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B ormgmi Ha mimcraBi maHUX JHTepaTypd 1 BJIACHUX JAOCTIIKEHb aBTOPiB IMPO-
aHaIi30BaHO TUTAHHS 3B’SI3Ky (DOTOCMHTETUYHOI aKTUBHOCTI M PO3IOALTY a30Ty
110 OpraHax pOCJIMH CTOCOBHO Ipo0JieM (hOpMyBaHHS BPOXKAHOCTI Ta SIKOCTi 3ep-
Ha. Oco0MMBY yBary IpUIiJICHO IMIIEHNUIII O3UMI — HANTIOIIMPEHIIIiil i OgHil i3
HaWBaXJIMBILIMX CLTBCHKOTOCIIOAAPCHKUX KYJbTYP Y CBiTi. PO3IsSgHYyTO MUTaHHS
POJIi a30Ty SK KJIIOYOBOTO €J€MEHTA, 1110 BXOAUTH M0 CKJIaay 0araTbOX OpraHiyHMX
PEYOBUH, HEOOXIMHUX IS XKUTTEMISIBHOCTI pociavH. [lokazaHo BIUIMB a30Ty Ha
PO3BUTOK KOPEHEBOI1 CUCTEMM I JIMCTKOBOI MOBEPXHI Ta WOrO pOJib B ONTUMi3allil
e(heKTUBHOCTI BUKOPMCTAaHHS BOIW. BUCBITIIEHO 3B’SI30K BMICTYy a30Ty 3 iHTEH-
CUBHICTIO (DOTOCHHTE3Y, POJIb INCTKIB Y (popMyBaHHI BPOKAMHOCTI 3epHA Ta dep-
MeHTy Pybicko gk memo asoTy, a TaKOX IpOLEC Mepepo3nonily LbOro eJIeMeHTa
1o 3epHa. [IpogeMOHCTpOBAHO, 1110 3i 30UJIbIIEHHSIM PiBHS 30Ty MOT0 PO3MOLia y
CUCTEMY aCMMIJISILIT BYIJIELIO CIIOYATKy 3POCTa€, a IMOTiM 3HMXKYETbCS, TOHi K
PO3IIONIT Y CUCTEMY IeTTIOHYBAHHSI ITOCTYIOBO 30iIbIIy€eThest. PopMyBaHHIO SIKOC-
Ti 3epHa, 301IbILLIEHHIO BMICTY B HbOMY OijIKa i BpOXXaMHOCTI CIIpUSIE MO3aKOPEHE-
Be mimkuBneHHs. Lleit 3axim minBuinye eheKTUBHICTh BUKOPUCTAHHS a30Ty NPH
dorocuntesi (EBAD) i Mo3uTHBHO BILIMBAE Ha BOIHUI pexkuM pocivH. Haromo-
1IeHO, 1110 (POpMYBaHHS TTPOAYKTMBHOCTI Ta SIKOCTi 3epHa MIIIEHUII MA€ MBi CKJIa-
JIOBi: TEHOTUITHI OCOOJTMBOCTI (POTOCMHTETUYHOI aKTUBHOCTI ¥ TIOB’SI3aHMX i3 HEIO
MPOLECIB peyTWTi3allii 1 HAKONMMYEHHS a30Ty B 3€PHi Pi3HUX COPTIB, a TaKOX
BIUIMB Ha IIi MPOILIECH OCHOBHOIO Ta MO3aKOPEHEBOTO BHECEHHS Aa30TOBMiCHMX
IOOpUB. YBara OOCTIIHUKIB 30CEpPEIXeHAa Ha MOIIYKY IUISIXiB MOEAHAHHS IIMX
CKJIAIOBMX 3 METOIO ITOM’ SIKIIIEHHST TPOTUPIUYS MiX IPOMYKTHMBHICTIO 3epHA i
BMICTOM y HbOMY OiJKa.

Karowoei caoea: mineHuUIs, a3oT, (OTOCUMHTE3, PEYTWIi3allisl, MPOXYKTUBHICTb,
SIKIiCTb.

ITmenuns (Triticum aestivum L.) € HaUIIOIIMPEHIIIO I ONHIEIO 3 Hail-
BaXJIMBIIINX CiUTBCHKOTOCIIOMAPCHKUX KYJBTYP Y CBiTi, IIIOpPiYHE BUPOO-
HUITBO sIKOi mepeBuiiye 770 MiTbIHOHIB T, 3a0e3neuytoun 6au3pko 20 %
Kajiopiit i 6inKiB 11 HaceneHHs cBiTy [1—3]. [Tonan 85 % 3ibpanoro 3ep-
Ha MIIEHUILI TTepepoOISEThCI Ha OOPOIITHSIHI MPOMYKTH JUISI CITOKMBAaHHS
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3aBASKM YHIKaQJIbHUM BJIACTMBOCTSAM TicTa [4]. 3i 3pocTaHHSIM HaceJIeHHS
CBITy Ta IONMUTY Ha MPOAYKTH XapuyyBaHHS MiABUILEHHS SIK BPOXKaWHOCTI,
TaK i SKOCTi IMIIEHUII CTaJO0 FOJOBHUM 3aBAAHHSIM CY4YaCHOIO CiJIbCbKO-
rocnogapCbKoro BUpOoOHUUTBA. TakuM YMHOM, iCHYE NOTpeda MiaABUILCH-
HS SKOCTi 3€pHa MIIEHUI IS TIOKPAIEHHS Xap4OBOI IIiIHHOCTI MPOAYKTIB
NepepoOKY i 30iIbIICHHS PEHTA0CIBHOCTI BUPOOHUIITBA.

SKicTh 3epHa MILIEHULI 3MiHIOEThCS 3aJIEXKHO Bill, 6araTboX YNHHUKIB:
€JIEMEHTIB arpOTEXHOJIOri1, MepepoOKr, copTy Tomo [S]. XapyoBa ILiHHICTh
3a3BUYAll 3AJIEKUTH Bifl 0iOXiMIYHOTO CKJIaay 3€pHa, 30KpeMa BMIiCTy B HbO-
My OiIKa ¥ aMiHOKMCIOT. bioxiMiuHa CKITamoBa 3epHa IMIIICHUIII BIUIMBAE Ha
TEXHOJIOTiYHI BJIACTMBOCTI, SIKi BU3HAYAIOTh HAaMpsSM HOr0 BUKOPUCTAHHS
[6]. Binku 3epHa € BaXXJIMBUM ITOKA3HMKOM JUISI OLIIHKMA XapyoBOi SIKOCTi
MIIEHUIIi, 1X MOXXHA PO3MUIMTH Ha MBI KaTETopii: pO3YMHHI OLIKY, SIKi JIETKO
PO3UYMHSIIOTBCS Y BOMi, €TaHOJI ¥ iHIIMX PO3YMHHMKAX (aabOyMiHM i TJIO-
OyJiHM), Ta 3amacHi Oiaku (mrianuHu W rmoTeHiHu) [3, 7]. Y 3pinomMy 3epHi
3amacHi OUIKM ctaHOBIATH ToHan 80 % Bim 3araabHOTO Oisika, YTBOPIOIOYM
KJIEMKOBMHY, SIKa Billirpa€ BaXXJIMBY poJib Y (hOpMyBaHHi SKOCTi OOpOIIHA.
ITicytst 3minnyBaHHS 3 BOIOIO KJIIEHKOBMHHI OiTKM MOXKYThb YTBOPIOBAaTH 0€3-
TIEPEPBHY TPUBUMIPHY MEPEXY 3aBISKA MiIKMOJCKYJISIPHAM i BHYTPIlLIHbO-
MOJIEKYJISIPHUM CHJIaM, 1[0 BU3HAYa€ crienn@idHi BIaCTUBOCTI KIIEHKOBU-
HU — B’SI3KICTh Ta €JIaCTUYHICTH [8].

Poan a3oty sK ki04oBoro ejementa. Ha choromHi BMCOKa MpoOmyK-
TUBHICTh TIIIEHMI 3a0€3MeYy€EThCSl BUPOLIYBAaHHSIM Cy4aCHUX BHCOKO-
NPOAYKTUBHUX COPTiB y MOEIHAHHI 3 BUKOPUCTAHHSIM BEJIMKOI KiJIbLKOCTI
a30THUX A00puB [9]. Yepe3 3HauHy IUIolly BUPOILIYBAaHHS Ta MOTPEOY B
aszoti 18 % Bim 3araJbHOTO OOCATY a30THMX ITOOPUB, BUPOOJICHUX Yy CBITi,
BHOCSTBCS Mif MILEHULO, 10 € HAOLIbIIOK KiIbKICTIO IbOTO €JIeMEHTA,
sIKa BUKOPUCTOBYETbCS B POCIMHHULTBI. A30T — OAWH 3 HalHEOOXimgHi-
LIMX TTOXMBHMX €JIEMEHTIB IJISI POCIMH, 1110 BIUIMBAIOTh HA PIiCT i PO3BU-
TOK KYJIbTYpP, BpOXKalHIcTb i sIKicTh 3epHa [10—16]. Ik HeoOXimHMi1 MaK-
pOEJIEMEHT, BiH MOTPiOEH Yy OUIBIIMX KiJTBKOCTSX, HiXK OyIb-SIKAN iHIIIWIA
NOXWBHUI eneMeHT [17]. A30T € KIIIOUOBMM €JIEMEHTOM, SIKMU BXOIUThb
0 CKJIaay MiHepaJbHUX MOXWBHUX PEUYOBMH, i OCHOBHMM KOMIIOHEHTOM
MOJIEKYJI, HEOOXiAHUX JISI POCTY POCIMH, TaKMX SIK HYKJIETHOBi KUCJIOTH,
aMiHOKUCJIOTH, XJ0podia i AesKi pOCIMHHI TOPMOHHU, Ta Bifirpae Ki4yo-
By poJib Yy Ipolecax CHUHTe3y OiJika, 30KpeMa B YTBOPEHHi TJIIOTEHOBUX
OiKiB, Ki BM3HAyalOTh SKicTh 3epHa mieHudi [15, 18, 19]. Bin Takox
Bifirpa€e BaxkKJIMBY pOJIb Y TTOKPALLIEHHI CTPYKTYpPU Ta METa00JIi3My POCIUH
[20]. Tak, cuHTE3 XsIOpO(diTY ¥ aKTMBHICTh (DEPMEHTIB, 10 MAIOTh ITPSIMUIA
BIUIMB Ha PO3BUTOK HACiHHS, 3Me0ibIIOro 3yMOBJieHi a30ToM [21]. Bin Ge-
pe y4acTb y pi3HMX Di3ioNoriyHmx Mpolecax, BIUIMBAaOYM Ha (QYHKIIIO
JINCTKIB i 3arajibHy BpoxaliHicTh [22]. Tomy n1oOprBa Ha OCHOBi a30Ty CTa-
HOBJISATH 0;n3bKO 70 % moOpuB, SIKi 3aCTOCOBYIOTHCS B YChbOMY CBITi [23].
[TireHu1st MOTpedye BUCOKOTO PiBHSI BHECEHHS a30Ty, ISl TOCSTHEHHS SIK
BUCOKOI BpOXAWHOCTI, TaK i BIIMOBITHOrO BMICTy OiJIKa B 3€pHi.

A30T iCTOTHO BIUIMBA€ Ha PO3BUTOK JIMCTKOBOI MOBEPXHi, MOTJTMHAH-
HS CBiTJ1a, e(heKTUBHICTh (DOTOCUHTE3Y Ta HAKOMUYEHHS CYyXOi PEYOBUHU
B CUIBCHKOTOCHOAAPChKMX pociauHax [24]. KpiM Toro, BiH HeoOXimHUIA 1J1s
PO3BUTKY KOPEHIB, 1110 COPUSIE BUAOBXKEHHIO, PO3Taly>kKeHHIO Ta HaKOIM-
YEeHHIO OioMacH i, SIK HaCJiIOK, MOKpallly€ MOMIMHAHHS BOAW Ta MOXUBHUX
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peuyoBuH [25]. Po3BuHeHa KOpeHeBa CHCTeMa, y CBOIO UYepry, IOJIIIIIYeE
BereTarlito i BpoxkaiHicTh ImireHuti [26, 27]. TakuM YMHOM, JOCTYITHICTh
a30Ty 4YacTo € JIMITYBAJIbHUM YMHHMKOM JJII 6araTboX acIeKTiB pOCTy I
po3BUTKy pociuH [28]. [TokpaiileHHST TOrTMHAHHS Ta BUKOPHUCTAHHS a30-
Ty TOCiBaMy MIIEHUII 0yJ0 BU3HAHO €(EeKTUBHUM i MPAKTUIYHUM ITiIXO-
JIOM JI0 TiABMILEHHS il BpoxKaitHOCTiI Ta gKocTi [29—32].

A30T Bigirpae BupillajJbHy pPOJib B ONTUMi3allil e()eKTUBHOCTI BUKO-
PUCTaHHSI BOOM POCIMHAMM, OCOOJIMBO B YMOBaX OOMEXXEHOIO0 BOTOMOC-
tauyaHHd [33, 34]. Ha edexTuBHicTs BukopuctanHsg Bonu (EBB) BrumBa-
I0Th 0arato YMHHMKIB, OCOOJMBO TEHOTWUN i CepeaoBUINE. BUBYECHHS
LIbOrO MapaMeTpa HEe BTpaya€ aKTyaJIbHOCTI YIIPOJOBX ITOHAJ CTOJITTS
[35—38]. YucneHHi gocimkeHHsT moKa3aid e(DeKTUBHICTb Pi3HUX METOIIB
3pOIIECHHS Ta IMIKUBICHHS 1o00puBamMu B MiauineHHi EBB cinbchkoroc-
nomapchbkux pocauH [39, 40]. OgHuM i3 KIIIOYOBMX YMHHMKIB, SIKi BITIN-
BalOTh Ha TpaHCIIipallilo Ta eEeKTUBHICTh BUKOPUCTAHHS BOAW, € KOH-
TPOJIb 32 BHECEHHSIM a30THHMX H00puB [41—43].

3B’430K a30Ty 3 (DOTOCHHTE30M. A30T € BAKIMBUM YMHHUKOM JOCST-
HEHHS BUCOKOI BPOXAWHOCTI CiIBCBKOTOCIOMAPCHKUX KYJIBTYP 3aBISKA
MOro BIUIMBY Ha (DOTOCUMHTETUYHY (DYHKIIiIO JIMCTKIB. ¥ MILEHULI cyxa pe-
YOBMHA, 110 HAKOMUYYETHCSA B 3€PHi, TMTOXOOWUTh MEPEBAXKHO 3 JTBOX JXKE-
pen, a came: (POTOCMHTETUYHOI aCUMIISIIII ITiC/IST LBITIHHS i TpaHCIOKAIIil
ACUMLIATIB, fKi 36epiraloTbcs y BEreTaTMBHMX OpraHaX. IHTEHCUBHICTb
(poTOCHHTE3Y JMCTKIB MEepeBaXKHOI OiNBIIOCTI BUAIB POCIMH, BUMIpSHA 3a
CBITJIOBOIO HACWUYEHHS, TiCHO KOPEIIOE 3 BMICTOM y HMX a3oty. lLlei
3B’S1I30K 3YMOBJICHUM TUM, 1110 OiJibllla YaCTMHA a30Ty JIMCTKIB 3alisiHa B
CTPYKTypax Ta OioXiMiYHMX IIMKJIaX, SKi 3a0e3IeuyioTh BUKOHAHHS (HhOTO-
cuHTeTnyHOi yHKIii [44]. JlocuTh GaraTo a3oTy MIiCTUTBCS B XJI0podis-
OIIKOBMX KOMILIEKCAX TUJIAKOIMIB i MEMOpaHHUX CTPYKTypax XJIOpOILiac-
TiB [45]. 30inblIeHHS TTOIIMHAHHS 1 HAKOITMYEHHSI a30TY CIIPUSIE PO3BUTKY
(poTOCMHTETUUHUX CHUCTeM Ta (PEPMEHTIB, IO MOKPAIIYE ACUMUISLINHY
3MaTHICTh i TPAHCIOPT CIIOJYK i3 3€JEHUX OpPraHiB 0 3€pHA, CTBOPIOIOYN
MaTepialbHy OCHOBY ISl 30UTBIIEHHS KiJIBKOCTI 3€peH i IMiIBUILECHHS 3a-
rajpHOI BpoxaiHocTi. OnITMMi3oBaHe BHECEHHSI a30THUX JOOPUB CIIPUSIE
MiTBUAIICHHIO TTOVIMHAHHS CBITJIOBOI eHepril Ta ii e(heKTUBHOMY II€pETBO-
PEHHIO B XiMiYHY, TaKOX 30UIBIIYE TIOIILY JUCTKOBOI IMMOBEPXHI W 3arajb-
Hy e(heKTHBHICTh BMKOPMCTAaHHSI a30Ty i COHSIYHOI pafialiii IociBamu.
IToemHaHHS BCiX LIMX YMHHUKIB 3a0e3Medyye BUIIY BpPOXKAWHICTh 3epHA
[46—53]. PesynbpTaTi HU3KM OOCIIIKEHb MOKAa3aJu, IO acUMIiISLiiiHa
30ATHICTb JIUCTKIB ITiCJI8 LBITiHHS O0araTo B YOMYy BM3HAya€ KiHLIEBY BPO-
>KaiHicTh 3epHa miueHuli [48, 54, 55]. JloMiHyBajbHY POJIb Y 1IbOMY Bifi-
IparoTh MPAIOPLEBi JUCTKHU [56].

Egpexmuenicmo euxopucmanns azomy npu homocunmesi. Yang et al.
[57] moBimomisiiM MpoO BaXKJIMBICTh MOKpallleHHS (DOTOCMHTE3Y B IOEM-
HaHHi 3 e()eKTUBHICTIO BUKOPUCTAHHS a30Ty, 110 BKJII0Ya€e e(heKTUBHICTh
MOro BUKOPMUCTaHHS i mormuHaHHSA. EQeKTUBHICTD BUKOPUCTAHHS a30Ty
npu orocunredi (EBA®D) € oqHuUM i3 BaXKJIMBUX YMHHUKIB, SKi XapaKTe-
pu3y10Th e€(eKTUBHICTh (DOTOCMHTE3Y i BUKOPUCTAHHSI MOXMBHUX PEYO-
BUH pociimHamMu [58, 59]. 3i 30inblIeHHSIM piBHS a30Ty HOro po3IOLia y
CUCTEMM KapOOKCUJTIOBAaHHS 1 TPAHCIIOPTY €JIEKTPOHIB CIIOYATKy 3pOCTAE,
a TOTIiM 3HMXKYETBCS, TOMAi K PO3MOALT Y CUCTEMY JIEMTOHYBAHHS MOCTYIIO-
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BO 30i7bIIY€EThCA. Tak, y pOCAMH MILIEHULI TOJOBHMM JEHO a30Ty A0 MO-
YyaTKy HaJvMBaHHS 3epHa € Pybicko. 3a BUCOKUX PiBHIB MiHEPaJbHOTO XKUB-
JICHHS el (hepMEeHT HAaKOTIMUYYEThCS B JIMCTKAX Y BEJIMKil KiIbKOCTi, IPU
IBOMY HOro muTOMa KapOOKCHIIIOBaJbHA aKTMBHICTh 3MEHINYEThCS [44].
IToxazaHo, 1110 e(eKTUBHICTL BUKOPUCTAHHS a30Ty B IPOLECAX aCUMiJIsi-
uii CO, y 1MCTKax MIIEHMLI Cy4YaCHUX BUCOKOIHTEHCUBHMX COPTIB BUIIA,
HiXX Yy MEHIII IIPOIYKTUBHOIO COPTY cTapoi ceiekuii [60].

Bnaue cmapinna aucmeie na euxopucmannsa azomy pocaunoro. Tpusa-
JIiCTh (DOTOCUHTETUYHOI AKTUBHOCTI TICHO KOPEIIOE 3i CTaApiHHAM JIMCTKIB.
HocnimkenHs: Alpuerto et al. [61] moka3ano, 110 MPUCKOPEHE CTapiHHS
pa3oM i3 MOCWJICHUM PO3IICTUICHHSIM OiJIKa y IpanopleBOMY JIMCTKY Ta
peMo0inizali€eo 3 HbOro a30Ty KOPEIIOBAJIO 3 BUILOIO BPOXKAWHICTIO 3€p-
Ha 1 e(eKTUBHICTIO BUKOPUCTAHHS a30Ty. 3a OOMEXEHOro piBHS a30Ty
MPUCKOPEHE CTapiHHS MOXE CHpUITU HOro eheKTHBHIM pemooOiiizaliii.
30iIbIIeHHS BPOXKAMHOCTI 3epHa 3HAYHOIO MipOIO 3aJIEXKUTh Bil KiJIbKOCTI
BYIJICIIO, IKMI TPAHCHOPTYETHCS 3 POCIMHHUX TKAHWH, OCKiJIbKM OCHOB-
Ha YaCTMHA 3€pHAa MIIEHMII — 1Ie¢ KpoxMasib. KpUTUYHO BaxkKJIMBUMM IS
HaJMBaHHS 3€pHa IIIEHUII 3a HU3BKOTO PiBHSA a30Ty € K aCUMLUIALIS
LLOMHO MOMIMHYTOTO a30Ty ITiCJs UBITiHHS, TaK i #ioro pemooOimizauis. Li
MpoLeCH MOTPEOYIOTh MPUTOKY Ta BIATOKY MOOUIBHMX (opM a3oTy B
cTapitounx JmcTkax [61].

IIponec mepepo3noginy a3ory ao 3epna. IIpolec HanuBaHHS 3epHa
MIIEHUIII Ta HAKOTTMYEHHS B HBOMY a30Ty 3a0€3IeUyeThCS K MOro moTo4-
HUM TOTJIMHAHHSAM i3 TPYHTY, TaK i peyTUi3alli€lo 3amaciB, akyMyJIbOBa-
HUX y BEreTaTMBHMX OpraHax IaroHa nepeBaxKHO M0 ()a3u LBITIHHS, 11O
BiZlirpaloTh y IIbOMY TIpoOIleci TPOBImHY poib [62]. ¥V mepion HaauBaHHS
3epHa BigOYyBa€ThCsl iHTEHCHBHMI TEpepo3Noiin (peyTuiisalis) a3oTy 3
BEreTaTUBHUX OPraHiB y 3epHiBKM, 1110 ¢opMyloThcs. KinbKicTh azory,
AKAIN PeYTWITI3YETHCS 3 BETETATUBHMX OpraHiB, Moxe ctaHoBUTH 60—90 %
MOTO 3araJbHOTO BMIiCTy B 3€pHi HAa MOMEHT CTUMIJIOCTi. BBaxaioTpb, IO
JIMCTKA € OCHOBHMM JIXKEPEJIOM PEYTUJII30BAHOTO a30Ty, OCKUIBKM CaMe B
HUX 30CepeIKeHa OiblIa YacTUHA OiIKiB POCIIMHU, SIKi B TIepio CTapiHHSA
MiITAI0TECS MPOTEOi3y 3 YTBOPEHHSIM aMiHOKMCIIOT, 1[0 TPAHCHOPTYIOTh-
CcS B 3€pHO. Y MILEHMILI 3pijJi JUCTKU CIAYTIYIOTb aKLenTopaMu s 30e-
piraHHs a30Ty 1o UBiTiHHSA. OIHAK y HACTYMHi a3y pO3BUTKY BOHM CTa-
IOTh MOT0 AJOHOpaMU IJIs IIATPUMKU HaJuBy 3e¢pHa [45].

VY cinbchKOrocmogapCcbKMx KyJbTYp peMoOimizaiiss azoTy Micias IBi-
TiHHS Ta TiJ Yyac AO3piBaHHS HACIHHS TiCHO IOB’s3aHa 3 BPOXAMHICTIO i
SIKiCTIO 3epHA. 3 MOYATKOM CTapiHHS a00 BHACIIZOK CTPECY Bill MOCYXH
M IBUAIIYETHCS €KCIPECis KIJIBKOX T€HiB, ITOB’SI3aHMX 3i CTapiHHSIM. 3a IUX
YMOB OUIKM B JIMCTKaxX PO3IICIUTIOIOTBCS M PEMOOLTI3YIOTBCS Y BUIJISAI
aMiHOKMCJIOT i aMifiB [0 3aracalourx TKaHWH Ta opraHiB [63].

HaliBaxuiuBiluMMuy JKepeaamMu a3oTy IJIs 3€pHa € JIMCTKU i crebia.
3HIKEHHSI MacH 1IMX OpPraHiB y Tepioj A03piBaHHSI MOB’s3aHe 3 TUM, 1110 B
JIOHOPHO-AKLIENTOPHii CUCTEMI MILEHMIII KOJOC i3 3epHiBKAMU € FOJIOBHUM
aKIIEITOPOM aCHMIJISITIB i3 HalOLIBIIIOI aTparyBaJibHOIO CHJIOKO, 1O iHiIliIoE
peMo0iTizallilo 3armacHUX PEYOBUH i3 MiClLb iXHHOIO THUMYACOBOIO JEMOHY-
BaHHS (3 JIMCTKiB — TIEPeBAXKHO a30TOBMICHMX, 3i cTebja — BYIJIEBOMIB), a
TaKOX 3aITyCKa€ MPOLECH CTapiHHS, TTOB’sI3aHi 3 PeyTWII3AIIEIO IaCTUIHUX
PEYOBUH i3 BeTeTaTUBHUX OpraHiB y 3epHo. EdekTuBHicTh peyTuiizalii azo-
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Ty 3 BEreTaTMBHMX YaCTWH MaroHa ITiABMIIYETbCS y MPOLIECi HaJWBaHHS
3epHa. Y mepion A03piBaHHS BMICT a30Ty B JIMCTKAX i cTeOIaX 3HMKYETHCS B
2—3 pasu BHACJIJOK MOro BiATOKY B 3epHO [62]. BMicT a3oTy B mpamnopiie-
BOMY JIMCTKY Yy (pa3y LBITIHHSI 3HAYyIIO Ta MO3WTUMBHO KOPEIIOE 3 HOro
BMiCTOM Yy 3epHi. Pe3ynbTatm Hammx JocHimiB [62] MiaTBepIWIA Kope-
JISIUIAHUE 3B’ 130K MixK BMiCTOM a30Ty B JIMCTKAX TOJIOBHOT'O TTaroHa B Mepion
LIBITIHHS Ta BMIiCTOM LIbOTO €JIEMEHTA B ITOBHICTIO JIO3PiJIOMY 3€pPHi.
Ctebs0 TakoXX BMKOHYE POJIb TUMYACOBOIO NIETO HE JIMILIE BYIJe-
BOJIiB, a I a30THUX CIOJIYK, SIKi 3roJOM IepeMilllyIoThCs 0 Kojoca [64].
3MEHILEHHS BMICTy a30Ty B CT€0J1i YIIPOAOBXK MePiony Bil LBITIHHS A0 TO-
BHO1 CTUIJIOCTi CBiIYMTb IIPO MOro ydacThb y 3abe3nedeHHi MmoTped 3epHa
y TJIaCTUYHUX pedyoBWHax [62]. 3a pesdyibraTaMy HaIMX OOCHTIAIB [62],
BHECOK JIENIOHOBAaHUX Yy CTeOJi acMMINATIB y (popMyBaHHSI MacH 3epHa
BapiroBaB Bif 15 10 30 % Ha HU3BLKOMY Ta BUCOKOMY (POHI MiHepaJbHOIO
>KMBJICHHS, BIIIIOBITHO. ¥ MEPIIOMY BUIAAKy BHACIIIOK HECTayi €JIEeMEH-
TiB XUBJEHHS (0COOJMBO a30Ty) (POTOCHMHTE3 POCIMH, MOYMHaoun 3 ¢a-
31 BUXOIY B TPYOKY, CIOBIIBHIOETECA [65], 1110 MPU3BOAUTH 10 CKOPOUYECH-
HSI pe3epBiB aCUMIIATIB, IKi MOXYTb OyTH JeMOHOBaHi y ¢tebii (10 Toro
K JeTOHYBajibHA 3AaTHICTh OCTAHHBOTO, SIKA BU3HAYAETHCS TOBIIMHOIO
1Iapy MmapeHxiMu, TakoxX peaykoBaHa). Ha Bucokomy (poHi MiHEpajibHOTO
>KMBJICHHS POCJIMHU IMIIEHUII B MEPiON KOJOCIHHI—IUBITIHHSI MalOTh YXe
OCTaTOYHO C(OPMOBAHMI MOBHOLIHHUI (DOTOCUMHTETHUHMIA amapat. Of-
HaK TOJIOBHUI aKIIeNTOp aCUMiJSATIB — 3epHO — IIie He 3’SIBUBCH i 11100
3aIo0irT¥ MPUTrHiYeHHIO (POTOCUMHTE3Y HAMJIUIIIKOM aCUMIISITIB Y JIMCTKaX,
BOHM €KCHOPTYIOThCS Ta TUMYACOBO JAEMOHYIOTHCS Yy CTEOIi, 3BiIKH 3 MO-
YaTKOM POCTY 3€pHIBOK PEeMOOILTI3YIOThCS IS IXHBOTO HAJWBAHHS Ha JO-
JIaTOK IO MOTOYHOIro (hOTOCUMHTE3Y [66].
Bimomo npo 306iIbIIEHHST BHECKY B 3¢pHOBY IPOMYKTUBHICTh JETTIOHOBA-
HUX Yy CTe0Ji aCUMIJISITIB Y BUTIAAKYy HAaCTAHHS HECTIPUSITJIMBUX YMOB IS (DO-
TOCUHTE3Y IICIAd LBITIHHS, HaNpWKIaL TepMiHAJIBHOI Tocyxu. Ilig yac
TepMiHAIBHUX CTadili pPOCTYy Ta HaJMBAHHS 3€pHA B YMOBax CTpECy ToJe-
PaHTHi TEHOTUIIM MOXYTh BUKOPUCTOBYBAaTH PEeMOOLTI3allii0 3amaciB cTedsa
JIJISE TIOCTaYaHHS BYIJICLIO ¥ a30Ty, HEOOXiMHUX JJII HAJIMBaHHS 3epHa [63].
TakuM ynHOM, e(EeKTHUBHICTb BUKOPUCTAHHS ACTIOHOBAHUX Yy CTEOJi
ACHMIJISITIB 11 Q30TOBMiCHMX CHOJIYK i3 JIMCTKIB € BaXJIUBUMU (Pi3i0oNOrivHU-
MU CKJIAAOBUMM NPOMYKIIIAHOTO MPOLIECY MIIEHUITI, OCKUTBKA 3HAYYIIO KO-
PENIOIOTH i3 TaKOI0 TOCIIOAAPChKO-1[IHHOIO O3HAKOIO, SIK BMICT a30Ty (OTXe
i Oiyika) B 3epHi. BaXkmBolo € TakoX peyTWiIi3amisi a30Ty 3 JIYCOK i OCTeit
KoJIOCa, SIKi 3HaXOHSATLCST Oe3rocepeAHbO OiIs 3epHa, 10 Jo3piBae [62].
Crparerii asotHoro ynoopennd. I1poGiema 3abe3nedyeHHs MOCIBIB IIiIe-
HUIII A30TOM € KJIIOYOBOIO UISI OTPMMaHHS BUCOKMX i SIKICHMX BPOXaiB, a
e(eKTUBHICTh BUKOPMCTAHHS a30Ty BaXJIMBA JJIs1 TOCSITHEHHS PEHTA0Eb-
Horo BUpoOHMLTBA [67]. OQHUM i3 CITOCOOIB MiABUILEHHS BPOXAiHOCTI
3€pHa € 3aCTOCYBaHHS a30THMX NOOpUB. BHECEHHS MOOPUB € BAKJIMBUM
YUHHUKOM, SIKMI MOK€ 3HAYHO 30LIbIUUTH KUJIbKICTh KOJIOCKIB, KiJIbKiCTh
3epeH y konoci, Macy 1000 3epeH, 3arajibHy IPOAYKTUBHICTh ITIIEHUII I
TMOKPAIIMTH SIKiCTh 3epHa [52, 55, 68—70]. JlocmimkeHHsT Ha TIIIEHUIIi T0-
Ka3aJiv, 110 BHECEHHS a30Ty B MOEAHAHHI 3 OpraHiYHUMHA JOOpUBaMHU MO-
CWIIOE MONIMHAHHY a30Ty Ta HAKOMWYEHHS OioMacu, BigTakK 30iJIbLIY-
€ThCS BpOXaiHiCTh 3epHaA [71]. IligBUIEHHS BpOXAWHOCTI 3epHa O3UMOI
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MIIEHUIT] JOCSATAETHCS MOKpAIIeHHIM ii (i3ioforiyHoi aKTUBHOCTI, HAKO-
MUYEHHSIM CyXOl PEYOBMHM Ta HaJWBaHHSAM 3epHa [43]. Takox Bimomo,
10 ONTUMi3allisl a30THOIO KMBJIEHHSI POCAMH O3UMOI IMIUEHULI — OJWH
i3 HalmieBIIMX 3axOdiB ITIBUILEHHS SIKOCTI 3¢pHa, HacamIiepen 30i1b-
LLIEHH BMicTy OikoBuX crionyk [70]. BHeceHHs a3oTy 3abe3mneuye Oibliry
KUTBKIiCTh TTOKMBHUX PEYOBMH IS KOJIOCA, TTOKPAIYIOUM IIBUAKICTh 3a-
B’sI3yBaHHs HACiHHSI Ta Macy THUCSYi 3epeH, TUM CaMUM 301IbIIYIOUd BPO-
XaiHicth [43, 72].

30inbllIeHe BHECEHHSI a30Ty 3HAYHO IOJIIIIIYE TPOCTOPOBY OpTraHi3a-
1[i10 CYAMHHUX ITy4YKiB, €(DeKTUBHICTb TPAHCIIOPTY aCUMUISATIB i ONTUMI3y€
IXHili pO3MOJiI A0 3€pHA, 10 3PEIUTOI0 MiABUILYE LIBUAKICTh HATMBAHHSI
3epHa i BpoxarHicTh [73]. KibKicTh IHIB, HEOOXimHUX ISl JOCSITHECHHS
MaKCUMAaJIbHOI IIBMAKOCTI HaJWMBAaHHS 3€pHA, TPUBAIICTh HAJWBAaHHS Ta
nepioJ, aKTUBHOTO HaJIMBAHHS 30iJbLIYBaIUCs 3 MiABUILECHHSIM HAaAXOMd-
>KEHHS a30Ty, TOAi K Maca 3epHa 3a MAKCUMAaJIbHOI 1IBUAKOCTI HaJIMBaH-
HY i cepedHs LIBUIKICTh HAJMBAHHS CHOYATKY ITiIBUIIYBAJIMCh, a MOTIM
He3HayHo 3HMXyBanucs. Lli pe3yabTaTh cBimyaTb, 110 BUCOKMUIA PiBEHb
a30Ty MOMOBXYE TPUBAIICTh HAJWBAHHSA 3€pHA, BOMIHOYAC 3MEHIIYIOUYMW
Moro 1BUAKICTh, iIMOBIpHO, Yepe3 MOCUJIEHUM MeTabo0J1i3M a30Ty i CIOXKU-
BaHHS BYIJIEBOJIB TKAaHWHAMU POCJIVMHU Yy TOEMHAHHI 3i 3MEHILIEHHSIM
HaJXOJXKEHHs BYIJIeBOIIB 10 3epHa [74, 75].

OnrumizoBaHe BHECEHHSI a30Ty iCTOTHO IMiABMIIYE aHTMOKCUAAHTHY
aKTMBHICTh Y TPanoplUEeBUX JUCTKAX MIICHWI H YIOBIIBHIOE iXHE CTa-
piHHS. YucleHHI OOCTiIXXKEeHHS MOKa3aJiv, 110 palioHajJbHE ITOCTaYaHHS
a30Ty TIOJIIIIIYE PICT MIIEHUII, MATPUMYIOUN e(EeKTUBHE KYILEHHS, PO~
IOBXYE TIEepiof, HAJIMBAaHHS 3€pHA, 30iIbIIYE MOTO IBUIKICTD i CIPUSE TIe-
PEHECEHHIO TOXMBHUX PEUYOBHMH OO 3€pHA, a TAKOX 30LUIbIIYE KiJIbKiCTh
KOJIOCKIB, 3epeH Ha Kojoc i macy 1000 3epeH, LIO INIBUINYE 3arajibHy
BpOXaitHicThb [76, 77]. A30THi 1OOpMBa HEIOLITLHO 3aCTOCOBYBATH y BU-
COKMX J03aX J0 MOCiBY, OCKiJIbKHU ITiABUILECHI KOHIIEHTPAIlil a30Ty B IPYHTI
MOXYTb HECTIPUSTIWBO BIUIMHYTYM Ha POCIMHUA Ha MOYATKOBMX €Tarlax ix
po3BUTKY. BogHOoYac He CIIil JOMyCKaTH ¥ a30THOTO TOJIOMYBaHHS POCIWUH
MIIeHUIi Ha ToYarKy Beretauii [78]. 3a HM3bKOro HAAXOMXKEHHSI a30Ty
MOTO KUJTBKICTh HEIOCTAaTHS VIS 3aJIOBOJICHHS MOTPEO PENpPOMYKTUBHOIO
PO3BUTKY, 1110 MOTEHIIMHO MPU3BOAUTH 1O MEPEIYACHOTO CTapiHHS JINCT-
KiB IIil YaCc HaJMBaHHS 3€pHA Yepe3 CUTHAIM CTapiHHS, OMNOCEepPEeaKOBaHi
ABK (pucyHnok) [63, 79].

Wang et al. [80] BusBuiM, 1m0 3i 30iTbIICHHSIM TO3M BHECEHHS a30-
Ty BPOXalHIiCTh 3€pHa AEMOHCTpYBajia TEHICHIIIO CITOYATKy IO 3pOCTaH-
Hs, a TIOTIM 0 3HWXeHHS. Y mociimkeHHsx Li et al. [81] He BusiBIeHO
3HAYHOTO MOKPAIIeHHSI (POTOCMHTETUYHOI 3MaTHOCTI MPU BHECEHHI J03U
a3oTy, gKa nepepuinyBana 210 xr/ra. Pe3ynbprat mux JOCTiIKEeHb ITOKa-
3yI0Th, 1110 BHECEHHs a30Ty Ha piBHi 210 Kr/ra mocsra€e mMakCUMaJlbHOTO
OajlaHCy MiX MiATPUMKOIO (POTOCMHTETMYHOI 3MaTHOCTI 1 €(PEeKTUBHICTIO
pO3NOAiay aCUMIJISITIB Y JOHOPHO-AaKLUEITOPHIM cucTeMi miueHuui. Taka
J103a 30iIbIIYE TPAHCTIOPT ACUMUIATIB ITIiCJIS LIBITIHHS, ONTUMI3YIOUM PO3-
TIOMILT CYXOl PEYOBMHM B 3¢PHO Y MOMEHT IO3piBaHHs, TOMI K 1032 N,
HaBITaK¥, TTPU3BOAUTH IO PO3IMOMLIY OUTBIIIOI YACTUHU CYXOl PEYOBUHU Y
BET€TaTUBHI OpPraHMW, OOMEXYIOUM IOTEHIIAHE 30UIbIICHHS BPOXAWHOCTI
3epHa. MakKCUMaJIbHi 3HAYEHHS KiJIBKOCTI 3€pe€H Ha KOJOC, Macu 3€pHa i
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CxeMaTUyHa JliarpaMa, sika MoKasye peryJslilo KiJIbKoX IJISIXiB Y BiAMOBiAb Ha BUCOKHUIA Ta
HU3BKUI piBeHb HIiTpaTiB y pociuH. CUTHaIbHI LUISXU MPU3BOASTH A0 MOYATKY CTapiHHS
JUCTKiB. YOpHi CTPiKM BKa3ylOTh Ha MO3UTUBHY PETYJISAILII0 YEPBOHI JIiHii — Ha HeraTus-
HY SIK iHTiIOyBaJIbHUIA e(heKT:

ABK — a6cumsosa kuciora; IOK — inpon-3-outosa kuciora; KK — xacmoHoBa kuciora; ET— eru-
neH; TAC — reHu, acouiiioBaHi 3i crapinHsaMm; TGAl — dakrop 3B’s3yBaHHs1 MoTuBiB TGACG:;
NRT — tpancnoprep HitpatiB; [1IK — nporeinkinasza; ®JI-C — dochorainmaza C; WRKY, NAC —
TpaHckpumnuiitHi dakTopu; ARF — TpaHckpunuiiiHi (akTopu BiANoBiai Ha ayKCUH.

Hwu3bkuil Ta HaA3BMYAHO HU3bKMIA PiBEHb HITPATiB YMHSTH CTUMYJIIOBAJbHUI Ta iHriOyBalbHUIN BILIUB
Ha PO3BUTOK GiYHMX KOPEHIB BilllMOBIIHO, TOAI AK BUCOKHMiA piBeHb NO; YMHUTH iHTIOYBaIbHMI BILIMB
Ha picT GiYHMX KOpeHiB [63]

BPOXAMHOCTI OYJIM TOCATHYTI 38 BHECEHHS 1031 N, (. 30UIbLIEHHS 103U 10
N, TPU3BEJIO 10 3HAYHOTO 3HVWIKEHHS IMX MmapameTpiB. Lle ysromkyers-
c4 3 TpalsIMU iHILMX aBTOPiB, AKi CHOCTepiraau 3HMKEHHSI BPOXKailHOCTI,
KOJIM BHECEHHS a3oTy mepesuiiyBaio 240 kr/ra [27, 82—84],

Puzuru naomipnoeo nioxucueaenna. HanxomkeHHs1 HAAMIPHOI KiJIbKOCTi
a30Ty MOXE CIIPUYMHUTH 3aTPUMKY CTapiHHS BHACIIIOK ITIATPUMKM PiB-
HsI IMTOKIHIHIB i MPUTHIYeHHS T€HiB, OB’ I3aHUX 3i CTapiHHSIM, I TUM ca-
MUM 3aTpuUMaTU A03PiBaHHS BpOXal0, 3MEHILIMTH iHTEHCUBHICTb HaJM-
BaHHS 3€pHa, Yepe3 HAKOMUYEHHSI HECTPYKTYPHUX BYIJIEBOIIB Y COJIOMI I
MEPELIKOKAIOUM peMOoOiTizallii CyXxoi peYOBMHM 3 BETETATUBHUX OPTaHiB
y 3epHO [85—91]. HagmipHe BHECEHHS a30Ty TaKOX MOXKE CIIPOBOKYBaTH
HaaMipHE KYIIiHHSA Ha paHHIi cTamii pocTy, 110 NPU3BOAUTH A0 HEAOCTAT-
HBOTO HaJIMBaHHS 3€pHA i 3HVIKEHHS 1IBUAKOCTI 3aB’sI3yBaHHS HACiHHS I
macu 1000 3epen [92]. TakuM ynHOM, 3a0e3TneUeHHST HaJIEXKHOI e(DeKTUB-
HOCTi BMKOPHUCTAHHSI TPYHTOBOTO a30Ty W YHMKHEHHS HAIJMIIKOBOTO
YIOOPEHHS € KIIOYOBUMU JJISI TIOKPAILIEHHS KUBJICHHS i TOCSITHEHHS BU-
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COKOi BpoxaiHocTi mueHui. i pe3yaprati migKpecitoTh HEOOXiTHICTh
30a71aHCYBaHHS HAIXOJKEHHS a30Ty 3 MOTpebaMu KYJIbTYpHU 3a JOIOMO-
TOI0 TOYHUX CTPaTETiii KOHTPOJIIO.

Tepminu i cnocobu enecenns azomuux doopue. PaiioHanbHe BHECEHHS
a30THUX JOOpWB Ha PI3HUX CTalisX PO3BUTKY ITIIEHUII 3a IMTEBHUX HOPM
MMKUBIICHHST Ma€ BaXJIMBE 3HAYCHHS IS ii pocTy. Zain et al. [93] Bus-
BUJIY, 110 HAJIEXXHE YIIPABIIHHS YaCTKOIO BHECEHHS a30Ty i 3aCTOCYBaHHS
MOTo GiLIBIIOI KiJTBKOCTI Ha ITi3HIX CTamisgX POCTY IILICHUII CIIPUSIE MiIBUA-
LIEHHIO KiJIbKOCTI 3epeH y Kosoci i macu 1000 3epeH. Liu et al. [94]
TaKOX MOBiIOMWIN, 110 30UIbIIEHHS HOPMM BHECEHHS a30Ty Ha eTramax
BUXOMy B TPYOKY Ta KOJIOCIHHS iCTOTHO ITOKpalllye KOMITOHEHTH MPOIyK-
TUBHOCTI ¥, TAKMM YMHOM, MiABUILYE BPOXAWHICTh 3€pHA.

JocmimKkeHHs TToKa3ain, 1O ITO03aKOPEHEBE BHECEHHS TOOPUB MOXE
MiABUIIIUTU BPOXAWHICTh 3¢pHA U €(hEeKTUBHICTb BUKOPUCTAHHS a30Ty
MOPIiBHSHO 3 JIUIIIE OCHOBHMM BHECEHHSIM. 3 iHIIOrO OOKY, HaaAMipHE I10-
3aKOpEeHeBe yI0OpeHHs 30ibllyE HAKOIMMYEHHS OioMacu, MpoTe MPU3BO-
IIUTh OO HAJAMIPHOTO MOCWJICHHS BETETATUBHOTO POCTY 3a PaXyHOK 3MEH-
LIEHHST PeNpOAYKTHBHOIO, 1110 B Pe3yJbTaTi 3MEHIIYE BPOXKaiHicTh [95].
Pesynbpratyt mocmimkenb Zhang et al. [47] i Hamani et al. [45] cBimuaTs,
1O CIiBBiZHOLIEHHS PO3ILJIBHOTO BHECEHHS a30TYy 3a OCHOBHOIO Ta IO-
3aKOPEHEBOrO ILIKUBICHHS Ny, 5, Y TIOEIHAHHI 31 3POLIEHHM ITOKpaIIy-
10Tb edexkTuBHicTL pobotn PC II, mo Moxe 30UIBLINTU iIHTEHCUBHICTh
(orocuHTesy. PalioHanbHe CIiBBiIHOIIEHHS OCHOBHOIO Ta IMO3aKOpEHEe-
BOTO BHECEHHS a30THMUX JOOPUB 3a0e3Ieuye Kpallle HaKOMWYEHHS a30Ty 1
MiABUILEHHS BMICTy XJ10podiay B JMCTKAX, 110 MOJIMIIYe (DOTOCMHTETUY-
HY 3[aTHICTb, MOJOBXYE MepPio IXHbOTO (hYHKIIOHYBaHHS i, SIK HACJiIOK,
iCTOTHO 30iIbIITye BpOXKaiHICTh TeHuti [95, 96].

TakuM 4mMHOM, ONTHMMI3allisi HOPM BHECEHHSI a30Ty € Halie(eKTUB-
HIIIMM TIiIXOIOM A0 MiABHMINEHHS BpOXaMHOCTI 3epHa [97].

BrimB mimpKuBieHHSA Ha OiNKOBMIA KoMILIeKC. [{OCTiIKeHHST TTOKa3yIOTh,
IO CTpaTeTii yIpaBIiHHSI HOpMaMM BHECEHHSI a30THMX JOOPWB BaXKJIMBi HE
JIMILE IJ181 HiABUILIEHHS BPOXKAMHOCTI IMILEHULI, a i 1151 ONTUMIi3aLlii OCHOB-
HUX arPOHOMIYHMX MPAKTUK, SKi BILIMBAIOTh HAa BMICT i CKJiam Oijika B 3€pHi
[10, 99—103]. YTBOpeHHSI 3arajJibHOTO OiJiKa 3epHa TiCHO TOB’s3aHe 3 MOIJIN-
HaHHSAM a30Ty i Woro peMoOimi3alli€ro ITicias LBITIHHA. BHECEHHsS a3oTy
30iJTbIIyE BMICT aMiHOKHWCJIOT, 3MiHIOIOUM aKTUBHICTh HIiTpaTpemyKTasu i
MIyTaMiHCUHTETa3M B JUCTKAX MILCHUL, 1O MiABUILYE BMIiCT Oiaka. Y mes-
HOMY Jliana30Hi, 3i 30UIbLIEHHSIM PiBHSI BHECEHHS a30Ty, BMICT OijiKa B 3€pHi
MILeHUL TiABUIIYETHCS, TIPOTE HaAMiIpHEe ad0 HEAOCTAaTHE BHECEHHS 3MEH-
1IIy€ TPAHCHOPTYBAHHS HAKOIMMYECHOTO A0 LIBITIHHS a30Ty O 3€PEH Ta Hera-
TUBHO BIUIMBA€E Ha BMICT y Hux Oiika [103—105].

Wang et al. [106, 107] moBimomisui, IO 3i 30LIBLIEHHSIM HOPMU
BHECEHHS a30Ty BMICT 3allaCHOTO 0ijKa 30iabLIYETHCS, TOAI SIK BMIiCT PO3-
YMHHOTO 3HAYHO 3MEHINYEThCSI. BHECEHHS a30Ty 30UIbIIY€E Yac YTBOPEH-
H4 i CTaOUTBHOCTI MIIEHUYHOTO TiCTa Ta MOKpAIy€E Oro XapakTepUCTUKU
[108, 109]. Tomy HasIBHICTh JOZATKOBOTIO a30Ty BIIPOIOBXK YCi€i (a3m Ha-
JIMBAHHS 3€pHA € KPUTUYHO BAXXJIMBOIO IS JOCATHEHHS BUCOKOTO PiBHS
Oinka [32, 110—113].

AKimo BHeCEHHS a30Ty Ha paHHIiX ¢a3ax y Ieplly 4epry MHOKpallye
BEreTaTMBHMM PIiCT i MOTEHLiaJ BpOXAMHOCTI, TO IMiIXKUBJICHHS Ha ITi3HIX

194 ISSN 2308-7099 (print), 2786-6874 (online). Fiziologid roslin i genetika. 2026. Vol. 58. No. 3



®1310JI0TIYHI MEXAHI3MU ®OPMYBAHHS MPOILYKTUBHOCTI TA IKOCTI

(azax € edexTUBHIIMM y MiATpUMaHHI HAaKOMMYEHHS OiJika B 3EpHi.
ITpuMiTHO, 1110 BHECEHHSI a30Ty IIiC/Is MOSIBY TIparopiieBoro jmuctka (GS 37)
MiABUIIYE BMICT OiJIKa B 3€pHi, COPUSIIOUM MOro CUHTE3Y ITid Yac pernpoayK-
TUBHOI (hazu. Y mi3HIO a3y penpomyKTUBHOTO POCTY a30T, MOIMHEHUM
pocIMHaMU, MOXe OyTM BUKOPMCTaHWM /I 3aJ0BOJIEHHST TTOTpeO, MOB’sI3a-
HHUX 3 POCTOM i PO3BUTKOM 3¢pHa [114], mo crpuse HaKOIMMYEHHIO B HHO-
My Oinka. BHeceHHs a30Ty y paHHi a3y MOXe ITeBHOIO MipOiO 30iIbIINTH
YUCTY MTPOAYKTUBHICTb (DOTOCUMHTE3Y Ta CIPUSITH TIEPEHECEHHIO a30Ty B 3ep-
Ho. Lle normomMoxe 3MeHIIUTH «e(heKT po30aBaeHHs» OiaKa Kpoxmaiem [115]
i, 3peITOI0, OMHOYACHO MiABUIIUTHA BPOXANHICTD i SKICTh MIIEHMII.

Jlo3n BHECEHHS a30Ty, KPaTHICTb i TEPMiHM BHECEHHS Y3TOIXKYIOTb i3
BEeJIMYMHAMU JOCTYITHOI IJIS POCJIMH MIIeHMII Boyioru [67]. Bucoki Hop-
MU BHECEHHSI a30Ty 3a MEeBHOTo AediuuTy BOAM 3MEHIIWIM BTpaTU BpO-
>Kalo 3epHa Ta 30iIbIIMIM HaKONMMWYEeHHS Oinka B 3epHi [51]. HaBiTh 3a He-
JMIOCTaTHLOTO TMOJIMBY 1Isl TMOJBiiiHAa IlepeBara Moxe OyTHM IIOB’s13aHa 3i
30UIBIICHHSIM METa0OIYHOI aKTMBHOCTI B POCJIMHAX Ta BUIIOK edeK-
TUBHICTIO BUKOPUCTAHHS a30Ty 3a IIOMipHOTO 3a0€3MEYCHHS LIMM €JIEMEH-
ToM. KpiM TOro, 3a yMOB IOCYXM MOMipHMIA PiBeHb a30Ty CTUMYJIIOE PO3-
BUTOK KOPEHiB i MiBUILYE e(PEKTUBHICTh BUKOPUCTAHHS BOAM, CIIPUSIIOUN
HaJJMBaHHIO 3¢pHa Ta HaKONMMYeHHIO Oinka [51, 98].

BuKoOpHCTaHHS a30THUX JOOPUB BILIMBAE TAKOX Ha PiBEHb MiKpOEye-
MEHTIB y 3epHi mmenuti [116, 117] i 3MeHIIIye MOJISIpDHE CITiBBiIHOIICHHS
(biTMHOBOI KUCIOTU OO0 MIKPOEJIEMEHTIB, TUM CaMUM 30UIbLIYIOUM IXHIO
OiomoctymHicTh. lle moB’sg3aHe 3 IMABMIINEHHSIM aKTUBHOCTI Ta KiJIBKOCTI
TPaAHCTIOPTHUX OINKiB, SIKi CTUMYJIIOIOTHCSI A30THUM XKUBJIeHHsIM [118].

®diziosoriyne 3HaYeHHS NMO3aKOPEHEBOTO BHECEHHS a30Ty. Pe3ynbraTuB-
HOIO CTPATETIi€I0 MOKPAIIEHHS BMICTY Ta SKOCTi OiJIKa B 3€pHi MIICHUILII €
no3akopeHeBe BHeceHHs a30Ty (ITIBA). BoHo € edexTMBHUM mjisl 1LIBUA-
KOTO BUPILICHHS MPOOJeMU HEIOCTaTHBOTO KWBICHHS KyJIbTYpHd Ha Mi3-
HiX CTamisIX poCTy, KOJU JOCTYITHICTh MTOXWBHUX PEYOBUH Y TPYHTI MOXE
3HU3UTUCS Yepe3 CTapiHHS KOPEHIB i mocynuBy noromy. [1BA modiminye
CHHTE3 KJIIOUYOBMX (PEpMEHTIB MeTaboJi3My a30Ty — HIiTpaTpeayKTasu,
DIyTaMiHCUMHTETa3W 1 TIJyTaMarmipyBaTaMiHOTpaHcdepa3u, IO CIPUSIE
KpalIoMy CUHTE3Y B 3€pHi MPOJIAMiHiB i NIIOTEHiHIB, TUM CaMMM 30i/1blLIIy-
1ouM 3arasibHUi BMicT Oinka [109]. Rekowski et al. [119] moBigomuu, 1110
M03aKOpeHeBe BHECEHHS a30Ty y (pa3y KOJOCIHHS 3HAYHO ITiABUILWIO K
YPOXaWHICTh MIIEHUII, TaK i KOHIEHTpalilo Oika. Takox € maHi, 110
a30T, SIKUI BHOCUTBCS MiX (pazamMuy KYIIiHHS Ta BUXOAY B TPYOKY, CIIpHUSIE
PO3BUTKY KyIlla Ta KoJioca, SIKi € BUpillaJbHUMM (pakTopamMu (popmMyBaH-
HS1 BpoxaitHocTi 3epHa [120]. IHi DociiIKeHHSI MOKa3anau, 1O OMNTH-
MaJbHUIA 4Yac JJI9 ITI03aKOPEHEBOTO BHECEHHS a30Ty KOJMBAETHCS Bil
LBITIHHS 1O CepeAWHM HaJMBaHHS 3epHa [121]. BHeceHHs a3ory mig yac
LBITIHHS NPUBEIO A0 HAWOUIBLIOrO IMiABUIIEHHS K BPOXAWHOCTI, TaK i
BMicTy Oijika, TOAi K BHECEHHs y a3y BUMXOAy B TpyOKy abo TIicisl LIBi-
TiHHS IEPEBAKHO 30UTBIINAIIO BMICT OiJIKa 3 MiHiMaJIbHUM BILIMBOM Ha BpPO-
aiHicTb [122]. Y a3y uBiTiHHS TIEHULS Ma€ BUCOKY MOTpedy B a3oTi, a
oro pemoOiiizalliss B KiHIII CE30HY CTa€ €(EeKTHBHIIIOIO, IO ITOJIIIIYE
PO3BUTOK 3epHa Ta HaKoNMW4YeHHs Oinka [123].

ITo3zakopeHeBE MiIKWBJICHHS a30TOM Yy TIepiof ITCIAS LBiTiHHS
CTIpUs€e TiABAUIIEHHIO WOTO BMICTy B 3€pHi W IMOTOBXEHHIO aKTUBHOTO
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(yHK11ioHYBaHHST (DOTOCUHTETUYHOTO arapaTy BHACJiIOK 3MEHIIIEHHS] KOH-
KYypeHIIii 3a a30TOBMICHi CITOJIYKM MiX HUM i 3epHiBKamu [124]. Takox
e MpUAOM KOPUCHUI Ui 3MEHILEHHS BTpAT a30Ty U €KOJOTiYHOTO
PM3UKY, BUKJIMKAHOTO 3A€0iNbIIoro neHirpudikalieo Ta BUMHUBAHHIM
azoty [125]. Pesynbratu mocmimkens Wu et al. [122] cBiguaTh, 1110 Mi3HBO-
CE30HHE MO03aKOPEHEBe BHECEHHS a30Ty IMOM SKIIWIO TPaaulliiiHy Hera-
TUBHY KOPEJISLII0 MixXK BPOXKAaWHICTIO IMIIEHUIII W BMICTOM OilKa, 3HaYHO
30UTBIIMBINM MOPIBHSIHO 3 KOHTPOJBHUMHU BapiaHTaMHU SIK MEPIIWIA, TaK i
IpYyTA¥ MOKAa3HWKH, 10 MO 3MOTY IMOKPAIIWATH SKiCTh 3epHa 0€3 3HU-
>K€HHS TTOTEHIiaTy BPOXKAMHOCTI.

ITocTayaHHS a30Ty B KiHILi CEe30HY 3Milllye HOro TpaHCIOKALil0 Ha
CTamilo HaJuMBaHHS 3epHa [126] Ta MOCHMIIIOE TIOTJIMHAHHS a30Ty 3€PHOM,
TUM CaMUM TATPUMYIOUM CUHTE3 i HaKomu4eHHs Oinka [127]. 36inbiieH-
HS HOPMH ITO3aKOPEHEBOT0 YIOOPEHHS MiABMIIYE YMCTY MPOAYKTUBHICTh
(dorocuHTEe3y 1 mapameTpu (payopecueHIlii XTopodiay MpanopleBoro Jnu-
CTKa ITiCJI8 UBITiHHS, 110 CIOPUSIE HAKOMMMYECHHIO CYXOl PEYOBMHMU i 3pelil-
TOIO 30i/IbIITYE BpOXKaMHICTL 3epHa [128].

Bnaue noszaxopeneeozo enecenns piznux popm azomnux 0oopue na ghop-
myeanns saxocmi 3epna. Lyu et al. [111] mpoBeneHO MOPIiBHSUIBHE JOCITi-
IDKEHHs TI03aKOPEHEBOTO BHECEHHs pisHUX Gopm asoty (NO,~, kapbamin
(ceyoBuna), NH,") min yac uBiTiHHS, 1106 OLIHUTK iXHiil BIJIMB Ha Ha-
KONMMWYEeHHS Oijka B 3€pHi MINeHMII, (DOPMyBaHHS SKOCTI i MeXaHi3MHu,
SIKi jexaTh y oro ocHoBi. Ilo3akopeHeBe BHECEHHS TPHOX (opM a30Ty
MOKa3aJIo0 Pi3HUI BIUIMB Ha 30UIBIIEHHS BMICTY OiJKiB KJICHKOBUHU 3€p-
Ha Ta MOKpallleHHs sKiCHUX o3HaK. 3a BHeceHHs NH,* cmocrepiranocs
OinblUe MOrJIMHAHHS a30Ty U1l HAJIMBAHHS 3epHA ITiCasl LUBITiHHS 3 Bid-
HOCHO CWIbHMM IABUILIEHHSIM aKTMBHOCTI (DEPMEHTIB i eKCIpecii TeHiB,
MOB’SI3aHNX 3 METa0O0Ji3MOM a30Ty B IIpalopLeBOMY JUCTKY Ha 8—20-Ty
00y Micis UBITIHHS, TOAI K MOro CIpUSHHS METa0o0Ii3My a30Ty B 3€pHi
crajio cnabimm micis 20-1 106u, Hix 3a 06pobku NO,~ Ta CeYOBHMHOIO.
Haromicts, nosakopenese BHeceHHs NO;™ Ta CEYOBMHU i Yac UBITIHHA
MOCWJIWJIO aKTUBHICTh META00Ji3My a30Ty B 3€PHI Ta HAKOMMMYECHHS OiJIKa.
I'eHn, KOTpi KOHTPOJIIOIOTh CUHTE3 KJIEMKOBUHHUX OUIKIB i YTBOPEHHS M-
Cy/lbGiIHMX 3B’A3KiB, MaJIM MiIBULIEHY eKcnpecito mix BrumBoM NO,— Ta
ceyoBuHN Ha 20—28-my g00y Ticas IMiIKMBJIEHHS, IO CIPHUSUIO 30i1b-
LIIEHHIO BMICTY i SIKOCTi Oifika B 3epHi. 3arajioM, IT03aKOpeHeBe BHECEHHS
NO,~ Ta ceyoBuHM OyJI0 €(DEKTUBHIILIMM, HiX NH,*, nna 30inblieHHs
HaIlOBHEHHS 3epHa azoroM [13, 111].

['0710OBHMM Cy4YaCHUM HalIpSIMOM PO3BUTKY CHUCTEM JKUBJICHHS pOC-
JIMH i CTBOPEHHSI BUCOKOE(EKTUBHUX JTOOPUB € PO3pO0OKa KOMILIEKCHMX
CKJIaaHUX TpernapatuBHuX opm. Haiibinbliry yBary npuaiissioTb CTBOPEH-
HI0O KOMIUIEKCHMX HOOPWMB IJI MO3aKOPEHEBOIO IiIKWBJICHHS, IO HAE
3MOI'Y 3HAYHO MiIBUIIATH KOeilliEHTH 3aCBOEHHSI MOXUBHUX PEUYOBMH i
3HU3UTH HAaOXOKEHHS IECTULIMAIB Y HaBKOJMIITHE cepenoBuie [78]. Pe-
3yabTaTH, omyosmikoBaHi Dong et al. [129], cBimuaTh, IO POCAMHM IIIIIE-
HULI Ta KyKypyI3u Kpallle poC/iIu MpHu 3aCTOCYBaHHI 3MilllaHUX ¢opM a30-
Ty, HiX 32 3aCTOCYBaHHS OfHi€i hopMu.

Iincymku. Otxe, nutaHHsS ¢GHOPMYBaHHS MPOAYKTMBHOCTI Ta SIKOCTI
3epHa IIIEHULI MAa€ ABi CKJIaAOBi: MO-Ileplue, FeHOTUIHI OCOOJIMBOCTI
(bOoTOCMHTETMYHOI aKTMBHOCTI I TOB’SI3aHMX i3 HEIO IIPOIIECIB PeyTHIIi3a-
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il I HAKONMMYEHHS a30Ty B Pi3HUX COPTiB, MO-ApPYyre — BIUIMB Ha IIi Mpo-
IIEC OCHOBHOTO Ta MO3aKOPEHEBOIO BHECEHHS a30TOBMICHUX n100puB. Hartn
OIJISA TI0Ka3aB, IO IIi CKJIAJOBI MAalOTh aAWTMBHUI BIUIMB HAa MOKA3HUKU
BPOKaWHOCTI ¥ BMICTy Oijika B 3€pHi IeHuIl. HaTerep yBara OCIigHUKIB
30CepekKeHa Ha BUPILICHHI MPOOJeMHA HETATUBHOI KOPEJIALii MK MPOIyK-
THBHICTIO 1 SIKiCTIO 3epHa MOIIYKOM TEXHOJIOTIYHMX CIIOCOOIB ITOM’ SIKIIEHHSI
IILOTO MPOTUPIYYS. Y KiHIIEBOMY MiJICYMKY L€ AACTh 3MOTY 30UIBIINTHY KiJlb-
KiCTh Ta MiJABUILMTHU SKIiCTh CiILCBKOTOCITOAAPCHKOI MPOAYKIIii 3 METOIO 3a-
Oe3reyeHHs XapyoBUX NMOTped HaceaeHHS YKpaiHu i CBITY.

BHecok aBTOpiB: KoHuenyis ma dusaiin docaioxcenns — 1.M. Wlerena, JI.A. Kipisiit; nowyk,
6i06ip ma ananiz aimepamyprux danux — 1.M. lllerena; nideomoska pykonucy — HAnUCAHHA
nepeunnoeo mekcmy cmammi — 1.M. lllerena; nideomoexa pyxonucy — nepeeasid i pedaey-
eanns — JI.A. Kipi3siii.

Bci aBropu meperjisiHy M i CXBaJIMJIM OCTAaTOUHY BEpCil0 PYKOITUCY.

Konduaikr inTepeciB: aBTOpU NeKIapyIOTh BiICYTHICTh KOHMJIIKTY iHTEepeCiB.

REFERENCES

1. Zhong, Y., Wang, W., Huang, X., Liu, M., Hebelstrup, K.H., Yang, D., Cai, J., Wang,
X., Zhou, Q., Cao, W., Dai, T. & Jiang, D. (2019). Nitrogen topdressing timing modi-
fies the gluten quality and grain hardness related protein levels as revealed by iTRAQ.
Food Chem., 277, pp. 135-144. https://doi.org/10.1016/j.foodchem.2018.10.071

2. FAOSTAT (2022). Food and Agricultural Organization of the United Nations. FAOSTAT
Food Balance Sheets. Retrieved from: https://www.fao.org/faostat/en/#data/FBS

3. Sandetska, N.V. & Dubrovna, O.V. (2025). Current state of research on wheat grain
quality. Fiziol. rosl. genet., 57, No. 3, pp. 187-222 [in Ukrainian]. https://doi.org/
10.15407/rg2025.03.187

4. Wang, S., Zhang, X., Liu, K., Fei, P., Chen, J., Li, X., Ning, P., Chen, Y., Shi, J. &
Tian, X. (2019). Improving zinc concentration and bioavailability of wheat grain through
combined foliar application of zinc and pesticides. Agron. J., 111, pp. 1478-1487.
https://doi.org/10.2134/agronj2018.09.0597

5. Stankevych, G., Kats, A. & Vasyliev, S. (2018). Investigation of hygroscopic properties
of the spelt grain. Technol. Audit Prod. Reserves, 43, No. 5/3, pp. 37-41.
https://doi.org/10.15587/2312-8372.2018.146600

6. Liubych, V. & Zheliezna, V. (2020). Effect of water heat treatment on spelt grain flour
quality. Grain Products and Mixed Fodder’s, 20, No. 2, pp. 19-25. https://doi.org/
10.15673/gpmf.v20i2.1761

7. Hacini, N., Djelloul, R., Hadef, A., Samson, M.F. & Desclaux, D. (2022). Comparative
characterization of grain protein content and composition by chromatography-based sepa-
ration methods (SE-HPLC and RP-HPLC) of ten wheat varieties grown in different agro-
ecological zones of Algeria. Separations, 9, No. 12, 443. https://doi.org/10.3390/separa-
tions9120443

8. Pronin, D., Borner, A., Weber, H. & Scherf, K.A. (2020). Wheat (Triticum aestivum L.)
breeding from 1891 to 2010 contributed to increasing yield and glutenin contents but
decreasing protein and gliadin contents. J. Agric. Food Chem., 68, No. 26, pp. 13247-
13256. https://doi.org/10.1021/acs.jafc.0c02815

9. Bazzo, J.H.B., Garcia, E.B., Cardoso, C.P. & Zucareli C. (2020). Physiological quality
of wheat seeds in response to different nitrogen levels applied by soil and leaves. Rev.
Terra Cult. Cad. Ensino e Pesqui, 36, pp. 145-156. http://publicacoes.unifil.br/
index.php/Revistateste/article/view/1115/1258

10. Giordano, N., Sadras, V.O. & Lollato, R.P. (2023). Late-season nitrogen application increas-
es grain protein concentration and is neutral for yield in wheat. A global meta-analysis. Field
Crops Res, 290, No. 2-3, 108740. https://doi.org/10.1016/j.fcr.2022.108740

11. Morgun, V.V. & Kots, S.Ya. (2018). The role of biological nitrogen in nitrogen nutrition
of plants. Visn. Nats. Akad. Nauk Ukr., No. 1, pp. 62-74 [in Ukrainian]. https://doi.org/
10.15407/visn2018.01.062

ISSN 2308-7099 (print), 2786-6874 (online). Dizioroeis pocaun i zenemura. 2026. T. 58. Ne 3 197



[.M. LIETEJA, J.A. KiPi3i1

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

198

Zorb, C., Ludewig, U. & Hawkesford, M.J. (2018). Perspective on wheat yield and qual-
ity with reduced nitrogen supply. Trends Plant Sci., 23, No. 11, pp. 1029-1037.
https://doi.org/10.1016/j.tplants.2018.08.012

Hussain, A., Azeem, N., Riaz, T., Khan, T.Y., Pehlwan, B., Amjad, T., Muzammal, M.,
Sani, I.A., Umm-E-Habiba & Sarfraz, B. (2025). Impact of various nitrogenous fertiliz-
ers on wheat crop yield and growth. Indus J. Biosci. Res., 3, No. 3, pp. 364-369.
https://doi.org/10.70749/ijbr.v3i3.886

Li, J., Wang, Y., Zhang, M., Liu, Y., Xu, X. & Lin, G. (2019). Optimized micro-sprin-
kling irrigation scheduling improves grain yield by increasing the uptake and utilization
of water and nitrogen during grain filling in winter wheat. Agric. Water Manage., 211,
pp. 59-69. https://doi.org/10.1016/j.agwat.2018.09.047

Zhang, G.X., Liu, S.J., Dong, Y.J., Liao, Y.C. & Han, J. (2022). A nitrogen fertilizer
strategy for simultaneously increasing wheat grain yield and protein content: Mixed
application of controlled-release urea and normal urea. Field Crops Res., 277, 108405.
https://doi.org/10.1016/j.fcr.2021.108405

Rosculete, E., Paunescu, R.A., Rosculete, C.A., Paunescu, G., Bonciu, E., Olaru, A.L.
& Murtaza, D.F. (2025). Nitrogen management of variety screening of winter wheat cul-
tivated on chernozem soil for yield optimization. Plants, 14, No. 23, 3580.
https://doi.org/10.3390/plants14233580

Pan, J., Zhao, J., Liu, Y., Huang, N., Tian, K. & Shah, F. (2019). Optimized nitrogen man-
agement enhances lodging resistance of rice and its morpho-anatomical, mechanical, and
molecular mechanisms. Sci. Rep., 9, pp. 1-13. https://doi.org/10.1038/s41598-019-56620-7
Chen, X., Wang, M., Kroeze, C., Chen, X., Ma, L., Chen, X., Shi, X. & Strokal, M.
(2022). Nitrogen in the Yangtze River Basin: Pollution reduction through coupling crop
and livestock production. Environ. Sci. Technol., 56, No. 24, pp. 17591-17603.
https://doi.org/10.1021/acs.est.1c08808

Gong, X., Li, L., Qin, L., Huang, Y., Ye, Y., Wang, M., Wang, Y., Xu, Y., Luo, F. &
Mei, H. (2022). Targeted metabolomics reveals impact of N application on accumula-
tion of amino acids, flavonoids and phytohormones in tea shoots under soil nutrition
deficiency stress. Forests, 13, No. 10, 1629. https://doi.org/10.3390/f13101629

Liu, J., Zhang, J., Zhu, G., Zhu, D. & Yan, Y. (2022). Effects of water deficit and high
N fertilization on wheat storage protein synthesis, gluten secondary structure, and bread-
making quality. Crop J., 10, No. 1, pp. 216-223. https://doi.org/10.1016/j.¢j.2021.04.006
Muhammad, 1., Yang, L., Ahmad, S., Farooq, S., AlI-Ghamdi, A.A., Khan, A., Zeeshan,
M., Elshikh, M.S., Abbasi, AM. & Zhou, X.-B. (2022). Nitrogen fertilizer modulates
plant growth, chlorophyll pigments and enzymatic activities under different irrigation
regimes. Agronomy, 12, No. 4, 845. https://doi.org/10.3390/agronomy12040845
Drobnitch, S.T., Donovan, T.C., Wenz, J.A., Flynn, N.E., Schipanski, M.E. & Comas,
L.H. (2024). Can nitrogen availability impact plant performance under water stress? A
review of traits, mechanisms, and whole plant effects. Plant Soil, 511, No. 1, pp. 45-67.
https://doi.org/10.1007 /s11104-024-07006-w

Pasa, E.H., Weinert, C., Ferreira, J.P., Ferreira, H.T., Martinez, F.P., Pedo, T., Pasa,
M. da S. & Carlos, F.S. (2024). Ammonium nitrate fertilization increases the crude pro-
tein content and wheat grain yield in subtropical conditions. Journal of Soil Science and
Plant Nutrition, 24, No. 3, pp. 4952-4964. https://doi.org/10.1007/s42729-024-01884-w
Srivastava, R., Panda, R., Chakraborty, A. & Halder, D. (2018). Enhancing grain yield,
biomass and nitrogen use efficiency of maize by varying sowing dates and nitrogen rate
under rainfed and irrigated conditions. Field Crop. Res., 221, pp. 339-349.
https://doi.org/10.1016/j.fcr.2017.06.019

Li, G., Niu, W., Sun, J., Zhang, W., Zhang, E. & Wang, J. (2021). Soil moisture and
nitrogen content influence wheat yield through their effects on the root system and soil
bacterial diversity under drip irrigation. Land Degrad. Dev., 32, No. 10, pp. 3062-3076.
https://doi.org/10.1002/1dr.3967

Tahir, M., Arshad, M.A., Akbar, B.A., Bibi, A., Ain, Q.U., Bilal, A., Argam, S.M., Asif,
M., Ishtiag, M.H. & Rasheed, H.U. (2024). Integrated nitrogen and irrigation manage-
ment strategies for sustainable wheat production: Enhancing yield and environmental
efficiency. J. Pharmacogn. Phytochem., 13, No. 4, pp. 209-222. https://doi.org/
10.22271/phyto.2024.v13.i4¢.15012

Si, Z.Y., Zain, M., Faisal, M., Wang, G.H., Gao, Y. & Duan, A.W. (2020). Effects of
nitrogen application rate and irrigation regime on growth, yield, and water-nitrogen use

ISSN 2308-7099 (print), 2786-6874 (online). Fiziologid roslin i genetika. 2026. Vol. 58. No. 3



®1310JI0TIYHI MEXAHI3MU ®OPMYBAHHS MPOILYKTUBHOCTI TA IKOCTI

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

efficiency of drip-irrigated winter wheat in the North China Plain. Agr. Water Manage.,
231, 106002. https://doi.org/10.1016/j.agwat.2020.106002

Fradgley, N.S., Bentley, A.R. & Swarbreck, S.M. (2021). Defining the physiological
determinants of low nitrogen requirement in wheat. Biochem. Soc. Trans., 49, No. 2,
pp. 609-616. https://doi.org/10.1042/BST20200282

Yao, C., Li, J., Gao, Y., Zhang, Z., Liu, Y., Sun, Z., Wang, Z. & Zhang, Y. (2024).
Delayed application of water and fertilizer increased wheat yield but did not improve
quality parameters. Field Crops Res., 319, No. 2, 109649. https://doi.org/10.1016/
j.fcr.2024.109649

Tong, J., Xiong, Y., Lu, Y., Li, W., Lin, W., Xue, J., Sun, M., Wang, Y. & Gao, Z.
(2024). Drip fertigation enhances the responses of grain yield and quality to nitrogen
topdressing rate in irrigated winter wheat in North China. Plants, 13, No. 11, 1439.
https://doi.org/10.3390/plants13111439

Tong, J., Xiong, Y., Lu, Y., Li, W., Lin, W., Xue, J., Sun, M., Wang, Y. & Gao, Z.
(2025). Drip fertigation with moderate nitrogen topdressing rate achieves high nitrogen
and water use efficiencies for irrigated wheat. Agronomy, 15, No. 2, 259. https://doi.org/
10.3390/agronomy15020259

Cui, H., Luo, Y., Li, C., Chang, Y., Jin, M., Li, Y. & Wang, Z. (2023). Effects of nitro-
gen forms on nitrogen utilization, yield, and quality of two wheat varieties with different
gluten characteristics. Eur. J. Agron., 149, No. 6, 126919. https://doi.org/10.1016/
j.€ja.2023.126919

Chawla, R. & Balasaheb, K.S. (2023). Optimizing water use efficiency and yield of wheat
crops through integrated irrigation and nitrogen management: A comprehensive review.
Int. J. Environ. Clim. Change, 13, No. 11, pp. 4059-4067. https://doi.org/10.9734/
IJECC/2023/v13i113585

Hamani, A.K.M., Abubakar, S.A., Fu, Y., Kpalari, D.F., Wang, G., Duan, A., Gao, Y.
& Ju, X. (2025). The coupled effects of various irrigation scheduling and split nitrogen
fertilization modes on post-anthesis grain weight variation, yield, and grain quality of
drip-irrigated winter wheat (Triticum aestivum L.) in the North China Plain. J. Integr.
Agric., 24, No. 6, pp. 2123-2137. https://doi.org/10.1016/j.jia.2023.12.037

Arab, M.M., Marrano, A., Abdollahi-Arpanahi, R., Lesliec, C.A., Cheng, H., Neale,
D.B. & Vahdati, K. (2020). Combining phenotype, genotype, and environment to un-
cover genetic components underlying water use efficiency in Persian walnut. J. Exp. Bot.,
71, No. 3, pp. 1107-1127. https://doi.org/10.1093/jxb/erz467

Condon, A.G. (2020). Drying times: plant traits to improve crop water use efficiency and
yield. J. Exp. Bot., 71, No. 7, pp. 2239-2252. https://doi.org/10.1093/jxb/eraa002
Kang, J., Hao, X., Zhou, H. & Ding, S. (2021). An integrated strategy for improving
water use efficiency by understanding physiological mechanisms of crops responding to
water deficit: Present and prospect. Agric. Water Manag., 255, 107008. https://doi.org/
10.1016/j.agwat.2021.107008

Wientjes, E. & Seijger, C. (2024). Less water in agriculture? Potential and challenges in
optimizing water use efficiency. J. Exp. Bot., 75, No 13, pp. 3754-3757. https://doi.org/
10.1093/jxb/erae227

Yan, S., Wu, Y., Fan, J., Zhang, F., U, K.T.P., Zheng, J., Qiang, S., Guo, J., Zou, H.,
Xiang, Y. & Wu, L. (2020). A sustainable strategy of managing irrigation based on water
productivity and residual soil nitrate in a no-tillage maize system. J. Clean. Prod., 262,
121279. https://doi.org/10.1016/j.jclepro.2020.121279

Yan, F., Zhang, F., Fan, X., Fan, J., Wang, Y., Zou, H., Wang, H. & Li, G. (2021).
Determining irrigation amount and fertilization rate to simultaneously optimize grain
yield, grain nitrogen accumulation and economic benefit of drip-fertigated spring maize
in northwest China. Agric. Water Manag., 243, 106440. https://doi.org/10.1016/
j.agwat.2020.106440

Bardhan, K., York, L.M., Hasanuzzaman, M., Parekh, V., Jena, S. & Pandya, M.N.
(2021). Can smart nutrient applications optimize the plant’s hidden half to improve drought
resistance? Physiol. Plant., 172, No. 2, pp. 1007-1015. https://doi.org/10.1111/ppl.13332
Bilotto, F., Harrison, M.T., Migliorati, M.D.A., Christie, K.M., Rowlings, D.W., Grace,
P.R., Smith, A.P., Rawnsley, R.P., Thornburn, P.J. & Eckard, R.J. (2021). Can seasonal
soil N mineralisation trends be leveraged to enhance pasture growth? Sci. Total Environ.,
772, 145031. https://doi.org/10.1016/j.scitotenv.2021.145031

ISSN 2308-7099 (print), 2786-6874 (online). Dizioroeis pocaun i zenemura. 2026. T. 58. Ne 3 199



[.M. LIETEJA, J.A. KiPi3i1

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

200

Wang, Q., Li, S., Li, J. & Huang, D. (2024). The utilization and roles of nitrogen in
plants. Forests, 15, No. 7, 1191. https://doi.org/10.3390/f15071191

Stasik, O.0., Pryadkina, G.O., Kiriziy, D.A., Sokolovska-Sergiienko, O.G., Sytnyk S.K.,
Kapitanska, O.S. & Zborivska, O.V. (2021). Photosynthesis and production process of
high-intensity varieties of winter wheat in connection with mineral nutrition conditions.
Kyiv: Interservice.

Wei, X., Han, L., Xu, N., Sun, M. & Yang, X. (2024). Nitrate nitrogen enhances the
efficiency of photoprotection in Leymus chinensis under drought stress. Front. Plant Sci.,
15, 1348925. https://doi.org/10.3389/fpls.2024.1348925

Hamani, A.K.M., Abubakar, S.A., Si, Z., Kama, R., Gao, Y. & Duan, A. (2023).
Suitable split nitrogen application increases grain yield and photosynthetic capacity in
drip-irrigated winter wheat (Triticum aestivum L.) under different water regimes in the
North China Plain. Front. Plant Sci., 13, 1105006. https://doi.org/10.3389/
fpls.2022.1105006

Shehab, A.E.S. A.E. & Guo Y. (2021). Effects of nitrogen fertilization and drought on
hydrocyanic acid accumulation and morpho-physiological parameters of sorghums. J.
Sci. Food Agric., 101, No. 8, pp. 3355-3365. https://doi.org/10.1002/jsfa.10965

Zhang, Z., Zhang, Y., Shi, Y. & Yu, Z. (2020). Optimized split nitrogen fertilizer
increase photosynthesis, grain yield, nitrogen use efficiency and water use efficiency
under water-saving irrigation. Sci. Rep., 10, No. 1, pp. 1-14. https://doi.org/10.1038/
s41598-020-75388-9

Zhang, H., Zhao, Q., Wang, Z., Wang, L., Li, X. & Fan, Z. (2021). Effects of nitrogen
fertilizer on photosynthetic characteristics, biomass, and yield of wheat under different
shading conditions. Agronomy, 11, No. 10, 1989. https://doi.org/10.3390/agrono-
myl11101989

Zhang, X., Du, S., Xu, Y., Qiao, Y., Cao, C. & Li, W. (2022). Response of canopy pho-
tosynthesis, grain quality, and harvest index of wheat to different nitrogen applications
methods. Plants, 11, No. 18, 2328. https://doi.org/10.3390/plants11182328

Zhou, Q., Wang, Q., Zheng, Z. & Liu, W. (2023). Carbon neutrality and nitrogen reme-
diation in agricultural grain production. J. Agric. Environ. Sci., 42, No. 1, pp. 1-10.
https://doi.org/10.11654 /jaes.2022-1253

Ali, N. & Akmal, M. (2022). Wheat growth, yield, and quality under water deficit and
reduced nitrogen supply. A Review. Gesunde Pflanz, 74, No. 2, pp. 371-383.
https://doi.org/10.1007/s10343-021-00615-w

Noor, H., Yan, Z., Sun, P., Zhang, L., Ding, P., Li, L., Ren, A., Sun, M. & Gao, Z.
(2023). Effects of nitrogen on photosynthetic productivity and yield quality of wheat
(Triticum aestivum L.). Agronomy, 13, No. 6, 1448. https://doi.org/10.3390/agrono-
my13061448

Li, H.R., Wang, H.G., Fang, Q., Jia, B., Li, D.X. & He, J.N. (2023). Effects of irriga-
tion and nitrogen application on NO; — N distribution in soil, nitrogen absorption, uti-
lization and translocation by winter wheat. Agr. Water Manage., 276, 108058.
https://doi.org/10.1016/j.agwat.2022.108058

Fan, Y.H., Qin, B.Y., Yang, J.H., Ma, L.L., Cui, G.J. & He, W. (2024). Night warm-
ing increases wheat yield by improving pre-anthesis plant growth and post-anthesis grain
starch biosynthesis. J. Integr. Agr., 23, No. 2, pp. 6563-6578. https://doi.org/10.1016/
j.jia.2023.06.024

Noor, H., Ding, P.C., Ren, A.X., Sun, M. & Gao, Z.Q. (2023). Effects of nitrogen fer-
tilizer on photosynthesis characteristics and yield. Agronomy, 13, No. 6, 1550.
https://doi.org/10.3390/agronomy 13061550

Yang, H., Fang, C., Li, Y., Wu, Y., Fransson, P. & Rillig, M.C. (2022). Temporal com-
plementarity between roots and mycorrhizal fungi drives wheat nitrogen use efficiency.
New Phytol., 236, pp. 1168-1181. https://doi.org/10.1111/nph.18419

Lei, Z.Y., Wang, H., Wright, 1.J., Zhu, X.G., Niinemets, U., Li, Z.L., Sun, D.S., Dong,
N., Zhang, W.F., Zhou, Z.L., Liu, F. & Zhang, Y.L. (2021). Enhanced photosynthetic
nitrogen use efficiency and increased nitrogen allocation to photosynthetic machinery
under cotton domestication. Photosynth. Res., 150, No. 1-3, pp. 239-250.
https://doi.org/10.1007/s11120-021-00872-w

Nasar, J., Wang, G.-Y., Ahmad, S., Muhammad, I., Zeeshan, M., Gitari, H., Adnan,
M., Fahad, S., Khalid, M.H.B., Zhou, X.-B., Abdelsalam, N.R., Ahmed, G.A. &

ISSN 2308-7099 (print), 2786-6874 (online). Fiziologid roslin i genetika. 2026. Vol. 58. No. 3



®1310JI0TIYHI MEXAHI3MU ®OPMYBAHHS MPOILYKTUBHOCTI TA IKOCTI

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Hasan, M.E. (2022). Nitrogen fertilization coupled with iron foliar application improves
the photosynthetic characteristics, photosynthetic nitrogen use efficiency, and the relat-
ed enzymes of maize crops under different planting patterns. Front. Plant Sci., 13,
988055. https://doi.org/10.3389/fpls.2022.988055

Kiriziy, D.A. (2013). Nitrogen use efficiency during photosynthetic CO, assimilation in
wheat leaves. Fiziol. rast. genet., 45, No. 4, pp. 296-305 [in Russian].

Alpuerto, J.B., Brasier, K.G., Griffey, C.A., Thomason, W.E. & Fukao, T. (2021).
Accelerated senescence and nitrogen remobilization in flag leaves enhances nitrogen use
efficiency in soft red winter wheat. Plant Prod. Sci., 24, No. 4, pp. 490-504.
https://doi.org/10.1080/1343943X.2020.1869044

Sheheda, I.M., Kiriziy, D.A., Ivanytska, A.P. & Senina, L.V. (2018). Nitrogen reuti-
lization into grain in different wheat varieties depending on conditions of mineral nutri-
tion. Visn. Kharkiv. nats.ahrar.univ. Ser. Biol., 44, No. 2, pp. 69-80 [in Ukrainian].
Hajibarat, Z. &, Saidi, A. (2022). Senescence-associated proteins and nitrogen remobi-
lization in grain filling under drought stress condition. J. Genet. Eng. Biotechnol., 20,
No. 1, p. 101. https://doi.org/10.1186/s43141-022-00378-5

Sheheda, I.M., Sandetska, N.V., Ivanytska, A.P. & Kiriziy, D.A. (2025). Nitrogen con-
tent in dry matter and parameters of its remobilization during the grain filling in differ-
ent winter wheat varieties. Fiziol. rosl. genet., 57, No. 6, pp. 521-531 [in Ukrainian].
https://doi.org/10.15407 /frg2025.06.521

Kiriziy, D.A., Stasik, O.0., Pryadkina, G.A. & Shadchina, T.M. (2014). CO,
Assimilation and Mechanisms of its Regulation. Photosynthesis (V. 2). Kyiv: Logos.
Kiriziy, D.A. (2015). Photosynthesis and source-sink relations between the organs as com-
ponents of the production process of wheat. Fiziol. rast. genet., 47, No. 5, pp. 393-419.
Morgun, V.V., Shwartau, V.V., Konovalov, D.V., Mykhalska, L.V. & Skryplov, V.O.
(2022). 100 Centners Club. Modern Varieties and Systems of Winter Wheat Nutrition
and Protection. 11% edition. Sci. Edition. Kyiv: Vistka, 106 p. [in Ukrainian].

Yao, C., Li, J., Zhang, Z., Liu, Y., Wang, Z., Sun, Z. & Zhang Y. (2023). Improving
wheat yield, quality and resource utilization efficiency through nitrogen management
based on micro-sprinkler irrigation. Agric. Water Manag., 282, 108277. https://doi.org/
10.1016/j.agwat.2023.108277

Liu, Y., Han, M., Zhou, X., Li, W., Du, C., Zhang, Y., Zhang, Y., Sun, Z. & Wang Z.
(2022). Optimizing nitrogen fertilizing application under reduced irrigation strategies for
winter wheat of the north China plain. Irrig. Sci., 40, pp. 255-265. https://doi.org/
10.1007/s00271-021-00764-w

Hasanova, I.1., Yerashova, M.V. & Pedash, O.0. (2023). Influence of nitrogen feeding
on winter wheat grain yield and quality. Ahronom, 79, No. 1, pp. 58-60.

Schwartau, V.V., Mykhalska, L.M. & Miroshnichenko, I.M. (2016). Physiological role
of amino acids in the nutrition of highly productive varieties of winter wheat.
Sortovyvéenna ohor. prav sorti roslin, No. 3, pp. 52-57. https://doi.org/10.21498/2518-
1017.3(32).2016.75980

Liu, X., Yang, Y., Wu, B., Lv, C., Wei, H., Gao, P., Zhang, H., Dai, Q. & Chen, Y.
(2025). Effects on nitrogen application on crop production and nitrogen use in rice—
wheat rotation. Agronomy, 15, No. 5, 1047. https://doi.org/10.3390/agronomy 15051047
Ren, H., Jiang, Y., Zhao, M., Qi, H. & Li, C.F. (2021). Nitrogen supply regulates vas-
cular bundle structure and matter transport characteristics of spring maize under high
plant density. Front. Plant Sci., 11, 602739. https://doi.org/10.3389/fpls.2020.602739
Liu, P.Z., Guo, X.Y., Zhou, D., Zhang, Q., Ren, X.L. & Wang, R. (2023). Quantify the
effect of manure fertilizer addition and optimal nitrogen input on rainfed wheat yield and
nitrogen requirement using nitrogen nutrition index. Agr Ecosyst. Environ., 345, 108319.
https://doi.org/10.1016/j.agee.2022.108319

Ravier, C., Meynard, J.M., Cohan, J.P., Gate, P. & Jeuffroy, M.H. (2017). Early nitro-
gen deficiencies favor high yield, grain protein content and N use efficiency in wheat.
Eur. J. Agron., 89, pp. 16-24. https://doi.org/10.1016/j.eja.2017.06.002

Liu, Z.X., Gao, F., Yang, J.Q., Zhen, X.Y., Li, Y., Zhao, J.H., Li, J.R., Qian, B.C.,
Yang, D.Q. & Li, X.D. (2019). Photosynthetic characteristics and uptake and transloca-
tion of nitrogen in peanut in a wheat-peanut rotation system under different fertilizer
management regimes. Front. Plant Sci., 10, p. 86. https://doi.org/10.3389/
fpls.2019.00086

ISSN 2308-7099 (print), 2786-6874 (online). Dizioroeis pocaun i zenemura. 2026. T. 58. Ne 3 201



[.M. LIETEJA, J.A. KiPi3i1

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

202

Chen, L., Liu, X.F. & Fei, L.J. (2020). Evaluating the effects of regulated deficit irriga-
tion on soil water movement, nitrate transport, photosynthetic characteristics, grain
yield, water and N use efficiency under furrow irrigation. Int. J. Environ. Polut., 67,
No. 2-4, pp. 143-181. https://doi.org/10.1504/1JEP.2020.117791

Schwartau, V.V., Mykhalska, L.M. (2016). Physiological basis of high-yielded cereals
nutrition. Fiziol. rast. genet., 48, No. 4, pp. 298-309.

Ma, Q., Sun, Q., Zhang, X.B., Li, F.J., Ding, Y.G. & Tao, R.R. (2022). Controlled-
release nitrogen fertilizer management influences grain in winter wheat by regulating flag
leaf senescence post-anthesis and grain filling. Food Energy Secur., 11, e361.
https://doi.org/10.1002/fes3.361

Wang, L., Liu, S., Ma, G., Wang, C. & Sun, J. (2022). Soil organic carbon and nitro-
gen storage under a wheat (Tritivum aestivum L.)-maize (Zea mays L.) cropping system
in Northern China was modified by nitrogen application rates. Peer J., 10, ¢13568.
https://doi.org/10.7717 /peerj.13568

Li, C., Shi, Y., Yu, Z., Zhang, Y. & Zhang, Z. (2025). Optimizing nitrogen application
strategies can improve grain yield by increasing dry matter translocation, promoting grain
filling, and improving harvest indices. Front. Plant Sci., 16, 1565446. https://doi.org/
10.3389/1pls.2025.1565446

Tian, Z.-W., Liu, X.-X., Gu, S.-L., Yu, J.-H., Zhang, L. & Zhang, W.-W. (2018).
Postponed and reduced basal nitrogen application improves nitrogen use efficiency and
plant growth of winter wheat. J. Integr. Agric., 17, No. 12, pp. 2648-2661.
https://doi.org/10.1016/S2095-3119(18)62086-6

Zhao, F., Zou, G., Shan, Y., Ding, Z., Dai, M. & He, Z. (2019). Coconut shell derived
biochar to enhance water spinach (Ipomoea aquatica forsk.) growth and decrease nitro-
gen loss under tropical conditions. Sci. Rep., 9, pp. 1—8. https://doi.org/10.1038/
s41598-019-56663-w

Hafiza, B.S., Ishaque, W., Akhtar, M., Shani, M.Y., Azmat, M., Bauerle, W.L., Rahimi,
M. & Ashraf, M.Y. (2025). Optimizing nitrogen management for sustainable wheat pro-
duction in semi-arid subtropical environments: impact on growth, physio-biochemical,
and yield attributes. Nitrogen, 6, No. 2, p. 36. https://doi.org/10.3390/nitrogen6020036
Liang, W.X., Zhang, Z.C., Wen, X.X., Liao, Y.C. & Liu, Y. (2017). Effect of non-struc-
tural carbohydrate accumulation in the stem pre-anthesis on grain filling of wheat infe-
rior grain. Field Crop Res., 211, pp. 66-76. https://doi.org/10.1016/j.fcr.2017.06.016
Luo, Y.L., Li, W.Q., Huang, C., Yang, J.H., Jin, M. & Chen, J. (2021). Exogenous
abscisic acid coordinating leaf senescence and transport of assimilates into wheat grains
under drought stress by regulating hormones homeostasis. Crop J., 9, No. 4, pp. 901-
914. https:doi.org/10.1016/j.cj.2020.08.012

Liu, Y., Liao, Y.C. & Liu, W.Z. (2021). High nitrogen application rate and planting den-
sity reduce wheat grain yield by reducing filling rate of inferior grain in middle spikelets.
Crop J., 9, No. 2, pp. 412-426. https://doi.org/10.1016/.cj.2020.06.013

Yue, K., Li, L.L., Xie, J.H., Liu, Y.Q., Xie, J.H. & Anwar, S. (2022). Nitrogen supply
affects yield and grain filling of maize by regulating starch metabolizing enzyme activi-
ties and endogenous hormone contents. Front. Plant Sci., 12, 798119. https://doi.org/
10.3389/1pls.2021.798119

Fang, L., Struik, P.C., Girousse, C., Yin, X.Y. & Martre, P. (2024). Source-sink rela-
tionships during grain filling in wheat in response to various temperature, water deficit,
and nitrogen deficit regimes. J. Exp. Bot., 75, No. 20, pp. 6563-6578. https://doi.org/
10.1093/jxb/erae310

Du, K., Zhao, W.Q., Lv, ZW., Xu, B., Hu, W. & Zhou, Z.G. (2024). Optimal rate of
nitrogen fertilizer improves maize grain yield by delaying the senescence of ear lives and
thereby altering their nitrogen remobilization. Field Crop Res., 310, 109359.
https://doi.org/10.1016/j.fcr.2024.109359

Meng, F.G., Zhao, L.D., Li, W.L. & Zhao, C.X. (2024). Optimizing nitrogen applica-
tion for enhanced yield and quality of strong-gluten wheat: A case study of Zhongmai
578 in the north China plain. Agronomy, 14, No. 6, 1301. https://doi.org/10.3390/
agronomy14061301

Ye, J.Y., Zhong, X.F., Harrison, M.T., Kang, K., Sheng, T., Shang, C., Wang, C.H.,
Deng, J., Huang, LY. & Tian, X.H. (2023). Towards improved grain yield and soil
microbian communities of super hybrid rice through sustanaible management.
Agronomy, 13, No. 9, 2259. https://doi.org/10.3390/agronomy13092259

ISSN 2308-7099 (print), 2786-6874 (online). Fiziologid roslin i genetika. 2026. Vol. 58. No. 3



®1310JI0TIYHI MEXAHI3MU ®OPMYBAHHS MPOILYKTUBHOCTI TA IKOCTI

93. Zain, M., Si, Z., Li, S., Gao, Y., Mehmood, F. & Rahman S.-U. (2021). The coupled
effects of irrigation scheduling and nitrogen fertilization mode on growth, yield and water
use efficiency in drip-irrigated winter wheat. Sustainability, 13, No. 5, 2742.
https://doi.org/10.3390/sul13052742

94. Liu, Z., Gao, F., Liu, Y., Yang, J., Zhen, X. & Li, X. (2019). Timing and splitting of
nitrogen fertilizer supply to increase crop yield and efficiency of nitrogen utilization in a
wheat—peanut relay intercropping system in China. Crop J., 7, No. 1, pp. 101-112.
https://doi.org/10.1016/j.cj.2018.08.006

95. Zhang, Y., Wang, H., Wang, R., He, F., Jiang, G. & Xu, J. (2025). Improvement of the
photosynthetic characteristics and yield of wheat by regulating the proportion of nitro-
gen fertilizer base and topdressing. Agronomy, 15, No 4, 899. https://doi.org/10.3390/
agronomy 15040899

96. Chen, X.G. (2018). Optimized nitrogen fertilizer application mode increased culms
lignin accumulation and lodging resistance in culms of winter wheat. Field Crops Res.,
228, pp. 31-38. https://doi.org/10.1016/j.fcr.2018.08.019

97. Yao, C.S., Li, J.P., Gao, Y.M., Zhang, Z., Liu, Y., Sun, Z.C., Wang, Z.M. & Zhang,
Y.H. (2024). Delayed application of water and fertilizer increased wheat yield but did not
improve quality parameters. Field Crops Res., 319, 109649. https://doi.org/10.1016/
j.fcr.2024.109649

98. Wang, L., Palta, J.A., Chen, W., Chen, Y. & Deng X. (2018). Nitrogen fertilization
improved water-use efficiency of winter wheat through increasing water use during veg-
etative rather than grain filling. Agric. Water Manag., 197, pp. 41-53. https://doi.org/
10.1016/j.agwat.2017.11.010

99. Ju, X.T. & Zhang, C. (2021). The principles and indicators of rational N fertilization.
Acta Pedol. Sin., 58, pp. 1-13. https://doi.org/10.11766/trxb202006220322

100. Trevisan, S., Khorshidi, A.S. & Scanlon, M.G. (2022). Relationship between nitrogen
functionality and wheat flour dough rheology: Extensional and shear approaches. Food
Res. Int., 162, No. 8, 112049. https://doi.org/10.1016/j.foodres.2022.112049

101. Wu, W., Wang, Y., Wang, L., Xu, H.S., Zorb, C., Geilfus, G.M., Xue, C., Sun, Z.M.
& Ma, W.Q. (2022). Booting stage is the key timing for split nitrogen application in
improving grain yield and quality of wheat — A global meta-analysis. Field Crops Res.,
287, 108665. https://doi.org/10.1016/j.fcr.2022.108665

102. An, H.-Y., Han, J.-J., He, Q.-N., Zhu, Y.-L., Wu, P., Wang, Y.-C., Gao, Z.-Q., Du,
T.-Q. & Xue, J.-F. (2024). Influence of nitrogen application rate on wheat grain protein
content and composition in China: A meta-analysis. Agronomy, 14, No. 6, 1164.
https://doi.org/10.3390/agronomy 14061164

103. Abdelrhman, A.A., Abdel-Fattah, I.M., Mostafa, M.O., Fadl, M.E., Drosos, M. &
Scopa, A. (2025). Optimizing drip irrigation and nitrogen fertilization for sustainable
wheat production in arid soils: Water—nitrogen use efficiency. Water, 17, No. 18, 2708.
https://doi.org/10.3390/w17182708

104. Horvat, D., Simic, G., Dvojkovic, K., Ivik, M., Plavsin, I. & Novoselovic, D. (2021).
Gluten protein compositional changes in response to nitrogen application rate.
Agronomy, 11, No. 2, p. 325. https://doi.org/10.3390/agronomy11020325

105. Sun, M., Feng, H., Zhang, X., Liu, S., Han, Z., Hao, X., Ma, G., Wang, L. & Wang
C. (2022). Effects of nitrogen rates on wheat yield and quality under different soil fertil-
ity regimes. J. Triticaceae Crops, 42, pp. 826-834.

106. Wang, W.Z., Li, YJ., Zhang, M., Bi, J.X., Yang, M., Guo, Z.Q. & Cai, R.Q. (2024).
Effects of nitrogen application rate on photosynthesis characteristics, yield, protein content,
and processing quality of strong gluten wheat. J. Triticaceae Crops, 44, pp. 462-471.

107. Wang, J.J., Sun, X., Hussain, S., Yang, L.H., Gao, S.S., Zhang, P., Chen, X.L. & Ren,
X.L. (2024). Reduced nitrogen rate improves post-anthesis assimilates to grain and
ammeolirates grain-filling characteristics of winter wheat in dry land. Plant Soil, 499,
No. 1-2, pp. 91-112. https://doi.org/10.1007/s11104-023-06276-0

108. Kozlowski, O., Balik, J., Cerny, J., Kulhanek, M., Kos, M. & Prasilova, M. (2022).
Regulation of nitrogen application on grain yield and quality of strong-gluten wheat in
Huaibei region. J. Triticaceae Crops, 42, pp. 99-112.

109. Gu, X., Yang, X., Jiang, L. & Huang, S. (2023). Nitrogen foliage application at anthe-
sis improves grain yield and quality of wheat in genotype-dependent manner. Agronomy,
13, No. 12, 3077. https://doi.org/10.3390/agronomy13123077

ISSN 2308-7099 (print), 2786-6874 (online). Dizioroeis pocaun i zenemura. 2026. T. 58. Ne 3 203



[.M. LIETEJA, J.A. KiPi3i1

110. Maignan, V., Coquerel, R., Geliot, P. & Avice, J.C. (2021). VNT4, a derived formu-
lation of glutacetine biostimulant, improved yield and N-related traits of bread wheat
when mixed with urea-ammonium-nitrate solution. Agronomy, 11, No. 5, 1013.
https://doi.org/10.3390/agronomy11051013

111. Lyu, X., Liu, Y., Li, N., Ku, L., Hou, Y. & Wen, X. (2022). Foliar applications of var-
ious nitrogen (N) forms to winter wheat affect grain protein accumulation and quality
via N metabolism and remobilization. Crop J., 10, No. 4, pp. 1165-1177. https://doi.org/
10.1016/j.¢j2021.10.009

112. Ochieng’, 1.0., Gitari, H.I., Mochoge, B., Rezaei-Chiyaneh, E. & Gweyi-Onyango,
J.P. (2021). Optimizing maize yield, nitrogen efficacy and grain protein content under
different N forms and rates. J. Soil Sci. Plant Nutr., 21, pp. 1867-1880.
https://doi.org/10.1007 /s42729-021-00486-0

113. Yao, Y., Ma, W, Jin, X., Liu, G., Li, Y., Liu, B. & Cao, D. (2025). Foliar nitrogen
application enhances nitrogen assimilation and modulates nitrogen expression in spring
wheat leaves. Agronomy, 15, No. 7. 1688. https://doi.org/10.3390/agronomy15071688

114. Mi, X.T., Bai, N., Liu, Y.R., He, G. & Wang, Z.H. (2023). Exploring nitrogen man-
agement methods for depressing the decline of wheat grain protein in plastic film mulch
via ’N-labeling technique. Soil Tillage Res., 228, 105632. https://doi.org/10.1016/
j.still.2022.105632

115. Chen, Y.F., Chen, H.L., Chen, R.H., Yang, H.K., Zheng, T., Huang, X.L. & Fan,
G.Q. (2023). The impacts of nitrogen accumulation, translocation, and photosynthesis
on simultaneous improvements in the grain yield and gluten quality of dryland wheat.
Agronomy, 13, No. 5, 1283. https://doi.org/10.3390/agronomy13051283

116. Xia, H.Y., Li, X.J., Qiao, Y.T., Xue, Y.H., Yan, W., Ma, L., Zhao, Q.Y., Kong, L.A.,
Xue, Y.F. & Cui, Z.L. (2023). Dissecting the relationship between yield and mineral
nutriome of wheat grains in double cropping as affected by preceding crops and nitrogen
application. Field Crops Res., 293, 108845. https://doi.org/10.1016/j.fcr.2023.108845

117. Ben Marien, S., Gonzales-Torralba, J., Collar, C., Aranjuelo, I. & Morales, F. (2020).
Durum wheat grain yield and quality under low and high nitrogen conditions: Insights
into natural variation in low- and high-yielding genotypes. Plants, 9, No. 12, 517313.
https://doi.org/10.3390/plants9121636

118. Shiwakoti, S., Jeliazkov, V., Gollany, H., Kleber, M. & Xing, B. (2019).
Micronutrients decline under long-term tillage and nitrogen fertilization. Sci. Rep., 9,
No. 1, 12020. https://doi.org/10.1038/s41598-019-48408-6

119. Rekowski, A., Wimmer, M.A., Henkelmann, G. & Zorb, C. (2019). Is a change of protein
composition after lane application of nitrogen sufficient to improve the baking quality of win-
ter wheat? Agriculture, 9, No. 5, p. 101. https://doi.org/10.3390/agriculture9050101

120. Shang, Y., Wang, S., Lin, X., Gu, S. & Wang, D. (2023). Supplemental irrigation at joint-
ing improves spike formation of wheat tillers by regulating sugar distribution in ear and stem.
Agr. Water Manage., 279, 108160. https://doi.org/10.1016/j.agwat. 2023.108160

121. Roy, S. & Verma, O. (2018). Seed quality and storage of wheat (Triticum aestivum L.)
as influenced by basal and foliar application of nitrogen. Natl. Acad. Sci. Lett., 41,
No. 6, pp. 337-340. https://doi.org/10.1007/s40009-018-0688-0

122. Wu, W., Wang, Y., Xu, H., Liu, M. & Xue, C. (2025). Enhancing wheat yield and
quality through late-season foliar nitrogen application: A global meta-analysis.
Agronomy, 15, No. 5, 1058. https://doi.org/10.3390/agronomy15051058

123. Roychowdhury, R., Zilberman, O., Chandrasekhar, K., Kurzon, A.Y., Nashef, K.,
Abbo, S., Slafer, G.A., Bonfil, D.J. & Ben-David, R. (2023). Pre-anthesis spike growth
dynamics and its association to yield components among elite bread wheat cultivars
(Triticum aestivum L. spp.) under Mediterranean climate. Field Crops Res., 298, 108948.
https://doi.org/10.1016/j.fcr.2023.108948

124. Morgun, V.V., Schwartau, V.V. & Kiriziy, D.A. (2009). Physiological bases of forma-
tion of high productivity of grain cereals. In Fiziologiia roslyn: Problemy i perspektyvy
rozvytku (Vol. 1) (pp. 11-42). Kyiv: Lohos [in Ukrainian].

125. Rossman, A., Buchner, P., Savill, G.P., Hawkesford, M.J., Scherf, K.A. & Miihling,
K.H. (2019). Foliar N application at anthesis alters grain protein composition and
enhances baking quality in winter wheat only under a low N fertilizer regimen. Eur. J.
Agron., 109, p. 4. https://doi.org/10.1016/j.€ja.2019.04.004

204 ISSN 2308-7099 (print), 2786-6874 (online). Fiziologid roslin i genetika. 2026. Vol. 58. No. 3



®1310JI0TIYHI MEXAHI3MU ®OPMYBAHHS MPOILYKTUBHOCTI TA IKOCTI

126. Tedone, L., Alhajj, Ali, S., Verdini, L. & De Mastro, G. (2018). Nitrogen management
strategy for optimizing agronomic and environmental performance of rainfed durum
wheat under Mediterranean climate. J. Clean. Prod., 172, p. 2058-2074. https://doi.org/
10.1016/j.clepro.2017.11.215

127. Pan, Y., Han, X., Xu, H., Wu, W., Liu, X., Li, Y. & Xue, C. (2023). Elevated atmos-
pheric CO, delays the key timing for split N applications to improve wheat (Triticum
aestivum L.) protein composition. Front. Plant Sci., 14, 1186890. https://doi.org/
10.3389/1pls.2023.1186890

128. Hou, P., Hu, C., Yu, J., Gao, Q., Zhou, M., Gao, L., Jiang, D., Dai, T. & Tian, Z.
(2024). Increasing topdressing ratio of nitrogen fertilizer improves grain yield and grain
use efficiency of winter wheat under winter and spring night-warming. J. Soil Sci. Plant
Nutr., 24, No. 2, pp. 3459-3473. https://doi.org/10.1007/s42729-024-01767-0

129. Dong, L., Li, Y., Li, P., Liu, Y., Ma, F., Hao, X. & Guo, L. (2023). Growth response of
wheat and maize to different nitrogen supply forms under the enrichment of amospheric CO,
concentrations. Agronomy, 13, No. 2, 485. https://doi.org/10.3390/agronomy13020485

OTtpumano 05.05.2026. CxsaneHo no npyky 12.05.2026. Omy6nikoBaHo 16.06.2026

PHYSIOLOGICAL MECHANISMS OF WHEAT GRAIN PRODUCTIVITY AND
QUALITY FORMATION UNDER VARIOUS CONDITIONS OF NITROGEN
NUTRITION
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The review, based on literature data and the authors’ own research, analyzes the issue of
relationship between photosynthetic activity and nitrogen distribution in plant organs in con-
nection to the problems of grain yield and quality formation. Special attention is paid to win-
ter wheat, one of the most widespread and important agricultural crops in the world. The
role of nitrogen as a key element that is part of many organic compounds necessary for plant
life is considered. The influence of nitrogen on the development of root system and leaf sur-
face, and its role in optimizing water use efficiency are shown. The relationship between
nitrogen content and photosynthesis, the role of leaves in the formation of grain yield, and
the Rubisco enzyme as a nitrogen depot, as well as the process of redistribution of this ele-
ment to the grain, are highlighted. It is demonstrated that as the nitrogen level increases, its
distribution into the carbon assimilation system first increases and then decreases, while the
distribution into the deposition system gradually increases. Foliar fertilization contributes to
the formation of grain quality, an increase in its protein content and yield. This measure
increases the photosynthetic nitrogen use efficiency (PNUE) and has a positive effect on the
water regime of plants. It is emphasized that the issue of the formation of wheat grain pro-
ductivity and quality has two components: genotypic features of photosynthetic activity and
the associated processes of nitrogen remobilization and accumulation in grain, as well as the
influence of the main and foliar application of nitrogen-containing fertilizers on these
processes. Researchers are focused on finding ways to combine these components to miti-
gate the contradiction between grain productivity and protein content.

Key words: wheat, nitrogen, photosynthesis, remobilization, productivity, quality.
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