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OT PEOAKTOPA / FROM THE EDITOR

IllecTass MexXayHapogHast HayuHast KoH@epeH1usa PlantGen2021

Mubile clements were disemeres
i ke Tor Uhe Birsd time

oporue unrarenu! CeabMol BBITYCK JKypHana TeMa-
TU4ecKui, oH nocesuleH llecToil MexnyHapoaHOM
Hay49HOH KoH(pepeHun «[eHeTnka, TeHOMHKA, OMO-
nnpopmarnka u onorexHosorus pacrenuin» (PlantGen2021),
KoTopas cocrositack 14—18 utons 2021 . B HOBOCHOUPCKOM
Axanemroposnke. [TaBHBIME OpraHu3aTOpaMu KOH(EpEH-
MK BeICTYNHIM PenepaibHbIi NCCIIeJ0BATEILCKUN HEHTP
«HCTUTYT UTONOTUN U TeHeTUKH CHOUPCKOTO OTAETEHUS
Poccniicko#t akagemun Hayk» (Mul” CO PAH), Kypua-
toBckuil renomubi nentp MIul" CO PAH n HoBocubup-
CKUH TocylnapcTBeHHbIH yHUBepcuTeT. CrIoHCOpHI KOH(e-
permn: OO0 «Makcnm Menukany, OO0 «DeHOMUKaY,
000 «CkaiiIxxun», OO0 «Ksanpoc-buoy, OO0 «Kommnanus
Xemukon», GenScript Biotech (Netherlands) B.V., OO0 «buo-
T'er-Anamutaka», OO0 «3nennop¢ Pamay, OO0 «Baiicc
Knumarexuuky», Komnanus «Mepk», OO0 «duasmy.
KoHdepeHniys, mpoxoanBInas Kak B O4HOM, TaK U B OHJIAHH-
(hopmare, BKITFOUaa B ceOs CIEMYIOIINE CEKIINN: TeHETHKA
Pa3BUTHS U CTPECCOYCTONYNBOCTD; IBOIIOLMOHHAS U (PyHK-
I[HOHAJbHAs TeHOMMKA; OMOTEXHOJOTHs PaCTeHUI B MOCT-
TEHOMHYIO 3110Xy; OHOWH(pOpPMAaTHKa, CUCTEMHAasi OHOIOTHS

pacteHuit 1 nuppoBoe GPEeHOTUITUPOBAHKE; TPOMBIIIJICHHAS
OHOTEXHOJIOTHSI.

B pabote PlantGen202 1 npunsinm yuactre 317 y4eHBIX U3
22 cTpaH, B TOM uncie 41 HTHOCTpaHHBIH, YTO IPEBBICUIIO YUC-
JIO YYACTHUKOB MPEIbIAYIIeH KOHPEPEHIIMH, COCTOSBIIICHCS
B 2019 1., eme 10 HavYama OTpaHUYCHUM, CBI3aHHBIX C ITaH-
nemueit. beuto nmpeacrasneno 240 noknanos, U3 HuX 97 ycr-
HBIX U 143 cTennoBbIX. CTOMT OTMETHUTH BECOMBIH TOKa3aTelh
YYaCTHHKOB — MoJIoAbIX y4deHsIX: 41 % (130 uenosek). 3a
BpeMst KoH(pepeHIMHN 3apeructpuposato oosee 6000 3axon0B
Ha ee OQHIINATbHBIN CAlT, IJie TPAHCIUPOBAINCH 3aCEIaHusl.
OHITafH-TPAHCIAIUIO CMOTPEIH YYaCTHUKH U3 22 CTpaH,
HanOoJiee aKTUBHBIMHU CPEIN HUX OBUIM MPEJCTaBUTENH U3
Poccun, Kazaxcrana, I'epmannu, CIIA u benopyccun. Tpanc-
JSILMI0 CMOTpenu Takxke u3 Yexuun, MonnoBbl, YKpauHsl,
V36ekucrana, Keipreicrana, Hunepnangos, Apmenun, Azep-
Gaitmxana, Kananet, ®panmuu, [ py3un, Maaum, CaynoBckoii
Apasun, FOxnoi Kopen, Tamkukncrana, TypkMeHUCTaHA U
AHIIIu.

Ha xoHdepeHIn ObUIH MPEACTaBICHBI PE3yNbTaThl HO-
BEHIINX HCCIIEOBAHUI B 00JaCTH T€HETHKH, T€HOMHUKH,
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O6ronH(pOpMaTHKU U OMOTEXHOJIOIUHU PACTEHUIT, 00CYKIICHbI
TIEPCIICKTHBHBIC HAIPaBICHHS UCCIICIOBAHUH (B TOM YHCIIE
COBMECTHBIX) 10 ()yHJaMEHTAJIBHBIM M IPUKJIAIHBIM acIieK-
TaM U3y4YeHUs FTeHOMa pacTeHuil. MHOrue 1oKIIabl OTpasKalu
WCTOPHIO PA3BUTHUS TEX WM WHBIX HAYYHBIX HAINPaBICHUN
B Poccun. Buumanmio citymiareneii ObU Npe/yuioKeHbI HOBbIE
pesynsraTtel n3 Kazanu, Mockssl, HoBocnbupcka, CaHKT-
[etepOypra, Ybsr1, rae cerogas paboTaroT BEIYIIHE OTeUe-
CTBEHHbIC HayYHbIE IIKOJIBI B 00IACTH TEHETHUKH PACTEHHH.

ONHOBPEMEHHO K y4YacTHIO B KOH(EpPEHLUH ObLIM MpH-
BJICUCHBI BEIYIIHE MHUPOBBIC IKCIIEPTHI 10 PAIy Hamboiee
«MOJIOZIBIX» U TIOIYNISIPHBIX CErojHs HarpaieHuid. Harpu-
Mep, ¢ JOKJIaJaMH O TMOCIEAHNX JTOCTHKCHUAX B TEHOMHOM
penaktupoBanuu BeicTymiu Cepreit Cpurarnes (CLIA) u
Norann Kaymstiin (Iepmanns).
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Opranu3aropbl KOH(GEPEeHIUH [UIAHUPYIOT JaibHeilee
paciupeHne mporpaMMBbl, B 4acTHOCTH, Ha PlantGen2023
3aIUIAHMPOBAHO BBIIEIUTH B OTAEIBHYIO CEKIMIO JOKIaIbI
110 OMOXUMUYECKON 'eHeTUKE U (PU3MOJIOTUH PACTEHHH, yBe-
JIUYUB YHCIIO COOOIIICHH M0 3TOH TeMarnke. CeroHs 3HAYH-
TEJILHBIX YCIIEXOB B 3TOM HaIPaBJICHUH TOOMIIMCH Ka3aHCKUE
yYeHBIC, U B CBSI3M C 3TUM pacCMaTpUBAETCS BapHaHT IPO-
BeJIeHUS cnemyromeii kondepenun B Kazanu.

C KaKIbIM Pa30M PaCIIUPSIETCSI YUCIIO U reorpadust yyact-
HUKOB KoH(pepeniuu PlantGen, 4To TrOBOPUT O ee BOCTpe-
OOBAaHHOCTH B MHPOBOM HAayYHOM COOOIIECTBE M CIIYKHT
0OBEKTHBHBIM MOKA3aTEJIEM €€ YCIEUIHOCTH. YUYECHBIM eCTh
13 9ero BEIOMPATh: YMCIO MEPOIIPUATHI OMOJIOTHIECKOH Te-
MaTHKH TOJI OT TOa pacTeT, HO KoHdpepeHmusa PlantGen mo-
MpEeXXHEMY 3aHUMaeT CPe/id HUX JIOCTOWHOE MECTO.

A.B. Kouemoes,
unen-koppecnonoenm PAH, oupexmop UI{ul” CO PAH,
npedcedamensv kongepenyuu PlantGen2021

E.A. Canuna,
npogeccop, anasuviil Hayunviil compyorux Ulul” CO PAH,
conpedcedamens konpepenyuu PlantGen2021
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Introgressions of Vitis rotundifolia Michx. to obtain grapevine
genotypes with complex resistance to biotic and abiotic stresses
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Abstract. Vitis rotundifolia Michx. is one of the species of the family Vitaceae, with resistance to both biotic and
abiotic stresses. The present study reports new scientific knowledge about the inheritance of resistance to downy
mildew, powdery mildew and frost by V. vinifera varieties from V. rotundifolia. Recombinant lines of three hybrid
populations from the crossing of the maternal genotype @M. 31-77-10 with V. rotundifolia hybrids were used as
the object of the study. As a result of laboratory screening, more than 40 % of recombinants of the M. 31-77-10x
X [DRX-M5-734 + DRX-M5-753 + DRX-M5-790] population showed a high degree of frost resistance (-24 °C), while
6 % of transgressive recombinants were characterized by a very high degree of resistance (-27 °C). The maternal
genotype @M. 31-77-10 does not carry alleles of resistance to powdery mildew at the Run1 locus and in the field
suffers from powdery mildew much more than the paternal genotypes. The prevalence of powdery mildew on ve-
getative organs in the three recombinant populations over the years varies on average between 3.2-17.1,0.3-17.7
and 0.6-5.2 %, respectively. As a result, almost all recombinant genotypes that received a resistant allele from the
paternal genome are highly resistant to powdery mildew.

Key words: grapes; Vitis vinifera L.; Vitis rotundifolia Michx.; backcrosses; biotic and abiotic stress; powdery mildew;
frost; resistance; genes; introgression.
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MHTporpeccun Vitis rotundifolia Michx. 1jist monyuyeHust
reHOTUIIOB BMHOrpaJa ¢ KOMIIJIEKCHOM VCTOMUYIMBOCTBIO
K OMOTIYECKI/M I abMOTUYECKM CTpeccaM
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AuHoTayus. Vitis rotundifolia Michx. - ognH 13 B1UpoB B cemeiicTae Vitaceae, AEMOHCTPUPYIOLMIA YCTONUMBOCTD
KaK K B1oTMYeckum, Tak 1 K abuoTryeckmm ctpeccam. B npouecce nsyyeHma nonyyeHbl HOBble HayuYHble 3HaHKA
0 HacNefoBaHNM KyNbTYpHbIM BUHOrpagom ot V. rotundifolia npyu3HaKoB yCTOMUYMBOCTM K MaTOreHam, Bbl3biBato-
LM MUNABIO Y OUANYM, N K MOPO3Y. O6beKTOM UCCNefoBaHNA CYXKMSIM PEKOMOVHAHTHbIE IMHUN TPeX NOMynAuunia
OT CKpewnBaH1s MaTepuHcKon popmbl QM. 31-77-10 ¢ rubpugamu notomcTsa V. rotundifolia. YctaHoBREHO, uTo
Nnpr3HaK MOPO30CTOMKOCTH, CKOpee BCEro, MMEET MONUreHHoe HacnefoBaHue. o pesynbratam 1abopaTopHOro
nsyuenus, B nonynauun @M. 31-77-10 x [DRX-M5-734 + DRX-M5-753 + DRX-M5-790] Gonee 40 % pekoMOGMHaHTOB
XapaKTepur3yloTCcA BbICOKOW CTeMNeHbio Mopo30oycTonumsoctn (-24 °C), B To BpeMA Kak 6 % TpaHCrpeccrBHbIX pe-
KOMGMHAHTOB — OYE€Hb BbICOKOW CTEMEHbIO ycTonumsocTy (27 °C). MatepuHcknin reHotun @M. 31-77-10 He HeceT
annenemn ycTonunBOCTA K OMANYMY B NIOKyce RunT n cunbHee, YemM OTLOBCKME FeHOTUMbI, MOpaaeTca OMANYMOM B
nonesbiX ycI0BUAX. PacnpocTpaHeHne onfinyma Ha BereTaTBHbIX OpraHax B TPeX PEKOMOUHAHTHbIX NONyNALMNAX
B CpefiHeM 3a rofbl ccnefoBaHuii Konebnetca B npegenax 3.2-17.1,0.3-17.7 n 0.6-5.2 % cooTBeTCTBEHHO. [TouTn
BCE PEKOMOUHAHTHbIE reHOTUMbI, MOJTyYMBLUNE afiyieNlb YCTOMYMBOCTU B JIOKyCe Runi OT OTLLOBCKOrO reHoma, 06-
NaAaloT BbICOKOW YCTOMUMBOCTBIO K OMANYMY.

KnioueBble cnosa: BuHorpag; Vitis vinifera L.; Vitis rotundifolia Michx.; 6eKKpoccbl; 6UOTUYECKNI U abroTUYECKNIA
CTPecc; MyYHUCTasA Poca; MOPO3; YCTONYMBOCTb; FeHbl; UHTPOrpeccus.
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Introduction

Remote hybridization plays an important role in modern grape
breeding. It allows combining in hybrid progeny traits of vari-
ous Vitis species, which have significantly diverged in evolu-
tion; for example, high productivity and high berries quality
of the Vitis vinifera L. varieties with resistance to biotic and
abiotic stress of American Vitis species. Hybridization makes
it possible, on the one hand, to obtain experimentally new
forms and varieties, on the other hand, to study the relationship
between genomes, structure and function of chromosomes, the
patterns of inheritance of morphological and economically
valuable traits. N.1. Vavilov (Vavilov, 1986) emphasized that
employing remote hybridization is especially promising for
the breeding of vegetative propagated plants, including grapes.

Significant success was achieved by grape breeders and
growers in the development of interspecific hybrids and in
the study of such important issues as the selection of parental
pairs, dominance, coping with incapacity for hybridization,
identifying the sources of inter-sterility and reduced fertility
of hybrid plants. In contrast to the V. vinifera L. cultivars,
many other Vitis species, native to North and Central America,
especially V. rotundifolia, are distinguished by high resistance
to pathogens, pests and frost. Therefore, breeders and grape
growers have always found the creation of new cultivated
varieties of grapes promising, combining productivity and
quality of V. vinifera with resistance of American Vitis spe-
cies, meaning to create a “perfect” grape variety. In the middle
of the 20th century in Europe there even existed a “perfect
variety” breeding program, which has been transformed in the
‘Magarach’ Institute into the breeding program “Analogue”
(Molynkin et al., 2018). Currently, this breeding program
has found its further development in the introgression of
V. rotundifolia genes into V. vinifera genome (Volynkin et
al., 2020a). It should be noted that the Institute of Viticulture
and Winemaking ‘Magarach’ is one of the leading centers
of grape breeding in the world (Molynkin et al., 2015), and
its grapevine breeding program is based on the study of the
world Vitis gene pool and international trends of viticulture
(Volynkin et al., 2021a).

The significance of such a breeding program is explained
by the fact that a considerable part of vineyards in the Rus-
sian Federation is located in the zone of risky viticulture and
almost every year suffers from frost coupled with the intensive
development of downy mildew (caused by Plasmopara viti-
cola Berl. et De Toni) and powdery mildew (Erysiphe necator
Schwein.). In these conditions, the period of growing season of
grape plants is reduced. Besides, in winter, plants are exposed
to temperatures lower than the biological adaptive capacity
of this species allows.

The study of the inheritance of grape frost resistance in
progeny made it possible to establish that the trait is deter-
mined, first of all, by biological specificity of a grape geno-
type. Some Vitis species die in mild frosts; others are able to
survive in the most severe winters (Likhovskoi et al., 2019;
Vasylyk et al., 2020). Frost resistance is also influenced by
soil and climatic conditions as well as agrotechnical methods
that provide plants with optimal conditions for nutrition,
water supply and airing. Cultivated grapevine in natural field
conditions usually do not achieve maximum frost resistance,
since the conditions of their preparation for the winter period
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are often unfavorable (Pavlousek, Postbiegl, 2003; Xiaoyan
et al., 2015; Polulyakh et al., 2017).

Diagnostics of the frost resistance of grape varieties plays an
important role in breeding, because only if information about
the degree of a trait assigned to a particular genotype is com-
plete and accurate, it can be used as a source of a valuable trait
in breeding (Kozma, 1998; Korbuly, 2000; Clark, Barchenger,
2015; Ivanisevi¢ et al., 2015; Gongalves et al., 2016; Volynkin
et al., 2020b, c). In modern research, scientists are searching
for the ways of conducting express-diagnostics of the frost
resistance degree based on correlations with morphological
traits (Maltabar, Zhdamarova, 2012; Novikova, Naumova,
2018; IInitskaya et al., 2019; Volynkin et al., 2020d), or study-
ing biochemical mechanisms of the resistance and adaptation
of grape plants to environmental stress factors at the molecular
level (Di Gaspero et al., 2007; Nenko et al., 2019; Ricciardi
et al., 2021; Shen et al., 2021). The most complete and reli-
able information about the resistance of grape varieties to
environmental stress factors can be obtained only as a result
of combination of field and laboratory experiments (Korbuly
et al., 2004; Read et al., 2004; Ulitin, Nudga, 2008; Zlenko
etal., 2018).

The development of new grapevine varieties that ensure
ecological purity of food based on genetically determined
resistance to pathogens in combination with frost resistance
is one of the priorities in modern grape breeding.

Materials and methods

Plant material. The studies were carried out in 2017-2020 in
field and laboratory conditions. The object of the study was the
recombinant lines of three populations obtained in the ‘“Maga-
rach’ Institute from the following crosses: @M. 31-77-10x
x [DRX-M5-734 + DRX-M5-753 + DRX-M5-790] (66 hy-
brids), $M. 31-77-10 x 2000-305-143 (43 hybrids) and
QM. 31-77-10 x 2000-305-163 (30 hybrids). Hereinafter, they
are referred to as populations 2-11, 3-11 and 4-11, respectively.
The maternal genotype @M. 31-77-10 was obtained at the
‘Magarach’ Institute by crossing the cv. Nimrang (V. vini-
fera) with Seibel 13666 (a complex interspecific hybrid). In
turn, the two paternal genotypes are progeny of the NC16-5
(V. rotundifolia x V. vinifera) backcrosses with various varieties
of V. vinifera. To ensure the greatest reliability of the crosses
performed, the maternal genotype taken for crossing possessed
a functionally female type of flower, excluding the possibility
of self-pollination.

Climatic conditions. The breeding plot was located in
the South Coast of the Crimean Peninsula, on mild slopes of
the South-West exposure, at an elevation of 123 m above the
sea level. The breeding plot soils were rather heavy, clayey
admixed with gravel.

The climate is mild warm Mediterranean sub-humid, cha-
racterized by a relatively small amplitude of daily and annual
temperatures, with warm winters, mild hot summers and long
warm autumns. The first frosts are usually registered in early
December, and the last — in the middle of March. Thus, the
growing season of grape begins from the first days of April
finishing at the end of November. In very warm years, some
late grapevine varieties retain their leaves until January.

Winter is mild, small frosts often alternate with frost-free
periods. Frosts usually do not reach the level when damage of
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buds on annual shoots is observed. In years of extremely cold
winter the temperature drops to —12...—13 °C. Therefore, even
non-frost-resistant varieties do not suffer from winter frosts
in the Crimea. In the second half of March, with a noticeable
increase in temperature, the buds begin to swell, and in the first
or second decade of April — to burst. However, temperature
rises relatively slowly in April and May due to proximity to
the sea. The inhibitory effect of low temperatures also affects
flowering, which is usually registered in the first half of June.
The beneficial effect of the sea is observed in the second half of
summer and in autumn when daily and monthly temperatures
do not show any violent oscillations. Autumn is warm, mild
dry, with a lot of sunny days. Summer and autumn months
are characterized by a relatively low amount of precipitation
and air humidity.

The conditions do not favor the distribution of such di-
seases as downy mildew, gray rot and anthracnose. Among
fungal diseases powdery mildew causes the greatest harm to
vineyards, while downy mildew spreads only sporadically.
The most widespread grapevine pests on the South Coast
of Crimea are phylloxera and European grape moth, which
produces three generations per season here.

Laboratory testing of genotype resistance to low tem-
peratures. The laboratory method of testing frost resistance
was based on the recommendations of S. Pogosyan (1974)
and M. Chernomorets (1985), with some methodology modi-
fications (Zlenko et al., 2018). In short, the diagnostics of
frost resistance of grape genotypes was carried out by step-
wise hardening and freezing of two-eyed cuttings of mature
shoots as follows: from +8 to +4 °C for 14 days (hardening
stage 1); from -3 to -5 °C for 11 days (hardening stage I1);
and -10 °C for 1 day (hardening stage Ill). Then cuttings
were frozen stepwise in the temperature range: from -16 to
—24 °C with a 2 °C temperature change interval; from -24 to
-30 °C with an interval of 10 °C. After each of ten sequential
freezing stages (-16 °C for 2 days; —18 °C for 3 days; —21 °C
for 2 days; —24 °C for 2 days; —25 °C for 3 days; —26 °C for
2 days; —27 °C for 2 days) 5 cuttings of each genotype were
placed to refrigerator with a temperature of +2 °C for 3 days
for gradual defrosting. Then cuttings were water-soaked for
1 day and placed for sprouting in half-liter containers with
water at a room temperature (+22 °C).

The assessment of frost resistance was carried out according
to a 9 point scale of International Organization of Vine and
Wine (OI1V) descriptor, with the following points of resistance:
1 —very low (-15°C), 3 —low (18 °C), 5 — medium (21 °C),
7 —high (24 °C), 9 —very high (27 °C and lower). The degree
of genotype resistance to frost stress was determined after
4 weeks of sprouting in water by assessing the percentage of
shoot development from buds after each stage of freezing. For
a more objective assessment of the vine shoots vitality after
freezing, the length of the developed shoots, the number and
length of roots, as well as the development of inflorescences
were additionally determined.

Determining the resistance to pathogens in the field.
Phenotypic data were obtained by evaluating plants in the
field against a natural infection background without the use
of fungicides.

The nature and percentage of leaves damage were accounted
according to generally accepted methods (Buga, 2007). Up
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to 30 leaves from different parts of a plant were examined
on every accounting bush. Each season, we carried out two
examinations: the first was performed 3 weeks after grape
flowering, the second — at the beginning of grape ripening. The
percentage of leaves affection and degree of disease develop-
ment on leaves were determined using the following scale:

0 — no signs of affection;

1 - single and barely noticeable spots on leaves;

2 —up to 10 % of leaf surface is affected;

3 — 11-25 % of leaf surface is affected;

4 —26-50 % of leaf surface is affected;

5 —more than 50 % of leaf surface is affected.

Disease development (R, %) for a specific genotype was
calculated using the formula:

_ZX(@-b)

R= NK -100, 1)

where, a is a score of the scale, according to which the lesion

was evaluated in the experiment; b is the number of affected

leaves within the range of this score; N is the total number of

leaves evaluated (pcs); K is the highest score of the scale; and
100 is the conversion factor.

The data obtained were averaged, and then the results
were interpreted according to the OIV international standards
(0-452, O-454), where the degree of grape plant resistance
to fungal pathogens was assessed by the degree of leaf af-
fection using the following point scale: 1 — very low degree
of resistance (extensive surface affection by the pathogen is
more than 50 %); 3 — low degree of resistance (the area af-
fected by the pathogen is 30-50 %); 5 — medium degree of
resistance (the area affected by the pathogen is 20-30 %);
7 — high degree of resistance (weak pathogen affection — up
to 10 %); 9 — very high degree of resistance (very small or no
pathogen affection). For data analysis, the value of maximum
degree of affection was used.

Laboratory testing of resistance to pathogens. In addi-
tion to the field evaluation, a phytopathological screening
was carried out using the disk-test method. For the disk-test,
the leaves of recombinant lines were collected in duplicate
in June—July. The fourth and fifth young leaves starting from
the shoot tip were taken from each hybrid plant. Grape plants,
from which leaves were collected, were left unsprayed with
fungicides. The disinfected leaves were placed in agar medium
in Petri dishes. Visual assessment of lines resistance was car-
ried out 6-12 days after inoculation using the OIV descriptors
452-1 (‘Resistance degree of leaves to Plasmopara viticola
in laboratory conditions (disk-test)’), 455-1 (‘Resistance de-
gree of leaves to Erysiphe necator in laboratory conditions
(disk-test)’) according to the above scale (Molynkin et al.,
2021c).

Results

Resistance of grape genotypes of hybrid populations

to low temperatures

Frost resistance was determined in laboratory conditions in
2019. The highest range of frost resistance variation (Fig. 1)
among the genotypes of the studied cross combinations
with the maternal form @M. 31-77-10 was observed in the
population 2-11 (=15...-27 °C), which reflects diversity of
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Fig. 1. Box-and-whisker plot reflecting variation of the trait “the lowest
temperature in the experiment at which a plant survives” among the
studied populations 2-11 (M. 31-77-10 X [DRX-M5-734 + DRX-M5-753 +
+DRX-M5-790), 3-11 (M. 31-77-10%x 2000-305-143), and 4-11 (M. 31-77-
10x2000-305-163).

the hybrids with varying degrees of frost resistance and, as
a consequence, provides a broad spectrum of valuable geno-
types as a source for breeding. This conclusion is confirmed
by the calculated breeding value (45.5 %) of this cross com-
bination (Table 1). The population 4-11 is distinguished by
a higher average degree of resistance to low temperatures,
and is characterized by the highest breeding value among the
studied hybrid populations (56.7 % of genotypes inherited the
high level of resistance of parental forms).

Introgressions of Vitis rotundifolia Michx.
to obtain grapevine genotypes with complex resistance

As a result of laboratory screening of the population
M. 31-77-10 x [DRX-M5-734 + DRX-M5-753 + DRX-
M5-790], about 40 % of recombinants were characterized by
a high degree of frost resistance (—24 °C), and 6 % of trans-
gressive recombinants showed a very high degree of resistance
(-27°C) (Fig. 2, see Table 1). In the populations M. 31-77-10 x
% 2000-305-143 and M. 31-77-10 x 2000-305-163 (see Fig. 2),
44 and 56 % of recombinants, respectively, were characterized
by a high degree of frost resistance (-24 °C).

In each studied population, there were several genotypes
capable of sprouting 100 % of shoots from buds after freez-
ing at —27 °C. In populations 2-11, 3-11 and 4-11, respective-
ly 3, 7 and 17 % of such highly viable genotypes were dis-
covered.

A specific combining ability was observed for each popu-
lation. For example, in the combination M. 31-77-10 x 2000-
305-163, almost half of progeny (56.7 %) has high frost resis-
tance, whereas genotypes with true heterosis were not detected
(Th = -16.2). Similar principle of seedling distribution was
observed in the combination of M. 31-77-10 x 2000-305-143.
Hybrids of the cross M. 31-77-10 x [DRX-M5-734 + DRX-
M5-753 + DRX-M5-790] were distributed almost equally into
groups of medium (42.4 %) and high (39.4 %) frost resistance.
Genotypes with a true heterosis effect were identified in the
population (Th = 14.5) (see Fig. 2).

The resistance of grape genotypes to Erysiphe necator

and Plasmopara viticola in hybrid populations

The maternal genotype $M. 31-77-10 is not protected by the
resistance alleles in the Runl locus and is much more affected

Table 1. Inheritance of resistance to low temperatures by grape genotypes in hybrid populations

Indicators Populations
2” .................................................... 3 114” .............................................
M317710X .................................... M 317710X .............................. M 31771())( ............................
X [DRX-M5-734+DRX-M5-753+ x2000-305-143 % 2000-305-163
+ DRX-M5-790]

Numberofseedlmgspcs .................................. 6 643 ................................................. 3 0 ...............................................
P omts ofres,stance m pare nta|gen Otype S .......................................................................................................................................................................
...... matema|g777
...... patema|6‘Nd77
Dlstn bu“ o n Ofseed| ,ngs, n . popu |at,on S ..........................................................................................................................................................................

according to points of resistance, %
...... 1po|nt(_15°c)304733
...... 3pomt5(_13°c)9118667
...... 5po|nt5(_21°c)424326333
...... 7pomt5(_24°c)394442567
...... 9pomt5(_27°c)61oooo
Average . pomt ofre5|5tance to| o W .................. 5 7 ...................................................... 5 3 ................................................. 5 9 ...............................................

temperatures in the population
Breedmgvameofthepopu|at,on%455442 .............................................. 5 67 ............................................
Var,at,on . CO efﬁ c,ent% ..................................... 115 ................................................... 1 2 5 ............................................... 1 04 ............................................
Hypo theuc h Etems' 5 % .................................... - 45 .................................................... § 239 ............................................ - 162 ..........................................
True hEte ros,5 ( Th)% ........................................ 145 .................................................... . 239 ............................................ - 162 ..........................................
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The population 2-11
M. 31-77-10 X [DRX-M5-734 + DRX-M5-753 + DRX-M5-790]
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Fig. 2. Clustering of grape genotypes according to their degree of low temperature stress resistance, observed in the populations 2-11, 3-11, and 4-11.

by powdery mildew in the field compared to the paternal
genotypes (e.g. 2000-305-143 and 2000-305-163) (Molynkin
et al., 2021b). The percentage of oidium disease distribution
on vegetative organs in the populations of recombinants var-
ied over the years and for populations 2-11, 3-11 and 4-11
amounted to 3.2-17.1, 0.3-17.7, and 0.6-5.2 %, respectively.
Due to the inheritance of resistant alleles from the paternal
genome, some of the recombinant lines of hybrid populations
showed a high level of resistance to E. necator (up to 26.7 %)
(Table 2). Nevertheless, the average score for powdery mildew
resistance among populations was lower than that observed
for the paternal genotypes. The data obtained suggests that
employing M. 31-77-10 as a parent in crosses with donors of
resistance to E. necator allows to obtain a significant number
of powdery mildew resistant genotypes in F,.

The average scores of resistance to P. viticola established in
the population 3-11 (M. 31-77-10x 2000-305-143) and in the
population 4-11 (M. 31-77-10 x 2000-305-163) were interme-

CTPECCOYCTOMYMBOCTb PACTEHWI / STRESS RESISTANCE IN PLANTS

diate compared to parental genotypes (Table 3). The percen-
tage of downy mildew distribution on vegetative organs in
hybrid populations fluctuated in different years and amounted
t01.3-28.3,0.2-14.8, and 0-18.6 % for populations 2-11, 3-11
and 4-11, respectively. Employing genotypes 2000-305-143
and 2000-305-163 in cross combinations as male parents al-
lows producing 100 % sustained progeny. Remarkably, among
the progeny of the cross M. 31-77-10 x [DRX-M5-734 +
+DRX-M5-753+DRX-M5-790] (population 2-11), 21.2 % of
heterosis seedlings were observed to show the highest level
of resistance (9 points).

The obtained results of the field evaluation of resistance
to pathogens were confirmed by experiments on laboratory
assessment of resistance using the disk test method (Molynkin
et al., 2021c). The results indicate the great importance of
remote hybridization of V. vinifera with V. rotundifolia, as
well as derivatives of the cv. Seibel 13666 to obtain grapevine
genotypes, resistant to fungi pathogens and frost.
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Table 2. Inheritance of resistance to Erysiphe necator by grape genotypes in hybrid populations

Indicators Populations

M. 31-77-10 x
X [DRX-M5-734 4+ DRX-M5-753 +
+DRX-M5-790]

M. 31-77-10x
Xx2000-305-143

M. 31-77-10 x
Xx2000-305-163

Table 3. Inheritance of resistance to Plasmopara viticola by grape genotypes in hybrid populations

Indicators Populations

M. 31-77-10 x

X [DRX-M5-734 + DRX-M5-753 +

+DRX-M5-790]

M. 31-77-10x
X2000-305-143

M. 31-77-10 x
x2000-305-163

Discussion
Among all grape species, the V. rotundifolia Michx. is the
only one having a complex of biological properties, missing
in V. vinifera L. grape varieties (Patel, Olmo, 1955).

Vitis rotundifolia is also the only native North American
ancestor, the cultivated varieties of which were obtained
without any genome introgression from other species of the
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Vitis genus, including V. vinifera. Difficulties in hybridization
of genotypes of V. vinifera and V. rotundifolia are related to
differences in the number of chromosomes (V. vinifera L.,
subgenus Euvitis, 2n = 2x = 38 chromosomes; V. rotundifolia
Michx., subgenus Muskadinia, 2n = 2x = 40 chromosomes).
For a long time, after such interspecific crossings attempts,
breeders did not get fertile plants. The first fertile hybrid (F,)
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between V. vinifera and V. rotundifolia, the N.C. 6-15 hybrid
(2n = 2x = 39) was obtained in the USA. Using a N.C. 6-15
hybrid, cross-pollinated with an unknown variety V. vinifera,
R.T. Dunstan (1964) obtained the remote hybrid (F,) —
DRX-55 (Dunstan Rotundifolia crossing symbol) (2n = 2x =
= 39). Of all remote grape hybrids, the DRX-55 was the only
diploid-allotetraploid cytochimeric plant. Later on, other
DRX hybrids were obtained from the same cross. By cross-
ing remote hybrids F, DRX-M4-520, DRX-M4-510 (n = 38)
with varieties GM-35-58, Cristal and Moldova, the fifth ge-
neration (Fg), combining hybrids with a somatic number of
chromosomes 2n = 2x = 38, was obtained (Alexandrov et al.,
1998). Among the seedlings of hybrid population F, four
synthetic genotypes were discovered, carrying a new grape
genome with n = 19 (2n = 38), combining chromosomes of
two species V. vinifera and V. rotundifolia.

In 2011, the pollen of three forms DRX-M5-790, -753,
and -734 was kindly provided by Prof. Sh. Topale (Institute
Vierul, Moldova) to the ‘Magarach’ Institute for hybridiza-
tion experiments. At the same time, the hybrid genotypes
2000-305-143 and 2000-305-163 were received from Prof.
R. Eibach (Federal Research Institute for Grape Breeding,
Geilweilerhof, Germany). Those two genotypes were obtained
by crossing French breeding line MTP3082-1-42, carrying
resistance loci to powdery and downy mildew, with variety
‘Regent’. The resistance loci were originally inherited from
V. rotundifolia Michx.

In the USA, the Muscadine Grape Breeding Program is
being developed in the University of Georgia. This is the
oldest breeding program dedicated to the improvement of
the muscadine grape. The UGA program began in 1909, and
over the years has released over 30 cultivars. Current goals
of the program include the development of new cultivars that
combine large berry size with perfect flowers, earlier and later
harvest dates, berries with dry stem scars and edible skins, and
increased cold hardiness. The varieties can withstand frosts
down to —25 °C (Morris, Brady, 2004).

Thus, V. rotundifolia can be considered as a potential donor
of resistance genes to downy and powdery mildew pathogens
in combination with frost resistance for breeding of new grape
genotypes.

Conclusion

Remote hybridization involving V. rotundifolia can be con-
sidered as a modern and promising trend in grapevine breed-
ing. It opens great prospects for obtaining new forms and
breeding improvement of existing varieties, expands possi-
bilities of creating new rootstocks and enriches the gene pool
of cultivated grapes. It also provides a wide range of sources
for breeding and conducting in-depth cytogenetic studies to
reveal general patterns of diversity formation in F,—F; inter-
specific hybrids, as well as for developing research sources
for grape genetics.
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Raise and characterization of a bread wheat hybrid line
(Tulaykovskaya 10 x Saratovskaya 29) with chromosome 6Agi2
introgressed from Thinopyrum intermedium
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Abstract. Wheatgrass Thinopyrum intermedium is a source of agronomically valuable traits for common wheat. Par-
tial wheat-wheatgrass amphidiploids and lines with wheatgrass chromosome substitutions are extensively used
as intermediates in breeding programs. Line Agis 1 (6Agi2/6D) is present in the cultivar Tulaykovskaya 10 pedigree.
Wheatgrass chromosome 6Agi2 carries multiple resistance to fungal diseases in various ecogeographical zones.
In this work, we studied the transfer of chromosome 6Agi2 in hybrid populations Saratovskaya 29 x Tulaykov-
skaya 10 (529 xT10) and Tulaykovskaya 10 x Saratovskaya 29 (T10x S29). Chromosome 6Agi2 was identified by PCR
with chromosome-specific primers and by genomic in situ hybridization (GISH). According to molecular data, 6Agi2
was transmitted to nearly half of the plants tested in the F, and F; generations. A new breeding line 49-14 (2n = 42)
with chromosome pair 6Agi2 was isolated and characterized in T10xS29 F5 by GISH. According to the results of
our field experiment in 2020, the line had high productivity traits. The grain weights per plant (10.04 +£0.93 g) and
the number of grains per plant (259.36 + 22.49) did not differ significantly from the parent varieties. The number of
grains per spikelet in the main spike was significantly higher than in S29 (p < 0.001) or T10 (p < 0.05). Plants were
characterized by the ability to set 3.77+0.1 grains per spikelet, and this trait varied among individuals from 2.93 to
4.62.The grain protein content was 17.91 %, and the gluten content, 40.55 %. According to the screening for fungal
disease resistance carried out in the field in 2018 and 2020, chromosome 6Agi2 makes plants retain immunity to
the West Siberian population of brown rust and to dominant races of stem rust. It also provides medium resistant
and medium susceptible types of response to yellow rust. The possibility of using lines/varieties of bread wheat
with wheatgrass chromosomes 6Agi2 in breeding in order to increase protein content in the grain, to confer resis-
tance to leaf diseases on plants and to create multiflowered forms is discussed.

Key words: alien introgression; chromosome substitution; GISH; molecular analysis; stem rust; brown rust; yellow
rust; Thinopyrum intermedium; bread wheat.
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AHHoTauusa. lNbipei NpomexxyTouHbI Thinopyrum intermedium ABNAETCA UCTOYHUKOM arpOHOMUYECKN LIeHHbIX
NPW3HaKOB AN1A MSArKONn nweHnubl, AnA nepegavm KOTopbixX NCNONb3YOT YaCTUYHbIE nLIJEHI/NHO-I'IpreIZHbIe aM¢VI-
AVNAOWAbLI U IMHWK C 3aMelleHneM XpoMocomamu nbipea. C ncnonb3osaHnem nHUM Arnc 1 cosfaH copT Apo-
BOW MArKoOW nweHuubl TynankoBcKas 5, KOTOPbI BXOAUT B POAOCOBHYI0 copTa Tynankosckas 10. B reHome copTta
XpOMOCOMa MieHnLbl 6D 3amelleHa XpOMOCOMON Mbipes 6Agi2, HECYLLEe KOMMIEKCHYIO YCTOMYMBOCTb K rprb-
HbIM 3a60/1eBaHUAM B Pa3fIMUHbIX SKOIOro-reorpaduyecknx 3oHax. B jaHHo paboTe 13yyeH xapakTep nepeaayv
XpOMOCOMbI Mbipest 6Agi2 B rmbpraHbix nonynauuax coptoB CapatoBckan 29 x TynaiikoBckas 10 (C29xT10) n Ty-
nankosckasa 10x CapaTtoBckaa 29 (T10x C29). Xpomocoma nbiped 6Agi2 naeHTMPnLMpoBaHa C MOMOLLbIO XPOMO-
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comocrneynPpryHbIX NPaiMepoB 1 METOAOM FeHOMHOM in situ rnbpuamnsaunn. CornacHo MoneKynapHOMY aHanmnsy,
Xpomocoma 6Agi2 nepefaBanacb NOYTV MONOBUHE N3YYeHHbIX pacTeHnn B F, n F; nokoneHuax. B F5 nokonerun
T10x C29 c nomouwybto GISH BbigeneHa 1 oxapaktepr3oBaHa HoBasA cenekunoHHasa nuHnua 49-14 (2n = 42) c napon
xpomocoM 6Agi2. [o pesynbratam 3KCNepriMeHTa B nonesBbix ycnosuax 2020 r. AMHWA nMena BbICOKMe NoKasaTenm
npoayKkTnsHocTu. Macca 3epeH c pacteHuna (10.04£0.93 1) 1 uncno 3epeH ¢ pacteHus (259.36 +22.49) poctoBepHO
He OTNINYaNNCh OT POAUTENIbCKMX COPTOB. YMCIO 3epeH Ha KOMOCOK B FMaBHOM Komoce y IMHK 49-14 6biio focTo-
BepHO Bbille, Yem y coptoB C29 (npu p < 0.001) n T10 (npwm p < 0.05). PacTeHns xapakTepr30Banncb CNOCOOHOCTLIO
3aBA3biBaTb 3.77 £ 0.1 3epHa Ha KOJTIOCOK, pa3smax M3MeHUYMBOCTM MpU3HaKa BapbupoBsan ot 2.93 fo 4.62 y nHanBu-
ZyanbHblx pacteHunin. CopepxaHue 6enka B 3epHe cocTaBusio 17.91 %, kneikoBuHbl — 40.55 %. COrnacHoO CKPUHUHTY
Ha YCTONUYMBOCTb K FpUOHbIM 60Ne3HAM, MPOBEAEHHOMY B NoneBbiX ycnoBuax 2018 n 2020 rr., xpomocoma 6Agi2
COXpPaHSAET y pacTeHNI UMMYHHOCTb K 3anagHoCMbrpcKomn nonynauum 6yport pxxaBUumHbl U K LOMUHAHTHBIM pacam
cTebneBol PXKaBUMHbI, @ TaKXKe obecneymBaeT CPeAHMNIN YCTONUUBBIN U CPeAHUIA BOCPUUMYMBDIA TUMbI peakLumn K
BO30yAMTENAM XKeNTolN pKaBuMHbl. O6CYKAAeTCsA BO3MOXXHOCTb UCMOSIb30BaHNA IMHNIA/COPTOB MAFKOW MLIEHULbI,
HecyLMx XpOMOCOMbI Mbipea 6Agi2, B cenekummn Ha yBennyeHre cogepkaHna 6enka B 3epHe, Ha YCTONYMBOCTb K
nuctoctebenbHbIM 3a60n1eBaHNAM 1 Ha CO3iaHNEe MHOTOLIBETKOBbIX GOPM.

KnioueBble cnioBa: uyepofHasa NHTPorpeccus; 3amelleHne xpomocom; GISH; monekynapHbii aHanus; ctebnesas

pKaBuMHa; Bypasn paBUMHA; XenTas pxaBumnHa; Thinopyrum intermedium; Msarkas nieHvua.

Introduction

Wild perennial common wheat relatives of the Thinopyrum
genus are broadly polymorphic. They can be sources of
commercially valuable traits: resistance to fungal and viral
diseases (Friebe et al., 1996; Li H., Wang, 2009; Krupin
etal., 2013, 2019; Davoyan et al., 2015; Leonova, 2018),
tolerance of saline soils and drought, and high protein con-
tents in the grain (Tsitsin, 1954; Upelniek et al., 2012). The
Thinopyrum genus includes about 20 species of different
ploidies: diploids, allotetraploids, allohexaploids, octo-
ploids, and decaploids (Wang R., 2011). The genetic pools
of two species are in the greatest use: elongate wheatgrass
Th. elongatum (Agropyron elongatum) and intermediate
wheatgrass Th. intermedium (Ag. glaucum). They became
donors of genes for resistance to pests: Lr19, Lr24, Lr29,
and Lr38 to brown rust; Sr24, Sr25, Sr26, Sr43, and Sr44
to stem rust; Pm40 and Pm43 to powdery mildew; Bdv2
to barley yellow dwarf virus; and Wsm1 to wheat streak
mosaic virus (Li H., Wang, 2009).

Viable wheat—wheatgrass hybrids were first obtained by
N.V. Tsitsin in 1930-1933. He crossed diploid, tetraploid,
and hexaploid wheats to Ag. elongatum and Ag. glaucum
(Tsitsin, 1954) and obtained octoploid forms of perennial
and ratooning wheats known as intermediate wheat-wheat-
grass hybrids, IWWHSs (Tsitsin, 1954; Upelniek et al.,
2012). Experiments on wheat hybridization to plants of
the Thinopyrum genus were also carried out in the United
States, Germany, Canada, and China. Various hybrid forms
were obtained and annotated: partial amphiploids; high-
protein addition, substitution, and translocation lines and
forms resistant to barley yellow dwarf virus, wheat streak
mosaic virus, powdery mildew, yellow rust, brown rust,
and stem rust (Friebe et al., 1996; Fedak, Han, 2005; Li H.,
Wang, 2009; Chang et al., 2010; Hu L. et al., 2011; Fu et
al., 2012; Zeng J. et al., 2013; Bao et al., 2014; Zheng et
al., 2014; Danilova et al., 2017; Li D. et al., 2018).

Partial wheat—wheatgrass amphidiploids are used in-
ternationally for transferring valuable traits to common
wheat (Jiang et al., 1993; Fedak, Han, 2005). In Russia,

two groups of common wheat cultivars resistant to fungal
pests have been raised via IWWHSs at the Agricultural
Research Institute of the South-East and the Samara Re-
search Institute of Agriculture. In their genomes, wheat
chromosome 6D is replaced by chromosome 6Agi from
wheatgrass Th. intermedium. Chromosomes 6Agil and
6Agi2 are not identical, as they show different C banding
patterns in Giemsa staining (Sibikeev et al., 2017). In the
former case, 6Agil was inherited from substitution line
S29-Agrol39-M2-2, obtained by crossing spring com-
mon wheat Saratovskaya 29 to IWWH 139, and from
cv. Mnogoletka 2. Then wheatgrass addition chromosomes
recombined with each other (Sibikeev etal., 2017). The cul-
tivars raised in Samara inherited wheatgrass chromosome
6Agi2 from substitution line Agis 1, obtained by crossing
S29 to IWWH 644 (Sinigovets, 1976, 1988).

Since 1984, when Tulaykovskaya 5 was enlisted to the
State Register of Selection Achievements, varieties with
wheatgrass chromosome introgression bred in Samara
retain their resistance to brown rust and powdery mildew
in various ecogeographical regions of Russia (Salina et
al., 2015; Leonova et al., 2017). It has been shown that
the Lr genes on chromosome 6Agi2 are not allelic to the
genes Lr9, Lr19, Lr24, Lr29, or Lr47, and the type of re-
sponse to inoculation with Puccinia triticina Eriks. isolates
confirms their not being allelic to Lr19 or Lr38 (Sibikeev
et al., 2017). Testing of F, and F5 hybrids of susceptible
varieties with Tulaykovskaya 10 for brown rust resistance
shows that chromosome 6Agi2 houses a locus for resistance
to the West Siberian brown rust race (Salina et al., 2015).
However, the copy number of resistance genes on 6Agi2
is still unknown. The loci have not been mapped on the
chromosome either.

Molecular and cytogenetic markers are designed for
detection of wheatgrass genetic material in the common
wheat genome (Han F. et al., 2004; Li G. et al., 2016; Cseh
et al., 2019; Kroupin et al., 2019). There are molecular
markers specific to the Th. intermedium genome: simple se-
quence repeats (SSRs) (Ayala-Navarrete et al., 2010), mar-
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kers designed on the base of expressed sequences (ESTSs)
(Wang MLJ. etal.,2010; Danilova et al., 2017), and specific
locus amplified fragments (SLAFs) (Li G. et al., 2016).
There are several RFLP (Zhang Z.Y. et al., 2001), SCAR
(Liuetal., 2007), and ISSR (Zeng Z.-X. et al., 2008) mar-
kers for Pseudoroegneria spicata (St genome), designed
for identification of particular chromosomes of the St ge-
nome. The correspondence of wheatgrass chromosomes to
homoelogical common wheat groups is tested with unique
gene markers based on PCR (PLUG markers) (Ishikawa et
al., 2009; Hu L. etal., 2014) and SNP markers (Cseh et al.,
2019; Ma et al., 2019). Salina et al. (2016) designed mar-
kers specific to the long and short arms of Th. intermedium
chromosome 6Agi2.

Varieties bred in Samara are used in Russian breeding
programs (Martynov et al., 2016; Leonova, 2018). The
goal of this work was to obtain breeding material with in-
trogressed wheatgrass chromosome, test its commercially
significant indices, and investigate the transfer of Th. inter-
medium chromosome 6Agi2 present in cv. Tulaykov-
skaya 10 by the example of a hybrid population with wheat
cultivar Saratovskaya 29, which is a gold standard of grain
quality. DNA markers specific to the long and short arms
of 6Agi2 and genomic in situ hybridization (GISH) were
used to identify the chromosome.

Materials and methods

Plants. Experiments were conducted with spring common
wheat varieties Saratovskaya 29 (S29) and Tulaykov-
skaya 10 (T10) and with their hybrids S29x T10 (genera-
tions F,, F3) and T10 x S29 (generations F,—Fg). The hybrid
generations were obtained by self-pollination of F; hybrids.
Varieties S29 and T10 belong to the mid-season group.
Saratovskaya 29 is highly susceptible to leaf diseases. Tu-
laykovskaya 10 is immune to brown leaf rust and medium-
sensitive to powdery mildew (https://samniish.ru/pshenica-
myagkaya-yarovaya-sort-tulajkovskaya-10.html).

Hybrids S29xT10, generations F, and F5, and T10 x S29,
generations F,, F; and Fg, were grown in a hydroponic
greenhouse of the Laboratory of Artificial Plant Growth,
Institute of Cytology and Genetics, Novosibirsk, in the
autumn of 2017 and in the springs of 2019 and 2020,
respectively. The temperature schedule was 22 °C in the
daytime and 16 °C at night. The light/dark schedule was
16:8 h. Hybrid generations T10 x S29 F, and F¢ were grown
in the field in the Moshkovo raion of the Novosibirsk oblast
in the summers of 2018 and 2020, respectively; locality
coordinates 55.14° N and 83.63° E.

Fluorescence in situ hybridization (FISH). Mitotic
chromosome slides for FISH were prepared as in lvanova et
al. (2019). Use was made of the Aegilops tauschii pAet6-09
probe specific to chromosome centromeric repeats of
rice, wheat, rye, and barley (Zhang P. et al., 2004) and
wheatgrass genomic DNA isolated from Th. intermedium

CTPECCOYCTOMYMBOCTb PACTEHWI / STRESS RESISTANCE IN PLANTS

2021
25.7

MonyyeHune 1 xapakTepucTmKa JIMHUN MATKON MIEHNLbI
C VIHTpOrpeccrein XpoMocoMbl Nbipesa 6Agi2

plants. A DNA sample of the pAet6-09 repeat was kindly
provided by Dr. A. Lukaszewski (University of California,
Riverside, United States). All slides were examined under
an Axio Imager M1 microscope (Karl Zeiss, Germany).
Images were captured with a ProgRes MF camera (Meta
Systems, Jenoptic) in the Shared Access Center for Micro-
scopy Analysis of Biologic Objects, Siberian Branch of
the RAS, and processed with Adobe Photoshop CS2.

Plant DNA isolation. DNA was isolated from young
leaves of hybrids and control plants with a Genomic DNA
Purification Kit (Thermo Scientific, No. K0512) according
to manufacturer’s recommendations.

PCR analysis. DNA samples were analyzed with pri-
mers MF2/MR1r2 (amplicon size 347 bp) to the long arm
of chromosome 6Agi2L of Th. intermedium, Te6HS476
(amplicon size 200 bp) to the short arm of chromoso-
me 6Agi2S of Th. intermedium, and MF2/MR4 (amplicon
size 328 bp) to the long arm of chromosome 6DL. The
primers had been designed at the Laboratory of Plant Mo-
lecular Genetics and Cytogenetics, Institute of Cytology
and Genetics (Salina et al., 2016). PCR was carried out
in a Bio-Rad T-100 Thermal Cycler. The products were
resolved in 1.5 % agarose gel with ethidium bromide and
visualized with a Gel Doc XR+ gel documentation system
(Bio-Rad, United States).

Assessment of commercially valuable traits. The
T10xS29 F, progeny selected with molecular markers was
tested for resistance to brown rust Puccinia triticina Eriks.
and stem rust P. graminis Pers. in field experiments in
2018. The Fg progeny selected by molecular cytological
analysis was tested for resistance to brown rust P. tri-
ticina Eriks., stem rust P. graminis Pers., and yellow rust
P. glumarum Eriks. et Henn. in the field in 2020. The fol-
lowing parameters were recorded in generation Fg selected
by molecular and cytological methods in the field in 2000:
the sprouting—flowering interval, plant height, productive
tillering, main spike length, number of spikelets in the main
spike, number of grains in the main spike, grain weight of
the main spike, number of grains per spikelet in the main
spike, grain number per plant, grain weight per plant,
1000 grain weight, and contents of protein and gluten in
the grain. Grains were sown on May 9, 2020, in plots of
70 cm in width, 15 grains per row, and 25-cm intervals
between rows.

The degree of injury by fungal pests was assessed ac-
cording to the CIMMYT scale (Koyshybaev et al., 2014).
The contents of protein and gluten were measured with an
infrared OmegAnalyzer G (Bruins, Germany). The time
from the mass-scale appearance of sprouts till the first ap-
pearance of yellow anthers in middle spikelets of spikes
was taken to be the sprouting—flowering interval. Flowering
dates were recorded in individual spikes. The significance
of differences between two mean values of two samples
was assessed by Student’s t test.
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Raise and characterization of a bread wheat
introgressive line with wheatgrass chromosome 6Agi2

Fig. 1. Electrophoretic image of the amplification of markers in F, plants of the S29xT10 hybrid. Markers: g, to the long arm of chromosome 6DL;

b, to the short arm of 6Agi; ¢, to the long arm of 6Agi.

Stars indicate plants with 6Agi2/6D substitution. Designations follow the text body and Table 1.

Table 1. The presence or absence of chromosomes or chromosome arms in generations F,_5

of the S29xT10 and T10xS29 hybrids according to PCR data

Generation Number 6AgiL only
of DNA samples (ttype)
T —
Number/%
F,S29xT10 116 9/7.56
F3529xT10 20 2/10
F, T10x S29 45 0
F3 T10 x S29 35 1/2.86
Results

Identification of wheatgrass chromosome 6Agi2

in generations F,_; of the S29xT10 and T10 x S29 hybrids
with chromosome-specific primers

Chromosomes 6Agi2 of wheatgrass and 6D of wheat were
present in the F; of S29xT10 and T10xS29 in the uni-
valent state. Therefore, their presence or absence in DNA
samples from generation F, was tested by PCR with pri-
mers specific to the wheatgrass chromosome. We tested 116
and 45 DNA samples from F, S29xT10 and T10x S29,

704

6AgiS only 6Agi is present 6Agi is absent

(ttype) (AgtypeorHtype)  (wtype)
7/588 .............................. 5 0/41848/4034 ........................
4/20 ................................. 3 / 15 ................................. ”/55 .............................
14/3” ............................. 12/267 ............................ 19/42 2 ..........................
4/”43 ............................ 14/40 ............................... 16/4571 ........................

respectively, and found samples with the absence of am-
plification with two primer pairs for the short and long
arms of chromosome 6Agi2 and with amplification of the
marker to chromosome 6D. Thus, there were no 6Agi2/6D
substitution in these samples, designated as wheat (w) type
(Fig. 1, Table 1).

The presence of chromosome 6D was also proven in
samples with amplification of markers to either long or
short arm, being indicative of the presence of telocentrics
(ttype; see Fig. 1, Table 1). Altogether, 12 telocentrics for
the long arm and 29 telocentrics for the short arm were
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detected in samples of generations F, and F5, and the ratio
of telocentrics for the short and long arm depended signifi-
cantly on the cross direction. Telocentrics for the long arm
were very rare in the T10 x S29 cross.

The presence of amplification fragments with two mar-
kers to the short and long arms pointed to the presence
of the whole chromosome 6Agi2. With regard to the pre-
sence or absence of chromosome 6D, we suggest either
full 6Agi2/6D substitution (Ag type) or the heterozygous
state of the chromosome in the samples (H type).

For further analysis, plants with amplification of markers
to the short and long arm of the wheatgrass chromosome
were selected.

Karyotyping of generation F; of T10x 529 hybrids
To verify the presence of one or two wheatgrass chromo-
somes in chromosome sets and to confirm stable inheritance
of the substitution, we performed GISH of mitotic chro-
mosomes at various self-pollination stages. The analysis
of plants bearing substitutions according to PCR revealed
42 chromosomes, of which two were whole wheatgrass
chromosomes (Fig. 2). Their long arms housed a large
subtelomeric heterochromatin block, which is consistent
with the locations of Giemsa C bands on chromosome
6Agi2 in Tulaykovskaya 10 (Sibikeev et al., 2017). The
centromere-specific pAet6-09 repeat located on wheatgrass
chromosomes showed weak signals, to demonstrate the
poor hybridization of the repeat to centromeric DNA of
wheatgrass chromosomes.

In situ hybridization confirmed the stable inheritance of
the 6Agi2/6D substitution through generations.

Commercially valuable traits

in T10 x 529 generations F; and F

Tulaykovskaya 10 is present in the pedigrees of many
modern common wheat varieties. Its use in the breeding
of new forms is based on its locus for brown leaf rust
resistance, mapped on wheatgrass chromosome 6Agi2. In
spite of the replacement of chromosome 6D by alien chro-
mosome 6Agi2, the variety shows high grain yield, drought
tolerance, and good baking quality (https://samniish.ru/
pshenica-myagkaya-yarovaya-sort-tulajkovskaya-10.html).
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Fig. 2. Chromosomes of generation F5 of T10x 529 stained by GISH.

The two wheatgrass chromosomes are stained red, and centromeric regions,
green.

Three lines were raised from F, plants of T10 x S29 with
identified wheatgrass chromosomes: 33-2, 34-1, and 35-45.
Analysis of the performance of T10, S29, and T10x S29
Fs lines grown in a hydroponic greenhouse showed that
all the lines significantly outperformed T10 in all indices
(Table 2). As compared to S29, the lines did not differ in
productive tillering; lines 34-1 an 35-45 did not differ in
grain number per plant or grain weight per plant; and in
line 33-2, these indices were significantly lower. None of
the lines outperformed S29 in 1000 grain weight; this index
was significantly lower.

We selected the most productive plants of generation F
of line 35-45 to analyze performance indices and the dura-
tion of the sprouting—flowering interval in plants grown in
the field in 2020. Thus, daughter line 49-14 was selected
from the chosen segregating line 35-45.

Table 2. Performance indices in lines compared with varieties S29 and T10 (spring, 2019)

Index T10 S29
Productive tillering, number of tillers 3.3+£0.03 49403
Grains per plant 60.5+2.8 154.0+8.9
Grain weight per plant, g 23+0.1 6.8+0.4
1000 grain weight, g 39.1+04 43.9+£0.6
Total no. of plants 43 28

33-2 34-1 35-45
4.6+0.2% 5.1+0.2### 5.5+0.3%#
109.7 £5.8***## 1653 +6.5% 186.5 +8.5% ###
3.9£0. 2% ##H 6.4+0.3% 7.6 +£0.4%4
35.1+0.9%* ### 38.5+0.3%* i 41.05+0.5%* ###
47 57 57

Note. Difference from S29 significant at * p < 0.05; *** p < 0.001. Difference from T10 significant at #*#p < 0.001.
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Table 3. Performance and grain quality indices in the offspring of line 49-14 and cvs. T10 and S29, summer of 2020

Index S29 Line 49-14 T10

Plant height, cm 108.33+1.63 106.25+ 1.44 98.54+1.32###
Productive tillering, number of tillers 6.63+0.43* 5.27+0.42 5.04+0.4*%
Main spike length, cm 11.08+0.31 10.75+0.26 10.35+0.19
Spikelet number in the main spike 17.25+0.27 16.86+0.25 18.02+0.29%
Grain number in the main spike 51.75+1.62%** 63.36+2.19 56.66+1.77"
Grain number per spikelet in the main spike 3.01£0.09%** 3.77+0.1 3.40+0.08"
Main spike density 1.57+0.03 1.58+0.03 1.68+0.03%
Grain weight in the main spike, g 2.51+0.09 2.66+0.13 2.42+0.09
Grain number per plant 249.38+19.14 259.36+22.49 216.68+19.18
Grain weight per plant, g 10.62+0.89 10.04+0.93 8.49+0.83
1000 grain weight, g 42.53+0.73%** 38.44+0.59 37.45+0.91
Protein, % 15.88+1.02 17.91+£1.23 18.81+£0.73
Gluten, % 35.56+1.63 40.55+2.47 40.00+£0.88

Note. Differences between S29 and 49-14 significant at *p < 0.05; ***p < 0.001. Differences between T10 and 49-14 significant at #p < 0.05; #p < 0.01;
#H#
p <0.001.

Fig. 3. The main spikes of plants with the best numbers of grains per spikelet in the main spike: a, 529 (3.44); b, line 49-14
(4.35); ¢, spike of line 49-14 at the waxy maturity stage; d, the zoomed central spike portion in (c); e, T10 (3.88).

Phenological observations revealed the shortest sprout- Comparison of performance indices in 49-14, S29, and
ing—flowering interval in line 49-14 (50.6 days), and in S29  T10 revealed no difference in main spike length, grain
and T10 it was one day longer. The flowering durations in ~ Weight in the main spike, grain weight per plant, or grain
the main spikes of individual plants were 11 days in 49-14, number per plant (Table 3). Plants of line 49-14 were
10 days in T10, and 9 days in S29. significantly taller than T10 but did not differ in height
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from S29. Productive tillering and main spike density in
49-14 showed significant (p < 0.05) differences from the
cultivars. The number of grains in the main spike in 49-14
was significantly greater than in S29 (p < 0.001) or T10
(p <0.05).

The number of grains per spikelet in the main spike of
line 49-14 was significantly higher than in S29 (p <0.001)
or T10 (p < 0.05). Line 49-14 set 3.77+0.1 grains per
spikelet on the average, and this trait varied among indi-
vidual plants from 2.93 to 4.62 (Fig. 3, see Table 3). The
1000 grain weights in line 49-14 and T10 were significantly
(p £0.001) lower than in S29.

Grain quality analysis showed that S29, T10, and 49-14
had high contents of protein and gluten (see Table 3),
characteristic of strong wheats. Grain quality in 49-14 was
comparable with S29 and T10.

Screening of generations F, and F of the T10x 529 cross
for resistance to fungal pathogens

The resistance of plants to brown rust and stem rust agents
was tested in the field in 2018 and 2020. Field resistance
to powdery mildew was not tested in those years, because
weather conditions were unfavorable for the agent, as
seen from the fact that the susceptible variety S29 was
not injured.

In tests of the resistance to the Siberian population of
the brown rust agent P. triticina conducted in 2018, S29
demonstrated the S (susceptibility) type of response, scor-
ing 4 with about 100 % damage of leaf surface (Fig. 4, c).
Tulaykovskaya 10 and F, plants of T10x S29 showed the
immune type without P. triticina pustules (see Fig. 4, a, b).

The hybrids tested and parental varieties produced a
specific response to stem rust. Plants of S29, T10, and
F, T10x S29 showed generally the immune response except
for asingle case. One of the F, plants showed a specific type
of interaction with the pathogen: occasional uredial pustules
without chlorosis (5S) (see Fig. 4, a, ai). In practice, the
detected local but pronounced syndrome is interpreted as
a sign of a rare virulent fungus race in the local popula-
tion (Roelfs et al., 1992). As reported by Skolotneva et al.
(2020), the stem rust population in the Novosibirsk oblast
is highly heterogeneous, as it is formed by southern and
western migrants.

No signs of fungal diseases were detected in plants of
the cultivars and line 49-14 at the stages of tillering and
flowering in the field in 2020. Tests for plant resistance
to the brown rust population at the milky ripeness stage
showed type S (susceptibility) response in S29 plants
(Fig. 5), score 4 with about 100 % leaf damage, whereas
T10 and 49-14 demonstrated the immune response with no
P. triticina pustules (Fig. 6).

At the milky ripeness stage, on August 2-5, the start of
damage of S29, T10, and 49-14 by the yellow rust agent
P. striiformis was noted. The percentage of leaf area injury
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Fig. 4. Absence of damage by brown rust from F, T10x S29 hybrids (g, b);
brown rust damage of S29 (c); ai - culm damage by stem rust (zoomed).

Photographed August 18, 2018.

Fig. 5. Leaves of 529 injured by yellow and brown rusts.
Photographed August 2, 2020.

Fig. 6. Resistance of 49-14 plants to brown rust and different degrees of
damage by yellow rust.

Photographed August 5, 2020.
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in S29 was 50 to 75 (see Fig. 5), corresponding to medium
susceptibility (MS).

Plants of T10 and 49-14 showed medium resistance
(MR) and medium susceptibility (MS) to the yellow rust
agent. The percentage of leaf area injury was 5 to 40, with
chlorotic zones (see Fig. 6).

No damage by stem rust was seen in plants of S29, T10,
or 49-14 in the summer of 2020.

Thus, the results of screening for resistance to a variety
of plant pathogens conducted in the field in different years
indicate that chromosome 6Agi2 retains the immunity of
plants to the West Siberian brown rust population and im-
munity to dominant stem rust races. It also supports the
medium resistant and medium susceptible types of response
to yellow rust agents.

Discussion

Breeding line 49-14 (2n = 42) was isolated from genera-
tion F of intervarietal hybrids T10 x S29, with introgres-
sion of a pair of wheatgrass chromosomes 6Agi2. It shows
high performance indices and immunity to West Siberian
populations of brown rust agents. The response of 49-14
plants to the yellow rust agent varies from medium resis-
tance to medium susceptibility, probably because of the
difference in aggressiveness among the agent races. Stem
rust injury was noted in only one plant and was interpreted
as immunity to dominant stem rust races.

Previously, it was demonstrated that the genetic mate-
rial of chromosome 6Agi2 in common wheat varieties
Tulaykovskaya 5, Tulaykovskaya 10, Tulaykovskaya zolo-
tistaya, Tulaykovskaya 100, and Volgouralskaya retains the
resistance to brown rust populations typical of the Lower
and Middle Volga regions, Central and Ural regions, and
West Siberia (Plakhotnik et al., 2014; Salina et al., 2015;
Leonovaetal., 2017; Askhadullin et al., 2019). The damage
of Tulaykovskaya 10 by brown rust in infection nurseries
of the Central Chernozem region reached 22 %, and the
variety was assigned to group Il of epidemic resistance
(moderately resistant ER 1) (Zeleneva, 2019). In Tatarstan,
the damage of Tulaykovskaya 10 by stem rust was assessed
as 5-10 % on the average, and the damage by powdery mil-
dew scored 6; the type of response to brown rust remained
immune (Askhadullin et al., 2019). The susceptibility of
T10 to the powdery mildew population of the West Sibe-
rian region was assessed as resistance. A genome-wide
association search (GWAS) mapped the Pm6Agi2 gene on
the long arm of wheatgrass chromosome 6Agi2, and this
gene imparts resistance to the powdery mildew agent (Leo-
nova, 2019). In experiments in the Middle Volga region,
T10 showed immunity to brown rust and medium resistance
(20 % injury) to stem rust, yellow rust, and powdery mildew
(Syukov et al., 2016). Thus, T10 retains its immunity to
brown rust populations in various ecogeographical regions.
It is medium susceptible to stem and yellow rusts but shows
diverse responses to the powdery mildew agent.
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The substitution of wheatgrass chromosome 6Agi2 for
6D does not impair grain yield, grain quality, or drought
tolerance (Filatova et al., 2010; Volkova et al., 2010),
although in some cases of using T10 as a resistance gene
donor, plants with lower productive tillering and 1000 grain
weight appeared among the offspring with chromosome
6Agi2 (Stasyuk et al., 2017). The contents of protein and
gluten in line 49-14 were about the same as in S29 or
T10, corresponding to the grain quality of strong wheats
(State Standard..., 2018, 2019). Line 49-14 lagged behind
the parental varieties in productive tillering (S29), num-
ber of spikelets in the main spike (T10), and 1000 grain
weight (S29). In spite of lower productive tillering, fewer
spikelets in the main spike, and lower 1000 grain weight,
the indices grain weight per plant and grain number per
plant in line 49-14 did not differ significantly from the
parental varieties owing to the significantly higher grain
number per spikelet in the main spike of 49-14 than in
S29 (p < 0.001) or T10 (p < 0.05). Plants of 49-14 set
3.77+0.1 grains per spikelet, the range of variation in
individual plants being 2.93-4.62, and up to 6 grains were
set in spikelets of the middle spike part. Spikelets were
fan-shaped (see Fig. 3). This shape is a specific sign of
multiflowered spikelets in wheat (Martinek et al., 2005;
Arbuzova et al., 2016).

Although common wheat has multiflowered spikelets,
most of them set two or three grains. As the potential of
forming more grains in wheat exceeds the actual yield by
far, many studies are dedicated to seeking tools to con-
trol this process. The genetic and physiological grounds
of breeding for more grains in spikes and spikelets and,
ultimately, more grains per unit area are extensively in-
vestigated (Cui et al., 2012; Sreenivasulu, Schnurbusch,
2012; Arbuzovaetal., 2016; Guo et al., 2016-2018; Bhusal
et al., 2017; Philipp et al., 2018; Sukumaran et al., 2018;
Wolde et al., 2019; Hu J. et al., 2020). Analysis of the
reproductive developmental stages of spikes, spikelets,
florets, and grains, as well as of their genetic regulation, is
the best way to understand the formation of the trait ‘grain
number and spike fertility’. The ‘grain number per spikelet’
trait depends on the initiation of floret primordia, then on
floret survival at the next stage, and then on their efficient
pollination. Normally, up to 12 floret primordia form at
the white anther stage, but later up to 60 % of the florets
may remain underdeveloped (Guo et al., 2016, 2017). This
applies especially to apical (uppermost) florets of a spike-
let. As reported by Kuperman (1969), the growth rates of
the two lowest and upper floret apices are nonuniform at
organogenesis stage V; a spikelet may have up to five, less
often, to seven florets. Lower florets very quickly form
primordia of generative organs, stamens, and the pistil.
A delay in organ formation is observed in the third and,
particularly, fourth, fifth, and subsequent florets. Pistils
most often remain underdeveloped in the uppermost florets.
Chromosomes 4A, 5A, 6A, 7A, 2B, 5B, 7B, and 7D bear
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QTLs responsible for the trait ‘number of floret primordia
per spikelet’ (Guo et al., 2017). Also, the correlation and
cluster analyses performed in the same study infer that
the number of grains per spikelet does not depend on the
maximum number of floret primordia per spikelet (Guo
et al., 2017). Hence, the number of grains in a spikelet is
determined by the fertility of each floret (Kuperman, 1969;
Sreenivasulu, Schnurbusch, 2012).

A QTL responsible for greater numbers of grains per
spikelet was detected on the long arm of chromosome 2A
in GWAS of European common wheat varieties (Guo et
al., 2017). Further studies of this locus mapped the Grain
Number Increase 1 (GNI1) gene, encoding a transcrip-
tion factor with the HDZip1 homeodomain. Its mutation
contributes much to greater numbers of fertile florets due
to upper florets of the spikelet (Sakuma et al., 2019). Sup-
posedly, GNI1 was formed by gene duplication in wheat
evolution, and its mutations were selected in domestica-
tion, as they increased the number of fertile florets, and,
consequently, grains. Transcription factor ARGONAUTE1d
(AGOId) also affects the grain number in the spikes of
common and durum wheats (Feng et al., 2017). AGO1d
is important for the development of anthers and pollen
at early developmental stages of wheat. Its malfunction
shortens the spike, reduces anther size, decreases pollen
fertility, and thereby decreases the number of grains in the
spike (Feng et al., 2017).

The manifestation of traits in a plant is cumulatively af-
fected by the genotype, ambient conditions, and farming
techniques. All these factors greatly influence quantitative
traits, including yield components (Piskarev et al., 2016;
Stasyuk et al., 2017). The day/night regime and solar
spectrum are particularly important ambient factors at
organogenesis stages V and VI (Kuperman, 1969). Lower
intensities of the red and infrared radiation reduce the
number of fertile florets, number of grains per plant, and
1000 grain weight (Ugarte et al., 2010). The combinations
of environmental factors required for each developmental
stage stem from the conditions under which the species,
varieties, and cultivars formed. With regard to their phy-
siological developmental features, cultivars S29 and T10
belong to the Volga steppe and forest-steppe agroecological
groups, respectively, or morphophysiological type Il (Ku-
perman, 1969) (https://samniish.ru/yarovaya_myagkaya
pshenica.html). Such varieties utilize mainly winter and
early spring precipitation in regions with water shortage
in the second half of summer; that is, they are tolerant of
summer drought. Cultivars bred in West Siberia belong
to morphophysiological type V. The ecotype of Siberian
forest-steppe wheats is determined by the climate: cold and
dry April, May, and the first half of June; relatively ample
precipitation in the second half of summer (July), and cold
temperatures in August. The delay in organogenesis stage V
allows much better use of late summer precipitation for
the formation of large spikes and multiflowered spikelets.
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Owing to developmental physiological features and high
drought tolerance, varieties of morphophysiological type I1
can be grown in steppe and forest-steppe regions of West
Siberia (Kuperman, 1969). Thus, the genotypes of S29 and
T10 are environmentally flexible. In the climate of West
Siberian forest-steppe, they synchronize the metameric
growth of spikelets to develop four, five, or more normal
florets in a spikelet.

The genetic material of crested wheatgrass Agropyron
cristatum is also beneficial for yield components. Ad-
dition lines with chromosome 6P of Ag. cristatum and,
particularly, substitution lines 6P/6D show high produc-
tive tillering and significantly greater grain numbers in
spikes and spikelets: up to 4.5 grains per spikelet (Wu et
al., 2006; Han H. et al., 2014). It has been inferred that
chromosome 6P houses genes controlling the numbers of
florets and grains in a spike and spikelet (Wu et al., 2000).
Conceivably, chromosome 6Agi2 of Th. intermedium bears
gene(s) controlling the synchronous metameric growth of
spikelets in T10, whereas the additive manifestation of the
trait “‘grain number per spikelet’ is observed in line 49-14
(T10xS29), where up to six normal florets develop in
a spikelet.

Conclusion

Thus, the integrated analysis of the grounds of the multi-
flowered habit (Han H. et al., 2014; Arbuzova et al., 2016)
and the raise and use of multifiowered forms in breeding
(Guo et al., 2016; Sakuma et al., 2019) are means for im-
proving wheat grain yield.
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Abstract. The Sr22, Sr35, and Sr25 genes attract the attention of bread wheat breeders with their effective-
ness against Puccinia graminis f. sp. tritici race Ug99 and its biotypes. The effectiveness and impact of Sr22+S5r25
and Sr35+5r25 gene combinations on agronomic traits have not yet been studied. In the present article, these
traits were studied using the spring bread wheat lines L503/W3534//L503, L503/5r35//L503/3/L503 carrying the
Sr22+5r25 and Sr35+5r25 genes during 2016-2020. These lines were assessed for resistance to P. graminis f. sp. tritici
under natural epiphytotics and to the Saratov, Lysogorsk and Omsk populations of the pathogen and to the PgtZ1
(TKSTF) and PgtF18.6 fungus isolates in laboratory conditions (TKSTF + Sr33). The presence of the studied Sr-genes
was confirmed by using molecular markers. Prebreeding studies were conducted during 2018-2020 vegetation
periods. Under the natural epiphytotics of the pathogen and in the laboratory conditions, the $r22+5r25 combina-
tion was highly effective, while Sr35+5r25 was ineffective. For grain yield, the lines with the Sr22+5r25 and Sr35+5r25
genes were superior to the recipient cultivar L503 in one year (5r22+5r25 in 2019; 5r35+5r25 in 2018), with a de-
crease in 2020, but in general there were no differences. For the period 2018-2020, both combinations showed a
decrease in 1000 grains weight and an increase in the germination-earing period. The line with 5r22+5r25 genes
showed insignificant effects on gluten and dough tenacity, but the ratio of dough tenacity to extensibility was
higher, and flour strength, porosity and bread volume were lower; in the line with Sr35+5r25 genes, the gluten
content was lower, but the strength, tenacity of the dough and the ratio of dough tenacity to extensibility were
higher, flour strength and the porosity of the bread were at the recipient level, but the volume of bread was lower.
Key words: bread wheat; introgressive lines; Sr22+5r25 and Sr35+5r25 gene combinations; prebreeding studies.
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SIPOBOJI MSITKOJ ITIIIEHUIIbI, HECYIIIIX KOMOUHaum Sr22+Sr25
11 Sr35+Sr25 reHOB YCTOMYMBOCTHU K CTe0/IeBOII p>KaBUMHE
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AHHoTauua. leHbl Sr22, Sr35 1 Sr25 npuBneKaloT BHUMAHME CenekLunoHepoB MArKOM NieHnUbl 3GGeKTUBHOCTLIO
npoTnB pacbl Puccinia graminis f. sp. tritici Ug99 n ee 6uotnnos. K HacToAweMy BpemeHM 3alnTHbIN 3GdeKT Kom-
OGUHaLUNIA reHoB Sr22+5r25 v Sr35+S5r25 He UccnefoBaH, HEM3BECTHO MX BMAHME Ha arpOHOMUYECKUe nokasaTe-
nun. B npepcraBneHHon paboTe 3T NoKasaTeny M3yyeHbl C UCMOMb30BaHNEM JIMHWUIA APOBOM MATKON MLUEHULibI
J1503/W3534//11503 (Sr22+5r25) n N1503/5r35//71503/3/N503 (Sr35+5r25). JInHUN OUEHMBaNM Ha YCTONYMBOCTb:
K P. graminis f. sp. tritici B ycnoBuax ectectBeHHbIX 3nndutotnii 2016-2020 IT., a TakXKe K CapaTOBCKOW, NblCOrop-
CKOW 1 OMCKOW MonynAuMAM naToreHa 1 K nsonatam rpuba, PgtZ1 (TKSTF) n PgtF18.6, — B nabopaTopHbIX YCNoBUAX
(TKSTF +5r33). C nomoLLblo MONEKYNAPHbIX MapKepOB MOATBEPXKAEHO Hanmume nsyyaemblx Sr-reHoB. BoisBneHa
BblCOKaa 3PpHEKTVBHOCTb KOMOUHALNN TeHOB Sr22+5r25 Kak npv eCTeCTBEHHbIX SNNGUTOTUAX NaToreHa, Tak 1 B
nabopaTtopHbIX nccnepoBaHusax. KombuHauyma Sr35+5r25 okazanacb HeaddekTnBHOM. B cpegHem 3a 2018-2020 rr.
Y IMHWI C 06enMn KOMOVHaLAMMN reHOB OTMeYEHO MOHMMXeHMe Maccbl 1000 3epeH 1 yBennyeHre nepruona «BCxo-
Lbl—KosiolweHne». Y TMHUM ¢ KoMOVHaumel reHoB Sr22+5r25 obHapy»KeHbl He3HaunTenbHble 3GPeKTbl Ha MoKasaTe-
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Effects of the Sr22+5r25 and Sr35+5r25 genes
for stem rust resistance

NN KNeKOBWHbI 1 YNPYroCTb TECTa, HO OTHOLLEHME YNPYroCTy TeCTa K pacTAKMMOCTM BbIIo BblLLe, a Cula MyKU, Mo-
PpUCTOCTb M 06beM xeba — HUKe; Yy TMHIM C KOMOUHauven Sr35+S5r25 KonnyecTBO KNENKOBUHbBI HUXE, HO KPernocTb,
YNPYrocTb TeCTa U OTHOLLEHME YNPYroCTy TeCTa K pacTsKMMOCTM BbILLE, Ca MyKM 1 MOPUCTOCTb XJ1e6a Ha ypoBHe

KntoueBble cnoBa: MArkas MweHnLa; UHTPOrPeccrBHbIE NINHUM; KOMOUHAUMK FreHoB Sr22+5r25 v Sr35+Sr25; npe-

A.E. Druzhin
peunnneHTa, HO ob6bem xne6a HU>Ke.
6pVI,U,VIHI'OBbIe ncanegoBaHmA.
Introduction

An increase in the harmfulness of the bread wheat diseases
spectrum has been noted in the last decade for the zone of the
Lower and Middle Volga regions of Russia. There was a strong
epiphytoty of stem rust in 2016, a strong epiphytoty of leaf rust
and Septoria tritici blotch (STB) in 2017, a strong epiphytoty
of wheat tan spot in 2019 (Baranova et al., 2019; Sibikeev et
al., 2020) and local but strong stem rust epiphytoty in 2020
(S.N. Sibikeev, unpublished data). Thus, there is a constant
pressure of fungal diseases pathogens on bread wheat plants,
in connection with which the increase in the yield of cultivated
plants due to their resistance to biotic factors rises sharply.

Among the above-mentioned wheat diseases in the Saratov
region, the role of the stem rust pathogen has sharply in-
creased; the disease has become constantly present in the crops
of spring and even winter bread wheat. So the development
of Puccinia graminis f. sp. tritici on susceptible cultivars and
lines of spring wheat was observed even in the dry growing
seasons of 2018-2019. In terms of harmfulness, stem rust of
wheat in the Saratov region began to occupy one of the first
places. This fact is mainly explained by global climate changes
in combination with agrobiological factors. Among the latter,
two main factors are important. Firstly, most cultivars of bread
wheat in the Saratov region are susceptible to this pathogen —
namely, the following cultivars: Saratovskaya 55, Saratov-
skaya 68, Saratovskaya 70, Saratovskaya 73, Albidum 32,
Favorit, Voevoda and Lebedushka. The cultivars Prokhorovka,
Yugo-Vostochnaya 2 and Dobrynya were heterogeneous in
terms of resistance (Baranova et al., 2019), the second factor
is the presence of highly virulent population of P. graminis
f. sp. tritici. So in the Saratov populations for 2016-2020 the
proportion of highly virulent pathotypes (from 14 to 20 vi-
rulence genes) ranged from 35 to 60 % (O.A. Baranova, un-
published data).

To avoid economically significant losses from bread wheat
diseases, including stem rust, constant scientifically based
breeding for resistance to pathogens is required. This work
should be based on knowledge of the pathogen biology, its
virulence, resistance genetics of cultivated varieties and on
a sufficient number and diversity of genes for resistance to
pathogens; that is, it should be anticipatory (Mclntosh, 1992;
Mclntosh, Brown, 1997).

As breeding practice shows, the most difficult task to
solve is the expansion of the genetic diversity of effective
resistance genes. Thus, studies by O.A. Baranova (2020) on
a set of 32 new bread wheat cultivars, included in the “State
Register of Breeding Achievements” of the Russian Federa-
tion for 2017-2018, showed that only 11 cultivars are highly
effective against the causative agent of stem rust. Seven of
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them are protected by one Sr31 gene, three cultivars — by the
combination of Sr31+ Sr57 genes, and one cultivar — by the
combination of Sr31+Sr28 genes. Thus, protection can be
determined by only one Sr31 gene, since the interaction of
genes in combinations has not been proven. In addition, the
situation is complicated by the fact that the Sr31 gene has
been overcome by the Ug99 race, which currently consists of
13 biotypes (http;/globalrust.org/pathogens/pathogen-home-
page). The Ug99 race is widespread in the countries of Africa
and the Middle East, it migrates in the direction of Central
and Southeast Asia, and it is possible to introduce it into the
territory of the Russian Federation. In this regard, it is neces-
sary to take this fact into account and include in the breeding
process of bread wheat cultivars resistant to P. graminis f. sp.
tritici the Sr-genes and their combinations effective against
the biotypes of the Ug99 race.

At present, of the total number of identified genes for resis-
tance to stem rust of wheat, 29 out of 61 have been transferred
from the “alien” species (Mclintosh et al., 2013, 2016, 2018,
2020). The genes Sr25, Sr22, and Sr35 occupy a special place
among them. They are all effective against the Ug99 race and
its biotypes (http://rusttracker.cimmyt.org/?page_id=22). The
Sr25 gene was transferred from the tall wheatgrass Agropyron
elongatum (2n = 70) into bread wheat as part of the 7DS-
7DL-7Ae#1L translocation, the last two from the A genome
of the cultivated einkorn into chromosomes 7AL and 3AL,
respectively (Mclintosh et al., 1995).

While the Sr25/Lr19 gene complex (a gene for resistance
to leaf rust) is widely used in cultivars and breeding material
of spring bread wheat in the Middle Volga and Lower Volga
regions (Gultyaeva et al., 2019, 2020), the Sr22 gene is used
only in the cultivars Schomburgk and BT-Schomburgk in
Australia and in a set of near isogenic lines, and the Sr35 gene
has not been introduced into commercial cultivars (Mclntosh
et al., 1995, 2013). The limited use of the Sr22 and Sr35
genes in practical breeding is mainly due to the fact that they
either do not compensate for the absence of wheat chromatin
or contain undesirable genetic factors with negative effects
(Paul et al., 1994). The Sr25/Lr19 genes, or rather the 7DS-
7DL-7Aet1L translocation, has a positive effect on agronomic
traits (Singh et al., 1998; Sibikeev et al., 2016, 2018). It was
noted that an increase in grain productivity in the presence
of this translocation is determined by a better utilization of
assimilates by the reproductive organs (Miralles et al., 2007).
However, to date, studies of the Sr22+Sr25 and Sr25+Sr35
gene combinations both in terms of effectiveness against the
stem rust pathogen and the effect of introgressed genetic mate-
rial on agronomically important traits (prebreeding studies)
have not been carried out.
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The aim of our research was to reveal the promising nature
of the Sr22+Sr25 and Sr35+Sr25 gene combinations for prac-
tical breeding both in terms of effectiveness against P. graminis
and in terms of their effect on productivity and grain quality.

Materials and methods

The material used included the following genotypes of spring
bread wheat: cultivar — recipient L503, contains the 7DS-7DL-
7Ae#1L translocation with the Sr25/Lr19 genes (Badaeva et
al., 2018); standard for the Saratov region cultivar Favorit,
contains the substitution 6D(6Ag') (Sibikeev et al., 2017).

Introgression lines: L503/W3534//L.503, where W3534 is a
near isogenic line of the Marquis cultivar with the Sr22 gene,
namely W3534 = Marquis*5//Stewart*3/T. monococcum;
L503/Sr35//L503/3/L.503, where Sr35 is a near isogenic line
of the Marquis cultivar with the Sr35 gene, namely Sr35 =
Marquis*5//G2919, G2919 Canadian source of T. monococ-
cum. The lines W3534 and Sr35 were kindly provided by
Dr. R.A. Mclintosh (Plant Breeding Institute, Gobbitty, Austra-
lia) and were used as paternal forms for crossing with spring
bread wheat cultivar L503.

The studies included three stages: the first stage was to
confirm the presence of the Sr22+Sr25 and Sr35+Sr25 com-
binations in the studied introgression lines. Sr-genes were
identified using molecular markers for Sr25 (Gb) (Prins et
al., 2001), Sr22 (Xbarc121, Xcfa2123, Xcfa2019, Xwmc633)
(Khan et al., 2005; Yu et al., 2010), Sr35 (Xcfa2170) (Zhang
et al., 2010). Amplification was performed on C1000 Ther-
mal Cycler (BioRad) amplifiers; amplification products were
separated in 2 % agarose and 8 % polyacrylamide gels stained
with ethidium bromide. The SWSR22TB line containing the
Sr22 gene and the W3435 (Sr22) parental line, as well as the
Marquis*5//G2919 (Sr35), LC-SR25-ARS (Sr25) line was
used as a positive control. The susceptible cultivar Khakass-
kaya served as a negative control, and a PCR mixture without
the addition of DNA served as a control for contamination.
A GeneRuler™ 50 bp DNA Ladder (“Fermentas”) was used
as a molecular weight marker. The amplification products
were visualized using the ChemiDoc XRS+ (BioRad) gel
documenting system. PCR was performed in two replicates.

2021
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dddeKTbl Sr22+5r25 1 Sr35+5r25 reHos
YCTONUMBOCTU K CTeONEeBON pKaBUMHe

The second stage was an evaluation of the lines resistance
to the causative agent of stem rust in the field conditions in
2016-2020 - the phase of milky-wax ripeness (breeding
sowing by the Federal Center of Agricultural Research of
the South-East Region) against the natural background of
the pathogen development. The stem rust infection type was
determined using the A.P. Roelfs et al. (1992) scale, where
R is resistant, MR is moderate resistant, MS is moderate
susceptible, and S is susceptible, respectively. The degree
of rust damage (%) was assessed according to the scale of
R.F. Peterson et al. (1948). In the phase of seedlings (first
leaf) in All-Russian Research Institute of Plant Protection,
juvenile resistance of wheat samples to disease was studied
according to the method of Y. Jin et al. (2007). Ten-day-old
seedlings with a fully unfolded first leaf were inoculated with
a urediniospore suspension of pathogen populations collected
in the Omsk region, as well as in the Lysogorsky district of
the Saratov region from the Favorit cultivar, which carries
the 6Ag'(6D) substitution, as well as two isolates of the fun-
gus — PgtZ1 (TKSTF) and PgtF18.6 (TKSTF+Sr33). The
virulence characteristic of the PgtZ1 and PgtF18.6 isolates
is shown in Table 1.

The inoculums concentration was 1 mg of urediniospores
in 1 ml water (Singh et al., 2008). The Khakasskaya spring
bread wheat cultivar was used as a susceptible control. The
results were taken into account on the 10th day according
to E.C. Stakman et al. scale (1962), where 0 is the absence
of symptoms; 0; — necrosis without pustules; 1 — very small
pustules surrounded by necrosis; 2 — pustules of medium size,
surrounded by necrosis or chlorosis; 3 — pustules of medium
size without necrosis, 4 — large pustules without necrosis,
X — pustules on the same leaf of different types, chlorosis
and necrosis are present. Plants with reaction types 0, 0; 1,
2 were considered resistant, and 3, 4 and X were considered
susceptible.

The third stage is the evaluation of grain productivity traits,
physical properties of the dough and baking indicators in the
introgression lines L503/W3534//L503 (Sr22+Sr25) and
L503/Sr35//L.503/3/L503 (Sr35+Sr25) in comparison with the
recipient cultivar L503 and the standard cultivar Favorit. The

Table 1. Virulence characteristic of P. graminis f. sp. tritici isolates used to inoculate introgression wheat lines in the seedling stage

Isolate Race Population Virulence Avirulence

......................................................... VIrumncemWUlencetosrImesfromtheNorthAmencandlﬁeremlalSet
gzl TKSTF Zemogradskaya  5,21,9€,7b,6,83,99,36,9,30,92,90, 10,Trmp, 38, McN. 11,17,24,31
PoFISs  TKSTF Lysogorskaya  5,21,9,7b,6,83,99,36,95,30,93,90,10,Tmp, 38, McN. 11,17,24,31
........................................................................ Vlrulence/awulencetoaddltlonalSrnea”sogemclmes
Pgtzi TKSTF Zemogradskaya  12,15,20,25,27,28,29,32,39,7a+12,7b+18,17413  2compl,13,22,26,26+9g,33,

3345, 35,37, 40, 44
PgtFIB6  TKSTF+Sr33 Lysogorskaya  12,15,20,5,7,28,29,32,33,39, 7a+12, 7418, 17413 2compl, 13,22,26,26+9g, 35,
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37,40, 44
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studies were carried out in 2018-2020, of which 2020 was the
most favorable; however, during this growing season, there
was a deficit of precipitation from the flowering phase to full
ripeness, and 2018 and 2019 were distinguished as severely
droughty throughout the entire field season.

The experimental material was randomly sown in 7 m? plots
in three replicates. The seeding rate was 400 grains per 1 m2.
The bread making quality was evaluated by the content of
crude gluten, gluten strength and the indicators of the IDG-1
device (deformation index of gluten) and the Chopin alveo-
graph with the baking of experimental bread samples. The
protein content of grain, harvested in 2020, was determined
on the Infratec™ 1241 Grain Analyzer. The data obtained
were subjected to the appropriate statistical analysis using
the Agros-2.10 software.

Results

Identification of resistance genes

To confirm the presence of Sr22+Sr25 and Sr35+Sr25 gene
combinations in the introgression lines L503/W3534//L.503
and L503/Sr35//L503/3/L503, Sr-genes were identified using
molecular markers of the Sr-genes under study.

The Sr22 gene is introgressed into tetraploid wheat from
Triticum monococcum L. ssp. aegilopoides (synonym T. boeo-
ticum Boiss.). For its identification, three molecular markers
closely linked to it are usually used — Xcfa2019, Xcfa2123 and
Xbarc121 (Yu et al., 2010). In the work (Olson et al., 2010),
a set of lines with Sr22 gene was obtained and the nearest
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flanking markers of this gene, Xwmc633 and Xcfa2123,
were proposed. In our work, we used all four Sr22 markers:
Xbarc121, Xcfa2123, Xcfa2019 and Xwmc633 (Fig. 1).

The size of the obtained PCR products with markers
Xbarc121, Xcfa2123, Xcfa2019 and Xwmc633 is shown
in Table 2. It was shown that when PCR was performed
with the primers barc121F/R, cfa2123F/R, cfa2019F/R and
wmc633F/R, fragments of different sizes were amplified
and not only those that were declared as diagnostic. Thus,
during amplification with primers wmc633F/R in the lines
SWSR22TB and W3534 a diagnostic fragment of 117 bp
size was obtained. In the introgression line L503/W3534//
L503, the obtained fragment was about 211 bp. In the work
of E.L. Olson et al. (2010), in the line U5616-20-154 with the
small fragment of T. monococcum during amplification with
primers wmc633F/R, a fragment of 229 bp was obtained,
which was explained by recombination between the resistance
gene and all markers mapped in this area.

For the Xbarc121 marker, the 215 bp size amplicon de-
scribed as a diagnostic fragment by L.X. Yu et al. (2010) was
observed in the control lines SWSR22TB and W3534, as
well as in the line L503/W3534//L503. When analyzing the
PCR products for the Xcfa2123 marker, our results coincided
with the data of J.K. Haile et al. (2013). In the control lines
SWSR22TB and W3534, the fragment of 234 bp size was am-
plified. A similar fragment was observed in the L503/W3534//
L503 line, but it was also observed in the Khakasskaya cul-
tivar. The amplicons size of the Inna cultivar was somewhat
larger — 240 and 250 bp. Amplification with ¢fa2019F/R pri-
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Fig. 1. Identification of the Sr22 gene using molecular markers Xwmc633 (a), Xcfa2123 (b), Xcfa2019 (c) and Xbarc121(d).
M - marker of molecular weight 50 bp “Fermentas”; No. 1, 2 - line L503/W3534//L503; positive control of Sr22: 3, 4 - line W3534, 5, 6 — line SWSR22TB;

negative control of Sr22: 7 - cultivar Khakasskaya, 8 — cultivar Inna.
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Table 2. Polymorphism by the size of amplification fragments of molecular markers of the stem rust resistance gene Sr22

Wheat samples Markers, amplicon size, bp

Note.”~"-no amplicon.

mers in the SWSR22TB line revealed two fragments — 238
and 250 bp in our work, as in the line L503/W3534//L503.
The line W3534 had fragments of 200 and 238 bp. However,
it should be noted that the 238 bp fragment was also amplified
in negative controls — the cultivars Khakasskaya and Inna.
Amplification of the 238 bp diagnostic fragment for Xcfa2019
was also shown in the work of E.L. Olson et al. (2010), which
does not coincide with the data of J.K. Haile et al. (2013).

Thus, amplicons were identified by three markers to Sr22
(Xbarc121, Xcfa2123, Xcfa2019) in the line L503/W3534//
L503. In addition, this line was resistant to P. garminis isolates
PgtZ1 and PgtF18.6, avirulent to the line with Sr22 and viru-
lent to the line with Sr25, and based on the pedigree data and
identification of resistance genes, there are no other Sr-genes
in this line. On this basis, we concluded that the L503/W3534//
L503 line contains Sr22 gene.

The Sr35 gene was identified using the Xcfa2170 marker
(Fig. 2) in the L503/Sr35//L503/3/L503 line. The parental line
Marquis*5/G2919 (Sr35) was used as a control.

When the Sr35 gene was identified using the Xcfa2170
marker, a 160 bp diagnostic fragment was obtained in posi-
tive controls, which coincides with the data of J.K. Haile et
al. (2013). In addition to the Sr22 and Sr35 genes, Sr25/Lr19
was also identified in the L503/W3534//L503 and L503/
Sr35//L503/3/L503 lines using the Gb marker. It should also
be noted that the L503/Sr35//L.503/3/L503 line was resistant
to the Ug99 race in Kenya (Baranova et al., 2021).

Thus, it was proved that the introgression lines L503/
W3534//L503 and L503/Sr35//L.503/3/L503 carry the com-
binations of Sr22+Sr25 and Sr35+Sr25 genes, therefore, the
results of phytopathological and prebreeding studies presented
below are correct.

Phytopathological analysis

of resistance to the stem rust causative agent

Analysis of the reaction type to the stem rust causative agent
was carried out both in the field with natural epiphytotics of
the disease, and in laboratory conditions with artificial infec-
tion of seedlings. Evaluation of resistance to P. graminis f. sp.
tritici under the conditions of epiphytotics 2016—2020 showed
that the line L503/W3534//L503 (Sr22+Sr25) showed the

CTPECCOYCTOMYMBOCTb PACTEHWUI / STRESS RESISTANCE IN PLANTS

L -

ol %
Fig. 2. Identification of the Sr35 gene using the molecular marker

Xcfa2170.

M - marker of molecular weight 50 bp “Fermentas”; No. 7 — line L503/5r35//
L503/3/L503; positive control of Sr35: 2 and 4 - line Marquis*5/G2919 (5r35);
negative control of Sr35: 3 — cultivar Khakasskaya. The arrow indicates diag-
nostic fragment with molecular weight of 160 bp.

type of reaction to the pathogen R, while in the line L503/
Sr35//L503/3/L503 (Sr35+Sr25) the type of reaction R was
at epiphytotics of 2016-2019, and in 2020 — 20MS. At the
same time, the reaction type of the recipient cultivar L503
(Sr25) in 2016, 2017 and 2020 was 25MS, 20MS, 30MS and
in 2018, 2019 — R, and the reaction type to the pathogen of
the cultivar Favorit (6D(6Ag’) LrAg/SrAg) in epiphytotics
of P. graminis f. sp. tritici in 2016-2020 was 75S, 50S, 10S,
with the exception of 2019, when the 5S and R reaction types
were observed on plants. This was caused by a severe drought
and poor development of P. graminis f. sp. tritici in 2019
(Table 3).

The results of the evaluation of resistance to the stem rust
in laboratory conditions at the seedlings stage are shown in
Table 4. Laboratory evaluation at the seedlings stages of the
studied lines showed resistant responses to the pathogen in
the line with the Sr22+Sr25 gene combination (ITs ranging
from 0 to 2) and susceptible in the line with the Sr35+Sr25
gene combination. It should be noted that these reaction types
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Table 3. Field evaluation of spring bread wheat introgression lines for resistance to P. graminis f. sp. tritici

in 2016-2020 (stage “milky-waxy ripeness”)

Cultivars, lines

Field evaluation of disease resistance

2016 2017 2018 2019 2020
L503NV3534//L503(Sr22+5r25) .............................. R .............................. R .............................. R .............................. R .............................. R ...........................
L503/5r35//L503/3/L503(Sr35+sr25) ..................... R .............................. R .............................. R .............................. R ZOMS ....................
L503(5r25) ................................................................ 2 SMS ....................... 2 OMS ....................... R .............................. R BOMS ....................
Favont (6D(6Ag,) LrAg,/SrAg,) .................................. 7 SS .......................... 5 OS .......................... 105 .......................... 5 S' Rs OS .......................

Table 4. Seedling resistance of spring bread wheat introgression lines to P. graminis f. sp. tritici

Cultivar, line

lysogorskaya
L503/W3534//|_503(5,22+5,25) 1+ .................................
LS03/5r35//L503/3/L503 (S735+5128) =
Khakasskaya(Suscept|b|econtro|) ......................... 4 ...................................

were related to both P. graminis f. sp. tritici populations and
PgtZ1 and PgtF18.6 isolates.

Thus, the phytopathological analysis of resistance to the
stem rust causative agent of introgression lines L503/\W3534//
L503 (Sr22+Sr25) and L503/Sr35//L503/3/L503 (Sr35+Sr25),
both in natural epiphytotics of P. graminis and with arti-
ficial infection, showed high and effective resistance of
the Sr22+Sr25 combination and the susceptibility of the
Sr35+Sr25 combination during epiphytotics in 2020 and
laboratory evaluation.

Prebreeding studies of introgressive lines

The results of studying grain productivity in the introgres-
sion lines L503/W3534//L503 (Sr22+Sr25) and L503/Sr35//
L503/3/L503 (Sr35+Sr25) showed that, on average, for the
period from 2018 to 2020, there were no significant differen-
ces in lines for grain yield compared to the recipient cultivar
L503 and the standard cultivar Favorit (Table 5), which was
expected, since the productivity indicators in 2020 were twice
as high as the grain yield in 2018 and 2019. Nevertheless,
the analysis of grain productivity by years revealed that, in
2018, under the background of severe drought throughout
the growing season, the yield was the highest in the line
with the Sr35+Sr25 combination (significant excess of the
recipient cultivar L503 and at the level of the standard cultivar
Favorit). In the same line, there was an insignificant excess
in grain yield of the cultivar L503 in the growing season of
2019 with a similar drought as in 2018. However, the line
with the Sr35+Sr25 combination was significantly lower for
grain productivity under the conditions of the 2020 growing
season, which was characterized by excess moisture and
moderate air temperature from germination to the beginning
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Infection types to P. graminis

omskaya PgtZ1 PgtF18.6
0 ..................................... 01 ................................... 2 ....................................
2+ .................................... 3+ .................................... 3_ ..................................
4 ...................................... 4 ...................................... 4+ ..................................

of flowering, then a drought with high temperatures was noted
until full maturation.

In general, for three years of testing in terms of the ab-
solute indicator of grain yield, L503/Sr35//L503/3/L503
(Sr35+Sr25) is equal to the recipient cultivar L503. L503/
W3534//L503 (Sr22+Sr25) for grain yield was at the level of
L503 in 2018, exceeded L503 in 2019 and was significantly
lower than the cultivars L503 and Favorit in 2020. In general,
over three years, in terms of absolute numbers for grain pro-
ductivity, the line L503/W3534//L503 (Sr22+Sr25) is inferior
to both L503 and Favorit. The line L503/Sr35//L503/3/L503
(Sr35+Sr25) is a more productive line (in absolute numbers),
which was revealed when comparing the studied lines with
each other.

On average, for 2018-2020, the analysis of 1000 grains
weight, as one of the important elements of grain productivity,
showed a significant decrease in lines with the combination of
Sr22+Sr25 (28.2 g) and Sr35+Sr25 (30.1 g) genes compared
with the recipient cultivar L503 (31.3 g). Moreover, this
decrease was larger for the line with Sr22+Sr25, which was
significantly inferior to Sr35+Sr25, while for the standard
cultivar Favorit — 28.0 g, with LSDgs = 0.95 g and F* = 9.67.
On average, for 2018-2020, in terms of the germination to ear-
ing period, significant differences were observed between the
recipient cultivar L503 (44.3 days) and lines with Sr22+Sr25
(47.7 days) and Sr35+Sr25 (46.7 days ) gene combinations,
the differences between the lines were not significant, with
LSDgs = 1.0 days and F* =27.60. There were no differences
in plant height between the studied lines and the cultivars
L503 and Favorit.

An important stage in the production of bread wheat cul-
tivars is the quality of the final product — flour and bread.
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Table 5. The grain productivity of spring bread wheat introgression lines with the Sr22+5r25 and Sr35+5r25 genes combination

and cultivars L503 and Favorit for the period of 2018-2020

Cultivar, line Grain yield, kg/ha Grain protein
content, %
201820192020Average ................ 2 020 ...................
L503(Lr79/5r25)616a991a2660c ................... 1422 ..................... 164b .................
L503/W3534//L503(Lr79/5,25+5,22)633a ..................... ”70 b .................. 1660 .E.i ................... ”54 ..................... 169b .................
|_503/5,35//|_503/3/|_503(Lr79/5r25+5,35)938c ..................... 1036ab2388b .................. 1454 ..................... 169b .................
FavontSt(L,/S,6Ag,)852bc .................. 1067ab2743c ................... 1554 ..................... 155a ..................
LSDOS .................................................................................... 172 ....................... 170263 ....................... NS ......................... 0 5 .......................

Table 6. Bread making quality traits of spring bread wheat introgressive lines with the Sr22+5r25 and Sr35+5r25 genes combination

and the cultivars L503 and Favorit (average for 2018-2020)

Cultivar, line Gluten Alveograph* Bread™
% ................. S trength ...... R mm ........... P/qumtsvcm3 .......... P OrOSIty’CrumbCOIm
score
|_503 ........................................................ 3 80b .......... 8 4bC68a .............. 12a ............. 164b ........... 7 7Obc49bYe”0W ..............
L503/W3534//L503 ............................... 3 80b .......... 9 0C68a .............. 2 Zb ............ 9 8a .............. 6 80a43a ..................
L503 /5r35//|_503/3/|_503 ....................... 3 16 a ........... 7 3 a .............. 1 03 b ........... 3 Oc ............. 1 87 b ........... 6 90 a 49 . b .................
Favomst ................................................ 3 21a ........... 7 5a69a .............. 10a ............. 173b ........... 8 00(48bcream ...............

* Indicators of the alveograph: P — dough tenacity, P/L - tenacity to extensibility ratio, W - flour strength;

** Indicators of bread evaluation: V - bread volume, porosity.

Unfortunately, it is not uncommon for the involvement of alien
genetic variability in the bread wheat gene pool to worsen
some indicators of flour and bread quality. Over the period of
research, it was revealed that the lines with the combinations
Sr22+Sr25 and Sr35+Sr25 and the recipient cultivar L503
did not have significant differences in protein content, but
exceeded the standard cultivar Favorit (see Table 5) on aver-
age. According to the indicators of gluten — the content and
strength of gluten according to the IDG-1 device indicators, the
following results were obtained: the line with the Sr35+Sr25
combination significantly reduced the gluten content, but
strength was significantly higher in relation to the cultivar
L503, and the line with Sr22+Sr25 combination did not differ
from the recipient cultivar L503 according to this indicators.
The values of dough tenacity indicators and the ratio of dough
tenacity to extensibility (P/L) were distributed as follows:
higher for the combination Sr35+Sr25, and the combination
Sr22+Sr25 did not differ in tenacity from the cultivar L503,
but had a higher tenacity to extensibility ratio (P/L). The line
with the Sr22+Sr25 combination significantly reduced the
flour strength, the crumb porosity and bread volume in relation
to the recipient cultivar L503. At the same time, the line with
the Sr35+Sr25 combination had an insignificant increase in
the flour strength, reduced bread volume, but had a high equal
score of bread porosity in relation to L503.

CTPECCOYCTOMYMBOCTb PACTEHWUI / STRESS RESISTANCE IN PLANTS

In general, we can conclude that the Sr35+Sr25 combina-
tion had a lesser effect on the flour and bread indicators (except
for the gluten content) (Table 6).

Discussion
As noted above, all three studied genes Sr22, Sr25, Sr35 are
effective against the biotypes of the P. graminis f. sp. tritici
Ug99 race (http://rusttracker.cimmyt.org/?page_id=22). How-
ever, our studies have shown that only the combination of
Sr22+Sr25 resistance genes is highly effective against the
disease. There is reason to assume that in this case an additive
effect or the so-called “forbidden combination” is manifested.
At the same time, in laboratory evaluation, the Sr35 gene
is separately effective against the Saratov population of 2016,
2017 and 2020 and the Lysogorsk population of the Saratov
region in 2018 and 2019 (O.A. Baranova, unpublished data),
but the Sr35+Sr25 combination in the line L503/Sr35//L503/3/
L503 showed susceptibility to the stem rust causative agent.
There can be several explanations for this phenomenon.
Firstly, in laboratory studies, seedlings were infected, but un-
der field conditions, during epiphytotics of the pathogen, adult
plants were evaluated at the stages of the beginning of grain
filling or milky-wax ripeness. It is possible that the Sr35 gene
is resistant to this set of P. graminis f. sp. tritici populations
only at the seedling stage. Secondly, it is possible that the Sr35

719


http://rusttracker.cimmyt.org/?page_id=22

S.N. Sibikeev, O.A. Baranova
A.E. Druzhin

gene expression is suppressed by suppressor genes of cultivar
L503. Similar cases were observed during the expression of
the Sr21 gene also transferred from T. monococcum L. (The,
Baker, 1975; on: Leonova, 2018).

Analyzing the influence of the Sr22+Sr25 and Sr35+Sr25
gene combinations on agronomic traits, primarily grain pro-
ductivity and flour and bread quality, it is necessary to take
into account well-known individual effects of the studied genes
of resistance to the stem rust pathogen. The Sr25 gene was
transferred to bread wheat as part of the 7DS-7DL-7Ae#1L
translocation from chromosome 7Ae#1 of the tall wheatgrass,
in which the following gene order was determined (from the
centromere to the telomere end) — Sd1-Xpsr165-Xpsr105-
aAmy-D2-Xpsri29-Lr19-Wsp-D1-Sr25-Y-Ep-D1 (Prinsetal.,
1996). Without a doubt, the entire translocation has an impact
on agronomic performance.

Our early studies showed that this translocation is neutral
in relation to grain yield, significantly increases the gluten
content without changing its quality and does not affect dough
tenacity, the tenacity to extensibility ratio of dough and flour
strength. However, it significantly reduces the volume of
bread with the same porosity. 7DS-7DL-7Ae#1L transloca-
tion did not affect the germination-earing period and plant
height (Sibikeev et al., 2018). Thus, this translocation does
not worsen agronomic performance.

It is known that the Sr22 gene was transferred into bread
wheat from two diploid species carrying the A-genome —
T. boeoticum Boiss. the source of G-21 (Gerechter-Amati et
al., 1971) and T. monococcum the source of RL5244 (Kerber,
Dyck, 1973). Transfers from these two sources include vary-
ing amounts of introgressed chromatin. The transfer from
T. boeoticum contains almost entirely the long arm and part
of the short arm of 7A™ (cv. Steinwedel), and from T. mono-
coccum, the distal part of 7A™L (cv. Marquis) (Kerber, Dyck,
1973; Paull et al., 1994).

Due to the fact that the recombination between the A-ge-
nome of bread wheat and the A™-genomes of T. boeoticum
and T. monococcum is limited due to the action of the Ph
(pairing homeologous) gene system (Luo et al., 2000), intro-
gressive material with the Sr22 gene is inherited as a single
block in most cases. As shown by the studies of J.G. Paull et
al. (1994), introgression with the Sr22 gene decreased grain
yield and increased the germination-earing period. At the
same time, the studies of T.T. The et al. (1988) revealed a
slight decrease in grain productivity, depending on the recipi-
ent genotype (a decrease within 10 %). Successful attempts
to reduce introgressive material with the Sr22 gene from
T. boeoticum for the possible improvement of agronomic
performance have been undertaken (Olson et al., 2010). From
the available sources, it is not known about the study of the
Sr22+Sr25 combination effect on agronomic performance and
flour and bread quality. In addition, in our studies, we took a
near isogenic line of the cultivar Marquis with the Sr22 gene
from T. monococcum (W3534), which carries a smaller block
of introgression material from 7A™.

In terms of grain yield, from three years of study, one year
(2019) was a significant excess of the recipient cultivar L503,
but one year (2020), there was a significant decrease, in general
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there were no differences, but a decrease in productivity was
noted in absolute numbers (1154 kg/ha in introgression line
with Sr22+Sr25 and 1422 kg/ha in cultivar L503). In terms
of the germination-earing period, as in previous studies, there
was an increase in the line with Sr22+Sr25 for four days, at the
same time there was a decrease in the weight of 1000 grains,
there were no differences in plant height.

In our studies, it was found that the line with Sr22+Sr25
has lower flour and bread making quality compared to the
recipient cultivar L503, mainly due to the lower flour strength,
coarser porosity and smaller volume of bread, at the same time,
there was a high content of protein in grain — 16.9, against
16.4 % in L503.

Analyzing the Sr35+Sr25 combination, it should be noted
that the Sr35 gene is localized on chromosome 3AL at 41.5¢cm
from the centromere (Mclintosh et al., 1995) and has been
studied in detail in terms of structure and regulation (Zhang et
al., 2010; Saintenac et al., 2013), but, unfortunately, we could
not find information about its effect on agronomic performance
in the sources available to us. However, the absence of bread
wheat commercial cultivars with this gene indicates a nega-
tive impact on the agronomic value (Mcintosh et al., 2013).

In our studies, it was found that the line with the combina-
tion of Sr35+Sr25 genes in three years of study conceded in
grain productivity only in 2020 and exceeded in 2018. In gene-
ral, there were no significant differences; in absolute numbers,
the grain productivity for the period 2018-2020 for the line
with the combination Sr35+Sr25 was 1454 kg/ha, and for the
cultivar L503 — 1422 kg/ha. In terms of the germination—ear-
ing period, the line with Sr35+Sr25 is earing two days later
than the cultivar L503, a significant decrease in the weight of
1000 grains was noted, and there were no differences in plant
height with the recipient cultivar L503. In terms of flour and
bread making quality, the line with Sr35+Sr25 did not differ
from the cultivar L503 except for a significant decrease in
bread volume. In terms of protein content in grain, the line
with Sr35+Sr25 did not significantly exceed L503 — 16.9 and
16.4 %, respectively.

Conclusion

Thus, in general, for the entire studied complex of agro-
nomic valuable traits, the combination of Sr35+Sr25 genes
looks more effective than the line with the combination of
Sr22+Sr25 genes. The study showed that the combination of
Sr35+Sr25 genes does not worsen the agronomic performance
of wheat; however, it is possible that the expression of the
Sr35 gene in the L503/Sr35//L503/3/L503 line is suppressed
by suppressor genes of the cultivar L503. It is necessary to
further study the expression of the Sr35 gene in combination
with other resistance genes, such as Sr31, and its use in Rus-
sian breeding programs.
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Complex resistance of spring and winter bread wheat lines
to biotic and abiotic stresses
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Abstract. An original initial material of spring and winter bread wheat with group resistance to stem and leaf
rust was developed using new donors of resistance to stem rust: winter soft wheat GT 96/90 (Bulgaria) and ac-
cession 119/4-06rw with genetic material of the species Triticum migushovae and (Aegilops speltoides and Secale
cereale), respectively, a line of spring wheat 113/00i-4 obtained using the species Ae. triuncialis and T. kiharae,
as well as spring accession 145/00i with genetic material of the species Ae. speltoides resistant to leaf rust. The
transfer of effective Sr-genes to progeny was monitored using molecular markers. New lines underwent a field
assessment of resistance to leaf and stem rust in the epiphytotic development of diseases in the Central Region
of the Russian Federation, as well as in the North Caucasus and Western Siberia, and showed high resistance to
these pathogens. Fourteen genotypes of spring wheat with group resistance to these diseases and parental forms
that participated in the origin of the lines were evaluated for resistance to spot blotch (Cochliobolus sativus) and
tan spot (Pyrenophora tritici-repentis) using isolates from Kazakhstan and Omsk in laboratory conditions. A highly
resistant parental form of winter soft wheat from “Arsenal” collection 119/4-06rw (wheat-Ae. speltoides-rye hybrid
2n = 42) with group resistance to two spots, four medium-resistant genotypes to both isolates of tan spot from
Kazakhstan and Omsk populations of the pathogen, as well as genotypes resistant to the Omsk isolate of P. tritici-
repentis (parental form 113/00i-4 and lines 1-16i, 6-16i, 9-16i) were isolated. Among the lines of winter wheat,
four were identified with group resistance to spot blotch and tan spot. Additionally, the stress resistance of the
lines to NaCl salinization and prolonged flooding of seeds with water was evaluated at the early stages of onto-
genesis in laboratory conditions. Lines 33-16i, 37-16i, 32-16i and 9-16i showed a high ability to withstand excess
moisture. Lines 33-16i, 37-16i, 32-16i and 3-16i were characterized by high salt tolerance, exceeding the average of
49.7 %. Among the winter genotypes, lines were identified with increased resistance to hypoxia (37-19w, 32-19w,
16-19w, 90-19w) and with increased salt tolerance (20-19w, 9-19w, 37-19w, 90-19w), significantly exceeding the
standard cv. Moskovskaya 39. The listed lines are of interest as sources of resistance to anaerobic and salt stress,
as well as donors of resistance to a group of fungal diseases: leaf and stem rust and tan spot. We attribute the in-
creased level of resistance of the new initial material to the presence of alien translocations in the original parental
forms involved in the origin of the lines.

Key words: common wheat; stem and leaf rust; spot blotch and tan spot; salt resistance; resistance to hypoxia.
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AnHoTayumA. OpUrnHanbHbIN NCXOAHbIN MaTepran APOBOW U 03MMON MAFKOW MLUEHMULbI C FPYNNOBOW YCTONYNBO-
CTblo K CTe6neBON 1 6ypolt pXKaBUMHAM CO3[aH C UCMONb30BAaHNEM HOBbIX JOHOPOB YCTONUYMBOCTM K CTebneBoi
pKaBUMHE — 031MON MArKon nweHuubl GT 96/90 (Bonrapua) n nuHuK 119/4-06rw € reHeTUYECKUM MaTepuanom
CoOTBeTCTBEHHO BUAoB Triticum migushovae wn (Aegilops speltoides n Secale cereale), nuHUKM APOBOI MLIEHULIbI
113/00i-4, nony4yeHHON C ncrnonb3oBaHnem BUAoB Ae. triuncialis n T. kiharae, a Takxxe ApoBoro o6pasua 145/00i
C reHeTMYeCKUM MaTepuranom Buga Ae. speltoides, yctonumsoro K Gypoii pxasunHe. Mepefady 3dPeKTUBHbIX
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Complex resistance of spring and winter
bread wheat lines to biotic and abiotic stresses

Sr-reHOB MOTOMCTBY OTCIEXMBaNN C MOMOLLbIO MOJIEKYNIAPHbIX MapKepoB. HoBble IMHUKN NPOLWIAN NONEBYIO OLEH-
Ky YCTOMUMBOCTM K Bypoi 1 cTebneBol pxaBumHe npu 3nndUTOTUIAHOM pa3BuUTMM GonesHeld B LieHTpanbHoM
pernoHe Poccuiickon Mepepaumy, a Takxke Ha CeBepHom KaBkase 1 B 3anagHon Cubupwm v nokasanu BbICOKYO
YCTOMUMBOCTb K 3TVM NatoreHam. YeTbipHaZLaTb FeHOTUMOB C FPYMMNOBOI YCTOMYMBOCTbBIO K 3TM 601€3HAM 1 po-
anTenbckme GopMbl, MPUHMMAaBLLME yYacTUe B MPOUCXOXKAEHUN VHUIA, B NaBOPaTOPHbLIX YCIIOBUAX OLEHUN Ha
YCTOMUMBOCTb K TEMHO-0ypoli (Cochliobolus sativus) v xenTtol (Pyrenophora tritici-repentis) NATHUCTOCTAM C NpuMe-
HeHueM n3onAToB 13 KasaxcrtaHa n OmcKa. BoigeneHa BbicoKoycTonumnBasa poauTenibckasa Gopma 03MMO MATKON
nweHnLbl 13 Konnekumnn «ApceHan», 119/4-06rw (NweHNYHO-3rMIONCHO-PXKaHOM rnbpua 2n = 42) ¢ rpynnoBom
YCTOMUMBOCTBIO K ABYM NATHUCTOCTAM U YeTblpe CpefHeYyCTONYMBBIX reHOTMNa K 0601M 1301ATaM »KeNToN NATHU-
CTOCTN (M3 Ka3axCTaHCKOM 1 OMCKOW MONynALUMI NaToreHa), a Takke reHoTUMbl, yCTOMYMBbIE K OMCKOMY U30NATY
P, tritici-repentis (pogutenbckasa dopma 113/00i-4 n nuHum 1-16i, 6-16i, 9-16i). Cpean 06pa3LOB 03VMON NLIEHN-
Libl BbIENIEHO YeTblpe C rPYNMnoBOI YCTONYMBOCTbIO K TEMHO-OYPOI U »KenTol NATHUCTOCTAM. [JononHUTENbHO
OLleHEeHa CTPECCOYCTOMYMBOCTb NIMHMI B TAGOPATOPHBIX YCIIOBUAX HA PaHHMX STarnax OHTOreHe3a K 3aconeHuio
NaCl n gnutenbHomy 3aTtonneHuio cemaH Bogon. JInHum 33-16i, 37-16i, 32-16i n 9-16i NPOABUNN BbICOKYIO CMO-
COBHOCTb MPOTUBOCTOATb U3ObITKY Bflarn. BbicCOKoO coneycTonumMBOCTbIO, MPEBbILLAIOLEN CPefHNIA NoKasaTenb,
49.7 %, xapakTepusoBanmcb nuHun 33-16i, 37-16i, 32-16i n 3-16i. Cpean 031MbIX FeHOTUMOB BblAeneHbl 06pasLbl
C NOBbILEHHOW YCTOMUYMBOCTbIO K rmnokcmu, 37-19w, 32-19w, 16-19w, 90-19w, n coneyctonumeocTbio — 20-19w,
9-19w, 37-19w, 90-19w, OCTOBEPHO MpeBbILaloLMe CTaHAAPTHbIM cOpT MockoBcKas 39. 3T obpa3subl NpeacTas-
NAIT MHTEPEC Kak MCTOYHMKMN K aHa9POOHOMY 11 CONEBOMY CTPECCY, a TakKe Kak JOHOPbI YCTONUMBOCTU K rpynne
rprbHbIX 3a6oneBaHnin: Gypoii 1 cTebneBON PXKaBUVHAM 1 >KeNTTOW MATHUCTOCTU IMCTbEB. MOBbILEHHDBIN YPOBEHb
YCTOMUYMBOCTU HOBOTFO MCXOAHOMO MaTepuasna Mbl CBA3bIBAEM C HaMYMEM YyKepOoAHbIX TPAHCIOKaLMIA Yy NCXOA-
HbIX POANTENBCKNX GOPM, yHaCTBOBABLUMX B MPOUCXOKAEHNN INHUIA.

KnioueBble cnoBa: MArkasa nweHnya; ctebnesasn n Oypas pkaBUMHbl; TEMHO-Oypas 1 entaa NATHUCTOCTY; cone-

YCTONYMBOCTb; YCTOMUYMBOCTb K TMMOKCUN.

Introduction

The Non-Black Earth Region belongs to the zone of insecure
agriculture, which has always been full of abiotic and biotic
stress factors. Predominant fungal diseases are powdery mil-
dew, leaf rust, and in 2010 stem rust, which had not been
present for 27 years, returned to the fields. In recent years,
due to global warming, wheat crops are periodically affected
by leaf spots (spot blotch and tan spot) and septoria. The
harmfulness of these diseases is high and yield losses can
reach 40-50 % (Afanasenko et al., 2011; Mikhailova et al.,
2012; Kim, Volkova, 2020).

On the one hand, among abiotic stresses, frequent May
droughts that lead to crops getting thinned are observed, and,
on the other hand, excess moisture, flooding of crops during
snowmelt, snow mold damage are possible. Frequent heavy
rainfall during growing season leads to lodged crop. Despite
the significant success of breeders in creating highly produc-
tive varieties of spring and winter wheat for this zone, the
development of the varieties resistant to biotic and abiotic
environmental factors remains relevant, especially in recent
decades, when we’ve been facing real facts of climate change
leading to a change in the species spectrum of phytopathogenic
fungi and their racial composition (Lekomtseva et al., 2007,
2008; Zeleneva et al., 2021).

The main goal of our research was the development of
productive competitive spring and winter wheat lines resistant
to stem rust Puccinia graminis f. sp. tritici (Pgt) and other
dangerous pathogens (P. triticina, Blumeria graminis, Pyre-
nophora tritici-repentis, Cochliobolus sativus) and the identi-
fication of other economically valuable qualities and traits of
the obtained material. The strategy and tactics of developing
such an initial material were based on the previously created
“Arsenal” bread wheat collection (Lapochkina, 2005), repre-
sented by genotypes with supplemented Aegilops speltoides
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chromosomes and alien translocations Ae. speltoides, Ae. tri-
uncialis, Triticum kiharae and Secale cereale, as well as the
search for new sources of resistance to the Ug99 stem rust race.

Materials and methods

History of the development of wheat lines with increased
resistance to rust fungi began in 2010, when part of the
“Arsenal” collection (90 accessions), as well as accessions
from All-Russian Research Institute of Plant Genetic Re-
sources (VIR) (129 accessions) were evaluated at the Uni-
versity of Minnesota for resistance to stem rust of the Ug99
race at the seedling stage. Seven genotypes of bread wheat
with 2n = 42 and 2n = 44 from the “Arsenal” collection, as
well as several genotypes from the VIR collection that showed
resistance to this dangerous pathogen (type of reaction to the
penetration of the fungus 0;, 1, 2) were selected. For further
study and hybridization hexaploid accessions of known origin
and accessions with alien material were left: winter wheat-
Ae. speltoides-rye line 119/4-06rw (Ae. speltoides, S. cereale),
a line from Bulgaria GT 96/90 with genetic material of the
species Triticum migushchovae, winter wheat variety Don-
skaya polukarlikovaya (Ae. squrrossa) and a spring wheat ac-
cession 113/00i-4 with the genetic material of Ae. triuncialis
and T. kiharae species.

The assessment of economically valuable characteristics
in the field conditions of the Moscow region against the leaf
rust infectious background highlighted a high resistance to
the leaf rust population (0-5 % of severity) in all accessions.
Accessions 113/00i-4 (further in Tables — 113) and 119/4-06rw
(further — 119) were highly resistant to powdery mildew, and
accessions from VIR (cv. Donskaya polukarlikovaya) and the
GT 96/90 line) (further — D/p and 96) were susceptible to this
disease. However, they had other economically valuable traits:
precocity (early heading) and short stem. All accessions were
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productive enough not to cause concerns about a decrease in
productivity during hybridization.

The Sr genes were identified in the accessions using
molecular markers recommended for marker-assisted selec-
tion (MAS). Molecular markers to 11 Sr genes were used:
Xgwmb533 — Sr2 (Hayden et al., 2004); STS638 — Sr15 (Neu
etal., 2002); Wpt5343 —Sr17 (Crossa et al., 2007); Xbarc121,
Xcfa2123, Xcfa2019 — Sr22 (Khan et al., 2005; Yu et al.,
2010); Sr24#12, Sr24#50 — Sr24/Lr24 (Mago et al., 2005);
Scm9 — Sr31 (Weng et al., 2007); Xbarc55, Xstm773 — Sr32
(Somers et al., 2004; Dundas et al., 2007; Yu et al., 2009);
Xwmcd77, Xstm773-2 — Sr36 (Tsilo et al., 2008); Sr39#22 —
Sr39 (Mago et al., 2009); Xgwm344 — Sr40 (Wu et al., 2009);
Xgwmb501 — Sr47 (Faris et al., 2008).

The PCR terms are given in the original works, but optimal
conditions for each marker were selected. Both effective and
non-effective genes for the Ug99 stem rust race, but show-
ing resistance in the Non-Black Earth Region and the North
Caucasus were identified (Baranova et al., 2015). Since we
had three winter genotypes and only one spring genotype at
our disposal, we considered the strategy for developing hybrid
populations with a spring and winter pattern of life using dif-
ferent plant growing backgrounds.

Initially, the parental forms were crossed taking into account
their alternative characteristics. Namely: a tall source was
crossed with a short-stemmed one; a late-maturing source —
with an early-earing one; a genotype resistant to powdery
mildew was crossed with a susceptible one. In the first year,
direct and reverse crosses of three samples were performed
(GT 96/90, 119/4-06rw and 113/00i-4). The Donskaya polu-
karlikovaya variety’s early start of heading made it impossible
to carry out hybridization with it. F, seeds were divided in
half and grown on different backgrounds.

To obtain spring genotypes, sowing was carried out in spring
in the field, and the plants that completed the heading process
were pollinated either with a recurrent parental form — line
113/00i-4 or with accession 145/05i, which was resistant to
powdery mildew and leaf rust, but susceptible to stem rust.

The second half of the seeds was sown in heated ground in
February. After seedling emergence, heating was turned off.
The plants were vernalized and went through heading in na-
tural conditions. Then, depending on their habitus, they were
pollinated either with the Donskaya polukarlikovaya variety,
with the GT96/90 line or the 119/4-06rw winter line. The use
of heated background, conventional sowing and sowing in
greenhouse vessels allowed to speed up the process of obtain-
ing back-cross progeny of various saturation levels.

After self-pollination, individual plants with traits of resis-
tance to leaf rust and powdery mildew, as well as with other
valuable traits, were selected from this progeny against the
infectious background of leaf rust. Identification of stem rust
resistance genes of these plants was conducted using the mo-
lecular markers listed above, and plants with several resistance
genes in a homozygous state and a complex of economically
valuable characteristics were selected for field tests of resis-
tance in the Moscow and Krasnodar Krai regions —as well as
in Western Siberia (Omsk).
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Immunological assessment of the lines resistance to stem
rust in the Central and West Siberian regions was carried out
to the natural population of the fungus in field conditions, and
in the Krasnodar Krai region — against an artificial infectious
background of stem and leaf rust development. North Cau-
casian populations of Puccinia spp were used as infectious
material in the latter case. Plant damage level was recorded
during the period of maximum development of diseases. The
evaluation criteria were the type of reaction and the plant da-
mage level according to the scale recommended by CIMMY T
(Roelfs, Singh, 1992).

The resistance to spot blotch (Cochliobolus sativus) and
tan spot (P. tritici-repentis) of the parental forms of crossing
and lines with a complex of economically valuable traits
was determined. For the latter, two isolates selected from
P. tritici-repentis populations common in Western Siberia
were used: (Omsk isolate) from the temperate climatic zone
with a continental climate of forest-steppe and (Kazakhstan
isolate) from the sharply continental zone of Northern Ka-
zakhstan. Isolates differ in virulence. The assessment was
carried out in laboratory conditions on leaf sections placed in
the benzimidazole solution (0.004 %) according to the method
of L.A. Mikhailova and co-authors (Mikhailova et al., 2012).

The stress resistance of spring and winter wheat lines to
abiotic stresses, namely, water flooding (hypoxia) and NaCl
salinization, was evaluated in laboratory conditions at the
early stages of ontogenesis according to generally accepted
methods (Beletskaya, 1976; Semushkina et al., 1976). The
experiments were carried out in two replicates.

Statistical indicators and the reliability of their differences
were determined in comparison with standard varieties using
statistical analysis (Martynov, 1999).

Results and discussion

As aresult of Sr genes identification using molecular markers
recommended for MAS, both effective and non-effective with
regard to Ug99 but demonstrating resistance in the Non-Black
Earth Region, genes were identified (Baranova et al., 2015)
(Table 1).

From 2 to 4 effective resistance genes were recorded in
backcross progeny obtained after self-pollination. The ge-
netic diversity of Sr genes among spring and winter wheat
plants differed. Nine main gene combinations in spring plants

Table 1. Sr genes identified in the sources
of resistance to stem rust race Ug99

Source Genes of resistance to stem rust

OF FESISLANGE et
Effective Non-effective

119/4-06rw Sr22,5r32 Sr9a, Sr17,5r19

GT 96/90 Sr24, Sr36, Sr40, Sr47 Sr15,Sr17,5r31

Donskaya Sr32 Sr9a, Sr17,5r19

polukarlikovaya
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Table 2. The results of the assessment of lines
of spring and winter wheat to rust fungi and powdery mildew
in various regions of the Russian Federation

Pathogen Frequency

of disease-resistant genotypes, %

Krasnodar ~ Omsk Moscow
................................. S prmgWheat“gSImes)zms
Pgmmm,sf Sp mrlc, ................ 81 . O ................. 665 .............. _ ................
Ptrmcma ................................... 820 ................. 980 .............. _ ................
B gmmmls ................................. _ ...................... _ ................... 360 ...........
WmterWheatBG”mes)2016 .................................
..................................................... KrasnOdar MOSCOW
b aramiis o 460 ......................... 960 ........................
Ptrmcma ................................... 970 ......................... 987 ........................
B gmmmls ................................. _ .............................. 400 ........................

were identified: Sr2+Sr36; Sr2+Sr39; Sr2+Sr32; Sr2+Sr22;
Sr2+Sr36+Sr40; Sr2+Sr32+Sr40; Sr2+Sr22+Sr40;
Sr2+Sr32+Sr39; Sr2+Sr22+Sr32+Sr40. It is twice as high
in winter crops, but the frequency of occurrence of the Sr2
resistance gene of adult plants was noted only in 35 % of
individual plants selected for gene identification. And in half
of the cases, the Sr2 gene was in a heterozygous state. Winter
wheat plants were characterized by a unique combination
of resistance genes that are rarely used in the breeding pro-
cess: Sr22+Sr32; Sr22+Sr47; Sr32+Sr47; Sr2+Sr22+Sr32;
Sr22+Sr32+Sr40; Sr36+Sr39+Sr47. A plant with four resis-
tance genes was revealed: Sr2+Sr22+Sr32+Sr40.

The evaluation of the progeny of 198 bread wheat spring
lines and 367 lines of winter wheat with two-three Sr resis-
tance genes was conducted in various geographical points of
the Russian Federation to leaf and stem rust, differing in the
spectrum of virulence genes (Lapochkina et al., 2016, 2018).
This resulted in the selection of lines with group resistance
to both pathogens (Table 2). Among the spring wheat lines, a
high frequency of resistant genotypes to the North Caucasian
population of stem and leaf rust was noted (81-82 %).

The frequency of occurrence of resistant genotypes to the
West Siberian population of stem rust was lower (66.5 %).
These data were facilitated by late sowing of spring crops,
which was intentionally used as a factor stimulating affec-
tion by the pathogen. Due to the drought in 2015, 167 of the
198 lines survived, 111 of them were resistant to stem rust, and
almost all of the material was resistant to leaf rust. It should
also be noted that Western Siberia is characterized by the
presence of aggressive population of the stem rust pathogen.
This was demonstrated by the assessment results of the col-
lection of isogenic lines and cultivars with known genes of
resistance to stem rust, which showed differentiation only at
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the first assessment of the damage, and later the results were
negated due to a strong disease development (Lapochkina et
al., 2016), as well as by the results of the study on the racial
composition of Western Siberian populations of this pathogen
(Skolotneva et al., 2020).

In the Moscow region in 2015, the development of rust fungi
was not observed, and an attempt to create an artificial leaf rust
background failed due to high temperatures and low humidity
of air and soil. However, 71 lines (36 %) with resistance to
powdery mildew have been selected this year.

The resistance of 367 winter wheat lines was evaluated
under the conditions of epiphytoty development of stem rust
in Krasnodar and Moscow in 2016. In Krasnodar, 168 lines
resistant to P. graminis were selected; almost all lines were
resistant to leaf rust. Under the conditions of stem rust epi-
phytotic, a high yield of resistant genotypes 96-98 % to both
pathogens) was also noted in Moscow. The frequency of
occurrence of genotypes resistant to powdery mildew was
about 40 %.

According to the assessment results, about 70 lines of
spring wheat and more than 100 winter lines combining group
resistance to rust fungi with a complex of other economically
valuable characteristics (early heading period, optimal height,
ear productivity of 1.7-2.5 g, large grain and high protein and
gluten content in the grain) were selected.

Among the lines with a complex of economically valu-
able characteristics, an additional assessment of resistance to
pathogens that cause spot blotch and tan spots development on
the leaves was carried out. In total, 14 lines of spring wheat,
9 lines of winter wheat and the initial parental forms of cross-
ing were evaluated (Table 3).

According to the evaluation results, the only medium-
resistant accession 119/4-06rw from the “Arsenal” collection
with reaction type 2 to spot blotch was identified. With regard
to spot blotch, this is an excellent result. It is extremely rare
for accessions resistant to spot blotch to be selected. General-
ly, reaction type 3-4 is traced in bread wheat accessions.
The resistance to this pathogen is usually associated with the
species T. macha, T. vavilovii, T. timopheevii, T. monococcum
and T. spelta (Mikhailova et al., 2012).

Two isolates were used to infect the leaf segments with
P. tritici-repentis: from Kazakhstan and Omsk. Accessions
119/4-06rw and GT 96/90 demonstrated high resistance to
both isolates. High resistance to the Omsk tan spot isolate
was found in the spring wheat line 113/00i-4 with the genetic
material Ae. triuncialis and T. kiharae.

Among the 14 tested lines of spring wheat, no resistant
genotypes to spot blotch were detected. Ten lines were resis-
tant to the Omsk tan spot isolate, and 4 lines showed resistance
to both the Kazakhstan and Omsk tan spot isolate (16i-16i,
17i-16i, 33-16i, 48-16i).

Among the 9 lines of winter wheat that got to check plant
breeding nursery and competitive variety test, 4 were found
to have resistance to spot blotch: 9-19w, 31-19w, 63-19w,
90-19w. Being infected with the most virulent tan spot isolate
from Kazakhstan, the same four lines were selected with high
resistance to P. tritici-repentis.
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Table 3. The assessment results of the sources of resistance to stem rust and lines of spring and winter wheat
obtained with the involvement of the sources to tan spot (P. tritici-repentis) and spot blotch (C. sativus)

Line, variety Origin Type of reaction to

tnspot spotblotch

solatefrom

Kazakhstan ............. OmSk ......................................................
Groe0 Zhirovka/Mironovskaya poluintensinaya  11-R n-w s
Tomosw Rodina//e.speltoides (10 KR)/S. cereale 075KR) ~ 0/0-R oo-R >
v0oie Rodina/Ae. triuncials S KRVT kiharae nowR M-MR .
Donskayapolukarlikovaya  RusalkafSeverodonskaya nowR w-MR S
1_1 6I ............................................. (96/1 13)/145/”3 ........................................................... 3/3_ S ...................... 2/1_ MR .................. 3 .............................

6_1 6I ............................................. (96/1 13)/1 13 ................................................................... 2/3_ MS .................. 1/1_ R ..................... 4 .............................

9_1 6I ............................................. (96/1 19)1 13 ..................................................................... 2/3_ MS .................. 1/1_ R ..................... 3 .............................

1615‘ ........................................... (96/”3)/”31/2_MR .................. 2/1_MR .................. 3 .............................

1716' ........................................... (96/”3)1/2_MR .................. 2/1_MR .................. 4 .............................

2816' ........................................... (” 3 /96)1 45/1 13 ............................................................. 3/1_ MS .................. 2/1_ MR .................. 4 .............................

3116' ........................................... (96/1 13)/1 13 ................................................................... 2/1_ MR .................. 3/2_ S ...................... 4 .............................

3216' ........................................... (96/1 13)/1 13 ................................................................... 3/3_ S ...................... 3/2_5 ...................... 3 .............................

3316' ........................................... (96/1 13)/1 13/”3 ........................................................... 2/2_ MR .................. 2/2_ MR .................. 3 .............................

3716' ........................................... (96/1 13)/145 ................................................................... 2/2 ............................ 2/2 ............................ 4 .............................

4416' ........................................... (” 3 / H 9)/ 11 3 ................................................................. 2/3_ MS .................. 2/2_ MR .................. 4 .............................

4516‘ ........................................... (96/”9)/”31/3_,\/[5 .................. 1/2_MR .................. 4 .............................

4816' ........................................... (96/1 19)/1 13 ................................................................... 2/1_ MR .................. 1/2_ MR .................. 3 .............................

5716' ........................................... (96/1 19)/1 13 ................................................................... 2/3_ MS .................. 1/3_ MS .................. 3 .............................
s (Obriy/Leningrackay/Moskovskaya 35 mo wo S
9_19W ........................................... (113/”9)“)1/1 ............................ _ ............................... 2 .............................

1619W ......................................... (” 3 / H 9)/D/D/D ............................................................ 2/2 ............................ _ ............................... 3 .............................

2018W ......................................... (96/”3)/96/961/1 ............................ _ ............................... 3 .............................

3119W ......................................... (96/”3)/D1/12/1 ..................... _ ............................... 2 .............................

3619W ......................................... (96/1 13)/D/96 ................................................................. 2/2 ............................ _ ............................... 3 .............................

4819W ......................................... (H 3 /96)/D/D .................................................................. 2/2 ............................ _ ............................... 3 .............................

6319W ......................................... (” 3 /96)/96 ..................................................................... 2/2 ............................ _ ............................... 2 .............................

9019W ......................................... (” 9 /96)/1 19 ................................................................... 2/2 ............................ _ ............................... 2 .............................

9219W ......................................... (H 9 /96)/D ....................................................................... 2/2 ............................ _ ............................... 3 .............................

MOSkOVSkaya 39 ......................... Obny /Yantamaya 50 ...................................................... 2/2 ............................ _ ............................... 3 .............................

CTPECCOYCTOMYMBOCTb PACTEHWUI / STRESS RESISTANCE IN PLANTS 727



I.F. Lapochkina, N.R. Gainullin, O.A. Baranova, N.M. Kovalenko
L.A. Marchenkova, O.V. Pavlova, O.V. Mitroshina

Table 4. The reaction of spring wheat lines
to water flooding of seeds

Line, variety The number of normally Resistance to
sprouted seeds in hypoxia, %
Con t .r.c.).l ............... Test ...................

Zlata(st) ................... 100 ..................... 47 ....................... 470 ...................

Lada ............................ 96 ..................... 82 ....................... 854 ...................

3316' .......................... 95 ..................... 60 ....................... 666 ...................

3716I .......................... 88 ..................... 51 ........................ 580 ...................

3216' .......................... 90 ..................... 52 ....................... 578 ...................

916' ............................ 92 ..................... 52 ....................... 565 ...................

316' ............................ 93 ..................... 47 ....................... 505 ...................

4816' .......................... 87 ..................... 40 ....................... 460 ...................

571 . 6| .......................... 94 ..................... 40 ....................... 426 ...................

1716' .......................... 88 ....................... 7 ......................... 80 ...................

Average ...................... 891 ................... 422 .................... 460 ...................

CV%BZ .................. 482 .................... 432 ...................

LSDOOS ......................... _ ....................... _ ........................... 77 ...................

Table 5. The reaction of winter wheat lines

to water flooding of seeds

Line, variety The number of normally Resistance to
sprouted seeds in hypoxia, %
Con trOI ............... Test ...................

MOSkOVSkaya39 ......... 98 ..................... 75 ....................... 765 ...................

3719W ........................ 96 ..................... 83 ....................... 865 ...................

3219W ........................ 94 ..................... 78 ....................... 830 ...................

1619W ........................ 90 ..................... 72 ....................... 800 ...................

919W .......................... 98 ..................... 75 ....................... 765 ...................

419W .......................... 92 ..................... 63 ....................... 685 ...................

9619W ........................ 96 ..................... 65 ....................... 677 ...................

2019W ........................ 96 ..................... 65 ....................... 677 ...................

4119W ...................... 100 ..................... 62 ....................... 620 ...................

3619W ...................... 100 ..................... 47 ....................... 470 ...................

219W .......................... 96 ..................... 31 ........................ 323 ...................

Average ...................... 961 ................... 645 .................... 635 ...................
as of the test
CV%30 .................. 305 .................... 296 ...................
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The stress resistance of spring and winter wheat lines to
water flooding (hypoxia) and NaCl salinization was evaluated
under laboratory conditions at the early stages of ontogenesis.
Progeny of 11 lines of spring wheat from the Nursery that had
been tested for two years and two standard varieties (the mo-
dern variety Zlata and the previous variety Lada) were tested
(Table 4). Ahigh level of variation of the resistance to hypoxia
basis (CV > 40 %) was recorded. Four lines (33-16i, 37-16i,
32-16i and 9-16i) reliably exceeded the indicators of the Zlata
variety with regard to the mentioned stress factor; however,
like this variety, they lagged behind the breeding masterpiece
of E.D. Nettevich —the Lada variety (Nettevich et al., 1996).

As for the resistance to hypoxia, about two dozen lines of
winter wheat were evaluated from the check plant nursery
of 2019 (the conditions for seed formation were favourable)
and from Competitive Plant Nursery of 2020 (the grain was
formed in conditions of heavy rainfall and lodged crops).
A high level of property variation was noted: the number of
normally sprouted seeds (CV > 30 %). Four genotypes with
resistance above the average as of the test and standard were
identified: 37-19w, 32-19w, 16-19w and 9-19w (Table 5).

The results obtained with seeds of winter lines formed under
unfavourable conditions in 2020 were markedly different.
Only 50 % of seeds of the standard variety sprouted normal-
ly after flooding. Against this background, two lines, 90-19w
and 16-19w, reliably exceeded the resistance to hypoxia level
of the standard variety.

The harmful effect of NaCl salinization caused the depres-
sion of the length of seedlings in spring wheat. Both stan-
dard varieties and line 37-16i had high resistance to sodium
chloride, exceeding the average results of the test (49.6 %).
(Table 6). The comparison of the effect of anaerobic stress
and salinization on spring wheat showed that the range of
variability for salt tolerance fluctuated from 40 to 62 %, and
for anaerobic stress — from 8 to 85 % that is a stronger differ-
entiation of spring wheat genotypes with regard to water stress.

A high level of growth depression during salinization was
also noted in winter wheat lines (CV = 28 %). A high ability
to resist salt stress exceeding both the average of the test and
the St variety level was revealed in the lines: 20-19w, 9-19w
and 37-19w (Table 7).

The test with planted seeds formed in the unfavourable
year of 2020 showed, on the one hand, a decrease in salt
tolerance level in Moskovskaya 39 from 68 to 49 %, and, on
the other hand, revealed another 90-19w line resistant to this
stress, which has been in the nursery of competitive variety
testing since 2021.

Some of the lines are already under additional environ-
mental testing at the Federal Scientific Agroengineering Cen-
ter VIM in the Ryazan region. Expansion of environmental
testing of winter wheat lines to Western Siberia (the back-
crossed progeny of individual plants was transferred to the
Omsk State Agrarian University), makes it possible to develop
a new winter wheat crop for this region. There is a high
probability of selecting winter-hardy winter wheat lines with
group resistance to fungal diseases that demonstrated a good
overwintering level according to the results of assessments
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Table 6. Depressive effect of NaCl on growth processes
in spring wheat lines

Line, variety Length Salt

of seedlings, mm tolerance, %

Test Control
Zaasy) 0 27 05
Lada .......................... 516 ...................... 906 .................. 570 ...................
3316' ........................ 5551073 .................. 513 ...................
3716' ........................ 608 ...................... 982 .................. 620 ...................
3216' ........................ 5451012 .................. 540 ...................
916' .......................... 373 ...................... 879 .................. 425 ...................
316' .......................... 5351033 .................. 514 ...................
4816' ........................ 469”87 .................. 395 ...................
5716' ........................ 550”19 .................. 492 ...................
1615' ........................ 4”1023 .................. 402 ...................
1716' ........................ 451 ....................... 961 ................... 470 ...................
Average .................... 5011000 .................. 496 ...................
LSDOOS .............................................................................. 5 1 .....................

Table 7. Depressive effect of NaCl on growth processes
in winter wheat lines

Line, variety Length Salt

of seedlings, mm tolerance, %

Test Control
Moskovskaya3e 625 01 o7
2019W ...................... 713 .................. 744 .................. 958 ........................

919W ........................ 950 .................. 982 .................. 967 ........................

3719W ...................... 600 .................. 734 .................. 818 ........................

4119W ...................... 628 .................. 836 .................. 751 .........................

321 8W ...................... 452 .................. 644 .................. 702 ........................

351 9W ...................... 532 .................. 766 .................. 695 ........................

7419W ...................... 520 .................. 897 .................. 580 ........................

361 9W ...................... 376 .................. 605 .................. 541 .........................

161 9W ...................... 458 .................. 903 .................. 50 7 ........................

Average .................... 551 ................... 794 .................. 690 ........................
CV% ......................... 275127 .................. 211 .........................
LSD005106 ........................
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The winter wheat lines regrowth in Western Siberia in May 2021.

The photo was kindly provided for publication by Professor V.P. Shamanin,
Omsk State Agrarian University.

performed in May 2021 (see the Figure). These lines are
highly likely to be resistant to rust fungi, since this material
has already been evaluated for resistance to these pathogens
in the Krasnodar Krai region and in the Moscow region in
2016 during the epiphytotic stem rust. Since there are geno-
types that are resistant to salinization among them, there is a
high probability of selecting genotypes that are resistant to
drought, which is important for Western Siberia, since both
resistances are correlated.

Conclusion

After a comprehensive assessment of the obtained initial ma-
terial and the identification of additional positive properties
has facilitated the selection of breeding lines for reproduction
and competitive variety testing. While in previous years we
focused our attention on lines with a high protein and gluten
content in grain and resistant to rust diseases, now we have
lines with complex resistance to phytopathogens and abiotic
stresses: spring wheat lines, 9-16i, 32-16i, 37-16i and 48-16i;
winter wheat lines, 20-19w, 9-19w, 9-19w, as well as lines
31-19w and 48-19w with extended group resistance to fungal
diseases (stem and leaf rust, powdery mildew, tan spot and spot
blotch). This material can be used as a source of resistance
to unfavourable environmental factors at the next stage of
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improving bread wheat, as well as to identify its possibility
to compete for productivity with modern wheat varieties.
The obtained initial material is of interest for molecular
genetic mapping of resistance and QTL genes, as well as for
MAS for Sr genes, especially for genes that are rarely used to
increase immunity to stem rust: Sr32, Sr39, Sr40, and Sr47.
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Resistance of oat breeding lines to grain contamination
with Fusarium langsethiae and T-2/HT-2 toxins
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Abstract. Fusarium disease of oats reduces yield quality due to decreasing germination that is caused by then
contamination of grain with mycotoxins produced by Fusarium fungi. The aim of this study was to characterize the
resistance of naked breeding lines of oats to fungal grain infection and to contamination with T-2 and HT-2 toxins.
Thirteen naked oat breeding lines and two naked varieties, Nemchinovsky 61 and Vyatskiy, as well as a husked
variety Yakov, were grown under natural conditions in the Nemchinovka Federal Research Center in 2019-2020.
The contamination of grain with fungi was determined by the mycological method and real-time PCR. The ana-
lysis of mycotoxins was carried out by ELISA. In oats, Alternaria (the grain infection was 15-90 %), Cochliobolus
(1-33 %), Cladosporium (1-19 %), Epicoccum (0-11 %), and Fusarium (3-17 %) fungi prevailed in the grain myco-
biota. The predominant Fusarium species were F. poae (its proportion among Fusarium fungi was 49-68 %) and
F. langsethiae (29-28 %). The highest amounts of F. langsethiae DNA ((27.9-71.9) x 10-4 pg/ng) and T-2/HT-2 toxins
(790-1230 pg/kg) were found in the grain of husked oat Yakov. Among the analysed naked oat lines, the amount
of F. langsethiae DNA varied in the range of (1.2-42.7) x 10-4 pg/ng, and the content of T-2/HT-2 toxins was in the
range of 5-229 pug/kg. Two oat breeding lines, 54h2476 and 66h2618, as well as a new variety, Azil (57h2396), can
be characterized as highly resistant to infection with Fusarium fungi and contamination with mycotoxins compared
to the control variety Vyatskiy.

Key words: Avena sativa; naked; breeding; resistance; Fusarium; DNA; mycotoxins.
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XapaKTepUCTUKaA VCTOMUYMBOCTU CeIeKIVIOHHBIX JINMHUIL OBCa
K 3apaskeHu0 Fusarium langsethiae
" HaKoruieHnIo T-2/HT-2 TOKCHOB
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AHHoTayua. Qy3aprio3 OTHOCUTCA K BaKHbIM 3abosieBaHVAM OBCa, MOCKOJSIbKY MHOrve Bupbl rpnboB Fusarium
CNOCO6HbI NPOAYLMPOBaTb MUKOTOKCUHDBI, HEFAaTUBHO BAMAIOLME HA KauecTBO 3epHa. VIMMYHHbIX K 3apakeHuto
rpubamu Fusarium 3epHOBbIX KyJbTyp HET, O4HaKO HabNoaloTCA Pa3NYNA reHOTUMNOB MO CTEMEHN YCTONUNBOCTH.
Llenbto nccnefoBaHmA cTana XxapakTepuctuka nepcrneKkTUBHbIX JIMHUI rofI03epHOro OBCa Mo YCTOMYMBOCTU K 3a-
pa)keHHOCTI 3epHa rpubamn n cogepaHnto Gy3apnoTOKCUHOB. AHanM3nMpoBanm 13 cenekUMOoHHbIX TMHWIA 1 ABa
copTa rofio3epHoro oBca, HemunHoBcKkun 61 1 BATCKUN, a Takxke COPT NyieHYaToro oBca AKoB, KOTOPble BblpaLLy-
Banu Ha ectectBeHHOM doHe B DefepanbHOM UCCNe[oBaTeNIbCKOM LieHTpe «HemunHoBKa» B 2019-2020 rr. 3apa-
MKEHHOCTb 3epHa rpnbamm onpeaensany MAKONIOrMYecKM METOAOM, @ TakXKe C MOMOLLbIO NONUMEPa3HON LiernHoM
peakuyun (MUP) B peanbHOM BpeMeHH, aHann3 MUKOTOKCMHOB BbIMOAHANN UMMYHOPEPMEHTHbIM MeTodoM. po-
BefleHHble aHanM3bl NOKa3sanu, YTo 3epHO BCex 06pa3sLioB OBCa ObINO 3apakeHo rprbamu, OAHAKO NX YNCSIEHHOCTb
1 BUJOBOe pa3Hoobpasne BapbMpOBany B 3aBUCMMOCTU OT aHaNM3Mpyemoro reHoTuna 1 roga UccnepoBaHuii.
MrKOOMOTY reHOTMMNOB OBCa NPEeNMYLLEeCTBEHHO COCTaBNANM Buabl pofos Alternaria (15-90 % oT Bcex BblgeneH-
HbIX rpr60B), Cochliobolus (1-33 %), Cladosporium (1-19 %), Epicoccum (0-11 %) v Fusarium (3-17 %). OCHOBHbIMMU
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YCTONYMBOCTb CeNeKLMOHHbIX IMHNI OBCA K 3apaeHuio
Fusarium langsethiae n HakonneHwuio T-2/HT-2 TokcuHOB

npepcTaBuTenamy gpysapuebix rpr6oB 6biu F. poae, npoayumpytowmii HuBaneHon, u F. langsethiae, nponssops-
Wi T-2/HT-2 TokcrHbl. Hanbonbluee konnuectso [HK F. langsethiae, a Takxe T-2/HT-2 TOKCMHOB cofiep»<anoch B
3epHe nieH4aToro copta AKoB 1 cocTaBuio (27.9-71.9) x 104 nr/Hr n 790-1230 MKI/Kr COOTBETCTBEHHO. B 3epHe
aHanu3npyembix MMHUIA oBca copepxaHne OHK F. langsethiae BapbupoBano B gnanasoHe (1.2-42.7) X 104 nr/Hr,
T-2/HT-2 TOKCUMHOB — OT 5 A0 229 MKr/Kr. [IB€ NMMHUK rofo3epHOro oBca, 54h2476 1 66h2618, a Takxe HOBbI COPT
A3unb (MMHMA 57h2396) MOXXHO OxapaKTepr30BaTh B YCNOBUAX SKCMEPUMEHTA Kak BbICOKOYCTOMYMBBIE K 3apae-
HUto rpnbamu Fusarium v KOHTaMMHaLMN MUKOTOKCMHAMM B CPaBHEHWW C KOHTPOJIEM — COPTOM BATCKMiA.
KntoueBble cnoBa: Avena sativa; rono3epHbli; cenekums; ycTonunsocTtb; ¢py3apros; AHK; MMKOTOKCUHBI.

Introduction

Over the past decade, the amount of information on Fusarium
disease of oats (Avena sativa L.) has increased dramatically.
The infection of oats caused by different Fusarium Link spe-
cies is recognized as one of the most devastating diseases
of this cereal crop. In addition to direct negative impacts on
economically valuable traits, such as the loss of grain yield
(Martinelli et al., 2014), the harmfulness of Fusarium fungi
is determined by their ability to produce different mycotoxins
that accumulate in infected grains. Mycotoxins produced by
many Fusarium species remain in processed products and,
when consumed by people or animals, can cause immuno-
suppression and various health issues (Foroud et al., 2019).
Current studies of the Fusarium problem in oats concern the
analysis of grain infection by different fungal species and the
determination of mycotoxin contents in grain (Fredlund et al.,
2013; Gavrilova et al., 2016; Hofgaard et al., 2016; Schone-
berg et al., 2018), the study of host-pathogen interactions
(Divon et al., 2012; Tekle et al., 2012; Martin et al., 2018;
Wilforss et al., 2020) and the search for potential sources
of resistance to the disease, including the use of molecular
analysis methods (He et al., 2013; Bjgrnstad et al., 2017;
Isidro-Sanchez et al., 2020).

The composition and representation of Fusarium species
causing the disease in oats vary significantly and depend on
the place of cultivation and the prevailing weather conditions
during the growing season (Schéneberg et al., 2018). Asarule,
the main species of Fusarium fungi responsible for disease in
oats are F. poae (Peck) Wollenw., F. sporotrichioides Sherb.
and F. langsethiae Torp & Nirenberg (Kurowski, Wysocka,
2009; Fredlund et al., 2013; Gavrilova et al., 2016; Hofgaard
et al., 2016), while F. graminearum Schwabe (Schéneberg
et al., 2018) and F. avenaceum (Fr.) Sacc. (Vargach et al.,
2019) occur less often. All of the mentioned Fusarium fungi
are capable of producing various mycotoxins. The results of
numerous studies demonstrate a high contamination of grain
with T-2 and HT-2 toxins produced by F. sporotrichioides
and F. langsethiae (Opoku et al., 2013; Burkin et al., 2015;
Hofgaard et al., 2016; Kononenko et al., 2020; De Colli et
al., 2021).

In the breeding of oat varieties, the trait of resistance to
Fusarium disease was not taken into account for a long time
despite the problem with grain infection of this cereal crop.
The main challenge of the evaluation of resistance of oat
genotypes to the disease in the field is the absence or weak
symptoms of Fusarium infection on oat panicles, in contrast
to the noticeable specific symptoms on heads of other small-
grain cereals (Tekauz et al., 2008; Imathiu et al., 2013; Martin
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et al., 2018; Zhuikova, Batalova, 2019). However, Fusarium
fungi and mycotoxins in the grain of asymptomatic spikelets
in panicles are often detected, and oat genotypes can be sig-
nificantly different according to their amounts. In addition, it
is already well known that the disease severity is determined
by factors such as the weather and infection pressure.

There are no cereals that are immune to infection with
Fusarium fungi; however, different degrees of resistance are
observed among genotypes. Previously, it was mentioned that
a wheat genotype resistant to infection with one Fusarium
species also tends to be resistant to other species of this genus
(Mesterhazy et al., 2005). Additionally, several types of resis-
tance to Fusarium disease in cereals have been described and
commonly divided into at least five separate types (Boutigny
etal., 2008; Tekle et al., 2018): resistance against initial infec-
tion (type 1), resistance against the spread of infection (I1),
resistance against grain infections (11), tolerance (1V), and
resistance to mycotoxin accumulation or degradation (V). In
the sowing oats (A. sativa L.), two subspecies, husked oats
(A. sativa subsp. sativa L.) and naked oats (A. sativa subsp. nu-
disativa (Husn.) Rod. et Sold.), which differ from each other
in their morphological characteristics, biochemical properties
and resistance to abiotic and biotic factors, were described
(Kobylyansky, Soldatov, 1994; Loskutov et al., 2020). The
relatively high resistance of naked oats to Fusarium infection
of grain, in comparison with husked oats, has been repeatedly
noted (Tekauz et al., 2008; Yan et al., 2010; Gagkaeva et al.,
2013; Martin et al., 2018; Chropova et al., 2020).

Earlier, information on the resistance of oat genotypes from
the VIR collection to Fusarium disease, which was analysed
under conditions of artificial inoculation with F. sporotri-
chioides, was systematized in the Catalogue (Gagkaeva et
al., 2012). A successful example of combining the efforts of
different research groups was the breeding of a new variety
of naked oats, Vsadnik, which is the first officially registered
variety in Russia characterized as relatively resistant to Fu-
sarium disease. This variety accumulated significantly lower
amounts of mycotoxins in the grain than the standard husked
variety Konkur, which is cultivated over a wide area in Russia
(Mishenkina, Zakharov, 2017).

At present, the attention of many Russian oat breeders is
focused on the creation of naked oat varieties characterized
by improved grain quality and resistance to fungal diseases
(Kabashov et al., 2018; Batalova et al., 2019; Isachkova
et al., 2019; Zhuikova et al., 2020). The progress achieved
in the breeding process is evidenced by the increase in the
number of naked oat varieties included in the “State Register
of Selection Achievements...”, which in 2020 consisted of
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Table 1. The breeding lines and varieties of oats included in the study

Breeding line/variety Pedigree Year of analysis
57h2396/AZ|| ............................... Krestyansky|oca|xza|p ......................................................................................................... 201 9, 2020 .......................
2h2348 ........................................ KrestyanSky|oca|XRysak .....................................................................................................

16h2476 ...................................... 32h1962XACLOtta(k_14619) ...............................................................................................

54h2476 ...................................... 32h1962XACLOtta(k_14619) ...............................................................................................

2h2532 ........................................ ACBaton (k14803)><53h2035 ..............................................................................................

52h2467 ...................................... 28h1827XAbe|(k14638) ......................................................................................................

50h2613 ...................................... Za|pru”|on(k_14683) .........................................................................................................
70h2613 15h1946xBu"|0n(k14683) ..................................................................................................

55h2618 ...................................... 55h2106xpenn|me2005(k_14344) .......................................................................................

66h2618 ...................................... 55h2106xpenn|m82005(k_14344) .......................................................................................

4h2708 ........................................ VyatSkyXRysak ........................................................................................................................ 2020 .................................
16h2771 ....................................... KrestyanSkylocaIXMh 2255 ..................................................................................................
15h2657 119h2093X37h2273 ..............................................................................................................

NemChmOVSkym ....................... Krestyan Sky|0ca|x15h188 O .................................................................................................. 201 9/ 2020 .......................
Wyatsky (control) individual selection from the variety of naked oat Adam from the VIR collection

(k-14253, Czech Republic), followed by multiple selection based on hulliness trait
Yakov(standard) ......................... Soroca(K13243)X36h”27 ..................................................................................................

121 varieties of husked oats and 15 varieties of naked oats’.
Since 2010, 11 new varieties of naked oats have been included
in the State Register.

The aim of this study was to characterize the resistance of
naked oat lines to contamination of grain with Fusarium fungi
and T-2/HT-2 toxins. These oat genotypes are the breeding
material of the Federal Research Center “Nemchinovka” and
were cultivated in field experiments under natural conditions.

Materials and methods

Oats breeding material. 10 and 13 naked oat breeding lines
(A. sativa subsp. nudisativa (Husn.) Rod. et Sold.) were ana-
lysed in 2019 and 2020, respectively. In addition, the naked
oat varieties Nemchinovsky 61 (NFRC) and Watsky as a
control (Zonal North-East Agricultural Research Institute,
Kirov region) and the standard husked variety Yakov (NFRC)
were included in the study (Table 1).

Cultivation of breeding material. In 2019-2020, the
analysed varieties and breeding lines of oats were grown after
spring barley as the previous crop in the experimental 10 m?
plots in the nursery of the NFRC according to the state vari-
ety testing methodology?. The harvesting of oats was carried
out at the full-mature stage: August 8, 2019, and August 16,

" The State Register of Selection Achievements Approved for Use. Vol. 1. Plant
Varieties (at February 26, 2020). https://gossortrf.ru/gosreestr//.

2 Methodology for State Variety Testing of Agricultural Crops. Second edition.
Grains, Cereals, Legumes, Corn and Fodder Crops. Moscow, 1989.

734

2020. The weather conditions in the growing seasons of 2019
and 2020 were different (Table 2). The summer period of
2020 was characterized by an increased temperature in June-
August compared to the long-term average values, as well as
a 1.7-2.6 times excess of the total precipitation in May-July
compared to this period in 2019.

Mycological analysis of grain infection. To evaluate the
fungal infection and species composition of oat grain myco-
biota, 100 seeds of each genotype were surface sterilized in
5 % sodium hypochlorite and washed with sterilized water.
Then, grains were placed on potato sucrose agar medium
(PSA) in Petri dishes (Orina et al., 2018), and incubated in the
dark at 24 °C in an MIR-254 thermostat (Sanyo, UK). After
seven days, the number and species diversity of fungi isolated
from the grain were registered.

The taxonomic status of the isolated fungi was determined
by the sum of macro- and micromorphological characters
according to the manuals (Ellis, 1971; Gerlach, Nirenberg,
1982; Samson et al., 2002; Torp, Nirenberg, 2004).

The grain infection by definite fungi was quantified as the
percentage ratio of the number of grains from which these
fungi were isolated to the total number of analysed grains.

Analysis of F. langsethiae DNA content. Ten grams of
grain of every oat genotype was homogenized separately
using sterilized grinding chambers of a Tube Mill Control
batch mill (IKA, Germany) at 25,000 rpm for 30-45 s. Total
DNA from 200 mg of grain flour was isolated using the CTAB
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Table 2. The weather conditions of summer 2019 and 2020 in the Moscow region (meteorological station No. 27515)
Month Temperature, °C Average Total precipitation, ~ Number of days
.................................................................................................... humidity, % mm with precipitation

method (Gagkaeva et al., 2013). Genomic DNA was isolated
from the mycelium of a typical F. langsethiae strain from the
collection of the Laboratory of Mycology and Phytopathology
of All-Russian Institute of Plant Protection using a Genomic
DNA Purification Kit (Thermo Fisher Scientific, Lithuania)
according to the manufacturer’s protocol.

The DNA concentrations from the grain samples and from
fungal strains were determined using a Qubit 2.0 fluorome-
ter with a Quant-iT dsSDNA HS Assay Kit (Thermo Fisher
Scientific, USA). Before the start of quantitative PCR (qPCR),
the concentrations of all DNA samples were aligned to
20-60 ng/pL.

The F. langsethiae DNA content in every DNA sample ex-
tracted from oat flour was estimated by gPCR with a TagMan
probe fluorescently labelled with Cy5 dye and a BHQ-2
quencher (Yli-Mattila et al., 2008).

Amplification reactions were run using the CFX 96 Real-
Time System (BioRad, USA) according to the following
protocol: 1x[95 °C, 3 min]; 40x[95 °C, 10 s; 60 °C, 10 s;
72 °C, 20 s]. The DNA content was calculated as the ratio of
fungal DNA to total DNA in each sample (pg/ng).

Analysis of mycotoxin content. The mycotoxins were ex-
tracted from 1 g of oat flour with 5 mL of an acetonitrile:water
mixture (84:16, v/v) for 14-16 h. The total amounts of T-2 and
HT-2 toxins in the extracts were determined using an indirect
competitive enzyme-linked immunosorbent assay. The diag-
nostic certified test system “T-2 toxin—ELISA” (All-Russian
Research Institute for Veterinary Sanitation, Hygiene and
Ecology, Russia) was used. The limit of mycotoxin detection
was 4 ng/kg.

Statistical analysis. The contents of fungal DNA and my-
cotoxins in the grain of each genotype were analysed at least
twice. The mean values, confidence intervals, Pearson coef-
ficients of correlation (r) between quantitative parameters and
variance analysis (ANOVA) were performed using Microsoft
Excel 2010, Minitab 17 and Statistica 10.0 programs. Differ-
ences were considered significant at p < 0.05.

CTPECCOYCTOMYMBOCTb PACTEHWI / STRESS RESISTANCE IN PLANTS

Fusarium

Epicoccum

Cladosporium

Cochliobolus

Alternaria

0 10 20 30 40 50 60
Grain infection on average, %

Fig. 1. Fungal infection of oat grain (Federal Research Center “Nemchi-
novka’, Moscow region, 2019-2020).

Results

Fungal infection of oat grain
The predominance of fungi belonging to Alternaria Nees, Co-
chliobolus Drechsler, Cladosporium Link, Epicoccum Link,
and Fusarium genera in the grain of the analysed oat genotypes
was revealed by the mycological method. In addition, the fungi
Acremonium Link, Arthrinium Kunze, Gliocladium Corda,
Microdochium Syd. & P. Syd., Mucor Fresen., Nigrospora
Zimm., Penicillium Link, Phoma Sacc., and Trichothecium
Link genera were sporadically isolated from the grain.

Alternaria fungi were the most abundant in the oat grain
mycobiota in both years of the study (Fig. 1). The majority
of isolated Alternaria spp. was represented by fungi belong-
ing to section Alternaria (86 % in 2019 and 84 % in 2020),
and the remaining isolates were identified as Alternaria fungi
belonging to section Infectoriae.

Grain infection with Cochliobolus fungi, including Bipo-
laris sorokiniana Shoemaker, Drechslera avenae (Eidam)
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F. langsethiae DNA x 104 pg/ng

A
= 2019 [ ] ] ®...
L
2020 . e, . . . . .
15 20 25 30 35 40 45
T-2/HT-2 toxins, pg/kg
A
[ [
2019 A LB L ®
=
L
.0 A \ \ , A A )
2020 75 100 125 150 175 200 225 250
A Nemchinovsky 61 ® 70h2613 @ 52h2467
A Vyatsky (control) ® 66h2618 @ 50h2613
® 57h2396 4h2708
® 55h2618  ® 2h2532
® 54h2476  ® 2h2348

Fig. 2. Contents of F. langsethiae DNA and T-2/HT-2 toxins in the grain of
the varieties and breeding lines of oats (Federal Research Center “Nem-
chinovka”).

Sharif (Pyrenophora avenae Ito & Kurib) and others, differed
significantly in the years of study (p = 0.000012). In 2019, oat
grain infection with Cochliobolus spp. varied in the range of
1-13 %, whereas in 2020, its incidence was 6-33 %.

The proportion of grains colonized by Fusarium spp. did
not differ significantly between the years of study. The inci-
dences of Fusarium infection of grain of naked oat lines and
the variety Nemchinovsky 61 varied from 5 to 17 % in 2019
and from 3to 13 % in 2020. For the husked variety Yakov, the
incidences of Fusarium grain infection were 26 and 17 % in
2019 and 2020, respectively. For the control variety VWatsky,
the incidences were 5 and 3 %, respectively. In both years of
the study, only two lines, 54h2476 and 66h2618, were cha-
racterized by lower grain infection or coincidence with the
control variety Watsky grain infection with Fusarium spp. At
least nine Fusarium species were identified in the mycobiota
of oat grains, but toxin-producing F. poae and F. langsethiae
species prevailed in both years. The proportions of these fungi
among Fusarium spp. isolates were 49—68 % for F. poae and
29-28 % for F. langsethiae.

Contents of F. langsethiae DNA and T-2/HT-2 toxins

The highest content of F. langsethiae DNA was revealed
in the grain of the husked variety Yakov and amounted to
71.9x 10~ pg/ng in 2019 and 27.9x 10 pg/ng in 2020. In
the grain of the control naked variety Watsky, the F. lang-
sethiae DNA content was significantly lower, reaching
11.0x 1074 pg/ng in 2019 and 1.2x10~* pg/ng in 2020. In
2019, only three oat breeding lines, 2h2532, 52h2467, and
50h2613, contained more F. langsethiae DNA than the control
variety Watsky. In 2020, the contents of fungal DNA in the
grain of all analysed oat breeding lines were higher than that
in the control variety (Fig. 2).
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The content of T-2/HT-2 toxins was the highest in the
grain of the husked variety Yakov — 1230 pg/kg in 2019 and
790 pg/kg in 2020. In the grain of the naked variety WWatsky,
these mycotoxins were detected in lower amounts of 71 and
23 pg/kg in 2019 and 2020, respectively. The content of
T-2/HT-2 toxins in the grain of oat breeding lines varied in
the ranges of 5-230 pg/kg in 2019 and 10-100 pg/kg in 2020
(see Fig. 2).

Discussion

The mycological analysis revealed the presence of fungal in-
fection in the grain of all oat genotypes; however, the number
and species composition of identified micromycetes varied
depending on oat genotype and crop year.

The average temperatures during the vegetation seasons in
both years were similar; however, the precipitation in May-
August in 2020 was two times higher than that observed in
the previous year. As a result, the average grain infection with
Cochliobolus increased fourfold in 2020; at the same time,
grain infections with Alternaria, Cladosporium and Fusarium
fungi significantly decreased 1.4-3.5 fold.

With the high incidence of Cochliobolus infection of oat
grain in 2020, a significant negative correlation between in-
fection with Cochliobolus and Alternaria fungi was revealed
(r=-0.56, p = 0.024). Previously, antagonistic relationships
between these two groups of fungi associated with small-grain
cereals were also established (Kazakova et al., 2016; Gannibal,
2018; Orinaetal., 2020). Perhaps the Cochliobolus were more
competitive in the wetter conditions, and these fungi had an
advantage over Alternaria and Fusarium fungi.

Significant positive correlations between grain infection
and Alternaria and Fusarium fungi (r = 0.64, p = 0.019) and
Epicoccum and Fusarium fungi (r = 0.57, p = 0.043) were
revealed in 2019. Asymbioatic relationship between Alternaria
and Fusarium fungi in cereal grain has been established re-
peatedly (Kosiak et al., 2004; Orina et al., 2017; Karakotov
etal., 2019).

Among all Fusarium fungi isolated from oat grains, the
F. poae and F. langsethiae strains were dominant. F. poae pro-
duce nivalenol and diacetoxyscirpenol and F. langsethiae is a
strong producer of T-2/HT-2 toxins and DAS. In Russia, the
amounts of T-2/HT-2 toxins are regulated in oat grains for food
and feed, and the maximal permissible limit is 100 pug/kg 4.

The relatively low infection of grain with F. langsethiae
(with maxima of 14 and 5 % in 2019 and 2020, respectively)
led to high amounts of detected mycotoxins. Therefore, we
evaluated the breeding material by both the presence of
F. langsethiae DNA and the accumulation of the sum of T-2
and HT-2 toxins in grain.

The highest incidence of infection with F. langsethiae and
the maximal amounts of fungal DNA and T-2/HT-2 toxins were
found in the grain of the husked variety Yakov. In comparison
with this genotype, all naked breeding lines and varieties were

3 Technical Regulation of Custom Union 015/2011 “About grain safety” with
changes from 15 September 2017. Supplementary 2.

4 Technical Regulation of Custom Union 021/2011 “About food safety” with
changes from 8 August 2019. Supplementary 3.
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less infected and contained significantly less fungal DNA and
mycotoxins. Significant positive correlations between the
amounts of F. langsethiae DNA and T-2/HT-2 toxins in the
grain of naked oat genotypes were found (r = 0.54, p = 0.069
in 2019, and r = 0.51, p = 0.054 in 2020).

The results of our study demonstrated significant differences
in oat breeding lines and varieties according to the content
of F. langsethiae DNA in grain, although all genotypes were
contaminated with T-2/HT-2 toxins. Thus, it is worth empha-
sizing again that the evaluation of oat resistance to Fusarium
disease should be carried out according to several parameters.

It has been suggested that oat resistance type V to Fusarium
disease depends on the mycotoxin type and that the QTLs as-
sociated with a low level of accumulation of deoxynivalenol
in grain might not provide the resistance of the same genotype
to other mycotoxins (He et al., 2013; Martin et al., 2018).
However, comparison of the results obtained in our study
(Gagkaevaetal., 2013) and later studies of the same oat geno-
types under different conditions, genotype VIR-7766 (Haut-
salo et al., 2021), varieties Argamak (Willforss et al., 2020)
and Watsky (Chrpova et al., 2020), demonstrated a relatively
high resistance of these oats to the accumulation of different
mycotoxins, such as T-2/HT-2 toxins and deoxynivalenol.

The genetic basis of oat breeding lines plays a key role in
their resistance to Fusarium disease. In the pedigree of two
naked oat lines, characterized by high contents of fungal DNA
and mycotoxins in 2019, the Zalp variety was recorded. Ap-
parently, the crossing of breeding material with this variety
can promote an increase in genotype susceptibility to Fusarium
disease.

Conclusion

The breeding lines of naked oats created in the Federal Re-
search Center “Nemchinovka” were evaluated by the sum of
parameters characterized by different types of oat resistance
to Fusarium disease. The amounts of F. langsethiae DNA and
T-2/HT-2 toxins produced by this fungus were analysed, and
based on the results obtained during a two-year study, under
growth conditions, two lines of naked oats, 54h2476 and
66h2618, and the new variety, Azil (Line 57h2396 in 2019),
demonstrated relatively high resistance to F. langsethiae infec-
tion and mycotoxin contamination compared with the control
naked variety Watsky. These lines should be actively used to
create new varieties that do not accumulate mycotoxins and
are characterized by high-quality grain.
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Abstract. Present-day wheat breeding for immunity exploits extensively closely related species from the family Tri-
ticeae as gene donors. The 2NS/2AS translocation has been introduced into the genome of the cultivated cereal
Triticum aestivum from the wild relative T. ventricosum. It contains the Lr37, Yr17, and Sr38 genes, which support
seedling resistance to the pathogens Puccinia triticina Eriks., P. striiformis West. f. sp. tritici, and P. graminis Pers. f. sp.
tritici Eriks. & E. Henn, which cause brown, yellow, and stem rust of wheat, respectively. This translocation is present
in the varieties Trident, Madsen, and Rendezvous grown worldwide and in the Russian varieties Morozko, Svarog,
Graf, Marquis, and Homer bred in southern regions. However, the Sr38 gene has not yet been introduced into com-
mercial varieties in West Siberia; thus, it remains of practical importance for breeding in areas where populations of
P. graminis f. sp. tritici are represented by avirulent clones. The main goal of this work was to analyze the frequency of
clones (a)virulent to the Sr38 gene in an extended West Siberian collection of stem rust agent isolates. In 2019-2020,
139 single pustule isolates of P. graminis f. sp. tritici were obtained on seedlings of the standard susceptible cultivar
Khakasskaya in an environmentally controlled laboratory (Institute of Cytology and Genetics SB RAS) from samples
of urediniospores collected on commercial and experimental bread wheat fields in the Novosibirsk, Omsk, Altai, and
Krasnoyarsk regions. By inoculating test wheat genotypes carrying Sr38 (VPM1 and Trident), variations in the purity
of (a)virulent clones were detected in geographical samples of P. graminis f. sp. tritici. In general, clones avirulent to
Sr38 constitute 60 % of the West Siberian fungus population, whereas not a single virulent isolate was detected in
the Krasnoyarsk collection. The Russian breeding material was screened for sources of the stem rust resistance gene
by using molecular markers specific to the 2NS/2AS translocation. A collection of hybrid lines and varieties of bread
spring wheat adapted to West Siberia (Omsk SAU) was analyzed to identify accessions promising for the region. The
presence of the gene was postulated by genotyping with specific primers (VENTRIUP-LN2) and phytopathological
tests with avirulent clones of the fungus. Dominant 5r38 alleles were identified in Lutescens 12-18, Lutescens 81-17,
Lutescens 66-16, Erythrospermum 79/07, 9-31, and 8-26. On the grounds of the composition of the West Siberian
P. graminis f. sp. tritici population, the Sr38 gene can be considered a candidate for pyramiding genotypes promising
for the Novosibirsk, Altai, and Krasnoyarsk regions.

Key words: Puccinia graminis f. sp. tritici; avirulent clones; resistance; Triticum aestivum; Sr38.
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I'eH Sr38: sHaueHMe /IS CeJIeKIINU MSITKOM IIIIIeHUIIbI
B VCJIIOBUSIX 3artagHoii Cubupu
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AnHoTayua. CoBpemeHHasa cenekuna MeHULbl Ha UMMYHUTET LWMPOKO MPUMEHSAET reHeTUYeCcKnin peseps 6n1m3-
KOPOACTBEHHbIX BMAOB M3 cemelcTBa Triticeae. TpaHcnokauma 2NS/2AS nprvBHeCeHa B reHOM KyJbTYPHOrO 3/1aka
Triticum aestivum oT guKopacTyLiero copoauya T. ventricosum v conep»<ut rebl Lr37, Yr17 n Sr38, KoTopble oTBeYaloT
3a YCTOMYMBOCTb MLUEHNLbI HA YPOBHE NPOPOCTKOB K BypOI, XenToi 1 cTebneBoi paBuMHe C COOTBETCTBYOLWMMN
BO36ypuTenamu: Puccinia triticina Eriks., P. striiformis West. f. sp. tritici n P. graminis Pers. f. sp. tritici Eriks. & E. Henn.
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E.C. CkonotHeBa, B.H. Kenb6wuH, B.MM. LlamaHuH
H.W. Boriko, B.A. AnapuHa, E.A. CanuHa

leH Sr38: 3HaueHme ana cenekymm MArKom NieHnLbl
B ycnioBuaAx 3anagHon Cnbrpu

[laHHaA TpaHCoKaLmMA N3BeCTHA B TaKMX MUPOBbIX copTax, kak Trident, Madsen, Rendezvous, a Tak»ke B oTeyecTBeH-
HbIX copTax oXHOM cenekunn Moposko, Capor, pad, Mapku3s n fomep. MNMpu 3ToM reH Sr38 go cux Nop He BBefeH
B NPOV3BOACTBEHHbIE COPTA, BbiCEBAEMble Ha TeppuTopum 3anagHoi Crbrpu, NOSTOMY COXPaHAET MpPaKTNYeckoe
3HayeHvie AnA cenekumm Ha UMMYHUTET B 06nacTaAx, rae natoreHHas nonynauua P. graminis f. sp. tritici npegcraBnexa
aBUPYNEHTHbIMMK KNloHamK. OCHOBHasA Liesib paboTbl COCTOANA B aHaNIM3€e YacToTbl a/BUPYNEHTHbBIX KNOHOB K reHy Sr38
B pacLUMpeHHON 3anagHoCnbnpcKoi Bbibopke Bo3byanTena ctebneBol paBunHbl. B nabopatopuu ¢ KOHTponmpye-
MbIM KnumaTtom (MHcTUTy T umtonorum un reHetukn CO PAH) Ha npopocTKax yHMBepCaibHOro BOCMPUYMYMBOTO CopTa
Xakacckas BbigeneHo 139 MOHONYCTYNbHbIX M30nATOB P. graminis f. sp. tritici 3 obpa3uos ypegmHuocnop Hosocu-
6upckoir, Omckol obnacteir, AnTtaiickoro 1 KpacHospckoro Kpas, cobpaHHbix B 2019-2020 rr. Ha MPON3BOLACTBEH-
HbIX N CeNeKLUMOHHbIX MOoCeBax MArKOM nweHuubl. [yTem 3apaeHna TeCTepHbIX reHOTUMNOB MLIEHNLbI, HeCYLINX
reH Sr38 (VPM1 u Trident), BbiABNIEeHbl BapuaLmm nNo YacToTe a/BUPYIIEHTHbIX KIIOHOB B reorpaduyeckrx obpasuax
P. graminis f. sp. tritici. B uenom Tekywan 3anagHocnbupckaa nonynauma npeactasneHa Ha 60 % aBUPYNeHTHbIMU
KnoHamu rpuba K reHy Sr38, npu 3Tom B 06pasuax nonynaummn 3 KpacHoApcKoro Kpas He BbIABEHO HU OAHOrO
BUPYNEHTHOrO n3onaTa. MoncK NCTOYHUKOB reHa YCTOMUMBOCTY K CTeONIEBON pXKaBUMHE CPEAM OTeyeCTBEHHOro
CeneKUMOHHOro MaTteprana Obl1 BbIMOSIHEH C MOMOLLbIO CrelndUYecKnx MONeKysPHbIX MapKepPOB Ha TPaHC/IOKa-
umio 2NS/2AS. Ncxona 13 nepcrnekTvBbl UCMNONb30BaHUA B PErVIOHe, BbIGOP MPOBOAUNN CPefyn KOMNEKLMN INHNIA
1 COPTOB MArKON ApPoBON MnweHuubl Omckoro MY, aganTMpoBaHHbIX K ycnosuam 3anagHon Cnbupu. Mpucytctaue
reHa nocTynnpoBanochb NyTem NpPOBefeHUA NpoLeaypbl FeHOTUMMPOBAHMA C MOMOLLbIO cneuuduyecknx nparme-
poB (VENTRIUP-LN2) n ¢utonatonornyeckoro TeCTMpoBaHUs aBUpyNeHTHbIMY KnoHamu rpuba. Hocutenamm gomu-
HaHTHbIX annenen reHa Sr38 okaszanucb NuHMK JliotecueHc 12-18, JioTecuyeHc 81-17, JlioTecueHc 66-16, SpuTpocnep-
Mym 79/07, 9-31 1 8-26. NonyuyeHHble faHHble MO COCTaBy 06Pa3LOB 3anafgHocMbrpckol nonynauum P. graminis f. sp.
tritici NO3BONAT paccmMaTpmMBaThb reH Sr38 B KauecTBe KaHAMAaTa ASA BKAOYEHMA B cenekumio nweHnubl B KpacHo-
APCKOM Kpae, a TakxKe B CoCTaBe reHHbIx nnpamug B HoBocnbupckoi o6nactn n Antainckom Kpae.

KnioueBble cnoBa: Puccinia graminis f. sp. tritici; aBupyneHTHble KNOHbI; yCTONUYMBOCTb; Triticum aestivum; Sr38.
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Introduction
Bread wheat Triticum aestivum has been cultivated in many
countries for millennia. The exhaustion of the diversity of
wheat genes potentially encoding commercially valuable
traits, including pest resistance, is inevitable. Wild relatives in
the Triticeae family are broadly used as genetic resources for
modern wheat breeding for immunity. They include Triticum
monococcum L., T. speltoides (Tausch) Gren., and T. ventri-
cosum (Mclntosh et al., 1995; Dubcovsky et al., 1996; Friebe
etal., 1996). A long chromosome stretch (25—-38 cM) hosting
three genes for rust resistance was transferred to the genome
of bread wheat variety VPM1 from T. ventricosum (Maia,
1967) and identified as a 2NS/2AS translocation (Bariana,
Mclntosh, 1993). The acquired genes Lr37, Yrl7, and Sr38
confer resistance against brown, yellow, and stem rusts, caused
by Puccinia triticina Eriks., P. striiformis West. f. sp. tritici,
and P. graminis Pers. f. sp. tritici Eriks. & E. Henn., respec-
tively. The 2NS/2AS translocation was also introgressed to
other commercial varieties: Trident, Madsen, and Rendezvous
(Mclintosh etal., 1995). Then it was extensively used in breed-
ing in various regions of the world, where it provided efficient
protection from rust agents and some nematode species attack-
ing cereals (Dyck, Lukow, 1988; Robert et al., 1999; Seah et
al., 2000). Cultivars with the identified Lr37 gene for brown
rust resistance and, correspondingly, with the Sr38 and Yr17
genes for resistance to stem and yellow rusts were raised at
the Lukyanenko National Center of Grain, put on the Russian
state register, and authorized for commercial use in the Cen-
tral Chernozem, North Caucasian, Middle Volga, and Lower
Volga regions. They include Morozko (2015), Svarog (2017),
Graf (2018), Marquis (2019), and Homer (2020) (Bespalova
etal., 2019, b).

The Sr38 gene became inefficient against stem rust in
countries of Asia and Northern Africa when the aggressive
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southern race Ug99 started its expansion (Pretorius et al.,
2000). However, this race has not yet been detected among
wheat pathogens in Russia (Baranova et al., 2015; Skolotneva
et al., 2020b). Moreover, it has been shown that low tem-
peratures enhance Sr38 expression (Helguera et al., 2003).
Thus, it may be promising in wheat breeding in regions with
temperate climate. As Sr38 has not been widely introduced
into commercial varieties grown in West Siberia (Sochalova,
Lichenko, 2015), is remains of practical significance for breed-
ing for resistance in regions where pathogenic P. graminis
f. sp. tritici populations are represented by avirulent clones.

Several molecular markers of the 2NS/2AS translocation
have been designed to facilitate the transfer of the Lr37,
Yrl7, and Sr38 genes to commercial varieties. The first of the
proposed markers was the dominant SCAR (Sequence Cha-
racterized Amplified Region) marker, located at 0.8+0.7 cM
apart from the Yrl7 gene (Robert et al., 1999). At present,
two markers are widely used to identify the 2NS/2AS trans-
location in wheat genetic material (Helguera et al., 2003).
The codominant CAPS (Cleavage Amplified Polymorphic
Sequence) marker demands an additional step of digesting the
diagnostic fragment with restriction endonucleases. The domi-
nant PCR marker is targeted directly at a specific sequence of
the typical allele inside the translocation. The amplification is
done with the VENTRIUP-LN2 primer pair, and the products
are resolved in agarose gel (https://maswheat.ucdavis.edu/
protocols/Sr38), which is an obvious advantage of the marker.

Here we analyze the frequencies of clones (a)virulent
against Sr38 in a West Siberian collection of stem rust agent
isolates extended by adding samples from the Krasnoyarsk
region. Another objective of this work is the DNA marker-
assisted search for Sr38-carrying accessions. The study in-
volved a collection of spring bread wheat lines and cultivars
adapted for growing in West Siberia.
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Table 1. Percentages of avirulent P. graminis f. sp. tritici clones on Sr38-bearing tester wheat varieties

of single pustule isolates

Sampling locality Year Number

. OmSk reglon ........................................... 2020 ............................ 33 ...............
NOVOSIbIrSkreglon ................................ 2019’2020 .................. 57 ...............
A|ta|reg|0n ............................................. 2019 ............................ 21 ................
KrasnoyarSkreglon ................................ 2020 ............................ 28 ...............
Tota| ............................................................................................ 139 .............

Materials and methods

The extended West Siberian collection of the stem rust agent
included samples from the Novosibirsk, Omsk, Altai, and
Krasnoyarsk regions collected from commercial and experi-
mental bread wheat fields in 2019-2020. A total of 139 P. gra-
minis f. sp. tritici single pustule isolates were obtained from
the collected urediniospores on seedlings of the standard
susceptible cultivar Khakasskaya in an environmentally
controlled laboratory (Institute of Cytology and Genetics,
Novosibirsk) (Table 1).

The frequencies of clones avirulent to the Sr38 gene were
determined on tester wheat genotypes: an isogenic line and
varieties from a set for differentiating stem rust races on wheats
of the USA and Canada bearing the Sr38 gene: VPM1 and
Trident, respectively. Prior to the experiment, the seed material
was verified with molecular markers to the gene, and plants
Sr38-negative on the DNA array were rejected.

The protocols for seedling preparation and inoculation with
fungus clones for the analysis of resistance are described in
detail by Skolotneva et al. (2020a). The infection types on
wheat tester lines were scored according to the Stackman
four-point scale (Stackman et al., 1962).

The collection of 80 bread wheat lines and varieties
adapted to the West Siberian conditions was kindly provided
by Prof. V.P. Shamanin, Omsk SAU. DNA was isolated from
seedling apices by the CTAB method (Rogers, Bendich, 1985).
DNA was quantified with a Qubit 4 fluorometer (Invitrogen,
United States).

The Sr38 gene was identified in the material with the pri-
mers VENTRIUP (5'-AGGGCTACTGACCAAGGCT-3") and
LN2 (5-TGCAGCTACAGCAGTATGTACACAAAA-3') for
the 2NS/2AS translocation. Amplification mixture: 1x SE-buf-
fer AS (ammonium sulfate), 0.2 mM each dNTP, 0.2 uM each
primer, 1.5 mM MgCl,, 50 ng of genomic DNA, 1 U of Taq
DNA polymerase (SibEnzyme, Russia), volume 25 pL. The
reaction was carried out in a Bio-Rad T100 thermocycler
(United States) according to the following program: prede-
naturation 7 min at 94 °C followed by 30 cycles: 94 °C, 30 s;
65°C,30s; 72 °C, 30 s. Postextension was performed at 72 °C
for 10 min. The products were resolved in 2 % agarose gel.
Fragment sizes were assessed against the Step 50 plus DNA
ladder (Biolabmix, Russia).

The final step of gene postulation was the phytopatho-
logical test of resistance with P. graminis f. sp. tritici isolates
avirulent against Sr38. Plant resistance was assessed at the
seedling stage as mentioned above. The Khakasskaya variety
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was chosen as the susceptible control. The experiment was
carried out on ten plants of each genotype in two replications.

Results and discussion

While assessing stem rust agent isolates from various localities
in West Siberia, we detected a variation in the frequencies of
fungus clones not attacking tester genotypes with Sr38, that
is, avirulent against them (see Table 1). The variation showed
a longitudinal cline from the minimum frequency in the Omsk
region to the nearly 100 % avirulence in the population of the
Krasnoyarsk region. The polymorphism of the detected infec-
tion types in response to the inoculation with single pustule
P. graminis f. sp. tritici isolates from different samples is
illustrated in Figure 1. All types scoring 1, 2, 3, and 3+ were
detected, but those corresponding to resistance and medium
resistance were predominant in isolates from the Altai and
Krasnoyarsk regions. Noteworthy is the occurrence of aviru-
lent clones in the Novosibirsk and Altai samples, not observed
in the analysis of the races of the West Siberian population
in 2017 (Skolotneva et al., 2020b). This fact may be due to
importation of P. graminis f. sp. tritici inoculum from southern
regions. It is known that the Sr38 gene is efficient in northern
Kazakhstan and China (Koyshybaev, 2018; Li et al., 2018).

In general, clones avirulent against Sr38 constitute 60 %
of the West Siberian population. If we reject the collection
from the Omsk region, where the gene has been considered
inefficient against the local agent for several years (Shama-
nin et al., 2020), the frequency of fungus clones not injuring
genotypes with Sr38 increases to 78 %. Therefore, the gene
can be useful in gene pyramiding for eastern West Siberia.
The efficiency of the genotypes Sr25+Sr38 and Sr31+Sr38
has been demonstrated in the Urals, where Sr38 alone can-
not sufficiently protect plants from stem rust (Druzhin et al.,
2018). An additional valuable feature of the 2NS/2AS trans-
location is that it bears the resistance genes Lr37 and Yrl7,
which remain efficient against West Siberian isolates of brown
and yellow rust agents (Skolotneva et al., 2018; Gultyaeva,
Shaydayuk, 2020).

Donors of the Sr38 gene were sought in the Russian breed-
ing material with a specific molecular marker for the 2NS/2AS
translocation. As the breeding programs should be targeted at
West Siberia, the Omsk SAU collection of spring bread wheat
lines and varieties adapted to the region was screened. The
gene presence was postulated by genotyping with specific
primers (VENTRIUP-LN2) and phytopathological tests with
avirulent fungus clones.
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Fig. 1. Infection types of P. graminis f. sp. tritici from various regions tested
on genotypes with Sr38.

Reaction type scores with fungus isolates: from the Novosibirsk region: (7) 3+,
(2) 3—,(3) 1; from the Altai region: (4) 1; from the Krasnoyarsk region: (5) 2; from
the Omsk region: (6) 3, (7) 3+.

leH Sr38: 3HaueHme ana cenekymm MArKom NieHnLbl 2021
B ycnosuax 3anagHoi Cnbupu 25.7
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Fig. 2. Electrophoretic image of amplification with molecular markers to
the Sr38 gene on bread wheat DNA from the West Siberian collection of
experimental lines, Omsk SAU.

Lanes: m, Step 50 plus DNA ladder (Biolabmix); 7, Lutescens 12-18; 2, Lutes-
cens 34-16; 3, Lutescens 81-17; 4, Lutescens 66-16; 5, Erythrospermum 79/07;
6, line 9-31; 7, line 8-26; 8, genotype 2 from the Omsk SAU collection; “C-", ne-
gative control (cv. Khakasskaya); “C+", positive control (VPM1).

Table 2. Pedigrees of some wheat lines from the West Siberian collection (Omsk SAU) resistant to stem rust

against the natural infectious background of the Omsk region, 2019

Breeding line Pedigree Field
scores

LUtescenS 1 2 18 ........... MN661 6 M/3 /NL4 56NEE#5//DUCU LA/4/KAR AGANDINS KAYA 7 O .......................................................................... 20M R .........
LUtescen53416 ........... OMSKAYA36/BAV|S//TERTS|YA mMR .........
Lutescens81-17  ERITROSPERMUM 55-94-01-20/5/PYN/BAU/3/MON/IMU//ALD/PYN/4/VEE#5/SARA//DUCULA/6/FITON 42 10MR
Lmescens 6 6 16 ........... 2790 98 3 /3/KA/NAC//TRCH/4/A|_TAYSKAYA 5 3 0 .................................................................................................... 25M R .........
. 931 ................................ UKRO D . 1530 9 4 /AES Q UAR ROSA“ 0 27)/Pa myatl AZ I eva ....................................................................................... 20M R .........
826 ............................... A|SBERG/AE5QUARROSA( 369)/Om gau 90 ............................................................................................................... 20M R .........

Positive signals corresponding to the diagnostic 259 bp
long amplicon were obtained from DNA templates of seven
experimental wheat lines: Lutescens 12-18, Lutescens 34-16,
Lutescens 81-17, Lutescens 66-16, Erythrospermum 79/07,
9-31, and 8-26 (Fig. 2). The pedigrees of these varieties and
hybrid lines are shown in Table 2. The dramatic variation in
the origins of the supposed Sr38 carriers deserves special at-
tention, as it augments the value of the accessions as diverse
resistance donors.

Puccinia graminis f. sp. tritici isolates eliciting stable res-
ponses on Sr38-bearing tester wheat genotypes were picked
from infection samples of the Krasnoyarsk region for phyto-
pathological tests of the West Siberian collection of bread
wheat cultivars and hybrids. Infection types 0 and 1, indi-
cative of resistance, were observed on inoculated plants of

CTPECCOYCTOMYMBOCTb PACTEHUI / STRESS RESISTANCE IN PLANTS

Lutescens 12-18, Lutescens 34-16, Lutescens 81-17, Lutes-
cens 66-16, Erythrospermum 79-07, 9-31, and 8-26 (Fig. 3).
In addition to the susceptible control (cv. Khakasskaya), we
added for reference genotype 2, which lacks Sr38 according
to genotyping with molecular markers. They showed the
maximum development of stem rust signs, scored 3 and 4.
Part of the tested Lutescens 34-16 plants were susceptible to
fungal isolates avirulent against Sr38 (45S and 45R in Fig. 3).
They constituted 30 % of the tested sample. This observation
indicates that the breeding material contained biotypes differ-
ing in stem rust resistance. The molecular marker is dominant;
therefore, it cannot rule out heterozygosity for the character,
as found in phytopathological tests. The presence of resistant
Sr38 alleles, expressing in response to the infection by aviru-
lent clones of the fungus in accordance with Flor’s gene-for-
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Fig. 3. Reaction type scores of bread wheat cultivars and hybrids from the
Omsk SAU West Siberian collection inoculated with P. graminis f. sp. tritici
isolates avirulent against Sr38.

Seedlings: Kh, cv. Khakasskaya (score 4); 2, genotype 2 from the Omsk
SAU collection (score 3); 34, Lutescens 12-18 (score 1); 45R and 45S, Lutes-
cens 34-16 (scores 0 and 4, respectively); 50, Lutescens 81-17 (score 0); 57, Lu-
tescens 66-16 (score 0), 77, Erythrospermum 79/07 (score 0); 89, line 9-31
(score 0); 90, line 8-26 (score 1).

gene relationship, describing the interaction between a host
and a pathogen, was proven in the remaining West Siberian
bread wheat accessions: Lutescens 12-18, Lutescens 81-17,
Lutescens 66-16, Erythrospermum 79/07, 9-31, and 8-26.
The results of immunological screening of these lines in field
tests of breeding material against the natural infectious back-
ground point to medium stem rust resistance in Sr38 carriers
(see Table 2). This fact is consistent with phytopathological
tests on seedlings with isolates from the Omsk P. graminis
f. sp. tritici population.

Conclusion

The analysis of West Siberian P. graminis f. sp. tritici isolates
shows that the Sr38 gene is promising for wheat breeding in
the Krasnoyarsk region and for gene pyramiding in the Novo-
sibirsk and Altai regions. The following bread wheat cultivars
and experimental lines from the Omsk SAU collection carry
dominant Sr38 alleles: Lutescens 12-18, Lutescens 81-17,
Lutescens 66-16, Erythrospermum 79/07, 9-31, and 8-26.
These accessions are adapted to the regional environment;
therefore, they may be recommended as stem rust resistance
donors for breeding programs in West Siberia.
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Polymorphism of CLE gene sequences in potato
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Abstract. CLE (CLV3/ESR) is one of the most important groups of peptide phytohormones: its members regulate
the development of various plant organs and tissues, as well as interaction with some parasites and symbionts
and response to environmental factors. In this regard, the identification and study of the CLE genes encoding the
peptides of this group in cultivated plants are of great practical interest. Relatively little is known about the func-
tions of CLE peptides in potato, since the CLE genes of the potato Solanum phureja Juz. et Buk. were characterized
only in 2021. At the same time, potato includes plenty of tuberous species of the genus Solanum L., both wild and
cultivated, and the diversity of its forms may depend on differences in the sequences of CLE genes. In this work,
we performed a search for and analysis of the CLE gene sequences in three wild potato species (S. bukasovii Juz.,
S. verrucosum Schltdl., S. commersonii Dunal) and four cultivated species (S. chaucha Juz. et Buk., S. curtilobum Juz.
et Buk., S. juzepczukii Juz. et Buk., S. ajanhuiri Juz. et Buk.). In total, we identified 332 CLE genes in the analyzed
potato species: from 40 to 43 genes of this family for each potato species. All potato species taken for analysis had
homologues of previously identified S. phureja CLE genes; at the same time, the CLE42 gene, which is absent from
the S. phureja genome, is present in all other analyzed potato species. Polymorphism of CLE proteins of S. commer-
sonii is significantly higher than that of other analyzed potato species, due to the fact that S. commersonii grows in
places outside the growing areas of other potato species and this potato is probably not one of the ancestors of
cultivated potato. We also found examples of polymorphism of domains of CLE proteins that carried different func-
tions. Further study of potato CLE proteins will reveal their role in development, including regulation of productiv-
ity in this important agricultural crop.

Key words: CLE genes; potato; Solanum bukasovii; Solanum verrucosum; Solanum commersonii; Solanum chaucha;
Solanum curtilobum; Solanum juzepczukii; Solanum ajanhuiri.
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I[TonuMopdu3M 11ocienoBaTenbHOCTeli reHOB CLE RapTodes
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AnHoTayua. CLE (CLV3/ESR) — ogHa 13 BaxHenwx rpynn nentngHbix GutoropmoHoB. Ee npepcrasuteny perynm-
pYyIOT pa3BuTME PasMyHbIX OPraHOB U TKaHel pacTeHni, a Takke B3auMoAeCTBME C HEKOTOPbIMY Napasutamm v
CMMBUOHTaMM 1 OTBET Ha GpaKTOPbl OKpYXKatoLet cpefibl. B cBA3M ¢ 3TM naeHTndUKauma n nsyyeHue reHos CLE,
KOAMUPYIOLWMX NENTUAbl STOW FPYNMbl, y KybTYPHbIX PAacTEHUI NPefCTaBAAOT 60MbLION NPaKTUYECKUA NHTEPEC.
O ¢yHkumsax CLE nentngos y kaptodens U3BeCTHO HEMHOTO, MOCKONbKY reHbl CLE kapTodensa Solanum phureja Juz.
et Buk. 6b1n1 oxapakTepur3oBaHbl TofbKo B 2021 1. BMecTe ¢ Tem KapTodenb BKntouaeT B cebs MHOTO KiyOHEHOCHbIX
BMAOB pofa Solanum L., Kak OMKUX, TaK 1 KYNIbTYPHbIX, 1 pasHoobpasre ero GpopmM MOXeT 3aBUCETb B TOM yucse
OT pas3nnunii No nocsiefoBaTeNibHOCTAM reHoB CLE. B 1o paboTe mMbl BNiepBble MPOM3BeNy NOUCK 1 aHann3 no-
cnepoBaTtenbHocTeln reHoB CLE y Tpex AuKkmx BMaoB Kaptodens (S. bukasovii Juz. et Rybin., S. verrucosum Schitdl.,
S. commersonii Dunal.) n yeTbipex KynbTypHbIX (S. chaucha Juz. et Buk., S. curtilobum Juz. et Buk., S. juzepczukii Juz.
et Buk., S. ajanhuiri Juz. et Buk.). Y npoaHanu3npoBaHHbIX BULOB KapTodens BbiaBneHo 332 reHa CLE: o1 40 no 43 re-
HOB 3TOro ceMencTBa ANA KaxAoro Buaa kaptodens. Y Bcex BUAOB KapTodens, B3ATbIX B UCCe0BaHUE, BbIABNEHbI
romosiorn paHee naeHTMOMLMPOoBaHHbIX reHoB CLE S. phureja; B TO e BpemA reH CLE42, OTCYTCTBYIOLMIA B FeHOME
S. phureja, HalipeH y Bcex ocTanbHbIX NPOAHANM3NPOBAHHbIX HaMW BUAOB KapTodena. Hanbonbwmve otnnyma no
AMUHOKMNCNOTHBIM MocneaoBaTeNbHOCTAM 6enkoB CLE okasanuncb xapakTepHbl Ania S. commersonii — BUAa, pacTy-
LL|ero BHe apeanoB KynbTypHbIX BUAOB KapTodens 1, BEPOATHO, He BXOASALLErO B YUAC/IO KX NpeakoB. O6Hapy»KeHbI
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Monumopdram nocnefgoBaTenibHOCTEN
reHoB CLE kapTodens

TakXKe Mpvmepbl NOMMOPPM3Ma NO aMUHOKNCIOTHBIM NOC/IeAOBaTeNIbHOCTAM AoMeHOB 6enkoB CLE, Hecywmx
pasHyto GYHKLMOHaNbHY0 Harpysky. JanbHeiwee n3ydyeHve 6enkos CLE KapTodensa no3sonmT BbISBUTb UX POJib
B Pa3BUTMM STON BaXKHENLLIEN CeNIbCKOX03ANCTBEHHOW KyNbTypbl, B TOM Yncie B GOPMUPOBaHMMN NPU3HAKOB NpPO-

OYKTUBHOCTW.

KntoueBble cnoBa: reHbl CLE; kapTtodenb; Solanum bukasovii; Solanum verrucosum; Solanum commersonii; Solanum
chaucha; Solanum curtilobum; Solanum juzepczukii; Solanum ajanhuiri.

Introduction

The growth and development of higher plants, as well as their
response to external stimuli, are regulated by intercellular
communications mediated by phytohormones. In addition
to the well-known and thoroughly studied “classical” plant
hormones (IAA, cytokinins, ABA, etc.), numerous families
of peptide hormones, which are mobile secreted oligopeptides
or small proteins, play an important role in the coordination
of plant development (Gancheva et al., 2019). One of the
most famous families of peptide phytohormones with diverse
functions is the family of CLE (CLV3/ESR) peptides. These
peptides got their name from the first identified representa-
tives: the CLAVATA3 (CLV3) Arabidopsis peptide (Clark
et al., 1995) and the ENDOSPERM SURROUNDING
REGION (ESR) maize peptide (Opsahl-Ferstad et al., 1997).
Nowadays, genes encoding CLE peptides have been identi-
fied in all groups of terrestrial plants, as well as in the green
alga Chlamydomonas reinhardtii (Oelker et al., 2008; Goad
etal., 2017).

CLE genes encode proteins 100-150 amino acids (AA)
long, which have a signaling domain (SD) at the N-terminus,
a conserved CLE domain at the C-terminus, and a variable
domain (VD) between them (Strabala et al., 2014). The
CLE domain, consisting of 12 AAs, is a functional part of the
CLE protein: immediately after synthesis, the precursor pro-
tein undergoes proteolytic processing and post-translational
modifications (Kondo et al., 2006; Nietal., 2011). As aresult,
what remains of it is the CLE domain with modifications
(hydroxylation, arabinosylation) of conservative proline re-
sidues; this is the mature CLE peptide. CLE peptides that are
secreted into the intercellular space become ligands for recep-
tor kinases of Leucine Reach Repeats containing Receptor-
Like Kinases (LRR-RLK) families and CRINKLY4 that are
located on the plasma membranes of cells (Poliushkevich et
al., 2020). By interacting with receptors, CLE peptides trigger
a signaling cascade, the targets of which are homeodomain-
containing transcription factors of the WOX family that re-
gulate the maintenance of stem cell niches in plants (Tvo-
rogova et al., 2021). The known functions of CLE peptides
include control of shoot and root apical meristems and cam-
bium activity, differentiation of vascular tissues, formation
of lateral roots and nodules, early embryogenesis, stomatal
development, and response to several environmental factors:
water availability and changes in soil nitrogen composition
(Yamaguchi et al., 2016; Fletcher, 2020) (Fig. 1).

In all angiosperm species studied, the CLE peptides are
encoded by numerous genes. For instance, in the relatively
small genome of Arabidopsis thaliana, there are 32 CLE genes
(Sharma et al., 2003; Strabala et al., 2006), and each A. tha-
liana CLE gene is characterized by a unique spatial pattern
of expression (Jun et al., 2010). However, some CLE genes
encode the same CLE peptides. It is suggested that such an

excess of CLE peptides is necessary for fine regulation of
plant development (Kinoshita et al., 2007).

It is obvious that the family of CLE genes is not limited by
the genes discovered to date. The accumulation of genomic
data and computer software improvement make it possible
to identify new members of this family. In our study, in
the reference potato genome, which is the sequence of the
doubled monoploid clone Solanum phureja DM-1-3 516R44
(Ganchevaetal., 2021), 41 CLE genes that encode 37 unique
CLE peptides were identified. Besides, many cultivated and
wild-growing potato species are known. According to vari-
ous authors, potatoes (Solanum L., section Petota Dumort.)
include 112 to 235 species (Huaman, Ross, 1985; Spooner et
al., 2014). The genomes of some potato species are currently
sequenced and available in genomic databases.

In our work, we searched for and analyzed CLE genes
in the genomes of seven potato species: three wild species
(S. bukasovii, S. verrucosum, S. commersonii) and four
primitive cultivated species (S. chaucha, S. curtilobum,
S. juzepczukii, S. ajanhuiri). All genomes are provided in
the NCBI database. In total, we found 332 CLE genes and
identified unique peptides in individual potato species that
can perform other unknown functions or be completely non-
functional. In addition, we found similarities in the sequences
of different CLEs, which may indicate their common genetic
origin.

Materials and methods

We used the genome assemblies of various potato species
presented in the NCBI database: wild species S. commer-
sonii, S. verrucosum, and S. bukasovii, along with primitive
cultivated species S. chaucha, S. juzepczukii, S. curtilobum,
and S. ajanhuiri. In the present work the system of J. Hawkes
was used.

Solanum commersonii is a widespread diploid potato
species in South America, present at the coastal zone of the
Atlantic Ocean, mainly located in Argentina and Uruguay. Its
natural habitat extends from sea level to an altitude of 1300 m.
S. commersonii is ruderal, and its primary habitats are rocky
areas, dunes, and growing areas of cultivated plants (Hawkes,
Hjerting, 1969).

Solanum verrucosum is a diploid potato, which, unlike other
species studied in this work, is widespread in North America,
more precisely in Mexico. Yet, it is believed that S. verrucosum
is evolutionarily closer to the ancestors of cultivated potato
species than S. commersonii (Hawkes, 1990). The habitats of
this species are woodlands.

Solanum bukasovii is a diploid South American potato spe-
cies that grows at an altitude of 33004000 m above sea level
in Peru. It belongs to the group of wild potato species from
which cultivated potato species are believed to have evolved
(Lietal., 2018).
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Fig. 1. Some functions of CLE peptides in plant development.
SAM - shoot apical meristem; RAM - root apical meristem.

Solanum juzepczukii and S. curtilobum are alpine triploid
and pentaploid potato species, respectively, that grow in a very
limited area. They belong to the group of “bitter” potatoes
due to the high content of glycoalkaloids. Only some of their
clones were found to be cultivated in the highlands of Peru
and Bolivia, where other types of potatoes cannot be grown
due to the conditions. They are more resistant to frost than any
other domestic potato species (Lekhnovich, 1971).

Solanum ajanhuiri is a diploid alpine species. It is culti-
vated at an altitude of more than 3900 m in the area of Lake
Titicaca. S. ajanhuiri is also hardy, but unlike S. juzepczukii
and S. curtilobum, it has a significantly lower glycoalkaloids
content in tubers (Hawkes, 1990).

Solanum chaucha is a triploid species found mainly in the
northern mountainous regions of South America (Ecuador,
Colombia) and northern Peru. It is cultivated at lower alti-
tudes than the above-mentioned cultivated potato species
(Hawkes, 1990).

The search for CLE genes in different potato species was
carried out according to homology with genes from the
CLE family in S. phureja (Gancheva et al., 2021), A. tha-
liana (Sharma et al., 2003; Strabala et al., 2006), and tomato
Solanum lycopersicum (Zhang et al., 2014; Gancheva et al.,
2021) using the Nucleotide Basic Local Alignment Search
Tool (BLASTN) and the discontiguous megablast algorithm
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(Altschul et al., 1990) in the NCBI database (https://blast.ncbi.
nim.nih.gov/Blast.cgi), where genome assemblies of all the
studied potato species are available (see the Table). The align-
ment of amino acid and nucleotide sequences was carried out
using the Muscle algorithm in the MEGATY program (https://
www.megasoftware.net/) (Kumar et al., 2016).

Phylogenetic analysis was performed in the MEGAT pro-
gram using the “nearest neighbour” method (Saitou, Nei,
1987) with default settings and a bootstrap of 1000 (Felsen-
stein, 1985). CLE protein signaling domains were predicted
in the SignalP-5.0 program (http://www.cbs.dtu.dk/services/
SignalP/). Consensus sequences of CLE proteins were visua-
lized in the Geneious Prime software (https://www.geneious.
com/features/).

Results

Using the NCBI database, we identified CLE genes in seven
potato species by homology with the CLE genes of potato
S. phureja (SphCLE), arabidopsis (A. thaliana), and tomato
(S. lycopersicum). Species being studied were primitive
domestic species S. chaucha, S. curtilobum, S. juzepczukii,
S. ajanhuiri, and wild species S. bukasovii, S. commersonii,
S. verrucosum (Supplementary Material)®. We also identified

! Supplementary Material is available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Gancheva_Engl.pdf
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The number of identified CLE genes in the potato species analyzed
No. Species Assembly Abbreviation CLE genes Species

1 SchauchaluzetBuk GCA 0098496251 sch a3 Primitive cultivated
2 Scutiobum uz.etBuk. GCA 0098496451  Su 40

3 SjuzepcaukiihzetBuk. GcAoossassesi s a2

4 SphuejaluzetBuk 1 GCA0098497551  sph a1

s SaanhuiijuzetBuk 1 GCA 0008498051  sa 40

6 SbukasoviiluzetRybin. GCA 00os4og1s1 b 43 wid
7 ScommersoniiDunal. GCA 0012398051 S0 a2

8 Svemucoumschitd. 1 GCA 00t8s1aST v a1

CLE genes in the primitive cultivated potato S. stenotomum
and in the wild species S. pinnatisectum. However, due to the
insufficient quality of the genome assemblies these genes were
not selected for further analysis.

For each potato species, a different number of CLE genes
was found, 40 to 43 (see the Table). This is primarily due to
the different qualities of genome assemblies. For instance, the
genome of S. verrucosum is published in the form of extended
scaffolds, while the assembly of the S. curtilobum genome is
presented at the contig level. As a result, some S. curtilobum
CLEs were not included in the analysis due to contig breaks
and the inability to analyze the entire gene sequence. Homo-
logues of most previously identified CLE genes in S. phureja
(SphCLE) (Gancheva et al., 2021) were found in all potato
species analyzed. Furthermore, the gene that we named CLE42
was not found in the S. phureja genome, although it is present
in all other potato species studied.

1AA, % 1 10 20 30 40 50 60 70
CLE1
CLE2
CLE3
CLE4
CLE5
CLE6
CLE7
CLE8
CLE9
CLET0
CLET1
CLE12
CLE13
CLE14
CLET5
CLE16
CLET7
CLE18
CLE19
CLE20
CLE21
CLE22
CLE23
CLE24
CLE25
CLE26
CLE27
CLE28
CLE29
CLE30
CLE31
CLE32
CLE33
CLE34
CLE35
CLE36
CLE37
CLE38
CLE39
CLE40
CLE41
CLE42

Fig. 2. Consensus sequences of CLE proteins from 8 potato species.
IAA - percentage of identical AA.

Analyzing the amino acid sequences (AAS) of individual
CLE proteins in different potato species, we found a high
percentage of their similarity (78-98 % identical AA) (Fig. 2).
Moreover, there are both completely identical AAS of proteins
(for example, the CLE39 AASs are identical in six of the
eight analyzed species) and variants with no identical AASs
among the species (CLE3, CLE16, CLE40). However, the
CLE proteins in the studied potato species are very similar to
each other. Based on the complete protein sequence, individual
CLEs form groups, each of which includes all homologues of
one CLE protein from different potato species (Fig. 3). Among
all analyzed potato species, the CLE proteins of S. commer-
sonii contain a large number of unique AAs, which are absent
in other species.

CLE proteins include three domains: the signaling do-
main (SD), the variable domain (VD), and the CLE domain.
The CLE domain is the most conserved functional part of

90 100 110 120 130 140 150 160
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Fig. 3. Phylogenetic tree of potato CLE proteins.

the protein, and substitutions are rare here. In other protein
domains, substitutions occur much more frequently. Although
substitutions in the CLE domain will bring the greatest effect
on the phenotype, SD and VD are also important and are in-
volved in the implementation of CLE peptide function. SD and
VD are active in the processing of CLE peptides and can thus
influence the availability of mature peptides in certain cells
and tissues (Meng et al., 2010). It turned out that, in different
potato species, AASs of CLE domains are almost identical
within each group. At the other extreme, the nucleotide se-
quences (NSs) of CLE domain in proteins of the same group
vary between species. For example, proteins of the CLE12
group, although they have identical AASs of the CLE domains,
differ in the NSs of the corresponding gene regions.
Although we identified 41 CLE genes in S. phureja, they
encode 37 CLE peptides (Gancheva et al., 2021). This is
because the AASs of CLE domains are identical in some
proteins (for example, in CLE8 and CLE12). However, in
other potato species, 20 additional CLE domains were found,
BaBunosckuii XKypHan reHeTuku u cenekuyum / Vavilov Journal
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which are absent in S. phureja. All these domains are similar
to the CLE domains of S. phureja proteins, but differ from
them by 1-4 AA (Fig. 4).

As mentioned above, in some CLE proteins of the same
plant species, CLE domains are identical (for example, CLE41
and CLE44 domains of the arabidopsis). In potato, 10 pairs
of such proteins with identical CLE domains were found.
Mature peptides that have identical AASs of CLE domains are
peptides from CLE10 and CLE38 groups, CLE17 and CLE18,
CLE25 and CLE34, CLE6 and CLE19, CLE8 and CLE12.
However, the remaining AASs of these proteins (outside the
CLE domain) vary significantly within each pair.

At the same time, some potato CLE proteins have a similar
AAS, but their CLE domains are not identical and differ by
one or several AAs (for example, CLE32 and CLE35, CLE26
and CLE27). Interestingly, some proteins are grouped differ-
ently depending on whether the CLE domain or the rest of
AAS of the protein is being compared. For instance, CLE37 is
closer to CLE31 (they differ by 1 AA) when comparing their
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CLE domains. However, the rest of the CLE37 protein forms a group with CLE22
protein. The same thing happens in the case of CLE25 and CLE34 proteins. These
proteins have identical CLE domains, but their sequences outside the CLE domain
are different and, comparing them, CLE34 is grouped with CLE36, not CLE25.
Sometimes such a scenario occurs only within one potato species. For example,
the CLE domain of ScoCLE4 differs by only 1 AA from CLE25 (while in other
potato species CLE domains of CLE4 differ by 2 AA from CLE25); notably, protein
sequence outside the CLE domain belongs to CLE4. Obviously, differences in the
sequence of the CLE domain (and, consequently, of the mature peptide) should
lead to the functional diversity of CLE proteins, despite the great similarity of
their AASs. CLE proteins, similar in AASs, but distinct in the CLE domain, are
also found in other plant species (for example, CLE41 and CLE42 or CLE25 and
CLEZ26 of the arabidopsis). Their genes may have emerged as a result of duplica-
tions with subsequent mutations in the sequence of the CLE domain, which led to
the emergence of new functions (Yaginuma et al., 2011; Takahashi et al., 2018).
Indeed, some CLE genes in potatoes are duplicated, and their sequences weakly
vary from each other. For instance, in all analyzed potato species, CLE26 and
CLEZ2 genes are duplicated. Sometimes such duplicated genes have substitutions
in CLE domain sequence, which leads to the emergence of a unique peptide (for
example, SYCLE2-2). However, due to the high level of similarity, such genes are
not counted in the Table.

Sometimes, CLE domains of some CLE proteins are identical in several potato
species and differ from CLE domains of the same proteins in other species. For
example, in the CLE26 proteins of S. juzepczukii and S. chaucha, 1 is in the second
position of the CLE domain, while in other species there is L. The CLE11 proteins
of S. verrucosum, S. curtilobum, and S. juzepczukii, in the fifth position of CLE do-
main have E, while in other species there is Q (see Fig. 4). The largest number of
unique CLE domains, which differ from all other potato species studied, was found
in S. verrucosum, S. commersonii, and S. juzepczukii.

Great interspecies differences in the AASs of CLE proteins relate to sequences
outside the CLE domain. Thus, among the genes of the CLE8 group, SVCLES stands
out, which has three additional nucleotides in the VD; it makes the protein 1 AA
longer. CLE18 proteins of S. verrucosum, S. commersonii, S. bukasovii, S. chaucha,
and S. juzepczukii have a region 5 AA in the VD, while CLE18 of other species
does not have such a region. At the same time, S. bukasovii and S. chaucha each
have two CLE18 genes encoding proteins with and without this region (Fig. 5).
Asimilar situation occurs for the CLES protein: aregion 4 AAin the VD is present
in S. phureja, S. curtilobum, S. juzepczukii, S. bukasovii, but absent in S. chaucha,
S. verrucosum, S. ajanhuiri, S. commersonii, whereas S. bukasovii and S. juzepczukii

SphCLE18 HHHH D E H E D R E K
SchCLE18-1 H H HH D E H E D R E K
SbCLE18-1 HHHH D E H E D R E K
SaCLE18 HHHH D H H E D R E K
ScuCLE18 HHHH D E H E D R E K
ScoCLE18 HHHH D D E H E D R E K
SjCLE18 HHHHRDD B H E D R E K
SvCLE18 HHHHRDD 2 H E D R E K
SbCLE18-2 HHHHRDD E H E D R E K
SchCLE182 HHHHRDD E H E D R E K
SphCLE5 E TRRK H H E D R K K
ScuCLE5 E TRRK H H E D R K K
SbCLES5-1 E TRRK H H E R K K
SjCLE5-1 E TRRK H H E ERK K
SchCLE5 E TRRK - H E R K K
SvCLE5 E TRRK H E R K K
ScoCLE5 E TRRK H E R K K
SaCLE5 E TRRK H E R K K
SjCLE5-2 E TRRK H E R K K
SbCLES5-2 E TRRK H E R K K

Fig. 5. Fragments of CLE18 and CLES5 protein alignments.
CLE domain is highlighted with a black line.
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each have two CLE5 genes encoding proteins without this
region and with it (see Fig. 5). Sometimes, great differences
in the AASs of CLE proteins are observed only within one
species. For example, protein SYCLE30, in contrast to CLE30
of other potato species, lacks 3 AAs in the VD. In the VD
of ScoCLE20, there is no fragment of 8 AAs, and its SD is
lengthened by 1 AA. S. juzepczukii has two CLE12 genes,
and one of them encodes a protein that differs from CLE12 of
other species in that the onset of its SD is extended by 6 AAs,
while 3 AAs are absent in the VD.

In sum, the analysis of CLEs nucleotide and amino acid
sequences of the potato species studied revealed several
examples of polymorphism in different regions of CLE car-
rying different functional loads. This polymorphism can
affect the activity of CLE peptides. The differences relate
to CLE domain itself, from which the actual CLE peptide
is formed, or to sequences outside it, which can affect the
processing of CLE protein. At the same time, accurate data
on the functional difference between CLE proteins in potato
species can be obtained only with a precise analysis of their
functions. For example, in overexpression experiments of the
corresponding genes or plant treatment with synthetic CLE
peptides of different potato species. Our research can serve as
the groundwork for further research in this area.

Discussion

In this research, we performed a search and analysis of the
genes encoding CLE proteins in different species of potatoes:
wild and primitive cultivated. Of the 332 identified CLE genes,
we found 57 genes that encode unique CLE peptides. In total,
we identified 42 genes that are present in almost all potato
species analyzed. At the same time, there are genes that are
very similar to each other in different species and those that
have significant interspecific differences. Thus, in CLE genes
of S. commersonii, presumably, the largest number of unique
substitutions occurred, which led to serious differences in its
CLE peptides compared with those in other potato species.
S. commersonii is a wild potato that differs from the rest of the
species analyzed by its habitat. It grows outside the growing
areas of cultivated potatoes and, most likely, is not among the
ancestors of cultivated potatoes (Juzepczuk, Bukasov, 1929).

Some of the revealed differences in the sequences of CLE
proteins are unique for a certain species of potato, while other
differences relate to several ones. Of special interest are the
proteins CLE5 and CLE18, which vary in the presence or
absence of a region of 4-5 AA. At the same time, there are
potato species in which both protein variants are present (see
Fig. 4), which may be associated with the natural hybridiza-
tion of potatoes (Hawkes, 1990).

Additionally, in some potato species, substitutions oc-
curred in CLE domain, which could affect the functions
of the corresponding peptides. For example, divergence in
1 AAin CLE domain of A. thaliana CLE peptides results in
the divergence of their functions: one peptide is involved in
the response to water shortage (CLE25), while the other is
not (CLE26) (Takahashi et al., 2018). Unique peptides that
appear in individual potato species due to the differences in
CLE domain can perform distinct functions or completely lose
functionality. Furthermore, changes in the sequence outside
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the CLE domain can also affect the functioning of the CLE
peptide and, in different potato species, changes in VD or SD
may affect peptide activity. At the same time, the sequence
similarity of different CLEs may point to their common origin.
The presence of duplicated genes, such as CLE2-2, in which
substitutions occur in CLE domain sequence and which may
subsequently lead to the emergence of new genes confirms
this hypothesis.

Conclusion

In summary, we found that CLE proteins in various potato
species are similar; however, they also have differences that
could affect their functioning. Further study of CLE proteins
will reveal their role in potato development.
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Abstract. Plant sugar transporters play an essential role in the organism’s productivity by carrying out carbohydrate
transportation from source cells in the leaves to sink cells in the cortex. In addition, they aid in the regulation of a
substantial part of the exchange of nutrients with microorganisms in the rhizosphere (bacteria and fungi), an activi-
ty essential to the formation of symbiotic relationships. This review pays special attention to carbohydrate nutrition
during the development of arbuscular mycorrhiza (AM), a symbiosis of plants with fungi from the Glomeromyco-
tina subdivision. This relationship results in the host plant receiving micronutrients from the mycosymbiont, mainly
phosphorus, and the fungus receiving carbon assimilation products in return. While the efficient nutrient transport
pathways in AM symbiosis are yet to be discovered, SWEET sugar transporters are one of the three key families of
plant carbohydrate transporters. Specific AM symbiosis transporters can be identified among the SWEET proteins.
The survey provides data on the study history, structure and localization, phylogeny and functions of the SWEET
proteins. A high variability of both the SWEET proteins themselves and their functions is noted along with the fact
that the same proteins may perform different functions in different plants. A special role is given to the SWEET trans-
porters in AM development. SWEET transporters can also play a key role in abiotic stress tolerance, thus allowing
plants to adapt to adverse environmental conditions. The development of knowledge about symbiotic systems will
contribute to the creation of microbial preparations for use in agriculture in the Russian Federation.
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For citation: Kryukov A.A., Gorbunova A.O., Kudriashova T.R., Yakhin O.I,, Lubyanov A.A., Malikov U.M., Shishova M.F,,
Kozhemyakov A.P, Yurkov A.P. Sugar transporters of the SWEET family and their role in arbuscular mycorrhiza. Vavilovskii
Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding. 2021;25(7):754-760. DOI 10.18699/VJ21.086

TpaHcmmopTepsl caxapos ceMmeiictBa SWEET
I X POJIb B apOVYCKVIISIPHOI MIKOPII3€e

A.A. Kproxos! @, A.O. Top6ynosal, T.P. Kyapsmogsa2, O.J1. dxun> 4, A.A. Ay6saxos®, V.M. Maankos®, M.®. Illiurosa’,
A.TL. Koxxemskos!, A.TT. IOpxos!

T Bcepoccuiickuit HayuYHO-MCCNeA0BATENbCKNIA MHCTUTYT CENIbCKOXO3ANCTBEHHON MUKpoGronoruu, MywkrH, CaHkT-MNeTtepbypr, Poccrs

2 CaHkT-lMeTepbyprckuii nonuTexHMYecknin yHusepcutet lNetpa Benukoro, CaHkT-TNetepbypr, Poccusa

3 IHCTUTYT BUOXMMIAN 11 TeHETUKM — 060COBNEHHOE CTPYKTYPHOE nofpasaeneHme YOUMCKOro defiepanbHOro NCCieoBaTenbekoro LieHTpa
Poccuniickoin akagemun Hayk, Yoa, Poccusa

4 TatapcKuin HayYHO-CCIEAOBATENbCKMIA MHCTUTYT arpoXVMIAN 1 MOYBOBEAEHIA — 060COGNEHHOE CTPYKTYPHOE MnofpasseneHue
(DepepanbHOro NccnefoBaTebCckoro LieHTpa «Ka3aHCKMIA HayYHbIl LeHTp Poccuiickon akaaemmm Hayk», KasaHb, Poccua

5 HayuHo-npowvsBoacTBeHHOE Npeanpuatue «3ko Mprpopaar, c. YnbKyHAbl, [lyBaHcKui paiioH, Pecnybnuka balkoptoctaH, Poccna

6 CaHkT-lMeTepbyprckuii rocyfapCcTBeHHbI YHUBEPCUTET TeNneKoMMyHMKaumin um. npod. M.A. boHu-bpyesunua, CaHkT-MeTepbypr, Poccnsa

7 CaHKT-MeTep6yprekuii rocyAapCTBEHHbINM YHUBEPCUTET, Gronorrieckui dakynbteT, CaHkT-NeTepbypr, Poccns

® rainniar@rambler.ru

AHHOTaLuA. B NpoayKTUBHOCTM pacTeHWI CYLLECTBEHHYIO POJb UFPAIOT TPAHCMNOPTEPbI CaXxapoB, MOCKOJbKY C X
NMOMOLLbIO KOOPAMHUPYIOTCA 1N OCYLLEeCTBAAIOTCA MOTOKU YrNeBOAOB OT IMCTbeB K opraHam notpebnexus. Kpome
TOrO, C yuacTeM TPAHCMOPTEPOB CaXxapoB PerynupyeTcs 3HauUTeNbHasA YaCTb 06MeHa NTaTeNbHbIMY BELLeCTBaMM
C MUKpOOpPraHm3mamu pusocohepbl (6akTepuamm 1 rpubamm), UTo ABAAETCA HEOOXOAUMbIM ycnoBrem ana Gopmu-
POBaHUA CUMOMOTNYECKIX OTHOLLEHWI. B cBA3M € 3TUM B 0630pe yaeneHo ocoboe BHUMaHWe yrieBoAHOMY NuTa-
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TpaHcnopTepbl caxapos cemernictea SWEET
1 UX POsib B apOyCKyNApHOI MUKOpU3e

HUIO NP Pas3BUTM apbycKynAapHON Mukopusbl (AM) — cimbuo3sa pacteHuii ¢ rpubamm nogotaena Glomeromyco-
tina, B pe3ysbTaTe KOTOPOro PacTeHNE-XO3ANH MOJlyYaeT OT MKOCUMOVOHTa MUKPO3IEMEHTbI, F1aBHbIM 06pa3om
docdop, a rpunb B3ameH nonyyaeT NPOAYKTbI accumunaumn yrnepoga. Myt addekTrBHOro TpaHcnopTa nNuTaTenb-
HbIX BelecT8 B AM-cumbuose fo crx nop He packpblTbl. OQHO M3 TPeX KNUEeBbIX CEMENCTB YINEeBOAHbIX TPaHC-
nopTepoB pacteHunii —- SWEET, nepeHocunkm caxapos. imeHHo cpean 6enkoB SWEET MoryT 6biTb BbIABNEHbI Cewuu-
duueckne pna cumbrosa ¢ AM-rpnbamm TpaHcnopTepbl. B 0630pe npeacTaBnieHbl JaHHbIe MO NCTOPUW U3YYEHUA,
CTPYKTYype, nokanmsauun, punoreHnn n GyHkumam 6enkor SWEET. OTMeueHa BbicoKasa BaprabenibHOCTb Kak cammx
6enkoB SWEET, Tak v nx GyHKUMIA. [pr STOM OfHM U Te XKe 6eNKM Yy pasHbiX PacTEHNIA MOTYT BbIMOMHATbL Pa3/inyHble
dyHKuun. Ocobas ponb yaeneHa yyacTuio TpaHcnopTepos cemeinictea SWEET B pa3sutum AM-cum6ro3a pacteHni
1 rpubos. TpaHcnopTepbl SWEET MOryT Tak»Ke UrpaTh KoueByto Posib B yCTOMUMBOCTU K aBNOTUYECKUM CTpeccaMm,
Nno3BoNIAA PacTeHUAM afanTMPOBaTbCA K HEONAronpuATHLIM YCIOBUAM OKpYy»KaloLiel cpefbl. Pa3BuTre 3HaHWI O
CMMBUNOTMYECKIMX cucTemMax 6yaeT Cnocob6CcTBOBaTb CO3AaHNI0 MUKPOOHbBIX MpenapaToB AA NCNONb30BaHNA B CeNb-
ckom xo3auncTee Poccuickon Oefepaunn.

KnioueBble cnioBa: apbyckynapHas mukopursa; SWEET; TpaHCNoOpPT caxapa; caxapo3a; [MoKo3a; reHbl TpaHCMopTepoB

caxapos.

Introduction
Sugar transporters in plants are customarily divided into three
major classes: SUT (SUC), MST (including STP, TMT, PMT,
VGT, pGlct/SGBL1, ESL, and INT subclasses), and SWEET
(Sugars Will Eventually be Exported Transporters). The most
well studied transporters are SUT and MST. SUT carry out
long-distance transportation of sucrose from plant leaves to
the targeted plant organs and tissues. They then disintegrate
into monosaccharides and are subsequently transported by
MST proteins. The major part of the transporters from SUT
and MST classes are known to be non-specific to symbiotic
plant-microbial systems such as arbuscular mycorrhiza (AM).
However, in 2010, Li-Qing Chen described a new transpor-
ter class SWEET. SWEET transporters carry out non-volatile
bidirectional transportation of sugars in all plant organs and
tissues. At present, the SWEET protein family is the least
studied group of transporters. According to current knowledge,
proteins specific to AM symbiosis may be detected inside the
SWEET transporter group (Chen et al., 2010). Various sources
in the literature provide conflicting information concerning the
SWEET protein class. This survey is an attempt to tackle the
issue and combine knowledge about the proteins of the group.
Thus, the aim of the current research is to provide an overview
of the data on gene phylogenesis inside the SWEET class and
functions of the proteins encoded with the aforementioned
genes as well as to assess their role in the sugar transportation
process during the formation of AM symbiosis.

General information on the SWEET transporters

SWEET proteins, identified in the late 1990s, were first called
MtN3 (involved in the development of Medicago truncatu-
la Gaertn. nodules) and Saliva (first discovered in the salivary
glands of Drosophila during embryonic development). That
is why the transmembrane domains made of those proteins
were named “MtN3/Saliva”, or “MtN3_slv domain” and are
also known as “PQ loop” (Chen et al., 2010). In 2010, Li-
Qing Chen was the first to isolate SWEET transporters into
a separate family of proteins by providing a detailed descrip-
tion of those pertaining to Arabidopsis thaliana (L.) Heynh.
Seventeen different transporters were discovered, described,
and named according to the species belonging to a particular
plant and the protein number (e.g. AtSSWEET17). The same

paper provides a detailed description of the SWEET proteins
in Oryza sativa L. (Chen et al., 2010). Afterwards SWEET
proteins were found in a number of other plant species and
also in animals and prokaryotes (the latter were named
SemiSWEET) (Chen et al., 2012; Feng et al., 2015; Patil et
al., 2015; Manck-Gotzenberger, Requena, 2016; Hu L.P. et al.,
2017). Now all living organisms are generally considered to
possess SWEET or SemiSWEET proteins (Feng et al., 2015).
Newly found SWEETSs are numbered according to orthology
with Arabidopsis (A. thaliana) proteins. However, some dis-
crepancies and variations in A. thaliana numbering have been
noted (Supplementary Material 1)! (Doidy et al., 2019).

Structure and localization

of the SWEET proteins on membranes

SWEET proteins are uniporters, transporting carbohydrates
across membranes along a concentration gradient, typically lo-
calized on the plasma membrane (Chen et al., 2010). SWEET
proteins in plants usually contain seven transmembrane (TM)
helices (Xuan et al., 2013). Nevertheless, in 2015, G. Patil et
al. discovered that Vitis vinifera L. SWEET is made of four-
teen TMH (transmembrane helices), which proves that the
SWEET protein helix structure may vary (Patil et al., 2015).
Bacterial SemiSWEETSs are the smallest among the known
transporters. Consisting of about one hundred amino acids
coiled inthree spirals, i.e., three TMHSs, they form a triple helix
bundle (THB). The duplication of THB in prokaryotes leads to
the emergence of eukaryotic SWEET transporters consisting
of two THBs and an additional linker helix, numbered TMH4
(Feng et al., 2015). Moreover, it is noteworthy that the three
TMHs in THB are not arranged in series on the membrane.
The third TMH is squeezed between the first and the second
one. There, the N-terminus of the protein is found on the
outer side of the membrane, while the C-terminus is located
on the inner side. In eukaryotes, the C-terminus is elongated
and contains phosphorylation sites that can be used for post-
translational modification (Jeena et al., 2019). The nucleotide
sequence, encoding TMH4, is known to be the most variable
of TMHs, and its origin is currently being debated (Jeena et
al., 2019).

1 Supplementary Materials 1 and 2 are available in the online version of the
paper: http://vavilov.elpub.ru/jour/manager/files/Suppl_Kryukov_Engl.pdf
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Interestingly, some eukaryotes exhibit SWEET protein
structures similar to the prokaryotic ones. For instance, wheat
Triticum aestivum L. may also have a SemiSWEET consisting
of three and four TMHs (Gautam et al., 2019). According
to researchers, the presence of TaSSWEET with 3, 4, 6, and
7 TMHs in wheat implies that both duplication and fusion of
SWEET protein structures can occur in the genome (Gautam
et al., 2019). SuperSWEET sugar transporters found in Phy-
tophthora contain from 18 to 25 TMHSs and are composed
of 5-8 semiSWEET loops (Jia et al., 2017). Thus, the struc-
tures of SWEET proteins should be assumed to be highly
variable.

Phylogenetics of the SWEETSs, isoforms

In the construction of a phylogenetic tree, it was revealed
that the SWEET genes of plants are still grouped into four
clades, despite their low homology (Chen et al., 2015). This
evolutionary division occurred long ago, and representatives
of each of the clades are observed in almost all (possibly all)
terrestrial plants. With all this, the second clade is the most
ancient, and its representatives share certain homology with
the SWEET proteins in algae (Li X. etal., 2018). In mammals
and some microorganisms (e.g. Chlamydomonas), proteins
have been found to fall into clade V, separate from the other
SWEETSs (Chen et al., 2012).

The increasing number of SWEET isoforms is a con-
sequence of duplication or fusion of the THB genes. This
contributes to the expansion of transporter functions and
plant adaptation under new conditions (Li X. et al., 2018).
The number of SWEET isoforms varies significantly among
plant species. For example, unicellular and green algae have
1 to 3 SWEET isoforms, while monocots are observed to
possess from 18 to 23, and dicots from 15 up to 68 (Li X. et
al., 2018). According to other data, T. aestivum wheat (mono-
cotyledonous) is known to have 108 isoforms of SWEET
genes localized on 21 chromosomes, while some of them
are orthologs of the SWEETSs of Arabidopsis (of 14 genes of
Arabidopsis), and some belong to three new types that do not
have significant homology with Arabidopsis genes (Gautam
et al., 2019). M. truncatula has up to 26 isoforms (Doidy et
al., 2019). At the same time, it is likely that these are not all
of the identified transporters, since, by 2015, only 24 of them
were isolated (Chandran, 2015).

The representatives of the four clades are considered to be
divided not only phylogenetically, but also functionally. Thus,
most researchers argue that (1) the protein representatives of
clades | and Il transport hexoses, (2) proteins of clade 11 are
mainly involved in the transport of sucrose, and (3) those of
clade 1V are principally involved in the transport of fructose
(see Suppl. Material 1) (Chen et al., 2012; Feng et al., 2015).
But this is not necessarily so. In 2019, B. Hu et al. showed
that MtSWEET5b and MtSWEET7 (M. truncatula) are able
to transport not only hexoses, but also sucrose. Other plants
may also be exceptions, for instance LjSWEET3 (Lotus
japonicus L.) also transports sucrose instead of hexoses.
MtSWEET16 may be involved in the transportation process
of sucrose and mannose. It is therefore impossible to speak
strictly about the clade division of the SWEET genes for
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the types of the transferred substrate (see Suppl. Material 1)
(Hu B. et al., 2019).

The nucleotide sequence analysis of the SWEET genes
shows their significant variability. Between the four clades,
it can reach up to 80 % (which is to say that, in some cases,
there is homology of only 20 %) (unpublished data, Kryukov
et al., 2021). With such variability, it is typically impossible
to align sequences and then build phylogeny. In this regard,
the existing phylogenetic trees of the SWEET genes should be
treated with extreme caution. The intron-exon structure of the
SWEET genes may also vary notably (Cao etal., 2019). Most
of the MtSWEET genes (in M. truncatula) contain 5 introns,
excluding the genes MtSWEET4, MtSWEET6, MtSWEET7
and MtSWEET13 which include 4 introns, and MtSWEET2b
which contains 16 introns (Hu B. et al., 2019). The structure
of the M. truncatula SWEET proteins is also heterogeneous:
most contain 7 TMHSs, but MtSWEET4 and MtSWEET11
have 6 TMHs, and MtSWEET2b contains 15 TMHs instead
of 7 (Hu B. et al., 2019).

SWEET protein functions
As has already been mentioned, the representatives of the
four clades can be divided in accordance with their functions.
However, it should be noted that different authors provide
varied data on functions of the certain SWEET proteins (see
Suppl. Materials 1 and 2). This may be due to several possible
reasons: (1) orthologs of the SWEETSs can perform different
functions in different species; (2) orthologs can perform dif-
ferent functions under different conditions and their genes
are expressed in different ways; (3) possible paralogs within
each clade may be similar and hence may be misidentified.

In all cases, SWEET proteins are non-volatile bidirectional
uniporters. However, according to some researchers, the fact
that all SWEET transporters are uniporters has not been
completely proven (Chen et al., 2015). SWEET proteins are
involved in a variety of processes, whether in plants (see
Suppl. Material 1) or mammals. In addition to the transporta-
tion of carbohydrates, they are most likely to participate in
the transport of other agents such as gibberellins, which is
the case of Arabidopsis (Kanno et al., 2016). In peas (Pisum
sativum L.), it was also discovered that the interaction between
the SWEET transporters and CWINV (cell wall invertase) in
the presence of cytokinins leads to the formation of multiple
shoots and the loss of apical dominance during infection with
the pathogen Rhodococcus fastian (Doidy et al., 2019).

SWEET transporters can also play a role in abiotic stress
tolerance, allowing plants to adapt to adverse environmental
conditions (see Suppl. Materials 1 and 2) (Chandran, 2015).
Various authors have associated the accumulation of sugars
in plants with abiotic stresses (Hu B. et al., 2019). Low tem-
peratures, water, and other stressful environmental factors are
able to induce the expression of the SWEET genes in plants,
which leads to the assumption that these genes are associated
with plant responses to these stresses (Kafle et al., 2019; Wei
et al., 2020).

There is a great deal of literary data on the functions of the
SWEET proteins in plants of various species. For example,
LjSWEET3 mediates the transportation of sucrose (Sugiyama
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etal., 2017) to nodules. The AtSWEET1 and AtSWEET5 genes
are significantly expressed at different stages of pollen matura-
tion. Almost all representatives of clade Il are involved in the
transportation of sugars to the reproductive organs, i.e., pol-
len, seeds, and some to fungal pathogens (Chen et al., 2010).
Genes AtSWEET11 and AtSWEET12 have been established as
important transporters of sucrose from parenchyma cells to
phloem (Chen et al., 2012). At the same time, SWEET proteins
of the clade Il are associated with susceptibility and resistance
to pathogens (Gautam et al., 2019). According to W.J. Guo
etal., proteins of the clade IV — AtSWEET17, AtSSWEET16 —
are active in root cortical cells and are localized on the tono-
plast (Guo et al., 2014).

Rhizosphere pathogens can cause an increased expression
of clade Il proteins, which leads to additional transport of
sucrose to the roots and contributes to the nutrition of rhi-
zosphere microorganisms (Doidy et al., 2019). In 2010, it
was shown by L.-Q. Chen et al. that pathogenic bacteria, for
example Xanthomonas, are able to enter tissues of the host
plant and induce the expression of SWEET genes (primarily
SWEET11 and SWEET14, from clade Il1) to obtain sugars.
Like symbiotic AM fungi, pathogenic fungi also have the
ability to induce the expression of genes in order to get sugar
for themselves (Chen et al., 2010).

The expression of a significant number of alterations in
SWEET under the influence of stress factors such as water
deficiency leads to a notably increased expression of the
MtSWEET3a, MtSWEET3b, MtSWEET9b and MtSWEET13
genes, while the expression of MtSWEET1a, MtSWEET3c,
MtSWEET15¢c drops significantly (see Suppl. Material 2)
(HuB. etal.,2019). According to J. Doidy et al., MtSWEET16
is unique in that its expression is mainly enhanced in leaves,
whereas the pea ortholog PsSSWEET16 is expressed primarily
in the roots and stem (Doidy et al., 2019). SWEET3 orthologs
PSSWEET3.1, MtSWEET3.3 and LjSWEET3 (Sugiyamaetal.,
2017), SWEET11 orthologs MtSWEET11 and PSSWEET11
(Kryvoruchko et al., 2016) and SWEET15 orthologs
MtSWEET15.3 and PsSWEET15.3 (Gamas et al., 1996) are
specifically expressed in root nodules in leguminous plants.

J. Manck-Gétzenberger and N. Requena note that numer-
ous transporters show significant expression in AM symbiosis
while being non-specific to it (Manck-Gotzenberger, Requena,
2016). In turn, A. Kafle pointed out that SWEET1 orthologs
(MtSWEET1.2 and PsSWEET1.2) can be expressed in both
mycorrhized roots and root nodules (Kafle et al., 2019).

Localization and functions

of the SWEET transporters in root cells

of plants with arbuscular mycorrhiza fungus

As is known, according to the data of the transcription pro-
files, not all transporters of the SWEET family have yet been
found, nor have all known transporters of this group been
localized in a plant cell and their exact function established
(Hennion et al., 2019). Only now is the localization of most
SWEET sugar transporters receiving proper attention (see
Suppl. Materials 1 and 2) as such study requires a separate
examination of each individual transporter for each individual
plant species. Their functions and localization also require con-
firmation. On the other hand, the question of the participation
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of SWEET proteins in the specific transport of sugars from
the host plant to mycosymbiont AM fungi is quite urgent and
requires detailed research, since knowledge of the mechanisms
of active carbohydrate nutrition of a mycosymbiont will allow
us to understand the mechanisms that lead to the formation
and development of effective interaction between partners in

AM symbiosis.
According to the literary data, it should be assumed that
most of the SWEET transporters of the clades I, Il, 11l are

localized in the plasma membrane (see the Figure). The figure
represents a root cell of a host plant with an arbuscule (arbus-
cule is the most common type of symbiotic structure formed
during the development of AM; this is the invagination of plant
plasmalemma into the plant cell at the site of penetration of
the AM fungus hypha, followed by multiple branching of the
trunk of the arbuscule with the formation of a new interface
for the interaction of symbiotic partners — the periarbuscular
space (PAS) — between the periarbuscular membrane (PAM)
and the arbuscular membrane (ArM) with the arbuscular cell
wall (ACW), formed in place of the cell wall of the host plant).

The peculiarity of transport processes under AM conditions
is analyzed by comparing cells with and without arbuscules
(Gaude et al., 2012). Thus, J. Manck-Gdotzenberger and
N. Requena (Manck-Gdotzenberger, Requena, 2016) were the
first to show that the main transport of sugars in Solanum
tuberosum from the host plant to the AM fungus Rhizophagus
irregularis can occur due to the facilitators of sucrose and
glucose — StSWEET12 and StSWEET7a, respectively (D,
see the Figure; Manck-Gotzenberger, Requena, 2016; Hennion
etal., 2019). StSWEET12 and StSWEET7a operate on PAM
and transport sugars from the cytoplasm to the PAS and vice
versa. From here, glucose is transported through the ArM from
PAS in the arbuscule using the fungal monosugar transporter
RIMST2 (R. irregularis (Btaszk., Wubet, Renker & Buscot))
(Hennion et al., 2019), or as a result of GpMST1 functioning
(Geosiphonomyces pyriformis Cif. & Tomas) (Schiiller et al.,
2006). The sucrose transportation through the ArM may oc-
cur via the fungal sucrose transporter RiSUC1 (Helber et al.,
2011). Subsequently, sugar is transported along the intraradi-
cal mycelium as glycogen into the extraradical mycelium of
the AM fungus (Hennion et al., 2019). On the other hand, the
cytoplasm sugar in the cells of the root cortex can be regulated
by their transfer from the vacuole by tonoplastic transporters,
which include the glucose facilitator StSSWEET2c (©); Hen-
nion et al., 2019).

The sugar transportation apoplastic pathway is carried out
to cells both with and without AM fungus via SWEET hexo-
se transporters ((3); Chardon et al., 2013; Ludewig, Fliigge,
2013). It is assumed that there may be specific SWEET fa-
cilitators for AM symbiosis. For example, StSWEET12 and
StSWEET7a proteins may carry out specific transportation of
sucrose and glucose in S. tuberosum through the plasmalemma
of root cortex cells containing arbuscules (@), Manck-Got-
zenberger, Requena, 2016; Hennion et al., 2019). Once there,
the effectors secreted by AM fungi either directly activate the
expression of the SWEET genes, or indirectly through the
activation of transcription factors ((8); Chandran, 2015; Jeena
et al., 2018). The LjSWEET3 protein, which is responsible
for the transportation of sucrose to the cells with arbuscules
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Rhizosphere

Root

Cell of
root
cortex

7fﬁﬂ%§%%
Cell of root f‘ %%

cortex with AM ‘Q&
b

Symplastic pathway

Apoplastic pathway

Cell wall space

Localization scheme of the SWEET transporters in a cell with an arbuscule (Guo et al.,, 2014;
Lin et al,, 2014; Chandran, 2015; Chen et al., 2015; Ait Lahmidi et al., 2016; Kryvoruchko et al.,
2016; Manck-Gotzenberger, Requena, 2016; Sugiyama et al., 2017; Hennion et al., 2019; Jeena
etal., 2019; Yurkov et al,, 2019).

PM+CW - plasmalemma and cell wall of the root cortex; PAM - periarbuscular membrane; PAS -
periarbuscular space; ArM+ACW - arbuscular membrane and arbuscular cell wall; IntH - intercel-
lular intra-root hypha of AM fungus; TF — transcription factor; GA — Golgi apparatus; PD - plasmo-
desmata. Description of the circuit is provided in the main article.

in Lotus japonicus, is claimed to be a specific facilitator as well ((8), see the
Figure; Sugiyama et al., 2017; Hennion et al., 2019). Proteins AtSWEET15
(previously called SAG29; Seo et al., 2011) and MtSWEET 11 (Kryvoruchko
etal., 2016) are known to be non-AM-specific SWEET transporters, localized
on the root cell plasma membrane ((7) and (8), respectively).

The discussion of the SWEET protein localization on the organelles of the
root cell is controversial. Thus, according to some data, transporters of the
clade IV (AtSWEET16 and AtSWEET17) can be localized in the tonoplast
of the plant vacuole ((9) and @0, respectively; Chardon et al., 2013; Guo et
al., 2014; Jeena et al., 2019). On the other hand, clade III sucrose transporters
AtSWEET9 and AtSWEET 15 may be localized on the membrane of the trans-
Golgi network (@, see the Figure).

Thus, summarizing the information on the localization of the SWEET trans-
porters in AM, it can be concluded that none of the transporters has shown
specific localization simultaneously in two or more plant species. Nor is there
attested specific gene expression under the same conditions, as, for example,
in the phosphate transporter (PT4) of M. truncatula and in a number of other
plant species. The first to be verified are StSWEET12 and StSWEET7a.
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The transporter functions in AM may
be assumed on the basis of general infor-
mation about the clades of proteins of the
SWEET family, but it should be noted that
there have been no detailed studies of both
the localization and functions of these pro-
teins in AM symbiosis yet. There are only
assumptions about their role in AM. For
instance, in a recent work by J. An et al.
(2019), it has been noted that MtSWEET 1b
may supply AM glucose to fungi. Accord-
ing to the M. truncatula gene expression
atlas (MtGEA; http://mtgea.noble.org/v3/),
MtSWEET1b and MtSWEET®6 are highly
expressed in arbuscular cells, and their pu-
tative orthologs StSWEET1a, StSWEET1b,
and StSWEET7a (S. tuberosum L.) also
demonstrate high transcription levels in
mycorrhizal roots (Manck-Gotzenberger,
Requena, 2016). SWEET transporters of
clade | are those most likely to participate
in the supply of sugars to symbiotic systems,
including AM (Doidy et al., 2019). Based
on this information, it should be assumed
that studies of the function of the SWEET
proteins are still very fragmentary (see
Suppl. Material 1). The confirmation in se-
veral plant species remains an urgent task.

Conclusion

SWEET proteins are essential for the trans-
portation of carbohydrates in plants. Proteins
specific to the various forms of symbiosis
can be found amongst the SWEET class.
Primarily, they can be located in clades |
and I1l. SWEET transporters are quite vari-
able, a change in external conditions may
lead to the emergence of numerous isoforms
with varying functions. Hence, SWEET
protein identification and selection of pri-
mers for the gene amplification requires
prudence. Close paralogs may be very si-
milar; however, high variability between
clades does not allow for the construction
of a reliable phylogenetic tree with all the
ensuing consequences. This high variabi-
lity may account for the scatter of the data
related to SWEET protein functions (see
Suppl. Material 1). Still, a hypothesis about
the universality of the range of SWEET
genes may be put forward, mainly in case
of similar gene structure. Furthermore, there
are reasons to believe that not all of the
genes from the SWEET class have yet been
identified for M. truncatula. All this testifies
in favor of the fact that the understanding of
the functions of these transporters will be
expanded in the coming years.
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Abstract. Soybean, Glycine max L., is one of the most important agricultural crops grown in a wide range of latitude.
In this regard, in soybean breeding, it is necessary to pay attention to the set of genes that control the transition to the
flowering stage, which will make it possible to adapt genotypes to local growing conditions as accurately as possible.
The possibilities of soybean breeding for this trait have now significantly expanded due to identification of the main
genes (E1-E4, GmFT2a, GmFT5a) that control the processes of flowering and maturation in soybean, depending on the
day length. The aim of this work was to develop a panel of markers for these genes, which could be used for a rapid and
efficient genotyping of domestic soybean cultivars and selection of plant material based on sensitivity to photoperiod
and the duration of vegetation. Combinations of 10 primers, both previously developed and our own, were tested to
identify different alleles of the E1-E4, GmFT2a, and GmFT5a genes using 10 soybean cultivars from different maturity
groups.Asaresult, 5 combinations of dominantand recessive alleles for the E1-E4 genes were identified: (1) e7-nl(e1-as)/
e2-ns/e3-tr(e3-fs)/e4; (2) el-as/e2-ns/e3-tr/E4; (3) el-as/e2-ns/E3-Ha/e4; (4) E1/e2-ns/e3-tr/E4; (5) el-nl/e2-ns/E3-Ha/E4.
The studied cultivars contained the most common alleles of the GmFT2a and GmFT5a genes, with the exception of
the ‘Cassidi’ cultivar having a rare dominant allele GmFT5a-H4. The degree of earliness of cultivars positively correlated
with the number of recessive genes E1-E4, which is consistent with the data of foreign authors on different sets of
cultivars from Japan and North China. Thus, the developed panel of markers can be successfully used in the selection
of soybean for earliness and sensitivity to photoperiod.

Key words: photoperiod; flowering period; gene marker; allele-specific primers; nonsynonymous substitution; indel;
cultivar; soybean; maturity group.
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Pa3paboTKa MmaHej MapKepoB /ISl TeHOTUIIMPOBaHUS
OTeUYeCTBEHHbBIX COPTOB COU I10 reHaM, KOHTPOJINPYIOUIUM
CpOK BereTaluu 1 peakiiyio Ha GpoTornepuos,

P.H. IMepduanes @, A.B. lllepbann, E.A. Carnna

MefiepanbHblii UCCNeROBaTENbCKUI LeHTP MHCTUTYT yutonorum n reHeTnkn Cbrpckoro otaeneHns POCCUnckol akafeMmnm Hayk,
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AnHoTtauus. Cosa (Glycine max L.) - ogHa 13 BaXKHeNLWMX CENbCKOXO3ANCTBEHHbIX KYNbTYP, BbipallyBaemas B 60bLLOM
AMnana3oHe reorpapryeckoit WupoTbl. B cBA3M C 3TM B ceneKkumm cov Heo6xoamnmo obpallatb BHUMaHue Ha Habop
reHOB, KOHTPONMpPYIOLWNX Nepexos K dase LBETeHNA, YTO MO3BONINT MAaKCUMasbHO TOYHO afanTUpPoBaTb FreHOTUMbI K
NOKasnbHbIM YCNOBMAM MPOM3pacTaHna. B HacTosALLee Bpema BO3MOXHOCTY cenekLmm Cov no JaHHOMY NPU3HaKy 3Ha-
YNTENIbHO PaclIMpPUANCL 6naroaaps MAeHTUOUKaLUN B ee reHOMe OCHOBHbIX reHoB (ET1-E4, GmFT2a, GmFT5a), KoH-
TPOAMPYIOLMX NPOLECChl LBETEHMA U CO3PEBAHUA B 3aBUCMMOCTY OT AJIMHbI OHA. Llenbio Hawel paboTbl ABNANOCH
co3aHuve NaHenn MapKepoB K STUM reHam, KOTopas MOXKeT ObITb 1CMosb3oBaHa Ana 6bicTporo 1 3¢pGeKTNBHOrO re-
HOTUMUPOBAHUSA OTEUYECTBEHHBIX COPTOB COM 1 OTOOPA PacTUTENILHOrO MaTepurasa no NpusHakam YyBCTBUTENBHOCTM
K [UIMHE AHA Y NPOJOJIXKMNTENbHOCTY BEreTaUoHHOro nepuoga. lNpoeeaeHo tectupoBaHue 10 KoMOrHaUuMin npanme-
poB (Kak paHee pa3paboTaHHbIX, TaK M COOCTBEHHDIX) AA BbIABNEHNA Pa3fIMYHbIX ansiefbHbIX COCTOAHUI reHoB E1-F4,
GmMFT2an GmFT5a Ha BblbopKe 13 10 COPTOB COM 13 Pa3MYHbIX FPYNM CNEeNOCTU. B nTore BblABAEHO NATb KOMOMHaLMA
[OMUHAHTHBIX U PeLlecCUMBHbIX annenen no reHam E1-E4: 1) el-nl(e1-as)/e2-ns/e3-tr(e3-fs)/e4; 2) el-as/e2-ns/e3-tr/E4;
3) el-as/e2-ns/E3-Ha/e4; 4) E1/e2-ns/e3-tr/E4; 5) e1-nl/e2-ns/E3-Ha/E4. NpoaHan“3npoBaHHble copTa cofepanu Hau-
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A marker panel for genotyping soybean cultivars
for genes controlling the duration of vegetation

6onee pacnpocTpaHeHHble annenv reHoB GmFT2a n GmFT5a, 3a nckntoueHnem copta Kaccugm, y Kotoporo 6bi1 06Ha-
PYXXeH pefKnin LOMUHAHTHBIM annenb GmFT5a-H4. CteneHb CKOPOCNeNocT! COPTOB MONOXKUTENIbHO KOppennpoBana
C KOIMYECTBOM PELIECCUBHbBIX reHOB ET-E4, UTo cornacyeTcs C JaHHbIMM 3apyOeXXHbIX aBTOPOB, NOSYYEHHBIMU Ha Bbl-
60pKax copToB 13 fAinoHun n CesepHoro Kutas. Takum obpasom, pazpaboTaHHaa NaHeslb MapKEPOB MOXET YCMeLHO
MNCMOJIb30BaTbCA B CENEKLMUN CON Ha CKOPOCNENOCTb 1 YyBCTBUTENIbHOCTL K poTOnepuoay.

KnioueBble cioBa: $poTONEPUOA; CPOK LIBETEHUA; MapKep reHa; annienb-cneyndryHble npaiMepbl; HECUHOHMMUYHAA

3aMeHa; NHAeNb; COPT; COA; rpynna cnenocTu.

Introduction

The genus Glycine consists of two subgenera, Soja and Gly-
cine. The first subgenus includes the species Glycine soja
(2n = 4x = 40), or the Ussuri soybean — a wild annual plant
from Southeast Asia and the cultivated species of soybean —
Glycine max L. (2n = 4x = 40) (Vavilov, 1926; Zhukovsky,
1964).

Soybean is cultivated in many countries of the world for
food, animal feed and technical purposes due to its unique
nutritional properties, including a high protein content (30—
52 %). In terms of protein content, soybean surpasses all
cultivated crops, in particular: wheat (9-26 %), rice (7 %),
corn (10 %), etc., except for lupine. The value of soy protein
is determined by the content of essential amino acids, the sum
of which is 20 % of the total protein mass, and in wheat— 18 %
(Gorissen et al., 2018). The degree of digestibility of soy
protein has the highest index — 1, corresponding to proteins
of milk, eggs, and casein and much higher than that of cereals
(0.25-0.4) (Hoffman, Falvo, 2004).

Soybean was first cultivated in China 6000 BC. Then, as
the main source for the production of vegetable protein and
oil, soybean has spread to other countries of Southeast Asia:
India, Korea, Japan, and Indonesia, where a variety of ways
of eating it have been developed. Soybean appeared in Europe
at the end of the 8th century. In Russia (the former USSR),
soybean was brought to the Far East from China and this crop
was introduced into production in the USSR in 1927.

In terms of the crop area in the world, soybean ranks first
among leguminous crops. In 2019, it occupied 122 million
hectares (https://www.kleffmann.com/). The world leaders
in soybean production are Brazil and the United States. The
cultivation area in these countries is 37 and 31 million he-
ctares, respectively; average yield — 3.3 t/ha. According to the
Federal State Statistics Service (Rosstat, https://rosstat.gov.
ru/), in Russia in 2019, the total area under cultivated soybean
was ~3 million hectares with yield — 1.0-2.0 t/ha. Five years
later, the cultivation area of soybean in Russia has increased
by 51 %. At the same time, the gross harvest increased by
1.6 times from 2.64 million tons in 2015 to 4.36 million tons
in 2019.

The potential for increasing the yield of soybean in Russia
is quite high and can be realized both by modernization of
agrotechnical cultivation methods and through the develop-
ment of new cultivars better adapted to the climatic conditions
of specific regions (priority direction). The compatibility of the
development phases with the optimum temperature for each
phase plays an important role in plant adaptation. Soybean
belongs to warm-season plants since the optimum temperature
for the vegetative phase is +20...+25 °C and for seed germi-
nation — +12...+14 °C. Seedlings can withstand frosts down
to —3 °C. During the period of flowering and pod maturity,
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the need for heat is greatest, with the optimum temperature
during this period being +18...420 °C.

Soybean is cultivated in a wide range of latitudes from
55° north to 35° south. However, the area of cultivation of
each cultivar is limited to a very narrow range of latitudes and
usually there is one cultivar per 1° of latitude (Agarkova et
al., 2016). This is due to a strong reaction to the photoperiod.
Soybean is a southern plant and it requires a short day to tran-
sition to flowering. In the long day environments in northern
latitudes, the photoperiod-sensitive cultivars delay flowering
and the pods do not have time to mature before the onset of
frost in autumn. Reducing sensitivity to photoperiod allows
the plant to start flowering earlier and reach maturity in the
optimal period. On the other hand, in southern latitudes, in
conditions of a short day and warm weather, soybean flowers
too early and does not have time to form the vegetation mass
necessary for the formation of a high yield.

Modulation of the maturity time, depending on the latitude
of the area, is achieved by selecting an effective combina-
tion of gene alleles for this area, which are responsible for
the photoperiodic reaction and the transition of the plant to
flowering and maturation. At present, 11 major loci (E1-E11)
affecting this trait have been identified in soybean (Jia et al.,
2014; Tsubokura et al., 2014; Zhai et al., 2014, Samanfar et
al., 2017; Wang et al., 2019). The function of genes E1-E4,
which are directly involved in the regulation of flowering
and maturity in various photoperiods, has been established in
most detail (Xu et al., 2013). Combinations of the different
alleles of these four genes account for 62—66 % variation in
the length of the maturity time (Tsubokura et al., 2014). The
E1 gene is a flowering repressor and encodes a transcription
factor that contains the putative nuclear localization signal
and the B3 DNA-binding domain (Watanabe et al., 2012; Xu
et al., 2015). The E2 gene is an orthologue of the flowering
regulator gene of the Arabidopsis GIGANTEA (Watanabe
et al., 2011). The E3 and E4 genes encode phytochrome A:
GmPHYA3 and GMPHYA2, respectively (Liu et al., 2008).
Recessive alleles of genes E1-E4 are the result of mutations
(frame shifts, nonsynonymous substitutions, deletions), lead-
ing to dysfunction of proteins, which gives insensitivity to
photoperiod (Xu et al., 2013).

The soybean genome contains 12 GMFT genes homologous
to the flowering activator FT (FLOWERING LOCUS T) of
Arabidopsis (Kong et al., 2010; Wu et al., 2017). Of them,
genes GmFT2a and GmFT4 were mapped as maturity genes
E9 and E10, respectively (Zhao et al., 2016; Samanfar et al.,
2017). The GmFT2a and GmFT5a genes have the strongest
influence on the flowering time (Guo et al., 2015; Takeshima
etal., 2016). Several signaling pathways for the regulation of
soybean flowering depending on the photoperiod have been
proposed, including the El-specific regulatory pathway. Ac-
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cording to this pathway, photoreceptors E3 and E4 provide
photosensitivity and induce the expression of the E1 gene
and its homologue E1L, which suppress the expression of
GmFT5a and GmFT2a leading to a delay in flowering (Zhu
etal., 2019).

Thus, the previous analysis of the main genes involved in
the regulation of the maturity time in soybean made it possible
to identify various dominant and recessive alleles of these
genes, which cause different sensitivity to photoperiod, and
to develop allele-specific markers for these genes. The aim of
this work is to create a panel of molecular markers that can
be used for fast and efficient genotyping of domestic soybean
cultivars and selection of plant material in terms of sensitivity
to day length and the duration of maturity.

Materials and methods
As a material, we used 10 cultivars of soybean with different
maturity time. Seeds of 4 cultivars were provided by Siberian
Research Institute of Forages SFSCA RAS (Novosibirsk);
6 cultivars — by EFKO company (Alekseevka, Belgorod re-
gion; www.efcoforms.com). The names, genotypes and ma-
turity time of the studied cultivars are presented in Table 1.
Total DNA was isolated from 4-day-old individual seedlings
grown on wet filter paper in Petri dishes. DNA isolation was
performed according to the method described by Kiseleva
et al. (2016). The amount of DNA was determined using a
spectrophotometer NanoDrop 2000 (Thermo Scientific, USA).

2021
25.7

Manenb MapKepoB ANA reHoOTUNnpPoOBaHMA COPTOB COU
MO reHam, KOHTPONNPYOLWNM CPOK Beretaumnm

To identify the various alleles of the studied genes, we used
allele-specific primers synthesized by “Biosset” company
(Novosibirsk) (Table 2). PCR was performed in a 25-pl volu-
me using a HS-Taq PCR kit (Biolabmix, Novosibirsk). The
reaction mixture contained 50—100 ng of DNA, 1x PCR buffer,
2 mM MgCl,, 0.2 mM of each dNTP, 0.5 mM of each primer
and 1 U HS-Taq DNA polymerase. PCR protocol: 5 min at
95 °C; 3540 cycles (95 °C, 10 sec; 55-60 °C, 20 sec; 72 °C,
3040 sec); 5 min at 72 °C. PCR products were separated by
electrophoresis in 1 % agarose gel.

To analyze the E2 gene, we used the CAPS marker de-
scribed by Watanabe et al. (2011). The PCR product obtained
using E2-specific primers was digested by restriction enzyme
Dral (SibEnzyme, Novosibirsk). We added 1 U of the enzyme
to the PCR mixture and incubated it at 37 °C overnight. The
restriction products were separated in 2 % agarose gel. The
results of electrophoresis were visualized and photographed
in UV using Gel Doc™ XR+ (BioRad, USA).

For sequencing, PCR products were isolated from the
gel and purified using a diaGene kit for DNA elution from
agarose gel (DiaM, Russia) according to manufacturer’s
instruction. The sequencing of PCR products was carried
out using a Bigdye terminator v3.1 cycle sequencing kit (Ap-
plied Biosystems, USA) and corresponding specific primers.
Sequencing was performed at the SB RAS Genomics Core
Facility using an automatic capillary analyzer ABI PRISM 310
Genetic Analyzer (Applied Biosystems, USA).

Table 1. Genotypes of the analyzed soybean cultivars by genes E1-E4, GmFT

Cultivar, region Genotype

E1 E2 E3 E4
Annushka, el-as e2-ns e3-tr e4
Belgorod region
Bara, el-as e2-ns e3-tr e4
Belgorod region
Gorinskaya, el-nl e2-ns e3-fs e4
Western Siberia e3-tr
SibNIIK-9, el-nl e2-ns e3-fs e4
Western Siberia
SibNIIK-315, el-nl e2-ns e3-fs e4
Western Siberia
Chera-1, el-as e2-ns e3-fs E4
Belgorod region
Persona, ET e2-ns e3-tr E4
Western Siberia
Belgorodskaya 48, el-as e2-ns E3-Ha e4
Belgorod region
Malaga, el-as e2-ns e3-tr E4
Belgorod region
Cassidi, el-nl e2-ns E3-Ha E4

Belgorod region

Maturity group
(range of the growing season/
E9 GmFT5a average value®)
(GmFT2a)
E9 GmFT5a-H1  Ultra-early maturing/very early maturing
(75-85/80)
E9 GmFT5a-H1  Ultra-early maturing/very early maturing
(85-95/90)
E9 GmFT5a-H1  Early maturing
(92)
E9 GmFT5a-H1  Early maturing
(90-98/94)
E9 GmFT5a-H1  Early maturing
(98-105/102)
E9 GmFT5a-H1  Early maturing
(94-116/105)
E9 GmFT5a-H1  Early maturing
(103-109/106)
E9 GmFT5a-H1  Early maturing/medium early maturing
(98-119/108)
E9 GmFT5a-H1  Medium early maturing
(110-115/112)
E9 GmFT5a-H4  Medium early maturing

(110-120/115)

*The duration of growing season on a long day was taken from the website of the State Register of Breeding Achievements (https:/reestr.gossortrf.ru/). Maturity
groups are given according to the classification generally accepted in Russia (Korsakov, 1973).
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Table 2. Primers used in the work

A marker panel for genotyping soybean cultivars

for genes controlling the duration of vegetation

Gene/allele Primer sequences Length of PCR products,bp ~ T° annealing Source
El/el-fs/fel-nl*  E1F1:CACTCAAATTAAGCCCTTTCA 547 55 Xia etal.,, 2012
E1R1:TCCGATCTCATCACCTTTCC
el-as e1asF:GGGAGCAGTGTCAAAAGAAGAC el-as: 1403 60 Own developed
e1asR:GTGCTATCCCTTAGTTAATTAAATT el-nl-
El:-
E1 ET1F: GGGAGCAGTGTCAAAAGAAGAG ET7:1403 60
E1R: GTGCTATCCCTTAGTTAATTAAATA el-as: -
el-nl:-
E2** E2F:GAAGCCCATCAGAGGCATGTCTTATT E2:130 55 Watanabe et al., 2011
E2R: AAGCCTATGCCAGCTAGGTATTT e2:107+23
E3 E3F: TGGAGGGTATTGGATGATGC E3-Mi: 1339 58 Watanabe et al., 2009
E3R1: CTAAGTCCGCCTCTGGTTTCAG E3-Ha: 558
E3R2: CGGTCAAGAGCCAACATGAG e3-tr: 275
E3R3:GTCCTATACAATTCTTTACGACG
E3/e3-fs* E3fsF:GGGATAGTTCTGATGCTGTTCAA E3:758 55 Xuetal,, 2013
E3fsR:CCTTGTATCGATAGCATATGTGCT e3-fs: 759
E4 E4F: AGACGTAGTGCTAGGGCTAT E4:1229 58 Liu et al.,, 2008
E4R1: GCATCTCGCATCACCAGATCA e4-SORE-1:837
E4R2: GCTCATCCCTTCGAATTCAG
E9 E9F1:GCTCTCTCTCTTCCACTCTCTAGATGG E9: 440 60 Zhao et al., 2016
(GmFT2a) E9F2: ACCCTCTCAAGTGGACATGT e9:307
E9R: CTAGGTGCATCGGGATCAAC
GmFT5a-H1/ FT5aF: GCATGGTTCATACATACTACAGGG GmFT5a-H1:379 60 Own developed
GmFT5a-H4* FT5aR: AACTCAGTTGCGTACACATGCTG GmFT5a-H4: 330

* Combinations used for sequencing.
** CAPS marker with Dra | restriction enzyme.

Comparison of the obtained sequences with those available
from the NCBI database was performed using the BLASTN
program (https://blast.ncbi.nlm.nih.gov/). Multiple align-
ment of DNA sequences was performed using the CLUSTAL
Omega software (https://www.ebi.ac.uk/Tools/msa/clustalo/).

Results

Previously, a number of studies carried out a detailed analysis
of the structural organization of genes that determine the ma-
turity time in soybean, including E-genes, as well as GmFT
family genes (Liu et al., 2008; Xu et al., 2013; Jiang et al.,
2014,2019; Tsubokura et al., 2014). Molecular markers (PCR,
CAPS markers) have been developed to identify different al-
leles of these genes, including the dominant alleles E1-E4 for
photoperiod sensitive plants and recessive alleles that cause
insensitivity to the photoperiod and reduce the maturity time.
In this work, we tested these markers on a set of soybean culti-
vars approved for use in Russia to create a panel of molecular
markers. This panel will allow for accelerated screening of
cultivars based on sensitivity to photoperiod and genotyping
for all the indicated genes.

To analyze the E1 gene, we initially used a combination
of primers E1F1/E1R1 common for dominant and recessive
alleles and flanking a region of the coding sequence (see
Table 2). This region contains SNPs specific for two com-

mon E1 recessive alleles: el-fs and el-as (Xia et al., 2012).
As a result of PCR, a major 547 bp product was detected
in 6 cultivars, while no PCR product was detected in the
other 4 cultivars (result not shown). Then, we analyzed the
nucleotide sequence of the obtained PCR product in 6 cul-
tivars. Sequencing showed the presence of the el-as allele
in 5 cultivars and the E1 allele in the ‘Persona’ cultivar. The
recessive allele el-as is characterized by a nucleotide sub-
stitution G—C in comparison with the dominant allele E1
(Fig. 1). Based on the known sequences of the E1 gene from
the databases, we developed the allele-specific primers elasF/
elasR, which allow us to identify the el-as allele by the pre-
sence of a PCR product of 1403 bp (see Table 2). Figure 2, a
shows the result of PCR with these primers. The next pair of
primers (E1F/E1R) for the same region of the gene, specific
for the dominant allele E1, gave an amplification only in
the ‘Persona’ cultivar, which can be used as a control of E1
(see Fig. 2, b). The absence of PCR products with all prim-
ers to different regions of the E1 gene in cultivars ‘Cassidi’,
‘SibNIIK-9’, ‘SibNIIK-315’, ‘Gorinskaya’ can be explained
by gene deletion, and this indicates the presence of the el1-nl
allele, established by Xia et al. (2012).

We genotyped the E2 gene in cultivars using CAPS marker
(see Table 2). The 130 bp PCR product of the dominant allele
is not digested by endonuclease Dra I. The recessive allele e2
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el-as (AB552966) GTCAAAAGAAGACGAAATCCACCATATGCGAAGCCTCTAACTTTAGGACATCAAGGAGAA
Belgorodskaya 48 GTCAAAAGAAGACGAAATCCACCATATGCGAAGCCTCTAACTTTAGGACATCAAGGAGAA

Annushka GTCAAAAGAAGACGAAATCCACCATATGCGAAGCCTCTAACTTTAGGACATCAAGGAGAA
Chera-1 GTCAAAAGAAGACGAAATCCACCATATGCGAAGCCTCTAACTTTAGGACATCAAGGAGAA
Malaga GTCAAAAGAAGACGAAATCCACCATATGCGAAGCCTCTAACTTTAGGACATCAAGGAGAA
ET(AB552962)  GTCAAAAGAAGAGGAAATCCACCATATGCGAAGCCTCTAACTTTAGGACATCAAGGAGAA
Persona GTCAAAAGAAGAGGAAATCCACCATATGCGAAGCCTCTAACTTTAGGACATCAAGGAGAA

Kok Kk K KRk Kok kR ko ok ko kK R Kk Kk Kk K Kk K Kk K Kk K R K Kk K Kk K kK

Fig. 1. Multiple alignment of the ET gene region containing an SNP cha-
racteristic of the recessive allele e7-as.

E7and eT-as — G. max E1 gene sequences of the ‘Harosoy’ cultivar (AB552962
and AB552966, respectively).

has a Dra I restriction site due to the A—T nucleotide substitu-
tion. The hydrolysis of the PCR product produces two DNA
fragments 27 and 103 bp long. Figure 3 shows the presence
of the recessive allele €2 in all studied cultivars.

The E3 gene has the most common recessive allele e3-tr,
which is characterized by a deletion of 13 kb after the third
exon (Watanabe et al., 2009). The dominant alleles E3-Mi and
E3-Ha have the same effect on the phenotype, but the last al-
lele is distinguished by the insertion of a retrotransposon into
the third intron. A molecular marker for this gene allows the
simultaneous identification of both the dominant and reces-
sive allele of the E3 gene (see Table 2). This marker revealed
a 275 bp product characteristic of the recessive allele in the
cultivars ‘Annushka’, ‘Bara’, ‘Persona’ and ‘Malaga’ and in
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one plant of the ‘Gorinskaya’ cultivar (Fig. 4). The rest of the
samples had a PCR product corresponding to the dominant
allele E£3-Ha (see Fig. 4).

In addition to the 13 kb deletion for E3, other mutations lead
to the formation of recessive alleles. Among them, the most
common allele is 3-fs with the insertion of a T nucleotide in
the first exon, leading to a frame-shift and the formation of
a non-functional protein (Xu et al., 2013). We checked this
mutation in all cultivars with E3-Ha alleles (see above) by
sequencing a 759/758 bp PCR product obtained with primers
E3fsF/E3fsR (see Table 2, PCR result not presented). It turned
out that cultivars ‘SibNIIK-9’, ‘SibNIIK-315, ‘Gorinskaya’,
‘Chera-1’ are carriers of the allele e3-fs, and cultivars ‘Kas-
sidi’, ‘Belgorodskaya 48’ have a sequence corresponding to
the dominant allele £3-Ha (Fig. 5).

There are several recessive alleles of the E4 gene; the most
common allele is e4-SORE-1, the result of the insertion of
a 6,238 bp Tyl/copia-retrotransposon in the first exon (Liu
et al., 2008). The molecular marker for this gene allows to
identify simultaneously the dominant and recessive E4 alleles
by the presence of PCR products 1229 bp and 837 bp long,
respectively (see Table 2). Using this marker, we identified
the dominant allele in cultivars ‘Cassidi’, ‘Chera-1’, ‘Malaga’
and ‘Persona’, while the other cultivars have a recessive al-
lele (Fig. 6).

Previously, molecular markers were developed for the flo-
wering activator genes: GmFT2a, or the E9 gene (Zhao et al.,

1 2 3 4 5 6 7 8 9 10 M bp
a

1500
b

1500

Fig. 2. Results of PCR obtained using primers e1-asF/e1-asR (a) and E1F/E1R (b).

Hereinafter: 7 - Annushka, 2 - Cassidi, 3 - Belgorodskaya 48, 4 - SibNIIK-9, 5 - SibNIIK-315, 6 — Gorinskaya, 7 - Chera-1, 8 - Bara,
9 - Malaga, 70 - Persona; M -“100+ bp DNA ladder”. Two individual plants were analyzed for each cultivar.

Fig. 3. Electrophoregram of CAPS marker of the E2 gene.

Each plant sample is represented by a PCR product before (+) and after (-) restriction digestion.

558 (E3-Ha)

275 (e3-tr)

Fig. 4. Electrophoregram of PCR products of the £3 gene.

The products of 558 and 275 bp long correspond to the dominant £3-Ha and recessive e3-tr alleles, respectively.
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E3 (AB797201) AGATTATTGAGAAGAACATCCTGCAAACTCAAACACTC-TTGTGTGATATGCT
Belgorodskaya 48 AGATTATTGAGAAGAACATCCTGCAAACTCAAACACTC-TTGTGTGATATGCT

Cassidi AGATTATTGAGAAGAACATCCTGCAAACTCAAACACTC-TTGTGTGATATGCT
e3-fs (AB766210)  AGATTATTGAGAAGAACATCCTGCAAACTCAAACACTCTTTGTGTGATATGCT
Chera-1 AGATTATTGAGAAGAACATCCTGCAAACTCAAACACTCTTTGTGTGATATGCT
Gorinskaya AGATTATTGAGAAGAACATCCTGCAAACTCAAACACTCTTTGTGTGATATGCT
SibNIIK-315 AGATTATTGAGAAGAACATCCTGCAAACTCAAACACTCTTTGTGTGATATGCT

KKk kKKK KKK KRk K * KRR R AKXk k kA Kk ok Kk k ok kk *k kK k ok kX Kk k kKK

Fig. 5. Multiple alignment of the first exon region of the £3 gene contain-
ing the insertion of T, leading to a frameshift mutation.

The reference sequences of E3 and e3-fs alleles: AB797201 and AB766210,
respectively.

2016) and GmFT5a (Takeshima et al., 2016). The recessive
allele €9 delays flowering due to lower gene expression caused
by the insertion of the SORE-1 retrotransposon into the first
intron (Zhao et al., 2016). The marker (see Table 2) allows
determining the dominant and recessive allele GmFT2a, by
the presence of PCR products 440 and 307 bp long, respec-
tively. Using this marker, we identified a 440 bp PCR product
characteristic of the dominant allele GmFT2a in all analyzed
samples (Fig. 7).

The GmFT5a gene has a dominant allele, GmFT5a-H4,
which reduces the maturity time and differs from the recessive
allele by a 49 bp deletion in 3'-UTR (Takeshima et al., 2016;
Jiang et al., 2019). To identify both GmFT5a alleles, we used
a combination of primers FT5aF/FT5aR flanking the deletion

A marker panel for genotyping soybean cultivars
for genes controlling the duration of vegetation

site (see Table 2). A 330 bp PCR product corresponding to the
dominant allele was detected in only one cultivar — ‘Cassidi’;
the other cultivars had a 379 bp PCR product corresponding to
the recessive allele (Fig. 8). We carried out sequencing of the
PCR product in cultivars ‘Cassidi’ and ‘Belgorodskaya 48’ in
order to search for the presence of different GmFT5a alleles.
According to the sequencing result, the ‘Cassidi’ cultivar
contained the GmFT5a-H4 allele (result not shown).

Discussion

The high adaptation potential of soybean makes it possible
to cultivate it outside the primary cultivation area — in a wide
range of climatic conditions, including high-latitude regions
with a temperate climate (Jia et al., 2014; Jiang et al., 2014).
Soybean adaptation is achieved by the interaction of alleles of
genes that control the date of flowering and maturity, depend-
ing on the length of the photoperiod (Saindon et al., 1989;
Watanabe et al., 2012).

The maturity time of soybeans is 75 to 170 days. Depending
on the maturity time, soybean cultivars are subdivided into:
ultra-early maturing — less than 80 days; very early maturing —
81-90 days; early maturing — 91-110 days; medium early
maturing — 111-120 days; medium maturing — 120-130 days;
medium late maturing — 131-150 days; late maturing —
151-160 days; very late maturing — 161-170 days (Korsakov,
1973). In Russia, soybean is cultivated in the Far East, in the
Central, Southern and Siberian regions. Each growing region is
characterized by specific conditions of the climate; therefore,

bp

(E4) 1229
(e4-SORE-1) 837

Fig. 6. Electrophoregram of PCR products of the £4 gene.

1000

The products 1229 and 837 bp long correspond to the dominant E4 and recessive e4-SORE-1 alleles, respectively.

bp

500

Fig. 7. Electrophoregram of PCR product of the GmFT2a gene.
The 440 bp product corresponds to the dominant allele of this gene.

(GmFT5a-H1) 379
(GmFT5a-H4) 330

440 (E9)

7 8 9 10 M bp

400

Fig. 8. Electrophoregram of PCR products of the GmFT5a gene obtained with primers GmFT5af2/r2.

The products of 379 and 330 bp long correspond to the recessive GmFT5a-H1 and dominant GmFT5a-H4 alleles, respectively.
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it becomes necessary to select cultivars specifically adapted
to a particular region using effective methods of marker-
assisted selection. To demonstrate this possibility and create
a working panel of DNA markers, we tested the previously
developed combinations of primers for the main genes of
photoperiod response: E1-E4 and flowering activators GmFT
(Takeshima et al., 2016; Wu et al., 2017). For this purpose, we
used a set of 10 cultivars, differing in times of maturity: from
the ultra-early maturing cultivar ‘Annushka’ to the medium
early maturing cultivar ‘Cassidi’ (average maturity time — 80
and 115 days, respectively). The established genotypes of
these cultivars for all studied genes are presented in Table 1.
In total, 5 combinations of alleles for the E1-E4 genes were
identified: (1) el-nl(el-as)/e2-ns/e3-tr(e3-fs)/e4; (2) el-as/
e2-ns/e3-tr/E4; (3) el-as/e2-ns/E3-Ha/e4; (4) El/e2-ns/
e3-tr/E4; (5) el-nl/e2-ns/E3-Ha/E4.

All analyzed cultivars contained the most common,
dominant and recessive alleles of the GmFT2a and GmFT5a
genes, with the exception of the ‘Cassidi’ cultivar, which
had a rare dominant allele GmFT5a-H4. The first combina-
tion E1-E4 was found in two ultra-early-maturing cultivars
and three early-maturing cultivars close to them in terms of
maturity time. This genotype is characterized by the presence
of recessive alleles for each of the E/—E4 genes. The second
combination with one dominant E4 gene is present in cultivars
‘Chera-1" and ‘Malaga’ (maturity time: 105 and 112 days,
respectively). The third combination with one dominant
E3-Ha gene was found in the ‘Belgorodskaya 48’ cultivar
(108 days). The fourth combination includes the dominant
genes E1 and E4, found in the ‘Persona’ cultivar with a ma-
turity time of 106 days. The medium early maturing cultivar
‘Cassidi’ contains the fifth combination with two dominant
genes E3-Ha and E4 and has the longest maturity time in this
sample of cultivars. This cultivar has the GmFT5a-H4 allele,
which, according to Jiang et al. (2019), may influence the
length of the maturity time. We have shown the predominant
association of the genotype containing the recessive alleles of
the E1-E4 genes with a group of ultra-early maturing and very
early maturing cultivars, while cultivars with a later maturity
time have one or two dominant alleles for the E1, E3, or E4
genes (see Table 1).

The established genotypes with a predominance of recessive
alleles for the main genes of the photoperiod are typical for
most cultivars from the northern regions of China (Jiang et
al., 2014) and Japan (Xu et al., 2013). Thus, in the first work,
it was found that the sensitivity to the photoperiod and the
maturity time decrease with the accumulation of recessive
alleles E1-E4. The cultivars with the genotype el/e2/e3/e4
have the least sensitivity to photoperiod and are common in
the northern latitudes of China. These cultivars belong to the
MGO000 maturity group of very early cultivars according to
the international classification and correspond to ultra-early
maturing and very early maturing cultivars according to our
domestic classification. The MG00 and MGO maturity groups
of early and medium early cultivars have genotypes with one
or two dominant genes, mainly E3 and E4 on the background
of recessive alleles el and e2. These maturity groups have
a maturity time of 91-110 and 111-120 days, respectively,
which corresponds to our early and medium early maturing
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cultivars. Finally, MGI-MGIV maturity groups usually have
genotypes with three or four dominant alleles: E1/e2/E3/EA4,
el/E2/E3/E4, or E1/E2/E3/E4. These genotypes are common
in the middle and southern regions of China, whose climatic
conditions favor later maturation (Jiang et al., 2014). Thus,
the analyzed cultivars have a maturity group MG000-MGO
and a genotype for genes E1-E4 similar to varieties from
the northern regions of Southeast Asia, which are closest to
the territory of the Far East — the region of primary soybean
cultivation in our country. Soybean germplasm from this re-
gion has spread to the Southwestern part of Russia, Siberia
and other regions.

Alleles E1-E4 have a different effect on sensitivity to pho-
toperiod and maturity. Previous research shows that the E1 and
E2 genes have a greater influence on the development prior
to flowering. The loci E3 and E4 affect not only the previous,
but also the subsequent phases of flowering and maturation
(Xu et al., 2013; Jiang et al., 2014). Consequently, the last
loci are more important in breeding for productivity. Of these
genes, the E4 gene has the greatest effect on light sensitivity,
the recessive form of which is quite widespread in northern
latitudes, which is also confirmed by our data. Of the first two
genes, the E1 gene presumably plays a key role in photope-
riod-induced flowering (Xia et al., 2012). This is confirmed
by the data of comparing the genotypes E1/e2/E3/E4 and
el/E2/E3/E4, which showed a more significant decrease in
photoperiod response in the genotype with el (Jiang et al.,
2014). Almost all cultivars studied by us, with the exception
of'the ‘Persona’ cultivar, contain non-functional alleles e1-as
and el-nl, which, apparently, make the main contribution to
the shortening of the maturity time. The recessive allele e2
was found in all studied cultivars. Our result is consistent with
the data from the Amur region, which showed the presence
of the dominant allele E2 in only one cultivar out of 18 (Jia
etal., 2014).

The genes of the GmFT family are flowering activators, and
their transcription negatively correlates with the expression
of the flowering repressor E1 (Xia et al., 2012). The most im-
portant genes of this family are genes GmFT2a and GmFT5a
(Takeshima et al., 2016). Despite the fact that the GmFT2a
gene showed different transcriptional profiles under different
environmental conditions and in individual cultivars differing
in sensitivity to photoperiod, nevertheless, its polymorphism
was not associated with the maturity time (Jiang et al., 2013).
In some cultivars, the insertion of the SORE-1 retrotransposon
in the first intron of GmMFT2a was identified, which suppressed
the transcription of this gene and led to a delay in flowering
(Zhao et al., 2016). Using the marker flanking the insertion
(see Table 2), we established the intact form of the GmFT2a
gene in all analyzed cultivars.

A 49 bp deletion in the 3’-UTR of the GmFT5a gene was
found in a number of foreign cultivars of the MG000 and
MGO0 maturity groups (these groups also include the culti-
vars we analyzed), which reduces the flowering time relative
to cultivars with a recessive allele of the gene (Takeshima et
al., 2016; Jiang et al., 2019). We developed primers that am-
plify the site of the deletion, and using PCR and subsequent
sequencing of the PCR product we showed the presence of
this deletion in the ‘Cassidi’ cultivar (see Fig. 8). In addition
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to the indicated dominant allele GmFT5a, potentially shorten-
ing the flowering time, this cultivar contains two dominant
alleles E3 and E4, which can have the opposite effect on the
maturity time. However, the mechanism of interaction of
these genes and their combined effect on the maturity time is
yet to be clarified.

Conclusion

In this work, using the material of soybean cultivars cultivated
in Russia in the regions of Western Siberia and Belgorod
region, we for the first time tested molecular markers for vari-
ous alleles of the E1-E4, GmFT genes, which are responsible
for sensitivity to photoperiod and the maturity time. Cultivars
from these regions have a shorter maturity time and low
sensitivity to photoperiod. These features correlate with the
number of recessive alleles of the E1-E4 genes, so the cul-
tivars with the shortest maturity time (ultra-early maturing)
predominantly have the el-nl(el-as)/e2-ns/e3-tr(e3-fs)/e4
genotype. The cultivars with a later maturity (early maturing
and medium early maturing) have a genotype with one or two
dominant alleles, mainly for the E3 and E4 genes. Our result
of genotyping 10 soybean cultivars is consistent with the data
of foreign authors obtained on a wide set of cultivars from
the geographical regions of Japan and North China, close in
climatic conditions to the Far East — the region of primary
soybean cultivation in our country. Thus, the tested set of
molecular markers can be used for breeding the domestic soy-
bean cultivars based on sensitivity to photoperiod and maturity
time, on which the productivity of soybean largely depends,
especially in a temperate climate atypical for its cultivation.
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Using the synthetic form RS5
to obtain new introgressive lines of common wheat
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A.N. Zinchenkol, E.D. Badaeva2

T National Center of Grain named after PP. Lukyanenko, Krasnodar, Russia
2Vavilov Institute of General Genetics of the Russian Academy of Sciences, Moscow, Russia
® davoyanro@mail.ru

Abstract. The use of the gene pool of wild relatives, which have a significant reserve of genetic diversity, is of immedi-
ate interest for breeding common wheat. The creation and use of synthetic forms as “bridges” is an effective method of
transferring valuable genetic material from wild relatives to cultivated wheat. For this purpose, genome addition, genome
substitution and recombinant “secondary” synthetic forms have been created in the PP. Lukyanenko National Center of
Grain. The synthetic recombination form RS5 (BBAASDY), in which the third genome consists of chromosomes of Aegilops
speltoides (S) and Aegilops tauschii (DY), was obtained from crossing the synthetic forms Avrodes (BBAASS) and M.it./Ae. taus-
chii (BBAAD'DY), in which the D genome from Ae. tauschii was added to the BBAA genomes of the durum wheat culti-
var Mutico italicum. Introgression lines resistant to leaf rust, yellow rust and powdery mildew have been obtained from
backcrosses with the susceptible common wheat cultivars Krasnodarskaya 99, Rostislav and Zhirovka. Twelve resistant
lines that additionally have high technological characteristics of grain and flour have been selected. The cytological study
(C-banding) has revealed chromosomal modifications in 6 of 8 lines under study. The rearrangements mainly affected the
chromosomes of the D genome, 1D, 3D, 4D, 6D and 7D. It was found that in most cases the genetic material from the syn-
thetic form RS5 in the studied lines was represented by substituted chromosomes from Ae. tauschii. In line 5791p17, the
substitution of chromosomes 6D from Ae. tauschii and 7D from Ae. speltoides was revealed. Substitutions 4D(4D?), 6D(6DY)
from Ae. tauschii and 7D(7S) from Ae. speltoides were obtained for the first time. Molecular analysis of 12 lines did not reveal
effective leaf rust resistance genes, presumably present in synthetic forms of M.it./Ae. tauschii and Avrodes. It is assumed
that the lines may carry previously unidentified genes for fungal disease resistance, in particular for resistance to leaf rust,
from Ae. tauschii and Ae. speltoides.

Key words: common wheat; synthetic forms; disease resistance; protein; gluten; cytological analysis; C-banding; substituted
chromosomes; translocations.
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Vcnonb30BaHMe CMHTeTn4Yeckoi opMbl RS5
IIJISI TIOJTYYEeHMSI HOBbIX MIHTPOTPECCUBHBIX JIMHNI MSITKOJ IILIE€HUIIbI

PO. AaBOHHl ®, V1.B. Be6sikunal, D.P. ,A,aBom—[l, 10.C. 3y6aHOBa1, A.M. Boapaxosl, A.C. Muxos!, B.A. Bubumes!,
A.H. 3unuenxol, E.A. BaAae332

1 HauwnoHanbHbIn LeHTp 3epHa M. .M. JlykbaHneHko, KpacHogap, Poccua
2 NHCTUTYT 0bLwen reHeTnkn nm. H.U. BaBunosa Poccuiickor akagemnmn Hayk, Mocksa, Poccus
® davoyanro@mail.ru

AHHOTaLusA. AKTyasIbHOW 3afjaueit ceneKkumm MArkow nileHuLbl ABNAETCA BOBeYeHe reHoboHaa ANKMX COPOANYeNn, 06-
najamLWwyx 3HaYNTENbHbIM 3aMacoM reHeTUYeCcKoro pasHoobpasms. dGbeKTUBHbIM MeTOA Nnepefaynt LEHHOrO reHeTuye-
CKOro MaTepuana oT JUKNX COPOAMYEN B KYNbTYPHYIO NIIEHWLY — CO3AaHVe 1 UCMOJIb30BaHME B KaUeCcTBe <MOCTUKOB» CUH-
TeTuyecknx ¢opm. C 3Toi Lenbio B HauroHanbHOM UeHTpe 3epHa uMm. M.M1. JlykbAHEHKO co3aaHbl FreHOMHO-3aMeLLeHHbIe,
reHOMHO-106aBNeHHbIe 1 PEKOMOVHAHTHbIE «<BTOPUYHBIE» CMHTeTUYeckne Gopmbl. CuHTeTUYeckas dpopma RS5 (BBAASDY),
y KOTOPOV TPETUI FrEHOM COCTOMT U3 Xpomocom Aegilops speltoides (S) n Aegilops tauschii (DY), 6bina nonyueHa oT ckpelm-
BaHWA cuHTeTUYeckux dopm Aepogec (BBAASS) n M.it./Ae. tauschii (BBAAD'DY), y kotopoii reHom D ot Ae. tauschii 6bin go-
6aBrieH K reHomam BBAA tBepgoi nweHmubl Mutico italicum. OT 6eKKpoCcoB ¢ BOCMPUMMUYNBLIMY K IMCTOBON PXKaBUMHE,
MKeNTow pXKaBUMHe U MyYHUCTON poce cCopTamu MATKOW niweHnubl KpacHogapckaa 99, Poctucnas u XKuposka 6binn nonyye-
Hbl YCTONUMBbIE K 3TUM 60SIe3HAM MHTPOrpeccrBHble TMHUK. OTo6paHbl 12 NNMHWUIA, KOTOPble HapPAAY C YCTOMYMBOCTbIO K 60-
Ne3HAM VIMEIOT BbICOKME TeXHOMOTMYecKmne xapakTepucTukm 3epHa n myku. Lntonornuecknin ananus (C-banding) Bbiasun
XPOMOCOMHbIE MepecTPONKM Yy LECTU U3 BOCbMU UCCNeAyeMbIX MNHUIA. [lepecTponKky B OCHOBHOM 3aTPOHYIN XPOMOCOMbI
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This work is licensed under a Creative Commons Attribution 4.0 License


http://www.bionet.nsc.ru/vogis/

P.O. laBosiH, U.B. bebskunHa, 3.P. laBosAH ...
B.A. Bubuiwes, A.H. 3uHueHko, E.[l. bagaesa

2021
25.7

Mcnonb3oBaHue cuHTeTUYecKom Gopmbl RS5 Ana nonyyeHns
HOBbIX MHTPOFPECCUBHbIX JINHNIA MATKO MLUEHNLbI

reHoma D - 1D, 3D, 4D, 6D 1 7D. YcTaHOBJIEHO, UTO reHeTUYeCKUiA MaTepuan oT CUHTeTMYeCKo Gopmbl RS5 B U3yUeHHbIX n-
HUAX B OONIbLUNHCTBE CllyYaeB NPeACTaBEeH B BUE 3aMeLLeHHbIX XPOMOCOM OT Ae. tauschii. B nuHumn 5791117 obHapy»KeHo
3amellieHne Xpomocom 6D oT Ae. tauschii n 7D ot Ae. speltoides. XpomocomHble 3ameleHus 4D(4DY), 6D(6DY) ot Ae. tauschii
n 7D(7S) ot Ae. speltoides nonyueHbl Brepble. MonekynAapHbIN aHanu3 12 AMHWIA He BbIABUA Y HUX 3GdEKTUBHbBIX FeHOB
YCTONUMBOCTY K JIMCTOBON pXKaBUMHE, MPEANONOXMTENbHO NMPUCYTCTBYIOWMX B CUHTETUYECKMX dopmax M.it./Ae. tauschii
n Aespopec. CienaHo NpeAnosioXKeHre, YTO IMHUM MOTYT HECTU He NAEHTUOULMPOBaHHbIE paHee reHbl YCTONUYMBOCTY K
rPUBHBIM 60NE3HAM, B YUaCTHOCTM K JINCTOBOW prKaBUMHe, oT BUIOOB Ae. tauschii n Ae. speltoides.

KnioueBble cfioBa: MsArkas niueHnLa; CUHTeTUYeckre GOpPMbI; YCTONUNBOCTb K 60Ne3HAM; 6ENOK; KNENKOBUHA; LLMTONOrYe-
ckuin aHanus; C-banding; 3ameLLeHHble XPOMOCOMbI; TPaHCIOKaL UK.

Introduction

Common wheat (Triticum aestivum L.) is one of the main food
crops. The constantly growing need to increase its productivi-
ty against the background of global climate changes requires
further intensification of the breeding process. One of the
main conditions for this is the presence of sufficient genetic
diversity and, in particular, disease resistance genes. An actual
and effective way to expand the genetic diversity of common
wheat is to use its numerous related wild and cultivated species
as sources of valuable breeding traits (Rasheed et al., 2018).
It should be noted that almost all effective diseases resistance
genes of common wheat originate from the gene pool of its
wild relatives (Mclntosh et al., 2015).

One of the most effective methods of transferring valuable
genetic material from wild relatives to common wheat is the
creation and use of synthetic forms as “bridges”. An original
approach was developed at the P.P. Lukyanenko National
Center of Grain, which made it possible to create genome
substituted, genome added and recombinant “secondary” syn-
thetic forms (Zhirov, Ternovskaya, 1984; Davoyan R.O. et al.,
2012). The genome substitution form of Avrodes (BBAASS)
was used to create recombinant synthetic forms (RS-forms),
in which, against the background of BA genomes, the third
genome was recombinant and simultaneously consisted of
two different wild species genomes (Davoyan E.R. et al.,
2012). This form, due to the presence of the S genome from
Ae. speltoides, has the ability to promote homoeologous pair-
ing of chromosomes (Tsatsenco et al., 1993), which should
have contributed to the production of new translocations and
recombinations between chromosomes of different species.

The aim of the study was to use a synthetic form of RS5
(BBAASD?), in which the third genome consists of Aegilops
speltoides (S) and Ae. tauschii (D') chromosomes, to obtain
new introgression lines of common wheat. This paper presents
the results of cytological and molecular analysis, evaluation
of resistance to fungal diseases, productivity components,
technological qualities of grain and flour of common wheat
introgression lines obtained using this synthetic form.

Materials and methods

Introgression lines of common wheat (BC,F—BC,F;) obtained
with the participation of a synthetic form of RS5 made up
the material for this study. Common wheat varieties Kras-
nodarskaya 99 (lines 4942p17, 5038p17, 5658p19, 5714p18,
5766p19, 5791p17, 5845p18), Rostislav (lines 5001p17,
5656p19) and Zhirovka (lines 5725p18, 5733p19, 5785p18),
susceptible to leaf rust, yellow rust and powdery mildew,
were used as recipient varieties. The Zhirovka variety has
a translocation of 5BS.SBL-5GL, obtained from the species
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T. militinae through the synthetic form T. miguschovae. Trans-
location 1RS.1BL from rye was detected in variety Rostislav.

The study of chromosome pairing in metaphase I of meiosis
was carried out in maternal pollen cells on pressed prepara-
tions stained with acetic acid hematoxylin according to the
generally accepted method (Pausheva, 1974). The number of
cells studied in the lines ranged from 169 to 248.

The assessment of resistance to leaf and yellow rust was
carried out at the stage of adult plants in the field, against the
background of artificial infection. To assess the resistance to
yellow rust, the Gassner and Straib scale was used (Gasner,
Straib, 1934). Resistance to leaf rust was determined according
to the Mains and Jakson scale (Mains, Jakson, 1926). Plants
with reaction type 0 (immune), 1 (highly resistant) and 2 (mo-
derately resistant) were classified as resistant. The resistance
of plants with an intermediate type of reaction from 0 to 1
(single very small pustules with necrosis) was indicated by
a score of 01. Plants with reaction type 3—4 were considered
susceptible. Resistance to powdery mildew was evaluated on a
natural infectious background according to the Geschele scale
(Peresipkin, 1979). Plants with a degree of powdery mildew
damage of 0-20 % were classified as resistant.

DNA extraction was carried out using the Plaschke et al.
method (Plaschke et al., 1995). To identify the Lr genes,
primers marking the Lr28, Lr35, Lr39 and Lr51 genes were
used — CS421570-R, CS421570-L; BCD260F1, 35R2;
GDM35-L, GDM35-R; S30-13L, AGA7-759R, respectively
(Seyfarth et al., 1999; Singh et al., 2004; Cherukuri et al.,
2005; Helguera et al., 2005). The PCR reaction was performed
according to the conditions recommended by the authors. Elec-
trophoresis of the PCR fragments was carried out similarly
to those previously described (Davoyan E.R. et al., 2018).

Differential staining of chromosomes (C-banding) was
performed at the Vavilov Institute of General Genetics ac-
cording to the method developed by Badaeva and co-authors
(Badaeva et al., 1994).

Technological quality of grain and flour was studied at the
department of grain technology and biochemistry, P.P. Lu-
kyanenko National Center of Grain, according to the Methods
of State Crop Variety Trial (1988). Statistical processing of
the obtained results was carried out using the AGROS-2.10
program.

Results

The synthetic form RS5 showed high resistance to leaf and
yellow rust and moderate resistance to powdery mildew,
while having very low fertility. To transfer resistance and
restore fertility, this form was crossed with susceptible to
these diseases common wheat varieties Krasnodarskaya 99,
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Rostislav and Zhirovka. The first generation of hybrid plants
was partially fertile and showed resistance to a complex of
wheat diseases. Depending on the level of fertility of these
plants, backcrossing with common wheat was performed from
1 to 3 times, but in most cases two backcrosses were sufficient
to restore it. The plants obtained from backcrosses had from
40 to 42 chromosomes. The results of the cytological study
of chromosomal associations in metaphase I of meiosis are
shown in Table 1.

In general, the percentage of plants with multivalents did
not differ by crossing combinations.

A large number of multivalents (75 %) was observed in
F, plants obtained from crossing the recombinant RS5 form
with common wheat, which is explained by the direct influ-
ence of the S genome chromosomes, which are a part of the
recombinant sterile form, on the pairing of different genomes
chromosomes. Further, along with the increasing number of
backcrosses, which were also carried out in order to overcome
the low fertility of F, hybrid plants, the number of plants with
multivalents significantly decreases (up to 9 %). Examples
of chromosome pairing in metaphase I of meiosis in hybrid
plants are shown in Fig. 1.

The selection of plants for fertility and disease resistance,
self-pollination contributed to the meiosis stabilization and
necessary signs consolidation. As a result of the plants selec-
tion by the chromosomes number close to common wheat (42),
82 lines have now been obtained from the population of hybrid
plants obtained on the basis of RS5 synthetics. This article
presents the results of studying 12 lines that are closest to the
recipient varieties according to the phenotype.

When using the RS5 form, the main purpose was the trans-
mission of common wheat disease resistance. In this regard,
an assessment of lines was fulfilled for the most common
and harmful diseases — leaf rust (Puccinia triticina Eriks.),
yellow rust (Puccinia striiformis f. sp. tritici) and powdery
mildew (Blumeria graminis f. sp. tritici). Characterization of
introgression lines RS5xT. aestivum for disease resistance
for 20192021 is given in Table 2.

Eleven lines were resistant to leaf rust. Eight lines showed
high resistance with reaction type 01 and 1: 4942p17,
5656p19,5733p19, 5766p19, 5714p18, 5725p18, 5785p18 and
5845p18. The line 5001p17 was susceptible. The remaining
lines had moderate resistance to this disease.

Resistance to yellow rust was carried by all 12 lines, 4 of
which, 5656p19, 5725p18, 5791p17 and 5845p18 have the
type of reaction to infection 01 and 1.

Resistance to powdery mildew was shown by 10 lines, with
the exception of lines 5038p17 and 5785p18.

Of particular value for breeding are lines that are resistant
to a complex of diseases. Three lines, 5001p17, 5038p17 and
5785p18, had group resistance to two and nine lines to all
three diseases. The 5845p18 line had high resistance to all
three diseases. The diversity of disease resistance lines may
indicate different introgressions of foreign genetic material
into the genome of common wheat.

In order to determine the form of the transferred material
from the synthetic RS5 form, the studied lines were crossed
with one of the most meiotically stable varieties of common
wheat Krasnodarskaya 99 and meiosis was studied in hybrid
F, plants (Table 3).
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Table 1. Results of the study of chromosome pairing
in metaphase | of meiosis of generation F, and BC,F,-BC;F,

Generation Total plants studied Number of plants

with multivalents
F1 .......................... 12 .......................................... 9(75%) ...........................
ch .................... 31 ......................................... 16(52%) ............................
BGFZ_ BC2F1 ........ 45 ........................................ 12(27 . %) ............................
BCze_ BC3F1 ........ 80 .......................................... 7(9%) ..............................

Fig. 1. Chromosome pairing in metaphase | of meiosis in RS5 x Krasnodar-
skaya 99 hybrid plants: a, BC; (14" +4'+ 2"+ 1V); b, BC, (19" +4!).

Multivalents are indicated by arrows.

Table 2. Disease resistance
of introgression lines RS5 x T. aestivum for 2019-2021

Line, variety, Resistance
synthetic “toleafrust  toyellow rust  to powdery
(type of (type of mildew, %
reaction) reaction)

4942p17 ........................ 1 ......................... 2 ........................... 1 5 ...................
5001p17 ........................ 3 ......................... 2 20 ..................
5038p17 ........................ 2 ......................... 2 25 ...................
5656p1901 ....................... 0 120 ..................
5658p19 ........................ 2 ......................... 2 ........................... 1 5 ...................
5733p19 ........................ 1 ......................... 2 20 ..................
5766p19 ........................ 1 ......................... 2 ........................... 1 5 ...................
5714p1801 ....................... 2 20 ..................
5725p18 ........................ 1 ......................... 120 ..................
5785p13 ........................ 1 ......................... 2 25 ...................
5791p17 ........................ 2 ......................... 0 1 ......................... 15 ...................
5845p1801 ....................... 1 ........................... 10 ..................
KrasnOdarSkaya994 ........................ 3 25 ...................
Rost,s|av4430 ..................
Zhwovka ........................ 3 ......................... 3 30 ..................
R5501 ....................... 0 1 ......................... 15 ...................
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Table 3. Analysis of meiosis in metaphase | in maternal pollen cells F, hybrids
obtained from crossing cytologically stable RS5x T. aestivum lines with Krasnodarskaya 99

Plant material Cells studied 21"
% ....................
4942p17 x K99* 214 774
5001p17XK99 ................................... 185 .............................. 8 07 ................
5038p17XK99 ................................... 190 .............................. 6 74 ................
5 65 6p1 nggg ................................... 2 37 .............................. 8 05 .................
5 65 8p1 9XK99 ................................... 2 48 .............................. 6 54 ................
5714p18><K99 ................................... 185487 ................
5 7 2 5p1 8XK99 ................................... 2 10 .............................. 5 62 ................
5 7 3 3p1 9XK99 ................................... 3 17 .............................. 6 86 ................
5 7 6 6p1 nggg ................................... 2 62 .............................. 6 72 ................
5 7 8 5p1 8XK99 ................................... 2 47 .............................. 7 74 ................
5791p17XK99 ................................... 169447 ................
5 8 4 5p1 8XK99 ................................... 2 23 .............................. 5 83 .................
K rasnOdar Skaya 99 ............................ 112 .............................. 9 10 ................

* Hereinafter: K99 is a variety of wheat Krasnodarskaya 99.

The association of chromosomes of hybrid plants F, 20! +2!
and 19"+4! may indicate the substitution of one or two pairs
of wheat chromosomes with foreign ones. Such substitutions
can occur in 4 lines out of 12 analyzed — 5038p17, 5658p19,
5791p17 and 5845p18. The hybrids of Krasnodarskaya 99
with the other lines have the presence of multivalents, which
indicates that they can carry translocations from the RS5 syn-
thetic, Rostislav and Zhirovka varieties. Hybrid plants of
the lines 5714p18, 5725p18, 5733p19, 5766p19 along with
multivalents form a significant number of cells (about 30 %)
with the association of chromosomes 20"+2! and 19''+4!,
Probably, both translocations and substituted chromosomes
may be present in these lines.

To identify the genetic material from the RSS synthetic and
changes in the genome of the obtained lines, the C-banding
method was used. Of the eight analyzed lines, six revealed
transfer from RSS5 synthetics (Table 4).

The rearrangements mainly affected the chromosomes of
the D genome. In most cases, the lines carry substituted chro-
mosomes from Ae. tauschii. The most common rearrange-
ments affect chromosomes 1D, 4D and 6D (Fig. 2).

Substitutions 2A(2A"Y) and 3D(3Dt) were identified in line
5658p19. The line 5791p17 has a 6D chromosome substitu-
tion from Ae. tauschii and 7D from Ae. speltoides. It should
be noted that introgression lines with chromosomal substitu-
tions 4D(4Dt), 6D(6D') from Ae. tauschii and 7D(7S) from
Ae. speltoides were obtained for the first time. Translocation
T1BL.1RS from the recipient cultivar Rostislav was revealed
in line 5656p19. Translocation TSBL.5GL obtained from the
recipient cultivar Zhirovka is present in three lines — 5725p18,
5733p19 and 5785p18. The obtained introgressive lines are
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20"+ 2! 19"+ 4! Cells with
multivalents
............. 1664713
............. 1036426
............. 3 26__
............. 1543318
............. 3 0442_
............. 3 8410722
............. 2 9512419
............. 1929824
............. 2 378417
............. 1287523
431 .............................. 122 ............................. _ ...................................
............. 3 6849_
............... 6327_

Table 4. Results of the analysis
RS5 X T. aestivum introgression lines by C-banding

Line Identified translocations and substitutions
5656p19 .................... T1BL1R5 ..................................................................
5658p1 9 .................... 2A(2At ) 3 D ( 3 Dt) ......................................................
s7apis TIBLIRST2AL? del385,4DDY
spls TIBLIRS TSBLSGL 4DMDY; 6D(6DY)
730 TSBSSBLSGL ID(DY;6D6EDY
5785p1 8 .................... -|-1 BL 1 . R S -|-5 BL5G|_ ................................................
5791 . p1 7 .................... 6D(6Dt) 7D(7S) .......................................................
5845p1 8 .................... 1D(1 Dt) 6D(6Dt) .....................................................

of particular interest as possible new disease resistance genes
donors, in particular, to leaf rust, transferred from the species
Ae. tauschii and Ae. speltoides. Currently, 5 resistance genes
from Ae. tauschii: Lr21, Lr22a, Lr32, Lr39, Lr42 and 6 re-
sistance genes transmitted from Ae. speltoides: Lr28, Lr35,
Lr36, Lr47, Lr51, Lr66 (Mclntosh et al., 2015) are added to
the catalog of wheat gene symbols. DNA markers were used to
identify genes for resistance to leaf rust. Earlier (Davoyan E.R.
etal., 2012, 2018), we analyzed the synthetic forms Avrodes
and M.it./Ae. tauschii for the presence of effective leaf rust
resistance genes Lr28, Lr35, Lr47, Lr51 from Ae. speltoides
and Lr39 from Ae. tauschii. The resistance gene Lr36 was not
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Line 5714p18 Line 5845p18
1 2 3 4 5 6 7 1 2 3 4 5 6 7
A -
B &
: .
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Fig. 2. Karyotypes of introgression lines 5714p18 and 5845p18 with genetic material of the recombinant synthetic
form RS5.

Table 5. Technological characteristics of grain and flour RS5 X T. aestivum introgression lines of common wheat

Line Protein content, Gluten content, Gluten deformation index, Volume of bread, Overall baking value,
% % drop unit ml points
5656p19 .................... 186 ................................. 3 68 ................................ 8 8 ............................................. 9 5047 ..................................

5658p19 .................... 158 ................................. 2 93 ................................ 8 2 ............................................. 8 2045 ..................................

5684p18 .................... 171 ................................. 3 36 ................................ 7 5 ............................................. 8 5045 ..................................

5725p18 .................... 179 ................................. 3 70 ................................ 8 1 .............................................. 8 6045 ..................................

5733p19 .................... 164 ................................ 3 16 ................................ 6 8 ............................................. 8 5048 ..................................

5766p19 .................... 149 ................................. 2 79 ................................ 8 0 ............................................. 8 6047 ..................................

K99 ............................ 144 ................................ 2 60 ................................ 6 5 ............................................. 8 0046 ..................................

LSDOS ......................... 0 3 ................................... 14 .................................. 2 ................................................ 1 9_ .....................................

included in the analysis due to the lack of an effective mo-
lecular marker for it. Identification of the Lr66 gene was not
performed at this stage. It was found that the synthetic form
of Avrodes has only Lr28, Lr35 and Lr51 of the listed genes,
and the synthetic form M.it/Ae. tauschii has the Lr39 gene.
Based on this, the obtained introgressive lines were analyzed
only for the presence of effective leaf rust resistance genes
Lr28, Lr35, Lr39 and Lr51. The presence of the desired genes
has not been established in any of the 12 lines.

To determine the prospects for involving the obtained lines
in breeding practice, they were evaluated according to the
technological qualities of grain and productivity components.
This paper presents the results of six most phenotypically
interesting lines evaluation of the 2019 harvest.

One of the most important agronomic traits, especially
for lines carrying alien genetic material, is the technological
characteristics of grain and flour. Alien introgression can sig-
nificantly affect the technological qualities of grain and flour.
The results of the analysis of lines for some technological para-
meters are presented in Table 5. The protein and gluten content
of the lines largely depend on the conditions of the growing
season. All studied lines exceeded the best recipient cultivar
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Krasnodarskaya 99 in terms of protein and gluten content.
The lines 5656p19 and 5725p18 had the highest levels — 18.6
and 17.9 % protein, 36.8 and 37.0 % gluten, respectively. The
protein and gluten content of the Krasnodarskaya 99 variety
was 14.4 and 26 % (see Table 5).

Grain technological characteristics are determined by the
protein and gluten content, as well as the qualitative indi-
cators of gluten, which, in turn, determine such important
characteristics as bread volume, crumb color, bread taste
characteristics, etc. As a rule, the lines with alien genetic
material have deterioration in the gluten quality. Thus, all the
analyzed lines have high levels of gluten deformation index
compared to the recipient variety Krasnodarskaya 99. How-
ever, the lines 5684p18 and 5733p19 had the gluten quality
corresponding to group I according to State Standard, and the
lines 5656p19, 5658p19, 5725p18 and 5766p19 had quality
group II according to State Standard, which is a good indica-
tor in general for introgressive lines. The volume output of
bread in two lines 5658p19 and 5656p19 was 820 and 950 ml,
respectively, exceeding the volume of bread of the recipient
variety Krasnodarskaya 99 (800 ml). There were significant
differences between the lines according to the indicator of the
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Table 6. Yield components of RS5 x T. aestivum introgression lines

Line Weight of 1000 grains, g Number of spikes per 1 m2,  Grain weight per 1 m2, g
pieces
5656p1940330774835 .........................................
5658'3194322387 ........................................... 5 327 .........................................
5684p1842322354865 .........................................
5725p1840732924660 .........................................
5733p19 .................................. 3 803058 ........................................... 5 835 .........................................
5766p194392843 ............................................ 6 003 .........................................
K99 .......................................... 3 743217 ........................................... 6 037 .........................................
LSD05062 .............................................. 169 .............................................. 165 ............................................

general baking assessment. Three lines: 5658p19, 5684p18
and 5725p18 (4.5 points) were inferior in this indicator to
the recipient variety Krasnodarskaya 99 (4.6 points), and two
lines, 5656p19 and 5766p19, having a score of 4.7 points,
slightly exceeded the indicator of the Krasnodarskaya 99
variety. The line 5733p19 had the best baking rating out of
all the lines — 4.8 points.

To study productivity, the following characteristics were
used: the weight of 1000 grains, the weight of the grain, and
the number of spikes per square meter (Table 6). The weight of
1000 grains in the lines varied from 38.0 (5733p19)to 43.9 gin
line 5766p19, with an average value of the Krasnodarskaya 99
variety —37.4 g. All lines, with the exception of 5733p19, sig-
nificantly exceed the Krasnodarskaya 99 variety in this sign.
Lines 5658p19, 5684p18 and 5766p19 form a smaller number
of spikes per 1 m2. In the other three lines, the differences from
the Krasnodarskaya 99 variety were insignificant. The high-
est yield (600.3 g/m?), comparable to the Krasnodarskaya 99
variety (603.7 g/m?), had the line 5766p19. The other lines
were significantly inferior to the Krasnodarskaya 99 variety.

Discussion
The creation and use of the synthetic form of RS5 was primar-
ily associated with the possibility to transfer new introgres-
sions from Ae. tauschii and Ae. speltoides to common wheat
and, as a result, new disease resistance genes. Along with the
selection of stable hybrid plants, their cytological study is
important. The study of chromosome pairing in metaphase |
of meiosis in RS5 x T. aestivum hybrid plants revealed a rela-
tively large number of plants with multivalents in the early
generations of F, and BC,F, — 75 and 52 %, respectively.
Such results are due to the ability of the synthetic form of
Avrodes, obtained with the participation of Ae. speltoides,
to cause homeologous pairing of chromosomes (Tsatsenco
et al., 1993). A significant decrease in the number of plants
with multivalents in subsequent generations of BC,F ,—-BC;F,
(9 %) may be associated with the stabilization of the number
of chromosomes and their association in meiosis towards
common wheat, as well as a decrease in the genetic material
Ae. speltoides in them.

The 12 RS5xT. aestivum lines of the BC,F—BC;F; ge-
neration selected for the study differed in resistance to leaf
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rust, yellow rust and powdery mildew. Lines with the types of
reaction to leafrust 01, 1 and 2, to yellow rust 01, 1 and 2, with
adegree of powdery mildew damage of 10, 15 and 20 % were
identified. The lines differ in their resistance to the complex of
these diseases as well. The diversity of disease resistance lines
may indicate different transfers of the RS5 genetic material
in the genome of common wheat and the possible transfer of
a new resistance gene(s).

Cytological analysis (C-banding) revealed chromosomal
rearrangements in 6 out of 8 studied lines. The rearrange-
ments mainly affected the chromosomes of the D genome —
1D, 3D, 4D, 6D, and 7D. In most cases, the genetic material
from the synthetic RS5 form in the studied lines was found
to be presented in the form of substituted chromosomes from
Ae. tauschii. In one line — 5791p17 the substitution of chro-
mosomes 6D from Ae. tauschii and 7D from Ae. speltoides
was identified. It should be noted that chromosomal substitu-
tions 4D(4D"), 6D(6D") from Ae. tauschii and 7D(7S) from
Ae. speltoides were obtained for the first time. Active partici-
pation in rearrangements of chromosomes of the D genome
is explained by the fact that, firstly, Ae. tauschii is a donor
of the D genome, secondly, in the synthetic form of Avrodes
(BBAASS), the D genome of common wheat is replaced by
the S genome from Ae. speltoides. In line 5656p19, translo-
cation TIBL.1RS from the recipient cultivar Rostislav was
revealed. At the same time, in contrast to the Rostislav varie-
ty, this line is resistant to leaf rust (01) and yellow rust (01)
and has high levels of protein and gluten (18.6 and 35.8 %,
respectively). Probably, the transfer of genetic material from
RSS5 of'this line occurred through recombination, which is not
detected by the C-banding method. The TSBL.5GL translo-
cation obtained from the recipient cultivar Zhirovka was found
in three lines — 5725p18, 5733p19, and 5785p18. Currently,
this translocation does not provide resistance to leaf rust, yel-
low rust and powdery mildew.

The genes of resistance to leafrust Lr21, Lr22a, Lr32, Lr39,
Lr42 from the species Ae. tauschii and Lr28, Lr35, Lr36, Lr47,
Lr51, Lr66, LrASP5 from Ae. speltoides were transferred to
common wheat (Adonina et al., 2012; MclIntosh et al., 2015).
These genes were transferred from Ae. tauschii to the wheat
chromosomes 1D, 2D, 3D, 2D and 1D, respectively; from
Ae. speltoides — to 4A, 2B, 6B, 7A, 1B, 3A and 5B, respec-
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tively (Friebe et al., 1996; Helguera al., 2000, 2005; Marais
et al., 2010). Despite the rather large number of transferred
genes, it is possible that other leaf rust resistance genes may
be present in these species, which is also evidenced by the
results obtained earlier (Davoyan R.O. et al., 2017).

Based on the marker analysis, it was previously assumed
that the synthetic form of M.it/Ae. tauschii has Lr39 of the
listed genes, while Avrodes has only three: Lr28, Lr35, and
Lr51. The desired genes were not detected in any of the
12 analyzed lines. Probably, these lines may have new leaf rust
resistance genes derived from Ae. tauschii and Ae. speltoides.

Genetic material of wild relatives in introgression lines
of common wheat, along with positive traits, can also carry
undesirable ones, such as lengthening the growing period,
deterioration of baking qualities, lodging tendency, decreased
yield, etc. (Knott, 1989; Brevis et al., 2008; Timonova et al.,
2012; Leonova, Budashkina, 2016).

The study of the 6 most interesting lines by phenotype
revealed their diversity in productivity and technological
characteristics of grain and flour. The studied lines exceeded
the recipient cultivar Krasnodarskaya 99 in protein and glu-
ten content. The lines 5656p19 and 5725p18 had the highest
indices — 18.6 and 17.9 % protein, 36.8 and 37.0 % gluten,
respectively. Despite the fact that all the analyzed lines have
high levels of gluten deformation index compared to the
Krasnodarskaya 99 variety, they form gluten corresponding
to the first and second groups of state standard and have either
an equal with Krasnodarskaya 99, or a higher overall baking
rating. Thus, along with disease resistance, the studied lines
can be used as donors to improve the technological qualities
of grain and flour.

All lines, with the exception of 5733p19, significantly ex-
ceeded the weight of 1000 grains of the Krasnodarskaya 99
variety. According to the number of spikes per 1 m?2, the lines
have either equal (5656p19, 5725p18, 5733p19) or lower in-
dicators (5658p19, 5684p18 and 5766p19) compared to the
Krasnodarskaya 99 variety. With the exception of the 5766p19
line, all the others were significantly inferior to the Krasno-
darskaya 99 in terms of grain weight per 1 m?. Based on the
obtained data, the reduced productivity of the lines compared
to Krasnodarskaya 99 can be tentatively attributed to the fact
that against the background of a significantly high protein
content (with the exception of the 5766p19 line), which, as
a rule, negatively correlates with yield, they form either an
equal or significantly smaller number of spikes per 1 m?. It
should also be noted that Krasnodarskaya 99 is one of the
high-yielding varieties of winter common wheat.

Conclusion

Thus, the obtained results indicate a wide variety of created
introgression lines and the effectiveness of using the synthetic
RS5 form for transferring genetic material from Ae. tauschii
and Ae. speltoides to common wheat.
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The subcompartmented oxphosomic model
of the phosphorylating system organization in mitochondria
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Abstract. The oxidative phosphorylation (OXPHOS) system of mitochondria supports all the vitally important energy-
consuming processes in eukaryotic cells, providing them with energy in the form of ATP. OXPHOS enzymes (comp-
lexes |I-V) are located in the inner mitochondrial membrane, mainly in the cristae subcompartment. At present, there is
alarge body of data evidencing that the respiratory complexes |, Ill, and IV under in vivo conditions can physically inter-
act with each other in diverse stoichiometry, thereby forming supercomplexes. Despite active accumulation of know-
ledge about the structure of the main supercomplexes of the OXPHOS system, its physical and functional organization
in vivo remains unclear. Contemporary models of the OXPHOS system’s organization in the inner membrane of mito-
chondria are contradictory and presume the existence of either highly organized respiratory strings, or, by contrast, a
set of randomly dispersed respiratory supercomplexes and complexes. Furthermore, it is assumed that ATP-synthase
(complex V) does not form associations with respiratory enzymes and operates autonomously. Our latest data obtained
on mitochondria of etiolated shoots of pea evidence the possibility of physical association between the respiratory
supercomplexes and dimeric ATP-synthase. These data have allowed us to reconsider the contemporary concept of the
phosphorylation system organization and propose a new subcompartmented oxphosomic model. According to this
model, a substantial number of the OXPHOS complexes form oxphosomes, which in a definite stoichiometry include
complexes I-V and are located predominantly in the cristae subcompartment of mitochondria in the form of highly or-
ganized strings or patches. These suprastructures represent “mini-factories” for ATP production. It is assumed that such
an organization (1) contributes to increasing the efficiency of the OXPHOS system operation, (2) involves new levels of
activity regulation, and (3) may determine the inner membrane morphology to some extent. The review discusses the
proposed model in detail. For a better understanding of the matter, the history of development of concepts concern-
ing the OXPHOS organization with the emphasis on recent contemporary models is briefly considered. The principal
experimental data accumulated over the past 40 years, which confirm the validity of the oxphosomic hypothesis, are
also provided.

Key words: system of oxidative phosphorylation; mitochondria; oxphosome; models of the OXPHOS organization;
supercomplexes.
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Cy6KOMIIapTMEHTaIlMMIOHHasI OKC(POCOMHAas1 MOJie/lb
opraumsanyuy gochopmanpyroliei cucTeMbl MUTOXOHIPU

VI1.B. YxoAoBa

CnOMPCKINIA MHCTUTYT Gur3monorum n bruoxmmmn pacteHnin Cnbrpckoro otaeneHna Poccninckoi akagemun Hayk, MpkyTck, Poccus
® irina@sifibrirk.ru

AnHoTayma. Cuctema okucnutenbHoro docpopunmpoBaHna (OKCOOC) MUTOXOHAPWIA NOAAEPKUBAET BCE XKM3HEH-
HO BaKHble 3Hepro3aTpaTHble MPOLIECCH B KNEeTKax dyKapuoT, obecneumsas nx sHepruein B dopme ATO. epmeHTbI
OKCOOC (komnnekcbl 1-V) nokannsyotca BO BHYTPEHHEN MeMbpaHe MUTOXOHAPUIA, MPENMYLLECTBEHHO B KPUCTHOM
cyb6komMnapTMeHTe. K HacToALemMy BpeMeH) NoyyeH 3HaUUTeSbHbIN 06beM AaHHbIX, YKa3blBaloLWMX Ha TO, UTO Ablxa-
TenbHble Komnnekcnl |, Ill, n IV B ycnosuax in vivo moryT ¢ursnyeckn B3aMmoaencTBoBaTb ApYyr C APYroM B PasfiMyHoN
CTexmomeTpurm, 0bpasys CyrnepKommieKcbl. HecMoTpA Ha akTMBHOE HaKoMJIeHWe 3HaHNI O CTPYKTYPe OCHOBHbIX Cynep-
komnnekcoB cnctembl OKCOOC, ee Ppusmnyeckan n dyHKUMOHaNbHaA opraHmn3aums in vivo octaetca HeacHol. CoBpe-
MeHHble Mogenu opraHusauuy OKCOOC Bo BHYTPeHHeNn MeMbpaHe MUTOXOHAPUI NPOTUBOPEUVBbI U MPeAnonaralnT
CylLecTBOBaHMe NIM60 BbICOKOOPraHN30BaHHbIX AblXaTeSlbHbIX Lernoyek, nnbo, Hao6opoT, Habopa cnyJyaliHo pacnono-
MKEHHbIX [blXaTesIbHbIX CYNepKOMMIEKCOB 1 KoMMneKcoB. Mpu 3Tom npegnonaraetca, uto ATO-crnHTasa (komnnekc V)
He obpa3syeT accoumaunii ¢ AbixaTenbHbIMU pepmeHTamMu 1 paboTaeT aBTOHOMHO. Halum nocneaHve aaHHble, MoyyYeH-
Hbleé Ha MUTOXOHAPUAX STUOSIMPOBAHHbBIX MOOEroB ropoxa, yKasblBaloT Ha BO3MOXHOCTb Gpr3MYeCcKor accoumaumm abl-
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W.B. YkonoBa

CybKoMmnapTMeHTaLOHHaA OKChOCOMHan Mofesb
opraHusauuny dochopunupytoLiein CUCTeMbl MUTOXOHAPUIA

XaTeslbHbIX CynepKOMMIeKCoB v gumepHoin ATO-cHTa3bl. 3Ta MHGOPMaLIMA NO3BOSINIA NEPECMOTPETb CyLLeCTBYoLMe
npeacTaBneHns o6 opraHusaummn GochopunvpytoLeli CUcTemMbl U MPeANoXKNTb HOBYIO CyOKOMMAapTMEHTaLVMIOHHYHO
okcdocomHyto mofenb. CornacHo HOBOW Mofenu, 3HauuTenbHasA YacTb Komnnekcos OKCOOC dopmumpyeT okchocomb,
KOTOpble B ONpPeAeneHHOoR CTEXMOMETPMM BKIKOUAIOT KOMMEKCbI |-V 1 pacnonaratoTcs nperimyLLecTBEHHO B KPUCTHOM
Cy6KOMNapTMEHTE MUTOXOHAPWI B BUAE BbICOKOOPTraHU30BaHHbIX LIEMOYEK UM «MaTyeil», NPeacTaBasaiowmx cobon
«MUHV-Ppabpukm» no npoussofcty ATO. MNpepnonaraeTca, YTo Takas OpraHU3auua CrnocobCTBYeT yBENYEHNIO 3¢-
dekTrBHOCTM paboTbl cuctembl OKCOOC; OTKpbIBaET HOBble BOSMOXHOCTU [J1A PErynaLnm ee akTUBHOCTW U1 B TOI 1IN
VHOW CTEeMeHM MOXeT ornpeaenaTb MOPdONOruo BHyTPeHHen MeMOpaHbl MATOXOHAPWIA. B 0630pe noapo6Ho 0b6cyx-
JaeTca npegniaraemasn mogenb. [l nyyllero NoHYMaHysa BONpPOoCa KpaTko PaccMOTPEeHa NCTOpYs Pa3BUTUA NPeacTaB-
neHuin 06 opraHmsaumn cuctembl OKCOOC ¢ akLeHTOM Ha COBPEMEHHbIE MOLENY, a Tak»Ke MPUBEAEHbI HaKOMIeHHble
3a NocnefHNe COPOK JIET OCHOBHbIE SKCMePUMEHTaIbHbIE JaHHbIe, MOATBEPXKAAIOLLIE 060CHOBAaHHOCTb OKCHOCOMHOIN
rnoTesbi.

KnioueBble cnoBa: cctema oKnCnuTenbHOro ¢ochoprnmpoBaHns; MUTOXOHAPWY; OKCHOCOMA; MOAENV OpraHr3aLum
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OKCOOC; cynepkomnneKkchbl.

Introduction

The system of oxidative phosphorylation (OXPHOS) of
mitochondria is the main source of energy generated in the
form of ATP, which is necessary for maintaining all vitally
important metabolic processes taking place in the cells of
aerobic eukaryotic organisms. The OXPHQOS enzymes are
localized in the inner membrane of mitochondria and include
five functional complexes -V, each representing a complexly
organized molecular machine: complex I (NADH-dehydro-
genase), complex II (succinate dehydrogenase), complex IIT
(cytochrome-bcl-complex), complex IV (cytochrome ¢ oxi-
dase) and complex V (ATP-synthase). The four first enzymes
form the respiratory chain and are sequentially involved in the
process of transfer of electrons from the oxidizable substrate
upon the molecular oxygen. This process in complexes I,
III and IV is coupled with translocation of protons across
the inner mitochondrial membrane, as a result of which an
electrochemical proton gradient is formed, which is used by
ATP-synthase for ATP synthesis. Furthermore, mobile electron
carriers, ubiquinone and cytochrome ¢ (Enriquez, 2016), as
well as the translocators of adenine nucleotides and inorganic
phosphate coupled with ATP-synthase are attributed to the
OXPHOS system (Luzikov, 2009).

The components of the energy transformation system
make up the bulk of proteins of the inner mitochondrial
membrane and, according to various sources, occupy from
half to two-thirds of its hydrophobic volume (Vonck, 2012;
Schlame, 2021). To date, a lot of data evidencing the higher-
ordered organization of the OXPHOS enzymes in vivo have
been accumulated. Existence of respiratory supercomplexes,
which include respiratory complexes I, dimer II1,, and IV in
various stoichiometry, as well as the presence of oligomeric
ATP-synthase in the inner mitochondrial membrane have
been proven (Vonck, 2012; Chaban et al., 2014). It is believed
that such a compact supramolecular organization gives the
possibility of avoiding nonspecific aggregation of enzymes
and deformation of the lipid bilayer (Guigas, Weiss, 2016),
increases the efficiency of respiration, and protects the cell
from oxidative stress (Lenaz, Genova, 2012).

However, despite the fact that the structure of the main
supercomplexes has been sufficiently studied, the physical
and functional organization of the OXPHOS system in vivo
remains unknown and still is a matter of controversy. Active
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interest in this issue may be explained by the fact that correct
understanding of native organization of the energy system in
mitochondria not only opens new opportunities for further
development of mitochondriology, but also determines new
ways of solving such vitally important problems of mankind
as therapy of diseases associated with mitochondrial dys-
functions.

To date, possible variants of the arrangement of super-
complexes in the inner mitochondrial membrane are consi-
dered in contemporary models of the phosphorylating system
organization, which are sometimes contradictory and assume
existence of either highly organized respiratory strings, or,
vice versa, respiratory supercomplexes and complexes freely
diffusing in the membrane plane. Furthermore, it is assumed
that ATP-synthase does not form associations with the respira-
tory enzymes and functions autonomously.

Recently, on the basis of our data obtained with the use of
mitochondria from pea shoots, a subcompartmented oxphoso-
mic model of organization of the phosphorylating system has
been proposed (Ukolova et al., 2020). This model, in contrast
to existing ones, postulates that a substantial part of population
of'the respiratory supercomplexes interacts with dimeric ATP-
synthase in vivo, thereby forming the oxphosomes, which are
located mainly in the cristae subcompartment of mitochondria
as highly organized strings or patches (Fig. 1, /). Such an or-
ganization is expected to substantially elevate efficiency and
involve additional levels of control over the operation of the
OXPHOS system. This new model is discussed below. For
the purpose of better understanding the issue and assessing
the validity of the model, the review provides a brief history
of evolution of the views on the organization of the OXPHOS
system, and also literary data maintaining the oxphosomic
hypothesis.

A brief history of development

of ideas on the mitochondrial

OXPHOS system organization in vivo

The physical integrity of the respiratory chain (i.e. the unity
of its components) was assumed long ago in publications by
D. Keilin and his co-authors in the 1930s—1940s (Keilin, 1930;
Keilin, Hartree, 1939, 1949). For a long time, it was believed
that all the enzymes of the respiratory chain interact stably
to form “respiratory assemblies” (Chance, Williams, 1956;
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Lehninger, 1959). Such an aggregation state of the respiratory
chain was called “solid” (Lehninger, 1959; Rich, 1981) (see
Fig. 1, a). As new data became available, the “solid” model
was replaced with the “fluid” one (Hackenbrock et al., 1986)
(see Fig. 1, b). This model excluded the physical association
of OXPHOS components and postulated that all the redox
components involved in electron transfer and the proteins
required for synthesis of ATP represent “independent lateral
diffusants” that interact in course of multiple collisions.

Despite the existence of a large amount of data confirming
the validity of the “fluid” model, facts indicating the existence
in vivo of (i) associations of respiratory chain complexes and
(i1) oligomeric ATP-synthase continued to accumulate. The
year 2000 became a turning point, when H. Schagger and his
colleagues (Schagger, Pfeiffer, 2000), using the method of
blue native electrophoresis (BN-PAGE) (elaborated by them
earlier), obtained convincing evidence of physical interac-
tion between the respiratory complexes leading to formation
of supercomplexes. Thus they actually updated and returned
the “solid” model, proposing the respirasome model (see
Fig. 1, c). According to this model, the found supercom-
plexes are the “building blocks™ that “can interact to form
a network of respiratory chain complexes that may be called
a respirasome”. Later, the authors (Schégger, 2002) began to
call a separate supercomplex, comprising complexes I, 111,
and IV the respirasome, because this superstructure could
independently “respire”, i.e. provide for the entire cycle of
electron transfer from the oxidized substrate to the molecular
oxygen. As a result, this term has taken root and is currently
used in the literature in this context.

Contemporary understanding
of the energy system organization
in mitochondria

Phylogenetic conservation of organization

of OXPHOS components

With the advent of BN-PAGE and further successful combi-
nation of this method with cryoelectron microscopy, in-gel
enzyme activity assays, and other methods, the study of
supramolecular organization of the OXPHQOS system in mito-
chondria of various organisms has reached a principally new
level. Further investigations of this system in organelles from
mammalian, plant, fungi, yeast, algae, and some protozoa re-
vealed a similar composition of the supercomplexes (Krause et
al., 2004; Chaban et al., 2014). All supramolecular associations
of the OXPHOS components, obtained as a result of solubili-
zation of mitochondria with the use of mild detergents, may
be subdivided into four main groups: (1) supercomplex I,1I1,;
(2) supercomplexes LIV, ,; (3) respirasomes L IIL,IV, ,; and
(4) dimeric ATP-synthase. In some species, other respiratory
supercomplexes of distinct compositions and stoichiometry
were found (see Ukolova et al., 2020). Dimers of ATP-syn-
thases in vivo assemble into long oligomeric rows at the cristae
rims (Kiihlbrandt, 2019). There are convincing data proving
that it is the dimerization of ATP-synthase followed by oligo-
merization that engenders high local membrane curvature and
promotes the formation of cristae.
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The subcompartmented oxphosomic model
of the phosphorylating system organization in mitochondria

Presently, there are two alternative models of arrangement
of respiratory supercomplexes and OXPHOS complexes in
the inner mitochondrial membrane, which in fact are contem-
porary versions of the “solid” and “fluid” models, namely,
a model of highly organized respiratory strings and patches
(Niibel et al., 2009; Wittig, Schigger, 2009) and a “plasticity”
model (Acin-Pérez et al., 2008; Enriquez, 2016), respectively.
The first model describes the strings of respiratory supercom-
plexes associated with each other (see Fig. 1, d), while the
second postulates a random distribution of supercomplexes
and complexes in the membrane (see Fig. 1, €). Moreover,
both models assume separate location and autonomous func-
tioning of respiratory supercomplexes and oligomeric rows
of ATP-synthases.

Respiratory strings and patches

The first model is a development of the previously proposed
model of respirasome (Schagger, Pfeiffer, 2000). On the basis
of new data obtained by using BN-methods, H. Schigger and
his colleagues (Niibel et al., 2009; Wittig, Schagger, 2009) put
forward an assumption that respiratory supercomplexes in
the inner mitochondrial membrane can be “building blocks”
for larger structures, i.e. for respiratory strings and even for
patches. Respiratory strings are linear rows of supercomplexes
associated with each other in a certain order (see Fig. 1, d).
Depending on the organism and the species, either dimers or
tetramers of complex IV may be the connecting links between
the supercomplexes (Wittig, Schigger, 2009). The authors
assumed that the respiratory strings can be spatially oriented
parallel to each other in the membrane plane and interact via
complex I monomers, while forming higher-order structures
called “patches” (Niibel et al., 2009).

Identification (with the use of modified native gels with
large pores) of multimeric respiratory supercomplexes with
visible masses from 48 to 35—45 MDa was a convincing argu-
ment in favor of this model (Strecker et al., 2010). The authors
also relied on the earlier pioneering work of R.D. Allen and his
colleagues (Allen et al., 1989), who managed (with the aid of
cryoelectron microscopy) to reveal not only oligomeric rows
of ATP-synthases along the outer curve of tubular cristae of
Paramecium multimicronucleatum but also additional rows of
large particles along their inner curve, which were regularly
arranged and corresponded in size to the dimeric complex 1.
H. Schigger and I. Wittig assumed that this additional group
of projections represents a respiratory string and proposed
a variant of such a string for mammalian mitochondria (see
Fig. 1, d) (Wittig, Schigger, 2009). Variants of respiratory
strings for potato and Polytomella sp. were proposed by other
investigators (Bultema et al., 2009; Miranda-Astudillo et al.,
2018). At that, the respiratory strings were located parallel to
the oligomeric rows of ATP-synthases (Miranda-Astudillo et
al., 2018).

The “plasticity” model

The study of the composition of the OXPHOS system in vari-
ous species with the aid of BN-PAGE revealed that — after
solubilization of mitochondria with detergents — a part of the
population of respiratory complexes remained in a free state,
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Matrix
a “Solid” model
b “Fluid” model
C Respirasome model
d Respiratory strings
e “Plasticity” model

Matrix
f Subcompartmented

oxphosomic model

Fig. 1. Development of ideas related to the conception of the OXPHOS system organization in mitochondria, from the
initial “solid” model to the proposed subcompartmented oxphosomic one.

The interpretation of the models is presented taking into account recent data on the structure of OXPHOS complexes of mam-
mals (a-e) and plants (f). According to the literary data, all the principal models (with the exception of model f) are given for
mammalian mitochondria. Denotations: (1) initial and (2) later “solid” models; matrix and IMS - matrix and, respectively, inter-
membrane space of mitochondria; complexes |, II, lll,, IV and IV, of the respiratory chain and ATP-synthase (complex V) are
shown in yellow, pink, orange, green and blue, respectively. It is shown on more recent schemes that ATP-synthase dimers bend
the membrane and, thereby, are involved in the formation of cristae (c, e, f). Description of the models can be found in the text.
The respirasome model (c) is given in accordance with the schemes of H. Schagger (Schagger, Pfeiffer, 2000; Schagger, 2002); it
reflects the principal postulate of the model, which determines the ratio of the large supercomplex I, 11,1V, and the small super-
complex IlI,1V4 as 2:1. The model of respiratory strings (d) is shown according to the scheme of H. Schdgger and I. Wittig (Wittig,
Schédgger, 2009), but, unlike the representation in the original, the figure shows a side view (in the plane of the membrane). There
are other variants of the respiratory strings (Bultema et al., 2009; Miranda-Astudillo et al., 2018). In the oxphosomic model (f),
developed for the mitochondrial OXPHOS system of etiolated pea shoots (Ukolova et al., 2020), in addition to the main OXPHOS
complexes, there are also freely located alternative enzymes, which indicates a more complex organization of the phosphorylat-
ing system in plants.
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while another part was present in the supercomplexes (En-
riquez, 2016). It was noted in a number of investigations that
the relative amount of free and superassembled respiratory
enzymes as well as the ratio of supercomplexes of diverse
stoichiometry varied depending on the type of cells and the
physiological state of the organism (stage of development,
stress exposure, disease). On the basis of these data, J.A. En-
riquez and his colleagues (Acin-Pérez et al., 2008; Acin-Pérez,
Enriquez, 2014) proposed the “plasticity” model that postu-
lated balanced coexistence of free respiratory complexes and
supercomplexes of diverse composition and stoichiometry, the
ratio of which corresponded to the physiological status of the
cell (see Fig. 1, €). The proposed model was considered by
the author mainly as a “refined revision of the fluid model”
(Enriquez, 2016), since individual respiratory complexes
and supercomplexes freely diffused in the plane of the inner
mitochondrial membrane.

The new subcompartmented oxphosomic model
of organization of the phosphorylating system

in mitochondria

According to the new model, a substantial part of the respira-
tory supercomplexes physically interacts with dimeric ATP-
synthases, thereby forming oxphosomes, which are located
mainly in the cristae subcompartment of mitochondria in the
form of highly organized megastructures that are, in fact,
“mini-factories” involved in ATP production (Ukolova et al.,
2020) (see Fig. 1, f). At the same time, the rest of the respira-
tory complexes and supercomplexes obviously remain in free
form. It is supposed that the ratio between the assembled ox-
phosomes and free respiratory supercomplexes and complexes
depends on the type, physiological status and energetic needs
of the cell. Actually, the model integrates the contemporary
“solid” and “fluid” models (see Fig. 1, d, e), while adding
a new layer of complexity related to the oxphosomic organi-
zation as well as to the structural and functional subdivision
of the inner membrane into subcompartments.

Experimental data that contributed

to the emergence of the model

As noted above, the model was developed on the basis of
our data obtained recently by analysis of mitochondria from
etiolated pea shoots (Ukolova et al., 2020). The usage of
freshly isolated organelles for digitonin solubilization of
OXPHOS supercomplexes and complexes, application of
multimeric electrophoresis system based on BN-PAGE, and
mild electrophoretic separation conditions made it possible to
identify supercomplex IV, Va, and demonstrate the possibility
of physical interaction between ATP-synthase and respira-
tory complex IV. Furthermore, in addition to the canonical
associations I,111,, I, I1I,IV  and IIL,IV, ,, dimer V, and free
complexes -V, we were able to reveal new structures that had
not been not detected earlier, i.e. the second form of ATP-
synthase Va having a higher molecular weight, respirasome
LII,IV, with two copies of complex I and double dimer II1,,
as well as a megacomplex (ILIILIV,), of high molecular
weight. Simultaneous isolation of supercomplex 1V, Va,,
respirasomes I, ,III, ,IV and megacomplex (IIXIIIyIVZ)n, in
which complex IV was bound up either with ATP-synthase
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or with respiratory complexes, allowed us to suppose that all
the OXPHOS complexes in vivo can physically interact with
a definite stoichiometry to form a larger structure that may be
called an “oxphosome”. Thus, putative oxphosome represents
a structure, in which complexes I (and/or, possibly, II), 111,
IV and V are associated in strictly definite stoichiometry, and
which can autonomously fulfill the whole cycle of reactions
from the substrate oxidation to ADP phosphorylation, i. ¢. may
“breathe” and produce ATP (Fig. 2).

It is possible to suppose that the connecting link between the
respiratory and the phosphorylating parts of the oxphosome
are dimers or tetramers of complex IV (see Fig. 2). However,
the potential ability of complex IV to bind only respiratory
supercomplexes to each other (via the formation of dimers
and tetramers) has already been considered earlier in models
of respiratory strings (Bultema et al., 2009; Wittig, Schigger,
2009; Miranda-Astudillo et al., 2018). Taking into account
high abundance of free forms of complex IV (IVa/b and 1V,)
after solubilization with a detergent, both in our work (Uko-
lovaetal., 2020) and in other works (Eubel et al., 2003; Krause
et al., 2004; Acin-Pérez et al., 2008), it may be assumed that
this connecting link is detergent-sensitive and represents the
break point of the oxphosome in course of solubilization. The
dimers of complex V are also sensitive to detergent treatment
and dissociate into monomers under these conditions, as it was
shown for mitochondria of many species (Schiagger, Pfeiffer,
2000; Eubel et al., 2003). Such sensitivity might explain the
minor amount of the new supercomplex IV, Va, in digitonin-
solubilized mitochondria of pea shoots (Ukolova et al., 2020).

Some indirect literary data indicate that similar associations
exist in other species and organisms. For example, Z.H. Qiu
et al. (Qiu et al., 1992) demonstrated the possibility of re-
constructing the association of complexes IV-V in proteo-
liposomes from highly purified complexes IV and V isolated
from the bovine heart. It was demonstrated in the investiga-
tions conducted on the yeast that the absence of dimer-specific
ATP-synthase subunits in mutant strains (i. e. absence of ATP-
synthase dimers) reduced the activity of complex IV and the
rate of ATP synthesis, altered the kinetic control of complex IV
over oxidative phosphorylation (Boyle et al., 1999), as well as
affected the stability of supercomplex IIL,IV, (Saddar et al.,
2008). These facts allow one to assume that the oxphosomic
organization of the phosphorylating system may have con-
servative features and be typical of many species, although,
apparently, it also has to possess taxon-specific traits.

The assumed organization of oxphosomes
All the presently known supramolecular structures of the
OXPHOS system have strictly defined stoichiometry and
spatial organization. In order to determine the stoichiometry of
oxphosomes and develop a model of their organization in vivo
for a specific species or an organism, it is necessary to take
into account (i) the quantitative ratio of the OXPHOS com-
plexes and (ii) the available data on the structure and spatial
organization of respiratory complexes and supercomplexes,
as well as ATP-synthase dimers.

Analysis of the literary data has given evidence that the
ratio of complexes can vary depending on organism, type and
physiological status of the cell (Schégger, 2002; Dubinin et
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View along the membrane plane

Fig. 2. Putative organization of the basic oxphosome and oxphosomes with double respirasome core of open and closed types.

The schematic view of putative oxphosomes from pee shoot mitochondria is shown. The view from the matrix side of the mitochondrial
inner membrane and the side-view (along the membrane plane, profile projection) are shown. The color code is the same as in Fig. 1.

al., 2011; Peters et al., 2012). This means that the model of
the OXPHOS system organization in each definite case may
have specific features. Nevertheless, taking into account high
conservation of the studied OXPHOS superstructures, it is pos-
sible to assume that the basic principles of the supramolecular
arrangement of the system, i. e. the formation of oxphosomes,
oxphosomic strings and free supercomplexes with definite
stoichiometry and spatial architecture, shall be retained.

The exact ratio of complexes L:IL:III:IV:V has been deter-
mined so far only for bovine heart mitochondria and is ap-
proximately 1:1.5:3:6:3 (Schégger, 2002). According to
H. Schagger, at this overall stoichiometry of the OXPHOS
complexes, for every 2 complexes I there are 3 complexes II,
3 dimers III,, 6 dimers IV, (or 3 tetramers 1V,) and 3 di-
mers V,. On the basis of these data, the respirasome model
for bovine mitochondria, which considers associations only
of respiratory complexes I, III, and IV, was developed. The
model postulates that the “building blocks” for the network
of mammalian respiratory chain complexes are the large su-
percomplex I, ITI,IV, (presently known as respirasome) and
the small supercomplex 11,1V ,, which exist in a 2:1 ratio in
the inner membrane (see Fig. 1, ¢). The exact overall stoi-
chiometry of the OXPHOS complexes for mitochondria of
pea shoots has not yet been determined. Meanwhile, our data
showed that 2/3 of complex III population represent a part
of respirasomes (Ukolova et al., 2020), which is consistent
with the model of H. Schégger. This made it possible to de-
velop the preliminary model of the OXPHOS organization for
pea shoot mitochondria based on the ratio given for bovine
OXPHOS complexes (see Fig. 1, /). Further investigation of
abundance and the ratio of energy system’s enzymes in pea
shoot organelles will make it possible to clarify the proposed
model.
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Thus, based on the data discussed above, it is possible
to assume that the main structural components or “building
blocks” of the OXPHOS system in the mitochondria of pea
shoots are represented by: the basic oxphosome [ II1,IV,Vy,
respirasome L;III,IV, and supercomplex IILIV,. The basic
oxphosome represents respirasome I,111,IV, bound up with
three ATP-synthase dimers (see Fig. 2, a). The second respira-
some I, ITI,IV, and supercomplex III,IV, can also be bound
up with the basic oxphosome, while forming higher order
oligomeric structures (see Fig. 1, f and Fig. 2, b, ¢). Taking
into account (i) the data of J.B. Bultema with co-authors
(Bultema et al., 2009), who, using electron microscopy, have
shown the presence of open and closed conformations of
the supercomplex 1,111, from mitochondria of potato tubers,
and (ii) our electrophoretic data indicating a difference in
the structure of the two “heaviest” supercomplexes with the
composition LIIT,IV,, it is possible to assume the formation of
“open” and “closed” oxphosomes with a double respirasome
core (see Fig. 2, b, ¢). It is likely that these two forms can
transform one into the other and, so, participate in regulation
of the activity of the OXPHOS system. The small supercom-
plex IIL,IV, can in vivo associate with complex IT or alternative
NAD(P)H dehydrogenases directing electrons from oxidizable
substrates to complex 111, (see Fig. 1, ). The spatial organi-
zation of the putative oxphosomes has been developed given
the available cryoelectron microscopy data on the structure of
individual OXPHOS complexes and supercomplexes in plant
mitochondria (see Fig. 2).

Presently, the “degree of the energy system assembly” in pea
shoot organelles is not clear. It is not clear as well what part of
the inner membrane is occupied by oxphosomic suprastruc-
tures in mitochondria of this and other species and organisms.
It may be assumed that the ratio and the composition of free
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and assembled (into oxphosomic patches) respiratory super-
complexes and complexes may depend on the physiological
status and energy requirements of the cell. For example, in
cells with higher needs for energy (cells of muscles, heart,
brain of mammals), it is logical to expect a higher abundance
of assembled oxphosomic patches, oriented to production of
large amount of ATP.

Subcompartmental localization of OXPHOS components

The inner mitochondrial membrane is subdivided into two
morphologically and presumably functionally distinct sub-
compartments: the cristae and the inner boundary membrane
domain. It has been shown that OXPHOS complexes are
predominantly localized in the cristae domain (Gilkerson
et al., 2003; Vogel et al., 2006). So, according to the data of
R. Gilkerson with co-authors (Gilkerson et al., 2003), about
94 % of complex III of the respiratory chain and ATP-synthase
is localized in the cristae, and only 6 % — in the inner boundary
membrane. On the basis of available literary data, it may be
assumed that the oxphosomes are predominantly located in the
cristaec domain, where they can form highly organized oxpho-
somic strings or patches (see Fig. 1, ). At the same time, data
of F. Vogel with co-authors (Vogel et al., 2006) showed that
dimers of ATP-synthase were also present in the inner boun-
dary membrane, which allowed one to assume the formation
of oxphosomes in this subcompartment as well. Oxphosomes
and individual supercomplexes located in the inner boundary
membrane could efficiently support the potential-dependent
and ATP-dependent processes that are most active in this
domain, for example, protein translocation and assembly.

The facts confirming the functional validity

of the oxphosomic model

The first hypothesis proposed the mechanism of proton cou-
pling of oxidation and phosphorylation in a “rigidly” fixed
assembly of OXPHOS enzymes, which later received experi-
mental confirmation, was the hypothesis of local coupling
proposed by R.J. Williams in 1961 (Williams, 1961). The
hypothesis stated that such a spatially fixed organization of
enzymes creates the conditions for the formation of protons in
a high local concentration and for their direct (without crossing
the hydrophobic membrane barrier) transfer to ATP-synthase
(Williams, 1961; Skulachev, 1982). It is curious that the con-
ception of R.J. Williams was proposed in the same year as
P. Mitchell’s chemiosmotic hypothesis (which later became
a theory), and was an alternative to the latter. The hypothesis
of P. Mitchell (Mitchell, 1961) postulated that protons H* are
transported by proton pumps through the inner mitochondrial
membrane into the water phase and do not bind to the mem-
brane, while forming a delocalized electrochemical potential,
which is used by ATP-synthase (Skulachev, 1982). Later,
this mechanism was interpreted in favor of free (dissociated)
distribution of enzymes in the membrane, that is, in favor of
the “fluid” model.

Despite the huge amount of experimental data confirm-
ing the chemiosmotic hypothesis, the data supporting the
concept of local coupling, and, consequently, the physical
association of respiratory enzymes with ATP-synthase gradu-
ally accumulated, namely: (1) existence of mutual regulation
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between mitochondrial ATP-synthase and complexes of the
respiratory chain was shown (Tu et al., 1981; Krasinskaya
et al., 1984); (2) evidence was obtained for the existence of
anon-equilibrium membrane-bound fraction of hydrogen ions
forming locally as a result of functioning of proton pumps in
the respiratory chain (Antonenko et al., 1993; Motovilov et
al., 2009); (3) participation of the fraction of membrane-bound
protons in ATP synthesis was revealed (Solodovnikova et al.,
2004; Eremeev, Yaguzhinsky, 2015); (4) catalysts of release
of membrane-bound protons from the outer surface of the
inner membrane were revealed, with their help the possibi-
lity of switching the phosphorylating system from the local
coupling mode to the transmembrane proton transfer mode
was shown (Yaguzhinsky et al., 2006). These data support
the oxphosomic hypothesis and suggest that the OXPHOS
system can use both localized and delocalized electrochemical
potentials of hydrogen ions.

Conclusion

New discoveries concerning organization, structure and
functioning of the phosphorylating system of mitochondria
periodically induce a revision of existing conceptions and
initiate transition to a new level in understanding of the sys-
tem’s arrangement and functioning. Emerging models either
completely disprove the previous ones, as was the case in the
late 1970s — early 1980s when the “solid”” model was replaced
with the “fluid” one (see Fig. 1, a, b), or are based on the pre-
vious ones, expanding and developing them, as, for example,
in case of the model of respiratory strings, which developed
the respirasome model (see Fig. 1, ¢, d).

Presently, despite the active acquisition of data on spatial
organization, structure and functional activity of respiratory
supercomplexes and oligomeric ATP-synthase, the supramo-
lecular organization of the OXPHOS system in vivo remains
unclear. The latest data obtained in our investigations on
mitochondria of etiolated pea shoots gave evidence of the
possibility of physical association between respiratory super-
complexes and dimeric ATP-synthase (Ukolova et al., 2020).
This information led to revision of the existing contemporary
ideas of organization of the OXPHOS system (Wittig, Schéag-
ger, 2009; Acin-Pérez, Enriquez, 2014; Miranda-Astudillo
et al., 2018) and to the proposal of the subcompartmented
oxphosomic model (see Fig. 1, f).

This model presupposes the existence in vivo of highly
organized associations between the oligomeric rows of ATP-
synthase and respiratory supercomplexes, which represent ox-
phosomic strings or patches that are localized predominantly in
the cristae subcompartment. It is assumed that the oxphosomic
organization allows a significant increase in the functionality
of the OXPHOS system and efficiency of its operation. Firstly,
association of oligomeric ATP-synthase with respiratory su-
percomplexes could enable the system to use not only protons
in the bulky water phase of the intermembrane space, but also
membrane-bound protons forming in high local concentrations
asaresult of operation of the assembled respiratory enzymes.
Secondly, such an organization could involve additional layers
of the system’s activity regulation (for example, transforming
an open, possibly more active, form of oxphosome to a closed
one, or changing the ratio of associated with ATP-synthases
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and free supercomplexes). Thirdly, the “anchorage” of the
respiratory supercomplexes on the oligomeric rows of ATP-
synthase could determine the morphology of the membrane
to some extent. Further investigations will make it possible to
clarify and probably visualize the supramolecular structure of
the OXPHQOS system in mitochondria of various organisms
in vivo.
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Abstract. This paper describes an attempt to analyze, with the aid of bioinformatics resources (programs and databases),
the probable cause of the cross-interaction of antibodies against HPV16 L1 with antigenic protein HPV6 L1, which has been
revealed in the investigation of the candidate vaccine obtained on the base of a plant expression system (tomato plants). In
our opinion, the most likely reason for the cross-interaction of antibodies with antigens of different pathogenic HPV types is
the similarity of their antigenic determinants. In this work, the amino acid sequences of HPV16 L1 and HPV6 L1 used for the
development of a binary vaccine against cervical cancer and anogenital papillomatosis have been analyzed. For the analy-
sis of antigenic determinants, the programs BepiPred-2.0: Sequential B-Cell Epitope Predictor, DiscoTope 2.0 Server and
SYFPEITHI have been used. As a result of the analysis of probable B-cell linear determinants (epitopes), it has been found
that in both types of HPV the proteins have approximately the same location and size of linear antigenic determinants; the
difference is observed only in the form of small shifts in the size of several amino acid residues. However, there are some
differences in the amino acid composition of epitopes; therefore, the possibility for cross-interaction of the antibodies with
the antigens due to the similarity of linear antigenic determinants for B-cells is very small. The analysis of potential three-
dimensional epitopes for B-cells has shown that due to little difference between them the HPV16 L1 and HPV6 L1 proteins
have no prerequisites for cross-interaction of the antibodies with the antigens belonging to the two different pathogenic
HPV types. The analysis of probable linear epitopes for T-cells has revealed a common antigenic determinant in the two pro-
tein sequences. According to the rank made with the SYFPEITHI program, the amino acid sequence AQL(I)FNKPYWL is the
second most likely antigenic determinant for T-cells. Meanwhile, the amino acid sequences of this determinant in HPV16 L1
and HPV6 L1 are virtually identical. There is a difference in only one position, but it is not critical due to the similarity of
the physicochemical properties of amino acids, for which there is a replacement in the amino acid sequence of antigenic
determinants. Consequently, some moderate cross-interaction of the antibodies to HPV16 L1 with the antigens of HPV6 L1
may be expected.
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BEPOSITHOV IPUYMHBI II€PEKPECTHOTO B3aIMOdeiCTBUS
aHTUTEN K aHTUreHHomy 6esky BITY16 1.1 ¢ 6es1ikom BITU6 1.1
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AHHoTayusa. C nomoLyblo 61MoMHGOPMAaLIMOHHBIX pecypcoB (MporpamMm 1 6a3 AaHHbIX) NpeanpurHATa MonbiTKa NpoaHa-
NN3MPOBaTb BEPOATHYIO MPUYMHY NepeKpPecTHOro B3anMofencTBmA aHTuTen npotus BMY16 L1 ¢ aHTUreHHbIMU 6enkamm
BMY6 L1, koTopoe 6bIN0 BbIABAEHO MPY U3YYEeHUN KaHAWAATHOW BaKLMHbI, MOMYYEHHON Ha OCHOBE PACTUTENIbHON JKC-
NPEeCCUOHHON CUCTEMBI (pacTeHui ToMaTa). Mo HalweMy MHEHUI, Hanboee BEPOATHON NPUYMHON NepPeKPeCTHOro B3au-
MOAENCTBMA aHTUTEN C aHTUreHaMu, MPUHAANEXaLMMM K Pa3HbIM NaTOreHHbIM TMam BMpYyca Nanmninombl Yenoseka (BMY),
ABNAETCA CXOLACTBO aHTUMEHHbIX IeTePMUHAHT. B Xoae nccnegosaHmaA 6biiv NpoaHan3npoBaHbl aMVHOKUCIOTHbIE Noce-
posatenbHocTV BMY16 L1 1 BMY6 L1, koTopble ncnonb3oBanucb npu pa3pabotke 6MHapHOW BakLUHbI MPOTUB LiepBrKab-
HOrO paka U aHOreHUTaNIbHbIX NanuINOMaTo30B. [JNA aHanM3a aHTUreHHbIX AeTePMUHAHT UCMOJb30BaNCh NPOrpamMmmbl
BepiPred-2.0: Sequential B-Cell Epitope Predictor, DiscoTope 2.0 Server, SYFPEITHI. B pe3ynbTtate nccnegoBaHmna BepOATHbIX
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NIMHENHbIX AeTePMUHAHT ANA B-Knetok yctaHoBMAW, 4To Y 060mx TUnoB BMY 6enkn nMeoT npumepHO ofMHaKkoBOe pac-
NMONOXEHWNE 1 pa3Mep IMHENHbIX aHTUTEHHbIX AETEPMUHAHT, OTINYMNE HabNLAETCA TONbKO B BUAE HEGONbLUNX CABUIOB B
HECKOJIbKO aMUHOKUCIIOTHbBIX OCTaTKoB. OfHaKO BbISIBNEHO HEKOTOPOE pasfinine B aMUHOKMNCIIOTHOM COCTaBe 3MUTOMOB,
No3TOMY MOTEHUMaN NepekpecTHOro B3auMOAeNCTBUA aHTUTEN C aHTUreHaMKM 3a CYET CXOACTBA NIMHENHbIX aHTUFEHHbIX
[eTepMUHAHT AnA B-KneTok He3HaunTeneH. AHanM3 NOTEHLMaNbHbBIX TPEXMEPHbIX MUTONOB ANA B-kKneTok nokasars, uto
no cymme pasnununii 6enkm BMY16 L1 n BMNY6 L1 He nmetoT npeAnocbiNoK ANA NepeKpecTHOro B3auMoaenCTB/A aHTUTeN
C aHTUreHamu, NPUYHaANeXalWwmnMy K AByM Pa3HbIM naToreHHbIM Tinam BMY. AHann3 BepoATHbIX IMHENHbIX SNUTONOB AN
T-KneTok 06HapyXun y AByx 6ENKOBbIX MOCEA0BATENbHOCTEN OOLYI0 aHTUFEHHYO AeTepMUHaHTY. COrNacHO PenTUHry,
cocTtaBfieHHoMy nporpammoiri SYFPEITHI, amuHokucnotHaa nocnegosatenbHocTb AQL()FNKPYWL npepacTtaBnseT coboi
BTOPY!O, MO BEPOATHOCTM, aHTUFEHHYIO AeTePMUHAHTY AnsA T-knetok. Mpn 3TOM aMUHOKMCNOTHAA NocnefoBaTenbHOCTb
faHHoN fetepmuHaHTbl y BMY16 L1 1 BMNY6 L1 npaktnyeckn naeHtnyHa. OTnnume umeeTca nvb MO OFHOW NO3ULMU, HO
OHO He AABNAETCA KPUTUYHBIM B CUY CXOACTBA GU3NKO-XMMUNYECKMX CBOMCTB aMUHOKUCIIOT, MO KOTOPbIM HabntogaeTca 3a-
MeHa B aMWHOKMNCIIOTHOWN NOCNeA0BaTENbHOCTU aHTUTEHHBIX AeTeEPMUHAHT. Micxofa 13 3TOro MOXHO OXuatb yMepeHHO

Bblpa)KeHHOe NepeKpecTHoe B3ammogencTamne aHTuTen K BM4Y16 L1 c aHtureHamm BMNY6 L1.
KnioueBble cnioBa: BUPYC nanuanombl yenoseka; BM4Y6 L1; BMY16 L1; 61MomHGOpMaLMOHHbIA aHanus.

Introduction

Tens of millions of people are infected every year with vari-
ous types of human papillomavirus (HPV), and this accounts
only for regions of the world where appropriate medical ob-
servations and statistics are conducted (McLaughlin-Drubin,
Miinger, 2009). Therefore, the development of preventive
vaccines against HPV is one of the current challenges to curb
the increase in the number of diseases caused by this type of
infectious agents.

The development of candidate vaccines based on plant
expression systems is a relatively new field of biofarming.
Plant expression systems have certain advantages over other
systems. First of all, these advantages are related to safety due
to the absence of prions, mammalian pathogens, transposons
and dangerous viruses in a latent state, as well as the relative
cheapness of obtaining vaccines, which generally contributes
to wider commercialization and scaling. In our previous
investigation, we attempted to develop candidate tetravalent
oral vaccine based on transgenic plants against four types of
HPV (16, 18, 31, 45) capable of causing cervical cancer. In
this work, we planned to develop a vaccine that would pro-
vide maximum protection against cervical cancer by using
the main antigenic protein L1 of the viral envelope of four
highly oncogenic types of human papillomaviruses (HPV16,
HPV18, HPV31 and HPV45), which are responsible for most
cases of cervical cancer.

It has been revealed that the antibodies to the antigenic
protein HPV16 L1 successfully interact with the HPV18 L1,
HPV31 L1 and HPV45 L1 antigens (Salyaev et al., 2017).
Based on the data obtained, it was assumed that the cross-
interaction of the antibodies with the antigens belonging to
different pathogenic types of HPV may be due to the similarity
of antigenic determinants. This assumption was verified with
a bioinformatic approach, where common linear determinants
for T cells and B cells were found in all four types of L1 viral
proteins. In addition, similar three-dimensional antigenic de-
terminants were found for B cellsin HPV16 L1 and HPV18 L1
(Stolbikov et al., 2020). When working on the binary vac-
cine containing HPV16 L1 and HPV6 L1 antigenic proteins,
Western blot hybridization revealed a cross-interaction of
serum antibodies against HPVV16 L1 with antigenic protein
HPV6 L1 (Salyaev et al., 2017; Rekoslavskaya et al., 2021).
Human papillomavirus type 6 does not cause cancer, but can

lead to the development of anogenital and respiratory papil-
lomatoses. Despite the fact that these diseases rarely lead to
death, they are widespread and highly contagious (WHO,
January 11, 2020).

Such a wide range of cross-interaction between antigens and
antibodies, which goes beyond the viruses that cause cervi-
cal cancer and belong to another family, seemed extremely
interesting to us. In this regard, in this work, the antigenic
determinants of HPV16 L1 and HPV6 L1 have been subjected
to a comparative bioinformatic analysis. The data obtained
during this work can be used to optimize the development of
candidate vaccines using fewer HPV types due to the cross-
interaction between antibodies and antigens of unrelated
types, which, in turn, will reduce the labor intensity and cost
of production of vaccines against dangerous types of human
papillomaviruses.

Materials and methods

Alignment of the amino acid sequences of HPVV16 L1 and
HPVG6 L1. As the first stage of the analysis of the antigenic
determinants of HPV16 L1 and HPV6 L1, paired alignment
of HPV isolates of each type was conducted. For this purpose,
their full-size amino acid sequences encoded by nucleotide
sequences previously used in genetic constructs in the de-
velopment of the binary vaccine against cervical cancer and
anogenital papillomatosis were found and processed in the
NCBI database (GenBank) (Salyaev et al., 2017). This was
necessary for the subsequent determination of the difference in
the antigenic determinants of the two types of HPV. Whole set
of full-size amino acid sequences of HPVV16 L1 and HPV6 L1
was also extracted from the GenBank database. The alignment
of amino acid sequences was carried out using the editor of
multiple alignment of nucleotide and amino acid sequences
BioEdit. The phylogenetic tree was constructed using the pro-
gram “Simple Phylogeny” (EMBL-EBI) by Nearest Neighbor
Algorithms (the neighbor-joining method) and unweighted
pairwise mean (UPGMA).

Identification of potential antigenic determinants. For
the second stage of the analysis of antigenic determinants, the
program “BepiPred-2.0: Sequential B-Cell Epitope Predictor”
was used (http://www.cbs.dtu.dk/services/BepiPred/) (Jes-
persen et al., 2017). This bioinformatic resource allowed us
to identify potential linear antigenic determinants for B cells.
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Fig. 1. The alignment of amino acid sequences of HPV6 L1 and HPV16 L1 in the BioEdit program.

To determine the three-dimensional antigenic determinants
for B cells, the program “DiscoTope 2.0 Server” was used
(http://www.chs.dtu.dk/services/DiscoTope/) (Kringelum
et al., 2012). When working with this program, the strictest
conditions were set: sensitivity 47 %, specificity 75 %. Three-
dimensional models of proteins that were analyzed using the
program DiscoTope 2.0 Server were found in the Protein Data
Bank (PDB) database. The programs BepiPred-2.0: Sequen-
tial B-Cell Epitope Predictor and DiscoTope 2.0 Server were
publicly available on the server of the Danish Technical Uni-
versity (DTU). The search for potential antigenic determinants
for T cells was performed using the SYFPEITHI program,
which is in the public domain http://www.syfpeithi.com. This
bionformatic resource ranks all possible variants of antigenic
determinants according to the probability of their interaction
with T cells (Rammensee et al., 1999).

Results

Amino acid alignment
The amino acid sequences of the L1 capsid proteins of HPV16
and HPV6 viruses were downloaded from the NCBI interna-
tional database and aligned in the BioEdit program (Fig. 1).
According to the results of the alignment, phylograms were
built. To emphasize the evolutionary differences between the 6
and 16 types of HPV, the comparative analysis used HPV31,
which belongs to the same species Alphapapillomavirus 9 as
HPV16 (Fig. 2). The phylogenetic comparison data showed
significant differences between HPV6 L1 and HPV16 L1.

Analysis of linear antigenic determinants for B cells
The amino acid sequences of two viral proteins HPV6 L1
and HPV16 L1 were analyzed for the presence of potential
linear antigenic determinants for B cells using the program
BepiPred-2.0: Sequential B-Cell Epitope Predictor. The study
showed that the HPV6 L1 protein has the following anti-
genic determinants: 14-25, 79-83, 85-91, 120-141, 162-177,
208-216, 230-238, 260-283, 308-314, 345-358, 391-439,
447-457, 468-497 (Fig. 3).

Previously, the following antigenic determinants were
identified in HPV16 L1: 8-28, 83-95, 123-143, 166-177,

BUOTEXHONOIMA B NOCTTEHOMHYIO 3PY / BIOTECHNOLOGY IN THE POSTGENOMIC EPOCH

a b
Branch length: O Cladogram @ Real  Branch length: O Cladogram @ Real
HPV6 0.22978 HPV6 0.1595
HPV16 0.08685
HPV31 0.08611 E HPV16 0.0853175

HPV31 0.0853175

Fig. 2. The phylograms constructed using the program Simple Phylo-
geny (EMBL-EBI) by the neighbor-joining method (a) or by the UPGMA
method (b).

213-220, 234-243, 264-286, 350-369, 396-421, 426-444,
452-462, 473-502 (Stolbikov et al., 2020).

As one can see, the analysis of linear determinants gave
evidence that in the HPV types studied, the proteins have
approximately the same location and size of linear antigenic
determinants, the difference is observed only in the form of
small shifts in several amino acid residues. A substantial dif-
ference consists only in the presence of linear determinants in
the HPV6 L1 protein: 79-83, 308-314, which are not observed
in HPV16 L1. In addition, the antigenic determinant 426-444
is present in the HPV type 16 protein, which has not been
revealed in the virus type 6 protein.

In order to draw the conclusion that there are similar linear
antigenic determinants in the two HPV types under considera-
tion, it was necessary to compare the amino acid composition
of the proposed epitopes. The difference in the amino acid
composition can lead to a decrease in the degree of affinity
with antibodies. The absence of substitutions in amino acid
sequences or substitutions with amino acids similar in proper-
ties can preserve the level of antibody affinity. Therefore, it is
important to determine the presence and evaluate the quality
of amino acid substitutions in the proposed epitopes of the
HPV6 L1 and HPV16 L1 proteins.

The paired alignment of protein sequences demonstrated
substantial difference in the amino acid composition in most
of'the antigenic determinants. However, definite similarity was
found between some amino acid sequences located within the
boundaries of antigenic determinants close to both proteins.
For example, in the determinant 166—177 for HPV16 LI,
there was a difference in two amino acids: lysine was replaced
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Fig. 3. Probable antigenic determinants of protein HPV6 L1 (BepiPred-2.0: Sequential B-Cell Epitope Predictor).

Epitope Threshold = 0.5; E - antigenic determinants.

with serine, glutamine with proline (Fig. 4). Serine is a polar
uncharged oxycarboxylic amino acid, and lysine is a polar
positively charged one. Proline is a heterocyclic nonpolar
amino acid, and glutamine is a polar uncharged one. Taking
into account the difference in the physico-chemical properties
of amino acids, for which there are differences in the supposed
antigenic determinants, as well as the difference in the length
of linear epitopes, we may assume a weak cross-interaction
with antibodies.

In the determinant 213220 for HPV16 L1, some difference
of two amino acids was found to be relative to the HPV6 L1
sequence: threonine was replaced with alanine, and aspartic
acid was replaced with glutamic acid (Fig. 5). Since threonine
substantially differs from alanine in physical and chemical
properties, such a replacement can affect the antigenic proper-
ties of the L1 protein. In case of the second substitution, we
deal with polar negatively charged amino acids with almost
identical physical and chemical properties. Considering this
fact, as well as the fact that the amino acid substitutions in
the sequences are located at some distance from each other,

HPV6 L1 162-177
HPV16 L1 166-177

EHWGKGKQCTNTPVQ
EHWGKGSPCTN----

Fig. 4. The result of amino acid alignment of presumed antigenic deter-
minant 166-177.

HPV6 L1 208-216
HPV16 L1 213-220

DLQTNKSDV
-LOANKSEV

Fig. 5. The result of amino acid alignment of the presumed antigenic
determinant 213-220.
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we can assume that there are similar antigenic properties of
this region for the two viral proteins.

Search for antigenic determinants for T cells

In order to obtain additional evidence of influence of the simi-
larity of the antigenic determinants of viral proteins HPV6 L1
and HPV16 L1 on the cross-interaction of the antibodies
with the antigens, which belong to the two pathogenic types
of human papillomavirus, a search for potential antigenic
determinants for T cells was conducted with the aid of the
bioinformatic resource SYFPEITHI. This program ranks
possible variants of antigenic determinants according to the
probability of their interaction with T cells.

Analysis of the protein sequences of the two scrutinized
viral proteins allowed us to reveal a common probable anti-
genic determinant for T cells, which was located in HPV6 L1
at position 300-309, and in HPV16 L1 at position 304-313
of the amino acid sequence. According to the rating compiled
by program SYFPEITHI, the amino acid sequence AQL(I)
FNKPYWL was the second most likely antigenic determinant
for T cells (Fig. 6).

When comparing the amino acid sequence of this deter-
minant, a difference of only one amino acid was revealed
in the two proteins, in HPV16 L1 leucine was replaced with
isoleucine. Such a replacement should not lead to a change in
the antigenic properties of the determinant, since leucine and
isoleucine belong to the same class of amino acids and have
similar physico-chemical properties. As a result, it should
be noted that this antigenic determinant in the HPV6 L1 and
HPV16 L1 proteins may have similar antigenic properties.
Furthermore, multiple alignment of all the full-length amino
acid sequences of HPV16 L1 and HPV6 L1 presented in NCBI
has shown that this segment of the sequence is probably highly
conserved and is almost identical in these two proteins.
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2021
25.7

BrovHbopmaLMoHHbIN aHanm3 ana onpegeneHns
BEPOATHOW NPUYMHBI NepPeKPECTHOro B3auMOLeNnCTBUA

1234567890 Score

23 12 YLPPVPVSKV 22

101 GLEVGRGQPL
455 DQYPLGRK FL
65 YQYRVFKVVL
209 LQTNKSDV PI

21 372 LQFIFQLCKI 22
21 460 DQFPLGRKFL 21
20 68 LQYRVFR I HL 20
20 213 LQANKSEVPL 20

Fig. 6. Probable antigenic determinants for T cells (HLA-B13 decamers) in the protein sequences HPV6 L1 (a) and HPV16 L1 (b)

according to program SYFPEITHI.

Investigation of potential

three-dimensional epitopes for B cells

Only one three-dimensional model of the HPV6 L1 protein
was found in the PDB database (6L31, DOI 10.2210/pdb6131/
pdb). Unfortunately, this model was not informative for the
program DiscoTope 2.0 Server, so we conducted a compa-
rative analysis of three-dimensional antigenic determinants
using literary data.

According to some scientific publications, the following
domains are isolated from the HPV6 L1 protein, forming three-
dimensional epitopes that can interact with B cells: F49, R53,
Ab54; K52, R53, A54, N55; Y123, N128; G130, S131, G132;
K169, T172, N173, P175, V176, Q177, A178; E262, V263,
E265, P266; V344, T345, T346; S353. Critical paratopes for
recognition are domains F49, R53, A54 and K169, T172,
N173, P175, V176, Q177, A178 (McClements et al., 2001).

It was shown in our previous publication that the HP\V16 L1
protein has a spatial epitope in domain K53-L61, which par-
tially coincides with the critical domain F49, R53, A54 of the
HPV6 L1 protein. In addition, the location of the epitope S353
of the HPV6 L1 protein coincides with the three-dimensional
antigenic determinant T350-Y 355 of the HPV16 L1 protein
(Stolbikov et al., 2020). In order to determine the level of simi-
larity of the immunological properties of these two proteins,
we analyzed the paired alignment of the amino acid sequences
in the domains of their assumed three-dimensional antigenic
determinants. Inconsistencies in amino acid residues were
found in the supposed epitopes of antigenic proteins. In the
position of 53 amino acid sequence in HPV16 L1, arginine
is replaced with lysine, and in the position of 353 — serine
with glutamic acid. These amino acid substitutions may be
considered insignificant due to the similarity of the physico-
chemical characteristics of the corresponding amino acids.

Discussion

According to the results obtained by us, it can be stated that
there is a definite similarity between the antigenic determinants
of HPV16 L1 and HPV6 L1 proteins. At the same time, with
regard to B cells, the potential for cross-interaction of anti-
bodies with antigens due to the similarity of linear antigenic
determinants and three-dimensional epitopes is not substantial.
However, for two types (16 and 6) of L1 viral proteins, there
is a substantial similarity of linear antigenic determinants
for T cells. According to the results obtained with the aid of
program SYFPEITHI, these determinants are in the second

BUOTEXHONOIMA B NOCTTEHOMHYIO 3PY / BIOTECHNOLOGY IN THE POSTGENOMIC EPOCH

position, but, despite this, these have a fairly high probability
score. At the same time, the amino acid sequences of these
epitopes are almost identical. There is some difference only
in one position, but it is not critical due to the similarity of
the physico-chemical properties of amino acids, according
to which there is a replacement of antigenic determinants in
the amino acid sequence. Based on the above results, when
immunizing HPV16 L1, we can expect a fairly reasonable
cross-interaction of antibodies with HPV6 L1 antigens.

The results obtained give a definite explanation of the cause
of'the effect of cross-interaction of antibodies with antigens be-
longing to different pathogenic types of HPV identified earlier.
However, in order to obtain a more complete understanding
of the mechanism of cross-interaction, it is desirable to study
the phenomenon of polymorphic distribution of epitopes
and the process of induction of de novo antibody synthesis
(Brown et al., 2009; Kemp et al., 2011; Scherpenisse et al.,
2013; Nakagawa et al., 2015).

Conclusion

The efficiency and expediency of the approaches and methods
used in this work is confirmed by publications of other scien-
tists. For example, it is known from the literary sources that
a team of authors (Namvar et al., 2019) have used the same
bioinformatic resources as our team (BepiPred-2, SYFPEITHI)
to conduct an investigation of the cross-immune response to
the surface proteins L1 and L2 of human papillomaviruses of
highly oncogenic types 16 and 18. In this work, much attention
was paid to the comparison of amino acid properties, such as
hydrophobicity, the surface area accessible to the solvent, the
charge and the secondary structure of the identified similar
antigenic determinants of two different types of HPV. As a
result of this investigation, a candidate multiepitope vaccine
was created, the tests of which on laboratory mice showed
rather good results. Application of this recombinant vaccine
helped to induce a sufficiently strong immune response and
protected mice from tumor cells with an efficiency of about
66.67 % (Namvar et al., 2019).

In conclusion, it should be noted that application of the
research methods discussed above can substantially accelerate
the development of efficient broad-spectrum vaccines against
highly dangerous types of HPV. To date, there is a vaccine
‘Gardasil-9’ that provides protection against 9 types of onco-
genic HPV, but it already contains the maximum permissible
amount of antigenic proteins (270 pg of protein in one dose),
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while it does not provide protection in about 10 % of cases (Li
etal., 2018). Therefore, an extended study of cross-interaction
of antibodies with antigens belonging to different pathogenic
types of HPV conducted with the aid of bioinformatic analysis
techniques can help in development of multi-epitope wide-
action vaccines without increasing the number of antigenic
proteins in the vaccine preparations.
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