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AHOTALIA

I[3a Ileilleii. CoptoBi 0COOIMBOCTI PO3BUTKY Ta NPOAYKTHBHICTH
Brassica Juncea L. 3anexHo BiJ] peryasTopiB pocTy B ymoBax Jlicocteny Ykpainu.
— KBanigikariiina HaykoBa Ipaiisi Ha MpaBax PyKOIMHCY.

Jucepranisi Ha 3700yTTS HAyKOBOTO CTyIeHs mAokTopa ¢igocodii 3a
cunemianpHicTIO 201  «ArpoHomiss». — CyMCbKUW HaIllOHAJILHUM —arpapHui
yHiBepcUTET, MIHICTEPCTBO OCBITH 1 Hayku Ykpainu, Cymu, 2022.

OOrpyHTyBaHHs BHOOPY TeMH JOCJiI:KeHHsl. [ipuuili € KyJIbTyporo
0araToOBEKTOPHOTO  MPOMKCIIOBOTO  3HAUYEHHS  3aBASKA  PI3HOMAHITHOMY
BUKOPUCTaHHIO. Y HaciHH1 Brassica Juncea L. mictutbes 41-48% BUCOKOSKICHOI
oJIli, SIKY MO)KHa BHUKOPHUCTOBYBATH MJIsi TEXHIYHMX Ta XapuoBux Iieil. CyuacHi
TEHJEHIi T7100adbHOT 3MIHM KIIMATy Ta 30UIbIIEHHS CTPECOBUX CHUTYyaIlll
3YMOBWJIM  aKTYaJbHICTh BHUKOPUCTaHHS PETYISATOPIB POCTY POCIHUH s
cTabumizaiii po3BUTKY Tripuuiii. Takoxk Ciif 3a3HAYUTH, 1110 BUBYCHHS MEXaHI3MY
BIUTUBY PETYJSATOPIB POCTY B YMOBaX KOHTPOJIbOBAHOTO CEPEOBHINA HapIiCT Ta
PO3BUTOK POCIIMH TIPYMII HE MPOBOAMIOCH, III0 POOUTH i JOCTIIHKEHHS 0COOIMBO
aKTyaJIbHUMH.

Haykosa nosusna odepoicanux  peszyrbmamis.  Ynepuie TIPOBENEHO
KOMILJIEKCHI JTIOCJI/PKEHHSI 111010 BUBUEHHS BIUIMBY PETYIATOPIB POCTY Ha PICT Ta
po3BUTOK Brassica Juncea L. B yMOBax KOHTPOJHOBAHOTO CEPEIOBUINA
(kTiMaTHYHA KaMepa) Ta MOJIbOBUX YMOBAX. Ynepuie TOCHIIIKEHO aHTUOKCUIAHTHY
dbepMeHTaTUBHY aKTHUBHICTh Ta MeXaHi3M Mop(doioriyHoi ajanTtarii KOpeHIB 1

MaroHiB MPOPOCTKIB T1PYHMIII 32 MITYYHO CTBOPEHUX YMOB MOCYXHU Ta 3aCOJICHOCTI.



BusiBneno coptoBi ocoOnuBoCTi (HOpMyBaHHS MPOAYKTHUBHOCTI TIpUMIll CH301 3a
BUKOPHUCTAHHS PETYJsATOPiB pocTyB ymoBax Jlicocteny Ykpainu. Onmumizoearo
TEXHOJIOT1}0 BUPOIIYBaHHA Tipuuil cu3oi jyuist ymoB Jlicocteny VYkpainu. Habynu
nOO0AIbUWO20 pPO36UMKY TIUTAHHS BIUIMBY TIOTOJHMX Ta CTPECOBHX YMOB Ha
O0COOJIMBOCTI POCTY, PO3BUTKY Ta TMPOAYKTUBHICTh 3aJI€KHO BIJ COPTyTa
KOMOIHOBAHOTO 3aCTOCYBaHHS PETYJSTOPIB pOCTy Juisi OOpOOKM HACIHHS Ta
M03aKOPEHEBOr0 3acToCyBaHHS. (OOIPYHMOBAHO EKOHOMIUYHY Ta €HEPreTHYHY
¢(eKTUBHICT, BHUPOIIYBAaHHS TIpYMIll CH301 32 3aCTOCYBAHHS JOCIIIKYBaHUX
€JIEMEHTIB TEXHOJIOT 1.

Ilpakmuune 3HauenHna odepowcanux pe3yromamie. (OCHOBHI €JIEMEHTH
JOCJIIIPKEHb MPOUIILITM BUPOOHUYY TEPEBIPKY Ta BIPOBAKEHI B rOCHOJapCTBax
Cymcokoi Ta IlonraBchkoi oOmacteit, 3okpema B ®I' «Emitay Tta ®I' «Poauna-
2017» Ha 3aranpHiit miomyi 50 ra. BupoOHMIITBY pPEKOMEHOBAHO TEXHOJIOTIIO
BUPOIIyBaHHS Tipudill CH30i, sika 3abe3reunsia BpoKaWHICTh HaciHHS 1,77 Ta
1,91 1/ra BignosigHo. IliaTBepkeHO ii €(EeKTUBHICTH, a camMe: YMOBHO-YUCTUHN
npubytok — 1345 ta 4350 rpH/ra; peHTabeNbHICTH BUpOOHUIITBA —9,5 Ta 133 %
BIJITTOBITHO.

VY nuceptariiinid poOOTI HaBEIEHO TEOPETUYHE Yy3arajibHEHHS 1 HOBEE
BUPIIIECHHS HAYKOBOT IIPOOJIEMH 1110/10 cTab11i3a1li BIUIMBY CTPECOBUX (aKTOPIB Ta
MIJBHUINCHHS TPOAYKTUBHOCTI Brassica Juncea L. B 0CHOBY HOCIIIKyBaHOi
TEXHOJIOT1i TTOKJIaJIeHO BUBYEHHSI KOMOIHOBAHOTO BUKOPUCTAHHS PETYISTOPIB POCTY
Juis 0OpoOKM HACIHHS Ta IO3aKOPEHEBOIO 3acTocyBaHHS B yMoBax Jlicoctemy

VYkpainu.



[IpoananizoBaHo  CBITOBI  HAayKOBI  pO3pOOKH  IOAO  BUSIBJICHHS
ONTUMAJIbHUX CIOCOOIB Ta BUJIIB 3aCTOCYBAHHS PETYJSTOPIB POCTY JJISi POCIWH
ripumiil cu3oi. JloBeaeHo, Mo 3a Cy4aCHUX 3MIH KJIIMary Ta BUHUKHEHHS CTPECOBUX
YMOB KOMOIHOBaHE BUKOPHCTAHHSI PETYJSATOPIB POCTY HJsi OOpOOKM HACIHHS Ta
MO03aKOPEHEBOTO 3aCTOCYBAaHHSE BAXKIMBUM PE3EPBOM CTaOLTI3aIll pPO3BUTKY Ta
IBUIIICHHS TPOXYKTUBHOCTI Brassica Juncea L.

VY xiiMatuyHii Kamepi XeHAaHCHKOTO HAyKOBO-TEXHIYHOTO 1HCTUTYTY HAayKd
ta texHonorii (KHP) BuBuanm peaxiiiro mpopOCTKIB TipUHIll HA a0l0TUYHICTPECH
Ta e(PEeKTUBHICTh 3aCTOCYBAaHHS Cy4aCHUX PEryisITOpiB pocTy pociuH. ConsHuM 1
NOCYIUIMBUNA CTpEC € HaWMOMIMPEHIIMMUA al0lOTUYHUMH CTpecamu, 10
MPUTHIYYIOTH PICT POCIMH Ta 3MEHIIYIOTh MPOAYKTUBHICTH a00 MPHU3BOIATH
HaBITHJIO iX 3arubOenmi. Perynasitopu pocTy MOXKYTh TMEBHOIO MIpOI0 3MEHIIUTH
MPUTHIYEHHS POCIIMH i1 Yac CTPeCy Ta cTabuIi3yBaTu iX pO3BUTOK.

ConeananTuBHI MEXaHI3MH MPOPOCTKIB 1 KOpeHiB Brassica Juncea L.
BUBYAJIM IIJSIXOM YCTAHOBJICHHS IMapaMeTpiB iX pocty, O6iomacu, (HOTOCHHTE3Y,
BMicTy MJIA (ManoHOBOTOAiaJIbJIETIy) Ta ACSKUX KIIOYOBUX AHTUOKCHIAHTIB.
[IpopocTtku Tipuuilli 006poOisin dotupMa KoHIieHTpatismu coii (0, 50, 100 1
200 MM NaCl). 3a pesynpraramu OOMIKIB, MPOBEACHUX 3a jgornomorow Epson
Perfection V800 Photoscanner (Epson, Inc., LongBeach, CA, USA), BusiBieHo, 1o
obpoobka 200 MM NaCl 3HayHO mpuTHIYYyBajda PICT MaroHiB, BUKIWKAIOUU
3MEHIIICHHS IO JIUCTS, CyXOi Ta CBIXOi Macu. [HTi0iTyro4a 1is Ccoyi Ha MaroHu
MO3UTHUBHO KOpEJIIoBajla 31 3HIKEHHSAM BMICTY XJOpOohuTy 1  IHJIEKCY

MPOYKTUBHOCTI Ta HETaTUBHO KopetoBaia 3 BMictoM MJIA y nuctkax. JloBeneHo,



10 MiJIBUIIEHA COJOHICTh PO3YMHY MO3UTHUBHO BIUIMBajia Ha PICT KOPEHEBOI
cucteMu. CHiBBITHOIICHHS KUJIBKOCTI OIYHHUX KOPEHIB TMEPIIOr0 MOPSAJKY Ta
HIUTBHICTh O1YHUX KOpEHIB Oy/iM BUIIMMH 32 MOKA3HUKW KOHTPOJIBHOI I'PyNU Ha
26,1 %, 28,7 % ta 58,5 % na 10-ty moOy BignmoBigHo. PiBHi MJIA 3amummuiuck
He3MiHHMMHU. KoopauHallisi aHTHOKCHIAHTHHX (PEpMEHTIB 3a0e3neuye BHCOKY
edekTuBHICTh pociivH y BuaaneHHi ADK (aktuBHux dhopm kucHio). i pesynbratu
MEPEKOHJIMBO CBIAYaTh MPO T€, IO AHTHOKCHJAHTHA CUCTeMa Oepe ydacTh Yy
aJaNTUBHINA PEryssii poCTy KOPEHIB, 100 YHUKHYTH UIKIJJTMBUX HACIIIKIB
BHCOKOT 3aCOJICHOCTI IPYHTY.

VY apyromy naGopaTopHOMY AOCIIJII COPT Tipuuill cu3oi (Brassica Juncea L.)
®erniiisi BUKOPUCTOBYBABCA IS aHANI3y €(EeKTIB KOMIIEHCAIll MPOIECIB POCTY B
yMOBaX IOCYXOBOTO CTpeCy Ta periaparaiiii Ha cTaaii npopoctkiB. I[lapocTku
3a3HaBaliM Pi3HUX PiBHIB mocyxoBoro ctpecy (0, 10 %, 15 % 1 20 % PEG).
BumMiproBanu mapameTpu pocTy, CBIXY Macy, (IyopecleHIiio XJopodiay Ta
aHTUOKCUIAHTHY cucteMy. OmpaiiboBaHi pe3ynbratd 3a nonomororo WinRHIZO
2007 (Regent Instruments. Inc., Quebec, Canada) mokazanu, 110 TOCyXOBUM CTpeC
MPUTHIYYE PICT KOPEHIB 1 MAroHIB Ta 3HUXKYE MPOIYKTUBHICTh (POTO CHUCTEMU
(Bukopucrano mnopratuBHuii (moopomerp PEA, Hansatech Instruments Ltd,
King's Lynn, UK). Ilicias perimparaiiii JOBXHHAa KOPEHIB 1 CBIXKa Maca POCIWH
MIBUIKO 30UIbIIyBalKCs, a 1HACKC NpOoAyKTHUBHOCTI (Plaps) BUSIBHBCS BUIUM
MOPIBHSTHO 3 KOHTPOJIEM, 1110 CBIAYUTH PO KOMIEHCYouni edekt. BusHauenuit 3a
nornomororo Dualex Scientific (Force-A, Orsay, France) BmicT xsopodiny 3Ha4HO

SHHIKYBaBCs Hi,[[ gac HOMipHOFO Ta CHJIBHOTI'O IIOCYXOBOI'O CTPCCY. OI[HaK BIH
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30UIBIIMBCSA B yMOBax Jierkoro crpecy. Ilicis periaparamii BMICT Xjopodiay 3a
MOMIPHOTO Ta CHUJILHOTO CTPECy HE MOBEpPTaBCs JO PIBHIB KOHTPOJIIO 1 HE Oyi0
1CTOTHOT PI3HHUII MIXK JETKUM CTpecoM 1 KoHTpojeM. Ili yac mocyxoBoro crpecy
aKTUBHICTh AHTHUOKCHJIAHTHUX (GepMeHTIB 1 BMICT MJIA B JHMCTKax 3HAYHO
niguimwincs. Ilicns perigparamii MJIA Ta aKkTUBHICTH aHTHOKCHIAHTHOTO
dbepMeHTy Oyiau BUIUMHU, HIK Y KOHTPOJBHIM TPyIl, 0COOIMBO 3a IMMOMIPHOTO Ta
CWJIBHOTO CTpecy. 3a pe3yabTaTaMH BHSBJICHO, 110 Brassica Juncea L. cuibHO
aJIarToBaHa JI0 MOMIPHOTO CTPECY BiJ MOCYXH 3aBIsSKH €(EKTUBHINA aKTHUBHOCTI
AHTUOKCUJIAHTHUX (PEPMEHTIB 1 (POTOCUHTESY, a TAKOXK ii IBUKOMY BiJHOBIICHHIO
MICJIs periapararii.

Tperiii qociig MaB Ha MET1 OI[IHUTHU BIUIUB PETYISATOPIB pocTy pociuH (PPP)
Ha MIBUAKICTH MPOPOCTAHHSA, MOPQOJIOTiI0 MPOPOCTKIB ABOX copTiB (Demiris Ta
[Ipima) ripuniii cuzoi (Brassica Juncea L.) 32 yMOB CUMYJISIIIT TOCYXOBOTO CTPECY
3a pomnomoroto IIEI-6000 (PEG-6000). 3actocyBanns PPP chopusuio pocty
MIPOPOCTKIB B YMOBax IOCYXOBOTO CTPECY, ajie HE MaJi0 MOMITHOTO BILJIUBY Ha
MIBUJKICTh TpOpocTaHHs 000X coptiB. Cupa Maca Ta JOBKHMHA KOpEHs, IUIOIIa
JUCTKIB, JOBXHHA Ta 00’eM crebia copty demimiss CyTTEBO 3pOCiIH 3a 00pOOKH
AnTtHucTpecoM Ha 24,28 %; 3,3 %; 24,7 %; 19,4% 1a 30,9 %. Kpim TOr0, KIJIBKICTH
OIYHMX KOpEHIB JocsAraja MakCUMyMy 3a 3acTocyBaHHS ArpiHocy i Peromuiany
nopiBHSAHO 3 pociuHamu 6e3 PPP B ymoBax mocyxw, siki cranoBuwin 135,55 % 1
121,20 % BinnoBigno. Jns Ilpimu 3acrocyBanHsi DacT cTapTy Majo 3HAYHUUN
BIUIMB HA CUPY Bary Ta 3arajbHy JOBXHHY KOpEHsS, KUIbKICTh OIYHHUX KOPEHIB 1

JIOBXWHY OCHOBHOT'O KOPEHS, IUIOIIY IMOBEPXHI KOPEHIB, ILIOMIY JUCTKIB Ta 00’ €M
y peHs, y p p ) y
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crebna Ha 17,62 %; 18,12 %; 211,2 %; 53,75 %; 28,57 %; 15,9 % 1 32,3 %
BIJIMTOBITHO.

PesynbraTti monboBUX AOCTIKEHb, MPoBeAeHUX ynpoaosxk 2019-2021 pp. B
ymoBax JliBodepexnoro JlicocTeny VYkpaiHu, mokaszaiu, 0 3actocyBaHHs PPP
Majo BIUIMB Ha BUCOTY POCIHUH, KUIBKICTh T1JIOK, IUIONLY JIMCTKOBOI MOBEPXHI,
KUIBKICTh CTPYUKIB, ypoxKalHiCcTh HaciHHS Ta Macy 1000 HacinuH 000x coprtiB. Lle
JOCHIJIPKEHHSI  MPOJIEMOHCTPYBAJIO, 110 TMOEIHAHHS OOpOOKM HACiHHSA Ta
M03aKOPEHEBOr0 OOIMPUCKYBAHHS POCIUH €(GEKTUBHO CIHPHUSIIO POCTY TIpUuIll
MOPIBHAHO 3  OJHOPA30BOK  OOpOOKOI  HaciHHA ab0  I03aKOPEHEBUM
0ONpHUCKyBaHHAM. YpOoxKalHICTh HaciHHS copty Deminis (1,78 1/ra) Oyma 3Ha4HO
BUIIOIO, HIK y copty [Ipima (1,67 T/ra). MakcuManbHy BpOXKAMHICTB JJISI COPTY
[Ipima oTpuMaHOHa BapiaHTaX KOMIUIEKCHOTO 3acTtocyBaHHs DacT crapTy
(1,76 1/ra) Ta Peromuany (1,77 1/ra); nna @emniuii: Arpinoc (1,89 1/ra); AHTHCTpEC
(1,91 1/ra). Yci perynastopu pocTy pociauH 30uIblnyBainu cepennto macy 1000 miT.
HaciHuH 000x coprtiB. st [IpiMu BimuB @act craprty 1 Peromnany na macy 1000
HACIHMH MaB MakcuMalibHUM edekT (9,5 % MOpIBHSAHO 3 KOHTPOJIEM). 3a BUHSITKOM
Anr0iTy Ta Bepmictumy /I, iHmi perymnsaropu pocty 30uibmuian macy 1000 mi.
HaciauH Pemimiina 5,8-11,7 %.

3acTOCYBaHHS PETYJISITOPIB POCTY IIJIBUIIMIO CEPEAHIO OJIIMHICTh HACIHHS
Brassica Juncea L. na 1,18-5,61 %. Busnauenuii 3a 101omMororo iHGppauepBOHOTO
anamizatopa (SupNir 2700, China) icTOTHUY BIUIMB Ha OJIIMHICTh HACIHHS Y COPTY
[IpimacniocTepirascs BiJ 3actocyBanHs ArpiHoc, @act Crapt i Peromnan. ¥ copty

@enimisiHe OyJI0 CYTTEBOI PI3HMIN OJIMHOCTI HaciHHSA 3a (akropom «Crocid



3actocyBanHsa PPP» ta «Bunx PPPy». 3a BmicTom Oinkapi3HHIN MiXK TBOMa COPTaMH,
coco0aMM Ta BHJIaMH BHKOPUCTAaHUX PETYJSITOPIB POCTY HE BUSBIEHO. 3a
pe3ylibTaTaMu KOPEJSILIMHOTO aHalli3y BHUSBJICHO, 110 BPOXKaWHICTh HACIHHS Malia
no3uTuBHI TicHl (p<0,01) 3amexHOCTI 1HAMBIAYyaJdbHUX CEPEIHIX 3HAYCHb 3
KUIBKICTIO CTPY4YKIB, KUIBKICTIO TUJIOK, TUIOHICIO JIMCTKOBOI MOBEPXHI Ta MacOIO
HAclHHA Ha oAHii pocnuHi. Maca 1000 mT. HaCIHUH TICHO KOpEIIoBajia 3 BMICTOM
xjopodiry Ta BHCOTOI pociuHH. Lli pe3ynaprarh mokaszaiu, 10 KIJIbKICTh TUIOK,
IHUBITyaJIbHA MPOYKTUBHICTh POCIHH, KUIBKICTh CTPYUKIB 1 IJIOMIA JIMCTKOBOI
MOBEpXHI OyidM OCHOBHUMH (hakTOpamu, 10 BH3HAYald BPOXKAWHICTh 3
pUTaMaHHUMU COPTOBUMHU OCOOJIMBOCTSIMU PEAKIIil HA 3aCTOCYBaHHS PETYISATOPIB
pocTy pociiiH. BMicT 05111 HEeraTUBHO KOPEJIIOBaB 13 O17IKOM.

AHami3 MOKa3HUKIB €KOHOMIYHOI Ta €HEPreTUYHOi e(EeKTUBHOCTI BUSIBHUB,
0 BUPOIIYBaHHsS ripunill cuzoi (Brassica Juncea L.) B JliBoOepexHOMY
Jlicocteny VYkpainu € pouiabHuM. JIjis ripumill cu30i MakCMMajbHUW PIBEHb
pentabenbHocTi (147-151 %) Ta koedimieHT eHeproedexkTuBHOCTI (2,74-2,77)
OTpMMaHO 3a BuUpoIllyBaHHA copty Demiiist Ta MO3aKOPEHEBOTO IMiIKUBICHHS
perynsitopamu pocty Peroruian Ta ArpiHOC BIAMIOBIIHO.

Ku1104oBi cJioBa: ripuuiis cusa, peryJsiTopu pocTy pociuH, CTpec, 00podka
HACIHHA, MO3aKOpEHEBE MIIKUBICHHS, MOpP(]OIOriyHi Ta O10JOTIYHI MapaMeTpH,
KJIIMaTH4YHa Kamepa, GOTOCUHTETUYHA aKTUBHICTh, YPOKANHICTh, TPOAYKTHUBHICTD,

CKOHOMIYHA Ta €HEepPreTHYHa €()eKTUBHICTD.
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ABSTRACT

Jia PeiPei. Varietal features of development and performance of
Brassica Juncea L. according to growth regulators in terms of the
Forest-Steppe of Ukraine. — Manuscript.

Dissertation for a Doctor of Philosophy degree (PhD): Specialty 201 —
Agronomy. — Sumy National Agrarian University, Ministry of Education and
Science of Ukraine — Sumy, 2022.

The rationale for choosing the research topic. Mustard is a crop of
multivector industrial significance due to its diverse uses. The seeds of Brassica
Juncea L. contain 41-48 % of high-quality oil for technical and food purposes.
Modern trends of global climate change and more frequent occurrence of stressful
situations determined the urgency of using plant growth regulators to stabilize the
development of mustard. It is also worth noting that no study of the mechanism of
the growth regulators effect in terms of a controlled environment on the growth
and development of mustard plants has been conducted, which makes the research
data particularly relevant.

The scientific novelty of the obtained results. Comprehensive research was
first conducted to study the influence of growth regulators on the growth and
development of Brassica Juncea L. in a controlled environment (climate chamber)
and field conditions. The antioxidant enzymatic activity and the mechanism of
morphological adaptation of roots and shoots of mustard seedlings under
artificially created conditions of drought and salinity were first investigated.

Varietal features of brown mustard performance were identified using growth
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regulators in terms of the forest-steppe of Ukraine. The technology of growing
brown mustard is optimized for the conditions of the forest steppe of Ukraine. The
issue of the influence of weather and stress conditions on the features of growth,
development, and performance according to the variety and the combined use of
growth regulators for seed treatment and foliar application have been further
developed. The economic and energy efficiency of the cultivation of brown
mustard with the use of the studied elements of the technology has been
substantiated.

The practical significance of the obtained results. The technology of
growing brown mustard was recommended for production, which ensured a seed
yield capacity of 1.77 and 1.85 t/ha, accordingly. The main elements of the
research were tested in the production and implemented on the farms of the Sumy
and Poltava regions, in particular, at the Elita and Rodina 2017 farming enterprises
on a total area of 60 hectares. Their efficiency has been confirmed, namely: net
operating profit — 1345 and 1420 UAH/ha; profitability of production — 59.5 and
65.3 %, accordingly.

The dissertation provides theoretical generalizations and a new solution to
the scientific issue of stabilizing the impact of stress factors and increasing the
performance of Brassica Juncea L. The research technology is based on the study
of the combined use of growth regulators for seed treatment and foliar application
in terms of the forest steppe of Ukraine.

The world’s scientific developments regarding the identification of optimal

methods and types of application of growth regulators for brown mustard plants
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have been analyzed. Under current climate changes and the emergence of stressful
conditions, the combined use of growth regulators for seed treatment and foliar
application have been proven to be an important reserve for stabilizing the
development and increasing the performance of Brassica Juncea L.

The response of mustard seedlings to abiotic stresses and the efficiency of
modern plant growth regulators were studied in the climate chamber of the Henan
Scientific and Technical Institute of Science and Technology (PRC). Salt and
drought stresses are the most common abiotic stresses that suppress plant growth
and reduce performance or even cause plants’ death. To some extent, plant growth
regulators can reduce plant inhibition during stress.

The salt adaptive mechanisms of mustard seedlings and roots were studied
by determining their growth parameters, biomass, photosynthesis, MDA content,
and some key antioxidants. Mustard seedlings were treated with four salt
concentrations (0, 50, 100, and 200 mM NacCl). The results of calculations carried
out with the help of Epson Perfection V800 Photoscanner (Epson, Inc., LongBeach,
CA, USA) showed that the treatment with 200 mM NaCl significantly inhibited the
growth of shoots, causing a decrease in leaf area, as well as dry and fresh matter.
The inhibitory effect of salt on shoots correlated positively with the decrease in
chlorophyll content and performance index and correlated negatively with MDA
content in leaves. Increasing salinity has been shown to have a positive effect on
root growth. The ratio of the number of lateral roots of the first order and the
density of lateral roots were higher than those of the control group by 26.1 %,

28.7 %, and 58.5 % on day 10, accordingly. MDA levels remained unchanged. The
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coordination of antioxidant enzymes ensures the high efficiency of plants in
removing NPK. These results persuade that the antioxidant system is involved in
the adaptive regulation of root growth to avoid the deleterious effects of high soil
salinity.

In the second laboratory experiment, the brown mustard variety (Brassica
Juncea L.) of Felicia was used to analyze the response and compensation effects of
growth and physiology under drought stress and rehydration at the seedling stage.
The seedlings were exposed to different levels of drought stress (0, 10%, 15%, and
20% PEG). Growth parameters, fresh weight, chlorophyll fluorescence, and
antioxidant system were measured. The processed results showed that drought
stress suppresses the growth of roots and shoots (WinRHIZO 2007, Regent
Instruments. Inc., Quebec, Canada) and reduces the performance of the
photosystem (a portable fluorometer PEA, Hansatech Instruments Ltd, King'sLynn,
UK was used). After rehydration, root length and plant fresh weight increased
rapidly, and the performance index (Plaps) was higher compared to the control,
indicating a compensatory effect. Chlorophyll content as determined by
DualexScientific (Force-A, Orsay, France) decreased significantly under moderate
and severe drought stress. However, it increased under mild stress. After
rehydration, chlorophyll content under moderate and severe stress did not return to
control levels, and there was no significant difference between mild stress and
control. During drought stress, the activity of antioxidant enzymes and MDA
content in leaves increased significantly. After rehydration, MDA and antioxidant

enzyme activity were higher than in the control group, especially under moderate
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and severe stress. According to the results, mustard is highly adapted to moderate
drought stress due to the effective activity of antioxidant enzymes and
photosynthesis, as well as its rapid recovery after rehydration.

The third experiment aimed at evaluating the effect of plant growth
regulators (PGRs) on the germination rate and seedling morphology of two
varieties of blue mustard (Brassica Juncea L.) (Felicia and Prima) under simulated
conditions of drought stress using PEG-6000. The application of PGRs contributed
to the growth of seedlings under drought stress conditions but did not have a
noticeable effect on the germination rate of both varieties. Raw mass and root
length, leaf area, stem length, and volume of the Felicia variety significantly
increased by 24.28 %, 3.3 %, 24.7 %, 19.4 %, and 30.9 % under Antistress
treatment. Besides, the number of lateral roots reached its maximum with the use
of Agrinos and Regoplan compared to plants without PGR under drought
conditions, which were 135.55 % and 121.20 %, respectively. For Prima, the
application of Fast Start had a significant effect on raw root weight, total root
length, the number of lateral roots and main root length, root surface area, and leaf
area and stem volume by 17.62 %, 18.12 %, 211.20 %, 53.75 %, 28.57 %, 15.9 %,
and 32.3 %, accordingly.

The results of the field research conducted during 2019-2021 in terms of the
Left-Bank Forest-Steppe of Ukraine showed that the use of PGR affected the
height of plants, the number of branches, the area of the leaf surface, the number of
pods, seed yield capacity, and the weight of 1000 seeds of both varieties. This

study demonstrated that a combination of seed treatment and foliar spray was
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effective in promoting mustard growth compared to a single seed treatment or
foliar spray. The seed yield capacity of the Felicia variety (1.78 t/ha) was
significantly higher than that of Prima (1.67 t/ha). The maximum yield capacity for
Prima was obtained on the variants of complex application of Fast Start (1.76 t/ha)
and Regoplan (1.77 t/ha); for Felicia it was Agrinos (1.89 t/ha) and Antistress (1.91
t/ha). All plant growth regulators increased the average weight of both varieties.
For Prima, the influence of Fast Start and Regoplan on the weight of 1000 seeds
had the maximum effect (9.5% compared to the control). Except for Albit and
Vermistim D, other growth regulators increased the weight of 1000 Felicia seeds
by 5.8-11.7 %.

The use of growth regulators increased the average oil content of Brassica
Juncea L. seeds by 1.18-5.61%. A significant effect on the oiliness of seeds in the
Prima variety, determined with the help of an infrared analyzer (SupNir 2700,
China), was due to the use of Agrinos, Fast Start, and Regoplan. There was no
significant difference in the seed oiliness of the Felicia variety by the factor of
“Method of application of PGR” and “Type of PGR”. In terms of protein content,
no difference was found between the two varieties, as well as methods and types of
growth regulators used. According to the results of the correlation analysis, seed
yield capacity had positive and close (p<0.01) correlations of individual mean
values with the number of pods, number of branches, leaf surface area, and seed
weight per plant. The weight of 1000 seeds was closely correlated (p<0.01) with
chlorophyll content and plant height. These results showed that the number of

branches, individual plant performance, the number of pods, and the leaf surface
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area were the main factors that determined the yield with inherent varietal features
of the response to the application of plant growth regulators. Oil content correlated
negatively with protein.

The analysis of economic and energy efficiency indicators revealed that the
cultivation of brown mustard (Brassica Juncea L.) in the Left-Bank Forest-Steppe
of Ukraine is expedient. For brown mustard, the maximum level of profitability
(149%) and energy efficiency ratio (2.75) was obtained for the cultivation of the
Felicia variety and foliar fertilization with the growth regulator Regoplan.

Keywords: brown mustard, plant growth regulators, stress, treatmemt, foliar,
morphological and biological parameters, climate chamber, photosynthetic activity,

yield, productivity, economic and energy efficiency.
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INTRODUCTION

The rationale for choosing the research topic. Mustard is a crop of
multivector industrial importance due to its diverse uses. The seeds of Brassica
Juncea L. contain 41-48% of high-quality oil for technical and food purposes.

Research by scientists N. Khan, N. Igbal, R. Setia, K. Ahuja, E. Lionneton,
G. Aubert, C. Cailin.; P. Gupta; H. Guangfan, F. Yonghong, K. Mandal; A. Sinha,
Gh. Sabbir, S. Ali, etc. significantly increased the level of fulfillment of mustard
biological potential in the world. Thanks to the works of V. D. Haydash,
V. V. Lykhochvor, O. 1. Polyakov, P. S. Vyshnivskyi, A. V. Melnyk, N. P. Zhernova,
O. G. Zhuikov, T. V. Kozina, O. L. Oksymets, A. V. Chekhov, Yu. V. Vovchenko, S.
V. Zherdetska, and other scientists, success in solving several issues related to
mustard cultivation in Ukraine have been achieved. Concurrently, just a small
number of scientific developments are devoted to the issue of stabilizing the
impact of stress factors that may seriously affect the performance of Brassica
Juncea L. Factors that can cause stress responses in plant organisms can be
different: lack or excess of moisture, temperature, illumination, radioactive
radiation, chemical salts, the acidity of the environment, herbicides, wind, pressure,
and damage. Today, agricultural production pays primary attention to the system of
protection of crops from adverse factors. It should also be noted that the
mechanism of the influence of growth regulators on the growth and development
of mustard plants under the conditions of a controlled environment has not been

studied, which makes the research data particularly urgent.
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Connection of the research with scientific programs, plans, and topics.
The research was carried out according to the tasks of the thematic plans and
within the framework of the state scientific topics of the Sumy National Agrarian
University for 2019-2021 — “Optimization of the elements of mustard cultivation
technology in the conditions of the North-Eastern Forest Steppe of Ukraine”, state
registration number 01150001051 and “The development of modern methods of
identification of the stress of crops and forest plantation and ways to reduce it”,
state registration number 0121U113642. This work was also supported by the
Innovative Research Group Program (in Science and Technology) at Henan
Provincial University (21IRTSTHNO023), China.

The purpose of the research is to determine the effect of the combined use
of growth regulators for the seed treatment and foliar application on the growth and
development of Brassica Juncea L. in a controlled environment (climatic chamber,
P. R. China) and field conditions of the Left-Bank Forest-Steppe of Ukraine.

According to the specified goal, the following tasks were set:

* To determine growth and development indicators according to the
varietal features of Brassica Juncea L. and growth regulators under
artificially created salt stress (in a controlled environment, P. R.
China).

» To determine growth and development indicators according to varietal
features of Brassica Juncea L. and growth regulators under artificially

created drought stress (in a controlled environment, P. R. China).
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* To identify the features of performance formation depending on the
varietal features of Brassica Juncea L. and growth regulators in terms
of the Left-Bank Forest-Steppe of Ukraine.

* To determine the effectiveness of the application of growth regulators
on the yield capacity and quality of Brassica Juncea L. seeds in the
conditions of the Left-Bank Forest-Steppe of Ukraine.

» To calculate the economic and energy efficiency of the application of
plant growth regulators for the cultivation of Brassica Juncea L. in
terms of the Left-Bank Forest-Steppe of Ukraine.

The object of the research 1s the process of adaptation of Brassica Juncea L.
roots and seedlings under artificially created conditions of salinity and drought
with the use of plant growth regulators. Formation of performance of Brassica
Juncea L. according to varietal features, a combined application of growth
regulators, and weather conditions.

The subject of the research is brown mustard (Brassica Juncea L.) varieties
of Prima and Felicia, methods of application and types of plant growth regulators
(PGR), artificially created stress factors (salinity and drought), weather conditions,
economic and energy efficiency of plant growth regulators in Brassica Juncea L.
cultivation in terms of the Left-Bank Forest-Steppe of Ukraine.

Research methods. In the process of performing the research, general
scientific (hypothesis, analysis, synthesis, extrapolation, and generalization), as
well as special research methods were used. Visual — for phenological observations

of plant growth and development phases; measuring and weighing — to determine
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morphological parameters and performance of plants; chemical — for conducting
enzyme analyses and determining the seed quality; mathematical and statistical —
the dispersion and correlation analysis of research results; calculation and
comparative — to establish the economic and energy efficiency of the use of plant
growth regulators for the cultivation of brown mustard (Brassica Juncea L.).

The scientific novelty of the obtained results. Comprehensive research
was first conducted to study the influence of growth regulators on the growth and
development of Brassica Juncea L. in a controlled environment (climate chamber)
and field conditions. The antioxidant enzymatic activity and the mechanism of
morphological adaptation of roots and shoots of mustard seedlings under
artificially created conditions of drought and salinity were first investigated.
Varietal features of brown mustard performance were identified using growth
regulators in terms of the forest-steppe of Ukraine. The technology of growing
brown mustard is optimized for the conditions of the forest steppe of Ukraine. The
issue of the influence of weather and stress conditions on the features of growth,
development, and performance according to the variety and the combined use of
growth regulators for seed treatment and foliar application have been further
developed. The economic and energy efficiency of the cultivation of brown
mustard with the use of the studied elements of the technology has been
substantiated.

The practical significance of the obtained results. The technology of
growing brown mustard was recommended for production, which ensured a seed

yield capacity of 1.77 and 1.91 t/ha, accordingly. The main elements of the
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research were tested in the production and implemented on the farms of the Sumy
and Poltava regions, in particular, at the Elita and Rodina 2017 farming enterprises
on a total area of 50 hectares. Their efficiency has been confirmed, namely: net
operating profit — 1345 and 4350 UAH/ha; profitability of production — 9.5 and
133%, accordingly.

The doctoral candidate’s contribution is in the study, generalization, and
systematization of the world and Ukrainian research; the performance of the main
scope of the experimental part of the research (in particular, under the conditions of
a controlled environment, P. R. China), implementation of generalization, as well
as mathematical and statistical processing of data, formulation of conclusions, and
recommendations for production. The scientific provisions of the dissertation were
worked out by the author in consultation with the scientific supervisor.

Approbation of the dissertation results. The results of the dissertation
research were made public and discussed at International Scientific and Practical
Conferences “Honcharivski readings” (Sumy, 2019-2022); Scientific and Practical
Conference “Climate change and agriculture” (Mykolaiv, 2019); International
Scientific and Practical Conference Scientific principles of increasing the
efficiency of agricultural production” (Kharkiv, 2020); VII International Scientific
and Practical Conference “World of Science and Innovation” (London, Great
Britain, 2021); The International Practical Conference “Development of the
agricultural industry for the implementation of scientific developments in
production” (Mykolaiv, 2021); International Scientific and Practical Conference

“Ideas and Innovations in Natural Sciences” (Lublin, Poland, 2021).
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Publications. The main provisions of the thesis are presented in 15 scientific
works, including 2 articles in professional publications of Ukraine; included in the
international scientometric citation databases Scopus and WoS — 4; abstracts of
reports at international scientific and practical conferences and symposia — 9
(abroad — 2).

Structure and scope of the dissertation. The dissertation consists of an
introduction, 5 sections, conclusions, practical recommendations, and a list of
references and appendices. The materials of the dissertation are presented on 237
pages of printed text and contain 20 tables, 24 figures, and 17 appendices. The list

of references includes 311 sources.
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SECTION 1
RESPONSE OF MUSTARD (BRASSICA JUNCEA L.) TO STRESS AND
COMPONENTS OF MODERN CULTIVATION TECHNIQUES

(LITERATURE REVIEW)

1.1. Economic significance of mustard (Brassica Juncea L.)

Mustard (Brassica Juncea L.) belongs to the family of Brassicaceae, with a
long history of cultivation and strong adaptability, and has been cultivated all over
the world. According to the FAO in 2020, mustard has a large harvest area and
production. Ukraine has the fifth largest harvest area in the world.

Mustard is an important cash crop. It is one of the world’s major sources of
vegetable oil and protein. The oil is consumed for both edible and non-edible
purposes. Many studies have shown that mustard oil is considered one of the
healthiest cooking oils. It’s worth noting that mustard oil is high in -3 fatty acids,
which protect the heart and blood vessels, compared to other vegetable oils [10].
Isocyanates, enriched in mustard seeds, have been shown to play an essential role
in preventing cancer and bacteria [11, 12]. Besides, mustard oil is widely used in
food processing, such as canning and baking, as well as in the production of candy
and margarine [13]. Mustard oil, on the other hand, has been developed as a
potential biofuel, which is favored by most researchers because of its ability to
reduce air pollution and greenhouse gas emissions [14].

The potential benefits of B. Juncea have been recognized by several
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countries. All over the world, mustard is favored because of its unique ingredients
and medicinal value. The essential oil obtained from mustard seeds is used to make
condiments or medicine. Previous reports have shown that mustard has significant
effects on traditional diet medicines such as painkillers, aperitifs, diuretics, emetic,
redness, and stimulants [15]. All parts of the mustard plant are edible. The leaves
of the plant, known as mustard greens, are delicious in salads when they are young
and tender. Older leaves with stems may be eaten fresh as a vegetable. The flowers
can be enjoyed as edible decorations.

Mustard has more vigorous seedling growth, faster ground covering ability
along with better resistance to adversity [16]. It is a more adaptable oilseed crop
than Brassica napus in stressful environments associated with low rainfall, high
temperature, and late sowing [17]. Moreover, B. Juncea seed pods shatter less
readily, and seeds potentially contain a higher percentage of oil plus protein [18]. B.
Juncea was found to be particularly effective for the elimination of copper by
phytoextraction, but also demonstrated potential for additional metal uptake from
soils including cadmium, nickel, lead, and zinc [19]. Regarding the fact that rape
plants improve soil structure, and clear it from radionuclides, the Chornobyl zone
seems to be especially attractive for crop growing. According to the analysts, about
100 thousand ha of contaminated land in Ukraine are suitable for growing

technical crops [20].
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1.2. Origin, status, and prospects of growing mustard

(Brassica Juncea L.) in the world and Ukraine

Mustard is a natural allopolyploid of Brassica rapa (AA) and Brassica nigra
(BB) [21]. Mustard was one of the first domesticated crops. Thus, archaeologists
and botanists believe it has been found in Stone Age settlements. Ancient Greeks
and Romans used mustard not only as a condiment but also medicinally, applying
it externally to relieve a variety of aches and pains. In about 1300, the name
“mustard” was given to the condiment made by mixing mustum, which is the Latin
word for unfermented grape juice, with ground mustard seeds. Researchers have
proposed different ideas about the geographical origins of mustard. According to
the geographical location of the parents of Black mustard and Chinese cabbage, the
origin of mustard is most likely from the Middle East and India. However, Chinese
researchers generally believe that mustard originated in the east, south, or west of
China and that Sichuan Basin is the differentiation center of vegetable mustard
[22-23].

Based on morphology, origin, and the place of growth classification, mustard
can be broadly divided into four groups around the globe. (1) White mustard
(Sinapis hirta), a mild variety, grows wild in North Africa, the Middle East, and
Mediterranean Europe and has long been cultivated widely. In Europe, yellow
mustard is also known as white mustard (Sinapis alba — an older botanical name).
(2) Oriental mustard (Brassica Juncea), the basis of American and European

mustards as well as hot Chinese mustard, grows wild in the foothills of the
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Himalayas. (3) Black mustard (Brassica nigra) is believed to be native to the
southern Mediterranean regions. (4) Abyssinian mustard (B. carinata Braun): This
plant is restricted to Ethiopia and neighboring territories, where it has been
cultivated for seed oil and as a vegetable from ancient times [24].

Due to ecological geographical variation and human selection, mustard has
formed many varieties of different forms, including oil, semi-oil, root, and leaf
vegetable types. Mustard is grown as an oil crop in India, Canada, Australia,
Russia, and Ukraine, as a vegetable in China, and as a condiment in Canada and
Europe. Among the oilseed crops, mustard and rape seed is in the second position
after soybean. The increase in the area and performance of mustard is limited by
policy, technology, and the environment. Currently, mustard plants are mainly
produced in Canada, Hungary, India, China, the United States, Ukraine, and areas
suitable for mustard cultivation. In China, mustard is widely known as the product
of “Zha cai”, “Datou cai”, and “Ya cai” [22]. High-quality low erucic acid oil
obtained by genetic engineering plays an important role in increasing the
performance and area of mustard [25].

In recent years, the cultivation area of mustard and rape has increased
significantly in Ukraine, based on favorable climatic conditions and strong
adaptability. Considering the lack of bioenergy in Ukraine, mustard and oilseed
have the potential to become one of the most popular oilseed crops and an
alternative to biodiesel products [20]. The market for oilseeds in Ukraine is a large
segment of the general market for agricultural products. Mustard (Brassica Juncea

L.) is an oilseed crop that can restore the optimal ratio of crops in crop rotation
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without reducing the efficiency of economic activity. Ukraine is among the top ten
world leaders in its cultivation. The warming trends observed over the last 30 years
in the world and Ukraine, allow the growing of mustard throughout the country.
Consequently, it became necessary to develop varietal technologies for growing

mustard for specific soil and climatic conditions.

1.3. Systemic and structural features of mustard

(Brassica Juncea L.)

Mustard is known to be categorized under brassica in the cruciferous family.
This morphological variation results from long-term selection with varying
objectives in the different parts of the world where the species were initially
domesticated. Up to now, mustard has been classified in a variety of ways,
including the purpose of use, morphology, and molecular techniques.

Mustard can be divided into oil and leaf vegetables according to its use.
Previous research has found that genetically distinct between the oilseed group and
the vegetable varieties [26]. As an oil crop, mustard varieties were evaluated by
using agronomic traits such as flowering time, plant height, seed color, seed weight,
oil content, protein, fiber, fatty acid, and glucosinolates levels. As a leafy vegetable,
the following traits, such as large leaf size, late flowering, many leaves per plant,
and tolerance to diseases and pests are preferred [27].

The classification based on morphological differences is one of the

commonly used methods. The morphological features mainly include leaf blade
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colour, leaf blade margin; plant growth habit; plant height at 50% flowering; plant
diameter at 50% flowering; leaf number per plant at 50% flowering; leaf length at
50% flowering (largest leaf including petiole); leaf blade width at 50% flowering
(widest point of the largest leaf); leaf blade blistering; leaf angle (angle of petiole
and horizontal); leaf bloom; leaf lamina attitude, petiole length at 50% flowering
(petiole of the largest leaf ); petiole width at 50% flowering (petiole of the largest
leaf) and days from sowing to 50% flowering. The plant growth habit is upright,
prostrate, and intermediate; the leaf color includes light green, green, and dark
green; the leaf edges include Undulate, Dentate, Remove Dentate, and Serrate; the
leaf angle is Prostrate (<30°), Semi prostrate ( ~45°), Open ( ~67°), Erect (>87°);
the leaf number per plant is 20>, 20-40, 40<; the previous studies of 36 accessions
in Ethiopia found that they were 149-226 cm in height, 2.85-4 g in 1000-seed
weight, 140-178 days to mature, and 179-352 pods per plant [28]. A field survey of
66 accessions of Brassica carinata at Saskatoon found that the average plant
height was 140 cm, the maturity period was 100 days, the average 1000-grain
weight was 3.1 g, and the time from sowing to flowering was 51 days [29].

DNA molecular marker refers to the fragment that can reflect the features of
some differences in the genomes of individuals or populations. Therefore,
molecular technology provides a new strategy for studying the genetic relationship,
variety identification, as well as further exploration and utilization of mustard
resources. Lionneton et al.. used the AFLP method to map the agronomic and
yield-related traits of mustard, including flowering time, plant height, 1000-seed

weight, and seed oil content [30]. The mapping of genes related to agronomic traits
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and yield in the genome will provide a new breeding strategy for breeders [31].

1.4. Effects of abiotic stresses on the growth and physiological

parameters of mustard (Brassica Juncea L.)

Abiotic and biotic stresses restrict regular crops, leading to inferior grain
quality and a devastating impact on crop yield. In agricultural production, abiotic
stresses mainly include drought, salinity, extreme temperatures, flooding,
pollutants, and poor or excessive irradiation [32,33]. As the global climate changes,
the effects of abiotic stress on plants are becoming a more frequent and
increasingly severe problem. In addition to abiotic stresses, plants face the threat of
infection by pathogens (including bacteria, fungi, viruses, and nematodes) and
attack by herbivore pests [34].

Among the various abiotic stresses, salinity and drought stress are increasing
problems in global agriculture, which inhibit plant growth and reduce crop
performance. Twenty percent of the 230 million hectares of irrigated croplands are
affected by salts, and this proportion increases dramatically each year owing to
unsuitable irrigation practices [35]. It is estimated that 50% of the world's arable
land will be salinized by 2050 [36]. At present, the arid and semi-arid areas in the
world account for 36% of the total land area and 43% of the cultivated land area.
Moreover, global climate change will likely add to water scarcity, making it a
greater limitation for sustainable agricultural performance. The adverse effects of

abiotic stress on crops include seed germination rate, early seedling growth, plant
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height, seed yield capacity, and oil quality, as well as physiological and

biochemical features of crops.

1.4.1. Effects of abiotic stress on seed germination and plant growth

Seed germination and seedling emergence are critical stages in crop
production, particularly sensitive to environmental factors. A comfortable
environment includes adequate moisture, oxygen, sunlight, and the right
temperature, which are necessary for the germination and growth of healthy seeds.
The germination stage for those plants which reproduce through their seeds is
crucial because of its indirect influence on plant concentration [37]. Therefore, it is
of great significance to study the effects of seed germination and plant growth in
complex and diverse environments.

Water is the primary condition for seed germination, and successful seedling
establishment depends on the amount of water [38]. Extensive literature suggested
that polyethylene glycol (PEG) can be used to simulate drought conditions and
study the effects of drought stress on plants [39,40]. Polyethylene glycol (PEG) is
an inert long-chain polymer with high molecular weight, with little effect on cells.
A study of drought on wild almonds showed that the germination rate decreased
with increasing stress [41]. Similar results have been observed for maize varieties
[42]. In 14 rapeseed varieties, drought stress reduced seedling height by 40.68 %,
and fresh weight by 34.2 %, and a survival rate by 18 % on average [43].

Generally, there is a temperature threshold for plant growth, and it is

favorable for plant development and growth rate under optimum temperature
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conditions. Temperatures for germination and growth above or below this
threshold cause various physiological damage in plants. Low temperatures not only
retard germination, emergence, and vegetative growth but also affect
morphogenesis. The germination energy, germination rate, and germination index
of maize dropped to a minimum with the treatment of -25°C and 12 hours [44].
Low-temperature stress during reproductive development induced flower
abscission, pollen sterility, pollen tube distortion, ovule abortion, and reduced fruit
set, which ultimately lowered yield [45]. High temperatures can also cause serious
damage to plants. A study of sugarcane found that heat stress significantly reduced
the length of the first internode and resulted in premature plant death [46]. The
high temperature was closely related to pollen development and pollen tube
elongation in rice [47].

Salt stress increases the concentration of sodium and chloride ions, thus,
leading to nutritional imbalance and even plant death [48]. Salinity stress inhibits
plant growth for two reasons: the first is to reduce the plant's ability to absorb
water from the surrounding soil, and the second is excessive ions that move into
the leaves to damage the cells further and ultimately slow the plant’s growth [49].
The germination rate of tomatoes was negatively correlated with salt concentration,
and all seedling growth parameters, except plant height, decreased with the
increase in salt concentration [50]. Severe salt stress resulted in a significant
decrease in maize germination percentage (77.4 %), germination rate (32.4 %),
length of radicle (79.5 %) and plumule (78 %), seedling length (78.1 %), and seed

vigor (95 %) [51].
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Plant roots are closely associated with nutrients and water uptake and are the

first contact tissue that responds to stress signals. Multiple figures determine the
root system architecture (RSA), particularly, abiotic stresses [52, 53]. Plants have
established a sophisticated mechanism to adapt to abiotic stresses, such as
regulating the plant RSA [53]. A study in Arabidopsis thaliana reported that salt
stress markedly promotes the elongation of lateral roots [4]. In Brassica napus,
stress stimulates changes in root morphology, including the growth and
development of root hairs on lateral roots, which leads to an additional increase in
the root surface area compared with plants that are not stressed. To some extent, an
increase in root surface area indicates that plants can absorb more water and
nutrients from the surrounding rhizosphere, and this change induced by stress in
root morphology serves as an adaptation strategy [54]. The natural variation of
RSA enables its use as a modern breeding strategy to improve the efficiency of

uptake of water and nutrients, and further increase crop yields [5, 6].

1.4.2. Effects of abiotic stress on plant photosynthesis

Photosynthesis is undoubtedly the most important physiological process that
affects plant growth and biomass. Adverse environmental factors including light,
temperature, water, nutrients, and carbon dioxide can affect photosynthesis and
reduce plant growth [55].

Water is one of the important factors in photosynthesis. Previous studies
have shown that drought restricts photosynthesis through stomatal and

non-stomatal processes [56, 57]. Controlling water loss through stomatal
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regulation has been considered an early response of plants to drought [58]. With
the aggravation of drought stress, the factor affecting the photosynthetic rate
changed towards the critical value from the stomatal limitation to the non-stomatal
limitation, and the photosynthetic system was damaged [59]. Chloroplasts are
highly sensitive to stress, and the decrease of chlorophyll content is a common
phenomenon under drought stress [60, 61]. The reduction in chlorophyll content
may be due to its decomposition rate exceeding the synthesis [62].

Photosynthesis is also inhibited when high concentrations of Na* and/or CI~
are accumulated in the plants. High concentrations of Na* reduced K* and Ca**
uptake and photosynthesis by reducing stomatal conductance, while high CI”
concentration reduced the photosynthetic capacity due to non-stomatal effects and
chlorophyll degradation [63]. Salinity accelerates the degradation of chloroplasts
and then inhibits chlorophyll synthesis [64]. Leaf chlorophyll is involved in the
capture, absorption, and transfer of light energy in photosynthesis, and the
decreased chlorophyll content correlated negatively with plant yield capacity [65].
In addition to the above-mentioned environmental factors, light limits

photosynthetic rate by regulating photosynthetic activity and stomatal opening of

leaves [66].

1.4.3. Effects of abiotic stress on reactive oxygen species metabolism of
plants
Oxidative stress is a general response of living organisms to many harmful

environmental factors [67]. During oxidative stress, several reactive oxygen
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species (ROS), like superoxide anion (O:°), hydrogen peroxide (H»0.), and
hydroxyl radicals (OH) are commonly generated [33]. As toxic byproducts of
aerobic metabolism, ROS are primarily formed in chloroplasts, mitochondria, and
peroxisomes. Previous studies have shown that stress induces a significant increase
in ROS and causes lipid peroxidation [68, 69]. High levels of ROS and RNS can
cause lipid and protein oxidation, damage to nucleic acids, enzyme inhibition, and
activation of the programmed cell death pathway (PCD), ultimately leading to cell
death [70]. Recent studies suggested ROS is necessary for cellular proliferation
and differentiation, even though excessive amounts of ROS inhibit the synthesis of
proteins and chlorophyll, resulting in wilting or death under severe stress [71]. A
recent study in Brassica napus revealed that in addition to hormones, ROS can also
regulate the growth and development of roots [33].

To keep the ROS in balance and not harm the plant, the plant activates its
antioxidant system to eliminate the deleterious ROS. The antioxidant system can
be divided into the enzymatic antioxidant system and non-enzymatic protection
system, among which the enzymatic antioxidant system includes superoxide
dismutase (SOD), catalase (CAT), ascorbic acid peroxidase (APX), and peroxidase
(POD). The non-enzymatic antioxidant defense system mainly includes ascorbic
acid (ASA), glutathione, and carotenoids [72, 73]. It has been documented that the
antioxidant enzyme activity was positively related to salt resistance in rice (Oryzae
sativa) [7], chickpea (Cicer arietinum) [8], and maize (Zea may) [9]. Khan showed
that the SOD, POD, and CAT activities of rapeseed seedlings increased rapidly

under drought stress growth conditions, and might have limited the ROS
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production [74]. GSH-AsA cycle is an important non-enzymatic antioxidant
defense system and has attained considerable attention [75]. Many studies have
shown that high concentrations of AsA and GSH can reduce ROS accumulation in
plants [76, 77]. Under high-temperature conditions, Wang showed ascorbate (AsA,
DAsA) and glutathione (GSH, GSSG) content increased in early cauliflower leaves

[78].

1.4.4. Effects of abiotic stress on osmotic adjustment substances

Osmotic adjustment is generally an important physiological mechanism for
plants to endure and resist abiotic stress [79]. Plants will actively accumulate some
osmotic adjustment substances to maintain osmotic balance and protect cell
structure under stress [80, 81]. There are four main classes of solutes that could
have an osmotic or protective role. They are as follows: the N-containing solutes
such as proline and glycine betaine; sugars such as sucrose and raffinose;
straight-chain polyhydric alcohols (polyols) such as mannitol and sorbitol; and
cyclic polyhydric alcohols (cyclic polyols) [82].

Saccharide 1s an important dehydrating protectant in plants. Wang
demonstrated that increasing soluble sugar content can resist drought stress in
Apocynum species [83]. Li showed that the contents of soluble sugar and proline
in maize seedlings were significantly increased under drought stress, indicating
that drought stress could induce osmotic regulation of substance accumulation in
maize seedlings [84]. Previous studies have suggested a positive correlation

between the accumulation of proline and plant stress resistance [84, 85]. Mansour
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et al.. reported that NaCl stress resulted in the accumulation of glycinebetaine (GB)
and free proline (Pro) in shoots of the two maize varieties [86]. Proline facilitates
water uptake, maintains osmotic balance, and protects cells against ROS under salt
stress [87]. The role of soluble protein content in osmotic regulation is
controversial under the stress of adversity. Some studies suggested that soluble
protein content decreased under water stress [88]. On the contrary, an increase in
the soluble proteins may be due to the rapid synthesis of an osmotin-like protein or
structural protein mainly involved in cell wall modification [89]. In addition to
organic osmotic regulators, inorganic substances including Ca?", Mg?*, and Na* are
also used to maintain cellular homeostasis to increase stress resistance in plants.
Ca’" is a universal second messenger of diverse signaling pathways, involved in

biotic and abiotic stresses.

1.4.5. Effects of abiotic stress on phytohormones

Phytohormones are the key endogenous factors mediating plant stress
response and play an important role in the defense response [90]. There are six
major classes of plant endogenous hormones, auxin (IAA), cytokinin (CTK),
gibberellin (GA), abscisic acid (ABA), ethylene (ETH), and brassinosteroids (BR).
Plant hormones have a wide range of effects on plant growth and development,
from cell division, elongation, and differentiation to germination, rooting,
flowering, fruiting, sex determination, dormancy, and shedding. Plant hormones
can mitigate stress due to the complex interactions of different plant hormones and

their ability to control a wide range of physiological processes.
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Extensive studies have demonstrated a close relationship between
phytohormones and stress resistance in plants. The prominent contribution of ABA
in plant resistance against abiotic stress has been studied extensively [91-94].
Therefore, ABA 1s known as the stress hormone. ABA can stimulate stomatal
closure under drought conditions, resulting in the maintenance of water balance
[95]. ABA induced the synthesis of LEA proteins, dehydrins, and other
stress-induced proteins that maintained water status and protected enzymes and
organelles from damage under water stress [96, 97]. Besides, the interaction of
plant hormones to regulate root development is considered an adaptive strategy for
plants during adverse environments [98]. A large number of studies have proved
that auxin is involved in plant morphology and development, especially in root
growth regulation [99]. Auxin associates with ethylene to regulate root
development and architecture, and contribute to drought and salt stress tolerance
[100]. However, Auxin and cytokinin play opposite effects in lateral root formation

induced by low phosphate conditions [101].

1.5. The components of modern technologies for growing mustard

(Brassica Juncea L.)

Mustard has outstanding economic value and is commonly used as an oil
crop, source of leafy greens, spice, fodder, and green manure [102]. In recent years,
abiotic stresses, including a limited supply of moisture, high transpiration, and

continuous high temperature, have been detrimental to the healthy growth of
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mustard [103]. Under fluctuating environmental conditions, favorable cultivation
and management practices play an important role in mustard growth and yield.

1.5.1. Seeding time

Mustard is mainly cultivated in temperate climates. It is also grown in
certain tropical and subtropical regions as a cold weather crop [104]. Generally, the
growth features of mustard varieties vary from region to region. Selecting suitable
varieties for the local climate is the first step in ensuring high yields. The timing of
sowing determines the level of moisture and nutrients available for the plants. The
change of climate conditions in Ukraine over the past decades had an impact on the
soil maturity and allowed sowing all the crops as well as mustard at earlier dates.

Seed germination is an important stage in the life cycle of crops. Sowing
time influences the morphological development of crop plants through temperature
and heat units. Mustard is reported to tolerate annual precipitation of 500 to 4200
mm, and an annual temperature of 6 to 27°C. Mustard follows the Cs pathway for
carbon assimilation. Therefore, it has an efficient photosynthetic response at
15-20°C temperatures. At this temperature, the plant achieves the maximum CO;
exchange range, which declines after that.

To ensure the yield and quality of mustard, a detailed investigation and
understanding of the local climate and temperature conditions should be conducted
to select before sowing. Throughout the world, sowing times vary for different
varieties, but appropriate planting times are necessary to improve crop yield and
quality [105]. Chinese mustard is usually planted in August [106], while the most

suitable planting time in Ukraine is from April to May, and harvested in August.
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1.5.2. Land and seedbed preparation

Generally, mustard plants have well-developed roots, and deep soil is
necessary to produce vigorous seedlings. Mustard prefers good sandy loamy soil,
chernozem, and chestnut soils. Moreover, the field requires a complete drainage
system and a high content of soil organic matter. Mustard has a low water
requirement (240—400 mm) and a certain drought resistance, which fits well in the
rainfed cropping systems. The seedbed should be firm and moist to ensure good
contact between the seeds and the soil. Weeds and gravel should be removed from
the soil to ensure good conditions for mustard growth.

Tillage affects both crop growth and grain yield. The conventional tillage
includes moldboard plowing followed by disc harrowing; reduced tillage includes
disc plowing followed by disc harrowing and complete zero tillage (crop is sown
under uncultivated soil). Minimum tillage, with or without straw, enhances soil
moisture conservation and moisture availability during crop growth [104]. Proper
crop rotations include beans, alfalfa, rice, and tobacco, but not mustard, rape, and
cabbage. PH is also very important. White mustard is sensitive to the acid reaction,
so the soil for its crops must be slightly acid or neutral (pH of about 7). Finally,
weeds need to be removed. Weeds compete with crops for water, light, space, and
nutrients. Therefore, timely and appropriate weed control greatly increases crop
yield. Studies have shown that the effective application of herbicide combined with
nitrogen fertilizer is an effective strategy to achieve weed control and yield

increase in winter rape [107].
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1.5.3. Seeds and sowing
High yield traits of mustard mainly include vigorous seedling growth, good
root development, early stem elongation, rapid ground covering ability, early
flowering, optimum plant population, and strong resistance to stress and disease.
Plant population and row spacing. Density is an essential factor affecting the
rational planting structure of crops and coordinating the physiological features of
source and sink [108]. A suitable population structure is the basis of high crop
yield. The individual production capacity of Brassica is poor, so it is necessary to
give full play to the population advantage through proper planting [109]. A study
on rapeseed showed a significant positive correlation between planting density and
branch height and yield, and a significant negative correlation between first-order
branch number and yield. The potential of a high yield of rapeseed could be
achieved by controlling individual growth and compressing low-efficient branches
at the lower position [110]. Previous studies on rape planting densities have shown
that seed yield increased and then decreased as plant density continuously
improved (15 x 10*— 60 x 10* plant/hm?). The highest seed yield was obtained at
the plant density of 30 x 10* plants/hm?, and it significantly decreased when plant
density increased to 60 x 10* plants/hm?. The effect of plant density on seed
quality was not significant [111]. Lodging was one of the main factors of yield
decline, which hindered nutrient absorption and material transport, and was not
conducive to grain formation and filling [112]. The lodging resistance of crops
decreased with the increase in planting density. Moreover, lodging is not

conducive to mechanized harvesting.
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With an increase in rape planting density, competition for space and
resources will be intensified. Reasonable row spacing can coordinate the
contradiction between population and individual under high density, ensure a
reasonable distribution of leaf area, make full use of light energy and soil fertility,
and further improve yield. It was believed that there was no significant difference
in yield between wide row (36 cm) and narrow row (18 cm) under mechanized
planting of rapeseed [113], other studies indicated that narrow row spacing (7.5 cm)
had an advantage in yield increase compared with wide row spacing (15 cm and 23
cm) [114]. Reasonable row spacing and planting density can not only achieve high
yield but are also suitable for mechanized agriculture and field management.

Seed priming is an effective technology to enhance rapid and uniform
emergence and achieve high vigor. Various seed priming techniques have been
developed, including hydro-priming, halo-priming, osmo-priming and hormonal
priming, etc. [115]. Hydropriming is defined as the soaking of seeds in water.
Halo-priming is a pre-sowing soaking of seeds in salt solutions to enhance
germination and seedling emergence uniformly under adverse environmental
conditions. NaCl, KCI, KNOs, and CaCl, are used. Osmopriming is known as a
pre-sowing treatment that involves the exposure of seeds to lower external water
potential [116]. Hormonal priming is the soaking of seed in hormone solution is
referred to as hormonal priming. GAs, Salicylic acid, Ascorbic acid, Cytokinins,
etc. can be used for this.

Due to priming, germination rates increase and the emergence of uniform

seedlings and greater stress tolerance compared to non-primed seeds under
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different adverse environmental circumstances [117]. Previous studies have used a
variety of materials for seed priming. A study of rapeseed showed
melatonin-priming alleviated the damage of drought stress [74]. The soaking of
mustard seeds in 0.025% aqueous pyridoxine hydrochloride solution for 4 hours
improved germination [118]. In addition to the effect on germination rate and
abiotic stress, seed priming with plant hormones can increase the biological
resistance of plants [119].

Planting technique. The sowing technique depends upon land resources,
soil conditions, and management levels. Broadcast sowing, line sowing, ridge
sowing, and furrow sowing are standard techniques. At higher soil moisture
regimes, broadcast sowing is beneficial to the early emergence of seedlings. Under
regular and conserved moisture regimes, line sowing becomes the most suitable
seeding method for crops. Ridge and furrow sowing is superior to conventional flat
sowing for growth parameters and yield. Under the saline conditions, grain yield in
ridge sowing was higher by 45, 31, and 28 % than the broadcast, drill, and furrow
sowing methods, respectively [120]. Transplanting is also considered a way to save
time and resources. With the rise of labor costs, direct seeding has become the
main development direction because of its simple operation, labor-saving and
time-saving, and ease to mechanize sowing and harvesting. In addition, direct
seeding seedlings also had the advantages of a developed main root system and

strong lodging resistance [111].
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1.5.4. Fertilizer management

Fertilizer has brought unprecedented prosperity and increased production to
world agriculture to a certain extent. It is considered that some 30 to 50% of the
increase in world food production since the 1950s is attributable to fertilizer use.
Six macronutrients (N, K, P, Ca, Mg, and S) and seven micronutrients (Fe, Mn,
Zn, Cu, B, Cl, and Mo) are required by plants. Optimal fertilizer management
plays a crucial role in high photosynthesis, nutrient utilization, and biological yield.
Nitrogen (N), phosphorus (P), and potassium (K) are considered to be three major
elements in plant growth. Oilseed crops require adequate availability of fertilizers
for maximum performance [121]. The previous study had shown that the plant
height, the number of branches per plant, the number of siliqua per plant, the
number of seeds per siliquae, 1000-seed weight, and seed and oil yield of mustard
increased under optimal NPK management [122].

Nitrogen is one of the essential nutrient elements for crop growth. Adequate
nitrogen nutrition is vital to maintaining plant photosynthesis and development
[123]. About 75 % of the nitrogen in the plant leaves is located in the chloroplasts,
which is conducive to photosynthesis. Increasing leaf nitrogen content could
increase the content of the Rubisco enzyme and other photosynthesis-related
enzymes [124]. In addition, nitrogen supply could improve leaf structure [125]. In
a rape study, high nitrogen was conducive to forming the maximum leaf area index,
which ultimately led to higher seed yield. Field studies in India indicated that the
grain yield of both mustard crops significantly increased with increased N rates

[126]. Nitrogen is also a component of vitamins and hormones and plays an
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important role in regulating physiological processes. However, excessive nitrogen
fertilizer application will cause various harm to the growth and development of
plants [127]. The previous report showed a negative correlation between nitrogen
and oil content in rapeseed. Therefore, it is necessary to adjust the amount of
nitrogen application to prevent excess nitrogen from harming crops.

Phosphorus (P) is the second essential mineral element in plants, closely
related to energy metabolism, nucleic acid, and membrane biosynthesis [128].
Plant performance relies on photosynthesis, and the photosynthetic process relies
on P-containing compounds. Thus, the efficient use of P in photosynthesis is a
potentially important determinant of the crop. An increase in soil phosphorus
application led to a rise in rape yield, oil content, and phosphorus content in seeds
[129]. In the study of the effect of phosphorus on soybean, it was found that the
number of pods per plant, pod length, the number of seeds per pod, biological yield,
harvest index, and oil yield increased significantly when the soil phosphorus level
was 100 kg ha''[130]. Plant biomass of maize and P content were positively related
to root length, root surface area, and bacteria number, but did not correlate with the
dry weight of the root [131]. In agriculture, however, phosphorus is easily lost to
water, causing eutrophication. Therefore, the reasonable management of
phosphorus is of great significance to achieve a balance between food production
and environmental pollution.

Potassium (K) is one of the essential nutrient elements in plants and acts as a
coenzyme or activator of many enzymes. Potassium is an important inorganic

component of osmotic potential in plant cells. In addition to the three essential
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elements, plants also have a relatively high demand for sulfur (S), especially the
cruciferous family. Previous studies showed that most other parameters of oil crops
had a positive response to sulfur fertilizer, and the magnitude of the response
varied with species/variety and year [132]. The branches plant™!, seed pod™!, seed
weight, and seed and oil yields increased significantly with the applications of
sulfur up to 40 kg ha! [133]. The sulfur application can increase the content of
glucosinolate in rape seeds [134]. In addition, the combination of sulfur and
nitrogen fertilizer is essential in maintaining sufficient oil levels and fatty acid
quality [135].

Mustard, in general, is very sensitive to micronutrient deficiency, especially
zinc and boron. Zn fertilizer could significantly increase the aboveground biomass
of rape by 7.9-114.3 % and had a significant effect on rape yield [136]. Boron (B)
is an essential element for plants and the only non-metal among the seven plant
micronutrient. B deficiency is one of the worldwide agricultural problems and a
major drawback to crop production [137]. B deficiency hampers flowering and
fruiting by retarding pollen germination and pollen tube development processes.
Deformed flowers are a common symptom of boron deficiency [138].

According to the results of the research conducted by S. V. Zherdetska at the
Sumy National University of Science and Technology in 2015-2017, a significant
increase in the yield capacity of the yellow mustard variety of Prima after applying
N30P30K30 to 1.89 t/ha, which is 0.47 t/ha more than the control variant, was
established (without fertilizers). The maximum yield was obtained on the variant

with the Ne¢oPeoKeo fertilizer rate — 2.03 t/ha, which is 0.61 t/ha more than the
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control variant. In the Retro variety, a significant increase in the yield capacity by
0.41 and 0.53 t/ha was also found in variants with the N3oP30K30 and NeoPsoKso
fertilizer rate compared to the control variant [139].

For steppe conditions, O. H. Zhuykov proved that the highest effect was
obtained with pre-sowing incrustation of seeds and foliar feeding of mustard plants.
The priority algorithm for carrying out the mentioned event is the use of “Gilea”

TM preparations two times during the budding and flowering phase of yellow

mustard [140].

1.5.5. Agricultural applications of plant biostimulants

Plant biostimulant refers to any substance or microorganism used by plants,
regardless of their nutrient content, for the purpose to improve nutrient efficiency,
abiotic stress tolerance, and/or crop quality traits. By extension, plant biostimulants
also designate commercial products containing mixtures of such substances and/or
microorganisms [141]. Numerous studies have shown that biostimulants promote
plant growth, increase yield, and enhance plant resistance to a variety of adverse
conditions. Currently, there are many types of biostimulants used in production,
mainly including (1) Organic components, such as amino acids, humic acid,
seaweed extract, organic carbon, acetic acid, sugar alkyd, chitin, chitosan, etc. (2)
Biological components, such as nitrogen-fixing microorganisms, promoting
microorganisms, control, and remediation of contaminated soil microorganisms. (3)
Inorganic components, such as iron, boron, calcium, magnesium, silicon, titanium,

as well as other nutrients and phosphate. (4) Other components, such as plant
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endogenous hormones, and plant growth regulators [142].

Biostimulants control crop growth and development. Plant biostimulants
can promote root growth, regulate the flowering period, promote flower bud
differentiation, and fruit development, and increase fruit setting rate. Setia revealed
that GAs significantly increased plant height of mustard, number of fertile
siliqua/plant, number of flowers/plant, setting of siliqua/plant, dry matter yield,
number of seeds/siliqua, harvest index, and the number of flowers/plant [143].
Foliar spraying humic substances enhanced the aerial part and root system of
watermelon seedlings [144]. Exogenous application of spermidine in maize
increased plant height, promoted root development, and increased dry matter
accumulation, leading to the increase in maize yield [145]. Mixtalol foliar spraying
on mustard increased the number of second and third branches, as well as starch,
protein, and oil content [143].

The research conducted by G. Shabbir in 2016-2019 proved that for the
conditions of the forest-steppe of Ukraine, the technology should provide for the
application of NeoPsoKeso mineral fertilizers combined with 2-fold foliar fertilization
in the 14-18 and 45-53 micro stages according to BBCH. It is advisable to use
Basfoliar 12-4-6+S (6.0 I/ha) + Soliu Bor (3.0 I/ha) or Vuksal boron (3.0 I/ha) +

Vuksal bioaminoplant (3.0 1/ha) [146].

Regulation of photosynthetic and physiological activities of plants by
biostimulant. Chlorophyll is a photosynthetic pigment, which is essential to

absorb and utilize light energy. Thus, measuring chlorophyll indirectly explains the
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efficiency of photosynthesis and photosynthate production. Two biostimulants,
AZALS5 and HA7, which are derived from seaweed and black peat, can stimulate
chloroplast division and promote the absorption efficiency of macronutrients in the
rapeseed root system [147]. Furthermore, a large number of studies have shown
that the application of biostimulants can effectively improve the activity of a
variety of enzymes in crops, regulate the action of a variety of biological factors,
and participate in a variety of enzymatic reactions and body metabolism.
Brassinolide induced an increase in nitrate reductase activity [148]. The activities
of SOD and POD were significantly increased after soybean foliar spraying with
SOD simulation material (SODM), Choline chloride (Cc), and Diethyl aminoethyl
hexanoate (DTA-6) [149].

Induction of crop resistance to stress. Biostimulants are highly effective in
mitigating the effects of abiotic and biological stresses on plants. The application
of Salicylic acid (SA) and Putrescine (Put) can effectively alleviate drought stress
by maintaining the water budget of canola plants, accumulating proline, and
protecting photosynthetic pigments [150]. Silicon (Si) can improve drought
tolerance via enhancing root hydraulic conductance and water uptake in tomato
plants [151]. Inoculation with plant growth regulators has been known to modulate

abiotic stress via direct and indirect mechanisms [152-154].

1.5.6. Crop protection (weeds, diseases, and insects)
Weeds significantly affect the growth of oil crops, especially in the early

growth stage. Weeds cause direct yield losses through competition for light,
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nutrients, and space. Weeds can also interfere with harvesting. Some weeds such as
chickweed, cleaves, and speedwells grow at lower temperatures and threaten to
smother the oilseed crop in early spring. In general, weeds in the winter oilseed
rape fields of Europe are volunteer cereal grasses and botanically similar, closely
related brassica weeds, which include Chalock, Wild mustard, Stinkweed, ball
mustard, wormseed mustard, and shepherd’s purse [155]. In general, weed control
1s a combination of agricultural practices and herbicides [156]. Cultural practices
include rotation, sowing time, inversion tillage, crop management, as well as hand
and mechanical weeding.

Numerous diseases may cause production losses to a greater or lesser extent
in different areas of the world. Sclerotinia stem rot (Sclerotinia sclerotiorum),
Alternaria blight (Alternaria brassicae), White rust (4lbugo candida), Downy
mildew (Hyaloperonospora parasitica), Powdery mildew (Erysiphe cruciferarum),
and Blackleg (Leptoshaeria maculans), are the major diseases of oil crops [157].
Control of disease has involved a range of strategies. Black leg and light leaf spot
are most effectively controlled by the use of resistant varieties. Cultural control
methods, particularly rotation, are important means of controlling diseases such as
sclerotinia and clubroot [155].

A range of insects attack oil crops throughout their growth and cause
reduced yields or even death. Cabbage-stem flea beetle (Psylliodes chrysocephala)
1s one of the important insects on winter rape seed in Europe. Several species of
aphids can also cause damage. Flea beetles (Phyllotreta spp) are considered very

adverse insects for spring rapeseed. The pollen beetle (Meligethes spp), seed
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weevil (Ceuthorhynchus assimilis), and pod midge (Dasinaura brassicae) [155].
Traditionally, neonicotinoid and pyrethroid insecticides have been widely used for
control [158]. Cultivation control practices such as crop rotation, adjustment to

seedling date, and cultivation practice are effective controlling measures.

1.5.7. Components of grain yield

Seed yield is the result of many characters, which are interdependent [159].
The yield of mustard includes the number of siliques per plant, the number of
seeds per silique, and 1000-seed weight [160]. The remaining yield-related features,
such as the number of primary and secondary branches per plant, seed yield per
100 siliquae, seed yield per plant, biologic yield per plant, and harvest index,
provide more opportunities for increasing the yield capacity [161]. A previous
study showed that high density (5.2x10° plants per hectare) significantly increased
yield by increasing the number of branches per unit area, main branches per unit
area, and branch racemes. The oil content and glucosinolide content were increased
by reducing nitrogen application [162]. Environmental conditions have significant
differences in yield capacity and yield components of oil crops. There was a very
significant correlation between numbers of pods per plant, PAI (pod area index),
main inflorescence yield, and branch yield, as well as accumulated temperature and
daylight hours but no significant correlation for 1000-seed weight and SNPA (seed
numbers per unit pod area). Seeding date mainly affected branch development,
growth, and branch yield formation resulting in a highly significant effect on the

yield capacity [163].
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1.5.8. Maturity and harvesting
Mustard is a raceme with unlimited inflorescence, which results in
inconsistent pod maturation. When more than 75% of the pods turn yellow and the
seeds show mature color, we consider it the mature stage [164]. Timely harvesting
depends on maturity. Thus, the maturity index is necessary for a high yield
capacity of mustard. Harvest index (HI), also known as an economic coefficient,
refers to the ratio between crop economic yield capacity and biological yield
capacity and is one of the universal indicators for comprehensively evaluating the
conversion of photosynthetic products into the economic yield capacity. The
harvest index for winter oilseed rape ranges from 0.25 to 0.3, equal to the
above-ground dry matter yield of 20 t-ha’!, accompanied by a seed yield of 5 t-ha!
[165]. The harvest index of varieties varies to a certain extent according to climatic
conditions and soil features [166]. Natural shedding and mechanical harvesting are
the main causes of seed loss in oil crops. Previous studies have shown that rape
losses averaged 4% of yield during 1974-6, 22-224 kg/ha after strapping and

45-353 kg/ha after drying on 26 farms in Yorkshire and N. Humberside [167].

1.5.9. Selection and production of mustard

Mustard is an industrial crop that is primarily cultivated for oil. As edible oil,
yield capacity and quality are key factors in mustard development. The isocyanate,
which is rich in mustard seeds, plays an important role in preventing cancer. In
terms of nutrition, mustard oil contains a large number of essential fatty acids but

the high content of erucic acid reduces the use of mustard oil. Therefore,
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developing varieties with high nutritional quality has become an important goal in
the quality cultivation of mustard. Traditionally, plant breeders obtained desired
genes quickly through interspecific and intergeneric hybridization. In recent years,
more specialized tools like mutagenesis, marker-assisted selection (MAS), and
genetic engineering (transgenic) have revolutionized the way, in which quality
selection was undertaken. The related genes and quantitative trait loci of erucic
acid and glucosinolates content were mapped and cloned by a molecular marker
array [25]. The combination of traditional and modern selection will provide
strategies for novel mustard varieties.

Selection for phenotypic plasticity in traits other than seed or oil yield will
potentially provide resilience under increasingly unpredictable environmental
conditions. These varieties need not only high yield capacity but also strong stress
resistance. The features like early maturity, flowering, reduced plant height, and
length of the main axis are preferred in Brassicagroup, which enable plant breeders

to produce varieties evading or tolerating abiotic stresses like heat and lodging

[168].
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Conclusions to section 1

1. The directions of use and prospects for the cultivation of Brassica Juncea
L. in the world and Ukraine have been drawn.

2. The results of research by the international scientific community on the
impact of stress factors on physiological processes and plant productivity have
been summarized.

3. The components of the modern technology of growing Brassica Juncea L.
have been analyzed, in particular, the nutrition system and the use of plant growth
regulators (PGR).

4. Under modern climate changes and the emergence of stressful situations,
the complex use of plant growth regulators (PGRs) has been proven to be the main
reserve for stabilizing development and increasing the performance of crops in

general, as well as Brassica Juncea L. in particular.
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SECTION 2

OBJECT, SUBJECT, AND METHODOLOGY OF THE RESEARCH

This research consisted of two parts. One was the response of growth and
yield components of two mustard varieties to plant growth regulators under
agro-ecological conditions in the northeastern Forest-Steppe of Ukraine. The
second was on the morphological and physiological response of mustard to stress
and the effect of plant growth regulators on seedlings.

The field research was conducted in the research field of ERPC (educational,
research, and production complex) of the Sumy National Agrarian University,
Ukraine, in 2019-2021. The experimental plots of Sumy NAU are located within
the city of Sumy (latitude 50°52.742N, 34°46.159E Longitude, and 137.7 m above
sea level) and belong to the northeastern part of the Forest-Steppe. Research work
was performed according to the thematic plans and within the framework of state
scientific topics of the Sumy National Agrarian University “Optimization of the
elements of mustard cultivation technology in terms of the northeastern
Forest-Steppe of Ukraine”, state registration number 0115U001051 and “The
development of modern methods of identification of the stress of crops and forest
plantation and ways to reduce it”, state registration number 0121U113642.

Responses of Mustard seedlings to stress under hydroponic conditions and
the effects of growth regulators were performed at Henan Institute of Science and
Technology, Xinxiang, China. This research was supported by the Program for

Innovative Research Team (in Science and Technology) at the University of Henan
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Province (21IRTSTHNO023), China.

2.1. Soil and climatic conditions of the research

Field experiments were carried out on black soil features for the
coarse-medium loam. Soil samples were taken before the start of the experiments
to determine the soil type. Composite soil samples were collected from 0-30 and
30-60 cm. They were air-dried, crushed, and tested for physical and chemical
properties. Chemical tests resulted in 120 mgkg!' N, 202 mgkg' P»Os and 85
mgkg! K>O with pH of 6.0-6.2 and an organic matter (humus) of 4.1-4.5 %.

In April and June, the amount of precipitation was lower than the long-term
average by 4.8and 11.9 mm, respectively (Figure 2.1). The largest deficit of
moisture was observed in August, and precipitation was less by 24.2 mm. During
the whole growth period, the temperature showed a trend of gradual increase. From
May to August, temperatures were 0.3 to 3.4° ¢ higher than the long-term index,

with the highest temperature in August.
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Figure 2.1. Diagram of temperatures and precipitation (2019 year)
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During the vegetation period (April-August), the total active temperatures

were 2,917.6°C and the precipitation was 143.3 mm. Thus, the northeastern
Forest-Steppe of Ukraine is characterized by the following adverse climatic
phenomena: droughts, dry winds, gusts of wind, ice, and more. The most
dangerous phenomenon is drought. Great damage is caused by frost in spring —
morning and evening drops in the air temperature are below 0°C at positive
temperatures during the day. Therefore, the year 2019 was characterized by high
temperatures and insufficient rainfall for all months; according to the hydrothermal

coefficient of the growing season, the conditions are very arid (HTC = 0.49).
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Figure 2.2. Diagram of temperatures and precipitation (2020 year)

During the vegetative growth period in 2020, the total precipitation in May,
June, and July was 93.2 mm, 50.9 mm, and 69.1 mm, respectively, which were
48.0 mm, 5.7 mm, and 23.9 mm higher than the average precipitation (45.2 mm),
respectively (Figure 2.2.). The lowest rainfall was observed in April and August, at

12 mm and 0.9 mm, respectively, below the average for the growing season. The
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air temperature in April and May was lower than the average long-term values by
9.6°C and 4.0°C. In all other months of the vegetation period, the temperature was
higher than the average values (17.5 ° C). The total active temperature was
2,682.9°C and the precipitation was 226.1 mm. Analysis of weather conditions,
and hydrothermal coefficient (HTC) revealed that the vegetative period of 2020
was a moderately dry year (HTC= 0.84).
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Figure 2.3. Diagram of temperatures and precipitation (2021 year)

According to the weather conditions of the growing season in 2021, the
precipitation is mainly in May and June, which are 168.3 mm and 101.9 mm,
respectively, higher than the average precipitation of 89.6 mm and 23.2 mm
(Figure 2. 3.). The rainfall in April and August was 56.5 mm and 59.7 mm, with
the lowest in July at 7.0 mm. During the vegetation period (April-August), the total
active temperature was 2,816.9°C and the precipitation was 393.4 mm. Therefore,

2021 was described as normal moisture based on the hydrothermal coefficient

(HTC= 1.39).
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The hydroponic experiment on mustard was done as follows: the seedlings

were grown in an artificial climate chamber at the Henan Institute of Science and
Technology, Xinxiang, China. The temperature was set to 28/23°C and a light
cycle of 14/10 h (day/night) with a relative humidity of 40 to 50%. All seedlings
were hydroponically cultured with Hoagland's solution. The composition of the
nutrient solution is 2.5 mmol-L ! Ca(NOs), I mmol-L ! MgSQs, 0.5 mmol-L !
(NH4)H2POs, 2.5 mmolsL ! KCI, 2 mmolsL 'NaCl, 2x10 4 mmol-L ' CuSOs,
1x10 3 mmol-L ' ZnSOs4, 0.lmmol-L ! EDTAFeNa, 2x10 2> mmol-L ' H;BO:s,

5x10 ¢ mmol-L ! (NH4)sM07024, and 1x10 *mmol-L" ! MnSOs.

2.2. Object, scheme, and methods of the research

The object of the research was to evaluate the adaptation of mustard roots
and shoots to salt and drought stress and the effects of growth regulators in an
artificial climate chamber. The response of mustard depends on varietal features,
growth tissue, growth regulators, and weather conditions.

The subject of the study is Brassica Juncea L. varieties (Prima and Felicia),
methods of application, types of plant growth regulators, abiotic stress (salinity and
drought), weather conditions, yield composition, and cultivation technique
elements, as well as economic and energy efficiency of the use of plant growth
regulators for the cultivation of Brassica Juncea L. in terms of the Left-Bank
Forest-Steppe of Ukraine.

On the topic of the study, the research was conducted according to the
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following scheme.

Experiment 1. Effects of salt stress on the growth and physiological features
of Brassica Juncea L. seedlings.

Scheme of experiment 1. The level of exposed salt stress Brassica Juncea L.
seedlings (Hoagland’s solutions): control (CK, water), low salt stress (50 mM
NacCl), moderate salt stress (100 mM NaCl), and severe salt stress (200 mM NacCl).

Experiment parameters 1: la = 4; n=8.The Brassica Juncea L. seeds were
surface sterilized and germinated for five days. Eight seedlings were transplanted
into each plastic pot that was filled with 5 L Hoagland’s solution. These seedlings
were cultured in an artificial climate chamber at 28 + 2°C, 14-h light/ 10-h night
photoperiod, and 45% relative humidity. Hoagland’s solutions that contained up to
50, 100, and 200 mM NaCl were regarded as subjecting the plants to low, moderate,
and severe salt stress, accordingly. All the nutrient solutions were changed twice
weekly to prevent fungal contamination. Morphological and physiological indices
were measured on days 3, 7, and 10 after treatment (DAT).

Morphological parameters include total root length, total lateral root length,
root surface area, main root length, lateral root number, leaf area, stem length, etc.
Biomass is dry and fresh weight. Physiological indicators are chlorophyll content,
enzyme activity (SOD, POD, CAT, APX), malondialdehyde, and protein content.

Experiment 2. Effects of drought and rehydration on the growth and
physiological features of Brassica Juncea L. seedlings.

Scheme of experiment 2. The level of exposed drought stress and

rehydration Brassica Juncea L. seedlings: control (CK-Hoagland’s solution); mild
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drought (10 % PEG + Hoagland’s solution); moderate stress (15 % PEG +
Hoagland’s solution); severe stress (20 % PEG + Hoagland’s solution).

Experiment parameters 2: la = 4; n=5. The Brassica Juncea L. seedlings
were grown 1n a plastic container (40x28%14 cm) with 5 L Hoagland’s solution in
an artificial climate chamber at the Henan Institute of Science and Technology,
Xinxiang, China. The temperature was set to 28/23 °C and a light cycle of 14/10 h
(day/night) with a relative humidity of 40 to 50 %. After 9 days, all the drought
treatments were transferred into Hoagland’s solution and cultured for 6 days after
they were rehydrated to the CK treatment level. Samples were measured 3, 6, and 9
days after drought treatments and 6 days after rehydration. The roots and shoots of
five plants in each treatment were measured manually. The morphological
parameters include root length, stem length, and biomass. Physiological indicators:
chlorophyll content and chlorophyll fluorescence, enzyme activity (SOD, POD,
CAT, APX), malondialdehyde, and protein content.

Experiment 3. Effect of seed pre-treatment with plant growth compound
regulators on Brassica Juncea L. seedling growth under drought stress.

Scheme of experiment 3. Factor A — varieties of Brassica Juncea L. (Prima,
Felicia); factor B — plant growth regulators: control, Albit, Vermistim D, Antistress,
Agrinos, Regoplan, Bioforge, Stimulate, and Fast Start.

Experiment parameters 3: la = 2, Ib = 9; n=6, the same size, healthy
Brassica Juncea L. seeds were selected and coated with eight kinds of PGRs to
cultivate in germination bags. Each bag was added with 110 ml distilled water or

10% PEG-6000 (Sigma Chemicals Co., USA) solutions to simulate drought stress.
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All experiments were conducted in the growth chamber (day/night temperature at
28/20 °C) with the provision of 14 h light (350 umol /(m?es)), as well as 10 h dark.
Each treatment contained six germinate bags, which were considered six replicates.
The germination rate was counted after 2 days of culture, and the growth
parameters of root and shoot of 15 seedlings were calculated after 6 days of
treatment. The fresh weight of five plants was weighed for one repetition and
divided into three replicates. Growth parameters: total root length, total lateral root
length, root surface area, main root length, lateral root number, leaf area, stem
length, etc.

Experiment 4. Varietal features of the formation of Brassica Juncea L.
performance depend on growth regulators in the conditions of the forest-steppe of
Ukraine.

Scheme of experiment 4. Factor A — varieties of Brassica Juncea L. (Prima,
Felicia); factor B — methods of application of plant growth regulators: seed
treatment (BBCHoo); leaf application (BBCHi4 18); seed treatment (BBCHoo) and
leaf application (BBCHi4-15); factor C — plant growth regulators: control, Albit,
Antistress, Agrinos, Bioforge, Fast Start, Regoplan, Stimulate, and Vermistim D.

Experiment parameters 4: la = 2, Ib = 3; Ic = 9; n=4, the area of the
accounting plot is 15 m?. The plots are placed by the method of organized
repetitions. Agronomic traits: plant height, primary branches per plant, number of
pods per plant, seed weight per plant, length of pods, seed yield per plot, the area
of the leaf surface and chlorophyll content, and seed quality; oil and protein

content. The main ingredients and rates of growth regulators are shown in Table
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2.1. For seed dressing, the seeds were mixed with water and eight growth
regulators, and then the treated seeds were dried at room temperature before
sowing. Foliar sprays growth regulators are applied sequentially twice at
recommended rates [1].
The plots are arranged by the method of organized repetitions in four tiers [2,
3]. Sowing was completed from 10 to 20 April and the crop was harvested around
the middle of August of the investigated years. The site was cleared mechanically,
ploughed, and disked before marking and demarcating the experimental plots. In
the course of the research, mustard cultivation technologies were generally
accepted for the research area, except for the elements studied. For three years,
automatic seed drills (Klen 1,5 s, Ukraine) were used for sowing seeds at a
standard density of 1.5 million plants ha™!, 15 ¢m in the row spacing, and 15 to 20
mm in depth. At maturity, whole plots were harvested with a combine-harvester
(Massey Ferguson, 307). The recommended nitrogen (N) fertilizer was used at the
rate of 240 kg ha! in the form of urea (N, 46%). Half of the N fertilizer was
applied at sowing and the remaining half was applied before the tassel stage. A
total of 150 kg phosphorus (P2Os) ha! as calcium superphosphate (P.Os 12%) and
150 kg potassium (K,0) ha'! as potassium sulfate (K.O 45%) were applied during
seedbed preparation. The crop was solely dependent on natural precipitation during
growing seasons. All other field management and cultural practices such as
weeding, hoeing, irrigation, and pesticide application were implemented according

to the local demand and production technology [4-5].
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Table 2.1

Nutrient compositions of regulator application

Regulators | Application rate Composition (main)
) Poly-beta-hydroxamic acid-6.2 g / kg; potassium nitric acid-91.2 g/ kg; potassium phosphoric acid (ortho) -91.1 g/
Albit 30 ml/t . .
kg; carbamide 181.5 g/ kg; magnesium sulfate-29.8 g / kg
Anfistress 0.68 U/t Endophyte L1-11.77 g / kg; sodium humate-1.1 g/ kg; sodium humate-2.2 g / kg; glycerin-34.68 g / kg;
' polyethylene oxide 1500-190.59 g/ kg; Potassium dihydrophosphate-588.24 g / kg; dimethyl sulfoxide-20.03 g / kg
Free amino acids: L-tryptophan, L-aspartic acid, L-glutamic acid, L-serine, L-histidine, L-glycine, L-threonine,
Agrinos 0.1511 L-alanine, L-proline, L-tyrosine, L-agrinine, L -one, L-methonine, L-isoleucine, L-leucine, L-phenylalanine,
L-lysine-10%; Chitin; Chitosan, Glucosamine-6%
Bioforge 1.5-2.511 Diformyl urea (The product of the reaction of two natural substances: urea and formic acid) N-2%; K20%
Fast Start 2.0-2.511 Zn-8%; S-3%; Free Amino Acids-1.6%; Organic acids-0.5%; Fulvic acids-0.1%
Growth regulator "Joy", containing active substances of the plant growth regulator Emistim C-0.3 g/ L; potassium
Regoplan 0.25 Ut salt of alpha-naphthylacetic acid-1.0 mg / L; complex of biogenic microelements B**, Cu?*, Mn?*, Zn?*, Co?*, Fe?
0P ’ *, J-, Mo®" - total concentration 1.75 g / L; Medicinal product "Diamond Green" - 0.01 g /L; Avertsectin C - a
natural complex consisting of 8 individual avermectins - 0.01 g/ L
Stimulate 0.5-1.51/t Cytokinin (kinetin) -0.009%; Auxin-0.005%; Gibberellic acid-0.005%
Vermistim Phytohormones, humic and fulvic acids, vitamins, amino acids, microorganisms: lactic acid bacteria Lactobacillus
D 6-8 1/t plantarum-not less than 1.0 x 103, Lactobacillus casei-not less than 1.0 x10%, phototrophic bacteria

Rhodopseudomonas palustris-not less than 1.0 x10%; yeast; Saccharomyces cerevisiae not less than 1,0 x 10*
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Research methods. Field experiment: data on the following agronomic
traits were collected from ten randomly selected plants in each plot at flowering
and maturity of mustard and the average was considered per plant basis.

Plant height: the height of plants was measured in centimeters from the
ground to the highest point of the main stem when vegetative growth ceased.
Primary branches per plant: the lateral branches growing from the main stem were
considered primary branches, and the average number of primary branches of all
plants was calculated. The number of pods per plant: the average number of pods
for ten plants. Seed weight per plant: the average seed weight of ten plants. Length
of pods (cm): the average length of 25 pods in each plot. Seed yield per plot: seed
yield capacity per plot was measured in grams after the moisture of the seed is
adjusted to 7 %. The area of the leaf surface was determined by the method of
“carving”. The content of chlorophyll in the leaves was determined by preparing
the solution in an alcohol extract with further determination by a
spectrophotometer ULAB 102 [6]. The oil content of the seeds was determined on
the SupNir 2750 infrared analyzer [7, 8].

Morphological and physiological indexes of hydroponic seedlings.

The leaves and roots of five plants from each treatment were separated. An
Epson Perfection V800 Photo scanner (Epson America, Inc., Long Beach, CA,
USA) was used to scan the roots and shoots of seedlings, and WinRHIZO 2007
(Regent Instruments. Inc., Quebec, Canada) was used to analyze the scanning
results, including the total root length, total surface area, and the projected area of

leaves among others. The number of first-order lateral roots was counted manually.
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The fresh weights were directly determined, and the plants were dried at 80 °C for
48 h to determine their dry weight.

_ Number offirst —order lateral roots

The first-order lateral root density (cm™)

Lateral rootzone

. . . 0/\_ Rootdry weight
Root: shoot ratio (dry weight) (%0)=_— Sy wmign: < 100.

Dry  weight/Fresh  weight ratio of the shoot (root) (%)

__ Shoot (root) dry weight

X 100,

Shoot (root) fresh weight

Chlorophyll concentration: the relative chlorophyll content of five expanded
leaves from each treatment was measured using a Dualex Scientific (Force-A,
Orsay, France).

Chlorophyll fluorescence: a portable fluorometer (PEA, Hansatech
Instruments Ltd, King's Lynn, UK) was used to determine the maximal
photochemical efficiency (Fy/Fin) and performance index (Plags). Five leaves were
selected from each treatment as replicates, and all the treated leaves were placed in
the dark for half an hour before measurement.

Enzyme assays and protein determination: to avoid potential differences in
the content of antioxidant enzymes in different plant positions, all the leaves were
excised from the third or fourth fully expanded leaves at the bottom of the plant,
and the roots were collected from the taproot tips. One-half gram each of
lyophilized leaves and roots were homogenized with 5 mL of 100 mM potassium
phosphate buffer (pH 7.5) that contained 1 mM EDTA and 1 %
polyvinylpyrrolidone (PVPP). The homogenate was centrifuged at 12,000 g for 20

min at 4°C, and the crude extract was collected to assay the protein, enzyme
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activities, and lipid peroxidation.

The content of soluble protein was measured using Coomassie brilliant blue
(G250 staining [9]. A total of 30 pl supernatant and 170 pl of Coomassie brilliant
blue G250 were mixed, and the absorbance was read at 595 nm using bovine
serum albumin as a standard. The activity of superoxide dismutase (SOD) was
assayed as described by Beauchamp [10] at 560 nm. The activity of peroxidase
(POD) was determined using guaiacol as the substrate [11]. The absorbance of the
mixture was determined at 470 nm within 3 min. The activity of catalase (CAT)
was determined as described by Neto [12] with modifications. The activity of CAT
was calculated based on the rate of disappearance of H>O» in 240 nm of ascorbate.
The activity of ascorbate peroxidase (APX) was determined as described by
Nakano and Asada[13], and the absorbance of the mixture was measured at 290
nm.

Lipid peroxidation (MDA): the content of MDA was determined using
TBA [14]. The assay mixture was heated at 95°C for 30 min and then quickly
cooled in an ice bath. After centrifugation at 10000 g for 20 min, the absorbance of
the supernatant was measured at 450 nm, 532 nm, and 600 nm.

Statistical analysis was conducted with SPSS 22 (IBM, Armonk, NY, USA).
Different lowercase letters differ significantly based on Duncan’s multiple range
test, and P<0.05 was used as the significance level. Pearson’s correlation
coefficient (r) was used to test the significant correlation between physiological
features [15].

The economic evaluation of the studied factors was carried out according to
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the method of determining the economic efficiency in agricultural production at the
prices in Ukraine as of October 2021. The costs per 1 ha, the cost of 1 ton of seeds,
the net profit, and the level of profitability were determined [16]. The energy
assessment was carried out according to the methods of A. K. Medvedovsky and

P. I. Ivanenko, and others [17].
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Conclusions to section 2

1. The research concluded that in recent years there has been an insufficient
amount of precipitation and increased air temperature, drought, and heat. Therefore,
there is an increase in the influence of abiotic stress factors during the cultivation
of Brassica Juncea L. under the field conditions of the Left-Bank Forest-Steppe of
Ukraine.

2. The research program envisages a comprehensive approach to the tasks, in
particular, conducting laboratory research in a controlled environment (climatic
chamber), as well as a sufficient number of records and observations in the field.
The conducted four experiments will enable us to deeply and comprehensively
reveal the essence of the action of the studied factors. The obtained results will
optimize the technology of growing brown mustard (Brassica Juncea L.) in terms

of the Left-Bank Forest-Steppe of Ukraine.
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SECTION 3
MORPHOLOGICAL AND PHYSIOLOGICAL VARIETAL RESPONSES
OF MUSTARD (BRASSICA JUNCEA L.) TO STRESS AND EFFECTS OF

PLANT GROWTH REGULATORS ON SEEDLINGS

Salt and drought are frequent abiotic stresses during plant growth and
development. They restrict plant growth in many ways. Salt stress reduces the
plant height, leaf area, and relative water content and affects the thickness of the
whole leaf and biomass [1, 2]. Plants have established a sophisticated mechanism
to adapt to stress conditions. However, differences in crop responses to stress vary

with tissue, environment, and variety.

3.1. Effects of salt stress on the growth and physiological features of

mustard (Brassica Juncea L.) seedlings

Salinity is an increasingly serious global agricultural issue, which inhibits
the growth of plants and reduces the performance of crops [3, 4]. Twenty percent
of the 230 million hectares of irrigated croplands are affected by salts, and this
proportion increases dramatically each year owing to unsuitable irrigation practices
[5]. It is estimated that 50 % of the world's arable land will be salinized by 2050
[6]. Therefore, it is urgent to improve the tolerance of crops to salt. One way to
help to ensure higher agricultural production is to explore novel salt-tolerant

germplasms.
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Salt stress increases the concentration of sodium and chloride ions, thus,
leading to nutritional imbalance and even plant death [7]. Salt stress reduces the
plant height, leaf area, and relative water content, as well as affects the thickness of
the whole leaf and biomass [1, 2]. Salinity accelerates the degradation of
chloroplasts and then inhibits the synthesis of chlorophyll [8]. Leaf chlorophyll is
involved in the capture, absorption, and transfer of light energy in photosynthesis,
and the decrease in the content of chlorophyll correlates negatively with the plant
yield capacity [9].

Plant roots are closely associated with nutrients and water uptake and are the
first contact tissue that responds to stress signals. Multiple Figures determine the
root system architecture (RSA), particularly, salinity [10, 11]. Plants have
established a sophisticated mechanism to adapt to salt stress conditions, such as
regulating the plant RSA [11]. A study in Arabidopsisthaliana reported that salt
stress markedly promotes the elongation of lateral roots [12]. In Brassica napus,
stress stimulates changes in root morphology, including the growth and
development of root hairs on lateral roots, which leads to an additional increase in
the root surface area compared with plants that are not stressed. To some extent,
the increase in root surface area indicates that plants can absorb more water and
nutrients from the surrounding rhizosphere, and this change induced by stress in
root morphology serves as an adaptation strategy [13]. The natural variation of
RSA enables its use as a modern breeding strategy to improve the efficiency of
uptake of water and nutrients, and further increase crop yields [14, 15].

ROS accumulates under stress conditions. To keep the ROS in balance and
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not harm the plant, the plant activates its antioxidant system to eliminate the
deleterious ROS [16]. It has been documented that the antioxidant enzyme activity
was positively related to salt resistance in rice (Oryzae sativa) [17], chickpea
(Cicer arietinum) [18], and maize (Zea may) [19]. ROS are necessary for cellular
proliferation and differentiation, even though excessive amounts of ROS inhibit the
synthesis of proteins and chlorophyll, resulting in wilting or death under severe
stress [20]. A recent study in Brassica napus revealed that in addition to hormones,
ROS can also regulate the growth and development of roots [21].

In recent years, abiotic stresses (limited moisture supply, high transpiration,
and continuous high temperature) have intensified the salinization of soil and
further inhibited the growth of mustard in Ukraine. Most previous studies on
Brassica have focused on assessing the differences in morphology, physiology, and
gene expression between different varieties in response to salt stress [22-24], while
few studies have been conducted on the morphological and physiological
mechanisms of the adaptation of different tissues of mustard when subjected to salt
stress. Therefore, our goal was to investigate the effects of antioxidant enzymes
and mechanisms of morphological adaptation in the roots and shoots of mustard
seedlings subjected to salinity. Different adaptations of tissues contribute to an
understanding of the mechanism of tolerance to salinity and will provide a better
understanding for future cultivation programs to better enable plants to respond to
stress.

The phenotype of mustard. NaCl induced a prominent reduction in the

traits of the shoots of mustard as shown in Table 3.1. The reduction in leaf area
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was greater when subjected to severe salt stress and reached 33.2 %, 71.1 %, and
92.8 % on 3, 7, and 10 DAT, accordingly. A low concentration of salt slightly
increased the leaf area compared with the control by 7.2 % only on 3 DAT. Salt
stress reduced the stem length compared with plants that were not subjected to salt
stress, and the stem length was significantly reduced by 22.4 % and 50.4 % with
moderate and severe salt stress on 10 DAT, accordingly.

Salt stress also affected the RSA of seedlings (Table 3.2, Figure 3.1). The
plants were stressed for 3 days, and severe salt stress reduced the root growth and
development. However, the low concentration of salt increased the growth of
mustard. Compared with plants that were not subjected to salt stress, the total root
length, number, and density of the first-order lateral roots that were treated with 50
mM NaCl markedly increased by 21.2 %, 36.3 %, and 23.7 % on 3 DAT,
accordingly. Other traits of RSA also increased, but they did not differ
significantly. Despite the dramatic inhibition of the growth of seedling roots after
10 days of salt exposure, the number and density of first-order lateral roots
following treatment with 200 mM NaCl were higher than those under normal
conditions by 28.7 % and 58.5 %, accordingly. These results clearly showed that
salt stress modulates RSA in mustard.

Fresh and dry weights of mustard seedlings. The fresh and dry weights of
plants gradually decreased for both shoots and roots as the treatment and level of
stress were prolonged (Table 3. 1). These data showed that the dry weights of roots
decreased by 24.3 %, 43.5 %, and 80.3 %, and the dry weights of shoots decreased

by 12.1 %, 38.7 %, and 84.1 % when the plants were exposed to three levels of salt
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for 10 days. We observed the same results on the fresh weight of the roots and
shoots, which indicated that the biomass gradually decreased for both shoots and
roots when treated with the three salt concentrations. However, during the early
stages of salt stress, low salt stress promoted the growth of seedlings, and the fresh
and dry weights of the shoots increased by 10.1 % and 8.7 %, and those of the
roots by 33.3 % and 23.1 %, accordingly. Therefore, the response of plants to salt
stress depends on concentration and time. The dry-fresh ratio of shoots subjected
to severe salt stress was higher than those subjected to low and moderate stress.
Moreover, the root-shoot ratio of severe salt stress significantly increased by
26.1 % compared with the control during the later stages of salt treatment.
Moreover, the root-shoot ratio did not change when subjected to low and moderate

levels of stress.
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Figure 3.1. Effects of salt stress on the RSA of mustard seedlings.

DAT: days after treatment. RSA: root system architecture.
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Table 3.1
Effects of NaCl treatment on the biomass and growth of Brassica Juncea L. seedlings
DATA NaCl Shoot Root Root:shoot
(d) Leaf area(cm?) Stem Fresh weight Dry weight DW/FW Fresh weight Dry DW/FW ratio(DW)(%)
length(cm) (mg) (mg) ratio(%) (mg) weight(mg) ratio(%)
Control 24.68+7.56a 8.97+1.18a 907.80+275.79ab 68.67+6.43a 8.33+0.02a 303.40+89.54a 17.33+1.53b 6.8+0.04a 25.47+0.04ab
Low salt stress 26.46+5.21a 7.16+1.02b 999.80+176.04a 74.67+6.51a 7.7+0.02a 404.40+106.06a 21.33+£2.08a 5.38+0.02a 28.77+0.04a
3 Moderate salt stress | 16.88+2.71b 6.88+0.64b 692.80+144.37b 45.40+2.62b 6.96+0.01a 297.60+86.14a 13.63£1.82¢ 5.01+0.01a 29.94+0.02a
Severe salt stress 8.97+1.26¢ 7.12+1.67b 404.80+67.32¢ 37.13+2.42b 10.11+0.03a 107.20+32.43b 7.20+0.60d 7.03+£0.03a 19.43+0.02b
Control 64.54+14.73a 13.10+1.54a 2633.67+761.02a 287.67+19.86a 11.63+0.04a 815.67+187.01a 58.1742.47a 7.38+0.02ab 20.24+0.01¢
7 Low salt stress 54.91+7.88a 8.06+1.25b 2571+£310.60a 250.33+12.50b 10.1+0.01a 761.50+137.34a 48.33+£2.52b 6.73+0.01b 19.31+0c
Moderate salt stress | 23.80+1.8b 8.02+1.29b 1405.50+182.32b 137.83+19.36¢ 10.17+0.02a 463+57.01b 42.33+3.06¢ 10.32+0.02a 33.91+0.01a
Severe salt stress 10.43+1.86¢ 7.81£1.05b 534.80+53.77¢ 55.07+4.50d 10.24+0a 194+35.93¢ 13.83+0.65d 7.08+0.01ab 25.21+0.02b
Control 105.16+37.54a 14.20+1.88a 3977+1620.73a 367.67+15.95a 11.75+0.02a 1524.75+490.47a 85+10.54a 6.6+0a 23.08+0.02b
Low salt stress 70.29+22.92b 14.89+2.75a 4069+1845.56a 323+23.64b 7.09+0.03b 1061.80+271.65b 64.33+6.11b 5.83+0.01a 20.02+0.03b
10 Moderate salt stress | 30.36+5.9¢c 11.02+1.51b 2422.80+397.70a 225.70+7.88¢ 10.06+0.01ab 834.20+197.39b 48.07+1.66¢ 5.72+0.01a 21.3+0b
Severe salt stress 7.57£2.57¢ 7.04+1.49¢ 574.20+£141.92b 58.33+4.73d 12.35+0.02a 283.60+30.55¢ 16.67+0.78d 5.85+0a 28.71+0.03a

Note: Means + SD, n = 5. Values in a column followed by different lowercase letters are significantly different at P<0.05 according to Duncan’s multiple range test.CK: control; DW: dry

weight; FW: fresh weight. DAT: days after treatment.
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Table 3.2
Effects of NaCl treatment on the root system architecture of Brassica Juncea L. seedlings
DATA NaCl Total root length Total root Total root Total root Number of Length of First-order | First-orderlate Total of lateral
(d) (cm) surface area diameter volume first-order primary root | lateral root | ral root density root length (cm)
(cm?) (mm) (cm’) lateral roots (cm) district(cm) (cm™)
Control 577.41£101.01b 40.78+11.94a 0.22+£0.01a | 0.23+0.08a 63.4+6.77b 9.96+1.84a 7.82+1.66a 8.34+1.65b 567.45+148.19a
3 Low salt stress 699.69+87.43a 48.17+7.09a 0.22+0.01a | 0.26+0.06a 86.4+11.72a 10.54+2.37a 8.54+1.62a 10.32+1.78a 689.15+£186.5a
Moderate salt stress 529.44+95.07b 37.17+10.28a 0.22+0.01a | 0.21+0.06a 68.8+5.72b 9.62+0.91a 7.11£0.59a 9.71£0.86ab 519.86+153.14a
Severe salt stress 249.69+71.6¢ 18.02+5.53b 0.23£0.02a 0.1£0.04b 39.2+6.8¢ 10.19+£0.71a 7.98+0.93a 5.1+0.51¢ 240.96+74.1b
Control 1267.04+167.82a 101.34+18.44a | 0.25+0.0la | 0.64+0.15a 82.25+3.2b 15.54+1.64a | 12.65+2.19a 6.53+0.94b 1269.06+226.89a
7 Low salt stress 1161.26+203.6a 93.53+21.5a 0.26+0.02a 0.6+0.11a 94.5+14.53ab 10.15£1.72b 8.39+1.78b 11.474£2.02a 1179.81+£377.33a
Moderate salt stress 933.61+£102.8b 64.95£10.93b | 0.22+0.01b | 0.36+0.08b 101.5+7.59a 10.62+2.16b 8.24+2.17b 12.76+2.4a 934.27+115.9a
Severe salt stress 563.48+67.6¢ 37.4445.02¢ 0.21£0.01b 0.2+0.03¢ 92.25+5.19ab 9.37+0.89b 8.49+0.81b 11.1+0.62a 554.11+£66.92b
Control 1826.31+194.1a 172.35439.53a 0.3+0.03a 1.31£0.43a 79.25£5.74¢ 11.9+3.81a 9.8+1.45a 7.93+0.76b 1826.11+£373.31a
10 Low salt stress 1601.87+291.18ab 117.2+45.26b 0.26+0.03b | 0.74+0.22b 84.25+9.43bc 8.89+1.21b 7.35+1.18b 11.53+2.77ab 1472.98+716.97ab
Moderate salt stress 1485.51+135.7b 106.3+22.09b 0.23£0.01c | 0.61£0.13bc 97.25+7.18ab 8.87+1.14b 7.84+1.15b 12.52+1.4a 1451.47+342.57ab
Severe salt stress 808.99+105.8¢ 53.09+7.21c¢ 0.21£0.01c | 0.28+0.05¢c 102+15.98a 9.26+0.93ab | 8.48+1.18ab 12.57+3.79a 799.73+£105.22b
Note: Means +SD, n = 5. Values in a column followed by different lowercase letters are significantly different at P<0.05 according to Duncan’s multiple range test. DAT: days after treatment.
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Chlorophyll content. All the salt treatments resulted in a decrease in the
content of chlorophyll, which positively correlated with the concentration of salt.
Besides, the chlorophyll content of moderate and severe salt stress decreased with
the extension of the time of stress, from 10.8% and 12.3% on 3 DAT to 15.6% and
29.8% on 10 DAT, accordingly. Low salt stress did not significantly affect the
content of chlorophyll (Figure 3.2).

Chlorophyll fluorescence. The maximal photochemistry of PSII (F./Fn) and
performance index (Plass) serve as important parameters of chlorophyll
fluorescence. Mustard leaves grown with and without stress exhibited an
insignificant change in the F\/Fn, and the value was distributed at approximately
0.8 (Figure 3.3 A). However, the Plaps decreased significantly as the concentration
of NaCl increased compared with that of the control plants (Figure 3.3B).
Moreover, Plags reached its minimum under severe stress.

MDA content. The content of MDA in the leaves and roots indicated the
degree of peroxidation of plants (Figure 3.4). The concentration of MDA in the
roots increased with the duration of low and moderate stress compared with the
control plant, and the accumulation of MDA reached its highest levels during the
later stage of stress. Notably, the content of MDA decreased when the plants were
subjected to severe salt stress, and the lowest value appeared on day 10 of this
stress. The content of MDA in salt-stressed leaves increased on 3 DAT, but the
difference was not significant. The content of MDA decreased or was not affected
at low and moderate salt stress on 7 and 10 DAT, while the content of MDA was

higher than that of the control when the plants were subjected to severe salt stress
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and reached their maximum value of 199.5% on 10 DAT.
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Figure 3.2. Changes in chlorophyll content under salt stress (0, 50, 100, and
200 mM NaCl for 3, 7, and 10 d). Means followed by different lowercase letters

differ significantly according to Duncan’s multiple range test, P<0.05, n = 5.
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Figure 3.3. Changes in the parameters of chlorophyll fluorescence of
seedlings under salt stress (0, 50, 100, and 200 mM NacCl for 3, 7, and 10 d), A:
Fv/Fm; B: Plags. Means followed by different lowercase letters differ significantly
according to Duncan’s multiple range test, P<0.05, n = 5.
Enzyme activity. The change in the activities of antioxidant enzymes (SOD,

POX, APX, and CAT) are shown in Figure 3.5. The activity of SOD induced by
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salt stress differed significantly in the roots and leaves of mustard seedlings. The
activity of SOD in all of the treatments in roots was higher than that of the plants
that were not subjected to salt stress.
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Figure 3.4. Changes in the content of MDA of seedlings under salt stress (0,
50, 100, and 200 mM NacCl for 3, 7, and 10 d). Means followed by different
lowercase letters differ significantly according to Duncan’s multiple range test,

P<0.05,n=3.

The specific activity of SOD dramatically increased with the levels of salt by
61.4%, 61.4%, and 114.3%, and reached its maximum value on 3 DAT. With the
extension of time of stress, the activities of SOD in the roots subjected to low and
severe salt stress were 33.0% and 34.4% greater on 10 DAT, accordingly. Among
the groups of leaves treated with NaCl, the activity of SOD activity was 23.9%,
23.1%, and 58.1% on 7 DAT than in the controls, while it remained almost
unchanged on both 3 and 10 DAT. The other treatments decreased by 18.4% with

low salt stress on 3 DAT and by 40.0% at severe salt stress on 10 DAT,
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Figure 3.5. Changes in the activities of SOD, POD, APX, and CAT in the

leaves and roots of seedlings (0, 50, 100, and 200 mM NaCl for 3, 7, and 10 d).

Means followed by different lowercase letters differ significantly according to

Duncan’s multiple range test, P<0.05, n = 3.
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The activity of POD in stressed leaves and roots differed significantly during
the experimental period. Salt induced a rapid increase in the activity of POD in the
roots and maintained a high level throughout the treatment period. The activity of
POD of the root treatment group increased by 122.5%, 286.1%, and 267.7% at 10
DAT compared with the control treatment group, accordingly. The activity of POD
in leaves increased by 36.9%, 97.0%, and 169.5% with the NaCl treatments after
10 days, accordingly, and there was no significant difference compared with the
control at both 3 and 7 DAT, except for the group treated with low salt stress on 3
DAT. Besides, the activity of POD in roots increased markedly compared with that
in the leaves.

The levels of root APX activity increased with the increments of NaCl on 3
DAT by 19.4%, 31.8%, and 50.2%, accordingly, and the maximum activity
increased by 54.7% with severe salt stress on 7 DAT. The APX activity in the roots
changed slightly on 10 DAT but did not differ significantly compared with the
control plants. A similar result was observed for the activity of APX in leaves. The
concentrations of salt (100 and 200 mM NaCl) rapidly induced the activity of APX
on 3 DAT by 67.1% and 71.7%, accordingly. The activity of APX did not differ
significantly under all the treatments on both 7 and 10 DAT, except for a rapid
increase in the treatment of a low concentration on 7 DAT.

Moderate and severe salt stress rapidly increased the activity of CAT in the
roots during all the treatment days and peaked by 713.2% and 293.1% on 10 DAT,

accordingly. However, the activity of CAT in the roots of low salt treatment did not
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increase significantly until 10 DAT. NaCl induced a surge of increase in the

activity of CAT in leaves compared with the treatment without salt stress during

the experimental period. The activity of CAT of the leaves was the highest at

212.4 % and 255.2 % on 3 DAT following treatment with low and moderate salt,

accordingly. Salt-induced CAT maintained a high level in both the roots and leaves

throughout the stress period.

Soluble protein: The content of protein in all the salt treatments differed

significantly (Figure 3.6).
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Figure 3.6. Changes in the content of seedling protein subjected to salt stress

(0, 50, 100, and 200 mM NaCl for 3, 7, and 10 d). Means followed by different
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P<0.05,n=3.

Except for low salt stress, in which the content of protein decreased or did

not change significantly on 3 and 7 DAT, the treatment with moderate and severe
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salt stress caused an increase in the concentration of protein in the roots. Moreover,
the content of protein increased with the stress time, which was 32.5 %, 64.2 %,
and 49.1 % compared with the treatment on 10 DAT that lacked salt, accordingly.
In contrast, the highest content of protein in the leaves was noted under salt-treated
conditions on 3 DAT, which were 103.9 %, 76.9 %, and 70.1 % over the control,
accordingly. The change in the content of protein in the leaves decreased during
the experiment.

Correlation analysis of the shoot physiological features under stress
indicated that the dry and fresh weight of shoots as determined by the leaf area and
stem length, and the content of chlorophyll correlated positively with the leaf area
and protein. The activity of SOD was regulated positively by the content of
chlorophyll and the dry and fresh weights of the shoot. However, the activity of
POD correlated negatively with the leaf area and shoot biomass (Table 3.3).

The increase in the total lateral length of roots increased the total root length.
SOD and the root biomass were correlated positively. MDA correlated negatively

with the density and number of first-order lateral roots. The protein correlated

positively with CAT and MDA (Table 3.4).
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Table 3.3

Pearson’s correlation coefficient (r) for the relationships among the physiological features of shoot under NaCl

treatments in mustard

ITEM SFW LA SDW SL Chl P1 APX CAT SOD POD MDA
LA 0.85%**
SDW 0.43 0.27
SL 0.75%* 0.59%** 0.48*
Chl 0.37 0.48* -0.04 0.19
PI -0.31 -0.55 -0.27 -0.20 -0.35
APX 0.42 0.32 0.56 0.28 -0.54 -0.14
CAT -0.71 -0.22 -0.48 -0.67 0.46 -0.47 -0.27
SOD 0.81* 0.56 0.86%** 0.62 -0.24 0.00 0.60 -0.76*
POD -0.82%* -0.77* -0.93%* -0.66 0.21 0.05 -0.75%* 0.54 -0.85%*
MDA -0.70 -0.51 -0.87%* -0.48 0.04 -0.24 -0.46 0.75% -0.92%* 0.81%*
Protein -0.14 0.29 0.31 -0.32 0.91%** -0.07 -0.28 0.36 -0.10 -0.02 -0.15

Note: LA, leaf area; SDW, shoot dry weight; SFW: shoot fresh weight; SL: stem length; Chl: chlorophyll; Plags: performance index; APX: ascorbate peroxidase; POD, peroxidase; SOD,

superoxide dismutase; CAT, catalase; MDA, malondialdehyde.*P < 0.05. **P < 0.01.
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Table 3.4

Pearson’s correlation coefficient (r) for the relationships among the physiological features of root under NaCl

treatments in mustard.

ITEM RFW TRL DW TLRL PRL NLR DLR APX POD SOD CAT
TRL 0.23

RDW 0.34 -0.03

TLRL 0.41 0.60** 0.13

PRL -0.20 -0.39 0.14 -0.25

NLR -0.06 0.01 -0.28 -0.04 0.29

DLR -0.19 0.31 -0.52* 0.28 0.07 0.73%*

APX 0.19 0.36 0.39 -0.15 -0.19 0.12 -0.01

POD -0.65 0.17 -0.69 -0.07 -0.29 0.14 0.17 -0.20

SOD 0.72* 0.08 0.88** 0.09 0.11 -0.51 -0.55 0.16 -0.84%*

CAT 0.15 -0.36 0.15 -0.28 -0.41 -0.80* -0.71* -0.05 0.02 0.29

MDA 0.01 -0.27 0.07 -0.39 -0.48 -0.91** -0.85%* -0.10 0.06 0.24 0.91%**

Note: RDW, root dry weight; RFW: root fresh weight; TRL, total root length; TLRL: total lateral root length;PRL, primary root length; NLR: number of first-order lateral root;DLR: density of

first-order lateral root; APX: ascorbate peroxidase; POD, peroxidase; SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde. *P < 0.05. **P < 0.01.
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Discussion. Salinity is the major adversity factor. It impacts the global
environment and economy negatively [25]. The adaptability of mustard to salt
stress 1s a comprehensive reflection of many factors. Plant morphology, leaf
features, photosynthesis, RSA, antioxidant enzyme activity, and biomass allocation
are important indicators that reveal differences in the tolerance of plants to salt and
are also crucial indicators that reflect the tolerance of plants to salt.

Changes in biomass are a comprehensive reflection of the plant response to
salt stress and a direct plant indicator of salt tolerance [26]. Previous studies
suggested that a 50% decrease in biomass was a critical survival threshold [27].
Our results indicated that the reduction in seedling dry weight was 14.3 %, 40.7 %,
and 83.6 % under 50, 100, and 200 mM NacCl, accordingly. Thus, 100 mM NaCl
was a survival threshold for mustard seedlings. The distribution of biomass in
different tissues and organs reflects the response of plants to stress. In this study,
the plant biomass was inhibited by salt stress on 10 DAT, while the root-shoot ratio
increased significantly by 26.1 % following treatment with severe stress, indicating
that more dry matter accumulates in the roots under severe stress (Table 3.1).
Increasing the root-shoot ratio is a strategy, by which plants respond to salt stress.
Previous studies on elevated root-shoot ratios under stress have been reported in
maize (Zea mays) [28] and pepper (Capsicum annuum) [29], suggesting that plants
preferentially transport photosynthetic products to roots under severe stress, which
helps to maintain root growth and increase the total surface area of root absorption.

Photosynthesis is undoubtedly the most important physiological process that

affects plant growth and biomass. Chloroplasts are one of the sites in which ROS
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are primarily formed. The reasons for the decrease in photosynthesis by the
accumulation of ROS include the destruction of chlorophyll structure, a decrease in
the content of chlorophyll, and the inhibition of PSII. Our results indicated that
NaCl stress affected the content of chlorophyll and Plags. Besides, the reduction of
leaf area caused by salt stress correlated positively with the content of chlorophyll
(Table 3.3). Therefore, we hypothesized that salt stress inhibited photosynthesis
and then reduced the shoot growth and biomass. Plags and F./Fi can reflect the
reaction center activity of PSII, and the change in their values can reflect the
inhibition of active centers by stress [30]. However, our results showed that Fy/Fn,
did not change under salt stress. These results were consistent with previous
research on rapeseed (Brassica napus) [22] and wheat (Triticum sp.) [31]. As
previously reported, Plaps was suggested to be a more effective photosynthetic
parameter than F,/Fn under stress [32,33]. Thus, Plags can be useful markers to
screen mustard genotypes and identify salt-tolerant genotypes. The decrease of leaf
area under salt stress is closely related to the chlorophyll content.

Plant roots are the primary part of the stress response, and the modification
of RSA has been identified as an adaptive mechanism [34]. Brassica is composed
of the main root (support and fixed) and lateral roots (absorption moisture and
nutrients) [13]. Stress conditions can have both negative and positive effects on the
development of lateral roots [35]. In this research, salinity reduced the growth and
development of mustard seedling roots, particularly, at severe salt stress but
increased the number and density of first-order lateral roots by 28.7% and 58.5%

on 10 DAT, accordingly (Table 3.2). These results are consistent with those of
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quinoa (Chenopodium quinoa) [36], which suggested that the expansions of plant
cells and lateral buds occurred because osmotic stress inhibited the uptake of water
by the plant roots. The number and density of the first-order lateral roots increased
the root surface area to some extent. Considering the function of lateral roots, the
increase in root surface area further improved the ability of plants to absorb water
and nutrients, which, in turn, can be considered a strategy for plants to adapt to
stress [13]. This result was also demonstrated by a significant increase in the
root-shoot ratio when the plants were subjected to severe salt stress, which
indicated that the increase in the number and density of first-order lateral roots
influenced positively the accumulation of dry matter by the root.

As a product of membrane lipid peroxidation, the content of MDA correlated
positively with membrane lipid damage [37]. In our experiment, the content of
MDA in the roots did not change and increased in leaves with severe salt stress
compared with those that were not subjected to treatment with salt (Figure 3.4).
The specific changes in the content of MDA demonstrated that the leaves and roots
had different mechanisms of adaptation to salt stress. There are two possible
explanations for the result that the levels of MDA did not change when the plants
were under severe salt stress. Wang et al. [38] and Pan et al. [39] suggested that the
content of MDA only increased during the early hours of a high-concentration
treatment and then dropped to a level close to that of the plants that were not
subjected to stress. Another reason was that the highly effective antioxidant
enzymes removed the toxicity of ROS and reduced the damage to membrane lipids.

Combined with the fact that the root-shoot ratio significantly increased under
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severe salt stress, this suggested that effective activities were owing to the latter
hypothesis.

Salt tolerance is related to the efficient anti-oxidative system that includes
antioxidant compounds and several antioxidative enzymes [19]. SOD is considered
to be a key ROS scavenger owing to its conversion of superoxide anion (O2") to
H>0: and acts as the first line of defense against ROS. In contrast, other enzymes,
such as POD, APX, and CAT, have the main functions to detoxify H,O, and can be
induced by H»>O, to increase their activity [40]. The activity of SOD of roots
maintained a higher level than the control and reached its peak on day 3 under
saline conditions. The activities of CAT, APX, and POD also increased rapidly. In
contrast, different trends of variation were observed in the leaves. The activity of
SOD in leaves only significantly increased on 7 DAT, while the activity of POD
increased on 10 DAT (Figure 3.5). The synergistic effect of antioxidant enzymes in
roots slowed down the production of ROS and improved the adaptability of roots
to salt. Similar results were observed in rice [41] and sesame (Sesamum indicum)
[42].

Moreover, the activity of CAT tended to increase in both the roots and leaves
treated with salt, and the activity of POD maintained a relatively high level in the
roots throughout the experiment. It could be assumed that CAT and POD play an
important role in scavenging ROS. Similar results showed that two varieties of
sesame that are strongly tolerant to stress have higher activities of POD and CAT
[42]. Alternatively, efficient ROS detoxification in plants may suggest that

maintaining a certain level of ROS may be necessary for cell proliferation and
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differentiation [20]. A hydroponics study proved that zinc stress stimulated an
increase in the lateral roots in B. Juncea and B. napus [43]. Altogether, this
research suggested that the antioxidant system increased the number and density of

lateral roots, which in turn enhanced the tolerance of roots to higher levels of salt.

3.2. Effects of drought and rehydration on the growth and physiological

features of mustard (Brassica Juncea L.) seedlings

In the current scenario of global climate change, drought stress has become a
challenging problem and is threatening sustainable agricultural performance
worldwide. Water deficit disturbs various physiological and biochemical traits and
adversely affects the growth and performance of crop plants [44, 45]. Under
natural conditions, plants are often exposed to an environment in which they are
subjected to alternating drought and rehydration. Plant adaptability includes not
only drought tolerance but also a process of recovery after rehydration that
improves growth and physiological metabolism [46]. Therefore, studying the
dynamic growth and physiological responses of plants under drought and
rehydration conditions can facilitate a better understanding of the adaptive
mechanism of plants.

Although drought restricts plant growth and development, plants exhibit
growth compensation or overcompensation after some level of drought stress and
rehydration [46-49]. The plant compensation effect usually makes up for the loss

caused by stress. A PSII study of maize leaves found that the rehydration
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compensation effect reached its maximum on the 6" day after drought treatment
[50]. Studies of soybean [46] and Brassica carinata [51] showed that plants can
exhibit compensation on the root length, leaf area, and the number of leaves after
some level of drought stress and rehydration. An increase in the number of tillers
after rehydration is necessary for the adaptation of rice to drought-prone
environments [52]. In sorghum, the chlorophyll content, water potential, and
osmotic potential recovered to or even exceeded the level of control after
rehydration [53]. Antioxidant enzymes play a crucial role in scavenging the
reactive oxygen species (ROS) generated by stress conditions. The synthesis and
increase of antioxidant enzymes can reduce the damage to plant cells from ROS,
and enable the plants to quickly recover after rehydration [54, 55]. In Artemisia
halodendron, the chlorophyll content, membrane permeability, activities of
superoxide dismutase (SOD) and catalase (CAT), and the contents of the three
osmoregulatory substances began to recover under moderate drought stress and
rehydration [56]. As a product of membrane lipid peroxidation, the content of
malondialdehyde (MDA) can reflect the degree of damage to the cell membrane.
The decrease in hydrogen peroxide (H20:) and content of MDA during the
post-drought recovery of tea seedlings indicated that rehydration reduced the
negative effects of drought stress [57].

Previous studies primarily focused on assessing the effects of drought stress
on the growth and physiology of Brassica [58, 59]. However, few studies have
been dedicated to the physiological responses that occur after rehydration. This

study was designed to examine the effects of drought stress and rehydration on the
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growth, photosynthesis, and antioxidant system of mustard. These results should
provide a better theoretical basis for the ability of mustard to adapt to drought
stress.

The effect of drought stress and rehydration on mustard growth. The
growth parameters of mustard seedlings treated with different levels and durations
of drought stress were investigated. Table 3.5 shows that drought stress inhibited
seedling growth in terms of length and fresh weight. Moreover, the inhibitory
effect significantly increased with an increase in the level and duration of drought.
Compared with the control plants, all the drought treatments for 9 days
significantly reduced the root length by 16.18 %, 22.55 %, and 28.67 %, and the
shoot length by 6.93 %, 10.39 %, and 18.48 %, accordingly. The relative growth
rate of root and shoot lengths decreased significantly after 9 days of drought
treatment, particularly, under severe drought conditions. After 6 days of
rehydration, the stressed plants partially recovered. For the growth rate of root
length, the compensation effect under mild (2.46 %) and moderate (11.77 %) stress
was greater than that of control (0.25 %). However, the compensation effect in

shoot lengths was not apparent after rehydration.

Drought stress significantly affected the fresh weight (FM) of roots and shoots
compared with the control (Table 3.5). In all of the treated plants, 9 days of
drought stress decreased the root fresh weight by 51.19 %, 82.29 %, and 85.31 %,
and the fresh weight of shoots by 60.18 %, 86.09 %, and 88.73 %, accordingly.
The relative growth rate of fresh weight of root and shoot decreased rapidly under

moderate and severe stress. After 6 days of rehydration, growth rates of fresh
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weight in roots and shoots were higher than before rehydration. Under normal
growth conditions, the relative growth rates of root and shoot fresh weight were
only 36.5 % and 3.82 %, but there was an overcompensation of roots (82.93 % and
191.19 %) and shoots (172.55 % and 347.58 %) under moderate and severe stress,

accordingly.
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Table 3.5

Effects of drought stress and rehydration on the growth and fresh weight of mustard seedlings

Growth parameters Treatment DO D3 D6 D9 R6 Growth rate% | Growth rate%
P Mean+SD | Mean+SD Mean+SD Mean+SD Mean+SD (D9 VS DO) (D9 VS R6)
CK 37.67+3.06 | 38.75+3.5a | 50.67+3.75a 51+£2.65a 51.13+4.8a 35.40 0.25
10% 39.1349.82a | 44.25+11.09ab | 42.75+6.3a | 43.8+2.08ab 13.50 2.46
Root length(cm)
15% 38.88+3.47a | 41.543.42ab | 39.548.96a | 44.15+6.11ab 4.87 11.77
20% 37.38+7.18a | 36.13+5.04b | 36.38+5.94a | 36.53+5.93b -3.42 0.41
CK 3.46+0.50 | 3.43%0.83a 3.17+0.29b 4.33+0.67a | 4.43+£0.82a 24.90 2.31
10% 3.75+0.5a 3.98+0.21a | 4.03+£0.53ab | 4.1+£0.47a 16.25 1.74
Shoot length(cm)
15% 3.45+0.58a 3.88+0.63a 3.8840.22b | 3.95+0.91a 11.92 1.8
20% 3.25+0.65a 2.45+0.42¢ 3.53£0.29b | 3.55+0.46a 1.83 0.57
CK 0.85£0.06 | 2.11+0.36a 4.27+0.18a 4.63£0.35a | 6.32+0.81a 441.94 36.5
) 10% 0.86+0.08b 1.95+0.76b 2.26+0.31b | 2.42+0.57b 164.53 7.08
Root fresh weight(g)
15% 0.86+0.2b 1.21+£0.39b 0.82+0.04¢ 1.5+£0.52b -4.02 82.93
20% 1.1+0.13b 1.41+£0.32b 0.68+0.1¢ 1.98+0.62b -20.41 191.18
CK 2.42+0.33 | 3.89+1.22a 5.84+1.04a 11+0.9a 11.42+1.29a 391.95 3.82
) 10% 2.76+0.3ab 4.06+0.64b 4.38+0.43b 6.2+1.09b 95.89 41.55
Shoot fresh weight(g)
15% 2.84+0.51ab 3.240.22b 1.53£0.23¢ | 4.17+0.87¢ -31.57 172.55
20% 2.15+0.49b 3.65+0.5b 1.2440.44c | 5.55+0.42bc -44.54 347.58

Mustard seedlings were measured on the 0, 3, 6, and 9" days of drought stress (D0, D3, D6, and D9), and the 6™ day after rehydration (R6). Means + SD, n = 5.

Values in a column followed by different lowercase letters are significantly different at P<0.05 according to Duncan’s multiple range test.



128

Changes in chlorophyll content and chlorophyll fluorescence. The
chlorophyll content could reflect the level of photosynthesis to some extent and
could further affect plant growth. The chlorophyll content changed in varying
manners under different stress levels and stress times (Figure 3.7). Exposure to
drought stress for 3 days increased chlorophyll content, particularly under mild and
moderate stress by 25.74 % and 11.87 %, accordingly. After 9 days of drought
stress, the chlorophyll content decreased significantly by 12.84 % and 21.95 %
under moderate and severe stress, accordingly. Though, it was 14.69 % higher than
the control under mild stress. After 6 days of rehydration, the chlorophyll content
of moderate and severe stress did not return to the control level. The leaf
chlorophyll content after subjection to mild stress was lower than that before
rehydration and did not differ from the control level.

Drought stress decreased the Fy/Fr, and Plags (Figure 3.8), and there was no
significant difference between the drought-treated groups on day 3. With the
extension of the stress to 9 days, the F\/Fin and Plags of the stressed plants were
still lower than those of the control plants. Rehydration led to an increase in the
Plags, particularly, under mild and moderate stress and it comprised 52.17 % and
98.47 %, accordingly. However, the F,/Fn did not return to control levels.

Changes in contents of soluble protein and malondialdehyde content.
The results shown in Figure 3.9 indicate that 9 days of drought stress increased the
soluble protein content in the roots and leaves. After rehydration, the soluble
proteins in roots and shoots changed in different manners. The protein content of

all treatments in the roots was significantly higher than that of the control by
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42.68 %, 70.89 %, and 35.62 %, while the protein content of mild and moderate

stress 1n the leaves was 35.07 % and 13.30 % lower than that of the control.
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In response to drought stress for 3 days, the content of MDA in treated
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leaves rapidly increased by 124.61 %, 197.37 %, and 303.29 % compared with the

control (Figure 3.10).
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With the prolongation of the stress period, the MDA content of all the
stressed leaves decreased slightly, but it was still significantly higher (71.57 %,
94.11 %, and 131.68 %) than the control level on the 9 day of stress. After
rehydration, the content of MDA under moderate and severe stress was higher than
that of the control by 92.07 % and 73.38 %, accordingly, and the content of MDA
returned to the control level under mild stress. The change in the content of MDA
in the roots was completely different from that in the leaves. Compared with the
plants under normal conditions, the content of MDA in the roots that had been
subjected to drought decreased by 34.68 %, 76 %, and 71.79 % after 3 days.

There was no significant change in the content of MDA in roots after 9 days

of drought treatment. However, rehydration caused a significant increase in the
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content
of MDA in roots compared with untreated plants. The effect was particularly

strong in the plants under severe stress, increasing as high as 731.99 %.
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Figure 3.10. Effects of drought stress and rehydration on MDA content of
mustard seedlings. Means £SD, n = 3. Values in a column followed by different
lowercase letters are significantly different at P<0.05 according to Duncan’s

multiple range tests.

Changes in antioxidant enzyme activities. As shown in Figure 3. 11, the
activity of SOD in the roots increased significantly by 20.41 %, 29.77 %, and
35.21 % during the initial 3 days of drought stress, respectively. With the increase
in duration and intensity of drought, the activity of SOD in the roots under
moderate and severe drought was both dramatically higher (143.26 % and
152.90 %) than in the control on the 6™ day of drought. On the 9" day, the SOD
activity under severe drought was significantly higher than that in the control and
other stress treatments. After rehydration, the SOD activity of the three drought
treatments was higher than that of the control. The change in the activity of SOD in

leaves occurred later than that in the roots. The activity of SOD in leaves under
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moderate and severe stress did not significantly increase until the 6" day after the
drought. Among the treated, the activity of SOD was greater in the treated leaves
than in controls by 36.10 %, 47.93 %, and 8.84 % on the 9th day. After rehydration,
the SOD of the severe stress treatment was 19.76 % higher than that of the control,
and the activities of other treatments recovered to the control level.

The drought-induced changes in the activity of POD in the roots and leaves
are shown in Figure 3.11. The activity of POD in roots increased remarkably and
maintained a high level of activity under moderate and severe drought throughout
the treatment period. The activity of POD increased dramatically by 209.35 %,
203.97 %, and 251.55 % with the extension of stress time, and reached its
maximum value on the 9" day of drought stress. The activity of POD in all
treatments was lower than that before rehydration, and the activity of POD in
severe drought was higher than that of the control and other treatments. After 3 and
6 days of drought treatment, the activity of leaf POD under moderate and severe
stress was higher than that under the control and mild stress. After 9 days of leaf
stress, the activity of POD increased significantly from 65.99 % to 135.92 % under
moderate stress, and there was no difference between the other treatments and the
control. After rehydration, the activity of POD returned to the control level under
mild stress, while the activity of POD was higher than that under the control by

35.36 % and 250.47 % under moderate and severe stress, accordingly.
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Figure 3.11. Effects of drought stress and rehydration on enzyme activities

in mustard seedlings. Means +SD, n = 3. Values in a column followed by different

lowercase letters are significantly different at P<0.05 according to Duncan’s

multiple range tests

The figure 3.11. illustrates different effects of stress levels and times on the

activity of CAT in roots and leaves. Drought stress induced a rapid increase in the

activity of CAT in roots during all treatment days and reached its maximum on the

9% day by 354.26 %, 451.68 %, and 368.88 %. After rehydration, the activities of

CAT in roots under all drought treatments were still higher than that of the control

by 382.06 %, 266.94 %, and 368.88 %. The activity of CAT increased dramatically

in the leaves compared with the treatment without drought stress on the third day.
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The activity of CAT in the leaves under moderate and severe stress was notably
higher than that of the control, and the activity reached its maximum on the 6™ day
by 303.09 % and 217.04 %, accordingly. After rehydration, the activity of CAT did
not differ from that of the control under mild and moderate stress, but the activity
under severe stress was 63% higher than that of the control.

The drought-induced APX maintained a high level in the roots during the
experimental period (Figure 3.11). The activity of APX in all the drought-treated
roots on the 9" day was lower than that on the third day and decreased gradually.
After rehydration, the activity of APX of all the treatments recovered to the control
level. The APX activity in leaves increased substantially after 3 and 6 days of
stress and reached the maximum value of 134.07 %, 178.86 %, and 236.01 % on
the third day. On the 9% day of drought stress, there was no difference between all
the treatments compared with the control. After rehydration, the activity of APX
decreased by 30.58 % under mild stress and increased by 77.62 % and 43.26 %
under moderate and severe stress, accordingly.

Discussion. Drought is a major limiting abiotic stress factor during the
growth and development of crop plants [60]. Changes in growth, photosynthesis,
and physiology after drought and rehydration can affect the growth status and
stress tolerance in plants to some extent. Therefore, the assessment of mustard
stress resistance and the ability to recover from water deficit is an important task of
modern crop production.

The growth rate is an important index of the plant growth status. Drought

stress inhibited plant growth and reduced the growth rate. However, timely
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rehydration after drought stress can induce the drought-resistant ability of plants
and result in a compensation effect. Compensation is an important self-regulatory
mechanism adapted by plants to defend against environmental stresses or injuries
[46]. Previous studies have suggested a growth compensation effect after drought
stress and rehydration in terms of the root length, shoot length, leaf area, and the
number of leaves [46, 51, 61]. The results of this study showed that the growth rate
of root length decreased by 61.86 %, 85.76 %, and 109.66 % compared with the
control under drought stress. After rehydration, the root length grew rapidly, and
the growth rate of mild and moderate stress (2.46 % and 11.77 %, accordingly) was
greater than that of control (0.25 %), indicating that there was growth
compensation in the root length. However, there was no compensating effect for
shoot length. The results suggested that the growth compensation of root and shoot
lengths differed after drought stress and rehydration.

The accumulation of plant biomass was reduced by abiotic stress and
preferentially supplies to the root system, which led to an increase in the root-shoot
ratio [28, 29]. In this study, the root-shoot ratio of plants under three drought levels
increased by 56.70%, 99.65%, and 48.05% compared with controls after 9 days of
drought stress. After rehydration, the fresh weight of seedlings recovered rapidly.
The growth rates of root fresh weights under moderate and severe stress were
82.93 % and 191.19 %, accordingly, and the shoot fresh weights were 172.55 %
and 347.58 %, accordingly. However, under normal conditions, the fresh weight of
the root and shoot was only 36.5 % and 3.82 %, accordingly. These results

indicated that the fresh weight of roots and shoots had a compensating effect after
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rehydration. Besides, the shoot allocated more assimilates after rehydration, which
resulted in a decrease in the root-shoot ratio of stressed plants. Compensation
growth effects after drought and rehydration were observed in the studies of Guan
et al. [62], who concluded that explosive growth was an effective strategy to
compensate for the carbon deficit. The compensation effect was related to the
degree and duration of stress periods. In a study of soybeans, mild and short-term
stress can lead to more compensation [46]. Artemisia halodendron was able to
tolerate a longer period under moderate drought and recover to pre-drought levels
after rehydration [56]. The results of this study indicated that under moderate and
severe drought stress, the fresh weight of the plant benefitted from more
compensation. These results may indicate variations in the resistance to drought
stress among plants.

Chlorophyll is the main photosynthetic pigment, and its content positively
correlates with photosynthetic carbon fixation and drought resistance [51].
Previous studies of Brassica species and varieties had reported that the chlorophyll
content decreased under drought stress [63, 64], which is different from the results
of this study. In the early stage of drought, the chlorophyll content was
significantly higher than that of the control by 12 % and 15 % under mild and
moderate drought, accordingly. In the late stage of stress treatment, the chlorophyll
content under mild stress was 12 % higher than that of the control, but the
chlorophyll content decreased by 12 % and 13 % under moderate and severe stress,
accordingly. These results suggested that mustard can more effectively adapt to

mild and short drought by maintaining a high chlorophyll content. Moreover, the
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decrease in leaf water content with drought increased the chlorophyll concentration
per unit area to some extent, which led to the increase in chlorophyll content. The
excessive accumulation of ROS under severe stress accelerated the degradation of
chloroplasts and then inhibited chlorophyll synthesis [65]. After rehydration, under
moderate and severe stress, the chlorophyll content was still significantly lower
than that under normal conditions, indicating that the damage of chloroplasts under
moderate and severe stress could not be recovered and it may cause yellowing of
the leaves.

Chlorophyll fluorescence is a useful tool to quantify the effect of abiotic
stress on photosynthesis [66]. Plags and F./Fn can reflect the reaction center
activity of PS II, particularly since Plaps has been suggested to be a better
parameter for reflecting the effect of stress on photosynthetic apparatus compared
with F/Fm [32, 33]. Plass and F./Fn decreased significantly in the drought-treated
plants compared with plants without stress, indicating that the reaction center of PS
Il was inactivated, and the performance of PSII decreased. After rehydration, the
Plags recovered or was higher than the control level, which indicated a recovery in
PSII performance and a compensatory effect. However, F./Fn failed to recover
even after the release of the stress by the added water. One of the reasons for this
difference could be the fact that P1aps was more sensitive to stress than Fy/Fn.

Abiotic stress tolerance in crop plants depends on the enhancement of the
antioxidative defense system, which includes antioxidant compounds and several
antioxidative enzymes [67]. In this study, drought stress induced a notable increase

in the activities of SOD, POD, APX, and CAT in roots and leaves compared with
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the well-watered control plants, which indicated the activation of the antioxidant
system. SOD is one of the ubiquitous enzymes in aerobic organisms and is
considered to be a key ROS scavenger by converting O» “to H,O,, while other
enzymes, such as POD, APX, and CAT, have the main function of detoxifying
H>O> [40]. Thus, SOD constitutes the first line of defense against the
superoxide-derived oxidative stress in the plant cells. In the stressed leaves,
although the activities of POD, CAT, and APX significantly increased, the activity
of SOD was not different from that of the non-stressed leaves, which further led to
the accumulation of ROS and the peroxidation of membrane lipid. This hypothesis
can be proven by the increase in the content of MDA in stressed leaves. In the root,
the increase in SOD activity accompanied by the increase in the activities of POD,
APX, and CAT can decrease the excessive accumulation of ROS, which was
consistent with the low content of MDA in roots. The synergistic effect of
antioxidant enzymes is a good indication of plant tolerance. The same result was
obtained in drought-tolerant cotton [68] and sesame [69]. After rehydration, the
activities of CAT, POD, and SOD in the stressed roots were higher than those in
the control plants. The activities of SOD, POD, CAT, and APX in the leaves under
severe stress were significantly higher. Previous studies have shown that after
drought and rehydration, the antioxidant enzymes in wheat [70] and glycyrrhiza
[71] remain highly active, which was consistent with the results of this study. The
reason for the high level of enzyme activity after rehydration could be maintaining

the balance of ROS and mitigating the damage to membranes.
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3.3. Effect of seed pre-treatment with plant growth compound
regulators on mustard (Brassica Juncea L.) seedling growth under

drought stress

As the climate changes, drought is the most important natural factor, which
influences plant growth and production. Drought stress caused changes in plant
morphology, physiology, and gene expression [72, 73]. Available literature
suggested that polyethylene glycol (PEG) can be used to simulate drought
conditions and study the effects of drought stress on plants [74-76]. PEG is an inert
long-chain polymer with high molecular weight, which has little effect on cells.
Moreover, PEG osmotic stress method has the advantages of being simple, easy to
control, good repeatability, and short test cycle.

Plant growth regulator (PGR) shows prominent effects on plant metabolism,
resistance, growth, and performance [77, 78]. Most of the previous studies focused
on the effects of a single endogenous hormone or nutrient on plants under drought
stress [79-81]. However, there are few studies on the effects of compound growth
regulators on the morphology of mustard. The objective of the study was to
evaluate the effectiveness of PGRs on the root and shoot morphology of mustard
during the seedling stage under simulated drought conditions, which would
provide a theoretical basis for the practice of compound growth regulators in
mustard and simplify cultivation and management.

The effects of PGRs on germination rate under drought stress. As shown

in Figure 3.12, the germination rate of the two varieties changed under different
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treatments.

Figure 3.12. The seed germination rate of mustard under different
treatments. A: Felicia, B: Prima. CK1: distilled water; CK2: 10% PEG-6000; T1:
10% PEG-6000 + Albit; T2: 10% PEG -6000 + Vermistimd; T3: 10% PEG -6000 +
Antistress; T4: 10% PEG -6000 + Agrinos; T5: 10% PEG -6000 + Regoplan; T6:
10% PEG -6000 + Bioforge; T7: 10% PEG -6000 + Stimulate; T8: 10% PEG

-6000 + Fast Start

In Felicia, the germination rate under T1 reached the minimum value (81 %)
compared to the CK1 (89 %), CK2 (87 %), and other treatments. The germination
rate reached the maximum with T7 and T8, both by 90 %, and was higher than in
normal growing conditions (89 %) (Fig.1-A). For Prima, the germination rate of
T1 (89 %), T2 (88 %), and T3 (87 %) were slightly higher than that of CK1 (83 %)
and CK2 (85 %) (Figure 1-B). Besides, there was a difference between the two
varieties in terms of germination rate. The germination rate of Felicia was higher
(89 %) than that of Prima (83 %) under normal conditions. Although the sensitivity

of Prima and Felicia to PGRs was different, the difference was not significant.
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The effects of PGRs on fresh weight of mustard under drought stress.
The results indicated that drought stress reduced the root fresh weight of Felicia

and Prima by 22.22 % and 17.93 % compared with the CK1 (Figure 3.13).
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Figure 3.13. Fresh weight of Brassica Juncea L. under different
treatments. A: Felicia, B: Prima. CK1: distilled water; CK2: 10% PEG-6000; T1:
10% PEG-6000 + Albit; T2: 10% PEG-6000 + Vermistimd; T3: 10% PEG-6000 +

Antistress; T4: 10% PEG-6000 + Agrinos; T5: 10% PEG-6000 + Regoplan; T6:
10% PEG-6000 + Bioforge; T7: 10% PEG-6000 + Stimulate; T8: 10% PEG-6000

+ Fast Start
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The root fresh weight in Felicia increased after the application of T3 and T5
by 24.28 % and 17.85 %. However, the application of T1 and T2 significantly
reduced the root fresh weight of Felicia by 36.43 % and 20 %, and the root fresh
weight of T4 was not different compared with CK2. For the root fresh weight of
Prima, the application of TS5 and T8 was 23.96 % and 17.62 % higher than CK2.
Moreover, there was no significant difference between all treatments regarding the
shoot fresh weight of Felicia and Prima. Compared with the CKI1, the effect of
drought stress on root fresh weight was greater than shoot, indicating that root was
very sensitive to drought stress.

The effect of PGRs on root growth of mustard under simulated drought
stress. An extensive root system is advantageous for supporting plant growth
during the early crop growth stage and absorbs more water from the rhizosphere.
Mustard is a straight root system, and its total root length consists of lateral roots
and a primary root (Figure 3.14).

The root system architecture (RSA) was determined by multiple
environmental factors. In Felicia and Prima, drought stress (CK2) reduced TRL
(total root length) by 12 % and 15 % compared to normal conditions (CK1) (Table
3.6), although there was no significant difference. For other root parameters, the
effects of drought on the two varieties showed opposite results. Drought
significantly reduced lateral root number and primary root length in Prima but not
in Felicia. Drought significantly reduced average root diameter and total root

volume in Felicia but these indexes were not affected in Prima.



143

N P -p- ” » -~ ba)

A /.“ o l‘
\

Vo

-
B y ~ » r s G- o &
=

( \

=z ’ : \
'

CKl CK2 T1 T2 T3 T4 T5 T6 I7 T8

Figure 3.14. The appearance of the root system under the use of growth

regulators: A-Felicia, B-Prima.

The responses of the two varieties to PGRs were different under drought
conditions. In Felicia, the application of T3 and T4 significantly increased the total
root length by 3.3 % and 8.2 %, while other treatments were lower than CK2.
Moreover, the number of lateral roots reached the maximum under T4 and T5
treatment compared with that of CK2, which were 135.55% and 121.20 %,
accordingly. For Prima, the PGRs increased the root length and the surface area
under drought stress, except for T4 and T7. For lateral root number and primary
root length, all regulators showed positive effects, and T8 treatment had the most
prominent effect. Notably, the application of T8 had a remarkable effect on the root

growth by increasing the root length (18.12 %), surface area (28.57 %), the average
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diameter (6.06 %), root volume (37.76 %), lateral root number (211.20 %), and

primary root length (53.75 %).

Table 3.6
Root growth parameters in different experimental setups
Varietie [Treatmel Total root Total root |Average root Total root Number of | Length of
S s length (cm) surfacezarea diameter volume first-order |primary root
(cm) (mm) (cm3) lateral roots (cm)
CK1 |9.18+1.37ab | 1.07£0.07a | 0.38+0.04a |[10.00+1.00a| 3.33+0.58e | 8.81+0.17a
CK2 [9.01+2.82abc| 0.96+0.25ab | 0.34+0.03bc | 8.20+2.04b | 4.67+0.58de | 8.42+0.50ab
T1 7.194+1.35¢ 0.78+0.14c | 0.35+0.03bc | 6.67+1.45¢ | 5.33+0.58cd | 6.48+0.20e
T2 |7.87+2.34abc| 0.844+0.23bc | 0.34+0.03bc |7.20+2.27bc| 6.33+1.15bcd | 7.34+0.36¢d
Felicia T3 9.31+£2.51ab | 0.96+0.22ab | 0.3340.04bc |8.00+£2.00bc| 7.75+0.96b | 7.12+0.54cde
T4 9.75¢2.81a | 0.98+0.18ab | 0.334+0.04c |7.87+1.13bc| 11.00£1.73a | 6.94+0.21cde
T5 |8.09+2.30abc| 0.90+0.20bc | 0.36+0.04ab |7.93+1.71bc| 10.33+1.15a | 5.68+0.38f
T6  |7.99+42.79abc| 0.87£0.24bc |0.35+0.03abc|7.60=£1.88bc| 5.33+0.58cd | 7.72+0.36bc
T7 7.49£1.61bc | 0.88+0.16bc | 0.38+0.04a | 8.27+1.83b | 5.67+0.58cd | 7.04=0.65cde
T8 | 8.41+2.06abc| 0.88+0.16bc | 0.34+0.03bc |7.47+0.99bc| 6.75+0.96bc | 6.61+0.64de
CK1 | 10.48+2.26a | 1.04+0.23ab | 0.32+0.03ab | 8.33+2.44b | 6.00£1.00f | 9.47+1.29a
CK2 | 8.94+1.89ab | 0.91£0.16bc | 0.33+£0.04ab | 7.60+£1.80b | 3.75+0.96h | 5.73+0.23c
T1 9.13£1.94ab | 0.97+0.15bc | 0.3440.05ab | 8.33+1.80b | 8.75+0.96cd | 7.96+0.27b
T2 9.10£1.57ab | 0.91+0.15bc | 0.3240.04ab | 7.33£1.72b | 7.50+0.55de | 6.19+0.39¢
_ T3 9.9143.12ab | 0.96+0.24bc | 0.32+0.04b | 7.60=1.59b | 10.33+£0.58ab| 6.36+0.47¢
prima T4 8.47£2.65b 0.83+0.23¢c | 0.32+0.05b | 6.73£2.22b | 10.67+0.58ab| 5.58+0.50c
T5 9.11£1.74ab | 0.95+0.15bc | 0.3440.05ab | 8.07+2.09b | 7.80+1.10de | 7.53+0.08b
T6 9.18+£3.05ab | 0.94+0.24bc | 0.334+0.04ab | 7.80+£1.74b | 7.00£1.00ef | 7.46+0.27b
T7 8.39£1.95b 0.85+0.15¢ | 0.3340.04ab | 6.93£1.33b | 9.33+£0.58bc | 6.37+0.47c
T8 10.56+1.92a | 1.1740.19a | 0.35+0.03a |10.4742.17a| 11.67+1.53a | 8.81+0.51a

Means = SD, followed by different lowercase letters are significantly different according to Duncan’s multiple range

test, P<0.05,n=3.

The effects of PGRs on the shoot growth of mustard under drought

stress. For Felicia, the PGRs promoted the growth of the shoot under the drought
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Table 3.7
Shoot growth parameters in different experimental setups
Treatment Leaf Stem Stem Stem
Varieties

s Area(cm?) Length(cm) Diam(mm) Volume(mm?)
CKl1 0.94+0.18 be 3.62 +£0.67 be 0.82+0.05 a 19.40 £ 4.32 ab

CK2 0.89+0.15¢ 3.56+0.67c 0.80+0.07 a 17.73£3.13b
T1 1.03£0.15abc | 4.02+0.47 abc 0.81 +£0.08a 21.07 £4.62 ab
T2 1.03 £0.20 abc 4.21+£0.92 ab 0.79+0.07 a 20.33 £4.47 ab

T3 1.11+0.17 a 425+0.68a 0.83+0.06 a 2320+4.02a

Felicia

T4 0.97 £ 0.14 abc 3.96 £0.58 abc 0.78 £ 0.04a 19.07+2.94b
TS 1.06 £0.18 ab 422 +0.81ab 0.80 +0.07a 21.07 +£3.86 ab

T6 0.88+0.13¢ 3.54+0.53¢ 0.80+0.08 a 17.67 £3.54 b
T7 1.05+0.24 ab 4.14 £ 0.98 abc 0.81 +0.06a 21.27 £5.20 ab
T8 0.98+0.27 abc | 3.78 +0.80 abc 0.82 £ 0.09a 20.40 + 8.45 ab

CKl1 1.00+0.13b 4.03 £0.48 ab 0.79+0.05 a 19.93 +£3.28b
CK2 1.07+£0.14 ab 4.23+0.47 ab 0.81+0.08 a 22.07 £ 4.67 ab
Tl 1.05+0.19 ab 4.06 £0.57 ab 0.82+0.08 a 21.93£5.92 ab

T2 1.04 £0.19 ab 4.16 £0.74 ab 0.80£0.08 a 20.93+4.70b

T3 1.03+0.14b 4.15+0.61 ab 0.79+0.06 a 20.33+3.35b

Prima

T4 1.01+0.33Db 391 £1.15b 0.80+0.12a 21.00+7.37b
TS 1.15+0.16 ab 4.64 +0.80 a 0.79 £ 0.05a 22.93+3.10 ab
T6 1.13+0.13 ab 4.55+0.61 a 0.79+0.07 a 22.27 +3.45 ab
T7 1.14+0.32 ab 4.53+1.00a 0.80+0.10a 23.20+9.55 ab
T8 1.24+0.49a 4.51 +£0.64 ab 0.86+0.23 a 29.20+24.13 a

Means = SD, followed by different lowercase letters are significantly different according to Duncan’s multiple range

test, P<0.05.

Leaf area, stem length, and stem volume after the application of T3 increased
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significantly compared with CK2 by 24.7 %, 19.4%, and 30.9 %, accordingly. For
the shoot growth of Prima, the application of T8 significantly increased the leaf
area and stem volume by 15.9 % and 32.3 %, while there was no significant
difference between other regulators and CK2.

Discussion. Drought stress is one of the most common abiotic stresses in
agricultural production. Climate change makes it more frequent and severe in the
world [82]. The application of plant growth regulators is considered an effective
strategy to improve plant stress resistance in agricultural production [83, 84]. This
study used PEG 6000 to simulate drought stress in mustard seedlings, and different
types of PGRs were applied to evaluate the changes in germination rate and growth
indicators of root and shoot.

Seed germination is the first stage for plants to endure environmental stress.
Growth regulators are used in the pre-sowing seed treatment and play an important
role in regulating germination and vigour [85, 86]. Previous reports suggested that
seed germination and seedling vigour depend on the priming method and the
concentration used [87]. In this study, it has been determined that compound
regulator has little effect on the germination rate of Felicia and Prima. This is
different from previous reports, which hypothesized that it may be due to
differences in PGRs. On the other hand, mustard is considered a well-adapted crop,
and its germination may be related to the genotype and the ability to transform
nutrients in the endosperm. To some extent, the germination rate is not a good
indicator to screen the effects of the regulator on mustard under drought

conditions.
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Roots are the first organ to sense and respond to environmental factors. In
response to stress, root system changes include not only the elongation of primary
roots but also the occurrence and elongation of lateral roots [88]. In the present
results, although drought did not significantly reduce the total root length of the
two varieties, it did significantly reduce the lateral root number and lateral root
number of Prima (Table 3.6). Furthermore, variety Felicia presented no significant
response to 10% PEG stress regarding lateral root formation and primary root
elongation, but its root diameter and total root volume were significantly reduced
by the mimicked drought stress, indicating root thickening was retarded. The
results suggest that Prima is more sensitive to drought than Felicia. The PGRs
significantly promoted the root growth of cultivated Prima under drought
conditions. Unlike for Prima, T1-T8 treatments did not improve those root
parameters for Felicia. These results suggested that PGRs had a positive role
against drought on drought-sensitive variety; on the contrary, for drought
non-sensitive variety, the PGRs exhibited relatively poor effects against drought.
These results indicated the response of mustard to PGRs under simulated drought
in the climate chamber, and the evaluation of regulators in field experiments under

natural conditions needs to be further verified.
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Conclusions to section 3

For experiment 1.

1. The results indicated that the reduction in seedling dry weight was 14.3 %,
40.7 %, and 83.6 % under 50, 100, and 200 mM NaCl, accordingly. Thus, 100 mM
NaCl was a survival threshold for mustard seedlings.

2. The results indicated that NaCl stress negatively affected the content of
chlorophyll and Plags. Besides, the reduction of leaf area caused by salt stress
correlated positively with the content of chlorophyll. The salt stress inhibited
photosynthesis and then reduced the shoot growth and biomass. Plags and F./Fn,
can reflect the reaction center activity of PSII, and the change in their values can
reflect the inhibition of active centers by stress.

3. Salinity reduced the growth and development of mustard seedling roots,
particularly, at severe salt stress but increased the number and density of first-order
lateral roots by 28.7 % and 58.5 % on 10 DAT, accordingly. This result was also
demonstrated by a significant increase in the root-shoot ratio when the plants were
subjected to severe salt stress, which indicated that the increase in the number and
density of first-order lateral roots influenced positively the accumulation of dry
matter by the root.

For experiment 2.

4. Compared with the control plants, all the drought treatments for 9 days
significantly reduced the root length by 16.18 %, 22.55 %, and 28.67 %, and the

shoot length by 6.93 %, 10.39 %, and 18.48 %, accordingly. For the growth rate of
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root length, the compensation effect under mild (2.46 %) and moderate (11.77 %)
stress was greater than that of control (0.25 %). However, the compensation effect
in shoot lengths was not apparent after rehydration.

5. The drought stress decreased the root fresh weight by 51.19 %, 82.29 %,
and 85.31 %, and the fresh weight of shoots by 60.18 %, 86.09 %, and 88.73 %,
accordingly. Under normal growth conditions, the relative growth rates of root and
shoot fresh weight were only 36.5 % and 3.82 % but there was an
overcompensation of roots (82.93 % and 191.19 %) and shoots (172.55 % and
347.58 %) under moderate and severe stress, accordingly.

6. The exposure to drought stress for 3 days resulted in an increase in
chlorophyll content, particularly, under mild and moderate stress by 25.74 % and
11.87 %, accordingly. After 9 days of drought stress, the chlorophyll content
decreased significantly by 12.84 % and 21.95 % under moderate and severe stress,
accordingly. Though, it was 14.69 % higher than the control under mild stress. The
protein content of all treatments in the roots was significantly higher than that of
the control by 42.68 %, 70.89 %, and 35.62 %, while the protein content of mild
and moderate stress in the leaves was 35.07 % and 13.30 % lower than that of the
control.

7. The activity of POD in roots increased remarkably and maintained a high
level of activity under moderate and severe drought throughout the treatment
period. The activity of POD increased dramatically by 209.35 %, 203.97 %, and
251.55 % with the extension of stress time, and reached its maximum value on the

9" day of drought stress. The leaf stress of the activity of POD increased
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significantly from 65.99 % to 135.92 % under moderate stress, and there was no
difference between the other treatments and the control. After rehydration, the
activity of POD returned to the control level under mild stress, while the activity of
POD was higher than that under the control by 35.36 % and 250.47 % under
moderate and severe stress, accordingly.

8. Drought stress induced a rapid increase in the activity of CAT in roots
during all treatment days and reached its maximum on the 9% day by 354.26 %,
451.68 %, and 368.88 %. The activity of CAT in the leaves under moderate and
severe stress was notably higher than that of the control, and the activity reached
its maximum on the 6 day by 303.09 % and 217.04 %, accordingly.

9. The activity of APX in all the drought-treated roots on the 9" day was
lower than that on the third day and it decreased gradually. The APX activity in
leaves increased substantially after 3 and 6 days of stress and reached the
maximum value of 134.07 %, 178.86 %, and 236.01 % on the third day.

For experiment 3.

10. The application of growth regulators promoted the growth of seedlings
under drought stress but had no obvious effect on the germination rate of the two
varieties. The root fresh weight, total root length, leaf area, stem length, and stem
volume in Felicia significantly increased with ANTISTRESS treatment by 24.28,
3.30, 24.70, 19.40, and 30.90 %.

11. The number of lateral roots reached the maximum with AGRINOS and
REGOPLAN treatment compared with plants without regulators under drought

conditions, which were 135.55 and 121.20 %, accordingly. For Prima, the
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application of FAST START had a remarkable effect on root fresh weight, total
root length, lateral root number, primary root length, root surface area, leaf area,
and stem volume by 17.62, 18.12, 211.20, 53.75, 28.57, 15.90, and 32.30 %,
accordingly.

12. The leaf area, stem length, and stem volume after the application of
ANTISTRESS increased significantly compared with CK2 by 24.7 %, 19.4 %, and
30.9 %, accordingly. For the shoot growth of Prima, the application of FAST
START significantly increased the leaf area and stem volume by 15.9 % and
32.3 %, while there was no significant difference between other regulators and

CK2.
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SECTION 4
VARIETAL RESPONSES OF MUSTARD (BRASSICA JUNCEA L.)
GROWTH AND PERFORMANCE ACCORDING TO GROWTH

REGULATORS

Mustard is one of the world’s major sources of vegetable oil and protein.
Mustard oil is widely used in food processing, such as canning and baking, as well
as in the production of candy and margarine [1, 2]. Moreover, mustard oil has been
explored as a potential biofuel, which is favored by the majority of researchers
because of its ability to minimize air pollution and the emission of greenhouse
gases [3]. Mustard has more vigorous seedling growth, faster ground covering
ability along better resistance to adversity [4]. It is a more adaptable oilseed crop
than Brassica napus in stressful environments associated with low rainfall, high
temperature, and late sowing [5]. Changes in Ukraine’s climate over the past
decades have led to an increase in annual mean temperature, changes in snow
formation conditions and duration, a gradual increase in heat supply during the
growing season, and an increase in the number and intensity of adverse
meteorological phenomena (drought, heavy rains, etc.) [6]. To a certain extent,
changes in Ukraine’s climate contributed to the expansion of mustard cultivation.

Plant growth regulators are related substances or products that induce crops
to develop stress-resistant mechanisms and improve the utilization of active
ingredients of fertilizers, pesticides, and herbicides. They also significantly

improve crop yield capacity and quality without harming the environment [7-11]. A
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study on maize showed that plant growth regulators increased dry matter and yield
capacity by increasing leaf area, 100-kernel weight, and kernels per row [12]. The
finger millet treated with the compound of nutrients and plant growth regulators
showed a prominent increase in total chlorophyll content, indicating that major and
micro-nutrients and special plant regulators are beneficial to chlorophyll synthesis
and prevent its degradation [13]. Spraying Mixtalol on the leaf surface of mustard
increased the number of second and third branches, as well as starch, protein, and
oil content [14]. Exogenous melatonin has been reported to improve growth and
stress tolerance effectively in rape seeds [15]. Currently, a wide variety of plant
growth regulators are used in production, and their effects vary according to the
crop, mode of application, and environment [16]. To optimize mustard production,
it is necessary to understand the application method of plant regulators and their
response to mustard. Although there have been reports on mustard production,
little information is available on the effects of growth regulators on mustard yield
capacity and yield composition in the northeastern Forest-Steppe of Ukraine [17].
Therefore, it is of great practical significance to study the application method and
effect of plant growth regulators to improve the yield capacity and quality of

mustard.

4.1. Effects of growth regulators on morphological parameters and
photosynthetic activity of mustard (Brassica Juncea L.)
Plant Height (cm). Among the two varieties investigated, Prima created a

significantly taller average plant (145.7 cm) (Table 4.1). However, there were no
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differences between the three application methods. Except for Albit (139.7 cm), all
other applications produced a significantly bigger plant height than the control
(141.0 cm) in Prima. Average plant height increased by 1.8-6.7 %, among which
the growth regulators of Agrinos, Fast Start, and Regoplan had the most obvious
effect. The average plant height of Felicia increased by 4.3-6.0 %, but there was no
significant difference with the application of Albit and Vermistim D. The
interaction showed no significant difference.

The number of branches per plant!. For genotypes, Felicia had a
significantly higher number of branches than Prima (Table 4.2). The three
application methods did not affect on Prima but had a significant difference on
Felicia. Moreover, the combination of seed dressing and foliar spraying
significantly increased the number of branches in Felicia. The effects of different
growth regulators vary in a variety. All growth regulators increased the number of
branches in Prima and reached a maximum of 7.4 % with Regoplan. A similar
effect was observed in Felicia. All interactions did not differ except between
genotype and application method. Leaf area. The leaf area growth determines light
interception and is a major parameter of plant performance. For genotypes, Felicia
had a larger leaf area than Prima (Table 4.3). All the application methods had the
same trend for both varieties, among which the combination of seed dressing and
foliar spraying reached the maximum leaf area, and the seed dressing effect was
the worst. The mean leaf area of Prima and Felicia increased by 9.0%-17 % and
6.5%-15.4 %, accordingly, compared with those without the growth regulators.

Regoplan had the most excellent effect on the average leaf area of both varieties.
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Table 4.1
Effects of different growth regulators on plant height of Brassica Juncea L. (2019-2021)
Prima Felicia
Regulators seeds foliar seeds+foliar Average seeds foliar seeds+foliar Average
Control 141.0bc 141.0¢c 141.0cd 141.0de 136.0bc 136.0c 136.0¢c 136.0b
Albit 139.0c 140.0¢c 140.1d 139.7¢ 135.2¢ 135.2¢ 137.9bc 136.1b
Antistress 149.5a 146.4abc 148.6ab 148.2ab 143.0ab 141.4abc 146.6a 143.7a
Agrinos 150.7a 151.0a 147.4abc 149.7a 142.2abc 140.6abc 144.1ab 142.3a
Bioforge 142.7bc 143.7bc 146.4abcd 144.3cd 143.1ab 140.6abc 143.4abc 142 .3a
Fast Start 146.9ab 152.8a 149.1ab 149.6a 142.7ab 144.2ab 142.9abc 143.3a
Regoplan 149.9a 148.4ab 152.9a 150.4a 144.3a 145.1a 143.0abc 144.1a
Stimulate 147.3ab 141.2¢ 147.5abc 145.3bc 142.8ab 140.2abc 142.3abc 141.8a
Vermistim D 144.0abc 141.7¢ 144.7bcd 143.5cd 136.9abc 137.4bc 136.4c 136.9b
Average 145.7a 145.1a 146.4a 140.7a 140.1a 141.4a
Significance ds SS MS F0.05
Factor A 1 1023.03 1023.03 *
Factor B 2 45.11 22.56 NS
Factor C 8 1827.1 228.39 *
AxB 2 0.02 0.01 NS
AxC 8 113.87 14.23 NS
BxC 16 158.15 9.88 NS
AxBxC 16 151.6 9.47 NS

Values within columns in the same substrate followed by the same letter are not significantly different according to Duncan’s multiplerange test at the p

< 0.05 level. Effects of factors according tothree-way ANOVA: NS — non-significant effect, *p < 0.05.
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Table 4.2

Effects of different growth regulators on branching number of Brassica Juncea L. (2019-2021)

Prima Felicia
Regulators
seeds foliar seeds+foliar mean seeds foliar seeds+foliar mean
Control 4.2a 4.2a 4.2a 4.2¢ 4.5ab 4.5a 4.5¢ 4.54c
Albit 4.1a 4.3a 4.2a 4.23bc 4.4b 4.7a 4.7bc 4.58¢
Antistress 4.4a 4.4a 4.3a 4.37abc 4.8ab 4.8a 5.1ab 4.91ab
Agrinos 4.5a 4.4a 4.2a 4.38abc 4.7ab 4.7a 5.1a 4.86ab
Bioforge 4.4a 4.4a 4.4a 4.41abc 4.5ab 4.6a 4.9abc 4.67bc
Fast Start 4.4a 4.5a 4.5a 4.49ab 4.6ab 4.7a 4.9abc 4.72abc
Regoplan 4.6a 4.4a 4.6a 4.51a 4.9a Sa Sabc 4.94a
Stimulate 4.3a 4.3a 4.2a 4.26abc 4.6ab 4.7a 4.8abc 4.7abc
Vermistim D 4.3a 4.2a 4.3a 4.3abc 4.5ab 4.6a 4.6¢c 4.58¢
Average treatment 4.4a 4.3a 4.3a 4.6b 4.7ab 4.8a
Significance ds SS MS F0.05
Factor A 1 5.7 5.7 *
Factor B 2 0.23 0.11 NS
Factor C 8 2.01 0.25 *
AxB 2 0.44 0.22 *
AxC 8 0.42 0.05 NS
BxC 16 0.3 0.02 NS
AxBxC 16 0.53 0.03 NS

Values within columns in the same substrate followed by the same letter are not significantly different according to Duncan’s multiplerange test at the p
< 0.05 level. Effects of factors according tothree-way ANOVA: NS — non-significant effect, *p < 0.05.
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Prima Felicia
Regulators
seeds foliar seeds+foliar mean seeds foliar seeds+foliar mean
Control 34.3d 34.3¢c 34.3¢ 34.35¢ 38.7¢ 38.7d 38.7¢ 38.73¢
Albit 37.1ab 36.9b 38.4d 37.45d 39.1e 41.9¢ 42.9cd 41.26d
Antistress 38.2ab 39ab 39.8cd 38.98abc 43.2ab 44.1ab 46.0a 44.43ab
Agrinos 38.9a 38.1ab 39.6¢cd 38.86bc 41.8bcd 43.5ab 46.4a 43.92ab
Bioforge 34.9¢cd 38.3ab 41.5abc 38.26bcd 41.8bcd 44.0ab 45.2ab 43.64b
Fast Start 37.6ab 38.5ab 42.1ab 39.37ab 42 3abc 44.5a 45.1ab 43.98ab
Regoplan 38.1ab 40.1a 42.4a 40.2a 43.7a 44.7a 45.6ab 44.68a
Stimulate 37.6ab 40a 40.0bcd 39.22ab 41.1cd 42.8bc 44.1bc 42.66¢
Vermistim D 36.5bc 37b 39.8cd 37.76¢cd 40.8d 41.9¢ 42.5d 41.74d
Average treatment 37.02¢c 38.02b 39.80a 41.4c 4291b 44.04a
Significance ds SS MS F0.05
Factor A 1 820.13 820.13 *
Factor B 2 197.07 98.53 *
Factor C 8 457.24 57.15 *
AxB 2 2.62 1.31 NS
AxC 8 17.35 2.17 NS
BxC 16 47.23 2.95 *
AxBxC 16 42.38 2.65 NS
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Table 4.3

Values within columns in the same substrate followed by the same letter are not significantly different according to Duncan’s multiplerange test at the p

< 0.05 level. Effects of factors according tothree-way ANOVA: NS — non-significant effect, *p < 0.05.
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Chlorophyll contents (mg/g). The leaf chlorophyll content is an important
physiological index reflecting leaf photosynthetic intensity and plant senescence.
Prima showed significantly higher chlorophyll content (1.17 mg/gram) than Felicia
(1.07 mg/gram) (Table 4.4). Likewise, the combination of seed dressing and foliar
had the largest influence on chlorophyll content in both varieties, while seed
dressing alone had the worst effect. For Prima, all growth regulators increased
average chlorophyll content compared to control, except Vermistim D. In Felicia,
the growth regulators had, on average, a 6.3 % to 18.8 % increase in chlorophyll
content compared to those without the growth regulators. Regoplan increased the
chlorophyll content of Prima and Felicia by 10.7 % and 18.8 %, accordingly,
compared with the control.

The number of pods per plant™ (pcs). The data given in Table 4.5 revealed
that genotypes had a significant effect on the number of pods, among which Felicia
(131 pcs) had a significantly higher pod number than Prima (113 pcs). Compared
with the other two treatments, the combination of seed dressing and foliar
application significantly increased the number of pods of the two varieties,
followed by foliar application, and the seed dressing effect was the worst. The
Regoplan significantly increased the number of pods in Prima by 12 pcs with the
combined treatment of seed dressing and foliar application, Antistress and
Regoplan increased the number of pods in Felicia by 19 pcs and 17 pcs,
accordingly. Average pod increases ranged from 2 to 9 pcs for Prima and from 4 to

14 pcs for Felicia.
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Table 4.4
Effects of different growth regulators on Chlorophyll content of Brassica Juncea L. (2019-2021)
Regulators Prima Felicia
seeds foliar seeds+foliar mean seeds foliar seeds+foliar mean
Control 1.12¢ 1.12d 1.12d 1.12f 0.96¢ 0.96e 0.96e 0.96d
Albit 1.15cde 1.14d 1.19¢ 1.16de 1.03ab 1.05¢cd 1.03d 1.04c
Antistress 1.17bed 1.18bc 1.21bc 1.19bc 1.05ab 1.06cd 1.15abc 1.09b
Agrinos 1.19ab 1.19b 1.24ab 1.21b 1.07ab 1.07cd 1.1c 1.08b
Bioforge 1.19abc 1.2ab 1.23ab 1.21b 1.07ab 1.15ab 1.17a 1.13a
Fast Start 1.16bcde 1.18bc 1.2bc 1.18cd 1.04ab 1.14ab 1.16ab 1.11ab
Regoplan 1.22a 1.24a 1.27a 1.24a 1.08a 1.19a 1.13abc 1.14a
Stimulate 1.13de 1.15¢cd 1.18¢ 1.15¢ 1.01bc 1.1bc 1.13abc 1.08b
Vermistim D 1.06f 1.08e 1.10d 1.08¢g 0.95¢ 1.01de 1.1bc 1.02¢
Average treatment 1.15b 1.16b 1.19a 1.03¢ 1.08b 1.10a
Significance ds SS MS F0.05
Factor A 1 0.4 0.4 *
Factor B 2 0.09 0.05 *
Factor C 8 0.36 0.04 *
AxB 2 0.01 0.01 *
AxC 8 0.04 0 *
BxC 16 0.04 0 *
AxBxC 16 0.03 0 *

Values within columns in the same substrate followed by the same letter are not significantly different according to Duncan’s multiplerange test
at the p <0.05 level. Effects of factors according tothree-way ANOVA: NS — non-significant effect, *p < 0.05.
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Table 4.5

Regulators Prima Felicia
seeds foliar seeds+foliar mean seeds foliar seeds+foliar mean
Control 109b 109cd 109d 109d 121de 121e 121e 121f
Albit 109b 113bc 111cd 111lcd 120e 130cd 129d 126e
Antistress 113ab 116ab 114bcd 114b 129abc 137ab 144a 137ab
Agrinos 117a 113bc 114bcd 115b 128bc 133bcd 143ab 135bc
Bioforge 110b 113bc 116b 113bc 127bc 135abc 139bc 134c
Fast Start 113ab 117ab 117b 116b 131ab 139a 139bc 136abc
Regoplan 116a 120a 122a 119a 133a 138ab 142ab 138a
Stimulate 112ab 113bc 115bc 113bc 125cd 130cd 137¢ 131d
Vermistim D 109b 106d 113bed 110d 124cde 129d 126d 126e
Average treatment 112b 113ab 115a 126¢ 132b 136a
Significance ds SS MS F0.05
Factor A 1 13302.62 13302.62 *
Factor B 2 964.53 482.27 *
Factor C 8 2717.68 339.71 *
AxB 2 318.9 159.45 *
AxC 8 375.38 46.92 *
BxC 16 344.58 21.54 *
AxBxC 16 342.43 21.4 *

Values within columns in the same substrate followed by the same letter are not significantly different according to Duncan’s multiplerange test
at the p <0.05 level. Effects of factors according tothree-way ANOVA: NS — non-significant effect, *p < 0.05.
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Average seed weight of the plant! (g). As shown in Table 4.6, the average

seed weight per plant of Felicia (1.27 g) was significantly higher than that of Prima
(1.19 g). The combination of seed dressing and foliar spraying was significantly
higher than that of seed dressing or foliar spraying alone in both varieties. In the
combination of seed dressing and foliar application of Prima, Regoplan and Fast
Start significantly increased seed weight per plant by 10.4 % and 8.7 %, and for
Felicia, Antistress, Agrinos, and Regoplan significantly increased seed weight by
15.3 %, 14.4 %, and 12.7 %, accordingly, compared with plants without growth
regulators. Different growth regulators increased the average seed weight per plant,
and there were significant differences. Among these growth regulators, Regoplan
had the most obvious effect on Prima (1.24 g), and Antistress and Regoplan had
the greatest effect on Felicia (1.32 g and 1.32 g). 1000-seed weight (g). The data in
Table 4.7 revealed a significant difference in 1000-seed weight between the two
varieties. The 1000-seed weight of Prima was higher than that of Felicia. Besides,
there were differences among the three treatments, and the combination of seed
dressing and foliar application had the greatest influence on the 1000-seed weight
of the two varieties. However, the interaction effect between varieties and
application methods of growth regulators was not significant. All growth
regulators increased the average 1000-grain weight of both varieties, and there
were differences. For Prima, the influence of Fast Start and Regoplan on
1000-grain weight reached the maximum value, which was 9.5 %. Except for Albit
and Vermistim D, the other growth regulators significantly increased Felicia’s

1000-grain weight from 5.8 % to 11.7 %.
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Table 4.6

Effects of different growth regulators on seed weight per plant of Brassica Juncea L. (2019-2021)

Regulators Prima Felicia
seeds foliar seeds+foliar mean seeds foliar seeds+foliar mean
Control 1.15de 1.15f 1.15¢f 1.15g 1.18ef 1.18e 1.18e 1.18f
Albit 1.14e 1.17ef 1.17ef 1.16fg 1.18f 1.24d 1.24d 1.22¢
Antistress 1.21ab 1.22abc 1.22¢cd 1.21bc 1.28ab 1.31ab 1.36a 1.32a
Agrinos 1.23a 1.2bed 1.19de 1.21cd 1.27b 1.29bc 1.35a 1.31abc
Bioforge 1.15de 1.19cde 1.24bc 1.19de 1.25bcd 1.3ab 1.32bc 1.29¢
Fast Start 1.19bc 1.24a 1.25ab 1.23ab 1.26bc 1.32ab 1.31bc 1.3bc
Regoplan 1.22a 1.23ab 1.27a 1.24a 1.31a 1.33a 1.33ab 1.32a
Stimulate 1.18bcd 1.18def 1.21cd 1.19¢ 1.23cd 1.26¢cd 1.29¢ 1.26d
Vermistim D 1.17cde 1.16f 1.19de 1.17f 1.22de 1.23d 1.23d 1.23¢
Average treatment 1.18b 1.19b 1.21a 1.24c¢ 1.27b 1.29a
Significance ds SS MS F0.05
Factor A 1 0.22 0.22 *
Factor B 2 0.04 0.02 *
Factor C 8 0.22 0.03 *
AxB 2 0 0 *
AxC 8 0.02 0 *
BxC 16 0.02 0 *
AxBxC 16 0.02 0 *

Values within columns in the same substrate followed by the same letter are not significantly different according to Duncan’s multiplerange test
at the p <0.05 level. Effects of factors according tothree-way ANOVA: NS — non-significant effect, *p < 0.05.
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Table 4.7

Effects of different growth regulators on 1000-seed weight of Brassica Juncea L. (2019-2021)

Regulators Prima Felicia
seeds foliar seeds+foliar mean seeds foliar seeds+foliar mean
Control 3.38de 3.38d 3.38e 3.38d 3.09cd 3.0%¢ 3.09¢ 3.09d
Albit 331e 3.46cd 3.47de 3.41d 3.06d 3.22d 3.23cd 3.17c
Antistress 3.53bc 3.57bc 3.59cd 3.57b 3.42a 3.4b 3.54a 3.45a
Agrinos 3.73a 3.49cd 3.52d 3.58b 3.30b 3.35bc 3.51a 3.39a
Bioforge 3.37de 3.54c 3.67bc 3.53b 3.27b 3.46ab 3.42ab 3.39a
Fast Start 3.53bc 3.81a 3.76ab 3.7a 3.28b 3.53a 3.43ab 341a
Regoplan 3.62ab 3.68b 3.81a 3.7a 3.43a 3.46ab 3.45ab 3.45a
Stimulate 3.51bc 3.47cd 3.57cd 3.52bc 3.21b 3.28cd 3.34bc 3.27b
Vermistim D 3.47cd 3.40d 3.49de 3.45cd 3.19bc 3.19de 3.19de 3.19¢
Average treatment 3.50b 3.53b 3.59a 3.25b 3.33a 3.36a
Significance ds SS MS F0.05
Factor A 1 2.07 2.07 *
Factor B 2 0.26 0.13 *
Factor C 8 2.09 0.26 *
AxB 2 0.01 0.01 NS
AxC 8 0.14 0.02 *
BxC 16 0.37 0.02 *
AxBxC 16 0.21 0.01 *

Values within columns in the same substrate followed by the same letter are not significantly different according to Duncan’s multiplerange test
at the p <0.05 level. Effects of factors according tothree-way ANOVA: NS — non-significant effect, *p < 0.05.
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Table 4.8

Effects of different growth regulators on seed yield of Brassica Juncea L. (2019-2021)

Regulators Prima Felicia
seeds foliar seeds+foliar mean seeds foliar seeds+foliar mean
Control 1.61de 1.61e 1.61f 1.61f 1.66fg 1.66e 1.66e 1.66f
Albit 1.6¢e 1.63de 1.64ef 1.62ef 1.65g 1.74d 1.74d 1.71e
Antistress 1.69ab 1.7ab 1.71bc 1.7b 1.8ab 1.83ab 1.91a 1.84ab
Agrinos 1.72a 1.68abc 1.67cde 1.69bc 1.78bc 1.81bc 1.89a 1.83abc
Bioforge 1.62de 1.67bcd 1.73ab 1.67cd 1.75cde 1.82ab 1.84bc 1.8c
Fast Start 1.66bc 1.73a 1.76a 1.72ab 1.77bcd 1.85ab 1.83bc 1.82bc
Regoplan 1.71a 1.72a 1.77a 1.74a 1.84a 1.87a 1.86ab 1.85a
Stimulate 1.65bcd 1.65cde 1.69¢cd 1.66d 1.73de 1.77cd 1.8c 1.76d
Vermistim D 1.64cde 1.62¢ 1.66de 1.64e 1.7ef 1.72d 1.72d 1.71e
Average treatment 1.66b 1.67b 1.69a 1.74¢ 1.78b 1.81a
Significance ds SS MS F0.05
Factor A 1 0.44 0.44 *
Factor B 2 0.07 0.04 *
Factor C 8 0.44 0.05 *
AxB 2 0.01 0 *
AxC 8 0.03 0 *
BxC 16 0.04 0 *
AxBxC 16 0.03 0 *

Values within columns in the same substrate followed by the same letter are not significantly different according to Duncan’s multiplerange test
at the p <0.05 level. Effects of factors according tothree-way ANOVA: NS — non-significant effect, *p < 0.05.
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4.2. Effects of growth regulators on the yield capacity and quality of

mustard (Brassica Juncea L.) seeds

Seed yield capacity (t/ha). According to the data, the seed yield capacity of
Felicia (1.78 t/ha) was significantly higher than that of Prima (1.67 t/ha) (Table
4.8). In both varieties, the combination of seed dressing and foliar application
produced higher yields than either method of biostimulant applied alone. All
growth regulators increased the average seed yield. The maximum yield for Prima
was a combination of variants using Fast start — 1,72 t/ha and Regoplan — 1,72 t/ha.
For Felicia, Agrinoss — 1,89t/ha, Antistress — 1,89 t/ha). There were significant
differences in the interactions between varieties, application methods, and
biostimulants.

Oil content (%). The greatest average oil content was created with the
combination of seed dressing and foliar application in Prima (39.04%) and this was
significantly greater than the other two treatments (Table 4.9). The application of
growth regulators increased the average oil content by 5.61 % to 1.18 %. Among
these regulators, Agrinos, Fast Start, and Regoplan have a significant effect on the
oil content of Prima. However, there was no significant difference in the average
oil content of Felicia between the regulator and the application method.

Protein content (%). There was no difference in protein content between
the two varieties (Table 4.10). Similarly, the application and method of external

regulators had little effect on average protein content.
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Table 4.9

Regulators Prima Felicia
seeds foliar seeds+foliar mean seeds foliar seeds+foliar mean
Control 39.1a 34.73d 37.88bc 37.24d 37.67a 37.6a 41.98a 39.08a
Albit 37.51a 38.1abc 37.43¢ 37.68d 38.08a 38a 37.67b 37.92a
Antistress 37.78a 38.68abc 38.37abc 38.28abcd 39.23a 37.3a 38.32b 38.28a
Agrinos 38.62a 39.4ab 39.95a 39.33a 39.23a 38.57a 39.13b 38.98a
Bioforge 37.13a 37.87abc 39.47ab 38.16bcd 38.47a 38.22a 38.87b 38.52a
Fast Start 38.33a 39.67a 39.69ab 39.23ab 39.09a 38.8a 38.33b 38.74a
Regoplan 38.64a 38.34abc 40.3a 39.1abc 38.47a 38.8a 39.13b 38.8a
Stimulate 37.3a 37.56bc 39.2abc 38.02cd 39.6a 39.17a 38.67b 39.15a
Vermistim D 37.93a 37.29¢ 39.02abc 38.08cd 37.57a 37.93a 37.03b 37.51a
Average treatment 38.04b 37.96b 39.04a 38.6a 38.27a 38.79a
Significance ds SS MS F0.05
Factor A 1 1.75 1.75 NS
Factor B 2 18.65 9.33 *
Factor C 8 36.41 4.55 *
AxB 2 4.56 2.28 NS
AxC 8 23.59 2.95 NS
BxC 16 41.4 2.59 NS
AxBxC 16 49.54 3.1 *

Values within columns in the same substrate followed by the same letter are not significantly different according to Duncan’s multiplerange test at the p
< 0.05 level. Effects of factors according tothree-way ANOVA: NS — non-significant effect, *p < 0.05.
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Table 4.10

Effects of different growth regulators on protein content of Brassica Juncea L. (2019-2021)

Regulators Prima Felicia
seeds foliar seeds+foliar mean seeds foliar seeds+foliar mean
Control 23.39a 25.43a 23.62abc 24.14a 24.61a 24.84a 22.32b 23.92a
Albit 24.18a 23.55b 24.23ab 23.99ab 24.19ab 23.84ab 23.97a 24a
Antistress 24.37a 23.89b 23.75abc 24ab 23.66ab 24.64ab 24.77a 24.35a
Agrinos 24.23a 23.53b 23.09¢ 23.62ab 23.83ab 23.63ab 24.35a 23.94a
Bioforge 24.18a 24.09b 23.63abc 23.96ab 23.67ab 24.11ab 24.18a 23.99a
Fast Start 23.72a 23.61b 23.85abc 23.73ab 23.45ab 23.64ab 23.97a 23.69a
Regoplan 23.9a 23.97b 24.5a 24.12a 24.53ab 24.03ab 24.08a 24.21a
Stimulate 24.23a 24.02b 23.39bc 23.88ab 23.24b 23.41b 24.2a 23.62a
Vermistim D 23.88a 23.23b 23.45bc 23.52b 24.01ab 23.87ab 24.21a 24.03a
Average treatment 24.01a 23.93a 23.72a 23.91a 24a 24a
Significance ds SS MS F0.05
Factor A 1 0.31 0.31 NS
Factor B 2 0.34 0.17 NS
Factor C 8 4.76 0.6 NS
AxB 2 0.97 0.49 NS
AxC 8 2.47 0.31 NS
BxC 16 16.77 1.05 *
AXBxC 16 13.94 0.87 *

Values within columns in the same substrate followed by the same letter are not significantly different according to Duncan’s multiplerange test at the p
< 0.05 level. Effects of factors according tothree-way ANOVA: NS — non-significant effect, *p < 0.05.
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The correlation analysis between agronomic features and the yield
capacity. The yield capacity is the result of the internal physiological and
biochemical changes and the external environment during plant growth and
development [18]. Correlations between agronomic traits and the yield capacity

were shown in Figure 4.1.
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Figure 4.1. The correlation analysis between agronomic features and the yield
capacity of Brassica Juncea L.

At the phenotypic level, seed yield had positive and highly significant
(p<0.01) correlations with the number of pods per plant, the number of branches
per plant, the leaf area, and the average seed weight per plant. In contrast, seed
yield was not significantly correlated with chlorophyll content, plant height, and

1000-seed weight. The 1000-seed weight was a positively highly significant
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(p<0.01) association with chlorophyll content and plant height. These results
showed that the number of branches, yield per plant, pod number, and leaf area
were the main factors determining the yield capacity in both varieties. Oil content
and protein are important parameters to evaluate the quality of mustard.
Correlation results showed that oil content correlated negatively with protein.

Discussion. In practice, there are a variety of seed treatments, mainly
including seed dressing, soaking, and priming [19-21]. Seed priming and soaking
require precise processing time and often create problems for seeding. Seed
dressing has the advantages of simple operation and low cost. Moreover, seed
dressing can reduce the dose applied by concentrating the active ingredients on the
seeds and roots of the plant. Therefore, it is used as a common processing method
in production. Many previous studies have shown that seed dressing can improve
germination rate, promote plant growth, elevate resistance to stress, delay plant
senescence, and prevent diseases, insects, and pests [19-21].

Another common application of growth regulators on crops is foliar spraying.
Foliar spray of nutrients and plant growth regulators is the fastest way to boost
crop growth because the nutrients are available to plants at the initial and critical
stages [13]. Foliar application of plant growth regulators could increase leaf area
index, dry matter accumulation, delay root senescence and increase crop yield
[24-25]. In both varieties, seed dressing combined with foliar application increased
leaf area by 7.5 % and 6.4 % (Table 4.3), chlorophyll content by 3.5 % and 6.8 %
(Table 4.4), pod number by 2.7 % and 7.9 % (Table 4.5), average seed weight per

plant by 2.5 % and 4.0 % (Table 4.6), 1000-seed weight by 2.6 % and 3.4 % (Table
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4.7), and seed yield by 1.8 % and 4.0 % (Table 4.8), accordingly, compared with
seed dressing alone. Seed dressing and foliar application had a successful
synergistic effect on the growth and yield capacity of mustard. These results were
in line with the report on seed dressing and foliar application of molybdenum
fertilizer on soybean [26]. Similarly, seed dressing with humic and foliar spraying
of potassium fertilizer improved wheat quality [27]. The result may be attributed to
the fact that seed dressing before sowing was beneficial to the seedling’s root
growth and nutrient absorption, and foliar spraying at flowering was conducive to
increasing leaf area and grain filling, which ultimately led to an increase in the
seed yield capacity. Moreover, the active components of the regulator have high
internal absorbability in plants. After pre-treatment by seed dressing, the active
substances of the regulator can be quickly absorbed by roots or budding seedlings,
migrate to cotyledons and leaves, and finally stimulate the growth of crop
seedlings [21].

Growth regulators are involved in controlling plant development and
improving yield and quality [25-33]. We observed a positive effect of growth
regulators on seed yield, 1000-seed weight, the number of branches per plant, the
number of pods per plant, the leaf area, and the plant height of both varieties. But
significant variation was found between different growth regulators. Overall,
Regoplan and Fast Start had a remarkable effect on mustard growth and yield
capacity. The differences may be attributed to the composition and concentration of
growth regulators.

Seed yield is the result of many interdependent characters. Generally, the
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seed yield capacity was positively correlated with 1000-seed weight, plant height,
and chlorophyll content, but there was no significant correlation between them in
our study. This implies that increasing these features does not improve the seed
yield capacity. Conversely, increasing the number of pods per plant, branches per
plant, the leaf area, and average yield per plant were beneficial to increasing the

seed yield capacity.
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Conclusions to section 4

1. The variety of Prima created a significantly taller average plant (145.7
cm). An average plant height increased by 1.8%-6.7 %, among which the growth
regulators of Agrinos, Fast Start, and Regoplan had the most obvious effect. The
average plant height of Felicia increased by 4.3-6.0 %, but there was no significant
difference with the application of Albit and Vermistim D. The variety of Felicia
had a significantly higher number of branches than Prima. The combination of seed
treatment and foliar spraying significantly increased the number of branches in
Felicia. All growth regulators increased the number of branches in Prima and
reached a maximum of 7.4 % with Regoplan.

2. The mean leaf area of Prima and Felicia increased by 9.0-17 % and
6.5-15.4 %, accordingly, compared with those without the growth regulators.
Regoplan had the most excellent effect on the average leaf area of both varieties.
The wvariety of Prima showed significantly higher chlorophyll content
(1.17 mg/gram) than Felicia (1.07 mg/gram). Regoplan maximum increased the
chlorophyll content of Prima and Felicia by 10.7 % and 18.8 %, accordingly,
compared with the control.

3. The genotypes had a significant effect on the number of pods, among
which Felicia (131 pcs) had a significantly higher pod number than Prima
(113 pcs). The Regoplan significantly increased the number of pods in Prima by 12
pcs with the combined treatment of seed dressing and foliar application. Antistress

and Regoplan increased the number of pods in Felicia by 19 pcs and 17 pcs,
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accordingly. Different growth regulators increased the average seed weight per
plant, and there were significant differences. Among these growth regulators,
Regoplan had the most obvious effect on Prima (1.24 g), and Antistress and
Regoplan had the greatest effect on Felicia (1.32 g and 1.32 g).

4. The seed yield capacity of Felicia (1.78 t/ha) was significantly higher than
that of Prima (1.67 t/ha). The maximum yield capacity for Prima was the
combination of variants using Fast start — 1,72 t/ha and Regoplan — 1,72 t/ha. For
Felicia,  Agrinoss — 1,89 t/ha, Antistress — 1,89 t/ha. All growth regulators
increased the average 1000-grain weight of both varieties. For Prima, the influence
of Fast Start and Regoplan on 1000-grain weight reached the maximum value,
which was 9.5 %. Except for Albit and Vermistim D, the other growth regulators
significantly increased Felicia’s 1000-grain weight from 5.8 % to 11.7 %.

5. The application of growth regulators increased the average oil content
from 1.18 % to 5.61 %. Among these regulators, Agrinos, Fast Start, and Regoplan
have a significant effect on the oil content of Prima. However, there was no
significant difference in the average oil content of Felicia between the regulator
and the application method. There was no difference in protein content between the
two varieties and variants using growth regulators.

6. As the result of the correlation analyses, the seed yield capacity had
positive and highly significant (p<0.01) correlations with the number of pods per
plant, the number of branches per plant, the leaf area, and average seed weight per
plant. The 1000-seed weight was a positively highly significant (p<0.01)

association with chlorophyll content and plant height. These results showed that
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branch number, yield per plant, the number of pods, and leaf area were the main
factors determining yield capacity in both varieties. The oil content correlated

negatively with protein.
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SECTION 5
ECONOMIC AND ENERGY EFFICIENCY OF MUSTARD (BRASSICA
JUNCEA L.) CULTIVATION ACCORDING TO THE VARIETY, METHOD

OF TREATMENT, AND GROWTH REGULATORS

5.1. Economic efficiency of cultivating mustard according to the variety,

method of treatment, and growth regulators

Currently, the economic profitability of new technological operations in the
system of cultivating crops becomes an important issue in the process of their
implementation, as prices for fuel and lubricants, fertilizers, seeds, as well as
wages are cultivating every year. This causes high production costs, which in the
case of insufficient efficiency of a certain technological method can lead to losses.
Thus, in economic terms, the basis of modern management is to minimize the cost
of unit production [1].

The main indicators of production efficiency are unit cost and profitability.
To increase profitability and reduce production costs, it is necessary to create
conditions for obtaining the highest yield by fulfilling the potential of agricultural
varieties, optimizing cultivation technology, prudent use of fertilizers and growth
regulators to reduce costs at all stages of production [2].

Most components of profitability indicators will be used to evaluate the
efficiency of new technological methods. Mass of profit can be considered the key

indicator of economic effect, as it helps to form an idea of the profitability of
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cultivating a particular crop in the economy, as well as the economic effect as a
whole. To consider the fact that the repeated use of unreasonable methods in
cultivation technology has led to higher prices and, as a consequence, — losses [3].

Economic efficiency was calculated at prices of 2021. The costs of
cultivating finished products were calculated according to standard technological
maps [4]. The yield is taken as the average for three years of research (2019-2021).
Extended tables with the calculation of the economic efficiency of cultivating
brown mustard varieties of Prima and Felicia at different methods of treatment
with growth regulators are presented in Annexes.

The main indicators of economic efficiency of brown mustard variety Prima
at different methods of treatment with growth regulators are presented in Table 5.1.

The table indicates that all options for the methods of treatment and growth
regulators are cost-efficient.

According to economic efficiency indicators, it is more profitable to grow
Prima brown mustard at seed treatment with Agrinos growth regulator, as the profit
per hectare is UAH 20,630, which gave the highest level of profitability of 133% at
the lowest cost (UAH 9,005.7). At the foliar application of growth regulators in the
cultivation of a brown mustard variety of Prima, the use of Regoplan was the most
cost-efficient, its profitability was 132% and the profit was 20,530 UAH per
hectare.

At the seed treatment + foliar application of growth regulators, the
maximum values of profitability (137%) and the profit of UAH 21,509 / ha were

achieved with the use of Regoplan. It is worth noting that this growth regulator
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provided the maximum yield for Prima brown mustard, which provided a reduction

in cost and an increase in profitability.

Table 5.1
Economic efficiency of cultivating a yellow mustard variety of Prima

according to the methods of treatment with growth regulators

(average for 2019-2021)

Method of Economic indicators

treatment Growth regulators | Yield capacity, | Self-costUA Profit, Profitability,

t/ha H/t UAH/t Y%

Control 1,61 95264 18473 120

Albit 1,60 9577,7 18276 119

. Antistress 1,69 91439 20 037 130

E Agrinos 1,72 9 005,7 20 630 133

§ Bioforge 1,62 9484,6 18 655 121

§ Fast start 1,66 9286,8 19 444 126

s Regoplan 1,71 9 050,8 20433 132

Stimulate 1,65 93338 19 249 125

Vermistim D 1,64 9383,6 19 051 124

Albit 1,63 95103 18 728 121

- Antistress 1,70 10 856,9 17 243 93

-% Agrinos 1,68 92254 19 781 128

% Bioforge 1,67 10412,1 17 682 102

g Fast start 1,73 9708,2 19 535 116

E Regoplan 1,72 9 063,7 20 530 132

Stimulate 1,65 10 072,9 18 030 108

Vermistim D 1,62 10 540,8 16 944 99

Albit 1,64 9461,0 18924 122

% ‘g Antistress 1,71 10 805,1 17 433 94

% 'é Agrinos 1,67 9273,7 19 583 126

% ‘g Bioforge 1,73 10 106,4 18 846 108

2 © Fast start 1,76 9571,9 20114 119

Regoplan 1,77 8 847,8 21509 137
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Stimulate 1,69 98719 18 806 113
Vermistim D 1,66 10 326,2 17719 103

Therefore, in economic terms, growing Prima yellow mustard is the most
profitable with the use of seed treatment + foliar application of Regoplan growth
regulator.

To analyze the economic efficiency of cultivating the yellow mustard variety
of Felicia according to the methods of treatment with growth regulators, we use the
indicators of yield, cost, profit, and profitability presented in Table 5.2.

The table indicates that, in economic terms, absolutely all options for the
Felicia variety of brown mustard are economically viable, because absolutely all
options have positive profitability.

At the seed treatment with growth regulators, the maximum value of
profitability (147 %) was calculated for Regoplan. Since this chemical increased
yield capacity. As the self-cost decreased, it led to increased profitability.

At the foliar application of growth regulators, the maximum value of
profitability of 149 % was provided by Regoplan. Its self-cost was 8,446.3 UAH / t,
and the profit was 23,475 UAH per hectare. When treating seeds + foliar
application with growth regulators, Regoplan chemical provided the highest
economic effect. The level of profitability was 147 % and the profit per hectare
was 23,276 UAH.

Thus, the cultivation of the mustard variety of Felicia is economically viable.
The maximum value of profitability for all methods of treatment was provided by
the growth regulators of Regoplan and Argrinos, as its application increased yield

capacity, which in turn led to a reduction in unit costs and increased profits per
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hectare. The most profitable method of treatment was foliar application and
treating seeds + foliar application. The profit per hectare was more then
23,000 UAH.

Table 5.2
Economic efficiency of cultivating a yellow mustard variety of Felicia
according to the methods of treatment with growth regulators

(average for 2019-2021)

Method of Economic indicators
Growth regulators | Yield capacity, Self-cost Profit,
treatment tha UAH /¢ UAH/ ¢ Profitability, %

Control 1,66 9 280,6 19 454 126
Albit 1,65 9328,9 19 257 125
. Antistress 1,80 8 668,6 22 197 142
E Agrinos 1,78 8 748,2 21 808 140
§ Bioforge 1,75 8 881,5 21207 136
§ Fast start 1,77 8 794,6 21 604 139
s Regoplan 1,84 8507,8 22 986 147
Stimulate 1,73 8965,4 20 820 134
Vermistim D 1,70 9100,6 20229 131
Albit 1,74 8995,5 20 888 133
o Antistress 1,83 10 182,7 19 796 106
-% Agrinos 1,81 8661,0 22334 142

S
= Bioforge 1,82 9 666,6 20 627 117
g Fast start 1,85 9167,1 21 891 129
E Regoplan 1,87 8 446,3 23 475 149
Stimulate 1,77 9482,6 20386 121
Vermistim D 1,72 10 007,4 18 907 110
. Albit 1,74 8995,8 20 877 133
S Antistress 1,91 9816,8 21360 114
; § Agrinos 1,89 8353,3 23902 151
jé § Bioforge 1,84 9583.,9 21006 119
§ § Fast start 1,83 9 258,0 21488 127
_9?’, Regoplan 1,86 8 485,8 23276 147
7 Stimulate 1,80 93522 20 966 125
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Vermistim D 1,72 10 013,6 18 897 110

Having conducted an economic evaluation of the cultivation of brown
mustard according to the variety, method of treatment, and growth regulators, we
found that all variants of the experiment, including controls, are advantageous,
because profitability ranged from 94 to 151 %. It was found that the growth
regulators of Regoplan and Agrinos had the maximum values of profitability.
Regarding the method of treatment, the most profitable for the Prima variety was
seed treatment + foliar application, and for the Felicia variety — foliar application.

The maximum profit was obtained by cultivating the Felicia mustard variety.

5.2. Energy efficiency of yellow mustard cultivation according to the

variety, method of treatment, and growth regulators

Due to the aggravation of the energy crisis in Ukraine and other countries,
the issue of energy conservation in agricultural production is quite acute. To solve
this problem, the introduction of new technological methods of cultivating crops in
terms of energy efficiency should be analyzed.

The analysis of energy efficiency includes the determination of energy
consumption for the use of a separate technological method and the comparison of
the general level of various technologies and machine complexes for their
implementation, regardless of the pricing policy. Therefore, for current economic
conditions, the universality of this method of evaluating the efficiency of

recommended agricultural practices is very important [4].
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Energy efficiency helps to describe the element of cultivation technology, as
it shows the degree of energy use per unit of the final product produced. Energy
efficiency is assessed not only by quantitative indicators, such as the amount of
energy used per unit of final product but also by qualitative — low, high [5].

To determine the energy efficiency of gray mustard cultivation depending on
the variety, the method of treatment with growth regulators took into account the
energy costs for cultivation, determined the energy yield of the crop, and calculated
the energy efficiency ratio Appendices.

The coefficient of energy efficiency is the main indicator in the energy
analysis of the introduction of certain technological methods in crop cultivation
and 1s defined as the ratio of aggregate to metabolic energy [5].

In terms of energy evaluation, when the crop’s energy efficiency coefficient
1s more than 1, it is considered that such a crop is profitable and efficient [2].

The graphic representation of the levels of the energy efficiency coefficient
of cultivating a brown mustard variety of Prima at the seed treatment with growth
regulators is shown in Figure. 5.1.

Figure 5.1. indicated that the use of Agrinos growth regulator for the seed
treatment was energy efficient. The energy efficiency coefficient for this chemical
was 2.60. This is because the chemical increased yield capacity and, as a result, the
energy output indicator increased with the yield (28,294 mJ). Even at maximum

cost (10,903 mJ), the maximum level of energy efficiency war guaranteed.
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Seed treatment
Figure. 5.1. Energy evaluation of the efficiency (Ke.) of cultivating a yellow
mustard variety of Prima for the seed treatment with growth regulators (average for

2019-2021)

To evaluate the energy efficiency of cultivating a brown mustard variety of
Prima with the foliar application of growth regulators, a graphical representation of
the levels of energy efficiency coefficients in Figure. 5.2 is used.

It is most effective to cultivate a brown mustard variety of Prima at the foliar
application of Regoplan growth regulator. This is evidenced by the highest energy
efficiency coefficient— 2.62. The highest level of energy output with the yield of

28,459 ml] is calculated for this chemical, while the total energy cost is 10,799 ml.
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Foliar application

Figure. 5.2. Energy evaluation of the efficiency (Ke.) of cultivating a yellow
mustard variety of Prima for the foliar application of growth regulators (average

for 2019-2021)

The analysis of energy efficiency of cultivating a brown mustard variety of
Prima for the seed treatment + foliar application of growth regulators is shown in
Figure. 5.3.

The highest level of energy output with the yield was obtained when
cultivating a brown mustard variety of Primafor the seed treatment + foliar
application of growth regulator Regoplan. It was 29,117 mJ, which at a total
energy cost of 11,002 mJ, led to the maximum energy efficiency coefficient of
2.65.

Thus, the analysis of energy efficiency of cultivating a brown mustard
variety of Prima according to the methods of treatment and growth regulators
shows that absolutely all variants of the experiment, including the control are

energy efficient, as energy efficiency coefficients were higher than 1. The
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maximum level of energy efficiency was recorded for the seed treatment + foliar
application of the Regoplangrowth regulator. K..=2.65, the energy output with a
yield was 29,117 mlJ. It is worth noting that for the variants with the foliar

application of growth regulators, Regoplan was also the best chemical.
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Seed treatment + foliar application
Figure. 5.3. Energy evaluation of the efficiency (Kc.) of cultivating a yellow
mustard variety of Prima for the seed treatment + foliar application of growth

regulators (average for 2019-2021)

Indicators of energy efficiency of cultivating a brown mustard variety of
Felicia for the seed treatment with growth regulators are presented in Figure. 5.4.

The figure shows that in the seed treatment with growth regulators, the
maximum value of the energy efficiency coefficient of 2.72 was calculated for the
Regoplan chemical. This is because the use of this growth regulator increased yield
capacity and, as a result, the energy output with the yield was 30,268 mJ, as well as

the total cost of cultivation was 11,117 mJ. However, we can state that the
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cultivation cost is quite justified.
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Figure. 5.4. Energy evaluation of the efficiency (Ke.) of cultivating a yellow

mustard variety of Felicia for the seed treatment with growth regulators (average

for 2019-2021)

In terms of energy efficiency, to analyze the cultivation of the Felicia brown

mustard variety with the foliar application of growth regulators, the diagram of

indicators of the energy efficiency coefficient presented in Figure. 5.5 is used.

Having analyzed the results of calculations of energy efficiency of

cultivating a brown mustard variety of Felicia with the foliar application of growth

regulators, it was determined that the maximum energy output with a yield of

30,762 mJ was obtained for Regoplan, which, at a total energy consumption of

11,170 mJ, led to a maximum the level of the energy efficiency coefficient is 2.75.

This is because the growth regulator Regoplan increased yield capacity to 1.87 t/

ha.
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Figure. 5.5. Energy evaluation of the efficiency (Ke.) of cultivating a yellow
mustard variety of Felicia for the foliar application of growth regulators (average

for 2019-2021)

The graphical presentation of energy efficiency coefficients in Figure. 5.6
allows evaluating the energy efficiency of cultivating a brown mustard variety of
Felicia for the seed treatment + foliar application of growth regulators.

As the figure indicates, the maximum value of the energy efficiency
coefficient (2.65) was recorded for the growth regulator of Regoplan for the seed
treatment + foliar application. The energy output with the yield was 27,801 mlJ,
while the total energy cost was 10,999 mJ.

In general, the cultivation of a brown mustard variety of Felicia is energy

efficient, as the energy efficiency factor for all variants and controls was more than

1.
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Figure. 5.6. Energy evaluation of the efficiency (Ke.) of cultivating a yellow
mustard variety of Felicia for the seed treatment + foliar application of growth
regulators (average for 2019-2021)

It is most profitable to grow the Felicia mustard according to the treatment
variant — foliar application of growth regulators, as it has the highest energy
efficiency — 2.75. As for the growth regulator, Regoplan had the most positive
effect on all methods of treatment.

Having conducted the energy assessment of mustard cultivation efficiency
according to the variety, methods of treatment, and growth regulators, we can state
the energy efficiency, as none of the coefficients was less than 1. In general, the
trend towards Ke. has been determined, indicating that for almost all varieties and
treatment methods, the maximum values belonged to the Regoplan and Agrinos
growth regulators. Regarding the method of treatment, the highest values of energy
efficiency coefficients for the Prima variety were calculated for the seed treatment
+ foliar application and the Felicia variety — the foliar application and the seed

treatment + foliar application. Felicia turned out to be the most profitable variety.
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Conclusions to section 5

Having evaluated the economic and energy efficiency of cultivating yellow
mustard according to the variety, method of treatment, and growth regulators, we
can conclude the following:

1. Cultivating yellow in the northeastern Forest-Steppe of Ukraine is
economically and energy profitable. This is confirmed by the calculated profits,
profitability levels, and indicators of energy efficiency coefficients (Kee).

2. For yellow mustard, the maximum level of profitability (142-151 %) and
the highest profit (about 23 thousands UAH) were obtained for the cultivation of
the variety of Felicia and the foliar application and seed treatment + foliar
application of the Regoplan and Agrinos growth regulators.

3. Structured costs for growing yellow mustard are as follows: labor costs
average ~ 5-7%; seeds up to 2% (domestic); means of protection = 16-27%; fuel =
23-29%; other costs =~ 20%.

5. The maximum value of the energy efficiency coefficient (2.74-2.77) and
the highest energy output with a yield capacity (about 30 thousands mJ) was
calculated for the cultivation of the yellow mustard variety of Felicia with the

foliar application of Regoplan and Agrinos growth regulators.
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CONCLUSIONS

1. For experiment 1. The Plags can be useful markers to screen Brassica
Juncea L. genotypes and identify salt-tolerant genotypes. The decrease of leaf area
under salt stress is closely related to the chlorophyll content.

2. The results indicated that 100 mM NaCl was a survival threshold for
seedlings, and Plags can be considered a good indicator for screening Brassica
Juncea L genotypes. Understanding the mechanisms of the adaptation of mustard
roots and shoots to salt could be of great importance. It may provide a theoretical
basis for further analysis on genotypes of yellow mustard that are tolerant to salt.

3. For experiment 2. These results indicated that the fresh weight of roots
and shoots had a compensating effect after rehydration. In addition, the shoot
allocated more assimilates after rehydration, which resulted in a decrease in the
root-shoot ratio of stressed screen Brassica Juncea L. plants.

4. These results suggested that screen Brassica Juncea L. can more
effectively adapt to mild and short drought by maintaining a high chlorophyll
content. Moreover, the decrease in leaf water content with drought increased the
chlorophyll concentration per unit area to some extent, which led to the increase in
chlorophyll content.

5. Plass and F./Fn, decreased significantly in the drought-treated screen
Brassica Juncea L. compared with plants without stress, indicating that the
reaction center of PSII was inactivated, and the performance of PSII decreased.

After rehydration, the Plags recovered or was higher than the control level, which
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indicated a recovery in PSII performance and a compensatory effect. However,
F./Fn failed to recover even after the release of the stress by the added water. One
of the reasons for this difference could be the fact that Plags was more sensitive to
stress than Fy/Fp,.

6. The drought stress induced a notable increase in the activities of SOD,
POD, APX, and CAT in roots and leaves compared with the well-watered control
plants, which indicated the activation of the antioxidant system. The activities of
SOD, POD, CAT, and APX in the leaves under severe stress were significantly
higher.

7.  For experiment 3. Drought reduced root fresh weight in both varieties
screen Brassica Juncea L. but did not affect shoot fresh weight and germination
rate. There were differences in the inhibition degree of root growth between
'Felicia' and 'Prima' under drought stress.

8. Drought significantly reduced average root diameter and total root
volume in 'Felicia', as well as the lateral root number and primary root length of
'Prima’. According to the morphological parameters of roots, 'Prima' was more
sensitive to drought than 'Felicia'.

9. The PGRs mitigated the effects of drought on seedlings to some extent,
but there were differences between the two varieties screen Brassica Juncea L. For
drought-sensitive 'Prima', PGRs had a positive role against drought; on the contrary,
for drought non-sensitive 'Felicia' the PGRs exhibited relatively poor effects
against drought.

10. For experiment 4. The field reach results indicated that application with
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growth regulators had a more beneficial effect on seed yield, 1000-seed weight,
number of branches per plant, number of pods per plant, leaf area, and plant height
of both varieties. The present study has demonstrated that the combination of seed
dressing and foliar spraying effectively promoted screen Brassica Juncea L.
growth compared to single seed dressing or foliar spraying.

11. The seed yield of Felicia (1.78 t/ha) was significantly higher than that of
Prima (1.67 t/ha). The maximum yield for Prima was combination variants using
Fast start - 1,76 t/ha and Regoplan - 1.77 t/ha. For Felicia: Agrinoss - 1.89 t/ha;
Antistress - 1.91 t/ha).

12. All growth regulators increased the average 1000-grain weight of both
varieties. For Prima, the influence of Fast Start and Regoplan on 1000-grain weight
reached the maximum value, which was 9.5%. Except for Albit and Vermistim D,
the other growth regulators significantly increased Felicia's 1000-grain weight by
5.8% to 11.7%.

13. The application of growth regulators increased the average oil content
from 1.18% to 5.61%. Among these regulators, Agrinos, Fast Start, and Regoplan
have a significant effect on the oil content of Prima. However, there was no
significant difference in the average oil content of Felicia between the regulator
and the application method. There was no difference in protein content between the
two varieties and variants that use growth regulators.

14. As the result of correlation analyses, seed yield had positive and highly
significant (p<0.01) correlations with the number of pods per plant, number of

branches per plant, leaf area, and average seed weight per plant. The 1000-seed
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weight had a positively highly significant (p<0.01) association with chlorophyll
content and plant height. These results showed that branch number, yield per plant,
pod number, and leaf area were the main factors determining yield in both varieties.
The oil content was negatively correlated with protein.

15. Cultivating Brassica Juncea L. in the north-eastern Forest-Steppe of
Ukraine is economically and energy profitable. For yellow mustard, the maximum
level of profitability (142-151%) and the highest profit (about 23 thousands UAH)
were obtained for the cultivation of the variety of Felicia and the foliar application
and seed treatment + foliar application of the Regoplan and Agrinos growth

regulators.
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RECOMMENDATION

For the laboratory research:

1. The Plaps can be considered a good indicator for screening Brassica
Juncea L genotypes. Understanding the mechanisms of the adaptation of mustard
roots and shoots to salt could be of great importance. It may provide a theoretical
basis for further analysis on genotypes of mustard that are tolerant to salt.

2. Drought stress significantly affected the growth of Brassica Juncea L.
seedlings, inhibited photosynthetic activity, and activated the antioxidant enzyme
system. After rehydration, seedling growth and Plags recovered quickly and had a
compensating effect. The contents of chlorophyll and MDA did not recover to the
control level under moderate and severe stress. Drought stress and rehydration
increased the activity of antioxidant enzymes, but the changes in antioxidant
enzymes in roots and leaves differed. The results suggest that there are specific
enzymes in roots and leaves that removed excess ROS.

3. Polyethylene glycol (PEG) can be used to simulate drought conditions
and study the effect of plant growth regulators (PGRs). For drought-sensitive
Brassica Juncea L variety Prima, PGRs had a positive role against drought; on the
contrary, for drought non-sensitive Felicia the PGRs exhibited relatively poor
effects against drought.

For the field research

4. For high performance, economic and bioenergetic efficiency of the

cultivation of Brassica Juncea L. in the conditions of the forest-steppe of Ukraine,
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the technology should provide for the use of the Felicia variety of foliar application
or seed treatment + foliar application: Regoplan (0.25 I/t + 0.05 I/ha) or Agrinos

(0.15 1/t + 25 ml/ha). The term for foliar application in micro stages BBCH4-1s.
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APPENDICES A.1
Meteorological data for 2019 year
April May June July August
Day average average | average | average | average | average | average | average | average | average
daily daily daily daily daily daily daily daily daily daily
temperatu | precipita | temperat | precipita | temperat | precipita | temperat | precipita | temperat | precipit
re, C tion, mm | ure, C tion, mm | ure, C tion, mm | ure, C tion, mm | ure, C ation,
mm
1 6.3 22 2.2 13.7 4.0 20.5 23.7
2 4.7 24.3 19 6.3 15.2 25
3 2.5 23.2 16.7 16.7 25
4 6.3 24.2 2.0 22.5 20 25
5 9.5 24.5 19.3 19.3 27
6 11.3 21.2 14.7 24.7 1.6 25.3
7 10.3 21.9 14.8 24 23.7
8 9.3 22.8 20.9 19.8 21 1.5 21.3 2.1
9 13 22.9 9.0 21.3 22 0.4 21
10 12.7 17.4 17.8 2.2 24.3 22 2.4
11 10.3 14.2 21 23 22.7
12 5.5 16.8 1.4 20.3 24.7 22.3
13 10 2.2 13.6 23 23 6.2 22.7
14 10 14.8 24 21.7 24.3
15 14.7 18 24.3 23 24.6
16 17 20.1 21.7 19 21.7 37.6 23.9
17 15.7 22.5 24 18.7 4.6 22.8
18 14 17.5 23 20 0.6 23.8
19 11 17.3 24.7 24 24.4
20 12 16.2 24.3 23.3 22.1
21 16 13 24.2 22.3 234
22 12.7 18.7 1.8 27.2 23.3 17.5
23 8 20.2 25 21.7 16.8
24 10.3 22.3 2.6 15 23.3 21
25 13 22.2 0.8 19 22.3 22
26 19 18.3 20.3 4.3 23 24
27 10.7 1.6 19 24 25 22.8
28 13.6 23.5 25 26.7
29 16.5 19.5 24.3 25
30 19.8 22.5 24.5 27.3
31 22.2 27 4.9
> .3a|345.7 23.9 618.4 | 40.7 635.7 |16.8 697.7 |57.4 620.1 |4.5
M.
C e|223 12.0 38.7 9.0 41.0 6.7 43.6 12.8 443 3.0
p .3a
M.
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APPENDICES A.2
Meteorological data for 2020 year
April May June July Augus
t
averag | average | average | average | average | average | average | average | average | average
e daily | daily daily daily daily daily daily daily daily daily
tempe | precipit | tempera | precipit | tempera | precipit | tempera | precipit | tempera | precipit
rature, | ation, ture, C | ation, ture, C | ation, ture, C | ation, ture, C ation,
C mm mm mm mm mm
1 -0.6 16.7 0.5 12.4 8.7 22 16.3
2 2 17.3 14 6.0 25 19
3 8.3 18.7 18.1 16.6 25 19.7
4 8.5 13.3 14.2 15.8 27 21.8
5 6.7 17.3 15.4 5.7 26 24
6 6.3 14 2.9 21.4 1.7 26.3 24.7
7 7.8 12.3 1.7 24 28.7 26
8 13.3 10 14.0 25.4 16.3 6.3 23.7
9 9 11.7 1.2 26.7 15.3 21.7
10 9.3 16 27.7 19.8 21.7
11 6.7 17.7 28.2 25.7 21.3 0.9
12 ) 16.7 1.4 28.4 25.7 17
13 9.3 9.7 24.2 18.3 16.5
14 8.2 3.6 12 0.7 24.6 14.7 39.8 15.7
15 2.7 5.6 11.7 0.4 25 15 23.0 17
16 4 12.3 0.5 26 20 21
17 6.7 15.3 26.7 22.3 21
18 9 12.3 4.6 26.8 22.7 25.7
19 5.3 11 27 22.3 25
20 6 13.7 6.3 25.3 1.0 24 21.7
21 7.3 10 1.2 25.7 25 20.7
22 8.7 6.7 24 20 19
23 10 9 5.6 21.3 16.7 21
24 9 11.7 24 18.7 18.3
25 7.3 14.3 22.3 20.3 24.3
26 6 2.8 13 3.7 24.7 21 20
27 9.3 14 0.7 26.7 24 18
28 12.3 12.7 14.3 27.3 25.7 18
29 15.7 18.5 0.4 20.7 1.6 24.3 20
30 17 15 13.5 23.3 10.4 23 24
31 14.3 1.5 20 23.3
>.3a 236.1 | 12.0 418.9 |93.2 700.0 |50.9 680.8 | 69.1 647.1 | 0.9
M.
Cep3a | 152 |6.0 26.2 8.9 45.2 11.3 42.6 34.6 40.4 0.9
M.
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APPENDICES A.3
Meteorological data for 2021 year
April May June July Augus
t
Day Averag | Average | Averag | Average | Averag | Average | Avera | Averag | Avera | Averag
e daily e daily e daily ge e ge e
daily precipita | daily precipit | daily precipit | daily | daily daily daily
temper | tion, temper | ation, temper | ation, tempe | precipi | temper | precipi
ature, mm ature, C | mm ature, C | mm rature, | tation, | ature, tation,
C C mm C mm
1 9.0 17.0 56.5 10.3 24.3 28.0
2 9.0 16.3 2.6 13.7 24.0 25.7 14.8
3 4.0 5.7 14.3 2.3 17.0 233 |44 20.7
4 6.7 4.0 9.0 2.0 17.3 24.3 22.7
5 5.3 15.0 17.7 25.0 |2.6 21.3
6 8.0 13.3 16.7 1.3 22.0 21.3 2.5
7 6.3 13.7 1.8 16.7 7.2 24.0 23.3 2.8
8 3.3 2.8 12.0 2.0 17.3 24.3 23.3
9 5.3 8.0 19.4 19.7 5.2 25.3 24.7
10 8.3 6.7 17.7 12.4 25.0 25.3
11 11.3 14.3 30.1 18.3 33.2 26.3 24.7 0.6
12 14.3 11.0 19.3 26.7 24.0
13 13.0 11.5 1.1 19.0 6.3 26.3 23.3
14 13.0 18.3 4.6 21.0 0.9 27.0 22.0
15 11.0 2.1 19.0 24.3 28.0 23.3
16 9.0 4.8 18.8 21.0 26.0 24.8
17 9.0 0.4 24.0 20.7 5.7 27.7 26.0
18 5.0 10.3 17.7 23.0 28.0 243 33
19 8.0 0.5 15.7 7.5 24.3 26.7 21.2 6.7
20 8.0 2.1 14.3 7.2 24.3 26.7 20.5 0.8
21 6.4 3.5 13.0 20.9 27.0 21.3 18.3
22 12.2 17.7 26.7 20.3 18.3
23 10.5 19.0 27.3 22.0 18.8
24 5.7 9.6 13.3 29.7 24.0 20.0
25 6.7 18.0 7.1 30.0 23.6 20.7
26 33 8.6 22.7 29.0 23.3 20.7 3.2
27 3.7 2.1 20.7 26.0 9.6 27.5 19.2 4.6
28 7.7 21.7 22.3 13.6 24.0 20.7
29 12.5 20.0 3.2 21.7 6.5 26.7 22.0
30 15.3 15.0 24.3 25.8 243
31 10.0 19.0 20.4
>.3a |250.8 |56.5 481.0 168.3 643.3 101.9 7494 | 7.0 692.4 | 59.7
M.
Cep.3 | 16.2 8.1 30.1 21.0 41.5 17.0 48.3 4.7 43.3 10.9
a M.
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Appendices B.1

The photo of laboratory research (experiment 1-3) at Henan Institute of Science and
Technology, Xinxiang, China: A — effects of stress on the growth of mustard under
hydroponic conditions; B — pre-treatment of seeds with growth regulators
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Appendices B.2

The photo of laboratory research (experiment 1-3) at Henan Institute of Science and
Technology, Xinxiang, China: A — hydroponic seedling sampling;
B — scan of mustard seedling morphology parameters
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Appendices C.1

B

The photo of field research (experiment 4), Sumy National Agrarian University
(latitude 50052.742N, 34046.159E Longitude, and 137.7 m above sea level):
A — measuring soil temperature before sowing; B — sowing plots of mustard seeds
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Appendices C.2

The photo of field research (experiment 4), Sumy National Agrarian University (2019)
(latitude 50°52.742N, 34°46.159E Longitude, and 137.7 m above sea level):
A — foliar spray growth regulators; B — plots of mustard in the stage of the beginning
of flowering
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Appendices D.1
Effects of salt stress on the growth and physiological features of
Brassica Juncea L. seedlings.
(Experimental 1)

Effects of salt stress on the chlorophyll content (Dualex units)

Treatment 3 days 7 days 10 days
Control 27.203 28.944 26.728
27.246 26.066 28.149
26.308 23.363 30.019
26.463 22.897 27.506
22.036 33.131 22458
20.235 31.135 23.71
25.793 28.367 27.5
26.613 25.181 27.458
25.353 25.163 28.375
25.977 24.194 26.295
Low salt stress 28.598 32.034 21.824
29.48 30.301 23.633
26.532 22.138 29.485
26.202 19.295 30.332
23.832 22.071 26.063
22.269 22.225 24.385
22.907 28.1 26.848
21.608 23.501 23.153
22.891 22.238 28.796
20.91 24.203 30.892
Moderate salt stress 22.063 19.382 19.458
21.003 18.884 18.404
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21.976 20.277 19.728
22.769 23.222 19.299
23.486 18.862 26.529
22.759 19.928 23.13
22.711 24.555 23.253
21.855 23.958 25.882
23.657 22.711 24.633
23.417 21.855 25.967
Severe salt stress 22.623 21.579 21.018
23.822 20.195 19.3
23.417 14.035 21.528
22.676 14.447 18.082
20.041 21.32 15.804
21911 22.786 18.644
22.339 19.955 18.435
22.529 21.512 19.99
22.08 22.036 16.822
20.429 18.749 18.75
Treatment 3 days 7 days 10 days
Mean Control 25.3227 26.8441 26.8198
Low salt stress 24.5229 24.6106 26.5411
Moderate salt | 22.5696 21.3634 22.6283
stress
Severe salt stress 22.1867 19.6614 18.8373
Std. Deviation | Control 2.32 3.43 2.23
Low salt stress 2.99 4.13 3.24
Moderate salt | 0.84 2.16 3.14
stress
Severe salt stress 1.18 3.08 1.75
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Appendices D.2
Changes of Fv/Fm and PI ., under salt stress
Fv/Fm PI abs
Treatment 3days | 7days |10 days 3 days 7 days 10 days
Control 0.797 0.801 0.769 10.529 13.949 10.381
0.825 0.808 0.787 14.082 14.025 11.227
0.801 0.823 0.774 13.517 10.847 11.32
Low salt stress 0.82 0.821 0.798 8.626 8.177 8.204
0.828 0.822 0.812 8.465 6.88 7.729
0.812 0.823 0.813 8.767 8.203 7.235
Moderate salt stress 0.827 0.82 0.805 6.668 7.629 6.175
0.825 0.816 0.801 5.947 6.777 9.428
0.83 0.806 0.836 7.056 9.979 6.981
Severe salt stress 0.829 0.814 0.817 5.39 4.838 5.477
0.831 0.805 0.814 6.787 3.912 5.02
0.807 0.819 0.812 5.124 5.046 5.202
Fv/Fm Treatment 3 days 7 days 10 days
Mean Control 0.807666667 0.810666667 0.806666667
Low salt stress 0.82 0.822 0.806666667
Moderate salt stress 0.827333333 0.814 0.816666667
Severe salt stress 0.822333333 0.812666667 0.813333333
Std. Deviation | Control 0.015143756 0.01123981 0.011547005
Low salt stress 0.008 0.001 0.005773503
Moderate salt stress 0.002516611 0.007211103 0.02081666
Severe salt stress 0.013316656 0.007094599 0.005773503
PI abs Treatment 3 days 7 days 10 days
Mean Control 12.70933333 12.94033333 10.97666667
Low salt stress 8.619333333 7.753333333 7.723333333
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Moderate salt stress

6.557

8.128333333

7.53

Severe salt stress

5.767

4.598666667

5.233333333

Std. Deviation

Control

1.909239727

1.813278063

0.518684233

Low salt stress

0.151110335

0.756440568

0.480034721

Moderate salt stress

0.562770824

1.658373098

1.693369422

Severe salt stress

0.8933023

0.603696392

0.231804515
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Appendices D.3
Changes of SOD in roots under salt stress
3 DAYS
95% Confidence
Interval for Mean
Std. Lower Upper Minimu | Maxim
Mean Deviation | Std. Error Bound Bound m um
Control 489.1754 | 50.50738 35.71411 35.3846 942.9663 453.46 | 524.89
Low salt stress 789.9071 42.78139 30.25101 | 405.5316 1174.2826 759.66 | 820.16
Moderate salt
789.9088 | 97.27129 68.78119 | -84.0391 1663.8567 721.13 | 858.69
stress
Severe salt stress 1048.125 1125.0
108.80907 76.93963 70.5142 | 2025.7357 971.19
0 6
Total 1125.0
779.2791 | 220.06841 77.80593 | 595.2973 963.2609 453.46
6
7 DAYS
95% Confidence
Interval for Mean
Std. Lower Upper Minimu | Maxim
Mean Deviation | Std. Error Bound Bound m um
Control 430.7050 | 57.69831 40.79886 | -87.6938 949.1037 389.91 | 471.50
Low salt stress 489.8812 | 42.75467 30.23211 | 105.7458 874.0167 459.65 | 520.11
Moderate salt
571.3936 | 66.48348 47.01092 | -25.9368 1168.7240 524.38 | 618.40
stress
Severe salt stress 689.8505 | 65.93955 46.62630 97.4071 1282.2938 643.22 | 736.48
Total 113.0631
545.4576 3997385 | 450.9344 639.9807 389.91 | 736.48
2

10 DAYS
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95% Confidence

Interval for Mean

Std. Lower Upper Minimu | Maxim
Mean Deviation | Std. Error Bound Bound m um

Control 589.5333 | 34.40514 2432811 | 280.4154 898.6512 565.21 | 613.86
Low salt stress 784.0920 | 76.61174 54.17268 95.7628 1472.4212 729.92 | 838.26
Moderate salt

601.8416 | 41.93109 29.64976 | 225.1057 978.5775 572.19 | 631.49
stress
Severe salt stress 792.1734 | 26.68959 18.87239 | 552.3769 1031.9698 773.30 | 811.05
Total 109.4210

691.9101 38.68618 | 600.4318 783.3883 565.21 | 838.26

4
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Appendices E.1

RESULTS OF STATICTICAL ANALYSES (ANOVA)

Effects of growth regulators on morphological and performance parameters

of mustard (Brassica Juncea L.) seeds

(Experimental 4)
Parameters ANOVA (Duncan test)
Plant height, cm 21.7591641 22.9039532 23.6346936
Number of branches in one
slant 0.536101383 0.56430665 0.582310601
Number of pods 36.4550978 38.3730667 39.5973422
The content of chlorophylls “a”
and “c” in the plant material in 0.42563806 0.44803165 0.4623259
the fresh weight, mg/g
n-tester
Average length, cm 0.325221898 0.342332412 0.353254374
Seed weight 25 pcs, g 0.459817359 0.484009184 0.499451281
Number of seeds in one pod 5.8203632 6.12658307 6.32204897
Weight of 1 pod, g 0.3215525 0.33846996 0.349268693
Yield capacity, t/ha 0.71889546 0.7725014 0.8671908
Weight of 1000 seeds, g 1.13210607 1.19166822 1.22968787
Oil content, % 1.38450793 1.4573494 1.50384548
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Appendices E.2

GRAPHS OF STATICTICAL ANALYSES (ANOVA)
Effects of growth regulators on the quality of mustard seeds (Experimental 4)

Nuarpamma pasmaxa: Oil content, %

o CpepaHee
38,4 [] CpeaneeCr.ow.
T Cpeanee1,96*Cr.ow.
38,2
o
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537,6
2
8374
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o

37,0

36,8

36,6

36,4

Prima Felicia
Varietes (Factor A)
Ipaduk cpeannx ans Oil content, % rpyn. no Regulator (Factor B)
Jerry.sta 31v*61c

41

40

39
%
38
=1
5
15}
237
o

36

35 - CpegHee

T Cpenree+0,95 [los. uHTepsan
34
control Antistress Biofoge Regoplan Vermistim D

Albit Agrinos Fast Start Stimulate
Regulator (Factor B)

B

Graphs effects of growth regulators on the oil content of mustard seeds:

A — oil content (factor A); B — growth regulators (factor B)
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Appendices F.1
Economic efficiency of growing brown mustard (Prima)
. Meaans
No CZ;)ZICCL Wages, Seeds Fertilizer of Fuel Other Total GDP, Self-cost [?X)Ifli;tl’l Profitabi
UAH s protectio options costs UAH 1 c, UAH lity, %
y t/ha N a
Seed treatment
Control 16,1 968,2 186 4318 2470 4328 3067 15337 33810 952,64 18473 120
Albit 16 965,6 186 4318 2470 4319 3065 15324 33600 957,77 18276 119
Antistress 16,9 989.,3 186 4318 2475 4394 3091 15453 35490 914,39 20037 130
Agrinos 17,2 997,2 186 4318 2472 4419 3098 15490 36120 900,57 20630 133
Bioforge 16,2 970,8 186 4318 2481 4336 3073 15365 34020 948,46 18655 121
Fast start 16,6 981,4 186 4318 2478 4369 3083 15416 34860 928,68 19444 126
Regoplan 17,1 994,6 186 4318 2472 4411 3095 15477 35910 905,08 20433 132
Stimulate 16,5 978,8 186 4318 24717 4361 3080 15401 34650 933,38 19249 125
Vermistim D 16,4 976,1 186 4318 2479 4353 3078 15389 34440 938,36 19051 124
Foliar application

Albit 16,3 973,5 186 4318 2580 4344 3100 15502 34230 951,03 18728 121
Antistress 17 992,0 186 4318 4867 4402 3691 18457 35700 1085,69 17243 93

Agrinos 16,8 986,7 186 4318 2523 4386 3100 15499 35280 922,54 19781 128
Bioforge 16,7 984,0 186 4318 4045 4378 3478 17388 35070 1041,21 17682 102
Fast start 17,3 999.9 186 4318 3505 4427 3359 16795 36330 970,82 19535 116
Regoplan 17,2 997,2 186 4318 2552 4419 3118 15590 36120 906,37 20530 132
Stimulate 16,5 978.,8 186 4318 3453 4361 3324 16620 34650 1007,29 18030 108
Vermistim D 16,2 970,8 186 4318 3850 4336 3415 17076 34020 1054,08 16944 99
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Appendices F.1
Seed treatment + foliar application
Albit 16,4 976,1 186 4318 2580 4353 3103 15516 34440 946,10 18924 122
Antistress 17,1 994,6 186 4318 4872 4411 3695 18477 35910 1080,51 17433 94
Agrinos 16,7 984,0 186 4318 2524 4378 3097 15487 35070 927,37 19583 126
Bioforge 17,3 999.9 186 4318 4056 4427 3497 17484 36330 1010,64 18846 108
Fast start 17,6 1007,8 186 4318 3513 4452 3369 16846 36960 957,19 20114 119
Regoplan 17,7 1010,4 186 4318 2554 4460 3132 15661 37170 884,78 21509 137
Stimulate 16,9 989.,3 186 4318 3459 4394 3337 16684 35490 987,19 18806 113
Vermistim D 16,6 981,4 186 4318 3859 4369 3428 17141 34860 1032,62 17719 103
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Appendices F.2
Economic efficiency of growing brown mustard (Felicia)
Meaans
Yield Wages - of Other Total GDP, Self-cost Profit, Profitabi
Ne capacity t/ha ’ Seeds | Fertiliz protecti Fuel options costs UAH Le, UAH/ha | lity, %
UAH ers on UAH ’
Seed treatment
Control 16,6 981,4 186 4318 2470 4369 3081 15406 34860 | 928,06 19454 126
Albit 16,5 978,8 186 4318 2470 4361 3079 15393 34650 | 932,89 19257 125
Antistress 18 1018,3 186 4318 2475 4485 3121 15603 37800 866,86 22197 142
Agrinos 17,8 1013,1 186 4318 2472 4469 3114 15572 37380 874,82 21808 140
Bioforge 17,5 1005,1 186 4318 2481 4444 3109 15543 36750 888,15 21207 136
Fast start 17,7 1010,4 186 4318 2478 4460 3113 15566 37170 879,46 21604 139
Regoplan 18,4 1028,9 186 4318 2472 4519 3131 15654 38640 850,78 22986 147
Stimulate 17,3 999.,9 186 4318 24717 4427 3102 15510 36330 896,54 20820 134
Vermistim D 17 992.0 186 4318 2479 4402 3094 15471 35700 | 910,06 20229 131
Foliar application
Albit 17,4 1002,5 186 4318 2580 4436 3130 15652 36540 899,55 20888 133
Antistress 18,3 1026,3 186 4318 4867 4510 3727 18634 38430 | 1018,27 19796 106
Agrinos 18,1 1021,0 186 4318 2523 4494 3135 15676 38010 866,10 22334 142
Bioforge 18,2 1023,6 186 4318 4045 4502 3519 17593 38220 | 966,66 20627 117
Fast start 18,5 1031,5 186 4318 3505 4527 3392 16959 38850 | 916,71 21891 129
Regoplan 18,7 1036,8 186 4318 2552 4543 3159 15795 39270 844,63 23475 149
Stimulate 17,7 1010,4 186 4318 3453 4460 3357 16784 37170 | 948,26 20386 121
Vermistim D 17,2 997,2 186 4318 3850 4419 3443 17213 36120 | 1000,74 18907 110
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Appendices F.2
Seed treatment + foliar application
Albit 174 976,1 | 186 | 4318 | 2580 4353 3103 | 15516 | 34440 | 946,10 | 20877 133
Antistress 19,1 9946 | 186 | 4318 | 4872 4411 3695 | 18477 | 35910 | 1080,51 | 21360 114
Agrinos 18,9 984,0 | 186 | 4318 | 2524 | 4378 | 3097 | 15487 | 35070 | 927,37 | 23902 151
Bioforge 18,4 999,9 | 186 | 4318 | 4056 4427 3497 | 17484 | 36330 | 1010,64 | 21006 119
Fast start 18,3 1007,8 | 186 | 4318 | 3513 4452 3369 | 16846 | 36960 | 957,19 | 21488 127
Regoplan 18,6 1010,4 | 186 | 4318 | 2554 4460 3132 | 15661 | 37170 | 884,78 | 23276 147
Stimulate 18,0 9893 | 186 | 4318 | 3459 4394 3337 | 16684 | 35490 | 987,19 | 20966 125
Vermistim D | 17:2 9814 | 186 | 4318 | 3859 | 4369 3428 | 17141 | 34860 | 1032,62 | 18897 110
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Appendices F.3
Cost structure, %, of brown mustard (Prima) Energy, brown mustard (Prima)
Wages Means of Tractors Energy
, Seeds Fertilizer protectio Fuel Other | Total and Fertilizer Pesticides Fuel Seeds Labour Total yield Costs Kee
UALL s N costs. | costs | machine s costs costs with forlc
S crop, Mj
Seed treatment Seed treatment
Control 6,31 1,21 28,15 16,10 28,22 | 20,00 | 100,00 1282 5147 1090 2055 87 1047 10706 26485 665 2,47
Albit 6,30 1,21 28,18 16,12 28,19 | 20,00 | 100,00 1274 5147 1090 2051 87 1040 10689 26320 668 2,46
Antistress 6,40 1,20 27,94 16,02 28,44 | 20,00 | 100,00 1345 5147 1091 2082 87 1099 10850 27801 642 2,56
Agrinos 6,44 1,20 27,88 15,96 28,53 | 20,00 | 100,00 1369 5147 1090 2092 87 1118 10903 28294 634 2,60
Bioforge 6,32 1,21 28,10 16,15 28,22 | 20,00 | 100,00 1290 5147 1092 2058 87 1053 10726 26649 662 2,48
Fast start 6,37 1,21 28,01 16,08 28,34 | 20,00 | 100,00 1321 5147 1092 2071 87 1079 10798 27307 650 2,53
Regoplan 6,43 1,20 27,90 15,97 28,50 | 20,00 | 100,00 1361 5147 1090 2088 87 1112 10885 28130 637 2,58
Stimulate 6,36 1,21 28,04 16,08 28,32 | 20,00 | 100,00 1313 5147 1091 2068 87 1073 10779 27143 653 2,52
Vermistim D 6,34 1,21 28,06 16,11 28,28 | 20,00 | 100,00 1305 5147 1097 2065 87 1066 10767 26978 657 2,51
Foliar application Foliar application

Albit 6,28 1,20 27,85 16,64 28,02 | 20,00 | 100,00 1297 5147 1090 2061 87 1060 10742 26814 659 2,50
Antistress 5,37 1,01 23,40 26,37 23,85 | 20,00 | 100,00 1353 5147 1091 2085 87 1105 10868 27965 639 2,57
Agrinos 6,37 1,20 27,86 16,28 28,30 | 20,00 | 100,00 1337 5147 1090 2078 87 1092 10831 27636 645 2,55
Bioforge 5,66 1,07 24,83 23,26 25,18 | 20,00 | 100,00 1329 5147 1092 2075 87 1086 10815 27472 648 2,54
Fast start 5,95 1,11 25,71 20,87 26,36 | 20,00 | 100,00 1377 5147 1092 2095 87 1125 10922 28397 631 2,60
Regoplan 6,40 1,19 27,70 16,37 28,35 | 20,00 | 100,00 1369 5147 1090 2092 87 1118 10799 28294 634 2,62
Stimulate 5,89 1,12 25,98 20,77 26,24 | 20,00 | 100,00 1313 5147 1091 2068 87 1073 10779 27143 653 2,52
Vermistim D 5,69 1,09 25,29 22,55 25,39 | 20,00 | 100,00 1290 5147 1097 2058 87 1053 10732 26649 662 2,48
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Appendices F.3
Seed treatment + foliar application Seed treatment + foliar application

Albit 6,29 1,20 27,83 16,63 28,05 | 20,00 | 100,00 1305 5147 1098 2065 87 1066 10768 26978 657 2,51
Antistress 5,38 1,01 23,37 26,37 23,87 | 20,00 | 100,00 1361 5147 1427 2088 87 1112 11222 28130 656 2,51
Agrinos 6,35 1,20 27,88 16,30 28,27 | 20,00 | 100,00 1329 5147 1095 2075 87 1086 10818 27472 648 2,54
Bioforge 5,72 1,06 24,70 23,20 25,32 | 20,00 | 100,00 1377 5147 1389 2095 87 1125 11219 28459 649 2,54
Fast start 5,98 1,10 25,63 20,85 26,43 | 20,00 | 100,00 1401 5147 1389 2105 87 1144 11273 28952 641 2,57
Regoplan 6,45 1,19 27,57 16,31 28,48 | 20,00 | 100,00 1409 5147 1100 2108 87 1151 11002 29117 622 2,65
Stimulate 5,93 1,11 25,88 20,74 26,34 | 20,00 | 100,00 1345 5147 1240 2082 87 1099 10999 27801 651 2,53
Vermistim D 5,73 1,09 25,19 22,51 25,49 | 20,00 | 100,00 1321 5147 2285 2071 87 1079 11991 27307 722 2,28
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Appendices F.4
Cost structure, %, of brown mustard (Felicia) Energy, brown mustard (Felicia)
Energy
Wages, Means of Other Total Tractors Labour Total yield Costs
UAH. Seeds Fertilizers | protection Fuel costs. costs and Fertlizers | Pesticides | - Fuel Seeds costs costs with forlc Kee
machines
crop, Mj
Seed treatment Seed treatment
Control 6,37 1,21 28,03 16,03 28,36 | 20,00 | 100,00 1321 5147 1090 2071 87 1079 10795 27307 650 2,53
Albit 6,36 1,21 28,05 16,05 28,33 | 20,00 | 100,00 1313 5147 1090 2068 87 1073 10778 27143 653 2,52
Antistress 6,53 1,19 27,67 15,86 28,75 | 20,00 | 100,00 1433 5147 1091 2119 87 1170 11046 29610 614 2,68
Agrinos 6,51 1,19 27,73 15,87 28,70 | 20,00 | 100,00 1417 5147 1090 2112 87 1157 11010 29281 619 2,66
Bioforge 6,47 1,20 27,78 15,96 28,59 | 20,00 | 100,00 1393 5147 1092 2102 87 1138 10958 28788 626 2,63
Fast start 6,49 1,19 27,74 15,92 28,65 | 20,00 | 100,00 1409 5147 1092 2108 87 1151 10994 29117 621 2,65
Regoplan 6,57 1,19 27,58 15,79 28,86 | 20,00 | 100,00 1465 5147 1090 2132 87 1196 11117 30268 604 2,72
Stimulate 6,45 1,20 27,84 15,97 28,54 | 20,00 | 100,00 1377 5147 1091 2095 87 1125 10921 28459 631 2,61
Vermistim D 6,41 1,20 2791 16,02 28,46 | 20,00 | 100,00 1353 5147 1097 2085 87 1105 10874 27965 640 2,57
Foliar application Foliar application
Albit 6,40 1,19 27,59 16,48 28,34 | 20,00 | 100,00 1385 5147 1090 2098 87 1131 10938 28623 629 2,62
Antistress 5,51 1,00 23,17 26,12 24,20 | 20,00 | 100,00 1457 5147 1091 2129 87 1190 11099 30104 607 2,71
Agrinos 6,51 1,19 27,54 16,09 28,66 | 20,00 | 100,00 1441 5147 1090 2122 87 1177 11063 29775 611 2,69
Bioforge 5,82 1,06 24,54 22,99 25,59 | 20,00 | 100,00 1449 5147 1092 2125 87 1183 11083 29939 609 2,70
Fast start 6,08 1,10 25,46 20,67 26,69 | 20,00 | 100,00 1473 5147 1092 2135 87 1203 11136 30433 602 2,73
Regoplan 6,56 1,18 27,34 16,15 28,77 | 20,00 | 100,00 1489 5147 1090 2142 87 1216 11170 30762 597 2,75
Stimulate 6,02 1,11 25,73 20,57 26,58 | 20,00 | 100,00 1409 5147 1091 2108 87 1151 10993 29117 621 2,65
Vermistim D 5,79 1,08 25,09 22,37 25,67 | 20,00 | 100,00 1369 5147 1097 2092 87 1118 10910 28294 634 2,59
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Appendices F.4
Seed treatment + foliar application Seed treatment + foliar application

Albit 6,29 1,20 27,83 16,63 28,05 | 20,00 100,00 1305 5147 1098 2065 87 1066 10768 26978 657 2,61
Antistress 5,38 1,01 23,37 26,37 23,87 | 20,00 100,00 1361 5147 1427 2088 87 1112 11222 28130 656 2,71
Agrinos 6,35 1,20 27,88 16,30 28,27 | 20,00 100,00 1329 5147 1095 2075 87 1086 10818 27472 648 2,77
Bioforge 5,72 1,06 24,70 23,20 25,32 | 20,00 100,00 1377 5147 1389 2095 87 1125 11219 28459 649 2,65
Fast start 5,98 1,10 25,63 20,85 26,43 | 20,00 100,00 1401 5147 1389 2105 87 1144 11273 28952 641 2,64
Regoplan 6,45 1,19 27,57 16,31 28,48 | 20,00 100,00 1409 5147 1100 2108 87 1151 11002 29117 622 2,74
Stimulate 5,93 1,11 25,88 20,74 26,34 | 20,00 100,00 1345 5147 1240 2082 87 1099 10999 27801 651 2,65
Vermistim D 5,73 1,09 25,19 22,51 25,49 | 20,00 100,00 1321 5147 1097 2071 87 1079 11002 27307 663 2,88
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Appendices G.1

¥Y3romkeHo 3aTBepaKy10

Jupextop

[TpopekTop 3 HayKOBOI poOOTH

"2090 p. A5 TR D0y,

AKT BIIPOBA’KEHHSA

Pe3yabTaTiB HAYKOBO-10C/AIIHHX i TEXHOJIOTIYHHX PO3pP00OK

3aMOBHEK: @epmepcoke 2ocnodapcemeo «Enimay, Cymcoka obracmp, Bypuncokuil

paiion, ¢. Cnoboda, eyan. Komaposa 14

KepiBHuk opranizanii (nupekrop): 3aeys Onena Cmenanisna

IlMM  aKTOM TIATBEPIIKYETHCH, 10O DEe3YyIbTATH pobotw: Edexmusnicms

HO3aKOpeHeso2o niocuenenns 2ipuuyi cuzoi copmy Ipiva

sKa BUKOHAHA acnipaumkoro Ilza Ileu [leii ma cmyodeumxamiy xadeopu

pocaunnuymea Cymcorko20 HAYIOHABHO20 acpapHO20 _VHIGEPCUmemy KVGDCZK

Temanow Muxaunisnoiwo ma Lllluan Mapunoro Ouexcanopisrow

BIIPOBA/KEHH] Ha 3eMisiXx Pepmepcovrkozo 2ocnodapemea «Enimay, Cymcvra

obnacmo, Bypuncexuti paiion, c. Crobooda, eyn. Komapoea 14

1. Bua  BIOpoBajpKeHHS  pe3YJbTaTiB:  Bcmanoenoedany  6Miue npenapamy

Pezonnanons 0bpobxu HaciHHA HA 8PONCAUHICHIL MA eKOHOMIYHY edexmusHicmp

supouyyearHs 2ipyuyi cuzoi copmy Ipiva.

Ompumarno eposrcaiinicme 048 copmy Ilpima HA eapiaumi 30 6UKODUCHIAHHS -
1,77 m/za.

2. XapakrepucTuka Maciuraby BrupoBamkenaa20 2a.

3. HoBHM3HA HAYKOBO-JIOCTIIHUX DOOIT: enepwe 6 vmosax Jlicocmeny Yxpainu

gcmaHoeneHo edexmusHull enause obpobxu Hacinua npenapamy Pezonnan ons

cipuuyi cusoi copmy lpiva.

4. BopoBa/pxeHi:  V  CIIBCBKOrOCIONAPCHEKE  BHPOOHHUTBO  @Pepmencobko2o

2ocnodapemea_«Enimay, Cymcwvka obracms, Bypuncexuit  pation, ¢. Croboda,

eyn. Komaposa 14
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Appendices G.1

5. QuikyBanuii npUOVYTOK — 8I0 0bpobrku nacinna Peconnan 6 nopisuanui 3

koumpoaem — 750.0 epu./2a.

dhakTHYHNU TPUOYTOK- 8i0 06pobKku HacinHa Peconian 8 NopisHAHHI 3 KOHmMPOaem

— 1345.0 epn./ea.(3 20 2a 26,9 muc. epH.)

6. [lnToMa eKOHOMIYHA ed)EKTHBHiCTB BIIPOBAJDKEHHSA: PiBEeHb penmaﬁeﬁbHocmi 34

0bpobru nHacinus Pezcnonom—59.5 %.

7. CouiansHO-HAYKOBUH e(deKT: 3abe3neverts ONUHOW CUPOBUHOIC (2IPpYuyHUll

NOPOUIOK, YilbHI 3epHa 2ipyuyi) 0151 KOHOUMEPCbKoi NPOMUCTOBOCII, CHIBODEHHS

poboyUx MICYb HA NEPEePObHUX NIONPUEMCIMBAX, NIOBUEHHA 00CMam <y HACeleHHs

ITpumirtka:

L]eii axm 3asipsiemucs 2epbosumu nevamxamu 3 6oy 3amosnuxa i Buxonasys

Bin BH3:
3agioyeay Hayko6o 00CIIOHOI YACIUHOI,
0. e .1.,npoghecop ‘

Cﬁﬁ\n L0207 G/&ﬁlﬂﬂﬁx Iaceko 0. B.

Buxonasyj. R '_;_,_,_,_,.ﬂ/
@/7 /DQ[ }“{Uﬂﬂeﬁﬂea

Kybparx T.M.

Hiuan M. O.

Big minmpuemMcTBa:

Tonoenuu /(iyxeaﬁmep

lsanoe I'I1.
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LY
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K
_‘yuvaaggmg IQHCEHHS
- WEPJ,;,HP.,\ :
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g

)

|~ ¥3aeye O. C.

Pospobaeno 6ionogiono oo ,, Ilonooicents npo HAYKOBO-00CHIOHI, O0CIIOHO -~ KOHCMPYKMOPCHKI

ma mexuiuni pobomu y 6UWUX HABYANLHUX 3aKIA0AX
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Appendices G.2

Y3roaxeHo 3aTBepIKy 10

e ]DOPEKTOP 3 HAYKOBOT POOOTH
2 8iTH | Ny
7 Ap,

AKT BOPOBAIKEHHS

Pe3yibTaTiB HAyKOBO-I0CTITHUX i TEXHOJIOTIYHUX PO3PO0OK

3aMoBHUK: Pepmepcoke 2ocnodapcmeo «Poduna-2017», Ilonmasceka obnacmeo,

Kobenayvkuil p-#, ceno Kanasu, eynuysa Llenmpanona, 6vourok 1

KepiBHuk opranizauii (nupexrop): birokine Bimaniu Onezosuy

IluM axTOM HinTBEPIKYETHCS, IO Pe3yabTaTd pobdotu: FEgexmusricmo

3ACMOCYBAHHA DE2VIAMOPIE POCY DOCIUH. 34 8UPOULYBAHHS 2IPHYUYL CU30L copmy
Deniyis
sika BUKOHaHa acnipanmkoto Cymcoxozo HAY, I35 [leu [letl

BIPOBADKEHHI  Ha 3eMisiX  @epmepcovke 2cocnodapemeo  «Poourna-2017»,

[onmascovxka obnacme, Kobensyokuil p-1, ceno Kanasgu

1. Bun BopoBapKeHHS pe3yibTartiB: Jocnidocysanu ehexkmusHicmos 3acmocy8anHs

peayisamopie pocmy 015 2ipuuui cuzoi (Anvbim, Aumucmpec, Aepinoc, Biogopdorc,

Pezonnan, @acm cmapm, Bepmucmum /1). Bcmanogeneno, uio HatlbinbuL 00UiNbHO

(mpubymox 3 o0unuyi niowi 23 muc. 2pH.), 6UPOWYEAMI_2IPYULIO CU3Y COPMY

Deniyin 30 _no3aKOpPeHe808020 BHECEHHA Ma KOMWIEKCHO20 3ACmOCY8AHHA

«HAcCIiHHA+Nno3axkopenesoy peayramopie pocmy Azpinoc ma Peconnan. PisHi

penmabenvrocmi 6yau 131-135 % 6ionosiowo.

2. XapakTepUCcTHKA maciurady BIPOBADKEHHS 30 aa.

3. HoBM3HA HAYKOBO-IOCIIIHUX poOiT: Bnepuwie e ymosax Jlicocmeny Yxkpainu

BCMAHOBNEHO eKOHOMIYHY QOUINbHICb 3ACMOCYBAHNHA DE2VIAMOPI8 pOCmy POCIAUH

Aepinoc ma Pezonnan.

4. BrpoBakeHi: Y CUIBCBKOTOCHONAPCHKE  BUPOOHHUUTBO  Depmepcoie

cocnodapcmeo «Poouna-2017», Honmascoka obaacme, ceno Kanasu.
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5. Piynuii exoHomiuguii edekr (Dodamkosuil npubymox 8 NOpPIHAHHI 3

xoHnmpoaem - 0e ompumanu 18050 epu/ea):

ouiKyBaHHH - /40 muc. epH. 3 nnowi 30 2a

dbaktuynuii — 130.5 muc. epun. 3 naowi 30 2a (3a 3acmocysaHHs ompumanu

npubymxy 22400 epr/za).

6. [luToma exoHOMIiUuHA e(EeKTUBHICTh BIPOBA/UKEHHS: yYucmuli npubymox Ha

1 eexmap nocigy - 4350 epu.; pospaxyHukoeuil pieenv penmabenvrocmi — 133 %.

7. CouiaabHO-HAYKOBUH eheKT: 30itbuenHs poboyux micys ma 0b’emy cuposunu

0/15L nepepobHOL NPOMUCIOBOCTII.

Leit akm 3asipsaemuvcs cepbosumu nevamxamu 3 60xky 3amosnuxa i Buxonasys

Bix BH3: Bix nixnpuemcrBa:
3asioyeay  Hayko6o-0oci9How  yacmunoro  T0n06HuUll 6yx2a.vmfp

%oeo HAY, . e .u.,jJooyenm ﬁ@ﬁ
Ve / Cmuprosa B. B.
C “\76/ eﬁ(ﬁdd/(/ Iacwvro O. B. /'

Bionogioanvnuil 3a énposadoicenns,
Buxonageyy, acnipanm azpoHoM

‘95/‘\ W ( I35 ITei ITei. M Binoxine B.O.
\

/.

Pospobneno 6i0nosiono 0o ,,I1o104ceHHs Npo HAYKOB0-O0CHIOHI, O0CHIOHO-KOHCMPYKMOPCHKI
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