A A . Wydziat
Zachodniopomorski \’ Ksztattowania
Uniwersytet Technologiczny Srodowiska i Rolnictwa

w Szczecinie

Zachodniopomotg Uniwersytet Technologiczny Bzczecinie

Wydziag Ksztagtowania Srodowi
mgr i nU. -Wéjgkewskan dzi k

ROZPRAWA DOKTORSKA

stanowi Nca cykl| pwuml|t ktacempod wsp-

Zastosowanie substancji biologicznie czynnych celem ograniczenia
toksycznoSci ogowiu w roS

The use of biologically active substances to reduce lead toxicity in the
plant

Praca doktorska wykonana w Katedr z
Promotor N
dr hab. i nUprofBlTat a Smol i k



Spis treSci
R VA A o T o PP PP P PP URTTPPPPTR 3
2. Celubiad a B e 5
3. Materiagy..i... me.t.o.dy..bhada E .....ooooooeiiii 6
3.1 0Opi s doSWinda.0.C.Z B . i 6
3llletagdoSwi adczeni.e..l.ab.o..at.0.r.y.j.Ne ... 6
312lletag doSwi adczeni.e..l.ab.o.r.at.0.f.yj. e ... 7

314 . IVetaf d o SWi adCzeni.e. . . WazZ.0.MO WL . erreeeeenn. 8

I /11 (0o )PP PPPPPPPPPPRPP 9
3.2.1. Metoda pomiaru cech morfologiCZNYCh..........oovvviiiiiiiiieee e, 9
3.2.2 Metoda pomi ar.u...ws.k.afni.k.a.. ki.egkow&hni a
3.2.3 Metoda pomiar u..ws.k.afni.ka..t.ol.er.ad@ji (
3.2.4 Metoda pomi ar.u..Swi.e.le.j...mas.y...r.0.5110 n
3.2.5 Metoda oznaczania zawartoSci..bawdwni k-
3.2.6 Metoda oznaczania zawart 0.5c.i...wo0.l10 e | p
3.2.7 Metoda oznaczania zawartoSci d.i.dd dehy
3.2.8 Metoda oznac z.an.i.a..akt.ywn.aS.c.i.... k.atlhl azy
3.2.9 Metoda oznaczan.i.a..akt.ywnoSc.i..perlbksyd
3.2.10 ANaliza StatYSIYCZNA..........uvuiiieiiiiie s et e e e e e e anen s s e e e e e e e e e e e e e e e eeeaneneeeas 11

4. Om:- wi eni e .wy.ni.kew. .bhada@E. . ... 12

g = | o P 12
4. 1.1 Podsumowani e .wy.ni.k..w..l..et.apu.bada&

= = | o I | PSR TT P 13
4.2.1 Podsumowanie wynikow Il etapa fol a.(E.............ccoooiiiieeeiii e, 13

G B = o T | | PP UPPPUPPRIN 14

3.13Illletapid o Swi adczeni e

| a.b.o.r.at.or.y.j.ne..l.n.VM4tro



4. 3.1 Podsumowani e .wy.n.i.k.w..l.l.l. .. .et.ap.u.ldadaE
T = T I YOO PP S OUPPPRPTI 15

4.4.1 Podsumowanie wy.ni.k.BgNdV &t @apuzdeddaE&ow

BMWNIOSKIL ...ttt eeee e BgNd! Nie z#&ghidkiow
L 1 =T = LU ] = TSP O PP PP PPPPPPRPPP 18
7 SITESZCZENIE ... i et e e ettt eeeb et et e e e ettt e e e e e e e e e e aaans 23
8. ADSITACT. ... e aeer e 25

9. Kopie publikaciji naukowych wc.h.odzNcyeh w z



1. Wstnp

RoSIwewgym swoim cyklu Uyciowym poddawan
Srodowi skowych, ndirn zadolenier nieddbér waaly, ekStiémalne temperatury,
promieniowanie UVat a ksl ei Ue ni e picoMastkpw z wy ¢ ly m me(Hayatiin. ci n U
2012).Met al e cinUkie sN jednymi z n dHadizeBainej szy
2018). Zwi Nzwiystiepuj N naturalnie w skor ufbeene zi er
wgl ebie utrzymujyNcgias, ppoevo ddij Ndarszwmoda | d wa S
jakior gani z m- (anSoy iy 2OB3 Hoque i in.2021).Ro S| i nyt asmMi ew pobi

metale gl Bbki oprzez korzenie. MoUe to prowa
roSlimpmyeh,co roSlina staje sidwiekasNMtcznal dtlaz
2020).

Og-w (Pb) jest drugim naiji biddkd ani ew Strookdsoywci zs
i Dubey 2005).Jest szeroko stosowanymwvo wo c zesnych gagn zdukajictdkichpr z er

produktow, jak akumulatory kwasowsnd o wi o we , osgony radiacyjne,
cerami ka i c h e mi k a ltegoapierwibistkiww yplbswzi ee t p @ 1] omayys § alipeu]
wpobliUu hutlnom@owoluszary znaspduaNnisi 8miwecip,o

pr ze my s praducgntow akumulatorow kwasowog o wi 0 wy c $tosawania nasvpz8we
fosforowych Sharma Dubey2005, Shafiq i in.2008,Kabir iin. 2010)Nar aUeni e na o4¢ -
wzrost, bi omasn i r oizew-wp gryowSal inna cpnedbiclensiigenkf oi r zzj y
(Shahi d i i n. 2014, S i d zAwiko iiin. 2D22,. Hafeep it. 2023).Gh o r i
NastfiApnN konsekwencjN jest stres oksydacyjny,
reaktywnych forntlenu (RFT) (Shahid iin. 2014).Z wi i k s z o n e&RFTpwr ocodSu ki cnjaac h  p o
stresu moUe nasil al procesy oksydacyjne taki
bi agek, or az h auszkadzenia BNA e RNA yAsada006 (Shahzad in. 2018).

Aby pozBAFT] so8liny posiadaj N wypracowany sSsys
obejmuje zar -wno skgadcmizkimarn iyeamzy madRombikaem e,r gj:
roSlinnych, takie jak chl or dNpdwoarsbtnye snyisttoecninyo nudy
i wychwytywania RFT Procesy usuwanicRFT w r - Unyc h przedzisaNach
skoordynowane (Mamsr iin. 2023).

Zanieczyszczenie glebp g owisé mn o wi powaUny probl em dI
dal ekosi fnUne korsue kupemon ez bd1Ua rUpzrvaovy te sN ni
system-w Ugtwnopaemniosvwa U psokcghagdanniikai j gNdbyivabyedalnie z
pobi er aj Nin tgksyziy pietwjastek(Shahid 2017 Zakaria iin. 2021, Awino 2022,

Javaidin. 022).Upr awy zb-0U (pszenica, ryU, kukurydza
3



dostfipnoSci UywnoSci, poniewaU stanowi N pods

zneznN cznSi niezbfindnych skgaddoni kt wz yondaChyivec z g
(Vasilachi i in. 2023).

Wedgug Organi zacji Narod-w Zjednoczonych d
produkcja zb-U w 2023 r. osiNgnfnga najwyUszy
rolnych w Polsce i Unii Ewmopdj snkaiNeyaudiol3 )i snz b

Zdanych GUS wynika, Ue w 2023 r. gNczna powie
7,2 mln ha (35,8 mln ton plon-w), z czego sam
JAczMordedm vulgared. . j est j ednrNo SZ4 i ma jusptr aarwsnzyycdh l

gg-wnie z przeznaczeniem do spoUycia przez |

produkcij i napoj -w al kohol owych. Jest dobrym
wzgl ndu na szybki wziosnat ymarms&, e zdwylmag&ini ad
Srodowi sk i wyra¥nN r(#ahkic3doie) na czynni ki stres

Aby poprawili tolerancji roSlin | ub z§gagooc
wzgl ndem fizjologicznym, bi o c h ewmlicanyh lyadaniach mo |
naukowych eksperymentowano z r- Ony mi substan

biologicznie czynnychktore wprowadzano egzogennfgk ut eczne gagodzeni e ¢
osi Ngni fito popr z e 7takickjakbrassimidya(8oraes i &..12026, tGaedas j in.

2021, Khan i in. 2023, Emamverdian i in. 202dyksyny, cytokininyPiotrowskaNiczyporuk i in.

2020), kwas salicylowy (SA) (Arshad i in. 2017, Hasanuzzaman i in. 2R48% jasmonowy (JA)

(Baliiin.2018)r - Une chel aty organiczne (Khan i I n.
(Ahmad i i n. 2023) i wi t aWi jngi k(oA kaamr ii Hn.in2
Wojcikowska i in. 2023)

Witaminy s N zwi Nz k a mi b ktéoer & gstodurkawy jniskicmist n Ueni a
wywierajN ggnboki wpdgyw na czynniki regulujN

fizjologicznych, takich | akynsyynt ewpad yewazjyNn-ma
(Reda iin. 2005, Hassanein i in. 2009)Niacyna (witanna B) jestwi t ami nN r oz pu s
wwodzi e, znana r - wihub kwds nketywawydan s k os gk gachnd ki em
NAD  (dinukleotyd nikotynamidoadeninowy) [ NADP  (fosforan  dinukleotydu
ni kotynami doadeni nowego) , aadhimethdicinyam Wikdtynamid, r - Un
pegnialdien k cj fipraydiresoonm NS o d o(KHurshidéirw3023h

W ramach pracy dokt or s knalezipnianajbardeiq) efekiyveed z o n o
substancji biologicznie czynnej a < tatkWeni a i cji lepsubstdnygjiktérgriedukuje

toksyczne dziaganie oJowiu na roSliny.



2.CelbadaCE
W ramach osi Ngnifncia naukowego, stanowi Nc

Ustawa z dnia 14 marca 2003 roku o stopniach naukowych i tytule wgnke@raz ostopniat
| tytule w zakresie sztuki (Dz.WR016, poz. 882 ze zm.), przedstawiono jednotematyczny cykl

publikacji.

Celem naukowynp r acy dok tograniszZeréd ef okgg§oznoSci stresi

Pb(NG;), poprzezegzogenngastosowanisubstancji biologicze czynnych.
Cel ten zrealizowano poprzez cele szczeg- g

T Wyb-r gatunku roSliny u z n azmierfonych garametréwl | i w

morfologicznych, fizjologicznych i biochemicznycHOd ni owy c h si ewek

gatunkowr 0 S1 i n hupr awnyc
TWyb-r substancj.i bi ol ogicznie czynnej, kKt -
wpgyw ma) maminey morfologiczne biochemiczne fizjologicznew | i Sci ach

dni owego | nczmi éennova juazrneegie® god miaamgyat unek wr
1 Egzogenne zastosowanie witaminy R# cel u zmni ej szenia stre

Pb(NG;);w r oSl inie wraUliwej, w doSwiadczeniu
1 Wybor napardziej efektywnej metody stosowania substancji biologicznie czynnej

zapobiegaj Ncejggasiemagopb wy w rlioes Iwi dwilegnimwr a U

doSwiadczeniu wazonowym.



3.Materiagypaidaniet ody

Badania podzielono na 4 etapy i przeprowadzono je w latach-201&l na Wydziale
Ksztagtowani a $r o dZachadrsopanorskin URiwelrsyteiec Teokralogiwzgm
w Szczecinie Pi er ws z y przeprowgdzoriva wasu@achlaboratoyjnych w Katedeze
Genetyki, Hodowl i n.iDrugs étapprzemrdwadaonay bhoiatoriRno Katedry
Bi oi nOyni er i oo Swirazdircriteon praepogadzono w laboratorium Katedry
Genetyki, Hal o w1 i i Bi ot e Ciwarty btapg2l iet Rb &1 idme.Bazdnave c z e n
przeprowadzononv Hali WegetacyjnejWy d zi agu Kszt agt owani araz$r odc
wl aboratorium Katedry BioinUynieri:i

3.10pisd o Swi adczeE
3.1.1letapi d o Swi a dabaragoryjnee

Materiagdg do iezma@ans hasiond2avgafiykowr o S1 i n POWS ZE€
stosowanych w badaniacb Kk sy czno Sci ( fyinia (€tcorkita yepoodno Sanka) :
Polkg, rzadkiewka Raphans dativus odm. Carmen), ogérekCucumis sativud..), j i c z mi e &
(Hordeum vulgareodm. Eunova Uyt o Seeale graimmdnm Bojkd), pszenicaT{iticum
aestivumL. odm. Bryza , g ubi n Lupnuse édngustifoliusL. oflm. Karo),s goneczni
(Helianthuis annuuy pomidor {ycopersicon esculentuodm. Fawory), lucerna Medicago sativa
L. ), r z e Uu clepidiun sayivarg sogzewal(éns culinarisodm. MediR.

Nasionadanychgat unk-w scharakteryzowanwy wooda nleNt
azotanem @ o WAb(G),.

Przed zagoUeniem doSwdkaldarn i)zZatwwes aténala r o
przez 30 sekund, ma s tefpp zZzie p mokdaNn od e j on P o wasrt N p n e | dezyn
moczono przez 15 minut w 10% (W/woztworze podchlorynu sodu @9CI), poczymtrzykrotnie
przep®ulkaryd.n NNawotdiNp ni e n ansa osnzaa |lukna cehs zReez@it@ioe g o
cm) bi bugN zfwiill tOvangistihe™Ny lin N o o’ kpnirdlapiSoci® 1 8B, 0  c 1
Pb(NG;)..

PJgytki inkubowamo 2W ACe mwp ecri aetmn o $e ftym qzasie e z 7
obliczonol i c rabiah kt -re .Naisd Jikpnw apwe préehieésiono dd feosranu
wKatedrze Genetyki, Hodowl i [ Bi otechnol ogi i

Technologicznego wSc zeci ni e i trzymano w warunkach C



(25°C), wi | got ni@®@ ii pr(z7y0 o SvioktAGepEints?). Podczas badania
utrzymywanofo operi od wynoszNcy 16:8 godzin.

Po 10 dniach wzrostw r o S| i n a cparanmetzynmaficozloongoi c zne (dJugo
dgugoSi pndu, SwieUa biomasa i mes(kdiriBnchldofit ol e
0golny ikarotenoidy).

Na podstawie wynik-w bada® z etapu I wy br a

na streslmWN@G)any

312lletapidoSwi adczenie | aboratoryjne

Materiagdg roSlinny st an o worjeum vulgasel.p odmiany @i ¢ z m
Eunova zakupione w specjalistycznym sklepie jako nasiona kwalifikowane w klasie (C/1).
W doSwi adczeomwun atlymwo&hi jiczmi enia | apeago na
stopi e gagodzeni a egadgenyeragtos@vaniei subfancji piaogicziee z
czynnych: kwas askorbinoweg@l mM AsA), glutatiom ( 1 00 & M G Sainjdy ( 5n0i keoM y r
PP), Utokoferlu (1mM -Tbc), kwas salicylowego(1 mM SA) przeznaczoych na nasiona
isadzonki De&zwynmmfiekdjan nasi on npertzoedpyr oowpa dszaonneoj We

Malkiewicz iin. (2018)W et api e |11 warunki doSwiadczenia b

3.13llletapidoSwi adczeni einvirabor atoryjne

Materiag do baapmadnea b anowngy no Herdeanm vulgarej ar e

odm Eunova). Tolerancji na stres Pb odedjiuagnodi g
korzeni i UNMdaw)) pataméséw biochemiaych if i zj ol ogi cznych
dialdehydu malonowego i prartim§l, akkitommnfoiSliu

i karotenoidéw) 1@niowychs ad z on e k p o zatodkdwvzhNdowaoyeim az po Uy wc e |
(MurashigeSkoog 1962) z20mMsolaPb Bamejjub 2B, G0 &M ni kot yn
(wit PP).Zawart oSl ustalono na podstianw20&5) wEd &3 wik &
kontrolnN byg MS. DoSwiadczenie przeproMaWizon
PP, 3) 5&M wit. PP, 4) 10&M wit. PP, 5) 0,5 mM Pb(Ng)., 6) 0,5 mMPb(NQ), + 25¢M wit.

PP, 7) 0,5 mMPb(NG), + 50 ¢eM wit. PP, 8) 0,5 mMPb(NG;), + 100eM wit. PP, 9) 1 mM
Pb(NQy),, 10) 1 mMPb(NQ); + 25eM wit. PP, 11) 1 mMPb(NQy), + 50 eM wit. PP, 12) 1 mM

Pb(NG;), + 100eM wit. PP, 13) 2 mMPb(NGs),, 14) 2 mMMPb(NGs), + 25¢M wit. PP, 15) 2 mM

Pb(NG;), + 50eM wit. PP, 16) 2 mMPb(NGs), + 100eM wit. PP.



KaUdN kombinacjn doSwi adodkow. Zaraki wypreparewae nt o W
znasion namoczonych w 0,5% kwasie siarkowym przez 2Qutmin t r zykr ot ni e pr
sterylnN wodN destyl owanN. NastfiApnie nasi ona
pgukano przez 15 minut w st e wwddrneeprzeZz2d gatizny.e d e
Zarodki wycifnto iggN, trzymano | e wanlo0 % tpeordycl
wod N de s tpdniesiororddl odpowiedniej oy w k probémkach (30 cr), w probéwce
(9 cm x 3,5cm) umieszczono po 4 zarodki. Probowki przykrgtd i N aviNu mi ng aor af i |
I trzymano przez 10 dni w komorzezrostowej wiemperaturze 24°C, przy fotoperiodzie 16 godzin
(40 ensd)iwim gotnoSci-60mzgl idnej 55

3.14IVetapidoSwi adczeni e wazonowe

W tym etapie ocensbnesskwywogdagoppoprrez az 1
dodanie amidu kwasu ni kot ynowe goHordeums vulgdide)ni u 1
odm Eunova na podstawie pomiar-w morfologiczi
korzeni a, S w izngcll AGAT, POX @rolihnee WIDA) fizjologicznych (chlorofil
cagkowity .karotenoi dy)

Dwul etnie doSwi adczeni e20lBa20m6motw Hali Wegbtacgnej s i i
WKS$i R [ | aboratorium Mi kr ob | dobexrgei BioinzynieriiBi o c h
Zacbodni opomor skiego Uni wersytetu Technologiczn
z warstwy ornepréchniczej (Ap, 83 0 c¢cm) w OstoiGllkebdb@dot 8z pzeaecisn a.n
oSrednicy oczek 2 mnm zii Sg @erchcez foddano h mM rozwir e m
Pb(NQG), (207,0 mg PK), adop o z oychtt @ & Bpeoivadzonowodi , d o pr odowé08ez aj N
maksymalnejp oj e mno Sci Pwaggeij owa pne umiéseczonoinw doracgkach
o masie 3,50 kg.

Materi ag do badaE | 3 tcajamége imndma Eumayanabgte jako

kwal i fi kowany materi ag si ewny kl asy (C/ 1) w
nasiona trzykrotnienoczonoprzez20 mirutw st er yl nej wodzi e destyl ow
je w 7% roztwore podchlorynu soduna 10matipgukano w steryl nej wodz

15 mint. Powst Aipnym procesi e nganwzonp Wwozavarzejl100 uMd WP i na
w postacini kot ynami du, a pozosta@e nasiona moczon
doniczki 8.8 cngwysamoo koS samN | i czbi namsadomiok){ 10 n
Eksperymenth gk@adadgnbs nac wi3powtorzeaigchipkantataz2)p 10§ ¢ h
UM Wit PP moczeniaasion 3) 100 uM Wit PP opryskd4) 100 uM Wit PP podlewanie, 5)riM

8



Pb(NG)2, 6) 1 mMPb(NG;), + 100 uM Wit PP moczeniaasion 7) 1 mMPb(NG;), + 100 uM
Wit PP oprysk8) 1 mMPb(NGs), + 100 uM Wit PP podlewanie.
Doniczki podlewanoco 10 dni (100 chiwody destyl owanej ) do mon

pi er wszyc hpnliieS ¢jijary advrsasy&HEnova podlewano co 10 dni (100 twmody

destylowaej lub wody z dodatkiem 100 puM Wt PP) . Dodat kowo ni ekt -
roztworem zawieriaf NPPm Ku@WdOMr WSl inn w doni
roztworei, zalli Saipado doniczki, pr zy®roztwopuntona k
daje w sumie 100 chna doni cz k. Wit yP® tstksoveane rd@ ppryskow y
ipodl ewa ni dodate& substamcjavgen 20.

W okresie wegetacji obserwowano wzrost b z w - | roSlin. Pomiary
fazacr ozwoj owych jnczmienia jarego.
3.2 Metody

3.2.1. Metoda pomiaru cech morfologicznych

Pomi ar cech morfologicznyemr dwawaddangrcd zmat poi

ipodano w c¢cm z mmkgadnoSci N do 1

3.2.2Metoda pomiaruwsk a T aki ike gk owani a

W trzeci ej dobie doSwiadczeni a oblbatuokbwo no |
roSZanskiegkowane nasiona uznano te, kt-re po:

Obliczonogo ze wzoru podanego @z Barbero i in(2001)

IG % = (GS Ls)/(Gc Lc) x 100

gdzie:
Gsilsiki egkowanie nasion i dgugoSi korzenia (mm
Gecilciodpowi adaj Nce wartoSci dla kontrol.



3.2.3 Metoda pomiaru)wska¥ni ka tolerancji (TI

Ws k a Ralerakgi (T) obl i czono dziel Nc dgugoSi korzer

przez dgugoSi zmi erzonN podczas wzrostu W r
rownanie:
Tl (%) = 100 x (dgugoSi korzeni a elontrolmyk)t owan a
324Met oda pomiaru SwieUej masy roSlin

swi eUN mash toS$llintwmpie doSwiadczenia doko

analityczsewkiz zivaklpamdndGcpd @6 6ndDABch wzrostu |

3.2.5 Metoda ozhabaawhakzwwasymBtacyjnych w t

Ekstrakdijkit wbdrivere i przepyowxcezome m80%h( o/ wv
(chl orofil a+b) i z awar t adofdmetrycznie priy&68,06454H0 nm. 0 z n a
Zawar t lor&ili mierzono we d § urpna Aiin. (1956) w modyfikgi Lichtenthalera
| Wellburna (1983),nat omi ast zawartoSi karotenoi d- w 02z
Berthenrath (1966)b oras kafotérmiddvazeliczdnd perwadrdwlAtnona |
iwyraUono?'$amkoroSAgny.

3.26Metodaoz naczania zawartoSci wol nej proliny (Pr

Zawarto$l mpeozono metodN S8@Weesadionmnhi (A9Y
w 1,5 ml wodnego roztworkwasu sulfosalicylowego 3% (wjw i oznaczan@omooN
kwaSnej nRrabli gkstrahpwago toluenembs or bancj n fazy tol uen

520 nm. St i Usticaonez kywej Wzornoyejipyrrza Uono  w'&.mo.l rPor Sol Li ¢

3.2.7 Metoda oznaczania zgwa(MDPDAYriwdi khdebdyda

ZawartoSi di aldehydu mal onowego ( MDA) j ako
kwasem tiobarbituBulhakaraiif TB2DPO et oAbBsor bancj i

10



nm i 600 nm przy uUyZa wa ré peddczondBkrowep wrercowaj
wyraUono w hSmomM. MDASUg ny.

3.2.8 Metoda oznaczania kt y wn o Sc i katal azy

Akt ywnoSi katal azy oz@QAT)zof&EC z4. Ppb.mb.cguiinies pe k't
zmet odN L¢ecka (1963). Tesbrpbpgj mSwadgtgamuatr a
60 s w mi apliza ogpkijaadN GAT peEzY 40F mgno S cAik t fy avinio -
wyr aUono D4 8m. e S tHmint.y

3.2.9 Metoda oznaczania aktywnoSci peroksydaz

Akt ywnoSi per)dBCslyltlh7} mierzo@@Xt od N ChMaebhé §@d e g o
(1955) pr zy uUyciu spektrofotometru. Met oda p ol
powstawania purpurogaliny podczas utleniania pirogalolu (0,02 Mpve @ n 0,8.00,06 M)
przy dgugosSd3d0 nnf awl dzasie 4 min. At y wnpeBKsydazywy r aUon o
w &M pumnptg’rS. grolS tmint.y

3.2.10 Analiza statystyczna

Otrzymane wyni ki bada® poddano analizie staty
Wlillet api e bada@ i st otmonsdcN -dmalci zoyk rveaSrl ioanmoc j:
poziomie i st.oWkoan$cdtapidlmad iz,y05%t atystyczne prze|
progr amu Statistica 13 (TIBCO Software l nc.
statystyki o quichyglemier tgndarddsve) € dvacizyanjikowej ANOVA. Do poréwnania

S dréch wykorzystano test HSD Teky a pr zy pozi o mi &V IV edafievahatizg S ¢ i

statystyczne przeprowadzono przy uUyciu progr
analizoano za pomocN statystyki opi sowej , obej mt

por -wnania Srednich wykorzystano test HSD Tuk
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4. 0Omowienie wynkéw b a d a E

W autoreferaciz o st agy zapr ez éestothiesveaen ewyjne &kyini e tnaje n
wyci Ngni nc.i e wniosk: - w

4.1Etap |
Zastosowany w PoM®wykdczzagdnituoksyczny wpgdyw n

wzrost korzeni , mazsriio sbta dsaineywcenk gia tsuunckhkmtroli. o S1 i n

RoSltiensyt owe char akt e ingeksemka ey k ® wdVar 4a 98¢ in ws |
ki egkowania bygy najwyUsze dl a ozpikar (9,20%).( 40,
Zastosowanie Pb(Np mi ago i st(OBOp)nwap Gywvadek dJjmagjpoBici k ko)
stwierdzono ws goneczni ku (90, 14%), p omi do sozzewicy( 8 9, 7
(81,16%9 . Naj mni ej wraUliwa na Pb bygdga dynia, Uyt

Oceni aj NciewdBbadaBiycls gatunk-w roSIlIiRbNQ)st wi e

powodowadga ez mnjiuegjosSzcd n i bnactl restowgch w poréwnarBirzo S1 i n a mi

kontrol nymi. Naj wi nksze zmni ejszeni e dgugoSc
s § onec z BY%Kiapietr(sakb (4M19%)Ef e k t hamuj Ncy bygd bardzi e
korzenmm U na dguWobBadamwifaah zaobserwowano i stot

(p O 0,05) wu roSlin rosnNcych przy stnUeniu
kontroli.

PolO0Odniabe k spozycj i n abadarych gaaunkow & $ | iTr ka,lwy dgeacza i s
duUON wr aUl testowoysH naenmidriviastek Wy U swaer t o $dnobwahd w dyni,
Oy dpseenicyiwynosi gy one odpowiednio 86,06, 68,76

S | oW @ §vy nufigioty stagystycznie spadek (p0,05) barwnikéw fotosynteycznych i
cagkowitej zawartoSci chl omwofpiolru winakamuotze koind
4.1.1 Podsumowanie wynik-w | etapu badaE&E

Zastosowane w doSwbidgdowbewiwa st klegdkewsali i
zar -wno korgaeSdid- wak Swi dN masi roSlin, zawar

oraz podwyUszago-dsanti iolvweyrcihe spreoMkiarcyh vb aldlany ch g a

SpoSr-d 12 przebadanych roSlin wytypowano 3 g
Do roStych zaliczono: dynifn, Uyto i pszenich.
Naj bardzi e]j wraUOl i we na obecnoSi ogowi u ok :

i rzodkiewkaDo kolejnegoetaph ada EE wybrano jnhnczmie@®& jary
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4.2Etap 11

Analiza cech morfol ogi czZimy csh ws iReNDEKS I je it dlzer i
wpgywagdzmniejszenie dfuwobc iazk &msiznwekhiestosunka doly e o p
kontroli odpowiednio o 81,8%, 36,6% i 41,2%astosowanie egzogennych substancji biologicznie
czynnych, takich jak: GSHi SAmni ej sz%d® d0079% dgugoSik zar -
idgugo Siw spioewesnani u do kontroli, choci.aUO nie
Zastosowanie substancji biologicznie czynngch o wo d » wia i o S zvé e iU e sieweak ads y
6,2 do 145% orazwp §y n i g o odh3al% ava r b8t 3% dgugoSi geawki- wno
w porownaniu do kontroli. Natomiast zastosowanie kombimnadjistancji biologicznie czynnych
zsol N oJowiu spowodowado zmniejszeniteowaorkisey ci
parametrow morfologicznych sieweki ¢ z mi & jnwiafik SN2y wpgyw JagodzN
dgugoScisiewekorrzaezn iSwi eUej masy sadzonek nandwi er d:
Stres ogowiu istotnie zwi f&enkyyporémramnz konwr$iN. MD,
Zastosowani e o0 o wsubstancjami piaogidimiez czymriynskuterznieo b ry ig @
zawalr ttoéSgo war a Beti raw .hPb(NGE)ci zsntioetnniiaer -zwwizfseidaz y & S
proliny, Sr edni o o 153% w roiap &0 dw nwapnivgzystkidio zastosowanych
substandjbiologicznie czynnyctz awar t o S proliny bygdga wydsza w
Srednio o 7, 9GS H)As A3 ,, 0 % 8{d®MR7,7% Bla SA%edynid dla GSH
iSA r-Unice kostotekr eSSl ono | a
Zastosowani e sol i Pb i stotni e obni Uygo zawa
cagkowi tego i kar ot en ¢ ind zwmBteswiyava d am y)p dPobrg iiNGwk &
zawartoSi z a rogGmego, jak ihkhrotenaiddw 835% i 31,3% w poréwnaniu do
kontrol i. Zaobser wowa n csubsiarcjil bialdgicznie Useynnychns & § 8 o w
pozytywny wpdyw na badane c. eZastogowane wszaystkichw n a n
egzogennych substandiii ol ogi czni e czyMmmyicht ovt rpidep Nasmrerranus S
jon-w ogowiu w por bamwnikafotbsynteycznegn w ssiewtach $rakiowanych
jedyniel mM Pb(NQ)a.

4. 2.1 Podsumowanie wynik-w Il etapu bada®E

Wy ni ki b a d al(E asteyowamie wsyygtkich egzogennychstancji biologicznie
czynnych w PRb@@)Nicztemti mi £ zmni ej szy§aAnidokiwasly c z n o
ni kot ynowetgkofeo( (RiP )E) i glitation (GSH) wiaj wi fkszym stopni

toksycznoSi ogowi u.
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Z wybranN z doBSwj sklezemz mi eljlszNo0 substancj N
przypadku ami dem kwasu ni kotynowego przept

w laboratoriumin vitro.

4.3Etap Il

W niniejszym badaniu zastosowanie PbgyOh a mowago ki egkowani e
korzewi i pnind-w oraz Swie®N amavs i ogadvmame ku jzi ko n't
WartoSi wska¥*Tni ka kiegkowania nasi onPb(NG j nc
watagsi i Wdo 31,80%7 7Zaobser wowano, Ue najniUsza
j fczimd emy s tpirpzoywawdyads z y m s t2mmMBofNO).. sol i oJowi u

W przypadku s ireovwsenkNwpydcihy M zroziwarem Pb(N,o st nUeni u
i2,0 mM najwinkszN skutecznoSi wo §uawtndhtkiem i u <
witaminy PPwn aj wy Us z y inl Q@ n\iWwmii kui  vemkiejszenidd ga§ci i ma s
si ewek |daobumt Bbe &), RbpolOy weray2 M8 Pb(N@w poUywce M
ulodni owych sadzonek G@a%Wbsedwkwpno d/gsig drded u kkcoj
dgugoSci pfAnd-w w por - -wnaniu z kontrolN. Podob
59% spadek SwieUej masy roStnnowymowzwodoie z

Streso Jowinacz Nc ¢ §z wia DA fod 47 do 32,09 nmaj™ fm), a przy
20 mM Pb(NQ), e f ekt byg wyra¥tniejszy. Zastosowani e
osgabi go wgdwwobhi 8ajuyNc poziom MDA w pot - wnat
S.m. YoSliny

St wierdzono istotny imwygrdslt, 4% & vearrotl oSSl i py
zastosowaniu 2,0 MM Pb(NBw por - wnani u do & ®.nm.r orldSlI(ilny 4 ¢
War unki stresu met al ami c i n Uk w rmedniowgch siewach e ot
j iczmi end9% umola,S55m. ) oSl i ny
W doSwiadczeniu zaobserwowano wzr os-dniovegot y wn c
wzrostu sadzonek | ficz mileanmikimpWwidtzewmpstemeaoaionsut r e s
Pb(NG).w poUywce MS, akt ymwajoBy UCAB3,8DEM HO g i) a
w poréwnaniu do kontroli (48,71 uM 4@, g fm). Ak t y whego®hzymz nacz Mobej sz y §
s i(41,42- 59,98 pM HO, g* fm) w przypadkwzastosowania nikotynamidu.
W przeprowadzonyratapiebaddEz wi fkszeni e zjpwapo OYvwde PME §®Op o w
zmniejszenie cagkowitego st fiibevyeh seewkach Ifocrzaafiielnu
JednakUe dodanie nikotynamidu do po@ywiiagms
znaczNcy wpgdgyw na chlorofil [ karotenoidy.
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4.3.1 Podsumowanie wynikéwll I et apu bada &
Zastosowanie nikotynamidu jako przeciwutl e

biochemiczneHordeum vulgareodm Eunova w kulturzein vitro. Najlepszy efektg a g o d z Nc y

szkodl i we dwy&@amine dj awisdkityhan@Eu.50 i 100 ¢M
4.AEtap IV

Analiza statystyczna parametr-w morfol ogi
kwitnienia wykazaga, Ue zar-wno w pierwszym,
zobusezonbwn i e st wierdzono i syohngahametdnacmiwp anmie

kombinacgmi. Jedynie aobserwowand st ot me w- Wndiu g o $aiid pwoni Aerziy
badanymi kombinacjami. ®d at ek ogowi u spoweddawWa®odmni &jog z
w pierwszym sezonie 6 19,9% w drugim sezonigr zy czymidguwmgo &l szyga
odpowiednio ®4,8% i16, 2% w por - wn a nFAonadtozzasthsowanie egrolen
witaminy PP pnozayjtoy winsyt owpndyy w maidd wgggétzKor zek

sol i ogowi u. Naj st dzsiosvjanieé¢ mk wy wayninny PP by
wykazag | ej korzystny wpgyw na wZzaroobsste rrwoSi ainno
aktywnoSi enzym-w biorNcych wudziag w ©00)onie

wobecnoSciiu AskotlyiwnoodSdw C A5% dozl0686svjparownaniu do kontroli,
nat omi ast aktywnoSi POX wykazywaga podobny p
rozwojowych badanego pJednmké&eri aab6woRPbwa iri@dSa wir
na gl ebee¢g salWoem do p rodwaodamiogeaymdw wporéwnaniu
zroSlinami naraUonymi na dziaganie samego 0
enzymow zaobserwowanpodczas opryskow dolistnychnawa d ni ani a wi t ami nN
w pierwszymjaki drugi m.roku badaEE
Stres ogowiu v 3 sG,0@H)y pEwodro DY O(i § awapproveh&@iv i MD
z kontrol N (wzrasthazla@y®hdset @Z8[ 4@h r oEznE@] O WY
(w obu latach).Egzogenna aplikacja witaminy PBzczegolniew formie podlewana i opryshu,
istotnie>0,09 ob rzialhyaga o Sp o ™MDWnavni nmo simNes pdBi mnoowi e
Wprowadzona pszlasgmiwgdw wzr o proliny wokuwatacht o Sc i
doSwi adczenia. Jedaokss&weano sjetdygeaei e - Wrkifiteenia e Kk §
jnczmieni a, przy czym nie stwierdzono znaczN
fazach rozwWajst osoBanng wit aani nmn iPePj sszpeonw ced ozava!
wj nczmieni Eunoval Najistomigjszy efekt zaobserwowano doaas opryskiwania
I nawadniania.
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Zastosowane w doSwiadczeniu solygy ojawaut a

barwni k-w asymilacyjnych, w tym chlorofilu o
nat ipowag stopniowy spadek zawartoSci chl orof
wkontrol i), natomi ast zawartoSci karotenoid- w

stosowana we wszystkicformach zwi fkszaga zawart gBbwiztagg ovn c

ikarotenoid-w w por-wnaniu do roSlin rosnNcyct

4. 4.1 Podsumowanie wynik-w IV etapu badaE&E

Zastosowaniav d o Swi ddnMPb(NQ)us powodpmaigej szenie dJug
ipfAd-omzwzr os't aktywnoScdydlkatyal az y t a didiferyduw&wa r
malonowego proliny i barwnikéw asymilacyjnych wbadanych fazachozwojowychj nc zai e ni
jarego odmiany EunovaWi t ami na PP mi aga istotny i korzy

morfologiczne, biochemiczne i fizjologiczne z mni ej szaj Nc tym samym to
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5.WhnioskKi

N a

T

podstawie przeprowadzonych bada@E ustal ono

1 mMPb(NQ)hamuj e kiegkowanie nasion, wzrost Kk
roSlin, zawar taosyimi Ibaacywnnykchv or az podwy U
wilodni owych siewkach badanycWSrgadt utmé&d avn yrcohS
trzy gatunki, (dyni a, Oyto i pszenica) c h
Pb(NQ),nat omi ast | nida, ncemdE 7 ad kyi, e wkoan s N naj bar

SpoSr-d badanych substancij. bi ol ogicznie
negatywnych skutk-w streguu wymMozgnai ne@dimoa 1j an
Eunovaw y k a zwéaiminaP P -Toddferoli glutation Nat omi ast najni Us.

kwasu salicylowego

Dawka 50 i 100 &M witaminy RvPkulterze sitviree o wa n
przyaniagslGepsze rezultaty w zmniejszaniu szKk
odmiany Eunova. Obserwowaa zgagodzeni el mMoRbENRR z po Sc i
zastosowaniu witaminy PP Un viraijdsh podgbne jak S1 i r

w doSwiadczeniu wazonowym.

Ef ekt Zzastosowanej dawki witaminy PP zal

wograni czaamwiuowe ge sdiajogg oprysk dolistny i |

Badania dajN perspektywn wykorzystania wif

stres ogowi u.
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7. Streszczenie
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8. Abstract

The danger of environmental pollution with heavy metals hareased due to the rapid
development of industry around the world. During their life, plants are constantly exposed to abiotic
and biotic factors. They disrupt the functioning of plants, negatively affecting physiological and
biochemical processes, whighanifests itself in limited growth and yield. Among the abiotic
factors influencing the growth and development of plants, heavy metals play an important role.
Lead is a highly toxic and permanently polluting metal. Its compounds negatively affect the cours
of a number of metabolic processes in plants.

Research on the use of biologically active substances in agriculture may bring positive
results in terms of plants' tolerance to environmental stresses and increasing their resistance to the
harmful effectsof heavy metals. Vitamins in fairly low concentrations have a profound effect on
plants. Exogenous administration of vitamins to plants regulates the adverse effects of abiotic
stresses on plant growth, as well as physiological and biochemical procass@aahide (vitamin
PP) is a watesoluble vitamin fromthe B group. Nicotinamide is @nstituent of the pyridine
dinucleotide coenzymes NADH and NADPH, which are involved in many enzymatic oxidation
reduction reactions in living cells (Abdelhamidet2013, Azoozet al. 2013).

The scientific aim of the doctoral thesis was to reduce the toxicity of stress caused by
Pb(NO3)2 through the exogenous application of biologically active substances.

The goals were achieved through 4 stages of research: 3 lapagperiments and one pot
experiment.

In stage I, the effects of 1 mM lead nitrate on the development of morphological and
physiological parameters in the leaves ofdHyold seedlings in various crop plant species were
determined. Based on the test tesudrom stage 1, spring barley (Eunova) was selected for
subsequent stages of research.

In Stage Il, the effects of alleviating stress caused by 1 mM lead nitrate were assessed
through the use of biologically active substances based on morphologicdierhioal and
physiological parameters in the leaves ofdHy-old spring barley variety Eunova, and the selection
of the biologically active substance that eliminates the toxic effect of lead to the greatest extent.

Stage Il consisted in seleay the Pb dse of 0.5 2 mM PKNOs), and the dose of the
bi ologically active substance (25, 50, 100 ¢
barley based on morphological, biochemical and physiological parameters. It has been shown that
exposure of barlegeedlings to lead causes numerous metabolic disorders. Antioxidant properties

and a role for nicotinamide in lead stress have been found, as this compound can inhibit the harmful

25



effects of lead. It was observed that nicotinamide gives the best eféectcantrations of 50 or 100
e M.

Stage IV consisted in assessing the exogenous use aM.@icotinic acid amide (vitamin
PP) introduced in the form of: spraying, soaking seeds and watering under stress caused by 1 mM
Pb in various stages of plant develanh The obtained results showed that exogenous vitamin PP
had a significant and beneficial effect on the tested morphological, biochemical and physiological
parameters, reducing the toxicity of lead salts. The best effect in reducing lead stress ésl dghiev
foliar spraying and watering with vitamin PP. The research provides the prospect of using vitamin

PP to improve plant resistance to lead stress.

Keywords: barley; lead stress; biologically active substances; nicotinamide; morphological and
biochemial parameters.
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Abstract

Among the heavy metals, lead (Pb) is one of the most common
environmental pollutants. This study examines the effect of 1 mM
lead nitrate Pb(NO,), on the germination index, morphological
parameters (root length, shoot length, fresh biomass and
tolerance index) and physiological parameters (proline, total
chlorophyll and carotenoids) in the leaves of 10-day-old seedlings
of various species of crop plants under laboratory conditions. All
results, when compared to control, showed Pb adversely affecting
the morphological and physiological parameters of the test plants.
Among the 12 studied plants, three species (pumpkin, rye and
wheat) presented high tolerance to Pb compared to the other test
plants. The most sensitive to Pb exposure were radish, barley,
tomato and alfalfa.

©108-PIB

1. INTRODUCTION

Pollution by heavy metals is one of the most important problems
waorldwide.

Among the heavy metals, lead (Pb) is a highly toxic and
persistent environmental pollutant derived from various sources
[Sharma and Dubey 2005]. Pb has been extensively used in
modern industries to manufacture products such as lead-acid
batteries, radiation shields, gasoline, paint, pesticides, ceramics
and chemicals. The highest levels of Pb in air are generally found
near Pb smelters. Other areas are near industrial effluents, waste
incinerators, lead—acid battery manufacturers and while applying
phosphate fertilisers [Sharma and Dubey 2005, Shafig et al.
2008, Kabir et al. 2010].

Pb is a toxic environmental contaminant that induces many
morphological, physiological and biochemical changes in
plants. Pb toxicity leads to decreases in the percentage of seed
germination [Shafiq ef al. 2008] and in the growth and vyield of
plants [Shafig ef al. 2008, Kumar and Jayaraman 2014], disruption
of mineral nutrition [Lamhamdi et al. 2013, Nareshkumar et al.
2014], inhibition of photosynthesis [Tian et al. 2014], inhibition

Streszczenie

Wérdd metali ciezkich, otéw (Pb) jest jednym z najczestszych
zanieczyszczen $rodowiska. Celem pracy bylto okreslenie wptywu
1mM Pb(NO,), — na indeks kietkowania, a takze na ksztattowanie
sie parametréw morfologicznych (dlugos¢ korzenia, diugosé
pedu, $wiezg mase, indeks tolerancji) oraz parametrow
fizjologicznych (stezenie proliny, chlorofilu catkowitego i
karotenoidéw) w lisciach 10 dniowych sadzonek réznych
gatunkéw roslin uprawnych w warunkach laboratoryjnych. Otéw
niekorzystnie wptywat na parametry morfologiczne i fizjologiczne
testowych roslin. Sposréd 12 badanych roslin trzy gatunki (dynia,
zyto i pszenica) charakteryzowaty sie wysoka tolerancjg na Pb
w poréwnaniu do pozostalych badanych roslin. Najbardziej
wrazliwe na dziatanie otowiu byty rzodkiewka, jeczmieri, pomidor
i lucerna.

of enzyme activity [Malar et al. 2014], water imbalance and
alterations in membrane permeability [Sharma and Dubey 2005,
Israr and Sahi 2008]. According to Wang [1987], germination and
root growth are stages in plant development that are especially
sensitive to contamination. Therefore, these stages may be
observed for a fast biological assessment of environmental
contamination as well as to make a preliminary assessment,
selection and characterisation of a contamination-resistant
species of crop plants [Wang and Williams 1988]. Cultivation of
varieties that are tolerant to various environmental stressors is
the easiest and cheapest way to counteract crop losses caused
by them [Ashraf and Harris 2005]. Selecting cultivars tolerant to
abiotic stresses contribute to improving crop yields.

The aim of this study is to determine the effect of 1 mM lead nitrate
- Pb(NOQ,), on the morphological and physiological parameters
of the leaves of 10-day-old seedlings of various species of crop
plants, and assessment of sensitivity to the presence of Pb ions
in the environment, which is the basis for the selection of certain
plant species tolerant to unfavourable environmental conditions.
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2. MATERIALS AND METHODS

The experiment was conducted in January 2014 in the laboratory
of the Department of Plant Physiology and Biochemistry and also
Department of Plant Genetics, Breeding and Biotechnology at the
West Pomeranian University of Technology in Szczecin, Poland.
The study material included undressed seeds collected from 12
plant species commonly used in testing the toxicity (phytotoxicity):
pumpkin (Cucurbita pepo, var. ‘Danka Polka’), radish (Raphanus
dativus, var. ‘Carmen’), cucumber (Cucumis sativus L.), barley
(Hordeum vulgare var. ‘Eunova’), rye ordinary (Secale cereale
var. ‘Bojko’), wheat (Triticum aestivum L. var. ‘Bryza’), blue lupine
(Lupinus angustifolius L. var. ‘Karo’), sunflower (Helianthus
annuus), tomato (Lycopersicon esculentum var. ‘Faworyt’),
alfalfa (Medicago sativa L.), cuckooflower (Lepidium sativum),
lentil (Lens culinaris Medik.).

Seeds of each species were characterised towards Pb-induced
phytotoxicity — lead nitrate [Pb(NO,),]. Seeds were surface-
sterilised with 70% (v/v) ethanol solution for 30 seconds and
then thoroughly rinsed with sterile water. After the preliminary
disinfection, the seeds were soaked for 15 minutes in 10% (v/v)
solution of sodium hypochlorite (NaOCI), after rinsing three times
in sterile water. Next, seeds were placed in petri dishes lined (210
cm) with filter paper and moistened with 30.0 cm?® sterile water
(control) and of Pb solution. The experiment was established in
three replications of 10 seeds in duplicate. The experiments were
repeated three times.

The plates were incubated at 21°C in the dark for 72 hours,
then the germinated seeds were counted and the root length
measured. With both values, calculated Index of Germination
(IG%) from the formula given by Barbero et al. [2001]:

IG % = (GS Ls)/(Gc Lc) x 100

where:

Gs and Ls - the seed germination and root length (mm) of the
plant exposed to stress Pb;

Gc and Lc - the corresponding values for controls.

Then, the test plants were transferred to phytotron at the
Department of Plant Genetics, Breeding and Biotechnology,
West Pomeranian University of Technology in Szczecin, Poland
and kept in highly regulated thermal (25°C), humidity (70-80%)
and light (around 40 uE'm™'s™") conditions. During the study a
16:8 hour photoperiod was maintained.

After 10 days of growth, the effect of 1 mM Pb(NO,), on the
morphological parameters (root length, shoot length, fresh
biomass and tolerance index) and physiological parameters
(proline, total chlorophyll and carotenoids) of 10-day-old
seedlings of various species of crop plants were determined.
The tolerance index (TlI) The tolerance index (Tl) was calculated
by dividing the root length of the plant exposed to stress Pb by
that measured during growth in the control solution. The following
equation was used:

Tl (%) = 100 x (root length under Pb treatment)/(root length in the
control solution).

23

Determination of proline Proline content was measured according
to the method of Bates et al. [1973]. Fresh seedlings (0.5 g)
were ground in 1.5 ml of aqueous sulfosalicylic acid 3% (w/v),
and proline was estimated by ninhydrin reagent. The samples
extracted with toluene and the absorbance of the toluene phase
was read at 520 nm. The concentration of proline was calculated
from a standard curve and expressed as pmol-g™' fresh weight.
Determination of pigments The extraction of leaf pigments
was performed with 80% (v/v) acetone. Chlorophyll a, b and
carotenoids content was determined spectrophotometrically
at 663, 645 and 440 nm. The concentration of total chlorophyll
were calculated according to the method of Arnon et al. [1956]
in modification to Lichtenthaler and Wellburn [1983], whereas
the concentration of carotenoids was calculated according to the
method of Hager and Meyer-Berthenratha [1966]. The pigment
concentrations were expressed as ug-g™' fresh weight.
Statistical analysis The significance of differences was
determined by means of variance analysis and Tukey's test, at
the level of significance of a = 0.05.

3. RESULTS AND DISSCUSION

Growth inhibition is a common response of plants to heavy metal
stress and is also one of the most important agricultural indices
of heavy metal tolerance [Jiang and Liu 2010]. Pb toxicity has
become important because of the steadily increasing levels of
this metal in the environment. The effect of Pb on seedling growth
seems to be different with regard to plant species, cultivars, organs
and metabolic processes [Sharma and Dubey 2005].

Pb treatment showed toxic effect on seed germination, root
growth, seedling growth and dry biomass of plant species tested
with respect to control (Figure 1 and table 1). The test plants
had various index of germination (Fig. 1). The values of index of
germination were the highest for cucumber (40.40%), and the
lowest for sunflower (9.20%).

Seed germination inhibitions by heavy metals have been reported
by some researchers [Mahmood et al. 2005, Jamal et al. 2006].
These decreases in germination may be due to the interference
of Pb with metabolic processes, which loss of viability decrease
of energy generation for on embryo. Energy generation is very
important for seed germination and its blockage affects protein,
nucleic acids production, as well as mitosis [John and van-
Laerhoven 1976].

The application of lead nitrate had a significant effect on decrease
(p = 0.05) of root length in the studied plant species compared to
the control plants. The highest decrease of root length was found
in sunflower (90.14%), tomato (89.74%), alfalfa (84.76%) and lentil
(81.16%) (Table. 1). The least sensitive to Pb was pumpkin, rye
and wheat. In case of pumpkin and rye, no statistically significant
difference was observed among root lengths from comparable
culture conditions.

Evaluating seedling length in the studied plant species, it was found
that the presence of Pb resulted in decrease in seedling length
in the test plants compared to the control plants. The greatest
reduction in seedling length was observed in alfalfa (60.89%),
sunflower (45.43%) and parsley (44.19%) (Table 1). On the other
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Figure 1. The value of 1G% of seedlings of various species of plants growing under stress conditions induced with 1 mM Pb salt.
The error bars indicate mean + SD (n = 3); Nambers 1-12 are: 1 - pumpkin, 2 - radish, 3 - cucumber, 4 - barley, 5 - rye
ordinary, 6 - wheat, 7 - blue lupine, 8 - sunflower, 9 - tomato, 10 - alfalfa, 11 - cuckooflower and 12 - lentil; IG%: index of
germination.

Table. 1. Summary of morphological features and the fresh weight of seedlings of different species of plants growing under conditions
of stress induced with 1 mM Pb salt

Root length [cm] Shoot length [cm] Fresh weight [g] Tole-
Plant species ir::d‘::
Control r"F“,"bS'J" LSD,,. Control 1mM soliPb LSD,,. Control 1 mMsoliPbLSD, . [%])

Pumpkin (Cucurbita

! 6.53+1.32 567125 496£065 474147 14035 124006
pep"’;;{('a.';’a""a (100)  (8683) ™% (100 ©476) "% 100y  (8s71) N9 86.09
Radish (Raphanus

: 3224174 099+034 ., 251+112 175+0614 .. 0.07+003 008004
CCURIE R (100) (3075 39 (100 ©972) %82 q00) (11429 N9 3075
Carmen’)
Cucumber ~ 851+253 344241 __.. 217051 1,62+050 .. 0.12+0.07 011£006 . ..
(Cucumis sativus L)~ (100)  (4042) 29" T 00)  (7aes) 04" (100)  (er67) 008 4042
Barley (Hordeum
823:161 183:092 ., 098+16 684:064 .. 024+006 016£003 - ..
REGERHE (100)  (2224) 2 100 ©854) OB 100y  (ees7) 003 2224
Eunova’)
Rye ordinary
8.58+232 5904232 746231 484:135 , __, 047+007 013£005 - .
(Se"a’%ﬁﬁ(’j.?’e var g0y 687e) ™% (100 ©®488) % T (100)  (7647) 004 6876
Wheat ( Triticum
: 6234119 374113 13.07£2.98 7.252.20 019+ 0.04 0.13£0.03
aestivum L. 2.28* 1.67* 0.02* 60.03
i (100)  (60.03) (100) (55.47) (100)  (68.42)
Blue lupine (Lupinus
e ({ 266063 071034 . 605+176 375106 ... 057+017 046£012 _
a”fa“r_s‘f’}g’;.s)'-' (100)  (2669) °*® (100 6198 %% 00y  (go7g) 009" 2669
Sunflower seeds  8.01£3.11 079013 , .. 405118 221085 . 046018 022007 [ o oo
e N 086) 2 (100) sa57) O (100) (4783 :
Tomato
(Lycopersicon 1248305 128+0.37 | .. 225044 143£040 (.. 0.1%004 0092005 . 0.
esculenturn (100)  (1028) (100) 6356) (100)  (90.00) ™4 10
var. Faworyt’)
Alfalfa (Medicago  4.33£092 0662025 | . 2712079 1064055 o 0.02£001001£0005 . ooy
sativaL.) (100)  (1524) (100) @o11) O (100)  (s000) ™9 15
Cuckoofower 11754230 267068 .. 2624073 2414074 . 003002 001£001 (00 oo
(Lepidium sativum) (100) (22.72) (100) (91.98) (100) (33.33)
Lentil (Lens culinaris 3.20+1.81 0.62+024 .., 213066 218%068 012£005 0.07+0.04 . ..
Medik.) 100)  (1884) % T (100) (10235 ™9 (100)  (ss33 003 1884

LSD , .~ less significant difference a < 0.05; + SD - standard deviation; * The significance of differences at the level of a <0.05; n.d.-

nonsignificant difference;
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Figure 2. Summary of physiological parameters in the leaves of seedlings of various species of plants growing under stress conditions
induced with 1 mM Pb salt. The error bars indicate mean + SD (n = 3), followed by different letter are statistically significant
at a < 0.05 levels. F.W. - fresh weight; Numbers 1-12 are: 1 -pumpkin,2 - radish, 3 - cucumber, 4 - barley, 5 - rye ordinary,
6 - wheat, 7 - blue lupine, 8 - sunflower, 9 - tomato, 10 - alfalfa, 11 - cuckooflower and 12 - lentil;

side, in pumpkin, radish, cress and lentil, no statistically significant
difference was observed in the seedling growth of plants originating
from control and control with 1 mM Pb. The inhibitory effect was
more pronounced on root length than on shoot length (Table 1).
Sharma and Dubey [2005] reported that roots assimilate Pb better
than leaves; therefore, symptoms of toxicity are more enhanced
in underground than overground organs. This dependence was
also confirmed by Grzesiuk et al., [2011], who studied sensitivity
to Pb of two varieties of buckwheat. Inhibition of root growth and
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seedling to Pb was previously noticed in various plants [Shafiq et
al. 2008, Wang et al. 2011, Malar et al. 2014]. But, Grzesiuk et
al. [2011] found that low concentration of Pb (0.01 mM) in roots
had a stimulatory effect on their growth; although, reduction of
their growth by 60% occurred at 1 mM of Pb. Reduced growth
of plants could be related to lower number of cell divisions in
zone of cell division [Eun et al. 2000]. Whereas Jiang and Liu
[2010] observed that exposure of Allium sativum roots to Pb for
72hours induced ultrastructural changes, that is: loss of cristae,

31



EFFECT OF LEAD ON GERMINATION AND SOME MORPHOLOGICAL AND PHYSIOLOGICAL PARAMETERS OF 10-DAY-OLD SEEDLINGS OF VARIOUS...

mitochondrial swelling, dictyosomes, endoplasmic reticulum
vacuolisation and impairment into lamellar organisation of the
chloroplast.

In our studies, a significant decrease in fresh biomass (p < 0.05)
was observed in plants growing with concentration of Pb ranging
from 8.4 to 66.7% compared to the control (Table 1). Similar
decrease in fresh biomass was also found in stress conditions
caused by Pb in Chlorophytum comosum [Wang et al. 2011] and
Eichhornia crassipes [Malar et al. 2014].

Tl is an important indicator that reflects the heavy metal tolerance
of plants [Yan ef al. 1997]. After 10 days of exposure to Pb, the Tl
value in the studied plant species was low that means about high
sensitivity of the test plants to Pb (Table 1). The only plants were
Tl values were higher were recorded in pumpkin, rye and wheat
and they were 86.06, 68.76 and 60.03%, respectively. In studies
carried out by Shaikh et al. [2013], TI was decreasing along with
the increasing concentrations of Cr, Cd, Mn and Zn in wheat.
With the absorption and accumulation of heavy metal, the plant
undergoes many physiological changes [Liu et al. 2009].
Literature data shows that proline has a positive impact to plant
water management as well a pivotal role in plant response to
metal presence, which is probably related to antioxidative
properties, role of chelating metals and ability of proline to protect
enzymes [Ozturk and Demir 2002]. In our study, concentration of
proline significantly increased in the test plants that obtained a
dose of Pb at a concentration ranging from 25 to 208% (Figure 2).
Similar response to Pb treatment was previously noticed in various
plants [Zengin and Munzuroglu 2005, Awaad ef al. 2010].
Chlorosis of leaves is one of the physiological symptoms of Pb
action on plants. Chlorosis is caused by inhibition of synthesis
of photosynthetic pigments [Sharma and Dubey 2005]. Mysliwa-
Kurdziel and Strzatka [2002] reported that 8-aminolevulinic acid
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ABSTRACT

Plants are constantly exposed to a variety of stressors during their lives. One of such stressors is contamination of
the environment with heavy metals. Lead is one of highly toxic metals and it significantly inhibits normal plant
growth. The study aimed at assessing the degree of relieving the stress caused by 1 mM Pb(NO,), via different
biologically active substances (AsA, GSH, PP, a-Toc, SA) on the basis of the measurement of morphological (root
length, coleoptile length, fresh weight), biochemical (Pro, MDA, CAT, POX) and physiological (Chl a+b, Car)
traits in 10-day leaves of spring barley of the cultivar Eunova under laboratory conditions. Pb-stress reduced the
fresh weight, root length and coleoptiles of the barley tested. Lead increased lipid peroxidation and Pro content,
enhanced CAT and POX activity, and significantly suppressed the photosynthetic pigments content. Among the
substances used in the experiment, PP, a-Toc and GSH generally relieved the toxic effect of lead to the barley
seedlings to the greatest degree.

Keywords: barley, biologically active substances, catalase, lead, malondialdehyde, peroxidase, pigments, proline.

INTRODUCTION

An increase in the addition of heavy met-
als in the environment causes losses to agricul-
tural crops. Lead is a toxic element, easily as-
similated by plants and accumulated in various
parts thereof. Plant responses to environmental
stresses are complex, limiting plant growth and
yield by affecting morphological, physiological
and biochemical parameters (Sharma and Dubey,
2005; Sedzik et al., 2015). One of the biochemi-
cal changes occurring when plants are subjected
to heavy metals, including Pb, is the production
of reactive oxygen species (ROS) (Shahid et al.,
2014). Enhanced production of ROS in plants
during stress can enhance oxidative processes
(such as: membrane lipid peroxidation, protein
oxidation), enzyme inhibition and DNA and RNA
damage (Asada, 2006). To control ROS levels
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and protect cells from damage, plants produce nu-
merous efficient defense mechanisms, known as
the antioxidant defense system. This system con-
sists of low-molecular weight antioxidant com-
pounds (ascorbic acid (AsA), reduced glutathione
(GSH), carotenoids, tocopherols) and antioxidant
enzymes such as superoxide dismutase (SOD),
catalase (CAT), guaiacol peroxidase (GPX) and
enzymes of the ascorbateglutathione cycle (AsA-
GSH) (Mishra et al., 2009).

Effective solutions are necessary to increase
the tolerance of plants to environmental stresses,
including heavy metals. This can be achieved
through the use of biologically active substances.
Under stress conditions in plants, endogenous
levels of these substances are low, which can
be counteracted by their exogenous applica-
tion, which is an environmentally friendly ap-
proach. Such exogenous application of plant
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non-enzymatic antioxidants, plant growth regu-
lators, plant extracts with secondary metabolites
can mitigate the adverse effects of heavy metals
on growth, yield as well as biochemical and phys-
iological processes in plants (Chen et al., 2007;
Jazi et al., 2011; Al-Hakimi and Hamada, 2011;
Son et al., 2014; Jazi and Oregani, 2014).
Vitamin C [ascorbic acid (AsA)] is an anti-
oxidant molecule and a crucial substrate for the
detoxification of ROS, molecule essential for the
regulation of key physio-biochemical processes in
plants (Ishikawa et al., 2006; Moghadam, 2016).
Studies by several authors have shown that AsA is
effective in improving the plant stress tolerance.
It can improve the tolerance to abiotic stresses by
enhancing plant growth; it is also involved in the
regulation of photosynthesis (protection of pho-
tosynthetic pigments), transpiration, protection
of lipids, proteins, and enzymes (Al-Hakimi and
Hamada, 2011; Venkatesh and Park, 2014).
Glutathione (GSH) is a tripeptide composed
of glutamate, cysteine, and glycine. As a non-
enzymatic antioxidant, GSH protects plants from
oxidative damage caused by stress factors. It 1s
present in all plant cells. It is involved in detoxifi-
cation of ROS, as well as heavy metals. Glutathi-
one is a substrate for the synthesis of phytochela-
tins, which are involved 1n the detoxification of
heavy metal ions (Foyer and Noctor 2005, Sharma
and Dietz 2006). Nicotinamide (vitamin PP) 1s a
water-soluble vitamin. It is part of the NADH and
NADPH coenzymes, which are involved in many
enzymatic oxidations, i.e. reduction reactions in
cells. It participates in the repair of damage caused
by ROS (Abdelhamid et al., 2013). a-Tocopherol
(a-Toc, vitamin E) is low molecular a lipid-sol-
uble antioxidant. It is synthesized in chloroplasts
by all plants. a-Toc is a key molecule for the de-
toxification of ROS and protects against oxidation
damage. Studies by numerous authors have shown
that tocopherol proves to be effective in improving
the plant tolerance to various stress environments
(Kumar et al., 2012; Sadak and Dawood, 2014).
Salicylic acid (SA) belongs to a group of
phenolic compounds. It is a phytohormone with
a signaling function in plants (Miura and Tada,
2014). SA is involved in the regulation of im-
portant physiological and biochemical processes
such as seed germination, growth, development,
ion uptake and transport, membrane permeabil-
ity, photosynthesis, and amino acid metabolism.
This acid induces the production of certain stress
proteins, thereby participating in plant defense

against abiotic and biotic stresses (Khan et al,
2012; Naser et al, 2014; Miura and Tada, 2014).

Barley is one of the basic cereals cultivated in
Europe. The high barley vielding potential causes
the species to increase its popularity in Europe,
and its cultivation area is constantly extended. Bar-
ley is grown mainly for animal feed and malt for
brewing (Fischbeck, 2003). The study of Sedzik et
al. (2015) determined that barley is sensitive to the
effect of lead. The experiment investigated wheth-
er the addition of exogenous application of bio-
logically active substances (BAS) such as ascor-
bic acid, glutathione, nicotinamide, a-tocopherol
and salicylic acid alleviates the harmful effect of 1
mM lead nitrate stress on barley seedlings.

MATERIAL AND METHODS

The research was carried out under laboratory
conditions at the Department of Microbiology
and Environmental Biochemistry of the West Po-
meranian University of Technology in Szczecin
(lat. 53°26’17" N, long. 14°32'32" E). The plant
material consisted of naked seeds of spring barley
(Hordeum vulgare L.) of the ‘Eunova’ cultivar.
They were purchased from a specialist shop as
certified seeds in class (C/1).

The sensitivity to the presence of 1 mM
Pb(NO,), and the extent to which its toxicity was
mitigated by the biologically active substances:
ascorbic acid (1 mM AsA), glutathione (100 pM
GSH), nicotinamide (50 uM PP), a-tocopherol (1
mM o-Toc), salicylic acid (I mM SA) were as-
sessed for barley seeds and seedlings. Seed dis-
infection was carried out according to the method
described by Krupa-Malkiewicz et al. (2018).
Firstly, | mM Pb(NO,), and BAS were dissolved
in water and poured into vessels and then disin-
fected barley seeds were introduced into the ap-
propriate combinations of the experiment. For
treatments: 30 cm® of I mM Pb(NO,),, 30 cm® of
(BAS) like: AsA, GSH, PP, a-Toc, SA, respec-
tively and their combinations (AsA+Pb, GSH+Pb,
PP+Pb, a-Toct+Pb, SA+Pb) were used. The ex-
periment was set up in six replications (six Petri
dishes @10 cm with 10 seeds for each treatment).

The seed dishes were incubated for 72 hours
in the dark at 21°C, then the pre-germinated seeds
were transferred to the phytotron where the light
intensity was set to 100 pE-m?-s"! and kept for a
further 10 days at 25°C. During the experiment,
the photoperiod was set to 16:8 hours. After 10
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days, morphological parameters (root length,
coleoptile and fresh weight of the seedling), bi-
ochemical parameters (Proline - Pro, malondial-
dehyde — MDA, catalase — CAT and peroxidase
— POX activities) and physiological parameters
(concentrations of total chlorophyll — Chl a+b and
carotenoids — Car) were measured.

Determination of the MDA content

The content of malondialdehyde (MDA), as
a product of lipid peroxidation, was determined
with thiobarbituric acid (TBA) according to the
method of Sudhakar et al. (2001). The absorbance
of the supernatant was measured at 532 nm and
600 nm using a spectrophotometer UV-1800 pro-
duced by Shimadzu. The MDA content was ex-
pressed in umol-g"! of fresh plant weight (FW).

Determination of the Pro content

Proline content was determined by ninhy-
drin reaction according to the method of Bates et
al. (1973). The mixture obtained by the reaction
was then extracted with toluene. In the collected
toluene layer, the absorbance of the dyed chromo-
phore against toluene was determined on a spec-
trophotometer at 520 nm. The Pro content was
expressed in pmol-g? of fresh plant weight (FW).

Determination of the catalase
and peroxidase activities

The catalase (CAT) activity of [EC 1.11.1.6]
was determined spectrophotometrically according
to the method of Liick (1963). The CAT activity
was expressed as pmol H O -g"''min"' fresh plant
weight (FW). In contrast, total peroxidase activ-
ity (POX) [EC 1.11.1.7] was measured spectro-
photometrically according to Chance and Maehly
(1955). The POX activity was presented as pmol
purpurogallin- g fresh plant weight (FW).

Determination of pigment content

The Chl a and Chl b contents were deter-
mined in fresh weight according to the method
presented by Arnon et al. (1956) and modified
by Lichtenthaler and Wellburn (1983). The Car
content was assessed according to the method of
Hager and Meyer-Berthenrath (1966). The results
obtained for pigment content were expressed in
pg- g plant fresh plant weight (FW).
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Statistical analysis

Statistical analyses were performed using
Statistica 13 (TIBCO Software Inc.). The results
obtained were analyzed using descriptive statis-
tics (mean, standard deviation) and two-ways
ANOVA. The means were compared using Tuk-
ey’s HSD test with a significance level at p < 0.05.
The significance was set at p<0.05. Means were
used to carry out cluster analysis using Ward’s ag-
glomerative method (using Euclidean distances).
Created groups were used to perform MDS (Mul-
tiDimensional Scaling), stress and bootstrap in R
(R Core Team R), package SMACOF (de Leeuw
and Mair 2009). In addition, the differences be-
tween effects of BAS per se have been shown in
MDS using Eta”2 and ‘raw’ effect of interactions
BASxPb. The data for Eta*2 has been taken from
ANOVA, whereas ‘raw’ effect of interactions
BASxPb has been calculated using formula pre-
sented in Table 1.

RESULTS AND DISCUSSION

Abiotic stresses (heavy metals, salinity,
ozone, UV-B radiation, extreme temperatures, or
drought) are among the most challenging threats
to agricultural system and economics of yield
of crop plants. Numerous studies demonstrate,
that physiological and biochemical processes are
disturbed under the conditions of abiotic stress,
which limits the growth and yielding in plants
(Sharma and Dubey, 2005; Khan, 2015). In recent
years, with the development of modern cultiva-
tion methods, increased interest of different types
of chemical compounds is observed, which could
fulfill different anti-stress functions in a plant, re-
lieving unfavorable abiotic effects in crops.

Effects of BAS on seedling growth
parameters under lead stress

An analysis of morphological traits of the bar-
ley seedlings allowed observing that the lead salt
influenced on average on the reduction of root’s
and coleoptile’s length and fresh weight of the
seedlings with respect to the control, by 81.8%,
36.6% and 41.2%, respectively.

The use of exogenous BAS like: GSH, and SA
reduced by 0.9 to 10.75% both roots and coleop-
tiles length in comparison to the control, although
not all means were significantly different (Table
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