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TpaHckpunus reHOB AecaTypa3 KUPHBIX KHCJIOT XJIOPOILJIACTOB
MPHU HU3KOTEMIIEPATYPHOM 3aKaJUBaHUU Solanum tuberosum L.

Pabora Bbinonnena npu nopaepxke PODU (npoekr 16-34-00604 mon_a).

Hccenedosanvl usmenenus omHOCUMENbHO20 COOEPHCAHUA MPAHCKPUNINOE 2eHO8
A9-(SAD), AI12-(FAD6) u w3-(FAD7) Odecamypas Xnoponiacmuoll JOKAIU3ayuu 6
npoyecce Huskomemnepamyprozo 3axkamusanus (3°C, 7 cym) pacmenuii Solanum
tuberosum L., copm FO6uneii JKyxosa. Cpedu usyyeHHbiX 2eH08 8 Hauane nepuood
3aKAAUBAHUA  ODHApYXHCEHO noumu  3-KpamHoe KpamKoSpeMEeHHOe YBenuyeHue
OMHOCUMENLHO20 CcoOepacanus mpaunckpunmog 2ena FADG6, kooupyrowezo Al2-ayun-
JURUOHYIO  Oecamypasy —XAoponaacmos. B npoyecce 3akamueanus — cooepixrcanue
mpanckpunmos cena FAD7, kooupyrowezo w3(Al5)-ayun-tunuduyto Oecamypasy,
1000eparcuUsanocy Ha yposHe eecemupyrowux pacmenuti, a 2ena SAD, kooupyowezo 00Hy
usz cmeapoun-AIlB decamypas, — cHuscanoce. CYMMAapHas 00N NOTUHEHACHLIUEHHBIX
DHCUPHBIX KUCTOM TUNUOOS XTIOPONIACINOB 6 HE3AKAIEHHBIX PACIEHUAX 00CMU2ana noumu
90% om obwezo codeporcanus ecex dcupnvix xuciom (JKK) u 3a epema 3axanueanus
NO00EPHCUBANACL HA  8LICOKOM KOHCmumymusHom yposHe. OOHapysceHO ysenuuenue
COOepHCaHUa NATbMUMUHOBOU (CW}) KUCTIOMbL, YMO MOJMCem CeUOemeibCmeosams O
nosvlwenuu unmencusnocmu cunmesa JKK de novo. Kpome mozo, noxkasano nogviuenue
cooepoicanust C . KUCIOMbI, YN0 MAKHCE AENACMCA 6AHCHBIM OIS 3AKATUEAHUS, NOCKObKY
noooeporcanie mexyuecmu memopan onpeoensiemcs 8 mom yucie u cooepocarnuem KK
€ MEHbWUM HUCTIOM Y2NepOoOHbIX amomos. COelaHo npeononoxiceHue, Ymo nogblueHue
OMHOCUMENLHO20 COOEPHCAHUSL MPaHckpunmos z2ena FADG 6 nauane 3axkanuéanus u
noooepycanue mpanckpunyuu FAD7 cnocob6cmeosano coxpanenuio Xa0pOonidcmHblx
MeMOpaH 6 HAMUBHOM COCIMOAHUU U NOBLIUEHUIO YCMOUMUBOCU pACmeHUti Kapmogeis
K eunomepmuu 8 npoyecce 3aKanusaHus.

KuroueBblie ciioBa: Solanum tuberosum; X01010yCTORYNBOCTE; IPOMOPAKUBAHUE;
OTHOCHUTENBFHOE COIEpXaHUE TPaHCKpUNToB; SAD; FADG6; FAD7; o-TWHOIEHOBas
KHCJIOTa; HOJIMHEHACHIEHHbIE )kupHble KucaoTs! (ITHXKK).

BBenenune

[Ipobnema BBDKMBaHUSI PACTEHHI B YCIOBHUSX ACHCTBUS HU3KUX TeMIIEpa-
TYp CTaHOBUTCS Bce 0Oojee aKkTyallbHOH B CBETE IIOOAJIBHBIX W3MEHEHHH KITH-
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Mara ¥ BO3pacTalomieil moTpeOHOCTH HACENeHHs B TIPOIOBONLCTBHA. B cBs3m ¢
9TUM HCCIIEJOBAaHUS BO3JEHCTBUS THIOTEPMUHN HA PACTEHUS UMEIOT HE TONBKO
(hyHIaMeHTalbHBIN, HO W TpuKiIagHoi xapakrep [1, 2]. Kaprodens — BaxHas
MIPOJIOBOJILCTBEHHAS KYJIBTYpa, 3aHUMAIOIAsi YETBEPTOE MECTO B MUPE 10 00b-
€MaM IIPOM3BOJICTBA MOCIIE MIICHUITBI, prca U KyKypy3sl. Pa3Burue ero xiryoHei
3aBUCHT OT TEMIEpaTYpHBIX YCJIOBUH BhIpaluBaHus. PeanbHas ypoxkailHOCTb
KapTo(ess CymEeCcTBeHHO HIDKE €r0 IMOTCHIMATRHONW NPOAYKTHBHOCTH, IPHYEM
OJIHUM U3 IVIABHBIX OIPaHUYMBAIOIIUX Ypoxkail (akTOpPOB SBISETCS HENOCTa-
TOYHAs YCTOHYMBOCTH MHOTHX COBPEMEHHBIX COPTOB K BECEHHUM 3aMOPO3KaM
[3]. B cBsI3u ¢ 3TUM MOMCKU MyTeH MOBBIMICHUS YPOXKAHHOCTH KapTo(eliss TECHO
CBSI3aHBI C (PYHIAMCHTAIFHBIMH HCCICIOBAHUSME IIPOIECCOB (HOPMHUPOBAHUS
YCTOWYHMBOCTU PAaCTEHUH K TUIIOTEPMUH.

B nuteparype mmpoxoe pacupocTpaHeHHE ITOTyIHiIa TEOPHs, COITaCHO KOTO-
poit IpU MOHIKEHHBIX TeMIepaTypax MPOUCXOAUT (a30BbIH Mepexox MeMOpaH-
HBIX JIAIUIOB, TIPUBOISIIINN K CHIDKCHHIO TEKYYEeCTH MEMOpaH, MHAKTHBAIIH
MeMOpaHHBIX (PEpPMEHTOB, MOTEpEe OAPHEPHBIX CBONCTB MEMOpaHaMU U Kak pe-
3yIbTaT, K THOEH KIeToK [4]. KineTku pacteHuil crmocoOHbBI TOAIepKIBAThH TEKY-
4ecTh MeMOpaH 3a c4eT paboThl (PEPMEHTOB U3 TPyl JETHAPOTeHa3 — AecaTy-
pa3 xupubIx kuciotr (JKK), karanumsupyromux npespainenue oguaapHoi (C—C)
CBSI3M MEXAy aToMaMu yriaepoaa B amibHbIX nemsx JKK B pBoiinyro (C=C).
B xone aroii peakiuu nHaceimeHasle JKK mpeBpammaioTcs B HeHACHIIIICHHBIE, UTO
MPUBOIUT K M3MEHEHHIO CBOMCTB MEMOpaHHBIX TUIUIO0B. JlecaTrypassl paboTarot
CTPOTO TOCIEAOBATEIFHO, IPOAYKT KaKIOH peakIiH CIYyKUT CyOCTpaToM IUis
nocuenyromeit [5, 6]. s BBICIINX pacTeHUI Oouibllas 4acTh MH(GOpMALUHU O
¢ysKIIIX U crieruduuanocTy necarypas KK momydena npu u3ydeHHH MyTaHTOB
Arabidopsis thaliana, oTaenbHBIX MO cHENU(UYHON JecaTypa3HOW aKTHBHOCTH
[7]. UsBecTHO, uTO necatypasbl apabumoncuca (FAD — fatty acid desaturase) mon-
pa3zeNAoTCcsT Ha HecKoibKo mojceMeiicTtB. Creapoun-Allb necarypasa (FAB2
i SSI2) sBNseTCsl paCTBOPHMOM JTecaTypa3oil M KaTadu3upyeT JecaTyparuro
cTeapuHoBOii kucioThl (C,, ) 10 MoHOEeHOBOH oennosoit (C,, *’) KK B cazan-
HOW ¢ arumepenocsimuM oenkom (ATTB) ¢popme. Kpome Toro, y apabunoricuca
umeetcst A9-anun-nmununHas necarypasa (ADS), koTopast ydacTByeT B Jecarypa-
uun C,, ;B OIIP. MukpocomanbHas aecarypasa FAD2 u xnopormsactHas jaeca-
Typaza FAD6 npencrasisitor co6oit Al2-anun-nunugHele AecaTypassl, KOTOpbIE
YYacTBYIOT B 00pa3oBaHUU JMEHOBOM juHONEeBOM Kucnotel (C,.*"'?) B 3H10-
IJ1a3MaTHYECKOM PETHKYIyME U IUIACTHIAaX COOTBETCTBEHHO. MUKpocoMallbHas
®3(Al15)-necarypaza FAD3 u ttactumapie ©3(Al15)-necarypasst FAD7, FADS
Y4acTBYIOT B 00pasoBanuu uHoIeHoBoH (C, A*'>1%) KK. XmopomnnacTHsle TpaHe
A3-necarypasza (FAD4 nwim FADA) u A7-necarypasza (FADS) cnenududecku o6-
pasyior C ., B ®I' u MIIT" coorsercTBeHHO. Kpome Toro, umerores crnienupuy-
Hble A8- 1 Ad-necarypasbl chuaronmumuaos (SLD u DES) [8]. ITpu 3ToM 0cHOB-
Hasi polib B IOAJIEP’KaHUU TEKy4eCTH MeMOpaH XJIOPOIUIACTOB OTBOAUTCS Al2- u
®3-aIWI-THMUIHEIM JlecaTypa3aM, y4JacTBYIOIIMM B OOpa30oBaHHWM ITOJMHEHA-
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cemieHHbIX KK (ITHXK) ¢ nByMs u TpeMs ABOWHBIMHU CBSI3SIMH COOTBETCTBCH-
HO [9,10]. Tak, myTaHnt A. thaliana 1o reHy FADG6 ¢ HEaKTHBHOH XJIOPOILTACTHOM
Al2-pecarypa3oii HaKaIrIMBajl BHICOKME KOHIIEHTPAIMHU najibMuToNnenHoBol (C ) u
onennoBoi (C,; ) Kucior. [Ipu 5T0M yMEHBLIATOCH CONEPIKAHUE IMEHOBBIX U TPUE-
HOBBIX JKK B rajakronummmax XJIoporniacToB M HAOMIONAIOCH CHIDKCHUE YCTOWIH-
BOCTH K HU3KOH Temneparype [7, 11].

Cpemu Bcex MeMOpaH pacTUTEIBHOW KIETKH XJIOPOIUIACTHBIE MEMOpaHBI
UTparoT 0co0yr poiib B ()OPMUPOBAHUHM YCTONUMBOCTH PACTEHUI K HHU3KUM
TeMITepaTypaM, MOCKOIBKY MMEHHO B XJIOPOIUIACTAaX MPOUCXOAUT (OTOCHHTES,
MPOAYKTHI KOTOPOTO CIIy’KaT OCHOBHBIM MCTOYHHKOM SHEPIUH, HEOOXOMUMON s
MIEPECTPONKH KIICTOYHOW CTPYKTYPhl M METa0ONM3Ma, MMPOUCXOMAIICH B TEPHOI
HHU3KOTEMIIEpaTypHOro 3akanuBaHus [12]. B THIakoMgHBIX MeMOpaHax pacTeHHH
kaproderns JJokanu3oBaHbl Al2-necarypaza FAD6, a Taxoke eqrHCTBEHHAs m3-7eca-
Typasa FAD7, X0Ts, COIIaCHO JJAHHBIM JINTEPATYpPbI, B XJIOPOIIACTaX MHOTUX JPY-
THX PaCTeHUH MPUCYTCTBYIOT ABE M3-allMI-TUMAAHEIX qecarypasbl — FAD7 u FADS,
IpUYEM DKCIIpeccusl MocienHell HHAyIMpyeTcss HU3KoH Temmeparypoit [7, 8, 13].
Kpome Toro, y xaprodens umerorcs: pactBopumbie creapomn-Allb necarypassr
(SAD) B xJnoporuiacrax, y4yacTByIolIne B 00pa30BaHUM MEPBOil IBOMHON CBA3H
B moyioxkeHnu A9 y ux cybctpara — creaporin-Allb. IMeHHO J1aHHBIC TeHBI BBI-
OpaHbI HAMU JUIS aHATNW3a U3MEHEHUI OTHOCUTENBHOTO COIEPKaHUsI TPAHCKPUIITOB
B TIPOIIECCE 3aKATMBAHUS PACTEHNH KapToders K rurmorepmun. Llems paboTsr — nc-
cienoBanue ponu A9-, A12- u 03(Al5)-auuia-TMOUIHBIX AecaTypa3 XJIOPOILIACT-
HOU JIOKaJM3aInH, 3aJeHCTBOBAHHBIX B OMOCHHTE3¢ OCHOBHBIX MOHO-, IU-, U TPH-
HEHACBIIICHHBIX )KUPHBIX KUCIIOT, B IPEe00pa30BaHUIX KUPHOKUCIOTHOTO COCTaBa
MeMOpaH XJIOPOIUIACTOB B Iporiecce (POPMHUPOBAHHUS XOJIOI0CTONKOCTH PACTECHIH
KapTo(es Ipu HU3KOTEMIIEpaTypHOM 3aKalUBaHUU.

MaTepnam,I U METOAUKH HCCTICT0BAHUSA

OObexkT wuccienoBaHusi — pacteHus kaprodens (Solanum tuberosum L.,
c. KO6wmteii )KykoBa), KoTopbIe BRIpAIUBAIIN U3 KIyOHEH B TeUeHHE 3 HEACHb B
topdorpynre (50% sepxoBoro Topda, 50% moiiMeHHOH 3emMiu ¢ Jo0aBIeHUEM
nepnuTa) npu temmeparype 22°C, ocsemennoctr 100 mrmons/(M? ¢) u 16-4a-
coBoM (poronepuone B kamepe ¢urorpona MOP PAH (MuctutyT ¢usnosoruu
pactenuit um. K.A. Tumupsizera, PAH). Copr IO6wmiteii XKykosa B ['ocpeectpe ¢
2000 ., BeiBenien BHUMKX um. A.T. Jlopxa, onrcaH Kak SKOJIOTHYECKH ITaCTUYHBIA,
YCTOHUMBBIA K BUPYCHBIM OOJIC3HSIM, aJBTEPHO3Y, CPETHEYCTONUMBLIA K GUTOPTO-
Ppo3y, napiie 0ObIKHOBEHHOM 1 pu30KTOHKHO3Y [14]. [1o oTHOIIEHHIO K IOHKEHHBIM
TEMITeparypaM TIOYBBI OMKCAH KaK OTHOCHTENBHO ycTonumBbId [14]. 3akanmBanue
pactenuii mpoBoAWIM B KimMarudeckoi kamepe KBW-240 «Binder» (I'epmanusi) B
ycnoBusix 16-gacoBoro otoreprona u ocserieHHocTd 100 MKMOIIB/(M? ) TIpH TeM-
neparype 3°C B TeueHHe 7 CYyTOK. B kadecTBe KOHTPOJIS UCTONIB30BaI PACTEHHUS,
HE MOJIBEPTHYTHIC ACHCTBUIO 3aKAJIMBAIOIICH TEMIIEPATYPBHL.
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Jns oneHKY (G GEKTUBHOCTH 3aKaJIBaHU IIENbIC PACcTCHUS KapTodens mpo-
MOpaXHUBaii Ipu Temieparype —2°C B TeueHue 18 uacoB B KIMMAaTU4ECKOM Ka-
Mepe MIR-153 «Sanyo» (SInoHust), 3aTeM UX MIEPEHOCHIIH B HOPMAJIbHEIC YCIIOBHSI
BhIpamuBanus (22°C) u uepes JBOE CYTOK BU3YaJIbHO OLEHUBAIH BHDKUBAEMOCTb.

Host Bernenennst PHK ncnions3oBamm muctest 3—4-X pycoB, KOTOPHIE OTIEINS-
JIX OT PacCTeHU# KOHTPONbHOU Tpynmbl (22°C) 1o Havyana 3aKaluBaHMA, a TAKKE
pacTeHnii, HaXOAWBIINXCS B YCIOBHSX 3aKaauBaHus IpH 3°C B TeUeHNE IBYX 4a-
cos, 1, 3,5, 1 7 cyTok.

Toranmpayto PHK w3 JicTheB pacTeHuid BBIICISUTN C TIOMOIIIBIO Habopa Spectrum
Plant Total RNA Kit «Sigma» (CLLIA) cormacHo IpoTOKOTy IPOM3BOIHUTENS. Peakiuto
00paTHOIA TPAHCKPHUITIMH TIPOBOIMIIH, HCIIONB3Ysl HAOOP peareHToB u MmpoTokon MMLV
RT Kit «Esporen» (Poccus). Iomyuennyro x/IHK ncnons3oBamm Uist IpoBeeHUs
[P B peamsrom Bpemenu (ITLI[P-PB) ¢ momompto ammumidukaropa CFX96 Touch
Real-Time PCR Detection System «Bio-Rad» (CLLA), ucrions3yst Habop peareHToB
gPCRmix-HS SYBR kit «EBporen» (Poccust). Pacuer OTHOCHTENTHBHOTO COIEpIKaHUS
MPHK rena B mpo0e IpoBOAMIIN € TOMOIIBIO BHIMUCIICHUS BEIMYMHBI HOPMaJIN30BaH-
noii skenpeccun (AAC,). Dddexrusroctn OT-TILIP, paccarTaHHbIe METONIOM KaylH-
OPOBOYHBIX KPMBBIX ISl BCEX Iap MpaiMepoB, yYUTHIBAIM IIPH TPOBEICHAN aHAJIN3a
[15]. TIpaiimMepsb! k wcciemyeMbiM reHam Jecarypas KK momoOpaHb! ¢ HCToNb30BaH -
em Oasbl maHHbIX NCBI u unteprer-pecypca Primer3Plus: SAD (LOC 102577562) —
(F) CCAGTGAAGGACGCAGAGCAC, (R) GGGACTTCGTTGCTTGGCCC;
D6 (LOC  102590621) - (F) GCACGAAGACACAGCTTGGC,
(R) TGACAGAGCCACCAGTGAGC); FD7 (LOC  102597672) -
(F) TCTACCCTTTCCCTTGCTGGCA, (R) CATTGCCGTCCAGCAGACAGT;
K pedepeHcHbIM TeHam: ¢aktop smoHrammm lo eEFla (LOC DQ252497) —
(F) GGCCAACAGACAAACCCCTCC, (R) GCCTCGTGGTGCATCTCAACA; pu-
6ocomanbrsii 6emok L2 (LOC 102577640) — (F) GGAGCCAAAAAGATTGTGCCC,
(R)AGCAGTTCCTCTTCACACGG. B kauecTBe KOHTPOIIs1 OTBETHOM peakiiu Ha Ieii-
CTBHEXOJIOANCTIONB30BaTM TeH Oeska TeruioBoromoka (b THI) HSFAS (LOC 102594276)
—(F) TCCAGCTTCATTCGTCAACTCAAC, (R) CTCCTCCAGCTGGGATGGTT.

WHTakTHRIE XJIOPOIUIACTHI BhACISTH B Oydepe, comepxkamem 0,33 M cop-
ourt, 50 MM Tpunun pH 8.0, 2 MM DIITA, 1 MM MgCl,, 5 MM mepkanTosTaHos.
Tomorenar ¢uibTpoBanu uepe3 2 cimos Miracloth (CILIA), nerTpudyrupopamn
npu 2000 g, ucnons3ys nentpudyry K23D (I'epmanus). Ocanok pecycrneHaupo-
Bany B Oydepe, HacCIanBa Il Ha CTYICHYATHIN TpagueHT nepkona (40/80%). Un-
TaKTHBIE XJIopoIiacTel 0TOupanu Ha rpanune 40 u 80% nepkona. [16]. Jlunuaer
XJIOPOIUIACTOB MTOABEPTaIN METIIMPOBAHHUIO MOCPEICTBOM KHUIITYCHUS B CMECH
CH,OH u CH,COCI B Teuenue 1 4, kak onucano panee [17]. B kauectse BHY-
TPEHHETO CTaHAapTa MCIONb30BAIN MaprapHHOBYIO KHCIOTY. [lomyueHnsie me-
trnoBsle 3¢upsl KK ounmanu ¢ nomomsio TCX Ha mIacTHHKE C CHIIMKAreseMm,
B KaueCTBE PACTBOPUTEIIS IPUMEHSS CMECh TeKCaH : AHp : YKCyCHas KUCIOTa B
cootHomeHun 90:10:1, skcTparupoBaau GEH30JIOM W aHAJIU3UPOBAIM METOAOM
[KX-MC na npubope Agilent 7890A GC (CIIA) [18]. Ins olleHKH YpOBHS He-
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HaceimerHocTr JKK B nummmax MeMOpaH XJIOpPOIUIacTOB Tabaka pacCUNTHIBAIH
unzaekc Henacwimennoct (MH): UH = ZPiei/100, roe Pi — conepxanue i-toit KK
(%), ei — uncio aBOMHEIX cBs3elt B i-Toit KK [17].

Bce skcnepuMeHTHI NPOBEAEHBI B 5—6 OHWONOTHYECKHX IMOBTOPHOCTAX M
3—4 anamutmueckuX. Crartucthyeckas oOpaboTka MaHHBIX TPOBEINCHA B MPO-
rpamme SigmaPlot 11. JlaHHbIe npeaCTaBIEHB! B BUE CPEAHUX 3HAYEHHH U UX
CTaHJIAPTHBIX OIIAOOK.

PesysabTarsl Hccaeq0BaHUS U 00CYKIeHTE

HI3BecTHO, 4TO YCTOMYMBOCTH PAacTeHMH K NEHCTBHIO xoiona (opMmupyercs B
Tpolecce 3aKaATMBAHKS TIPU HU3KUX (HO HE MOBPEXKIAIONINX) Temiieparypax [2] u
00yCIIOBIMBACTCS CTPYKTYPHO-(YHKIIMOHAIBHON TEPECTPOUKOM KIIETOK, CBI3aHHOM
C M3MCHCHISIMU Ha MOJICKYIIIDHOM YPOBHE, B 3aBUCHMOCTU OT TCHOTHUIIA PACTECHHIL.
INosToMy Ha mepBoM 3Tare paboThl HEOOXOAUMO OBLIO YOERUThCS, UTO 3aKalUBa-
HUe pacteHnit kaprodens npu 3°C B TeyeHHne 7 CYTOK MPUBOIVIIO K TIOBBIMICHHIO
UX YCTOMYMBOCTH K JEHCTBHIO MOBPEKIAIONMX TeMrreparyp. I1ockonbKy HH3KHE
TIOJIO’KHUTENBHBIE TEMITEPATYPhI HE BBI3BIBAIOT Y XOJOJOCTOMKIX PACTEHUH BU3Yallb-
HBIX MOBPEXKICHUH, MBI MPUMEHIIA METOJ] TIPSIMOTO MPOMOPaKUBAHUS PACTCHUI C
TIOCIICAYIOIINM OTIpeIeTIeHNEM MX BBDKMBaeMocTH. [1okazaHo, 4To mocie AeicTBHS
Temmiepatypsl —3°C B TeueHue 18 u pacteHus 000OMX BapHaHTOB MMOTUOANH, B CBA3U
C YEeM HCIONB30BaIN TeMITeparypHyro kcro3unmio —2°C B Teyenue 18 u. [1pu atom
pexHMe 3aKaJIeHHbIE PaCTeHUs KapTo(elis BEDKUBAIY, 8 He3aKaJIeHHbIE — TOTHOaIH,
YTO CBUJICTENTHLCTBYET O JIOCTATOYHO BBICOKOH 3(D(heKTHBHOCTH 3aKaITUBaHUs Solanum
tuberosum L., copta FO6unei Xykosa (puc. 1).

b

Puc. 1. KonrponpsHsie (/) u 3akaneHHble (2) pacTeHUs KapTodenst
gepe3 CYyTKH Mocie IpoMopakuBaHus pu temneparype —2°C (a) u
—3°C (b) B Teuenne 18 u. ABrop doto H.B. Hapaiiknna
[Fig. 1. Control (/) and cold-adapted (2) potato plants (one day after freezing
at -2°C (a) and -3°C (b) for 18 hours). Photo by NV Naraikina]
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V3meHeHNsI OTHOCHTENBFHOTO COAEPKAaHMS TPAHCKPHUIITOB T€HOB PacTBOPH-
Mol creapoun-Allb gecarypasel, Al2- 1 ©3(Al5)-anun-TUNUAHBIX JecaTypas
XJIOPOIUIACTOB IPECTABICHBI HA PHC. 2. 3a eNUHHITY IIPHHSATO HOPMAIH30BaHHOE
COZIepKaHUe TPAHCKPUIITOB HCCIEAYEMBIX T€HOB Y He3aKaJIeHHBIX pacTeHuil. Ilo-
Ka3aHO, YTO OTHOCHTEIHFHOE COJEpIKaHUE TPAHCKPHUNTOB reHa FAD7 ocraBasioch
CTaOMIBHBIM M TOLJCPKUBAIOCH HA YPOBHE KOHTpos. [ rena FAD6 Habmro-
Jai KPaTKOBPEMEHHOE MOBBHIIMICHNE COICP)KAaHHUS TPAHCKPHUIITOB B IIEPBEHIC IBA
Yaca 3aKaJIMBaHUs, YTO COOTBETCTBYET JaHHBIM JuTepaTypsl [19]. K mateiM cyT-
KaM 3aKaJMBaHUs y TeHOB FADG6 u FAD7 HaOMonaIu CTaTUCTUISCKH 3HAYNMOE
CHIXXEHHUE OTHOCUTEIBHOTO COJIEPKAHUS TPAHCKPUIITOB.

Xapaxkrep akcnpeccun rera SAD, xommpyromero A9 creapomn-Allb neca-
Typaszy KK, pe3ko omindancs oT OCTaJIbHBIX: OTHOCUTEIBHOE COJCPIKAaHUE €ro
TPAHCKPUIITOB CHM)KAJIOCh B XOZIC 3aKaJIMBaHUs B pa3HOU cTenieHH. BrIOpaHHBII
HaMHM JuIs HcclefoBaHus red creapoun-Allb necaTypassl HMEET BBICOKYIO To-
MOJIOTHIO ¢ TeHOM SSI2 apabujoricuca. V3 JaHHBIX JUTEpaTypbl H3BECTHO, YTO
MYTaHT apaOHIONCUCA C «BBIKIIOUEHBIMY» T€HOM ssi2/fab? nMmeeT BBICOKOE CO-
nepxanue creapunosoii (C . ) KK n nuskoe coneprxanue onennosoi (C ) XKK.
Hecmotps Ha TO, uTO B fononHeHue k SSI2 B reHoMe A. thaliana TpUCyTCTBYIOT
TeHBI eIIe IIEeCTH MOTOOHBIX (PepMEHTOB, X FKCIIPECCHS HE CIIOCOOHA KOMIICHCH-
poBatb MyTanuto B ssi2 [20]. To ecTs 3TOT reH sIBISETCS KIIOUYEBBIM B cEMEHCTBE
reHoB creapomwt-Allb. CormacHO JaHHBIM JHUTEPATypPHI, 3TOT (HEPMEHT HACTOIb-
KO aKTHBEH, YTO MPAaKTHYECKH BeCh HOBOOOpa3oBaHHEIN cTeapomn-Allb 6s1cTpo
npeBpamaercs B oneown-Allb [5, 13, 21]. IloaTromy MBI CBSI3bIBaEM CHIDKEHHE
oTHocuTenbHOro coaepkanuss MPHK naHHOro reHa ¢ HEKOTOPHIM YTHETEHHEM
onocunresa C , KMPHBIX KHCJIOT B YCJIOBHAX XOJIOA0BOrO crpecca. Cnemyer oT-
METHTh, UTO B FeHOME KapTodess oOHapykeHO 13 TeHOB, KOTUPYIOIIUX PacTBO-
pumble ammn-Allb necarypasbl, oOpasyroliyue NepByO JBOWHYIO CBS3b, OCIKH
KOTOPBIX JIOKAIU3YIOTCSI B CTPOME XJIOPOIIIACTOB, B CBA3U C UM TpeOyeTcsl Aallb-
Hellllee H3y4YeHHE 3TOM TPYIIbl TEHOB.

JanHble 10 cocTaBy U cofepkanuio JKK aumunos XnopomnactoB KapTodens
MIPEACTaBICHEI B Ta0nuIe. B munmuaax XmopomnacToB, BEICICHHBIX U3 JINCTHEB
KOHTPOJIBHBIX PACTEHHUH Kak J0, TaK U MOCJE 3aKaIUBaHHs, UAECHTU(DUIUPOBA-
HbI BOCEMb pasnu4HbIX ocTaTkoB C - u C -)KK, OCHOBHBIMHU NIpENCTaBUTEISA-
MH KOTOPBIX ABJIsUIMCH ManbMmutuHOBast (C, ), rexcagexarpuenosas (C, A1),
nunonesas (C,,**") u o-nunonenosas (C  **'*") KK, npuuem Ha oo
0-TMHOJEHOBOM KHCIOTHI mpuxonuwioch moutu 60% ot cymmsel KK xmopormna-
ctoB. CllelyeT OTMETHTD, UTO KapTodesb, kKak u A. thaliana, OTHOCHTCS K TPyIIIIE
«16:3» pacteHuii, y KOTOpbIX B OoTIHuUUE OT «18:3» pacTeHuil B xnopormiacrax
COZIIEPIKUTCS 3HAUMTENBHOE KonmuuecTBo C, KK [10].

3a Bpems HU3KoTemIieparypHoro 3akanuBanus (3°C, 7 cyt) coctas KK maino
mmensuica. Ananu3 cogeprkanust [IHXK mokasan, 4aro B mporiecce 3akanuBaHus
HPOUCXOIUIIO YBEIMYEHHUE CONEPIKaHUs MaTbMUTHHOBOH (C,, ) KHCIOTBI, 4TO
MOXET CBHAETEILCTBOBATH O MOBHIICHUN HHTeHCHBHOCTH cuHTe3a JKK de novo.
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Puc. 2. VI3mMeHeHne OTHOCUTEIBHOTO COJIEPIKaHMsI TPAHCKPUIITOB T'€HOB JlecaTypas JKUPHBIX
KHUCJIOT XJIOPOILIACTOB PACTCHUI KapTO(eIs B IMHAMUKE HU3KOTEMIIEPATYPHOTO 3aKaTMBAHHS
(3°C, 7 cyT1). SAD — pactBopumas A9-AIlb necarypasa, FAD6 — Al2-anun-nunuaHas
necarapypasa, FAD7 — ®3(Al5)-aumn-nmununHas aecarypasa u HSFAS — BTII A8 (koHTpoib
xoJonoBoro BoszaeicTus). Ha ocn Y «OTHOCHTENBHBIE €AMHUIIBI TPAHCKpUIIUH, RQ»,
Ha ocu X «IIPOJOKUTENBLHOCTh 3aKanuBanus, cym. RQ onpeneneno meronom AAC,.
JlaHHBIE MPENICTABICHBI B BUJIC CPESAHUX 3HAYCHUH U MX CTAHIAPTHBIX OMIMOOK C UCTIOIB30Ba-
HueM f-kputepust CthrofieHTa. ¥ — CTaTUCTHYECKU 3HAYUMOE OTIHYHre oT KoHTpouts (p < 0,05)
[Fig. 2. Changes in the transcript content of potato plant chloroplast fatty acid desaturase genes in the
dynamics of low-temperature adaptation (3°C, 7 days). SAD - soluble A9-ACP desaturase,

Ha FADG - acyl-lipid Al2-desaturase, FAD?7 - acyl-lipid w-3(A15)-desaturase and HSFAS - HSF A8
(control of cold exposure). On the Y-axis - Relative expression, RQ; on the X-axis -Time of adapta-
tion, day.*RQ was determined by the method AAC,. The data are expressed as the mean with standard
error using Student’s #-test (p < 0.05). *Statistically significant difference from control (p < 0.05)]

Coenunenne C1 G:O—AHB, SIBIISTFOTIIEECS] TIPEAIIICCTBEHHIKOM C1 60 KK, ucrions-
3yeTcs B pa3HbIX MyTAX OMocuHTe3a. Tak, OHO MOXKET B JaJIbHEHIIIEM YIUTMHATHCS
no creapoun-Allb ¢ momomkro pepmenta keroarmncunrassl I (KACI) mm C,
KK moxer otnenutses ot AIIb ¢ nomormbto anun-Allb THoscTepassl (pepMeHT,
MpUHAISKAMIHN K Kiaccy anun-AllB-runponas) u monseprarbes AalbHEHIEH
Jecarypaliil B JMIHUICBA3aHHONW (hopMe MM TPaHCHIOPTUPOBATHCA U3 IJIACTU
B DIIP. Takum oOpa3om, cHmxkeHue akTuBHOCTH Qepmenta KAC II (omHOTO M3
(pepmenToB MHOrOKOMIIOHEHTHO!N cuHTasbl JKK), kotopeiit ynymuser C,  -Allb
bi (e} Clg:O—AHB, MOXXET MPUBOIUTH K TOBBIIMICHUIO COMEPKaHUS MAIbMAUTHHOBOMN
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kucioTel. C qpyroit CTOpoHBI, MoBkIMIeHnEe akTUBHOCTH ari-Allb TrnoacTepass
TaK)Ke MOXKET MPUBOIUTH K MOBHIIIEHUIO conepkanus nanbMutuHoBo# XK. Taxk,
B JIUTEpaType UMEIOTCS JaHHbIE O MOBBIIIEHUU COAEP)KaHUSA TPAHCKPHUIITOB TeHa
nagpmMutous-Allb THO3CTEpa3bl MOUTH B YETHIPE pa3a Mocie KPaTKOBPEMEHHOTO
JICHCTBHS 3aKaHBAOIIEH TeMIlepaTypbl Ha pacTeHus kaprodens [19].

Kpowme Toro, B HacTosIel paboTe Habmronany nosblenue conepxkanus C, . *
KK, xak n3BeCTHO, Urpatollei MOJIOKUTENIBHYIO POJIb B IOJAEPKaHUU TEKYUECTH
MeMOpaH, MOCKOJbKY IPH HHU3KOH TemIeparype HeoOXOJUMO HE TOJNBKO IOBBI-
menne koimdectBa JKK ¢ OONBIIMM YUCIIOM TBOWHBIX CBA3€H, HO U YBEIMYCHHUE
cogepxkanust JKK ¢ MEHBIIMM YHCIIOM YIJIEPOAHBIX aTOMOB. DTO MOXET CBHIE-
TEIbCTBOBATh O TOBBINICHNH akTUBHOCTH A7-mecarypaszsl FADS, xotopas crme-
upuaecku obpasyror C,, KK B @I' u MIII" X710pomiacToB COOTBETCTBEHHO.

CornacHO HamMM JaHHBIM, IPEACTABICHHBIM B TaOIuUIe, COmepKaHUE
a-nuHoneHosoi JKK — rasroit ITHXXK xnopomnactoB, K CEIbMBIM CYyTKaM 3aKa-
JIMBaHUS HOAJEPKUBAIOCH HA BHICOKOM KOHCTUTYTHUBHOM YPOBHE U COCTABIISIIO
50% ot cymmsl XKK. [IpencTapisier HHTEpeC CPAaBHUTH ITU ITOKA3aTENH C JaHHbI-
MU JIUTEPATYPHI, COMIACHO KOTOPBIM y KapTodemns copra HeBckuii mpoucxoamio
MOBBIIICHUE COEPKAHUS O-TMHOJICHOBOM KHCIOTHI IOCNIE HU3KOTEMIIEpaTypHO-
ro 3akajguBaHus ¢ 38 1o 43% [22], HO 3TH MOKa3aTelId OCTABAJIMCh JaKe HIDKE,
4eM y U3y4eHHOro HaMmu copra. IIInpoko U3BECTHO, UTO 0-THHONEHOBAs! KUCIOTA
(1 ee CTPYKTYpHBIH aHAJIOT — TeKCaIeKaTPHEHOBAsT KUCIIOTA) HMEET YHUKAIBHOE
3HAUCHME B XKU3HU pacTeHui [23] Omaromaps cucTteme ABOMHBIX cBsizeil. OHa
CIOoCOOHA TPUHUMAThH CIUPAILHYI0 KOH(QOpMAIMIO U 00pa30BbIBATH KOMILICK-
CBbl ¢ MEMOpaHHBIMU TUNHIAMU. Takue KOMILJIEKCHI TaJlaKTOIMIIMAOB ¢ OelKaMu
00eCTIeYNBAIOT IOCTPOCHUE (POTOCHHTETUICCKUX CYOBEIMHHIL XJIOPOIIIAcTa, Oll-
TUMAJIbHYI0 TIPOCTPAHCTBEHHYIO OPUEHTAUIO THIPOQUIBHBIX CTPYKTYP XJIOPO-
(ria ¥ BO3MOXKHOCTB OECITPEIIATCTBEHHOTO MIEPEeHOCa IIEKTPOHOB B OE3BOTHOM
cpene. Cnenyetr OTMETUTh, YTO He3HAUUTEIbHOE CHIDKeHHE conepxanus [THKK
MOXeT OBITh CBS3aHO KaK CO CHH)KCHHEM OTHOCHTENBEHOTO CONEep)KaHMS TPaHC-
kpunToB rera SAD (puc. 2), konupytomiero A9 creapoun-Allb necarypasy XK,
YYacTBYIOIIYIO B 00pa30BaHUH OJIEMHOBOH KHCIIOTHI, TaK U ¢ HHTEHCH(UKaHeit
MEPOKCUIHOTO OKHUCJICHHUS JIMIUIOB MIPH PE3KOM CHIKEHUH TeMIlepaTyphl B Ha-
yaJie 3aKajauBaHus. Tak, paHee HaMH IT0Ka3aHO BO3PAacTaHUE €ro MHTEHCUBHOCTH
y kaprodens K TpeTbUM CyTKaM HHU3KOTEMIIEPaTYpPHOTO 3aKaJIMBaHUS C MOCIe-
JOYIOLUM CHHXKEHHEM JI0 YPOBHS BETETHPYIOLIUX PACTEHUI K LIECTHIM CyTKam
3aKanuBaHus [24].

Takum o0pazoMm, cpenan M3y4eHHBIX TreHoB A9-, Al2-, w3-gecarypa3 xio-
POILTACTOB OOHAPYKEHO KPATKOBPEMEHHOE (depe3 2 4 3aKaJMBaHUS) yBeJlnMde-
HUE€ COACpX aHMUsI TPAHCKPUNTOB TOJIBKO reHa FAD6, xonupyromero Al2-aru-
JUNUAHYI0 JecaTypasy XJopomiactoB. OTHOCUTENbHAs TPAHCKPUIIIUS TeHa
FAD7, xomupytomiero eqnHCTBEHHYIO M3-/1ecarypasy XJIOpOIUIaCTOB, OCTaBaIACh
Ha HEM3MEHHOM YPOBHE, UTO, BEPOATHO, CIIOCOOCTBOBAJIO MOJIEPHKAHUIO BBICO-
KOTO KOHCTUTYTHUBHOTO YpOBHsI TprueHOBBIX JKK.
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HN3MeHeHHE OTHOCHTEILHOIO CONCP/KAHUS KUPHBIX KUCJIOT JUIIHI0B XJI0POILIACTOB
B pe3yJIbTaTe HU3KOoTeMIepaTypHoro 3akaiausanus (3°C, 7 cyT)
pacTenmii kaprodess, mac % + m
[Change in the relative content of fatty acids of chloroplast lipids
after low-temperature adaptation (3°C, 7 days) of potato, mas% + m]

Cocra XK [FA composition]
Hazganwue KK Mac [mas] % Mac [mas] %
[Name of FA] 22°C 7 cyrt., 3°C
(1o 3aKaMBaHMs) (Tocie 3aKanBaHMs)
[before adaptation] [7 days, 3°C after adaptation]
C,. 13,0+2,1 19,1+4,1*
[ 0,0+£0,0 3,142,0%*
Y 4,3+0,1 3,6+0,3*
[ 1,70,1 1,2+0,4
C, Ao 12,6+0,2 12,1+0,4
Cren 0,9+0,1 1,1+0,7
cC.» 1,2+0,1 1,2+0,1
C, 2" 9,0£0,3 8,4+0,2
C, A1z 57,2+0,9 50,2+1,7*
Cymma HXKK [Sum of SFA] 13,942,3 20,2+3,1*
Cymma I[THXKK [Sum of PUFA] 86,1+0,8 79,8+1,5%
Cymma XK [Sum of FA] 100 100
WH [The Index of Unsaturation] 2,11 2,02

Ipumeyanue. Mac % — otpaxkaet conepkanue JKK otnocurensHo cymmsr XKK, £ m — cran-
JapTHas omubKa, * — CTaTHCTUYECKH 3HAYUMOe OTIIHYHe OT KOHTpois (p < 0,05).

[Note. Mas % - Reflects FA content relative to the total of FA, + m - standard error of the mean, * statistically
significant difference from control (p < 0.05)].

Cymmapnas jons [THXK naununos xitoporiactoB kaproders B He3aKaJleH-
HBIX PAaCTEHUsIX cocTaBisiia moutd 90% ot obmiero copepkanus Beex JKK u 3a
BpeMsI HA3KOTEMIIEPaTypHOTO 3aKaIMBAHUS COXpPAHsUIaCh Ha BBHICOKOM YPOBHE.
Bricokoe conepaxanune [THXKK crocoO6cTByeT noaaepKaHuio TUIAKOUTHBIX MEM-
OpaH XJIOPOIUTACTOB B (DYHKIIMOHAJIHLHOM COCTOSIHHH, YTO B CBOIO OYepedb II0-
3BOJISICT PACTEHUSAM KapTo(ens peaan3oBaTh NPOXOXKICHUE APYTHX MPOIECCOB,
CIOCOOCTBYIONUX 3aKaJMBAHUIO PACTEHUI K HU3KHM TemIieparypam [25].

3akir0uenne

Ha ocHOBaHMY MOTyYSHHBIX IJAHHBIX MOJKHO ITPEATIONIOKUTD, YTO 3aKATHBAHUE
M3YYEHHOTO COpTa KapTodes B [IEJIOM HAMPABJICHO Ha MOIACPKaHUE KOHCTUTY-
TUBHO BbICOKOT0 coneprkanus [THXKK xmoporiactoB B mporecce 3akaluBaHus U
yBenmuenue cunrtesa KK de novo. TloBslienue conepkanus TpPaHCKPUIITOB TeHA
FADG B Hauainie 3TOro nepuoa, Mo-BUAMNMOMY, CIIOCOOCTBOBAIIO COXPAHEHUIO U
MOJJICPKAHUIO B aKTHBHOM COCTOSIHUH Tyna Al2-nmecarypas, oCyIIeCTBISIOMNX
CUHTE3 JIMHOJICBOM KHCJIOTHI, OJiaroaps 4eMy pacTeHus ObLTH 0OecIeueHbI JI0-
CTaTOYHBIM KOJMYECTBOM 3THUX JKu3HEHHO BaxKHBIX JKK. CTabUIBHO BRICOKOE CO-
nepxxanue [THXK, Bxoasmux B cocTaB MeMOPaHHBIX JIMIHIOB XJIOPOILIACTOB,
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Ha MPOTSHKEHUH BCETO TIEPHO/Ia 3aKATHBAHUS CITIOCOOCTBYET MO ICPKAHHUIO THIIa-
KOMJHBIX MEMOpaH XJIOPOIIACTOB B (DyHKIIMOHAIEHOM COCTOSIHUH, YTO [103BOJIS-
€T PaCTCHUAM KapTo(elsl YCIEITHO 3aKaJIHBaThCsl K THIIOTEPMHUH.
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Fatty acid desaturase gene transcription at Solanum tuberosum L.
cold adaptation

The problem of the survival of plants under low temperatures becomes more
relevant in the light of global climate change and the growing needs of the population.
In this regard, studies of the impact of hypothermia on plants are not only fundamental,
but also applied. Potatoes are an important food crop, ranking fourth in the world in
terms of growing. The actual yield of potatoes is significantly lower than its potential
productivity, and one of the limiting factors is the lack of resistance of many modern
varieties to spring frosts. Decoding of the potato genome made it possible to use
advances in molecular biology to study the role of individual genes and identify key
proteins that can increase resistance to low temperature. It is widely known that under
the action of low temperatures, there is a phase transition of membrane lipids, which is
accompanied by a decrease in membrane fluidity and loss of their barrier properties and,
as a result, by inactivation of enzymes. In response to changes in physical properties of
membranes, cells activate protection systems, among which an important role is played
by the cold-induced increase in the degree of unsaturation of fatty acids of membrane
lipids. Therefore, one of the main goals of adaptation is the stabilization of membranes,
for example, due to the work of enzymes, fatty acid desaturase (encoded by genes
FAD), catalyzing the conversion of saturated fatty acids (FA) into unsaturated. Among
all plant cell membranes, chloroplast membranes play a special role in the formation
of plant resistance to low temperatures, since it is in chloroplasts that photosynthesis,
the main source of energy necessary for the restructuring of metabolism during
the adaptation period, takes place. The aim of the research was to study the role of
chloroplast localized A9-, A12 - and ®3(Al15)-desaturases in adaptive transforma-
tions of the fatty acid composition of chloroplast membranes when forming potato plant
cold resistance during hardening.

The object of the study was potato plants (Solanum tuberosum L., cultivar Jubilee
Zhukov), 3 weeks of age, grown in soil culture at a temperature of 22°C, illumination
of 100 pmol/(m? ¢) and 16-h photoperiod. Hardening of plants was carried out in
the climatic chamber KBW-240 “Binder” (Germany) under 16-h photoperiod and
illumination of 100 pmol/(m?c) at a temperature of 3°C for 7 days. Controls were non-
hardened plants. To assess the effectiveness of adaptation, whole plants were frozen at a
temperature of 2°C for 18 hours in the climatic chamber MIR-153 “Sanyo” (Japan), and
then transferred to the growing conditions to determine survival. The following genes
of FA desaturases were selected for the study: SAD (encodes one of the soluble A9-
ACP-), FAD6 (encodes membrane-bound acyl-lipid A12-), FAD7 (encodes membrane-
bound acyl-lipid A15(w3)-desaturase). Protein products of these genes are localized
in chloroplasts. Total RNA from leaves was isolated using Spectrum Plant Total RNA
Kit “Sigma” (USA). The reverse transcription reaction was performed using a set of
reagents and the Protocol MMLYV RT Kit “Eurogen” (Russia). The resulting cDNA was
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used for real-time PCR (q-PCR) using the amplifier CFX96 Touch Real-Time PCR
Detection System “Bio-Rad” (USA), using a set of reagents gPCRmix-HS SYBR kit
“Eurogen” (Russia). The relative transcript content was calculated by calculating the
normalized expression (AAC,). Primers for the genes of FA desaturases were selected
using the database NCBI and Internet resource Primer3Plus. Intact chloroplasts were
isolated by centrifugation in a percol step gradient. Chloroplast lipids were methylated
by boiling in a mixture of CH,OH and CH,COCI. The obtained LC methyl esters were
analyzed by GL-MS using Agilent 7890A GC (USA). The experiments were conducted
in 5-6 biological replicates and 3-4 analytical ones. Statistical data processing was
performed using the program SigmaPlot 11. The data are presented as means and their
standard errors.

We showed that the hardened potato plants survived after -2°C for 18 h, which
indicates the successful hardening of S. fuberosum, Jubilee Zhukov cultivar (See Fig.
1). Among the studied genes A9-, A12- and w3-desaturases of chloroplasts, a short-term
(after 2 h of adaptation) increase in the transcripts of the F4D6 gene encoding acyl-
lipid A12-desaturase was found. The relative content of F4D7 gene transcripts encoding
®3-desaturase remained stable and maintained at the level of control. The character
of SAD gene expression encoding A9-ACP desaturase differed from the others: the
relative transcript content decreased during adaptation (See Fig. 2). It should be noted
that potatoes have 13 soluble A9-ACP-desaturase genes forming the first double bond,
whose proteins are localized in the stroma of chloroplasts. Perhaps, the studied gene is
not cold-inducible. The total percentage of polyunsaturated fatty acids (PUFA) of lipids
in chloroplasts of potato was high and constitutive in non-hardened plants accounted
for almost 90% of the total content of all FA (See Table). Probably, therefore, in the
process of adaptation there was no noticeable increase in the relative content of the
transcripts of the studied genes A12- and ®3-desaturases of chloroplasts. During the
period of low-temperature hardening, the part of PUFA, and especially a-linolenic acid,
was maintained at a high level; there was an increase in the content of palmitic acid,
which may indicate an increase in the intensity of synthesis of FA de novo. In addition,
an increase in the content of C,, %7 acid was observed, which is also important for
adaptation. It is known that the fluidity of membranes with decreasing temperature
is determined not only by the content of FA with a larger number of double bonds,
but also by the content of FA with a smaller number of carbon atoms. Maintaining a
high amount of PUFA helped to maintain the thylakoid membranes of chloroplasts in a
functional state during the hardening process, which, in turn, allowed the potato plants
to realize other processes of adaptation.

The paper contains 2 Figures, 1 Table and 25 References.

Key words: Solanum tuberosum; low-temperature adaptation; cold resistance;
relative transcript content; SAD; FADG6; FAD7; a-linolenic acid; polyunsaturated fatty
acids (PUFA).
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