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Wykaz skrótów 

ABA - kwas abscysynowy, ang. abscisic acid 

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

AC - zdolność antyoksydacyjna, ang. antioxidant capacity 

CAT - katalaza, ang. catalase 

FRAP - zdolność redukowana jonów żelaza, ang. ferric reducing antioxidant power 

HM - metale ciężkie, ang. heavy metals 

HSAB - teoria twardych i miękkich kwasów i zasad, ang. hard and soft acids and bases 

theory 

IPTG - izopropylo β-d-1-tiogalaktopiranozyd 

MT - metalotioneina, ang. metallothionein 

MT1 - metalotioneina typu 1, ang. MT type 1 

MT2 - 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 - względna zawartość wody, ang. relative water content 

SOD - dysmutaza ponadtlenkowa, ang. superoxide dismutase 

TPC - całkowita zawartość fenoli, ang. total phenolic content 
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I. Streszczenia 

1. Streszczenie w języku polskim 

Rośliny są narażone na ciągły stres, który może być wywołany czynnikami 

abiotycznymi, np. niedoborem lub nadmiarem wody, obecnością zanieczyszczeń oraz 

obecnością mikroorganizmów lub insektów. W odpowiedzi na niekorzystne czynniki 

środowiskowe w komórkach roślinnych wytwarzane są między innymi reaktywne formy 

tlenu, które w nadmiarze prowadzą do uszkodzeń białek, lipidów i DNA, co może 

prowadzić do śmierci komórki. Rośliny wytworzyły szereg mechanizmów, które 

minimalizują negatywne efekty zmieniającego się środowiska. Metalotioneiny (MT) to 

białka o niskiej masie cząsteczkowej bogate w reszty cysteinowe (Cys). MT zostały 

wykryte u bakterii, ssaków i roślin. Ze względu na swoje zdolności do wiązania jonów 

metali, białka te biorą udział w utrzymaniu homeostazy metali, ale także w procesach 

ich detoksyfikacji. U roślin MT dzieli się na cztery typy, w zależności od liczby i ułożenia 

Cys. Grupa tiolowa -SH Cys może reagować z reaktywnymi formami tlenu, chroniąc 

komórki przed stresem oksydacyjnym.  

Celem niniejszych badań było zidentyfikowanie genów MT owsa Avena sativa 

L. (AsMT) i określenie roli kodowanych przez nie białek w reakcji owsa na czynniki 

abiotyczne (stres suszy, stres osmotyczny, metale ciężkie) oraz biotyczne (obecność 

grzybów Trichoderma viride).  

W genomie A. sativa L. zidentyfikowano 21 genów MT, należących do czterech 

typów (AsMT1-4). W sekwencjach promotorowych tych genów stwierdzono obecność 

cis-elementów odpowiedzialnych za reakcję rośliny na: metale ciężkie, fitohormony, 

światło, niedobór wody i czynniki biotyczne oraz elementów regulatorowych związanych 

z rozwojem roślin. Założono, że MT pełnią szczególną rolę i są niezbędne do 

prawidłowego wzrostu i rozwoju roślin. Wykazano zmiany ekspresji AsMT1-4 

w pierwszych godzinach kiełkowania nasion owsa, przy czym całkowita ilość 

transkryptów AsMT pozostawała taka sama. Analiza funkcjonalna, wykazała, że bakterie 

niosące geny AsMT1-4 charakteryzowały się większą tolerancją na stres osmotyczny 

i  stres wywołany obecnością jonów Zn i Cd. Obecność jonów metali (Zn, Cd oraz 

mieszaniny Zn i Cd) powodował w różnym stopniu zmiany ilości transkryptów AsMT1-

4 w korzeniach i pędach siewek owsa. W warunkach stresu wywołanego metalami 



 
9 

 

ciężkimi w 21-dniowych roślinach owsa obserwowano wzrost zawartości fenoli oraz 

antyoksydantów hydrofilowych i lipofilowych, a zmiany te korelowały z ekspresją 

AsMT. W eksperymencie donicowym wykazano, że wzrost  zawartości Cd w glebie 

powoduje zmniejszenie biomasy owsa i liczby wytworzonych nasion oraz wzrost 

zawartości Cd w części nadziemnej roślin, nie stwierdzono istotnych statystycznie zmian 

ekspresji AsMT. Natomiast stwierdzono zmiany ekspresji AsMT1-3 w obecności T. viride, 

co wskazuje na udział AsMT w interakcji tego gatunku z grzybem saprofitycznym. Stresy 

osmotyczny i suszy powodowały zmiany ekspresji genów AsMT w pędach i korzeniach 

oraz wzrost aktywności enzymów antyoksydacyjnych, zawartości kwasu 

abscysynowego, związków fenolowych i cukrów.  

Przeprowadzone badania wskazały, że MT owsa biorą udział nie tylko 

w odpowiedzi na obecność jonów metali w środowisku, ale są nieodłącznym elementem 

odpowiedzi na stresy osmotyczny i suszy oraz biorą udział w interakcji roślina-grzyb. 

U owsa zwyczajnego poszczególne typy AsMT pełnią zróżnicowane funkcje, 

a ich ekspresja koreluje ze zmianami biochemicznymi zachodzącymi w komórkach 

roślinnych pod wpływem stresów. Metalotioneiny AsMT2 i AsMT3 mogą stanowić 

odpowiednio markery molekularne suszy i stresu osmotycznego. Natomiast AsMT1, 

którego ekspresja jako pierwsza zmienia się w stresie wywołanym obecnością Cd, może 

być wskaźnikiem stresu powodowanego metalami ciężkimi. W przyszłości uzyskane 

wyniki mogą stanowić podstawę do wytworzenia transgenicznego owsa zwyczajnego 

o podwyższonej tolerancji na stresy zwłaszcza spowodowanego odwodnieniem 

i zanieczyszczeniem środowiska metalami ciężkimi, co ma istotne znaczenie w dobie 

zmian klimatycznych. 
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2. Streszczenie w języku angielskim (abstract) 

Plants are exposed to constant stress caused by abiotic factors, such as water 

deficiency or excess, pollutants and biotic factors. In response 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 AsMT. Oat plants 

growing with T. 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 



 
11 

 

the above-ground part of the plants increased. Changes in the expression of AsMT1-3 

were observed in the presence of T. 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 będących podstawą rozprawy doktorskiej 

Praca doktorska obejmuje wyniki badań zawartych w czterech pracach 

eksperymentalnych, opublikowanych w recenzowanych, międzynarodowych 

czasopismach naukowych, których wykaz zawarto poniżej. 
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Konieczna W., Mierek‐Adamska A., Warchoł M., Skrzypek E., 

i Dąbrowska G. B. 
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of Agronomy and Crop Science, 2023, 209(3), 371-389. 

doi.org/10.1111/jac.12633 

IF: 3,7 

IF5-year: 4,0 

MNiSW: 140 
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Konieczna W., Warchoł M., Mierek-Adamska A., Skrzypek E., 
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023-29394-2 
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MNiSW: 140  
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sativa L. and the gene expression during seed germination 
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doi.org/10.3390/antiox12101865 

IF: 6,0 

IF5-year: 6,7 

MNiSW: 100 
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Konieczna W. Turkan S. Warchoł M. Skrzypek E. Dąbrowska 

G. B., i Mierek-Adamska A.  

The contribution of Trichoderma viride and metallothioneins 

in enhancing the seed quality of Avena sativa L. in Cd-

contaminated soil. Foods, 2024, 13(15), 2469. 

doi.org/10.3390/foods13152469 

IF: 4,7 

IF5-year: 5,1 

MNiSW: 100 

 Suma IF 

Suma IF5-year 
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18,2 
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III. Wstęp 

Ziemia jest planetą roślin - to one (oraz inne organizmy przeprowadzające 

fotosyntezę) ukształtowały atmosferę Ziemi, pozwalając na rozwój życia. Pierwsza 

roślina lądowa pojawiła się około 500 milionów lat temu w okresie kambru (Morris i in., 

2018). Od tego czasu rośliny cały czas ewoluują, by dostosować się do warunków 

w jakich przyszło im żyć. W przeciwieństwie do zwierząt, rośliny nie są w stanie 

przenieść się w inne miejsce, gdzie panują korzystniejsze warunki. Rośliny są wrażliwe 

na zmiany środowiska, a każde warunki, które nie są optymalne dla ich wzrostu, 

są definiowane jako warunki stresowe (Zhang i in., 2020). Mimo wielu lat badań 

nie są w pełni poznane mechanizmy stojące za odpowiedzią roślin na czynniki 

powodujące stres. Ich zrozumienie jest kluczowe nie tylko dla dalszego rozwoju nauki, 

ale również ma znaczenie dla rolnictwa oraz zapewnienia bezpieczeństwa 

żywnościowego świata (Zhang i in., 2020). Poznanie kluczowych procesów niezbędnych 

dla przetrwania roślin w trudnych warunkach umożliwi lepsze zrozumienie 

funkcjonowania roślin. Wiedza ta w przyszłości może zostać wykorzystana 

do rozwiązania problemów związanych ze stabilnością produkcji roślinnej. 

Jednym z takich problemów jest niedostateczna produkcja żywności. Kwestia 

ta dotyka głównie krajów z dużą populacją i/lub trudnymi warunkami środowiskowymi. 

Innym problemem, z którym przyszło się nam zmierzyć jest tak zwany głód utajony. 

Jest to sytuacja, w której, mimo dostarczania organizmowi odpowiedniej (lub zbliżonej 

do odpowiedniej) liczby kalorii, ilości składników odżywczych takich jak białko, 

tłuszcze, witaminy czy mikroelementy są niedostateczne. Szacuje się, że ukryty głód 

dotyczy ponad dwóch miliardów ludzi na całym świecie (Lowe, 2021; Weffort 

i Lamounier, 2023).  

1. Stres u roślin 

Stres roślin odnosi się do czynników zewnętrznych, w których efekcie dochodzi 

do nagłych zmian wpływających na wzrost, kwitnienie, rozwój i kiełkowanie nasion, 

fotosyntezę, starzenie się oraz metabolizm komórkowy. W konsekwencji dochodzi 

do obniżenia plonowania i produktywności upraw (Fernandes i Ghag, 2022). Stres 

u roślin dzieli się na ten wywołany czynnikami abiotycznymi (wysoka lub niska 

temperatura, światło, zmiany w ilości dostępnej wody, obecność zanieczyszczeń 
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na przykład metali ciężkich) oraz biotycznymi (obecność insektów 

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

Rośliny wytworzyły skomplikowane mechanizmy, mające na celu zwiększenie 

tolerancji na czynniki zewnętrzne, aby przetrwać w ciągle zmieniającym się środowisku 

mimo osiadłego trybu życia oraz braku układu odpornościowego jaki występuje 

u zwierząt. Podstawą odpowiedzi na środowisko jest odbieranie informacji. 

Do kluczowych cząsteczek sygnałowych zaangażowanych w odpowiedź roślin na stres 

zalicza się jony Ca2+, tlenek azotu (NO) i reaktywne formy tlenu (RFT, ang. reactive 

oxygen species). Podstawowe bodźce, np. światło, mogą powodować depolaryzację błon 

komórkowych roślin w ciągu kilku sekund, co jest powiązane z napływem 

Ca2+ i wypływem anionów przez kanały jonowe. Wapń jest podstawową cząsteczką 

sygnałową, a wzrost jego wewnątrzkomórkowego stężenia jest jedną 

z najwcześniejszych reakcji na bodźce egzogenne. Sygnalizacja Ca2+ reguluje wiele 

procesów w roślinach, w tym regulację transkrypcyjną i późniejsze reakcje fizjologiczne 

oraz rozwojowe (Xu i in., 2022a). Tlenek azotu jest powszechną cząsteczką sygnałową, 

która działa poprzez modulację stresu oksydacyjnego, transportu metali a także 

aktywności niektórych czynników transkrypcyjnych (Kumar i Ohri, 2023). Również RFT 

działają jako cząsteczki sygnałowe - kontrolują i regulują procesy biologiczne takie 

jak wzrost, cykl komórkowy, programowana śmierć komórki, sygnalizacja hormonalna, 

reakcje na stres biotyczny i abiotyczny (Mansoor i in., 2022). W większych ilościach RFT 

powodują uszkodzenia DNA czy peroksydację lipidów, co w efekcie może prowadzić 

do śmierci komórki (Storey i Storey, 2000; Yoshida i in., 2014).  

Zmiany środowiska indukują różne odpowiedzi komórek roślinnych. 

Na przykład wysokie zasolenie czy stres suszy powodują zmiany w osmolarności 

komórek roślinnych poprzez zwiększenie stężenia substancji rozpuszczonych, czego 

efektem jest zmniejszenie potencjału osmotycznego i zwiększenie zdolności rośliny 

do zatrzymywania wody (Tuteja i Sopory, 2008; Zhang i in., 2023). W odpowiedzi 

na czynniki zewnętrzne syntetyzowane są w komórkach roślinnych hormony roślinne 

takie jak kwas jasmonowy, etylen, kwas salicylowy czy kwas abscysynowy (ABA). 

Zmieniające się poziomy tych cząsteczek wywołują różne reakcje komórek 

roślinnych – na przykład wzrost stężenia ABA powoduje zamykanie aparatów 

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

Zmiany klimatyczne towarzyszą roślinom od samego początku ich istnienia, 

jednak nigdy wcześniej nie zachodziły one w tak szybkim tempie jak teraz. Zmiany 

temperatur, dystrybucji opadów i składu atmosfery negatywnie wpływają na wzrost 

oraz plonowanie roślin (Raza i in., 2019; Chaudhry i Sidhu, 2022). Na skutek globalnego 

ocieplenia coraz częściej dochodzi do suszy. W roku 2022 średnia obszarowa temperatura 

powietrza wynosiła w Polsce 9,8 °C i była wyższa o 0,8 °C od średniej rocznej 

wieloletniej (Miętus, 2023). Dodatkowo, w kluczowych dla uprawy rolnej miesiącach 

(od marca do września) opady były niższe, przyczyniając się do zmniejszenia zapasów 

wody w glebie (Główny Urząd Statystyczny, Departament Rolnictwa i Środowiska, 

2023). Susza jest problemem dotykającym wszystkich rolników w Polsce, a straty 

w plonach z powodu deficytu wody mogą wynieść w bieżącym roku nawet 20% (Bernat, 

2024). Woda jest niezbędna do funkcjonowania wszelkich istot żywych. Już Tales 

z Miletu prowadził rozważania na temat istotności wody na świecie i określał ją jako 

arche, czyli praprzyczynę wszystkich bytów (Legutko, 2017). To, jak ważna jest woda 

wspaniale podsumowuje cytat z powieści Antoine de Saint-Exupér’ego „Ziemia, planeta 

ludzi” - „Wodo, […] Nie jesteś niezbędna do życia: jesteś samym życiem”. Na każdym 

etapie rozwoju rośliny jest ona niezbędnym substratem. To od dostępu do wody zależy 

czy nasiono wykiełkuje. Na wczesnym etapie wzrostu i rozwoju rośliny zapotrzebowanie 

na wodę nie maleje, gdyż to waśnie jej dostępność umożliwia szybki wzrost elongacyjny 

komórek (Szmidt-Jaworska i Kopcewicz, 2024). Potencjał wody (Ψw) w glebie musi 

być wyższy niż w korzeniu wówczas mogą one pobierać wodę, która przemieszcza 

się w kierunku malejącego potencjału wody (Ryc. 1). Im gleba jest bardziej sucha, tym 

ma niższy potencjał wody (Van Loon, 2015; Szmidt-Jaworska i Kopcewicz, 2024). 
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Ryc. 1. Schematyczne przedstawienie gradientu potencjału wody (Ψw) między glebą, 

rośliną i atmosferą. Rycina zaprojektowana z wykorzystaniem programu freepik.com. 

W warunkach naturalnych rośliny doświadczają okresów, gdy woda 

jest niedostępna. Susza atmosferyczna występuje, jeśli w danym analizowanym okresie 

suma opadów atmosferycznych jest niższa niż wieloletnia średnia, lub gdy opad wcale 

nie występuje. W jej efekcie może dojść do suszy glebowej i hydrologicznej. Ta pierwsza 

ma miejsce wtedy, gdy wilgotność gleby jest zbyt niska by zaspokoić potrzeby roślin. 

Stwierdza się ją dopiero po zaobserwowaniu reakcji roślin w postaci spadku biomasy 

czy ograniczeniu plonowania. Susza hydrologiczna wynika z obniżenia zawartości wody 

powierzchniowej, przez co dochodzi do zanikania źródeł i cieków wodnych. Innym 

typem suszy jest susza fizjologiczna, która wynika z niemożności pobrania przez roślinę 

wody obecnej w podłożu (Van Loon, 2015; Szmidt-Jaworska i Kopcewicz, 2024). Brak 

dostępu do wody powoduje, że rośliny mają krótsze pędy i korzenie oraz niższą biomasę. 

Dodatkowo susza prowadzi do ograniczenia aktywności fotosyntetycznej roślin 

sterowanej mechanizmem roślinnej odpowiedzi ścisłej (Zia i in., 2021). W celu ochrony 

przed negatywnymi skutkami niedoboru wody rośliny wytworzyły szereg mechanizmów 

obronnych, z których trzy główne strategie opierają się na: 

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

czy betaina, w celu utrzymania turgoru komórek (Hanson i in., 1994; Hoekstra 
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i in., 2001; Mohanty i in., 2002; Ashraf i Foolad, 2007; Gong i in., 2010; Fang 

i Xiong, 2015);  

2) syntezie kwasu abscysynowego (ABA), czyli hormonu odpowiedzialnego 

za zamykanie aparatów szparkowych i hamowanie wzrostu roślin, a dodatkowo 

hormon ten reguluje ekspresję wielu genów na przykład akwaporyn (Dąbrowska 

i Głowacka, 2004; Mordaka i Dąbrowska, 2007), metalotionein (Koszucka 

i Dąbrowska, 2006), u rzodkiewnika (Arabidopsis thaliana (L.) Heynh.) genu 

soc1 związanego z kwitnieniem, genów abi2 i abi4/5 związanych z kiełkowaniem 

nasion, czy genu rd29B związanego z odpowiedzią na suszę (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 wpływu reaktywnych from tlenu powstających 

w odpowiedzi na stres, włączając stres suszy. W celu ochrony przed RFT, rośliny 

w drodze ewolucji wytworzyły enzymatyczne i nieenzymatyczne systemy 

antyoksydacyjne. Najważniejsze enzymy antyoksydacyjne to katalazy 

(CAT, ang. catalase), peroksydazy (PX, ang. peroxidase) i dysmutazy 

ponadtlenkowe (SOD, ang. superoxide dismutase), zaś fenole, witamina C, 

glutation, tokoferole to najważniejsze antyoksydanty nieenzymatyczne (Ashraf, 

2009).  

 

1.2.  Wpływ zanieczyszczenia środowiska na wzrost i rozwój roślin 

Działalność człowieka prowadzi do nieustannych zmian środowiska. Mimo 

rosnącej świadomości ekologicznej ludzi, duża część działań człowieka powoduje wzrost 

zanieczyszczenia środowiska; począwszy od zanieczyszczenia świetlnego, 

przez zanieczyszczenia tworzywami sztucznymi do zanieczyszczeń różnego rodzaju 

pierwiastkami (Briffa i in., 2020). Przemysł metalurgiczny, górniczy, petrochemiczny, 

transport oraz stosowanie niektórych nawozów mineralnych powoduje, że do środowiska 

przedostają się szkodliwe metale ciężkie (HM, ang. heavy metals) takie jak ołów (Pb), 

kadm (Cd), cynk (Zn), miedź (Cu) i inne (Mirsal, 2004; Möller i in., 2005; Stefanowicz 

i in., 2020). Metale ciężkie utrzymują się w środowisku przez stulecia, a nawet 

tysiąclecia, a dodatkowo mogą rozprzestrzeniać się na odległe obszary. Stanowi 

to potencjalne zagrożenie dla zdrowia ludzkiego, ponieważ metale te przedostają 

się do  łańcucha pokarmowego ludzi poprzez bioakumulację w tkankach roślin i zwierząt. 
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Metale ciężkie mogą powodować wady wrodzone, problemy z przewodem 

pokarmowym, wątrobą, nerkami i centralnym układem nerwowym (Zhang i in., 2020; 

Stefanowicz i in., 2020). Wiele z nich ma toksyczny wpływ na organizmy żywe 

już w niewielkich ilościach, jak na przykład kadm (dla człowieka ważącego 70 kg, 

najniższa śmiertelna dawka Cd wynosi 5 g). Cynk jest mikroelementem niezbędnym 

do poprawnego funkcjonowania wszystkich organizmów, ale w nadmiarze staje 

się szkodliwy (powyżej 200 mg na dzień) (Ngole i Ekosse, 2012; Rafati Rahimzadeh i in., 

2017; Ryu i Aydemir, 2020; Charkiewicz i in., 2023). U roślin stres wywołany metalami 

ciężkimi przejawia się zahamowaniem fotosyntezy, ograniczeniem wzrostu i może 

wpływać na asymilację składników odżywczych oraz przyspieszać starzenie się roślin. 

W skrajnych przypadkach może dojść nawet do śmierci rośliny (Rabêlo i Borgo, 2016; 

Singh i in., 2016). Rolę w ochronie komórek roślinnych przed tym stresem odgrywają 

między innymi białka metalotioneiny, które wiążą jony metali i pomagają utrzymać ich 

homeostazę w komórkach (Emamverdian i in., 2015). Podobnie jak w przypadku stresu 

suszy, w obecności toksycznych metali ciężkich dochodzi do produkcji i akumulacji 

RFT. Rośliny, które tolerują obecność metali ciężkich w swoim środowisku mają dobrze 

funkcjonujące systemy antyoksydacyjne, które chronią komórki przed negatywnym 

działaniem RFT (Gill i Tuteja, 2010).  

2. Metalotioneiny 

Metalotioneiny (MT) występują u roślin, zwierząt i bakterii (Koszucka 

i Dąbrowska, 2006; Blindauer, 2011; Capdevila i Atrian, 2011; Mierek-Adamska i in., 

2017, Mierek-Adamska i in., 2018). MT są białkami o niskiej masie cząsteczkowej 

(<10 kDa) i wysokiej zawartości reszt cysteinowych (nawet do 30% w MT2A człowieka) 

(Isani i Carpenè, 2014). To właśnie cysteiny, ułożone w charakterystyczne 

i konserwowane ewolucyjnie motywy, odpowiadają za wiązanie jonów metali, 

a w szczególności jonów Cu(I), Zn(II) i Cd(II) (Leszczyszyn i in., 2013).  

Zidentyfikowano wiele MT roślinnych, które na podstawie liczby i ułożenia reszt 

Cys podzielono na cztery typy (MT1-4) (Ryc. 2). Typ pierwszy (MT1) stanowią białka, 

które w swojej sekwencji zawierają 12 reszt Cys. W typie drugim (MT2) występuje 

14 Cys, a w typie trzecim (MT3) jest ich 10. Z kolei metalotioneiny typu 4 mają 

w sekwencji aminokwasowej aż 17 Cys. Do MT4 należy białko Ec (ang. early cysteine-

labeled) - pierwsza odkryta metalotioneina roślinna wyizolowana z zarodków pszenicy 
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(Triticum aestivum L.). W przypadku pierwszych trzech typów MT, Cys są zgrupowane 

w dwóch regionach na N- i C-końcu białka połączonych fragmentem niezawierającym 

reszt Cys. W typie czwartym MT cysteiny są zlokalizowane w trzech regionach (Lane 

i in., 1987; Koszucka i Dąbrowska, 2006; Freisinger, 2008; Capdevila i in., 2012; 

Leszczyszyn i in., 2013).  

 

 

Ryc. 2. Podział metalotionein roślinnych na podstawie Cobbett i Goldsbrough, 2002. 

C - cysteina, x – dowolny inny niż cysteina aminokwas.  

Cysteina stanowi wyjątkowy aminokwas, gdyż wraz z glicyną, proliną 

i tryptofanem jest jednym z najczęściej konserwowanych aminokwasów w białkach, 

a jednocześnie jest najrzadziej występującym aminokwasem (Marino i Gladyshev, 2010; 

Krick i in., 2014). Co ciekawe, badania wskazują, że jeśli cysteiny są konserwowane, 

to stopień ich konserwacji wynosi 90% lub więcej, co podkreśla jak ważne 

są dla funkcjonalności białek (Marino i Gladyshev, 2010). Dzięki obecności grupy 

tiolowej (-SH) w swojej strukturze, Cys mogą ulegać różnym reakcjom nukleofilowym. 

W związku z tym Cys jest popularnym aminokwasem występującym w miejscach 

aktywnych enzymów (Ulrich i Jakob, 2019). Dodatkowo Cys wiąże metale takie jak Zn, 

Fe, Cu czy Cd z wysokim powinowactwem (Poole, 2015). Ponadto ważną cechą Cys jest 

jej zdolność do przechodzenia odwracalnej i nieodwracalnej oksydacji. Dzięki temu 

białka posiadające ten aminokwas w swojej strukturze mogą reagować z RFT chroniąc 

komórki przed stresem oksydacyjnym (Ulrich i Jakob, 2019). Inną ciekawą obserwacją 

z ewolucyjnego punktu widzenia jest częstość występowania Cys w białkach 

organizmów eukariotycznych. Jako aminokwas kodowany przez dwa kodony, to jej 

częstość występowania jest znacząco niższa niż teoretycznie wyliczona wartość, która 

Metalotioneiny roślinne

 yp 1

12 reszt Cys

motywy 
CxC

 yp 2

14 reszt Cys

motywy 
CC, CxC, CxxC

 yp 3

10 reszt Cys

motywy 
CxC

 yp 4

17 reszt Cys

motywy 
CxC
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równa jest 3,3%. Ponadto częstość występowania Cys wzrasta wraz ze stopniem 

skomplikowania organizmu, i tak u Archea wartość ta jest równa 0,4%, natomiast 

w ssaczym proteomie jest równa 2,3% (Miseta i Csutora, 2000). Ulrich i in. (2019) 

sugerują, że fenomen ten może być związany z koniecznością posttranslacyjnej regulacji 

aktywności białek u wyższych organizmów.  

2.1. Funkcje metalotionein w komórkach roślinnych 

Główną funkcją MT jest utrzymanie homeostazy mikroelementów, zwłaszcza 

cynku, ale także detoksyfikacja szkodliwych jonów metali takich jak kadm (Blindauer 

i Leszczyszyn, 2010). Metalotioneiny wiążą metale poprzez grupy tiolowe Cys 

(Freisinger, 2008; Hassinen i in., 2011; Joshi i in., 2016). Dodatkowo w przypadku MT 

typu 4 potwierdzono udział reszt histydynowych w wiązaniu jonów metali  (Blindauer 

i in., 2007; Blindauer, 2008; Leszczyszyn i in., 2013). Liczba jonów metali wiązanych 

przez MT zależy od liczby Cys. Na przykład MT3 z najmniejszą liczbą Cys są w stanie 

związać maksymalnie cztery jony Zn (Leszczyszyn i in., 2013). W warunkach in vitro, 

inkubacja MT w wysokich stężeniach jonów metali powoduje powstanie form w pełni 

wysyconych, czyli związanych z maksymalną możliwą liczbą jonów metali. 

W komórkach zwierzęcych udowodniono istnienie MT, które miały związane mniej niż 

maksymalną liczbę jonów metali – były w formie niewysyconej metalami (Petering i in., 

2006; Krezel i Maret, 2008). Przypuszcza się, że również w komórkach roślinnych 

występują MT, które związały mniej niż maksymalną możliwą liczbę jonów metali. 

Wydaje się to być szczególnie istotne w przypadku MT biorących udział w odpowiedzi 

na stres oksydacyjny. W sytuacji, gdy nie wszystkie reszty tiolowe są zaangażowane 

w wiązanie jonów, wolne grupy -SH mogą brać udział w innych procesach, na przykład 

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

W przeszłości wielokrotnie wykazano, że ekspresja MT wzrasta w wyniku 

traktowania roślin jonami metali. Na przykład u rzepaku (Brassica napus L.) ekspresja 

BnMT1-4 wzrastała pod wpływem arsenu (Pan i in., 2018), a u Brassica rapa ekspresja  

BrMT1-3 była indukowana przez traktowanie Fe, Cu, Zn i Mn (Ahn i in., 2012). U topoli 

(Populus alba L.) ekspresja PaMT1 i PaMT3 w liściach wzrosła w odpowiedzi 

na traktowanie Zn, zaś ekspresja PaMT2 pozostała bez zmian (Castiglione i in., 2007). 

U wierzby wiciowej (Salix viminalis L.) obserwowano zmiany ekspresji SvMT1 

w obecności mikroorganizmów (Hrynkiewicz i in., 2012). W wyniku traktowania roślin 
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Salicornia brachiata L. jonami Zn i Cu wzrosła ekspresja SbMT2. Nadekspresja SbMT2 

w bakteriach Escherichia coli spowodowała, że bakterie te miały zwiększoną tolerancję 

wobec Zn, Cu i Cd (Chaturvedi i in., 2012). Ekspresja MT4 z ogórka (Cucumis sativus 

L.) indukowana była obecnością zarówno Zn jak i Cd, a bakterie E. coli eksprymujące 

ten gen charakteryzowały się nie tylko zwiększoną tolerancją na te pierwiastki, ale także 

były w stanie akumulować więcej Cd (Duan i in., 2019). Rośliny transgeniczne 

nadeskprymujące MT wykazują większą tolerancję na kadm (Gu i in., 2014; Zhi i in., 

2020),  

Oprócz utrzymania homeostazy mikroelementów i detoksykacji toksycznych 

jonów metali ciężkich wykazano też inne funkcje MT. Przeprowadzono wiele badań, 

w których wykazano zmiany ekspresji MT pod wpływem różnych czynników 

środowiskowych takich jak niska temperatura (Singh i in., 2011), susza (Ozturk i in., 

2002; Akashi i in., 2004), zasolenie (Kim i Kang, 2018), obecność metali ciężkich (Kim 

i in., 2014; Kim i Kang, 2018), a także obecność mikroorganizmów (Dauch i Jabaji-Hare, 

2006; Miles i in., 2011; Dąbrowska i in., 2012a; Hrynkiewicz i in., 2012; Dąbrowska i in., 

2014; Dąbrowska i in., 2021a). Ponadto rośliny transgeniczne nadeskprymujące 

MT charakteryzowały się większą tolerancją na stresy środowiskowe np. na suszę (Kumar 

i in., 2022) i stres osmotyczny (Feng i in., 2022). Co ciekawe ekspresja MT zmienia 

się również w trakcie wzrostu i rozwoju roślin (Moyle i in., 2005; Yuan i in., 2008), 

w tym podczas kiełkowania nasion (Yuan i in., 2008; Zhou i in., 2012; Dąbrowska i in., 

2013). Ta uniwersalność działania MT w reakcji roślin na stresy może być związana 

z właściwościami antyoksydacyjnymi grup tiolowych cystein. Wcześniejsze badania 

przeprowadzone w Katedrze Genetyki wykazały, że nadekspresja MT rzepaku 

w komórkach E. coli ograniczała negatywny wpływ RFT na podziały komórkowe 

bakterii (Mierek-Adamska i in., 2019). Inni badacze wykazali, że transgeniczne rośliny 

A. thaliana, które nadeksprymowały MT2 daktylowca (Phoenix dactylifera L.) 

wykazywały zwiększoną zdolność neutralizowania negatywnych skutków działania RFT 

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

Owies zwyczajny (Avena sativa L.) jest rośliną o dużym znaczeniu 

gospodarczym. W 2022 roku w Europie zbiory owsa wyniosły 7,5 milionów ton 

(Eurostat, 2023). Popularność tego zboża wynika między innymi z prozdrowotnych 

właściwości owsa. Roślina ta była od dawna stosowana w medycynie ludowej do leczenia 

nerwicy i bezsenności. Owies stosowany był także na skórę, w celu jej nawilżenia 

oraz złagodzenia zaczerwień i podrażnień (Singh i in., 2013).  

W Polsce uprawa owsa rozpoczęła się w VII-IX wieku, zaś hodowlę odmian 

rozpoczęto w końcówce XIX wieku (Spiss, 2003; Zarzecka i in., 2018). Wówczas owies 

stanowił podstawę w żywieniu koni, ale już wtedy zaczęto zwracać uwagę na potencjał 

nasion owsa w żywieniu ludzi (Spiss, 2003). Zboże to było szczególnie popularne 

w rejonach górzystych i o trudnym klimacie, bowiem roślina ta dobrze przystosowuje 

się do trudnych warunków środowiska (Zarzecka i in., 2018). Występuje zarówno 

w formie jarej jak i ozimej, w Polsce uprawia się głównie tę pierwszą. Wiązkowy system 

korzeniowy owsa jest w stanie wydajnie pobierać składniki odżywcze z gleby; 

pojedyncze korzenie mogą sięgać nawet do dwóch metrów w głąb gleby. Dzięki temu 

owies dobrze plonuje także na słabszych glebach (Zarzecka i in., 2018). Jest to roślina 

o niewielkich wymaganiach cieplnych, ale wysokich potrzebach wodnych, szczególnie 

w okresie wyrzucania wiech i kwitnienia, który to w Polsce przypada na maj/czerwiec 

(Michalski i in., 1999). Owies jest również znany jako roślina fitosanitarna. Uważany 

jest za dobry przedplon dla innych roślin zbożowych, gdyż charakteryzuje się on dużą 

odpornością na choroby grzybowe, a także dużą naturalną konkurencyjnością w stosunku 

do chwastów (Pawłowski i Deryło, 1988).  

Do rodzaju Avena należą gatunki roślin diploidalnych, tetraploidalnych 

i heksaploidalnych. Gatunki diploidalne mają genomy AA lub CC, tetraploidalne AABB, 

AACC, CCCC lub CCDD, a heksaploidalne – AACCDD. Owies zwyczajny 

jest gatunkiem heksaploidalnym (2n = 6x = 42), który powstał najprawdopodobniej 

poprzez hybrydyzację tetraploidu (CCDD) i diploidu (AA) (Yan i in., 2016a; Yan i in., 

2016b; Jiang i in., 2021). Poziom skomplikowania genomu owsa, podnosi fakt, 

że chromosomy tej rośliny uległy wielu rearanżacjom. Co więcej, proces ten wciąż trwa 

a chromosomy współczesnych odmian owsa mogą być różnie zorganizowane (Tinker 

i in., 2022). W 21 chromosomach owsa zwyczajnego zlokalizowanych jest ponad 
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80 tysięcy genów. Z tego powodu prace nad zsekwencjonowaniem genomu owsa 

prowadzone były przez długi czas, a pełna sekwencja genomu została opublikowana 

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

W ostatnich latach wzrasta zainteresowanie żywnością ekologiczną 

i zrównoważonym odżywaniem się. Nasiona owsa i produkty pochodzenia owsianego 

idealnie wpisują się w ten trend, bowiem są one bardzo dobrym źródłem wapnia, tłuszczy, 

białek, witamin (A, B i E) oraz błonnika (Butt i in., 2008). W porównaniu do ziaren 

pszenicy, ziarna owsa zawierają więcej aminokwasów egzogennych, takich jak treonina, 

metionina, lizyna, fenyloalanina, tyrozyna, walina i leucyna (Zarzecka i in., 2018). 

Nasiona owsa zawierają też więcej błonnika niż nasiona pszenicy, ryżu (Oryza sativa L.) 

czy kukurydzy (Zea mays L.) (Singh i in., 2013). Wykazano, że błonnik pochodzenia 

owsianego efektywnie obniża poziom cholesterolu oraz normuje poziom cukru we krwi 

(Wood i in., 1990; Wood, 1991; Kahlon i Chow, 1997). Ważnym składnikiem błonnika 

jest β-glukan, czyli polisacharyd o wyjątkowych właściwościach. Już w stężeniu 

1% roztwory β-glukanu wykazują wysoką lepkość, która jest stała w szerokim zakresie 

pH (2-10), ale zmienia się wraz ze wzrostem temperatury (Butt i in., 2008). Dzięki temu, 

w przewodzie pokarmowym tworzy lepkie żele, które zaspokajają uczucie łaknienia 

i spowalniają pasaż treści pokarmowej. Dodatkowo zwiększona lepkość ogranicza 

wchłanianie cukrów, tłuszczu i cholesterolu oraz zwiększa wydalanie kwasów 

żółciowych z organizmu, obniża stężenie glukozy we krwi po posiłku (Wood i in., 1994; 

Zarzecka i in., 2018). Dotychczasowe badania oparte o analizy genomu owsa pozwoliły 

wykazać, że produkty spożywcze uzyskiwane z owsa są bezpiecznym pokarmem dla osób 

chorych na celiakię. Wynika to z faktu, że w porównaniu do innych zbóż jak pszenica, 

czy jęczmień (Hordeum vulgare L.), w genomie owsa jest niewielka liczba kopii genów 

kodujących epitopy glutenu oraz innych wysoce immunogennych białek (Kamal i in., 

2022; Leišová-Svobodová i in., 2022).  

Poznanie genomu rośliny umożliwia dogłębne zrozumienie mechanizmów 

leżących u podstaw wszystkich procesów zachodzących w roślinach, w tym wzrostu 

i rozwoju oraz odpowiedzi na stresy środowiskowe. Pełne pojęcie procesów 

zachodzących w roślinach w wyniku stresu, na przykład suszy, jest kluczowe dla dalszego 

rozwoju nowoczesnego rolnictwa. W obliczu zmian klimatycznych oraz rosnącej 

światowej populacji niezwykle ważne jest scharakteryzowanie szlaków biorących udział 
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w odpowiedzi na stresy środowiskowe, które w największym stopniu zagrażają roślinom 

i zmniejszają plony.  
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IV. Cel pracy 

Celem pracy było zidentyfikowanie genów metalotionein owsa (AsMT1-4) 

i określenie roli kodowanych przez nie białek w odpowiedzi na stresy abiotyczne (stres 

osmotyczny, suszy i metali ciężkich) oraz biotyczne (obecność mikroorganizmów).  

Szczegółowe cele polegały na: 

1) Poznaniu i scharakteryzowaniu sekwencji nukleotydowych 

i aminokwasowych MT owsa zwyczajnego; 

2) Sprawdzeniu udziału AsMT we wzroście i rozwoju roślin owsa 

zwyczajnego; 

3) Ustaleniu roli AsMT w odpowiedzi roślin owsa zwyczajnego na obecność 

jonów metali ciężkich (Cd i Zn) i grzybów z rodzaju Trichoderma; 

4) Ocenie wpływu stresów suszy i osmotycznego na ekspresję AsMT 

i parametry biochemiczne roślin owsa zwyczajnego.  
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V. Wyniki i dyskusja 

1. Identyfikacja i charakterystyka rodziny genów AsMT 

Od momentu opublikowania sekwencji genomu A. sativa liczba publikacji 

dotyczących analizy genów owsa rośnie. Dostępność sekwencji genomu pozwala 

na lepsze zrozumienie molekularnych podstaw mechanizmów 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). Znajomość molekularnych 

mechanizmów stojących za podstawowymi procesami zachodzącymi w roślinach jest 

kluczowa dla dalszego rozwoju rolnictwa. Wiedza ta umożliwi skrócenie czasu 

niezbędnego do otrzymania nowych odmian. Dodatkowo, poznanie mechanizmów 

stojących za odpowiedzią na stresy środowiskowe umożliwi szybsze i lepsze 

dopasowanie działań rolników, co w konsekwencji może ograniczyć nadmierne zużycie 

środków ochrony roślin i nawozów, ale także przyczynić się do ograniczenia strat 

w uprawach do minimum. W niniejszej pracy doktorskiej postawiono hipotezę 

badawczą, która zakłada, że MT to białka konserwowane ewolucyjnie, o potencjalnej roli 

w wielu procesach zachodzących w roślinach w tym we wzroście i rozwoju 

oraz odpowiedzi na stres.  

Przeprowadzone analizy genomu owsa in silico wykazały obecność 21 genów 

kodujących MT (AsMT). W zidentyfikowanych sekwencjach odnalazłam 

charakterystyczne dla MT motywy bogate w reszty cysteinowe. Na ich podstawie 

sekwencje zaklasyfikowałam do czterech typów roślinnych MT – pięć z nich koduje 

MT1, dziewięć MT2, trzy MT3 oraz cztery MT4. Metalotioneiny A. sativa rozmieszczone 

są na 12 z 21 chromosomów owsa (publikacja 3). Ta mnogość genów MT u owsa 

związana jest z jego heksaploidalnością. Każdy z trzech subgenomów owsa (subgenom 

A, C i D) zawiera przynajmniej po jednym genie kodującym każdy z czterech typów MT. 

Poszczególne subgenomy A. sativa musiały zawierać wszystkie geny niezbędne 

do przetrwania gatunku (publikacja 3). To pokazuje jak ważną rolę w roślinach pełnią 

MT. Ponadto wcześniejsze badania wskazują, że liczba genów MT koreluje 

z ploidalnością i nie zależy od wielkości genomu (Yu i in., 2020). Przykładem są rośliny 

diploidalne: A. thaliana o genomie 135 Mb posiada siedem genów MT (Guo i in., 2003), 

ryż o genomie  420 Mb posiada 11 genów MT (Cheng i in., 2021), a kukurydza o genomie 
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2500 Mb posiada tylko 9 genów MT. U tetraploidalnych B. napus (975 Mb) i B. juncea 

L. (920 Mb) obecnych jest odpowiednio 16 i 12 genów MT (Yu i in., 2020). 

Dzięki dostępności pełnego genomu owsa możliwe było wykonanie analiz 

in silico sekwencji promotorowych genów AsMT pod kątem obecności potencjalnych  

cis-elementów (publikacja 3). Analiza ta pozwoliła na określenie prawdopodobnych 

funkcji białek kodowych przez poszczególne geny AsMT. Na przykład wśród  

cis-elementów obecnych w sekwencjach promotorowych MT owsa obecne były elementy 

odpowiedzi na fitohormony np. na kwas abscysynowy (element ABRE). Najwięcej 

elementów związanych z odpowiedzią na fitohormony posiadały promotory genów 

AsMT2 i AsMT4. Kolejną liczną grupą cis-elementów obecnych w promotorach  

AsMT1-4 były cis-elementy zaangażowane w odpowiedź na stres suszy (elementy DRE, 

MBS, MYB), stres wywołany obecnością metali ciężkich (MRE, CuRE), czy stresy 

biotyczne wywołane obecnością mikroorganizmów (W-box, AT-rich sequences, TC-rich 

repeats). Co ciekawe, suma cis-elementów związana z odpowiedzią na stresy abiotyczne 

była podobna wśród wszystkich genów AsMT i średnio wynosiła 11. Jednak w przypadku 

elementów związanych z odpowiedzią na stres suszy najwięcej elementów obecnych było 

w promotorach genów AsMT4. W promotorach AsMT1-4 obecne były też elementy 

związane z rozwojem rośliny, na przykład związane z rozwojem merystemów (CAT-box, 

NON-box) czy powstawaniem nasion (RY-element) (publikacja 3). Przeprowadzone 

analizy z dużym prawdopodobieństwem wskazują, że AsMT są zaangażowane we wzrost 

i rozwój roślin, a także w odpowiedź rośliny na stresy środowiskowe. Podobne 

obserwacje przedstawiono odnośnie  MT u innych roślin: kukurydzy, ryżu i rzodkiewnika 

(Zhou i in., 2006; Dąbrowska i in., 2012b; Yu i in., 2020). Udowodniono, że promotor 

MT typu 1 ryżu może być zaindukowany przez zranienie oraz traktowanie miedzią i PEG 

(poliglikolem etylenowym) (Lü i in., 2007). Ponadto promotor MT typu 1 ryżu 

gwarantuje specyficzność tkankową oraz jest indukowany przez wiele czynników, w tym 

kwas abscysynowy (ABA), ciemność, suszę i jony metali (Cu, Zn, Pb, Al, Cd i Co) (Dong 

i in., 2010). Niewiele jest jednak doniesień potwierdzających funkcjonalność 

przewidzianych cis-elementów w MT roślinnych, dlatego uzyskane wyniki stanowią 

ważną część charakterystyki genów AsMT i są istotnym wyznacznikiem dalszego 

kierunku badań. 
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2. Udział AsM  w kiełkowaniu owsa zwyczajnego 

Wyniki analizy in silico wskazujące, że w promotorach genów AsMT typu  

1 i 3 obecne są cis-elementy RY-element i GCN4_motif, biorące udział w rozwoju nasion 

ukierunkowały moje badania, w których sprawdziłam ekspresję czterech genów  

AsMT1-4 owsa w kiełkujących nasionach (publikacja 3). Kiełkowanie nasion jest jednym 

z najważniejszych etapów w cyklu życia rośliny, gdyż od tego etapu uzależniona 

jest także wielkość plonu. Założyłam, że ekspresja AsMT będzie zmieniać się trakcie 

kiełkowania nasion, a poziom ekspresji będzie różny w zależności od analizowanego typu 

MT oraz czasu kiełkowania. Geny te były zróżnicowanie eksprymowane. W drugiej 

dobie kiełkowania ekspresja AsMT1 była najwyższa. W przypadku AsMT2 najwięcej 

transkryptów było w 6. i 12. Godzinie kiełkowania. Ilość transkryptów AsMT3 była 

najwyższa w suchych nasionach i w 48. godzinie kiełkowania, a genu AsMT4 w 3., 9. i 

12. godzinie kiełkowania. Po 24. i 48. godzinach od rozpoczęciu kiełkowania ekspresja 

AsMT4 obniżyła się ponad 20-krotnie. W pierwszych  

12. godzinach kiełkowania w nasionach obecnych było najwięcej mRNA genu AsMT4. 

W kolejnych godzinach ilość transkryptów tego genu gwałtownie zmalała, a na wysokim 

poziomie utrzymywało się mRNA AsMT1-3 (publikacja 3). Wysoka ekspresja genów 

AsMT w czasie kiełkowania sugeruje ich ważną rolę w tym procesie. Podobne wyniki 

uzyskano dla rzepaku, gdzie w kiełkujących nasionach stwierdzono ekspresję genów 

należących do czterech typów MT (Dąbrowska i in., 2013). Z kolei Zhou i in. (2012) 

wykazali, że nasiona transgenicznych A. thaliana niosący geny MT typu 2 lub 3 lotosu 

zwyczajnego (Nelumbo nucifera Gaertn.) kiełkowały szybciej w porównaniu z roślinami 

typu dzikiego. W przypadku badań prowadzonych na ryżu zaobserwowano, że OsMT2b 

pełni kluczową rolę w kiełkowaniu nasion poprzez regulowanie poziomu cytokinin 

(Yuan i in., 2008). W dojrzewających nasionach gryki zwyczajnej (Fagopyrum 

esculentum L.) zaobserwowano ekspresję MT3, a także wzrost ekspresji tego genu 

po indukcji jonami Zn (Brkljačić i in., 2004).  

W kiełkowaniu nasion najlepiej zbadana jest rola MT4. Zespół Kawashima i in. 

(1992) pracujący na pszenicy dostrzegł, że geny Ec są eksprymowane w trakcie 

embriogenezy, a ekspresja zanika krótko po rozpoczęciu kiełkowania. Transkrypty MT4 

są 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 dojrzewających nasionach jęczmienia występowanie zarówno transkryptów 

jak i białek MT4 było ograniczone do warstwy zarodkowej i aleuronowej nasiona. 

Dodatkowo wykazano, że MT4 wiąże preferencyjnie jony Zn. Sugeruje to rolę MT4 jako 

magazynu Zn w dojrzewających i dojrzałych nasionach (Hegelund i in., 2012). Zespół 

Schiller i in. (2014) wykazał, że u jęczmienia ekspresja MT4 była najwyższa 28 dni 

po zapyleniu. Co ciekawe, zaobserwowali oni też zmiany w ekspresji genów kodujących 

MT pozostałych typów, sugerując rolę wszystkich typów MT w powstawaniu nasion. 

U rzodkiewnika wykazano, że geny AtMT4a i AtMT4b są eksprymowane 

w dojrzewających zarodkach. Ich wyciszenie z użyciem RNAi zmniejszyło masę nasion 

i spowodowało wolniejszy wzrost siewek, zaś nadekspresja tych genów wywołała 

odwrotny efekt. Dodatkowo wykazano, że ekspresja AtMT4a i AtMT4b koreluje 

pozytywnie z zawartością jonów Zn w nasionach oraz tkankach wegetatywnych. Wyniki 

wskazują na kluczową rolę MT4 jako magazynu jonów Zn, które są wykorzystywane 

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

Oczywistą rolą MT w procesie dojrzewania i kiełkowania nasion 

jest regulowanie i utrzymanie odpowiedniej ilości mikroelementów (Cobbett 

i Goldsbrough, 2002; Kranner i Colville, 2011), jednakże ta funkcja została wykazana 

jedynie dla MT4 i jonów Zn. W dojrzewających nasionach jęczmienia zaobserwowano, 

że transkrypty MT3 utrzymywały się na stałym poziomie podczas rozwoju nasion i były 

obecne we wszystkich tkankach nasion. Sugeruje to rolę MT3 w utrzymaniu homeostazy 

metali, a nie jako białka zapasowe (Hegelund i in., 2012). Wskazuje się też na korelacje 

między kiełkowaniem nasion, poziomem MT a poziom RFT. Reaktywne formy tlenu 

odgrywają kluczową rolę w regulacji procesu kiełkowania (Bailly, 2019). W nasionach 

pomidora traktowanych zmiennym polem magnetycznym zauważono wzrost poziomu 

nadtlenku wodoru oraz ekspresji MT typu 1 i 4 (Anand i in., 2019). Nasiona 

rzodkiewnika, u których gen AtMT2a został wyciszony, były bardziej wrażliwe na chłód 

podczas kiełkowania i miały podwyższony poziom H2O2. Co ciekawe, u roślin 

rzodkiewnika z wyciszonym genem kodującym katalazę zaobserwowano wzrost 

ekspresji AtMT2a pod wpływem działania niskiej temperatury. Sugeruje to wzajemnie 

uzupełniające się działanie AtMT2a i katalazy w regulacji poziomu RFT (Zhu i in., 2009).  
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3. Zaangażowanie AsM  w reakcję siewek owsa zwyczajnego na obecność 

metali ciężkich  

Obecność w promotorach genów AsMT cis-elementów związanych z reakcją 

na działanie metali ciężkich wskazuje na udział tych genów w odpowiedź rośliny 

na działanie HM (publikacja 3). W związku z tym postawiłam hipotezę zakładającą, 

że metalotioneiny owsa są zaangażowane w odpowiedź na Zn i Cd, jednakże rola 

poszczególnych typów MT może być odmienna. W celu sprawdzenia zdolności AsMT 

do ochrony komórek przed stresem wywołany obecnością metali ciężkich w wektor 

ekspresyjny wklonowałam sekwencje kodujące AsMT1-4. Bakterie E. coli niosące geny 

AsMT3 i AsMT4 lepiej tolerowały obecność jonów Zn i Cd w środowisku, w porównaniu 

do bakterii niosących pusty wektor ekspresyjny. W przypadku bakterii transformowanych 

wektorem ekspresyjnym niosącym geny AsMT1 i AsMT2 tempo wzrostu było na takim 

samym poziomie jak u bakterii niosących wektor ekspresyjny nie zawierający wstawki 

(publikacja 4). Podobnie, transgeniczne drożdże niosące geny B. rapa BrMT1-3 lepiej 

tolerowały obecność Cd i Zn w porównaniu do drożdży niosących pusty wektor, 

a największą tolerancją na oba pierwiastki charakteryzowały się bakterie eksprymujące 

BrMT3 (Liu i in. 2021). Z kolei E. coli nadeksprymujące MT jęczmienia HvMT2b2 

i HvMT4 akumulowały więcej Zn i Cd. Wyższe tempo wzrostu transformowanych 

bakterii obserwowano jedynie w obecności Zn. W przypadku Cd tempo wzrostu było 

niższe niż dla bakterii kontrolnych (Pourjalali i in., 2022). Podobne obserwacje opisano 

dla bakterii transformowanych wektorem niosącym sekwencję kodującą  

MT typu 4 z rzepaku, gdzie zaobserwowano szybsze tempo wzrostu bakterii 

transformowanych niż kontrolnych w obecności Zn, zaś w obecności  

Cd nie obserwowano zmian (Mierek-Adamska i in., 2018). Obserwowane różnice  

tj. lepszy wzrost bakterii eksprymujących AsMT3 i AsMT4 w porównaniu do bakterii 

kontrolnych i brak takich różnic w przypadku AsMT1 i AsMT2, wskazują na ochronę 

komórek bakterii przed szkodliwym działaniem Zn i Cd przez AsMT3 i AsMT4, czego 

nie potwierdzono dla AsMT1 i AsMT2 (publikacja 4). Pośrednio  

może to sugerować zaangażowanie AsMT3 i AsMT4 w ochronę komórek owsa 

zwyczajnego przed stresem spowodowanym obecnością Zn i Cd. Co istotne,  

w przypadku B. rapa i H. vulgare MT1 i MT2 również pełnią funkcje ochronne (Liu i in., 

2021; Pourjalali i in., 2022). 
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W kolejnych eksperymentach, mających na celu ustalenie roli MT podczas 

stresu powodowanego obecnością HM sprawdziłam czy ekspresja MT owsa będzie 

zmieniać się w odpowiedzi na traktowanie jonami Zn i Cd, oraz czy będzie ona różna 

w zależności od czasu trwania stresu, typu MT, części rośliny i zastosowanego metalu. 

Siewki owsa w uprawie hydroponicznej traktowałam 100 µM CdSO4 i 200 µM ZnSO4 

i mieszaninie obu pierwiastków (publikacja 3). Pod względem fizykochemicznym 

Zn i Cd są do siebie podobne i w środowisku często występują razem. Ich fizjologiczne 

role i oddziaływanie na organizmy żywe jest natomiast zupełnie odmienne, dlatego 

też ważne jest badanie wpływu obu tych pierwiastków na organizmy żywe (Almeida i in., 

2018). Co ciekawe, wykazano zarówno antagonistyczne jak i synergistyczne interakcje 

pomiędzy tymi pierwiastkami (Moustakas i in., 2011; Puga i in., 2015). Ilość 

transkryptów AsMT była różna w pędach i korzeniach roślin rosnących w warunkach 

kontrolnych (bez obecności HM). Ekspresja AsMT zmieniała się w czasie oraz na skutek 

działania HM. Pod wpływem działania Cd i mieszaniny Zn i Cd wzrastała ekspresja 

AsMT1 i AsMT2 w pędach. W korzeniach zaś w wyniku działania tych czynników 

ekspresja AsMT1 malała. Obecność samego Zn stymulowała ekspresję AsMT2 i AsMT3 

w korzeniach, ale nie pędach roślin. W oparciu o przedstawione wyniki zakładamy, 

że AsMT1 pełni rolę w detoksykacji Cd, a AsMT2 i AsMT3 są zaangażowane 

w utrzymanie homeostazy Zn. Jednakże role te są prawdopodobnie organospecyficzne 

oraz zależą od etapu rozwoju i/lub czasu trwania stresu (publikacja 3). Największe 

fluktuacje w ekspresji odnotowano dla AsMT4. Ekspresja tej AsMT w pędach najwyższa 

była trzeciego dnia traktowania roślin mieszaniną Zn i Cd, w korzeniach zaś najwyższą 

ekspresję odnotowano po czternastu dniach traktowania mieszaniną jonów (publikacja 

3). Wzrost ekspresji AsMT4 tylko w odpowiedzi na jednoczesne działanie Cd i Zn, a nie 

samego Zn lub Cd sugeruje rolę MT typu 4 jako filtrów, które dzięki obecności reszt 

histydyny w swojej strukturze, są w stanie rozróżnić niezbędny do życia 

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

Wielokrotnie wykazano, że na ekspresję MT wypływa obecność 

HM w środowisku jednakże odpowiedź zależy od rodzaju metalu, typu MT, gatunku 

rośliny, organu czy etapu rozwoju (Hsieh i in., 1995; Zhou i Goldsbrough, 1995; Cobbett 

i Goldsbrough, 2002). Na przykład u kawy (Coffea arabica L.) zauważono, że ekspresja 

MT2 wzrastała wraz ze wzrostem stężenia Zn (Barbosa i in., 2017). Gao i in. (2022) 

wykazali zróżnicowaną ekspresję dziewięciu MT kukurydzy zależną od HM  
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(Cu, Cd i Pb). Inne przykłady zmian ekspresji MT pod wpływem HM można znaleźć u 

A. thaliana (Guo i in., 2003), rzepaku (Ahn i in., 2012), jadłoszynu baziowatego 

(Prosopis juliflora L.) (Usha i in., 2009), czy wilca ziemniaczanego (Ipomea batatas L.) 

(Kim i in., 2014). W dwóch pracach, gdzie zbadano ekspresję czterech typów MT 

w odpowiedzi na stres wywołany HM, podkreślone zostały różnice pomiędzy 

poszczególnymi typami MT. Każdy z analizowanych genów w inny sposób reagował na 

dany pierwiastek, a ekspresja była różna w różnych tkankach roślinnych (Pan i in., 2018; 

Gao i in., 2022). Wszystkie te analizy wskazują na to, że u owsa MT rożnych typów 

odpowiadają za utrzymanie homeostazy mikroelementów i detoksykację toksycznych 

jonów, a dodatkowo wykazują też swego rodzaju organospecyficzność.  

3.1. Ocena zawartości Zn i Cd w A. sativa rosnącym w obecności HM 

i Trichoderma viride  

Niektóre rośliny mają wyższą niż inne tolerancję na obecność HM w glebie, 

ale istnieją różne strategie na ograniczanie toksyczności HM. Po pierwsze rośliny 

ograniczają pobieranie HM poprzez immobilizację HM z udziałem mikroorganizmów 

mikoryzowych oraz sekwestrację i kompleksowanie metali przez związki obecne 

w eksudacie korzeniowym. Kolejno, jeśli HM dostaną się do wnętrza rośliny, dochodzi 

do sekwestracji i kompartmentacji HM w komórkach korzenia w przedziałach 

komórkowych np. wakuolach, dzięki czemu ograniczone jest ich toksyczne działanie. 

Część roślin transportuje HM do nadziemnych części roślin gdzie są następnie 

magazynowane (Emamverdian i in., 2015; Ghori i in., 2019). Poprzednio wykazano, 

że rośliny owsa mogą nie tylko wzrastać w obecności jonów Cd, ale także mogą 

go akumulować (Tanhuanpää i in., 2007; Tuma i in., 2014; Rolka, 2015). Założyłam, 

że wraz ze wzrostem stężenia Cd w glebie, stężenie Cd w roślinach owsa będzie 

wzrastało. W celu oceny tolerancji oraz stopnia akumulacji Cd przez rośliny owsa 

wykonałam doświadczenie donicowe, w którym rośliny owsa były hodowane w glebie 

zawierającej od 1 mg do 20 mg Cd na kg gleby. Dodatkowo zamierzałam zweryfikować 

hipotezę zakładającą, że obecność grzyba Trichoderma viride ogranicza akumulację 

Cd w tkankach roślinnych (publikacja 4). Po 6 miesiącach hodowli nie zaobserwowano 

różnic w długościach pędu i korzenia między roślinami rosnącymi w różnych stężeniach 

Cd. Różnice zaobserwowano jedynie w biomasie pędów i korzeni – wraz ze wzrostem 

stężenia Cd w glebie, biomasa roślin malała. Ponadto, wraz ze wzrostem stężenia 
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Cd w glebie malała liczba wytworzonych wiech, a co za tym idzie, liczba powstałych 

nasion (publikacja 4).  

Rośliny owsa są w stanie wydajnie transportować jony Cd z podłoża do części 

nadziemnej rośliny (Ebbs i Kochian, 1998; Gutiérrez-Ginés i in., 2010; Tuma i in., 2014; 

Marchel i in., 2018). Analiza zawartości pierwiastków w części nadziemnej owsa 

potwierdziła, że wraz ze wzrastającym stężeniem Cd w glebie, wzrasta stężenie Cd 

w roślinie. Zaobserwowałam też pozytywną korelację między stężeniem Zn w roślinie, 

a stężeniem Cd w glebie (publikacja 4). Jest to o tyle ciekawe, że Zn i Cd są podobne 

pod względem fizykochemicznym i zwykle im wyższe stężenie Cd w glebie, tym 

mniejsze jest pobieranie Zn przez rośliny (Vasiliadou i Dordas, 2009; Murtaza i in., 

2017). Zawartość Cu pozostawała na takim samym poziomie i korelowała negatywnie 

z poziomem Cd w glebie (publikacja 4). Obserwowana przeze mnie zawartość 

pierwiastków może być  związana z tym, że rośliny lepiej akumulują Zn i Cd niż Cu (Pusz 

i in., 2021). Ponadto, na biodostępność metali w glebie ma wpływ wiele czynników takich 

jak na przykład: pH gleby, przewodność elektryczna, zdolność wymiany kationów 

i zawartość materii organicznej (Bayouli i in., 2020; Yang i in., 2021). Obecność grzybów 

T. viride wpłynęła pozytywnie na biomasę pędów i korzeni oraz liczbę 

wyprodukowanych nasion w obecności Cd, ale nie wpłynęła na zawartość Zn, Cd i Cu 

w części nadziemnej roślin. Mikroorganizmy te są znane ze swoich właściwości 

promujących wzrost roślin (Znajewska i in., 2018; Turkan i in., 2023). Choć tu nie 

zaobserwowaliśmy wpływu T. viride na ilość zakumulowanego Cd w części nadziemnej 

owsa, to dostępne są raporty, w których obecność grzybów z tego rodzaju spowodowała 

wzrost akumulacji Cd w roślinach takich jak B. juncea (Cao i in., 2008) czy H. vulgare 

(Taghavi Ghasemkheili i in., 2022). Dodatkowo, w obecności T. viride plon owsa był 

wyższy, co sugeruje, że obecność tych grzybów ograniczała negatywny wpływ 

Cd na rośliny. Jest to istotne nie tylko w sytuacji, gdy poszukuje się rozwiązań 

związanych z fitoekstrakcją metali z gleby, czyli usuwaniem zanieczyszczeń z gleby 

lub wody z użyciem roślin. Ma to również znaczenie ze względu na zdrowie ludzi, 

bowiem jeśli Cd akumuluje się roślinach wykorzystywanych do żywienia ludzi 

i zwierząt, to może dochodzić do bioakumulacji Cd w łańcuchu pokarmowym. Nasze 

wyniki pokazują, że T. viride zwiększa wytwarzanie nasion przez rośliny owsa, 

a jednocześnie nie zwiększa akumulacji Cd w częściach nadziemnych roślin. Jeśli chodzi 

o akumulację HM w nasionach roślin uprawnych rosnących w glebach skażonych 
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metalami ciężkimi, to wyniki nie są jednoznaczne. Dla soi rosnącej w glebie skażonej 

Zn i Pb nie zaobserwowano wzrostu tych HM w nasionach (Salazar i in., 2012). Podobnie 

dla rzepaku rosnącego w glebie skażonej Cu, Zn, Pb, Cd i Mn nie zaobserwowano 

akumulacji HM w nasionach, która stanowiłaby zagrożenie dla ludzi. Jednak dla nasion 

ryżu i pszenicy rosnących w tej samej glebie przekroczone zostały maksymalne stężenia 

Pb i Cd (Xu i in., 2022b). Dlatego też by ograniczyć konsumpcję HM przez ludzi 

wprowadzono limity zawartości HM w glebach uprawnych (Edelstein i Ben-Hur, 2018).  

W celu określenia roli AsMT1-4 w interakcji roślin z T. viride sprawdziłam 

ekspresję genów MT u roślin owsa zainokulowanych lub niezainokulowanych sporami 

T. viride, rosnących w glebie zawierającej od 1 mg do 20 mg Cd na kg gleby 

(publikacja 4). W roślinach zainokulowanych sporami grzybów ekspresja AsMT1-3 

w obecności 1 mg/kg Cd była dwukrotnie większa w porównaniu z próbkami 

nieinokulowanymi. Natomiast w wyższych stężeniach Cd (5, 10 i 20 mg/kg) ekspresja 

w obu wariantach była na podobnym poziomie. Obserwowano pozytywne korelacje 

pomiędzy inokulacją T. viride a ekspresją AsMT1-3, natomiast negatywne korelacje 

zaobserwowałam pomiędzy poziomem Cd w glebie a ekspresją AsMT1-3. W przypadku 

AsMT4 ekspresja wzrastała po inokulacji sporami grzyba w roślinach rosnących w glebie 

zawierającej 10 mg Cd na kg gleby. Ekspresja tego genu negatywnie korelowała zarówno 

z inokulacją T. viride, jaki i zawartością Cd w glebie i ekspresją pozostałych 

AsMT (publikacja 4). Istnieją dowody na to, że MT biorą udział w interakcjach między 

roślinami a mikroorganizmami – w przeszłości zaobserwowano, że po inokulacji roślin 

rzepaku grzybami arbuskularnymi wzrosła ekspresja MT typu 2 w liściach tych roślin 

w porównaniu do roślin nieinokulowanych (Dąbrowska i in., 2014). Cicatelli i in. (2010) 

wykazali, że inokulacja topoli białej grzybami arbuskularnymi nie tylko powodowała 

zwiększenie biomasy rośliny w glebie zanieczyszczonej Cu i Zn, ale także zaindukowana 

została ekspresja MT typu 1, 2 i 3. Co ciekawe, badania Garsteckiej i in. (2023) wskazują, 

że różne szczepy T. viride w odmienny sposób wpływają na ekspresję MT rzepaku. 

W przypadku MT owsa wykazałam w promotorach tych genów obecność elementów 

związanych z odpowiedzią na stresy biotyczne. Wzrost ekspresji AsMT1-3 odnotowałam 

tylko dla roślin inokulowanych rosnących w obecności 1 mg Cd natomiast wzrost 

ekspresji AsMT4 tylko dla roślin inokulowanych rosnących w obecności  

10 mg Cd. Wskazuje to na odmienne role AsMT1-3 i AsMT4 w interakcji  

roślina - mikroorganizm w glebie skażonej Cd. Ponadto, prawdopodobnie w warunkach 
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intensywniejszego stresu (wyższych stężeń Cd w glebie) grzyby T. viride nie wchodzą 

w interakcje z owsem w takim samym stopniu jak w warunkach bardziej korzystnych, 

gdyż ich metabolizm może być wówczas skierowany na ochronę własnych komórek 

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

4. Zaangażowanie AsM  w reakcję siewek owsa zwyczajnego na stres 

osmotyczny i suszy 

Analizy in silico wykazały w promotorach AsMT obecność wielu elementów 

związanych z odpowiedzią na stres suszy oraz odpowiedzią na kwas abscysynowy. 

Fitohormon ten jest ściśle związany ze stresem suszy u roślin i odpowiada 

m. in. za zamykanie aparatów szparkowych (Szmidt-Jaworska i Kopcewicz, 2024). 

W związku z tym zweryfikowałam hipotezę zakładającą udział MT owsa w reakcji 

na działanie stresów osmotycznego i suszy. Zmiany w wartości potencjału wody 

w środowisku wynikające czy to z suszy atmosferycznej, czy też z suszy fizjologicznej 

wywołują u roślin stres osmotyczny. Wymusza to na roślinach zmiany potencjału 

osmotycznego ich komórek, by móc pobierać wodę z otoczenia. Niedobór wody u roślin 

powoduje zmiany m. in. w morfologii, wymianie gazowej i zawartości chlorofilu 

(Marcińska i in., 2013). W warunkach naturalnych to właśnie susza i nadmierne zasolenie 

gleby są najczęstszymi przyczynami stresu osmotycznego (Xiong i Zhu, 2002). Jednak 

w pracach eksperymentalnych stosuje się inne metody indukcji stresu osmotycznego 

u roślin np. związki chemiczne obniżające potencjał wody takie jak poliglikol etylenowy 

(PEG) i D-mannitol (Udawat i in., 2014; Yadav i in., 2014; Ghosh i in., 2019;).  

PEG i D-mannitol działają poprzez zmniejszenie dostępności wody, naśladując wpływ 

suszy na rośliny. Stosowanie PEG i D-mannitolu w hodowli hydroponicznej jest prostsze 

niż prowadzenie doświadczeń donicowych, jednak wymaga pewnym kompromisów. 

Nie są to warunki identyczne z naturalnymi – brak wpływu rodzaju i heterogeniczności 

gleby, intensywności światła, dostępności składników odżywczych i innych. 

Jest to uproszczona wersja stresu suszy, która skupia się jedynie na deficycie wody 

(Reyes i in., 2023).  

W pierwszym etapie wykonałam analizę funkcjonalną AsMT eksprymowanych 

w bakteriach E. coli, rosnących w pożywce zawierającej PEG lub D-mannitol. 

W warunkach stresu wywołanego przez D-mannitol nie zaobserwowano różnic istotnych 

statystycznie między bakteriami niosącymi geny AsMT1-3 a bakteriami niosącymi pusty 
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wektor. W przypadku PEG, bakterie niosące gen AsMT2 charakteryzowały się szybszym 

tempem wzrostu w porównaniu do pozostałych bakterii (publikacja 1). W literaturze 

niewiele jest doniesień o wpływie nadekspresji roślinnych MT w bakteriach na tolerancję 

stresu osmotycznego. Jednym z dostępnych jest badanie, w którym E. coli eksprymujące 

MT typu 4 z ogórka (Cucumis sativus L.) charakteryzowały się wyższym 

współczynnikiem przeżycia w obecności sorbitolu i chlorku sodu niż bakterie kontrolne 

(Zhou i in., 2019).  

Kolejnym krokiem było sprawdzenie jak stres osmotyczny wpłynie na ekspresję 

AsMT1-3. Siewki owsa hodowałam w hodowli hydroponicznej z dodatkiem PEG  

i D-mannitolu przez 4 dni, a następnie sprawdziłam ekspresję genów AsMT1-3. 

W warunkach stresu wywołanego PEG odnotowałam 1,5-krotny wzrost ekspresji AsMT2 

w pędach. W przypadku roślin traktowanych D-mannitolem – w pędach stwierdziłam 

wzrost ekspresji genów AsMT1-3, a w korzeniach AsMT2 i AsMT3. Najwyższy, 

bo prawie 9-krotny, wzrost ekspresji AsMT2 zaobserwowałam w korzeniach roślin 

traktowanych D-mannitolem (publikacja 1). Następnie, w eksperymencie donicowym, 

rośliny owsa poddałam stresowi suszy przez 14 dni. Nie odnotowałam zmian w ekspresji 

AsMT1 w pędach, a w korzeniach ekspresja tego genu był o połowę niższa niż w roślinach 

kontrolnych. Ekspresja AsMT2 była wyższa 12-krotnie w pędach i 27-krotnie 

w korzeniach roślin poddanych stresowi suszy w porównaniu do próby kontrolnej. 

Ekspresja AsMT3 była 2,6-krotnie wyższa w korzeniach i 2,6-krotnie niższa w pędach 

roślin poddanych stresowi suszy w porównaniu do roślin kontrolnych (publikacja 2). 

W literaturze znajdują się doniesienia wykazujące, że w odpowiedzi na stres 

osmotyczny dochodzi do podwyższenia ekspresji MT. Na przykład u bawełny kosmatej 

(Gossypium hirsutum L.) zaobserwowano wzrost ekspresji MT typu 3 w obecności NaCl 

i PEG (Xue i in., 2009). Pod wpływem działania PEG odnotowano też wzrost ekspresji 

MT1 u ryżu (Yang i in., 2009) i głożyny pospolitej (Ziziphus jujuba Mill.) (Yang i in., 

2015). Ponadto, zwiększoną tolerancję na stres osmotyczny zaobserwowano 

u transgenicznego tytoniu (Nicotiana tabacum L.) nadeksprymującego MT3 z bawełny 

kosmatej (Xue i in., 2009) czy MT1 z ryżu (Kumar i in., 2012). Podobnie stres suszy 

powoduje wzrost ekspresji MT na przykład u ciecierzycy poddanej stresowi suszy przez 

7 dni zaobserwowano ośmiokrotny wzrost ekspresji MT1 (Kumar i in., 2022), a u gryki 

zwyczajnej pod wpływem 15-dniowego stresu suszy ekspresja MT3 wzrosła ponad 
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trzykrotnie w dojrzałych liściach (Samardžić i in., 2010). Wzrost ekspresji MT1 w wyniku 

suszy zaobserwowano również u Cyamopsis tetragonoloba L. Taub. (Jaiswal i in., 2018) 

i MT2 u arbuza (Citrullus lanatus (Thunb.) Mansf) (Akashi i in., 2004). Transgeniczny 

rzodkiewnik nadeksprymujacy MT2 z ciecierzycy (Cicer arietinum L.) w warunkach 

suszy charakteryzował się lepszym wzrostem i zwiększoną zawartością antyoksydantów 

w porównaniu do rośliny dzikiej (Dubey i in., 2019). Podobne wyniki uzyskano 

dla A. thaliana nadeksprymujacego MT2A daktylowca (Phoenix dactylifera L.) (Patankar 

i in., 2019) i MT3 ryżu (Mekawy i in., 2020). Stres osmotyczny indukowany 

z wykorzystaniem PEG i D-mannitolu jest uproszczoną wersją stresu suszy, dlatego 

mechanizmy zachodzące w roślinach w wyniku działania tych dwóch stresów mogą 

się różnić. Nasze badania to potwierdzają, bo widoczne są różnice w ekspresji genów 

AsMT. Odmienna ekspresja AsMT1-3 w odpowiedzi na stresy podkreśla ich różne role 

w roślinach.  

5. Zmiany parametrów biometrycznych owsa zwyczajnego w reakcji 

na czynniki abiotyczne 

Działanie czynników stresowych powoduje w roślinach zmiany wielu procesów 

metabolicznych. Zbadanie zmian zawartości barwników fotosyntetycznych, względnej 

zawartości wody (RWC, ang. relative water content), aktywności enzymów 

antyoksydacyjnych oraz zawartości cukrów, fenoli i antyoksydantów pozwoliło 

na określenie, które szlaki są uruchamiane w komórkach owsa w odpowiedzi na metale 

ciężkie, stres suszy i stres osmotyczny. Ponadto, w celu określenia udział AsMT1-4 

w szlakach metabolicznych, wykonałam analizy korelacji tych parametrów z ekspresją 

badanych MT. Założyłam, że ekspresja AsMT1-4 będzie pozytywnie korelować 

z parametrami związanymi ściśle z odpowiedzią na stres antyoksydacyjny. 

5.1. Metale ciężkie  

Różnice w parametrach biometrycznych siewek owsa traktowanych 

Zn i Cd w stosunku do roślin kontrolnych pojawiły się już w 7. dni traktowania 

(publikacja 3). Obecność Zn w podłożu wpłynęła pozytywnie na produkcję świeżej 

i suchej biomasy pędu i korzenia, w 14. dniu stresu masa była 1,3 razy wyższa niż u roślin 

kontrolnych. Rośliny traktowane Cd lub mieszaniną Zn i Cd miały niższe tempo wzrostu 

i były znacząco mniejsze od roślin kontrolnych – po 14 dniach hodowli pędy tych roślin 

były ponad dwukrotnie krótsze w porównaniu do roślin kontrolnych (publikacja 3). 
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Podobny efekt zaobserwowano dla innych gatunków roślin – m. in. rzepaku, słonecznika 

(Helianthus annuus L.), soi (Glycine max L. Merr.), orzecha ziemnego (Arachis hypogaea 

L.) czy kukurydzy (Shi i Cai, 2010; Krishna i in., 2023). Choć w przeszłości wykazano, 

że suplementacja Zn może obniżać negatywny wpływ działania kadmu (McKenna 

i in., 1993; Cherif i in., 2011), to w tym doświadczeniu nie zaobserwowaliśmy znoszenia 

negatywnego działania Cd kiedy rośliny traktowano mieszaniną Zn+Cd. 

Takie obserwacje uzyskano na przykład dla pszenicy, gdzie traktowanie roślin opryskiem 

Zn obniżyło zawartość Cd w części nadziemnej roślin, w tym w nasionach, zwiększając 

jednocześnie zawartość Zn (Qian i in., 2023). W przypadku badań na owsie brak takiego 

ochronnego działania Zn może wynikać z zastosowania zbyt wysokiego stężenia 

Cd lub sposobu aplikacji Zn.  

Traktowanie roślin jonami Zn w eksperymencie prowadzonym w hodowli 

hydroponicznej nie wywołało istotnych zmian zawartości związków fenolowych 

w siewkach owsa (publikacja 3). Fenole akumulują się w komórkach roślinnych 

w odpowiedzi na różne stresy, w tym stres suszy, co zaobserwowano między innymi 

dla pszenicy (Hura i in., 2016), grochu (Pisum sativum L.) (Juzoń i in., 2013),  kukurydzy 

(Hura i in., 2008; Warzecha i in., 2023) czy łubinu żółtego (Lupinus luteus L.) (Juzoń 

i in., 2013). Mogą one chronić komórki przed RFT, a ich wydajność antyoksydacyjna 

może być nawet wyższa niż ta tokoferolu czy witaminy C (Weidner i in., 2011). Można 

dlatego przypuszczać, że w roślinach owsa traktowanych jonami cynku poziom stresu nie 

był na tyle wysoki by doszło do akumulacji tych związków. W przypadku roślin owsa 

traktowanych mieszaniną Zn i Cd stwierdziłam wzrost zawartości związków fenolowych 

już po trzech dniach stresu, zaś w przypadku traktowania samym Cd dopiero po siedmiu 

dniach traktowania (publikacja 3). Wzrost zawartości związków fenolowych pod 

wpływem działania Cd zaobserwowano już wcześniej na przykład u pszenicy 

(Kobyletska i in., 2022) i u bazylii (Ocimum basilicum L), gdzie zaobserwowano, 

że zawartość związków fenolowych rosła wraz ze wzrostem stężenia Cd w środowisku 

(Korkmaz i in., 2018). Dla bazylii traktowanej Zn zaobserwowano,  

że wraz ze wzrastającym stężeniem tego pierwiastka, zawartość fenoli malała (Mahmoudi 

i in., 2021). Odwrotnych obserwacji dokonano dla czarnuszki siewnej (Nigella sativa L.), 

dla której wraz ze wzrostem stężenia Zn rosła zawartość fenoli (Marichali i in., 2016). 

Fernàndez-Martínez z zespołem (2014) zbadali odpowiedź dwóch odmian topoli  

na traktowanie Zn w dwóch różnych stężeniach. Zauważyli oni, że u odmiany Eridano 
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doszło do wzrostu zawartości fenoli, zaś u bardziej wrażliwej odmiany I-214 zawartość 

fenoli spadła. Wyniki te wskazują, że rośliny bardziej tolerancyjne na Zn zwiększają 

produkcję fenoli w momencie kiedy dawka Zn zaczyna być dla nich toksyczna. U roślin 

bardziej wrażliwych na Zn mechanizm ten nie działa tak sprawnie.  

W wielu roślinach, na przykład u pomidora (Lycopersicum esculentum Mill.) 

i grochu, obserwowano zmiany w zawartości chlorofilu i karotenoidów pod wpływem 

działania Zn (Yadav i in., 2014; Manzoor i in., 2022). Jednak zmiana ta jest zależna 

od stężenia tego pierwiastka – niższe stężenia Zn powodują wzrost zawartości 

barwników, zaś wyższe – ich spadek (Jain i in., 2010; Fatima i in., 2011). W przypadku 

owsa traktowanego Zn nie zaobserwowałam zmian w ilości barwników 

fotosyntetycznych, ale u roślin traktowanych mieszaniną Zn i Cd ich poziom wzrósł,  

a w szczególności zawartość chlorofilu a. Dla roślin traktowanych wyłącznie Cd poziom 

barwników utrzymywał się na podobnym poziomie, jedynie w 14 dniu traktowania 

zaobserwowano wzrost zawartości chlorofilu a (publikacja 3). Odmiennych obserwacji 

dokonano między innymi dla truskawki (Fragaria x ananassa Duch), gdzie wraz 

ze wzrastającym stężeniem Cd, zawartość chlorofilu a i b spadała. Spadek stężenia 

barwników fotosyntetycznych ma prawdopodobnie związek z toksycznym wpływem 

Cd na enzymy biorące udział w syntezie barwników (Muradoglu i in., 2015). Jednak 

w przypadku kukurydzy zaobserwowano, że w wyniku traktowania roślin jonami 

Cd wzrosła zawartość chlorofilu a w młodych liściach, zaś w liściach dojrzałych i starych 

zawartość chlorofilu a utrzymywała się na tym samym poziomie (Drążkiewicz 

i Baszyński, 2005). 

W siewkach owsa traktowanych jonami cynku przez 3 dni zaobserwowałam 

wzrost zawartości antyoksydantów zmierzony metodą FRAP, jednak w kolejnych dniach 

stresu różnica ta zanikła. Zmiany tej nie zaobserwowałam wcale w przypadku analizy 

wykonanej metodą ABTS przez cały czas trwania eksperymentu (publikacja 3). Wzrost 

zawartości antyoksydantów zmierzony metodą FRAP i ABTS zaobserwowałam 

dla siewek traktowanych Cd lub mieszaniną Zn i Cd. Interpretując wyniki należy 

pamiętać, że obie metody bazują na różnych mechanizmach i uzyskiwane wyniki mogą 

się od siebie różnić. Test ABTS jest bardziej specyficzny dla tak zwanych 

przeciwutleniaczy pierwotnych czyli donorów wodoru lub elektronów. W metodzie 

FRAP na wartość pomiaru wpływają też przeciwutleniacze, które działają pośrednio 
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poprzez wychwytywanie tlenu i chelatowanie jonów metali przejściowych. Stąd 

też wynika różnica w pomiarach między tymi dwoma metodami – wartości uzyskiwane 

metodą ABTS są o dwa rzędy wielkości większe w porównaniu do metody FRAP. 

W przeciwieństwie do metody ABTS, metoda FRAP uniemożliwia zmierzenie 

antyoksydantów tiolowych, np. glutationu czy metalotionein. Ponadto ekstrakty roślinne, 

dla których wartość ABTS jest wysoka najprawdopodobniej zawierają więcej 

antyoksydantów pierwotnych (Szydłowska-Czerniak i Łaszewska, 2015; Munteanu 

i Apetrei, 2021). Wyższe wartości FRAP niż ABTS mogą być związane z faktem, 

że metoda ta wyklucza substancje o dużej masie molekularnej, przez co jony żelaza mogą 

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

W celu zrozumienia potencjalnego udziału MT w szlakach biochemicznych 

wykonałam analizę korelacji Pearsona. Stwierdziłam wysoką pozytywną korelację 

między ekspresją AsMT1 i AsMT2 a zawartością związków fenolowych (TPC) 

i pojemnością antyoksydacyjną (AC), a także między AsMT3 a AC w pędach owsa. 

Natomiast w korzeniach, stwierdziłam ujemne korelacje ekspresji AsMT1-3 z TPC i AC. 

W pędach ekspresja AsMT4 korelowała pozytywnie z TPC i negatywnie z AC, 

zaś w korzeniach korelował dodatnio z AC. Można przypuszczać zatem, że AsMT1 

i AsMT2 pełnią rolę w odpowiedzi na stres oksydacyjny w pędach, ale nie w korzeniach 

roślin, zaś w przypadku AsMT4 sytuacja jest odwrotna (publikacja 3). Sugeruje się,że MT 

mogą działać jako pierwotne przeciwutleniacze, ponieważ wykazano bezpośrednią 

reakcję MT z RFT, kiedy nie wszystkie grupy tiolowe są połączone z metalami. Z drugiej 

strony, MT wiążą się z jonami metali przejściowych, w tym miedzi, ograniczając w ten 

sposób reakcje Fentona i Habera-Weissa (Xue i in., 2009; Vašák i Meloni, 2011). 

5.2. Stres osmotyczny i suszy 

Pod wpływem stresu osmotycznego w siedmiodniowych roślinach owsa  

z hodowli hydroponicznej z dodatkiem PEG zaobserwowałam 1,8-krotny wzrost 

zawartości związków fenolowych w korzeniach roślin traktowanych w porównaniu  

do roślin kontrolnych (publikacja 1). Jednak w warunkach stresu suszy 

nie obserwowałam różnic (publikacja 2). W literaturze są dostępne dane, w których 

pokazano, że pod wpływem stresu suszy w roślinach może dojść do zmniejszenia 

zawartości związków fenolowych na przykład u Rehmannia glutinosa (Chung i in., 2006) 

i winorośli (Vitis vinifera L.) (Król i in., 2014) lub do ich wzrostu na przykład u soi 
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(Swigonska i in., 2014) i kukurydzy (Latif i in., 2016). Obserwowane różnice między 

danymi literaturowymi a danymi uzyskanymi przeze mnie wynikać mogą z faktu, 

że do analiz wykorzystano inne części roślin lub materiał roślinny pochodzący z innej 

fazy rozwojowej czy poddany innym czynnikom indukującym stres wodny.  

W przeprowadzonych badaniach w siewkach owsa rosnących w warunkach 

stresu osmotycznego wywołanego działaniem PEG, D-mannitolu oraz w stresie suszy, 

stwierdziłam wzrost zawartości cukrów rozpuszczalnych (publikacje 1 i 2). Akumulacja 

cukrów, które działają jak osmoprotektanty, przez rośliny zwiększa zdolność komórek 

do zatrzymywania wody, co może zmniejszać stres związany z odwodnieniem (Hoekstra 

i in., 2001, Arabzadeh, 2012). Dodatkowo cukry rozpuszczalne pełnią rolę w utrzymaniu 

równowagi redoks w roślinach, przyczyniając się do eliminacji nadtlenku wodoru i wraz 

ze związkami fenolowymi mogą tworzyć zintegrowany system usuwania RFT  

(Bolouri-Moghaddam i in., 2010). Cukry mogą również działać jako cząsteczki 

sygnałowe i regulować ekspresję genów. U rzodkiewnika udowodniono, że cukry 

wpływają na ekspresję między innymi genów zaangażowanych w metabolizm węgla 

(Lloyd i Zakhleniuk, 2004). Co ciekawe egzogenna aplikacja cukrów zwiększyła 

tolerancję rzepaku, kukurydzy, ryżu i rzodkiewnika na stres suszy (Kaur i in., 2021). 

Ponadto u soi poddanej stresowi suszy zaobserwowano wzrost ekspresji genów 

związanych z metabolizmem i transportem cukrów (Du i in., 2020). Jako, że cukry 

rozpuszczalne pełnią tak ważną rolę w regulacji mechanizmów związanych ze stresem 

suszy, zasugerowano, że można użyć ich jako marker do selekcji odmian pszenicy 

i lucerny siewnej (Medicago sativa L.) odpornych na suszę (Hakimi i in., 1995; 

Maghsoodi i Razmjoo, 2015).  

Rośliny owsa poddane stresowi suszy charakteryzowały obniżone zawartości 

chlorofilu a i karotenoidów (publikacja 2). Podobne obserwacje odnotowano 

dla 13 odmian pszenicy twardej (Triticum durum L.) poddanych stresowi suszy, gdzie 

odmiany bardziej wrażliwe na suszę miały obniżoną zawartość chlorofilu (Zaefyzadeh 

i in., 2009). Postuluje się, że obniżona fluorescencja chlorofilu może być narzędziem 

do oceny poziomu stresu suszy u truskawek (Razavi i in., 2008). W warunkach stresu 

osmotycznego wywołanego PEG nie zaobserwowałam zmian w ilości barwników 

fotosyntetycznych, zaś w obecności D-mannitolu poziom chlorofilu a wzrósł 

(publikacja 1). W innych badaniach zaobserwowano, że pod wpływem działania PEG 

zmniejsza się zawartość chlorofilu w ryżu (Hsu i Kao, 2003) i orzechu ziemnym (Meher 
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i in., 2018). Podobnie pod wpływem działania D-mannitolu obserwuje się spadek 

zawartości barwników fotosyntetycznych u eukaliptusa (Eucalyptus camaldulensis 

Dehnh.) (Cha-Um i Kirdmanee, 2010), ryżu (Cha-Um i in., 2010) i kukurydzy (Możdżeń 

i in., 2015). Wyniki te podkreślają, że choć we wszystkich przypadkach rośliny 

są wystawione na działanie deficytu wody, to występują znaczące różnice w niektórych 

parametrach, wskazując na różne mechanizmy odpowiedzi na stres suszy i stres 

osmotyczny wywołany działaniem PEG i D-mannitolu. W warunkach suszy obserwuje 

się spadek parametrów związanych z fotosyntezą, gdyż rośliny chcąc ochronić 

chloroplasty przed uszkodzeniem obniżają tempo fotosyntezy, co jak pokazują najnowsze 

dane sterowane jest wzrostem zawartości sygnałowych alarmonów, nietypowych 

ufosforylowanych nukleotydów (Lichtenthaler, 1987; Boniecka i in., 2017; Dąbrowska 

i in., 2021b). 

Zarówno w warunkach stresu suszy jak i w warunkach stresu osmotycznego 

wywołanego działaniem PEG lub D-mannitolu zaobserwowałam wzrost poziomu 

enzymów antyoksydacyjnych (publikacje 1 i 2). W odpowiedzi na różne stresy obserwuje 

się wzrost zawartości RFT, a w konsekwencji też enzymów antyoksydacyjnych. Jednak, 

jak pokazują badania, w zależności od rośliny oraz czasu trwania i rodzajów bodźców 

wywołujących stres, rośliny wykorzystują enzymatyczne i nieenzymatyczne systemy 

antyoksydacyjne. Działanie tych cząsteczek wzajemnie się uzupełnia i zapewnia roślinom 

ochronę przed RFT (You i Chan, 2015; Nadarajah, 2020). W warunkach stresu deficytu 

wody (wywołanego suszą albo stresem osmotycznym) zaobserwowano wzrost 

aktywności enzymów antyoksydacyjnych między innymi u lucerny (Medicago sativa L.) 

(Zhang i in., 2019), jabłoni (Malus domestica Borkn. cv. Red Fuji) (Wang i in., 2018), 

ryżu (Liu i in., 2019), czy gerbery (Gerbera jamesonii Bolus) (Lai i in., 2007).  

Charakterystyczną zmianą zachodzącą w komórkach roślinnych w odpowiedzi 

na odwodnienie jest wzrost stężenia ABA. Hormon ten odpowiada między innymi 

za zamykanie aparatów szparkowych, ograniczając transpirację. Dodatkowo ABA 

indukuje ekspresję wielu genów, w tym metalotionein (Zhou i in., 2005; Dong i in., 2010; 

Ahn i in., 2012; Szmidt-Jaworska i Kopcewicz, 2024). W pędach siewek owsa 

traktowanych zarówno D-mannitolem jak i PEG zaobserwowałam gwałtowny wzrost 

zawartości ABA, przy czym najwyższe stężenie tego fitohormonu 

obserwowano w roślinach traktowanych D-mannitolem (publikacja 2). W korzeniach 
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stężenie ABA było na porównywalnym poziomie zarówno w kontroli jak i u roślin 

traktowanych PEG i D-mannitolem. Podobnie dla roślin owsa z eksperymentu 

donicowego poddanych stresowi suszy przez 14 dni w pędach zaobserwowałam znaczący 

wzrost stężenia ABA, z tą różnicą, że w tym przypadku wzrost stężenia tego fitohormonu 

miał też miejsce w korzeniach roślin (publikacja 1). Analizy biochemiczne roślin 

poddanych stresowi osmotycznemu i stresowi suszy potwierdzają, że rośliny te znalazły 

się w warunkach stresowych. Szczególną uwagę należy zwrócić na zawartość kwasu 

abscysynowego, hormonu kluczowego w odpowiedzi roślin na stresy abiotyczne, w tym 

stres suszy (Vishwakarma i in., 2017). Zaobserwowałam pozytywne korelacje między 

ilością ABA i ekspresją AsMT2 i AsMT3, a negatywne z ekspresją AsMT1, co wskazuje 

pośrednio na to, że ABA reguluje ekspresję tych genów. Dla wielu innych roślin 

odnotowano wzrost ekspresji MT po traktowaniu ABA czego przykładem są badania 

przeprowadzone na P. juliflora (Usha i in., 2009), G. hirsutum (Xue i in., 2009) i O. sativa 

(Zhou i in., 2005). Sugeruje to, że ABA swoją kluczową rolę w odpowiedzi na stres 

osmotyczny odgrywa nie tylko regulując transpirację, ale także poprzez regulację 

ekspresji MT. Ponadto ekspresja AsMT korelowała pozytywnie z zawartością fenoli 

i aktywnością enzymów antyoksydacyjnych. Uzyskane wyniki są zgodne z obserwacjami 

zespołu Li i in. (2016), którzy wykazali, że nadekspresja genów MT może znacząco 

poprawić tolerancję roślin na suszę i towarzyszy jej podwyższona aktywność enzymów 

przeciwutleniających. Powyższe dane potwierdzają, że MT owsa, podobnie jak i innych 

roślin biorą udział w regulacji zawartości RFT w komórkach. 
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VI. Podsumowanie i wnioski 

• Genom heksaploidalnego owsa zwyczajnego (Avena sativa L.) zawiera 21 genów 

metalotionein, należące do czterech typów (AsMT1-4) (publikacja 3).  

• Promotory genów AsMT1-4 zawierają sekwencji regulatorowe odpowiedzialne 

za reakcję owsa m.in. na: fitohormony, światło, suszę i stresy wywołane metalami 

ciężkimi. Analizy sekwencji promotorowych wskazały na potencjalną rolę 

MT w adaptacji owsa do warunków stresowych, i ich rolę w regulacji rozwoju 

i wzrostu rośliny (publikacja 3).  

• Ekspresja AsMT owsa wszystkich czterech typów ulega zmianom podczas 

kiełkowania nasion. Całkowita zawartość transkryptów AsMT1-4 utrzymuje 

się na podobnym poziomie podczas 48 godzin kiełkowania, natomiast zmieniały 

się ilości transkryptów poszczególnych typów AsMT. Wskazuje 

to, że metalotioneiny owsa odgrywają zróżnicowane i uzupełniające się role 

w czasie kiełkowania nasion (publikacja 3). 

• Wykazałam zmiany ekspresji AsMT1-4 w siewkach owsa rosnącego w obecności 

Zn, Cd i mieszaniny Zn i Cd po 3., 7. i 14. dniach od indukcji stresu. Ekspresja 

AsMT1-4 była różna dla każdego typu MT w pędach i korzeniach roślin. 

Zaobserwowałam pozytywne jak i negatywne korelacje między ekspresją  

AsMT1-4 a parametrami pokazującymi potencjał antyoksydacyjny roślin, a rodzaj 

korelacji zależał od części rośliny i porównywanego parametru (publikacja 3). 

• Długotrwały stres wywołany obecnością Cd w glebie nie wpływa negatywnie 

na wzrost siewek owsa, ale powoduje spadek liczby nasion. Wraz ze wzrostem 

ilości kadmu w glebie wzrasta jego zawartość w części nadziemnej owsa. 

Aplikacja spor grzybów T. viride oddziałuje pozytywnie na wzrost plonowania 

A. sativa i co ważne nie powoduje wzrostu zawartości Cd w roślinie oraz wpływa 

na zmiany ekspresji AsMT1-4 (publikacja 4). 

• Analiza funkcjonalna wykazała, że E. coli eksprymujące AsMT1-4 owsa  

w warunkach stresu wywołanego obecnością Zn i Cd oraz PEG i D-mannitolu 

wykazują zwiększone tempo wzrostu w porównaniu do bakterii 

transformowanych pustym wektorem ekspresyjnym. Wskazuje to na udział 

AsMT2 w ochronie komórek bakteryjnych przed działaniem stresu osmotycznego 

oraz AsMT3 i AsMT4 w ochronie przed stresem wywołanym Zn i Cd (publikacje 

1 i 4).  
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• W warunkach stresu osmotycznego spowodowanego działaniem PEG  

i D-mannitolu w siewkach owsa wzrasta zawartość ABA, fenoli, cukrów 

rozpuszczalnych i enzymów antyoksydacyjnych oraz zmienia się ekspresja AsMT. 

Obecność D-mannitolu powodował wzrost ekspresji AsMT1-3 w pędach  

i AsMT2-3 w korzeniach owsa zwyczajnego. Aplikacja PEG wpływała na wzrost 

ekspresji AsMT2 w korzeniach. Zmiany ekspresji AsMT1-3 korelowały 

ze zmianami parametrów biochemicznych, co wskazuje na zaangażowanie 

AsMT1-3 w odpowiedź owsa na stres osmotyczny. Ekspresja poszczególnych 

typów MT była odmienna, co sugeruje, że pełnią one różne i uzupełniające się role 

w komórkach owsa (publikacja 1). 

• W warunkach stresu suszy u owsa wzrastają zawartości kwasu abscysynowego, 

cukrów i enzymów antyoksydacyjnych oraz zmian ulega ekspresja genów 

AsMT1-3, w szczególności AsMT2, co wskazuje na rolę tych genów w odpowiedzi 

A. sativa na suszę (publikacja 2).  

• Zmiany ekspresji genów AsMT1-3 korelują ze zmianami poziomu ABA 

i aktywności enzymów antyoksydacyjnych. Sugeruje to, że ekspresja  

AsMT jest regulowana przez kwas abscysynowy a metalotioneiny stanowią 

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 qRT- 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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abscisic acid, antioxidant system capacity, metallothioneins, osmoprotectants, osmotic stress, 
photosynthetic pigments

Key points

• Three types of Avena sativa metallothioneins were cloned.
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1  |  INTRODUC TION

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 (1O2), hydro-
gen peroxide (H2O2), superoxide ion ( O⋅−

2
 ) and hydroxyl radical (HO·) 

(Szechyńska- 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 (O2) or 
hydrogen peroxide (Sikora & Świeca, 2018). PXs catalyse the decom-
position of H2O2 to H2O with a reducing agent (e.g. ascorbic acid for 
ascorbate peroxidase; Dąbrowska et al., 2007). CAT does not require 

a reducing agent, and it catalyses the dismutation of H2O2 to H2O 
and O2 (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; Szymańska 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 & Dąbrowska, 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 

• Osmotic stress increased the content of phenols, abscisic acid, sugars, and the activity of 
antioxidant enzymes.

• Expression of oat MTs correlates with the antioxidant enzymes activity and abscisic acid 
content.

• Oat metallothioneins can serve as markers of the occurrence of osmotic stress.
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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 (Dąbrowska 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 
(Dąbrowska, 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; Samardžić 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 (Dąbrowska, Hrynkiewicz, 
& Trejgell, 2012; Dąbrowska, 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  |  MATERIAL S 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 90 mm 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 48 hours 
and then under the light intensity of 100 μmol m−2 s−1 (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 100 μmol m−2 s−1 (16/8 h light/dark). For 
stress induction, polyethylene glycol (PEG 6000) at a concentration 
of 180 g L−1 and mannitol at a concentration of 69 g L−1 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 (EURx) 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 μg of 
total RNA was treated with 1 U of DNase I (Thermo Fisher Scientific) 
and incubated at 37°C for 30 min. The enzyme was inactivated by 
the addition of 1 μL 50 mM 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 μL 
of 10 μM primers, 0.4 μL of 10 mM dNTPs and 1 U of Phusion High- 
Fidelity DNA Polymerase (Thermo Fisher Scientific) in a total vol-
ume of 20 μL. The thermal cycling conditions were as follows: 30 s of 

info:refseq/AY688468.1
info:refseq/AF470355.1
info:refseq/AJ555613.1
info:refseq/CN818146.1
info:refseq/GO588763.1
info:refseq/CN818499.1
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denaturation at 98°C, followed by 30 cycles of amplification (98°C 
for 5 s, 63°C for 10 s and 72°C for 20 s). The amplified PCR prod-
ucts were separated in 1.5% agarose gel stained with EtBr in TAE 
Buffer (40 mM Tris, 20 mM 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 DH5α bacteria using the heat shock method 
(Sambrook & Russell, 2001). Plasmid DNA was isolated using the 
Gene MATRIX Plasmid Miniprep DNA Purification Kit (EURx) ac-
cording to the manufacturer's protocol. The DNA sequencing was 
performed in Genomed, Poland.

2.4  |  In silico 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).

2.5  |  Preparation of expression constructs

Coding regions of AsMT1- 3 were amplified with sequence- specific 
primers containing NdeI (forward primer) and XhoI (reverse primer) 
restriction sites (Table 2). PCR products were digested with NdeI and 
XhoI and ligated with pET21a(+) (Novagen) linearized with NdeI and 
XhoI. The ligation mixture was used to transform E. coli DH5α 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 (50 μg mL−1 ampicillin and 34 μg mL−1 chlorampheni-
col) and 100 g L−1 PEG- 6000 or 109 g L−1 mannitol to OD600 ≈ 0.2. 
To induce the expression of AsMT1- 3, isopropyl- β- 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 OD600 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 qPCR Master Mix (Thermo Fisher 
Scientific). The reaction contained 5 μL of Master Mix, forward 

Primer name Sequence 5′→3′
Amplicon 
name

Amplicon 
size [bp]

AsMT1_f TGTGC TCA TCA TCT TCT CCGA cAsMT1 404a

AsMT1_r GCGAG CAA GTA AAC CACACA gAsMT1 667b

AsMT2_f AGAAA GCA GAT CGA GGTGGT cAsMT2 423a

AsMT2_r GCACA CAG TAA GTA CAGGCG gAsMT2 712b

AsMT3_f GCTCT CTC TCT CCG TTCACA cAsMT3 453a

AsMT3_r ACTCA CAT ACG ATC CGA AGCT gAsMT3 788b

acDNA as PCR template.
bGenomic DNA as PCR template.

TA B L E  1  Primers used for cloning of 
AsMTs.

TA B L E  2  Primers for amplification of open reading frames of 
AsMT1- 3.

Primer name Sequence 5′→3′

eAsMT1_f_Nde AAACA TAT GTC TTG CAG CTG 
TGGACT

eAsMT1_r_Xho AAACT CGA GTT AAC AGT 
TGC AGG GGTTGC

eAsMT2_f_Nde AAACA TAT GTC GTG CTG 
CGG AGGCAAC

eAsMT2_r_Xho AAACT CGA GTT ACT TGC 
AAG TGCACGGG

eAsMT3_f_Nde AAACA TAT GTC GAA CAC CTG 
CGGCAAC

eAsMT3_r_Xho AAACT CGA GTC AGT GGC 
CGC AGGTGCAG
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and reverse primer at final concertation of 0.3 μM each, and 4 μL 
of 10x diluted cDNA in a total volume of 10 μL. Three replicates 
were performed for each reaction. The qPCR reaction was con-
ducted in LightCycler® 480 Instrument (Roche) according to the 
following protocol: 10 min denaturation at 95°C, followed by 40 cy-
cles of amplification (95°C for 15 s, 60°C for 30 s and 72°C for 30 s). 
The SYBR Green I 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 60 s, 55°C for 30 s 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 II; BioTek). Five milligram of plant material was used for 
extraction in 80% ethanol. The samples were shaken for 15 min 
(30 Hz) and then centrifuged (20,000 ×g). The spectrophotometric 
measurement was carried out at the wavelengths of 470, 648 and 
664 nm. The content of chlorophyll a and b and the total amount 
of carotenoids were calculated according to Lichtenthaler and 
Wellburn (1983):

where Aλ is the absorbance value for the wavelength [λ], 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 μL of distilled 
water, 50 μL of the ethanolic plant extract, 200 μL of 5% phenol so-
lution and 1 mL of concentrated H2SO4. The absorbance at 490 nm 
was measured using a microplate reader (Synergy II; 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 5 mg of plant material in 
1 mL of 80% ethanol. The reaction mixture consisted of 150 μL of 
distilled water, 20 μL of the ethanolic plant extract, 250 μL of 25% 
Na2CO3, and 125 μL of Folin– Ciocalteau reagent (diluted with dis-
tilled water 1:1 before use). Absorbance measurements were per-
formed at a wavelength of 760 nm (Synergy II; 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 

Chl. a = 13.36A664 − 5.19 A648

Chl. b = 27.43A648 − 8.12A664

Car =
(

1000A470 − 2.13Chl. a − 97.64Chl. b
)

∕209

Primer name Sequence 5′→3′
Amplicon 
size [bp]

AsMT1_qPCR_f
AsMT1_qPCR_r

CAAAC TGC AAG TGC GGGAAG
TTGTT CTC ATG AGC CACGCC

103

AsMT2_qPCR_f
AsMT2_qPCR_r

CTGCG GAG GGT GCA AGATG
AACGA TGG CTT GGA AGAGGG

96

AsMT3_qPCR_f
AsMT3_qPCR_r

TCCAC CAT GTC GAA CACCTG
TGGCT CTT CTC GGT GTCAAC

107

EIF4A_f
EIF4A_r

TCTCG CAG GAT ACG GAT GTCG
TCCAT CGC ATT GGT CGCTCT

88

HNR_f
HNR_r

ATTGG GTT TGT CAC TTT CCGTAG
CTTGG AGG GTG TCT CGC ATCT

134

TA B L E  3  Primers used for qPCR 
reactions.
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material spiked with stable isotope- labelled internal standards was 
extracted using a methanol/water/formic acid mixture (MeOH/H2O/
HCOOH 15:4:1, v/v/v) (Dobrev & Kamínek, 2002). The extraction 
was repeated twice, and combined extracts were evaporated under 
N2, then resuspended in 5% MeOH in 1 M HCOOH. The fraction con-
taining ABA was evaporated under N2, reconstituted in 70 μL of ACN, 
filtered (0.22 μm nylon membrane), and used for UHPLC analyses. The 
system consisted of UHPLC (Agilent Infinity 1260; Agilent) and a triple 
quadrupole mass spectrometer (Agilent 6410; Agilent) with electro-
spray ionization (ESI). Separation was performed on Ascentis Expres 
RP- Amide analytical column (2.7 μm, 2.1 mm × 150 mm; Supelco) at 
the linear gradient of water vs. ACN both with 0.01% HCOOH. ABA 
standard was from OlChemim (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 0.05 M phosphate buffer (pH 7.0) containing 0.1 mM EDTA. The 
homogenate was centrifuged at 10,000 ×g for 15 min. The activity 
of antioxidant enzymes: superoxide dismutase (SOD), catalase (CAT) 
and peroxidase (PX) were measured spectrophotometrically (Synergy 
II; Bio- Tek). SOD activity was measured by the cytochrome method 
(McCord & Fiodovich, 1969) at λ = 550 nm. CAT activity was assessed 
by measuring the rate of H2O2 decomposition using the method of 
Aebi (1984) at λ = 240 nm. PX activity was determined by measuring 
the amount of oxidation products of 1% p- phenylenediamine in the 
presence of H2O2 at λ = 485 nm (Lűck, 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 
289 bp 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 (109 g L−1) or PEG 6000 (100 g L−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 
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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, AsMT3 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 AsMT2 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 (26.5 mg g−1 DW), compared to the control (14.1 mg g−1 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 

content of these compounds to the level of 3.4 mg g−1 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, 

TA B L E  4  The characteristics of cloned AsMT genes and their homology to other plant MT.

Gene name and NCBI 
accession number

Intron/s 
length 
[bp]

Amino 
acid 
length 
[aa]

Cys residue 
number

Cys sequence 
pattern

Length 
of spacer 
between Cys 
domains [aa]

Protein with highest homology and % of 
identical aa

AsMT1 LC741351.1 267 72 12 (6 + 6) C- X- C 41 F. rubra –  87.93% (O24528.1)
H. vulgare −78.67% (CAD54078.1)

AsMT2 LC741352.1 289 79 14 (8 + 6) CC, C- X- C, 
C- X- X- C

41 P. secunda –  84.72% (AAK38824.1)
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)
O. coarctata − 73.44% (AAF68995.1)

info:refseq/O24528.1
info:refseq/CAD54078.1
info:refseq/AAK38824.1
info:refseq/XP_020580705.1
info:refseq/PIA55396.1
info:refseq/AAF68995.1
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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 

F I G U R E  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), BdMT1 –  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. 
(O24528.1), HvMT1 –  Hordeum vulgare L. (CAD54078.1), HvMT3 –  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), PhMT3 –  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).

F I G U R E  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 O22433.1; Brassica napus L.: BnMT1 AFO70132.1, BnMT2 
AFP57434.1, BnMT3 AFP57435.1; Hordeum vulgare L.: HvMT1 CAD54078.1, HvMT2 XP_044974743.1, HvMT3 CAD88266.1; Oryza sativa 
L.: OsMT1 XP_015617237.1, OsMT2 XP_015645105.1, OsMT3 A1YTM8.1.

info:refseq/OAY84410.1
info:refseq/XP 020173251.1
info:refseq/AAL13057.1
info:refseq/XP 014757938.1
info:refseq/BAF73618.1
info:refseq/XP 020694706.1
info:refseq/XP 010937631.1
info:refseq/O24528.1
info:refseq/CAD54078.1
info:refseq/CAD88266.1
info:refseq/XP 015617237.1
info:refseq/XP 020571140.1
info:refseq/XP 025826729.1
info:refseq/XP 025815067.1
info:refseq/RLM91775.1
info:refseq/AAK38824.1
info:refseq/XP 039846084.1
info:refseq/XP 021313180.1
info:refseq/ACV51811.1
info:refseq/ONM30027.1
info:refseq/Q38804.1
info:refseq/OAP04976.1
info:refseq/O22433.1
info:refseq/AFO70132.1
info:refseq/AFP57434.1
info:refseq/AFP57435.1
info:refseq/CAD54078.1
info:refseq/XP_044974743.1
info:refseq/CAD88266.1
info:refseq/XP_015617237.1
info:refseq/XP_015645105.1
info:refseq/A1YTM8.1
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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 

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 

F I G U R E  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 100 g L−1 PEG or 109 g L−1 
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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F I G U R E  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 100 g L−1 PEG or 109 g L−1 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).
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F I G U R E  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 (180 g L−1) and mannitol (69 g L−1). 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).

F I G U R E  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).
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biochemical mechanisms allowing adaptation to water- deficit stress 
(Fàbregas 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 Król 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 

sugars act as key players in the maintenance of redox balance in 
plants, they contribute to H2O2 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 H2O2. 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. In silico 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 
(Dąbrowska, Hrynkiewicz, & Trejgell, 2012; Dąbrowska, 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 AsMT2 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 300 mM NaCl (Xue et al., 2009). Similarly, 
transgenic A. thaliana (L.) Heynh. overexpressing MT3a from O. sativa 
L. had increased tolerance to NaCl, PEG and CdCl2 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 (Samardžić 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 CdCl2 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.

F I G U R E  7  Effect of osmotic stress on the content of (a) soluble sugars, (b) phenolic compounds and (c) ABA in the shoots and roots of 
oat. Bars represent mean values (n = 5) ± SE. Different letters for each organ indicate significant differences between means (Duncan's 
multiple range test; p ≤ .05).
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Correlation analysis has shown very strong positive correlations 
between the activities of analysed antioxidant enzymes (CAT, PX and 
SOD) and the expression level of MTs; however, those correlations 

were dependent on the type of AsMT and the type of antioxidant 
enzyme. Kumar et al. (2012) showed that MT1 protects against ox-
idative stress primarily through efficient scavenging of ROS in rice. 

F I G U R E  8  Effects of osmotic stress on (a) catalase, (b) peroxidases and (c) superoxide dismutase activity in the leaves and roots of oat. 
Bars represent mean values (n = 5) ± SE. Different letters for each organ indicate significant differences between means (Duncan's multiple 
range test; p ≤ .05).
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TA B L E  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.



14  |    KONIECZNA et al.

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 

F I G U R E  9  Biplot of the first two principal components (PC1 and PC2) for (a) the expression level of AsMT1- 3; the content of SUG, PHE 
and ABA; and the activity of SOD, CAT and PX in shoots (S) and roots (R) of oat seedlings and (b) the distribution of treatments (control, 
mannitol and PEG) based on PC1 and PC2 obtained from the principal component analysis.
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in response to Cd2+ 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 
et al., 2013; Zeitoun- Ghandour et al., 2011). The release of Zn2+ bound 
to MTs via oxidation may have also a significant impact on general cell 
metabolism. In animals, it is now widely accepted that Zn2+ 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 

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 1,2,5, Marzena Warchoł 3,5, Agnieszka Mierek‑Adamska 1,2, 
Edyta Skrzypek 3, Piotr Waligórski 3, Agnieszka Piernik 4 & Grażyna B. Dąbrowska 1*

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 (PN), transpiration (E), stomatal conductance (gs), chlorophyll a, and 
carotenoid were accompanied by high levels of electrolyte leakage, internal  CO2 concentration (Ci) 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  CO2 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  changing1. 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  century2. As Earth warms, incidents of drought will be longer and more  severe3.

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  supply1. 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  rolling4. 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  conditions4.

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  betaine5–8. 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  drought9. ABA triggers a range of physiological processes including 
induction of stomatal closure, modulation of root development, and inhibition of plant  growth10,11. Several lines 
of evidence have shown that drought-responsive genes can be classified into two groups: ABA-dependent and 
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ABA-independent12,13. Uno et al.12 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)14.

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  death15. 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  (O2

·−) to hydrogen peroxide  (H2O2) and oxygen  (O2). 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)16. 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  species17–19

.
Metallothioneins (MTs) are a family of small cysteine-rich proteins present in  eukaryotes20 and some 

 prokaryotes21. 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  cysteines22,23. MTs have been shown to bind a vari-
ety of heavy metal ions (in particular  Cu+,  Zn2+, and  Cd2+) via thiol groups of cysteine  residues24–30. Some plant 
MTs have one or more histidine residues, which can also play a role in binding metal  ions31,32. The expression of 
pMT genes is spatiotemporal and induced by various stimuli, including drought, which suggests that pMTs have 
a role that goes beyond the maintenance of micronutrient homeostasis and toxic metal  detoxication33,34. Several 
lines of evidence have shown that thiol groups of pMTs are powerful antioxidants and can protect plants from 
oxidative  stress33. Moreover, MTs can, by binding  Cu+ ions, stop the Fenton  reaction35–38.

One of the most cultivated cereals worldwide is oat (Avena sativa L.)39. 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  protein40–42. 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  species43–46, 
and the expression of several pMTs is regulated by  ABA47–49. 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  stress15. 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  oat39. 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  mechanisms50. 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  198751, plant metallothioneins have been linked with various 
physiological roles including micronutrient  homeostasis52, toxic metal  detoxication53, reactive oxygen species 
 scavenging54,  senescence55, and stress  response56. Plant MTs have been investigated in various plants such as 
Arabidopsis thaliana (L.) Heynh.57–60, Nicotiana tabacum L.61, Ipomoea nil (L.)  Roth22, Brassica napus L.24,38,62, 
Cucumis sativus L.63, Oryza sativa L.64, and Zea mays L.65. However, only one report on A. sativa metallothioneins 
has been published so  far66. This may be because oat is an allohexaploid species (2n = 6× = 42, AACCDD) with 
a large genome (12.5 Gb), which makes it difficult to work with on the gene  level67. Beginning in 2016, attempts 
were made to sequence the oat  genome68, and in March 2022 the oat genome was  published69. 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  conditions70. 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%, O24528.1) and MT1 from Hordeum vulgare (78.67%, CAD54078.1), AsMT2 is 
most similar to MT2a from Lolium rigidum (84.51%, XP_047054761.1) and MT2 from Poa secunda (84.72%, 
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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  metallothioneins71 and type 4 plant 
 MTs32. 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  pMT70. The 
potential involvement of histidines in metal binding has been suggested also for type 3  pMTs31.

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  experiments54,72,73. 
Regulatory elements play a crucial role in plant responses to various stresses, including drought  stress74. There 
are not many studies comparing promoters of different types of MTs in one plant  species64,65,72. 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. mays61,65,72. 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  promoters61. The promoter of AsMT2 had the highest number of elements involved in light 

Table 1.  Characteristics of putative AsMT1–3 proteins.

Parameter AsMT1 AsMT2 AsMT3

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

AsMT1 MSCSCGSSCGCGSNCKCGKMYPDLDEQASTTTQAQAVVVVGVAHENKAVQFEVASGEGCSCGPNCKCNPCNC

AsMT2 MSCCGGNCGCGSGCKCGTGCGGCKMYPEMEEGVTSSQTLVMGVAPSSKPSFEAAAGATGAENGGCKCGANCTCDPCTCK 

AsMT3 MSNTCGNCDCADKTNCVKKGDSYGIVMVDTEKSHLEEVQQEVAENDGKCKCGTSCSCTNCTCGH

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

Figure 2.  Pie charts depict frequencies of putative cis-regulatory elements in A. sativa L. AsMT1 (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. esculentum75. AtMT1B and AtMT1C in A. thaliana, OsMT1F, OsMT2A, and 
OsMT2B in O. sativa72, EgMT3A and EgMT3B in Elaeis guineensis76, CgMT1 in Casuarina glauca77, and BrMT1 
and BrMT2 in B. rapa78. 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. AsMT1 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  gene79. 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 β-glucuronidase (GUS). For example, in the study by Ren and  Zhao79, 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  levels80. 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  sequence81. 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  H2O2 treatments led to an increase in levels of 
the reporter gene  activity82.

AsMT1–3 expression in response to drought stress. In a limited 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 
 watermelon83 and a three-fold increase in the expression of MT3 in leaves of buckwheat (Fagopyrum esculentum 
Moench) were  observed84. 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 AsMT1 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 OsMT1a44, OsMT2b85, GhMT3a43, and BrMT178, 
are increased by ABA treatment, while the transcription levels of BrMT2 and BrMT3 were  downregulated78.

Contrary to our results, Jaiswal et al.86 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 MT1 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. MT283. 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  WT87. Similar results were obtained for 
A. thaliana L. plants overexpressing the MT2A gene from date  palm88 and OsMT3-a from  rice89. 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  O2

·− and enhanced  H2O2 scavenging  ability83,90,91. 
According to a study done by Li et al.90, overexpression of MT 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  observed92. 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  plants93. Measurements of relative water content (RWC), water loss (WL), electrolyte 



5

Vol.:(0123456789)

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

www.nature.com/scientificreports/

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.



6

Vol:.(1234567890)

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

www.nature.com/scientificreports/

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  stresses94–97.

According to  Hsiao96, 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  stresses95. The photosynthetic water use efficiency (WUE), defined as the ratio of carbon assimilation 
to transpiration, was considerably lower in drought-stressed plants (1.4 µmol  mmol−1) in comparison to well-
watered plants (4.6 µmol  mmol−1) (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.98, 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  CO2 levels and 
reduced photosynthetic activity in the  mesophyll98. At the beginning of drought stress, the stomata close first 
to reduce water transpiration, and as a result, the level of  CO2 in the leaves decreases. When the decrease in net 
photosynthesis  (PN) as a result of drought is accompanied by increased (or unchanged) internal  CO2 concentra-
tion (Ci), non-stomatal factors are the main cause of reduced photosynthetic rate; meanwhile, when decreased 
PN is accompanied by decreased Ci, stomatal factors are the main cause.

Usually, under moderate and severe drought stress, the Ci gradually increases as the PN and stomatal con-
ductance (gs) 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  structure99. 
In our study, drought significantly reduced the content of chlorophyll a and carotenoids in oat leaves (Fig. 5). 
Moreover, the net photosynthesis (PN), transpiration (E), and stomatal conductance (gs) drastically decrease in 
drought-treated plants (Fig. 6A–C). These changes accompany a substantial increase in internal  CO2 concentra-
tion (Ci) (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.100 and Zhang et al.99, PN, E, gs 
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.101. A large decrease in PN and gs 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, PN rate has been closely related to 
chlorophyll  loss102 and all photosynthetic pigments, as well as the disruption or loss of thylakoid  membranes103.

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.
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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  compounds104. These metabolites mainly act as osmolytes, which reduce cellular dehydration 
and participate in the stabilization of enzymes and cellular  membranes105. 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  Arabzadeh106, 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  conditions107. The question of whether plant 
MTs are general stress proteins because of their potential to scavenge  radicals108 or whether they are involved 
in response to some limited stress conditions is still open. Figure 8 shows the activities of antioxidant enzymes: 

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. Student’s t-Test, p ≤ 0.05.

Figure 6.  Leaf gas-exchange parameters: net photosynthesis—PN (A), transpiration—E (B), stomatal 
conductance—gs (C), and internal  CO2 concentration—Ci (D) in shoots of oat seedlings in control and drought 
conditions. Bars represent mean values ± SE. Student’s t-Test, p ≤ 0.05.
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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  study66, 
in oat seedlings subjected to osmotic stress, CAT and PX had the highest activity in the treated plants and SOD 

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.

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.
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had the lowest. A similar observation was reported by Chakraborty and  Pradhan109 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 Gratão et al.110, who hypothesised that SOD acts as the first line of defence against. 
 H2O2 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  H2O2, and thus reduce the harmful effects of oxidative  stress111.

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  resistance112,113. 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 Mäkelä114 on 19 oat cultivars, it was determined that drought stress significantly increased the accumulation 
of ABA, whereas Ci 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  damage14.

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 AsMT1 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,  PN, E, and gs 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 AsMT2 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  drought50. 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 

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  CO2 concentration, ABA—abscisic acid, CAT—catalase activity, SOD—superoxide dismutase activity, 
PX—peroxidase activity.
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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  plants115.

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  sequences66. Since then, the genome assembly of A. sativa has been published in the 
PanOat database (https:// wheat. pw. usda. gov/ GG3/ PanOat)116. For each AsMT gene, a 1500-bp-long fragment 
of genomic DNA upstream of the start codon was retrieved from the PanOat  database116. The promoters were 
analysed using the PlantCARE  database117. Molecular masses and pI of putative oat MT proteins were calculated 
using the Compute pI/Mw tool (ExPaSy)118.

Plant material. Grains of oat cv. Bingo, purchased from Plant Breeding Strzelce Ltd., PBAI Group, Strzelce, 
Łódź Voivodeship, Poland, were sown individually to 3-dm3 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 μmol (hν)  m2  s−1 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 nucleic acid and analysis of AsMT1–3 expression in response to drought stress. 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 

Figure 10.  Oat (Avena sativa L.) cv. Bingo at day 14 of drought treatment.

https://wheat.pw.usda.gov/GG3/PanOat)
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and by spectrophotometric measurement using a NanoDrop Lite Spectrophotometer (Thermo Fisher Scientific, 
USA). To remove any DNA contamination from RNA samples, 1.5 μg 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 μL 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)20 primer and 200 ng random hexamers.

RT-qPCR was performed in a total volume of 10 μL using a Maxima SYBR Green/ROX qPCR Master Mix 
(Thermo Fisher Scientific, US)66. The reaction mixture contained 4 μL of 10 × diluted cDNA and 0.3 μM 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  s66,119. 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)120. 
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.121. Samples were collected from the second fully developed leaf. RWC was calculated according to the 
equation: RWC (%) = (Wf − Wd)/(Wt − Wd) × 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’s122 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 µmol  m−2  s−1. 
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 = EL0 × 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 (PN) and 
transpiration (E), stomatal conductance (gs), and internal  CO2 concentration (Ci) were measured between 9:00 
and 11:00 a.m. The photosynthetic water use efficiency (WUE) was also expressed as  PN/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 λ = 470 nm, λ = 648 nm, 
and λ = 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 
 method123. 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  method124. 
Briefly, the supernatant was mixed with 5% phenol and 96% sulphuric acid. The absorbance of the samples was 
measured spectrophotometrically at λ = 490 nm on a micro-plate reader (Synergy 2, Bio-Tek, Winooski, VT, 

Table 2.  Primers used for qPCR reactions.

Primer name Sequence 5′ → 3′ Product size [bp] Reference

AsMT1_qPCR_f
AsMT1_qPCR_r

CAA ACT GCA AGT GCG GGA AG
TTG TTC TCA TGA GCC ACG CC 103 66

AsMT2_qPCR_f
AsMT2_qPCR_r

CTG CGG AGG GTG CAA GAT G
AAC GAT GGC TTG GAA GAG GG 96 66

AsMT3_qPCR_f
AsMT3_qPCR_r

TCC ACC ATG TCG AAC ACC TG
TGG CTC TTC TCG GTG TCA AC 107 66

EIF4A_f
EIF4A_r

TCT CGC AGG ATA CGG ATG TCG 
TCC ATC GCA TTG GTC GCT CT 88 120

HNR_f
HNR_r

ATT GGG TTT GTC ACT TTC CGTAG 
CTT GGA GGG TGT CTC GCA TCT 134 120
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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%  Na2CO3 and 
Folin–Ciocalteu  reagent125. The absorbance of samples was measured spectrophotometrically at λ = 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  Kaminek126. 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 µL 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 µm). 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  Fridovich127. The reaction mixture consisted of 0.05  M phosphate buffer, 
0.013 mM cytochrome c, 0.1 mM xanthine, 0.024 U per ml xanthine oxidase, and supernatant. Absorbance was 
measured at λ = 550 nm.

Catalase (CAT) activity was determined according to  Aebi128. The reaction mixture contained 0.05 M phos-
phate buffer, 0.1 mM  H2O2, and supernatant. The rate of  H2O2 decomposition was measured at λ = 240 nm.

The activity of peroxidase (PX) was measured by the method of Lűck129. The amount of oxidation product of 
1% p-phenylenediamine in the presence of 0.03 M  H2O2 was measured at λ = 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  standard130. 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  calculated131. The programs 
Past 4.0132, STATISTICA 13.0 (Stat-soft, Inc., USA), and  RStudio133 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 MTs 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 (Ec 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—MT4) 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]. At low 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 MTs 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
β-glucan. In particular, oat β-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 AsMT 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, Łódź Voivodeship, Poland, were used for experiments. The seeds were sterilized
using a mixture of 96% ethanol and 30% H2O2 (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 µmol m−2 s−1 (16/8 h
light/dark). After 3 days of acclimation, stress was induced by changing the medium to
Hoagland’s medium amended with 200 µM ZnSO4, 100 µM CdSO4, or a mixture of 200 µM
ZnSO4 and 100 µM CdSO4. The medium was aerated consistently using an air pump
to avoid hypoxia (Hailea ACO-2201, Happet, Poznań, 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 µL), a larger volume of 20% sodium dodecyl sulfate (SDS, 30 µL),
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 NanoDropTM 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 µg 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 µg of total RNA using a mixture of
2.5 µM oligo(dT)20 primer and 0.2 µg of random hexamers with an NG dART RT Kit (EURx,
Gdańsk, 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 µL of 10x Pol Buffer
B, 0.2 mM of dNTPs, 0.3 µM of forward and reverse AsACT primers (Table 1), 1.25 U of
OptiTaq DNA Polymerase (EURx, Gdańsk, Poland), and 1 µl of cDNA for a total volume of
20 µL. The thermal cycling conditions were as follows: 94 ◦C for 5 min, 30 cycles of 94 ◦C
for 45 s, 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 µL of 1/5 (seeds) or 1/30 (shoots and roots)
diluted cDNA, 0.5 µM of gene-specific primers (Table 1), and 5 µL of LightCycler 480 SYBR
Green I Master (Roche, Penzberg, Germany) for a total volume of 10 µL. 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
20 s, 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).
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Table 1. Sequences of the primers used in this study.

Primer Name Sequence 5′→ 3′ Product Size [bp] Target Reference

AsMT1_qPCR_f
AsMT1_qPCR_r

CAAACTGCAAGTGCGGGAAG
TTGTTCTCATGAGCCACGCC 103 AsMT1 chr7C

[25]
AsMT2_qPCR_f
AsMT2_qPCR_r

CTGCGGAGGGTGCAAGATG
AACGATGGCTTGGAAGAGGG 96 AsMT2 chr1C

AsMT3_qPCR_f
AsMT3_qPCR_r

TCCACCATGTCGAACACCTG
TGGCTCTTCTCGGTGTCAAC 107 AsMT3 chr3A

AsMT4_qPCR_f CACGTGCGGAGAGCACTG
121 AsMT4 chr1D This study

AsMT4_qPCR_r ACAGGAGGCGCAGTCACAG

EIF4A_f
EIF4A_r

TCTCGCAGGATACGGATGTCG
TCCATCGCATTGGTCGCTCT 88 Eukaryotic Initiation

Factor 4A-3 [60]

AsACT_f
AsACT_r

CTTCCCCAGTATCGTCGGAC
AGGGCAATGTAGGACAGCTT 573 Actin (MH260250.1) This study

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 λ = 470 nm, λ = 648 nm, and λ = 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 µL of distilled water, 100 µL of ethanolic plant extract, 250 µL
of 25% Na2CO3, and 125 µL 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 λ = 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, 5000× 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 λ = 734 nm. Next, 100 µL of plant methanolic extract
was added to 150 µL of ABTS•+ solution and the mixture was incubated at 30 ◦C for 5 min.
The absorbance was measured at λ = 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 (µmol TE per 1 g fresh weight of plant tissue). The calibration
curve, %ABTS = (166.03 ± 0.53)cTE + (6.51 ± 0.30), was prepared using working solutions
of TE in methanol between 0.01 and 0.15 µmol/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 HCl, and 10 mL of 20 mM FeCl3. Before
usage, it was incubated at 40 ◦C for 15 min. The reaction mixture contained 50–100 µL of
plant methanolic extract, 100 µL of FRAP solution, and distilled water to a final volume
of 250 µL. The samples were incubated for 20 min in darkness. The absorbance was
measured at λ = 593 nm (Epoch Take 3 microplate reader, Agilent BioTek, Santa Clara, CA,
USA), and the AC was expressed as TE equivalents (µmol TE per 1 g FW). Calibration
curves were prepared using working solutions of TE in methanol between 1.00 × 10−3

and 1.70 × 10−2 µmol/mL. The least squares method was applied to calculate the line’s
equation: A593 = (51.51 ± 0.42)cTE + (0.023 ± 0.004) resulting in R2 = 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 (chr1-7, 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_chr1A, 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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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 AsMTs 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_chr1A 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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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 pI values of putative oat proteins ranged from 4.71 for AsMT2_chr3C to 7.36 for
AsMT4_chr1A, AsMT4_chr1C, 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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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).

AsMT Type Gene Name Gene ID/Position Strand gDNA Size
(bp)

Protein
Length (aa) MW (kDa) pI Cys

Number
Cys Sequence

Pattern

Length of
Spacer

between Cys
Domains

Predicated
Subcellular
Localization

MT1

AsMT1_chr1A AVESA.00001b.r3.1Ag0000996 − 474 74 7.45 5.11 11 (6 + 5)

CxC

43 Cyto/Nucl

AsMT1_chr1D AVESA.00001b.r3.1Dg0000988 + 321 74 7.32 6.50 12 (6 + 6) 43 Cyto/Nucl

AsMT1_chr4D AVESA.00001b.r3.4Dg0000092 − 489 72 7.26 5.05 12 (6 + 6) 41 Cell mem/
Cyto/Nucl

AsMT1_chr5C AVESA.00001b.r3.5Cg0000058 + 673 75 7.62 4.75 12 (6 + 6) 44 Cyto/Nucl

AsMT1_chr7C AVESA.00001b.r3.7Cg0001922 − 487 72 7.29 5.00 13 (6 + 7) 41 Cell mem/
Cyto/Nucl

MT2

AsMT2_chr1C AVESA.00001b.r3.1Cg0000164 + 529 79 7.59 5.10 14 (8 + 6)

CC, CxC,
CxxC, C

41 Cell mem/
Cyto/Nucl

AsMT2_chr3A AVESA.00001b.r3.3Ag0000375 − 565 79 7.56 5.05 14 (8 + 6) 41 Cell mem/
Chlo/Cyto/Nucl

AsMT2_chr3C AVESA.00001b.r3.3Cg0000320 + 531 79 7.61 4.71 14 (8 + 6) 41 Cell mem/
Chlo/Cyto/Nucl

AsMT2_chr1D AVESA.00001b.r3.1Dg0002311 − 390 80 7.59 6.47 17 (8 + 9) 37 Cyto

AsMT2_chr4A AVESA.00001b.r3.4Ag0003869 − 323 75 7.19 5.57 15 (8 + 7) 38 Cyto

AsMT2a_chr4D AVESA.00001b.r3.4Dg0003379 − 339 81 7.72 4.96 17 (8 + 9) 39 Cyto

AsMT2b_chr4D AVESA.00001b.r3.4Dg0003380 − 341 81 7.70 4.96 17 (8 + 9) 39 Cyto

AsMT2c_chr4D AVESA.00001b.r3.4Dg0003934 − 334 80 7.63 4.96 17 (8 + 9) 38 Cyto

AsMT2_chr7A AVESA.00001b.r3.7Ag0000076 + 388 80 7.53 6.47 17 (8 + 9) 37 Cyto

MT3

AsMT3_chr3A AVESA.00001b.r3.3Ag0000802 − 530 64 6.81 4.85 10 (4 + 6)

C, CxC

32 Nucl

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

MT4

AsMT4_chr1A chr1A:252750400..252750656 + 249 82 7.91 7.36 17 (6 + 6 + 5) 16, 15 Cyto

AsMT4_chr1C AVESA.00001b.r3.1Cg0001463 + 243 80 7.83 7.36 17 (6 + 6 + 5) 14, 15 Cyto

AsMT4_chr1D chr1D:243956192..243956442 + 249 82 7.94 7.36 17 (6 + 6 + 5) 16, 15 Cell mem/Cyto

AsMT4_chr4C chr4C: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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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.
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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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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
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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 µM ZnSO4, 100 µM CdSO4, and 200 µM
ZnSO4 + 100 µM CdSO4. 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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ZnSO4, 100 µM CdSO4, and 200 µM ZnSO4 + 100 µM CdSO4. 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 µM ZnSO4, 100 µM
CdSO4, and 200 µM ZnSO4 + 100 µM 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 µM ZnSO4, 100 µM CdSO4, and 200 µM ZnSO4 + 100 µM CdSO4. 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.

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 AsMT2 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 AsMT2 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
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 Zn2+ ions vs. 6 Zn2+ 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 pMTs 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, H2O2, 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 pMTs 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 H2O2
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+/Fe2+ [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 AsMT2 expression in shoots, which implies that AsMT2 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 AsMT2 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.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12101865/s1, Table S1: Cis-regulatory elements identified
in A. sativa metallothionein genes using the PlantCARE database (http://bioinformatics.psb.ugent.
be/webtools/plantcare/html/, accessed on 25 May 2022).; Table S2: The numbers of particular
types of cis-regulatory motifs in each type of A. sativa metallothionein genes and the total number of
particular types of regulatory motifs in all AsMT genes.

Author Contributions: Conceptualization, W.K., A.M.-A. and G.B.D.; methodology, W.K., A.M.-A.
and G.B.D.; formal analysis, W.K., A.M.-A. and G.B.D.; investigation, W.K., A.M.-A., N.C., M.A., A.S.-
C. and G.B.D.; data curation, W.K.; writing—original draft preparation, W.K., A.M.-A., and G.B.D.;
writing—review and editing, W.K., A.M.-A., A.S.-C. and G.B.D.; visualization, W.K.; supervision,
A.M.-A. and G.B.D.; funding acquisition, W.K., A.M.-A., N.C., M.A. and G.B.D. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by Nicolaus Copernicus University under Excellence Initiative—
Research University Program (IDUB): “Grants4NCUStudents” (4101. 00000026).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author on request.

Acknowledgments: We thank Edyta Skrzypek, The Franciszek Górski Institute of Plant Physiology,
Polish Academy of Sciences in Cracow for providing the oat seeds used in this study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Blindauer, C.A. Bacterial metallothioneins: Past, present, and questions for the future. J. Biol. Inorg. Chem. 2011, 16, 1011–1024.

[CrossRef]
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106. Drążkiewicz, M.; Baszyński, T. Growth parameters and photosynthetic pigments in leaf segments of Zea mays exposed to
cadmium, as related to protection mechanisms. J. Plant Physiol. 2005, 162, 1013–1021. [CrossRef] [PubMed]

107. Xu, W.; Xiang, P.; Liu, X.; Ma, L.Q. Closely-related species of hyperaccumulating plants and their ability in accumulation of As,
Cd, Cu, Mn, Ni, Pb and Zn. Chemosphere 2020, 251, 126334. [CrossRef]
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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−1, 0.05 mg kg−1 for barley and rye, and
0.1 mg kg−1 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 sulfhydryl
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 Epichloë 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].



Foods 2024, 13, 2469 3 of 22

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—OL221590.1, T2—OL221591.1,
T3—OL221592.1, T4—OL221593.1, T5—OL221594.1, T6—OL221595.1) [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 106, 104

, and 102 spores mL−1 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 µM Cd (as CdSO4 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 (102 spores mL−1) 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 µM Cd (as CdSO4 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
CdSO4 solution to the final concentration of 1, 5, 10, or 20 mg Cd kg−1 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 106 spores mL−1 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 Toruń. 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 NdeI in the forward primer 5′-AAACATATGGGCTGCGACGACAAGTG-3′ and
XhoI in the reverse primer 5′-AACTCGAGTCAGGCGGTGGAG-3′. The PCR products were
digested with NdeI and XhoI, and ligated into a pET21a(+) expression vector (Novagen,
Darmstadt, Germany) to be later transformed into E. coli DH5α. The plasmids were isolated
(Gene MATRIX Plasmid Miniprep DNA Purification Kit; EURx, Gdańsk, 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 (50µg mL−1 ampicillin and 34µg mL−1 chloram-
phenicol) to OD600 ≈ 0.2. To induce heavy metal stress, the cultures were supplemented
with solutions of ZnSO4 or CdSO4 to final concentrations of 0.25 mM or 0.5 mM ZnSO4 and
0.1 mM or 0.25 mM CdSO4. The expression of MTs was induced using isopropyl-β-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
7 h (37 ◦C, 180 rpm), and OD600 (Implen OD600 DiluPhotometer, München, 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 µg of RNA using a mixture of 2.5 µM oligo(dT)20
primer and 0.2 µg of random hexamers with an NG dART RT Kit (EURx, Gdańsk, 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 µL of 1/30 diluted cDNA, 0.5 µM of gene-
specific primers (Table 1), and 5 µL of LightCycler 480 SYBR Green I Master (Roche,
Penzberg, Germany) for a total volume of 10 µL. 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
AsMT1_qPCR_r

CAAACTGCAAGTGCGGGAAG
TTGTTCTCATGAGCCACGCC AsMT1

[17]AsMT2_qPCR_f
AsMT2_qPCR_r

CTGCGGAGGGTGCAAGATG
AACGATGGCTTGGAAGAGGG AsMT2

AsMT3_qPCR_f
AsMT3_qPCR_r

TCCACCATGTCGAACACCTG
TGGCTCTTCTCGGTGTCAAC AsMT3

AsMT4_qPCR_f CACGTGCGGAGAGCACTG
AsMT4 [3]AsMT4_qPCR_r ACAGGAGGCGCAGTCACAG

EIF4A_f
EIF4A_r

TCTCGCAGGATACGGATGTCG
TCCATCGCATTGGTCGCTCT EIF 4A [60]
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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–T6.

T. viride Strain
Minimal Inhibitory Concentration [mM]

Zn 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 102, 104, and 106 spores mL−1 (Table 3). The highest germination percentage,
which reflects the viability of the seed population, was observed for seeds inoculated with
104 spores. In contrast, treatment with 106 spore concentrations significantly decreased
germination percentage (G) compared to non-inoculated seeds. Inoculation of seeds with
104 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 106 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 106 (Table 3).

On the other hand, we observed that higher concentrations of T. viride spores (104

and 106) did not positively affect the growth of oat seedlings (Table 4). For the spore
concentration 106, 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 104, 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 102 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, 104

, and 106 spores mL−1). 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
Concentration (Spores mL−1) G (%) GI (days) MGT (days) MGR (1/days) CVG

0 (Control) 93.45 ± 1.48 a 5.10 ± 0.08 b 1.90 ± 0.08 a 0.55 ± 0.02 b 54.98 ± 2.13 b

102 94.33 ± 1.11 a 5.16 ± 0.05 ab 1.84 ± 0.05 ab 0.55 ± 0.01 ab 55.42 ± 1.28 b

104 100.00 ± 0.20 a 5.38 ± 0.04 ab 1.62 ± 0.04 ab 0.62 ± 0.01 ab 61.76 ± 1.39 ab

106 80.00 ± 1.67 b 5.63 ± 0.06 a 1.38 ± 0.06 b 0.73 ± 0.03 a 73.33 ± 3.14 a

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 (102, 104, and
106 spores mL−1) on the growth of 6-day-old Avena sativa seedlings. Values are means (n = 40) ± SE.
Values marked by distinct letters in a column differ significantly (one-way ANOVA, Tukey post-hoc
test, p < 0.05).

Treatment Spore
conc.

Shoot Length
(cm)

Fresh Shoot
Biomass (g)

Dry Shoot
Biomass (g)

Root Length
(cm)

Fresh Root
Biomass (g)

Dry Root
Biomass (g)

Control (non-
inoculated) 0 5.73 ± 0.28 a 0.068 ± 0.004 a 0.0054 ± 0.0005 ab 8.26 ± 0.51 a 0.060 ± 0.003 a 0.0052 ± 0.0002 a

Inoculated
with T. viride

T5

102 5.24 ± 0.15 ab 0.063 ± 0.003 a 0.0062 ± 0.0002 a 8.18 ± 0.49 a 0.044 ± 0.003 b 0.0052 ± 0.0002 a

104 4.92 ± 0.23 b 0.059 ± 0.004 a 0.0051 ± 0.0005 ab 7.74 ± 0.62 a 0.052 ± 0.004 ab 0.0048 ± 0.0003 a

106 5.43 ± 0.13 ab 0.061 ± 0.002 a 0.0046 ± 0.0004 b 7.69 ± 0.28 a 0.043 ± 0.003 b 0.0026 ± 0.0002 b

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 µM 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 µM 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 µM 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 µM Cd,
i.e., a 3.2 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 µM Cd (Table 6).
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Table 5. Germination parameters of Avena sativa seeds germinated in the presence of Cd (25–245 µM)
or in water (0 µM). Seeds were inoculated with Trichoderma viride T5 spores at a concentration of
102 mL−1 before sowing; control seeds were not inoculated. Values are means (n = 100) ± SE. Values
marked by distinct letters in a column differ significantly (one-way ANOVA, Tukey post-hoc test,
p < 0.05).

Cd conc. [µM] G (%) GI (days) MGT (days) MGR (1/day) CVG

C
on

tr
ol

(n
on

-
in

oc
ul

at
ed

) 0 93.45 ± 1.48 a 5.10 ± 0.08 a 1.90 ± 0.08 b 0.55 ± 0.02 a 54.98 ± 2.13 a

25 88.75 ± 1.56 a 4.88 ± 0.04 ab 2.12 ± 0.04 ab 0.47 ± 0.01 ab 47.49 ± 0.74 ab

80 90.47 ± 1.11 a 4.90 ± 0.05 ab 2.10 ± 0.05 ab 0.48 ± 0.01 ab 48.25 ± 1.15 ab

150 92.38 ± 0.84 a 4.52 ± 0.04 b 2.48 ± 0.04 a 0.41 ± 0.01 b 40.71 ± 0.73 b

245 89.43 ± 2.15 a 4.42 ± 0.05 b 2.58 ± 0.05 a 0.39 ± 0.01 b 39.16 ± 0.81 b

In
oc

ul
at

ed
w

it
h

T.
vi

ri
de

T5

0 94.33 ± 1.11 a 5.16 ± 0.05 a 1.84 ± 0.05 b 0.55 ± 0.01 a 55.42 ± 1.28 a

25 83.81 ± 1.37 a 4.88 ± 0.03 ab 2.12 ± 0.03 ab 0.47 ± 0.01 ab 47.36 ± 0.66 ab

80 89.05 ± 1.39 a 4.91 ± 0.04 ab 2.09 ± 0.04 ab 0.48 ± 0.01 ab 48.25 ± 0.98 ab

150 87.73 ± 0.76 a 4.88 ± 0.05 ab 2.12 ± 0.05 ab 0.48 ± 0.01 ab 47.90 ± 1.25 ab

245 86.85 ± 1.66 a 4.79 ± 0.09 ab 2.21 ± 0.09 ab 0.48 ± 0.02 ab 47.53 ± 2.09 ab

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 µM) and Trichoderma viride T5 inoculation (102 spores mL−1) on the
growth of 6-day-old Avena sativa seedlings. Values are means (n = 40) ± SE. Values marked by distinct
letters in a column differ significantly (one-way ANOVA, Tukey post-hoc test, p < 0.05).

Cd
conc.
[µM]

Shoot
Length (cm)

Fresh Shoot
Biomass (g)

Dry Shoot
Biomass (g)

Root Length
(cm)

Fresh Root
Biomass (g)

Dry Root
Biomass (g)

C
on

tr
ol

(n
on

-
in

oc
ul

at
ed

) 0 5.73 ± 0.28 a 0.068 ± 0.004 a 0.0054 ± 0.0005 bc 8.26 ± 0.51 a 0.060 ± 0.003 a 0.0052 ± 0.0002 b

25 4.27 ± 0.34 b 0.052 ± 0.003 b 0.0060 ± 0.0004 b 6.47 ± 0.62 b 0.047 ± 0.005 abc 0.0052 ± 0.0004 b

80 5.60 ± 0.22 a 0.066 ± 0.003 a 0.0073 ± 0.0003 a 6.46 ± 0.24 b 0.058 ± 0.003 ab 0.0065 ± 0.0003 a

150 3.21 ± 0.20 c 0.047 ± 0.003 bc 0.0042 ± 0.0001 d 3.27 ± 0.19 cd 0.037 ± 0.003 cd 0.0030 ± 0.0000 d

245 3.85 ± 0.18 bc 0.047 ± 0.003 bc 0.0060 ± 0.0004 b 2.57 ± 0.13 d 0.028 ± 0.002 d 0.0037 ± 0.0003 cd

In
oc

ul
at

ed
w

it
h

T.
vi

ri
de

T5

0 5.24 ± 0.15 a 0.063 ± 0.003 a 0.0062 ± 0.0002 ab 8.18 ± 0.49 a 0.044 ± 0.003 bcd 0.0052 ± 0.0002 b

25 3.42 ± 0.17 c 0.045 ± 0.002 c 0.0042 ± 0.0002 d 4.59 ± 0.28 c 0.032 ± 0.002 cd 0.0037 ± 0.0001 cd

80 3.45 ± 0.21 c 0.041 ± 0.003 c 0.0044 ± 0.0001 cd 4.32 ± 0.30 c 0.034 ± 0.002 cd 0.0041 ± 0.0002 c

150 3.28 ± 0.19 c 0.042 ± 0.003 c 0.0044 ± 0.0002 d 3.75 ± 0.21 cd 0.033 ± 0.002 cd 0.0040 ± 0.0001 c

245 3.45 ± 0.22 c 0.039 ± 0.003 c 0.0042 ± 0.0003 d 3.09 ± 0.20 d 0.034 ± 0.009 cd 0.0034 ± 0.0002 cd

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−1 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−1, 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−1 of Cd compared to plants grown in soil containing 1 mg kg−1 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−1 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 kg−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−1 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−1

, 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−1. 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
Soil [mg kg−1]

Leaves
Number

Panicles
Number Seeds Number

Non-inoculated

1 17.9 ± 1.1 b 3.2 ± 0.4 bc 11.9 ± 1.4 abd

5 17.1 ± 1.0 b 2.7 ± 0.2 c 10.0 ± 0.9 bd

10 15.4 ± 1.1 b 1.8 ± 0.2 d 6.5 ± 1.3 c

20 17.1 ± 0.7 b 1.9 ± 0.4 cd 5.5 ± 1.1 c

Inoculated with
T. viride T5

1 19.8 ± 0.8 a 4.1 ± 0.4 b 14.5 ± 1.3 ab

5 17.9 ± 0.8 ab 4.2 ± 0.3 ab 16.0 ± 1.5 a

10 16.5 ± 0.7 b 2.2 ± 0.4 cd 7.8 ± 1.4 cd

20 16.7 ± 0.8 b 2.5 ± 0.5 cd 9.5 ± 1.9 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).

Treatment
Cd content in the

Soil [mg kg−1]
Content in Shoots

Cd [mg kg−1] Cu [mg kg−1] Zn [mg kg−1]

Non-inoculated

1 0.143 ± 0.01 c 5.674 ± 0.84 a 29.625 ± 3.31 bc

5 0.209 ± 0.04 c 5.751 ± 0.33 a 49.310 ± 1.97 a

10 0.387 ± 0.07 bc 4.249 ± 0.27 a 39.665 ± 0.41 ab

20 0.931 ± 0.11 a 4.048 ± 1.55 a 47.805 ± 6.13 a

Inoculated with
T. viride T5

1 0.198 ± 0.03 c 4.134 ± 0.94 a 25.515 ± 4.16 c

5 0.377 ± 0.07 bc 5.145 ± 1.60 a 36.770 ± 8.36 abc

10 0.577 ± 0.08 b 3.618 ± 1.26 a 29.555 ± 2.86 bc

20 1.050 ± 0.18 a 4.104 ± 1.16 a 47.080 ± 3.09 a

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,
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
AsMT2 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 (n = 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 S4).
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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
in soil [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 µM
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 µg/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 µg 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 J.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 CUP1 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 Thlaspi caerulescens (J. Presl
& C. Presl) F.K. 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 BnMT2 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 BnMT2 [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.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods13152469/s1, Table S1: cis-regulatory elements of AsMT1-4
promoters; Figure S1: comparison of the growth of E. coli cells transformed with empty pET21a(+)
vector and pET21a(+) vectors harbouring coding regions of AsMT1-4 in the presence of Zn and Cd
ions. The relative growth rate is expressed as a slope of bacterial growth curves obtained by plotting
optical density against time. Media were supplemented with two concentrations of Zn and Cd ions
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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