ng/g FW and 30.2 ng/g FW, respectively) (Fig. 7C). In research by Peltonen-Sainio
and Mikeld'* on 19 oat cultivars, it was determined that drought stress significantly increased the accumulation
of ABA, whereas C; and RWC decreased due to water deficit. It is known that ABA is a key regulator of abiotic
stress resistance in plants. It mediates many stress-responsive genes, including genes regulating the efficiency of
photosynthesis. ABA-induced stress tolerance is partly associated with the action of antioxidant systems, which
protects plant cells from oxidative damage'*.

Correlations between gene expressions, water status and stress responses. In our study, the
expressions of AsMT2 and AsMT3 were significantly negatively correlated to each other in shoots but positively
correlated in roots. The expression of AsMTI was independent in shoots but negatively correlated with the
expression of AsMT2 and AsMT3 in roots (Fig. 9). AsMT2 expression was positively correlated with EL, Ci, sug-
ars, and ABA in shoots, conversely to AsMT3, which was negatively correlated with these parameters. A negative
correlation between the expression of AsMT2 and RWC, WL, WUE, Car, Py, E, and g, was observed in shoots.
Inverse correlations were observed for AsMT3 expression and the mentioned parameters. In both shoots and
roots, the expression of AsMT2 was positively correlated with ABA. This might confirm that AsMT?2 is involved
in oat response to drought and is regulated via an ABA-dependent pathway. The expression of AsMT3 negatively
correlated with ABA in shoots, but in roots the correlation was positive. Interestingly, AsMT3 had significantly
fewer ABA-responsive CREs than AsMT1 and AsMT2. The expression level of AsMT1 was positively correlated
with chlorophyll a content in shoots and negatively correlated with ABA in roots (Fig. 9). Interestingly, no cor-
relation between AsMTs expression and antioxidant enzymes was observed. A negative correlation was observed
between PX activity and levels of chlorophyll in oat shoots. In oat roots, a negative correlation was observed
between SOD activity and levels of sugars.

Drought stress is extensively investigated in plants of industrial importance, including oat. However, still little
is known about the molecular mechanisms underlying oat’s tolerance of or susceptibility to drought®. Thus, it is
necessary to conduct further physiological and molecular research concerning the responses of oat to drought
stresses. Plant MTs seem to participate in plant drought tolerance, but the exact pathways are still unclear, and
more in-depth research is needed. Our results showed that oat metallothioneins type 1-3 have different roles
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Figure 10. Oat (Avena sativa L.) cv. Bingo at day 14 of drought treatment.

in plant cells in response to drought stress. During drought stress in oat plants, the efficiency of photosynthesis
decreased and the content of ABA significantly increased. We hypothesised that the expression of AsMT2 was
induced via ABA in drought-stressed plants. Metallothioneins together with sugars and antioxidant enzymes
(CAT and PX) protect cells from a high level of ROS. We propound the hypothesis that a higher amount of MTs
is necessary to provide elevated levels of zinc in cells. Zinc is a crucial cofactor of several enzymes and structural
element of countless transcription factors. Moreover, prolonged stress leads to the activation of apoptosis, which
is also regulated by Zn ions. Moreover, MTs are crucial for the translocation of zinc and possibly other metal
ions to different parts of plants''>.

In conclusion, the conducted research provides important new information on the response of plants to stress
mediated by metallothioneins. This knowledge about the role of AsMTs in drought stress response will enable
the creation of plants via conventional or transgenic breeding that will be resistant to stresses, including drought.
This will allow for greater yield from crops even in adverse environmental conditions.

Materials and methods

In silico analyses of promoters of A. sativa L. MT genes.  We have previously cloned three oat metal-
lothionein partial cDNA sequences®. Since then, the genome assembly of A. sativa has been published in the
PanOat database (https://wheat.pw.usda.gov/GG3/PanOat)"'. For each AsMT gene, a 1500-bp-long fragment
of genomic DNA upstream of the start codon was retrieved from the PanOat database''s. The promoters were
analysed using the PlantCARE database'!”. Molecular masses and pl of putative oat MT proteins were calculated
using the Compute pI/Mw tool (ExPaSy)"8.

Plant material. Grains of oat cv. Bingo, purchased from Plant Breeding Strzelce Ltd., PBAI Group, Strzelce,
L6dz Voivodeship, Poland, were sown individually to 3-dm? pots filled with a mixture of soil and sand (3/1 v/v).
Plants were grown at 25 °C under a 16-h photoperiod and 800 umol (hv) m? s™! PAR. Drought stress was induced
by the cessation of watering the soil when the plants reached the four-leaf stage. The degree of soil moisture was
determined by the gravimetric method and set at 70% field water capacity (FWC) for control conditions and
20% FWC for drought conditions. After 14 days, leaves and roots of control and drought-treated plants were
collected (Fig. 10). The authors confirm that all methods used were performed in accordance with the relevant
guidelines and legislation.

Isolation of nucleicacid and analysis of AsMT1-3 expressioninresponse todroughtstress. The
oat plants were washed several times in nuclease-free water. Shoots and roots were ground separately in liquid
nitrogen. Total RNA was isolated using RNeasy Plant Mini Kit (QIAGEN, Germany) according to the manu-
facturer’s protocol. The quality and quantity of the extracted RNA were checked by agarose gel electrophoresis
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Primer name Sequence 5'— 3’ Product size [bp] | Reference
AsMT1_qPCR_f | CAAACTGCAAGTGCGGGAAG 103 66
AsMT1_gPCR_r | TTGTTCTCATGAGCCACGCC

AsMT2_qPCR_f | CTGCGGAGGGTGCAAGATG % 66
AsMT2_qPCR_r | AACGATGGCTTGGAAGAGGG

AsMT3_qPCR_f | TCCACCATGTCGAACACCTG 107 66
AsMT3_qPCR_r | TGGCTCTTCTCGGTGTCAAC

EIF4A_f TCTCGCAGGATACGGATGTCG 8 120
EIF4A_r TCCATCGCATTGGTCGCTCT

HNR_f ATTGGGTTTGTCACTTTCCGTAG 134 120
HNR_r CTTGGAGGGTGTCTCGCATCT

Table 2. Primers used for qPCR reactions.

and by spectrophotometric measurement using a NanoDrop Lite Spectrophotometer (Thermo Fisher Scientific,
USA). To remove any DNA contamination from RNA samples, 1.5 pg of total RNA was treated with 1 U of
DNase I (Thermo Fisher Scientific, US) and incubated at 37 °C for 30 min. The reaction was stopped by the addi-
tion of 1 uL 50 mM EDTA and incubation at 65 °C for 10 min. Reverse transcription reaction was performed
using a RevertAid Reverse Transcriptase (Thermo Fisher Scientific, US) according to the manufacturer’s proto-
col using 250 ng oligo (dT),, primer and 200 ng random hexamers.

RT-qPCR was performed in a total volume of 10 pL using a Maxima SYBR Green/ROX qPCR Master Mix
(Thermo Fisher Scientific, US)®. The reaction mixture contained 4 pL of 10 x diluted cDNA and 0.3 uM gene-
specific primers (Table 2). Three replicates were performed for each reaction. The qPCR reaction was conducted
in a LightCycler 480 Instrument (Roche, Germany). The thermal cycling conditions were as follows: 95 °C for
10 min for initial denaturation, 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s°'°. Differences in the
target gene expression were evaluated by a relative quantification method normalising the data to the reference
genes for eukaryotic initiation factor 4A-3 (EIF4A) and heterogeneous nuclear ribonucleoprotein 27C (HNR)'%.
The fold-change in gene expression was calculated using LightCycler 480 Software (ver. 1.5.1.62).

Biochemical analyses. Relative water content (RWC). RWC was determined in leaves according to Ober
et al.'?!. Samples were collected from the second fully developed leaf. RWC was calculated according to the
equation: RWC (%) = (Wf— Wd)/(Wt—Wd) x 100, where Wf, Wd and Wt represent fresh weight, dry weight, and
turgid weight, respectively. The experiment was repeated three times with five plants.

Water loss (WL) test. WL in leaves was determined using Clarke and McCaig’s'*> method. Plants were grown
in a greenhouse under well-watered conditions at 21 °C until the fourth leaf had fully emerged. This leaf was
cut and placed in a growth chamber at 20 °C, 50% relative humidity, and continuous light of 250 pmol m™s™".
The mass of leaf was recorded after cutting (0 h), 6 h later, and after drying at 70 °C for 48 h. WL was calculated
as water loss per unit of initial water content according to the equation: WL (%) = (FW0-FW6)/(FW0—-DW),
where FW0 and FW6 are fresh weights after cutting and 6 h later, respectively, and DW is the dry weight after

drying at 70 °C. The experiment was repeated three times with five plants.

Electrolyte leakage (EL). 'Three leaf discs (1 cm in diameter) were placed into a plastic tube containing 10 mL of
redistilled water. They were shaken (100 rpm) at room temperature and the initial electrolyte leakage (EL0) was
measured with a conductivity meter (CI 317, Elmetron, Poland) after 24 h. The tubes with leaves were stored at
—70 °C overnight, shaken after thawing, and then their conductivity, and total content of ions (EL1) were meas-
ured. The permeability of cell membranes was represented as a percentage of total electrolyte leakage according
to the equation: EL=ELO x 100/EL1. The experiment was repeated three times with five plants.

Leaf gas-exchange parameters.  'The rate of gas exchange was measured in the fully developed second leaf using
a portable CIRAS-2 photosynthesis system (PP System, Hitchin, UK). The rate of net photosynthesis (Py) and
transpiration (E), stomatal conductance (g;), and internal CO, concentration (C;) were measured between 9:00
and 11:00 a.m. The photosynthetic water use efficiency (WUE) was also expressed as Py/E. The experiment was
repeated three times with five plants. The measurements included three replicates per plant.

Photosynthetic pigments content. 'The 100 mg of leaves was homogenized in 1 mL of 80% ethanol and then
centrifuged at 2800 rpm for 10 min. The absorbance of the samples was measured at A = 470 nm, A = 648 nm,
and A = 664 nm on a micro-plate reader (Synergy 2, Bio-Tek, Winooski, VT, USA). Concentrations of photo-
synthetic pigments (chlorophylls a, b and carotenoids) were determined using a Lichtenthaler and the Wellburn
method'®. The experiment was repeated three times with five plants.

Soluble sugar content. 'The 100 mg of leaves was homogenized in 1 mL of 80% ethanol, then centrifuged at
2800 rpm for 10 min. The amounts of total soluble sugars were estimated by the phenol-sulphuric acid method'**.
Briefly, the supernatant was mixed with 5% phenol and 96% sulphuric acid. The absorbance of the samples was
measured spectrophotometrically at A=490 nm on a micro-plate reader (Synergy 2, Bio-Tek, Winooski, VT,

Scientific Reports |

(2023) 13:2486 | https://doi.org/10.1038/s41598-023-29394-2 nature portfolio



www.nature.com/scientificreports/

USA). The amount of soluble sugars was expressed as milligrams of glucose per 100 g of fresh mass (FW) of plant
tissue. The experiment was repeated three times with five plants.

Total phenolics content. The 100 mg of leaves was homogenized in 1 mL of 80% ethanol, then centrifuged at
2800 rpm for 10 min. To estimate the phenolics content, the supernatant was mixed with 20% Na,CO; and
Folin-Ciocalteu reagent'?. The absorbance of samples was measured spectrophotometrically at A =760 nm on
a micro-plate reader (Synergy 2, Bio-Tek, Winooski, VT, USA). The total phenolic content was calculated as
milligrams of chlorogenic acid per gram of FW of plant tissue. The experiment was repeated three times with
five plants.

Abscisic acid (ABA) content. The leaves were frozen in liquid nitrogen, lyophilised and homogenised. Then,
50 mg of plant material was extracted with a 1-mL mixture of methanol/water/formic acid (15/4/1; v/v/v)
according to Dobrev and Kaminek'*. An internal isotopic standard of ABA was added to each sample. The
extract was then centrifuged, the supernatant was collected, and the extraction procedure was repeated. The
combined supernatant was dried and reconstituted in 1 mL of 1 M formic acid. This extract was fractionated
with SPE columns Oasis MCX 1 cc/30 mg (Waters, Milford, MA, USA). The acidic fraction was eluted from the
SPE column with 1 mL methanol, evaporated to dryness, and reconstituted in 50 uL methanol. Samples prepared
in this manner were analysed on a Supelco Ascentis RP-Amide HPLC column (Saint Louis, MO, USA) (7.5 cm,
4.6 mm, 2.7 um). Mobile phases were 0.1% formic acid solution in water (solvent A) and acetonitrile/methanol
(1/1) mixture. Gradient elution was applied under the flow rate of 0.5 mL/min. The HPLC apparatus was an Agi-
lent Technologies 1260 equipped with an Agilent Technologies 6410 Triple Quad LC/ MS with ESI (Electrospray
Interface, Agilent Technologies, Santa Clara, CA, USA). The two most abundant secondary ions were monitored:
abscisic acid (ABA)—m/z 265.2 primary, m/z 229.1, 247.1 secondary; D-ABA (deuterium labelled ABA used as
internal standard)—m/z 271.2 primary, m/z 167.1 secondary. Ten-point calibration curves were prepared for the
analysed compounds. The experiment was repeated three times with five plants.

Antioxidant enzymes activities. The leaves were homogenised with 0.05 M phosphate buffer (pH 7.0) contain-
ing 0.1 mM EDTA at 4 °C and centrifuged at 2800 rpm for 10 min. Superoxide dismutase (SOD) activity was
assayed according to McCord and Fridovich'?’. The reaction mixture consisted of 0.05 M phosphate buffer,
0.013 mM cytochrome ¢, 0.1 mM xanthine, 0.024 U per ml xanthine oxidase, and supernatant. Absorbance was
measured at A = 550 nm.

Catalase (CAT) activity was determined according to Aebi'?®. The reaction mixture contained 0.05 M phos-
phate buffer, 0.1 mM H,0,, and supernatant. The rate of H,0, decomposition was measured at A = 240 nm.

The activity of peroxidase (PX) was measured by the method of Liick'?. The amount of oxidation product of
1% p-phenylenediamine in the presence of 0.03 M H,O, was measured at A =485 nm.

The reaction kinetics of all enzymes were measured spectrophotometrically using a micro-plate reader (Syn-
ergy 2, Bio-Tek, Winooski, VT, USA). Enzyme activities were calculated per milligram of protein measured by
Bradford method with bovine serum albumin as a protein standard'*. The experiment was repeated three times
with five plants for each enzyme.

Statistical analysis

The results are expressed as mean values, and error bars represent standard error (SE). Before statistical assess-
ment, data normality was tested by the Shapiro-Wilk test. The majority of parameters were normally distributed,
and statistical analysis of the experimental data was done with the analysis of variance (ANOVA). Student’s t-test
(p value <0.05) was applied to determine differences between expression levels of control and drought-stressed
plants. To demonstrate relations between measured traits, Pearson correlations were calculated'®!. The programs
Past 4.0'2, STATISTICA 13.0 (Stat-soft, Inc., USA), and RStudio!** were applied for calculations.

Data availability
The datasets generated during the current study are available from the corresponding author on reasonable
request.
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Abstract: Metallothioneins (MTs) are a family of small proteins rich in cysteine residues. The
sulfhydryl group of metallothioneins can bind to metal ions, maintaining metal homeostasis and
protecting the cells from damage caused by toxic heavy metals. Moreover, MTs can function as
reactive oxygen species scavengers since cysteine thiols undergo reversible and irreversible oxidation.
Here, we identified 21 metallothionein genes (AsMTs) in the oat (Avena sativa L.) genome, which
were divided into four types depending on the amino acid sequences of putative proteins encoded
by identified genes. Analysis of promoter sequences showed that MTs might respond to a variety of
stimuli, including biotic and abiotic stresses and phytohormones. The results of qRT-PCR showed
that all four types of AsMTs are differentially expressed during the first 48 hours of seed germination.
Moreover, stress induced by the application of zinc, cadmium, and a mixture of zinc and cadmium
affects the expression of oat MT5 variously depending on the MT type, indicating that AsMT1-4 fulfil
different roles in plant cells.

Keywords: oat; metallothioneins; promoter; germination; zinc; cadmium; antioxidants

1. Introduction

Metallothioneins (MTs) are low-molecular-weight, cysteine-rich proteins present in
microorganisms, animals, and plants [1-4]. Upon the discovery of metallothioneins, they
were described as proteins that bind to cadmium ions [5], and further, it was shown that
MTs can bind to a variety of heavy metal ions including zinc and copper [4]. The first
plant metallothionein (pMT) was discovered in wheat embryos and was named an early
cysteine-labelled protein (E. protein) [6]. Its mRNA was present in dry wheat embryos but
not in germinated embryos [7].

Cysteine (Cys, C) is a unique amino acid thanks to the presence of a thiol group. The
sulfhydryl group (-SH) is the high-affinity binding site of several metals including zinc
and cadmium [8]. MTs are found throughout all kingdoms of living organisms and are
highly diversified. The most common feature of all MTs is the high content of cysteines,
even up to 30% of all amino acids are cysteines [9]. Plant metallothioneins are more
diversified than MTs from other groups of organisms, and they are divided into four types
(MT1—MT#4) based on the arrangement and number of Cys residues [10]. Type-1 pMTs
have 12 Cys residues, type-2 pMTs have 14 Cys residues, type-3 pMTs have 10 Cys residues,
and type-4 pMTs have 17 Cys residues. The Cys residues in type-1-3 pMTs are grouped into
two domains, whereas the Cys of type-4 pMTs are grouped into three domains [11-13]. In
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addition, some plant MTs have histidine (His, H) residues, which is not a common feature of
MTs. It has been shown that those histidines participate in metal binding [14]. Histidines are
also present in some bacterial MTs, e.g., His in bacterial SmtA from Synechococcus PCC7942
stabilize the protein folding and impact metal cluster charge [15]. Moreover, according
to Pearson’s theory of hard and soft acids and bases (HSAB theory) [16], His could allow
metallothioneins to differentiate between structurally similar zinc and cadmium ions; i.e.,
MTs fold properly only in the presence of zinc but not in the presence of cadmium [17].

Cysteine thiols can undergo reversible and irreversible oxidation [8]. Thus, MTs can act
as reactive oxygen species (ROS) scavengers [18]. Atlow concentrations, ROS are important
signaling molecules. However, in excess, ROS cause extensive damage to proteins, DNA,
and lipids, disturbing cellular functioning [19]. Plants have developed diversified mecha-
nisms that allow them to maintain redox homeostasis. An enzymatic antioxidant system
consists of enzymes like superoxide dismutase (SOD), peroxidase (PX), and catalase (CAT).
Moreover, non-enzymatic compounds like ascorbic acid, reduced glutathione, phenolics,
and proline serve as antioxidants [20-23]. Numerous lines of evidence show that pMTs
could be a part of the plant non-enzymatic antioxidant system. We showed previously that
Brassica napus L. MTs can diminish ROS damage when overexpressed in E. coli cells [24].
Subsequently, we found that the expression of oat MT5 correlates positively with the in-
creased level of antioxidant enzymes like SOD, CAT, and PX [25]. Moreover, transgenic
Arabidopsis thaliana (L.) Heynh. overexpressing date palm MT2 had improved ROS scav-
enging ability [26]. MT3a from Gossypium hirsutum L. was shown to scavenge superoxide
and hydroxyl radical in vitro [27]. Plant MT expression can be induced by various stress
conditions, including cold [28], drought [23,25], and biotic stress [29]. Furthermore, plants
that are overexpressing MTs exhibit higher tolerance to cadmium [30,31], drought [32],
freezing, and salt stress [33]. Several studies have shown that the expression of pMTs also
changes during plant development [34,35], including seed germination [34,36,37]. These
observations indicate that MTs are crucial in plants” development, growth, and survival in
adverse environmental conditions.

Metallothionein gene families have been investigated in numerous plants such as A.
thaliana [38], Oryza sativa L. [39,40], Zea mays L. [41] Nicotiana tabacum L. [13], and Cucumis
sativus L. [13]. However, relatively little is known about the diversity of MT genes in
polyploid plants, e.g., B. napus [37,42]. Oat (Avena sativa L.) is a cereal crop from the family
Poaceae, widely known for its healthy and nutritious properties. The seeds of modern
oat cultivars are rich in minerals, including Zn, Cu, Ca, Fe, and Mg [43]. Moreover, oat
seeds have a high content of proteins [44], antioxidants [45], vitamins E and B [46], and
B-glucan. In particular, oat 3-glucan has been afforded more attention recently, thanks
to its cholesterol-lowering properties [47]. Oat consumption has many positive health
effects since it can help reduce hyperglycemia, hyperinsulinemia, hypercholesterolemia,
and hypertension. It is recommended to eat oats to prevent cardiovascular diseases [48].
The genus Avena consists of diploid (AA or CC genomes), tetraploid (AABB, AACC, CCCC,
or CCDD genomes), and hexaploid species (AACCDD genomes). It is believed that the
hexaploid oat (AACCDD, 2n = 6x = 42; ~12,500 Mb) arose from hybridization between
a CCDD allotetraploid and an AA diploid [49,50]. The sequencing of the oat genome
was difficult due to the big size of its genome (12.5 Gb) and the mosaic structure of the
chromosomes [51]. In 2019, the first chromosome-scale assemblies of oat diploid species
were published [52]; the first hexaploid oat reference genome was published in 2021 [53];
and in 2022, the A. sativa cv. Sang genome sequence was published [51]. With the oat
genome sequence available, it is expected that the amount of research at the molecular
level will increase significantly. Already, a comparison between the oat and wheat genomes
showing a lower number of genes encoding gluten-like proteins in the oat genome has been
published [54]. Understanding oat on a genetic level will help to improve the nutritional
quality and agronomic traits of oat.

This study aimed to show the complexity of the metallothionein gene family in oat.
We assume that these Cys-rich proteins with antioxidant properties are of key importance
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during plant growth and development, not only in favorable conditions but also in stress
conditions caused by the presence of heavy metals. We identified 21 MT genes in the oat
genome and analyzed their structure, evolution, and chromosomal localization. Moreover,
we investigated the presence of cis-regulatory elements in the promoters of the AsMT genes.
To verify the potential role of AsMTs in oat development and stress response, we examined
the expression of AsMT genes during germination and in seedlings grown in the presence
of Zn, Cd, and a mixture of Zn and Cd in a hydroponic culture.

2. Materials and Methods
2.1. Oat Metallothionein Genome-Wide Identification and Analysis of Putative AsMT Proteins

To identify the oat MT genes (AsMT), the MT sequences from Hordeum vulgare L., O.
sativa, and Z. mays (downloaded from NCBI's GeneBank) were used as queries to search
against the hexaploid oat genome OT3098 v2 [53] via the Grain Genes database (https:
/ /wheat.pw.usda.gov/, accessed on 25 April 2022). Default parameters for BLAST search
were used. The putative AsSMT gene family members were downloaded and verified using
the Pfam database (http://pfam.xfam.org/, accessed on 25 April 2022). The theoretical
molecular weight (MW) and isoelectric point (pI) of putative AsMTs were calculated
using the ProtParam program (http://web.expasy.org/protparam/ accessed on 26 April
2022). Subcellular localizations were predicted using the Plany4t-mPLoc server (http:
/ /www.csbio.sjtu.edu.cn/bioinf/plant-multi/#, accessed on 5 May 2022) [55]. The Gene
Structure Display Server (GSDS, http:/ /gsds.gao-lab.org/, accessed on 5 May 2022) was
used to compare the coding sequences (CDS) with the corresponding genomic DNA (gDNA)
sequences of oat AsMTs downloaded from the Grain Genes database [56]. Data regarding
the chromosome localization of AsMTs were downloaded from the Grain Genes database
and analyzed using MG2C (http://mg2c.iask.in/mg2c_v2.1/, accessed on 6 May 2022).

2.2. Phylogenetic Analysis and Conserved Motif Analysis

The amino acid sequences of 21 AsMTs and MTs from A. thaliana (AtMT), Z. mays
(ZmMT), and O. sativa (OsMT) were aligned, and a phylogenetic tree was constructed using
MEGA-11 software (version 11.0.13) with a bootstrap of 1000 replicates [57]. The sequences
of MT protein from A. thaliana, O. sativa, and Z. mays were downloaded from the Ensembl
database (https://plants.ensembl.org/, accessed on 28 April 2022).

Multiple sequence alignments of type-1-4 AsMTs and MTs from other plants were
constructed using MEGA-11 software (version 11.0.13). MT sequences from other plants
were obtained from the NCBI database. The online tool MEME (ver. 5.4.1, https:/ /meme-
suite.org/meme/tools/meme, accessed on 6 May 2022) was used to find conserved motifs
in the 21 AsMT amino acid sequences, with the maximum motif number set to 5.

2.3. Prediction of Cis-Responsive Elements in AsMT Promoters

A 1500 bp fragment of the genomic region upstream of the start codon (ATG) was
obtained from the Grain Genes database and used to search for the cis-acting regula-
tory elements (CREs) using the PlantCARE database (http:/ /bioinformatics.psb.ugent.be/
webtools/plantcare/html/, accessed on 25 May 2022). The positions of the CREs were
marked in the diagram using TBtools (https://bio.tools/tbtools, accessed on 25 May 2022,
version 1.123).

2.4. Plant Material

Seeds of oat cv. Bingo, purchased from Plant Breeding Strzelce Ltd., PBAI Group,
Strzelce, L.odZ Voivodeship, Poland, were used for experiments. The seeds were sterilized
using a mixture of 96% ethanol and 30% H,O, (1:1, v/v) for 1 min and rinsed five times in
sterile distilled water.

For the analysis of AsMT1-4 expression during germination, sterilized seeds were
placed in Petri dishes on filter paper soaked in 3 mL of sterile distilled water. The Petri
dishes were incubated in darkness at 23 °C. After 3, 6, 9, 12, 24, and 48 hours, 10 seeds
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were collected and frozen in liquid nitrogen and kept at —80 °C for further analysis. Dry,
non-germinating seeds were used as a reference sample (0 h). The experiment was repeated
3 times.

For the analysis of AsMT1-4 expression under heavy metal stress, sterilized seeds were
germinated for 4 days in Petri dishes lined with filter paper that was moistened with 3 mL
of sterile distilled water. Four-day-old seedlings of similar size were placed in 1000 mL
plastic vessels containing Hoagland medium [58] and maintained in a hydroponic culture
in a growth chamber at 21 + 2 °C under a light intensity of 100 pmol m~2 s~! (16/8 h
light/dark). After 3 days of acclimation, stress was induced by changing the medium to
Hoagland’s medium amended with 200 uM ZnSO;, 100 uM CdSQOy, or a mixture of 200 uM
ZnSO4 and 100 pM CdSO4. The medium was aerated consistently using an air pump
to avoid hypoxia (Hailea ACO-2201, Happet, Poznan, Poland). After 3, 7, and 14 days
of treatment, the length of oat shoots and roots and their fresh and dry biomass were
measured. Moreover, roots and shoots were washed 3 times in sterile distilled water, frozen
in liquid nitrogen, and kept at —80 °C for further analyses.

2.5. Total RNA Isolation

Plant tissues were ground in liquid nitrogen using a mortar and pestle. For isolating
the RNA from shoots and roots, 0.1 g of tissue was used, and the RNA was isolated using
an RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany). For the seeds, 0.2 g of ground
tissue was used for RNA isolation according to the protocol described by Wang et al. [59],
with some modifications. The changes to the protocol included a larger volume of RNA
extraction buffer (600 pL), a larger volume of 20% sodium dodecyl sulfate (SDS, 30 uL),
and longer RNA precipitation in ethanol (overnight at —20 °C). The quality and quantity
of isolated RNA were checked via agarose gel electrophoresis and spectrophotometric
measurement using a NanoDrop™ Lite Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA).

2.6. Quantitative Real-Time PCR (RT-qPCR) Analysis

To remove any DNA contamination from the RNA samples, 1 ug of total RNA was
treated with 1 U of DNase I (Thermo Fisher Scientific, Waltham, MA, USA) and incubated
at 37 °C for 30 min. The cDNA was synthesized from 1 pg of total RNA using a mixture of
2.5 uM oligo(dT),p primer and 0.2 pg of random hexamers with an NG dART RT Kit (EURx,
Gdansk, Poland), according to the manufacturer’s protocol. The reaction was performed at
25 °C for 10 min, followed by 50 min at 50 °C. The cDNA was stored at —20 °C. The quality
of the cDNA was checked via RT-PCR. The PCR mixture contained 2 puL. of 10x Pol Buffer
B, 0.2 mM of dNTPs, 0.3 uM of forward and reverse AsACT primers (Table 1), 1.25 U of
OptiTag DNA Polymerase (EURx, Gdansk, Poland), and 1 pl of cDNA for a total volume of
20 pL. The thermal cycling conditions were as follows: 94 °C for 5 min, 30 cycles of 94 °C
for45s, 55 °C for 45 s, and 72 °C for 40 s, followed by 72 °C for 7 min.

The RT-qPCR reaction mixture included 4 pL of 1/5 (seeds) or 1/30 (shoots and roots)
diluted ¢cDNA, 0.5 uM of gene-specific primers (Table 1), and 5 pL of LightCycler 480 SYBR
Green I Master (Roche, Penzberg, Germany) for a total volume of 10 uL. EIF4A (Eukaryotic
Initiation Factor 4A-3) was used as a reference gene [60]. The reactions were performed in
three technical replicates in a LightCycler 480 Instrument II (Roche, Penzberg, Germany).
The thermal cycling conditions were as follows: 95 °C for 5 min, 95 °C for 10 s, 60 °C for
20s, 72 °C for 20 s, over 45 cycles. The SYBR Green I fluorescence signal was recorded at
the end of the extension step in each cycle. The specificity of the assay was confirmed by
the melt curve analysis, i.e., increasing the temperature from 55 to 95 °C at a ramp rate
of 0.11 °C/s. The fold change in gene expression was calculated using LightCycler 480
Software, release 1.5.1.62 (Roche, Penzberg, Germany).



Antioxidants 2023, 12, 1865 50f 29
Table 1. Sequences of the primers used in this study.
Primer Name Sequence 5'— 3’ Product Size [bp] Target Reference

AMTIGhCRT  TIGTICTCATOAGCCACGE. 1 ASMIT1 durC

ATO GPCRT  AACGATGGCTTGLAAGAGGS % ASMIT2 tulC 2

AMTSGPCRT  TGGCTCTICTCGGTGICAAC 107 ASMT3 chad
EIF4A_f TCTCGCAGGATACGGATGTCG 88 Eukaryotic Initiation [60]
EIF4A_r TCCATCGCATTGGTCGCTCT Factor 4A-3

2.7. Determination of Photosynthetic Pigments

The content of photosynthetic pigments (chlorophyll a and b, and carotenoids) in oat
shoots exposed to heavy metal stress was measured via spectrophotometric measurement
using the Epoch Take 3 microplate reader (Agilent BioTek, Santa Clara, CA, USA). One
hundred milligrams of plant material was ground in liquid nitrogen, and pigments were
extracted with 1 mL of 80% ethanol. The samples were shaken for 15 min (180 rpm)
at room temperature and then centrifuged (13,000 g, 10 min, room temperature). The
absorbance of the supernatant was measured at A = 470 nm, A = 648 nm, and A = 664 nm
(Epoch Take 3 microplate reader, Agilent BioTek, Santa Clara, CA, USA). Concentrations of
chlorophyll a, chlorophyll b, and carotenoids were calculated according to Lichtenthaler
and Wellburn [61].

2.8. Determination of Total Phenolic Content

The total phenolic content (TPC) was determined spectrophotometrically using the
method described by Singleton and Rossi [62]. Phenolic compounds were extracted from
100 mg of plant material that had been ground in liquid nitrogen (shoots and roots sepa-
rately) in 1 mL of 80% ethanol. The samples were shaken for 15 min (180 rpm) at room
temperature and then centrifuged (13,000 g, 10 min, room temperature). The reaction
mixture consisted of 500 uL of distilled water, 100 puL of ethanolic plant extract, 250 pL
of 25% NayCOs3, and 125 uL of Folin-Ciocalteau reagent (diluted with distilled water 1:1,
v/v, before use). The samples were incubated for 15 min at room temperature and briefly
centrifuged, and the absorbance was measured at A = 760 nm (Epoch Take 3 microplate
reader, Agilent BioTek, Santa Clara, CA, USA). TPC was expressed as micrograms of gallic
acid (GA) per gram of FW of plant tissue.

2.9. Determination of Antioxidant Capacity

To extract antioxidants from the shoots and roots of heavy-metal-stressed oat plants,
300 mg of ground tissue was mixed with 5 mL of 50% methanol (v/v). The samples were
shaken for 20 min (250 rpm) at room temperature and then centrifuged (15 min, 5000x g,
4 °C). The supernatant was collected, and the extraction procedure was repeated twice. The
extracts obtained from each extraction step were mixed and subjected to further analysis.

2.9.1. ABTS Assay

The mixed-mode ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) method
for determining the quantity of hydrophilic and lipophilic antioxidants was performed
according to Re et al. [63]. An ABTS radical cation (ABTS*") was produced during the
reaction of a 7 mM solution of ABTS with 2.45 mM of potassium persulfate at a ratio of
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2:1 (v/v) overnight in darkness. Before use, the ABTS®** solution was diluted with ethanol
to an absorbance of 0.7 (£0.02) at A = 734 nm. Next, 100 uL of plant methanolic extract
was added to 150 uL of ABTS®** solution and the mixture was incubated at 30 °C for 5 min.
The absorbance was measured at A = 734 nm (Epoch Take 3 microplate reader, Agilent
BioTek, Santa Clara, CA, USA), and the antioxidant capacity (AC) was expressed as a
water-soluble analog of vitamin E Trolox (TE, 6-hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid) equivalents (umol TE per 1 g fresh weight of plant tissue). The calibration
curve, %ABTS = (166.03 £ 0.53)ctg + (6.51 £ 0.30), was prepared using working solutions
of TE in methanol between 0.01 and 0.15 pmol/mL.

2.9.2. Ferric Reducing Antioxidant Power (FRAP) Assay

To quantify the hydrophilic antioxidants in the oat seedlings, the single electron
transfer (SET) method, i.e., a FRAP assay, was performed according to the procedure
originally developed by Benzie and Strain [64], with some modifications. The FRAP
solution contained 100 mL of 0.1 M acetate buffer (pH 3.6), 10 mL of a 10 mM TPTZ
(2,4,6-tris(2-pyridyl)-s-triazine) solution in 40 mM HCI, and 10 mL of 20 mM FeCl;. Before
usage, it was incubated at 40 °C for 15 min. The reaction mixture contained 50-100 pL of
plant methanolic extract, 100 uL of FRAP solution, and distilled water to a final volume
of 250 puL. The samples were incubated for 20 min in darkness. The absorbance was
measured at A = 593 nm (Epoch Take 3 microplate reader, Agilent BioTek, Santa Clara, CA,
USA), and the AC was expressed as TE equivalents (umol TE per 1 g FW). Calibration
curves were prepared using working solutions of TE in methanol between 1.00 x 103
and 1.70 x 10~2 pmol/mL. The least squares method was applied to calculate the line’s
equation: Asgz = (51.51 4 0.42)ctg + (0.023 £ 0.004) resulting in R? = 0.9997.

2.10. Statistical Analysis

The results are expressed as mean values, and error bars represent the standard
deviation (SD). Before the statistical assessment, data normality was tested using the
Shapiro-Wilk test. The statistical analysis of the experimental data was performed via
one-way analysis of variance (ANOVA) followed by a post-hoc Tukey’s test. Pearson
correlations were calculated to demonstrate the relations among the measured traits. The
programs Microsoft Excel, Past 4.0 [65], RStudio [66], and Phyton were used for calculations
and the preparation of graphs.

3. Results
3.1. Identification and Chromosome Distribution of A. sativa Metallothionein (AsMT) Genes

BLAST screening of the oat genome revealed the presence of 21 genes that encode
putative oat MTs. AsMT genes were located in 12 out of the 21 oat chromosomes (Figure 1).
The type of putative protein encoded by the identified genes was at this stage determined
by the homology to the MT sequence used as a query in the BLAST search, to be further
confirmed by an in silico analysis of putative amino acid sequences and phylogenetic
analysis. The identified genes were named according to the encoded MT type (MT1-4)
and chromosome localization (chrl-7, A, C, D). The highest number of MT genes were
located in the subgenome D, which accounted for eight genes, whereas seven genes were
present in the subgenome C, and six genes in the subgenome A. With some exceptions, the
number and chromosomal localization of AsMT1-4 differed among groups of chromosomes.
On chromosomes 3A and 3C, nearby genes encoding AsMT2 and AsMT3 were present,
whereas on chromosome 3D, only the AsMT3 gene was present. On chromosomes 1A
and 1D, the AsMT1 and AsMT4 genes were located close to one another. On chromo-
some 1C, the AsMT4 gene was present, although not in the same locus (Figure 1). The
majority of AsMTs were located on the distal parts of chromosomes; only AsMT1_chr1A,
AsMT4 chrlA, AsMT1_chr7C, AsMT1_chr1D, and AsMT4_chr1D were located in the central
part of chromosomes. In all three subgenomes, only chromosomes 2 and 6 had no MT
genes (Figure 1).
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Figure 1. Chromosome localization of oat MT genes. Type-1 metallothioneins are labelled in red,
type-2 pMT5 in blue, type-3 pMTs in green, and type-4 pMTs in purple.

The length of the introns and exons of the AsMT nucleotide sequences was very
variable and ranged from 243 bp (AsMT4_chr1C) to 910 bp (AsMT3_chr3C) in length
(Figure 2, Table 2). Type-1 and -2 AsMT5 had one intron, type-3 AsMTs had two introns, and
type-4 AsMTs had no introns, except for AsMT4_chr4C, which had one intron (Figure 2).

Further in silico analysis of the putative amino acid sequences of AsMT1-4 was per-
formed to confirm the type of pMTs based on the number and distribution of Cys residues
(Table 2). It was shown that five AsMTs were type-1 pMTs, nine were type-2 pMTs, three
were type-3 pMTs, and four were type-4 pMTs. Atypical numbers and distributions of
cysteines were also revealed for some type-1 and -2 AsMTs. AsMT1_chrlA had 11 cysteines,
and AsMT1_chr7 had 13 cysteines, instead of the typical 12 cysteines present in type-1 pMTs.
AsMT2C_chr4A had 15 cysteines and AsMT2C_chr1D, AsMT2C1_chr4D, AsMT2C2_chr4D,
AsMT2C3_chr4D, and AsMT2C_chr7A had 17 cysteines instead of the 14 Cys that is a typi-
cal number for type-2 pMTs. For AsMT3 and AsMT4, all analyzed sequences had a typical
number of cysteines, i.e., 10 and 17, respectively. The distribution of cysteines was observed
in pMTs in other plant species, i.e., two Cys-rich domains for pMT1-3 and three Cys-rich
domains for pMT4 (Table 2). Cysteines in MTs are arranged in typical motifs, which were
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AsSMT1_chrlA

also present in AsMT1-4 (Table 2). The length of the putative amino acid sequences of
AsMT ranged from 63 (AsMT3_chr3C and AsMT3_chr3D) to 89 (AsMT4_chr4C), and the
molecular weights ranged from 6.66 kDa for AsMT3_chr3C to 8.62 kDa for AsMT4_chr4C.
The pl values of putative oat proteins ranged from 4.71 for AsMT2_chr3C to 7.36 for
AsMT4_chrlA, AsMT4_chrlC, and AsMT4_chr1D (Table 2). The results of subcellular
localization prediction showed that 11 AsMTs had a single subcellular localization in either
cytoplasm or nuclei. For other AsMTs, multiple subcellular localizations were predicted,
i.e., the cytoplasm, nuclei, cell membrane, and chloroplasts (Table 2).
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Figure 2. Intron—exon structure of oat MT genes. Coding sequences (CDS), untranslated regions
(UTR), and introns are displayed as yellow boxes, blue boxes, and black lines, respectively.

3.2. Analysis of Conserved Motifs in the Amino Acid Sequences of AsMTs

The alignments of the amino acid sequences of the AsMT proteins showed that se-
quences belonging to the same type of pMT are highly conserved even in evolutionarily
distant species (Figure 3). These alignments confirmed that identified AsMT proteins
belong to respective types of pMTs. A comparison of AsMTs with MTs from other plant
species showed that Cys-rich domains are the most conserved parts of pMT sequences
in terms of the number and arrangement of cysteines. Moreover, in AsMT4, there were
two highly conserved His residues, which were also present in other representatives of this
type of pMTs. Interestingly, some of the AsMT4 proteins exhibited atypical features that
were not present in pMTs from other plant species. For example, in AsMT1_chr1A, the last
Cys is substituted with His, whereas in AsMT4_chr4C there is another, third His within
the first Cys-rich domain. Moreover, in AsMT1_chr4D, AsMT1_chr5C, and AsMT1_chr7C,
an additional His located within the Cys-free stretch is present. The additional His within
this region is also present in six of the type-2 AsMTs and all of the type-3 AsMTs; however,
for type-3 pMTs, this additional His is also present in OsMT3. All AsMT3 proteins contain
histidine/s at the C-terminus of the amino acid sequence (Figure 3).
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Table 2. Characterization of identified AsMT genes and putative AsMT proteins. The genes (AsMT1_chr7C, AsMT2_chr1C, AsMT3_chr3A, AsMT4_ch1D) that are
marked in bold were further analyzed for their expression level (vide infra).

DNA Si Protei C Cvs S Lesngth of Predicated
AsMT Type Gene Name Gene ID/Position Strand & (bp) 1ze Lenrgt}?(l; ) MW (kDa) pI Nurr)IlS)er ysPa:iﬁnce betwiae(:léys Eubctellu.lar
Domains ocalization
ASMT1_chrlA  AVESA.00001b.r3.1Ag0000996 - 474 74 7.45 5.11 11 (6 +5) 43 Cyto/Nucl
AsMT1_chrlD  AVESA.00001b.r3.1Dg0000988 + 321 74 7.32 6.50 12 (6 + 6) 43 Cyto/Nucl
MT1 AsMT1_chr4D  AVESA.00001b.r3.4Dg0000092 - 489 72 7.26 5.05 12 (6 +6) CxC 41 (C:;ir/“l\e]ﬁ‘c/l
AsMT1_chr5C  AVESA.00001b.r3.5Cg0000058 + 673 75 7.62 475 12 (6 + 6) 44 Cyto/Nucl
AsMT1_cht7C  AVESA.00001b.r3.7Cg0001922 - 487 72 7.29 5.00 13(6+7) 41 g;ir/“l\ea’c/l
AsMT2_chrlC  AVESA.00001b.r3.1Cg0000164 + 529 79 7.59 5.10 14 (8 + 6) 41 g;g)r/“l\elﬁ‘c/l
AsMT2_chr3A  AVESA.00001b.r3.3Ag0000375 - 565 79 7.56 5.05 14 (8 + 6) 41 Chlgﬁlé;:g%\/md
AsMT2_chr3C  AVESA.00001b.r3.3Cg0000320 + 531 79 7.61 471 14 (8 + 6) 41 Chlgilé;t‘gr/nl\/lud
MT2 AsMT2_chrlD  AVESA.00001b.r3.1Dg0002311 - 390 80 7.59 6.47 17 (8 +9) CCix(C:Xg 37 Cyto
AsMT2_chr4A  AVESA.00001b.r3.4Ag0003869 - 323 75 7.19 557 158 +7) 38 Cyto
AsMT2a_chrdD  AVESA.00001b.r3.4Dg0003379 - 339 81 7.72 496 17 (8 +9) 39 Cyto
AsMT2b_chr4D  AVESA.00001b.r3.4Dg0003380 - 341 81 7.70 496 17 (8 +9) 39 Cyto
AsMT2c_chrdD  AVESA.00001b.r3.4Dg0003934 - 334 80 7.63 496 17 (8 +9) 38 Cyto
AsMT2_chr7A  AVESA.00001b.r3.7Ag0000076 + 388 80 7.53 6.47 17 (8 +9) 37 Cyto
AsMT3_chr3A  AVESA.00001b.r3.3Ag0000802 - 530 64 6.81 485 10 (4 + 6) 32 Nucl
MT3 AsMT3_chr3C  AVESA.00001b.r3.3Cg0000779 - 910 63 6.66 5.07 10 (4 + 6) 31 Nucl
AsMT3_chr3D  AVESA.00001b.r3.3Dg0000256 - 887 63 6.68 5.07 10 (4 + 6) 31 Nucl
AsMT4_chrlA  chr1A:252750400..252750656 + 249 82 7.91 7.36 17 (6 + 6 +5) C,CxC 16,15 Cyto
AsMT4_chrlC  AVESA.00001b.r3.1Cg0001463 + 243 80 7.83 7.36 17 (6 + 6 +5) 14,15 Cyto
M AsMT4_chr1D  chr1D:243956192..243956442 + 249 82 7.94 7.36 17 (6 + 6 +5) 16,15 Cell mem/Cyto
AsMT4_chrdC  chrdC:76127001..76127600 + 360 89 8.62 5.75 17 (6 + 6 +5) 26,13 Cell mem/Cyto

Cyto—cytoplasm, Nucl—nucleus, Cell mem—cell membrane, Chlo—chloroplast.
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kk  kk kkkkkk  kkkk * * * ok * * %k * ok x *
—————————— MGCDDKCGCAVPCPGGRDCR-C- - - -ASARSGGGG------AAGEHTTCTCGEHCGCNPCACGREGTPSGRQNRRATCSCGAACDCASCGSTA-
—————————— MGCDDKCGCAVPCLGGRDCR-C- ---TSAR--GGG------AAGEHTTCTCGEHCGCNPCACGREGTPSGRQNRRATCSCGAACDCASCGTTAT
—————————— MGCDDKCGCVVPCPGGRDCR-C- - - -ASARSGGGG- - - - --AAGEHTTCTCGEHCGCNPCACGREGTPSGRQNRRATCSCGAACDCASCGSTA -
—————————— MPCDDKCGCAVPCPGGAACRICGLNPPSVMESSGGAVPVNPAAV TMCTCGEHCSCNPCSCGRLGTGDGA - -GRADCTCGPTCTCVVCTA- - -
—————————— MGCDDKCGCAVPCPGGTGCR-C----TSAR--SGA---------ERTTCACGEHCGCNPCACGREGTPSGRENRRSNCSCGAACNCASCGSTA -
—————————— MGCNDKCGCAVPCPGGTGCR-C----TSAR--SGA- - - - --AAGERTTCGCGEHCGCNPCACGREGTPSGRANRRANCSCGAACNCASCGST- -

Figure 3. Cont.
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OsMT4  —mmm----—- MGCDDKCGCAVPCPGGTGCR-C- - - -ASSARSSGG------- -~ DETTCSCGDHCGCHNPCRCGEESQPTGRENREAGCSCGDSCTCASCGS - - -

ZmMT4 e MGCDDECGCAVPCPGGEDCR-C-- - - - - - T8GEGG------- OREHITCGCGEHCECSPCTCGRATMPSGEENREANCSCGASCHCASCASA - -

LEMT4 MADTGKGSSVACSCNDSCGCPSPCPGGNSCR-C-- - -~ RMREASLG------- DOGHMVCPCGERCGCNPCNCEPRTOTOTSAKG- - - -CTCGEGCTCASCAT - - -

BnMT4 MADIGEGTSVAGCNDRCGCPSPCPGGESCR-C-- - - - RMSAASGG------- DOERNMCPCGEHCGECNPCTCSK - - TOTSAKGGKAFCTCGEGCTCASCAL - - —
£ ok kkk kE ki ke % £k k% okdk ok kE % T I T

Figure 3. Amino acid alignments of the representative members of each type of pMT. Cysteine residues are highlighted in yellow, histidine residues are
highlighted in blue, AsMTs are marked in bold, and asterisks (*) indicate identical amino acids. The GenBank accession numbers are as follows: HVMT1 (Hordeum
vulgare MT1, XP_044981033.1), TaMT1 (Triticum aestivum, NP_001392631.1), OsMT1 (Oryza sativa, NP_001391526.1), ZmMT1 (Zea mays, PWZ25072.1), GmMT1
(Glycine max, NP_001359044.1), PsMT1 (Pisum sativum, BAD18382.1), HVMT2 (H. vulgare, XP_044974743.1), OsMT2 (O. sativa, NP_001384880.1), ZmMT2 (Z.
mays, ACG26701.1), AtMT2 (Arabidopsis thaliana, NP_195858.1), BrMT2 (Brassica rapa, XP_009125444.1), OsMT3 (O. sativa, A2Y1D7.1), AcMT3 (Ananas comosus,
OAY84410.1), SaMT3 (Sinapis alba, KAF8083573.1), AtMT3 (A. thaliana, NP_566509.1), BjMT3 (Brassica juncea, KAG2309813.1), HvMT4 (H. vulgare, KAI5017801.1),
TdMT4 (Triticum dicoccoides, XP_037426553.1), OsMT4 (O. sativa, AAS78805.1), ZmMT4 (Z. mays, NP_001105499.1), AtMT4 (A. thaliana, NP_001189730.1), BnMT4 (B.

napus, CAF1701889.1).
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The MEME program was used to find in AsMT proteins de novo motifs that could
be important for activity or the proper folding of proteins (Figure 4). Five different motifs
were identified, and among them, only motifs 1 and 2 (containing Cys residues) were
present in all 21 AsMT proteins. Motif 1 is present as the first motif on the N-terminus of
the protein, whereas motif 2 is the last one at the C-terminus, except in the case of three
type-4 AsMTs, where it was second-to-last. Motif 3 was present in all type-2 AsMTs, in
three type-1 AsMTs, and in one type-4 AsMT. Motif 4 was only found in two type-1 MT
sequences (AsMT1_chr7C and AsMT1_chr4D). Motif 5 was found in all sequences except
for three AsMTs belonging to type-4 (Figure 4). The variation in the occurrence of motifs
may be related to the functional divergence of AsMTs.

Name p-value Motif Locations
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3 [ . .
CASMT1chriA 1.81x10 J

—AsMT2chraA  7.28x10' [T
—mi——AsMT2bchr4D 12sx10 NN @I

AsMT2a chrdD 4.04x107%®

| ]
w—:—;\smzmm\ so7x102 NN I
100 \CAsMT2chriD_5.42x10 NI SN . )

AsMT4 chraC ~ 6.13x10"0 [N I =

— AsMT4 chriC  2.76x102 [N [T
4*'_7:— AsMT4 chriA  4.38x1022 [T [T
100 (- AsMT4chriD__ 2.06x1072' [N [T
Motif 4

Motif 1 Motif 2 Motif 3

BMICGGKCGCGSNCNCGK I TCKCGTNCGCNPCTC MASAGGFEMAAEAGG [VAHENKAGQFEV M MYPDVEEAASATFLVQAVVAK
Figure 4. A neighbor-joining cladogram of AsMTs and five identified de novo motifs in oat MTs.
Motifs were found using the MEME tool and are marked by different colors. The amino acid sequence
of each motif is shown at the bottom of the figure.

A phylogenetic analysis of MT proteins from selected plant species showed the pres-
ence of four separated MT groups and confirmed that identified AsMT genes encode MTs
belonging to the respective types of pMTs (Figure 5). AsMT2 proteins could be divided into
three subgroups showing higher similarity to MT2 from other plant species than to each
other. Moreover, one of the type-4 AsMTs is different from the other three AsMT4 proteins
(Figure 5). These observations might reflect the polyploidy nature of A. sativa genome.

3.3. Prediction of Cis-Responsive Elements in AsMT Promoters

A 1500 bp region upstream of the ATG codon for all AsMT genes was analyzed using
PlantCARE (Figure 6, Tables S1 and S2). Numerous cis-acting elements involved in phy-
tohormone responses, stress reactions, pathogen defense, and development were found.
The most common were elements involved in the response to phytohormones and abiotic
stress (Table S2). Hormone-responsive elements, predominantly abscisic acid response
elements, were found in all AsMTs. Regulatory elements related to the response to methyl
jasmonate were found in 19 of the 21 analyzed promoters, whereas elements related to the
response to gibberellins, salicylic acid, and auxins were less common (Table S1). Among
abiotic-stress-responsive elements, the most common were drought response regulatory
elements (Table S1). Other common elements were involved in light response and develop-
ment, whereas the less common elements were those related to the response to biotic stress
(Table S2).
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MT1

MT2

Figure 5. A phylogenetic tree based on the amino acid sequences of Avena sativa, Arabidopsis thaliana,
Zea mays, and Oryza sativa MTs. The amino acid sequences were aligned by MEGA11 using the
MUSCLE method, and the phylogenetic tree was built using the neighbor-joining method. The four
MT types are highlighted in different colors and AsMTs are in red font.
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Figure 6. Schematic depiction of predicted cis-acting elements in AsMT promoters. The cis-acting
elements are represented by different colored boxes. The scale at the bottom represents the length
of the analyzed sequence. The abbreviations are as follows: ABA-RE—abscisic acid response, ARE
—anaerobic induction, BST—biotic stress response, DEV—development-related, DR-RE—drought
response, L-RE—light response, LTR—low-temperature response, MeJA-RE—methyl jasmonate
response, SA-RE—salicylic acid response, STRE—stress response, AUX-RE—auxin response,
WRE—wounding response, GIB-RE—gibberellin response.
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3.4. AsMT1-4 Expression during Seed Germination

Seed germination is the first crucial step in plant growth and is significantly influenced
by various environmental factors. Based on the promoter analysis, it might be predicted
that AsMTs are involved in various developmental processes including germination. To
evaluate the role of MTs during oat germination, the expression of four selected AsMT
genes representing four types of pMT was determined (Figure 7). The expression of oat
MT type 1 during the first hours of germination (3-9 h) decreased, but 12 h after the start
of germination, AsMT1 expression increased. Similarly, the expression of AsMT3 was the
highest in the dry seeds 48 h after the start of germination. An inverse trend was observed
for AsMT2, where the expression peaked after the sixth and twelfth hour of germination,
and its level was the lowest at the end of the experiment. The expression of AsMT4 was
the lowest after the forty-eighth hour of germination and the highest after the third and
nineth hour (Figure 7A). The total number of AsMT1-4 transcripts remained relatively
constant throughout the analyzed period of germination, except during the 24th hour of
germination. The relative amount of each AsMT in the dry and germinating oat seeds was
variable throughout the analyzed period (Figure 7B).
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Figure 7. Levels of oat AsMT1-4 transcripts in germinating seeds. (A) Relative expression of AsMT1-4
in dry seeds (0 h) and during seed germination (348 h (hours after the start of germination)). Bars
represent the means of three independent experiments + SD. Values marked with different letters
differ significantly (ANOVA, Tukey’s test, p < 0.05). (B) A schematic representation of the number of
AsMT1-4 transcripts in dry (0 h) and germinating seeds (3-48 h).
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3.5. Effect of Heavy Metal on Oat Seedling Growth

To assess the effect of heavy metals on oat seedling growth and development, the
seedlings were treated with metal ions in hydroponic culture for 14 days (Figure 8). After 3
days of stress treatment, the length (Figure 8A) and biomass (Figure 8B,C) of oat shoots
and roots were the same as for seedlings grown in the control conditions, with the only
exception being the longer roots of Zn-treated plants; however, there were no differences in
the root biomass. After 7 days of stress, there were no significant changes in either the fresh
(Figure 8B) or dry (Figure 8C) biomass of the shoots and roots. However, the roots but not
the shoots of Zn-treated plants were significantly longer than the roots of control seedlings,
whereas the shoots but not the roots of Cd- and Zn + Cd-treated plants were shorter than
the control (Figure 8A). After 14 days of heavy metal treatment, there were no differences
between the root and shoot lengths of control and Zn-treated plants, but the fresh and dry
biomass of the Zn-treated seedlings was higher. Treating plants with Cd and Zn + Cd for
14 days significantly shortened shoots and roots (Figure 8A,D) and reduced the biomass
(Figure 8B,C).
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Figure 8. Shoot and root (A) length and the (B) fresh, and (C) dry biomass of oat seedlings subjected
to heavy metal stress induced via the application of 200 uM ZnSOj, 100 uM CdSOy, and 200 uM
ZnSOy4 + 100 uM CdSOy. The control comprised non-stressed plants. Bars represent the mean values
of measurements of 30 seedlings &= SD (n = 3). Values marked by different letters differ significantly
(ANOVA, Tukey’s test, p < 0.05). (D) Photo of oat seedlings after 14 days of stress. DAT—days
after treatment.
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3.6. Chlorophyll a and b and Carotenoid Content in Response to Heavy Metal

The level of chlorophyll a increased in response to Cd and Zn + Cd treatment after 3
and 14 days in comparison to control plants. The highest level of chlorophyll a was observed
in Zn + Cd-treated plants after 3 days and was 1.6 times higher than in control plants.
Interestingly, after 7 days of treatment, the content was similar across all experimental
variants (Figure 9A). The highest level of chlorophyll b was detected in Zn + Cd-treated
plants after 3 days of treatment and was around 1.5 times higher than in control plants.
After 7 days of treatment, the content of chlorophyll b was similar across all experimental
variants, whereas after 14 days of treatment, it increased in Zn- and Cd-treated plants
in comparison to the control (Figure 9B). The level of carotenoids remained relatively
consistent during the experiment, except that after 14 days of treatment the carotenoid level
in the control was lower than that in Zn- and Cd-treated plants (Figure 9C). In the control
and Zn-treated plants, the levels of chlorophyll a and b and carotenoids peaked on day
7. In Cd-treated plants, the levels of chlorophyll a and b remained the same throughout
the experiment period, but the levels of carotenoids were slightly higher after 14 days of
treatment. A similar situation was observed for Zn + Cd-treated plants, where neither the
chlorophyll a nor the carotenoid content differed throughout the experiment, but the level
of chlorophyll b increased over the treatment period, reaching its maximum after 14 days
of treatment (Figure 9).
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Figure 9. The content of photosynthetic pigments (A) chlorophyll a, (B) chlorophyll b, and
(C) carotenoids in oat seedlings subjected to heavy metal stress induced via the application of 200 uM
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ZnSOy, 100 pM CdSOy, and 200 uM ZnSO;, + 100 uM CdSOy. The control comprised non-stressed
plants. Bars represent the mean values of three independent experiments £ SD (n = 3). Values marked
by different letters differ significantly (ANOVA, Tukey’s test, p < 0.05). DAT—days after treatment.

3.7. Antioxidant Capacity of Oat Seedlings in Response to Heavy Metal

To assess the effect of heavy metal stress on the antioxidant properties of oat seedlings,
the TPC (Figure 10A) and AC (Figure 10B,C) were determined using the Folin-Ciocalteau,
ABTS, and FRAP methods, respectively. The treatment of plants with Zn did not cause
a significant difference in TPC in roots and shoots when compared to the control plants.
However, on the seventh day of treatment, TPC was around 1.3 times higher in the roots of
Zn-treated plants than in control plants (Figure 10A). Treating plants with Cd and Zn + Cd
caused an increase in TPC in the shoots of oat seedlings that exceeded that of Cd-treated
plants after 3 days of treatment. In the roots of the same plants, TPC increased in plants
exposed to Zn + Cd after 3 days of treatment and to Zn and Zn + Cd after 7 days of
treatment (Figure 10A).
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Figure 10. Effect of heavy metal stress induced via the application of 200 tM ZnSOy, 100 M
CdSOy, and 200 pM ZnSOy4 + 100 uM CdSO4 on the (A) total phenolic content (TPC) and antioxidant
capacity (B,C) of oat seedlings shoots and roots, evaluated using (B) ABTS and (C) FRAP assays.
Bars represent the means of three independent experiments & SD. The control comprised non-
stressed plants. Values marked by different letters differ significantly (ANOVA, Tukey’s test, p < 0.05).
DAT—days after treatment.
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The antioxidant potential of oat seedlings was measured using the ABTS (Figure 10B)
and FRAP (Figure 10C) methods. In general, the AC was not affected by Zn treatment. In
the shoots of Zn-treated seedlings after 3 days of treatment, an approximately 1.5 times
higher FRAP value than in control seedlings was observed. In the roots of Zn-treated
seedlings after 3 and 7 days of treatment, four times higher levels of total hydrophilic
antioxidants analyzed by FRAP assay (Figure 10C) were detected compared to the control
sample. However, the increase in AC in response to zinc was not observed when using
ABTS assay. In fact, in the roots of Zn-treated seedlings, after 14 days of treatment, the
ABTS result was lower than for control seedlings (Figure 10B). Treating plants with Cd
caused an increase in total antioxidant levels in shoots and roots, but in roots, the high AC
was observed on the seventh day after treatment, whereas in shoots, this was observed
on the fourteenth day after treatment (Figure 10B). More significant differences between
Cd-treated and control seedlings were detected via the FRAP method; i.e., in roots, the AC
was higher throughout the experimental period and after 14 days of treatment was 4.9 times
higher than in the roots of control seedlings. The FRAP values for shoots of Cd-treated
seedlings were higher after 7 and 14 days of treatment, and after 14 days of treatment, the
FRAP value was 2.7 times higher than for control seedlings (Figure 10C). Treating plants
with the mixture of Zn and Cd had the biggest effect on the AC of oat seedlings. With time,
the differences between the Zn + Cd-treated plants and the control plants increased, and on
the 14th day, the ABTS values of the Zn + Cd-treated plants were 2.2 and 1.2 times higher
for shoots and roots, respectively (Figure 10B). Similarly, the roots of seedlings subjected
to Zn and Cd treatment after 3, 7, and 14 days of treatment showed higher FRAP results,
and on the 14th day of treatment, the FRAP result was 7.6 times higher than for the control
sample. The highest FRAP result was observed for shoots after 14 days of treatment with
Zn and Cd, which was 2.8 times higher than in control seedlings (Figure 10C).

3.8. AsMT1-4 Expression during Heavy Metal Stress

To examine the potential role of oat MTs in the response to heavy metals, changes
in MTs expression were determined after 3, 7, and 14 days of treatment (Figure 11). The
expression of AsMT1 in the roots of Cd- and Zn + Cd-stressed plants was lower than
in control conditions; however, in shoots, AsMT1 expression was generally higher. Zinc
treatment did not affect the expression of AsMT1 (Figure 11A). The expression of AsMT2
in the shoots of Zn-stressed plants was lower than in the control plants after 7 days of
treatment, but after 14 days of treatment, it was on the same level as the expression in the
control. However, in roots after 7 days of Zn treatment, the expression of AsMT2 increased
over to three times more than that of the control, and the high expression level lasted until
the 14th day of treatment. After 3 days of treatment, the expression of AsMT2 was the
lowest in both the shoots and roots of Zn + Cd-treated plants, but in the following days of
treatment, its expression increased in oat shoots, reaching a transcript level over three times
higher than in the control on the 14th day of stress (Figure 11B). The expression of AsMT3
remained unchanged after 3 days of stress induction both in shoots and roots. The first
differences in AsMT3 expression between the control and the heavy-metal-treated plants
were detected on the seventh day, where a twofold decrease in expression was observed in
the shoots of Cd-treated plants. Moreover, an over sixfold increase in AsMT3 expression
in the roots of Zn-treated plants was observed on the seventh day after treatment, and on
the last day of treatment, this high AsMT3 expression in the roots of Zn-treated plants was
accompanied by an increase in expression in shoots. On the 14th day of stress, AsMT3
expression in the shoots and roots of Zn + Cd stressed plants was 2.0 and 2.5 times higher
when compared to control plants (Figure 11C). Treating plants with Zn and Cd lowered
AsMT4 expression when compared to the control, and the transcript level of AsMT4 in Zn-
and Cd-treated plants remained at the same level over the course of treatment. Treating
plants with a mixture of Zn + Cd caused a fourfold increase in AsMT4 expression in shoots
and an increase of 2.5 times in roots after just 3 days of stress. Over the following days of
stress, the expression level in shoots decreased, and on the 14th day, it became 4.5 times
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lower than the control plants. However, in the roots of the same plants, i.e., the Zn +
Cd-treated plants, AsMT4 expression increased and was 11 times higher when compared
to the control (Figure 11D).
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Figure 11. Relative gene expression of (A) AsMT1, (B) AsMT2, (C) AsMT3, and (D) AsMT4 in the
shoots and roots of oat seedlings subjected to 14 days of heavy metal stress induced via the application
of 200 uM ZnSOy, 100 uM CdSOy, and 200 uM ZnSOy + 100 uM CdSO;. Bars represent the means of
three independent experiments 4 SD. The control comprised non-stressed plants. Values marked by
different letters differ significantly (ANOVA, Tukey’s test, p < 0.05). DAT—days after treatment.

3.9. Correlations among AsMT1-4 Gene Expression, the Content of Photosynthetic Pigments, and
Antioxidant Content

Pearson correlation analysis (Figure 12) showed high positive correlations between
the expression of AsMT1 and AsMT2 and TPC and AC (detected using FRAP and ABTS
methods) in shoots. The expression of AsMT3 in shoots had a significant positive correlation
with ABTS results. In contrast, negative correlations were noted between the AsMT1,
AsMT2, and AsMT3 expression and TPC and AC determined via FRAP and ABTS in roots.
The expression of AsMT4 in shoots showed a low but significant positive correlation with
TPC, whereas a negative correlation was observed with AC measured via FRAP. In roots, the
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expression of AsMT4 correlated positively with the ABTS and FRAP values. In both shoots
and roots, TPC and AC correlated positively with each other, and a positive correlation
among those parameters was also observed between shoots and roots. The content of
photosynthetic pigments correlated positively with TPC and ABTS values. Interestingly,
the expression of AsMT4 in both shoots and roots correlated positively with chlorophyll a
and b but not with carotenoids. In contrast, the expression of AsMT1, AsMT2, and AsMT3
in roots correlated negatively with photosynthetic pigments. In general, the expression
of AsMT1 and AsMT? in roots correlated negatively with parameters measured in shoots
(i.e., TPC, AC, Chl a, and Chl b). Positive correlations were also observed between TPC
and chlorophyll a, chlorophyll b, and carotenoids. Interestingly, a positive correlation
was found between the levels of chlorophyll a and AC measured via ABTS in both shoots
and roots. In shoots and roots, the expression of AsMT?2 correlated positively with the
expression of AsMT1 and AsMT3, whereas a negative correlation between the expression
of AsMT2 and AsMT4 in roots was observed. The expression of AsMT1 and AsMT4 in
shoots correlated negatively with the expression of AsMT1, AsMT2, and AsMT3 in roots
(Figure 12).
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Figure 12. Pearson correlation between AsMT gene expression (MT1, MT2, MT3, and MT4), antiox-
idant capacity (measured using ABTS and FRAP methods), total phenolic content (TPC), and the
levels of photosynthetic pigments (chlorophyll a-Chl_a, chlorophyll b-Chl_b, and carotenoids-Car) in
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shoots (S) and roots (R) of oat seedlings. Only significant correlations are demonstrated (p < 0.05).

4. Discussion

Oat has a complex evolutionary history, which reflects the high number of MT genes,
of which there are 21. In comparison, A. thaliana has a 135 Mb genome and seven MT
genes [38], O. sativa has a 420 Mb genome and eleven MT genes [40], and Z. mays has a
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genome size of ~2500 Mb and nine MT genes [41]. Previous studies have shown that the
number of MT genes does not correlate with genome size but with plant ploidy [41]. In
the allotetraploid plant B. napus, 16 MT genes have been identified, and in Brassica juncea,
12 MT genes have been found. In comparison, in diploid Brassica rapa, Brassica oleracea,
and Brassica nigra, eight, nine, and seven MT genes have been identified, respectively [42].
The number of introns found in AsMT genes is typical for pMT genes (data from NCBI's
GenBank) and is rather low since the average number of introns per gene, based on the
analysis of monocot rice and dicot A. thaliana genomes, is four [67]. In general, in plants,
genes that have a less compact structure (i.e., more and longer introns) are expressed at
higher levels than those that are more compact [68]. It would be interesting to verify
whether the number and length of introns have an impact on the level of expression of oat
MT genes.

The putative AsMT proteins encoded by the identified genes are very similar to
pMTs from other plant species, as confirmed by the amino acid sequence alignments and
phylogenetic analysis. However, some AsMTs contain additional His residues that might
function in metal binding [14,69]. In general, among pMTs found in angiosperm species,
some sequences are characterized by unusual topologies of cysteines and histidines. It is
possible that at least some of these non-canonical pMTs are pseudogenes. In MT4B from
soybean (Glycine max (L.) Merr.), second His is substituted by tyrosine. For this particular
protein, it has been shown that the lack of metal-binding His residue results in a lower
number of zinc ions (5 Zn?* ions vs. 6 Zn?* ions) that can be bound by this protein [70,71].
The motif-based sequence analysis tool (MEME) results showed that two Cys-rich motifs
are conserved in each AsMT [1,72,73]. Moreover, we also identified some other motifs in
AsMTs located outside of Cys-rich domains. Similar observations have been made for MTs
from Nicotiana tabacum L. [13] and B. napus [42]. The role of the stretch/linker between
Cys-rich domains is not well understood. It has been hypothesized that the linker either
allows the protein to fold properly, and metal ions are bound in separate clusters, meaning
each Cys-rich domain binds metal ions independently from the other Cys-rich domain, or
it allows for the formation of a single metal-binding cluster [12]. Recent experiments on
Cicer arietinum L. MT2 showed that the linker does not play an important role in protein
folding [74]. The presence of conserved motifs outside of Cys-rich domains suggests that the
linker region has some physiological functions; however, this needs to be further evaluated.
Although MTs are typically viewed as cytosolic proteins, in silico prediction showed that
AsMTs could also be localized in the nucleus. The subcellular localizations were shown
experimentally for pMTs from different plant species, e.g., rice MT1e in the nucleus [75],
Ziziphus jujuba Mill. MT1 in the cytosol and the nucleus [76], and type-2 MT from B. napus
in cytosol when heterologously expressed in yeast cells [77]. Interestingly, proteins smaller
than 10 kDa could be transported into the nucleus by passive diffusion, and this kind of
transport to the nucleus has been observed for MTII in animals [78]. Moreover, in silico
analysis has shown that AsMTs could be localized in the chloroplast and the cell membrane.
The membrane localization has not yet been observed for any MTs, but for animal MT, the
localization in the intermembrane space of mitochondria has been shown [79]. Therefore, it
is possible that in plants, MTs also function in the nucleus and chloroplasts.

The accurate prediction of cis-regulatory elements in promoters remains a challenge
for bioinformatics and computational biology; however, this analysis provides valuable
insight into the probable functions of proteins encoded by analyzed genes [80]. Based
on this analysis, it is highly plausible to hypothesize that oat MTs are involved in stress
adaptation and growth and development. As shown previously, the MT promoters of
other plants, including Z. mays, O. sativa, and A. thaliana, also have a large number of
diversified regulatory elements [2,40,41]. Unfortunately, experimental studies confirming
the functionality of in-silico-predicted regulatory elements in pMT5s are rather scarce. It has
been shown that the type-1 rice MT promoter can be induced by wounding, Cu, and PEG
treatment [81]. In another study, promoter analysis of type-2 O. sativa MT in a transgenic
A. thaliana plant showed that the promoter activity was affected by phytohormones, PEG,
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cold, heat, HyO,, and metals. Although different deletion mutants of the full promoters
were generated in this study, their activity under various stresses was not evaluated [82]. A
more detailed analysis of heavy-metal-responsive elements has been provided for type-1
MT from rice showing which regions of the promoter are responsible for metal-inducible
expression [83]. Most studies focus on the expression of MTs under specific stresses, which
is only indirect proof of the promoter functionality [13,84-87].

ROS play dual roles in each living organism; i.e., on the one hand they serve as signal-
ing molecules, and on the other they are toxic and might lead to oxidative stress [88]. Every
stress ultimately leads to an increase in the number of ROS in the cells [89]. The expression
of pMT5s is upregulated by a myriad of stress stimuli, and one possible explanation is that
pMTs are general stress proteins participating in plant adaptation to a variety of environ-
mental stimuli via ROS scavenging [90]. The reaction of the metaled form of MT with ROS
leads to the release of metal ions, which, depending on the type of metal, might have a
positive/negative impact on the cell. Moreover, -SH groups of cysteines could be further
oxidized, which will lead to the formation of disulfide bridges (the oxidized form of MT).
To bind the metal-ion disulfide bridges in MTs need to be reduced [72] by enzymes such
as protein-disulfide isomerase (PDI; EC 5.3.4.1) [91]. Seed dormancy and germination are
complex processes controlled by ROS [92]. Some studies have demonstrated a clear link
between ROS, germination, and pMTs. In magnetoprimed tomato seeds, the level of H,O,
increased significantly, and the expression of type-1 and type-4 MTs increased by around
15 times [93]. A. thaliana seeds overexpressing Nelumbo nucifera Gaernt. MT2a and MT3
were more resistant to accelerated aging (caused by high-temperature treatment). Although
the number of ROS was not determined in those seeds, it was shown that the SOD level
was significantly downregulated by accelerated aging and was higher in transgenic seeds
than in wild-type seeds, though only after accelerated aging treatment [36]. In our study,
we observed that although the expression of oat MT genes changed at every investigated
stage of germination, the total number of AsMT transcripts remained stable throughout the
analyzed period. It is plausible to hypothesize that pMTs serve as ROS regulators during
germination; however, the lack of detailed studies on pMTs and germination does not allow
us to provide a comprehensive picture of the function/s of pMTs in this process.

Zinc is essential for all living organisms; it is a micronutrient involved in almost every
conceivable metabolic process [94], whereas cadmium is highly toxic and does not play
any physiological roles [95]. Although completely different in terms of function, these
two metal ions share similar physiochemical properties, and therefore, cadmium can be
uptaken from soil and transported within the plant via zinc transport proteins. The toxicity
of cadmium is at least in part due to its interference with zinc homeostasis [96]. An excess
of zinc is toxic to plants; however, plants significantly differ in their level of zinc sensitivity.
The threshold for zinc toxicity depends on the plant species, the time of treatment, and the
composition of the medium. We observed that zinc promoted the growth of oat seedlings,
and a similar effect was observed for various plant species [97]. As expected, cadmium
significantly reduced the growth of oat seedlings, as has been demonstrated in various
plant species. In contrast to our study, one study showed that the application of a mixture
of zinc and cadmium did not negatively affect the growth of tomato, whereas the same
concentration of cadmium significantly decreased the growth of plants, possibly due to the
limiting amount of cadmium that can enter plant roots when both metals are present in
the medium [98]. In wheat, the foliar application of zinc also alleviated the negative effects
of cadmium on plant growth and yield [99], which is possibly caused by the inability of
cadmium to replace zinc in Zn-binding proteins when the number of zinc ions is high. This
positive effect of zinc on Cd-treated plants is highly dependent on zinc concentration [100];
therefore, it could be concluded that in our study the concentration of zinc was too high to
mitigate the negative effect of cadmium. In various plant species, a decrease in chlorophyll
and carotenoid content in Cd-treated plants was observed, e.g., in tomato (Lycopersicum
esculentum Mill.) [101], pea (Pisum sativum L.) [102], and Salvia sclarea L. plants [103]. The
effect of zinc on the content of photosynthetic pigments is dose-dependent; i.e., a low
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level of zinc increased the content of pigments, whereas a high level of zinc led to a
decrease in pigment content [104,105]. However, here, we observed that the levels of
photosynthetic pigments were unaffected by zinc, whereas cadmium elevated the level of
pigments, especially chlorophyll a. It might be hypothesized that the zinc concentration
was too high to induce the biosynthesis of photosynthetic pigments and too low to induce
pigment degradation. The observed induction of pigment biosynthesis by cadmium could
be supported by studies on the age-dependent response to Cd stress. For instance, in
maize, the increase in chlorophyll a + b content in response to Cd was observed in young
leaf segments but not in mature and old ones [106]. Moreover, most plants that are not
hyperaccumulators sequester toxic metal ions into root vacuoles and do not translocate
them into shoots [107]. Therefore, we hypothesized that in the oat tested in this study,
cadmium ions were retained in the root. The observed increase in photosynthetic pigment
content is a consequence of signal transduction about stress stimuli rather than the presence
of Cd ions in the shoot.

The ABTS assay is suitable for the analysis of both hydrophilic and lipophilic antiox-
idants. It is a mixed-mode test based on single electron transfer (SET), hydrogen atom
transfer (HAT), and proton-coupled electron transfer (PCET) mechanisms [108]. FRAP
assay is a SET-based method and allows for the quantification of most hydrophilic antiox-
idants with a redox potential not lower than that of the redox pair Fe3* /Fe* [109]. The
different mechanisms of the used methods and varied affinities toward hydrophobic and
hydrophilic antioxidants account for why the AC values measured by the ABTS and FRAP
methods differ by two orders of magnitude. Moreover, the content of hydrophilic pheno-
lics as well-known antioxidants [110] was determined. A significant positive correlation
among the values obtained by these analyses was observed in this study and has been
shown previously [111]. Plant extracts with high values obtained by ABTS assay probably
contain more primary antioxidants, i.e., hydrogen or electron donors, whereas those with
higher FRAP values might contribute to the higher content of secondary antioxidants (i.e.,
antioxidants that act indirectly by oxygen scavenging and the chelation of transition metal
ions) [109]. Metallothioneins could act as primary antioxidants, because the direct reaction
of MT with ROS has been shown [27]. On the other hand, MTs bind to transition metal ions
including copper, thus limiting the Fenton and Haber Weiss reactions [112].

The regulation of MT1-3 expression by heavy metal ions has been demonstrated for a
wide range of plant species and different metals [38,85,86,113], although not for oat MTs.
The comprehensive analysis of the expression of the MT genes representing each type of
pMT in one plant species is rather rare in the literature. For example, Ahn et al. [91] showed
the variable expression of Brassica rapa MT1-3 in response to metals; however, in this
study, analysis was performed on the whole seedlings. Similarly, in A. thaliana seedlings,
different levels of regulation of the expression of MT1-3 by copper was observed [38]. A
more detailed analysis of the expression of MT genes in response to arsen was performed
for B. napus [42] and Z. mays MTs in response to Cu, Cd, and Pb [41]. Similarly to our
results, this research highlights the potential distinct role of each type of pMT depending
on the metal ions, plant tissue, and stage of plant development. The expression of type-4
pMTs is restricted to developing and mature seeds and declines rapidly after the start
of germination [7,37,41,114]. It has however been shown that in the resurrection plant,
Xerophyta humilis MT4 is upregulated during dehydration and downregulated during
rehydration [115], indicating that the role of type-4 pMTs is not limited to seeds. Most
studies analyzing the metal-responsiveness of pMTs are restricted to vegetative tissue, and
thus, knowledge about the expression of pMT4 in response to various metals is limited. We
have previously shown that the expression of B. napus MT4 is induced by Zn and more
significantly by Cd but not by Cu in germinating seeds [69]. The expression of B. napus
MT4 was also regulated by arsen in 7-day-old seedlings [42]. In A. thaliana siliques, the
expression of MT4 genes is induced by Cd but not by Cu, Fe, Zn, or Hg [114]. Interestingly,
here, we showed that the highest increase in the expression of AsMT4 was observed
when seedlings were treated with a mixture of Zn and Cd, whereas treatment with zinc
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or cadmium separately did not change or even downregulate AsMT4 expression. This
phenomenon could be explained by the possible role of type-4 pMTs as specificity filters;
i.e., due to the presence of His residues, pMT4 can discriminate between essential zinc and
toxic cadmium [14,69].

5. Conclusions

The widely known hypothesis that there is no single unifying function for all types of
pMTs and that each type of pMT might play a different role is supported by our comprehen-
sive in silico and wet-lab analysis of the whole family of oat MTs. The expression of AsMT1
in shoots was induced by Cd and Zn + Cd but not by Zn, which suggests that AsMT1
plays a role in cadmium detoxification. In roots, the expression of AsMT2 and AsMT3 is
upregulated by Zn but not by Cd and Zn + Cd, which might implicate the role of these oat
MTs in zinc homeostasis in roots. The opposite trend, especially 14 days after treatment,
was observed for AsMT?2 expression in shoots, which implies that AsMT?2 is responsible
for Cd binding in roots. The expression of AsMT3 in shoots 14 days after treatment was
induced by Zn and Zn + Cd but not by Cd, which indicates the role of AsMT3 in zinc
homeostasis in shoots, but at later developmental stages. For AsMT4, we propose the role
of a zinc specificity filter. Moreover, based on the Pearson correlation analysis, we propose
that AsMT1 and AsMT?2 play a role in antioxidative response in shoots but not in roots,
whereas AsMT4 plays this role in roots but not in shoots. AsMT3 is probably not involved
in defense against ROS in oat seedlings, at least when the oxidative stress is induced by
heavy metals.
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Abstract: Pollution of arable land with heavy metals is a worldwide problem. Cadmium (Cd) is a toxic
metal that poses a severe threat to humans’ and animals” health and lives. Plants can easily absorb
Cd from the soil, and plant-based food is the main means of exposure to this hazardous element for
humans and animals. Phytoremediation is a promising plant-based approach to removing heavy
metals from the soil, and plant growth-promoting micro-organisms such as the fungi Trichoderma can
enhance the ability of plants to accumulate metals. Inoculation of Avena sativa L. (oat) with Trichoderma
viride enhances germination and seedling growth in the presence of Cd and, in this study, the growth
of 6-month-old oat plants in Cd-contaminated soil was not increased by inoculation with T. viride,
but a 1.7-fold increase in yield was observed. The content of Cd in oat shoots depended on the Cd
content in the soil. Still, it was unaffected by the inoculation with T. viride. A. sativa metallothioneins
(AsMTs) participate in plant—fungi interaction, however, their role in this study depended on MT
type and Cd concentration. The inoculation of A. sativa with T. viride could be a promising approach
to obtaining a high yield in Cd-contaminated soil without increasing the Cd content in the plant.

Keywords: cadmium; heavy metals; metallothioneins; oat; phytoremediation; Trichoderma

1. Introduction

Urbanisation, industrialisation, and agricultural activities increase heavy metal (HM)
contamination in soil and water worldwide, resulting in increased accumulation of HM in
plants and food [1]. Among various HMs, cadmium (Cd) is easily absorbed by plants. Due
to the usage of phosphate fertilisers, sewage sludge, and atmospheric deposition, this toxic
element is widely spread on agricultural land [2]. Cd causes plant cell damage through leaf
rolling and chlorosis, and reduces root and shoot length and biomass [3-5]. This element
has properties similar to the essential micronutrient zinc (Zn) and can compete with it in
biological processes [6], leading to, e.g., oxidative stress and damage to photosystems [7].
The EU regulation 2023/915 sets the maximum levels of HM in food. For example, the
maximum level of Cd for wheat germ is 0.2 mg kg ™!, 0.05 mg kg ™! for barley and rye, and
0.1 mg kg~ for other cereals, including oat [8]. For non-smokers, plant-based food is the
primary route of Cd exposure. Multiple studies have shown higher amounts of Cd than
regulatory threshold levels in edible plant parts, e.g., durum wheat [9] and rice [10]. Heavy
metals have been persistent in the environment for centuries or even millennia. They can
disperse to distant areas and accumulate in biotic and abiotic components of ecosystems.
This is a potential threat to human health because HM can enter the food chain through
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bioaccumulation in the tissues of plants and animals [2]. Cadmium causes severe health
problems, including congenital disabilities and osteomalacia, and affects the functioning
of the kidneys, respiratory system, circulatory system, and central nervous system. The
best-known example of Cd toxicity is Itai-Itai disease. This Cd poisoning occurs among
inhabitants of the Jinzu River in Japan and is mainly characterised by severe pain as a
result of osteomalacia [11]. Therefore, the remediation of Cd-contaminated arable land is
essential for food security.

Plants have evolved several mechanisms to maintain the homeostasis of micronutrients
and detoxify non-essential HMs, including metal transporters and metal-binding proteins,
peptides, and low molecular weight ligands. Metallothioneins (MTs) are small proteins that
maintain metal (Zn and Cu) homeostasis and detoxify hazardous metals (Cd) by binding
metal ions via cysteine residues. In plants, four MT types (MT1-4) differ in the number and
arrangement of the cysteines. Several lines of evidence suggest that different MT types fulfil
different roles [12-14]. MTs can act as antioxidants due to the presence of the sulthydryl
groups of cysteine residues [3,15]. This could be one of the reasons why MT expression is
activated in plants’ responses to various stress-inducing factors [3,16-19]. In silico analyses
of promoters of MT genes in canola (Brassica napus L.), Arabidopsis thaliana (L.) Heynh.,
rice (Oryza sativa L.), maize (Zea mays L.), and oat (Avena sativa L.) showed the presence of
cis-regulatory elements (CREs) involved in the response to light, phytohormones, drought,
and other abiotic stresses [3,17,20-22]. Moreover, the expression of MTs can be affected
by microorganisms. For example, MT expression was determined in Festuca arundinacea
(Schreb.) Darbysh inoculated or not inoculated with the fungus Epichloé coenophiala and
subjected to nickel (Ni) stress. In non-inoculated plants, the MT expression was higher and
increased with an increase in Ni concentration. In inoculated samples, the level of MT was
similar in most of the tested Ni concentrations [23].

In soil, microorganisms maintain ecological balance. They are responsible for up to
90% of all processes in soils; without them, the soil becomes lifeless [24]. They can interact
with each other and other living organisms, including plants [25]. HM-degraded areas
often have low micro-organism activity, and to restore the degraded soil, it is crucial to
re-establish microorganism populations [26]. Fungi belonging to the genus Trichoderma are
fast-growing and omnipresent in the environment, and they are found in soil, water, and
air. Several species belonging to Trichoderma can promote plant growth and development;
some of them have been shown to increase plant growth by up to 300% [27]. They can
inhibit the growth of some fungal plant pathogens, e.g., Botrytis cinerea, Colletotrichum
sp., and Fusarium culmorum [28]. Trichoderma spp. produce many secondary metabolites,
including indole-3-acetic acid and other auxin analogues that promote the growth of plant
roots [29]. Moreover, they secrete organic acids like citric acid, gluconic acid, and fumaric
acid, reducing soil pH, which increases the bioavailability of soil macroelements such as
phosphorus for plants [30]. They can also increase the uptake of microelements by plants
via solubilisation of, e.g., Cu, Zn, manganese (Mn), and iron (Fe) [31,32]. By lowering the
soil pH, Trichoderma can also increase the bioavailability of hazardous HM [33]. Fungi
belonging to Trichoderma were found to be highly tolerant to high concentrations of various
elements, including micronutrients like nickel (Ni), copper (Cu), and zinc (Zn), but also
non-essential elements like lead (Pb) and arsenic (As) [34-38]. Therefore, it was proposed
that Trichoderma could be used to increase the phytoextraction of HM. For example, Brassica
juncea (L.) Czern. plants treated with Trichoderma atroviride F6 accumulated more Cd and
Ni than non-inoculated plants [33]. Trichoderma also increased the uptake of Cd, chromium
(Cr), Cu, Zn, and Ni by plants like Miscanthus x giganteus J.M. Greef, Salix sp. L., Phalaris
arundinacea L., and Panicum virgatum L. [26]. Moreover, fungi belonging to Trichoderma
can accumulate HM. For example, Trichoderma viride bioaccumulated Cd and Pb, and the
bioaccumulation efficacy increased with the increasing HM metal concentration in the
medium [39]. Interestingly, the biomass production of Trichoderma simmonsii (UTFC 10063)
increased by 46.1% when the fungus was cultured in a medium containing Cd. Still, the
bioaccumulation efficacy of Cd decreased with increased Cd concentration [40].
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The interactions of saprophytic fungi Trichoderma with plants are widely described
in the literature [41-44]. Oat (Avena sativa L.) belongs to mycorrhizal plants, and most of
the research has been conducted on mycorrhizal fungi and their effects on oat growth and
yield [45]. There is little data on the interactions of saprophytic fungi with oat. Therefore,
the potential role of saprophytic fungi T. viride in promoting the growth of A. sativa in Cd-
contaminated soils and the possible molecular mechanisms underneath these interactions
were evaluated in this study. Oat is the world’s sixth most important food, feed, and
industrial cereal [46]. The importance of oats in the human diet increases constantly [47].
Therefore, it is crucial to understand the mechanisms underlying the uptake, transport,
and accumulation of HM in organs of this plant. In addition, the well-developed root
system [48-50] and the ability to accumulate toxic HM, including Cd and Pb [51,52], make
this plant potentially suitable for phytoremediation. This study aimed to assess the ability
of T. viride to increase oat’s tolerance to Cd and, at the same time, increase Cd accumulation.
Moreover, based on data from the literature, we hypothesised that oat MTs are involved in
Cd detoxification, accumulation, and interaction with T. viride. Therefore, the in vivo metal-
binding ability of oat MT1-4 was verified via heterologous expression in bacteria cells and
AsMTs expression was investigated in the early stages of oat growth in Cd-contaminated
soil. Our results suggest that inoculating oat seeds with T. viride could increase oat yield
in Cd-contaminated soils without increasing Cd-accumulation in above-ground parts
of plants.

2. Materials and Methods
2.1. Microorganisms

Six previously identified T. viride strains of known plant-promoting properties were
used in this study (NCBI GenBank accession numbers: T1—0L221590.1, T2—0L221591.1,
T3—O0L221592.1, T4—0L221593.1, T5—0L221594.1, T6—0L221595.1) [53]. The fungi were
grown in liquid potato dextrose media or on potato dextrose agar (PDA) (Biocorp, Warsaw,
Poland) at 23 °C. The fungi were kept on PDA slants at 4 °C for stock culture.

2.2. Metal Resistance of T. viride and Minimal Inhibitory Concentration

Cu, Zn, and Cd ions were added to the PDA medium separately at increasing concen-
trations from 0 to 29.8 mM for Zn, 2.6 mM for Cu, and 3.7 mM for Cd. The PDA plates
were then inoculated with a mycelial disk of 7 mm diameter and grown for 7 days at 23 °C.
The Minimal Inhibitory Concentration (MIC) was defined as the lowest concentration of
metal that wholly inhibited fungi growth [54]. The experiment was repeated three times.

2.3. Growth of A. sativa in the Presence of Fungi

Seeds of Avena sativa L. cultivar Bingo (Plant Breeding Strzelce Ltd., PBAI Group,
Strzelce, Poland) were sterilised with a mixture of 30% hydrogen peroxide and 96% ethanol
(1:1, v:v) for 1 min. The seeds were then rinsed six times with sterile distilled water. Sterile
seeds were then suspended in T. viride T5 spore suspension. To obtain spore suspension,
sterile distilled water was poured on the PDA plate with a one-week-old fungi culture,
and spores were suspended using a cell spreader. The suspension was then filtered using
sterile MiraCloth (Calbiochem, Merck, Darmstadt, Germany), and the number of spores
in the filtrate was counted using a hemocytometer. The solution was diluted to the final
concentrations of 10%, 10* and 102 spores mL~! and used on the same day. Sterile oat seeds
were inoculated with spore-suspension by incubation for 15 min, with shaking at room
temperature. The inoculated seeds were placed in glass Petri dishes lined with filter paper
moistened with 3.5 mL of sterile distilled water. The control was non-inoculated seeds. The
seeds were kept in darkness at 23 °C for six days. The germinated seeds were counted
every day, and on the 6th day, the lengths and fresh and dry (moisture analyser MA 110.R,
RADWAG, Radom, Poland) biomass of shoots and roots were measured. Germination
parameters, i.e., germination percentage (G), germination index (GI), mean germination
time (MGT), mean germination rate (MGR), and the coefficient velocity of germination
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(CVG) [55] were calculated according to the formulas provided in the cited literature. The
experiment was repeated three times.

2.4. Effect of Heavy Metals on the Germination and Growth of A. sativa Seedlings

Seeds were prepared as described above, then placed on Petri dishes lined with filter
paper moistened with 3.5 mL of sterile distilled water (control) or solutions of 25, 80, 150,
or 245 uM Cd (as CdSOy solution). The seeds were kept in darkness at 23 °C for six days.
Every day, the number of germinated seeds was counted, and on the 6th day, the lengths
and fresh and dry (Moisture analyser MA 110.R, RADWAG, Radom, Poland) biomass of
shoots and roots were measured. The experiment was repeated three times.

2.5. Effect of T. viride on the Growth of A. sativa in the Presence of Heavy Metals

Seeds inoculated with T. viride T5 spore suspension (10 spores mL~!) were placed
on Petri dishes lined with filter papers moistened with 3.5 mL of sterile distilled water or
solution of 25, 80, 150 or 245 uM Cd (as CdSOy solution). Non-inoculated seeds served as a
control. The seeds were kept in darkness at 23 °C for six days. Every day, the number of
germinated seeds was counted, and on the 6th day, the lengths and fresh and dry biomass
of shoots and roots were measured. The experiment was repeated three times.

2.6. Pot Experiment

For the pot experiment, a mixture of autoclaved soil and sand (5:1, v:v), amended with
CdSOy solution to the final concentration of 1, 5, 10, or 20 mg Cd kg’l of soil, was used. To
ensure the binding of Cd ions to the soil particles, the soil-Cd mixture was incubated for
two weeks before seed sowing. Oat seeds were inoculated with 10° spores mL~! solution
of T. viride T5, as described above, and 5 seeds per pot were sown (for each condition, 4 pots
were used). The control was non-inoculated seeds. The plants were watered with tap water
twice a week, and once a month, they were watered with Hoagland solution. After two
weeks, leaves were collected and frozen in liquid nitrogen for gene expression analyses.
After 6 months, shoot and root length and fresh and dry (moisture analyser MA 110.R,
RADWAG, Radom, Poland) biomass were measured, and the number of leaves, seeds, and
panicles was counted.

2.7. Level of Heavy Metals in A. sativa L. Plants

Dry shoot biomass was ground using a mortar and pestle, and the content of Cu, Cd,
and Zn was analysed by ICP-MS 7500 CX (Agilent Technologies, Santa Clara, CA, USA)
in the Instrumental Analysis Laboratory, Department of Chemistry, Nicolaus Copernicus
University in Toruni. The analyses were performed in three biological replicates.

2.8. Identification of Metal-Responsive Elements in the Promoters of A. sativa Metallothioneins

A 1500 bp region upstream of the ATG codon for all AsMT genes was downloaded
from the GrainGenes database (https://wheat.pw.usda.gov/, accessed on 20 April 2023).
Metal response elements (MRE) and copper response elements (CuRE) were identified in
the promoters of A. sativa MTs using the following sequences as well as their reverse and
complementary sequences: 5-TGCAGGC-3' [56], 5'-TGCRCNC-3' [56,57], 5-TGCAACC-3/,
5-TGCACCCC-3/, 5'-GAGAGCA-3' [58] and 5’ GTAC-3' [59].

2.9. Functional Analysis of AsMT1-4 in E. coli

Expression constructs of AsMT1-3 were prepared as described previously [16]. The
coding region of AsMT4 was amplified with sequence-specific primers containing restriction
sites for Ndel in the forward primer 5'-AAACATATGGGCTGCGACGACAAGTG-3" and
Xhol in the reverse primer 5'-AACTCGAGTCAGGCGGTGGAG-3'. The PCR products were
digested with Ndel and Xhol, and ligated into a pET21a(+) expression vector (Novagen,
Darmstadt, Germany) to be later transformed into E. coli DH5x. The plasmids were isolated
(Gene MATRIX Plasmid Miniprep DNA Purification Kit; EURx, Gdarnsk, Poland) and
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sequenced to confirm the presence of the correct open reading frame (Genomed, Warsaw,
Poland). The constructs were named pET-AsMT1-4.

For functional analysis, the E. coli Rosetta (DE3) cells (Novagen, Darmstadt, Germany)
were transformed with an empty pET21a vector (control) or pET-AsMT1-4 constructs using
the heat shock method [53]. Overnight cultures of transformed bacterial cells were diluted
(1:100, v:v) in LB medium with antibiotics (50 pug mL~! ampicillin and 34 g mL~! chloram-
phenicol) to ODgp ~ 0.2. To induce heavy metal stress, the cultures were supplemented
with solutions of ZnSOy or CdSO; to final concentrations of 0.25 mM or 0.5 mM ZnSO,4 and
0.1 mM or 0.25 mM CdSOy. The expression of MTs was induced using isopropyl-3-D-1-
thiogalacto-pyranoside (IPTG) at the final concentration of 0.1 mM, avoiding high transgene
overexpression. The controls were cultures without HM. The bacteria were incubated for
7h (37 °C, 180 rpm), and ODgg (Implen ODggy DiluPhotometer, Miinchen, Germany) was
measured every hour. The analysis was performed in three technical replicates for each of
the three biological replicates. The growth rate of E. coli cultures was expressed as the slope
of a linear proportion of the growth curve and was calculated using Microsoft Excel.

2.10. Gene Expression

Plant tissues were ground in liquid nitrogen, and 100 mg of the ground tissue was
used for RNA isolation using an RNeasy kit (QIAGEN, Hilden, Germany). The quality
and quantity of the isolated total RNA were checked via spectrophotometric measurement
using a NanoDropTM Lite Spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) and agarose gel electrophoresis stained with EtBr. The RNA was then treated with 1
U of DNase (Thermo Fisher Scientific, Waltham, MA, USA) to remove DNA contamination.
The cDNA was synthesised from 1 ug of RNA using a mixture of 2.5 uM oligo(dT)20
primer and 0.2 pg of random hexamers with an NG dART RT Kit (EURx, Gdansk, Poland),
according to the manufacturer’s protocol. The reaction was performed at 25 °C for 10 min,
followed by 50 min at 50 °C. The cDNA was stored at —20 °C.

The RT-qPCR reaction mixture included 4 pL of 1/30 diluted cDNA, 0.5 uM of gene-
specific primers (Table 1), and 5 uL of LightCycler 480 SYBR Green I Master (Roche,
Penzberg, Germany) for a total volume of 10 pL. Eukaryotic Initiation Factor 4A-3 (EIF4A)
was a reference gene [60]. The reactions were performed in three technical replicates
using LightCycler 480 Instrument II (Roche, Penzberg, Germany). The thermal cycling
conditions were as follows: 95 °C for 5 min, 95 °C for 10 s, 60 °C for 20 s, and 72 °C for
20 s over 40 cycles. The SYBR Green I fluorescence signal was recorded at the end of the
extension step in each cycle. The melt curve analysis confirmed the assay’s specificity, i.e.,
increasing the temperature from 55 to 95 °C at a ramp rate of 0.11 °C/s. The fold change
in gene expression was calculated using LightCycler 480 Software, release 1.5.1.62 (Roche,
Penzberg, Germany) [3,16,17].

Table 1. Sequence of primers used in this study.

Primer Name Sequence 5'—3’ Target Reference

AsMT1_qPCR_f CAAACTGCAAGTGCGGGAAG
AsMT1_qPCR_r TTGTTCTCATGAGCCACGCC

ASMT2_qPCR_f ~ CTGCGGAGGGTGCAAGATG ASMT2 [17]
AsMT2_gqPCR.r  AACGATGGCTTGGAAGAGGG

AsMT3_qPCR_f TCCACCATGTCGAACACCTG

AsMT1

ASMT3_qPCRr  TGGCTCTTCTCGGTGICAAC AsMT3
AsMT4 qPCRf  CACGTGCGGAGAGCACTG AT .
AsMT4_qPCRr  ACAGGAGGCGCAGTCACAG g

EIF4A_f TCTCGCAGGATACGGATGTCG I A 0

EIF4A_r TCCATCGCATTGGTCGCTCT




Foods 2024, 13, 2469

6 of 22

2.11. Statistical Analysis

Statistical analyses were conducted using Microsoft Excel and RStudio [61]. The results
are expressed as mean values with error bars representing standard error (SE). The one-way
ANOVA (post hoc Tukey and Dunn’s tests), or the Kruskal-Wallis (post hoc Mann-Whitney
test), were conducted based on sample type, normality, and homogeneity. Correlations
were calculated using the Pearson correlation coefficient.

3. Results
3.1. Tolerance of T. viride to Cd, Cu, and Zn

The tolerance of six T. viride fungi to Zn, Cu, and Cd was tested using the minimal
inhibitory concentration (MIC) method. MIC is defined as the lowest concentration of
metal that completely inhibits fungi growth [54]. All six fungi could survive in tested metal
concentrations (Table 2). The highest tolerance to Cd was observed for Trichoderma strain
T1 (3.6 mM), but the same fungi had the lowest tolerance to Zn (22.3 mM). Strain T6 could
tolerate Cu in concentrations lower than 2.5 mM, but strain T5 could not grow in 1.6 mM
Cu. Based on these results, T. viride T5 was chosen for further experiments because it had a
high tolerance to both Cd and Zn.

Table 2. Minimal inhibitory concentration (MIC) of Zn, Cu, and Cd for Trichoderma viride strains
T1-Té.

Minimal Inhibitory Concentration [mM]

T. viride Strain

n Cu Cd
T1 22.3 1.7 3.6
T2 29.0 2.0 2.6
T3 28.5 2.4 2.6
T4 28.5 2.0 2.7
T5 29.2 1.6 2.9
T6 30.0 2.0 1.9

3.2. Seed Germination and Seedling Growth of A. sativa in the Presence of T. viride

To examine the effect of the inoculation of oat seeds with the spores of T. viride T5 on
seed germination and early seedling growth, we inoculated oat seeds with fungal spores at
concentrations 10%, 104, and 10° spores mL~! (Table 3). The highest germination percentage,
which reflects the viability of the seed population, was observed for seeds inoculated with
10* spores. In contrast, treatment with 10° spore concentrations significantly decreased
germination percentage (G) compared to non-inoculated seeds. Inoculation of seeds with
10* spores also increased the germination index (GI) (a measure of germination percentage
and speed) and other tested parameters; however, the differences were not statistically sig-
nificant. The highest GI was observed for 10° spore concentration, i.e., a 1.1-fold significant
increase. Moreover, mean germination time (MGT), mean germination rate (MGR), i.e., a
reciprocal of MGT that measures the time it takes for the seed to germinate, and coefficient
velocity of germination (CVG), which is an indicator of the rapidity of germination, were
increased by the inoculation with spores at the concentration of 10° (Table 3).

On the other hand, we observed that higher concentrations of T. viride spores (10*
and 10°) did not positively affect the growth of oat seedlings (Table 4). For the spore
concentration 10°, shoot length and biomass were the same as control plants, but roots had
1.4- and 2.0 times lower fresh and dry biomass, respectively. For plants inoculated with
spores at a concentration of 10, the shoots were 1.2 times shorter, but the roots” growth was
unaffected compared to the control (Table 4). On the other hand, slight growth stimulation
of oat seedlings was observed only when seeds were inoculated with 102 spores, i.e., a
1.1-time increase in shoot dry biomass. Interestingly, a 1.4-time decrease in fresh root
biomass after inoculation with spores at 10> was also noticed (Table 4).
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Table 3. Germination parameters of Avena sativa seeds treated with increasing concentration of
Trichoderma viride T5 spores (102, 10* and 10° spores mL~!). Values are means (n = 100) & SE.
Values marked by distinct letters in a row differ significantly (one-way ANOVA, Tukey post-hoc test,

p <0.05).

T. viride T5 Spore

0,
Concentration (Spores mL 1) G (%) GI (days) MGT (days) MGR (1/days) CVG
0 (Control) 93.45 + 1.482 5.10 + 0.08 P 1.90 £+ 0.08 2 0.55 +0.02b 5498 +2.13P
102 9433 +1.11° 5.16 + 0.05 2P 1.84 + 0.052b 0.55 + 0.01 2P 55.42 + 1.28 P
104 100.00 + 0.202 5.38 + 0.04 2P 1.62 £ 0.04 b 0.62 + 0.01 2P 61.76 + 1.39 b
106 80.00 £+ 1.67° 5.63 & 0.06 1.38 £ 0.06 P 0.73 +0.03 2 7333 +3.142

G—germination percentage, GI—germination index, MGT—mean germination time, MGR—mean germination
rate, CVG—coefficient velocity of germination.

Table 4. Effect of Trichoderma viride T5 inoculation with different spore concentrations (10%,10%, and
106 spores mL 1) on the growth of 6-day-old Avena sativa seedlings. Values are means (1 = 40) =+ SE.
Values marked by distinct letters in a column differ significantly (one-way ANOVA, Tukey post-hoc

test, p < 0.05).
Spore Shoot Length Fresh Shoot Dry Shoot Root Length Fresh Root Dry Root
Treatment . . . .
conc. (cm) Biomass (g) Biomass (g) (cm) Biomass (g) Biomass (g)
Control (non- 0 573+028%  0.068 40004  0.0054 & 0.0005%® 8264 0512 0.060 +0.0032  0.0052 £ 0.0002
inoculated)
Inoculated 10? 524 +0.153%  0.06340.003%  0.0062 + 0.0002 2 8.18 4+ 0.49 0.044 +0.003®>  0.0052 + 0.0002 2
with T. viride 10* 492 +0.23" 0.059 £0.0042  0.0051 + 0.0005 2P 7.74 £ 0.622 0.052 4 0.0042®  0.0048 + 0.0003 2
T5 106 54340133  0.0614+0.0022  0.0046 & 0.0004 P 7.69 +0.28 2 0.043 +0.003>  0.0026 + 0.0002 ©

3.3. Effect of Cadmium and T. viride on the Seed Germination and Seedling Growth of A. sativa

Further, the effect of Cd and simultaneous Cd and T. viride T5 treatment on oat seed
germination (Table 5) and seedling growth (Table 5) was tested. Cd treatment did not
only affect the total number of germinated seeds (G)—all other parameters, reflecting the
germination speed, were negatively affected by Cd treatment (Table 5). For example, GI was
1.2-fold and MGR 1.4-fold lower for seeds germinated in the presence of 245 uM Cd than
the control. The inhibitory effect of Cd on germination was dependent on Cd concentration.
After inoculation with T. viride spores, the negative impact of Cd on germination was also
observed; however, the differences were not statistically significant (Table 5). Moreover,
non-inoculated seeds in the presence of 150 and 245 uM Cd germinated more slowly (as
shown by higher GI, MGR, and CVG, and lower MGT) than inoculated seeds. Interestingly,
inoculation with T. viride spores decreased the total number of germinated seeds (Table 5).

Table 6 shows the morphological parameters of 6-day-old oat seedlings that grew in
the presence of Cd and/or T. viride spores. The increase in Cd concentration decreased
the length of shoots and roots, and fresh and dry biomass, of both inoculated and non-
inoculated samples. The most noticeable decrease in shoot length was observed for plants
treated with 150 uM Cd—1.8 and 1.6 times shorter for non-inoculated and inoculated
samples, respectively, than the control. Root length was the most affected by 245 pM Cd,
i.e., a3.2 and 2.7 times reduction for non-inoculated and inoculated samples, respectively,
compared to the control. Seedlings grown in the highest Cd concentration had the lowest
fresh and dry shoot biomass in both non-inoculated and inoculated samples. The exception
was the dry shoot biomass of non-inoculated plants, which was 1.1 times higher than
in seedlings grown in control conditions. Inoculation with T. viride spores increased the
growth of roots in high Cd concentrations, i.e., the length of roots was 1.2-fold higher in
inoculated seedlings than in non-inoculated ones, both with 150 and 245 uM Cd (Table 6).
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Table 5. Germination parameters of Avena sativa seeds germinated in the presence of Cd (25-245 puM)
or in water (0 uM). Seeds were inoculated with Trichoderma viride T5 spores at a concentration of
102 mL~! before sowing; control seeds were not inoculated. Values are means (1 = 100) & SE. Values
marked by distinct letters in a column differ significantly (one-way ANOVA, Tukey post-hoc test,

p <0.05).
Cd conc. [uM] G (%) GI (days) MGT (days) MGR (1/day) CVG
'g = 0 93.45 + 1.482 5.10 +0.08 2 1.90 £ 0.08 ® 0.55 4+ 0.02 2 5498 +2.132
£ 2 25 88.75 + 1.56 2 4.88 £ 0.04 2P 212 +0.04 2 0.47 £ 0.01 2P 47.49 + (.74 b
i 80 90.47 £1.112 4.90 + 0.05 2P 2.10 £ 0.05 2P 0.48 +0.01 2P 4825 +1.152b
*g § 150 92.38 + 0.84 2 452 +0.04b 248 +0.042 041 +0.01b 40.71 £ 0.73P
o 245 89.43 +£2.152 442 +0.05b 2.58 £0.052 039+ 0.01b 39.16 = 0.81°
s o 0 9433 +1.112 5.16 & 0.052 1.84 £ 0.05P 0.55 4+ 0.01 2 55.42 +1.282
£ .5 25 83.81+137%  488+003°°  212+003%  0474+001% 4736+ 0.66 "
BEE 80 89.05+ 1397  491+004%®  209+£004% 048001  4825+098%
e : 150 87.73 £ 0.76 2 4.88 £ 0.05 2P 212 £ 0.05 2 0.48 +0.01 2P 4790 +1.2549b
- 245 86.85 + 1.66 2 4.79 + 0.09 2P 2.21 4+ 0.09 2P 0.48 4+ 0.02 2P 47.53 4+ 2.09 @b
G—germination percentage, GI—germination index, MGT—mean germination time, MGR—mean germination
rate, CVG—coefficient velocity of germination.
Table 6. Effect of Cd (25-245 uM) and Trichoderma viride T5 inoculation (10? spores mL~1) on the
growth of 6-day-old Avena sativa seedlings. Values are means (1 = 40) & SE. Values marked by distinct
letters in a column differ significantly (one-way ANOVA, Tukey post-hoc test, p < 0.05).
C: Shoot Fresh Shoot Dry Shoot Root Length Fresh Root Dry Root
[C:MC] Length (cm) Biomass (g) Biomass (g) (cm) Biomass (g) Biomass (g)
£ 0 5.73 £ 0.28 2 0.068 +0.0042  0.0054 + 0.0005b° 826 +0.512 0.060 + 0.003 @ 0.0052 = 0.0002 b
£Z 25 427 +0.34" 0.052 + 0.003 ® 0.0060 = 0.0004 P 6.47 +0.62° 0.047 + 0.005 3¢ 0.0052 + 0.0004 ®
e 80 5.60 £ 0.222 0.066 =+ 0.003 0.0073 = 0.0003 2 6.46 &+ 0.24° 0.058 & 0.0033®  0.0065 = 0.0003 @
*g § 150 321+020¢ 0.047 4 0.003%¢  0.0042 + 0.0001 4 327 +0.19 0.037 4 0.003°4  0.0030 + 0.0000 ¢
Ol 245 3.85 +0.18 b¢ 0.047 + 0.003 be 0.0060 + 0.0004 b 257 +0.134 0.028 +£0.0024  0.0037 4 0.0003 <4
oS 0 524 +0.152 0.063 4 0.003 2 0.0062 + 0.0002 2P 8.18 +0.492 0.044 4 0.003 <4 0.0052 + 0.0002 P
25 25 342 £0.17°¢ 0.045 =+ 0.002 ¢ 0.0042 + 0.0002 4 459 +0.28¢ 0.032 £ 0.002¢d  0.0037 £ 0.0001
ERE: 80 3.45+0.21¢ 0.041 4+ 0.003¢  0.0044 +0.0001 4  4.32+030°¢ 0.034 & 0.002°¢  0.0041 =+ 0.0002 ¢
R 150 328 +0.19¢ 0.042 + 0.003 ¢ 0.0044 +0.0002¢ 3754021 0.033 & 0.002°4  0.0040 = 0.0001 ¢
. 245 3.45+022°¢ 0.039 4 0.003 © 0.0042 + 0.0003 4 3.09+0.204 0.034 £0.009¢4  0.0034 + 0.0002 <4

3.4. Effect of T. viride on the Growth and Yield of A. sativa Plants Grown in the Presence of Cd and
on the Level of Cd Phytoextraction

The following experiment was conducted to verify the effect of oat seed inoculation
with T. viride T5 on mature plant growth and yield in Cd-contaminated soil. After six
months of growth, the length of the oat roots was affected neither by inoculation with T.
viride nor by cadmium treatment (Figure 1B). Fresh and dry root biomass in non-inoculated
samples was not affected by cadmium. Inoculation caused an increase in fresh root biomass,
i.e., in the presence of 1, 5, and 20 mg Cd kg~ ! soil, fresh root biomass was respectively
1.6, 1.4, and 3.8 times higher when compared to non-inoculated samples (Figure 1D).
Similarly, in inoculated plants grown in soil containing 1, 5, and 20 mg Cd kg~!, dry root
biomass was respectively 2, 2.5, and 3.3 times higher when compared to non-inoculated
samples (Figure 1F). In non-inoculated plants, the shoot length decreased with increased Cd
concentration in soil—shoots of plants treated with 20 mg Cd were 1.2 times shorter than
those treated with only 1 mg Cd. However, when inoculated with T. viride T5, the shoot
length remained the same across all tested Cd concentrations (Figure 1A). Shoot fresh and
dry biomass of non-inoculated plants decreased with increased Cd concentrations, with
plants treated with 20 mg Cd having their fresh and dry biomass 1.4 and 1.5 times lower,
respectively, compared to plants treated with only 1 mg Cd (Figure 1C,E). In inoculated
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samples, the fresh shoot biomass was similar across all Cd concentrations. Dry shoot
biomass of inoculated plants treated with 1, 5, and 20 mg Cd was respectively 1.2, 1.5, and
1.4 times higher when compared to non-inoculated plants (Figure 1E).
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Figure 1. Effect of Trichoderma viride T5 inoculation on the growth of Avena sativa plants in soil
containing 1 mg, 5 mg, 10 mg, and 20 mg of Cd per 1 kg of soil. Length, fresh and dry biomass of
shoot (A, C, E, respectively) and root (B, D, F, respectively) were measured. Bars represent means
(n = 40) £ SE. Means indicated with distinct letters are significantly different (Kruskal-Wallis, Dunn
post hoc test, p < 0.05).

Treatment with cadmium significantly affected the yield, i.e., the number of panicles
was 1.7-fold lower, and the number of seeds was 2.2-fold lower in plants grown in soil
containing 20 mg kg~! of Cd compared to plants grown in soil containing 1 mg kg~! of
Cd (Table 7). Similar observations were made for plants treated with T. viride T5; however,
for Cd concentration, the number of panicles and seeds was higher in inoculated plants
compared to in non-inoculated ones. For example, plants inoculated with T. viride grown in
soil containing 20 mg kg~! of Cd produced 1.7-fold more seeds and 1.3-fold more panicles
than non-inoculated plants grown in the same Cd concentration (Table 7).

To assess the potential of A. sativa for Cd phytoextraction and the potential involvement
of T. viride in this process, Cu, Cd, and Zn content was analysed in the above-ground parts
of 6-month-old plants (Table 8). As expected, the concentration of Cd in the oat shoots
increased with an increase in Cd concentration in the soil, i.e., plants grown in soil with
20 mg 1<g_1 of Cd had 6.6 times (non-inoculated) and 5.3 times (inoculated) higher Cd
concentration in shoots than plants grown in soil with 1 mg kg ! of Cd. Inoculation with T.
viride T5 spores did not significantly increase the Cd uptake by oat. The content of copper
in oat shoots was affected neither by Cd concentration in soil nor by inoculation with T.
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viride T5 spores. Interestingly, the level of Zn in shoots of oat plants was the highest in
plants growing in soil containing 20 mg Cd kg~!, and it was 1.6 and 1.8 times higher in
non-inoculated than in inoculated plants, respectively, compared to plants growing in soil
contaminated with 1 mg Cd kg~ !. Inoculation did not increase the Zn uptake regardless of
Cd concentration in the soil (Table 8).

Table 7. The number of Avena sativa leaves, panicles, and seeds per plant grown in soil contaminated
with Cd and inoculated with Trichoderma viride T5. Values are means (n = 15) £+ SE. Values indicated
with distinct letters in a column differ significantly (Kruskal-Wallis, Dunn post hoc test, p < 0.05).

Cd Content in the Leaves Panicles Seeds Number
Soil [mg kg—1] Number Number

1 179+1.1b 324 0.4b¢ 11.9 + 1.4 abd

Noncinoculated 5 171+1.0P 274+02°¢ 10.0 £ 0.9
10 154 +1.1°b 1.8+024d 65+13¢
20 17.1+0.7b 1.9+ 04 55+1.1¢

1 19.8 +0.82 41+04b 145+ 132

Inoculated with 5 17.9 + 0.8 2 4240302 160 £ 152
T. viride T5 10 16.5+0.7b 22+04c 78 +14¢d
20 16.7 +0.8b 25+ 0.5 95+19¢cd

Table 8. Content of Cd, Cu, and Zn in shoots of Avena sativa plants inoculated or non-inoculated with
Trichoderma viride T5 grown in soil contaminated with Cd. Values are means (n = 15) £ SE. Values
indicated with distinct letters in a column are significantly different (one-way ANOVA, Tukey post
hoc test, p < 0.05).

Cd content in the Content in Shoots

Treatment . _
Soil [mg kg1 Cd[mgkg1] Culmgkg !l  Zn[mgkg 1]
1 0.143+£0.01¢ 5674+0.842 29625+ 3.31bc
Noni lated 5 0.209 £0.04¢ 5751 +0332 49310+ 1972
on-mocuiate 10 0387+ 0.07bc 4249+ 0272  39.665 + 0.41 2P
20 0931 +£0.112 4.048-+1552  47.805+6.132
1 0.198 £ 0.03¢ 413440942 255154 4.16°¢
Inoculated with 5 0377 £0.07b 514541602  36.770 + 8.36 2b¢
T. viride T5 10 0.577 +0.08°  3.618+1262  29.555 4 2.86 bc
20 1.050 £ 0.182 4104+ 1.162  47.080 £3.092

Positive correlations were observed between the amount of cadmium added to the soil
and the level of Zn and Cd in oat plants. In contrast, the level of Cd in soil was negatively
correlated with the level of Cu in oat shoots (Figure 2). Cadmium application was also
negatively correlated with shoot length, fresh and dry biomass, and number of panicles and
seeds (Supplementary Figure S3). A positive correlation was observed between inoculation
with T. viride T5 spores and root length, fresh and dry biomass, and shoots’ fresh and
dry biomass (Supplementary Figure S3). Interestingly, a negative correlation between
inoculation with T. viride T5 spores and the levels of Cu and Zn, and a positive between
inoculation with T. viride spores and the level of Cd, were observed (Figure 2).
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Figure 2. Pearson correlation between the amount of cadmium added to the soil, number of seeds,
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levels of Cu, Zn, and Cd in Avena sativa shoots, and the inoculation of oat seeds with Trichoderma
viride T5 spores. Only significant correlations are shown.

3.5. Functional Analysis of A. sativa Metallothioneins (AsMT1-4) in Bacteria Cells

To verify the metal-binding ability of oat MT1-4, the proteins were expressed in E.
coli cells in the presence of Zn and Cd (Figure 3). Bacteria transformed with plasmids
carrying AsMT3 and AsMT4 grew faster under control and stress conditions caused by
metal ions than bacteria transformed with an empty pET vector. The highest difference
in growth rates between bacteria transformed with pET_AsMT3 and pET_AsMT4, and
bacteria bearing an empty pET vector (6 and 5 times higher growth rates, respectively)
was observed in medium supplemented with 0.25 mM Zn. The expression of AsMT1 and
AsMT?2 in bacterial cells did not increase bacteria growth. To verify the possible adverse
effect of IPTG on bacteria growth, the experiment was also performed without the addition
of IPTG (Supplementary Figure S1). Only bacteria transformed with pET_AsMT4 had a
faster growth rate (both under control conditions and in the presence of Zn and Cd ions)
than bacteria transformed with the empty pET vector.
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Figure 3. Comparison of the growth of Escherichia coli cells transformed with empty pET21a(+)
vector and pET21a(+) vectors harbouring coding regions of AsMT1-4 in LB medium (control) and
LB medium supplemented with Zn or Cd ions. The expression of AsMT1-4 was induced by 0.1 mM
IPTG. The relative growth rate is expressed as a slope of bacterial growth curves obtained by plotting
optical density against time. Bars represent means (1 = 9) £ SE. The results obtained for a given
condition were compared, and distinct letters indicate significant differences between E. coli carrying
different plasmids (Kruskal-Wallis, Mann-Whitney; p < 0.05).
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3.6. Expression of A. sativa AsMT1-4 in Plants Growing in Cd-Contaminated Soil

To give insight into molecular mechanisms underlying Cd detoxification and interac-
tion with T. viride in oat plants, gene expression of AsMT1-4 was analysed (Figure 4). The
possibility that heavy metals induce the expression of oat MTs was verified by in silico
analysis of promoter regions of AsMT1-4 genes (Supplementary Table S1). In total, 4, 4, 8,
and 11 MRE were found in AsMT1, AsMT2, AsMT3, and AsMT4 promoters, respectively.
The most common motif was the CuRE motif 5'-GTAC-3', which appeared 20 times in the
promoter sequences of AsMT1-4. The second most abundant motif was 5-TGCRCNC-3/,
found five times (Supplementary Table S1).
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Figure 4. Relative gene expression of Avena sativa metallothioneins (A) AsMT1, (B) AsMT2, (C) AsMT3,
and (D) AsMT4 in two-week-old oat seedlings, inoculated (green bars) or non-inoculated (blue bars)
with Trichoderma viride T5, grown in soil containing 1, 5, 10, and 20 mg Cd per kg of soil. Bars represent
means (n = 2) & SE. Distinct letters mark significant differences (one-way ANOVA, Tukey post hoc
test, p < 0.05).

In inoculated plants, the expression of AsMT1, AsMT2, and AsMT3 in the presence of
1 mg Cd was over two times higher than in non-inoculated samples. However, in plants
growing in soil containing 5, 10, and 20 mg of Cd per kg of soil, the AsMT1-3 expression in
both variants, i.e., non-inoculated and inoculated, was on a similar level. The exception
was AsMT2, where the expression in inoculated seedlings growing in 20 mg/kg of Cd was
1.5 times higher than in non-inoculated plants. The expression of AsMT4 was the highest
in samples inoculated with T. viride in seedlings grown in the presence of 10 mg/kg of
Cd (almost 2-fold higher than in non-inoculated plants). In other variants, the AsMT4
expression in both inoculated and non-inoculated samples was comparable (Figure 4).

Correlation analyses showed high positive correlations among AsMT1-3 but not be-
tween AsMT1-3 and AsMT4 (Supplementary Figure S4). Positive correlations were also
observed between T. viride inoculation and expression of AsMT1-3, but negative correlations
were noted between AsMT1-3 expression and the level of Cd in soil. Neither the inoculation
with T. viride nor the level of Cd in the soil was correlated with the expression of AsMT4
(Supplementary Figure 54).
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4. Discussion

Anthropogenic activities, like mining, the metallurgic industry, fossil fuel extraction,
global transport, and agriculture, contribute to the increasing concentration of heavy metals
insoil [62,63]. Even low concentrations of HM can become hazardous since they accumulate
in the food chain [64,65]. Thus, it is essential to ensure that HM levels in soils and crops
meet regulatory standards [66,67]. Since soil worldwide is contaminated with HM, there
is an urgent need for practical, eco-friendly, and cost-effective remediation methods [68].
Phytoremediation is an eco-friendly and cost-effective method of removing hazardous
pollutants, including HM, by plants. The effectiveness of this method can be increased by
applying microorganisms that can interact with plants to counteract stressful environmental
conditions and improve the plant’s capacity to absorb pollutants. Understanding how
microorganisms and plants respond to HM in their environment is crucial for developing
this remediation method [69,70]. Among several microorganisms, fungi belonging to
Trichoderma are considered suitable for phytoremediation due to their ability to use various
materials as a carbon source, including plastics [71,72], their ability to promote plant
growth and development [18,73-75], and their resistance to xenobiotics [76]. Analysis of the
Trichoderma harzianum transcriptome in response to Cd treatment revealed the up-regulation
of cellular homeostasis, vesicle-mediated transport, and RNA processing. Moreover, sulfur-
compound biosynthesis and glutathione metabolism were induced [77]. T. viride strains
tested in this study differed in Cu, Cd, and Zn tolerance. Strain T1 exhibited the highest
tolerance towards Cd and the lowest towards Zn, and the opposite was observed for strain
T6. The tolerance of Trichoderma to HM, as reported in the literature, is variable. For
example, for Zn, the concentration that inhibited the growth was reported to be four mM
for unclassified Trichoderma strains [78] and 11.47 mM for Trichoderma atrioviride [35]. Those
values range from 1.8 mM [79] to 2.67 mM [35] for Cd. This comparison showed that the
strains of T. viride analysed in this study were highly tolerant to Zn, whereas tolerance to
Cd was similar to other Trichoderma species and isolates. In contrast, the tolerance to Cu
of T. viride T1-6 was relatively low since T. harzianum and T. virens tolerated Cu up to 12
mM [35,80]. Due to the similar physicochemical properties of Zn and Cd, the T. viride strain
T5 was selected for further experiments because this stain had a high tolerance to both
cadmium and zinc.

A seed coat is a rigid structure that protects the embryo from soil pollutants, including
HM. During germination, it ruptures, and Cd content increases in seeds [81]. The negative
impact of Cd on germination was shown for bean (Phaseolus vulgaris L.) [81], Sorghum
bicolor (L.) Moench [82], and wheat (Triticum aestivum L.) [83]. The amount of Cd needed
to inhibit germination differs from species to species and within one species from cultivar
to cultivar [84]. Interestingly, it was also shown that low levels of Cd might positively
affect seed germination and seedling growth [85]. In this study, Cd inhibited oat seed
germination and further seedling growth, and the negative effect was more substantial
for higher cadmium concentrations. In uncontaminated soil, the mean value of Cd is
0.36 mg/kg, although the Cd concentrations greatly depend on continent, country, and
soil types [86]. The mean concentration of Cd in European agricultural soil is 0.15 mg/kg;
in the wide-ranging analysis, croplands containing as much as 52.99 mg/kg of Cd were
detected [87]. The EU risk assessment predicted no effective Cd concentration in soil of
1.1 mg per kg of dry soil based on the toxicity for plants, invertebrates, and animals [87].
Therefore, this study used soil containing 1 mg/kg Cd as a control. The yield (as shown by
the number of panicles and seeds) of oat plants was significantly decreased by cadmium.
For example, plants grown in soil containing 20 mg/kg Cd produced less than half of the
seeds produced by plants grown in the presence of 1 mg/kg Cd. Crop plants significantly
differ in their tolerance to Cd contamination, and there are also substantial differences in
Cd tolerance among cultivars of the same species. A significant decrease in rice yield in soil
contaminated with 1 mg/kg and 3 mg/kg of Cd was observed; however, the number of
seeds produced also depends on the tested cultivar [88]. Compared to other grasses, oat is
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relatively tolerant to Cd stress [89]. Similar to our observations, Cd in soil up to 25 mg/kg
did not significantly affect the growth of oat plants, but the yield was reduced [90].

Fungi belonging to Trichoderma are known for their plant growth-promoting proper-
ties [28,42,44,74,75]. Our previous studies show that T. viride can promote the growth of B.
napus [28,74]. Barley plants inoculated with Trichoderma have up to 20% higher dry biomass
than non-inoculated plants [43]. Similar reports are available for rice [91], sunflower [92],
and maize [93]. The positive effect of microbial inoculation is often visible only in stress
conditions [94]. For example, in control conditions, inoculation with Trichoderma did not
improve wheat growth. Still, under severe water stress, inoculated wheat plants had
higher dry biomass, downregulated water stress-related genes, and lower levels of proline,
hydrogen peroxide, and malondialdehyde compared to non-inoculated plants [95]. In this
study, seed germination and seedling growth were not improved by inoculation with T.
viride in control conditions. Still, in the presence of cadmium, inoculated seeds germinated
quicker, and the growth of seedling roots was enhanced in the presence of 150 and 254 uM
Cd. The growth of plants was improved in soil containing 20 mg/kg Cd by inoculation
with T. viride. The most significant effect was the increase in yield by T. viride inoculation
observed in all Cd concentrations. The improved growth of plants in the presence of cad-
mium by inoculation with T. harzianum [96] and T. atrioviride [33] was shown for B. juncea.
Plant growth promotion by fungi in HM-contaminated environments may be caused by
increasing root absorption area and nutrient uptake [33,96]. The growth of Cicer arietinum
was enhanced by inoculation with Trichoderma sp.; however, the effect was more substantial
when plants were co-inoculated with Trichoderma sp. and Pseudomonas fluorescence [97].
The authors further highlighted that mechanisms that allow micro-organisms to adapt to
and survive in HM-contaminated environments include binding HM to the cell wall and
using siderophores to stop the HM from entering the cell, metalloproteases that bind and
sequester HM in the cell, efflux pumps that eliminate HM from the cells, and antioxidant
systems that reduce the negative effect of HM [97]. Combined with the growth-promoting
properties of fungi belonging to Trichoderma (i.e., production of auxin analogues, organic
acids, and siderophores), an increased tolerance to HM stress in inoculated plants was
observed [29,30,96,97]. Interestingly, the inoculation with T. harzianum did not improve the
growth of barley [98], and inoculation with Trichoderma sp. did not increase the growth and
yield [90] in Cd-contaminated soil. Our recent study demonstrated a significant increase in
B. napus yield by inoculation with T. viride in a field experiment [73]. Those results indicate
that the improvement of plant growth and yield depends on fungi species/strain, plant
species/cultivar, and the condition of the experiments.

Some crop plants are considered Cd-hyperaccumulators, e.g., several species belong-
ing to Brassicaceae, some legumes, and some cereals [99]. For example, B. juncea accumulated
more than 400 pug/g dry weight in leaves [100] and wheat up to 18 mg/kg dry weight [101].
Interestingly, Cd tolerance and accumulation are not usually related [99]. For example,
wheat Cd-sensitive cultivars accumulated more Cd than Cd-tolerant ones [102]. Also, for
oat, low and high Cd-accumulating cultivars were described [103]. The amount of Cd
accumulated in crops and the location of Cd within plants are crucial in terms of nutrition.
The World Health Organization recommends consuming no more than 25 pg of Cd monthly
per kg of body weight. Oat can survive in soil polluted with heavy metals by extracting the
metals from it and transferring them to above-ground parts [52,89,90,104]. The increased
concentration of Cd in the soil led to an increased concentration of Cd in oat shoots. It
is a widely observed phenomenon that the application of fungi belonging to Trichoderma
increases the amount of extracted heavy metals, and this effect was observed for Cd but
not for Cu and Zn in this study. In a study by Cao et al. [33], B. juncea inoculated with
T. atroviride extracted 24% more Ni and 8% more Cd from the soil than non-inoculated
plants did. Applying Trichoderma increased Cd content in shoots of maize plants grow-
ing in a Cd-contaminated soil by 38%, compared to non-inoculated plants [38]. A study
showed that applying T. harzianum positively affected Cd uptake in barley (H. vulgare
L.) [98]. The application of Trichoderma improved the solubility of heavy metals and, as
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a result, increased their uptake by Miscanthus x giganteus ].M. Greef, Panicum virgatum L.,
Phalaris arundinacea L., and Salix sp. [26]. A. sativa has excellent potential to be used in
phytoremediation since it can grow on low-quality soil, can tolerate higher concentrations
of toxic metal ions, and has higher biomass than hyperaccumulators, making the whole
process more efficient [89]. Cadmium uptake influences the uptake of micronutrients since
Cd enters the root using micronutrient transporters such as transporters belonging to ZIP
(zinc-regulated, iron-regulated transporter-like protein) [105,106] and NRAMP (natural
resistance-associated macrophage protein) [107]. In this study, the increased Cd content
in the shoots was positively correlated with the Zn content in the shoots but negatively
with the content of Cu. Zn and Cd have similar physicochemical properties, and usually,
the higher the Cd concentration in the soil, the lower the Zn content in plants [108,109].
However, various external factors, such as pH, affect the interplay between Cd and mi-
cronutrients in soil [110]. Moreover, within plants, Cd interacts with micronutrients. For
example, high zinc reduces Cd transport to shoots, whereas, in low Zn conditions, zinc
translocation to shoots is increased by Cd [111].

Metallothioneins’ primary and firmly documented role in all living organisms is the
homeostasis of micronutrients, mainly zinc and copper, and the detoxification of toxic
metals, mostly cadmium [112]. In mammals, the expression of MTs in response to heavy
metals is regulated by transcription factor MTF-1 (MRE-binding transcription factor-1)
that binds to conserved regulatory motif MRE (metal response element) 5-TGCRCNC-3'
present in MT promoter sequences. MTF-1 contains zinc finger domains and recognises
MRE upon Zn metallation [113]. In yeast, the expression of metallothionein CUPI is
regulated by copper-sensing transcription factor ACE1 that binds to regulator element
5-HTHNNGCTGD-3' [114]. Relatively little is known about the molecular mechanisms un-
derlying the induction of the expression of MTs by cadmium; however, it was demonstrated
that Cd induces the expression of MT in animals [115], plants [116], and bacteria [117].
Databases used for the prediction of regulatory elements in plant-promoter sequences
(e.g., PlantCARE [118] and New PLACE [119]) lack plant-specific MREs; therefore, the
animal MRE consensus sequence was used. The potential role of the regulatory motifs
similar to animal MREs in the induction of the expression of plant MTs in response to heavy
metals has been confirmed [56,58,120]. In addition, plant-specific MRE [56] and CuRE
(copper response element) identified in Chlamydomonas reinhardtii [121] were used. Multiple
potential regulatory elements involved in response to biotic factors [3] and heavy metals
present in analysed promoters support the hypothesis that AsMTs are engaged in plant
interaction with T. viride and /or Cd response. Previously, we identified multiple abiotic
stress response elements in AsMT promoters [3], and the role of AsMTs in response to
drought [17] and osmotic [16] stress was demonstrated. Moreover, we suggested the role of
AsMT1 and AsMT3 in Cd detoxification and the role of AsMT4 as a Zn specificity filter [3].
Heterologous expression of AsMT3 and AsMT4 in E. coli cells improved bacterial growth
in the presence of Zn and Cd. Previously, it was shown that the expression of Brassica
rapa L. MT types 1-3 increases the yeast tolerance to Zn, Cd, and Pb [122]. In contrast, the
expression of B. napus MT4 in E. coli cells improved the growth of bacteria in the presence of
Zn, decreased it in the presence of Cu, and had no effect on its growth in the presence of Cd.
The positive/negative impact on bacteria growth also depended on the concentration of
metals and/or IPTG [123]. Metallothioneins were shown to be involved in HM hyperaccu-
mulation. For example, in a model plant for hyperaccumulators Thilaspi caerulescens (J. Presl
& C. Presl) EK. Mey ., the expression of MT1 and MT2 was higher than in closely related
Arabidopsis thaliana (L.) Heynh. [124]. Moreover, the expression of T. caerulescens MT3 was
higher in a population with high Cd-accumulation and -tolerance [125,126]. A limited
amount of evidence also suggests that MTs are involved in the interaction between plants
and microorganisms. For instance, the expression of canola MTs types 1-3 was higher in
seedlings inoculated with plant growth-promoting fungi T. viride. However, the enhanced
expression was observed only for some T. viride strains, whereas for others, the MT1-3
expression was unaffected [73]. On the other hand, inoculation of B. napus with spores of
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arbuscular mycorrhizal (AM) fungi increased the expression of BuMT2 when plants were
grown in soil without indigenous micro-organisms. In contrast, when indigenous microbes
were present, the inoculation with AM spores decreased the expression of BnuMT?2 [18].
Inoculation of willow (Salix viminalis L.), growing in heavy metal-contaminated soil with
rhizosphere bacteria Bacillus cereus, increased the expression of MT1. No increase in MT1
expression was observed after inoculation with the fungi Hebeloma mesophaeum [127]. In
this study, Cd did not affect AsMT expression, but the inoculation with T. viride increased
the expression of AsMT1-3 in soil containing 1 mg/kg Cd and AsMT4 in soil containing
10 mg/kg Cd. The response of MTs to metals depends not only on metal, plant species, and
type of MT but also on plant organs and the amount of metal [128].

5. Conclusions

Inoculating A. sativa with T. viride might be a promising approach to increase the
yield in Cd-contaminated soil without increasing the Cd content in plant tissues. Using
Trichoderma in agriculture may improve the quantity and quality of produced food. This
could be due to the fungi’s ability to produce auxin analogues, thus improving plant root
growth. Moreover, the secretion of organic acids and siderophores affects the bioavailability
of micronutrients, and toxic HM could be bound to fungi cell walls. This is of great
importance because it could limit the inclusion of Cd in the food chain and thus improve
the health of animals and humans. Meat consumption worldwide is declining for financial,
environmental, and ethical reasons, thus, the importance of crops such as oats in nutrition
is constantly increasing. There is an urgent need to develop strategies to enhance crop
yields in contaminated soils without reducing food quality.
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ions. The relative growth rate is expressed as a slope of bacterial growth curves obtained by plotting
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without IPTG. The results obtained for a given condition were compared, and distinct letters indicate
significant differences between E. coli carrying different plasmids (Kruskal-Wallis, Mann-Whitney;
p < 0.05).; Figure S2: photographs of oat plants inoculated and not inoculated with Trichoderma viride
T5 growing in soil containing Cd after 6 months of growth.; Figure S3: Pearson correlation between
shoot and root length, fresh and dry biomass, number of leaves, panicles and seeds, levels of Cu, Zn,
and Cd, the amount of cadmium added to the soil, and the inoculation of oat seeds with Trichoderma
viride T5 spores. Only significant correlations are shown. Figure S4: Pearson correlation between
AsMT1-4 expression (MT1-4), Trichoderma viride T5 inoculation, and the level of Cd in soil. Only
significant correlations are shown.
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i mikroelementami wzbogacone w mikroorganizmy oraz dodatki funkcjonalne”
09.2021-02.2023, projekt nr 5301.00000190 — WNBIW / 321_21 Grupa Azoty
Zaktady Chemiczne SA., Police, nr 23/2021/GR, badania prowadzone w ramach
projektu badawczo - rozwojowego nr POIR.01.01.01.-00-1313/20

Wykonawca w projekcie ,,Wiecej wiedzy na hektar, mniej chemii na hektar —
badania wstepne nad biologicznymi rozwigzaniami dla rolnictwa” 06.2021-
11.2021, badania finansowane z funduszy Urzedu Marszatkowskiego
Wojewodztwa Kujawsko- Pomorskiego

2.3. Konferencje naukowe

Lp.

Miesiac i

Nazwa i miejsce konferencji rok

Tytul i forma wystapienia Autorzy




Migdzynarodowa konferencja
online ,,Plant productivity and

The expression of oat
metallothioneins increases
under osmotic stress. (referat)

Konieczna W., Mierek-
Adamska A., Warchot
M., Skrzypek E.,
Dabrowska G. B.

food safety: Soil science, IX -
. . . .. .. Turkan S., Konieczna
Microbiology, Agricultural 2021 | Seed germination, antioxidant .
. . .. . W., Mierek-Adamska
Genetics and Food quality”, enzymes activity, proteins, and A Skrzvoek E
Torun sugars content during Brassica e yp ”
napus L. development (referat) Warchot M.,
P ' P Dabrowska G. B.
Misismasiovs
Multidyscyplinarna Konferencja er P Konieczna W., Turkan
, . VI (Brassica napus L.) and oats .
Doktorantow Uniwersytetu 2022 (Avena sativa L) in the S., Mierek-Adamska
Szczecinskiego MKDUS 2.0, ’ A., Dabrowska G. B.
. . presence of heavy metals?
online, Szczecin
(referat)
Migdzynarodowa konferencja Expression of Avena sativa L. Iio(ﬂrencsﬁaqu\%iﬁﬁ-
Mendel Genetics Conference, |VII 2022 | metallothioneins under soil N
Brno, Czech drought (poster) M., Skrzypek E.,
’ Y gntip Dabrowska G. B.
Mls?dzynarodowa kon’fe.renqa Characterization of Avena .
online ,,Plant productivity and . N Chojnacka N.,
g sativa L. metallothionein : :
food safety: Soil science, IX ene family and their Konieczna W., Mierek-
Microbiology, Agricultural 2022 e%( ression zilurin seed Adamska A.,
Genetics and Food quality”, pression & Dabrowska G. B.
Toruf germination (poster)
Heavy metal-induced Konieczna W,
Migdyznarodowa konferencja ex re:s}ion of oat (Avena Chojnacka N.,
,Plant Biology Europe” VII 2023 p . Antoszewski M.,
. . sativa L.) metallothionein .
Marsylia, Francja enes (poster) Mierek-Adamska A.,
& P Dabrowska G. B.
Migdzynarodowa konferencja Protective role of .
A . . . Konieczna W.,
online "Plant security and food metallothioneins during the Glowacka K.. Micrek-
safety: Microbiology, Soil 1X 2023 germination e

Science, Food Quality and
Agricultural Genetics", Torun

of oat (Avena sativa L.) seed

under drought stress (poster)

Adamska A.,
Dabrowska G. B.

2.4. Staze naukowe

Staz migdzynarodowy w Warwick University, Department of Chemistry,
Coventry, Wielka Brytania w dniach 17.01-16.02.2023

Staz krajowy do Instytutu Fizjologii Ros$lin im. Franciszka Gorskiego Panstwowe;j
Akademii Nauk w Krakowie w dniach 09.05-28.05.2021
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