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OpurunHanbHoe nccnegosaHue / Original article DOI 10.18699/VJ20.648

Influence of different types of sterile cytoplasms (A3, A4, 9E)
on the combining ability of CMS lines of sorghum

O.P. Kibalnik! &, L.A. Elkonin?

T Russian Research and Project-technological Institute of Sorghum and Maize, Saratov, Russia
2 Agricultural Research Institute of the South-East Region of Russia, Saratov, Russia
® e-mail: kibalnik79@yandex.ru

Abstract. Investigation of the effect of the cytoplasm on the combining ability (CA) of lines with cytoplasmic male
sterility (CMS) is of considerable interest in terms of understanding the genetic functions of the cytoplasm and for
practical purposes to create hybrids with improved economically valuable traits. In order to investigate the effect of
different types of sterile cytoplasm (A3, A4, 9E) on CA in sorghum, we studied the manifestation of a number of bio-
logical and agronomic traits in 54 F, hybrid combinations obtained using iso-nuclear CMS lines with the nuclear ge-
nome of the line Zheltozernoye 10, differing only in the types of sterile cytoplasm (A3, A4 and 9E). Eighteen varieties
and lines of grain sorghum developed at the Russian Research and Project-technological Institute of Sorghum and
Maize were used as paternal parents. The CA was determined by the topcross method. F; hybrids and their parents
were grown in 2015-2017 in conditions of insufficient (2015-2016: HTC (hydro-thermal coefficient) = 0.32-0.66), or
good water availability conditions (2017: HTC = 1.00). On average, for three years of testing, a positive effect of the
9E cytoplasm on the general combining ability (GCA) (0.63) and negative effects of the A3 and A4 cytoplasms (-0.32
and -0.31) for the inflorescence length were noted. In dry seasons, significant positive effects of the 9E cytoplasm
on GCA for the length of the largest leaf, and positive effects of the A3 cytoplasm on GCA for the plant height, and
negative effects of the A4 cytoplasm on GCA for these traits were observed. No differences were observed during
the wet season. The type of CMS did not affect the GCA for the width of the largest leaf and grain yield. The disper-
sion of specific combining ability (SCA) in the dry seasons was significant for the following traits: leaf length, plant
height, panicle length and width, and grain yield, the 9E cytoplasm had the highest SCA dispersion, whereas the
A4 cytoplasm had the smallest one. The data obtained indicate that different types of sterile cytoplasm of sorghum
make a different contribution to CA under conditions of drought stress.

Key words: Sorghum bicolor (L.) Moench; cytoplasmic male sterility; heterosis; combining ability; cytoplasmic
effects; drought.

For citation: Kibalnik O.P, Elkonin L.A. Influence of different types of sterile cytoplasms (A3, A4, 9E) on the com-
bining ability of CMS lines of sorghum. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and
Breeding. 2020;24(6):549-556. DOI 10.18699/VJ20.648

BausiHue pasHbBIX TUIIOB CTEPUJIbHBIX IUTOII/Ia3M (A3, A4, 9E)
Ha KOMOMHAIIMIOHHYIO CIIOCOOHOCTh IIMC-IMHMIIT COPro

O.I1. Kubaabuuk! @, A.A. DabkoHnn?

T Poccuitcknin HayUHO-MCCReA0BaTENbCKII 1 MPOEKTHO-TEXHONOMYECKINI MHCTUTYT COPro 1 KyKypy3bl, CapaTo, Poccua
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AHHOTaLUuA. M3yyeHre BAMAHUA LUTOMIA3Mbl HA KOMOMHaUMOHHY0 cnocobHocTb (KC) nuHmiA ¢ umMTonnasmatu-
YecKol myxckon ctepunbHocTbio (LMC) npefcTaBnaeT 3HaUMTESNbHbIN MHTEPeC B MaHe MOHUMAaHWUA reHeTuye-
CKUX GYHKLUMI LUTONSa3Mbl Y PaCTEHUIA 1 B MPAKTUYECKUX Lenax AnA co3haHna rmbpugos ¢ yayylleHHbIMU X03A-
CTBEHHO LieHHbIMY nNpu3Hakamu. C Lienblo BbIACHEHWA XapaKkTepa BIMAHUA Pa3HbIX TUMOB CTEPUbHbBIX LIUTOMIa3M
(A3, A4, 9E) Ha KC y copro uccnefoBany NposiBeHre psfa arpOHOMUYECKN LEHHbIX MPU3HAKOB Y 54 rMOpuaHbIX
KOMOUWHauwuin F;, Mony4YeHHbIX C UCMONb30BaHNEM B KauecTBe MaTePUHCKUX poanTenei nsosaaepHbix LUMC-nuHni,
CO3[aHHbIX Ha OCHOBe NHUK XKenTo3epHoe 10 1 pasnnyaLLMXca TONbKO TUNaMm CTepUbHbIX LuTonnasm (A3, A4
1 9E). B KauecTBe OTLOBCKMX poguTenei 6binm 18 cCOpTOB U NNHWIA 3€PHOBOIO copro cenekuumn Poccuinckoro HAN
Copro u KyKypy3bl. KoMOMHaLMOHHYI0 CMOCOGHOCTbL ONpefensany MeTOAOM TOMKPOcCca. Pogutenbckme KOMMOHEH-
Tbl 1 TM6puabl F; Bbipawmsany B 2015-2017 rr. B yCnoBuAx HegoctaTtouHom (2015-2016 rr.: ruapoTepMUyecKnin
koapPpuumeHT (I'MK) = 0.32-0.66) nnubo xopowwen (2017 r.: ['TK = 1.00) BnaroobecneyeHHocTn. B cpegHem 3a Tpu
rofa VCMbiTaHWi BbiABNEHbI MONOXKMTENBHOE BAUAHME LyTonNasmMbl 9E Ha 06LLyio KOMOVMHALMOHHYIO CMOCOBHOCTb
(OKC) no gnuHe cousetus (0.63) n oTpuuatenbHble 3¢pdekTbl uutonnasm A3 n A4 (-0.32 n —0.31) Ha OKC no stomy
npu3HaKy. B 3acywnyBble ce30HbI OTMEYEHbI 3HaUMMble NONoXKMTeNbHble 3$PeKTbl LTonnasmbl 9 Ha OKC no gnu-
He HanbonbLero nucTa, umtonnasmbl A3 — Ha OKC no BbICOTe PacTEHU U OTPULATENIbHOE BVSAHMUE LMTOMMA3Mbl
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Influence of different types of sterile cytoplasms (A3, A4, 9E)
on the combining ability of CMS lines of sorghum

A4 Ha 3Tu npu3Hakn. Bo Bna)kHbi ce30H pasnunuma otcytcteoBanu. Tun LIMC He oka3biBan BanaHuA Ha OKC no
LUIMPVIHE HanBONbLLIEro NINCTa N YPOXKaNHOCTM 3epHa. ncnepcurs cneundmnyeckon KOM6MHaLMOHHON CNOCO6HOCTH
(CKC) B 3acywnmBble Ce30HbI OKasanacb 3HaYMMON ANA CepyoWwnX NPU3HAKOB: AJIVHA JINCTA, BbICOTa PacTeHUIA,
L/VHa U WWPUHA METENKN, YPOXKaNHOCTb. Mpy 3TOM nnHMA ¢ umTtonnasmoli 9E oTnnyanacb Hambonee BbICOKUMU
nokasatenamu gucnepcun CKC, Torga Kak nnMHuA ¢ uutonnasmon A4 — HaumeHbLWwMN. [onyyeHHble AaHHble CBU-
LETeNbCTBYIOT, YTO Pa3Hble TUMbl CTEPUSIbHbBIX LIUTOMIAa3M COPro BHOCAT pa3nnyHbli Bknag B KC B yCnioBuMsAX 3aCyXu.
KntoueBble cnosa: Sorghum bicolor (L.) Moench; untonnasmaTnyeckas My»cKkasa CTepUSIbHOCTb; FreTepo3nc; Komou-
HaLMOHHasA cnocobHOCTb; LuTonasmaTmyeckme spdeKTbl; 3acyxa.

Introduction

The cytoplasm as the environment for the functioning of the
nuclear genes plays an important role in the genetic control
of many plant traits. Along with the well-known, and in some
cases well-studied mutations of variegation and cytoplasmic
male sterility (CMS) that arise as a result of rearrangements
in the chloroplast and mitochondrial genomes, there are many
examples of the influence of the cytoplasmic environment
on the manifestation of many plant traits, including those
with important biological and economic value. This effect
of the cytoplasm may be caused by retrograde regulation of
nuclear gene expression by signals produced by cytoplasmic
organelles under the influence of environmental factors (Fujii,
Toriyama, 2008). The genetically different plastomes and
mitochondrioms can respond differently to environmental
signals and affect the expression of nuclear genes. In addi-
tion, the cytoplasm is capable of causing inherited changes in
the nuclear genome by paramutations (Zavalishina, Tyrnov,
2003, 2010), and changing the methylation of nuclear gene
sequences (Xu et al., 2013; Ba et al., 2014) including nuc-
leotide sequences of mobile genetic elements (Elkonin et al.,
2018), that can alter the expression level of nuclear genes
and have significant genetic effects, since alteration of trans-
poson methylation is one of the key factors of their mobility
and, as a consequence, the occurrence of mutations (Yaakov,
Kashkush, 2011).

Majority of agronomically valuable plant traits are poly-
genic and are formed as a result of the interaction of many
nuclear genes among themselves and with environmental
factors. In this regard, the cytoplasm can have a significant
impact on the manifestation of these traits. There is a lot of
data in the literature confirming the effect of the cytoplasm
on agronomically valuable traits in wheat (Atienza et al.,
2007), rice (Tao et al., 2011), cotton (Tuteja, Banga, 2011),
pearl millet (Amiribehzadi et al., 2012), winter rye (Urban,
Gordey, 2013), sorghum (Aruna et al., 2013), sunflower (Jan
et al., 2014), maize (Kabanova et al., 2015), and mustard
(Chakrabarty et al., 2015). Assuming that the manifestation of
heterosis in F, hybrids is determined, in considerable extent,
by the combining ability (CA) of maternal lines, investiga-
tion of the effect of cytoplasm on CA is of significant interest.
However, there are few studies on the effect of cytoplasm on
CA. In pearl millet, the A4 and AS cytoplasms caused posi-
tive effect on grain yield in comparison with Al cytoplasm
(Chandra-Shekara et al., 2007; Pujiar et al., 2019). Tests of
new CMS sources of sunflower (XA, E002-91A, PKU-2A,
ARG-2A, ARG-3A, ARG-6A, DV-10A, PHIR-27A, PRUN-
29A) showed a positive effect of sterile cytoplasms E002-91A
(Helianthus annuus), ARG-3A (H. argophyllus) and ARG-6A
(H. argophyllus) on the combining ability of maternal lines
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in seed productivity compared to normal cytoplasm NC-41B
(Tyagi, Dhillon, 2016). A similar effect of A4 and A8 cyto-
plasms on the overall combining ability of lines has been
described in rice (Young, Virmani, 1990).

In sorghum, there are contradictory data in the literature.
The positive effect of A2 cytoplasm on the general combining
ability (GCA) of CMS lines for the duration of the seedling-
flowering interphase period, grain yield, grain weight per
panicle and 100 grains, in comparison with Al cytoplasm,
has been described (Kishan, Borikar, 1989; Ramesh et al.,
2006; Reddy et al., 2007, 2009). On the contrary, the lack of
effects of A1 and A2 cytoplasms on heterosis was reported
(Williams-Alanis, Rodriguez-Herrera, 1994).

The aim of this work was to study the effect of different
sterile cytoplasms (A3, A4, 9E) on CA in sorghum using iso-
nuclear CMS lines that differ only in types of sterile cytoplasm.

Materials and methods

To identify cytoplasmic effects on combining ability, we used
the early maturing alloplasmic iso-nuclear CMS lines of grain
sorghum (Sorghum bicolor (L.) Moench) (Elkonin et al.,
1997). These lines were obtained by consecutive backcrosses
of fertile line Zheltozernoye 10 (Z10) to CMS lines A3 Tx398,
A4 Tx398, 9E Tx398 (provided by Dr. K.F. Schertz, Texas
Agricultural Experimental Station, USA), carrying cytoplasms
of the following accessions: IS1112C (A3),1S7920C (A4), and
IS17218 (9E). In this study, maternal plants from the BC g
were used. As a pollen parents, early maturing varieties — Per-
spectivnoye 1, Mercury, Ogonek, Avans, Fakel, Azart, Garant,
Topaz, Volzhskoye 615, and mid-early maturing varieties and
lines — Start, L-KSI 28/13, Kamelik, Geleofor, Kremovoye,
Pishchevoye 614, Sarmat, Vostorg, Pishchevoye 35 were used
(18 in total). These pollen parents differed in manifestation of
agronomically valuable traits and characterized by high adap-
tive ability to agro-climatic conditions of the region (Kibalnik
etal.,2010,2017). F, hybrids obtained using these pollinators
were characterized by mid-early maturity (110-117 days to
full maturity).

Pollen parents were grown under strict isolation (the pa-
nicles were isolated with parchment bags before flowering)
for 8-25 generations. All pollinators were sterility maintainers
for the studied types of CMS, with the exception of Perspec-
tivnoye 1 and L-KSI 28/13, which are the restorers of ferti-
lity for A4 and 9E CMS and provided 80—-100 % seed set in
conditions of strict isolation with parchment bags (Kibalnik,
Semin, 2018).

The following traits were analyzed: plant height; the length
and width of the largest leaf, the length and width of the
inflorescence, mass and number of grains per panicle, and
grain yield. Since paternal parents were not universal fertility
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restorers, and the majority of the studied hybrids were male
sterile, in order to register the traits associated with grain
productivity, the open-pollinated panicles were used. As far as
F, hybrids were grown in experimental field among hundreds
of thousands of fertile plants, free pollination ensured 100 %
seed setting all panicles of the studied hybrids. This approach
has already been used to study the grain yield of hybrids in
A3 cytoplasm (Moran, Rooney, 2003).

F, hybrids (54 in total) were sown in the experimental field
of'the Russian Research and Project-technological Institute of
Sorghum and Maize; in 2015-2017 in the third decade of May.
The soil of the experimental plot was represented by medium
loamy southern chernozem. The humus content in the arable
layer was 3.5 %, nitrification ability — 7.7 mg/kg; phosphorus
—34.2-35.7 mg/kg, potassium (in a carbon ammonium extract)
—349-378 mg/kg. In each season, zonal sorghum cultivation
technology was used that did not include artificial irrigation
(Gorbunov et al., 2012). The predecessor is steam field. The
plots (7.7 m?) were allocated randomly in three replications.
The plant standing density was set manually (100 thousand
plants per ha). Evaluation of traits and yield was carried out

2020
24.6

BrnmsaHne pasHbIX TUNOB CTepuNbHbIX LTonnasm (A3, A4, 9E)
Ha KOMBMHaLMOHHY0 cnocobHocTb LIMC-nuHuin copro

according to methodology of state testing of crops (Metods
of State Variety..., 1989). The combining ability of lines
was determined by the topcross method (Savchenko, 1973).
For statistical analysis of the experimental data Agros 2.09
software was used (Martynov, 1999).

Weather conditions varied over the seasons of the study. The
2017 season was characterized by high moisture supply: the
hydrothermal coefficient (HTC) was 1.00 (the sum of active
temperatures was 1072.3 °C and the amount of precipitation
was 107.1 mm). In 2015 and 2016, during the “sprouting—
flowering” period, arid conditions were observed (HTC was
0.66 and 0.32, respectively). The sum of active temperatures
was 1144.9-1167.9 °C, the amount of precipitation was 75.2
and 37.3 mm, respectively.

Results

Analysis of variation of agronomically-important traits in
F, hybrids. To study the effect of cytoplasm on the combining
ability of iso-nuclear CMS lines, a preliminary assessment
of variation of the studied traits in 54 F, hybrids was made
(Table 1).

Table 1. Variation of agronomically valuable traits in F, hybrids obtained with iso-nucelar CMS lines with genetically different types
of sterile cytoplasms (A3, A4, 9E) and nuclear genome of Zheltozernoye 10

Trait, statistical indicator

2015
e e
T e e
S —
e e
TN e —
R T e—
e e
B S —
R S —
Lengthofthe largestleaf,cm 548-861
R g —
S i —
e
B — e
R i —
i T
T e e
s 2
b S
B
R e
o e
T L
s e

Trait value (min...max)’

2016 2017 Mean?
...... 1395_24341593_21531548_2192
...... 9 17474
...... 5 80*354*241*
...... 138_272165_328176_254
...... 8 99877
. 49 2* ............................... 2 74* ............................... 1 99* .............................
...... 3 8_”078_17859_131
...... 197211193
...... 5 35*221*320*
. 482_741 ........................ 5 58_776 ....................... 5 43_7 7 1 ......................
...... 1128673
. 445* ............................... 3 39* ............................... 2 85* .............................
...... 3 6_7047_7547_68
...... 13610594
...... 2 76*208*206*
...... 5 6_274277_706170_395
...... 3 88221201
...... 1088*227*131
...... 2 34_”59804_2336503_1430
...... 3 56198189
...... 6 67*194*165*
...... 0 93_433341_849234_559
...... 3 14199224
...... 5 08*148*214*

T min and max — minimum and maximum value of the trait; 2 mean for 2015-2017; * p > 0.95.
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The traits “plant height” (CV = 7.4-11.7 %), “inflores-
cence length” (CV =7.7-11.0 %), “length of the largest leaf”
(CV =17.3-11.2 %) were characterized by low variation (see
Table 1). The average variation was found for the width of the
largest leaf (CV = 10.5-15.1 %), while for other traits high
variation was observed. Higher coefficients of variation of the
studied traits were noted in 2015, with the exception of the
length of the largest leaf.

The analysis of variance confirmed the differences between
the tested F, hybrids for majority of agronomically valuable
traits (', veq > F expected). For the grain yield per panicle, on
average, over three years of testing, no significant differences
between hybrids were revealed at the 5 % level; therefore, the
combining ability for this trait was not determined.

Combining ability of iso-nuclear CMS lines

Vegetative traits. Cytoplasms A3 and 9E significantly in-
creased GCA effects of the CMS lines for plant height in 2015
(2.08-2.71), and SCA dispersions in 2015 (253.47-305.75),
and in 2016 (75.16-109.25), in comparison with A4 cytoplasm
(Fig. 1).

Differences in the effects of the GCA of the CMS lines for
parameters of the largest leaf were observed only in 2016.
The effects of the GCA of the CMS-line with 9E cytoplasm
(1.78) were significantly higher than with CMS-line with A4
cytoplasm (—2.22). The cytoplasmic effect on the combining
ability of CMS lines for the width of the largest leaf was not
detected. At the same time, there is a tendency towards the
manifestation of higher GCA effects of the line 9E Zheltozer-
noye 10 (annually). The analysis of SCA dispersion showed
the influence of the CMS type on parameters of the largest
leaf in 2015-2016, the A3 cytoplasm caused the most strong
effect on the leaf width: SCA dispersions were 0.27-0.36.
A4 cytoplasm reduced SCA dispersions according to the
parameters of the largest leaf (Table 2).

Generative organ traits. A significant influence of the
9E cytoplasm on the GCA effects for the length of inflorescen-

Influence of different types of sterile cytoplasms (A3, A4, 9E)
on the combining ability of CMS lines of sorghum
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Fig. 1. Influence of the type of sterile cytoplasm on the combining ability
of iso-nuclear CMS-lines for the plant height.

*p>0.95.

ce was recorded in each year (Fig. 2). Higher GCA effect
for the width of inflorescence was also detected in 2015 for
the 9E cytoplasm: 0.32 versus —0.29 and —0.03 in the A3
and A4 cytoplasms, respectively. The dispersion of SCA for
panicle parameters turned out to be significantly higher for
the CMS line 9E Zh10: for the inflorescence length in each
growing season, and for the inflorescence width in 2015-2016
seasons (see Fig. 2).

Table 2. The combining ability of iso-nuclear CMS lines of sorghum Zheltozernoye 10
with genetically different types of sterile cytoplasms (A3, A4, 9E) for the parameters of the largest leaf

CMS type Lenght Width

2015 .................. 2 016 .................. 2 017 .................. M ean ................. 2 015 .................. 2 016 .................. 2 017 .................. M ean ..............
GCAeﬁectS ...............................................................................................................
A3 ................................ 0 96 ................... 044 ................. _ 090 ................... 0 16 ................. _ 007 ................. _ 012_020_012 ..............
A4_103 ................. _ 222 ................. _ 0”_112 ................. _ 001 .................... 004 ................... 0 07 ................... 0 03 ..............
9E ................................. 0 07 ................... 178 ................... 101 .................... 0 95 ................... 007 ................... 008 ................... 0 14 ................... 0 09 ..............
. F ................................... 238 ................... 692* ................. 162 ................... 234 ................... 065 ................... 1” .................... 285 ................... 152 ..............
............................................................................................................. S CAdISperSIon
. A3 .............................. 1 594 ................. 2 381 .................. 1002 ................. 6 31 .................... 0 36 ................... 0 27 ................... 0 2 2 e 0 0 7 .................
A4 .............................. 1351 .................. 1041 .................... 520 ................. 2 48 ................... 0 23 ................... 0 14 ................... 0 13003 .................
9E ............................... 2 034 ................. 1822 ................... 619 ................. 6 87 ................... 0 22 ................... 0 17 ................... 0 ”004 ................
. F ................................... 33 1* ................. 244* ................. 104 ................. 0 93 ................... 2 99* ................. 169* ................. 1 1 3 e 0 4 8 .................
*p>0.95
552 BaBunoBcKuii XXypHan reHeTukm u cenekuyum / Vavilov Journal of Genetics and Breeding - 202024 - 6



O.MN. KnbanbHmk
J1.A. OnbKOHUH

08r Length
06
o 04 Fao1s)=7.57"
o
% 0.2t Fiao1e) = 9-32°
é 0 F(2017) =1.68
*
-0.2 F2015-2017) =410
04}
-0.6
Length
Fla015) = 4.82"
s Forg = 252
8 Fa017)=1.62"
2 F2015-2017) = 0.77
U
(%]

Mean
for 2015-2017

2015

2016 2017

BrnmsaHne pasHbIX TUNOB CTepuNbHbIX LTonnasm (A3, A4, 9E) 2020
Ha KOMOVHaLMOHHY10 crnocobHocTb LIMC-nuHuia copro 2446
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Fig. 2. The influence of the type of cytoplasm (A3, A4, 9E) on the GCA and SCA of the iso-nuclear CMS lines of sorghum for the length and width

of inflorescence.
*p>0.95.

Table 3. The combining ability of the iso-nuclear CMS lines of sorghum Zheltozernoye 10
with genetically different types of sterile cytoplasms (A3, A4, 9E) for panicle mass and number of grains per panicle

CMS type Panicle mass Number of grains per panicle

2015 ...................... 2 016 ..................... 2 017 ..................... 2 015 ..................... 2 016 ..................... 2 017 ..................... M ean ..................
GCAeﬁects .............................................................................................................
A 0es 124 022 1% a9 087 1463
DY 19 002 266 704 633 64 79s
95_055_122 ....................... 2 44_1507_3685 ..................... 6 555 ...................... 332 ................
|: ................................... 2 33 ...................... 8 17* ..................... 2 94 ........................ 133437* ....................... 210 ...................... 027 ................
........................................................................................................... 5 CAd|Sper5|on
o 2606 T s 1809414 1380867 1507285 583994
DY 1840 359 28 1212040 915416 | 2300635 635338
e 29 847 ng 1722155 1588396 2315641 752193
|:409* ................... 3 11* ....................... 103 ............................. 324* .................... 289* .................... 071 ..................... 053 ..............
*p>0.95

A stimulating cytoplasmic effect on CA of CMS lines for the
panicle mass and number of grains per panicle was established
in 2015-2016, i. e. under drought conditions of the cultivation
of F, hybrids. At the same time, the effects of GCA for weight
and number of panicle mass were significantly higher in A3
Zh10 (1.24 and 43.19, respectively), and the SCS dispersion
was lower in A4 Zh10 (in different seasons: 3.59—18.40 and
9154.16-12129.40, respectively) (Table 3).

The GCA effects of maternal lines for grain yield did not
differ significantly (Fig. 3). On average for three-year trails,

indicators of the A3 cytoplasm were slightly higher than for
A4 and 9E cytoplasms (0.06 vs. —0.10 and 0.03, respective-
ly). Cytoplasmic effects on SCA dispersion for grain yield
were noted only in 2015: cytoplasm A3 significantly increased
it in comparison with A4 and 9E cytoplasms.

Discussion

The analysis of the combining ability of CMS lines is the
most important step in sorghum hybrid breeding. One of the
effective methods for analysis of CA is the topcross method.
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Fig. 3. The influence of the type of cytoplasm (A3, A4, 9E) on the combin-
ing ability of iso-nuclear CMS lines of sorghum for grain yield.

*p>0.95.

According to this method, all the studied lines are crossed
with several tester lines (Kilchevsky et al., 2008). The GCA
of parental line is measured by the average deviation of the
trait for all hybrids with the line from the total average for all
hybrids (Khotyleva et al., 2016). This method allows com-
paring different lines with each other, and the more testers
involved in hybridization, the more accurate the results of such
a comparison. In our study, iso-nuclear CMS lines that differ
from each other only in the type of cytoplasm were involved
in crosses. F, hybrids were obtained with each of these lines,
and the same lines were used as paternal parents. Therefore,
a comparison the sets of F, hybrids allows us to identify the
presence or absence of the influence of the cytoplasm on the
combining ability of the studied CMS lines.

The experimental data presented above demonstrate the
effect of the cytoplasm on the CA of iso-nuclear sorghum
lines. Over three years of testing, on average, a positive ef-
fect of the 9E cytoplasm on GCA for the inflorescence length
(0.63) and negative effects of A3 and A4 cytoplasms (—0.32
and —0.31, respectively) on GCA for this trait were found.
It should be noted that to study cytoplasmic effect on GCA
for the traits determining the grain productivity of hybrids,
we used panicles that set seed after free pollination. We used
such approach because among the pollen parents used in our
experiment, there were no CMS A3 restorers; fertility re-
storers of this type of CMS are extremely rare (Worstell et al.,
1984; Torres-Cardona et al., 1990; Dahlberg, Madera-Torres,
1997). CMS A4 and 9E restorers were few and not capable of
restoring CMS A3 fertility. Nevertheless, male-sterile hybrids
grown with the free pollination regime among hundreds of
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thousands of fertile plants in experimental field, had 100 %
seed set on all panicles of the studied hybrids. This approach
has already been used previously in the study of hybrids with
A3 CMS (Moran, Rooney, 2003).

It is noteworthy that the manifestation of cytoplasmic ef-
fects depends on the hydrothermal regime of plant growth.
For example, significant positive effects of cytoplasms on
GCA were found in dry seasons: for 9E (for the length of the
largest leaf), and for A3 (for plant height), while there were
no differences between them in the wet season. Remarkably,
in conditions of drought, the A4 cytoplasm had a negative
effect on CA for many traits (leaf length and width, number
of grains per panicle, and yield). Apparently, A4 cytoplasm
is less resistant to extreme drought conditions (lack of the
necessary amount of precipitation, accompanied by high
average daily air temperatures). As a result, the combining
ability of the CMS line A4 Zheltozernoye 10 for the complex
of studied traits turned out to be lower. Perhaps it is for this
reason, the significance of the influence of the cytoplasm on
GCA and SCA were observed only in a particular season. In
addition, the manifestation of the effects of GCA is less de-
pendent on environmental conditions than SCA. For example,
CMS lines differ in the SCA for the length of the largest leaf
(2015), width of the largest leaf (2015-2016), plant height
(2016), panicle mass and number of grains per panicle (2015),
grain yield (2015), while the effects of GCA for these traits
in these seasons were not significant. A similar dependence
of the manifestation of cytoplasmic effects on environmental
conditions was found in pearl millet, with cytoplasms A4
and AS showing greater environmental sustainability com-
pared to cytoplasms A1, A2 and A3 (Chandra-Shekara et al.,
2007).

According to published data, the effect of CMS type on
panicle length was observed in maize hybrids (Kabanova et al.,
2015); cytoplasmic effects on leaf parameters were revealed
in maize hybrids with C- and S-types of CMS: hybrids with
C-type CMS had higher leaf length, while S-type hybrids had
higher leaf width (Frankovskaya et al., 1995).

In sorghum, the influence of the cytoplasm type on GCA
for grain yield and mass of 100 grains was previously noted
in the study of Indian researchers, while cytoplasm A2 had
an advantage over Al and A4 cytoplasms (Kishan, Borikar,
1989; Ramesh et al., 2006; Reddy et al., 2007, 2009). In our
studies, it was found that 9E cytoplasm increased leaf width
in sorghum-sudanense hybrids (Kibalnik, Elkonin, 2012). In
grain sorghum hybrids this cytoplasm increased photosynthe-
tic potential during the “heading—full maturity” period (Bych-
kova, Elkonin, 2016), in comparison with A3 cytoplasm. The
effect of a sterile cytoplasm on the CA of sorghum CMS lines
for the intensity of the initial plant growth was also found,
the 9E cytoplasm contributing to an increase, and A4 cyto-
plasm contributing to a decrease of GCA effects (Elkonin
et al., 2018). The positive effect of the 9E cytoplasm on CA
for biomass productivity in dry seasons was also established
(Elkonin et al., 2018), while A3 cytoplasm had a stimulating
effect on grain yield in the dry and hot season (Bychkova,
Elkonin, 2017). The totality of these data indicates that the
cytoplasm plays a significant role in the manifestation of
many agronomically valuable traits in sorghum, reducing or
increasing the resistance of plants to drought stress.
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Conclusion
The effect of the cytoplasm on the combining ability of sor-
ghum lines for a number of agronomically valuable traits
(plant height, length and width of the largest leaf and of the
inflorescence, panicle mass and number of grains per panicle,
grain yield) was found. The manifestation of cytoplasmic ef-
fects in sorghum hybrids depends on the specific interaction
of the genotypes of the parental lines and hydrothermal factors
of the growing season. Significant differences in the combin-
ing ability of the iso-nuclear lines of Zh10 with the cyto-
plasms A3, A4 and 9E were observed during the dry seasons
of vegetation (2015-2016). A3 Zh10 was distinguished by
the highest GCA for the plant height, while 9E Zh10 — by the
high SCA dispersion for this trait. For the length and width
of the largest leaf, the highest SCA dispersion indicators are
characteristic for the A3 Zh10 line. For the length and width
of the inflorescence, the highest GCA effect and SCA disper-
sion were noted in the 9E Zh10 line. For panicle mass and the
number of grains per panicle, the highest GCA effects were
found in the A3 Zh10 line. The 9E Zh10 line had the highest
SCA dispersion for the grain yield. A4 cytoplasm reduced
combining ability for majority of the studied traits.

These experimental data can be used in grain sorghum
breeding programs aimed at creating drought tolerant F, hy-
brids with improved agronomically valuable traits.
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MoJieKy/sipHble MapKepbl B reHeTMYeCKOM aHa/Iu3e
CKpeNIBaeMOCTY MSTKOJ MIIT€HUIIbI C POXKbIO

".B. HOPOTHMKOB@, O.10. Antonoga, O.IT. Mutpodanosa

DefiepanbHblii NCCNeaoBaTENbCKUI LIeHTP Bcepoccnincknin MHCTUTYT reHeTUYecKrx pecypcoB pacteHmin um. H.W. Basunosa (BUP),
CaHkT-MeTepbypr, Poccua
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AHHoTayuma. Markaa nwenuua (Triticum aestivum L.), copTa KOTOPOW LWMPOKO UCMONb3YIOTCA B MUPOBOM MPO-
N3BOACTBE 3ePHa, MNOXO CKpelymBaeTca C Bugamu apyrux pogos Triticeae Dum., 4To orpaHMYMBaeT BO3MOX-
HOCTV BBe[EHUA YyKePOAHOro reHeTNYeCKoro Matepuasna B ee reHoGOHA 1 CO3[aHNA HOBbIX COPTOB, XOPOLLO
aAanTVPOBaHHbIX K Pa3fiMyHbIM HEGNAronpUATHBIM abNOTUUECKUM U BMOTUYECKM daKTopam BHELIHEN cpefpbl.
M3BecCTHO, 4TO CKpeLMBaeMoCTb MArKOW MWeHNLbl C MpeACcTaBUTeNAMN APYTNX POAOB KOHTPOMPYETCA reHamum
Kr1-Kr4 (Crossability with Rye, Hordeum and Aegilops spp.) u reHom SKr (Suppressor of crossability). /13 Ha3BaHHbIX
reHoB Hanbonee CUIbHOE BAVAHME Ha NPU3HaK OKa3biBatoT SKr 1 Kr1. B peLeCCMBHOM COCTOAHUN, KOTAA reHbl He
bYHKLMOHMPYIOT, MOXeET 3aBA3blBaTbCA 6onee 50 % 3epHOBOK OT YMcia LBETKOB B KOJIOCE NP OMbIIEHUN Mblfb-
Lo uy>kepogHoro Buga. Oba reHa nokanv3oBaHbl B XpoMocome 5B. PacnonoxeHue reHa SKr B KOPOTKOM nrneye
Xpomocombl 5B orpaHnyeHo mapkepamu GBR0233 n Xgwm234 B TecHom cuenneHnn ¢ mapkepamm Xcfb341, TGlc2
n genel2. [eH Kr1 pacnonoeH B ANIMHHOM Mjieye XpOMOCOMbI 5B, npokcrmanbHee reHa Phi, mexgy EST-SSR-
MapKkepamu Xw5 145 n Xw9340. Mapkepbl, pa3paboTaHHble Ans reHa SKr, npyMeHANN ANsi KOHTPONA NepeHoca ero
peLeccMBHOro annens skr B apyrvie reHOTUMbl MATKOW MLUEHNLbl, YTO NO3BONUIIO NOSTyYaTb GOPMbI C BbICOKON 3a-
BA3bIBAEMOCTbIO MMOPULAHBIX 3€PHOBOK NPY CKPELLMBaHNK € poxblo. OfHaKO B LIeNOM UCMOSIb30BaHMe MapKepoB
reHoB SKr v Kr1 B npakTnyeckon MapKep-OprYEeHTUPOBAHHON CEeNeKLMUM 1 MONEKYNIAPHOM CKPYHVHIe 06pa3LoB
ex Situ KonneKunin n3yyeHo HefoCTaTouHo. bonblune nepcnekTnBbl B 3TOM NaHe OTKPbIBAET onpeaesneHne nosn-
HOW HYKNeoTUAHON NOoCiefoBaTeIbHOCTU reHa Kr1 y KOHTPaCTHbIX MO CKPeLnBaeMoCT COPTOB MAFKON MLUEHN-
Libl, 5TO AAeT BO3MOXHOCTb CO3[aHUA BHYTPUFEHHbIX ansienb-cneundryHbix Mapkepos. B npeactaBneHHom 0630-
pe paccMOTPEHbI FreHeTNYeCKMe pecypcbl, CO3AaHHbIe MOCPeACTBOM rMOPVAN3aLIMM MATKON MLUEHNLbI C POXKbIO;
BOMPOCHI reorpadpryeckoro pacnpoCTpaHeHNA Nerko ckpelymnaawmnxca Gopm nieHnLbl U FeHETUYECKOTO KOH-
TPOJIA COBMECTUMOCTY MLUEHWLbI U PXKI; AOCTUXKEHWNA B NCMNOJIb30BAHNN MONEKYIAPHBIX MapKepPOB B KapTNpOBa-
HUW Kr-reHoB 1 KOHTpOne 1x nepegayn.

Kntouesble cnosa: Triticum aestivum; poxb; Kr-reHbl; QTLS; moneKynapHoe KapTMpoBaHue; MONeKynAPHO-TeHeT-
YyecKme KapTbl; reHeTnYecKmne pecypcbl NiueHnLbI.

Lna yutnposanus: MopoTtHrkos W.B., AHToHoBa O.10., MutpodaHosa O.I. MonekynsipHble MapKepbl B reHeTu-
YeCKOM aHasm3e CKpeLyMBaeMoCTV MATKOW MNLWEHULbI C POXblo. Basunosckull XypHas 2eHemuKu u cenekyuu. 2020;
24(6):557-567. DOI 10.18699/VJ20.649

Molecular markers in the genetic analysis
of crossability of bread wheat with rye

LV. Porotnikov®, O.Yu. Antonova, O.P. Mitrofanova

Federal Research Center the N.I. Vavilov All-Russian Institute of Plant Genetic Resources (VIR), St. Petersburg, Russia
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Abstract. Bread wheat (Triticum aestivum L.), the varieties of which are widely used for the grain production, is
difficultly crossable with related species of Triticeae Dum. This factor limits the chance of introduction of alien
genetic material into the wheat gene pool and the possibility of new varieties breeding with good adaptation to
adverse environmental factors. The crossability between wheat and related species is controlled by Kr1-Kr4 genes
(Crossability with Rye, Hordeum and Aegilops spp.) and the SKr gene (Suppressor of crossability). SKrand Kr1 have
the largest influence on the trait. In the case of the recessive alleles, these genes do not function and the quantity
of hybrid seeds after pollination with alien species can achieve more than 50 %. SKr is located on 5BS between the
GBR0233 and Xgwm234 markers, closely linked with the markers Xcfb341, TGlc2 and gene12. Kr1 was mapped on
5BL, proximally to the Ph1 gene, between the EST-SSR markers Xw5145 and Xw9340. The markers of SKr were used
to control the transfer of its recessive allele into other wheat genotypes, which made it possible to obtain highly
crossable forms. However, the advantages of using the SKr and Kr1 markers in marker-assisted selection and in
the screening of ex situ collections are not sufficiently studied. The published Kr1 sequence for varieties with diffe-
rent crossability offers great prospects, because it will be possible to create allele-specific markers. In this review,
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Molecular markers in the genetic analysis
of crossability of bread wheat with rye

the following issues are considered: genetic resources created by wheat and rye hybridization, the geographical
distribution of easy-to-cross forms of wheat, genetic control of the wheat and rye compatibility, advances of the
use of molecular markers in the mapping of Kr-genes and their transmission control.
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BBepeHune

[Tmennna — ogHa U3 BaXKHEUIIHX CEIbCKOXO3IMCTBEHHBIX
KyasTyp. B 2017 1. B Mupe 06110 cobpano 771.3 MiiH TOHH
ee 3epHa. Poccus cpean cTpaH-NPOW3BOAMTENCH 3aHUMAET
Tpethe MecTo — 85.3 mutH ToHH (Www.fao.org). Yerexu B coope
3epHa MATKOW MIeHuNb! Triticum aestivum L. (2n = 6x =42,
BBAADD) u tBepno#i nmennnpt 7. durum Desf. (2n = 4x =
=28, BBAA) — 310 pe3ynsTaT HHTCHCUBHOW CEJIEKIINH, Ha-
[IpaBJICHHON B OCHOBHOM Ha IOBBIIIEHHE YPOKAHHOCTH U
yiAydlIeHHe KadyecTBa 3epHa. J[is 3aIUThl HOBBIX COPTOB OT
PE3KHX NepenaioB MOTo/Ibl, TPOUCXOASIINX U3MEHEHHUH B KITH-
Mare, JeHCTBUS AOMOTUICCKIX U OMOTHYECKUX CTPECCOPOB
HEO0OX0IMMO MMETh COOTBETCTBYIOIIMH 3arac TeHeTHIECKO
M3MEHYMBOCTH y 3TUX KylbTyp. OnHako B reHo(oHaax co-
BPEMEHHBIX CEJIEKIIMOHHBIX COPTOB TAKOTO 3araca N3MEHUH-
BocTH HeT. K TOMy jke ¢ cepeMHBI MPOIIIOT0 CTONETHS T10
BCEMY MHPY UMEET MECTO IPOLecC 00eTHEHNSI TEHETHUECKOTO
pa3Ho00pa3us CeTEKINOHHBIX COPTOB, TOPOKICHHBIN X0OIOM
MCTOPHYECKOTO PA3BUTHS MPOTPaMM CEJICKIIMH U METOAAMH
orbopa (Porceddu et al., 1988; Kahiluotoa et al., 2019). O Ha-
JIFYHH 3TOTO MPOIIECCa CBUACTENLCTBYIOT PE3yIbTaThl aHAJIH32
TEHOMOB COPTOB ¢ MpuMeHeHueM SSR-Mapkepos Bo DpaHiyu
(Roussel et al., 2004), Kurae (Hao et al., 2006), Kanane (Fu,
Somers, 2009). UToObI 3alUTUTH BO3/CIBIBAEMBIC IMIIICHU-
bl OT JICHCTBUS pa3InYHBIX HEONAronpusSTHBIX (aKTOPOB,
HE00X0IUMO 00O0TaTHTh MX TeHO(OHIB AJUICIIMU T'CHOB,
YBEITUYHBAIONINMHI pPa3HOOOpa3ne aJalTHBHBIX PEAKIIH.
B kayecTBe HCTOYHUKOB HOBBIX aJllesield TeHOB JUTS MIICHUIIBI
JIOBOJIBHO LIMPOKO UCIIOJB3YIOT JPYTHe BUJIbI POIOB TPHOBI
Triticeae Dum.

OnHa 13 po0JieM, IPETSTCTBYIOIINX YCIIEIIHBIM CKPEIIH-
BaHMSIM IIICHUIIBI C TPEJICTaBUTEISIMU pozioB Aegilops L.,
Hordeum L. u Secale L., — Hanmaue nporaMHONW HECOBMe-
ctumocTtH (Pershina, Trubacheeva, 2017), Beipakarorieiics B
3aMeJUICHUH WIIM MHTMOMPOBAHUH POCTA IBUIBIIEBBIX TPYOOK
(Zeven, Van Heemert, 1970; Lange, Wojciechowska, 1976,
1977; Jalani, Moss, 1981). Y Msrkoii NieHNIBI 00HAPYKEHO
msith reHoB — Krl, Kr2, Kr3, Kr4 (Crossability with Rye and
Hordeum and Aegilops spp.) (Mclntosh et al., 2014) u SKr
(Suppressor of crossability) (Tixier et al., 1998), nomuHaHT-
HBIE aJUIENIV KOTOPBIX OTBEYAIOT 32 MPOSIBICHHE IPH3HAKA He-
COBMECTHMOCTH. DTH T€HBI KOHTPOIHUPYIOT CKPEIIUBAEMOCTh
TIICHHIBI ¢ BUJJAMHU BCEX HA3BaHHBIX BBIIIE pOsIoB (Snape et
al., 1979; Falk, Kasha, 1981; Fedak, Jui, 1982; Sitch et al.,
1985; Koba, Shimada, 1993).

Lenp HacTOSIIIIETO 0030pa — CHCTEMATU3UPOBATh CBEICHUS
0 FeHETHUYECKUX PECypcax, CO3/IaHHBIX C TIOMOIIIBIO MEXKPOJIO-
BOM THOPHIN3AIINH MATKOHN MIIEHAUIBI ¢ POXKBIO (Secale L.),
MI0Ka3aTh yCIIEXH B TO3HAHUHM TeHETHYECKOTO KOHTPOJIS ITPH-
3HaKa «JIeTKas CKPelnBaeMoCTh», paccmotpeTh JJHK-map-
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KepPbI, KOTOPhIE MOYKHO OBIJIO OBI HCIIOIB30BATh IS OBICTPOI
Y TOYHOU MICHTH()MKALINH aJIIeNeH TeHOB, OTBETCTBEHHBIX 32
9TOT IIPU3HAK, U B KOHTPOJIC I€PCAaviu UX B APYTHUC rCHOTUIIBI.

leHeTMYeCcKne pecypcbl, CO3AaHHbIE

npun ckpewmnsaHnm MATKOWN nweHuubl C poXblo,

n NX 1CnoJjib3oBaHne B cenekymnn

Poxp moceBuyro Secale cereale L. (2n = 2x = 14, renom R)
BOBJICKAJIM B CKPELIUBAHUS C MATKOM IIICHULEH ¢ KOHLA
XIX—nagama XX BekoB (Backhouse, 1916). B 1930-x rogax
B 'epmaniy ObUTH ITOITyYeHBI NIEpBBIe (POPMBI MATKOH ITIICHHN-
1l C TPAHCIIOKAIMSIMH KOPOTKOT'O Iieya XpoMocombl 1R piku
B [uIMHHOE TIed0o Xpomocombl |B mmennnsr (T1BL.1RS).
B nacrosimee Bpemst B Mupe usBectHo 6onee 1050 copros
IILIEHUIBI, COAEPIKALIUX ATY TPAHCIOKAIHIO, & TAKIKE OKOJIO
100 coptoB ¢ Tpancnokarmmeit T1AL.1RS (Rabinovich, 1998;
Pershina, 2014; Schlegel, 2019). Illupokoe pacrpocrpane-
HUe 00euX TpaHciIoKanui o0ycioBieHO HajguuneM B 1RS
KOMIIJIEKCA TEHOB, KOHTPOJIHUPYIOMNX YyCTOHUMBOCTD K pas-
JUYHBIM TPHOHBIM ITATOT€HAM, TAaKUM Kak crebneBas (Sr317),
Oypast (Lr26) u xenras (Yr9) pxaBunHbl, MyYHUCTAsE poca
(Pm&) (Mago et al., 2005; Ren et al., 2009; Crespo-Herrera et
al., 2017). Cnenyer oTMETHTB, YTO OOJIbBIIAsT YACTh COPTOB C
Tpancnokanueit T1BL.1RS Hecet qyxepoaHbIil XpOMaTHH OT
copra pxu Petkus n3 I'epmanmm, ac TIAL.IRSuTIDL.1RS -
ot Insave n Imperial coorBerctBenno (Rabinovich, 1998;
Schlegel, 2019).

OrpaHudeHHOE Pa3sHOOOpa3we PHKAaHOTO TEHETHIECKOTO Ma-
Tepuasa, OYeBUIHO, HE B COCTOSHUN OOECIICUNTh YCTOWYH-
BOCTB TIICHUIIBI K HOBBIM pacaM BpPEIHBIX OPraHU3MOB, KO-
TOpPBIE CTaIH MOABIATHCS yoke B 90-¢ romst XX B. (Porter et al.,
1991; Pretorius et al., 2000). [Iys1 permenus 3Toii mpoOnemMbl
HayaJld CO3/[aBaTh JIMHUM IIIEHUIBI C HOBBIMH P)KaHBIMHU
TPAHCIOKAIMAMH MyTEM CKPELIMBAHMS KaK C TEMH K€ COp-
tamu pxu, Petkus u Insave, (Ren et al., 2009; Tang et al.,
2009), tak u ¢ HoBbIMH (Ren et al., 2012, 2017; Yang et al.,
2014; Lietal., 2016). Kpome TOr0, TMHUIO MIIIEHUIIH, XOPOIIO
CKpEIIMBAONIytocs ¢ poxkbio U Hecymryo TIBL.1RS, uc-
MOJIb30BaJIHM B THOpUan3aiuu ¢ Secale cereanum cv. Kriszta,
1 3a cueT pekoMOmHaImu Mexay xpomocomamu T1BL.1RS
n IR B nmeHniy ObUTH BBEJICHBI HOBBIE aJUICJIN T€HOB P3KU
(Molnar-Lang et al., 2010). OnHa U3 TaKuX peKOMOMHAHTHBIX
thopm mana Hagano muHIH M9kr1-Kriszta TIBL.1RS line 179,
o0rnaaromiell yCTOWINBOCTBIO K JKEITON 1 Oypoit pKaBUMHAM
B COYCTAHUU C BBICOKMM KauecTBOM 3epHa (Szakacs et al.,
2020). ITpu ncrorb30BaHIH COBMECTUMBIX C POYKBIO MECTHBIX
KHTalcKuX copToB mumeHnipl Mianyang 11 u A42912 6pumn
Takke co3nanbl TuHUK ¢ T1BL.1RS oT pa3HbIX copToB pxH,
KOTOpBIE COAEP)Kaau HOBbIE 3((EKTHBHBIC AJIJIETH T€HOB
ycToWunBOCTH K pacam Puccinia striiformis f. sp. tritici n
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Blumeria graminis f. sp. tritici (Ren et al., 2012,2017; Yang et
al.,2014; Lietal., 2016). Ilepenada reHeTHYECKOTO MaTepraia
XpOMOCOMBI 2R pykH B MIIEHAILY COTTPOBOXKTAIACh IEPEHOCOM
TeHOB YCTOHYMBOCTH K Oypoi (Lr25 u Lr45) m crebneBoit
(Sr59) pxaBurHAM, TTOBHIIEHUEM aTaITUBHOCTH PACTCHUN
K 3acynumMBbIM ycioBusiM kimmara (Ehdaie et al., 2003).
B xpomocomax SRL u 7R oOHapy keHBI T'eHbl, MOBHIIIAIOIINE
3¢ PEeKTUBHOCTH YCBOCHNUS MEAX U IIMHKA 13 1To4BHI (Owuoche
et al., 1996; Cakmak et al., 1997). HauOomnee momHsIit mepe-
YeHb BCEX M3BECTHBIX MIICHUYHO-PKAHBIX TPAHCIOKAIUN 1
TeHOB yCTOHUYMBOCTH TipHuBeneH B 003ope (Crespo-Herrera
et al., 2017). Crexyer OTMETHTB, YTO B HACTOSIIEE BPEMs
MOTEHIMAJl TeHETHYEeCKOr0 Pa3HOoO00pasusi, 3aKIIOUCHHBIN B
XpoMOCOMax pKu, IOMUMO 1R, B cenexuuu niueHuIs! npak-
THYECKH OCTaJcsl Hencroiab3oBaHHbIM (Schlegel, 2019).

CunTaeM Hy)XHBIM TIOTYEPKHYTh, YTO B Pa3HbIC TIEPHO/IbI
BpeMeHH Ha 0a3e KoJUIeKIny Beepocciickoro MHCTUTYTa Te-
HEeTHYecKuX pecypcos pactenuit um. H.W. Basuiosa (BUP)
TaKKe TPOBOAMIN MCCIIEIOBAHUS IO CKPEIIMBAEMOCTH MSIT-
KOH MIIEHUIIBI C pOXKbI0. [IpH3HAK «IeTKasi CKPEIMBAEMOCTb
TIICHUIIBI ¢ POXKBIOY» OBUT IIEJICHANPaBICHHO MEePeiaH B 031~
™Mbl copT Ilpuekynbckas 481, Ha ero OCHOBE CO3JAHBI JIET-
ko ckpemuBaromuecs nuauu (Cypukos, Kuccens, 1980),
KOTOpBIE HapsAy C JAPYTUMH JIMHUSMH HCIIOJIb30BAJIN B TH-
OpHIU3aLMH C IBY- M IIECTUPSAHBIMU (POPMaMHK SYMEHS JIJIsI
MOTYYCHUS PA3MUIHBIX MEXPOHOBBIX THOpunoB (CypuKoB,
Kuccens, 1987). Co3nanbl OpurHHANBHBIE, XOPOIIIO COBME-
CTHMBIE C Pa3HBIMU BUAAMHU PXKH (OpMBI 03UMOI MSTKOM
mreHUI B! AM 808 (¢ mpusiedennem k-48253 Arthur, CIIIA)
1 MA 808 (x-43920 Muponosckast 808, Y CCP), kotopsie pu
OTBIJICHUH POXKBIO JaBAJIM KH3HECIOCOOHbBIE THOPHIHBIC U
4acTUuHO (hepThibHBIE pacTeHus F, (Pexmerymun, 1988).
Bo03MOXKHOCTD MOTyYEHHST YaCTUYHO (DEPTHIBHBIX THOPU-
HBIX PACTCHUI U OT HUX KOHCTAHTHBIX MIEPBUYHBIX BHICOKO-
MPOXYKTUBHBIX 3UMOCTONKNX MIICHUYHO-PKAHBIX JMHUH
MO/ITBEP>K/ICHA U B HAIIIN JTHH, IIPU 9TOM METO/IOM T'€HOMHOM
in situ TMOPUIM3ALIMK Y BCEX JIMHUI OOHAPYIKESHBI JIMMHHA-
Ut XpoMocoM reHoMa D 1 Hanmmdane TOoNMHBIX TeHOMOB B, A
u R (Pyukkenen et al., 2019).

2020
24.6

MoneKynapHble MapKepbl B reHETUYECKOM aHanunse
CKPELLMBAEMOCTI MAMKOI MIUEHMULbI C POXKbIO

(DaKTOpr, BnuALWne Ha YypoBeHb
CKpewnBaeMOCTU MLUeHNLbl C POXKblo

Bosnbiirast padbota o 0000IICHNIO UMCIOIIMXCS B JIUTEPATYPE
CBEJCHUU W PE3yIbTaTOB COOCTBEHHBIX HCCIICIOBAHHH 10
CKPEIIUBAEMOCTH COPTOB/IIMHUH MPEHMYIIICCTBCHHO MSTKON
MIIeHUIIB ¢ poXkbio BeimonHeHa A.C. Zeven (1987). Ha oc-
HOBAaHUHU COOpAaHHBIX HaMHU JAHHBIX (CM. TaOJIHILy) MOXKHO
3aKJIFOYHTH, YTO MSTKAs MIICHHUIA B I[EJIOM TUIOXO CKPEIIH-
BaeTCs ¢ pOXKbI0. JIerko (XopoIio) CKperuBaroipecs Gopmsl
HaXOJMJIN ¢ 9acTOToH 5.9 %, nmpudeM B OIpe/ieIeHHbIX Ieo-
rpaduuecknx peruonax (Lein, 1943; [Tucapes, 1960; Purun,
1976; Lange, Wojciechowska, 1976; Falk, Kasha, 1981; Ze-
ven, 1987). Tak, BermonHerHas B BUP oneHka copToB MsTKON
MIICHUIIBI PA3TMYHBIX arPOIKOIOTUICCKHX TPYIIIT TI0Ka3aia,
YTO HanOOJIee BEICOKYIO CTIOCOOHOCTH 3aBsI3bIBATH THOPUIHBIC
3epHOBKH (52.5 1 53.7 % COOTBETCTBEHHO) MIMENN COPTa KH-
TalCKOro 1 BOCTOUHOCHOUpCcKoro 3xotumios ([Tucapes, 1960;
Purun, 1976). CaurtaroT, 4TO YacToe BBISIBJICHUE XOPOIIO
CKPETUBAIOIINXCS POPM Cped BOCTOYHOA3HATCKUX COPTOB
MIICHUIIBI, BO3MOXKHO, CBS3aHO C TEM, YTO B IPOIIECCE IBO-
JIFOIMK Yy HUX HE cOPMHPOBAIACh TCHETUYECCKAs CHCTEMA,
MPETATCTBYIOIAs CKPEIIMBAEMOCTH TIIEHUIBI C POXKBIO,
MOCKOJIBKY apeall pxKu ObLI OTPaHUYCH HUCKITFOUUTEIBHO
pationamu EBporer u 3amagHoit A3um, U ¢ 3TOH KyJasTypon
nreHura B FOro-BocTounoit A3nn BMecTe He Ipon3pacTaa
(Lein, 1943; Riley, Chapman, 1967).

[Toka3aHo, YTO Ha YCIEX CKPCIIMBACMOCTH IIICHHUIIBI C
POXBIO TAaKOKe BIHSET LENBIA psn (PaKkTOpOB, B TOM HYHCIIE
BUJIOBAs! IPUHAIIC)KHOCTD OTIIOBCKUX M MaTCPUHCKHIX T€HO-
tunoB. Hanbonee BHICOKUN MPOIEHT 3aBSI3bIBAEMOCTH TH-
OpMAHBIX 3¢PHOBOK HAONIOMAH Y TeKCATUIOMIHBIX IIICHHULI:
T aestivum, T. spelta L., T. compactum Host; cpennuii —y Te-
tpamiouanbix 1. turgidum L., T. durum, n caMblii HU3KUN —
y mumnounHeix 1. monococcum L. u T. boeoticum Boiss.
BapbupoBaina Takke yCIenHOCTh IPHMCHEHUSI Pa3HBIX BHIOB
KM B KaueCTBE OINBUINTEIICH: BBICOKAs CKPEIIMBACMOCTD
TIPH OTIBUICHHUH TBUIBIION JUTUIOMIHBIX BHIOB S. cereale n
S. vavilovii Grossh., HuU3kas — TeTparuIonHOTO BUAA S. fra-
gile M. Bieb. (Purun, 1965, 1976; Cypukos, Kuccess, 1985;

The distribution of wheat varieties by the effectiveness of hybrid seed formation in pollination with rye

Hybrid seed set, %

Total no. References

of varieties

Note. The intervals for the distribution of varieties into groups are taken from the classical work of A. Lein (1943).
* Varieties from other sources cited by A.C. Zeven (1987).
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Molecular markers in the genetic analysis
of crossability of bread wheat with rye

26.2

6.4

4D 5A 5B 5D 6A 6B 6D 7A 7B 7D

Chromosome substituted

Crossability of wheat intervarietal substitution lines of Chinese Spring/Hope to rye (according to Riley, Chapman, 1967).

Pexmerymnun, 1987; Molnar-Lang, 2015). Pa3znuunsie acrek-
TBI IPOOJIEMbI CKPELMBAEMOCTH ITILIEHUIIBI C POXKBIO U IPYTH-
MU BHIAMH PACCMOTPEHBI B 0030pHOi1 cTathe (Molnar-Lang,
2015).

rl/l6pVIp,OJ10l'l/I‘-IECKI/II7I aHaNn3 cKpewnnBaemMmocTtun
nweHuubl C POXKblo M JIOKann3aunAa reHoBs

Nerkom cKpewBaemocTu

IlepBbie cBeneHNs O HACIEJOBAaHNH MTPU3HAKA «JIETKasi CKpe-
IIMBAEMOCTh MATKOW MIICHUIIBI C POKBIO MOITyYCHbI HEMETI-
kuM yueHbIM A. Lein (1943). BeisicHenne xapakrepa Haciie-
NOBaHMs NPH3HAKA y PEHMIPOKHBIX THOPUI0B F\—F; Mexy
coprom Chinese 466 U3 ApreHTHHBI, XapaKTEPU3YIOIIUMCS
BbICOKOH (57.3 %) 3aBS3bIBAEMOCTHIO THOPHUIHBIX 3€PHOBOK,
1 TUTOXO CKPETIIUBAOIIIMUCS C pOKbio copramu Marguis (Ka-
Hana), Peragis u Blausamtiger Kolben (I'epmannst) ¢ 3aBsi3bl-
BaeMocThbIO0 1.9,2.5 1 12.7 % cooTBeTCTBEHHO, MOKa3ao B F,
JOMUHHMPOBAaHUE HU3KOH 3aBA3BIBAEMOCTH, a B F; — murnOpm-
HOE pacIierieHue. AJieIbHbIe apbl akTopoB (TEHOB) OBUTH
obo3nauens! kak Krl-kri (Kreuzbarkeitsgene) u Kr2-kr2,
a TEHOTHIIBI POAUTENBCKUX cOpTOB — krlkrlkr2kr2 (Chine-
se 466), KriKr1Kr2Kr2 (Marquis u Peragis) u KrlKr1kr2kr2
(Blausamtiger Kolben). OtmeueHo Takke, 4TO JOMUHAHTHBIH
amnens Krl obnagaer 6oiee CHIIBHBIM HHTHOUPYIOIINM (-
(hexTOM pocTa MBIIBLEBBIX TPYOOK, 4eM K72, a pa3nuuHbIe
TEHOTHUIIBI XapaKTePU3YIOTCs CJIEAYIOIUM IPOLIEHTOM 3a-
BSI3BIBAEMOCTH THOPUAHBIX 3epHOBOK: K7/ KrlKr2Kr2 — no
10 %, KriKrlkr2kr2 — 10-30, krikriKr2Kr2 — 30-50,
krlkrlkr2kr2 — 6onee 50 % (Lein, 1943).

151 ycTaHOBIEHHSI XPOMOCOMHOM JIOKaIu3aluu FeHOB
Krl n Kr2 06puta ucrionbp3oBaHa cepust u3 21 JMHUM ¢ MEX-
coproBbIM 3amerienueM xpomocom Chinese Spring/Hope
(Sears et al., 1957; Riley, Chapman, 1967). IIpu onsiennn
JurutoniHol pokbio y Chinese Spring (nanee CS) nabmronanu
BBICOKY10 (74.3 %) 3aBsI3bIBa€MOCTb TMOPHU/IHBIX 3€PHOBOK,
a copt Hope Takux 3epHOBOK NPAaKTHUECKH HE 00pa3oBall.
CyI1ecTBEHHOE CHIDKEHHE YPOBHSI 3aBA3bIBAEMOCTH 36PHOBOK
0OHAPYKCHO Y JIMHUI C 3aMEIICHHBIMH XPOMOCOMaMK SA U
5B, X0T4 pa3nuuus MEKAY JTMHUSIMH HE HMEIH CTaTHCTHYE-
CKOTO TTOATBEPXkKIeHHs (CM. prcyHOK). [TomyueHHble qanHbIE
Hasesiu R. Riley u V. Chapman Ha MbIcib, 4TO 3aMeHa Xpo-
MOCOM 5B BBI3BIBaeT OONBITYIO0 PEAYKIINIO YPOBHS CKPETITH-
BaeMOCTH, YeM XpoMocoMm SA. I'en Kr/ ObUT TOKaTH30BaH
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B xpomocome 5B, a Kr2 — B 5A (Riley, Chapman, 1967).
YToObI OTBETUTH Ha BOIIPOC, PELIECCUBHBIC ajuiesin Kr-reHOB
MOAJIEP’)KUBAIOT MEXPOJIOBYI0 COBMECTHMOCTD MJIM, HAIPO-
THUB, JIOMUHAHTHBIC JJIEII HHTHOMPYIOT CKPEIMBAEMOCTb,
ABTOPBI IPOLIUTHPOBAHHON PaOOThI IIPOTECTUPOBAIIN JTMHHIO
CS nulli-5B-tetra-5D, y KOTOpO# OTCYyTCTBOBAIH XPOMOCOMBI
5B, HO IpHCYTCTBOBAJIA B yYETBEPEHHOM J]03€ TOMEOIOTHY-
Has eif xpomocoma 5D. Dta nunus, kak 1 MoHOocomuK CS 1o
xpomocome 5B, GopmupoBana 3epHOBKH MPH CAMOOITBIIE-
Hud. [Ipy onbIIeHNN POXKBIO B IEPBOM ciyyae 116 nBeTkoB
nmanu 67 THOPUIHBIX 3EPHOBOK (3aBsi3biBacMOCTh 57.8 %),
BO BTOPOM — TIPH OMBUICHHHU 261 IBeTKa OBLIO MOIYYEHO
184 3epHoBku (70.5 %). OTcyrcTBHE XpomMocoM 5B u, coort-
BETCTBEHHO, TIAPbI PELIECCUBHBIX aJlieneii k7 Wi u3MeHeHue
UX /103bl HE CHI)KAJIO YPOBEHb 3aBSI3bIBAEMOCTH THOPUIHBIX
3epHoBOK. 13 atoro R. Riley u V. Chapman cnenanu BbIBO,
YTO PELIECCHBHBIE aJUIEIIH HE aKTHBHbI, TOMUHAHTHBIC aJUISITH
reHa K7/ MeficTBYIOT Kak HHTHOUTOPHI cKperuBaeMocTH. [1o-
cxonbky uann CS/Hope SA u CS/Hope 5B, B ommmume ot
copra Hope, He TepsiIu MOJIHOCTHIO CIIOCOOHOCTH 00Pa30BbI-
BaTh THOPHUIHBIC 3PHOBKH IIPHU OTIBUICHIH POXKBIO, 3P PEKTHI
MHrHOUTOpOB K7/ 1 Kr2, 10 MHEHHIO 3THX YUCHBIX, OBLIH MITH
AJITUTUBHBIMH, WM KOMIUIEMEHTapHBIMH.

HyXHO OTMETHTB, YTO O BOZMOKHOM KyMYJIATHBHOM JIEH-
ctBun reHoB Kr/ u Kr2 panee cooburmt A. Lein (1943): rete-
po3uroTHbIe reHOTUIIbl Kl kil kr2kr2 v kr1kr1 Kr2kr2 umenu
6onee 10 % ycremHbIX CKPENMBAHUNA C POXKBIO, TOTAA KaK
4acTh pactenui ¢ reHotunamu Krl Krl Kr2kr2 v Krlkrl Kr2Kr2
He 3aBsi3alia HA OJJHOH ruOpuaHOM 3epHOBKH. BriocnencTBuu
9TO TPEANOIOKeHNE TIONTBep AN pe3yisTarsl padoTsl (Falk,
Kasha, 1983), Ob110 OTMEYCHO TaKIXKE, YTO PEIICCCHUBHBIC ajl-
nenu krl v kr2 kymynsaTUBHBIM 3(h(EeKTOM HE 00a1alH.

s xkaptupoBanus reHa Kr/ B xpomocome 5B ncmons3o-
BaJIM THOPHIBI, TTOTyYCHHBIE OT CKPEIIMBAHMS 3aMEIIEHHOH
muann CS/Hope 5B, uMeromnell HU3KYIO 3aBS3bIBAEMOCTh
3EPHOBOK IIPU OIBUIEHUU POXKbIO, C TUTEIIOCOMHON JIMHUEN
CS DT5BL, y xotopoii xpomocoma 5B Obuta mpencrasieHa
Mapoy TEJIOLIEHTPHKOB TI0 €€ JUIMHHOMY IUIeuy, a KOPOTKOe
wredo orcyTcTBoBasio (Lange, Riley, 1973). ITo cnoco6HO-
CTH 3aBSI3bIBATh THOPHUIHBIC 36PHOBKH 3Ta JIMHUS HE OTIINYa-
nachk ot copTta CS. CpenHss 4acToTa peKOMOUHAIIMN MEXTY
Krl nuentpomepoii cocrauna 11.45+3.0 %. Jlokanuzanuto
reHa Kr/ B JIMHHOM IUIede XpOMOCOMBI 5B monrsepannu
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L.A. Sitch ¢ xomreramu (1985), ogHako reH pacrosaraics
Ha OOJBIIIEM PACCTOSIHUU OT meHTpomepsl — 44.8+3.28 %
pexoMOnHanuu. [IpyanHON TaKOro HECOOTBETCTBHS MOIJIO
OBITH MCIIOJIL30BAHKE JIPYTOi POJUTENLCKOM POPMBI — cOpTa
Highbury.

I'en Kr2 xapTupoBann y THOPHIOB, OIYyYCHHBIX OT CKpe-
mBanusi CS ¢ nmunueit CS/T. spelta SA, y KoTopoii mapa xpo-
MOCOM SA MSITKOM MILIEHHUIBI 3aMEIIEHa Ha [1apy XpOMOCOM
5A or T spelta (Sitch et al., 1985). I'en Kr2 okazaincst TecHO
CICIUICHHBIM (4acToTa pekomOuHammu 4.8 +4.66 %) ¢ reHoM
Vrnl (Response to Vernalization), ompeaensiomumM SpoBon
THIT Pa3BUTHUS PACTEHUI MIICHUIIBI, © OBLI PACIONOXKEH -
cranpaee reHa O (Squarehead/spelt), oOycioBIHBaroOIIEero
oOpasoBanme criensTonaHoro Tuma xkomoca (Mclntosh et al.,
2014), na paccrostanu 38.1+10.60 % pekoMOMHAIN OT HETO
(Sitch et al., 1985). [IpumepHo onuHaKOBOE TOTOKeHHE K7/
1 Kr2 110 OTHOIIEHHIO K IEHTPOMEPE aBTOPbI pacCMaTPUBAIIH
KaK JI0Ka3aTeIbCTBO B IT0JIb3y TOME0AUICIIBHOCTH STHX T'€HOB.
Kpome Toro, B maHHO# paboTe CTaTUCTHYCCKHU 3HAYUMbBIC
pas3Iuums MO 3aBSI3BIBAEMOCTH I'MOPUIHBIX 3€PHOBOK OBLIN
BBISIBJICHBI Y 9YTUIOWIHBIX pacTeHui copra CS u y momydeH-
HBIX Ha €I0 0CHOBE MOHOCOMUKOB MOono-5B U IUTeN0COMHBIX
manit DTSBL. Dymnonnasie pactenus CS 3aBs3pIBaJIN B 1BA
pa3a MeHbIIE 36pHOBOK, YEM PACTECHUS JIBYX YIOMSHYTBIX
nuHui. OtoT 3¢ dexr L.A. Sitch ¢ konneramu (1985) csizanu
C YMEHBIIEHUEM J103bI KOPOTKOTO IIJIeda XpOMOCOMbI 5B u
MIPEIITONIOKHIIH IIPUCYTCTBHUE B HEM CYIIPEccopa CKpeInuBae-
mocrti. [To3aHee Hann4Ke Takoro cynpeccopa, IoJIy4HBIIErO
Ha3zBanue SKr (Supressor of crossability), OpT0 IMOKa3aHO
METOZaMH MOJIEKYJSIpHO-TeHeTHYecKoro kapruposanus (Ti-
xier et al., 1998).

Eme omgma reH, Kr3, ObUT KapTUPOBAH y TEKCATUIOMIHON
mueHuns! B xpomocome 5D (Krolow, 1970). V nomuHanTHOTO
ajutesst 5Toro reHa 3G QeKT THrHOMPOBAHUS CKPEIBAEMOCTH
6511 citabee, uem y Kl u Kr2. [lpu rubpuansannu ¢ posksio
BimsiHAE K73 3a4acTylo OKa3bIBAJIOCh CTATHCTHUECKH HE3HA-
4UMBIM, 1 B psizie pador (Riley, Chapman, 1967; Falk, Kasha,
1983; Sitch et al., 1985; Zheng et al., 1992) ygactie xpomo-
combl 5D B KOHTpOIIE 3aBSA3BIBAEMOCTH MIICHUYHO-PYKAHBIX
rHOPUIHBIX 3€PHOBOK HE MOATBEprkAeHO. OHaKo jeiicTBue
Kr3 xak THTHONTOPa MEKPOIOBOI COBMECTUMOCTH YAAIOCh
MIPOJIEMOHCTPUPOBATh Npu Tubpuusannu ¢ Hordeum bul-
bosum L. na iuausx CS/Hope 5D u CS/Hope SA, nosiy4uns-
KX OT copTa-n1oHopa Hope XpoMOCOMBI ¢ IOMHHAHTHBIMHU
amensimu renoB Kr3 u Kr2 coorBercTBeHHO (Snape et al.,
1979). Cumxenue ckpeuBaemoctu ¢ H. bulbosum y 3tux
3aMEILEHHBIX JIMHUH OBIJIO TPUMEPHO OTMHAKOBBIM, T. €. 3(h-
(exr reHa Kr3 6bu1 paBeH sddexry rena Kr2.

I'er Kr4 oOHapy>keH MOHOCOMHBIM aHAJIM30M JIMHUU MSIT-
kot mmeHwns! J-11 u3 nmpoBuHIMK Chrayans (Kwurait). Ota
nmuHAA TTokasana moutd 100 % 3aBsS3b1BaéMOCTh THOPUITHBIX
3€pPHOBOK IIPH OIBUICHHH POXbIo (Zheng et al., 1992). Ha-
CJIefloBaHME MPHU3HAKA XOPOIIEH CKPEIIMBAEMOCTH U3ydaln
y rubpunos F, mexay nuaueit J-11 1 MOHOCOMHBIMH JIMHH-
MU copToB Abbondanza (ckpeumnBaeMoCThb C POXKbIO MEHEe
2.13 %, npennonoxutenbHelid TeHoTHIT Kl Kr1Kr2Kr2) n
Chinese Spring (renorun krlkrlkr2kr2). B nepBom ciryuae
npucytcTBue xpomocoM 1A, 5SA u 5B ot aunum J-11 oxa-
3BIBAJIO MOJIOKUTEILHOE BIUSHUE HA YCIIEX CKPEIIMBAHUS
C POXbIO, B TO BpeMs KaK y THOpHI0B ¢ MOHOCcOMHUKamu CS
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MoneKynapHble MapKepbl B reHETUYECKOM aHanunse
CKPELLMBAEMOCTI MAMKOI MIUEHMULbI C POXKbIO

JUTSE TEX JKEe XPOMOCOM HAOJIFOIANIN CHIDKCHUE CKPEIHBACMO-
ctu. [Ipu 5TOM BIHsHHIE XpOMOCOMBI 1 A Ha 3aBS3BIBAEMOCTH
3epPHOBOK OKa3aJI0Ch CHIIbHEE, 4eM SA (kr2), Ho crnabee, dem
5B (krl). Oto mo3sommwio Y.L. Zheng ¢ komteramu (1992)
cenaTh BBIBOJ O HAIWYUH B xpomocome A mmaum J-11
JIOTIOTHUTEIBHOTO TeHA k74, CXOMHOTO TI0 ACUCTBHIO C krl U
kr2. TouHast XxpOMOCOMHasl JIOKAIN3alust k4 1moka ocraercs
HEU3BECTHOM.

MoneKkynapHo-reHeTYeckoe KapTUpoBaHue

reHa SKr v nonck JIOKYCOB, BJINAKLWNX HAa YPOBEHDb
CKpewmnBaemMmoCcTn nuweHnubl C pOXblo

HoBele BO3MOXKHOCTHU ISl TOYHOU JIOKQJIM3ALUU T€HOB JIer-
KO CKpPEIMBAEMOCTH MUICHUIBI C POKbIO BO3HHUKIHU B
CBSI3M C BBEJCHHEM B TCHETHUYECKMI aHAJIN3 TEXHOJIOTUHU
MOJIEKYJIIPHOTO MapKUPOBAHUS U CO3/IaHUEM HACBIIEHHBIX
MOJIEKYIIIpHO-TeHeTHUecKknX KapT (Xie et al., 1993; Nelson
etal., 1995; Cadalen et al., 1997; Roder et al., 1998; Somers
et al., 2004; Leonova, 2013; Khlestkina, 2014). Pe3ynbrarsi
paboT pa3HBIX HCCIEN0BATENEH MO MOJIEKYIIPHBIM MapKepam
1 KapTaM XpOMOCOM MSITKOH ITIISHUIBI X IPYTHX BUJIOB TPHOBI
Triticeae gocTynHbl B udposoii 6aze nanubix GrainGenes
(https://wheat.pw.usda.gov/GG3/).

OcHoBononararomniast padbora Mo OIPe/ICNICHUIO JIOKYCOB
KoJM4YecTBeHHBIX npu3HakoB (QTLs), Buustomux Ha ckpe-
LIMBAEMOCTb, BBIIIOJIHEHA C UCTIOJIb30BaHUEM MapkepoB RFLP
Ha nomyysinyu u3 187 DH-nuHAN, TpOU3BOAHBIX OT THOpHIA
CSxCourtot (Tixier et al., 1998). CkperuBaeMoCcTh pOAUTEIb-
ckux popMm u Bcex DH-1uHNMI TIpoBepsy MyTeM OMBIICHHUS
mbUTBION pku copra Dankowskie Nowe, BbICOKHI ypOBEHb
cKpenBaeMocTu 0bL1 monTBepxaeH 1t CS (95 %, reHoTH
krlkrlkr2kr2), ausknit — mus Courtot (10 %, Krl Krlkr2kr2)
(Gay, Bernard, 1994). JTnst nokanuzarmu B xpomocomax QTLs,
OLICHKH HMX aJIMTUBHBIX d3PPeKkToB U 3P (eKToB JTOMUHHPO-
Baunmst M.H. Tixier ¢ xomneramu (1998) mpumensim meton
JIOTHCTUYECKOH JINHEHHON PErpeccuy, KOTOPBIHA MPUI0KIM K
JIMHUAM, TIOJTyYeHHBIM OT F| ImyTeM camMoonblieHus uiu Oek-
KpoccupoBaHusi, 1 DH-nuHusIM, TIpU yCIIOBHUH, YTO UMEETCS
nHpopmarust 06 nx renorunax no RFLP, RAPD wim npyrum
tunam mapkepoB (Kearsey, Hyne, 1994). O mectononoxenun
QTLs cyauau o OTHOIIEHWIO BEIWYHMHBI aAJUTUBHOTO (-
(hexTa K PEHOTHUIMNYECKOI TUCIIepCHN:

avp = a’lc;,

T @ — aTATUBHBIN AP EKT, 01% — (heHOTHTIIIUECKAS AMCTIEP-
CHsl, p — BEPOSITHOCTD YCIICIIHOTO CKPEIINBaHMUSI.

Bcero B xpomocomax 5B u 7A y DH nununii 6bu10 00HapY-
JKEHO TPH JIOKyca oT copta Courtot, TOIaBISIONINE CITOCO0-
HOCTBh CKpeLIMBaThcs ¢ poxkbio. IIpu 3ToM B XpoMocomax
5A (Kr2) n 5D (Kr3) Takux JOKyCOB He HaiaeHO. [ TaBHBIHA
nokyc (avp = 16.8 %) HaxXoaUICs B AUCTAILHOM pailoHE KO-
POTKOTO TuIe4a XpoMocoMbl 5B BOMu3u Mapkepa Xfba367,
KOTOPBIN UMEJT HanOOJIbINNH aa uTUBHBIH 3 ekt (a = 13.6)
1 OBLT TecHO creruieH (2.5 cM) ¢ mapkepom Xpsrl70. dpy-
TO¥ JIOKYC, aCCOIMMPOBAHHBIN ¢ MapkepoMm Xtam51 (Xxpo-
Mocoma 7AL), oka3pIBad 3HAYUTENbHBIN aIIUTUBHBIN d(-
ekt (a = 8.1) IpU pacCMOTPEHUH €ro B MOIEIH BMECTE C
Xfba367. Eme omuu QTL, Biustronuii Ha CKpEIMBaeMOCTb
U, TIO-BUIUMOMY, OTHOCSIIINIACS K TeHy K7/, ObUT KapTHPOBaH
B [UIMHHOM TuTede XpoMocombl 5B u ¢mankupoBan RFLP-
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Mapkepom Xwg583 (a = 6.1; avp = 3.3 %) u SSR-mapkepom
Xgwm?271. Oror QTL oxa3piBan 6omee cnaboe BIHSAHUE Ha
(heHOTHITHUECKOE TPOSBICHUE TPHU3HAKA, JUISI pacyeTa ero
addekra MoHaIOOMIOCH MTPUBIIEYb METOBI MAPKEPHOH JIO-
ructrdeckoit perpeccun ¢ 1Byms QTL B xpomocome 5B (Ti-
xier et al., 1998).

Panee B nporenypax 1o KapTHpoBaHUIO Kr-reHOB HM3yva-
T PaCIICIUICHNE B IIOTOMCTBAX T'MOPHJIOB OT CKPEIIUBAHUS
JIUTEIIOCOMHOH TIO JUTMHHOMY IIJIEYy XpOMOCOMBI 5B miHnmn
CS (krlkrl) c 3amemiennoit muaueit CS/Hope SB i coprom
Highbury, nmeromuMn 1OMHUHAHTHBIE aienu reHa Krl, u
PacCUUTHIBAIN YaCTOTY PEKOMOWHAINK MEXy kr/ W 1IeHT-
pomepoii. Bnusinue kopoTkoro rieda xpomocomsl SB CS Ha
CKpemBaeMocTh He ooHapykeHo (Lange, Riley, 1973; Sitch
etal., 1985). Omnako B pabote L.A. Sitch ¢ komureramu (1985)
MOKa3aHo, YTO yMeHbIlleHHne 1036l SBS compoBoxkaanock
TOBBIIEHUEM YPOBHS ckpemmuBaemoctu CS ¢ H. bulbosum.
Beissienune y rudpuga CSxCourtot B KopoTkoM 1utede 5B
JIOKyCa, CyIIECTBEHHO BIIMSIONIETO Ha YPOBEHb CKpEIINBac-
MOCTH C POXKbIO, JaJI0 OCHOBAHHUE MPEIIOIOKNTD HATTUIHE Y
copra Courtot e1e oHOro JOMMHaHTHOT'O I'eHa, MO/IaBIISIO-
IIETO MEXPOIOBYIO rUOpuau3anuio. [ eH-cynpeccop ObuI
obo3HaveH kak SKr (Supressor of crossability) (Tixier et al.,
1998). Pabora o ero MoJeKyIIpHOMY KapTHPOBAHHIO BBI-
nonHeHa D. Lamoureux ¢ xomneramu (2002). Ananuz QTLs
IIPOBO/IVIIM HA OCHOBE TeX k€ (PeHOTUNNYECKUX JaHHBIX, UTO
6butn mosmyvensl M.H. Tixier ¢ xomeramu (1998), HO mmst
KapTHPOBAHHUs MCIIOIB30BAM MTPEUMYIIECTBEHHO MapKephbl
AFLP. MonekymsipHas KapTa XpoOMOCOMBI TUCTAIFHOTO yIacT-
ka 5BS Obuta yBenuuena Ha 16.1 cM myTem HHTETpUpOBaHUS
MapkepoB E36M49-287 (mocne cekBEeHUPOBaHHUS Ha3BaH
Xdl103) n E32M61-233. Heckompko MapKepoB OBLIH TaKke
MHTETPUPOBAaHbI B XPOMOCOMHYIO KapTy 5B B paiion neHTpo-
Mepbl. AHanu3 noaTBepaut Hamuuue B SBS miaBHoro QTL
(a =15.9 %; avp = 22.1 %), MHTHONPYIOIIETrO CKpeInBae-
MOCTh C POXXBIO, KOTOPBIIf HanOoJee BEPOITHO PACTIONOKEH
Ha y4acTke pazmepom B 5.1 ¢cM mexny mapkepamu Xd/103
u Xfba367 n Ha paccTosHuA 12.7 cM 0T INCTAIFHOTO KOHIIA
xpomocoMmel. [Torck obnacreii, OpToNOrnIHBIX TeHy SK7, ObIT
MPOBE/ICH TOCPEICTBOM CKpHHUHTA Onbnrorekn BAC-kioHoB
puca ¢ moMonrsio 30H10B Xpsr170 u Xdl103 (k1oHUpOBaH-
uelit Mapkep AFLP E36M49-287), xkapTupoBaHHBIX BOIU3U
SKr. B xpomocomax 5 u 6 reHoma puca ooHapyskers! QTLs
¢ Gynkuuamu, 6nu3kumu K SKr, B TOM 4ucIie: JIOKYC f, OT-
BETCTBEHHBIH 32 (heprrnbHOCTH (Wang et al., 1998), nokyc S,
KOHTPOJINPYIOLIUH CTEPUIIBHOCTD Y MEKCOPTOBBIX THOPH/IOB
(Liu et al., 1997), a Takxe nokyc S,,, AeTepMUHUPYIOLIUIH
MYXKCKyIo cTepribHOCTh (Lorieux et al., 2000).

Co3naHue HaChIIEHHOM TeHeTUYECKOI KapThl s paifoHa
xpomocoMbl 5SBS ¢ renom SK7 momydmio mpomoiKeHHE B
pabore W. Alfares ¢ xomeramu (2009). Oun m3ywanu mo-
HyJALHIO THHUR-NOTOMKOB F 0T camoomnbuieHns: rubpunos
MP98xCourtot. Pomurensckas maams MP98 6p11a otobpana mo
MIPU3HAKY BBICOKOH CKpeIuBaeMocTH ¢ poxbio (70+11.3 %)
n3 nomynsauun gurarmionnoB rudopuna CSxCourtot (Tixier
et al., 1998; Lamoureux et al., 2002). [ns kapTupoBaHUS
OBUTM TIPUMEHEHBI HOBBIE MapKephl M3 OIYOJIMKOBAHHBIX
0a3 JaHHBIX: JJIs1 XpOMOCOMBI SBS ObLI0 B35TO BOCEMb Map-
KEpOB, IETEKTUPYIOMINX MOIUMOP(PU3M Y POIUTEIBCKUX
(hopm, BKIIOUas MUKpocaTeIunTel Xgwm?234, Xgpw4098,

562

Molecular markers in the genetic analysis
of crossability of bread wheat with rye

Xwmcl49 u Xgwm443, Bce OHHM paclonarajiiuch MPOKCH-
MaJBHO TI0 OTHOIMIeHUIO kK Teny SKr (Alfares et al., 2009).
Cpenu Hux Xgwm234 ObUI TOKAIN30BaH JOBOJIBHO OJIN3KO K
SKr (0.2 cM). I HachIIIeHNUs KapThl ¥ TOUCKA MapKepoB B
JICTAJIBHOM 00JIaCTH IIPHUBJIEKIIH JOTIOTHUTEIbHbBIE MapKEePhI
¢ EST-kapte1 renoma stamens (Stein et al., 2007) kak Hanbosee
POJICTBEHHOTO MIIIEHHUIIE 371aKa. B pe3ynbrare ObUH Haii1eHbI
nmBa EST-mapkepa, GBR0233 u GBR1541, xapTupoBaHHBIE
kak RFLP-30H1bI TUCTaNbHO U MPOKCUMANILHO OT SK7 cOOT-
BETCTBEHHO.

CexBeHMpOBaHHAs MTOCIIEIOBATENFHOCTE Mapkepa GBR0233
OKa3zaJiach TOMOJIOTMYHA yaacTKy reHa puca Os12g44150 (xpo-
mocoma 12L) (Alfares et al., 2009), KOTOpBIii, B CBOIO OUepe/ib,
oTHOCHUTCSA K Tpymre TeHoB Os 1 2g44180— Os12g44250, unen-
TU(QUIUPOBAHHBIX B JIPyTroil pabore kak romosnoru rena GSP
(Grain softness protein = GeJI0K MSTKO3€pPHOCTH 3€PHOBKH)
msrkoit rrennnsl (Chantret et al., 2004). Ha ocHoBe mocite-
nosarensHocTH BAC xitona 1793102 (GenBank #CT009585),
cozepikarero red GSP, aBTopbI pa3padoTaiy CLEIICHHBIC C
reaom SKr SSR-mapkepsr Xcfb306 n Xcfb309. Kpome Toro,
nocnenosarensHocTs RFLP-mapkepa GBR0233 npossmnsiia
roMmosioruto ¢ aBymsi EST-koHTUramMu MSTKOW TIISHUIBI,
oxwH u3 kotopeix, CTG_ WHP_856.1-G356.103K22R011024,
cozieprKal crienuduIHyo JuIsi XpoMocoMbl SB mocnenosa-
tenbHOCTh ATPasel-5B, mist ee meTekiuu Takke Oblia pas-
pabortana mapa mpaiimepoB (Alfares et al., 2009).

Mapxkepst Xcfb306, Xcfb309, ATPasel-5B npumensiin
Juist ckpuHuHra onbmuoreku BAC-kioHoB copra CS. Beutn
BoIeneHs! BAC-ki0nbI, 2163014 1 317124 A, pacnionoxeH-
HBIE TPOKCUMAJIBHO U JIUCTAIBHO 110 OTHOIICHHUIO K 00J1aCTH
SKr cootBeTcTBeHHO. CEKBEHUPOBAHUE ITUX KIOHOB JIAJI0
nHpOPMAIHIO IS pa3padOTKH MOMOoNHUTENbHEIX [SBP- n
SSR-mapkepos. Onpenenensl SB-cnennguunsie SSR-map-
kepbl Xcfb341 u Xcfb382, TecHO CUEIUICHHBIE C JIOKYCOM
SKr. Takum o6pa3zom, TeH SK» ObIT KapTHPOBAH B HHTEPBAIC
0.1 cM c Tecno cuerenHbiMu SSR-mapkepamu Xcfb306,
Xcfb382, Xcfb341 w dnankupoBan B npomexytke 0.3 ¢cM
mexxay GBR0233 (mpokcumanbsHOE onokerne) u Xgwm234
(mucranpHOE ookeHue) (Alfares, 2009; Alfares et al., 2009).
[To3nHee ObLTa TOKa3aHa JOCTOBEPHAs accolpanus rea SKr
u mapkepoB Xcfb341, TGlc2 (ISBP), genel2 u genel3, mo-
CJICJTHHE JIBA ITOTyYEHBI HA OCHOBE OPTOJIOTMYHBIX TEHOB pHCa
Os12g44100-1 v Os12g44090 coorBercTBeHHO (Bouguennec
etal., 2018). Mapxeps1 Xcfb306 n Xcfb34 1 ncnons30Baiy mpu
KapTHPOBaHMU reHa SK7 1 B APYTUX MOIMYISUSIX, HAPUMED
nomynsinuu F, (RenanxCS) (Alfares et al., 2009), a Taxoxe ams
MOJIEKYJISIPHO-TEHETHIECKOT0 KapTHPOBaHUS XPOMOCOMEBI 5B
(Timonova et al., 2013).

Jpyras nonsITKa KapTUPOBaHMsI TEHOB JIETKOU CKpeLBae-
MOCTH MSTKOW TIIEHUIIBI C POXBIO MPEANIPUHSTA B paboTe
SIMOHCKUX Hccnenoparenei (Mishina et al., 2009). [Tns kapTu-
POBaHUS HCIIONB30BATIN PEKOMOMHAHTHBIE IO XpoMocome 5B
naOpenube TrHIN (CS*CS/CheyenneSB) u 81 SSR-mapkep
n3 padotsr D.J. Somers ¢ xomuteramu (2004) n nHTEpHET-pe-
cypca Wheat composite 2004 map at GrainGenes 2.0 (https://
wheat.pw.usda.gov/GG3/). BriroueHue B aHAIH3 OMACAHHBIX
panee MapkepoB Xcfb341 n Xgwm234 (Tixier et al., 1998;
Lamoureux et al., 2002; Alfares et al., 2009) He gano mosno-
JKUTEIBHBIX PE3YIIbTAaTOB N3-3a OTCYTCTBUS MOIMMOp(H3Ma y
ponuTenbekux GopM. B 910l momynsimum 0CHOBHOM 10 crite
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QTL (SKr) 011 TecHO cuieruieH ¢ SSR-mapkepom Xgwm443
XpoMocoMbl 5SBS u orpaHHYeH reHeTHYeCKUMH JIOKYyCaMu
Xcfd5 w Xbarc216 (marepsan 50 cM), pacnoigoKeHHBIMH
JUCTAIILHO M MPOKCHUMaNbHO cooTBeTCcTBeHHO (Mishina et
al., 2009). Crcox MOJEKYIIPHBIX MapKepOB, CICTITICHHBIX
¢ renoM SKr, npuseien B [Ipunoskennn!.

B03MOKHOCTh MPAKTHYECKOTO MCIOIB30BaHMUSI MaPKEPOB
reHa SKr B MapKkep-OpHEeHTHPOBaHHOW cenmekunu (marker
assisted selection, MAS) nponemoHcTprpoBaHa B padboTax
(Alfares et al., 2009; Bouguennec et al., 2018). Tak, Ha 3Tamax
nonyueHust TuOpuaoB oT ckpeuruBanmst tuHUN Ct(FK5B),
y Kotopoii mapa xpomocoMm 5B Courtot Obl1a 3aMerieHa Ha
rapy roMmosioros or simouckoro copra Fukuho Komugi, umero-
IIET0 XOPOUIYIO CKPEIHMBAEMOCTb, C IIECTHI0 COPTAMU MSIT-
KOH MIICHMIIBI C TJI0X0H CKPEINBAEMOCTBIO U MTPOBEACHUS
6exkpoccoB BC,F, Hanmuune/0TCyTCTBUE PELIECCUBHBIX ajl-
neneit skr KOHTPOTUPOBAIH C TIOMOIIBI0 MapkepoB Xcfb306
u Xcfb341. Tlpaktinuecky Bce THOPHUIHBIE JIMHUH TIOKa3all
IMOJHOE COOTBETCTBUC MECKAY HAJIUIUEM AUATHOCTUYCCKUX
(parmenToB MapkepoB Xcfb306 u Xcfb341 n oxumaeMbpIM
YPOBHEM CKpelnBaeMocTH ¢ poxbio (Alfares et al., 2009).

B pabore A. Bouguennec ¢ xoseramu (2018) ju1st KOHTpOIIst
nepeady pelecCUBHBIX ajulenell skr OT ABYX JIMHUH, MTOITy-
yeHHbIX W. Alfares ¢ komeramu (2009), B copT MIICHUIIBI
Barok mcnonb3oBanu kak yxe usBecTHble SSR-mapkepsl
Xcfb3006, Xcfb341 u Xgwm?234, Tak U B TOTIOTHEHNE K HAM
HOBBIE pa3pabortanubie Mapkepbl TGlec2 (ISBP), genel2 u
genel3. Mapkepsl TGlc2, Xcfb341 u genel2 kocerperupo-
Banu ¢ SKr. Ha xaxnoMm srane ckpemusanuii (10 BC5F,)
THOpHTHBIE (POPMBI TECTHPOBAIN Ha HATMYHE MOJICKYJISIPHBIX
MapKepoB, Oyarofapsi Yemy MOATBEPAUIN BO3MOKHOCTh HX
MCTIONIb30BaHMS B KOHTPOJIE NTEPEeiadll PEIIeCCUBHOTO aJIIeIst
skr B npyrue copra. Kpome Toro, auarnocrudeckast spdek-
TUBHOCTb MapkepoB Xcfb341, TGlc2 genel2 u genel3 Obuia
MIpoBEpeHa PH TeHOTHITHPOBAHUH 15 COPTOB M TMHHUIA MST-
KOHM MIICHUIIB! Pa3IMIHOTO Teorpaduaeckoro mponucxoxkie-
Hus. [To pe3ynpratam MOJIEKyISIPHOTO CKpUHHHTA, 11 13 HUX
(12 mo mapkepy genel3) nmenu NpaBIIBHYIO aCCOIHAIINIO
«MapKep-TIPU3HAK», a JUI YeThIPeX COPTOB C IIOXOH CKpe-
IIIMBAaEMOCTHIO (Tpex B ciydae genel3) cOOTHECTH MPU3HAK U
JMarHOCTHYECKue (hparMeHThl MapKepoB HE YIaJIOCh — IPO-
JYKTBl aMIUTN(HUKALNK y HUX M0 Pa3Mepy COOTBETCTBOBAIN
AJICITIO «JIETKOM cKkperrBacMocTi» (Bouguennec et al., 2018).

MonekynapHo-reHeTu4yeckoe

KapTupoBaHue reHa Kr1

CHauana MecTOmnoNOKeHne TeHa K7/ ObUIo ompeieseHo Ha
paccrosiHum 20 ¢cM OT TreHa-cynpeccopa roMeolorHIHOTO
CIapUBaHUS XPOMOCOM Phl, pacrOJ0XKEHHOTO B NMPOKCH-
ManbHOU obmactu xpomocomsl SBL (Snape et al., 1995). ITo
pesyabraram nocieayromux uccienoBanuii (Lamoureux et
al., 2002) KrI 6bu1 nokanu3oBan Ha paccrosiHun 90.3 cM ot
muctansHOro KoHIa SBL mexay mapkepamu E33M60-233
(AFLP) n Xgwm271 (SSR), mpu 5TOM HaOIr01aIH HE3aBUCH-
MoOe pacluieruieHie nmoromctsa o revam Krl u SKr. Dddexr
QTL, xotopsrii Ob1 cooTHeceH ¢ K7/, oka3ayics HaMHOTO
ciabee (a = 7.9 %; avp = 5.5 %) adpdexra SKr (a = 15.9 %;
avp =22.1 %).

1 NMpunoxexue cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2020-24/appx7.pdf
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st yrounenus sokanuzanuu reda Kr/ 1. Bertin ¢ kome-
ramu (2009) BCTIONB30BAIN TOMYISIHI0 PEKOMOMHAHTHBIX
JIMHUH, TTOITyYeHHBIX OT CKpemuBanus copra Hobbit sib, He-
CYIIETO PELUIPOKHO-TPAHCIOIMPOBAHHBIC TIICUH XPOMOCOM
5SBL-7BL u 5BS-7BS, ¢ 3amemenHoii muauer Hobbit sib (CS
5BL, 7BL), y xoTopo# aiuHHBIE 1uiedn XpomocoM 5B u 7B
6bH 3amertieHbl Ha romonoru oT CS. Tlokaszano, uto K7/ pac-
nostokeH B oonacti 13 cM mexay SSR-mapkepamu Xgwm213
nXgwm371. C HOMOIIBIO ATUX MapKePOB y MyTaHTHOM! JINHUN
phlb noaTBepxaeHa Jokanu3anus Bonusu Phl rena Kri.
CBenenns o Jokanu3auuu Phl u yCcTaHOBICHHAS CHHTCHUS
COJIEPIKAIIETo ero y4acTKa 10 OTHOLIEHHIO K XpOMOcoMam 9
puca u Bd4 xoporkoHoxku Brachypodium distachyon L.
MIO3BOJIMIIN ITPUBJIEYb HOBBIE MAPKEPHI AJIsI TOHKOTO KapTHPO-
BaHus K7/ M BBISIBUTB JJBA JIOKYCa, BIMSIONINX Ha CKpeIInBae-
MOCTb C POXKbi0. OIMH U3 HUX PACMONIOKEH NMPOKCUMAIBHO
K TeHy Phl Ha paccrosHum He 6onee 2 cM u QprIaHKIPOBAH
EST-SSR-mapkepamu Xw5/45 (aucraabHOE MOIOKEHUE)
Xw9340 (mpokcUMaIbHOE MOJIOKEHHE). DTOT palioH TaKxke
BKirouaeT SSR-mapxep Xgwm213, panee mpuMeHEHHBIN
qutst kaprupoBauus Krl. lpyroit yaactok — Crossability re-
gion 2, pacrioIoKCHHBIN TUCTAITLHO OT Phl, okasascs Ooiee
Ba)KHBIM JUIsl TOHKOTO KapTHPOBAHHS, IOCKOJILKY HMEJ BBIIIE
YPOBEHb PEKOMOMHAINH, & TAKXKE CHHTCHHIO C Y4aCTKOM
xpomocombl Bd4 y B. distachyon pazmepom 2.5 M0. Yuactok
Crossability region 2 orpanmdeH B uaTepBaie 14 cM EST-
SSR-mapkepamu 1275L15 cg3 u Os09g38060 u Bxirouaer
SSR-mapkep Xgwm371. Jluauu ¢ pekoMOUHALIKEH 110 ITOMY
Y4acTKy MOIVIH CKPEIINBATHCS C POXKBIO AaXKe MPH HATUINU
JIOMUHAHTHBIX ajieneii reHa Kr/. Hy>kHO OTMETHTB, UTO nep-
BOHaYaJbHOE KapTupoBaHue Kr/ Ha yuacTke B 13 cM mexnay
SSR-mapkepamu Xgwm?213 n Xgwm371 He MO3BOIIIO J0-
Ka3aTh MPUCYTCTBUE BTOPOTO JOKyca. [lepedeHs MoneKysip-
HBIX MapKepoB, CLICIUICHHBIX ¢ JoKycamu Krl u Crossability
region 2, ipefictasieH B [Ipuioxenun.

B HacTosmee BpeMst yaanoch ONpeienTb HyKICOTHTHYIO
MOCJIEA0BATENILHOCTD JIOMUHAHTHOTO (0T copTa Mazhamai)
u pereccuBHOTO (0T CS) ammeneit rena Kr/. OcHOBOW uist
9TOTO MOCITY KN PabOTHI SIMOHCKUX HccienoBareneii (Mani-
ckavelu et al., 2009a, b), U3y4HBIINX IKCIPECCUIO TCHOB B
TKaHJIX MECTUKOB y PEKOMOMHAHTHBIX MHOPEIHBIX JIMHHH,
Pa3IYAroNIMXCs 0 CKPEIMBAEMOCTH C POXKBIO, ITPH 3TOM
BIEPBBIC MOTyUYeHBI U PEPEHIMATBEHO IKCIIPECCUPOBAHHBIE
tdparments! kIHK (differentially expressed fragment, DEF),
Cpe/iu KOTOPBIX, BO3MOXHO, ObLTH (hparmenTs! reHa Kr /. Ily-
TeM cpaBHeHus nonydeHHslx DEF-nocnenoBarensHocTel ©
IMOCJIE0BATENBLHOCTIMHA 0a3 JaHHbIX reHOankoB DDB Blastx
n NCBI Blast o0Hapy>keHBI 110 MEHbIIEH Mepe Be HyKJIeo-
TUJIHBIE MOCJIEI0BATENILHOCTH, OTHOCAIIMECS K TeHy Krl.
®parment DEF1 (#AB289691) 6b11 naeHTH(UITPOBAH KaK
romonor resa ZmPtila, xotopslii Bxogut B rpynmy PTII-
nonoOHbIX KnHa3 KyKypy3sl (Ptil-like kinases) u yuactByet
B CTUMYJIHMPOBaHWHU NPOPACTAHUS MBUIBIEBBIX TPyOOK. Ilo-
cienoBarenbHocTh DEF2 (#AB379558.1) Gblta romonornasa
TeHy KaJbIMii-3aBUCUMOI mpoTenHkuHa3sl puca — CDPK
(Calcium-dependent protein kinase) — 6enky, ygacTByomemy
B Tiepeqade pazInIHBIX CTPECC-UyBCTBUTEIBHBIX CHTHAIIOB
npu pasButun 1etka (Manickavelu et al., 2009a, b).

Ha ocHoBe omybnmkoBanHOH ocnemoBarensHocTr KJJHK
rena Krl (#AB379558.1) kuTaiickne ydeHble C TOMOIIBIO
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creuU(pHUYHBIX NpaiMepoB aMILTUOUIMPOBAIN (parMeHThI
3TOTO TeHa y Tpex coptoB mmeHusl (Cai et al., 2012). TTomy-
YEHHBIC TTOCIIE/IOBATEIBHOCTH Ha 85 % OBUTH TOMOJIOTHYHBI
reny SRK (S-locus receptor kinase) (Stein et al., 1991),
KOTOPBIN 3KCIPECCUPYETCSI B TKAHAX MECTUKA U OTBEYACT 3a
pacro3HaBaHMeE MBUIBbLBI y BUaa Brassica oleracea L. Hapsimy
C IpyruMu reHamu S-nokyca, SRK ydacTByeT B KOHTpoOJIE
COBMECTHUMOCTH PBIIbLIA MTECTHKA C Ty’KEPOIHOMN MBIIBIION.

Ha 6a3e Toii ke yacTHYHOM [T0CJIe0BaTEILHOCTH IreHa Kr/
(#AB379558.1) ObL1r pa3paboTaHbl HAOOPHI IIPARMEPOB, IM0-
3BOJIMBILIME TIPOBECTH MTOJTHOE CEKBEHUPOBAHNE ITOTO F'eHa C
TIOMOIIIBIO0 METOJIOB IPOTyNKH 110 reHoMy (Genome walking) 1
obicTpoii amrundukarmu kouoB kJIHK (Rapid amplification
of cDNA ends) (Cai et al., 2016). Y m10X0 CKpeIuBaromero-
csi ¢ poxbio copra Mazhamai (Kr//—) mocineoBaTebHOCTb
rera umeet JuiHy 4006 1. H. ¥ COAEPKUT TPU UHTPOHA, Ue-
TBIpe 3K30Ha 00mIelt mHOH 1671 1. H., KOTOPBIE KOTUPYIOT
557 amunokucnor. Y copra CS (krl/krl) mocnenoBareabHOCTD
rera kopoue (3945 n. H.) u Tonbko Ha 56.24 % roMonoruuHa
JIOMHHAHTHOM ajutesnn. OCHOBHBIE OTIIMYUS PELECCHBHOTO
anyenst oT (QYHKIMOHAIBHOTO OTMEUECHBI B TPETHEM M YET-
BEPTOM 3K30HAaX, KOTOpbIE Y k1] conepikar 00JbLI0e KoJnye-
CTBO CTOII-KOJIOHOB, UTO YKa3bIBa€T HA HEBO3MOXXHOCTb €T0
9KCTIPECCHUH.

.U,pyrme reHbl CKpewmnBaeMocCcTu
nweHuubl C POXKblo
Bce onucannbie Boime rensl u QTLS, oTBeTCTBEHHBIE 3a
CKPEIINBAEMOCTh C POXKbIO, XapaKTEPHBI sl MSTKOH IIIe-
Hunbel. CHHTETHYECKas! TeKCATUTONIHAS TIIEHUNA UMEET TOT
K€ TCHOMHBIH COCTaB, YTO M MsTKasl, HO 00J1a1aeT Kyza bojee
MIUPOKUM T€HETHYIECKHM pa3HOOOpa3ueM, MOCKONbKY IS
ee TOJydeHHUs] B Ka4eCTBE POANTEIbCKUX (popM mpuBiIeKa-
10T Pa3lIUYHBIX MPEACTABUTENECH TETPAIUIOUIHBIX MIIEHUI]
(2n=4x =28, BBAA) u Buna Ae. tauschii (Xakumona u Jip.,
2019). 3T0 MO3BOIAET MPEIIONOKNTD, YTO Y CHHTETUIECKOH
IMIIEHHIBI MOTYT TIPUCYTCTBOBAThH JPYTrHe JIOKYCHI, d(dexT
KOTOPBIX OyIET CXOXK C TeHaMHU ceMeicTBa Kr.
JlelicTBUTENBHO, TaKNE TeHbl OOHAPY)KEHBI Y CHHTETHYC-
CKOM TI'eKCaIUIONAHON MIeHUIbl Am3, MoNydeHHO! MyTeM
THOPHUIN3AINH TIIEHUIIBI KapTanuHckoit 1. carthlicum Nev-
ski = T. persicum Vav. ¢ Ae. tauschii (Zhang et al., 2011).
ITocne ckpemuBanus Am3 ¢ KUTaliCKUM COPTOM MIICHH-
el Laizhou953 mpu mociemyiomemM MHOTOKpAaTHOM Oek-
KPOCCHPOBAHWU U CAMOOIIBICHUN THOPHUOB TOMYJISIITHS
u3 uHTporpeccusHbix nuHuil BCF¢ Obuta moasepruyTa
MOJICKYJIIPHOMY CKPHHHHTY C HCIoib30BanneM 1256 SSR-
MapkepoB. Beero Opuio Haiineno 13 QTL, mis 5 u3 HuX,
QCa.caas. 14, QCa.caas.2D, QCa.caas.4B, QCa.caas.5B u
QCa.caas.6A, BIVSIHAE Ha CKPEIIUBAEMOCTH YCTAHOBICHO B
obenx mpoBuHIMsX. Hanbomee cunbhslii nokye QCa.caas.5B
B xpomocome 5BS Obut crieruieH ¢ SSR-mapkepom Xwmce 149
(ynacrmenoBau ot 1. carthlicum), 9TO TIO3BOJMIIO ACCOITUH-
poBarts ero ¢ renoM SKr. JlomomHUTEeTbHBIE JIOKYCHI OTMEede-
HBI B XpomocoMax 1A, 2D, 4B u 6A. Jloxyc QCa.caas. 14,
MOJTY4YEHHBIN TaKke OT MIIEHHIBI KapTaJTUHCKOW u (uiaH-
knpoBaHHbIH SSR-mapkepamu Xbarc213 (mpoKCUMAaIbHBIN)
u Xbarc287 (nucranbHblil) B uaTepBajie 10 cM B kopoTkom
Ij1eye XpoOMOCOMBI 1A, HHTEPECEH TE€M, YTO OH MOXKET OT-
HocuThesl K Kr4. Kak yreepxnaror L. Zhang ¢ xomteramu
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(2011), Tpu apyrux nokyca — QCa.caas.2D (yHacnea0BaH OT
Ae. tauschii), QCa.caas.4B n QCa.caas.6A (yHacnegoBaHBI
ot Laizhou953) — ObIiM OTKPHITHI BIIEPBBIE.

3aknioyeHune

Hacymrnass Heo6xoauMocTh oboramieHnst TeHo(poHaa Mie-
HUIIBI HOBBIMU aJlJICJIAMU T'€HOB, MPEKIAEC BCErO0 KOHTPOJIU-
PYIOIIMMHU pa3IndHbIC aJaNTUBHBIE PEaKLUU PACTEHUH,
CTUMYJIUPYET MPOBEACHUE UCCIIEAOBAHUH MO TIOMCKY HOBBIX
(hopM, JIErKO CKPEIIUBAIOIIUXCS C MPEJICTABUTEISIMUA POJIOB
Secale, Aegilops n Hordeum, a Taxoke 10 N3yYSHUIO TEHETUKA
MEKpOJI0BOI coBMecTUMOCTH. [loydeHHbIe HOBBIE 3HAHUS
0 TEHETHYECKOI MpUpoJe NMPU3HAKA «Ierkas CKpelinBae-
MOCTb» HAaIPSMYIO CBSI3aHBI C BBEJCHUEM B I'€HETHYECKUI
aHaJIN3 Pa3HBIX THIIOB MOJIEKYIISIPHBIX MapKepoB, IOCTPOCHHU-
€M HACBIIIEHHBIX M'CHCTUYCCKUX KapT XpOMOCOM MIICHUIIBI,
MOJIEKYJIIPHO-TEHETHIECKIM KapTHPOBaHUEM Kr-T€HOB U
nneaTudukanueit QTLs, BAUAFONINX HA yCIIeX MEKPOIOBOH
r1/16p1/1)11/13au141/1, CO3JIaHUEM JOCTYIIHOI'O JJid U3Y4YCHUS UC-
XOIHOTO MaTrepuana u GopMHpOBaHHEM 00IIero mHpopma-
IIMOHHOTO OaHKa JaHHBIX.

B Hacrosiiiee Bpemst Ha MOJICKYJISIPHO-TEHETHUECKHX Kap-
Tax JOKaIW30BaHbI reHbl SKr u Krl n pazpaboTaHo 3HAYH-
TEITLHOE YHCIIO aCCOIMMPOBAHHBIX ¢ HUMH MapkepoB. OJHaKo
IIPUMEPBI IPUMEHEHU OTUX MAaPKEPOB B MAPKEP-OPUEHTUPO-
BaHHOM CEJIEKINN ITOKA HEMHOTOYNCIIeHHBL. Kak coobmaercs
B JINTEpaType, C OTpe/IeNIeHHON JoMei ycrexa 3¢ QeKTHBHbI
TECHO CLEIJICHHBIE U KOCErperupyoiine ¢ renom SKr mapke-
pst TGlc2, Xcfb341 n genel2. B xadecTBe TOTOITHUTEIHHBIX
MapKepoB MOTYT BbIcTymnarthk genel3, Xcfb306 n Xgwm?234.
C ¥X OMOIIBIO YAAJI0Ch OTCIIEANTH HHTPOTPECCHIO YHacTKa
XPOMOCOMBI, aCCOLIMMPOBAHHOTO C JIETKOWH CKPEIIHMBAEMO-
CTBIO, B OT/IETIbHBIE COPTA IIICHHIIBI, YTO BO MHOTOM YCKO-
PHJIIO TIpoLiece CO3Aanust xKeaaeMbIX popM. DPdexkTHBHOCTL
MapKepoB, CIEIUIEHHBIX ¢ TeHOM K7/ u pationoM Crossability
region 2, B KOHTPOJIE TAaKOW IIEpe/IadH, a TaK¥Ke JAJIsi CKpUHUHTa
ex ity KOJIEKIMHI MIIEHHUIIBI TOJIBKO MPEICTOUT ITPOBEPHTH.
Bonbire nepcrnekTHBBI OTKPBIBAIOTCS B CBS3U C OIyOJINKO-
BaHHOW HEJ[aBHO MOJHOW HYKJICOTHIHOH MOCIIeI0BaTeIbHO-
CThI0 reHa Kr/, 4to jaet BO3MOXKHOCTb pa3paboTKu BHYTPH-
TEHHBIX aJUIENb-CIEU()UIHBIX MapKEPOB.

[Torck TeHOB JIETKOH CKPENMBAEMOCTH C POXKBIO TPO-
noikaercst. [IpuMepoM MOXKET MOCITYKUTh CHHTETHYECKast
TeKcaIuIONIHas MIIeHua Am3, T1e ¢ MOMOIIBI0 MOJIEKYIISP-
HBIX MapkepoB oOHapyxeHo Tpu HOBBIX QTL. Co3manHble
mMyTeM FI/I6pI/II[I/ISaIlI/II/I MICHUIBI C POXbIO PAa3HOTO THUIIA
TEHETHIECKNE JIMHUH, COPTA, COIEPIKAIINE TPAHCIOKALINH 1
MHTPOTPECCHH C TyXKEPOAHBIMHU aJUIEISIMH T'€HOB, (POPMUPYIOT
LIEHHBIN pecypc [Jisl IPOBEACHUS HAYYHbIX UCCIIEOBAaHUN U
CEJIEKIIHN.
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AHHoTayusa. OCTV — TOHKME 3a0CTPEHHbIE OTPOCTKM, COOPMUPOBAHHBIE B AUCTaNIbHON YaCTL Yelllyil KOTOCKa COLBETHA
HeKOTOPbIX BUAOB 3/1aKOB, BKJTIOUAA TakMe SKOHOMUYECKM 3HauMMble KyNbTypbl, Kak nweHuua markas (Triticum aesti-
vum L.) n tBepgasn (T. durum Desf.), aumeHb (Hordeum vulgare L.), puc (Oryza sativa L.), poxb (Secale cereal L.). Hannune
LJIVHHBIX OCTEN Ha KOMOCKOBbIX YeLlyAX XapaKTepHO ANA OAHOro Buaa nweHuubl — T. carthlicum Nevski, kunb kono-
CKOBOW YeLlyn KOTOPOro nepexoauT B ASIVHHbIA OCTEBUAHbIN OTPOCTOK WM OCTb, PaBHYIO MO ANIMHE OCTW LBETKOBOWN
yewyn. Konoc T. carthlicum nmeeT yaBOeHHOE UMC/IO OCTEN, @ CaM MPW3HAK NONyYnsT Ha3BaHWe «TeTPaoCTOCTb» Wn
nepcrKkongHoCcTb. OCTU Ha MecTe K1neBoro 3y6La KOMOCKOBbIX Yellyil MoryT ¢opMupoBaThea y nweHuy, T. aestivum v
T. aethiopicum, opHako Takune popmbl BCTpeyatoTca pefko. OCO6eHHOCTN Pa3BUTUA NPK3HaKa TETPAOCTOCTY U ero reHe-
TUYeCKMe JeTEPMUHAHTBI M3yYeHbl Maso. B HacToswwem nccnefoBaHm paccCMOTPEHbI 0CO6EHHOCTY Pa3BUTUA U Hace-
[OBaHNA MpU3Haka «TeTpaocTocTb» MnHUM CD 1167-8 markoi nweHunubl T. destivum ¢ NpUMeHeHneM Knaccuyeckoro
reHeTMYeCcKoro aHanun3a, MoneKynAapHO-reHeTUYeCKOro KapTUPOBaHWA 1 CKaHMPYIOLLE SNeKTPOHHON MUKPOCKOMUN.
MoKkasaHo, YTO NPU3HaK HacnepyeTcA Kak PeLecCUBHbI MOHOTEHHbIN. TeH, KOHTPONMPYILWNIA TeTPAoCTOCTb IMHNK
CD 1167-8, KapTUpOBaH B AIMHHOM Mjieye XPOMOCOMbl 5A ¢ ncnonb3oBaHvem 15K-SNP-mukpounna, cogeprkaliero
15000 accounmpoBaHHbix ¢ reHamn SNP nweHuubl (llumina Infinium 15K Wheat Array, TraitGenetics GmbH). Pe3ynb-
TaTbl TeCTa Ha aniefiM3M NPOAEMOHCTPMPOBANM, YTO N3yUYaeMblil FeH anneneH bl, peLeccMBHOMY annento reHa-nuHrm-
6utopa octnctocT BT (5AL). Takum 06pasom, reH, KOHTponupyoLwWwmin GopMrpoBaHmMe OCTEN Ha KOTOCKOBBIX YeLlyax
MSATKOW MLUeHNLbl, ABAAETCA peLieCcCUBHBIM anieNiemM reHa MHIrMbrTopa ocTncTocTy B1. HoBblli annenb 0603HaueH b1.ag
(b1. awned glume). AHanu3 passuBatoweroca couseTua NMHMN CD 1167-8 ¢ NOMOLLbIO CKaHWPYIOLWEN 31eKTPOHHOM
MUKPOCKOMMU BbISBWSI, YTO 3a4aTKM OCTEN KOIOCKOBbIX Yellyil GOpMUPYOTCA MO Mepe pasBUTUA U POCTa KOMOCKOBbIX
YeLuyn OfHOBPEMEHHO C Pa3BUTMEM OCTel Ha LIBETKOBbIX YeLlyAX, Pas/iMymnii B pasBMUTUN OCTEN Ha LIBETKOBbIX 1 KONOC-
KOBbIX YellysAx He 06HapyXeHo.

KnioueBble cnosa: nweHunua; Triticum aestivum L.; KONOC; OCTUCTOCTb; TETPAOCTOCTb; MONEKYNIAPHO-TEHeTNYeCKoe Kap-
TupoBaHue; SEM; nHrnbmutop octuctoctm Bi.
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The study of genetic factors
that determine the awned glume trait in bread wheat
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Abstract. Awns are bristle-like structures, typically extending from the tip end of the lemmas in the florets of cereal
species, including such economically important crops as wheat (Triticum aestivum L., T. durum Desf.), barley (Hordeum
vulgare L.), rice (Oryza sativa L.), and rye (Secale cereale L.). The presence of long awns adhered at tip end of glumes is
a characteristic feature of “Persian wheat” T. carthlicum Nevski spike. Glume outgrowth of T. carthlicum Nevski spike
passes into a long awn, equal in length to the lemma awn. Awned glumes can be formed in T. aestivum and T. aethiopi-
cum wheats, however, such forms are rare. Features of the awned glume development and the genetic determinants
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of this trait have been little studied. In this paper, we described the features of the development and inheritance of
the tetra-awness (awned glume) trait of the bread wheat T. aestivum line CD 1167-8, using classical genetic analysis,
molecular genetic mapping, and scanning electron microscopy. It was shown that the trait is inherited as a recessive
monogenic. The gene for the awned glume trait of CD 1167-8 was mapped in the long arm of chromosome 5A, using
the lllumina Infinium 15K Wheat Array (TraitGenetics GmbH), containing 15,000 SNPs associated with wheat genes.
Results of allelism test and molecular-genetic mapping suggest that the gene for awned glumes in bread wheat is a
recessive allele of the BT awn suppressor. This new allele was designated the b1.ag (b1. awned glume). Analysis of the
CD 1167-8 inflorescence development, using scanning electron microscopy, showed that awns had grown from the top
of the lemmas and glumes simultaneously, and no differences in patterns of their development were found.

Key words: wheat; Triticum aestivum L.; spike; awnedness; awned glume; molecular-genetic mapping; SEM; B7 awn
suppressor.
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BBepeHune

Octu mpecTaBisoT co00l TOHKHE 3a0CTPEHHBIE OTPOCTKH,
c(hopMUPOBAaHHBIC B JUCTAJILHON Y4acTH YCIIydl COLBETHUN
HEKOTOPBIX BUIOB 3J1aKOB, B TOM YHCIIE SKOHOMHYECKH 3HAYHN-
MBIX CEJIbCKOXO3SHCTBEHHBIX KYIBTYp — MuIeHus! (7 iticum
aestivum, T. durum), ssamenst (Hordeum vulgare), puca (Oryza
sativa) n pxu (Secale cereale).

VY IMKOpacTyIIHX 3J1aKOB OCHOBHAsI ()yHKIIUS OCTEH — pac-
MIPOCTPaHEHHE IUIOIOB (3epHOBOK). KpoMme TOr0, OHM BBITION-
HSIOT 3alUTHYIO POJIb M MPEMSATCTBYIOT MOEIAHHIO TIIO/I0B
JKUBOTHBIMH M NITHIIAMHU. B mpomecce JoMeCTHKAIMK 3TH
(hyHKIMHU yTpaTUIN CBOE 3HaueHHE. JloMecTHKanus compo-
BOKJAJIaCh PEAyKIHEH OpraHoB, CHOCOOCTBYIONIUX pac-
MIPOCTPAHEHUIO CEMSTH — OCTeH, BoIoCcKoB, meTnHoK (Fuller,
Allaby, 2018). Y MHOTHX KyJIBTHBHPYEMBIX COPTOB ITIICHUL[BI
1 SIIMEHS OCTH COXPAHWINCh, OIHAKO, IO CPABHEHHIO C ANKO-
PacTyLIMMU MPEAKaMH, CTAJIN Kopoue, ToHbIIe U jierde (Peleg
etal.,2010; Haas et al., 2019). OcTy NIIEHULIBI, STIMEHS U PIKA
CoziepKaT XJIOPEHXUMY U SIBISFOTCS (DOTOCHHTE3UPYIOLIINMHU
opranamu. [TokazaHo, 4To /1031 BKJIajga ocTedd B ()OTOCHH-
Te3e komoca stamens coctanisier 70-90 %. IIpu atom 30 %
BCEX CyXHX BEIIECTB 3epHa, B ToM uncie 50 % kpaxmaia,
coznaercst octsimu (Monosa, 2005). Hanname ocreit MoxeT
CIOCOOCTBOBATH YBEIMUYCHHIO YPOXKAHHOCTH B OTPE/ICIICHHBIX
KIIMMaTHYECKNX YCIOBHUX (3aCyLUINBOCTB, OBBIIICHHbIC
temrieparypsl). Octrctsie GopMbI IPeodIa aroT Cpey cop-
ToB mmeHnn ABctpanuu, FOxuo# u LlenTpansHoit Amepu-
ku, CIIIA (Rebetzke et al., 2016). B ycnoBusx CeBepHoli
LenrpanbHoii EBponbl ocTHCTOCTE HE 0OECIICUMBACT aJlar-
TUBHBIC IPEUMYIIECTBA M CPEHM COPTOB MIICHHUIIBI IPeodiia-
naroT 6e3octeie popmel (Borner et al., 2005; Rebetzke et al.,
2016).

Hapy»xHas 1BeTKoBast 4elllysl y MATCKOW MIIEHUIBI HECET
OCTPB WJIM OCTPEIH 3y0ell (M3pe/iKa BepIInHa Tymas, 6e3 3y0-
11a), Ha KOJIOCKOBBIX YEHIYSX 9TOTO BHJIa MOT'YT BCTPEUaThCSI
ocTpble JUIMHHBIE (0 5 cM) KuieBble 3yOusl ([lopodees u
Ip., 1979). Y terpamnonnnoii mueHurs! 7. carthlicum Nevski
(xmaccudpukanus B.®. Topodeera (1979), cunonum «Ilep-
cujcKas mueHunay 7. persicum Vav. — HAUMEHOBaHUE BUAA,
nmarHoe H.M. BaBWIIOBBIM) KHJIb KOJIOCKOBOW HYEIIYH TIepe-
XOJWUT B JJIMHHBIN OCTEBUIHBIH OTPOCTOK MIIM OCTh JUTMHON
10 12 cMm. JlnnHA OCTH KOJMOCKOBOW YEIIyH paBHA JIMHE
I[BETKOBOW HYEIIyH, U BECh KOJIOC MMEET yABOCHHOE YHCIIO
ocredl. Hannume NUIMHHBIX OcTeil Ha KOJOCKOBBIX UCIIySX
T’ carthlicum — omHa U3 OCHOBHBIX XapaKTEPHBIX YEPT 3TOTO

Bua. OCTH BMECTO KAJICBOT'O 3y0Ila KOJIOCKOBBIX YEIIyi MO-
ryT (hOpMHUPOBATHCS Y HEKOTOPBIX pac 1. aestivum, OTHAKO y
JPYTHX BUJIOB MIICHUI] BCTPEYAIOTCS KpaiHe penko (Basu-
noB, Sxymikuna, 1925). B.®. lopodees ¢ komteramu (1979)
OTMEYaJIH HaJIMIHe TETPAOCTHIX KONOCheB Yy 1. aethiopicum.

Y MsTKOH MIIeHHIB! 0€30CTOCTh JOMUHHUPYET HaJl OCTH-
ctocteio (I'oHuapos, 2012). M3BeCTHBI TpU JOMHUHAHTHBIX
HEaJUIeJIbHBIX TeHA, MHTUOMPYIOMINX Pa3BUTHE OCTEH IIie-
Hulpl, Bl, B2 u Hd, nokann3oBaHHbIC B XpoMocoMax SAL,
6BL u 4BS coorBerctBenHo (Watkins, Ellerton, 1940; Sears,
1954, 1966; Kato et al., 1998; Sourdille et al., 2002; Yoshioka
et al., 2017; Huang et al., 2020). HanGonee pacrpocrpaneH
ajienb B1, OH UHMHOMPYET Pa3BUTHE OCTEH Y TeKCAIUIOMHBIX
u terpamtonansix muennn (Iorgapos, 2002; Le Couviour
et al., 2011; Mackay et al., 2014; Yoshioka et al., 2017). dys
BCEX TPEX I'€HOB ONpeJelieHa JOKaIU3alKs B XPOMOCOMAax
C MOMOIIBI0 MOJIEKYISIPHO-TEHETUIECKOTO KapTUPOBAHUS
(Yoshioka et al., 2017). HemaBao D. Huang ¢ xomneramu
(2020) moka3zanu, 4yTo reH B/ KoaUpyeT TPAHCKPHUIILIMOHHBIN
(hakTOp C MOTHBOM ITMHKOBBIE MaNBIE C2H2-THma. AHanm3
raruioTUIOB B/ TOKa3aj, YTo JIOMHUHAHTHBIN ajuIeNb 3TOTO
reHa — HauboJiee PacHpOCTPAHCHHBIH HWHTUOUTOpP OCTEH Y
mmrenuns! (Huang et al., 2020).

[Ipu3HaK «TeTpaocTOCTh» IIIEHUNBI N3YYeH B MEHbLICH
crenienu. H.W. BaBuios u O.B. Sxymikuna (1925) uccneno-
BaJIM XapaKTep HACJIEIOBAHNUS Psi/ia IPH3HAKOB, XapaKTEPHBIX
qutst «Ilepeunckoit mmenuns» 7. carthlicum, cpean KOTOPBIX
OBLT IMMPU3HAK «AJIMHAa OCTECBUAHBIX MPUAATKOB KOJIOCKOBBLIX
yerryi». OHH TIPOBENTH MacIITa0HBINH THOPUAOIOTHIECKUN
aHanmu3, ckpemuBast 1. carthlicum ¢ pa3nuYHBIMU BUIAMU
An-, TETpa- U I'CKCAIJIOAHbIX MIICHULI, a TAKXKE 3ruJjiorncaMmu
1 pOXBIO (BCero 64 KOMOMHAITUH CKPEITUBAHNN ), U U3yUHIN
3aKOHOMEPHOCTH HacJIeA0BaHUs IPU3HAKOB. bblna oTMeueHa
CJIOKHAsI TeHETHYUECKasi IPUPO/IA IIPU3HAKA, TIOKa3aHOo, YTO OH
KOHTPOJIMPYETCsI HECKOJIBKIMHU IreHaMH. B apyrux paborax
ObLT 0OHAPYKEH PeIIeCCUBHBIN XapaKTep HACIEeAOBAHMS ITPHU-
3HaKa terpaocroctu y T carthlicum (Murymosa, JKyKoBCKHI,
1969). ITo narueM I1.A. l'aanunsaa (1973), Hammumne TeTpa-
0CTOCTH (TIEPCUKOMTHOCTH) CBSI3aHO CO CIIeH(pUIecKnM re-
Hom 7. P.B. PoxkoB ¢ komreramu (2014) mokasanu, 4To
MIPHU3HAK «TeTpaocTocTh» 1. carthlicum n T. petropavlovskyi
IIPU CKpELMBaHUU ¢ coptamu TBepaoH (7. durum) u MITKOH
(T aestivum) IeHUI] COOTBETCTBEHHO, HACIIEYETCs KaK pe-
neccuBHbI. [Ipn aToM, eciu npu ckpemmBanuu 1. petropav-
lovskyi ¢ msiTKo# meHnIIel 32 POPMHUPOBAHUE TETPAOCTOCTH

FEHETUKA PACTEHUI / PLANT GENETICS 569



0.B. Dobrovolskaya, A.E. Dresvyannikova, E.D. Badaeva
K.I. Popova, M. Travnickova, P. Martinek

OTBEYAET OJIMH I'eH, TO B KOMOMHANUsIX ¢ 1. persicum BIVsIHUE
OKa3bIBAIOT HECKOJILKO I'€HOB.

Hacrtostiiee rcciaenoBanue NocBsIEHO U3yUYEHHUIO TEHETU-
YECKOIo KOHTPOJISL M 0COOEHHOCTEN (hOPMHUPOBAHHS IPH3HAKA
«TETPAOCTOCTH» MATKON MieHUIbl. C HCIOIb30BaHUEM MO-
JIEKYISIPHO-TEHETHYECKOTO KapTUPOBaHK ObLIa ONpeeseHa
JIOKAJIM3aIHs [TTABHOTO TeHAa, KOHTPOJIUPYIOIIETO TETPAOCThIN
(henorum, B xpomocome SAL Msarkoit mmenwsl. Jlokanmsa-
LU TeHA M Pe3yabTaThl TECTa Ha aJUIeNIU3M IMPEAIoNararor,
YTO I3TOT I'CH ABJIACTCA PELICCCUBHBIM aJICIICM I/IHFI/I6I/ITOpa
OCTHCTOCTH B1.

Matepwuanbl n metogbl

PacrurenbHblil MaTepuad. VccnenoBaiy JTMHUIO MITKOR
rreHuIsl 7. aestivum CD 1167-8 ¢ TeTpaocThiM (hEHOTHITOM,
noiy4eHnyto a-pom I1. Maptunexom (Arporect ®uro Jltn.,
Kpomepxmk, Uenickast Pecrry6muika).

W3zydenne ocoOeHHOCTEH HacIeT0BaHNs TIPH3HAKA «TETpa-
OCTOCTBY MPOBOUIIN Ha THOpHIax F 1» F, 1 F; oT ckpemusa-
Hust CD 1167-8 1 6€30CTOM THHUN MATKOW MIIEHUIIBI COpTa
Hoocubupckas 67 (H67) 1 mocieayommux caMOOTIBLICHIH.
Jluaust CD 1167-8 ucrnonb3oBaHa B CKPEIIMBAHUAX M Kak
MaTepUHCKOE, U KaK OTIIOBCKOE PACTEHHE.

TecT Ha annenus3M nposezeH npu ckperanuy CD 1167-8
C OCTHCTOH JINHUEH MATKoi nmueHuisl Ruc 204, moxy4yenHon
n-pom I1. Mapturekom. OTa TUHHA ObIIa paHee AeTalTbHO
0XapaKTepH30BaHa ¢ IPUMEHEHNEM METOI0B MOJICKYIISIPHOM
reHeTHKH U ruroreHetuku (Jlo6posonbsckas, 2018). Bee uc-
MIOJTb3yeMbIE B pabOTe JIMHUN MSTKOH ITIIEHHUIBI UMEIOT SIPO-
BOW THIT pa3BHUTHSI.

Pactenus BeIpaluBaiy B MOJEBBIX YCIOBHUIX Ha 0ase ce-
JIEKIIMOHHO-TEHETHYECKOTO KoMITIekca MHCTUTyTa nnuTosno-
run 1 reaetnkn CO PAH (1. HoBocubupck, 2015-2016 rr.),
a TakXKe B TMOJIEBBIX ycioBusxX B I. Kpomepxmx (Yerickas
Pecny6nmka, 2016 1.). OieHKy (eHOTHIIOB KoJIoca (Hamuane/
OTCYTCTBHE OCTEH KOJIOCKOBBIX U IIBETKOBBIX YEIITyH ) TPOBO-
JIWJIA TIOCIIE TIOJIHOTO co3peBaHus pacteHuil. CooTBETCTBUE
(haKTHIECKOTO PaCHICIUIEHHS TEOPETHUECKH O’KHIaEMOMY B
HOMYJIAUUSIX THOPHUIOB OLEHUBAIH 110 KpuTepuio > (PokuIl-
kuit, 1973).

MounekyaspHo-reHeTHYecKoe KapTupoBanue. OOpasiisl
cymmapnoit JJHK Boraensim u3 muctbeB 90 MHAMBUIYATBHBIX
pacrenuit nomynsuun F, CD 1167-8 xH67 (nanee — xapTu-
pyIomIe MOmyIsaun) U poauTensekux Juauil CD 1167-8 n
H67, cormacuo metomy J. Plaschke ¢ xomreramu (1995).

I'eHoTHMIIUPOBAaHME PACTEHUN KApTUPYIOLIEH MOMYJISILIUU
BBITTOJHSIIN ¢ McTionb3oBanueM | SK-SNP-mukpounra, comep-
skantero 15000 SNP, accounupoBaHHBIX € TeHaMU MIIEHUIIbI
(Illumina Infinium 15K Wheat Array, TraitGenetics GmbH,
latepcneben, ['epmanns). AHaNN3 MOTYYSHHBIX JAHHBIX, IT0-
CTPOEHHE MOJIEKYIISIPHO-T€HETUYECKON KapThl OCYIIECTBIIsI-
7M1 1ipy oMoty mporpammbel MultiPoint Bepcun UltraDense
(Ronin et al., 2010, 2015), xax onucano panee (Dresvyanni-
kovaetal., 2019). I'paduueckoe n300pakeHE MOJIEKYIIIPHO-
TEHETHUYECKON KapThl BHIMOJIHEHO ¢ MOMOIIbIO MPOTPaMMBI
MapChart 2.2 (Voorrips, 2002).

CxaHupylomas 3JIeKTPOHHAasi MHUKpockonusi. Pa3pu-
Baroruecs conpeTust TuHuu CD 1167-8 BbIUseHsIM U3 BTO-
PHYHBIX MOOETOB PACTEHHUH C UCIIOIb30BAaHWEM OMHOKYIISP-
Horo Mukpockora Ansramu [1C0745 («Ansrammy, Cank-I1e-
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tepOypr, Poccust). OcOOEHHOCTH CTPOCHHS COLBETHS U3yYa-
JIM TIPH IIOMOIIM CKaHHUPYIOIIETO 3JIEKTPOHHOTO MUKPOCKOIIA
Hitachi TM-1000 (Hitachi, Ltd., Simonus) pu mocTossHHOM
yCKOpSIfoleM HanpsbkeHuH 15 kB u cteneHu paspsokeHus B
kamepe 1yt o6pasia 3050 [1a. PacturensHe1il MaTepra uis
CKaHUPYIOLICH SIIEKTPOHHOH MHUKPOCKOIIMU HE MOIBEPraiu
npeaBapuTeIbHON 00padoTke. [1jis momydeHus U 00padoTKU
M300paXeHM MCTOIB30BANIH IIPOTPAMMHOE OOecredeHne
s Hitachi TM-1000.

H3zyuenne kapunoruna. Kapuotun teTpaoctoil THHUH
CD 1167-8 m3yuen ¢ npumenennem C-auddepernnansHoro
OKpalIMBaHUs, MPOBOJACHHOM 10 paHHEE ONMYOINKOBaHHOM
meronuke (Badaeva et al., 1994). [Ipenapatsl aHanu3u-
poBayu mpu momomu MuUKpockona Leitz Wetzlar (Leika
microsystems, I'epmanus). s moxydeHust n3o0paxeHnit
ucnosb3oBaiu nudposyro kamepy CCD Leica DFC 280 (Leika
microsystems). XpoMOCOMBI KJIACCH(PHUIINPOBAIIN B COOTBET-
CTBHH cO cTaHapTHON HoMeHKarypoit (Gill et al., 1991).

Pe3ynbTaTbl n 06CyxaeHMe

JInnusa msrkoit mmennnsl CD 1167-8 xapakrepusyercs Ha-
JMYMEM OCTeH KakK Ha IBETKOBBIX, TAK U Ha KOJIOCKOBBIX
yemysx (puc. 1, a, 6). OCTH KOTOCKOBBIX YEMIyil 3TOH THHIH
(2.540.1 cm) Kopode M TOHBIIE OCTEH IIBETKOBBIX YEIIYHi.
[Tpu3Hak mposIBIISICS TP BhIPALIMBAHUN PACTEHHUH JIMHUM
B TMOJIeBBIX ycnoBuax I. HoBocmOupcka (2015-2016 tr) n
. Kpomepskmxka Yemickoii Pecrryomuku (2016 1), a Taxoke B
ycnoBusix TernuHoro komruiekca UIul™ CO PAH (2009—
2017 rr.). IIpu3Hak cTaOMIBHO HACIEIOBAJICS MPH CaMo-
OTIBIJICHUM JIMHUH. TakuM 00pa3oM, HaIM4IHEe TETPAOCTOCTH
N3y4aeMOH JINHUN CTAaOUIIbHO HACIIEAYETCS U IPOSIBIISICTCS B
Pa3IUYHBIX YCIOBHAX BBIPAIIMBAHMS.

Wzy4yenne paHHUX 3TaroB pa3BuTHA conpetust auaun CD
1167-8 MsTKO# MIIIEHUIIBI C UCTIOIB30BAHUEM CKaHUPYIOLIEH
WIEKTPOHHOW MMKPOCKOIIMH INOKa3ajio, YTO 3a4aTKU OCTed
KOJIOCKOBBIX UelTyii (popMHUpYIOTCS 110 Mepe pa3BUTHS U pOcTa
KOJIOCKOBBIX YEIIYH OJHOBPEMEHHO C PA3BUTUEM OCTEU Ha
IIBETKOBBIX Yemrysix (puc. 2). OcobeHHOCTeH, OTINIAOIIIX
pa3BHUTHE OCTEH KOJIOCKOBBIX UCIIYH OT Pa3BUTHS OCTEH IIBET-
KOBBIX YCIIyH, He 00OHAPYKEHO.

J171s1 BBISIBIICHUSI TEHETHIECKHUX JIETEPMUHAHT TETPAOCTOCTH
MSITKOHM HIIEHUIBI OBUTH IOy YEHBI MOy THOPUIOB OT
ckperuBanuii CD 1167-8 u 0e30c¢Toit iHMY mieHuib Hoo-
cubupckas 67 (H67), B KOTOPBIX pacTeHHE TETPAOCTOH INHUN
CD 1167-8 ncnonpzoBano u kak Marepurckoe (CD1167-8 X
H67), u xak oruosckoe (H67 x CD1167-8). I'ubpust F| Ob1in
0e30CTbIMH, a B NOKOJIEHUH THOpUa0B F, Habmonanu pac-
IIETUICHHE Ha 0€30CThIE U OCTHCTHIE (TETPAOCThIE) (POPMBI C
npeobnananuem 6e30cThiX. Bee octucteie pactenus F, Obuin
TETPAOCTHIMH.

W3 117 pactennii rudpunos F, ot ckpeumpanus H67 x
CD 1167-8 34 6buIHM OCTUCTBIMHM, a OCTaJIbHBIE 83 — Oe30c-
TBIMH, YTO COOTBETCTBYET MOHOTEHHOMY PELIECCHBHOMY TH-
Iy HACJENOBAHUs MPHU3HAKA «TeTpaocTocTh» (x> = 1.028,
p = 0.05). Ananoru4sble pe3yabTaThl MOIYyYEHBl U B CKpe-
mmBaHun CD 1167-8 x H67 — cooTHOIIIEHNE OCTUCTBIX pac-
Tennit (41) x 6ezoctem (119) coorBerctyer 1:3 (x*=0.033,
p=0.05), uT0o 03HaUAET MOHOTEHHOE PELIECCUBHOE HACTIEN0-
BaHME NpHU3HAaKa. Pa3inuuii B perMIIPOKHBIX CKPEITMBAHMAX
HE 0OHapYyKEHO.
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Fig. 1. A four-awned glume spike of the bread wheat line CD 1167-8.

Gray and black arrows designate awns of (I) lemma and (g) glume, respectively.
G, grain; p, palea.

Fig. 2. SEM analysis of a spikelet of a developing bread wheat inflores-
cencein line CD 1167-8.

a-awns (a) on glumes (g) of a spikelet, scale bar 2 mm; b - the initial growth
stage of glume and lemma (I) primordia, scale bar 1 mm.

[Ipu u3yueHNH HaclIETOBAHUS Psa XapaKTePHBIX IS
«Ilepcunckoi nmenuns» npusHakos H.M. Basuios u
0O.B. Sxymkuna (1925) oT™Meuanu, 9To pa3BUTHE OCTEBUIHBIX
MPU/IATKOB Ha KOJIOCKOBBIX YEHIYsX — XOPOIIO HACIIEAyEeMBIH,
MaJIio 3aBUCSIIUI OT BHELUIHKUX YCIOBUI npu3Hak. O0o01ast
pe3ynbTaTel 62 KOMOWHAITMM CKPEIMBAHUNA C Pa3IMIHBIMA
BU/IaMH IIICHHII, OHH CJIEIIAJIN BBIBOJL O TTOJIMMEPHOM HacJIe-
JIOBAaHMU NpHU3HaKa. BMecTe ¢ TeM OTMEueHO, YTO P CKpe-
IIMBAaHUY ¢ 0€30CTHIMH (pOopMaMu 6€30CTOCTh JOMUHUPYET U
B MIOKOJIEHUH THOPHI0B F,) BBIIENIAIOTCS OCTHCTBIE YOPMBI,
cocrapisione 1/4 yactb OT BceX TMOPHIHBIX PAaCTEHUIA.
OcTucThie POPMBI OCTAIOTCS KOHCTAaHTHBIMU B F; (BaBuios,
Sxymkuaa, 1925). PeneccuBHBIN THIT HAacICIOBaHUS ITO-
TBEPXKJEH U JPYruMHu ydeHbiMu (MurymioBa, JKyKoBCKHi,
1969; PoxxoB u np., 2014). Kpome Toro, Obi1 00HapYy)EH
MOHOTCHHBIN PElEeCCUBHBII THIT HACJICAOBAaHMS TpPHU3HAKA
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IIpY CKpEIUBAHUU I'CKCAIIJIOUAHBIX BUOB MMIICHUI] (PO)KKOB
u np., 2014).

Pe3ynbraThl TEeHETHUECKOTO aHalIN3a MOKA3aJd, YTO TIPH-
3HaK TETPAOCTOCTH Y MSTKOM MIIECHHUIIBI TaKXKe CTaOUIBHO
HACJIEIyeTCs] U HAXOAUTCS MO MOHOTCHHBIM PEIIECCUBHBIM
KoHTposeM. Obpararonieii Ha ce0s BHUMaHHE 0COOCHHOCTBIO
CTaJI0 COBMECTHOE HACIIe/IOBAHUE OCTHCTOCTH KOJIOCKOBBIX
LBETKOBBIX YELIYH.

Jlokanu3amus TeHa, KOHTPOJINPYIOLIETO NPU3HAK «TEeTpa-
OCTOCTB» y MSITKOHM HILEHHUIBI, OblIa OIpe/iesieHa C IIpHMe-
HEHHEM MOJIEKYJIIPHO-TEHETHYECKOTO KapTUPOBAaHUS Ha
cyononynsuuu F, CD 1167-8 xH67, pkmouaromeit 90 pac-
Tenuid. M3 90 pacrennii kapTupyromei nomynsauuu F, 28
OB OCTHCTBIMU (TETPAOCTBIMH ), OCTATFHBIC — O€30CTHIMH.
Ipu camoonsienun rubpuaos F, nomyuenst 90 cemeii ru-
Opunos F;, aHanu3 KOTOPBIX IPOBOIMIN B IOJNEBLIX YCIIO-
Busx . HoBocubupcka (1127 pacrennit) u . Kpomepximka
(954 pactenus). Anamus rudbpunos F, mokasan, uto 28 cemeit
OT CaMOOIBLIEHHs TETPAOCTBIX ruOpK10B F, mposBsiyu npu-
3HAK «TETPAOCTOCTHY, & B CEMBSIX OT 0€30CTHIX THOPHUIOB Ha-
OJFOIAIOCh OO0 pacIIeIUICHIE Ha OCTUCTBIC M 0e30CThIe (hop-
MBI (43 cembn), 11060 OTOMKH ObLTH Oe30cThiMHE (19 cemeit).
Pacmennenue cement F, moarBepkaaeT MOHOTEHHBIN penec-
CHUBHBII XapakTep HacienoBaHus npusHaka 1:2:1 (x>=1.97,
p <0.05). [IpuzHaK «TETPaOCTOCTH» HECKOIBKO BAPEUPOBAII B
CBOEM IPOSIBIIEHUH, HO HU OJIHOTO PacTeHUs ¢ apoil ocTel,
PacIOIOKEHHBIX HCKJIIOUYUTEIBHO Ha IIBETKOBBIX UM TOJIBKO
Ha KOJIOCKOBBIX YCIIIYsIX, HE 00HAPYKCHO.

J1st MONEKyIISIPHO-TEHETHIECKOT0 KaPTHPOBAHMUS UCTIONb-
30BaJIN JaHHBIE BBICOKOIIPOM3BOAUTEIHHOTO T€HOTHITNPO-
BaHUs. Bcero npoananusupoBano 5160 nHpopMaTuBHBIX
SNP-nokycoB. [TokazaHo clienyieHie FTeHeTHYECKOTO0 JIOKYCa,
KOHTPOJIMpYIOLIEero (opMUpoBaHUE TETPAOCTOTO (heHOTHIIA,
¢ Mapkepamu XpoMocoMmbl SA (puc. 3, cm. Ilpunoxenne)!.
M3yyaemblii TeH pacnoiokKeH OUCTAIBHO 110 OTHOILLEHUIO K
SNP-mapkepy BS00023138-51 (na paccrostauu 3 cM).

M3BecTHO, 4TO XpoMocoma mineHuIsl SAL HeceT JoMu-
HAHTHBIN TeH-UHTHONTOP pa3BUTHA ocTeil — B/. Jlokamms3anus
TeHa, OTIPE/CIISIONIETO TETPAOCTOCTh, U TeHa B B MuCTalb-
HOM paifone xpomocombl SAL coBrnanaer (Yoshioka et al.,
2017). Ha ocHOBaHWH 3TOTO MOYKHO TPEINOIOXKHUTH, UTO
TETPAOCTOCTh ONPEICIISETCS PEIIECCHBHBIM ajlieNneM rena B/,
KOTOPBIN OTJIMYAETCS OT PELIECCUBHOTO JLIEJIsL, PACIpOCTpa-
HEHHOI'0 Y COPTOB MSITKOM U TBEPAOH MILEHUL] U IPUBOSILETO
K Pa3BUTHIO TIAPHI OCTEH HA IBETKOBBIX YCIIYSIX.

Jlaniee ObLT BBIMOIHEH TECT Ha ayienu3m, duaus CD 1167-8
C TETPAOCTHIM KOJIOCOM OblTa cKpemnieHa ¢ muanei Ruc 204
C TUIWYHBIM JUIs 7. aestivum OCTHCTBIM KOJIOCOM (OCTH pas-
BHBAIOTCS TOJIBKO Ha I[BETKOBBIX YEIIysiX ). AHAIU3 (heHOTHIIA
rudpuoB F| mokasai, 4To Bce OHM ObIIM OCTUCTBHIMH M HMe-
JIM OCTH KaK Ha [IBETKOBBIX, TAK M HA KOJOCKOBBIX UCTIYSX.
Takum o0pa3oM, HalnM4YKMe OCTH Ha KOJIOCKOBOI yelrye Jo-
MHHHPOBAJIO HaJ OTCYTCTBHEM, OJJHAKO AJIMHA OCTH y THOpH-
70B (1.4£0.1 cm) ObuTa KOpOUE, YEM y TETPAOCTOTO POIUTEIS
(2.5£0.1). Cpenu rubpunos noxosnenus F, copepiienHo 0e3-
OCTBIX pacTeHH He 00HapyKeHO, Bce pacTeHus (176) nmenn
OCTH Ha IBETKOBBIX UEIIYsX; HAa KOJIOCKOBOW HYEllye OCTH
JuinHO# 1—4 cM oOHapyeHbl y 93 pactenuii, y 83 pacreHnit

1 NMpunoxexue cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2020-24/appx8.pdf
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Fig. 3. A molecular map of chromosome 5A involving the b1.ag gene for
the awned glume of bread wheat.
Distances in cM are shown on the left, and SNP markers are shown on the

right (only skeleton markers representing groups of cosegregating markers
are shown).
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Fig. 4. Karyotype of the CD 1167-8 line (C-banding).

OCTH Ha KOJOCKOBOI yemrye He gocturanu aaussl 0.5 oM,
y 4 pacTeHHi 0CTH Ha KOJOCKOBBIX YEIIysIX MOIHOCTBIO OT-
CYTCTBOBaJH, Kak y tuHuM Ruc 204.

[TonyueHHbIe pe3ynbTaThl yKa3bIBalOT Ha TO, YTO TEH,
KOHTPOJINPYIOIINH TETPAOCTHIH (PEHOTUT MATKOH MIIICHHIIBI,
aJIIeNIeH TeHY-HHTHOMTOPY OCTUCTOCTH B 1 SIBIISIETCSI €10 pe-
LIECCUBHBIM aJIjIeJieM. DTOT aJljielib MATKOH MIIEHUIIbI ONTUCAH
HaMH BIIepBBIe U 0003Ha4eH Kak bl.ag (b1. awned glume).

BerlsiBIEHO, 4TO OTCYTCTBHE OCTEN MO KOHTPOJEM IeHa-
MHrUOUTOpa OCTUCTOCTH B/ NOMHHUPYET HaJl MX HAJIUYHEM
(bl nbl.ag), npu 3TOM HAIMYKE OCTEH Ha KOJIOCKOBOM Yelrye
TI0/T KOHTPOJIEM aitens b.ag TOMUHUPYET HaJl OTCYTCTBHEM
oz KoHTposeM asuens b/. [Ipu aTom xapaxrep pacuieruie-
HHUS IPU3HAKA «OCTHUCTOCTH KOJIOCKOBBIX YEITyih», 00HapYKeH-
HBII Ipu ckpemmBanum Tetpaoctoit CD 1167-8 u octucToi
Ruc 204 nuHuii nieHupl, 0oIee COOTBETCTBYET KOJIUYECT-
BEHHOMY HACJIEZOBAHUIO MIPU3HAKA, CJIEOBATEIBHO, B KOHT-
poJie M3y4aeMoro IpHu3HaKa Hapsaxy ¢ bl.ag NMPUHUMAIOT
y4acTHe U JIpyTue TeHbI.

H.N. Basunos u O.B. fxymxuna (1925) mokazanu, 9to Ha
0COOCHHOCTH HacJIEI0BaHMUS OCTUCTOCTH KOJIOCOBBIX YETy i
B KOMOMHAIUIX CKperuBanuii «Ilepcuackoi MimeHUIbn
C JIPYyTHMMHU BHJAMH IIIEHHUI] MOTYT OKa3bIBaTh BIIMSIHUE HE
TOJIBKO HAJIMYIHE WM OTCYTCTBHE KOPOTKHX (/10 2 MM) ocTeit
y BTOPOT'0 POAUTEJISL, HO U (pOopMa, IIMPHUHA U JIPYTHe 0COOeH-
HOCTH KOJIOCKOBBIX HYEIIyH, YTO MPEANOIaraeT y4acTHe u
JIPyTUX T€HOB B KOHTPOJIE U3y4aeMOro MpU3HaKa.

TerpaocrocTh HEe pacnpocTpaHeHa LIUPOKO Cpeau 00-
pasmoB markux mmenun. H.M. Basumos u O.B. fxymxuaa
(1925) ormewann, 4To TETPAOCTHIH (PEHOTHII, CXOAHBIH C
(enorunom «llepcunckoil MIIEHHUIBD), BCTPEYAETCS] CPEIH
TYPKECTaHCKUX, IEPCUICKUX U OyXapCKUX MATKHUX MIICHHII.
Bmecte ¢ Tem XapakTepHBIM (CHCTEMaTHYeCKUM) MpH3HA-
KOM «TETPAOCTOCTh SBISETCS TONBKO [T OJHOTO BH/IA ITIIIe-
autl — 1. carthlicum.

Kapuorun muann CD 1167-8 n3yueH ¢ ucnonb3oBaHHEM
muddepennmansHoro C-oKpammBaHUs XPOMOCOM C LENBIO
BBISIBJICHHSI BO3MOXHBIX CETMEHTOB MHTPOTPECCUU OT APY-
rux BHAOB mineHunb!l. Iloka3ano, yro muaus CD 1167 umeer
KapHOTHII, XapaKTEPHbIH AJI MATKOM MIIEHULIBI (CM. pHC. 4).
BepositHo, b1.ag — 31O penkuii annens rea B, BcTpedaro-
LIUICS Yy MSTKOM MILIEHULBL.
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3aknioyeHune

TerpaocTocTh, WM pa3BUTHE OCTEH Ha KOJOCKOBBHIX Ye-
LIYysIX Y MSTKOM NIUEHUIBI, HACIEAYETCS KaK PEeLleCCUBHbBIN
MOHOTECHHBIN MPU3HAK M HAXOAWUTCS 1O KOHTPOJEM IeHa,
JIOKJIN30BaHHOTO B XpoMocome SAL. O0o01mas pe3ynbrars
MPOBEJICHHOTO HAMH I'€HETHYECKOTO aHAIIN3a U MOJICKYJISIPHO-
TEHETHYECKOTO KapTUPOBAHMS, MOXKHO MPEATIOIOKHUTD, YTO
T€H TETPAOCTOCTH MSTKOH IMIICHHIIBI SIBIISIETCS PEIIECCUBHBIM
aJieNieM paHee U3y4YeHHOTO FeHa-UHIMOUTOpa OCTUCTOCTH B1.
DTOT a/uienh OINICaH HAMH BIIEPBEIC U 0003HaueH Kak bl.ag
(bl.awned glume). [loka3zaHo, YTO OTCYTCTBHE OCTEH IOJ
KOHTPOJIEM T'€Ha-MHIHOUTOPAa OCTHUCTOCTH B/ TOMUHUPYET
Haja ux HammaueM (b u bl.ag), pu 3TOM HalW4nMe OCTEH
Ha KOJIOCKOBOW delIye Iojl KOHTpoJieM ajuienst reHa bl.ag
JIOMUHHPYET HaJ| OTCYTCTBHEM IO KOHTposeM amjens bl.
Pasnuunii B pa3BUTHM OCTEN Ha KOJOCKOBBIX U IIBETKOBBIX
YeIrysix He 00HapYKEHO.
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Somatic embryogenesis in Larix: the state of art and perspectives
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Abstract. Clonal propagation of conifers using somatic embryogenesis is essential for the selection of tree spe-
cies, and for the implementation of afforestation and reforestation. In combination with cryopreservation, somatic
embryogenesis creates the basis for the development of economically valuable lines of clones and elite genotypes.
The industrial use of such genetically verified clone lines in forestry can significantly increase forest productivity com-
pared to any conventional methods for improving tree crops that are available. Larch is considered as one of the main
conifer candidates for large-scale reforestation, not only due to the vastness of its habitat, but also due to the unique
quality of its wood, rapid growth and high ecological plasticity. However, the vast majority of larch species are charac-
terized by uneven yields and extremely low seed quality. In this regard, obtaining planting material for reforestation
from larch seeds on seed plantations is not advisable, but can be successfully implemented in afforestation programs
using somatic embryogenesis technologies. Research on the somatic embryogenesis of larch has been conducted
for over 30 years, which allowed considerable experience in this field to be accumulated. To date, the conditions for
the initiation and maintenance of embryogenic cultures, as well as for the formation and development of somatic
embryos have been determined. Significant progress has been made in the study of both the factors affecting these
processes and the molecular mechanisms that underlie the various stages of embryogenesis. Nevertheless, despite
the successes achieved, knowledge available today on the somatic embryogenesis of representatives of the genus
Larix is still not enough to develop technologies for producing valuable plant-breeding material in vitro. This review
analyzes the current state of research on the problem of somatic embryogenesis of representatives of the genus Larix.
Particular attention is paid to the choice of explants for somatic embryogenesis, the composition of the media for
cultivation, the dependence of the potential of somatic embryogenesis on the duration of cultivation, and the genetic
control of somatic embryogenesis.

Key words: Larix; somatic embryogenesis; genetic control.
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ComMaTmuecKuii sMOpmoreHes rpeacraBuTenei poga Larix:
COCTOSIHIIE U IepPCIIeKTUBbI
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T CUBMPCKMI MHCTUTYT GH3MONOTNN 1 BUOXMMUM PacTeHNin CUBNPCKOTo OTaeneHna POCCUIACKON akaaemmi HayK, VpKyTck, Poccns
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AHHoOTauusA. KnoHanbHOe pa3MHOXXEHNE XBOWHBIX C MCMOb30BaHNEM COMATMUECKOrO SMOPrOreHe3a MMeeT CyLie-
CTBEHHOE 3HauyeHne AnAa ceneKkummn ApeBecHbIX BULOB, peanu3aLmnmn NporpaMmm necopasseeHns 1 1ecoBOCCTaHoBIe-
HUA. B coueTaHUn ¢ KPUOKOHCEPBALMEN COMATUYECKNIA SMOPUOTreHes CO3AaET OCHOBY ANs NOAYUYEHNA XO3ANCTBEHHO
LieHHbIX IMHWI KNOHOB U 3AIUTHBIX FEHOTUMOB. Icnonb3oBaHMe B MPOMBILLIEHHbIX MacLUTabax B IECHOM X03ANCTBE Ta-
KX FeHeTUYECKY MPOBEPEHHBIX IMHUNIA KIIOHOB MOXKET 3HAUNTENbHO YBEIMUNTL MPOAYKTUBHOCTb JIECOB MO CPaBHEHNIO
CNo6bIMM JOCTYMHBIMY TPAAVNLUOHHBIMN METOAAMM YIYULLIEHWSA PEBECHBIX KYNbTYp. JIMCTBEHHNWLA CYUNTAETCA OOHUM
13 OCHOBHbIX KaHAMAATOB /1A LWMPOKOMACLUTAOHOrO 1eCOBOCCTAHOBIEHUS HE TOMbKO 3a CYeT OOLIMPHOCTIN 3aHMMa-
eMblX apearnos, HO 1 brarofaps YHUKabHOMY KauecTBy ee fpeBECUHbI, GbICTPOMY POCTY 1 BbICOKOI SKOTOMMUYECKON
nnacTMyHocTn. OgHako 60NbLIMHCTBO BULOB NMCTBEHHULIbI XapaKTepu3yeTca HepaBHOMEPHOCTbIO YPOXKaeB 1 upes-
BblYaNHO HN3KMM KauyeCcTBOM CeMsH. B cBA3M € 3TUM nonyyeHrie nocafouyHoro Matepmana s n1eCoBOCCTaHOBNIEHNA U3
CEMSAH IMCTBEHHML, HAa CEMEHHBbIX MAaHTaLUAX HeLenecoobpasHo, HO MOXET ObITb YCMELLHO Peanr30BaHoO B Mporpam-
Max Mo necopasBefeHuio C MPUMEHEHMEM TEXHOMOT I cOMaTUYeCcKoro asmbpuoreHesa. MiccnegoaHua no comaTtnye-
CKOMY 3MOpUroreHesy NMCTBEHHULbI IPOBOAATCA YXKe bosiee TpUALATU NIET, YTO MO3BONIO HAKOMUTb 3HAUNTESbHbBIN
onbIT B JaHHOW obnactu. K HacToALeMy BpeMeHN 1M3yyeHbl YCIOBMA UHULMALMA U NOAAEPKaHUSA SMOPUOTeHHbIX
KynbTyp, GOPMMPOBaHMA 1 Pa3BUTAA COMATUYECKMX 3apoablileit. [JoCTUrHYT 3HaUMUTENbHBIN NPOrPecc B U3yYeHUn

© Shmakov V.N., Konstantinov Yu.M., 2020
This work is licensed under a Creative Commons Attribution 4.0 License



V.N. Shmakov
Yu.M. Konstantinov

Somatic embryogenesis in Larix:
the state of art and perspectives

Kak $aKTopoB, BAMAIOLMX HAa TN MPOLECChl, TaK U MOJEKYNAPHbIX MEXaHV3MOB, NIeXallnxX B OCHOBE Pa3fIMUHbIX
3TanoB a3mbpuroreHesa. OfHaKO UMEIOLLMXCA Ha CEFOAHALIHMI feHb 3HaHUI O COMAaTUYECKOM 3MOpUoreHese npeg-
CTaBuUTenein pofa Larix Bce elle HeJOCTaTOYHO ANA Pa3paboTKM TEXHONOTMIA MOJTyYeHNA CeNeKLUMOHHO-LEHHOTO
pacTuiTenbHoro matepwuana in vitro. B 063ope npoBefeH aHanmM3 COBPEMEHHOTO COCTOAHUA UCCNefOBaHUIA Mo Npo-
6neme comaTyeckoro ambpuoreHesa npepactaButenein poga Larix. Ocoboe BHMMaHMe yaeneHo Bonpocam Bbibopa
3KCMIaHTOB A COMATNYECKOro aMOpuoreHesa, CoCTaBy Cpea AnsA KynbTMBUPOBaHWSA, 3aBUCMOCTM NOTeHLMana co-
MaT1yeckoro sMbprioreHe3a OT NPOJO/HKNTENIBHOCTU KySIbTYBMPOBAHNSA, FTeHETUYECKOMY KOHTPOJTI0 COMATUUYEeCKOro

ambpuoreHesa.

KnioueBble cioBa: Larix; comaTMuecKunii SMOproreHes; reHeTMYecKunin KOHTPOrb.

Introduction

Representatives of the genus Larix are widespread in the cool-
temperate and cold (subarctic and subalpine) regions of the
planet (Gowere, Richards, 1990; Kim, 2015). The genus Larix
includes 10 to 25 species, native to the northern hemisphere
of three continents: North America, Europe and Asia (Dylis,
1981; Koropachinsky, Milyutin, 2013; Paques et al., 2013).
In the forest fund of our country, larch forests are uppermost
both in area (about 37 %, 264 million hectares) and in wood
stock (31 %, 25.2 billion m?); these markers surpass other
species significantly (Efremov, Milyutin, 2010; Rysin, 2010).
The issue of the exact number of larch species is to some ex-
tent controversial due to the ease of crossing in vivo and the
production of hybrids, which, in turn, continue to hybridize
(Wei, Wang, 2003; Koropachinsky, Milyutin, 2013).

Larch is considered one of the main candidates for exten-
sive reforestation not only due to the vastness of its habitat,
but due to the unique quality of its wood, rapid growth, and
high ecological plasticity, too (Gowere, Richards, 1990; Bai-
lian, Wyckoff, 1994). Larch is the only widespread polytypic
deciduous conifer genus. It is a unique characteristic of this
woody plant. Some way due to this quality, many larch trees
can withstand extreme winter temperatures and low humidity
levels (Bonga et al., 1995). The practical use of representa-
tives of the genus Larix for reforestation is very effortful due
to the low production and quality of seeds (Lelu et al., 1994a;
Zhang Y. et al., 2012; Tretiakova et al., 2015). Therefore, it is
not practical to obtain planting stock for reforestation from
larch seeds in seed orchards. This problem can be solved using
the methods of clonal propagation of embryos or seedlings
derived from a limited number of seeds (Munoz-Concha,
2017). With Larix this has been done by grafting and rooting
of stems taken from young seedlings and grown in a green-
house. An alternative to this method is the use of the somatic
embryo cultivation system, which makes it possible to derive
an unlimited number of seedlings with the same genetic com-
position since they are derived from the same seed (Attree,
Fowke, 1993; Isah, 2016).

Somatic embryogenesis can be much more efficient than
traditional grafting. Cell lines produced by somatic embryos
can be maintained in a juvenile state during indefinitely long
time by their cryopreservation. Cryopreservation allows much
longer field testings of cloned lines, while some of these lines
are maintained in a physiological juvenile state until field test-
ings show which of these lines are most preferable for mass
propagation. That makes selection within families possible,
which is not applicable to rooting by cuttings (Park, Bonga,
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1992; Bonga, 2016). Moreover, the technology of using so-
matic embryogenesis can accelerate traditional reforestation
programs by reducing the time required to obtain genetically
improved trees (Kim, 2015). For conifers, unfortunately, the
extensive use of somatic embryogenesis for practical propa-
gation is often limited to only a few selected genotypes, and,
in general, this process is still effortful and expensive. It is
necessary to solve many problems for its universal use (Bonga,
2016; Klimaszewska et al., 2016).

This review is devoted to the analysis of the current status
of research on the problem of somatic embryogenesis in re-
presentatives of the genus Larix. Hopefully, the acceleration
of scientific progress in this area (due to the use of genomics,
transcriptomics, proteomics, and metabolomics) will allow
the development of new, more effective protocols of somatic
embryogenesis for implementation in breeding, afforestation,
and reforestation.

Choice of the explant type

for somatic embryogenesis in larch

For the first time, the method of somatic embryogenesis in
Larix was successfully applied in 1985 for Larix decidua
(Nagmani, Bonga, 1985). Since that time, great progress has
been made in this field for most larch species and its hybrids.
Table 1 shows Larix species in which somatic embryogenesis
was obtained and the first references. As noted in numerous
studies, the formation of embryogenic cultures depends on
the type and stage of development of the explant.

Initial work was mainly carried out using megagameto-
phytes L. decidua, L. leptolepis (=L. kaempferi) and their
reciprocal hybrids L. x eurolepis and L. x leptoeuropaea as
explants (von Aderkas et al., 1987, 1990; von Aderkas, Bonga,
1988; Rohr et al., 1989). Using the megagametophytes made
it possible to obtain haploid embryogenic cultures and, on
their basis, somatic embryos. The plants formed from the
latter were most often mixoploids with a predominance of
diploid cells (von Aderkas, Anderson, 1993; von Aderkas,
Bonga, 1993; von Aderkas et al., 2002). In the same years,
successful attempts were made to initiate somatic embryos
from protoplasts of L. decidua and a hybrid of L. x eurole-
pis (L. decidua x L. leptolepis) (Klimaszewska, 1989a; von
Aderkas, 1992; Korlach, Zoglauer, 1995; Pattanavibool et
al., 1998). However, according to the research carried out in
subsequent years, somatic embryogenesis is initiated most
efficiently in immature zygotic embryos. This fact was de-
termined both for species of the genus Larix and for other
representatives of conifers (Chen et al., 2010; Bonga, 2016;

BaBunosckuii xKypHan reHeTuku u cenekuyunm / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 6



B.H. Wmakos ComaTtunyeckunin smbproreHes npeactaButenein poga Larix: 2020
10.M. KoHcTaHTHOB COCTOAHNE 1 NePCNeKTUBbI 24.6
Table 1. Larix species, explant type and basal cultural medium used to initiate somatic embryogenesis
Species Explant type Basal medium Induction frequency Reference
L dec, dua .............................. | PCZE .................................... L M ........................................ Na ....................................... C or nUGe offnon'lggo .....................
|CZE ...................................... M SG ...................................... 2 OvonAderkaseta|1990 ...................
M ZE ...................................... M SG ...................................... 5 ............................................ L e |u eta| 1994( ...............................
‘Megagametophyte  MS, 1/2M5,LM,1/2LM 03 | NagmaniBonga, 1985
L/epto/ep,s ............................ | CZE ...................................... M SG ...................................... 15vonAderkaseta|1990 ...................
| P CZE .................................... |_ M |_p MS ............................ 5 9_67 ................................... K ,met a | 1998 ..................................
MZE ...................................... |_ PLM ................................... 2 2_38 ................................... K ,m2015 ...........................................
Megagametothte ............. M SG ...................................... 2 VonAderkaseta|1990 ...................
Lxe U,O/ep,s .......................... | PCZE .................................... M SG DCR LM ...................... 6 _12 ..................................... K |,maszewska 1 . 93 9 b .......................
| CZE ...................................... M SG ...................................... 2 ............................................ |_ e |u eta| 1994c ...............................
LX/ eptoeuropae a ................. | CZE ...................................... M SG ...................................... 2 6 ......................................... |_ e |u eta| 1994c ...............................
|pCZE .................................... M SG ...................................... 6 2 .......................................
MZE ...................................... M SG ...................................... 8 .........................................
S E ) COterdon s ..................... M SG ...................................... 1 2_98 ................................... 5 a|y . e t a| . 2 002 .................................
S E . n e ed|es ........................... M SG ...................................... 3 ............................................ L e |u eta| 1994( ...............................
Lomdenmhs ........................ | CZE ...................................... 1/2|_M .................................. 7 OThompsonvonAderkaS1992 ........
|pCZE .................................... 1/2|_M .................................. 3 0 .......................................
MZE ...................................... 1/2|_M .................................. 1vonAderkaseta|1995 ...................
Ls,b,,,ca ................................ | PCZE .................................... M SG ...................................... 6 7_98 ................................... B elorussovaTretyak ov a 200 8 ........

Lgme,m,, .............................. | PCZE .................................... 1/2MSMSG ........................ 5 0_81TmtyakovaBarSUkovazmz ...........

LSUkaczeW” .......................... | PCZE .................................... 1 /2M5 MS G ........................ 9 8 .......................................

L/a,,cma ............................... | PCZE .................................... M 5G44 ......................................... K |,maszewskaeta|1997 .................

L o/gens, 5 .............................. | CZE ...................................... M 5 5 ..................................... Na ....................................... 5 Ong e t a| . 20 1 6 ...............................

L p,,nc,p,srupp,echt,, .......... | CZE ...................................... 5 B ........................................ Na ....................................... Q , et a| 200 0 .....................................

Note. Explant type: MZE — mature zygotic embryo, IPCZE - immature precotyledonary zygotic embryo, ICZE — immature cotyledonary zygotic embryo,

SE - somatic embryo.

Sarmast, 2018; Shuklina, Tret’yakova, 2019). In this case,
pre-cotyledonary and cotyledonary zygotic embryos are most
often used (Lelu et al., 1994a; Ogita et al., 1999a; Lu et al.,
2005; Lelu-Walter, Paques, 2009), although positive results
were obtained when using zygotic embryos of earlier or
later stages of development (Wang et al., 2007; Belorussova,
Tret’yakova, 2008; Wang, Yang, 2010). There is little progress
in initiating somatic embryogenesis in mature embryos. Thus,
for the L. % leptoeuropaea hybrid (L. leptolepis % L. decidua),
needles of somatic seedlings produced embryonic masses
with a lower frequency (3 %) than mature somatic embryos
of the same genotype (83 %) (Lelu et al., 1994¢c). Much more
data on the successful initiation of somatic embryogenesis in
mature embryos have been obtained to date for representatives
of other taxonomic groups of conifers. Thus, embryogenic
cultures were derived from mature zygotic embryos of Pinus
geradiana, P. kesya, P. koraiensis, Abies alba, A. nordman-
niana, A. balsamea, A. fraseri, Picea abies, P. glauca, P. mor-

risonicola, P. likiangensis, P. omorika, and others (Yeung,
Thorpe, 2005; Vookova, Kormut'ak, 2007; Chen et al., 2010;
Shuklina, Tret’yakova, 2019).

A significant disadvantage of using juvenile material (zy-
gotic embryos) as explants for clonal propagation, including
using somatic embryogenesis, is the impossibility of using
the material from plants whose genetic potential has already
appeared phenotypically (adult trees with strictly defined
characteristics) (Bonga, 2017). Therefore, the use of vegetative
parts of plants (segments of shoots and mature needles) as a
primary explant is of greatest interest. Thus, there are a number
of studies indicating the possibility of obtaining somatic em-
bryogenesis from plant material from adult coniferous plants:
primordial meristems of 2- and 10-year-old somatic plants
Picea glauca (Klimaszewska et al., 2011; Klimaszewska,
Rutledge, 2016), needles of 2-month- to 3-year-old somatic
plants Picea abies (Harvengt et al., 2001), vegetative apexes
of shoots, adventive buds and needles of adult trees Pinus
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kestiya, P. patula, P. roxburghii, P. sylvestris, P. wallichiana,
P, pinea, P. radiata, P. pinaster (Trontin et al., 2016a; Shuklina,
Tret’yakova, 2019).

Difficulties in using plant material from adult trees are
associated with the fact that significant physiological, bio-
chemical, genetic and other changes in plant tissues occur at
the vegetative and reproductive stages of development of adult
trees. That significantly reduces the likelihood and frequency
of embryogenesis from explants of adult trees (Klimaszewska
etal., 2011). While the explant maturity increases, the genetic
program for the induction of embryogenic tissue is gradu-
ally repressed; after the formation of the apical meristem,
the potential for obtaining embryogenic tissue is completely
disrupted (Bonga et al., 2010).

Other negative factors include the following: due to the
presence of many compounds formed and released into nutri-
ent media by plants, cell division and growth are inhibited,
breakages of embryogenic response and normal expression of
genes involved in the induction of somatic embryogenesis are
observed (Isah, 2016; Sarmast, 2018). One of the important
reasons for the above breakages is a change in the genomic
DNA methylation pattern (von Aderkas, Bonga, 2000). To
overcome the inability of the material of adult plants to form
an embryogenic culture, the procedure of tissue rejuvenation
is used in some cases. For this purpose, explants are placed in
various kinds of stressful conditions: fasting, cold treatment
at low positive temperatures, or using heavy metals as part
of culture media (Bonga, 1996, 1997; Wendling et al., 2014).
Rejuvenation is stimulated by a change in culture medium pH,
use of enzymes of cell wall degradation, and decrease in the
level of endogenous antioxidants (glutathione, ascorbic acid,
vitamin E) by changing the content of exogenous auxins (von
Arnold, 1987; Earnshaw, Johnson, 1987; Mo et al., 1996). The
effect of auxin has been shown to increase the level of DNA
methylation, which, in turn, leads to stimulation of cell divi-
sion and their dedifferentiation; thus, it can stimulate the initia-
tion of somatic embryogenesis (von Aderkas, Bonga, 2000).

In addition, tissues of adult coniferous trees contain many
surface microorganisms reducing the tissue’s ability to re-
generate (Tretiakova et al., 2014). Unfortunately, to date,
no effective methods have been developed to combat such
bacterial contamination. Only a few procedures are known
to reduce but not completely eliminate such contamination
in plant tissue culture systems (Sarmast, 2018).

Despite decades of research efforts (Chalupa, 1989; Bonga,
Pond, 1991; Bonga, 1996, 2004; Ewald, 1998), somatic em-
bryogenesis from adult larch trees has not been derived down
to recent times; it remains an urgent task for future research
(von Aderkas, Bonga, 2000; Klimaszewska et al., 2016).

Effect of the parent plant genotype

on the somatic embryogenesis in larch

The genotype of parental trees is much more likely the main
factor (in addition to the explant type) determining whether
somatic embryos will form (Tret’yakova, Barsukova, 2010;
Bonga et al., 2010). In such a case, the initiation of somatic
embryogenesis in many conifers is influenced by additive ge-
netic variability, which provides an opportunity for selection to
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enhance the initiation pattern of somatic embryogenesis (Park,
2002). Somatic embryogenesis can be obtained only from
certain genotypes; that significantly complicates the use of
this technology for practical extensive propagation of conifers.

Experiments to study the genetic control of the initiation
of somatic embryogenesis were carried out on representatives
of several conifer genera, including the genus Larix (Klima-
szewska et al., 2016). In Tretyakova et al. (Tretyakova et al.,
2015), 200 L. sibirica trees were used. However, only one
genotype initiated a stably maintained embryogenic culture.
Further, the analysis of the results obtained indicates a stronger
maternal than paternal effect on the culture initiation (Tretya-
kova et al., 2015; Klimaszewska et al., 2016). The maternal
effect at the initiation stage can be explained by both the
genotype and the stage of development or physiological state
of the maternal tree, as well as inherited maternal alleles of
the zygotic embryo (Niskanen et al., 2004).

Composition of culture media for embryogenic
masses and somatic embryos of larch
The growth and development of the embryogenic culture
of conifers, including representatives of the genus Larix, is
strongly influenced by the nutrient medium composition.
The choice of salts (micro- and macroelements) and organic
components, as well as correction of their balance and con-
centrations play an important role both in the induction of
callusogenesis and in the further maintenance of the resulting
culture in vitro (Paques et al., 2013). Moreover, the choice of
the nutrient media composition often depends on the plant spe-
cies and the type of material used as an explant (Isah, 2016).
The following basal media are used in studies on the so-
matic embryogenesis in larch, depending on the tasks to be
solved and the initial plant material (see Table 1): LM (full or
half strength (1/2 LM)) (Litvay et al., 1985), MS (full or half
strength (1/2 MS)) (Murashige, Skoog, 1962), MSG (Becwar
et al., 1990), LP (Quoirin, Lepoivre, 1977), S (Ewald et al.,
1995), B (Ewald et al., 1997), Al (Tret’yakova et al., 2012),
DCR (Gupta, Durzan, 1985), WPM (Lloyd, McCown, 1980).
During all the stages of cultivation, the basal medium is
supplemented with such organic compounds as: L-glutamine
(0.05-1.5 g/L); myo-inositol (0.1-1.0 g/L); casein hydrolyzate
(0.5-1.0 g/L); ascorbic acid (0.4 g/L) (Cornu, Geoffrion, 1990;
von Aderkas et al., 1990; Lelu et al., 1994c¢; Klimaszewska et
al., 1997; Kim, 2015; Tretyakova et al., 2015).
Phytohormones are key components of the nutrient medium
that control the entire process of somatic embryogenesis (von
Aderkas etal., 2001; Vondrakova et al., 2016). Moreover, their
composition and ratios depend on the development stage of so-
matic embryos. During the induction of embryogenic masses,
the presence of endogenous auxins in combination with cyto-
kinins is necessarily in the medium. The exception is species
Abies, in which only cytokinins are most often required for
the induction of embryogenesis (Pullman, Frampton, 2018).
The use of 2,4-dichlorophenoxyacetic acid (1.0-2.0 mg/L)
in conjunction with 6-benzylaminopurine (0.5-1.0 mg/L) is
shown in the overwhelming majority of studies on embryo-
genesis in representatives of the genus Larix (Klimaszewska,
1989a, b; Korlach, Zoglaue, 1995; Lelu-Walter, Paques, 2009;
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Tretyakova et al., 2019). In a number of studies, naphthylacetic
acid, picloram, or 4-chlorophenoxyacetic acid at 1.0 mg/L
(Qi et al., 2004; Kim, 2015) and kinetin (0.1-5.0 mg/L) as a
representative of cytokinins (Cornu, Geoffrion, 1990; Qi et
al., 2000; Song et al., 2016) are mentioned as auxins. Indole-
acetic acid, as shown for L. leptolepis, plays an important role
in controlling the germination of somatic embryos (Li Z. et
al., 2017a, b).

At the maturation of somatic embryos, abscisic acid be-
comes the most important component of the nutrient medium
(Lelu et al., 1994b, 1995). The optimal content of this phyto-
hormone (0.01-32.0 mg/L) and the cultivation time of somatic
embryos in its presence (1-4 weeks) vary significantly in dif-
ferent larch species (Label, Lelu, 1994, 2000; von Aderkas et
al., 1995,2002,2015; Gutmann et al., 1996; Klimaszewska et
al., 1997; Ogita et al., 1999b; Kim, Moon, 2007; Tret’yakova
etal.,2012; Song et al., 2018). Sometimes, indolebutyric acid
at 1.0 mg/L (Tret’yakova et al., 2012), 5.0 mg/L of auxin
transport inhibitor 2-(p-chlorophenoxy)-2-methylpropionic
acid (PCIB), 5.0 mg/L phloroglucinol (auxin synergist) (Kim,
Moon, 2009) or silver nitrate (2.0-5.5 mg/L) (Saly et al.,
2002; Song et al., 2018) are used together with abscisic acid
to improve the process of maturation of somatic embryos.
Improving the quality of somatic embryos, their germination
and the formation of full-fledged plants is achieved by combin-
ing abscisic acid with activated carbon (0.5-10 g/L), which is
introduced into the nutrient medium during the pre-maturation
of somatic embryos (Harry et al., 1991; Qi et al., 2004; Ume-
hara et al., 2004; Klimaszewska et al., 2016; Tretyakova et al.,
2016). Considering that maturing somatic embryos should be
exposed to water stress, similar to developing zygotic embryos
in vivo, substances such as polyethylene glycol 30004000
at 4-10 %, sucrose at an increased concentration (3—8 %)
or maltose (3 %), and gelling agents gelright or phytagel
(0.3-0.4 %) are introduced into the nutrient medium in order
to reduce the available water (Klimaszewska et al., 1997,
Ma et al., 1998; Qi et al., 2004; Lu et al., 2005; Teyssier et
al., 2011; Tret’yakova, Barsukova, 2012; Tret’yakova et al.,
2012; Song et al., 2018). At the initial stages of the induction
of the embryogenic culture development, the concentration
of sucrose used is 1-3 % (von Aderkas et al., 1987; Lelu et
al., 1994¢; Kim, 2015); agar at 0.7 % is most often used as
a gelling agent (Klimaszewska, 1989b; von Aderkas et al.,
1990; Belorussova, Tret’yakova, 2008).

In addition to studying the positive effect of certain com-
pounds making up the culture media on various stages of
somatic embryogenesis, we also studied substances whose
presence in the medium negatively affects the culture in vitro.
For L. x leptoeuropaea, it was shown that the atmosphere
enrichment with ethylene or the addition of 2-chloroethyl-
phosphonic acid (5.0 and 10.0 mg/L) or 1.0-10.0 mg/L of
1-aminocyclopropane-1-carboxylate to the culture medium
greatly reduced the induction of secondary somatic embryo-
genesis (Saly et al., 2002). In L. leptolepis, vanillyl benzyl
ether and 4-[(phenylmethoxy)methyl] phenol inhibited the
early development of somatic embryos, namely, the differen-
tiation of suspensors (Umehara et al., 2005, 2007). These
substances were shown to be present in sufficient for inhibition
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amounts in a high cell density suspension culture, while they
were at significantly lower, non-deleterious concentrations in
a low cell density culture (Umehara et al., 2004).

To date, extensive experience has been accumulated in the
field under study. However, due to the still low efficiency of
somatic embryogenesis of representatives of the genus Larix,
work on optimizing the nutrient medium composition, in-
cluding specific sugars, vitamins, organic acids and modifiers
of redox potential, etc. continues.

Dependence of somatic embryogenesis potential
of larch trees on the culture age in vitro
In works on the induction and maintenance of an embryogenic
culture, a serious attention is paid to the efficiency of obtain-
ing somatic embryos in culture in vitro during long periods of
time. The issue is of both fundamental and applied importance
for reforestation programs requiring long-term regenerated
trees testing from seperate cell lines to their extensive use.
Consequently, tissue culture lines should be maintained in a
functionally unchanged form until the elite characteristics of
the regenerants derived from them are experimentally con-
firmed (Charest, Klimaszewska, 1995). Although, the age of
the embryogenic culture, i. e., the number of subcultures, can
undermine their ability to regenerate full-fledged somatic em-
bryos (Paques et al., 2013). That may be primarily connected
with an increase in the rate and accumulation of a large number
of mutations and general genetic instability of cultures kept
in vitro for a long term as a result of somaclonal variability
(Krutovsky et al., 2014; Klimaszewska et al., 2016).
Somaclonal variability can appear on morphological, cyto-
logical (number and structure of chromosomes), biochemical
(metabolic disorders) and molecular genetic (nucleus and
organelle genomes) levels (Cyr, Klimaszewska, 2002). Parti-
ally differentiated cultures, such as in vitro embryonic masses,
were found to show less variability than true callus-type
cultures (Cyr, 1999). Moreover, embryogenic coniferous
cultures are considered genetically more stable as opposed
to angiosperms (Isabel et al., 1996). A number of studies
assessing the level of somaclonal variability in embryogenic
cultures of conifers showed the absence of any somaclonal
changes in embryogenic tissues and in somatic embryos of
Picea abies, Picea glauca % P. engelmannii, Pinus pinea, Picea
mariana (Heinze, Schmidt, 1995; Isabel et al., 1996; Cuesta
et al., 2008; Krutovsky et al., 2014). In general, it is seen that
embryogenic cultures of representatives of the genus Larix
have a relatively high stability (Klimaszewska et al., 2016).
Thus, in L. x eurolepis, the embryogenic line was stable after
4 years of subculturing (Paques et al., 2013), and in L. lepto-
lepis it was stable for 9 years (Wang et al., 2007; Lelu-Walter,
Paques, 2009). In the latter case, the embryogenic cultures
became non-embryogenic over the course of time (Li W. et
al., 2013). The embryogenicity of L. decidua cultures derived
from haploid material (megagametophytes) was not lost for
9 years (Pattanavibool et al., 1995). In such case, almost all
lines doubled (2n = 24) their number of chromosomes during
the observation period, but both haploid and dihaploid lines
remained embryogenic. Further studies (17-year-old culture)
showed that none of the lines retained constant embryogenicity
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during the course of the entire cultivation period (von Aderkas
et al., 2003). In several lines, the embryogenic potential was
completely lost, while in others the loss was temporary since
there was an embryogenesis periodic restoration. The proli-
ferative activity of 15 embryogenic cell lines of L. sibirica
persisted for 2-8 years (Pak et al., 2016; Tretyakova, Pak,
2018). The chromosome ploidy of the cells of these lines did
not change until two years of cultivation (Tretyakova et al.,
2017). Further, a scatter of chromosome numbers from 24
to 30 and a large number of mitosis and micronuclei cells pa-
thologies were revealed (Goryachkina et al., 2017). However,
there were separate cell lines, in which the cultures genetic
stability was preserved for up to 7 years. According to mic-
rosatellite analysis, embryogenic lines were characterized by
weak allelomorphic variability (Tretyakova et al., 2017). In
general, nonetheless, the capacity of somatic embryos from
long-term maintained lines for maturation and germination
decreased sooner or later (Tretyakova et al., 2016).
Embryogenic masses long-term cultivation, leading to the
formation of somatic embryos and plants, can lead to rare
phenotypic anomalies in Picea glauca and P. mariana (Isabel
et al., 1996; Tremblay et al., 1999) or to genetic instability in
Pinus sylvestris and P. pinaster (Burg et al., 2007; Marum et
al., 2009). The changes in the relative content of mitochon-
drial DNA were observed in embryogenic tissues in Larix
leptolepsis, L. decidua, and their reciprocal hybrids (DeVerno
etal., 1994). Thus, despite the relatively high stability of em-
bryogenic cultures of representatives of the genus Larix, the
quality and quantity of somatic embryos changes over time.
In this respect, long-term maintenance of these cultures with
the method of regular subcultivation does not make sense.

Embryogenic lines cryopreservation

Aside from the main issue, which is the decrease or loss of
the embryogenic culture potential against the background
of possible genetic changes in the course of the long-term
maintenance in vitro, it is also worth considering high labor
costs if regular subcultivation is necessary; there is also an
increasing risk of material loss caused by the pollution, human
errors or technical failures.

The embryogenic cultures periodic re-initiation can be
the solution to these problems. At the same time, this rather
time-consuming and expensive procedure cannot be used for
the species, including conifers, for which the most suitable
explants for the embryogenic callus induction are available
only during limited time of year (Ozudogru, Lambardi, 2016).

Another approach to overcome the forenamed difficulties is
to use the technique decreasing the growth rate and increas-
ing the subculture intervals by the way of incubation at a low
temperature (45 °C) and low light intensity (for example,
10 umol/m?/s), change of the conservation medium osmotic
potential, reduction of the inorganic nutrients intake, addition
of growth retardants to the culture medium (Hassan, 2017).
Preservation within the minimal growth conditions is a very
simple method to keep the culture in vitro during the periods
from 6 to 12 months, but no more than 3 years, depending
on the plant species (Ozudogru et al., 2010). Longer crops
seasoning under such conditions leads to a sharp drop in the
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plant regeneration frequency and an increase in the genetic
changes number.

For a long-term stable preservation of embryogenic cultures,
cryopreservation is an ideal method ensuring their safety and
stability (Charest, Klimaszewska, 1995). Embryogenic cul-
tures can be kept in liquid nitrogen at —196 °C or at —150 °C
in the nitrogen vapor phase without any time limitations and
the juvenility loss (Park et al., 1998). This method provides
long-term preservation of various types of tissues and organs,
including shoot tips, somatic and zygotic embryos, whole
seeds, pollen, anthers and buds (Vendrame, 2018).

There are different types of cryopreservation methods.
Traditional methods are based on the freeze-induced dehydra-
tion. Among various cryopreservation methods available for
embryogenic cultures, the most common approach is slow
material cooling. In the last few years this approach has al-
lowed developing some effective protocols for the material
preservation without loss or with a slight loss of regenerative
capacity for a long time (up to 20 years) for various species
such as broadleaf (Citrus ssp., Hevea brasiliensis, Fraxinus
excelsior, Quercus suber, Q. robur et al.) and conifers (4bies
cephalonica, Picea abies, P. glauca, P. sitchensis, Pinus
caribaea, P. nigra, P. patula et al.) (Ozudogru, Lambardi,
2016).

Cryopreservation methods are developed and successfully
applied to hybrids of L. x eurolepis and L. x leptoeuropaea
(Klimaszewska et al., 1992; Paques et al., 2013). The use
of these methods made possible the achieving of the growth
resumption of all tested lines after their thawing. In addition,
cryopreservation and its duration (at least 18 years) did not
influence noticeably the somatic embryos productivity (Lelu-
Walter, Paques, 2009). Hybrid larch trees cryopreserved lines
have been routinely used in experiments for many years.
However, until now there is no data on the cryopreservation
methods use for long-term preservation of embryogenic lines
of the main part of larch species, except for their two hybrid
forms. At the same time, the successful experience of the cryo-
preservation methods use for representatives of other conifer
genera creates promising prospects for wider application of
this technology for long-term preservation of larch species
embryogenic cultures.

Genetic control of larch trees

somatic embryogenesis

At present, in order to explore the molecular mechanisms
of the somatic embryogenesis process, a lot of attention is
paid to the study of the entire genome profiling on the basis
of transcriptomics, proteomics, and metabolomics (Trontin
et al., 2016b). Thus, it was shown that during Larix species
cell cultures somatic embryogenesis in vitro changes in the
mitochondrial genome organization and the relative repre-
sentation of some genomic regions occur (DeVerno et al.,
1994). 454 libraries containing cDNA sequences were created
under the study of various stages of somatic embryogenesis of
L. leptolepis using the method of RNA sequencing (Zhang Y.
et al., 2012). It’s shown that 25773 identified transcripts are
connected with 160 biochemical pathways of primary and
secondary metabolism. 78 % of genes connected with embryo-
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genesis were completely homologous to those of Arabidopsis
thaliana. The genes of the transcription factors LaMYB33 and
LaSCL6 are important for the preservation of competence and
maintenance of the state of embryogenicity in L. leptolepis as
a part of the gene expression regulation epigenetic complex
(LiS. etal.,, 2013; Li W. et al., 2014). During early embryo-
genesis, the genes LALECT and LAWOX2 (L. decidua) (Rupps
et al., 2016), LaSERK1 (L. leptolepis) (Li L. et al., 2013)
play an important role. LaNFYAI, LaNFYA2, LaNFYA3, and
LaNFYA4 play an important role during early stages of deter-
mination and at the beginning of somatic embryo maturation
(L. leptolepis) (Zhang L. et al., 2014). At the precotyledonary
stage of somatic embryo development, the expression of an-
tioxidant defense genes (SOD, CAT, and APX (L. leptolepis))
is required (Zhang S. et al., 2010a). At the stages of initia-
tion and late maturation of somatic embryos, the expression
of genes connected with the auxins synthesis or transport
increases: LaHDZ31, 32, 33 and 34 (L. leptolepis) (Li S. et
al., 2013; Li Z. et al., 2017b), LaNIT (L. leptolepis) (Li Z.
et al., 2018). LmAP2L1 (L. x leptoeuropaea) (Guillaumot et
al., 2008), LkBBM (L. leptolepis x L. olgensis) (Li K. et al.,
2014), LdBBM and LdSERK (L. decidua) (Rupps et al., 2016)
are the most active at the stage of somatic embryo germina-
tion. Herewith, the LmAP2L2 gene of the transcription factor
is constitutively expressed at all the embryogenesis stages
(L. x leptoeuropaea) (Guillaumot et al., 2008).
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The highly-productive sequencing strategy was used to
identify miRNAs involved in the corresponding target genes
regulation at certain stages of somatic embryogenesis in
L. leptolepis (Zhang J. et al., 2012). More than 100 target
genes have been identified for 60 miRNAs. Differential ex-
pression of different miRNAs (miR156, miR159, miR160,
miR162, miR165, miR166, miR167, miR168, miR169,
miR171, miR172, miR397, miR398) was found in embryo-
genic and non-embryogenic L. leptolepis cultures (Zhang J.
etal., 2012; Zhang L. et al., 2014; Li S. et al., 2013; Li W. et
al.,2013,2014). In conifers, miRNAs regulate the activity of
most genes of transcription factors, including genes involved
in the embryogenesis process. The transcription factor MYB
(LaMYB33) was identified as a target gene for miR159 (Li W.
etal., 2013). Inits turn, LaHDZ31, LaHDZ32, LaHDZ33, and
LaHDZ34 are regulated by miR165/166 (Li Z. et al., 2016).
MiR169 targets are LaNFYAI, LaNFYA2, LaNFYA3 and
LaNFYA4 (Zhang L. et al., 2014), and the homologue Larix
SCARECROW-LIKE 6 (LaSCL6) is a target for miR171 (Zang
etal., 2019). These genes post-transcriptional regulation with
miRNA can be involved in maintaining the developmental
potential, as described above, at various stages of somatic
embryogenesis in representatives of the genus Larix. The
genes identified in representatives of the genus Larix, playing
an important role in somatic embryogenesis at different stages,
are summarized in Table 2.

Table 2. Genes involved in somatic embryogenesis in representatives of the genus Larix

Species Embryogenesis stage

Competence determination
and maintenance of embryogenic state

Superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX)

TAS3/miR390, laccase/miR397, plastocyanin/miR398,
ARF/miR160, miRNA167, class Ill HD-ZIP/miR 166,

Precotyledonary stages
of somatic embryo development

Precotyledonary and cotyledonary stages
of somatic embryo development

Gene identified

Reference

LiS.etal, 2013;
LiW.etal.,, 2013

LiW.etal, 2014;
Zang et al., 2019

miRNA156
All stages of embryogenesis miRNA162, miRNA168
Early embryogenesis LaSERK1 LiL.etal, 2013

Early stages of determination
and beginning of somatic embryo
maturation

Stages of induction and somatic embryo
late maturation

Stages of somatic embryo maturation
and their germination

Stages of somatic embryo germination

L. decidua Early embryogenesis

Late embryogenesis,

stages of somatic embryo germination
L. leptolepis x Stages of somatic embryo germination

L. olgensis

LaNIT

,2018
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Considering the future prospects of genomic studies of
Larix species cell cultures somatic embryogenesis, it is pos-
sible to note the fundamental importance of clarifying such
important theoretical and applicative issues as (1) structural
and functional changes in the mitochondrial genome of
larches occurring in culture in vitro, and the possibility of
their reversion; and (2) genetic regulation of the interaction
of the nucleus, mitochondria and chloroplasts genomes dur-
ing somatic embryogenesis. It is obvious that the success of
the development of this technology for cell culture in vitro
will largely depend on the resolution of the issues mentioned
above.

Work to determine changes in the proteome and composi-
tion of fatty acids at different development stages of em-
bryogenic masses and somatic embryos of a number of larch
species was carried out. Comparative proteomic analysis of
embryogenic and non-embryogenic L. principis-rupprechtii
calli revealed 503 proteins, 71 of which were differentially
regulated (Zhao et al., 2015b). In addition, proteins were ana-
lyzed at three stages of somatic embryo development of the
same larch species: stages of proembryogenic mass, globular
and cotyledonary embryos. 96 proteins differentially expressed
at different stages of development were identified. Functional
analysis showed that the content of proteins involved in the
primary metabolism, phosphorylation, and maintenance of the
cellular redox potential, increases during the development of
somatic embryos. The study of the general profile of L. x euro-
lepis proteins showed significant differences in their content at
certain stages of somatic embryo maturation (Teyssier et al.,
2014). It was found that the 147 proteins found in the work are
mainly involved in the primary metabolism and stabilization
of the resulting metabolites. Thus, storage proteins identified
as legumin- and vicilin-like appeared at the precotyledonary
stage of development.

When studying the fatty acid composition of the lipids of
embryogenic and non-embryogenic L. sibirica calli, a high
content of oleic acid in total lipids of the embryogenic cell
culture was found against the background of a lower content
of linoleic acid compared to the non-embryogenic callus
(Makarenko et al., 2016). The review proposes to use the
concentration of these fatty acids as a marker of embryogenic
potential in the selection of promising cell lines of Siberian
larch during early embryogenesis. Significant differences in
the composition and content of neutral lipids in tissues of
embryogenic and non-embryogenic L. sibirica cell lines were
also revealed (Semenova et al., 2020). Glycerides were found
to be dominant lipids of two types of lines. Triglycerides and
1,2-diglycerides accumulated more actively in embryogenic
cell lines, while the content of sterol esters in these lines was
reduced.

Nevertheless, despite significant advances in understand-
ing the molecular genetic mechanisms underlying somatic
embryogenesis in conifers, in particular representatives of
the genus Larix, there is currently an urgent need to expand
complex research in this field of study in order to get new
knowledge necessary for the development of methods and
approaches to obtaining plant material in vitro and using it in
reforestation and afforestation programs.
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Use of the method of somatic embryogenesis

in representatives of the genus Larix

in reforestation breeding programs

The method of individual conifer species microclonal pro-
pagation by somatic embryogenesis has already begun to
be widely used in various countries of the world, primarily
in France, Canada, Germany, Great Britain, Ireland, Scan-
dinavian countries, China, in plantation forestry and in the
implementation of MVF (Multi Variety Forest) programs
(Park et al., 2016). MVF is defined as the use of a range of
genetically tested woody species in a production forest seed
orchard (Weng et al., 2011). Back in the mid-90s of the last
century, INRA (National Institute for Agricultural Research)
in France organized studies on somatic embryogenesis in
hybrid larch species (Paques et al., 2013). This led to the
development of an improved procedure leading to the routine
production of regenerant plants from somatic embryos. The
new protocol was applied for the hybrid L. X leptoeuropaea
cultivar REVE-VERT propagation (Lelu-Walter, Paques,
2009). In the same years, a program of breeding hybrid
L. xeurolepis was launched at the state enterprise “Staats-
betrieb Sachsenforst” (Germany), based on the achievements
in the field of combining the method of clonal propagation
and the original plant material having an excellent genetic
background (controlled crosses) (Kraft, Kadolsky, 2018).
Breeding programs, including biotechnological approaches
of somatic embryogenesis and genetic engineering, were
launched in China and aimed at improving the existing gene
pool of the local species L. principis-rupprechtii (Zhao et
al., 2015a). Genetic engineering methods in conjunction
with somatic embryogenesis of larch trees were successfully
tested in laboratory conditions a long time ago. At the same
time, both agrobacterial and bioballistic transformation were
used to introduce genes into cells of embryogenic culture
and directly somatic embryos of L. laricina, L. leptolepis,
L. xeurolepis, L. principis-rupprechtii (Klimaszewska et al.,
1997; Levée et al., 1997; Qi et al., 2000; Li Z. et al., 2016).
In the next while, for the genetic improvement of conifers, it is
planned to use the rapidly developing and promising genomic
editing technologies based on the CRISPR-Cas system along
with traditional methods of transformation. These technolo-
gies have already been successfully applied to broad-leaved
tree species, such as grapefruit (Citrus paradisi), orange
(Citrus x sinénsis), apple (Malus domestica, M. prunifo-
lia x M. pumila), poplar (Populus tomentosa, P. tremula % alba,
P. tremula * tremuloides), and others (Sarmast, 2016; Chang
etal., 2018).

The technology of genomic selection has been successfully
used in recent decades in order to increase the efficiency of tree
selection, along with the methods of somatic embryogenesis
and cryopreservation (Park, 2002). This technology, based on
a set of mapping of quantitative traits loci, makes possible the
prediction of the phenotype of an individual (Goddard, Hayes,
2007). Thus, genomic selection makes it possible to identify
elite genotypes at a very early stage of development without
phenotyping through field testing and, thereby, to reduce sig-
nificantly the duration of variety testing within the framework
of afforestation programs (Park et al., 2016).
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In our country, thanks to intensive studies of the conifers
somatic embryogenesis, including Siberian larch species,
conducted for more than 10 years by the staff of the Suka-
chev Institute of Forest SB RAS (Krasnoyarsk) under the
leadership of I.N. Tretyakova, significant achievements have
been made in this area, starting from the conditions for the
embryogenic culture induction up to the carrying out of field
testing of plants grown from somatic embryos — regenerants
(Tretyakova et al., 2018). The results obtained along with the
use of progressive methods of cryopreservation, creation and
selection of elite genotypes based on genetic engineering and
genomic selection can significantly increase the effectiveness
of traditional reforestation breeding programs carried out in
Russia. The international project “Larch” with the participa-
tion of Sweden, Norway, Finland, Iceland, Canada, China,
Japan, and the United States can be considered as the most
ambitious of these projects (Abaimov et al., 2002; Martins-
son, 2002). The aim of this project, launched in 1992, is to
create a collection of seeds of four larch species from Russia
(Larix sukaczewii, L. sibirica, L. gmelini and L. cajanderi),
study the genetics of these species, carry on research on the
breeding and modification of populations created on planta-
tions in different parts of the Northern hemisphere, and select
promising forms and populations.

Conclusion

Somatic embryogenesis is increasingly considered as the
most promising method of clonal propagation of conifers
(in particular, larches) since it has a number of advantages
over traditional afforestation technologies. For more than
30 years since the first successful somatic embryogenesis in
representatives of the genus Larix, considerable experience
has been accumulated in this research area. The conditions
of induction, maintenance of embryogenic cultures, matura-
tion and germination of somatic embryos, regeneration of
full-fledged plants and their growth in field conditions have
been studied. Based on cryopreservation methods, protocols
for maintaining embryogenic cultures in a functional juvenile
state for long periods of time have been developed. Research
is being actively carried out to elucidate the molecular genetic
mechanisms underlying the implementation of individual
stages of somatic embryo development.

Despite the existing successes, today it is required to
intensify comprehensive research in the field of somatic
embryogenesis of representatives of the genus Larix. In the
nearest future, the research will provide the creation of scien-
tific foundations for the development of new approaches and
methods for obtaining high-quality plant material in vitro
and its use in extensive industrial reforestation and afforesta-
tion programs. Hopefully, integrating efforts and closer coope-
ration of individual research teams successfully working in
the Russian Federation on the problem of somatic embryoge-
nesis of species of the genus Larix and other conifer species,
as well as the already begun use of an integrated approach
based on the use of genomics, transcriptomics, proteomics,
metabolomics, cryopreservation, and genomic selection in
these studies will accelerate the resolution of this planetary
biological problem.
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Abstract. Of all the subspecies of Zea mays L. cultivated in the world, sweet maize is the most important for the
global economy. The leading seed-growing companies and research institutions around the world are engaged
in breeding this crop. To meet the increasing demands of the industry to grain quality, it is important to select ap-
propriate local varieties and lines for hybridization. Local (usually heterogeneous) varieties are a valuable source
material for creating self-pollinated lines that contribute to a significant broadening of the genetic base of paren-
tal forms used in breeding. The advantages of sweet maize varieties and the interest of the food industry in them
make it possible to consider accessions from the maize collection of the N.I. Vavilov Institute (VIR) as a potentially
valuable source material for breeding. The present research concentrated on 19 local sweet maize varieties with
different grain colors from the VIR collection, that is, 9 varieties with the blue color of ripe grain, 4 with white
(colorless) grain, 3 with yellow, and 3 with red. The research included an analysis of zein electrophoretic patterns
(protein markers); a study of their biotype composition and the nature of genetic polymorphism, as well as the
creation of a protein pattern database for each accession. For a series of accessions with the same varietal name,
but different catalog numbers, the degree of their identity was determined from their biotype composition in
order to exclude duplication. Zein electrophoresis was carried out in vertical plates of 10 % polyacrylamide gel
according to the standard ISTA technique developed with the participation of the Biochemistry and Molecular
Biology Department of VIR. Zein patterns were used for the first time to electrophoretically study sweet maize
varieties with different grain colors. Unique zein patterns were established for all the accessions studied, which
makes possible their identification by specific marker components. The results of this work characterize zein
electrophoresis as a useful tool for the identification and registration of duplicate accessions in the VIR collection
of sweet maize varieties.

Key words: sweet maize; duplicate accessions; zein electrophoresis; protein markers.
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BoisiBieHIIEe IyOIeTHBIX 00pa31liOB B KO/JIEKIIUU
caxapHO KYKYPY3bI C CIIOJIb30BaHMeM 3jJIeKTpodopesa 3ermHa

B.B. Cupoposa, I0.A. Keps @, A.B. Konapes

DefiepanbHblii NCCNEROBATENBCKUI LIEHTP BCepoCcCnincknin MHCTUTYT reHeTUYeCcKrX pecypcoB pacteHunin um. H.W. Basunosa (BUP),
CaHkT-lMeTepbypr, Poccua
@ e-mail: kervemail.ru

AnHoTauuma. V3 Bcex noaengos Zea mays L., Bo3aenbiBaeMbiX Ha 3eMHOM LLIAPE, CaMblil 3HAUYVIMbIV AS19 MUPOBOW
JKOHOMWKM — caxapHasa KyKypy3a. Ee cenekumein 3aHumalotca BegyLime cemeHoBoaueckre GUpMbl U HayuyHble
yupexaeHua mupa. [1na yaoBneTBOpeHna Bo3pacTalolnx 3anpocoB NPOU3BOACTBA K KaYecTBYy 3epHa BaxHoe
3HayeHVe UMEET NPaBUIIbHbI NOLO60P MECTHBIX COPTOB W IMHUI Ana rmbpransaymmn. MecTHble (Kak npasuno, re-
TeporeHHble) copTa — LieHHbIV UCXOLHbI MaTepuan Aia CO3AaHNA CAMOOMbINIEHHbIX IMHWUIA, 4TO CNOCOBCTBYET Cy-
LL|eCTBEHHOMY PaCLUMPEHWIO FreHeTUYeCKOo 6a3bl UICMONb3yeMblX B CenekLmm poamnTenbcknx Gopm. JoCTOMHCTBO
COPTOB CaxapHOW KyKypy3bl 1 UHTEPEC K HM NULLEBOI NMPOMBbILLIIIEHHOCTY NO3BOMNAIOT pacCcMaTpUBaTb reHeTu-
YecKme pecypcbl KONeKummn Bcepoccninckoro MHCTATYTa reHeTUYeCKnX pecypcoB pacteHmin um. H.W. Basnnosa
(BUP) B KauecTBe NOTEHLMANBbHO LIEHHOTO MCXOAHOrO MaTepuana gns cenekuyun. Lienbto Hawen paboTbl 66110
BblABNEHNe JyOneTHbIXx 06pa3LoB B KOMEKUMN caxapHOW KyKypy3bl BUP. B 3apgaun nccnepoBaHua Bxogwno:
npoBefeHne CKpYHUHIa 19 MecTHbIX COPTOB NOABMAA CaxapHOMN KyKypy3bl U3 Konnekumun BUP c pa3HbiM LBe-
TOM 3epHa (9 CTapoAaBHUX MECTHBIX C CUHEN OKPACKOoW 3pesioro 3epHa, 4 — ¢ 6enoi (becuBeTHOW), 3 — C KenTom
1 3 — C KpacHOW OKpacKoi) no anekTpodopeTnyeckum cnekTpam 3enHa (6enkoBbiM MapKepam); N3yyeHne nx
6MOTUMHOrO COCTaBa U XapaKTepa reHeTnyeckoro nonMopdunsmMa, cosaHvie nacnopTHON 6asbl AaHHbIX KaX-
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[l0ro V3y4yeHHoro obpasua no 6enKoBbIM CMEKTPaM; ANl HEKOTOPbIX COPTOB, MMEILLMX OOUHAKOBOE COPTOBOE
Ha3BaHMe, HO pa3Hble KaTasloXKHble HOMePa, YCTaHOBNEHWE CTENEeHN MAEHTUYHOCTY X MO GUOTUMHOMY COCTaBy
C Uenblo UCKtoueHus aybneTos. dnekTpodopes 3erHa NpoBoAWv Mo CTaHAAPTHON meToauke ISTA, paspabo-
TaHHOW C yyacTvieM oTgena 6uoxmmmm n monekynsapHon 6ronorvv BUP, B BepTrKanbHbIX naactuHax 10 % no-
nnakpunammaHoro rens. Metofom anektTpodopesa no cnekTpam 3enHa BriepBble NCCef0BaHbl COpTa NoaBnaa
caxapHOI KyKypy3bl C pa3HOI OKpacKomn 3epHa. [1nAa Bcex n3yyeHHbIX 06pa3sLioB YCTaHOBNEHA YHUKAIbHOCTb
CNeKTPOB 3e1Ha, YTO NO3BONAET UAEHTUPMLMPOBATD MX MO CNELMPUUHBIM ASIA HUX MaPKEPHbIM KOMMOHEHTaM.
Pe3ynbTaTbl HacToALel PaboTbl CBUAETENLCTBYIOT O NMEPCNeKTUBHOCTY UCMOJIb30BaHMA 3NeKTpodopesa 3enHa
[NA BbIABNEHNA, UASHTUOUKALMN 1 perncTpaumm fyoneTHbix 06pa3sLoB B KOSIIEKLMM COPTOB NOABMAA CaxapHO

KyKypy3bl BUP.

KnioueBble cnoBa: caxapHas KyKypy3a; AybneTHble 06pasLibl; anekTpodopes 3emHa; 6ekoBble MapKepbl.

Introduction

According to many researchers, Zea mays L. is the only
species of the genus Zea L. unknown in the wild (Shma-
raev, 1999; Matsuoka et al., 2002). The primary focus of
primitive maize formation was the territory of Mexico
(Piperno, Flannery, 2001; Wu, Messing, 2014), and the
secondary one was the highlands of Peru (Zhukovsky,
1971). According to the taxonomy of the genus developed
at VIR, sweet maize has been separated into the subspecies
Zea mays L. subsp. saccharata (Sturt.) Zhuk. The sul gene
found in regular sweet maize ensures a high free sugar
content at the expense of a reduced proportion of starch
in the endosperm.

Supersweet maize has the sh2 gene in its genome, which
is located on the third chromosome in the recessive state.
Both sul and sh2 genes affect the synthesis of carbohydrates
in grain: su/ blocks the conversion of sugars into starch, and
sh2 blocks the synthesis of starch during the conversion of
sugars into dextrins. When su/ and sA2 are combined in the
same genotype, the sugar content increases up to 21-35 %,
while mature kernels look feeble and wrinkled (Suprunov
et al., 2017). Currently, the world’s leading breeding and
seed-producing companies are working on the creation of
varieties of supersweet maize, which is not a genetically
modified product; all its hybrids are produced by crossing
plants and breeding for high s42 values (Tracy, 1997).

In the Russian Federation, sweet maize breeding is car-
ried out at the All-Russian Research Institute of Maize,
the Kabardino-Balkarian Research Institute of Agriculture
(Nalchik city), the Krasnodar Research Institute of Agricul-
ture, the KOS MAIS Scientific and Production Association,
and the Research Institute of Agriculture of the South-East.
According to the State Commission of the Russian Federa-
tion for Testing and Protection of Breeding Achievements,
121 varieties of sweet maize have been registered and
admitted for use in the Russian Federation (State Register
for Selection Achievements, 2019).

At the stage of milky wax (technical) ripeness, sweet
maize grain has a very tender pericarp, which is especially
valuable for canning (Tanaboon, 1995). In terms of basic
nutrients content, sweet maize keeps abreast of such nutri-
tionally valuable vegetable legumes as green peas and green
beans, and in terms of carbohydrate content it is signifi-
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cantly superior to them (Hooda, Kawatra, 2013). It is very
important for the organization of a healthy diet that maize
protein is much less allergenic than wheat protein (Holding,
2014). Besides, unlike other vegetable crops, sweet maize
does not accumulate nitrates in kernels, and leaf wrapped
around the cobs protect the grain from airborne pollution
with various substances, including radionuclides. Sweet
maize is also used for medicinal purposes. Extracts from
maize flower parts (stigmas) are used in official and folk
medicine for the treatment of inflammatory diseases of the
liver and gall bladder (Kumar, Jhariya, 2013).

To meet the growing demands of the industry to grain
quality, the proper selection of local varieties and lines for
hybridization is important. Old (usually heterogeneous)
varieties are a valuable source material for creating self-
pollinated lines, which contributes to a significant broaden-
ing of the genetic base of parental forms used in breeding.
The ripe kernels of various local varieties of sweet maize
can have different colors, e.g., white (no color), yellow,
brown, red, violet, blue, etc. Breeding for grain color is
a result of the development of a new trend, that is, the
aesthetic breeding (Novoselov, 2007).

The advantages of sweet maize varieties and the interest
of the food industry in them make it possible to consider
the germplasm available in the maize collection of the
N.I. Vavilov All-Russian Institute of Plant Genetic Re-
sources (VIR) as a potentially valuable source material for
breeding. The collection acquires a higher significance with
the increasing completeness of information about each ac-
cession conserved in it. In this regard, the identification of
duplicate accessions gains importance as it helps to avoid
expenses associated with studying the accessions identified
as duplicates, as well as with their maintenance and storage.

At present, molecular (DNA and protein) markers are
used along with morphological characters in order to con-
trol the genetic integrity (authenticity) of accessions, iden-
tify duplicates and reveal errors that can occur in the course
of regeneration (Pyukkenen et al., 2005; Konarev, 2006;
Potokina, 2009; Strelchenko, Kovaleva, 2009). Storage pro-
teins should be recognized as more reliable for the purposes
of seed control and solving a number of breeding problems.
They are numerous, most polymorphic, and localized in
morphogenetically homogeneous tissues, i. €., in the mature
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seed endosperm (Konarev, 1983). Protein markers make it
possible to control the biotypic (genotypic) composition of
a variety’s population — for example, to reveal a decrease
in the population heterogeneity that leads to a deteriora-
tion of the adaptive properties of the variety (Konarev et
al., 2000; Konarev, 2006). The analysis of grain storage
protein polymorphism is the basis of the international and
domestic standard methods for identification of lines and
varieties (Cooke, 1978; Konarev et al., 1987). The present
work employed zeins, the maize storage proteins, whose
electrophoretic patterns are reliable markers for the varietal
identification and maize genepool registration. Maize is a
cross-pollinated plant, therefore zeins are characterized by a
rather high polymorphism and are widely used in the study
of maize genetic resources (Sidorova et al., 2012, 2015,
2018). When assessing the specificity of a variety from
protein bands, the analysis of individual grains is required.
The electrophoretic pattern of zein of a single grain marks
the corresponding biotype (genotype).

The objective of the present study was to identify dupli-
cate accessions in the sweet maize collection at VIR. The
tasks set were as follows: to use electrophoretic patterns of
zein to determine the biotype composition and character of
polymorphism of differently colored sweet maize local va-
rieties from the VIR collection; carry out their certification

List of accessions used in the research

VIR catalog No. Variety Grain color
k3 0 ............................ B |ack M exma n .......................................... B |ue ..............
k9 5 ............................ B |ack M ex|ca n .......................................
k8 98 ......................... B |ack M ex|ca n .......................................
k1 38]7 ..................... B |ack M exma n .......................................
k1 578 ....................... |_ oca .I. b|ue ..............................................
kaess Burpee's Early Earliest Catawba 302 Purple-blue
k8 93 ......................... P ,cka nmny ............................................... B |ue ..............
k1 0999 ..................... P ,cka nmny ............................................... G r a y b|ue .....
k2 0870 ..................... |_ Oca .| ......................................................... B |ue ..............
k83 ............................ E ar|yJuneWh|te ...........
k115Wh,teEvergreen ..................................
k1 27 ......................... o regon . EV e rg re e n ................................
k143 ......................... E ar|yMayﬂower ....................................
k29 ............................ G O|denBantamYe||0W ..........
k69 ............................ G 0|denBantam .....................................
k146 ......................... G 0|den3antam .....................................
k58” ........................ M arSha“SEarhest .................................... o rangemd
k5 842 ....................... E a r|y Da Wn ............................................... D arkred .......
k1 0998 ..................... N u e tta ...................................................... R ed ...............
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on the basis of protein bands; to use the biotype composition
for establishing the degree of identity of some accessions
with the same name but different catalog numbers in order
to eliminate duplicates.

Materials and methods

The work was carried out in the Department of Bioche-
mistry and Molecular Biology of VIR. The material used
for the study were the ripe kernels of 19 local sweet maize
varieties with different grain colors (50 kernels per each
accession), regenerated at the Volgograd Experiment Sta-
tion of VIR (see Table).

Zein electrophoresis was carried out in vertical PAAG
plates without cooling for 4.5 h at a voltage of 500-580V,
according to the standard ISTA method developed with
the participation of the Department of Biochemistry and
Molecular Biology of VIR. The gel plates contained 10 %
acrylamide and 8 M urea. Zein was isolated from single
grains with a solution containing 6 M urea and 0.01 M di-
thiothreitol. The stained and dried gels with electrophoretic
patterns were scanned. The registration of electrophoretic
zein patterns was carried out using a standard, the self-
pollinated F2 line from France. The numbering of protein
components corresponds to the magnitude of their electro-
phoretic mobility (Kerv, Sidorova, 2018).

Origin, year of entry Year
to the collection of regeneration
........................ U SANewyork19212013
USA,Los Angeles, 1921
USA Cahfom ,a . 1 9 21 ............................ 2 001 ..........................
CanadaMontrea| 19 59 ...................... 2 005 .........................
ChmaManchuna1924 ....................... 2 006 .........................
........................ U SAph,|ade|ph,a19272005
........................ C anadaOttawa1922
........................ U SAW|Scons|n'|947
........................ H ungarygudapest19831999
........................ U SASacramento19212013
USANeWYork192‘| ..........................
USA,LosAngeles, 1921
UsA, Connecticut, 1921
........................ U SANeWYork‘Igz-l
USANeWYorsz] ..........................
Canada, Manitoba, 1921
........................ U SANewyork-|9302002
........................ U SAconnect,cut19302005
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Results and discussion

Figure 1 shows zein electrophoretic patterns of four acces-
sions of the sweet maize variety ‘Black Mexican’ with blue
grain, registered in the collection in different years under
different catalog numbers. The patterns of biotypes 3, 4
and 5 (with a frequency of occurrence of 15 %) lack the
combination of components 52—67. Between themselves,
they differ by the presence/absence of components 40, 47,
and 63. Biotype 6 is rare (10 %); its patterns lack combina-
tions of components 38—57 and 52-67.

Five biotypes were identified by zein patterns in the vari-
ety with the same name and the catalog number k-95. It does
not have a basic pattern type. Biotype 1 and the frequency
of occurrence (35 %) make accessions k-30 and k-95 iden-
tical. Biotype 2 of accession k-95 differs from biotype 2 of
k-30 only by the absence of component 37 in its patterns,
and by a higher frequency of occurrence (25 %). Biotypes 3
and 4 (k-95) have patterns that are different in composition
and are not found in k-30. Biotype 5 is rare (10 %); it is
identical in composition and frequency of occurrence to
biotype 6 of k-30. On the basis of the foregoing, accessions
k-30 and k-95 can be regarded as genetically close (due
to the presence of the frequent biotype 1); however, they
are not duplicates.

Unlike accessions k-30 and k-95, accessions k-13817
and k-898 have different compositions of zein patterns.
They exhibit low intra-varietal polymorphism (four and two
biotypes, respectively). Their patterns lack the combination
of components 52—67, which obligatorily occurs in the pat-
terns of the frequently encountered biotypes in accessions
k-30 and k-95. Biotypes 2, 3, and 4 of k-13817 (with the
total frequency of occurrence of 55 %) and biotype 1 in
k-898 (60 %) do not have a combination of components
38-57 in the patterns. Such a biotype as the one in acces-
sions k-30 and k-95 occurs rarely (10 %). The patterns of
the frequently encountered biotype 1 ink-13817 (45 %) and
biotype 2 in k-898 contain a combination of components
38-57 (40 %). However, these biotypes are not identical,
since the intensity of the combination of components 38-57
is higher in k-13817 than in k-898. Also, the patterns of
the accessions considered contain additional components.
These types of patterns do not occur in k-30 and k-95.

All the accessions with the same varietal name have
zein patterns that differ in component composition, which
indicates that these accessions should be given different
catalog numbers and stored separately.

Figure 2 shows zein electrophoretic patterns of two ac-
cessions of the sweet maize variety ‘Pickaninny’ with blue
grain, registered in the collection under different catalog
numbers (k-10999 and k-893). Accession k-10999 is
characterized by significant intra-varietal polymorphism.
Six types of zein patterns with different frequencies of
occurrence have been revealed. Biotype 1 occurs more
often than the others (30 %). Its patterns have no combina-
tions of components 38—57 and 52—67. Biotype 2 is rare
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(10 %), it is identical to biotype 1 in terms of the presence
of intense components 46, 50, and 55 in the patterns, and
differs from it by the absence of components 40 and 63,
as well as by an additional component, 70. The patterns
of the remaining biotypes (3—6) have a combination of
components 38-57. Of these, only biotype 3 differs from
the others by the presence of a combination of components
52-67 (20 %) in its patterns. The patterns of the remaining
biotypes (4—6) are characterized by the presence/absence
of anumber of components with weak intensity. Accession
k-893 of'the old variety ‘Pickaninny’ differs from k-10999
by low intra-varietal polymorphism. Only three biotypes
have been identified in it. The frequency of occurrence
of the main biotype 1 is 80 %. The zein pattern makes
it identical to biotype 1 of k-10999 (30 %). Its patterns
lack a combination of components 38-57. Biotype 2 is
less common (15 %); in terms of the presence of intense
components in the patterns, it is identical to biotype 1, but
differs from it by the presence of additional components
with low intensity. The main biotypes 1 and 2 in k-893 are
identical concerning the basic types of patterns 1 and 2 of
k-10999. Biotype 3 is extremely rare (5 %). This type of
pattern does not occur in k-10999.

The accessions with the same varietal name have zein
patterns with different compositions and, therefore, they
cannot be regarded as one and the same accession. Figu-
re 3 shows zein patterns of three accessions of the sweet
maize variety ‘Golden Bantam’ with yellow grain. The
old accession k-146 showed significant intra-varietal
polymorphism. Six pattern types have been identified in it.
Patterns of all biotypes are characterized by the presence of
a combination of components 52—67 with a varying degree
of intensity. Four of them (1-4) also have a combination of
components 38—57. Biotypes 5 and 6 are rare. Unlike the
frequently encountered biotypes, they lack a combination
of components 38—57 in their patterns. Biotypes 5 and 6 are
rare. They differ from the frequently encountered biotypes
by the absence of a combination of components 3857 in
their patterns. The frequently occurring biotypes 1 and 2
are distinguished by the patterns without components 40
and 63, which are quite intense in the patterns of rare bio-
types 5 and 6. Biotypes 1—4 are characterized by different
combinations of components 47, 48 and 50. Component 50
is absent in the patterns of biotypes 1 and 2.

Accession k-69 is characterized by low intra-varietal
polymorphism. Three biotypes with the frequency of oc-
currence of 28-36 % have been identified in it. According
to the pattern types, k-69 is close to biotypes 1, 2 and 3 of
accession k-146. Biotypes 4, 5, and 6 in k-146 have com-
positionally different patterns, which are not found in k-69.

The third accession from the ‘Golden Bantam’ k-29
group is characterized by high intra-varietal polymorphism,
and the number of the biotypes identified is six. The most
common is biotype 1 (30 %); the frequency of occurrence
of the remaining ones is approximately the same and equals
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k-13817

pa| 2
L '*'

45 25 20 10 60 40

k-30

-k BEEER BN

35 10 15 15 15 10 35 25

Fig. 1. Zein electrophoregrams for the accessions of the sweet maize variety ‘Black Mexican’ with blue grain: k-30, k-95, k-13817
and k-898.

Here and also in Fig. 2-6: the figures above the pattern indicate the biotype number, and those along the pattern indicate the numbers
of polypeptides in the pattern. The figures under the patterns indicate the frequency of occurrence of each biotype.

k-10999

30 10 80

4
5
12
Fig. 3. Zein electrophoregrams for the accessions of the sweet maize variety ‘Golden Bantam’ with yellow grain: k-146, k-69
and k-29.

40 20 20 36 28 36
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12—16 %. Only two biotypes (3 and 4) have patterns that are
identical to those of biotypes 2 and 3 of accession k-146.
Biotypes 1, 2, 5 and 6 from k-29 are absent in ‘Golden
Bantam’ accessions k-146 and k-69, since their patterns
do not have a combination of components 52—67, which is
typical of all types of patterns of k-146 and k-69.

The old accessions with the same varietal name have
zein patterns with different compositions, therefore, they
are not duplicates.

Figure 4 presents the electrophoretic zein patterns of
three local sweet maize varieties with red grain. The ac-
cessions studied have individual zein patterns specific for
each variety.

Accession k-5842 was found to have the main pattern
type (biotype 1) with the frequency of occurrence of 75 %,
and two rare ones (biotypes 3 and 4). Biotype 2 (15 %) dif-
fers from biotype 1 by the absence of component 40 in the
patterns. Specific for this variety was the presence of the
intense component 63 and a combination of components
38-57, which are present in the patterns of all biotypes.
Also, the absence of a combination of components 52—67
in its patterns is specific to it.

Accession k-10998 is noted for high intra-varietal poly-
morphism. No main type of zein pattern was revealed for it.
Biotype 1 with the 35 % frequency of occurrence, biotype 2
(25 %) and biotype 3 (22 %) are more common than the
others. Specific to this variety is the absence of component
63 in the patterns of all biotypes. This distinguishes it from
accessions k-5842 and k-5811 and increases the likelihood
of obtaining a good hybrid combination with red grain.

Accession k-5811 is characterized by low intra-varietal
polymorphism. The main pattern type (biotype 1) with the
75 % frequency of occurrence and three biotypes with a low
frequency of occurrence (from 5 to 10 %) were revealed.
The absence of the combinations of components 38—57
and 52-67 in the patterns of the main biotype turned out
to be specific for it, as well as the presence of components
40 and 63 in the patterns of all biotypes.

It was found that all studied varieties with red grain color
have specific components by which they can be identified,
new hybrids can be created, and new lines can be selected
on their basis.

Figure 5 demonstrates zein patterns of four sweet maize
varieties with white grain. The accessions studied have
individual specific patterns. Two accessions, k-143 and
k-115, exhibit significant intra-varietal polymorphism.
They have five types of patterns with different frequen-
cies of occurrence. The broader the polymorphism of
the varieties, the more difficult it is to identify their main
pattern type. However, biotype 1 (35 %) and biotype 2
(35 %) are more common in k-143 than the others. They
have identical pattern types and differ from each other in
the intensity of manifestation of individual components.
Biotypes 1 and 2 can be considered as the main patterns
for k-143. Biotype 3 (20 %) differs from the first two types
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by the absence of component 40 in the patterns. Biotypes 4
and 5, which are rare, have compositionally different zein
patterns. The combination of components 52—67 is intense
in the biotype 4 patterns, while it is absent in patterns of
the remaining biotypes. The biotype 5 patterns have no
combination of components 38—57, which is specific for
all biotypes of this variety.

Biotype 1 (35 %) occurs more frequently than the others
in accession k-115. The type of this biotype pattern is
unique for this accession, since it is not identical in compo-
nent composition to other frequently occurring biotypes 2
and 3 (25 % each), moreover, to rare biotypes 4 and 5 (10
and 5 %, respectively). A low intensity of the zone of mani-
festation of components 3640 is specific for this variety.

Biotype 1 (40 %) and biotype 2 (30 %) occur more fre-
quently in accession k-83 than in the others. A combina-
tion of components 52—67 is manifested in the patterns of
biotypes 1 and 2, though in biotype 2 it has low intensity.
A combination of components 38—57 is intense in the bio-
type 2 patterns, whereas it is absent in the patterns of bio-
types 1 and 3. Component 63, which is specific for the pat-
terns of this variety, is absent in the patterns of rare biotype 4.

Accession k-127 is characterized by low polymorphism.
The main biotype 1 with a 65 % frequency of occurrence, as
well as biotypes 2 (25 %) and biotype 3 (10 %) were identi-
fied. This accession is unique among all the sweet maize
varieties studied. The specific component 64 is present in
its patterns. The absence of a combination of components
52-67 in the patterns of all biotypes was also specific to
the variety. Therefore, there is a high degree of probability
that this variety can be successfully used for creating new
improved hybrids.

Figure 6 presents the electrophoretic patterns of zein of
three sweet maize varieties with blue grain. All accessions
have different names and catalog numbers, and there are
no low polymorphic varieties among them. No main type
of pattern, the frequency of occurrence of which would be
above 50 %, has been identified in them. However, the most
common biotype amounts to 50 % in accessions k-20870,
k-1578 and k-4655. The varieties studied have specific
pattern types. Accession k-1578 is characterized by the
presence of combinations of components 38—57 and 52—-67
in the biotype 1 pattern, as well as of components 40 and
63. In contrast to biotype 1, the combination of components
52—67 and component 40 have a low intensity in biotype 2.
A distinctive feature of biotype 2 is the presence of intense
components 37 and 50 in the patterns. A combination of
components 52—67, as well as components 37 and 47, are
absent in the biotype 3 patterns. This biotype occurs less
frequently than the others (20 %). The combination of
components 38—57, as well as components 40 and 63, are
specific to this variety.

Three biotypes have been revealed in accession k-20870.
Biotype 1 (50 %) occurs more frequently than the others.
The patterns of this biotype contain an intense combination

BaBunosckuii xKypHan reHeTuku u cenekuyunm / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 6



B.B. Cupoposa, t0.A. Keps BbiaBneHne fybnetHbix 06pasLoB B KOMIEKUUn 2020
A.B. KoHapes caxapHoW KyKypy3bl C UCMO/b30BaHVeM 31ekTpodopesa 3enHa 24.6

k-10998 k-5811

35 25 75 10 10 5

Fig. 4. Zein electrophoregrams for the accessions of sweet maize varieties with red grain: k-5842, k-10998 and k-5811.

5 35 25 25 5 40 30 25 5

Fig. 5. Zein electrophoregrams for the accessions of sweet maize varieties with white grain: k-143, k-115, k-83 and k-127.

k-20870
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Fig. 6. Zein electrophoregrams for the accessions of sweet maize varieties with blue grain: k-1578, k-20870 and k-4655.
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of components 38—57, as well as intense components 37
and 47. Components 40 and 63 are characterized by low
intensity. Biotype 2 with its 20 % frequency of occurrence
differs from biotype 1 only by intense component 48 and a
weak intensity of components 37, 40, and 63, as well as by
the absence of component 47. In contrast to biotypes 1 and
2, the combination of components 52—67, as well as com-
ponents 40 and 47, are intense in the patterns of biotype 3
with a 30 % frequency of occurrence. The presence of an
intense combination of components 38—57 is specific to this
variety, as well as the absence or a very weak intensity of
component 63 in the patterns of all biotypes.

Three biotypes have been revealed in accession k-4655.
Biotype 1 occurs most often and has a 50 % frequency of
occurrence. A combination of components 38-57 is well
manifested in zein patterns of biotype 1. In some patterns,
this combination, as well as component 63, may have a
low intensity. Biotype 2 differs from biotype 1 by a lower
frequency of occurrence (25 %). The patterns of this biotype
contain intense components 37 and 46, which are absent in
the patterns of biotype 1. The combination of components
38-57 has a weak intensity in the patterns of biotype 2.

Unlike biotypes 1 and 2, biotype 3 (25 %) has different
pattern compositions. A combination of components 3857
is absent in the patterns of biotype 3. In contrast to bio-
types 1 and 2, intense components 36 and 40 are present in
the patterns. The absence of a combination of components
52-67 is specific to the variety, which is characteristic of
other sweet maize varieties.

Conclusion

Based on the above, it can be concluded that among the
accessions with blue grain and the same varietal name of
‘Black Mexican’, two accessions, k-30 and k-95, can be
regarded as genetically close varieties, though not as dupli-
cates. Unlike k-30 and k-95, two other accessions, k-13817
and k-898, have low polymorphism and compositionally
different pattern types. Two accessions with blue grain and
the same varietal name of ‘Pickaninny” have different VIR
catalog numbers, k-10999 and k-893, and are not duplicates
either. Accession k-10999 is characterized by significant
polymorphism and has six biotypes. Accession k-893
has a low intra-varietal polymorphism (three biotypes)
and demonstrates the absence of a significant number of
biotypes that are characteristic of k-10999. The varieties
with the same name of ‘Golden Bantam’ and yellow grain
color (k-146, k-69 and k-29) were also found to contain no
duplicates. Accessions k-146 and k-29 are characterized by
high intra-varietal polymorphism and have different pattern
types. Accession k-69 has low intra-varietal polymorphism.
The three biotypes found in k-146 and k-29 are not pre-
sent in k-69. The accessions with the same varietal name
have zein patterns with different compositions, which is an
evidence of a significant difference between them and the
impossibility to merge them.
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Three local varieties of sweet maize with red grain were
studied and specific components determined for each va-
riety. Two sweet maize accessions, k-143 and k-115, with
white grain exhibit significant intra-varietal polymorphism.
Specific components have been identified for them. Ac-
cession k-127 is characterized by low polymorphism. It is
unique due to the presence of component 64 in its patterns.
Three sweet maize varieties with blue grain, k-20870,
k-1578 and k-4655, are highly polymorphic and have pat-
tern types specific to each variety.

The results of the work performed show that it is quite
promising to use zein electrophoresis for the identification,
registration, and revealing of duplicate accessions in the
collection of sweet maize varieties with different kernel
colors.
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CpaBHUTENBbHBIN aHaIN3 SKCIIPECCUN I'€HOB Y YallHOT'O paCTeHUS
(Camellia sinensis (L.) Kuntze) nmpu HuskoTeMIiepaTypHOM CTpecce

A.C. Camapuna ®, A.0. Maupkus, H.I. Konunckas, T.A. Cumonss, B.JI. Maasiposckas, A.C. MaarokoBa

DepepanbHbii MccnefoBaTenbCkuii LieHTp «CybTponnuyeckuii HayuHblii LeHTp Poccninckor akagemmm Hayk», Coumn, Poccua
® e-mail: q11111w2006@yandex.ru

AHHoOTauuA. Hi3koTemnepaTypHbI CTPeCC — OAUH 13 raBHbIX GaKTopOB, OrPaHNYMBAIOLLMX PacNpoOCTpaHeHne
N CHUXKAIOLMX YPOXKAMHOCTb MHOTMX CyOTPONMYECKMX Ky/bTyp, B TOM Yncie 1 Yas. Ina sdbekTnBHOM cenekuymm
Yas Ha YCTONUYMBOCTb K MOPO3Y HEOOXOANMO BbISBUTb FEeHETNYECKME OCOOEHHOCTI OTBETA Ha XOJI0A Y YCTONUMBbIX
reHOTWMOB U HANTW MapKepbl 4f1A onpeaeneHns JOHOPOB YCTOMUMBOCTM B KONNEKLMsAX. B HacToswen paboTe npo-
Be[leH CpaBHUTENbHbIV aHanu3 akcnpeccumn 18 reHos (ICET, CBF1, DHNT, DHN2, DHN3, NAC17, NAC26, NAC30, bHLH?7,
bHLH43, P5CS, WRKY2, LOX1, LOX6, LOX7, SnRK1.1, SnRK1.2, SnRK1.3), BOBNIeY€HHbIX B ab1OTUYECKUNIA CTPECCOBbIN
OTBET Y [iBYX KOHTPACTHbIX MO YCTONYMBOCTY FEHOTMMOB YadA B YCJIOBUAX XONoAa M Mopo3a. Huskotemnepatyp-
HbI CTPEeCC UHAYLMPOBany NyTeM NOMELLEHNA PAaCcTEHNI B XONOAUIIbHbIE KAMEPbI U CHUXKEHMEM TemnepaTypbl
10 0...+2 °C Ha cemb fjHel (XONOAJOBOW CTPeCC) C NoCNeyoWNM CHXEHeM TemnepaTtypbl A0 —4...—-6 °C Ha nATb
AHen (npomopaxunBaHue). KOHAYKTOMETPUYECKUM METOAOM M3MEPAN NEKTPOMNPOBOAHOCTb TKaHel NNCTa, B pe-
3ynbTaTte yero 6bUIM NOATBEPXKAEHDI PA3INUNA MO NPU3HAKY YCTONYMBOCTA Y ABYX UCCIeAYeMbIX TeHOTUMOB Yas:
XOJI0A0BOE BO3JENCTBUE HE NPUBOAWIO K N3MEHEHWNIO 3N1eKTPONPOBOAHOCTY TKaHel N1cTa, HO nocie npomopa-
XKVBaHMA 3TOT NOKa3aTesb Bo3pacTan B 6osbLuel cTeneHun y HeycTonumnBoro reHotuna. Metogom qRT-PCR aHanu3u-
POBaNM OTHOCUTENbHbIN YPOBEHb SKCMPECCUN reHOB Ha poHe pedepeHCHOro reHa akTuHa. Mpu nHAyKumMM cTpecca
NnoKasaHa NoBbILLEHHAA SKCMPeCccna BCex Ncciefyemblx reHoB. Y YCTOMYMBOrO reHoTrNa Yan BbIABNEH PAL reHOoB,
60nee akTVBHO SKCMPECCUPYIOLLMXCA MO CPAaBHEHMIO C HEYCTONYMBbIM reHoTunom: ICET, CBF1, DHN2, NAC17, NAC26,
bHLH43, WRKY2, P5CS, LOX6, SnRK1.1, SnRK1.3. 3T1 reHbl MOTyT 6blTb MapKepamu yCTOMYMBOCTU AN MOUCKA AOHO-
POB B KONNEKLMAX reHopecypcoB. [TokasaHo, YTo y YCTONYMBOro reHOTUMNa Yasa SKCNPEeCCus reHoB XON040BOro OT-
BeTa HaUMHAETCA YKe Ha CTagum akknvmatusauuv. ina fganbHenwmnx nccnefoBaHnin KOMMIEKCHOW YCTONYMBOCTH
pacTeHnin K HM3KOTeMMNepaTypHOMY CTPecCy akTyaslbHbIM ABAETCA U3YyUYeHUe SKCNPeccun 3TUX reHOB B ApYrux
opraHax YaHoro pacteHus (noberax, KOPHAX) NPU Pa3HOW CUle HU3KOTEMMEPaTyPHOro BO3AeCTBIA.

KnioueBble cnosa: Camellia sinensis; 3Kcnpeccus reHOB; MOPO30YCTONUYMBOCTb; TPAHCKPUMLUMOHHbIE $aKTopbI;
NPOTENHKNHA3bI; TMMOKCUIeHa3sbl.

IOna uyutuposaHusa: CamapuHaJ1.C., Maubkus A.O., KoHnHckas H.I., CumoHsH T.A., Manaposckas B./., Mantokosa J1.C.
CpaBHUTENbHbIN aHaNM3 3KCNPeccumn reHoB y YaliHoro pactenus (Camellia sinensis (L.) Kuntze) npu Hu3koTemne-
paTypHOM cTpecce. Bagunosckuli XypHasn ceHemuku u cesekyuu. 2020;24(6):598-604. DOI 10.18699/VJ20.653

Comparative analysis of gene expression in tea plant
(Camellia sinensis (L.) Kuntze) under low-temperature stress

L.S. Samarina @, A.O. Matskiv, N.G. Koninskaya, T.A. Simonyan, V.I. Malyarovskaya, L.S. Malyukova

Federal Research Centre the Subtropical Scientific Centre of the Russian Academy of Sciences, Sochi, Russia
® e-mail: q11111w2006@yandex.ru

Abstract. Low-temperature stress is one of the main factors limiting the distribution and reducing the yield of
many subtropical crops, including the tea crop. Efficient breeding to develop frost-tolerant cultivars requires a reli-
able set of genetic markers for identifying resistance donors, and that is why it is necessary to reveal the specific
genetic response in frost-tolerant genotypes in comparison with frost- susceptible ones. In this work, we performed
a comparative analysis of the expression of 18 tea genes (/ICE1, CBF1, DHN1, DHN2, DHN3, NAC17, NAC26, NAC30,
bHLH7, bHLH43, P5CS, WRKY2, LOX1, LOX6, LOX7, SnRK1.1, SnRK1.2, SnRK1.3) under cold and frost conditions in two
tea genotypes, tolerant and susceptible. Low-temperature stress was induced by placing the potted plants in cold
chambers and lowering the temperature to 0...42 °C for 7 days (cold stress), followed by a decrease in temperature
to —4...-6 °C for 5 days (frost stress). Relative electrical conductivity of leaf was measured in response to the stress
treatments, and a significant difference in the frost tolerance of the two tea genotypes was confirmed. Cold expo-
sure did not lead to a change in the electrical conductivity of leaf tissue. On the other hand, frost treatment resulted
in increased REC in both genotypes and to a greater extent in the susceptible genotype. Increased expression of all
the genes was shown during cold and frost. The genes that were strongly expressed in the tolerant tea genotype
were revealed: ICE1, CBF1, DHN2, NAC17, NAC26, bHLH43, WRKY2, P5CS, LOX6, SnRK1.1, SnRK1.3. These genes can be
proposed as markers for the selection of frost-tolerance donors in tea germplasm collections. Additionally, it was
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shown that the tolerant genotype is characterized by an earlier response to stress at the stage of cold acclimation.
The study of the expression of the identified genes in different organs of tea plants and in different exposures to

low temperature is relevant for further investigations.

Key words: Camellia sinensis; gene expression; frost tolerance; transcription factors; protein kinases; lipoxygenases.
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BBepeHune

Huszkoremmneparypusbiii ctpecc, mopo3 (<0 °C) u xomnon
(0...#10 °C), orpaHn4HMBaeT apeay pacIpoOCTPAHEHUS MHO-
TUX TEIUIOJIIOOUBBIX KYJIBTYp, B TOM umcie u 4dast. [lepe-
CTpo¥ika MeTaboIN3Ma B OTBET HA 3TOT a0MOTHYECKUI CTpecce,
BKJIIOYAIOIasi HAKOIIJICHNE aHTHOKCHIAHTOB U OCMOJIMTOB
JUISl TIOBBILIICHUS] YCTOMYMBOCTH, IIPOUCXOUT ITyTEM 3aITyc-
Ka CIIOXKHBIX CHUTHaibHBIX myTed (Dubouzet et al., 2003).
Perymsamust 3Tux myTteil ocymiecTBiIseTcs OCHOBHBIMH PETy-
asitopabiMy TeHaMu: COR (cold-responsive). K HuM oTHOCST
reHbI-peryisiTopsl xoionosoro oreera /CE (inducer of CBF
expression), CBF (C-repeat-binding factor) u ux MuIIeHH:
KIN (cold-induced), L77 (low temperature induced) u RD
(responsive to dehydration) (Morsy et al., 2005). ITpoxyk-
TBI 9TUX TE€HOB KJIACCH(DUIMPYIOT HA JIBE TPYMIIBI: MEpBast
BKJIFOYAET TeHbl MeTabonmu3mMa cemerictB OenkoB, LEA (late
embryogenesis abundant proteins), HSP (heat shock proteins),
aHTH(PpU3-0enkoB, OenkoB MeTabomm3ma TunuaoB (LOX),
neruipuHoB (DHN) 1 0cMOpEryIsiTOpoB — caxapoB, CBOOO/-
HBIX CTEpOJIOB, pap(GUHO3bI, MIOKO3HMI0B, aMHHOKHUCIIOT;
BTOpasi — TPAHCKPUIIIMOHHBIE (DAKTOPBI, PEryInpyIOLIe
repesiady CUTHAJIOB M OKCIIPECCHIO TEHOB OTBETa Ha XOJIOJ
(Megha et al., 2018).

PaznuyHbIe 110 YCTOWINBOCTH K 3TOMY (aKTOpy KyJIbTyphI
XapaKkTepHU3yI0TCsl Pa3sHOOOpa3HBIMH MEXaHM3MaMH YCTOM-
YUBOCTH, a Y JPEBECHBIX KYIBTYp, TaKUX Kak 4dait (Camellia
sinensis (L.) Kuntze), oTBeT Ha cTpecc Oojee CIOKHBIA H
xomriekcHblit (Hao et al., 2018). [lnst waitHoro pactenwus,
OCHOBHAsI 30Ha MIPOU3PACTAHHsI KOTOPOTO — TPOIIUYECKUE U
CyOTpONHNYECKNE PETHOHBI, aKTYaJIbHBIM SIBIISIETCS] CO3JJAHUE
MOPO030yCTOWYMBBIX COPTOB, TO3BOJISTIOIIMX 3HAYNTENBHO pac-
IIMPUTH €TO apeast ¥ yBEIMUUTh IUIOIAAN Bo3aesbiBanus. Ce-
Bepo-3anaHblii KaBkas — ouH U3 caMbIX CEBEPHBIX PETHOHOB
MIPOMBIIIJICHHOTO BBIpANMBaHKs Yast B MUpe. JloMecTHKaIs
YaHOTO PacTeHHUs B TOM PETHOHE JTHIach okoio 150 jet, B
TEYeHNE KOTOPBIX MIAaHTANH PACTIPOCTPAHWINCH U3 palloHa
Osyprertr B [ py3un (41°5527" N, 41°59'24" E) na ceBep 110
Maiikomna (44°36'40" N, 40°06'40" E). [TosToMy KOJIIEKITUU
repMornIa3Mel 4asg Ha KaBka3e MOTyT ObITh HCTOYHUKOM I'e-
HOTHIIOB C MTOBBIIICHHONH MOPO30yCTOWYHNBOCTBIO.

Panee ObuUIO TOKa3aHO, YTO y YAHHOTO PACTEHHS TEHBI
CsICEl n CsCBF1 — rmaBasie COR-reHBl OTBETA U ajalTa-
MM K HU3KOoTemreparypHomy crpeccy (Wang et al., 2012;
Yuan et al., 2013). beuin cooOiieHus: Takxke, 4TO IKCIpec-
cusi COR-reHOB perymupyercs: kak CBF-omocpenoBaHHBIM
ABK-He3aBucHMBIM TyTeM, Tak U bZIP-omocpeoBaHHbBIM
ABK-3aBucumbim nytem (Ban et al., 2017). MHuoxecTBO
TPaHCKPHUITIIUOHHBIX pakTtopoB (DHN, WRKY, HD-Zip, NAC,
bHLH v np.) ¥ TeHOB CHHTE3a META0OJIMTOB 3aITyCKalOTCS B
otBet Ha X001 (Yue et al., 2015; Wang et al., 2016a, b; Chen

et al., 2018; Cui et al., 2018; Shen et al., 2018; Zhu et al.,
2018). O0 >TuX ¥ APYTHX TeHAX HAMU OBLT CICTIaH JeTaTbHBINA
0030p nociienHux nyonukaruii (Camapuna u ap., 2019). Hens
HACTOAIIEH pabOThI — IPOBECTH CPABHUTEIFHBIN aHATIN3 IKC-
MPECCHUU TEHOB, BOBJICUCHHBIX B a0MOTUYECKUI CTPECCOBBII
OTBET y yas, B yCﬂOBl/IﬂX X0oJoaa u M0p03a y KaBKa3CKHUX
TEHOTHIIOB, TIPOU3PACTAIOINX B OTHOM U3 CAMBIX CEBEPHBIX
PETHOHOB MPOMBIIIICHHOTO BBIPAI[UBAHKS Yasi B MUPE.

MaTeleaﬂbl n metogbl

PacTurenbHblii MaTepua U YCJOBUSI IKCIIEPHMEHTA.
OOBEKTOM HCCIIeJ0BaHUs OB TPEXJIETHHUE BEreTaTHBHO
Pa3MHOKEHHBIE TOPIIEYHbBIE PACTEHHMS Yast IBYX KOHTPACTHBIX
0 YCTOMYMBOCTH TEHOTHITOB (KOJUTeKInH yast PenepaabHoro
MCCIIEIOBATENILCKOTO 1eHTpa «CyOTponuuecKknil HayqyHbIi
neHTp Poccniickoif akagemun Hayk» (OUL] CHI[ PAH)):
ycroiunBoi kK Mopo3y ¢opmbl A-2016, mpouspacraromieii B
oJIeBoi Kosuiekimu Maiikorickoro ¢umrana ®UI CHI] PAH
1 HEYCTOMYMBOIro K MOpo3y copra Konxua noaeBoil Koyek-
i UL CHIL PAH (Coun) (Tyos, Peramus, 2011; I'Bacamus,
2015). Topmeunsle pactenus (puc. 1) B komuuectse 10 mrt.
Ka)KJIOTO TEHOTHIIA BRIPAIINBAIH B 00BeMe 2 J1 Oypoif KHCIoH
aecHoit noussl (pHy,o = 5.0). Jlo nHAyKIMK HU3KOTEMIEpa-
TYpHOT'O BOS}IeﬁCTBHﬂ pacTeHus B TCHECHUE MECALla HAaXOAU-
JIMCH B Ta00OPaTOPHBIX yCIOBUAX TpH Temneparype 20+2 °C
C ONTUMAJIBHBIM PEKMMOM ITOJIBA M OCBEILICHUEM JIaMITAMHU
JTHEBHOTO cBeTa, (oTornepronoM 16/8 ¢ HHTEHCUBHOCTBIO
ocsemerns 3000 nx. [Tocne 3TOr0 Y HUX Opanu JUCTHS IS
aHanu3a (KOHTPOJIbHAS TPYIIa). 3aTeM 3TH pacTeHUs ToMe-
IIIAJTU B XOJIO/I0BBIE KaMephl. IHAYKINIO cTpecca MpOBOUIN
BO3/eHicTBHEM Temmeparypoit 10 0...+2 °C B TeueHue cemMu
JIHEH (XOJI0/10BOM CTPECC) C MOCIEYIOMNM CHIPKCHUEM TeM-
nepatypsl 10 —4...—6 °C Ha mTh JHEH (IpOMOpaKMBaHUE),
CBETOBOM PEXKHUM COXPaHAIN HPEKHIM.

Jnst 1abopaTopHBIX aHAIN30B HA BCEX 3Tarax HCCIeno-
BaHUs (KOHTPOJIb, X0JIOJ], TPOMOPaKNBAHKE) UCIIONb30BaIN
tperuit (g Beinenenus PHK) n wetBepToiid (1t pusmorno-
THYECKHUX aHAJIM30B) JINCThS CBepXY. st GU3HOIOrHIECKUX
aHanu30B U BeieneHns PHK kaxnas u3 Tpex moBTropHOCTEH
MIpeACcTaBiIsIa COO0H CMenaHHy o P00y U3 TUCTHEB OT TPEX
pacTeHuil.

deHoTHIIHMPOBAHME YCTOHYHBOCTH K X0J107y. KoH1yKTO-
METPHUYECKUM METOZOM ONPEEISITH OTHOCUTEILHYIO 3IEKT-
PONPOBOAHOCTH TKaHEH (%), CTaOMIIBHOCTD KJIETOUYHBIX MEM-
OpaH u noBpexaeHre Tkanei nucta (%) — ¢ MOMOIIBIO TTOp-
taruBHOTO KOHAYKTOMeTpa ST300C (Ohaus). Hasecky 200 mr
CBEXKEro JIUCTa morpyxaiau B 150 M1 1enOHU3UpOBaHHON
BOJIBI, OMPEAEISUIN IEKTPOIPOBOJHOCT Cpa3y Mocie Mo-
rpyxenns (L0), 3arem gepe3 2 g (L1), manee kumatuim Ha
BozsiHOI 6ane 60 muH ipu 100 °C 1 onpeiessuy 3IeKTPOTpo-
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Fig. 1. Tea plants included in the experiments (left, susceptible genotype
Kolkhida; right, resistant genotype A-2016).

BOJIHOCTB ITOCIIe OCThIBaHMs pacTBopa (L2). OTHOCHTENBHYIO
AIIEKTPOIPOBOJHOCTH PACCUUTHIBAIIH 110 (hOpMYIIe:
REC (%) =L0/L1 x 100.

CrabunbHoCTb KileTouHbIX MeMOpaH (CMI, %) Beraucisum

o hopmyiie:
CMI = (1-(L1/L2))/(1-(C1/C2))* 100,

rae Cl n C2 — cpenHss 2IE€KTPOIPOBOAHOCT KOHTPOIS 110
U mocie KumsideHust coorBeTcTBeHHO (Bajji et al., 2002).
CreneHb MOBpEXISHHUS TKaHeH oreHnBamn kak 100—CMI.
CraTucTHYECKYI0 00paOOTKY MOJTYYEHHBIX JaHHBIX BBITIOJ-
HSUTK METOJIOM OJJHO(aKTOPHOTO TUCIIEPCHOHHOTO aHAJIN3a.

AHaum3 3kcnpeccuu resoB. Beinenenue PHK u3 ceexnx
JIMCTHEB MPOBOJIIIIH C HCIIOIBb30BaHUEM HA0OOPOB pearcHTOB
Jlupa (http://biolabmix.ru/). Kauectso PHK onenuBanu me-
TOZIOM 3JIEKTpodopesa B arapo3HOM Telie, €€ KOHIIEHTPALNI0
omnpezaersii Ha npubdope BioDrop pLite (Serva). Pa3senen-
Hyto PHK o0pabarsiBanin JIHKa3oii u noarsepxaanu or-
cyrctsue npumecei renomuoit JIHK metomom qRT-PCR. O6-
paTHYIO TPAHCKPHITLIUIO OCYIIECTBIISIIN HAOOPOM peareHTOB
M-MuLV-RH (http://biolabmix.ru/). KonnuecrBeHnHslii anamms
skcnpeccuu renoB metozioM [I1[P B peanbHOM BpemeHu aena-
mm Ha ipubope LightCycler96 (Roche). Cmecs ITLP roroumm
Ha ocHOBe HabopoB pearenToB buoMacrep HS-qPCR SYBR
Blue(2x) (http://biolabmix.ru/). O6sem cmecu — 12.5 Mk, B
Hee Bxoawm 1o 0.5 MK KaxJoro mpaiiMepa (n3 pacTBopa
10 mmoib) (cM. Tabmwuity), 6.25 Mk Oydepa, 1 mxn k/JHK
(500 ar/™MKT) 1 Bofa. Mcmoap30Baiy cTaHAAPTHBIE YCIOBHUS
st [P ¢ pyxmaroBoit amrumnduxamnuei (35 MUKIOB),
Temreparypoi orxkura npaiiMepos 60 °C. B kauectBe pede-
PEHCHOTO TeHa ObLT Actin, aHaIN3 YKCIIPECCHHN BBITTOIHSIIH B
Tpex OMOJIOTHYEeCKUX ITOBTOPHOCTSIX, TaHHBIC 00padaThiBan
¢ nomouibio nporpamMmmHoro obecnedenus: LightCycler96.
OTHOCHTENBHBIN YPOBEHb 3KCIPECCHN T€HA PACCUUTHIBAII
TI0 AJITOPUTMY:

2-AACq,

rae AACq = (ngene of interest quntemal CU"”’O])treatmenti
- (Cq gene of interest qunternal control)wm,.01~

600

Comparative gene expression analysis
in tea (Camellia sinensis L.) under low-temperature stress

Genes and primers included in the study

Primer sequence, 5'-3’ References

F: CCATCACCAGAATCCAAGAC
R: GAACCCGAAGGCGAATAGG

ICE1 F: ATGTTTTGTAGCCGCAGAC
R: GCTTTGATTTGGTCAGGATG

CBF1 F: AGAAATCGGATGGCTTGTGT
R: TTGTCGTCTCAGTCGCAGTT

DHN1 F: ACACCGATGAGGTGGAGGTA
R: AATCCTCGAACTTGGGCTCT

DHN2 F: ACTTATGGCACCGGCACTAC
R: CTTCCTCCTCCCTCCTTGAC

DHN3 F: TCCACATCGGAGGCCAAAAG
R: AACCCTCCTTCCTTGTGCTC

NAC17  F: CCAAAGAACAGAGCCACG Wang et al., 2016a
R: TGGGTATGAAGGAGTTGGG

NAC26 ~ F: ACAAACTACGCCACAATGC
R: AGGGAGGGTTCTTTTCAGG

NAC30  F: ATTTCAGGGGTTTCAAGCA
R: CAGAGAATTCATTCGCGG

bHLH7  F: TCAACGATCAACGGACTT Cuietal, 2018
R: TCCTCCTCTTCTTCCTCAT

bHLH43  F: TCTCTGTGCTGCGAAGAC
R: CCTCCGAGTGTTGCCATT

P5CS F: AGGCTCATTGGACTTGTGACT Banetal., 2017
R: CATCAGCATGACCCAGAACAG

WRKY2  F: GAGACAGAAATGAGCAGGGAAAA Wang etal,, 2016b
R: TGTATCGGTGTCAGTTGGGTAGA

LOX1 F: TCTTGATTAATGCCGATGG Zhuetal, 2018
R: AAATGCCTCCAATGGTTC

LOX6 F: GACCCAAGCCTCACAAATAG

R: GCTTCATTTATGCTACTCACAC

LOX7 F: ATTTCTCTTCTCTCACTCTCAC
R: GAACACCTCTCCATCACACT
SnRK1.1  F: GTTCAAAACTCATCTTCCTCGCT Yue et al,, 2015

R: ATGGTTCTTGTCCAATCCCATCT

SnRK1.2  F: TCTGCTGCTTTAGCTGTGGG
R: GCTCGAGACTGTAGGCCAAG
SnRK1.3  F:TTGGAGTTGCGGTGTCACTT
R: CGGGCACCATGAGACAACT
Pe3ynbratbl

HccnenoBanusi mokasajau, 4TO XOJIOJOBOE BO3JICUCTBUE
(0...42 °C) He IPUBOOMIIO K CYIIECTBEHHBIM M3MCHEHUSIM
roKa3zateliell 2JeKTPONPOBOIHOCTH TKaHeH nucTa. [Ipu mpo-
MopaxxuBaHuu (—4...—6 °C) 3HaAUMTENBHO BO3pacTall OTHO-
CUTETIFHBIN YPOBEHB AIEKTPOIPOBOTHOCTH, a CTAOMIEHOCTD
KJICTOYHBIX MEMOpPaH CHUXAaJlaCh, YTO CBUACTEIBCTBYET O
MOBBILIEHUH BBIXOJA 3JIEKTPOIUTOB U3 TKaHeu. [Ipu stom
pacteHus Ooiee yCTOHYMBOTO THOTHIIA B MEHBIIIEH CTere-
HU MOBPEXJATUCH MOPO30M, YEM PACTEHUSI HEYCTOMUYHUBOIO
reHotuna (puc. 2).

OTHOCHUTENBHBIN YPOBEHB IKCIIPECCHHU BCEX TEHOB, BKITFO-
YCHHBIX B KCIICPUMECHT, MTOBBIIIAJICS MTPH WHAYKIIUH HA3ZKO-
TemneparypHoro crpecca (puc. 3). Ilpu cpaBHeHHH OTBeTa
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Fig. 2. Relative electrical conductivity (REC), cell membranes integrity, tissue damage rate of tea leaves during cold (0...+2 °C)
and frost (-4...-6 °C) treatment: S, susceptible genotype; R, resistant genotype.
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Fig. 3. Relative expression level (REL) of cold stress genes in tea leaves (S, susceptible genotype; R, resistant genotype) exposed
to cold (0...+2 °C) and frost (-4...-6 °C).

Letters above bars indicate significance of differences at p < 0.05.
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XOJI07I/MOPO3 JIOCTOBEPHBIC PA3TUYUUs HAOIFOMATHCH MO KC-
npeccun reHoB ICEI, WRKY2, DHN, NAC, bHLH7, LOX1,
LOX6, P5CS. Tlo npyruM reHaM pasjindusi B OTBETE X007/
MOpPO3 HECYII[ECTBEHHBI.

[Ipu cpaBHEHHNN OTBETa YCTOWYIHMBEIN/HEYCTONIUBHII T€HO-
THII 110 OOJTBIIMHCTBY T'€HOB BBISBICHBI 3HAYMMBIC PATHIHS.
U3 18 reros 11 nposiBuiiu 00Jiee BEICOKUIT YPOBEHB IKCIIPEC-
CHH Y YCTOHUYMBOTO T€HOTHIIA.

DKcnpeccus TeHa-perynsaropa xonoaosoro orsera ICEL 'y
YCTOHUYMBOTO F€HOTHUIIA TOCTOBEPHO MOBHIIIanach B 1.5-1.8
pasa npu MHAYKLIUU cTpecca. Y HEYyCTOMYMBOIO T'€HOTUIIA
OHa OCTaBaJach HA ypoBHE KOHTpois. Tpanckpuntsl CBF]
HaKaIUTMBAJIUCh Y YCTOHYHMBOTO FE€HOTUIIA B 3 pa3a CHIIbHEe,
4eM y HEyCTOWYHMBOTO, U cocTaBmiu 120 1 45 enuHUIT COOT-
BETCTBEHHO. Anperynsauus reHa WRKY?2 ycunupanace npu
X0JI0/le M MPOMOPaKUBAHMH B OOJIBILECH CTENEHH y YCTOM-
guBoro reHotumna — B 200 pa3. TpaHCKpUIITHI TEHOB JIETH-
puHOB DHN yCHIIEHHO HAKAIUTMBAINCh Y 000MX TeHOTUIIOB
MIPU HU3KOTEMIIEpaTypHOM cTpecce. JloCToBepHBIE pa3Iuyns
MEKIy TeHOTHIIAaMH OTMEYEHBI TOIBKO 110 dKcTipeccut DHN2.
OgBepakcmpeccus Tpex reHoB ceMeiictBa NAC HaOmonanach
MIPU HU3KOTEMIIEpaTypHOM CTpecce y uasi, KoTopast B CpeJHEM
coctaBmia 29 equani. [Ipu 5TOM yCTOHUUBEIN TEHOTHIT OT-
ngasics Oonee BhICOKOH axenpeccueii reHoB NAC26 u NAC17
B CpaBHEHUU ¢ HeycToHuuBbEIM. ['ensl HLH7 n HLH43 Takxe
YCHIIEHHO 3KIIPECCUPOBAINCH TIPH XOJIO/E ¥ TPOMOPaKUBA-
HuM B 3—4 pasa, npu 3ToM [{LH43 akTUBHEE MPOSBUICS Y
ycroiuuBoro resoruna. Ilo reny HLH7 pa3nuuuii Mexay
JIBYyMsI TEHOTHUIIAMU HE OTMEUEHO.

Okcnpeccust reHoB cemeiictBa LOX Takke MOBBIIIATIACh
B 5-26 pa3 npu MHAYKIHHU XOJ0/Aa U MOpo3a. Y YCTOHYHBO-
TO TeHOTHIa Oosee akTUBHO mposiBIiIcsA TeH LOX6 — B 3 u
7 pa3 — npu XoJoe U MOpo3e cooTBeTcTBeHHO. ['en LOX7
B OOJIBIICH CTENIEHN aKTUBEH MPU XOJIOJE Y HEYCTOHYHNBOTO
TeHOTHIIA, a TeH LOX] sKcTpeccupoBacs OTUNHAKOBO Y ABYX
TeHOTUIOB. Tpu reHa ceMmeicTBa SnRK anperyiaupoBaiuch
y 000uX cOpTOB, ~2—4 pa3 IpHU XOJOAE U MOPO3e, IPU ITOM
Y YCTOWYIHMBOTO T€HOTUIIA OTMEUEH 00JIee BBICOKHUI YPOBEHB
skcnpeccunt SnRK 1.1 n SnRK1.3, 10 cpaBHEHHUIO C HEYCTOI-
YUBBIM COPTOM.

B nienom cpaBHNTENBHBIN aHAIN3 SKCIPECCHH T€HOB Y IBYX
TEHOTUIIOB MOKA3aJl, YTO YCTOMUMBBIN FEHOTHII paHbILIE pea-
THpYeT Ha CTPECC, TPAHCKPHIITHI PA/a TEHOB y HETrO CUJIbHEE
HAKaIUIMBAIOTCS y’K€ Ha 3Tale XOJIOJ0BOW aKKIMMaTH3a-
mwin. Tenst ICEI, CBF1, WRKY2, DHN2, NAC17, NAC26,
SnRK1.1, SnRK1.3, bHLH43, P5CS, LOX6, nposiBUINCH B
OoutbIIIei CTENIEHN Y YCTOWYINBOTO TEHOTHIIA Yast IPU HU3KO-
TEMIIEpaTypHOM BO3/ICHICTBUH M MOTYT OBITh MapKepaMu s
oTOopa JOHOPOB YCTOWYHNBOCTH K XOJIOLY.

O6cyxpeHue

IIpoBeneH cpaBHUTENBHBIN aHAJIN3 KCIIPECCUU T€HOB Y IBYX
KOHTPACTHBIX 110 YCTOMYMUBOCTU T'€HOTHUIIOB Yasl B YCIIOBHAX
HUHAYKIUH X0JI0Ja U MPOMOPAXKUBAHUS AJISl BBIBIECHUS Pa3-
JUYUN B UX OTBETHBIX PEaKIIHX.

B ananm3 6bUT BKITIOUEH PsiI TEHOB, KOTOPBIE, KaK paHee co-
00111aJ10Ch, UTPAIOT WIIK MOTYT MIPaTh BaYKHYIO POJIb B OTBETE
Ha XO0JIOI0BOM cTpecc. B omyOnuKkoBaHHBIX TPAaHCKPUITOMHBIX
UCCIIEIOBAHMAX TOKA3aHO, YTO OTBET HA XOJIOJ U MOPO3 y
yaiiHoro pacrenus pasnudaercs (Li et al., 2019), mostomy
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MBI CPaBHUBAJIM OTHOCHUTEIIBHBIN YPOBEHB IKCIIPECCHUU T€HOB
B YCIJIOBUSIX 3TUX JBYX CTPECCOBBIX BO3IEHCTBUN. B pe3yib-
Tare 0OHapyXeH psiJi TCHOB, KOTOPBIE SKCIIPECCUPYIOTCS 10-
pa3sHOMy B YCJIOBHSX XOJIOZIa M MOPO3a; YCTaHOBJICHBI ['€HBI,
pas3IUyaroNIrecs M0 YPOBHIO KCIPECCHN Y YCTOHYMBOTO U
BOCIIPUUMYHMBOTO K MOPO3y TeHOTHIIOB. CpaBHEHHE YPOBHS
IKCIIPECCHH Y JIBYX PA3IMYHBIX I10 YCTOWYUBOCTH I€HOTHIIOB
MOKET TTIOMOYb MTPEAIIONIOKHUTh, KAKHE U3 ITUX T'€HOB MOTYT
OBITH MapKepaMy JJIs TIOMCKA JIOHOPOB YCTOHYMBOCTH B Ce-
JICKIIMY Yasl.

HuskoreMmieparypHblil cTpecc NPUBOAUT K HapyLICHUIO
CTaOMILHOCTH KJIETOUHBIX MEMOpaH, N3MEHEHHIO JIMITHTHO-
ro, 0e1KOBOro U (hepMEHTHOro OajaHca KJICTKH, BHI3BAHHO-
My OKHCIHTENbHBIMHA TIporieccamu (Somerville, 1995; Tho-
mashow et al., 1999). Hamm pe3ynbrarsl MOATBEPANIN, YTO
A-2016 6onee mopo3oycToituus, ueM copT Konxuna, Tak kak
y HEro B OOJbIIEH CTENEHN COXPaHsIACh IIETOCTHOCTD Kie-
TOYHBIX MEMOpaH MPU MHAYKIMN 3aMOPO3KOB.

OOHapy»eHO, YTO Y YCTOWYHBOTO I'EHOTHIIA OOJIee aKTHB-
HO 3KcripeccupoBanuce rensl ICEI, CBF1, DHN2, NACI7,
NAC26,bHLH43, WRKY2, P5CS, LOX6, SnRK1.1, SnRK1.3
1 MX DKCIpeccHs ObUla CYILIECTBEHHO BBIIIE YK€ HA CTa/IUH
XOJIOZIOBOH aKKJIMMATH3ALUHY, T. €. Ha IIEPBOM 3Tare HHIYK-
IIUU cTpecca. DTH Pe3yJbTaThl COITACyIOTCS C JaHHBIMHU
OIyOJIMKOBaHHBIX MCCIIEIOBAHUM, B KOTOPBIX MOBBIIICHHAS
YCTOHYHMBOCTH pacTEeHHUI das oOycioBieHa Ooiiee CKOPBIM
OTBETOM Ha X0IooBoi cTpecc (Ban et al., 2017; Li et al.,
2019).

W3BectHO, uT0o DHNS — TpyIa TeHOB, KOAUPYIOMNX Oel-
KH-JICTU/IPUHBI, KOTOPBIE JIEUCTBYIOT KaK KPHOIPOTEKTOPHI,
MOJIEKYJISIPHBIC IIAIIEPOHBI, & TAK)KE AHTUOKCHIAHTBI, HTpast
6a30ByIO POJIb B OTBETE pacTEHHI HAa a0MOTHUECKUE CTPECCHI,
BXOZIST B CEMEHCTBO TPAHCKPHUIIIMOHHBIX (hakTopoB LEA 11
(Late Embryogenesis Abundant) (Hanin et al., 2011). U3
Tpex reHoB DHN, ren DHN2 MOXeT CIyXHUTh MapKepoM
XOJIOZI0YCTOWYMBEIX COPTOB Has, YTO COIIACYETCsl C paHee
OIyOJIMKOBaHHBIMY JJAHHBIMH 110 KUTAHCKUM I'€HOTHIIAM Yast
(Ban et al., 2017).

CeMelcTBO TpaHCKPUIIIMOHHBIX (hakTopoB NAC konupy-
eT OelIKu, UTparole BAKHYIO POJIb B IIepe/iadye ayKCHHOBOTO
CUTHaJIa ¥ Pa3BUTHH MEPHUCTEM, JaTePAIBHBIX KOpPHEH, Kile-
TOYHOH CTEHKH, OnocuHTe3e (1aBoHOU0B 1 Ap. [To maHHBIM
JIPYTHX HMCCIIeoBaTelIeH, SKCIIPECCUs TUX T€HOB MHIYLH-
pyeTcst 3aCyXOH, 3aCOJICHNEM, XOJIOIOM U MOBBIIIEHUEM CO-
nepkanus adersoBoi kucnotsl (ABK) (Wang et al., 2016a).
Harm pe3ynsTrarhl Takoke MoATBEPKIAI0T TOBBIICHUE YPOBHSI
9KCIIPECCHH ITHX TEHOB Y 000MX F€HOTHITIOB KaK IIPH XOJIOJIE,
TaK ¥ MPU IPOMOPAKUBAHUH.

I'ens! cemeiictBa WRKY yuactByioT B ABK-3aBucuMom
IIyTH OTBETa Ha a0MOTUYECKNUIl CTpece, a TAKKE B PEryIISIIUT
pocTa M pa3BUTHS pacTeHUil. Y YailHOro pacTeHus ObUT BbI-
JIeJIeH HOBBIM reH 3Toro cemeiictsa, Cs WRKY?2, sxcnipeccust
KOTOPOTO TMOBBIIIANIACh IPH X0I010BOM cTpecce (Wang et al.,
2016b). [TomydeHHbIe HAMU PE3YIIBTATHI COTVIACYIOTCS C ATH-
MU IaHHBIMH, K TOMY k€ Y ycToiuuBoro renotuna Cs WRKY?2
MIPOSIBIIICS O0JIee aKTUBHO U TIPH XOJIOAE, U IIPU MOPO3e, HO-
9TOMY MBI ITPEAIIONATaeM, YTO OH TaK)KEe MOXKET OBITh OJHUM
13 MapKepOB YCTONYUBOCTH.

T'enst SnRK1.1, SnRK1.2, SnRK1.3 XonupyroT (pepMeHTHI
MIPOTENHKNHA3bI, PETYIHUPYIOMINE KaTaboIN3M YIJIEBO/IOB,
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IKCIPECCHIO TEHOB MeTaboJIM3Ma caxapo3bl, B YaCTHOCTH
reroB SUS. B oTBeT Ha X011071 y 4aifHOTO PacTEHHS KCIIPEC-
CHSI 3THX T€HOB CYIIECTBEHHO BO3pPACTaja, YTO OTMEUCHO U
y kuraiickux copros 4as (Yue et al., 2015). Kpome Toro, o
HAllUM JaHHBIM, YCTOMUYHMBBIN T€HOTUI XapaKTEPH30BaJICs
Oonee aktuBHOM dKcnpeccuedt SnRKI.1 u SnRK1.3, cneno-
BaTeJIbHO, YIJICBOJHBIN META0O0IN3M Y HETO IPOTEKas Oosee
aKTHUBHO.

K cemelicTBY TpaHCKpUMIIMOHHBIX (GakTopoB bDHLH, y4a-
CTBYIOLIMX B IMPOKOM CHEKTPE OMOJIIOTHUYECKHX IIPOLIECCOB,
OTHOCSITCS: BTOPUYHBIN MeTaboOIN3M OpacCHHOCTEPOUIOB,
JKaCMOHOBOW KHCIJIOTBI, CHHTE3 aHTOIIMAHOB, MOJYJISIIHS
pocTa ¥ pa3BUTHSI PACTCHUI, KOHTPOJIb BETBICHHS 10OETOB
u ap. Kpome Toro, hPHLH urpaioT BaKHYIO POJIb B Tiepeaade
curHana ABK u orBete pactenunii Ha abnoTHdyeckue crpec-
cbl. Y yaiiHoro pacrenust oOHapyxxeHo 39 reHoB CshHLH,
9KCTIPECCHs KOTOPHIX TOBBIMIANACH B yCIoBUAX 3acyxu (Cui
et al., 2018). MbI aHaTM3UPOBAIIN IKCIIPECCHIO JIBYX TCHOB
U3 3TOTO CEeMENCTBa, U 00a U3 HUX alperyIupoBaINCh MpU
HU3KOTEMITEpaTypHOM cTpecce, a reH hHLH43 akTHBHEE KC-
MIPECCUPOBAJICS y YCTOHYMBOTO F'€HOTHIIA.

I'enbl cemeiicTBa unokcurenas LOX BoBiiedeHbl B karabo-
JIM3M JINIIAJIOB, CHHTE3 OKCHIINIINHA, )KaCMOHOBON KHCIOTHI
n Cé6-anpuerunos (Li et al., 2017). ¥V waiinoro pacreHus
oOHapyxkeHo, 4to renbl CsLOX1, CsLOX6 u CsLOX7 moryT
UTPaTh BAKHYIO POJIb B OTBETE HA CTPECCHI (XONO, 3aCyXy,
onornueckuii crpecc) B ABK-ne3aBucumom mmytr otBera (Zhu
et al., 2018), Mo3TOMY MBI BKJIIOYWJIM 3TH T'€HBI B DKCIIEPH-
MEHT. B Hammx pe3ynprarax moka3aHo, 4TO 3TH TP TeHa 3KC-
MIPECCUPOBAIINCH CHIIbHEE TIPH XOJIOAE U TIPOMOPAKUBAHNH,
B CPaBHEHUH C KOHTPOJIEM, OJIHAKO Y YCTOWYHBOIO T€HOTHIIA
TonmpKO TeH LOX6 Gojee aKTHBHO SKCIPECCHPOBAJICS TpU
cTpecce, B CPAaBHEHUH C HEYCTOMYHMBBIM.

I'en P5CS — onuH 13 reHOB, BOBJICUEHHBIX B CHHTE3 MPO-
muHa (Szekely et al., 2008). Bosee BbICOKHiT ypOBEHb €ro
9KCTIPECCUH HAOIIONAJICS MPU XOJIO/IE y YCTOMYMBOTO I'€HO-
Tuna 4as. JlOCTOBEpHBIX PA3JIMYUI IKCIIPECCUU ITOIO I'eHa
MEXAY YCTOHYMBBIMH M HEYCTOMUYMBBIMHM COPTAMH dasi HE
orMeueHo (Ban et al., 2017). [IpoBeaeHue TOMTOTHATEITBHBIX
UCCJIEZIOBAHUI C Pa3HBIMU COPTAMH ITOMOXKET BepH(DUIIMPO-
BaTh MOJTyYICHHBIEC JAHHBIC.

3aknioyeHue

Taxum 0Opa3zoM, MOKa3aHa MOBBIIICHHAS YKCIPECCHS BCEX
nzydaeMbix renoB: DHNI1, DHN2, DHN3, NAC17, NAC26,
NAC30, bHLH7, bHLH43, WRKY2, LOXI, LOX6, LOX7,
SnRK1.1, SnRK1.2, SnRK1.3. BeiaBneH psaa TeHoB, Oonee
AKTHBHO 3KCITPECCUPYIOINXCS Y YCTOHUUBOTO TCHOTHIIA Yasi:
ICEI, CBF1, DHN2, NAC17, NAC26, bHLH43, WRKY?2,
P5CS, LOX6, SnRK1.1, SnRK1.3. OGHapy»XeHbI T€HBI, pa3-
JMYaroIuecs Mo dKCIpeccuu B xoioae u B mopose: ICE],
WRKY2, DHN, NAC, bHLH7, LOX1, LOX6, P5CS. B uienom
YCTOMYMBBIN TEHOTHII XapaKTepru3yeTcs Ooee paHHIM OTBe-
ToM Ha cTpecc. OHaKO B HaIIeH paboTe MpoaHAIU3HPOBAHO
TOJIBKO JIBa [€HOTUIIA Yasl, [I09TOMY IS JaJIbHEHUIIECH BEpU-
(huKaIuu MapKepoB YCTOHYHMBOCTH K XOJIOAY HEOOXOIMMO
MIPUBJICYCHUE OOJBIICTO KOJTMYSCTBA TCHOTHITOB. J{JIsT 1aib-
HEUMIIMX UCCIIEJOBAHUIN aKTyallbHO U3yUYEHHUE KCIPECCUU
9TUX F€HOB B IPyTUX OpraHax pacTeHUH Yasi IpU Pa3HOM CUiIe
HU3KOTEMITEPaTyPHOTO BO3ICHCTBHSL.
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Abstract. New cultivars adapted to major durum wheat growing environments are essential for the cultivation
of this crop. The development of new cultivars has required the availability of diverse genetic material and their
extensive field trials. In this work, a collection of tetraploid wheat consisting of 85 accessions was tested in the
field conditions of Almaty region during 2018 and 2019. The accessions were ranged according to nine agronomic
traits studied, and accessions with the highest yield performance for Aimaty region of Kazakhstan were revealed.
The ANOVA suggested that the performance of agronomic traits were influenced both by Environment and Geno-
type. Also, the collection was analyzed using seven SSR (simple sequence repeats) markers. From 3 to 6 alleles per
locus were revealed, with an average of 4.6, while the effective number of alleles was 2.8. Nei’s genetic diversity
was in the range of 0.45-0.69. The results showed high values of polymorphism index content (PIC) in the range
of 0.46-0.70, with an average of 0.62, suggesting that 6 out of 7 SSRs were highly informative (PIC > 0.5). Phyloge-
netic analysis of the collection has allowed the separation of accessions into six clusters. The local accessions were
presented in all six clusters with the majority of them grouped in the first three clusters designated as A, B, and C,
respectively. The relations between SSR markers and agronomic traits in the collection were studied. The results
can be efficiently used for the enhancement of local breeding projects for the improvement of yield productivity
in durum wheat.
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AHHoTauuA. B ocHoBe 3G deKTUBHbBIX TEXHOMOT NI BbipaLliBaHWsA MOSIEBbIX KYbTYpP fieXaT HOBble COPTa, afanTunpo-
BaHHbIe K YCIIOBUAM 30HbI Npon3BoacTa. Co3haHuve Taknx COpToB NpeanonaraeT Hannyme Konnekumm ¢ LIMPoKUm
reHeTUYeCK1M pasHoobpasmem 1 TIaTebHble MosIeBble SKONOrnyecKme NCnbiTaHnA. B aaHHom paboTe Konnekuma
TeTPanIoVAHON NeHNLbl, cocToALaa U3 85 COPTOB 1 IMHMI Pa3fIMYHOrO MPOUCXOXKAEHUA, Obla N3yyeHa B No-
neBbIX yCnoBuaAX AfMaTUHCKoM ob6nacTy KasaxctaHa B 2018 1 2019 rr. O6pasLbl KONNEKLMN ObIIN PaHXMPOBaHbI
no AEeBATU N3YYEHHbIM CeSIbCKOXO3ANCTBEHHbIM MPU3HaKaMm, B pe3ysbTaTe Yero BblfABAeHbI IMHWM C BbICOKOW MPo-
LYKTMBHOCTbIO B YCNOBUAX ANMaTUHCKON 06nacTu. C MOMOLLbIO AUCNEPCYOHHOIO aHanmsa yaanocb yCTaHOBUTD,
YTO KaK OKpY»KatloLlan cpefa, Tak U reHOTUM OKa3blBaloT CTaTUCTUYECKUN BbICOKOE BINAHME Ha XO3ANCTBEHHO LieH-
Hble nNpu3Haku. Konnekuna 6bia nccnefjoBaHa TakxKe C MCMOb30BaHEM CeMU MUKpocaTenTHbIX SSR (simple
sequence repeats) mapkepoB. O6HapyxeHo oT 3 Ao 6 annenen Ha NOKYC CO CPeAHUM 3HaueHnem 4.6, Torga Kak
cpepHee 3HaueHe 3GdEKTVBHOTO UMCNa annenein paBHANOCL 2.8. IHAEKC reHeTUYeCcKoro pasHoobpasnsa Konnek-
uun no Heto 6bin BbicoKMM, B npeaenax 0.45-0.69. 3HauyeHus PIC (polymorphism index content) BapbupoBanu ot
0.46 1o 0.70, npu 3TOM LWeCTb 13 cemun SSR nokasasnu Bbicokyto MHGopmaTuBHOCTb (PIC > 0.5). DunoreHeTnuecknin
aHan13 KonneKuuy no3Bonwns pasaenuts 06pasubl Ha WeCTb Knactepos. MecTHble 06pasLibl Obin NpefcTaBeHbl
BO BCEX LUECTY KnacTepax; 60IbLUMHCTBO M3 HUX ObINIO CrpyNMMPOBaHO B MEPBbIX TPEX KnacTepax, 0603HauYeHHbIX
Kak A, B n C. M3yueHa cBA3b mMexxay onpefeneHHbiMn SSR-mapKkepamun 1 arpoOHOMUYECKMMY NPU3HaKkamy B pac-
cmaTprBaemolt Konnekuuu. MonyyeHHble pe3ynbTaTbl MOTYT ObiTb 3G PEKTUBHO MCMONIb30BaHbI ANs YCUEHNS OTe-
YeCTBEHHbIX CeNTEKLMOHHbIX MPOEKTOB AJA YNyULleHWA NPOAYKTUBHOCTY TBEPAON NEHULIbI.

KntoueBble cnoBa: Triticum turgidum; reHeTuyeckoe pasHoobpasme; SSR-mapKepbl; XO3ANCTBEHHO LEHHbIE
NPU3HaKW.
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Introduction

Durum wheat (Triticum turgidum L. ssp. turgidum convar. du-
rum (Desf.) MacKey) is a tetraploid species of wheat and is the
main crop to producers of pasta and cereals. The growing area
under durum wheat is about 17 million hectares in the world
and production is 37 million tons (Kabbaj et al., 2017; Zaim
et al., 2017). In 2019, durum wheat production in Kazakh-
stan amounted to 560 thousand tons (https://agbz.kz). Other
tetraploid wheat species Triticum turgidum L. ssp. turanicum
(Jakubz.) A. Love & D. Love, Triticum turgidum L. ssp. po-
lonicum (L.) Thell., Triticum turgidum L. ssp. carthlicum
(Nevski) A. Love & D. Love, Triticum turgidum ssp. dicoc-
cum (Shrank ex Schiibler) Thell. are used as food and feed
crops in different world regions. Wild species Triticum tur-
gidum ssp. dicoccoides (Korn. ex Asch. & Graebn.) Thell. is
also often included in crossing schemes as a source for resis-
tance to abiotic and biotic stresses (De Vita, Taranto, 2019;
Mujeeb-Kazi et al., 2019).

The enhancement of a breeding program largely depends on
an understanding of adaptation-related patterns that affect the
productivity of cereal crops, including durum wheat. One of
the ways to study these patterns is the assessment of diverse
germplasm collections, including relative wild and cultivated
species and landraces, in a particular environmental condition,
and evaluate genotype x environment interaction features
(Anuarbek et al., 2020). Hence, the comprehensive study of
the diverse germplasm is a very important prerequisite for
the successful conservation and rational use of plant genetic
resources, including both wild and cultivated tetraploid wheat
species (Maccaferri et al., 2003; Anuarbek et al., 2020). The
appropriate assessment of the genetic diversity in these col-
lections depends on the application of informative and ef-
ficient types of DNA markers. In many centers of the world,
research is underway to find and use different types of DNA
markers with the aim of using them to study genetic diver-
sity, inventory, genotyping, mapping, and identifying genes
associated with useful traits of cultivated plant varieties and
lines (Idrees, Irshad, 2014). Various types of DNA markers
have been developed and are successfully used to study the
genetic diversity of accessions of the genus 7riticum L. (Roder
etal., 1998; Song et al., 2005; Singh et al., 2018). PCR-based
markers, such as RAPD, AFLP, and SSR, are widely used tools
for studying genetic diversity and discrimination both durum
and common wheat (Khlestkina et al., 2002; Kudriavtsev et
al., 2004; Yildirim et al., 2011; Abugalieva et al., 2012; Mel-
loul et al., 2014; Adonina et al., 2017).

The wheat genome contains a class of specific nucleotide se-
quences called microsatellites, also known as SSRs or simple
sequences repeats (Ganal, Roder, 2007). SSR markers have
many advantages, being highly polymorphic, codominant,
informative, reliable, and the availability of information on
chromosomal localization (Roder et al., 1998; Vieira et al.,
2016). Microsatellites are hypervariable, they often have
dozens of alleles at one locus, differing from each other in
the number of repeats. They are widely used to study genetic
diversity, as well as for the analysis of paternity and map-
ping of quantitative trait loci (QTLs), kinship, belonging to a
specific population, for studying hybridization, evolutionary
processes, and for searching for paralogs (Abouzied et al.,
2013; Leonova et al., 2013; Jaiswal et al., 2017).
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Durum wheat polymorphism studies are currently underway
worldwide. The survey of reports demonstrated the successful
use of SSR markers for assessment of the genetic diversity
in different collections of Europe (Ganeva et al., 2010; Mar-
zario et al., 2018), Africa (Henkrar et al., 2016; Slim et al.,
2019), China (Wang et al., 2007; Chen et al., 2012), Russia
(Kudryavtsev et al., 2004), Turkey (Yildirim et al., 2011),
Syria (Achtar et al., 2010), etc. Microsatellites are also highly
effective in tagging specific genes that play an important role
in variation for yield components and biotic stress resistance.
A number of studies reported relations between SSR loci
and wheat traits, such as yield, etc. For instance, Zhang et
al. (2013) showed that the XgwmI-1B locus is significant
(p < 0.001) for plant height. In the study reported by Li et
al. (2015) it was shown that the marker Xgwm48-2B is as-
sociated with the manifestations of the traits “thousand grain
weight”, “spike yield index” and “weight of kernels per
spike”. Xgwm251 was associated with lipoxygenase (LOX)
activity, which is an important factor determining the color
of flour and end-use products of wheat (Geng et al., 2010).
Vinod et al. (2014) have identified the significant association
between Xgwm234 and the resistance of 7. turgidum to leaf
rust. Golabadi et al. (2011) showed that the Xcfa2l14-6A
marker was responsible for 20 % of the phenotypic variation
in the yield index and thousand grain weights (TGW) under
different environmental conditions. SSR marker Xgwm219
was also shown to be associated with TGW (Roncallo et al.,
2017). These examples suggest that the assessment of the
genetic diversity of the varietal gene pool of durum wheat
may provide not only proper genetic documentation of the
accessions but also hinting the identification of a valuable
source of genes associated with agronomic traits.

The purpose of this work was the study the genetic diversity
using seven SSR markers and phenotypic variation in yield
components in the collection of tetraploid species harvested
in the conditions of South-East Kazakhstan.

Materials and methods

Plant material and experimental site conditions. The plant
material consisted of 85 accessions of tetraploid wheat (2 Tri-
ticum turgidum ssp. dicoccoides (Korn. ex Asch. & Graebn.)
Thell., 2 Triticum turgidum ssp. dicoccum (Shrank ex Schiibler)
Thell., 65 Triticum turgidum L. ssp. turgidum convar. durum
(Desf.) MacKey, 10 Triticum turgidum L. ssp. turanicum
(Jakubz.) A. Love & D. Love, 4 Triticum turgidum L. ssp. po-
lonicum (L.) Thell., and 2 Triticum turgidum L. ssp. carthlicum
(Nevski) A. Love & D. Love from different geographical
origins (Supplementary Table 1)'. Seeds were provided by
the Research Center for Grain and Industrial Crops (Foggia,
Italy), University of Bologna (Bologna, Italy), Aktobe and
Karabalyk Agricultural Experimental Stations (Kazakhstan).
The collection included 21 cultivars and 15 promising lines
of durum wheat from Kazakhstan (see Suppl. Table 1).

The studied collection of tetraploid wheat was evaluated in
two randomized replicates in the field conditions of Almaty
region (Table 1).

Each accession was planted in two rows with a row spacing
of 15 cm, 25 seeds per row. In total, nine agronomic traits con-

1 Supplementary Tables 1 & 2 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2020-24/appx9.pdf

BaBunosckuii xKypHan reHeTuku u cenekuyunm / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 6


http://www.bionet.nsc.ru/vogis/download/pict-2020-24/appx9.pdf 

A. 3aTbibekoB, L. 9Hyapbek
C. Abyranuesa, E. Typycnekos

2020
24.6

(DeHOTUNNYECKOe N reHeTMYeCKoe pa3Hoobpasne Konnekunm
TETPanIoVAgHON NiLeHWLbl, BbipalleHHON B KasaxcTaHe

Table 1. Meteorological conditions and characteristics of the experimental site

Year

Precipitation, mm Coordinate

Temperature, °C

Note: T mean, T max and T min — average, maximum and minimum temperature during the vegetative period, respectively.

nected with the vegetation period, plant morphology, and yield
components were studied. The list of traits included the head-
ing time (HT, days), flowering time (FT, days), seed maturation
time (SMT, days), plant height (PH, cm), spike length (SL,
cm), number of fertile spikes (NFS, pcs), number of kernels
per spike (NKS, pcs), thousand kernel weight (TKW, g), and
yield per plant (YPP, g) (Anuarbek et al., 2020).

DNA extraction and SSR genotyping. Genomic DNA
was isolated from individual 4-day-old wheat seedlings, ac-
cording to Dellaporta et al. (1983). The quality and quantity
of isolated DNA were evaluated using a NanoDrop 2000
(Thermo Fisher Scientific, USA) and agarose electrophoresis
in 1 % gel. The list of markers used for SSR analysis was
the following: Xgwmll, Xgwmi148, Xgwm251, Xgwm?234,
Xcfa2ll4, Xgwm169,and Xgwm?219 (Supplementary Table 2).
Polymerase chain reaction (PCR) was conducted in a Veriti™
Thermal Cycler (Thermo Fisher Scientific, USA). The PCR
reaction mixture (10 pl) contained from 2.5 mM of 10x Taq
buffer; 0.2 mM of each dNTP; 1.5 mM MgCl,; 250 uM of
each primer; 1 unit 7aq polymerase (Promega, USA) and
50 ng of genomic DNA.

The amplification program included the following cycles:
94 °C — 3 min; 40 cycles: 94 °C — | min; annealing tempera-
ture (55 or 60 °C depending on the primer) — 1 min; 72 °C —
2 min; and 72 °C — 10 min. PCR products were separated on
6 % polyacrylamide gels (Amresco, Solom, OH) run in 0.5%
TBE buffer pH 8.0 at 250 V for 1.5 h. Gels were stained with
ethidium bromide, and the images were recorded with a Bio-
Rad Image System (Bio-Rad, Hercules, CA). Allele sizes were
estimated in comparison with 100 bp DNA ladder (Thermo
Fisher Scientific, USA).

Statistical analyses of field data were estimated using
SPSS 22.0 and STATISTIKA 13.2 software (http://software.
dell.com/products/statistica).

Genetic diversity was assessed based on Nei’s genetic di-
versity index and Shannon Information Index, using the
GenAlex, ver.6.5 program (Peakall, Smouse, 2012). The
values of the PIC index (polymorphism information con-
tent) suggested the effectiveness of the markers used, given
that markers with a value of PIC>0.5 considered as highly
informative; 0.5>PIC>0.25 as informative; and PIC<0.25
as marginally informative (Botstein et al., 1980). Variation
among populations was studied using Principal Coordinate
Analysis (PCoA) in the software GenAlex, ver.6.5 (Peakall,
Smouse, 2012). The resulting similarity matrix was further
analyzed using the neighbor-joining clustering algorithm for
the construction of the dendrogram. The phylogenetic tree
was constructed using PAST v.3.25 software (Hammer et al.,
2001). Analyses of marker-trait associations were conducted
using a simple #-test (Kim, 2015).

Results

Phenotypic variation in the studied collection

Field trials for two years revealed a sharp difference in
the vegetation period between species of tetraploid wheat
(Table 2).

All accessions reached the ripening stage, with an except
for the wild accession P1346783 (Hungary, 7. dicoccoides).
The shortest HT was observed in genotypes of 7. dicoc-
coides (56.5+3.5 days), the longest — in 7. polonicum
(60.7£3.9 days) (see Table 2).

Plant height is one of the important morphological traits
of the crops. According to the species, the highest ones were
the samples from 7. carthlicum (117.9+£5.4 cm), while the
accessions from 7. dicoccum were the lowest (97.4+7.4 cm).
On the other hand for 7. durum genotypes the PH ranged
from 58.0+£3.7 cm (Casanova 58.0+3.7, Mexicali75
58.5+4.9, Ciclope 60.5+3.9) to 137.6%3.0 cm for cultivar
Kargala 66 (see Suppl. Table 1). As for the SL, the lowest
value (5.0+£0.2 cm) had the cultivar P1 184526 (7. turanicum
from Portugal), while the highest value (17.5£1.7 cm) was
in accession PI 210845 (7. polonicum from Iran).

The value of a cultivar is determined by its productivity,
which consists of several components, including TKW which
is significantly affected by weather conditions, violation of
moisture supply, and mineral nutrition of plants during the
formation and maturation of grain. The highest averaged
TKW values were revealed for three 7. turanicum accessions
(CLTR11390, USA — 64.8+4.1 g; PI 352514, Azerbaijan —
58.24+1.0 g; and PI 254206, Iran — 55.2+4.0 g) and T. po-
lonicum from Iraq (PI 208911 — 61.8+4.5 g). The lowest
TKW value was in accessions of 7. carthlicum (29.9+£1.1 g).
The NFS ranged from 3.94+0.6 pcs/plant in the accession
P1343446 (T dicoccoides) to 2.0+0.5 pcs/plant in genotypes
PI 210845 and PI 266846 of T. polonicum.

As for NKS and YPP the highest value were on accessions
of T. durum and the lowest to 7. dicoccoides (see Table 2). The
min value of NKS (24.8+3.8 pcs) under both conditions was
obtained in PI 343446 (T. dicoccoides, Israel), the max — in
Kazakh cultivar Gordeiforme 254 (67.7+7.1 pcs) and Cana-
dian cultivar Strongfield (62.2+1.2). Overall 31 T. durum
accessions prevailed the local check cultivar Gordeiforme 254
(4.4+1.6 g/plant) by YPP. Top twenty accessions by yield
contained cultivars from Canada (Strongfield — 7.6+1.9 g/
plant), Spain (Granizo — 7.0£1.9 g/plant), Italy (Capeiti-8
and Ancomarzio), Syria (SharmS5), Russia (Har kovskaya 46,
Altaika, Altaiskii yantar’), Ukraine (Har’kovskaya 90 and
Har’kovskaya 9), USA (L092), as well as 5 cultivars and
4 breeding lines (e.g. G 2607 — 7.2+ 1.4 g/plant), from Ka-
zakhstan (see Suppl. Table 1).
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Table 2. Phenotypic variation in the collection of tetraploid wheat according to two-year field trials data

Traits

Species

Note: HT - heading time, FT - flowering time, SMT - seed maturation time, PH - plant height, SL - spike length, NFS — number of fertile spikes, NKS — number of

kernel per spike, TKW - thousand kernel weight, YPP - yield per plant.

Table 3. Two-way ANOVA based on two years field trials

Traits Genotype (species) Environment (year)
SS F SS

HT 60.51 0.73 66.8
FT 711 0.46 241
SMT 183.01 2.79% 69.75
PH 1845.9 0.85 282.3
NFS 13.61 5.97%%% 0.58
SL 67.84 6.30%** 16.23
NKS 3547.44 11.54%%% 298.07
TKW 1650.98 9.85%** 35.53
YPP 49.22 5.06%** 0.86

Genotype X Environment (species X year)

F SS F
401* ............................. 6 967 .......................... 0 84 ............................
............. 0 771612103
............. 5 32*4772073
............. 0 658601040
............. 126397174
............. 7 53**]555144
485* ........................... 14569 .......................... 0 47 ............................
............. 10632609195
............. 0 44”74121

Note: The F values are provided with significance level indicated by the asterisks. *** p < 0.001, ** p < 0.01, * p < 0.05.

The Pearson index analysis revealed a significant positive
correlation (p < 0.01) between yield components and pheno-
typic traits. The ANOVA test based on two-years field trials
suggested that Genotype significantly influenced the SMT,
NFS, SL, and all yield components (NFS, NKS, TKW, YPP)
with p <0.001 (Table 3).

Microsatellite analysis of the tetraploid wheat collection
The lines and cultivars of the studied tetraploid wheat collec-
tion were analyzed using 7 polymorphic microsatellite markers
(see Suppl. Table 2) localized on 6 wheat chromosomes — 1B,
2B, 4B, 5B, 6A, 6B. The results based on using 7 SSR markers
have allowed identifying a total of 32 alleles, with average
4.57 alleles per marker (Table 4).

The effective number of alleles ranged from 1.82 to 3.27,
with a mean value of 2.77. Nei’s genetic diversity index aver-
aged 0.62 (see Table 4). The average value of polymorphism
information content (PIC) was 0.62, ranging from 0.46 for
Xgwm219 to 0.7 for Xgwmli48, Xgwm251, and Xgwmll,
respectively.
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Table 4. Assessment of the level of genetic diversity
of SSR markers in tetraploid wheat collection

SSRmarker  na ne | h PIC
ngm” ............ 6327 ............ 1 38 ........... 069 ........... 070 ..........

ngm748 ......... 4323 ............ 1 28 ........... 069 ........... 070 ..........

ngm257 .......... 6319 ............ 1 29 ........... 069 ........... 069 ..........

ngm2343246 ........... 099 ........... 059 ........... 060 ..........

ch027145263 ............ 1 18 ........... 062 ........... 058 ..........

ngmmg ......... 4275 ............ 1 13 ........... 063 ........... 064 ..........

ng m219 ......... 4 ................. 1 82 ........... 0 81 ........... 045 ........... 046 ..........

Mean ................ 457277 ............ 1 15 ........... 062 ........... 062 ..........

SE ....................... 1 13 ........... 052 ........... 019 ........... 008 ........... 009 ..........

Note: na-the number of alleles per locus; ne - the effective number of alleles;
| = Shannon information index; h — Nei’s diversity index; PIC - polymorphic
information content.
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Fig. 1. Principal coordinate analysis for 85 tetraploid wheat accessions
separated by species (a) and origin (b) groups based on SSR analysis.

The PCoA was conducted based on SSR genotyping of
85 tetraploid wheat accessions using 7 SSR markers. Ac-
cessions of the studied collection were divided into groups
depending on their attribution to species and place of origin,
respectively (Fig. 1).

The first principal component in the PCoA (46.31 %) clearly
separated 7. polonicum and T. turanicum from other species
(see Fig. 1, a). The most genetically distant from other species
was 1. carthlicum. PCoA using origin data revealed that local
genotypes were genetically closer to the North American ac-
cessions (see Fig. 1, b). The accessions from Russia and North
Africa were genetically distant from other groups of origin.

Based on the genetic diversity results using 7 polymorphic
SSR markers, a phylogenetic tree of 85 accessions of tetraploid
wheat was constructed (Fig. 2).

The analysis revealed a division into two large clusters. The
first cluster consisted mostly of cultivars of tetraploid wheat
from Kazakhstan and North America. The second cluster was
divided into three sub-clusters. Although the European acces-
sions were dominated in all three subclusters of cluster 2, all
three sub-clusters included cultivars and lines of Kazakhstan
(see Fig. 2).

The #-test was performed to confirm the significance of the
SSR markers for the studied traits. The results identified the
most informative SSR markers related to major agronomic
traits (Table 5). Xgwm251 showed a significant relationship
to HT and FT. Four markers were related to variance in PH
(Xcfa2ll4, Xgwm251, Xgwm234, and Xgwm169).

Discussion

Initially, the studied collection was separated according to
their species classification and origin (see Suppl. Table 1).
The average yield analysis in the collection of tetraploid ac-
cessions over two years (2018 and 2019) suggested that it is
highly correlated with all studied phenotypic traits (» <0.01),
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Fig. 2. Neighbor-joining phylogenetic tree of 85 tetraploid wheat acces-
sions based on SSR analysis. Sub-clusters are designated as A, B, C, D, E,
andF.
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Table 5. The t-test results on the identification of the relations between SSR markers and phenotypic traits

Traits Xgwm11 Xgwm148 Xgwm251
HT ............................ 0 62 ....................... 063 ....................... 217* ................

FT ............................. o 79 ....................... 080 ....................... 205* ................

. s M T ......................... o 07 ..................... - 033 ..................... - 066 ..................

p |-| ............................ 183 ....................... 091 ........................ 237* ................

NFS ........................ : 053 ....................... 026 ....................... 093 ..................

. s |_ ............................. 158 ..................... - 096 ....................... 153 ..................

NKS .......................... 0 95 ..................... - 01 6 ..................... - 092 ..................

TKW ......................... 175 ....................... 050 ..................... - 163 ..................

Ypp .......................... 0 90 ....................... 054 ....................... 003 ..................

Xgwm234 Xcfa2114 Xgwm169 Xgwm219
..... 0 49_035_054171
- 014 ....................... 019 ..................... - 143 ....................... 154 ...................
_”0 ..................... : 046 ....................... 043_007 ...................
- 232* .................... : 21 6* ..................... 229* ..................... 117 ...................
..... o 19_056351***112
..... o 60_006_227*_020
..... o 44101149230*
..... 233*017_129_036
..... 159161280***236*

Note: The t-values are provided with significance level indicated by the asterisks. *** p < 0.001, ** p < 0.01, * p < 0.05.

confirming the importance of selected characters in the trials.
The two-way ANOVA showed that Environment greatly in-
fluenced HT and SMT. In addition, it was found that SMT is
also influenced by Genotype, showing the prospects of pos-
sibility to adjust maturation time in the breeding process, as
early seed maturation is vital to avoid abiotic stresses during
the important stages of plant growth. Particularly, it was shown
that in 7. polonicum the seeds are ripening nearly five days
earlier than in 7. durum (see Table 2). The field trials have
allowed the identification of accessions with outstanding field
performances. For instance, the cultivar Strongfield (Canada)
showed 7.6+ 1.9 g/plant, which was the highest yield value
among 31 T durum accessions that prevailed local standard
Gordeiforme 254 (4.4+1.6 g/plant). In general, two-way
ANOVA indicated the great influence of the environmental
factors, as they were affected both adaptation-related traits,
such as HT and SMT, and yield components, such as SL and
NKS (see Table 3).

The entire collection was studied using seven SSR markers
that were located on six different chromosomes (see Suppl.
Table 2). According to the previous works, a list of markers in
this study was most useful to evaluation of genetic diversity
and associations with agronomic traits of durum wheat (Royo
et al., 2005). The average PIC value was higher than 0.6,
suggesting that the level of polymorphism was very high.
The high level of variation in the collection has effectively
allowed the separation of accessions according to their spe-
cies classification (see Fig. 1, a). Notably, the PC1 (46.3 %)
separated 7. polonicum and T. turanicum from the remaining
species, and the PC1 (34.1 %) distinguished 7 carthlicum and
T durum from T. dicoccum and T. dicoccoides. Interestingly,
the accessions originated in Kazakhstan were genetically
close to North American samples (see Fig. 1, ), and it is to
some extent confirm the phylogeny of hexaploid bread wheat
studies using SNP (single nucleotide polymorphism) markers
(Turuspekov et al., 2015). The PC plot is suggesting that six
accessions of durum wheat from the Russian Federation are
distinctly different from accessions with other origins (see
Fig. 1, b). The Neighbor-joining phylogenetic tree suggested
that all accessions can be divided into two clusters, where
cluster 1 was mostly populated by accessions from Kazakh-
stan (see Fig. 2).
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The significance of each SSR marker for studied traits was
assessed using a two-tailed #-test (Liiders et al., 2016; Rahimi
et al., 2019). The results of the test suggested that five out of
seven SSRs were significant at least for one studied trait (see
Table 5). The PH was the trait where four SSR markers, two
with negative and two with positive values, were significantly
correlated. In addition, the test showed that Xgwm234 is sig-
nificantly correlated with TKW and Xgwm219 and Xgwm 169
with YPP (see Table 5). Thus, the application of SSR mark-
ers in the analysis of tetraploid wheat collection consisting
of 85 accessions was used for (1) genetic documentation of
samples, (2) for phylogenetic clusterization based on the spe-
cies classification and geographic origin, and (3) associations
between DNA markers and studied phylogenetic traits. Hence,
the results can be efficiently used for the enhancement of local
breeding projects for the improvement of yield productivity
in durum wheat.

Conclusion

The phenotypic analysis of the tetraploid wheat collection
consisting of 85 accessions showed a high correlation of
YPP with all 8 phenotypic traits in conditions of South-East
Kazakhstan. The ANOVA suggested that the environmental
conditions significantly affected the variation in HT and SMT,
while Genotype has contributed significantly to main yield
components, including TKW. Overall, 31 accessions of 7. du-
rum showed higher average yield values in comparison with
local check cultivar Gordeiforme 254 (4.4+1.6 g/plant), and
Canadian cultivar Strongfield was with the highest yield value
(7.6+1.9 g/plant). The application of seven SSR markers
suggested that local accessions were distinctly different from
durum accession from other parts of the world. Particularly,
the Principal Coordinate plot showed that local durum samples
were most close to North American samples. The Neighbor-
joining phylogenetic tree separated 85 samples to two main
clusters, where the cluster 1 was mainly represented by Kazakh
accessions and cluster 2 mostly by European accessions. The
application of the #-test indicated that five out of seven SSRs
were significant at least with one agronomic trait. Obtained
results can be efficiently used for the enhancement of local
breeding projects for the improvement of yield productivity
in durum wheat.
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Genetic diversity of VIR Raphanus sativus L. collections
on aluminum tolerance
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Abstract. Radish and small radish (Raphanus sativus L.) are popular and widely cultivated root vegetables in the
world, which occupy an important place in human nutrition. Edaphic stressors have a significant impact on their
productivity and quality. The main factor determining the phytotoxicity of acidic soils is the increased concentration
of mobile aluminum ions in the soil solution. The accumulation of aluminum in root tissues disrupts the processes
of cell division, initiation and growth of the lateral roots, the supply of plants with minerals and water. The study of
intraspecific variation in aluminum resistance of R. sativus is an important stage for the breeding of these crops. The
purpose of this work was to study the genetic diversity of R. sativus crops including 109 accessions of small radish
and radish of various ecological and geographical origin, belonging to 23 types, 14 varieties of European, Chinese
and Japanese subspecies on aluminum tolerance. In the absence of a rapid assessment methodology specialized for
the species studied, a method is used to assess the aluminum resistance of cereals using an eriochrome cyanine R
dye, which is based on the recovery or absence of restoration of mitotic activity of the seedlings roots subjected
to shock exposure to aluminum. The effect of various concentrations on the vital activity of plants was revealed:
a 66-mM concentration of AICl;-6H,0 had a weak toxic effect on R. sativus accessions slowing down root growth;
83 mM contributed to a large differentiation of the small radish accessions and to a lesser extent for radish; 99 mM
inhibited further root growth in 13.0 % of small radish accessions and in 7.3 % of radish and had a highly damag-
ing effect. AICl;-6H,0 at a concentration of 99 mM allowed us to identify the most tolerant small radish and radish
accessions that originate from countries with a wide distribution of acidic soils. In a result, it was possible to deter-
mine the intraspecific variability of small radish and radish plants in the early stages of vegetation and to identify
genotypes that are contrasting in their resistance to aluminum. We recommend the AICl;-6H,0 concentration of
83 mM for screening the aluminum resistance of small radish and 99 mM for radish. The modified method that we
developed is proposed as a rapid diagnosis of aluminum tolerance for the screening of a wide range of R. sativus
genotypes and a subsequent study of contrasting forms during a longer cultivation of plants in hydroponic culture
(including elemental analysis of roots and shoots, contrasting in resistance of accessions) as well as reactions of
plants in soil conditions.

Key words: radish and small radish; collection; genetic diversity; acidic soils; eriochrome cyanine R; early diagnosis;
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AHHoTayus. Peguc v peabka (Raphanus sativus L.) — nonynsapHble 1 WMPOKO BO3LENbIBaEMbIE B MUPE KOPHEmNog-
Hbl€ OBOLLUHbIE KyJbTYpbl, KOTOPbIE 3aHMMAIOT BaXKHOE MECTO B NMTaHWK yenoBeka. Ha nx npoayKTMBHOCTb U Kade-
CTBO CyLLeCTBEHHOe BUsHME OKa3blBaloT saduueckme ctpeccopbl. OCHOBHbIM GaKTOpoM, onpeaensowmm ou-
TOTOKCUYHOCTb KMCTIbIX MOYB, CIYXKMT MOBbILWEHHAA KOHLUEHTPALMA NOABUXHbIX MOHOB alloMUHWSA B NOYBEHHOM
pacTBope. AKKyMynsiLsa antoMUHUA B TKAHAX KOPHA HapyLWaeT NpoLecchl AeNeHNs KNeToK, MHMUMaumm 1 pocTa
6OKOBbIX KOPHell, CHAaGKeHUA pPacTeHNsI MYHePasbHbIMW BELLeCTBaMU 1 BOAON. M3yueHrie BHyTPYBMAOBOW N3MeH-
UMBOCTM MO aNIIOMOYCTONUMBOCTY R. sativus ABNAETCA BaXKHbIM 3TaroM B CeneKumn 3Tux Kynbtyp. Lienb HacToswero
nccnefoBaHyis 3aKioYanach B U3yUeHr reHeTMYeCcKoro pa3Hoobpasus Kynbtyp R. sativus Ha nprumepe 109 obpas-
LIOB peAnca v peabKy PasfiyHOro 3K0oro-reorpadnuyeckoro NPOUCXoXAeHUs, MPUHAANeXaLmx 23 coptoTmnam,
14 pa3HOBUAHOCTAM eBPOMeNCKOro, KUTaCKOro 1 ANOHCKOro NOABMIAOB, MO NPr3HaKy YCTONUMBOCTU K TOKCHUYe-
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CKOMY Ae/CTBMIO MOHOB aMmioMUHKA. [Py OTCYTCTBMM CeLnann3vpoBaHHON AN BUAA METOAUKN SKCMPeCC-OLEeHKM
B3AT METOJ, OLIEHKM aJIlOMOYCTONYMBOCTY C UCMOJIb30BaHNEM SPMOXPOMLIMAHNHOBOTO KpacuTens, pa3paboTaHHbIi
[NA 3€PHOBBIX KYJIbTYP, B OCHOBE KOTOPOTO NIEXMUT YYeT CTeNeHN BOCCTAHOBIEHNA MUTOTUYECKOI akTUBHOCTU KOP-
Hell MPOPOCTKOB, NMOABEPIHYTHIX LLIOKOBOMY BO3[AE/CTBMIO MOBbIWEHHbIX KOHLEHTPauui antomMmuHus. BoiasneHo
BAVAHME Pa3NINUYHbIX KOHLEHTPALMI Ha XXU3HEAeATENbHOCTb PAaCTEHNIA: KOHLIEHTPaLMA XNoprAa anioMnHUA 66 MM
oKasbiBana cnaboe ToKcMyeckoe AeicTBre Ha obpasubl R. sativus, 3aMeanaa oTpacTaHe KOPHeW; KOHLeHTpauua
83 MM okasanacb B BbICOKOW cTeneHun anddpepeHumpyoLLein Ana peamca U B MeHbLUen — ANA pefibKu; KOHLEeHTpa-
uma 99 MM NOAHOCTbIO MHIMOMPOBaNa JanbHeNWNA PocT KopHel y 13.0 % o6pasLioB peanca 1 7.3 % pefbku n
obnapana Bbicoko nospexgaolym spdpextom. KonueHtpauumsa AlCl; - 6H,0 99 MM nossonuna Bbigenutb Hanbonee
BbICOKOTONIePaHTHble 0OpasLbl pefuca 1 peabKy, KOTopble MPOUCXOAAT 13 CTPaH C LUIMPOKMM PacrnpoCTpaHeHNEM
KMCnbIX NoyYB. B pe3synbTraTte nccnefoBaHUiA LUMPOKOTO Pa3HOO6PpasnAa MUPOBOW KOMEKLMI onpefeneHa BHYTpu-
BMAOBAaA N3MEHYMBOCTb PeAnca U pefibKM Ha PaHHMX STanax Beretaumm n MaeHTMGULMPOBaHbI KOHTPACTHbIE NO
YCTONUMBOCTY K aJIlOMUHWIO reHOTUMbI. Mbl pekomeHayem KoHueHTpauumto 83 mM AlCl; - 6H,0 ana ckpuHuHra anto-
MOYCTONUMBOCTU 06Pa3LOB peanca, a KoHueHTpaumio 99 MM — ans o6pasuoB pefibku. Pa3paboTaHHbIN HaMU Mo-
ANPMLMPOBAHHBIA MEeTOA MpeAnaraeTca B KaUecTBe SKCNPecc-AnarHoCTKM anioMOTONEPAHTHOCTY AnA 6biCTPOoro
CKPUHWHIa WMPOKOro CMeKTpa reHoTUnoB R. sativus n nocneayiowero n3yyeHna KOHTpacTHbIx Gopm npu 6onee
LANVTENbHOM BblpaLUVBaHUN PACTEHUI B TMAPOMNOHHON KynbType (BK/OYasA IeMEHTHbIA aHan3 KOpHei 1 nobe-
roB, KOHTPACTHbIX MO YCTONUYMBOCTM 06Pa3LIOB), @ TaK»Ke peaKLuii pacTeHU B MOYBEHHbIX YC/TOBUAX.

KnioueBble cioBa: Konnekumua peanca 1 pefibky; reHeTnyeckoe pasHoobpasune; KNCsble MOYBbI; SPUOXPOMUMAHNH;

PaHHAA ONAarHOCTUKa; aJ'IIOMO)ICTOI;I‘-IVIBOCTb.

Introduction

Aluminum is one of the most abundant metals in the earth’
crust (Fitzpatrick, 1986; Kochian et al., 2015) and is con-
sidered non-toxic to plants when the soil solution is neutral
or slightly alkaline. Natural processes or human activities
can lead to an increase acidity in soil, in result of which
the solubility of aluminum increases, and the content of
its mobile forms (AI**) increases (Lin-Tong et al., 2013),
that makes aluminum the main toxic factor in acidic soils
(Klimashevskiy, 1991; Kochian et al., 2004). Acidic soils
in the world make up 30-40 % of arable ground and up
to 70 % of ground that can potentially be used as arable
(Suhoverkova, 2015). In Russia in 2019, out of 50 million
hectares of excessively acidic soils, strongly and moderate-
ly acidic ones occupy from 25 to 35 million hectares, which
is about 30 % of all arable ground (Vorob’ev, 2019).

The toxicity of AI3* ions reduces productivity by inhibit-
ing root growth and affecting water and nutrient absorp-
tion. A number of studies have described the symptoms of
aluminum poisoning associated with impaired permeability
of the cell wall, plasma membrane, mitochondrial, cyto-
skeleton, and nuclear functions (McNeilly, 1982; Roy etal.,
1988; Aniol, 1997; Kabata-Pendias, 2010). So, aluminum
affects on a series of cellular processes, including the rate
of cell division, and disrupts the properties of protoplasm
and cell walls.

Plants are subdivided into resistant and sensitive by
alumotoxicity, varietal differences may be stronger than
species (Hanson, Kamprath, 1979; Klimashevskiy, 1991).
Plants have developed several mechanisms of resistance to
aluminum during the evolutionary process (Kochian et al.,
2005,2015; Ma, 2007; Ma et al., 2014). In recent years, the
molecular mechanism of aluminum tolerance in agricul-
tural crops, primarily in cereals, has been actively studied
(Liu et al., 2014; Ma et al., 2014; Kochian et al., 2015).
Significant progress has been achieved in understanding
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the physiological and molecular mechanisms of aluminum
tolerance in Arabidopsis (Hoekenga et al., 2006), rapeseed
(Ligaba et al., 2006), maize (Ligaba et al., 2012), soybean
(Peng et al., 2018), rice (Huang et al., 2012; Che et al.,
2018), sorghum (Huang et al., 2018; Melo et al., 2019),
rye (Collins et al., 2008; Yokosho et al., 2010) and wheat
(Gruber et al., 2010; Wang et al., 2015).

At present, aluminum resistance is considered as a com-
plex phytoecological problem, from the solution of which
an obtaining of guaranteed productivity crops on acidic
soils depends. The identification of genes and mechanisms
of aluminum tolerance makes possible Al-tolerant species
and cultivars of agricultural crops breeding using molecular
and transgenic approaches (Delhaize et al., 2004; Magal-
haes et al., 2007; Pereira et al., 2010).

The basic critical parameter for the successful creation
of stress tolerant cultivars is the genetic diversity of the
initial material for this indicator as a material for selec-
tion (Lisitsyn, Amunova, 2014). The successful creation
of aluminum-resistant cultivars of agricultural plants is
based on a significant variability in the trait of aluminum
tolerance and relatively simple methods of screening and
breeding (Batalova, Lisitsyn, 2002; Kosareva, 2012). The
search for genotypes with a high tolerance to Al is of great
importance for agriculture on acidic soils.

Radish and small radish belong to the species Raphanus
sativus L., for which two primary geographical centers of
origin are known — Mediterranean and Asian (Vavilov,
1965), herewith the Asian center was divided into secon-
dary centers in the classification of M.A. Shebalina and
L.V. Sazonova (1985): South West Asian, East Asian,
South Asian tropical. Small radish is a mutant form of
radish; artificial selection was carried out on the feature
of dwarfishness of plants in the vegetative period of onto-
genesis, while the plants of the reproductive period practi-
cally do not differ in habitus from the radish plants. The
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processes of mutagenesis in R. sativus are determined by
the climatic conditions of the places of origin of cultural
forms. Cultivation of radish began 43 thousand BC, small
radish was introduced into culture much later — the first
information about it appeared in Italy at the beginning of
the 16th century.

Small radish cultivars are assigned to 6 botanical varie-
ties and 16 types, radish — 14 varieties and 20 types, which
differ in a complex of morphological, phenological, phy-
siological, biochemical and economically valuable traits.
Small radish and radish are popular and widely cultivated
root vegetable crops around the world that play an impor-
tant role in human nutrition. They are valued for their high
productivity, manufacturability, good taste and valuable
biochemical composition.

For the growth and development of small radish and ra-
dish, the neutral reaction of the soil solution (pH 6.0-8.0) is
the favorable. Plants are especially sensitive to low acidity
in the initial periods of growth. Most of the spaces under
small radish and radish in the world are located on the
territory occupied by acidic soils; alumotoxicity makes a
negative contribution to the decrease of the productivity
and quality of these crops. Therefore, modern cultivars
have to be tolerant to Al, alongside with signs of high pro-
ductivity, resistance to pathogens, manufacturability, etc.
The first stage in such studies should be the search in the
gene pool of R. sativus for forms resistant to aluminum in
an acidic environment.

Several diagnostic methods have been used to assess
the degree of plant resistance to aluminum (Kosareva et
al., 1995). Often used laboratory screening techniques are
based on various modifications of methods for germinating
seeds in an aquatic culture in the presence of toxic alumi-
num concentrations (Foy, 1996; Lisitsyn, 1999; Gupta,
Gaurav, 2014). The advantage of such techniques is the
simplicity of execution, low time spent, high throughput,
and the ability to diagnose genotypes at the early stages of
ontogenesis. A series of studies revealed a quite high cor-
relation (»=0.71...0.85) between the results of laboratory
assessments of resistance at the early stages of development
with the data of field and vegetation tests of adult plants
(Aniol, 1981; Klimashevskiy, 1991; Baier et al., 1995;
Burba et al., 1995).

Plant resistance can be assessed in laboratory tests by
the degree of damage of the seedlings roots by aluminum
using hematoxylin (Canado et al., 1999) and eriochrome
cyanine R (Aniol, 1981). This method was successfully
applied to assess the intraspecific variability of alumi-
num tolerance in rice (Awasthi et al., 2017), peas, maize,
wheat, and sorghum (Anas, Yoshida, 2004; Kosareva,
2012; Vishnyakova et al., 2015) with hematoxylin, and
with wheat, rye, triticale (Aniol, 1981; Aniol, Gustafson,
1984), aegilops, oats, maize (Kosareva, Semenova, 2004;
Kosareva, 2012) and peas (Vishnyakova et al., 2015) with
eriochrome cyanine R.
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Researches of R. sativus root crops resistance to da-
mage of aluminum have practically not been conducted.
The toxicological effect of aluminum-based coagulants
on various crops, including individual radish genotypes,
was studied in the work of K. Zhang and Q. Zhou (2005).
Oil radish (Raphanus sativus var. oleifera Metzg.) has
the greatest potential for phytoextraction of fluorides
from contaminated soils (Sokolova et al., 2019). J. Raj
and L.R. Jeyanthi (2014) studied the effect of aluminum
chloride on the germination of R. sativus seeds, and it was
found that the maximum allowable limit for Al to maintain
viability is 10 mM. The study of intraspecific variation of
R. sativus aluminum resistance is an important stage for
the breeding of these crops.

The purpose of this work was to study the genetic di-
versity of the VIR world wide R. sativus collection on the
aluminum tolerance trait. The tasks were to determine the
toxic concentration of aluminum chloride (AICl; - 6H,0),
which differentiates small radish and radish accessions ac-
cording to the degree of aluminum resistance, to identify the
most resistant genotypes, and to determine their botanical,
agrobiological, and geographic confinedness.

Materials and methods

The object of research is the VIR core collections of small
radish and radish, consisting of accessions of various eco-
logical and geographical origin and most fully characte-
rizing the diversity of the species.

The studied collection of small radish is represented by
54 accessions from 25 countries belonging to 13 cultivar
types, 6 varieties of European and Chinese subspecies. The
collection of radish is represented by 55 accessions from
17 countries, belonging to 10 cultivar types, 8 varieties of
European, Chinese and Japanese subspecies (see the Table).

In the absence of a rapid assessment methodology spe-
cialized for the studied species, the method of the alumi-
num resistance evaluation of cereals using an eriochrome
cyanine R dye is used (Aniol, 1981), which is based on the
recovery or absence of restoration of the seedlings roots
mitotic activity subjected to shock exposure to aluminum.

The experiments were carried out in a climatic chamber
with an illumination 7000 Lx, a temperature 19-21 °C and
a photoperiod 16 h. Seeds (50 pieces of each accession)
were placed in special cells for seeds and a mesh bottom,
which were placed in 6-liter containers, placing them on
the surface of the nutrient solution. The nutrient solu-
tion contained (mM): 0.4 CaCl,, 0.4 KNO;, 0.25 MgCl,,
0.01 (NH,4),SOy, 0.04 NH,NO;; pH 4.2 (Aniol, Gustafson,
1984). After germinating the seeds for 3 days, the not viable
ones were rejected. Then, the cuvettes with seedlings were
placed in a freshly prepared nutrient solution supplemented
with aluminum chloride (AICl; - 6H,0) and incubated for
24 h.

Thus there are no descriptions of the R. sativus crops
aluminum resistance in the publications, based on the

FEHO®OH/, U CENEKLNA PACTEHU / PLANT GENE POOL AND BREEDING 615



A.B. Kurina, I.A. Kosareva Genetic diversity of VIR Raphanus sativus L. collections
A.M. Artemyeva on aluminum tolerance

Characterization of R. sativus accessions along the length of root growth at various concentrations of aluminum chloride

No. Catalog Accession name Origin Concentration, mM

number 66 83 99
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Table (end)
No. Catalog Accession name Origin Concentration, mM
number 66 83 99

103 2170 Nongwoo iljin South Korea 3.00£0.19 1.80+0.09 1.27+0.01

* MEAN = SD.
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preliminary experiments, we used AICl; - 6H,O concentra-
tions of 66, 83, and 99 mM, which had a toxic effect on
plants and inhibited root growth in degrees under the used
conditions. After that, the cuvettes were placed in a fresh
nutrient solution without aluminum and incubated for 48 h.
During the indicated time, reparation processes took place
in the roots (restoration of the mitotic activity of cells)
and the roots grew. The seedlings were washed with clean
water and the roots were stained by immersing the cuvettes
in a 0.1 % solution of eriochrome cyanine R for 10 min.
The excess dye was washed off with clean water, and the
roots were dried with filter paper. The zone of root tissue
damage with aluminum was colored violet after staining
with eriochrome cyanine R. Plant resistance to aluminum
was determined by the length of root tip regrowth. For each
accession two independent experiments were carried out
in two-fold repetition.

Statistical data processing was performed by the method
of analysis of variance using the STATISTICA v.12.0
program (StatSoft Inc., USA), by the method of cluster
analysis (Ward’s method) using the PAST program (Ham-
mer et al., 2001).

Results

At the first stage, we investigated the effect of different
aluminum concentrations on small radish and radish. In
general, the results of our research have shown that an
excess of aluminum and hydrogen (low pH) in the nutrient
solution negatively affects the growth and development of
the embryonic roots of small radish and radish seedlings.
We observed significant differences between R. sativus
accessions in root regrowth at all tested concentrations of
AlCly - 6H,0 (see the Table).

The aluminum chloride concentration of 66 mM had a
weak toxic effect on R. sativus accessions. In most of the
small radish and radish accessions, the mitotic activity of
seedling root cells was restored after the shock exposure
to aluminum. In 70.4 % of the small radish accessions and
92.7 % of the radish, the root growth was rather high (more
than 1.0 cm), that indicates a normal further development.
22.2 % of the small radish accessions and 5.5 % of the ra-
dish showed an average root growth (0.5-1.0 cm); in four
small radish accessions and one radish, the root growth
was less than 0.5 cm.

At a concentration of AlICl; - 6H,O of 83 mM, a large
differentiation of the accessions was observed. In 29.6 %
of the small radish accessions and 70.9 % of the radish, the
root growth was more than 1.0 cm, the average regrowth
(0.5-1.0 cm) was observed in 51.9 % of the small radish
and 25.5 % of the radish. Root growth of less than 0.5 cm
was observed in 18.5 % small radish and 3.6 % radish
accessions.

At an aluminum chloride concentration of 99 mM, there
was no further root growth in 13.0 % of the small radish
and in 7.3 % of the radish accessions. A slight root growth
(up to 0.5 cm) was observed in 46.3 % of small radish
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and 14.5 % of radish. Root regrowth by 0.5-1.0 cm was
observed in 33.3 % of small radish and 41.8 % of radish.
Normal root growth after exposure of this concentration of
the toxicant was observed in only 7.4 % of the small radish
and 36.4 % of the radish accessions.

So, the differences were most clearly manifested between
small radish accessions at Al concentration of 83 mM, and
between radish accessions at a 99 mM concentration at dif-
ferent stressor intensity. These concentrations were used for
further evaluation of polymorphism because their negative
impact showed the maximum differentiating ability.

The accessions with the minimum length of root re-
growth had an intense violet coloration of the root areas
that grew upon the addition of mobile aluminum, and the
accessions with the maximum length of the root regrowth
had a weak but detectable staining (Fig. 1).

The accessions of small radish and radish were divided
into several statistically significant groups according to the
length of root regrowth, depending on the concentration of
aluminum (Fig. 2). The accessions were characterized by a
wide range of root growth at a concentration of 66 mM —
0.15-2.65 cm (small radish) and 0.38-3.05 c¢m (radish),
this variability divided the samples into seven and eight
groups, respectively.

Small radish accessions were divided at a concentration
of 83 mM into four groups with a range of variability from
0.20 to 1.50 cm. The first group consisted of five accessions
with root growth less than 0.40 cm; these accessions are
of var. rubescens Sinsk. from Canada and Hungary. The
second group included the largest number of accessions
(24 accessions) from the countries of Minor Asia and
Central Asia and Africa. The third group was represented
by accessions of various types from Europe and South
America. The fourth group included nine accessions with
root regrowth more than 1.20 cm; these accessions are from
Russia, China, Turkey, Hungary, Iceland, and Tanzania.
Radish accessions were divided at a given concentration
into five groups with a range of 0.46-2.25 cm. Accessions
were absent with root regrowth after exposure to this
concentration less than 0.40 cm. The first group included
8 accessions with root growth from 0.41 to 0.80 cm from
Japan, Russia, China and Uzbekistan. The second group
was represented by accessions from Central Asia, Viet-
nam, South Korea, Egypt and Japan. The third and fourth
groups were the largest and included 31 accessions with
root growth more than 1.20 cm from Japan, South Korea,
countries of Europe and Central Asia, as well as from the
USA, Chile and Russia. The fifth group was represented
by 3 accessions from Japan and Belarus with root regrowth
of more than 2.0 cm.

The small radish and radish accessions were divided at
a concentration of 99 mM into four groups in the range
from 0.00 to 1.45 cm. The first group consisted of 26 small
radish accessions, of which 7 accessions did not have root
regrowth; these accessions had different geographic origin,
but most accessions were from Canada, Russia, China,
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Fig. 1. Appearance of resistant (left) and sensitive (right) small radish seedling.
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Fig. 2. Histogram of the distribution of small radish and radish accessions along the length of root growth at various concentrations of aluminum

chloride.

and Central Asia. The first group of radish included only
7 accessions, of which four did not grow roots; this group
included accessions from China, Ukraine, Belarus, and
Russia. The second group of small radish was formed by
accessions from Europe and South America, as well as
some accessions from Azerbaijan, Tajikistan and Libya.
This group of radish includes accessions from Russia, the
countries of Central Asia, China and South Korea. The
third group of small radish included 6 accessions from
Chile, Russia and Syria, radish — 25 accessions mainly
from Japan, South Korea, as well as from Chile, Turkey,
Russia, Germany and the USA. The fourth group in small
radish was formed by only one accession from Russia
(k-1666), in radish — 6 accessions from Japan, South Korea
and Kazakhstan.

Figure 3 shows a dendrogram based on the results of
cluster analysis of root growth in R. sativus accessions
after exposure to toxic concentrations of AICl;-6H,0.
According to the screening results using the Ward’s method,
the small radish and radish accessions were divided into

two big groups, each of the groups was divided into clusters
according to the degree of aluminum resistance, the total
number of which was five. The first group is represented
by two clusters, the second — by three.

The first small cluster included accessions of Japanese
radish from Japan and South Korea and Belarus and an ac-
cession of Chinese radish from Egypt; they showed a large
root growth at a concentration of 66 mM AICl; - 6H,0 and
relatively high at concentrations of 83 and 99 mM. The
second cluster combined accessions of small radish and
radish with root growth more than 1.0 cm after exposure
to all three toxic concentrations of Al. The cluster is di-
vided into two subclusters. The first subcluster contains an
accession of small radish from Russia (k-1666, Virovsky
bely), accessions of Japanese radish from Japan and South
Korea, two accessions of European winter radish from
Germany and the USA (var. niger (L.) Sinsk.) and an
accession of Chinese radish from Chile (var. lobo). The
second subcluster includes accessions of small radish from
Hungary (var. chloris Alef.), Syria (var. rubescens Sinsk.),
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Fig. 3. Dendrogram of R. sativus accessions by root growth after exposure
to different concentrations of AlCl;-6H,0. Ward’s method.
The numbers on the dendrogram indicate the size of the bootstrap. The num-

bers to the right of the dendrogram are accessions numbers in accordance with
the Table.
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Argentina (var. striatus Sinsk.) and Russia (var. roseus
Sazon.), accessions of Chinese radish from Kazakhstan,
China and South Korea (var. virens Sazon.), Japan, Rus-
sia, Iraq and Afghanistan (var. rubidus Sazon.) and acces-
sions of Japanese radish from Japan, South Korea and
Vietnam.

The third small cluster unites small radish accessions,
which showed little or no root regrowth at all concentra-
tions used. The cluster included accessions from France,
Pakistan (var. striatus Sinsk.), Canada, Hungary, Ethiopia,
Lebanon (var. rubescens Sinsk., var. radicula), China and
India (var. roseus Sazon.).

The fourth cluster is represented by accessions of small
radish and radish, in which root regrowth after exposure
to toxic concentrations of 83 and 99 mM was average (up
to 1.0 cm). The cluster is divided into three subclusters.
The first subcluster included small radish accessions of
var. striatus and var. rubescens, one accession each of
var: radicula and var. roseus, Chinese radish from Kazakh-
stan (var: lobo) and China (var. roseus Sazon.) and Japanese
radish from Japan. The second subcluster unites accessions
of small radish from Chile, the Netherlands, Hungary
(var. rubescens Sinsk.), accessions of European radish from
Russia, Egypt (var. niger (L.) Sinsk.) and Chinese radish
from South Korea (var. lobo), China (var. roseus Sazon.).
The third subcluster includes accessions of small radish
var. rubescens from Chile, Turkey and Hungary, accessions
of European winter radish from Ukraine (var. hybernus),
and an accession of pink Chinese radish from China.

The fifth cluster includes accessions of small radish and
radish, with partial or complete inhibition of root growth at
a concentration of 99 mM and an average root regrowth at
other concentrations. The cluster is divided into three sub-
clusters. The first subcluster unites accessions of Chinese
radish of Central Asian origin, Japanese radish from Japan
and South Korea, and an accession of small radish from
Chile. The second subcluster mainly includes accessions
of small radish from Russia, China and Tanzania and two
accessions of radish from Belarus and China. The third
subcluster is mainly represented by accessions of small
radish of Central Asian origin and several accessions of
radish from Russia and Ukraine.

Discussion

Genetic processes were of great importance in the phylo-
genesis of radish and small radish: recombination, muta-
tions at the chromosomal level, expression of inactive genes
and changes in the frequencies of alleles that control traits
and determine the phenotype of the plant; they occurred
under natural and artificial selection in various ecological
and geographical conditions (Bunin, Esikawa, 1993). The
large intraspecific diversity of forms of R. sativus at the
diploid level of development is explained by spontaneous
gene and inherited somatic mutations (Campbell, Snow,
2009). In our previous studies, we found that the limits of
variability of quantitative traits (morphological, producti-
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vity traits, early maturity, and accumulation of nutrients) in
small radish and radish are very large (Kurina et al., 2017,
2018; Kurina, Artemyeva, 2017, 2019). For example, the
amplitude of variation of the most important features: the
duration of the period of vegetation is 18-95 days; root
weight is 2—75 (small radish) and 1501100 g (radish); the
diameter of the leaf rosette is 8—45 cm; root shape: round-
flat, round, round-oval, oval, cylindrical, fusiform, conical;
content of ascorbic acid 18-55 mg/100 g, etc.

According to the literature data, it is known that, in
general, small radish and radish are resistant to the action
of heavy metals and have a high accumulating ability of
heavy metals in the root (Wang et al., 2012; Ngo et al.,
2016; Elizarieva et al., 2017). Japanese radish accumulates
less toxic elements in roots; it is more resistant to pollu-
tion by such heavy metals as lead, cadmium, nickel, zinc,
vanadium, chromium, arsenic. The response of Japanese
radish to soil pollution is varietal specific (Gorelova et al.,
2005; Xuetal.,2017). Crops of R. sativus are accumulators
of heavy metals; they have been proposed for phytoreme-
diation (Kumar et al., 1995; Ebbs, Kochian, 1997; Ebbs et
al., 1997; Wang et al., 2012). Also, radish is a vegetable
crop moderately sensitive to salt stress (Sun et al., 2016).

The study of R. sativus crops revealed high intraspecific
variability in aluminum resistance. In general, radish was
more resistant to alumo stress than small radish regardless
of concentration, which is probably related to the processes
of morphogenesis.

As aresult of grouping accessions according to the length
of root regrowth after exposure to various toxic concentra-
tions of aluminum chloride (see Fig. 2), it was found that
the accessions of both crops form four groups with a root
regrowth range from 0 to 1.6 cm at a concentration of 83 and
99 mM. Accessions of R. sativus reacted weakly to low con-
centrations of AICl; - 6H,0, the mitotic activity of seedling
root cells was restored after the shock effect of aluminum.
With an increase of concentration, intraspecific differences
in the crops begin to appear. The intensity of staining with
eriochrome cyanine R characterizes the concentration of
mobile forms of aluminum, which in turn correlates with
aluminum tolerance (Vishnyakova et al., 2015). If, after
treatment with aluminum, the concentration of its active
forms is low, then the mitotic activity of cells is restored at
the root, the root grows back, and after the staining zone,
an unstained growth appears (Kosareva, 2012). So, the
intensity of the staining can serve as an additional indicator
of the degree of aluminum tolerance associated with the
concentration of the toxicant in the root tissues.

Based on the obtained results, we propose a resistance
scale for R. sativus crops based on aluminum tolerance: root
growth up to 0.40 cm — sensitive, from 0.41 to 0.80 cm —
weakly resistant, from 0.81 to 1.20 cm — medium resistant,
more than 1.21 cm — highly resistant.

The AICl; - 6H,0 concentration of 99 mM made possible
to identify the most tolerant small radish samples (in de-
scending order): Virovsky bely (k-1666, Russia), Janosnapi
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(k-2222, Hungary), Local (k-2260, Russia), and radish:
Hakata haruwaka (k-1958, Japan), Akasuji (k-2160, Japan),
Hariou (k-2161, Japan), Jangsu (k-2173, South Korea).

According to the results of cluster analysis, it was re-
vealed that the first and second clusters combine highly
resistant and medium-resistant radish accessions and highly
resistant small radish accessions, the third cluster contains
sensitive and low-resistant small radish accessions, and the
fourth and fifth clusters mainly contain medium-resistant
small radish accessions and low-resistant and unresistant
radish accessions. It was revealed that accessions of R. sa-
tivus of Central Asian origin (Azerbaijan, Uzbekistan, Af-
ghanistan, etc.), as well as from African countries (Algeria,
Ethiopia) were found to be weak resistant and sensitive to
alumostress. The soils of these countries are characterized
by a neutral or slightly alkaline reaction of the soil solution,
what, probably, determines the low resistance of the ac-
cessions to low acidity and alumostress. Medium-resistant
accessions were mainly of European origin (Netherlands,
Germany, Italy, etc.), as well as from the USA and Chile.
In these countries, there is an active breeding of these
crops in various directions. Accessions of small radish and
radish from Russia, Hungary, Turkey, China, Japan, South
Korea, and Kazakhstan had varying degrees of resistance;
accessions of the same geographic origin could be both alu-
minum tolerant and sensitive to aluminum. Perhaps this is
due to the presence of both acidic and neutral/alkaline soils
in these countries, as well as to the direction of breeding
work with these crops. The most aluminum-tolerant were
accessions of Japanese radish from Japan of Kameido type
and Shiroagiri type from South Korea, local accessions of
green Chinese radish from Kazakhstan and accessions of
Chinese small radish of the Russian breeding, which were
obtained by selection and hybridization from the popula-
tion of Asian radishes.

So, the Raphanus sativus species is polymorphic not
only in phenotypic and biochemical characteristics, but
also in the degree of resistance to various abiotic stresses.

Conclusion

As a result of this study, we found that excess concentra-
tions of mobile aluminum and hydrogen (elements of acidic
soils) in the root zone lead to a negative effect on the growth
and development of embryonic roots of small radish and
radish accessions. In toxic concentrations of aluminum
chloride in the nutrient medium, the accessions of the stud-
ied species were characterized by high variability in terms
of aluminum tolerance at different stressor intensity. As a
result of screening, we revealed the intraspecific variability
of small radish and radish at the early stages of the growing
season and identified genotypes contrasting in resistance
to aluminum. We recommend a concentration of 83 mM
AlCl; - 6H,0 for assessing the aluminum tolerance of small
radish, and a concentration of 99 mM for assessing radish.
The method developed by us is proposed as an express
diagnostics of aluminum tolerance for rapid screening of
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a wide range of R. sativus genotypes and subsequent study
of contrasting forms during longer plant cultivation in
hydroponic culture (including elemental analysis of roots
and shoots contrasting in the resistance of accessions), as
well as plant reactions in soil conditions.
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Alkaloids of narrow-leaved lupine as a factor determining
alternative ways of the crop’s utilization and breeding
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Abstract. Narrow-leaved lupine (Lupinus angustifolius L.), a valuable leguminous crop adapted to a wide range of
climatic conditions, has a very short history of domestication. For many centuries it was used mainly as a green
manure, since the success and prospects of the multi-purpose use of the species depend on its breeding improve-
ment, in particular, on a particular concentration of alkaloids in seeds and green mass. The first varieties of scientific
breeding were created only in the 1930s after the appearance of low-alkaloid mutants. Despite wide prospects
for use in various areas of the national economy, unstable productivity and susceptibility to diseases hinder the
production of this crop. Obviously, breeders deal only with a small part of the gene pool of the species and limited
genetic resources, using mainly low-alkaloid (sweet) genotypes to create new varieties. The genetic potential of
the species can be used more efficiently. At the same time, it is rational to create highly alkaloid (bitter) varieties
for green manure, while food and feed varieties should not lose their adaptive potential, in particular, resistance to
pathogens, due to the elimination of alkaloids. In this regard, it seems to be a productive idea to create ‘bitter/sweet’
varieties combining a high content of alkaloids in the vegetative organs and low in seeds, which can be achieved
by regulating the synthesis/transport of alkaloids in the plant. The paper discusses the current state of use of the
species as a green manure, fodder, food plant. Information is given on the quantity and qualitative composition of
narrow-leaved lupine alkaloids, their applied value, in particular, fungicidal, antibacterial, insecticidal, the use of
lupine alkaloids as active principles of drugs. Along with promising breeding considerations, the possibility of using
technologies for processing raw high-alkaloid materials with the accompanying extraction of valuable ingredients
for pharmaceuticals is discussed. Information is briefly presented about the genomic resources of the species and
the prospects for their use in marker-assistant selection and genome editing.

Key words: narrow-leaved lupine; alkaloids, domestication; breeding; feed; food; green manure; varieties; pharma-
cology; genetic and genomic resources.
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AJKaIonabl JI0MNMHA Y3KOAMCTHOTO Kak PaKTop,
orpenensionii aJIbTepHaTBHbIE ITYTU
JICTIOJIb30BaHMS U CeIeKIINU KYIbTYPbI

M.A. Bummnsxosa @, A.B. Kymuapesa, T.B. llleaenra, I.TT. Eroposa

DefiepanbHblii NCCNEROBATENBCKUI LIEHTP BCepoCcCnincknin MHCTUTYT reHeTUYeCcKrX pecypcoB pacteHunin um. H.W. Basunosa (BUP),
CaHkT-lMeTepbypr, Poccua
® e-mail: m.vishnyakova.vir@gmail.com

AHHoTauua. JllonuH y3KonucTHbIN (Lupinus angustifolius L.) - ueHHaa 3epHO6060Ban KynbTypa, aganTypoBaH-
Has K LUIMPOKOMY CMeKTpy KIMMATUUECK/X YCIIOBUI 1 UMeIoLLas HEMPOAOIKUTENBHYIO UCTOPUIO AOMECTUKALMN.
B TeyeHMe MHOIVX BEKOB €ro ynoTpebnsanm npenmMyLecTBEHHO Kak cupepanbHoe pacTeHue, MOCKONbKY ycrex 1
NnepCcneKTVIBbl MHOTOLIENIEBOrO UCMOJIb30BaHVA BUAA 3aBUCAT OT €ro CeNeKUMOHHOTO yyUlleHUs, B YaCTHOCTU OT
COfepKaHusA onpeaeneHHOro ypoBHs ankanougos B cEMeHax 1 3efleHoi Macce. [lepBble copTa HayuHOW cenekuum
6b1n11 co3gaHbl B 1930-X IT., NOCsIe BbISBNEHUA HU3KOANKanougHbIX MyTaHTOB. [IpOM3BOLCTBO 3TOW KyNbTypbl CAep-
XKMBAETCA HeCTabUNBbHOW YPOXKaHOCTbIO U NMOABEPKEHHOCTbIO 6one3HAM. OUeBUAHO, UTO CeNeKLMOHEPbI UMET
[eNo NULLb € Heb6ONbLLIOW YacTblo reHodOoHAa BMAA U OrpaHNYEHHBbIMY FeHeTUYECK MU pecypcamu, UCMonb3ys Ans
NoJTyYeHNs HOBbIX COPTOB NPEVMYLLECTBEHHO HI3KOANKaNonaHble (CnafKune) reHoTunbl. TeHeTUYeCKMin NoTeHuMan
BUIA MOXHO 3aflelicTBOBaThb 3pdeKTMBHee. [pn 3TOM craepanbHble CopTa paLlyoHaNbHO CO3AaBaTb BblCOKOANKa-
NOVAHBIMU (FOPbKKMK), @ MPOAOBOJNbCTBEHHbIE 1 KOPMOBbIE 33 CUET SNMMUHALMN aNKanouaoB He AOMKHbI TepATb
apanTUBHbIE CBOWCTBA, B TOM YMC/Ie YCTOMYMBOCTD K NaToreHam. B 3ToM OTHOLEH NpoayKTUBHON nieen npes-
CTaBNIAETCA BblBeEHNE CNIafKO-TOPbKUX COPTOB, COUETAIOLLMX BbICOKOE COAepKaHMe ankanongos B BEreTaTyBHOM
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Alkaloids in narrow-leaved lupin as a factor
determining the ways of its utilization and breeding

Macce Y HU3KOe — B CEMEHaX, Yero MOXXHO JOOUTbCA MyTeM PErynmpoBaHnisa CYHTe3a/TpaHCNopTa ankaioraos B
pacTeHun. B 0630pe paccMOTpeHbl COBPEMEHHOE COCTOAHME MCMOJb30BaHWA BUAA B KayecTBe CHAepParnbHOro,
KOPMOBOTO, NMLLEBOro pacTeHus. MpuBefeHbl CBeieHNs O KONMMYECTBE 1 KaUeCTBEHHOM COCTaBe ankanonioB Jito-
NriHa Y3KOMMCTHOTO, UX MPUKIAAHOM 3HaueHUW, B YaCTHOCTU GYHIMUMAHOW, aHTMOAKTEPUANbHOW, UHCEKTULNA-
HOW QYHKLUAX, MPUMEHEHUN OTAENbHbIX anKkanougoB JIIONMHA B KauecTBe AeiCTBYIOWMX Havyan lekapCTBEHHbIX
cpefcTB. HapsAay ¢ cenekumoHHbIM ynydlleHneM KynbTypbl 06Cy»KAal0TCA BO3MOXHble TEXHONOrW nepepaboTku
BbICOKOANIKaNIOUAHOTO CbIpbs C COMYTCTBYIOLMM U3BJIEYEHNEM LIeHHbIX UHIPeAMeHTOB AnA dapMaLeBTMKN. KpaTko
npeacTaBneHbl CBefleHNs O TeHOMHbIX pecypcax Bua 1 nepcrnekTmBax MX 1CNosib30BaHWsA B MapKep-ornocpeso-

BaHHOW Ccenekumnn n npu peaakTnpoBaH reHoMa.

KnioueBble cnoBa: nionvH y3KOJ'IVICTHbIl‘/'I; aJikanounbl; AOMeCTUKaUKnA; ceniekunsa; KOpMoBble; NpOA0BOJIbCTBEHHDIE;
cnpgepanbHble COPTa; cbapmaKonorvm; reHeTnyeckne n reHoMHble pecypchbl.

Introduction

The narrow-leaved lupine (Lupinus angustifolius L.), also
known as the blue lupine, is one of the three Lupinus spp.
cultivated in Russia. Along with white (L. a/bus L.) and
yellow (L. luteus L.) lupines, it is a valuable pulse crop,
whose seeds contain 3040 % of protein, up to 40 % of
carbohydrates, 6 % of oil, numerous minerals, vitamins, and
other beneficial ingredients, ranking this species among the
most important crops of the present and the future.

Today, L. angustifolius is a leader among other cultivated
lupine species in the cropping area occupied worldwide.
It is widely cultivated in Northern Europe, countries of
the ex-USSR, the United States, and New Zealand. The
world’s leading producer and exporter of this crop is Aus-
tralia, where the areas under narrow-leaved lupine reach
0.6—0.7 million hectares, and large funds are invested in
its research and breeding. In Russia, in 2018, its produc-
tion area was 35,000 ha, which is not much considering
the size of the country. However, the Russian Federation is
still among the top ten producers of this crop (http://www.
fao.org/faostat/en/#data/QC).

Lupinus angustifolius is the most early-ripening and
most plastic crop species among those produced in Russia
and the only one adapted to high northern latitudes — up to
60° N. It grows on acidic sandy soils deficient in nitrogen
and phosphorus, and is a powerful nitrogen accumulator.
Its growing season lasts from 70 to 120 days, depending
on the cultivar and the climate. Total active temperatures
0f 1900 °C and precipitation amount of 200—250 mm from
germination to maturity are enough for successful seed
production. The crop endures a decrease in air temperature
down to -9 °C (Kuptsov, Takunov, 2006).

Potential uses of narrow-leaved lupine have not yet been
practiced to the fullest extent. Historically, this crop was
grown for green manure and animal feed. These days, its
nutritional, pharmacological and phytoremedial properties
are coming into the sphere of interest, as well as its use
as a feed in aquaculture. The prospects of its utilization as
a source of bioethanol (Kuznetsova et al., 2015) and natural
fiber (Kozlowski, Manys, 1997) are discussed.

The uses of narrow-leaved lupine depend on the pre-
sence of secondary metabolites in its seeds and biomass,
especially quinolizidine alkaloids responsible for bitter
taste and toxic to both humans and animals. Polymorphism
ofthe species’ gene pool in the content of such compounds
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makes it possible to develop cultivars for a specific purpose.
High-alkaloid genotypes are promising as green manure
plants and producers of alkaloids for pharmaceutics and
medicine, while low-alkaloid ones may be used for food
and feed purposes.

This review attempts to analyze different applications
of narrow-leaved lupine genetic resources depending on
the content of alkaloids in the genotypes, describe lupine
alkaloids and their practical worth, assess the need for
targeted breeding of specialized cultivars, survey genetic
and genomic resources promising for breeding, and discuss
possible technologies capable of expanding the crop’s eco-
nomic potential.

Domestication and breeding history

The center of origin for narrow-leaved lupine is the Medi-
terranean region. L. angustifolius occurs as a wild plant
much more frequently than other lupine species in the Old
World and is still widespread across the entire Mediter-
ranean basin. It has also naturalized in South Africa and
South-Western Australia (Gladstones et al., 1998). The
species dispersed from the Mediterranean center to Central
European countries, winning special recognition in Ger-
many and Poland. In Russia, narrow-leaved lupine became
known only in the early 20th century.

For thousands of years lupine has been used for green
manure and animal feed. Before feeding the animals, lupine
seeds were soaked in water, with several changes, in order
to remove alkaloids.

The revolution in lupine breeding was observed in 1926—
1928, when Reinhold von Sengbusch, a German botanist,
discovered natural low-alkaloid mutants. It helped to reduce
the alkaloid content in the seeds of L. albus, L. luteus and
L. angustifolius from the traditional 1-3 % to 0.02 % and
less (Sengbusch, 1931). Since that time, the breeding of
low-alkaloid (sweet) lupine cultivars for animal feed has
been gaining progress. Initially, such cultivars emerged
in Germany, then in Sweden, Denmark and Poland. In
the USSR, the first natural low-alkaloid mutants were
developed by scientists at VIR and plant breeders of the
Novozybkov and Minsk Experiment Stations (Anokhina
etal., 2012). In Australia, where lupines were introduced in
the 1960s to improve crop rotations and reclaim sandy soils,
the first sweet cultivar adapted to the local environments
was released soon afterwards, in 1967, and large-scale lu-
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Fig. 1. The phylogenetic tree for wild and cultivated narrow-leaved lupine accessions produced on 11,690 SNPs using MrBayes v3.2.2, according to

(Mousavi Derazmahalleh et al.

,2018).

Wild accessions from the central part of the Mediterranean region (21 accessions) are presented in green color; from western Mediterranean (77 accessions) in
navy blue; from eastern Mediterranean (49 accessions) in pink; and cultivated forms (87 accessions) in red.

pine grain production started in 1973—-1974 (Gladstones,

1982).

Same as with most of the crops, the genetic diversity of
domesticated narrow-leaved lupine forms is smaller than
that of wild populations and landraces, and plant breeders
have employed only a minor part of this diversity (Berger

et al., 2012a, b). Whole genome sequencing of 146 wild
and 87 cultivated accessions from different genebanks
over the world ascertained that the genomic diversity in
modern cultivars is thrice smaller than in wild populations
(Mousavi-Derazmahalleh et al., 2018) (Fig. 1). It should be
mentioned that 90 years that have passed since the develop-
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ment of the first low-alkaloid cultivars is quite a short time
for an agricultural crop, and the process of introducing this
species into cultivation cannot be regarded as finalized.

Russian breeding centers working with narrow-leaved
lupine are the All-Russian Research Institute of Lupine,
Nemchinovka Federal Research Center, Belogorka Re-
search Institute of Agriculture, Moscow Timiryazev Agri-
cultural Academy, etc. Presently, there are 27 cultivars
of narrow-leaved lupine listed in the State Register for
Selection Achievements Admitted for Usage (http://reestr.
gossortrf.ru/reestr.html).

Cultivars released in the early stages of the lupine
breeding history were, as a rule, high-alkaloid, but those
developed later, due to the selection of genotypes with re-
duced alkaloid content, were predominantly low-alkaloid
(Anokhina et al., 2012). According to the standards ac-
cepted by a number of European countries and Australia,
the content of alkaloids in seeds intended to be used for
food or feed purposes (sweet) must not exceed 0.02 % of
their dry weight (Frick et al., 2017). In Russia, fodder lupine
seeds should have the percentage of alkaloids from 0.1 up to
0.3 % of the seed dry weight (GOST R 54632-2011, 2013),
and in those for human food their content is restricted to
0.04 %, in line with the existing technical specifications
developed at the All-Russian Research Institute of Lupine
(TU-9716-004-0068502-2008).

Lupine as a green manure crop

With the green biomass yield of 45—60 t/ha, lupine is able to
accumulate 100-300 kg/ha of ecologically safe biological
nitrogen in its biomass, which is comparable with animal
manure. Thus, the conditions are created for a stable or
increased supply of the soil with organic matter, so that
its physical and chemical properties improve, and the
phytosanitary state of subsequent plantings is upgraded
(Kuptsov, Takunov, 2006).

Due to its deeply penetrating roots and high dissolving
capacity of root excretions, lupine assimilates phospho-
rus, potassium, calcium, magnesium and other elements,
contributing to their intensified circulation in the topsoil
and subtopsoil horizons. On average, one hectare of lupine
plants leaves to the next crop, in addition to nitrogen, 30 kg
of phosphorus and 50 kg of potassium (Yagovenko et al.,
2003).

The demand for narrow-leaved lupine as a green manure
plant continues to grow. The yield of winter rye sown into
gray forest soil on a green manure fallow after lupine,
without fertilizers, increases by 0.5-1.0 t/ha (Gresta et
al., 2017). Besides, the alkaloids contained in the plowed
green biomass produce a decontaminating effect on the soil,
thus reducing the negative impact inflicted on subsequent
crops by their diseases and pests, such as various root rots
for cereals or scab, Rhizoctonia rot and golden nematode
for potato (Evstratova et al., 2012). This phenomenon is
undoubtedly interesting as a protective tool against fun-
gal disease agents, and calls for further research into the
mechanism of alkaloid activities (Anokhina et al., 2008;
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Romeo et al., 2018). Hence, high alkaloid content becomes
a preferable trait in green manure cultivars, which serves
to simplify breeding schemes.

Today, main requirements to lupine cultivars grown for
green manure are high dry matter yield, rapid growth, and
increased nitrogen-fixing activity. The latest cultivars de-
veloped by Russian breeders — ‘Oligarkh’, ‘Metsenat’ and
‘Akkord’ (Belogorka Research Institute of Agriculture) —
contain 1.5 % of alkaloids in seeds and 0.7 % in the dry
matter of green biomass, produce high yields of biomass
(31-37 t/ha), demonstrate rapid initial growth and prolific
foliage, and are ready for plowing into the soil in the se-
cond half of July, i.e., 50-60 days after sprout emergence
(Lysenko, 2019).

Fodder qualities of narrow-leaved lupine

Lupine fodder is considered a good alternative to soybean:
digestibility and feed energy coefficients of lupine proteins
are level with those of soybean and exceed those of pea,
while the yield of lupine in the European part of Russia is
1.5-2.0 times higher than soybean yield. Many European
countries do not produce soybean, so they are forced to
export it, mainly from South America, but the production
areas under lupine in Europe have good prospects for
expansion. According to the estimates by experts, the cost
price of lupine grain production is twice lower than that
of soybean grain. Besides, narrow-leaved lupine produces
higher yields at lower energy costs than soybean: 840.7—
846.6 MJ/100 kg (Feed Production Handbook..., 2014).

The value of lupine as a fodder crop is all the more pal-
pable in view of the fact that not only grain but also its green
biomass, with 18-23 % of crude protein and up to 14 % of
sugar in dry matter, is readily consumed by all kinds of farm
animals. Lupine is used for feed as freshly cut plants, in
crushed grain and compound feeds, as silage and haylage,
as a component of cereal and legume haylage mixtures, etc.
(Kuptsov, Takunov, 2006). Its green biomass is numbered
among highly nutritional succulent feeds, distinguished for
its good digestibility and feed consumability. Lupine straw
contains up to 7 % of protein, which is the evidence of its
higher feeding value than the straw of cereal crops. It may
be added to silages made of the biomass of other crops. Lu-
pine regrowth may be used for grazing, especially as far as
swine and sheep are concerned. It is much more nourishing
than the stubble of cereals; it is even compared with grassy
legume pastures. The practice of pasturing sheep and calves
on harvested fields where grain and fodder lupine cultivars
were grown is widespread in Australia (Gladstones, 1970).
It should be mentioned that the regrown lupine stubble is
not the only valuable grazing resource in a harvested field:
leftover seeds are also a bonus — their losses at harvesting
range from 150 to 400 kg/ha (Truter et al., 2015).

The lupine grain contains high enough amounts of to-
copherol (3.9-16.2 mg%) and carotenoids (10-21 mg%),
and 90 % of the latter is carotene. This is especially im-
portant for aquaculture, as many fish species cannot exist
without carotenoids (Korol, Lakhmotkina, 2016a).
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Narrow-leaved lupine as human food

When eight crops were discussed in the context of their
eligibility as major sources of plant protein for Western
Europe, considering their agronomic advantages, pros-
pects for quick improvement, yield and quality of protein,
technological aspects, functional and nutritional properties,
lupine and pea were recognized as preferential over potato,
triticale, alfalfa, etc. (Linnemann, Dijkstra, 2002; Dijkstra
et al., 2003).

Beginning from the late 20th century, lupine seeds have
been widely used as ingredients by food industries in
a number of European countries, Canada, the U.S., Chile,
Australia, and to a much lesser extent in Russia and Be-
larus. Each year Europe consumes about 500,000 tons of
lupine-containing food products, including lupine flour,
lupine bran, lupine curd (tofu), etc. used as ingredients of
bread, pastry, pasta, dressings, milk substitutes, soybean
substitutes in sausages, etc. Traditional for Southern Europe
is a popular ‘Lupini’ snack, looking and tasting like popcorn
or cornflakes (Yanez, 1990).

Lupine products are regarded as functional food. They
contain little fat and starch. Their glycemic index is low,
which is taken into account by nutrition strategies to con-
trol obesity, diabetes and cardiovascular diseases. Besides,
they are gluten-free, which is important for celiac patients,
so they are a valuable reserve to widen the range of food-
stuffs for this category of the population (Krasilnikov et al.,
2010; Pankina, Borisova, 2015). Lupine proteins possess
emulsifying and foaming capacities, which allow them to
substitute butter and eggs in cookery (Kohajdorova et al.,
2011). Lupine seeds are rich in ferritin, an iron-storing
protein (Lucas et al., 2015).

Besides, the grain of lupine owes its functional value
in human nutrition to dietary fibers whose content reach
41.5 % (Lakhmotkina, 2011; Lucas et al., 2015). Favor-
able properties to food products are rendered by lupine
oil, with its well-balanced fatty acid composition and an
optimal ratio of omega-3 and omega-6 acids — from 1:1.7
to 1:10.8 (Sedlakova et al., 2016).

Phenolic components and flavonoids in narrow-leaved
lupine demonstrate antioxidant activity (Martinez-Villalu-
enga et al., 2009), reduce the risk of cardiovascular diseases
through their protective effect on blood vessels (Oomabh et
al., 2006), and deter the development of some types of can-
cer, specifically the rectal cancer (Lima et al., 2016). Unlike
soybean, lupine contains small amounts of phytoestrogens
and less antinutrients, such as phytic acid, oligosaccharides,
trypsin inhibitors, lectins, tannins and saponins, than other
legumes (Martinez-Villaluenga et al., 2009).

Lupine seeds contain lutein and zeaxanthin — compounds
known for their ability to hinder retinal degradation (Fryirs
et al., 2008; Wang et al., 2008).

The most popular lupine-based product with food in-
dustry is lupine flour. It is rich in lysine but poor in sulfur-
containing amino acids, such as methionine and cysteine,
therefore it can serve as a good supplement to lysine-de-
ficient wheat flour (Dervas et al., 1999). Adding 10 % of
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lupine flour to bread, pasta or bakery products will not
only increase their functional value but also improve their
texture, flavor and color, concurrently extending their shelf
life (Pollard et al., 2002).

In Russia, technologies have been proposed to make pas-
tas and fillings from lupine grain (Pankina, Borisova, 2015).
Properties and effects of dietary fibers from lupine hulls
are being studied in the context of their use as functional
ingredients in some meat products, such as intermediate
minced poultry meat (Lakhmotkina, 2011), etc.

Utilization of lupine for food purposes is growing
worldwide. In Australia it is called the ‘superfood’ of the
21st century. It is expected that in the nearest future major
international markets of nutriceutics (in the European
Union, United States and Japan) will rise due to the onset
of chronic cardiovascular diseases, nervous disorders,
and type 2 diabetes. A potentially huge market demand
for lupine-based products also exists among vegetarians,
vegans, and people intolerant to gluten, soy, milk or eggs
as well as in the growing sector of those who favor healthy
diets (Lucas et al., 2015).

Alkaloids in narrow-leaved lupine

Composition, variability and toxicity
Alkaloids are products of secondary metabolism. Unlike
primary metabolites, their functional significance is not on
the level of a cell but on the level of a whole plant. Most
often these compounds perform ‘ecological’ functions, i.e.,
protect the plant from various pests and pathogens, ensure
interactions among plants and between plants and other
organisms within an ecosystem, etc. (Borisova et al., 2020).
Different Lupinus species possess a unique alkaloid pro-
file. Usually it consists of 4—5 major alkaloids and several
minor ones. The alkaloid composition of a plant is handy
for taxonomic purposes (Frick et al., 2017).
Polymorphism of the narrow-leaved lupine gene pool
in the content of alkaloids in seeds was uncovered by
Polish researchers who studied 329 accessions from the
lupine collection: 0.0005-2.8752 % (Kamel et al., 2016).
A common feature of all species is a high alkaloid content
in seeds (up to 4 %) and a lower content in green biomass
(up to 1.5 %). In flowers up to 2.5 % is observed, while in
roots their amount is minimal (Lee et al., 2007).
Prevailing alkaloids in narrow-leaved lupine seeds are
lupanine (65-75 % of the total alkaloid content), angus-
tifoline (10-15 %) and 13-hydroxylupanine (10-15 %).
Minor levels are demonstrated by sparteine and lupinine
(Blaschek et al., 2016). These values may vary depend-
ing on the genotype and its locality. The concentration of
alkaloids in plant organs and their correlation can change
under the effect of different growing conditions (Cowling,
Tarr, 2004). Even in low-alkaloids cultivars their content is
prone to variations within quite an extensive range, exceed-
ing threshold limit values (Romanchuk, Anokhina, 2018).
Lupines growing at high latitudes were found to contain less
alkaloids than those in southern areas (Gresta et al., 2017).

FTEHO®OH/, U CENEKLUA PACTEHUI / PLANT GENE POOL AND BREEDING 629


https://www.frontiersin.org/articles/10.3389/fpls.2015.00705/full#B36
http://www.buninlib.orel.ru/cgi-bin/irbis64r_14/cgiirbis_64.exe?LNG=&Z21ID=&I21DBN=AOS_PRINT&P21DBN=AOS&S21STN=1&S21REF=&S21FMT=fullw_print&C21COM=S&S21CNR=&S21P01=0&S21P02=1&S21P03=A=&S21STR=%D0%9B%D0%B0%D1%85%D0%BC%D0%BE%D1%82%D0%BA%D0%B8%D0%BD%D0%B0, %D0%93. %D0%9D.

M.A. Vishnyakova, A.V. Kushnareva
T.V. Shelenga, G.P. Egorova

Control

10 uM

20 uM

Alkaloids in narrow-leaved lupin as a factor
determining the ways of its utilization and breeding

40 uM

Fig. 2. The intensity of angustifoline-induced apoptosis in malignant tumor cell culture from the human large intestine grows
with an increase of angustifoline concentration in the medium, according to (Ding et al.,, 2019).

Fluorescent microscopy with DAPI staining.

Accumulation of alkaloids in different plant organs is not
simultaneous. In the branching phase, when photosynthesis
is especially active, the highest alkaloid content is observed
in leaves. In the flowering phase, an intensive efflux of
alkaloids occurs from the vegetative organs of a plant
to the generative ones, where their content reaches their
maximum by the beginning of pod maturation. Each phase
of plant development is characterized by its own qualitative
composition of secondary metabolites, including alkaloids.
Hydroxylupanine dominates at the start of branching, and
lupanine at the time of flowering and pod maturation. By
the seed ripening period, the alkaloid content in seeds is
5-10 times higher than in green biomass (Akritidou et al.,
2015). Sparteine and lupanine are the most toxic, followed
in descending order by lupinine, hydroxylupanine and
angustifoline (Allen, 1998).

Interestingly enough, when a plant has been mechani-
cally injured, the amount of alkaloids in it grows fourfold.
The injury, in this case, mimics the bite of an insect, which
may serve as an evidence of the protective functions per-
formed by alkaloids. With this in view, lupanine inflicts
the strongest toxic effect on sucking insects (Wink, 1983,
1992).

Metabolomic profiling may prove an effective approach
to the assessment of alkaloid biosynthesis activity in the
species’ gene pool and the impact of diverse abiotic and
biotic environmental factors on this process. Studying me-
tabolomic profiles in wild lupine forms will help to identify
or specify the role of individual alkaloids in the species’
adaptation to changing environmental conditions (Ro-
manchuk, Anokhina, 2018).

Practical importance of narrow-leaved lupine alkaloids
Since long ago alkaloids have been extensively applied in
medicine, pharmacology, veterinary and other sectors. In
the first place, they are used as effective agents in pharma-
ceuticals to provide complex treatment of many dangerous
diseases, cancer included (Kruglov et al., 2015; Ding et
al., 2019). They prevent the onset of various degenera-
tive pathologies, binding free radicals and metal ions that
activate enzymes of oxidative reactions. They also inhibit
the growth and development of fungi, protozoa, bacteria,
etc. (Ding et al., 2019).
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Sparteine has the widest application. It decreases the
level of glucose in an organism and initiates insulin secre-
tion (Sgambato et al., 1986), exerts a mild analgesic effect,
and acts as an anticonvulsant and antiepileptic (Villalpando-
Vargas, Medina-Ceja, 2016). Together with lupanine and
hydroxylupanine, it is included in the composition of antiar-
rhythmic drugs. Such antiarrhythmic effect weakens in the
descending order of sparteine—lupanine—hydroxylupanine
(Blaschek et al., 2016). Among the Class IA medicaments
against tachyarrhythmia there is a combined drug, known
as Pulsonorma, which incorporates in its composition
ajmaline, sparteine, antazoline and phenobarbital (Ivashev
etal., 2013).

Lupanine is a very active neurotransmitter for nAChR
(nicotinic acetylcholine receptors) which play a decisive
role in neuron signal transmission. The data were obtained
on its ability to increase insulin secretion (Wiedemann
etal., 2015). It may be used as source material for the syn-
thesis of other alkaloids which are very difficult to produce
artificially (Wink, 1987).

Angustifoline on the cell culture of a malignant tumor in
the human large intestine (line COLO-205) induced auto-
phagy in tumor cells, apoptosis processes and interruption
of the cell cycle in the G2/M stage, so it may be regarded
as an antineoplastic agent (Ding et al., 2019) (Fig. 2).

Lupinine demonstrates moderate antiglycation activity,
without any cytotoxic effect (Abbas et al., 2017). It is also
characterized by strong insecticidal activity (Campbell et
al., 1933).

Allelopathic effects of lupine alkaloids are confirmed
again and again (Wink, 1993), for example, by their anti-
microbial activity in the culture of Staphylococcus aureus,
Escherichia coli, Pseudomonas aeruginosa Mig., Bacillus
subtilis Cohn., Klebsiella pneumoniae Trevis., in concentra-
tions 3—4 orders lower than that of antibiotics (Erdemoglu
et al., 2007).

An in vivo trial on lupine-fed goats showed moderate
but credible activity of a lupine seed extract against the
nematodes Haemonchus contortus and Teladorsagia cir-
cumcincta (Dubois et al., 2019).

There is a lot of evidence to the antifungal effect of alka-
loids. Fusarium resistance of high-alkaloid lupine cultivars
was shown to be higher than that in low-alkaloid ones, and
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an increased alkaloid content in plant cells was reported
in response to the infection by causative agents. Purified
lupine alkaloids may be used for pre-sowing treatment of
legume crop seeds to raise their resistance to anthracnose,
Fusarium, and other fungal diseases. The advantage of
alkaloids over synthetic fungicides is their biodegradation
and lesser toxicity (Anokhina et al., 2008).

New breeding trends

or old processing techniques?

There are five known genes reducing alkaloid content in
narrow-leaved lupine seeds: iuc (iucundus), es (esculentus)
(Hackbarth, 1957), dep (depressus) (Hackbarth, Troll,
1956), al, a2, a3 (angustifolius) (Mikolajczyk, 1966), and
tant (tantalus) (Zachow, 1967). The iuc gene determines
a reduction in alkaloid concentration approximately to
0.06 % dry weight, dep is responsible for very low content
of alkaloids (ca. 0.01 %), while es governs their interme-
diate concentration (Hackbarth, Troll, 1956). Each stage in
the synthesis of alkaloids is controlled by certain alleles,
capable of independent mutations and recombinations.
Non-allelic mutations are possible: they have a similar
phenotypic effect, leading to a low content or absence of
alkaloids (Anokhina, 1975). The discovery of complemen-
tary gene interactions made it possible to produce the first
absolutely alkaloid-free forms by uniting the genes of two
non-allelic recessive mutants in one genotype (Sengbusch,
1942). Thus, the absence or low content of alkaloids is
a complex quantitative trait of polygenic nature with free
complementation between its non-allelic complementary
genes (Anokhina, 1975), which is a serious obstacle for
the crop’s breeding and seed production.

It was observed in the process of breeding sweet culti-
vars of narrow-leaved lupine that they were considerably
less resistant to diseases and pests than bitter ones: their
susceptibility to insect attacks increased as well as, ac-
cordingly, vulnerability to virus diseases carried by, for
example, aphids (Berlandier, 1996; Adhikari et al., 2012).
The end of the 20th century was marked by drastic onsets
of Fusarium and anthracnose in all countries producing
narrow-leaved lupine. The idea emerged to develop ‘bitter/
sweet’ cultivars, combining the bitterness of green biomass
as ameans of defense against pests and low alkaloid content
in seeds to make them usable as feed or food (Wink, 1990;
Philippi et al., 2015). Such idea could not be implemented
without the knowledge of the entire multistep way of
alkaloid biosynthesis which starts within the chloroplasts
of young lupine leaves (Wink, Hartmann, 1982; Bunsupa
et al., 2012), from where they are transported through the
phloem into the generative organs (Lee et al., 2007). Re-
cent research on the expression of genes responsible for
alkaloid biosynthesis has shown that such biosynthesis is
completely or nearly absent in the seeds, which confirms the
transport of alkaloids from other tissues (Otterbach et al.,
2019).

Biosynthesis of quinolizidine alkaloids has been studied
to a much lesser extent than that of some economically

2020
24.6

Ankanoungpl NonvHa y3KONNCTHOro Kak daktop,
onpegensALwWwmin Nyt ero NCNoNb30BaHNA 1 CeneKkLmn

important alkaloids in other plants that represent the model
species for better understanding of this process (Nico-
tiana spp., Papaver somniferum, etc.). That is why the
attempts have been made to gain an insight into the ways
of lupine alkaloid synthesis and transport, using the know-
ledge of the synthesis of other alkaloids and the searches
for homologous genes (see the reviews by Bunsupa et al.,
2012; Kamel et al., 2016; Frick et al., 2017; Romanchuk,
Anokhina, 2018).

Along with approaching these breeding tasks, which
prospectively can be solved through the use of new reverse
breeding or genome editing technologies, they are trying
to modernize the centuries-old experience in the removal
of bitterness from lupine seeds and green biomass. They
develop the techniques of alkaloid extraction from large
amounts of raw plant produce yielded by bitter cultivars,
thus making it fit for animal feed. In 2013, for example,
Russian researchers developed and patented the cost-ef-
fective biotechnology of profound lupine grain processing
in a milk serum medium. Such line may be installed into
the technological process of any compound feed produc-
ing factory (Korol, Lakhmotkina, 2016b). Thermal seed
treatment with alkaline solutions could reduce alkaloid
concentrations in seeds to 0.003 % (Jiménez-Martinez
et al., 2001). In Portugal, at the enterprises that extract
alkaloids from large bulks of lupine and consume lots of
water, a trial was conducted to test the technology of dis-
charged water detoxification by nanofiltration and binding
0f 99 % of lupanine contained in it, so that the latter could
be used as raw material for the pharmaceutical industry
(Barbeitos, 2016).

Thus, at present there are two ways to obtain alkaloid-
free raw produce of narrow-leaved lupine for food and
feed purposes: lengthy and intricate development of
low-alkaloid cultivars by conventional breeding tech-
niques, and novel technological lines of alkaloid removal/
extraction. The solution for lupine breeding is seen in the
genome-based biotechnologies, as their certain prospects
for narrow-leaved lupine are quite obvious.

Genetic and genomic resources

of narrow-leaved lupine

Intensification of breeding practice requires rich and di-
verse source material. A number of the world’s genebanks
maintain the global diversity of L. angustifolius. The larg-
est collections are in Australia, Poland, Portugal, and the
Russian Federation. The Australian collection includes
mostly wild lupine forms, recombinant inbred lines, mutant
populations, and interspecies hybrids. These resources are
used to study the genetic and molecular control over the
key traits, and this work is expected to be reinforced by the
ongoing research into L. angustifolius genome sequencing.
The main objective of Australian researchers is to expand
the genetic base of the species, including the involve-
ment of wild lupine forms. Marker-based introgression
of the desired traits is proposed (Berger et al., 2013). The
marker-assisted selection has already become an integral
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element of Australian breeding programs and accelerated
the development of new cultivars (Rychel et al., 2015).

Genetic maps have been produced for narrow-leaved
lupine (Yang et al., 2013; Kamphuis et al., 2015) as well
as vast libraries of genomic insertions (Gao et al., 2011).
Genes responsible for the expression of economically use-
ful traits, alkaloid content included, have been discovered
and mapped (Boersma et al., 2005; Bunsupa et al., 2011).

The only one recessive iuc gene, out of the five known
ones that determine the alkaloid content in narrow-leaved
lupine, is used in breeding programs. The gene’s molecu-
lar functions have not yet been identified. Markers have
been found for the locus iuc, and the denser cartographic
resources and genome annotation have narrowed the region
of the iucundus candidate gene (Lietal., 2011; Hane et al.,
2016). The NGS (next generation sequence) technology is
applied for more rapid development of markers for breeding
(Yang et al., 2015).

The paths of alkaloid synthesis are partially known.
However, their genetic base still remains poorly studied.
Transcriptome sequencing (RNA-seq) and analysis of
differentially expressed genes in a sample containing bit-
ter and sweet narrow-leaved lupine accessions helped to
detect 13 genes presumably involved in the synthesis of
quinolizidine alkaloids (Kamel et al., 2016). The identi-
fied alkaloid biosynthesis genes were mapped, but only
one transcriptomic factor from the RAP2 family of factors
regulating secondary metabolism was closely linked with
the iuc gene (Kroc et al., 2019). Investigating the map-
ping populations with the technique of massive analysis
for cDNA ends (MACE) confirmed the idea that the
ETHYLENE-RESPONSIVE TRANSCRIPTION RAC2-7
gene factor could control the low-alkaloid phenotype in
narrow-leaved lupine (Plewinski et al., 2019).

Conclusion

The gene pool of narrow-leaved lupine should become
the target of more intense research on the phenotypic
and genotypic levels, so that its diversity would be more
obvious and available to plant breeders. This will help to
optimize the development of cultivars with the desired
properties. With this in view, it seems rational to make
green manure cultivars high-alkaloid, but those intended
for food and feed must not lose their adaptability-related
traits, including pathogen resistance, at the expense of
eliminated alkaloids. In this regard, a productive idea is to
produce ‘bitter/sweet’ cultivars, combining high alkaloid
content in their green biomass with a low alkaloid level
in seeds. Its implementation depends on the knowledge
of alkaloid biosynthesis and transport pathways in a plant
and the possibility of their regulation, which seems a task
for the nearest future, considering the currently available
genomic resources. However, at the present moment it is
not expedient to discard routine technologies of raw plant
produce processing, using alkaloid extraction techniques
with concurrent isolation of valuable ingredients for the
pharmaceutical industry. Genetic resources—phenotyp-
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ing—metabolomics—conventional breeding practice; ge-
nomic resources—marker-assisted and genomic selection/
genome editing; and cost-effective technologies of alkaloid
extraction from the raw produce of bitter cultivars — these
approaches are, in our opinion, the best to improve the
economic potential of this valuable pulse crop and make
use of it in the present-day situation and in future.
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Abstract. The free-living flatworm Macrostomum mirumnovem is a neopolyploid species whose genome under-
went a recent Whole Genome Duplication (WGD). In the result of chromosome fusions of the ancient haploid
chromosome set, large metacentric chromosomes were formed. In addition to three pairs of small metacentrics,
the current karyotype of M. mirumnovem contains two pairs of large metacentric chromosomes, MMI1 and MMI2.
The generation of microdissected DNA libraries enriched for DNA repeats followed by DNA probe preparation and
fluorescent in situ hybridization (FISH) were performed. The DNA probes obtained marked chromosome regions
enriched for different DNA repeats in the M. mirumnovem chromosomes. The size and localization of these regions
varied in different copies of large chromosomes. They varied even in homologous chromosomes, suggesting their
divergence due to genome re-diploidization after a WGD. Besides the newly formed chromosome regions enriched
for DNA repeats, Bchromosomes were found in the karyotypes of the studied specimens of M. mirumnovem. These
B chromosomes varied in size and morphology. FISH with microdissected DNA probes revealed that some Bs had
a distinct DNA content. FISH could paint differently B chromosomes in different worms and even in the same sample.
B chromosomes could carry a bright specific fluorescent signal or could show no fluorescent signal at all. In latter
cases, the specific FISH signal could be absent even in the pericentromeric region of the B chromosome. Possible
mechanisms of B chromosome formation and their further evolution are discussed. The results obtained indicate
an important role that repetitive DNAs play in genome re-diploidization initiating a rapid differentiation of large
chromosome copies. Taking together, karyotype peculiarities (a high level of intraspecific karyotypic diversity as-
sociated with chromosome number variation, structural chromosomal rearrangements, and the formation of new
regions enriched for DNA repeats) and some phenotypic features of M. mirumnovem (small body size, short life-
cycle, easy maintenance in the laboratory) make this species a perspective model in the studies of genomic and
karyotypic evolution in species passed through a recent WGD event.

Key words: metaphase chromosome microdissection; DNA probes; repetitive DNA; mobile element transposition;
FISH; DNA amplification; B chromosomes.
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PaiioHbI, 0OoraiieHHbIe ITIOBTOPEHHbIMMU ITOCegoBaTeIbHOCTIMMU JTHK,
B XpoMocoMax Macrostomum mirumnovem — BUa,
HeJaBHO IIPOIIeaIllero IIOJJHOTeHOMHYVIO OVIUINKAIIIO

K.C. 3apecenen, H.B. Py6u03@

DepepanbHblii NCCNEROBATENbCKUI LeHTP UHCTUTYT ymtonorum n reHetrnkn Cnbrpckoro otaeneHns Poccuinckol akagemmnm Hayk, HoBocnbupck, Poccus
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AnHoTayuma. CBO60AHOXKMBYLWMIA NNOCKNIA YepBb Macrostomum mirumnovem — HEONONNMIONAHbIV B, €F0 FreHOM
npeTepnen HefJaBHIoOW NofHoreHoMHyto gynnnkaumio (Whole Genome Duplication, WGD). B pe3ynbtate cnuaHuma
raniouaHoro XpOMOCOMHOro Habopa B ero KapuoTune Npoun3soLsio GopmMupoBaHune AByX HOBbIX KPYMHbIX XPOMO-
com, MMI1 n MMI2. Co3paHrie MUKpOoANCCEKUMOHHbIX [HK-61mbnmnotek, oboraweHHbIX NOBTOPEHHbIMY NOCefo-
BatenbHocTAMK OHK, n nx nocnegytowas rmbpuansaums in situ ¢ metapasHbiMM XpomocoMamu M. mirumnovem
BbIAABMIV B 3TVX XPOMOCOMAX PaioHbl, 0b0rallyeHHble MOBTOpeHHbIMK nocnegoBaTenbHocTaMmu [HK. PasHble IHK-
npoO6bl ycTaHaBAMBaNu B Xpomocomax M. mirumnovem paioHbl, oboraleHHble PasHbIMY MOBTOPEHHbIMU NOCHe-
noBaTtenbHOCTAMN. JTokanusauma n pasmep 3TX PaioHOB BapbMPOBasM B Pa3HbIX KOMMUAX KPYMHbIX XPOMOCOM,
3TO NpeAnosarano NX AUBEPreHUNIO U CHUXKEHME YPOBHA rOMOJIOMMN, YTO MOXKET Moc/e MONHOW AynanKkauun re-
HOMa NPUBOAUTbL K ero peaunnonansaymmn. MoMmmo BO3HUKLLIKX de Novo paioHOB XPOMOCOM OCHOBHOTO Habopa,
ob6oralleHHbIX NMOBTOPEHHbIMM NOC/Ief0BATENIbHOCTAMY, B KapuoTune y 60NbWMHCTBA UCCIeA0BaHHbIX 0cobel
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PaiioHbl, 06oraLyeHHble MOBTOPEHHbIMY NOCeL0BaTENIbHOCTAMY
[HK, B xpomocomax Macrostomum mirumnovem

ob6Hapy»keHbl B-xpoMocombl, KoTopble BapbunpoBany no pasmepy n mopdonorum. Pasnnuna B coctase JHK y 3Tmx
B-xpomocom 6binv nokasaHbl ¢ MOMOLLbio dnyopecueHTHON rnbpuansauuu in situ (FISH) ¢ nonyyeHHbIMU MUKPO-
AnccekunoHHbiMn AHK-npo6amm Ha XPOMOCOMHOM MaTepuase, B3ATOM OT Pa3HbIX XMBOTHbIX. OnyopecLeHTHasA
rmbpuansaums in situ 31nx JHK-npo6 no-pasHomy okpalumsana B-xpomMocombl, copepKaLimecs B KapuoTunax y pas-
HblX ocobeit M. mirumnovem. YacTb B-xpomMocom MHTEHCVBHO OKpaluvBanacb npu nposegeHunn FISH, Torga Kak Ha
Lpyrunx B-xpomocomax rmbpran3aLoHHbIX CMrHanoB He 6bino. Cneunduyecknin FISH-curHan otcyTcTBOBan gaxe
B MPULEHTPOMEPHBIX palioHax Takux B-xpomocom. B HacTosLwen cTaTbe 06CyK4aloTcA BO3MOXKHbIE MEXaHU3Mbl
BO3HUKHOBEHMSA 1 Nocneaytouleii 3sontouum B-xpomocom y M. mirumnovem. MonyyeHHble pe3ynbTaTbl yKa3blBaloT
Ha Ba)KHYIO POJib MOBTOPEHHbIX MOC/IEA0BATENIbHOCTEN, KOTOPYIO OHU MOTYT UrpaTb B MpoLiecce peopraHm3auum
reHoMma, NPuBoAA K bbicTpoit AnddepeHUMaLmMmn SynamuupoBaHHbIX KON XPOMOCOM. BbIcOKUiA ypoBeHb BHYTpU-
BULOBOIO KaproTUMMYECKOro pa3Hoo6pasus no YMCIEHHBIM U CTPYKTYPHbIM XPOMOCOMHBIM NepecTporikam 1 no
$GOPMMPOBaHIIO HOBbIX XPOMOCOMHbBIX PallOHOB, 060raLLEHHbIX MOBTOPEHHbIMY MOCIEA0BaTENbHOCTAMM, @ TaKKe
HebonbLIOW pa3mep Tena (~2 MM) 1 NPOCTOTa NOAZePXKaHUA NabopaTOPHbIX KynbTyp M. mirumnovem fenatot 3ToT
BUJ NepCrneKkTVBHOW MOAENbIO B CCIEA0BAHUAX FEHOMHOW 1 KapUOTUMIMYECKON SBOMIOLMU BUAOB, HeJaBHO Npo-
LeALWNX NOMHOTEHOMHY!I0 Ay nanKauuio.

KnioueBble crnoBa: MuKpoanccekumsa metadasHbix xpomocom; AHK-npobbl; NOBTOpeHHbIE MOCIeA0BaTENbHOCTU
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[HK; TpaHcno3unumsa mobunbHbix 3nemeHToB; FISH; amnnudukauyms JHK; B-xpomocombl.

Introduction

Comparative genomics opened up new possibilities for studies
of mechanisms of whole-genome duplication (WGD), as well
as its consequences after the large-scale changes of genome
involving almost all of the genes. The most of the existing
species of plants and animals were resulted from at least one
round of WGD, more often a few WGD events (Wendel, 2000;
Panopoulou et al., 2003; Dehal, Boore, 2005). In different
phylogenetic lineages, these WGDs took place hundreds
of MYA. Hence, the genomes of modern species are paleo-
ploids, and they contain only traces of WGDs (Dehal, Boore,
2005). Therefore, comparative analysis of their genomes
can provide only limited knowledge about mechanisms of
polyploid formation and further reorganization of the dupli-
cated genome. There are two main mechanisms of WGD:
autopolyploidy resulted in autotetraploid genome formation,
and allopolyploidization, i.e. doubling of hybrid genome
after interspecific hybridization. In the latter case, a new allo-
polyploid genome contains both parental genomes, and it can
retain many traits of its hybrid ancestor. The key role of WGD
in genome evolution in animals was considered in the recent
review (Zadesenets, Rubtsov, 2018).

WGD events occurred in genomes of different phylogenetic
lineages (yeasts, plants, animals). Many studies performed by
different research groups have uncovered that the number of
WGDs can distinguish for different phylogenetic lineages:
for instance, in rotifer — 1 WGD, in the vast majority of
vertebrates — 2, in many plants — 3, in salmonids — 4 (Dehal,
Boore, 2005; Glasauer, Neuhauss, 2014; Kenny et al., 2018).
The genome evolution of Brassica rapa contained alternating
rounds of multiplication events, including both whole-genome
duplication and even triplication (Moghe et al., 2014). Some
researchers suggest that WGD creates conditions for follow-
ing large evolutionary transformations, despite other scientists
take a different view, suggesting post-WGD species are mostly
evolutionary dead-end (Mayrose et al., 2011; Soltis et al.,
2014). For many years the most of studies were devoted to
the analysis of polyploidy and WGD in plants that was linked
with the limitations of the available methodological possibili-
ties. Development of new methods in molecular genetics, im-
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provement of NGS technologies have fundamentally changed
the WGD studies in animals (Zadesenets, Rubtsov, 2017b).
In a result, comparative genomics has arisen, and more and
more animal species continue to be involved in these studies
(Comparative Genomics, 2000). The limited number of spe-
cies underwent a recent WGD is a challenge in researches
devoted to WGD and early-stage genome reorganization after
a WGD in animals (Zadesenets, Rubtsov, 2018).

It should be noted that a large number of polyploid variants
are likely to be evolutionary dead-ends (Mayrose et al., 2011;
Barker et al., 2016). They represent new, but less competitive
variants in comparison with their diploid ancestors. Neverthe-
less, traces of WGDs revealed in genomes of many existing
species indicate to a significant contribution of WGD in the
formation of new mechanisms of environmental adaptation
(Glasauer, Neuhauss, 2014; Fisher et al., 2018). Although
WGD can be considered as a key event in the formation of new
phylogenetic lineages, the possibilities of studying a WGD
and the processes it triggers in the followed stages of genome
evolution are limited. The rapid progress in the development of
new methods of molecular genetics and genomics has opened
up new opportunities and perspectives in the evolutionary
studies. However, the number of perspective model organisms
for studying WGD remains extremely low. The involvement
in studies of new species, whose genomes passed through a
recent WGD, is one of the most urgent tasks. The group of
species of free-living flatworms of the genus Macrostomum
may turn out to be one of such promising model species.

Molecular cytogenetic analysis of the M. lignano chromo-
somes uncovered that the main traits of its genome and karyo-
type organization differ from that of the other Macrostomum
species, and these peculiarities are linked with a recent WGD
event in its genome evolution (Zadesenets et al., 2017a, c).
The karyotypes of many Macrostomum species consist of a
low number of small metacentric chromosomes (Egger, Ishida,
2005; Zadesenets et al., 2016; Schérer et al., 2020). It was
suggested that a basal chromosome number was 2n = 6, but
due to the WGD, the doubled chromosome number led to the
increased karyotype 2n = 12 in some Macrostomum species.
Chromosome fusions of all chromosomes of one haploid
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chromosome set of ancestor have resulted in the decreased
chromosome number (from 12 to eight chromosomes) in
the M. lignano karyotype (Egger, Ishida, 2005; Zadesenets
et al., 2016). Moreover, paralogous regions revealed in the
M. lignano chromosomes accumulated some differences
that more likely arose after a WGD event (Zadesenets et al.,
2017a, c¢). The uncovered karyotype instability in M. lignano
is considered to be a consequence of the ongoing rediploidi-
zation processes in its genome. The karyotyping of new
Macrostomum species led us to explore a new species, namely
M. mirumnovem arose through a recent independent round
of WGD. The genome evolution of this species accompanied
by intensive chromosome reshuffling resulted in chromosome
fusions, structural chromosome rearrangements, formation of
new repeat-enriched regions, and B chromosome formation
(Zadesenets et al., 2020). Based on the cytogenetic analysis of
the M. mirumnovem chromosomes, we concluded that expan-
sion and amplification of repetitive DNA play a significant
role in the reorganization of its karyotype. By generation of
microdissected DNA probes enriched with DNA repetitive
sequences, we studied the distribution of these DNA repeats
in the M. mirumnovem chromosomes.

Material and methods

Laboratory outbred culture of the free-living flatworm
M. mirumnovem. The laboratory outbred culture of M. mi-
rumnovem, kindly provided by Professor Lukas Schéarer
(Zoological Institute of the University of Basel, Switzerland),
was used in the current study. The culture of M. mirumnovem
has been cultivated under the laboratory conditions for three
years. The first karyotyping was performed three months after
sampling the M. mirumnovem worms from natural popula-
tions (Zadesenets et al., 2020). Already at this stage, a high
level of karyotypic diversity was revealed. The most common
karyotype consisted of nine chromosomes: the largest unpaired
metacentric (MMI1), a pair of large metacentrics (MMI2) a
bit smaller in size than the MMII, and three pairs of small
metacentric chromosomes MMI3-MMIS (Schérer et al., 2020;
Zadesenets et al., 2020).

In the chromosomes thus formed, the active expansion
of transposable elements (TEs) and amplification of DNA
sequences probably led to the formation of numerous regions
enriched for repetitive sequences (Zadesenets, Rubtsov, 2020).
Single-worm karyotyping, carried out before microdissection
of small metacentrics, showed an increase in the karyotypic
diversity among the worms of the laboratory culture, as well
as the formation of B chromosomes in it. In the current study,
we used the metaphase plates with the 2n = 9 karyotype to
generate the microdissected DNA probes. For fluorescence
in situ hybridization (FISH) metaphase chromosome slides
obtained from individual worms with different karyotype
variants were used.

Preparation of metaphase chromosome plates. Regular
karyotyping of individual worms of the laboratory culture
of M. mirumnovem was done as was previously described
(Zadesenets et al., 2016). We checked at least ten metaphase
spreads per each specimen. For microdissection, we prepared
chromosome slides using a cell suspension technique that
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provides a better preservation of DNA in metaphase chromo-
somes. To make a suspension of fixed mitotic cells, we used
100 mature worms, as was earlier described (Zadesenets et
al., 2016). Metaphase plates were spread on a wet surface of
cold coverslips (60 x 24 x 0.17 mm). Preparation of metaphase
spreads on coverslips allowed us to use a maximum magni-
fication of the inverted microscope AXIOVERT10 (ZEISS,
Germany) during microdissection.

Staining of metaphase chromosomes. For routine karyo-
typing the metaphase chromosomes were stained with a fluo-
rescent dye DAPI (4,6-diamidino-2-phenylindole solution)
dissolved in the VECTASHIELD® mounting medium contain-
ing antifade (Vector Laboratories Inc., Burlingame, CA, USA).
Metaphase chromosome slides prepared for microdissection
were stained in a 2 % Giemsa solution (in 1xPBS, pH = 7.2,
PanEco, Moscow, Russia) (Zadesenets, Rubtsov, 2020).

Microscopic analysis of chromosome preparations was
performed at the Center for the collective use of microscopic
analysis of biological objects of the SB RAS at the Institute of
Cytology and Genetics SB RAS (Novosibirsk, Russia) using
an Axioplan 2 luminescent microscope (ZEISS) equipped with
a CCD camera and a set of filters #49, # 10 and # 15 (ZEISS).
Registration and subsequent processing of microscopic im-
ages of chromosomes was performed using the ISIS4 software
(METASystems GmbH, Germany).

Microdissection of metaphase chromosomes and genera-
tion of microdissected DNA probes. Microdissection of
metaphase chromosomes was used for the generation of
the DNA probes from the M. mirumnovem chromosomes as
was described earlier (Zadesenets et al., 2016). To amplify
the DNA of the dissected chromosomal material, we used a
standard variant of sequence-independent polymerase chain
reaction (PCR) (Zadesenets et al., 2017a, ¢). The procedure of
microdissection from the selection of the metaphase plate to
the transfer of dissected material into a PCR tube with a reac-
tion mixture were described in detail (Zadesenets, Rubtsov,
2020). In the current study, we collected two single copies of
small chromosomes.

The difference in the preparation of DNA probes from the
standard protocol consisted in modifying the composition of
the collection buffer, into which the dissected chromosome
material was directly collected (~40 nl in the drawn-out sili-
cone tip of the Pasteur pipette). The collection drop contained
a proteinase and DNA fragmentation buffer (commercial
Whole Genome Amplification 4 (WGAA4) kit, Sigma-Aldrich,
USA) and 0.1 % non-ionic detergent Triton X-100 (VWR Life
Science AMRESCO, USA). All subsequent stages of DNA
preparation for amplification and directly DNA amplifica-
tion were carried out according to the previously described
protocol (Zadesenets et al., 2016, 2017a, ¢) with an increased
number of PCR cycles (up to 35 cycles) at the last stage of the
preparation of a microdissected DNA library.

Generation of microdissected DNA libraries involves two
steps: (1) the generation of DNA fragments (from the dis-
sected chromosomal material) flanked by the corresponding
sequences (WGA4 kit, Sigma-Aldrich, USA) and (2) the
amplification of such DNA fragments in PCR. Depending on
the efficiency of obtaining the flanked DNA fragments in the
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first stage, there are two different variants for the DNA content
of the obtained DNA libraries. In the first one, the sequences
repeated many times in the genome and a significant part
of the unique and low repetitive sequences are involved in
amplification. In the second one, the part of genomic DNA
sequences involved in amplification was reduced and mostly
highly repeated sequences appeared to be amplified. The repre-
sentation of unique DNA sequences in the obtained microdis-
sected DNA libraries is significantly reduced with a decrease
in the efficiency of generation of DNA fragments capable of
amplification at the first stage. In a result, the generated DNA
libraries are enriched with repetitive sequences.

An increase in the number of PCR cycles at the second
stage of generation of microdissected DNA library allows to
obtain the required amount of DNA product. The modification
of the collection buffer used in the first stage of generation
DNA libraries led to the production of DNA libraries that
were enriched in highly repeated sequences. The presence
mostly of highly repetitive DNA in the obtained DNA libraries
was confirmed by the complete absence of a signal in most
euchromatin regions of chromosomes after FISH with DNA
probes obtained on their basis.

The resulting PCR product was labelled in 20 additional
PCR cycles in the presence of fluorochrome-conjugated
nucleotides: Flu-12-dUTP [fluorescein-5(6)-carboxamido-
caproyl-[5(3-aminoallyl)2’-deoxyuridine-5'-triphosphate]
(Biosan, Novosibirsk, RF) or TAMRA-5-dUTP [tetrame-
thylrhodamine-5(6)-(5-[3-carboxamidoallyl]-2'-deoxyuri-
dine 5'-triphosphate)] (Biosan) (Zadesenets et al., 2017a, c).
GenomePlex® Whole Genome Amplification Reamplification
kit (WGA3) (Sigma-Aldrich, USA) was used for labelling.

Fluorescent in situ hybridization on metaphase chro-
mosomes of DNA probes with metaphase chromosomes of
M. mirumnovem was performed according to the previously
described protocol (Zadesenets et al., 2017a, c), without
suppression of the repetitive DNA hybridization. During
FISH, chromosome slides prepared from individual worms
of M. mirumnovem were analyzed. When FISH was carried
out with separate microdissected DNA probes (S3 or S4), as
well as when two-colour FISH with DNA probes S3 and S4,
was performed ten or more specimens of M. mirumnovem
were studied.

Results and discussion

Generation of DNA probes from chromosomes of M. mi-
rumnovem and FISH of the obtained DNA probes with
metaphase chromosomes. The S3 and S4 DNA probes
were obtained from single copies of two small metacentrics.
FISH with the DNA probes on metaphase chromosomes of
M. mirumnovem revealed chromosome regions enriched for
repetitive sequences homologous to DNA in the DNA probes
S3 and S4 (Fig. 1, 2). The regions painted by the DNA probes
S3 or S4 will be called S3D- or S4D-regions, respectively,
i.e. the regions detected by FISH using the DNA probes S3
and S4. In our study, the definition of precise localization of
these regions in metaphase chromosomes of M. mirumnovem
posed a certain problem of the description based on their
morphology and differential staining.
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Fluorescent in situ hybridization with the S4 DNA probe
on the large metacentric chromosomes, MMI1 and MMI2,
gave bright fluorescence exactly in the region of their primary
constriction, and additional signals in some regions of their
chromosome arms (see Fig. 1, 2). In addition to FISH signals in
large chromosomes, the DNA probe S4 gave an intense signal
in the pericentromeric region of the chromosome MMI4. In
some specimens, the distal region of g-arm of MMI4 was also
intensively painted (see Fig. 1, a, b, 2, ¢). The weak signals
(on the edge of being able to detect them) were also detected
in the pericentromeric regions of the chromosomes MMI3
and MMIS5.

Due to the small block of the pericentromeric structural
heterochromatin in the M. mirumnovem chromosomes, it is
hardly possible to conclude whether the S4D-regions were
located directly in the pericentromeric regions or in adjacent
euchromatin regions even in the large chromosomes MMI1
and MMI2. Localization of FISH signal on the condensed
metaphase chromosomes MMI3—-MMIS5 often turned out
to be even more complicated (see Fig. 1, a, ). However, it
should be noted that on less condensed chromosomes MMI3—
MMIS5 with a pronounced primary constriction, the FISH
signal of the DNA probe S4 was always localized in this
region (see Fig. 2, ¢).

Thus, taking into account the small size of the pericentro-
meric heterochromatic regions, the question whether the S4D-
regions are located in the pericentromeric heterochromatin of
the chromosomes or the proximal euchromatin of p- or g-arms,
remains open. For simplicity, a further description of the ob-
tained results, we will define these regions pericentromeric,
recognizing some incorrectness of the use of this term.

Given the specificity in the description of FISH results,
we can conclude that the DNA probe S4 painted the peri-
centromeric regions of all A-chromosomes. The intensity of
FISH signals in different chromosomes varied significantly,
changing from the intense signal in the region of the primary
constriction of some copies of chromosomes MMI1, MMI2,
and MMI4 to the weak separate signals on both chromatids
of small metacentrics MMI3 and MMIS (see Fig. 1, a, b). The
variation in fluorescence intensity of the signal of the DNA
probe S4 in regions of different chromosomes, including
different copies of homologous chromosomes, was probably
derived from the different copy number of the corresponding
repeats in these regions. However, it cannot be ruled out that in
some cases such differences may be based on the differences in
homology level between repetitive sequences in these regions
and the DNA of the S4 probe. It should be noted that additio-
nally to specific signals in the regions of A-chromosomes, the
DNA probe S4 weakly painted some B-chromosomes (see
Fig. 1, 5,2, a, b).

Intense FISH signals of the DNA probe S3 localized only
in small chromosome MMI4 and in large metacentric chro-
mosomes (MMI1 and MMI2). Furthermore, two-colour FISH
with the DNA probes S3 and S4 showed that the large chro-
mosomes are enriched for different highly repeated sequences.
Moreover, the revealed S3D- and S4D-regions were not co-
localized (see Fig. 2, a—c). Even in the proximal region of
MMI4, where the S3D- and S4D-regions were localized close
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Flu/TAMRA

Fig. 1. Fluorescent in situ hybridization of the microdissected DNA probes
S3 (red signal) and S4 (green signal) with metaphase chromosomes ob-
tained from different specimens of M. mirumnovem. The chromosomes
differ in the size of the regions enriched for repetitive DNA sequences
(a-d). The inverted image of DAPI-staining and separate channels for
fluorochromes Flu/TAMRA are presented.

The chromosomes MMI3-MMI5 are indicated by numbers (3-5, correspon-
dently) and B chromosome(s) is/are marked by the letter “B". The suggested
B chromosomes are shown with asterisks (small chromosomes having the size
and morphology distinct from that of the chromosomes MMI3-MMI5). Scale
bar 10 pm.

DAPI/Flu/TAMRA DAPI Flu TAMRA

Fig. 2. Two-colour fluorescent in situ hybridization of the microdissect-
ed DNA probes S3 (red signal) and S4 (green signal) with metaphase
chromosomes of high (a-b) and low (c) condensation level. Metaphase
spreads were obtained from various samples of M. mirumnovem. The
chromosomes differ in the size of the regions enriched in repetitive DNA
sequences (a—c). The inverted image of DAPI-staining and separate chan-
nels for fluorochromes Flu/TAMRA are presented.

For trait designations see Fig. 1.
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to each other, no co-localized FISH signals of the DNA probes
S3 and S4 were observed.

In one specimen, a transition of the S3D-region to the distal
region of the p-arm of MMI4 was revealed, which is visible on
low condensed chromosomes (see Fig. 2, ¢). It is likely that this
transition could be resulted from an inversion involving one
of the breakpoints located between the S3D and S4D regions.
The obtained FISH results indicated that different repetitive
sequences belonging to MMI4 were involved in DNA am-
plification during generation of the DNA probes S3 and S4.

The low-intense FISH signals of the DNA probe S3 (on the
edge of the possibility of their detection) were revealed in the
regions of small chromosomes MMI3 and MMIS5. Either the
revealed regions probably contained a relatively low copy
number of DNA repeats homologous to that of the DNA
probe S3, or DNA repeats in them had a low homology level
with the DNA of the probe S3. We should note that the DNA
probe S3 intensively painted the regions in the arms of some
copies of large metacentrics (see Fig. 1, a—d, 2, a—c). Some
of these regions were painted even more intensively than the
proximal part of MMI4.

Summarizing data on FISH with the DNA probes S3 and
S4 it is possible to state that two different types of large
chromosomes were revealed in the karyotypes of studied
specimens of M. mirumnovem. One of them was characterized
by the presence of strong hybridization signals in their arms,
while another showed the level of specific FISH signal in-
tensity comparable to registered ones in the regions of small
chromosomes MMI3 and MMIS5 (see Fig. 1, 2).

Possible mechanisms for the formation of regions en-
riched for repetitive sequences and their following evolu-
tion. The question of the molecular mechanisms providing
the variability of the regions enriched for DNA repeats in size
and location remains open. However, it is necessary to take
into account that chromosomes MMI1 and MMI2 contain
extended regions homologous to the euchromatic regions of
MMI4 (Zadesenets et al., 2020). Besides variable S3D- and
S4D-regions (in terms of localization and size) observed in
the MMI1 and MMI2, the S3D- and S4D-regions were also
detected in the chromosome MMI4, but only their traces
were found in the MMI3 and MMIS5. Probably, the fusions
of ancestral chromosomes that formed the large metacentrics
were accompanied by amplification of DNA repeats derived
from MMI4. Further expansion and amplification of repetitive
DNA sequences could lead to the divergence of the formed
large metacentrics. The distribution of such regions within
the chromosome could also occur as a result of inversions,
as it was shown in case of transition of the S3D-region in
the chromosome MMI4 in one of the analyzed specimens of
M. mirumnovem (see Fig. 2, ¢).

Based on the results obtained in our study;, it is not possible
to estimate what kind of repetitive sequences are present in
the microdissected DNA probes. In future, the answer to this
question can be obtained by cloning DNA fragments from
the generated DNA libraries and subsequent FISH with DNA
probes prepared from these DNA fragments. Previously,
this approach was successfully applied to analyze the DNA
composition of the B chromosome of the locust species, Po-
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disma kanoi (Bugrov et al., 2007). An alternative way for
studying the DNA composition of the microdissected DNA
libraries is their NGS sequencing. Earlier, this approach
was applied to determine the DNA composition of Bs of the
Korean field mouse Apodemus peninsulae from East Asia,
the yellow-necked mouse Apodemus flavicolis, and a small
supernumerary marker chromosome in humans (Makunin et
al., 2018). However, the latter experimental design implies
following verification of the results of NGS sequencing using
DNA probes generated based on the obtained sequences, since
a certain amount of DNA always contaminate microdissected
DNA libraries. Additionally, for a successful and efficient
interpretation of the data derived from the microdissected
library sequencing, it is desirable to have a reference genome
assembly or at least genome draft of the studied species
(Zadesenets et al., 2017b). In the case of M. mirumnovem, it
is problematic due to the prominent karyotype and genome
instability, and therefore it requires consideration of alternative
approaches.

B chromosomes of M. mirumnovem. In addition to the re-
gions of A chromosomes, the DNA probe S4 gave specific sig-
nal in some Bs (see Fig. 1, b, 2, a—c). These results allow us
to propose one of the scenarios for the formation of such Bs.
They could be originated from the pericentromeric region of
one of the A chromosomes as a result of chromosome breaks,
leading to the arising of a small additional chromosome.
At the beginning, this chromosome (or proto-B chromosome)
consisted of the pericentromeric region of the ancestral A chro-
mosome, and the subsequent amplification of repetitive DNA
sequences homologous to DNA of the microdissected DNA
probes and other different DNA repeats. The uneven and not
intense specific fluorescence from the DNA probe S4 on the
B indicates the presence of such different DNA repeats in
the B chromosome. It is worth noting that these DNA repeats
can derived both from the pericentromeric region of the ances-
tral A chromosome and from different chromosome regions.
For instance, some Bs gave no specific signal after FISH with
the DNA probe S4. Moreover, specific FISH signal was absent
even in the pericentromeric regions of such B chromosomes
(see Fig. 1, a), which indicates the amplification of different
types of DNA repeats during the formation of the Bs, and,
probably, their different origin.

Conclusion

Using microdissected DNA probes generated by the modified
protocol and containing predominantly highly repeated DNA
sequences, we identified the regions enriched in repetitive
DNA sequences in the M. mirumnovem chromosomes. We
have shown that enrichment of such chromosomal regions
for DNA repeats could vary substantially. The formation
and following changes of these regions in large metacentrics
MMII1 and MMI2 could lead to differentiation of the copies of
homologous chromosomes. Additionally, the obtained results
indicate that the DNA content in different copies of B chro-
mosomes could differ among individuals of M. mirumnovem.
The repetitive DNA sequences homologous to DNA repeats
from the proximal regions of A chromosomes took part in the
formation of at least some B chromosomes.
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AHHoOTauusa. B pabote oxapakTepn3oBaHbl HeKoTopble Gronornyeckne ocobeHHOCTV PaAroNpPOTEKTOPHOrO AeNCTBUA
npenapata asyuenoyeyHoit PHK. O6HapyxeHo, uTto npenapaT apox:xeso PHK obnagaet nposoHrMpoBaHHbIM paauo-
NPOTEKTOPHbIM JeCTBMEM MPY 06TyUYEHNN KNBOTHBIX NeTasibHOM fo301 B 9.4 Tp. Mpu 0bnyyeHnn yepes 14 v Ha 4-e CyTKM
nocne sBeaeHna 7 mr npenapata PHK BbixxnBaeT 100 % *MBOTHbIX Ha 70-e CyTKW HabntogeHua, npu obnyyeHun Ha 8-e 1
12-e cyTkmM — 60 % XMBOTHbIX. bbINM OLlEHEHbl BpeMeHHble NapameTpbl NpoLiecca penapaummn AByLienoYeYHbiX Ppa3pbiBOB,
VHAYLUMPOBaHHbIX Y-ydamu. BoiasneHo, uto BBefeHne npenapaTta PHK B MOMeHT MakcumanbHOro Konnyectsa AByLeno-
YeuHbIX pa3pbIBOB, Yepes 1 4 nocne obnyyeHns, cCHUKaeT 3GPeKTUBHOCTb PaANONPOTEKTOPHOIO AENCTBIA MO CPaBHEHMIO
c BBeAeHvemM 3a 1 4 go obnyyeHua n yepes 4 y nocse obnyyeHus. NposeneHo cpaBHeHNe 3GPEeKTUBHOCTM pagmo3aluT-
HOro AerCTBMA WTAaTHOro paguonpoTtekTopa b-190 n npenapata PHK B ogHOM 3KcnepumeHTe. YcTaHOBNEHO, YTO Npenapat
cymmapHoi PHK He ycTynaeT no a¢dektnBHocTM npenapaty b-190. BbikrBaemocTb Ha 40-e cyTKm nocne obnyyeHuns ana
rpynnbl Mbilwen, nonyyaslwmnx npenapat PHK, coctasuna 78 %, ana b-190 — 67 % *nBOTHbIX. B xoae aHannTnyeckmx nccne-
[OoBaHUiA npenapata cymmapHoi PHK gpoxkel o6Hapyxunnocb, Yto npenapat npefcTaBnseT cobol cMecb oAHoLenoYyey-
Hol 1 AByuenoyeyHol PHK. PagnonpoTeKTopHbIMK CBOMCTBaMM obnafaeT Tonbko AByuenoyeyHasa PHK. Mpu BBepeHnn
160 MKr npenapata asyuenoyeyHolt PHK BbikrBaeT 100 % NofOMbITHBIX *KUBOTHbIX NMOC/e abCoNOTHO NleTanbHON A03bl
ramma-paguauuu 9.4 lp. YctaHoOBNEHO, YTO pagno3awmTHbIn 3¢deKkT aByLenoyeyHon PHK 3aBucnt He oT nocnegoBatenb-
HOCTW, a OT ee fiByLienoyeyHor Gopmbl, TpuYem AA OCyLLeCTBIEHUA PajMONPOTEKTOPHOIO AeNCTBNA AByLenoveyHas PHK
[OJKHA MMETb «OTKPbITble» KOHLbI MoneKynbl. [pefnonaraerca, YTo pagmo3aliMTHoOe AeNCTBre Npenapara AByLenoyey-
Holi PHK cBAzaHo ¢ yyactnem monekyn PHK B KOppeKkTHOM BOCCTAaHOBJIEHUN MOBPEXAEHHOTO 06/TyYeHEM XPOMaTUHA B
CTBOJIOBbIX KneTkax Kposu. CoXpaHMBLLME KN3HECMOCOOHOCTb CTBOSTOBbIE reMOMO3TUYECKME KNETKM MATPUPYIOT Ha nepu-
bepuio n [OCTUralOT Cene3eHKU, rae akTMBHo nponundepupyoT. BHOBb 06pa3oBasLanca KneToyHas nonynaumsa BOCCTaHaB-
NNBAET KPOBETBOPHYIO M UMMYHHYIO CUCTEMbI, YTO ONPERENAET BblXKMBaHNE JIETaNIbHO 06/1yUYEHHbIX XNBOTHBIX.

Kntouesble cnosa: aByuenoyveyHasa PHK; B-190; cene3eHouHble KONOHUK; ABYLIENOYEYHbIe Pa3pbiBbl.
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Characteristic of the active substance of the Saccharomyces
cerevisiae preparation having radioprotective properties

G.S. Ritter!, V.P. Nikolin!, N.A. Popoval' 2. A.S. Proskurinal, P.E. Kisaretoval, O.S. Taranov3, T.D. Dubatolova?,
EV. Dolgoval, E.A. Potterl, S.S. Kirikovich?!, Y.R. Efremov? 2, S.I. Bayborodinl' 2 MLV. Romanenko?2, M.I. Meschaninova®,
A.G. Venyaminovas, N.A. Kolchanov?, S.S. Bogachevl@

TInstitute of Cytology and Genetics of Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia

2 Novosibirsk State University, Novosibirsk, Russia

3 State Research Center of Virology and Biotechnology “Vector’, Koltsovo, Novosibirsk region, Russia

4Institute of Molecular and Cellular Biology of Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia

3 Institute of Chemical Biology and Fundamental Medicine of Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
&) e-mail: labmolbiol@mail.ru

Abstract. The paper describes some biological features of the radioprotective effect of double-stranded RNA preparation.
It was found that yeast RNA preparation has a prolonged radioprotective effect after irradiation by a lethal dose of 9.4 Gy.
100 % of animals survive on the 70th day of observation when irradiated 1 hour or 4 days after 7 mg RNA preparation injec-
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Characteristic of the active substance of the S. cerevisiae
preparation having radioprotective properties
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tion, 60 % animals survive when irradiated on day 8 or 12. Time parameters of repair of double-stranded breaks induced
by gamma rays were estimated. It was found that the injection of the RNA preparation at the time of maximum number
of double-stranded breaks, 1 hour after irradiation, reduces the efficacy of radioprotective action compared with the in-
jection 1 hour before irradiation and 4 hours after irradiation. A comparison of the radioprotective effect of the standard
radioprotector B-190 and the RNA preparation was made in one experiment. It has been established that the total RNA
preparation is more efficacious than B-190. Survival on the 40th day after irradiation was 78 % for the group of mice treated
with the RNA preparation and 67 % for those treated with B-190. In the course of analytical studies of the total yeast RNA
preparation, it was found that the preparation is a mixture of single-stranded and double-stranded RNA. It was shown that
only double-stranded RNA has radioprotective properties. Injection of 160 pug double-stranded RNA protects 100 % of the
experimental animals from an absolutely lethal dose of gamma radiation, 9.4 Gy. It was established that the radioprotec-
tive effect of double-stranded RNA does not depend on sequence, but depends on its double-stranded form and the pre-
sence of “open” ends of the molecule. It is supposed that the radioprotective effect of double-stranded RNA is associated
with the participation of RNA molecules in the correct repair of radiation-damaged chromatin in blood stem cells. The
hematopoietic pluripotent cells that have survived migrate to the periphery, reach the spleen and actively proliferate. The
newly formed cell population restores the hematopoietic and immune systems, which determines the survival of lethally
irradiated animals.

Key words: double-stranded RNA; B-190; spleen colonies; double-stranded breaks.
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BBepeHune

Honusupyroliee U3jlydeHue BO3ACHCTBYET Ha KUBOM Opra-
HU3M TakuM 00pa3oM, 4TO HPUBOIUT K MOBPEKACHHIO €TI0
(DYyHKIIMOHAIBHBIX CHUCTEM M rubesnu. B Hacrosiee Bpems
CYUTACTCA, YTO HOHU3UPYIOUICC U3ITYUCHUC OKA3hIBACT HAU-
Oospiiee BO3JEHCTBIE HA MEMOPAaHHBIE CTPYKTYPBI U SIIPO
KJ1eTKH. JIn3uc MeMOpaH NPUBOANT K Pa3pyIICHUIO CTPYKTYPBI
Kietku, a aedekrsl B sueprnoi JIHK Benyt k HapyrieHuio
MHTETPAIbHON (PyHKIMOHAIBLHOH IETOCTHOCTH XPOMAaTHHA,
ATUIIMYECKOMY TECUEHHIO KIIETOYHOTO JICJICHHUS, TTOSBICHHIO
XpOMOCOMHBIX abepparuii u amonro3y (Dent et al., 2003).
OCHOBHBIMHU KJIETKAMU-MUIICHSIMU JJIsl TaMMa-JIydeil sBIisi-
10TCst HU3KOAM (D (hepeHIIMPOBaHHbIE KIETKH KOCTHOTO MO3Ta,
3apOJbIIIEBBIC KIIECTKU CEMCHHUKOB, KHIIEYHBIA U KOXKHBIN
smurernit (Bergonié, Tribondeau, 2003; Vogin, Foray, 2013).
PaanouyBCcTBUTENIFHOCTE BCETO OpTaHU3Ma Y MIICKOIHTA-
IOIUX NPUPABHUBACTCA K paIOYyBCTBUTCIBHOCTHU KPOBE-
TBOPHBIX KJICTOK, TaK KaK MX aljIa3us, BOZHUKAIOIIAS ITOCIIEe
o01ero 00yYeHsI MUHIMAIIBHOM a0COIIOTHO CMEPTEJILHOM
JI030H, TPUBOIUT K THOENIN OpraHu3Ma.

[Ton paano3amUTHEIM WK PagHOTPOTEKTOPHBIM (P QeK-
TOM TIOHMMAIOT CHIKEHHE YaCTOThI M TSHDKECTH MOCTIYYEBbIX
MOBPEKICHUN OMOMOJICKYIT H(MIJIH) CTUMYJISAIIUIO TPOIIECCOB
WX ITOCTpaauaninoHHON penaparnui. Hanbonee s dpexTrBHBIC
PaIroONpPOTEKTOPHI OTHOCATCS K JIBYM KJIacCcaM XUMHUYECKHX
coenunenuii (Patt et al., 1949; Fridovich, 1995). Do cepoco-
Jiep Kalline paaro3alluTHIC BellecTBa (AMHUHOTHOIBI), BbI-
MONHSIOINE (PYHKIIUIO «MOJICKYJISIPHBIX JIOBYIIEK» CBOOOI-
HBIX paguKaJIOB, U TPOU3BOAHBIC MHIOJINIAJIKWIAMUHOB: aro-
HHUCTBI OMOJIOTHUECKH aKTHBHBIX aMHHOB, CIIOCOOHBIE Yepe3
crienu(HUIecKre KICTOYHbBIE PEIETITOPHI BBI3BIBATH OCTPYIO
TUIIOKCHUIO 1 YTHECTCHUC MeTabonu3Ma B PaauoO4yBCTBUTCIIb-
HBIX TKaHIx (Ward, 1988; Dent et al., 2003; Wang et al., 2013).

Kaxk 0bu10 cKkazaHo paHee, Handosee ryouTeIbHOe BO3/ICH-
CTBHE MOHM3UPYIOLIEE M3JyYCHUE OKa3bIBACT HA MOJICKYITY
JHK sipepHoro xpomarusa. [IoBpexieHus: XpoMocoM, ciie-
JIYIOIIMH 32 9TUM aOeppaHTHBIA MUTO3 U THOEIb KIIETKH — 3TO
C1I€ OAMH MEXAaHWU3M IMUTOPEAYHHUPYIOLICTO I[eﬁCTBHH HOHU-
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3upytomero usrydenus. [Ipu Bo3neicTBUM aKTHBHBIX METa-
6osmToB Ha JIHK XpomaTnHa BO3HHKAIOT BCE BO3MOKHBIC
13 ONHUCAHHBIX B JUTEPAType MOBPEKACHUIN STHX MOJIEKYI.
Hawnbosnee (aranbHBIMHU CUMTAIOTCS IBYLIETIOUEUHBIE PA3PHI-
BHI (JILIP). Ecnut B xi1eTke HapyIIeHBI CHCTEMBI perapanun
TaKUX MOBPEKICHUI, TO KJIETKA 3aITyCKaeT MEXaHU3MBI CaMO-
YHUYTOXKEHHUSI.

B nacrosmeM uccinenoBaHuU OMUCHIBAETCS HOBBIN MPUH-
LU paJUOIPOTEKTOPHOIO ACHCTBUS, HE CBA3aHHBIN C IIPO-
TEKIMEH OT HETOCPEICTBEHHO Y-KBAaHTA M C OIPAHUYCHHUEM
BO3/E€HCTBHS OKCHJATUBHOIO CTPECCa, BBI3BIBAEMOTO BTO-
PUYHBIMU paJiiKalaMH, a XapaKTepU3YIOUUICS yCIEIIHbIM
MOCTPaJNallMOHHBIM BOCCTAHOBJICHNUEM CTBOJIOBBIX I'E€MO-
MO3THYECKUX MPEANICCTBCHHUKOB, 00YCIIOBICHHBIM Y4acTH-
€M B perapaTiBHOM Ipoliecce hparMeHTOB IKCTPAKIIETOUHO
JIBYLIETIOYEYHON HYKJIEMHOBOM KHUCJIOTBI. Takoe BBEACHHE B
penapaTuBHBIN MPOLECC BHEIIHETO «KOPPEKTOPaA» B KOHEU-
HOM MTOTE OIpeAessieT BOCCTAHOBIEHHUE KPOBETBOPHOH U
MMMYHHOU CHCTEMBI M COXPaHEHHE KH3HECTIOCOOHOCTH 00-
Jy4YEHHOTO OpraHu3Ma.

MaTepmanbl n metogbl

7KupoTtHble. B pabore ObUTM HCIIOJIB30BaHBI TPEXMECSUHBIC
mbiu guanii CBA/Lac, C57BL u CC57BR (camirst u cam-
ku, 18-22 1) pa3Benenus BuBapus MHCTUTYTa IUTONOTHA
n rererukn (Mul") CO PAH. XXuBoTHbIE conepkanuch B
rpymnmax 1o 6—10 Mbllei Ha KJIETKY CO CBOOOIHBIM JOCTYIIOM
K TIIHIIE U BOJE.

O0aydeHne IKCIePUMEHTATBHBIX ;KHBOTHBIX ITPOBO/IH-
nu Ha y-ycranoBke (ucrtounuk Cs!'37 UTO 1, Poccus) no-
30t 9.4 I'p mpu momtHOCTH 10361 0.74—1.4 I'p/mMuH. Tlox-
OTIBITHBIX ¥ KOHTPOJIBHBIX MBIIIEH 00Iydanu rpynmnaMu 1o
9-10 »uBOTHBIX B KOHTeitHepe pasmepoM 20 x 20 x40 cM.
PanuonporekropHoe nelictBue npenapara cymmapHoi PHK
npoxokerd (HITO «bromap», Pocenst) onenusanu o rudenu
IKCIIEPUMEHTAIILHBIX )KUBOTHBIX B [TPOMEXKYTOK BPEMEHH JI0
30-90 cyr. [Ipenmapat cymmapuoit PHK nposxoxeii n apymerno-
yeynasi PHK BBomuiich MblIlIaM OTHOKPAaTHO BHYTPHUBEHHO
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JI0 00JTy4eHHs! B KOJIMYECTBE, OTJCIBHO YKA3aHHOM JUISl KaXK-
Joro 3xkcreprMenTa. OneHKa KOIMIeCTBa CElIe3eHOUHBIX KO-
JOHMH Toce Gukcanuu oprana B 4 % napadopmanbaeruie
pOBOAMIACH HA 9—12-¢ CyTKH MOCie 00IyYeHUsI.

Boigesnenune ¢pakuuii npenapara PHK. Xpomarorpa-
¢uro npenapara PHK BemosnHsiim Ha Kononke o0bemom 10 mu,
nquametpoM 1 cM. Cyxoii runpokcuanarut (IAIT) mogsepranu
HaOyxaHnio B 10 MJI BOZIBI, TTOCTIE YETO 3aITOJIHSIINA KOJIOHKY.
Kononky nmpomeiBann 30 mn 0.01 M PBS. Hanocunu Ha
kononky pactBop PHK u npomsiBanu 30 M 0.01 M PBS.
Omronposanu PHK 0.15 M PBS, 3arem npomsiBanu 0.18 M
PBS u nosTopHO 3monpoBanu HykiaenHoBble Kuciotst 0.25 M
PBS. Ionyuennsiit npu xpomarorpaduu pacrsop PHK B
PBS nuanuzosanu npotus TE-Gydepa (H,0, obpaboTannas
DEPC; 10 MM Tris-HCI, 10 MM DITA, pH 7.4) npu +4 °C
B TEUEHHUE CYTOK C JIByMsi cMeHamu Oydepa. Diekrpodopes
MPEenapaToB HyKJIEMHOBBIX KUCIOT mpoBoauics B 1 % wmu
1.5 % arapo3HoM reJe ¢ coiepKaHieM 2 MKI/MJI OpOMHUCTOTO
STHUS B TPHC-arieTaTHOM Oydepe.

Boigenenne ki1eTok KOCTHOro Mo3ra. KieTkn KocTHOro
MO3ra MBIIIEH BBIMBIBAIIM W3 TPyOUaTBIX KOCTEH cpenoi
RPMI-1640, Tmarensno pecycnenauposanu. CycrneH3uo
aKKypaTHO HacllamBali Ha 3 MJI cMecH (pukon-yporpadux
(15 % yporpadun, 7 % dukomn, p = 1.119), nenrpudyrn-
poaiiu mipu 400 g, 4 °C B Teuenue 40 mun. [locne neHTpu-
(yrupoBaHUs BCs KJIETOUHAs Macca Pa3Aeiaiach Ha KIETKH,
COCTaBISIOINE MHTEP(a3HOE KOJIBIIO (MOHOHYKIIEAPHI) U
ocaiok. MOHOHYKJIeapbl OTOUPAIIH B HOBYIO IPOOUPKY, IIPO-
mbiBai 4 Mt RPMI-1640 1 ocaxxnani meHTpuQyrupoBaHIEM
npu 400 g, 4 °C B TeueHue 5 MUH.

AHaJIN3 penapaTHBHOIO NHKJIA B KJETKAaX KOCTHOIO
mo3ra. Yepes 30, 60 u 120 MuH mociae o0mydeHU MBIIIEH
muand CBA abcomnroTHO jetainbHOl 1030i 9.4 I'p u3 Tpyo-
YaThIX KOCTEH BBIJACIAIN KJICTKHM KOCTHOI'O MoO3ra. Amnanus
penapaTtuBHOro nukia no konnyectsy AP ocymectsisum
METOZIOM «KOMETHBIX XBOCTOB» HJIM NP ITOMOIIH aHTUTEN
k ructony y-H2aX, kak ommcano B padote (Dolgova et al.,
2014). Anuay «koMeTHBIX XBocToB» (TM — tail moment) orre-
HuBany B mporpamme CASP n ImageJ. O6pasiibl, okparieHHbIe
aHTHUTENaMU K TUCTOHY Y-H2aX, aHanusupoBay npu moMmo-
mmwm npoTtouHoro murodayopumerpa BD FACSAria B LIKIT
nporouHoit mutodryopomerpun Ulul” CO PAH. 3naucHwus,
nosy4yeHHble nocie ananuza 50—-100 KOMeTHBIX XBOCTOB,
OBLTH HOPMHUPOBAHBI K TIOKA3aTEIsAM, OTIpeieIeHHBIM B 30-i
MHHYTE, U YCPETHEHBI.

IMaromopdonornyeckuii anaau3 opranoB. Oprasbl GUK-
cupoBanch B 4 % (hopManbpaernse 1 3anuBaaich B napadu-
HoBBbIe Onoku. [TapaduHoBEIE cpe3bl MPOBOIMIIICE Yepes ce-
PHIO CIIMUPTOB M OKPAILUBAIMCH FTeMAaTOKCHINHOM-303UHOM.

CpasHenne 3pQeKTHBHOCTH PATHONPOTEKTOPHOIO /ieii-
crBus npenapara cymmapHoii PHK npoxcxeii  mrarHoro
panuonporexTopa b-190. B xauecTBe npenapara cpaBHEHUS
ucnons30Ban paguonporexTop b-190 (OI'YIT HIIL] «Dapm-
3ammray DMBA Poccun). [Ipenapar b-190 BBoxwmim Mbiiam
3a 20 MuH 10 00JTydeHUsI IepopaibHO B KOJIHYecTBe 2.5 Mr/
MBI B o0seme 0.25 mi. [Ipemapar cymmapsoit PHK BBogmm
MbIIam 3a 60 MUH J10 00Ty 4eHHs BHY TPUBEHHO B KOJIMUECTBE
7 mr/meib B o0beme 0.5 mut (0.15 M PBS). CpaBuuBanu
BBEDKHBAEMOCTH JKHBOTHBIX TIOCJe 00mydeHus 1030it 9.4 I,
JIeTTaTy maroMopQoIornyeckuii aHaJlu3 OpraHoB.
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XapaKTepucTuka akTMBHOM CybcTaHUMy npenapaTa
LPOXCKEN S. cerevisiae C paaMoONPOTEKTOPHbBIMI CBONCTBaMM

KauecrBennas peakuus Ha JJTHK (peaxuus Iue). Me-
TOJ OCHOBaH Ha CIIOCOOHOCTH JIE30KCHPHO036I 00Pa30BHIBATH
COE/IMHEHUE CHHETO IIBeTa ¢ TU(ESHUIAMUHOM IIPU Harpesa-
HUU B CPEJE, COLEPIKALLECH CMECh JIEASIHOM YKCYCHOU U KOH-
HEHTpUPOBaHHON cepHOii kucnot (Dische, 1957). C pubo3oit
PHK ananornynas peakuust 1aeT 3€J€HOC OKpallMBaHHUE.
JudennnaMuHOBBI peakTuB npezcTasisiet codoii 1 % (W/V)
pacTBop nupeHUIAMUHA B CMECH JIEASHON YKCYCHOM KHCITO-
Tl 1 2.75 % (W/V) KOHIIEHTPUPOBAHHOW CEPHOM KHCIOTHI
(pyo= 1.836). K ocanky HYKIIEHHOBBIX KHCIOT JOOABISIOT
0.5 M pactBopa exnxoro Harpa (0.1 M) 1 IpHUIHBaIOT paBHBINA
00beM IM(EHNITaMIHOBOTO peakTuBa. PacTBop HarpeBaror B
teuenue 15-20 MuH Ha KursiieH BoasiHoM Oaue. [TosBisiercst
XapakTepHoe JUIsi CyOcTpara OKpaIinBaHue.

Kuonnposanne k/IHK konuii mosnexyn PHK, asoupy-
oumuxcs ¢ FAIT 0.25 M PBS. Jlis nonyyenus k/JJHK ¢ PHK
HCIIOJIb30BaTN CUCTEMY PEBEPTA3HOTO CHHTE3a M HAOOp
DOP-PCR master kit («Memuren»). kK IHK xorvn kimonuposa-
i B utasmuiHoM Bektope Bluescript (HITO «Bekrop») mociie
«TIOTIMPOBKM» KOHIIOB ()parMEHTOB ¢ TTOMoIIbIo Pfu momime-
pasbl ¥ TpaHC(HOPMUPOBAIH B ICKTPOKOMIIETCHTHBIE KJICTKH
XL1-Blue MRF. llltamm E. coli XL1-Blue MRF nr06e3H0
IpefocTaBlieH laboparoprueil IMMyHOTeHeTHKH MHCTHTYTa
MoJIeKyIsIpHOH 1 kietouHoi 6uonornun CO PAH. Ilocne
aHaiu3a ekTpodoperuueckoit nmoasmwkHoctu JJHK, BbI-
JICIIEHHON W3 TIONyYeHHBIX TPaHC(POPMAHTOB, OTOOpPAHHBIC
KJIOHBI OBUTH CEKBEHUPOBAHBI C UCTIOIB30BAaHNEM ITPOTOKOJIA
¢dupmbl Applied Biosystems (CLLIA) npu momoriu aBTomMaTu-
yeckoro JIHK cexBenaropa Applied Biosystems 3500 Genetic
Analyzer ¢ §-kaHaJIbHBIM KalTMJUTSIPHBIM 0510K0M. CEeKBEHUPO-
BaHHbIE KJIOHbI aHAIM3MpoBaIKCh B iporpamme Vector NTI.
IocnenoBarensHOCTH OBIIM BBIPAaBHEHBI M COOPAHBI B TPYTITIBI
roMoJtoriy. KoHTekCTHBIHM aHain3 npoBoawu Ha caiite http://
genome.ucsc.edu, ucnonb3ys HHCTpyMeHT Blat.

Pesynbratbl

PaguonpoTeKkTopHoe feicTBme

cymmapHou gpoxxeson PHK

Bruto mpoanamm3upoBano 10 pa3nu9IHBIX CepUUHBIX Tpema-
paroB apoxokeBoit cymmaproit PHK Ha ee crmocoOHOCTS 3a-
[IUIIATh )KUBOTHBIX OT JIETAJIbHOW 03Bl Y-paauanuu. O0-
Hapy>XKeHO, UTO PaAHO3aIIUTHBIN dPQEKT mpenapara mpsmo
HE CBsi3aH ¢ MpOIeHTHBIM conepxkanneM PHK u Oenka B
npenapare. OLeHeHa JUTUTENbHOCTh PAaJHO3aIMTHOTO JeH-
cTBUs npenapara. Jns aroro ouniienHas crepuwibHas PHK
JIPOXOKEH B KOJTMUYECTBE 7 MT' BBOJIMIIACH SKCIICPUMEHTATBHBIM
MmbrmaM Juann CS57BL 3a vac, 3a cytky, 3a 4, 8 u 12 cyT 1o
oOrydeHus eTanbHON 10301 paxuarmn 9.4 I'p. Okazanocs,
npu oOryueHnn uepes | 4 u Ha 4-e CyTKH OT BBEACHUS TIpe-
napara PHK BepkuBaer 100 % xuBoTHBIX Ha 70-e CyTKH
HaOmoeHus1, pu oOy4deHun Ha 8-¢ u 12-e cytkn — 60 %
*KHUBOTHBIX (PuTTep 1 np., 2018).

Cocrosinue OKCCPUMCHTAJIbHBIX )KMBOTHBIX, BBIXKUBIIINX
MOCJIE JIETATbHBIX 03 Y-paJnaniy B OTJAJICHHBIE CPOKH TI0-
CJIC TIPOBE/ICHHOTO OOy IEHUsI, CBUICTEIHCTBOBAJIO O 3HAYH-
TEJILHBIX HapyLICHUSIX B KJIETKaX, HOPMUPYIONIMX KOXKHBIN
mokpoB MeIei. B Teaenne 50-150 mueit mocie 00paboTKH
MBIIIN TPOTPECCUBHO ceenu (puc. 1, a). AHannu3 pa3BUTHS
CeIIe3eHOYHBIX KOJIOHUH 1ocyie 00y YeHH s, IPOBEICHHOTO Ha
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a + RNA S. cerevisiae

)Hnl
100

Characteristic of the active substance of the S. cerevisiae
preparation having radioprotective properties

Control

Fig. 1. Characterization of the radioprotective effect of RNA after irradiation of mice with the absolute lethal radiation dose 9.4 Gy.

a - phenotypic comparison of CBA mice irradiated one hour after injection of RNA preparation (left and right) and an intact mouse (center)
150 days after irradiation; b — Spleen colonies detected on days 9-12 after irradiation in animals treated with the RNA preparation and in
control animals. Arrows indicate leukocyte colonies, which are the criterion for the survival of experimental mice.

9—-12-e cyTKH MOCII€ BO3AEHCTBHUS, IPEATOIara, 4To [FIaBHON
MHUILIEHBI0 Bo3aencTBys npenapara PHK sapsutuck cTBosoBeie
KJIETKH KPOBH KOCTHOTO M0o3Ta (cM. puc. 1, 6). CriaceHHbIe OT
pa3pymuIeH:s HOHU3UPYIOLIUM 00Ty YeHHEeM TeMOIIOTHIECKHE
MPE/IIECTBEHHUKH CHOCOOHBI BBIXOAUTh Ha Mepudepuro u
3aIOJIHATH OITyCTOIIEHHBIE BCIEACTBHE 0OpabOTKHU pajma-
el TMMYHOKOMITCTEHTHBIC OPTaHbl, HAIPUMEp CEJIC3CHKY.
B pesynbrare MOOMIN3AIMN CIIACEHHBIX CTBOJIOBBIX KIIETOK
KPOBH B O€ITOM ITyITbITe Cele3eHKN (DOPMHUPYIOTCS CEJIe3eHOU-
HBIC KOJIOHUH, U3 KOTOPBIX Pa3BUBACTCSl HOBAast UMMYyHHAs! 1
KPOBCTBOpHAasA CUCTEMbI OpraHU3Ma B3aMCH Pa3spyUICHHBIX
paguanuei.

PagmnotepaneBTnyeckoe fencrere npenapara CcymmapHom
PHK gpox>el, opueHTUpoBaHHOE Ha BpeMeHHble
napameTpbl yukna penapauuu [ILUP B KneTkax KOCTHOro
MO3ra MbllLel, UHAYLIMPOBaHHbIX ramma pajuaumen
W3BecTHO, 9TO Y-pagnaniys HHAYIUPYET pa3pymieHne XpoMa-
THHA B KJIETKaX KOCTHOTO MO3Ta ¥ B TOM YHCJIC B CTBOJIOBBIX
KJIETKaX KPOBH, YTO U IIPUBOJIUT K Pa3BUTHIO JIy4eBO Ooie3-
Hu 1 rudemn opranmsma (Goodhead, 1994; Belli et al., 2002;
Morgan, 2003a, b; Shemetun, Pilinska, 2019). OcHoBHBIM
HOBpEXKICHUEM XpoMocoM sBisitorcs [LIP, HexoppekTHOE
BOCCTaHOBIICHHE KOTOPBIX ITPUBOANT K a0EppaHTHOMY MUTO3Y
1 arronTo3y. B 3Toii cBs3M B HAYaIbHBIX AKCIIEPUMEHTAX OBLTH
OLICHEHbI BpeMEHHbIE ITapaMeTpsbl Ipouecca penapauuu JILP,
WHAYIUPOBAHHBIX Y-TydaMH. MBI MOABEPTaIiCh BO3ACH-
CTBHIO JICTAIEHOH 103b1 00ydenust 9.4 I'p, KIIETKH KOCTHOTO
Mo3ra BeIMbIBaIIHCH yepes 30, 60 u 120 MmuH rocre o0ry4yeHusl.
Komnaecto [ILIP oriermBamm «MeTo10M KOMET» WJIX 110 CBE-
yeHuto crierduaecknx anruten k rucrony YH2AX (Roga-
kou et al., 1998, 1999; Maréchal, Zou, 2013). Pe3ynbrarsi
M3MEpPEeHUI CyMMHPOBAHKI B TpaduKe Ha puC. 2, d.
YcTaHoBieHO, YTO OCHOBHOM NUK HakoruieHust 1P npu-
xonutces Ha 60 MUH OT TONy4YeHus 03kl paauanuu 9.4 Ip.
K 120 mun u B Oonee mo3aHNE CPOKH HAOIMIOMAeTCs MpaK-
TUYECKH TIOJTHOC BOCCTAHOBJICHUE [IEIIOCTHOCTH XPOMAaTHHA,
TEM He MeHee KPHBas He OIyCKaeTcs 10 3HAYEeHUIl, oy yeH-
HBIX J10 00Ty4eHUs (JaHHBIE HE TPUBOAATCS ). DTOT (aKT MO3-
BOJISICT IMPEIIONAaraTh, YTO B YKa3aHHBIA OTPE30K BPEMEHHU
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nerextupytores JLIP, siBisitomuecst nHTepMeMaTaMu pema-
paiyu, uaymiei o MexaHu3My roMoJIOT'HYHOI pEeKOMOWHAIIMN
B KJIETKaX, HAXOIAMBIIUXCS HA MOMEHT O0IydeHus B ¢asze S
KJeTouyHoro nukia. [1o pesynbraraM MpoBeIeHHBIX HCCIIEN0-
BaHUU JUIsl OLICHKU PaJMOTEPAIeBTUUECKOIO JICHCTBUS TIpe-
napata PHK Ovu BEIOpaHs! BpeMeHHbIe Touku | n4 9. Unes
BBIOOpA COCTOSUIA B TOM, YTOOBI BO3/ICHICTBOBATH Ha KIIETKH
npenaparom PHK Bo Bpemst Hanbosiee HHTEHCHBHOTO XOJ1a
penapaTuBHOIO MPOIEcca M0 MEXaHN3MY HETOMOJIOTHYHOTO
00beIMHEHNS KOHIIOB B KJIETKAX, HAXOIUBIIUXCS B MOMEHT
obny4enust B paze G1, u Bo Bpemsi, Korja BO3MOXKHO IIpO-
JIOJDKEHHUE PETIapariiy 110 MEXaHU3My TOMOJIOTHYHOM peKoM-
OMHAIMK B KJIETKAX, HAXOANBIINXCSI B MOMEHT OOJIydeHNS B
(haze S KIEeTOYHOrO IUKIIA (CM. pUC. 2, 6). YCTAaHOBJICHO, YTO
npenapar PHK o6nanaer onpeaeneHHBIM paaroTepaneBTHYe-
CKUM 3¢ (EKTOM ITPH €ro BBEICHUHU B OTIPE/ICIICHHBII MOMEHT
BPEMEHHU IOCIIe 3aBEPLICHHs perapaTUBHOIO Ipolecca Mo
MEXaHU3MY HErOMOJIOTHYHOTO 00beIMHEHNs KOHIIOB. BBene-
Hue npenapara PHK Bo BpeMs uayieit penapaiiy HEroMo-
JIOTUYHOT'O O6’I)GZ[I/IH6HI/ISI KOHIIOB MMPUBOIUT K FI/I6€J’II/I MBIIIEH
9KCIIEPHUMEHTANIBHO TPYIITBI B CTaHAPTHBIE BDEMEHHBIE T1a-
paMeTpsl, mokazaHuble At KoHTpos (11-14-e cyTku mocne
00paboTKHU paguaIuci).

[TapanensHO OBIT TPOBEACH MATOMOP(OIOTHIESCKUH aHa-
JIM3 CENE3EHOK KOHTPOJIBHBIX M 9KCIICPUMEHTAIBHBIX MBIIICH
(cMm. puc. 2, ). Kak nokasasnu 6osiee paHHHAE IKCIICPUMCHTHI,
ocHoBHoe aelicTBue npenapar PHK oka3piBaeT Ha CTBOJIOBBIE
KJIETKH KPOBH, KOTOPBIE, TIEPESIKHB PAANAINIO, MUTPUPYIOT B
CeIe3eHKY, [1e (OPMHUPYIOT celne3eHouHble konoHuu. [pen-
TI0JIATaJIOCh, YTO B CEJIE3EHKAX MBIIICH, BXOSIIUX B TPYTIIIBI C
BBICOKOH J10JIe BBDKMBAEMOCTH, OyyT 0OHapY>KEHBI IEHTPbI
Pa3sMHOXKCHUA J'II/IMq)OLII/ITOB, TIOTOMKOB BBDKMBIIUX U MUT'PU-
POBABIINX B CEJIE3EHKY CTBOJIOBBIX KJIETOK KPOBH.

[Taromopdonorndecknii aHamu3 CBUACTEIBCTBYET O Clie-
nIyrouieM. B cene3eHkax MbllIed KOHTPOJIbHOU IPYIIIIbI JIUM-
(harmaeckue (HOITUKYITBI JOCTATOYHO MHOTOUYHCIIEHHBIE, OJ1-
HaKO PE3KO COKpaIlleHbl B pa3Mepax J0 nepupeprnyecKont
30HBI (DOJUTUKYJSIPHOH (LIEHTpaJIbHOI) apTepuu. Y MBbIIIeH,
koTopsM BBenu npenapar PHK 3a gac 10 obmyyenns (rpym-
na «—1 u»), Gomnblas 4acTh MapeHXUMBI 3aHATA CIUTOIIHOMN
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Fig. 2. Analysis of the radioprotective effect of the RNA preparation versus the duration of double-strand break (DSB) repair.

a - the duration of the DSB repair cycle in the bone marrow cells of mice after exposure to the lethal dose of y-radiation 9.4 Gy. The graph
shows the relative number of bone marrow cells in mice in which DSBs are detected; b - survival graph of experimental animals treated
with the RNA preparation at critical points of the repair process, established in the analysis of the repair cycle. Mice were administered
7 mg of RNA 1 hour before irradiation (-1 h), 1 hour after irradiation (1 h), or 4 hours after irradiation (4 h), Cis the control group, not treated
with RNA; ¢ - histological slides (stained with hematoxylin-eosin) of the spleen of mice on day 11 after irradiation. Control: the spleen is
mostly devastated; lymphatic follicles are quite abundant but sharply reduced in size and confined to the peripheral zone of the central
artery. -1 h — the major part of the organ parenchyma is occupied by a large aggregate of proliferating lymphocytes. 1 h — one large focus
of lymphocytic proliferation is detected with the general decrease in the numbers of red and white pulp cells. 4 h - at least half of the
section area is occupied by large foci of proliferation of lymphoid elements.

Maccoil mpomuQepupyromuX TUMPOIUTOB. Y TPYIIHI «1 1,
kotopoit npemapar PHK BBenu uepes wac mociie o0mydeHus,
0OHapy>KUBAETCSI OJIMH KPYIHBIN ovar nposudepaniu Jum-
(homuToB, 3aHnMatontuii MmeHee 1/10 oObeMa MapeHXUMBI.
V rpynnsl «4 u», nonyuusuieil npenapar PHK uepes 4 4
rocJie 00JIyYeHusl, [0 MEHBIIICH Mepe MOJIOBHHY 00beMa CTPO-
MBI 3aHUMAIOT KPYTIHBIE OUard Mposudepanuy TMM(pONIHBIX
JJIEMEHTOB.

[TonyueHHBIN pe3ynbTaT rOBOPUT 00 aKTUBHOI mposude-
panuy KJIETOYHBIX AJIEMEHTOB B ITAPEHXUME CEIE36HOK MBI-
1Iei, 00paboTaHHBIX 10 OOMyUYeHUs U Yepe3 4 U 1mociie 3Kc-
MO3UIHH K Y-JTydaM.

CpaBHeHue 3¢ PeKTUBHOCTU PaaNoNpPOTEKTOPHOTO
AelnicTBUA npenapaTta cymmapHon PHK gpoxcken

1 WTaTHoOro paguonpotektopa b-190

ITpu cpaBHeHNH 3(HEKTUBHOCTH paIMO3AIIUTHOTO EHCTBUS
paauonporektopa b-190 u npenapara PHK B onHom skcme-
pumenTe (puc. 3, @) yCTaHOBIICHO, UTO MPETapar CyMMapHOH
PHK o6nayaet sipko BEIpaKEHHBIM PaIHOTIPOTEKTOPHBIM JICH-

CTBHEM, HE YCTYNAIONIUM 110 3()(EKTHBHOCTH IITaTHOMY ITpe-
napary b-190. BepkuBaemocts Ha 40-¢ cyTku 1ocie o0my-
YeHUs JUIs TPYHIbl Mbllel, nomydaBmmx npenapar PHK,
coctaBmia 78 %, mist 5-190 — 67 % >KMBOTHBIX.

Bb11 poBeieH maroMopoornuecKuii aHaIN3 CENEe3eHOK U
TPEX OT/IEJIOB KHIIIEYHUKA MBIIIEH, B3ATBIX U3 TPYIIIT CyMMap-
Hoit PHK 1 B-190 (cwm. puc. 3, 6). Tkaunu 1 oprassl 3a0Hpaich
Ha 11-e cyTKM nocie npoBeICHHOT0 00TydeHHMs B a0COIIOTHO
JeranbHOR f03e 9.4 I'p. 3HaYNMbIX MaTOMOPQOIOrHYECKUX
WU3MEHEHUI B SMUTENUHN KUIIECUYHUKA 3KCIEPUMEHTAIbHBIX
MBIIIeH He 0OHapYKEHO.

B cenesenke Mblleil KOHTPOJILHOM IPYIITbI HAOIIOAAIUCH
TOJIBKO OTZAENbHbIE OaCTHBIE KJIETKH, JISKAIINe HEOOIBIIIMHI
OCTPOBKAMH CPEIH COXPAHUBILUXCS KIETOK CTPOMBL. Y *KH-
BOTHBIX 00eHX ONBITHBIX rpyni, cymmaproir PHK u b-190,
B CEJIE3EHKE OTMEYEHO OOJIBIIOE KOTUYECTBO IPUTPOUTHBIX
KJIETOK KaK B IMPOCBETE COCYIOB, TaK U B MapeHXHMeE, IpU
9TOM 3HAYUTENIBHYIO UX YaCTh COCTABIISIIA MOJIO/IbIE KIETKU
KPOBETBOPHOI TKaHH, PACIOJIATaBIINECS B BUJE PA3JINIHOTO
pa3mepa Konmonui. TakuM 00pa3oM, B ONBITHBIX TPyNIax B
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Fig. 3. Comparison of the radioprotective effects of B-190 and the total RNA preparation.

a - survival of animals after irradiation with a dose of 9.4 Gy.

b - light microscopy. Control: 7 - The lymphatic follicle is reduced to the size of the periarterial zone, 2 - numerous siderophages (arrows) against the background
of lysed red blood cells, 3 - aggregate of bacterial cells, 4 - hematopoietic islet in the red pulp. B-190: 7 - The spleen parenchyma is densely filled with hema-
topoietic blast elements, lymphoid follicles are absent, megakaryocytes are present in abundance, 2 - subcapsular location of the hematopoietic islet, 3 — ac-
cumulation of blast hematopoietic elements under the spleen capsule. RNA: 7 - Pronounced reduction of white pulp follicles, subcapsular concentration of blast
hematopoietic cells in the dense layer along the contour of the left side, 2 - a large aggregate of blast elements in the central part of the parenchyma, 3 - a group
of megakaryocytes, 4 - numerous siderophages among blast elements (arrows), 5 - young lymphopoietic cells.

celle3eHKe HabIroAanach KapTHHa SKCTPaMEny UIIpHOTO Te-
MOII0332 ¢ 00pa30BaHNEM KOJIOHMI KPOBETBOPHBIX KIICTOK,
OOJIBIIMHCTBO M3 KOTOPBIX SIBJSUIMCH NPEIIIeCTBEHHHUKAMH
SPUTPOIIOI3A.

B ommume ot Mblmel, mpoQuIaKTHYEeCKN MOITyYaBIINX
npenapatr b-190, B rpymnme KUBOTHBIX, IIPOJICUEHHBIX IIpe-
maparom cymmapHoii PHK, oTmedeHbI BbIpakeHHas Mpo-
madeparys KIeToK JTMM(OIUTAPHOTO POCTKA M OTACIbHBIE
KJIETKU-TIPEANIECTBEHHUKH WIIM HEOOJIbILINE KOJIOHUH KIIETOK
JIPYTMX POCTKOB reMoI1033a. B cenezeHke MblleH, 1oj1y4das-
mux npenapar cymmapHoit PHK, npucyrcTBoBamy GnactHbie
KJIETKH-TTPEIIIECTBEHHUKH MUEJIO- M JTMM(OI1033a, MHOTOUHC-
JICHHbIe MerakapHoUuThl. [IpenmecTBeHHUKN JTUM(OIUTOB
ObUTH TTpeoOIaNaoIM THIIOM KJIETOK B OOJBINEH 4acTH
nostet Habmonenus npu TOM uccienoBanun. Kpome toro,
Cpean Me3eHXMMAaJIbHBIX KIETOK HICHTU(GUIIMPOBAHEI MEJIKUE
TpyNIbl KIETOK-NMPEIIIeCTBEHHUKOB Ipanynonodsa. OnHo-
BPEMEHHO HaOJII0/1a1ach CTUMYJISIINS (harouTo3a KieTKaMu
CTPOMBI M yBEINYEHHE BACKYIAPU3ALUH OpPraHa.

[Tomyuennsie pe3yasTarsl B 00JbIICH Mepe MPe/IoaraoT,
YTO J[Ba Iperapara o0ajaloT pa3InYHbBIMU MEXaHU3MaMHU
panno3amuTHOTO AercTBUs. B cirydae b-190 3ammmarores
KJIETKH DPUTPOUJHOTO POCTKA KPOBETBOpPEHNUS. B ciydae npe-
napara PHK u sputpouubiii, 1 TuMQOUIHBIH POCTOK KpoO-
BETBOPEHMS COXPAHSIOT CBOM ()yHKIIMOHAJIBHBIH TOTCHIHAIL.

PapguonpoTeKkTopHOe felicTBue

AByx ¢pakuuin gpoxkesoin PHK

AHanutudeckoe uccaeoBaHue npenapara cymmapaon PHK
JIpO’CKEHN CBUIETEIbCTBOBAJIO, UTO B IIpenapaTe MpUCYTCTBY-
0T JIB€ YETKO pa3rpaHHYCHHbIE (PPaKIMH, OTHA U3 KOTOPBIX
amoupyercst ¢ [AIl kak onnonenoueynass PHK npu smounun

648

0.15 M PBS. Bropas ¢pakuus >m0HupyeTcs B yCIOBHSIX,
XapaKTEePHBIX Ul JBYIETIOYEYHBIX HYKJICHHOBBIX KHCIIOT,
npu 0.25 M PBS. Pa3mep amronpyromuxcs HyKI€HHOBBIX
KHCHOT Haxoawics B mpenenax 50—400 m. H. (puc. 4, a, 6).
IIpoBeneHHbIE SKCTIEPUMEHTHI 110 PAAHONPOTEKIIMNA 00EHX
(hpakiuii CBUIETEILCTBOBAIIN, YTO IIPH PABHBIX KOJINYECTBAX
PaaNONIPOTEKTOPHBIE CBOWCTBA XapaKTEPHBI TOJIBKO IS (hpak-
1, smoupytomeiics B 0.25 M PBS. [Ipu sTom konuuecTBo
BBOJIMMOTO ITpernapara, HeoO0XouMoe JUisl paJuoIpOTEKTOP-
HOT'O JEHCTBUS, MHOTOKPATHO CcOKpaluaioch. Ecin gyt no-
ctikerns 80—-100 % pammozammrtHOTO dpdeKTa Tpedyercs
7-10 mr npenapara PHK Ha MblI11b, TO TpU UCTIOIB30BAaHUU
(hpaxmmn, >mroupyronteiics B 0.25 M PBS, xonmdectBo mpe-
napara, pasHoe 160 MKr Ha MbIIIb, MOJIHOCTBIO 3alUIIACT
JKUBOTHOE OT a0COJIIOTHO JICTaJIbHOM JI03bI Y-00TyueHH s (CM.
puc. 4, 8).

OnHUM M3 UHTPUTYIOIINX BOIIPOCOB, Kacarommxcs (hpak-
un apoxokeBoit PHK, obnanarorieir paguornpoTeKTOpHbIM
JIEWCTBHEM M SITIOMPYIOIIEHCS B YCIIOBUSX, XapaKTEPHBIX IS
nBynenodeynsix cTpykryp JJHK nm PHK (0.25 M PBS), 6511
BOIIPOC O TUIIE HYKJIEMHOBBIX KHCIIOT 3TOH (pakiuu. B aToit
CBSI3M HAMH IIPOBEJICHBI HKCIICPUMEHTHI 110 XapaKTEePUCTUKE
MOJIEKYJISIPHOTO COCTaBa JAaHHOH ppakimn cymmapaoit PHK
Jposokeit. [l uccnenoBaHus, Kak U JUis SKCIEPUMEHTOB IO
PaauonpoTeKINH, (PaKINOHUPOBAHUE HYKJICHHOBBIX KHCIIOT
npernapara apoxokeBoid PHK ocymectsisiin meTonom aicop0-
LIMOHHOM Xpomatorpadun Ha kojoHke ¢ ['AIl. Onpeneneno,
uyTo B mnpenapare cymmapHoii PHK mpucyrctByer ~1-3 %
HYKJICHHOBBIX KHCJIOT B JIByII€IIO4YeYHOH (opme.

st onpeniesieHyst THIIA HYKJIEHHOBBIX KUCIIOT (pakiuid
OBLTH BBITIOJTHEHBI PA3JIMUHbIEC IKCTIEPUMEHTBI C HCIIOJIb30Ba-
H1eM 00paboTku Hykieasamu (JJHKaza I, ST nHykneasza) nocne
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Fig. 4. Identification of the fraction determining the radioprotective effect of total yeast RNA.

a - Chromatography of total yeast RNA on hydroxyapatite. The graphs show the elution profiles of nucleic acids in 0.15 M and 0.25 M PBS; b - Electrophoretic
analysis of the 0.15 M and 0.25 M nucleic acid fractions in 1% agarose gel, ethidium bromide staining, M, 1-kb molecular weight ladder; c - Radioprotective effect
of the total RNA preparation fraction obtained by elution from hydroxyapatite with 0.25 M PBS. CBA mice were treated with RNA preparations 40 minutes before
irradiation; d - Assessment of DNA content in the preparation of total yeast RNA by the Dische assay. The figure shows the results of the color reaction with various
amounts (10-5000 pg) of DNA preparations compared to a nucleic acid preparation obtained by hydrolysis of 80 mg of total yeast RNA. The upper part of the
figure shows color images of the samples after the Dische reaction. The lower part of the figure shows the colors of the samples obtained in comparison with

colors of the Pantone scale. The reaction buffer was used as reference.

JICHATYpaI{1 WK IIEI04bI0, MM KUISTYEHUEM, HIIH 0e3 Tako-
BOH, KOTOpBIE HE 1AJIN OTHO3HAYHO TPAKTYEMBbIX PE3YJIBTaTOB.
B pesynbrare, 4TOOBI YCTaHOBUTH MPUHAUICKHOCTH aHAJIH-
3upyeMoi (PpakiiK K TOMY HJIM HHOMY THITYy HYKJICHHOBBIX
KHCJIOT, ObII BBIOPaH METO/] aHAIN3a HYKJICMHOBBIX KHCIIOT C
MCTIONB30BAaHNEM U ()CHUIIAMIHA U CTICHU(UIECKOH [IBETHOM
peakuuu Ha ae3okcupu6o3y. IIpenmonaranock, 4to eciu B
ucxonuoit PHK npucyrcrsyet ~1-3 % nBynenoueuanoii ¢op-
MBI HYKJIEHHOBBIX KHCIIOT, TO MIPU BBIACICHUH U3 OOJIBIIOTO
KoJryecTBa ucxoaHoro npenapara PHK (50-100 mr) Oyner
MOJTy4eHa yBEPEHHas!, OTHO3HAYHO TPAKTyeMasi [IBETHas pe-
akuus. Mexonubiil npenapar PHK B konnyectBe 80 Mr ruj-
ponuzoBaiu 24 4 cinaboii menoysto. [Tocne ruaposnusa nposo-
JIMJIOCH OCAX/ICHNE TIOTMMEPHON ()OPMBI HyKJICMHOBBIX KHC-
10T. [TosmydeHHbIe pe3yabTaThl CBHACTEIBCTBYIOT, UTO (hpak-
s npenapara cymmapaoit PHK, amonpytomasics 8 0.25 M
tdhochatHOM Oydepe, ABISICTCA ABYLETOYCUHONH (PopMOt
PHK (cm. puc. 4, ), u, TakuM 00pa3oM, MOXKHO TI0JIarars,
4TO PaJAHOIPOTEKTOPHBIH 3(h(heKT 00yCIIOBICH MOJICKYIaMU
nByuenodedHoit PHK.

AHanns HyKneoTUAHbIX NocnefoBaTeNbHOCTEN
$parmeHToB gByuenoyeyHon PHK ¢ppakuum 0.25 M

Jus mounmanus npoucxoxaenns PHK ¢pakoun 0.25 M
OBLI0 HEOOXOJMMO ONPENIEIIUTD IIPHHAIEKHOCTh COCTaBIIS-
formmx aBynenodednbix PHK ¢pparMeHToB K TeHeTHIeCKOMY
JIOKYCY XpOMOCOM Jpoickel. DparMeHTs! ABYLENOUEUHON

MOJEKYNAPHAA N KNETOYHAA BUONOINA / MOLECULAR AND CELL BIOLOGY

PHK ¢paxunm, siroupyromeiicst 0.25 M PBS, kiionuposainu
U cexBeHupoBaiu. [locienoBaTeIbHOCTH ObLTH 00BEIMHEHDI
B TPYIIIBI TOMOJIOTHH (pHC. 5). AHAIIN3 ITOCIIEA0BATEIBHOCTEH
CEKBEHUPOBAHHBIX KIIOHOB CBHIETENILCTBYET, UTO B MOITYJIsI-
MY BBIIEJIIEMbIX MOJIEKYJT IPUCYTCTBYIOT PA3IMIHBIE THITBI
PHK, otnocsimmecst kK PHK pubocomansHoro kiracrepa miu
K TPAHCKPUNTaM, KOJUPYIOLINM O€JIKH, aCCOLMUPOBAHHBIE C
pubocomamu. IIprBeeHHBIE JaHHBIE TIPEATIONATAIOT, YTO JIIS
Pasno3alUTHOTO AEHCTBHSI HYKJICOTUIHBIE TOCIIEN0BaTEb-
Hoctu pparmenToB PHK He uMeroT 3HaueHwUs.

C momomisio mporpaMmsl https://eu.idtdna.com/calc/
analyzer ObuTa TIPOAHAIM3MPOBAHA BO3MOXXHOCTH CEKBEHH-
poBanHbix PHK 00pa3oBsiBaTh HIiiIeuHble CTPYKTYpHhI. [Jist
9TOTO OBUTM BBHIOpaHBI HanboJee MPOTIKEHHBIE MTOCIIET0BA-
TEJIHOCTH M3 KaXKJIOW TPYHITBI TOMONIOTHiA. B pesynbrare 00-
Hapy>KeHO, YTO BCE MPOAHAIN3UPOBAHHBIE MOCIIEA0BATEb-
HOCTH MOTYT ()OPMHPOBATh LIMUJIEYHbIE CTPYKTYpHI. Jls
MHOTHX BapPHAHTOB SHEPTHsi 00pa30BaHMs IIITMIEK (IHEPTHS
['u60ca) MeeT BBICOKOE 3HAUYCHHE, YTO MPEIIOIaraeT mpe-
UMYILIECTBEHHOE (JOPMHUPOBAHNE TAKUX CTPYKTYp (IaHHbBIE
HE TIPUBOJISTCS).

O6¢cyxpeHue

B nameii panneii padore (Likhacheva et al., 2007) 6b110 TIOKa-
3aHo, yto (parmentrposannas JIHK (npenapar «[lanareny,
JICP Ne 004429/08 ot 09.06.2008, JTHK MmpIm), BBeIeHHAS
B OPTaHM3M CMEPTEIIbHO 00TyUYEHHBIX MbIIIEH, 001a1aeT BbI-
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1 1

1 ATNNTGGCAT AATAGGCATA CAATTCCACT

8-1 AGAGACAT AATAGGCATA CRA....... ...
17 ... CAT AATAGGCATA CAATTCCACT GTA
28 AAAGACAT AATAGGCATA CAATTCCACT GTA
30 CAT AATAGGCATC.....
34 CAT AATAGGCATA CAATT
36 TGCTAT AATAGGCATA CAA....... ...
39 ..., CAT AATAGGC... .......... ...
2 1 42
6 ATTAACGAGA TTCCCACTGT CCCTATCTAC TATCTAGCGA AA
8-2 ATTAACGAGA TTCCCACTGT CCCTATCTAC TATCTAGCGA AA
12  ATTAACGAGA TTCCCACTGT CCCTATCTAC TATCTAGCGA AA
16-2 ATTAACGAGA TTCCCACTGT CCCTATCTAC TATCTAGCGA AA
41  ATTAACGAGA TTCCCACTGT CCCTATCTAC TATCTAGCGA AA
3 1 50 7
5 TTTCGCTAGA TAGTAGATAG GGACAGTGGG AATCTCGTTA AT........
15 i et . G AATCTCGTTA AT........
20  TTTCGCTAGA TAGTAGATAG GGACAGTGGG AATCTCGTTA ATCCATTCAT
21  TTTCGCTAGA TAGTAGATAG GGACAGTGGG AATCTCGTTA AT........
51 78 8
5 e i e
15 i e e
20  GCGCGTCACT AATTAGATGA CGAGATTC 9
21 i e e
4 1 61
B TACAGTGG A.TTGTNTGC CTATTATG.. . 10
26  GCCTATTATG CCACATCCAC GCCTCGAGTC GGTACAGTGG AATTGTATGC CTATTATG.. .
27 i e e e e GC CTATTATG.. .
32 i e i TACAGTGG AATTGTNTGC CTATTATAGC A
35 i e i e e GC CTATTATG.. .
5 1 54 11
14  CAGAACGTGC N.. GA TGTCGCCCAC GTGC
22  CAGAACGTGC GGGTGGGGGC GCCGTCGGAG AGTATCTCGA TGTCGCCCAC GTGC

11

23

29

43

Characteristic of the active substance of the S. cerevisiae
preparation having radioprotective properties

1 50
TAAAGCCAGA CAGTGCCTCT GGTAGTGTCA CAGGACCTGA CGATGCTGCT
TAAAGCCAGA CAGTGCCTCT GGTAGTGTCA CAGGACCTGA CGATGCTGCT

51
GCCGCATGGC
GCCGCATGGC

100
TATCAGGGAC
TATCAGGGAC

TGGCGTAATG
TGGCGTAATG

GCACACATGT
GCACACATGT

TGCTCTCGAT
TGCTCTCGAT

101

CACTGGCGGC TCCGCTCAAG GCAGGCCNN. .......... ...oonvnnn
CACTGGCGGC TCCGCTCAAG GCAGGCCAAT CCGTGGGGCA GGTGACGGTG
151

ACATTGCC

GCTTTGATAT TACTCCGGAT TTGCTAAAGT TCTATGATAC AAATCTGAAA
GAGGTATTAG AACCGGGACA GTTTGATTTG ATGATAGGTG CAAGTAGTAT
AAATAATAAG GCAACATTAT TTATA

CCGTGTAARAA ATTGAGATGA CCCTGACGGC CCCAAACTGC CCCAGTGCGC
AGGAACTGCC TTTGCAGGTT AAAGAGGTTG TTGAAAAAGT GCCGGGTGTA
GTTGCTGCAA CCGTTGATGT C CCACCGTGGG ATATGTC
GTCATTAAAT CAGTTACCGT TTATTTGATA GTTCCTTTA

CCAATGACAT CCGCGCCTGC ATGCAACTGC ACGCCGGCGT GTTCCGTACA
CAARAGAGCA TGGACGAAGG GGTCAAGAAG ATTGCCGACA TCCGCGCCCG
CGTTGGTGGC GTAACCTTGA AGGACAAGTC CAAGGTCTGG AACACCGCTC
GCATGGAAGC ACTGGAAGTG GCCAATCTGA TCGAAGTGGC ACAAGCGACG
ATGGTCTCGG CCGCCGCCCG CAAGGAATGC CGTGGCGC

GTTTGACTAT CTAACCTACA TGCCTGGTTA CCAAGTAAAA AGCCCTTTTC

TCCCAGAACG
TTCTGCAGCA

GTGCTATTAC
GGCTTTTTCT

ATATTTATGG ATTGCTTACT TGGCAGCTCC
TCTTCTTAGC ATCH TT

GGATATAGAT ACTTTAGTTG
TTCAAGACTC TAGTCGTGAC
GAATACAGTG ATGTTGATT

ATTTAGTTGG GAATACCAAA ATCAGCAAGA
TCTGCAAGCG ATGATGAAGA AGAACAAGAT

Fig. 5. Determination of the double-stranded RNA structure. Homology groups and species affiliation of sequences: 1, 4-8, 10,
12 - homology groups or species are not defined; 2, 3 - S. cerevisiae ribosomal RNA genes RDN25-1 and RDN37-1; 9 - S. cerevisiae
ribosomal RNA genes RDN18-1 and RDN37-1; 11 - S. cerevisiae TMA22 (YJRO14W) gene (ribosome-associated protein).

pa)X€HHBIM PaIHOITPOTEKTOPHBIM JAeicTBreM — ripu JIJ[100/30
BBDKHMBAEMOCTb KHMBOTHBIX cocTaBisieT 70-90 %. ITpu atom
paaronpoTeKTOpHBINA ekt GparMeHToB NByHENOYCTHON
JIHK xoppenupyeT ¢ pa3BUTHEM CEJIE3€HOUYHBIX KOJIOHHM.
Kpowme Toro, npy BHyTpHBEHHOM BBEIEHUH SKCTPAKIIETOUHAS
neyuenodeynast JIHK pocrapisercs B KIIETKH KOCTHOTO MO3ra,
B ToM uncie B CD34+ cTBOJ0OBBEIE TeMONO3THYECKHE KIETKU
MBIIIN, TAE€ MOXKET JETIOHUPOBATHCS U OOHAPYKHUBAETCS B
tedenue 14 queit mocne eenerus (Dolgova et al., 2013a, b).
VimeHHO 5TH /1Ba (pakTa JISTIH B OCHOBY IPEATOI0KEHUS, YTO
(hparmenTs! aBynenodeuHoi JIHK crmacarot cTBosoBEIE TeMo-
MO3THYECKHE KJICTKH, KOTOPbIE MUTPUPYIOT Ha iepudeputo,
CTaOMIM3UPYIOTCS B CEJIE3CHKE U Jal0T Havaio HOBOW Kpo-
BETBOPHON M MMMYHHOW CHCT€MaM MBIIIHHOTO OPraHM3Ma,
pa3pyIICHHBIM BBICOKO/I030BOH Y-pajinanei.

[Tockonbky ObLIO TIOKa3aHO, YTO JBYyllenodeuHas (opma
HykIenHOBBIX KucnoT (JIHK) oTBeuaer 3a paguonpoTexTop-
HBII 3Q]EKT, JCTEKTUPYEMBbI B IPOBEICHHBIX SKCIICPUMEH-
Tax, HAMH CJIEJIAHO MPE/ITIOJIOKEHHUE, YTO 32 PAJIUOIIPOTEKTOP-
HBIN 3¢ ekt npenapara cymmaproit PHK S. cerevisiae oTBe-
YaeT NPUCYTCTBYIOIIAs B HEM JByIIeNIouedHast ppaxuus HyK-
JICMHOBBIX KHCIIOT.

Xpomarorpadureit Ha THAPOKCHANIATUTE ObUTa BBIICICHA
¢paknust npenapara PHK, smronpyromasicss ¢ KOTOHKH Kak
JIByILieriouedHasi popmMa HYKJIEHMHOBBIX KUCIOT. buonoruye-
CKHe TECTHI Ha PaJHONPOTEKTOPHBIE CBOMCTBA 3TON (hpaKIun
OIHO3HAYHO CBU/ICTEIILCTBOBAJIN, UTO 32 PaIONIPOTEKTOPHBIH
a¢dexr nperaparo PHK npoxokeii oTBeyaeT NByICoYCYHAS
(hopma HYKIIEMHOBBIX KHCJIOT, cocTasstomas ~1—-3 % ot cym-
mapHoit PHK nipenapara, naxozsimerocs B padote. [1pu atom
s¢dexrupnas xo3a JIJ[100/30 mis cymmapHOro mpemnapara co-
ctapisiia 7—10 MI/MBIIIB, B TO BpeMs KaK JUTSA JBYIIETTOYETHON
¢opmbr — 160 MKr/MbIIIB, 4TO B ~60 pa3 Menspuie. B MuorO-

650

KpaTHBIX IKCTIEPUMEHTaX [TOKa3aHo, YTO BBEICHHE Ipernapara
JIBYLIETIOYEYHON HYKJIEWHOBON KHCIOTH 3a 60-30 MuH 10
00JTydeHUS TIOJTHOCTBIO KYIHPYET paJallioHHOE JeHCTBHE
y-notoka. Bepkusaet 80—100 % sKcriepUMeHTaIbHBIX MBIIIEH.

C ucnionp3oBaHuEM MeToAa AN HEPEHITTPOBAHHOTO THIPO-
JIM32 IEJT0YbI0 ¥ KUCIIOTOH 1 ce()UUeCKOTo KaueCTBEHHOTO
okpammuBanus Ha pucytcrsue JJHK Ob110 ycTanoBneHo, 4to
JByIenodedHast hopma, BbIAENsAEMAs B COCTaBE MPEMAPATOB
PHK u obmamaromas paarompOTEKTOPHBIMU CBOMCTBAMH,
npencrasisiet codoi iBynenoueynyo PHK. @parmentst 1By-
nenovyeunoit PHK, nepesenennsie B popmy x/IHK, Obutn
KJIOHMPOBAaHbI M CEKBEHHPOBaHBIL. OmnpeneneHo, 4To cMech
(dparmenrtos aByrenoueuHoir PHK rereporenna mo nepsud-
HOH CTPYKTYpE U, IT0-BHIMMOMY, TS OCYIIIECTBICHNS Paino-
MIPOTEKTOPHOTO IEHCTBHS He TpeOyeTcs crenuduaeckoi no-
CIIeZI0BaTEIbHOCTH.

IIpu ananu3e paguo3alUTHOIO AEHCTBUS IBYLIETIOUEUHON
PHK ycranoBieHo, 4To TaK e, Kak 1 B CIIyJae ¢ IIpernapaTaMu
neynenoueyHoit JJHK, B cene3enkax skcrepruMeHTaIbHBIX
’KMBOTHBIX ()OPMHPYIOTCS CeIe3eHOUHbIE KOToHUU. Konmonnu
COCTOSAIT M3 IPOU(EPUPYIOMINX KICTOYHBIX 2JIEMEHTOB, KOTO-
pble, KaK npeanonaraeTcs, NpecTaBisiioT co00l TOTOMKOB,
CHACEHHBIX CTBOJIOBBIX F€MOMO3THYECKUX IMPEIIIECTBEH-
HUKOB, JAIOLIUX HA4YaJI0 HOBOH KPOBETBOPHOM M MMMYHHOMH
cucTeMe, KOTOpbIe ObLIH pa3pylleHbl 00TyYeHUEM.

BBenenue npenapara B TOUKY MAaKCUMajbHO AKTHMBHOM
penapanuu AP, nayei mo MexaHu3My HErOMOJIOTHUECKOTO
00bEMHEHUS KOHIIOB, Yepe3 1 4 mocie nosyueHus MoJHOH
neTanbHON 10361 9.4 I'p (cM. prc. 2, 6) He 3aIHUIIaeT MBIIIEeH
ot rubenu ot oOmyuyenus. [Ipn 3ToM MHBEKIMH Tpenapara
yepes 4 4 rocie o0IyueHusl, T. €. TOrJa, Korjia akTHBHAas (a3a
Ipolecca penapanuy HeTOMOJIOTHIHOTO 0OBETMHEH ST KOH-
110B 3aBepiieHa, aGdexTrBHO (10 60 %) cracaroT MbIIIEH OT
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ruodenu. Y Takux )KUBOTHBIX MOJIHOCTBIO BOCCTAHABIINBAIOTCS
KPOBETBOPHBIE POCTKH KOCTHOTO MO3T'a U IETEKTHPYETCS BbI-
pa’keHHOE KOJIOHHEe00pa30BaHKE B CEIe3eHKaX.

[peamnonaraercs, uto ¢parmMents! aByuenodeunoir PHK,
JIOCTaBIICHHBIE B KJIETKY B MOMEHT H/IYIIETr0 PernapaTHBHOTO
nporecca, HHTepGepupyIOT MPOLECC penapauyi HeroMoso-
THYHOTO OOBEIMHEHUS KOHIIOB, MPUYEM 3Ta WHTephEpeH-
IIUsI MOJKET OBITh OOYCIIOBJIEHA PA3IMYHBIMH MEXaHU3MaMHU
(KOHKYpEHTHOE CBS3BIBAHHE PENapaTUBHBIX KOMILUIECKCOB,
MHJIYKIMS KOHQIMKTHOTO perapaTuBHOTO Ipolecca MHOM
MpUPOIBI, OI0KaTa KBa3UMAaTPULIEH CyOCTPATHBIX IBYLEHO-
YEYHBIX KOHIIOB).

ObnydeHue ¢ yka3zaHHO# 10301 9.4 ['p 1 MONIHOCTBIO
0.74—1.4 I'p/mMuH ABISIETCSA OCTPBIM OOITyYIEHUEM, IS KOTO-
poro mnosiBiieHne U Hakoruienne J[LIP, oneneHHoe MeTomoM
doxkycoB k ructony YH2X, npoucxonut k 40—60-if MmunyTe
nocine okoHuaHust oomyuenus (Peitzsch et al., 2013; O3epos,
Ocwurnos, 2015). Takoit pe3yabTar OJM30K K JaHHBIM, MTOJY-
YEHHBIM B HACTOSIIEM HCCIICIOBAHUH.

W3BecTHO, UTO IPU OCTPOM OOITYyHIEHUH TIOMUMO MTPOCTHIX
JLIP dhopMHUpYIOTCS «CIIOKHBIE», 00pa3yIONIHECs B pe3yIbTa-
Te UHIYKIUU APYTUX MOBPEXKAECHUHM XpOMaTHHA U aKTUBAIUU
WHBIX pemapaTtuBHBIX nporieccoB (O3epos, Ocunos, 2015).
ABTOpBI IUTHPYEMO#i paboThl coobmaroT, uro a0 20 % JLIP
IIPH Y-00Iy4E€HHH OTHOCSITCSI K «CJIOXKHBIM TTOBPEKIACHHUSIM)
U penapupyroTcsl 3HauuTeNbHO nozxe, yeM P, unaynu-
POBaHHBIC HEMOCPEICTBEHHBIM Pa3pbIBOM XpoMaTHHA. Bo3z-
MOYKHO, OOHapY)KEHHBIH TepareBTHYECKHH dPPEKT CBsizaH
C pemapainueil XpoMaTHHA B CTBOJIOBBIX KJIETKAaX KOCTHOTO
MO3ra I10 THITy TOMOJIOTHYHOW PEKOMOMHAIINH C Y4acTHEM
BHemHelt PHK marpuubl. OT0oT TN penapanyuy akTUBUPY-
eTcs 3HAYNTEIBHO MO3XKe 10 CPAaBHEHHUIO C aBapUIHBIM He-
TOMOJIOTHYHBIM 00bequHEeHHEeM KOHIOB. ToT dakt, uTo Ha
rpadukax, moydeHHbIX pu oreHke uncia [P, mokasarenu
B TOCJIEIHEH aHATM3UPyeMOil Touke (2 9) HH B OJHOM M3
MPUBEICHHBIX SKCIIEPUMEHTOB HE OIYCKaJIUCh JI0 3HAYCHUS
HCXOJHOW HYJIEBOI OTMETKHU, COINIACYETCsl C BBICKA3AHHBIM
BBIIIE TIPEIITOJIOKEHHEM.

B nmTeparype n3BeCTHBI BapHaHThI PEITapaTUBHBIX MPOLEC-
coB ¢ ucnonbzoBanueM PHK u JIHK marpunst. J{nst PHK onu-
CaHbI MOJIETIH, B KOTOPBIX OCHOBHBIM JIEHTMOTHBOM SIBJISIETCSI
noctpoenue k/JJHK konuu u BoBieueHue ABYLIENOYEUHOM
(hOpMBI 3TOI HYKJIEMHOBOM KHCJIOTHI B perlapaTuBHbIH Mpo-
riecc (Storici et al., 2007; Meers et al., 2016). [lnsa apynermno-
ueynoi JIHK Taxske U3BeCTHBI pa3IMYHbIE MOJIENIU peNapau
C IpUBJICYEHNEM BHEIIHEH JIBy1IenIoueuHoi Marpuiibl (Leung
et al., 1997; Bartsch et al., 2000; Li et al., 2001; Symington,
2005). XapaKTepHbIM JJIs y9aCTHs TAKUX HYKJICHHOBBIX KHC-
JIOT B IyIIIEM perapaTUBHOM IIPOIIECCe ABIAETCS BHEAPEHHE
nporeccupoBanHoro 3'OH koHIIa pa3opBaHHOTO XpOMAaTHHA
MEKTy [eTIeH BHEITHEe i MaTpuiibl 1 (JOPMHUPOBaHUE HHTEPMeE-
Jrara penapanuu. Jlanee MOTyT OCyIIeCTBIATHCS pa3IndHbIe
OTIMCAHHBIE BAPHAHTHI I0CTPANBAHN IIETIei M BOCCTaHOBIIE-
HUSL IIETIOCTHOCTH XpoMaThHHa. MOXKHO ITPEAIIONI0KHUTE, YTO
pemnapanys B IPUCYTCTBUM AKCTPAKIIETOYHBIX JIBYIIETIOUEUHBIX
PHK neT mMeHHO 1o TakoMy 00IIeMy MOJIEKYIISIPHOMY CIIe-
Hapuro. O BayKHOH poJu ByIENOYedHOH (hOPMBI HYKIEHHO-
BBIX KHCJIOT IIPU OCYIIECTBIECHUH pEeMapaTUBHOIO Mpolecca
CBUICTENILCTBYIOT JaHHBIE, TOTyYeHHBIE B padoTe (Storici et
al., 2007), toe mokazano, uto aymiekc PHK//IHK moBsimaer
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XapaKTepucTuka akTMBHOM CybcTaHUMy npenapaTa
LPOXCKEN S. cerevisiae C paaMoONPOTEKTOPHbBIMI CBONCTBaMM

3 PEKTUBHOCTH Perapaiyu Mo CPaBHEHHUIO C OHOLICIIOYCY-
Hoit PHK Ha nBa-Tpu nopsiaka.

ITonHoE OTCYTCTBUE PAaAKO3aIUTHOTO IEUCTBUS Y Tpera-
para opHouenodeunoit PHK B no3ax, comoctaBuMBIX ¢ pa-
JIMONPOTEKTOPHBIMU Jo3amu AByLenodednoit PHK, npenmno-
JIaraet, 4To pajuoONpOTEKTOPHOE JEUCTBUE JBYLIEOUEUHON
PHK cBsizaHO ¢ TOSIBUBILEHCSI B KJIETOYHOM IMPOCTPAHCTBE
CTBOJIOBBIX FEMOIIOTUYECKHUX KJIETOK BHEXPOMOCOMHOM JIBY-
Lerno4eyHor Marpuiibl. BHeapeHre Mexay HensMu Tako 1By-
uernoueuHoit PHK marpuiibl iponieccupoBaHHOro uiamenTa
JIHK JILIP MoykeT OBITh TITaBHBIM COOBITHEM, OTTPEACIISIONTIM
nmanpHeHmme (Ga3bl penapanuy (paTasbHOTO MOBPEKICHHS,
WHyUPOBAHHOIO Y-pajuanuen.

3aknioyeHmne

Takum 00pa3oM, JTaHHBIC MOJICKYJIIPHO-OHOIOTMYECKUX UC-
CJIeI0BaHHH, SKCIIEPIMEHTOB C UCTIOIb30BAHUEM KIIETOUHBIX
TEXHOJIOTHH 1 OMOJIOTMYECKHE TECTHI CBUAETEIBCTBYIOT, UTO
CcyOCTaHIIUEH, ONPEISIISIOIICH PaIHOIIPOTECKTOPHOEC ICHCTBIE
tdpaxmmn «0.25 M» PHK npoxokeit S. cerevisiae, sBnsercs
JBynenodedHas popma mosexy:n PHK.
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Phosphate-modified CpG oligonucleotides
induce in vitro maturation of human myeloid dendritic cells
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Abstract. Myeloid dendritic cells (DCs) play an important role in the immune response; therefore, the search for com-
pounds that can effectively activate DCs is a needful goal. This study was aimed to investigate the effect of synthetic
CpG oligodeoxynucleotides (CpG-ODN) on the maturation and allostimulatory activity of myeloid DCs in comparison
with other PAMP and DAMP molecules. For the research, we synthesized known CpG-ODN class C (SD-101 and D-SL03)
containing thiophosphate internucleotide groups, and their original phosphate-modified analogues (SD-101M and
D-SLO3M) with mesylphosphoramide internucleotide groups (M = p-modification). The effects of CpG-ODN and other
activators were evaluated on DCs generated from blood monocytes in the presence of GM-CSF and IFN-a (IFN-DC) or
IL-4 (IL4-DC). Evaluation of the intracellular TLR-9 expression showed that both types of DCs (IFN-DC and IL4-DC) con-
tained on average 52 and 80 % of TLR-9-positive cells, respectively. The CpG-ODNs studied enhanced the allostimula-
tory activity of IFN-DCs, and the effect of p-modified CpG-ODNs was higher than that of CpG-ODNs with thiophosphate
groups. The stimulating effect of CpG-ODN at a dose of 1.0 ug/ml was comparable (for D-SL03, D-SLO3M, SD-101) with
or exceeded (for SD-101M) the effect of LPS at a dose of 10 ug/ml. At the same time, IFN-DCs were characterized by
greater sensitivity to the action of CpG-ODNs than IL4-DCs. The enhancement of DC allostimulatory activity in the
presence of CpG-ODNs was associated with the induction of final DC maturation, which was confirmed by a significant
decrease in the number of CD14*DC, an increase in mature CD83+DC and a trend towards an increase in CD86+DC.
Interestingly, the characteristic ability of LPS to enhance the expression of the co-stimulatory molecule OX40L on DCs
was revealed only for the p-analogue SD-101M. In addition, CpG-ODNs (SD-101 and SD-101M) had a stimulatory effect
on IFN-y production comparable to the action of LPS. The data obtained indicate a stimulating effect of CpG-ODN on
the maturation and allostimulatory activity of human myeloid DCs, which is more pronounced for y-modified analogs.
Key words: monocytes; dendritic cells; differentiation; maturation; PAMP- and DAMP-activators; allo-MLR; CpG-oligo-
nucleotide.
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CpG OMUTOHYKJIEOTUIbI C MOAUMPUIPOBAHHBIMU
dochaTHbIMU IpyIIIIaMU UHAVIIMIPYIOT CO3peBaHUe
MUEIOUIHBIX JeHAPUTHBIX KJIETOK YejoBeKa in vitro
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AHHoTauua. MuenongHble feHAPUTHbIe KneTkn (JK) urpatoT BaxkHyto posib B IMMYHHOM OTBETE, MO3TOMY aKTyanbHOM
3aiauelt ABNAETCA MONCK COeANHEHNIA, CNOCOOHbIX 3bPeKTNBHO akTnBUpoBaThb [K. Llenbto HacToAwen paboTbl 6bino
n3yyeHue BAMAHUA cuHTeTUYecknx CpG onuropesokcnHykneotnaos (CpG-ODN) Ha co3peBaHme 1 annocTUMynATop-
HYI0 aKTMBHOCTb MuenounaHbix 1K 8 cpasHeHuu ¢ gpyrumu PAMP 1 DAMP monekynamu. [1nsa nccnefoBaHuii 6u1am -
Te3npoBaHbl CpG-ODN knacca C (SD-101 n D-SL03), cogepaLyme TnopochatHble MEXXHYKIEOTULHbIE FPYNMb, @ TaKKe
nonyyeHbl X opUrmHanbHble pochaT-moanduLmposaHHble aHanorn (SD-101M n D-SLO3M) ¢ me3undocdopamuiHbl-
MU MeXHYKneoTuaHbiMmn rpynnamu (M = p-moandukaumsa). dpdektol CpG-ODN n apyrux akTMBaToOpOB OLeHMBaNu
B KynbTypax [JK, reHeprpoBaHHbIX 13 MOHOLUTOB KpoBu B npucytctBum GM-CSF n IFN-a (IFN-OK) wnwn IL-4 (IL4-OK).
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OueHKa BHYTpUKeToyHow akcnpeccumn TLR-9 nokasana, yto oba tuna AK (IFN-OK v IL4-[K) conepxanu B cpegHem
52 1 80 % TLR-9-no3nTMBHbIX KNeTok cooTBeTcTBeHHO. Mccnepgyemble CpG-ODN ycunnsanu anfnocTUMynATOPHYo
akTmBHOCTb IFN-AK, npnyem a¢dekt p-mogmonumpoBaHHbix CpG-ODN 6bin Bbiwe, Yyem TnodocdhatHbix CpG-ODN.
Crumynupyrowmin spdekt CpG-ODN B gose 1.0 mkr/mn 6bin conoctasum (ansa D-SLO3, D-SLO3M, SD-101) unum npe-
Bblwan (ansa SD-101M) geiictBre nunononucaxapvaa (LPS) B gose 10 mkr/mn. Mpwu 3tom IFN-IK xapaktepursoBanmcb
6onbluel YyBCTBUTENBHOCTBIO K Aenctanio CpG-ODN, uem IL4-[K. YcuneHve annoctumynaTopHon aktusHocTty [K B
npucyTcTBrn CpG-ODN 6b1510 CBA3aHO C MHAYKLMEN KOHEYHOTO CO3PEBaHUA KNETOK, YTO MOATBEPXKAANOCh 3HAUMMbBIM
CHuKeHnem Konuyectea CD14+ 1K, yBenuueHvem gonu 3penbix CD83+ [IK 1 TeHaeHumen K Bo3pactaHuto CD86+ [IK.
NHTepecHo, uTo xapakTepHaa ana LPS cnoco6HOCTb ycunmBaTb 3KCNPeCccrio KOCTUMYNATOPHONM MoneKysbl OX40L Ha
[K 6bina BbisiBNeHa Tonbko Ana p-aHanora SD-101M. Kpome Toro, CpG-ODN (SD-101 1 SD-101M) okasbiBanu cTumy-
nupytowmin 3bdeKkT Ha npogykuuio IFN-y, conoctaBumbliii ¢ gericteuem LPS. NMonyyeHHble B Lieom AaHHble CBUAETESb-
cTBYI0T O cTumynupytowem gencteum CpG-ODN Ha co3peBaHve 1 annoCcTUMYNATOPHYO akTUBHOCTb MUenonaHbix K
YyenoBeka, KoTopoe 6osnee BbipakeHO ANA P-MoANPULIMPOBAHHbIX aHAIOTOB.

KnioueBble cnoBa: MOHOLUWTbI; AeHAPUTHbIE KneTku; auddepeHunpoBKa; cospesaHne; PAMP- 1 DAMP-akTMBaTOpbI;

anno-CKJ1; CpG-onuronykneotug.

Introduction

Dendritic cells (DC) play an important role in immune re-
sponses, thus justifying their application as cellular targets and
potential cellular modality for developing novel anti-cancer
immunotherapies. Taking into account that only mature DC
with high antigen-presenting and co-stimulatory molecule
expression possess immunostimulatory activity (Banchereau
etal.,2000), R&D efforts toward discovery of novel molecular
candidates capable of effectively activating DC and induce
their maturation are clearly very topical.

Pathogen-associated molecular patterns (PAMP) and da-
mage-associated molecular patterns (DAMP) released upon
autologous cell damage belong to natural DC activators.
PAMP-dependent effects are mediated via pattern-recognition
receptors, while DAMP molecules are recognised by intracel-
lular sensors and activate DC via secondary messengers, such
as tumour-necrosis factor a (TNF-a) (Jounai et al., 2013; Ka-
wasaki, Kawai, 2014). The effects of various compounds on
human DC are usually assessed in vitro in monocyte-derived
DC cell cultures generated in the presence of GM-CSF/IL4
or GM-CSF/IFN-a (Cehim, Chies, 2019) cytokine combina-
tions. In these settings, a Toll-like receptor 4 (TLR-4)-specific
ligand, bacterial lipopolysaccharide (LPS), serves as a stan-
dard cell activator. However, LPS-associated pyrogenicity
effectively prevents its clinical application.

Bacterial and viral DNA species are also capable of acti-
vating terminal DC maturation. This activity is accounted for
by the presence of unmethylated CpG-dinucleotides in their
structure, which could be imitated by synthetic CpG oligo-
deoxynucleotides (CpG-ODN) that mediate downstream
signalling via TLR-9 (Polovinkina, Markov, 2010). Synthetic
CpG-ODN derivatives have demonstrated pronounced immu-
nostimulatory and anti-cancer effects in vivo, and therefore
these compounds are currently considered as perspective
adjuvants in anti-cancer immunotherapy (Scheiermann, Klin-
man, 2014; Shirota, Klinman, 2014; Shirota et al., 2015). CpG-
ODN:ss along with plasmacytoid DC have been shown to exert
stimulatory effects on bone marrow-derived DC in murine
experimental systems (Behboudi et al., 2000). Meanwhile,
CpG-ODN-dependent sensitivity in humans is attributed
mainly to plasmacytoid DC, while CpG-ODN-mediated ef-
fects on myeloid DC were addressed in just a few studies that
produced rather contradictory results (Behboudi et al., 2000;
Hoene et al., 2006).
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This study aimed to assess the effects of CpG-ODN on
maturation and allostimulatory activity of myeloid DC gene-
rated from blood monocytes in the presence of GM-CSF and
IFN-a (IFN-DC) or IL-4 (IL4-DC) in comparison with other
PAMP (LPS) and DAMP activators. Specifically, we assessed
the effects of CpG-ODN class C derivatives SD-101 (Levy et
al.,2016) and D-SL03 (Yang et al., 2013) with thiophosphate
internucleotide groups, as well as original phosphate-modified
analogues (SD-101M, D-SL03M) with mesyl-phosphorami-
date internucleotide groups (M = p-modification) (Chelobanov
etal., 2017).

In addition, we analysed the effects of DAMP activators:
double-stranded DNA (dsDNA) and a synthetic polycationic
adjuvant azoximer bromide (AB) (Kabanov, 2004; Powell et
al., 2015), which was shown to enhance antigen-presenting DC
function via activating pro-inflammatory signalling pathways
(Dyakonova et al., 2004).

Materials and methods

In this study the following compounds were synthesised,
purified and characterised: CpG-ODN class C: SD-101 and
D-SLO03 containing thiophosphate (phosphorothioate) internu-
cleotide groups, and original modified analogues (SD-101M,
D-SL03M) with mesyl-phosphoramidate (p) internucleotide
linkages. CpG-ODN sequences used in this study are shown
in Table 1.

DC were obtained from peripheral blood mononuclear
cells (PBMC) isolated from heparinised venous blood of
healthy donors using Ficoll-Verografin gradient centrifugation.
IFN-DC were generated by cultivating an adherent PBMC
fraction in Falcon (BD Biosciences, UK) flasks in RPMI-1640
medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented
with 0.3 mg/ml L-glutamine, 5 mM HEPES-buffer, 100 pg/ml
gentamycin and 5 % foetal bovine serum (FBS) (BioloT,
St. Petersburg, Russia) in the presence of GM-CSF (Sigma-
Aldrich, 40 ng/ml) and IFN-alpha (1000 U/ml, Roferon®-A,
Hoffmann-La Roche Ltd, Basel, Switzerland,) for 3 days with
a subsequent maturation step in the presence of LPS (LPS
E. coli 0114:B4, Sigma-Aldrich, 10 pg/ml) for 48 h.

IL4-DC were generated from an adherent PBMC fraction
after incubation in full culture medium in the presence of
GM-CSF (40 ng/ml, Sigma-Aldrich), IL-4 (40 ng/ml, Sigma-
Aldrich) and 5 % FBS for 5 days followed by an additional
maturation step in the presence of LPS for 48 h. In addition to
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Table 1. List of CpG-oligonucleotides (CpG-ODN)

Docdat-mogudunumposaHHble CpG-ODN nHayumpyioT
co3peBaHue AeHAPUTHbIX KNeTOK YesioBeka in vitro

2020
24.6

Name Sequence (5'-3") Size (bp) Internucleotide CpG (yes/no)
group
SD101tcgaacgttcgaacgttcaacttcaat ...................... 3 0 .................................. P S ....................................... C pG .................................

SDm]Mtcgaacgttcgaacg?g—LLtcaacttcaat ...................... 3 0 .................................. u ........................................ C pG .................................

DSL03tcgcgaacgttcgchLLcttcaacc .......................... 2 9 .................................. P S ....................................... C pG .................................

DSL(BMtcgcgaacgttcgf—g—g—g—ggccttcaacc .......................... 2 9 .................................. u ........................................ C pG .................................

ODNcontrOItgcaagcttgcaagj—g—g—g—ggcttcaaCttcaat ....................... 3 0 .................................. u ........................................ n (.). ....................................

Note. CpG dinucleotides are shown in bold; palindromic sequences are underlined; a middle of the palindromic sequence is indicated with the colon. PS - thio-

phosphate group; p — mesylphosphoramide group.

different concentrations of CpG-ODNs, terminal DC maturation was also achieved
by incubation with other activators azoximer bromide (AB, NPO Petrovaks Farm,
Moscow, Russia) at 2 ng/ml, and double-stranded DNA (dsDNA) at 5 pg/ml.

Intracellular TLR-9 expression in immature DC was assessed in IFN-DC and
IL4-DC populations on days 3 and 5, respectively. To this end, cells were perme-
abilised using a commercially available Fixation/Permeabilization Solution Kit
(BD Cytofix/Cytoperm™, San Jose, CA, USA), according to the manufacturer’s
instructions. Cells were stained with allophycocyanin (APC)-labelled anti-TLR-9
antibodies (BD PharMingen, San Jose, CA, USA). Matching isotype antibodies
labelled with an appropriate fluorochrome were used as negative controls. Percen-
tages of TLR-9-positive DC were calculated based on 10000 events collected during
flow cytometric analysis for each sample.

Stimulatory DC activity was assessed in allogeneic mixed leukocyte reactions
(allo-MLR) using donor PBMC as responder cells cultivated in round-bottomed
96-well plates (0.1x 10%well) in RPMI-1640 medium containing 10 % inacti-
vated AB (group IV) donor serum at 37 °C in a CO,-incubator. DC used as stimu-
lator cells were added at a ratio of PBMC:DC = 10:1. To assess proliferation,
cells were incubated for 4 days, followed by pulse-labelling with 1.0 pCi/well of
[3H]thymidine for the last 18 h.

To perform immunophenotyping of IFN-DC, cells were stained with phyco-
erythrin (PE)-labelled anti-CD 14 (Sorbent, Moscow) or anti-OX40L (anti-CD252,
BioLegend, San Diego, CA, USA), fluorescein isothiocyanate (FITC)-labelled anti-
CD83, anti-CD86 (BD PharMingen) and anti-HLA-DR (Sorbent), and analysed by
flow cytometry (FACSCalibur, Becton Dickinson).

Cytokine (TNF-a, IFN-y) concentrations were measured in 5-day culture super-
natants of IFN-DC by ELISA using commercially available kits (Vector-Best,
Novosibirsk), according to the manufacturer’s instructions.

Statistical analysis was performed using an analytics software portfolio Statis-
tica 6.0 for Windows (StatSoft, USA). Data is presented as Median (Me) with the
interquartile range (IQR, 25-75 % quartiles). Related samples were compared using
a nonparametric paired difference test (Wilcoxon signed-rank test), and indepen-
dent samples were analysed using Mann—Whitney U test; p <0.05 was considered
statistically significant.

Results

The assessment of intracellular TLR-9 expression in freshly isolated blood mo-
nocytes derived from healthy donors and immature IFN-DC/IL4-DC generated
after 3- and 5-days culture, respectively, showed that the proportion of TLR-9-po-
sitive cells in monocyte precursors and IL4-DC was at about 80 % level (Fig. 1).
In contrast, relative content of TLR-9* cells in IFN-DC population was signifi-
cantly lower ranging from 40 to 56 % (Me 52.5 %, p < 0.05). Nevertheless, the
data obtained implies potential sensitivity of DC generated both in the presence of
IL-4 and IFN-alpha to the stimulatory effects of CpG-ODN delivering maturation
signals.

MOJEKYNAPHAA N KNETOYHAA BUONOINA / MOLECULAR AND CELL BIOLOGY
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Fig. 1. Intracellular TLR-9 expression in mono-
cytes and immature 1L4-DC and IFN-DC of
healthy donors (n = 6).

The data are presented as individual and median
values; p - Mann-Whitney U-test.

Therefore, in our next set of experi-
ments we applied dilution series (from
0.5 to 5.0 pg/ml) of CpG-ODN deriva-
tives synthesised here to assess their ef-
fect on IFN-DC-mediated ability to sti-
mulate T cell proliferative responses
in allo-MLR. Indeed, allostimulatory
DC activity is a distinct integral marker
of an overall DC activity, being associ-
ated with the degree of DC maturation,
HLA/co-stimulatory molecule expres-
sion, as well as the spectrum and levels
of cytokines produced by DC. A “classi-
cal” PAMP-activator LPS (at 10 pg/ml)
was used as a positive control, while
ODN with p-modifications, but lack-
ing CpG-dinucleotides (at 1 pg/ml),
was used as a negative control. Table 2
shows that LPS treatment caused nearly
a 3-fold enhancement of allostimula-
tory DC activity. All CpG-ODN tested
induced IFN-DC maturation, which
manifested itself in a statistically sig-
nificant enhancement of allostimulato-
ry DC activity. In control experiments,
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Table 2. T cell proliferative response in allo-MLR and allostimulatory activity (FI) of IFN-DC generated with CpG-ODNs

Types of allo-MLR Control CpG-ODN
O5ug/mL10ug/mL ..................... 25ug/mL ..................... 50ug/mL ...................
..l;é}\./.l.cm;.i.%.r.\:\;t.;;;lgcum;.r;.r;\ ...... 5;1“(.)"(.1.“6"3638(.).(.).) ..............................................................................................................................................................
PBMC+DCODNH ....... cpm ...... 2350(2100_2500) ..............................................................................................................................................................
F|103(099_139) .................................................................................................................................................................
“EEME;'BEL;; ................. .C.I.O.;r.] ...... ;;;5'(;"6551;;255 ..............................................................................................................................................................
i i:é'é..;ig) ........................................................................................................................................................................
PBMC+DCyprpr  pm 5520 (4650-11890) 6550 (3510-9650) 7520 (4950-10380) 6960 (5830-10130)
B 30(24_50) .................... 31(18_46) .................. 36(31_49) .................. 30(26_48) ................
PBMC+DCopiom oM 7680 (6450-14170) 9030 (8010-12100) 7520 (6030-13710) 6530 (6030-13700)
FI 4.6 (3.0-6.7)** 5.0 (3.7-6.0** 4.5 (2.8-6.5)* 4.2(2.7-6.1)
PBMC+DChgps oM 3060 (2290-10080) 4660 (3550-12960) 4260 (3200-11140) 5180 (3210-11460)
F|16(12_48) .................... 24(15_53) .................. 24(15_53) ................. 25(20_48) ................
PBMC+DCoqipm oM 5030(3380-11420) 7210 (S5080-16060) 6670 (4700-17100) 6000 (3760-14150)
FI 2.5 (1.6-5.4)** 40 (2.1-6.7)** 3.7 2.0-7.7)** 2.7 (2.1-6.1)

Note. The data of two independent experiments (n = 8) are presented as median and interquartile range (in brackets); com - count per minute; FI - index of
influence. * p < 0.05; ** p < 0.01 - significant difference between u-CpG-ODN and PS-CpG-ODN (Wilcoxon's W test).

Table 3. T cell proliferative response in allo-MLR (cpm) and allostimulatory activity (FI) of IFN-DC and 1L4-DC

generated with different stimuli

Types of allo-MLR IFN-DC IL4-DC

. P BMC + ,mma ture DC .......... c pm ..................................... 2 250(1 . 900 _2600) .............................................. 2 720 (2 1 80_ 30 80) ...........................................

. P BMC + DCdS D N A ................... C pm ..................................... 5 710(481 0 _8510) .............................................. 6 070 (4950_ 7100) ...........................................
F | .......................................... 2 6 . (23_31) ........................................................ 2 4 . (20_25) .....................................................

PBMC+DCAB ........................ c pm ..................................... 7 350(6040_8160)4410(3880_5410) ...........................................
F | .......................................... 2 8 : (24_37) ........................................................ 1 7 (15_20) .....................................................

. P BMC + DCSDWM ................ C pm ..................................... 7 900(6090 _9510) .............................................. 7 200 (5460_ 8 470) ...........................................
|: | .......................................... 3 3 . (29_50) ........................................................ 2 6 : (25_28) .....................................................

. P BMC + DCDSL(BM ................ c pm ..................................... 7 050 (5 590 _1 0 5 60) ........................................... 5 540 (4420_ 76 50) ...........................................
F | .......................................... 3 2 : (26_46) ........................................................ 2 0 . (18_27) .....................................................

Note. The data of two independent experiments (n = 8) are presented as median and interquartile range (in brackets); com - count per minute; FI - index of

influence. Stimuli: dsDNA 5 pg/ml; AB 2 ng/ml; SD-101M and D-SLO3M 1 pg/ml.

ODN lacking CpG motif did not affect functional DC activity
in allo-MLR [fold increase (FI) = 1.03; IQR 0.99-1.39].

Characteristically, treatment with CpG-ODN containing
mesyl-phosphoramidate (j1-) groups (SD-101M and D-SLO3M)
at 0.5, 1.0 and 2.5 pg/ml was significantly more effective
(p <0.01) in inducing terminal IFN-DC maturation, as com-
pared to analogous CpG-ODN that contained thiophosphate
groups. Notably, SD-101M exerted the most pronounced
effect in these experiments. Thus, SD-101M treatment at the
minimal dose tested (0.5 pg/ml) induced clear DC maturation
to a degree comparable to that observed in the presence of LPS
at 10 pg/ml, while the effectiveness of p-analogue SD-101 at
1.0 pg/ml was significantly higher than LPS (p < 0.05).
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Next, we performed comparative studies of the effect
of p-analogues CpG-ODN (SD-101M and D-SL0O3M) and
DAMP activators (dsDNA, AB) on allostimulatory activity
of two DC subsets (IFN-DC and IL4-DC). Table 3 shows that
stimulatory effect of CpG-ODN p-analogues at 1 pg/ml on
functional activity of IFN-DC and IL4-DC in allo-MLR was
comparable to that displayed by dsSDNA and AB. Furthermore,
as compared to IL4-DC, IFN-DC were characterised by higher
sensitivity to the chemical compounds studied here, such that
all subsequent experiments with CpG-ODN were conducted
using IFN-DC cell cultures.

To ascertain that the enhancement of allostimulatory DC
activity was indeed attributable to terminal DC maturation,
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Table 4. Phenotype of IFN-DCs generated with different stimuli

IFN-DC cultures CD14%, % CD83*, % CD86%, % HLA-DR", % HLA-DR*OX40L"*, %
DCO(ContrOI)MS (38_47) .................. ”5 (9_16) ................... 7 20 (44_87)835 (76_87) .................. 8 0(55_170) ..............
DCLPS .......................................... 3 15 (26_37”**330 (16_44”*805 (77_91)865 (81_90) .................. 150(78_240”* .......
DCdSDNA300(27_33”**200(”_38)840(81_88)815(79_91) .................. 9 3(54_240) ..............
DCAB ........................................... 3 05 (23_34”**225 (12_43)T*810 (79_85)830 (76_88) .................. 9 0(63_200) ..............
DCSDW ...................................... 3 70(32_38)200(14_35”*825(77_86)810(69_92) .................. 7 0(60_270) ..............
DCSD101M335(32_36H** ........... 185(16_42)T* ............. 7 90(67_81)820(76_91) .................. 125(73_27O)T* .......

Note. The data of three independent experiments (n = 7; % of positive IFN-DC) are presented as median and interquartile range (in brackets); Stimuli: LPS
10 pug/ml; dsDNA 5 ug/ml; AB 2 ng/ml; SD-101 and SD-101M 1 pg/ml. * p < 0.05; ** p < 0.01 - vs control (Wilcoxon's W test).
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Fig. 2. Phenotypic analysis of IFN-DC generated in vitro with different stimuli.

Immature IFN-DC were cultured with different stimuli for 24 h followed by flow cytometry analysis of surface molecules CD14, CD83, HLA-DR, CD86, OX40L. Figures
show flow cytometry histograms representing the expression of studied markers (bold-line histograms) and matched isotype controls (gray-filled histograms).

we studied immunophenotypic changes occurring in [IFN-DC  experiments. Table 4 and Figure 2 indicate that CpG-ODN
cultivated in the presence of CpG-ODN, as compared to other ~ derivatives studied exerted a clear maturation effect on
PAMP and DAMP activators. In this series of experiments, DC analogous to that observed in the presence of LPS. This
we selected CpG-ODN SD-101 and its p-analogue SD-101M  maturation effect manifested itself in: (i) reduced percentages
that showed most pronounced stimulatory activity in previous  of CD14* monocyte precursors, (ii) increased proportion of
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Table 5. TNF-a and IFN-y concentration in IFN-DC cultures generated with different stimuli

IFN-DC cultures

Note. The data of six independent experiments (n = 13) are presented as median and interquartile range (in brackets); * p < 0.05; ** p < 0.01 - vs control
(Wilcoxon's W test).

mature CD83*DC, and (iii) a clear upward trend for DC ex-
pressing a co-stimulatory molecule CD86 (p = 0.07-0.11).
Similar effects were documented in the presence of dsDNA
and AB. Interestingly, LPS treatment also significantly en-
hanced percentages of OX40L-positive DC from 8 to 15 %,
which corresponds to 45 % cumulative gain in this particular
cell population. The effect of CpG-ODN containing mesyl-
phosphoramidate internucleotide linkages (SD-101M) on
OX40L expression was comparable to that observed in the
presence of LPS, with percentages of OX40L*DC increasing
by 39 % (up to 12.5 %, p =0.0282). Meanwhile, the effects of
dsDNA, AB and SD-101 with thiophosphate internucleotide
groups on OX40L expression were less pronounced and did
not reach statistically significant levels.

In the last experiments we assessed the effects of CpG-ODN
SD-101 derivative and its p-analogue SD-101M on TNF-a and
IFN-y production in 5-day IFN-DC cultures (Table 5) because
DC maturation is known to be accompanied by the enhance-
ment of cytokines with pro-inflammatory and Th1-stimula-
tory activity. As compared to immature cells, LPS-activated
DC produced higher levels of TNF-a and IFN-y (p < 0.01).
CpG-ODN derivatives SD-101 and SD-101M, as well as AB
did not affect TNF-a production, while dsDNA treatment
increased TNF-o concentrations in DC cultures by 43 %,
although this effect was not statistically significant.

Interestingly, SD-101 and SD-101M significantly enhanced
the ability of IFN-DC to produce IFN-y by 71 and 74 %,
respectively (p < 0.05), which was commensurate with LPS-
mediated effects. Other DAMP activators (dssDNA and AB)
also enhanced IFN-y production by DC.

Discussion

Data obtained in this study demonstrated intracellular TLR-9
expression in monocyte-derived IFN-DC or IL4-DC. Both
DC populations studied here were characterised by sensi-
tivity to CpG-ODN class C derivatives, which enhanced
DC-dependent ability to stimulate T cell proliferation in allo-
MLR via up-regulation of CD83 differentiation antigen and

658

OX40L/CD86 co-stimulatory molecule expression, as well
as increased IFN-y production by DC. Interestingly, IFN-DC
possessed higher sensitivity to the stimulatory effects of
CpG-ODN, as compared to IL4-DC.

TLR-9 expression and CpG-ODN sensitivity have been
shown to be characteristic of both plasmacytoid and mye-
loid DC in murine experimental systems (Behboudi et al.,
2000; Iwasaki, Medzhitov, 2004). Early human studies were
based on RT-PCR analysis and demonstrated constitutive
TLR-9 mRNA expression only in plasmacytoid (but not mye-
loid or monocyte-derived) DC (Bauer et al., 2001; Krug et al.,
2001; Rothenfusser et al., 2002). Nevertheless, in later studies
H. Tada et al. discovered TLR-9 mRNA in monocyte-derived
DC (mo-DC) and demonstrated enhancement of IL-12p70
and IFN-y production in mo-DC cell cultures in response to
CpG-ODN stimulation (Tada et al., 2005). In line with these
observations, V. Hoene et al. identified TLR-9 protein in
mo-DC, which notably was present in the same amounts as
in plasmacytoid DC. These authors showed that CpG-ODN
class A derivatives stimulated DC maturation and enhanced
the ability of DC to stimulate proliferation of allogeneic T cells
(Hoene et al., 2006). In this respect, our results constitute
another confirmation of human myeloid DC sensitivity to
the stimulatory effects exerted by CpG-ODN. In view of the
fact that the majority of DC present in tumour microenviron-
ment are of monocyte origin (Veglia, Gabrilovich, 2017),
our results imply high clinical potential for CpG-ODN in
DC activation protocols, such as those employed in anti-cancer
immunotherapy.

Importantly, our study was also first to compare classical
thiophosphate CpG-ODN class C derivatives (SD-101 and
D-SL03) with their original analogues containing mesyl-phos-
phoramidate (u-modified) internucleotide groups (SD-101M
and D-SL0O3M). CpG-ODN class C derivatives combine im-
munomodulating properties characteristic of CpG-ODN
class A and B derivatives (Marshall et al., 2005) and also
possess pronounced immunostimulatory and anti-cancer ef-
fects (Lietal., 2020). For instance, L. Yang et al. demonstrated
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distinct stimulatory activity of CpG-ODN D-SL03 derivative,
which was able to: (i) activate human B cells, NK cells and
T cells in vitro; (ii) intensity the expression of CD80, CD86
and HLA-DR in mononuclear cell cultures, and (iii) furnish
anti-cancer effects in a murine model of breast cancer in vivo
(Yangetal., 2013). As far as CpG-ODN SD-101 is concerned,
this derivative demonstrated immunostimulatory and anti-
cancer effects during local anti-cancer immunotherapy in
patients (Levy et al., 2016; Li et al., 2020). Based on the
aforementioned CpG-ODN derivatives, this study was first to
synthesise modified analogues SD-101M and D-SL03M with
mesyl-phosphoramidate internucleotide groups, which were
shown in our previous reports to be more stable to enzymatic
cleavage (Miroshnichenko et al., 2019).

A comparison analysis of CpG-ODN derivatives per-
formed here showed that p-modified analogues were superior
in enhancing allostimulatory DC activity, as compared to
CpG-ODN containing thiophosphate internucleotide groups.
Moreover, it was the particular p-type SD-101 derivative
(SD-101M) that was found to enhance OX40L [an important
co-stimulatory molecule regulating the intensity of T cell
proliferation in allo-MLR (Ukyo et al., 2003)] expression in
IFN-DC population, i.e. displayed properties characteristic
of LPS.

It should be stressed that TLR-4-specific ligand LPS con-
stitutes a powerful DC maturation activator, which is widely
used in various in vitro settings as a positive control. TLR-4-
mediated signalling is known to increase a downstream aug-
mentation of co-stimulatory molecule expression, pro-in-
flammatory cytokine production, DC-mediated stimulatory
activity with respect to allogeneic T cell proliferation, and
Thl-dependent responses (Cehim, Chies, 2019), thus sup-
porting full-fledged immunological functionality of activated
DC. Interestingly, V. Hoene et al. showed that stimulatory
effect of D19 (CpG-ODN class A compound) on maturation
and allogeneic activity of DC was lower than LPS (Hoene
et al., 2006). Meanwhile, this study showed that SD-101M
activity was in fact higher than LPS, with SD-101, D-SL03
and D-SLO3M-associated activity being comparable to that
of LPS. Enhancement of IFN-y production in response to
CpG-ODN (SD-101 and SD-101M) treatments was also com-
mensurate to LPS.

It should be mentioned that we compared CpG-ODN
class C derivatives not only with LPS, but also with such
DAMP activators as human dsDNA and azoximer bromide.
Stimulatory effects of SD-101M on DC maturation and al-
lostimulatory activity was found to be commensurate with
dsDNA and AB, which complements our previous studies that
showed stimulatory effects of dsDNA on DC maturation and
allostimulatory activity (Alyamkina et al., 2010; Orishchenko
et al., 2013). However, this study also described for the first
time an ability of an AB-based polymeric adjuvant developed
in Russia to stimulate in vitro maturation of DC derived from
monocytes in the presence of IL-4 or IFN-a, as well as to
enhance DC allostimulatory activity. These findings provide
an important experimental support for the effective clinical
application of this adjuvant in anti-viral vaccine formulations.
Of note, SD-101M outcompeted for a number of parameters
(for example, induction of OX40L expression and IFN-y
production) dsDNA and AB.
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Conclusion

Taken together, data obtained in this study demonstrated
pronounced stimulatory effects of CpG-ODN class C deriva-
tives (SD-101 and D-SL03) on human myeloid DC, which
were commensurable to that displayed by PAMP (LPS) and
DAMP (dsDNA and AB) activators, while the effects of a
mesyl-phosphoramidate (p-) analogue SD-101M were even
stronger. Further studies in murine experimental models are
needed to analyze the efficacy of the p-modified CpG-ODN
(SD-101M with mesyl-phosphoramidate internucleotide
groups) in anti-cancer immunotherapy.
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Abstract. This article presents a general overview of the prevalence, genetic diversity and detection methods of
picobirnaviruses (PBVs), which are small, non-enveloped icosahedral viruses with a segmented double-stranded
RNA genome consisting of two segments taxonomically related to the genus Picobirnavirus of the family Picobirna-
viridae. This review of scientific papers published in 1988-2019 provides data on the PBV distribution in the nature
and a broad host range. PBV infection is characterized as opportunistic, the lack of understanding of the etiological
role of PBVs in diarrhea is emphasized, since these viruses are detected both in symptomatic and asymptomatic
cases. The concept of PBV infection as a chronic disease caused by a long-lasting persistence of the virus in the host
is considered. Such factors as stress syndrome, physiological conditions, immune status and host age at the time
of primary PBV infection influence the virus detection rate in humans and animals. The possible zoonotic nature of
human PBV infection is noted due to the capacity for interspecies PBV transmission acquired during evolution as
a result of the reassortment of the genome segments of different viruses infecting the same host. Data providing
evidence that PBVs belong to eukaryotes and a challenging hypothesis stating that PBVs are bacterial viruses are
presented. The need to intensify work on PBV detection because of their wide distribution, despite the complexity
due to the lack of the cultivation system, is emphasized. Two strategies of RT-PCR as main PBV detection methods
are considered. The genomes of individual representatives of the genus isolated from different hosts are characte-
rized. Emphasis is placed on the feasibility of developing primers with broader specificity for expanding the range
of identifiable representatives of the genus PBV due to a huge variety of their genotypes. The importance of ef-
fective monitoring of PBV prevalence for studying the zoonotic and anthroponotic potential using metagenomic
analysis is highlighted, and so is the possibility of using PBV as a marker for environmental monitoring.
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AHHoTayusa. O63op nocBALeH nukobupHasmpycam (MNBB) — menkum 6e3060104eYHBIM N30METPUYECKIM BUPY-
CaM, TaKCOHOMUYECKM OTHOCALMMCA K pogy Picobirnavirus (PBV) cemeictBa Picobirnaviridae, ¢ reHomom, npeg-
CTaBneHHbIM ABYMA cermeHTamm AsyuenoyeyHon PHK. Ha ocHoBaHuu ny6nukaumuin 3a 1988-2019 rr. npepcras-
neHa nHbopmauma o PacnpPoCTPaHEHHOCT NMMKOBUPHABMPYCOB B NPUPOAE, O LUMPOKOM CMEKTPE MopaKaemblx
X03s1eB. PacKpbIT ONMOPTYHMCTMYECKNI XapaKkTep MBB nHpeKuun n noguepKrBaeTcs oTCyTCTBYE ACHON KapTUHbI
B NMOHMMaHun ponu MBB B KauecTBe 3TMONOrMYECKOro areHTa Anapen, NOCKONbKY 3T BUPYChI BbIABAAIOTCA U NpU
OTCYTCTBMMN CMMMNTOMOB 3aboneBaHus. PaccmatpuBaeTtca KoHuenumsa, 060CHOBbIBatoLWaa npeactaBneHne o MNBB
MHOEKLUUN KaK O XPOHMYeCcKoM 3abonieBaHnK, 06YyCNOBNEHHOM AIUTENbHON NepCcucTeHUMEN BUPYCa B OpraHn3-
Me X03sHa. MpryYMHbI BbICOKOW YacToTbl BbiABNeHNA MBB y niopei 1 XMBOTHbIX OOBACHAIOTCA BAUAHMNEM TaKMUX
$aKTOpOB, Kak CTPeccoBbli CUHAPOM, GD13MONOrMYeCcKoe COCTOAHME, UMMYHHbI CTaTyC 1 BO3PAcT X03AnHa npu
nepBYYHOM NHPULMPOBaHUN. OTMeYaeTCA BO3MOXKHBbI 300HO3HbIN xapakTep MBB nHbekuymmn yenoseka, npupoaa
KOTOPOro 06bACHAETCSA CMOCOOHOCTBIO STUX BUPYCOB K MEXBUAOBON TPAHCMUCCUK, NPUOBPETEHHON B XOAE 3BO-
niouun Gnaropapsa peaccopTaunm CErMeHTOB reHOMa PasHbiX BUPYCOB, MHGULMPOBaBLUNX OJHOTO Xo3AunHa. Mpu-
BOAATCA AaHHble, foKa3biBaloLWme nprHagnexxHocTb MBB K BUpycam 3yKapuroT, a Takke cTaBAwan 3T GpakTbl Nog
COMHEeHWe rnnoTe3a o BO3MOXHOW NpurHaanexxHocTun MNBB K Bupycam 6akTtepuit. MoayepkHyTa HEOOXOAUMOCTDb aK-
TUBM3auuy paboT no BbisiBneHuio MBB B CBA3M C NX WMPOKMM PAacnpoCTpaHEHNEM, HECMOTPS HA CNOXHOCTb 13-3a
OTCYTCTBUA CUCTEMbI ANA UX KYNbTUBMPOBaHUA. B KauecTBe OCHOBHbIX CMOCOO0B UX AeTeKLMM PacCMOTPEHbI ABe
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ctpaterum OT-TILP MNBB. NpriBeaeHa xapaKkTeprcTuKa reHOMOB OTAENbHbIX NpefAcTaBUTeNelr POAa, BblAeNEHHbIX OT
pasHbix x03a€eB. AKLEHT clleNlaH Ha Lieflecoobpa3HOCTM pa3paboTki NpaiMepoB ¢ 6onee WNPOKON cneyndpruyHo-
CTblO N5 YBeNIMYeHNA Arana3oHa BbiABAeMblX NpeacTaBuTeneli poga MbB B cBA3M € orpoMHbIM pa3Hoobpasrem
MX reHoTMnoB. MogyepKrBaeTcsa BaxKHOCTb 3GPEKTBHOrO MOHUTOPUHIA pacnpocTpaHeHHocTn MBB ans n3yue-
HUSA VX 300HO3HOTO 1 @aHTPOMOHO3HOIO NOTEHLMaNa C MOMOLLbIO MeTareHOMHOIO aHaNN3a, a Tak»Ke BO3MOXKHOCTb
MCMONb30BaHNA 3TUX BMPYCOB B KauyecTBe MNepCrneKTUBHOIO MapKepa AfiA MOHUTOPUWHIA 3@ YACTOTON OKpY»Kato-

Len cpeabl.

KntoueBble cnoBa: NMKOOMPHABUPYC; CErMeHT reHoMa; dparmeHT cermeHTa reHoma; OT-TLP; npaiimep; amnankoH;

CeKBEHMpPOBaHMe.

History of the PBV discovery

In 1988 in Brazil when human fecal samples collected dur-
ing acute gastroenteritis outbreaks were subjected for detec-
tion of segmented rotavirus genomes by polyacrylamide gel
electrophoresis (PAGE), two band profiles were revealed
(Pereira et al., 1988a). Similar profiles were found when
examining intestinal contents of rats (Pereira et al., 1988b).
These segments were double stranded RNA (dsRNA). Their
length was estimated by electrophoretic mobility at about
2.6 and 1.5 kbp for the slow- and fast-migrating segments,
respectively. This RNA was cosedimented in the caesium
chloride gradient at a density of 1.39-1.40 g/ml with uni-
form particles ~35 nm in diameter with an indistinct surface
structure, detected by electron microscopic examination of
samples. The authors proposed the name “picobirnaviruses”
(from pico (‘small’), bi (‘two’), and rna (‘RNA’)) for new,
previously undescribed small viruses with a bisegmented
RNA genome, in contrast to the known larger birnaviruses
that infect birds, fish, insects, and mollusks.

Follow-up studies showed a widespread prevalence of
picobirnaviruses (PBVs) that were found in the feces of
terrestrial and marine mammals, reptiles, birds (Ganesh et
al., 2014; Malik et al., 2014; Conceicao-Neto et al., 2016;
Navarro et al., 2018), in the respiratory tract of pigs (Smits
etal.,2011) and humans (Smits et al., 2012), in fish, inver-
tebrates (Delmas et al., 2019), fungi (Yinda et al., 2018),
and, according to recent data, in bacteria (Krishnamurthy,
Wang, 2018). The chronology of PBV detection in humans
and animals according to data from 1988 to 2018, inclusive,
is presented in the Table.

Taxonomy
Picobirnaviruses (family Picobirnaviridae) is a family of
non-enveloped small spherical viruses, according to Bal-
timore’s classification, belonging to the class III of viruses
with a double-stranded RNA genome (https://viralzone.
expasy.org). This new viral family is composed of only one
viral genus, Picobirnavirus, uniting the viruses of five ge-
netically variable clusters (genogroups) (Luo et al., 2018).
The two species under the genus are Human Picobirna-
virus and Rabbit Picobirnavirus, where the former one is
nominated as a type species and the latter one as designated
species by the International Committee on Taxonomy of
Viruses (ICTV) in 2008 (Delmas et al., 2019). Picobirna-
viruses from other hosts have not yet been approved as
type species and are considered unclassified (Malik et al.,
2014; Takiuchi et al., 2016). In addition, it is not completely
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clear whether eukaryotes or bacteria are the natural hosts
of PBVs (Krishnamurthy, Wang, 2018). Information about
the taxonomy of Picobirnaviridae is available in the ICTV
report summary by reference at the link www.ictv.global/
report/picobirnaviridae. Taxonomically, the closest rela-
tives of PBVs are viruses of the family Partitiviridae, that
have a similar capsid structure and genome organization
(Delmas et al., 2019). Natural hosts of partitiviruses are
fungi and plants (Vainio et al., 2018).

Structural and molecular organization of PBV
Morphologically PBV virions are small non-enveloped
particles 35-40 nm in diameter with indistinct surface
structure (Fig. 1) (Rosen et al., 2000; Wakuda et al., 2005;
Duquerroy et al., 2009; Collier et al., 2016). A capsid has a
cubic (icosahedral) type of symmetry, has a 30-sided (tria-
contahedral) organization, and consists of 60 asymmetric
subunits that are homodimers (Fig. 2). These subunits form
60 protrusions on the surface of the capsid. Since each
of the subunits is a dimer, in total, the capsid consists of
120 protein molecules, which makes it possible to attribute
PBVs to structures with a triangulation number “T = 2”
when characterizing the virion symmetry. In the capsid
there are channels connecting the internal cavity with the
virion surface (Duquerroy et al., 2009).

Significantly different in capsid architecture from higher
eukaryotic viruses with dsSRNA (Reoviridae), PBVs are
similar to dsRNA viruses of the family Partitiviridae
(Ochoa et al., 2008). However, according to recent data,
in contrast to partitiviruses, PBVs can infect prokaryotic
cells in addition to fungal host cells (Knox et al., 2018).

PBV genome consists of two dsRNA segments whose
sizes differ in viruses isolated from different animal species.
In polyacrylamide gel electrophoresis (PAGE) these seg-
ments diverge relative to each other at a certain distance. In
this case, two types of electrophoregrams are formed: with
a larger (segments higher) genome profile (the segments 1
and 2 correspond to 2.7 kbp and 1.9 kbp, respectively) and
with a shorter genome profile (segments lower, 2.2 kbp and
1.2 kbp) (Fig. 3) (Duquerroy et al., 2009).

The larger segment 1 of the PBV genome can consist of
two or three open reading frames (ORF). It should be noted
that in most studies, the segment 1 of the PBV genome is
schematically represented as two ORFs, for example, in
the PBV genome schemes of human (Rosen et al., 2000),
pig (Carruyo et al., 2008), bull (Ghosh et al., 2009), sea
lion (Woo et al., 2012), fox (Bodewes et al., 2013), tur-
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Year of publication PBV host

Authors

Country

key (Verma et al., 2015), horse (Li et al., 2015), gorilla
(Duraisamy et al., 2018), marmot (Luo et al., 2018). In
a number of other works, the segment 1 consists of three
OREFs, for example, in the genome schemes of rabbit, roe
deer and chicken in studies of Green et al. (1999), Kuhar
et al. (2017) and Boros et al. (2018), respectively.

In schemes where the segment 1 consists of three ORFs,
the smallest ORF1 encodes a polypeptide comprising only a
few tens of amino acids. For example, in the scheme of the
human PBV genome (strain Hy005102) presented by King
et al. (2012), ORF1, preceding two larger frames ORF2
and ORF3 encoding peptides of 224 and 552 amino acids,
consists of only 39 codons (Fig. 4). In the PBV genome
schemes of rabbit, roe deer and chicken in the studies of
Green et al. (1999), Kuhar et al. (2017) and Boros et al.
(2018) ORF1 is slightly larger and comprises 55, 63 and
188 codons, respectively. The functionality of ORF1 is
unclear, and therefore its presence is not always mentioned
by other researchers (Boros et al., 2018).

ORF?2 in schemes with the segment 1, consisting of three
ORFs, encodes the so-called hydrophilic peptide containing
conserved repeating sequences, which is one of the main
features of the PBV genome (Boros et al., 2018). There is
an assumption that two frame shifts occur during translation
to generate one long protein (Green et al., 1999).

Fig. 1. Electron microscopic images of purified and concentrated par-
ticles of PBV (Collier et al., 2016). The hexagonal contour of the particles
proves their icosahedral symmetry.

RNA polymerase

Fig. 2. Virion PBV (https://viralzone.expasy.org/by_species/740).
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Fig. 3.“Large” (a) and “small” (b) migration profiles of PBV RNA segments
in PAGE compared to the rotavirus RNA migration profile (Wakuda et al.,
2005; Ghosh et al., 2009).

1 - monkey rotavirus SA-11; 2 - human PBV Hy005102; 3 — PBV cattle RUBV-P;
4 - human rotavirus DS-1.

The third, the largest reading frame (ORF3) in the PBV
segment 1 encodes a virus capsid protein of 552—-591 amino
acids. Frames may overlap. In the scheme of King et al.
(2012), the three ORFs overlap at eight (ORF1-ORF2
junction) and one (ORF2—-ORF3 junction) nucleotides.

The shorter segment 2 of the PBV genome contains one
ORF encoding the enzyme RNA-dependent RNA poly-
merase (RdRp) (see Fig. 4). Depending on differences in
RdRp gene specificity in the segment 2 of the PBV genome,
PBVs are divided into genogroups (Malik et al., 2014).

In addition to the “typical” PBVs described above,
“atypical” PBVs were detected using PAGE, first in the
feces of calves (Vanopdenbosch et al., 1989), and later
in the human feces (Gallimore et al., 1995a; Khramtsov
et al.,, 1997). “Atypical” PBVs have a smaller genome
than “typical” ones (RNA segment sizes range from 1.75
to 1.79 kbp and from 1.37 to 1.55 kbp), and differ in the
location of genes encoding functional proteins (Gallimore
etal., 1995b; Khramtsov et al., 1997). If in “typical” PBVs,
the segment 2 encodes the viral RNA polymerase, and the
segment | encodes a capsid protein, then in “atypical” ones
it is the opposite.

Picobirnaviruses: prevalence,
genetic diversity, detection methods

The PBV genome is usually segmented (Duquerroy et
al., 2009; Delmas et al., 2019). However, several non-
segmented PBV genomes belonging to different genetic
clusters have recently been described, particularly PBV
genomes of horses (Li et al., 2015), of Himalayan mar-
mots (Luo et al., 2018), fish and invertebrates (Shi et al.,
2016). It was found that there is an evolutionary relation-
ship between PBVs with a segmented and non-segmented
genome, which is due to the possibility of transition from
one form to another. It turned out that the PBV genome
of marmots can be both segmented and non-segmented.
A non-segmented genome contains three ORFs — ORF1,
ORF2, ORF3 encoding a hydrophilic protein, a capsid
protein, and RdRp, respectively (Luo et al., 2018).

Sequencing studies of PBVs have shown that PVBs are
extremely variable (Banyai et al., 2003, 2008; Carruyo et
al., 2008; Smits et al., 2011; Ganesh et al., 2014; Malik ct
al.,2014; Lietal.,2015; Duraisamy et al.,2018; Luo et al.,
2018). PBV genome variability is explained by characteris-
tic genetic variability, caused not so much by a change in
the primary structure as a result of mutations, but by the
genome segment reassortment (Woo et al., 2019).

Until 2014, researchers identified two main PBV geno-
groups based on the study of short incomplete RdRp gene
sequences (Malik et al., 2014). When analyzing the PBV
sequences presented in the database GenBank (https://
www.ncbi.nlm.nih.gov/nuccore), as of 17.07.2014 (Malik
et al., 2014) it was noted that 83.11 % of the sequences
belong to the PBV genogroup I (GI), and only 2.52 % — to
the genogroup 11 (GII), which corresponds to the prevalence
of representatives of these genogroups in nature.

However, further research results have shown that PBVs
exhibit a high level of genetic diversity that is not reflected
by just two genogroups. In 2014-2015, there were reports
of the discovery of a new genetic PBV variant in human
stool samples (Smits et al., 2014) and in the environment
(Zhang S. et al., 2015). The new human PBV showed low
similarity (19.4-26.1 %) in the sequence of amino acids in
the RdRp gene product with the human PBV genogroups
I and II, which allowed them to be assigned to the geno-
group I1I (PBV GIII/Homo sapiens/VS6600008/2008/NL/
KJ206569 in GenBank). In 2015 picobirnaviruses were
identified in horses, which formed separate clusters and
were assigned to two genogroups GIV and GV during

39aa
48 165 828 552 aa 2484
ORF1 224 aa ORF3 2525
Segment 1 5: 3:
3 ORF2 >
157 829
94 534aa 1696
, 1] RdRp 1745
Segment 2 g g

Fig. 4. Schematic representation of the location of genes in segments 1 and 2 of dsRNA strain Hy005102 of human picobirnavirus (King et al., 2012).

Numbers indicate nucleotide positions; aa — aminoacid.
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phylogenetic analysis of 450 aa RdRp protein sequence
(Lietal., 2015).

Thus, picobirnaviruses are currently classified into five
genogroups GI-GV based on RdRp sequences. At the
same time, the intra-genogroup amino acid identities range
from 44.8 to 97.1 %, whilst the inter-genogroup amino
acid identities range from 21.6 to 30.8 % (Li et al., 2015).
In humans, four PBV genogroups — GI, GII, GIII (Smits
et al., 2014) and GV (Ng et al., 2014) were identified.
All five PBV genogroups were identified in the marmot
(Luo et al., 2018). Genogroup GIII PBVs were found in
diatoms and invertebrates (Shi et al., 2016, 2018; Delmas
etal., 2019).

According to the currently accepted nomenclature of
picobirnaviruses proposed by Fregolente et al. (2009),
the name of the strain begins with the genogroup name
(GI-GV), followed by the abbreviation PBV, the common
name of the host species, the three-letter country code, the
name of the strain and the year of isolation, separated by
a slash. Using this nomenclature, PBV strains detected in
humans and turkeys received the following designations —
GI/PBV/human/BRA/PBV_RVH275/2013 (human PBV)
u GI/PBV/turkey/USA/MN-1/2011 (turkey PBV).

Opportunistic character of PBV-infection.

On PBV persistence

In spite of the fact that PBVs are often detected from hu-
mans and animals with diarrhea separately and co-infec-
tion with other pathogens (Ganesh et al., 2014), the role
of PBVs as causative agents of intestinal disorders has
not been established, since these viruses are detected in
asymptomatic cases (Masachessi et al., 2007; Martinez
et al., 2010; Verma et al., 2015). For example, Verma et
al. (2015) showed that the excretion of PBVs in turkeys
was not associated with the symptoms of diarrhea. Of the
80 fecal samples from poultry with diarrhea and 40 without
diarrhea, 39 (48.8 %) and 23 (57.5 %) were positive for
PBVs, respectively.

It is not shown, that PBVs might have etiological relation
with diarrhea in humans and animals infected with other
pathogens that cause gastroenteritis. The adaption of the
virus to grow in the cell culture and experiments on gno-
tobiotic animals will be essential to establish the etiologic
role of PBVs (Ganesh et al., 2014).

Since the end of the 90s of the last century, PBVs have
been identified as opportunists for their ability to provoke
diarrhea in animals infected with the primary pathogen or
humans with weakened immunity and later to manifest
themselves as a chronic disease with or without signs of
diarrhea (Giordano et al., 1998; Gonzalez et al., 1998;
Martinez et al., 2003; Masachessi et al., 2007, 2012; Ghosh
et al., 2009). There is a concept about the opportunistic
(conditionally pathogenic) nature of PBV infection, which
is presented in the review published by Ganesh et al. (2014)
and other reports based on the results of examination of
healthy animals for the presence of PBVs (Masachessi et
al., 2007; Carruyo et al., 2008; Martinez et al., 2010). Ac-

2020
24.6

MKOGMPHABUPYCbI: PAaCNPOCTPAHEHHOCTb,
reHeThYeckoe pasHoobpasme, METOAbI AeTEKLMN

cording to this concept, the chronic nature of PBV infection
is explained by the long-term persistence of the virus in
the host body (Ganesh et al., 2014). The persistent nature
of PBV infection is manifested by periods of silence, in
which the virus is not detected even using highly sensitive
methods, intermingled with periods of viral activity. In this
case, adult animals infected with PBVs could be asymp-
tomatic PBV carriers or may be persistently infected and
serve as reservoirs of the infection. In particular, research
results obtained by Carruyo et al. (2008) shown that PBVs
can infect piglets 7 to 56 days of age (the PBV prevalence
among piglets has been estimated to be around 10 to 12 %).

The virus excretion level by virus carriers is affected by
a number of factors such as stress syndrome, physiologi-
cal status, age of the primary infected individual, immune
status of the hosts, and environmental conditions (biotic and
abiotic factors). These factors contribute to an increase in
the viral load. When taking samples based on these factors,
the detection of PBVs by the PAGE was observed with a
higher frequency.

The dependence of the PBV excretion level on the
stress caused by keeping animals captive was observed
in African green monkeys from the Caribbean Islands in
2014-2015 (Gallagher et al., 2017). 270 fecal samples
were collected from wild (160 individuals) and captive
(110 individuals) monkeys subjected to PAGE for PBVs.
16 samples (14.5 %) from captive monkeys kept under
stressful conditions were indicative for PBVs. None of the
fecal samples from wild monkeys was tested positive for
PBVs (Gallagher et al., 2017).

The dependence of the PBV excretion level on the phy-
siological status of pigs, in particular during the repro-
duction period, was studied by researchers in Argentina
(Martinez et al., 2010). Observations showed that PBVs
persisted in the host as a permanent infection, with periods
of low and high PBV excretion intermingled with periods
of silence. Low PBV excretion levels were detected by
reverse transcription followed by polymerase chain reac-
tion (RT-PCR) throughout the study period. In case of sharp
increase in the PBV excretion level in pigs, observed dur-
ing farrowing and lactation periods, the virus was detected
not only by OTP-PCR, but also by PAGE. PBV detection
rate was highest in the group of sows sampled within the
lactogenic period (38.02 % of samples collected from
71 sows), followed by pregnant sows at the final stage of
gestation (15.09 % of samples collected from 53 pregnant
sows) (Martinez et al., 2010).

The dependence of the PBV excretion level on the age of
the animal is shown. From 289 fecal samples of individual
calves between 5 and 60 days of age analyzed by PAGE the
PBVs were detected in 24 (8.3 %) (Takiuchi et al., 2016.)
In the study (Martinez et al., 2010), a high PBV excretion
level in pigs was observed in young animals 2—5 months
ofage (18.42 %), while no excretion was observed in adult
male pigs. Studies on turkeys also revealed a change in the
frequency of PBV excretion (Verma et al., 2015). 39 of 80
(48.8 %) fecal samples from turkeys were PBV positive.
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The maximum number of samples was positive in turkeys
at 2 weeks of age (20 of 20) followed by 3 weeks of age (15
0f 20). A sharp decrease in the number of positive samples
(2/20 were positive at 8 weeks of age) indicated a decisive
influence of age on this process.

The PBV excretion level is also affected by the host’s
immune status. It was found that in people with weakened
immunity, PBVs are detected more often. For example,
Giordano et al. (1998) when investigating 197 stool samples
collected from HIV-infected and noninfected patients with
and without diarrhea for the presence of PBVs by PAGE
detected PBVs in 8.8 % of 57 HIV-infected patients with
diarrhea, but detected it in neither those without diar-
rhea nor in the group of subjects uninfected with HIV.
Further research by these authors reinforced their view of
the relationship between PBV excretion levels and diar-
rhoea in HIV-infected individuals. In a study of 244 stool
samples from HIV-infected and uninfected patients with
and without diarrhea, PBVs were detected in 14.63 % of
82 HIV-infected patients with diarrhea and it was detected
neither in those without diarrhea nor in the group of subjects
uninfected with HIV (Giordano et al., 1999). At a certain
PBYV excretion level, PBVs are detected in HIV-infected
patients without signs of diarrhea, for example, Gonzalez
et al. (1998) detected PBVs in 2.3 % of 125 HIV-infected
patients without diarrhea (Gonzalez et al., 1998).

The PBV excretion level may be influenced by biotic
environmental factors such as primary pathogens. In some
studies, for example, PBVs are most often isolated as co-
infected agents with a number of diarrheal causes, such as
rotaviruses (Kuhar et al., 2017), or noroviruses (Banyai et
al., 2003). These studies indicated that PBVs might have
played synergistic effect in association with the primary
enteric causes (Malik et al., 2014; Kylla et al., 2019).

Climate factors such as sunlight (Masachessi et al.,
2015), temperature, and humidity (Ribeiro et al., 2014)
also affect the viral activity. These factors that affect the
PBYV excretion level should be taken into account when
identifying them.

Zoonotic nature of PBV-infection.

Capacity for interspecies transmission

Most human viral diseases are of zoonotic origin. The
zoonotic character of the PBV infection is indicated by
the detection of genetically related PBVs in humans and
animals. In particular, from pigs in Hungary, Venezuela and
Argentina genogroup I PBVs were detected which, when
sequencing the genome, showed genetic similarity to the
human genogroup I PBVs (Banyai et al., 2008; Carruyo et
al., 2008; Giordano et al., 2011). There have been reports
of PBV strains found in children in Calcutta that are geneti-
cally related to porcine PBV strains (Ganesh et al., 2010,
2011a). Equine PBYV strains isolated from the faeces of
foals in Calcutta (India) showed a genetic relationship with
human strains from the same city (Ganesh et al., 2011b).
The detection of genetically similar PBVs in humans and
foxes (Lojki¢ et al., 2016), in humans and bats has been
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reported. For example, the report (Yinda et al., 2019) noted
that the cause of zoonotic transmission of PBVs to humans
from bats in Cameroon is the hunting and eating of bats
(Yinda et al., 2019).

Zoonotic PBV transmission is one of the variants of
interspecies transmission. The capacity for interspecies
transmission was acquired by PBVs in the course of evolu-
tion due to the reassortment of segments of their genome
while simultaneously infecting a single cell by PBVs of
different species (McDonald et al., 2016). The genetic
lability caused by reassortment could lead in the course
of evolution either to genetic convergence of PBV strains
belonging to different hosts or, conversely, to genetic di-
vergence — genetic distance of PBV belonging to hosts of
the same species (Lojki¢ et al., 2016).

The capacity for interspecies PBV transmission is con-
firmed both in the cases of zoonotic infections, and in cases
of infection of animals with human PBVs, for example,
young pigs (Carruyo et al., 2008) or horses (Ganesh et al.,
2011b). The genomes of some porcine PBV strains were
found to be identical to those of human genogroup I PBVs
(Ganesh et al., 2014). In 2011, genetically similar PBVs
were found in the respiratory tracts of pigs and humans
(Smits et al., 2011, 2012).

Genetic divergence of related PBV strains was demon-
strated by Zhang B. et al. (2014). Thus, three of four porcine
PBVs identified in the study were genetically closer to
human PBVs than to previously revealed porcine PBVs.

It is possible to transfer PBV strains from one host to
another through fecal-contaminated raw sewage (Symonds
et al., 2009). In an environmental study Symonds et al.
(2009) showed that picobirnaviruses are potentially useful
viral indicators of fecal pollution of naturally impounded
bodies since they were found in 100 % of raw sewage
samples and 33 % of final effluent samples.

Hypothesis about the phage nature of PBV
PBVs commonly found in animal fecal samples are cur-
rently thought to be animal viruses, but no animal model
or cell culture for PBV propagation has yet been found.
Recently, some Indian scientists hypothesized that PBVs
are prokaryotic RNA viruses (Krishnamurthy, Wang, 2018).
The hypothesis is based on the fact, that like prokaryotic
viruses with the RNA-genome, in the PBV genome, there
are conserved ribosomal binding site (RBS) sequences
called Shine—Dalgarno sequences upstream of the three
presumed ORFs of the segment 1 and a single presumed
OREF of the segment 2. Such sites are 6-mers (AGGAGG)
preceding codons that initiate the translation of the viral
genome sequences. In bacterial viruses, these 6-mers are
ribosomal binding sites and serve to enhance the transla-
tion efficiency of viral proteins. For example, such sites
are present in the genome of some bacteriophages of the
family Cystoviridae with a segmented dsSRNA genome
(Boros et al., 2018).

Findings obtained by Adriaenssens et al. (2018) support
the hypothesis that PBVs are bacteriophages. The authors
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demonstrated a high incidence of 6-mer motif AGGAGG
in the PBV genome. In contrast, the different families of
eukaryotic viruses analyzed in that study only showed
a low incidence of SD-sequences, which were mostly
4-mers (AGGA, GGAG, GAGG). Findings supporting the
bacteriophage-nature of PBVs were also obtained by Boros
et al. (2018), who revealed in the chicken PBV genome
the presence of conserved prokaryotic Shine—Dalgarno-
like (SD-like) sequences upstream of the three presumed
ORFs of the segment 1 and a single presumed ORF of the
segment 2.

If we assume that PBVs are prokaryotic viruses, we can
explain their widespread prevalence and a broad host range.
Bacteriophages are widely distributed in nature. They are
found in water, soil, food products, various excretions of
humans and animals, that is, where bacteria are found.

The identification of PBV strains with genetically re-
lated genome sequences in different animal species can
be explained by assuming that PBVs might actually infect
bacteria that populate the enteric tract of vertebrates and
invertebrates. At the same time, the authors of the phage
hypothesis (Krishnamurthy, Wang, 2018) believe that PBVs
replicate in bacteria of a certain type, in the genome of
which there is a prokaryotic SD-sequence in most genes
(more than 10 %). Such bacteria are Firmicutes in the
genome of which there are more than 80 % of genes with
prokaryotic SD-sequence (Omotajo et al., 2015).

The authors point out, that, even viral families that
include species whose genomes are enriched for SD-
sequences, are exclusively prokaryotic viral families. The
acquisition of immunity against PBVs by infected animals
also does not contradict the phage hypothesis, since it is
established that immune responses can be raised against
bacterial viruses (Dabrowska et al., 2005; Gorski et al.,
2000). It is possible that PBVs cause an immune response
to infection not of human cells, but of the bacterial cells
that make up its microbiome, which again does not exclude
the possibility that PBV are prokaryotic viruses.

The possession of a capsid protein with perforation ac-
tivity, which means the ability to translocate through the
cell membrane (Duquerroy et al., 2009), as proof that it
can infect animal cells, also does not contradict the phage
hypothesis, since it is known that representatives of the
bacterial RNA-virus family also have the ability to exit
the cell (Reed et al., 2013). The process of interaction of
human and animal PBVs with the host cell is similar to the
process of interaction of a virulent phage with a bacterium,
which proceeds in several stages — penetration into the
bacterial cell, autonomous reproduction in it and lysis of
the bacterium. Consequently, the perforation of liposomes
by PBVs does not exclude that they may be prokaryotic
RNA-viruses.

Summing up the arguments in favor of the phage hypo-
thesis, we can conclude that, perhaps, PBVs belong to a new
family of RNA-viruses that infect a certain type of bacteria
with a genome with a high content of SD-sequences (more
than 80 %). These bacteria populate the intestinal tract of
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animals and humans and they can be bacteria Firmicutes,
containing most genes with SD-sequences.

These arguments strongly suggest that PBVs can actually
infect prokaryotes, not eukaryotes. And if PBVs actually
infect bacteria, then it is necessary to change the approach
to their study — to direct efforts towards finding a host for
their replication among prokaryotic cells, rather than eu-
karyotic ones. Separation prokaryotic and eukaryotic virus
families by the frequency of the presence of SD-sequences
in the genome allows identifying new prokaryotic virus
families.

Thus, the final proof of the phage nature of PBVs re-
quires the selection of host cells for its replication. In all
likelihood, until successful cultivation of PBVs in specific
bacterial cultures is achieved, the phage nature of PBVs
remains hypothetical. Given the fact that gut microbiome
consists of several hundreds of mostly uncultivable bacteria
the identification of true bacterial or archeal host(s) of PBVs
(if any) will be challenging (Boros et al., 2018).

RT-PCR-amplification strategies

for PBV sequencing and genotyping

Before the use of nucleic acid amplification methods, the
detection rate of PBVs remained extremely low, because
of low sensitivity of the method of genomic RNA PAGE
(Masachessi et al., 2007). In addition, PBVs are very labile
agents. It is shown that samples tested PBV positive by
PAGE, become negative after several freezing—thawing
procedures (Gallimore et al., 1995a).

The low frequency of detection of PBVs by PAGE is
evidenced by the work of Argentine virologists (Giordano et
al., 2008). These authors collected 2224 stool samples from
children with diarrhea over a 25-year period from Janu-
ary 1977 to December 2002. Only two samples (0.09 %)
were tested PBV positive by PAGE. Similar results were
obtained in our studies on the detection of rotaviruses by
PAGE, in stool samples from children under 14 years of
age with acute intestinal infection, who were admitted to
infectious hospitals in the city of Nizhny Novgorod, Nizhny
Novgorod region. For the period 1994-2001 PBVs were
found in only 3 of 4535 samples tested (Novikova et al.,
2003). Subsequently, from July 2006 to January 2010,
PBVs were detected in 0.08 % of 3645 stool samples from
children with gastroenteritis (Epifanova et al., 2010).

The use of PAGE limited the frequency of PBV detec-
tion, since at the low viral load virus excretion was unde-
tectable in most clinical samples (Gallimore et al., 1995a;
Giordano et al., 1998). A low frequency of PBV detection
by PAGE was reported by Cascio et al. (1996), Pereira et al.
(1993) and Ludert, Liprandi (1993), in a study of sporadic
gastroenteritis cases in children in Italy (0.43 %), Brazil
(0.5 %) and Venezuela (0.5 %), respectively. However,
in outbreaks of gastroenteritis, when the virus excretion
level was high, the virus was detected by PAGE with a
significantly higher frequency. For example, Pereira et al.
(1988a) reported a frequency of human PBV detection in
outbreaks of gastroenteritis in Brazil up to 20 %.
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The introduction of RT-PCR amplification and sequenc-
ing technologies has contributed to an increase in the PBV
detection rate in various wildlife objects. For example, a to-
tal 60 % (87/144) of the fecal samples from newborn piglets
tested were found to be PBV positive by RT-PCR (versus
27 % by PAGE) (Carruyo et al., 2008). The information
presented in the paper on the prevalence of porcine PBVs
in Argentina (Martinez et al., 2010) also demonstrates the
significantly greater capabilities of the RT-PCR method
compared to PAGE. If the PAGE method in this study
detected PBVs only at high PBV excretion level condi-
tioned by age (primary infection), and host physiological
status, low PBV excretion levels were detected by RT-PCR
throughout the entire study period.

The application of these methods allowed to establish
that PBVs are more widespread in nature than it was previ-
ously discovered (Boros et al., 2018). In particular, a group
of researchers from the Netherlands when testing 83 stool
samples from patients with diarrhea by RT-PCR confirmed
17 samples positive for genogroup I PBV sequences (20 %)
(van Leeuwen et al., 2010). By the same method, a high
proportion of PCR positive samples (23.4 %) was detected
in a total of 77 bovine fecal samples from different Bra-
zilian regions analyzed (Navarro et al., 2018). The high
frequency of infection in the sheep flock in Brazil evaluated
by RT-PCR was established where 62 % of the analyzed
fecal samples were PBV-positive (Kunz et al., 2018).

Most researchers use two specific amplification strate-
gies to detect PBVs: the single and double primer PCR
amplification strategies. The first amplification strategy is
based on the ligation of a viral RNA as a matrix with an
oligonucleotide as an adapter, followed by the synthesis
of cDNA on this matrix using a complementary adapter
primer. This method developed by Lambden et al. (1992)
to carry out amplification of the viruses with segmented
dsRNA genomes was further used by researchers for the
amplification of the PBV genome (Wakuda et al., 2005;
Ghosh et al., 2009; Wang et al., 2012; Boros et al., 2018).
In particular, Wakuda et al. (2005) applied the modified
single primer strategy to prepare full-length cDNAs corres-
ponding to RNA segments 1 and 2 of a human picobirna-
virus (strain Hy005102).

The single primer PCR amplification strategy is usually
applied to characterize full-length PBV genome segments.
For PBV genotyping based on short genome specific frag-
ments to characterize the strain with the definition of its
genogroup, the second strategy of specific amplification is
used, which involves the use of a pair of primers flanking
the selected viral genome fragment. Reverse transcription-
PCR detection assays were developed with primers targeted
to the genome segment of 2 PBV strains — 4-GA-9 and
1-CHN-97 isolated in the United States and China, respec-
tively (Rosen et al., 2000).

In the case of human PBVs, the primers are targeted
to specific conserved sites (motifs) in the PBV genome
segment 2 encoding RNA-dependent RNA polymerase.
For detection of the genome group I, direct and reverse

668

Picobirnaviruses: prevalence,
genetic diversity, detection methods

primers PicoB25 and PicoB43 are used, which flank the
201 bp (in positions 665-679 and 850-865 of the seg-
ment 2) fragment of the RARp gene. To detect the genome
group II, a pair of primers PicoB23 and PicoB24 flanking
the 369 bp (in positions 685-699 and 1039—-1053) fragment
of the RARp gene is used.

These primers can be used not only for human PBV
genotyping (Rosen et al., 2000), but also for the genetic
characterization of PBVs in some animals, in particular
pigs (Banyai et al., 2008). However, they are not able to
recognize the full range of PBV strains circulating among
humans, pigs, and other hosts due to their narrow speci-
ficity (Banyai et al., 2008; Carruyo et al., 2008; Ganesh
et al., 2010, 2011a; Martinez et al., 2010). In this regard,
primers flanking other degenerated parts of the RdRp gene
(Carruyo et al., 2008; van Leeuwen et al., 2010; Verma et
al., 2015; Wilburn et al., 2016; Woo et al., 2019), as well
as primers with a wider range of detection of representa-
tives of the genus Picobirnavirus, were later developed to
expand the specificity in detecting sequences of segments
of'the PBV genome (Malik et al., 2017; Ghosh et al., 2018;
Kleymann et al., 2020).

In particular, a RNA polymerase gene based RT-PCR
diagnostic assay was developed for detecting PBVs in early
stages of infection in a wide range of hosts including ani-
mals and humans (Malik et al., 2017). Through RdRp gene
nucleotide sequences alignment analysis, the conserved
regions of PBV were used for generating primers universal
for the genus. The best results for RT-PCR specificity and
sensitivity were given by a primer set with sense primer
PBV-7F (position 754-771 of the segment 2), and anti-
sense primer PBV-7R (position 1011-1028) flanking the
275 bp amplicon. The developed assay made it possible to
effectively amplify this fragment of the RdRp gene in all
tested PBVs infecting different host species, and did not
give false positive results when tested on other viruses.

The use of primers with broad specificity, in addition
to expanding the range of detection of representatives of
the genus Picobirnavirus, allows amplifying sequences
of greater length. In particular, Ghosh et al. (2018) using
a wide-specific terminal primer, amplified a region of the
RdRp gene overlapping several conserved sites and as a
result were able to characterize the complete genome seg-
ment 2 of rat PBVs, providing important information on
genetic diversity and evolution of PBVs in rats.

Recently, Kleymann et al. (2020) to detect PBVs from
different mongoose species, have designed a pair of widely
specific primers PBV 1.2FP and PBV 1.2RP that amplify a
significant part of the RdRp gene (1229 bp from ~1700 bp).
This pair of primers allows detecting PBVs isolated from
different hosts and having differences in primary struc-
ture (Kleymann et al., 2020). To identify genovariants
belonging to the genogroup I among positive samples of
mongoose PBVs the authors used a combination of the
known reverse primer PicoB43 (Rosen et al., 2000) and
the forward primer PBV-7F, which allowed amplifying the
390 bp fragment of the segment 2.
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In recent years, metagenomic analysis has become wide-
ly used in the diagnosis of viral infections (Adriaenssens
et al., 2018; Boros et al., 2018; Duraisamy et al., 2018;
Yinda et al., 2019; Wille et al., 2019). The method of me-
tagenomic analysis is based on next-generation sequenc-
ing (NGS) technology that allows identifying all the genetic
material present in an environmental sample, consisting
of the genomes of many individual organisms — metage-
nome. In contrast to PCR technologies that require refe-
rence sequences that can only detect known viruses, the
metagenomic analysis method can detect viruses with a
new genotype (Adriaenssens et al., 2018). Moreover, new
genotypes can be detected more often than known ones
(Duraisamy et al., 2018; Wille et al., 2019).

The metagenomic analysis characterizes both the viral
diversity and the frequency of occurrence of individual
metagenome viruses. For example, according to Adriaens-
sens et al. (2018), the raw sewage metagenome contained
representatives of the genera Astroviridae, Caliciviridae,
Picobirnaviridae, Picornaviridae, with only PBVs being
detected in 100 % of raw sewage samples in this study. In
the publication Boros et al. (2018) reported that using the
method of metagenomic analysis of the total number of
read sequences (13016) present in the metagenome, which
is a fecal sample of a chicken, in 516 reads were identified
PBVs. In a study Yinda et al. (2019) using metagenomic
analysis of fecal samples from Cameroonian residents with
and without signs of gastroenteritis (after contact with
bats), found that up to 28 out of the 63 pools contained
reads annotated as Picobirnaviridae with most of the
positive pools from individuals in age groups above 20.
These facts indicate a fairly high level of PBV occurrence
in wildlife.

Conclusion

Summarizing the information presented in the review,

obtained from publications on PBVs for the period under

study, we can conclude:

» PBVs are characterized by a broad host range and ubi-
quitous distribution.

* The role of PBVs as causes of gastroenteritis is still not
fully understood due to the lack of cell culture or animal
models for their cultivation. This significantly impedes
virus isolation and clinical and pathological studies.

* The frequency of PBV detection varies in different stu-
dies, but it is found that it is associated with the phy-
siological status and environmental conditions.

¢ There is a hypothetical explanation for the spread of PBV
infection based on the idea of PBVs as conditionally
pathogenic viruses, according to which adult infected
hosts with normal immune status can be PBV carriers
and serve as reservoirs of viruses without symptoms of
diarrhea.

* The detection of PBV strains with genetically related
genome sequences in different animals indicates the
possible zoonotic nature of the infection for humans and
the ability of PBVs to transmit effectively.
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* Being the most common in raw sewage, PBVs correlate
better than other viruses with the presence of pathogenic
viruses dangerous for humans in water bodies and are
potentially useful viral indicators of fecal pollution of
these water bodies.

* PBVs are significantly different genetically. To date,
5 PBV genogroups have been identified (GI-GV).

* It has been suggested that PBVs can infect prokaryotes,
being not mammalian viruses, but a new family of RNA
bacteriophages. In support of this assumption, the authors
provide convincing arguments showing that PBVs can
actually infect prokaryotes, and not eukaryotes, in par-
ticular, bacteria Firmicutes. However, until a host is
found for PBV propagation, this assumption remains
hypothetical.

The presented information allows characterizing PBVs
as viruses that are genetically variable with a broad host
range, quickly evolving and easily spreading. However,
for amore complete study of PBV biology, etiological role
in the occurrence of diseases, and pathogenic potential,
experiments on gnotobiotic animals are required. Mo-
lecular characterization of new PBV strains from different
hosts will provide valuable information about the origin,
transmission, distribution, and genetic diversity of these
quickly evolving dsRNA viruses to study their zoonotic and
anthroponic potential, and to use as a potentially promising
marker for environmental monitoring.
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Abstract. Aphids are a diverse family of crop pests. Aphids formed a complex relationship with intracellular bacte-
ria. Depending on the region of study, the species composition of both aphids and their facultative endosymbionts
varies. The aim of the work was to determine the occurrence and genetic diversity of Wolbachia, Spiroplasma and
Rickettsia symbionts in aphids collected in 2018-2019 in Moscow. For these purposes, 578 aphids from 32 collection
sites were tested by PCR using specific primers. At least 21 species of aphids from 14 genera and four families were
identified by barcoding method, of which 11 species were infected with endosymbionts. Rickettsia was found in six
species, Wolbachia in two species, Spiroplasma in one species. The presence of Rickettsia in Impatientinum asiaticum,
Myzus cerasi, Hyalopterus pruni, Eucallipterus tiliae, Chaitophorus tremulae and Wolbachia in Aphis pomiand C. tremulae
has been described for the first time. A double infection with Rickettsia and Spiroplasma was detected in a half of
pea aphid (Acyrthosiphon pisum) individuals. For the first time was found that six species of aphids are infected with
Rickettsia that are genetically different from previously known. It was first discovered that A. pomi is infected with two
Wolbachia strains, one of which belongs to supergroup B and is genetically close to Wolbachia from C. tremulae. The
second Wolbachia strain from A. pomi belongs to the supergroup M, recently described in aphid species. Spiroplasma,
which we observed in A. pisum, is genetically close to male killing Spiroplasma from aphids, ladybirds and moths. Both
maternal inheritance and horizontal transmission are the pathways for the distribution of facultative endosymbiotic
bacteria in aphids.
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AHHOTauusa. TN - pasHoobpa3HOe CeMeNCTBO BpeanTenei CeibCKOX03ANCTBEHHbIX KynbTyp. Tnn chopmmpoBanm
CJIOXKHYI0 B3aUMOCBA3b C BHYTPUKIETOUHBIMU 6aKTEPUAMM, N3BECTHBIMY Kak SHLOCUMOVOHTbI, KOTOPbIE OKa3blBaOT
KaK MONIOXNUTENbHOE, TaK U OTPULLATENbHOE BAMAHUE Ha XO3AKHA, YTO MOXET UMETb NpaKkTMYeckoe 3HayeHue. B pas-
HbIX pPerroHax MmMpa coctaB daKynbTaTUBHbIX CUMOUOHTOB B MOMNYAUMAX TNEN BapbupyeT. 3agayein paboTbl 6bino
YCTaHOBUTb PACNpPOCTPaHeHVE U FreHeTUYecKoe pasHoobpasme cumbuoHToB Wolbachia, Spiroplasma w Rickettsia B
TNAX, cobpaHHbix B 2018-2019 rr. B Mockse u MNMogmockosbe. [1na atoro 578 tnei n3 32 mect cbopa TecTupoBanu
meTomom MUP, ncnonb3ya cneunduueckue npaimepsl gna mtOHK tnen, Wolbachia, Spiroplasma v Rickettsia. MeTto-
[LOM MOMeKyNAPHO-FeHeTNYECKOrO aHanmn3a onpeaeneHo He MeHee 21 Buga mieli U3 14 poAoB 1 YeTblipex CeMeNCTB.
OpuHHaaLaTb BUAOB OKa3anncb MHOULMPOBaHbI SHAOCMMOVMOHTaMM, @ UMEHHO: Y LeCTH BULOB 06Hapy»KeHbl Ricket-
tsia, y nByx sugos — Wolbachia, y ogHoro — Spiroplasma. BnepBble BbIBNEHO 3apa)eHne G6akTepuein Rickettsia y
Impatientinum asiaticum, Myzus cerasi, Hyalopterus pruni, Eucallipterus tiliae, Chaitophorus tremulae n 6akTepuen
Wolbachia y Aphis pomi n C. tremulae. ¥ nonoBuHbl ocobein ropoxoBoii Tnm Acyrthosiphon pisum yctaHoBneHo aBoii-
Hoe 3apakeHue Rickettsia n Spiroplasma. BnepBble BblfiBNEHbI PUKKETCUM Y LIeCT! BUAOB TNEN, KOTOpble reHeTnYe-
CKW OTNINYAOTCA OT N3BECTHbIX paHee. Bnepsble 0OHapyXeHO 3apaxeHune A6NoHHOM TAn A. pomi ABYMA WTaMMaMm
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Wolbachia, Spiroplasma, and Rickettsia
symbiotic bacteria in aphids (Aphidoidea)

Wolbachia, npuuem ofjviH U3 LITaMMOB OTHOCUTCA K cyneprpynne B n reHetndyeckn 6nmsok ¢ Wolbachia ns ocuHo-
Bon Tm C. tremulae, a BTOPOI1 LWUTaMM OTHOCKTCA K cyneprpynne M, HegaBHO OnNncaHHOW y BUAOB Thei. Spiroplasma,
HaiigeHHaa Hamu y A. pisum, reHeTuyeckmn 6nimska Spiroplasma, Bbi3biBatoLLel aHAPOUNUE, Y Theit, 60XKbrX KOPOBOK 1
Monen, n Knactepusyetcs ¢ S. ixodetis. PasHoobpasve JHK cuMOUOHTOB y6enmTenbHO CBULETENBCTBYET O TOM, UTO
Kak MaTeprHCKOoe Hac/lefoBaHe, Tak M TOPM30HTaNIbHbIN NePeHOC ABMAIOTCA MyTAMU pacnpocTpaHeHuns ¢pakynbTa-

TUBHbIX 6aKTepuii y Tnem.

KntoueBble cnoBa: T1s; 3HAOCUMOUOHTLI; MNLP; Bpegmtenn pacteHnin; myTyanmsm.

Introduction

Aphids (Aphidoidea) are an insect superfamily from the order
Hemiptera, which includes about 10 families or subfamilies
and about 5000 species. Aphids are widespread sap-feeding
plant pests and can transmit at least 30 % of plant viruses
(Augustinos et al., 2011). A complex interplay with intracel-
lular bacteria also known as endosymbionts is commonly
observed in aphids. Obligate associations with Buchnera
aphidicola in aphids provide insect hosts with essential amino
acids absent in sap (Douglas, 1998). Apart from that, there
are nine species of facultative symbionts of aphids (see the
review by Guo et al., 2017) coexisting with Buchnera, having
both positive and negative effects on the hosts.

Depending on the species, facultative intracellular sym-
biotic bacteria may increase the resistance of aphids against
heat stress, parasitoid wasps, and fungal infections, partici-
pate in the synthesis of essential nutrients for the host with
the obligate symbiont, and facilitate the interaction of aphids
with plants that they feed on (Guo et al., 2017). However, it
has been shown that the Rickettsia bacteria have a negative
effect on the fitness of the pea aphid Acyrthosiphon pisum
and suppress the activity of Buchnera aphidicola (Sakurai et
al., 2005). Spiroplasma bacteria in A. pisum shorten the life
span of aphids and inhibit their reproduction (Simon et al.,
2007,2011), albeit have a (minor) protective effect against the
parasitoid wasp Aphidius ervi (Mathé-Hubert et al., 2019). The
role of Wolbachia in aphids is not yet fully understood (De
Clerck et al., 2015; Manzano-Marin, 2019), but Wolbachia
endosymbionts in the Asian citrus psyllid Diaphorina citri
repress holin promoter activity in the alpha-proteobacteria
‘Candidatus Liberibacter asiaticus’, a citrus disease agent,
thereby killing the bacteria and preventing the disease from
spreading (Jain et al., 2017).

The present paper is dedicated to studying facultative endo-
symbionts Wolbachia, Spiroplasma, and Rickettsia in aphids.
Wolbachia is the most common genus of symbiotic bacteria
in insects, aphids not being an exception. Wolbachia infection
has been recorded in 82 aphid species (Zytynska, Weisser,
2016). Two genera of symbionts, Rickettsia (Sakurai et al.,
2005) and Spiroplasma (Fukatsu et al., 2001), were recorded
in 4. pisum. Both Spiroplasma and Rickettsia were recorded
in the cowpea (Vigna sinensis) aphid Aphis craccivora (Brady
et al., 2014) and the bean aphid Aphis fabae (Zytynska et al.,
2016). Spiroplasma were also recorded in tropical aphids,
specifically the citrus aphid Aphis citricidus and polyphagous
Aphis aurantii (Guidolin, Consoli, 2018). Rickettsia were
recorded in the blackberry aphid Amphorophora rubi (Haynes
et al., 2003) and the cotton aphid Aphis gossypii (Jones et al.,
2011). The symbiont composition varies in aphid populations
around the world (Augustinos et al., 2011; Zytynska, Weisser,
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2016; Guo et al., 2017; Guidolin, Consoli, 2018). For instance,
Wolbachia, Spiroplasma, and Rickettsia were not recorded
among facultative aphid symbionts in the Saratov Region,
Russia (Malyshina et al., 2014).

Symbiont infection research in aphids is of practical value
since such studies are instrumental in developing new strate-
gies of controlling pathogen transmission in plants (Heck,
2018). Depending on the symbiont type, the information on
infection may be used for symbiont elimination or transinfec-
tion with a specific strain of bacteria to inhibit the vector’s
ability for pathogen transmission.

The goal of the present study was to investigate the inci-
dence and genetic diversity of the Wolbachia, Spiroplasma,
and Rickettsia symbionts in the samples of aphids collected
in Moscow and the cities of Zvenigorod and Lyubertsy in the
Moscow Region. Thus, 578 aphids from 32 collection sites
were PCR-tested using specific primers for Wolbachia, Spiro-
plasma, and Rickettsia. The taxonomic positions of aphid hosts
and their symbionts were identified based on the sequences
of aphid and bacterial genes.

Materials and methods

Aphids were collected in July—September 2018 and in
May 2019 in Moscow, Zvenigorod, and Lyubertsy (Table 1).
A total of 32 aphid samples were collected from 17 plant
species. The collected adult aphids were preserved in 96 %
ethanol.

Phenol-chloroform extraction was used to isolate total DNA
from individual specimens (Sambrook et al., 1989). Amplifi-
cation reactions were performed in a 25-pl volume using the
universal Encyclo Plus PCR kit (Evrogen, Moscow) following
the manufacturer’s protocol. All the reactions were performed
using the MiniAmp Plus thermocycler (Applied Biosystems).
Aphid species were identified based on PCR using universal
primers LCO1490 and HCO2198 complementary to the 5’ end
of the mitochondrial cytochrome c¢ oxidase subunit I gene
(COI), as described earlier (Folmer et al., 1994).

Symbionts were identified using specific primers as fol-
lows: RicF141 and RicR548 for the Rickettsia gltA gene
(Goryacheva et al., 2017), spi_fl and spi_r3 for Spiroplasma
16S rRNA (Sanada-Morimura et al., 2013), ftsZ-F1 and
ftsZ-R1 for the Wolbachia ftsZ gene (Baldo et al., 2006). The
amplification procedure consisted of initial denaturation for
4 min 30 sec at 94 °C followed by 36 amplification cycles as
follows: denaturation for 30 sec at 94 °C, annealing for 30 sec
at 59 °C (53 °C for spi_f1 and spi_r3; and 56 °C for fisZ), and
extension for 40 sec (1 min for spi_fl and spi r3) at 72 °C.
The PCR was finalized by an extension for 5 min at 72 °C.

The PCR results were visualized by agarose gel electropho-
resis (1.5 %). DNA fragments were eluted from gel using the
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Table 1. Aphid and plant species and their dates and sites of collection

Aphid species (sample)

CumbnoTnyeckne b6aktepumn Wolbachia, Spiroplasma 2020

1 Rickettsia cpegwn Tnen (Aphidoidea)

Collection site

24.6

Plant species

May, 2019

Impatientinum asiaticum

September, 2018

Impatiens parviflora
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DNA isolation kit for agarose gels Cleanup Mini (Evrogen,
Moscow) under the manufacturer’s instructions. The purified
PCR products were sequenced by Evrogen (Moscow). The
newly acquired COI gene sequences were registered in the
GenBank database under accession numbers MT302332—
MT302357; gltA Rickettsia, under MT302358-MT302364;
ftsZ Wolbachia, under MT302365-MT302368; and 16S
Spiroplasma, under MT302369.

Sequence chromatograms were analyzed using the
DNASTAR Lasergene 6 software (Clewley, 1995; Burland,
2000). The newly obtained sequences were compared to the
previously available ones using the Barcode of Life (BOLD,
http://www.barcodinglife.com/) and GenBank databases
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Dendrograms were
plotted using the neighbor-joining method, Kimura evolutio-
nary model, and 1000 bootstrap replications in the MEGA 6.06
software (Tamura et al., 2013). DNA sequences in the dendro-
grams were provided with the GenBank and PubMLST (in the
case of Wolbachia) registration numbers on the right from the
isolate name. The divergence between nucleotide sequences
was calculated based on p-distances (per-site differences)
using the MEGA 6.06 software (Tamura et al., 2013).

Results

Diversity of aphid species
To identify aphid species, the DNA barcoding method was
used. The nucleotide sequences of mitochondrial COI gene

73, Acyrthosiphon pisum MT302334 R+
100[ Acyrthosiphon pisum MT302335 S+
Acyrthosiphon pisum MT302336 R+S+
731 Acyrthosiphon pisum MT302337 S+
Acyrthosiphon caraganae MT302333

68 51

100 Aphis fabae MT302348

79 L Aphis fabae MT302349 S+
82 Aphis pomi-1 MT302352 W+
Aphis pomi-2 MT302350 W+
76! Aphis pomi-3 MT302351 W+
Eucallipterus tiliae MT302356 R+
Anoecia sp. MT302332
— Chaitophorus tremulae MT302357 W+
100L— Chaitophorus tremulae MT302358 R+

100

e |
0.01

Impatientinum asiaticum MT302338 R+
75 Macrosiphum rosae MT302339
Hyperomyzus lactucae MT302340
50 Myzus cerasi MT302341 R+
Anuraphis subterranea MT302342
10— Dysaphis sp. MT302343
L Dysaphis devecta MT302344
Dysaphis affinis MT302345

E Dysaphis plantaginea MT302346
Rhopalosiphum lonicerae MT302347
Rhopalosiphum padi MT302353
Schizaphis graminum MT302354
Hyalopterus pruni MT302355 R+

Wolbachia, Spiroplasma, and Rickettsia
symbiotic bacteria in aphids (Aphidoidea)

were used to identify at least 21 aphid species in 32 samples,
with 19 of them identified to a species level, and two, to
a genus level, namely Dysaphis sp. from the apple tree Malus
domestica and Anoecia sp. from the white dogwood Cornus
alba and the common dogwood Cornus sanguinea. In latter
cases, the sequence similarity was the highest with Dysaphis
apiifolia (97 %) and Anoecia fulviabdominalis (96 %), respec-
tively. The aphids collected represent four families as follows:
Anoeciidae, Callaphididae, Chaitophoridae, and Aphididae
(Fig. 1). Evolutionary divergence values amount to 6—-16 %
between the aphid genera, 0.8-6.6 % between the Dysaphis
species and 6.3 % between Aphis species. Two mtDNA hap-
lotypes were recorded in three species, namely Aphis pomi,
Chaitophorus tremulae, and A. pisum (see Fig. 1). The diffe-
rences between CO! haplotypes were 0.2 % in A. pomi, 0.6 %
in C. tremulae, and 0.16 % in A. pisum.

The apple aphid A. pomi, bird cherry-oat aphid Rhopalo-
siphum padi, black cherry aphid Myzus cerasi, and Asian bal-
sam aphid Impatientinum asiaticum were found in two or more
collection sites (see Table 1). Two aphid species were found
in the same plant species in the following cases: Hyalopterus
pruni and M. cerasi in cherry trees, A. pomi and Dysaphis
devecta in apple trees, Anuraphis subterranea and Dysaphis
affinis in pear trees, with the last aphid species coexisting on
the leaves of the same tree (see Table 1). One aphid species
was observed in different plant species in the following two
cases: R. padi in bird cherry trees and wheat and 4. pomi in
apple trees and cotoneaster.

Aphididae

7] Callaphididae
] Anoecidae

Chaitophoridae

Fig. 1. Phylogenetic reconstruction of the studied aphids species based on the analysis of the 630-bp nucleotide sequences of

the mitochondrial COI gene.

Individuals infected with Wolbachia, Rickettsia or Spiroplasma are designated W+, R+, S+, respectively.

676

BaBunosckuii xKypHan reHeTuku u cenekuyunm / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 6



[.A. PomaHos, /.A.3axapoB
E.B. WaiikeBuny

Table 2. The occurrence of the symbionts in aphids

Aphid species (sample) N
of individuals studied

Symbiotic bacterial infection
The presence of Wolbachia, Spiroplasma, and Rickettsia
was analysed in 578 specimens of 21 aphid species and the
infections were detected in A. pisum (Spiroplasma and Ri-
ckettsia), I. asiaticum, M. cerasi, H. pruni, Eucallipterus tiliae
(Rickettsia), A. pomi (Wolbachia), and Chaitophorus tremulae
(Rickettsia and Wolbachia) (Table 2). The C. tremulae speci-
mens infected with Rickettsia and Wolbachia had different
mtDNA haplotypes (see Fig. 1).

Rickettsia were found in 84 aphid specimens representing
six species; Wolbachia, in 75 specimens of two species; and
Spiroplasma, in 24 specimens of one species (see Table 2).

2020
24.6

CumbnoTnyeckne b6aktepumn Wolbachia, Spiroplasma
1 Rickettsia cpegwn Tnen (Aphidoidea)

Symbiont genus and the number of infective

Individual aphid specimens are typically infected by only one
type of symbiotic bacteria out of three. However, Rickettsia/
Spiroplasma coinfection was recorded in 4. pisum in 13 of
28 individual specimens. In adult 4. pisum specimens, 100 %
were infected with one or two types of endosymbionts. The
presence of Rickettsia in I. asiaticum, M. cerasi, H. pruni,
E. tiliae, and C. tremulae and Wolbachia in A. pomi and
C. tremulae has been described for the first time.

Bacteria of the genus Rickettsia. Aphid Rickettsia were
clustered with the R. bellii group (Fig. 2). Rickettsia in E. tiliae
and C. tremulae had species-specific gltA alleles. Rickettsia
in A. pisum had two alleles, gltA’ and glt4? (GenBank entries
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64

68

86

Wolbachia, Spiroplasma, and Rickettsia
symbiotic bacteria in aphids (Aphidoidea)

66 , Rickettsia marmionii AY737684
Rickettsia honei U59726

Rickettsia rickettsii KF742602

Rickettsia japonica AY743327
891 Rickettsia heilongjiangii AF178034
Rickettsia mongolotimonae DQ097081
Rickettsia conorii EU716648

Rickettsia raoultii EU036985

64 Rickettsia aeschlimannii DQ235776
Rickettsia gravesii DQ269435

81 L Rickettsia asiatica AF394901

Rickettsia tamurae AF394896
98 I: Rickettsia monacensis MK642563

— Rickettsia lusitaniae KY678047

100 L— Rickettsia asembonensis KY650697

Rickettsia typhi U59714

99 L Rickettsia prowazekii CP004889

Rickettsia monteiroi F)269035

100

|
9l Rickettsia canadensis U59713
o3 Chrysoperia lucasina MF156680
99 Sitobion miscanthi HQ645973
Rickettsia bellii DQ146481

U —|
0.02

100

Aphids
—— 4@ Chaitophorus tremulae MT302364
@ Acyrthosiphon pisum MT302358
g1 @ Hyalopterus pruni MT302362
Acyrthosiphon pisum FJ666756
Aphids

@ Eucallipterus tiliae MT302363

¢ Acyrthosiphon pisum MT302359
54

@ Impatientinum asiaticum MT302360
@ Myzus cerasi MT302361

Fig. 2. Phylogenetic reconstruction of Rickettsia diversity according to the analysis of 343 bp of the gl/tA gene.

Bacteria from aphids are indicated by host species. The bacterial isolates obtained in this study are highlighted with diamonds.

MT302358 and MT302359), differing in one nucleotide
substitution. The glt4’ allele was observed in one 4. pisum
specimen, and glt4?, in seven. The gltA! allele was also ob-
served in Rickettsia from H. pruni, and gltA?, in Rickettsia
from I. asiaticum and M. cerasi. The gltA’ allele was identical
to the Rickettsia DNA from A. pisum strain PAR (the USA)
registered in GenBank as FI666756 (see Fig. 2). The git4?
allele has been discovered for the first time. The newly ob-
tained Rickettsia DNA sequences differed significantly from
bacterial DNA in Sitobion miscanthi aphids (HQ645973)
genetically close to R. bellii (see Fig. 2). The evolutionary
divergence value between the R. bellii group and Rickettsia
group in the present paper amounted to 8.2 %, which greatly
exceeded the divergence between, for example, the R. typhi
and R. prowazekii species (2 %).

Bacteria of the genus Wolbachia. Within the genus Wol-
bachia, there are 16 phylogenetic supergroups (Glowska et
al., 2016). Wolbachia from Aphis pomi #1 (MT302366) and
#3 (MT302367) were clustered with supergroup M bacteria,
and Wolbachia from Chaitophorus tremulae (MT302365)
and 4. pomi #2 (MT302368), with supergroup B (Fig. 3). The
DNA differences in the fisZ gene sequence of Wolbachia from
A. pomi #2 (MT302368) and #1 (MT302366) amounted to
14.3 % (67 of 466 bp). At the same time, the fisZ gene allele
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of Wolbachia from A. pomi #2 (MT302368) had only three
different substitutions (0.6 %, 3 from 469 bp) if compared to
the Wolbachia DNA from the Aspen leaf aphid Chaitophorus
tremulae (MT302365).

The sample of A. pomi infected with group B Wolbachia
was collected from cotoneaster, and the samples of A. pomi
infected with group M Wolbachia, from cotoneaster and apple
trees (see Table 1). The distance between the collection sites,
where A. pomi were collected from the same plant species but
infected with different Wolbachia strains, was over 20 km.
At the same time, the distance between the collection sites,
where A. pomi were collected from different plant species
but infected with the same Wolbachia strain, did not exceed
4 km (see Table 1).

Bacteria of the genus Spiroplasma. Spiroplasma observed
in A. pisum were clustered with the bacteria encountered
in A. pisum in Japan (AB048263), Britain (JX943566,
JX943567), and A. craccivora from the USA (KF362032)
(Fig. 4). Variation of 16S rRNA genes of Spiroplasma in
aphids from 4. pisum collected in geographically separated
sites amounted to 0.3—0.6 % (5—8 nucleotide substitutions per
974 bp). All of them are included in the Spiroplasma ixodetis
clade. The latter also had the symbionts of other insects, such
as lady beetles Anisosticta novemdecimpunctata (AMO087471)
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481|— Zootermopsis angusticollis (Archotermopsidae) AY764283 ftsZ-57

56 _|

53

CumbnoTnyeckne b6aktepumn Wolbachia, Spiroplasma 2020
1 Rickettsia cpepn Tnei (Aphidoidea) 2446
® Chaitophorus tremulae (Aphididae) MT302365 ftsZ-243
100 4[ @ Aphis pomi-2 (Aphididae) MT302368 ftsZ-22 ] Group B
Cinara cedri (Aphididae) MT302368 ftsZ-35
Drosophila melanogaster (Drosophilidae) U28189 ftsZ-1 1 GroupA
] GroupH
Dirofilaria repens (Onchocercidae) AJ010273 ] Group C
Cimex lectularius (Cimicidae) AY316362 ] Group F
Brugia malayi (Filariidae) AY523520 ftsZ-26 ] GroupD
Folsomia candida (Isotomidae) AY326459 ftsZ-135 ] Group E
Toxoptera citricida (Aphididae) JN316236
Baizongia pistaciae (Aphididae) ftsZ-131
100 @ Aphis pomi-1 (Aphididae) MT302366 ftsZ-186 Group M
67(: Aphis pomi-3 (Aphididae) MT302367 ftsZ-186
Neophyllaphis podocarpi (Aphididae) JN316229

e —
0.02

Fig. 3. Phylogenetic reconstruction of Wolbachia diversity according to the analysis of 466 bp of the ftsZ gene.

Wolbachia supergroups are shown on the right. Bacteria are indicated by host species. The bacterial isolates obtained in this study are

highlighted with diamonds.

731 Acyrthosiphon pisum (Aphididae) JX943567
Aphis craccivora (Aphididae) KF362032

Ixodes monospinosus (Ixodidae) LC388759
Ostrinia zaguliaevi (Crambidae) AB542740
Spiroplasma ixodetis NR104852

¢ Acyrthosiphon pisum (Aphididae) MT302369
Acyrthosiphon pisum (Aphididae) JX943566
Acyrthosiphon pisum (Aphididae) AB048263

S. ixodetis

1

100

Anisosticta novemdecimpunctata (Coccinellidae) AM087471

| Ixodes ricinus (Ixodidae) KP967685

100

||
0.01

Spiroplasma apis NR121708
Spiroplasma mirum NR121794
Spiroplasma citri X63781
100 Spiroplasma poulsonii NR044672

Fig. 4. Phylogenetic reconstruction of Spiroplasma diversity according to the analysis of 974 bp of the 16S rRNA gene.

Insect bacteria are indicated by host species. The bacterial isolate obtained in this study is highlighted with a diamond.

and the moth Ostrinia zaguliaevi (AB542740). Nucleotide
variation within this clade did not exceed 0.6 %. However,
nucleotide variation between the clades of the genus Spiro-
plasma reached 10-16 %.

Discussion
The study has demonstrated that at least 21 aphid species were
represented in the 32 samples investigated. Most aphid spe-
cies studied (18 of 21) belong to the family Aphididae, while
the families Anoeciidae, Callaphididae, and Chaitophoridae
are each represented by one species. Two species were not
confined to their plant hosts, whereas 19 aphid species were
encountered on particular plant species.

For the first time, Rickettsia infection has been observed in
L asiaticum, M. cerasi, H. pruni, E. tiliae, and C. tremulae, and
Wolbachia infection, in A. pomi and C. tremulae. As opposed

to other studies (see Zytynska, Weisser, 2016), aphid species
collected in Moscow in the present research were mostly
infected by Rickettsia rather than Wolbachia. The specimens
of the Aspen leaf aphid C. tremulae infected with Rickettsia
and Wolbachia have different mtDNA haplotypes, although
it has yet to be studied in a larger number of samples whether
cytoplasmic components are inherited together in this par-
ticular aphid species. Rickettsia and Spiroplasma coinfection
was recorded in half of the specimens of the green pea aphid
A. pisum. Many authors have already noted the presence of
Rickettsia and Spiroplasma among the A. pisum facultative
symbionts in Europe (Nyabuga et al., 2010; Ferrari et al.,
2012; Gauthier et al., 2015), the USA (Russell et al., 2013;
Smith et al., 2015), and Japan (Tsuchida et al., 2002). Among
28 A. pisum specimens in the sample from Zvenigorod, infec-
tion rates were 61 % (Rickettsia) and 86 % (Spiroplasma),
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which is several times as large as the previous figures, 8 and
3 % in 119 isofemale lines from 81 populations in Japan (Tsu-
chida et al., 2002), 48 and 9 % among 318 specimens in the
USA (Russell et al., 2013), 4 and 22 % in 30 lines (Nyabuga
et al., 2010), 23 and 27 % in samples collected from eight
legume species from England and Germany (Ferrari et al.,
2012). It is possible that these high bacterial infection rates
only existed for a short period, since both Spiroplasma and
Rickettsia reduce the life span of aphids and inhibit their fer-
tility (Simon et al., 2007, 2011; Mathé-Hubert et al., 2019).
According to our observations, prolonged laboratory cultiva-
tion of A. pisum previously resulted in a loss of Spiroplasma
symbiotic bacteria.

Aphid Rickettsia in our collections form a separate cluster. It
was shown earlier that Rickettsia from A. pisum were attributed
to the R. bellii group based on a comparison of four bacterial
genes (Weinert et al., 2009). Other bacterial genes in different
aphid species are to be studied to find out whether they form
a separate species within the genus Rickettsia. The bacterial
group R. bellii is the basal group of Rickettsia formed before
the pathogenic spotted fever group and murine typhus group
(Stothard et al., 1994). Four genetically different alleles of the
Rickettsia glt4 gene were discovered in the six aphid species
studied, two of them encountered in 4. pisum. One allele
(MT302359) was observed in specimens from three aphid
genera, another one (MT302358), in two genera, and the two
remaining species had unique allelic variants of symbionts
(MT302363-64). Thus, we may assume that different aphid
species were infected with Rickettsia independently.

Spiroplasma discovered in A. pisum based on DNA analysis
of'the 16S rRNA gene is clustered with the bacteria previously
observed in A. pisum and A. craccivora. It has been shown
that Spiroplasma in A. pisum cause male offspring deaths
at early larval stages, i.e. androcide or male-killing (Simon
et al., 2011), and are genetically close to the Spiroplasma
that caused androcide in aphid predators, i.e. lady beetles
(Tinsley, Majerus, 2006) and moths (Tabata et al., 2011). All
these bacteria are a part of the Spiroplasma ixodetis group.
S. ixodetis is an endosymbiont described in ticks, but it is also
common in other arthropods. Phylogenetic studies have shown
that S. ixodetis strains are subjected to multiple horizontal
transfers between ticks and other arthropods including aphids
(Binetruy et al., 2019).

The present study has discovered Wolbachia infection in
the apple aphid 4. pomi for the first time. Wolbachia was
found in 100 % of 4. pomi specimens in our collections, even
though this symbiont had not been observed in this aphid spe-
cies from Greece earlier (Augustinos et al., 2011). The apple
aphid 4. pomi from three collection sites in Moscow (#1, 2,
and 3 in Table 1) were infected with two Wolbachia strains,
one attributed to supergroup B and another, to supergroup M
(see Fig. 3), which had been described as prevalent in the
aphid species of Spain, Portugal, Greece, Israel, and Iran
(Augustinos et al., 2011), China (Wang et al., 2014), and the
Azores (Moreira etal., 2019). Since the data shows the group’s
low genetic variation, one might assume that it emerged quite
recently and spread rapidly across aphid populations (Wang
etal., 2014).

The results allow us to assume that infection of 4. pomi with
a specific Wolbachia strain is not linked to the plant host spe-
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cies, but rather to its habitat. The noteworthy fact of discover-
ing allelic variants of the Wolbachia ftsZ gene with only slight
differences in various aphid species (4. pomi and C. tremulae)
may imply the possibility of bacterial gene exchange during
horizontal transfers of Wolbachia among insects, for example,
through parasites or plants. This hypothesis is corroborated by
the discovery of closely related alleles of Wolbachia genes in
other unrelated insects (Ilinsky, Kosterin, 2017; Shaikevich
etal., 2019). Symbiont DNA diversity is persuasive evidence
of maternal inheritance and horizontal transfer being the key
distribution mechanisms of facultative bacteria in aphids.

Conclusions

While laboratory research results provide an increasingly
better understanding of the role of aphid symbionts, data on
symbiont distribution in aphid populations in natural ecosys-
tems are still insufficient. The present paper provides the first
report on the genetic diversity of bacterial endosymbionts
in previously understudied aphid species. Aphid population
screening in Moscow and the Moscow Region made it pos-
sible to newly identify Rickettsia infection genetically different
from infection with R. bellii, to which aphid symbionts are
typically attributed, in six aphid species (Weinert et al., 2009).
Whether these bacteria should be considered a new species is
to be decided by studying a larger number of Rickettsia alleles.
An apple aphid 4. pomi infection with two Wolbachia strains
has been discovered for the first time, one being in the super-
group B strain, which is genetically close to Wolbachia from
Aspen leaf aphids. The second Wolbachia strain from A. pomi
belongs to supergroup M. Regardless of the strain, 100 % of
A. pomi specimens in the present study were infected with
Wolbachia, and we thus may assume that there is a selection
mechanism of infected specimens in place, which involves the
reproductive manipulations discovered in Spiroplasma from
A. pisum (Simon et al., 2011). However, most aphid genera-
tions are asexual, and if symbiont infections are maintained
in natural aphid populations by reproductive effects, then this
reproductive phenotype has to be of great value for the insect
host. The obvious advantage of androcide is that it prevents
inbreeding in the aphid population (Simon et al., 2011). As
for now, it is unclear whether these advantages outweigh the
possible side effects of symbiont infection during the asexual
phase of the lifecycle. The positive effect, i. e. resistance
against natural enemies (parasitoid wasps, pathogenic fungi,
and heat stress), seems to be the key driver of an increasing
incidence of Wolbachia, Spiroplasma, and Rickettsia faculta-
tive endosymbionts in aphid populations.
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