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Ba)kaeMble KOJIJIETH, IOPOTHE YUTaTe-
! OuepenHoit Homep «BaBUIIOBCKO-
IO XypHajla TEHEeTUKH U CEJCKIIUI»
MOCBAIIEH aKTyaJbHBIM HaIllpaBICHUSM
UCCIIEJIOBAaHNH B PA3IMYHBIX 00IACTAX Te-
HETUKHU PacCTEHUH, ’KUBOTHBIX U MUKPOOP-
TaHU3MOB.

B pyOpuke «MoiekymnspHas TCHETHKa
IPUBJICKACT BHUMAHNUEC OPUTHUHAJIIBHOC HC-
CJIe/I0BaHNE, B KOTOPOM OIMCaHa pa3padoT-
Ka TpernapaToB /sl MPOPHIAKTUKA | Jie-
YEHUsI TAKOT'0 OITACHOTO 3a00JIEBaHUs, KaK
KiemneBoi sHuedanut. Pe3ymbTaTsl mpo-
BEPKH 3PPEKTUBHOCTH JICHCTBUS XUMEp-
Horo aHtuTena ch14DS no orHomeHuo K
mmKonpotenHy E Bupyca KiemeBoro sHiie-
(anura 1aTbHEBOCTOYHOTO, CHOUPCKOTO U
€BPOIIEHCKOro CyOTUIIOB MO3BOJISIIOT IPO-
THO3UPOBATH MPOTEKTHBHYIO aKTHBHOCTH
AHTUTENA K PA3JIMYHBIM IITaMMaM BHpYyCa.

OcHoBHbIE IyTH OHOCHHTE3a L-ackop-
O6mHOBOM KHCHOTH (BuTammuHa C) U mMyTH
€¢ PEIUPKYISUN B TKaHSIX Pa3INYHBIX
pacTeHH PaCCMOTPEHBI B 0030pHOM CTaThe
pasnena «[enernka pacteHuit». OmHcaHbI
KJIFOYEBBIE TCHBI, y4acTBYIOINE B ONOCHH-
Te3¢ U HAKOIUIEHHH acKOPOMHOBOM KHC-
JOTHI B TUIozAaX. [lokasansl pasnuyus, Ko-
TOpBIE HAOIIOAAIOTCS B IyTSX OMOCHHTE-
3a B 3aBUCMOCTH OT BU/Ia PACTEHUS U CTa-
quu ero pasButus. OgHa U3 SKCIIEPUMEH-
TaJBHBIX CTaTeil 3TOTO XK€ paszena 3HaKo-
MHUT C MOJICKYJISIPHO-(DHIIOT€HETUYECKUMHU
UCCIIEJOBAHUAMU CHOMPCKUX U JalbHE-
BOCTOYHBIX BHIOB MbIpeiiHuka (Elymus ssp.)
c ucrnionibzoBanueM ITS-nocnenoBarensHo-
creii reroB 35S pPHK, Ha ocHOBE KOTOPBIX
CJICNIaHO 3aKIJIIOYEHHE O HEOOXOANMOCTH T1e-
pecMoTpa UCIOJIb3yeMbIX Ha JaHHBIA MO-
MEHT IIPU3HAKOB JUIS KJIACCH(DUKAIIIN 3TOTO
BUIA.

TpaauIOHHYIO JJIs KypHAZa pyOPUKY
«Cenekiys pacTeHUI HA IMMYHUTET U TIPO-
JIYKTUBHOCTB» OTKPBIBAET OPUTHHAIBHOE
HCCIIeIOBaHNHE, B KOTOPOM IPE/ICTaBICHBI
pe3ynbTaTel (PUTOMATOIIOTHYECKOTO U MO-
JEKYISIPHO-TEHETHIECKOTO TECTHPOBAHMS
COPTOB U CEJIEKLIMOHHBIX JUHUU MSTKOU
MIIEHUIBl HA yCTOMYMBOCTH K MATOTEHY

OT PEOAKTOPA / FROM THE EDITOR

cTeOIeBOH prkaBUMHBL. AHATU3UPYS MOJIEBYIO U TabopaTop-
HYIO0 YCTOWYMBOCTbH OOpa3IOB, aBTOPHI YCTAHOBMIIM BIIHSI-
HUE PA3JIMYHBIX TCHOB U UX KOM6I/IHaHPlﬁ Ha YPOBEHb BOC-
MPUUMYNBOCTH PACTEHHH K MaToreHy. MHTepecHBI Takxke
JIB€ padOTHI, BHIMOJIHEHHBIC Ha KapTodene. OgHa U3 HUX
MOCBSIIIICHA JUArHOCTUKE MO3aMYHBIX BHPYCOB KapTOoQes
y IWKOPACTYIINX BUAOB M3 Koyuieknuu renOanka BUP, a B
JIPYTOH C TIOMOIIbI0 OMOMH(OPMATHIECKOTO MO/IX0/A BBISIB-
JICHBI T'€HBbI-KaHAWAAaThl, OMIPECACIIAIONINEC yCTOﬁ‘lI/IBOCTb K
OMOTHYECKUM 1 aONOTUIECKIM CTPECCOBBIM (PaKTOpaMm.

K nacrosimeMy BpeMeHH BO3pOcCia aKTyalbHOCTh HCCIIe-
JIOBaHUM 110 IIOUCKY U U3YyYEHUIO IITAMMOB MUKPOOPraHU3-
MOB, UCIIONB3YEMbIX [UIsi OMOpeMeqHai BOJl U TPYHTOB.
B skcniepnmenTanbHOI crarke paszena «lenernka u cenex-
1Sl MUKPOOPTaHW3MOBY MPEACTABIICHBI JAHHBIE 110 0TOOPY
U TECTUPOBAHMIO AKTUBHOCTH IITaMMa pona Irichoderma
JUISL YCKOPEHHOM YTHIIM3allMU MOJUMEPOB PACTUTEIBHBIX
OCTaTKOB U LEJUIIOJIO30COAEPKALINX MaTepPHUaIoB C LENbIO
03/I0POBJICHUS] TTOYBBI U OMOKOHTPOJISI TIOYBOOOUTAIOIINX
(uronaroreHHBIX BUI0B. B ciemyromieli crarke onmcan MeTo-
JIMYECKHUM MOAXO/ 17151 KOJIMYECTBEHHOTO AaHAJIN3a Pa3JIMYHbIX
00pasIoB, coaepKaluX BUPYCHI )KUBOTHBIX, PACTEHUH H
MHUKpPOOPraHU3MOB. {7151 THarHOCTHKKM BHPYCOB Ipejiara-
€TCsI MCIOJIb30BATh 3JIEKTPOHHYI0 MHKPOCKOITUIO, KOTOpast
MMEET psiJi MPEUMYIIECTB B CPABHEHUH C TPAJIUINOHHBIMU
METOJAMH.

B 0630pHO}#i cTathe pazzena «l eHeTHKa )KUBOTHBIXY aHAJIN-
3UPYIOTCS IaHHbIE, PACKPBIBAIOIINE MPUPOIY METAHHHOBOMH
OKpacKH ONEpEeHUs y NTHUI] Ha TIPUMEpPE Kyp, U MOJIEKYJISIp-
HO-I'CHCTUYCCKUEC MECXAaHU3MbI MOABJICHUSA PA3HBIX THUIIOB
oxpacku. M3BecTHO, 4TO MEXBH10Basi THOPUIN3AIINS — OJTUH
13 CII0COO0B PACIIMPEHNS TCHETHYECKOTO Pa3HO00Pa3ns JKH-
BOTHBIX. [IpoTekanne MeHoTH4YEeCKOro mpoiecca U Hapylie-
HHSI, KOTOPBIE BO3HUKAIOT NIPH OTIAJIEHHBIX CKPEIIMBAHHAX,
PaccMOTPEHBI B OPUTHHAIBHOM HCCIIEAOBAaHUH HA ITpUMepe
noMatHel oBubl Ovis aries.

3akmrounTenbHas pyOpuka « IKOTOTHYECKas TEHETHKA
BKJIFOYACT JIBE SKCIIEPUMEHTANbHBIC cTaTbu. B mepBoii 00-
CY)KJal0TCsl BOIIPOCHI FeHeTHYeCcKor nuddepeHmanuu mo-
MyJANNN eBpasuiickoit cBusi3u (Mareca penelope) — omHOTO
W3 MHOTOUYMCIICHHBIX TIepeIeTHBIX BUIOB yTOK. [IpoBeneHo
cpaBHeHHe reHeTHyeckoil auddepeHunanumu Bua, moiy-
YEHHOE C TOMOIIBIO ITAHHBIX KOJIBIIEBAHUS IITHUIL M PE3yJIbTa-
TOB cekBeHMpoBaHMs MuTOXOHApuansHoi JIHK. Bo Bropoit
CTarbe JIaH aHaJIM3 HYKJICOTHIHBIX MOCIE0BATEIbHOCTEN
MHUTOXOAPHAIBHOTO T€HOMA Y MPUPOAHBIX Homyssinuii Dro-
sophila melanogaster. Tlony4eHHbIE aBTOpaMU PE3yIbTATHI
pacCMOTPEHbI C TOYKU 3PCHUA aAallTUBHOCTU PA3JIMYHBIX
MHTOTAIUIOTUIIOB JIPO30(HII.

Axademux B.K. LLlymuwviii
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BiusiHu/e pasnuiii B TpeTbeM JOoMeHe IMIMKoIIpoTenHa E
BUIpycCa KJIellleBoro sHIledananTa JaJlbHEBOCTOYHOTO,
CUOMPCKOTO U €BPOIIEeiCKOr0 CYOTUIIOB

Ha CBSI3bIBaHlE PeKOMOIMHAHTHBIX 6eJIKOB D3

C XUIMEepPHbIM aHTUTEIOM
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Llenbto HacTosAwe paboTbl ObLIO MCCNEfOBaHME BAUAHWA PasInUUiA aMUHOKUCIOTHOWN MOCNeA0BaTeNbHOCTU
peKkomMbUHaHTHbIX fomeHoB D3 rnmkonpoTtenHa E Bupyca KneweBoro sHuedanmta ganbHeBocTtouHoro, Cnbmp-
CKOTO 1 €BPOMeNcKoro cybTMMNoB Ha CBA3blBaHMe NPOTeKTUBHOro aHtutena ch14D5 ¢ sTumm 6enkamum. Metopgamm
BECTepPH-6N10T aHanv3a 1 NOBEPXHOCTHOMO M1Ia3MOHHOIO Pe3oHaHca 6bIIo MoKasaHo, UTo Hambosbluee CPOACTBO
(Kp = 1.7£0.5 HM) aHtnTeno ch14D5 nposasnseT k fomeHy D3 Bupyca KneLieBoro sHuedanuta wramma «CopbuH-
Ru», npuHapnexalyero K AanbHeBOCTOYHOMY Cy6TMNY BUpyca. B TO e Bpemsa CPOACTBO K aHanornyHbim 6enkam D3,
NnoslyYeHHbIM Ha OCHOBE LITaMMOB «3aycaeB, «1528-99» n «AbceTTapoB» CMOMPCKOro 1 eBPOMencKoro cybTnunos
BMPYCa K/eLeBoro sHuedpanuTa, okasanocb 3ameTHo Huke (K = 25+4, 300+50 1 250+ 50 HM cOOTBETCTBEHHO).
Kpome Toro, nHdopmauma o npocTpaHCTBEHHOM PACMONOXKEHUY aMUHOKUCIOTHBIX OCTaTKOB, KOTOPbIMY OT/IMYa-
I0TCA NOyYeHHble PEKOMOMHAHTHbIe GeNKK, yKa3biBaeT Ha TO, UTO Y3HaBaeMblll aHTuTenom ch14D5 snuTton Haxo-
amTca B obnactun 6okoBoro pebpa fomeHa D3 rnmkonpoTenHa E.

KnioueBble crioBa: BUPYC KielleBoro sHuedanunTa; rmmukonpoteunH E; gomeH D3; aHTUTENO; pEKOMOUHAHTHBI 6eNoK;
NOBEPXHOCTHbIN NIa3MOHHbIN Pe30HAHC; KapTUPOBaHKe 3nuTona.

IOna uyntnposanus: bakos .K,, Mateees AJ1, EmenbarnoBa JI.A., KasepuHa Ib., Tkaués C.E., TukyHoBsa H.B. Bnnanue
pasnuunii B TpeTbeM JOMeHe rrKonpoTenHa E Bupyca knewieBoro sHuedanvta AanbHEBOCTOYHOIO, CUOUPCKOTO
1 eBPONencKoro cy6TnnoB Ha CBA3blBaHNE PeKOMOMHaHTHbIX 6eIkoB D3 ¢ XMMepHbIM aHTUTeNIOM. BaBrnoBcKuMit
KypHan reHeTukm n cenekumn. 2019;23(3):256-261. DOI 10.18699/VJ19.490

The effect of differences in the third domain of the glycoprotein E
of tick-borne encephalitis virus of the Far Eastern, Siberian

and European subtypes on the binding of recombinant D3 proteins
with a chimeric antibody

LK. Ba\ykov1 ®, A.L. Matveev! 2, L.A. Emelianoval’ 2, G.B. Kaverinal, S.E. Tkachev!, N.V. Tikunoval- 2 &

TInstitute of Chemical Biology and Fundamental Medicine, SB RAS, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia
@ e-mail: tikunova@niboch.nsc.ru; ivan_baykov@mail.ru

Currently, a therapeutic drug based on recombinant antibodies for the prevention and treatment of tick-borne
encephalitis virus (TBEV) is developed in ICBFM SB RAS, and the chimeric antibody ch14D5 is considered as one of
the key components of this drug. It was previously shown that this antibody is directed to the domain D3 of the gly-
coprotein E of TBEV. It was previously shown that this antibody is able to protect mice from the European subtype
of TBEV, strain “Absettarov’, and the presence of virus-neutralizing activity against the Far Eastern subtype of TBEV,
strain 205 was also shown for this antibody. However, it remains unclear whether this antibody exhibits selectivity
for different subtypes of TBEV. The aim of this study was to investigate the effect of amino acid sequence differences
of recombinant D3 domains derived from the glycoprotein E of TBEV of the Far Eastern, Siberian and European
subtypes on the binding of the protective antibody ch14D5 to these proteins. Using Western blot analysis and
surface plasmon resonance, it was shown that ch14D5 antibody has the highest affinity (K = 1.7+ 0.5 nM) for the
D3 domain of the TBEV of the “Sofjin-Ru” strain belonging to the Far Eastern subtype of the virus. At the same time,
the affinity of ch14D5 antibody for similar D3 proteins derived from “Zausaev’,“1528-99" and “Absettarov” strains of
the Siberian and European subtypes of TBEV was noticeably lower (Ky = 25+4, 300+ 50, 250+ 50 nM, respectively).
In addition, information about the spatial arrangement of amino acid residues that are different for the studied
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Bnunanue pasnuunin pomera D3 rankonpotenHa E Bupyca
KneleBoro sHuedanmTa Ha CBA3bIBaHWE C aHTUTENIOM

recombinant proteins indicates that the epitope recognized by the ch14D5 antibody is in close proximity to the

lateral ridge of D3 domain of E glycoprotein.

Key words: tick-borne encephalitis virus; glycoprotein E; domain D3; antibody; recombinant protein; surface

plasmon resonance; epitope mapping.
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BBepeHune
Bupyc xnemesoro sanedanmnrta (BKD) otHOCHTCS K pomy
Flavivirus, mepeHoCHTCSt HKCOMOBBIMHE KIICIIAMH M BBI3BIBACT
y Jrozielt Tsokenble HeliponH(eknny. ExxeroqHo B MUpe peri-
CTpUPYIOT OKoso 10 ThIC. ciryuaeB 3a00J€BaHMs KIICIIEBBIM
sanedamurom (Heinz, Stiasny, 2012). B Hacrosiiee BpemMs
€IMHCTBEHHBIM CIIeIM()UIECKUM IpenaparoM ais npodu-
JIAKTUKY 1 JICYSHUsI KJIeleBoro sHuedanuTa sisiercs «m-
MYHOITIOOYJIH 4YeJIOBEKa MPOTHB KIICIIEBOrO dHIE(hATUTa
(manee BKD-1g), mpencrapmsronuii coboii anturena IgG, mo-
Jy4aeMble U3 CBIBOPOTKH KPOBH MMMYHH3UPOBAHHBIX JIOHO-
POB, a TaKXe JIIJel, MPOKMUBAKOLIMX HA SHIEMUUYHBIX I10
KIICTIIEBOMY SHIE(PATUTY TEPPUTOPHSIX. DTOT IIPETapar, Ipo-
n3BoauMBIH B Poccuiickoit deaepaiiun, UCTIONB3YETCS TOIBKO
Ha Tepputopun Poccun, a Takke B Kazaxcrane, B To Bpemst
Kak B OONBINMHCTBE cTpaH EBpombl cienududeckne cpea-
cTBa MPO(MWIAKTHKHN | JISYCHHS KIICIIEBOT0 dHIIe(annTa oT-
cyTcTBYIOT. [I0oCKONIBKY Ipenaparbl CBIBOPOTOUHBIX aHTUTEI
MMEIOT psii OTPAaHWYEHHH, CBA3aHHBIX ¢ HECTAOMIBHOCTHIO
XapaKTEPUCTUK M TIOBBIIICHHBIM YPOBHEM OHOJIOTHYECKOTO
pHCKa IPH HUCIIOJIL30BAaHUU, B MUPOBOIA ITPaKTHKE HAOIIO/Ia-
eTcs TeHACHIINS 3aMEHBI TAKUX TIpernaparos Oosee neperex-
TUBHBIMU M 0€30MaCHBIMH JICKAPCTBEHHBIMH CPE/ICTBAMH Ha
OCHOBE PEKOMOMHAHTHBIX aHTHTelN. Pa3paboTka mpenapara
JUTS TPO(MITAKTHKY | JIEUSHUS KITEIEBOTO SHIE(ATNTA — OTHO
W3 MPUOPUTETHBIX HampaBlieHHH MHCTHTYyTa XUMHUYECKOH
ouosioruu u GyHIaMEHTAIbHOW MeauITHbI CHOUPCKOTO OT-
nenenus Poccutickoit akanemun Hayk (UXBDOM CO PAH).
Panee Obu1 TONTy4eH HAOOP MBIIIMHBIX MOHOKJIOHATBHBIX
aHTHUTEI IPOTUB BUpYca KiiernieBoro sHuedanura (Tsekhanov-
skaya et al., 1993) u mporeMOHCTpHUPOBaHBI BEICOKHE ITPOTH-
BOBHUPYCHBIC CBOICTBa HEKOTOPBIX M3 HHUX Kak iN Vitro, Tak u
invivo (Levanov et al., 2010; Baykov et al., 2014). B ciyuae
aaTHTena ch14DS5, koTopoe HapsALy ¢ APYTHMH aHTHTEIAMHA
MOXET OBITh MCIIOJIB30BAHO JJISI CO3JaHHUS COBPEMEHHOTO
nmMMmyHornpenapara npotuB BK3, mporexkTiuBHas akTHBHOCTH
OBLITa HcciteI0BaHa TOMBKO B OTHOIIEHUH €BPOTIEHCKOTO CY0-
THITa BUpYca KJIeNeBOro sHIedanmmTa, mraMm «AOceTTapoB»
(Baykov etal., 2014), B To Bpemsi Kak IITaMMbI JIDyTHX CyOTH-
o BKD =e nccrnenoBansl. Kpome Toro, 65U10 yCTaHOBIICHO,
41O y3HaBaeMblil anTuresniom ch14DS5 snuTon pacnosnoxeH B
nomene D3 rukonporenna E (baiikoB u ap., 2018). Xots mo-
CJIE/IOBATENIbHOCTh AMUHOKHCIIOTHBIX OCTATKOB 3TOTO IOMEHA
BBICOKO KOHCepBaTtuBHa 1t BKD, pu cpaBHEHHN pa3iyHbIX
MTaMMOB 3TOI'0 BUpyCa MHOT/a BBIABIIAIOTCA CAWHUYHBIC
AMHMHOKHCJIOTHBIE 3aMEHBI B 9TOM YacTu IMKomporenHa E.
B ciydae, ecim 9TH pa3iuuus IOMaaaioT B 00J1acTh CBSI3bIBA-
HU aHTUTEIIA, OHU MOT'YT CYIIECTBEHHO BJIUATH HAa BEJIMYUHY
cpoxctBa antutena ch14D5 x Genky E, u, Bo3MoxHO, Ha
MIPOTUBOBUPYCHBIE CBOMCTBA ATOr0O aHTUTENA. Takum oOpa-
30M, B HACTOSIIIIEE BPEMSI OCTACTCSl OTKPBITHIM BOIIPOC O TOM,

nposiiseT i ch14DS u3duparenbHOCTh 10 OTHOLICHUIO K
Pa3IUYHBIM CyOTHIIaM BHpYca KIICIEBOTO SHIE(annTa.
Lenp uccinenoBaHus — BBIACHUTD, BIHSIOT JIA Pa3iiddus B
M0CJIEA0BATENILHOCTH aMHHOKHCIIOTHBIX OCTaTKOB PEKOMOU-
HAaHTHBIX JOMEHOB D3, 1OJIy4eHHBIX Ha OCHOBE IIMKOIIPOTE-
uHa E Bupyca KieimeBoro sHue(ainTa JaIbHEBOCTOYHOTO,
CHUOMPCKOTO 1 €BPOIEHCKOro CyOTHIIOB, Ha CBSI3bIBAHUE ITPO-
TEKTUBHOTO aHTUTeNa ch14D5 ¢ 3Tumu Oenkamu.

MaTtepwuanbl n metopbl

Marepuansl. Xumeproe antureno ch14D5a 6o momyde-
HO ¥ OYMIIIEHO COINIACHO METOJIMKE, OITyOJIMKOBAHHO paHee
(Baykov et al., 2014). Micnionb3oBannas B padote kK IHK pas3-
ngHBIX mrramMmMoB BKD Opita mosmydeHa B peakum oOpaTHON
TpaHCKpUIUH, coBMeleHHOM ¢ ITLIP, Ha ocHOBe cymMapHO
PHK, BbI1e/IeHHO# M3 MHAMBUIYaIbHBIX KIICIICH, COOpaHHBIX
Ha Tepputopuu Cubupu u [lamsaero BocToxka.

IHonyuyeHne reHeTHYECKUX KOHCTPYKIUIH, KOIHPYIOLINX
o0eaxkun D3 _Eu, D3 _ZauM u D3_Bal. Ha ocnose k/IHK,
noy4eHHoH it o6pas3noB TBEV-2781 (mramm «3aycaes»
cubupckoro cyoruna BKD), 126-17 (tutamm «AbGceTTapoBy
eBporneiickoro cyoruna BKD), 1528-99 (6antuiickas quHUS
cubupcxoro cyoruna BKD) u3 komnekimn MXBOM CO PAH
¢ momopio ommronykineotuoB D3 Neol dir: 5'-GCGCCAT
GGCCGGCGGTGGCTCGGGTCTTACATACACAATGTG
CG-3;uD3 his Notl rev:5-TTAGCGGCCGCTTAGTGA
TGGTGATGATGATGACTCCCTTTTTGGAACCATTG-3'
6bu1H nosryueHs! [11P-dparmenTst pazmepom okono 330 1. H.
®parmenTts! IHK, xonupyromue 6enxu D3 Eu, D3 ZauM n
D3 Bal, 6611 Betpoenst B asmuanyto JJHK pHEN2 no caii-
TaM y3HaBaHus dHJ0HYKi1ea3 pectpukunu Ncol u Notl. TIpa-
BUIIbHOCTB KOHCTpYKINA pHEN2-D3 ZauM, pHEN2-D3 Eu
n pHEN2-D3 Bal noarsepxaii ceKBEHUPOBAHUEM.

IMosyuyenue peKoMOUHAHTHBIX 0eJikoB. bakrepuu E. coli
HB2151, TpancdopmupoBaHHbIE COOTBETCTBYIONIEH TTa3-
mugaoit JTHK, pactumu B cpene LB ¢ moOaBieHnem amm-
mwuirHa 10 KoHieHtpanuu 100 mxr/mia u 0.1 % 1iroko3sl
mpu ckopocTu nepememuBanus 180 06./mun mpu 37 °C.
Ipu noctwxenun onrtuyeckor mwiotnoctu ODy,, = 0.7-0.9
MHAYLUPOBAJIN CHHTE3 Oelika J100aBIeHHEM H3OMPOIIHII-
Oera-THOTANTaKTO3M A A0 KOHEUHOH KoHIeHTpanuu 0.5 MM;
KyJIETHBUPOBAHKE MPOOJIKAIIH ITPU CKOPOCTH TTEPEMEIIIHBa-
Hust 180 00./mun u Temmneparype 30 °C. Uepes 4 u buomaccy
OT/IEJISUIN OT KyJBTYPaJIbHOH KHIKOCTH LIEHTPU(PYTHPOBAHH-
em B Teuenne 10 mun npu 6000 g, ocanok pecycnenupoBa-
1 B Oydepe, comeprxaniem 20 % caxaposbl, | MM 3THIICHH-
muamuHTeTpaanerara Hatpus (OATA) m 10 MM Tpuc-HCl
pH 7.5, B3sitom B KommdaectBe 1/10 HCX0AHOTO 00BeMa KHUIKOM
KynbTyphl. [locne uHKyOauu 5 MUH MpU KOMHATHOW TeM-
nepatype u 5 MuH nipu 0 °C KIeTKH ocakIand 2 MUH TpH
10000 g u remneparype 6 °C. [locne ynanenus cynepHaHaHTa
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KJICTOYHBIH OCa/IOK PeCyCleHIUpOBaIn B 5 MM pacTBope
MgSO,, B34TOM B KOJIMHYECTBE 1/10 ucxonHOro 00ObeMa Kui-
KOW KynbTypbl, 1 uHKyOHpoBanu 5 muH 1pu 0 °C. Ocamox
c(epoIuIacToB OTIEISUIN HEHTPUPYTUPOBaHHEM 2 MUH TIPH
10000 g u Temnieparype 6 °C, a cynepHaTaHT, Conep Kanui
TIepUTIIa3MaTHIECKHE OCNKH, (PITBTPOBAIH Yepe3 MOMHIPHp-
Cynb(OHOBBIN QHILTP ¢ pazMepoM nop 0.22 MKM U aHaJIN3HU-
poBaiiu anekTpodope3om B 15 % mommakpuiIaMuaHOM relie.

BecrepH-010T aHau3. PacTBOphI nepuInazMaTnyeCcKux
OenkoB, conepskamue nenessie 6enku D3 Sof, D3 Bal,
D3 ZauM u D3 _Eu, ¢pakiponupoBaiu 3nekrpodopesom
B 15 % menarypupyromeM noiInaKkpuIaMiIHOM Telle, Tocie
4ero OEJIKM NepeHOCHIIM Ha HUTPOIEIUTIONIO3HYI0 MEMOpaHy
(Bio-Rad) meTtomom anekrponeperoca. Janee aHamu3 mpo-
BOJIMJIM aHAJIOTHYHO TOMY, Kak 3To ommcaHo B (BbaiikoB n
ap., 2018). PexoMOnHaHTHBIE OEIKH BBISBIISUIN PACTBOPOM
antutena ch14DS B xonuenrpauuu 1 Mxr/mi. IMMyHHBIE
KOMIIJICKCHI BBISIBIISUTA BTOPUIHBIM aHTHTEIIOM, KOHBIOTHPO-
BaHHBIM CO IestouHoi ocdarazoii, Anti-Human IgG (whole
molecule)—Alkaline Phosphatase antibody produced in goat,
A1543 (Sigma). OxpamieHHy0 MeMOpaHy TPOMBIBAIH JTHC-
THJUIATOM U CKaHHPOBAJIH.

HccaenoBanue B3aMMo/ieiicTBHS AHTUTeJIA ¢ PEKOMOU-
HAHTHBIMH OesikaMu D3 MeT010M MOBEPXHOCTHOTIO MJIA3-
MOHHOTO pe3oHaHca. B3anmoneiictue antutena ch14DS5 ¢
peKOMOMHAHTHBIME OeikamMu D3 rcciieoBaii Ha OITHYECKOM
o6mocencope ProteOn XPR36, B kauecTBe cricTeMHOTO Oydhepa
ucnonb30BaH GochaTHO-coNeBOU OypepHBIN pacTBOP C J10-
6asnenuem 0.005 % tBun-20 1 0.1 MM DJITA. TToBepxHOCTD
HTG-unna aktuBHpoBanu npormyckanueM | MM BogHOTO
pactBopa Ni(NO,), B Teuenue 120 c. OOpa3upl nepumIas-
MaTUYECKHX OCJIKOB, COACPIKAIINE KAKOH-THO0 U3 LEIEeBhIX
0€ITKOB, HCTIOB30BAIIH ISl IMMOOMITH3AIINH Ha TOBEPXHOCTD
HTG-uuna go noctuxenus yposHs currana 50—70 equnurg
oTkiuka. Hecrieruguuecku cBs3aBIINECs] OCIKH OTMBIBAIH
nmpomyckanneM 25 MM pactBopa mMumaszona. [lociemosa-
TeJIbHBIE TPEXKpaTHbIe pa3BeneHus anturena ch14D5a ana-
JIM3UPOBAJIN HA CBA3BIBAHHUC C pCKOM6I/IHaHTHbIMI/I OeJIKaMHu.
[Tocne mepBoHavanbsHOTO CKpUHUHTA 1 OenkoB D3 Eu u
D3 _Bal 6b11 BEIOpaH nuama3oH koHueHTparmii 405, 135, 45,
15 u 5 uM, nns 6enxoB D3 ZauM u D3_Sof — 81, 27,9, 3
n 1 EM. /Inana3oH KOHIICHTpaNnii BRIOUPAIN TaK, YTOOBI OH
OXBaThIBAll KOHLECHTPALMIO, PABHYIO 1O 3HaueHuIo K nms
UCCIelyeMoro B3aumoyieiictus. B kauecTBe pedepeHcHo-
TO CHTHaJa WCIIOIb30BAIN CUTHAJ, 3apETUCTPHUPOBAHHBIN
Juis Oydepa, He copepiKalllero aHTUTENa, a TaKKe CHUTHA,
[IOJIyYEHHBIH IIPU NMPOIYyCKAHUM Pa3BEINCHUN aHTUTENIA B
TOW YacTH 4uma, Iae He ObII0 MMMOOUIN30BAaHO OEIKOB.
CKOppEeKTHPOBAHHBIM TAKUM 00pPa30M CUTHAI UCTIOIb30BaIN
JJI4 BBIYUCICHUA KMHETUYCCKHUX U PABHOBCCHBIX KOHCTAHT
METOJIOM TI00aTbHOTO BBHIPABHUBAHUS C MCIIOIB30BAHUEM
MIPOCTON MOJIENIN OIHOCAHTOBOTO CBSI3BIBAHMS C IIOMOIIBIO
nporpammHoro odecneuenus PreoteOn Manager 3.1.0.

AHayin3 nocJiefoBarebHocTel rena E Bupyca kiemne-
BOro 3HuedaanTa U BU3yaJIH3alUsA Pa3Inyuii HA Npo-
CTPAHCTBEHHBIX MOJEJSIX INIMKonpoTenHa E u Bupnona
BKD. IlocnenoBarenpHOCTH aMHHOKHACIOTHBIX OCTAaTKOB
6enxoB D3 _Sof, D3 Bal, D3 ZauM u D3 Eu BeipaBHUBamu
¢ nomouipto nporpammbl MEGA 5 mertonom Clustal. [l
BU3YyaJIN3aIMHU PACTIONOKEHHNS PA3IMINH Ha TPOCTPAHCTBEH-
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HOHM MoJenu mukonporenHa E ucnonb3oBaiu nporpammy
PyMol 1.8 u ¢aiin koopauaar pdb_id: 1svb.

Pesynbratbl

Ha nepBom sTane Ha ocHOBe BupycHO# PHK mrammMos «3ay-
caeB» M «1528-99», oTHOCSIMXCS K CHOMPCKOMY CYOTHITY
BHpYycCa KJICHIEBOro JHIe(annTa, a Takxke mramMma «Ao-
CeTTapoB», OTHOCSIIETOCS K eBporerickomy cyoturmy BKD,
6butn omyuens! pparments! JJHK, komupytomue nomen D3
mmkonporernHa E aTux BupycoB. dparMeHThI ObLIH BCTpOE-
uel B masmugayo JJHK pHEN2-rED3 301, ncnons3oBan-
HYI0 HaMM paHee Juisi moiydeHus ¢gparmenta D3 mramma
«Codbun-Ruy» (baiikoB u np., 2018). [Tocne uHyKIMH CHH-
Te3a Oerka M3 KJIETOK OBIIH BBIACICHBI (PPaKITUH MePUILIa3-
MaTHYECKUX OCJIKOB, coyiepkaiux nenessie Oenku D3 Sof,
D3 Eu, D3 Bal u D3 _ZauM (puc. 1), COOTBETCTBYOIIHE
mramMaM «CodsuH-Ru», «AbcertapoBy, «1528-99» Gan-
TUICKOH TMHUU U «3aycaeBy.

M 1 2 3 4 K-
50kDa —>
R
Recombinant
D3 domains
15 kDa —> <

10 kDa —» ===

Fig. 1. 15% PAGE image of periplasmic fractions of bacterial cells
containing plasmids. Lanes: 1, pHEN2-D3_Eu; 2, pHEN2-D3_Bal;
3, pHEN2-D3_ZauM; 4, pHEN2-rED3_301.

K is the periplasmic fraction of cells containing no plasmid DNA; M, protein
molecular weight ladder (Thermo scientific #26614).

M 1 2 3 4
m E Ny &)l ;‘ﬂ.
70 kDa —>
15 kDa —>
- ws <«—— D3 proteins
10 kDa —>

Fig. 2. Western blot analysis of recombinant D3 proteins with ch14D5
antibody.

Periplasmic fraction protein samples probed with ch14D5 antibody. Lanes:
1, D3_Sof protein; 2, D3_Eu protein; 3, D3_Bal protein; 4, D3_ZauM protein.
M, molecular weight ladder (Thermo scientific #26619). Protein complexes
were visualized using Sigma #A1543 secondary antibody conjugate.
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Fig. 3. Surface plasmon resonance (SPR) analysis of ch14D5 antibody binding to recombinant proteins. (a) D3_Sof, (b) D3_Eu, (¢)

D3_Bal and (d) D3_ZauM.

Experimental traces are shown in colors, approximation lines are shown in black.

Jlanee MeTOIOM BECTEPH-0JI0T aHAJIM3a OBLIO UCCIICIOBAHO
B3aNMOJICHCTBIE XUMEPHOTO aHTHTENa ch14DS5 ¢ momydeHHbI-
MH peKOMOMHAHTHBIMU Oenkamu. KonndecTBo Marepuana ais
nepeHoca 0eIKoB ObLIIO BHIOPAHO TaK, YTOOBI HA HUTPOLICILIFO-
JI03HON MeMOpaHe OKa3aoCh PABHOE KOJMYECTBO IIEIEBBIX
OenkoB. B pesynbrare ObIIO MMOKa3aHO, 9TO XUMEPHOE aHTH-
TEJIO MPOSIBJISIET HAaUOOJIbIIIee CPOACTBO K Bapuanty D3 Sof.
Bapmant D3 ZauM oxparmmBaiicsi o 3HaUUTEITHHO MEHBIIEH
MHTEHCUBHOCTEIO, a BapuanThl D3 Euu D3 Bal okpacnnch
HauOosee onenHo (puc. 2).

Kpowme Toro, cponctso anturena ch14DS5 k moy4eHHBIM pe-
KOMOWHAHTHBIM OeTkaM OBIIO OTIPEICIICHO METOJIOM IIOBEPX-
HOCTHOTO IUIa3MOHHOTO pe3oHaHca (puc. 3). 3HadeHus pas-
HOBECHBIX KOHCTaHT Auccornanmu cocrasuinu 1.7+0.5 M
mns 6enka D3 Sof, 250+£50 HM mns 6enka D3, Eu,
300450 HM must 6enxa D3 Bal u 25+4 1M s 6enxa D3
ZauM, 4T0 XOPOIIIO COTIACYETCs C KAYeCTBEHHBIMH JIAHHBIMU,
TIOJTyYCHHBIMH METO/IOM BECTEPH-OJIOT aHaIn3a.

O6¢cyxpeHue

OnuH U3 COBPEMEHHBIX ITOIXO0B MPH MPOQUIAKTHKE H JIc-
YCHUU BUPYCHBIX UH(EKIIMI — HCIIOIb30BAHUE MIPEIIAPATOB
Ha OCHOBE CHEIM(PHUECKUX BUPYCHEUTPAIN3YIOMHNX JINO0
nporekTuBHBIX anTUTeN (Lambour et al., 2016; Salazar et al.,
2017). st pnaBUBHPYCHBIX MHPEKLIUI 3TOT MOIXO]] TAKKE
MPUMEHHUM, U B HACTOSIIIIEe BPeMsi pa3padaThIBalOT Tepares-
TUYECKHE aHTHUTEJA IPOTHUB BUPYyCa KICIICBOTO SHIC(aTUTa,
Bupyca 3anaanoro Huna, Bupyca nuxopajaku Jlenre, Bupyca
3uKa, BUpyCa KEIATOW JIMXOPaJAKH U APYTuX (IaBUBHPYCOB
(Oliphant et al., 2005; Lai et al., 2010; Sautto et al., 2013;
Baykov et al., 2014; Julander et al., 2014; Fuzik et al., 2018).
B 3aBucHMMOCTH OT TOrO, KaKOW 3MUTON Ha IOBEPXHOCTH
BHUPYCHOTO O€JKa y3HAeT TO WM HHOE aHTHTENIO, aHTHUTEIA
MOT'YT JINOO OBITH TPOTEKTHBHBIMHU, JIN00, HAOOOPOT, yCHIIU-
Barh pa3BuTHE MH(EKIUH. Tak, aHTUTeNa, HATPABJICHHbIC K
TpeTheMy JOMCHY (pJIaBHBHPYCHOTO IIHKONpoTenHa E, 9acto

00J1a/1at0T BBIPaXKEHHBIMU IIPOTHBOBUPYCHBIMHU CBOWCTBAMHU
(Roehrig, 2003; Oliphant et al., 2005; Sanchez et al., 2005; Dai
et al., 2016). D10 BEI3BAaHO TEM, YTO UMCHHO TPETHH JTOMEH
mmkonporenHa E (uiaBuBHpYCOB y4acTByeT B CBSI3bIBAHUH
C KJIETOYHBIMH PELENTOpPaMHU. AHTHTENA, HANIPABIEHHbBIE K
nmomeram D1 u D2, gacto ycnnuBaroT HH(EKIIHIO, 9TO JeacT
HX HE TOJBKO OeCIojie3HbIMHU, HO Jaxke onacHbiMu (Dowd,
Pierson, 2011; Halstead, 2014; Haslwanter et al., 2017; Kat-
zelnick et al., 2017).

B Hacrosiiieit paboTe Mbl H3y4YHIIH CBSI3bIBAHWE aHTHTEINA
ch14D5 ¢ pexoMOMHATHBIME O€IIKaMH, MPENCTABISIOINMHI
coboit ¢parmentsl rukonporenna E BKD espomneiickoro,
CHOMPCKOTO ¥ AAJIbHEBOCTOYHOTO cyOTHIOB. [Tockonbky pa-
Hee OBLTO yCTaHOBIEHO, 4To aHTHTeNo ch14DS5 cBsa3pBaeTcs
¢ nomenoM D3 rmuxornporenna E (BaiikoB u ap., 2018), To B
MCCIIEI0BaHUH OBLIIM UCTIONb30BaHbl PEKOMOWHAHTHBIE JI0Me-
ue1 D3, mponymupyembie 6aktepusimu E. coli B pactBopumom
MOHOMEpHOM BHJIe. MeTo/1aMy BeCTepH-0JI0T aHaJIu3a 1 1o~
BEPXHOCTHOI'O TJIA3MOHHOTO PE30HAHCA ObUIO OOHAPYIKEHO,
4yTO cponcTBO aHTHTena chl4D5 x pa3nuyHbIM BapHaHTaM
nomena D3 pasnmuaercst 6onee yem Ha aBa nopsaxa. [pu
MOCTAHOBKE DKCIIEPUMEHTOB MBI [IOCTAPAIHCh UCKIIIOYUTD
BO3MOXXHOE BIIMSIHHE Ha PE3y/IbTaThl SKCTIEPUMEHTOB (pakTo-
POB, CBSI3aHHBIX C poaykuuei 6enka: 6enxn D3 Sof, D3 Eu,
D3 Bal u D3 ZauM nHapaOarbiBaJii U BBIJIEISUIN OTHOBpE-
MEHHO B WIGHTUYHBIX YCIOBUSX. J{M3aliH 3KCIIEpIMEHTa Ha
6unocencope ProteOn XPR36 Ob11 BBIOpan Takum 00pazom,
4TO peKOMOWHAHTHbBIC Oenku D3 ObUIM UMMOOHIN30BaHBI
Ha MOBEPXHOCTH, 4 aHAIN3UPYEMOE aHTUTENIO HAXOAUIOCH B
pactBope. COOTBETCTBEHHO, B CIIy4ae IIOTCHIIHAIBHO reTepo-
reHHOTro 00pasiia, B KOTOPOM YacTh MOJICKYII [IEJIEBOTO OesIKa
MMEET JJAJIEKYI0 OT HAaTHMBHOW KOH(OPMALUIO, N3MEHIINCH
OBl KOJINYECTBO 00pa3yIOMIMXCSl KOMIJICKCOB U YPOBEHb
JIETEKTHPYEMOTO CUTHaJIa, HO HE JIETEeKTUPYEeMble KHHETHYe-
CKME KOHCTaHThI K, K ¥ PaBHOBECHAs KOHCTAHTa JIMCCO-

on’
ouanun KD’ XapakTepuiyronas CTCIICHb CPOACTBA AaHTUTCIIA
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Fig. 4. Amino acid sequence differences between D3_Sof, D3_Bal,
D3_ZauMand D3_Eu proteinslocated on the surface of TBEV E glycoprotein.

(a) Amino acid sequence alignment; (b) TBEV E glycoprotein spatial structure.
Differences between D3_Sof, D3_Bal, D3_ZauM and D3_Eu proteins are
shown in green. D1, D2, and D3 domains are shown in red, yellow, and blue,
respectively; (c) TBEV virion frag-ment that illustrates the spatial accessibility
of Thr313, lle317, and Ala331 amino acid residues (shown in yellow). Three
molecules of E glycoprotein are shown in green, light blue and gray.

K peKOMOMHAHTHBIM Oenkam. Kpome Toro, skcriepuMeHTHI
o0 HapabOTKE PEKOMOMHAHTHBIX OCJIKOB M aHAIM3y Ha OUO-
CEHCOpE MPOBOJIIIIN B HECKOIBKHX MOBTOPAX C MOITy4YECHUEM
CXOJTHBIX PE3YJIBTATOB.

CpoACTBO aHTUTENAa K PEKOMOMHAHTHBIM (pparmMeHTam
BHpyCHOTO mHKonporenHa E pasmmaapix mrammoB BKD,
BEPOSTHO, KOPPEIHPYET CO CIIOCOOHOCTHIO aHTUTENA HEH-
TpaJM30BaTb I/IHq)eKLlI/IOHHOCTL BUpYyCa WA O6eCHe‘lI/IBaTb
MIPOTEKIINIO )KUBOTHBIX. ECTECTBEHHO, MEXaHU3MBI ITPOTHUBO-
BUPYCHOTO JICHCTBUSI Ka)KIOTO KOHKPETHOTO aHTHUTENA J0-
CTAaTOYHO TMOKHE U MOTYT BKJIOYATh MHOXKECTBO ITyTEH, 1O-
3TOMY KOppeJIsLus, ckopee Beero, naneka ot 100 %. Bmecre
C TeM B Cllydyae HECKOJbKMX aHTHTed npotuB BKD Obuto
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MOKa3aHO, YTO pa3HHIA B CPOJICTBE aHTHTENA K aHTHICHY
XOPOLIO COMIACYEeTCsl ¢ pa3HULEH B HEUTPAIU3YIOIIEH aKTHB-
HoctH N Vitro stux anturten (Tsekhanovskaya et al., 1993;
Levanov et al., 2010; Baykov et al., 2014). B npoBeneHHbIX
HaMHU SKCIEpPUMEHTax Hambosiee ciaboe CpoACTBO, OKOJIO
250 HM, OBUTO 3aPErHCTPUPOBAHO MO OTHOIICHHIO K Oell-
kam D3 Euwu D3 Bal, nonyuexnbimM Ha ocHOBe rena E mtam-
Ma «AbceTTapoBy» eBporeiickoro cyotuma BKD u mramma
«1528-99» Oanruiickoit muuuKM cubupekoro cyodruma BKD
COOTBETCTBEHHO. PaHee ObLIO yCTaHOBJIEHO, YTO aHTHTEIO
ch14D5 obmamaeT BBICOKOIH MPOTEKTUBHON aKTHBHOCTBHIO B
OTHOIICHUHN IITaMMa «AOCETTapoB» U CIIOCOOHO OJIOKHPO-
BaTh pa3BUTHE MH(EKIMU Ha MBIIIMHOW MOJENHN KIICIIEBO-
ro 3HIEeaTUTa MPU OJHOKPATHOM BBEAECHUM B JIO3MPOBKE
80 mxr/merme (Baykov et al., 2014). TTockoibKy CpoacTBO
k Oenkam D3 ZauM u D3 Sof, nony4yeHHbIM Ha OCHOBE
mraMMoB «3aycaeB» n «CodsrH Ruy» cubupckoro u main-
HeBocTouHOro cyorunos (K =25+4 u 1.7+0.5 HM coot-
BETCTBEHHO), OKa3aJI0Ch BhIIe cponuctBa K Oenky D3 Eu,
HOJy4EHHOMY Ha OCHOBe ITamMma «Abcerraposy (K =250+
+50 HM), TO MBI HOJIAraeM, YTo MPOTEKTUBHASI AKTHBHOCTh
antutena ch14D5 no oTHOIIEHHIO K OOJIBIIMHCTBY IITAMMOB
CHOMPCKOTO M JallbHeBOCTOYHOTO cyoTHoB BKD mibo oxa-
JKETCSI Ha TOM JK€ YPOBHE, UTO U TIPOTCKTUBHASI aKTHBHOCTh
9TOTO aHTHUTENA MO OTHOLICHHIO K ITaMMy «AOCEeTTapoB»
(Baykov et al., 2014), mu6o OyneT BbIIe.

Cremyer OTMETHTb, YTO MOCKOJIBKY IITaMMBI Kak cHOUp-
CKOT0, TaK U JaJbHEBOCTOYHOIO CyOTHUIIOB 00JIa/Ial0T HEKO-
TOpOil BaprabeNbHOCTHIO MOCIIEI0BATEIEHOCTH aMHHOKHC-
JIOTHBIX OCTaTKOB INIMKONpoTenHa E, To B ciIydae HEKOTOPBIX
OTACJIBbHBIX IITAMMOB BKD ¢ HETUIMYHBIMHA aMUHOKHUCIOT-
HBIMH OCTaTKaMH B oOmactu snuTomna aHtureno chl4D5
MOXKET MPOSBIIATH CHIDKCHHYIO aKTUBHOCTb. B TO ke Bpems,
KaK TOJIbKO AIIUTOII, y3HaBaeMblii anTuTenom ch14DS5, Oyner
OTIPEZIETIEH C TOYHOCTBIO JIO OTAENBHBIX aMHHOKHCIOTHBIX
OCTaTKOB, IIOJJOOHBIE CIIy4an MOXHO OyIeT MPOTHO3NPOBATH
Ha OCHOBE JIaHHBIX O HYKJICOTHIHOH ITOCIIE/I0BATEIbHOCTH
rera E xaxmoro konkperHoro mramma BKD.

3aperucTpupoBaHHbIC B HACTOSIIEM UCCIICIOBAHUH PA3IIH-
4Msl B TIPOYHOCTH CBsi3bIBaHMs aHTUTENa ch14DS5 ¢ Genkamu
D3 pazsbix cydotunoB BKD mormm ObITh BEI3BaHbI THOO TEM,
YTO OTINYAIOIINECS aMUHOKHCIIOTHBIE OCTATKH HAXOIHMIIMCh
B 00JIACTH AMUTOIA, Y3HABAEMOTO aHTUTEIIOM, JIMOO TEM, YTO
6exxu D3 o6mamany pa3sHoi CTaOMIBHOCTBIO H, COOTBETCTBEH-
HO, TIPOCTPAHCTBEHHAS CTPYKTypa Oblia Oosiee MOIBIKHA B
cllyyae MeHee CTaOMJIbHBIX OEJIKOB, YTO MOIJIO MPUBOAUTH
K OCNabJeHUIO CPOACTBA aHTUTENA K Oenky. AHain3 pas-
JMYUH B TIOCJIEIOBATEIBHOCTSIX aMUHOKHCIIOTHBIX OCTaTKOB
uccienoBanubIx OenkoB D3 (puc. 4, a) mokasaj, 4To COOT-
BETCTBYIOIINE AMUHOKHUCIIOTHBIE OCTATKH POCTPAHCTBEHHO
CTPYIIIMPOBAHbI X PACIIONOKEHBI Ha TOBEPXHOCTH IoMeHa D3
(cMm. puc. 4, 6). bosee Toro, aMuHOKUCIOTHBIC ocTarku Thr313
n Ala331 maxomsaTcs B oGmactu 60koBor0 pedpa momeHa D3,
M3BECTHOTO TEM, YTO aHTHTENA K 3Toi obnactu nomena D3
oOnajaror Hanbosee BBHIPAKEHHBIMU MTPOTHBOBUPYCHBIMH
coiictBamu (Roehrig, 2003; Oliphant et al., 2005; Sanchez
et al., 2005).

ITockonbky amuHokucaOTHBIE octarku Thr313, 1le317 u
Ala331 pacmonokeHbl Ha TTOBEPXHOCTH M HE 3aTPardBaroT
BHYTPEHHIOIO CTPYKTYpy ZoMeHa D3, To kpaiiHe maioBe-
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POSITHO, YTO OHH BJIHSIOT HA CTAaOWJIBHOCTH 3TOTO JIOMCHA,
KOTOpPBIH caM 1o cebe cradbmien (Zidane et al., 2013). Ilo-
BUJINMOMY, 9TH aMUHOKHCJIOTHBIE OCTATKU HAXOJSTCS B 00-
JIACTH DIIUTOIIA, y3HaBaeMoro anturesioMm ch14D5, Tem Gonee
YTO ATOT y4acTok fAomMeHa D3 pacnosnioxeH Ha OBEPXHOCTH
BUPHOHA M MPOCTPAHCTBEHHO OCTYIICH IS CBSI3bIBAHUS
aHTuTen (cM. puc. 4, 6).

3aknioyeHmne

B pesysbrare nmpoBeJEHHOTO MCCIIEIOBAaHMS TOKA3aHO, YTO
cponcTBo xumepHoro antutena ch14DS k nomeny D3 rm-
KorporenHa E pa3nn4HbIX cyOTHIIOB BHpyCa KIICIIEBOTO
sHue(annTa CyILeCTBEHHO pazinyaeTcs. Haumenbiee cpoa-
CTBO QHTUTEJIO MIPOSABIIAET K OCIKY, TOTyY€HHOMY Ha OCHOBE
mramMMa « AOCeTTapoB», M B TO 5Ke BpeMsI H3BECTHO, YTO aHTH-
teno ch14DS5 obnagaeT BBICOKUMU TPOTEKTHBHBIMU CBOWCTBA-
MU TI0 OTHOIIIEHHIO K IMTaMMy «AbcertapoBy. [ToaTomy ecTh
BCE OCHOBAHMS I10JIaraTh, YTO MPOTEKTUBHAS aKTHBHOCTH
OTOI'0 aHTUTCJIA IO OTHOIICHUIO K IITaMMaM CI/I6I/IpCKOFO u
JTATEHEBOCTOYHOTO CYOTHITIOB OyIeT Takke BRICOKOH. Kpome
TOTO, YCTAHOBJIEHO, YTO JIMUTOIN, Y3HABAEMbIH aHTHUTEIOM
ch14D5 Ha moBepxHOCTH IIUKOMpoTerHa E, HaxomuTcs B
obmactu 60koBorOo pedpa momena D3, 9rTo, mo-BHIAUMOMY,
00yCIIOBIIMBAET BEICOKHE ITPOTHBOBUPYCHBIE CBOMCTBA 3TOTO
aHTHUTEJA.

Cnucok nutepatypbl / References

baiikoB U.K., EmensanoBa JI.A., Coxonosa JI.M., Kapenuna E.M.,

Marsees A.JL., babkun W.B., Xmycesnu f1.A., Ilonropusii B.®.,
Tuxynoa H.B. Ananu3 noMeHHOW crielin(UUHOCTH MPOTEKTHBHO-
ro xumepHoro anturena ch14D5a nporus rukonporenna E Bupyca
KJICIEBOTO dHIehanuTa. BaBuioBckuil )KypHaI TeHETHKH U CeJIeK-
. 2018;22(4):459-467.
[Baykov LK., Emelyanova L.A., Sokolova L.M., Karelina E.M.,
Matveev A.L., Babkin I.V., Khlusevich Ya.A., Podgornyy V.F., Tiku-
nova N.V. Analysis of domain specificity of the protective chimeric
antibody ch14D5a against glycoprotein E of tick-borne encephali-
tis virus. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Jour-
nal of Genetics and Breeding. 2018;22(4):459-467. DOI 10.18699/
VJ18.383 (in Russian)]

Baykov LK., Matveev A.L., Stronin O.V., Ryzhikov A.B., Mat-
veev L.E., Kasakin M.F., Richter V.A., Tikunova N.V. A protective
chimeric antibody to tick-borne encephalitis virus. Vaccine. 2014;
17;32(29):3589-3594. DOI 10.1016/j.vaccine.2014.05.012.

Dai L., Song J., Lu X., Deng Y.Q., Musyoki A.M., Cheng H., Zhang Y.,
Yuan Y., Song H., Haywood J., Xiao H., Yan J., Shi Y., Qin C.F,,
Qi J., Gao G.F. Structures of the Zika virus envelope protein and
its complex with a flavivirus broadly protective antibody. Cell Host
Microbe. 2016;19(5):696-704. DOI 10.1016/j.chom.2016.04.013.

Dowd K.A., Pierson T.C. Antibody-mediated neutralization of flavi-
viruses: a reductionist view. Virology. 2011;411(2):306-315. DOI
10.1016/j.virol.2010.12.020.

Fiizik T., Formanova P., Ruzek D., Yoshii K., Niedrig M., Plevka P.
Structure of tick-borne encephalitis virus and its neutralization by a

2019
233

Bnunanue pasnuunin pomera D3 rankonpotenHa E Bupyca
KneleBoro sHuedanmTa Ha CBA3bIBaHWE C aHTUTENIOM

monoclonal antibody. Nat. Commun. 2018;9(1):436. DOI 10.1038/
s41467-018-02882-0.

Halstead S.B. Dengue antibody-dependent enhancement: knowns and
unknowns. Microbiol. Spectr. 2014;2(6):249-271. DOI 10.1128/
microbiolspec.AID-0022-2014.

Haslwanter D., Blaas D., Heinz F.X., Stiasny K. A novel mechanism
of antibody-mediated enhancement of flavivirus infection. PLoS
Pathog. 2017;13(9):e1006643. DOI 10.1371/journal.ppat.1006643.

Heinz F.X., Stiasny K. Flaviviruses and their antigenic structure.
J. Clin. Virol. 2012;55(4):289-295. DOI 10.1016/j.jcv.2012.08.024.

Julander J.G., Thibodeaux B.A., Morrey J.D., Roehrig J.T., Blair C.D.
Humanized monoclonal antibody 2C9-cIgG has enhanced efficacy
for yellow fever prophylaxis and therapy in an immunocompetent an-
imal model. Antiviral Res. 2014;103:32-38. DOI 10.1016/j.antiviral.
2013.12.011.

Katzelnick L.C., Gresh L., Halloran M.E., Mercado J.C., Kuan G., Gor-
don A., Balmaseda A., Harris E. Antibody-dependent enhancement
of severe dengue disease in humans. Science. 2017;358(6365):929-
932. DOI 10.1126/science.aan6836.

Lai H., Engle M., Fuchs A., Keller T., Johnson S., Gorlatov S., Dia-
mond M.S., Chen Q. Monoclonal antibody produced in plants ef-
ficiently treats West Nile virus infection in mice. Proc. Natl. Acad
Sci. USA. 2010;107(6):2419-2424. DOI 10.1073/pnas.0914503107.

Lambour J., Naranjo-Gomez M., Piechaczyk M., Pelegrin M. Convert-
ing monoclonal antibody-based immunotherapies from passive to
active: bringing immune complexes into play. Emerg. Microbes In-
fect. 2016;5(8):¢92. DOI 10.1038/emi.2016.97.

Levanov L.N., Matveev L.E., Goncharova E.P., Lebedev L.R., Ryzhi-
kov A.B., Yun T.E., Batanova T.A., Shvalov A.N., Baykov L.K., Shin-
garova L.N., Kirpichnikov M.P., Tikunova N.V. Chimeric antibodies
against tick-borne encephalitis virus. Vaccine. 2010;28(32):5265-
5271. DOI 10.1016/j.vaccine.2010.05.060.

Oliphant T., Engle M., Nybakken G.E., Doane C., Johnson S., Huang L.,
Gorlatov S., Mehlhop E., Marri A., Chung K.M., Ebel G.D., Kra-
mer L.D., Fremont D.H., Diamond M.S. Development of a human-
ized monoclonal antibody with therapeutic potential against West
Nile virus. Nat. Med. 2005;11(5):522-530.

Roehrig J.T. Antigenic structure of flavivirus proteins. Adv. Virus Res.
2003;59:141-175.

Salazar G., Zhang N., Fu T.M., An Z. Antibody therapies for the pre-
vention and treatment of viral infections. NPJ Vaccines. 2017;2:19.
DOI 10.1038/s41541-017-0019-3.

Sanchez M.D., Pierson T.C., McAllister D., Hanna S.L., Puffer B.A.,
Valentine L.E., Murtadha M.M., Hoxie J.A., Doms R.W. Charac-
terization of neutralizing antibodies to West Nile virus. Virology.
2005;336(1):70-82.

Sautto G., Mancini N., Gorini G., Clementi M., Burioni R. Possible
future monoclonal antibody (mAb)-based therapy against arbovi-
rus infections. Biomed. Res. Int. 2013;2013:838491. DOI 10.1155/
2013/838491.

Tsekhanovskaya N.A., Matveev L.E., Rubin S.G., Karavanov A.S.,
Pressman E.K. Epitope analysis of tick-borne encephalitis (TBE)
complex viruses using monoclonal antibodies to envelope glycopro-
tein of TBE virus (persulcatus subtype). Virus Res. 1993;30(1):1-16.

Zidane N., Dussart P., Bremand L., Villani M.E., Bedouelle H. Thermo-
dynamic stability of domain III from the envelope protein of flavi-
viruses and its improvement by molecular design. Protein Eng. Des.
Sel. 2013;26(6):389-399. DOI 10.1093/protein/gzt010.

Acknowledgements. This work was supported by the Russian Federation Ministry of Science and Higher Education, RF President’s grant MK-6575.2018 4.
The development of the protocol for obtaining recombinant D3 domains was supported by the Russian Science Foundation, project 17-74-10146. The
design of the recomibinant D3_Sof domain of the Sof'in-Ru TBEV strain was supported by the same project. The production and purification of chimeric
ch14D5 antibody was supported by the Russian Science Foundation, project 16-14-00083. The production of viral RNA and cDNA was supported by the

Russian Foundation for Basic Research, project 18-44-540021.
Conflict of interest. The authors declare no conflict of interest.

Received November 29, 2018. Revised December 27, 2018. Accepted January 23, 2019.

MOJEKYNAPHAA FTEHETUKA / MOLECULAR GENETICS 261



MONEKYNAPHAA TEHETUKA BaBrnoBcKum xXypHan reHeTuKK 1 cenekumm. 2019;23(3):262-269

OpuruHanbHoe nccneposaHue / Original article DOI 10.18699/VJ19.491

Association of haplotypes for SNPs in the LTR regions
of bovine leukemia virus with hematological
indices of cattle
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Molecular typing of BLV samples isolated from Holsteinized Russian Black Pied cattle was carried out, and various
cytofluorometric and morphological blood indices were examined. We performed the total count of white blood
cells (WBC), lymphocyte (lymf), granulocyte (gran), monocyte (mon), red blood cell (RBC), hemoglobin (HGB),
hematocrit (HTC), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular
hemoglobin concentration (MCHC), red blood cell distribution width (RDW), platelet count (PLT), mean platelet
volume (MPV), platelet distribution width (PDW), and platelet crit count (PCT). The LTR-region of BLV was haplo-
typed. Only viruses of haplotypes | (0.33+£0.03) and Il (0.67 £ 0.03) of the eight possible were detected. The ratio of
hematologically sick, healthy, and suspected carriers of BLV of haplotypes | and Il was comparable with the results
of other researchers. The numbers of leukocytes, erythrocytes and platelets in the blood of carriers of haplotype
Il exceeded the corresponding parameters of cattle affected by the virus of haplotype . It is interesting to note
that the difference in the hemolytic status of animals was manifested not only by the concentration of leukocytes
as directimmune agents but also by the count of erythrocytes and platelets, which are not directly involved in the
immune response. The number of particles of haplotype Il of the BLV circulating in the blood of infected individu-
als exceeded that of the carriers of haplotype I. In this connection, an assumption was made about the evolution-
ary advantage of the more virulent haplotype lll. However, the results of our own research in conjunction with the
data of other scientists indicate that the high virulence of individual virus strains is a consequence of the tendency
to implement the maximum possible intensity of the synthesis of virus particles but not of the high damaging
effect alone. It is shown that high lethality is evolutionarily disadvantageous for viruses, since the extinction of the
carrier as a biological species is fraught with the disappearance of the virus itself.
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CBs3b rarioturioB SNP LTR-o6sactu BLV
C reMaToJIOTUUYEeCKIMMIU IMToKasaTeJasIMuI
KPOBU KPVITHOI'O pOraToro ckKora
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MpoBefeHO MONEKYNAPHO-reHeTUYeCcKoe TMNMPOBaHME 06pasLioB BMpPYCa feilko3a KPYMHOro poraTtoro CKoTa
(BLV), BbigeneHHOro 13 o6pasLoB KPOBM YE€PHO-MECTPbIX FONAUTUHU3MPOBAHHBIX KOPOB, Y KOTOPbIX Oblnv 1C-
cnefloBaHbl pasnnyHble LUTOGNIOOPOMETPMYECKIME 1 MOpdOoormueckmne nokasatenu Kposu. OueHrBany obuyee
cofepxaHue nemnkoumtos (WBC), copepkaHne numdoumtos (lymf), rpaHynouutos (gran), moHouuToB (Mon),
sputpoumtoB (RBC), remorno6uHa (HGB), rematokput (HTC), cpegHuii o6bem sputpoumtoB (MCV), cpegHee co-
epXaHue remornobuHa B ogHom 3putpoumte (MCH), KOHUEHTpauuo remorfiobuHa B 3pUTPOLIUTapHOI Macce
(MCHCQ), nnpekc pacnpegenexmns saputpoumtoB (RDW), konmyectso TpomboumToBs (PLT), cpeaHuin obbem Tpom-
6ouutoB (MPV), nigekc pacnpegeneHus tpoméoumnto (PDW) n tpombokput (PCT). OnpegeneHsbl raniotunb
SNP LTR-o06nacTu BLV. 3 BOCbMM BO3MOXHbIX Oblnii 0O6HapYKeHbl TobKO BUPYChI rannotunos | (0.33+0.03) n lll
(0.67 £0.03). CooTHOLUEHWE remaToNornyecky 60nbHbIX, 340POBbIX U MOLO3PUTENbHBIX HOCUTENEN BUPYCa NENKo-
3a KpynHoro poratoro ckoTa | u lll rannoTunos 6b1i10 CONOCTaBMMO C pe3ysbTaTaMu ApYrix nccneposatenei. Konu-
YeCTBO NIENKOLMTOB, SPUTPOLUTOB 1 TPOMOOLMTOB B KpoBMW HocuTenel lll rannotrna npeBblwano aHanornyHole
napameTpbl KPYMHOrO POoraToro CKoTa, Mopa)eHHOro BMpycom | rannotuna. IHTepecHo OTMETUTb, UTO pasHMLa
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CeaA3b rannoTtunos SNP LTR-o6nactu BLV ¢ rematonornyeckumm
roKasaTensamy KpoBU KPYMHOro poraToro ckota

remaTtosiormyeckoro craTyca »1BOTHbIX MPOABMIACh HE TONbKO B KOHLEHTPALMU JIENKOLMTOB, HEMOCPeACTBEH-
HbIX UMMYHHbIX ar€HTOB, HO 1 B COAEPXaHWUN SPUTPOLIMTOB 11 TPOMOOLIMTOB, HE UMEIOLLMX K UMMYHHOMY OTBETY
HernocpeacTBeHHOro oTHoweHuA. Konnuectso yactuy Il rannotmna BLY, unpKynumpyoLwmx B KPOBY 3apa*}KeHHbIX
ocoben, npeBbillana TakoBoe 3HaueHre Hocutenelt | ranfiotuna. B cBA3M ¢ 3TUM BbIABUHYTO NpeAnosioxKeHre o6
3BONIOLMOHHOM NpeumyLlectse |l rannoTuna Kak 6onee BMpyneHTHoOro. Bnpouem, pesynbraTbl HAaCTOALLErO WC-
cnefjoBaHNA B COBOKYMHOCTU C JaHHbIMU APYIMX YUYEHbIX MOKa3blBatoT, YTO BbICOKAA BUPYNEHTHOCTb OTAEMbHbIX
LUITaMMOB BUPYCa eCTb CNIeACTBME CTPEMIIEHNA K peanm3aummn MakCMManbHO BO3MOXXHOWM MHTEHCUBHOCTM CHTE3a
BMPYCHbIX YacTULl, @ He JOCTUXEHMA BbICOKOro nopaatoLlero sddekra Kak TakoBoro. [okKaszaHo, UTo BbiCOKas
CMePTOHOCHOCTb BOJIIOLMIOHHO HEBbIFOHA BUPYCaM, Tak KaK BbIMVPaHMe HOCKTENA Kak 61onornyeckoro Brnaa

4ypeBaTo Nc4e3sHOBEHMEM 1 CaMOro BMpyca.

KntoueBble cnoBa: BLV; LTR-06nacTb; rannoTunbl; reMaTofiormyeckre nokasatenu KpoBu; NeNKoUUTbl; KPYMHbI

porartbiii CKOT.

Introduction

The bovine leukosis epizootic situation inspires intensive
development of strategies aimed at preventing the spread of
the disease. It comes down to the isolation of sick animals
from healthy ones or to the slaughter of infected individuals
(Knapen et al., 1993; Nuotio et al., 2003; Acaite et al.,
2007). The latter method proved to be very effective in the
countries of Western Europe, New Zealand and Australia,
where the purification of herds from the pathogen (BLV) is
complete or almost complete (Polat et al., 2017).

Despite these measures, bovine leukosis is by far the
most common epizootic disease in Russia and some other
countries (Juliarena et al., 2017). It was identified in 28
regions of the Russian Federation (175 adverse sites) in
2017. The largest number of adverse sites for the disease,
45, was found in Kaluga region; in the Republic of Crimea,
32; Novosibirsk oblast, 27; and Moscow oblast, 20
(Novikova et al., 2018). According to some data (Kozyreva,
Gulyukin, 2017), leukosis constituted about 65-66 % of
the cases of infectious diseases in 2015.

One of'the likely reasons for the low efficiency of bovine
leukosis control is the high percentage (70 to 90 %) of
animals with the asymptomatic stage (Ernst et al., 1997;
Smirnov Yu.P. et al., 2015; Gyles, 2016; Juliarena et al.,
2017), as characterized, among other things, by the normal
nonpathological number of leukocytes, in particular,
lymphocytes. The clinical stage is typically observed in 4
to 5-year-old animals, where, in the overwhelming majority
of cases, the economic use of dairy cows is nearing its
completion (Smirnov P.N. et al., 2015). Sometimes the
latent period can be delayed to 8 years of age (Kettmann et
al., 1994). In some cases, slaughter of animals infected with
BLV but culled for other reasons not related to the clinical
manifestations of leukosis was recorded (Mishchenko et
al., 2018).

PCR diagnostics (Smirnov P.N. et al., 2015) and enzyme-
linked immunosorbent assay (ELISA) (Syurin et al., 2001)
are effective methods for identifying BLV carriers, but their
high cost significantly hinders widespread use.

Another complicating factor is the high mutational
variability associated with viruses (Lewin, 2008). In
particular, there is a hypothesis about the accumulation
of BLV mutations that allow the virus to avoid the host’s
immune response (Blood et al., 1979; Syurin et al., 2001;

Buehring etal., 2003; Smirnov, 2007; Smirnov etal., 2011;
Batenyova, 2015). For the virus itself, such mutations are
undoubtedly beneficial and therefore must be supported
by natural selection.

The LTR region contains the so-called housekeeping
genes, among which there are regulators of mMRNA
transcription and translation. The collinear nucleotide
sequence of the virus studied shows that at least some
of the evolutionary phenotypic “acquisitions” stem from
mutations not in protein-coding genes, but in the household
genes, due to which mutagenesis is accelerated (Barrick et
al., 2009). Indeed, mutations in the nucleotide sequence of
the LTR region can activate mutagenesis in BLV (Merezak
et al., 2001). A study of the LTR regions of other viruses
gave similar results (Moelling, 2016). Itis logical to assume
that it was mutations in the LTR-region of BLV that could
contribute to the evolutionary flexibility of the virus and
provoke its ability to avoid the host’s immune response. It
is likely that more virulent strains that efficiently translate
mRNA have the maximum advantage, thereby causing the
greatest damage to the carrier. The aim of our research is
to evaluate the hypothesis of the evolutionary advantage
of mutant BLV strains due to higher virulence.

Materials and methods

Experiments were done with total DNA samples isolated
from 780 cows of the Holsteinized Russian Black Pied
breed. Blood samples were taken from the tail vein with
sterile catheters using EDTA as an anticoagulant in 2015-
2016. DNA was isolated with the DNA-Sorb-B kit (Central
Research Institute of Epidemiology, Russia).

Cytofluorimetric and morphological blood indices were
determined with an automatic veterinary haematology
analyzer PCE-90 Vet.

Oligonucleotide primers were designed with regard
to the mutational status of the isolate sequences. The
annealing temperature of the primers was calculated from
the percentages of nucleotides in the oligonucleotide
sequences (Table 1).

Primers were synthesized according to the sequence in
an automatic oligonucleotide synthesizer. Primer purity
was monitored by High Sensitivity Gas Chromatography
and found to be no less than 95 %. Primers were stored
at —20 °C for no more than six months.
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Table 1. Characteristics of oligonucleotide primers flanking the LTR region of BLV, 443 bp

Criterion

Forward primer

Reverse primer

g start site

Table 2. The amplification mode for LTR 443 bp

Number of cycles Temperature, °C Time, min
1 ...................................... 9 5 .................................... 3 0 ................................
.......................................... 9 505
.y 61 .................................... 0 5 .................................
72 .................................... 0 5 .................................
1 ...................................... 7 2 ................................... 3 0 ................................

Table 3. Composition of the PCR mixture (per one reaction)

Components

Required volume, pL

Before starting the polymerase chain reaction, the
amplification mode was programmed. Based on the
calculated annealing temperature of the primers, a
special program was used to program the amplifier
(Table 2).

Table 4. The formation of haplotype layout

Haplotype The products of restriction fragments

CCCCATRCGACCGGTTACAC

The required number of components of the reaction was
calculated for the required number of samples in order to
prepare the PCR mixture. We determined the total number
of reactions as n + 3 + 1, where n is the number of DNA
samples that need to be diagnosed; 3 is the number of
controls used in the reaction (IC is the internal control of
the PCR setting; NC is the negative control reactions; PC
is the positive control of the reaction); 1 is for the PCR
mixture for an additional calculated sample. The calculation
of the volume of each component of the mixture was made
in accordance with Table 3.

The following reagents were added to the control tubes:
positive control (PC), internal control (IC), and negative
control (NC). Standard BLV FLK was used as a PC; a pair
of specific primers for bovine DNA was used as an IC;
DNA buffer was used as a NC.

Twenty microliters of mineral oil were layered on
top of the mixture (in case of using amplifiers with a
nonheated lid). The amplification products were resolved
by electrophoresis in an agarose gel slab and visualized on
a transilluminator.

To purify the amplification products from nonspecific
fragments, the luminous strips were cut out of the gel on a
transilluminator and the amplificates were isolated by the
spin column method.

Maps of hypothetical LTR-region restriction sites were
compiled. The restriction sites were: BstMA | (237 bp),
Bsel (378, 370 bp), and BspAC | (262 bp). To analyze
possible combinations of substitutions on the selected
sequence of the BLV genome region, a typing method was
developed. Substitutions at the genome sites of 8034 and
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8139 base pairs were analyzed by restriction fragment
length polymorphism. According to the results of PCR,
two viral haplotypes were identified: I and III (Table 4).
Statistical processing of the data obtained was carried
out by conventional methods (Lakin, 1973; Zhivotovsky,
1991) using the STATISTICA 10 software package.

Results

Infected animals of the studied population (h = 780) were
represented by carriers of haplotypes I (0.33 £ 0.03) and
111 (0.67£0.03) out of the eight possible haplotypes of
BLV. When analyzing the blood indices of animals infected
with leukemia of different haplotypes, it was found that
the animals carrying haplotype 111 had a higher (p<0.001)
absolute content of all types of leukocytes. However, the
percentage of monocytes did not show significant differ-
ences (Table 5). The following hematological indices were
estimated: total leukocyte count (WBC), lymphocyte count
(lymf), granulocyte (gran), monocyte (mon), erythrocyte
(RBC), hemoglobin (HGB), hematocrit (HTC), mean
corpuscular volume (MCV), mean corpuscular hemoglo-
bin (MCH), mean corpuscular hemoglobin concentration
(MCHC), erythrocyte distribution width (RDW), platelet
count (PLT), mean platelet volume (MPV), platelet dis-
tribution width (PDW) and platelet crit count (PCT) (See
Table 5).
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It is noteworthy that the difference was noticed not only
in the concentration of leukocytes but also in the number
of erythrocytes and platelets, which do not have a direct
relationship to the immunity of animals (See Table 5).

The facts indicate that the recognition of a particular
strain of leukemia virus by the immune system of cattle
begins even before the transition of the disease to the
clinical stage. The level of leukocytes in the blood of
animals affected by the virus of haplotype Il was higher
(p<0.001) regardless of whether the animals had clinical
symptoms of leukemia, had a latent stage, or belonged to the
group with suspected leukemia (Table 6). In animals with a
high content of leukocytes in the blood, which are classified
as leukemia suspects, the levels of leukocytes in carriers of
different haplotypes of BLV differed significantly. However,
due to the clear limitation of the level of the indicator in
this group the difference between the groups was more
than 2 x 10%/L.

On the average, differences in the leukocyte count in the
diseased and the suspected animals exceed those between
the suspected and the healthy animals (See Table 6). This
is especially noticeable in visual comparison, when the
cluster of infected individuals shows a varying degree of
dependence on which BLV haplotype infected the studied
cattle (Fig. 1). Differences in leukocyte count between
animals of different hemolytic status were significant

Table 5. Cytometric and morphological blood indices of animals carrying different BLV haplotypes

Index Haplotype |

Haplotype Il te

Notes: t,-the significance of differences determined by Student’s test; nsd - no significant difference.
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Table 6. Decomposition of hypotheses about the influence of the LTR haplotype on the course type of infection

LTR HS Leukocytes, 10%/L

7 ................... 5 )? ........
||| ............. S uspected ............ 12762 ........... 0 128
||| ............. Dlseased .............. 2 1889 ........... 0 938
||| ............. Healthy ................ 10900 ........... 0 125
| ............... S uspected ............ 10423 ........... 0 104
| ............... Dlseased .............. 17314 ........... 0 040
| ............... Hea|thy .................. 7339 ........... 0 082

Lymphocytes,10%/L n

B g 9990% ....... + 9990%)(5)? .................. . 9990%+9990%

.......... 12333131905788010754316145240
.......... 185362524312982069710490154737
.......... 107””2403700010535004000281
.......... 100771076946820086439649692”
.......... 170741755510014057166121341638
............ 7066761232220052304933963

Notes: HS is the hematological status; A = 0.982 at p < 0.001; F (4.1546) = 3.3451.

241

221

121

10F
8l
6

I |
LTR

Leukocytes
=

Fig. 1. The haplotype influence on the
leukocyte count in healthy, suspected, and
diseased animals (A = 0.982; F (4.154) = 3.345;
p =0.0098).

The red line indicates the number of leukocytes in
animals with clinical symptoms of leukemia, blue -
in individuals with suspected leukemia, green —
in healthy.
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Fig. 2. Viral load in animals with different BLV
haplotypes.

(p<0.001) except for the “healthy — suspected” difference for haplotype III.
The proportion of infected animals is 15.08 % in cattle infected by the virus of
haplotype | and 1.33 % in carriers of haplotype I1I.

A similar picture was observed in lymphocyte count in the blood of the
animals. Haplotype certainly affects the change in the level of lymphocytes,
although the groups had a low level of discrimination (See Table 6).

The level of viral load was in direct proportion to the status of the animals. The
greatest number of viral particles was found in the blood of infected animals and
the smallest, in animals without clinical signs of infection. It is interesting to note
that in general, viral load was higher in cattle infected with haplotype Il (Fig. 2).

For comprehensive evaluation of the hypothesis of the influence of categorical
features on continuous variables, multidimensional criteria were used (Table 7).
The values of the Wilks criteria (Wilks” Lambda, WL), Pillai’s criteria (Pillai’s
Trace, PT), Hotelling’s criteria (Hotelling’s Trace, HT), and Roy’s criteria (Roy’s
Largest Root, RLR) reveal a significant association of BLV LTR haplotypes with
the process type of the infection, which is expressed, among other indices, in
the count of leukocytes.

Discussion

A greater number of different types of leukocytes were found in animals infected
with BLV haplotype Il compared to the carriers of haplotype | (See Table 5).
This observation points to a stronger immune response of the cattle organism
to this particular type of the virus. It is possible that the virus of haplotype
111 is more virulent, as also indicated by the larger number of virus particles
in comparison to haplotype | (See Fig. 2). The fact that the former haplotype
is more common is indicative of an evolutionary advantage of more virulent
strains over less virulent. Similar results were obtained in many experiments
with RNA viruses of mice, rats, and rabbits (Furio et al., 2012; Elsworth et al.,
2014; Korboukh et al., 2014; Fitzsimmons et al., 2018). Moreover, in some cases
there was an increase in the evolutionary flexibility of viruses. For example,
H273R — due to changes in the nucleotide sequences of mutant genes that
accelerate mutagenesis (Korboukh et al., 2014).

The assumption of the evolutionary advantage of more virulent strains of the
bovine leukemia virus looks convincing. The main objective of viruses, including
BLV, is not the destruction of the cells of the host organism but the production
of the maximum possible number of their own particles, which is perfectly
reasonable (Agol, 2015). It has been proven that the evolutionary advantage
of any mutations is determined primarily not by qualitative changes but by the
survival rate of the greatest possible number of descendants of mutation carriers.
This rule applies not only to viruses but to all representatives of all taxonomic
kingdoms (Markov, Naimark, 2015). And one of the truly harmful qualities of
viruses is not their virulence as such but the immune responses provoked by a
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Table 7. Testing the null hypothesis about the absence of haplotype influence on the type of the infection

Index Criterion Important
FreetermWL0197743 ............
PT0802257 ............
HT4057061 .............
RLR4057O61 .............
LTRWL0935624 ............
p-|-0064376 ............
HT0068805 ............
RLR0068805 ............
Hemato|og|ca|statusw|_0619193 ............
PT0380882 ............
HT0614883 ............
RLR0614686 ............
LTR+hemato|oglca|status ............... WL0982912 ............
PT0017150 ............
HT ......................... 0 01 7322 ............
RL R ........................ 0 01 2124 ............

Ceasb rannotunos SNP LTR-o6nactu BLV ¢ rematonormyecknmm 2019

roKasaTenAMy KPOBY KPYMHOro poratoro cKoTta 23.3

F dfEffect dfError p
156805427730000000 ...........
156805427730000000 ...........
156805427730000000 ...........
156805427730000000 ...........
2659327730000000 ...........
2659327730000000 ...........
2659327730000000 ...........
2659327730000000 ...........
104675 ................ 4 ............................. 1 5460000000 ...........
91038 .................. 4 ............................. 1 5480000000 ...........
118672 ................ 4 ............................. 1 5440000000 ...........
23788427740000000 ...........
3345 ..................... 4 ............................. 1 5460009764 ...........
3347 ..................... 4 ............................. 1 5480009730 ...........
3343 ..................... 4 ............................. 1 5440009799 ...........
469227740009430 ...........

Notes: dfEffect — degree of freedom of the test; dfError — degree of freedom of the residual error.

large number of viral particles: degradation of RNA (both
viral and cellular), suppression of protein synthesis (both
viral and cellular), self-destruction (apoptosis and other
types of programmed cell death), and, finally, inflammation
(Debacqetal., 2004; Lezin etal., 2009; Agol, 2015). When
we assume that BLV does not alter the host complex of the
synthesized proteins without introducing anything of “its
own” (Kettmann et al., 1980), such a theory looks quite
plausible. Since BLV is not a carrier of a program encoding
foreign proteins, its harmfulness can increase only through
accelerated synthesis of its own copies. The result is the
self-destructive response of the immune system of cattle.

The fact that the higher virulence of BLV haplotype Il
is a consequence of the acceleration of its replication and
not vice versa is confirmed by the following data. The
virus does not program carrier cells for the synthesis of
extraneous particularly harmful proteins; in contrast, it
carries genetic elements that activate the immunity of the
cattle (Lagarias, Radke, 1989; Juliarena et al., 2017). At
the first glance, it is a “suicidal” evolutionary acquisition
that should have led to the extinction of BLV as such. But
in reality, this provoked the creation of a certain complex of
coexistence of cattle and BLV, where the virus is the carrier
of the genetic system aimed at neutralizing the inevitable
harmful presence of the virus in the carrier. As a result,
70-90 % of the cattle do not show any clinical signs of
leukemia, which in general is shown in the present study
(See Table 6).

Thus, the BLV genetic program provides not only the
intensification of the synthesis of its own particles, but
also mitigation of the negative consequences for the
cattle. And the evolutionary strategy can be traced quite
clearly: the virus does not benefit from the extinction of
cattle as a biological species since this would lead to its
own extinction.

Conclusions

The research results are consistent with the presented
concept. Mutations in the genes of the LTR region of BLV
initially provoked an acceleration of viral particle synthesis,
which in turn caused a more intense immune response
in cattle (See Table 5, Fig. 1). Thus, the evolutionary
advantage of haplotype Il of BLV over haplotype I is
expressed in the accelerated reproduction of its copies,
which is ultimately reflected in the higher prevalence
of haplotype 111 (0.67+0.03) compared to haplotype |
(0.33£0.03).
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Vitamin C in fleshy fruits: biosynthesis, recycling,
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L-ascorbic acid (vitamin C) is a plant secondary metabolite that has a variety of functions both in plant tissues
and in the human body. Plants are the main source of vitamin C in human nutrition, especially citrus, rose hip,
tomato, strawberry, pepper, papaya, kiwi, and currant fruits. However, in spite of the biological significance of
L-ascorbic acid, the pathways of its biosynthesis in plants were fully understood only in 2007 by the example of a
model plant Arabidopsis thaliana. In the present review, the main biosynthetic pathways of vitamin C are described:
the L-galactose pathway, L-gulose pathway, galacturonic and myo-inositol pathway. To date, the best studied
is the L-galactose pathway (Smyrnoff-Wheeler pathway). Only for this pathway all the enzymes and the entire
cascade of reactions have been described. For other pathways, only hypothetical metabolites are proposed and
not all the catalyzing enzymes have been identified. The key genes participating in ascorbic acid biosynthesis
and accumulation in fleshy fruits are highlighted. Among them are L-galactose pathway proteins (GDP-mannose
phosphorylase (GMP, VTC1), GDP-D-mannose epimerase (GME), GDP-L-galactose phosphorylase (GGP, VTC2/VTC5),
L-galactose-1-phosphate phosphatase (GPP/VTC4), L-galactose-1-dehydrogenase (GalDH), and L-galactono-
1,4-lactone dehydrogenase (GalLDH)); D-galacturonic pathway enzymes (NADPH-dependent D-galacturonate
reductase (GalUR)); and proteins, controlling the recycling of ascorbic acid (dehydroascorbate reductase (DHART)
and monodehydroascorbate reductase (MDHAR)). Until now, there is no clear and unequivocal evidence for the
existence of one predominant pathway of vitamin C biosynthesis in fleshy fruits. For example, the L-galactose
pathway is predominant in peach and kiwi fruits, whereas the D-galacturonic pathway seems to be the most
essential in grape and strawberry fruits. However, in some plants, such as citrus and tomato fruits, there is a switch
between different pathways during ripening. It is noted that the final ascorbic acid content in fruits depends not
only on biosynthesis but also on the rate of its oxidation and recirculation.

Key words: L-ascorbic acid; vitamin C; fruits; metabolism; the key genes of ascorbic acid biosynthesis.
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HakoruieHune sutaMmimia C B COUHBIX IJIOAAX:
O1OCHHTE3 U’ pPeumMpKV/IALVsAa, TeHbI N (l)epMeHTI)I

AIO. Tankuual, E.3. Kounesal’ 2, MLA. CAYI'I/IHal‘ 2®

T NHcTuTyT GrioumxeHepun DelepanbHOro NCCEoBaTENbCKOTO LieHTpa «DyHaMeHTasbHbe OCHOBbI GYIOTEXHOMOTMM» POCCCKOI akaaemMin Hayk,
Mocksa, Poccua

2 MocKOBCKMi rocyfapcTBeHHbIl yHuBepcuTeT M. M.B. JTomoHocoBa, MockBa, Poccua

® e-mail: mashinmail@mail.ru

L-ackopbuHoBas KucnoTa (ButamuH C) — BTOPUYHBI METABONNT PacTEHWUIA, BbINOMHAIOWMIA MHOMXECTBO Pa3HO06-
pa3zHbIx GYHKLUMI Kak B PacTUTENbHBIX TKAHAX, Tak U B opraHu3me yenoBeka. OCHOBHbIM MCTOYHNKOM BrTamMuHa C
B MUTaHNV YeNoBeKa CNy»KaT PacTeHUA, Y MPeXae BCEro Niofbl LUTPYCOBbIX, LUIMMOBHMKA, NepLia, CMOPOANHbI, TO-
Marta, Kny6HVKK, nananu, Kusu. OfHako, HeCMOTPA Ha TO YTo L-ackopbrHOBasA KncnoTa — BaKHOE 61oNornyecKn
aKTMBHOE BeLLecTBO, MyTb ee BMOCKHTE3a B PacTUTENbHON KieTke 6bin onucaH nuwb B 2007 T. Ha NpuMepe Mo-
JenbHoro pactenus Arabidopsis thaliana. B HacTosAwwem 0630pe pacCMOTPEHbI M3BECTHbIE Ha CErOAHALLIHNIA feHb
nyTn 6rocrHTe3a L-ackopObMHOBOI KNCOTbI B TKAHAX pacTeHWn. 3TO L-ranakTo3Hbll, L-ryno3Hblii, ranakTypoHo-
BbI U MMO-MHO3UTONOBBIN NyTU. Hanbonee n3yyeH 13 HUX L-ranakTo3Hblil NyTb (NyTb CMMpHOBa-Yunepa), ana
KoToporo onpefeneHbl Bce GepMeHTbl, KaTannsvpylolme nociefoBaTeNibHyio Lenb peakuunin. ina apyrux nytemn
M3BECTHa NMLb NPeanoNoXMTeNbHaA NOC/eA0BaTENIbHOCTb MeTaboIMTOB, NMPW 3TOM MHOTMEe GpepMeHTbI, KaTanu-
3vpyloLLMe UX NpeBpaLleHue, elle He BbiABNEHbI. BbiaeneHbl KtoyeBble reHbl, KOTOpble YYacTBYyOT B OUOCHHTe3e
1 HaKOM/IeHNM acKOPOMHOBOW KNCNOTbl B COUYHBIX Nnogax. Cpeamn Hux dbepmenTsl L-ranaktosHoro nytu (FAMO-maH-
Ho3odocdopunaza (GMP, VTC1), TO®-D-maHHO30-3'5-3nmMmepasa (GME), TOd-L-ranakTo3opochopunasa (GGP,
VTC2/VTC5), L-ranakto3o-1-dpocdatdocdaTasa (GPP/VTC4), L-ranaktoso-1-gerngporeHasa (GalDH) n L-ranaktoHo-
1,4-nakToHperngporerHasa (GalLDH)); ¢epmeHnTtbl D-ranaktypoHosoro nytn (NADPH-3aBucumas D-ranaktypo-
HaTpepykTasa (GalUR)) n depmenTbl peuunpkynaunm AK (aernppoackopbatpepykrasa (DHAR1T) n moHogernppo-
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HakonneHvie ButammnHa C B COUHbBIX Miofax:
6UOCKHTES 1 PEeLPKYNALNSA, FeHbl U GepMEHTbI

ackopb6atpegykTasa (MDHAR)). [lo cx nop HET OfHO3HAYHOro ONMCaHUA BCeX MyTel OMOCUHTE3a 1 HaKoMeHNA
L-ackopburHOBOW KNCNOTbI B Niofax. B HacTosALlee BpeMs Hefb3A OAHO3HAYHO YTBEPXKAATb, UTO KaKoW-TO M3 YeTbl-
pex N3BeCTHbIX MyTel 6BUOCUMHTE3a aCKOPOUHOBOW KUCNOTbI ABAAETCA NpeobnafatolwmM B Nnojax pacteHuii. Tak, B
nnogax nepcuka 1 K1eu OCHOBHbIM ABNAETCA L-ranakTo3HbIN NyTb, TOrAa Kak B N1ofax BUHOrpaga v KnyoHnKy — no
BCen BmanmocTy, D-ranakTypoHoBbIi. B TO e BpemaA y pafa pacTeHuin, Hanpumep LUTPYCOBbIX UM TOMaTa, No
Mepe CO3peBaHMsA MIOLOB MOXET NPOVNCXOANTb CMEHa Pas3fINYHbIX MyTell 6uocuHTe3a. OTMeYaeTCs, YTO YPOBHM
HaKoMJIeHNA acCKoPOMHOBOW KMNC/IOTbl 3aBUCAT HE TOSIbKO OT OMOCKHTE3a, HO 1 OT CKOPOCTU ee OKWCIIeHVA 1 pe-

LpKynAaLnn.

KnioueBble cnosa: L-aCKOp6I/IHOBaF| Kncnota; ButamuH C; nnoabl; MeTabonu3m; reHbl 6rocnHTe3a aCKOp6I/IHOBOI7I

KNCNoTbl.

Introduction

L-Ascorbic acid (vitamin C) is a secondary plant metabolite
involved in manifold functions in the cell (Davey et al., 2000;
Igbal et al., 2009; Smirnoff, 2018). L-Ascorbic acid (L-AsA)
acts as an expression regulator for many genes, influences
plant growth and development via phytohormones, and, which
is no less important, is involved in the plant cell response to
the impact of biotic and abiotic stress factors (Pastori et al.,
2003; Gest et al., 2013; Li et al., 2013). Some plant species
utilize ascorbates as a substrate for biosynthesis of other
important metabolites, for example, oxalates and tartrates
(Loewus F.A., Loewus M.W., 1987; Loewus F.A., 1999;
Cruz-Rus et al., 2010).

Vitamin C is especially valuable in human diet since humans
and other higher primates had lost the ability to produce L-AsA
because of a mutation in one of the enzymes involved in its
biosynthesis (Nishikimi, Yagi, 1996). Vitamin C plays an
important role in the normal functioning of the body, being
a coenzyme in several metabolic processes. It also possesses
antioxidant properties and eliminates free radicals, which
contribute to carcinogenesis and body aging (Figueroa-
Méndez, Rivas-Arancibia, 2015). In addition, vitamin C
improves human immunity by activating phagocytes, prevents
the cardiovascular diseases associated with atherosclerosis,
and enhances collagen formation and development of the
cartilage tissue (Diplock et al., 1998). The main source of this
vitamin in human diet is plants; fruits of citruses, sweet-brier,
actinidia (kiwi), sand thorn, papaya, strawberry, mountain
ash, sweet pepper, and tomato display the highest content of
vitamin C (Igbal et al., 2009; Streltsina et al., 2010).

Biosynthesis of ascorbic acid

in plant cell

Strange it may seem but the biosynthesis of L-AsA in plant
cell was finally described in a model plant, Arabidopsis
thaliana, only as late as 2007 (Linster et al., 2007) despite
its evident importance in the life of plants and human health.
Unlike animals, which synthesize L-AsA from glucuronic
acid, the plant cell has at least four alternative pathways of
its biosynthesis, namely, L-galactose, L-gulose, galacturonic,
and myo-inositol pathways (see the Figure) (Li et al., 2010;
Yang et al., 2011).

L-Galactose pathway

The L-galactose pathway, or Smirnoff-Wheeler pathway
(Wheeler et al., 1998), is currently regarded as the main path-
way of L-AsA biosynthesis in plants. The initial substrate for
this pathway is a glucose molecule. The Smirnoff-Wheeler

pathway comprises 10 successive stages. Interestingly, the
first eight stages transform D-glucose into L-galactose,
which differs from D-glucose only by the spatial positions
of hydrogen and hydroxyl groups at the fourth carbon atom
(Linster et al., 2007).

GDP-D-mannose and GDP-L-galactose are important me-
tabolites of this pathway. The enzyme GDP-D-mannose-3',5'-
epimerase controls their mutual transformation. It is important
here that the main part of the products in this reaction is spent
for the primary metabolic reactions, namely, the biosynthesis
of cell wall polysaccharides (Roberts, 1971; Baydoun, Fry,
1988), which is maximally active in growing organs and tis-
sues. This suggests that the initial stages of this metabolic
pathway are mainly involved in the growth of organs (leaves,
fruits, and so on). In the formed (mature) organs, the second-
ary metabolic reactions are switched on and provide further
transformation of GDP-L-galactose to AsA. Therefore, the
limiting stage in this metabolic pathway of vitamin C synthesis
is the reaction that directly generates L-AsA and is controlled
by the enzyme GDP-L-galactose phosphorylase, VTC2 (see
the Figure). It is believed that VTC2 is of a key importance
for production of vitamin C and that its activity depends on
the need of a cell in synthesizing cell wall polysaccharides
(Bulley et al., 2012; Wang et al., 2014).

L-Gulose pathway

The case study of arabidopsis has shown that one of the en-
zymes of the above briefed pathway, GDP-D-mannose-3',5'-
epimerase (GME), putatively possesses 5'-isomerase activity
and is able to catalyze GDP-D-mannose transformation to
GDP-L-gulose (Wolucka, Van Montagu, 2003) along with
the 3',5'-isomerase activity, converting GDP-D-mannose to
GDP-L-galactose. The next assumption was that GDP-L-
gulose in the course of subsequent transformation into L-
gulose-1-phosphate, L-gulose, and L-gulono-1,4-lactone could
be also converted to L-AsA (see the Figure). However, the
corresponding catalytic enzymes of the L-gulose pathway of
vitamin C synthesis in plants have not been yet discovered
except for L-gulono-1,4-lactone oxidase of arabidopsis
(Maruta et al., 2010). Interestingly, the overexpression
of rat L-gulono-1,4-lactone oxidase (ALO) elevated the
L-ascorbic acid content in tobacco and lettuce (Jain,
Nessler, 2000). An overexpression of rat ALO in the ara-
bidopsis plants carrying a mutation in VTC gene (deficient
in vitamin C) completely restored the L-AsA level (Radzio
etal., 2003). This suggests that the L-gulose pathway may
be regarded as one of the alternative pathways in L-AsA
biosynthesis in plants.
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Pathways of L-AsA biosynthesis in plant cells, according to (Li et al., 2010; Suekawa et al., 2017) with some modifications.

Myo-inositol pathway

Myo-inositol is a carbohydrate metabolite synthesized by most
cells and necessary for anormal plant growth and development.
In a form of inositol phosphates and phosphatidylinositol
lipids, myo-inositol is involved in intracellular signal
transduction in various cascades (Michell, 2007).

The myo-inositol pathway of L-AsA biosynthesis in plants
comprises four stages (see the Figure). Myo-inositol is oxidized
by myo-inositol oxygenase to D-glucuronic acid, which is
further converted by glucuronate reductase to L-gulonic acid
with subsequent transformation to L-gulono-1,4-lactone,
which is catalyzed by aldonolactonase. The last reaction in this
line is the transformation of L-gulono-1,4-lactone to L-AsA,
catalyzed by L-gulonolactone dehydrogenase (Lorence et
al., 2004).

Myo-inositol oxygenase (MIOX) is the key enzyme in this
pathway: it is shown by the case study of arabidopsis that
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an overexpression of MIOX doubles the vitamin C content
in flowers and leaves (Lorence et al., 2004). The remaining
enzymes involved in the subsequent reactions in plants are
still not determined.

D-Galacturonic pathway
As was shown in the early 1960s, galacturonic acid methyl
ester is convertible to L-AsA. The existence of this metabolic
pathway was for the first time demonstrated in the case study
of a protist, Euglena gracilis (Shigeoka et al., 1979). In plants,
exogenous application of D-galacturonic acid methyl ester
elevates the ascorbic acid content in different tissues and
arabidopsis cell culture (Loewus, Kelly, 1961; Davey et al.,
1999), thereby demonstrating the presence of this pathway of
ascorbic acid biosynthesis.

Note that the initial substrates for the D-galacturonic
pathway are the degradation products of cell wall polysac-
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charides. D-Galacturonic acid is a necessary player in two
concurrent biochemical processes — synthesis of pectins,
an important cell wall component, and AsA biosynthesis.
According to the current view, this pathway comprises several
key enzyme-catalyzed stages providing the reduction of
D-galacturonic acid to L-galactonic acid or L-galactono-1,4-
lactone by galacturonate reductase and subsequent formation
of L-AsA (see the Figure). An important role of this metabolic
pathway has been demonstrated for the fruits of several
plants, such as the strawberry (Agius et al., 2003), grape
(Cruz-Rus et al., 2010), orange (Xu et al., 2013), and apple
(Mellidou et al., 2012). Since the D-galacturonic pathway is
considerably shorter as compared with the L-galactose one,
which is regarded the main pathway of AsAbiosynthesis, it is
assumed that the former may well supplement the prevalent
biosynthesis pathway in fruits under stress conditions (Cruz-
Rus et al., 2011).

AsA recycling (ascorbate-glutathione cycle)

The current data volume accumulated while studying the AsA
metabolism in plant cells suggests that the AsA levels depend
not only on its biosynthesis, but also on it oxidation and further
recycling (Li et al., 2013).

The L-AsA formed in one of the above described biosyn-
thesis cycles acts in the plant cell as an antioxidant, protecting
from oxidative stress (Akram et al., 2017). In these processes,
oxidized forms (monodehydroascorbic and dehydroascorbic
acids) are formed. During the recycling, the oxidized forms are
again reduced to AsA with the help of two reductases — mono-
dehydroascorbate reductase (MDHAR) and dehydroascorbate
reductase (DHAR). This is known as the ascorbate—glutathione
cycle (see the Figure). The biological function of this cycle
is determined by that the cell contains reactive oxygen spe-
cies, on the one hand, and AsA has antioxidant properties,
on the other.

The first stage in this pathway is detoxification of reactive
oxygen species with the help of ascorbate peroxidase (APX)
or ascorbate oxidase (AO). This gives monodehydroascorbic
acid, which is either again reduced to AsA by MDHAR, or
dehydroascorbic acid, which is reduced by DHAR.

Thus, the AsA final content in plant organs and tissues
depends on both its biosynthesis and recycling.

Specific features of AsA biosynthesis

and accumulation in fruits

L-AsA s involved in manifold functions in the life of a plant
organism. The AsA biosynthesis is triggered in response to
various endogenous and exogenous impacts and takes place
in almost all plant tissues and organs. Therefore, the presence
of at least four pathways for AsA synthesis is not surprising as
well as switching between these pathways depending on the
particular demands and conditions in the cell. However, our
interest is naturally focused on how vitamin C is accumulated
in edible parts of the plants; correspondingly, it is necessary
to clearly understand which metabolic pathway of AsA
biosynthesis is major in the fruits of different plant species.
Although this issue is of considerable importance, the studies
on the specific features of the vitamin C accumulation in plant
fruits are few. Currently, the pathways of AsA biosynthesis
and accumulation in fruits have been examined in sufficient
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detail in some cultivated plants, such as the strawberry, tomato,
grape, kiwi, apple, pear, sweet cherry, and citruses (Agius et
al., 2003; Hancock et al., 2007; Bulley et al., 2009; Cruz-Rus
et al., 2010; Di Matteo et al., 2010; Li et al., 2010; Walker et
al., 2010; Badejo et al., 2012; Al6s et al., 2014).

As a rule, AsA is gradually accumulated with an increase
in the mass of the developing fruit with the highest rate on
days 75-100 after anthesis. This pattern of AsA accumulation
has been observed, for example, for the tomato (loannidi et
al., 2009). However, AsA more rapidly accumulates at early
stages of fruit development in kiwi (Bulley et al., 2009) and
black currant (Hancock et al., 2007) fruits, when the cell
biosynthetic activity is maximal (Li et al., 2011).

A significant role of the major (L-galactose) pathway has
been shown for several species. In particular, it has been
shown that the content of vitamin C in the black currant
(Ribes nigrum) fruits considerably varies depending on both
climatic conditions and genotype; note that the correlation of
expression with vitamin C accumulation is shown for only one
gene, the gene coding for GDP-D-mannose-3'5"-epimerase
(Walker et al., 2010).

The maximum content of vitamin C in kiwi (Actinidia
deliciosa variety Qinmei) fruits is observable on day 30
after anthesis with a gradual decrease by day 60. Expression
patterns are similar for most of the studied key genes except for
the genes encoding L-galactono-1,4-lactone dehydrogenase
(GalLDH) and L-galactose-1-phosphate phosphatase (GPP/
VTC4). Note that only GPP expression correlates with AsA
accumulation (Li et al., 2010).

An important role of the enzymes involved in the D-galac-
turonic pathway has been also demonstrated for the content of
vitamin C in tomato (Solanum lycopersicum) fruits, typically
reaching 35 mg per 100 g. Moreover, an increase in AsA with
tomato (cultivar Micro-Tom) fruit ripening is inversely cor-
related with the expression of the genes involved in the major
(L-galactose) pathway (Badejo et al., 2012). The L-galactose
and D-galactouronate treatment of tomato plants increased the
vitamin C content in the mature fruits; however, this result
was unachievable by treating the plants with L-gulono-1,4-
lactone, formed in the L-gulose and myo-inositol pathways
(see the Figure) (Badejo et al., 2012). This suggests that the
AsA synthesis during tomato fruit ripening may start with
the Smirnoff-Wheeler pathway to further switch to the D-
galacturonic pathway, the enzymes of which work at the late
stage of fruit ripening. D-Galacturonic acid is produced via
the cleavage of cell wall pectin; this suggests that the path-
way in question is activated during the maceration of tomato
fruits (Badejo et al., 2012). As has been earlier demonstrated,
expression of the genes coding for pectinesterases and poly-
galacturonases (the enzymes involved in pectin degradation)
is very high in an introgression line, IL 12-4 (S. pennellii and
S. lycopersicum), differing from the parental line by a con-
siderably higher vitamin C content. This is another evidence
for that the D-galacturonic pathway is directly involved in
the accumulation of vitamin C in tomato fruits (Di Matteo
etal., 2010).

AsA is a most valuable component in the grapes (Vitis
vinifera), acting as the substrate for synthesis of tartaric acid
(Cholet et al., 2016). Similar to the strawberry and tomato
fruits, the AsA content increases with grape ripening reaching
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its maximum in fully mature fruits. Expression analysis of
the genes controlling different AsA biosynthesis pathways
in grape fruits demonstrates a strong correlation of the
transcription of D-galactouronate reductase gene (GalUR)
and the quantitative content of vitamin C (Cruz-Rus et al.,
2010). Thus, the D-galacturonic pathway is also regarded as
amajor pathway for vitamin C biosynthesis during grape fruit
development and ripening (Cruz-Rus et al., 2010).

It is known that the mature strawberries (Fragaria sp.)
are rich in vitamin C, containing on the average 60 mg AsA
per 100 g fresh tissue (Agius et al., 2003). As is shown, the
D-galacturonic pathway is significant for the AsA accumulation
in strawberry fruits. Expression of one of the enzymes of this
pathway, NADPH-dependent D-galacturonate reductase
(GalUR), in strawberry fruits increases proportionally to
the accumulation of vitamin C there. Overexpression of the
strawberry GalUR gene in arabidopsis leaves gives a twofold
increase in vitamin C content there, suggesting an important
role of this particular enzyme in AsA biosynthesis (Agius et
al., 2003).

Note that the final vitamin C content in fruits depends not
only on the rate of AsA biosynthesis, but also on its recycling
(see the Figure). In particular, it has been shown that the
expression of MDHAR gene (ascorbate—glutathione pathway)
in strawberries positively correlates with the accumulation of
vitamin C in developing fruits (Cruz-Rus et al., 2011).

The maximum AsA content in sweet cherry (Prunus avium
cultivar Hongdeng) fruits is observed during their setting
followed by a gradual decrease during fruit development
and a moderate increase in the mature fruit (Liang et al.,
2017). Nonetheless, AsA content continues to increase with
the weight of fresh fruits. Full-sized cDNAs of 10 genes
involved in the L-galactose pathway of AsA biosynthesis
have been described as well as of 10 genes involved in AsA
recycling. The expression levels of the genes encoding GDP-
L-galactose phosphorylase (GGP2), L-galactono-1,4-lactone
dehydrogenase (GalLDH), ascorbate peroxidase (APX3),
ascorbate oxidase (AO2), glutathione reductase (GR1), and
dehydroascorbate reductase (DHAR1) correlate with the
quantitative content of vitamin C during fruit development,
which suggests that the joint work of all these genes involved
in AsA biosynthesis, degradation, and recycling together
regulates the AsA accumulation in sweet cherry fruits (Liang
etal., 2017).

The enzymatic activities involved in the AsA biosynthe-
sis via the Smirnoff-Wheeler pathway and its recycling in
different fruit tissues have been comprehensively studied
in pear (Pyrus pyrifolia cultivar Aikansui) fruits (Huang
et al., 2013). Biochemical analysis demonstrates that the
AsA content increases with fruit development to reach the
maximum 30 days after anthesis and then decreases and is
maintained at the same level. The highest AsA concentra-
tion is observed in the pear peel, which is a result of a high
L-galactose dehydrogenase and L-galactono-1,4- lactone de-
hydrogenase activities, on the one hand, and dehydroascorbate
reductase and monodehydroascorbate reductase (involved in
AsA recycling), on the other. An exogenous application of
the precursors of AsA biosynthesis has shown that the peel
displays a higher ability to synthesize the target substance
via the Smirnoff-Wheeler and D-galacturonic pathways,
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whereas the pulp and core were less capable of synthesizing
AsA (Huang et al., 2013).

According to a study of apple (Malus domestica) fruits,
AsA can be synthesized via the L-galactose pathway (Li et
al., 2008). Further studies of the dynamics of vitamin C ac-
cumulation during fruit (cultivar Gala) ripening have shown
that the transcription levels of the genes coding for GDP-L-ga-
lactose phosphorylase, GDP-L-mannose pyrophosphorylase,
D-galacturonate reductase, and L-galactono-1,4-lactone
dehydrogenase, regulated on a posttranscriptional level, do
not correlate with vitamin C accumulation. On the other
hand, the expression patterns of L-galactose dehydrogenase,
L-galactose-1-phosphate phosphatase, and GDP-D-mannose-
3'5'-epimerase are in general similar to the AsA accumulation
pattern. Interestingly, the expression and activity of the genes
of monodehydroascorbate reductase and dehydroascorbate
reductase, which degrade AsA in fruits, do not correlate with
the AsA accumulation during fruit development (Li et al.,
2011).

In addition, the search for the quantitative trait loci
(QTL) responsible for the vitamin C accumulation in the
M. domestica fruits (Mellidou et al., 2012) has succeeded
in finding a linkage group that comprises the genes of GDP-
L-galactose phosphorylase (GGP) and dehydroascorbate
reductase (DHAR). Of special interest are three GGP
paralogous genes, all residing within the AsA-QTL cluster.
The association between some allelic variants of the GGP
gene and increased vitamin C content has been observed.
Comparison of the GGP expression patterns in the specimens
displaying high and low vitamin C contents suggests a key role
of GGP in the accumulation of vitamin C. Molecular markers
(SNPs) have been found; these markers are helpful when
breeding new cultivars with an increased vitamin C content in
apple fruits (Mellidou et al., 2012). In addition, a correlation
between DHAR and a QTL associated with the resistance to
flesh browning has been shown (Mellidou et al., 2012).

Citruses are known as an important source of vitamin C.
Expression patterns of 13 genes involved in vitamin C
metabolism (including its synthesis, degradation, and
recycling) in two citrus fruits — orange (Citrus sinensis) and
tangerine (C. unshiu) — have been studied. The L-galactose
pathway is shown to be major for the synthesis of vitamin C.
Note that AsA accumulation is maximum in the peel and pulp,
correlating with the expression profiles of the genes involved
in the L-galactose pathway, whereas the myo-inositol
pathway is prevalent for the AsA synthesis in immature
fruit peel. GGP and GPP are regarded as the key genes
controlling the AsA synthesis in the pulp; as for the peel,
the function of GMP and MIOX is also important (Alos et
al., 2014). In addition, a relative expression of the MDHAR
and DHAR genes (involved in recycling) correlates with the
AsA accumulation during fruit ripening and the cultivars
with an elevated AsA content displayed an upregulation of
these genes (Alos et al., 2014).

Thus, it is currently impossible to unambiguously state
which of the four known pathways of AsA biosynthesis is
prevalent in plant fruits. In particular, the L-galactose pathway
is prevalent in peach (Imai et al., 2009) and Kiwi (Bulley et al.,
2009) versus grapes (Cruz-Rus et al., 2010) and strawberries
(Agius et al., 2003), where the L-galacturonic pathway is
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likely to be prevalent. On the other hand, the prevalence of
AsA pathways changes during fruit ripening in several plants,
for example, citruses, or tomatoes (Bajero et al., 2012; Alo6s
etal., 2013).

Key enzymes determining L-AsA
biosynthesis and accumulation
in berries, vegetables, and fruits

Enzymes of L-galactose pathway

GDP-mannose phosphorylase (GMPorVTC1),EC2.7.7.22,
displays a mannose-1-phosphate guanylyltransferase activity.
The gene coding for this enzyme was for the first time detected
inand cloned from a mutant arabidopsis plant with a decreased
AsA content (Conklin et al., 1999). As has been later shown,
an inhibition of GMP in the tomato decreases the AsA content
in fruits (Keller et al., 1999).

The NCBI database contains VTC1 gene sequences of the
arabidopsis (A. thaliana), tomato (S. lycopersicum), turnip
(Brassica rapa), cabbage (B. oleracea), potato (Solanum tu-
berosum), papaya (Carica papaya), sweet cherry (P. avium),
rice (Oryza sativa), tobacco (Nicotiana tabacum), jujube
(Ziziphus jujuba), and pepper (Capsicum annuum). The gene
with a total length of approximately 2500 bp is rather con-
served in its structure, comprising four exons and four introns.

GDP-D-mannose-3'5'-epimerase (GME), EC 5.1.3.18,
catalyzes the reversible epimerization of GDP-D-mannose,
which is among the main reactions in the L-galactose
pathway of AsA biosynthesis. In this reaction, a high-energy
glycosyl-pyrophosphoryl linkage is hydrolyzed. GME is able
to catalyze two different reactions with formation of either
GDP-L-galactose or GDP-L-gulose from GDP-D-mannose.
GDP-L-gulose is the initial substrate for the alternative
gulose pathway of AsA biosynthesis. The other reaction
product, GDP-L-galactose, can be further utilized not only
for synthesizing vitamin C, but also in biosynthesis of the
cell wall and glycoproteins, which is primarily necessary for
the development of vegetative organs (Lukowitz et al., 2001;
Gilbert et al., 2009; Mounet-Gilbert et al., 2016). As has
been shown, this enzyme activity can also influence pollen
development and seed formation (Mounet-Gilbert et al., 2016).

Currently, GME is regarded as one of the most important
enzymes in the L-AsAbiosynthesis in plants. The genes coding
for this enzyme have been isolated and characterized in the
arabidopsis (Wolucka et al., 2001; Wolucka, Van Montagu,
2003), rice (Watanabe et al., 2006), and tomato (Zhang C.J. et
al., 2011; Zhang Y.Y. et al., 2011). Interestingly, the rice and
tomato genomes carry two paralogous genes each (Watanabe
et al., 2006; Zhang C.J. et al., 2011; Zhang Y.Y. et al., 2011).
Apositive correlation between expression of this gene and AsA
content is observed in the apple (Li et al., 2010) and blueberry
(Liu et al., 2015). However, this pattern is unobservable in
the kiwi (Bulley et al., 2009), peach (Imai et al., 2009), and
tomato (loannidi et al., 2009; Mellidou et al., 2012). Taking
into account the need in maintenance of the metabolic balance
between the syntheses of AsA and cell wall, competing for
the common substrate (GDP-L-galactose), it is shown that an
overexpression of the GME gene does not lead to an increase
in the AsA content in arabidopsis (Yoshimuraetal., 2014). On
the other hand, a joint overexpression of GME and the gene
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coding for the enzyme catalyzing the limiting stage of the
L-galactose pathway, GPP, results in a considerably increase
AsA accumulation as compared with the overexpression
of GPP alone (Bulley et al., 2009). Analogous data have
been also obtained for kiwi fruits (Bulley et al., 2009). This
demonstrates a highest importance of the GME and GPP genes
and their joint control in the L-galactose pathway.

In plants, two paralogous genes are known, GME1 and
GME2. These genes have a length of approximately 1500 bp,
display a high homology, and consist of six exons and five
introns. Among the horticultural crops, these genes are known
in the grape vine (V. vinifera), tomato (S. lycopersicum),
pineapple (Ananas comosus), melon (Cucumis melo), and
mulberry (Morus notabilis).

GDP-L-galactose phosphorylase (GGP or VTC2/VTC5),
EC 2.7.7.69, catalyzes the GDP-L-galactose phosphorylation
to L-galactose-1-phosphate. An important role of the VTC2
gene was demonstrated in the arabidopsis (Dowdle et al.,
2007). The recombinant VTC2 alleles of the wild-type
arabidopsis and two mutants were expressed in Escherichia
coli. The product of one mutant allele did not lead to vitamin C
synthesis and the product of the other mutant allele displayed
only 2 % of the total wild-type VTC2 activity. However, a
comprehensive analysis of the plants has shown that the vtc2
mutants of arabidopsis still accumulated AsA at the level of
10-20 % of its content in wild-type plants. This suggested
existence of certain other pathways of AsA biosynthesis
(Dowdle et al., 2007; Laing et al., 2007; Linster et al., 2007,
2008).

In addition, the changes in AsA level in response to the VTC2
overexpression in arabidopsis, tomato, strawberry, potato, and
rice have been experimentally studied (Bulley et al., 2012;
Wang et al., 2014). The plants transformed with the constructs
carrying VTC2 gene displayed a considerable increase in the
AsA content (Bulley et al., 2012; Wang et al., 2014).

Certain data demonstrate that not only the coding sequence
of VTC2 gene, but also a region in its promoter sequence
influences the AsA accumulation in fruits. As has been shown,
the AsAbiosynthesis may be controlled via a posttranscriptional
repression of GDP-L-galactose phosphorylase. This regulation
involves an additional reading frame (UORF). Its “switch-
off” leads to the synthesis of GDP-L-phosphorylase and, as
a consequence, to an increase in the AsA concentration. This
posttranslational AsAregulation is most likely a rather ancient
control mechanism, since the uORF is retained in GGP genes
from the mosses to angiosperms (Laing et al., 2015).

All this suggests that GGP/VTC2 in some plants is the key
regulator of AsA biosynthesis; many biotechnological studies
aimed at an increase in the vitamin C content have been
performed utilizing this particular gene (Zhou et al., 2012).

So far, the NCBI database contains the sequence of
several GGP paralogs from the arabidopsis (A. thaliana),
turnip (B. rapa), field mustard (Brassica arvensis), cabbage
(B. oleracea), maize (Zea mays), sunflower (Helianthus
annuus), potato (S. tuberosum), and tobacco (N. attenuata).
The lengths of these DNAs vary around 2740 bp and they
comprise seven exons and six introns.

L-galactose-1-phosphate phosphatase (GPP/VTC4),
EC 3.1.3.B9, catalyzes dephosphorylation with formation of
L-galactose. GPP is also regarded as an efficient enzyme for
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regulation of AsA synthesis. This was first assumed for kiwi
fruits (Laing et al., 2004; Bulley et al., 2009), apple (Mellidou
et al., 2012), and tomato (loannidi et al., 2009). However,
note that AsA is synthesized even in the case of GPP gene
knockout although in a smaller quantity, which suggests that
either there are other functional phosphatases involved in
AsA biosynthesis or AsA is synthesized via other pathways
(Conklin et al., 2006; Torabinejad et al., 2009).

It has been shown that GPP is a bifunctional enzyme able
to catalyze the biosynthesis not only of AsA, but also of
myo-inositol. Thus, GPP activity may represent the junction
point of the L-galactose and myo-inositol pathways of AsA
biosynthesis (Torabinejad et al., 2009).

Homologous GPP genes comprising 12 exons and
11 introns in the arabidopsis (length, 2413 bp) and nine exons
and nine introns in turnip (length, 7196 bp) are known in the
kingdom of plants.

L-galactose-1-dehydrogenase (GalDH), EC 1.1.1.316,
and L-galactono-1,4-lactone dehydrogenase (GalLDH),
EC 1.3.2.3. GalDH oxidizes L-galactose to L-galactono-1,4-
lactone using NAD* as electron acceptor. GalLDH is the final
enzyme of the L-galactose pathway and directly leads to AsA
synthesis. So far, the GalLDH gene has been isolated from
the arabidopsis, pea, kiwi, and apple (Gatzek et al., 2002;
Laing et al., 2004; Mieda et al., 2004). As has been shown
for pear fruits, a high AsA concentration in the peel is in part
determined by high activities of GalDH and the next enzyme
in the biosynthesis pathway, GalLDH (Huang et al., 2013).
GalLDH has been characterized for several plant species,
including the sweet potato (Imai et al., 1998), cauliflower
(Oesterhelt et al., 1997), spinach (Mutsuda et al., 1995),
tobacco (Yabuta et al., 2000), strawberry (do Nascimento et
al., 2005), melon (Pateraki et al., 2004), tomato (Zhang C.J. et
al., 2011; Zhang Y.Y. et al., 2011), and arabidopsis (Leferink
et al., 2008). Before the discovery of VTC2, it was believed
that these particular enzymes, involved in the final stages
of AsA biosynthesis, could play the key role in at least
tomatoes (Alhagdow et al., 2007; Mellidou et al., 2012).
However, GalDH has been recently assumed to influence AsA
accumulation being involved in the AsA transport between
different organs (Mellidou, Kanellis, 2017; Rodriguez-Ruiz
etal., 2017).

Homologs of the GalDH gene have been found in the
genomes of maize (Z. mays), sweet cherry (P. avium), barley
(Hordeum vulgare), and arabidopsis (A. thaliana). This gene
on the average is 4300 bp long and comprises five exons and
four introns. As for the homologs of the GalLDH gene, they
have been annotated in the genomes of sweet cherry (P. avium),
sweet pepper (C. annuum), and apple (M. domestica); have
lengths of 5139, 7667, and 6329 bp, respectively; and comprise
six exons and five introns.

Enzymes of D-galacturonic pathway

NADPH-dependent D-galacturonate reductase (GalUR).
The substrate for this enzyme is D-galacturonate, which is
the product of degradation of cell wall pectins; the GalUR-
catalyzed reaction gives L-galactonate (see the Figure). As
is shown, the GalUR expression in grape (V. vinifera) fruits
correlates with the vitamin C accumulation during fruit
ripening (Cruz-Rus et al., 2010); analogous pattern is observed
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in the strawberry (Agius et al., 2003) as well as the key role of
this enzyme in the AsA biosynthesis. Note that the reactions
of the D-galacturonic pathway in plants are yet insufficiently
studied and require further biochemical, physiological, and
genetic studies. Homologs of the GalUR gene have been
annotated in the genomes of the sunflower (H. annuus) and
tobacco (N. attenuata); their lengths are 2671 and 12 453 bp,
respectively; and they comprise four exons and three introns.

Enzymes involved in AsA recycling

Dehydroascorbate reductase (DHAR1) and monodehydro-
ascorbate reductase (MDHAR). MDHAR enzyme activity
is tightly correlated with the ASA accumulation in tomatoes
at a decreased temperature, suggesting its significant role in
the regulation of AsA synthesis under stress.

Identification of the MDHAR and DHAR genes and their
further functional analysis have shown that an overexpres-
sion of the DHAR gene provides a 1.6-fold increase in the
AsA content in the tomato fruits grown at a relatively low
illumination. A study of expression levels of two MDHAR
isoforms demonstrates that an increase in the transcription of
this gene is negatively correlated with an increase in the AsA
level during tomato fruit ripening (Li et al., 2013). However,
it is assumed that MDHAR is an important determinant of
the changes in AsA level under stress (loannidi et al., 2009).
In particular, the MDHAR activity considerably elevates the
AsA content in fruits in the case of cold (Li et al., 2013) and
oxidative (Gest et al., 2013) stresses.

The role of MDHAR in the increase of AsA content has
been unambiguously demonstrated for tomatoes by QTL
mapping (Sauvage et al., 2014) and by expression and
enzyme activity profiling during fruit ripening (Mellidou et
al., 2012). Expression of this gene also correlates with the
vitamin C accumulation in blueberries (Liu et al., 2015).
The suppression of MDHAR in tomato fruits decreases the
AsA content, thereby suggesting that the recycling control
via an increase in MDHAR activity may be an efficient way
for increasing the vitamin C content (Truffault et al., 2017).
Moreover, it has been shown using siRNA that a decrease in
this enzyme activity makes tomato plants unable to resist cold
stress (El Airaj et al., 2013).

Expression of the DHAR gene correlates with the AsA
accumulation in the chestnut rose (Huang et al., 2014) and
blueberry (Liu et al., 2015) fruits.

Three paralogous genes — DHAR1, DHAR2, and DHAR3 -
are known in plants. The paralogous genes display a low degree
of homology. The DHAR1 gene has a length of approximately
6000 bp and comprises six exons and five introns.

Among the horticultural crops, DHAR genes are known
in the grape vine (V. vinifera), tomato (S. lycopersicum),
sweet cherry (P. avium), pepper (C. annuum), and apple
(M. domestica).

The MDHAR paralogs also display a low degree of
homology. The number of exons in these genes varies from
nine to 17. These genes have been found in the tomato
(S. lycopersicum), arabidopsis (A. thaliana), and pepper
(C. annuum).

Thus, the activities of the enzymes involved in AsA
recycling needs further studies, the more so since the enzymes
of this pathway may be directly associated with the resistance
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to cold and oxidative stress, which has an important applied
value.

Conclusion

This paper briefs the main pathways of L-AsA biosynthesis
and recycling in plant tissues. The key genes involved in the
AsA biosynthesis and accumulation in fruits are considered.
A huge volume of data on this issue demonstrates that the
most significant role in the AsA biosynthesis, accumulation,
and recycling is played by a synergistic interaction of all these
components. Most likely, the insight into these interactions
will form the background for the research into the vitamin C
metabolism in plants during the next decade.
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3yueHMe MOCTKPUOTEeHHOT'O pereHepaloHHOro MoTeHIaaa
copToB KapTodess B pa3HbIX VCIOBUSX Ky/IbTUBUPOBAHNS
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KpuokoHcepBauusa obecneunBaeT JONTOCPOYHOE XpaHeHe reHoGOHAA CENeKLMOHHBIX COPTOB KapTodens B KprnobaHKax
npuv CBEPXHU3KUX TemnepaTypax. B HacTosLlee Bpems Ans KPMOKOHCepBaLuUM COPTOB KapTodens Hanbonee WNPOKo nc-
nosib3yeTcs MeTo APONIeT-BUTPUPMKALMMN, KOTOPbIN MOCTOAHHO COBEPLUEHCTBYETCA C LeMbio MOBbIWEHWSA pereHepaLm-
OHHOW CMOCOGHOCTN COXPAHAEMOro PacTUTeNbHOrO MaTepurana. B BeayLimx MMpoBbix reH6aHKax KapTodensa ncnosb3ay-
I0TCA pa3nnyHble MogudUKaLmMy 3Toro MeToaa. B faHHo paboTe npeAcTaBieHbl pe3ynbTaTbl U3yYeHUs BIAVAHWA YCIIOBUN
KyNbTVBUPOBaHYA NOC/E 3aMOPaXXMBaHUA—OTTarBaHWsA anekcoB No6eros v NasyLHbIX MOYeEK in Vitro pacTeHUiA Ha UX Cno-
COBGHOCTb K MOCTKPVOreHHOMY BOCCTaHOBJIEHNIO. 11 KPMOKOHCepBaLMm Obln MCMONb30BaH MeTo[ APOMeT-BUTprdmKa-
umm, moanduLmpoBaHHbiii B BUP. DakTop «anutenibHas TeMHOBas MHKY6aLMA SKCMIaHTOB» He OKa3blBan CyLeCTBEHHOTO
BJIVAIHVIA HA YacTOTY MOCTKPUOTEHHOW pereHepaLnm 13yyYeHHbIX COPTOB, 3a NCKIoueHrem ogHoro copta (Kpenbiw), ans
KOTOPOro OTMeUeHO AOCToBepHoe (p < 0.05) yBenuueHmne YacToTbl pereHepaunm B BapuaHTe KynbTMBUPOBaHMWA anekcoB
MUKPOMO6EroB B TeMHOTE MO CPaBHEHMIO C BAPUAHTOM KyJIbTUBMPOBaHUA Npu poToneprioge 16/8 u (cBet/TemHoTa). DakTu-
UeCKM y BCEX COPTOB YacToTa NOCTKPUOreHHON pereHepaLny anekcoB MUKPono6eros Gbina Bbille, Yem Y NasyLlHbIX MoYek,
O[lHaKO AOCTOBEPHOE MpeBbieHye (p < 0.05) AaHHOTO NoKasaTens /1A anekcoB N06eroB OTMEUYEHO TOJbKO B BYX CIyya-
AX: ANA copTa Yaaua — KyNbTYBMPOBaHMe 3KCMIAHTOB Npu ¢potonepuoge 16/8 u v ansa copta Kpenbill — KynbTUBMPOBaHMe
B YC/IOBMAX TEMHOBOW MHKYOaLuu. Pe3ynbTaTbl AByX($paKTOPHOIo AMCNEPCMOHHOIO aHanm3a yKasblBaloT Ha OTCYTCTBIME 3Ha-
ummoro spdeKTa COBMECTHOrO AeiCTBUA ABYX GaKTOPOB (TeMHOBasA MHKY6aLMs 1 TUM 3KCMNaHTa) Ha CNOCOGHOCTb COPTOB
K MOCTKPUOTrEHHOMY BOCCTaHOBJ/IEHUIO. C yUETOM MOJTyUYEHHbIX Pe3yNbTaToB fAaJibHelLLyo KPUOKOHCEPBALMIO PacLUMpPeH-
HOW BbIGOPKY 13 EBATY CENEKLMOHHbBIX COPTOB MPOBOAMIN C UCMOMNb30BaHNEM TOSIbKO OQHOTO TWMa KCM/IAHTOB — anek-
COB MUKPOMO6EroB, KOTopble NOC/E 3aMOPaXMBaHUA—OTTaMBaHVA KybTYBMpPOBanu npu ¢otonepuope 16/8 u. Yactota
NOCTKPVOreHHOMN pereHepaunm 3TUX COpToB BapbupoBana ot 30 fo 60 %. YCTaHOBIEHO JOCTOBEPHOE BAMAHME reHoTUMNa
Ha pereHepaLOHHY COCOBHOCTb COPTOB MOCIIE 3aMOPAXKUBAHUA—-OTTamBaHWA. COCOOHOCTb COPTOB K MOCTKPUOrEHHO-
My BOCCTaHOB/IEHMIO He CBfA3aHa CO 3HaueHuAMY MopdOoreHeTUUECKIX NoKasaTenel in vitro pacTeHuid, KOTOpble UCMOSb3Y-
I0TCA B OPUrIHaNIbHOM CEMEHOBOACTBE KapTodens. Bo3pacT mepunkioHa (2—-4 rofa) He okKasblBasl CyLLeCTBEHHOTO BIUAHMA
HY Ha NoKa3aTenu MopdoreHesa, H1 Ha YacTOTy MOCTKPUOTEHHOW pereHepaLum CopToB.

KnioueBble crioBa: KapTodenb; Solanum tuberosum; pnuTenbHOE XPaHeHVe; KPUOKOHCePBaLUA; YCIOBUA in Vitro KynsTuBY-
poBaHus; MopdoreHes in vitro pacTeHui.

Ana yntuposaHua: becnanosa E.C,, YxaToBa 0.B., Bonkosa H.H., OBac E.B., Tantosa H.A., laBpunexko T.A. V3yyeHune nocT-
KPVOreHHOro pereHepaumnoHHOro NoTeHurana coptToB KapTodens B pasHblX YCNOBUAX KyNbTUBMPOBaHNA. BaBrnoBcKuin
KypHan reHeTuku n cenekumun. 2019;23(3):281-286. DOI 10.18699/VJ19.500

Investigation of the post-cryogenic regeneration ability
of potato varieties under different cultivation conditions
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Cryopreservation provides long-term storage of the gene pool of potato varieties in cryobanks at extremely low tempera-
tures. Currently, droplet vitrification is the most widely used method for cryopreservation of potato varieties, which is con-
stantly improving to increase the regeneration rates of the stored plant material. Different modifications of this method
are used in the world’s leading potato genebanks. This paper presents the results of studying the effect of cultivation
conditions after plunging into liquid nitrogen and thawing of shoots tips and axillary buds of in vitro plants on their post-
cryogenic recovery. The droplet-vitrification method modified at VIR was used for cryopreservation. The factor “prolonged
dark incubation of explants” did not have a significant effect on the frequency of post-cryogenic regeneration of the stud-
ied varieties except for one variety (Krepysh), for which a significant increase in the regeneration rate was observed for the
shoot tips cultivated in the darkness compared to the cultivation under the photoperiod 16/8 hours (light/darkness). The
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Post-cryogenic regeneration of potato varieties
under different cultivation conditions

frequency of post-cryogenic regeneration of shoot tips was higher than that of the axillary buds for all varieties; however,
these differences were significant (p < 0.05) only in two cases: for the variety Udacha (a photoperiod of 16/8 hours) and for
the variety Krepysh (the dark incubation). The results of two-factor analysis of variance indicate that there is no effect of
interaction of factor 1 (prolonged dark incubation) and factor 2 (explant type) on the ability of varieties to post-cryogenic
recovery. Taking into account the obtained results, the further cryopreservation of an extended subset of 9 varieties was
carried out using shoot tips, which, after freezing-thawing, were cultivated under the photoperiod of 16/8 hours. The fre-
quency of post-cryogenic regeneration of these varieties varied from 30 to 60 %. A significant effect of genotype on post-
cryogenic recovery has been established. The ability of varieties to regenerate shoots after freezing and thawing was not
related to the values of morphogenic indices of in vitro plants. The age of the meriklons (2-4 years) did not significantly
affect either the morphogenic indices or the frequency of post-cryogenic regeneration.

Key words: potato; Solanum tuberosum; long-term preservation; cryoconservation; in vitro cultivation conditions; in vitro
morphogenesis.

For citation: Bespalova E.S., Ukhatova Yu.V., Volkova N.N., Oves E.V.,, Gaitova N.A., Gavrilenko T.A. Investigation of the post-
cryogenic regeneration ability of potato varieties under different cultivation conditions. Vavilovskii Zhurnal Genetiki i Se-
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BBepeHune

BaskHelinieil BereTaTUBHO pa3MHOKaeMOH [TPOAOBOJILCTBEH-
HOM KyJIBTYpOii SBIISIETCS BO3EBIBaEMBIN KapToderb Sola-
num tuberosum. I'eHO(OH/T CENEKIIMOHHBIX COPTOB KapTO(ers
COXPaHSIETCsI B MOJIEBBIX KOJUICKIIHSIX, & TAKXKE B J1yOIETHBIX —
in vitro u kprokoyUTeKIHAX. ['apaHTHPOBAHHOE COXPAHEHHUE
oOecrieunBaeTCs U HAJIMYUK B TeHOAHKE BCEX TPEX THIIOB
xomneknuit (I'aBpuienko u ap., 2007; ®ununenxo, 2007;
FAO, 2014; Niino, Valle Arizaga, 2015). Jonrocpodnoe
XpaHeHue TeHO(OHA CENICKIIMOHHBIX COPTOB KapTodels B
KOHTPOJIMPYEMBIX YCJIOBHSX HPOBOIST IPU CBEPXHU3KHUX
TeMIIepaTypax B KpHOOAHKaXx.

Jnst xprokoHCcepBauK KapTogesst UCHOoNb3YIOT pa3ind-
HbIE METOJIbl: BUTPUPUKAILUH, JPOILIET-3aMOPAKUBAHHMS,
cryoplate, npomer-surpudukannu (Kaczmarczyk et al.,
2011; Niino, Valle Arizaga, 2015; Yxarosa, ["aBpuieHko,
2018). B Hacrosimee Bpemsi Haubosaee 4acTo MPUMEHSETCS
METOJI IPOIUIET-BUTpH(HUKALINH, paspaboTanHblif Panis et al.
(2005) nmus kxprokoHcepBanuu 00pa3ioB O0aHaHa. JlaHHBIN
MeToJ1 ObUT MHOTOKPATHO MOAM(HIIMPOBAH B Pa3HbIX J1abopa-
TOPHSAX U UCTIONB3YETCS B KPYITHEHIITMX MUPOBBIX TeHOAHKAX
JUIsl CO3/IaHMsI KpHOKoJuteKui kaprodenst (Kim et al., 2006;
Panta et al., 2015; Vollmer et al., 2016, 2017; YxaroBa u
np., 2017; Jenderek, Reed, 2017; I'aBpuienxo u ap., 2019).
[TonpoOHOE cpaBHEHHE pa3MTUUHBIX MOAM(UKAIMH MeToaa
JIPOIUIET-BUTPH(UKAIIMH IIPOBEJICHO B HAIlISH Jpyroi padbore
(TaBpunenko u np., 2019).

Hawubonee kpymaas o uucnennoctH (1533 oOpasna) kpuo-
KOJUICKIMSI HAXOJUTCs B MeXAyHapOJAHOM LIEHTpPE KapTo-
tdens (CIP) B [Tepy (Vollmer et al., 2017). Ilepsas B Poccun
KPUOKOJUICKIIUS CEJNEKIIMOHHBIX U a0OPHUIeHHBIX COPTOB
kaprodens, HacuuThiBatommas 230 o6pa31oB, coxpaHseTcs B
kprobanke BUP. Dta kommekius co3aaercs ¢ HCrmoab30BaHu-
em MoamduiposanHoro B 2011 . metoza nporureT-BUTpUQH-
kaiuu (lynaesa u np., 2011; Shvachko, Gavrilenko, 2011).

Mertox aporuteT-BUTpU(pUKALN, MOIU(DUIIMPOBAHHBIN B
CIP, BKJIFOYAECT ATAIl JUTUTSIHHOTO (B TCYCHUE OTHOM HEICITH )
KyJTBTHBHPOBAHUS B TEMHOTE arieKcoB iN Vitro pactewuii mocie
uX 3aMOopakuBaHus—oTTanBaHus. B rendanke NAC, NAAS,
Kopen i1t KpHOKOHCEPBALMK HUCTIONB3YIOTCS U Ma3yIIHbIC
MOYKH MUKpopacTeHuil. B momuduunposannom B BUP meto-
JIe Tl JJUTEIbHOM TEMHOBOM HHKYOAIMH HE TPUMEHSETCS,
KyJIFTUBHPOBAHHE IKCIUIAHTOB C MOMEHTA Pa3MOpPAKUBAHHS—
OTTaMBaHUsI JI0 MOJYYCHHUS TOJHOCTHIO C(HOPMUPOBAHHBIX

pereHepaHToB MPOXoauT mpu ¢ortomnepuone 16/8 u (cer/
temHora) ([lynaesa u np., 2011; I'aBpunenko u np., 2019).
OTMeTHM, 4TO PadOT M0 M3YyUSHUIO BIMSHHUS TEMHOBOH MH-
KyOary Ha HHAYKIHIO U 3(p()EeKTHBHOCTH TIOCTKPHOTEHHON
pereHepanuu KapToders B JOCTYIHOW HaM JINTEPAType HET.

Lenp HacTosieit paboThI 3aKIIIOYANIACH B U3YYEHUH BIIHSI-
HUS JUTHTETFHON TeMHOBOW MHKyOaruu Ha 3(pQEeKTHBHOCTD
MOCTKPHOICHHOM pereHepariy pa3inyHbIX TUIIOB SKCILIAHTOB
(amekcoB W MasyIIHbIX MOYeK iN Vitro pactenwuii). C yyetom
HIOJIyYEHHBIX PE3YJIbTaTOB B aJIbHEHIIIEM IPOBOIIHCH IKC-
HEPUMEHTBI 110 KPUOKOHCEPBALUK PACIIMPEHHON BBHIOOPKH
CEIIEKIMOHHBIX COPTOB KapTo(es.

Matepwuanbl n metogbl

B kauectBe Mareprana ObLTH HCIIOIb30BaHBI iN Vitro pacTeHus
13 ceneKIMOHHBIX POCCHICKAX COPTOB KapTO(hess, HoTydeH-
HbIX 13 banka 3mopoBsix copros kaprogeis (b3CK) Beepoc-
cuiickoro HUU kaprodensHoro xossiicra uM. A.I Jlopxa:
AntonnHa, Bacunexk, ['ymmusep, Unennckuit, UpOuTckuid,
Kpemnsrim, Ky3zneuanka, JIro6aBa, Hakpa, Ynaua, TyneeBckuid,
Oputenna, FOrana. Micxomubie in Vitro pacTeHus BRIpAIIHBaIH
TPH-YETHIpE HEJETH Ha IIUTaTeIbHOM cpere MS 6e3 ropMOHOB
JUISL TIOyYCHHSI BEIPOBHEHHBIX 110 (PM3HOJIOTMYECKOMY CO-
CTOSIHUIO MUKPOPACTEHUM.

JLis m3ydeHus BIUSHUS JUTNTEIBHON TEMHOBOW MHKYOAIHH
Ha MOCTKPUOTEHHOE BOCCTAHOBJICHNE HKCIUIAHTOB OTOOpai
yerbipe copra kaprodenst (Mabunckuii, Kpensim, Hakpa,
‘VYnadga), KOHTPACTHBIX TT0 CITOCOOHOCTH K TIOCTKPHOTEHHOMY
BoccTaHoBieHnto (Yxarosa u ap., 2017). Y muxpopacrennit
9TUX YETHIPEX COPTOB BBIWICHSIIN KaK alleKChl MUKPOIIOOETroB,
TaK ¥ Ma3yIIHbIC OYKH (U3 BEPXHUX JIBYX MEKI0Y3IIHH).

KpuokoncepBamuio coptoB KapTodesst MpOBOIMIN B OT-
nene onorexHonornn BUP ¢ ncrnons3zoBanuem moauduim-
POBaHHOTO METO/a APOIUIEeT-BUTpUuKannu ([ynaesa u ip.,
2011), neranpHOE OmMMcaHNEe KOTOPOTO IPHUBEAEHO B padoTe
(FaBpusienko u n1p., 2019). M3onupoBaHHbIE SKCIUIAHTHI MO~
MEIIaIy B )KUIKYI0 cpeny MS, 3aTeM epeHOCHITH B )KUIKYTO
cpeny LS (MS ¢ 0.4M caxapo3oit 1 2M muneponoM) Ha
20 MHUH, TIOCIIE YeTO SKCIUIAHTHI MOMeIaiu B pacTBop PVS2 ¢
kpuomnporekropamu (MS ¢ mob6asnenuem 3.26 M rmurepona,
2.42 M stunenrukois, 1.9 M JIMCO u 0.4 M caxapo3sl) 1
ocTapisii Ha 30 MUH Ha JIbAY. DKCIUIAHTHI, IOTPY’KEHHbIE B
Karuti pactBopa PVS2, mepeHocwii B 3an0MHEHHBIE KUIKAM
A30TOM KPHOIIPOOMPKH, KOTOPBIC OMEIIAIHN Ha OJMH Yac B
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cocyn Jlproapa ¢ xuaxuM azotrom. OTranBaHHe Marepuaja
TIPOBOMIMIIM TIPH KOMHATHOU TeMITepaType B )KUAKoOH cpene RS
(MS ¢ nobasienuem 1.2 M caxapossl) B TeueHue 15 muH. 3a-
TEM IKCIUIaHThI epeHocuiu B yatku [letpu co cpenoit MSTo
(MS ¢ nobasnernem 0.5 mr/m 3earnn pudosmuna, 0.5 mr/n
NVK, 0.2 mr/n T'K, 20 r/n caxapo3ssl, 7 1/1 arap-arapa) u
KyJIBTUBUpOBaIK Npu Qotonepuone 16/8 u (cBer/TeMHOTA)
(I"'aBpuenko u mp., 2019).

B BapmaHTax omnpITa C TEMHOBOI MHKYOAIMEH SKCTIIIaHTHI
IOCJIE€ 3aMOpaXMBAHUA—OTTaAaUBaHUA TIICPCHOCUIIM B YallIKH
ITerpu co cpemoit MSTo, KOTOpbIE TIOTHO 3aBOpAYHBAIIN
AIIOMHHNEBOH (OJIBIoi M OCTABISUTH HA TEX JKE CBETOyCTa-
HOBKax Ha 7 nueil. Uepes onHy Henelnto (ojIbry CHUMAIU U
MPOJIOIKAIN KyJIBTUBUPOBAHNE HKCIJIAHTOB TPH (OTOIE-
puone 16/8 1 (cBeT/TeMHOTA).

B koH11Ie BOCEMOH HEJENU KyJIbTUBUPOBAHUSI I10CIIE 3aMO-
PaXMBaHUSI—OTTAUBAHNS YIUTHIBAIN PETEHEPALIMOHHYIO CTIO-
COOHOCTBH SKCIUIAHTOB B KayK/IOM BAPHUAHTE OTIBITA (HCIIO HKC-
IUIAaHTOB, C(HOPMHUPOBABINUX T0OETH). JJaHHBIC TpeaCTaBIIIN
B [IPOLIEHTAX K 00IIEMY YHCITy KPHOKOHCEPBUPOBAHHBIX 3KC-
TUIAHTOB. DKCIEPUMEHTBHI BBITTOJIHSIIH B TPEX MOBTOPHOCTSIX.

Ilocne TMOJIYUYCHUA PE3YIbTAaTOB U3YUYCHUSA BJIUSAHUA TEM-
HOBOW MHKYOAIlMM M THIIA SKCIUIAHTOB Ha TOCTKPHOTCHHOE
BOCCTaHOBJICHNE ObIIa MPOBEACHA €IIe OJHA CepHsl KCIIe-
PUMEHTOB IO KPUOKOHCEpBALHUU JACBATU JONOJIHUTCIIBHBIX
coptoB (AHTOHMHA, JIt06aBa, Tyneesckuii, Dputemna, FOrana,
Wpburcknii, Bacunek, I'ynmmsep, Kyzneuanka). B atoit cepun
HKCIIEPUMEHTOB B KQ)KI0# TOBTOPHOCTH OITbITA M30JIHPOBAIIH
1o 20 SKCTIAaHTOB Ha COPT Il KOHTPOJSI TOCTKPHUOTEHHON
pereHepanyu M JOMOJIHUTENBHO emme 30 KCIUIaHTOB C IMo-
CIELYIOLIEH UX 3aKJIaJKOW Ha JUIMTEIbHOE KPUOXPAHEHUE B
6mokprokomriekc BIP.

JlaHHbBIE TOCTKPHOTEHHOTO BOCCTAHOBJICHUS JICBSITH COP-
TOB CPaBHUBAJIM C YETHIPHMsI [OKa3aTeJsIMH MopQoreHesa
pactenuii B KynsType in vitro (Osac u ap., 2018): 1) mpomon-
JKUTEIIBHOCTBIO MIEPHO/IAa OT YePEHKOBAHMS 10 (POPMUPOBAHNS
MHUKPOPACTCHUAMHU ABYX-TPeX MEXIO0Y3Nuil; 2) MpomaoIIKu-
TEJIHOCTBIO MIEPHOJa OT YEPEHKOBAHHS 10 (DOPMUPOBAHUS
MHKPOPACTEHUSIMU YETHIPEX-IIECTH MEXI0Y3IHiA; 3 ) Tpo0I-
JKUTEJILHOCTBIO MIEpHOJia aKTUBHOTO POCTa MUKPOPACTEHUH;
4) MPOOIKUTENFHOCTBIO BCETO BETETAIMOHHOTO TIEPHOAA
MHUKPOPACTEHUH — OT YePEHKOBaHMUS 10 (OPMHUPOBAHUS HMHU
MUKpOKITyOHeH. Kpome Toro, yunThIBaIm «Bo3pact MEpUKIIO-
Ha» — OOIIYI0 MPOJOJKUTENIBHOCTh NPEObIBAHUS TaHHOTO
KJIOHA B KyIbType in Vitro.

O0paboTKy MMOTYYCHHBIX PE3YJIBTATOB U OIICHKY I0CTOBEP-
HOCTH Pa3ininii M1y BApHaHTAMH OIBITOB MPOBOIMIIH C
MIOMOIIIBIO METOJIOB BApHALIMOHHO CTaTUCTHKH (t-KpHUTepuii
CrbrofieHTa, KOdQQUIMEHT KOPPEISIIN), a TAK)KE KOMITbIO-
tepuoit mporpammbel STATISTICA 6.0 (Mmoxynu onHO- U
JIBYX(paKTOPHOTO aHAIIN3a).

Pesynbratbl

H3yuyenne BIMSIHUSA YCJIOBHI KyJIbTHBHPOBAHUS PA3JIu4-
HBIX THIIOB YKCIVIAHTOB HA YACTOTY MX MOCTKPUOTE€HHOI
pereHepanmu. Yxe Ha TpeThel Hesele MOoclie 3aMOpayKHBa-
HUS—OTTauBaHMs HAOJFOAJIM TIOSIBJICHHE TIEPBBIX pereHepaH-
TOB U Ha aleKcaXx MUKPOIOOEroB, 1 Ha Ma3yLIHbIX [IOYKaX B
JByX BapHaHTaxX OIbITAa — KyJIGTHBUPOBAHUE HKCIUIAHTOB B
TEeMHOTE ¥ IpH poTonepuoze 16/8 1 (cM. pucyHok). K xoHimy
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BOCBMOM HCICIIN KYJIbTUBUPOBAHUA, KOrga MpOBOAMJIICA YUET
YaCTOTHI HOCTKPUOTEHHOTO BOCCTAHOBIJICHHS, THUCIIO PEreHe-
PHPYIOIINX 3KCIUIAHTOB, KaK MPABHJIO, BO3PACTAJIo.

B 1abin. 1 npencrasieHbl pe3ysbTaThl H3yYESHUs! BIUSHUS
YCIIOBUH KYJIBTUBUPOBAHHMS TIOCIIE 3aMOPAXKUBAHUSA—OTTaH-
BaHUsI alleKCOB MHUKPOMOOETOB U Ma3yLIHBIX MOYeK iNn Vitro
pacTeHuit Ha UX ClIOCOOHOCTH K IOCTKPUOTEHHOMY BOCCTa-
HOBJIEHUIO. J{nTenbHas TEMHOBAsi MHKYOAIMs KCIUIAHTOB
HE OKa3blBajia CYIIECTBEHHOTO BIMSHHS Ha YacTOTY MOCT-
KPHOTEHHOW pereHepaluy n3y4eHHbIX COPTOB, 32 UCKIIIOYe-
HHeM copTta Kpemnsl, 111 KOTOPOTro OTMEUEHO JOCTOBEPHOE
YBEJIMUYCHNE YaCTOTHl PETeHEPAllM B BapHAHTE KyJIHTHBHU-
pOBaHMUs AIIEKCOB MUKPOIOOEroB B TEMHOTE MO CPABHEHHUIO
C BapMaHTOM KyIBTHBHPOBAaHHA NpH (oromepuone 16/8 41
(cBet/Temuora) (t, = 2.8, p <0.05) (cM. Tabm. 1). B cpennem
Mo CyMMAapHbIM OaHHBIM, MOJTYYCHHBIM U BCEX YETBIPEX
COPTOB, CYIIECTBEHHOTO BIHMSHUS TEMHOBOH MHKyOannu Ha
MOCTKPHUOTEHHOE BOCCTAHOBIICHNE KaK alleKCOB MUKpOmooe-
OB, TaK ¥ Na3ylIHBIX [OYEK BhIABIEHO He ObuIo (t, = 0.85,
p > 0.05). Pe3ynsraTs! 0oHHO(PAKTOPHOTO aHATIH3a TIOITBEPAN-
JIM OTCYTCTBHUE JIOCTOBEPHOTO BIMSAHUS (DAaKTOpa «TEMHOBAst
MHKyOaIus» Ha YpOBEHb NMOCTKPHOTEHHOH pereHepanuu
n3y4deHHbIX copToB (p = 0.154).

Bnmsinue THna sKcIulanTa Ha ypoBEHb pereHEepaIyy Iociie
OTTauBaHUA YCTBIPEX COPTOB 6])1.]'[0 CTaTUCTHYCCKH 3HAYUMbIM
(p=0.002). YacToTa MOCTKPHOTEHHOH pereHepaIny anekcoB
MHKpo1100eroB Obla goctoBepHO Bbime (P < 0.05), uem y
Ma3yIIHBIX MOYEK, y copTa Yaada (KyJIbTUBUPOBAHUE IPU
thoromeprone 16/8 1) n'y copra Kpensim (KyTsTHBHpOBaHHE
B YCJIOBHSIX TEMHOBOW MHKyOamu) (cM. Tadm. 1). Pesynbrarer
JIBYX(paKTOPHOTO AMCIEPCHOHHOTO aHAJIM3a YKa3bIBalOT Ha
OTCYTCTBHE 3HAYMMOTO 3P peKTa COBMECTHOTO JCHCTBUS
JBYX (hakTOpoB Ha CIIOCOOHOCTH COPTOB K MOCTKPHOTCHHO-
My BOCCTaHOBJIEHUIO. OTMEUEHO CTaTUCTUUECKH 3HAYMMOE
BiusgHUe reHotuna (p = 0.039) Ha yacTOTy TOCTKPHOTEHHOMH
pereHepanuu.

C y4eToM MOJTYYEeHHBIX Pe3yJabTaTOB JalbHEHIITYI0 KPHO-
KOHCEPBAIMIO PACIINPEHHON BBIOOPKM M3 JIEBATH CEJEK-
IIUOHHBIX COPTOB MPOBOAMIM C HCIOJIB30BAaHUEM alleKCOB
MHKPOIIOOET0B, KOTOPBIE [T0CJIE 3aMOPaKNBAHHSI —OTTaHBaHUSI
KyJIBTUBUPOBAIH MpH (hoTomeprone 16/8 1 (cBeT/TeMHOTA).

H3yuyenne nokasareJieii Mopgorenesa in vitro u cnocod-
HOCTH K MOCTKPHOT€HHOMY BOCCTAHOBJIEHHIO Yy CeJleK-
HHMOHHBIX COPTOB KapTo(essi. B Tabn. 2 mpencraBieHbl
JTaHHBIC 110 PETEHEPAIMOHHON CTTOCOOHOCTH alleKCOB MUKPO-
M0OEroB JAEBSTH COPTOB KapTO(eJIst TOCIIe 3aMOPAKMBAHHS—
orrauBaHusl. [10 ypoBHIO NOCTKPUOT€HHOM pEreHepaluu u3y-
YEHHBIC COPTA MOXKHO Pa3/ICNIUTh Ha JIBE TPYIIIBI: 00pa3Ibl C
pereHepannoHHoi criocodHocthio MeHee 40 % (copra Jlroba-
Ba, TyneeBckuii, purenia), u copTa, pereHepallioHHas CII0-
COOHOCTB KOTOpBIX OblIa BhIte 40 % (AHTOHMHA, pONTCKHH,
Bacunek, I'ynnusep, Ky3neuanka). [TomyueHHbIe pe3ynbTaTsl
yKa3bIBaloT Ha cymecTBeHHoe (P < 0.05) BIusHIE TeHOTHITa
Ha 1T0Ka3aTesb TOCTKPUOTCHHON pereHepaliy, 9To OTMeda-
eTCsl U B OOJBIIMHCTBE PabOT MO0 KPUOKOHCEPBALIUU Pa3HBIX
BHJIOB pacTeHH, BKItodas kaproderns (Bamberg et al., 2016;
Volk et al., 2016; YxaroBa u np., 2017; Vollmer et al., 2017).

B Hatueii pabote Obliia H3y4eHa CBsi3b MKy Pa3IMYHbIMU
MOp(OTreHEeTHIECKUMHU ITPU3HAKAMH — CIOCOOHOCTHIO COPTOB
K MOCTKPUOTEHHOMY BOCCTAHOBJICHHIO U ITOKa3aTeIsIMU (a3
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1mm 1 mm

Formation of postcryogenic regenerants in Krepysh variety during the cultivation of shoot tips on MSTo nutrient medium, lighting
schedule 16L:8D.

(a) Explant in the first week after thawing; (b) emergence of a regenerant in the third week; (c) regenerant development in the eighth week
of cultivation.

Table 1. Frequencies of postcryogenic regeneration in different conditions of cultivation of two types of explants
(shoot tips and axillary buds) of potato varieties

Variety Variants of experiments

eeD long darkincubation (1 week)

Shoottps . Adllarybuds Shoottips . Adllarybuds
insky 33:2206 167£110bc - 08+158ab 125872bc
keepysh - #33:67b 367£120b 625+14a 300+115bc
Nekra 200:100bc 200£100bc 50£50b 175¢75bc
‘Udacha 00+58b 142¢30c  467+167ab 175¢63bc
Xem, 37+48b 219+59bc - 463%596 194£37bc

Note: Differences between values marked with different letters are significant at p < 0.05.

Table 2. Frequencies of postcryogenic regeneration of potato varieties
and their morphogenetic indicators in micropropagation

Variety Frequency Morphogenetic parameters of microplants (the timing Age of the
of postcryogenic  of development phases, days)) original
I I B
1 2
LyUbava .................... 3 004_,153 ................. 12_15 .............................. 3 0_35 .............................. 3 0_4545_85 ...................... 3 ...........................

Tu|eevsk,y ................ 3 50150 ................... 12_15 .............................. 3 0_35 .............................. 3 0_4545_754 ..........................

Fme”a ....................... 3 50150 ................... 2 0_23 .............................. 3 3_4545_55 ...................... 5 5_30 ...................... 3 ...........................

yugana ..................... 4 OOimO ................ 12_15 .............................. 2 5_30 .............................. 2 5_4545_804 ..........................

Antonma .................. 4 174_,84 ................... 12_15 .............................. 2 5_30 .............................. 2 5_4545_804 ..........................

|,—b,t5k,y .................... 4 50150 ................... 2 0_23 .............................. 3 8_4545_55 ...................... 5 5_804 ..........................

Va5,|ek ...................... 4 50150 ................... 12_15 .............................. 3 0_35 .............................. 3 0_4545_65 ...................... 3 ...........................

ry,-,,-W,Bep .................. 5 004_,167 ................. 12_15 .............................. 2 5_30 .............................. 2 5_4545_80 ...................... 2 ..........................
Kuzechanka  600%100 1520 03 065 90 4

Notes: Designations of morphogenetic parameters: 1, time from grafting to the formation of two or three internodes in the plants; 2, time from grafting to the
formation of four to six internodes; 3, time of intense growth; 4, duration of the whole vegetation period of microplants, from grafting to microtuber formation.
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pocTa u pa3BuTHSA iN Vitr0 pacTeHuit B mporecce UX MHKPO-
pasMHOXKeHHS (cM. Tabm. 2). /lanHbIe MOp(hOTeHeTHIECKHE
MOKA3aTeNIN MPUMEHSIOTCS TIPH BBIPAIIMBaHUN MUKpOpacTe-
HUI C eI JaIbHEHIICTO MOTYyYCHUS] MUHU-KIYOHEH U B
HACTOSIIIEe BPEMsI HAUWHAIOT MCIIOJIb30BAaThCSl B KOMMeEpYe-
CKHX KOMITAaHHSIX, TIPOM3BO/SIIIMX MUKPOPACTEHHUS KapTO(EIst
B Oomnpimx oobemax (OBac u ap., 2018).

Tpu copra u3 gesaru (I'ymmmsep, FOrana, AaToHNHA) Xa-
PaKTepU30BAICh YyCKOPEHHBIM MPOTEKaHNEM (a3 HHTEHCHB-
HOTO pPOCTa MHUKpOpacTeHuil (mokaszarenu 1 u 2), mosTomy
MEPHOJL JOCTHKEHHSI MUKPOPACTEHUSMH 3THX COPTOB CTaH-
JIAPTHBIX pa3MepoB (4—6 Mex10y3JIHi) He IPEBBIIIAN OHOTO
KalleHaapHoro mMecsua (cM. Tabm. 2). DTH TpU copTa BblIe-
JSUTUCH TaKKe HanboJiee KOPOTKOH MPOAOIIKHUTEIEHOCTHIO
HepHoja akTUBHOTO pocTa in Vitro pactenuid (mokasarens 3).
[To3nHuil cpok HacTymaeHHus (a3bl HHTEHCUBHOTO POCTa
MHUKPOpacTeHUH oTMedeH st coptoB Upburckuii u Opu-
tesuta. Hanbompmas mpoaoKUTeTbHOCTD BCETO BETETalH-
OHHOTO TMEPHO/a B KyJbType iN VItr0 oTMeueHa 1t MHKPO-
pactenmii copra Kysnewganka (cm. Tabm. 2). Hammune cratu-
CTHYECKH 3HaYMMOH IOJIOKUTEIBHON KOPPEISIINA OTMede-
HO Juisi MopdoreHeTnueckux nokasarenei 1 u 2 (r = 0.90),
I1u3(r=20.96),2nu3(r=0.88),3u4(r=0.93).B 1o xe
BpeMsl CTaTHCTHYECKH JOCTOBEPHOW KOPPENALUU MEXIy
CHOCOOHOCTBIO M3YUEHHBIX JIEBITH COPTOB K YCKOPEHHOMY
Mop(oreHesy B yCIOBHsX iN VItro U 9acToToi UX MOCTKPHO-
TeHHOH pereHepanuu He BBISIBIEHO. Bo3zpacT MepukioHa
HE OKa3bIBaJl CYHICCTBECHHOTO BJIMUAHHA HU Ha IMOKa3aTCIn
Mopdorenesa, Hi Ha YaCTOTY IIOCTKPHOTCHHON pereHepanum
COPTOB (CM. Tao. 2).

3aknioyeHune

Pesynbrarhl H3y4eHNUs IIOCTKPHOTEHHOTO PETEeHEPAIIHOHHOTO
MOTEHIMalla COPTOB KapTodessi B pa3HbIX YCIOBUSIX KYJlb-
THUBHPOBAHMS yKa3bIBAIOT Ha OTCYTCTBHE CYIIECTBEHHOTO
BIISTHUS JUTUTENIFHON TEMHOBOM MHKYOAIMN SKCIUIAaHTOB U
3HAUUTENbHBIN AP deKT THIa FKcIUIaHTa: (PAKTUIECKU Y BCEX
COPTOB YaCTOTA IIOCTKPHOT€HHOH pereHepaiy arneKCoB MUK-
porno6eroB Obla BBIIIE, UM Y MA3YIIHBIX TTOYEK. YCTaHOB-
JICHO JIOCTOBEPHOE BIMSIHHE TEHOTHIIA HA PEreHePallnOHHY 0
CIIOCOOHOCTH COPTOB IOCIIE 3aMOPAKUBAHUSI—OTTAUBAHUS.
CriocoOHOCTH COPTOB K MOCTKPHOTEHHOMY BOCCTaHOBJIEHHIO
HE CBsI3aHa CO 3HaUCHUSIMU MOP(OTreHETHUECKUX TTOKa3aTeNei
in Vitro pacTtenwuii; BO3pacT MEPHKIOHA TAKKEe HE OKA3BIBAI
CYIIECTBEHHOTO BIMSHHS HHM Ha ITOKa3aTreian MopdoreHe-
3a, HU Ha 4acTOTy IOCTKPUOTEHHON pereHepamuu COpTOB.
B mpakTnueckoM IUTaHe IS JAJIbHEUIIEro MOMOJHEHHS
KPHOKOJUICKIIMN COPTOB KapTO(esi MOXKHO PEKOMEHI0BAThH
MonuduipoBanHblii B BUP Metox nporuiet-Burpudukanmu.
I[1pu ero npuMeHEHNH ClIeAyeT HCIIOIb30BaTh alleKChl MUKPO-
00EeroB, pereHepanusi KOTOPHIX MPOBOIUTCS TIPH CTAHAAPT-
HBIX JJIs1 9TOr0o Metoa ycnosusix (I'aBpunenko u ap., 2019).
Jannbnii metoxn 3¢ dekTuBeH 11 KPHOKOHCEPBAIMHA COPTOB
Pa3IMYHOTO MPONUCXOKACHUSI, KOHTPACTHBIX 110 MOpQoTeHe-
THYECKOMY MOTEHIMAY B KyJIBType in Vitro.
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Polymorphism of ITS sequences in 35S rRNA genes
in Elymus dahuricus aggregate species: two cryptic species?

A.V. Rodionov! 2@, K.S. Dobryakoval, N.N. Nosovl, A.A. Gnutikov! 3, E.O. Puninal, A.A. Kriukov?, V.S. Shneyer1

T Komarov Botanical Institute, RAS, St. Petersburg, Russia

2 saint-Petersburg State University, Faculty of Biology, St. Petersburg, Russia

3 Federal Research Center the N.I. Vavilov All-Russian Institute of Plant Genetic Resources (VIR), St. Petersburg, Russia
4 All-Russia Research Institute for Agricultural Microbiology, Pushkin, Saint-Petersburg, Russia

® e-mail: avrodionov@mail.ru

Nuclear ribosomal internal transcribed spacer (ITS) sequences were sequenced for 23 species and subspecies of Ely-
mus sensu lato collected in Russia. The Neighbor-Net analysis of ITS sequences suggested that there are four ribotypes
called Core Northern St-rDNA, Core Southern St-rDNA, Northern dahuricus St-rDNA and Southern dahuricus St-rDNA.
The Core Southern variant of St-rDNA is closely related to rDNA of diploid Pseudoroegneria stipifolia (Pl 313960) and
P. spicata (P1 547161). The Core Northern St-rDNA is closely related to rDNA of P. cognata (P1 531720), a diploid species
of Kyrgyzstan carrying StY variant of the St genome. The Core Northern St-rDNA is widespread among the Elymus spe-
cies of Siberia and the Far East, including Yakutia and Chukotka. The Core Southern St-ribotype is typical of southern
Elymus and Pseudoroegneria of the South Caucasus, Primorye, Pakistan, and South Korea. The Northern dahuricus
St-ribotype and Southern dahuricus St-ribotype are derivatives of the Core Northern and Core Southern St-ribotypes,
correspondingly. Both of them were found in all four studied species of the E. dahuricus aggregate: E. dahuricus Turcz.
ex Griseb., E. franchetii Kitag., E. excelsus Turcz. ex Griseb. and Himalayan E. tangutorum (Nevski) Hand.-Mazz. In other
words, there are at least two population groups (two races) of the Elymus dahuricus aggregate species that consis-
tently differ in their ITS-sequences in Siberia, the Far East and Northern China. Each contains all morphological forms,
which taxonomists now attribute either to different species of E. dahuricus aggr. (E. dahuricus sensu stricto, E. franchetii,
E. tangutorum, E. excelsus) or subspecies of Campeiostachys dahurica (Turcz. ex Griseb.) B.R. Baum, J.L. Yang et C.C. Yen.
At the moment it is unknown if there are any morphological differences between plants carrying either Northern or
Southern dahuricus rDNA. Probably, they are cryptic species, but it is certain that if differences in morphology be-
tween the two races exist, they are not associated with signs that are now considered taxonomically significant and
are used to separate E. dahuricus s. s., E. franchetii, E. tangutorum, and E. excelsus.
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CeKBeHVPOBaHbl MOC/IE[0BATENIbHOCTY BHYTPEHHMX TPaHCKprnbupyemblx cneicepos (ITS) 23 Bnaos n nogsuaos Ely-
mus sensu lato. NMpn aHann3e monekynapHo-¢unoreHeTnyeckon cetn Neighbor-Net Bce nocnepgosatensHoctn ITS
o6pasuos Elymus s. |. 6b11n pa3geneHbl Ha YeTbipe Tvna: OCHOBHOWM ceBepHbI Elymus-prnboTun, 0CHOBHOW 10XHbIN
Elymus-pubotun, ceBepHbliii dahuricus-prn6oTrn u toxHbin dahuricus-pnbotun. p[JHK ocHoBHOrO t0XXHOro prboTMNna
poacteeHHa pLHK aunnongHoro Buaa Pseudoroegneria stipifolia (Pl 313960) u P. spicata (Pl 547161). p4HK ocHoB-
Horo ceBepHoro puboTuna pogacteeHHa pAHK P. cognata (Pl 531720), punnonaHoro Buaa 13 KasaxcraHa, Hecylero
St¥ - BapuaHT St-reHoma. OCHOBHOII CeBepHbIli puboTUN LIMPOKO PacnpocTpaHeH y Buaos Elymus Cubupw n anb-
Hero BocToKa, Bkntoyas AkyTuio 1 YykoTky. OCHOBHOI t0XKHbI St-pnboTUN XapaKTepeH AfiA OTHOCUTENbHO HOXKHbIX
nonynauun Elymus v Pseudoroegneria, Bkntoyaa 3akaBka3be, [Npumopbe, MakuctaH, OxHyto Kopeto. OTmeTnm, 4Tto
ceBepHbln Elymus dahuricus-prn6oTun u toxHbin Elymus dahuricus-pr6oTrn 6b111 o6Hapy»KeHbl Y BCEX YeTbIpeX BU-
ZoB rpynnbl poacTea E. dahuricus aggr.: E. dahuricus Turcz. ex Griseb., E. franchetii Kitag., E. excelsus Turcz. ex Griseb.
n y rumanaiickoro Buga E. tangutorum (Nevski) Hand.-Mazz. Hbimn cnoBamu, monekynspHo-dunoreHeTuyeckmne
nccnefoBaHna obpasuoB, OTHOCUMbIX K E. dahuricus aggr., roBopaT o Tom, uyto B Cnbupw, Ha [anbHem Boctoke n
B CeBepHOM KnTae cyLlecTBYIOT MO KpaliHeln mepe ABe rpynnbl NOnynauuii (4Be pachbl), HAAEXHO pasnunyatLymecs
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ITS sequences in 35S rRNA genes
of Elymus dahuricus aggregate species

no ITS-nocnepoBaTeNbHOCTAM, B KaXAOWM 13 KOTOPbIX MpefcTaBfieHbl Bce Mopdonornyeckne Gpopmbl, OTHOCUMbIE
ceyac ofHMMY CCTEMaTMKaMU K YeTbipeM pa3HbiM Bugam E. dahuricus aggr. (E. dahuricus sensu stricto, E. franchetii,
E. tangutorum, E. excelsus), a gpyrumm — k ogHomy Bugy Campeiostachys dahurica (Turcz. ex Griseb.) B.R. Baum, J.L.Yang
et C.C. Yen. MimetoTca nn mexay 3TMMKM rpynnamm Mopdosiornyeckme pasnnyms, Uam 1o Kpuntuyeckne suabl (nog-
BU/ibl) — HEU3BECTHO, HO C YBEPEHHOCTbIO MOXKHO CKasaTb, UTO eC/i1 pa3nnuua B MOPHONOrnM Mexay STUMN ABYMSA
pacamu eCTb, TO OHU He CBA3aHbl C NPr3HakaMu, KOTOpble Ceiiyac CUMTAlOTCA TAKCOHOMMUYECKM 3HAUMMBIMU U NCMOSb-
3ytoTca ans pasgenenus E. dahuricus s. s., E. franchetii, E. excelsus, E. tangutorum.

KnioueBble cnoBa: Elymus dahuricus aggr.; mexsrpoBas rmbpuamsaums; 35S pPHK; Triticeae.

Introduction

The beginning of the 21 century was marked by very wide
using of DNA sequencing in systematics and phylogeny of
animals and plants. Remarkable result of this was an exponen-
tial rise in the discovery of cryptic species in different groups
of animals (Bickford et al., 2007). However, such discoveries
are much rarer in plants, especially in angiosperms (Shneyer,
Kotseruba, 2015). We suggest that cryptic species may exist
in particular, in the genus Elymus L. (Triticeae).

Now it is considered the genus Elymus is represented in
Russia by 53 species (Tzvelev, Probatova, 2010). All these spe-
ciesare allopolyploids with St, Y, H subgenomes and haplomes
StY (2n = 28), StH (2n = 28) and StYH (2n = 42), whereas
primary diploids (2n = 14) are absent in the genus (Agafonov
etal., 2001; Agafonov, 2007). Based on the results of interspe-
cies hybridization, DNA sequencing and GISH, it has been
suggested that all the Elymus species share a common St sub-
genome originated from the genus Pseudoroegneria (Nevski)
A. Léve species and H subgenome from an ancestor of the
genus Hordeum L. (Dewey, 1984; Sun, Zhang, 2011; Yan et
al., 2011; Mason-Gamer, 2013). It was suggested that North
American perennial bunchgrass Pseudoroegneria spicata
(Pursh) A. Léve was most likely donor of the Y subgenome,
although Asiatic species P. cognata (Hackel) A. Love (syn.:
Agropyron ferganense Drobow) and P. libanotica (Hack.)
D.R. Dewey also could not be excluded (Okito et al., 2009),
particularly for the Asiatic Elymus species with StY and StHY
genome compositions.

C. Yen et al. (2005) divided the genus Elymus s. I., strictly
in accordance with their genomic constitution, into six genera:
Douglasdeweya C. Yen, J.L. Yang et B.R. Baum (StStPP);
Roegneria C. Koch (StStYY); Anthosachne Steudel (StSt
WWYY); Kengylia C. Yen et J.L. Yang (StStPPY'Y); allohexa-
ploid species with the StStY'YHH karyotypes (Yen et al., 2005;
Baum et al., 2011) were referred to the genus Campeiostachys
Drobov, and Elymus L. in this treatment included only the
species with the StStHH/StStHHHH/StStStStHH karyotypes
(Yen et al., 2005; Yen, Yang, 2009). Though the separation
of species into genera based on the karyotype constitution is
attractive from a genetic point of view (Dewey, 1984; Tzvelev,
1991; Agafonov, 2007), it should be noted that the division
species into genera only based on their genome composition
does not always correlate with morphological criteria by which
species and genera defined and delimited (Jensen, Chen, 1992;
Baumetal., 2011). Internal transcribed spacers ITS1 and ITS2
of the nuclear genes 35S rRNA were widely employed in
molecular phylogenetic studies of Elymus of China and North
America (Liu et al., 2006; Wang et al., 2009; Mason-Gamer,
2013; Rabey, 2014; Gao et al., 2015; and others).

The main objective of our study is an assessment of inter-
special ITS-polymorphism of Elymus of Siberian and the Far
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Eastern flora. This is interesting from the genetic point of view
because, the phenomenon of interspecific and introgressive
hybridization is widespread among Siberian and Far Eastern
populations/natural races of Elymus (Agafonov, 1997; Wu et
al., 2015). East Eurasian species of Elymus have all the features
of a syngameon (Lotsy, 1925). It was necessary to ascertain
how this fact effects on genetic distances between the Siberian
Elymus “varieties” which taxonomists delimitate as several
morphologically discret species. Also, the aim of our study
was to study relationships in Elymus dahuricus aggr. to which
Tzvelev, Probatova (2010) referred four species, also treated
as subspecies of species Campeiostachys dahurica (Turcz.
ex Griseb.) B.R. Baum, J.L. Yang et C.C. Yen (Baum et al.,
2011).

Material and methods

Nuclear ribosomal internal transcribed spacer sequences (ITS)
were sequenced from 34 accessions belonging to 23 species
and subspecies of Elymus s. I. (Table 1). The plant samples
were collected in the Altai Krai and Altai Republic, Khakas-
sia, the Kemerovo Oblast, Yakutia and the Northern Cauca-
sus from 2004 to 2013. Herbarium specimens are stored
in the herbarium of the Laboratory of Biosystematics and
Cytology and in the Herbarium LE of the Komarov Botanical
Institute.

Total genomic DNA was isolated using the CTAB method
(Doyle J.J., Doyle J.L., 1987), with minor modifications
described previously (Rodionov et al., 2008). Amplification
of the ITS region was performed using primers ITS 1P (Ridg-
way et al., 2003) and ITS 4 (White et al., 1990). The PCR
reaction was carried out in a total volume of 50 pL contain-
ing 1x SE-buffer AS (SibEnzyme, Russia), 2.5 mM Mg?t,
2 mM each of dATP, dTTP, dCTP, dGTP) (Helicon, Russia),
0.01 uM of each primer (Beagle, Russia), 1-2 pL total DNA,
5 units of Tag-polymerase (SibEnzyme, Russia) and distilled
water to the final volume. PCR amplification was done also
using 1xMaxima Hot Start Taq buffer (Thermo Scientific,
Sweden), 2.5 mM Mg2* (Thermo Scientific, Sweden), 2 mM
dATP,dTTP, dCTP, dGTP (Helicon, Russia), 0.01 uM of each
primer, 1-2 pL total DNA, 5 units of Maxima Hot Start Taq
polymerase (Thermo Scientific, Sweden), and distilled water.
Amplification parameters: primary denaturation at 95 °C for
5 min, followed by 30 cycles at 94 °C for 1 min, 52 °C for
1 min and 72 °C for 1 min, with a final extension step at 72 °C
for 10 min. The PCR products were electrophoresed in 1 %
agarose gel. The QiaGen Extraction Kit (Qiagen, Germany)
was used to extract the DNA from the gel. Sanger sequenc-
ing was performed in The Core Facilities Center “Cell and
Molecular Technologies in Plant Science” at the Komarov
Botanical Institute of the Russian Academy of Sciences. The
PCR products were sequenced in both directions on ABI
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ITS-nocnepgosatenbHocTM reHoB 35S pPHK
y BupoB Elymus dahuricus aggr.

Table 1. Types of ITS sequences in species of Elymus and Pseudoroegneria, our data

No. Species

E. fibrosus (Schrenk) Tzvel.

E. fibrosus (Schrenk) Tzvel.

35 P geniculata (Trin.) A. Love StSt
(syn. Elytrigia geniculata (Trin.) Nevski)

Prism 3130 (Applied Biosystems, USA). All sequences were
submitted to the GenBank (NCBI) database. The sequences
were aligned with ClustalW using the MEGA 6 (Tamuraetal.,
2013) software package with subsequent visual verification.
The SplitsTree4 algorithm Neighbor-Net (Huson, Bryant,
2006), proposed for the study of network evolution (Bryant,
Moulton, 2004; Huson, Bryant, 2006) was used.

Genome/Haplome  Origin

RF: Altai Republic

GenBank Ribotype

Northern St-rDNA

Results

We studied variability of ITS-sequences of E. dahuricus,
E. excelsus, E. franchetii, E. tangutorum, species that con-
stitute Elymus dahuricus aggr. (Tzvelev, Probatova, 2010).
ITS-sequences of these species, as well as of some other
species of Elymus, Elytrigia. Pseudoroegneria and Hordeum
are provided in Table 1 and Table 2.
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Table 2. Types of ITS sequences in species of the genus Elymus, Elytrigia, Pseudoroegneria and Hordeum. ITS1-genes 5.85 rRNA-ITS2
sequences from the international database GenBank used in our work

No. Species Genome  Origin GenBank Ribotype

36 E.dahuricus Turcz. ex Griseb. StHY South Korea HQ600520 Southern dahuricus St-rDNA
(Kim Y.D. et al., unpubl.)
37 EdahuricusTurcz. ex Griseb, SHY  China? NO09816  NorthemStrDNA
38 EdahuricusTurcz. ex Griseb, StHY  SouthKorea:Taeangun, KF713222  Southern dahuricus StrDNA
Choongcheongnam-do (Lee J. et al.,, unpubl.)
39 EdahuricusTurcz. ex Griseb, StHY  China: Shandan, Gansu  KF905152 (Song etal, 2015)  Northern dahuricus St-rDNA
40 EdahuricusTurcz. ex Griseb, StHY  China:Yuzhong, Gansu  KF905178 (Song etal, 2015)
41 EdahuricusTurcz. ex Griseb, SHY  China  KJ526338(Gaoetal,2015)  Southern dahuricus StrDNA
42 EexcelsusTurcz.exGriseb. StHY  China:Neimenggu  KJ526341
43 EexcelsusTurcz.exGriseb, sy KIS26342  Northern dahuricus St-rDNA
44 EexcelsusTurcz.exGriseb.  StHY Kis26343
45 EexcelsusTurcz.exGriseb, SHY  China JNO09803 (Li X. et al., unpubl)  Southern dahuricus St-DNA
47  E.franchetii Kitag. StHY China? JN009805 (Li X. et al., unpubl.)
(E. dahuricus var. cylindricus Franch.)
48 Efanchetikiag. StHY  China:Haiyuan  KF905180 (Songetal, 2015)  Northern dahuricus St-rDNA
49 Efanchetikiag. StHY  China:Xinjiang ~ KJ526336 (Gaoetal, 2015)  Southern dahuricus St-rDNA
50 Efanchetikiag. sy KJ526337 (Gao etal, 2015)
51 Etangutorum (Nevski) Hand-Mazz. StHY KJ526351 (Gao etal, 2015)
52 Etangutorum (Nevski) Hand-Mazz. StHY KJ526352 (Gao etal, 2015)  Northern dahuricus St-rDNA
............................................................................................. schonGoma,—d,a(Husn)Tzve| .
53 EcaninusLL StH  China:NeiMonggol,  KJ526335 (Dongetal,2015)  Northem StrDNA
Xilinhot
'S4 Edolichatherus (Keng) SL.Chen  StY China EU617242 (Liu Q.etal, unpubl) Southern dahuricus StrDNA
'S5 Edolichatherus (Keng) SL.Chen ~ StY | EU617245 (LiuQ.etal,unpubl) NorthernStrDNA
56 Efedtschenkoi Tavel, sy China: Xinjiang, Habahe AY740838 (Liu etal, 2006)
57 Egmelinii(Ledeb) Tavel. sty China: Xinjiang, Altay  AY740842 (Liu etal, 2006)  Northern dahuricus St-rDNA

61 E.repens (L.) Nevski StStH South Korea: KF713228 (Lee J. et al., unpubl.) Southern St-rDNA
Yungyanggun
62 E.repens (L.) Nevski StStH China MF893161 (Yang et al., 2017)

63 P cognata (Hackel) A. Love St Kyrgyzstan: Osh EF014226 (Yu et al., 2008) Northern St-rDNA
64 P elytrigioides (C.Yen & J.L. Yang) StSt China: Tibet, Changdu  AY740798 (Liu et al., 2006)
B.R.Lu
65 P geniculata (Trin.) A. L6 StSt RF: Altai Republic EF014228 (Yu et al., 2008)
67 P kosanini (Nabelek) A. Love Unknown Turkey EF014235 (Yu et al., 2008) Southern St-rDNA
(2n =56)
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Table 2 (end)
No. Species Genome  Origin GenBank Ribotype
68 P kosanini (Nabelek) A. Love Unknown  Turkey EF014236 (Yu et al., 2008) Northern St-rDNA
(2n =56)

USA: Wyoming,
Half Moon Lake

RF: Stavropol
Botanical Garden

Hordeum spp.
KP126672 (Makhoul M.T. et al.,

unpubl.)
80 H.murinum L. ssp. murinum (Hack.) HH Germany KC193786 (Rabey, 2014)
H. Scholz et Raus
81 H.vulgarelL. H FJ593180
(Daniel C. and Knoess W., unpubl.)
82 H.vulgare var. distichon (L.) Hook. f. H Egypt KC193783 (Rabey, 2014)
83 H.vulgare subsp. spontaneum K. Koch  H Afghanistan KM217265 (Georgiev O. et al., unpubl.)

Traditional evolution models, implying a gradual accu-
mulation of mutations followed by dichotomous branching
of phylogenetic trees, are ill-suited for describing species
divergence in these taxa (Dobryakova, Nosov, 2015; Rodionov
et al., 2017, 2018). Therefore, the results of ITS sequencing
results were processed with the Neighbor-Net algorithm by the
program SplitsTree4, suggested for reconstruction of reticulate
evolution (Huson, Bryant, 2006). The Neighbor-Net algorithm
builds a network called a split graph. The split graph (Fig. 1)
shows several possible ways of grouping DNA sequences with
varying degrees of probability, known as “splits”, and reflects
the presence of homoplasy in the data.

Fig. 1 shows that all species carrying St genomes, Elymus,
Pseudoroegneria and Elytrigia, are distributed between two
main clusters. We called them according their geographical lo-
cation, respectively, “Nothern” and “Southern” (Fig. 2). Each
of these clusters then split into two separated ribotypes groups
called “Core Northern St-ribotype”/“Northern dahuricus St-ri-
botype” and “Core Southern St-ribotype”/*“Southern dahuricus
St-ribotype”, respectively. The Core Northern Elymus ribotype
is widespread among the Elymus taxa of Eurasia, including
Yakutia, Mountain Altai and Northern and High Mountain
China (Tibet, Nei Mongol, Xinjiang, Gansu). It was found
also in Finland, the Far East of the Russian Federation, and
Mongolia. The Core Southern St-ribotype is typical mostly for
more southern populations, including the Caucasus, Primorsky
Krai (RF), Pakistan, South Korea, a part of China and Turkey.
The Core Southern rDNA was found in Elytrigia repens and

in diploid Pseudoroegneria strigosa, as well as in some other
Pseudoroegneria species: P. spicata (haplome St or StX -
Wang et al., 1986), and P. sosnovskyi (haplome St — Assadi,
1994). On the other hand, the Core Northern St-ribotype is
characteristic feature of P. cognata (2n = 14— Lu etal., 1991)
and P. spicata (Pl 232134, 2n = 14 — Okino et al., 2009), both
carry the haplome StY (Okino et al., 2009).

The “Northern dahuricus” St-rDNA and “Southern dahuri-
cus” St-rDNA (ribotypes) are derivatives of these two base
types of DNA, “Core Southern” and “Core Northern”. There
are 6 SNPs and one deletion that delimited consensus se-
quences of the “Core Southern” and “Core Northern” ribotypes
(Fig. 3). The consensus sequence “Southern dahuricus” St
carries 5 SNPs and one deletion that differ from that of “Core
Southern” St-ribotype. Differences between consensus “Core
Northern” St-ribotype and consensus “Northern dahuricus”
St-ribotype consist of 5 SNPs. As results, consensus sequences
of the “Northern dahuricus” St-ribotype and the “Southern
dahuricus” St-ribotype differ in 11 STPs and two indels.

It should be noted that two different variants of rDNA
were found in many species. For example, one of the plants
P.tauri belongs to the “Core Northern” ribotype, another —to
the “Core Southern” ribotype (see Fig. 1, Table 2). One can
see the same phenomenon in P. stipifolia from Stavropol,
P. spicata of USA, P. kosanini of Turkey, E. dolichathe-
rus of China (see Table 2). It appears that this can be corre-
lated with the allopolyploid karyotypes of these tetraploid
species.
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Fig. 1. Split graph for the ITS sequences of Elymus species and some other species of the tribe Triticeae generated by SplitsTree4 (Huson, Bryant, 2006).

Species names and numbers of accessions see Tables 1 and 2. Positions of the diploid species with St genome are indicated by boxes. amu - Elymus amurensis,
can - E. caninus, cau - E. caucasicus, cil - E. ciliaris, con — E. confuses, dah - E. dahuricus, dol - E. dolichatherus, exc - E. excelsus, fed - E. fedtschenkoi, fib — E. fibrosus,
fra - E. franchetii, gme - E. gmelinii, jac - E. jacutensis, kom — E. komarovii, mac - E. macrourus, mut - E. mutabilis, nev — E. nevskii, pes — E. peschkovae, pro - E. probatovae,
saj - E. sajanensis, sca - E. scandicus, sch - E. schrenkianus, sib - E. sibiricus, sub - E. subfibrosus, tan — E. tangutorum, tra - E. trachycaulus, tran - E. transbaicalensis,
ver — E. vernicosus, and E. sp. — Elymus sp., E. rep. — Elytrigia repens, H. bog. — Hordeum bogdanii, H. lep. — H. murinum ssp. leporinum, H. mur. - H. murinum L. ssp.
murinum, H. spo. - H. vulgare subsp. spontaneum, H. vul. — H. vulgare, H. vuld. — H. vulgare var. distichon, P. cog. - Pseudoroegneria cognata, P. ely. - P. elytrigioides,
P. gen. - P. geniculate, P. kos. - P. kosanini, P. sos. — P. sosnowskyi, P. spi. - P. spicata, P. sti. - P. stipifolia, P. str. - P. strigose, P. tau. - P. tauri.
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Fig. 2. Distribution of species Elymus s. |. with Northern (squares) and Southern (cycles) ribotypes.
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Fig. 3. The origin of St-ribotypes of the genus Elymus.

In the figure are shown only positions that are different in the consensus sequences of “Core Northern’, “Core Southern’, “Northern
dahuricus”and “Southern dahuricus” ribotypes. D — deletion.

Discussion

In the present study we have shown that all species of Ely-
mus in eastern Eurasia can be divided, according to their
ITS sequences, into two families of ribotypes, conventionally
called by us as the “Northern” and the “Southern” variants of
St-rDNA. Each of these families is reliably divided into two
subfamilies, the main, or “Core” variant of St-rDNA, and a
modification of the St-ribotype distributed mainly between
species Elymus dahuricus aggr. that we called “Northern da-
huricus” and the “Southern dahuricus” ribotypes. Comparison
of ITS sequences of Elymus and of Pseudoroegneria species
showed that the “Core Northern” St-ribotype is close to rDNA
of diploid Pseudoroegneria cognata with St genomes, acces-
sion P1531720, collected in Kyrgyzstan (Dewey, 1990a; Yu et
al., 2008). The “Southern” rDNA variant is closely related to
that of Elytrigia strigosa P1 531752 (Dewey, 1990b; Yu et al.,
2008) of Crimea and of P. stipifolia Pl 313960 of Stavropol
(Hyland, 1969).

The fact that there are Pseudoroegneria species with dif-
ferent St genomes have been shown earlier by Yan and co-
workers (Yan et al., 2011) that studied nuclear genes RPB2 and
EF-G. They shown that P. libanotica and P. tauri St genomes
are separated from the St genome of other Pseudoroegneria
species, in particular P. spicata and P. strigosa.

The existence of significant uncertainty in the genome
composition of the studied Pseudoroegneria species makes
it difficult to interpret the results of the comparison between
rDNA of Pseudoroegneria and Elymus. Thus, P. strigosa
studied by Petrova (1967) was diploid with 2n = 14. However,
Dewey (1990a) observed 2n = 28 in his sample of this spe-
cies. In both cases the plants were from Crimea. Later, Khuat
and co-workers studied P. strigosa from Mongolia and China
and showed that they are hexaploids (2n = 42) (Khuat et al.,
2015). Another Pseudoroegneria, P. spicata can be diploids
(2n = 14) and tetraploids (2n = 28) (Wang et al., 1996; Khuat
et al., 2015). Meiotic analysis and GISH showed that second
genome of tetraploid P. spicata and second and third genomes
of hexaploid P. strigosa are not St genomes (Wang et al.,
1996; Khuat et al., 2015). So, according to genomic concept
of the genus, these tetraploids and hexaploids should not be
classified as Pseudoroegneria.

The occurrence in eastern Asia of plants of E. dahuricus
with two different variants of rDNA Northern dahuricus and
Southern dahuricus ribotypes implies that these two variants
have a common pattern of morphological characters, some
E. dahuricus syndrome, but they are reproductively isolated.
This suggestion can be confirmed by the results of hybri-
dological experiments performed earlier by Agafonov and
coauthors (Agafonov et al., 2001; Savchkova et al., 2003).
These authors revealed that seed fertility in crossings with

various combinations of E. dahuricus aggr. parents does not
depend primarily on the combination determined by the taxa
morphology. It is important that some combinations of seed
and pollen parents, delimitated by their morphological cha-
racters as the same species, were almost sterile: E. dahuricus
MES-8709 (Primorye, near Posyet) x E. dahuricus CHI-8635
(Siberia, Chitinskij region) — only 4.8 % seed fertility, for com-
parison: E. dahuricus POP-8403 (Primorye, Popov island) x
E. woroschilowii VLA-8642 (Primorye, Vladivostok) — 69 %
seed fertility (Agafonov et al., 2001).

We suggest that there are probably not five different species
but only two species in the E. dahuricus aggr. in Siberia and
Northern China, one of them with the “Northern dahuricus”
ribotype and another with the “Southern dahuricus” ribotype.
Very likely, they are completely or almost completely geneti-
cally isolated from each other. It is unknown if there are any
morphological distinctions between plants with different
ribotypes or if these are cryptic species. However, it can be
said with certainty that if there are differences in morphology,
they are not connected with characters that are considered to
be taxonomically significant to delimitation of the current
species of E. dahuricus aggr.

It is appeared that morphological characters currently used
for differential diagnosis of Elymus dahuricus aggr. spe-
cies, do not allow to delimit plants with different ribotypes
and even current traditional species because the diagnostic
characters are weak. For example, various authors indicate
curved glumes awns and the thicker stems of E. excelsus as
diagnostic characters, delimiting E. dahuricus sensu stricto
from E. excelsus (Tzvelev, Probatova, 2010). However, Savch-
kova et al. (2003) showed that hybrids have an intermediate
state between direct and curved awns of lemma (inheritance
type is unknown). F2 hybrids are more likely to show curved
awns. This character is manifested in varying degrees at the
plants’ different stages of maturity: as spicules ripen, the awns
of lemmas become more curved. Specimens with non-curved
awns (an E. dahuricus diagnostic character) were collected
among the Far Eastern populations, usually considered as
E. excelsus populations, while examples with curved awns
were found among the Altai populations of E. dahuricus
sensu stricto (Savchkova et al., 2003). Similarly, the differ-
ences between E. franchetii and E. excelsus are insignificant,
the first exhibit leaf blade widths of 3-8 mm and the second
8-18 mm (Tzvelev, Probatova, 2010).

Conclusion

In conclusion, we suppose that it is important to determine
distribution areas of Elymus with the “Northern dahuricus” and
the “Southern dahuricus” St-rDNA genomes (ribotypes). After
this, it is necessary to reconsider the system of taxonomically
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significant characters and try to find unique morphological
characteristics appropriate only for plants with the “North-
ern dahuricus” St-rDNA or with the “Southern dahuricus”
St-rDNA ribotypes. There is reason to believe that within this
complex, there are at least two different, probably reproduc-
tively isolated, cryptic species or two reproductively isolated
groups of species and these species (groups of species) may
have different origin.
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Molecular identification of the stem rust resistance genes
in the introgression lines of spring bread wheat
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A total of 57 introgression lines and 11 cultivars of spring bread wheat developed by All-Russian Institute of Plant
Protection and cultivated in the Volga Region were analyzed. The lines were obtained with the participation of
CIMMYT synthetics, durum wheat cultivars, direct crossing with Agropyron elongatum (Cl-7-57) and have introgres-
sions from related species of bread wheat, namely translocations from Ag. elongatum (7DS-7DL-7Ae#1L), Aegilops
speltoides (2D-2S), Ae. ventricosum (2AL-2AS-2MV#1), Secale cereale (1BL-1R#1S), 6Ag' (6D) substitution from Ag. in-
termedium and triticale Satu. Cultivars and lines were assessed for resistance to Saratov, Lysogorsk, Derbent and
Omsk stem rust pathogen populations (Puccinia graminis f. sp. tritici), and analyzed for the presence of the known
Srresistance genes using molecular markers. The analysis of the cultivars’and lines'resistance to the Saratov patho-
gen population in the field, as well as to Omsk, Derbent and Lysogorsk populations at the seedling stage, showed
the loss of efficiency of the Sr25 and Sr6Ag’ genes. The Sr31 gene remained effective. Thirty one wheat lines out
of 57 (54.4 % of samples) were resistant to all pathogen populations taken into analysis. The Sr31/Lr26, Sr25/Lr19,
Sr28, Sr57/Lr34 and Sr38/Lr37 genes were identified in the introgression lines. The Sr31/Lr26 gene was identified in
19lines (33.3 % of samples). All lines carrying the 1RS.1BL translocation (Sr37/Lr26) were resistant to all pathogen po-
pulations taken into analysis. The Sr25/Lr19 gene was identified in 49 lines (86 %). The gene combination Sr31/Lr26 +
Sr25/Lr19 was identified in 15 lines (26.3 %). The gene combinations Sr38/Lr37+ Sr25/Lr19, Sr57/Lr34+Sr25/Lr19
and Sr31/Lr26+ Sr25/Lr19+ S5r28 were identified in 3 introgression lines. These three lines were characterized by
resistance to the pathogen populations studied in this work. The Sr2, Sr24, Sr26, Sr32, Sr36 and Sr39 genes were not
detected in the analyzed wheat lines.

Key words: spring bread wheat; introgression lines; Puccinia graminis f. sp. tritici; Sr genes.
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MoiekyasipHas UaeHTU@uKaLMs reHoB YCTOMUYMBOCTI
K cTeb6JIeBO PrKaBUlHE B MHTPOTPECCUBHBIX JIMTHUSIX
SAPOBOV MST'KOI ITIIIEeHUILIbI
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T Bcepoccuiickuit Hay4HO-MCCNejoBaTeNbCKN MHCTUTYT 3allyTbl pacteHuid, MywkuH, CaHkT-MeTepbypr, Poccna
2 HayuHo-nccnepnoBaTenbCKmin MHCTUTYT cenbckoro xo3ancTaa loro-Boctoka, Capatos, Poccua
&) e-mail: baranova_oa@mail.ru

MpoaHann3npoBaHbl 57 MHTPOrPECCMBHBIX TNHUIA 1 11 COPTOB APOBON MArKON NiweHuLbl cenekuymm HAW cenbcko-
ro xo3amncTea tOro-Boctoka, Bo3genbiBaembix Ha Tepputopuu NoBosmxbaA. JIMHUM NonyyeHbl C y4acTeM CUHTETUKOB
cenekummn CIMMYT, copToB TBepLOW NLeHMULbl, NPAMOro ckpewmsanus ¢ Agropyron elongatum (Cl-7-57) n nmetot
VNHTPOrPeccrmn OT POLCTBEHHbIX BULOB MATKON MLIEHNWLbl, @ UIMEHHO TpaHcnokaumm ot Ag. elongatum (7DS-7DL-
7Ae#1L), Aegilops speltoides (2D-2S), Ae. ventricosum (2AL-2AS-2MV#1), pxu KynbtypHol (1BL-1R#1S), 3amelueHuna
ot Ag. intermedium 6Ag' (6D) n Tputrkane Satu. CopTa v IMHUM 6bIN OLIEHEHbI Ha YCTOMUYNBOCTb K CApaTOBCKOW,
NbICOropCKoii, AepOEHTCKON 1 OMCKOI NONynALuAM BO30yauUTens ctebneBoii pXKaBUumHbI, @ TakXKe NpoaHanm3npo-
BaHbl Ha HanMume NAEHTUPNLMPOBAHHBIX Sr FEHOB YCTONUYMBOCTY C UCMONb30BAHNEM M3BECTHBIX MONEKYAPHbIX
MapKepoB. AHanu3 yCcTONYMBOCTY COPTOB U JIMHUIA K CapaTOBCKOM MOMyNALMUM MaToreHa B MONEBbIX YCIOBUAX,
a TakKXKe K OMCKOW, LepOEHTCKOM 1 NIbICOFOpCKOM nonynauuam Puccinia graminis f. sp. tritici Ha cTagyum NPOPOCTKOB
nokasan notepio 3GPeKTUBHOCTU reHoB Sr25 n Sr6Ag'. Ten Sr31 noka coxpaHseT cBo 3bdeKTUBHOCTL. Ko Bcem
B3ATbIM B aHafM3 NonynsaumMaAM natoreHa 6bina yctonumea 31 nMHMUA nweHnubl 13 57 (54.4 % obpasuos). Y uc-
cneflyemMblX MHTPOrPEeCCUBHDBIX JIMHUIA MAEHTUOULMPOBaHDI reHbl Sr31/Lr26, Sr25/Lr19, Sr28, Sr57/Lr34 v Sr38/Lr37.
leH Sr31/Lr26 onpepeneH y 19 nunui (33.3 % obpasLos). Bce nuHuu, Hecywwme TpaHcnokauumto 1RS.1BL (Sr31/Lr26),
ObIIN YCTONUMBbI KO BCEM B3ATbIM B aHaNIM3 NONyAAUUAM natoreHa. l'eH Sr25/Lr19 ngeHtudurunposaH y 49 nuHun
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(86 % obpa3uo.). CouetaHue reHoB Sr31/Lr26+ Sr25/Lr19 npentnounumpoBaHo y 15 nuHuin (26.3 %). Y ogHon nu-
HUW MAEHTUPULMPOBAHO coyeTaHne reHoB Sr38/Lr37+5r25/Lr19, y ppyrov NIMHUK — coueTaHue reHoB Sr57/Lr34+
+5r25/Lr19, n ewe y ogHom — Sr31/Lr26 + Sr25/Lr19 + Sr28. Bce oHM 6bInn yCTOMYMBBI KO BCEM B3ATbIM B aHanM3 no-
nynaumam natoreHa. lrenbl Sr2, Sr24, Sr26, Sr32, Sr36, Sr39 y aHanusnpyembix MMHUIA 06HapPY»KeHbl He Obinn.
KnioueBble c/l0Ba: ApPOBas MArkas rnweHnLa; UHTPOrpeccuBHbIe NMHWUW; Puccinia graminis f. sp. tritici; reHbl Sr.

Introduction

In recent years, the increasing severity of wheat stem rust
(caused by the biotrophic fungus Puccinia graminis Pers. f. sp.
tritici Eriks. and E. Henn.) both on the territory of Africa and
America, and countries of the Eurasian continent is observed.
The emergence of the new highly aggressive stem rust race in
Uganda in 1999 — Ug99 (TTKSK), infecting wheat cultivars
which contain gene Sr31 (Pretorius et al., 2000), caused great
concern of world wheat producers, because with epiphy-
totic development of this pathogen on susceptible cultivars
yield losses can reach 100 % (Hailu et al., 2015). Currently,
there are 13 biotypes of this race (http://rusttracker.cimmyt.
org/?page_id=22). The Ug99 race is common in the countries
of Africa and the Middle East, it spread in the direction of
Central and Southeast Asia and it is possible to spread it into
the territory of the Russian Federation.

On the other hand, new aggressive races of stem rust that
differ from Ug99 have appeared in the world. So, in 2012 in
Ethiopia, a new race TKTTF was identified and called Digalu,
after the name of the wheat cultivar that it overcome. Crop
losses of this cultivar in 2013-2014 reached almost 100 %.
In Germany during 2013, 6 races: TKTTF, TKKTF, TKPTF,
TKKTP, PKPTF and MMMTF, which are not part of the Ug99
racial group, were allocated from 48 isolates of P. graminis
(Oliveraetal., 2017). German isolates of race TKTTF differed
from the Ethiopian race TKTTF in virulence to the lines with
genes Sr7a, Sr45 and SrTt-3. Another isolated race, TKKTP,
turned out to be virulent to the lines with the genes Sr24,
SrTmp and Sr1RSAmigo. It is known that 55 % of North
American and international cultivars and breeding lines resis-
tant to the TTKSK race (Ug99) are susceptible to the TKKTP
race (Olivera et al., 2017). The TKTTF race is found in the
countries of the Middle East and Europe (www.wheatrust.
org/stem-rust-tools-maps-and-charts/race-frequency-map),
including the UK (Lewis et al., 2018). In 2016, the new race
of stem rust (TTTTF) injured several thousand hectares of
durum wheat in Sicily. It was the largest epiphytoty of stem
rust in Europe in recent decades. The race TTTTF is virulent
to the lines with the genes Sr9e, Sr13 and avirulent to the
genes Sr31, Sr24 and Sr25 (Bhattacharya, 2017). Also in 2016
in Ecuador, the race RRTTF virulent to genes Sr38 and Sr13
was discovered which became a real threat to wheat produc-
tion in North and South America, since much of the modern
commercial cultivars turned out to be susceptible to it. The
origin of the race RRTTF in Ecuador is unknown; earlier
race RRTTF was identified in Asia (Pakistan), East Africa
(Ethiopia) and the Middle East (Yemen) (http://rusttracker.
cimmyt.org/?p=7143). In the summer of 2017 in Sweden,
the epiphytotic development of stem rust was observed in
wheat fields of Almunge, Uppland. Moreover, the last major
epiphytotics of stem rust in Sweden was in 1951. In 2015,
2016, epiphytotic development of stem rust was observed in
northern Kazakhstan (Koyshybaev, 2017).
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On the territory of the Russian Federation, the epiphytotic
development of the disease was noted in 2015, 2016 and
2017 in Western Siberia, the Central Region of the Euro-
pean part of the Russian Federation and in Lower Volga
Region. In 2016, race TTTTF different from the Sicilian
race was identified in Western Siberia (according to Global
Rust Reference Center http://wheatrust.org/fileadmin/www.
grcc.au.dk/International_Services/Pathotype_SR_Results/
Country_report_Russia_-_August2017.pdf). In the Lower
Volga Region on the territory of the Saratov Oblast, the
strong epiphytotics of stem rust was observed in 2004 and
2006, the severity of disease development was 50-60 %, in
2013-2014 the severity of disease was moderate, up to 30 %
(Markelova, 2015). However, in 2016 in the Saratov Oblast,
especially in the Right-Bank part of Volga river, epiphytotic
of stem rust began during the milky ripeness of the grain
(early July) and continued until full maturity and harvest.
The degree of development reached 80 %, the affected culti-
vars reduced the yield by 50 %, and the mass of 1000 seeds
was at the level of 18-19 grams (Sibikeev et al., 2017b; Si-
bikeev, unpubl. data). Also in 2016, the spread of stem rust
on spring bread wheat in the period of earing was noted
throughout the territory of the Republic of Tatarstan. All
wheat cultivars, recommended for cultivation in Tatarstan,
were susceptible, except for the Tulaikovskaya 5 and Belka
cultivars, as well as samples of Triticum dicoccum (Vasilova
etal., 2017).

It should be noted that often there is an alternation of years
with epiphytoties of stem rust with the years of epiphytotic
development of leaf rust. So in the Saratov region, as already
noted, in 2016 the strong stem rust epiphytotics, and in 2017
the strong leaf rust epiphytotics were observed. Thus, in order
to prevent economically significant losses, the cultivars and
promising lines with resistance to both diseases are necessary,
that complicates the breeding work and may lead to the nar-
rowing of genetic diversity. Complexes (linkages) of genes
that determine resistance to stem, leaf and yellow rust and
powdery mildew of various origins, including introgressed
from related species, take on special significance.

Wild relatives of wheat are the valuable reservoir of genetic
diversity (Wulff, Moscou, 2014). Studies of introgression lines
and the use of their genetic potential in the breeding process
are carried out both in Russia (Salina et al., 2015; Baranova
et al., 2016; Lapochkina et al., 2017; Leonova, Budashkina,
2017; Sibikeev et al., 2017a) and abroad (Wulff, Moscou,
2014; Alietal., 2016; Rakszegi et al., 2017). Molecular mark-
ers are widely used to identify alien introgression and loci for
economically valuable traits, including resistance to disease
genes (Miedaner, Korzun, 2012; Leonova, 2013; Yaniv et al.,
2015; Ali et al., 2016).

The aim of this work was to evaluate the spring bread
wheat cultivars and introgression lines by ARISER breeding
and widespread in the Lower Volga Region, for resistance to
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leaf and stem rust, and to identify effective Sr genes using
molecular markers.

Materials and methods

Phytopathological analysis. Breeding material from the
ARISER (57 introgression lines) and 11 cultivars of spring
bread wheat which cultivated in the Volga Region and related
to the analyzed lines were used in this work. All lines were
obtained with the participation of genetic material from related
species of bread wheat, namely, translocation from tall wheat-
grass Agropyron elongatum (7DS-7DL-7Ae#1L), substitution
from intermediate wheatgrass Ag. intermedium (6Ag’ (6D)),
rye Secale cereale (IBL-1R#1S), and also with the partici-
pation of synthetic lines from CIMMYT, cultivars of durum
wheat, translocations from Aegilops speltoides (2D-28S),
Ae. ventricisum (2AL-2AS-2MV#1), triticale Satu and direct
crossing with tall wheatgrass Ag. elongatum (2n = 70) CI-7-57.

The Omsk, Derbent, and Lysogorsk populations of the
pathogen, collected in 2017 from the spring bread wheat
cultivar Favorit, which carries the 6Agi (6D) substitution,
were used for laboratory evaluation of resistance at the seed-
ling stage. Virulence of populations was evaluated using the
set of 20 differentiators (North American differential set)
(Cereal Disease Laboratory) and additional near isogenic
lines (21 lines) (Suppl. Material 4). The cultivars Avrora
(gene Sr31) and Hakasskaya (susceptible control) were also
used in the analysis. Inoculation of plants was carried out in
accordance with the methods adopted in world practice (Jin et
al., 2007) (http://www.fao.org/fileadmin/templates/rust/img/
race_analysis_web.pdf).

The analyzed samples were grown in plastic cuvettes of size
11x15x%6 cm filled with “Terra Vita” peat soil, using grow
light systems, at 21-23 °C with a 14-hour photoperiod. Eleven
samples (three plants per sample) plus susceptible control —
wheat cultivar Hakasskaya, were placed in a cuvette. Ten-day
old seedlings with the first leaf fully unfolded were inoculated
with the urediniospores suspension of pathogen populations
collected from the cultivar Favorit in 2017. Infectious load
was 1 mg of spores in 1 ml (Singh et al., 2008). 5 ml of spore
suspension was used per cuvette (12 samples = 36 plants),
which was approximately 0.14 mg spores per plant. Inoculated
plants were placed in the dark moist chambers for 16 hours at
21-23 °C and a relative humidity of 100 %, and then returned
to the grow light system with same temperature. The reaction
of seedlings to inoculation (IT) with the spores suspension
of stem rust pathogen was taken into account on the 10-12th
day after infection on the standard scale (Stackman et al.,
1962) (Suppl. Material 5). The resistance or susceptibility of
the sample was judged based on the types of reaction (IT) in
two replications. Plants with ITs “0”, “0;”, “17, “2”, “X” were
considered as resistant and as susceptible with IT = “3”, “4”.
As criteria for evaluation of adult plants resistance were the
ITs and the degree of plant damage on the scale recommended
by CIMMYT (Roelfs et al., 1992): R - resistance to infec-
tion; MR — medium resistance; MS — medium susceptibility;
S — susceptible reaction.

DNAiisolation and PCR analysis. DNA was isolated from
five-day wheat seedlings using cetyltrimethylammonium bro-

1 Supplementary Materials 1-8 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx5.pdf
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mide (CTAB) (Murray, Thompson, 1980). The composition of
the reaction mixtures and the conditions of PCR are presented
in the Suppl. Material 2.

DNA markers recommended for marker-assisted selec-
tion (MAS) were used to identify resistance genes (Sr2, Sr24,
Sr25, Sr26, Sr28, Sr31, Sr32, Sr36, Sr38 and Sr39) (Suppl.
Material 1). Amplification was performed on C1000 Thermal
Cycler amplifiers (BioRad), separation of PCR products was
carried out in 2 % agarose gels with addition of ethidium bro-
mide. Near isogenic lines and cultivars with Sr genes served
as positive control (Suppl. Material 3), susceptible cultivar
Hakasskaya served as negative control. GeneRulerTM 50 bp
DNA Ladder (Fermentas) was used as a molecular weight
marker. The amplification products were visualized using
the ChemiDoc™ XRS+ imaging system (Bio-Rad). PCR was
carried out in 2 replicates.

Results

Phytopathological analysis

of resistance to causative agent of stem rust

At the first stage of work, 57 lines and 11 wheat cultivars were
evaluated for resistance to the Saratov population of stem
rust under field conditions and for resistance to the Derbent,
Omsk and Lysogorsk pathogen populations at the seedling
stage under laboratory conditions. The stem rust popula-
tions were previously evaluated for virulence. Against the
Omsk population of 2017, the genes Sr11, Sr31, Sr13, Sr25,
Sr26, Sr32, Sr35 and the combinations of genes Sr26 + Sr9g,
Sr31+Sr36 and Sr31 + Sr24 were effective; against Lysogorsk
population—Sr13, Sr17, Sr31, Sr26, Sr32, Sr35, Sr24 +Sr31,
Sr36+Sr31, Sr24+Sr36 and Sr26 +Sr9g; against Derbent
population — genes Sr13, Sr24, Sr25, Sr26, Sr31, Sr35, Sr40
and the combinations of genes Sr24 +Sr31, Sr36 +Sr31,
Sr24+ Sr36, Sr26 + Sr9g.

All lines were resistant to the Saratov population of stem
rust in the field conditions. During evaluation at the seedling
stage, 6 lines susceptible to the Derbent pathogen population,
2 lines susceptible to the Omsk pathogen population and
15 lines susceptible to the Lysogorsk pathogen population
were identified. Thirty one lines (54.4 %) were resistant to all
the populations taken in the analysis (see the Figure).

From the 11 analyzed cultivars almost all were susceptible
in the field — namely: cultivars Saratovskaya 55, Saratov-
skaya 68, Saratovskaya 70, Saratovskaya 73, Albidum 32,
Favorit, Voevoda and Lebyodushka. The cultivars Prokho-

100 P. graminis f. sp. tritici

100 £ 9.5
89.5 Saratov population
ol 737 (field evaluation)‘
Derbent population
ool 544 (seedling stage)

Omsk population
(seedling stage)
Lysogorsk population
(seedling stage)

All populations
taken into analysis

40t

20

The number of resistant lines, %

0
Resistance of wheat lines to P. graminis f. sp. tritici

Results of the phytopathological analysis of introgression lines.
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rovka, Yugo-Vostochnaya 2 and Dobrynya were heterogeneous
for resistance, the susceptible plants were observed among
resistants. During laboratory analysis of cultivars the follow-
ing results were obtained: Prokhorovka, Yugo-Vostochnaya 2
and Dobrynya cultivars are resistant to the Derbent population
of stem rust; the cultivars Prokhorovka, Yugo-Vostochnaya 2,
Dobrynya and Saratovskaya 55 are resistant to the Lysogorsk
population, the cultivar Saratovskaya 73 turned out to be
heterogeneous. Almost all cultivars are resistant to the Omsk
pathogen population, Albidum 32, Dobrynya, and Voyevoda
are heterogeneous. Heterogeneity for the genes of resistance to
stem rust can be explained by the fact that in the breeding pro-
cess there was no selection for resistance to this disease, which
allows for the presence of several biotypes in the cultivar.

Identification of resistance genes

The gene Sr31 was identified as gene ineffective to Ug99, but
effective against local stem rust populations. The scm9 marker,
developed for rye translocation 1BL.1RS carrying the gene
complex resistant to stem (Sr31), leaf (Lr26) and yellow (Yr9)
rust and powdery mildew (Pm8), was used to identify it. The
translocation 1BL.1RS (gene Sr31) was identified in 19 lines
out of 57 (33.3 %) (Suppl. Material 8). All samples carry-
ing the 1BL.1RS translocation were resistant to the Saratov
population of stem rust during the field evaluation and to all
analyzed pathogen populations during evaluation of resistance
at the seedling stage. The gene Sr31 was identified in the
Prokhorovka and Yugo-Vostochnaya 2 cultivars. However,
during evaluation of resistance to the Saratov population of
pathogen, susceptible plants of these cultivars were identified.
A question arose about the possible appearance of fungal pa-
thotypes in the Saratov population of pathogen that virulent to
the gene Sr31. DNA from 10 individual grains of the infected
cultivar Prokhorovka was tested for the presence of amplifica-
tion fragments using the primer scm9 to confirm the present
or absence of 1BL.1RS translocation in susceptible plants.
Diagnostic fragment 207 bp was obtained only from the con-
trol cultivar Avrora (carrier of Sr31) that means the absence of
1RS.1BL (Sr31) translocation in analyzed susceptible plants.
According to morphological characteristics (plant height, type
of ear) admixture of another plant is unlikely. Moreover, this
fact was observed (IT = 0 and 3) at different seed sources,
including the original ones, the heterogeneity is most likely
as the loss of 1RS.1BL translocation. It was also concluded
that the gene Sr31 still retains its effectiveness.

The gene Sr25, which effective for Ug99, was identified in
49 lines (86 %). For identification this gene was used the Gb
marker recommended for the marker-assisted selection. The
Sr25 gene was also identified in the cultivars Dobrynya and
the Lebyodushka. The gene Sr38 was detected only in one
line (Tselinnaya20/Dobr//Dobr/3/DobrLr9/4/Milan/Prinia*//
4Dobr) using the VENTRIUP-LN2 primers. In this line, the
combination of genes Sr25/Lr19+ Sr38/Lr37 was identified
(Suppl. Material 7). In one line (L505*2//Croc/Ae.squar(224)//
Yaco) using the csLV34 marker in addition to the Sr25 gene,
the gene of adult resistance Sr57/Lr34 was identified. Both
of these lines were resistant to all analyzed populations of
pathogen.

In addition, using markers wPt-7004-PCR and Xwmc332,
the gene Sr28 was identified in one of the lines; however,
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this fact should be verified during further work using other
markers. In this line, the combination of the Sr31/Lr26 + Sr25/
Lr19+ Sr28 genes provided resistance to all analyzed popula-
tions of the pathogen. The CAPS marker csSr2 was used to
identify the adult plant resistance gene — Sr2. Amplification
product with primers csSr2F/R was observed in almost all
analyzed samples. After restriction of amplification product
by restriction endonuclease BspHI, the diagnostic fragment
172 bp was observed only in control cultivars Arthur and
Oasis. The genes from Ae. speltoides were not found in the
wheat accessions, although the presence of introgressions from
this species in the pedigree of lines suggested that genes such
as Sr32 and Sr39/Lr35 could be present. However, it is likely
that specific markers, other than markers for Sr32 and Sr39,
are needed for identification the Sr genes of the studied lines.

Thus, the genes Sr31/Lr26 and Sr25/Lr19 were mainly
identified in the introgression lines. The combination of these
genes — Sr31+Sr25 was found in 15 lines (26.3 %). The
genes Sr2, Sr24, Sr26, Sr32, Sr36, Sr39 were not detected in
the analyzed lines.

Discussion

In the Volga region of Russia, one of the factors limiting the
grain yield of wheat are the epiphytotics of rust fungi — leaf
and stem rust, and the harmfulness of stem rust in recent years
has increased significantly. The success of anticipatory breed-
ing for resistance to these pathogens is largely determined
by the diversity of used resistance genes. For targeted wheat
breeding, the identification of resistance genes in cultivars,
identification of their effectiveness and join its in combina-
tions is necessary.

The analyzed in this research cultivars of spring bread
wheat occupy over 95 % of the area in the Saratov Oblast and
\Volgograd Oblast and are also widespread in the Middle Volga
Region, Ural Region and partially in the Central Black Soil
Region of Russia. Thus, it is their genotypes for rust resistance
genes that determine (inhibit or not) the development of the
epiphytoties of these pathogens. It should be noted that the
substitution of 6Ag’ (6D) from Ag. intermedium was previ-
ously identified in the cultivars Favorit and Voevoda, while
the Lebyodushka cultivar had the genes Sr6Agi+Lr19/Sr25
(combination of substitution 6Agi (6D) and translocation
7DS-7DL-7Ae#1L) (Sibikeev et al., 2017a), and the transloca-
tion 7DS-7DL-7Ae#1L from tall wheatgrass with gene Sr25/
Lr19 was identified in the Dobrynya cultivar (Badaeva et al.,
2018). The presence of the gene Sr25 in the Dobrynya and
Lebyodushka cultivars is confirmed in this work (Table 1).

It is known that the gene Sr25 (cultivars L503, L505,
Dobrynya) showed the susceptible type of reaction and the
percentage of lesion was 15-20 % in 2006, and in 2016 the
IT =2, 3 and degree of lesion was 15-25 %. For the gene(s)
Sr6Ag' (cultivars Belyanka, Favorit, Voevoda) in 2006 IT =3
and severity 50-60 %, in 2016 — 70-80 %. For cultivars with
gene Sr31 (Prokhorovka), already in 2006, 0/3 single pustules
reaction was observed (Sibikeev et al., 2008, 2009, 2017b).
The fact that the field evaluation of these cultivars in 2016
and 2017 showed their susceptibility to the Saratov popula-
tion of the pathogen, as well as to the Derbent and Lysogorsk
populations of P. graminis in the laboratory conditions (see
Table 1) shows the loss of efficiency of both the gene Sr6A4g’
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Table 1. Results of phytopathological analysis and identification of Sr genes in the cultivars

Cultivar Resistance to P. graminis Identified genes
Saratov population  Laboratory evaluation to P. graminis populations at the seedling stage
(freld evaluation)* | ......................................... | -| ........................................ | -|.| .....................................
s aratovskay a 55 .................. 7 os ................................. 3 s 2 ........................................ 2 ........................................ e

s aratOVSkay a 68 .................. 6 05 ................................. 3 ........................................ 3 ........................................ x ....................................... e

s aratOVSkay a 70 .................. 7 os ................................. 3 ........................................ 3 ........................................ 2 s e

s aratovskay a 73 .................. 6 os ................................. 3 ........................................ 2 +3 ................................... 2 e e

A|b|dum32 ......................... 7 os ................................. 3 4 ........................................ 2 +4 ................................... e

Prokhorovka ....................... R and3s ......................... 1 ........................................ 1 ....................................... 12+5r37 ..........................

Yugovostochnayaz .......... R and3s ......................... o ........................................ 0 .’ ....................................... 1_5r37 ..........................

Dobrynya ............................ M 5255 .......................... 2 ........................................ 2 L 2 +3+5r25 .........................

Favont ................................. 7 55 ................................. 3 ........................................ 3 ........................................ o 5,6Agl** ..................

voevoda .............................. 7 55 ................................. 3 s 3 + ..................................... 2 3_5r5Agl** ..................
Lebyodushka ...................... 7 054 ........................................ 3 S 2 _5r25+5r6Ag'** ........

Notes: | - Derbent pathogen population; Il - Lysogorsk pathogen population (from cultivar Favorit); Ill - Omsk pathogen population; * degree of development
in 2016, type of reaction; ** according to (Sibikeev et al., 2017a).

Table 2. Results of phytopathological analysis and identification of Sr genes (susceptible lines)

Pedigree Resistance to P. graminis populations Identified

Saratov population  at the seedling stage genes

feld) e s

Notes: | - Derbent pathogen population; Il - Lysogorsk pathogen population (inoculum from cultivar Favorit); lll - Omsk pathogen population; # control line
with Sr25.
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Table 3. Identification of Sr genes in resistant lines

Lineage Srgenes

|_2032*6/Curmd3875,25+5,31
Dobrynya*4/-|-s|_r255,25 ..............
|_ 503 |_r19|_r2 6 ......................................................................... 5 ,25+5,31 )
LS05//L503/L583/Kukushka//L505L200 - S5
S 55 8 3/Td ,cs//L 20 32 ............................................................. 5 ,37 ...............
|_203 2*5 /Sen 8 2 ....................................................................... 5 ,25+5,3, )
LS05*/Croc/hesquar@24y/Naco  Si25SiST
L505/3/Croc/Ae.squar(205)//Weaver/4/L505/5/568  Sr25+Sr31
L505/3/Croc/Ae squar(205)//Weaver/4/L505/5/L505  Sr25+Sr31 |
Bel/3/Croc/Aesquar(205)/Weaver/afBel - s31
|_ 1 : 2 ( Do brL r24)/5 6 8//568 ....................................................... 5 ,25 ..............
|_505*2/prokh//3e|(|_496/16)5,37 ...............
555*3/Td,cS//|_2032(|_501/16)5,37 ...............
Dobr/Zolvolna//Dobrlr24/3/Dobrynya S5
Prokh/MultiLi6R/S68/3/Dobr 525 |
L505/542/4/L505%3//Prokh//LS05/3/S70/4/Dobrli24  Sr25+Sr31
L505/L164/4/L503//Trap#1 /Bow/3/LS03/5/L505/6/S68  Sr25+Sr31
YUV-2LSOS//LSOILI26/3S05/4/S68  S25+S3T
Croc/Aesquar(205)/Weaver/3/L505/4/Dobrle25 525
Croc/Aesquar(205)/Weaver/3/L505/4/Bel - 5254531
Dobr*S/TcL9//L505//L503*3/TRAP=BOW//Prokh/SS5  Sr25+Sr31
Dobr*s//Milan/Prinia/3/Belyanka/d/ses S5

from the Ag. intermedium and gene Sr25 on the territory of
the Volga Region. This is consistent with the data of Vasilova
and co-authors on the loss of efficiency of the genes Sr64g!
and Sr25 during stem rust epiphytoties in 2016 in Tatarstan
(Vasilova et al., 2017). However, under stem rust epiphyto-
ties in 2013-2015 in the Novosibirsk region, the gene Sr64g?
(SrBel) inhibited the development of the disease in cultivar
Favorit (type of reaction to the pathogen R) (Sochalova,
2016). This agrees with the evaluation data of the cultivar
Favorit resistance to the Omsk population of the pathogen at
the seedling stage (see Table 1). According to our data, gene
Sr31 still retains its effectiveness.

The whole set of introgressive lines, taken in the analysis,
was previously evaluated for resistance to the causative agent
of stem rust under strong epiphytoties conditions in 2016 in
the experimental field of the Laboratory of Genetics ARISER,
Saratov, and in the phytonurseries, located in the South-West
of the Saratov oblast. As already noted, the degree of disease
development in cultivars Favorit and Voevoda reached 80 %,
which led to significant yield losses (Sibikeev, unpubl. data).
The IT in the studied set of lines mainly ranged from 0 to 2
(R, MR). In 2017 during the field evaluation, the lines were
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Lineage Srgenes
SarzolTdic-s//SS8/3/°2 Bel/aNoevoda  Si254Sr31
L503L26/OttanRILRID/Revansh 525
L18(L503Lr26)/S68/Revansh  S5+531
Tulaykovskayal0//Agis181/S29+Agis181/S58  Sr25+S131+5128
ThatCherLr37*4/L503 Sr25 .........................
L503Lr26/0ttan(RIT RI2)/Revansh  Si2sesi31
YUV-2/LS05/LS03L26/3/L505/4/568  Si2ses3T
Milan/Prinia//*4Dobr/3/Favorit S5
Tselinnaya20/Dobr//Dobr/3/DobrLr9/4/Milan/  Sr25+5r38
Prinia//*4Dobr
Dobrsytiaminsayarasen e
|_503/Sr35//|_503/3/|_503 5,25 .........................
Satu/s70//574,3/574 ................................................... _ ...............................
SarzolTdic-s//SS8/3/2Bel/aNoevoda  Si254S31
L503L26/Ottan(RIT RI2)/Revansh S5
LI8(LS03L26)/S68/Revansh  S254531
Tulaykovskayal0//Agis181/529+AgisT81/SS8 5254513145128
ThatCherLr37*4/L503 5,25 .........................
L503L126/Ottan(RILRID/Revansh  S254531
YUV-2/LS0S/LS03L26/3/L05/4/568  Si2ses3T
Milan/Prinia//4Dobr/3/Favorit S5
Tselinnaya20/Dobr//Dobr/3/Dobrlr9/4/Milan/  S125+5r38
Prinia//*4Dobr
L503/5r35//L503/3/L503 5,25 .........................

also resistant to pathogen, however, during the laboratory
evaluation, 15 lines showed susceptible type of reaction (3)
to inoculums of the Lysogorsk pathogen population taken
from the cultivar Favorit (Table 2). Perhaps this is due to the
fact that the pathogen population from the cultivar Favorit is
100 % virulent to Sr64g'.

As can be seen from the table, only the gene Sr25 was
identified in all susceptible lines, which indicates a loss in
the efficiency of this gene. However, the combination of gene
Sr25 with the genes Sr31/Lr26, Sr38/Lr37 and the adult re-
sistant gene Sr57/Lr34 provided resistance to all populations
of P. graminis taken in the analysis.

Lines resistant to all populations of the pathogen, with the
identified Sr genes are presented in Table 3. The phytopatho-
logical evaluation of these lines is provided in the Suppl.
Material 6.

Of interest are the spring bread wheat lines shown in
Table 3, resistant to all populations of the pathogen, but with
an identified Sr25 gene. The analysis of these lines lineages
suggests that they contain other resistance genes. Thus, the
cultivars Prinia and Weaver carry the 1RS.1BL translocation
(Sr31) according to the GRIS database (Genetic Resources
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Information System for Wheat and Triticale). It is possible that
the gene Sr31 is present in the lines with the participation of
these cultivars, but they are heterogeneous according to this
gene. The cultivar Dobrynya, participating in the linecage of
resistant lines in which only Sr25 was identified, was heteroge-
neous in resistance to the Saratov (field) and Omsk populations
of the pathogen and resistant to the Derbent and Lysogorsk
populations (see Table 1). Probably, besides Sr25, there are
other genes in it that influence the manifestation of the trait.
In addition, the lines Dobrynya Lr24, Dobrynya Lr25, L503
Lr26 (participating in lineages) and Thatcher Lr37*4/L503
were obtained from crosses with the corresponding isogenic
lines of the Thatcher cultivar, which carries the gene complex
Sr5+Sr9g+Sr12+Sr16 (Mclintosh et al., 2013). The possibi-
lity of transferring these genes or their combination in a hybrid
progeny is not excluded. As can be seen from the lineage, in
the line (L503/Sr35//L503/3/L503) the presence of the Sr35
gene is possible, it will be clarified in the further research.

Conclusion

Thus, genes Sr31 and Sr25 were mainly identified in the
analyzed introgression lines. The combination of these genes —
Sr31/Lr26 +Sr25/Lr19 was identified in 15 lines (26.3 %). The
combination of genes Sr38/Lr37 +Sr25/Lr19 was identified
in one line; Sr31/Lr26 +Sr25/Lr19+Sr28 — in one line; gene
Sr25/Lr19 with the adult resistant gene Sr57/Lr34 — in one
line. These lines were resistant to all analyzed populations of
the pathogen, which makes them promising for further use in
breeding. The genes Sr2, Sr24, Sr26, Sr32, Sr36, Sr39 were
not detected in the analyzed lines. It is also necessary to note
the promising use of triticale cultivar Satu, which carries the
genes linkage LrSatu/SrSatu, in protection against stem rust
pathogen (Mclntosh et al., 1995).
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Potato mosaic viruses which infect plants of tuber-bearing
Solanum spp. growing in the VIR field gene bank
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Potato crop is particularly affected by virus diseases, and potato virus Y (PVY) currently considered the most im-
portant pathogen distributed worldwide as a diversity of strains. Wild and cultivated tuber-bearing species of the
genus Solanum L., stored in the VIR collection, are used as the initial material in creation domestic potato varieties
(Solanum tuberosum L.) resistant to virus diseases. The preservation and rational utilization of the potato collec-
tion is based on regular phytosanitary monitoring, including quarantine objects, foremost PSTVd (potato spindle
tuber viroid). The aim of the work is to examine plants of tuber-bearing Solanum species in the field gene bank of
VIR for the presence of PSTVd and PVX (potato virus X), PVS (potato virus S), PVM (potato virus M) and PVY, which
are the most common viruses on potatoes in the North-West District of Russia. We examined clonal plants of 137
genotypes representing 31 species of the section Petota of the genus Solanum L. A diagnostic was carried out us-
ing ELISA, RT-PCR and indicator plants. No PSTVd was found in the studied plants, but a plural infestation by mo-
saic viruses was detected, more than half of the tested clones are infected with two or more viruses. In the studied
samples, only 17 genotypes (12 %) are not infected by PVX, PVS, PYM and PVY according to the ELISA test. There
are statistically significant differences in the virus infestation of Solanum species with different origins, according
to Pearson’s chi-squared test. Among the studied genotypes of wild relatives of potatoes, the proportion of those
affected by PVY was significantly higher in the South American than in the North American species (y2 = 4.56,
p =0.03); the proportion of genotypes affected by PVX was significantly higher in the North American species (2
=8.81,p=0.003), the critical value was y2 = 3.841. PVY strains were identified by multiplex RT-PCR in 37 genotypes
of Solanum spp. We found that 27 genotypes are infected by a common PVYO strain, two genotypes are infected
by PVYNW (A) and PVYNW (B) strains, respectively, seven genotypes are infected by a mixture of PVYO + PVYNW (A)
strains, and one is infected by a mixture of PVYO + PVYNTN-NW (SYRI) + SYRIII strains. The recombinant strains of PVY
are detected in the North-West District of Russia for the first time. Coherency of the results of PVY strains detection
by various (immunological, molecular and biological) methods is discussed.

Key words: wild tuber-bearing Solanum spp.; potato spindle tuber viroid; potato mosaic viruses; PVY strains; re-
combinant strains; ELISA; RT-PCR; indicator plant; mixed infection.
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Mo3sanuHble BUPYChI KapTodeJis, mopaXkalollyie pacTeHIS
KJIYOHEeHOCHBIX BUA0B pozxa Solanum L.
B I10JIEBOM reHHOM OaHKe BVIP
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BupycHble 60ne3HM HaHOCAT Gonbluol yuwepb KaptodeneBoacTay, 1 ocobyio npobremy NoBCcemMecTHO npef-
CTaBnseT BUpPYC KapTodens Y (potato virus Y — PVY), otninvatowniics pasHoobpasnem WTaMMOBOro cocTasa. [ns
CO34aHMA OTeYECTBEHHbIX COPTOB KapTodens (Solanum tuberosum L.), ycTOMUMBBIX K BUPYCHbIM 60Ne3HAM, UC-
XOLHbIM MaTepranom CNyaT AVK1e 1 KynbTypHble KNyoHeobpasytowue Brabl poga Solanum L., coxpaHsaembie B
KONNeKuunn reHeTnyecknx pecypcos kaptodena BUP. CoxpaHeHMe 1 pauuoHanbHoe NCMosb30BaHve Konnekuum
OCHOBAHO Ha perynsipHoM GpUTOCAHUTAPHOM MOHUTOPUHTE, B TOM UYINC/IE KapaHTUHHbBIX OObEKTOB, B MEPBYIO OYe-
peAb — BUpounga BepeTeHoBUAHOCTY KNy6Helh kapTodena (potato spindle tuber viroid — PSTVd). Llenb pabotbl —
o6cnefoBaHNe PacTeHNn KNy6HeHOCHbIX BUgoB Solanum L. B noneBom reHHom 6aHke BUP Ha Hannume PSTVd u
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Mo3awnuHble BUpYCbl KapTodens, nopaxatoLyie pacTeHns
Kny6HEHOCHbIX Solanum spp. B MoneBoM reHHOM 6aHKe

Mo3anyHbIx BUpycoB PVX (potato virus X), PVS (potato virus S), PVM (potato virus M) n PVY (potato virus Y), Han-
6onee pacnpocTpaHeHHbIX Ha KapTodene B CeBepo-3anagHom pernoHe Poccuiickon ®egepaummn. O6cnefoBaHbl
KIIOHOBble pacTeHusa 137 reHOTUNOB, NpefcTaBnaiowme 31 Bua cekunm Petota popa Solanum L. inarHocTtrka npo-
BefeHa metogamu ELISA, OT-MUP n pacteHnin-uHgukatopos. Cpefm n3yyeHHbix pacteHuii PSTVd He o6Hapy»KeH,
HO NarHoCTMPOBAHO MAacCOBOE MOpaXKeHe MO3anyHbIMK Bpycamu, 6o/ee NMosoBUHbI TECTUPOBAHHbIX KTOHOB
MHOUUMpPOBaHO ABYMA 1 6onee Bupycamu. BoiasneHo 17 reHotunos (12 %) ¢ oTpuuaTtenbHoi peakymein ELISA Ha
PVX, PVS, PVM u PVY. Paznnuuns B nopakeHU MO3anyHbIMM BUPYCaMIN pacTeHUI Solanum spp., OTHOCALLMXCA K
pasHbIM GUAOreHeTNYECKM FPYNNaM, CTaTUCTUYECKM 3HaUMMbl (Mo KpuTeputo x2 MupcoHa). Cpean nccnenosaH-
HbIX FeHOTUMOB I0)KHOAMEPUKAHCKIX BULOB JONA NMopa)eHHbIX PVY foctoBepHo 6onblue, YeM Cpefy reHoTHMNoB
ceBepoamepurKaHCKux Buaos (x2 =4.56, p = 0.03), PVX, HanpoTuB., Yallie feTeKTMPOBaH Y reHOTUMOB 13 rpynmnbl ce-
BepoamepuKaHcKnx Bugos (x2 = 8.81, p = 0.003). LUtammbl PVY naeHtudnumposanm y 37 reHotmnos Solanum spp.
meTonom mynbTunekcHon OT-TLP. BbisBneHo 27 reHOTMMNOB, MOPaXXeHHbIX OObIYHbIM LITaAMMOM PVY©, no ogHo-
My FeHOTUMy — nopaxeHHble wtammamu PVYNW (A) u PVYNW (B), cemb reHOTUMOB, MOpa)eHHbIX CMECbIO LTaM-
moB PVYC+PVYNW (A), n ognt — cMecbio wrtammos PVYO + PVYNTN-NW (SYR]) 11 SYRIIl. PeKOMOUHAHTHbIE LITaMMbl
PVYNW (A), PVYNTN-NW (SYRI) 11 SYRIII BnepBble 06HapyxeHbl B CeBepo-3anagHom perioHe Poccunckon Oepepa-
unn. O6CyKpaeTca COrnacoBaHHOCTb PEe3yNbTaToOB AMArHOCTMKM WTamMoB PVY pasHbiMU (MMMYHONOMMYECKUA,
MONeKYNAPHbINA 1 6UONOrnyeckunin) meTogamm.

KnioueBble cnoBa: fukne kKnybHeHoCHble Solanum spp.; BUpous BepeTeHOBMAHOCTY KnybHeln KapTodens; Mo3a-
NYHble BUPYCbl KapTodens; wrammbl PVY; pekombrHaHTHble n3onatsl; ELISA; OT-TLP; pacteHne-nHankaTop; cme-
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Introduction

In a changing climate, sustainable agricultural production of
sufficient volumes of diverse high-quality food products is
necessary to provide the population of the world with food.

One of the leading crops in global agriculture is potato, a
vegetatively propagated crop, vulnerable to virus infections.
No less than 40 potato-infecting virus species are known
(Potato Biology..., 2007), of which six are the most harmful
and widespread: namely, the potato leafroll virus (PLRV)
and the mosaic viruses: potato virus X (PVX), potato virus
S (PVS), potato virus M (PVM), potato virus A (PVA) and
potato virus Y (PVY). Virus diseases, especially those that
are caused by a mixture of PVY and other viruses of the
mosaic group, lead to significant losses in production of the
commodity in question and impede seed production. PVY
is distinguished by a variety of strains, among which there
are five non-recombinant and more than three dozens of
recombinant ones (Green et al., 2018). In recent years, in
many countries where potatoes are cultivated, including the
Russian Federation, there has been a significant spread, and
sometimes dominance, of recombinant PVY strains (Karasev,
Gray, 2013; Uskov et al., 2016; Green et al., 2017). PVY
recombinant isolates represent a particular problem for the
potato industry, since many of them cause necrotic lesions or
potato tubers fissuring.

An ecologically safe and effective strategy of protecting
potatoes from virus infections is based on the development
of resistant varieties and their introduction into cultivation.
The initial material for potato breeding for resistance to
virus diseases is represented by wild and cultivated tuber-
bearing species of the genus Solanum L. In comparison to
other agricultural plants, potatoes have the largest number
of tuber-bearing wild relative species (Vincent et al., 2013).
According to FAO, at present extensive ex situ collections
of potatoes totaling around 98000 accessions are maintained
in 30 countries around the world (Machida-Hirano, 2015).
The VIR collection of potato genetic resources is among the
most representative ones, with about 8000 accessions of wild,
primitive and cultivated species, varieties and breeding clones
of potato. An important aspect of the work on the conservation
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and regeneration of the cultivated forms and wild relatives of
potato is the phytosanitary monitoring of the collection and
control over the non-proliferation of the quarantine objects,
first of all, of the Potato spindle tuber viroid (PSTVd). It is
transmitted by contact, with the sap of infected plants or
botanical seeds, which become infected if they form in plants
with infected pollen or ovules. In addition to potato varieties,
PSTVd is of high threat to the stolon- and tuber-forming
Solanum spp., accessions of which are conserved in genebank
collections (Jeffries, 1998). The present study was aimed at
monitoring PSTVd, as well as PVX, PVS, PVM and PVY
(most common mosaic potato viruses in North-West District
of Russia in plants of wild Solanum tuber-bearing species in
the field genebank of VIR.

Materials and methods

The study involved 137 plants representing 31 species of
wild tuber-bearing Solanum spp. belonging to such series in
the North American group as Demissa Buk. (S.iopetalum),
Longipedicellata Buk. (S. fendleri, S. hjertingii, S. papita,
S. polytrichon, S. stoloniferum), Pinnatisecta Rydb. (S. jame-
sii, S. pinnatisectum), Cardiophylla Buk. (S. cardiophyllum,
S. ehrenbergii), and such series in the South American group
as Acaulia Juz. (S. acaule), Yungasensia Corr. (S.arnezii),
Glabrescentia Buk. (S. chacoense), Bukasoviana Gorbat.
(S.alandiae, S.avilesii, S. gourlayi, S. hondelmannii, S. kurtz-
ianum, S. leptophyes, S. okadae, S. oplocense, S.sparsipilum,
S.spegazzinii, S. venturii, S. vernei), Tarijensia Corr. (S. ber-
thaultii, S. neocardenasii, S. tarjiense), Simpliciora (Buk.)
Gorbat. (S. microdontum, S. simplicifolium) and Maglia Bitt.
(S. molinae). Names of the series and the species are given in
accordance with classifications by S.M. Bukasov (1978) and
L.E. Gorbatenko (1990).

The species were represented by 2 to 16 genotypes conserved
as clonal plants. The studied Solanum spp. genotypes either
constituted a trait-specific collection of wild potato relatives
characterized for their resistance to phytopathogens and the
presence of the corresponding R gene markers (Rogozina et
al., 2014), or were a part of the working collection of geno-
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Table 1. Classification of potato virus Y (PVY) strains,
according to the multiplex PCR (Chikh Ali et al., 2010)

Products in the multiplex PCR, Identified PVY strain

bp

o o
S L
S T
T o
s EQ%NVQféi ......................................
T iy

types studied for a set of traits of breeding importance. The
plants tested in field conditions were grown from the tubers
reproduced annually in protected soil.

Viroid detection. The total RNA was isolated from 100 mg
of fresh leaves of wild Solanum spp. using the RNeasy Plant
Mini Kit (QIAGEN, Germany), following the manufacturer
recommendations. The RNA was used to detect PSTVd vi-
roid by RT-PCR, according to the protocol (Yanagisawa, et
al., 2017) envisaging the use of the 6Pospi-F/R primer set.
A plant of potato cultivar ‘Osen’ infected with PSTVd viroid
and conserved in the collection of the A.G.Lorch Potato
Research Institute (Korenevo, Moscow Province), was used
as a positive control.

Virus detection. An ELISA double sandwich method
(Clark, Adams, 1977) was used to detect PVX, PVS, PVM
and PVY viruses in the leaves of wild Solanum spp. The
used diagnostic kits were produced by the “Biotechnology”
Scientific Production Association at the A.G.Lorch Potato
Research Institute.

For additional detection of PVY, RT-PCR with specific
primers was used (San et al., 2009). The PVY strain composi-
tion was determined by multiplex RT-PCR using a set of 12
primers (Lorenzen et al., 2006), which allowed identification
of 10 individual strains: PVY®°, PVYN, NA-PVYN, PVYNW
(two genotypes), PVYN™ (two genotypes), PVYNNW (two
genotypes) and SYRIII (Table 1), as well as the cases of mixed
infection with these strains (Chikh Ali et al., 2010). The Prime
Script One Step RT-PCR kit (TaKaRa, Japan) was used for
RT-PCR; the PCR products were separated on agarose gels
and stained with ethidium bromide.

Nicotiana tabacum L. indicator plants (‘Samsun’ variety)
were tested to verify the RT-PCR results for diagnosing and
determining the PVY strain composition (Jeffries, 1998).

Results

PSTVd detection. RT-PCR assay of 137 genotypes of 31
wild tuber-bearing Solanum spp. did not reveal PSTVd in the
tested leaf tissue samples, with the exception for the positive
control. The obtained results are consistent with the previous
testing of other genotypes of wild Solanum species from the
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VIR collection for PSTVd presence (T.B. Kastaljeva, pers.
commun.) and indicate the absence of PSTVd in accessions
of wild potato species in the VIR field genebank.

Potato mosaic viruses detection. Mass infection of plants
of wild Solanum species with PVX, PVS, PVM and PVY
(Table 2) has been detected by ELISA assay.

Only 17 genotypes (12 % of the tested) were not infected
with mosaic viruses. They belong to the species S. acaule
(k-23004), S. cardiophyllum (k-16827, k-16828), S. gourlayi
(k-11446, k-12416), S. hjertingii (k-23366), S. hondelmannii
(k-20023), S. leptophyes (k-5764), S. polytrichon (k-19164,
k-24410), S. sparsipilum (k-9798, k-19344), S. spegazzinii
(k-11422,k-11975, k-12688), S. stoloniferum (k-24420), and
S. vernei (k-11447). It should be noted that in other genotypes
of S. acaule (k-23004) and S. vernei (k-11447),PVY and PVY/
PVS mixed infections were detected, respectively. Clones
of Solanum species selected as sources of resistance to late
blight or golden nematode, were found to be infected with a
monoinfection or a mixture of PVX, PVS and PVY.

The greatest occurrence in plants of a set of studied tuber-
forming Solanum spp. was demonstrated by PVY, as 58 %
of the tested genotypes were infected with this virus. The
infection with PVY was detected in 22 % of genotypes, and
36-37% of genotypes were found to be infected with PVM
and PVS (See Table 1). Statistically significant differences
between the two groups of potato species were found: among
the studied genotypes of Solanum spp. from the South Ameri-
can group, the proportion of those infected with PVY was
significantly higher than among the species from the North
American group (chi-square value y*> = 4.56 > critical chi-
square value y*> = 3.84 at .05 probability level), while PVX
was more often detected in the genotypes of potato species
from the North American group (chi-square value x> = 8.81>
critical chi-square value > = 3.84).

More than half of the genotypes in the studied set of
tuber-forming Solanum spp. were infected with two or
more mosaic viruses. A mixed infection of all four mosaic
viruses was found in plants of nine genotypes belonging to
the species S.alandiae, S.fendleri, S.microdontum, S.pap-
ita, S.polytrichon, S. simplicifolium and S. stoloniferum.
A complex of three viruses was detected in 15 genotypes
belonging to the species S.chacoense, S. kurtzianum, S.mi-
crodontum, S. molinae, S. pinnatisectum, S. polytrichon,
S. simplicifolium and S. stoloniferum.

PVY strains identification. Plants of 40 genotypes rep-
resenting the species S.alandiae, S. avilesii, S. cardiophyl-
lum, S. chacoense, S. ehrenbergii, S. fendleri, S.hjertingii,
S. iopetalum, S. jamesii, S. kurtzianum, S. leptophyes, S. neo-
cardenasii, S. pinnatisectum, S. polytrichon, S. simplicifolium,
S. spegazzinii and S. stoloniferum were additionally tested
for the presence of PVY by RT-PCR (Sun et al., 2009). PVY
was not found in plants of S. leptophyes (k-5764) and S.
neocardenasii (k-24612), which is consistent with ELISA
results. The PVY strains were identified by the presence of
diagnostic amplification products of various sizes, obtained as
a result of multiplex RT-PCR (Chikh Ali et al., 2010). Fig. 1
shows samples of PVY strains identification.

It should be noted that the results of multiplex RT-PCR
do not always allow the unambiguous identification of PVY
strains. For example, there is an ‘extra’ amplification product
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Table 2. Potato mosaic virus infection in plants of tuber-bearing Solanum spp.

(St. Petersburg, Pushkin, 2016-2017)

Series (number of species) No. of tested

genotypes PVY

No. of genotypes with positive ELISA reaction to mosaic viruses

Note:The statistically significant differences at a significance level of a = 0.05 are marked with letters.

of 278 bp in size in lanes 3 and 4 (see Fig. 1); and in lane 6,
in addition to the diagnosed strains NA-PVYN (1307 bp) and
PVY©° (853 and 532 bp), fragments of 1076, 633 and 278 bp
are clearly seen, though a 441 bp fragment is lacking for the
identification of other recombinant strains.

A total of 27 genotypes were found to be infected with
the common PVY?© strain, one genotype infected with
recombinant strains of PVYNW (A) and PVY"W (B), seven
genotypes showed infection with a mixture of PVY©° +
PVYNW (A) strains, and one was infected with a mixture of
PVYO, + PVYN™NNW (SYRI) and SYRIII strains. The results
of PVY diagnosing by immunological and molecular methods
coincided in 68 % of cases. A discrepancy was observed in
the results of the diagnosis of 13 genotypes belonging to
S. cardiophyllum, S. fendleri, S. hjertingii, S. kurtzianum,
S. polytrichon, S. stoloniferum and S. pinnatisectum, which
had a negative ELISA, but a positive RT-PCR result.

Indicator plant tests. To verify the results of immunologi-
cal and molecular analyses, 21 genotypes of Solanum spp.
were tested for infection with PVY in a biological test using
N. tabacum L. indicator plants. The plants of N.tabacum L.
‘Samsun’ variety inoculated with sap from plants of 13 Sola-
num spp. genotypes, in which PVY had been detected, showed
symptoms of infection on the 7th day. One group of tobacco
plants had an interveinal clearing, followed by mottle, the
symptoms of which persisted a month later and kept appearing
gradually on new leaves as they grew and developed. These
symptoms evidence the infection of tobacco plants with the
common PVY?© strain. In other plants of N. tabacum, a severe
veinal necrosis and puckering of the leaf tissue were observed,
which were followed by chlorosis of the entire leaf and stunt-
ing of the plant growth (Fig. 2). These symptoms evidence
tobacco infection with a necrotic strain of PVYN, The visible
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Fig. 1. PVY strains identification in samples of wild Solanum species by
multiplex RT-PCR.

DNA molecular size markers M1 and M2 - GeneRuler™ 1 kb and 50 bp
(Fermentas DNA Ladder, respectively). Accessions of wild Solanum species: T -
S. cardiophyllum; 2 - S. jamesii; 3 - S. polytrichon; 4 - S. avilesii; 5 - S. iopetalum;
6 - S. jamesii. Numbers indicate diagnostic amplification product size, in bp.
The identified PVY strains are presented in Table 3.
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Table 3. PVY strains identification in Solanum spp. accessions according
to the amplified products presence in the multiplex RT-PCR (Chikh Ali et al., 2010) (see Fig. 1)

No.  Solanum spp. VIR Catalog Size, bp PVY strain
number

N Scardiophylum w75 1076,853,633,532,441,278 | PVYO, PVYNTNAW (SYR) and SYRIl
2 Sjamesi 2920 Smallamountof RNA | Notdetected
'3 Spoymichon 2410 853,633,532,441,278 | PWYOandPVYNW(A)
4 Saviksi 20884 853,532,278 | PO~
5 Sipetam w393 853,633,441 | WA
6 Sjamesi 2920 1307,1076,853,633,532,278 | PVYOuNAPVYY

Fig. 2. Symptoms of PVY infection in N. tabacum after inoculation with
sap from Solanum spp. plants.

Top - systemic veinal necrosis (PVYN necrotic strain); bottom - veinal clearing
symptoms (PVY® common strain).

symptoms of virus infection in N. tabacum plants clearly
differed depending on the genotypes of Solanum species used
as sources of the virus inoculum. In accordance with the local
and systemic response observed on the leaves of the indicator
plants after inoculation with the sap of the corresponding wild
potato plant, infection of eight Solanum spp. genotypes with
the common strain and of five Solanum spp. genotypes with
the necrotic strain of virus Y has been detected (Table 4).
No symptoms of virus infection were found on tobacco
plants after inoculation with the sap of S. leptophyes and
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S. neocardenasii plants, which, according to ELISA and
multiplex RT-PCR, were PVY-free. The results of PVY
detection by the immunological and biological methods
coincided for 19 (90 % of the tested) genotypes of Solanum
spp. Inoculation with the sap from plants of five genotypes,
that is S. fendleri, S. hjertingii, S. pinnatisectum (two
genotypes), S. cardiophyllum (PVY-infected according to
multiplex RT-PCR) and S. simplicifolium (with a positive
ELISA and RT-PCR reaction) have not caused visible effects
in N. tabacum plants. The results of indicator plants tests and
of RT-PCR for virus Y detection coincided for 15 (71 % of
the tested) genotypes, and the identification of virus Y strain
composition coincided for 9 (62 % of the tested) genotypes
of Solanum species.

The N. tabacum plants inoculated with sap from Solanum
spp. plants were tested for the presence of PVY by RT-PCR.
An analysis of 12 phenotypically different tobacco plants
confirmed the presence of the virus in 10 test samples (See
Table 4). The results of the strain composition determina-
tion from the symptoms and by RT-PCR of indicator plants
coincided (or partially coincided) for seven genotypes:
S.avilesii (k-20884 and k-20158), S. iopetalum (k-24393),
S. jamesii (k-24920) (221), S. polytrichon (k-18142, k-24410
and k-24462). For the genotypes of S. chacoense (k-21321)
and S. kurtzianum (k-20038), the virus Y necrotic strain identi-
fied by the response of the indicator plant, did not match the
results of RT-PCR. For S. cardiophyllum (k-24375) infected
with a mixture of virus Y strains, the results of the indicator
plant testing did not confirm the RT-PCR data.

Discussion

Conservation, study and reproduction of wild relatives of
the tuber-bearing Solanum spp. is carried out in the field
gene bank of VIR located on the territory of the Science and
Production Base “Pushkin and Pavlovsk Laboratories of
VIR” in Pushkin town. For over 40 years, the reproduction
and study of the collection of varieties, breeding clones and
species belonging to section Petota of the genus Solanum L.,
as well as the production of TPS of tuber-bearing Solanum
species has been carried out here. A characteristic feature of
the agrocenosis that had formed here is the local concentration
of genetic diversity of cultivated forms and wild relatives of
potatoes, which is favorable for the manifestation of diseases
and the development of pests. Probably, the populations of
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Table 4. PVY detection in Solanum and N. tabacum plants by a complex of methods

Species VIR Catalog Detection of PVY in Solanum spp. RT-PCR
i of N. tabacum
(genotype) ELISA RT-PCR N. tabacum (symptoms)
Sa/and,aez1240 ..................... P VY ........................... P VYO ............................... M Osalc_ .............................................
Sav,/es,,20158 ..................... P VY ........................... P VYO ............................... ) ) ............................................ P VYO .......................................
Sav,/es,,20884 ..................... P VY ........................... P VYO ............................... \ ) ............................................ P VYO .......................................
. 5 Ca,d,ophy”um B 2 4375 ..................... n d ............................ P Vyo . PVYNTN SRR N .(.) ......................................... P Vyo PVYNTNNW ....................
(SYRI) n SYRIII
Schacoensez1321 ...................... P VY ........................... P VY0Vema|necr05,s .................... P VYO .......................................

SChacoen5622687 ..................... P VY ........................... P VYO ............................... : )_ .............................................

Sfend/er,575'| ........................ n d ............................ P VYO ............................... N o_ .............................................

Shjemng” ......................... 15194 ..................... n d ............................ P VYOPVYNW(A) ............ ) )_ .............................................

. 5 ,opem/um SRR 2 4393 ..................... P VY ........................... P VYO . PVYNW( A) ............ M osa,c .................................. P VYNW(A) ...............................

Sjame5”24920(221) ............ P VY ........................... P Vyovema|necr05,s .................... P VYOPVYN .............................

Sjame5”24920(223) ............ P VY? ........................ P VYOPVYNW(A) ............ M Osa,c .................................. n d ..........................................

Sku,tz,anum20038 ..................... P VY ........................... P Vyove,na|necr05,5 .................... P Vyo .......................................

S/eptophye55764 ....................... n d ............................ n d .................................. N o_ .............................................

Sneoca,denas,,24612 ..................... n d ............................ n d .................................. \ )_ .............................................

Sp,nnat,sectum21955(387) ............ n d ............................ pvyo7 ............................. : )_ .............................................

Sp,,,nat,sectum21955(401) ............ n d ............................ P VYOPVYNw(A) ............ : )_ .............................................

5 pOIym Chon ...................... 1 8142 ..................... P VY ........................... P VYO ............................... M Osa,c .................................. P VYO .......................................

5 pOIytnChon2441o ..................... n d ............................ P VYOPVYNW(A) ............ ) ) ............................................ P VYOPVYNW(A) .....................

spolymcho,,24462 ..................... P VY ........................... P VYO ............................... : ) ............................................ P VYO .......................................

5 S,mp/,c,fo/,u m ................. 1 2658 ..................... P VY ........................... P VYO ............................... N o ......................................... n d ..........................................

Sspegazzm,, ...................... 11431 ...................... P VY ........................... P VYOVema|necros|S_ .............................................

Note: PVY? — weak reaction; n.d. — PVY not detected; “~” no PCR performed.

phytopathogens attacking potato collection plantings are
highly polymorphic, which ensures survival of the parasites
in interaction with the population of the host plant. This
assumption is confirmed by the results of a comparative
analysis of Phytophthora infestans isolates (late blight
pathogen) collected from the leaves of potato accessions in
the VIR field genebank and of the commercial plantings of
potato varieties in the Leningrad Province (Kuznetsova et al.,
2016; Sokolova et al., 2017).

The authors have discovered a diversity of virus Y isolates,
including those of the recombinant type, in plants of different
Solanum species. For the first time, PVY-NW(A), PVYNTN-NW
(SYRI) and SYR III isolates were found in plants of potato
relatives in the North-West District of Russia. Earlier, isolates
of recombinant PVYN™ and PVY™O strains were found in
seed potatoes from the central regions of Russia and Belarus
(Uskov et al., 2016).

When testing some plants of Solanum spp. (genotypes
of S. cardiophyllum, S. chacoense, S. hjertingii, S. fendleri,
S. kurtzianum, S. pinnatisectum, S. simplicifolium and
S.spegazzinii) for PVY presence by a complex of methods

CENIEKLMA PACTEHUA HA UMMYHUTET U MPOAYKTUBHOCTb / PLANT BREEDING FOR IMMUNITY AND PERFORMANCE

(immunological, molecular and biological), contradictory
results have been obtained.

The multiplex PCR for the identification of 10 PVY strains,
including rare recombinant ones, has been developed with
the ability to detect mixed infections (Chikh Ali et al., 2010).
However, the authors noted the impossibility in some cases
of mixed infection to identify the genotype of each strain. In
our research, we also came across examples of insufficient
match between the obtained amplification products with the
diagnostic fragments mentioned in the paper by Chikh Ali et al.
(2010) to make accurate identification of all genotypes of PVY
strains. Obviously, the quantitative ratio of different genotypes
of virus strains in the infected plant can play an important role
in multiplex PCR for mixed infections, which can lead to a
‘deficiency’ or, on the contrary, an “excess” of some diagnostic
amplification products for accurate identification of strains.
In the biological sense, it can be assumed that strains with
different genotypes differ in competitiveness in different
species of host plants. This circumstance may explain the
discrepancy in the identification of virus strains in potatoes
and tobacco after inoculation of the latter.
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The controversial results of virus Y strains detection in
plants of Solanum spp. and N. tabacum L. may be due to
genetic differences between wild relatives and potato varieties
(Solanum tuberosum L.), which are used for developing
and testing diagnostic methods. At present, a classification
of PVY strains infecting potatoes will primarily consider
the response of varieties with hypersensitivity genes to
certain virus strains and the molecular characterization of
the virus isolate, while the appearance of necrosis on N.
tabacum plants will be considered as a secondary symptom
(Karasev, Gray, 2013). Probably, changes in the biological or
immunological properties of individual virus Y isolates occur
at the interaction with a host plant with a different genetic
basis, that is, with wild relatives of potatoes, representing
other Solanum species. The disturbed structure of the virus
shell protein in recombinant strains, for example, prevents
ELIZA assay.

The diversity of PVY strains, especially of recombinant
ones, is extensively studied using immunological and molecu-
lar genetic methods, whereas biological properties have been
studied only for a limited number of isolates (Karasev, Gray,
2013; Green etal., 2017). PVY is considered as an interesting
model for studying the evolution of a virus, which is influenced
by selection when interacting with genetically different host
plants and in different environmental conditions. By evolv-
ing through mutations and recombinations between different
strains, PVY is able to overcome the resistance of potato
varieties with N-genes. It has been established that PVY™N-
W or PVY™N© strains that have spread in potatoes recently,
have resulted from the recombination of isolates belonging
to common PVY© and necrotic PVYN strains. More than 30
recombinant strain variants have been discovered, the appear-
ance of which is explained by recombination between isolates
of different subgroups of strains, including the recombinant
isolates that had appeared previously (Green et al., 2018).
The PVY isolates with atypical characters found in plants
of S. cardiophyllum, S. chacoense and S. kurtzianum, are of
particular interest for further research.

Conclusions

PSTVd was not detected in plants of tuber-bearing Solanum
species in the VIR field genebank, however potato mosaic
viruses were found to be widespread. A great part of clones
of wild relatives of potato (Solanum species) selected for
late blight and golden nematode resistance, are susceptible
to viruses Y, S, M, X.

In the studied set of plants of tuber-bearing Solanum spe-
cies infected with virus Y, the usual PVY? strain prevails,
while the second most commonly distributed is the recom-
binant PVYNW (A) strain. Virus Y isolates with different
biological and immunological properties were found in
plants of Solanum spp.
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The development of highly efficient technologies in genomics, transcriptomics, proteomics and metabolomics, as
well as new technologies in agriculture has led to an“information explosion”in plant biology and crop production,
including potato production. Only a small part of the information reaches formalized databases (for example, Uni-
prot, NCBI Gene, BioGRID, IntAct, etc.). One of the main sources of reliable biological data is the scientific literature.
The well-known PubMed database contains more than 18 thousand abstracts of articles on potato. The effective
use of knowledge presented in such a number of non-formalized documents in natural language requires the use
of modern intellectual methods of analysis. However, in the literature, there is no evidence of a widespread use
of intelligent methods for automatically extracting knowledge from scientific publications on cultures such as
potatoes. Earlier we developed the SOLANUM TUBEROSUM knowledge base (http://www-bionet.sysbio.cytogen.
ru/and/plant/). Integrated into the knowledge base information about the molecular genetic mechanisms under-
lying the selection of significant traits helps to accelerate the identification of candidate genes for the breeding
characteristics of potatoes and the development of diagnostic markers for breeding. The article searches for new
potential participants of the molecular genetic mechanisms of resistance to adverse factors in plants. Prioritizing
candidate genes has shown that the PHYA, GF14, CNIH1, RCI1A, ABI5, CPK1, RGS1, NHL3, GRF8, and CYP21-4 genes
are the most promising for further testing of their relationships with resistance to adverse factors. As a result of
the analysis, it was shown that the molecular genetic relationships responsible for the formation of significant
agricultural traits are complex and include many direct and indirect interactions. The construction of associative
gene networks and their analysis using the SOLANUM TUBEROSUM knowledge base is the basis for searching for
target genes for targeted mutagenesis and marker-oriented selection of potato varieties with valuable agricul-
tural characteristics.

Key words: potato; Solanum tuberosum; ANDSystem; text mining; knowledge base; automatic extraction of knowl-
edge from texts; prioritization of genes; associative gene networks.
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Pa3BuTVe BbICOKOIPDEKTVBHBIX TEXHONOMMI B FTEHOMMKE, TPAHCKPUMTOMYKE, NMPOTEOMIKE U MeTabonoMuKe, a
TaK»e HOBbIX TEXHONOMUIA B CENIbCKOM X0351MCTBE NPUBENO K <MHPOPMaLIIOHHOMY B3pbiBY» B 6110M10T1M pacTeHNI
1 pacTeHNeBOACTBe, BKJIloYasa Npou3BoACTBO KapTodena. Jlnwb Hebonbluas YacTb MHPopMaLmm nonagaeT B Gop-
Manun3oBaHHble 6a3bl AaHHbIX (Hanpumep, Uniprot, NCBI Gene, BioGRID, IntAct 1 ap.). OAnH 13 OCHOBHbIX NCTOY-
HVKOB JOCTOBEPHBIX GMONOrMYECKNX JaHHbIX — Hay4YHas nuTepaTtypa. O6bem nuTepaTypbl BESIUK, Tak, U3BECTHAA
6a3a gaHHbIx PubMed copepxut 6onee 18 TbiC. TE3COB CTaTel, NOCBALLEHHbIX KapTodento. IbdpeKkTnBHOE No-
NyyeHune 3HaHUI, NPeACTaBNEHHbIX B TAKOM KonnyecTBe Hepopmanm3oBaHHbIX TEKCTOBbIX JOKYMEHTOB, TpebyeT
NPYIMEHEHNA COBPEMEHHbIX MHTENNEKTYanbHbIX METOLOB aHanm3a. OgHaKo B nUTepaType HET CBUAETENbCTB LLN-
POKOro NPUMEHEHNA NHTENINIEKTYalbHbIX METO0B aBTOMATUYECKOTO 13BIeYEHNA 3HAHUIA U3 HayYHbIX Ny6nnKa-
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MpuopurTr3auna reHos Kaptodens
C ncnonb3oBaHvem 6a3bl 3HaHUn SOLANUM TUBEROSUM

LMiA MO TaKMM Ky/nbTypam, Kak KapTodesnb. B pamkax HacToAwweln paboTbl Mcnonb3oBanach paspaboTaHHas Hamu
paHee 6a3a 3HaHu SOLANUM TUBEROSUM (http://www-bionet.sysbio.cytogen.ru/and/plant/). UHTterpnposaH-
HaA B 6a3e 3HaHUI NHPOPMaLINA O MONEKYNAPHO-TEHETNYECKMX MeXaHN3MaX, NIeXallyX B OCHOBE CeNIeKLMOHHO-
3HaAUYMMbIX NPU3HAKOB, CMOCOOCTBYET YCKOPEHMIO NAEHTUGUKALMN FreHOB-KaHANAATOB /1A CENEKLMOHHO-3Hauu-
MbIX XapaKTepnCTuK Kaptodensa 1 pa3paboTKy ANAarHOCTUYECKMX MapKepOoB AnA cenekunun. B ctatbe BbinonHeH
MOWCK HOBbIX NOTEHLMASIbHBIX YYaCTHUKOB MONEKYNAPHO-TEHETUYECKX MEXaHU3MOB YCTOMUYMBOCTM K HeGnaro-
nNpuATHbIM GakTopam y pacTeHuid. MNproprTr3aumns reHoB-KaHAUAATOB MoKa3sana, uto reHbl PHYA, GF14, CNIHT,
RCI1A, ABI5, CPK1, RGS1, NHL3, GRF8 n CYP21-4 Hanbonee nepcrneKTUBHbI ANs AaSibHelLen NPoBEePKN X CBs3en
C YCTOMUMBOCTbIO K HebnaronpuATHbIM pakTopam. B pesynbrate NpoBefeHHOro aHanmn3sa BbIABEHO, YTO MOJEKY-
NAPHO-FeHEeTNYECKME B3aUMOOTHOLLEHNSA, OTBETCTBEHHbIE 38 GOPMMPOBaHE 3HAUNMbIX CENTbCKOXO3ANCTBEHHbIX
NPV3HAKOB, ABNAOTCA KOMIMIEKCHBIMU W BKJTIOYAIOT MHOXECTBO Kak NMPAMbIX, Tak U ONMoCpeAoBaHHbIX B3aViMO-
nencTBuin. MocTpoeHre accoUMaTUBHBIX FeHHbIX CETEN 1 X aHaNn3 C UCnosib3oBaHmemM 6a3bl 3HaHM SOLANUM
TUBEROSUM - 3T0 0CHOBa MovcKa reHoB-MuLLeHel A1 HanpaBJIeHHOrO MyTareHe3a u MapKep-OpreHTMPOBaH-
HOW cenekummn copTos KapTodens, obnagarowmx LeHHbIMIN CENbCKOXO3ANCTBEHHBIMU NPU3HAKaMU.

KnioueBble cnoBa: KapTodenb; Solanum tuberosum; ANDSystem; aHanu3 TeKCTOB; 6a3a AaHHbIX; METO/bl aBTOMATN-

2019
233

YeCKOro 13BNeYEHNA 3HaHNI N3 TEKCTOB; NpnopnUTN3almnA reHoB; accoumaTMBHblE reHHble CeTu.

Introduction

Potatoes (Solanum tuberosum L.) have high nutritional,
technical, feed value and are one of the most important
crops. The high nutritional value of potatoes is achieved due
to the high content of carbohydrates, ascorbic acid, salts of
potassium, calcium, magnesium and other trace elements,
as well as good digestibility of proteins. Potato starch is a
raw material used in the production of alcohol, molasses,
dextrins, glucose, maltose, as well as many other products for
the chemical industry (Khlestkin et al., 2018). Potato tuber
starch is widely used in the paper, textile and other industries
(Kraak, 1992; Ellis et al., 1998; Jobling, 2004).

The development of high-performance technologies in
the field of genomics, transcriptomics, proteomics, and
metabolomics, as well as in agriculture led to an “information
explosion” in the plant biology. At the same time, only a small
amount of information gets into the formalized factographic
databases (for example, NCBI Gene, UniProt, IntAct,
BioGRID, etc.). One of the main sources of reliable biological
data is scientific literature. The well-known PubMed database
contains more than 18000 abstracts of articles devoted to
potatoes, which makes the manual analysis of such data
extremely difficult for researchers.

The lack of unified resources that integrate all available
information leads to a strong complication of tasks related to
the identification of relationships between the data sets that
describing the important and practically useful properties
of plants, their structure and the processes on the molecular
level (Khlestkin et al., 2017). Thus, the efficiency of the use
of obtained results decreases as well.

The problem of the processing of large and extra-large
amounts of data is becoming increasingly common in various
areas of human activity (Kilicoglu, 2017), making the
methods of automated text analysis (text-mining) more and
more popular. These methods can be divided into two main
groups: methods based on manually created semantic rules
and templates, and methods which are using machine learning
approaches. Methods based on semantic rules and templates
normally have a high level of accuracy, but the completeness
of the extracted information often is relatively low (Aggarwal,
2012). Another approach for automatic information retrieval
is the use of machine learning techniques. These methods
do not require manually created rules and are widely used
recently. At the same time, one of the main disadvantages of
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such methods is the need for extensive training sets, which are
often impossible to obtain without manual analysis.

The text-mining methods found a wide use in the dealing
with various problems of biomedicine, systems and integra-
tive biology (Friedman et al., 1999; Meystre et al., 2008; Cao
et al., 2011; Shetty, Dalal, 2011; Rebholz-Schuhmann et al.,
2012; Li et al., 2013; Wei et al., 2013; Sarker et al., 2015).

At the same time, most of the published scientific literature
contains information regarding the application of text-mining
approaches only to the model plants. For example, the
PLANZ2L system (Krallinger et al., 2009) contains results
of the automatic extraction of information from protein-
protein interactions and genetic regulation from the full-text
articles dedicated to Arabidopsis thaliana, as well as some
data describing associations of genes with some cellular
and developmental processes (flower, root, etc.). Da Costa
and colleagues (2018) developed an interactive system that
allows identification of pests and diseases of rice based on
information obtained from farmers in the form of short textual
messages (SMS).

Previously, we developed a computer platform for integrat-
ed intellectual analysis of scientific publications in the field of
potato growing —the SOLANUM TUBEROSUM knowledge
base, available at http://www-bionet.syshio.cytogen.ru/and/
plant/ (Saik et al., 2017; Ivanisenko et al., 2018). The software
of this platform provides the automatic extraction and formal-
ized representation of information in the base of knowledge,
including the genetics data, DNA markers, breeding, seed
production, diagnosis of diseases, methods of protection and
potato storage technologies. The developed graphical interface
to the SOLANUM TUBEROSUM knowledge base provides
user access to the data, execution of user-specified queries
and visualization of obtained results. Automated analysis of
texts was carried out by using the adapted methods of the
ANDSystem tool (Demenkov et al., 2012; lvanisenko et al.,
2015; Saik et al., 2016).

The integration of knowledge about the molecular-genetic
mechanisms underlying inside the significant for breeding traits
can help to accelerate the identification of candidate genes es-
sential for the important breeding characteristics of potatoes,
as well as the development of diagnostic markers for breeding.

At present, prioritization methods are widely used in
bioinformatics to identify candidate-genes which are
potentially involved in the trait and/or biological process
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(Chen et al., 2009). Analysis of gene networks is one of
such approaches. Previously, we developed criteria for the
prioritization of genes, based on the analysis of the structure
of the associative gene networks of ANDSystem (Saik et al.,
2018; Yankina et al., 2018). In this work, the prioritization
of genes was aimed at identifying promising candidates to
study their relationship with resistance to adverse factors.

Materials and methods

The SOLANUM TUBEROSUM knowledge base is available
at http://www-bionet.sscc.ru/and/plant/. The base consists of
three main modules.

The text-mining module is used for the extraction of
information about the interactions between objects from the
texts of scientific publications. The module is based on the
ANDSystem software tool (lvanisenko et al., 2015). The
ANDSystem provides a multi-stage text analysis, consisting
of preprocessing of texts, retrieval of information describing
the relationships between the objects based on the semantic-
linguistic templates, and the presenting of the results in a
formalized form. The current version of ANDSystem works
only with English texts. In addition to the text analysis
tools, ANDSystem also contains tools for the collecting and
integrating of information from the external factographic
databases.

The module of the SOLANUM TUBEROSUM database
consists of the two sections: Dictionary (dictionaries of objects
and terms) and Associative networks (information about the
relationships between objects and terms).

The Dictionary section includes:

» molecular genetic data for potatoes and model plants
(genes, proteins, metabolites, miRNA, biological processes);

* genetic biomarkers;

* potato varieties;

* properties significant for breeding, economically valuable
traits and consumer properties of potatoes and model plants;

* physiological, phenotypic traits and diseases of potatoes;

* molecular genetic data on pathogens and potato pests
(genes, proteins, metabolites, biological processes);

« genetic markers of resistance to plant protection products;

» molecular targets for plant protection chemicals;

* biotic environmental factors;

* abiotic environmental factors (soil, humidity, temperature,
light, air, climate, and microclimate, etc.);

» methods and technologies:

— breeding;

— diagnosis of diseas;

— protection against diseases;

— cultivation, processing, and storage of potatoes.

The Associative networks section contains:

* physical interactions (molecular complexes protein/
protein, protein/ligand, protein/DNA);

 chemical interactions (catalytic reactions and processes)
such as a substrate-enzyme-product;

* regulatory interactions and associations (regulation of
gene expression, regulation of protein activity, gene/traits
association, etc.);

* the interactions between the terms of breeding, phenomics
and seed production, diseases, diagnostic techniques and
methods of protection.
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Prioritization of potato genes
using the SOLANUM TUBEROSUM knowledge base

The module of visualization and bioinformatics is used for
interactive construction of associative gene networks and their
analysis using bioinformatics methods.

Associative gene networks were reconstructed using
the ANDVisio program (Demenkov et al., 2012) using
information from the SOLANUM TUBEROSUM knowledge
base (Saik et al., 2017; Ivanisenko et al., 2018).

Gene prioritization was carried out on the basis of the cross-
talk centrality index (CTC), calculated using the ANDVisio
program’s Intelligent Filtration function using the formula:

CTC; = N;/M,

where Nj is the number of links of the j-th gene/protein with
the participants of the associative gene network; M is the
number of vertices of the associative gene network (Yankina
et al., 2018). When ranking candidate genes, the sorting was
performed in descending order of the CTC value. Thus, the
genes with the highest CTC score receive the highest priority.

Results

Using the information from the SOLANUM TUBEROSUM
knowledge base, we performed the reconstruction and analysis
of associative gene networks describing biological processes
involved in the formation of selective agricultural traits, such
as resistance to adverse environmental factors, response to
various stresses (excess salt, cold, drought, high temperature).
The reconstructed associative gene network of resistance to
adverse factors is provided in Figure. The network includes
542 genes, 544 proteins, 34 biological processes and 2406
interactions between them.

Table 1 contains the list of biological processes that are
responsible for resistance to adverse factors in potatoes.
From the table, it can be seen that the largest number of genes
and proteins is associated with the “response to oxidative
stress” Gene Ontology process (Gene Ontology identifier —
G0:0006979). In plants, the oxidative stress is observed under
the majority of unfavorable environmental factors, including
the cold, drought, soil salinization, high temperatures and
pathogens (Mittler, 2002; Ramirez et al., 2018).

Anumber of studies for potatoes discussing the possibilities
for creating the plant lines resistant to various adverse
environmental conditions, which can be obtained by modifying
the biological processes presented in Table 1 have already
been conducted (Jones et al., 2014; Kikuchi et al., 2015).
For example, it was shown that transgenic potatoes in which
the Cu- and Zn-superoxide dismutase genes of tomato were
expressed had increased resistance to oxidative (Perl et al.,
1993), as well as to cold and salt (Shafi et al., 2017) stresses.
P. Monneveux et al. (2013) discussed the relationship of 14
potato genes to drought tolerance and the possibilities of their
use for the development of transgenic plants. The relationship
between the ACS4, ACS5 potato genes and the response to
biotic stress has been studied by C.D. Schlagnhaufer (1997).
The creation of transgenic potato lines with different levels of
expression of the PHYB gene can open up the possibilities to
study the mechanisms of resistance of potatoes to the effects
of elevated temperatures (Trapero-Mozos et al., 2018).

The prioritization of genes carried out using the CTC (cross-
talk centrality) index, allowed to identify candidate genes
which are most promising for further study of their relationship
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with resistance to adverse environmental factors, as well as
response to various stresses. Table 2 contains the top 10 of
such candidate genes, ranked according to the values of the
CTC indicator, which reflects the degree of gene connectivity
in the gene network presented in Figure.

From Table 2 it can be seen that the first place belongs to
the PHYA gene that encodes the photoreceptor phytochrome
A participating in various biological processes, including the
control of the circadian rhythm, flowering and leaf movements
in response to exposure to light with different wavelengths
(Yanovsky etal., 2000). R.J. Sawers et al. (2005) discussed in
their paper the use of phytochromes in crop breeding programs
for developing varieties resistant to negative growth factors
under thickened sowing conditions. Other examples of studies
of the effects of phytochrome mutations on plant phenotypes
are the works performed by (Chen et al., 2013; Zhang et al.,
2013). Thus, J. Zhang et al. (2013) demonstrated the effect of
phyB mutations in A. thaliana on a number of plant phenotypic
traits, while J. Chen et al. (2013) showed that loss of PHYC
functional activity in wheat could lead to changes in the
circadian rhythm and a sharp delay in flowering during the
long daylight hours.

The second, fourth and ninth places belong to the genes from
the 14-3-3-like proteins family (GF14, RCI1A, and GRFS,
respectively). These proteins regulate the cell cycle, apoptosis,
immune processes, nitrogen and carbon metabolism, and are
involved in the regulation of starch synthesis, ATP production,
detoxification by peroxide and in some other biochemical
pathways. Also, the plant development and seed germination
are controlled by factors which are activated by interacting
with 14-3-3-like proteins (Fulgosi et al., 2002). Swigdrych et
al. (2002) showed that decrease in the level of GF14 protein
leads to an increase in calcium, starch and an increase in
the ratio of soluble sugars to starch in potato tubers, as well
as to the significant increase of methionine, proline, and
arginine in potato cells. It was shown that the suppression
of GF14e gene expression by the RNA interference method
could lead to the increased resistance of rice to the virulent
strain of the Xanthomonas oryzae pv. oryzae (Xo0) bacterial
phytopathogen (Manosalva et al., 2011). It is known that plants

MpuopurTr3auna reHos Kaptodens 2019
c ucnonb3osaHnem 6asbl 3HaHM SOLANUM TUBEROSUM 23.3
Table 1. Top 10 biological processes
that provide resistance to adverse environmental factors,
ordered according to the number of associated genes
Name of the Gene Gene Ontology  Genes/
Ontology biological process ID number proteins

with mutations in the RCI1A and GRF8 genes are having
increased resistance to the low temperatures (Catalé et al.,
2014; Liu et al., 2017).

The third place was given to the CNIH1 gene, which
encodes the plants protein interacting with the sodium
transporter HKT1 and providing the correct location of
the transporter on the Golgi apparatus membrane (Rosas-
Santiago et al., 2017). In the work of M.M. Wudick et al.
(2018), the effect of mutations in the CNIH1 gene on pol-
len and calcium homeostasis in A. thaliana was studied. It
is interesting to note that potato cultivar Yubiley Zhukova,
which has enhanced salt and drought tolerance, was ob-
tained due to the overexpression of the vacuolar Na*/H*
antiporter NHX2 (Belyaev et al., 2011).

The homolog of the transcription factor ABI5 bZIP-type
(ABI5) was ranked fifth. ABI5 plays an important role
in seed germination, which is regulated by abscisic acid

Table 2. The top 10 high-priority candidate genes potentially involved

in resistance to adverse factors

Name of protein

Cross-talk centrality
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(Finkelstein, 1994; Lopez-Molina et al., 2002). The ABIS
bZIP-type transcription factor is involved in the activation
of genes responsible for the accumulation of proteins during
seed development. It is known that the reduction of the
expression of the ABI5 gene activates the meristem growth
(Lopez-Molina et al., 2002). Mutations of the ABI5 gene
in A. thaliana are associated with reduced sensitivity to
abscisic acid, as well as to salt and osmotic stress during the
germination (Finkelstein, Lynch, 2000; Carles et al., 2002;
Tezuka et al., 2013).

In sixth place was the CPK1 gene, it encodes a calcium-
dependent protein kinase C, which is involved in the immune
response, resistance to fungal diseases and pathogens (Gravino
et al., 2015). Mutations of CPK1 gene in the A. thaliana are
known to cause hypersensitivity to salt stress and drought,
while transgenic plant lines with increased expression of
CPK1 showed significant resistance to salt stress and drought
(Huang et al., 2018).

The seventh place was taken by the RGS1 gene, which
encodes the negative regulator of the signaling pathway
of G-protein type 1. It is known that the expression of this
gene decreases in response to water deficiency (Campbell et
al., 2012). A. Chen et al. (2006) showed for A. thaliana that
transgenic plants with over-expressed RGS1 gene have an
increased drought tolerance.

The NHL3 gene appeared to be in the eighth place; this
gene encodes NDR1/HIN1-like protein 3, which is involved
in response to pathogens (Chong et al., 2008). The A. thaliana
transgenic line, in which increased expression of the NHL3
gene was observed, showed the increased resistance to the
pathogen Pseudomonas syringae pv. tomato DC3000 (Varet
et al., 2003).

The tenth place in Table 2 was taken by the CYP21-4
gene, encoding cyclophilin, localized in the Golgi apparatus,
which is involved in tolerance to oxidative stress (Park et
al., 2017). The authors consider the over-expression of the
CYP21-4 gene in crops as a new promising way to increase
the productivity of plants. For potatoes and rice, it has been
shown that transgenic plants in which the CYP21-4 gene is
over-expressed have increased yield, the stems and roots of
the plants are longer, and the leaves are thicker. Also, such
potatoes produced a bigger number of tubers of a larger size,
and the microtubers were formed faster than in wild-type
plants (Park et al., 2017).

Conclusion

In the current work, a search for new potential participants
of molecular genetic mechanisms of resistance to adverse
factors in plants was carried out. Prioritization of candidate
genes has shown that the PHYA, GF14, CNIH1, RCI1A,
ABI5, CPK1, RGS1, NHL3, GRF8 and CYP21-4 genes are
the most promising for the further study of their relationship
with resistance to adverse factors. The performed analysis
reviled that the molecular-genetic relationships responsible
for the formation of significant agricultural traits are complex
and include many direct and indirect interactions. The
representation of these interactions in the form of associative
gene networks and their analysis using the SOLANUM
TUBEROSUM knowledge base can be the basis for the
search for target genes important for targeted mutagenesis
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and marker-oriented selection of potato varieties resistant to
adverse environmental factors.
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Llenb HacTosLwen paboTbl — OLleHUTb GEHOTUMIMYECKYIO M3MEHUMBOCTb MOKa3aTeseil KauecTBa 3epHa 1 BbIIBUTb KOM-
nnekc Hambonee MHGOPMATUBHBIX MPU3HAKOB ANA CeNnekuuy pasHoobpasHbIX MO HanpaBieHMI0 UCMONb30BaHUA
COPTOB 03UMOW pXK. ViccnenoBaHMA BbIMOSIHEHbI B TaTapCKOM HayYHO-UCC/IEA0BATENIbCKOM MHCTUTYTE CeIbCKOro
X03AiCcTBa — 060CO6NEHHOM CTPYKTYpHOM noapasgeneHun OefepanbHOro nccnefoBaTenbckoro LeHTpa «KasaH-
CKWI Hay4YHbIV LieHTp Poccuiickor akagemmm Hayk» B 2001-2015 rr. Ha 15 copTtax o3umon pku. OueHeHbl 20 napa-
METPOB, OnpeenAoLMX KaueCcTBO 3epHa 1 CbIPbEBYIO LLIEHHOCTb: TEXHOMOrMYecKme nokasatenu (Macca 1000 3epeH,
HaTypHaa Macca 1 BblpaBHEHHOCTb 3epHa), MapameTpbl YCTOMUYMBOCTU K NPOPACTaHNIo 3epHa (YMCI0 NafjeHus, Bbl-
COTa amMmunorpamMmbl, TemnepaTypa nuKa Knencrepusauum Kpaxmana), KuHeMaTmyeckas BA3KOCTb BOAHOIO SKCTPaKTa
(BB3) 3epHoOBOrO LWPOTa, XJIeboneKapHble CBOWCTBa (OpraHonenTiyeckas oLeHKa NpobHo Bbineyku xnebues). Hau-
6onbliee BNUSHWE reHOTMNa BbiABeHO Mo BB (34.8 %) n cogepxaHuto 6eska (27.8 %). 3T Npr3HaKM JOMKHbI ObITb
B NepBylo oyepeab NpeameToM GpeHOTUMMNYECKOW OLEHKM B CenekLMoHHOM npouecce. OeHoTMNMYeckas M3MeH-
UYMBOCTb KpUTEPUEB YINEBOAHO-aMIIa3HOrO KOMIMIEKCa Y aKTYBHOCTU A-aMuIia3 1 TEXHONOMMYECKMX NapaMeTpoB
onpegenanacb NpenmyLecTBeHHo (68.6...82.5 %) cpegoBbiMu dakTopamu. Mexay uncnom nagenus (U) n cogep-
»aHvem 6esika OTCYTCTBOBasa 3HauMmas cBasb. Yl cylecTBEHHO KOPPENMPOBASIO C BbICOTON aMUIOrPaMMbl 1 TEM-
nepatypown nvka Knencrepmsaunn. BoiaBneHa nonoxntenbHas CONpAXeHHOCTb cpeaHen cunbl BBS ¢ BbicoTon amu-
norpammbl 1 Y. Ha ocHoBaHWW MHOrofeTHen GeHOTUNNYECKO OLEHKM C MOMOLLbIO METOAA MaBHbIX KOMIOHEHT
npoBefieHa ONTUMM3aLMA aHaNM3NpPyeMbIX NoKasaTesiell KauecTBa 3epHa 031MON PxKn. [inA cenekuMOHHON OLeHKM
03VIMOW PXKWU NpeAnaraeTca MCNonb3oBaTb YeTblpe MHTErpasnbHbIX NoKasaTens, UMeLmX Hanbonbluyo BeCOBYHO
HarpyskKy: cofepkaHue 6eska, Yicsio nafieHns, BA3KOCTb BOAHOIO SKCTpaKTa U Macca 1000 3epeH. OTOT KOMMIeKC
npu3HakoB 6yaeT obecneynBaTb 06bEKTUBHOCTb 1 MOIHOTY OLEHKM CO34aBaeMOoro ceneKkLnoHHoro matepuana. Mo-
Ka3aHo, UTo KMHeMaTnyecKas BA3KOCTb BOAHOIO SKCTPaKTa AO/MKHA CTaTb BaXKHbIM CeNeKLMOHHbIM NMokasaTenem Kak
nA onpeaeneHuns xneborneKapHbIX KaYeCTB PKK, Tak U ANA BbIABNEHUA KOPMOBbIX JOCTOMHCTB 3epHa.

KnioueBble cnoBa: 03MMast POXb; KaUeCTBO 3ePHa; YMCIIO NafeHNs; BASKOCTb BOAHOTO SKCTPaKTa; 6enokK; amunorpam-
Ma; MeTO[ FMaBHbIX KOMMOHEHT.

Ana yutuposaums: NoHomapesa MJ1., NoHomapes C.H. OnTummnsauma napameTpoB KayecTsa 3epHa AA cenekumum
03VIMOW PXK. BaBUOBCKMIA XKypHan reHeTukn n cenekumm. 2019;23(3):320-327. DOI 10.18699/VJ19.496

Optimization of grain quality parameters for winter rye breeding
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The purpose of this work was to evaluate the phenotypic variability of grain quality indicators and to identify the
set of the most informative indicators for the selection of different use varieties of winter rye. The research was car-
ried out in Tatar Scientific Research Institute of Agriculture — Subdivision of the “Kazan Scientific Center of Russian
Academy of Sciences” in 2001-2015 on 15 varieties of winter rye. Twenty parameters defining quality of grain and
raw value were estimated: technological indicators (thousand grain mass, full-scale weight and grain uniformity),
parameters preharvest sprouting (falling number, rate of amylogram, temperature of peak of starch gelatinization),
kinematic water extract viscosity (WEV) of grain meal, baking properties (organoleptic assessment of trial baking
bread). The greatest influence of genotype was found on WEV (34.8 %) and protein content (27.8 %). These features
should be primarily the subject of phenotypic evaluation in the breeding process. Phenotypic variability of criteria of
carbohydrate-amylase complex, a-amylases activity and technological parameters was determined predominantly
(68.6 ... 82.5 %) by environmental factors. There was no significant relationship between falling number and protein
content. The falling number correlated with the rate of amylogram and the temperature of gelatinization. Positive
conjugation of the average power of WEV with the rate of amylogram and falling number was found. On the basis of
a prolonged phenotypic evaluation using principal component analysis we have optimized the analyzed indicators
of quality properties of winter rye grain. For breeding evaluation of winter rye it is proposed to use four integral indi-
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cators having the greatest weight load: protein content, falling number, water extract viscosity and thousand grain
mass. This complex of features will provide objectivity and completeness of the evaluation of the breeding material.
It was shown that the kinematic viscosity of the water extract should become an important selection index, both for
determining the baking qualities of rye, and for revealing the fodder grain advantages.

Key words: winter rye; grain quality; falling number; water extract viscosity; protein; amylogram; principal compo-

nent analysis.

For citation: Ponomareva M.L., Ponomarev S.N. Optimization of grain quality parameters for winter rye breeding.
Vavilovskii Zhurnal Genetiki i Selektsii =Vavilov Journal of Genetics and Breeding. 2019;23(3):320-327. DOI
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BBepeHune

Muposoe npousBoacTBo pxku B 2016 1. coctaBmwio 13 miH
TOHH C IO u ToceBa 5.4 MitH ra. OCHOBHBIMH paifoHaMH
BO3/ICIIBIBAHNUS ITOH KYJIBTYPBI OCTAIOTCS YMEPEHHO XOJIOJI-
Hbl€ U MaJOILIONOPOAHbIE 30HbI LleHTpansHOlM U Bocrou-
Hoil EBponbl. P. Illnerens yTBEpKIAeT, YTO POXKb SIBISIETCS
MPEUMYILECTBEHHO KYJIBTYpOH €BpPOINEHCKOro KOHTHHEHTA,
MOCKOJIBKY Ha €T0 JTOJII0 MPUXoauTes 85 % Mpou3BOANMOrO
3epHa (Schlegel, 2013).

Poccust — o1HO M3 KpYITHEHIINX rOCy1apcTB MUpa, 3aHH-
MaroIee BTOpoe MECTO IO MPOU3BOJICTBY 3€PHA PiKU MOCIE
T'epmanuu. B Halell ctpane poxb 3aHUMAET IITOE MECTO 110
o0bemy npousBojicTBa 3epHa (2.0 %). 3a mocnetHue YeThIpe
JIeCATUIIETHS IIOCEBHBIE IJIOLAU 03UMOH pku B Poccuiickoit
®Denepannu COKPATHIHCE B IIecTh pa3 (¢ 7.75 mmaraB 1970 T
J0 1.25 mue ra B 2016 1.). HeraruBHbIid nporiece mpuBelt K
TOMY, UTO CTaJl HAOMIONAThCA CIaJ] TOBAPHOTO MPEIIOKCHHUS
3epHA PXKM HA PHIHKE B CBSI3M CO CHIDKCHHEM O0OBEMOB €ro
Mpou3BoOJCTBa Kak B Poccuiickoil denepanuu B LeI0M, TaK
U B OTJICNIBHBIX PErHOHax CTpaHbl. PerpeccroHHbIil aHamm3
MOKa3aJll, YTO CPEIHss €XKErofHast IMoTepsi BaJoBoro cbopa
3epHa ATOH KylbTypbl cocTaBisuia 342 Teic. TOHH. [T1aBHOM
MPUYUHO# TOJOOHOM CUTYyalK ObUT HU3KUIT CITPOC HA 38PHO
CO CTOPOHEBI TOTPEOUTENICH B CBSA3H C y3KOH cpepoit HCroib-
3oBanus pxxu (IToHomapesa u jip., 2014).

CoBpeMeHHOE COCTOSHUE MPOU3BOJICTBA PXKU XapaKTEePH-
3yeTCsl CIOKHOCTBIO M NTPOTHBOPEUNBOCTHIO. HecMmoTpst Ha
He’KeJlaTeNIbHbIC TeHACHIINU, POUCXOJSIIINE B PXKECESHNH,
Poccus mponormkaeT 3aHUMATh JIMAUPYIOUINE MO3UINU Kak
IO TUIOMIAAN TIOCEBA, TaK U 110 BAJIOBOMY COOpY 3epHa.

B cBs3u ¢ 9TUM BaxkHOIH 3ajadell CENeKIUU O3UMON PKU
SIBJISIETCS. KOMIUIEKCHOE M3y4YeHHME KaueCTBEHHBIX CBOWCTB
3epHa ISl CO3/IaHMsI COPTOB XJICOONIEKapHOTO HANpaBJICHMS,
MPOW3BOJICTBA KOPMOB JJISl )KMBOTHBIX, CIIUPTA U CBHIPBS IS
ryOoxoit mepepabotku (I'ongapenko, 2014).

Mo muenmio A.M. Antyxosa (2012), ppIHOYHBIN CIIPOC
(hopMupyeTcst He Ha MPOJOBOJIBCTBEHHOE 3€PHO B LIEJIOM, a
Ha MapTHH Pa3HOTO Ka4ecTBA M I[EJIEBOTO MCIIOIH30BAHUS.
CornacHo kpurtepusm EC, pxxaHoe 3epHO 0o0magaer xiebo-
MeKapHBIMU Ka4eCTBAMHU, €CJIM Yo maaenus oosee 120 c,
MaKCHMaJbHasl BA3KOCTh, OIICHUBAEMas IO BBICOTE aMHJIO-
rpamMmbl 6ombire 200 e.a. ¥ MaKkCUMallbHAs TeMIiepaTrypa
muKa kieiicrepusarpm 6oneiire 63 °C (Muenzing et al., 2014).
Jloiist pku, COOTBETCTBYIOIAS YKAa3aHHBIM BBIIIE HOPMATH-
BaM, BapbupoBaina ot 25 10 100 % B reuenne 1992-2014 rr,,
cocraBuia B cpeaHeM 80 %. ITo 00yCIOBICHO TEM, YTO Ka-
YEeCTBO PKHM OYEHb OTIU4aeTcs o rogam (Bruemmer, 2005;
Kucerova, 2009).

B oTamnume oT nnIeHuIb, Ie KIOUeByI0 POJb B ONpeEse-
JICHUM Ka4decTBa UIPAOT KOHLEHTpALUs OeNKa, KOJIN4YeCTBO
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Y CBOICTBA KIICHKOBHHBI, IJIsl PXKM HanOoJIee BaKHBIC Xapak-
TEPUCTUKH — COAEPKaHNE IEHTO3aHOB U Kpaxmala, a TakxkKe
aKTHBHOCTH (pepMeHTa ajbda-aMuIIassbl.

3a nocnemaue 20 jieT Bce OOJBIIE UCCIIEI0BATENEN CTaIN
YACISATH 0c000€ BHUMaHHUE HapsiTy C TPAJIUIHOHHBIM U3yUCHH-
€M IIpolecca Ierpaiallii Kpaxmaia 1o ISHCTBUEM SH/I0TeH-
HBIX (DEPMEHTOB 3epHA KOJIMUECTBECHHOH OIIEHKE COJCPKAHUS
MIEHTO3aHOB (BBICOKOMOJIEKYIISIPHBIX apaOMHOKCHIIAHOB), UX
COCTOSIHHIO (BOJIOTIOIJIONIEHHE, BSI3KOCTh U PACTBOPUMOCTB),
a TaKKe MX AEATEIBHOCTH U MOCIEAYIOUINX MOAU(DUKAIIIAX
(Bengtsson et al., 1992; Nowotna et al., 2007).

KauecTBo prkaHOl MyKH, HCIIOJIb3YeMOH JUIs XJ1e00TeUeHus,
3aBHCHT OT TPeX INIaBHBIX (PaKTopoB: 1) KomuuecTa U QyHK-
IIMOHAIbHBIX CBOMCTB apaOMHOKCHIIAHOB; 2) 0COOEHHOCTEH
Kpaxmaiia; 3) MpUCYTCTBUS U KOHIIEHTpAaLUU (EPMEHTOB,
UCTIONB3YEMBIX ISl THAPOITH3A.

MHOTOUYHCIICHHBIMH HCCIIEIOBAHUSMH TIOATBEPIKICHO, 4TO
MOJIOKUTENBHBIN d(deKT oT 00Iero conepkaHus MEHTO3a-
HOB U X BOJOPACTBOPUMOI (hpaKkIuy BbIpaKacTCs B yilyd-
IIEHUH PEOJIOTHYECKUX ITOKa3aresied pykaHoro TecTa B Ipo-
necce Boineuku xieba (D’Appolonia, 1973; Delcour,1995;
Weipert, 1995).

Hecwmotpst Ha TO, 4TO OMOXMMHYECKHE UCCIICIOBAHNUS 3€p-
Ha PKH JI0BOJILHO HIMPOKO BEYTCsI B HAIlIEH CTpaHe U 3a py-
0€K0M, MHOTHE BOIIPOCHI CEJIEKIIHOHHOW HANpaBICHHOCTH
paspaboransl ciado. IIpu 3ToM BO3HHKAaET HEOOXOAMMOCTh
Pa3BUTHSI KOMIUIEKCHBIX HCCJIEIOBAHUN CEJIEKIIMOHHOTO
IUIaHA, B Y4CTHOCTH METOJMYECKHX IMTOAXOAO0B K CO3IaHHIO
COPTOB C BEICOKMM Ka4e€CTBOM 3€pHA LIEJICBOTO HAa3HAUYCHHSI.

Lenp Hacrosiniedd paboOThl — OLIGHUTH (PEHOTHITNYECKYIO
M3MEHYMBOCTh MIOKAa3aTelei KaueCcTBa 3epHA U BBISBUTH KOM-
TuieKc Hanbosee NH(GOPMaTHBHBIX OKA3aTENEH ISl CENIeKINH
PasHOOOpPa3HbIX 10 HANpPaBJICHHUIO HCIOIb30BaHUS COPTOB
03UMOM PKHU.

MaTtepwuanbl n metogbl

Pabora BrimonHeHna B TarapckoM Hay4HO-MCCIIEOBATEINb-
CKOM HMHCTUTYTE CEJIbCKOTO XO035HCTBA — 000CO0ICHHOM
CTPYKTypHOM nofpasneiaeHnn denepanbHOro UCCienoBa-
Tenbekoro neHrpa «Kazanckuit HayuHblii nentp Poccnii-
ckoit akagemuu Hayk» (TatHUMCX ®ULL KasHI] PAH) B
2001-2015 rr. OnbiTHBIE MO HaxoAATcs B JlaumeBckoM
paitone (55°38'60" c.m1., 49°18'25" B.n.) Pecriybmukn Ta-
TapcTaH, Haxonseics Ha croike Llentpanbuoit Poccuun u
IToBomxbs MO cpeHEMY TeUeHHIO p. Boiaru u HIKHEMY Te-
yeHu1o p. Kambl. ArpoxuMHuueckue okazaresy CeaeKIuOH-
HOTO CEBOOOOPOTA SBISIOTCS TUITUYHBIMU ISl CPEIHECY-
IIMHUCTOM cepoit JecHoil mouBbl. CyMMa aKTUBHBIX TEMIIe-
patyp B 30HE HCCIIeIoBaHHA Konebiercs B mpeaenax 1700—
2000°. Ilepron akTUBHOM BereTanuu pacTeHuil paseH 130-
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135 nusam. CpelHeMHOTr0JIETHEE KOJTMYECTBO OCA/IKOB 32 T0JT
cocraisier 430-500 mm, 3a niepuoa Mait-ceHTIOps — 290—
300 MM, HO OHO KpaliHe HepaBHOMEepHO. CpemHsst BBICOTa
CHEXHOTO TIOKPOBa 32 3UMy cocraBisieT 35-45 cm. [mybuna
npoMep3aHust HouBkI Kosiednercs ot 38 1o 180 cm.

I'maporepmudeckuii K03PPUITNEHT, XapaKTePU3YIOIIHA
CTETICHb YBJIAXXHEHHS TEPPUTOPUH B TIEPUOJ C MOMEHTa 00-
pa3zoBaHUs 36pHOBKH J10 TIOJHOM crienocTr 3a 2001-2015 rr,
MOKa3aH Ha PUCYHKE.

W3 npuBeneHHBIX TaHHBIX BU/IHO, 9TO B HanOoJee OTBET-
CTBEHHBIH 11eprozl (POPMHUPOBAHHS KA4€CTBEHHBIX XapaKTepH-
CTHK 3€pHA CKJIJIbIBATIMCH PA3HOOOPA3HBIE YCIIOBHSA: KpaiiHe
3acynummsle (2002, 2010), curbHo 3acymmmssie (2001, 2006,
2012), ymepenno 3acyuuussie (2013, 2014, 2015), cnabo
3acynumBbie (2009), Bnaxkusre (2004, 2008) u H30BITOYHO
BiaxHbIe (2003, 2005, 2008, 2011) roxsr.

Juist ananu3a ObLIO UCTIONB30BAHO 15 COPTOB 03MMOI PIKU
KOHKYPCHOTO COPTOHUCIIBITAHUS, CPEIN KOTOPHIX 9 — cOOCTBEH-
Hoi cenexunu (Tarapekas 1, Dcradera Tarapcrana, Panons,
Oronek, Tantana, ClyTHUK, IEpCIEKTUBHBIE MOMYIISIMHU 8,
9, 10) u copTa IpyTuX CEIEKIUOHHBIX yupexaeHui Poccun
(AnTapec, besenuykckas 87, CaparoBckas 7, MapyceHbKa,
Tarbsna, Pokcana). [ToneBbie SKCIIEpUMEHTHI POBEIEHBI HA
nensakax 20 M2, B 9ETHIPEX MOBTOPEHMUSX.

Bcero ouenuBanock 20 mapameTpoB, ONpeaeasiounx
KaueCTBO 3€pHA M CHIPHEBYIO IIEHHOCTb. 1€XHOJIOTHYECKHE
(macca 1000 3epen (MT3), marypras macca 3epHa (H3) n
BBIpaBHEHHOCTH 3epHa (B3)) n xsebonekapHble CBOWCTBA
(opraHonenTHyeckas OLEHKa NMPOOHOM BBHINEUKH XJICOLEB)
U3Y4EHBI T10 COOTBETCTBYIOIIUM METOANKAM, TIPHHSATHIM IS
TOCYAapCTBEHHOTO COPTOUCTIBITAHHS CEITbCKOX03SIHCTBEHHBIX
KynsTyp (MeTtoauka. .., 1988). Y Bcex copToB nccieoBaiuch
apaMeTpsl YCTOMUMBOCTH K MPOPACTAHUIO 3€pHA (YUCIIO
nanenus (UII), Beicora amuorpammer (BA), Temmneparypa
nuka kineicrepusanuu kpaxmana (TIIK)).

Pa3mon 3epHa ocymecTBISAIN Ha Jab0paTOpHON Meib-
aute Perten Instruments Laboratory Mill 3100. s momona
MCIIONb30BaHa cpeaHsis mpoba 3epHa maccoit 300 r. Uucmno
nmazgeHus ompenensian Ha npubope Falling Number 1500
(Hagberg-Perten) B cooTBeTCTBUU C TPEOOBAHUSMH MEXITY-
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HapopHoro cragapra [ISO 3093 (2009), makcumanbHyO BsI3-
KOCTb CYCIIEH3UH 1 TeMIIepaTypy KJIeHCcTepu3aluy — Ha aMH-
norpacge Brabender (TOCT ISO 7973-2013). Onpenencaue
MaccoBoii 1o 6enka (B) mpoBoxmtu o metony Keenbaamns
Icc 167).

Bsskocts BogHOTO HKeTpakTa (BBJ) pxkanoro mpora (ku-
HEeMaTH4eCKasi BA3KOCTb) OIICHHBAJIaCh BUCKO3UMETPHIECKUM
merozoM Ha ripudope BITXK 1, cortacHo metozuke, omyonuko-
BaHHO Hamu panee (ITlorHOMapeBa u 1ip., 2017), cooTHOIIEHNE
IIpoTa M BOIBI ObLIO 1:5.

KoppensiioHHbI 1 IUCTIEpCHOHHBIN aHAIN3bI IIPOBEACHBI
c ucrions3oBanueM nakera Excel 7.0. Kpurndeckoe 3HaueHne
ko3 duIenTa Koppensuy npu 5 % ypoBHE 3HAYMMOCTH
paBHo 0.444. B xauecTBe MaTeMaTuueCKOM MOIEIH JIJIsl MHO-
TOMEPHOTO aHaJIN3a MIPUMEHSIIN METO/l TVIABHBIX KOMIIOHEHT
(maker mporpaMmm AGROS 2.13), KOTOpBIN MO3BOJINI BHI-
JICJINTh KOPPEJNNpPYIOIIKe U B3aUMO3aBHCHUMBIE MTOKa3aTeNn
KauecTBa 3€pHa U BBIOpATh U3 HUX caMble HH(OPMATHBHBIE,
a TaKk)Ke CHU3UTH UX Pa3MepHOCTb. Jjis mocTpoeHust OUImioT
rpaduka ncronb3zosana nporpamma XLSTAT 2018.6.54644.

Pe3ynbratbl

[Toka3arenu kauecTBa 3epHa 00yCIIOBIEHBI OOJIBIION TPYIIIOi
CIICTUIEHHBIX T€HOB, SKCTIPECCHS KOTOPHIX TOIBEPIKEeHA 3HATH-
TEIBHOMY BIMSTHAIO TCHETUICCKIX M CPEIOBBIX (DaKTOPOB, a
TaKXKE Ux B38]/IMO}1€I7[CTBI/IIO. CornacHo IMOJTY4YCHHBIM JaHHBIM,
JIOTIS AUCTICPCHH, XapaKTePHU3YIOIIas BIMSHIAE YCIOBHHA TOa
Ha U3MEHYMBOCTH 00CY)KIaeMbIX MPU3HAKOB, OYEHb BHICOKA
1 PaHKUPYETCs B OPSI/IKE YObIBAaHHS CIEAYIOIUM 00pa3oMm:
BBICOTa aMHJIOTpaMMbI — 82.5 %, TeMmeparypa nuka Kiencre-
puszanmu — 80.3 %, uncno nagenusi — 73.7 %, BBIpaBHEHHOCTh
3epHa—77.7 %, macca 1000 3epen — 77.2 %, HarypHas Macca
3epHa — 68.6 %, BA3KOCTH BOAHOTO 3KCTpakTa — 49.0 %, co-
nepkanue oenka — 35.2 % (tabdm. 1).

HaubonbIiiee BiusiHre reHOTHITA BhIsiBICHO 10 BBD u b —
coorBeTcTBeHHO 34.8 11 27.8 %. CymmapHsIii 3(p(heKT reHoTH-
TIa ¥ TeHOTUTI-CPEIOBBIX B3aUMOACUCTBUH 00BsICHT 64.8 %
o0111ero BapbupoBaHus conepxanus oenka u 51 % heHorumu-
yeckoi mMeHunBoCTH BB 3epHOBOTO IIpoTa COPTOB 03MMOMN
KA. DTO 03HAYACT, YTO CPEIIH HCCIICTYSMbIX B TeUeHHE 15 et
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Table 1. Contributions of the genotype, environment and genotype x environment interaction

to the variation of quality indices in winter rye grain, 2001-2015

Traits

Factor share, %

* H/D, ratio of bread height to diameter; ** BV, bread volume.

TEHOTHIIOB MMEETCsl 3HAUUTENILHOE COPTOBOE Pa3HO0Opaszne
KaK MO Cpe/lHel BEJIMYMHE Ha3BaHHBIX MTPU3HAKOB, TaK M I10
KOHKPCTHBIM 3HAaYCHUAM B OTACIIbHBIC TOAbI HUCITBITAaHUH.

Jlnst ceneKunOHHBIX eNiel Ba)KHO 3HATh HE TOJBKO IT'€HO-
THUITHYECKYIO U CPEIOBYIO M3MEHUYHBOCTD, HO U B3aHMOCBSI3b
MEXKAY Ka4€CTBCHHBIMU IMOKa3aTC/IAIMHU 3€pHA pPiKH, BbIpa-
JKeHHYTO Kod(duimenTamMu mapHoit koppemsaun (Tadi. 2).

Kaxk u ciienoBano oxxnaarh, CONpsHKEHHAs N3MEHYNBOCTh
npusHakoB MT3, H3 u B3 umeer cuiibHyI0 KOppEssIIMOH-
HYIO 3aBHCUMOCTB MEXIy coboi (I = 0.753-0.929). Mexny
UII u conepxanueM Oelika OTCYTCTBOBaJa 3HAYMMasi CBSI3b
(r = 0.072). YII xoppenuposano ¢ BA (r = 0.774) u TIIK
(r=0.821). OTu Tpu MpU3HAKAa HAXOAWJINCH B TECHON CBSI3U
C TIOKa3aTeJIeM OTHOIICHUS BBICOTHI XJ1€0a K €ro Anamerpy:
ko3¢ urreHt napHoi koppemsiuu UIl ¢ nmokaszarenem oT-
HOIIIEHUS BBICOTHI Xy1eba K ero auamerpy coctasuin 0.774,y
MPU3HAKA «BBICOTA aMUIIOrpaMMBbl» — I = 0.856, y npu3Haka
«TeMmeparypa nuka kiercrepuzamum — I = 0.750.

o rogam MbI HaOMIOAANN 3HAYUTEIHLHYIO BaPHUAIIHIO TEC-
HOTBI KOPPEISIMOHHOM CBSI3M MEXTY aHATU3UPYEMBIMH ITPH-
3HaKaMH, [IOCKOJIbKY UX BEJINYUHA B CUJILHOM CTENEHM 3aBU-
CHUT OT ycJI0BHH cpeibl. KpoMe Toro, npu onpeneneHuy yucia
TaJICHNS ¥ ITOKa3aHUi aMmtorpada MMEIoTCs CyIIeCTBEHHbIC
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METOANYECKUE PA3IINYHSL, CBA3aHHBIE C TPOJIOIKUTEILHOCTHIO
aHaJM3a ¥ TeMIIepaTypoii onpeseneHus Ba3kocti. BBD Obuia
B3aMMOCBSI3aHa YMEPEHHON OTpHUIIaTeNbHON CcBsA3bi0 ¢ MT3
(r=-0.522) u B3 (r =-0.624).

B cenex1uu copToB [1EJICBOTO UCTIONH30BAHMS OYEHB 00JTb-
110€ 3HaYeHHE MMEIOT 3HAHUS KOPPENALHOHHBIX OTHOIIE-
HHI MEK/Ty YHCIIOM TTaieHNns! (OCHOBHOMH ITOKa3aTellb KauecTBa,
Hopmupyembliii [OCTom PD) 1 TaknmMu TOTTOTHSAIOMINMH T1a-
pameTpaMH, Kak BA3KOCTh BOJHO-MYYHOH CYCHEH3HH, PETH-
cTpupyemasi Ha amuiorpade, 1 BI3KOCTh BOAHOTO IKCTPAKTa
3€pHOBOTO IIPOTA, ONpeeNsseMasl Ha BUCKO3UMETpaX.

BrIsBieHa NONOXKUTENbHAS CONPSKEHHOCTD CPEIHEH CHITB
BBD ¢ BrIcoToit ammmorpammsl (= 0.621) u UIT (r = 0.471)
(cMm. Tabm. 2). OxHako nocroBepHast cBsi3b Mexay UIl, BA u
BBD3 3epHOBOTrO0 1IpoTa MPOCISKUBAIACH TOJILKO B OTICITHHBIE
TOJIBI, THOO OTCYTCTBOBAJIA COBCEM.

D¢ PEeKTUBHOCTD CENEKIINU 03UMOH P)KU Ha KaUYeCTBCHHBIC
XapaKTepPUCTUKU 3epHa ONpeJeNieTcsl TeM, Ha KaKoM dTare
CENIEKIIMOHHOTO MTPOIIECcCa U 110 KAKUM MPU3HAKaM HJIET 0TOOP
B IINTOMHHUKAX, ITOCKOJIBbKY Ha4aJIbHBIM 3TarioM (OopMHpOBa-
HUS TEXHOJIOTMUYECKUX CBOMCTB 36pHA 03UMOM PKU SIBIISIETCS
ceneknust. [Toporossie 3HaUE€HNS TECTUPYEMBIX ITOKa3aTeNen
1 PE3yIIbTaThI CEJIEKINH OyayT HA MHOTHE T'OJIbI IIPEeIoTIpe/ie-
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Table 3. Factor loading values of quality indices in winter rye grain, 2001-2010

Index

Principal component

JIATh Ka4€CTBO 3€pHA B COOTBCTCTBHUU C HAIIPABJICHUEM €TI0
UCTIONIb30BAaHNUSI.

B cenexknnonHoi pabore Mbl aHAITM3UPOBAIN BOCEMb TEX-
HOJIOTHYECKUX T1apameTpoB (Bkitoyas BBD) u nBenamars
XJIe0O0TeKapHBIX TTOKa3aTeNlel, MOTyYaeMbIX MpH MPOoOHOH
BhITIeUKe XJ1e011eB. [locetHue XapakTepucTHKN OTIMYaIOTCSI
TPYAOEMKOCTBIO, TPEOYIOT 3HAUUTEILHOTO KOJIMYECTBA 3epHa
U MMEIOT HEKOTOPYIO OIIEHOYHYIO CyOBEKTHBHOCTb, BCIIEI-
CTBHE YEro YHCJIO0 aHAIN3UPYEMBIX COPTOOOPA3IIOB OOBIYHO
OrpaHu4eHHO. Eciu X0Ts ObI 4acTh NMEPEKPHIBAIOIIUXCS (H3-
OBITOYHBIX ) IPU3HAKOB OyZIET OTCEsIHA, 3TO, HECOMHEHHO, TIPH-
BeZIeT K ONTHUMU3ALUH CENEKIIMOHHOIO Ipoliecca Ha KauecT-
BO 3epHa. B ycioBusx Bo3pacTaroiiero oobeMa CejeKInoH-
HOTO Marepuasa U CKyJHOCTH MaTepHaIbHBIX PECYPCOB BbI-
pa’keHHEe MHOXKECTBA MOKa3aTeJieii kadyecTBa 4epe3 MEeHbIIee
UX 4MCJIO YPE3BbIYAMHO BakHO. DEHOTUIIMYECKAs OLICHKA
M3y4aeMbIX ITOKa3aTelel KadecTBa 3a TOABI UCCIIEN0BAHUI
(cpenaue 3HaUeHMS JUTA 15 COPTOB 03UMOIT PKH) TIPUBEACHA
B [Ipunoxennu 1.

Ha ocHoBe aHanu3a BBIYMCIEHHON KOPPEISLIUMOHHON Mat-
PHIIBI TIOJTyYEHBI BKJIAJIbI, C KOTOPBIMH PU3HAKH BKJIOUCHBI
B INIAaBHBIC KOMIIOHEHTBI, T. €. HOBbIC XapaKTCPUCTUKH Kade-

1 Mpunoxexna 1 1 2 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx6.pdf
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cTBa. [J1aBHBIE KOMITOHEHTBI OTpaXarOT HCCKOJIbKO INPHUYNH
M3MEHYNBOCTH KAaueCTBEHHBIX XapaKTEPUCTHUK, a UX 3HAYU-
MOCTb OIICHUBACTCS 1O J0JIE TUCIICPCHH B O0IIEH AUCTIEPCUH
MIPU3HAKA.

3HaueHNs (PAKTOPHBIX HArpy30K Ha MATh IIIABHBIX KOM-
MOHEHT IMOKa3aHbl B Tabm. 3. Mcxons M3 mpencTaBIeHHBIX
JTAaHHBIX, IIEPBasi KOMIIOHEHTa onuchiBaiia 18.7 % obeit muc-
nepcu. MBI Ha3BaM ee «OeTKOBO-aMHIIa3HOM XapaKTepHC-
TUKOH 3epHa». JIBe cieyronye raBHble KOMIIOHEHTEI Iepe-
MEHHBIX MMeJIU IPUMEpPHO paBHble auctepcun: 30.9 n31.3 %.
Jlis Bu3yanu3anuu TPYINBl TECHO KOPPEIUPYIOMUX MPH-
3HAKOB METO/]] IVIABHBIX KOMITOHEHT JIOTIOJHEH OMIUIOT aHa-
JIU30M B3aUMOCBS3eH MPU3HAKOB KayecTBa B CUCTEME JBYX
OCHOBHBIX KOMIIOHEHT C HamOOJBIIEH JONel B AUCIIEPCUU
(ITpunoxxenne 2). st ONTUMU3AINHN OIIEHKH Ka4€CTBEHHBIX
XapaKTECPUCTUK KEIIATCIIbHO BI)I6paTI) TMOKa3aTeiiki U3 pa3sHbIX
yeTBepTel rpaduka.

Bropast koMIToHeHTa OXBaThIBaJIa MPU3HAKHU, 00yCIIaBIIH-
BaIOIIME «OPTIaHOJCNTUICCKIE CBONCTBA Xj1e0a»: BHCITHHMA
BUJI, CHMMETPHUYHOCTb, IIBET KOPKH 1 MSIKHIIIA, 00bEMHBIE Xa-
PaKTEePUCTHKH.

TpeThst KOMIIOHEHTa MHTETPUPOBaJIa B ce0e MyKOMOJIbHBIE
KauecTBa (HaTypHast Macca, BRIPaBHEHHOCTH) U ()OPMOYCTOM-
YMBOCTb XJIeOa, OCHOBaHHAs Ha BA3KHX CBOIMCTBaxX BOJHOTO

BaBunosckuii XKypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 201923 - 3



M.J1. MoHomapeBa
C.H.MNMoHomapes

9KCTpaKTa U KJIEHCTEPHU30BaHHON CyCIEH3UHU (BBICOTA aMH-
JIOTPaMMBI U TeMIIepaTypa MaKCHMAaJIbHOH BA3KOCTH). JTO
JIOKa3bIBACT, YTO TEPEUHCICHHbIC TPU3HAKNA H3MEHSIOTCS
cortacoBaHHo. HezaBucuMo oT reHorumna, copra CXOIHBIM
00pa3oM pearupyloT Ha H3MEHEHNEe BHEIIHUX (haKTOPOB, HO
3HAKM MX (AKTOPHBIX HArpy30K HE OIUHAKOBBL. CTpyKTypa
TMEPBLIX TPEX IIABHBIX KOMIIOHCHT OCTaBaJlaCb HEHU3MEHHOM
MPY BapUMaKc-BpAIEHHUH, YTO CBUAETEIBCTBYET 00 NX B3aHM-
HON HECKOPPEIMPOBAHHOCTH.

OcTajbHbIC TJIaBHBIE KOMIIOHEHTBI PaHXUPOBAJIUCH IO
Mepe YMEHBIIICHNS OMIChIBAEMbIX MU auctiepcuil. Ha ger-
BEPTYI0 KOMIIOHEHTY Ipuxoamiocs 11.2 % obmeit nucnepenmy,
IJie IPEeBAIMPOBAIN BKYC M 0011as xyiebornekapHas OleHKa.
ITocnenHioro koMnoHeHTy omnpenaeisiia Macca 1000 3epen.

Heo0xonmnMo OTMETHTH Ba)KHOCTh NPU3HAKA «BSI3KOCTh
BOJIHOT'O 9KCTPAKTa», KOTOPBIi IPUCYTCTBOBAJI B JIBYX KOMIIO-
HEHTaX, UIMEIOIINX 3HAYUTEIbHYIO J0JTI0 M3MEHUYNBOCTH. OT-
CIOJIa CIICITYeT, YTO B CEJICKIIMOHHBIX MCCIIETOBAHMSIX MOKa-
3aTesb BBD MokeT cTarh 0a30BBIM, TaK Kak sIBISIETCS 0000-
IIAOIIEeH XapaKTEPUCTHKON XIe00TIeKapHBIX CBOWCTB 3€pPHA,
B KOTOPOH YYTEHBI MHOTHE CJIATAIOIINE UX TTAPAMETPHI.

Crenyromuii mar ucciaeJOBaH!i — BBISIBIICHUE HanOosee
MH()OPMATHBHBIX MOKa3aTeNei, KOTOPBIE MOXKHO ITPUMEHSThH
Ha CaMbIX PaHHUX 3Tarnax cesekun. [1o Hamemy yoekieHunto,
HWIMH JJOJIKHBI CTaTh: 66.]101(, YUCJI0 IIaJICHUS, BA3BKOCTH BOAHOI'O
aKcTpakTa, Macca 1000 3epeH. DTH mokas3areny MPUHATH 32
OCHOBY IIpH OLICHKE U OpaKOBKE CEJIEKIIMOHHOTO Marepuasa
1o KavyecTBy 3epHa. [lokaszaresnu, BBIABISIEMbIE B XOJ€ Tpa-
JUIHAOHHOTO XJIEOOTIEKapHOTO aHajIN3a, BIIOJHE 3aMEHUMBI
JIETKO OTIPEJICIISIEMON BSI3KOCTBIO.

O6¢cyxpeHue
B pesynbrare npoBeeHHBIX HCCIIEIOBAHUN COPTOB 03UMOI
PPKH pa3IMyHOr0 KOJIOr0-reorpapuyeckoro NpOUCXOKICHUS
Ha MPOTSHKEHUU 15 paznnuvaromuxcst JeT UCIBITaHus ycTa-
HOBJICHO, YTO HAaHOOJIBIITY10 TEHOTHIHYECKYO H3MEHYNBOCTD
numetot ipuzHaku b u BBD. Bapsupoanue coneprkanus oenka
Ha 27.8 % oT 0obmIei Aucnepcun mpru3Haka B HCCIETyeMOM
KOMIUIEKCE OMNpEeNsIoch reHoTumnom, Ha 37 % B3aumo-
JIEHCTBUEM TeHOTHUINI—Ccpeaia ¥ Ha 35.2 % ycioBusMHU roja.
ITo BA3KOCTH BOAHOTO 3KCTPAKTAa OJHOMMEHHBIE NCTOYHUKU
BapbupoBaHus cocTaBuian 34.8, 16.2 149 % cCOOTBETCTBEHHO.
CrnenoBarensHO, Ha3BaHHbIE Npu3Haky (b 1 BBD) nomkHb
OBITB, B TIEPBYIO OYepeIb, TPEAMETOM (DEHOTHUITITYECKON OIICH-
KI B CENICKIIMOHHOM TIporiecce. deHornnuyeckas H3MEHIH-
BOCTh KPUTEPHEB YIJIEBOJHO-aMUIIA3HOTO KOMILIEKCA M aK-
tuBHOCTH o-amuiias (U1, BA, TTIK) u TeXHOJIOTHYECKHUX T1a-
pamerpos (MT3, B3, H3) onpenensiiach mpenMyIecTBEHHO
(68.6...82.5 %) cpenoBbIMH (paKTOpaMH, YTO 3HAUUTEIHHO
MpeBhImaeT BIugHue reHorumna (6.9...21.8 %). B uccneno-
BaHWU OBII B3ST MATHAIATHICTHUN BPEMEHHON OTPE30K, B
KOTOPBIH MOMaIH ro/ibl, 3HAUUTEIBHO PA3IMYAIOLINEcs 110
THAPOTEPMHUYECKOMY PEXHUMY B MEPHOJ CO3PEBAHUS 3epHA
(MomouHast 1 BOCKOBas criesiocTs). [ToaToMy rorosuele ycio-
BUSI ChIFPAJIN TIEPBOCTEIICHHYIO POJIb B BAPHAOCIILHOCTH Ka-
YeCTBa 3€PHA, a PA3IHUHS MEXIY COPTaMH Ha ()OHE BIHSAHUS
CpeoBbIX (PAKTOPOB OBUIN OTHOCHTEIILHO HEBEIIHKH.

[Ipu uccnenoBanuu 19 pasnuyHBIX THOPUAHBIX U TIO-
MYJISIHOHHBIX COPTOB, BHIPAIICHHBIX B TEUEHUE TPEX JIET,
H.B. Hansen ¢ xomuteramu (2004) oOHapy>KHiIH, 9TO Bapramus
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OnTMM3aumA NapPaMeTPOB KayecTBa 3epHa
ONA ceneKkumm 03UMON PXun

KOHIIEHTpaIMHU Oelka 3aBUcesa B OCHOBHOM OT F€HOTHIIA, a
Mmacca 1000 3epeH u comepkaHHe MEHTO3aHOB B OOJBINIEH
CTETIEHH — OT Tojia MCIIBITAaHUS. ABTOPHI BBISIBHIIM TaKke,
4TO cBOMCTBa Kpaxmaina, usmepsiembie UIT u TIIK, Obutn
CHJIbHEE MO/IBEPKEHBI BIMSIHUIO YCIIOBHH Tosia cOopa ypoxasi.
B.M. Bebskun (2008) mpemraraetr mepecMOTPETh TTOIXOIBI
K TECTHPOBAHUIO CEJIEKIIMOHHOIO MarepHalia, MOCKOJIbKY
PO YIIIEBOJHO-aMHJIA3HOTO KOMIUIEKCA B OMPEICICHUN
XJIe0OTEeKapHbIX KauyecTB pxu mpeysenndeHa. CormacHo
MPOBEACHHBIM HAMH HCCIICI0BAHMSIM, BLICOKAs CPE/IoBasi Ba-
puanca noxasareneit UI1, BA u TTIK 3aTpynHseT BeIIBICHHE
MEePCTIEKTUBHBIX (hOPM.

Bceraer pe3oHHBINM BONIPOC, HA KAKUE NPU3HAKU CIIEAYET
OPHEHTHPOBATHCA B CEJIEKIMH Ha II€JIEBOE HCIIOTb30BAHUE —
XJIeOOTICUCHHE HITH KOPMOBBIE mienn? O0o01eHue psiaa myo-
JIMKAIMH TI0Ka3bIBAET, YTO UIMEIOTCS YMEPEHHO CHIIbHBIE I10-
noxurenbHble B3auMmocsazu Mexxy Ul u TIIK u mexxny Yl n
BSI3KOCTBIO. B TO 5ke Bpemst He BBISBIISIIOTCS WITH CYIIECTBYIOT
ci1a0ble KOPPEsILK MEK/1y KOHIICHTpalMeH 0eJIKa 1 YUCIIoM
TaJIeHAs, a TAKXKe MEKIY MAaKCUMAaJIbHOW aMIJIoTpapudecKon
BSI3KOCTBIO M TemIleparypoil kieiicrepusannu (Rattunde et
al., 1994; Gomez et al., 2009; Laidig et al., 2017). A. Repecki-
ene ¢ xomteramu (2001) oOHAPYKHMITH, 9TO BBICOKHE 3HAYeE-
Hust UIT cooTBETCTBOBAIM BBICOKMM 3HAYEHUSIM BSI3KOCTH
KiencTepruzoBanHoii cycnien3uu (I = 0.87). B uccnenopanu-
ax A.A. Tongapenxo ¢ xomneramu (2002), HATPOTHUB, MTOKA-
3aHO, 4TO, HECMOTPsI Ha MOJIOKUTENbHYI0 Koppersiiuio UIT ¢
BA (r=0.56), conep:xaHuemM BOAOPaCTBOPUMBIX IEHTO3aHOB
(r=0.46) n xauecTBOM MsiKkuIIa hopmoBoro xmieda (I =0.53),
OLICHMBATh KaueCTBO prKaHOTo Xxjeda Tonbko 1o YIT MmoxHO
JIMIIB KOCBEHHO. DTO OOYCIIOBJIICEHO TEM, 4TO XjeOoreKap-
HBIE KaueCTBAa 3€pHA PKU M Ka4eCTBO KOHEYHOTO MPOIYKTa
(pxaHoO¥ X71€0) ONpenersiFoTesl OOJBIION TPYIIION CBONUCTB:
BSI3KOCTB 110 aMHJIOTpady 1 ypOBEHb aKTHBHOCTH aMUJIOJIUTH-
4ecKuX (DepPMEHTOB OTPAXKAIOT 0COOEHHOCTH PETPOTpaIaIlin
Kpaxmala, a coJep)KaHHe BOJOPACTBOPUMBIX NEHTO3aHOB,
peructpupyemoe o BBD, — BoononioturensHyo crnocoo-
HOCTb Pa3IMYHBIX KOMIIOHEHTOB HaOyXaHHMS PiKaHOM MyKH.
[Tpu BBITIEUKE P’KAHOTO TECTA MOPHCTAs! U HIIACTHYHAS CTPYK-
Typa MSIKHILIA TT0/|JIep>KUBAETCs O1aroapsi BHICOKOH BSI3KOCTH
CJIN3UCTBIX BEIIECTB, 3aKPEIUIIEMbIX KIEHCTEepHU30BaHHBIM
KpaxmasioM. MI3MeHeHue kpaxmara npH KieiicTepru3annm nve-
T pelaroliee 3Ha4eHKe Jy1si 00pa30BaHusI HOPUCTOTO MSKHUILIA
xneba. CTpykTypa TecTa, co3laBaeMasi TIIaBHBIM 00pa3oM
neHTozaHamu, popmupyercs npu temreparype 30 °C, Torna
KaK poJib Kpaxmaja MpeBajupyeT IpH TeMIepaTypax BbIIIe
45 °C, OCKOIBKY KpaxMal pXu oOpasyeT jkeneoOpa3Hyio
CTPYKTYpy TIpH Ooiiee HM3KOW TemIieparype, 4eM Kpaxmal
muenunibl (Gudmundsson, Eliasson, 1991). [Toatomy oco0blit
MHTEpEC MPEJICTABISIET CO3JaHNE METOIaMH CEJIEKIHN COPTOB
pku ¢ KoHTpacTHOW BBD. PazHoHarmpaBneHHbIi 0TOOp MM0-
3BOJISIET U3MEHUTH OMOXUMUYECKYIO CTPYKTYPY HEKpaxmalib-
HBIX TTOJICAaXapuI0B B COOTBETCTBUH C 331a4aMU CEIEKIUH:
1) yBenmuuTh copepKanue TPyAHOTHIPOIN3YEMBIX apaOuH-
OKCHJIQHOB, YJTyUIIIUB XJ1e00IeKapHble CBOWCTBA, MJIH 2) CHHU-
3UTh UX JOJIEBOE y4YacTHE, YIy4dIINB KOPMOBYIO IIEHHOCTh
3epHa (I'onuapenko, 2014).

BBD He cBs3aHa ¢ KpaxmalioM piKH, KIIeHCTeprU3alliOHHbIE
CBOMCTBA KOTOPOTO MPOSIBIISIFOTCSI IO BIMSIHUEM TEMIIEpaTyp-
HOTO (haKTOpa, a TaKXKe C AKTHBHOCTBHIO aMHJIOIUTHYECKUX
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(hepMEHTOB, THIPOJIHU3YIONIMX €ro, I0ITOMY HE IPOCIIEKHU-
BaeTCs IOCTOBEpHAs B3aMMOCBA3b Mexk Ty BBD u mokasare-
JISIMH, OTIPEIENISIONIMMU BA3KOCTh BOJHO-MYYHOU CYyCIEH3HH
(r=0.03...-0.29) (I'onuapenko u ap., 2005).

B Hammx ucciae10BaHUAX BBIABICHA MOJIOKHUTENbHAS CO-
HNPSKEHHOCTD CPEHEN CHIIBI BSI3KOCTU BOJHOTO DKCTPAKTa
¢ BbIcOTON ammiiorpammsl (I = 0.621) u yuciaoM naaeHus
(r=0471).

OObsICHEHNEM HEOIMHAKOBBIX PE3YIIBTATOB, MOITYYCHHBIX
Pa3HBIMH aBTOpaMH B OTHOIIeHun BBD, ciykaT HECKOIbKO
OpUYMH. BOo-NepBBIX, B3aUMOCBA3H MEXKy NapaMeTpaMu
TEXHOJIOTUYECKOH M XJIeOONeKapHOH OLEHKH 3epHa, MYyKH
n (dakTopaMu cpenbl MPOU3pacTaHus HEOJHO3HAYHBI. DTO
CBSI3aHO C TEM, YTO KaXKABIH MpPU3HAK (HOPMHPYETCS MOJ
JICHCTBHEM MHO)KECTBA BHEIIHUX (PAKTOPOB M caM I10 cebe
SIBJIIETCSL UHTETPAJIbHON XapaKTEPUCTUKOM I'PYIIIIBI CBONCTB
U IIPU3HAKOB, N3MEHEHHE KOTOPBIX MOKET UMETh KaK OJIHO-
HaIpaBJICHHbIE, TaK ¥ MPOTUBOMOJIOKHBIE BEKTOPBL, IPUYEM
3HAYUMOCTb UX JaJIeKO He OlMHaKoBa. Bo-BTOPBIX, pa3Hble
aBTOPHI NpHU aHann3e BBD mcmons3yroT HeogMHAKOBHIE
METOAMKH W anmnapaTrypy AJs €€ ONPEJENIEHUs, YTO TAKKE
OTpa’kaeTcs Ha MOy4yaeMbIX pe3ysbTaTax.

3aknioyeHune

C noMOI11b0 METO/Ia TNIABHBIX KOMIIOHEHT NPOBEACHA PEIYyK-
LUsl aHAJIM3UPYEMBIX IOKazaTeseld kadecTBa 3epHa. Ilonck
CTPYKTYPHBI B MAaTpHIIE HArPY30K U UCIIOJIb30BAHNE BAPHMAKC-
BpallCHHA B IPOCTPAHCTBE ITIaBHBIX KOMIIOHCHT IMO3BOJIMIN
JIaTh X HHTEPIIPETALNIO: OEIKOBO-aMHIIa3Has XapaKTePUCTH-
Ka, OpraHoJIENTHYECKHE CBOMCTBA XJIe0a, MyKOMOJIBHBIE Kade-
cTBa 1 (POPMOYCTONYMBOCTH, BKYC U 00IIas XjeOomeKkapHas
orenka, macca 1000 3epen. {7 ceneKInOHHON OIEHKH 03H-
MO prKH TIPEIIaraeTcst HCIoJIb30BaTh YEThIPE HHTETPATTBHBIX
1oKa3aresisi, UMEIOIUX HAauOOJIbIIYyI0 BECOBYIO HArpy3Ky:
cozepxkanue Oelka, YHCIIO MaIeHNs, BSI3KOCTh BOAHOTO 3KC-
TpakTa u macca 1000 3epeH.

Pesynbrarhl HalMX MCCIIEIOBAHUM MMOKA3ajdl HEOOXOH-
MOCTh 00s3aTeIbHOM OLIEHKU CEeIEeKIIMOHHOTO Marepuaia
TI0 COJIep KaHMIO OeNKa M BI3KOCTH BOAHOTO SKCTpakTa. Yem
PpaHbII€ HAYMHACTCA CCJICKIUA Ha OTU Ka4Y€CTBECHHBIC XapaK-
TEPUCTUKH, a HE TOJILKO Ha yPOXKaHHOCTb, TEM PE3yJIbTaTHB-
Hee OyzeT paboTa Mo CO3JaHUI0 BHICOKOKAYECTBEHHBIX COP-
ToB. KuHemaruyeckas BI3KOCTb BBITSDKEK U3 PAKAHOTO LIPOTa
JIOJKHA CTATh BayKHBIM CEJICKIIMOHHBIM ITOKA3aTeNIeM KaK ISt
OTIpeIeICHUs XJIeO0TEKapHBIX Ka4eCTB PXKH, TaK U IS BBI-
SABJICHUS KOPMOBBIX JOCTOMHCTB 3€pHaA.

Cpenu MHOXKECTBA HAIIPaBJICHUH B paboTax MO CEIEKIHH
PPKH Ha TIEPBBIH IUIaH BBIIBUTACTCSI CIIeLytomiee TpeOoBaHue —
COOTBETCTBHE KauecTBa 3epHa TpeOoBaHUsIM pbiHKa. Kaxaomy
COPTY JIOJDKHBI OBITH MPUCYIIN CBOU TCHETHUYECKH A€TEPMU-
HUPOBaHHBIC TEXHOJOTHYECKHE CBOHCTBA, MO3BOJISIONINE
BBIABUTDH €0 MIPUTOJHOCTD KaK ChIpbs IJI1 KOHKPETHOﬁ oTpac-
mu. TonbKo celeKnnoHHas padoTa MO3BOJSIET HANPABIEHHO
CO3/1aBaTh COPTA IS [IEJIEBOTO UCTIONB30BAHUS M PACIIUPEHUS
TEXHOJIOTUH, CBA3aHHBIX C NepepaboTkol piku. MIMeHHO B
3TOM HaM BHJHUTCS PEHOBAIMS PXKU — MEPEOTKPBITHE PIKH
C HOBBIX MO3WIMH, YTO JIOJDKHO MPUBECTH K M3MCHEHUSIM B
OTHOIIICHHH K KYJBTYpPE B LIEJIOM U €€ IIPOU3BOICTBY.

Ha ocHoBanum MHOTONETHEH (PEHOTUIMYECKOHN OLEHKH
IIpOBEIeHa ONTUMM3ALIMS [TOKa3aTeIel KauecTBa 3epHa 03H1-
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MOH pKM U 0OOCHOBAH TIOJIHOLEHHBIN KOMIUIEKC [TPU3HAKOB
(6eoKk, uncio maieHusl, BI3KOCTh BOAHOTO SKCTPAKTa, Macca
1000 3epen), KoTOpEIi OyneT odecreynBaTh OOLEKTHBHOCTD U
MOJTHOTY OLIEHKH CO3/1aBa€MOI0 CEIEKIIMOHHOTO MaTepuaa.
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HarmpaB/ieHHasI celeKIus IICuXpo@uabHOTo IITaMMa
Trichoderma asperellum I'-034 B3P 1Jis1 yCKOPEHHO VTUI3alun
IIOJIIMEPOB PACTUTENbHBIX OCTAaTKOB 11 03OPOBIE€HIS II0UBbI

LW Hosuxosa @, 10.A. Turosa®, V1.B. Boitkosa, /.A. KpacHobaeBa

Bcepoccniickuii HayuHo-UCCeAoBaTeIbCKUIN UHCTUTYT 3aLuUTbl pacTeHui, MywkuH, CaHkT-Metepbypr, Poccusa
® e-mail: irina_novikova@inbox.ru; juli1958@yandex.ru

Lrammbl poga Trichoderma — npupoaHble 6MoJeCTPYKTOPbI PACTUTENbHbBIX OCTaTKOB, BbICOKOAKTVBHbIE aHTarOHMCTbl NOY-
BEHHbIX GUTOMATOreHOB 1 GUTOPErYNATOPLI C WMPOYANLIMM SMarna3oHOM ONTUMaNbHbIX AS1A CBOEro pa3BUTUA YCIOBUN,
MaclTabHO MCosnb3ytoTca B co3aaHum bronpenapatos. OrpomMHoe 3HaueHve B ceBepHbIX perroHax Poccun, ocobeHHo
Npw BbipaLLMBaHNM 03MMbIX KyNbTyp, UMeeT CMOCOOHOCTD LUTaMMa MUKPOOPraHM3Ma, MCMOJIb3yeMOro B arpOTEXHONOIMAX,
COXPaHATb XKMN3HECNOCOOHOCTb 1 LiefnieByto 6UONOrMYecKyto akTUBHOCTb MPY HU3KKX TemMnepaTypax. B cBA3n ¢ atum uenb
ZlaHHOW PaboTbl — OTOOP NCUXPOTONIEPAHTHOTO WTamMa T. asperellum pna yCKopeHHOW yTUIn3aLmumy OCHOBHbIX NOMMMEPOB
pPacTUTENbHBIX OCTATKOB U 03[JOPOBNEHNSA MOYBbI NPY HU3KOW TEMMNepaType, a TaKXKe OLLeHKa ero akTMBHOCTY B Nabopatop-
HbIX 1 MOJIEBbIX YCNOBUAX. B npouecce paboTbl pelwany 3agayn no otbopy NCUXPOTonepaHTHbIX WwtammoB T. asperellum ¢
BbICOKOW LIe/UTIONO30/IMTUYECKON aKTUBHOCTbIO; AanbHelLe HanpaBieHHOWN cenekumm NncuxpoduibHbIX LTaMMOB, CMo-
COBHBIX K GbICTPOMY POCTY, aKTVBHOW KOMOHM3aLUN PacTUTENIbHOrO Cy6CTpaTta 1 BbICOKOIW CMOPOMNPOAYKTUBHOCTM Npu
4-8 °C; oueHKe LeneBoi aKTVBHOCTU OTCENEKTMPOBAHHOIO NCUXPOGUIBHOIO LWTaMMa B KayecTBe LesTIoN030UT1Ka 1
QHTaroHUCTUYECKOM aKTUBHOCTMN B OTHOLIEHMN GDUTONATOFEHOB 3€PHOBBIX KYbTYp; NMOfyYeHrto TabopaTopHbIX 06pa3LoB
npenapaTrBHbIX GOPM NyTeM FYyOUHHO-NMOBEPXHOCTHOFO KYNbTMBUPOBAHMWA Ha HeCTepuibHOM Topde 1 MySIbTUKOHBEP-
CUOHHBIX OTXOfaX NPOU3BOACTBA CbefAo6HbIX rPMOOB NMpY UX NOCNeA0BaTENbHOM KyNbTUBMPOBAHUM Ha OJHOM 1 TOM Xe
cy6cTpate 1 oueHKe UX 3GPeKTUBHOCTM B MONEBbIX MEIKOAENAHOYHbIX OMblTax. Icnonb30Banu MeToAabl KynbTYBUPOBaHNA
1 CO3AaHMA MHOKYJOMa, onpeneneHnsa CrnoponpoayKTUBHOCTU, MOANOULIMPOBAHHOW BNa)KHOWN Kamepbl, OLeHKM aHTaro-
HUCTNYECKON aKTUBHOCTY 1 KayecTBa 61onpenapaTos, OpraHr3aLmny NosieBbIX UCMbITaHUIA, KONMYECTBEHHbIX OLIEHOK No-
Tepb 6GIOMACChI U copep)KaHnsA Lenono3bl U TMrHUHA. Cenekumo akTMBHOTO NCUXPOGUIIBHOTO LWTaMMa A5 YCKOPEHHOM
yTUAM3aL MM NOIMMEPOB PaCcTUTENbHbIX OCTaTKOB 1 0340POBEHMA NMOYBbI OCYLLECTBUIIM B MPoLiecce YeTbipexcTyneH4YaTo-
ro CKpuHuHra 29 wrammos T. asperellum w3 locygapctBeHHON Konnekuun mnkpoopradmamos OIBHY Bcepoccuiickun HAN
3almnTbl pacteHnii (BU3P) ¢ BbICOKMMM LLenstono30anTUYECKON N aHTaroHUCTUYECKOW akTMBHOCTAMM. o nokasaTtenam
NIMHENHOW CKOPOCTW POCTa, aHTaroOHMCTUYECKON 1 rmneprnapasnTnieckon akTmBHOCTY Npu 4-8 °C, BbICOKO CKOPOCTU KO-
NOHM3aLMUN NOXHUBHbIX OCTAaTKOB MLIEHMLbI U KYKYpPY3bl OTOOpaH NepCcrneKTUBHbIN NCUXPOPUibHBIN WwTamm T. asperellum
034 onA HapabOTKM Ha ero OCHoBe NlabopaTOPHbIX 06Pa3LIOB GUOMPENapaToB 1 NPOBEAEHUS NONEBbIX OMNbITOB. B none-
BbIX MCMbITAHUAX BbIABUIN aKTVBHOE Pa3foXKEHNE NOXHUBHbIX OCTAaTKOB KyKypy3bl nof Bozaenctaunem T. asperellum [-034,
npviBoAALlee K buogectpykumm 6onee 80 % Lennonosbl 1 6onee 20 % NUrHKHA, a 3a 12 MecALEeB — K NOSHOW noTepe pac-
TUTENIbHBIMY OCTaTKaMM MHTAaKTHOFO COCTOAHUA. MaKcumanbHble MoTepyu 6MOMacchl MOXHUBHbIMM OCTaTKaMuy KYKypy3bl 3a
12 mecAaues coctaBunu 6onee 70 %. LLitamm-npogayueHT T. asperellum -034 Haxoaunca B akTUBHOM COCTOAHMM NOCIe nepe-
3VIMOBKY B MOJIEBbIX YCIOBUAX B KonmyecTse X10* KOE/T, NpurBoAsLLEM K HapacTaHUIO TUTPa C CE30HHbIMY BO3pacTaHnem
TemnepaTypbl U pacllnpeHnem JOCTYNHOCTY Tpopuyeckon 6asbl.

KntoueBble cnosa: Trichoderma asperellum -034 B3P; HanpaBneHHasa cenekums; NCUXPOTONEPAHTHbIN LUTaMM-NPOAYLEHT;
ncxpodusibHble  WITAMMbI-MPOAYLIEHTLI; MYJIBTUKOHBEPCUOHHbIE Guonpenapatsl; 6uonpenapatbl AfiA 0340POBEHMS
NMoYBbI; 6BMOAECTPYKTOPbI MOMHMBHbIX OCTAaTKOB; LieflIeBas aKTMBHOCTb LUTaMMOB-NPOAYLIEHTOB; 3PpdEKTUBHOCTL bronpena-
paToB; pa3fioxKeHne pacTUTENbHbIX OCTATKOB.

Ana untuposanua: Hosmkosa W.W., Tutosa t0.A., bokosa /.B., KpacHo6aeBa W.J1. HanpasneHHasa cenekuma ncuxpodunb-
Horo wramma Trichoderma asperellum -034 B/3P ana yckopeHHON yTunv3auum noiMmMepoB pacTUTENbHbIX OCTaTKOB 1
03[0POBNeHNA NOYBbl. BaBNNOBCKUNI XypHan reHeTuKkm n cenekumun. 2019;23(3):328-336. DOI 10.18699/VJ19.497

Controlled breeding of the psychrophilic strain G-034 VIZR
of Trichoderma asperellum for fast crop residues’ polymers
utilization and soil enhancement

LL Novikova®, J.A. Titova®, LV. Boykova, L.L. Krasnobaeva

All-Russian Research Institute of Plant Protection, Pushkin, St. Petersburg, Russia
@ e-mail: irina_novikova@inbox.ru; julil958@yandex.ru

Genus Trichoderma strains as the natural plant residues’ biodestructors, highly active antagonists of soil phytopathogens
and phytoregulators with the widest range of optimum conditions for their development, are widely used in biologics
development. Of particular importance in Russia’s northern regions, especially in winter crop cultivation, is the ability of a
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McnxpodunbHbin wWtamm Trichoderma pna pasnoxeHua
pacTuTenbHbIX NOANMEPOB 1 03L0POBEHS NOYBbI

microorganism’s strain used in agro-technologies to maintain viability and target biological activity at low temperatures.
In this connection, this work purpose is to select a psychrotolerant strain of T. asperellum for the rapid crop residues’ poly-
mer utilization and soil enhancement at low temperature, as well as to evaluate its activity under laboratory and field
conditions. In the work process, the following tasks were addressed: selecting psychrotolerant strains of T. asperellum with
high cellulolytic activity; further controlled breeding of psychrophilic strains capable of rapid growth, active colonization
of plant substrates and high sporulation at 4-8 °C; evaluating the target activity of the selected psychrophilic strain as a
cellulolytic as well as antagonistic activity against cereal pathogens; obtaining laboratory samples of bioformulations by
deep-surface cultivation on non-sterile peat and multirecycled wastes from the edible mushrooms production and assess-
ing their efficacy in field small-plot trials. The methods for inoculum cultivation, sporulation capacity determination, modi-
fied wet chamber, estimating antagonistic activity and biologics’ quality, field small-plot trials management, quantitative
estimates of biomass losses, cellulose and lignin content were used in the work. The active psychrophilic strain for the rapid
crop residues’ polymer utilization and soil enhancement controlled breeding was selected during a four-step screening
of 29 T. asperellum strains from All-Russian Research Institute of Plant Protection (VIZR) State Microorganisms’ Collection
with high cellulolytic and antagonistic activities. In terms of linear growth rate, antagonistic and hyperparasitic activities
at 4-8 °C, a high rate of wheat and maize stubble residues’ colonization, a perspective psychrophilic strain G-034 of T. aspe-
rellum was selected for developing the laboratory samples of biologics and for running field trials. In small-plot trials, the
active maize crop residues’ decomposition under the T. asperellum G-034 influence was revealed, resulting in the complete
loss of plant intact state in 12 months due to more than 80 % cellulose and 20 % lignin biodestruction. The maximum loss
of maize crop residues biomass for 12 months was more than 70 %. The T. asperellum strain G-034 was active after field
hibernation in an amount of x10* cfu/g, resulting in a titer increase with seasonal temperature rising and the trophic base
bioavailability growth.

Key words: Trichoderma asperellum G-034 VIZR; controlled breeding; psychrotolerant strain-producer; psychrophilic strain-
producers; multirecycled biologics; biologics for soil inhancement; stubble residues’ biodestructors; producer strains’target
activity; biologics'’ efficacy; plant residues’ destruction.

For citation: Novikova LI, Titova J.A., Boykova L.V., Krasnobaeva I.L. Controlled breeding of the psychrophilic strain G-034
VIZR of Trichoderma asperellum for fast crop residues’ polymer utilization and soil enhancement. Vavilovskii Zhurnal Genetiki
i Selektsii=Vavilov Journal of Genetics and Breeding. 2019;23(3):328-336. DOI 10.18699/VJ19.497 (in Russian)

BBepeHune

VYiIy4meHuio CTPYKTYpHl IMOYBBI M HAKOIUICHHIO TyMyca
CIIOCOOCTBYET 3araxnBaHue MOKHUBHBIX OCTATKOB WJIN BHE-
CeHHe coJIOMbI Ha 1oJisi. [1pu aToM CHMKaeTCst 3pO3ust TOYBHI,
YAy4IIAl0TCS BOAHBIM M BO3LYIIHBIA PEXHUMBI, €€ BIUTHIBA-
I011ast CIIOCOOHOCTH, @ TAK)KE CTHMYJIHMPYIOTCSI TPOIECCHI
azorduxcanuu. [Ipn paszaoKeHUN MOKHUBHBIX OCTAaTKOB B
nouBy nocrynaer Ha 1 ra okosno 12-15 kr azora, 1o 7 xr
¢docdopa, 30 xr xanus, 4 xr varpus (Jladsiaues, Llemyiiko,
2013). ITo>)kHUBHBIE OCTAaTKH — UCTOYHUK MTUTAHUS MMOUYBEH-
HBIX MUKPOOPTaHU3MOB, KOTOPBIC B 3HAYUTEIILHON CTEIIEHH
00ecIeunBaloT JOCTYITHOCTD OT/JCNIBHBIX HYTPHUEHTOB JUIS
CeNbCKOXO3SMCTBEHHBIX pacTeHuil (3uraHmud u 1p., 2016).
Bwmecre ¢ TeM pacTUTeIbHBIE OCTATKH Ha ITOJISIX SIBIISTIOTCS pe-
3epBaTOPOM M UCTOYHUKOM (DUTONATOTCHOB — BO30YAUTENICH
6ore3Hell CenbCKOX03IMCTBEHHBIX KyabTyp. be3 co3manus
HEOOXOIMMOTO ITyJla aHTarOHHUCTOB, CIIOCOOCTBYIOMIUX BOC-
CTaHOBJICHHUIO M YCHJICHHIO CYIIPECCHBHOCTH ITOYBbI, HEBO3-
MOKHO CTa0MJIM3UPOBATh (PUTOCAHUTAPHYIO CHUTYAlUIO B
arpoleH03ax, COXPAHUTH IIOZOPOANE U TIOJyYHTh BHICOKHE
ypoxau (Hosuxosa, 2007, 2016).

Pemenuto aToii mpobnembl CrmocoOCTBYET BCe BO3pacTa-
I0IIee MCIIOIb30BaHNE MUKPOOHNOIOTHYECKOT0 METo/Ia B 3a-
mute pactennii. CoBpeMeHHbIe OuorpenapaTsl 00JaialoT
POCTOCTUMYJMPYIOIIEH aKTUBHOCTBIO, UX MPOIYLEHTHI BbI-
JIETISIFOT MHOXKECTBO OMOJIOTNYECKH aKTUBHBIX BEIIECTB, M10-
JIABIISIIOINMX Pa3BUTHE TOMYJSIUN (PUTOMATOI€HOB, TOBBI-
AKX OOJIE3HEYCTOHYMBOCTh M YPOKAHHOCTH CEJIBCKO-
xo3siicTBeHHBIX pacteHuidt (Whipps, Lumsden, 2001; Ca-
JIBIKOBA U 1Ip., 2010). YenemHocTs NpUMEHEHNsT MUKPOOHO-
JIOTHYECKOTO METO/a 3aBHCUT OT 3((PEKTUBHOCTH areHTOB
omokouTpons. [ co3manus OmompenapaToB HAWOOBITHN
MHTEPEC MPEACTABISIOT BUIBI M IITAMMbI MUKPOOPTaHU3MOB,
obnanarorue pasHooOpazueM METa0OIMUECKHIX MPOIIECCOB,
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HETIPUXOTIMBOCTBIO K YCIIOBUSIM KyJIETUBHPOBAHUSI, BEICOKOH
TEXHOJIOTMYHOCTBIO M SKOJIOTMYECKOH 1acTuaHOCThi0 (Haran
et al., 1996; Hosukosa, 2007, 2016; 3uranmuH, CHpOTKHH,
2017). Bcemu 3TUMU KauecTBaMH 00JIaIAI0T MITAMMBI POAa
Trichoderma — npupoaHbie GHOACCTPYKTOPBI PACTHTEIBHBIX
OCTaTKOB M JAPYIHX IIEJUTIONI030COEPKALINX MAaTEPUAIIOB,
3aHUMAaloMKe 0co00€ IMOJIOKEHHE KaK MPOIYLEHTHI ITOJH-
(yHKIMOHANBHBIX Ouornpenaparos (Komomber u np., 2001;
Boureghda, Renane, 2011). Ouu ciocoGHBI OBICTPO OCBaH-
BaTh OPraHWYECKUH CyOCTpar IyTeM aKTHBHOTO PA3JIOXKECHUS
MPOCTBIX U CJIOKHBIX COEIUHEHHH, B JJECATKU pa3 yCKOpsis
MPOLIECC X MHUHEPAIHN3ALUK U yiydmias (GU3NKO-XUMHUYe-
CKue cBoiicTBa mouBsl (AnmMoBa, 2005; Bheemaraya et al.,
2011; Pa3anoBa u ap., 2014). baarogapst BEICOKO# aHTaroHu-
CTUYECKOHM U THIEepHapa3UTHYECKONH aKTUBHOCTH B OTHOILIE-
HHUM MTOYBOOOMTAIOIINX BO30yIUTENeH OONIC3HEH, MITaMMBI
Trichoderma B 2.5-3 pa3sa cHmKaroT 3a00J1I€BAEMOCTh PacTe-
HUM, MTOBBIMIAIOT UX OO0IE3HEYCTOWINBOCTD, MPOSABIAIOT (hu-
TOPETYJSTOPHYIO aKTUBHOCTD 33 CUET CTUMYJISIIUY Pa3BUTHUS
a30TQUKCUPYIONUX OaKTEepUid, CIOCOOCTBYSI 00OTAICHUIO
MOYBBI AMUHHBIM a30TOM, CBSI3bIBAHHIO COJIEH MUHEPATBHBIX
yroOpenui, ycunenuto moommsanuu Gocdopa u kanms (Ca-
JpikoBa u Jp., 2009; Alamri et al., 2012; Devi et al., 2012;
Heidi, Abo-Elnaga, 2012; Parra, Maniscalco, 2012). Oco6oe
3HAUCHHE B YCJOBHUSIX CEBEPHBIX pernoHoB Poccum mmeer
CIOCOOHOCTH IITaMMa MHUKPOOPIaHM3Ma, UCIIOJIb3YEeMOTO B
arpoTEXHOJIOTUSIX, COXPAHSTh JKU3HECTIOCOOHOCTD U IIEJIEBYTO
OMOJIOTHYECKYIO aKTUBHOCTH IPH HU3KUX TEMIepaTrypax,
0COOEHHO MPH BBIPAIIUBAHUH O3UMBIX KYJIBTYP.

Henpro paboTel OBITH OTOOP MCUXPOIIEHOTO IITaMMa
Trichoderma asperellum st yckopeHHoit yrunusarmm oc-
HOBHBIX [IOJIMMEPOB PACTUTEIBHBIX OCTATKOB, 037I0POBJICHUSI
MOYBBI TPU HU3KOH TEMIIepaType 1 OIICHKA €T0 aKTUBHOCTH B
71a00paTOPHBIX M ITOJIEBBIX YCIOBHAX. [JIst 3TOrO pemaiuch
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clefyronye 3axa4u: oToop u3 «locygapcTBEeHHON KOJLIEK-
UM MUKPOOPTaHW3MOB, MATOTEHHBIX IJISI PACTEHUH U HX
Bpeautenei» (I'KM) LlenTpa KOJUIEKTHBHOTO IMOJIb30BAHUS
Hay4uHBIM 000pyJaoBaHHEeM «/HHOBalMOHHBIE TEXHOJIOTHUH
3amuThl pacrenuiny @I'BHY Beepoccuiickuit HUM 3amuTs
pacrennit (BU3P) ®AHO, caiir http://www.vizrspb.chat.ru
(ITocranosnenue [IpaButenscta PO Ne 725-47 ot 24 uroHs
1996 r., mpuka3z mo MUHHCTEPCTBY CEBCKOTO XO3SHCTBA U
[IpaBuTensctBy PO ot 15 aBrycra 1996 r., 3apeructpupoBana
B WFCC WDCM 760 (Snonus) 28.01.98) ncuxporonepaHT-
HBIX mTaMMoB T. asperellum ¢ BbICOKOI TIeUTIOI030IUTHYE-
CKOH aKTUBHOCTBIO; JaJIbHEHIIIasi HAIlPABICHHAST CEJICKIIHS
MCUXPOGUIBHBIX ITAMMOB, CIOCOOHBIX K OBICTPOMY POCTY,
AKTMBHOW KOJIOHM3AIIMM PACTHTENILHOTO cyOCcTpara M BBICO-
KOW croponpoAayKTuBHOCTH npHu 4—8 °C; olleHKa LenaeBoi
AKTHBHOCTH OTCEJIEKTHPOBAHHOTO IICUXPO(UIILHOTO [ITaMMa
B KaueCTBE IIEJUTIOJIO30JINTHKA TIPH KOJOHHU3ALUK TTOXHUB-
HBIX OCTATKOB IIICHUIIBI ¥ KYKYPY3bl, @ TAKXKE aHTarOHUCTH-
4eCKOM aKTUBHOCTH B OTHOLICHUH (DUTOIIATOTEHOB 3€PHOBBIX
KyJBTYP; TOTydeHHe Ta0opaToOpHBIX 00pa3IoB MpernapaTHB-
HeIX Gopm (JIO) myrem niryOMHHO-TTOBEPXHOCTHOTO KYIIb-
TUBHPOBAHMSI HAa Pa3JIMUHBIX OpraHMYecKHx cyOcTparax, B
TOM YHCJE OTXOJaX MPOM3BOJICTBA CHEIOOHBIX TPUOOB, U
OlleHKa UX 3(P(PEKTUBHOCTH B MOJIEBBIX MEJIKOACISTHOYHBIX
OIIBITax.

MaTtepwuanbl n metogbl
Paboty nmpoBoiiu Ha 6a3e 1abopaTopru MUKPOOHOIOTHYEe-
CKOM 3aIIUTHI pACTEHUH € HCTIOIb30BAaHUEM YHCTBIX KYJIBTYP
n3 'KM OI'BHY BU3P. O6bexkraMu ucciieI0BaHUN ObLIN
mrammel T. asperellum ¢ BEICOKO# 1eIUTI0I030 M THYECKOM 1
QHTArOHUCTHYECKON aKTUBHOCTBIO, TECT-00BEKTaMU CITYKUITH
IITAMMBI (PUTONIATOTCHOB 3EPHOBBIX KYJIBTYP — BO30YIUTEIH
HauboJiee BPEIOHOCHBIX OOJIE3HEH, U CyXue MOXHHBHbBIE
OCTaTKH MIIEHHUIB U KyKypy3sl (Tadm. 1). ns momyuerns u
XpaHEHHUs YUCTHIX KYJIBTYP MHKPOMHULIETOB /IS Jaboparop-
HBbIX OIIBITOB in VitI’O HCIIOJIB30BaJIU MMUTATCJIbHBIC CPCAbL: CUH-
tetrueckyro cpeny Yameka (OOO «buoxommac-Cy», Yrmnd,
Poccust); nonycuHTeTHYECKUE (CETCKTUBHBIC) arapu30BaHHBIC
CpeIbl Ha OCHOBE PACTUTEIBHBIX SKCTPAKTOB (KapToders, 3ep-
Ha 3]1aKOB U T.11.). PacTUTEeNBbHBIN CyOCTpaT peiBapuTeIbHO
M3MEJIBYAIN M KHISITHIM B TedeHHe Jaca B oobeme 200 1/,
(bunbTpOBaM, BOCCTAHABIMBAIY JI0 MCXOJHOIO 00beMa C
nmobasiieHreM arap-arapa (20 1/1), B HEKOTOPBIX CITydasix —
¢ nobasnenneM caxapossl (20 r/m). Pexnm crepunmuzannu
JUIsl BCEX CpeJl, COJEPIKaIlUX caxapa B HU3KOMOJIEKYIISIPHON
thopme, — 30 mue nipu 0.5-0.8 atm (MeTonsr. .., 1982).
MartepuanaMu HCCIIeA0BaHHUI ObUTH CyOCTpPaTBI IS OTIBIT-
HO-TIPOMBIIIUIEHHOTO KYJIFTUBUPOBAHHUS CheI0OHOTO MaKpo-
murera Lentinula edodes (mmu-rake) Ha OCHOBE OTXOJOB
TEXHOI'CHHOW cepbl, OJOKH ¢ Pa3BUBAIOIIMMCS MHICIHEM
[IMKU-TAKe, & TAK)KE OTPabOTaHHBIC B MPOIIECCE KU3HEIES-
TEIBHOCTH MOCJISTHET0 [EeIUIF0I030-THI HUHCOePIKaIHe OT-
xoz1bl. Kpome Toro, Marepuanamu CIry>KHIH MyJTbTHKOHBEPCH-
OHHBIE CyOCTpaThl, MOJy4EHHBIE ITOCIIE TTOCIIEI0BATEIEHOTO
KyJIFTHBHPOBAHHUS Ha OTPAOOTaHHOM OTXOZE IPOHM3BOACTBA
TUTO/IOBBIX TEJ IMU-TaKe APYroro BUAa CheJOOHOIO0 MaKkpo-
mureta — Pleurotus ostreatus HK-35 (Bemenka). Mcnons3sye-
MBbI€ I MYJIBTHOMOKOHBEPCHU CYyOCTpaThl B MHTAKTHOM H
0TpabOTaHHOM COCTOSHHSX MMEHOT O(OPMIICHHBIH COCTaB
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(Tabn. 2). B orpaboTaHHbIX (KOHBEPCHOHHBIX) CyOCTpaTax
BCE MHTPEITUEHTHI (CM. Ta0JI. 2) HAXOAATCS B IepepadOTaHHOM
MIPE/IBIIYIINM YYaCTHUKOM OMOKOHBEPCHH COCTOSTHHH, TTPO-
HCXOOUT HAKOIIJICHUE BOAOPACTBOPUMBIX JICT'KO YCBAMBACMbBIX
BEILIECTB — AaMUHOKHUCIIOT, BATAMHUHOB, MOHOCAXaPH/IOB U JIP.

[Tpn sTOoM HaOmoaeTcst Cy)KEeHHE COOTHOILICHHUS a30Ta K
YIIIepOJLy, UTO JeiaeT 0TpadoTaHHble cyOcTpaThl Hanbosee
JOCTYIHBIMU AT TIOCIEAYIOMEH YTHIN3aul Kak Makpo-,
TaK ¥ MUKpomuieramu u 6akrepusimu (buceko u np., 1986;
buceko, ynka, 1987; Turosa, 2013; TutoBa u nap., 2014,
2017a-B). IIpeBanmupoBays B KOHBEPCHOHHBIX CyOCTparax
rpuOHON OEJIOK B BHAE MHIEIHS MPEIBIAYIIEr0 YIacTHUKA
OMOKOHBEPCHUH, IPOHU3BIBAIOILETO IPAKTHYECKH BCIO TOJIILY
MCTIONB3yeMOTO CyOcTpara (Kak KOMIIOHEHT B Ta0. 2).

B pabote ncnonp30Bany ciaeayone METOAbI HCCIIen0Ba-
HUI: KyJIbTUBUPOBAHUS U CO3/IaHKs HHOKYIIIOMa, Olpe/iere-
HUS CIIOPOTIPOAYKTUBHOCTH (THTpa), MOTU(PHUIINPOBAHHON
BJIQYKHOW KaMepbl, OLICHKN aHTarOHUCTUYECKOM aKTHBHOCTH,
OIICHKU KaueCcTBa J1abopaTopHbIX 00pa3IoB OUOMPEaparos,
OpraHU3aIIH HOJIEBBIX UCTIBITAHNH, KOTMYIECTBEHHBIX OLIEHOK
MOTEph OMOMACCHI U COJICPKAHMS IIEJUTIONI03b] U JINTHHUHA.

KynbTypbl MUKPOMHIIETOB MOAJAEPKUBAIN Ha arape Ya-
meka ¢ oOecredyeHneM HEOOXOIMMOI YHCTOTHI MaTephaa.
YucTele KyabTypbl BBOAWIN B pabOTy MO CO3/IaHUIO HHOKY-
JIFOMOB ITyTeM KHJIKo(ha3Ho 1 TBepaoda3Hoii pepmeHTanmit
npu Temmeparype 24-28 °C. lns onpeneneHns THHEHHOTO
pocTa M3ydaeMbli IITaMM BBICEBAIM B IIEHTP MOBEPXHOCTH
arapyu30BaHHOM IUTATEIbHOU CPEbl OAUHAKOBOIO CJIOS HE-
MHOTOYHCJIEHHBIM NHOKYJIFOMOM TIPAKTHYECKH OJHOPOIHOM
IUIOTHOCTH. KyJIbTHBHPOBaHNE BEJH B yCIIOBUSIX XOJIOIMIBHOMN
kaMmepsl npu 4-8 °C. Uepes ompeeneHHbIe TPOMEXKYTKH
BPEMEHH (IBOE CYyTOK) M3MEPSUIN IUAMETP KOJIOHUH B ABYX
B3aMMOIICPIICHINKYIISPHBIX HANpPaBICHUAX OT TOYKH MHO-
KYJIMPOBaHUs 10 KOHLIA 30HbI pocTa Muuenus. [loBTopHOCTh
ISITUKpaTHAst. PacueTHbIe mapaMeTpbl IMHEHHOTO pOCTa MHULIe-
JIVSL ¥ CIIOPOTIPOLYKTHBHOCTH: T (h(epeHIaIbHast CKOPOCTh
pocTa MULENHs, NpeACTaBisieMasl Kak IMPOU3BOAHas (QyHK-
IIUH TPUPAIICHUS THaMETpa B €IUHHUILY BpeMeHH (MM/CyT);
BpEMsI HACTYTUICHHS CIIOPOHOIICHHST; CTIOPOITPOYKTHBHOCTD
(Mertonsl..., 1982).

Ompernenenne COPONPOAYKTHUBHOCTH INTAMMOB ITPOBO-
JIVJTH C TIOMOIIIBIO CO3/IaHMsI MATOYHBIX CYCIIEH3UH KOJIOHUE-
oopasyromux eaunnil (KOE) B enunune o0bema, Macchl
U T.1I., B KOTOpBIX uncsio KOE nopcuuThiBamm npsMbIM CHO-
coboM B kaMmepe l'opsieBa MM TyTEM TOCIEI0BATEIBHBIX
JIECATHYHBIX Pa3BEICHUI MaTO4YHO# cycrneHn3uu. Haubosee
ONITUMAJIBHOE JJIsl KOJIMYECTBEHHOTO ¥ KAY€CTBEHHOT'O yueTa
CHOPOTIPOJYKTUBHOCTH CEPUHHOE Pa3BEJCHNE MATOUYHOM
cycnensuu KOE uccnenyemoro mramma BeICE€BaIM Ha arapu-
3oBaHHbIe cpeabl (JImmm, baprerT, 1953; Metonsr.. ., 1982).
Jlnst OLleHKH LIeNIeBOM aKTHBHOCTH ITaMMoOB 1. asperellum
IIpU KOJIOHU3AIINU MMOKHUBHBIX OCTATKOB IMIICHUIIBI U KYKY-
PY3bI HCIONB30BAIN METOA MOAM(UIIMPOBAHHON BIAYKHOMH
kamepsl B gamkax [lerpu. Kycok ¢misrpoBanbHoit Oymarn
o0pe3any 1o pazmMepy Kamepbl U OMEIIaId B €€ OCHOBaHHUE.
Yamrku [letpu ¢ pmiibTpoBambHOI OyMaroi cTepuiIN30BaIH
aBToKIaBupoBaHueM mpu 132+2 °C B Teuenue 1 u. Jlanee
00pa3ipl (10 10 T CyXHX MOYKHUBHBIX PACTUTEIILHBIX OCTATKOB
MIIEHNIB! U KYKYPYy3bl) TTOMEIIAIN HOBEPX (PMIIBTPOBAILHOM
OyMmaru Tak, 4ToObl OTPE3KH cTeOJIeH 3aKpbLUTH OCHOBAHHE, HO
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Table 1. Micromycete strains studied

Species Characterization

Trichoderma asperellum Samuels, Lieckf.
et Nirenberg (29 strains)

2019
233

McnxpodunbHbin wWtamm Trichoderma pna pasnoxeHua
pacTuTenbHbIX NOANMEPOB 1 03L0POBEHS NOYBbI

Deposited and categorized in the State Micro-
organism Collection of the All-Russia Institute

of Plant Protection (SCM FSBSI VIZR)

Fusarium oxysporum Schlecht.

(strains 173 and 11D) (Fusarium fungi)

F. sambucinum Fuckel »
F. graminearum Schwabe »
F. sporotrichioides Sherb., »

mycotoxins’ producer

Alternaria alternata (Fr.) Keissl.,
mycotoxins’ producer

Deposited and categorized in SCM FSBSI VIZR

Cochliobolus sativus (S. Ito et Kurib.) »
Drechsler ex Dastur

Table 2. Composition of intact (for inoculation with edible basidiomycetes) and multirecycled substrates

Edible Substrate®

macr.omycete for inoculation

species

L. edodes Sawdust of hardwood trees, wheat bran (10% of
the substrate weight), CaCO; (whitening) 0.1 %,
CaS0O,x7H,0 (gypsum) 1 %

L. edodes + Sawdust hardwood trees, wheat bran (10 % of

P. ostreatus HK-35  the substrate weight), CaCO; (whitening) 0.1 %,

CaS0O,x7H,0 (gypsum) 1%, shiitake mycelium deep

in the substrate

* Percentages are indicated with respect to substrate weight at 70 % humidity.

HE HaKJIa/[bIBAJIUCh APYT Ha Jpyra. Jlo0aBisiiu jocTaToqHoe
KOJIMYECTBO CTEPWJIBHON JUCTWIIIMPOBAHHON BOJIBI, YTOOBI
oOpaser] ObUT TIOTPY)KEH B BOAY. 3aTeM YallIKH 3aKPbIBAJIH
1 MHKyOupoBaiu 1 CyT Ipu KOMHATHOW TemIieparype Jist
BIIUTBHIBaHHSA 00pa3IlaMi MaKCUMAJIBHOTO KOJIMYECTBA BOJIBI.
Ha crieyrommii IeHb OCTATKK BOJIBI CIIMBAIH, 00OPA3Ibl HHO-
KyJIHPOBAJIX 2 MJI CyCIIEH3UHU UCCIIEyeMOT0 IITaMMa ¢ TUTPOM
x 108 KOE/mu1. O6pa3sisl MHKyOMpOBan B TeueHue 14 cyT B
TEPMOCTATUPOBAHHBIX YCJIOBHUAX Kak mpu 24-28 °C, Tak u
pu 4-8 °C B TemHoOTe. B mocienyromime CyTku BOIbI HE J0-
6aBmsy. BrnaxHbie KaMepbl €KeCyTOTHO POCMATPUBAIIH B
TEUeHNe Neproja NMHKyOany, Ha paHHUX CPOKaX pa3BUTHUS
C UCIIOJIb30BaHUEM JIYIIBI C YBeIMUeHHEeM X 1 6—54 iy OuHo-
KyJsipHOHU Jtymel (Metoppst. .., 1982).

JI71st OLIeHKM aHTarOHUCTUYECKOW aKTUBHOCTH OTOOPaHHBIX
mraMmmoB T. asperellum Ha Tect-o0bekTax B 1aGOPATOPHBIX
ombITax in Vitro ncrmonp30Bati METO BCTPEUHBIX KYJIBTYD Ha
arapru30BaHHBIX NUTATENBHBIX cpeax (Pynaxos, 1981, 1986;
Mertonsl..., 1982; Eropos, 2004; AnumoBa, 2005; bornanos,
Turosa, 2014). MccnenoBany B3anMOJEHCTBHE YETHIPEX OTO-
OpaHHBIX MCUXPOQIIBHBIX mTamMMoB 1. asperellum I'-004,
I'-007, I'-025 n I'-034 ¢ BoceMblo BUaMu (PUTOMATOTCHHBIX
MHUKPOMHIIETOB — BO30yInTENeH 3a007€BaHIH CETHCKOXO035Ti-
CTBEHHBIX KyJbTyp: F. oxysporum 173, 111, F. sambucinum,
F. graminearum, F. sporotrichioides, A. alternata, R. solani,
C. sativus (cm. a6 1). J[yist BCTPEUHBIX KYABTYP UCTIONB30-
Basin arap Yamneka. KynsTuBrpoBaHne mpoBOIMIN B TEPMO-
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Sawdust of hardwood trees, wheat bran (10 % of the substrate
weight), CaCOj; (whitening) 0.1 %, CaSO,x 7H,0 (gypsum) 1%,
shiitake mycelium deep in the substrate

Sawdust hardwood trees, wheat bran (10 % of the substrate
weight), CaCOj; (whitening) 0.1 %, CaSO,x 7H,0 (gypsum)
1%, shiitake and oyster mushrooms mycelium deep in the
substrate

cratax npu 24-28 u 4-8 °C B TeMHoTe. BHOCWIN B3anMo-
JIEWCTBYIOIINE KyJIbTYpPbl HEMHOTOYHCIIEHHBIM HHOKYITIOMOM
MPAKTHYECKH OJHOPOAHON IIIOTHOCTH (YKOJIOM) B IEHTP TO-
noBuHBI yaniky [letpu. [IoBTOPHOCTE OMBITOB MATHKpaTHAsL.
Perucrpanunio nponsBonunm execyTodHo B TedeHue 30 cyt
JIO ¥ TI0cJIe 00pa30BaHMs 30HBI KOHTAKTa KYJIBTYP.

KonmnuecTBeHHOI XapaKTepPUCTUKON aHTarOHUCTUYECKOM
aKTHBHOCTH ITaMMoB T. asperellum ciyxwnn usmMeHeHus
CKOpPOCTEH pOoCTa MULENHS YYaCTHUKOB B3aHMMOJAEHCTBHUS.
KauecTBeHHYI0 XapaKT€pPUCTHKY THIIOB B3aUMOOTHOIICHUH
U3y4aeMbIX MHUKPOMHIIETOB OIPEJENSIN B COOTBETCTBUU
¢ Kiaccu(uKalue B3aMMOJCHCTBUH MHUIETNEB, pa3pado-
TaHHOM Ha OCHOBE KAaUE€CTBEHHBIX IIapaMeTPOB B3aUMOACH-
CTBUI MMIEIHMEB: HAIMYNE T'PAHUIBI MEKAY KOJIOHUSIMM;
neperieTeHre rug ¢ 00pa3oBaHNEM MUIEITHATILHOTO BAJINKa
Pa3IUYHON CTPYKTYpbI, TEKCTYpPHI, pa3Mepa U IUIOTHOCTH
u 0e3 Hero; MUTMEHTAIUs] 30Hbl KOHTAKTa; HAJIUIHE 30HbI
OTTAJIKUBAaHUS WM Oappaxa; yCKOpeHHe, 3aMeUICHHE WITH
octaHoBka pocta kononuu (bormanos, Tutoa, 2014). Tlo-
Ka3aTeln THHEePIapa3suTHUECKON aKTHBHOCTHU INITaMMOB I10
OTHOILEHUIO K TECT-KyJIbTypaM PacCUMTHIBAIM, UCXOAS U3
3aBHCHUMOCTHU COOTHOIIICHHUS TIOIIAIeH, 3aHUMAEMBIX KYJIbTY-
PaMH MTaMMOB HCCIIEyeMbIX 00bEKTOB B3aUMO/ICHCTBHSA, OT
pocTa KyneTyp: HcciaemayemMslit mramm T. asperellum obnanaer
TUIeprnapasuTHUECKON aKTUBHOCTBIO, €CIM COOTHOIIECHUE
TUTOIIAeH, 3aHUMAaEeMBIX KyIbTypaMu, OymeT He meHee 1.9
(TY 9291-005-59147141-2006).
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[TosneBbie MCIBITAHMS TPOBOAMIIN HA Y4aCTKE CO B3aUMHO
OpPTOrOHAJIbHOW OPraHU3aLMEN OIIbITa CO CIUIOLIHBIM pa3Me-
IIIEHNEM OpraHW30BaHHBIX TTOBTOPEHUII CTAHJApTHOTO pas-
MEILEHHS BAPUAHTOB 00wl romansio 133.0 M2 (66.5 X 2 m):
TPH TMIOBTOPHOCTH Ha BapHaHT omnbiTa (19 BapnaHTOB), yueT-
Has pensuka — 2.0 M2 (1 %2 m); 3amumTHas nonoca — 1.0 M2
(0.5x2 M), ¢c yOpaHHOH OCHOBHOH KyNIBTYpO#l (KyKypy3a)
U MaKCHMaJbHO M3MENBICHHBIMHU, 3allaXaHHBIMHU B IIOYBY
MTO)KHUBHBIMH OCTaTKaMu. [I0BTOPHOCTB OIbITA TPEXKpaTHast
(Hocmexos, 1979).

s moneBbIX WCHBITAaHUH (PPEKTUBHOCTH OBIIN Hapa-
6otanbl JIO rpaHyTUpOBaHHBIX MYJIBTHKOHBEPCHOHHBIX U
TophsHBIX OuompenaparoB Ha ocHoBe T. asperellum I'-034
¢ tarpamu: Topdsron — JIO I'-034, I1 (2.1 x 108 KOE/r);
myibTukoHBepcuonnbie — JIO I'-034, I (muuradublii)
(0.9x 108 KOE/r) u JIO I'-034, I1IBT" (1uMuTa4HO-BEMIEH0Y-
ue1ii) (1.1 x 108 KOE/T). B IOAEBBIX MENKOAEISHOUHBIX OMbI-
Tax JUIst OLCHKH 3 PEKTUBHOCTH UCTIOIB30BAIIHN CIICTYIOIINE
HopMbl puMenenus JIO: 2.5, 5 u 10 r/m? mpu HOpMe pacxona
pabouero pactsopa 1.5 71/M2. J{1sl POBEIEHHS OTBITA TOTOBH-
JIM BOZIHBIE CYCIIEH3MM 00pa3IoB Ononpernapara 1 BHOCHIN HX
B [10YBY ITyTEM I0JIMBa. B KOHTpOIIE 10YBY MMOJIMBAIN BOJOH.

KagectBo JIO omeHuBaiM MO TUTPaM U CTEIEHH KOHTa-
MUHAIHH: 110 KYJIBTYPaJIbHBIM ITPU3HAKAM H C TIOMOIIBIO MO~
CJIE10BATEIbHBIX CEPUMHBIX PAa3BEICHUN. YUET pe3yJbTaToB
MOJIEBBIX MCIIBITAaHUHA mTpoBoaH Ha 10-¢, 20-¢, 30-¢, 180-¢
n 360-e cyTku, ABaKJbl yepe3 6 Mec Mmocie NPUMEHEHUs
ouonpemnaparoB (6 u 12 Mec). AHAJIM3UPOBATIH CMEIIIAHHBIC
YCpEAHEHHBIE MTOYBEHHBIC MPOOBI C TTOXKHUBHBIMU OCTaT-
kamu 110 rokasarensim uucina KOE/r mramma-npoxyuenTa
T. asperellum I'-034 B nouBe y4ETHBIX JCISHOK, €r0 KU3HE-
CTIIOCOOHOCTH U 11EJIE€BOIT aKTHBHOCTH, KOJIOHU3AI[MY TIO’KHHB-
HBIX OCTaTKOB KyKypy3bl U HX TaOUTYCY, TTOTEPSIM OHOMAacCChI
pacTUTENLHBIMH OCTaTKaAMHU M U3MEHEHHIO COZEPKaHUs Ma-
JKOPHBIX KOMITOHEHTOB (IIEJITI0I03bI ¥ IMTHUHA). B mporecce
71a00paTOPHOTO KOHTPOJIS TTOJIEBOTO OMbITa 20 CMEIIaHHBIX
YCPEAHEHHBIX IIOYBEHHBIX POO U3 BAPUAHTOB I10JIEBOTO OITbI-
Ta (mpumepHo 10 300 T KaXkKaas) MOMeIIain B KepaMUIeCKHe
Ba30HBI 00BEMOM | JT M BBIJIEpKHBAIH B ycinoBusx 2225 °C
Y NIEpMaHEHTHOT'O YBJIQXKHEHHUs B TeueHue 6 Mec Juis obec-
MEYCHUS! PA3TIOKEHNS OCTATKOB KYKYPY3bl KOMILIEKCOM T10U-
BEHHBIX MUKPOOPTaHU3MOB Ha €CTECTBEHHOM (DOHE, a TaKKe
¢ BHeceHueM ncuxpodunbHoro mrramma T. asperellum I'-034
B pa3HbeIX HOpMax npumeneHus JIO. BuisBieHue mramMma-
MPOYLICHTa M €ro JKU3HEeCIIOCOOHOCTH B 00pa3nax IOYBbI
MIPOBOJIMIIH €XKEMECSIIHO.

JI1s OLICHKH CTETICHN PA3TIOKEHUS TO)KHUBHBIX OCTaTKOB
MPUMEHSUIA BU3YyaJIbHBIE U OPTaHOJICITHYECKHUE XapakKTe-
PHUCTHKH COCTOsIHUS (raduTyca) TKaHu cTeOlieil 1 KOpHEBOH
ek KyKypy3sl. [lepen mpoBeieHreM XUMHYECKUX aHAIIN-
30B 00pas3Ibl MOXKHUBHBIX OCTATKOB KYKYPYy3bl BHICYIIIHMBA-
JIU 10 BO3JYIIHO-CYXOTrO COCTOSTHMS, M3MENIbYalld Ha 2JIeK-
TPUYIECKON MENBHUIIE U MPOCEUBAIN YE€PE3 CUTO C JHAMET-
pom nop 1 mm. CozeprkaHne HEJUTION03bI ONPEACISIIN 110
I'OCT 31675-2012, nurauna — o 'OCT 26177-84, Bnax-
HocTh octaTkoB — 110 [OCT 13525.19-91. Takxe onpenensim
MIPOIEHTHOE COZIEP)KaHUE IIEIUTION03bI W/WIIM JTUTHUHA OT
BeCa MCXOIHOM MPOObI PACTUTEIBHBIX OCTATKOB 110 (hopMyIie
C = 100xm,/m,— myxp, rae p — BIAKHOCTH oOpasua pac-
THTEJBHBIX OCTAaTKOB; M; — Macca UCKOMOIo OHOMOoNUMepa
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(uenono3a, TUrHUH); M, — obwas Macca oOpasua pacTu-
TeNBHBIX 0cTaTKOB (ObomeHckas u ap., 1955; Schwanninger,
Hinterstoisser, 2002). CTaTHCTHYECKYIO OICHKY PE3YJIbTaTOB
1 BU3YaJIM3AIMI0 MaTepralia NPOU3BOIMIIM C IIOMOIIBIO ITPO-
rpammubIX akeToB Excel 2010 u STATISTICA 6.

Pesynbratbl

CeNleKInIo aKTHBHOTO TICHXPOMUIBHOTO IITaMMa pona Tri-
choderma mist yckopeHHO# yTHIIU3aLUK MOJTUMEPOB PaCcTH-
TCJIBHBIX OCTAaTKOB U O30POBJICHUS MMOYBbI OCYHICCTBUJIN B
IpoIlecce YEThIPEXCTYNEHYaTOr0 CKPUHUHTA 65 IMITaMMOB
T. asperellum uz T'KM ®I'bHY BU3P ¢ BbICOKHMU HEILTIO-
JIO30JIUTUYECKOM U aHTarOHUCTHYECKOM akTuBHOCTAMU. Ha
TepBOM dTarie 66110 0TOOpaHo 29 NCHXPOPHUITHHBIX ITAMMOB
T. asperellum, HeOCTOBEPHO Pa3NIUYAFOLINXCS IO CKOPOCTH
pocta nipu 4-8 u 2628 °C (Tabm. 3).

Table 3. T. asperellum growth dynamics at 4-8° C

Strain Mean growth rates at 4-8 °C, mm/per day

CCession Mo, sdays ................ 7day5 ................. 1 odays .............
Goo1 ........................ 64”885 .....................
Gooz ........................ 41 ....................... 4368 .....................
Goos ........................ 43 ...................... 6275 .....................
Goo4 ........................ 7012035 .....................
Goo5 ........................ 41 ....................... 3256 .....................
6006 ........................ 30 ...................... 2134 .....................
Goo7 ........................ 6511585 .....................
Go11 ........................ 42 ...................... 5973 .....................
sz ........................ 35 ...................... 3635 .....................
6016 ........................ 44 ...................... 8885 .....................
6018 ........................ 3610785 .....................
Gozo ........................ 22 ...................... 4435 .....................
6021 ........................ 37 ...................... 6577 .....................
Gozz ........................ 28 ...................... 5773 .....................
6024 ........................ 56 ...................... 9985 .....................
Gozs ........................ 6410785 .....................
6026 ........................ 26 ...................... 5676 .....................
6027 ........................ 20 ...................... 3635 .....................
6029 ........................ 45 ...................... 5770 .....................
6030 ........................ 27 ...................... 5080 .....................
603310 ...................... 4978 .....................
6034 ........................ 68”985 .....................
6035 ........................ 34 ...................... 5577 .....................
6039 ........................ 34 ...................... 9485 .....................
6040 ........................ 46 ...................... 9185 .....................
6045 ........................ 5310285 .....................
6047 ........................ 06 ...................... 4374 .....................
6049 ........................ 52 ...................... 6285 .....................
6051 ........................ 34 ...................... 6079 .....................
HCPOS ....................... 021208 .....................
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Ha Bropom atare u3 3tux 29 mraMmmoB ObUIH OTOOpaHbI
5 ncuxpoduasHbX mtammos (I-001, I'-004, I'-007, I'-025 u
I'-034), oTnryaromumxcst BRICOKMMH CKOPOCTSIMH POCTA U CII0-
POIPOYKTUBHOCTBIO MPH HU3KUX Temmeparypax (4-8 °C).
IIpu mccnenoBaHNM aHTaTOHUCTHYECKON aKTUBHOCTH OTCE-
JIEKTUPOBAHHBIX IITAMMOB Ha BTOPOH CTYNEHH CKPUHUHTA
Obutn 0TOOpansb! 4 mramma (I'-004, I'-007, I'-025 u I'-034),
MOKa3aBIINE BEICOKHE HAaYaJIbHBIE CKOPOCTH JIMHEHHOTO pocTa
MIPU B3aUMOJICHCTBHH C TE€CT-KYJIBTYPaMH (PUTOMATOTCHHBIX
rpu0oB. MakcuMainbHy0 HauyalbHYI0 CKOPOCTh pOCTa MpH
B3aMMOJCHCTBUM C TECT-KyJIbTypaMU BBISIBHIM Yy HITaMMa
I'-034 T. asperellum:

IIramm CpenHsist CKOPOCTh POCTa, MM/CYT
-004 1.52

-007 1.94

r-025 1.51

-034 2.11

HCP 5 0.2

AHanu3 aHTarOHUCTHUYECKOW aKTUBHOCTH OTOOpPaHHBIX
mrammoB 1'-004, I'-007, I'-025 u I'-034 BbIABUI KaK HEIOJI-
HBIH, TaK ¥ NOJNHBIN MapazutusM 1. asperellum ua GospuimH-
CTBC TECT-KYJIBTYP U MPH BBICOKHX, U TIPU HU3KUX TEMIIepa-
Typax BcTpeuHoro KynbTuBupoBanus (bormanos, Tutosa,
2014). B Tabn. 4 nmpuBeneHsl KOAX(PPUIMEHTH TUIIEpIIapa-
3UTUYCCKON aKTUBHOCTH OTOOPAHHBIX IITaAMMOB, COOTBET-
CTBYIOIIME HETIOJIHOMY U MTOJTHOMY Mapa3uTHU3MYy B OTHOIIIE-
mun F. oxysporum 173, F. oxysporum 11/1, F. sambucinum,
F. graminearum, F. sporotrichioides, A. alternata, R. solani,
C. sativus.

[To coBokymHOCTH ICUXPO(UITBHBIX ITOKa3aTeIel — BBICO-
KO CKOPOCTH JIMHEHHOTO POCTa ¥ BBICOKUM KO3 PHUIIUCHTAM
TUTIepIIapa3UTHIECKON aKTUBHOCTH TP 4—8 °C — 17151 OlIeHKH
3(h(HEeKTUBHOCTH KOJIOHHW3AIMH TTOKHUBHBIX OCTATKOB OBLIT
oroOpan mramm T. asperellum I'-034. Beiio mokasaHo, 4to B
J1a00OPaTOPHBIX YCIOBHUSX KOJIOHHU3AIHSI IIOKHUBHBIX OCTATKOB
MUIEHULIBI U KYKYpy3bl 11pu 26—28 °C npousoluia B TEUEHUE
2 cyT ¢ hopMHUpPOBaHHEM OOMIIBHOTO CIIOPOHOIICHHMS IITaMMa
T. asperellum I'-034 Ha pacTUTENbHBIX OCTaTKax. TakuM 00-
pas3om, oToOpanHbIil cuxpoduinbHbiil mramm T. asperellum
I'-034 obamaet BEICOKOM aHTArOHUCTUYECKOM aKTUBHOCTHIO
B OTHOIIECHUH (PUTOMATOTEHHBIX MUKPOMHIIETOB — BO3OY/IH-
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McnxpodunbHbin wWtamm Trichoderma pna pasnoxeHua
pacTuTenbHbIX NOANMEPOB 1 03L0POBEHS NOYBbI

Tesiell (hy3apruo30B U ISITHUCTOCTEH 3€PHOBBIX KYJIBTYD, U
croco0HOCTHIO A(P(hEKTUBHO KOIIOHU3UPOBATEH PACTHTEIHEHBIC
OCTaTKH B MOJICIIHBIX JJA0OPATOPHBIX OITBITaX.

Ha cienyromem atare ucciieoBaHU HEOOXOAUMO OBLIO
HapaboTats JIO mpemapaTHBHBIX (OPM U OIICHUTH CIIOCOO-
HOCTb IITaMMa-MIPO/IYIIEHTa YTHIMN3HPOBATh MOINMEPHI pac-
TUTECJIIbHBIX OCTAaTKOB B YCJIOBUAX MOJIEBBIX ucneiTanuit. JIO
Ha OCHOBe mrrammMa-tipoxytienTa T. asperellum I'-034 mouy-
YEHBI ITyTEM NMMOOMIIN3AINI HECTEPHIIBHOTO TOp(a, a TaKkKe
JIBY- U TPEXCTYIIEHYATOl OMOKOHBEPCHH OTXOJIOB CEIILCKOTO
XO35HCTBa U AepeBomepepadaThIBaIONIei MPOMBIIIUIEHHOCTH,
NEepBUYHO KOHBepTUpOoBaHHbIX L. edodes, nanee P. ostreatus
HK-35 ¢ turpamu 2.1 x 108, 1.0 x 108, 1.1 x 10® KOE/r co-
OTBETCTBEHHO. B KOHTpOIE MONEBOTO OIbITa a0OPUTCHHBIX
mraMMoB Trichoderma se ObLIO BBISBICHO.

[Tocne nByKpaTHOrO MPUMEHEHHUS C 6-MECSYHBIM Iepe-
peiBoM JIO rpaHynHpOBaHHBIX OHMOINpEnapaToB MITaMM-
npoxyueHt T. asperellum I'-034 npu Bcex UCTIBITAHHBIX HOP-
MaXx IMPUMCHECHUS HaAaXOANJICA B aKTUBHOM U JKM3HECIIOCOOHOM
coctostann B konmuectBe x10* KOE/r. Tlotepu Gromacch
pacTUTENBHBIX OCTAaTKOB KyKypy3bl IepMaHeHTHO 3a 10, 20,
30, 180 u 360 cyT B ABa pa3a MpeBBIIIAIN 3TOT MOKA3aTeIh
B KOHTPOJIE C YBJIQXXHEHHBIMHU ITOKHUBHBIMH OCTaTKaMK 0€3
obpabotku T. asperellum I'-034. MakcumanbHOE CHUKCHUE
OMOMACCHI 10 OTHOLICHUIO K BO3QYyHIHO-CYXUM IMOKHUBHBIM
ocTaTKaM pacTeHuit 6e3 oopadorku 3a 10, 20,30 1 180 cyT co-
craswio 5.4, 10.5, 13.8 u 74.7 % cOOTBETCTBEHHO, a I10 OTHO-
IICHHIO K YBJIQ)KHEHHBIM IIOKHUBHBIM OCTaTKaM 0e3 00pabor-
ku 6uonpenaparamu — 1.8, 6.1, 11.4 u 72.7 % coorBercTBEH-
Ho. HaOmroanmu cxoiHoe BO BCEX BapHaHTax OIbITa odIee
COCTOSIHME PACTUTEJIbHBIX OCTATKOB (rabUTyC): M3MEHEHHUE
I[BETA JI0 TEMHO-0YpOT0 U CEpOro; JErKOCTh CKPYUIHBAHUS U
pa3pbiBa TKaHEH Kak MEJKHX, TaK M KPYNHBIX (parMeHTOB;
OroJIeHHEe JIMTHUHOBOTO CKeJieTa BO (pparMeHTax OCTaTKOB
cTebmeil; Marepannio KyTHKYJISIPHOTO CJIOS ¥ JINTHUHOBOTO
0CTOBA MENKUX (PparMeHTOB cTEONIEH; MOIHYIO0 MalepaIio
(hparMeHTOB JIMCTOBBIX TUIACTUHOK. ['abuTyC pasiaraeMbIx
OCTaTKOB KyKypPy3bl IOCJIE ABYKPAaTHOTO IPUMEHEHHSI ITaM-
Ma (12 mMec. ¢ Iepe3MMOBKOH B 110JI€) COOTBETCTBOBAJ MPaK-
TUYECKU IMOJITHOMY OI'OJICHUIO U 3HAUUTEJIbHOM Manepaiumuu
JUTHUHOBOTO CKeJieTa cTebmne KyKypys3sl. Hapsmy ¢ uccemo-
BaHHMEM TaOHUTYCOB PaCTHTEJIFHBIX OCTATKOB KyKYpY3bl, IIPO-

Table 4. Hyperparasitic activity coefficients of selected T. asperellum strains

in the interaction with test objects

Test object G-004 G-007
Temperature°c ...........................................
2 6_28 .............. 4 _8 .................. 26_28 ............
Foxysporum 1 . 73 .................. 179 ................. 255 ................. 192 ...............

Foxysporum 1 1 D ................. 121 .................. 114 ................. 157 ...............

Fsambucmum ...................... 2 75 ................. 163 ................. 192 ...............

Fgmmmearum ..................... 179 ................. 192 ................. 179 ...............

F;po mmch ,o,des ................. 2 21 .................. 147 ................. 2 37 ...............

A a /temam ........................... 138 ................. 2 55 ................. 129 ...............

Rso/an, ................................. 157 ................. 147 ................. 163 ...............

c san V us ............................... 157 ................. 6 02 ................. 2 21 ................
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Variation of cellulose and lignin contents in corn crop residues after
treatments with a granulated lab specimen (LS, G) based on T. asperellum
G-034 strain (substrate multirecycled with Shiitake-Oyster mushrooms)
at the application rate 10 g/m2).

BEJTH PEHM3OJIAIIMIO ITaMMa-Tipoytienta T. asperellum I'-034,
OCYIIECTBIISIONIETO UX PA3JI0KEHHE B KOMILIEKCE TOYBEHHBIX
MHUKPOOPTraHU3MOB €CTECTBEHHOTO (POHA, TIPUCYTCTBYIOIETO
BO BCeX BapHaHTax omnbITa. ComeprkaHne EJUII0NI03kl B pac-
TUTEJIBHBIX OCTaTKax rocie oopadorkn JIO Omonpenaparon
Ha ocHose T. asperellum I'-034 mpu HOpMax MPUMEHEHHS 5 1
10 r/M? yMeHBIIMIIOCH B 2 pa3a 3a 6 Mec. M B 5 pa3 3a 12 Mec.,
a copeprkaHue TUTrHUHA — B 1.5 pa3a 3a 6 mec. u B 2 pa3a 3a
12 mec. B xoHTposie conmepkaHue IEJUTIONO3BI U JIUTHHUHA
B PAaCTHTEIBHBIX OCTaTKaX Ha €CTECTBEHHOM (oHE 3a 6 U
12 Mec. CHU3MIIOCH HE3HAYUTEIBHO (CM. PHCYHOK).

O6cyxpeHue
Takum 00pazom, 1o okazaressiM JTMHEHHOH CKOPOCTH pocTa,
AHTarOHUCTUYECKON U TUIepnapa3suTU4YECKOW aKTUBHOCTHU
npu 4—8 °C, BBICOKOH CKOPOCTH KOJIOHM3AIIUH TTOKHUBHBIX
OCTaTKOB ITIICHHUIBI U KYKypy3bl OTOOpaH IepCHeKTUBHBIHN
ncuxpodunbHbIi irtamm T. asperellum I'-034 mis HapaboTku
Ha er0 OCHOBE JIAOOPAaTOPHBIX 00pa3loB OMOIpenapaToB u
MIPOBEIEHUSI TIOJIEBBIX OTBITOB. MeKOIeNTHOUHBIE TTOJICBBIE
UCTIBITAHMS 1TOKa3aJId BBICOKYIO 3()()EKTUBHOCT HITaMMa
T. asperellum I'-034 1y YCKOPEHHOTO Pas3lOKCHUSI PacTH-
TEJILHBIX OCTATKOB KYKYPY3blI M 03710pOBJIEHUs TTOuBHI. [1pn
MIPOBEJCHUH HCCIICIOBaHUI O J1a00pPaTOPHOMY KOHTPOJIIO
TIOJIEBOTO OTIBITA BBISIBIIIM AKTUBHOE Pa3/IOKEHUE TIOKHUBHBIX
OCTaTKOB KyKYpy3bl IO/l BO3/ICHCTBIEM MOYBEHHBIX MHKPO-
OpraHn3MOB-aHTaroHMCTOB, a INIAaBHOC, IOJ BOS}IeﬁCTBHeM
BBICOKOAKTHBHOTO MCUXPO(YUIBHOTO IITaMMa-IPOLyLEeHTa
T. asperellum I'-034, npuBonsiiiee K MoIHOH moTepe 3a 12 mec.
HWHTAKTHOTO COCTOAHUSA PAaCTUTCIbHBIMHU OCTaTKaMHU 3a CUCT
omonectpyxmmu 6omee 80 % comeprkareiics B HUX IEIUTI0NO-
361 1 Oostee 20 % nurHUHA, 00ECTICYNBAOIIEI0 MEXaHNIECKYTO
IMPOYHOCTb. MaxkcumanbHbIe oTepu 6I/IOMaCCbI INO>XKHUBHBIMU
oCTaTKaMM KyKypys3sl 3a 12 mec coctasuiu 6onee 70 %.
HItamm-nipoxyuent T. asperellum I'-034 mocrne nepe3uMoBkH
B MOJICBBIX YCJIOBUAX HAXOAWJICA B aKTUBHOM COCTOSAHHWU B
koimuectse % 10* KOE/I, mpuBosIeM K HApaCTaHUIO THTPA
C CE30HHBIMHU BO3pACTaHUEM TEMIIEpaTyphl, yBEIHIEHUEM U
pacuupeHrueM OHOIOCTYTHOCTH TPOGUIECKON Oa3bl.
Muxkpommurietsr Trichoderma spp. 3arumaror ocoboe 1mo-
JIO)KEHHE KaK MPOAYIEHTHI MOIH(YHKIIHOHAIBHBIX OMO(YyH-
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THIUJI0B, CHHTE3UPYIOIIUX OOraThle KOMIUICKCHI THIPOJIa3.
s peanuzanny aHTarOHUCTHUYECKONW aKTUBHOCTH y ITOM
TPYIITEI MUKPOMHIICTOB CHHTE3 THAPOTUTHICCKUX (hepMEH-
TOB, TAKUX KaK XUTHHA3bI, [JIFOKAHA3bI, [IPOTEA3bI U JIUIIA3bI,
JTU3UPYIONINX KIETOUYHBIE CTEHKU (PUTOITATOTCHHBIX TPHOOB 1
pazpymaromux psa 3hHEeKTOPHBIX MOJEKYI (PUTOIATOTCHOB,
umeer onpenestoniee 3HadeHue (Benitez et al., 2004; Apun-
Gacaposa u ap., 2017). B psne paboT mpuBeacHBI JaHHBIC
0 criocobnoctu mraMmmoB Trichoderma cymiecrsento 060-
ramark MOYBY MOABMKHBIMHU U JOCTYIHBIMHE IS PACTCHUS
(hopMaMH TUTATENFHBIX BEHIECTB, YUACTBYS B Pa3JIOKCHUN
opraanvecknx coenuHennit (Kubicek et al., 2001; Amumosa
u ap., 2006). O4eBUIHO, UMCHHO 3TUM O0YCIIOBJICHO TIOBBI-
menne 3(ppeKTHBHOCTH yCBOCHHS a30Ta BCIEICTBHE aKTH-
BH3AIIUU Pa3BUTHS MOIMYJISIANA a30T(UKCATOPOB U, B LICJIOM,
OHMOJIOTUYECKOM AKTHBHOCTH ITOYB.

3aknioyeHune

MuxkpomurieTsl popa Trichoderma, o6magast BbICOKO# TH-
neprapasuTapHOd U aHTarOHUCTUYECKON aKTUBHOCTBIO B
OTHOIIEGHUH MOYBOOOHTAIOMNX BO30yauTeneil OonesHeil,
CUHTE3MPYIOT IIUPOKHUI CHEKTp OMOJIOrMYECKH aKTHBHBIX
BEIIIECTB, TOBBIMIAIOT O0JIE3HEYCTONYNBOCTh U TPOAYKTUB-
HocTh pactenuit (Komomber u ap., 2001; Anumosa u 1p.,
2006; CagpixoBa 1 1p., 2009). ITonyueHHbIe HAMHU PE3yIbTaThI
COIIIACYIOTCS C IAHHBIMH IPYTHX aBTOPOB, @ TAKIKE TO3BOJIAIOT
CYIIECTBEHHO PaCHINPUTh BO3MOXKHOCTH ITPUMEHECHNS LI TaM-
MoB Trichoderma st pa3ioxeHus: paCTUTEIBHBIX OCTATKOB
1 OMOKOHTPOJISI TOYBOOOUTAIONINX (DUTOMATOTEHHBIX BHUIOB
IIPH HU3KUX TEMIEpaTypax, XapaKTEPHBIX JUIsI CEBEPHBIX
peruoHoB Poccuu.
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using electron microscopy
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Viruses can infect all types of life forms, from animals and plants to microorganisms, including bacteria and archaea.
When studying samples containing viruses, one confronts an unavoidable question of the quantitative determina-
tion of viral particles in the sample. One of the simplest and efficient approaches to quantitative determination
of viral particles in preparation includes the use of electron microscopy; however, a high detection threshold is
a significant limitation of this method (107 particles per ml). Usually, such sensitivity is insufficient and can result
in error diagnosis. This study aims to develop a method making it possible to detect the number of viral particles
more precisely and work with samples in which the concentration of particles is lower than 107/ml. The method
includes a concentration of viral particles on the polyethersulfone membrane applied in centrifugal concentrators
and subsequent calculation using an electron microscope. We selected env-pseudoviruses using a lentiviral system
making it possible to obtain standardized samples of virus-like particles that are safer than a live virus. Suspension
of viral particles (a volume of 20 ml) was placed into the centrifugal concentrator and centrifuged. After that, we
took a membrane out of the centrifugal concentrator and evaluated the number of particles on the ultrathin sec-
tion using an electron microscope. The number of viral particles on the whole surface of the filter (a square of 4 cm?)
was 4 x 107 virions, the initial concentration of pseudoviruses in the sample was 2x 10° per 1 ml (4x 107 particles
per 20 ml). As a result, the developed method enables one to evade the major disadvantage of quantitative de-
termination of viruses using electron microscopy regarding a high detection threshold (concentration of particles
107/ml). Furthermore, the centrifugal concentrator makes it possible to sequentially drift a considerable volume of
the suspension through the filter resulting in enhancement of test sensitivity. The developed approach results in
increased sensitivity, accuracy, and reproducibility of quantitative analysis of various samples containing animal,
plant or human viruses using electron microscopy.
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OnTMMM3MPOBAHHBIN METO[, IoacuyeTa
KOJINUECTBA BUPYCHBIX YaCTUILIL C IOMOIILIO
3JIEKTPOHHO MUKPOCKOIINI

B.H. 3aiies ®, O.C. Tapanos, H.B. Pysomerosa, H.C. lllep6axosa, A.A. Viabuues, A.J. Kaprenko

[ocynapCTBEHHDBIN HayYHbI LLeHTP BUpYyconoruy n brnotexHonorun «Bektop» PocnotpebHagsopa, p.n. Konbuoso, HoBocnbupckas obnacts, Poccusa
® e-mail: zaitsev@vector.nsc.ru

Brpycbl nopaatoT Bce TUMbl OPraHU3MOoB, OT PAaCTEHUI 1 XMBOTHbIX [0 6akTepuin n apxei. Mpn nccnegosaHnn
06pa3LoB, cofepKaLlmx BUPYChl, HEN36eXHO BCTAET BOMPOC KONMYECTBEHHOIO OnpefeneHns BUPYCHbIX YacTuL, B
npo6e. OfHa 13 Hanbosnee NPOCTbIX 1 3GHEKTUBHBIX METOLMK KONMYECTBEHHOIO ONpPeaeNeHnst BUPYCHbIX YacTuL
B NnpenapaTte — NCMOob30BaHMEe 3NIEKTPOHHON MUKPOCKOMMM, OQHAKO OCHOBHbIM OFpaHNYyeHneM MeToa ABNAETCA
OTHOCUTESNIbHO BbICOKWI Npefaen obHapyeHus (107 yactu/mn). YacTo Takas 4yBCTBUTENbHOCTb HEOCTATOUHA U
MOXET MPMBOANUTL K OWIMOBOYHON ArarHoctuke. Llenb gaHHo! paboTbl 3aKnodanach B pa3paboTke METOAUKHN, NO-
3BoniAtoLiel 6onee TOYHO OLIEHVBATb KOMMUYECTBO BMPYCHBIX YacTUL, 1 paboTaTb ¢ 06pa3LamMm, B KOTOPbIX KOHLEH-
Tpauus Hixe, yem 107 yacTul/mn. MeToA 3aK/oYaeTcs B KOHLEHTPUPOBAHMM BUPYCHbIX YacTUL, Ha MembpaHe 13
nonuapupcynbdoHa, NpMMeHAEeMOon B LEHTPUYKHbIX KOHLLEHTpaTopax, C Noc/efyowyM NoAcHeToOM C MOMOLLbIO
3M1eKTPOHHOrO MMKPOCKONa. B KauecTBe MofenbHOro o6bekTa 6bin BblbpaHbl env-nceBAOBUPYChI, CO3AaHHbIE C
MCMONb30BaHNEM JIEHTUBUPYCHON CUCTEMbI, KOTOPas MO3BOJIAET NoyyYaTb CTaHAAPTM30BaHHble 06pa3Lbl BUPY-
conofobHbIx yacTml. CycneHsmnio BUPYCHbIX YacTuL (06bemom 20 mn) noMeLlani B LeHTPUDYKHbI KOHLIEHTpaTop
1 LeHTpudyrmposanu. 3atem U3BfeKanm MembpaHy 13 KOHLEHTpaTopa 1 OLeHMBANN KONMYECTBO OCaXAeHHbIX Ha
MeMbpaHe YacTuL, C MOMOLLbIO 3MIEKTPOHHOFO MUKPOCKOMA, UCMOMb3yA METOA YbTPaTOHKMX cpe3oB. Konnuectso
BUPYCHbIX YacTUL| Ha BCeil MOBePXHOCTY GunbTpa (Mnowaab 4 cm?) cocTaBasano 4x 107 BUPMOHOB, CXOAHAA KOH-
LieHTpaLyiA NceBaoBMPYCcoB B obpasie — 2x 106 Ha 1 mn (4x 107 yactu/20 mn). Takum 06pa3om, NpeanoxeHHas
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An optimized method for counting viral
particles using electron microscopy

MeToAVKa Mo3BOJIAET MPeOoAoNeTb OCHOBHOWN HEAOCTATOK KONMMUYECTBEHHOTO ONpeAeneHs BUPYCOB C NMOMOLLbIO
3MEKTPOHHOM MMUKPOCKOMUWK, CBA3aHHBIM C OTHOCMTENIbHO BbICOKUM Npefenom obHapyxeHus (107 yactuu/mn).
Kpome Toro, ueHTpudyHblii KOHLEHTPATOP AaeT BO3MOXHOCTb MOCIefoBaTeNlbHO NPOrHaTb Yepe3 OAnH U TOoT
xe GVNbTp 3HaUMTeNbHbIe 06beMbl CYCreH3uUK, COAePXaLLEeN BUPYChI, YTO TaKXKe MOXKET NPUBECTM K MOBbILIEHUIO
YyBCTBUTENBbHOCTY MeTofa. [peAnoXeHHbI NOAXo  MO3BONAET MOBLICUTL UyBCTBUTENIBHOCTb, TOYHOCTb U BOC-
NPOU3BOANMOCTb KOIMYECTBEHHOIO aHan3a pasnyHbix 06Pa3sLoB, COAEPXKALLMX BUPYCbI XKUBOTHbIX, PaCTeHWIA 1
YenoBeKa, C UCMONb30BaHNEM 3NIEKTPOHHON MUKPOCKOMMNU.

KnioueBble CNnoBa: 3MEKTPOHHAsA MUKPOCKONWS; MCEBAOBMPYChI; KOHLEHTPUPOBAHME; KOIMYECTBO BUPYCHBIX

yactuu,.

Introduction

Atcurrent, the interest in viruses has increased tremendously.
Viruses affect all types of organisms, from plants and
animals to bacteria and archaea. According to recent release
of the International Committee on Taxonomy of Viruses,
nearly 5000 species of viruses are presently known, and
new viruses are discovered every year.

Modern diagnostic is an important element in the system
of protection against infectious diseases; it determines
adequate preventative measures and efficacy of further
therapy. Visual detection and identification of an infectious
agent with microscopy is an explicitly positive outcome of
diagnostics. Electron microscopy is used widely to study
viruses (Goldsmith, Miller, 2009). Apart from diagnos-
tic purposes, electron microscopy is also employed for
structural studies of nanoparticles, such as artificial VLP
(virus-like particles), created to construct vaccine and for
genome studies. Along with identification of particular
nano-dimensional objects, electron microscopy gives im-
portant information about their morphology, survival rate
under an impact of various physical and chemical (includ-
ing pharmacological) factors, and enables to determine their
content in biological fluids.

The main obstacle for use of electron microscopy in
studies of viral objects is insufficient concentration of par-
ticles in fluids for the purposes of detection. To apply the
simplest and the most popular method — negative staining,
the concentration of virions (or other nano-scale objects)
should be no less than 107 particles/ml (Reid et al., 2002;
Malenovska, 2013). Such level of sensitivity, however,
is often insufficient and can result in error diagnosis. To
increase sensitivity, concentrating nanoparticles by means
of ultracentrifugation is broadly used. It helps increase
concentration of the analyzed particles per unit volume
approximately thousandfold. At the same time, such work
would require expensive equipment and a lengthy period
of sample preparation.

Our study presents an original method for more accurate
counting of viral particles. We illustrate the method pro-
posed using env-presudoviruses as an example.

Materials and methods

Production of pseudoviruses. Pseudoviruses were ob-
tained and characterized according to an earlier described
method (Ryzhikov at al., 2012) with some modifications.
HEK293T/17 cells were seeded in the 5% 105 cells/hole
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concentration on a 6-hole cultural plate and incubated in
an CO,-incubator at +37 °C in DMEM, containing 10 %
fetal bovine serum, 600 mg/ml L-glutamine and 50 pg/ml
gentamicin. To obtain pseudoviruses, HEK293T cells
were transfected simultaneously with two plasmids:
pcDNA3.1env (SF162.LS) (NIH) and backbone pSG3Aenv
(with the defective env gene) using MATra (PromoKine) ac-
cording to the protocol recommended by the manufacturer.
The plates were put into the CO,-incubator and incubated
at +37 °C. In 4-6 hours the medium in the plates was re-
placed. The cultural medium was collected after 48 hours
of incubation. Pseudoviruses were separated from cells
by low-frequency centrifugation followed by filtration
through a nitrocellulose filter with 0.45 um pore diameter.
The obtained pseudoviral samples were stored at —80 °C in
the DMEM medium containing 20 % fetal bovine serum.

Determining functional activity. Functional activ-
ity of the obtained pseudoviruses was determined using
TZM-bl cells. 5x10* TZM-bl cells were put in each hole
of a 96-hole cultural plate, then 50 pl of suspension of
the analyzed env-pseudoviruses were added to each hole,
four hopes per pseudovirus. The plates were incubated at
37°Cin 5 % CO,. After 48 hours of incubation, luciferase
activity was determined in cells with a LAR (Promega)
set in accord with the manufacturer’s recommendations.
Pseudovirus-free TZM-bl cells were used as the control.
A luminescent signal was measured on a STATFAX® 4400
(Lumate) luminometer and registered in RLU (relative light
units), the intensity of luminescence correlates with the
amount of a pseudovirus in a cell (Ryzhikov at al., 2012).
Env-pseudovirus was used in further work if RLU exceeded
the twofold value of spontaneous luminescence of TZM-bl
cells by 50 times or more.

Electron microscopy. Cell-purified supernatant, con-
taining pseudo-viral particles, was fixed by adding the equal
volume of 8 % paraformaldehyde solution. The fixation
time was 48 hours at +4 °C.

A standard negative staining was used for control
counting, studying the forms and dimensions of virus-like
particles (Harris, Horne, 1994). The supernatant was put
on copper grids for electron microscopy, covered with
carbon-stabilized formvar film. The samples were stained
with 2 % aqueous solution of uranyl acetate.

The cell culture was separated from the surface with a
rubber spatula and fixed in 4 % paraformaldehyde solution
at +4 °C for 24 hours. Then it was rinsed in a buffer, addi-
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tionally fixed with 1 % solution of osmic acid, dehydrated
according to the standard procedure in increasing-concen-
tration solutions of ethanol and acetone, and embedded
in epon-araldite mixture. The procedure was described
earlier in the literature (Sergeev at al., 2016). The semithin
(1 pm) and ultrathin (50-60 nm) sections were prepared
on a Reichert-Jung microtome (Austria). Semithin sec-
tions were stained with azure-11 solution and studied in an
AxiolmagerZ1 light microscope (Zeiss, Germany). The
ultrathin sections were stained with uranyl acetate and
lead citrate and studied in a JEM 1400 electron microscope
(Jeol, Japan) at accelerated voltage 80 kV. Image acquisi-
tion, image analysis and processing were performed using
a Veleta digital camera (SIS, Germany) and iTEM software
suit (SIS, Germany).

Pseudoviruses concentration. 20 ml of cell-purified
supernatant were successively run through a Vivaspin 6
(300 000 MWCO) centrifugal concentrator (Sartorius, UK)
in 5 ml doses (5 min per dose at the speed of 3000 rotations/
min). We used the concentrator with a membrane filter with
a 300 000 kDa molecular weight cutoff threshold, holding
objects with a molecular weight higher than 300 000 kDa
and letting pass macromolecules with a smaller molecular
weight. Then the filter was taken out and some pieces, sized
approximately 1 x 1 mm, were cut off from its different
parts. Further sample preparation followed the technique
described above for the cell culture. Embedding into resin,
membrane pieces were oriented in such a way as to obtain
a section through the entire thickness of the filter.

To determine a physical titre of pseudoviral particles
in suspension, the average amount of such particles per
length unit of the upper (from the side of the filtrated fluid)
edge of the filter on the cutoff was counted. Based on the
assumption about homogeneity of the fluid flow in the
course of filtering on the filter area and the isotropy of the
filter itself, it was believed that the density of particles on
the filter is uniform in all directions, and, therefore, is the
square of the linear density. The value was calculated for
the full filter area — 4 cm?.

Results

To count the amount of viral particles several methods
can be used, including plaque-forming cells; quantitative
RT-PCR; immunofluorescence microscopy; analytical flow
cytometry; electron microscopy, etc. (Ferris et al., 2002;
Reid et al., 2003; Malenovska, 2013; Heider, Metzner,
2014; Rossi et al., 2015).

Electron microscopy has some advantages over the
above-listed methods since it gives information not only
about the amount of all viral particles (regardless of whether
they are infectious) but also about the morphology of an
analyzed virus (Malenovska, 2013). Briefly, the method can
be described as follows. An analyzed sample containing
viral material is added a certain amount of suspension
with a known concentration of latex beads. The mixture
is put on copper grids covered with supporting film or
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adsorption for a particular period of time, or spraying of
the mixture over the grids with an ultrasound probe. Then
the electron-microscopic grids are analyzed in an electron
microscope. Latex particles and viral particles are counted
simultaneously in several grid elements. Knowing the
latex concentration and comparing it with the amount
of the detected viral particles, it is possible to estimate
concentration in the initial sample. Naturally, this method
is not very accurate, but convenient, and it is widely used
for quantitative assessment of some viruses.

With such counting, errors are due to heterogeneous
properties of the surface of the supporting film, aggrega-
tions of both latex and viral material, deviations from
the experimental design, such as insufficient mixing or
contamination during the spraying. The main limitation of
negative staining method for counting the amount of viral
particles by means of electron microscopy is insufficient
sensitivity: the level of concentration required to obtain
reliable results should be at least 107 particles/ml (Reid
et al., 2003).

The study presents an original method (on the case of
env-pseudoviruses) enabling to evaluate the amount of
VLP in the samples, where their concentration is lower
than 107 particles/ml.

HIV-1 virus-like particles (env-pseudoviruses) were
chosen as a model. Env-pseudoviruses can penetrate into
the cell similarly to live human immunodeficiency virus.
Due to the deficient genome, though, they cannot form
adequate virus progeny so they are safe to work with. Two
types of plasmids are used to obtain env-pseudoviruses:
envelope and packaging. Packaging, or core plasmid
(pSG3Aenv) codes all HIV-1 proteins except the envelope
ones. The second plasmid (pEnv), on the contrary, codes
only HIV-1 envelope proteins. To verify infectivity of
env-pseudoviruses, TZM-bl genetically engineered cells
are used; their genome contains a luciferase gene that
becomes active when getting to an HIV-1 or pseudovirus
cell (Montefiori, 2009).

Co-transfection of 293T cells with two plasmids forms
pseudoviral progeny capable of only single cells infect-
ing, without further replication. Electronic microscopy of
ultrathin sections was used to confirm pseudoviral particles
assembly and yield (Fig. 1).

Pseudovirus was also characterized by defining func-
tional activity with a single infection cycle in TZM-bl
cell-target culture. The results are shown on Fig. 2.
Signal intensity is given in luminescence standard units —
RLU/ml. The findings are indicative of the functional
activity of the virus.

However, using negative staining we did not reveal
virus-like particles (VLP) with positive functional activity
in the supernatant fluid. The most probable reason was a
low particle concentration in the original fluid. To solve the
task, we proposed a method of concentrating viral particles
on polyethersulfone membranes used in centrifugal
concentrators. Viral particles are deposited from suspension
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Fig. 1. a, Electron microscopic image of 293T cells with SF162 budded pseudovirus. b, Several
pseudovirus particles of different maturity level.

Transmission electron microscopy, an ultrathin section.

on a concentrator membrane by low-speed centrifugation. Henceforth, a part
of the membrane is embedded into epon-araldite and used to make ultrathin
sections for analysis with electron microscope. We used membranes with the
300 000 kDA cutoff threshold to entrap pseudoviral particles of around 100 nm
diameter.

Figure 3 demonstrates VLP captured in a nanofilter during centrifugation. The
particles are clearly discernable in the body and on the surface of the nanofilter,
which allows to identify them morphologically and count (determine the aver-
age number per length unit of a filter section).

An optimized method for counting viral
particles using electron microscopy

RLUX 10°

SF162.LS Control

Fig. 2. Functional activity of SF162.LS pseudo-
viruses.

Assuming homogeneity of the fluid
flow in the course of filtering on the
filter area and the isotropy of the filter
itself, we believed that the density of
particles on the filter is uniform in
all directions, and, therefore, is the
square of the linear density. Particles
were counted for the full filter area —
4 cm?. On average, 3 virions per run-

Fig. 3. Pseudovirus particles captured by a Vivaspin 6 filter (300 000 MWCO).

Transmission electron microscopy, ultrathin sections.
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Fig. 4. Pseudovirus particles captured by a Vivaspin 6 (300 000 MWCO)
filter. Particles are located both on the surface and inside the filter.

Transmission electron microscopy, ultrathin section.

ning 10 um are observed on a section. Considering that the
perpendicular density is the same, there are 3 x 3 =9 virions
per 100 um?2. Thus, there are around 4 x 107 virions on the
entire filter surface (the area of 4 cm?). Understanding that
the volume of supernatant containing pseudoviruses was
20 ml, the input concentration of pseudoviruses in a sample
(4 x 107 particles/20 ml = 2 x 10 particles per 1 ml) can
be determined. This value is by order lower than the value
that can be registered when negative staining is used, which
confirms our assumption (negative staining did not detect
pseudoviral particles).

Conclusion

Thus, the proposed method overcomes the main disadvan-
tage of virus quantitative estimation by means of electron
microscopy, associated with a relatively high detection
threshold (particles concentration — higher than 107/ml).
As demonstrated on Fig. 4, the density of pseudoviruses
on the section is quite high. It permits to expect that
decreasing virion concentration in suspension by two
more orders will also allow identifying the captured vi-
rions. In addition, centrifugal concentrator successively
runs considerable suspension volumes through the same
filter, which can also increase sensitivity of the method.

Comparing the proposed method with a widely used
plaque-technique, we can emphasize the advantages related
to the speed of work execution and possibility to determine
the total titer of viral particles, including “noninfectious”
particles. The plaque-technique detects only the particles
that possess infectivity under the given conditions. In some
cases, for instance, when characterizing vaccine specimens,
itis necessary to know the amount of all particles, including
noninfectious ones because they can also influence the host
immune response (Blancett et al., 2017).
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The developed method can be used for quantitative
analysis of various samples containing viruses of animals,
plants and humans, as well as noninfectious nanoparticles
and virus-like particles. The method is especially valuable
for analyzing specimens with a low content of viral
particles. This approach increases sensitivity, accuracy and
reproducibility of quantitative analysis made by means of
electron spectroscopy.
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Molecular-genetic bases of plumage
coloring in chicken
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The color of plumage in birds is an important feature, often determining descent to a particular species or
breed. It serves as a key factor in the interaction of birds with each other due to their well-developed visual
perception of the surrounding world. In poultry including chickens, the color of the plumage can be treated as
a genetic marker, useful for identifying breeds, populations and breeding groups with their specific traits. The
origin of diverse color plumage is the result of two interrelated physical processes, chemical and optical, due
to which pigment and structural colors in the color are formed. The pigment melanin, which is presented in
two forms, eumelanin and pheomelanin, is widely spread in birds. The basis for the formation of melanin is the
aromatic amino acid tyrosine. The process of melano-genesis involves many loci, part of the complex expres-
sion of plumage color genes. In birds, the solid black color locus encodes the melanocortin 1 receptor (MCTR),
mutations in which lead to a change in receptor activation and form different variants of the E locus. Using the
GWAS analysis, possible genes affecting the formation of color in chickens were detected. The biosynthesis
and types of melanin are affected by the activity of the enzyme tyrosine, and mutations in the tyrosinase gene
(TYR) cause albinism in different species. The formation mechanism of brown, silver, gold, lavender and a num-
ber of other shades is determined by the influence on the work of the MCTR genes and TYR specific modifier
genes. Thus, locus | currently associated with the PMEL17 gene inhibits the expression of eumelanin, and the
MLPH gene affects tyrosinase function. Research on the mechanisms of formation of the secondary coloring
of plumage in chickens is being actively conducted nowadays. The formation of a marble feather pattern is
associated with the mutation of the endothelin B2 receptor (EDNRB2), in the coding part of the gene of which
a polymorphism is found associated with the mo locus. The molecular base that causes the feather banding
(locus B and autosomal recessive banding) is identified. Today, only some genes that determine the color of the
plumage of chickens are studied and described. Different genes can produce similar plumage patterns, and
different phenotypes can be determined by the polymorphism of a single gene. Using molecular methods,
you can more accurately identify these differences. This overview shows the nature of melanin coloration in
birds using the example of chickens of various breeds and also attempts to systematize knowledge about the
molecular-genetic mechanisms of the appearance of various types of coloration.

Key words: chickens; coloring plumage; genes; locus; expression; markers.
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MoJIeKVISIPHO-TeHeTUeCcKlie OCHOBBI (pOpMUPOBAHNS
OKpacKu oIepeHus y Kyp

A.B. Makapoga, O.B. Murpodanosa, A.B. Baxpamees, H.B. AemeHTbeBa@

Bcepoccuitcknii HayyHo-UccnefoBaTeNbCKAN MHCTUTYT FEHETUKM U Pa3BeAeHNA CeNbCKOX03ANCTBEHHbBIX XKUBOTHbIX —
dunran GepepanbHOro HayyHOro LeHTpa XMBOTHOBOACTBA — BUXK um. akagemuka J1.K. SpHcta, MywkuH, CaHkT-MeTepbypr, Poccua
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OKpacka ornepeHus — BaXKHbl NPU3HAK Y NTULL, HepegKo onpeAensiowmin MPUHALNEXHOCTb K TOMY WS MHOMY
Buay unu nopopge. OKpacka ABNAETCA pe3ynbTaToM AeNCTBUA BELLECTB, KOTOPbIE MOMOLAT OnpefeneHHyo
OJIMHY BOJTHbI 11 GOPMIPYIOT TakK Ha3blBaeMble MUTMEHTHbIE LiBETA, U ONTUYECKUM 3PdEKTOM, 00yCOBNEHHbIM
UHTEppepeHLMen CBeTa, OTPAXKEHHOTO BONOrMUECKMI MUKPOCTPYKTYpamm nepa. OCHoBo AnA popmupo-
BaHVA OKPACKU CNYXXUT CYHTE3 MeflaHVHa. DyMeNlaHVH OTBETCTBEHEH 3a YepHble Y KOPUYHEBbIE OTTEHKM, a
beomenaHrH oTBeUYaET 3a KPAaCHOBATO-KOPUYHEBbIE OTTEHKU. MONeKynspHO-TeHeTUYECKNIA MeXaH3M NosB-
NeHVsi TOro UM UHOTO TWMA OKPACKM eLle [0 KOHLA He U3yueH, MOCKOJMIbKY Ha OAVH 1 TOT Xe MPU3HaK MoryT
B/INATb HECKOJbKO reHoB. MepBuYHas NrmeHTaLysa onepeHuns onpeaenseTcs B3avmoLencTarnemM noimmopod-
HbIX BapraHToB reHa MCTR 1 reHOB, y4acTBYIOLWMUX B PEryNALUM MenaHoreHe3a. feHbl-MoandrKaTopb! Bbi3bl-
BalOT M3MEHeHMe OKPacKK N60oro reHoTuNa no NIokKycy E 1 MOryT Kak yMeHbLUaTb U yBeNMUMBaTb SKCMpec-
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Molecular-genetic bases
of plumage coloring in chicken

CUI0 SyMeNaHWHa, TaK 1 pa3pyLllaTb MelaHOUUTbI. BTOpVI‘-IHaﬂ NMArMeHTauuna onepeHna onpenendaeTca 6enbiMn
nATHaMU nnn CI'IeLlVId)VIHeCKVIM pacnpegeneHnem symesiaHHa Ha OTAeNIbHbIX NepbAX. COBpeMeHHbIe mMeTonbl
aHaln3a HHK, Takne Kak CeKBeHMpoBaHue, NMOJIHOreHOMHbI aHanM3 C UCMONIb30BaHMEM YMMOB pa3n|/|qH0|7|
NAOTHOCTKN, aHaNN3 SKCNpeccn reHoB, NO3BOMAIOT NMoNy4YaTb HOBbIE AaHHbIE O reHaX, onpeaenAalLWmnx oKpacky

onepeHus.

KnioueBble cnosa: Gallus domesticus; Kypbl; OKpacka ornepeHus; reHbl; TOKYC; SKCnpeccus; MapKepbl.

Introduction

Plumage color is an important feature in birds, often deter-
mining assignment to a particular species or breed. It was the
color of the plumage that formed the basis for the development
of such paradigms in biology as the theory of speciation.
The color of the plumage largely determines how animals
communicate with each other and plays an important role in
adapting to environmental conditions (Cott, 1940). Birds have
a variety of feather color patterns, which gave rise under the
pressure of natural selection (Roulin, 2004; Roulin, Ducrest,
2013).

Plumage coloration is the result of two different but inter-
related physical processes: (a) the chemical mechanism cre-
ates coloration as a result of substances that absorb a certain
wavelength and form so-called pigment colors; and (b) the
optical mechanism due to interference of light reflected by
the biological microstructures of the feathers, which creates
structural colors. The latter mechanism allows the creation of
colors that cannot be generated only by pigments, but special-
ized microstructures often require the presence of pigments
that absorb certain wavelengths to produce structural colors
(D’Alba et al., 2012). Consequently, pigment and structural
colors are not the result of two independent processes, but
rather are the basis responsible for all the variety of color.

Birds are characterized by a wide variety of color plumage.
This is due to the fact that they, unlike mammals and humans,
in birds take place visual perception of relatives, interaction
with them plays a leading role (Negro et al., 2016). The pig-
ments responsible for this diversity are deposited not only
in the feathers but also in the not feathered parts of the body
such as the beak and legs. In birds, three groups of pigments
that give variations in the color of the plumage are described:
melanin, carotenoids and unusual colors (for example, por-
phyrin). Most of these pigments are present only in certain
groups of birds nrum (Lopes et al., 2016; Brelsford et al.,
2017; Cooke et al., 2017). The most widespread in birds are
melanins and carotenoids. Melanins are usually more com-
mon, and in some species (e. g. swallows) melanin levels
are an order of magnitude higher than carotenoid levels
(McGraw et al., 2004).

In poultry, including chickens, plumage color can serve
as a genetic marker, useful for the identification of breeds,
populations and breeding groups with their characteristic fea-
tures (Moiseyeva et al., 2012; Mitrofanova et al., 2017). The
molecular genetic mechanism of the appearance of a particular
type of color is not yet fully understood, since several genes
can affect the same trait. Some genes cause primary effects
of color, others play the role of modifiers and regulators that
affect the zonal and regional distribution of the pigment, its
distribution within individual feathers (banding, spotting, edg-
ing and other patterns) (Yurchenko et al., 2015). This division
is conditional and the manifestation of the pigment may differ
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in the color of down, juvenile and adult plumage of chickens
(Serebrovsky, 1926; Crawford, 1991; Yang et al., 2017).

In this review we consider the nature of melanin coloration
in birds on the example of chickens of different breeds, as
well as molecular genetic mechanisms of the appearance of
different types of this color. As an example of different colors
gene pool breeds from the Bioresource Collection “Genetic
collection of rare and endangered breeds of chickens” (http://
vniigen.ru/ckp-geneticheskaya-kollekciya-redkix-i-ischezay-
ushhix-porod-kur/) is presented.

Biochemistry of melanin synthesis

The most common pigment in birds is melanin, which describes
2 types — eumelanin and pheomelanin. Eumelanin — a larger
form responsible for black and brown shades, pheomelanin —
is responsible for reddish-brown shades. These pigments are
produced endogenously in peripheral tissues such as skin, in
specialized melanocyte cells.

Melanocytes are most common in skin, hair, follicles of the
feathers and in the eyes (Dupin, Le Douarin, 2003). They are
also found in the inner ear, esophagus, thyroid gland, bones,
heart and even brain, for example, neuromelanin (Zucca et
al., 2014).

In mammals and poultry, melanin is produced in small
organelles called melanosomes, which contain all the enzymes
necessary for the pigmentation process. Depending on the
structure and location of the melanosomes, the colour of the
birds plumage may change (Maia et al., 2013; Nordén et al.,
2018). Figure 1 shows the structure of the feather follicle
during the rest and growth phases. Resting melanocyte
progenitor cells are present at the base of the feather. If the
feather is broken or lost as a result of molting, melanocyte
progenitor cells activate and migrate up the growing stem
of the feather, divide and differentiate into melanocytes
producing the pigment.

Avian melanins are formed from the aromatic amino acid
tyrosine (Lerner, Fitzpatrick, 1950). The enzyme tyrosinase
catalyzes the initial oxidation of tyrosine to dopaquinone,
which is an intermediate for the synthesis of both types of
melanin. If additional enzymes TRP1 and TRP2/DCT are
activated, the synthesis of black eumelanin will occur. In ad-
dition to genetic control, melanogenesis can be affected by
environmental or physiological conditions, and the color will
depend on the season, sex and shape of the cover. Melanin is
influenced by 4 classes of hormones: androgens, estrogens,
pituitary hormones (luteinizing hormone) and thyroid hor-
mones. Melanin can interact with other pigments, giving a
complex manifestation of the color of feathers. In addition, the
colouring due to the feather structure is also applied (Rzepka
etal., 2016).

Yellow pigment requires additional amino acid — cysteine.
For example, high levels of cysteine in the environment
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Fig. 1. Anatomy of the feather follicle during resting and growing phase (Schwochow-Thalmann, 2018).

may lead to increased synthesis of
pheomelanin (Smit et al., 1997; Land,
Riley, 2000). This situation will also be
influenced by other factors (Ancans et
al., 2001), or, for example, when TYR
concentration or activity is low (Ozeki
et al., 1997; Ito et al., 2000), when
pathways that suppress eumelanin pro-
duction are activated, for example, the
agouti signal pathway (Takeuchi et al.
2000; Wolff, 2003). Higher expression
of TRP1 and TRP2/DCT correlates with
dark pigmentation in several birds such
as chickens, ducks, Chinese painted
quails, pigeons, and geese (Galvan,
Solano, 2016; Galvan et al., 2017).
In addition, some hormones such as
a-melanocytic stimulating hormone
(aMSH) as well as steroid hormones
(e. g. testosterone) affect melanogenesis,
usually by increasing the production of
eumelanin (Strasser, Schwabl, 2004;
Eising et al., 2006) (Fig. 2).

Given the diversity of bird pigments
and their functions, understanding the
molecular basis of these processes re-
mains poorly understood. Most of all, to
date, knowledge about the synthesis of
melanin has been accumulated.

The process of melanogenesis in-
cludes phases with multiple loci in-
volved in the complex expression of
the plumage color genes (Doucet et
al., 2004; Baiao et al., 2007; Uy et al.,
2009; Johnson et al., 2012). Molecular
studies in mammals and birds have
shown that the solid black locus encodes
the melanocortin receptor 1 (MC1R)
(Takeuchi et al., 1996; Mundy, 2005).
This receptor is embedded in the me-
lanocyte membrane and encoded by a
small gene (less than 1000 bp). When

Fig. 2. The effect of testosterone level on sexual dimorphism of the color of Faverolles (a, b) and
Leghorn Light Brown (Italian Partridge) (c, d).

In the photographs, gene pool breeds from the Bioresource Collection “Genetic collection of rare and
endangered breeds of chickens”. Authors of all the photos A. Sanganaeva, A.B. Vakhrameev.
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Fig. 3. Reduction MCIR activity from eumelanin of completely black color (Pantsirevskay Black
breed) - allele E (a), through birch color ER (Uzbek Game) (b) to strengthening of feomelanin color
at eWh (New Hampshire) (c) and eY - buff (Buff Leghorn) (d).

linking with his antagonist aMSH there is a change in conformation of the recep-
tor, activation of adenylylcyclase that causes the transition of ATP to form cyclic
AMP. Increasing the level of cyclic AMP leads to activation of the CREB (CAMP
response element-binding protein) and MITF (microphthalmia-associated transcrip-
tion factor) trascription factors (Schiaffino, 2010). Higher MC1R activity usually
results in darker pigmentation, while lower activity contributes to the production
of pheomelanin (Garcia-Borron et al., 2005).

Primary pigmentation of plumage
The basic or zonal distribution of black eumelanin throughout the body of chickens
is determined by mutations in the MC1R gene, leading to a change in receptor
activation, which explains the color options for the locus E in chickens (Smyth,
1990; Sazanov et al., 1998; Kerje et al., 2003; Ling et al., 2003; Hoque et al.,
2013). The locus E alleles includes: E —all black paint (Minorca, Black Australorp,
Pantsirevskaya); ER —birch colour (Yurlov crower breed); eWh — dominant wheaten
(New Hampshire); et — wild type colour (Italian Partridge, see Fig. 2, c, d);
eb — brown (Zagorsk salmon, Faverol; see Fig. 2, a, b); e° — Buttercup (Sicilian
Buttercup); and eY —recessive wheat (Rhode island) (Fig. 3). These alleles influence
the distribution of melanin pigments (eumelanin and pheomelanin) in feathers
(Serebrovsky, 1926; Somes et al., 1988; Davila et al., 2014).

Studies of Davila et al. (2014) showed that haplotypes of the gene MC1R explain
the color changes of the CSD locus E of different breeds. Eleven haplotypes for
7 significant SNPs have been discovered. The association for the distribution of
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these haplotypes for alleles of locus E
has been found. The greatest number of
haplotypes known to breeds with a black,
birch and blue colors of the plumage,
whereas partridge and red breed was
monomorphic. Davila et al. (2014)
suggested that the Glu92Lys mutation
may be responsible for activating the
receptor for producing eumelanin, being
a necessary but not always sufficient
condition for maximum expression of
the black phenotype. Another mutation
Arg213Cys may be the cause of the
loss or reduction of function of the
receptor for the production eumelanin,
and mutation Alal37Thr might be a
candidate to mitigate Glu92Lys. The
observed joint segregation of alleles
and polymorphisms in E and MC1R
confirms that E locus is equivalent to
MCI1R.

Recently, attempts have been made
to conduct a genome-wide association
search (GWAS) of black plumage with
individual SNPs on chips of different
densities. Park’s general study with
co-authors (2013) using the Illumina
60K chip revealed 12 significant color-
associated SNPs. In the intron region of
AKT3, SNP (rs14339964) was found,
located on chromosome 3, and which
is known to be one of the key genes in
the formation of melanoma cells (Tsao
etal., 2012). Thus, the authors conclude
that AKT3 mutations may be associated
with pigmentation of the plumage. The
other two SNPs (GGaluGA344987
and rs14641648 on chromosome 3
and 8, respectively) are located in the
intergene region near the genes KRT7
and PAP2, which are associated with
pigmentation. PAP2 (LPPR5) increases
pigmentation (Shan et al., 2009), and
KRT7 is a member of the keratin gene
family and is associated with melano-
cytic tumors (Blum et al., 2010). The
detected polymorphism in the intron of
the DDX6 gene may also be associated
with coloration, as it is an established
gene causing vitiligo skin disease (Tang
etal., 2012).

Yang and co-authors (2017) identified
13 significant SNPs in 10 genes using
Affymetrix 600K HD chip. They found
most likely affecting the synthesis
eumelanin, candidate genes SHH and
NUAK. Based on previous studies of
model species, Yang and co-authors
(2017) suggested that NUAK 1 kinase
genes and SHH signaling gene may
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play arole in the development of melanoblast cells during the
embryonic period, which also affects feathers pigmentation.

On the biosynthesis and types of melanin influences the
activity of tyrosinase (Chang et al., 2006). It was found that
the lack of its function leads to a complete loss of melanin
in the skin, feather, retina and causes albinism in different
species. Tyrosinase is an important enzyme in the biogenesis
of melanin in pigment cells (Niwa et al., 2002). In studies of
Liu et al. (2010), the tyrosinase (TYR) and melanocortin 1
(MCL1R) genes were recognized as the main genes involved
in pigmentation of chick plumage. Profiles change the color
of the plumage and the gene expression levels of TYR and
MC1R were observed from birth until the age of 112 days. The
level of expression of TYR was maximum in 1-day age and
then sharply decreased during the studied ages; the expression
level of MC1R was higher on day 28 in comparison with other
ages. TYR expression in chickens carrying E/E and E/e alleles
at the MC1R locus was higher from birth to 28 days than in
those carrying e/e alleles. These studies have shown that the
mechanisms that affect the color of down in the 1-day age and
those that regulate the color of the plumage at a later age are
different. In addition, although the TYR gene in interaction
with the MC1R gene are the determining factors for plumage
coloration, different phenotypes did not correspond to different
genotypic classes for both the TYR and MC1R genes, and the
recessive white variation of the TYR gene could not completely
block melanin synthesis until 28 days. Therefore, day-old
chickens were colored according to the allele of locus E (Liu
etal., 2010).

A study by Chang et al. (2006) showed the insertion of
a full-size retrovirus inside the intron 4 of the TYR gene
in recessive white chickens (Chang et al., 2006; Kuliawat,
Santambrogio, 2009) resulting in impaired tyrosinase
expression. Such recessive epistasis is typical for some white-
colored breeds, for example, Silkie (Fig. 4). Deletion in the
TYR6 gene of nucleotides (-GACTGG) led to autosomal
albinism (Tobita-Teramoto et al., 2000).

Genes MC1R and TYR are the molecular genetic basis for
the formation of color plumage in chickens. Other genes are
modifiers of their expression.

Genes-modifiers

A change in the color of any genotype at locus E can be
induced by the dominant allele I, which inhibits the expression
of eumelanin, destroying melanocytes. Locus I is associated
with PMEL17 gene, located on chromosome 33 in chickens,
encodes protein specific to melanocytes which are important
for the normal development of eumelanosomes (Keeling et
al., 2004; Kerje et al., 2004; Natt et al., 2007). Locus I has
4 alleles: dominant white (1), Smoky (15), partially restores
pigmentation and gives grayish phenotype, it is recessive for
dominant white, but partially dominant for wild type allele (i),
Dun (IP) inhibits only eumelanin expression and gives brown
color (Galeotti et al., 2003; Karlsson et al., 2010; Gaudet et
al., 2011). Dominant white was found in White Leghorn and
was associated with the insertion of 9 bp in exon 10 PMEL17,
which led to the introduction of three amino acids into the
transmembrane region. Similarly, there was a deletion of five
amino acids in the transmembrane region in a protein encoded
by Dun. Allele Smoky appeared already in White Leghorn
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Fig. 4. Silkie White breed of chickens. Recessive epistasis of the TYR gene.

and includes both 9-bp-insertion in exon 10 and deletion of
12 nucleotides in exon 6, excluding four amino acids from
the protein.

Dark brown (Db) mutation in chickens reduces the
expression of black eumelanin and increases the expression
of red pheomelanin, but only in certain parts of the plumage.
Gunnarsson with co-authors (2011) suggested association of
the Db phenotype with 8.3 kb deletion located 14 kb above
the SOX10 gene on chromosome 1, which is an important
transcription factor in melanocytes and some other cell types.
The mechanism of action of this mutation suggests that
deletion leads to a decrease in the expression of the SOX10
gene, which in turn reduces the expression of key enzymes
in the synthesis of pigments, such as tyrosinase. Further, ty-
rosinase leads to a shift towards more pheomelanin (reddish)
colors of the plumage, which is characteristic of genotype Db.
The dark brown allele is particularly interesting because it
affects the nature of pigmentation rather than the presence or
absence of pigmentation. A simple diagnostic test to determine
the Db genotype will facilitate the study of other loci associ-
ated with feather color.

One more gene influencing the expression of the tyrosinase
gene is MLPH (Vaez et al., 2008; Bed’hom et al., 2012; Xu et
al., 2016). Vaez and co-authors (2008) studied the blue (LAV)
coloration of chicken plumage based on orthology with the
gene found in mice. They found a single-nucleotide polymor-
phism that weakens the color of gene E. Later, mutations in
the MLPH gene leading to the formation of lavender color of
the plumage were found in quails (Bed’hom et al., 2012). Xu
and co-authors on the example of Ani chickens confirmed
the connection of LAV color with mutations in this gene (Xu
et al., 2016).

On chromosome Z in Gallus gallus there is a gene which
determines golden and silver feathers (Gunnarsson et al.,
2007). It forms a series of alleles S*S (silver), S*N (wild
type/Golden) and S*AL (sex-related imperfect albinism)
(Fig. 5).

In the orthologous locus AL, sex-related albinism (AL*A)
was also found in the Japanese quail (Coturnix japonica).
The determining color factor is the protein SLC45A2, which
plays an important role in the sorting of vesicles in melano-
cytes. Mutation 106delT in allele S¥*AL chickens leads to
a shift of the reading frame, formation of stop codons and
degradation of the corresponding mRNA.
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Fig. 5. Allele S - silver plumage color in Pervomayskaya breed (a, b) and allele s — Golden color in
Poltavskaya clay breed (c, d).

Mutation in Japanese quail A-allele causes slippage of exon 4. Two independent
missens mutations Tyr277Cys and Leu347Met were associated with silver allele
in chickens. A special feature of the SLC45A2 variants is the specific inhibition of
red pheomelanin in silver chickens (Gunnarsson et al., 2007). It remains unknown
why mutations at this locus cause an almost complete absence of both eumelanin
and pheomelanin, while some missens mutations are dominant and cause specific
inhibition of pheomelanin production.

Oribe and co-authors (2012) studied the signal protein aguchi (ASIP), a paracrine
factor that stimulates the synthesis of pheomelanin and inhibits the synthesis of
eumelanin in follicular melanocytes. In mammals, the distal promoter of the ASIP
gene acts exclusively on the ventral side of the body, creating a protective spotty
color of pigmentation, stimulating the synthesis of pheomelanin on the abdominal
side. ASIP produces spotting in chickens and adult females, similar to mammals.
In addition, the promoter of class 1 of this gene plays an important role in creating
estrogen-controlled sex differences.

Secondary color of plumage

Secondary pigmentation of the plumage is determined by white spots or specific
distribution of eumelanin on individual feathers (Smyth, 1990). Molecular genetic
studies have significantly expanded the field of knowledge of the genetic mechanisms
of formation of such a color. In some breeds of chickens around the world there is
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a motley color of the plumage, where
the tip of the plow is painted white.
The formation of such a marble feather
pattern is associated with a mutation of
the endothelin receptor B2 (EDNRB2)
located on chromosome 4 (Kinoshita
et al., 2014). These studies found a
polymorphism in the coding region of
EDNRB?2, leading to the replacement
of Arg332His, which is associated with
the locus mo.

Another G1008T mutation causes re-
placement of the amino acid Cys244Phe
in exon 5 and provokes defective protein
binding to endothelins. As a result of
such replacement, the differentiation,
proliferation and migration of melano-
cytes is changed. The plumage of mo"/
mo" chickens is lightened to almost
white color with several partially pig-
mented feathers. It is proved that such a
phenotype is not associated with the ty-
rosinase gene and showed an autosomal
recessive type of inheritance against the
pigmented phenotype. Unlike albinos,
mutant chickens mo“/mo" had painted
the iris of the eyes and some pigmented
spots on a whitish-yellow fluff. This
mutation was also present in individu-
als of four Japanese breeds with white
plumage. The results indicate that EDN3
(endothelin 3) — EDNRB2 signaling is
necessary for normal pigmentation in
birds (Kinoshita et al., 2014).

Somes (1980) speaks of six pheno-
types produced in different combina-
tions of the gene mo with other color
genes. In the Bioresource Collection
“Genetic collection of rare and endan-
gered breeds of chickens” there are
several breeds containing allele mo in
its genotype and having three different
phenotypes (Fig. 6): black-and-white
Australorp, mille fleur breed chickens,
and Pushkin breed.

In modern breeds of chickens there
is often a striped color of the plumage,
coupled with the sex, which is character-
ized by a completely white stripe on the
main background of the plumage and
caused by the so-called barring effect.
Weakening of the color is observed both
in the plumage of an adult bird and in the
fluff of day-old chickens (Campo, 1991;
Alekseevich et al., 2000; Dorshorst,
Ashwell, 2009).

Sex-linked banding is determined by
the B-locus associated with the CDKN2A
gene (Hellstrom et al., 2010, 2011).
Locus B lightens the dermal pigment in
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Fig. 6. Three different phenotypes in different combinations of the mo gene with other color genes: g, black-and-white color of plumage (Australorp
black-and-white); b, mille fleur color of plumage (Leningradskaya Mille Fleur); ¢, white slightly-motley color of plumage (Pushkinskaya breed).

the shanks, beak and limits the spread of
black pigment, creating a striped feather
pattern (Jerome, 1939). Since the B
gene is located in the Z chromosome,
it can only be homozygous in roosters,
and hemizygous in hens. The degree of
pigmentation weakening depends on the
homao- or heterozygous state of the allele
(Kogan, 1979) (Fig. 7).

In studies by Schwochow Thalmann
with co-authors (2017) it was found
that the sex-linked striped pattern of
plumage in chickens is associated
with two non-coding and two coding
mutations affecting the transcription of
ARF in the locus of the CDKN2A tumor
suppressor. These mutations form four
functionally different alleles — BN, B1,
B2 and BO. The last allelic variant is
characterized by extreme dilution of
melanin (Schwochow Thalmann et al.,
2017). These allele variants were formed
from four SNPs located in the 12 kb
region, including exon 1 CDKN2A.
Two of the SNPs were in non-coding
regions, SNP1 in the promoter and
SNP2 in intron 1. The other two SNPs
are missense mutations. SNP3 causes
valine to be replaced by aspartic acid
(V9D), while SNP4 causes arginine
to be replaced by cysteine (R10C).
Haplotype B1 forms SNP1, SNP2,
SNP3. Haplotype B2 includes SNP1,
SNP2, SNP4 and BO — SNP1, SNP2.

In addition to the striped color of
the plumage linked to the sex, there
is an autosomal striped pattern of the
plumage in chickens. Black stripes on
a white or red background, in this case,

Fig. 7. Plymouth Rock Barred. Lighter color of rooster plumage (B1/B1) compared to hen (B1/-).

are induced, perhaps, not by blocking, but by increasing melanogenesis against the
background of recessive variants E. The molecular basis of such expression has not
yet been sufficiently studied.

Change of the color type largely depends on changes in the number eumelanin
and pheomelanin feather pigment (Guernsey et al., 2013), which creates a lot of
different variations in the basic plumage. For example, the brown color in different
breeds of chickens varies from dark brown (Rhode Island Red) to Golden or pale
yellow (Brama pale yellow, experimental Tsarskoselskaya population).

Genes that regulate the variability in color, may have a pleiotropic effect and
influence other economically useful traits of chickens. It is possible to use it as a
marker of the intensity of growth and identification of certain diseases of the bird.
For example, the endothelin receptor gene EDNRB?2 is associated with the ability
of Tibetan chickens to hypoxic adaptation in mountain conditions (Zhang et al.,
2017). Polymorphism in TYR tyrosinase gene promoter determines the black color
of skin and bones in chickens, which is important in the selection of birds for breed-
ing on these traits (Yu et al., 2017). Interactions between pigmentation genes and
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Loci forming the basic types of plumage in chickens

Locus Chromo- Geno- Color Breed Mutation type References
some type
MCI1R 1 E Black Minorca, Australorp Black Haplotype H1 (G274A) Davilaetal.,
.............................................................................................................................................................................. 2014
ER Birchen Yurlov Crower Haplotypes H1, H4, H5, H6
eWh Dominant New Hampshire Haplotype H7 (A427G)
wheaten
et Wild type Leghorn Light Brown Haplotype HO (reference
(Italian Partridge) sequence)
eb Brown Zagorsk Salmon, Faverolles Haplotype H9 (4SNP)
ebe Buttercup Buttercup Haplotypes H10, H7, H1
eY Recessive Some lines of Rhode Island Haplotype H11 (C637T)
wheaten
EDN3 20 FM Intense black Silkie White Duplication and inversion Dorshorst et al.,
pigmentation of of EDN3 2011
internal connec-
tive tissue and the
exterior skin
Soxio 1 Db Dark brown Friesian Fowl 8.3-kb deletion upstream of the ~ Gunnarsson et
SOX10 transcription start site al., 2011
CDKN2A Z BO White Intercross between the red A combination of three SNPs: Schwochow
Junglefowl and the White two in a gene promoter,an SNP Thalmann et al.,
Leghorn in an intron, a combination 2017
of two SNPs
B1 Sharp white and Plymouth Rock A combination of three SNPs:
pigmented stripes one in a gene promoter, an SNP
in an intron, a combination
of two SNPs
B2 Light male chicken, Intercross between the red A combination of three SNPs:
Striped female Junglefowl and the White one in a gene promoter, an SNP
chicken Leghorn in an intron, a combination
of two SNPs
PMEL17 33 I (domi-  White with White Leghorn 9-bp insertion in exon 10 Kerje et al.,
nant red/brown 2004
white)
D Lighter than wild Dun 15-bp deletion
type
S Smoky Smoky 12-bp deletion in exon 6
SLC45A2 Z Al White Intercross between the red A 1-bp deletion (106delT) Gunnarsson et
Junglefowl and the White al., 2007
Leghorn
S Silver Yurlov Crower Two independent missense
mutations (Tyr277Cys
and Leu347Met)
MLPH 7 LAV*L Lavender Orpington C103T transition Vaez et al., 2008
TYR 1 C*C White Silkie White Insertion of a complete avian Changetal.,
retroviral sequence of 7.7 kb 2006
inintron 4
c? White White Leghorn Deletion of six nucleotides Tobita-Teramo-
(-AGACTGG) to et al., 2000
EDNRB2 4 mo% Recessive White Minohiki G1008T substitution in exon 5 Kinoshita et al.,
mo Mottled Cochin Dwarf, Australorp C300T, A320G and G1272A 2014
Black Speckled
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the environment can contribute to the formation of melanoma
and tumors (Gudbjartsson et al., 2008; Ibarrola-Villava et al.,
2012). In quails, several mutations in the MLPH gene linked
to the lavender color of the plumage lead to a decrease in live
weight (Bed’hom et al., 2012).

The Table shows the characteristics of loci mapped on the
chromosomes of chickens and determine the basic variants of
plumage color, and also lists the main genes involved in the
processes of pigmentation of plumage in chickens

The evolution of the MC1R gene

Melanocortin 1 receptor, which plays an important role in the
formation of plumage color in chickens, is a representative
of the whole family of G-protein-binding receptors, which
are involved in a number of important functions of the body,
including the regulation of energy balance.

Endogenous ligands-agonists in melanocortin system are
a-melanocyte-stimulating hormone (a-MSH) and adrenocor-
ticotropic hormone (ACTH). It is now known that five MCR
subtypes mediate the action of these ligands (Schiéth, 2001).
Apparently, all of them are found in most mammals, as well
as in chickens (Takeuchi, Takahashi, 1998).

The melanocortin 1 receptor (MC1R) is primarily expressed
in the skin and plays a role in skin, hair or fur pigmentation in
most mammals, as shown in study of several mutations in this
gene (Rees et al., 1999). In chickens, mutations in the gene
MC1R are correlated with pigmentation of feathers (Takeuchi
etal., 1996). This receptor also mediates the anti-inflammatory
action of MSH peptides.

Little is known about the evolutionary origin of the mela-
nocortin receptor gene family. Hen MCR is found in a much
wider range of tissues compared to mammals, but their physi-
ological effects are still unclear.

Schiéth and co-authors (2003) used available comparative
cartographic information to determine the likely chromosome
associated with the MC1R gene. MC1R in Gallus domesticus
is located on GGA11, confirmation of this was obtained in
two-color FISH experiments, which clearly showed consis-
tent hybridization labeled with Biotin MC1R on the same
chromosome, as labeled with digoxygenin ADL02232 and
MCWO0097. The latter are known to be present on GGAll
(Schioth et al., 2003).

The latest work also carried out phylogenetic analysis of
the MCR family based on the method of maximum economy
(MEGAZ?2) using full-size amino acid sequences of each
receptor. It was shown that the genes responsible for MCR1
receptors form a separate cluster of genes, which probably
arose during duplication.

Conclusion

The color of the plumage in birds is a trait that used as a key
factor in the interaction of birds with each other due to their
well-developed visual perception of the world. In poultry,
including chickens, plumage color determines decorative
qualities and is a marker for the identification of breeds,
populations and breeding groups. The variety of plumage color
is formed as a result of two interrelated physical processes —
chemical and optical, through which pigment and structural
colors are formed. The most common pigment in birds is
melanin, for which 2 types are described — eumelanin and
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pheomelanin. Pigmentation of the plumage is caused by
the distribution of black eumelanin throughout the body of
chickens and is determined by mutations of the MC1R gene,
which describes several haplotypes that explain changes in the
color of chickens at the E locus in different breeds.

Melanogenesis can be influenced by hormones and en-
zymes. Genes DN3E, SOX10, PMEL17, SLC45A2, MLPH
and TYR are molecular genetic modifiers in the formation
of plumage color in chickens. Mutations in these genes alter
the level of expression, which determines the biosynthesis
and types of melanin. Some of them inhibit or reduce the
formation of black eumelanin, others increase the amount of
red pheomelanin. Variants of the specific distribution of pig-
ments on individual feathers, forming a marble and striped
pattern, which is associated with a mutation of the endothelin
receptor B2 (EDNRB2) and mutations in the CDKN2A gene,
are described. This review examines the nature of melanin
coloration in birds on the example of chickens of different
breeds, and also attempts to systematize knowledge about the
molecular genetic mechanisms of the appearance of different
types of coloration.

Despite the fact that the genome of chickens is well studied,
not all genes affecting the color are described. Additional dif-
ficulties are associated with the fact that different genes some-
times produce the same pattern of plumage, and polymorphism
of one gene can determine different phenotypes. The use of
new modern methods of DNA analysis, such as sequencing,
genomic analysis using chips of different densities, expression
analysis on poultry from gene pool populations will provide
new data on genes that determine the color of the plumage.
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Chromosome synapsis, recombination and epigenetic modification
in rams heterozygous for metacentric chromosome 3

of the domestic sheep Ovis aries and acrocentric homologs

of the argali Ovis ammon
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Hybridization of domestic animal breeds with their wild relatives is a promising method for increasing the genetic
diversity of farm animals. Resource populations derived from the hybridization of various breeds of domestic sheep
with mouflon and argali are an important source of breeding material. The karyotypes of argali and domestic sheep
differ for a Robertsonian translocation, which occurred in the common ancestor of mouflon and domestic sheep
(Ovis aries) due to the centric fusion of chromosomes 5 and 11 of the argali (0. ammon) into chromosome 3 of sheep.
It is known that heterozygosity for translocation can lead to synapsis, recombination and chromosome segregation
abnormalities in meiosis. Meiosis in the heterozygotes for translocation that distinguishes the karyotypes of sheep
and argali has not yet been studied. We examined synapsis, recombination, and epigenetic modification of chromo-
somes involved in this rearrangement in heterozygous rams using immunolocalization of key proteins of meiosis. In
the majority of cells, we observed complete synapsis between the sheep metacentric chromosome and two argali
acrocentric chromosomes with the formation of a trivalent. In a small proportion of cells at the early pachytene stage
we observed delayed synapsis in pericentromeric regions of the trivalent. Unpaired sites were subjected to epigene-
tic modification, namely histone H2A.X phosphorylation. However, by the end of the pachytene, these abnormalities
had been completely eliminated. Asynapsis was replaced by a nonhomologous synapsis between the centromeric
regions of the acrocentric chromosomes. By the end of the pachytene, the yH2A.X signal had been preserved only at
the XY bivalent and was absent from the trivalent. The translocation trivalent did not differ from the normal bivalents
of metacentric chromosomes for the number and distribution of recombination sites as well as for the degree of
centromeric and crossover interference. Thus, we found that heterozygosity for the domestic sheep chromosome 3
and argali chromosomes 5 and 11 does not cause significant alterations in key processes of prophase | meiosis and,
therefore, should not lead to a decrease in fertility of the offspring from interspecific sheep hybridization.

Key words: Ovis aries; immunostaining; meiosis; synaptonemal complex; recombination; Robertsonian translocation.
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MOAM(UKALIMS XPOMOCOM V 6apaHOB, TeTepPO3UTOTHbBIX

II0 MeTalleHTPUUYeCKOol XpoMocoMme 3 noMalliHen oB1bl Ovis aries
I aKpOILIeHTPUYECKM roMosioraM apxapa Ovis ammon
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TMbpuamsaums Nnopos AOMALIHUX XUBOTHBIX C UX AVKUMY COPOAMNYAMU MOXKET CNYXKWUTb MNEPCNEKTUBHBIM METOAOM
MOBBILEHUA TEHETUYECKOrO Pa3HO06pasna CeNbCKOXO3SNCTBEHHBIX XMNBOTHbIX. PecypcHble nonynaumm, nonyyeH-
Hble Ha OCHOBe r’MbpPUAK3aALMIN Pa3NUYHBIX MOPOZ JOMALLHKX OBeL, C MydSIOHOM 1 apXapoM, ABNSIOTCA BaXKHbIM UC-
TOYHMKOM CeNeKUMOHHOro MaTepuana. Kaprotunbl apxapa 1 JOMALLHeN OBLbl Pa3fiMyaloTcs No pobepTCOHOBCKOM
TpaHCIoKaLum, BO3HUKLLEN y obLero npepka MydnoHa u oel (Ovis aries) 3a CYET LLEHTPUYECKOTO CIIMSAHNA XPOMO-
com 5 1 11 apxapa (0. ammon) c o6pa3oBaHNEM XPOMOCOMbI 3 OBLibl. MI3BECTHO, UTO reTepo3nroTHOCTb Mo TPaHC-
NoKaumMsaM MOXET NPVBOANTDL K HaPYLLUEHUAM CUHAMNCKCa, PEKOMOVHaLMK U cerperaumnm XpoMocom B Mero3se. Oco-
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Meiosis in rams heterozygous for Robertsonian
translocation distinguishing Ovis aries and O. ammon

6EHHOCTM NPOTEKAHUS Melo3a Y 6GapaHOB, reTepO3nNTroTHbIX MO TPAHCIOKALMK, Pa3finyatoLei KapuoTunbl OBeL, U
apxapoB, 4O CMX NOpP He UccnefoBaHbl. Mbl M3y4anu CHamNCUC, PEKOMOUHALMIO 1 SMUTEHETNYECKYI0 MOAVbUKaLMIO
XPOMOCOM, BOBNIEYEHHbIX B JAHHYIO MEPECTPONKY y reTepo3mnroT, C UCMOoJSIb30BaHMEM UMMYHOTOKaNM3aLmmn Kioye-
BbIX 6€NKOB Melo3a. B 60/bWMHCTBE KNETOK HabMoAancs NosHbIN CUHANCUC MeXAy MeTaLeHTPUUECKO XPOMOCO-
MOV OBLbl 1 IBYMsI aKPOLIEHTPUYECKMUN XPOMOCOMaMi apxapa ¢ obpa3oBaHunem TpuBaneHTa. B Hebonbliol gone
KNeTOK Ha CTaf1u paHHel naxuTeHbl Habnoganach 3afepKKa CMHancrca B NepuLEHTPOMEPHbIX paioHaX TPYBaneH-
Ta. HecnapeHHble yyacTky noasepranncb snureHeTnyeckon moguorkauumn: dochopunmposanmio rmctoHa H2AX.
OfHaKo K KOHLY MaxMTeHbl 3TV HapyLEeHUA MOMHOCTbIO YCTPaHANNCh. ACMHANCMC 3amMeLlanca HeroMonOrMYHbIM
CUHAMNCNCOM MeXay MepuLEHTPOMEPHbBIMM PaioHaMM aKPOLEHTPUYECKMX XPOMOCOM. K KOHLly maxuTeHbl CUrHan
YH2A.X coxpaHanca Tonbko Ha NosioBom 6MBaneHTe 1 OTCYTCTBOBaN Ha TpuBasneHTe. [o uncny u pacnpeaeneHuio
PEKOMOUHALIMOHHBIX CalTOB, CTEMEHV LLIEHTPOMEPHOW 1 KPOCCOBEPHON UHTEPhEPEHLMN TPAHCTOKALNOHHDBIN Tpu-
BaJIeHT He OTNNYANCA OT HOPMaJibHbIX OMBaNEHTOB MeTaLeHTPUYECKX XPOMOCOM. Takum 06pa3om, YCTaHOBIIEHO,
YTO reTepo3nroTHOCTb MO XPOMOCOMe 3 JoMaLLHel OBLbl 1 XpOMOCOMaM 5 1 11 apxapa He Bbi3blBAET CyLLECTBEHHbIX
MN3MeHeHWI B KNtoyeBbIX npoueccax npodasbl | Merio3a 1, cnefoBaTenbHO, He JONXKHA MPUBOAUTD K CHUXEHWIO NJ1o-
ZLLOBUTOCTV Y MOTOMKOB OT MEXBULOBOW rMOprAN3aL v oBeL,.

KnioueBble cnosa: Ovis dries; UMMyHOOKpaLUVIBaHUE; Me03; CMHANTOHEMHblE KOMIIEKCbI; PeKOMOVHaLusA; pobepT-

COHOBCKMe TpaHCnoKaunn.

Introduction

Hybridization of domestic animals with their wild relatives
is a promising method for increasing the genetic diversity of
farm breeds and introducing factors of resistance to diseases
and extreme environmental factors into their genomes
(Serebrovsky, 1935). This approach has been used in sheep
breeding. Resource populations obtained from hybrids of
various breeds of domestic sheep (Ovis aries: OAR) with
mouflon (O. orientalis) and argali (O. ammon: OAM) serve
as a source of valuable alleles and allelic combinations for
subsequent selection (Deniskova et al., 2016).

However, karyotypic differences between domestic and
wild species might affect the fertility of the hybrids. The argali
karyotype contains two pairs of metacentric chromosomes
(2n = 56), and the karyotypes of the mouflon and domestic
sheep contain three pairs of metacentrics (2n = 54). Differences
in the diploid number of chromosomes occurred due to the
Robertsonian fusion between the chromosomes 5 and 11
argali: rob (OAMD5;11) that originated in the common ancestor
of mouflon and sheep and resulted in the sheep chromosome 3
(OAR3) (Bunch et al., 1998). Hereinafter, for the argali
chromosomes we use the standard nomenclature of the
Bovidae chromosomes (Popescu et al., 1996). Theoretically,
heterozygosity for Robertsonian translocations should lead to
significant disruptions of meiosis and a decrease in fertility.
Disturbances of meiosis can occur due to the spatial complexity
of the presynaptic alignment and subsequent synapsis between
metacentric and acrocentric homologues (Borodin et al., 1998).
Delayed synapsis may lead to transcriptional inactivation of
unpaired chromatin, apoptosis and death of generative cells
(Burgoyne, Mahadevaiah, 1993; Burgoyne et al., 2009). Even
in the case of successful synapsis and normal recombination,
nondisjunction of chromosomes involved in the trivalent may
lead to the formation of unbalanced gametes and a decrease
in fertility of heterozygotes (Garagna et al., 2014).

Despite this, Robertsonian translocations are the most com-
mon variant of evolutionary chromosomal rearrangements
in mammals and the common cause of karyotypic difference
between closely related species (Ferguson-Smith, Trifonov,
2007). Polymorphism for Robertsonian translocations is
widespread in populations of many species (Dobigny et al.,
2017) including breeds of domestic sheep (Broad et al., 1997)

because they rarely cause phenotypic effects. In most cases,
fertility does not decrease in simple heterozygotes carrying
the metacentric chromosome and two homologous acrocentric
chromosomes. Moreover, fertility remains normal even in
the case of simple heterozygosity for several Robertsonian
translocations (Bruére, Ellis, 1979; Dobigny et al., 2017).
Reduced fertility is usually found in complex heterozygotes
for several Robertsonian translocations involving the same
shoulders of chromosomes: hybrids with monobrachial ho-
mology (Medarde et al., 2015).

Domestic sheep shows intraspecific polymorphism for five
Robertsonian translocations: rob(6;24), rob(9;10), rob(7;25),
rob(5;8), and rob(8;22) (Broad et al., 1997). Electron micro-
scopic analysis of synaptonemal complexes (SC) in male
heterozygotes for the translocations rob(6;24), rob(9;10)
and rob(7;25) revealed a relatively high frequency of cells
with delayed synapsis in trivalents formed by metacentric
chromosome and two acrocentric homologues. Another
abnormality detected was associations between the unpaired
pericentromeric areas of the acrocentric elements of trivalent
and the XY bivalent (Dai et al., 1994a, b). At the same time,
it was shown that simple heterozygotes for one or several
of these translocations retain normal fertility, although they
have aslightly increased level of chromosome nondisjunction
(Bruere, Ellis, 1979).

Meiosis in rams heterozygous for the translocation
rob(OAMBS;11), have not been studied yet. Analysis of meiosis
is important in the light of experiments for creating resource
populations based on hybrids of various breeds of domestic
sheep with mouflon and argali (Deniskova et al., 2016).

In this study, we investigated synapsis, recombination,
and epigenetic modification of chromosomes involved in
rob(OAM5;11), using immunolocalization of key meiotic
proteins. The lateral elements of the SC were visualized using
antibodies to the SYCP3 protein. Epigenetic modifications of
the regions containing unrepaired double-strand DNA breaks
were detected by antibodies to the phosphorylated form of his-
tone H2A.X (YH2A.X) (Rogakou et al., 1998). We evaluated
the number and distribution of recombination nodules using
antibodies to MLH1, the mismatch repair protein (Anderson
etal., 1999). It is known that the global distribution of recom-
bination events by chromosomes is mainly determined by the
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size of the chromosome and the centromeric-telomeric gradi-
ent (Kleckner et al., 2003). The genetic content determines
the positions of recombination hot spots within 1-2 thousand
base pairs and does not make a significant contribution to the
chromosome-wide recombination pattern (Lichten, Goldman,
1995). Chromosomes of most of the studied species of verte-
brates show the distal peaks of recombination (Ruiz-Herrera
etal., 2017). The distribution of crossover sites is also affected
by centromeric interference (suppression of recombination
near the centromere) and crossover interference (reduction
of the probability of a new crossing over to occur near to
one that has already arisen) (Zickler, Kleckner, 2015). The
greater the distance between adjacent recombination points,
the greater the interference. Little is known about the number
and distribution of MLH1 sites in domestic and wild sheep
species (Mufioz-Fuentes et al., 2015; Ruiz-Herrera et al.,
2017). The study of these characteristics in heterozygotes for
species-specific evolutionary translocation rob(OAMS5;11) is
of particular interest.

Materials and methods

Meiotic chromosome spreads were prepared from the testes of
mature 6-9 months old rams breed in the experimental farm
of the Federal Scientific Center for Animal Husbandry. Rams
heterozygous for rob(OAMS5;11) were obtained in the crosses
shown in Fig. 1. Rams of the Romanov breed were used as
representatives of the standard karyotype.

Testes were isolated during castration. The maintenance,
anesthesia and castration were carried out in accordance with
the international and national rules of humane treatment of
animals according to the protocol approved by the Commission
on Bioethics of the Institute of Cytology and Genetics of the
Siberian Branch of the Russian Academy of Sciences (protocol
No. 35 of October 16, 2016).

SC spreads were prepared by the method of Peters et al.
(1997) with modifications. The testes were removed from
tunica albuginea and a small fragment of the testis about
0.5 cm?® in size was placed in a hypotonic extraction buffer
(30 mM Tris, 50 mM sucrose, 17 mM sodium citrate, 5 mM
EDTA, pH 8.2) for 90-110 minutes. Then the seminiferous
tubules were macerated in 40 pl of a 0.1 M sucrose solution at
pH 8.2. The debris was removed and a suspension of testicular
cells was re-suspended several times. One drop (20 pl) of the
resulted suspension was placed onto slides moistened with
1 % paraformaldehyde solution and slowly distributed over
the surface by tilting the slide. The slides were left to dry in
a humid chamber for 2 hours. The preparations were washed
in 0.4 % Kodak PhotoFlo, dried and stored until staining in
sealed containers at —20 °C.

Immunostaining of the SC spread was performed according
to the method of Anderson et al. (1999) with modifications.
A solution of 400 pl of 10 % PBT (PBS (phosphate-buffered
saline), 0.05 % Tween-20, 3 % BSA (Sigma-Aldrich, USA))
was applied to the slides at room temperature for 45 minutes
to block non-specific antibody binding. Then the preparations
were incubated for 12 hours at 37 °C with primary antibodies.
Depending on the task, the following antibodies were used:
rabbit polyclonal antibodies to human SYCP3 protein (Abcam,
UK) at a dilution of 1:500; mouse monoclonal antibodies to
human MLH1 protein (Pharmingen, USA) at a dilution of
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Fig. 1. Pedigree of the heterozygotes for translocation rob(OAM5;11).

The squares show males, the circles indicate females, the black fill shows argali
genome, the gray shows mouflon genome, the white shows the Romanov
sheep genome.

1 :30; rabbit polyclonal antibodies to human yYH2A.X (Abcam)
atadilution of 1:150; human antibodies to human centromere
proteins (Sigma-Aldrich) at a dilution of 1:70 in PBT. The
preparations were washed three times for 15 minutes in PBS
with 0.1 % Tween-20 and incubated for 60 minutes at 37 °C
with the following secondary antibodies, which were used in
various combinations: donkey antibodies to rabbit immuno-
globulins conjugated with a Cy3 fluorescent label (Jackson
Laboratories, USA) at a dilution of 1:500; goat antibodies
to mouse immunoglobulins conjugated with a fluorescent
FITC label (Jackson Laboratories) at a dilution of 1:30; goat
antibodies to rabbit immunoglobulins conjugated with a
fluorescent FITC label (Jackson Laboratories) at a dilution of
1:150 and goat antibodies against human immunoglobulins
conjugated with a fluorescent label AMCA (Vector Laborato-
ries) ata 1:50 dilution. The preparations were washed in PBS,
dried, and 15 pl of antifade solution was applied (Vectashield;
Vector Laboratories) to prevent fluorescence quenching and
covered with a cover glass.

Microscopic analysis was performed at the Microscopy
Center of the Siberian Branch of the Russian Academy of
Sciences. The preparations were analyzed under Axioplan 2
microscope (ZEISS, Germany) equipped with a CCD
video camera (CV M300, JAI Corporation, Japan), a set of
CHROMA filter kits and ISIS4 image processing software
(MetaSystems GmbH, Germany). Image brightness and
contrast were edited using Corel PaintShop Photo Pro X3.

We analyzed 93 spermatocytes of the Romanov rams
and 101 spermatocytes of the translocation heterozygotes.
For analysis, we selected the cells at the pachytene stage,
in which all autosomal bivalents of the standard O. aries
karyotype were completely synapsed. Chromosome lengths
and the relative position of MLH1 foci were measured using
MicroMeasure 3.3 (Reeves, 2001).

To analyze the distribution of MLH1 foci along the
chromosomes, we calculated the absolute position of each
MLH1 focus, multiplying the relative position of each focus
by the absolute length of the corresponding chromosome arm,
averaged for all metacentrics. To construct a recombination
map, we divided the chromosomal arms into equal intervals
corresponding to 1 um. For each interval, we calculated the
proportion of MLH1 foci located on it out of the total number
of foci located on a given chromosome.
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Fig. 2. Spermatocytes of Romanov rams (a), heterozygotes for rob(OAM5;11) (b) and magnified
images of various synaptic configurations of the Robertsonian trivalent (c-f).

¢ - trivalent is completely synapsed; d - pericentromeric regions of acrocentrics are synapsed and form
a side arm; e - the pericentromere region of trivalent is partially asynapsed; f — one of the acrocentrics
in trivalent is completely asynapsed. First column shows merge of three color channels, second column
shows the red channel only, third column shows a schematic image of the trivalent. The red signal
represents SYCP3; green — MLH1; blue — centromere. M indicate metacentric bivalents, rob - Robertsonian
trivalent, XY - sex bivalent.

We used ANOVA to test the effect of heterozygosity for the chromosomal
rearrangement on the recombination characteristics of chromosomes involved.
Statistical tests were performed using Statistica 6.0 (StatSoft). The average values
of the SC lengths and the number of MLH1 foci are given with standard deviations
(xSD).

Results
The karyotype of pachytene cells of Romanov rams contained three large metacentric
bivalents, indistinguishable from each other, 23 acrocentric bivalents, forming a
continuous series in descending length, and the sex bivalent (Fig. 2, a). Pachytene
spermatocytes of the heterozygotes for the Robertsonian translocation contained
two metacentric bivalents and trivalent formed by the sheep chromosome 3 and
acrocentric argali homologs (Fig. 2, b). The trivalents did not differ in the average
SC length from the bivalents of the two other metacentric chromosomes in hetero-
zygotes (t = 0.87, p = 0.38), but they were shorter than the bivalents of all three
metacentric chromosomes in the normal karyotype (t = 5.36, p < 0.001) (see the
Table). Therefore, in the further analysis, we compared the recombination charac-
teristics of the translocation trivalent with the combined data on the bivalents of
two metacentric chromosomes in heterozygotes.

Figure 2, c—f present various variants of synaptic configurations found in the
heterozygotes. The most frequent was the variant with almost complete pairing
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between metacentric chromosome 3
and its acrocentric homologues (see
Fig. 2, ¢). Sometimes centromeres of ac-
rocentrics superimposed on each other,
forming a small lateral arm (d). Asyn-
apsis of the pericentromeric regions of
one or both acrocentrics was found in
5.0£2.2 % of cells (€). The average size
of the unpaired region was 24.2+14.3 %
of the trivalent length. In one case, we
observed complete asynapsis of a longer
acrocentric (f).

Immunolocalization of the phos-
phorylated form of histone H2A.X
(YH2A.X) allowed us to visualize areas
containing non-repaired DNA double-
strand breaks (Fig. 3). At the leptotene
stage, such areas were numerous and
were present on all chromosomes (see
Fig. 3, a). In the early pachytene, we
observed YH2A.X signals on unpaired
sites of autosomes, including the asyn-
apsed areas of the acrocentric elements
of the translocation trivalent (see Fig. 3,
b). In rare cases, the entire arm of the
trivalent, including its synaptic part,
was subjected to epigenetic modifica-
tion (see Fig. 3, ¢). By the end of the
pachytene, the YH2A.X signal remained
on the sex bivalent only and was absent
on the trivalent (see Fig. 3, d ).

Visualization of recombination nod-
ules using antibodies to the MLH1
protein (see Fig. 2) allowed us to esti-
mate the number of crossovers on the
chromosomes of interest. We did not
find differences in the average number
of MLH1 foci at the Robertsonian tri-
valent with that at the bivalents of the
two other metacentric chromosomes in
the heterozygotes for rob(OAM5;11)
(t=1.33, p=0.18) whereas the bivalents
of the three metacentric chromosomes,
including chromosome 3, in the normal
homozygotes had fewer MLH1 foci
(t=3.59, p <0.001).

The distribution of MLH1 foci along
chromosome 3 of the translocation
trivalent was similar to the distribution
observed on the bivalents of metacentric
chromosomes 1-2 in heterozygotes for
rob(OAM5;11) and on the bivalents
of chromosomes 1-3 in the standard
karyotype (Fig. 4). It was relatively
uniform. Unlike the chromosomes of
many other mammals (Ruiz-Herrera et
al., 2017), the metacentric chromosomes
of the rams did not have pronounced
peaks in the distal chromosome regions.
The frequency of MLHL1 foci in the
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Recombination characteristics of the chromosomes 1-3 in the rams of the standard karyotype (+/+)
and chromosomes 1-2 and 3 in heterozygotes for rob(OAM5;11) (+/rob)

Chromosomes  Number Length of Number of MLH1  Relative distance between  Percent of MLH1 foci

of chromosomes  synaptonemal foci adjacent MLH1 foci in pericentromeric

B *
studied complex, pm (chromosome length regions
fraction)

1-3 (+/+4) 279 358+84 57+1.2 0.18 £ 0.01 6.9+0.6
1-2 (+/rob) 202 31.6+83 6.0+14 0.17 £0.01 5.8+0.7
3 (+/rob) 101 30.7+7.8 6.2+t14 0.16 £ 0.01 48+09

*+ 2 um from the centromere.

Fig. 3. Spermatocytes of rams heterozygous for rob(OAM5;11) at different stages of prophase I.

a, leptotene: yH2A X signals are localized along the fragments of lateral SC elements; b, early pachytene: yH2A.X signals are localized at the asynapsed regions
of autosomes and sex bivalent, whereas the trivalent does not show the signal; ¢, mid-pachytene: yH2A.X signals are localized at the asynapsed regions of the
trivalent and sex bivalent; d, late pachytene: yH2A X signal is localized at the sex bivalent only. Arrowhead indicate trivalent with translocation, XY - sex bivalent.

Red signal represents SYCP3; yellow — yH2A.X; blue - centromere.

pericentromeric regions of trivalent and normal bivalents was
reduced only in a short (1-2 um) interval. However, we did
not observe significant differences in the MLH1 foci number
in pericentromeric regions (p > 0.05) between trivalent and
two metacentric bivalents (see the Table). We also found no
differences between trivalent and bivalents in the degree of
crossover interference: the average distance between adjacent
MLHZ1 foci was almost the same (see the Table).

Discussion

We found that rob(OAMS;11) heterozygotes showed a
delayed synapsis of the Robertsonian trivalent in a small
percentage of pachytene spermatocytes. This is in agreement
with the results of electron microscopic studies of the sheep
spermatocytes heterozygous for rob(6;24), rob(9;10) and
rob(7;25) (Dai et al., 1994a, b). However, in the cited papers,
the percentage of abnormal spermatocytes was higher than in
our experiment. The carriers of these translocations showed
rather high percentage of associations between the asynapsed
regions of trivalent and the sex bivalent. We did not observe
such associations. These differences in trivalent synapses in
heterozygotes for translocations that are polymorphic within
a species, and for translocations that distinguish different spe-
cies, might occur due to either the methodological differences
and/or the genetic properties of the chromosomes involved in
these translocations.

Delayed synapsis in the pericentromeric region of trivalent
lead to delays in repair of DNA double-strand breaks, which
in turn caused epigenetic modification of this region: H2A. X
histone phosphorylation at serine 139. Typically, such a modi-

fication of an unpaired chromatin results in transcriptional in-
activation of genes localized in modified regions (Burgoyne et
al., 2009; Turner, 2015). If such events occurred in pachytene
spermatocytes of the rams heterozygous for the translocation,
they affected only a small percentage of the cells. Even so,
the pericentromeric chromosome regions are usually enriched
in repeated sequences and contain few genes. Therefore, it is
unlikely that inactivation of such areas may lead to germ cell
death. In addition, in the spermatocytes at the late pachytene
stage, we did not observe either asynapsed regions or signals
of epigenetic modification. Most likely, asynapsis was re-
placed by a nonhomologous synapsis, and the modification
of chromatin turned out to be reversible. We cannot exclude
a possibility that the cells with the delayed synapsis were
eliminated earlier and did not reach the pachytene stage.
However, even if such elimination occurred, it affected only
a small percentage of the germ cells and should not have af-
fected the fertility of the heterozygotes.

The number and distribution of crossovers on the bivalents
of normal metacentric chromosomes and on the translocation
trivalent were similar. A rather common effect of heterozy-
gosity for Robertsonian translocations is the distalization of
the distribution of crossovers along the arms of the involved
chromosomes (Dumas, Britton-Davidian, 2002; Borodin
et al., 2008; Dumas et al., 2015). We did not detect such
distalization in the rob(OAMD5;11) trivalents. The degree of
centromeric interference in the trivalents did not exceed that
of homozygotes for the normal metacentric chromosomes.
In a number of cells, we observed MLH1 foci in the close
vicinity of the centromere (see Fig. 2, c, e, Fig. 4). In terms
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Fig. 4. Distribution of MLH1 foci along the bivalents of chromosomes 1-3 in normal homozygotes (a), along the bivalents of chromosomes 1-2 (b) and

along trivalent chromosome 3 (c) in heterozygotes for translocation.

The X-axis shows the position of MLH1 foci at the bivalent relative to the centromere (indicated by arrow). The marks are equivalent to 1 um. The Y-axis shows
the proportion of MLH1 foci at each interval. The colors indicate the frequency of trivalents and bivalents containing different number of MLH1 foci within each

interval, from 1 to 10.

of crossover interference, the translocation trivalent did not
differ from normal bivalents either. Normal recombination in
the Robertsonian trivalent ensures normal chromosome seg-
regation and makes unlikely unbalanced gametes formation.

Conclusion

Thus, we found that heterozygosity for the evolutionary
Robertsonian translocation involving chromosome 3 of
domestic sheep and chromosomes 5 and 11 of argali does not
cause significant changes in the key stages of meiosis and,
therefore, should not lead to a decrease in fecundity in the
offspring from interspecific hybridization of sheep.
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EBpasuiickan ceuaAsb (Mareca penelope) — oanH U3 cambix MHOTOUMCIIEHHbBIX NMEPENETHbIX BUAOB YTOK B aneapk-
TUKe. EXXerogHo 3HaunTenibHas YyacTb BCEro BMAa COBEPLUAET Ce30HHble nepesieTbl Ha PAcCTOAHUA OT JECATKOB 4O
TbicAY 1 6onee KnnomeTpoB. Mo faHHbIM KONbLEBAHUA BbIAENEHO NATb reorpaduyeckmnx Nonynaumi, ogHako yet-
KUX rpaHunL, Mexay nonynaumMaMmmn He obHapy»keHo. B To e Bpema punoreorpaduyeckasn CTpyKTypa eBpasninckomn
CBUWA3M Ha BCEM NPOTSXKEHUN ee apeana Jo CKX Nop He rn3yyeHa. MomrmMo GpyHAaMeHTaIbHOrO 3HaYeHMsA NoJo6HO-
ro UCCNefoBaHNA, 3HaHNE FTeHeTMYeCKOW CTPYKTYPbl MONyNALMin HeobxoanMo Ansa pa3paboTky Mmep no coxpaHe-
HUIO 1 YBENNYEHMNIO YNCIIEHHOCTI 3TOTO LIeHHOrO OXOTHMYbe-NPOMbIC/IOBOrO BuAa. B cBA3M ¢ 3TUM Lenblo Halen
paboTbl 6bin dunoreorpadnyecknini aHanmM3 CBUA3N Ha OOBLIMPHON TeppuTopUK ee apeana B ManeapKTuke ¢ npu-
BrieyeHnem obpasLoB TKaHel nTuy, 3umyiowmx B CeepHolt AMeprike. C MOMOLLbIO CEKBEHMPOBaHUA 5'-dparmeH-
Ta KOHTPONbHOrO pernoHa MuToxoHapuanbHo [HK 6bina n3yyeHa reHetnyeckaa auddepeHumayma nonynaunii
CBUA3Y, BbIAENEHHbIX MO AAHHBIM KONbLEBaHNA, PEKOHCTPYMPOBaHbI GprioreHeTMyeckmne OTHOLEHNA ranaoT1Mnos
mTOHK 1 gemorpaduueckas ncropus nonynaumi n Buaa B uenom. Becero 6bino npoaHanusmposaHo 195 nocne-
foBaTenibHOCTeN ANMHOM 661 Nn.H. l[eHeTMYeckoe pa3sHoobpasre ObiNo BbICOKMM BO BCEX U3YUYEHHbIX NOMyAALMAX.
QunoreHeTUYeCKMEe PEKOHCTPYKLMM NOKa3anu oTCyTCTBME KacTepmusaumm no reorpadryeckomy npusHaky. AHa-
N3 MONEKYNAPHON n3ameHumBoct (AMOVA) BbiABUN ABE rpymnbl NOMYAALUA: €BPONENCKO-CUOUPCKYIO U BOCTOY-
HOoa3MaTcKylo. B nepByio rpynny, mOM1Mo eBpOnenckon 1 cMbrnpcKom, TakKe BoLia BbibopKa 13 ATnaHTNYeCcKoro
nobepexbsa CeBepHolt AMepurKK, BTopas BKtoumna ocobeli n3 [lanbHero Boctoka, KamuaTku, YykoTku, AneyTckux
OCTPOBOB, ANACKM 1 TxooKeaHCKoro nobepexba CeBepHoO AMepPUKM.

Kniouesble cniosa: dpunoreorpadus; nonynaumoHHo-reHeTnyeckas CTpyKTypa; CBuA3b; Mareca penelope; KOHTpOnb-
HbI pervoH; mTOHK.
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QOunoreorpaduryeckas CTpykTypa eBpasninckon ceuasu (Mareca penelope) B fonapktuke. BaBunoBcKui xypHan
reHeTuKn 1 cenekymm. 2019;23(3):362-369. DOI 10.18699/VJ19.503

Holarctic phylogeographic structure
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The Eurasian wigeon (Mareca penelope) is one of the most numerous migrant species of waterfowl in the Palearc-
tic. Annually, significant part of the world’s wigeon population makes seasonal flights over distances from tens to
thousands or more kilometers. According to different estimates based on banding data, five geographic popula-
tions of the species were described in the Palearctic. However, distinct borders between the populations have not
been identified. At the same time, no phylogeographic studies have been carried out for the complete native range
of wigeon so far. In addition to the fundamental importance of such a study, knowledge of the genetic structure
of populations is necessary for the development of measures to increase the number of and preserve this valuable
game species. The aim of our work was a phylogeographic analysis of the wigeon across its vast native range in the
Palearctic including ducks wintering in North America. We examined genetic diversity and differentiation of wigeon
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Ounoreorpaduueckan CTpyKTypa eBpasmninckom
cBuA3n (Mareca penelope) B fTonapkTrike

populations identified with banding data, phylogenetic relationships of mtDNA haplotypes and demographic his-
tory of populations and species as a whole by sequencing a 661 base-pair 5'-fragment of the mitochondrial control
region from 195 individual ducks collected throughout the Palearctic and Nearctic. Genetic diversity was high in
all studied populations. A reconstruction of haplotypes phylogeny revealed the absence of geographic structure
in the data. Nonetheless, analysis of molecular variance (AMOVA) identified two groups of populations: European-
Siberian and East Asian. The former included wigeons from Europe, Siberia and the Atlantic coast of North America,
and the latter comprised ducks from Russian Far East, Kamchatka Peninsula, Chukotka Autonomous District, the
Aleutian Islands, Alaska, and the Pacific coast of North America.

Key words: phylogeography; population genetic structure; wigeon; Mareca penelope; control region; mtDNA.
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BBepeHune

Espaswuiickas csus3b (Mareca penelope) — mmpoko pacmpo-
CTPaHEHHBIH ¥ MHOTOUMCIICHHBIH BU/I IPOMBICTIOBBIX YTHHBIX
nrun [aneapkruku. ['Hezaurcs B ceBepHoi uactu [laneapk-
THKH, OT bputanckux octpoBoB u Vcnanauu Ha 3amnane 10
OaccefiHa p. AHaIBIPh U TOTyOCTpoBa KamuaTka Ha BOCTOKeE,
OT BBICOKHMX CEBEPHBIX MHPOT EBpazuu 10 npuOIm3nTeabHo
50-# mapamienu ceBepHoi mmpoTsl ([lemeHTheB, [1anKkoB,
1952). Berpewaercst eBpa3uiickasi CBUA3b Takke U B Heapk-
THKE, a MIMCHHO Ha AJICyTCKUX OCTPOBaX, AJISICKE U BHE THE3-
JIOBOTO TepHo/ia Ha ATIIAHTHYECKOM M THXOOKEeaHCKOM I10-
oepexpsax CeBepHoit AMepuku. [1o TaHHBIM KOIBIICBAaHUS B
[TaneapkTHKe BBIIEIEHO MATHh TeorpapuIecKuX MOMyIISIIAI
BUJIa: UCIIAHJCKasl, eBpOIIeiicKas, 3amnajaHocuOupcekas, Boc-
TOYHOCHOUpPCKas u nanpHeBocTouHas ([1aBmos u ap., 1997).
[Ipenarnonaraercst, 4T0 MEXIy MOMYJISIIUSIMHI HET YETKHX TPpa-
HHUII. TaK, JAaHHBIC KOJbILICBAHUS BBISIBUIIN BBICOKHH YPOBEHb
o0MeHa MHUTpaHTaMH Mexay nomyssinusmu (0T 5 1o 30 %).
OnHaKO MUTPALVH ITPOUCXOAST IPEUMYIIIECTBEHHO Ha IepH-
(hepun MOMyIAIMA, B MECTaX HAJIOKEHUS MOMYJISIIMOHHBIX
apeasoB u Bo BpeMs 3uMoBkH (IlaBmoB u ap., 1997).

B nocneanune roasl ObIIO IPOBEICHO MHOTO (hritoreorpa-
(hudecKrX NCCNeIOBaHUH YTUHBIX NITHIL. PactipocTpaHeHHBIM
PE3yIBTaToOM TaKNX CCIICIOBAHUH CTaI0 OOHApYKEHHUE Mapa-
(rmn vM oMU MATOXOHIpralibHOM 1 sitepHoii JIHK,
O0COOEHHO B Cllydae aHaJli3a FeHOMOB OJIM3KOPOJICTBEHHBIX
BUOB. B xauecTBe HanboIee BEpOATHOTO OOBSICHEHHS OBLTH
MIPE/UIOKEHBI HE3aBEPILCHHAs COPTHPOBKA JIMHUI sIIepHOI
JIHK/ramnorunos mtIHK win MexxBua0Basi THOpUaM3aIius
(McCracken etal., 2001; Kulikova et al., 2004, 2005; Peters et
al., 2005, 2007; Peters, Omland, 2007). DT0o HEyAUBUTEIIBHO,
YUHUTBIBast OTHOCHTEIBHO MOJIOZION C TOUKH 3PEHUSI IBOJIOLIMN
Bo3pacT TakcoHOB (Peters et al., 2007; Lavretsky et al., 2014)
Y HIMPOKO N3BECTHYIO CIIOCOOHOCTH YTOK K THOPUAN3AINY B
HeBoJjIe U B qukoi npupoze (Johnsgard, 1960; Greig, 1980).
Bb110 mokazaHo, 4To Mexay reorpadpuuecKUMH MOMYISIIUSIMA
MHOTHX BHJIOB yTHHBIX CYIIECCTBYIOT JIMIIb HE3HAYUTCIILHBIE
IeHETUYECKUE Pa3Inyusl, YTO, 10 MHEHHUIO PsijJia aBTOPOB, 00-
YCIIOBIICHO T€HHBIM MTOTOKOM 1 paccenenneM (Cronin et al.,
1996; McCracken et al., 2001; Kulikova et al., 2005; Peters,
Omland, 2007; Kraus et al., 2011).

B nacrosmieii paboTte OblTa BIEpBBIC W3yUeHa (PHIIOTEO-
rpaguyeckas CTpPYKTypa IMIHMpoKoapeaabHOro Bujaa Mareca
penelope B Toiapkruke. B kauecTBe MONEKYISPHOTO MapKepa
MBI BBIOpanu 5'-¢pparMeHT KoHTponsHOTO pernona Mt/ JHK.
Amnanus Bapnabensaoctu MTIHK siBisiercst py THHHBIM MeTO-
JoM (utoreorpauIeCKUX UCCICIOBAHUIA, YTO OOBACHICTCS

ralIONJHOCTBIO, OTCYTCTBHEM PEKOMOWHAIINM, MaTpuap-
XaJbHBIM HAcJICIOBAHUEM M OBICTPOH MO CPaBHEHHIO C
snepHoit JIHK ckopocThio 3BONIIOLMN MUTOXOHPUAIBHOTO
reHoma. KOHTpoJIbHBIN peruoH, iy D-nemis — 3To NpoTsKeH-
HbI Hekoaupytomuii yuactok MTJIHK, ckopocTs 3BoIoMu
KOTOPOTO B TPU-TISATH pa3 MPEBBIIIAET TAaKOBYIO OCTaJIbHON
MT/IHK (Taanman, 1999). B o6macti D-nieTsm pacmionokeHsl
MIPOMOTOPBI TPAHCKPHUIIIIAH JIETKOH 1 TSKEIIOH LieTIelt ¥ Touka
perukanuu Tspxenoi neru MTJHK. B cocraBe KoHTpobHOTO
pETrroHa BBIACISIOT TPH JOMEHA, KOTOPBIE OTIINYAIOTCS 10 CTe-
MIeHN BapHadeIbHOCTH: KOHCEPBATUBHBIN IIEHTPaIBHbIN 10~
meH Il u pnankupyromue nomenst I u 111, xapakrepusyromniue-
Cs1 BBICOKOH CKOPOCTBIO HYKJICOTH/IHBIX 3aMeH. JInHa KOHT-
pOJIBHOrO peruoHa nrui Bapbupyer ot 1028 no 1581 m.H.,
cocrasisisi B cpeaeM 1127 n.u. (Ruokonen, Kvist, 2002).
Y IEeKNHCKOH TOPOABI yTOK, HAITPUMED, IJTHHA KOHTPOJIBHOTO
peruona cocrasiusier 1048 n. H., a anmuHbl JoMeHoB 1, 1T u 111
paBHbI 348, 478 u 222 1. H. coorBeTcTBeHHO (Ramirez et al.,
1993). bnarogapsi BBICOKOH CKOPOCTH SBOJIOIIH KOHTPOJIb-
HBIi PETMOH BECbMa YCIICHIHO MPHUMEHSETCS B U3yUCHHUH
BHYTPUBHJIOBOH M3MeHUMBOCTH yTHHBIX U1l (Cronin et al.,
1996; McCracken et al., 2001; Kulikova et al., 2005; Peters,
Omland, 2007; Kraus et al., 2011). C moMoIpio aHaau3a 1mo-
numopdusma 5'-hparmenta kKoHTposibHOTO perrnoHa MT/JHK
MBI [IBITAIUCH BBISICHUTB, OKAXYTCs JIM TOIMYIIALUN CBUS3H,
BBIJICJICHHBIC 110 JAHHBIM KOJIBIIEBAHHS, TCHETHYECCKH ANUQ-
(hepeHIMPOBaHHBIMU U CYLIECTBYIOT JIM T€HETHUECKUE pa3-
JUYUS MEKIY 0C00sIMH, 3uMytontiMu B CeBepHON AMepHKe,
Y €BPA3UHCKUMHU TTOIYIISALIMSIMH.

MaTeleaﬂbl n metogbl

B EBpasun n CesepHoii AMepuke Obutn codpansl 115 06-
pa3loB TKaHEH eBpa3suiCKUX CBUA3EH; UCII0JIb30BaHbl TAKKE
80 ommyOnmkoBaHHBIX paHee mocienoBarenbHocTel (Peters et
al., 2005, 2014; Kynuxosa, XKypasnes, 2010). Mudopmarus
00 oOpasmax u Mecrax ux cOopa mpejacrarieHa B TaOm. 1.
PernonanpHbie BBIOOPKH OBLIN BBIICJICHBI B COOTBETCTBUH C
nmaHHBIME KoJbIieBaHus ([1aBioB u ap., 1997) u B HacTosIeM
HCCIIeJOBaHUU IpUpaBHEHHI K nomymanusam. (1) EBpomneiickas
TIOTYJIAIINS COCTOsTa M3 00pas3IoB, coOpaHHBIX B EBpore
(n = 18). (2) Cubupckas nomynsus (N = 22) BKIIOYHIIA TTIaB-
HBIM 00pa3oM 00pas3iibl U3 3ana/(HOi U LEeHTPaIbHON YacTeil
Cubupu, 3a ICKIIFOYCHHEM BOCHMH CBHsI3er n3 Tomckoit o6ma-
CTH, COOpaHHBIX BO BPEMSI MUTI'PAIIMH, KOTOPBIE MOTIIH HIMETh
KaK 3araJHOCHONpPCKOe, TaK U BOCTOUHOCHOUPCKOE MPOHC-
XOX/IeHHe. B 3Ty pernonanbHyo BBIOOPKY IOTIAIN TaKKe
neBsTh ocobeit m3 Typruun, Erunta u banrianent, mocKoabKy
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Table 1. Experimental material

Holarctic phylogeographic structure
of Eurasian wigeon (Mareca penelope)

Continent  Region Code n Sampling locality n Reference
Euras,a ............ Europe ........................................ E UR8 ............. G ermany ...................................................... 5 .............. P eterseta|2005 ....................
n=164 Scot|and ....................................................... 2 .............. S
spa,n ............................................................ 1 .............. S
S,ber,asmzz'rurkey .......................................................... 2 .............. U npub| .....................................
Egypt ............................................................ 6 ............. S
Yamalo-Nenets Autonomous Okrug 1 Petersetal, 2005
Bang|adesh .................................................. 1 .............. U npub| .....................................
Kazakhstan .................................................. 2 .............. p eterseta|zoo5 ....................
Tomskob|ast ............................................... 10 ........... U npub| .....................................
FarEast ........................................ |: E ............. 106 ........ anorSkyKral ............................................. 105 ......... K u||kovazhurav|e\/20‘|0 .....
Peters et al., 2005; unpubl.
Magadanob|ast .......................................... 1 .............. P eterseta|2005 ....................
‘WesternBeringia ~~~~~~ WB 30 ChukotkaAutonomousOkrug 8  Kulikova, Zhuravlev, 2010
Kamchatkaouast ....................................... 2 2 ........... U npub| .....................................
,,:8 ............... A |eut,an|s|ands ALA8 ............. A Ieu“ams'andsUmtedstates .................. 6 ............. P eterseta|2014 ....................
and Alaska AlaSkaumtedstateS .................................. 2 .............. p eterseta|zoo5 ....................
‘North  PacificcoastofNorth | PAC 17  California United States 5 Petersetal, 2005; Heony6n.
e Oregon UnitedStates S 2
Washington, United States 7 »
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B ATUX CTpPaHax 3MMYIOT OCOOM M3 3aIaJHOCHOMPCKON MO-
IyJISIMY, U 1Be oOpasua u3 Kasaxcrana, coOpaHHbie BO Bpe-
Ms BECEHHEH MHUIPALUM B PalloHE OIHOTO U3 MHUIPALMOH-
HBIX TyTeH, XapaKTepHbIX JUIsl 3araJ HOCHONPCKON MOITyIsi-
uuu (ITaBnoB u np., 1997). (3) HanbHeBOCTOYHAS OIS
(n=106) cocrosima m3 0cobeii, COOpaHHBIX BO BpEMsI MUTPa-
in B [IpuMopckoM kpae, n ogHOTro oOpasia u3 Maranana.
[TTHip! 5TOM OMYJISILIMK 3UMYIOT IIaBHBIM 00pa3oM B Kopee,
Kurae u Ha ceBepe BreTHama, a rHE3IUTCS HA CEBEPE U Ce-
Bepo-Boctoke Skytun (ITaBnos u 1p., 1997). (4) [omymsus
3amagHoi bepunruu (N = 30) BKJIrOYMIA THE3IANIMXCS HA
Kamuatke u B Oacceiine AHaIBIps ITHIT, KOTOPBIE 3UMYIOT Ha
Kypwmiisckux octpoBax u B Slnonun. (5) B ogny nomyssiuro
ObuIM 00BEIMHEHBl YTKH AJICYyTCKHX OCTPOBOB M AJISICKH
(n = 8). (6) Tuxookeanckass (N = 17) u (7) aTmanTU4ecKas
(n = 4) ceBepoamMepHKaHCKHE TOMYJISIIUN COCTOSUIN U3 00-
pa3LoB, cOOpaHHbBIX Ha oOepexkbe THXOro 1 ATIIAaHTHYECKOTO
okeaHoB CeBepHON AMEPHKH COOTBETCTBEHHO.

Toransuyto [JHK BbiessIIM U3 IEUEHU U MBI ITULL C TIO-
moirsio JIHK DNeasy Tissue Kit (Qiagen, CIIIA). 5'-yuac-
TOK KOHTPOJIFHOTO pernoHa MutoxoHapuansHon JJHK (78—
774 n.H. MUTOXOH/IPHAIBHOTO TEHOMA KypHIIbI) aMIutidu-
UpOBau ¢ nomomibio npaiimepo L78 u H774 (Sorenson,
Fleischer, 1996). AmMmmdukanuio MpoBOIIN HAa TIpudope
UNOII Thermoblock (Biometra, ['epmanust) B 25 MK peak-
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LHUOHHOU cMecH, coaepxkameil reHomuyo JJHK, 1.25 Mxn
Kak1oro npaiivmepa (10 MM), 2.5 M kaxknoro dNTP (10 MM),
2.5 mxn MgCl, (25 MM), 2.5 MKJ1 IecsITUKpaTHOTO Oydepa a1s
PCR u 0.2 mxi Tag-/ITHK-nonmmmepaszsl. AMImmQuKanmro mpo-
BOAWIH ITPHU CJICAYIOIUX TEMIIEPATYPHBIX YCIIOBUAX: HaYaJIb-
Has feHarypanus — 7 MuH ripu 94 °C; 45 1ukioB B pexxuMe:
nenarypanus — 20 ¢ npu 94 °C, otxur — 20 ¢ mpu 52 °C,
anoHranus — 1 MuH nipu 72 °C; 1 3aBepIuaroiias 1MOHTaIus —
7 muH npu 72 °C. KauecTBO MpOAYKTOB aMIUTH(DUKAIIAN
OTIPEACISUIN C TTOMOIIIBI0 3nekTpodopesa. Obe nenu cexkse-
HUpoBasH ¢ nmomotikio BigDye Terminator Cycle Sequencing
Kits B geTpIpexkpaTHOM pa3BeneHud. [locnenoBarensHOCTH
HYKJICOTHIOB ONIPEACIISIIN Ha aBTOMAaTHIECKOM CEKBEHATOpE
ABI 3130 (Applied Biosystems, Foster City, Kanudopuus).
ABI-xpomarorpaMmMbl COBMEIIATH ¥ PEAAKTHPOBAIN C TIO-
Mobio TakeTa nporpamm Staden 1.53 (Staden et al., 2000).
Bce nocnenosarensHocTH cnanbl B GenBank (nnenruduka-
monHsre Homepa MH460239-MH460385).

DuNOreHnIo peKOHCTPYUPOBAIN IO METOY HPUCOEAH-
Henwust cocenerd Neighbour-Joining (NJ) (Saitou, Nei, 1987)
B mporpamme MEGA 5.3 (Tamura et al., 2011). B xagectse
BHEIITHEH TPyTITB UCIIONB30BaIIM cepyto yTKy Anas strepera
(DQ449148.1). T'eneTnueckue AUCTAHIMU BBIYUCIAIN Ha
OCHOBaHMH JIByXItapameTpudeckoit mozmenu Kumypsr (Kimura,
1980), BeIOpanHOi#i ¢ momorsio mporpammMer Modeltest v. 3.06
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(Posada, Crandall, 1998). MenuanHy0 CeTh raliOTHIIOB
PEKOHCTPYHPOBAIIN C TIOMOIIBIO TIporpaMMbl Network 4.6.1
(Bandelt et al., 1999). BcraBku/menennu yIUTHIBATIHCh KaK
JIOTIOJIHUTENBHOE TISITOE COCTOsIHME NpHu3Haka. Hykieorua-
Hoe (m) m rammorunudeckoe (H) pasnooOpasue, 3HaueHUS
TECTa Ha CeJIeKTUBHYIO HeliTpanbHOCTh (Fu’s Fs) Beraucisimm
JUTS KaKI0M MOMyJISIUH ¢ ToMoliibio mporpamMmmbl ARLEQUIN
ver. 3.5 (Excoffier, Lischer, 2010). 3nauenus mapameTpoB
FeHETHYCECKOM IonpasaencHHocTy Oy ¥ anaiu3 MoneKyJsp-
HoM n3MeHYnBOCTH AMOVA Tak»ke BBIIOIHUIN C TOMOIIBIO
ARLEQUIN 3.5. JInst OlIeHKH 3KCIIaHCHU OBUTHA TTOCTPOEHBI
TUCTOTPaMMBbI PACIIPEICIICHUS MOMAPHBIX HYKICOTHIHBIX
pazmunii BARLEQUIN 3.5 (Harpending, 1994). Jlis Bbumnc-
JICHWS MaKCHUMAJIbHO TIPaBJIONO00HBIX OLIEHOK IapaMeT-
pa pocTa YNCICHHOCTH TOMYJISIINH (g) U €ro CTaHJapTHOTO
OTKJIOHEHUsI TpuMeHsiin nporpaMmy Fluctuate 1.4 (Kuhner
etal., 1995).

Pe3ynbratbl

B macrosmieit pabdorte ucmonb3oBansl 195 mocnenoBarens-
HOCTeH 5'-koHIa koHTponbHOro peruoHa MTJAHK nnunoit
661 1. H., BKITtouast 80 yrxe OnmyOIMKOBaHHBIX [T0CIICI0BATEIIb-
Hocrei (Peters et al., 2005, 2014; Kymukoa, Xypasnes, 2010)
(cm. Tabm. 1). U3 661 romonornynoit mosurmn 36 (5.4 %)
Obutn BapuabenbHbIMU U 19 (2.9 %) MHPOPMATHBHBIMU C
TOUKH 3pEHHs] MAaKCUMaJIbHOM S5KoHOMUH. Beero Ob110 naeHTH-
(unmposano 34 ramtoTuna, 23 rarutoTuna ObUI YHUKaIbHBI-
M, 7 BcTpevasuch y 2—10 ocobeid, rariorui E-3 oOHapyxeH y

Table 2. Genetic diversity

Population n Nh S
EUR ................................. 8 ....................... 8 .......................... 9 ......................
S|B ................................. 221015 ......................
FE ................................ 1061915 ......................
WB ................................ 30 ....................... 9 ........................ 29 ......................
WB* .............................. 29 ....................... 310 ......................
ALA ................................. 85 .......................... 5 ......................
PAC ............................... 17 ....................... 87 ......................
AT|_ .................................. 42 ........................... 1 ......................
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13 ocobeit, E-4 —y 16, E-6 — y 28 u camblii pacipocTpaHeH-
HBIH TartoTwr, E-2, —y 79 ocobeit. ['armotwm E-6 o6Hapyxen
BO Bcex BbIOOpKax, E-2 u E-4 — B mecTr u 1ATH U3 ceMH
BBIOOPOK COOTBETCTBEHHO. Cpe/iHee YMCII0 HYKIEOTHUIHBIX
pazmmumii (K) mexay ramrotunamu 010 1.87, rarmorumm-
yeckoe pasHooOpasue (H) cocraBumno 0.802+0.025. Onnn
TariIoOTUII CBUSI3U U3 33Ha[lHOI>i EepI/IHFI/II/I 3HAYUTCIIBHO OTJIN-
gaycst ot octadbHBIX (K =21.76) 1 ObUT HACHTHYEH TAKOBBIM
aMepHKaHCKOW cBUsI3N Mareca americana w3 06a3bl TaHHBIX
GenBank/NCBI (AY 881737, KI824074).

INokazarenn HyKJICOTHIHOTO M TaIUIOTUIINYECKOTO Pa3HO-
o6pazus BapsrupoBanu oT 0.00101 10 0.00531 u ot 0.6667 10
1.000 cootBeTcTBeHHO (Ta0I1. 2). CaMoe BHICOKOE 3HAUCHHE 7T
OTMEYEHO B €BPOIIEHCKON MOMYJISILMY U 3anagHoi bepunrum,
camoe HU3KO€ — B aTJIAaHTHYECKON CEBEpPOAMEPHKAHCKOH BbI-
6opke. OnHAKO MOCHE YIAJICHUs TarioTUIla aMepUKaHCKON
CBUSI3M U3 BBIOOPKH 3armagHoi bepuHrnn 3HaueHne napame-
Tpa HyKJICOTHHOTO Pa3sHOOOpa3ysi CHU3MIOCH ITOYTH B JIBa
pasa (cm. Tabi. 2). BiociiecTBUU 3TOT TaluIOTUIT ObLIT U3BST
U3 TOMYISAHUOHHO-TEHETHYECKOTO U AeMorpaduueckoro
AQHAJIM30B, OCKOJIBKY OH ITONAJ B TOMYJISIINIO €BPONEHCKOM
CBUSI3H B PE3yJIbTaTe MHTPOIPECCHU OT aMEPUKAHCKOW CBHU-
s3u (Kymmkosa, XKypasnes, 2010) u n3-3a 60IbIIOr0 YncIa
HYKJICOTHAHBIX OTIMYUN MCKaXKal Pe3yibTaThl aHAIN3a.
lamoTunyeckoe pasHOOOpa3Hue TaKKe OKa3alloch CaMbIM
BBICOKHM B €BPOIEICKOM ¥ CAMBIM HU3KUM B aTJIAHTUYECKON
nomynsusax (cM. Tabn. 2). [TpumepHo nonoBuHa 3HAYSHUH
Dy OBLIH CTATUCTUYECKK JOCTOBEPHBIMU (TalI. 3).

K H m

350 10000400625 0005311£0003442
207 08658+00519 0003142£0002038
138 07513£0403 0002095:0001440
201 07655£00728 0004413000250
s 07488+00728 000235120001610
67 08571£0.1083 0002385:0001801
s 07794£00985 0002321:0001637
067 06667£02041  000101240001135

Notes: N, sample size; Nh, number of haplotypes; S, number of segregating sites; K, the average number of nucleotide differences; H, haplotype diversity;
M, nucleotide diversity. * population analyzed without the M. americana haplotype. Population codes follow Table 1.

Table 3. Genetic differentiation coefficients Fs;

Population EUR SIB FE WB ALA PAC
EUR ......................................................................................................................................................................................................................................
5 | B ................................ 004863 ...........................................................................................................................................................................................
FE ................................. 022160 .................... 010870 ........................................................................................................................................................
WB ............................... 019491 ..................... 015413 .................... 000986 .......................................................................................................................
. ALA .............................. 009841 ..................... 00 1 606 ................... _002456 ..................... 002 1 49 .....................................................................................
PAC .............................. 017928 .................... 016701 ..................... 002193 .................. _001825003381 ......................................................
ATL ............................. _001073 ................... _006208 ..................... 023085 .................... 029133019691 ...................... 0 32412 ...................

Notes: Population codes follow Table 1. Statistically significant differences (p < 0.05) are shown in bold.
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Fig. 1. Unrooted Neighbour Joining tree illustrating mtDNA control
region haplotypes.

Bootstrap values (500 replicates) exceeding 50 % are shown next to the
branches. 1, Europe; 2, Siberia; 3, Far East; 4, western Beringia; 5, Alaska/
Aleutians; 6, Pacific coast of North America; 7, haplotypes found in five or
more populations.

Camble BBICOKHE 3HAUCHHS MH/IEKCa TeHETHUECKOH nudde-
PEHIMAIMN OBIIIH MOTYyYEeHBI IPH CPABHEHUH BEIOOPKH U3 AT-
JIAHTHYECKOTo 1odepexbst CeBepHOil AMEPHKH C BBIOOpKaMHU
n3 Tuxookeanckoro modepesxns CeBepaoit Amepuku (0.324),
3anagnoi bepunrun (0.291), Hamsnero Boctoka (0.231).
3HauUTENbHbIE PA3INYMsl OBUTH TaKKe OOHAPYKEHBI MEKITY
MOMYIIANNAMA €BpOTeiCKoi 1 maixpbHeBOoCcTOUHOM (0.222),
eBporeiickoii u 3anagHoit bepunruu (0.195), eBponeiickoit
u tuxookeanckor CesepHoit Amepuku (0.179), a Takxke
cubnpckoif n TmxookeaHnckoit CesepHoit Amepuku (0.167),
cubupckoii u 3araanoi bepuarum (0.154). Ymepenno audde-
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Holarctic phylogeographic structure
of Eurasian wigeon (Mareca penelope)

PEHIIMPOBAaHHBIMU OBUIH JabHEBOCTOYHAS M CHOMpPCKas
norrysstian (0.109).

Amnanm3 MosekyisipHoi m3MenunBoctr (AMOVA) nokaza,
910 91.85 % reHeTHyYecKoro pasHooOpasus 00YCIIOBICHO
BHYTPUNOMYJISIIIMOHHON M3MEHYMBOCTBIO, TOTA KaK Ha U3-
MEHYHMBOCTb MEXKIY MOMYAUUsIMU npuxoautcs 8.15 %. Maxk-
CHMAaJIbHO CHU3HUTh BHY TPUTIOMYJISLIHOHHYIO U3MEHUYHBOCTH 1
MOyYUTh CAMO€ BBICOKOE 3HAYEHHE MEKTPYIIIOBOH H3MEH-
YHBOCTH YIAJIOCH C TIOMOIIBIO TPYTIITUPOBKH MOMYJISIIIAN TI0
reorpaduyeckoii Onuzoctu. [Ipy 0ObeIMHEHNH TTOMYJISILINI
JIaJIbHEBOCTOYHOM, TUXOOKEAHCKOM, 3arnagHol bepunrum n
AJICYyTCKOH B OJTHY TPYTIITY, €BpOIEHCKOi, CHOMPCKOM U aTiIaH-
TUYECKOU — B APYTYIO J0JI1 MEXIPYIIIOBOW U3MEHUYMBOCTU
coctrasuna 13.89 %, BayTpunonyasinuoHHoi — 84.73 %,
a Ha MEXITONMYJIAINOHHYIO N3MEHYMBOCTH BHYTPH TPYIHII
npunuiocs 1.38 %.

Koncencycuoe NJ-apeBo 00beIMHUIO BCE TAIUIOTHITBI
M. penelope B onuH knactep ¢ 99 % OyTcTpen-noanepiKKkou,
MCKJIFOYMB Tamiotun A-9, 00HapyKEeHHBIN y OIHOM 0c0o0u U3
Amnanpips (puc. 1). Bocipon3BoguMocTs BETBICHUS BHYTPH
KJacTepa OblIa HU3KOH, 1 JINIIb HECKOJIBKO Y3710B BETBICHUS
uMmenu 3HadeHus Oyrcrpen Bbime 50 %. MenuanHnas cetb
TaIJIOTHIIOB MMeNa CTPYKTYPY, OMHM3KYIO K 3BE31000pa3HON
(puc. 2). LlenTpanbHble TamIoOTHIIBI BCTPEYAINCh C CaMOH
BBICOKOW 4acTOTOH U ObUTH 0OHAPYKEHBI BO BCEX WJIU MOYTH
BO BCEX HCCIEIOBAHHBIX Momysinusx M. penelope. I'amno-
THUITBI OTCTOSIM JIPYT OT JIpyra B OOJBIIMHCTBE CIy4acB Ha
OJIHY W €IMHUYHO Ha JIBE WJIM TPU HYKIICOTH/IHbIEC 3aMEHBI,
3a UCKIJIIOYEHHEM TarutoTumna A-9 u3 AHaabIps, OTAETICHHOTO
OT OCHOBHOH kiajsl 19 3amenamu. ["arutorunsr He hopmu-
pOBaJIM KJIACTEPOB B COOTBETCTBUU C MX reorpaduueckoi
MPUHAIICKHOCTBIO.

Pesynbrarsl Tecta Fu’s Fs Ha cenekTUBHY0 HEHTPaIbHOCTD
CBUICTENIbCTBOBAJIH B IMOAIEPIKKY THIIOTE3bI POCTA YHCIICH-
HOCTH TOMYJIAIUi B mpornuioMm (tabn. 4). Tak, 3HaueHUs
Fu’s Fs Obutn oTprnaTensHbIMH, 33 HCKITFOYEHHEM BBIOOPKH U3
CeBEPOAMEPUKAHCKON ATIAaHTUKH U IOCTOBEPHO OTIINYATIHChH
OT HYNA JUTA JaTbHEBOCTOYHOM, CHONPCKOM, eBpOTICHCKON 1
THUXOOKEAHCKOH BBIOOPOK. OTpHIaTesIbHbIC 3HAYCHHS TeCTa
Fu’s Fs MoryT TpakToBaThCs U Kak CBUJETENBCTBO JEHCTBUS
HarpaBiieHHOTO oTOopa. OgHaKo pacipeneneHne MomapHbIX
HYKJICOTH/IHBIX Pa3iIMUUil MEXKAYy HapamMu TalIOTHIIOB BO
BCEX BBIOOPKaxX ObLJIO YHUMOJAIBHBIM M COOTBETCTBOBAJIO
0XKHJJAEMOMY, COTTIACHO MOJIENIH YBEIMUCHUS YUCICHHOCTH
MOMYJISIIAN B TIPOIILIOM (JITaHHBIC HE TpuBeAeHb). Huszkue n
CTaTUCTUYECKU HEAOCTOBEPHBIE 3HAYCHUS CyMMBbI KBaJpaT-
HBIX OTKJIOHEHHH SSD Mex 1y HaOIr0maeMbIM U 0KUTaEMBIM
pacrpeeNIeHUsIMU TIOITBEPANIHN JIOCTOBEPHOCTh COOTBET-
ctBUs. [10 TaHHBIM KOAJIECIIEHTHOTO aHAIN3a, MAKCUMAJIbHO
MIPaBJONOA00HbIE 3HAYEHUS MTapaMeTpa pocTa YHCICHHO-
cTH (g) MCCIIeayEeMBIX TOIYIISIINI MMENN TIOJIOKHUTEIbHBIC
3HA4YEHUs, Bapbupys oT 725.8 10 6528.6 (cM. Tabn. 4). Beumy
00ITBIIIOT0 3HAYEHUSI CTAHAPTHOTO OTKIIOHEHHMS ITAPAMETPA g
JUIS aTJIAaHTHYECKON CEBEPOAMEPHKAHCKOM BHIOOPKH MOJIOXKH-
TeNbHAas OLIEHKA POCTA YHUCICHHOCTH OKa3aach HEJOCTOBEP-
Ho (99.9 % CI: —581.8 —2715).

O6cyxpeHue
I'eneTndeckoe pazHooOpasne OKa3aroCch BEICOKMM BO BCEX HC-
CJICAO0OBAHHBIX BLI60pKaXZ CpCaAHUC 3HAYCHU A HYKJIICOTUHOT'O
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Fig. 2. Unrooted network illustrating the phylogenetic relationships of the mtDNA haplotypes.
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The size of each ellipse is proportional to the number of individuals with the corresponding haplotype. Small ellipses indicate intermediate

ancestral haplotypes not found in the samples.

1, Europe; 2, Siberia; 3, western Beringia; 4, Far East; 5, Alaska/Aleutians; 6, Pacific coast of North America; 7, Atlantic coast of North America.

Table 4. Demography parameters

Population SSD p-value Fu's Fs p-value G SD (G)
EBR 00242 057 5063 0004 218042 173352
8 00109 02 401 o001 26977 21473
FE 00076 021 34 o0 186311 832860
ws 00033 0s6 226 o058 725802 164
AA - oo0l1 067 69 0071 es:863 s18407
pAC 0005 064 36915 0003 3766 467931
Y 041 034 o413 106666 164845

Note: Population codes follow Table 1.
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U TarIoOTUIIMYECKOro pasHooOpasus coctaBuiu 0.00295+
+0.00200 u 0.8123+0.0912 cOOTBETCTBEHHO, YTO YKJIa/IbI-
BaeTCsl B MPEAETbl U3MEHUYMBOCTH APYTHX BUAOB YTHHBIX
nrui (= 0.0020-0.0130; H = 0.68-0.987; (McCracken et
al., 2001; Kulikova et al., 2004, 2005; Kraus et al., 2011).
JloIist BHy TPHIIOMYIISIIMOHHON TeHETHYECKOH N3MEHYNBOCTH
coctaBuna 91.85 %, Torga Kak MEXMOMYJAMOHHAS KOM-
MIOHEHTa U3MEHYMBOCTH OKazayiach paBHoOH 8.15 %. ®wuio-
TEeHETUYECKHE PEKOHCTPYKIMH IPOAEMOHCTPUPOBAIN OT-
CYTCTBHE KJIaCTEPHU3ALMUH 110 TeorpaduueckoMy MpU3HAKY
(cm. puc. 1 u 2). AHaIOTHYHBIE PE3YIBTATHl OBLIH ITOTyYeHBI
B HCCIICIOBAHUSAX IPYyTUX BUIOB yTHHBIX (Cronin et al., 1996;
McCracken et al., 2001; Kulikova et al., 2005; Peters, Omland,
2007; Flint et al., 2009; Kraus et al., 2011; Peters et al., 2014).
3HaunTeNbHas HaTaJIbHAS UCIIEPCHs], CUMITATPHS HA 3MMOB-
K€ WJIM B MECTaxX I'H€3/10BaHUA, CMCHa MCCT I'HC3/I0BaHUA U
CE30HHBIE MUTPAINN CHOCOOCTBYIOT TEpepaclpeieNeHUI0
ocobeii B mpenenax apeana (ITasnos u ap., 1997; Flint et al.,
2009), 4T0 1 OOBSICHSAET BBICOKOE BHYTPHIIONYISIIHOHHOE
TEHETHUECKOE Pa3HOOOpa3ne M HU3KYIO MEXKIIOMYIISIINOHHY IO
(G GepeHITHAIIIO.

Tem He MeHee aHAJIU3 MOJIEKYJISPHOM U3MEHYUBOCTH
AMOVA 1103BOJNI BBISBUTH HEKOTOPYIO TEHETHYECKYIO
CTPYKTYPHUPOBAaHHOCTh HAIIMX JaHHBIX. CaMble BBICOKHE
[0Ka3aTesIM TeHETUYECKON MOJPa3/IeJICHHOCTH ObUIM 110-
Jy4eHBI 1OCIIEe OOBbEANHEHNUS MOMYJIALNN B JIBE TPYIIIHI,
€BPOIIEHCKO-CHOMPCKYIO M BOCTOYHOA3MATCKyI0. B mepByro
BOLLIH BBIOOpKH 13 EBporibr, CuOMpY 1 ceBepoaMepHKaHCKOM
ATnaHTHKH, BO BTOpPYIO — BBIOOpKH u3 JlampHero Bocrtoka,
3anaaHoil bepunrun, Ansacku, AneyTckux ocTpoBoB U Tu-
XOOKEaHCKOTro 1mobepexbst CeBepHOil AMepUKU. YUUThIBas,
YTO Ha U3MEHYMBOCTb MEXy Ipymmamu npuxogurcs 13.9 %
TEHETHYECKOTO Pa3HOOOpa3Msi, MOXKHO IMPEAIIOIOKHUTE, YTO
MOMYJISILIUY BHYTPU OJTHOM TPYIIIBI Yalie 0OMEHUBAIOTCS MU~
TPaHTaMH, YeM C TIOMYJISIAMHI U3 IPYToi rpymisl. M3BecTHo,
410 (HOPMHUPOBAHUE AP Y YTHHBIX ITHUII YACTO TPOUCXOUT BO
Bpemsi 3uMoBKkH (Rohwer, Anderson, 1988). Apeasibl 3uMOBOK
CHOWPCKOM M eBPONENUCKON MOMYISAINNA CBUA3HM HAKIIAIbIBA-
I0TCS IPYT Ha JIPyTa Ha 3HAYUTEIILHOW TEPPUTOPUH, KOTOPas,
Ha4YMHAsICh OT ceBepa Mcnanuu, npocTupaercs B ceBepo-BocC-
TOYHOM HanpasieHuH yepe3 Opanuuto, I epMannio u naibiie
Ha BOCTOK Ji0 Ypana (Monval, Pirot, 1989). O0mmmu mectamu
3UMOBOK JIsl CBUsI3el u3 3anagHoil bepunruu u /lanpHero
Bocroka sBisitores ror Kopelickoro nosyoctposa u fnoxus
(Sonobe, Usui, 1993; [1aBnoB u ap., 1997).

C cepenunbl XX B. eBpazuiicKasi CBHsI3b CTalla 4aCcTO BCTPe-
4yaThCs BO BPEMsI 3UMOBKH Ha BOCTOYHOM H 3aIa{HOM 11o0e-
pexbsix Ceseproit Amepuku (Edgell, 1984; Johnsgard, 2010;
Bogiatto et al., 2015). B nocieaaue roasl 0TMEUSHBI HAXOIKA
CBUSI3€H 1 B JIETHEE BPEMS, IPUYEM 3TO OBUIN HE OIMHOYHBIE
caMIibl, @ NTUIIBI TapaMu. [Ipearnonararot, 4To CBUSI3H JlaKe
THE3/IUTCS B HEOOJIBIINX KOJINYECTBAX Ha AJISICKE U B CEBEPO-
3amagHoi wactu Kanaxe! (Fournier, Hines, 1996; Johnsgard,
2010). B To e BpeMsi OSBIIINCH CBEACHUS O HAXOIKaX MPe/-
crasuTeneii atoro Buja u B FOxuoit Amepuke (Williams, Bead-
le, 2003; Johnson, 2018). CornacHO MOTYYEHHBIM B HaIICH
paboTe pe3ynbraTam, BHIOOPKA CBHSI3H 3aI1aJHOTO TTOOSPEKbsI
CeBepHOit AMEPUKH I'eHEeTHYECKH He AU PEepeHIIMPOBaHA OT
TIOITYIIAIINH 3amaqHoi bepuarum u cnabo muddepeHmpoBana
OT JAIbHEBOCTOYHOM momysiiuu (cM. Tadi. 3). Iltumsl u3
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BbIOOpKH BocTouHOTO nodepesxbst CILA u Kanaipr otHOCSTCS
K BBIETICHHOH 110 JaHHBEIM AMOVA eBpomnercko-CHOnpCKoi
rpymme. Takum 00pa3om, Ha BOCTOUYHOM rodepeskbe Cesep-
HOW AMepuku 3uMytoT ntuusl u3 Esponsl u Cubupuy, a Ha
3amagHoM — n3 CeBepo-Bocrounoit Azun.

®dakT 0OHapyXEHUsI raluIOTUIIa aMEPUKAHCKOW CBHS3H B
BbIOOpKe 13 AHabIps (UykoTka) y 0cobu, GpeHoTHITHUECKH
HE OTIIMYMMOM OT €BPa3UIICKOI CBUS3H, YKE ONMCAH B HALIEH
npensraymeit padore (Kymukosa, XKypasnes, 2010). 3o He-
VAMBUTEIBHO, YUUTHIBAsE BCTPEUH (PEHOTUITMYECKUX THOPH-
noB americana * penelope ua Uykotke (Kpeumap, Konapars-
eB, 2000). M3BeCcTHO, UTO aMEPHKAHCKUE CBUS3U THE3IATCS
B OacceifHe p. AHaAbIph M YTO 002 BUjA KOHTAKTUPYIOT B
EBpasun u CeBepHoit Amepuke Bo Bpems 3uMoBKH (Peterson
etal., 1983; Edgell, 1984). 3uMoBKa 1 THE3I0OBaHUE HA OTHON
TEpPUTOPUHU, TECHOE POJICTBO AMEPUKAHCKOM 1 €Bpa3UiCKOn
ceusizeit (Peters et al., 2005, 2014) moryT cmocoGCTBOBaTh
MEKBUIOBOH THOPHIM3ALINH.

3aknioyeHune

Taxum oOpasomM, dunoreorpaduyeckas cTpykTypa eBpa-
3uiickoit cBusizu M. penelope okaszamach HEBBIPAXKECHHOIA.
OnHaKko Ha OCHOBAHUH JAHHBIX MOJIUMOP(HU3MA KOHTPOJIb-
Horo pernona Mt/IHK Ham ynanoch BBLAEINTH ABE TPYIITHI
MOMYJISIIME, BOCTOYHOA3UATCKYIO U €BPOIIEHCKO-CHOMPCKYIO,
YTO MOATBEPXKIAIOT M CBEIEHMS O KosblieBaHMK. Ho Hamm
pe3yabrartsl 6azupyrorcs Ha usMeHunBocTH MT/IHK, koTopas
OTpakaeT TOJIBKO MaTpUapXalbHYI0 CTOPOHY H3MEHYHBOCTH.
Jlns monmydeHusl MOTHOM KapTHHBI (rutoreorpaduaeckon
CTPYKTYPbI BU/1a HEOOXOIMMO ITPOJOIKHUTE HCCIICIOBAHHUS C
MMPUMEHCHUEM ayTOCOMHBIX U CHEIIJICHHBIX C Z-XpOMOCOMOﬁ
MapKepoB.
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A Drosophila melanogaster mitotype
may have an adaptive meaning
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Several different mitochondrial clades have been found in natural populations of Drosophila melanogaster.
Most often, the difference is in single nucleotide substitutions, some of which are conservative. Some clades
are rare, and others dominate. It has been reported that clade Il dominates over clades V and VI in seven popu-
lations of D. melanogaster. We compared D. melanogaster strains with different mitotypes by locomotor activity
(using TriKinetics Drosophila Activity Monitor), energy expenditure (by indirect calorimetry, based on measur-
ing oxygen consumption) and life span (under extreme conditions at 29 °C). The nuclear genomes of these
strains were aligned for several generations by backcrosses. According to our data, individuals with the mito-
type from clade lll had a higher level of locomotor activity and longer life span. In terms of energy expenditure,
the strains studied did not differ. However, the same level of energy expenditure may be differently distributed
between the state of activity and the state of rest or sleep. If the energy expenditure during the sleep in flies
with different locomotor activity is the same, then an individual with the same overall energy expenditure
can move a greater distance or be active longer. This can be interpreted as an advantage of the strain with
the mitotype from clade Ill compared to the other two mitotypes studied. If individuals have different energy
expenditure values at rest, the strains with lower energy expenditure at rest spend less energy during forced
inactivity. In this case, the mitotype from clade Il should also be advantageous. What nucleotide substitutions
in the mitotype from clade Ill can provide an adaptive advantage is not clear yet. We assume that individuals
with widespread clade M(Ill) may have adaptive advantages compared to other mitotypes due to their greater
locomotor activity even with the same energy expenditure. Further studies are required, for mitotypes are poly-
morphic for single nucleotide polymorphism not only between but also within the clades.

Key words: Drosophila melanogaster; mitotype; life span; locomotor activity; energy expenditure.
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MutoTtun Drosophila melanogaster
MOKeT IMeTh aJlaliITBHOE 3HAaUYeHIe

A.B. ]'[eTpOBCKm?Il' 2@, ATL 3axape1—u<01' ®

T DepepanbHbIit ccneaoBaTeNbCKMIA LEHTP MIHCTUTYT LMTONOTN 1 reHeTuKu CUBMPCKOro oTaeneHna Poccuiickoit akagemin Hayk, HoBocn6upck, Poccusa
2 YIHCTUTYT CUCTEMATVIKM 11 SKOSOTUM XMBOTHBIX CUGNPCKOTO OTAeNeHus POCCUIICKOi akaaemnm Hayk, HoBocnbnpck, Poccus

3 HoBocrbrpcKmii HaLoHanbHbI NCCefoBaTeNbCKUIA FOCYAAPCTBEHHbIN yHUBepcuTeT, HoBOCM6MpCK, Poccna

® e-mail: dm_petr@ngs.ru; zakharlp@bionet.nsc.ru

B npupogHbix nonynauusax Drosophila melanogaster o6Hapy»K1BaloT HECKONBbKO MUTOXOHAPUANbHbBIX Knag, oT-
nMyaloLwmMxca Apyr oT Apyra no nepBrMYHON NocnefoBaTelbHOCTY. Yalle BCero 3To O4HOHYKIeOTUAHbIE 3aMeHbI,
YacTb 13 HUX KOHCepBaTVBHA. OfHM Knafbl BCTPEYaloTCA pefKko, Apyrue JOMUHUPYIOT. B cemy nccnefoBaHHbIX
Ha cerofHsAWHMI feHb nonynauuax D. melanogaster knaga Ill npeobnagaeT no cpaBHeHUto ¢ knagamu V u VI.
MbI cpaBHuBanu nuHun D. melanogaster ¢ pasHbIM MUTOTMMAMM, HO C BbIPOBHEHHBIMU B TEYEHME HECKOSTbKIUX
NOKONEHNIN 6eKKpoccamm AfepHbIMY FeHOMaMU, Mo ABUraTeNbHOM akTUBHOCTY (C ncnonb3osaHmem TriKinetics
Drosophila Activity Monitor), sSHeproobmeHy (METOAOM HENPAMOW KanoprMeTprK, Ha OCHOBE U3MEPEHUS Mo-
TpebneHna KNCIoPoAa) 1 NO ASIMTENIBHOCTU XM3HM (B SKCTPEMasbHbIX YCIoBUAx cogepxanua npu 29 °C). Mo
HaLVIM AaHHbIM, y 0COBEN C MUTOTMMOM, OTHOCALMMCSA K Knage I, Bbile ypoBeHb TOKOMOTOPHOW aKTVBHOCTH
1 60nbLLEe NPOAOCIKUTENBHOCTb XM3HW. [0 3HepronoTpebneHnto NcciefoBaHHble MMHKUK He pa3nudatotca. Og-
HaKO OfIMH 1 TOT e YPOBEHb SHEPrOOOMEHA MOXKET ObITb MO-Pa3sHOMY pacnpefeneH MeXay COCTOSHUEM aK-
TUBHOCTUN U COCTOAHVEM NOKOSA. ECnn SHeproobmeH B COCTOAHMMN NOKOSA Y MyX C pa3HOI JIOKOMOTOPHOW aKTMB-
HOCTbIO OVMIHAKOB, TO 0COOb NPV OMHAKOBBIX TPATax CYMMapHOI SHEPrM MOXET NepeMeLLaTbCs Ha 6onbLuee
paccTofHne nnu fosiblue NPoABAATb aKTMBHOCTb. 9TO MOXKHO MHTEPNPEeTMPOBaTb Kak NpenMyLLecTBoO NHUK
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Mwutotun Drosophila melanogaster
MOXET UMeTb afanTUBHOE 3HaUYeHVe

C MUTOTUMOM, OTHOCALMMCA K Knage lIl, no cpaBHeHUIo ¢ ABYMSA APYrMU UCCIefO0BaHHbIMU MATOTUMAMU, OT-
Hocawmmunca K knagam V u VI. Ecnim ocobu rmetoT pasHblii 3HeproobmeH B MNOKOe, TO IMHUM C HAUMEHbBLIVM
3Heproo6MeHOM B NMOKOe MOTPATAT MeHbLUIe SHepPrum Npu BbIHYKAEHHOM 6e3feicTBrm. / B 3TOM criyyae mu-
TOTUMN, OTHOCAWMICA K Knage lIl, GyneT nmeTtb npermyLyectsa. Kakve HyKneoTvaHble 3aMeHbl B 3TOM MUTOTUME
MOryT o6ecrneurBaTb afAanTUBHOE NPENMYLLECTBO, NMOKa OCTAETCA HEMOHATHBIM. Mbl Mpefnonaraem, 4to ocobm
13 WNPOKO PacnpoCcTpaHeHHo Knadbl Ill MoryT nmeTb alanTrBHble NPEMMYLLEeCTBA MO CPAaBHEHWIO C APYTrMU
MUTOTUMaMK Gnarofaps 6osbLUel TOKOMOTOPHON akTUBHOCTY fiaXke NPU OAUHAKOBOM 3HeproobmeHe. Tpeby-
10TCA fanbHeNLWmne NcciefoBaHus, MOCKObKY MUTOTUMbI NONMMOPGHbI MO HAGOPY OAHOHYKNEOTUAHBIX 3aMeH

HE TONIbKO MeXAy Knafamu, HO U BHYTPW Knajbl.

Kniouesble cnosa: DI’OSOphiIG melanogaster; MUTOTUN; NPOAONTXKUTENIbHOCTb KM3HW; NOKOMOTOPHAaA akTuB-

HOCTb; 3Hep|’006MeH.

Introduction

The mitochondrial genome is responsible for supplying cell
with energy. In particular, it encodes a number of the proteins
involved in the Krebs cycle, B-oxidation of fatty acids, and
oxidative phosphorylation. Many studies indicate that there is
a link between the mtDNA structure and life span (Lehmann
etal., 2008; Muradian et al., 2010). For example, it is thought
that the mutation frequency in mtDNA of placental mammals
enables lower production of reactive oxygen species (ROS)
(Rottenberg, 2007). Different mito-haplotypes of Drosophila
simulans vary in ATPase activity, mitochondrial cytochrome C
content, hydrogen peroxide content, and other bioenergetic
parameters (Katewa, Ballard, 2007). Though the mentioned
authors used D. simulans from sympatric populations, the
effect of mitonuclear interactions on the observed differ-
ences can hardly be ruled out (Stuart, Brown, 2006). Among
numerous ageing theories, the free-radical theory of ageing
takes a special place. According to this theory some ROS,
specifically those produced in mitochondria, impair the cells
(Harman 1956; Halliwell, 2012).

Due to the significant mtDNA variability, the difference
between the mitochondria that belong to different strains may
exceed one hundred SNPs (Zhu et al., 2014). The researchers
studying mtDNA polymorphism in D. melanogaster identify
several mitochondrial clades. One classification divides them
into the M and S clades different by one conservative single-
nucleotide substitution 37C/T (position 2187 in the sequence
with GenBank accession number NC001709) (Richardson et
al., 2012; Ilinsky, 2013; Ilinsky et al., 2013). Another clas-
sification defines eight clades grouping into M(I-V, VIII)
and S(VI-VII). The clades are different by their SNP sets,
which are partly conservative (Richardson et al., 2012;
Early, Clark, 2013; Ilinsky, 2013). Clade M(III) prevails in
such natural populations as Raleigh, North Carolina (United
States) (Richardson et al., 2012), Beijing (China), Ithaca (NY,
United States), Netherlands, Tasmania, and Zimbabwe (Early,
Clark, 2013) if compared to clades M(V) and S(VI), and it is
highly polymorphic with regard to its SNP set. According to
(Maklakov et al., 2006), the intrapopulation variability may
affect life span and other physiological parameters.

In the present study we compare strains with different mi-
totypes, such as a mito-haplotype from clade III (M(III)), a
mito-haplotype from clade V, and a mito-haplotype from clade
IV (S(VI])), by their locomotor activity, energy expenditure,
and life span to understand whether any of these strains have
physiological advantages over others.

Materials and methods

Drosophila strains. Mitochondria are considered to be an
important factor affecting life span and other physiological
parameters. However, the variability of a mitochondrial ge-
nome is influenced by the genetic background determined by
the nuclear genome (Clancy, 2008). While the mitochondrial
genome is inherited from the mother, the nuclear genome is
contributed by both parents. By means of backcrosses, this fea-
ture allows scientists to obtain strains with different mitotypes
but the same nuclear DNA. Saturation backcrosses during
at least 10 generations for male flies (strain Bi90) produced
Drosophila strains having similar nuclear genomes and three
different mitochondrial genomes: M(III), M(V), and S(VI).
The Drosophila strains used in this study were provided by
N.E. Gruntenko. Two generations of flies were treated with
tetracycline (0.25 mg/ml) to make a Wolbachia-free strain and
prevent the possible effect the bacteria may have on important
physiological parameters (Gruntenko et al., 2017). It should
be noted that this antibiotic does not affect Drosophila’s life
span (Min, Benzer, 1997). The strains were partly duplicated
to avoid the possible effect of incomplete genome substitution
(Gruntenko et al., 2017). The following strains based on the
strain Bi90 nuclear genome were studied: M(II) — a mitotype
from clade I11 (initial genome of strain W304, two lineages),
M(V)—amitotype from clade V (initial genome of strain B90,
two lineages), and S(VI) — a mitotype from clade VI (initial
genomes of strains W1118 (two lineages), W153 and W181
(one lineage each)).

The energy expenditure of the tested flies was studied
by indirect calorimetry, measuring oxygen consumption in
a hermetically sealed chamber with alkali. When breathing,
animals consume oxygen and exhale carbon dioxide and
water. The exhaled CO, reacts with the alkali (KOH) to form
a solid matter (K,CO,) so the initial pressure in the chamber
falls proportionally to the amount of the consumed oxygen.
The apparatus to carry out energy expenditure measurements
was designed to be similar (with slight modifications) to that
described in (Diarra et al., 1999). It consisted of ten thermo-
static chambers (eight measuring chambers and two reference
ones) of 3 cubic ml each and a single pressure sensor. Ten
male flies (3—7 days old) were placed into each chamber. The
experiment lasted from 11 a.m. to 4 p.m., the measurements
starting one hour after acclimation of the flies to a temperature
of 29 °C. The pressure drop in each chamber was measured
twice, 6 min each time.

To estimate the energy expenditure, the inclination angle
of the approximation curve on the pressure measurement
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Fig. 1. Example of oxygen consumption measurement.

The solid line is the pressure in the chamber; the dotted line is the
approximating line.

graph was measured (Fig. 1). For the purposes of statistical
analysis, the average value for two repeated measurements
was considered. The flies were weighed immediately after
the experiment. Four experiments were carried out in total.

The locomotor activity in the male flies of the tested
strains was monitored using TriKinetics Drosophila Activ-
ity Monitor (“Trikinetics”, Waltham, MA, United States). To
perform the monitoring, each male was placed in a glass tube
containing its standard feed. The locomotor activity of the
fly was determined as the number of times the fly crossed an
infrared beam per minute within five days. For each fly, its
daily average locomotor activity was calculated based on its
average hourly activity from 11 a.m. to 4 p.m. from day 2 to
day 4 of the experiment. The flies that did not survive until
the end of the experiment were excluded from the analysis.
For each strain, 12 to 16 flies (3—7 days) were analyzed. The
experiment was conducted at 29 °C.

The life span of the tested flies was determined at the same
temperature (29 °C), each tube containing 20 male flies. For
each strain, five tubes were analyzed.

Statistical analysis. The results were evaluated with
Statistica 6.0. To compare the mean values, Fisher’s least
significant difference method (LSD) was applied. The life
span was estimated by the logrank test (Bland, Altman, 2004)
with the 2 statistics.

Results

In daytime hours, the maximum locomotor activity was
recorded in M(III) — mitotype flies (Fig. 2). Their average
daily activity was 51.2 + 5.9 crossings per hour, which was
statistically higher (p < 0.02) than in S(VI) (39.9 = 2.9) or
M(V) (35.0+4.0, p<0.05). The difference between the M(V)
and S(VI) mitotypes in average daily activity was insignificant
(p>0.4).

The average oxygen consumption per fly was 2.76 pl/h.
In the studied flies, this parameter statistically correlated with
body weight (R = 0.44, p = 0.01) (Fig. 3). When averaged
over strain, the values of oxygen consumption correlated
with the average daily activity (R =0.61, p= 0.1). However,
when calculated as oxygen consumption per mg of fly body
weight, they statistically correlated with neither body weight
(p > 0.2) nor average daily activity (p > 0.8). The performed
experiments demonstrated statistically significant differences
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Fig. 2. The daily dynamics of the locomotor activity in different Drosophila
mitotypes (mean =+ SE).
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Fig. 3. Correlation of the average values of oxygen consumption with the
average body weight of flies.

Energy expenditure in different Drosophila mitotypes

Mitotype n  Bodyweight,  Average oxygen consumption
mg perﬂy .................. pergrambOdy
pl/h weight,
ml/g/h
M@ 8 0662£0014 283x019  427£025
M(V) 8 06530019 279019 4312035
SV 12 06440023  270+011 4212012

Notes: n-number of flies; the data are presented as mean+SE.

between the mitotypes in neither body weight nor oxygen
consumption (Table).

The life span in the M(III) mitotype flies was statistically
higher than that in the S(VI) (x> = 9.24, p < 0.01) and M(V)
(x2 = 4.83, p < 0.05) mitotypes. No statistically significant
differences between the S(VI) and M(V) mitotypes were
found (Fig. 4).

Discussion

The studied M(IIT) — mitotype flies demonstrated the higher
level of locomotor activity, but their energy expenditure was
close to that in flies of M(V) and S(VI) mitotypes, which
can be considered an adaptive advantage of M(III) flies. The

BaBunosckuii XKypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 201923 - 3



[1.B. MeTpoBckuin
J1.MN. 3axapeHko

60

40

Survival, %

20

[ L L L L L L L L L L L L

0O 1 6 12 15 19 23 27 30 33 37 40 44 51 53
Days

Fig. 4. Life spans of males with different mitotypes.

dependence of oxygen consumption on locomotor activity
can be linearly approximated (Schmidt-Nielsen, 1982), so
the inclination angle of the line can be interpreted as price of
activity or efficiency, while its vertical intercept reflects the
metabolic rate at rest (metabolic rate at zero activity). This is
important, because the same level of energy expenditure in
flies with different genotypes can be distributed differently
between the rest and active states.

Since in our study we had only one activity/energy
expenditure point on the plane for each mitotype, and since
through a single point a myriad of lines can be drawn, we could
not unambiguously estimate the energy distribution between
the rest and active states. Nevertheless, we can consider two
extreme cases.

If in flies with different mitotypes the energy expenditure
values at rest are similar, the approximating lines for these
mitotypes would have different inclination angles, hence
different prices of activity (Fig. 5, a). The least steep line
(for M(IIT) mitotype) means that these individuals can move
further distance or remain active longer spending the same
amount of energy, which can be interpreted as an advantage
of the mitotype if compared to the others. However, if
individuals have different energy expenditures at rest (See
Fig. 5, b) and similar prices of activity (similar approximation
curve inclination angles), then the M(III) strain would get
an advantage over the strains of the other studied mitotypes,
because the least energy expenditures at rest would help these
flies spend less energy during inevitable inactivity under
unfavorable conditions.

From all viewpoints, the actual pattern seems to be a
combination of the two extreme cases, and in order to
study the way energy expenditure depends on the activity
parameter it is strongly recommended to investigate both
parameters simultaneously. In this case, a series of energy
expenditure and activity values can be obtained for every
strain, which makes it possible to trace the true effect of a
mitotype.

In D. simulans, the life span does not correlate with ex-
haled CO, (Melvin et al., 2007). The same was confirmed
in our experiments with D. melanogaster. However, the life
span of the M(III) mitotype male flies kept under extreme
conditions (29 °C) turned out to be higher than those of the
M(V) and S(VI) mitotypes, whose life expectancies were
similar.
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Fig. 5. Hypothetical variants of energy expenditure dependence on the
locomotor activity in flies with different mitotypes.

a, flies with different mitotypes have the same level of oxygen consumption
at zero activity, but the angles of inclination of the approximating straight
lines are different; b, flies with different mitotypes have the same angles of
inclination of the approximating straight lines, but the levels of oxygen
consumption differ at zero activity. The lower straight line is M(Ill), the upper is
M(V), and the middle is S(VI).

Conclusion

We assume that individuals of the M(III) mitotype strain,
belonging to the most widespread clade, have adaptive advan-
tages as compared to the other mitotypes due to their higher
locomotor activity. Which nucleotide substitutions in M(III)
are responsible for this advantage remains an open issue, and
further investigation should be performed with more strains
related to the same clade and to other mitotic clades.
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