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1 Uvod

Je obecné¢ znamo, ze celkovd rozmanitost zivota na naSi planeté¢ je primarn¢ zalozena
na ekologickém zékladu, tvofeném pievazné rostlinami. Pro obyvatele nasi planety nejsou rostliny
pouze obzivou, ale i zdrojem 1é¢iv. Mohou byt vyuzivany jako odévni material, palivo, krmivo pro

zvirata €1 pfipadné hnojivo a v neposledni fadé€ je 1ze vnimat jako zdroj krasna.

Primérny ro¢ni narast svétové vypéstované biomasy se vlivem intenzivni préace
v zemédélstvi pohybuje okolo 1,25 9%. Nicméné se stile zvySuje 1 narofnost na mnozstvi
produkované biomasy, at’ uz z ditvodu nartstu poctu obyvatelstva, tak i stidle se zmenSujici vyméie
orné¢ pudy. Neméné¢ vyznamné se na produkci biomasy podili stdle vyraznéj$i vlivy variability
pocasi. Nejen ztéchto divodu se klade stale vysSi diraz na vysSi vynosu jednotlivych plodin

a samoziejmé 1 na kvalitu ziskané komodity.

Vesker¢ biotické 1 abiotické negativni vlivy plisobici na rostliny jsou nazyvany jako stresor.
Je ziejmé, ze jednim z nejvyznamnéjSich abiotickych stresort je nedostatek vody pro rostlinu, ktery
muze byt zpisoben suchem nebo zasolenim. Sucho jako takové je faktor ovliviujici kvalitu rastu

rostlin v dasledku pifimého vlivu na jejich primarni metabolismus.

Vznikajici riziko pidniho sucha a nasledného vodniho deficitu pro rostliny v disledku
zmény klimatu jsou znaénym rizikem i pro Ceskou republiku (dale jen CR). Srazky na uzemi
CR jsou zna¢n& nevyrovnané jak v pribéhu vegetace, tak i v prabéhu roku. V ramci CR jsou
oblasti, u kterych hrozi dlouhodobé ¢i trvalé sucho, a to ptedevs§im jizni Morava a Polabi. Z ¢ehoz
vyplyva, Ze sucho mize byt jednim z nevyznamnéjSich stresor na nasem tizemi. Vodnim deficitem
je ohrozeno piiblizné 1,7 % zemédé€lské pudy. Timto rizikem miize byt v budoucnu zasazeno
az 6,8 % celkové plochy CR. Predpoklada se, Ze v roce 2050 by suchem mohlo byt zasaZeno az 20
% orné plochy CR.

Z vyse uvedeného se ocekava snizeni vynosii polnich plodin. To spolu s naristem svétové
populace, kdy odhady kroku 2050 jsou 9 az 10 miliard obyvatel, poukazuje na problém

se zajisténim dostatku zdroju potravy pro svétovou populaci a hospodaiska zvitata. Tento problém
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2 Literarni piehled

Vodni deficit (sucho) je jednim z nejvyznamnéjSich abiotickych stresoru,
atov celosvétovém méfitku. Sucho je faktor ovliviujici produktivitu ptfirozenych 1 uméle
vytvoienych ekosystémti adale se podili nabiodiverzité rostlinnych 1 Zzivoc¢iSnych druhi,

sekvestraci uhliku a s ni spojenych dé&ja (Boyer et al., 2008a; Zivcak et al., 2013).

Vysledek soucasnych zmén klimatu predstavuje nedostatek vody, ktery je velmi
diskutovanym tématem. Da se ptfedpokladat, Ze tento nedostatek bude mit ¢im dal vyznamné;jsi vliv
i v oblastech, ve kterych tento problém doposud nebyl zaznamenan. Z pohledu zemédélské
produkce je nejrizikoveéjsim vnéjsim faktorem pravé vodni deficit, kdy v ramci nasi planety je cca
61 % ploch se srdzkami niz§imi nez 500 mm za rok. Podle jinych odhadi se jedna o méné€ nez 10 %

veskeré svétoveé plochy orné piidy, ktera neni zasazena suchem ¢1 zasolenim (Brazdil, 2015).

Z vySe uvedeného je patrné, Ze stres z nedostatku vody vyvolany suchem ¢i zasolenim
je velmi aktualni téma, proto je pozornost vénovana studiu reakci rostlin na tyto stresory a také na
urCeni faktord odolnosti vi¢i nim (Takele and Farrant, 2013). Mezi vlastnosti, které ovliviuji
suchovzdornost Ize zaradit udrzeni vysokého vodniho potencialu, turgoru, stomatalni a nestomatalni
inhibici, osmotické pfizpusobeni (Siahpoosh and Dehghanian, 2012) a dale vodivost praduchi

a rychlost vymény plyna (Peng and Krieg, 1992).
1.1 Definice stresu

Stres 1ze popsat jako napéti nebo tlak, které byly definovany ve fyzikalni teorii pruznosti
jako mnozstvi sily na danou jednotku plochy. Kdyz je na material vyvinuta dostate¢na sila, material
se ohyba a zména délky a tvaru se nazyva deformace. S rostoucim napétim se pivodné linearni
vztah mezi napétim a deformaci stdva nelinearnim az k hranici umérnosti. Po jejim ptekroceni
se material deformuje elasticky a mize se ohybat zpét. Nasledné se deformuje plasticky a nemiize

se ohybat zpét, coz vede az k prasknuti (Cauchy, 1821).

Od 30. let 20. stoleti se biologové pokouseli aplikovat tuto terminologii na biologické
systémy, i kdyZ povaha napéti se bude lisit mezi nezivymi materialy a organismy (Levitt, 1980).
Ve srovnani s mechanikou je terminologie napé€ti neboli deformace zmatend, protoze pocatecni

napéti obvykle vede k fetézci deformaci, ale ty jsou ¢asto oznacovany jako napéti.



Jako priklad slozitého souboru propojenych reakci rostliny na nedostatek vody (obr. 1.)
slouzi situace, kdy nizky vodni potencidl pudy je povazovan za pocatecni stres. VSechny dalsi
efekty by byly deformacemi podle terminologie v mechanice. Jednotlivé deformace, stresy nebo
také napéti mohou vést k poSkozeni, ale na rozdil od nezivych materialiit mohou také vyvolat reakce
rostliny branici nebo napravujici poskozeni. Analogicky s mechanikou by elastickd odezva
zahrnovala reverzibilni poskozeni, které Ize opravit, takze funkce a zivotaschopnost jsou
zachovany, zatimco plastickd odezva miize zahrnovat nevratné poSkozeni v disledku selhani
opravnych mechanismi a dosdhnout kone¢ného poskozeni, neboli bod zlomu, jehoz vysledkem

je smrt rostlin (Kranner et al., 2010).

Low soil water potential
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Obr. 1 Schéma mozné odezvy stresové reakce (Kranner et al., 2010)

Stres rostlin byl definovan Lichtenthalerem (Lichtenthaler, 1998) jako jakykoli nepiiznivy
stav nebo latka, ktera ovliviiuje nebo blokuje metabolismus, rist nebo vyvoj rostliny. Strasser
jej definoval jako stav zpusobeny faktory, které maji tendenci ménit rovnovahu. Larcher (2003)

jako zmény ve fyziologii, ke kterym dochazi, kdyz jsou druhy vystaveny mimofadné nepfiznivym
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podminkam, které nemusi predstavovat ohrozeni zivota, ale vyvolaji poplachovou reakci (Gaspar et
al., 2002). Rostlinny stres Ize tedy definovat i jako nepfiznivé plisobeni environmentalnich vliva.
Cim vy$si silou (neboli stresem) na rostlinu pisobime, tim silngj$i odezvu od rostliny
zaznamenavame. Z toho plyne, Ze ¢im vySSi je stres, tim vyS$i je zatéZ organizmu a Z ngj
vyplyvajici poskozeni organismu (Levitt, 1980). Proto je mozné konstatovat, ze stres je jakakoli
zména okolniho prostedi zpiisobujici jakékoli biologické zatiZeni, které zpomali ¢i zcela zastavi
biologicky vyvoj organizmu (Selye, 1973). Dale Ize pojmem stres oznacit situaci, kdy se Zivotni
podminky vyznamné odchyli od béznych optimalnich podminek k zivotu. Jedna se 0 stav nebo

reakci na konkrétni situaci celého organizmu (Koyro et al., 2012; Larcher, 1994).

Jako ekvivalent stresu a napéti v mechanice, je v rostlinné fyziologii ¢asto pouzivan stresovy
faktor a stres. Bez ohledu na terminologii je tieba odlisit stresové faktory (nebo stresy) piichazejici
z vn&jsiho prostiedi od stresu (nebo napéti) v organismu. Faktory, které vyvoléavaji stres, mohou
byt biotické, které zpisobuji zivé organismy, jako jsou viry, bakterie, houby, rostliny a hmyz, nebo
abiotické tedy nezivé faktory, jako je napft. sucho, extrémni teploty, salinita ¢i zneCistujici latky,

napftiklad rizikové kovy.

Rovnovaha mezi toleranci a citlivosti mize urcit, zda ma stresovy faktor pozitivni (eustres)
nebo negativni (distres) vliv. Kromé toho je tfeba rozliSovat kratkodobé a dlouhodobé
(pfetrvavajici) stresy, stejné jako nizko stresové udalosti®, které lze castecné kompenzovat
aklimatizaci, adaptaci a regeneraci, a silné nebo chronické stresové udalosti, které¢ zptisobuji znacné

Skody vedouci k smrti bunék a rostlin (Andersson et al., 1992; Lichtenthaler, 1998, 1996).

Reakce rostliny na stres se 1i$i s rostouci dobou trvani a zavaznosti stresu. Tyto reakce
je dale mozno rozlisit a definovat na zakladé principu obecného pribéhu stresovych reakei, viz obr.
2. Kdy je stres predstavovan pasobenim piirodnich faktord ptsobici na téleso a definuje stres jako
faktor vnéjsiho prostiedi, ktery je schopen indukovat potencialné Skodlivy uc¢inek, biologicky stres
a biologické napéti ¢i jakoukoli jinou zménu v podminkach vnéjsiho prostiedi, kterd mize zpomalit
nebo nepiiznivé ovlivnit rostlinny vyvoj (Levitt, 1980). Biologické napéti je tou omezenou nebo

zménénou funkcei (Salisbury and Ross, 1992).

Ze schématu na obrazku 2 vyplyva, Ze organismus je napindn silou, kterou Schulze et al.
(2005) oznacuji pojmem stres, tedy jako tlak pusobici na téleso v nasem ptipadé rostlinu.
Jak uz bylo fe€eno vyse, tato faze je reverzibilni a je oznaCovana pojmem elasticka deformace.

Pokud sila ptsobi dale a vyssi mérou, dochézi jiz k nevratnému poskozeni organismu neboli



plastické deformaci. Pokud dojde ke zménam v morfologii téla organismu, a to v disledku pasobeni

stresu neboli napéti v tomto pfipadé uzivame terminu strain (Schulze et al., 2005).

stres, strain, poskozeni
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3 typy strain rezistence (stres rezistence)

| —

|l =

stress strain tolerance
avoldance avoldance stresu

Obr. 2 Fyzikalni koncept stresu upraveno dle (Levitt, 1980)

2.1.1 Reakce na stres

Rostliny mohou na plisobeni stresort reagovat, ¢i se adaptovat riiznymi zptisoby. Obecnou
reakci na biotické stresory muze byt adaptace, kterd je zdvisla na aktivaci celé fady reakci
zapojenych do uréeni stresového faktoru pii pienosu signalu a exprese geni (Agrios, 2005).
To ma za nasledek zvySeni tolerance k danému stresoru (Shao et al., 2015, 2007b, 2007a). Rostlina
muze adaptace dosdhnout bud’ vyhnutim se stresu, kdy se jedna o tzv. stresovou avoidanci, nebo

vytvofenim vnitini tolerance, rezistence (Levitt, 1980). Stresova avoidance predstavuje zpusob
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obrany, zahrnujici tvorbu mechanické obrany rostliny, jez ma vétSinou dlouhodoby charakter,
napiiklad silngj$i kutikula, zasobniky vody nebo vyrazna impregnace bunééné stény (Piterkova et
al., 2005).

Stresova reakce ma Ctyti faze (Lichtenthaler, 1996), jak 1ze sledovat v grafickém znézornéni
obr. 3. Z ného je patrné, Ze prvni faze stresové reakce je faze poplachova, kterd oznacuje stav, kdy
rostlina zaznamena stres, i stresy. DalSi fazi je faze restituéni, pfi které rostlina aktivuje
kompenzacni mechanizmy, aby se uchrdnily pied stresorem. Faze restituni ma dvé mozné
vyslednice, bud’ nastane letalni faze, kdy nastup stresu byl pfili§ rychly a rostlina se neubrénila,
nebo obranné mechanizmy rostliny ji pfesunou do tfeti a nejdelsi faze. Tato faze trva vétSinou
nejdéle z divodu snahy o vytvofeni tolerance v pribéhu aklimace vici danému stresoru.
Pti pretrvavajicim plsobeni stresoru, miize dojit k fazi vyCerpani, kdy Gc€inky stresu jsou na rostlinu

prili§ vysoké a muize nastat chronické poSkozeni az usmrceni jedince (Lichtenthaler, 1996).

Poplachova Restitucni Faze rezistence Faze vycerpani
N ’ ’
8] faze faze
-l
R R ! . Maximum
No— -
& s : / v | rezistence
- ' E ' 1 \‘ - !
] 1 R [} 1 i | =2
g 1 g ' 8 | c g v
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o b - 5 > . o I3
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oS! N Ssee ‘2 .os
wt g ' 2 g9 rozpéti
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| 1} “ 1
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Negativni zatéz
A

» Dobapusobeni >
stresového faktoru

Obr. 1 Schéma priibéhu stresové reakce upraveno dle (Levitt, 1980)

Tolerance vici stresu nastdvd v momenté, kdy neni potfeba vynalozit dal§i energii
na ochranu pied stresorem. Dochazi tak ke dvéma riznym druhiim ptizpisobeni se. Mechanizmus
obrany, ktery se neulozi do genetické vybavy a nasledné potomstvo by jej muselo opét vyvinout,
je pojmenovan jako modifikace. Na rostlin¢ se miize projevit zménou stavby téla, nejéastéji tvarem
¢1 velikosti v podzemni nebo nadzemni ¢ésti jedince. Pokud se tato zména projevi 1 v dalSich

generacich, a¢ neni vyvolana stresem, jedna se jiz o mutaci, tedy o vznik nové odridy dané rostliny

(Gilliham et al., 2017).
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Aklimatizace rostlin na dany abioticky stres vyzaduje reakci pfizplisobenou pifesnym
podminkam prostiedi (Chinnusamy and Zhu, 2009; Verslues and Zhu, 2007). Nékteré biochemické,
fyziologické a molekularni udalosti spusténé specifickou stresovou podminkou prostiedi
by se vétsinou lisily od udalosti aktivovanou jinou sadou stresovych podminek neboli abiotickych
parametri (Denby and Gehring, 2005; Rizhsky et al., 2004, 2002). Podobn¢ u aklimatizace
na kombinaci riznych abiotickych stresti, vyzaduje dobie ptizpisobenou reakci jednotlivym
stresiim, stresovym podminkam, jakoZ i potfebu reagovat na kazdou jednotlivou stresovou situaci.
Dulezité je rovnéz pfizpisobit se nckterym antagonistickym nebo synergickym aspektim

kombinace stresu (Mittler, 2006).

Abiotické a biotické stresory pusobi pfevazné ve vzajemné kombinaci (Mittler, 2006).
Rozsah skod zpusobenych v zemédélstvi témito kombinacemi stresti podtrhuje potiebu vyvijet
plodiny se zvySenou toleranci vuci spoleénému pusobeni abiotickych strest (Mittler, 2006).
Na zdkladé omezenych fyziologickych, molekularnich a metabolickych studii provedenych
na rostlinach vystavenych soucasné¢ dvéma riznym abiotickym faktorim, nestaci studovat kazdy
Z t&chto jednotlivych strest zv1ast (Hewezi et al., 2008; Keles and Oncel, 2002; Koussevitzky et al.,
2008; Rizhsky et al., 2004, 2002). Konkrétni kombinace stresit by méla byt zpracovavana jako novy

stav abiotického stresu v ramci rostliny, ktery vyzaduje novy typ aklimatizace (Mittler, 2006).

Sucho a tepelny stres predstavuji vynikajici ptiklad dvou odlisnych abiotickych stresovych
podminek, které se v polnich podminkach vyskytuji souc¢asné (Heyne and Brunson, 1940; Mittler,
2006; Mittler et al., 2001; Pnueli et al., 2002; Savage and Jacobson, 1935). Bylo zjisténo, Ze tato
kombinace méa vyrazn¢ vyssi Skodlivy Gc€inek na rist a produktivitu kukufice, je¢mene, Ciroku
a ruznych trav, nez kdyby byl aplikovan kazdy z nich jednotlivé (Abraham et al., 2008; Erice et al.,
2006; Heyne and Brunson, 1940; Jiang and Huang, 2001; Savage and Jacobson, 1935; Savin and
Nicolas, 1996; Yan et al., 2006). Fyziologicka charakteristika rostlin vystavenych soucasnému
pusobeni sucha a tepla ukézala, Ze kombinace stresi ma nékolik jedinecnych aspektl, jako
je vysoka respirace a zaroven nizka fotosyntéza, nizka stomatalni vodivost a vysoka teplota listi

(Rizhsky et al., 2004, 2002).

Mnoho studii uvadi, Zze stresové interakce, vcetné sucha a tepla, slanosti a tepla, ozénu
a slanosti, ozonu a tepla, nutricniho stresu a sucha, nutricniho stresu a slanosti, UV a tepla, UV
a sucha a vysoké intenzity svétla v kombinaci s teplem, suchem nebo chladem maji vyrazné vyssi
negativni dopad na produktivitu plodin, nez kazda z rtiznych slozek stresu aplikovana jednotlivé

(Mittler and Blumwald, 2010; Suzuki et al., 2014). Nicméné jiné studie uvadéji pfiznivé Gcinky,
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jako vysledek interakce dvou rdznych stresorti aplikovanych soucasné (Suzuki et al., 2014).
Na obrazku 4 jsou shrnuty ne¢které kombinace podminek prostiedi, které by mohly mit vyznamny
vliv na zeméd¢lské plodiny. Jsou zobrazeny ve formé stresové matice vytvorené Mittlerem (2006)
a dale rozpracovany Mittler a Blumwald (2010), Suzuki et al. (2014). Tato verze ,,stresové matice*
zobrazuje nové kombinace abiotickych faktori spolu s jejich potencialnimi pozitivnimi nebo

negativnimi u€inky na produktivitu a rast rostlin.

- o S - 5 S
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Obr. 4 Stresova matice upraveno dle (Mittler, 2006; Mittler and Blumwald, 2010)

Kromé rozdilt, které existuji mezi aklimatizaci rostlin k riznym abiotickym podminkam,
mohou rizné stresy v kombinaci vyvolat antagonistické reakce (Mittler, 2006; Ton et al., 2009;
Yasuda et al., 2008). Mezi stresové interakce, které maji Skodlivy vliv na produktivitu plodin, patii
sucho v kombinaci s horkem, 0zon a slanost, 0zén a teplo, nedostatek zivin a sucho, nedostatek
zivin a slanost, UV zafeni a teplo, UV zafeni a sucho, vysoké intenzita svétla v kombinaci
s horkem, suchem s vysokou teplotou (Giraud et al., 2008; Haghjou et al., 2009; Hartikainen et al.,
2009; Heyne and Brunson, 1940; Jiang and Huang, 2001; Ranieri et al., 2001; Sandermann, 2004).

Dal$i negativni interakce mezi dvéma riznymi abiotickymi stresory byly popsdny u kombinace
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sucho a chlad (Sales et al., 2013), t¢zké kovy v kombinaci s UV (Srivastava et al., 2012), tepelny
stres a vysoka koncentrace CO (Wang et al., 2016), kombinace zinku a kadmia (Cherif et al.,
2011), zamokfeni v kombinaci se salinitou (Alhdad et al., 2013) nebo interakce ozonu s tepelnym

stresem (Mittler and Blumwald, 2010) nebo s kadmiem (Castagna et al., 2015).

Naptiklad béhem tepelného stresu rostliny zvySuji svou stomatalni vodivost, aby se listy
ochladily transpiraci. Nicmén¢, pokud se tepelny stres vyskytne soucasné se suchem, rostliny
nejsou schopny oteviit své priiduchy a teplota jejich listi je o 2-5 °C vyssi (Rizhsky et al., 2004,
2002). Zasoleni nebo tézké kovy by mohly predstavovat podobny problém v kombinaci s tepelnym
stresem, protoze zvySend transpirace by mohla vést ke zvySenému piijmu soli a kovi nebo tézkych

kovii (Keles and Oncel, 2002; Wen et al., 2005).

Vysoka intenzita svétla by se mohla ukdzat jako problematickd pro rostliny vystavené
tomuto stresoru v kombinaci se suchem nebo chladem (Haghjou et al., 2009). Za téchto podminek
jsou temnostni (sekundarni) reakce fotosyntézy inhibovany v disledku nizké teploty nebo
nedostate¢né dostupnosti CO2, a piebytek energie absorbované rostlinou, diky vysoké svételné
intenzité zvysuje redukci kysliku, a tim dochazi k zvysené produkci ROS (Mittler, 2002; Mittler et
al., 2004). Podobné disledky ma vystaveni rostlin vysoké intenzité svétla a suchu (Giraud et al.,

2008). V této kombinaci stresort zpusobila vysoké intenzity svétla zvySenou akumulace ROS.

Napftiklad u je¢mene jednotlivé stres zasolenim nebo stres ze sucha snizil rlst, obsah
chlorofylu, rychlost fotosyntézy, maximalni fotochemickou ucinnost fotosystému II (PSII)
(Fv/F ), vodni potencial a osmoticky potencial, ale kombinace uvedenych stresi mé¢la vyssi

negativni G¢inek nez samostatné ptsobici stresy (Ahmed et al., 2013).

Na druhé strané nékteré kombinace stresi mohou mit pfiznivé ucinky na rostliny,
ve srovndni s U€inky jednotlivych stresti aplikovanych samostatné. Mezi interakce, které nemaji
Skodlivy vliv na vynos a mohly by mit ve skute¢nosti ptiznivy vliv ve vzdjemném plisobeni, patii
napf. sucho a 0zoén, ozéon a UV zafeni, dale vysoka koncentrace CO2 v kombinaci se suchem,
ozonem nebo vysokym UV zafenim (Ainsworth et al., 2008; Padkkonen et al., 1998; Sullivan and
Teramura, 1990; Wilkinson and Davies, 2009). Ptizniva mize byt kombinace ozénu a sucha,
ve kterych by snizeni priduchové vodivosti v disledku t¢inku stresu ze sucha mohlo snizit ptijem
ozonu pruduchy (Iyer et al., 2013; Low et al., 2006; Padkkonen et al., 1998). Kombinace zasoleni
astresu teplem u pSenice miize napiiklad zhorSit Skodlivé ucinky obou stresti, pokud jsou

aplikovany jednotlivé (Keles and Oncel, 2002). U rostlin rajéat zvySuje kombinace zasoleni
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a tepelného stresu ochranu pied Skodlivymi uU¢inky zasoleni jako takového, coz naznacuje,
ze akumulace osmoprotektivnich latek, jako je glycinbetain a trehaldza, by mohla hrat dilezitou roli

pii ochrané rostlin pied touto kombinaci stresu (Rivero et al., 2014, p. 201).

Globalni klimatick¢ zmény zpusobujici zvySeny obsah CO2, ozoénu a UV zareni spolu
S vysokou prumérnou teplotou se stavaji hlavnimi faktory ve vyzkumu kombinace stresi
(Ainsworth et al., 2008; Brouder and Volenec, 2008). Uginky zvysenych koncentraci CO2 jsou
povazovany za piiznivé pro odolnost plodin vici abiotickym strestim, pokud nejsou rostliny
limitovany zivinami. Pfi posuzovani téchto ucinki v riznych oblastech nasi zemékoule a u riznych

plodin je ovSem teba postupovat opatrné (Ainsworth et al., 2008; Brouder and Volenec, 2008).

Snad nejlépe prostudované interakce, uvedené na obrazku 4, jsou uUCinky riznych
abiotickych stresit spolu se skiidci nebo patogeny. V nékterych ptipadech bylo zaznamenano,
7e urdity abioticky stres zvysil toleranci rostlin vuci napadeni patogeny (Bowler and Fluhr, 2000;
Sandermann, 2004). Nicmén¢ ve vétsSiné pripadii mélo dlouhodobé vystaveni rostlin abiotickym
stresorim, jako je sucho nebo zasoleni, za néasledek oslabeni obranyschopnosti rostlin a zvysené
nachylnosti ke $kiidcim nebo patogenim (Amtmann et al., 2008; Anderson et al., 2004). Vzhledem
k tomuto nedostatku energie a zdroji Zivin by mohl pro rostliny pfedstavovat vdzny problém
ve snaze se vyrovnat se stresem (Weinstein et al., 1991). S omezenou dostupnosti klicovych
mikroprvkl jako je Zelezo, méd’, zinek nebo mangan, které jsou nezbytné pro funkci rtiznych
detoxika¢nich enzymi, jako jsou superoxiddismutazy meédi/zinku, Zeleza a manganu nebo nekteré
peroxidazy (Perl et al., 1993; Ranieri et al., 2001), by mohlo vést ke zvySené oxida¢niho stresu

u rostlin vystavenych riiznym abiotickym stresim (Rizhsky et al., 2002).
2.2 Vybrané abiotické stresory

Sucho jako takové je jednim z nejvyznamnéjSich abiotickych stresorl, protoze vyznamné
ovlivituje produktivitu ptirozenych i umélych ekosystému (Boyer et al., 2008a; Zivcak et al., 2013).
and Grattan, 2007; Pitman and Lauchli, 2002). Zasolovani pidy, kdy je puda pfesycena solemi,
které jiz nejsou vazany ve vodném roztoku, se stavd jednim z hlavnich omezeni zemédélstvi
Vv teplych a suchych oblastech. Lze konstatovat, Ze sucho a zasoleni v ptidé obecné snizuje ptijem

vody, coz zpusobuje deficit vody V rostlinnych pletivech a snizeni vynosu (Meng et al., 2018).
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2.2.1 Sucho

Sucho je normalni opakujici se projev klimatu, ktery souvisi s jeho kolisanim. Sucho jako
pfechodna anomalie klimatu se mize vyskytovat ve vSech klimatickych zonach a 1i8i se tak od

aridity, kterou povazujeme za trvaly znak klimatu (Blinka, 2002).

Sucho jako klimaticky extrém, ktery se v poslednich 20 - ti letech objevuje na uzemi Ceské
republiky stale Castéji, a to diky rostoucim teplotam. A to predevsim v letech 2000, 2003, 2012,
2015 a 2017 (Brazdil, 2015).

Je nutné pfipomenout, ze vyskyty sucha jsou u nas nahodilé, a proto je velmi obtizné jejich
vyskyt predpovidat. Timto se stavaji o to Skodlivéjsi, protoze ptichdzeji neocekdvané v rtiznych
ro¢nich obdobich (RoZznovsky et al., 2018). Sucho je v podstaté vysledek bilance srazek a vyparu,
na jeho projevy dale maji vliv také dalSi meteorologické prvky (Kiiz, 1966). Neexistuje zadna
univerzalni a vSeobecné¢ uznavand definice sucha. Sucho zplsobuje problémy zejména
v zemédélstvi, lesnictvi a vodnim hospodafstvi a podle jeho projevl jej mizeme rozdélit do Ctyt
kategorii: meteorologické, zeméd¢lské, hydrologické a socio-ekonomické sucho (Wilhite, 2005).
Hovotime-li o agronomickém suchu, které je z naseho pohledu vyznamné, mame na mysli mnoZzstvi
pudni vlahy, které nevyhovuje potiebam rostlin. Agronomické sucho tak vztahujeme zejména
k deficitu vody v pidé. Nastava po meteorologickém suchu, ale pfed hydrologickym. Zeméd¢lstvi
jako takové tak predstavuje prvni segment, ktery je zasazen suchem (Wilhite, 1991). Podle délky
expozice lze sucho definovat jako moment, ktery nastavd, kdyz puadni vlhkost nestaci pokryt

pozadavky ptudni potencialni evapotranspirace (Critchfield, 1985). Dle tohoto autora rozliSujeme tti

typy sucha, a to:

1. Stale sucho spojené s aridnim podnebim.
2. Sezonni sucho, které se vyskytuje v podobé¢ zietelnych kazdorocnich obdobi suchého pocasi.

3. Sucho zpisobené proménlivosti srazek.

Je ziejmé, Ze sucho mizeme hodnotit z hlediska ¢asu, dulezity je zejména zacatek, konec
a délku trvani sucha. Kromé ¢asu se na charakteru a pritbé¢hu sucha podileji také dalsi faktory, jako
vysoka teplota a rychlost vétru, nizka relativni vlhkost vzduchu a dal$i. Tyto faktory mohou
vyznamng¢ zvysit silu sucha (Blinka, 2002). Tim padem je mozno uvést, ze sucho je meteorologicky
termin a znamenad nedostatek srazek béhem delSiho ¢asového intervalu. Z pohledu rostlinné

fyziologie pouzivame pojem vodni stres jako vliv na rostliny (Kirkham, 2005; Nilsen and Orcultt,
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1996). Suchem tedy rozumime obecny nedostatku vody v duisledku nizkych srazek ¢i Spatného

zavlazovani (Ashraf and Harris, 2005).

Dopady sucha jsou méné ndpadné, avSak sucho postihuje vétSi izemi nez jakakoli jina
pfirodni rizika. Kvantifikace Skod zpusobenych suchem byva velmi obtiznd. Nicméné podle
riznych studii prevySuji odhady ztrat zplisobenych suchem Skody z jinych pfirodnich nestésti.
Dopady sucha jsou pozorovatelné¢ ve tfech zakladnich kategoriich: ekonomické, environmentalni

a socialni (Wilhite, 2000).
2.2.2 Zasoleni

Zasolovani pudy je stav, kdy je ptiida piesycena solemi a mineraly, které jiz nejsou vazany
na vodu. V této mife jsou Skodlivé pro veSkeré pfitomné organizmy a jednd se o jedno z hlavnich
omezeni zemédelstvi v teplych a suchych oblastech. Zasolovani ptdy také poskozuje strukturu
zemédelstvi, kde odhadované ro¢ni ztraty piesahuji 12 miliard USD (Pitman and Lé&uchli, 2002).
| naizemi CR lze najit mista se zvySenym obsahem soli v ptidé. Podle piivodu zasoleni rozlisujeme
pidy na sodické, které jsou zasoleny Na* kationty, a na zasolené, které obsahuji zbyvajici ionty soli,

napiiklad Mg?*, Ca%*, K* a dalsi (Blaha et al., 2003).

Primarni pfi¢inou zasoleni byva akumulace rozpustnych soli. Tento jev se prirozené
vyskytuje v aridnim prostiedi, kde vznika z divodu vysi evaporace, nez je piijem srazek daného
uzemi. Tento jev lze nej€astéji pozorovat ve vnitrozemskych oblastech, kde je ddn pravé zminénym
zvySenym vyparem vody. Podobny jev mlze nastavat v blizkosti mofi, kde je salinita zvySovana

slanosti vody mote (Niu and Cabrera, 2010).

Zasoleni je tedy spojeno s vysSim obsahem soli v pidnim roztoku, a to z riznych zdroji
jako jsou podzemni voda, zdvlahovd voda ¢i primyslova hnojiva. Vznik zasoleni je nejcastéji
Z primarnich minerall, kdy rozpusténim téchto soli vznikaji v alkalickych ptidach nejcastéji ionty:
SO+, CI,, CO*, Ca?*, Mg?, K*, Na* a v padach kyselych AI®*, Fe** (Sarapatka et al., 2002).
Primarné zasoleni vznika podle Munns a Gilliham (2015), Sarapatka et al. (2002) a Gupta a Huang
(2014) pfirodnim pudotvornym procesem, Cinnosti ¢lovéka vSak muze dochazet k zasoleni
sekundarnimu. Sekundérni zasoleni je obdobné jako zasoleni primarni i s vlivy na pidu a rostliny.
Uvedeni autoti dale konstatuji, Ze jsou odlisné priciny vzniku sekundarniho zasoleni, které muze

byt zpusobovano naptiklad zneéisténim podzemni vody, pfiliSnou zavlahou péstebnich ploch
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kontaminovanou vodou pouzivanou k zavlazovani péstebnich ploch, vystavbou vodnich dél,
aplikaci nadmérného mnozstvi primyslovych hnojiv a celkovym dusledkim ptetézovani puady,
pouzivani neudrzitelnych postupli vznikajicim z tlakli na péstitele vyuzivat okrajové pozemky pro

produkci.

Utinky zvyseného zasoleni lze pozorovat v fadé dilezitych ekologickych i neekologickych
pudnich funkci (Daliakopoulos et al., 2016). Intenzita zasoleni ptid zavisi vedle obsahu rozpustnych
soli 1 na kapilarnim vzlindni vody, které je ovlivnéno zrnitostnim slozenim plidy a evaporaci
(Sarapatka et al.,, 2002). Nejméné nachylné k zasoleni byvaji zejména pidy pis¢ité a skalnaté
S promyvnym typem vodniho rezimu v chladnych oblastech, naopak velmi snadno nachylné
k sekundarnimu zasoleni jsou pudy tézké v zamokienych oblastech s vyparnym typem vodniho

rezimu (Sarapatka et al., 2002).

Zasoleni je pro rostliny zna¢ny stresor, a to jak z divodu omezeného piijmu vody
a Vv ni rozpusténych latek, tak vlastni toxicity n&kterych iontll, nejcastéji Na*, CI, SO4*, Mg*.
Souborem téchto faktorti se méni slozeni rostlinnych pletiv, snizuje se tvorba enzymu a ostatnich
latek (Jones et al., 2008). V pocatecnich fazich stresu zasolenim se schopnost absorpce vody
kofenovym systémem snizuje. Dochazi ke sniZzeni odparu vody z listli, vlivem osmotického stresu
akumulaci soli v pidé a nasledné v rostlinach. Stres zasolenim je z tohoto pohledu povazovan
za hyperosmoticky (Gupta and Huang, 2014). Pti dlouhodobé salinité nastava u rostlin nerovnovaha
Vv piijmu esencidlnich latek (Motkova et al., 2014). ZvySend koncentrace soli v pidnim roztoku
obvykle vede k osmotickému namahani, specifické iontové toxicité, iontové nerovnovaze
a nasledn¢ dochazi k snizeni rastu rostlin (Ghorbani et al., 2018). Soli se hromadi na vnéjsi strané

kofend a uvnitf rostlinnych bunék (Rengasamy, 2010).

Vétsina rostlin je citliva na stres zptsobenym nadbytkem soli. Tento stres muze inhibovat
rast, mize vyvolat iontové toxicity, osmoticky a oxidativni stres (Meng et al., 2018). Mira
skodlivosti jednotlivych soli je v zavislosti na typu soli a jeji koncentraci v pidnim roztoku, druhu
rostliny soli vystavené a obsahu organické hmoty v pidé (Sarapatka et al., 2002). Diky zvysené
urovni technologii se v dnesni dobé znatelné rozsituji znalosti o mechanismech tolerance rostlinné
ke stresu zasolenim. RUzné rostlinné druhy vykazuji rozdilnou citlivost na zasoleni diky
morfologickym rozdiliim a rozdilnym schopnostem vyuZzivat ochranné slozky dané evolu¢nim

vyvojem (Rengasamy, 2010).
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2.3 Vodni deficit

Je znamo, ze sucho a zasoleni v pad¢ snizuje schopnost rostlin piijimat vodu kofenovym
systémem, coz zpisobuje osmoticky stres a deficit vody pro rostlinu (Meng et al., 2018). Deficit
vody je obecné charakterizovan jako nedostate¢ny stav vody v rostliné neboli negativni vodni
bilance, ktera se projevuje vadnutim. Mize vést k poklesu vynosu, a proto je vodni deficit

V podstaté definovan az svymi naslednymi ucinky (Slatyer and Markus, 1968).

Deficit vody se da rozdélit do tfi skupin, a to na mirny, stiedni a silny. Mirny vodni deficit
nebo také provozni vodni deficit se projevuje snizenim vodniho potencialu rostliny o desetiny
MPa a snizenim relativniho obsahu vody (dale RWC) o 8 az 10 %. Stfedné silny vodni deficit,
taktéz subletalni, nastdva v moment¢, kdy vodni potencial nabyva hodnot -1,2 az -1,5 MPa a RWC
je nizsi o 10 %, ale ne niz8i 20 %. Rostliny vystavené letalnimu vodnimu deficitu maji velmi silny
nedostatek vody jejich vodni potencial klesa pod hodnoty -1,5 MPa a RWC je nizsi nez 20 %.
Jestlize je RWC niZzs8i nez 50 % pletiva rostliny ztratila vice jak polovinu obsahu vody. A jedna se
o silnou dehydrataci, rostlina vstupuje do bodu trvalého vadnuti a tento stav muze byt letalni
(Hsiao, 1973).

Féze trvalého vadnuti nebo bod trvalého vadnuti mimo jiné vyjadiuje stav pudy, kdy vodni
potencial pudy je v rozmezi hodnot od -1,0 do -2,0 MPa. U zdravych zavlazovanych rostlin nabyva
vodni potencial hodnot od - 0,2 do -0,6 MPa. Rostliny vystaveny nedostatkem vody, nabyvaji
hodnot vodniho potencialu v rozmezi od -2,0 az -5,0 MPa (Hale and Orcutt, 1987). Bod trvalého
vadnuti vyjadifuje moment, kdy je bilance pfijmu vody koteny zaporna ku odparu vody povrchem
listu a u rostliny se projevuje deficit vody vadnutim. Tento jev je zavisli na padnich hydrolimitech,
kdy mize byt maximalni vodni kapacita (MVK). Tato charakteristika je definovana tak, ze veskeré
pudni pory jsou naplnény padni vodou. Hodnota poérovitosti pidy je pF = 0. Polni vodni kapacita
(PVK) nebo také maximalni kapilarni kapacita (MKK), kdy jsou vodou zaplnény vsechny kapilarni
pory, a ostatni pory jsou vyplnény vzduchem. Hodnota pF = 2,0 az 2,9. Bod snizené dostupnosti
pidni vody. Obsah pidni vody je na hranici, ktery omezuje piijem vody kofeny. Jedna
se 0 minimalni pfipustnou zasobu vyuzitelné ptidni vody pro rostliny, hodnoty pF = 3,1 az 3,5.
Abod vadnuti nastava pii poklesu zasoby pidni vody. Pod hranici vyuzitelnosti pro rostliny
je hodnota pF = 4,1 (Nilsen and Orcutt, 1996). At je vodniho deficit definovan jakkoliv, nedostatek
vody v pudé andsledné v rostliné povede k zaporné vodni bilanci, a ovlivni jak metabolické,

a nasledné rustové procesy rostlin (Kirkham, 2005).
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2.3.1 Vliv vodniho deficitu na fyziologicky a metabolicky stav rostlin

Vodni deficit ovliviiuje piimo i nepfimo vétSinou negativné celou fadu biochemickych,
fyziologickych, anatomickych 1 morfologickych zmén na Grovni bunék, pletiv, organt, tedy celé
rostliny, a tim padem snizuje jejich produktivitu (Hola et al., 2009). Mezi prvni rostlinné Casti,
u kterych je nedostatek vody patrny, patii nejstarSi organy (Farooq et al., 2009). Pokud je rostlina
vystavena vodnimu stresu dlouhodob¢, za¢nou se u rostliny projevovat viditelné zmény (Sourour et

al., 2017).

Vodni deficit se na bunééné Urovni projevuje nejriiznéjSimi reakcemi, které umoznujici
rostlin¢ aklimaci a nasledn¢ adaptaci (Beck et al., 2007). Naslednym projevem nedostatku vody
je omezeni dlouzivého rustu, ktery vede ke zmensSeni velikosti bunék (Bresti¢ and OlSovska, 2001,
Nilsen and Orcutt, 1996). Jednim z prvnich projevii nedostatku vody, z pohledu buiiky, je ztrata
turgoru. Ztrata turgoru je nejcitlivéjsi reakci na vodni deficit, zplisobuje pokles relativniho obsahu
vody vV bunce rostlin (Slama et al., 2006). V dusledku poklesu turgoru jsou iniciovana
osmoregulacni opatfeni. Ta souvisi sakumulaci osmoprotektivnich sloucenin (solutt),
do buné¢nych kompartmentia. Tyto zmény stimuluji osmoticky pfijem vody, ktery napomaha

udrzeni vody uvniti bunék, a tim oddaluje ztratu turgoru v mezofylu lista (Larcher, 2003).

Mirny vodni deficit ovliviiuje délku, povrch, hmotnost a mnozstvi kotent (Bldha and
Hnilicka, 2004). Kofeny muizeme povaZovat za primarni senzory vodniho deficitu a jsou
vyznamnym vynosotvornym faktorem (Kramer and Boyer, 1995; Stfeda et al., 2012). Vysoka
citlivost kofend je dana tim, ze v nich probiha rychly pfenos informaci, a to nejen v ramci kotene
jako takového, ale i do nadzemnich organt rostlin. V kofenech mtize byt vyvolana vlivem plsobeni

stresori lokalni stresova reakce, ktera se nasledné projevi na celé rostling (Lichtenthaler, 1996).

Vodni stres podporuje rast kofend do vétsich hloubek (Haberle et al., 2008; Scott, 2008).
Tento rast se déje na zakladé omezeni ristu nadzemnich organd a zmeén transportu asimilatt. Pfi
ptisobeni stresu dochdzi k pfesunu asimilatli z nadzemni Casti Smérem do rostoucich kotfenovych
Spi¢ek (Lynch and Brown, 2012). Jako prvni je patrné zpomaleni rustu u listi, a to vrcholovych
a postrannich vyhond, které jsou zakrnélé, bledé zelené az svétle zluté. Listy zloutnou, hnédnou,
jsou mensi, predCasné opadavaji, rostliny méné kvetou a plodi, jejich celkova vitalita je snizena.
Jedna se o zvySeny transport sacharidi do koienu v dusledku omezeni ristu listové plochy
(Lambers et al., 2008). V suchu rostliny vstupuji do generativni faze rychleji, ¢imz se zkracuje

vegeta¢ni doba. Pokud sucho pokracuje i nadale, rostliny vadnou a odumiraji (Guilioni et al., 2003).
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Avsak v ptipad¢ silného vodniho deficitu dochazi k omezeni ristu i u kofenové soustavy
podobné jako u ostatnich ¢asti rostlin, a to z diivodu nedostatku asimilatt (Haberle et al., 2008). Ten
vznika vlivem snizujici se dostupnosti vody v padé a okoli kofend. Dochazi k omezovani piijmu

vody s zivinami a jejich nasledného transportu do nadzemnich organti (Sperry et al., 2002).

Z metabolickych procesti je nepfiznivymi podminkami prostfedi ovlivnéna predevsSim
fotosyntéza. Schopnost rostlin aklimatizovat se neboli pfizpisobit se v rtiznych prostiedich,
je pfimo spojena s jejich schopnosti pfizptisobit se na urovni fotosyntézy. Existuji rozdily v adaptaci
na vodni deficit mezi rostlinami C3 a C4 cyklu (Voronin et al., 2014). Tyto rozdily jsou dany tim,
ze rostliny C3 cyklu se primarné¢ vyvinuly v oblastech s mirnym klimatem, kdezto rostliny s C4
cyklem v oblastech tropickych a aridnéjSich, kde byly zatéZzovany vétsi mérou suchem a horkem
(Nelson et al., 2006; Voronin et al., 2014; Ward et al., 1999). Uvedeni autofi konstatuji, Ze u rostlin
C4 je ucinngjsi kvantovy vytézek fotosyntézy (pomér mezi mnozstvim absorbovanych molekul CO2
a mnozstvim svételnych kvant vynaloZenych na tento proces) a efektivni vydej vody na transpiraci
(Nelson et al.,, 2006; Voronin et al., 2014). Dale je nutno doplnit, Ze rostliny C4 cyklu
se vV porovnani s rostlinami C3 cyklu vyznacuji niz$i koncentraci CO2 v mezofylovych bunkach,
mensi korelaci mezi stomatalni vodivosti a fotosyntézou, ale vyssi efektivitou vyuziti vody (WUE)

(Buchmann and Schulze, 1999).

U obou metabolickych skupin rostlin existuji obdobné reakce na vodni deficit, které
Vv ptipad¢ vodniho deficitu vedou ke snizeni fotosyntézy rostlin v disledku aktivnich ¢i pasivnich
obrannych reakci. Pasivni obranné reakce je mozné oznacit jako vyhnuti se stresu (stress avoidance)
a mezi n¢ lze zatadit napft. rychly vyvoj, zkraceni doby vegetace, snizeni listové plochy, svinovani
listi, zménu v poctu praduchd apod. (Arora et al., 2002; Ludlow et al., 1983). Napiiklad jako
aktivni obranné reakce rostlin je mozné oznacit stomatalni ¢i nestomatalni inhibice (Chaves et al.,
2009; Lawlor and Uprety, 1993; Tang et al., 1998). U stomatalni inhibice dochazi k uzavieni
praduchi, ke sniZeni transportu CO2 do listu, ¢imZ je inhibovana aktivita karboxyla¢nich enzymd,
predevsim RUBISCO (Carriqui, 2015; Da Silva and Arrabaga, 2004; Flexas, 2012). Nestomatalni
inhibice zahrnuje napt. zmény ve struktufe thylakoidni membréany chloroplastii, pfenos elektrona

v ramci fotosystému a snizeni mnozstvi fotosynteticky aktivnich pigmentt (Kirchhoff, 2014).

Snizeni obsahu fotosyntetickych pigmenti se tykda pfedev§im chlorofyll, ato zejména
chlorofylu a. Rovnéz se snizuje pomér chlorofylu a ku b (Mafakheri et al., 2011, 2010). Tento trend

potvrdil ve své praci se slune¢nici Johnson et al. (2011) a Manivannan et al. (2007). Rada autort
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uvadi, ze dochazi ke zvySeni mnozstvi xantofylovych barviv oproti chlorofylim (Demmig-Adams

et al., 1990; Maroco et al., 2002b, 2002a; Miiller et al., 2001).

V souvislosti s vySe uvedenymi skute¢nostmi s vodni bilanci souvisi také rychlost vymény
plyni. Ta ptfimo ovliviiuje intenzitu fotosyntézy, jejiz rychlost je nezménéna nebo je mirné
inhibovana pfivienymi praduchy v zavislosti na mife stresu, kterému je vystavena (Ghannoum,
2009).

Vodni deficit tedy zpomaluje rust rostlin a tvorbu susiny také tim, ze se omezuje transport
vzniklych asimilati do rostoucich organi ¢i do organt generativnich nebo zasobnich, a proto lze
v souladu s jiz historickou praci Mokronosov et Borzenkova (1978) konstatovat, ze mezi rustem
a fotosyntézou existuje koordinovana vazba, v niZ fotosyntéza zabezpecuje latky a energetické
zdroje pro cely soubor rastovych a morfogenetickych procest, vcéetné diferencialniho rustu.
Aktivita rastu rostliny tak zpétné pusobi na rychlost fotosyntézy spotiebou a translokaci

vytvoienych asimilat na rast rostlinnych organt.

Ptfi plisobeni abiotickych stresorti se obvykle obsah energeticky bohatych latek v rostling
snizuje, jak uvadi (Hejnak, 2003; Hnilickova and Novak, 2000; Martinkova et al., 2007),
coz souvisi s omezenou tvorbou asimilati a jejich translokaci do jednotlivych organti. Obsah
energeticky bohatych latek pro jednotlivé rostlinné organy v podminkach vodniho deficitu se lisi
oproti nestresovanym rostlindm. Jednd se nejenom o tvorbu a hromadéni meziprodukti, ale také
0 rozdilny podil a zastoupeni obsahovych latek. Uvedeny zavér ve svych pracich uvadi napt. (Bldha
et al., 1998; Hnilicka et al., 2007, 2008, 2009b). Uvedeni autofi konstatuji, Ze napiiklad v obilkach
pSenice v zavislosti na vodnim stresu je obsah energie ddn ptedev§im obsahem Skrobu ve srovnani

s ostatnimi obsahovymi latkami, jako jsou tuky a bilkoviny (Hnili¢ka et al., 2009a).

Vedle limitace aktivity karboxylacnich enzymt v disledku vodniho deficitu bylo potvrzeno
také snizeni fotofosforylace a tvorby ATP. Naptiklad béhem ptisobeni vodniho deficitu dochazi
ke snizeni mnozstvi ATP ve fotosynteticky aktivnich pletivech (Lawlor, 1995; Lawlor and Uprety,
1993). Toto snizeni je dano inhibici aktivity ATP syntézy (Meyer and de Kouchkovsky, 1992). Na
druhé stran¢ obsah NADPH a NADH, vcetné redukéniho potencidlu zlstava vysoky i béhem
pisobeni velmi silného stresu (Nelson et al., 2006; Pradet and Raymond, 1983; Sage et al., 1989;
Scheuermann et al., 1991). Zmény v prenosu elektronit pii pusobeni vodniho stresu jsou dany
inhibici fotosyntetické aktivity, kterd je zpusobena nerovnovahou mezi zachycenim svétla a jeho

vyuzitim (Foyer and Noctor, 2005). Vlivem této nerovnovahy dochazi k indukci tvorby reaktivnich
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forem kysliku a nasledné k pisobeni oxidativniho stresu (Nayyar and Gupta, 2006; Peltzer et al.,
2002).

Déle je se zménami pienosu elektronti u rostlin spojeno i1 nefotochemické zhaSeni
fluorescence. Nefotochemické zhaSeni je detekovano rychle reverzibilni slozkou qE (rozptyl
energie zavisly na pH), kterd se podili u PS II na tepelném rozptyleni absorbované piebytecné
energie (Miiller et al., 2001). Toto rozptyleni je dano nizkym pH v lumenu tylakoid a vysokym
trans-tylakoidnim gradientem pH. Slozka qE je aktivovana nizkym pH v lumenu tylakoidi, ktery
aktivuje enzym violaxantin-deepoxidazu, ktery ptevede violaxantin na antheroxantin a zeaxantin
(Demmig-Adams et al., 1990). Piebyte¢na energie muze byt z reakéniho centra PS II odvedena
pomoci pienosu elektroni (Ivanov et al., 2012, 2008) acast energie muze byt vyuZita

pti fotorespiraci.

Déle je znamo, Ze u rostlin dochazi nejprve k zastaveni rustu, piestoze fotosyntéza stale
probiha. Dochazi k akumulaci asimilatl a ke snizeni osmotického potencidlu. Tim se zvysi gradient
vodniho potencialu arostlina muize piijimat vodu zokolniho prostfedi. Toto osmotické
piizpusobeni stoji rostlinu energii, kterou by bézné nemusela vynakladat, coz ji negativné ovliviuje

(Hsiao, 1973).

Vyznamnym obrannym mechanismem rostlin vii¢i vodnimu stresu je mimo jiné tzv.
osmotické prizptisobeni. Osmotické ptizptisobeni (OA) je adaptivni reakci rostlin, napt. pSenice
(Morgan, 2000), ¢iroku (Tangpremsri et al., 1995, 1991a, 1991b), kukutice (Chimenti et al., 2006),
ryze (Babu et al., 2001), slune¢nice (Chimenti et al., 2002) na vodni deficit (Nguyen, 2010), ktery
vede k udrzeni bunécného napéti, a to prostrednictvim lepsi extrakce vody z pudy, coz stimuluje
rist kofent (Gonzalez et al., 2010; Kusaka et al., 2005b, 2005a). Dale usnadnuje lepsi transport

asimilatd k tvoficim se sementiim (Subbarao et al., 2000).

Principem osmotického prizptisobeni je sniZzeni osmotického potencialu a tvorba osmoticky
aktivnich latek. Vodni potencidl je veli¢ina, kterd pfedstavuje stav vody v bufice, a tim i v rostliné
(Verslues et al., 2023). Jednou ze slozek vodniho potencidlu je osmoticky potencial, ktery je urcen
koncentraci rozpu§ténych latek v bunééném obsahu. Cim vice je v roztoku rozpusténych latek
kompatibilnich solutd, tim je niz$i koncentrace vody a tedy niz$i vodni potencial. Voda se pohybuje
z prostfedi s vyS$$im vodnim potencidlem tedy vys$Sim osmotickym potencidlem do prostiedi
S niz§im vodnim potencidlem tedy nizsim osmotickym potencidlem. Pokud ma rostlina nizsi vodni

potencial, proudi do ni voda z okoli, vakuola zvétSuje objem a vznikne tlak (turgor), ktery zajistuje
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pevnost rostliny, rostlina tedy vodu neztraci (Goufo et al., 2017; Silva et al., 2023). Tyto osmoticky
aktivni latky kompatibilni soluty se podle Yancey (2005, 1994) a Qayyum et al (2011) hromadi
Vv cytoplazmé, kde se chovaji jako osmoprotektanty membranovych proteind a integrity membran
a dochazi ke snizeni obsahu vody v bufice. Rada autorti konstatuje, Ze osmotické piizptisobeni
pfimo ovliviiuje turgor, kdezto zvySena elasticita bunéné stény naopak oddaluje snizeni turgoru,
které je spojené s redukci vodniho potencialu. (Chimenti et al., 2006; Saliendra and Meinzer, 1991;
Wenkert et al., 1978a, 1978b, 1978c). Lze tedy uvést, ze bunky ztrati vice vody diive, neZli se snizi
turgor. Oproti tomu podle Hessini et al. (2019, 2009), a Nilsen et Orcutt (1996) vede snizena
elasticita bunécné stény sice ke sniZzeni vodniho potencialu bunék, ale za stabilizovaného obsahu
vody a symplastu na tkor turgoru. Z toho divodu je v suchém prostiedi je pro rostlinu vyhodné mit
vice rozpusténych latek, které snizi vodni potencial, a tim zabrani uniku vody. NejcastéjSimi soluty
jsou ionty soli, cukry nebo nizkomolekularni latky, které dale nezasahuji do metabolismu, jako jsou

prolin, glycin Betain a dalsi (Eppel et al., 2013).

Osmotické prizptisobeni je mozné rozdélit do dvou kategorii, a to na aktivni a pasivni.
Pasivni osmotické ptizpiisobeni je spojeno se ztratou vody, a tedy se snizenim celkového objemu
bunky, ¢imz dochdzi k pasivni zméné koncentrace rozpusténych latek, atedy ke snizeni
osmotického potencidlu. Toto pfizplisobeni je do jisté miry typické pro vSechny rostliny, vyjma
sukulentli, ale nejedna se o adaptaci rostlin (Boyer et al., 2008b). Naopak aktivni osmotické
piizptisobeni zahrnuje akumulaci rozpusténych latek v bufice nebo jejich syntézu de novo a podle
téchto autori se tyto latky podileji na snizeni osmotického potencidlu bunék, atim se snizuje
celkovy vodni potencial builkky. Z tohoto pohledu je tfeba osmotické piizpisobeni chapat jako
faktor adaptace rostlin k suchu, a nikoliv pouze jako odpovéd’ na sucho (Kozlowski and Pallardy,
2002).

Rozpusténé latky v buiice mohou zahrnovat metabolity, které jsou pouZzity na pocatku stresu
pro zpomaleni ristu (Boyer et al., 2008a; Munns, 1988; Munns and King, 1988), nebo se jedna o jiz
existujici latky vzniklé rozkladem Skrobu, jenz se pohybuje v mezibunéénych prostorech (Morgan,
2000, 1984). Jsou uvadény nejCastéji Ctyfi skupiny rozpusténych latek v buiice podilejicich
se na osmotickém piizptsobeni a snizeni vodniho potencialu pletiv: anorganické kationty a anionty,

cukry a cukerné alkoholy, neproteinové aminokyseliny a organické kyseliny (2010).

Anorganické ionty jsou energeticky méné naro¢né a jsou Casto omezovany na vakuolu.
Jejich hlavnim tkolem je chranit cytoplazmu pfed moznym toxickym uc¢inkem (Nilsen and Orcultt,

1996). Dalsi skupinu osmoticky aktivnich latek je mozné oznadit jako kompatibilni soluty,
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kdy podle Ashraf et Foolad (2007a) je jejich hlavni funkci v bunice udrzovani jeji hydratace
a turgoru. Dale se podili na ochrané bunééné membrany, stabilizaci enzymil a proteinti a zabranuji
oxidativnimu stresu. Po chemické strance se jedna o latky vysoce rozpustné, bez naboje, bez

toxicity v zavislosti na jejich koncentraci (McNeil et al., 1999).

RozliSujeme mezi nimi metabolicky aktivni latky, oznacované jako kompatibilni rozpusténé
latky alatky relativné stabilni. Kompatibilni rozpusténé latky jsou zastoupeny sacharidy (napf.
fruktoza, sacharoza, glukdza), cukernymi alkoholy (polyoly, glycerol, mannitol, sorbitol, quercitol,
pinitol atd.), aminokyselinami (zejména prolin) a kvarternimi dusikatymi latkami (zejména glycin

betain), jak uvadi napt. Meloni et al (2004).

Mezi osmoticky aktivni latky patii neredukujici disacharid trehal6za. Podle Chimenti et al.
(Levitt, 1980, p. 198) a Redillas et al. (2012a) se trehaldza podili na stabilizaci dehydratovanych
enzymt, bilkovin, membranovych lipidl, biologickych struktur, makromolekul v pribéhu piisobeni
vodniho deficitu. Trehaldzy je v rostlinnych pletivech velmi malé mnozZstvi, ale hraje klicovou roli
v mnoha metabolickych procesech, které souviseji s toleranci vici suchu. Jednd se o velmi
vyznamny osmoprotektant. Uvedeni autoii dale konstatuji, Ze exogenné aplikovdna trehal6za
je snadno absorbovana kofeny a pletivy listl. Velmi snadno je distribuovana v ramci rostlinného

téla (Kozlowski and Pallardy, 2002; Redillas et al., 2012Db).

Dalsi osmoticky aktivni latkou je kvarterni dusikatad slouc¢enina glycin betain, ktera je latkou
osmoticky aktivni. Jeho vyznam v obrannych reakcich rostlin vii¢i suchu spociva v tom, Ze nepiimo
ovlivituje enzymatickou aktivitu rostlin, stabilizuje membranové proteiny (Zhang et al., 2004),
chrani cytoplazmu, chloroplasty (Frye et al., 2007) a fotosynteticky aparat (Sakamoto and Murata,
2002). Dale pisobi jako lapac¢ volnych kyslikovych radikalt (Arora et al., 2002). U nékterych druht
rostlin (napf. tabak, pSenice, jeCmen, kukufice) se tato latka nevytvari. Jejim vyznamnym zdrojem
je cukrova fepa (Rhodes and Hanson, 1993). Exogenni aplikaci glycin betainu se zabyval napf.
(Zhang et al., 2004). Podle téchto autord se glycin betain po foliarni aplikaci rychle vstiebava

a je velmi dobfe transportovan v ramci jednotlivych organd.

Aminokyselina prolin pfedstavuje pro vétSinu rostlin jednu ze zakladnich charakteristik
plsobeni stresu a je vysledkem degradace proteinti. Pfi piisobeni stresu se jeho hladina v buiice
zvySuje (Kavi Kishor and Sreenivasulu, 2014; Kishor et al., 2015). Divodem zvyseni jeho
koncentrace v bunce je fytohormonalni vliv kyseliny abscisové na metabolismus prolinu a dale,

ze vlivem piisobeni vodniho deficitu dochazi ke zvysSeni enzymi piislusné syntetazy a zaroven
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ke snizeni jeho rozkladu (Rontein et al., 2002). Podle Bandurska et Jozwiaka (2010) je zména
koncentrace prolinu u jilku vytrvalého a kostfavy ¢ervené synchronizovana s poklesem relativniho
obsahu vody a sniZzenim turgoru. Obdobné zavéry uvadi odbornici pro pSenici (Ahmadi and Sio-Se
Mardeh, 2004) a hrach (Alexieva et al., 2001). Konstatuji, Ze prolin ma dilezitou ulohu v rovnovaze

osmozy v bunce (Fedina et al., 2002).

Dalsi z kompatibilnich solutd je naptiklad kyselina 5-aminolevulova. Vznika kondenzaci
glycinu a sukcinitu pies 2-amino-3-0xo0-1,6-hexandiovou kyselinu, ktera se nasledné dekarboxyluje
za vzniku 5-aminolevulové kyseliny. Enzym, ktery uvedenou reakci katalyzuje je umistén v matrix
mitochondrie (Wang et al., 2005). Dale se uvadi, ze kyselina 5-aminolevulova je klicovym
prekurzorem v biosyntéze vSech porfyritovych sloucenin, tedy také fytochromu a chlorofyld
(Naeem et al., 2012).

Dosud nejsou mechanismy ucinku kyseliny 5-aminolevulové v podminkach stresu plné
objasnény (Akram and Ashraf, 2013). Avsak exogenni aplikace kyseliny 5-aminolevulové zvysuje
vynos ryze, jeémene, brambor, ¢esneku (A. Tanaka et al., 1993; Tanaka et al., 1992; Y. Tanaka et
al., 1993). Wang et al. (2004) konstatuji, ze jeji aplikace v nizkych koncentracich se podili
na zvyseni tolerance vici tepelné zatézi (Wang et al., 2005, 2004; Zhang et al., 2012). Obdobné
zaveéry byly potvrzeny také pro zasoleni (Zhang et al., 2006), herbicidni stres (Kumar et al., 1999).
Déle je uvadén pozitivni vliv kyseliny 5-aminolevulové na rist klicnich rostlin napt. fepky,
nékterych druhtli zelenin a dale plisobi na zvySeni rychlosti fotosyntézy, obsahu chlorofyli a jako
antioxidant, kdy zabranuje oxidativnimu poskozeni membran. V neposledni fad¢ pii zasoleni

limituje pfijem sodnych iontd (Chimenti et al., 2006).
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3 Cile a hypotézy disertacni prace

Deficit vody vyvolany suchem ¢i zasolenim je pro rostliny jednim z globélnich abiotickych
stresti. Pochopeni reakci rostlin vii¢i vodnimu deficitu, je velmi dalezité pro zvySeni jejich tolerance
apro vybér vhodného genetického materidlu pro S$lechténi. Schopnost rostlin aklimatizovat
se V riznych prostiedich je pfimo nebo nepiimo spojena s jejich schopnosti pfizplisobit se na Grovni
fotosyntézy. Z téchto diivodi je pozornost zaméfena na studium zmén vymény plynd a aktivitu
fotosyntetického aparatu ve vztahu k abiotickym stresorim a mozné aplikaci latek, které by
snizovaly negativni vliv stresort na rostliny. Hlavnim cilem disertacni prace je komplexnéjsi pohled
na vliv vodniho deficitu, aplikace osmoticky aktivnich latek a jejich ovlivnéni fotosyntetického

aparatu rostlin.
Dil¢i cile prace jsou:

1. Kvantifikovat zmény vodniho rezimu a fotosyntetickych parametrti v zavislosti na délce
pusobeni vodniho deficitu a aplikaci osmoticky aktivnich latek.

2. Stanovit rozdilnou citlivost sledovanych fyziologickych parametri ajejich vyznam
v toleranci k vodnimu deficitu u C3 a C4 rostlin.

3. Stanovit fyziologickou odezvu rostlin na ptsobeni vodniho deficitu a aplikaci osmoticky
aktivnich latek.

4. Kvantifikovat na zakladé fyziologickych parametrii moznost aplikace osmoticky aktivnich

latek pred a v dob¢ ptisobeni vodniho deficitu na rostliny.
V souvislosti s uvedenymi cili prace byly navrzeny nasledujici hypotézy:

1. U vybranych rostlinnych druht dochazi pii pusobeni vodniho deficitu a aplikace osmoticky
aktivnich latek k ovlivnéni sledovanych fyziologickych charakteristik.

2. Lze stanovit relevantni fyziologické ukazatele odolnosti rostlin k vodnimu deficitu.

3. Jsou fyziologické odezvy C3 a C4 rostlin odlisné v podminkach riizného prostiedi

a pusobeni stresoru.
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4 Metodika

VIliv vodniho deficitu u rostlin navozené¢ho metodou postupné dehydratace nebo zasolenim, byl
sledovan u vybranych druhtt C3 a C4 rostlin: Triticum aestivum, Beta vulgaris, Portulaca oleracea
a Eruca sativa. Pokusy byly zaloZeny jako nadobové v podminkach klimatizované komory
Conviron E8 ptipadn& skleniku KBFR nebo sklenicich UEB AV CR (Ustav experimentalni
botaniky Akademie véd Ceské Republiky) za fizenych svételnych a teplotnich podminek, dale byly
uskutecnény polni maloparcelkové pokusy. Schéma pokusi odpovidalo bézné pouzivanym
metodickym postupiim pro sledovani vlivu stresového faktoru na fyziologicky stav sledovanych
rostlin a aplikaci osmotického solutu. V pribéhu jednotlivych pokust se uskutecnily odbéry a

méteni vybranych fyziologickych charakteristik, a to v rdmci riznych vyvojovych fazi.

V rdmci méfeni vodniho rezimu rostlin byl sledovan relativni obsah vody v rostlinném pletivu,
vodni a osmoticky potencial na zafizenich (Psypro, Wescor, USA a WP4C Dew Point
PotentialMeter (Decagon Devices, Inc.). Parametry fotosyntézy byly sledovany pomoci
infracerveného analyzatoru plyni LC pro+ SD (ADC BioScientific, VB) a fluorescence chlorofyli
pomoci fluorometru (OS1, ADC BioScientific, VB). Obsah fotosyntetickych pigmenti byl stanoven
spektrofotometricky (UV-vis, Evolution 201, Thermo Scientific, USA). Jako dal$i produkt
odpovédi metabolismu rostlin na stres byl sledovan obsah aminokyseliny prolin a malondialdehydu
(MDA) stejné jako u obsahu pigment spektrofotometricky. V neposledni fad€ byly sledovany
ristové charakteristiky jako velikost rostlin, hmotnost rostlin, vyvojova faze rostlin, pocet listl,

délka a Sitka listu, SsuSina nadzemni Casti rostliny a kofene a jejich vzédjemny pomér (R/S).
4.1 Pouzité metody

4.1.1 Stanoveni relativniho obsahu vody v listech (RWC)

Stanoveni RWC se uskutecnilo na zakladé metodiky (Hnilickova et al., 2017). Z péti rostlin
bylo odebrano 25 tercikii, korkovrtem o priméru 1 cm. Ter¢iky byly ziskdvany z celé plochy list
s vyjimkou stiedni zilky. Byla stanovena jejich okamzita Cerstvd hmotnost (FM) nasledné byly
2 hodiny ve tmé¢ syceny v destilované vod¢ azvazeny (SM) anasledn¢ suSeny do konstantni

hmotnosti pfi teploté 80 °C (DM). RWC v listech byla stanovena jako 100 x (FM-DM) / (SM-DM).
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4.1.2 Stanoveni vodniho potencialu (yw).

U obou pfistrojii je pouzivan totozny postup ptipravy vzorkt, kdy vzorky listl jsou umistény
do injekeni stiikacky o objemu 5 ml, utésnény parafilmem a zmraZeny pii teploté -18 az -24 °C.
Pied vlastnim méfenim jsou injekéni stiikacky ponechany pii laboratorni teploté, dokud pletivo
zcela neodtaje. Vodni potencidl je nésledné stanoven z vytlaené bunécné §tavy na terciku

filtra¢niho papiru o priméru dle typu zatizeni.
Psypro Wescor

Ptistroj PSYPRO méfi vodni potencial z pletiva ¢i roztoki metodou rosného bodu.
Vlozenim vzorku do komirky a jejim uzavienim nastavd po urcité dob¢ ustaleni hodnoty tlaku
vodni pary nad vzorkem oproti tlaku nasycené¢ vodni pary vzorku. Méficim termoclankovym
spojem prochézi proud, ktery jej ochlazuje oproti teploté okoli. Nizsi teplota spoje zptisobuje, Ze na
jeho povrchu zkondenzuje vodni para. V okamziku kondenzace ma povrch spoje teplotu rosného
bodu okolniho vzduchu, z které je zjisStovan tlak vodni pary. Suchym termoclankem je méfena
teplota vzduchu, kterd je v rovnovaze se vzduchem obsazenym ve vzorku (Prochazka, 1998; Wiebe

etal., 1972).
Dew Point Potential Meter (WP4C)

Stanoveni vodniho potencidlu na zafizeni WP4C provedeno na zdkladé metodiky
(Hnilickova et al., 2017), kdy WP4C mé&ii vodni potencial vzorku na principu rosného bodu.
U tohoto typu pristroje, se vzorek dostava do rovnovazného stavu se vzduchem v utésnéné komote,
ktera obsahuje zrcadlo a prostiedky pro detekci kondenzace na zrcadle. Pti dosazeni rovnovazného
stavu je vodni potencial vzduchu v komofe stejny jako vodniho potencialu vzorku. Ve WPAC
je teplota zrcadla piesné ftizena termoelektrickym chladicem. Detekce piesného okamziku,
kdy se objevi prvni kondenzace na zrcadle je pozorovana u fotoelektrického ¢lanku. Svételny
paprsek je smérovan nazrcadlo a odrazen do fotodetektoru. Fotodetektor snima zménu odrazu,
kdyz dojde ke kondenzaci na zrcadle. Termoclanek pfipojeny k zrcadlu pak zaznamena teplotu, pfi

které dochazi ke kondenzaci.
4.1.3 Gazometrické stanoveni vymény plyni

Rychlost ¢isté asimilace CO2 (A), rychlost transpirace (E) a stomatalni vodivost (gs) byly

urCeny pfimym meéfenim na plné expandovaném listu s vyuzitim pfenosného infracerveného
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analyzatoru plynt LCpro+ (ADC BioScientific Ltd.). Parametry vymény plynt byly méfeny vzdy
mezi 8:00 az 14:00 hodinou. Kazda varianta byla méfena ve vice opakovanich, kdy méfeni kazdého
ze vzorkl trvalo minimalné¢ 15 minut a v intervalu 0,5 minuty byly zaznamendvany sledované
charakteristiky. Pfi méfeni vymény plynd byl stanoven ustdleny stav uvniti meéfici komory.
Parametry vymény plynti byly v asimila¢ni komiirce méfeny pii teploté 23 az 25 °C a ozéfenosti

650 pmol.m™.s? fotosynteticky aktivni radiace (PAR).

Sledované charakteristiky byly méficim analyzatorem kalkulovany na zdkladé namétenych

a vypoctenych tdaji podle nize uvedenych vztahi:
Rychlost Cisté asimilace CO; (A):

Je vypoétena jako A= us Ac b&zné uvadéna v jednotkach [umolCO2 m? s?],
kdy Ac je rozdilem koncentraci COzpii vstupu a vystupu do méfici komory

v [umol mol™] a us oznaduje pritok vzduchu na m? listové plochy v [mol m?2 s?].
Rychlost transpirace (E):

Je vypoétena jako E = Aeus /P b&zné uvadéna v jednotkach [mmolH20 m? s,
kdy Ae je rozdilem koncentraci vodni pary v mol.mol™ a us oznacuje priitok vzduchu

na m? listové plochy v [mol m? s™] a P je okolni tlak v mbar.
Stomatalni vodivost (gs):

Je vypoétena jako gs = 1/rs bézné uvadéna v jednotkach [mol m2 s], kdy rs oznacuje

stomatalni odpory vii¢i pfenosu vodni pary v [m? st mol™].
Koncentrace CO; uvnitF priaduch (ci):

Je vypoctena jako ci = {[(gc - (E/2)) ¢] - AHgc + (E/2) uvadéna v jednotkach
[umol mol]. Kdy ¢’ vyjadiuje mnozstvi CO2 vystupujiciho z métici komory
v jednotkach [pumol mol™?]. E popisuje tiroven transpirace [molH20 m2 s1] dale A,
kterd vyjadiuje intenzitu asimilace CO2, a to v [umolCO2 m? s]. gc je vypo&teno ze
vztahu kde gc=1/(1,6rs) + (1,37rb), kdy rs odpovida meznimu odporu priaduchu vici
pafe a b odpovidd meznimu odporu povrchu vici vodni pare, obé hodnoty jsou

v jednotkach [m? st mol].

Teplota komory a listu (Tch, Tieaf):
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Kdy teplota uvnitt komory, znacena jako Tch, je méfena termoclankem a uvadéna
v °C. Teplota povrchu listu, znacena Tiear, je vypoctena z teploty komory, a to jako
Tieat = Teh + {[(Q X Hraktor) - AE] / [((0.93 X MaXx Cp) / 1v) + 4o (Teh+273,16)%] 1 x1 opét
uvadéna v °C. Kdy Q je hustota svételného zareni na okné métici komory v [pmol m’
251, Hiakor 0znaduje mnozstvi pfeménéné energie v [J/umol], 1 skryté skupenské
teplo po odpafeni vody v [J pmol™], pouZivana hodnota je 2,4387x102 v m®. E je
tiroven transpirace v [mmolH20 m2 s?]. Ma je molekulova hmotnost vzduch, kdy
pouzivana hodnota je 28,97. Cp je specificka teplota pii konstantnim tlaku pouzivana
hodnota je 1,012 v [J g K], v vyjadiuje mezni odpor povrchu vii¢i pienosu pary
v [m? st mol]. 6 vyjadfuje takzvanou Boltzmannovu konstantu, ktera ¢ini hodnotu

5,7x10°8 v jednotkach [Wm2 K.

4.1.4 Stanoveni maximalniho kvantového vytézku PSII (Fv/Fm)

Maximalni kvantovy vytézek fotosystému II (Fv/Fm), zékladni fluorescence (Fo), maximalni
fluorescence (Fm) a variabilni fluorescence (Fv) byly zaznamenavany pomoci pienosného
fluorometru OS1-FL (Opti-Sciences, ADC, BioScientific, Ltd.). Na cerstvy list je umistén
zatemnovaci klips po dobu 20 minut, aby se nastavil stav pfizplisobeny tm¢. Fluorescence
chlorofylu je dale excitovana 660 nm pevnym zdrojem svétla s filtry blokujicimi zateni delsi nez
690 nm. Nasyceni méfeného fotosystému bylo dosazeno pouzitim filtrované 35 W halogenové
lampy (350-690 nm) s pulzem 15 000 pmol m? s po dobu 0,8 sekundy. Maximalni kvantovy
vytézek PSII (Fv/Fm) byl vypocten jako Fv/Fm = (Fm-Fo)/Fm. M¢feni zminénych parametrQ
se uskute¢nilo vzdy v dostatecném poctu opakovani ve vsSech variantach v kazdém vybraném

terminu méfeni.
4.1.5 Stanoveni obsahu fotosynteticky aktivnich pigmenti

M¢ifeni obsahu fotosynteticky aktivnich pigmenti je mozno stanovit metodami
destruktivnimi 1 nedestruktivnimi. Kdy u destruktivnich metod je vyuZivan ptechodu pigmentu
do roztoku anasledného proméieni vzniklého roztoku na spektrofotometru v naSem piipadé

UV-Vis. U nedestruktivni metody se vyuzivaji infraervené analyzatory.
Destruktivni metoda

Obsah fotosynteticky aktivnich pigmentt byl stanovovany destruktivni metodou na zakladé

metodickych postupii dle Porra et al. (2002), kdy z dostatecného mnozstvi listu jsou korkovrtem
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vyseknuty terciky o definované plose. Jednotlivé terciky jsou vloZzeny do zkumavek typ Eppendorf
s extrak¢énim ¢inidlem dimethylformamidu (N, N — dimethylu kyseliny mravenéi). Zkumavky jsou
umistény ve tmé pii teploté 4 °C po dobu 24 hodin. Nasledné tfepany po dobu 1 hodiny z divodu
vyttepani zbytku nepteslych pigmentii do objemu extraktu. Nakonec je stanovena absorbance pfi
480; 646,8; 663,8 a 710 nm. Z absorp¢nich hodnot jsou podle rovnic nize dopocitdvana mnozstvi

jednotlivych chlorofylu a, b a celkovych karotenoidi.

Rovnice pro vypocet chlorofylu a: Chla = 12,0 X Ass3,s-3,11 X As4s,s

Rovnice pro vypocet chlorofylu b: Chl b = 20,78 X Asss,s - 4,88 X Assss

Rovnice pro vypocet celkového chlorofylu: Chla +b=7,12 x Asss,s + 17,67 X Ass6,8
Rovnice pro vypocet karotenoidii: Carx+c = (1000 X Aaso- 1,12 Chl a - 34,07 Chl b) / 245

Nedestruktivni metoda

Pro méfeni obsahu pigmenti nedestruktivni metodou je vyuzivan piistroj CCM-300
(Opti-Sciences, ADC, BioScientific, Ltd.,)., vyuziva fluorescenci chlorofylu, pfesn€ji emisi
fluorescen¢niho svétla o vlnové délce 735 nm ku emisi fluorescenéniho svétla o vinové délce
700 nm. Piistroj automaticky piepocitava primarni data na koncentraci chlorofylu. Ve vychozim
nastaveni je pouzivana rovnice (Gitelson et al., 1999), kterou vsak lze uzivatelsky upravovat.

Mg¢teni je dle stejné studie presné v rozsahu 41-675 mg chlorofylu na ¢tverecni metr listové plochy.
4.1.6 Stanoveni obsahu prolinu

Pouzitd metodika pro detekci koncentrace prolinu v rostlinném pletivu vychdzi ptivodné
z metodiky podle Batese (Bates et al., 1973) po modifikaci. Volny prolin je z rostlinné¢ho pletiva
ziskan za pomoci 3 % kyseliny sulfosalicylové. Ta je bezbarva a puisobi jako efektivni proteinové
sraZzedlo ve vodném roztoku. Pro detekci prolinu je vyuzita reakce s ninhydrinem, jelikoZ spole¢né
tvofi latku schopnou absorbovat elektromagnetické zateni tzv. chromofor. K extrakci
prolin-ninhydrinového chromoforu se pouziva toluen. Spektrum daného chromoforu je zjisténo

ve spektrofotometru (Bates et al., 1973).

Vzorek listového pletiva (bez stiedni zilky) o definované hmotnosti je nejprve rozetien
v5ml 3 % kyseliny sulfosalicylové v tfeci misce. Homogenizovana smés je piefiltrovana. Smés
z 1 ml filtratu, 1 ml ninhydrinu a 1 ml kyseliny octové je promisena na tiepacce a posléze uvarena

pii 90 °C. Po zchladnuti jsou ke vzorku pifidany 3 ml toluenu a smés je opét promichana
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na ttepacce. Po oddé€leni fazi je méfena absorbance horni vrstvy vzorkt pfi 520 nm na UV-Vis

spektrofotometru (Evolution 210, Thermo Scientific).
4.1.7 Stanoveni obsahu malondialdehydu (MDA)

Obsah malondialdehydu (MDA) se obvykle stanovuje reakci s kyselinou thiobarbiturovou

Vv kyselém prostiedi. Je méfen na zékladé modifikované metody dle Heath and Packer, 1968.

Cerstvy nebo zamraZeny rostlinny material je homogenizovan v kapalném dusiku, vysledny
homogenizat je smichan s 80 % etanolem. Po uplynulé dobé nezbytné k extrakci MDA je vysledny
roztok filtrovan a vysledny filtrat rozpipetovan po dvou 0,7ml variantdch do mikrocentrifuga¢nich
zkumavek. Alikvoty 0,7 ml kazdého filtratu jsou smichany s 0,7 ml 0,65 % TBA v 20 % TCA
(kyselina trichloroctovd) a 0,01 % BHT (butylovany hydroxytoluen) a druha sada 0,7 ml vzorkt
byla smichdna s 0,7 ml 20 % TCA a 0,01 % BHT. Mikrocentrifuga¢ni zkumavky byly inkubovany
pti 95 °C po dobu 25 minut a po ochlazeni byly odstied’ovany po dobu 5 minut pii 6000 ot./min.
Absorbance pfi 440 nm, 532 nm a 600 nm byla odectena na UV-Vis spektrofotometru (Evolution
210, Thermo Scientific) a koncentrace MDA (nmol g FW) byla vypoétena pomoci rovnice Heatha

a Packera 23.
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Abstrack The use of stimulation preparations seems to be a promising means for mitigating the
effects of abiotic and biotic stressors. Their significance includes plant organism stimulation and
metabolism optimisation, water regime, and nutrition during periods of stress. They help bridge it
over and create conditions for rapid regeneration. In a field experiment, the effect of the application
of stimulation preparations on cultivars Triticum aestioum L. with different genetic composition was
evaluated (donor of blue aleurone colour KM-72-18; donor of a multi-row spike (MRS) KM-94-18).
Our results show a predominantly positive effect of the application of stimulants on the yield and
thousand-grain weight (TKW). The results obtained were influenced by the year, based on different
temperatures and precipitation. Higher yields were achieved in 2020 with higher total precipitation
during the grain filling period and with a higher maximum quantum yield of the photosystem II
(Fv /Fm). In 2019, this period was significantly dry and warm, which was reflected in a lower yield
and TKM, higher proline content in the leaves, and lower Fv/Fm values. In both experimental
years, there was a higher yield of the cultivar with blue aleurone (KM-72-18). In the case of cultivars
with coloured grains, the promising use of the content substances in cultivars as natural means of
increasing resistance to abiotic and biotic sttessors seems to be promising,

Keywords: stimulation; supportive preparations; abiotic stresses; photosynthesis; yield

1. Introduction

Field crops in general are constantly exposed to a lot of stressors during the growing
season. These are usually divided into two categories—abiotic and biotic—depending on
the nature of the trigger [1]. In field conditions, individual stressors do not act on plants
separately, but always in combination, e.g,, high temperature, higher intensity of sunlight,
and water deficit [2]. Triticum aestioum L. is one of the most widespread crops. Global
wheat production is expected to reach a new record of 780 million tonnes in 2021, according
to a preliminary forecast issued on March 4 by the Food and Agriculture Organization of
the United Nations [3]. According to some predicted reports, agriculture is considered the
most endangered activity adversely affected by the climate change [4].

Abiotic stress factors cause morphological, physiological, and biochemical changes.
Ultimately, they can affect the yield and product quality as well as change the visual
appearance and/ or nutritional value [5]. Generally, many stress factors act at the same
time, such as water and high-light stresses [6].

Plant adaptation and reducing the effect of stress factors are essential for the increase
of the agricultural system's resilience, crop yields, and quality assurance. The environ-
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mental conditions cannot be controlled, and therefore several strategies such as agronomic
techniques or the breeding of more tolerant cultivars are needed [7].

For years, research and practice have been dealing with ways to reduce the effects of
stressors on field crops stands: from the breeding of tolerant cultivars and the introduction
of new species, to the optimisation of agricultural techniques. One possible method from
the set of all used measures is the application of stimulation preparations [5]. They usually
have a different chemical composition, where the stimulation effect is a consequence of the
synergistic action of different bicactive molecules. These are usually products obtained
from various organisms or microorganisms, or even inorganic substances that are capable
of improving plant grow th, productivity, and alleviating the negative effects of stress [5-10].
Mineral elements, vitamins, amino acids, poly- and oligosaccharides, traces of natural plant
hormones are among the most well-known components [11]. They can act directly on the
physiology of the plant and modify some molecular processes, allowing improving the
efficiency of water and nutrient utilisation in crops and stimulating plant development
by increasing primary and secondary metabolism [10]. According to a report by Grand
View Research, Inc. in March 2018, the size of the biostimulant market is expected to reach
a turnover of USD 4.14 billion by 2025 [12].

Another way to eliminate the impact of abiotic stressors is the increasing of the
yield potential of new cultivars. The spike storage capacity, which stimulates the inflow
of assimilates into the grain in the period after anthesis, plays an important role in the
formation of the yield [13]. Therefore, gene sources are sought to increase the number of
reproductive organs [14], such as the number of spikelets in a spike, the number of grains
in a spikelet, or the number of embryos in a flower [15,16]. A multi-row spike (MRS) was
transferred to common wheat from a hexaploid radiomutant source obtained from VIR
St. Petersburg. Multi-row spike is conditioned by the recessive gene mrsl, located on
the short arm of the 2DS chromosome. It is manifested by an increased number of sessile
spikelets growing from individual nodes of the spike and by an increase in the spike storage
capacity [17].

The accumulation of secondary metabolites may also be important in the elimination
of abiotic stressors. The study of the resistance of coloured grain genotypes to abiotic
stressors seems very promising. Coloured wheat grains biosynthesise and accumulate
anthocyanin [18]. Anthocyanins have osmoregulatory abilities, thus causing a protective
role under conditions of extreme temperatures. Under the influence of drought and salinity,
they can prevent the oxidation of lipids and, in this way, protect the plasma membrane
from damage [19,20]. Comparative analysis of almost isogenic wheat lines, differing from
each other by the content of anthocyanins in the coleoptile and pericarp, showed a higher
drought tolerance in the line with a higher content of purple dye [21]. Under drought stress,
the expression levels of TaCHS, TaCHI, TaF3H, TaDFR, and TaANS in wheat leaves were
upregulated, the anthocyani.n content was increased, and the plants had stronger drought
resistance [20]. Coloured wheat genotypes with high anthocyanin content are capable of
maintaining significantly higher dry matter production after salt stress treatment [22].

The field experiment aimed to evaluate the effect of the application of stimulation
preparations on cultivars with different genetic architecture to cope with unfavourable
climatic conditions. First, the use of the possibility of influencing the metabolism by content
substances (anthocyanins). The experimental cultivars were a donor of blue colour aleurone
and donor of the multi-row spike (MRS). The monitored parameters were yield and selected
physiological characteristics.

2. Materials and Methods
2.1. Experimental Design

The field experiment took place in the period of 2018-2020in Velky Tynec, Czech Republic
(49°33.11838' N, 17°20.25320' E). The research was focused on monitoring the effect of the
application of commercial stimulation preparations on selected physiological parameters
and yield on the winter wheat. The application scheme and characteristics of the preparations
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are given in Table 1. The plant material was derived from cultivars in Krom&¥iZ, the Czech
Republic: (i) donor of the blue colour aleurone KM-72-18 (A), conditioned by the presence of
the Ba2 gene on the long arm of the chromosome 4A [23], which causes a blue anthocyanin
colouration of the grain; (i) multirow spike (MRS) donor KM-94-18 (B), conditioned by the
presence of the FRIZZY PANICLE 1 gene [24], capable of producing a larger number of
spikelets from the spindle node [25] (Figure 1).

Table 1. Scheme of monitored preparations application and their brief characteristics. For the applied
stimulation preparation (T2-T6), the applied dose (Lha™!) for the experimental stands and the period
of the application according to the phenoclogical phase (BBCH) of the experimental stand is given.

Applied Dose of Monitored Stimulants (L ha—') and the Phenological Phase of

Treatments o . l,'!{Slmd (BBC“) S ~ Preparation Characteristics
BBCH 30 BBCH 37 BBCH 49-51 BBCH 63
Tl < . - = -
Free amino acids
g vd Cleanstorm (0.1) Cleanstorm (0.1) Cleanstorm (0.1) Cleanstorm (0.1) 12%, combustible substances
in dry matter S0%
Free amino acids 13%,
T Energen 3D Plus (0.1) Energen 3D Plus (0.1)  Energen3D Plus (0.2)  Energen 3D Plus (0.3) combustible substances in
dry matter 0%
K0 20%, P05 3%, Cu
T4 Atlante-Cu-Prolina (0.6) - - - 0.5%, free amino acids
G e
. Free amino a 0%, tot:
T5 Aminocat 30 (0.2) - Aminocat 20 (0.2) - N 3% P,0s 1%, K0 1%
T6 Fertileader 2M (2.0) _ _ R Seecﬁveml:;;aMsozss
* Seactive plex (. d extract, plantextracts).

Figure 1. (A) Cultivar KM-72-18 (donor of the blue colour aleurone); (B) cultivar KM-94-18 (multirow
spike donor).
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Sowing was carried out in both years in the first decade of October in 4 million seeds
per hectare. During March and April, calcium ammonium nitrate (CAN) was applied in
three doses (151.2 kg N ha~! in total). During the experiment, classical agrotechnics was
performed with the application of herbicides, insecticides, and morphoregulators according
to current needs. The experimental plots were in blocks according to the Latin square,
measuring 1.125 x 89 M, in triplicate. In the experimental stands, the physiological charac-
teristics were evaluated in phenological phases 65 and 73 BBCH-scale. The phenological
phase of the stand was classified according to Meier [26].

2.2. Photosynthetic Pigments and Free Proline Analyses

The pigment content in the leaves was measured photometrically with the Evolution
2000 UV=Vis (Thermo Fisher Scientific Inc.,, Waltham, MA, USA) by the Porra method [27]
in ten replicates from each experimental plot and is given in mg m~2. The content of free
proline was determined using the method of Bates et al. [28] with modifications. A sample
of leaves (0.5 g) was homogenised in 10 mL of 3% sulfosalicylic acid using a mortar and
pestle, and the homogenate was filtered through filter paper. Aliquots of 1 mL of the filtrate
were mixed with 1 mL of acid ninhydrin solution and 1 mL of acetic acid and placed on
a shaker for 20 min. The samples were then heated at 90 °C for 30 min, cooled in ice water,
thoroughly mixed with 3 mL of toluene, and incubated for 20 min at room temperature.
The samples were stored for 24 h at 4 °C. Next, the upper layer of the separation mixture
was used for the measurement of absorbance at 520 nm (UV-Vis, Evolution 210, Thermo
Scientific, Waltham, MA, USA). Five plants were used as independent samples for each
treatment. The proline concentration was determined using a calibration curve for proline
as pM g~! FW (fresh weight) in five replicates from each experimental plot and is expressed
in m:nolg‘1 of fresh biomass.

2.3. Chlorophyil Fluorescence

The minimum chlorophyll fluorescence (F0) and the maximum chlorophyll fluo-
rescence (Fm) were also measured in situ, with the portable fluorometer OS5p, (ADC
BioScientific Ltd., Hoddesdon, Great Britain) with 1 s excitation pulse (660 nm) and a sat-
uration intensity of 3000 uM m~2 s~1 after 20 min of darkness adaptation of the 4th or
5th fully expanded leaves. The maximum quantum yield of PSII was calculated using the
formula: Fv/Fm = (Fm — F0)/Fm. These parameters were measured in five replicates of
each experimental plot.

2.4. Analysis of the Yidd Components

In each plot of the experimental treatments (T1-T6), the yield (t ha=!), and the thousand-
grain weight (TKW) were evaluated.

2.5. Statistical Analysis

One-way ANOVA was used to evaluate the variables in treatments. After obtaining
significant results (p < 0.05), multiple comparisons using Tukey’s test were applied to
identify significant differences between treatments. All analyses were performed using
STATISTICA 12 software (Statsoft, Tulsa, OK, USA).

3. Results and Discussion
3.1. Characteristics of the Experimental Period 2018-2020 and the State of the Stands

The characteristics of the weather during the vegetation period of 2018-2020 compared
to the long-term Normal 1981-2010 (N30) are shown in Figure 2. The vegetation period
from September 2018 to August 2019 was warmer by 2.2 °C in the experimental locality
than the long-term Normal (N30 = 8.8 °C) with a total precipitation of 579 mm, which
represents 113% of the long-term Normal (512 mm). However, the precipitation was not
evenly distributed; October, November, April, and June were very dry. The autumn was
warm and the winter mild. Winter wheat stands were well established and survived
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the winter well with no visible frost damage, no reduction of plants. The months of March
and April were below normal in terms of precipitation and temperatures were up to 3 °0c
higher than the long-term Normal. It caused the early onset of spring, and the very rapid
generative development of the winter wheat stands. May was above normal and colder

than the long-term Normal (approximately 1.4 °C); June was warm and dry. July was dry
and warm, which accelerated ripening,
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Figure 2. Monthly and long-term air temperature (°C) and precipitation (mm) at the experimental
site Velky Tynec in the Czech Republic during the experimental period of 2018-2020. The long-term
average is from the period of 1981-2010.

The growing season from September 2019 to August 2020 was warmer by 2.1 °C than
the long-term Normal, with a total precipitation of 600 mm, which represents 117% of the
long-term Normal. The distribution of the precipitation was again not uniform—almost
no precipitation fell in April. By contrast, February, May, and especially June had above-
normal precipitation. Autumn was a very warm, humid, and mild winter, followed by
an early onset of spring (February was warmer by 5.2 °C than the long-term Normal).
An anhydrous April (3 mm of precipitation) significantly affected the condition of the
stands. May and June saw above normal precipitation, which improved the condition of
the stands. It significantly increased the risk of lodging of winter wheat stands and their
subsequent lodging if it was not sufficiently regulated.

The uneven distribution of precipitation is considered to be an unfavourable vegetation
factor, which even in years with normal or above-normal total precipitation can affect the
amount of crop yield [29-31].

3.2. Photosynthetic Pigments

Photosynthesis is the primary process leading to production in the Biosphere [32],
and its rate is affected by various factors including high temperature and CO, concentra-
tion [33,34], drought [35], minerals [36,37], and many others [38]. The content of photosyn-
thetic pigments is an important parameter influencing the rate of photosynthesis. It has
been shown in many different scientific works that the content of photosynthetic pigments
is reduced by the action of stress factors [39,40]. In the content of total chlorophylls (Chlt)
significant differences were determined between experimental years, vegetation phases,

and genotypes [41]. For carotenoids (Car), there was a significant difference between
experimental years and vegetation phases (Table 2).
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Table 2. Total chlorophylls (Chlt), carotencids (Car), the maximum quantum yield of PS II (Fv/Fm),
proline content, yield, and thousand-grain weight (TKW). The values given are means =+ SE for
2019 and 2020, phenological phases 65 and 73 BBCH, cultivars KM-72-18 (A) and KM-94-18 (B) and
individual stand treatments (T1-T6). LSD post hoc test. Different letters differ significantly at p < 0.05.

Chlt (mgm=2)  Car(mgm=2) Fv/Fm Proline (uMg=1)  Yield (tha™1) TKW (g)

2019 2751 £47° 450+ 072 0.768 + 0.003° 492 +20° 8.65 £0.14P 4349+ 0.86°

2020 2542 +39° 27 +07° 0778 & 0,002 ® 437 + 1.5% 937 + (.08 46,49 + 0,53
65 BBCH 3267 £29° 535+ 0.4° 0793 & 0,002 2 355+ 12°F = =
73 BBCH 1829 +39° 31.0+0.6° 0.751 + 0.003® 576+192 - -

A X726 +522 438+ (.82 0776 & 0.003 2 556+ 183 9.42 + 0.07> 48,94 40232

B 2621 +£41° H45+£07° 0.769 = 0.003® 37.3+ 1.5P 8.60 +£0.14P 41.05+045%

T1 2679 +88% 450 + 1.4° 0.764 + 0.006® 507 +£322 8714 022¢ 4423 41340

T2 2634 +72° 431+ 12?2 0.774 % 0.005 % 473+31° 9.(7 £0.23% 4511 +£1.39°

T3 2682 +872 440+ 132 0.773 + 0.004 2 437 +£28° 9.15 £0.25% 45,52 +1.48°

T4 X753+£75% 457 +11° 0775 % 0.004° 447 £2.8° 9.14 +£0.23% 4538 £ 1.26°

T5 2647 £ 8.0° 439 + 1.3 0779 & 0.0042 4454322 9.18 + 0.232 44704 128%

Té6 2635+79° 4324+ 12° 0.771 % 0.004 0 76+312 882+ 016 450341273

The higher content of Chlt and Car was determined in phase 65 BBCH. The reduction
in photosynthetic pigments was determined in phase 73 BBCH, which may be caused by
gradual leaf senescence [41] or stress factors. A decrease in the content of photosynthetic
pigments results in a decrease in photosynthetic activity [42]. Of the monitored cultivars,
KM-72-18 with a blue aleurone had the highest Chlt content, and there were no significant
differences between the cultivars for Car.

Table 3 shows the contents of Chlt and Car according to single treatments and cultivars.
In 2019, the positive effect of the application of stimulation preparations was manifested.
The cultivar KM-72-18 in the developmental phase 65 BBCH showed a significant increase
in Chlt content compared to the control (T1) in the treatments of T3 (112%) and T4 (106%).
In phase 73 BBCH, a higher content of Chlt was evident in comparison with the control in
T3 (122%), while a decrease in pigment content occurred in Té. There was no significant
effect of carotenoid content in the application of stimulation preparations. In the cultivar
KM-94-18 with a multi-row spike, the positive effect of the application of stimulants was
manifested only in the developmental phase 73 BBCH. Compared to the control (T1),
the Chlt content after the treatments T6 (158%), T4 (150%), T5 (134%), and T2 (117%) was
significantly higher. In phase 73 BBCH, the content of carotenoids also showed a positive
effect of the application of stimulants. Compared to the control (T1), carotenoids content
after the treatments T6 (149%) was significantly higher. June of this year was warm and
dry, heat stress during anthesis and grain filling were found to accelerate the degradation
of the leaf chlorophyll content. It resulted in a decrease in both leaf photosynthetic activity
and the final biomass [43]. The increase in the pigment content of KM-72-18 with blue
aleurone may also be caused by the protective function of anthocyanins in plants under
stress conditions [21]. In 2020, a positive effect of the application of stimulation preparations
on the content of Chit and Car during the monitored development phases of both cultivars
was not shown.
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Table 3. Total chlorophylls (Chlt) and carotenoids (Car) in the cultivar with blue aleurone KM-
72-18 (A) and multi-rowed spike KM-94-18 (B) in the developmental phases 65 and 73 BBCH in
single vegetation treatments (T1-T6). Means & SE; n = 10; LSD post hoc test. Different letters differ

significantly at p < 0.05.
2019 2020
Chl, (mg m-2) Car (ing m~2) Chl, (mg m~-2) Car (mg m-2)
65 BBCH 73BBCH 65BBCH 73BBCH 65 BBCH 73BBCH 65 BBCH 73BBCH
TI  23331+150°  1867+134% 5144249  317+29° 3630+ 157% 2062+59% 639+24° R/+Q70
T2 380.6+105% 1814+230% 545+ 15°  303+39%  3414+136% 1849+7.6° 599+21% 280+14°
A T3 F40£132°  1910+282° 562+ 18%  345+45°  336+153%  1033+121°  H4£20%  205+21°
T4  337+£99% 12824216  531+14%  251+34b  3002+128F 2085+56° 549+ 16D 320+08°
TS 2250+142° 1640+£226% 4024+20° 284+41° 3425+156% 2108+68° @.7+24% 3B2+09°
Té 3384+138% 1117+124°¢ 5L1+18% 204+24% 3206+125° 2B0+81° 548+33% 313+ 14°
Tl 307 +£120°  137.6+21.0° 554+16% 268+36%  3106+82° 2008+63° S8%17° 314+10°
T2 2824+88P  1609+196% 445+17° 201+35%  054+83°  2048+29° S\7+13°  3L7+05°
g T3 3088+124% 405+161°¢  518£19%  245+27¢  2845+61°  281+39° 5L6x12%  3L0+06°
T4 2B0.7+£86% 2068+104° 556123 373 +28%  RES5E710 187+42%P 569130 WEx06?
T 3262+126° 1840+234%  550+21%  347+31% 2858 +145° 1002+49% 480+18% w3zas®
T6 307.8+172% 2173+£158° 502+25P  398+26° 3102+ 108° 1839+44> 546+19° 202x07°
A U60+54  1555+88°  526%07°  284+15°  3:E54+60°  20L1+33° SS9+ 10°  3L4+06°
B 3142451 1746 +84°  5224+08°  321+13°  W72+41b 2002+43°  540£07b  320+0Q7°

The generally accepted parameter indicating the level of stress in plants is the maxi-
mum quantum yield of PSII (Fv/Fm). In plants under optimal conditions, the maximum
quantum yield is ~0.8 [44]. The maximum quantum yield of PSII was significantly different
between experimental years, vegetation phases, and cultures. The higher Fv/Fm value
was in the 65 BBCH phases and from monitored cultivars, the cultivar KM-72-18 with blue
aleurone had a higher Fv/Fm ratio. Significant differences in Fv/Fm were determined
between the monitored variants of stimulants application (Table 2). Peripolli et al. [45]
report an increase in Fv/Fm and the electron transport rate after biostimulator application.

In 2019, during the developmental phase 65 BBCH, the Fv/Fm ratio in both cultivars
ranged from 0.791 to 0.817. It can be considered the optimal state [44], while there were no
significant differences among applied preparations (Figure 3). These results can be related
to the higher amount of precipitation in May, and that the measurement itself took place
after the day of the precipitation. During the developmental phase of 73 BBCH, there was
adecrease in Fv/Fm. In the KM-72-18 cultivar with blue aleurone, T5 treatment significantly
increased the Fv/Fm ratio compared to the control. The decrease in Fv/Fm values suggests
that some of the reaction centres of the PSII photosystem are damaged or inactivated. This
phenomenon is commonly observed in stressed plants [40]. In addition to the current water
and temperature stress in this period, the decrease in these values may also be related to the
accelerated leaf senescence, because of which the Fv/Fm decreases [41,46,47]. It is known
that many different species can speed up their post-anthesis development in conditions of
terminal drought [48].
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Figure 3. The maximum quantum yield of PS II (Fv/Fm) in the cultivar with blue aleurone KM-72-
18 (A) and a multi-row spike KM-94-18 (B) in the development phases 65 and 73 BBCH at single
treatments of the stand (T1-T6). Means + SE; n = 5; LSD post hoc test. For each period and
cultivars, the columns with the symbol * are significantly different at p <0.05 compared to the control
treatment (T1).

In 2020, during the developmental phases 65 and 73 BBCH, the Fv/Fm ratio for both
cultivars ranged from 0.757 to 0.802. In the development phase 65 BBCH of the KM-72-
18 cultivar with blue aleurone, T4-T6 treatments significantly increased the FV/Fm ratio
compared to the control (T1). It isevident that with sufficient precipitation, when the month
of June was significantly above normal precipitation, there was no significant decrease
in the Fv/Fm ratio in the period of grain pouring. The stimulating effect of the applied
Ppreparations also was not manifested. According to Zivcak et al. [49], the Fv/Fm values
are extremely stable, starting to decline at a dehydration level that is lethal for typical
leaves. If drought stress persists under field conditions for a longer period of time (days),
the decrease in the Fv/Fv values can be dramatic. The increase in sugar biosynthesis in
biostimulant-treated plants has been found in several species, and it is associated with the
increase in chlorophyll content, pure photosynthesis, and the quantum efficiency of the
photosystem II [50,51].

3.3. Proline Content

The amino acid proline is increasingly synthesised in plants under conditions of water
deficit, low temperature, UV radiation, in the presence of heavy metals, etc. (see Kaur et al. [52]).
After the stress subsides, the proline is broken down and can be used as an energy source
for plant regeneration after stress [45].
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There were significant differences in proline content between experimental years,
vegetation phases, and cultivars (Table 2). The higher proline content was in phase 73 BBCH.
Of the cultivars monitored, the proline content was higher in KM-72-18 with blue aleurone.
Higher accumulation of proline has an important function in protection against complex
stress factors [53]. Proline protects plants by contributing to osmotic adaptation inside
cells, stabilising membranes and enzymes, and scavenging free radicals [54]. Furthermore,
colour-grained genotypes are expected to be more resistant to abiotic strains due to their
higher anthocyanin content [55-57]. Under salinity conditions, genotypes with a higher
content of anthocyanins accumulated more proline [22]. Purple wheat cultivars have been
shown to have stable yields and can withstand drought stress [58].

Figure 4 shows the proline contents according to individual treatments and cultivars
in the monitored years. In 2019, in phase 65 BBCH, there were no significant differences in
the proline content between individual treatments of the two cultivars. It can be reconciled
with the sufficient precipitation in this period. The higher proline content was determined
in phase 73 BBCH. In the cultivar KM-72-18 with blue aleurone, the values of proline
were significantly lower in the T3 and T4 treatments. For KM-94-18, the proline content
of T2 treatment significantly increased. In 2020, in phase 65 BBCH, the KM-72-18 cultivar
with blue aleurone had a lower proline content compared to the control for T2 to T5
treatments. No differences in proline content were determined in phase 73 BBCH and
cultivar KM-94-18. We suggest that the increase in proline content is due to the natural
accumulation of this osmoprotectant under stress conditions with the precipitation deficit
and high temperatures [54,59]. It should also be taken into account that the proline content
is a cumulative result not only of the rate of biosynthesis and degradation, but also of
transport between cells and organs [60,61].
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Figure 4. Proline content in the cultivar with blue aleurone KM-72-18 (A) and a multi-row spike
KM-94-18 (B) in the development phases 65 and 73 BBCH at single treatments of the stand (T1-T6).
Means = SE; n = 5; LSD post hoc test. For each period and cultivars, the columns with the symbol * are
significantly differentat p < 0.05 compared to the control treatment (T1).
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3.4. Yield Parameters

Grainyield and quality is one of the main parameters monitored in field experiments.
They are given, among other things, by the course of weather conditions, habitat conditions,
agrotechnical measures, genotype selection, etc. (see Patutaet al. [62]). Yield and thousand-
grain weight (TKW) were influenced by the year, cultivar, and applied product (Table 2).
Higher yields were achieved in both cultivars in 2020, though yields were higher in the KM-
72-18 cultivar with blue aleurone. The application of stimulation preparations significantly
increased the yield and was also affected by the TKW. According to Van Oosten et al. [63],
the effects of biostimulants consist in an increase in yield and the resistance to biotic and
abiotic stress. Other authors also report a positive effect of stimulant application [64].
Optimal precipitation conditions during the grain filling period can affect the yield level.
In winter wheat, accelerated ripening occurs under dry conditions during the grain filling
period, when the yield and grain quality are subsequently negatively affected [65].

The yield (Table 4) increased for all applications in 2019 compared to T1 (100%).
The cultivar KM-72-18 with blue aleurone had the highest yield for T5 treatment (107.0%).
This difference was statistically significant. For the KM-94-18 cultivar with a multi-row
spike, the highest yield was for the T6 treatment (105.5%). In 2020, KM-72-18 with blue
aleurone had the highest yield compared to the control for T4 treatment (102.9%). For T2
and Té6 treatments, there was a decrease in the yield compared to the control. Differences
with the control (T1) were not statistically significant, except for the T6 treatment. For
KM-94-18 with a multi-row spike, the yield was significantly higher for all treatments
except for T6, but also for this treatment, the yield was higher compared to the control (T1).
The highest yield was for T2 and T3 treatments (108.9%) compared to the T1 control (100%).
In 2019, the TKW significantly increased compared to the control in the cultivar KM-72-18
with blue aleurone in the treatment T2 to T5, and in KM-94-18 with a multi-row spike in T3
to T6. In 2020, treatments did not significantly increase TKW.

Table 4. Yield and thousand-grain weight (TKW) in cultivar with blue aleurone KM-72-18 (A)
and a multi-row spike KM-94-18 (B) in 2019 and 2020 for single treatments of the stand (T1-T6).
Means =+ SE;n = 3; LSD post hoc test. Different letters are significantly differentatp < 0.05.

Treatments Yield (t ha—1) TKW (g)
2019 2020 2019 2020
T1 9.01+019% 951+0.15° 47.33 +£0.38¢ 48,87 + 0.41 %
b v 93140273 941+ 0.432 49,00 + 0.153> 49.27 + 1233
A T3 941+ 0.13%> 969+ 0.24° 49.67 + 0.24° 50.46 + 1.09°
T4 937 £ 0.09% 979 4+ (.05° 48.76 + 0.43 3 4963 + 0233
TS5 9644011 967 +0.18 48534 0.19° 4800+ 145°
Té6 945+ 0.09%® K83 +0.09° 47.67 + 049 ¥ 49,63 + 0783
T1 7.67 £025* R65+027P 37.50 +£0.40°¢ 43204+ 042°
v 8024+034 956+0.15 38.20 + 0.06 < 4397 + 0.55°
B T3 7.914+042% 958+0.122 3863 + 0303 4330+ 0.35°
T4 798 +026% 94240202 39340352 4390+ 0312
TS 7954037 9424+ 0.03® 38.57 £+ 0233 4371+ 0.44°
Té 80940322 889+0.04P 3873 £ 0303 4432 40332

When comparing the yield between the monitored cultivars, a higher yield was
achieved with the blue aleurone cultivar in both experimental years. Therefore, the po-
tential for an increase in reproductive organs in the spike and thus an increase in the
storage capacity of the spike in the cultivar KM-94-18 with a multi-row spike was not
significantly manifested.

Changing climatic conditions, rising temperatures, and, above all, the uneven distri-
bution of precipitation significantly affect the quantity and quality of agricultural products.
The response of a plant to a stress factor depends on its developmental phase, genotype,
and the size and duration of the stress [66]. The reduction of global yields of wheat by 6.0%,
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rice by 3.2%, maize by 7.4%, and soybean by 3.1% is supposed [29]. However, changes in
yields are very variable and depend on the conditions of individual regions, technologies
used, genotypes [67-71]. Climate change could reduce global crop yields by 3-12% by
mid-century and by 11-25% by the century’s end, under a vigorous warming scenario [72].

Nowadays, implicating the application of stimulation and support preparations in
agrotechnical technologies is up-to-date. As previously mentioned, their contribution to in-
creasing the yield of field and garden crops is documented. The T2 to T6 preparations used
include, among others, free amino acids (T2-T5), L-proline (T4), macro and micronutrients
(T4-Té6), and seaweed and plant extracts (T6). Amino acids, as basic building blocks of pro-
teins, have a multitude of functions in the plant organism, such as anti-stress agents, growth
stimulators, a precursor of auxin, a precursor and stimulation of chlorophyll synthesis,
and many others [73]. For the increase in yield and improvement of winter wheat quality
parameters after the application of amino acid-based preparations and their possible use,
see in [74-76]. The effect of exogenous application of proline has been extensively studied,
and its effects are described [52]. The individual effects of macro- and microelements on
growth, development, and yield generation are generally known [77]. Seaweed extracts
also have a positive effect on plant metabolism [78-80].

Due to the different compositions of individual preparations, it is necessary to take
into consideration the variable effects on individual physiological and metabolic processes
in the plant. This variability was manifested both at the level of individual parameters
and between the monitored cultivars and experimental years. The high variability of the
influence of factors on the monitored parameters is reported by Patuta et al. [62]. They
think that the degree of stability of applied preparations needs to be increased in the future.
Gozzo and Faoro [81] even report that biostimulants show variable efficiency under real
field conditions, in contrast to the promising and positive effects observed under controlled
laboratory conditions. In addition, it is necessary to focus on increasing the influence of
bioactive substances on the quality parameters of cultivated crops [62].

Some authors also deal with the issue of economic efficiency [64]. Calvo et al. [82]
confirm that the application of biostimulants increases the productivity and quality of crops
while responding to economic and sustainable requirements.

4. Conclusions

Utilising stimulant preparations can have a positive effect on the optimisation of
metabolism and photosynthetic apparatus in a period of unfavourable precipitation and
temperature. The composition of the products under study varies and it can be assumed
that they will have different effects on the various subprocesses within the plant organism.
The obtained results were influenced by the year and were based on different temperatures
and precipitation. Higher yields were achieved in 2020 with higher total precipitation,
especially during the grain filling period. It also seems possible that the stimulatory effect
of the applied products may not be applied in periods of high rainfall. There was also no
potential to increase the reproductive organs in the spike, and thus increase the storage
capacity of the spike in a cultivar with a multi-row spike, which would be reflected in
the yield. The use of content substances in cultivars as a natural means of increasing
resistance to abiotic and biotic stressors seems to be promising. It follows that for the
sustainability of agricultural production in the subsequent period, it is necessary to use
all innovative technological procedures, optimal selection of genoty pes, suitable mineral
nutrition, and stand protection in correlation with economic efficiency.
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Soil moisture and tuber ylelds were in d furthest when combined blochar. blends pplied (> 2-times compared
Biochar to the control). Perhaps most im tly, the adv soll conditions induced by the combined biochar and ma-
Manure mnaddlﬂonalsotesulmdhdsnﬂmﬂylmsadmwmmmplm(zﬂtw)mmlmu!dhmme

Water stress respanse

tical applications of these results in the fleld.

1. Introd uction

Sugar beet (Beta vulgaris L.) is a traditional arable crop in Central
Europe, with Czech Republic being ane of the most prolific producers at
61,000 ha coverage and 63 t/ha yields (data for the years 2015-2017). In-
deed, sugar is consumed worldwide with one-fifth derived from beet
(Eggleston et al., 2017), which contains approximately 17% sugar. Climate
change has had, and will increasingly have, a negative impact on crop
yields. For example, since 1982, it is ed that climate change induced
a reduction of 70% in crop yields on average, with few agricultural areas
now remaining unaffected by it (Raza et al, 2019). Drought events are
one of the most important crop yield decreasing stresses (Ghaffari et al.,
2021). This is partially because a reduction in soil moisture has deleterious
effects on plant physiology, such as leaf water loss, growth inhibition, de-
creased photosynthetic activity, damaged organelle structures, induced
chlorophyll degradation and even accelerated ageing processes (Fahad
et al, 2017). Drought stress is particularly impactful to sugar beet yield
and quality (Toscano et al., 2019) as demonstrated by Khaembah et al.
(2021), who showed that reduced irrigation decreased sugar beet yield
and nitrogen content. Similarly, sugar beet biomass production and pig-
ment concentrations were shown to be reduced after a period of ten days
without irrigation (Islam et al, 2020). To overcome water stress, increased
irrigation is an increasing feature of modem agri culture to maintain yields.
However, this incurs economic and time costs to farmers especially when
additional fertilization is required. Over imrigation can induce soil saliniza-
tion, while over fertilization can degrade soil in the long term, notably
through nitrate leaching. Thus, it is impartant to investigate methods tore-
tain moisture and nutrients in soils, in order to adapt the soil environment
to changing climatic conditions.

Improvements in sail maisture holding capacity can be obtained through

the application of organic dm such as bioch , composts
mdd:.gesmﬂwdmnsacmbmndxmmaldtanedfmmthﬁhmo
ical conversion of bi under reduced oxygen conditions (Chen

et al., 2019; Kumar et al, 2020). Biochar can be made from various lignocel-
lulasic materials, such as plant residves, animal manure, food wastes, dudge
etc. (Bolan et al., 2021; Sun et al,, 2021), which are transformed into biochar
via pyrolysis, hydrothermal carbonization, or gasification (Bolan et al., 2021;
Sunetal, 2021). Biochar isfrequently characterized by a porous structure, an
alkaline pH and a high catbon content (Kumar and Bhattacharya, 2021). Due
to these parameters biochars have various soil applications, such as to in-
crease carbonstorage and reduce the leaching of nutrients and contaminants
(Baolan et al., 2021; Sun et al., 2021) demonstrably improving soil fertility,
promoting enhanced microbial activity, plant growth and nutrient uptake
(Jien et al, 2021; Rafael et al., 2019). This is due to various soil physico-
chemical properties being typically modified by biochar amendments, ie.
bulk density, pH, electrical condudtivity, cation exchange capadity, organic
carbon, nutrient availability, soil moisture, and enzyme activity (Abideen
etal., 2020; Adekiya et al., 2019; Agbede et al., 2020; Latini et al, 2019;
Rafael et al., 2019; Rollon et al., 2020). The combined improvements in
one or more soil properties have been shown to improve, for example,
durum wheat, Phragmites karka, cocoyam and corn growth (Abideen et al.,
2020; Agbede et al,, 2020; Latini et al., 2019; Rollon etal,, 2020). Some neg-
ative impacts on crop growth as a result of biochar application to soils have

also been noted, such as decreased nutrient availability, due to biochars’
high sorption capacity (Brinicky etal., 2021; Zhao et al., 2019). For example,
a study comparing three biochars showed that 1) pinewood biochar did not
improve maize growth and, in fact, negatively affected nitrogen availability;
2) coconut husk biochar improved maize growth and had a reduced fertiliz-
ing quality; 3) arange bagasse biochar was able to improve maize growth
and effidently regulate nitrogen and phosphorus availability (Gorzaga
etal, 2018). Similarly, Reed et al. (2017) found that biochar did not improve
the growth and nutrient uptake of ryegrass one year after soil application.
Likewise, out of four biochars produced from farmyand manure, poultry ma-
nure, wood chips and kitchen waste, their sole application to soil did not im-
provewheat yield and nitrogen uptake in all but one case, the poultry manure
biochar (Sadaf et al., 2017). It also follows that, although biochars containnu-
trients, largely governed by the source feedstock used to produce it, those nu-
trients may not be available to plants due to the biochar high stability
(Galinato et al, 2011).

In contrast to biochars, manures inherently contain high amounts of la-
bile nutrients, which are readily available to the plants. When amended
into soils, manures can modify soil parosity, reduce bulk density, which in-
crease soil available water content, increase organic matter content in soil,
which, together with nutrients and soil structure improvement, increases
crop yields (Wang et al., 2017). These materials can also be mixed and
wark synergistically for better outcomes when applied to soils. For instance,
Banik et al (2021) demonstmated that the application of biochar combined
tommumcoukl stnbxhze |i1cq>hcmsmd nitrogen released from manure,

« g that biochar could act in a regulatory capac-
ity to numens ﬁom manure. Similarly, Adekiya et al. (2019) applied a
hardwood biochar and a poultry manure, either alone or combined, and
observed that there were significant interactive effects between biochar
and for the imp of soil physical and chemical properties,
ie bulk density, soil moisture, pH, organic matter and nutrient contents,
and for nutrient uptake by plants. Finally, Bohara et al. (2019) showed
that applying a combination of poultry litter and biochar to a very fine
sandy loam soil improved the capadity of ryegrass to withstand drought
stress Despite its advantageous soil impacts, manures can contain pollut-
ants, such as metals and metalloids (Zhang et al., 2012), which can be
supplanted to soil following repeat amendments. Biochars have been
shown to immobilize such potentially toxic elements emanating from
other soil amendments if applied in tandem (Chen et al,, 2019).

The aim of this study was to find the most advantageous soil amend-
ment combinations from biochar and manure that could achieve areduc-
tion in drought stress on sugar beet yield and quality. Spedifically, it was
hypothesised that combining biochar and manure could most significantly;
(i) enhance soil moisture, (ii) regulate nutrient leaching from manure and
(iii) maintain or enhance sugar beet physiology and yield during an in-
duced soil drought.

2. Material and methods
2.1. Soil and bio-additives

An agricultural Regosol, with low-organic matter content from a
drought-prone location was chaosen for this study because a high amount
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of water depletion and leaching of organic matter has been shown to im-
pede sugar beet production in this type of soil. The soil was collected in
the proximity of Zvéfinek village, in Czech Republic (CZE) (50°149'N,
15'026°E) from the amble horizon (<35 cm). The average bulk density of
the ariginal intact Regosol was 1.59 g cm™ 3, the total porasity was 41.1%
and according to the particle size analyses, a high fraction of this Regaosol
is sand (0.05-2 mm) 85.5%. Furthermare, silt (0.002-0.05 mm) represents
5.5%, and day (< 0.002 mm) 9.0%. The percentages indicated above are
the mean values and they were determined for soil particles <2 mm using
the dard hyd ter method (CEN ISO/TS 17892-4 2004, 2004).
According to the United State Department of Agriculture (USDA), the soil
was classified as loamy sand.

Two amendments were used: 1) manure, a conventional organic fertil-
izer; and 2) biochar which is a registered soil additive (Central Institute
forSupervising and Testing in Agriculture, CZE). Fresh manure (M) was col-
lected from a farm in Zvéfinek (Czech Republic) and was a mix of cow fae-
ces and bedding straw. Biochar (B) was produced by gasification from dry
raw wooden chips, having a high initial moisture (40-60% wt. on a wet
basis) before being heated for 6 hbetween 500 and 600 °C. The gasification
was carried out at a combined heat and power (CHP) plant in a fixed-bed
multi-stage gasifier (GP750) (Brynda et al,, 2020). To create an experimen-
tal blend of both biochar and manure the two amendments were mixed to-
gether, with 90% manure and 10% biochar (w/wona dry weight basis) and
left to equilibrate for one month in ambient conditions. Thereafter this
blended treatment (manured biochar) (MB) together with manure
(M) and biochar (B) were dried and sieved (through <2 mm) for their con-
sequent usage.

The soil as well as the three amendments, ie. M, B and MB, were char-
acterized, induplicate, for the main proximate physico-chemical properties
(Table 1).

2.2. Pot experiment

A pot experiment was established in an airconditioned greenhouse
where a single sugar beet (Beta vulgaris) variety was selected as the agricul-
tural drought-sensitive crop. Seven soil treatments were tested: control (C—
Regosol soil without additives), and the soil mixed with the different
amendments (Biochar - B, Manure - M or their combination MB) at twodif-
ferentdoses (2 and 5 wt%). Hereafter, treatments are referred to using the
following abbreviations C, B2, BS, M2, M5, MB2 and MBS, respectively.
The mixtures were put into 1 L pots, each in five repli cates. The experiment
was performed using a randomized design. Inside of each pot, five seeds of
sugar beet were subsequently placed, and plants were reduced to two after
germination. An FDR 5TM moisture sensor (Decagon, USA) was placed in
each pot, in order to monitor soil moisture. During a total sixteen-week du-
ration, three watering phases were set up: (i) regular watering during the
first nine weeks, with 100 mL poured in each pot twice a weelk; (ii)drought
during the following three weeks, with a reduction of watering to 25 mL;
and (iii) rehydmation during the last four weeks, with an augmentation of
the watering to 75 mL.

Table 1

Physical and chemical properties of the Input materiak. All p were mea-

sured in duplicate.
Parameter M B MB Sail
o (-) a0 1112 10.1 480
EC (pS/cm) 4210 1400 4300 N8
N (3/%8) 250 590 1.60 as4
Cox (3/%8) 2.0 817 534 933
CN(-) 182 140 389 173
S (8/%8) 04 034 030 024
Py (3/%5) 7.48 089 562 041
Ca,, (3/%g) 19.1 164 160 110
Mgy, (2/kg) 4% 285 444 022
Kox (2/%5) 3.0 3.9 36.0 849

M = manure, B = blochar, MB = manure + blochar.
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2.3. Plant collection

At the end of the rehydmtion period, sugar beet plants were harvested.
Plants were washed with distilled water to remove any soil particles and
leaves were separated from the tubers. Leaf and tuber fresh weights were
determined for each plant individually. Material was then lyophilized and
properly stored until biochemical analysis.

2.4. Analysis of the soil and plants

2.4.1. Physiological analysis of the plants during drought

At the end of the drought period, ie. on week 12, transpimtion rate (E),
stomatal canductance (Gs), internal CO, concentration (¢), net CO, assim-
ilation (A) and instantaneous water use efficiency (WUEi) were measured in
situ using a portable LCpro + gas exchange system (ADC BioScientific Ltd.,
Hoddesdan, UK). Details of the leaf gas exchange measurements are given
in Supplementary material (SM1.1.).

2.4.2 Soil chemical analysis

The soil solution was collected before stress induction using rhizon sam-
plers (Eijkelkamp Agrisearch equipment, NED) evacuated via a syringe. The
soil solutions were analysed for pH and electrical conductivity (EC), usinga
pH meter and a multimeter (pH 7310 and Multi 3420 respectively, WTW,
Germany).

In addition, total N and C contents were measured using a Vario
MACRO CHN demental analysis unit (CHNS Elementar Analytical Systems
GmbH, Germany), while dissolved organic carbon was determined usinga
total arganic carbon analyzer TOC-La (CPH/CPN, Shimadzu), TNM-L seg-
ment flow analyzer (Shimadzu). Nitrate (NO3), phosphate (PO, ) and sul-
phate (SO«) concentrations were determined with a Dionex ICS-5000 ion
chromatography system (Dionex, USA). Finally, the concentmations of the
macronutrients K, Mg, Na and Ca were measured by ICP-OES (720 ES,
Varian Inc., CA, USA).

2.4.3 Plant chemical analysis

After the harvest, leaves and tubers were analysed for nutrient contents
(N, P, K, Na, S, Mg, Ca, and C), pigment and sugar contents. Further detailed
analytical procedures are provided in Supplementary Materials (SM1.2.).

2.5. Swiistical analysis

Multivariate and univariate statistical analyses were perfarmed in this
work. Briefly, multivariate methods were employed for two purposes:
(1) to describe the variability between treatments in soil chamacteristics as
experiment inputs (data are in Table SMla,b); and (2) to analyse plant re-
sponses under water stress and particular soil treatments (results). Univar-
iate methods were employed for a detailed description of plant responses
to treatments; measured characteristics (physiological parameters, macro-
nutrients and sugar contents) were used as response variables and treat-
ments were used as predictors in ANOVA models. The responses were
approximated by normal distribution or transformed tomeet the normality.
Tukey HSD test and Dunnetts test were used for multiple comparisons.
Statistica 13.5 and R 4.0.1 were employed. Further details are provided in
Supplementary Materials (SM1.3.).

3. Results

3.1. Soil parameters

3.1.1. Soil moisture changes

During the first phase of regular ing (first nine
BS had the highest volumetric water content (around 0.30-0.45 cm¥/
cm®)followed by B2 (around 0.25-0.35 cm™/em®) and the other treatments
(around 0.15-0.25 em*/cm? Fig. 1). When drought stress was induced
(blue section inFig. 1), s0il water content dropped, though B2 and B5S main-
tained values up to 0.15 ecm®/em®, which were higher than the other

<) treatment
b
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Fig. 1. Soll malsture over the experiment time course for the different treatments. The blue zone indicates the drought perlod(25% of watering) and the arrow Indicates when
the physiologlical analysks on the plants was carrled out. Data shown are means from 5 replicates; each week-point shows the mean value of all 10-mins data continuously

recorded during the week for each treatment.

treatments. The decrease in water content continued over the entire
drought period until rehydration started (week 12) and soil water content
stabilised ar began to increase. No treatments including manure increased
water content in soil compared to control over the entire experiment
period.

3.1.2 Soil pore water chemical composition

Soil solution was sampled before the induction of the water stress toob-
tain enough sample to evaluate the impacts of the amendments on chemical
properties (Table SM1a). Results showed that amendment application in-
creased pH, EC, SOZ~ and Na concentration. The biochar without manure
treatments decreased total labile N content, nitrate concentration, PO; ~
concentration, total soil solution C content, DOC content, and K*, Mg**
and Ca®* concentmtions, while treatments containing manture increased
these parameters.

In addition, a PCA was performed to und d how tr ts dif-
fered based onsail properties (Fig. SM1), showing that amended treatments
differed from the control. Treatments containing manure differed from
treatments containing only biochar alang the first axis. Amended treat-
ments were separated in three groups: (i) biochar treatments without ma-
nure (B2, BS) were characterized by the highest pH values and a
reduction in PO3~, TC, DOC,K*, Mg** and Ca®* contents, (ii) treatments
with manure at 5% (M5 and MBS) were characterized by the highest values
in EC, TN, POZ~, TC, DOGC, K * and Na contents, and (iii) treatments with
2% manure (M2 and MB2) were characterized by intermediate values. Fi-
nally, there was no difference between the two application rates of biochar
while 5% manure had higher values of the measured parameters than 2%,
and the additional application of biochar had no effect (no difference be-
tween M2 and MB2 and between MS and MBS).

3.2. Plant response © water stress and amendments

3.2.1. Physiological response during drought period
Drought affects plant physiology and particulardy gas exchanges be-
tween the atmosphere and the leaf. Therefore, to quantify stress levels

inside the plant, leaf gas exchange was ed. The ts
were made in the middle of the drought period and showed that amend-
ments affected leaf physiclogical respanse to water deficiency. In particu-
lar, internal CO, concentration (¢) was reduced by 19% with the addition
of 5% manure, compared to the control, while the other treatments had
no effect on ¢ (Table 2). In all amended conditions, transpiration rate
(E) was higher than in the control treatment and no difference was found
between amendment treatments. Stomatal conduct: (Gs) in d
only when biochar and manure were applied separately while their asod-
ation had no effect. An increase in Gs was the same between biochar and
manure, and application rate had no effect; Gs increase was calculated be-
tween 13% and 18%. Net CO, assimilation rate (A) was negative in all
cases, showing that, in the testing conditions, respiration was higher than
gross photasynthesis. Assimilation was only affected by the application of
2% biochar, with more negative value. Finally, the intrinsic water uses effi-
ciency (WUH) showed fewer negative values only in plants grown on M5
(—337.94) than control plants (—442.47).

3.2.2 Physiological response of plants at the end of the experiment

Pigments contained in sugar beet leaves were measured at the end of
the experiment, after rehydration. In general, the application of amend-
ments increased chloraphyll contents in leaves, while it decreased xantho-
phyll cycle pigments. A detailed description of the effects of amendment
supply on pigment concentration is given in Supplementary Materials
(SM2.1.).

3.3. Harvest parameters

In case of biomass weight, biochar, manure and their combination in-
creased the fresh biomass production, compared to the untreated control
soil. For more detailed results see Supplementary Materials (SM2.2. and
Fig. SM4).

The contents of nitrogen (N), phosphorus (P), potassium (K), carbon
(C), caldum (Ca), sulphur (S), magnesium (Mg) and sodium (Na) were de-
termined in tubers and leaves, separately. In all cases, concentrations were
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Table 2
Leaf gas exchange of sugar beet plants grown on the different substrates: A - assimilation (ymol CO2/m?/s); E - transplration rate (mmd H20/m?/5); ¢ atmaspheric COx

concentration/intracelhilar CO, ation (mol/m?); Gs - stomatal conductance (mol/m?/5); WUEI - actual water efficiency; means + SD areshown for particular pa-
rameters. The same letters show hamogenous groups in (ANOVA, Tukey test, p < 0.05).
Variant Q E G A WUB
c 9118 = 7% 160 = 0.04" 0066 = 0.002 -3156 = 193° —44247 = 2858
B2 10087 = 362 183 = 0.04° 0ws = 0002 -3952 = 1.76° —48564 = 21.88°
BS 2057 = 384> 191 = 0.05° 0078 = 0.00F -3177 = 168%¢ -39915 = 21.80™
M2 9020 = 381™ 190 = 0.05" Qs = 000F -37.12 = 178 —42598 = 2198
M5 7392 = 02° 188 = 0.04° 0078 * 000F -3029 = 163" —33794 * 185°
MB2 9484 = 91% 166 = 0.05° 0065 = Q002" —3360 = 188 —44986 = 251
MBS 7255 = BY° 176 * 0.05° 0067 = 0.002"° -2559 = 151° —35576 = 19.85%

higher in the leaves than in tubers. For mare detailed results, see Fig. 2 and
Supplementary Materials (SM2.3. and Table SM3).

Canceming the sugar content, in the control soil, concentrations of su-
crose were 646 mg/g, 15 mg/g fructose and 44 mg/g glucose. In all of
the amended conditions, sucrose tuber concentrations were higher com-
pared to the contral. For more detai led results see Supplementary Materials
(SM2.4. and Table SM4).

4. Discussion

A,

4.1. Soil 1 to the

In our study, which induced drought conditions, biochar applied alone
increased soil moistureto a greater extent than in the other treatments (ma-
nure, and biochar-manure blend). The macro and micro-porous structure of
biochars have previously been shown to advantageously impact soil mois-
ture retention (Wang et al., 2019). For example Adekiya et al (2019) ob-
served that the application of a hardwood biochar (25 or 50 t/ha) in a
field experiment had exactly this effect. Kammann et al. (2011), tested a
peanut hull biochar applied to a sandy soil, showing an increase in the
soil water holding capacity after amendment. Indeed, Jacka et al. (2018)
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observed an increase in soil water holding capacity with biochar addition
to soil. Here infrared analysis revealed that biochar surfaces had OH and
C-O-H functional groups, on which water bonded directly through polar in-
teraction. In addition, biochar can indirectly increase soil water content by
improving soil structure, through bulk density reduction and aggregation
stability improvement (Adekiya et al., 2019; Bohara et al., 2019; Wang
et al., 2019), as well as the addition of organic carbon, which is known to
increase soil water retention (Jacka et al,, 2018). Our study showed that
manure and the combination of manure plus biochar were not able to im-
prove sail water content. This lack of synergistic effect of biochar in combi-
nation with manure could be related to a clogging of biochar pores by
manure particles since biochar formed only 10% of the biochar-manure
mixture.

Soil pore waters (SPWs) were sampled and analysed befare the induc-
tion of the drought stress to eval dment effects on soil chemical
properties

All of the amendment treatments, i e. biochar, manure and biochar plus
manure, increased SPW pH and EC, with biochar leadingtoa greater pH in-
crease and manure to a greater EC increase.

Biochar and manure are known to induce increased soil pH following
their application, especially if the soil is addic, and to increase soil EC, as
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Fig. 2. N, P and K nutrient contents in sugar beet (tubers and leaves separately), different letters Indicate statistically significant d ifference in Dunnetts test (a < 0.05). C-
control (blee), B2-2% blochar (grey), B5-5% blochar (dark grey), M2-2% manure (yellow), M5-5% manure (brown), MB2-2% manured biochar mix (dashed yellow),

MB5-5% manured biochar mix (dashed brown).
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demonstrated in the studies of Adekiya etal. (2019) and Songet al. (2018).
The first explanation for this is straightforward; the amendments have
higher pH and EC values compared to the soil (Table 1; Rafael et al,
2019). The functional groups on the surfaces of the biochar can consume
H*, after which biochar carbonates are released into the soil, increasing
PH (Meng et al., 2018). Similarly, manure contains basic cations such as
Ca* and Mg?*, which can raise soil pH (Adekiya et al., 2019). These ele-

ments rel d by the dments can also i soil EC (Song etal.,

2018).
memeammdt}mmmtcmmmthesmlpatwmdnweddm,

in 1 d s0il nutrients while biochar decreased them,

No, (when biochar was applied at 29), SO ~ and Na*. When bio-
char was added to the manure, the increase in nutrient content was gener-
ally lower than with manure alone. All the amendments, B, M and MB,
contained higher concentrations of nutrients than the soil (Table 1) and
could therefore reasonably be expected to enhance nutrient content
through their addition to the soil (Agbede et al., 2020). However, only ma-
nure increased soil nutriti on status. The fact that biochar reduced nutrients
in the soil pore water could be related toits sorption capacity. Indeed, bio-
char was shown to be able to sorb nutrients such as nitrate, ammonium,
phosphorus, potassium etc. (Rens et al., 2018). This immobili zation of nutri-
ent, espedially nitrogen and phasphorus, was predi cted through the calcula-
tion of the C/N and C/P mtic: the C/N ratio of the biochar was 140 and the
C/P ratio was 918. When C/N is above 32 and C/P above 200, organic
amendments are assumed to immobilize N and P (Peiris etal, 2019).In ad-
dition, the microbial communities, which are known to be affected by
amendment applications, can affect nutrient cycling, making them mare
or less mobile or available to plants (Pan et al., 2021). Based on soil pore
water nutrient content measured, it was expected that manure would im-
prove sugar beet growth further than biochar. In addition, the reduction
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Santos et al. (2021), and which is related to photosynthesis reduction
(Mouradi et al., 2016). The addition of manure and biochar increased leaf
and tuber biomass production. Other studies have noted similar results
when drought stress was induced, with faba bean (Abd H-Mageed et al.,
2021)and quinoa (Yang et al., 2020). In addition, the positive effects of bio-
char on crops have been reviewed in previous papers (Agegnehu et al.,
2017; Chen et al., 2019; Yu et al., 2019) and the mechanisms involved
have been intensively discussed in the paper of Jeffery etal. (2011): briefly,
(i) high parosity of biochar reduces soil bulk density, which consequently
reduce soil resistance to root penetration (Adekiya et al., 2019); (ii) high
porasity of biochar also improves soil moisture retention (Yang et al.,
2020); and (iii) biochar canimprovenutrient availability due to nutrient re-
tention and modification of soil physicochemical properties (Abd El-
Mageed etal,, 2021). Although il pore water analysis in our study showed
that biochar retained nutrients, this could still be available for plants ‘min-
ing’ biochars highly porous surfaces. Indeed, nutrient retention by biochar
was not associated with a decrease in nutrient content in sugar beet plant,
attesting to the fact that biochar did not negatively affect plant nutrition.
Therefare, it can be hypothesised that nutrients retained by biochar areeas-
ily released and available to be up taken by plant roots, such as demon-
strated in the study of Rens et al. (2018). An incubation study of biochar
with manure also showed that biochar could regulate potassium release
for plants (Banik et al., 2021). Similarly, manure improved soil moisture
and soil nutrient contents, which could explain the improvement of sugar
beet biomass (Rollon etal., 2020). Moreover, although it was not measured
in this study, biochar and manure amendments are known to be a source of
organic matter (Arthur et al,, 2015). Such addition of easily degradable or-
ganic matter to soil is beneficial for soil micro- and meso-fauna (Adekiya
et al, 2019), which in return have a great role in organic matter and nutri-
mtcycl.u'g(?metaL 2021) as well as soil structure (Dai et al,, 2019). For

in soil pore water nitrate concentration does not only reduce leaching but
could also lower N2O emissions, another environmental issue in agriculture
(Pan et al,, 2021).

4.2. Sugar beet responses to water stress

Frequent drought episodes negatively affected crop yields, through im-
pairments in plant growth, physiology and reproduction, which can be
assessed by measuring nutrient uptake, gas exchange, photosynthesis and
assimilate partitioning (Fahad et al,, 2017).

The physiological analyses performed on the leaves during drought
stress showed that amendment application improved leaf gas exchange,
ie. decrease ¢;, increase transpiration, stomatal conductance and WUEL

The effects of drought stress on plant physiology hasbeenmuch studied,
showing that leaf ¢; increased while transpiration, CO, assimilation and sto-
matal conductance decrease in response to drought stress (Baccari et al.,
2020; Baraldi et al,, 2019; Leufen et al., 2016; Santcs etal, 2021). Indeed,
one of the first respansesof plants to drought is the closure of their stomata,
which reduces transpiration rate and thus permits the plants to maintain
water content. The closure of stomata also reduces CO, assimilation, and
thus net photosynthesis (Leufen et al, 2016).

The ed i in gas exchanges following amendment applica-
tion was consistent with previous observations (Yang et al,, 2020; Zhang
et al., 2020), and could be related to improved plant nutrition and soil
water content (Tanure et al., 2019; Yang et al., 2020). Biochar increased
soil water content in our study, while biochar and manure alone and com-
bined improved soil and plant nutrient content. Under optimum water and
nutritional status, plants open their stomata, which increase transpiration
and CO, assimilation (Tanure et al., 2019). Such observations showed
that biochar and dment, through their effects on soil moisture
and nutrient status, could al.levmdm@:t stress to the photosynthetic ap-
paratus of sugar beet plants (Zhang et al., 2020), especdially the treatment
MS which showed a decrease in ¢ together with an i in
tion, stomatal conductance and water use efficiency.

In addition to leaf gas exchange impairment, drought stress also affects
plant growth, as demonstrated in the studies of Mouradi et al. (2016) and

the application of maize straw biochars increased the activity of
enzymes related to nitrogen, in two previous studies (Song et al., 2019,

2018). The authors explained such observation by a modification of the
soil properties, as well as to the high carbon content of biochar, and thus
the accelerated mineralization of N to compensate for such elevated carbon
content. A similarly finding and explanation was given by Khadem and
Raiesi (2017) in their study using corn biochars on calcareous soils. In
two saline soil contexts, biochar was shown to increase soil microbial activ-
ity, leading to better plant growth in such stressed conditions (Bhaduri
etal., 2016; Fgamberdieva et al., 2021). Thesestudies demonstrated the po-
tential of biochar to improve soil microbial activity and thus overall quality
under regular and stressed conditions, allowing better plant growth. When
comparing the single amendment application, manure induced a higher
biomass improvement than biochar, which could be related to the higher
nutrient content of manure. Similarly, adding the amendments at 5% was
mare effident than 2%, which again can be due to more nutrients added
to the soil. Finally, when biochar was added to manure, it resulted to a
greater biomass increase than the single application of biochar or manure,
and such positive interactions between biochar and manure on plant
growth have been observed in previous studies (Adekiya et al., 2020,
2019). Due toits sorption capacity, biochar could haveretained manure nu-
trients and released them slowly during plant growth, while manure alone
released its nutrients more quickly (Adekiya et al,, 2020), with potential
leaching.

Drought stress has been shown to decrease photosynthetic pigments
(Kiani et al,, 2020; Leufen et al., 2016). Indeed, water deficit damages the
photosynthetic apparatus and is reducing the pigment synthesis (Kiani
etal, 2020). The loss of photosynthetic pigments is one of the protective
mechanisms initiated by the plant to reduce the of energy absorbed
by the leaf when the plant is under drought (Liu et al, 2017). Under water
deficit, the application of manure and biochar increased leaf chlorophyll
content, which was in accordance with previous studies (Abd El-Mageed
etal, 2021; Zhang et al., 2020). Such pigment increase can be related to
the enhanced nutritional status of the plants, such as N, P and K
(Mubamk et al.,, 2016) and testify to a better resistance to drought stress
in presence of amendments (Abideen et al., 2020).
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Contrary to the photosynthetic chloraphyll content, the total content of
xanthophyll cycle pigments has been shown to be increased under drought
stress (Baccari et al, 2020; Baraldi etal, 2019). This is important inplant pro-
tection upon stress exposure. Particulardy, under drought, violaxanthin is de-

epoxidized to antheraxanthin, then zeaxanthin. This allows the dissipation of
excess light energy, for which zeaxanthin is more efficient than violaxanthin
(Baccari et al, 2020). The decrease in total xanthophyll cycle pigments and
DEPS with the amendments testify of the reduction dm encountered
by plants when grown on ded soil compared to ol, in concordance
with the measured reduction in chlarophyll content.

The nutritious status of crops is an impartant parameter to assess in agri-
culture. If sugar beet being grown for sugar production, then the effect of

dment on sugar is crucial to assess. The content of the three
main sugars, fructose, galactose and sucrose, increased with all amendment
treatments. The fact that nutrient contents increased following biochar
amendment, although biochar decreased the concentrations of these ele-
ments in soil pore water, can be attributed to the fact that the nutrients
were still available to the plants, despite biochar's sorptive tendencies. The in-
creased nutritious status and sucrose content in plants following manure and
biochar amendments has been oh d in previ dies (Abd El Mageed
etal., 2021; Adekiya et al, 2019; Yangetal., 2020; Zhang et al, 2020).Such
effects may be at least partially explained by an increase of soil nutrient con-
tent, which was observed in the case of e, and g l enh of
soil chemical properties, and of the soil microbial activity (Abd El-Mageed
et al., 2021; Adekiya et al., 2019). The decrease in Na concentration mea-
sured in our study, in ded soils, is another decreased the stress in plants,
since an increase in Na concentration in plants is one indicator of stress.

4.3. Relationships between plant parameters

Prindpal compaonent analysis (PCA) was performed in order to evaluate
the carrelation between the physiological response of the plants and soil
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moisture. Soil moisture is one of the most important soil factors affecting
plant development and physiology (Yan et al., 2017). Results showed that
transpiration rate and stomatal conductance were negatively correlated
with soil moisture (Fig. SM2). Previous studies have demonstrated that
CO, assimilation, stomatal conductance and tmnspiration correlated with
each other (Naidoo and Naidoo, 2018; Yan et al., 2017). However, these
studies showed that those three parameters were positively correlated
with soil moisture, ie. their values increased with incmasing soil moisture.
Such discrepandies show that ﬂle d that improved soil
furthest were not the anes inducing the best transpiration and stomatal con-
ductance, i.e. gas exchange. As leaf gas exchange can be affected by other
factors, itisp le that the dments improved it through their influ-
ence on the other parameters. For instance, K ions intervene in the stomatal
closure, thus regulating leaf gas exchange (Hasanuzzaman et al., 2018).
Similarly, WUEi had a negative correlation with soil moisture. Therefore,
it can be stated that WU was affected by soil moisture and other soil prop-
erties not evaluated in this analysis.

Another PCA was used to discriminate treatments based on the plant
biomass, nutrient contents and sugar contents in tubers of each particular
treatment (Fig. 3). This biplot showed a separation of treatments along
the first two axis, which explained 72% of the variance. In this biplot, a
first group was formed with the cantrol, the two biochar alone treatments
and M2, characterized by high concentrations in Mg, S, Na and Ca, while
the second group cantained the treatment M5 and the combination treat-
ments, which had higher biomass, N, P, K, glucose, fructose and sucrose
contents. This showed that the treatments indudng the highest N, P and
K accumulation in plants (M5, MB2 and MB5) were the anes also inducing
the highest sugar production in tubers. In addition, these treatments were
negatively comrelated with Mg, S, Na, and Ca tuber contents, which are con-
sidered impurities in the sugar industry (Altay and Aksu, 2020; Campbell,
2002). A higher nutrient plant content, generally induced by additional fer-
tilization, has been shown to be comelated to a higher sugar production in

(=3
P | N
& I MB2
\ Glucose
g2 | 4 Fructose
4
{ Sucrose
v
M5
S Mg
Na e
-~
Ca -
- B, N e Biomass
=l o
Control g
B85
| M85
o
27 M2
-1.0 1.0
Fig. 3. Biplot with the first two PCA axes, with projected ids of particular trea its (blue squares). M: and sugar (black and red full arrow) and

plnwabhm(ﬁbdmm)mmﬂuﬂmmoneavbln?mdﬂnmﬁvxﬂm

7

56



Biochar in manure can suppress water stress of sugar beet (Beta vulgaris) and increase

sucrose content in tubers

14 16 18 20 22

Sdence of the Totnl Brvironment 814 (2022) 152772

Control
B2
BS

M5
MB2
MBS

oumeoepn oy

Fresh weight of biomass(g)

M Lebnmet ol
780
. *
MR
760
740 |
720
a [
E 700 709 26
8 680 .' =
-
660
640 |
620
4 6 8 10 12
Fig. 4.$ In particul in relation totuberbi

(8. Linear trends are shown for particular treatments; C:y = 628.9 + 0.118 % ,R* = 0.001,p =
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plants, especially regarding potassium (Hasanuzzaman et al, 2018;
Hoffmann, 2010; Mubamk et al., 2016). For instance, Altay and Aksu,
(2020) observed that potassium application increased sugar content and
found that a high potassium plant concentration increased carbohydrate
synthesis and sugar content in sugar beet. Thus, potassium was shown to
have a role in sugar production and accumulation, through the support of
phloem loading and carbohydrate synthesis. Moreover, a study performed
by Shen et al. (2017) revealed that K addition to soil increased leaf and
fruit K concentration and sugar content, and explained that the higher
sugar content in fruit was related to the i nduction of specific genesinvolved
in sucrose metabolism by potassium. Based on these studies, it can be
hypothesised that in our study, the different amendment treatments, and
especially M5, MB2 and MBS, increased soil nutrient content, and thus in-
duced a higher accumulation of these nutrients in sugar beet.

Finally, the improvement of sugar yield is often impaired by the negative
relationship between root yield and root sugar concentration (Campbell,
2002). Therefore, the correlations between sucrose content and biomass pro-
duction for each treatment was performed (Fig. 4). Three different correla-
tions patterns can be identified. The treatments control, M2 and M5
showed a negative correlation between sucrose content and fresh biomass,
while the treatment BS showed a neutral comrelation. Finally, the treatments
B2, MB2 and MBS showed a pasitive correlation between fresh weight and
sucrose content. This demonstrated that for the treatments C, M2 and MS,
plants do not produce more sucrose with an increase in biomass production
while plants grown on BS and the combined treatments produced mare su-
crose with more biomass Thus, these last three treatments seem to be more
suitable for sugar yield under drought stress, which could be related to the
higher nutrients, especially K, in plants, as demonstrated by the previous cor-
relation analysis, These treatments were also the anes negatively comrelated
with impurities, and thus with a higher sugar quality.

5. Conclusions and practical implications of this study
From the results of this study, biochar alone proved most advantageous

to increase soil moisture retention and reduce the leaching of nitmate other-
wise a consequence of manure addition to soil. Holistically, further

cansidering the impacts to crop growth and quality, the application of 2%
(wt.) biochar manure blend achieved increased sugar beet yield under ex-
perimentally induced water stress (drought) conditions, compared to soil
without amendment. This blend of two scil amendments also bolstered
beet sugar content. With increasing recognition of the cumulative impacts
of soil drought events to farmers and other land managers, the results of
this study suggest that blending biochars with traditional an-farm fertilizers
could provide a win-win measure to improve soil moisture and nutrient
retention in coarse textured scils. The direct economic implications are
evident, through improved crop yield and maintained or enhanced crop
quality. The practicalities of blending these soil amendments in bulk and
applying them to soils will now be explored further in the field in longer-
term studies.
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Piisobeni sucha na fyziologicky stav cukrové repy a moznosti vyuziti pomocnych
prostiedku

THE EFFECT OF DROUGHT ON THE PHYSIOLOGICAL STATE OF SUGAR BEET AND THE POSSIBILITY OF USING
ADJUVANTS

Kamil Kraus, Helena Hnilickova, Martin Zeleny a FrantiSek Hnilicka, Ceska zemédélska
univerzita v Praze

V disledku zmény klimatu se oéekava snizeni vynosti polnich plodin. Spolu s nanistem
svétové populace, kdy odhady k roku 2050 jsou 9 az 10 muliard lidi, je ziejymé, Ze zajistit
dostatek zdrojii potravy pro lidi a hospodaiska zvifata bude stile niroénéjsi kol ve viech
oblastech zemédélské produkce (1). Globalni oteplovani, srazkové anomalie, degradace
pudotvomych procesu, mineralni disbalance, zasolovani a fada dalSich vyvolava u rostlin
komplex abiotickych strest.

Pusobeni vodniho stresu na fyziologické procesy u cukrové i'epy

Cukrova fepa (Beta vulgaris 1.) patii mezi relativné tolerantni k horkym, suchym a
mimé slanym podminkam_ Pfesto je jeji produkce ¢asto omezena podminkamu prostiedi, které
ovliviiuji rychlost fotosyntézy. zapojeni porostu, riist kofenti a akumulaci sacharézy. Mezi tyto
podminky patfi nedostateéné mnoZzstvi vody, teplo, chlad, zasoleni, tézké kovy a UV zafeni
(2.3). Délka expozice suchu a jeho zivaznost v zavislosti na genotypu muiZze snizit u cukrovky
vynos o 15 az 20 % (4). Dopad zmén klimatu byl jiz prokazan v posunu fenologickych fazi a
agrotechnickych terminti péstovani cukrové fepy v podminkach CR (5).

Primami reakci rostlin vystavenych stresu ze sucha je zastaveni ristu v disledku ztraty
bunééného turgoru a omezeni prodluzovaciho ristu bunék (6). V ranych fazich vyvoje cukrové
fepy vodni stres snizuje asimilaéni plochu (7) a u starich listi dochazi k rychlej$imu stamuti a
opadu (8). Snizeni listové plochy omezuje ztraty vody transpiraci, ale zarovefi vede k omezeni
vynosu v dusledku ni73i fotosyntézy (9). Limitace fotosyntézy byva rozliSovana na stomatalni
a nestomatilni. V disledku sucha klesa asimilace CO2 kviili uzavirani priduchti. Vysledkem
je. Zese snizuje koncentrace CO: v chloroplastech, coz ma za dusledek: (a) sniZeni
fotochemického vytézku reakénich center fotosystému II (PSII) a nasledné zvyseni tepelné
distpace excitovanych elektronti zachycenych v PSII: (b) pokles aktivity nékterych enzym,
napi. sachardzy fosfat syntazy a nitrat reduktazy: (c) zvy3eni oxygenaéni aktivity RUBISKO a
snizeni obsahu ribulosy 1,5-bisfosfatu (10). Vfadé praci se uvadi vliv deficitu vody na
fotosyntézu a obsah chlorofylu u cukrové fepy (4.9,11). Fotosynteticky aparat fepy vykazuje
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vysokou miru tolerance k fotoinhibici diky ochranného mechanismu spojeného
s nefotochemickym zhaSenim. Tézka dehydratace smizuje efektivni kvantovy vytézek
fotosystému PSII v disledku poruch v pfenosu energie a poskozeni reakénich center
fotosystému (4,12).

Béhem deficitu vody dochazi ke kumulaci reaktivnich forem kysliku (ROS). Molekuly
ROS vyvolavaji oxidaéni stres a zaroven funguyi jako vyznamné signalni molekuly zapojujici
se do aklimatizaénich procesii béhem stresu (13). ROS zplsobuji peroxidaci lipida, ktera
ovliviiuje fotosyntézu a propustnost membran, poskozuji nukleové kyseliny a inhibuyi enzymy.
Rostliny proto vyvinuly sofistikovany systém vychytavani ROS vyuzivajici jak neenzymatické
(prolin, glycin betain), tak enzymatické prostiedky (napf. superoxiddismutiza, kataliza a
peroxidazy)(14). Vysii akumulace ROS a aktivita antioxidaénich enzymu v reakci na sucho a
zasoleni byla prokizina rovnéz u cukrové fepy (3,9.11).

V reakci na stres rostliny aktivuji mechanismy obranych reakci, jako jsou morfologické
a strukturalni zmény, exprese geni, syntéza hormont a osmoticky aktivnich latek ke zmirnéni
dopadi stresu (15). Vyznamnou roli maji pravé osmoticky aktivni latky (kompatibilni soluty),
jejichz jednou z funkci je prostiednictvim osmoregulace udrzet turgor vrostlinach a
optimalizovat pfijem vody. Akumulace osmoprotektanti prolinu a glycin betainu koreluje
s vodnim rezimem cukrové fepy (9).

Jako indikatorem stresu funguje aminokyselina prolin, k jejiz mnohanasobné akumulaci
dochazi pii suchu. U fepy byl pozorovan nartist prolinu az o 2600 %. U genotypti se zvysenou
akumulaci prolinu je pozorovana vyssi tolerance k suchu (11). Prolin plisobi zejména jako
vynikajici osmolyt, chelator kovii, antioxidaéni a signilni molekula, stabilizuje membrany,
napomiha udrzovat homeostazu ROS a pi1 regeneraci po stresu je zdrojem energie (16). Jak
uvadi Choluyy a kol (17) vjednotlivych orginech fepy dochazi krozdilné akumulaci
osmoprotektanti béhem dlouhodobého sucha. V nejmladsich listech se akumuluje pfedeviim
glycin betain a sachardza, ve starSich listech sachar6za, prolin a betain a v kofenech rozpustné
cukry.

Biostimulatory

V soucasné dobé je velmi aktualni otizka, jak omezit dopady puisobeni stresori na
porosty polnich plodin. Od lechténi tolerantnich kultivarli, zavadéni novych druhii az po
optimalizaci agrotechnickych postupli. Jednou moZnosti ze souboru viech vyuZzivanych
opatfeni je aplikace podptimych stimulaénich pfipravki (18). Ty maji obvykle rliznorodé
chemické slozeni, kdy jejich u¢inek je disledkem synergického plisobeni riznych bioaktivnich
molekul. Jedna se obvykle o produkty ziskané z niznych organismi & mikroorganismi,
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pfipadné 1 o anorganické latky, které jsou schopny zlepsit rist rostlin, produktivitu a zmimit
negatrvni ucinky stresu (19,20). Mezi nejznamé)si komponenty patii mineralni prvky, vitaminy,
aminokyseliny a poly- a oligosacharidy, stopy pfirodnich rostlinnych hormoni, huminové
kyseliny, chitosan, fosfity. biouhel a rostlinné extrakty. véetné extrakti z fas a miznych &asti
rostlin (21). Mohou ptisobit pfimo na fyziologii a metabolismus rostliny, umoziuji zlepsit
efektivitu vyuziti vody a zivin u plodin, stimulovat vyvoj zvySenim primamiho a sekundamiho
metabolismu (20). Bylo prokazino, Zze biostimulanty na rostlinné bazi zlepsuji rist diky
pfitomnosti miznych fytohormont a dalsich sekundamich metabolith, vitamini. antioxidant( a
anorganickych zivin v extraktu, které mohou pfimo ovlivnit riist a produkci rostlin zlepSenim
tolerance rostlin proti abiotickym stresim (22). Souhmnné znizornéni ucinku stimulaénich
pfipravka na niznych Grovnich je zobrazeno na obrazku 1.

Pisobeni biostimulatoru a uc¢innych latek u cukrové repy

U cukrové fepy byl prokizan vliv aplikace biostimulaénich pfipravki, roéniku a
genotypu na vynos a cukematost fepy (23). Existuje fada pozorovani vlivu folidmi aplikace a
primingu semen stimulaénimi pfipravky na mizné bazi ¢ jednotlivymi Géinnymi latkami u
cukrové fepy.

Biostimulatory na bazi hummovych kyselin (HK) se zvySenym podilem aminokyselin
nebo s obsahem ptidnich bakterii pozitivné ovlivnily vynos, kvalitu a index listové plochy (LAI)
cukrové fepy. Tento efekt se projevil 1 v roce s nepfiznivymi povétrnostnimu podminkami (24).
Exogenné aplikované huminové kyseliny a regulatory ristu jako kyselina salicylova, kyselina
giberelova a kyselina askorbova zvysuji obsah cukru. obsah chlorofylt. optimalizuji vodni
rezim zvySenim relativniho obsahu vody (RWC) v cukrové fepé. Zarovei zvysuji aktivitu
antioxidaénich enzymii a akumulaci neenzymatickych antioxidantii jako je prolin a glycin
betain, ¢imz prispivaji k toleranci cukrové fepy k suchu (9).

Aplikace prolinu a kiemiku jednotlivé nebo v kombinaci prikkazné zvysila vynos a
cukernatost, obsah chlorofyli a RWC. Pozitivné byla ovlivnéna antioxidacni aktivita a snizena
perooxidace lipidii (25). V podminkich zasoleni, kdy se kombinuje vodni, osmoticky a iontovy
stres byl sledovan efekt aplikace melatoninu, ktery je povaZovan za riistovy regulator. Bylo
prokizano zvyseni antioxidaéni aktivity, snizeni akumulace ROS a zvySeni fotosyntézy (26).
Aplikaci chitosanu u fepy, doslo k pozitivnimu ovlivnéni morfologickych znakli a obsahu
chlorofylu (27). Dali piiklady pouziti stimulaénich pfipravki u cukrové fepy jsou uvedeny
v tabulce L.

Vyzkum piisobeni riiznych uéinnych latek a jejich kombinaci napfi¢ péstovanymi druhy
plodin je velmi na vzestupu. Jejich Géinky zejména ovliviiuji aktivitu antioxidaénich enzymmi,
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funkci fotosyntetického aparitu, hormonalni metabolismus, optimalizuji vodni rezim, udrzuji
homeostiazu vnitiniho prostiedi a stabilizuji bunééné struktury. Z vyse uvedenych piikladi
vyplyva vyznamny potencial vboji proti dopadim sucha prostiednictvim stimulaénich
prostiedkii na rizné bazi. Kombinace vhodnych genotypt, optimalnich agrotechnickych
zasahti, véetné vyzivy, ochrany a vyuzivani pomocnych pfipravkil mize byt jednou z cest jak 1
v slozitych podminkach prostiedi docilit optimalni produkce.

Souhrn
Meénici se klima vyznamné ovliviiuje zemédélskou produkci. Sucho zhoriuje fyziologicky a
metabolicky stav cukrové fepy a tim negativné ovliviiuje kvantitativni a kvalitativni faktory
produkce. Citlivé je zasazen fotosynteticky proces, dochazi k oxidaénimu stresu, narusen je
vodni rezim a rist rostliny. Pisobeni stimulaénich prostiedkii mizného ptivodu pomaha
rostlinam pfekonat obdobi stresu. Jejich plisobeni zasahuje do obrannych mechanismi rostlin,
ovliviiuje aktivitu antioxidacnich enzymui., funkci fotosyntetického aparatu, hormonalni
metabolismus a optimalizuji vodni rezim. Kombinace vhodnych genotypl, optimalnich
agrotechnickych zasahtli, véetné vyzivy, ochrany a vyuzivani pomocnych pfipravki mize byt
jednou z cest jak 1 v slozitych podminkach prostiedi docilit optimalni produkce.
Klicova slova: vodni stres, Beta vuigaris L., fotosyntéza, osmoregulace, stimulace

Kraus K., Hnilickova H., Zeleny M., Hnilicka F.: The effect of drought on the
physiological state of sugar beet and the possibility of using adjuvants

The changing climate has a significant impact on agricultural production. Drought worsens the
physiological and metabolic state of sugar beet and thus negatively affects the quantitative and
qualitative factors of production. The photosynthetic process is affected, oxidative stress
occurs, the water regime and plant growth are impaired. The action of stimulants of various
origins helps plants to overcome periods of stress. Their action interferes with plant defence
mechanisms, influences the activity of antioxidant enzymes, the function of the photosynthetic
apparatus, hormonal metabolism and optimises the water regime. The combination of suitable
genotypes, optimal agrotechnical interventions, including nutnition, protection and the use of
auxiliary products can be one of the ways to achieve optimal production even under difficult
environmental conditions.

Keywords: water stress, Beta vuigaris L., photosynthesis, osmoregulation, stimulation
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Tab. I: Piiklady uéinkt nékterych stimulaénich pfipravkl u cukrové fepy za riznych podminek.

Osetfeni Péstebni podminky | Utinek Zdroj
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Obr. 1.: Uginky stimulaénich pfipravké na riznych rovnich (zdroj: Baltazar a kol. (34); upraveno).
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Abstract: In this investigation, the effect of salt stress on Porfulaca oleracar L. was monitored at salinity
levels of 100 and 300 mM NaCl. At a concentration of 100 mM NaCl there was a decrease in stomatal
conductance (gs) simultaneously with an increase in CO; assimilation (A) at the beginning of salt
exposure (day 3). However, the leaf water potential (1, ), the substomatal concentration of CO, (Ci),
the maximum quantum yield of photosystem II (Fv/Fm), and the proline and malondialdehyde
(MDA) content remained unchanged. Exposure to 300 mM NaCl caused a decrease in gs from day
3 and a decrease in water potential, CO; assimilation, and Fv/Fm from day 9. There was a large
increase in proline content and a significantly higher MDA concentration on days 6 and 9 of salt
stress compared to the control group. After 22 days of exposure to 300 mM NaCl, there was a
transition from the C4 cycle to crassulacean acid metabolism (CAM), manifested by a rapid increase
in substomatal CO; concentration and negative CO; assimilation values. These results document the
tolerance of P. oleracea to a lower level of salt stress and the possibility of its use in saline localities.

Keywords: purslane; salinity; gas exchange; proline; salt stress

1. Introduction

Most crops are sensitive to high salt concentrations in the soil and salinization is one
of the most serious environmental factors that can limit crop productivity [1,2]. It has been
stated that 20% of the total cultivated and 33% of the irrigated agricultural land worldwide
is affected by high salinity and the saline area increases by 10% every year. The yield of
most u'ors is significantly reduced when the electrical conductivity (EC) of the soil reaches
4dS:m~" (equivalent to 40 mM NaCl) [3]. There are a number of different adaptations that
allow certain crop cultivars to continue to grow and produce a harvestable yield under
moderate soil salinity [4-6].

The adverse effects of salinity are the result of complex interactions among morpholog-
ical, physiological, and biochemical processes involved in seed germination, plant growth,
and water and nutrient uptake [7-9]. High concentrations of salt impose both osmotic
and ionic stresses on plants [10]. Photosynthesis in all its phases is affected by stress
factors, including salinity. The mechanism of photosynthesis involves several components
and damage by a stress factor at any level may reduce a plant’s overall photosynthetic
capacity [11]. Exposure to salinity leads to closure of the stomata, which acts to limit
photosynthesis [12]. Salt-induced osmotic effects can also adversely affect the activities of a
number of stomatal enzymes involved in carbon dioxide (CO;) reduction [13]. The effects
of salinity on photosynthesis may involve inhibition of electron transport and inactivation
of the photosystem II (PSII) reaction centers [14], destroying the oxygen-evolving complex
(OEC), and impairing the electron transfer capacity on the donor side of PSII [15]. Increased
levels of Na* and C1~ in the non-stomatal leaf tissues can also significantly affect metabolic
processes that limit photosynthesis [16].
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Osmotic stress impairs the ability of plant cells to detoxify reactive oxygen species
(ROS). Under normal growth conditions, there is little ROS production in cells. When a
plant’s cellular homeostasis is disrupted by some stress factor; however, there is a significant
increase in the concentration of ROS [17], producing.

Harmful effects through lipid peroxidation in cellular membranes, DNA damage,
protein denaturation, carbohydrate oxidation, pigment breakdown, and impairment of
enzymatic activity [18,19].

The preservation of the osmotic gradient through maintaining an appropriate level
of compatible osmolytes is also very important [4]. The solutes that accumulate during
osmotic changes include amino acids such as proline and quaternary amines like glycine
betaine. A dramatic accumulation of proline is a common physiological response in plants
exposed to various abiotic stresses [20].

The importance of proline lies in its capability of stabilizing proteins, membranes, and
subcellular structures, and protecting them from damage by scavenging ROS [21]. Some
researchers have shown that there is a higher proline content in saline tolerant genotypes,
such as Solanum tuberosum L. [22] and Cucumis melo L. [23]. De la Torre-Gonzales et al. [24]
stated that when Solanum lycopersicum L. plants are grown under saline conditions, the
magnitude of proline increase corresponded to improvement in its tolerance to salt stress.
On the contrary, other authors provided evidence that proline was a stress indicator but
did not increase tolerance to salt stress [25,26].

Common purslane (Portulaca oleracea L.) is found across the globe and has been used
in folk medicine since ancient times. In Chinese medicine P. oleracea possesses a wide
spectrum of medicinal uses as a neuroprotective, antimicrobial, antidiabetic, antioxidant,
and anticancer agent [27]. P. oleracea is an annual with good drought and salt tolerance, and
its responses to abiotic stresses, such as elevated temperature, drought, and high salinity
have been studied [28-31].

Addressing the problems of salinity will be necessary in the future, given the growing
population of the planetand the ever-increasing demand for food. At the current rate of
world population growth, it will be necessary to produce 70% more food by 2050 than
is being produced today [32]. In addition, the changing climatic conditions and their
effects on farming threaten the stability of agricultural production. Both research and
practice are pursuing a number of ways to address these problems, and improvement in
our understanding of the responses of crops to salinity is one of the necessary prerequisites
for that. Increased cultivation of halophytic species and their use for phytoremediation
could contribute to solving the problem of salinization. The aim of this research was to
evaluate the effects of salt stress on the content of free proline and MDA in Portulaca and
the parameters of gas exchange and chlorophyll fluorescence.

2. Results
2.1. Effect of NaCl Concentration and Salt Stress Exposure Time on Leaf Water Potential

Salinity reduced the leaf water potential in both experimental treatments (Figure 1).
For the 300 mM NaCl treatment, the water potential values ranged from —0.75 to —2.18 MPa.
The reduction in leaf water potential was observable from the sixth day of salt stress expo-
sure and was statistically significant relative to control from the ninth day of salt treatment.
The water potential decreased rapidly between the 9th and 12th day of salt exposure. For
the 100 mM NaCl treatment, the water potential decreased at the end of the experiment,
but throughout the experiment, the water potential values were not significantly different
from the control.
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Time (day)

W, (MPa)

acontrel 9 100 mM NaCl & 300 mM NaCl

30 b

Figure 1. Leaf water potential ({, ) in leaves of P. oleracea exposed to 100 mM or 300 mM NaCl
Means + SE; n = 3; one-way ANOVA with Tukey’s post hoc test; Fg 125) = 8.092; p = 0.0001. For each
time point, the columns with different letters were significantly different (p < 0.05).

2.2, Effect of NaCl Concentration and Salt Stress Exposure Time on Leaf Gas Exchange Parameters

Changes in CO; assimilation were measured after all treatments (Figure 2a). On the
third day of saline stress exposure, the rate of photosynthesis was significantly increased
with 100 mM NaCl compared to control, from 7.58 to 11.21 uM CO, m-2s-1 A significant
decrease in photosynthetic CO, assimilation of 38% under 300 mM NaCl treatment was
measured from day 9 of stress, in comparison to the control. In the final stages of the
experiment (stress day 22), negative values of CO; assimilation (—1.29 uM CO,; m~2 s")
were measured. At a salinity of 100 mM NaCl, the CO, assimilation was significantly
reduced on stress day 12 compared to control; at the end of the experiment; however, there
was no significant difference between control and 100 mM NaCl exposure.

The values of the substomatal CO, (Ci) concentration at the 100 mM NaCl concen-
tration were stable and comparable to the control throughout the experiment. The same
applied to the 300 mM NaCl treatment, with the exception of day 22, when there was a
rapid increase in the Ci values (6382.53 pM M~1). This increase in the substomatal CO,
concentration was almost 23 times higher than the control (Figure 2b). This sharp increase
in Ci values was also documented by principle component analysis (PCA) (Figure 3a).

The stomatal conductance was significantly lower than the control for both 100 and
300 mM NaCl, from the third day of stress exposure (84.6 and 75.2 M H,O m—2 s,
respectively). Differences between the two saline treatments were not significant (Figure 2c).
There was a significant decrease in the stomatal conductance values with 300 mM NaCl on
days 6 and 9 of stress exposure (76.6 and 28.8 M H,O m™2 s‘l, respectively) and at 100 mM
NaCl on days 9 and 12 of stress exposure (65.4 and 25.5 M H,O m~2 s—1, respectively).
According to the PCA, there was a clear trend of reduction in CO, assimilation over time
and also in the dependence on NaCl concentration, where a high salt concentration reduced
the CO; assimilation. The stomatal regulation was already noticeable at the beginning of
the experiment (Figure 3a).
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Figure 2. (a) Photosynthetic assimilation of CO; (A); (b) Substomatal concentration of CO; (Ci) and (c) stomatal cond uctance
(gs) of P. dleracea under treatment with 100 mM and 300 mM NaCl Means + SE; n = 3; one-way ANOVA with Tukey’s post
hoc test; (a) F@'m =44.276; p = 0.0001; (b) F(g' 27) = 44.276; p = 0.0001; (<) F(&m =44.276; p = 0.0001. For each time point,
the columns with different letters indicate significant difference atp < 0.05.
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Figure 3. Principal component analysis (PCA) ordination diagram. The biplot displays the treatments (samples) atvarious
times (6 d—day 6, 12 d—day 12, 22 d—day 22) with measurements of (a) photosynthetic assimilation of CO; (A), substomatal
concentration of CO; (Ci) and stomatal cond uctance (gs); the first axis accounts for 77.7% of the variance and the second axis
show's 20.4% of the variance; (b) proline and MDA content in leaves of P. oleracea and leaf water potential ((pw); the first axis
accounts for 76.8% of the variance and the second axis is responsible for 21.7% of the variance. The treatments are indicated
by the colors of the shapes: black circles, control; light blue squares, 100 mM NaCl; green diamonds, 300 mM NaCl

2.3. Effect of NaCl Concentration and Salt Stress Exposure Time on Chlorophyll Fluorescence

For the 100 and 300 mM NaCl treatments, no significant differences were measured
in the values of the maximum quantum yield of PSII (Fv/Fm), compared to the control at
up to day 9 of stress. A progressive decrease in the maximum quantum yield of the PSII
photosystem occurred from day 9 (0.73) until the end of the experiment (0.54) with 300 mM
NaCl exposure. Throughout the experiment, there were no significant differences between
the control and 100 mM NaCl (Figure 4).

1.0

ccontrol @ 100 mM NaCl = 300 mM NacCl
0.8’;_3'_3 ;n, l%a ‘-‘P
b3 a
b —1-—;
0.6 b
£
o
=
G
04
0.2
0.0 T
3 6 9 12 2
Time (day)

Figure 4 Maximum quantum yield of PS II (Fv/Fm) of P. aleracea at different concentrations of NaCl
Means + SE; 1 = 3; one-way ANOVA with Tukey’s post hoc test; Fig, 223) = 3.396; p = 0.0001. For each
time point, the columns with different letters are significantly different at p < 0.05.
2.4. Effect of NaCl Concentration and Salt Stress Exposure Time on Proline and
Malondialderyde Content

By the sixth day of salt stress exposure, no significant differences in the free proline
content in the leaves of the experimental samples were seen compared to control. A
significant progressive increase in free proline content in the leaves was recorded for
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the 300 mM NaCl treatment from exposure on day 9 until the end of the experiment.
The free proline content on day 22 of stress exposure at this salinity was 32.12 uM g"l
FW (fresh weight), which is almost 11 times higher than the proline content on day 6
(3.03 uM g‘l FW). The content of free proline in the 100 mM NaCl variant ranged from
2.54t07.24 uM -g~! FW throughout the experiment and there was no significant difference
relative to control (Figure 5a).

a
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Figure 5. (a) Proline and (b) MDA content in leaves of P. oleracea under salt stress with 100 mM or 300 mM NaCl
Means + SE; n= 3; one-way ANOVA with Tukey’s post hoc test; (a) F(&m = 44.276; p = 0.0001; (b) F(]z;l) = 6.220;
p= 0.0001. For each time point, the columns with different letters indicate significant difference at p < 0.05.

At the initial stages of stress exposure, the differences in MDA level between the
salinity treatments were inconclusive. A significantly higher MDA content compared to
the control group was seen with the 300 mM NaCl treatment on days 6 and 9 of stress
exposure (11.62 and 7.89 nM g“‘ FW, respectively). For the rest of the experiment, no
significant differences between the saline treatments were seen. A common trend for
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all treatments was an increase in MDA at the end of the experiment (Figure 5b). The
PCA results (Figure 3b) showed a close relationship between proline content and high salt
concentration, as well as a negative correlation between proline content and water potential
(r =0.938).

3. Discussion

As carbon dioxide assimilation increases or decreases, the photosynthetic absorption
of solar energy, CO, fixation, and glucose formation are likewise altered. The rate of
photosynthesis can be affected by environmental factors at all levels, and many researchers
have reported a reduction in the rate of photosynthesis due to salinity [3,33,34]. In this
study, the plants treated with the lower concentration of salt (100 mM NaCl), showed
a higher assimilation of CO; in the initial phases of salt stress (48% more than control),
although it is possible to observe a demonstrable decrease in stomatal conductance already
in this phase of salt exposure. The stomatal regulation of vapor loss is extremely sensitive
to short-term salt stress [35]. Closing of the pores is one of the adaptive mechanisms to
prevent loss of cell turgor from limited water supply. The salinity causes a decrease in
stomatal conductance, but the rates of photosynthesis per leaf area unit sometimes remain
unchanged [3]. In Arthrocnemum macrostachyum, which is considered to be extremely well
adapted to salinity, an increase in net photosynthesis up to a concentration of 510 mM
NaCl has been observed [36]. A reduction of the photosynthesis rate and an increase in
intercellular CO; concentration after 14 days of treatment with 100, 150, and 200 mM NaCl
was reported by [37]. Tang et al. [38] showed that with increasing NaCl concentration, the
intercellular CO; concentration of purslane and the values of chlorophyll a/b increased,
while the transpiration rate, net photosynthesis rate, stomatal conductivity and chlorophyll
content decreased.

In this study, a significant reduction in CO, assimilation and stomatal conductance
with 300 mM NaCl occurred on day 9 of stress exposure. Reducing the stomatal conduc-
tance, leads to a reduction in intercellular CO,, which decreases the activity of several
ernzymes including RUBISCO [39], thus limiting carboxylation and reducing the net pho-
tosynthetic rate. After 22 days of exposure to 300 mM NaCl, negative values of CO,
assimilation and high substomatal CO; concentrations were measured. The Portulacaceae is
a plant family with remarkable diversity in photosynthetic pathways. This lineage not only
has species with different C4 biochemistry (NADP-ME and NAD-ME types) and C3-C4
intermediacy, but also displays different anatomical leaf configurations [40]. P. oleracea is
characterized by a leaf ty pe with Kranz anatomy and an NAD-malic enzyme (NAD-ME)
-type C4 cycle [41]. The genus Portulaca contains the only known example of a C4 plant
which can switch to crassulacean acid metabolism (CAM) under drought stress [42,43].
Salinity reduced the gas exchange and induced CAM metabolism, thus conferring higher
water-use efficiency in Talinum triangulare [44].

The CAM gas exchange process has been described in four phases. The nocturnal
uptake of CO, via open stomata, fixation by phosphoenolpyruvate carboxylase (PEPC)
and vacuolar storage of CO; in the form of organic acids, mainly malic acid comprise
phase L Daytime remobilization of vacuolar organic acids, decarboxylation and refixation
plus assimilation of CO; with closed stomata in the Calvin cycle is defined as phase IIL
Between these two phases there are transitions when the stomata remain open for CO,
uptake for a short time during the very early light period (phase II) and reopen again
during the late light period for CO; uptake with the direct assimilation to carbohydrate,
when the vacuolar organic acid is exhausted (phase IV) [45]. The results obtained at a
concentration of 300 mM NaCl in the final phase of the experiment, primarily the negative
CO; assimilation, high Ci values, and closed stomata data, can be related to the transition
of the C4 cycle of photosynthesis to the CAM cycle. These results correspond with those
of Ferrari et al. [46] who stated that CAM was completely reversible and environmentally
controlled in P, oleracea leaves. An elevated measurement of internal CO, concentration
was related to the daily malate decarboxylation (phase III), when the stomatal resistance
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values were high (stomatal conductivity values were low) [47,48]. High internal CO,
concentrations during phase III of CAM and closed stomata allow optimal utilization
of light energy [49]. The transition from C4 to CAM under drought conditions and a
return to C4 metabolism after subsequent rehydration was reported by [43]. The fixation
of CO, in the dark, although representing only 10% of the control plants’ fixation [43] or
the reassimilation of CO; from respiration, helped to bridge water deficit periods caused
by drought or salinity, and thus helped to maintain a positive CO; balance [50]. The
induction of CAM was also demonstrated after 21 to 23 days of drought stress in the C4
plant, P. oleracea, in terms of changes in CO; exchange profile, malic acid content and in
titratable acidity during the day/night cycle [51].

At the 100 mM NaCl concentration, there was no transition to the CAM cycle, although
the net assimilation of CO, and stomatal conductance decreased during the experiment.
These parameters also decreased in the control plants. One of the possible causes is leaf
senescence, as P. oleracea has a brief grow ing season and the CO; assimilation decreases
during senescence, which can be considered a form of stress for the plants [52]. Karkanis
and Petropoulos [53] reported a decrease in photosy nthesis and stomatal conductance in a
set of P. oleracea genoty pes forty days after sowing and attributed it to exposure to a high
temperature (40 °C).

The ratio of Fv/Fm is a very important plant characteristic because it indicates how
efficiently the light reaction is proceeding, and it is widely used when studying the impact
of stress on plants. An Fv/Fm in the range of 0.79 to 0.84 is a normal value in a number
of species [54]. Salt stress of 300 mM NaCl) significantly reduced Fv/Fm on day 12 of
exposure. The lower value indicated that a percentage of the PSII reaction centers were
damaged or inactivated, a phenomenon commonly observed in plants under stress [55].
Salinity blocked electron transfer from the primary acceptor, plastoquinone (QA) to the
secondary acceptor, plastoquinone (QB) at the acceptor side of PSII, which led to a decrease
in Fv/Fm [56]. A decrease in the maximum quantum yield of PSII in response to salt was
also reported for Raphanus sativus L. [57], Brassica napus L. [58), and Eruca sativa L. [12].
The 100 mM NaCl concentration did not significantly affect Fv/Fm initially compared to
the control, but a decrease in the Fv/Fm was observed at both NaCl concentrations in the
final phase of the experiment. The ratio of Fv/Fm at 100 mM NaCl was slightly increased
compared to 300 mM NaCl [59].

Due to the reduced availability and fixation of CO;, an imbalance between electron
excitation and utilization by photosynthesis can occur leading to the production of ROS,
especially superoxide (O,-) and hydrogen peroxide (H,O,) [60], which can damage cellular
structures [61]. ROS detoxification pathways play a protective role in responding to salt
stress by removing toxic radicals generated from the mitochondrial and chloroplast electron
transport chains. The antioxidant defense systems include both enzymatic (superoxide dis-
mutase, catalase, and ascorbate peroxidase) and non-enzymatic components (carotenoids
and glutathione) [62]. In response to salinity, a large number of compatible solutes may
accumulate, especially proline. Glycine betaine [63], sugars, and sugar alcohols [64] also
play an important role in osmoregulation. A rapid increase in free proline in leaves oc-
curred in the second half of the experiment in plants treated with 300 mM NaCl, while the
water potential of their leaves decreased. Proline provides stress protection to the plants by
maintaining osmoregulation and detoxifying ROS, which preserves membrane integrity
and stabilizes enzymes and other proteins [65,66]. The increase in proline content after
21 days in two P, oleracea genotypes, T-16 and WI-9, with 200 mM NaCl salt stress was
reported by [67]. Yazici et al. [68] found a threefold increase in proline content in P. oleracea
plants treated with 140 mM NaCl for 30 days, and stable values for plants treated with
70 mM NaCl for 18 and 30 days. These results are comparable to our data, where plants
treated with 100 mM NaCl did not show an increase in free proline content throughout the
experiment compared to controls, demonstrating portulaca’s tolerance to salinity at this salt
level. The increase in free proline in Portulaca was reported to be 4.6-fold in comparison
with control [53].
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Malondialdehyde (MDA) is a natural product of lipid peroxidation and is traditionally
used as an indicator of the degree of damage caused by stress to cells [69]. Plants exposed
to salinity of 100 mM NaCl did not show a significant increase in lipid peroxidation due
to stress compared to control. The common phenomenon in our studied plants was an
increased content of MDA due to leaf senescence and an increased rate of lipid peroxidation
due to oxidative stress [70]. Similar results were reported by Yazici et al. [68]. In their
experiments, the MDA content of the control plants increased by 39% during the trial,
but 70 mM NaCl exposure did not increase MDA compared to control. After 30 days of
exposure to 140 mM NaCl, however, there was a clear increase in MDA compared to control.
Different results were reported by Xing et al [37] for treatment with 100, 150, and 200 mM
Na(l, which increased MDA- and Oz-production and resulted in damage to cell membrane
integrity and protein activity. They stated that long-term exposure to high salinity might
destroy some cell membranes, leading to lower SOD, POD, and CAT activities. On the
contrary, lipid peroxidation from oxidative stress could not occur within a short period
(five weeks) of applied stress [71]. The tolerance of purslane to salinity might be related
to an increased capacity of the antioxidant system to scavenge ROS, thus suppressing the
level of lipid peroxidation, and inducing the accumulation of osmoprotectant proline under
saline conditions [38].

The plants treated with 300 mM NaCl showed an increase in MDA compared to the
control groups on days 6 and 9 of the experiment, but in the subsequent phases of stress
exposure, the differences were non-significant. An activation of the defense and adaptation
mechanisms associated with increased activity of the antioxidant system, limited the
formation of ROS, and suppressed the level of lipid peroxidation. These mechanisms
are manifested by a rapid increase in proline content and osmotic adaptation, which are
closely related to salinity tolerance and the ability of the antioxidant system to scavenge
free radicals, suppress lipid peroxidation, and promote the accumulation of osmoprotective
agents such as proline.

4. Materials and Methods
4.1. Experimental Design and Salinity Treatments

The experimental plants of purslane, Portulaca oleracea L., cv. Grene, were grownin con-
tainers (13 cm x 13 cm) in a garden substrate (pH 5-6.5, nutrient content: N 80-120mg L1,
P 22-44 mg L1, K 83-124 mg L~1; 80% white peat, 20% black peat, 20 kg of clay m~3; struc-
ture 0-10 mm). The plants were grown in the growth room with the following controlled
conditions: air temperature of 25 + 2/18 + 2 °C day/night, relative humidity 65-75%,
light intensity 450 + 50 uM m~2s~1 and photoperiod 12 h light and 12 h dark. Salinity
treatments were started on 25-day-old plants with 0 (deionized water, control), 100 and
300 mM NaCl. Measurements of the monitored physiological parameters and the chemical
analyses were performed on days 3, 6,9, 12, and 22 of salt stress.

4.2. Leaf Water Potential

Leaf samples for the determination of leaf water potential (\\y ; MPa) were placed into
a 5 mL syringe, sealed with Parafilm, and frozen at —24 °C. Prior to the measurements, the
samples were kept at laboratory temperature until the tissue was completely defrosted.
The water potential was determined by putting several drops of the cells sap upon targets
of Whatman #1 filter paper (1.5 cm in diameter) and measured using a WP 4C Dew
Point PotentiaMeter (Decagon Devices, Inc., Pullman, WA, USA). The measurements were
performed with three repetitions of the five plant samples.

4.3 Leaf Gas Exchange

The net CO, assimilation (A; uM CO, m~2 s~1) stomatal conductance (g M H,0 m—2s71)
and substomatal concentration of CO, (Ci; uM M~1), were measured in situ when the
4th or 5th fully expanded leaves appeared, using a portable gas exchange system LCi
Portable Photosynthesis System (ADC BioScientific Ltd., Hoddesdon, Great Britain). The
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gas exchange was measured from 9:00 am. to 11:00 am. The irradiance was 450 uM m—2 51
of photosynthetically active radiation (PAR). With a normal concentration of CO, the
temperature in the measurement chamber was 23 °C, and the duration of the measurement
of each sample was about 15 min, after the establishment of steady-state conditions inside
the measurement chamber. The measurements of these parameters took place on single
leaves from three different plants.

4.4. Chlorophyll Fluorescence

The minimum chlorophyll fluorescence (F0) and the maximum chlorophy1l fluores-
cence (Fm) were also measured in situ with a portable fluorometer OS5p, (ADC BioSci-
entific Ltd., Hoddesdon, Great Britain) with 1s excitation pulse (660 nm) and a saturation
intensity of 3000 uM m~2 s~1, Measurements were made when the 4th or 5th fully ex-
panded leaves appeared after a 20 min dark adaptation period between 9:00 and 11:00
(local solar time) using leaf-clips which were put on the adaxial leaf blades away from the
leaf vein. Dark adaptation time was the time needed to obtain a steady value of Fv/Fm. The
maximum quantum yield of PSII was calculated using the formula: Fv/Fm = (Fm — F0)/Fm.
These parameters were measured with three repetitions on five plants.

4.5. Prdine Content

The content of free proline was determined using the method of Bates et al. [72] with
modifications. A sample of leaves (0.5 g) was homogenized in 10 mL of 3% sulfosalicylic
acid using a mortar and pestle and the homogenate was filtered through filter paper.
Aliquots of 1 mL of the filtrate were mixed with 1 mL of acid ninhydrin solution and 1 mL
of acetic acid and placed on a shaker for 20 minutes. The samples were then heated at 90 °C
for 30 minutes, cooled in ice water, thoroughly mixed with 3 mL of toluene, and incubated
20 min at room temperature. The samples were held for 24 hours at 4 °C, after which the
upper layer of the separation mixture was used for measurement of absorbance at 520 nm
(UV-Vis, Evolution 210, Thermo Scientific, Waltham, MA, USA). Five plants were used as
independent samples for each treatment. The proline concentration was determined using
a calibration curve for proline as uM g'l FW (fresh weight).

4.6. Malondialddryde (MDA)

The content of malondialdehyde (MDA ) was measured based on a modified thiobar-
bituric acid (TBA) method [73]. Samples of leaves (0.4 g) were homogenized with liquid
nitrogen and 80% ethanol and centrifuged in 2 mL microcentrifuge tubes for 5 min and at
6000 rpm. Aliquots of 0.7 mL of each supernatant were mixed with 0.7 mL of 0.65% TBA in
20% TCA (trichloroacetic acid) and 0.01% BHT (butylated hydroxytoluene) and a second set
of 0.7 mL samples was mixed with 0.7 mL 20% TCA and 0.01% BHT. The microcentrifuge
tubes were incubated at 95 °C for 25 minutes and after cooling, they were centrifuged
for 5 minutes at 6000 rpm. The absorbance at 440 nm, 532 nm, and 600 nm was read on
a UV-Vis spectrophotometer (Evolution 210, Thermo Scientific) and the concentration of
MDA (nM g~! FW) was calculated using an extinction coefficient of 157 mM cm™!.

4.7. Statistical Analysis

One-way ANOVA was used to evaluate the variables from the treatments. After
obtaining significant results (p < 0.05), multiple comparisons using the Tukey HSD test
were applied to identify significant differences between treatments. All analyses were
performed using Statistica 13.5 software (Statsoft, Tulsa, OK, USA). Program Canoco 5 [74]
was used for PCA (principal component analysis). This analysis was appropriate for finding
the differences in reactions of P. oleracea to the salinity treatments on individual days).

5. Conclusions

The results from the combined salinity effects of osmotic and ionic stress were different
at different NaCl concentrations manifesting with specific adaptive responses from the

76



Salinity Stress Affects Photosynthesis, Malondialdehyde Formation, and Proline Content in

Portulaca oleracea L.

Plants 2021, 10, 845 110f14

plants exposed to stress. The lower salt concentration caused only stomatal regulation
of water deficit, as one of the primary regulatory factors of water deficit, without the
involvement of other biochemical responses to cope with the stress. At the same time, the
lower salt concentration increased photosynthetic CO; assimilation at the beginning of salt
exposure. During the stress exposure, the maximum quantum yield of the PSII was not
affected, as the Fv/Fm values were comparable to the control sample. The concentration
of free proline and MDA was also similar to the control group, meaning that the level of
stress did not require an increased proline synthesis for the protection of cellular structures
and scavenging ROS. The osmoregulation was not significant at this level of salinity; only
after prolonged salt exposure did the water potential of the leaves decrease. The toxic effect
of the Na* and CI~ ions and water deficiency at higher NaCl concentrations and a longer
exposure elicited a stress response in the form of activation of proline biosynthesis and the
accumulation of proline to reduce cellular damage and maintain ROS homeostasis. The
limited osmotic availability of water and the necessary stomatal regulation, together with
the need for a supply of CO,, caused the transition from the C4 CO; fixation mechanism
to the CAM mechanism. This salinity tolerance allows Portulaca oleracea to be cultivated
in slightly saline localities, or to be potentially used for other technological measures,
such as co-cultivation with sensitive glycophytic species. Given the current knowledge
about the behavior of Portulacaceae under saline conditions, further research in this area
is recommended.
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ABSTRACT

Hnili¢ckova H., Hnilicka F., Martinkové J., Kraus K. (2017): Effects of salt stress on water status, photosynthesis
and chlorophyll fluorescence of rocket. Plant Soil Environ., 63: 362—367.

Salinity is a significant environmental factor affecting physiological processes in plants. This study monitors the ef-
fect of salt stress induced by the NaCl solution (0 — deionized water; 50, 100, 200, 300 mmol/L) in rocket (Eruca
sativa (L.) Mill.) cv. Astro over the course of 50 days. Salt stress significantly affected the monitored parameters.
The osmotic potential decreased with increasing NaCl concentrations, while relative water content decrease did not
take place until 200 mmol/L NaCl. Compared to the control group, transpiration (E) decreased at the concentration
of 50 mmol/L NaCl and stomatal conductance (g ) and net photosynthetic rate (P, ) decreased at 100 mmol/L NaClL
Further increase of salt concentrations did not affect P and no significant differences g, E and substomatal con-
centration CO, were measured between the concentrations of 200 and 300 mmol/L NaCl. A decrease of F /F_ took
place from the concentration of 100 mmol/L NaCl, while differences between 200 and 300 mmol/L NaCl were also

not significant. The obtained results therefore prove the tolerance of the E. sativa cv. Astro to salt stress.

Keywords: rucola; salinity; gas exchange, osmotic stress; net assimilation; ratio F /F_; osmotic adjustment

Salinity is one of the significant factors affecting
the productivity of plants. Considerable attention is
paid to the study of salt stress effects on the physi-
ological symptoms in various types of plants (Munns
and Gilliham 2015, Negrao et al. 2017). High salt
concentrations decrease the osmotic potential of
soil, which decreases the availability of water and
disrupts the transport of water and nutrients to
plant roots (Munns 2002, Tester and Davenport
2003). Salinity causes both water stress and osmotic
stress in plants and the accumulated salt ions have
a toxic effect on plants. Water deficit causes a leaf
turgor decrease, further causing stomata closure
and decreases of stomatal conductance (g ); one of
the factors limiting photosynthesis rates (Chaves
et al. 2009). There is also an ion imbalance due to
the excessive collection of Na* and CI~ along with

decreased absorption of other ions such as K*, Ca2*
and Mn?* (Flowers and Colmer 2008).
Photosynthesis is the most significant physi-
ological process and, in all its phases, is affected by
stress factors. Ashraf and Harris (2013) state that
the mechanism of photosynthesis involves various
components, including photosynthetic pigments
and photosystems, the electron transport system,
and CO, reduction pathways. Any damage at any
level caused by a stress factor may reduce the
overall photosynthetic capacity of a green plant.
Rocket, commonly also known as arugula, roquette
and rucola (Eruca sativa (L.) Mill.), is an annual spe-
cies belonging to the mustard family (Brassicaceae),
traditionally grown in the Mediterranean region.
Thanks to its excellent nutritional properties, it is
increasingly becoming important for its content
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of glucosides, mineral salts and vitamin C and is
therefore considered to be an excellent stomachic
stimulant (Alqasoumi et al. 2009, Katsarou et al.
2016). E. sativa seed oil has antioxidant and anti-
microbial properties (Khoobchandani et al. 2010)
and serves to inhibit the proliferation of tumour
growth (Azarenko et al. 2014).

According to Ashraf and McNeilly (2004), most
of the Brassica species have been categorized as
moderately salt tolerant, with a significant interspe-
cific and intraspecific variation for salt tolerance.
However, contradictory findings exist regarding
the reaction of these species to salt stress at differ-
ent plant developmental stages, while most others
indicate that these species maintain their degree
of salt tolerance consistently throughout the plant
ontogeny. Bianco and Boari (1996) stated that wild
rocket seeds show low germinability, but are quite
tolerant to salinity, showing a significant germi-
nation decrease only for salinity greater than soil
solution electrical conductivity 10 dS/m. Santos
et al. (2012) stated that increasing salinity levels
decreased the fresh biomass. Jesus et al. (2015)
reported that, in two rocket cultivars, increasing
salinity reduced the fresh and dry mass of the
leaves, roots, and protein content, but proline
content was increased and a change of enzyme
activity took place. Ashraf (1994) stated that salt
tolerant plants produced significantly greater dry
biomass than the normal population E. sativa.
The populations did not differ significantly in leaf
osmotic potential, relative water content or leaf
soluble proteins. They further stated that tolerant
E. sativa populations accumulated significantly
greater amounts of soluble sugars, proline and
free amino acids in the leaves compared with the
non-tolerant population. This proves that soluble
sugars, proline and free amino acids are important
components of salt tolerance in E. sativa.

The goal of our experiment was to clarify the
effects of salt stress, induced by varying concentra-
tions of NaCl, on water management and gas ex-
change parameters, particularly the photosynthetic
assimilation of CO, and chlorophyll fluorescence
of the PSII in rocket (Eruca sativa (L.) Mill.).

MATERIAL AND METHODS

Plant material and experimental conditions.
The experiment focused on monitoring the effects

doi: 10.17221/398/2017-PSE

of salt stress induced by NaCl on the physiological
parameters of rocket (Eruca sativa (L.) Mill.) cv.
Astro. The experiments took place in the greenhouse.
They were conducted in semi-controlled conditions
(natural light conditions, air temperature 20 + 2/15 +
2°C day/night, relative air humidity 65% min and
85% max). The experimental plants were grown in
containers 11 x 11 cmin garden substrate (pH 5.0-6.5,
nutrient content N 80-120 mg/L, P 22-44 mg/L,
K'83-124 mg/L). Salt stress was induced in the BBCH
12 phase (2 fully developed leaves) in concentra-
tions of: 0 (deionized water, control); 50, 100, 200
and 300 mmol/L NaCl. Such watering took place
over the course of 50 days in the amount of 50 mL
of the solution every other day. The measurement
of the monitored parameters was at the end of the
experiment.

Determination of leaf relative water content.
Relative water content (RWC; %) in the leaves
was established as 100 x (FM — DM)/(SM -
DM), where FM represents the fresh mass of 10
leaf discs (diameter 10 mm), SM is the saturated
mass of the same discs after their hydration in
the dark for 4 h, and DM is the dry mass of these
discs after they were oven-dried at 105°C for 48 h.
RWC was established in five repetitions.

Determination of leaf osmotic potential. Leaf
samples were placed into an insulin injection,
sealed with Para film and frozen at the tempera-
ture of —18°C. Prior to actual measurement, the
insulin injections were kept at the laboratory tem-
perature until the tissue completely defrosted.
The osmotic potential (y ; MPa) was established
based on several drops of the cells upon targets
of the Whatman 1 filtration paper of 1.5 cm in
diameter and measured using the WP4C Dewpoint
PotentiaMeter (Decagon Devices, Inc., Pullman,
USA). The measurement of these parameters took
place during five repetitions of three plant samples.

Leaf gas exchange measurements. The net
photosynthetic rate (P ; pmol/mz/s)’ rate of tran-
spiration (E; mmol/m?/s), stomatal conductance
(gs; mol/m?/s) and substomatal concentration COE
(Ci; pmol/mol) were measured on the 3th or 4t
fully expanded leaf in situ, using the portable gas
exchange system LCpro+ (ADC BioScientific Ltd.,
Hoddesdon, UK). The gas exchange was measured
from 9:00 A.M. to 11:00 A.M., Central European
Time. Irradiance was 650 pmol/m?/s of photosyn-
thetically active radiation (PAR), the temperature
in the measurement chamber was 23°C and the
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duration of the measurement of each sample was a
15 min interval after the establishment of steady-
state conditions inside the measurement chamber.
The measurements of these parameters took place
on a single leaf on three plants.

Chlorophyll fluorescence measurements. The
minimum chlorophyll fluorescence (F,) and the
maximum chlorophyll fluorescence (F, ) were also
measured in situ with the portable fluorometer
OSI1FL (ADC BioScientific Ltd., Hoddesdon, UK)
with 1 s excitation pulse (660 nm) and saturation
intensity 3000 umol/m?/s after 20 min dark ad-
aptation of the 3t or 4" fully expanded leaf. The
maximum quantum efficiency of photosystem II
(PSII) E /E  was calculatedasF /F_(F =F_~-F).
The measurement of these parameters took place
on five repetitions on three plants.

Statistical analysis. A statistical evaluation of
the experiment was made using the analysis of
variance (ANOVA), with the LSD test, correla-
tion and regression analysis. Statistical analyses
were performed using Statistica 9.0 CZ for MS
Windows software (Tulsa, USA).

RESULTS AND DISCUSSION

Water status. In comparison to the control group,
the RWC was significantly reduced all the way to
the level of 200 and 300 mmol/L NaCl (Table 1),
while there was no further significant difference
(P <0.001) between these two concentrations. In
comparison with the control, the RWC decrease
at these concentrations was by 27.1% and 22.7%,
respectively. There were no significant differences
in the RWC between the 0, 50 and 100 mmol/L
NaCl, while Al Gehani and Ismail (2016) stated that
RWC decrease occurred in rocket due to salt stress
already at the concentration of 40 mmol/L NaCl.

The osmotic potential values significantly de-
creased (P < 0.001) in comparison with the control,
with the increasing concentration of NaCl. The
osmotic potential values at the concentration
50 mmol/L, compared to the control, were not
significantly different (Table 1). Figure 1 depicts
a linear regressive model of the increasing NaCl
concentration (independently variable) and the de-
crease of osmotic potential of the leaf (> = 0.9963)
and RWC (r% = 0.9145), as dependent variables.
Also a high correlation between RWC and y_was
established (Table 2). The decrease of osmotic po-
tential is considered to be an osmotic adaptation
and is one of the defense strategies against salt
stress (Hajlaoui et al. 2010). Osmotic adjustment
involves the net accumulation of solutes in a cell
in response to salinity. Pérez-Pérez et al. (2009)
stated that, consequently, the osmotic potential
decreases, which in turn attracts water into the
cell and enables turgor to be maintained.

Gas exchange. Generally, CO, exchange was
regarded as an important indicator of the growth
of plants, because of its direct link to net produc-
tivity (Ashraf 2004). It was proven that stomatal
conductance, substomatal concentration CO,,
transpiration and rate of photosynthesis are all
parameters affected by salt stress (Sudhir and
Murthy 2004). As apparent from the measured
values, a significant limitation of these factors
takes place with the increasing concentration of
NaCl and there is a correlation between salinity
and gas exchange parameters (Figure 2). Stomatal
conductance decreased from 0.16 mol/m?/s in the
control to 0.03 mol/m?/s in the 300 mmol/L NaCl
treatment, representing a reduction by 81.3%. The
statistically significant decrease (P < 0.001) of sto-
matal conductance, as compared to the control, was
measured from the concentration of 100 mmol/L
NaCl and higher. The statistically insignificant

Table 1. Relative water content (RWC); leaf osmotic potential (y_); minimum chlorophyll fluorescence (F);
maximum chlorophyll fluorescence (F  ); variable chlorophyll fluorescence (F ) and maximum quantum efficiency
of PSII (F /F ) of plants in relation to NaCl concentration (means + standard error)

NaCl (mmol/L) RWC (%) Y, (MPa)

F

F F E/E

0 m v viTm
0 755 + 1.1 ~1.2 +0.06° 208.2+7.05> 1076.0 + 18.32 867.8 + 17.0°  0.81 + 0.006?
50 74.9 £ 2.7% -1.6+0.112> 2157+ 16.4> 9523 +71.0° 736.7 + 37.0°  0.77 + 0.022°
100 729 + 1.12 -1.8+0.06> 2252+20.9> 701.4+58.3> 476.2+37.5> 0.68 + 0.004"
200 52.8 + 2.0° -2.5+0.08° 220.7+19.2> 633.0+352> 412.3+17.7> 0.65 + 0.013>¢
300 48.4 + 3.0° -3.2+0.09¢ 2382 +24.4% 630.1 +65.2> 391.8 +40.8° 0.62 + 0.002¢

Values within a column marked with the same letter are not significantly different (P < 0.001)
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Figure 1. Relationship of leaf osmotic potential (y_ )
and relative water content (RWC) between NaCl con-
centration. Regression lines, equations and coefficients
of determination (r2) are presented

difference in the stomatal conductance was between
concentrations of 200 and 300 mmol/L NaCl.

Stomata closure in response to salinity stress
generally occurs due to decreased leaf turgor and
atmospheric vapour pressure, along with root-gen-
erated chemical signals (Chaves et al. 2009). Many
authors, e.g. Dodd (2003), Buckley and Mott (2013)
and Matthews et al. (2017) stated that the stomata
regulate the exchange of CO, and water vapour
between the leaf and the atmosphere. Control of sto-
matal conductance is essential both to resource CO.
acquisition and to prevent desiccation. Significantly
(P <0.001) lower values were recorded in the subs-
tomatal CO, concentration at 200 and 300 mmol/L
NaCl. Transpiration rate was significantly lower
(P <0.001) in a concentration as low as 50 mmol/L
NaCl. The greatest decrease of transpiration in com-
parison to the control treatment took place in the
concentrations of 200 and 300 mmol/L NacCl, by
65% on average. The decrease of transpiration rate
in cases of salt stress is affected by the reduced sto-
matal conductance for H,O, which also corresponds
to the very high correlation (r = 0.9806; P < 0.01)
between stomatal conductance and transpiration
rates (Table 2).

doi: 10.17221/398/2017-PSE

Photosynthetic rates significantly decreased
(P<0.001) with the increasing concentration of NaCl,
beginning with the concentration of 100 mmol/L
NaCl, but no significant differences in photosynthetic
rates were measured between the concentrations of
100, 200 and 300 mmol/L NaCl. The average de-
crease of photosynthetic rates in these treatments
in comparison with the control was by 43%. The
effect of salinity stress on the rate of photosynthesis
could be caused by stomatal, nonstomatal or both
factors (Saibo et al. 2009). A very high correlation
r=0.9107 (P <0.05) was established between stoma-
tal conductance and photosynthetic rate (Table 2).
Increased levels of Na* and Cl~ in the leaf tissue that
can significantly affect the metabolic processes of
photosynthesis could be considered as nonstomatal
factors of photosynthetic limitation (Biswal et al.
2011). Xu et al. (2008) also stated that the salt-
induced, osmotic effect can adversely affect the
activities of a number of stroma enzymes involved
in CO, reduction.

Chlorophyll fluorescence. The values of chlo-
rophyll fluorescence are shown in Table 1. The
values of minimum fluorescence (F) were not
significantly different at concentration 50, 100,
200 mmol/L NaCl and control plants. Minimum
fluorescence significantly increased (P < 0.001)
only at the concentration of 300 mmol/L NaCl.
Maximum fluorescence (F ) was significantly
lower in comparison with the control plants at the
concentration of 100 mmol/L NaCl and higher.
The maximum fluorescence values were not sig-
nificantly different with the further increase of salt
stress at the concentration 100, 200 and 300 mmol/L
NaCl. The increase of Fjand decrease of F_ with
rising salinity corresponds to results from other
researchers, for example Li et al. (2010). This

Table 2. Correlation coefficients (r) between the moni-
tored parameters of water management and gas ex-
change parameters

Yy E P, 8
RWC 0.9533* 0.9062* 0.8022 0.9544*
= - 0.9236* 0.8626 0.9597**
E - - 0.8569 0.9806**
= - - 0.9107*

n

**P < 0.01; *P < 0.05; RWC — relative water content; y_ —
osmotic potential; E — transpiration; P, — net photosynthetic
rate; g_— stomatal conductance
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Figure 2. The stomatal conductance (g ); net photosynthetic rate (P ); transpiration (E) and substomatal con-
centration CO, (C,). Means + standard error, regression lines, equations and coefficients of determination ()

are presented

condition indicated the impairment of the light-
harvesting complex in PSII, which finally reduced
F . Reduction of F_results in decreasing PSII quan-
tum yield (Fernandez et al. 1997).

The maximum quantum efficiency of PSII pho-
tochemistry (F /F ) in the salt-stressed treatments
was from 0.77 to 0.62. The significant decrease of
E /E_ in comparison with the control took place
at the concentrations of 100, 200 and 300 mmol/L
NaCl. These results correspond with Al Gehani
and Ismail (2016), who stated that the influence
of 40 mmol/L NaCl concentration on rocket chlo-
rophyll fluorescence is not significant. According
to Maxwell and Johnson (2000), the F /F  ratioin
the range of 0.79 to 0.84 is the approximate op-
timal value for many plant species. Lower values
indicate that a proportion of the PSII reaction
centres is damaged or inactivated, a phenomenon
commonly observed in plants under stress (Baker
and Rosenqvist 2004).

Salt stress in rocket affected all monitored param-
eters. With increasing salt stress, water manage-
ment was regulated by closing stomata. Stomata
closure became particularly evident through limited
transpiration rates, occurring at levels of 50 mmol/L
NaCl and higher. Osmotic adjustment is also very

366

important for sustaining tissue hydration. The
decrease of osmotic potential enabled sustaining
tissue hydration in treatments with lower salt con-
centrations (50 and 100 mmol/L NaCl), comparable
with the level of the control plants. Therefore, the
decrease of RWC in rocket leaves took place only
in treatments with high concentrations of salt
(200 and 300 mmol/L NaCl). Photosynthetic as-
similation levels decreased at the concentration of
100 mmol/L NaCl, but a further increase of salt
stress did not affect photosynthetic rates. The
maximum quantum efficiency of PSII photochem-
istry (F /F, ) decreased with rising salinity. Its
lowest value was measured at the concentration of
300 mmol/L NaCl. As stated above, the decrease
of F /F_ provides evidence of the inhibiting effect
of salinity on PSII activity. It is, however, a subject
for discussion to what degree the reaction centres
of PSII were damaged, given the stable level of
photosynthetic assimilation of CO, at high salt
concentrations. The results obtained therefore
proved the tolerance of Eruca sativa to salt stress.
However, given that the testing was performed on
a single genotype of this species, and in regard
to findings by other authors, broader research is
recommended.
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6 Souhrnna diskuse

Tématem disertacni prace byla determinace senzitivhich mist fotosyntézy beéhem

kratkodobého vodniho deficitu po aplikaci osmoticky aktivnich latek.

V prvni ¢asti souhrnné diskuse jsou shrnuty poznatky z védeckych ¢lankt, se zaméfenim
na reakce fotosyntetického aparatu rostlin vystavenych vodnimu deficitu. Druhd ¢as souhrnné
diskuse je zaméfena na zasoleni, jakozto na druhy nejvyznamnéjsi stresor hned po suchu. Zasoleni
1ze chépat jako zdroj dalSiho typu osmotické zatéze, pii které také vznikad vodni deficit. A posledni
téeti ¢ast souhrnné diskuse se zaméfuje na latky stimula¢ni povahy (osmoticky aktivni soluty), jako
na moznost podpory fotosyntetického aparatu rostlin béhem vodniho deficitu a jako

osmoprotektanty rostlin omezujici osmoticky stres (vodni deficit).
6.1 Reakce fotosyntetického aparatu

Primérni reakci rostlin vystavenych stresu ze sucha je zastaveni rlstu v disledku ztraty
bunécného turgoru a omezeni prodluzovaciho ristu bunék (Imadi et al., 2016). V ranych fazich
vyvoje cukrové fepy vodni stres snizuje asimila¢ni plochu (Choluj et al., 2004) a u starSich listh
dochazi k rychlej$imu starnuti a opadu (Ober et al., 2005). Snizeni listové plochy omezuje ztraty
vody transpiraci, ale zaroven vede k omezeni vynosu v disledku nizsi fotosyntézy (Khodadadi et
al., 2020). Limitace fotosyntézy byva rozliSovana na stomatalni a nestomatalni. V disledku sucha

klesa asimilace CO2 kvili uzavirani praduchi.

V ramci experimentu stresu suchem bylo také zaznamenano ovlivnéni rustu rostlin,
jak ukazaly studie Mouradi et al. (2016) a Santos et al. (2021), a ktery souvisi se sniZzenim
fotosyntézy (Mouradi et al., 2016). Uprava péstebniho substratu zvysila mnozstvi list a produkci
biomasy. Podobné vysledky zaznamenaly i dalsi studie pfi vyvolani stresu suchem u bobu (Abd EI-
Mageed et al., 2021) a merliku ¢ilského (Yang et al., 2020). Z praci Agegnehu et al., (2017), Chen
et al., (2019), Yu et al., (2019) dale vyplyva, ze predpokladany mechanismus u¢inku biohlu
na rostliny je navyseni porovitosti dalsi vlastnosti biouhlu je snizeni objemové hmotnosti pidy, coz
nasledné snizuje odolnost pudy vaci prorustani kotent (Adekiya et al., 2019), porovitost biocharu

také zlepSuje zadrzovani vlhkosti v padé (Yang et al., 2020).

Piisobeni vodniho stresu na cukrovou fepu negativné ovliviiuje jeji vynos. Snizeni vynosu

je zptisobeno omezenim ristu, metabolismu, transportu asimilati a reprodukci rostlin (Fahad et al.,
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2017). Ze ziskanych analyz listd rostlin rostoucich v podminkach vodniho deficitu vyplyva,
ze aplikace pudniho dopliiku zlepsila vyménu plynii v listech, tj. sniZeni ci, zvySeni transpirace,
stomatalni vodivosti a WUEI. Vlivem sucha se zvySuje ci listi, zatimco transpirace, asimilace CO2
a stomatalni vodivost se snizuji (Baccari et al., 2020; Baraldi et al., 2019; Leufen et al., 2016;
Santos et al., 2021). Jednou z prvnich reakci rostlin na sucho je uzavieni jejich praduchi, coz
snizuje rychlost transpirace a umoznuje rostlindm udrZet si obsah vody. Uzavirani priaducht také

snizuje asimilaci COg, a tim i ¢istou fotosyntézu (Leufen et al., 2016).

Podobné jako u cukrové fepy je i u sledovanych genotypl pSenic fotosyntéza hlavnim
procesem vedoucim k primarni produkci biomasy (Baslam et al., 2020), jeji rychlost je ovliviiovana
fadou faktort napf. vysokou teplotou a koncentraci CO2 (Dusenge et al., 2019; Moore et al., 2021),
suchem (Pinheiro and Chaves, 2011), obsahem mineralnich latek (Glanz-ldan and Wolf, 2020;
Santos et al., 2013) a fadou dalSich (Ashraf and Harris, 2013). Namétené zvySeni vymény plyni
po aplikaci doplitku péstebniho substratu bylo v souladu s pfedchozimi pozorovanimi (Yang et al.,
2020; Zhang et al., 2020) a mohlo by souviset se zlepSenim vyzivy rostlin a pidnich podminek
a obsahem vody (Tanure et al., 2019; Yang et al., 2020). Po tGpravé substratu doslo v nasi studii
ke zvySeni obsahu vody v pud¢, zlepsil se obsah Zivin v padé i rostlinach. Pti optimalnim mnozstvi
vody a zivin rostliny oteviraji své pruduchy, ¢imz se zvysuje transpirace a asimilace CO2 (Tanure et
al., 2019). Tato pozorovani ukazala, Ze Giprava péstebniho substratu ma ptimy vliv na jeho vlhkost
astav zivin, ktery mohl zmirnit stres fotosyntetického aparatu rostlin cukrové tfepy zplsobeny
suchem (Zhang et al., 2020). Dalsi vztahy mezi rostlinnymi parametry, které byly popsany, rychlost
transpirace a stomatalni vodivost byly v negativni korelaci s piidni vlhkosti. Bylo prokézano,
ze asimilace CO2, stomatalni vodivost a transpirace korelovaly spolu navzajem (Naidoo and
Naidoo, 2018; Yan et al., 2017). Nicméné tyto studie ukazaly, zZe tyto tfi parametry byly pozitivné
korelované s pidni vlhkosti, tj. jejich hodnoty se zvySovaly s rostouci piidni vlhkosti. Tyto rozpory
ukazuji, Ze zmény, které zlepSily plidni vlhkost nejdéale, nebyly ty, které vyvolavaly nejlepsi
transpiraci a stomatalni vodivost, tedy vyménu plynt. Vzhledem k tomu, ze vyména plynt v listech
muze byt ovlivnéna 1 dal§imi faktory, je mozné, ze zmény ji zlepSily prostiednictvim svého vlivu
na jiné parametry. Napfiiklad ionty K ovliviluji otevirani a zavirani priduchi, ¢imz reguluji listovou
vyménu plynt (Hasanuzzaman et al., 2018). Podobn¢ WUEiI mélo negativni korelaci s pudni
vlhkosti.

Je tedy zfejmé, Ze deficit vody posSkozuje fotosynteticky aparat, a tim nasledné snizuje

i syntézu pigmentt (Kiani et al., 2020; Leufen et al., 2016). Ztrata fotosyntetickych pigmentt
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je jednim z ochrannych mechanismu, které rostlina iniciuje, aby snizila mnozstvi absorbované
energie listem, kdyZ je vystavena suchu (C. Liu et al., 2017). Obsah fotosyntetickych pigmenti
je vyznamny parametr ovlivijici rychlost fotosyntézy, nebot’ podle (Croft et al., 2017; Li et al.,
2018) je obsah fotosyntetickych pigmentli snizovan pasobenim stresovych faktort. V obsahu
celkovych chlorofyla (Chlt) byly stanoveny prikazné rozdily mezi pokusnymi roky, vegetacnimi
fazemi a genotypy (del Pozo et al., 2020). U karotenoidt (Car) byl prikazny rozdil mezi pokusnymi
roky a vegeta¢nimi fazemi. Vys$i obsah Chlt a Car byl stanoven ve fazi 65 BBCH u pSenic. Snizeni
obsahu fotosyntetickych pigmentii bylo také stanoveno ve fazi 73 BBCH, coz mlze byt zpisobeno
postupnou senescenci listt (del Pozo et al., 2020) nebo pusobenim stresovych faktort. SniZeni
obsahu fotosyntetickych pigmenti mé za nésledek pokles fotosyntetické aktivity, jak uvadi
(Gregersen and Holm, 2007). Uvedeny vysledek potvrzuje také ziskané vysledky u barevnych

pSenic.

Ze sledovanych kultivari mél vyssi obsah Chlt KM-72-18 s modrym aleuronem, u Car
nebyly prikazné rozdily mezi kultivary (Kraus et al., 2021). Obsah chlorofylu v listech cukrové
fepy se zvysil u rostlin vlivem vodniho deficitu po Gpravé péstebniho substratu pomoci biouhlu.
Uvedeny zavér potvrzuji také ve svych pracich (Abd EI-Mageed et al., 2021; Zhang et al., 2020).
Takové zvySeni pigmentu miiZe souviset se zvySenym stavem vyzivy rostlin, jako jsou N, P a K,
jak uvadi Mubarak et al., (2016) a svédci o lepsi odolnosti viici stresu ze sucha za vyuziti ptidnich
doplnku (Abideen et al., 2020).

V roce 2019 se projevil pozitivni vliv foliarni aplikace stimulacnich ptipravkl u vybranych
kultivart pSenic. U kultivaru KM-72-18 ve vyvojové fazi 65 BBCH doslo k prikaznému navyseni
obsahu Chlt v porovnani s kontrolou (T1) pfi oSetfeni az o 112 %. Ve fazi 73 BBCH byl prikazny
vys$$i obsah pigmentii v porovnani s kontrolou u nékterych variant. V obsahu karotenoidii nebyl
zaznamenan prukazny efekt aplikace stimulacnich ptipravki. U kultivaru KM-72-18 s mnohotadym
klasem se pozitivni vliv aplikace stimulac¢nich piipravkd projevil az ve vyvojové fazi 73 BBCH.
V porovnani s kontrolou byl vyrazn¢ vyssi obsah pigmentl po oSetieni stimula¢nimi piipravky.
Rovnéz v obsahu karotenoida se v této vyvojové fazi projevil pozitivni efekt aplikace stimulacnimi
ptipravky. Cerven tohoto roku byl teply a suchy a tepelny stres béhem ontogeneze a plnéni zrna tak
urychlil degradaci obsahu chlorofylu v listech, coz ma za nasledek snizeni fotosyntetické aktivity
listi i kone¢né biomasy (B. Liu et al., 2017). Zvyseni obsahu pigmenti u KM-72-18 s modrym
aleuronem muze byt zplsobeno rovnéz ochrannou funkci antokyaniti u rostlin ve stresovych

podminkach (Shoeva (Tereshchenko) et al., 2012). V roce 2020 se béhem sledovanych vyvojovych
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fazich u obou kultivari neprojevil pozitivni efekt aplikace stimulacnich pfipravkii na obsah Chlt

a Car mezi pokusnymi roky, vegeta¢nimi fazemi a kultivary.

Na rozdil obsahu chlorofylu je celkovy obsah xantofylovych barviv pii suchu zvySen
(Baccari et al., 2020; Baraldi et al., 2019). To je dulezité pro ochranu rostlin po pisobeni stresu.
Zejména violaxanthin je vlivem sucha depoxidovan na antheraxanthin a poté na zeaxanthin.
To umoznuje rozptyleni piebyteéné svételné energie. Pii tomto procesu je podle Baccari et al.,
(2020) zeaxanthin G¢inngjsi nez violaxanthin. Pokles celkového mnozstvi xantofylovych barviv
svédc¢i o snizeni stresu, ktery plisobi na rostliny péstované v upraveném substratu v porovnani

s kontrolou, coz je v souladu se skutecnosti, Ze rostliny maji snizeny obsah chlorofylu.

Vlivem zmén v obsahu fotosynteticky aktivnich pigmenti dochazi ke snizeni koncentrace
COz2 v chloroplastech, coz mad za disledek snizeni fotochemického vytézku reakénich center
fotosystému II (PSII) a nasledn¢ zvySeni tepelné disipace excitovanych elektronti zachycenych
v PSII. Pokles aktivity nékterych enzymi, napi. sachardzy fosfat syntazy a nitrat reduktazy, nebo
zvySeni oxygenacni aktivity RUBISCO a snizeni obsahu ribulosy 1,5-bisfosfatu (Cornic and
Massacci, 1996). V fad¢ praci (Chotuj et al., 2014; Islam et al., 2020; Khodadadi et al., 2020)
se uvadi vliv deficitu vody na fotosyntézu a obsah chlorofylu u cukrové fepy. Z téchto praci
vyplyvd vysoka mira tolerance k fotoinhibici. Tato mira fotoinhibice je dana ochrannym
mechanismem spojeného s nefotochemickym zhaSenim. Silnd dehydratace snizuje efektivni
kvantovy vytézek fotosystému PSII v disledku poruch v pienosu energie a poSkozeni reak¢nich

center fotosystému (Chotuj et al., 2014; Wilhelm and Selmar, 2011).

V roce 2019 v obdobi vyvojové faze 65 BBCH se u obou kultivara Triticum aestivum pomér
Fv/IFm pohyboval v interval 0,791 - 0,817, coz lze povazovat za optimalni stav (Maxwell and
Johnson, 2000), pticemz nebyly prikazné rozdily mezi aplikovanymi pfipravky. Tyto vysledky lze
dat do souvislosti s vy$§im mnozstvim srazek v kvétnu a rovnéz samotné meieni se uskutecnilo
po dni se srazkami. V obdobi vyvojové faze 73 BBCH doslo k snizeni Fv/Fm. U kultivaru
KM-72-18 s modrym aleuronem n¢ktard osetfeni prikazné v porovnani s kontrolou zvysila pomér
Fv/Fm. Snizeni hodnot Fv/Fm naznacuje, Ze ¢ast reak¢nich center fotosystému PSII byla poskozena
nebo deaktivovana, coZ je jev bézné pozorovany u rostlin ve stresu (del Pozo et al., 2020). Krom¢
aktualniho vodniho a teplotniho stresu v tomto obdobi muze pokles téchto hodnot souviset
I S urychlenou senescenci listd a nasledné snizeni Fv/Fm (del Pozo et al., 2020; Desotgiu et al.,
2012; Kotakis et al., 2014). Je znamo, Ze mnoho riznych druhti maze urychlit sviij ontogeneticky

vyvoj v podminkach stresu suchem (Kottmann et al., 2016). V roce 2020 v obdobi vyvojové faze
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65 a 73 BBCH se u obou kultivart pomér Fv/Fm pohyboval v interval 0,757 — 0,802 podobné¢ jako
v roce 2019. Ve vyvojové fazi 65 BBCH u kultivaru KM-72-18 s modrym aleuronem u nékterych
oSetfenych variant byl prukazné zvySen pomér Fv/Fm v porovnéni s kontrolou. Z namétenych
hodnot je patrno, Ze pii dostatku srazek, nedochézi k vyraznéjSimu poklesu poméru Fv/Fm v obdobi
nalévéani zrna a rovnéz se neprojevil stimulacni efekt aplikovanych ptipravki. Podle Zivcak et al.
(Zivcak et al., 2008) Fv/Fm hodnoty jsou extrémné stabilni a zacinaji klesat na urovni dehydratace,
ktera je pro listy letalni. Pokud stres ze sucha ptetrvava v polnich podminkéch po delsi dobu, mize

byt pokles hodnot Fv/Fv dramaticky.
6.2 Osmotické zatiZeni

Fotosyntéza jako takova je na vSech urovnich vyrazné ovliviiovana plisobenim vnéjSich
faktori prostedi. Je znamo snizeni intenzity fotosyntézy zasolenim (Gupta et al., 2018; Joshi et al.,
2018; Munns and Tester, 2008). Bylo prokazano, ze stomatalni vodivosti (gs), intracelularni
koncentrace CO: (Ci), transpirace (E) a asimilace CO2 (A) jsou parametry ovliviiovany zasolenim
(Sudhir and Murthy, 2004). Z naméfenych hodnot vySe uvedenych parametri vyplyva,
ze se zvySujici se koncentraci NaCl dochézi k prikazné limitaci téchto faktort a existuje vysoka
korelace mezi zasolenim a parametry vymény plynta. U rostlin Portulaca oleracea doslo
k vyraznému sniZeni asimilace COz2 v ptipadé stomatalni vodivosti u varianty 300 mM NaCl devaty
den vystaveni stresu zasolenim. Podobna reakce byla zaznamenana také u intracelularni
koncentrace CO2. Na zaklad¢ ziskanych vysledkt je mozné konstatovat v souladu s praci (Chaves et
al., 2009), ze dochazi k poklesu aktivity enzymi vcéetné RUBISCO, ¢imz se omezi karboxylace
a s ni 1 Cista rychlost fotosyntézy. Po 22denni expozici soli u varianty 300 mM NaCl byly naméfeny
zaporné hodnoty asimilace CO2 a zarovenn vysoka substomatalni koncentrace CO2. Rychlost
fotosyntézy se pritkazné snizila se zvysujici se koncentraci NaCl (od 100 mmol/L NaCl a vyse) také
u rostlin Eruca sativa. Pficemz mezi koncentracemi 100, 200 a 300 mmol/L NaCl nebyly naméteny
prukazné rozdily v rychlosti fotosyntézy. Primérné sniZeni rychlosti fotosyntézy u téchto variant
Vv porovnani s kontrolou bylo o 42,8 %. Uginek stresu zasolenim na rychlost fotosyntézy mize byt
zpusoben stomatalnimi, nestomatalnimi nebo obéma faktory, jak ve své praci uvadi napt. Saibo et
al. (2009). Dale byl zaznamenan pokles stomatélni vodivosti, a to z hodnoty 0,16 mol CO2/m?/s
(kontrola) na 0,03 mol CO2/m?s (300 mmol/L NaCl), tj. pokles o 81,3 %. Priikazné snizeni
stomatalni vodivosti v porovnani s kontrolou bylo naméieno jiz od koncentrace 100 mmol/L NaCl.
Prikazny rozdil nebyl zjistén mezi koncentracemi 200 a 300 mmol/L NaCl. Uvedeny vysledek

souvisi se skutecnosti, Ze uzavieni priiduchli vlivem salinity obecné nastava v disledku sniZzené¢ho

91



turgoru listti a atmosférického tlaku par, spolu s chemickymi signaly kofent (Chaves et al., 2009).
Substomatalni koncentrace CO2 byly prukazné niz$i u variant 200 a 300 mmol/L NaCl. Rychlost
prikazny pokles transpirace v porovnani s kontrolou byl zaznamenan u koncentraci 200 a 300
mmol/L NaCl. U téchto variant se transpirace v priméru snizila o 65,2 %. Stres zasolenim ovlivnil
u Eruca sativa vSechny sledované parametry. S narustajicim zasolenim doslo k regulaci vodniho
rezimu uzavirdnim pruducht, které se projevilo zejména omezenim rychlosti transpirace, a to jiz na

arovni 50 mmol/L NaCl.

Dalsim vyznamnym parametrem ovlivnénym zasolenim je kvantovy vynos PSII. Kdy
urostlin Portulaca oleracea stres zasolenim (300 mM NaCl) prikazné snizil pomér Fv/Fm pfi
dvanactidennim stresu. NizS§i hodnoty fluorescence naznacuji, ze c¢ast reakcnich center PSII
je poskozena nebo inaktivovana, coz je jev pozorovany u rostlin ve stresu (Baker and Rosenqvist,
2004). Salinita blokuje prenos elektronti z primarniho akceptoru, ¢imz se snizuje pomér Fv/Fm, jak
doklada prace (Shu et al., 2012). SniZzeni maximalniho kvantového vytézku PSII vlivem zasoleni se
uvadi u Raphanus sativus L. (Jamil et al., 2007), Brassica napus L (Naeem et al., 2010) a Eruca
sativa L. (Hnilickova et al., 2017). Nizsi koncentrace soli 100 mM NaCl neprikazné ovlivnila
pomér Fv/Fm v porovnani s kontrolni variantou, pfesto 1ze pozorovat pokles poméru Fv/Fm u obou
téchto variant v zavéru pokusu. Pfi mirnych hladinach stresu soli (100 mM) se pomér Fv/Fm
neprikazné zvysil ve srovnani s vysokym stresem. Uvedeny zavér je v souladu s praci (Zaman et
al., 2018). | maximalni kvantova ucinnost PSII (Fv/Fm) se snizovala se zvySujici se salinitou a
nejniz$i hodnota byla naméfena u koncentrace 300 mmol/L NaCl. Pokles Fv/Fm jak je uvedeno
vySe svéd¢i o inhibi¢nim efektu salinity na aktivitu PSII. Nicméné je diskutabilni, do jaké miry
doslo k poskozeni reak¢nich center PSII vzhledem k stabilni trovni fotosyntetické asimilace COz2
pii vysokych koncentracich soli. Ziskané vysledky tak dokladaji toleranci Eruca sativa k zasoleni.
Hodnota minimalni fluorecence (Fo) se pritkazné zvysovala se zvySujici salinitou az od koncentrace
mmol/L NaCl, pficemZ s dalSim zvySovanim zasoleni nebyly mezi jednotlivymi variantami
prikkazné rozdily. ZvySeni Fo a pokles Fm se zvySujici se salinitou koresponduje s vysledky napt. Li
et al. (2010) a tento stav indikovalo poskozeni svétlosbérného systému v PSII, coz nakonec snizilo
Fv. Snizeni Fv ma za nasledek snizeni kvantového vytézku PSII (Fernandez et al., 1997).
Maximalni hodnota kvantového vytézku PSII (Fv/Fm) byla u zasolenych variant 0,77 az 0,62.

Priikazné sniZzeni Fv/Fm v porovnani s kontrolou bylo zjiSténo jiz u koncentrace 100 mmol/L NaCl
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a vyse. Ziskané vysledky jsou v souladu s Al Gehani and Ismail (2016), ktefi uvadi u Eruca sativa

neprikazny vliv koncentrace 40 mmol/L NaCl na fluorescenci chlorofylu.

Velmi vyznamné pro udrzeni hydratace pletiv je osmotické piizptasobeni, kdy se jedna
0 jednu ze strategii obrany proti zasoleni (Hajlaoui et al., 2010). Osmoticka Gprava zahrnuje Cistou
akumulaci rozpusténych latek v bufice v reakci na salinitu. Pérez-Pérez et al. (2009) uvadi,
ze V disledku toho klesa osmoticky potencial, ktery nasledné ptitahuje vodu do bunky a umoziuje
udrzeni turgoru. Snizeni osmotického potencidlu tedy umoznilo udrzet hydrataci pletiv u nizsich
koncentraci soli na urovni kontrolnich rostlin, k poklesu obsahu vody v listech Eruca sativa tak
doslo az u vysokych koncentracich soli (200 a 300 mmol/L NaCl). Jak bylo zminéno jako odezvou
na zasoleni dochazi rovnéz k hromadéni velkého mnozZstvi riiznych kompatibilnich soluti,
predevsim prolinu. K vyraznému zvyseni obsahu volného prolinu doslo v druhé poloviné pokusu u
rostlin oSetfenych 300 mM NacCl, zaroven se snizil vodni potencial listii. Prolin poskytuje rostlinam
ochranu pfed stresem tim, Ze pfispiva k osmoregulaci, detoxikaci reaktivnich forem kysliku (ROS),
ochrané integrity membran a stabilizaci enzymi a proteini (Ashraf and Foolad, 2007b; Szabados
and Savouré, 2010). Nartst obsahu prolinu po 21 dnech u dvou genotypi P. oleracea
(genotyp T-16 a WI-9) vlivem zasoleni na trovni 200 mM NaCl uvadi Mulry et al. (2015). Rovnéz
Rahdari et al. (Rahdari et al., 2012) udava zvysujici se hladinu prolinu v listech Portulaca oleracea
s narustem salinity. Yazici et al. (2007) udava trojnasobny nardst obsahu prolinu u rostlin P.
oleracea osetfenych 140 mM NaCl po dobu 30 dnd. U rostlin osSetfenych 70 mM NaCl po dobu 18
a 30 dnil uvadi stabilni hodnoty. Tyto vysledky jsou srovnatelné se ziskanymi vysledky z naSich
experimentll, kdy u rostlin oSetfenych 100 mM NaCl nebylo zaznamendno po celou dobu pokusu
zvyseni obsahu volného prolinu v porovnani s kontrolnimi rostlinami, coz doklada toleranci

Portulaca oleracea k zasoleni na této urovni salinity.

ZvySeni obsahu volného prolinu uvadi u Portulaca oleracea také Karakas et al. (2017).
Dals§im pfirozenym produktem podobné jako prolin pifi peroxidaci lipidi je malondialdehyd
(MDA), vyuzivany jako indikator miry poskozeni bun¢k stresem (Ma et al., 2015). U rostlin
vystavenych 300 mM NaCl byl v pocatku pokusu zaznamenan narist MDA v porovnani
s kontrolou, ale v dalsich fazich stresu byly rozdily mezi stresovanymi a kontrolnimi rostlinami
neprikazné. Lze proto pfedpokladat aktivaci obranych a adaptacnich mechanismii spojenych se
zvySenou kapacitou antioxida¢niho systému, ktery omezuje tvorbu reaktivnich forem kysliku, a tim

| potlacuje hladinu peroxidace lipida.
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Projevem téchto mechanismu je vyrazny narist obsahu prolinu a osmotické ptizptisobeni,
které uzce souvisi s toleranci vici zasoleni a se schopnosti antioxida¢niho systému zachycovat
volné radikaly a potlacovat tak uroven peroxidace lipidii a hromadéni osmoprotektivnich latek jako
je prolin (Yazici et al., 2007). Rostliny vystavené zasoleni na Grovni 100 mM NaCl nevykazovaly
zvysSenou miru peroxidace lipidi v disledku pisobeni stresu v porovnani s kontrolou. Spole¢nym
jevem u sledovanych variant je pfirozen¢ se zvySujici obsah MDA v disledku senescence listh
a zvySené miry peroxidace lipidi v dusledku oxidativniho stresu (Jakhar and Mukherjee, 2014).
Rozdilné vysledky uvadi Xing et al. (2019), u variant 100, 150 and 200 mM NacCl, kdy zaznamenali
nartist obsahu MDA a zvySujici se produkci Oz coz vysvétluje poskozenim integrity bunécnych

membran a proteinové aktivity.
6.3 Osmoprotektivni latky

V reakci na stres rostliny aktivuji mechanismy obrannych reakci, jako jsou morfologické
a strukturdlni zmény, exprese genii, syntéza hormont a osmoticky aktivnich latek ke zmirnéni
dopadi stresu (Yang et al.,, 2021). Vyznamnou roli maji pravé osmoticky aktivni latky
(kompatibilni soluty), jejichz jednou z funkci je prostfednictvim osmoregulace udrzet turgor
Vv rostlindch a optimalizovat piijem vody. Akumulace osmoprotektantli prolinu a glycin betainu

koreluje s vodnim rezimem cukrové fepy (Khodadadi et al., 2020).

V soucasné dobé¢ je velmi aktudlni otdzka, jak omezit dopady plsobeni stresort na porosty
polnich plodin. Od S§lechténi tolerantnich kultivard, zavaddéni novych druhii az po optimalizaci
agrotechnickych postupii. Jednou z moznosti ze souboru vSech vyuzivanych opatieni je aplikace
podpurnych stimula¢nich ptipravka (Bulgari et al., 2019). Ty maji obvykle riznorodé chemické
sloZeni, kdy jejich ucinek je disledkem synergického piisobeni riznych bioaktivnich molekul.
Jednd se obvykle o produkty ziskané z rGznych organismi ¢i mikroorganismi, piipadné
I 0 anorganické latky, které jsou schopny zlepsit rist rostlin, produktivitu a zmirnit negativni G¢inky
stresu (Rouphael and Colla, 2018; Shahrajabian et al., 2021). Mezi nejznaméj$i komponenty patii
mineralni prvky, vitaminy, aminokyseliny a poly- a oligosacharidy, stopy piirodnich rostlinnych
hormont, huminové kyseliny, chitosan, fosfity, biouhel a rostlinné extrakty, vcetné extrakt z tas
aruznych casti rostlin (Paul et al., 2019). Mohou ptsobit pfimo na fyziologii a metabolismus
rostliny, umoznuji zlepsit efektivitu vyuziti vody a zivin u plodin, stimulovat vyvoj zvySenim
primarniho a sekundarniho metabolismu (Shahrajabian et al., 2021). Bylo prokazano,
ze biostimulanty na rostlinné bazi zlepSuji rist diky pfitomnosti riznych fytohormoni a dalSich

sekundarnich metabolitli, vitamint, antioxidantl a anorganickych zivin v extraktu, které mohou
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ptimo ovlivnit rist a produkci rostlin zlepsenim tolerance rostlin proti abiotickym stresum (Ali et

al., 2020).

U cukrové fepy byl prokdzan vliv aplikace biostimula¢nich ptipravkl, rocniku a genotypu
na vynos a cukernatost fepy (Ernst et al., 2022). Existuje fada pozorovani vlivu folidrni aplikace
a primingu semen stimula¢nimi pfipravky na rtzné bazi ¢i jednotlivymi G€innymi latkami
u cukrové fepy. Vyzkum plisobeni riznych u¢innych latek a jejich kombinaci napti¢ péstovanymi
druhy plodin je velmi na vzestupu. Jejich ucinky zejména ovliviiuji aktivitu antioxida¢nich enzymn,
funkci fotosyntetického aparatu, hormondlni metabolismus, optimalizuji vodni reZzim, udrzuji
homeostazu vnitiniho prostiedi a stabilizuji bunééné struktury. Kombinace vhodnych genotyp,
optimalnich agrotechnickych zasahti, véetné vyzZivy, ochrany a vyuZzivani pomocnych ptipravki

muze byt jednou z cest, jak i v slozitych podminkach prostiedi docilit optimalni produkce.

Vzhledem k rozdilnému slozeni jednotlivych pfipravkil je nutné vzit v tivahu variabilni
pusobeni na jednotlivé fyziologické a metabolické procesy v rostlin€. Tato variabilita se projevila
jak na Urovni jednotlivych parametrti, tak i mezi sledovanymi kultivary a pokusnymi rocniky.
Vysokou variabilitu vlivu faktorti na sledované parametry uvadi Pacuta et al. (Pacuta et al., 2021),
domniva se, Ze je do budoucna teba zvysit miru stdlosti aplikovanych ptipravkld. Gozzo a Faoro
(Gozzo and Faoro, 2013) dokonce uvadi, Ze biostimulanty vykazuji proménlivou ucinnost
za skuteCnych polnich podminek, na rozdil od slibnych a pozitivnich ucinkd pozorovanych
v kontrolovanych laboratornich podminkach. Kromé toho je nutné zaméfit se na zvySeni vlivu
bioaktivnich latek na parametry kvality péstovanych plodin (Pacuta et al., 2021). N¢ktefi autoii
(Kocira et al., 2020) se zabyvaji i otazkou ekonomické efektivity. Calvo et al. (Calvo et al., 2014)
potvrzuji, ze aplikace biostimulanti zvysSuje produktivitu a kvalitu plodin a zaroven reaguje

na ekonomické a udrzitelné pozadavky.

Jak jiz bylo uvedeno, je doloZen piinos osmoprotektantl k zvySeni vynosu polnich
a zahradnich plodin. U pouzitych piipravki v pokusech jsou mimo jiné mezi uvedenymi G¢innymi
latkami volné aminokyseliny, L-prolin, makro a mikro nutrient, extrakty z motskych fas a rostlin.
Aminokyseliny jako zékladni stavebni jednotky bilkovin a maji v rostlinném organismu fadu
funkei, napt. antistresovou, stimulativni pro rist, mohou fungovat jako prekurzor auxinu, prekurzor
a stimulace syntézy chlorofylu a fady dalsich (Paleckiene et al., 2007). Zvyseni vynosu a zlepSeni
kvalitativnich parametri Triticum aestivum po aplikaci pfipravkli na bazi aminokyselin a jejich
mozné vyuziti uvadi napf. (Colla et al., 2017; Popko et al., 2018; Schmidt et al., 2020). Naptiklad

efekt exogenni aplikace prolinu na rostliny je rozséhle prostudovdn a jeho Uc¢inky popsany, jak
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vyplyva napt. z prace (Kaur and Asthir, 2015). Jednotlivé ucinky makro a mikro elementd na rust,
Vvyvoj a tvorbu vynosu jsou obecné znamy (Pandey et al., 2020). Rovnéz extrakty z motskych fas
pozitivn¢ ovliviiuji metabolismus rostlin (Kumar et al., 2020; Sharma et al., 2014; Tarakhovskaya et
al., 2007).

6.4 Vliv na vynos

Vynos a kvalita zemédélskych produkti je hlavni mérou jednotkou UspéSnosti
zemé&délskych operaci. U obilnin je sledovana primarné kvalita a vynos zrna. Vynos zrna, v¢etné
jeho kvality je limitovan povétrnostnimi podminkami, podminkami stanovisté, agrotechnickymi
opatfenimi, vybérem genotypu apod. (Pacuta et al.,, 2021). VySe vynosu a hmotnost tisice
semen (HTS) v uvedeném experimentu byla ovlivnéna rocnikem, kultivarem i aplikovanym
ptipravkem. Vyssi vynosy byly u obou kultivari dosazeny v roce 2020, kdy vyssi vynos byl

u kultivaru KM-72-18 s modrym aleuronem.

Aplikace stimulacnich ptipravki prikazné zvySila vynos a rovné€z byla ovlivnéna HTS.
kdy v roce 2019 se u vSech aplikaci zvysil vynos oproti kontrole o 100 %. Podle Van Oosten et al.
(2017) ucinky biostimulanti spocivaji ve zvySeni vynosu a odolnosti proti biotickému
a abiotickému stresu. Rovnéz dalsi autofi (Kocira et al., 2020) uvadéji pozitivni efekt aplikace
stimula¢nich pfipravki. Optimalni srazkové podminky v obdobi plnéni zrna mohou ovlivnit vysi
vynosu. U Triticum aestivum dochazi v prubéhu vodniho deficitu v obdobi plnéni zrna k
urychlenému dozravani, kdy je nasledné negativné ovlivnéna vyse vynosu a kvalita zrna (Balla et
al., 2019). Pii porovnani vynosu mezi sledovanymi kultivary byl v obou pokusnych letech dosazen
vysSi vynos U kultivaru s modrym aleuronem. Vyznamné se tak neprojevil potencidl zvySeni
reproduk¢nich organtt v klase, a tim navySeni wlozné kapacity klasu u kultivaru KM-94-18

s mnohotadym klasem.

Dalsim rostlinnym druhem, u kterého byla sledovana jakost, byly rostliny cukrové fepy.
Pokud se Beta vulgaris péstuje za G¢elem vyroby cukru, tak je rozhodujici nejenom obsah, ale také
podil melasotvornych latek. Obsah fruktozy, galaktdozy a sachardzy se zvysil pii vSech typech
upravy substratu. Skutecnost, ze se obsah zivin a vody zvysil po pouziti biouhlu, pfestoze biouhel
snizil koncentrace téchto prvka v pidni porové vode, lze pricist skuteCnosti, ze ziviny byly pro
rostliny stale dostupné v pudnim roztoku, a to i pies sorp¢ni tendence biouhlu (Abd El-Mageed et
al., 2021; Adekiya et al., 2019; Yang et al., 2020; Zhang et al., 2020).
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[ Zavér a doporuceni

Zavérem je mozné konstatovat, Zze pod vlivem kteréhokoli ze zkoumanych stresovych
faktori dochdzi casto jiz béhem nékolika desitek minut k velmi dramatickym zménam
Vv kvantitativnim 1 kvalitativnim zastoupeni latek v bunkach. Tvorba nékterych prudce stoupa,
ujinych se naopak zastavuje. V hojné mife se vSak také syntetizuji latky, které se nedaji
za normalnich okolnosti vibec v bunkach zjistit. Tuto reakci rostlin je mozné také oznacit
za osmotické prizptsobeni, kter¢ nemusi byt vzdy primarné negativni, kdy z na$i studie
na Eruca sativa vyplyva, ze nizké koncentrace soli v pudnim roztoku pusobily spiSe stimulativné
narast rostlin, ktery je ovlivnén procesem aktivni akumulace soluti v buiice, aby byla
minimalizovéna ztrata vody ve vztahu k hyper ¢i hypotonickému prosttedi vné builky. Tvorba
osmoticky aktivnich latek spolecné s dal§imi zménami v metabolizmu zajiStujici vysokou odolnost
(napf. udrZzovani zvySené koncentrace osmoticky aktivnich latek) byvaji ¢asto provazeny sniZzenim
rychlosti ziskavani novych zdroji energie, a tedy i1 snizenim rychlosti tvorby biomasy, coz

Se projevuje omezenim vynosu.

Pozornost zédkladniho i1 aplikovaného vyzkumu se proto vénuje tématim zaméfenym
na objasnéni a pochopeni obrannych reakci rostlin a moznosti vyuziti osmoticky aktivnich latek
v zemé&délské prvovyrobé. Rada téchto latek je jiz nyni soudasti fady komeréné dodavanych
produkti. Jak omezit v dnesni dobé dopady ptisobeni stresorli na porosty polnich plodin se jevi cela
fada moznosti. A to od Slechténi tolerantnich kultivard jako mohou byt naptiklad nami testované
odrady Triticum aestivum s obsahem barviv v zrnu, které se ukazaly jako pfirozené odolngjsi vuci
stresu suchem, dalS§i moZnosti je zavadéni novych odriid jako byla nami testované vicetada odrida
Triticum aestivum, ktera se vSak neukazala jako pIn¢ vhodna, a to z diivodu neschopnosti navysit
vynos i pfes jeji vysoky vynosovy potencial a samoziejmé¢ neméné vyznamné jsou zdsahy
do optimalizace agrotechnickych postupt, jako na piiklad vyplyva z vysledkt vyse uvedené studie,
kdy se jako nejvyhodnéjsi ukazalo uziti biouhlu jako pudniho dopliiku, ktery zvysil retenci pudni
vlhkosti, a snizit vyplavovani dusi¢nani v disledku pfidani hnoje do pudy. V dusledku provedené
pudni Gpravy doslo k pozitivnimu vlivu na rust, vynos a kvalitu Beta vulgaris. Dal§i neméné
vyznamnou moznosti ze souboru vSech vyuzivanych opatteni je aplikace podplirnych stimulac¢nich
ptipravki, kdy jejich Ucinek je disledkem synergického ptsobeni riznych bioaktivnich molekul.
Mohou pisobit piimo na fyziologii a metabolismus rostliny, umoziuji zleps$it efektivitu vyuziti
vody a zivin u plodin, stimulovat vyvoj zvySenim primarniho a sekundarniho metabolismu, které

mohou pfimo ovlivnit rist a produkci rostlin zlepSenim tolerance rostlin proti abiotickym strestim.
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Nicméné je tieba konstatovat, ze znalosti téchto latek jsou znacné omezené zejména v kombinaci
se stresorem. Z toho divodu je velmi dilezity dalsi vyzkum a rozvoj v poznani chovani rostlin

ve stresovém prostiedi s aplikaci podptrné latky i bez aplikace podptirné latky.
7.1 Zavéretna zhodnoceni stanovenych cilii a hypotéz

Cil 1. Kvantifikovat zmény vodniho rezimu a fotosyntetickych parametrii v zavislosti na
délce piisobeni vodniho deficitu a aplikaci osmoticky aktivnich latek.

Cil byl splnén, viz publikace: Kraus et al. (2021)

Cil 2. Stanovit rozdilnou citlivost sledovanych fyziologickych parametrl a jejich vyznam
v toleranci k vodnimu deficitu u C3 a C4 rostlin.

Cil byl splnén, viz publikace: Hnilickova et al. (2021; 2017), Lebrun et al. (2022), Kraus et
al. Listy cukrovarnické a fepaiské (early access)

Cil 3. Stanovit fyziologickou odezvu rostlin na pasobeni vodniho deficitu a aplikaci
osmoticky aktivnich latek.

Cil byl splnén, viz publikace: Kraus et al. (2021)

Cil 4. Kvantifikovat na zaklad¢ fyziologickych parametrii moznost aplikace osmoticky
aktivnich latek ptfed a v dobé plisobeni vodniho deficitu na rostliny.

Cil byl splnén, viz publikace: Kraus et al. (2021), Kraus et al. Listy cukrovarnické a fepatské
(early access)

Hypotéza 1. U vybranych rostlinnych druhG dochéazi pti plsobeni vodniho deficitu
a aplikace osmoticky aktivnich latek k ovlivnéni sledovanych fyziologickych charakteristik.

Hypotéza byla potvrzena, viz publikace: Kraus et al. (2021)

Hypotéza 2. Lze stanovit relevantni fyziologické ukazatele odolnosti rostlin k vodnimu
deficitu.

Hypotéza byla potvrzena, viz publikace: Kraus et al. Listy cukrovarnické a fepaiské (early
access)

Hypotéza 3. Jsou fyziologické odezvy C3 a C4 rostlin odlisné v podminkach rtizného
prostiedi a plisobeni stresoru.

Hypotéza byla potvrzena, viz publikace: Hnilickova et al. (2021; 2017), Lebrun et al. (2022)
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