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Pe3rome

CapHUOIIIEABT € MacjiofaiiHa KyJTypa, H3I0JI3BaHA OCHOBHO KaTO XPaHUTEJICH
OPOJIYKT, TOpPaJd KOETO IIOJyYyaBaHETO Ha BHUCOKM JOOMBH C IICHHM KadecTBa Ha
NPOIYKIHUATA Ca M3KITIOYMTEIHO BaKHH 3a HApacCTBAIIOTO HaceiaeHue Ha 3emsata. OCHOBEH
npo0JieM 3a YCIICIIHOTO OTIIICKAAaHEe Ha CI'bHYOIJena ¢ Oopdara ¢ IIICBETUTE, KOUTO BOMIST
70 3HAYMTEIHM CTONAHCKM 3aryOM TIOpagd KOHKYPEHTHH OTHOIICHUS 34 OCHOBHU
XPaHUTEITHH pecypcH. [IpHIOKEHHETO Ha XEpOHMIUAM € Hal-pa3snpOCTPaHCHUAT METO. 3a
Oopba ¢ mIeBeNuTe NP CIBHYOITICIA, HO HAPE C HEr0 HEMPEKHCHATO C€ ThPCAT HOBU U I10-
e(eKTUBHU CPE/ICTBA 3a PElIaBaHe HAa TO3H MPOOIIEM.

Cucremara Clearfield® npennara Ha 3eMeqeNCKUTE TPOU3BOIUTEIN HOBO U €(PUKACHO
pelieHre 3a mpobsieMa C IUIEBEIUTE, KOMOWHUPAWKH BHUCOKO CEJICKTHBHU XEpPOUIMIN OT
rpynara MMHIa30JMHATE C MMHUIA30JIMH-YCTONYUBU 3eMEACICKH KyATypu. MIMa3aMOKChT €
SIIMH OT MEeTTE MMU/Ia30JIMHOBH XePOUIIH/Ia, KOUTO OJOKUPAT CHHTE3a HA aMUHOKHCEIIMHUTE C
pa3KJIIOHEHA BepUra, MHXUOWMpPaWKU aKTMBHOCTTA HAa CH3MMa alleTOXHUJIPOKCHAIUJ CHHTa3a
(AHAS). BbIpeku CpaBHHTEIHO BHCOKaTa My CEJICKTHBHOCT, 4eCTO Ipu o0paboTka ¢
MMa3aMOKC Cce¢ HaOJroJaBa BPEMEHHO TMOXBIATSIBAHE HA BErCTAI[MOHHUSA BPBX Ha
CI'BHYOTJICIOBUTE pacTeHUs. T03M XEpOWIMICH CTpeC Ce YCHJIBA NpPU TPENO3MpaHe WU
chUyeTaBaHE Ha XxepOuiuaHata o0paboTKa ¢ HENOJXOMIIIM KIMMATHYHH  YCIIOBHS.
MexaHu3MbT Ha JeHCTBME Ha HMa3aMOKca € JJ00pe HW3BEeCTeH, HO TOCIEAUINTE OT
nHXUOUIUATA Ha eH3uMa AHAS u HapyiieHus] CHHTE3 Ha aMUHOKHUCEIMHUTE JICBIIMH, BaJIMH
U W30JICBUMH BBPXY OCHOBHU (U3UOJOTMYHU TPOILECH B PACTCHUATA HE Ca HAIBIHO
u3scHeHu. M3BecTHO e, 4e XepOHWIuAHATAa JACTOKCU(DUIIAIUITA TIPH 3EMEIEIICKUTE KYATYpH
urpae BaKHa poJIsl 32 TSAXHATa CENIEKTHBHOCT, HO MH(pOpMaIMsiITa 3a MeTabOJM3HPAHETO Ha
XepOuIMaa KMa3aMOKC TIpH CIBHYOIVIEAa € MHOTOo oOrpaHudeHa. Jlumutupana e u
UH(pOpMAIHMATAa OTHOCHO MPOTEKTOPHU €PEKTH HA Pa3IMYHU OMOCTUMYJIAHTH BBPXY KYJITYPH,
TPETHpPAHU C UMHIA30JIMHOBU XCPOUIMIN, BKIFOUUTEIHO CIIbHUYOTIEA. VIMaliku B MpeaBHI
TE3W HEMBJIHOTH B OMOJIOTUYHHUTE acleKTH Ha CHUCTeMara, HUE IOCTaBHXME 3a IIeJH Ha
Hacrosllara aucepranus npoyuyBane Ha (1) ¢usmonornyHara peakuus Ha CIBHYOTIICIOBU
Clearfield xubpuau xbM xepOuiuaa uMazaMokC U (2) Bb3MOXKHOCTH 3a TOJOOpsSBaHE Ha
(GU3MONIOTUYHKSI  CTATYyC Ha TPETUPAHUTE PACTCHUS 4Ype3 JIMCTHO NPWIOKEHHE Ha
OMOCTUMYJIQHTH OT IpyraTa Ha MPOTEHHOBUTE XUIPOJIU3ATH.

N3cnenBanusTa, KOUTO ca BKJIFOUSHH B HACTOSIIATA TUCEPTALUs, Ca MPOBEACHH MPH

HAKOJIKO ONMUTHU MMOCTAHOBKH, 4 OCHOBHUTC PE3YJITaTU Ca NOMCCTCHU B IICT OTACIHH YaCTH.
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TonepanTHOCTTa Ha HAKOJIKO cibHYOrIenoBr Clearfield xubpuma kM XepOuUIUIa KMa3aMOKC
Oele olleHEeHa Ype3 U3MepBaHEe MOJyJalusaTa Ha (JOTOCHHTE3aTa Ha PACTCHHS, TPETUPAHU C
MPEMOPBhUUTEIIHA U JBYKPATHO 3aBWINEHA J03a MMa3aMOKC. Bb3 OCHOBa Ha HM3MEpPEHUTE
(OTOCHHTETHYHU MapaMeTpu OsXa YCTAaHOBEHU Pa3JIMYHU HHMBA HA T€HOTUITHA TOJIEPAHTHOCT
KbM XepOuluaa uMa3zaMoKC, KaTo XubpuabT Munaumu Oeiie n30paH 3a Hal-TOJIEPAHTEH U
KaTo TaKbB Oellle M31oi3BaH B cieapanure aHanusu ([aasa 3).

TonepaHTHOCTTa HA PACTCHHATA KbM PAa3IMYHU CTPECOBH (DAKTOPH, BKIFOUUTEITHO
KbM TpETHpaHe ¢ XepOULIUIYU, 3aBUCH U OT Taka HapeYeHHUTe creuduyHu U HecrieuupuuHu
3allUTHU MEXaHW3MH. 3a Ja ce OmpeleiH 10 KakBa CTENeH M JBaTa BHAA MEXaHU3MHU ce
aKTUBHpAT OT XepOWIUaa WMa3aMOKC TP CITBHYOIJICIOBH PACTCHHS, HUE CpPaBHUXME
OTTOBOPHUTE HA €TUH TOJCPAHTCH M CIMH YCTOMYMB KbM MMAa3aMOKC CIIbHYOTIICAOBH XUOPUIH
cien 24 daca TperupaHero c¢ xepOunuaa. IlomyueHuTe pes3ynratd mokasaxa pazinyus B
Obp3Us CTpPEecOB OTroBOp Ha [BaTa wu3cienBaHu xuOpuga. [Ipu YyBCTBUTENHHS COPT
CIIBHYOIJIC]] C€ 3ajciicTBaxa NPEIMMHO Heclenu(MUIHN MEXaHW3MH, KaTo HampuMep
SH3UMHUTE OT AHTUOKWCJIMTETHATA 3allUTHA CUCTEMa Ha KJIETKaTa, IOKATO MPHU PACTCHUS OT
TOJIEpaHTHHUSI XUOpuA Osixa aKTUBHpPAHM MEXaHU3MHUTE 3a JeTOKcU(UKauus U
MeTaboausupane Ha kcenoouoruim (I'1aBa b).

B nucepranmsita Oerie HanpaBeHO U MOHUTOPUHTOBO MPOyYBaHEe Ha (PHU3UOJIOTHIHHTE
edexTu oT XxepOuiuaa uMa3aMoKC BbB (ha3uTe Ha CTpec U Bb3cTaHOBsiBaHE (7 u 14 aHu ciex
TPETPUPAHETO) TP HMMHUJA30JIMH-PE3UCTECHTHUS  CIBHUYOTNIENOB  XUOpuUa MUIIuMH.
[leproauTe Ha cTpec U BH3CTAaHOBSIBaHE Osixa ompejaeNeHU Ha 0azara Ha JIMHEHHUSAT PacTex
Ha TPETHPAHHUTE C HMa3aMOKC cibHUorienoBu pacreHus ([saBa 5). Hammre nanHu
MOKa3Bar, dYe MPWIOKEHUETO HAa WMMa3aMOKC TPHYMHSBA BpPEMEHHO TIOTUCKAaHE Ha
¢dboTocuHTE3aTa, KaTO TOBAa HETaTUBHO BB3JCHCTBHE Oe€lle YCTAaHOBEHO KAaKTO MpH
CBETIMHHHWTE, Taka W TP ThbMHUHHHUTE peakiuu Ha (oTtocuntesara (I'yaBu 4, 5 u 6).
AHanu3bT Ha pacTeka Ha TPETHPAHH ¢ UMA3aMOKC PAcTEHUs MOKa3Ba, Y€ WHXUOMPAHETO Ha
pacTexka € Hall-CUJIHO WU3pa3eHo 7 JHU Cliell TPETUpaHeTo, a 14 nHM ciel ToBa pacTEeHHSTA
BB3CTAHOBSIBAT CBOS pacTexk. B mombiHeHue, Osxa onpeaeneHu cruenupuiHaTa akTUBHOCT Ha
ensuMa AHAS, ekcrpecusita Ha reHa AHAS] u ocraThuHHMTE KOMMYECTBA OT XepOuImaa
MMa3zaMOoKC, KaTo JaHHUTE ca moIpoOH npescTaBeHu B I'1aBa 4.

OTHOCHO BIUSHHUETO HAa JOMBIHUTEIHO JTOOABCHHTE aMUHO KHCEIWHH C Pa3KIOHEHA
BepUra BBPXY (U3HOJIOTHYHUAT CTAaTyC Ha CIIBHYOIVICIOBUTE PACTCHHSTA TPETHPAHU C
MMa3aMOKC, B M3CJIEJIBAHETO C€ YCTAaHOBU, Y€ TAXHOTO [00aBsHE 3HAYUTETHO HaMassiBa

HeratuBaust edekt oT xepowmmna (I'au 4 um 5). B jmonbiHeHue, TpeTtupaHeTro ¢
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AMUHOKHCEIIMHA BJIHMsIC MOJOXUTEIHO BBbPXY e(ekTuBHOCTTa Ha (oTocHHTE3aTra dpes3
HaMaJIIBaHC WHXMOWIIMATA HAa JIMCTHUS Tra3000MeH W Ha (OTOCHHTETUYHHS EIICKTPOHCH
TPAHCIOPT, KaKTO W TMOPAJH YBEIMYABAHE ChIABPKAHUETO HA (DOTOCHHTECTHYHU MHUTMEHTH
(FmaBa 4).

B nmuceprammsTa ca BKJIIOYEHH pE3YJITATH OTHOCHO BB3ACHCTBHETO HA JIMCTHO
NPUIOKEH OMOCTUMYIAHT (AMUHOKMCEIMHEH EKCTPAKT) BBPXY TPETUPAHU C HMMa3aMOKC
HMMH/1a30JIMHOH-TOJIEPAHTHHU CIbHUOTIIEI0BU pacTeHus. beme nposenen OJIP tect 3a na ce
Npoy4d B JeTailid edekTa Ha [aBaTa KOMIIOHEHTa BBPXY (OTOCHMHTETHYHHUS arapar Ha
TpeTHpaHUTe pacTeHHusATa. Karto ce MMaT B MpeABU MOJYYCHUTE PE3yJITaTH, MOXE Ja ce
HalpaBu 3aKIIOYCHHE, Y€ KOMOMHHMPAHOTO IMpUJIaraHe Ha HMMa3aMOKC M OHOCTUMYJIaHT
HamaJsiBa HETraTMBHHUTE C€(PEKTH OT XepOHIMIa, OKa3BaWKH IOJIOKUTEICH e(eKT BBpXY
CBETJIMHHO-3aBHCUMHMTE Mporieck Ha GpoTocunTe3a (I'1aBa 6).

Heraiinna wH(oOpMalMs OTHOCHO MexaHW3Ma Ha MHXHOWpaHe Ha eH3uMa AHAS,
cucremata Clearfield u TonepaHTHOCTTa Ha 3eMENEICKHTE KYITYpH KbM XCpPOUIMIN €
nomectena ¢ raasa 1 (Introduction) or mucepranmonnust tpya. B rmasa 2 (Materials and
Methods) moapoOHO ca omMCaHW W3MON3BAHUTE B M3CJICIBAHETO MaTepUalld, HAUYUHH Ha
NPUIOKCHNE W aHAIMTHYHU MeToau. B 3akmountennara riaasa 7 (General Discussion and
Perspectives) ca 0000IIeHH OCHOBHUTE pPE3yJATaTH M 3aKIIOYEHHUATA OT JUCEPTAIIMOHHUST

tpyn. Llutupanara HaydHa nuTepaTypa € momecteHa B riasa 8 (References).



List of abbreviations

A — Photosynthetic rate (Net CO, assimilation)
AAE — amino acid extract

a.i. — Active ingredient

AHAS — Acetohydroxyacid synthase

BCAA — Branched chain amino acids

car — Carotenoids

CDNB - 1-chloro-2,4-dinitrobenzene

chl - Chlorophyll

ChlIF - Chlorophyll fluorescence

ci — Intracellular CO, concentration

DAT - Day after treatment

DTE - Dithioerythritol

DTNB - 5,5'-Dithiobis(2-nitrobenzoic acid)
DW - Dryweight

E — Transpiration rate

EDTA - Ethylenediaminetetraacetic acid

ETR — Electron transport

eV - Electron volt

F — Fluorescence intensity

Fo — Minimal fluorescence (dark adapted leaves)
FAD - Flavin adenine dinucleotide

F; - Fluorescence intensity at the J-step (2 ms)
Fm — Maximal fluorescence (dark-adapted leaves)
Fm’ - Maximal fluorescence (light-adapted leaves)
Fv/Fm - Maximal quantum yield of PSII

FW — Fresh weight

GPOD - Guaiacol peroxidase

GPX - Glutathione peroxidases

GR —Glutathione reductase

gs — Stomatal conductance

GSH - Glutathione

GSSG - Oxidized glutathione

GSTs - Glutathione S-transferases

IMI — Imidazolinones herbicides

IMI-R — Imidazolinine-resistance



LA — Leaf area

LC-MS - Liquid chromatography—mass spectrometry
m/z - Mass-to-charge ratio

NADPH - Nicotinamide adenine dinucleotide phosphate
PAR - Photosynthetic active radiation

POD - Peroxidases

PPFD - Photosynthetic photon flux density

PSII — Photosystem 11

PVP - Polyvinylpyrrilidone

gN - Photochemical quenching

gP — Non-photochemical quenching

RGR — Relative growth rate

ROS - Reactive oxygen species

SOD - Superoxide dismutase

SPOD - Syringaldazine peroxidase

TBA - Thiobarbituric acid

TBArm - Thiobarbituric acid-reactive compound
TCA - Trichloroacetic acid

TPP - Thiamine pyrophosphate

V1t - Variable fluorescence

XOD - Xanthine oxidase

Y — Effective quantum yield of PSII

2VVP — 2-vinyl-pyridine



1. INTRODUCTION, OBJECTIVES AND TASKS

Sunflower is one of the most important oil crops in the world, because of its good taste
and healthy benefits (Dorrell and Vick, 1997). Unlike the other vegetable oils, about 90% of
sunflower oil is used for human consumption and only 10% of total production is used for
biodiesel and industrial application. Eastern Europe and the Black Sea Region represent more
than 60% of the sunflower planted areas in the world (Kaya, 2014). At present in Bulgaria on
average 500-600 thousand hectares of sunflower are planted and, therefore, the sunflower is
the second most important crop after wheat. Sunflower is the main oilseed crop for Bulgaria,
occupying about 85% of the area of industrial crops (Kostova, 2010).

Despite the high popularity of sunflower among the farmers and advanced
technologies in its cultivation some diseases, insects and weeds can cause troublesome and
costly problem. A study conducted for the National Sunflower Association of USA suggests
that direct losses to world sunflower producers from weed competition, plant diseases and
insect infestations during the mid-'90s ran in the area of $ 1.36 billion annually

(https://www.sunflowernsa.com).

Weeds are one of the most limiting factors for global sunflower production causing
considerable yield losses that are estimated at about 20-70 % (Blamey et al., 1997).
Sunflowers are usually planted in low densities and grow slowly during the first weeks after
planting until canopy closure. For that reason it is a poor competitor and weeds compete it
successfully during these early growth stages and as most field crops, it is vulnerable to weed
interference, during first 3 to 4 weeks after planting (Thompson et al., 2009). Maximum seed
yields are reported when sunflower is kept weed free 4 to 6 weeks after planting (Reddy et al.,
2015). In later phases of growing sunflower is a good competitor with weeds, but the greatest
damage and vyields losses of sunflower production are caused namely by weeds that emerge
and establish in young stages of sunflower cultivation. Weeds which germinate before
herbicide activation will not be controlled by a pre-emergence treatment. Herbicides are the
most desirable method for weed control, especially under no-tilling conditions. Available
post-emergence sunflower herbicides are mainly graminicides for grass control, but they do
not control broadleaf weeds, which are another major problem with weed control in sunflower
cultivation. Most of the herbicides commonly used in sunflower like Dinitroanilines and
Chloroacetamides are primarily controlling grass weeds with narrow broadleaf weed control
spectrum, especially on difficult- to-control weeds like Xanthium strumarium, Datura
stramonium, Ambrosia artemisiifolia, and Sonchus spp. Weeds insufficiently controlled in

sunflower also include parasitic weeds like Orobanche spp (Pfenning et al., 2008). Therefore
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weed management is an important component of successful sunflower cultivation and
production.

The Clearfield® production system is a new tool for growers to optimize production in
many crops, including sunflower. It presents agricultural system combining imidazolinone-
tolerant crops with imidazolinone herbicides. Imazamox is high selective imidazolinone
herbicide, which suppressing the branched chain amino acids biosynthesis in plants by
inhibiting the enzyme activity of the kay enzyme acetohydroxyacid synthase (AHAS). The
mode of action of imazamox is well known, but the exact consequences of AHAS inhibition
in the cardinal physiological processes in plants, remain not unclear. The most common
inhibitory effect of AHAS herbicides is the growth arrest of meristem tissues of non-target
plants. Although the high selectivity of IMI-R sunflower hybrids, transitions crop injury
occasionally due to higher imazamox rates, application timing as well as the environmental
conditions.

It is known that the herbicide degradation in crops plays a major role in herbicide
selectivity and the enzyme family such as Cytochrome P450 and Glycosyltransferase are
involved in herbicide degradation, but the information concerning the role of glutathione S-
transferases is still incomplete. In addition, there is a luck of information about the possible
protective effects of different groups of biostimulants on imidazolinone-treated crops,

including sunflower. Concerning these ambiguities in current study we aimed (1) to reveal the

degradation rate and physiological effects of the herbicide imazamox in IMI-resistant and

IMI-susceptible sunflower hybrids and (11) to examine the some possibility of reducing the

temporary growth inhibition caused on herbicide imazamox on sunflower plants by foliar

application of amino acid extract.

To achieve the objectives of our research we set the following tasks:

1) to evaluate the tolerance of sunflower Clearfield hybrids to both recommendable
and higher doses of the herbicide imazamox.

2) to compare the fast (24h) response of IMI-R and IMI-S sunflower hybrids to the
herbicide imazamox.

3) to monitor the physiology alterations of imazamox-treated IMI-R sunflower hybrids
in stress and recovery phases.

4) to estimate the influence of BCAA addition in the root medium on physiological
performance of imazamox-treated sunflower plants.

5) to evaluate the effect of leaf applied biostimulant (amino acid extract) on

imazamox-treated IMI-tolerant sunflower plants.
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2. MATERIALS AND METHODS

2.1. Plant material
In this work 6 sunflower hybrids were used:

e 5 commercial Clearfield hybrids: Alego, LG 56.58, Primis, Mildimi and
Tektonik.

e 1 conventional hybrid - Albena

The main part of the research were conducted with hybrids:

v' Mildimi - who was selected after comparative study between the above
mentioned CL hybrids. Mildimi (IMI-R) carrying the haplotype 5 of the
AHASL1 gene (Imisun trait). The CL hybrid Mildimi is Produced by Syngenta.
Main characteristics: fairly late hybrid, fairly high plant, potential fat content —
45%, tolerance to Sunflower Broomrape (Orobanche cumana): A-E. The
hybrid is produced by Syngenta.

v' Albena - the hybrid has been developed by the Dobrudzha Agricultural
Institute (General Toshevo, Bulgaria). Standard (linoleic) type of oil. High
yield hybrid resistant to Sunflower Broomrape (Orobanche cumana): A-E and

sunflower downy mildew (Plasmopara halstedii).

2.1.Chemicals used in the study
2.1.1. Imazamox /Pulsar 40/
Imazamox —
2-(4-1sopropyl-4-methyl-5-0x0-2-imidazolin-2-yl)-5-methoxymethylnicotinic acid
Empirical formula:  Cy5H19N304, Molecular weight: 305.32906 g/mol

CH
- 3
H / CH,—0
N |
0] M Sy,
CHg—f|3H N &
O
CHy CH; © oA

LDsy value (rat oral) — 5000 mg/kg (Directive 401 of OEDC, Organization for

Economic Cooperation and Development)
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The commercial herbicide product used in this study is Pulsar 40, produced for the
eastern Europe countries (Bulgaria, Croatia, France, Greece, Hungary, Italy, Romania Serbia,
Slovakia, Spain, Turkey), by BASF chemical company. The Pulsar 40 is suspension
concentrate with active ingredient imazamox in concentration 40 g.L-1. Pulsar 40 is
categorized as selective, contact, soil and vegetation imidazolinone herbicide. Quarantine

period — 90 days.

2.2.2. Branched chain amino acids (BCAA)
2.2.2.1. L-Veline — ((S)-a-Aminoisovaleric acid, L-2-Amino-3-methylbutanoic
acid), powder form.
Empirical formula: (CH3),CHCH(NH2)CO;H, Molecular weight: 117.15 g/mol.
Reagent grade > 98% (HPLC), produced by Sigma Aldrich (V0500, CAS Number 72-18-4).
CH; O

HaC OH
NH,

2.2.2.2. L-Leucine — ((S)-2-Amino-4-methylpentanoic acid), powder form.
Empirical formula: (CH3),CHCH,CH(NH,)CO,H; Molecular weight: 131.17 g/mol.
Reagent grade > 98% (HPLC) produced by Sigma Aldrich (L8000, CAS Number 61-90-5)
O

H
3C OH

CH3 NHs

2.2.2.3. L-Isoleucine — ((2S,3S)-2-Amino-3-methylpentanoic acid), powder form.
Empirical Formula: C;HsCH(CH3)CH(NH2)CO,H, Molecular weight: 131.17 g/mol.
Reagent grade > 98% (HPLC) produced by Sigma Aldrich (12752, CAS Number 73-32-5)
CHz O

H3C OH

NH»

2.2.3. Terra-Sorb foliar
Terra-sorb foliar is biostimulant with an amino-acid base obtained by enzymatic
hydrolysis containing. The product is used to prevent situations that cause crop stress and

incense of flowering and fruit setting in critical conditions. Terra-sorb foliar is recommended
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for field crops, fruits and vegetables. The formula contains all biologically active free amino
acids: Asp, Ser, Glu, Gly, His, Arg, Thr, Ala, Pro, Cis, Tyr, Val, Met, Lys, lle, Leu, Phe, Trp)
- 9.3% (w/w), Total nitrogen (N) - 2.1% (w/w), Organic nitrogen (N) - 2.1% (w/w), Boron (B)
- 0.02% (w/w), Manganese (Mn) - 0.04% (w/w), Zinc (Zn) - 0.07% (w/w), Organic matter -
14.8% (w/w). Terra-sorb foliar is produced by Bioiberica S.A. (Spain).

2.3. Methods

2.3.1. Determination of glutathione content

Concentrations of reduced (GSH) and oxidized (GSSG) glutathione were determined
according to the method described by Queval and Noctor (2007). Frozen leaf tissue was
ground, homogenized in HCI and centrifuged. NaH,PO, buffer was added to the supernatant
and pH was adjusted to 4.5. Estimations of GSH and GSSG are based on the glutathione
reductase (GR)-dependent reduction of 5,5-dithiobis(2-nitro-benzoic acid), monitored at 412
nm. To determine total glutathione, the supernatant was added in triplicate to a 96-well plate.
The reaction was started by adding GR (20U/ml) and the rate of DTNB reduction was
monitored. Sample concentrations of total glutathione were calculated relative to a GSH
standard curve, and were corrected for GSH-independent reduction of DTNB by subtraction
of the mean value of duplicate blank assays (0 nmol GSH). GSSG was determined according
to the same principle after incubation with 2-VP to complex GSH. The final standard was also
subjected to incubation with 2- VVP. Concentrations of GSSG were calculated as for total

glutathione.

2.3.2. Detemination of AHAS enzyme activity

The protein extraction was performed according to Schroder and Gotzberger (1997).
Frozen plant material (0.5 g) was powdered and 5 ml of freshly prepared extraction buffer
[0.1 M Tris/HCI, pH 7.8, 5 mM EDTA, 5 mM dithioerythritol, 1% Nonidet P40, 1% insoluble
polyvinylpyrrolidone (PVP)] was added, homogenized, and extracted for 30 min before
centrifugation for 30 min at 20,000 rpm. The proteins in this crude extract were precipitated
by addition of ammonium sulfate in two steps of 40 and 80% saturation, respectively. Protein
solutions were centrifuged after each step and pellets finally resuspended in 2 ml of 25 mM
Tris/HCI buffer (pH 7.8). This step was followed by desalting with Sephadex PD-10 columns.

Acetohydroxyacid synthase (AHAS, EC 2.2.1.6) enzyme activity was measured
according to Ray (1984) with some modifications. This assay detects acetolactate, the AHAS

enzyme product of, after conversion to acetoin.
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Leave tissue (2g) was cold ground in 6 ml extraction buffer (0.1 M potassium
phosphate (pH 7.5) containing sodium pyruvate (0.1 M), thiamine pyrophosphate (0.5 mM),
MgCl, (0.5 mM), flavin adenine dinukleotide (FAD, 10 uM) and 10% glycerol) and PVP
were added. The homogenates were filtered through a layer of cheese cloth and centrifuged at
14 000g for 20 min at 4°C. Proteins were precipitated from the supernatant at 50% of
saturation of ammonium sulfate and solution centrifuged at 14 000g for 25 min at 4°C. The
supernatant was discarded and pellets were resuspended in potassium phosphate (0.1 M, pH
7.5) containing sodium pyruvate (20 mM), and MgCl; (0.5 mM).

AHAS activity was assayed by adding 0.1 ml of enzyme extract to 0.5 mL reaction
mixture (20 mM potassium phosphate (pH 7.5) containing sodium pyruvate (20 mM),
thiamine pyrophosphate (0.5 mM), MgCl; (0.5 mM) and FAD (10 uM)). The reaction mixture
was incubated in dark at 37 °C for 1 h and the reaction was subsequently terminated by
adding 50 pL H,SO4 (3M). Then 0.5 mL 0.5% creatine was added and the solution was
incubated in dark at 60 °C for 15 min. The added sulfuric acid terminated the AHAS reaction
and decarboxylated the enzyme product acetolactate to acetoin. Acetoin was detected as a
colored complex (A = 525 nm) formed after adding 5% a-naphthol (freshly prepared in 2.5 M
NaOH) and fallowed by dark incubation at 60 °C for 15 min. A standard curve was

constructed using commercial acetoin.

2.3.3. Gene expression analysis

RNA was extracted from disrupted tissue using the miRVANA Total RNA Isolation
kit, according to the manufacturer’s instructions (Life Technologies). To remove genomic
DNA, 1 ug RNA was treated using the TURBO DNA-free kit according to the manufacturer’s
instructions (Life Technologies). First strand cDNA synthesis was performed with 1 pg total
RNA using the High Capacity reverse transcription kit and a combination of oligo(dT)-
primers and random hexamers according to the manufacturer’s instructions (Life
Technologies). The cDNA sample was diluted 10-fold in 1/10 TE-buffer and stored at -20°C.
Quantitative PCR was performed with the 7500 Fast real-time PCR cycler (Applied
Biosystems) and SYBR green chemistry. PCR reactions were carried out in a total volume of
10 pl, containing 2 pl cDNA sample, 5 pl Fast SYBR green Master Mix (Life Technologies)
and 300 nM of each primer. Primer sequences of reference genes were according to
Fernandez et al. (2011) Sequences of the GSH1 and GSH2 genes were searched through Gene
Index (http://compbio.dfci.harvard.edu/cgi-bin/tgi/geneprod_search.pl). Specificity of the
primers was checked by BLAST and melting curve analysis after real-time PCR.
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The amplification efficiencies of all primer sets were investigated by measuring a 2-
fold serial dilution (E=10(-1/slope) method) and were approved when they were greater than
1.8. Genes and primer sequences for RT-qPCR are listed in supplemental table. After geNorm
analysis (Vandesompele et al., 2002), two reference genes (ACT and PEP), were selected for
normalization.

Relative quantities were calculated as 2-ACq and normalized relative quantities by
dividing relative quantities by the normalization factor based on the geometric mean of the
expression level of two reference genes. Adherence of the RT-qPCR to MIQE guidelines

(Bustin et al., 2010) is also listed in supplemental table.

2.3.4. Chlorophyll a fluorescence analysis
Analysis carried out with MINI-PAM

Chlorophyll fluorescence measurements were performed on intact, dark- and light-
adapted leaves with a pulse modulation fluorometer (MINI-PAM, Heinz Walz, Germany),
before taking samples for biochemical assessment. Plants were kept in the dark for at least 25
min before measurement. By switching on the measuring beam (0.02 — 0.20 umol m-2 s-1),
the minimal level of fluorescence (Fo) was recorded. Immediately thereafter, a saturating light
pulse (SLP) of 5500 umol m-2 s-1 with 0.8 s duration was sent out to record the maximal
level of fluorescence in the dark-adapted state (Fm), from which the maximal quantum yield
of PSII [Fv/Fm] was calculated (with Fv = Fm — F0). After 30 min of light adaptation at 250
umol m-2 s-1, the steady-state level of photosynthesis was reached and a saturating light pulse
(5500 pmol m-2 s-1) was applied. Based on the measurements of fluorescence yield before
the SLP (F) and the maximal fluorescence reached during the SLP (Fm’), following
parameters could be calculated: the effective yield of photochemical energy conversion [Y =
(Fm> — F) / Fm’] and the electron transport rate [ETR = Y*PAR*0.5%0.84] (White and
Critchley, 1999). According to Schreiber (2004), photochemical quenching [qP = (Fm’” — F) /
(Fm’ — FO)] and non-photochemical quenching [qN = (Fm — Fm”) / (Fm — FQ)] quenching

parameters, as well as NPQ [(Fm — Fm’) / Fm] were calculated.

Analysis carried out with Handy PEA
After 30 min light adaptation at 250 umol m-2 s-1 steady-state level of photosynthesis
was achieved and a saturating pulse with the same characteristics was applied. Fluorescence
yield before triggering of saturation pulse (F), maximal (Fm') fluorescence reached during the

saturation pulse, effective yield of photochemical energy conversion (Y), Y = (Fm'-F)/Fm’) as
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well as apparent electron transport rate (ETR) calculated as ETR = Y*PAR*0.5*0.84 (White
and Critchley, 1999) were determined.

Very sensitive method, which allows evaluating the change in the general
bioenergetics status of plants, particularly Photosystem 1l (PSII) status and linear electron

transport rate, is measurement of chlorophyll a fluorescence (ChIF) (Papageorgiou and

Govindjee 2004). The method is based on high time-resolution measurements of the fast

photoinduced changes of chlorophyll a fluorescence emitted mainly by antennae pigments of
PSII. The kinetics of fast ChlF rise after illumination of dark adapted photosynthesizing
samples show some specific phases denoted with letters OJIP. The shape of the ChlIF rise
reflects the electron transport events in photosynthetic electron transport chain starting from
water oxidation reactions in PSII and ended by NADP reduction by photosystem | (PSI).

The important structural and functional characteristics of thylakoid membranes could
be described by a number of parameters calculated from ChlF rise data and called OJIP test.
The fluorescence intensities determined at 50 us, 100 ps, 300 us, 2 ms, 30 ms and Fy were
used for the calculation of the OJIP test parameters (Strasser and Srivastava et al. 1995).

Induction curves of ChIF for 1 s with 3000 pmol.m™?.s™ PPFD after 1 hour dark-
adaptation were recorded in native leaves of Helianthus annuus Clearfield® by fluorimeter
Handy PEA (Handy Plant Efficiency Analyzer) Hansatech Instruments Ltd., King’s Lynn,
UK for 1 s. The measured spots of the leaves were dark-adapted for 1 hour while the whole
plants were left on light. For each experimental variant at least 10 measurements were done.
The primary data processing was done by program HandyBarley, developed by Petko
Chernev at the Department of Biophysics and Radiobiology, Faculty of Biology, Sofia
University, and the secondary processing, including calculation of JIP parameters — on

Microsoft Excel. The plots were done in Sigma Plot.

2.3.5. Statistical analysis

Statistical analysis was performed using ANOVA (for P< 0.05). Two way ANOVA
was used to compare the responses of both hybrids to the treatments only at 1 DAT.
Thereafter (7 and 14 DAT) the data within each time point were analyzed using one way
ANOVA. Based on ANOVA results, a Duncan test for mean comparison was performed, for a
95% confidence level, to test for significant differences among treatments. In the figures,
different letters (a, b, ¢) express significant differences.
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3. RESULTS

3.1. Tolerance of IMI-R sunflower hybrids to the herbicide imazamox

Experimental design

Pot-soil experiments were carried out in the greenhouse. The sunflower plants
were grown in pots filled with approximately 6-7 cm drainage (boulders with size 1 — 1,5
cm ) and 5 kg dry soil taken from the experimental field of the Agricultural University of
Plovdiv. During the vegetation the watering was performed by a plastic pipe directly in
the drainage layer up to 60-70% soil moisture every two days. Fertilization with 500ml %
Hoagland solutions was done once, two weeks after sowing.

When plants reached the 4-6 leaf stage, a two-factorial experimental design was
set up: first factor — genotype (the 5 hybrids given above) and second factor — herbicide
imazamox treatment (non-treated control, treated with the recommended field imazamox
dose (4.8 g a.i. / da = 120 ml Pulsar 40 / da) and the double imazamox dose (9.6 g a.i. / da

= 240 ml/da Pulsar 40). Each of the variants was replicated in three pots, 4 plants per pot.

Data presented in Table 1 show that treatment of sunflower plants with imazamox in
the recommended dose (4.8 g / da) resulted in a significant decreases of the net photosynthetic
rate (A) (P < 0.05), except for cv. Mildimi. The inhibition of A varied between 33 and 41%.
As expected, the decrease of A was higher in plants treated by the double imazamox dose.
Our results confirm the opinion (Pfenning et al., 2008) that the imazamox can cause a slight
negative impact on tolerant plants even when it is applied in the recommended dose. The
results obtained in our study correspond also with those of Gaston et al. (2002) who showed
an inhibition of A in imazethapyr treated pea plants. Our results provide evidence that the
sunflower hybrid Mildimi showed better tolerance to imazamox treatment compared to the
other cultivars. The net photosynthetic rate in imazamox-treated plants from this cultivar was
almost not affected by both the recommended and the double imazamox dose.

The net photosynthetic rate represents the state of the overall photosynthetic process —
CO, assimilation. In fact, the photosynthetic process involves reactions at different functional
levels — pigment level, primary light reactions, thylakoid electron transport reactions, dark-
enzyme stromal reactions as well as slow regulatory feedback processes. The herbicide
treatment can influences directly or indirectly any of these processes. Chlorophyll
fluorescence is another possible approach for indirect judgment of plant photosynthetic

performance. This arises from the fact that fluorescence is complementary to the alternative
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pathways of utilization of absorbed sunlight energy, which are photochemistry
(photosynthesis) and heat dissipation. Briefly, the fluorescence vyield is the highest when the
photochemistry and heat dissipation are the lowest.

The results presented in Table 1 show also that Y of herbicide-treated sunflower plants
were diminished in the studied cultivars, but to different degrees — from 9 to 26% in the
recommended dose and similarly in the double one. The tendency was significant in cultivars.
Tektonik and Alego treated with the recommended dose and cultivars Tektonic and Primis
treated with the higher imazamox dose. It should be mentioned also that the decrease of Y
was obviously smaller than that of A, which indicates that the primary light reactions are less
affected than other photosynthetic processes. The results obtained in our study correspond
with the findings of Sousa et al. (2013) who reported that the imidazolinone herbicides can

cause inhibition of photosynthetic electron transport reactions.

Table 1: Net photosynthetic rate (A) and quantum yield of PSIl photochemistry (Y) of plants from
different Clearfield sunflower hybrids 7 days after treatment with the herbicide imazamox. The values represent
the mean of three biological replicates. Different letters (a, b, ) express significant differences (P < 0.05) within
the treatments of each cultivar.

Cultivars / Control 4,8 g/da imazamox 9,6 g/da imazamox
Treatments A (umol m™ s™) (In parenthesis -% from control)

LG 56.58 20,48 (100) a 11,99 (59) ¢ 14,96 (73) b

Tektonik 19,20 (100) a 12,11 (63) b 10,40 (54) b
Alego 22,41 (100) a 14,1063) b 10,67 (47) b
Mildimi 20,98 (100) a 20,39 (97) a 19,91 (95) a
Primis 18,68 (100) a 12,57 (67) b 9,49 (51) b

Y (In parenthesis -% from control)

LG 56.58 0,192 (100) a 0,172 (90) a 0,167 (87) a

Tektonik 0,254 (100) a 0,188 (74) b 0,194 (76) b
Alego 0,259 (100) a 0,219 (79) ab 0,194 (78) b
Mildimi 0,264 (100) a 0,239 (91) a 0,228 (86) a
Primis 0,213 (100) a 0,187 (88) a 0,137 (65) b

On the 14™ DAT (Table 2) the values of A in both non-treated (control) and treated
with the recommended imazamox dose (4.8 g a.i. / da) plants were similar, indicating
significant recovery of the photosynthetic apparatus. The Y values showed the same tendency:
the determined values were not significantly different from the control plants. Photosynthetic
measurements of plants treated with the double imazamox dose were not performed on the

14™ DAT due to visual damages of the respective leaves, such as necrotic spots or occurrence
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of both chlorosis and epinasty symptoms. Nevertheless, it is important to mention that the

developing new leaves were without toxicity symptoms.

Table 2: Net photosynthetic rate (A) and quantum yield of PSII photochemistry (Y) of plants from
different Clearfield sunflower hybrids 14 days after treatment by the herbicide imazamox The values represent
the mean of three biological replicates. Different letters (a, b, c) express significant differences (P < 0.05) within
the treatments of each cultivar.

Cultivars / Control 4,8 g/da imazamox
Treatments A (umol m™ s™) (In parenthesis -% from control)
LG 56.58 17,82 (100) a 17,05 (96) a
Tektonik 14,80 (100) a 14,66 (99) a
Alego 15,99 (100) a 16,10 (101) a
Mildimi 16,91 (100) a 17,81 (105) a
Primis 17,22 (100) a 13,41 (78) b
Y (In parenthesis -% from control)
LG 56.58 0,218 (100) a 0,192 (88) a
Tektonik 0,281 (100) a 0,223 (79) a
Alego 0,216 (100) a 0,226 (104) a
Mildimi 0,239 (100) a 0,230 (96) a
Primis 0,207 (100) a 0,202 (98) a

The biometrical analyses of plants, performed on the 14" DAT, are presented in
Figure 1. The results show that the growth of imazamox-treated plants from all sunflower
Clearfield hybrids was inhibited, but to a different extent in-between cultivars.

The height of plants from cultivars LG56.58, Tektonik and Meldimi (Figure 1 B),
treated with the recommended imazamox dose, was significantly reduced in comparison to
non-treated (control) plants, while the plants from cultivars Alego and Primis were only
slightly (not significantly) lower. The height of plants treated with the double imazamox dose
was strongly diminished in all tested cultivars.

The treatment of sunflower plants with imazamox resulted in inhibition of fresh
weight accumulation (Figure 1 A). The fresh weight of plants treated with the recommended
dose of imazamox was significantly lower than the respective controls for cultivars LG56.58
and Alego and showed a decreasing trend in other cultivars. Again, the double dose
imazamox strongly inhibited the growth from all cultivars.

The development of the leaf area in imazamox treated plants was also affected (Figure
1 C). The herbicide, applied in the double dose, caused inhibition (about 50% or higher) of
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this parameter, while in the recommended dose a slight but significant inhibition was

observed only in plants from cultivars LG56.58 and Primis.
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Figure 1: Biometrical parameters: A — weight of plants; B — height of plants and C — leaf area, of Clearfield
sunflower hybrids treated with field dose (4.8 g a. i./ha) and double dose (9.6 g a. i. /ha) of herbicide imazamox,
14 days after treatment. The values represent the mean of three biological replicates. Different letters (a, b, ¢)
express significant differences (P < 0.05).

Considering these results we concluded that the treatment of Clearfield sunflower
hybrids with the recommended field dose imazamox (48 g a.i. ha™) causes a transient and
recoverable inhibition of both plant growth and photosynthetic performance, while the
doubled dose leads to significant damages and incomplete recovery. The IMI-R sunflower
hybrids LG 56.58, Tektonic, Alego, Mildimi and Primis differ in their tolerance to the
herbicide imazamox. Assessment of the physiological status of imazamox-treated plants
assigns the highest tolerance to the hybrid Mildimi.
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3.2. Fast response of IMI-R and IMI-S sunflower hybrids to the herbicide imazamox
and physiology alterations of imazamox-treated IMI-R sunflower hybrids in
stress and recovery phases

Experimental design

The experiments were carried out in climatic modules in a Fitotron chamber (H.V.A. —
Koeling BVBA, Genk, Belgium) in the Hasselt University, Belgium. The seeds were rinsed in
distilled water and placed for two hours in distilled water for imbibition. After that the seeds were
placed in perlite for germination in 25 ° C. When they reached the suitable size, they were betted
on Styrofoam by sticky strip. The plants were placed in 2.5 liters pots (4 plants per pot) filled
with %2 modified Hoagland nutrient solution.

The plants from two hybrids IMI-R Mildimi and IMI-S Albena were grown in a growth
chamber with a 14/10 hours (light/dark) photoperiod, 250 pmol m 2 s * photosynthetic active
radiation (PAR) at leaf level, temperature 24/22 = 1 C° day/night and 60 % relative air humidity.
The aeration was carried out by aquarium aeration system in each pot, night and day. At 4-6 thru
leaf stage the plants were treated and were arranged an experimental design with four treatments:
1. Control — non-treated plants
2. BCAA - 0,5mM of each Branched chaun amino acids (Valine, Leucine and Isoleucine).

3. Imazamox — 40 g a.i. h™* or approximately 132 pug per plant.
4. Imazamox + BCAA - 40 g a.i. h™ or approximately 132 pg per plant + 0,5mM of each
Branched chaun amino acids (Valine, Leucine and Isoleucine).

Each of the four variants was repeated in three pots (4 plants per pot).

Plant tolerance to herbicides at the biochemical level depends on both specific and

non-specific defence mechanisms. Usually, quick plant responses to different stress factors

are based on non-specific mechanisms. To identify to what extent both kinds of mechanisms

are induced in sunflower plants by the herbicide imazamox we compared the responses of
IMI-R (Mildimi) and IMI-S (Albena) sunflower hybrids 24 hours after the treatment.

IMI-S sunflower hybrid showed an increased GR activity (enzyme catalyzing the

conversion of oxidized glutathione - GSSG to reduced glutathione - GSH) at 1 DAT after

imazamox treatment (Fig. 2). Similarly, significantly increased enzyme activities were

observed also in GPX and SPOD enzymes. In comparison, the activities of antioxidative

enzymes in IMI-R plants treated with imazamox were not significantly higher at 1 DAT,

where only the SPOD showed slightly increased activation. The activity of GR was different
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in imazamox-treated IMI-R plants, compared to the one in the susceptible hybrid where at the
first DAT there was no significance enzyme activation.

Glutathione is a key metabolite in plants preventing damage to cellular components
caused by ROS (Noctor and Foyer, 1998) and is used also by the GSTs for the detoxification
of toxic xenobiotics such as herbicides (Jozefczak et al., 2012). The total GSH contents and
the percentages of GSH/GSSG in imazamox treated sunflower plants are presented in Figure
3A. At 1 DAT total GSH contents in IMI-R plants were similar for all treatments except for
BCAA-treated plants in which a slight increase in GSH was observed. The plants from
conventional hybrid showed increased GSH content in the variant treated with imazamox. No

significant changes in the GSH/GSSG ratio were observed in both hybrids and all treatments.
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Figure 2: Activities of anti-oxidative enzymes and level of lipid peroxidation determined as levels of the TBA-
reactive compounds (TBArm) in leaves of IMI-S and IMI-R sunflower plants treated with the herbicide
imazamox with or without supply of BCAA expressed in days after treatment (DAT). Different letters (a, b)
express significant differences between treatments at each time point (P < 0.05). Significance levels: For SOD:
treatment effect — NS, hybrid - *** P< 0.001, treatment*hybrid — NS; For GPOD: treatment effect — NS, hybrid -
*** P < 0.001, treatment*hybrid — ** P< 0.01; For SPOD: treatment effect — ** P< 0.01, hybrid - *** P <
0.001, treatment*hybrid — ** P< 0.01; For GPX: treatment effect — *** P< 0.001, hybrid - NS,
treatment*hybrid — *** P< 0.001; For GR: treatment effect — NS, hybrid - *** P < 0.001, treatment*hybrid —
*** P< (0.001; For TBArm: treatment effect — *** P< 0.001, hybrid - NS, treatment*hybrid — NS.
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To estimate the impact of imazamox treatment on the fast xenobiotic metabolism of
sunflower plants the activity of glutathione-S-transferase (GST) was determined with two
substrates, more specifically CDNB and fluorodifen. While no increase in GST activity was
observed in IMI-S sunflower plants, the activity with both substrates was higher after
imazamox application in IMI-R plants (Fig. 3 B). In contrast to the IMI-S plants, the GST-
fluorodifen activity was enhanced from the first day after imazamox treatment in the IMI-R
hybrid. At the molecular level, the responses in the IMI-R and IMI-S hybrids were similar:
imazamox treatment led to increased GSH2 expression in both hybrids. The results regarding
the expression of GSH1 and GSH2 genes supported the fact that imazamox could induce a
GSH accumulation via increased expression of synthesis genes (Fig. 3 C).

Our results showed dissimilarities in the fast stress response and defence mechanisms
in the compared hybrids. In the IMI-S sunflower hybrid Albena, the total amount of the
metabolite glutathione was increased after imazamox application. These plants responded
with activation of the antioxidative cell defense network manifested by enhanced antioxidant
enzyme activities, such as GR, GROX and SPOD. In contrast, in IMI-R hybrids almost no
changes in the antioxidative enzyme activities were observed, while GSTs activities were

significantly higher.
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Figure 3: A - Total glutathione contents (bars) and percentages of reduced glutathione (points) in IMI-S and IMI-R sunflower plants treated with the herbicide imazamox
with or without supply of BCAA expressed in first day after treatment (DAT). B - Activity of glutathione S-transferases, substrate CDNB and fluorodifen, in leaves of IMI-S
and IMI-R sunflower plants treated with the herbicide imazamox with or without supply of BCAA expressed in first day after treatment (DAT). B - : Relative expression:
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3.3. Monitoring of the physiology alterations of imazamox-treated IMI-R sunflower
hybrids in stress and recovery phases.

The height of sunflower plants was monitored during 14 days after the start of the
treatment. Height of the IMI-R hybrid is presented in figure 4. The growth retardation of
imazamox-treated sunflower plants relative to non-treated plants started immediately and the
absolute difference in height of the plants gradually increased to the end of experimental
period. The growth of imazamox-treated sunflower started to recover from the 9th day after
treatment (DAT), but the recovery was not sufficient to compensate the initial growth
inhibition and at 14 DAT the non-treated plants were over 43 % taller than the imazamox-
treated sunflower plants. At the same time point, the growth inhibition of plants receiving
combined application of imazamox and BCAA was only 24% compared to the non-treated

plants.

20
—+—Control

18
16 Imazamox

14 —&—Imazamox + BCAA

12
——BCAA

10

™M

0 1 3 5 7 9 11 14

Control 5,6%0,5a 6,1+0,7ab 7,1+0,8b 89+0,7b 10,612 a 12,5+1,7ab 14,3+21a 183%29a
BCAA 57:05a 63%05a 79%05a 9,8:07b 11,8+12a 14,0+12a 155+06a 17,8+25ab
Imazamox 5,5t0,4a 56+04b 65+1,0c 70+10c 7,5+12b 79+14c 88+17b 100%27c

Imazamox +

BCAA 52+05a 61+02ab 7,4+0,3ab 89+08ab 105+1,4a 109+12b 12,8 +2,1a 1402,7b

Figure 4: Height of IMI-resistant sunflower plants treated with the herbicide imazamox with or without

supply of BCAA expressed in days after treatment (DAT). The values represent the mean of three biological
replicates. Different letters (a, b, c) express significant differences (P < 0.05).
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3.4. Influence of BCAA addition in the root medium on physiological performance of

Imazamox-treated sunflower IMI-R plants

Experimental design

The experiments were carried out in climatic modules in a Fitotron chamber (H.V.A. —
Koeling BVBA, Genk, Belgium) in the Hasselt University, Belgium. The seeds were rinsed in
distilled water and placed for two hours in distilled water for imbibition. After that the seeds were
placed in perlite for germination in 25 o C. When they reached the suitable size, they were betted
on Styrofoam by sticky strip. The plants were placed in 2.5 liters pots (4 plants per pot) filled
with 2 modified Hoagland nutrient solution.

The plants from hybrid Mildimi (IMI-R) were grown in a growth chamber with a 14/10
hours (light/dark) photoperiod, 250 pmol m—2 s—1 photosynthetic active radiation (PAR) at leaf
level, temperature 24/22 + 1 C° day/night and 60 % relative air humidity. The aeration was
carried out by aquarium aeration system in each pot, night and day. At 4-6 thru leaf stage the
plants were treated and were arranged an experimental design with four treatments:

1. Control — non-treated plants

2. BCAA - 0,5mM of each Branched chaun amino acids (Valine, Leucine and Isoleucine).

3. Imazamox — 40 g a.i. h-1 or approximately 132 ug per plant.

4. Imazamox + BCAA - 40 g a.i. h-1 or approximately 132 pg per plant + 0,5mM of each
Branched chaun amino acids (Valine, Leucine and Isoleucine).

Each of the four variants was repeated in three pots (4 plants per pot).

3.3.1. Growth response and imazamox degradation

In general, the application of BCAA alone did not affect plant growth. On the 1% DAT

there were no visible symptoms of herbicide phytotoxicity, which was also confirmed by

biometric measurements, where no significant differences were observed (Fig. 5 A-C).

However 7 DAT plants treated with imazamox alone demonstrated a sharp decrease in

growth, whereas this was improved in plants treated with imazamox and BCAA together. The

percentages of growth improvement are 21.9 %, 24.6 % and 30 % for fresh weight, dry

weight and leaf area respectively. At the end of the experiment, 14 DAT, an inhibition of

growth response of imazamox-treated sunflower plants was still notable, but in comparison

with 7" DAT it was less pronounced. Adding of BCAA to imazamox-treated plants showed

significant growth improvement also at 14 DAT, where the difference between single

imazamox and combined treatment are 12.6 % and 17 % for fresh weight and leaf area

respectively.

25




@ Control [JBCAA MImazamox BEImazamox + BCAA B

>

30 s a 3,0 a
b a
= 25 2,5 I b
2 S b
= 2
5 0 £ 2,0
o =
E 15 g s
] 2 a >
@ T b a ab a
T 10 c 1,0 : b
8 a a a [
5 ﬂ % 05 2 a2 a
0 _ o
1DAT 7DAT 14 DAT 1 DAT 7DAT 14 DAT
c D
1000 200
a 2 R
~ 800 T b © 160 a a
« 2 | .
£ c g
< % 120 v a
600 b
. s H " IEalk
@ I b [SR=]
j=3
E 400 1 2 #
- 2 28 3 4 H -
200 H % & 40
0 % 0
1DAT 7DAT 14 DAT 7-14 DAT
E
F
160 25
a
i
- 140 a a @ =3 20
c a T =2
Ss a z
5@ 120 a a s 2e 15
Q- T -
cbo b ab g&
o D
5 E 100 c be § 10 b
e £
. 7 5 .
(9
60 0 |
1DAT 7DAT 14 DAT Control 1DAT 7 DAT 14 DAT

Figure 5: Growth parameters (A - fresh weight, B - dry weight, C - leaf area), D - relative growth rate, E —
Protein content and F — imazamox residues in sunflower plants treated with the herbicide imazamox alone. The
values represent the mean of four biological replicates. In the graphs, different letters (a, b, c) express
significant differences (P < 0.05). Error bars represent the standard deviation.

For a more detailed analysis on the influence of imazamox and a combination of
imazamox and BCAA on growth performance of CL sunflower hybrids we calculated their
relative growth rate (Fig. 5 D). The results of the first tested period (1-7 DAT) showed a
significantly decreased growth rate of imazamox-treated plants. At the same time, the growth
rate of sunflowers that received a combined treatment with imazamox and BCAA was similar
to this of control plants. For the period from 7 to 14 DAT the growth rate inhibition caused by
imazamox application was still significant, but less pronounced. The growth rate of the plants
treated with imazamox and BCAA was also retarded in this period.

No significant differences in total protein amount were detected between the different
experimental conditions 1 DAT, while at a later stage (7 and 14 DAT) protein content was
significantly decreased in imazamox-treated plants compared to the controls. In the plants
treated with both imazamox and BCAA the decrease in protein content was less pronounced

and not significantly different from control plants.
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The imazamox residues in leaves of imazamox-treated sunflower plants 1, 7 and 14
DAT were measured (Fig. 5 F). The amount of imazamox in the plants significantly decreased
over time from 19.38 ppm = 2.03 (a) to 1.46 ppm =+ 0.43 (c) 1 and 14 DAT respectively.
Seven DAT the measured imazamox quantity was 7.32 ppm = 0.79 (b).

3.3.2. Influence of BCAA on photosynthetic performance of imazamox-treated
plants

To analyze the photosynthetic performance, leaf gas exchange parameters (Fig. 6),
photosynthetic pigment concentrations (Table 3) and chlorophyll fluorescence parameters
(Table 4) were determined. From leaf gas exchange measurements, it was obvious that
photosynthetic rate (A) was inhibited by imazamox treatment and this inhibition was most
notable (24.7%) 7 DAT compared to control values (Fig. 6 A). This inhibition was not caused
by a decreased CO, concentration since there was no significant difference in CO,
concentration at this time point (Fig. 6 C). Fourteen DAT there was still a significant
inhibition of A, but it was less pronounced. The combined application of BCAA to the
imazamox-treated plants resulted in a significant improvement of 15.6% of the photosynthetic
rate compared to plants treated with imazamox alone 7 DAT. Interestingly the photosynthetic
rate of plants with a single BCAA application was lower than the control values. No major
alterations were observed in transpiration rate (Fig. 6 B) between the different experimental
conditions, except that a single application of BCAA resulted in a slight decrease.

The concentrations of the photosynthetic pigments only showed a slight decrease in
carotenoid (car) content of imazamox-treated plants 1 DAT (Table 3). Seven DAT the amount
of pigments in the leaves of imazamox-treated sunflower was strongly decreased compared to
the control with values of 31.5%, 19.1% and 22.3% for chla, chlb and car, respectively. The
pigment content in plants treated with a combination of imazamox and BCAA solution was
also lower in comparison to the control plants, but this decrease was in general less
pronounced than in the solely imazamox-treated plants (18.3%, 14.9% and 16.6% for chla,
chlb and car, respectively). A similar pattern was observed in plants 14 DAT. On the 14"
DAT the chla content was significantly lower in imazamox-treated plants compared to non-
treated control plants (25.4% inhibition). The same was also with chlb and car where the
inhibition rate was 24.8% and 18.1 respectively. Addition of BCAA to imazamox-treated
plants resulted in a significant increase in chlorophylls compared to single imazamox

treatment, with an improvement of 17.1% for chla and 15.9 for chlb.
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Figure 6: Leaf gas exchange parameters (A — photosynthetic rate, B — transpiration rate, C — intracellular CO,
concentration, D — stomatal conductance) of sunflower plants treated with the herbicide imazamox and
branched chain amino acids added. The values represent the mean of three biological replicates. In the graphs,
different letters (a, b, c) represent significant differences (P < 0.05). Error bars represent the standard

deviation.

Table 3: Concentrations of photosynthetic pigments in sunflower plants treated with the herbicide imazamox and
branched chain amino acids added. The values represent the mean of three biological replicates. In the table,
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Treatment 1 DAT 7 DAT 14 DAT

Control 1,36 £0,14 (a) 1,54 +£0,23 (a) 1,91 £ 0,06 (a)

= BCAA 1,47 £ 0,16 (a) 1,27+0,17 (b) 1,82+ 0,11 (ab)

&) Imazamox 1,30+ 0,07 (a) 1,06+ 0,08 (b) 1,43 % 0,09 (c)

Imazamox+BCAA 1,40+ 0,14 (a) 1,26+ 0,14 (b) 1,72+ 0,10 (b)

Control 0,41+ 0,07 (a) 0,48 + 0,08 (a) 0,60+ 0,03 (a)

5 BCAA 0,54+ 0,07 (a) 0,43 + 0,08 (ab) 0,55+ 0,02 (ab)

&) Imazamox 0,45+ 0,04 (a) 0,39+ 0,01 (c) 0,45+ 0,04 (c)

Imazamox+BCAA 0,47 £ 0,04 (a) 0,41 +0,02 (b) 0,53+0,01 (b)

" Control 0,38 £ 0,04 (a) 0,40 £ 0,04 (a) 0,48 £ 0,02 (a)
=]

S BCAA 0,42 + 0,04 (a) 0,39 + 0,03 (ab) 0,44 + 0,02 (ab)

% Imazamox 0,36 £ 0,01 (a) 0,31 +0,01 (b) 0,39+ 0,03 (b)

S Imazamox+BCAA 0,40 + 0,03 (a) 0,33 +0,02 (b) 0,42 + 9,94 (b)
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Table 4: Parameters of chlorophyll fluorescence in sunflower plants treated with the herbicide imazamox and
branched chain amino acids added. The values represent the mean of three biological replicates. In the table,
different letters (a, b, c) express significant differences (P < 0.05).

Treatment 1 DAT 7 DAT 14 DAT

Control 88,45+ 1,3 (a) 101,55 £2,1 (a) 109,2 £ 0,6 (a)
. BCAA 83,4+21 (a) 88,4+ 2,0 (b) 99,45 + 5,0 (ab)
E Imazamox 77,0+ 4,3 (b) 56,0+ 3,6 (d) 77,55+ 10,1 (c)

Imazamox+BCAA 85,05+ 1,8 (a) 68,35+ 1,4 (c) 90,8 + 6,6 (b)
Control 0,838 + 0,003 (a) 0,842 + 0,001 (a) 0,832+ 0,002 (a)
= BCAA 0,835 + 0,001 (a) 0,841 + 0,000 (a) 0,829+ 0,014 (a)
L\L% Imazamox 0,824 + 0,007 (a) 0,787 + 0,021 (b) 0,84 + 0,003 (a)
Imazamox+BCAA 0,834+ 0,001 (a) 0,785+ 0,016 (b) 0,84 £0,007 (a)
Control 0,646 + 0,02 (a) 0,676 + 0,01 (b) 0,769 + 0,02 (a)
BCAA 0,639+ 0,03 (a) 0,663 + 0,00 (b) 0,713+0,11 (@)
G Imazamox 0,641 + 0,03 (a) 0,625 + 0,02 (b) 0,710+ 0,03 (a)
Imazamox+BCAA 0,661 + 0,02 (a) 0,813 +0,07 (a) 0,715+ 0,03 (a)
Control 0,634 + 0,02 (a) 0,471 + 0,00 (c) 0,446 + 0,04 (bc)
BCAA 0,570 + 0,02 (b) 0,436 + 0,04 (c) 0,634 + 0,01 (a)
&5 Imazamox 0,617 +0,00 (a) 0,704 £ 0,07 (b) 0,498 £ 0,04 (b)
Imazamox+BCAA 0,589 + 0,01 (b) 0,786 + 0,00 (a) 0,418 + 0,02 (c)

The electron transport rate of the sunflower plants was negatively influenced by the
imazamox treatment throughout the entire experimental period, and this effect was mostly
pronounced at 7 DAT. Addition of BCAA to imazamox-treated plants significantly
diminished this negative effect on ETR, compared to the ETR values of single imazamox-
treated plants (Table 4). The quantum vyield of PSII (F./Fy) was significantly reduced at 7
DAT in plants treated with the herbicide. Photochemical and non-photochemical quenching
(gP and gN) were also influenced by the herbicide, as the imazamox has higher effect on gN

increasing it values from the 1 to 14 DAT.

3.3.3. Influence of BCAA on AHAS enzyme activity and AHAS1 gene expression
in imazamox-treated plants

The AHAS enzyme activity in IMI-R sunflower plants in our experimental setup was
measured 1, 7 and 14 DAT. The results showed markedly decreases in AHAS enzyme activity
after imazamox treatment from the 1% (80.6%) until the 14™ DAT (61.1%), compared to the

enzyme activity in control plants. The AHAS enzyme activity in plants treated with a
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combination of imazamox and BCAA was similar and not statistically different to the enzyme
activity in the plants treated with imazamox alone. Whereas a single application of BCAA did
not influence significantly the AHAS activity at 1 and 7 DAT, while at 14 DAT it
significantly diminished.

To establish whether expression of the AHAS1 gene was directly affected by
imazamox treatment and in combination with BCAA, we measured its relative gene
expression. From the expression of AHAS1 gene (Fig 6 B), it was obvious that plants treated
with BCAA showed a down-regulation in the transcript level of the AHASL gene at 1 DAT
(BCAA, BCAA & imazamox application) and 7 DAT (BCAA application). The expression of
AHASI1 gene was not affected by both treatments 14 DAT.
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Figure 7: A - Acetohydroxyacid synthase enzyme activity and B - Relative expression of AHAS1 gene encoding
the enzyme acetohydroxyacid synthase in sunflower plants treated with the herbicide imazamox and branched
chain amino acids added. The values represent the mean of three biological replicates. In the graphs, different
letters (a, b, ¢) express significant differences (P < 0.05). Error bars represent the standard deviation.
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3.5. Effect of leaf-applied biostimulant on imazamox-treated IMI-R sunflower plants

Experimental design

The experiments were carried out in climatic modules in a climatic modules in
Agricultural University, Plovdiv. The seeds were rinsed in distilled water and placed for two
hours in distilled water for imbibition. Than the seeds were placed in perlite for germination in 25
o C. When they reached the suitable size, they were betted on Styrofoam by sticky strip. The
plants were placed in 2.5 liters pots (4 plants per pot) filled with 2 modified Hoagland nutrient
solution.
The plants were grown in a growth chamber with a 14/10 hours (light/dark) photoperiod, 250
pmol m—2 s—1 photosynthetic active radiation (PAR) at leaf level, temperature 24/22 + 1 C°
day/night and 60 % relative air humidity. The aeration was carried out by aquarium aeration
system in each pot, night and day. At 4-6 thru leaf stage the leaves of the plants were sprayed
with imazamox and/or biostimulant and were arranged an experimental design with four
treatments:
1. Control — non-treated plants.
2. Biostimulant (AAE), 1% Terra-Sorb® foliar - solution in volume approximately 1 ml per plant.
3. Imazamox — 40 g a.i. h-1 or approximately 132 ug per plant.
4. Imazamox + AAE - 40 g a.i. h-1 or approximately 132 pg per plant + 1 % Terra-Sorb® Foliar
solution in volume approximately 1 ml per plant.

Each of the four variants was repeated in three pots (4 plants per pot).

Both, leaf chlorosis and deformations in young leaves developed in imazamox-treated
sunflower plants. These symptoms were strongly pronounced at 7 DAT, when small necrotic
spots appeared in the most injured leaves. At 14 DAT, the plants developed new leaves
without visual symptoms of toxicity, but the latter subsisted in the older leaves of the
sunflower plants.

Imazamox-treated plants were characterized by delayed growth. The growth inhibition
was significant at 7 DAT with 42.5%, 29.6% and 48.4% decreased fresh weight, length and
leaf area, respectively, in comparison to the untreated plants. At 14 DAT the growth inhibition
in imazamox-treated sunflower plants was still significant, but less pronounced. Application
of only amino acid extract (AAE) did not have any effects on sunflower plants at 7 and 14
DAT, but the growth of plants exposed to the combined treatment (AAE + imazamox) was
less retarded and their performance was better as compared with that of imazamox-treated
plants. This effect was limited at 7 DAT and more pronounced at 14 DAT.
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3.5.1. Chlorophyll fluorescence

The data presented in Figure 8 (A) describing one-second induction transients of the
relative variable fluorescence showed slight differences between the different treatments at 7
DAT. The transients show the typical steps of induction of ChlF: O — initial fluorescence
level, J — is recorded when the rates of reduction and oxidation of QA become equal (2 ms
after starting of illumination), | — recorded at 30 ms when the rate of reduction and oxidation
of plastoquinone (PQ) are equal; P — maximal ChlF level, recorded at 300 ms when the PQ
pool is fully reduced. Though the overall shape of the rise was highly similar for the different

treatments, the steps of induction J and | were different.
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Figure 8: (A) Relative variable fluorescence (Vt) transients recorded for 1 s with 3000 umol m™? s* PPFD after
1 h dark-adaptation of the measured spots on native leaves of imidazolinone resistant sunflower plants, exposed
to single and combined treatment by imazamox and AAE, 7 DAT. Non-treated plants were used as controls. (B)
Differential curves of relative variable fluorescence when the Vt values of ChlF rise recorded in control plants is
subtracted from the corresponding values measured in treated plants.

To visualize and analyze those differences throughout the induction time, the
differential curves were calculated by subtracting the Vt curve of the untreated control from
the curves recorded for the treated plants (Figure 8 B). The single imazamox and combined
imazamox + AAE treatments showed positive AVt values from O until the induction transient
I-P, where the AVt values turned negative until P (zero by definition). Moreover, the progress
of both curves is very similar from O to J while different from J to 1. Positive AVt values
indicate lower rates, i.e. decreased efficiency of electron transport and negative values the
opposite. The AAE treatment showed a fluorescence transient close to that of the untreated
control. These findings indicate that imazamox had a prolific inhibition effect on the light

phase photosynthetic reactions even if its specific site of action is not photosynthesis while
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the biostimulant altered them just slightly. In addition, when added together with imazamox, a
slight beneficial effect of AAE was indicated by the lower AVt values during J-1 transient in

comparison to the single herbicide treatment.
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Figure 9: Differential curves of relative variable fluorescence, double normalized from FO to FJ (A) and from
FO to FK (B), acquired from native leaves of imizadolinone resistant sunflower plants, exposed to single and
combined treatment by imazamox and AAE, 7 DAT. Non-treated plants were used as controls. Experimental
conditions are the same as in Fig. 8.

The differential curves composed from O to J (Figure 8 A) provide information about
the balance of the electron transport through PSII. A pronounced positive peak at K was
observed when imazamox was added alone or together with AAE. The positive K peak which
is a sign for disturbances in the oxygen evolving complex is often observed during stress
conditions (Strasser et al., 2004). The differential curves constructed from O to K (Fig. 9 B)
are associated with the level of energy transfer between antennae complexes of different RC,
i.e. photosynthetic unit connectivity. Positive values at 0.1 ms are known as L band and
indicate lower connectivity as was the case for the imazamox treatment.

OJIP test parameters were calculated from the ChIF transients (Figure 10). Once again
the effect of the imazamox was obvious. Application of imazamox lead to higher FO, MO,
ABS/RC, lower yYRC and the almost unchanged RC/CSO0 indicate more chlorophyll a pigments
in the antenna that could not transfer their energy to a RC and thus emit fluorescence. This
phenomenon can be attributed to the lowered ¢(Po) and elevated DIO/RC, i.e. rise in the
photochemically inactive PSII RCs. In addition, the increases of parameters t(FM), SM and N
after imazamox treatment indicate increased relative numbers of electron acceptors in the PQ

pool or at the PSI acceptor side per RC. We hypothesize that these observations are due to a
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decreased de novo synthesis of reaction center proteins as a result of the inhibitory effect of

imazamox on the branched amino acid synthesis.
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Figure 10: OJIP test parameters derived from ChIF induction transients recorded from native leaves of
imidazolinone resistant sunflower plants, exposed to single and combined treatment by imazamox and AAE, 7
DAT. Non-treated plants were used as controls. Experimental conditions are the same as in Fig. 8.

¢Eo and @Ro got lower in the imazamox-treated plants in correspondence to the
higher ChIF values at J and I, resulting in decreases of both the PIABS and Pltotal. These
parameters summarize the fact that the efficiency of the photosynthetic light phase was
negatively impacted by imazamox. As for the AAE action, the overall picture of the OJIP test
parameters indicates that it did not alter the imazamox effect as well as the state of the

photosynthetic machinery in the untreated control plants.
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4. GENERAL DISCUSSION

Sunflower is one of the most important oilseed crops worldwide. Its cultivation
occupies the fourth position in the world with approximately 25 million hectares sown
annually and yields of 44 million tones (FAOSTAT). Weeds are among the most significant
problems that farmers have to deal in sunflower cultivation, causing considerable yield losses.
The proper weed management is a milestone for high yielding and quality sunflower
production. Therefore, it is important to investigate the effect of the herbicides used in
sunflower cultivation and their physiological effect on sunflower as a non-target plant species.
With the conduct of the present studies we explore the physiological response of sunflower
plants to the herbicide imazamox. It is a highly selective herbicide of the imidazolinine group
which inhibits the branched chain amino acid biosynthesis by blocking the enzyme
acetohydroxy acid synthase. A good solution for the weed problem in sunflower cultivation is
the technology Clearfield, which is using the imidazolinine herbicides in combination with

IMI tolerant sunflower hybrids.

4.2. Tolerance of IMI-R sunflower hybrids to the herbicide imazamox

The tolerant sunflower hybrids are the result of a naturally occurred mutation in wild
type plants, after multiple treatments with AHAS inhibiting herbicides in soybean fields (Al-
Khatib et al., 1998). As a result, after careful selection, a number of sunflower Clearfield
hybrids have been developed and released to the agricultural marked. We tested the tolerance
of a few IMI-R cultivars (LG 56.58, Tektonik, Alego, Mildimi and Primis) to the herbicide
imazamox with the aim to select the most tolerant hybrid for further studies. The tolerance
was evaluated by the modulation of the photosynthetic performance of plants treated with the
recommended field dose and double dose of the herbicide imazamox with observations done
on 7DAT and 14 DAT. The photosynthetic rate and photosynthetic electron transport rate
were inhibited to a different extent in all hybrids on 7 DAT, while on 14DAT these values
were similar to those of the control plants. We consider the measured differences in the
photosynthetic performance between the tested hybrids on 7DAT as an indicator of different
tolerance levels to the herbicide imazamox. The best photosynthetic performance was scored

with the hybrid Mildimi which was used in our further studies.

4.3.Fast response of IMI-R and IMI-S sunflower hybrids to the herbicide imazamox
Plant tolerance to herbicides at the biochemical level depends on both specific and

non-specific defence mechanisms. Usually, quick plant responses to different stress factors
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are based on non-specific mechanisms. To identify to what extent both kinds of mechanisms
are induced in sunflower plants by the herbicide imazamox we compared the responses of
IMI-R and IMI-S sunflower hybrids 24 hours after the treatment.

Our results showed dissimilarities in the fast stress response and defense mechanisms
in the compared hybrids. In the IMI-S sunflower hybrid Albena, the total amount of the
metabolite glutathione was increased after imazamox application. These plants responded
with activation of the antioxidative cell defense network manifested by enhanced antioxidant
enzyme activities, such as GR, GROX and SPOD. In contrast, in IMI-R hybrids almost no
changes in the antioxidative enzyme activities were observed, while GSTs activities were
significantly higher. These results let us speculate that the AHAS1 gene mutation, conferring
the resistance to imidazolinone herbicides in IMI-R sunflower plants, leads to fast activation
of the so called non-target mechanism of imazamox detoxification via glutathione-mediated

system.

4.4.Monitoring the physiology alterations of imazamox-treated IMI-R sunflower
plants

The Clearfield sunflower hybrids are resistant to the herbicides of the imidazolinones

family and can survive doses which are lethal for the non-resistant weed plants. Despite the

high selectivity of the herbicides and the high performance of the resistant sunflower hybrids

a slight and transient growth inhibition can be observed after imazamox application,

especially in combination with adverse environmental conditions during and after the

herbicide spraying.

a) Growth response and imazamox degradation

To determine the periods of inhibition and recovery following imazamox treatment in
IMI-R sunflower hybrids we measured the linear growth parameters like plant mass, height
and leaf area. Our results demonstrate that the growth retardation was mostly pronounced on 7
DAT, while on 14 DAT the treated plants were already recovering their growth performance.
The measurement of RGR showed that growth inhibition was mainly induced in the first
tested period, while at the second period (7 — 14 DAT) it was still obvious, but much less
expressed.

Nearly 90% of sunflower oil is used for human consumption and only 10% of the total
production is utilized as a source for biodiesel and industrial applications, which is the main

difference between sunflower and the other oilseed crops. Therefore, the detoxification rate
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and amounts of remaining pesticides in the plant tissues and consequently in the produced oil
is an issue of prime importance for public health.

In our study we investigated imazamox detoxification in the leaves of IMI-R
sunflower plants. The obtained results showed that the metabolization of imazamox was very
rapidly activated and effectively working since the amount of non-bound imazamox on the
14™ DAT was only approximately 10%. Rapid imazamox catabolism have been reported also
in other IMI tolerant crops, such as wheat (Rojano-Delgado et al., 2014). A crucial player in
the intensified imazamox metabolism in the tolerant plants is the metabolite glutathione,
which is conjugating and detoxifying the imazamox molecules through reactions catalyzed by

the GSTs enzyme family.

b) State of the antioxidative defense network

The imidazolinone herbicides have not been reported to cause considerable oxidative
stress in target or non-target plants. The analyses of antioxidative enzymeactivities in our
study demonstrated a slight increase in some enzymes such as SOD and SPOD, mainly on
7DAT. On 14 DAT the activities of those enzymes were similar to the ones in nontreated
plants. These results support the hypothesis that this transitory activation of a few tested
antioxidative enzymes was caused as a secondary effect following the inhibition of protein
synthesis caused by imazamox application. In addition, an increased amount of total
glutathione was observed after imazamox application on 7 and 14 DAT, but the GSH/GSSG
ratio of the imazamox-treated sunflower plants was in the range between 96 — 99 %, which is
considered as a normal level and does not support induction of the antioxidative defense
mechanisms. This was also confirmed by the activity of the GR enzyme, which was also not
increased as a result of the imazamox application. All these results indicate that slight
oxidative stress could be observed as a secondary effect of imazamox treatment and impaired
protein synthesis.

¢) Photosynthetic performance
Photosynthesis is related with many others processes in the cell and is very sensitive to
changes in the conditions, including pesticide treatment or stress factors. Therefore
photosynthetic parameters, such as gas exchange or chlorophyll fluorescence, of the plants are
good indicators for the overall plant performance. In the current work we analyzed the
photosynthetic performance of imazamox-treated IMI-R sunflower plants.
Our data clearly demonstrated that in our experimental conditions the herbicide

imazamox caused a transient inhibition of the photosynthetic performance of sunflower IMI-R
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plants. The negative impact was obvious in both light-dependent photosynthetic redox
reactions and leaf gas exchange processes. The inhibitory effect of imazamox on net
photosynthetic rate of sunflower plants was the most pronounced on 7 DAT. This was partly
due to decreased stomatal conductance for CO, uptake, lowered chlorophyll content as well as
less intensive photosynthetic electron transport processes in thylakoid membranes. Using a
sensitive method, based on precise time-resolution measurements of the fast photoinduced
changes of chl a fluorescence, emitted mainly by the antennae pigments of PSII (OJIP test
parameters) (Papageorgiou and Govindjee 2004), we detected some specific aspects of the
imazamox-photosynthesis interactions related to both structure and function of the
photosynthetic machinery. We found that the concentration of active PSII reaction centers in
imazamox-treated plants was slightly diminished and the relative part of active reaction
centers compared to the total chlorophyll content significantly decreased. The appearance of
chlorosis in the leaves of imazamox-treated sunflower plants in our study was due to their
significantly lower chlorophyll content as compared to the control. Although inhibition of
photosynthesis was not a mode of action of imazamox, the results of our study showed
suppression of photosynthetic gas exchange in sunflower plants caused by imazamox
treatment. Kinetic measurements of the photosynthetic performance of imazamox-treated

sunflower plants over time (1, 7 and 14 DAT) revealed a tendency to recovery.

4.5.Influence of BCAA addition in the root medium on physiological performance of
imazamox-treated sunflower plants
The imidazolinone herbicides act through inhibiting the activity of the key enzyme
AHAS involved in the branched chain amino acid biosynthetic pathway. Addition of BCAA
to plants or cell cultures treated with AHAS inhibiting herbicides contributes to the alleviation
of the growth retardation symptoms induced by these herbicides (Ray 1984). In our study we
found that the supplementation of the growth medium of imazamox-treated IMI-R sunflower
plants with BCAA reduced the negative effect of imazamox on their linear growth. The
positive effect of BCAA was also supported by the data from the leaf area, fresh and dry
weight measurements. The relative growth rate also confirmed the improvement of plant mass
accumulation in plants receiving combined treatment of imazamox and BCAA, compared to
the plants treated only with imazamox. In addition, BCAA applied to the roots influenced
positively the photosynthetic performance on the imazamox-treated plants, based on the
results from gas exchange and chlorophyll fluorescence analyzes. The pigment profiling also

showed ameliorative effect of the additional application of BCAA to imazamox-treated
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plants, in which the specific chlorosis caused by the herbicide was much less pronounced.
Considering the fact that the total protein content in the sunflower plants subjected to single
imazamox treatment was significantly lower compared to the plants receiving imazamox in
combination with BCAA, we conclude that this positive effect could be due to the facilitation
of de novo protein synthesis, which is hampered by the deficit of these tree BCAA in

imazamox-treated plants.

4.6.Effect of leaf-applied biostimulant on imazamox-treated IMI-tolerant sunflower
plants
The performance of plants exposed to different stress factors, including herbicides,
could be improved by the use of a new group of agricultural products called biostimulants
(Calvo et al., 2014). Therefore, we explored whether the application of PHs-based
biostimulants could ameliorate plant growth and photosynthetic performance of imazamox-
treated IMI-R sunflower plants. Considering the obtained results we can confirm that
combined application of imazamox and the amino acid extract diminished the negative effects
of the herbicide. For example, the OJIP test indicated lower rates, i.e. decreased efficiency of
electron transport in the plants treated with imazamox. Moreover, the AAE treatment showed
a fluorescence transient close to that of the untreated control. These findings indicate that
imazamox had a pronounced inhibitory effect on the light phase photosynthetic reactions even
if its specific site of action is not photosynthesis itself while the biostimulant altered them just
slightly. In addition, when added together with imazamox, a slight beneficial effect of AAE
was indicated by the lower AVt values during J-I transient in comparison to the single

herbicide treatment.
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5. CONCLUSIONS

1.

Treatment of Clearfield sunflower hybrids with the recommended field dose
imazamox (48 g a.i. ha™) causes a transient and recoverable inhibition of plant growth
and photosynthetic performance, while the doubled dose leads to significant damages
and incomplete recovery.

The IMI-R sunflower hybrids LG 56.58, Tektonic, Alego, Mildimi and Primis differ in
their tolerance to the herbicide imazamox. Assessment of the physiological status of
imazamox-treated plants assigns the highest tolerance to the hybrid Mildimi.

IMI-R and IMI-S sunflower hybrids differ in the mechanisms involved in the rapid
responses to imazamox. The IMI-S hybrid Albena is activating the cell antioxidative
defense system, while in the IMI-R hybrid Mildimi detoxification mechanisms,
including enzymes such as GSTs are triggered.

The IMI-R hybrid Mildimi detoxifies imazamox efficiently. The imazamox content in
the leaves decreased with up to 90% in a period of 14 days.

Application of imazamox inhibits the leaf gas exchange in sunflower plants. The effect
is detectable from the first DAT and most pronounced at 7 DAT; after that, the
inhibition of the photosynthetic activity gradually decreases and two weeks after the
treatment it reaches a level close to untreated plants.

The herbicide imazamox diminished significantly the activity of AHAS enzyme, but
does not affect its regulation at the gene expression level. The addition of BCAA to
the root medium decreased both AHAS enzyme activity and AHAS1 gene expression,
which might be explained as a result of a negative feedback downregulation.

The addition of BCAA to the root medium of imazamox-treated sunflower plants
improved their growth and photosynthetic performance, which could be due to a
facilitation of protein turnover.

The herbicide imazamox clearly affects the light dependent photosynthetic redox
reactions. It diminishes the content of photosynthetic pigments, the concentration of
active PSII reaction centers and disturbs the interactions between antennae complexes
of PSII.

Application of the amino acid extract to imazamox treated plants diminished the
negative effects of the herbicide. This is illustrated by both, a better photosynthetic
performance and growth of the treated plants.
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Scientific achievements

1/ An overall picture of imazamox-induced injuries to sunflower, their consequences
and recovery of the plants have been detailed by time-course monitoring on the physiological
responses of the plants subjected to both separate and combined application of imazamox and

branched chain amino acids.

2/ A novel fact, established in the conducted study, is the obtained evidence that the
metabolite glutathione participates in the herbicide imazamox detoxification in sunflower
plants by conjugation reactions catalyzed by the glutathione S-transferase enzymes family.
This fact complements the known detoxification pathway of imazamox in plants by

cytochrome P450 monooxygenase and glycosyl transferases.

3/ Using a sensitive chlorophyll a fluorescence method (OJIP) several novel aspects of
imazamox-photosynthesis interactions have been described, in particular that imazamox
slightly diminished the concentration of active PSII reaction centers and significantly

decreased the relative part of active reaction centers compared to the total chlorophyll content.

Recommendation for the practice

Based on the obtained results demonstrating a positive effect of an amino acid extract
(commercial product Terra-sorb) on imazamox-treated sunflower plants, we recommend it for
foliar application in a rate of 3 L / ha given at 2-3 leaf pair for improving their growth and
photosynthetic performance.
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