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MONEKYNAPHAA N KNETOYHAA BUOJIOTUA BaBumnoBcKui xypHan reHeTuku n cenekuymm. 2020;24(3):233-238

OpurnHanbHoe nccnegosaHue / Original article DOI 10.18699/VJ20.39-0

YOK 633.111.1:577.218

Constructing the constitutively active ribosomal protein S6 kinase 2
from Arabidopsis thaliana (AtRPS6K2) and testing its activity in vitro

A.V. Zhigailov! @, G.E. Stanbekoval, D.K. Beisenov!’ 2, A.S. Nizkorodoval, N.S. Polimbetoval, B.K. Iskakov! 2

T M.A. Aitkhozhin Institute of Molecular Biology and Biochemistry, Almaty, Kazakhstan
2 |nstitute of Plant Biology and Biotechnology, Almaty, Kazakhstan
& e-mail: andrzhig@gmail.com

Abstract. Ribosomal protein S6 (RPS6) is the only phosphorylatable protein of the eukaryotic 40S ribosomal subunit.
Ribosomes with phosphorylated RPS6 can selectively translate 5'TOP-(5'-terminal oligopyrimidine)-containing mRNAs
that encode most proteins of the translation apparatus. The study of translational control of 5TOP-mRNAs, which are
preferentially translated when RPS6 is phosphorylated and cease to be translated when RPS6 is de-phosphorylated,
is particularly important. In Arabidopsis thaliana, AtRPS6 is phosphorylated by kinase AtRPS6K2, which should in turn
be phosphorylated by upper level kinases (AtPDK1 - at serine (S) 296, AtTOR - at threonine (T) 455 and S437) for full
activation. We have cloned AtRPS6K2 cDNA gene and carried out in vitro mutagenesis replacing codons encoding
$296, S437 and T455 by triplets of phosphomimetic glutamic acid (E). After the expression of both natural and mu-
tated cDNAs in Escherichia coli cells, two recombinant proteins were isolated: native AtRPS6K2 and presumably con-
stitutively active AtRPS6K2(S296E, S437E, TA55E). The activity of these variants was tested in vitro. Both kinases could
phosphorylate wheat (Triticum aestivum L.) TaRPS6 as part of 40S ribosomal subunits isolated from wheat embryos,
though the non-mutated variant had less activity than phosphomimetic one. The ability of recombinant non-mutated
kinase to phosphorylate TaRPS6 can be explained by its phosphorylation by bacterial kinases during the expression
and isolation steps. The phosphomimetically mutated AtRPS6K2(S296E, S437E, T455E) can serve as a tool to investigate
preferential translation of 5" TOP-mRNAs in wheat germ cell-free system, in which most of 40S ribosomal subunits have
phosphorylated TaRPS6. Besides, such an approach has a biotechnological application in producing genetically modi-
fied plants with increased biomass and productivity through stimulation of cell growth and division.

Key words: wheat (Triticum aestivum); S6 protein (TaRPS6) of 40S ribosomal subunits; Arabidopsis thaliana; RPS6-
kinase 2 (AtRPS6K2); phosphomimetic mutation; TaRPS6 phosphorylation.

For citation: Zhigailov A.V.,, Stanbekova G.E., Beisenov D.K., Nizkorodova A.S., Polimbetova N.S., Iskakov B.K. Constructing
the constitutively active ribosomal protein S6 kinase 2 from Arabidopsis thaliana (AtRPS6K2) and testing its activity
in vitro. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding. 2020;24(3):233-238. DOI
10.18699/VJ20.39-0

KoHCTpyMpOBaHMeE ITOCTOSSHHO aKTMBHOV KMHA3bI 2
pubocomMHOro 6enka S6 us Arabidopsis thaliana (AtRPS6K2)
I TECTUPOBAaHNE ee aKTUBHOCTMU in Vitro

A.B. Xuraitros! @, I.9. Craubexosal, A.K. Beitcenos!’ 2, A.C. Huskopoposal, H.C. [Toaumberosal, B.K. Vckakos!’ 2

! WHCTUTYT MonekynapHoii 6ronorum n 6uoxvmmm nm. M.A. AiiTxoxmnHa, Anmarbl, KasaxctaH
2 WNHCTUTYT 6ronornm n 6MoTexHonornm pacteHnii, AnmaTbl, KasaxcrtaH
® e-mail: andrzhig@gmail.com

AHHoTauua. PnbocomHbin 6enok S6 (RPS6) — eamHcTBeHHDbIN 6enok 40S cy6uacTul, syKaproTuyecknx pubocom, crno-
Co6HbI bochopunuposaTbes. Pubocombl ¢ pochopunmpoBaHHbiM RPS6 MoryT cenekTMBHO TpaHcimposatb 5 TOP
(5’-terminal oligopyrimidine)-conepxatyne MPHK, koTopble KogmpytoT 60MbLIMHCTBO 6€NKOB TPaHCALMOHHOrO anna-
paTa KneTok. iccnepoBaHue TpaHCAAUMOHHOrO KoHTpona 5 TOP-mPHK, koTopble npenMyLyecTBEHHO TPaHCANPYIOTCA,
korpa RPS6 dochopunmpoBaH, 1 nepecTatoT TpaHCIMpoBaTbes, Korga RPS6 gedochopunmpyetca, anaerca ocobeH-
HO BaXkHbIM. B kneTkax Arabidopsis thaliana AtRPS6 dochopunupyetca knHason AtRPS6K2, nna aktmBauum KoTopor,
B CBOIO ouepefb, TpebyeTca ee dochopunmpoBaHme KMHasamm BepxHero yposHa (AtPDKT — no cepuHy (S) 296, AtTOR
- no TpeoHuHy (T) 455 n Takxke no S437). Mbl knoHnposanu KAHK-reH AtRPS6K2 n npoBenu ero myTtareHes in vitro, 3ame-
HUB KOLOHbI S296, S437 1 T455 Ha TpunneTbl, Kogupyowmne pochommmeTnyeckyto rnyTammuHoByto Kucnoty (E). Mocne
akcnpeccnmn obenx KAHK B knetkax Escherichia coli 6binv BblgeneHbl 4Ba PEKOMOUHAHTHbIX 6efika: HEMYTUPOBAHHbI
BapuaHT — AtRPS6K2 n myTnpoBaHHbIl BapuaHT — AtRPS6K2(S296E, S437E, TA55E), npeanonoxunTenbHO, HaXoAALMIACA
B CTabUIbHO aKTUBHOM COCTOAHUN. AKTUBHOCTb 3TVX K/Ha3 Obina NpoTecTpoBaHa in vitro. MokasaHo, uto obe KnHasbl
cnocobHbl pochopunuposatb pubocomHbii 6enok TaRPS6 B coctaBe 40S pUBOCOMHBIX Cyb6uyacTuL, BblAeNeHHbIX 13
3apogablweit nweHuubl (Triticum aestivum L.), HO aKTUBHOCTb HAaTUBHOW KMHa3bl Oblna HUXKe B CpaBHeHNM ¢ ee dpocdo-
MUMeTUYeckon popmoit. CnocobHOCTb PeKOMOVHAHTHON HAaTUBHOW KrHasbl dochopunupoBaTb TaRPS6 MoXeT ObiTb
obbAcHeHa ee pochopunmpoBaHrem GakTepranbHbIMU KMHa3aMn Ha CTaamAx sKcnpeccun u BolgeneHna. @ocpomu-

© Zhigailov A.V,, Stanbekova G.E., Beisenov D.K., Nizkorodova A.S., Polimbetova N.S., Iskakov B.K., 2020
This work is licensed under a Creative Commons Attribution 4.0 License



A.V. Zhigailov, G.E. Stanbekova, D.K. Beisenov
A.S. Nizkorodova, N.S. Polimbetova, B.K. Iskakov

Constructing the constitutively active ribosomal protein S6 kinase 2
from Arabidopsis thaliana (AtRPS6K2)

METNYECKN MyTUPOBaHHas KnHa3a AtRPS6K2(S296E, S437E, TA55E) MOXeT Cny>KuUTb YL0OHbIM CPEACTBOM AN1A UCCNIEA0-
BaHuA n3bumpatenbHol TpaHcnauun 5 TOP-copepawwmx MPHK B 6eCkneTouHOM cucTeMe 13 3apoabllleit NeHnLbl, B
KOTOPOW 60MbLWIMHCTBO 40S pUBOCOMHbBIX CyOUacTUL, nmeeT pochopunmpoBaHHyto popmy TaRPS6. Kpome Toro, Takoi
NMOAXOA MOXET HaliTV BUOTEXHONOMMYECKOE MPUMEHEHME AJIA CO3AaHNA reHeTUYeCKr MoandULMPOBaHHbIX pacTeHNI
C YBeNMUYEHHON 6OMacCcom 1 NPOAYKTUBHOCTBIO 3a CYET CTUMYNALMN POCTa U AeNIEHNA KNETOK.

Kniouesble cnosa: nwenuua (Triticum aestivum); 6enok S6 (TaRPS6) 40S cybuactuubl pubocom; Arabidopsis thaliana;
AtRPS6-KknHaza2; pochommmetnyeckan mytaums; pochopunmposaHme TaRPS6.

Introduction

Growth and division of cells depending on the availability of
nutrients, energy resources, as well as responding to internal
and external stimuli are coordinated by signaling system based
on a multilevel cascade of serine-threonine protein kinases.
These kinases transmit signals from internal and external
events to the protein synthesis apparatus, causing inhibition
or enhancement of protein synthesis (Turck et al., 2004; Wol-
ters, Jiirgens, 2009; Henriques et al., 2014; Rexin et al., 2015;
Roustan et al., 2016). The target of rapamycin (TOR) kinase —
is the master signaling integrator, central hub synchronizing
cell growth according to the nutrient and energy status as well
as environmental influences (Caldana et al., 2019). In mam-
mals, TOR forms two functionally distinct protein complexes:
mTORCI containing RAPTOR (regulatory-associated protein
of mTOR), and mTORC2 containing RICTOR (rapamycin-
insensitive companion of mTOR) (Roustan et al., 2016).
In favorable conditions mTORC1 phosphorylates RPS6K
(Wolters, Jirgens, 2009; Henriques et al., 2014; Rexin et
al., 2015). Complete activation of mammalian RPS6K by
phosphorylation is dependent on another upper level PDK1
kinase (Otterhag et al., 2006). The fully activated RPS6K in
turn phosphorylates the S6 ribosomal protein (RPS6) (Williams
et al., 2003).

At transcriptional level, phosphorylation of pRPS6 in nuc-
leolus leads to activation of rRNA gene promoter and ribo-
somogenesis (Ren et al., 2011; Kim et al., 2014). In cytosol,
RPS6 phosphorylation promotes the selective translation
of special group of cellular mRNAs, containing 5'-terminal
oligo-pyrimidine tract (5'TOP) in their 5'-untranslated regions
(5'UTRs) (Meyuhas, Kahan, 2015). The number of these
5'TOP-containing mRNAs, according to various estimates,
ranges from one hundred to two hundred and forty (Turck et
al., 1998; Meyuhas, Kahan, 2015). They encode almost all the
proteins of the translation apparatus (all ribosomal proteins, all
elongation factors and many of the translation initiation factors,
poly(A)-binding proteins, etc.) (Turck et al., 1998), as well as
other protein families associated with lysosome functions, me-
tabolism and proliferation (Meyuhas, Kahan, 2015).

As in yeast and animals, TOR kinase is involved in control-
ling plant growth and cell division (Ryabova et al., 2019). But in
plants, only orthologs of genes encoding mMTORC1 were found
(Xiong, Sheen, 2015; Wuetal.,2019). No clear orthologs of the
RICTOR have yet been found in plants (Xiong, Sheen, 2015;
Ryabova et al., 2019). TOR proteins are highly conserved in
eukaryotes. For example, in 4. thaliana and Homo sapiens
they share 73 % amino acid sequence identity in the kinase
domains (Xiong, Sheen, 2015).

Although functioning of this main regulator of cell pro-
cesses has been well studied in other eukaryotes, knowledge
of the regulation of translation and gene expression in plants
is very limited. Most studies of the regulation of cellular pro-
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cess by plant RPS6-kinase were performed on a model object
A. thaliana containing two very similar forms — 4fRPS6K1
and ArRPS6K2. It was shown that only 4#RPS6K2 is able to
phosphorylate RPS6 (Turck et al., 1998; Werth et al., 2019)
and stimulate an increase in cell size (Rexin et al., 2015). For
the complete activation of AZRPS6K2, it is necessary that it be
phosphorylated by pPDK 1 kinase (at Ser296), pTOR kinase (at
Thr455), as well as by one more, unknown, kinase (at Ser437)
(Turck et al., 1998; Otterhag et al., 2006).

Although pTOR—S6K signaling plays multiple roles in
translational control (Rexin et al., 2015), mechanisms used by
TOR kinase to impact global protein synthesis in plants are not
well understood (Xiong, Sheen, 2015; Ryabovaetal.,2019; Wu
etal.,2019). New data are currently appearing on the involve-
ment of pRPS6K1 in the promotion of translation reinitiation
of upstream open reading frame (uORF)-containing viral and
cellular mRNAs via phosphorylation of elF3h (Schepetilnikov
et al., 2013) and in regulation of translation initiation under
energy-deficient conditions via formation of the functional
elF4F complex (Lee et al., 2017). Nevertheless, the role of
plant pRPS6K2 and pRPS6 phosphorylation in translation
regulation in the cytosol remains unclear (Xiong, Sheen, 2015;
Ryabova et al., 2019; Wu et al., 2019).

It is practically impossible to control the multiple and simulta-
neous phosphorylation of 4#/RPS6K 2 kinase by the kinases of the
upper regulatory level for experimental purposes. Therefore, we
decided to use a different approach to achieve the phosphory-
lation of plant RPS6 using the mutated form of 4/RPS6K2,
which should be stably active. We have cloned the AtfRPS6K2
cDNA gene and performed in vitro mutagenesis of this cDNA
by replacing codons encoding serines at positions 296 and 437,
as well as threonine at position 455 with triplets encoding the
phosphomimetic amino acid — glutamic acid. After expression
of non-mutated and mutated cDNA gene in E. coli cells the na-
tive AfRPS6K?2 and the phosphomimetic 4tRPS6K2(S296E,
S437E, T455E) recombinant protein was obtained. The second
one is expected to have stable kinase activity, regardless of the
upper-level kinases, that could be used as a unique tool for the
artificial phosphorylation of 7aRPS6 in a wheat germ cell-free
translation system. Mutated version of cDNA gene encoding
the constantly active form of 4/RPS6K2 may also be used to
obtain genetically modified plants with increased productivity,
earlier ripening and a higher rate of biomass accumulation.

Materials and methods

Cloning of AtRPS6K2 cDNA gene. The total RNA was iso-
lated from A. thaliana (Col-0 ecotype) leaves using Tri-reagent
(Sigma). The reverse transcription reaction was performed
using Maxima Reverse Transcriptase (Thermo) and ‘41S6K2-
rev-3UTR’ primer (5'-GAATTCGAGAAATAGGTTTCTTC
AAACAACCGTTGATTTTG), which allowed to differentiate
AtRPS6K2 from A¢RPS6K1 mRNAs. RT-PCR was per-
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formed in 25 pl reaction using Phusion High-fidelity DNA
polymerase (Thermo), 0.2 pM primers ‘Nde-4S6K2-for’
(5'-GGGCGAATTGGGTCATATGGTTTCTTCTCAGTG)
and ‘AtS6K2-Xho-rev’ (5'-AAACTCGAGCTACAAGTTG
GATGTGGTCCGATGA) and 2.5 pl of RT-reaction mixture.
Temperature regime: stage 1-5 min at 94 °C, 1 cycle; stage
2-10sat 98 °C, 20 s at 49 °C, 45 s at 72 °C, 4 cycles; stage
3-10sat98 °C, 20 s at 52 °C, 45 s at 72 °C, 30 cycles; stage
4-5 min at 72 °C, 1 cycle. The PCR product (~1425 bp)
was digested with Ndel/Xhol and cloned into pET19b vec-
tor digested with the same enzymes resulting ‘Pet19b-His-
AtRPS6K?2’ plasmid.

Mutagenesis. /n vitro mutagenesis was performed in three
steps using QuikChange II Site-Directed Mutagenesis Kit
(Agilent technologies) according to the manufacturer’s pro-
tocol. At the first step ‘Pet19b-His-4/RPS6K2’ plasmid was
amplified entirely using Pfu Ultra High-Fidelity DNA poly-
merase (Thermo) and complementary primers: ‘S296-Glu-dir’
(5'-AAACACAAGATCAAACGAAATGTGTGGGACTA
CGGA) and “S296-Glu-rev’ (5'-TCCGTAGTCCCACACAT
TTCGTTTGATCTTGTGTTT) containing corresponding
nucleotide substitutions. Temperature regime: stage 1-30 s at
95 °C, 1 cycle; stage 2-30 s at 95 °C, 1 min at 55 °C, 7 min
30 s at 68 °C, 18 cycles. The reaction mixture was further
treated with restriction enzyme Dpnl, which cleaves methyl-
ated DNA into fragments at 5'-Gm®ATC-3’ sequences. Since
the original plasmid was methylated (dam* E. coli strain DH5
was used for plasmid enrichment), the restriction enzyme
Dpnl had cleaved the original non-mutated plasmid, whereas
‘Pet19b-His-A/RPS6K2(S296E)’ plasmid synthesized during
PCR-step remained intact. Subsequently, the competent E. coli
cells (XL1-Blue strain) were transformed with the reaction
mixture. Another two mutagenesis steps for the production of
‘Pet19b-His-AtRPS6K2(S296E, S437E)’ and ‘Pet19b-His-
AtRPS6K2(S296E, S437E, T455E)’ plasmids were done in
the same manner using ‘S437-Glu-dir’ (5'-ACATGTCTGTT
TTGGATGAACCAGCAAGTAGTCCCA)/*S437-Glu-rev’
(5'-TGGGACTACTTGCTGGTTCATCCAAAACAGAC
ATGT) or ‘T455-Glu-dir’ (5'-ACCCTTTTACAAACTTCG
AATACGTCAGGCCTCCTCA)/‘T455-Glu-rev’ (5-TGAG
GAGGCCTGACGTATTCGAAGTTTGTAAAAGGGT)
primers respectively. Resulting DNA-constructs were used
as templates for the next in vitro mutagenesis step. The in-
serts cloned into the recombinant plasmids were sequenced
from both ends by the dideoxy chain termination method
using Big Dye Terminator v.3.1 sequencing kit (Thermo) on
the 310 genetic analyzer (Applied Biosystems) according to
manufacturer’s recommendations.

Expression and purification of recombinant proteins.
E. coli strain BL21(DE3) cells transformed with recombinant
‘Pet19b-His-ArRPS6K2’ or ‘Pet19b-His-4rRPSO6K2(S296E,
S437E, T455E)’ plasmid were grown in 100 ml of LB me-
dium containing ampicillin (100 pug/ml) at 30 °C to A,
of 0.5 unit. The expression of recombinant proteins was
induced by 0.8 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) at 30 °C for 4 h. Cells were collected by centrifuga-
tion, resuspended in His-buffer (50 mM NaH,PO,, 300 mM
NaCl, pH 8.0) containing 10 mM imidazole, and then lysed
by addition of lysozyme (1 mg/ml) and sonication. The cell
debris was removed by centrifugation at 10000 g for 20 min
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at 4 °C. Supernatant was combined with PerfectPro Ni-NTA
resin suspension (5-Prime), shaken at 4 °C for 1 h followed
by flow throw in column. The resin was washed twice by
His-buffer containing 20 mM imidazole at 4 °C. His-tagged
proteins bound to the resin were eluted with His-buffer con-
taining 250 mM imidazole and dialyzed against dialysis buffer
(20 mM TrisAc, 90 mM KAc, 2.5 mM Mg(OAc),, pH 7.6) at
4 °C for 12 h. Dialyzed proteins were concentrated by centrifu-
gation in 10,000 MWCO HY columns (Sartorius) according
to the manufacturer’s instructions. Protein concentration was
estimated by the Bradford protein assay (Bradford, 1976).

Gel-electrophoresis. Proteins were separated by standard
SDS-PAGE in Tris-Glycine gel system (12.5 % T, 0.5 % C
separating gel; 5.2 % T, 2.5 % C stacking gel) according to
U.K. Laemmli (1970). After electrophoresis, the gels were
fixed and stained in PageBlue Protein Staining Solution
(Thermo) or subjected to semi-dry blotting in transfer buffer
(102 mM glycine, 25 mM Tris base, 20 % (v/v) ethanol) for
1 h at 0.8 mA/cm? and 20 V using 0.22 pum pore NitroBind
nitrocellulose membranes (GVS).

Western blotting. For immunodetection of His-4tRPS6K2
and His-AtRPS6K2(S296E, S437E, T455E) proteins, the blots
were first ‘blocked’ by submerging them in blocking solu-
tion (TBST buffer (20 mM Tris-HCI; 150 mM NacCl, 0.05 %
(v/v) Tween 20, pH 7.5) containing 5 % skim milk) for 1 h at
25 °C with gentle shaking. The blots were then incubated with
Penta-His mouse antibodies (5 Prime) diluted (1:2,000) in the
blocking solution for 1 h at 25 °C, thoroughly washed three
times with TBST buffer, and incubated for 1 h at 25 °C with
horseradish peroxidase-conjugated goat anti-mouse antibo-
dies (Santa Cruz) diluted (1:2,000) in blocking solution. After
double washes in TBST and double washes in TBS, the blots
were chemiluminescence developed using Chemilumines-
cent Peroxidase Substrate-3 detection reagents (Sigma). An
image of the membrane was then produced on X-ray film.
Monoclonal Anti-Phosphoserine Mouse Antibodies (Sigma)
and Monoclonal Anti-Phosphothreonine Mouse Antibodies
(Sigma) were used as 1st antibodies (at 1:300 dilution in TBST
containing 5 % BSA) for the detection of phosphorylation
status of proteins.

40S ribosomal subunits isolation. 40S ribosomal subunits
were isolated from wheat (7. aestivum L., Kazahkstanskaya-10
cultivar) embryos, purified from endosperm, as described pre-
viously for ribosomal subunits isolation from human placenta
(Matasova et al., 1991) with the ratio of buffer to embryos of
6:1. It was considered that 1 A, unit corresponds to 50 pmol
of 40S subunits.

Kinase assay. The reaction mixture in 20 pl contained
20 mM TrisAc (pH 7.6), 90 mM KAc, 2.5 mM Mg(OAc),,
I mM DTT, 10 pmol of 40S ribosomal subunits, 0.1 mM ATP.
Purified His-4¢RPS6K2 or His-4AtRPS6K2(S296E, S437E,
T455E) were added in amount of 2.5 ng/pl. The mixtures were
incubated for 20 min at 26 °C.

Results

Cloning and mutagenesis of AtZRPS6K2 cDNA gene. A total
RNA preparation was isolated from A. thaliana, and reverse
transcription was performed using ‘AtS6K2-rev-3UTR’
primer, complementary to 3'UTR of AtfRPS6K2 mRNA, but
not AtRPS6KI1 mRNA, allowing to discriminate between
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Fig. 1. Electrophoregrams (at the left) and western blot analysis (at the right) of recombinant proteins from different fractions

of IMAC chromatography.

a - His-AtRPS6K2; b — His-AtRPS6K2(S296E, S437E, T455E). Left panels represent 12.5 % PAA-gels stained with Coomassie G250; right
panels represent X-ray films developed after exposure with immunoblotting membranes (Penta-His Ab were used as the first antibodies).
Tracks: M — protein markers; N - negative control (lysate of bacteria containing empty pET19b vector); L - lysate of bacteria synthesizing
recombinant proteins; LF — proteins of wash-through fractions after loading of bacterial lysates onto Ni-NTA agarose; W - proteins eluted
from Ni-NTA agarose with His-buffer containing 20 mM of imidazole; E1, E2, E3 - proteins eluted from Ni-NTA agarose with His-buffer

containing 250 MM of imidazole.

them. Then, AtfRPS6K2 cDNA was amplified by RT-PCR and
cloned into pET19b vector. According to sequencing analysis,
AtRPS6K?2 cDNA corresponded to #AT3G08720 (GeneBank)
sequence.

Thus obtained ‘Pet19b-His-AfRPS6K2’ plasmid was mu-
tated in vitro in three steps to introduce three phosphomi-
metic mutations into AzZRPS6K2 cDNA. At the first step, the
TCC triplet encoding serine at position 296 was replaced by
the GAA triplet, which encodes glutamic acid that imitates
phosphorylated serine. In a second step, the TCT triplet
of obtained mutated A/RPS6K2(S296F) cDNA encoding
serine at position 437 was mutated to GAA triplet to form
AtRPS6K2(S296F, S437E) cDNA. In the third step, the ACA
triplet of AtfRPS6K2(S296E, S437E) cDNA encoding threonine
at position 455 was replaced by the GAA triplet to form the
mutated AfRPS6K2(S296F, S437E, T455E) cDNA.

Expression and purification of recombinant kinases.
AtRPS6K2 and AtRPS6K2(S296E, S437E, T455E) cDNA
genes were expressed in E. coli cells, then recombinant His-
tagged proteins (His-AfRPS6K2 and His-4/RPS6K2(S296E,
S437E, T455E) respectively) were isolated using immobilized
metal ion affinity chromatography (IMAC) followed by im-
munoblotting analysis (Fig. 1).

Isolated proteins were purified by dialysis and concentrated.
Preparations isolated under native conditions contained a
certain amount of impurity polypeptides. Content of recom-
binant proteins in preparations was corrected according to
densitometric analysis data (by ImageJ 1.42). The yield of
purified and concentrated full-length recombinant proteins
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His-AfRPS6K2 and His-AtRPS6K2(S296E, S437E, T455E)
was 5.22 mg and 4.52 mg per L of media respectively.

Testing the activity of recombinant kinases. Both forms of
kinase (the intact one and that carrying three phosphomimetic
substitutions) were tested for their ability to phosphorylate
7aRPS6 in the composition of 40S ribosomal subunits isolated
from wheat embryos. The phosphorylation state of proteins
was tested using monoclonal antibodies against phosphoserine
(Fig. 2).

As can be seen from the data presented in Fig. 2, both
kinases are able to phosphorylate the plant ribosomal protein
S6 (TaRPS6) in composition of 40S ribosomal subunits,
although activity of His-ArRPS6K2(S296E, S437E, T455E)
is obviously higher than that of non-mutated His-4tRPS6K2
(compare tracks 4 and 5 with tracks 2 and 3, respectively in
Fig. 2). In wheat germ, there are at least two forms of the S6
ribosomal protein (A and B); therefore, two bands are observed
(see e.g. track 5 in Fig. 2).

Initially, we expected that non-mutated kinase should have
no activity since for its activation in plant cells phosphory-
lation at three sites is required by upper-level kinases. The
phosphorylation state of purified recombinant kinases was
checked using monoclonal antibodies against phosphoserine
and phosphothreonine (Fig. 3).

As can be seen from the data presented in Fig. 3, the
non-mutated recombinant His-4tRPS6K2 kinase produced
in E. coli cells was phosphorylated both at serine residues
(track 7 in Fig. 3, a) and threonine residues (track / in
Fig. 3, b). Thus, some bacterial kinases were able to phos-
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Fig. 2. Investigation of the ability of His-AtRPS6K2 and His-AtRPS6K2(S296E,
S437E, T455E) to phosphorylate TaRPS6.

Monoclonal Anti-phosphoserine Mouse Antibodies diluted (1:300) in 1x TBST
containing 5 % BSA were used as the 1st antibodies. All reactions contained
5 pmol of 40S ribosomal subunits isolated from wheat embryos. Tracks:
1 - negative control (without kinases); 2 - 20 ng of His-AtRPS6K2; 3 - 200 ng
of His-AtRPS6K2; 4 — 20 ng of His-AtRPS6K2(S296E, S437E, T455E); 5 — 200 ng of
His-AtRPS6K2(S296E, S437E, T455E); M — protein markers.

a pa M 1 2 M 1 2
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Fig. 3. Analysis of the phosphorylation state of His-AtRPS6K2 and His-
AtRPS6K2(S296E, S437E, TA55E) recombinant proteins.

a - analysis using monoclonal antibodies to phosphoserine; b — analysis using
monoclonal antibodies to phosphothreonine. Left panels represent mem-
branes stained with Ponso-S; right panels are immunoblots of the same mem-
branes. Tracks: 7 -5 pg of His-AtRPS6K2; 2 - 5 ug of His-AtRPS6K2(S296E, S437E,
TA455E). M - PageRuler Plus marker proteins.

phorylate His-4tRPS6K2 protein resulting in its activation.
It should be noted that certain non-mutated serine residues
of mutated His-AtRPS6K2(S296E, S437E, T455E) recom-
binant kinase were also phosphorylated (track 2 in Fig. 3, a),
although this kinase was not phosphorylated at threonine
residues (track 2 in Fig. 3, b).

Discussion

The interest in studying the mechanisms of TOR-mediated
regulation of mRNA translation in plants is high because other
mechanisms of regulation of protein biosynthesis, which are
well described for mammals and yeast, either do not work or
function within very narrow limits in plants. Indeed, in plant
cells eIF4E binding proteins (elF4E-BPs) were not found, and
there are no genes for these proteins in plant genome (Imma-
nuel et al., 2012). The mechanism of translation suppression
by phosphorylation of peEF2 is not realized in plants. Then,
out of four protein-kinases (PKR, HCR, PERK, GCN2) that
phosphorylate a-subunit of melF2 in mammalian cells, only
pGCN2-kinase was detected in plants, that can be activated
under several but not all stresses. Moreover, it was shown,
that factor eIF2B is not necessary for cyclic functioning of
plant pelF2 (Shaikhin et al., 1992), and neither its biochemi-
cal activity nor pelF2B-like factor orthologs were detected in
plants till now (Immanuel et al., 2012). These circumstances
make the TOR system one of the few currently known effec-
tive regulators of protein biosynthesis in plants.

Having obtained the constitutively active protein kinase
AtRPS6K2(S296E, S437E, T455E) with phosphomimetic
substitutions of key amino acids, we acquire a convenient
tool that allows to considerably increase phosphorylation
of 7TaRPS6 in the composition of 40S ribosomal subunits in
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wheat germ cell-free system. This allows studying important
mechanisms of preferential translation of a specific group
of cellular 5'TOP-containing mRNAs, which is preferably
translated when pRPS6 is phosphorylated and ceases to be
translated when RPS6 is de-phosphorylated (Williams et al.,
2003). In addition to fundamental interest the use of cDNA en-
coding constitutively active RPS6-protein kinase would open
novel routes for increasing crop yield through stimulation of
ribosomogenesis and subsequent growth and division of plant
cells. It is known that augmented expression of the A1TOR
gene results in a dose-dependent decrease or increase, in organ
and cell size, seed production (Deprost et al., 2007; Enganti
etal., 2017; Bakshi et al., 2019). In addition to regulating the
protein synthesis process, TOR acts as a master regulator of
the cell cycle, coordinator of rRNA transcription, activation of
ribosomal protein genes, ribosome assembly (Shi et al., 2018)
and may also regulate long non-coding RNAs (IncRNAs)
expression (Song et al., 2019). Therefore, artificial increas-
ing of TOR gene expression in plant cells can lead to serious
undesirable consequences while using of A/RPS6K2(S296E,
S437E, T455E) cDNA may help to avoid these complications.

Conclusion

We have cloned the A/RPS6K2 cDNA gene encoding kinase 2
of ribosomal protein S6 from A. thaliana and performed its
mutagenesis to obtain the AfRPS6K2(S296E, S437E, T455E)
kinase containing phosphomimetic substitutions. Such mu-
tated enzyme with constant RPS6-kinase activity may be used
to study specific molecular mechanisms mediating efficient
translation of 5"TOP-mRNAs depending on phosphorylation
of RPS6 in plant cells. At the same time, the cDNA gene
AtRPS6K2(S296E, S437E, T455E) may be used to obtain
genetically modified plants with increased productivity and
earlier ripening.
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PeKOMOMHaHTHBI YKOPOUYeHHbIN 6e10K TNF-BD
BIpPYyCa HATYPAJIbHO OCIIbI IIPOSIBJISIET
crien@uUecKyio (papMaKoJIOTrM4YeCKyI0 aKTBHOCTh
B SKCIIEPUMEHTAJIbHOV MOJe/IN CEeIITNUYEeCKOro II0Ka
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T locyapcTBeHHbIi HayUHbIN LIGHTP BUPYCONOTAN 1 61oTexHOOMK «BekTop» PocroTpe6Haazopa, p.n. Konblioso, HoBocnbupckas obnacTs, Poccus
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AnHoTayuma. QakTop Hekpo3a onyxonel (TNF) — ogvH 13 OCHOBHbIX LIUTOKMHOB, MeMAaTOPOB NMMYHHOW CUCTEMBI,
obecneyurBaloLWX 3alUTY OpraHM3ma yesioBeka OT BUPYCHbIX MHbeKuniA. B npouecce 3BonoUMM aHTPOMOrEHHbIN
BUpPYC HaTypanbHom ocnbl (Variola virus, VARV) ocBonn 3¢deKTUBHbIE MeXaHM3Mbl MPEOAONEHNA UMMYHONTOTNYECKUX
6apbepoB yenoBeka, KOAUPYA B CBOEM reHoMe 6esikK1, CMOCO6HbIE B3aMMOAENCTBOBATb C PeLenTopaMmn LUTOKUHOB
OpraHmn3mMa-xo3sanHa, 61IoKMpyA TakM 06pa3om KX aKTMBHOCTb. B uacTHocTw, reH G2R 3TOr0 BMpyca KogupyeT 6enok
CrmB, koTopblIii 3bpeKTMBHO cBA3bIBaeT TNF yenoseka 1 Mbiwweit. Mpy 3TOM AaHHbIN 6eNoK ABNAETCA ABYXAOMEHHbIM
1 Hapagpy ¢ TNF-ceasbiBaowm N-KOHLEBbIM JOMeHOM cofepnT C-KOHLIeBOV XeMOKUH-CBA3bIBaOLWMIA JoMeH. [pur
MNCMOJIb30BaHNN METOLONOMMM MOSIEKYNAPHOTO KIIOHNPOBAHNA HaMK paHee MoslyyeH pekoMOUHaHTHbIN 6aKynoBu-
pYyC, NPOAYLMPYIOLLNIA B KNETKAaX HACEKOMbIX PEKOMOUHAHTHbIN 6enok CrmB Bupyca HaTypanbHo ocnbl (VARV-CrmB),
1 noka3saH ero TNF-HelTpanu3yowmii NoTeHUMan B Pa3finyHbIX TecTax in vitro v in vivo. C Lenbio CHUMKeHNA UMMYHOTreH-
HOCTU 3TOro BUPYCHOTO 6e/Ka Npu ero MHOrOKpaTHOM BBEAEHUN A Tepanum XPOHNYECKMX BOCManuUTenbHbIX 3a60-
NeBaHWUiA NoslyyeHa peKoMOMHaHTHaA Nna3Mraa, HanpaBRAlLLas B KneTkax Escherichia coli GnocnHTe3 yKopoueHHoro
opHogomeHHoro TNF-ceasbiBatowiero (TNF-BD) 6enka VARV. MeTogom MeTann-xenaTHon adpPprHHON XxpomaTtorpadum
13 KNeTOK BbleneH pekoMbuHaHTHbIN 6enok TNF-BD. Tepanestuueckuii noteHuymnan 6enka TNF-BD n3yyeH B akcne-
PUMeHTaNbHOW MOAENN CENTUYECKOrO LWOKa, MHAYLMPOBAHHOTO B OPraH13Me Mblliel BBeAeHUeM GaKkTepuanbHOro
nunononucaxapuaa (JMNC). Mocne MHAYKUMM CENTUYECKOTO LLOKA XMBOTHbIM BBOAUIN pa3Hble J03bl PEKOMOUHAHTHO-
ro 6enka TNF-BD u peructprpoBanu vx rubesnb B TedeHre 7 CyT. Bce mbiwm, He nonyyaBwme npenapat 6enka TNF-BD
nocne nHbekyun JIMC, nornbnam yepes 3 cyT, a B rpynnax »K1BOTHbIX, KoTopbiM BBogunn TNF-BD, B 3aBUcMMOCTY OT
no3bl 31010 6enka Bolxunu 30, 40 nnun 60 % Mblwein. Pe3ynbTaThl nccnefoBaHMA AEMOHCTPUPYIOT Hanuume cneunon-
Yyeckoi bapmakonormyeckom akTMBHOCTM y pekombuHaHTHoro 6enka TNF-BD, cMHTe3MpoBaHHOrO B 6akTepurasnbHbIX
KneTtkax, B MbilHow mogenu JINC-nHAyLMpOBaHHOrO CENTUYECKOTO LWOKa.

KnioueBble cnoBa: 6enok VARV-CrmB; Bupyc HaTypanbHo ocnbl; JINC; centnyecknin Wwok; TNF-cBA3bIBAOLMIA JOMEH.

[Ona yutuposanus: Mwnesa W.MN., Akybuuknin C.H., Konocosa W.B., LenkyHos C.H. PeKOMOMHAHTHbIN YKOPOUYEHHbI
6enok TNF-BD Bupyca HaTypanbHO ocrbl NpoAaBaseT cneunduryeckyio papmakonornyeckyto akTMBHOCTb B IKCre-
pPVMEHTaNbHOM MOLENMN CEeNTUYECKOro LWOoKa. BaBUOBCKNIA XXypHan reHeTukn n cenekumm. 2020;24(3):239-243. DOI
10.18699/VJ20.616

Recombinant short TNF-BD protein from smallpox virus
is pharmacologically active in an experimental septic shock model

LD Gileval, S.N. Yakubitskiyl, LV. Kolosoval, S.N. Shchelkunov! 2®

T State Research Center of Virology and Biotechnology “Vector”, Rospotrebnadzor, Koltsovo, Novosibirsk region, Russia
2 nstitute of Cytology and Genetics of Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
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Abstract. Tumor necrosis factor (TNF) is one among the key cytokines that mediate the immune system to protect
humans against viral infections. Throughout evolution, anthropogenic Variola virus (VARV) has developed effective
mechanisms to overcome human defense reactions. The viral genome encodes soluble proteins imitating the struc-
ture of cellular cytokine receptors. These proteins compete with cellular receptors for cytokine binding, thus block-
ing the antiviral immune response. In particular, the G2R gene of VARV encodes the TNF decoy receptor, VARV-CrmB
protein. This protein consists of N-ended TNF-biding (TNF-BD) and C-ended chemokine binding (Ch-BD) domains.
Recombinant VARV-CrmB protein has been produced in insect cells using molecular cloning methods and its TNF neu-
tralizing activity has been shown in vitro and in vivo. To decrease the immunogenicity of this protein, a recombinant
plasmid coding for shortened TNF-BD protein of VARV in Escherichia coli cells has been constructed. Using the method
of immobilized metal affinity chromatography, recombinant TNF-BD protein corresponding to the TNF-biding domain
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Variola virus protein TNF-BD
is pharmacologically active against septic shock

of VARV-CrmB protein was purified from E. coli cells. The therapeutic potential of TNF-BD was studied using an experi-
mental model of LPS-induced septic shock. After septic shock induction, several doses of recombinant TNF-BD were
injected and the mortality of experimental animals was observed during 7 days. All mice not injected with TNF-BD
had been dead by day 3 of the experiment, but 30, 40 and 60 % of the experimental animals, who received different
TNF-BD doses, survived in a dose-dependent manner. Data obtained demonstrate that recombinant TNF-BD protein is
pharmacologically active in the experimental model of LPS-induced septic shock.

Key words: VARV-CrmB protein; variola virus; LPS; septic shock; TNF-biding domain.
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BBepeHune

B nporiecce koaBostonyy y Bupyca HarypansHoii ociisl (BHO)
ITOSIBUJIUCHh MHOTOYHCIICHHBIC 3(1)(1)CKTI/IBHBIC MEXAaHU3MBbI
MPEOJOJICHNS UMMYHOJOTHYECKUX 0apbhepoB YesloBEKa.
B wacTtHOCTH, BUPYCHBIH T€HOM JIETEPMUHHPYET CHHTE3
CEKPEeTHPYEeMbIX OENKOB, UMEIOIIUX CTPYKTYpHOE CXOJICTBO
C KJIIETOUYHBIMH PELENTOpaMu IIUTOKNHOB. BupycHble Oemkn
(DYHKIIMOHMPYIOT KaK CBSI3bIBAIOIINE [TUTOKUHBI PELIEIITOPHI,
Onokupys TakuM obpaszom ux aktuBHOCTH (Shchelkunova,
Shchelkunov, 2016). Crtoco6HOCT BUPYCHBIX 0eTTKOB d(pdek-
THUBHO B3aHMO/ICHCTBOBATH C UMMYHHOW CUCTEMOH YesioBeKa
OTKPBIBACT NEPCIICKTUBY UX UCIIOJIB30BAHUSA IJIsA pa3pa60TKI/I
NMMYHOMOYJIHPYIOIINX TEParneBTHIECKUX CPEACTB HOBOTO
TIOKOJICHHSI.

Hexoropsie TNF-61okaropsl — Remicade® (Centocor, Inc.,
Malvern, PA, CIIIA), Enbrel® (Immunex Corp, Seattle, WA,
CIIIA), Humira™ (Abbott Laboratories, Abbott Park, IL,
CIIIA), necTBYIOMIMM HAYaJIOM KOTOPBIX SBISIOTCS MOHO-
KJIOHQJIbHBIC aHTUTEA WM XUMEpHbIE OCNIKH, COCTOSIINE
n3 TNF-penentopHbIX ¥ MIMMYHOITIOOYJIMHOBBIX JIOMCHOB,
MMPOLIJIN KIIMHUYCCKUEC HUCHIBITAHUA U PaspCUICHBI MJIA ITPpU-
MEHEHHsI B MEIMIMHCKOI MPaKTHUKe, HO HE OIWH M3 TIepe-
YHCJICHHBIX MTPENaparoB He oKa3ajcs 3()(EKTUBHBIM IPOTHB
cenTuyeckoro moka (Monaco et al., 2015). IIpogemoncTpH-
poBaHHasl in vivo U in vitro Bbicokast TNF-HelTpanu3syroas
akTuBHOCTH Oenmka VARV-CrmB Bupyca HaTypanbHOH OCIIbI
(Gileva et al., 2006; Shchelkunova, Shchelkunov, 2016)
MI03BOJISIET HA/IESATHCS, YTO OCHOBOM TEpaNeBTUUECKUX IIpe-
1apaToB HOBOTO MOKOJICHHS MOXKET CTaTh ATOT OEJIOK.

OHIOTOKCHYECKUH MIOK, MHAYIIMPOBAHHBIH JHIONIOIUCA-
xapuaom (JITIC) rpamoTpunaTensHbIX OakTepuil (peakmus
[IBaprmMana), — ITUPOKO UCTIONB3yeMast IKCIIEPHMEHTAIbHAS
Mozenb centudeckoro moka (Leturcq et al., 1995; Lamping
et al., 1998; Fei et al., 2011). Brenenne pekoMOWHAHTHOTO
6enxa VARV-CrmB wmprmam ¢ JITIC-uHyiMpoBaHHBIM CeTl-
TUYCCKHUM IIOKOM MIPUBOANIIO K JOCTOBEPHOMY YBCINYCHHUIO
BBDKMBAEMOCTH MBIIIEH M OTYETIIMBOMY CHIDKCHHUIO T'HCTO-
MaTOJIOTUYECKUX U3MEHEHHUH BHYTPEHHUX OPTaHOB 10 CPaB-
HEHHIO ¢ KOHTpONbHbIME XKBOTHBIMH (Gileva et al., 2006).

[MomHOpa3mepHsIil pekomMOnHaHTHBIN 6e1ok VARV-CrmB
UMeeT MOJIEKYIsIpHyto Maccy 47 k/la, 1 B €ro CTpyKType BbI-
nemnsitoT N-koH1eBoit TNF- (TNF-BD) u C-xoH1ieBoit xemo-
kuH-cBa3pBatommii (Ch-BD) momensr (Alejo et al., 2006).
C 1enbio yMeHbIICHUS! UMMYHOTCHHOCTH PEKOMOMHAHTHOTO
6emka VARV-CrmB panee HaMM NOTy9€H €ro yKOPOYCHHBIN
omaonomeHHbI BapuanT TNF-BD. [Tokazans! Ononormyaeckast
aktuBHOCTH Oenka TNF-BD in vitro (nHruOupoBanue Kak
murorokenaHoct TNF miist KynbTypsI KiieTok (uOpoo1acToB
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Mmeimn 1929, tak u TNF-uHAyIIMpOBaHHONW OKUCIMTENBHO-
MeTabOTNIeCKOW aKTUBHOCTH JICHKOIIUTOB KPOBU MBIIICH)
(etpennopxues u ap., 2014; Tperyouak u 1p., 2015), a Tak-
K€ IMTOHKEHHAss HMMYHOTEHHOCTh OTHOCUTENIBHO MOJIHOPA3-
MepHoro 6enxa (Hemomusmux u ap., 2017).

[enp HACTOSIIETO MCCIEAOBAHUS — U3YUYEHHE crenudu-
yeckol (papMakosIoruueckoil akTHBHOCTH YKOPOYEHHOTO
ogHOOMeHHoTo pekomOuHanTHOTO Oenka TNF-BD Bupyca
HaTypaJIbHOU OCIIBI 7 Vivo, a UMEHHO — B 9KCIIEPUMEHTAIBHOMN
mogenu JITIC-uHaymupoBaHHOTO CENTUYECKOTO MI0KA.

Matepwuanbl n metogbl

Pearenrtsl. [[y11 NpUroTOBIICHUS KUJIKUX U TBEPABIX IUTA-
TEJILHBIX CPE/ICTB MCHONIB30BaIN OAKTOIETITOH, JIPOAIKEBOI
akcTpakT u 6akrtoarap (Difco, CIIIA), aHTHOMOTHKN aMTIH-
LWUIMH, TEeTPAUMKINH U KaHamuuuH (Sigma, CILA). Pe-
KOMOMHaHTHYIO0 TasMunuyo JHK BBIAENs N ¢ MOMOIIBI0
Habopa Qiagen Plasmid Midi Kit (QIAGEN, I'epmanus).
B pabore ObuTH IPUMEHEHBI TAKXKE peakTUBbI prupMbl Sigma
(CIOA): mmunazon, JITIC Escherichia coli 055:B5, modyeBuHa,
ernnmeruncynshonmipropun (PMSF), IPTG.

PexoMOuHaHTHBIE MJIa3MUABI M 0aKTepHAIBHbIE IITAM-
Mbl. PekomOnnanTHas miasmuaa pQE60-TNF-BD mrobe3no
npenoctasnena T.B. Tperyouak (Tperyouak u ap., 2015).
Jlist aMIuinuKany 3ToN TIa3MUAbI MCIIOIB30BANIN ILITAMM
E. coli XL10-Gold (QIAGEN, I'epmanus), a ans Hapa-
6otku pekomOunanTHoro Oenka TNF-BD — mramm E. coli
SG13009[pRep4] (QIAGEN, I'epmanust). KomneTeHTHBIE
knetku E. coli XL10-Gold u E. coli SG13009 momyuanu mo
meroay (Mandel, Higa, 1970).

bakrepuaiabHbie cpeabl. [ KyIbTUBUPOBAaHUS IITAMMA
E. coli SG13009[pRep4], coneprxarmero pQE60-TNF-BD, nc-
MoJIB30BaNM cTaH apTHyto LB-cpeny (Sambrook et al., 1985).

duiekTpodopes, xpomarorpadus. OpakIMOHUPOBAHKE
6emxoB poBoamn B SDS-TTAAT o cTannapTHO# MeToanKe
(Laemmli, 1970), c momo11sr0 MapKepoB MOJIEKYJISPHBIX MACC
6enkoB PageRuler™ Plus Prestained Protein Ladder (Thermo
Scientific, CIIIA) (11, 17, 28, 36, 55, 72, 95, 130, 250 xa).
Merait-xenarHyto apuHHYI0 Xpomarorpaduio mpoBoanIH,
ucnonb3yst Ni-NTA araposy (QIAGEN, I'epmanust), Ha ko-
nonke o0pemoM 1 mur. KoHtieHTpamnmio 6emnka onpeaessuTi o
metony (Bradford, 1976).

/KuBorHble. B sxcnepuMeHTBl Opajy caMOK MbIIIEH
muand BALB/c ¢ maccoit Tenma 19-21 r (Bo3pact 8-9 Hen),
MOJIy4eHHBIX M3 BUBapus 1 0Ccy1apCTBEHHOI'O0 HAyYHOTO
LIEHTPa BUPYCOJIOTUU U OuoTexHonoruu «Bekrop» Pocrio-
TpebHam3opa (KomerioBo, HoBocnbupckas obnacts, Poccns).
Mpl1eii cogeprkany Mpu eCTECTBEHHOM CBETOBOM PEXHUME U
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MTOCTOSTHHOM JIOCTYTIE K BOZI€ U nulie. JXUBOTHBIX BBIBOAUIU
13 DKCTIEPIMEHTA B COOTBETCTBHH C TIPABUIIAMH, IPHHATHIMA
EBpornelickoil KOHBEHIIMEN MO 3alUTE >KMBOTHBIX, UCIIOJb-
3YEMBIX JIJIsl OKCTIEPUMEHTAIbHBIX LIEJIeH.

Pe3ynbratbl
Hapa6orka pexomounanTHoro 6enka TNF-BD. [ noiy-
YEeHUS] HHOKYJISITOB OBUIN B3THI MHAUBHIYaJIbHbIC KOJTOHUU
Ap'-, Km'-, Tc'-rpancdopmantoB E. coli SG13009[pRep4].
Wuokynst pazsoguiu cBexxuM L-0yasonoM (1:50), coneprxa-
M 100 MKT/MIT aMmuIuInHA U 110 30 MKT/MIT KaHAMUIIMHA
W TEeTPAlMKINHA. bakTepuanbHyto KyabTypy HHKYOHpOBaIN
nipu 37 °C 1 HHTEHCUBHOM a’paliy 10 TOCTHKEHUS ONTHYE-
CKOH IJIOTHOCTH KYIBTYpPhI A5, = 0.3-0.5, 3aTem n106aBnsim
nanykrop IPTG no xonnentpammn 1 MM (Ipo1oImKUTEINb-
HOCTbh MHAYKLUH 4 4). KnieTkn coOupain HU3KOCKOPOCTHBIM
HEHTPUPYTUPOBAHHEM U PECYCIICHIUPOBAIH B 5 M1 Oydepa
cienyroniero cocrasa: 10 % caxaposa, 100 MM Tpuc-HCI,
pH 7.3, 5 MM EJITA, 20 mxr/mu PMSF. 3arem 6akrepuasibHbie
KJIETKH pa3pylIald yabTPa3ByKOM Ha YCTaHOBKE Soniprep
(MSE, CIIIA; 10 muxiioB mo | MHH ¢ MHTEpBaJIaMH MEKIY
mukiamu B 30 ¢). Kak 6bu10 mokaszano panee (Tperybuak u
Ip., 2015), pexomOunanTHsi 6enox TNF-BD cuntesupyercs
B KJIeTKax E. coli B BUE «Temnel] BKIIIOYESHHsD). J[yis1 BeIIeneHust
LIEJIEBOTO MTPOYKTa TEeNbla BKIIIOUSHHUS CONOOMIM30BAIIH B
Oydepe A (100 MM NaH,PO,, 10 MM Tpuc-HCI, pH 8.0,
300 MM NaCl, 10 MM nmuason, 6 M MoueBHHa) U CyTIepHa-
TaHT HaHOCHJIHM Ha KoJIOHKY ¢ Ni-NTA arapo3zoit (V =1 mi),
ypaBHOBEMICHHYIO 5 M 3Toro e Oydepa. Komonky mpo-
MbIBanH (2 Mt X 3) 6ypepom B (100 MM NaH,PO,, 10 MM
Tpuc-HCI, pH 6.3, 300 MM NaCl, 20 MM umunpazon, 6 M
MOYEBHHA) U ITIOMPOBATH IeNeBOH MpoaykT oydepom C
(100 MM NaH,PO,, 10 MM Tpuc-HCI, pH 8.0, 300 MM
NaCl, 250 MM umwunazon) (0.3 mia x 5). Opakiuu Boigesc-
Hus aHam3upoBaiy B 10 % ITAAT. Pe3ynbrarel BeIACTCHUS
npescTaBiIeHbl Ha puc. 1. @pakuny, conepikaine 1neneBoi
NPOAYKT, 00beauHsuin. TakuM oOpa3oM, ObLT BBIJIEIICH TIpe-
napat pekomOuHanTHOTO O6eKa TNF-BD, unctora xoToporo,
TI0 IAHHBIM 3JIeKTpodopesa, cocTanisuia okoso 90 %.
HccnenoBanue TOKCHYHOCTH PEKOMOMHAHTHOIO GesIKka
TNF-BD. [lns Toro 4To0BI ONPENeNuTh CIIOCOOHOCTH Tpe-
rapara yKopoueHHoro ogHogoMeHHoro oenka TNF-BD mpe-
JoTBpallars B3aumoseiictere MpiHoro TNF co cnienudu-
YECKMMH PELENITOPaMH 3yKaPHOTHUECKUX KIIETOK, H3ydalu
€ro aKTMBHOCTh B TE€CTE HEUTPAIN3AIIMN IIUTOTOKCHIECKOTO
neiictBus mMTNF Ha KynbType KIIeTOK MBIIMHBIX (prubpobdia-
ctoB L.929, xak ommcano B padote (Tperybuax u ap., 2015).
s ompernesieHUsl TOKCHYHOCTH PEKOMOWHAHTHOTO Oerka
B3sUIM JIBE TPpyMIibl Mbltieil muHun BALB/c (kaxnas rpymnmna
coziepKana MmATh KUBOTHBIX). OZHOMN IpyIine BBOIWIN BHY-
TPUOPIOMMHHO (PU3MOJIOTHYECKUI pacTBOp, APYrol — pe-
KOMOMHAHTHBIN Oestok B o3¢ 50 Mkr/mbimb. Habmonenue
BEJIM B TEUCHHUE 7 CYT, 3a 3TOT MEPHOJ He OBLIO 0OHAPYKEHO
MIPOSIBIICHUH TOKCHYHOCTH PEKOMOWHAHTHOTO OeJiKa.
Hccnenopanne cnenupuueckoi GpapmMakoorudeckoi
akTuBHOCTH Oe1ka TNF-BD B skcnepuMeHTAIbLHONH MoO-
AeJI CeNnTHYeCKOro moka. [IpeaBapuTenbHo JUIs MbIICH
nuanu BALB/c 6bi1a onpezenena nosa JIIIC E. coli 055:BS,
BeI3pIBaromias rubens 100 % sxusorHeix (JII,,,), paBHas
20 mr/kr Beca. JKuBoTHBIC OBUIH OOBETUHEHBI B AT TPYII
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Puc. 1. nektpodopeTtnyeckoe pasaeneHve 6enKkos.

a - o¢pakuynoHvpoaHne B 10 % SDS-MAAT nusatoB knetok E. coli
SG13009[pRep4] (mopoxka 5) u E. coli SG13009[pRep4, pQE60-TNF-BD]
(nopoxkn 2-4) (1 — Mapkep MONEKYNAPHbIX Macc 6enkoB); 6 — GpaKkLMoHU-
poBaHue B 12 % SDS-MAAT dpakumin BblgeneHms pekoMOrHaHTHOro 6enka
TNF-BD.

1 — conobunusnpoBaHHaa B 6ypepe A dpaKkuma HepacTBOPMMbIX GenkoB
knetok E. coli SG13009[pRep4, pQE60-TNF-BD]; 2, 3 — HaHeceHMe Ha KONOHKY
¢ Ni-NTA arapo3bl, ypaBHoBeLueHHyto 6ypepom A; 4, 5 — MPOMbIBKA KOMIOHKM
6ydepom B; 6-10 - antoumna uenesoro npopykta 6ypepom C; 11 — mapkep
MOseKyNAPHbIX Macc 6enKoB.
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Puc. 2. BbipKmBaemocCTb 3KCMEpUMMEHTaNbHbIX XMBOTHbIX npw JIMNC-
MNHAYLMPOBAHHOM 3HAOTOKCUYECKOM LLOKE NOC/ie BBeLeHUA pekombu-
HaHTHoro 6enka TNF-BD.
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(o 10 ocoGeii B rpymnme). MelmaM B rpynmnax 1-3 BHYTpH-
OpromMHHO BBOAWIN pexoMOnHaHTHBIN Oenox TNF-BD B
mo3ax 0.2, 2 wru 20 MKr/meIms. Yepe3 30 MUH 3THM KHBOT-
HBIM BHYTPHUOPIOIIMHHO HHbeLupoBaiu pactBop JIIIC E. coli
(055:B5) B nosze 1 JIM,,- I'pynmne cpaBnenus (rpynna 4)
BBOIMIIM TosibKO JITIC, a rpymme oTprnaTenbHOro KOHTPOIIS
(rpymma 5) — Harpuii-¢pocdarnsiii Oydep. [locie BBeneHus
MIPENapaToB MbIIIAM PETUCTPUPOBAIIN HX THOENb B TEUCHUE
7 cyt. Pe3ynbrarhl SKCIIEpUMEHTa MOKa3aHbl Ha pHC. 2: Ha
KOHEIl SKCIIEPUMEHTA BEKMBAEMOCTb )KUBOTHBIX B IPyIIIe 5
cocrasuia 100 %, B rpynme 4 — 0 %, a B rpynmax 1-3 — 30,
40 1 60 % COOTBETCTBEHHO.

O6cyxpeHue

CurnanbHas cucrema, aktuBupyemast TNF, — onuH U3 ocHOB-
HBIX ()aKTOPOB, OOYCIIOBINBAIOLIMX PA3BUTHE BOCIAIUTEIb-
Horo npouecca. ['mnepnponykuust TNF MoeT npuBOIUTh K
ruOeNy OpraHu3Ma B Pe3ysibTaTe pa3BUTHSI CHCTEMHON BOC-
MAJIUTEIBHON PEaKLUK WM CeNTHYeCcKoro moka. Cerncuc u
CENTUYECKUH IIOK 10 HACTOSIIETO BPEMEHH IPEICTABISIOT
OJIHy M3 OCHOBHBIX ITpoOJieM 31paBooxpaHeHHs. Exeromano
OHU SIBJISIFOTCSI TPUYMHON CMEPTH 00Jiee MUJUTMOHA YEIOBEK
(Seymour, Rosengart, 2015). TNF-aHTaroHUCTHI, 1eHCTBYIO-
MM Ha4aJIoOM KOTOPBIX OBLIM MOHOKJIOHAIIbHBIC aHTHUTEIa
(Infliximab, Adalimumab) nnu aHaJIor KJIETOUYHBIX PELENTO-
pos (Etanercept), mpoImIf KIMHAYECKHE UCIIBITAaHUS U Pa3-
pELICHBI ISl IPUMEHEHUS B MEIUIIMHCKON MIPAKTHKE, HO HE
OJIMH M3 3TUX IPeraparoB He IMPOSIBHUJI TEPareBTHYECKOM aK-
TUBHOCTH IIPOTHUB cenTryeckoro moka (Monaco et al., 2015).
[TosTOMY NMOMCK HOBBIX KJIACCOB COCANHEHUH, 00IaJafoINX
TNF-neliTpanusyomel akTUBHOCTbIO, OCTA€TCs aKTyalbHON
pOOIEMOiA.

Cy1iecTBOBaHNE BUPYCHBIX OSITKOB, CIIOCOOHBIX CBSI3bIBAThH
IUTOKKHBI U, B yacTHOCTH TNF, 6110Kupyst TakuM 00pa3oM ero
aktuBHOCTH (Shchelkunova, Shchelkunov, 2016), mo3BomsieT
MIPEJITONIOKUTE BO3MOKHOCTD Pa3padOTKH HOBOTO TIOKOJICHUS
TNF-anraronucros Ha ocHoBe TNF-cBsizpiBatoiero oesnka
BHpyca HaTypaibHOil ocisl (VARV-CrmB). Panee namu mo-
Jy4eH peKOMOMHaHTHBIN OakynoBupyc BVi67, Hecymuii ren
oenka VARV-CrmB, a n3 nHQpUUIMPOBAHHBIX UM KJIETOK Ha-
cexoMbIX TuHIA Sf21 BeIIeIeH peKOMOMHAHTHBIN BUPYCHBIN
6ernok. PexomOunanTtHsril 6eok VARV-CrmB sddexrisro
Heiirpaiuzyer a3pdextsl TNF B skcriepuMeHTalIbHBIX CHUCTe-
Max in vitro u in vivo (Gileva et al., 2006). OcoGeHHO cnemyer
MOTYEPKHYTH €TO BHIPA’KEHHBIH TepareBTHUeCKU 3 (PeKT Ha
nposieierue JIIIC-uaaynupoBaHHOTO CENTUYECKOTO I0Ka Y
MBIIIEH, YTO OTYETIANBO CHIKAET TUCTOMATOIOTHIECKUE U3~
MEHEHHs BHYTPEHHHX OPTaHOB M JIOCTOBEPHO YBEIMUUBACT
BbDKHMBaeMoCTh kMBOTHBIX (Gileva et al., 2006). HoBblii
TNF-anraronuct, kpome TNF-HelHTpanu3yoomero noTeHuua-
Ja, TOJDKEH 001a1aTh HU3KOM MMMYHOTEHHOCTBIO, TaK Kak
3 PEKTUBHOCTH TPUMECHEHHS [TPerapara MOXKXET ObITh CHIDKE-
Ha M3-3a Pa3BUTUSI IMMYHHOTO OTBETa HA TEPareBTUYECKUI
6exox (Chen et al., 2015; Eng et al., 2015).

ITonHopa3mepHsIil pekomOuHaHTHEIN 6enok VARV-CrmB
(47 x/la) obmamaeT cOCOOHOCTHIO K OJMTOMEPHU3AIIIH, 3TO
MOXXET CHHU3HTBH €T0 TEepaNeBTHUCCKUH MOTEHIMAT MPH TO-
BTOPHOM HJIM MHOTOKpaTHOM IpuMeHeHuH. bemox VARV-
CrmB cocrount u3 TNF- 1 XeMOKHH-CBA3BIBAIOIIETO JOMEHOB
(Alejo et al., 2006). Hamu caemaHo MpeAIoNoKeHHUE, 9TO
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onHOOMeHHbIN ykopoueHHbIH TNF-cBsizpiBatonmii 6enox
COXpAHHT CBOIO TEPANIeBTUYECKYIO0 aKTUBHOCTB U OyJeT 00-
JaaTh CyIIECTBEHHO MEHBIIEH MMMYHOTCHHOCTBIO. BbI
MOJTy4eH OaKTepualibHBIA MPOAYLEHT YKOPOUYEHHOro Oelka
TNF-BD, cootsercrytomero TNF-cBsi3bIBatonieMy 10MeHy
6emxa VARV-CrmB, u skcrieprMeHTaIbHO T0Ka3aHa ero CIo-
CcOOHOCTh MHTUOMPOBATH IUTOTOKCUYHOCTH TNF Ha KiteTkax
MBIIHBIX (prudpobdractoB 1929 1 TNF-uHIyIHpOBaHHYIO
OKHCIIUTEIbHO-METa0OIHMIECKYI0 aKTUBHOCTh JIGHKOITUTOB
kpoBu Mbiied (Lpipennopxues u ap., 2014; TperyOuak u
Ip., 2015). IIpu atom pexombunanTHerii TNF-BD nposBisin
CHIDKEHHYIO0 HIMMYHOTE€HHOCTb OTHOCHTENIFHO Oenka VARV-
CrmB npu MHOTOKpaTHOM BBEJECHUH JKCIIEPUMEHTAIILHBIM
*uBOTHBIM (Hemomusmmx u np., 2017).

B Hacrosiem nccie0BaHuy U3yUdeH TepareBTHUeCKHH 110-
TEHIMaJI KOPOTKOTO PEKOMOMHAHTHOTO OJJHOZIOMEHHOT'0 OeJika
TNF-BD B skcriepuMeHTaIbHOM MOJENN CENTUYECKOrO HIOKA.
C oroit nensro 6enox TNF-BD Beigenunu u3 kinetok E. coli
METOJIOM MeTaJuI-XesarHoi aduHHOI XpoMarorpaduu, Kak
9TO MOKa3aHo Ha puc. 1, a u 6. Ilpu ero BHyTpHOPIOIIMHHOM
BBe/IeHUN MblaM Jinand BALB/c ycraHoBiieHO OTCyTCTBHE
TOKCUYHOCTH. [[71s1 MbIIeil 3TOM JIMHUU SKCIIEPUMEHTAJIBHO
ompenenena go3a JITIC E. coli (055:B5), BepBatomias 100 %
rubens KUBOTHBIX (JII, ). 1Ipu BHYTpHOPIOMIMHHOM BBE-
nerun JITIC u Genka TNF-BD B Haiueit padoTe BrnepBbie
MIPOIEMOHCTPUPOBAHA J0303aBUCHMAs criennuaeckas dap-
MaKOJIOTHYeCKasi aKTUBHOCTh HU3KOMMMYHOT€HHOTO YKOPO-
4yeHHoro pexomOuHantHoro 6enka TNF-BD B monenu JITIC-
WHIYIIMPOBAHHOTO CEMTHYECKOTO MOKa (CM. puc. 2).

Cremyer OTMETHTB, YTO BOIPOC MPABOMEPHOCTH HCIIONb-
30BaHMs1 MBIIIMHOM MOJIENIN 9HI0TOKCHMMUH (peakimu [1[Bapii-
MaHa) AU BBIABJICHUS HOBBIX NPENaparoB IS Tepamuu
CENTHYECKOTO IIOKA Y JIIOAEH OCTaeTcsl JUCKYCCHOHHBIM.
OcHOBaHUEM JJIsl CKENITHYECKOIO OTHOILIEHUSI K MBIIINHON
MOJIETIH CITyXaT OTINYMS PE3YyJbTaTOB TPAHCKPUIITOMHBIX
AQHAJIM30B, MEXaHU3MOB Pa3BUTHUS BPOXKJCHHOTO U ITpHOOpe-
TEHHOT'O MIMMYHHBIX OTBETOB, T€TEPOreHHOCTh YeJIOBEYECKON
MOMYJISIIIY VETrsus FTOMOT€HHOCTH HHOPETHBIX JIMHUH MBITIEH
(Efron et al., 2015; Stortz et al., 2017). He uckitodeHo, 4to
peraparsl, MPOSIBUBIINE BHICOKYIO 9()(EKTHBHOCTh B MBIIIHN-
HOM MOJIEITH cericrca, He OymyT 3(h(heKTHBHBIMH IS 4eTIOBEKa,
Kak 3To ciyumiiock ¢ npenaparoM Centocor (Thayer, 1993).
OpHako MPOCTOTA MPOBEICHUS SKCIIEPUMEHTA U BOCIIPOU3-
BOJMMOCTh PE3YyJIbTAaTOB JENAlOT 3Ty MOJEIb HE3aMEHUMOMN
Jutst nepBUYHOTO CKpUHUHTA TNF-CBS3BIBAIONINX TEPATIEBTH-
YEeCKHUX Ipenaparos.

3aKknoyeHne

Ha ocHOBaHWU IPOBEIEHHOTO UCCIIEIOBAHMUS MOYKHO CJIENIATh
BBIBOJI, 9TO pekoMOMHaHTHEIN 6emok TNF-BD Bupyca Hary-
PaJIbHOM OCHBI SBISICTCS MEPCICKTHBHBIM JIJIS pa3paboTKu
HoBOro nokosieHus: TNF-aHTaroHucToB. DTOT OCJI0K MOXKET
CIY’)KUTh MOJEIBHBIM OOBEKTOM JJISI M3yUYCHHS B3aMMO-
JIEHCTBUS BUPYCHBIX OCITKOB ¢ KOMITOHCHTAMH HMMYHHOU
CHCTEMBI OpraHu3Ma uyejoBeka. MeToJaMu JeIelIMOHHOTO
aHaJM3a W MyTareHe3a, peHTIeHOCTPYKTYPHOTO aHaNN3a,
KOMIBIOTEPHOTO MOJICITUPOBAHUS BOZMOKHO HICHTH(PHUITUPO-
BaTh B cTpyKType 0esika TNF-BD aMuHOKHCIIOTHBIC OCTATKH,
ocyuecTsisitomue Bzanmozericraue ¢ TNF u cocrasisitonue
KOHKYPCHITHIO KIICTOYHBIM PEICTITOPaM.
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OmnpenesieHNe CeEKIIMMOHHONM IIeHHOCTY KOJJIEKIIVIOHHbBIX
ob6pasuoB HyTa (Cicer arietinum L.) MeTOA0OM KJIaCTE€pPHOro aHa/an3a

H.A. Byc@, A.H. Ko6b13eBa, O.H. Besyraast

MHcTuTyT pacteHnesoacTtea nm. B.A. lOpbeBa HaumoHanbHom akagemnm arpapHbix Hayk YKpanHbl, XapbKoB, YKpariHa
® e-mail: vus.nadezhda@gmail.com

AnHoTayuma. OueHka reHeTnyecknx pecypcos HyTa (Cicer arietinum L.) B HeTUNUYHON ANA BblpaLMBaHMA 30He (BOCTOYHAA
YacTb necocTenu YKpaviHbl) faeT BO3MOXHOCTb BblAENUTb LIEHHbI UCXOAHbIV MaTepuan Ansa NPUopUTETHbIX HaNnpaBneHnn
cenekumn. B ctatbe npefcTaBeHbl pe3ynbTaTbl KNAacTePHOro aHanm3a o6pasLoB HyTa HaLMoHanbHOro LieHTpa reHeTnye-
CKMX pecypcoB pacTeHui YkpauHbl (HLITPPY) no komnnekcy arpoHoMmnyecknx xapaktepuctuk. B nepmnopg 2005-2017 rr.
6b111 13yyeHbl 653 obpa3ua 6asosoii Konnekuun Hyta HLUMPPY: 369 obpasiuos mopdoTuna kabuli n 284 — desi. BoigeneHbl
152 NCTOYHMKA LieHHbIX NPU3HaKoB Nno 11 nokasaTenAam: 3aCyx0yCTONYMBOCTH, YCTOMUYMBOCTM K aCKOXMTO3Y, CKOpOCMeno-
CTV (BNUTENBHOCTY BEreTaLoOHHOIo Neproaa), ypoXKanHoCTU, MPOAYKTUBHOCTU, KOMYECTBY NPOAYKTUBHbIX 6060B, Konu-
YecTBYy CEMSsIH C OLHOTO PaCTeHNs, peakLny Ha HUTPArvH13aLumio, CofepKaHnto 6enka, KpynHOCTY CeMsAH, Pa3BaprMOCTU.
311 obpasupl (77 Trna kabuli — cBeTNOOKpaLLeHHble 1 75 desi — TeMHOOKpaLLeHHble) 6bInn CrpynnpoBaHbl MO KOMMNEKCY
LieHHbIX XO3ANCTBEHHbIX MPV3HAKOB C MOMOLLbIO KNAaCcTEPHOrO aHanr3a MeTOAOM eBK/VMAOBbIX PacCTOAHUN. Pe3ynbTaTbl
nccnefoBaHNA NMoKasasnu, YTo npefcTaBieHHas BbIbOpKa COCTOUT 13 YeTblpex KnacTepos. B knactepe 1 npeobnagatot 06-
pasubl Tvna kabuli c oNTMManbHbIM COYETaHMEM LiIEHHbIX MPU3HAKOB: 3aCyXOYCTOMUYMBOCTb, YCTONYMBOCTb K aCKOXUTO3Y,
KPYMHOCEMAHHOCTb, BbICOKAsA YPOXKaMHOCTb 1 MPOAYKTUBHOCTb, KONMYeCcTBO 60608 1 CeMsAH, coaepKaHue 6enka B ceme-
Hax. B 3TOT knacTep BOWNM CTaHAAPTbI 1 6ONIBLUMHCTBO 3Ta/lOHOB, KOTOPbIE XapakTePU3YOTCA BbICOKOW alanTUBHOCTbIO K
YCNOBMAM BOCTOYHOW YacTu necoctenn YKpavHbl. O6pasubl Knactepa 2 OTINYaloTCA BbICOKON YCTONUMBOCTBIO K aCKOXM-
TO3Y, MO34HECNeNoCTbo, MENIKOCEMAHHOCTBIO, HU3KMM COAepKaHeM 6enka, cpefiHel peakumein Ha HATParnH13aLUumio 1
BbICOKOI MPOAYKTMBHOCTBIO 3a CYET OOMbLLOrO KONMYecTBa NPoayKTMBHbIX 6060B 1 CEMSIH C ORHOrO pacTeHus. bonbluas
YyacTb 06pa3LoB 3TOro KacTepa — MenKoceMAHHbIe No3fHecnenble obpasubl Trna kabuli. Knactep 3 coctont 13 Tpex 06-
pasLoB, OTNINYAIOLLMXCA BbICOKON KPYMHOCTbIO CEMAH, CPEAHVM YPOBHEM YPOXKANHOCTM, BbICOKOW peakuuell Ha HUTpa-
TMHM3aLMI0 1 MOBbILWEHHBIM COAEPKaHNEM GefiKa NPU HU3KOWM YCTOMUYMBOCTM K acKoxnTo3y. Knactep 4 o6beanHsEeT npe-
MMYyLLECTBEHHO 06pa3Lbl MopdoTrna desi (63 %), cpepHecnesnble CO CPeAHMU NOoKasaTeNAMN YPOXKaNHOCTL, COAepKaHWA
6eriKa 1 YCTOMUYMBOCTU K aCKOXMUTO3Y, C HEBbICOKOW KPYMHOCTbIO CEMAH 1 NPOAYKTUBHOCTbIO, HU3KOW Pa3BapyMOCTbiO 1 3a-
CYXOyCTOMUMBOCTbIO. [TpefcTaBuTeny 3Toro Knacrepa — NperMyLLeCcTBEHHO NCTOYHMKI OJHOTO Npr3Haka — U MOTYT UMEeTb
y3Koe NprIMeHeHre B CneLyann3npoBaHHbIX CeNeKLMOHHbIX MporpaMmax. Ha ocHoBe nonyyeHHbIX JaHHbIX NpeanaraeTca
NPYOPUTETHOE NCMONb30BaHVe 06Pa3LIOB NepBOro Knactepa B CeNIEKLNOHHbIX NPOrpamMmax no Co3haHunio COpToB HyTa ANs
NeCcoCTernHom 30Hbl.

KnioueBble CIOBa: HYT; KNACTEPHbI aHann3; reHeTMyeckmne pecypcbl; UICTOYHMKIM LIeHHbIX MPU3HAKOB; ceneKkuumsa.
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Determination of the breeding value of collection chickpea
(Cicer arietinum L.) accessions by cluster analysis

N.A. Vus @, L.N. Kobyzeva, O.N. Bezuglaya

Plant Production Institute nd. a. V.Ya. Yuryev of National Academy of Agrarian Sciences of Ukraine, Kharkiv, Ukraine
® e-mail: vus.nadezhda@gmail.com

Abstract. Assessment of the genetic resources of chickpea (Cicer arietinum L.) in a zone that is atypical for its cultivation
(eastern forest-steppe of Ukraine) gives an opportunity to identify valuable starting material for priority breeding areas. The
article presents the results of a cluster analysis on chickpea accessions from the National Center for Plant Genetic Resources
of Ukraine (NCPGRU) for a set of agronomic characteristics. In 2005-2017, 653 chickpea accessions from the NCPGRU'’s core
collection were studied: 369 kabuli accessions and 284 desi accessions. One hundred and fifty two sources of valuable traits
were identified for 11 parameters: drought tolerance, resistance to Ascochyta leaf and pod spot, early ripening (vegetation
period length), yield, performance, number of productive pods and seed number per plant, response to nitrogenization,
protein content, seed size, and cooking quality. These accessions (77 kabuli accessions are light-colored and 75 desi ones are
dark-colored) were grouped by a set of valuable economic characteristics using cluster analysis with the Euclidean distance
as a measure. The study showed that this sample consisted of 4 clusters. Cluster 1 contained mainly kabuli accessions with
optimal combinations of valuable traits: drought tolerance, resistance to Ascochyta leaf and pod spot, large seeds, high
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yield capacity and performance, pod and seed numbers as well as protein content in seeds. This cluster includes standards
and most of reference varieties, which are well-adapted to the conditions of the eastern forest-steppe of Ukraine. The ac-
cessions of cluster 2 are characterized by high resistance to Ascochyta leaf and pod spot, late ripening, small seeds, low
protein content, moderate response to nitrogenization, high performance attributed to a large number of productive pods
and seeds per plant. Most of the accessions of this cluster are small-seeded late-ripening kabuli accessions. Cluster 3 con-
sists of 3 accessions, which have large seeds and high protein content in them, give moderate yields, are highly responsive
to nitrogenization and poorly resistant to Ascochyta leaf and pod spot. Cluster 4 comprises mainly desi accessions (63 %),
which are mid-ripening, with small seeds, low performance, moderate yield capacity, medium protein content, poor cook-
ing quality, moderate resistance to Ascochyta leaf and pod spot, and low drought tolerance. Representatives of this cluster
are predominantly sources of one trait and may have restricted application in specialized breeding programs. Based on the
data obtained, we concluded that the accessions of cluster 1 were preferable in breeding programs to develop chickpea
varieties for the forest-steppe zone.

Key words: chickpea; cluster analysis; genetic resources; sources of valuable traits; breeding.
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BBepeHune

[Ipon3BoACTBO HyTa B MUPE PAcTET C KKIBIM I'0ZI0M, OCOOCH-
HO B 3aCYNIIMBBIX PErHOHAX, TJIe OH SIBISIETCS TIIABHBIM HC-
TOYHHUKOM Oefka juist HaceneHus. OCHOBHBIC (paKTOpPHI, cIep-
JKMBAIOIINE PAcIpOCTpaHEHUE HyTa B YKpauWHe, — HeXBar-
Ka CEJICKIIMOHHBIX COPTOB, MPHUIOIHBIX Ul BhIPALHMBAHUS
B YCJIOBHSIX PA3JIMYHBIX TeorpaMuecKuX 30H CTPAHBI, KOTO-
pble coueTany Obl B ce0e BBICOKOE Ka4eCTBO CEMSIH M YCTOHUIH-
BOCTb K BO3/ICHCTBHIO OHO- 1 abnoTuyueckux (hakropos. Bemy-
M€ CTPAHBI 110 BHIPAIMBAHHIO HYTa YK€ ITPOIILTH 3TOT ITyTh,
CO3/IAJIM | TIPOJIOJDKAIOT CO3/1aBaTh IUIACTHYHBIE COPTa, YTO
MO3BOJISIET PACIIMPSITh PETHOHBI UX BBIPALMBAHMSI.

W3ydyenne reHeTHIeCKOro pa3Hoo0pa3us BEChMa MOJIE3HO
pu paboTe C TEHETHYECKUMHU pecypcaMi | JUTs CEJIEKIINOH-
HBIX TIPOIPaMM M BKJIIOYAET B ce0sl MApKUPOBKY, HICHTH(U-
KaI[HIO W/WIIH yIaJeHue TyOIKaToB B TeHO(OHIE 1 CO3IaHHe
cepALeBUHHBIX Koyutekiui (Aliu et al., 2016).

HyTt — 3TO memieBblil HCTOYHUK BBICOKOKAYE€CTBEHHOTO
Oemka B panMoHEe MHJUITMOHOB JIONCH, KOTOPBIA CYUTACTCS
XOpOIIeH albTepHATHBON )KNBOTHOMY O€JIKy aisi cOanaH-
cupoBaHHOrO nuTanus. [1o kauecTBy OEJOK HyTa yCTymaeT
TOJIBKO OENIKYy MOJIOKa. JTO BTOpas MO BaKHOCTHU 3epHO00-
0oBast KyJabTypa B MUpE, a B HEKOTOPBIX YacTsX, TaKHX, KaK
Wupuiickuii cyOkoHTHHEHT, — niepBas (Singh et al., 2015).
B KynbpType BBIIEISIOT Ba OCHOBHBIX MOP(OTHIIA HyTa: desi
u kabuli. Cemena HyTa THIIA desi MEJIKHE, yIIIOBaThIe C TEM-
HOM OKpacKoi ceMeHHO# 0001104KH; kabuli — OTHOCHTEIBHO
KpyIHBIE, ITIaJKue, KEITOU, KEITO-PO30BOM U KPEMOBOMI
OKpAacKH.

Cewmena Hyta kabuli — Gonee 1ieHHbIe Onarogapsi BbICO-
KOMY COAEp)KaHMIO OelKa, MHUIIEBBIX BOJOKOH, CIOKHBIX
YIJIEBOJIOB M MHUHEpalbHBIX BemlecTB. HyT ymorpebisior B
pa3HbIX (popMax, Kak ¢ JACKOPTUKAIUCH (CHITHC CEMEHHOU
000110uKN), TaK 1 Oe3 Hee. Vcnonp3oBanne 6e3 AeKOPTHKAIINN
BKJIIOYAET B ce0s BapKy, 00yKaprBaHHE WM N3MeIBICHHE /10
acTo00pa3HOTrO COCTOSIHUSI (HAITPUMEp, TIPH U3TOTOBJICHUH
xymyca). Hyt tuna desi ynoTpebmsioT B U3MEITFICHHOM CO-
crosianu (dhal) u B Bune Mmyku (besan). HytoBast Mmyka B cmecu
C TIIICHUYHOM MJIM PUCOBOM MCIIONB3YETCSI JJIsl M3TOTOBJICHUSI
xneba (chapati) u B korauTepckoM mpousBozactae (Tripathi et
al., 2012). Baxxayro ponb B 3HaYUTEIILHOM PacpOCTPaHEHUHN
KYJIBTYpBI HyTa HTPAET €ro BEICOKAs! 3aCyX0yCTOMYNBOCTD. JTa
0COOCHHOCTH ITO3BOJISIET BBIPAIIMBATH €TO B MECTaX PHCKO-
BaHHOTO 3€MJIC/ICJINS C OTPAHWYEHHBIM KOJMYECTBOM OCa/l-
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KOB U TI0JIy4aTh BBICOKHE YPOXKau [ICHHOTO IMHIIICBOTO OCIKa.
B ycnoBusx pacummpeHus 3aCylUIMBBIX 30H M YBEIHUCHHUS
0e310KIeBBIX TIEPUOIOB TaKast 0COOCHHOCTh KYJIBTYPHI pac-
IIMPSICT EPCIICKTUBBI e¢ BhIparuBanus. Ho s yBennucHus
MTOCEBHBIX IUIOIMAACH HEOOXOIUMO CO3/IaHIE HOBBIX COPTOB
HYTa, aJallTHPOBAHHBIX K KOHKPETHBIM YCIOBHUSIM.

ITo nanubpiM [1pogOBOILCTBEHHOM U CENBCKOXO3HCTBEH-
Hoit oprannzanuu OOH (FAO), BHenpeHre MHHOBAIIMOHHBIX
CEJICKITMOHHBIX MPOTPAMM ITTO3BOJIIIIO YBEIHIUTH OOIIYIO
ypoxkaitHocTh HyTa ¢ 0.71 T/raB 1996 T. 10 0.96 T/raB 2014 1.
(FAOSTAT, 2016).

Ha Ykpawnne 3a mocieqaue 1Ba rofa MpoU3BOACTBO HYTa
BBIpOCIO € 6.5 10 19.2 ThIC. T 3a CUET BHEIPEHUS B MPOU3-
BOZICTBO OTEYECTBEHHBIX COPTOB, TaKMX Kak [lamste, Tpuymd,
Bymxak n Onucceid, ¢ noTeHIUanbHON ypoKaiHOCTbIO 1.8—
2.3 1/ra (Kepnactok, 2018). Takux pe3yybTaToB CEICKIIHOHE-
PBI YKpanHbI CMOIIIN JOCTHYH Oarofapsi IMHUpPOKOMY HCIIOIb-
30BaHMIO TeHO(OHIA HyTa, KOTOPBIN ucciemyercs B Hamnmo-
HAJIbHOM LICHTPE TCHETUYCCKUX PECYPCOB PACTCHUHN YKpauHbI
(HLIT'PPY, XapbKkoB), €ro KOJUIEKIUsS HacUUThIBaeT 1897 00-
pas3moB u mpencraeieHa Ha 91 % 3apyOeKHBIMH COpTaMH.
Cpenu Hux 134 00pasia yKpauHCKOTO MPOHMCXOXKICHUS, U3
KOTOPBIX 38 CeIeKIIMOHHBIX cOpTOB. Komeknus HyTa 6aHka
TEHETHUYECKHUX PECypCOB pacTeHU YKkpauHsl oTHeceHa FAO
K YHCJY BOXHCHIIUX B MHpPE MO 00bEMY H Pa3HOOOpPA3HIO.
Bce 00pasiis! mpoxoaaT TpexJeTHee H3yUeHHEe U OIICHKY IO
MoKa3aTeNsiM (EHOJIOTUH, MOP(OIOTHH, YCTOHYHBOCTH K
00JIe3HSIM, KAUeCTBA U XMMUYECKOTO COCTaBa CEMsIH, BCIIC-
CTBHE YETO BBLICISIOT NCTOYHUKHU IICHHBIX MPU3HAKOB IS
JATBHEHIICH ceneKIMOHHOH padoTsl. [1o pe3ynbraTtaM paboTs
hopmupyroTCs pabouue, MPU3HAKOBEIC, TCHETHYCCKUEC U JIPY-
rue koutekiuu (The Second Report..., 2010).

Jis co3maHus HOBBIX COPTOB Ba)KHO HCIIONB30BAHUE XO-
POIIO M3YYCHHOTO U TIO00PAaHHOTO MCXOIHOTO MaTrepHala.
Kpome Toro, MHOTOUYHCIIEHHBIE OTEYECTBEHHBIE U 3apyOeKHBIC
WCCTICTIOBAHMS TIOKA3bIBAOT, UTO CETICKIIMOHHBIC COPTA UMEIOT
Y3KyH0 FCHETHUCCKYIO 0a3y, HSCMOTPSI Ha IIUPOKUH CICKTP
00pa3ioB HyTa, UMEIOIINXCSl B reHOaHKaX pasHbIX CTpaH
(Axmnuna, [Tomos, 2012; Khamassi et al., 2012; Benzohra et
al.,2013; Byc u ap., 2017a). Pacimuperne reHeTuaecKkoii 6a3sl
ITyTeM IPUBJIEYCHHUS HOBBIX POAUTEIBCKUX TP IS CKPETITH-
BaHWSI — BAKHBI MEXaHWU3M B CEJIEKIIMOHHON paboTe, HO 3TOT
MaTepHaj JIOJDKEH OBITh XOPOIIO U3YYCH U aJIaliTHPOBaH K
ONpeIeNIEHHON KIIMMaTHYeCKON 30HE.
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Pabota ¢ xomexmuelt TeHeTHYECKUX PECYPCOB PaCTECHHA
Moipa3yMeBacT HCCIIEOBaHUE OOJIBIIOro KoymdecTrsa 00-
Pas3LoB 110 HIMPOKOMY CHIEKTPY Pa3HOKaueCTBEHHbIX IPU3HA-
KOB, YTO HCTIOIB30BAIH ISl N3YUECHUS KOIJIEKINI KyKypy3bl
(Kroonenberg et al., 1995), puca (Nandini et al., 2017), ue-
yeBuipl (Inxanuesa u np., 2018), nyra (Malik et al., 2014)
" Apyrux KynbTyp. s ynoOcTBa ceIeKIMOHHOW paboThI
pa3iIuyYHbIe TEHOTHIBI KJIACCU(QUIHUPYIOT B KJIACTEPhl Ha
OCHOBE I'€HETHYECKOr0 Pa3sHO00pa3us W MPOBOIST OLCHKY
CTETICHN T€HETHYECKOH TUBEPTCHIINH MEX Ty HUMHU. MeToabl
KJIAaCTEPHOT'O aHajM3a — OJWH W3 Hambosiee MPUEMIIEMBIX
HHCTPYMEHTOB OLICHKU OTHOCUTEJILHOT'O BKJIaJla pasIndHbIX
COCTAaBISIONINX MPHU3HAKOB B 00IIee pa3zHoOOpasne, KOJH-
YEeCTBCHHOU OIIEHKH CTENECHHU JTUBEPICHIIMH U BBIOOpA reHe-
TUYCCKH Pa3HbIX pO}II/ITCJ’IGﬁ JJI TOJTYYCHHA KEJIaTCIIbHBIX
PEeKOMOMHAHTOB. DTO OBIIO ycnenHo ocymecTsieHo N. Gupta
C KoJuIeram, KoTophle ucciietoanu 20 00pa3ios BUHOTpaia
IO JIeBSATH Npu3HaKaM ypoxaiinoctu (Gupta et al., 2017), u
E.J. Oliveira ¢ xoiuteramu — i1t aHaJIn3a reH0aHKa MAaHUOKHU B
bpaszunun (Oliveira et al., 2016). [Ipumenenue sToro Mmetona
JUIsl OLICHKU CEJIEKLIIMOHHOTO MaTepHaia Ha paHHUX dTarax
CEJICKIINN J1aeT BO3MOXKHOCTH YCKOPHTb IPOLECC CO3aHUS
HOBBIX cOpTOB (Bubannckas u ap., 2017). OH ucnonb3yercs
JUISL aHaJIM3a arpOHOMHMYECKUX, (PEHOIIOTHYECKUX U MOP-
(hosornUecKNX MPU3HAKOB PA3HBIX CEINbCKOXO3SHCTBEHHBIX
KYJIBTYp, JUISl OLIEHKH KaK pe3yJbTaroB TMOpPHIN3alNH, TaK
u paszHooOpasusi renodonaa (Motavassel, 2013). ITpu pere-
HHUM TIOCTaBJICHHOHN 3a/1a4¥ MCIIONB3YIOT PAa3HBIC BAPHAHTHI
knacrepHoro ananusa. Tak, L.F. Aratjo ¢ xomreramu npu-
MEHWJIM HECKOJIbKO BAPUAHTOB OJHOBPEMEHHO C ITIOMOIIbIO
METO/la OIMHAPHOM CBS3H, TTOJIHOM CBSI3U, MEIUAHBI, CPETHEN
CBSI3M BHYTPH KJIacTepa M CpeTHEeH CBSI3M MEXy KIacTepaMu
mpu oueHke 11 o0pa3moB XIOMUaTHUKA M yCTAaHOBUIIM, YTO
Hanbomnee 3(h(HeKTHBHBIM OBIT METOI CPEIHEH CBI3H MEKIY
knacrepamu (Araujo et al., 2014).

KnacrepHplii aHaIU3 IIUPOKO UCIIONIB3YETCS B CEJICKIIMOH-
HOH NPaKTHKE TPH OIICHKE PA3INIHBIX KYJIBTYP W CPABHEHUHT
nx napamerpoB. G. Evgenidis ¢ Koyuteramu IpuMeHHUIIH 3TOT
METO[I B paboTe C HCXOAHBIM MaTepuasioM TomatoB (Evgenidis
etal., 2011). M. Khodadadi B omieHke reHETHIECKOTO pa3HO-
o0pazus 1 1ooopa pOIUTENBCKUX Map 36 00pa3oB 03UMOi
M EHUIBI TPUMEHNIT METO/ €BKIINIOBBIX paCCTOfIHI/Iﬁ U METOQ
Bapna (Khodadadi et al., 2011). MeTox eBKJIMIOBBIX pac-
CTOSTHHIA OBLT TakXke B34T A. Subramanian u N. Subbaraman
JUIsl IPYTIIMPOBKH 38 00pa3oB KyKypy3bl 10 25 MpHU3HAKaM,
YTO TTO3BOJIMIIO BBIACIUTh MAKCUMAIBHO YHAJCHHBIC ITaphl
JUISl CKpELMBAaHUN M TT0Ka3aJIo, YTO reorpaduyeckoe mpouc-
XOXJACHHUEC HE CBA3AHO C IPOABIICHUEM N3YUCHHBIX IPHU3HAKOB
(Subramanian, Subbaraman, 2010). Pa6ota P.M. Kroonenberg
C KOJUIETaMH HaTJISITHO IEMOHCTPUPYET dPPEKTHBHOCTH Me-
TOJIOB KJIACTEPHOTO aHallU3a Ul U3Y4eHHs KOJUICKLHUH pe-
cypcoB Kykypy3sI (Kroonenberg et al., 1995).

Jl1s OLIEHKM TeHETHYECKOTO Pa3HOO0Opa3us MIICHHIIBI
B. Mecha ¢ koieraMy npuMEHUIIM METOJI KJIACTEPHOT'O aHa-
JI3a ¥ OCHOBHBIX KoMItoHeHTOB (Mecha et al., 2017). B pa6o-
te B. Nandini anst ouenku 14 arpoHOMHYECKUX MPHU3HAKOB
y 00pa3ioB prca ObL1 HcTIoNb30BaH MeTox K-cpeanero (Nan-
dini etal., 2017). [Ipu BeII€ICHUT MICXOTHOTO MaTepraa s
CEJICKIIH Ha Ka4eCTBO 3eJICHBIX 0000B y (hacoiu UCIoIb30BaH
Mmetoa Maxanosno6uca (Haralayya etal., 2017). A. Kahraman ¢
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KOJITIETaMH JUTS TPYIIITHPOBKH 35 00pa31ioB (Gpacod MpruMeHs-
JIM METOJI €BKJIMJIOBBIX PACCTOSHHUHN, TTO3BOJISIIOLIMI OLICHUTh
CXOZCTBO MEXKAY 00pa3liaMy U BBIACIUTH TPYIIIBI HOZOOHBIX
o0pasmoB (Kahraman et al., 2014). OtoT ke MeTOx OBLT B3AT
IIPU aHaJI3€ PE3yNIbTaTOB NCCIIEJOBAaHNSI OCHOBHBIX XO3sIH-
CTBEHHO IIEHHBIX NPH3HAKOB y 00pa3ioB yeueuib! (11luxa-
mmeBa u 1p., 2018). S.R. Malik ¢ momomsro MeTona kimactep-
HOT0 aHaJIM3a IpoBed o1ieHKy 113 o0pa3ios HyTa MopdoTHna
desitio 11 arpoHOMHUYECKUM TPU3HAKAM, YTO CII0COOCTBOBA-
JI0 BBIAETHTH TPYIITY 00pa3oB ¢ KOMIUIEKCOM HPHU3HAKOB,
00BeIMHSIONINX HanOoJIee IEHHBIE TeHOTHUIIBI JUIS JTaJIbHEH-
reii cenexin (Malik et al., 2014). B padore S. Aliu ¢ kosuiera-
MM ITPOBEACHO U3YUCHNE Ka9eCTBEHHOTO COCTaBa CEMSH HyTa
1 MIX CBSI3M C [TOKa3aTe sIMu ypokaiiHoctH (Aliu et al., 2016).

MeTo/1bI KITACTEPHOT0 aHAITH3a IAF0T BO3MOXKHOCTD CPaBHH-
BaTh pa3HOE KOIMYecTBO 00pasnoB: ot mecth (Kayan, Adak,
2012) no 6onee Tpexcor (Naghavi et al., 2012), mo pazHbsiM
KOJIMYECTBY M Ka4€CTBY MCCIIEYyEMbIX TPU3HAKOB — KaK Ka-
YECTBEHHBIX, TAK M KOJIMUECTBEHHBIX. Y UCHBIE U3 CTPaH, I7Ie
HYT SIBJISIETCS] BQXKHOH CEJIbCKOXO3AHUCTBEHHON KyIbTYpOH,
MPUMEHSUIA METOJ KJIIACTEPHOTO aHajIM3a JUisl OLIEHKH IeHe-
THYECKOTO MM CEIEKIIOHHOTO MaTepraa. [lJis KllacTepHOTo
aHaJIM3a UCTIOJIB3YIOTCS KaK (DeHOJIOrHYecKre 1 Mop(hosoru-
4yecKue, Tak U renerndeckue npuszHaku (Hajibarat et al., 2014;
Aggarwal et al., 2015). IIpu cpaBHeHNH pa3HOKAauYECTBCHHBIX,
HO arpOHOMHYECKH LICHHBIX IPU3HAKOB, TAKUX KaK ypoxai-
HOCTb, YCTOHYUBOCTH K OOJIE3HSIM, JJIMHA BEreTalliOHHOTO
Mepro/ia U KauecTBO CEMsIH, NPH M3yUCHUH 00pasIoB HyTa
YaIe BCEro MUCIIOb3YeTCsl METO/ €BKIIMIOBBIX PAaCCTOSHUH,
KOTOPBIN JaeT BBISIBUTH UEPAPXUUECKYIO CTPYKTYPY CpeIu
M3yYeHHBIX 00pPa3IoB, CIPYNIUPOBATh X MO KOMIUIEKCY
MIPU3HAKOB U 1T0JI00paTh HanOoIIee MePCIIEKTUBHBIC MTaphl IS
CKpelirBaHus. MeToj1 o3BoIIsieT OLIEHUTh KaK CXOJICTBO, TaK
1 OTJINYHE 00PA3LOB M XapaKTEePU3yeT Mepy MPOSIBICHHS N3y~
yeHHoro npu3Haka (Syed et al., 2012; Malik et al., 2014). Oto
JlaeT BO3MOXKHOCTb BBIJICIIUTh JUIS CKPEIIMBaHUs Hanbosee
yAaJeHHbIE 00pPa3Ilbl, YTO MOXKET MOJOKHUTEIBHO TTOBIHATH
Ha dQdeKT rereposuca.

C nmoMomIbI0 KJIaCTEPHOrO aHaJIM3a MOXKHO CPaBHUBATH
00pa3Ipl Ha YPOBHE TEHETUIECKUX MAapKEPOB M XapaKTepH-
30BaTh CTENEHb MPOSIBJICHUS HCCIICyeMbIX IPU3HAKOB, KaK,
Harpumep, B MTHOPEIHBIX JIMHUSIX KyKypPY3bl HJIM TOTOMCTBAX
omHOTO CcKpemmBaHusa (Subramanian, Subbaraman, 2010;
Shrestha, 2016). UccnenoBanus K. Khamassi ¢ xomreramu
JIOKa3aJii, 4TO KJacTepu3auus Mo Mop(oJorudeckuM Mpu-
3HaKaM OJm3Ka K TeHOTHIIMYECKON Kiactepu3annu mo SSR-
Mapkepam (r=0.554, p=0.001), 3T0 1acT BO3SMOXHOCTb BECTH
3¢ PEKTUBHBIN 000D POAUTEIBCKUX AP I CKPESIUBAHMUS
Ha OCHOBE OIICHKH TOJIBKO MOP(OIOTHIECKUX 0COOCHHOCTEN
(Khamassi et al., 2012).

enp Hame paboTHI — € MMOMOIIBIO KJIACTEPHOTO aHAIHU-
3a IPOBECTH TPYIIHPOBKY 00pa3loB HyTa W OTOOpaTh s
JabHENIICH CEeNeKIIMOHHON pabOThl MCTOYHUKHU U3 KJla-
CTEpOB, KOTOPbIE XapaKTEPU3YIOTCs KOMIUIEKCOM LIEHHBIX
XO3STICTBEHHBIX TIPU3HAKOB.

Matepwuanbl u metogbl

MarepuanoM sl WCCIeIOBaHUM, MpoBeneHHBIX B 2005—
2017 rr., Obin 653 obOpa3ua n3 6a30BOH KOJJICKIHMU HyTa
HII'PPY. O0pa3iibl ObLM MPECTaBISHbI ABYMSI HETAKCOHO-
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MHUYECKUMU Tpymmamu: kabuli (cBeTIoCeMsHHBIE — Oelble,
KpEeMOBEIe, OexeBbic) — 369 00pa3ioB u desi (TCMHOCEMSIH-
HBIE — KpaCHbIE, KOPUUHEBBIE, 3€JIEHBIE, YePHBIC U Ip.) — 284 00-
pasua. I'eorpaduueckn n3ydeHHble 00pa3ibl UMEIOT IPOHC-
xoxnenne n3 20 crpan mupa. Cpean o0pasioB MopdoTHIia
kabuli 6onpmmHCTBO M3 Yikpaunsl — 21 %, Uanauu — 20, Cu-
pun — 13, Apranncrana — 11 u Mpana — 10 %. OcHoBHOE KO-
JIMYECTBO 00pa3oB THIIA desi mponcxoauT: n3 Muaun —46 %,
Kanazgpr — 12, Cupun u Yrpauns: o 7 %. [1o 6uonorngeckomy
CTaTycCy 00pa3Ibl IPEACTaBICHBI CTAPBIMH X COBPEMEHHBIMH
KOMMEPYECKIMH OT€YECTBEHHBIMH U 3apyOe)KHBIMU COPTAMH
W JIMHUSMH. BOJIBITMHCTBO HCCIIEI0BAHHOTO Pa3HOO0pa3us —
CeJIEKIIMOHHBIE JINHUK: 63 % —trna kabuli v 77 % — tuna desi.

Onenky npoBoannu 1o 11 mokasarensam: 3aCyxoycTOWYH-
BOCTH, YCTOWYHBOCTH K aCKOXHTO3Y, CKOPOCIENIOCTH (I~
TEJIFHOCTH BETETAI[HIOHHOTO ME€PUOAa), YPOXKalHHOCTH, TIPO-
JTYKTUBHOCTH, KOJIMYECTBY IPOIYKTUBHBIX 0000B, KOJIMYECTBY
CEMsIH C OJIHOTO PacTeHHs, PEaKIMKM HA HUTPArnHHU3ALUIO,
COZIEPXKaHUIO OelIKa, KPYITHOCTH CEMSIH, Pa3BapuMOCTH.

[ToneBbie nccnenoBaHMs BBHIMOIHEHBI B KOJUIEKIIMOHHOM
MTUTOMHUKE JIADOPAaTOPUHU TEHETUYECKHX PECYpPCOB 3€PHO-
0000BBIX M KPYISTHBIX KYJIBTYP Hay9HOTO ceBooOopoTa Ne 1
WHucTtuTyTa pactenneBoncTea um. B.S. FOpreBa (XapbkoB-
CKHii pailoH XapbKOBCKOM 00JIaCTH, CEBEPO-BOCTOUHAS YACTh
TIEBOOCPEKHOM JlecoCTenr YKpawHbI). ATpOTEeXHUKA — 00-
MIENPUHATAS JUIS 30HBI TIPH BBIPANMBaHUN 3€pHOO0OOBBIX
KynbTyp. IpeniecTBeHHUK — 03uMast niennna. [loces npo-
BEJIEH PYUYHBIMHU CAKAJIKAMH, YHETHAS TUIOmMAab — | M2, cxema
nocesa: 10x30 cm. CranaapTsl BeIceBalIn yepes kaxasie 20
M3yyYaeMbIX KOJJICKIIMOHHBIX 00pa3ioB. Ctanaapt Mopdoruma
kabuli— copt Po3anna (Ykpanna), desi — KpacHokyTckmii 123
(Poccus).

Konneximonnsie 00pasiibl HyTa U3ydaiau coracHo «Me-
ToAmdecKuM ykazaausiM BUP mo nzyuernro 3epH00000BBIX
KyasTyp» (1975) n «MeroguueckuM peKOMEHAANHUsIM 110
M3YYCHUIO TeHETHYECKUX PECYPCOB 36PHOO0OOBBIX KYIBTYP»
(Kobs13eBa u nip., 2016), onmcanue X03sHCTBEHHBIX U OHO-
JIOTMYECKHX ITPU3HAKOB IIPOBOJIMIIM 10 KITacCU(HUKATOPY pojia
Cicer L. (besyrnas u ip., 2012). OmieHKa KOJUIEKITMOHHBIX 00-
pa3loB Ha YCTOMYMBOCTB K AaCKOXUTO3Y ITPOBEECHA COITIACHO
«MeToaruecKuM yKazaHHUsIM I10 M3yYEHHIO YCTOWYMBOCTH
3epPHOBBIX 000OBBIX KYJIBTYP K O0se3HsIM» (1976). lanHbIe 110
YCTOHYMBOCTH K aCKOXHMTO3Y ITOTy4CHBI HA IPOBOKAIIMOHHOM
¢done B ycnoBusx snudurornii 2005 u 2016 1. (Kocenko,
besyrmnas, 2006; besyrnas u ap., 2007; Byc u np., 2017a; Byc,
KoOr3eBa, 2018). Jlns pacyeTHON MaTpPHUIBI HCIIOIH30BAHBI
cpenHue OabHBIC OIIEHKH 32 TObI SIIU(DUTOTHIA.

3acyX0yCTOIYMBOCTh OLIEHUBAJIM [0 MH/IEKCAM YCTOHYHBO-
CTH, pa3padoTaHHBIM 3apyOesxHbMH yaeHbIMU (Fisher, Mau-
rer, 1978; Rosielle, Hamblin, 1981; Bouslama, Schapaugh,
1984; Gavuzzi et al., 1997; Ribaut, Poland, 1999; Yiicel,
Mart, 2014). IIpoBeneHHas HaMH paHEe OICHKA 3aCyXO-
YCTOWYMBOCTH 00pa3IoB HyTa C UCIIOJIB30BAaHHEM HH/IEKCOB
3acyxoyctoitunBoctu (Byc u np., 20176) mo3Bonmmna paspa-
60Tarh OaIBHYIO MIKATY OLIEHKH 3acyXoycToiunBocTu. [Ipe-
BBILIIEHNE METUAHHOTO [TOKA3aTels [0 KaXKJOMY OT/IETbHOMY
MHJIEKCY oTpenenseTcs kak oauH 6amwt. Cymma 6anioB gaet
cemubamTpHyI0 oneHKy: oT 0 mo 7, rae 0 — He mpeBBIIaeT
Me/IMaHHbIi YPOBEHb HU 110 OJHOMY WHJIEKCY, 7 — IIPEBBIIIAET
1o cemu uHjekcaMm. Takum 00pa3zom, B paboTe UCHONIb30BaHa
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ClIIeTyroIIas Kaja 3acyxoycToianBoctu: 0 6ammoB —odpaserr
0YEHb BOCIIPHHMYHB K 3aCyXe, 7 — 3aCyXOyCTONUUB.

Peaknus 00pa3iioB Ha HUTPArMHU3ALUIO TIPU TPEATIOCEB-
HOM 00paboTKe ceMsH Oblila U3y4YeHa Ha JIeNITHKaX pa3MepoM
2 m? 6e3 noBropenui, cxema nocesa: 10x30 cm, moces — B
ONTHMAIILHBIE CPOKH, COrIacHO Metonuke (JumoBuy u ap.,
2010). Cemena oO6pabdaThIBaIN HETIOCPEICTBEHHO TIEPe]T IMO0-
ceBoM pru3ododuToM Ha ocHOBE IiTamMma 065 Mesorhizobium
ciceri. Koutposb — moces 06e3 00pabOTKH CeMsiH pu3000-
¢uToM. YpoBeHb peaknnu oOpa3IoB Ha HUTPATHHU3ALUIO
BBIp@XKalll B NMPHOaBKe ypOXKAaHHOCTH B TPOLEHTaX MO OT-
HOIICHHIO K KOHTPOJIIO.

B maboparopuu reHeTHKH, ONOTEXHOIOTHH 1 KauecTa VH-
CTUTyTa pacTeHueBoacTBa uM. B.f1. FOpseBa Harnnonansnoi
aKaJIeMHUH arpapHbIX HayK BBISBISUIM COZEpKaHUE Oeska B
cemenax meronom Keempmans (Epmakos, 1987). Ompene-
JICHUE Pa3BapHMOCTH ITPOBOJIMIIN COIIACHO METOANYECKUM
pexomenaanusim (Komapos, [Ipopeninesa, 1992).

B pesynrprare omnenkn 653 00pa3moB 6a30BOH KOIJIEKIHA
nyta HIT'PPY no 11 nokazarensm Beieneno 152 ucrouynunka
LEHHBIX IPU3HaKoB: 77 tuna kabuli u 75 — desi. Ot oOpas-
16 OBUTH MCTIONB30BAHBI Jlasiee /TSl TPYTIITUPOBKHA METOJIOM
EBKJIMOBBIX PACCTOSTHHH.

CTaTUCTUYECKUN aHaIn3 OKCIIEPUMEHTAJIBbHBIX JaHHBIX
MPOBE/ICH METOAAMHU BAPHAITHOHHOTO, ICIEPCHOHHOTO 1 KiIa-
CTEPHOTO aHaJIM30B Ha IIEPCOHAIEHOM KOMIBIOTEPE TP TIOMO-
MM [TAKeTa JUIEH3nOHHBIX nporpamm Microsoft Office Excel
(muanensnonnbrii Ne 44208338, mata Beimaun 27.06.2008),
Statistics 6.0 (muuenznonnsiit Ne BXXR502C631824NET3).

Pe3ynbtatbi

[epBrunas nuddpepennmanus 152 o6pa3os onpeaeIia 18a
Kiactepa, A u B, ¢ mpakTudecku paBHBIM KOJTHYECTBOM 00-
pastoB: 78 i 74 cOOTBETCTBEHHO (PUCYHOK). bormbiras yacte
oOpasnoB kiacrepa A mpencrasieHa Mopdoturnom kabuli
(63 % obOpasioB 3TOroO KiIacrepa), kiacrepa B — desi (62 %).
Paznenenue Ha MOp(OTHIIBI B HAIlIEM HCCIIEJOBAaHUH BBITION-
HEHO TOJIBKO IT0 OKpAcKe CeMEeHHOI 00onouku: kabuli — cet-
JIOOKpAIleHHbIE, desi — TEeMHOOKPAIIEHHbIE, YTO JAOIyCKaeT
YCTaHOBUTH CBS3b IICHHBIX XO3SHCTBEHHBIX IPU3HAKOB C
OKpacKoH cemsiH.

Janee kax[plil U3 EPBUYHBIX KJIACTEPOB PA3IEIIUIICS Ha
JIBa HEpaBHBIX BTOPHYHBIX: A — Ha kiactepsl | u 2 (70 u
8 00pasioB coorBeTcTBeHHO) M B — Ha kitactepet 3 m 4 3 u
71 obpazen) (Tabnura).

B nepBom kmactepe 43 obpasma u3z 70 OTHOCATCS K THUILY
kabuli. Onn 061a7al0T ONTUMAJIBHBIM codeTaHueM 8§ u3 11
M3Y4YEHHBIX MPU3HAKOB: 3aCyX0yCcTOiunBOCTH (4.30 Oaia),
YCTOMYUBOCTH K aCKOXHUTO3Y (6.14 Oarmna), KpyITHOCTh CEMSH
(271.541/1000 cemsin), BHICOKAs ypoxKauHOCTE (328.17 r/M?),
npoayKTHBHOCTH (14.47 r/pact.), kosmuecTBo 60008 (37.50 mit.)
u cemstH (53.13 mt.), comeprxanue Oemka B cemerax (18.00 %).
B sToT KITacTep BonuM cTanAapThl MOPHOTUTIOB kabuli n desi:
Po3anna (Ykpanna) u Kpacuokytckuit 123 (Poccus); stano-
uel HIII'PPY mo ycroitumBoctH k ackoxuro3y: UD0500196
(Azepbaiimkan), UD0500264 (Yikpauna) u UD0500240 (Cu-
pust); BRICOKHX BKyCcOBBIX KadecTB: UD0500417 (Ykpauna),
MIPUTOTHOCTH K MEXaHW3MpoBaHHOW yoopke: UD0500444
(Ykpanna). O6pasibl 3TOro Kjiactepa XapakTepu3yIoTcs Bbl-
COKOM afanTanueil K yCJI0BUsIM BOCTOYHOM YaCTH JIECOCTEIHU
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Linkage distance

KnacTepusayusa obpasuos HyTa (Cicer arietinum L.) No KOMMNEKCY LEEHHbIX XO3ANCTBEHHbBIX MPU3HAKOB METOAOM €BKJIMAOBbIX PACCTOAHUIA.

PacnpegeneHve 06pasuoB HyTa Mo Kactepam

Mpr3Hak Knactep 1 (70 o6pa3LoB) Knactep 2 (8 06pa3uos) Knactep 3 (3 o6pasua) Knactep 4 (71 obpaseL)
CpenH S T . peﬂHee .......... o . peﬂHee .......... B . peﬂ T T
3y6ann43o .................. 187 .................. 100 ........................................... ) 96 .................. 178 .................. 185 ................... 165 .................

yA6am-|614 .................. 189 .................. 7 00 .................. 2 39 .................. 3 67 .................. 2 31449 .................. 155 .................

. B I'IcyT ........................... 9 154 e 441 ................... 9 313 ................ 2 90 .................. 8 800 ................ 1 ; 73 ................... 8 854 ................ 3 70 ................

|'|r .................................. 1 447 ................ 3 53 .................. 1 470 ................ ) 48 .................. 1175 ................ - o .................. ”82 ................ ; 9 L

- r ................................. ; 7154 .............. g 131 ................. ; 0969 .............. g 578 ................ ; 9135 .............. 9 114 ................ ; 2538 .............. 9 201 ...............

. ['|B|_|_|-r ............................ 3 750 ................ 7 22 .................. 5 947 ................ 5 77 .................. 2 743 PO 6 ! 8 1 ................... 3 421 ................. 7 8 2 ................

K CLUT ............................. 5 313 ................ 1 715 ................ 8 692 ................ 2 472 ................ 3 446 ................ 1 543 ................ 5 212 ................ 1833 ..............

yr/M2 ............................. 3 2817 .............. 7 859 ................ ; 8948 .............. 5 737 ................ ; 9450 .............. 3 827 ................ ; 7254 .............. 5 289 ..............

PM|/|H ............................. 1 3137 .............. 1 716 ................ 1 1483 .............. 1627 ................ 1 3400 .............. 2 8 3 ................... 1 3208 .............. 2 037 ..............

CB% .............................. 1 800 ................ 161 ................... 1 757 ................ 103 .................. 1 922 ................ 175 ................... 1 849 ................ 159 ................
H%KKQHTpomo .......... e P o Sy i g o e
MT%kabuI16‘| ............................................... ; 5 .............................................. 6 S S 3 S

MpumevaHune. 3Y — 3acyxoycTonunBoCTb; YA — yCTOMUMBOCTb K ackoxuTo3y; Bl — BeretaumoHHbIi nepuog; M — npopyktuBHocTb; M — macca 1000 cemsH;
MB — KONMYeCTBO NPOAYKTUBHBIX 6060B Ha pacTeHWK; KC — KONMYeCcTBO CeMAH Ha pacTeHnu; Y — ypoxaiHocTb; P — pasBapumocTb; Cb — copepxaHuie 6enka;

H - HuTparnHuzaums; MT - mopdoTtun; SD — cTaHAapTHOE OTKIIOHEHMe.

praI/IHI)I " ABJISIFOTCA HaI/IGOHee TNEPCICKTUBHBIM MaTrcpua-
JIOM JUISl CEJICKIIMOHHBIX IPOrPaMM I10 CO3IaHUIO COPTOB C
KOMIIJICKCOM TTOJIE3HBIX ITPU3HAKOB.

Kiactep 2 mpencraBiieH BOCEMbIO 00pa3liaMu, U3 KOTO-
PBIX mecTh — Tuma kabuli, u aBa — desi. DT 00pa3mbl 00Ma-
JIAfOT BBICOKOH yCTOHUMBOCTBIO K ackoxuTo3y (7.00 6aios),
MO3/THECTIENOCTRIO (BereTallmoHHbIN epuox 93.13 cyt), men-
KoceMssHHOCTBIO (Macca 1000 cemsiH — 209.69 1), HU3KUM
coznepxkanueM oenka (17.57 %), cpenneit peakiyeid Ha HuU-
Tparuam3anuio (108.38 % Kk KOHTPOIIIO), TP STOM BBICOKAs
npoxyKTuBHOCTH (14.70 ) popmupyercs 3a caeT OOIBIIOTO
KOJIMYECTBA MPOIYKTHUBHBIX 00008 (59.47 mIT.) M KONMYecTBa
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cemsH (86.92 mrt.) ¢ ogHOrO pacrteHus. Bee mects o0Opas-
1I0B TUNA kabuli 3TOTO KITacTepa — MEJIKOCEMSIHHBIE TTO3/THE-
criesble, KOTopble HanOosee yCTOHYMBBEI K ackoxuTosy (Red-
dy, Singh, 1984). D10 MecTHbBIC 00pa3ipl U3 MOIIOBBI —
UDO0500691, UD0500692, UD0500734, UD0500762, Poc-
cun — UD0500769 u Uuauu — UD0501256. Kpome Toro, x
ATOMY KJIaCTepy OTHOCSTCS 00paslbl-3TalIoHbl MOpdoTHIIa
desi 110 TIPU3HAKAM «BBICOKOE KOJIMYECTBO CEMSH» U «BBICOKOE
KOJIMYECTBO MPOAYKTUBHBIX 0000B ¢ pactenns» — UD0500022
(I'pysus) 1 UD0501350 (Munus).

Kractep 3 HacuuThIBaeT BCero Tpu odpasiia: asa — Mopdo-
tuna kabuli (UD0501163 (Ykpauna) n UD0501268 (Muans))
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u onuH desi — UD0501285 (Cupusi). O6pasiibl 3TOr0 KJ1acTe-
pa XapaKkTepu3yIOTCsl BBICOKOH KPYIMHOCTBIO CeMsiH (Macca
1000 cemsn 291.35 1), cpemmeit yposkaitHocTsro (294.50 T/M2),
BBICOKOH peaknmneil Ha HuTparnauzanuio (141.67 % x koH-
TPOJTIO) ¥ TTOBBIIICHHBIM coziepxkanueM oenka (19.22 %) npu
HU3KOW YCTOHYHMBOCTH K aCKOXUTO3Y (3.67 OayioB).
Krnactep 4 00beIuHSICT MPEUMYIIIECTBEHHO 00pa3Iibl MOP-
dhotuna desi (63 %), KOTOpbIE XapaKTEPU3YIOTCS CPEIHECIIC-
JIOCTHIO (BereTalMoHHBIN nepuon 88.54 cyT), HEBBICOKOH
KpymHOCTBIO ceMsH (Macca 1000 cemsn 225.38 1), HEBBICO-
Koi TpomyKTuBHOCTEIO (11.82 T), cpemHelt yposkaifHOCTBIO
(272.54 r/m?), cpenuum coneprxkanuem 6enka (18.49 %), Hus-
Kol pa3BapuMocTbio (132.08 MuHn), cpenHeil ycToIUnBOCTEIO
K acKOXUTO3Y (4.49 6annoB), HU3KOH 3aCyX0yCTOWIMBOCTHIO
(1.85 6ammoB). [IpencraBuTenu 3TOTO KjIacTepa — MPeuMyIIe-
CTBEHHO MCTOYHUKHU OHOTO TPU3HAKA ¥ MOTYT IMETh JIUIIb
y3K0€ IPUMEHECHHUE B CIICIIIATN3UPOBAHHON CEIEKIINH.

O6cyxpeHue

Benymast pons B omnpeseneHny NpoLyKTUBHOCTH PaCTEHUIN
00pa3moB HyTa MPUHAICKUT YACITY CEMSH U Macce 0000B
Ha pactenun (Zali et al., 2011; Ka3eimy6 u mp., 2015). Io-
9TOMY TIPH CEJICKIIMHU Ha IPOlyKTUBHOCTD BXKHO YUHUTHIBATh
9TH NMpHU3HAKHU. B HaleM mccieoBaHNM MakCUMalbHOE KO-
JIMYECTBO MPOAYKTUBHBIX 606OB " CEMSH C paCTCHUA UMCIOT
00pasIiibl BTOPOTo KiacTepa, Ho X HeMHOTO (8) ¥ OHU UMEIOT
HEBBICOKMI MOKa3aresb 3acyXoycToluuBocTu. [Ipu atom
00pa3upl MepBOro KiacTepa ¢ MAaKCHMAaJIbHBIM YPOBHEM
YPOXXaiHOCTH M TTOKa3aTeIsIMU SJIEMEHTOB ITPOYKTHBHOCTH
BBIIIE CPEIHEr0 B KOMIUIEKCE C YCTOMYMBOCTBIO K acKOXH-
TO3y M 3aCyXe MMEIOT BBICOKYIO IIEHHOCTH JJIsI CEJEeKIIHH.
Takne mokazarenu, Kak MPOyKTUBHOCTb, BEICOTA PACTEHUS,
cozep kaHue Oenrka M KOITm4decTBO 0000B Ha paCTEHUH TECHO
COMPSDKEHBI MEXLy COOOH M MOJOKUTEIBHO KOPPETUPYIOT
¢ ypoxaiinocteio (Kayan, Adak, 2012). B namux nccneno-
BaHMSX STHMMHU CBOWCTBaMH 00JaaaloT 0Opasibl MEepBOro M
BTOPOTO KJIACTEPOB.

Bo MHOrmx paborax ycTaHOBIECHO, YTO JUINTEIBHOCTD BE-
TreTallMOHHOTO MEPHUOAA, BBICOTA PACTEHUN, YUCIIO BETBEH
W CEeMSIH Ha PACTCHWH HAXOAATCS MPENMYIIECTBEHHO IO
KOHTPOJIEM a1 TUTUBHBIX TCHOB, UMEIOT IPSIMYIO ¥ BBICOKYIO
(hEHOTUTIMYECKYIO KOPPEJSAIHUIO C YPOKAHHOCTBIO CEMSIH
(Syed et al., 2012). CaemoBaTenbHO, CEICKIMS TaKUX MPH-
3HAKOB MOXKET OBITh 3(()EeKTHBHA 1)1 HOBBILIECHUS ypOXKali-
HocTH. CTyneHYaThIid PeTpecCHOHHBIA aHAIN3 MTOKA3all, 9TO
KOJIMYECTBO CeMsIH Ha pacTeHHH u Mmacca 100 cemsH 00b-
AcHSIOT 96 % oOmiero u3mMeHeHus: ypoxxaitnoctu. Cienosa-
TEJILHO, YporKail HyTa MOXKHO YJIy4IINTh, BEIOPAB UIANOTHII,
UMEIOIIUi GoJbliee KOJTMYECTBO BTOPUYHBIX U HMEPBUYHBIX
BETBEH, a TaKke OoJbllee KOJIUIeCTBO O0O0B Ha PACTEHNH,
KOJIMYECTBO CeMsH Ha pacteHnH 1 Bec 100 cemsn (Zali et
al., 2011). ITo pe3ymbTaram Hamero aHainW3a, HAHOOJBINAS
KPYIHOCTB CEMSIH OTMEUEeHa Y 00pasIioB TPETHETO KJlacTepa,
HO Yy HUX MEHBIIIE BCETo MPOIYKTUBHBIX OOOOB M CeMsH Ha
pacTeHuy, Toraa Kak 00pasibl MepBoro Kiacrepa, He3HaYH-
TEJILHO YCTYTasi B CPEAHEM 110 KPYITHOCTH, UMEIOT OOJblIee
KOJTMYECTBO CEMSH U IPOAYKTUBHBIX 0000B. CiteoBaTenbHoO,
B CEJICKIMH HA YPOXKAHHOCTH MPUOPUTET B HCIIOJIB30BAHUN Y
00pasIoB IepBOTo KiIacTepa.
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OnpepeneHve cenekyMoHHON LIeHHOCTU KONEKLMOHHbIX
obpasuoB HyTa (Cicer arietinum L.) MeTofoM KnacTepHOro aHanusa

YacTto ucciieoBareny HyTa U3y4aroT o0pasiibl KaKoro-To
onnoro mopdotuna. A. Taleei u3yuan oOpasisl MopdoTuma
desi B ycousix Mpana (Taleei, Shaabani, 2016), S.R. Malik —
B [Takucrane (Malik et al., 2014). M. Aarif B Unaun (Aarif et
al.,2017) u S. Aliu B Kocoso (Aliu et al., 2016) uccienoBanu
o0pasisl THna kabuli. B Hame# paboTte u3ydeHsl 00pasibl
JIBYX MOP(OTHUIIOB, KOTOPbIE OBIIM OLIEHEHBI B OJIMHAKOBBIX
YCIIOBHSX M YSTKO TU(PEePEHIINPOBAINCH CHAUaIa B /IBA IEP-
BUYHBIX KJacTtepa, A u B, u B nanbHeiiem — B knactepax 1
1 4, TIe COCpPenoTOUYeHO OCHOBHOE KOIMIecTBO 00pa3ios (70
1 71 COOTBETCTBEHHO), OTMEUEHO Mpeodiatanne B kiacrepe |
obpasioB Mopdoruna kabuli, a B knacrepe 4 — desi. [1pu-
MEHEHHE B CEJIEKIH 00pa3loB M3 OTAAJICHHBIX KJIACTEPOB
Pa3HbIX MOP(OTHITIOB TIO3BOJIUT UCIIONB30BATH OKPACKY CEMSTH
KaK MapKUpPYyOUIMHA MPU3HAK ¥ PACIIMPUTh T'€HETHYECKYIO
0a3y CeNeKIMOHHBIX COPTOB.

KpynHoceMsiHHBIE copTa 00BIYHO 0O0JIee UyBCTBUTEIBHBI
K YCIIOBUSIM OKpY’Karollel Cpeibl, MOITOMY BBIIEIeHHE 00-
Pas3LoB M CO3JJaHUE NCXOTHOTO MaTepHralia ¢ BRICOKOH Maccoi
1000 cemsiH, TONEPAHTHBIX K OMOTHYECKUM (haKkTOpam, UMe-
0T B&KHOE 3HAUEHUE IS CeNeKIMOHHON paboTsl (I puaHeB
1 71p., 2012). C nenpio moxydeHus CeNeKIIHOHHOTO MaTepraa
C TIOBBIIICHHON YCTOWYHBOCTBIO K ACKOXHTO3Y M KOMITIIEKCOM
LIEHHBIX IPU3HAKOB I1e1€CO00Pa3HO MPOBOANTD CKPEIIIMBAHNUS
KPYITHOCEMSIHHBIX 00pa31l0B TPETHETO KJIacTepa ¢ 00pasamMu
[IEPBOI'0 U BTOPOTO, C BBICOKOH YCTOMYMBOCTBIO K ACKOXUTO3Y.

IIpuMeHsieMblil B COBpeMEHHOM CENeKIIUU CUCTEMHBIN MO/~
60p POOUTENHCKUX MAp IPH CKPEIINBAHNH, OCHOBBI KOTOPOTO
OpumH 3a10keHs! H.1. BaBmnoseM (1967), pa3BUTH y4CeHBIMU
pas3ubIx cTpaH (Cepebposckuii, 1969; Vural, Karasu, 2007;
Aarif et al., 2017; Haralayya et al., 2017 ), moka3sIiBaeT, 4To
TEHOTHITBI U3 KJIaCTEPOB, HMEIOLIMX MAaKCUMaJIbHOE paccTo-
SIHUE MEXJly HUMH, MOTYT OBITh HCIIOJIb30BaHbl B KAUECTBE
POIUTEIBCKNX KOMIIOHEHTOB B CEJICKIIMOHHBIX ITPOTPaMMax
JUISL TIOJTYYEHHSI COPTOB C KOMIUIEKCOM YPOXKaiHOCTH U Kade-
CTBa CEMsIH, 0COOCHHO ITPU CKPEIINBAaHNH 00pa3IioB Pa3HOTO
9KOJIOTO-Te0orpaiuecKoro MPOUCXOKICHHUSI.

3aknioyeHune

Knactepnsiit ananus sBisiercst 3 heKTHBHBIM METOJIOM OLICH-
KU1 OO0JIBIIIOT0 KOJIMYECTBA KOJUIEKIIMOHHBIX 00pa3IioB HyTa 110
psily IPU3HAKOB, YTO TO3BOJISIET 110J00paTh POANTEIbCKHE
Tapsl JAJIS pa3lNUYHbIX CEJICKIIMOHHBIX IporpaMM. Brinenex
HCXOJHBIM MaTepual ¢ KOMIUIEKCOM NPHU3HAKOB U CrPYIIHU-
pOBaH B 4eThIpe KinacTepa. [IpeamouTuTeTbHbI TPU CENEKIINT
COPTOB HYTA, aJalITHPOBAHHBIX K YCIIOBUSIM BOCTOYHOH JIECO-
cTeny YKpanHbl 00pa3ibl epBoro kiacrepa. Oopasibl BTo-
POro KJIacTepa BaXKHbI B CEJIEKLIUU HA YCTOINUMUBOCTB K acKo-
XHMTO3Y U BBICOKYIO NMPOAYKTUBHOCTh. OOpasibl TPEeThero
knacrepa: UD0501163 (Ykpauna) — KpyImTHOCEMSTHHBIN 3TaIOH
MOJIOKUTENILHON PEaKkMy Ha HUTPArMHU3ALUIO C BBICOKUM
comepykanueM Oenka B cemeHax; UD0501268 (Uuans) — ¢
BBICOKOM peaKnueil Ha HUTParuHU3aIHIo U CPeAHEeHN yCToOHYH-
BOCTBIO K aCKOXHTO3Y, a Takxke UD0501285 (Cupust) — kpym-
HOCEMSIHHBIN, CPEJHEYCTONYUBBINA K aCKOXUTO3Y, XapaKTepU-
3yIOTCSI BBICOKOH IIEHHOCTBIO IIPU CO3[IAHUM KOMMEPUYECKHUX
COPTOB HyTa, HO TPEOYIOT MOBBIIICHHS aIaIITUBHBIX CBOMCTB.
YeTBepThIii KITacTep — HICTOYHUKH OTHOTO TIPU3HAKA U MOTYT
UMETh y3KO€ IPUMEHEHUE B CIICIIMATU3UPOBAHHON CENIEKIHH.
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Vcrionb30BaHMe MeTab0JIOMHOTIO IMOAX0Aa IJIsI IToMcKa QOopM
Aegilops tauschii Coss. n3 koyuiekuum BUP um. H.. BaBuioBa,
VCTOMYMBBIX K 'PMOHBIM ITaTOreHaM
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AHHOTaLus. PaclumpeHmne reHeTnyeckoro pasHoobpasnsa JOHOPOB yCcTonunBocTy Triticum L. K 6uoTnyeckum dak-
TOopaMm cpefbl — akTyanbHaa 3aflaya, KOTOPYIO BO3MOXHO peLmnTb 6narogapa UCMOb30BaHUIO B CeNeKUVOHHbIX
nporpammax ANKopacTyLMX poguyen nieHnLbl, B YactHocTu Aegilops tauschii Coss. lNo cywecTByowmm npeacTas-
NeHVAM, NOCNeAHN — AOHOP reHoma D markow nweHunubl T. aestivum L. n HocuTenb pAaa LeHHbIX CeNeKLMOHHbIX
NPV3HAKOB. OTO 3HAUNTENbHO 06NeryaeT ckpelmBaHue Ae. tauschii ¢ markor nwexnuen. Buabl popa Aegilops L. siB-
nATCcA foHopamu 3GpHEKTBHBIX FEHOB YCTOMUYMBOCTM MLEHNLbI K FprGHbIM 601e3HAM. Tak, oT BugoB Ae. tauschii
B reHom T. aestivum L. ycnelwHo NHTPOrpeccmpoBaHbl reHbl, AeTepMUHUPYIOLLME YCTONYMBOCTb MAFKOW MLUEHNLbI
K BO30OyanTenam pxkaBumHbl. Llenbio Hawwero nccnenosaHms 6bi10 BbiABNEHNE Pa3fiMumnii N0 MeTabonOMHbIM Npo-
dunam dopm (reHoTMNOB) Ae. tauschii, yCTONUMBBIX U HEYCTOMUMBBIX K TPUOHBIM NaToreHam (Puccinia triticina f. sp.
tritici v Erysiphe graminis f. sp. tritici), 4yTo NO3BONNT NCMONb30BaTh TaKKe NOKasaTeny B KayecTBe GUOXUMMNYECKNX
MapKepoB yCTonunBoCcT. CpaBHUTENBHBIA aHanu3 rpynn obpasuoB Ae. tauschii nokasan, yTo MeTaboNOMHble
npodUNN ycToNUmMBbIX M HEYCTONUMBbLIX K FPMOHBIM NatoreHam GOpM AOCTOBEPHO pasfmuyalotca Mexay coboi
no cofep)KaHuio HeGenKoBbIX aMUHOKMCIIOT, MHOTOATOMHBIX CMPTOB, GUTOCTEPOSIOB, aLUMIMLEPOSIOB, MOHO-
1 ONArocaxapuios, runKo3ngos, GeHoNbHbIX coefuHeHNI (TMBPOXMHOHA, Kemndepona) u ap. MocnegHee noa-
TBEpXKAaeTcA paHee NoJTyYeHHbIMM HaM1 JaHHbIMU O CBA3M YCTOMYMBOCTM OBCa (Avena sativa L.) K Bo36yaunTensam
dy3apmrosa c onpegeneHHbIMU KOMMIOHEHTaMU MX MeTabosioMHoro npodunsa: aumnraMueponamu, HebenkosbiMu
AMMHOKMCIOTaMu, ranakTUHOMOM 1 Ap. TakuM 06pa3om, Haluv UCciefoBaHuA eLle pa3 NoATBEPANIIN BO3MOXHOCTb
1 30beKTUBHOCTb MPUMEHEHUA MeTaboIOMHOrO aHan3a AnsA CKPYHUHIA FreHeTUYecKoro pasHoobpasna o6pasLos
Konnekuun BUP, B uacTHocTn Ae. tauschii, c uenbto BbigeneHns Gopm, MMeoLwmx B MeTabonoMHoM npodusie Habop
CoefIHEHNIA, XapaKTepU3YOLMX UX KaK ycTonumBble. K TakoBbIM OTHOCATCA 06pasLbl Ae. tauschii C BbICOKUM CO-
fepXaHnem NUMNeKOIMHOBBIX KNCIOT, auunrvLeposoBs, ranakTmHona, CTurmactepona, rmuuepona, aenavHoBon
1 MMPOrannoBoi KUCNOT, KaMNecTepona, MapoxXmMHOHa 1 Ap., KOTopble MOTryT ObITb MCMONb30BaHbl ANA CO3AaHNA
COPTOB MLEHNLbI U TPUTMKASE, BbICOKOYCTOMYMBBIX K IPMOHBIM NaToreHam — BO36yAUTENAM MyUYHUCTON POChl, Oy-
POV 1 XKEeNTOW pPXKaBUVHbI.

KnioueBble cnoBa: Aegilops tauschii Coss; MeTaboNOMHbIN MOAXOL; YCTONUMBOCTb K 60NE3HAM; rp1bHbIe NaToreHbI.

Ana yntnposaHusn: lWenexra T.B., Manbiwes J1.J1., Keps t0.A., Jio6eHko T.B., KoHapes A.B., Xopesa B.U., beno-
ycoBa M.X., Konecosa M.A., Ynknga H.H. cnonb3osaHre metabonoMHoro nogxoga ans nouncka dopm Aegilops
tauschii Coss. n3 konnekymm BUP nm. H.W. BaBunoBsa, ycToONUmMBbIX K FPMOHbIM NaToreHaM. BaBunoBcKuUin xypHan
reHeTuKn u cenekumm. 2020;24(3):252-258. DOI 10.18699/VJ20.618

Metabolomic approach to search for fungal resistant forms
of Aegilops tauschii Coss. from the VIR collection

T.V. Shelenga®, L.L. Malyshev, Yuw.A. Kerv, T.V. Diubenko, A.V. Konarev, V.I. Horeva, M.K. Belousova,
M.A. Kolesova, N.N. Chikida

Federal Research Center the N.I. Vavilov All-Russian Institute of Plant Genetic Resources (VIR), St. Petersburg, Russia
® e-mail: tatianashelenga@yandex.ru

Abstract. Broadening of the genetic diversity of donors of resistance to biotic environmental factors is a challeng-
ing problem concerning Triticum L., which can be solved by using wild relatives of wheat, in particular, Aegilops
tauschii Coss., in breeding programs. This species, believed to be the donor of D genome of common wheat (T. ges-
tivum L.), is a source of some traits important for breeding. This greatly facilitates the possibility of crossing Ae. taus-
chii with common wheat. Aegilops L. species are donors of effective genes for resistance to fungal diseases in wheat.
For instance, genes that determine resistance to rust agents in common wheat were successfully introgressed from
Ae. tauschii into the genome of T. aestivum L. The aim of our study was to identify differences in metabolomic pro-
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MeTabonomHblin noaxogd ans novicka popm Aegilops tauschii Coss.
13 Konnekuyuy BUP, ycToinumBbix K rprbHbIM MaToreHam

files of Ae. tauschii forms (genotypes), resistant or susceptible to such fungal pathogens as Puccinia triticina f. sp.
tritici and Erysiphe graminis f. sp. tritici. These indicators may be used as biochemical markers of resistance. A com-
parative analysis of groups of Ae. tauschii accessions showed that metabolomic profiles of the forms with or without
resistance to fungal pathogens differed significantly in the contents of nonproteinogenic amino acids, polyols,
phytosterols, acylglycerols, mono- and oligosaccharides, glycosides, phenolic compounds (hydroquinone, kemp-
ferol), etc. This fact was consistent with the previously obtained data on the relationship between Fusarium resis-
tance in oats (Avena sativa L.) and certain components of the metabolomic profile, such as acylglycerols, nonpro-
teinogenic amino acids, galactinol, etc. Thus, our studies once again confirmed the possibility and effectiveness of
the use of metabolomic analysis for screening the genetic diversity of accessions in the VIR collection, of Ae. tauschii
in particular, in order to identify forms with a set of compounds in their metabolomic profile, which characterize
them as resistant. Ae. tauschii accessions with a high content of pipecolic acids, acylglycerols, galactinol, stigma-
sterol, glycerol, azelaic and pyrogallic acids, campesterol, hydroquinone, etc., can be used for creating wheat and
triticale cultivars with high resistance to fungal pathogens causing powdery mildew, brown rust, and yellow rust.
Key words: Aegilops tauschii Coss.; metabolomic approach; disease resistance; fungal pathogens.

For citation: Shelenga T.V,, Malyshev L.L., Kerv Yu.A., Diubenko T.V., Konarev A.V., Horeva V.l., Belousova M.K., Kole-
sova M.A,, Chikida N.N. Metabolomic approach to search for fungal resistant forms of Aegilops tauschii Coss. from
the VIR collection. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding. 2020;24(3):
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BBepeHune

[Muenuna (Triticum L.) — onqHa n3 Hanbosiee 3HAYNMBbIX Cellb-
CKOXO03HCTBEHHBIX KYJIBTYp B MUpE, B TOM uucie B Poccuii-
ckoit @enepanun. Y OONBIIMHCTBA HACEICHHUS 36MHOTO IIapa
OHa BXOJIUT B YKCJIO OCHOBHBIX IIPOJIyKTOB IIUTAHUSL. YpOXKaii-
HOCTB ¥ KaUeCTBA MIIEHUIIBI B 3HAYUTEIBHOMN CTEIICHH 3aBUCST
OT YCTOMYMBOCTH COPTOB K CTPECCOBBIM (PaKTOpaM Cpejpl,
BKJIFOUasi rpuOHbIe Oosie3Hu. boJiblias yacTh BO3/I€/IbIBACMBIX
3apyOeXHBIX W OT€YECTBEHHBIX COPTOB BOCHPHUUMYHUBBI K
0oJie3HsIM, BBI3BIBAEMBIM BO30OyaMTENsIMH cTeOneBoi (Puc-
cinia graminis Pers. f. sp. tritici Erikss. et Henn) u 0Oypoii
pxaBanHBI (Puccinia recondita Rob. ex Desm f. sp. triticina
Eriks.), myunucroii pocel (Blumeria graminis (DC.) Speer
f. sp. tritici Marchal.) u cenrropuosa (Mycosphaerella gramini-
cola (Fuckel) J. Schroet. (=Septoria tritici); Phaeosphae-
ria nodorum (E. Muell.) Hedjar. (=Leptosphaeria nodorum
E. Muell., =Septoria nodorum (Berk.)). ITorepu ypoxxast MOTyT
nmoxomuth 110 40 % (Adanacenko, 2010; Komomuen u mp.,
2017). Co3nanue cOpTOB MIICHUIIBI, YCTOHYUBBIX K HAan00-
Jiee BPEIIOHOCHBIM TPHOHBIM TaToreHam, — 3 QpeKTHBHBINA
croco6 6OpHOBI C HUMHU.

HewncuepriaeMbIM MCTOYHUKOM T'€HOB YCTOHYUBOCTH JUISI
CO3/1aHUS BBICOKOYPO)KaWHBIX U YCTOHYMBBIX K (pakTopam
OKPY’KalOIIEei Cpe/ibl COPTOB SIBIAIOTCS ANKUE POJHUH KYJlb-
TYPHBIX (DOpM MIICHHMIIBI, P3KH, STYMEHS, OBca U Jip. B aBo-
JIFOIIMOHHOM OTHOIIEHHUM BUIBI pona Aegilops L. 6nusku
Bugam poxa Triticum L. (Jopodees, 1971; Murymosa, 1975;
Konapes, 1980; Liu et al., 2015; Arora et al., 2017). Onnako
JIOHOPBI, HCTIOJIb3YEMBbIC B CEJICKLIHOHHOM ITpoliecce, B 00J1b-
IIMHCTBE CIIy4aeB XapaKTEPHU3YIOTCS OJHUMH M TEMHU XKe
TeHAMH YCTOHYMBOCTH, YTO CO BPEMEHEM NPHUBOJIMT K ITOSIB-
JICHUIO «aJIalITHPOBAHHBIX» (DOPM MATOTEHOB, MTOPAYKAIOIIIX
copTa, paHee CUMTABILINECS] HEBOCIIPUUMYMBBIMU. MHOTHE
M3BECTHBIC TeHBI yCTOHUMBOCTH OT Ae. tauschii Coss. He pu-
MEHSIIOTCSI Ha MPAKTHKE [UIsl YJIy4IlIeHHs COPTOB MIICHHUIIBI,
MIOCKOJIBKY WX 3aIIUTHBIA 3(QPEKT CUNTAETCS HEBBICOKUM
(Pretorius, 1997; Kolmer, Anderson, 2011). Pacmupenue
IEHETHYECKOr0 Pa3HOO0pa3ust JOHOPOB YCTOHYMBOCTH K TpHO-
HBIM O0JIE3HSIM IIIEHUIIB TOMOXKET PEIINTh TaKyIo 3a/1a4y, 1
B 9TOM BKHEHIIYIO POJIb UTPACT MUPOBAst KOJUIEKIIHS JINKO-
pactymmx poaudeil niieHuisl Beepoccuiickoro HHCTUTYTa
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TeHEeTHYECKHX pecypcoB pactenuii um. H.. Basunosa (BIP)
(Baswuios, 1919).

Komnnexnust pona Aegilops L. BUP nacuuthiBaer Gonee
5000 00pa3oB pa3nMIIHOTO HKOIOTO-TEOrpahUIeCcKOTO MPOo-
MCXOX/ICHHS ¥ TIPE/ICTAaBIIeHa TPUHA/IIATHIO JUTUIOUIHBIMH,
JIECSTHIO TETPAIIONIHBIMH H IISITHIO T€KCAIUIOUHBIMU BH-
mamu. 3a epuof ¢ 1956 1. mo HacTosIee BpeMsl U3 KOJUIEeK-
IIUM BBIJICJICHBI BHUJIBI, 00JIa/IAI0IINE KOMIUICKCHBIM HMMY-
HUTETOM K I'PUOHBIM OOJIE3HSIM: JUIUIOUAHBIE — Ae. mutica
Boiss., Ae. speltoides Tausch., Ae. aucheri Boiss., Ae. bicor-
nis (Forsk.) Jaub. et Spach., de. comosa Sibth. & Sm.,
Ae. uniaristata Vis., Ae. heldreichii Hozm.; TeTparuionjabie —
Ae. ovata L., Ae. triaristata Wild., Ae. ventricosa Tausch.,
Ae. variabilis Eig. ITonoOHOe pazHooOpaszne reHeTHYeCcKo-
ro Marepuaja Mo3BOJIAET IPOBOJUTH OTOOP HEOOXOIMMBIX
TEHOTHIIOB /TSI TIOCIIEIYIOUIETO TOJIyYEeHUsI COPTOB IIIIEHH-
Il C YAYYIICHHBIMA OMOJIOTHYECKHMH XapaKTePUCTUKAMHU.
Ae. tauschii sBisiercst HocuTeneM reHoma D, O1M3Kkoro reHomy
MOJIUTITION THOM MIIICHUIIBI, YTO 3HAYUTEIBEHO 00JIerdaeT cKpe-
mmBaHue Ae. tauschii ¢ MATKON TIIECHUIICH MPH TIepenade
3 PEeKTUBHBIX TEHOB yCTOMYMBOCTH K Oose3nsam (JoOpo-
TBOpCKas u 1p., 2017). Kpome Toro, Myka Takux COpTOB 00-
JlaJjaeT BBICOKMMHU XJIeOoTeKkapHbIMy KadecTBamu (CemeHOBa
u ap., 1973). Ha ceronusmnuii neHs B redom 1. aestivum L.
YCIENTHO HHTPOTPECCUPOBAHO OOIBIINHCTBO (D (HEKTHBHBIX
TCHOB, JICTEPMUHHPYIONINX YCTOWYNBOCTh K BO3OYIUTEISIM
PKaBYMHBI U TEMHO-Oypoii JincToBoil msiTHucroctu (Mcln-
tosh et al., 1995; Mujeeb-Kazi et al., 2001; Yang et al., 2003;
Adonina et al., 2012).

B nocnenunee Bpemst i (EHOTHITUPOBAHMS PA3ITHMYHBIX
BHUJIOB PACTEHUN M U3YyUEHUS YCTOMYMBOCTU IIMPOKO HC-
TMOJTB3YeTCsT HecTIe(UUECKUI METaO0IOMHBIN aHAIN3, YTO
JlaeT YHHKaJIbHYIO0 BO3MOXKHOCTB IIPOBECTH CKAHUPOBAHHE B
HCXOJHOM MaTepHaje INUPOKOrO CIEKTpa COEANHEHUH, co-
CTaBJISIIOIINX METa00JIOMHBIN IPOGHIIb, M JaTh OOBEKTUBHYTO
(c moMoIIBI0 METa0OJIOMHBIX MapKepOB) OLEHKY PeaKLuH
pacTeHus Ha BO3ICHCTBHS OKpyskatomiel cpeasl (Konapes n
Ip., 2015). DTOT moaX0A BCe Yalle MPUMEHSOT TS BBISBIIC-
HUSI OTJICTIbHBIX META0O0IMTOB WIIN UX IPYIIIL, KOTOPhIE MOTYT
XapaKTEPU30BaTh 3aMIUTHBIN CTaTyC UCCIEAYEMOT0 OOBEKTA,
Onarosapsi 4eMy MOYKHO BBIACIHTH 00pa3iibl, yCTOHUMBEIE K
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crpeccopam BHemHel cpeabl (Taji et al., 2006; Chakraborty,
Newton, 2011; Valitova et al., 2016; Loskutov et al., 2017).
B BUP nm. H.W. BaBuosa npoBoxuTcs nzydenue merabo-
JIOMHBIX Ipo(MIIei pa3IMYHBIX KYJIBTYp U3 Kosiekuuu BIP.
HccnenoBaHbl AUKOPACTYIINE U KyJIbTYPHBIE, YCTOWYHMBBIC
1 HeyCcTouMBbIe K (y3apro3y (HOpPMBI OBca, TIOKa3aHbl 3Ha-
YUTEJbHBIC PAa3JINUMsl MEXIYy HUMH 110 PSJy COCIUHEHUI
(anmmuneposnsl, HeOEIKOBbIE AMHUHOKHCIIOTHI, TTaKTHHOI
u 1p.) (Loskutov et al., 2017; JlockyTos u ap., 2019). Torans-
HBIH CKPHUHUHT JAMKOPACTYIIMX (OPM Pa3INYHBIX CEIbCKO-
XO3SIIICTBEHHBIX KYJBTYDP MO3BOJIUT c(hOPMHUPOBATH MOJIENH
«MeTabOoIOMHOTO MTPO(HIS YCTOHYMUBOTO COPTay.

Leunp Harero ncciaea0BaHus — BHISIBICHUE METa00JIOMHBIX
MapKepoB JUIsl TIONCKa CPEN TE€HETHYECKOTO pa3zHOOOpasus
JWKHX poandeii Gopm ¢ 3h(HeKTHBHBIMHU T'€éHaMU YCTOWYH-
BOCTH, PE3YJILTATUBHO HHTPOJLYLIUPYEMBIMU B T€HOM MSITKO#
TIIEHNIB T UCIIONb30BaHus B ceneknnu. OHOM n3 3a1a4
ObUTO M3yUeHHEe MeTabOIOMHBIX MpoduiIeiH 00pa3oB By
Ae. tauschii, HeyCTOWYNBBIX U YCTOWYMBBIX K BO3OYANUTEISIM
JIMCTOBOM pKaBUMHBI U MyYHHCTOH POCHI, JUIsI BBISIBIICHHS Me-
TabOJIMTOB, MAPKUPYIOIINX BOCIIPHUMYNBOCTE Ae. tauschii
K rpuOHBIM nlaToreHam. [lomy4yeHHble pe3yabTaThl O3BOJISIT
COKPATHTh CPOKH ¥ ONTHMH3HPOBATh OTOOP MCXOTHOTO Ma-
Tepuasa MpH CO3JaHNH BHICOKOYCTOWYNBBIX K TPUOHBIM Ta-
TOT€HaM COPTOB ITIICHUIIBI.

MaTepwuan n metogabl

Marepuanom Juis uccieqoBaHust nociayxui 50 oOpasnos
Ae. tauschii n3 xomnekunn BUP nm. H.M. BaBumnosa, BbI-
paleHHbIe Ha TeppuTOpuu JlarectaHcKkol ONBITHOW CTaH-
uu (J1OC) BUP B 2017 1., coOpanHbie B (ha3y moyiHOM crie-
soctH (cM. Tabnuiy). Beibopka copMupoBana u3 0CHOBHBIX
pa3sHOBHIHOCTEH Ae. tauschii w3 xomneku BUP ¢ yuerom
HauOosee TOTHOM 3Kooro-reorpadguyeckoil pencTaBieH-
HOCTH.

[ToneBoe u3yueHue 00pas31oB BUIA Ae. tauschii npoBOIH-
sm ma JIOC BUP na nenstukax miomasio 1 M2 (arpoTexHuka
TTOJIMBHOTO 3eMJIE/IeNHs) 10 CTaHAapTHBEIM MeToankam BUP
(Mepexko n ap., 1999). B nepuon Bereramuu temreparypa
BO3/1yXa cocTaBmia B cpeaHeM +20.4 °C, konu4ecTBo oca-
KOB — 15.4-16.3 MM, cyMMa aKTHBHBIX TEMIIEPATyp 3a TOI —
3400-4500 °C. IloneByto OIEHKY ITOPaKEHHOCTH 00Pa3IoB
Ae. tauschii rppuOHBIMH TIATOT€HAMH BBITIOJIHSUIN B YCIIOBUSIX
J0OC BUP, nabopatopryio — B otaene reaetukn BUP mo
merozam, TpuHATEIM B BUP (Teipeimkus u 11p., 2004). Yeroi-
YHBOCTB OINPEEISUTN N0 OaJUIbHOM 1IKaje: 9 — OTCyTCTBUE
CHUMITTOMOB OOJIE3HM NI MEITKHE HEKPOTUIECKNUE TISATHA; 7 —
MHUKPOCKOITHUECKHE ITYCTYIIbI, OKPY>KCHHBIC 30HOH HEKPO3a;
5 — MEeJIKUE Iy CTYJbI, OKPYKEHHbIE HIMPOKOM 30HOM HEKPO3a,
3 — mycTyNbl CPEIHETO pa3Mepa, OKpPYKEHHbIE XJIOpPOTHYe-
CKOH TKaHbI0; | — KpyIHBIE IyCTYIbI, 00pa3yIoT CIUIOIIHbIE
30HBI opakeHUs. K ycTONMUMBBIM OTHOCHIJIM PacTEHHUs C
oreHkor 9—7 6aioB, K BOCIPUUMYUBEIM — 5—1. Habmroze-
HUSI TPOBOJIMITH KaXK/IbIC 5 THEH B TEUCHNE BET€TAlMOHHOTO
neproza. st kaxxaoro oOpasia BEIBOIMIACHE HHTETPaIbHAs
OIIeHKa M0 HanOOoJIbIIEMY OaJlTy OPaKeHHS OOIE3HIMH (CM.
TabIHIy).

Merabonomubie poduiu 3epHa 00pasioB Ae. tauschii u3y-
Yaly B OT/eNIe OMOXUMHUH B MOJIEKYJIsipHON Omonornu BUP
(ATH OMOJOTUYECKUX U TP AHAITUTHYECKNE TIOBTOPHOCTH)
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NokasaTtenu ycTonurBOCTA K TIMCTOBbIM 6ONE3HAM
ob6pasuoB Buga Ae. tauschii Coss.

Homep Mopsupa (ssp.), MNoneas ycTonumsBocTb

Mo Katanory — pasHOBWAHOCTb _koonesuam, 6anel

BIP (var) MyuHuctas Pxasumea
poca 6ypas  kentas
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(Loskutov et al., 2017). 3epHa ouMIIaTH OT KOJIOCKOBBIX
yemryi ¥ pasmansiBand; 50 Mr Myku o0pasiia TOMOTEHH3H-
poBasu ¢ 500 MKJT MeTaHoJIa, TPOOY HACTAUBAIH B TEUCHHE
30 cyrok npu 5-6 °C. 100 MKJI 3KCTpakTa BBINAPUBAIU
mocyxa Ha ycranoBke CentriVap Concentrator ¢pupmsr Lab-
conco (CIIIA). Cyxo#t 0CTaTOK CHIIMIIMPOBAIIN € TIOMOIIBIO
ouc(tpumermiicu) rpudropareramuaa 40 mun npu 100 °C.
TpumeTuncminiabHble 3QUPBI META0ONIUTOB PA3AEISUIN C
MOMOIIbIO KanmWJUISIpHON KosoHkH HP-5MS 5 % ¢ennn
95 % metunmnonucuiokcad (30.0 M, 250.00 mxMm, 0.25 MrMm)
Ha Ta30BoM xpomatorpade Agilent 6850 ¢ KBagpymOIHEHBIM
Macc-CelIeKTUBHBIM sieTekTopoM Agilent 5975B VL MSD
(Agilent Technologies, CILIA). YcnoBust mpoBeieHust aHaIM3a:
CKOPOCTB ITOTOKA HHEPTHOTO ra3a yepe3 KOJIOHKY 1.5 Mi/MuH.
IIporpamma narpeBanust konoHku: ot +70 no +320 °C, cko-
pocts HarpeBanus 4 °C/muH. Temneparypa IeTeKTOpa Macc-
cnexTpometpa +250 °C, temneparypa umkexTopa +300 °C,
00beM BBOANMOM o0 1.2 Mk, BHyTpeHHUM cTanmapTomMm
CII)KHJI pacTBOp TpUKO3aHa B nupuanHe (1 MKr/MKiI).

INomydeHnsle pe3ynabraTel 00pabaTHIBAIN B IIPOrpaMMax
UniChrom u AMDIS. UneHTHduKanmo THKOB OCYIIECT-
BJSUTM C NOMOIIBI0 Oubnrorek Macc-criektpoB NIST 2010
Hay4JHO-HCCcIenoBaTenbekoro napka Cankr-IlerepOyprexoro
yHuBepcureTa 1 borannueckoro nactutyta um. B.JI. Koma-
poBa PAH (Puzanskiy et al., 2015). 3naueHus: comepxanus
OMOXMMHIYECKUX MTOKa3aTeNeil MPUBEACHBI B ppm (MKI/T).

Crarucriueckas 00pabOTKa JaHHBIX BHITIOIIHEHA B ITAKETE
nporpamm Statistica 7.0. 3 nepBoHaYaipHOr0 Habopa mpu-
3HAKOB METOIOM OAHO(AKTOPHOTO TUCTIEPCHOHHOTO aHAJH-
3a OBUIM BBIJICJICHBI MPU3HAKH (META0OJIUTHI), IO COJepIKa-
HUIO KOTOPBIX IPYIIIbI 00pa3oB Ae. tauschii, yCTORYNBBIX
Y HEyCTOMYMBBIX K M3y4aeMbIM [TATOT€HaM, JOCTOBEPHO pa3-
JIMYAINCh MEXITY cO00M. JI1st oleHKn MH(POPMAaTHBHOCTH PH-
3HaKOB (MeTabO0JIMTOB) YCTOHUMBOCTH 00pa3LoB Ae. tauschii
HCTIONB30BAIN JUCKPHUMUHAHTHBIA aHAIIN3.

Pesynbtatbl

MetabonomHBIe TPOGUITH 3EPHOBOK Ae. tauschii, ycTOW4H-
BBIX ¥ HEYCTOWYMBBIX K TPHOHBIM ITaTOTEHAM, pa3InyancCh
o psay mnokasarenei. bosbliee copepkaHue opraHuye-
CKHX KHCJIOT OTMEUEHO Yy YCTOHUMBEIX (popMm Ae. tauschii
(1190 ppm) o cpaBaenuto ¢ nHeycroiunsbiMu (1090 ppm).
JIOMHHUpYIOIINE OpPraHuYeCcKue KHCIOThl B METa00JIOMHOM
nipodue 3epHOBOK Ae. tauschii mpecTaBIeHbI s0109HO# (203
1 164 ppm COOTBETCTBEHHO) M METHIIMAJIOHOBOH KHCIIOTaMH
(168 u 153 ppm). Iloka3zarenu rajakTypoOHOBON KHCIIOTHI B
3epHOBKaxX 00pa3IOB YCTOHYMBBIX W HEYCTOWYHBBIX (POPM
coctaBunu 102 u 79 ppm cOOTBETCTBEHHO, MOJIOYHON — 78
u 76, rynoHoBoil — 43 u 48, mrokoHoBOM — 25 u 44, azenau-
HoBOI — 30 1 47, ssuTapHoii — 32 u 38, maseneBoit — 28 u 27,
(ymapooii —42.8 n41.0, pubonosoii — 19.9 u 13.0, mmnepn-
HOoBOM — 11.5 11 10.0 ppm. CymMmmMa MUHOPHBIX KUCIIOT (KOHLICH-
Tpanus He Bbime 10 ppm) 718 yCTOMYMBBIX H HEY CTOWIHBBIX
tdopm Ae. tauschii Obina paBHa 24.0 ppm. Hannune B uncne
WJICHTU(QUIIMPOBAHHBIX KUCIIOT (hyMapoBOil MOXKET OBbITh TaK-
K€ CBA3aHO C OCOOCHHOCTSIMH TIpoIiecca MPOOOIIOATOTOBKH,
TaK KaK OHA SIBJISIETCS MPOJYKTOM JeTpaslaliiy sSOI0YHOMN
KUCIIOTHI. Bee peakiun oOMeHa B pacTeHUsIX MPOUCXOJST C
ygactreM (HoCcHOPHOI KHCTOTHI U €€ TPON3BOJHBIX, UTO 00B-
SICHSIET JTOBOJIBHO BBICOKOE €€ COJICPKAHNE B UCCIETYEMBIX
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obpasmax (320.2 ppm s yctoiuuBbix Gopm u 277.0 ppm
JUTS HEy CTOWYMBEIX ); TTOKa3aTen MeTri(ocdara COCTaBUIN
64.0 1 56.0 ppm COOTBETCTBEHHO.

Caoime nosnoBuHbI (60 %) CBOOOAHBIX AMHHOKHUCIIOT Y
YCTOMYUBBIX M HEYCTOHYMBBLIX 00pa3loB Ae. fauschii mpu-
IIJIOCH HA JIOJIO0 HEOCTIKOBBIX aMUHOKHUCIIOT: 3-THPOKCHITU-
nexonuHoBas (137.2 u 116.6), nunexonunosas (0.5 u 0.3) u
S-ruppoxcurmnexonuHoBast (0.7 u 0.7 ppm COOTBETCTBEHHO).
OcrasibHbIe aMUHOKHCIIOTHI OBUTH ITPE/ICTABIICHBI «HE3aMEHH-
MBIMUY (BaJIMH, U30JICUIMH, TPCOHUH, (DEHIIAIAaHNH, TPUIITO-
(haH) 1 «3aMEHUMBIMI (0-aJTaHUH, TIIUIIH, CEPUH, TIPOJIHH,
OKCHITPOJIMH, aCTIAPTHH, Ty TaMHH, THPO3WH, aCTIapariHOBasl,
[IyTaMHUHOBAs KUCIIOTHI). JIOMUHUPYIOIINMH SBJISIINCE: aclia-
paruH (18.7 u 13.4), Bamun (15.6 u 16.0), a-amanun (10.6 n
13.1), mmyramun (12.3 u 9.0) u nryramunoBast kucinora (5.7
u 5.5 ppm). {5 ocTambHBIX AMUHOKHCIIOT 3HAYSHUS HE TIpe-
Bormany 4.0 ppm. CyMMBI CBOOOTHBIX aMHHOKHCIIOT (KpOMe
HEOEITKOBBIX) Y M3yUCHHBIX YCTOHYMBBIX U HEYCTOWYHMBBIX K
IpUOHBIM ITaToreHam (opM ATUIIOTICOB CYIIECTBEHHO HE pas-
mganuck (88.4 u 85.3 ppm cOOTBETCTBEHHO).

Bornee BrIcOKast KOHIIEHTpALUSI MHOTOATOMHBIX CITHPTOB U
(huTOCTEPOIIOB HAOJIIONANIACH Y HEYCTONUYMBBIX (hopM Ae. faus-
chii (341.8 m 336.5 ppm cooTBeTCTBEHHO). B X 3epHOBKax
npeo0ia any IAHEepoIt, KCHIIUTOI, AyAbIUTON, MHO-HHO3HU-
TOJ 1 ero ipou3BoHkIe (59.5, 84.4,70.4,23.4 1 9.6 ppm cooT-
BETCTBEHHO). Y YCTOWUYHMBHIX (POPM Tpeodiiaga raTaKTHHOI
(92.5 ppm). durocreposnsl B OCHOBHOM OBLIM TpeCTaBIIe-
HBI CUTOCTEPOJIOM, CTUTMACTEPOJIOM U KamriecTeposioM. J{ist
HEYCTOMUYMBBIX QOpM UX 3HaUeHHs cocTaBuin 219.8, 85.8 u
30.9 ppm COOTBETCTBEHHO, a Ui ycToWunBbIX — 160.3, 44.5
n22.7 ppm.

Cpenn )KUPHBIX KHCIIOT 36PHOBOK YCTONYMBBIX U HEYCTON-
yuBBIX (OpM Ae. tauschii TOMUHUPOBAIH MAIBMUTHHOBAS
(584.7 u 602.0), creapunonas (173.5 u 187.0), onenHnoBas
(493.9 1 520.0) m muHONeBas (1515.0 m 1545.0 ppm cooTBeT-
cTBeHHO). CyIIECTBEHHBIX PA3INUNii B 3HAYEHHSX OT/ICIBHBIX
JKUPHBIX KUCJIOT U UX CyMMapHbIX Moka3zarenax (2943.3 u
3064.0 ppm) HE BBIABICHO.

Jnst 3epHOBOK yCTOHUMBBIX GopM Ae. tauschii ycTaHoB-
JIeHO 0oJIee BEICOKOE CoJiep KaHHue aluanIiieposioB (954.0 u
745.6 ppm), B OCHOBHOM 3a cyeT auarpmmiepona — JAT
(631.0 m 464.0). KonrruecTBo MoHOAIIIHAIIEposioB MAT-2
C18:3u MAT'-1 C18:1 Toske ObLIO BbIILIE Y YCTOHUUBBIX (GOpM
(188.0 mo cpaBuenuto co 152.7 ppm u 54.0 o cpaBHEHHUIO
¢ 34.2), rorna kak copepxanne MAI'-1 C16:0 — y neycroi-
4yuBbIX (94.7 1 81.0 ppm COOTBETCTBEHHO).

MoHnocaxapa 3epHOBOK Ae. tauschii ObITH TPEICTaBICHBI
MPEeNMYIIECTBEHHO rekco3amu (6omnee 80 %). st ycroitun-
BBIX (DOPM 3TMIIOTICOB TH 3HaUeHUst ObLH Bbile (1164.8), uem
1t HeycToiunBeIx (1026.7 ppm). U3 rekco3 y ycTOWIHBBIX
¢opm npeobiranana rrokosa (819.8), y HeyCTOHUMBBIX —
miroko3a (455.4) u gppykrosa (318.1 ppm). [TenTo3s! (prbo3a,
Kcuio3a) B cymme He mpesbimann 40 ppm. ComepkaHus
mnepon-3 gocdara y ycTOHUUBBIX M HEYCTOHUMBBIX (popM
STUJIONICOB HE MMENHN CYIIECTBEHHBIX paznuuuii — 42.8 u
37.4 ppm COOTBETCTBEHHO.

KonnuecTBo onurocaxapoB 3¢pHOBOK yCTOWUYHBBIX U
HEyCTOWYHUBBIX (opM Ae. tauschii cocraBuno 13480.6 u
14920.0 ppm cooTBeTCTBEHHO. B 0CHOBHOM OHM OBUTH TIPEA-
CTaBJICHBI caxapo30i U padHUHO30H, TIPH ITOM COIEPIKAHUE
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caxapo3bl 0Ka3aJI0Ch BhIlle y HeycToiuuBbix hopm (11604.9),
a pad$puHO3EI — y ycToHunBEIX (4882.0 ppm).

B o0pasnax ycToHunBBIX 1 HEyCTOHUMBBIX hopM Ae. taus-
chii BbIsIBIIEHa IPOU3BO/HAS )OpMa caxapoB, HICHTUDHIIUPO-
BaHHAas Kak MeTwmiI-D-ranakrormmpanosug (169.2 u 84.4 ppm
COOTBETCTBEHHO).

B rpymne ¢peHoNbHBIX COSIMHEHNI MaKCUMalIbHOE CO/Iep-
YKaHNE YCTAaHOBIICHO TS THAPOXHHOHA (93.6 ppm 171 yCTOH-
4YMBbIX 00pa31oB u 74.0 ppm ai1st HeycToiunBeIX ). [Tokazare-
JIK KeMIiepoJia, MUPOrauioBo, 2,3 - TUruApOKCHOCH30MHOIA,
CATMIIMIIOBOH, KO(eHHOM KHCIIOT 1 0-TOKO(EepoIia COCTaBUIIH:
29.1, 1.5, 0.2, 0.3, 0.4 u 0.4 ppm ans ycToituuBbIX Gopm U
14.0, 1.3, 0.2,0.2, 0.4 u 0.3 ppm A/ HEYCTOMYUBBIX.

3HaueHUs! BBILICTICPEUHCIIEHHbIX MTOKa3aTelNel 0TpakaoT
AKTHBHOCTh OOMEHHBIX IIPOLIECCOB B 3¢pHOBKAX Ae. tauschii,
XapaKTepHU3YIOIYIO IIEPBUYHBIA U BTOPUYHBIA METa00JIN3M
(oOMeH a30TcoaepIKaIuX COSTMHEHUH, B TOM YHCIIe aMHHO-
kuciot, nuka Kpebca, kapOoruaparHslii 0OMeH, TIINKOIN3,
MeHT030(oCchaTHBII UK, 0OMEH CUTHAIBHBIX COCAMHCHUH —
WHO3UTOJIOB, ITMKUMATHBIN U ITMOKCUIIATHBIN ITyTH U AP.).

Crarucruueckas 00pab0TKa IOMyYEeHHBIX JaHHBIX ITOKa-
3aJia, 4YTO METab0JI0M HEyCTOHUMBBIX GopM Ae. tauschii ¢
Pa3IMYIHON CTETICHBIO I0CTOBEPHOCTH OTIIMYAETCS OT METab0-
JIOMa yCTOWYMBBIX (POPM TI0 PSITY MOKa3areseil. YcroiunBbie
(hopmbl Ae. tauschii GbUM pa3ziesieHbl HA TPH TPYIIIBL: IIepBast
o0beaHMIa 00pasIsl, YCTOIUMNBEIE KO BCEM paccMaTpHBae-
MBIM HaMH BO30YIUTEISIM, BTOPasi — TOJIBKO K Oypoii n >xen-
TOH JINCTOBOM P>KaBYMHE, TPEThSI — K My4YHUCTOU poce. Me-
TabOJIOMBI BCEX YCTOHYHMBHIX (POPM C BBICOKOH CTEIEHBIO
nocroBepHOCTH (p = 0.05) OTIMYAIHMCh OT TAKOBBIX HEYCTOM-
YHBBIX 110 HEOEJIKOBBIM aMHHOKHCIIOTaM (IMIIEKOJIMHOBOH U
3-ruAPOKCUITUIIEKOINHOBOI ), NIMIIEPOITY, OHOHUTOITY, TaJIaK-
THHOITY, CHTOCTEpPOITY, CTUI'MAcTepoily, OCTE€HOBOW KHCIIOTE,
JIAT, MAT-1 C16:1, pubo3se, copbo3e, caxapose, MajIbTO3¢
U THAPOXHUHOHY; ¢ qocToBepHOCTHIO 0.1>p>0.05 — mo ¢y-
MapoBOii, rajlaKTypOHOBOH, ITFOKOHOBOW KHCIJIOTaM, TPEo-
HUHY, TyJbIUTONY, MAHHUTOJY, XMPO- ¥ MHUO-MHO3HUTOJIAM,
TIETApTOHOBON M apaXMHOBOHW KHUPHBIM KncioTam, MAT-1
C18:1 u ¢pyxkroze. Ilpu p = 0.05 meTabonaomsl 00pa3IOB
BTOPOH I'PYIIITBI UMEIH OTIINUUSI 110 (hoCHOpPHOH, II1aBesIeBoH,
[IUPOTrajuIOBOM, a3eJIanHOBOM, S-TUAPOKCUIINIIEKOINHOBON
KHCJIOTaM, JTYJIbIUTOIY, KAMIIECTEPOITy, YHACIMIOBOW 1 Oe-
reHOBOM )HpHBIM kucinoram, MAT'-1 C18:1; npu 6onee Hus-
Kot noBeputenbHoi BeposiTHoCcTH (0.1>p>0.05) —mo 3-tua-
poxcununekoanHoBoi kuciaore, MAI'-2 C18:3 u metun-D-
rajakronupano3uy. TpeTbs rpyIia BbIIeIsuIach 1o moxasa-
TesM (hyMapoBOH, TTEIaprOHOBO, MUTIEKOIMHOBOW KHCIIOT,
OHOHHUTOJIA, TAIAKTHHOJA ¥ THApOXUHOHA 1pu p = 0.05, a 1o
3HAYECHUSIM TPEOHHHA, YJbLUTOJA, MHO-UHO3HUTOJIA, THPOK-
CHOKTaKO3€HOBOH KHCIIOTHI U caxapo3sl — pu 0.1>p>0.05.

YcraHOBIIEHa I0CTOBEPHAsSI CBSI3b MEKAY IOKa3aTeIsiMU
YCTOWYMBOCTH K IPUOHBIM IATOT€HAM M TPYNIION HEOeIKo-
BBIX AMHHOKHCJIOT, MHOTOaTOMHBIX CITUPTOB, (PUTOCTEPOIIOB,
AIMITIINIEPOIOB, MOHO- U OJIMTOCAXaPHJIOB, TIMKO3HU/IOB,
(heHONBHBIX COeAMHEHHH (THAPOXUHOH, KeMidepoi). Mexay
MIOKA3aTeNIsIMU CyMMbI CBOOOTHBIX AMHHOKHCIIOT, OpraHnye-
CKUX KHCJIOT U 4yBCTBUTEIBHOCTBIO K TPHOHBIM ITaTOTCHAM
CBSI3H HE BBISBJICHO.

JIMCKpUMHUHAHTHBIN aHAJIN3 METa0O0JIOMHBIX JaHHBIX 00-
pasIoB 3epHOBOK Ae. tauschii, B3ITHIX B HCCIICIOBAHKE, TIPO-
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B HeycToiumsble
14} YcTounBble

Yucno HabnogeHun
[ee]

ROOT 1

luctorpamma pacnpepeneHvisi yCTOMUMBBIX U HeyCTOMYMBbIX Hopm
Ae. tauschii no BennuvHe COGCTBEHHbIX 3HAUEHNII KAHOHUYECKON nepe-
MEHHOW.

JIEMOHCTPHPOBAJI X Pa3CICHHUE 10 BEIMIMHE KOAPPHUIIHCH-
Ta KaHOHUYECKOW NEPEMEHHOM Ha JIBE OCHOBHBIE I'DYIIIbI:
YCTOWYMBBIC ¥ HEYCTOWYMBEIE K I'pHOHBIM rarorenam. Ham-
Oosee «MH(DOPMATHBHO [ICHHBIMID) TPU3HAKAMH, C TOYHOCTHIO
0 98 % TOATBEpPKIAIONIUMHU Pa3TUINEe METaOOTUTHBIX
npoduiieit 1 onpeneNsSIoIMI TPHHAUIEKHOCTH 00pa3oB
Ae. tauschii K TpyIIIe yCTOWYMBBIX WU HEYCTOHUUBBIX, OKa-
3a5nCch mokaszarenu crurmacrepona, MAT, JIAT, merxaprono-
BOM, TaJakKTypOHOBOMH, 3-TUAPOKCUITUIIEKOIMHOBON KUCIIOT,
rajakTHHOIIa, TIIUIEPOoJia, COPOO3bl, MAJIBTO3bI, THPO3UHA U
ruko3uaoB. Cpean BBIIETEPEUHNCICHHBIX MTPU3HAKOB HaW-
OoJiee cTaTUCTUYECKU 3HAYUMBIMH JUTSI HEYCTOWYNBBIX (hopM
OKa3aJMCh MOKa3aTelIu CTUIMacTepoia M MajbTO3bl, a AJs
ycroitunBeix — JJAT.

C uncnonb30BaHnEM «MH(POPMATHBHO LEHHBIX)» MPHU3HA-
KOB M KJIaCCU(UKAMOHHON (yHKLIMH ObLII IPOBE/ICH aHAJIH3
COBIA/ICHUS [IPEAIIONAraeMOM U pealbHOM IPUHAITIEKHOCTH
N3y4aeMbIX 00pasloB Ae. tauschii K yCTOWYMBBIM WU He-
ycroiunBbIM GopmaM. B pesynbrare noiaydeHo coBnaeHne
CTaTyCOB JUISI BCEX MCCIICIOBAHHBIX 00pa3moB Ae. taushii,
KpoMme K-527 (Apmennst). KanoHnuecknii TMCKPIMHUHAHTHBIH
aHaJIN3 MEeTaOOJIOMHBIX MPU3HAKOB MO3BOJIMII YTOUHUTH Ia-
pameTps! AndepeHIaniuy yCTONUNBBIX U HEYCTOWINBBIX
tdhopm Ae. taushii. Ha ructorpamme pacrpeseneHus 1o Be-
JIMYMHE COOCTBEHHBIX 3HAYEHHH KAHOHUYECKOH IIepeMEeHHON
BUJIHO, YTO 3HAUCHNE TOCIIEAHEH JUIs yCTONYNBBIX 00pa31oB
pacronaraercs B quanasone ot 0 1o +5, a Ui HEyCTOWYH-
BbIX — OT 0 710 —5 (CM. PHCYHOK).

O6cyxpeHue

Pesynbrarel Hamei paboThl MOKa3alH, YTO METa0O0JIOMHbIE
MPOGUIN YCTOHYUBBIX U HEYCTOWYHMBEIX GOpM Ae. tauschii
JIOCTOBEpHO pazinyatorcs. Mcrnomns3ys nanHbsle MeTaboiIoM-
HOTO aHaJK3a, MOYKHO C OOJIBIIION BEPOSITHOCTHIO (110 98 %),
6€e3 MpoBeAEHNSI JOTIOIHUTEIBHBIX TECTOB, BBIJICUTD CPETN
B3ATBIX B HMCCIIEIOBaHNE 00pa3loB (OPMBI, YCTOMUHMBEIE K
rpuOHBIM naroreHam. Takol moaxox B AajbHEHIIEM Mbl pe-
KOMEHJIyeM K IIPUMEHEHHIO Ha MTPAKTUKE JJISI ONTUMH3ALNN
Ipolecca CENEKINH.
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AHanM3Mpys MOJIydYeHHBIC JaHHBIE 10 METa0O0JIOMHBIM
MpOoGUIAM HEYCTONUUBBIX M YCTOHUNBBIX hopM Ae. tauschii,
MPaBOMEPHO CJIETATh BHIBOJL O CTETICHU M XapaKTepe BIMSHUS
rpUOHBIX TATOTEHOB HA OCHOBHBIE 3TaIbl MEPBUYHOTO U
BTOPHUYHOTO METa0O0JM3Ma 36PHOBOK Pa3IMYHBIX TI0 YCTOM-
YHBOCTH 00pa3uoB. [IpakTnyeckn Bce BO3OyaUTENN B TOM
WJIM WHOM CTETIeHH BO3/IeWCTBOBAIM Ha OOMEHHBIE TIPOIeC-
cel: KT KpeOca, TmKon3, 0OMEH KUPHBIX KUCIIOT, alliii-
TIMLEPOIIOB, MOJIHOJIOB, (UTOCTEPOIOB, MOHO- M OJIUTOCA-
xapoB. B To ke Bpems TpuOHbIE MAaTOTeHbI IPAKTHYECKH HE
OKAa3bIBAJIM BIIMSIHUS Ha COZIEPXKAHUE CBOOOHBIX aMHHOKHC-
JOT (KpoMe TpeoHWHA M THpo3nHa). [I0CKoIbKy THPO3UH —
MPE/IILIECTBEHHHUK [IPU CUHTE3¢ MHOTUX OHOJIOTMYECKH aKTHB-
HBIX COCJIMHEHUIA, BBITIOIHSIIONMX CTPYKTYPHYIO (JIMTHUH),
3amUTHYIO ((DEeHONBHBIE COCTUHEHUS, aTKAJIOUIBl U JIp.),
TPAHCTIIOPTHYIO (TIEPEHOC IEKTPOHOB) U IpyTHE (PYHKIINH, TO
BJIMSTHHE TTATOTCHOB Ha COJIEp)KaHHE JJAHHOW aMUHOKHCIIOTHI
B 36PHOBKE MOXKET OBITH OOYCIIOBICHO aKTHBaIMeld Mexa-
HU3MOB 3allUTHl B OTBET Ha IIPOHMKHOBEHHWE BO30YIUTEIIS
B TKaHU PACTEHUs, YTO MOJTBEPIKAACTCS MCCIETOBAHUIMH
3apy6exHbIx aBTopoB (Schenck, Maeda, 2018). M3menenne
TMoKa3aresel Apyroil aAMHHOKHCIIOTHI, TPEOHUHA, PsiJl aBTOPOB
TAKKe CBS3BIBACT C JICHCTBHEM HEOIAroNnpHsATHBIX OHOTHYE-
CKUX (DaKTOpOB Cpesibl, HAIpUMEp HACEKOMBIX-BpEIUTENIEH.
PacreHue CHMKaeT KOHIIEHTPAIMIO BEIECTB, HEOOXOMMBIX
JUISl TUTAHUSI «[1Apa3uTay, TEM CaMbIM BIIHSIS HA €r0 YUCIICH-
HOCTb. BEposITHO, Tako 7K€ MEXaHN3M MOXKET IEHCTBOBATh U B
OTHOIIICHUH BO30OYIUTENIEH TNCTOBON PKaBIMHBI K MyIHUCTON
pocsr (Gonzales-Vigil et al., 2011). A3enanHoBasi KHCIOTA,
SIBJISTFOLIASICSl TIPOAYKTOM OKHCIICHUSI OJIEMHOBOW KHCIIOTHI,
Y [TUIIEKOJIMHOBBIE KUCIIOTHI, KATa0OUThI JIN3UHA, aKTHBHO
BbIPa0ATHIBAIOTCSl B OTBET HA BHEAPEHUE MATOTCHOB, B TOM
YHcIIe TPUOHBIX, B TKAHH PACTEHHS, TI03TOMY H3MEHEHHE KOH-
HEHTPALNH 3TUX COCIMHEHHH BIIOJHE 0OOCHOBAaHO M IIOJ-
TBEpKICHO Apyrumu uccienoparersivi (Navarova etal., 2012;
Zoeller et al., 2012).

W3 yncna cBoOOHBIX (PEHOIBHBIX COEAMHEHNUI I0CTOBEP-
HOE BJIMSIHUE HAa YCTOMYMBOCTh K 'PHOHBIM MIATOr€HaM yCTa-
HOBJICHO JUIS THJIPOXMHOHA (IOMHMHHUPYIOIIEE COCTMHEHHUE
9TOH TPYIIIBI) ¥ MHPOTAIIOBOM KHCIOTHL. 3BecTHO, 4TO (e-
HOJIbHBIE COCTMHEHHS aKTHBHO yJacTBYIOT B (QOpMHUPOBAHUH
UMMyHHTeTa pacteHus. Hammare cBo6oHbIX hopM (heHoIb-
HBIX COEJIMHEHHI — Yallle BCEro MoKa3arellb NHTEHCHBHOCTH
CHHTE3a IIIMKO3UIHBIX (hOPM, T/Ie MOCIEeTHUE BBICTYIAIOT B
KauecTBE arIMKOHA. Hammm naHHbIE MTOKA3bIBAIOT, YTO B 3€p-
HOBKaX yCTOHYMBBIX (popM Ae. tauschii B OCHOBHOM Hakxarl-
JMBAIOTCS THAPOXUHOH M MHUporajuiosas kucyora. Ux mpu-
CYTCTBHE B CBOOOJIHOM COCTOSIHMH, CKOpEE BCEro, CBSI3aHO
C pa3pylLICHHEM aKTHUBHBIX (pOpM — IIMKO3UIOB, HAIPUMEP
apOyTuHa. B ciyyae muporamuioBoii KUCIOTHI €¢ HAKOTIICHHE
MOXET OBITh TaKXKe 00yCIIOBJICHO B3aWMOJICHCTBHEM pacTe-
HUS C TPUOHBIMHU MTATOTEHAMH (POJIb CUTHAJBHBIX BEHICCTB)
(Seigler, 1998; mut. mo: Gilbert, 2001).

JlaHHBIE HACTOSIIETO HMCCIICNOBAaHMS MOATBEPXKIAIOT MO-
Jy4eHHble HAMM paHee Pe3yJbTaTbl OTHOCUTEIILHO CBSI3U
YCTOMYHBOCTH K BO30yauTeNIsIM (py3apro3a Gopm oBca (Ave-
na sativa L.) ¢ KOMIOHEHTaMH METaOOIOMHOTO TPOQHIIS:
AIMINIALEPOIaMH, HEOEIKOBBIMA aMHUHOKHCIIOTaMH, TaJlaK-
turonoM (JlockyTos u np., 2019).
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MeTabonomHblin noaxogd ans novicka popm Aegilops tauschii Coss.
13 Konnekuyuy BUP, ycToinumBbix K rprbHbIM MaToreHam

3aKniouyeHune

Pe3ynbraThl POBEICHHBIX UCCICIOBAHUNA ITOATBEPIKAAIOT
1enecoo0pa3sHocTh u 3P PEKTHBHOCTh UCIOIB30BAHUS HE-
creu(pUIeCKOro MeTaboJOMHOTO aHaIM3a JJIs MMOUCKA U
BbIJICJICHUST POPM, UMEIOIIUX HAOOp COCMHEHMH, MPEesIo-
JKeHHBIX B Ka4ECTBE MapKEePOB YCTOWYMBOCTH K OIPEICIICH-
HBIM matoreHaM. O0pa3msl Buaa Ae. tauschii ¢ BBICOKAM
COJIep)KAaHUEM MHUIICKOIMHOBBIX KHCIIOT, alliITIALEPOIIOB,
raJIaKTUHOJIA, CTUTMACTEPOJIa, MAJIBTO3bI, THPO3UHA, COPOO-
3bl, JIMLEPOJIA, a3€JJaMHOBOM M MUPOTaJNIOBON KUCIIOT, Me-
TI/IH-D-FaHaKTOHI/IpaHO3I/I)Ia u ap. MOryT 6I)ITI) BKJIFOUCHBI B
CEJICKIIMOHHBIC Pa0OTHI IO MOTYYEHHIO COPTOB OCHOBHBIX
3epHOBBIX KYJIBTY]P, BRICOKOYCTOWYHBEIX K MyYHHCTOH poce,
Oypoii 1 JKENTOU PIKABIMHAM.
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AHHOTauumA. BaxXHoW TexHonormen ana HepaspyLaLero MOHUTOPYHIa MMIMEHTHOrO COCTaBa PacTeHWI, KOTo-
PbIi TECHO CBA3aAH C UX GU3MNONOTMYECKAM COCTOAHMEM UMW 3apakeHneM naToreHamu, ABNAETCA AUCTaHLNOHHOe
30HAMPOBaHVE MPU NMOMOLLY TMNepPCreKTpanbHbIX Kamep. B paboTe npefacTaBnieH onbiT TPUMEHeHUA MOGWIbHOM
runepcneKkTpanbHoOMn Kamepbl Specim |Q ana nccnegoBaHMn 3a6oneBaHNA NPOPOCTKOB YeTbipeX COPTOB MLLIEHMLbI
06bIKHOBEHHOW KOPHEBOW rHUMbIO (Bo3byanTenb — rpub Bipolaris sorokiniana Shoem.), a Takxe gna aHanu3sa ma-
KOTW Kny6Hen KapTodens 82 nuHuiA 1 copToB. nA NPOpOCTKOB Obifv NONyUYeHbl CMEKTPanbHble XapakTepuUcTUKm
1 MO AaHHbIM onpefeneHbl Hanbonee MHPOPMATUBHBIE CMEKTPabHble NPU3HaKK (MHAEKCHI) AnA 06HapyKeHuA
KOPHEBOW THUAN. Y NPOPOCTKOB KOHTPOJIbHbIX BAPUAHTOB B BUAMMOW YacTu CriekTpa HabnogaeTcs Bo3pacTaHme
OTpakaTesibHOW CMOCOBHOCTY C HEGONBbLLMM MUKOM B 3eMeHOo 0651acTu (0Konio 550 HM), 3aTeM UAET NMOHVPKeHVe
13-3a MOIMOLLEHNA CBeTa NMUIMEHTaMV PAcTeHWIN C IKCTPEMYMOM NP ANMHE BONHbI 0Koo 680 HM. AHanms3 rucro-
rpaMm 3HauYeHWI BereTaUMOHHbIX NHAEKCOB MoKasan, uto nHaekcol TVI u MCARI Hanbonee MHPOpPMATUBHbI ANiA
o6Hapy»KeHNA naToreHa Ha MPOPOCTKAX NLEHWLbI MO JaHHbIM rMnepcneKTpanbHON cbeMKu. [Ina obpasLos Kap-
Todena 6binM BbIBMAEHbI YYacTKN CNEKTPa, COOTBETCTBYIOLME NIOKaNIbHbIM MaKCMMyMam 1 MUHUMYMaM OTpae-
HYA. [oKa3aHo, YTo CNeKTpbl COPTOB KapTodena UMetoT Hanbonbluve pasnuuna B 06actv AnviH BonH 900-1000,
400-450 HM, YTO B MEPBOM C/lyyae MOXeT ObITb CBA3aHO C YPOBHEM COAEPKaHMA BOAbl, @ BO BTOPOM — C hopMu-
poBaHveM B KNYy6HAX MenaHuHa. Mo xapakTepucTkam cnekTpa nccnefoBaHHble obpasLbl pasfennincb Ha Tpu
rpynnbl, Kaxaasa 13 KOTOPbIX COAEPKUT NOBbILWEHHbIE JINOO NMOHVMXEHHbIE YPOBHU MHTEHCUBHOCTY ANA YKa3aHHbIX
yyacTKoB crekTpa. Kpome Toro, fna psaga coptoB 6biy yCTaHOBEHbI MUHUMYMbI B CMEKTPax OTPaXkeHus, COOT-
BETCTBYIOLYMX Xnopodunny a. Pesynbtatbl LEMOHCTPUPYIOT BO3MOXHOCTM KaMepbl Specim |Q ana nposeaeHnsa uc-
cnefjoBaHNii rMNepcnekTpanbHOro aHanmnsa pacTuTeNbHbIX OOBEKTOB.

KntoueBble cnoBa: rvnepcnekTpasbHble AaHHbIE; CMEKTPabHble XapaKTePUCTUKN pacTeHWi; 3a60NeBaHNA MLLeHn-
Libl; KOPHEBaA rHWb; MAKOTb KapTodens; xnopodunn; BereTalMoHHble MHAEKCbI.
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Abstract. Remote sensing using hyperspectral cameras is an important technology for non-destructive monitoring
of plant pigment composition, which is closely related to their physiological state or infection with pathogens.
The paper presents the experience of using Specim 1Q, a mobile hyperspectral camera, to study common root rot
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The use of Specim 1Q, a hyperspectral
camera, for plant analysis

(the pathogen is the fungus Bipolaris sorokiniana Shoem.) affecting the seedlings of four wheat varieties and to
analyze the pulp of potato tubers of 82 lines and varieties. Spectral characteristics were obtained for seedlings and
the most informative spectral features (indices) for root rot detection were determined based on the data obtained.
Seedlings of control variants in the visible part of the spectrum show an increase in reflectance with a small peak
in the green area (about 550 nm), then a decrease due to light absorption by plant pigments with an extremum at
a wavelength of about 680 nm. Analysis of histograms of vegetation index values demonstrated that the TVI and
MCARI indices are the most informative for detecting the pathogen on wheat seedlings according to hyperspectral
survey data. For potato samples, regions of the spectrum were found that correspond to local maxima and minima
of reflection. It was shown that the spectra of potato varieties have the greatest differences within wavelength
ranges of 900-1000 nm and 400-450 nm, which in the former case may be associated with the level of water con-
tent, and in the latter, with the formation of melanin in the tubers. It was shown that according to the characteristics
of the spectrum, the samples studied are divided into three groups, each characterized by increased or reduced
intensity levels for the specified parts of the spectrum. In addition, minima in the reflection spectra corresponding
to chlorophyll a were found for a number of varieties. The results demonstrate the capabilities of the Specim IQ
camera for conducting hyperspectral analyses of plant objects.

Key words: hyperspectral data; spectral characteristics of plants; wheat diseases; root rot; potato pulp; chlorophyll;
vegetation indices.
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BBepeHune

[InrMeHTh! UrparoT BaXKHYIO POJIb B KU3HU pacTeHuid. Haun-
Ooee BaKHBIE U3 HUX — XJIOPOGWILIBI @ U b, 0OecniednBaro-
mye npouecc pOTOCHHTE3a, KAPOTUHOMIbI, OTBETCTBEHHBIC
3a 3(h(eKTUBHOCTH MCIIOIb30BAHUS COIHEYHOM SHEPTUHU NIPU
(hoTocuHTE3€, AaHTOLMAHBI, BBITOIHSIONINE 3aIIUTHBIE (DYHK-
1rH. KOHIIEHTpaIuy MUTMEHTOB B PACTUTENBHBIX TKaHSIX MO-
I'yT OBICTPO MEHSTHCS B OTBET Ha U3MEHEHHE (PpU3nO0JIoTHYe-
CKOTO COCTOSTHHSI pPACTECHHH, ¥, TAKAUM 00pa30M, CITy’KUTb €r0
Mmapkepamu. CocTaB ¥ KOHIIEHTPAIMIO MMUTMEHTOB MOXKHO
HCCIIeIOBATh XUMHUUECKUMHU METOAAMH, OTHAKo Ooiee yao0-
HBIM CITOCOOOM, KOTOPBIM aKTMBHO PAa3BHBACTCS B ITOCIEI-
Hee BpeMsi, SIBIISICTCS. METOJ] JUCTAaHIIMOHHOI OIIEHKH Ha OC-
HOBE aHaJIN3a CIIEKTPOB OTPAKEHHOTO M3iydeHust (Mep3isik
u 1p., 1997; Blackburn, 2007). OHu 0CHOBaHBI Ha TOM, YTO
pas3IuyYHbIe TMTMEHTHI ITOIVIOMIAIOT U3ITyYeHUE Pa3HBIX JUINH
BOJIH HEOJJMHAKOBO. B COOTBETCTBHH € 3THM Y Ka)JI0TO ITHUT-
MEHTa €CTh CBOM XapaKTEPHBIM CHEKTP OTPa’KEHHOI'O U3Iy-
YEHUsI, KOTOPBI MO)KHO WAECHTH(HUIIMPOBATH C HCIIOJIb30Ba-
HHEM CIIEKTPOMETPOB BBICOKOIO pa3pelleHHs U MHTepBaja
JUIMH BOJIH.

Pa3BuTHe MMCTAaHIMOHHOTO MOHUTOPWHIA PacTEHUH Ha
OCHOBE MYJIbTH- U THIIEPCICKTPAIIbHBIX CCHCOPOB CTAJIO BaXK-
HBIM METOJIOM JUUISI OLIEHKH UX (PU3HOIOTHUECKOTO COCTOSHUS
(Mep3isik u ap., 2003), mopakeHus 3adoneBanusmu (Mahlein
et al., 2013), cocrosuust wionos (Lorente et al., 2012) u kop-
ueronos (Rady etal., 2015; Pan etal., 2016). Takue ceHcopsl
MOYKHO TPUMEHSTH ISl OLICHKH COCTOSIHUSI PACTEHHH Kak B
na6opaToprIx, TaK MU B IIOJICBBIX YCJIOBHAX, a TAKXKEC yCTa-
HaBITUBATh Ha OCCIMIIOTHBIE JTeTaTenbHbIe armapatsl (BITJIA)
JUTS. IIUPOKOTO oXBaTa rmoceBoB (Adao et al., 2017).

B HaCTOAIIEC BPEMA JJIA IMOJYYECHHUA MYJIIBTH- U TUTICPCIICK-
TPAIBHBIX M300paKCHUH MCIONIB3YIOT PA3IMIHbIE TEXHUYE-
CKHE PELICHHs, KOTOpPbIe OTIIMYAIOTCS TEXHOJIOTHUEH peann-
3alUK CEHCOPa, INUPHHON CIIEKTPAIbHOTO UHTEPBAJIA, CIICK-
TPaJbHBIM U IPOCTPAaHCTBEHHBIM pa3pemienneM (Sellar, Bore-
man, 2005). HexoTopsle 13 HUX pa3paboTaHbl JJIsl yCTAHOBKH
Ha BIJIA, npyrue MoryT OBITh IPUMEHEHBI B JJAOOPATOPHBIX

ycnoBusix. OHAaKO BCe YCTpOHcTBa TpeOyIOT CIenHaIbHON
TEXHUYECKOH HACTPONKH, YCTAHOBKH H JIOTIOJHUTEIBHOTO
000opyI0BaHus JJIsl TOTO, YTOOBI PE3yNbTaThl MOXKHO OBLIO
BH3yaNnM3upoBatTh. [ umepcrnexrpanbHas kamepa Specim IQ,
IIpUMEHsIeMas B HAIlIX MCCIICIOBAHMSX, SIBJISICTCS] KOMIIAKT-
HBIM MOOHJIBHBIM CEHCOPOM [T HA36MHO# U JTa0OpaTOpHO
cremkn (Bohnenkamp et al., 2018).

B nameii pabote npuBeAEHBI PE3yIIbTAThl HCTIOIL30BAHUS
kamepbl Specim 1Q st pernenus AByx 3anad. Bo-mepBbix,
MIPOBEICHO HCCIIEJOBAaHUE MPOPOCTKOB IMIIEHHUIBI YETHIPEX
COPTOB B YCIIOBHSX 3apakKeHUs KOPHEBOW THWIBIO M 0e3
3apaxxeHus. KopHeBble THWIM — Hanbosee BPEIOHOCHBIE
3a0omneBaHus Ha meHue B 3anagnoi Cubupu. M3 HUX cy-
IIECTBEHHOE 3HAUYCHNE NMEET I'eJIbMUHTOCIIOPHO3 (BO30y/H-
Tenb — rpub Bipolaris sorokiniana Shoem. = Drechslera so-
rokiniana Subram. et Jain, Helminthosporium sativum Pam.),
MOpaKAIONINH TPAKTUYECKH BCE OpraHbl pacTeHus (mep-
BUYHBIE, BTOPUYHBIE KOPHHU, KOJICOITHUIIE, CTEOCb, JINCTHS,
3epHO). boe3Hp mpuBOANT K THOEN BCXOAOB, OTCTABAHUIO B
pocTe, OTMUPAHUIO MPOYKTHBHBIX CTEOIICH, ITyCTOKOJIOCHIIE,
mymiocT 3epHa. [lorepu ypoxkast B CpeiHEM COCTaBIISIIOT
15 % B pe3ynbraTe CHHKECHUS MPOLYKTUBHOM KyCTHCTOCTH,
03EpHEHHOCTH KoJ0oca M Macchl 3epHa (/lomkeHko u ap.,
2014). Ml npoBey OLEHKY HH()OPMATUBHOCTH ONITHYECKHX
MapaMeTPOB PA3IUYHBIX COPTOB MIIEHUIBI MIPU JEHCTBUU
BO30yaHTEIIs1 OOBIKHOBEHHOH KOPHEBOW THUJIM 3J1aKOB B. s0-
rokiniana Shoem.

Bropoii 3aadeit OpII0 WCCIIEAOBAaHUE CTIEKTPATBHBIX Xa-
PaKTEepUCTHK MSIKOTH KiIyOHe# kaprodens (Solanum tube-
rosum L.), nmpencTaBieHHbIX B Koekiuu MHcTUTyTa 1IK-
tonormn u reaetuku CO PAH (MLul") «I'erArpo» (HoBocu-
O6upcK).

MaTepmanbl n metoabl

O0pa3ubl NIEHULbI A/l HCCJIeJ0OBAHMS OPAKEHUsI KOP-
HeBO# rHIIIBI0. VceiieoBaHys IPOBOUIIN B J1a00PaTOPHBIX
YCIIOBUSIX (BETETAIIMOHHBIN OIBIT — BOAHBIC KYIBTYPhI) Ha
MPOPOCTKaX palOHUPOBAHHBIX COPTOB MSITKOM SIPOBOH TILie-
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HULBI cenekuun CHOMPCKOro Hay4YHO-HCCIIEI0BATEIBCKOTO
WHCTHTyTa pacTeHueBoacTBa — ¢ummana Ulul" CO PAH:
HoBocubupckast 18, HoBocubupckas 44, Cubupckas 21 u
Omckoro AHIT — Omckast 18.

Cxema ombITa BKJIIOYAJIa BAPUAHTHI: KOHTPOJIb — CEMEHa
0e3 NCKyCCTBEHHOH HH(EKINH; OTIBIT — CEMEHA HCKYCCTBEHHO
MHOUIHMPOBAIH BO30OyaUTENIeM OOBIKHOBEHHOH TrHUIN Bi-
polaris sorokiniana Shoem. (B. sorokiniana). Iapunnposa-
HHE ITPOPOCIINX CEMSTH OCYIIECTBIISUIN KOHUINAIBHON Cyc-
MIeH3MeH CMECH CPEeIHETIaTOreHHBIX N30JIATOB B. sorokiniana,
npurotosneHHol Ha 0.1 % BoxHoM arape (5000 xoHuaMi Ha
1 3epHO). [l kaxoro copra B BapHaHTaX 3aKJIa/bIBajIH
o 100 3epeH ¢ yueTom ux BcxokecTd. VHpeKkunoHHyo Ha-
TPy3Ky HAaHOCHJIM B Karjle CyCHEH3MM BO30YIUTENs MOCIe
nozicueTa KoHUMH B kamepe Toma—TopsieBa. OToOpanHoe,
0e3 BHELIHNX IIPU3HAKOB MIOPAKEHUS M TIOBPEXKICHUS 3€PHO
IpenBapuTenbHO crepmin3oBanu 90 % 3TUIOBBIM CIMPTOM
B TeUEHHUE 2 MUH C TOCIIEAYIONINM TPOCKPaTHBIM ITPOMBIBa-
HUEM JUCTUUINPOBAHHOMN BOAOK.

IIpopocTku BbIpanBaid B pyJIOHHOM KYJIBTYpE Ha BOAO-
MIPOBOJTHOI BOJIE B KaMepe MCKYCCTBEHHOTO MUKPOKJINMATa
«buorpoHn-7» (pazpadorka CHOMPCKOTro (HU3MKO-TEXHHYECKO-
ro nHcTHTyTa (CHOHpCKUil denepanbHBI HAyIHBIA LEHTP
arpobunorexnonoruii Poccuiickoii akajemun Hayk)) 10 (asbl
1-2 mucra npu 16-4acoBoM GOTOIEPUOIC C OCBEIICHHOCTHIO
20000 nx (mens), Temmeparypa gaem 22 °C, Houpio — 18 °C,
Biaxxnocts — 60 % (I'yposa u ap., 2017). [Ans npoBeaeHus
CHEMKH C TIOMOILBIO THUIIEPCHEKTPAIBHOM KaMephl HCIOJIb-
30BaJIi MOOETH MPOPOCTKOB MIIEHMIIBI C TIPH3HAKAMHU M1Opa-
JKEHUSI KOPHEBOH THUIIBIO (IITPUXH M TIOJIOCHI TEMHO-0yporo
1BETA).

O0pa3ubI K1yoHel kapTodens. B nccienoBanny HCTIONb-
30BaHbl 82 oOpasua kaprodens (S. tuberosum L.) n3 xomiex-
n MLl «'enArpo» (HoBocubupck). Bee copra u rubpu-
b, aHAITM3UPYEMBIE B XOJI€ IKCTIEPUMEHTA, OBbIIN BBIPAIIEHbI
B TOJIEBBIX YCIIOBHSX (B IpeesiaX OHOM JIOKAIMU) C HIOHS
1o Havajo ceHtsiops 2018 . Bce 00pa3ibl ObUIN TTOCAKEHBI
OIIHOBPEMEHHO WJIM C Pa3HUIEH B ONMH JICHb W BBIKOIIAHBI
TakuM ke 00pazoM. KiryOHn Bcex 00pa3noB ObIIH MOCaKEHBI
B JIBa psijia C pacCTOsTHUEM Mexay psaamu B 0.75 M u mexay
pactenusmu — B 0.3 M. J{IrHA KaXKAOTO psiia COCTABISIIA
3 M, BelpamuBanock no 10 pacrenuil. [locne usBneueHus
KJIyOHe# M3 MOYBBI UX HANPABISIM HA XpaHEHHUE B TEYCHUE
3 men npu temmeparype 4 °C. Ilo mporrecTBUH yKa3aHHOTO
BpPEMEHN OTOMPAIIH TOIBKO BU3YaJbHO 3/10POBBIC, THITHYHBIC
o ¢opMe U pa3mepy KIyOHHU IJIsl Kaxaou juHuu. KiyoHu
(mBa Ha oOpaser) ObUTH BBIMBITHI BOJOIIPOBOJHOM BOIOH M
OCTaBJICHBI HA HOYb JIJIsl UCTIAPEHHS BOIOTIPOBOIHON BOJIBI C
MOBEPXHOCTH KIIyOHEI B KOMHATHBIX YCIIOBHSIX.

Jlnst IpoBesieHNsT ChbEMKH C MOMOIIBIO THIIEPCIIEKTPaIb-
HOW KaMepbl UCIIOJIb30BAIN Cpe3bl KiyOHeH. Burmonnsmn
HOTIepeYHbIE pa3pesbl KIyOHEH 110 EHTPY C IIOMOIIBIO HOXKa
Ha /1Be NMPUOIU3NTENBHO PaBHbBIE JOJHU, OT OAHOW M3 HHUX
MIPOBOJIMJICS CPE3, MAKCUMAJIBHO OJHOPOJIHBIHN 110 TOJIINHE
B Pa3IMYHBIX yacTsX cpe3a. Bce cpesbl MMeNnu TOJILIUHY B
npenenax 2—3 cM. B ciydasx HEBO3MOXXHOCTH BBITTOJTHEHUS
MIOTIEPEYHOTO Cpe3a M0 LEHTPY KITyOHs (BBIABIsIEMbIE nedeK-
TBI TOJIBKO TIPH Pa3pe3aHuu KiyOHs, HalpUMep, TaKue, KaKk
pe3yabTaT MOPaKEHUs! Pa3lInYHBIMU MHOEKIUAMHI) NeTann
MIPOIOJIBHBIN CPe3 MO HEHTPY J0JU KITyOHs, HOIy4YeHHOH IPH
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Mcnonb3oBaHuWe runepcneKkTpanbHom
Kamepbl Specim 1Q gns aHanv3a pacteHui

nornepeqHoM pazpese. Cpessl B Ipeiesiax u3y4aeMoro copra
WY THOPH/IA BBITIOJTHSIIM HETIOCPEICTBEHHO TIePe CheMKOIA.

IHony4enne runepcneKkTpanabHbIX H300paxennii. Crek-
TpaJIbHbBIC XapaKTEPUCTHUKH MPOPOCTKOB IIICHUIIbI ¥ KITyOHEH
KapTodens It aHanu3a ObUIH COOPaHBI C TIOMOIIIBIO THITEp-
crniekrpaibpHoi kKamepbl Specim IQ (Spectral Imaging Ltd.,
https://www.specim.fi/iq/). DTa kamepa MO3BOJISICT OLCHH-
BaTh CIIEKTPHI oTpaxkeHus B nHTEepBase 400-1000 am. Criek-
TpaJbHOE pPa3pelIeHue KaMepbl COCTABISET 7 HM M BKIIFOYa-
et 204 nmonockl, MPOCTPAHCTBEHHOE pa3pellieHre CeHCopa —
512 %512 nukceneii. TexHn4IecKre XapaKTEPUCTHKH KaMEPHI
6onee moapoOHO nMpuBeaeHs! B padore (Bohnenkamp et al.,
2018). Kamepa 6bu1a jmr06e3Ha mpegoctasiena OO0 «Komma-
HUs «A3uMyT Dotonuke» (Mocksa). Kamepa O6p11a ycTaHOB-
JieHa Ha IITaTUBE HaJ CTOJIOM, Ha pacctoaHuu 15-20 cm ot
o0pas3iia, pacroIoKeHHOTo Ha OesioM Jircte Oymaru. OOpasiisi
OCBELIAINCH TPEMsI TaJIOTCHHBIMH JIAMITAMH: JIB€ MOIITHOCTBIO
500 BT, omna — 700 BT, kak 3T0 peKOMEHJ0BaHO B MHCTPYKIIUU
K kamepe. [lepen cheMkoii TpoBoAMIACH KAIIMOPOBKA KamMe-
PBI C TIOMOIIBIO KaJTMOPOBOYHOM IMaHENH, MOCJIe ITOTO NPH
TIOJTyYCHNUH CEpUi CHIMKOB TIaHEIb YAASUTH U3 KaJpa.

O0padoTka cneKTpajabHBIX H300paxkenuni. [Ipeasapu-
TENbHBIN BU3YaJIbHBII KOHTPOJIb Ka9eCTBA THIIEPCIICKTPalb-
HBIX N300paKeHHUI OCYIIECTBIISIICS C TOMOIIBIO TPOTrPaMMBbI
Specim 1Q Studio software. J{s1st MaccoBoii 00pabOTKH 130-
OpakeHMit HCTIOTB30BaIIN ONOIMOTEeKH s1361ka Python. M3Bie-
YEeHHUE JJAHHBIX 10 MHTEHCUBHOCTH CIEKTPAJIBHBIX JTMHUH U3
BBIXOMHBIX (paiiioB Specim IQ B popmate envi mpoBOIKIIH C
momonrsio makera spectral (http://www.spectralpython.net/).
Crima)xuBaHKE CIIEKTPOB OBLIO BHITMOJIHEHO C UCTIOIb30BaHHU-
em ¢uisrpa CaBunkoro—lonas (Savitzky, Golay, 1964), mpo-
rpamma savgol filter—n3 makera scipy (https://www.scipy.org/).

Brinenenne obaacTel MpopoCTKOB M CPE30B KITyOHEH ocy-
IIECTBIISUIM Ha OCHOBE aHaJIM3a MHTEHCUBHOCTH CUTHAJIA T10
Pa3ITUIHBIM JIMHISIM cHIeKTpa (OenbIii GoH nMeT MPaKTHIeCKH
OIMHAKOBYIO MHTEHCHBHOCTh OTPA)XCHHS MO BCEM JIMHUSM
CIIEKTpA).

Jnst uccnenoBaHus OBUIH B3STHI OT TPEX JO IATH THIEp-
CIEKTPAIBHBIX H300paKEHUH 37I0POBBIX U 3apaKCHHBIX ITPO-
POCTKOB JUIsl K&XKJI0T0 copTa MieHupbl. [Ipu nosryyeHnu cnek-
TPAJBHBIX KPUBBIX ITPOBOIMIN CEIMEHTALIMIO H300pakeHNit
Y MICTIOJTB30BAJIH CPETHHIE 3HAYCHUSI CIEKTPAIBHBIX SIPKOCTEH
BbIJICJICHHBIX CEIMEHTOB 110 HECKOJIBKUM 1/1306pa>1<eH1/151M. le/l
aHaJN3e IPOPOCTKOB PACCUUTHIBAIIM CEPUIO BETeTAllMOHHBIX
WHJICKCOB, KaK 3TO OBLIO omrcaHo paHee B padore (yOpos-
cKas u jp., 2018).

[Ipu ananmse kayOHEH ANA KaKIOTO M300PaXKSHUS MBI
BBIOMpany cirydaiiHeiM 00pazom 6000 nukceneii (BEIOOpKa C
BO3BPAIICHUEM ), IPUHAUICKAIIIX 0071aCTH MIKOTH KIYOHS,
U 110 HUM YCPEIHSIIN 3Ha4YeHHEe HHTEHCHUBHOCTEH IS KaXKTOH
muHUK criiekTpa. [loaydeHnbie TakuM 00pa3oM cpetHue 3Ha-
YEHUsI XapaKTepU30BaJIM CIEKTPbI KaX10ro 13 82 00pasuos
MSKOTH KapToQers.

Jost ipezicka3anust copiepKaHus Kpaxmalia M Me3TH B KITyO-
HSIX KapTo(esis 10 THHepCreKpaIbHbIM JaHHBIM [IPUMEHEH
METOJI YacTHBIX HanMeHbIInX KkBaapatoB (PLS), B kagectre
3aBUCHMBIX MEPEMEHHBIX paccMaTpHBaJId 3HAUCHHUS COJIep-
JKaHUs Kpaxmaja WM ME3TU, HE3aBUCUMbIMU NIEPEMCHHDI-
MU OBUIM 3HAYCHHS TEePBON MPOU3BOTHONW MHTEHCHBHOCTEH
crnekrpa (quddepeHnnanbHble KPUBEIE).
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Puc. 1. CnekTpanbHble KpuBble AnA pPasnvyHbIX COPTOB MLUEHULbI: 3[0POBbIX MPOPOCTKOB (CUHAA KpUBas) U MOPaKeHHbIX KOPHe-

BOW rHunblo (B. sorokiniana) (KpacHas KpviBas).

Pe3ynbratbl

AHaJIN3 JAHHBIX 110 KOPHEBO THUJIU MIIeHUIbI. AHATU3
CIIEKTPAJIbHBIX KPUBBIX, [IOJIYYEHHBIX JIJIs1 IPOPOCTKOB COPTOB
Hosocubupckas 18, Omckast 18, HoBocubupckas 44 u Cu-
Oupckas 21, mokaszal, YTO OTpakaTelIbHbIE XapaKTePUCTUKH
3I0POBBIX IPOPOCTKOB IMIIICHHUIIBI X HH(PUITMPOBAHHBIX BO30Y-
JTesIeM OOBIKHOBEHHOM KOPHEBOM THIJIH 371aKOB OTIINYAIOT-
sl B UCCIIEYEMBIX YacTsaX crekTpa — uaumoit (400-700 Hm)
u OmwkHe# nHppakpacHoit oomactu (700-900 um) (puc. 1).
Y IpopoCTKOB KOHTPOJIBHBIX BAPHAHTOB B BUANMOHN 4acTH
CHEeKTpa HaOII0AaeTcsl BO3pacTaHWe OTpakaTelIbHOHM CIo-
COOHOCTH ¢ HEOOJBIINM MMUKOM B 3€JICHOH 00acTi (OKOJIO0
550 HM), 3aTeM WICT MOHMKEHHE M3-3a TOIVIONMICHHUS CBETa
MUTMEHTaMU PAacCTEHUH C AKCTPEMYMOM IIPH JUIMHE BOJHBI
okos10 680 HM. B OnmokHel nHppakpacHoit o0acTi oTpaxa-
TeJNIbHAs CIIOCOOHOCTH IPOPOCTKOB KOHTPOJIBHBIX U OTTBITHBIX
BapUaHTOB ITOBBIIIACTCS, YTO CBSA3aHO C BHYTPEHHHUM paccesi-
HueM cBeta Me3odmuiom (Behmann et al., 2014).

Paznuums oTpakaTenbHBIX XapaKTEPUCTHK B OMPEENICH-
HBIX 30HaX CIEKTpPa MOCITY)KWJIN OCHOBOM JIJIsl TPUMEHEHUS
BEreTallMOHHbIX HHIACKCOB JJIs1 O6Hapy)KGHI/I$[ U NJUAarHOCTHUKU
KOPHEBO THUIIM Ha ITOCEBaX U PacIiO3HABAHMS 0COOEHHOCTEH
37I0POBBIX M ITOPAKEHHBIX 32001€BaHNEM BCXOJI0B ITIICHUIIBI.
B pesynbrare aHanuza pa3iMuHbIX BEreTallMOHHBIX MH/IEKCOB,
paHee HCIOJIb3yeMbIX P THarHOCTHKE 1 MOHUTOPHHTE Pa3-
BUTHS JIpyrux 3abosneBanuii muenuns! (Jyoposckast u np.,
2018), a Tarxke Ha OCHOBE aHAJN3a CIIEKTPAIBHBIX XapaKTe-
PHUCTHK, MOJYYCHHBIX MPH Ja0OPAaTOPHOM SKCIEPHUMEHTE,
ObUTO BHIOpaHO 13 BereTarMOHHBIX WH/AEKCOB JUIS W/ICHTH-
(hukarmu KopHeBoi rHwH (B. sorokiniana) (tadm. 1). etans-
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HOE OIMCAaHUE WHJIEKCOB MpHBeAeHO B padote ([yOpoBckast
u np., 2018).

AHa3 THCTOrpaMM 3HAYCHU I BETeTAlIMOHHBIX HH/ICKCOB
nokasain (puc. 2), uro unngexcsl TVI u MCARI naunbonee
UH()OPMATHBHBI JUIs 00HAPYKEHHS TATOTeHA Ha IPOPOCTKAX
TIICHAIBI, 110 JaHHBIM THIEPCIIEKTPAIIEHON ChEMKH.

AHau3 MAKOTH KJIyOHeill kapTodessi. CriekTpaibHbIe
KpUBBIE MAKOTH KiyOHei 82 oOpasroB kapTodens mpea-
CTaBJICHBI HA puc. 3, a.

W3 nunarpamMM BHJIHBI JIB€ XapaKTE€PHbIE CIIEKTpalibHbIC
00acTH, B KOTOPBIX HAOIOJAIOTCSI CYIIIECTBEHHBIE Pa3THIHsI
B MHTCHCHBHOCTH CIIEKTPOB OTPAYKCHUS PA3ITMUHBIX COPTOB:
420-470 u 860-980 um. s odmactn 420—470 um HabII0-
JTAFOTCS 1BA XapaKTEPHBIX THUIA 3HAYEHUH MHTCHCHBHOCTH:
6omnpie 0.4 (53 obpasma, 64 %) ¥ MEHBIIE ATOTO 3HAYCHUS
(cm. puc. 3, a; 30 06pa3sioB., 36 %). s odnactr 860-980 HM
TaKke HAOTIOMAIOTCS B TUTIA 3HaYeHMH: Oombine 0.8 (cM.
puc. 3, a; 63 obpasua, 75 %) U MEHBIIE ITOTO 3HAYCHUS
(20 o6pa3suos, 25 %). bornee netanbHBIN aHAIN3 TTOKA3all, YTO
BCE 00pasIibl B BBIOOPKE MOXKHO PA3JEIUTh HA TPH TPYIIIHI 110
3HAYEHUIO BEIMYNH HHTEHCUBHOCTH CIIEKTPA B 3THX JIBYX 00-
nactsx. K nepsoii rpymme (A) oTHOCSTCSt 00pa3iibl, Y KOTOPBIX
3HaYeHHE HHTEHCUBHOCTH B nHTepBaie 420—470 am Gonprre
0.4, a B uarepaine 860-980 um — 6ombire 0.8. Takux oOpas-
I[OB 0Ka3aJI0Ch 53 (Ha puc. 3 OHM MOKA3aHbI CHHUM LIBETOM).
Crinckn Ha3BaHHWN COPTOB KapTo(enst, KOTOPBIE OTHOCATCS
K 9TOM W JBYM JPYTUM Trpynmnam, IpuBeaeHs! B [Ipuioxe-
auu 1)!. K rpynme B otHocsaTest 00pasiibl, HHTEHCHBHOCTE

1 Mpunoxexna 1 1 2 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2020-24/appx2.pdf
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Ta6bnuua 1. BeretaunoHHble MHAEKCHI, ncnonb3yemble AnA I/I,D,eHTVId)VIKaLI,VII/I KOpHeBOIZ FTHUAA Ha NPOPOCTKax NeHuL bl

NHpekc HassaHue nHpekca ®opmyna*
mSR;4s (Modified Red Edge Simple Ratio MoandunurpoBaHHbI OTHOCUTENBHBIN UHAEKC (Ry50 — Rass)/(Rys0 + Raas)
Index) B KpaliHem KpaCcHOM CriekTpe

NDVI,,s (Red Edge Normalized Difference Hopmanv30BaHHbIN PAa3HOCTHDIN BETETALUMOHHBIA  (Ry5 — Rygs)/(R750 + R7gs)

Vegetation Index) MNHIEKC B KpaiHEM KpacHOM CrneKkTpe

mNDVI,y; (Modified Red Edge MogandununpoBaHHbI HOPMaNM30BaHHbIN (R750 = R705)/(R750 + R705 — 2Ra4s)
Normalized Difference Vegetation Index) Pa3HOCTHbBIN BEreTauMOHHbIN UHAEKC

NBNDVI (Narrow-Band Normalized Y3KOMONOCHbIN HOPMaNM30BaHHbIA PA3HOCTHBIN  (Rgs — Rego)/(Rgso + Reso)
Difference Vegetation Index) BereTaLnoHHbIN NHAEKC

RVSI (Red-Edge Vegetation Stress Index) BereTauyOHHbIN MHOEKC COCTOAHMSA B KpaiHEM [(Ry12 + R752)/2] = Ry3,

KpaCHOM cnekTpe

PSRI (Plant Senescence Reflectance Index) ~ MHpeKkc oTpaxeHusa orpy6esLuero yrnepoaa (Rpeqd = R6)/Rnir
B PACTUTENIbHbIX TKAHAX (Rg78 = Rs00)/R7s0
ARI (Anthocyanin Reflectance Index) AHTOLMAHOBbBIV OTpa)kaTeNibHbIN NHAEKC (Rss0) (R700)
PRI (Photochemical/Physiological DOTOXMMUYECKUIN UHIEKC OTPAKEHNA (Rs31 — Rs70)/(Rs3q + Rs0)

Reflectance Index)

PhRI (Physiological Reflectance Index) MHpekc dprsmonornueckoro otpaxeHus (Rsso = Rs31)/(Rsso + Rs3q)
NPCI (Normalized Pigment Chlorophyll Hopmanu3oBaHHbI MHAEKC MOrNoLeHnA (Rego — Raz0)/(Rego + Razo)
Index) B Xxnopodwunne

MCARI (Modified Chlorophyll Absorption MogandununpoBaHHbI OTHOCUTENbHbBIN MHAEKC
Ratio Index) nornoweHna B xnopodunne

TVI (Triangular Vegetation Index) TpeyronbHbliii BereTaLOHHbI MHAEKC 0.5-[120- (Ry;; = Rg) = 200+ (Rgeq — R5)]
0.5-[120" (Ry50 — Rss0) — 200 (Rg70 — Rsso)]

* Ry — oTpaxaTesibHasA CNoCOBHOCTb Ha COOTBETCTBYIOLLIEN ANIMHE BOJHbI /N B COOTBETCTBYIOLLEM Auana3oHe crekTpa: G (green — 520-600 Hm), Red (630-690 Hm),
Nir (760-900 Hm).

007 0.030 0.17:0.03
0.06 0,025 |
0.05

0.020

0.04 0.75;0.16

0.015
0.03

0.010
0.02

3HavyeHune NAOTHOCTU

0.01 0.005

0 10 20 30 40 50 0 01 02 03 04 05 06 07 08 09 1.0 1.1
MHpekc TVI MHupekc MCARI

Puc. 2. [padmKM rmcTorpamMmmMHbIX OLIEHOK YCIIOBHbIX MIOTHOCTEW pacnpefeneHuns 3HadeHnu nHgekcos TVI (cnesa) u MCARI (cnpaBa) ansa Knaccos
3[10POBbIX MPOPOCTKOB MueHULbl HoBocnbrpckas 18 (cuHuii rpadmk) 1 3apaxkeHHbIX KOPHEBOW MHUMbIO (KpacHbI rpaduk).

B BbIHOCKax YKa3aHbl Bbl60p0l-IHbIe CcpegHne n CtTaHaapTHbIE OTKIOHEHUA 3HayeHnn NHOEKCOB.

MOTYIOMIEeHUS KOTOphIX B mHTEpBajie 420—470 um mensie 0.4,  ctu 860-980 um — 6ombie 0.8. Takux oOpa3mos Ob110 9 (Ha
a B uaTepBasie 860-980 uM — menbmie 0.8. Takux 0Opa3noB  pHc. 3 OHM ITOKA3aHbI CHPECHEBBIM IIBETOM). DTH TPH Ki1acTepa
okazasiock 20 (Ha puc. 3 OHU BbIJIEIICHBI OPAHIKEBBIM [[BETOM).  OKa3aJIMCh XOPOLIO PA3IMYUMBbl Ha TpadUKe paccessHus s
K rpynmne C otHOCATCS 00pa3iibl, y KOTOPBIX NHTEHCUBHOCTh ~ JIBYX INIABHBIX KOMIIOHEHT, ITOJTYYEHHBIX IIPU aHAJIN3E IIPO-
nornomieHus B oomactu 420—470 am menbIe 0.4, a B 007a-  M3BOAHBIX OT CIIEKTPOB (puc. 4). OOpa3moB, y KOTOPHIX B 00-
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Puc. 3. CnekTpanbHble XapakTepUCTUKN MAKOTY Kiy6Hen Ans 82 reHoTUMNoB Kaptodens.

a - cpefHune 3HaueHVs MHTEHCUBHOCTIN OTpaXkeHWs Ana 204 nuHWIA cnekTpa B nHTepsane 400-1000 HM; 6 — rpadmkn guddepeHLmanbHbIX KpuBbIX. LiBeTa nuHmin

COOTBETCTBYHIOT TPeM TUMaM CneKTpasibHbIX NHWA (CM. TeKCT).

0.08
Knactep C
0.06 |
L]
L]
t
L)
0.04 |
(]
©
I
(]
I
8 0.02
E o
S
x KnacTep A
$
or .‘§,- Knactep B
..
° L]
.’N . -\'
-0.02 |
-0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.10
KomnoHeHTa 1

Puc. 4. [lnarpamma pacceaHus ansa ABYX rMaBHbIX KOMIOHeHT 82 o6pas-
LiOB, MoslyyeHHasas MeTOAOM aHa/n3a rfaBHbIX KOMMOHEHT MO JaHHbIM
aHanusa anddepeHLnanbHbIX KPUBbIX.

Mo ocn X HanpaBneHa komnoHeHTa 1 (79.9 % gucnepcun), no ocn Y — KoMno-
HeHTa 2 (12.9 % pucnepcun).

nactu criektpa 420—470 HM HHTEHCUBHOCTH Oouibiie 0.4, a B
obmactu 860-980 HM — MensbIre 0.8, He 0OHApPYKEHO.

Heo0x0auMo OTMETHTB, YTO 3TH KJIACTEPHI TAK)KE MOYKHO
WACHTU(QUIMPOBATh HA OCHOBE aHaJM3a JuarpamMMbl pac-
CesIHUS B IPOCTPAHCTBE /IBYX IJIABHBIX KOMITIOHEHT JUIS WH-
TEHCHBHOCTEH CIIEKTPAJbHBIX JMHUH MHUKCEIeH, COOTBET-
CTByIOIIMX oOmacTsiM MsikoTH Kiayonei ([Ipunoxenue 2). Ha
3TOM AnMarpamMmMe TakKe BUIHO, YTO MMUKCEN KITyOHEeH OTHOTOo
copra (OPMHUPYIOT KOMITAaKTHBIE 00JIaKa, KOTOPBIE XOPOIIO
OT/ICJISIIOTCS OT 00JIaCTe, COOTBETCTBYIOLIUX JIPYTHM I'€HO-
THTIaM KapToders.

B criekTpax HEKOTOpBIX 00pa3loB HaONIIONAIOTCS MEHEEe
BhIpa)KEHHbIE pa3ninuus B oonactu 640—730 HM. DTOT UHTED-
BaJI JUIMH BOJIH COOTBETCTBYET OOJIACTH IOIVIOIICHHUS CBETA
xsopodmutom (Guidi et al., 2017).
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O6cyxpeHue

[TpoBeneHHbIC HAMHU HCCIIEOBAHMS TOKA3aJIM BO3ZMOKHOCTD
npUMeHeHus1 kamepbl Specim 1Q Jyist aHanu3a CreKTpoB OT-
paKeHUs] PaCTUTEIBHBIX 00pa3loB (IIPOPOCTKOB MIIECHHUIIBI
n cpe3oB KiyoHel kaproderns). B mepBom cityuae ynanoch
BBISIBUTH 3HAYMMBIE PA3JINYUs B CIIEKTPAX IPOPOCTKOB 310PO-
BBIX U TIOPAXKEHHBIX KOPHEBOH THIIIBIO. Y 3J0pPOBBIX IIPOPOCT-
KOB MHHUMYMBbI OTPayKCHUS HAOIIONAIOTCS B TI0JIOCAX CHIIb-
HOTO MOITIOLICHUSI XJIOPO(QHIIIIOB B KPACHON 00JIaCTH CIIEKTpa
(680 HM) 1 B TIOJTOCE COBMECTHOTO ITOTTIOMICHHUS XI0pO(PHIIOB
U KapOTUHOUOB B cuHEel oonactu (~500 HM).

Y nopaxeHHbIX IPOPOCTKOB TPEX COPTOB MIIECHHUIIBI (KPO-
Me copra HoBocubupckas 18) xoadduimertsr oTpaxenus
MPAaKTHYECKH BO BCEM JIMANa30He 3HAYUTEIILHO HIKE, YEM Y
310poBbIX. CHMKEHHE OTpaXKaTelIbHOU CIIOCOOHOCTH Y TIO-
pa’keHHBIX POPOCTKOB, HarboJee BeIpaxkeHHoe y copta Cu-
Oupckas 21, BO3MOXKHO, 00yCIIOBICHO 0COOCHHOCTSIMH TIPO-
TeKaHust TH(EKIIMOHHOTO nporecca v (POPMUPOBAHUSI 3AIIUT-
HO-TIPHCIIOCOOMTENIFHBIX PEaKIHii IPH aTOreHe3e.

Pe3koe M3MeHEHNE CIIEKTPaIbHBIX XapaKTEPUCTHK pacTe-
HUIl Ha TPaHMIIC BUAUMON KPACHOM 1 OFKHEH nHppakpac-
HOW yacTel criekTpa B auanazone 690...740 HM (monoxeHne
«KpacHBIX KpaeB») UMEET OOJIbIIOE 3HAYCHUE JUIsl NarHo-
CTHKH CTPECCOBBIX Bo3neicTBuil. [1omo6HyI0 0COOEHHOCTH
ormeyasi A. Lowe ¢ xomuteramu (2017). OHa MOXXeT OBITh
00BsICHEHA TEM, YTO XJIOPOGHIUT CHIILHO TOIIOMIACT UTHHBI
BOJIH BIUIOTH 110 700 HM, U, clieI0BaTebHO, PACTUTEIbHBIN
Marepuan B 3TOM JAMANa30He MMEET HU3KYIO OTpa)kaTellb-
HYIO CIOCOOHOCTB, KOTOpasi pe3Ko BO3pacTaeT B OJNVDKHEH
uHppakpacHoit odmactu crekrpa (~720 um). OOHapyKEHO,
YTO PA3IIMYMs B CIIEKTPaX MOXKHO OTIHCATh 33 CUET N3MEHEHUS
psla u3BeCTHBIX MHJEKCOB, B yacTHOCTH TVI u MCARI,
CBSI3aHHBIX C COJICPIKAHUEM XJIOPOHILIA.

[Ipu ananmm3e cpe3oB KIyOHEH KapTO(eIss MbI BBIICIIH
nBe obnacty crekrpa (400—450 u 900-1000 HM), B KOTOPBIX
HaOTIOAAr0TCs HAUOOBIINE PA3INYMA B HAIlICH BRIOOPKE 00-
pa3noB. VX MOXXHO cBs3aTh ¢ 00IACTSAMH ITOTIOMIEHHS psizia
pacTUTEIBFHBIX MUTMEHTOB, a TAK)KE MOJIEKYJI BOJBI M IPYIITT
OH (Tabm. 2).

OOHapyXeHHBIE TTOJIOCHI TOTJIOMICHUS O3BOJISIOT TIPE-
TIOJIOXKHUTH HAIMYKE WM 00pa30BaHue B XOJI€ IKCIIEPUMEHTA
(peructpanuu CrHeKTpa) MOTIOMIAIONUX B BUIUMOU WU
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Ta6nuuya 2. O6nacTy NOMMOLWEHNA HEKOTOPbIX METa6ONNTOB

MeTabonut O6nactn JIUT. NCTOYHUK
NOrNoLWeHNs, HM

MenaHuH 400 Busch, 1999

Xnopodunn 640-730, 400 Guidietal, 2017

OmkHEH HHppaKpacHO 00J1acTH CrieKTpa MeTaboauToB. Tak,
M3BECTHO, YTO B OBOIIAX MPH B3aMO/IEHCTBIN PON3BOAHBIX
THUPO3HMHA C KHCJIOPOJOM BO3/yXa B NMPHUCYTCTBUU OKCHJA3
MOXKET MPOUCXOJUTH 00pa3oBaHKUE MEJaHWHA — OJIMTOMeEp-
HOTO OKpameHHoro coenuHenus (Busch, 1999), mveromiero
B crekTpe nojocy nornomenus npu 400 um. BozmoxHo, B
Iporecce KCIIOHUPOBAHUSI HEKOTOPbIE copTa KapTogess
Gotee JIErKo MOABEPraliCh KaTAINTHIECKOMY OKHCIICHHIO C
00pa3zoBaHNEM KOPHYHEBOW OKPACKH.

[Mornomenne B oomactu 640—730 HM MOXKET COOTBETCTBO-
BaTh HAJIWYHIO 3€JIEHOTO MUTMEHTA — XJI0poduiIa — B Kpae-
BBIX 00JIACTSIX CPE30B B HEKOTOPBIX PACCMOTPEHHBIX 00pa3nax
kaprodens (Tanios et al., 2018). Ob6e pacnpocTpaHeHHbBIC B
pacTeHnsIX pasHOBUAHOCTH XJIOpO(HiIa — a ¥ b — MOTIomaroT
cget 640-730 aM. Kpome Toro, XJ10pousuT @ IMeeT mosocy
nornonienus npu 400 um (Guidi et al., 2017). Bo3moxkHo,
MMEHHO COpTa C XJIOPO(UIIIOM B KPaeBBIX y4acTKaX CPe30B
Ki1yOHeit otHocsTes k rpynme C o PCA (cm. puc. 4).

[Tornomenue npu 860-980 HM OTHOCUTCS K BOJOPOAHBIM
cBs3aM Bogsl (LOpez-Maestresalas et al., 2016) 1, BO3MOXHO,
CBSI3aHHBIX C HEH TOJIIPHBIX MOJIMMEPOB (Kpaxmara, MeKTH-
HOB, LIEJUTIONO3bI), TPUCYTCTBYIOMINX B MSIKOTH KapToQels.
Paznuunem B cBsi3piBaHnH BoAbI U Tpynn OH MokHO 00Bsic-
HUThH HAJWYHE JIBYX I'PYIIT COPTOB KapToders.

OtreHKa CKOPOCTH NMOTEMHEHHMs cpe3a KiyOHs (oOpa3oBa-
HHS MEJTATOHWHA) IMEET MPaKTUIeCKOe 3HAUYEHHUE ITPU PO 3-
BOJICTBE YMIICOB M MOJTYTIPOAYKTOB ISl JKapEHOTO KapToQerts.
Amnanun3 Hanmuust XJaopoduiuia B kaprodesie Ho3BOJISET CY/IUTh
0 TOM, SKCIIOHMPOBAJICS M KapTo(elab Ha CBETY U, COOT-
BETCTBCHHO, €CTh JIM PHCK NMPUCYTCTBUS B HEM SJIOBUTOTO
ankajouja conanuHa. Takum oOpa3om, MCIIOIb30BaHUE TH-
MEePCTIEKTPAILHON KaMepbl UMEET 3HAYNTEIbHBIA MOTEHIHAT
JUISL OLICHKH HAJIMYMSI METaOOJIUTOB B KapTO(eIie 1o ero cpesy
1 aBTOMATH3AIMH [TPOIIECCOB MepepadOoTKU KapTodeis B Ipo-
JIYKTHI C BBICOKOH TOOABIEHHOI CTOMMOCTBIO.

3aknioyeHue

C momoImIpio THIEPCIIeKTpaabHON Kamepsl Specim 1Q mpo-
BEJICH aHAJM3 JIBYX THUIIOB OMOJIIOTHYECKHUX 00pa3IoB: Mpo-
POCTKOB MIIICHUIIBI YETHIPEX COPTOB C MOPAKECHHEM KOPHEBOI
THHJIBIO (BO30yauTens — B. sorokiniana Shoem.) 1 310pOBBIX.
BrlisBiieHO Hamu4ue pa3iuyuidl B CIEKTPaX 3MOPOBBIX U IT0-
pakeHHBIX pacTeHui, onpeneneHsl uHIekchl TVI 1 MCARI,
KOTOpBIE B HAMOOJBIIICH CTENIEHH Pa3InIatoTCs IS 30POBBIX
1 OOJTBHBIX IPOPOCTKOB. AHAIH3 MSKOTH KITyOHEH KapTodens
OKa3aJl BEIPAXKEHHBIC [PYIIITBI 00PA3I[0B, KOTOPHIC pa3inya-
IOTCS TI0 MHTCHCHBHOCTH CIIEKTPOB OTPAKEHHUS B 00IACTSIX
400-450 1 900—1000 HM, 9TO MOXKET OBITH CBA3aHO C 00Iac-
TSMU MOTVIONICHHSI MeJIaHWHA B IIEPBOM cllydae (IoYepHEeHre
MSKOTH) U MOJeKyn Boasl U rpyrm OH — Bo BropoM (comep-
JKaHHE BIIATH).
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Abstract. The multitude of existing methods for assessing the phenotypic stability of plants makes breeders be faced
with the problem of choosing an appropriate variant. The purpose of this study was to compare different methods
of analyzing the genotype x environment interaction and, on their basis, assess the stability of the yield of 7 variet-
ies of winter wheat. The article compares 17 stability statistics by applying them to data obtained from agrotechnical
experiments carried in 2009-2011 for evaluating the grain yield of 7 varieties of winter common wheat of Siberian
selection (Novosibirskaya 32, Novosibirskaya 40, Novosibirskaya 51, Novosibirskaya 3, Novosibirskaya 2, Obskaya win-
ter, Omskaya 6). Analysis of variance revealed a significant (p < 0.001) genotype X environment interaction in the ex-
periments, which indicates a different reaction of genotypes to changes in environmental conditions. Genotypes were
ranked according to the level of stability. Based on the analysis of the rank correlation matrix, the stability statistics were
categorized in five groups. Recommendations were made on which group of methods to use depending on the objec-
tives of the study. In the case when the goal of breeding research is the selection of the most biologically stable varieties
with the minimum variance across a range of environments, one should use the methods of the static concept. If it is
necessary to choose a genotype with a predictable reaction to changes of environmental conditions, corresponding to
the calculated level or forecast, the regression approach is the most appropriate. The stability statistics generally identi-
fied Novosibirskaya 32 as the most stable variety from a biological point of view. The regression approach showed that
Novosibirskaya 3 was the genotype with the smallest deviation from mean yield in all environments, while methods
accessing the contribution of each genotype to the genotype x environment interaction defined Novosibirskaya 51 as
the most stable variety.

Key words: phenotypic stability; genotype X environment interaction; plant breeding; statistical methods; winter wheat.
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AHHOTayusa. MHoOroobpasune CylecTBYIOLMX METOAOB OLEHKM GpEeHOTUNMYECKON CTabUIbHOCTM PAacTeHUI CTaBUT
nepep cenekymoHepamun npobnemy Bbibopa NoaxoaaLero BapraHTa. Lienbto HacToALwwero nccnefoBaHnsa 6oino cpas-
HeHre pasfiyHbIX METOAOB aHanNn3a B3aUMOLENCTBMA FEHOTUM X Cpefa M OLeHKa Ha MX OCHOBE CTabuSIbHOCTH ypo-
MKaMHOCTN CeMn COPTOB O3MMOW MLeHULbl. MpoaHann3npoBaHbl 17 CTaTUCTUYECKUX MoKasaTenen CTabunbHOCTM Ha
npumepe AaHHbIX nonesoro onbita 2009-2011 rr. N0 OLEHKe YPOXKalHOCTN 3epHa CEMIU COPTOB O3UMOI MATKON MLue-
HUUbI cnbupckom cenekymm (HoBocnbupckan 32, Hosocnbupckas 40, HoBocnbupckas 51, Hosocnbupckan 3, Hosocu-
6upckan 2, 06ckan o3rmas, OMCKas 6) B LUECTU BapraHTax cped. [JucnepcroHHbIN aHanys BbiABU 3Haunmoe (p < 0.001)
B3aMMOLENCTBME FeHOTUM X Cpefja B OMbiTe, YTO FOBOPUT O Pas/IMYHON peaKkuuy reHOTUMOB Ha U3MEHeHWe YCNOoBUIA
cpenbl. BbINOMHEHO paHXMpPOBaHKE COPTOB MO YPOBHIO CTabWIbHOCTU U PAacCUUTaHbl KOPPENALMOHHbIE CBA3N MEXAY
napameTpamu ctabunbHocTh. Ha ocHoBe aHann3a KoppenAaLuMoHHON MaTPLbl PaHrOB NpoBefeHa Knaccudukauma me-
TOAOB, pasfenAoLLas Ux Ha NATb rpynn. MpeanoxeHbl peKoMeHZaLMN No BbIbopy cnocoba onpefeneHns cTabuibHo-
CTV FreHOTMMNOB B 3aBUCMMOCTH OT Lienieil uccnefoBaHua. B cnyyae, Koraa Lenbio ceneKLMOHHbIX MCCeA0BaHWNIA ABNAET-
CA BbI6Op Hanbonee cTabusbHbIX B 6110N0rMYeCKOM CMbICTIE COPTOB, 06/1aAaloLLMX HAUMEHbLUEN BapraLmeli Npu3Haka,
He3aBVCUMO OT MEHSAIOLMXCA YCIIOBUI CpeAbl, clefyeT NCNoNb30BaTb METOAbI CTaTUYeCKON KoHuenuun. Ecnn cpeamn
Habopa copToB HEOOXOANMMO BbIOPATbL FEHOTUM C NpefCcKalyeMol peakuyelil Ha M3MEHEHWA YCNOBUIA Cpefbl, COOTBET-
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A.F. Cheshkova, Pl. Stepochkin, A.F. Aleynikov
1.G. Grebennikova, V.I. Ponomarenko

A comparison of statistical methods
for assessing winter wheat grain yield stability

CTBYIOLLIE/ PacYETHOMY YPOBHIO I MPOTHO3Y, Hanbonee ONTMManeH PerpeccUoHHbIN Noaxog. B pesynbraTe oueHKM
MeToAaMU CTaTUYeCcKol KoHuenuuu copt HoBocrbrpckas 32 6bin onpeaeneH Kak Havbonee ctabunbHbii ¢ 6Gronoru-
yeckom Toukun 3peHus. Copt HoBocnbrpcKkas 3, MMeBLUMI HaMeHblUee OTKIIOHEHMe OT CPeAHeN ypoXKaHOCTM AnA
BCeX cpefl, 0Ka3asca Hambonee cTabuibHbIM NPY OLEHKE perpeccuoHHbIMM MeTofamu. MeTofbl, OLeHUBaloLWme BKNaj
reHoTuna BO B3aMMOZENCTBE FeHOTUM X cpefa, onpeaenunu copT HoBocnbrpckas 51 Kak camblii CTabMIIbHBbINA.

KnioueBble cfioBa: peHOTUNMYECKas CTabWIIbHOCTb; B3aMOAENCTBME reHOTUM X Cpefa; Cenekumua pacTeHUiA; CTaTuCTy-

Yyeckne MetTobl; 03MMadA nuweHnua.

Introduction
Genotype X environment (GE) interaction means that varieties
react differently to changes in growing conditions. Relative
ranking of the productivity of a group of varieties in different
environmental conditions gives different results. Even among
specific, regionally adapted breeding forms, it is difficult to
choose the best genotype, due to the variability of yields in
different years of observations and under different environ-
mental conditions.

Currently, many different ways of evaluating the GE inter-
action are developed, which are based on statistical methods
for calculating certain parameters characterizing the degree
of genotype response to changing environmental conditions.
Different terms are used: adaptability, homeostaticity, plastic-
ity, stability, etc.

Becker and Leon (1988) consider that, depending on the
purpose of the research, there are two main differing concepts
of stability: static (biological) and dynamic (agronomic).

The static concept implies a stable genotype possesses an
unchanged performance, regardless of variation of the envi-
ronmental conditions. “This concept of stability is useful for
traits the levels of which have to be maintained at all costs,
e.g. for quality traits, for resistance against diseases, or for
stress characters like winter hardiness”. The concept may in-
clude methods described by Roemer (1917, in: Becker, Leon,
1988), Francis and Kannenberg (1978), Lin and Binns (1988).

Unlike the static concept, the dynamic concept permits a
predictable reaction of the genotype to changes in environ-
mental conditions. The stable genotype, in accordance with
this concept, does not deviate from the average values of this
reaction. For each environment, the productivity of a stable
genotype corresponds exactly to the predicted level. Among
the methods of the dynamic concept used to assess stability,
the following groups can be distinguished:

» methods that assess the stability of the genotype, based on
the contribution to the variation of genotype x environment
interaction are presented in the articles of Wricke (1962),
Shukla (1972);

* aregression approach to assessing the stability of a trait is
considered in the articles of Finlay and Wilkinson (1963),
Eberhart and Russell (1966), Tai (1971);

* non-parametric methods based on relative data rankings
were proposed by Nassar and Huehn (1987), Fox et al.
(1990), Kang and Pham (1991);

* multidimensional methods that use the results of a cluster
or a component analysis to assess stability were described
in Fox and Rosielle (1982), Zobel et al. (1988), Lin and
Binns (1991), Purchase (2000), Gauch (2006).
Comparison of different stability statistics and classification

of methods was made by Lin and Binns (Lin et al., 1986),

Becker and Leon (1988), Flores et al. (1998), Adugna and

Labuschagne (2003), Mohammadi and Amri (2008), Moham-
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madi et al. (2016). Kang (1997) made a wide analysis of the
GE interaction phenomenon and gave recommendations how
to use this interaction for crop cultivar development.

But some methods for stability assessing suggested by
Khangildin et al. (1979), Dragavtsev (Dragavtsev, Averya-
nova, 1983), Udachin (1990), Martynov (1990), Kilchevsky
and Khotyleva (1989), were not mentioned and compared in
that works.

The purpose of this study is to compare 17 different me-
thods of analyzing the GE interaction and, on their basis, as-
sess the stability of the yield of 7 varieties of Siberian winter
wheat.

Materials and methods

Experimental data

All analyses were performed on the grain yield data obtained
from 7 varieties of winter wheat 7. aestivum L.: Novosibir-
skaya 32, Novosibirskaya 40, Novosibirskaya 51, Novosi-
birskaya 3, Novosibirskaya 2, Obskaya winter, Omskaya 6.
The trials were conducted at the experimental fields of the
Siberian Research Institute of Plant Production and Breeding
(SibNIIRS) — Branch of the Institute of Cytology and Genetics
of SB RAS during three cropping seasons (2009-2011). The
experiment was carried out in two variants each year: with
use of mustard protection coulisses and without them. The
meteorological conditions during the years of the experiments
were different both in temperature and precipitation. Coulisses
contributed to a greater accumulation of snow, as compared
with no-coulisse plots, which allowed a long period to retain
soil moisture in spring and early summer periods. Thus,
contrasting growth conditions were provided, which made it
possible to take into account six variants of environments for
stability analysis.

The trials were evaluated using randomized complete
block design with three replications. Sowing was carried out
on the fallow precursor on plots of 25 m?2. Seeding rate was
600 seeds/m2, sowing date was August 20-24. The grain yield
was measured for each plot and then converted into tons/ha
for further statistical analysis.

Statistical methods

The yield data were subjected to statistical analyses using
the R (R Development Core Team, 2014) software. A model
of analysis of variance (ANOVA) for v genotypes, n environ-
ments, 7 replications of the following form was considered:

Ylj:l/l+di+€j+gij+éija (1)
where Y; is the mean grain yield of the i-th genotype in the
j-thenvironment (i=1,...v;j=1,...n); wis the grand mean;

d; is the main effect of the i-th genotype; €; is the main effect
of the j-th environment; g; is the effect of genotype x envi-
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ronment interaction; &; is the GE interaction residual of the
i-th genotype in the j-th environment.

Normality of model residuals was assessed by Shapiro—
Wilk test (Shapiro, Wilk, 1965), and homogeneity of variance
was estimated based on the criterion of Levene (1960).

The following methods were applied to experimental data
(coded abbreviation was used for convenience).

1. (EV). Roemer (1917, in: Becker, Leon, 1988) used the
“environmental variance of genotypes” to determine the sta-
bility of a genotype:

7 \2
52 50T

i @)
where Yj; is the mean value of the tralt for the i-th genotype
in the j- th environment (i =1,...v;j=1,...n); Y; is the mean

value of the trait for the i-th genotype in all environments.
The most stable genotype has the lowest value of environ-
mental variance. In fact Syzl« is unbiased estimation of geno-
type variation.

2. (CV). Francis and Kannenberg (1978) used a combina-
tion of mean yield and standard deviation as a measure of
stability. The coefficient of variation of the i-th genotype is
estimated by the standard formula:

cv.=2 100 %, 3)
Y
where o; is the standard deviation of the trait for the i-th geno-
type; Y; is the mean value of the trait for the i-th genotype in
all environments.

Genotypes with yield above overall mean yield and CV;
below overall coefficient of variation are considered more
stable than the others.

3. (HOM). Khangildin (Khangildin et al., 1979) uses the
“coefficient of homeostaticity” as stability index:

v @
6; (Yitopty— Yictim)’
where o, is the standard deviation of the trait for the i-th geno-
type: Y;., Yi(ops)» Yiiim) are the mean values of the trait for the
i-th genotype in all environments, in the optimal and limited
environment, respectively. The higher the coefficient of ho-
meostasis is, the more stable is the genotype.

4. (Pi). Lin and Binns (1988) proposed to use the “superio-
rity measure” P; as a parameter of stability:

X (Y, — M) 2, (5)

where M; is the maximal value ¥;; for all genotypes in j-th en-
V1ronment Genotypes with a 10wer P; value are considered
to be more stable.

5. (UST). Udachin (1990) modified the method of Khan-
gildin, proposing a new indicator — “steadiness of stability
index™:

Hom,; =

u=li_ Liopo) j[i(lim)

1

-100 %. (6)

Here Liopeys Litimys I are stability indexes calculated by for-
mulas:

2 72 2
7 Yiom _Yim)  _ZgYiloy
i0P) = Srgpy > Lilim) = Gy 1 = o (N
where G, G;(p)> Oigimy are standard deviations of the trait

for i-th genotype in j-th, optimal and limited environments,
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respectively; Y Y i(opt)> Y,-(h-m) are average values of the trait
for i-th genotype in j-th, optimal and limited environments;
v is a number of genotypes, n is a number of environments.
The higher this indicator is the more stable is the genotype.

6. (MAR). Martynov (1990) proposes to use a “weighted
homeostacity index” for stability evaluation:

H Z, aj(k)( i Y ~)/Gj, (8)

where @, is the calculated weighting factor determined for
the j-th environment as follows.

All environments are divided into three groups with similar
conditions: favorable (Y ; >Y_+LSD), medium (¥ - LSD <
< Y <Y +LSD)and unfavorable (Y ;<Y — LSD). The value
of LSD (least significant d1fference) is determined by the

formula:
LSD = t,\NMSgp(n+1)/(nv), 9)

where ¢, is the value of the Student’s #-test (for selected sig-
nificance level o and df = (v—1)(n—1)); MS is the mean
square of G x E interaction.

Let’s N, (k=1,2,3)—number of elements within k-th group
of environments, then the weighting coefficients a;, for each
environment in k-th group are the same:

(10)

The higher the H; value, the more homeostatic the geno-
type.

7. (CAC). Kilchevsky and Khotyleva (1989) call the sum
of the effects of the j-th environment and the interaction of
genotype X environment as a “specific adaptive ability” of the
i-th genotype in the j-th environment.

CAC;=d+(vd), =Y ;=Y +(Y;~Y,~Y ;+¥ )=Y;~¥,. (11)

As a measure of the stability of the i-th genotype, they use
the CAC, variance:

1 -1
— Ej(dj+(vd)ij)2—n1 62=

ay =5 N, (k=1.2.3).

GgAC,' =
2
_ Zj(Yij ) _n-1
n—1 n
8. (Wi). Wricke (1962) proposed to use the sum of squares
of environmental effects as a measure of genotype stability.

This parameter is called “ecovalence” and is calculated by
the formula:

G2 (12)

_ v v vV \2
W,=%,(¥;~ 7, -7+ ¥ ). (13)

The more stable genotype is, the smaller its ecovalence
value will be.

9. (SIGMA). Shukla (1972) developed an unbiased estimate
using “stability variance” of genotypes:

py VO-DE (V=Y =V 4 Y =2V Y, - Y+ V)
Oof=
! n-1DH(v-1)(v-2)
10-11. (Bi, S2di). Eberhart and Russell (1966) used a
regression approach to assess the stability. The following

model is considered:
Yi=w+B,[+35,,

(14)

(15)

where Yj; is the variety mean of the i-th variety in the j-th
environment (i = 1,...v;j=1,...n); Y, is the mean of the i-th
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variety over all environments; f; is the regression coefficient,
that measures the response of the i-th variety to varying envi-
ronments; 6;; is the deviation from regression of the i-th variety
at the j-th environment; /; is the environmental index of the
Jj-th environment, calculated by the formula:

%Yy LAYy

T v vn : (16)

The estimation of the regression coefficient b; is the first

parameter of genotype stability
XYl
b;="00 17)
%17
The second parameter of stablllty is the variance of devia-
tion from the regression line.

A ) 5
50 s (18)
" on=2 1’
where s2 is the estimate of the pooled error; » — number of
replications. The sum of the squares of deviations from the

regression is calculated by the formula:

<o

(19)

A variety with b, =1, sd,. = 0 are referred to stable ones.

12-13. (Alpha, Lambda). The regression approach is
also used by Tai (Tai, 1971; Tai, Young, 1972). A model of
analysis of variance with random effects of the environment
is considered:

Vi =WE At Gy T8yt e

Whereyijk (i=1,...v,j=1,...n, k=1,...r) is the value of
the trait of the i-th genotype in the j-th environment in the
k-th replication; p is the overall mean; d, is the effect of the
i-th genotype; € is effect of the j-th environment; y, ) is the
effect of replicates within environments; 8 is the effect of
genotype X environment interaction; e, is the residual varia-
tion due to replications.

Tai and Young (1972) proposed to determine the linear re-
sponse of the genotype to the effect of the environment o, and
the deviation from the linear response A,. They are related to
the parameters of Eberhart and Russell in the following way:

(20)

_ MSL(b,- 1) -
% = 3/SL—MSB’ (

S

iU MSER % \m—1) MSE "

where MSL, MSB, MSE are mean squares, due to environ-
ments, replicates within environments and error, respecti-
vely. Tai considers that in terms of agricultural usage the
preferred variety has (oo =0, A = 1) and a mean performance
which is above-average of all varieties over a series of envi-
ronments.

14. (Ai). The regression coefficient in the model of Eberhart
and Russell depends on the average value of the trait. Varieties
with a high average value will have a higher coefficient (scale
effect). To eliminate this drawback Dragavtsev (Dragavtsev,
Averyanova, 1983) proposed to use the dimensionless “coef-
ficient of multiplicativity”:

b?

i
|

al.=

(23)

1.
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15-16.(S1,.52). Nassar and Huehn (1987) ranked genotypes
in the j-th environment (j = 1, ... N), assigning the minimum
rank 1 to the genotype with the lowest corrected mean value
Y; = (Yij— (Y;-Y))(@i=1, ... K), and the maximum rank K
to the genotype with the highest corrected mean value of the
trait. A genotype is considered stable if its ranks are close
for different environments. The most stable genotype has a
constant rank. The following parameters are proposed as a
measure of stability:

SO=2-50 S - [ /INN- 1),

§@= Zjvzl (rl.j—l'fl.l)z/(N —1), where 7, =X

24

/N.  (25)

/ 175
For the most stable genotypes S{V=0, $@=0.

17. (ASVI). Zobel, Wright and Gauch (1988) suggested
to use the principal component method and a graphical re-
presentation of stability based on the AMMI model (Additive
Main effects and Multiplicative Interaction). The model has
the form:

Yi=p+ta +[3 +Ek 1xkglknjk+e (26)

ij?
where Y;; is the mean value of the trait of i-th genotype in
j-thenvironment (i =1,...v;j=1,...n); uis an overall mean;
a, is the genotype mean deviation; f; is the environment mean
deviation; A, is the eigenvalue of the PCA axis; Cy, 0, are the
genotype and environment PCA scores; NV is a number of PCA
axes, retained in the model; Gij is the residual.

Based on this model, Purchase (Purchase et al., 2000) pro-
posed to use the ASV (AMMI Stability Value) parameter for
ranking genotypes by stability:

Ss ’
ASV,= \/ { 5 SIPCAI (IPCAlscore) | + (IPCA2score)?, (27)

IPCA2

where SS,,,1, SS;pc4, are sums of squares of the first and

second principal components; /PCAlscore, IPCA2score are

projections of the i-th genotype on the first and second PCA
axis. The smaller the value of the ASV parameter is, the more
stable the genotype is considered.

18. (MeanY). In addition, values of mean yield were cal-
culated for each genotype using standard formulas.

For comparison of various methods for assessing stability,
17 statistical indexes described above were calculated. Then
all varieties were ranked according each of the stability sta-
tistics. The ranks were assigned in such a way that the rank 1
received the most desirable variety:

o for statistics MeanY, HOM, UST, MAR, Ai, rank 1 received
varieties with the highest value of the index;

e for statistics ASVI, S1,S2, Lambda, S2di, SIGMA, Wi, CAC,
Pi, CV, EV, rank 1 received varieties with the lowest value
of the index;

« for regression coefficient Bi, rank 1 was assigned to the
variety with the smallest (in modulo) coefficient’s devia-
tion from one;

* for Alpha coefficient, rank 1 was assigned to the variety
with the smallest (in modulo) coefficient’s deviation from
Zero.

BaBunosckuii xypHan reHeTuku u cenekuyunm / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 3



A.®. Yewkosa, MN.W. CrténouknH, A.O. AnenHnkos
W.T. TpebeHHKKOBa, B./. MoHomapeHKko

Results

Mean grain yield and rank of 7 genotypes across 6 environ-
ments are shown in Table 1. The fact that genotypes switch
ranks from one environment to another means the presence
of a crossover GE interaction.

The result of analysis of variance (Table 2) shows that
GE interaction is significant (p < 0.001), which indicates a
significant difference between the responses of genotypes
to changes in environmental conditions. Shapiro—Wilk test
showed the normality of model residuals (W = 0.99, p-va-
lue =0.31). The Levene test proved the homogeneity of vari-
ance (F'=0.57, p-value = 0.97).

Table 3 provides the estimates of mean grain yield, 17 sta-
bility statistics and the result of ranking of the seven winter
wheat varieties according these statistics.

Taking mean yield as a first parameter for evaluating the
genotypes, Novosibirskaya 3 gave the best mean yield while
Novosibirskaya 32 had the lowest mean yield across envi-
ronments. The highest variation of grain yield had Novosi-
birskaya 2, the lowest — Novosibirskaya 32. Genotypes Novo-
sibirskaya 2, Novosibirskaya 3, Novosibirskaya 40, Obskaya
winter, and Omskaya 6, with regression coefficients b; higher
than one were able to take advantage of favorable environ-
ments, whereas Novosibirskaya 32, and Novosibirskaya 51
with b; < 1 were less responsive to environmental changes.
According to Shukla’s statistic, Novosibirskaya 51 provided
the lowest contribution to total GE interaction, while Novo-
sibirskaya 2 had the largest stability variance.

One can see the significant difference between methods in
genotypes ranking. Such is the variety Novosibirskaya 32,
which has the lowest mean yield and the lowest variance in
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the experiment. It is defined as the most stable one by methods
focusing on the variation of the yield (EV, CAC, CV, HOM,
UST, Ai), and vice versa, as the most unstable, by methods fo-
cusing on the mean value of the yield (Pi, MAR, Bi, Alpha, ST).

For further determination of the interrelationships of the
methods, paired correlations of ranks defined by the stability
statistics were calculated by Kendall’s method. The results are
presented in Table 4 and graphically in the Figure.

High level of paired correlations was found between sta-
tistics UST, CV, CAC, HOM, Ai and EV. Pi and MAR were
strongly correlated with the average yield of genotype MeanY.
Another group of methods with significant paired correlations
included Wi, SIGMA, S2di, Lambda, and ASVI.

Some of the considered methods were ranking genotypes
identically: CAC and EV; Bi and Alpha; S2di and Lambda;
Wi and SIGMA.

Discussion

According the rank correlation matrix the considered methods
can be divided into five groups determined by a high level of
paired rank correlations (> 0.8).

Group 1. Includes the regression coefficient of Eberhart
and Russell b; and the similar coefficient of Tai o,. In fact o;
is equal to b;— 1 when the effect of replicate in environment
is not considered. Becker and Leon (1988) pointed a strong
correlation between b; and Roemer’s environmental variance
Syzi. But when we proceeded to consideration of ranks then
none correlation between these parameters was found. It is
explained by the fact that for environmental variance rank 1
received the variety with Sfi closest to zero, and for regres-
sion coefficient b;, rank 1 was assigned to the variety with the

Table 1. Mean grain yield (t/ha) and range of 7 winter wheat varieties tested across 6 environments

Variety 2009 2010 2011
‘No-coulisses  Incoulisses | No-coulisses  Incoulisses | No-coulisses Incoulisses
Y|e |d ........ R .............. Y i.é.l.(.j. ........ R ............... Y . .é |d ........ R .............. Y i.é.l.(.j. ........ R ............... y . .é |d ........ R .............. y i.é.l.a. ......... R .............

Novos.b|rskayaz .............. 5 664 .............. 5 70 ......... 5 342 .......... 3 ............... 3 65 .......... 7 549 .......... 1 ............... 5 84 .......... 1 ..............

Nov05|b|rskay33 .............. 5 86 ......... 2 ............... 6 50 ......... 1374 .......... 1484 ......... 1 ................ 4674 .............. 5 62 ........... 2 ..............

Nov05|b|rskay332493 .......... 7 471 .......... 7 321 .......... 7 ............... 3 96 ......... 5 378 .......... 7 441 ........... 7 ..............

Novos.b|rskaya4o ............ 5 64 ......... 5 ............... 6 0843364 .............. 3 86 ......... 6 ............... 4 65 .......... 5 ............... 5 284 .............

Novos.b|rskaya51 ............ 5 545 ............... 5 45 .......... 6 ................ 3 34 .......... 5 4004 ............... 446 .......... 6 .............. 5 18 .......... 6 .............

ObSkayawmter ................ 5 90 .......... 1 ............... 6 34 ......... 2 ................ 3 72 .......... 2 435 .......... 3 ................ 4 72 .......... 3 ............... 5 20 .......... 5 ..............
Omskoyas 576 3 &M 3 (330 6 447 2 [sw 2 se1 3
Table 2. The results of the variance analysis for grain yield of 7 winter wheat varieties tested across 6 environments

Source of variation Df Sum of squares Mean square F

GenOtype ........................................................ 6 ............................... 1 351 ........................................ 2251 ...................................... 171892*** .......................
Enwronment ................................................... 5 ................................ 8 930 ..................................... 17350 ................................... 1363969*** .......................
GenotypeXenwronment .............................. 3 0 ............................... 913 ....................................... 0 306 ....................................... 23373*** .......................
Error ................................................................. 8 ‘.1. ............................... 110 ....................................... 0 013 ..............................................................................
*** b <0.001.
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Table 3. Stability statistics and ranks of 7 varieties of winter wheat tested across 6 environments

Method  Novosibirskaya2 Novosibirskaya3 Novosibirskaya 32 Novosibirskaya 40 Novosibirskaya 51 Obskaya winter Omskaya 6

Val R Val R Val R Val R Val R Val R Val R
Mea,,y496 ......... 4 .............. 5 201417 .......... 7 ............... 4 8154666 ................ 5 04 ....... 35122 .......

EV ................. 124 ......... 7 .............. 0 97 ......... 40411 ................ 1” .......... 60782096 ....... 3 .............. 1105 .......

CAC .............. 124 ......... 7 .............. 0 97 ......... 40411 ................ 1” .......... 60772095 ....... 3 .............. 1105 .......

P’018 ......... 4 .............. 0 06 ......... 2085 .......... 7 ............... 0 20503060” ........ 3004 ........ 1 .......

(_-V2115 .......... 7 ............ 1792 ......... 3 ........... 1 4551 .............. 2 068 ......... 6 .............. 1 7882 .............. 1 832 ....... 4 ............ 1 9365 .......

HOM968 ......... 5 ............ 1052 ......... 3 ........... 1 6661 ................ 8 567 .............. 1 1882 .............. 1 050 ....... 4933 ....... 6 .......

UST_461 .......... 7 .............. 0 70 ......... 4 ............. 3 641 .............. - 0985 ................ 1012085 ....... 3_331 ........ 6 .......

MARO% ......... 4 .............. 5 441_910 ......... 7 ............. - 0895_2526 ................ 3 23 ....... 22853 .......

W, ................. 106 ......... 7 .............. 0 39 ......... 5076 ......... 6 ............... 0 152008 ........... 1 025 ....... 3037 ....... 4 .......

S/GMAOOS .......... 7 .............. 0 01 .......... 5003 .......... 6 ............... 0 002000 ........... 1 001 ........ 3001 ........ 4 .......

B, .................. 110 ......... 4 .............. 1021065 .......... 7 ............... 114 ......... 60953 ................ 103 ....... 2 .............. 1”5 .......

52d,025 .......... 7 .............. 0 09 ......... 6006 ......... 4 ............... 0 012001 ........... 1 006 ....... 30085 .......

A,_oog ......... 6 .............. 0 05 .......... 20241 .............. - 01570013000 ....... 4_0055 .......

A/phaom ......... 4 .............. 0 021_035 .......... 7 ............... 0 14 ......... 6_0053003 ....... 20”5 .......

/_ambda7124 ......... 7 ............ 2 706 ......... 6 ........... 1 646 ......... 4 ............... 4 402368 ........... 1 .............. 1 644 ....... 322125 .......

51 .................. 3 07 .......... 6 .............. 2 47 ......... 3 ............. 3 13 .......... 7 ............... 127 .......... 1 ................ 1 80 2 ................ 2 80 ....... 5253 ....... 4 .......

52 ................. 7 07 .......... 7430 ......... 3697 .......... 6 ............... 137 .......... 1 2172 ................ 5 47 ....... 5467 ....... 4 .......

ASV/ZZO ......... 7 .............. 1” .......... 5 ............. 156 ......... 6 ............... 0 422029 .......... 1 075 ....... 3090 ....... 4 .......

Note: Refer to text for details of methods. Val is the value of the stability statistic, corresponding to the method; R is the genotype rank, corresponding to the
method.

Table 4. Correlations of ranks between mean yield and stability measures for 7 varieties of winter wheat

Parameter MeanY EV CAC Pi cv HOM UST MAR Wi  SIGMA Bi Sadi - Ai Alpha Lambda S1 S2

062 062 005 043 -0.14 0.05 043 0.90

1.00 1.00 005 0.81 -0.14 0.05 0281 052 0.62

Note: Refer to text for details of methods.
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Graphic representation of the rank correlation matrix ordered by the cluster method.

smallest (in modulo) coefficient’s deviation from one. And so
we consider b; not as a measure of stability but as additional
information on the average response of a genotype to advan-
tageousness of environmental conditions.

Group 2. Includes the superiority index Pi of Lin and Binns
and Martynov’s weighted homeostaticity index H;. These
statistics were strongly correlated with yield. Breeding based
on these methods would favor breeding for yield, as Kang and
Pham (1991) and Flores (Flores et al., 1998) found.

Group 3. Includes steadiness of stability index of Udachin
U,, coefficient of variation of Francis and Kannenberg CV,
variance of the specific adaptive ability of Kilchevsky and
Khotyleva oy ¢, Roemer’s environmental variance Syzi, Khan-
gildin’s coefficient of homeostaticity Hom;, Dragavtsev’s
coefficient of multiplicativity a;. All these parameters are
connected to genotype variance. The identicall genotypes
ranking was received for GéACl. and Sf,i, because the variance
of specific adaptive ability of Kilchevsky and Khotyleva is

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

nothing more than the Roemer’s environmental variance,
reduced by error of experiment.

Group 4. Includes non-parametric estimates of stability of
Nassar and Huehn S{1, 5@ . Becker and Leon (1988), Adugna
and Labuschagne (2003), Mohammadi and Amri (2008), re-
ported that these statistics were highly correlated with Shukla’s
stability variance 67 and with Eberhart and Russell’s sf,l.. But
we received only medium correlation of ranks for them.

Group 5. Includes Purchase’s parameter based on AMMI
model ASV;, ecovalence of Wricke ;, Shukla’s stability vari-
ance 81.2, Eberhart and Russell’s variance of deviation from the
regression sﬁi, and Tai’s A; variance. The W; and 67 parameters
produced the same ranking of genotypes wich is in agreement
with Kang et al. (1987). The ranks established by W; and sﬁi
were highly correlated because the ecovalence and the devia-
tion from regression are mathematically linked (Flores et al.,
1998). Also, sﬁi and A, identically ranged the genotypes because
they are mathematically linked. As expected, the statistics
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67 and sﬁi were highly rank-correlated too. The multivariate
parameter ASV; produced the same ranging of genotypes as W;
and 67 in our experiment, which is in agreement with strong
correlation of these parameters demonstrated by Purchase et
al. (2000).

According to Becker and Leon’s (1988) classification, the
Group 3 presents methods related to the static (biological)
concept of stability, and all other groups of methods refer to
dynamic (agronomic) concept of stability.

Lin et al. (1986) suggested the classification of methods
which contains three concepts of stability:

Type 1: A genotype is considered to be stable if its among-
environment variance is small.

Type 2: A genotype is considered to be stable if its response
to environments is parallel to the mean response of all geno-
types in the trial.

Type 3: A genotype is considered to be stable if the residual
MS from the regression model on the environmental index
is small.

According to this classification the statistics of Group 1
corresponds to Type 2 stability, those of Group 3 to Type 1,
and those of Group 4 and Group 5 to Type 3 stability.

The choice of the appropriate method for evaluation the
stability of genotypes depends on the objectives of the study.
In the case when the goal of breeding research is the selection
of the most biologically stable varieties with the minimum
variance across a range of environments, the stability is defined
in the sense of homeostasis, one should use the methods of
the static concept from Group 3. It should be remembered that
the most stable varieties in this concept may have relatively
low yields. Among the varieties of winter wheat under study,
the variety Novosibirskaya 32 was the most stable from the
biological point of view. This variety has the smallest variance,
the smallest coefficient of variation, and the greatest coefficient
of homeostaticity. At the same time, this variety showed the
lowest yield in the experiment.

If it is necessary to choose a genotype with a predictable
reaction to changes of environmental conditions, correspond-
ing to the calculated level or forecast, the regression approach
(Group 1) is the most appropriate. The most stable will be the
genotype, which has the smallest deviation from the mean
yield in all environments. The variety Novosibirskaya 3 with
the smallest deviation of b; from one fits this definition.

To compare the contributions of each genotype to the
GE interaction, one should use the methods presented in
Group 5. In these methods, the genotype that makes the least
contribution to the interaction is considered the most stable.
In our experiments the variety Novosibirskaya 51 was defined
as the most stable from this point of view.

In the nonparametric methods of Group 4, the concept of
stability is the same as in the methods of Group 5. Nonpara-
metric methods should be used in the case when the initial
data do not meet the requirements of normal distribution and
homogeneity of variance. The most suitable genotype for this
group was Novosibirskaya 40.

The methods from Group 2 cannot be recommended for
stability evaluation, because they are strongly correlated with
the mean yield and breeding based on these methods would
favor breeding for yield.
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Conclusions

The considered methods reflect different aspects of GE inter-
action. As Flores et al. (1998) mentioned: “...all the methods
examined here to study the stability of genotypes are valid,
although they are based on very different concepts of stability”.
The breeder can choose the appropriate method depending
on whether the breeding is to be based primarily on yield,
primarily on stability, or simultaneously on yield and yield
stability.

In our experiment the methods were applied to a small
number of unique cultivars and environments. In order to find
stable genotypes of winter wheat for breeding purpose farther
field experiments need to be conducted.

References

Adugna W., Labuschagne M.T. Parametric and nonparametric mea-
sures of phenotypic stability in linseed (Linum usitatissimum L.).
Euphytica. 2003;129:211-218. DOI 10.1023/A:1021979303319.

Becker H.C., Leon J. Stability analysis in plant breeding. Plant Breed.
1988;101:1-23. DOI 10.1111/5.1439-0523.1988.tb00261 .x.

Dragavtsev V.A., Averyanova A.F. Redefinition of genetic formulas of
quantitative traits in different environmental conditions. Genetika =
Genetics. 1983;19(11):1806-1810. (in Russian)

Eberhart S.A., Russell W.A. Stability parameters for comparing variet-
ies. Crop Sci. 1966;6:36-40. DOI 10.2135/cropscil966.0011183X
000600010011x.

Finlay K.W., Wilkinson G.N. The analysis of adaptation in a plant
breeding programme. Aust. J. Agric. Res. 1963;14:742-754. DOI
10.1071/AR9630742.

Flores F., Moreno M.T., Cubero J.I. A comparison of univariate and
multivariate methods to analyze GxE interaction. Field Crops Res.
1998;56:271-286. DOI 10.1016/S0378-4290(97)00095-6.

Fox P.N., Rosielle A.A. Reducing the influence of environmental main-
effects on pattern analysis of plant breeding environments. Euphy-
tica. 1982;31:645-656. DOI 10.1007/BF00039203.

Fox PN., Skovmand B., Thompson B.K., Braun H.J., Cormier R. Yield
and adaptation of hexaploid spring triticale. Euphytica. 1990;47:57-
64. DOI 10.1007/BF00040364.

Francis T.R., Kannenberg L.W. Yield stability studies in short-season
maize. I. A descriptive method for grouping genotypes. Can. J. Plant
Sci. 1978;58:1029-1034. DOI 10.4141/cjps78-157.

Gauch H.G. Statistical analysis of yield trials by AMMI and GGE. Crop
Sci. 2006;46:1488-1500. DOI 10.2135/cropsci2005.07-0193.

Kang M.S. Using genotype-by-environment interaction for crop cul-
tivar development. Adv. Agron. 1997;62:199-252. DOI 10.1016/
S0065-2113(08)60569-6.

Kang M.S., Miller J.D., Darrah L.L. A note on relationship between
stability variance and ecovalence. J. Hered. 1987;78:107. DOI
10.1093/oxfordjournals.jhered.al10322.

Kang M.S., Pham H.N. Simultaneous selection for high yielding and
stable crop genotypes. Agron. J. 1991;83:161-165. DOI 10.2134/
agronj1991.00021962008300010037x.

Khangildin V.V., Shayakhmetov I.F., Mardamshin A.G. Homeostasis of
crop components and prerequisites for creating a model of a spring
wheat variety. In: Genetic Analysis of Quantitative Traits of Plants.
Ufa, 1979;5-39. (in Russian)

Kilchevsky A.V., Khotyleva L.V. Genotype and Environment in Plant
Breeding. Minsk: Nauka i Tekhnika Publ., 1989. (in Russian)

Levene H. Robust tests for equality of variances. In: Olkin 1., Ghu-
rye S.G., Hoeffding W., Madow W.G., Mann H.B. (Eds.). Contribu-
tions to Probability and Statistics: Essays in Honor of Harold Hotel-
ling. Stanford Univ. Press, 1960;278-292.

Lin C.S., Binns M.R. A superiority measure of cultivar performance
for cultivar x location data. Can. J. Plant Sci. 1988;68:193-198. DOI
10.4141/cjps88-018.

BaBunosckuii xypHan reHeTuku u cenekuyunm / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 3



A.®. Yewkosa, MN.W. CrténouknH, A.O. AnenHnkos
W.T. TpebeHHKKOBa, B./. MoHomapeHKko

Lin C.S., Binns M.R. Assessment of a method for cultivar selection
based on regional trial data. Theor. Appl. Genet. 1991;82:379-388.
DOI 10.1007/BF02190626.

Lin C.S., Binns M.R., Lefkovitch L.P. Stability analysis: where do we
stand? Crop Sci. 1986;26:894-900. DOI 10.2135/cropscil986.0011
183X002600050012x.

Martynov S.P. A method for the estimation of crop varieties stability.
Biom. J. 1990;7:887-893.

Mohammadi R., Amri F. Comparison of parametric and non-parametric
methods for selecting stable and adapted durum wheat genotypes in
variable environments. Euphytica. 2008;159:419-432. DOI 10.1007/
$10681-007-9600-6.

Mohammadi R., Farshadfar E., Amri A. Comparison of rank-based sta-
bility statistics for grain yield in rainfed durum wheat. N. Z. J. Crop
Hortic. Sci. 2016;44:25-40. DOI 10.1080/01140671.2015.1100126.

Nassar R., Huehn M. Studies on estimation of phenotypic stability:
tests of significance for nonparametric measures of phenotypic sta-
bility. Biometrics. 1987;43:45-53. DOI 10.2307/2531947.

Purchase J.L., Hatting H., Van Deventer C.S. Genotype x environment
interaction of winter wheat in South Africa: II. Stability analysis
of yield performance. S. Aft. J. Plant Soil. 2000;17:101-107. DOI
10.1080/02571862.2000.10634878.

ORCIDID
A.F. Cheshkova orcid.org/0000-0003-2265-7129

2020
243

CpaBHeHVe CTaTUCTUYECKNX METO[J0B OLIeHKM
CTabWbHOCTY YPOXKAMHOCTY 03MMOW MLWEHULIbI

R Development Core Team. R: A language and environment for statis-
tical computing. R Foundation for Statistical Computing. Vienna,
Austria, 2014. Available at: http://www.R-project.org/

Shapiro S.S., Wilk M.B. An analysis of variance test for normality
(complete samples). Biometrika. 1965;52(3-4):591-611. DOI 10.1093/
biomet/52.3-4.591.

Shukla G.K. Some statistical aspects of partitioning genotype-environ-
mental components of variability. Heredity. 1972;29:237-245. DOI
10.1038/hdy.1972.87.

Tai G.C.C. Genotypic stability analysis and application to potato re-
gional trials. Crop Sci. 1971;11:184-190. DOI 10.2135/cropscil971.
0011183X001100020006x.

Tai G.C.C., Young D.A. Genotypic stability analysis of eight potato va-
rieties tested in a series of ten trials. Am. Potato J. 1972;49:138-150.
DOI 10.1007/BF02861594.

Udachin R.A. Methods of assessing the ecological plasticity of wheat
varieties. Selektsiya i Semenovodstvo = Selection and Seed Produc-
tion. 1990;5:2-6. (in Russian)

Wricke G. Tjber eine Methode zur Erfassung der okologischen Streub-
reite in Feldversuchen. Z. Pflanzenzuchtg. 1962;47:92-96.

Zobel R.W., Wright M.J., Gauch H.G., Jr. Statistical analysis of a yield
trial. Agron. J. 1988;80:388-393. DOI 10.2134/agronj1988.0002196
2008000030002x.

Acknowledgements. This work was supported by IC&G budget project No. 0324-2019-0039 in part of field trial and experimental measurements and

by SFSCAT budget project No. 0778-2019-0001 in part of statistical analysis.

Conflict of interest. The authors declare no conflict of interest.

Received August 7, 2019. Revised October 4, 2019. Accepted October 7, 2019.

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

275



FrEHETUKA MMKPOOPTAHM3MOB BaBrnoBcKuim xxypHan reHeTUKM n cenekuymm. 2020;24(3):276-283

0630p / Review DOI 10.18699/VJ20.620

YK 576.858+537.533.3

KOoHIIeHTpUPOBaHIie BUPYCOB U 31€KTPOHHASI MUKPOCKOIINS

WA, HeTPOBa@, B.H. 3aitues, O.C. TapaHoB

focyfapCTBEHHbIN HayUHbII LIEHTP BUpYconorum n rotexHonorum «Bektop» PocnotpebHagsopa Poccuiickoin ®epepaumu, p.n. KonbLoso,
HoBocnbunpckas obnactb, Poccusa
&) e-mail: idpetr@vector.nsc.ru

AHHoTauus. Moyt Bce cMepTenbHble BUPYCHbIE BCMbILWKM B NOC/IeAHNE ABa AeCATUIETUA ObiNN Bbi3BaHbl BHOBb
NoABAAWMMNCA BUPYCaMu. [1NA n3yyeHna BMPYCcOB YacTO MUCMOSb3YIOT 3N1eKTPOHHY0 MUKpockonuio (3M). OHa
No3BOJIAET NOJYUYNTb HOBblE AaHHble O CTPYKTYPE BMPYCHbIX YaCTUL, C BbICOKMM pa3peLleHnem, YTo NpeacTaBnaeT
VHTEpeC Kak Ana pyHAaMeHTalbHOM BUPYCONOrY, Tak 1 ANA NpaKTMYeckon papmaLieBTMUeCcKon HaHOBMOTeXHO-
norumn. Kpome Ttoro, M npumMeHAETCA B SKONOMMYECKMX NCCNeAO0BaHUAX ANA OnpeAeneHns Haanuma BrpycoB B
oKpYyXaloLLei cpefie, MPU aHanm3e TEXHONOMMYeCKNX NPOoLeCcoB AJiA MPOM3BOACTBA BaKLUMH U APYrUX GMOTEXHO-
NOTNYECKNX KOMMOHEHTOB, a TakXKe B AMArHOCTUYeCKUX uenax. HecmoTpa Ha pa3BuTue Gonee YyBCTBUTENbHbIX
METOA0B, 3/1eKTPOHHAA MUKPOCKONMWA B ANArHOCTVKe ocTaeTcA pabourm metofom. MnasHoe npermyLyectso M —
OTCYTCTBME CNeLMPMUHOCTU K KaKoM-NMbo onpefeneHHON rpynmne BUPYCOB, YTO CNocobcTByeT paboTte ¢ Heus-
BECTHbIM MaTepuranom. OfHaKo OCHOBHOE OrpaHnyYeHre MeTofa — OTHOCUTENIbHO BbICOKMIA NMpeaen obHapyKeHns
(107 yacTuu/mn), B CBA3M C YeM HEOBXOAUMO KOHLEHTPUPOBATb BUPYCHbIN MaTepuas. He cyliecTByeT Kakoro-to
ofiHoro Hanbonee 3¢p¢peKTUBHOro MeTofa. B 3aBMCMMOCTY OT camoro BUpYCa 1 MOCTaBIEHHOW Lien UCMOJb3YTCA
pa3nnuHble KOMOMHALMM MeTOLOB 1 NMOAXOAOB. B HacToAlee BpemMA KOHLIEHTPUPOBaHMe BUPYCa BKIOYaeT one-
paumn ocaxaeHns, LeHTpryrnpoBaHns, GunsTpaumm u xpomatorpapuu. B o63ope Ha nprimepe pasHbiX BUPY-
COB ONMCaHbl 3TN OCHOBHble MeToAbl. CylecTByeT HEOOXOANMOCTb B pa3paboTke 3GPeKTUBHbIX METOAUK dON-
pOBaHMA, KOTOpble MOTYT HapyLIMTb CBA3b MeXAY GUBTPYOWMMN MaTepuanaMmmn 1 BUpycamm, Ytobbl MoBbICUTb
cTeneHb BOCCTaHOB/EHMA. PaccMOTpeHbl paboTbl MO CO3AaHMI0 YHUKANbHbIX TOBYLLIEK, MarHUTHbIX WAPUKOB, KOM-
MO3WTHbIX MOIMAHUIMHOBBIX U YINIEPOAHBIX HAHOTPYOOK M HAHOTPYBOK C U3MEHAEMbIM Pa3MeEPOM /1A KOHLEHTPU-
poBaHVA BUPYCHbIX YacTuL,. [prBeaeH npumep NnprMeHeHNsA LeHTPUY>KHbIX KOHLLEHTPaTOPOB, B KOTOPbIX BUPYC
ocaxpaaeTtcs Ha MembpaHe 13 nonnadupcynbdoHa. NMpoaHan3npoBaHHbIe JaHHbIE YKa3bIBalOT Ha TO, YTO CMOCO6
KOHLIEHTPVPOBAHUA BUPYCOB UM APYrMX HAHOUACTUL, BbIGMPAeTCA B KaXAOM KOHKPETHOM CJlyyae B 3aBUCUMOCTM
OT NOCTaBJIEHHOW LieNIN U OCHALLEHHOCTM labopaTtopum.

KnioueBble c10Ba: KOHLIEHTPUPOBaHE BUPYCOB; SNEKTPOHHAA MUKPOCKOMKSA; OYNCTKa BUPYCOB; BblABIEHWE BUPY-
coB; 0630p.

Ana untnposaHusa: Netposa W.[., 3anues b.H., TapaHos O.C. KOHLieHTpPOBaHVe BUPYCOB 1 3IEKTPOHHAA MUKPO-
ckonua. BaBnnoBcKuii >KypHan reHeTukmn n cenekuymnn. 2020;24(3):276-283. DOI 10.18699/VJ20.620

Concentration of viruses and electron microscopy

L.D. Petrova®), B.N. Zaitsev, O.S. Taranov

State Research Center of Virology and Biotechnology “Vector”, Rospotrebnadzor, Koltsovo, Novosibirsk region, Russia
® e-mail: idpetr@vector.nsc.ru

Abstract. Nearly all lethal viral outbreaks in the past two decades were caused by newly emerging viruses. Viruses
are often studied by electron microscopy, which provides new high-resolution data on the structure of viral parti-
cles relevant to both fundamental virology and practical pharmaceutical nanobiotechnology. Electron microscopy
is also applied to ecological studies to detect viruses in the environment, to analysis of technological processes
in the production of vaccines and other biotechnological components, and to diagnostics. Despite the advances
in more sensitive methods, electron microscopy is still in active use for diagnostics. The main advantage of EM is
the lack of specificity to any group of viruses, which allows working with unknown materials. However, the main
limitation of the method is the relatively high detection limit (107 particles/mL), requiring viral material to be con-
centrated. There is no most effective universal method to concentrate viruses. Various combinations of methods
and approaches are used depending on the virus and the goal. A modern virus concentration protocol involves
precipitation, centrifugation, filtration, and chromatography. Here we describe the main concentrating techniques
exemplified for different viruses. Effective elution techniques are required to disrupt the bonds between filter me-
dia and viruses in order to increase recovery. The paper reviews studies on unique traps, magnetic beads, and com-
posite polyaniline and carbon nanotubes, including those of changeable size to concentrate viral particles. It also
describes centrifugal concentrators to concentrate viruses on a polyethersulfone membrane. Our review suggests
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that the method to concentrate viruses and other nanoparticles should be chosen with regard to objectives of the

study and the equipment status of the laboratory.

Key words: virus concentration; electron microscopy; virus purification; virus detection; review.
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BBepeHune

JInst m3ydeHuss BUPYCOB YaCTO MPUMEHSIOT IEKTPOHHYIO
MHUKpOCKOITHIO (OM). DTHM METOIOM MOKHO OTIPEACIUTH Pa3-
Mep U (hOpMy BHPHOHA, €I JIOKAIHU3AIHIO B KIIETKE, [UTOJIO-
TMYECKHE N3MEHEHHUS KIIETOK. [ TaBHOE MPEenMyIIeCTBO 3TOTO
METO/Ia 3aKIF0YAETCS B OTCYTCTBHU CIICIU(PHUIHOCTH K KaKOH-
7100 OnpeIeNIeHHOH TPyIIe BUPYCOB, B OTIINYNE OT UMMYHO-
JIOTMYECKUX MIIH MOJISKYIAPHBIX TeCTOB. B HacTosIee Bpems
Pa3BUTHE TEHHO-MHKEHEPHBIX HCCIICIOBAHMI, IICTIONB30BaHIE
IIMPOKOTO CIIEKTPA MICEBIOBUPYCHBIX OOBEKTOB IIPH CO3/IaHUH
HOBBIX BaKIMHHBIX MPENapaToB 3HAYUTEIbHO PACIINPUIH
nepedeHb 00BbEKTOB W 3a/1au IIEKTPOHHO-MUKPOCKOIIHYE-
CKHUX HccheaoBanuit. J[ns nposenenus OM-uccienoBaHus
HEOOX0IMMO HAJIMYHE JOCTATOYHOTO KOJIMYECTBA BUPYCHBIX
yacTull B oopasne. Panee 6p110 mokasano (Reid et al., 2003),
YTO JUISl QJIEKTPOHHO-MUKPOCKONMUYECKON BH3yaan3aluu
KOHIIEHTPAIMsl BUDHOHOB JOJDKHA ObITh He MeHee 107 mit./mil.
[ToaToMy OUeHB 9acTO BOSHUKAET HEOOXOAMMOCTD OUUCTKH U
KOHIIEHTPUPOBAHMS BUPYCHOTO MaTtepuana. MlHTepecHo, 4To
JUIsl OTPaOOTKK CAMHUX METOJIOB KOHIICHTPUPOBAHUSI BUPYCOB
TakKe HeoOXOoArMMa 3JIEKTPOHHAsT MUKpPOCKONHA. B Bek Ha-
HOTEXHOJIOTHH HEJb3sl HE YHOMSIHYTh O TOM, 4TO IIPOCBEYH-
BalomIas AMeKTpoHHas MuUKpockonus ([I1OM) ncnonsiyercs
JUTS KOHTPOJIS TIPOU3BOJICTBA HAHOYACTHIL M UX TTPUMEHCHUS
(3aitnes u ap., 2016).

Hapsaay ¢ xmaccuueckuM NPUMEHEHHEM IS M3Yy4CHHUS
CTPOCHHS BHPYCOB, IPOIECCOB IMPOHUKHOBEHUS U PACIIPO-
CTpaHEHHs MX B OprannzmMe DM HCHONb3yeTCs TAKKE B IIPHU-
KJIaJIHBIX MCCIISIOBAHMSIX KaK MUHIMYM B TPEX pa3HbIX 00Ja-
CTSIX: INATHOCTUYECKOH 3JICKTPOHHON MEKpocKoruH ([I3M),
9KOJIOTHYECKON JJIEKTPOHHON MHUKpPOCKOIUH (0OHapyKeHHe
BHPYCOB B OKPYKAIOIIEH Cpefie) M BOMPOCax, CBA3AHHBIX C
TEXHOJOTHYECKUMH Tporeccamu (IIPOM3BOICTBO BaKIIHH,
JIPYTHX KOMIIOHEHTOB), KOT/1a OMOTEXHOJIOTHYECKUMH METO-
JlaMu HapabaThIBAIOT MPOAYKT U HEOOXOIUMO YOETUTHCS B
€ro BUPYCHOW YHCTOTE.

IunarHocTnyeckasn s3neKTpoHHasa MNKPOCKoONUsA

Hecmotpst Ha pasBuTHe Oojiee UyBCTBUTEIBHBIX METOJOB,
TaKHX Kak rojmmepasHas nernxas peaxuust (I1LP) v umMmys-
Ho(epmenTHbIH aHan3 (MPA), 3eKTpOHHAS MUKPOCKOTIHS
B IMarHOCTHKE ocTaeTcs padounm MetonoM (Goldsmith, Mil-
ler, 2009; Gentile, Gelderblom, 2014). OcHOBHOE IpeUMYyTIIIC-
CTBO AJICKTPOHHOW MUKPOCKOIIHMH ITPY IMArHOCTHKE HH(EKIH-
OHHBIX 3200JIEBaHNI — YHUBEPCATBHOCTD: B OTHOM 00pa3iie
MO>KHO HaOMonaTh «Bcé», 063 alproOpHOTO 3HAHHS BEPOSITHOH
UIACHTUYHOCTU MUKPOOPraHU3MOB, IPHUCYTCTBYIOIIHUX B 00-
pasue (Hazelton, Gelderblom, 2003). [Ipyroe 10CTOMHCTBO
IEKTPOHHON MHUKPOCKOITUH — BBICOKasi CKOPOCTB TIpoliecca,
KOTOpBIH 3aHnMaet 10—15 MuH, a Taxke OOIBIION AMana3oH
pa3MepoB UCCIEAYeMbIX O0BEKTOB. AHAIM3UPOBATH B DM
MOXKHO KakK JKHJIKHE, TaK W TKaHEeBble 00paslbl, 1 HUKAKOH
npeiBapUTeIbHON HHPOPMALIUK He TPeOyeTcsl, Kak B ciryyae

JTUArHOCTUKU Ha OCHOBE HYKJIEMHOBBHIX KucioT (ITLIP) mmm
auTuren (MDA).

I'maBubIi HEepocTaToK JIOM — orpaHudeHue 1Mo KOHIIEH-
Tpaluyu BUPUOHOB B oOpasmuax. J[ias mpeononeHust 3Toro
OTpaHUYCHHS MTPUMEHSIOT Pa3HbIC NMPHEMBI KOHIICHTPHUPO-
BaHUS: YJIbTPALlCHTPU(PYTHPOBAHUE, YIbTPAQHIbTPALHIO,
WCCIIeIOBaHNE YABTPATOHKUX Cpe3oB U Ap. B pabore (Beniac
etal., 2014) onmceiBaeTCst METO KOHIIEHTPHUPOBAHHUS BUPYCOB
(bubTpalmei npsiMo Ha ONOpHY DM-CeTKy ¢ yrIepoIHOU
neipounoit mommokkoit Quantifoil R1/4 (Quantifoil Micro
Tools GmbH, Groflobichau, ['epmanmust). Takoii mpriem BMecte
C HUCIOJIb30BAHUEM CKAaHHMPYIOIIEro 3JIEKTPOHHOTO MHUKPO-
ckorra (COM) MO3BOJISAET YIYUIIUTH MTOPOT OOHAPYKEHHUS
BUPYCOB JI0 KOHIIEHTparuu 102 BUPYCOB Ha MIL.

Jlnarnocruueckas JIeKTPOHHAS! MUKPOCKOITUS — 3TO LIEH-
HBII METOJ HAOIIOIEHUS 34 BHOBh BO3HUKAIOIIMMHA 3a00I1e-
BAaHMSIMH M TOTCHIMAIBHBIMU areHTaMH OMOTeppopHU3Ma.
HakoHew, ynbTpacTpyKTypHbIE HCCIEI0BaHUS, IPOBOAUMBIE
C MOMOIIBIO 3EKTPOHHON MHKPOCKOIIMH, JAIOT BO3MOXK-
HOCTb JIETIBHO UCCIIEA0BATh MOP(OTeHE3 BUPYCOB, BUPYC-
KJIETOYHOE B3aUMOJICHCTBHE U MAaTOTCHETHYECKHE aCIeKThI
BHUPYCHBIX HHEKIINHA, B TOM YHCIE IPH pa3paboTke mpodu-
JIAKTUYECKUX M JICICOHBIX MPEIapaToB.

3ﬂeKTpOHHaﬂ MUKpockonua

B 2KOJIOIrMYeCcKUX nccneaoBaHuaX

UcnonbzoBanue DM 1st 9KOJIOTUYECKUX 1eNei (ompeene-
HHUE HAIWYHS BUPYCOB B OKPY’KAIOIIEH Cpesie) OUeBUIHO, HO
OBIBACT IOCTATOYHO peKo. Yarie Bcero 00beKTOM H3YYCHUS
SIBJISICTCSI 3arpsI3HCHUE BOIHBIX PECYPCOB, B 00BEMBI HC-
CIIeyeMOro Marepuaja MpakTHuecku Oe3rpanmyHbl. OnHa
W3 HEMHOTUX paboT 10 aHaIH3y MOPCKOW BOJBI OITMCAHA B
1999 . (Alonso et al., 1999). [Iporecc BKIrOYaI [1Ba dTAma:
KOHIIEHTPUPOBAaHKE OOIBIIOTO0 00BeMa MOPCKOIT BOABI C TT0-
MOIIBI0 CUCTEMbI TAHTCHIIMATHHON (MIBTPAIlU MOTOKA U
yABTpapUIBTPAIIMH C TPUMCHEHUEM IICHTPOOSIKHOTO KOH-
LIEHTpaTopa ¢ MOCIeNyOUel BU3yalu3auueil ¢ MOMOIIbIO
MIPOCBEUMBAFOIICH AIICKTPOHHON MUKPOCKOTIHH. T€ jKe MeTo-
bl ObLTH 1 B OoJiee mo3nHei pabore (Sun et al., 2014), B ko-
Topo# nccnemoBanu 6omee 150 1 MOPCKOH BOIBI M3 aKBaTO-
pun nopra Surman (Yangshan Deep-Water Port, roro-soctox
[anxas, Kurait). Onnako DM ucnonas3yercs J10CTaTOYHO
penKo, I aHATUTHYECKON YacTH MPENOYTUTENFHBI Ooee
YyBCTBUTENbHBIE MeTO/bL, Ipeskae Bcero [ILP. Do cBsazano
C OJTHOPOIHOCTBHIO BO3MOXKHBIX 00BEKTOB, KOTOPBIC OOBIYHO
M3BECTHBI WK TIpeamnosararorcs. Ha stame oOHapyXeHUS HH-
(hexumonHoro areaTa M gacto 3ameHsieTcst Metomom [T1IP.

AHanmn3 6MOTEXHONOIMYECKUX npoueccos

Baxmuabl oTHOCSTCS K Hambonee 3pPEeKTUBHBIM JIeKap-
CTBEHHBIM CPEJCTBaM OOILECTBEHHOIO 3/PaBOOXPaHEHUS
C OTIMYHBIMH TOKa3aTeasiMu OesomacHocTu. I[TockombKy
BaKIMHBI TIPOM3BOJIATCS HA OCHOBE OMOJIOTMYECKNX MaTepHa-
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JIOB, CYLIECTBYET HEOOXOAMMOCTh 3alUThl OT BO3MOXKHOTO
3arpsi3HEHNs ciyvaiiHbIMu arenTamu. [lInpoko obcyxaaercs
HEOOXOIMMOCTbh KOHTPOJISI MaTepPHAJIOB, MOJTYYECHHBIX MPH
OroTexHOIOrn4eCcKuX rmpou3BonacTax (Sheets, 2013). [Tpowus-
BOJICTBO BHPYCHBIX BAaKIMH M JPYIMX KJIETOYHBIX Omodap-
MaleBTUYECKNX IPETapaToB MPEACTaBISIET COO0H CIOKHBIN
TEXHOJIOTHUECKHH MPOLIECC, BKIIOYAIONIUN HCIIOIb30BaHNE
Pa3HBIX OMOJIOTMYECKUX MaTepUaioB (HAIIPUMEp, Pa3IMIHBIX
KJICTOYHBIX CyOCTpaTOB, TAKNX KaK KypHHBIE SHIIa ¢ SMOPHO-
HOM, NEPBUYHBIE KIETOYHbIE KYJIbTYpbl U HENPEPBIBHbIC
KJIETOYHBIE JTMHUM). Bech mporecc MOTEHIIMAIBHO YA3BUM
K 3arpsI3HEHUIO CITyYalHBIMHU areHTaMH, KOTOPbIE MOTYT He-
[pe/IHaMEPEHHO BBOJIUTHCS C UCIIOIb3YEeMbIMU MaTepuasa-
MU WIH U3 UCTOYHMKOB OKpy»Xkarowei cpensl. [Ipumepom
TaKUX HMccieoBanuil ciayxuT padora (Reid et al., 2003), B
KOTOPOI CPaBHUBAETCS TPH METOJ1a OLICHKU PETPOBUPYCHOTO
3arpsi3HEHUS B CyNEpHATaHTaX KyJnsTyp MeimHbIX 1 CHO
KJICTOYHBIX JIMHUH: TIPSIMOM IOZICYET BUPHOHOB B CMECH C
JaTekcoM (Tpeien uernonb3osanus 107 mr./Mir), KOHIEHTPH-
pOBaHKE yABTPALCHTPUPYTUPOBAHIEM B IIPEPHIBUCTOM T'pa-
JIMEHTE TIOTHOCTH caxaposbl 1 DM (10° wr./mi) u MeTox
TOHKOT'O Cpe3a TOMOI'€HHON MaTpHIIbl U3 BUPYCHBIX YaCTHII,
KJIETOYHOTO JeOprca 1 arapa (4yBCTBUTENBHOCTD 10 1IT./mit).
OyeBHHA HEAOCTATOYHOCTh PyTUHHOM DM AJIsl perucTpaltuu
BUPYCHOTO 3arpsi3HEHUSL.

B pa3mmaHBIX 067acTsIX OMOTEXHOIOTHH: pa3paboTKe Bak-
IIUH ¥ abIOBAHTOB, CO3/IaHUM OMOJOTMYECKH aKTHUBHBIX
KOMILIEKCOB, Pa3paboTKe KOHTPACTHUPYIOIINX areHTOB, ajipec-
HOHM JI0CTaBKE, MUKPOIJIEKTPOHUKE — HCIIOIb3YIOTCSI BHPY-
cormoo0HbIe YacTHIbI, KOTOpble uccienyorcess OM. Taxk,
noyuenue cepuuecknx yactuy (CH) u3 Bupyca tabaqHoit
MO3auKH{ KOHTPOJINPOBAJIOCH C TOMOIIBIO POCBEYNBAIOIIEH
91EeKTPOHHONU MUKpockonuu. [Tokazano, yto CH MOXHO BU-
3yaJIM3UpOBaTh 0€3 KOHTPACTHPYIOIIUX ar€HTOB C IOMOILBIO
[1OM (Tpudonosa u mp., 2015).

MeToAbl KOHLEHTPUPOBaHS BUPYCOB

He cymecTtByeT kakoro-to onHoro Hanboiee 3pPEeKTHBHOTO
MeTo/1a KOHIICHTPUPOBaHuUs BUpyca. B 3aBucumocTy ot camo-
ro Bupyca u MOCTaBJICHHOM LEJIU MMPUMEHAIOTCA pa3/IMdHbIC
KOMOMHAIIK METOJIOB U ITOAXO0N0B. B HacTosIIee BpeMst KOH-
[ICHTPUPOBAHUE BHPYCa BKIIOYACT OICPAUU OCAKIACHUS,
uenTpudyruposanus, uisrparmu u xpomarorpadun (Trans-
figuracion et al., 2007; Vicente et al., 2011).

OcaxpgeHune

OcaxaeHne BUpyca OOBIYHO JOCTHTACTCS C TOMOIIIBIO MTOJTH-
srmnenrmukons (I1910), cynbdara ammonust uinu gocdara
kanpiusl. [Ipenunuranus ynoOHa Juisi TIOTY4YEHUs] BUPYCOB
KakK B MaJIbIX, TaK ¥ OONBIINX KOJTUYIECTBAX M 00NaaeT TeM
MPEUMYIIECTBOM, YTO OOECIIeUnBaET OT/CICHUE BUPYyCa OT
Ooutbleil yacTH MoCTOpoOHHMX OelikoB. Tak, Ui KOHIEHTPHU-
pOBaHUS M OYNCTKM BUpyca rpunma ntun tama A (10 pas-
JMYHBIX IITAaMMOB) M3 BHUPYCCOJIEPKAIINX CYCHEH3MH OBII
YAa4HO NPUMEHCH IIUPOKO HCHOJ’ILSyeM]:IfI MCETOA OCAXKIACHUA
W OYHCTKH BHpyca rpumima ¢ momorsio [191-6000 ¢ moce-
JIYIOIINM YIBTpaleHTpuyrupoBanuemM u ocserinenueM (Hc-
maram0eToB u Jip., 2017). Ewe B onnoii padore (PsonnHMKOBA
u 1p., 2015) nmpeacraBieHs! TaHHBIE IO OYUCTKE M KOHIICH-
TPUPOBAHUIO BHpyca puHomHeBMoHUH somaznei (PITJI) c
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MMPUMEHCHUECM PA3JIMIHBIX MCTOI0B. yCTaHOBJ'IeHO, 4YTO KOH-
nerTpupoBanue supyca PIUI ¢ ncroms3zosarnem [131-6000
u pobasiernem 0.5 M xjopuma HATpHUs ¢ MOCIEAYOIICH
OYHCTKOU METOAOM JInaJin3a MO3BOJIACT MOJIYyYaTh KOHIIEHTPAT
C BBICOKOH MH()EKIIMOHHON 1 aHTUTEHHOH aKTHBHOCTHIO. [1o-
Ka3aHo, YTO0 MeToj aacopOuun B npucyrcTeun 11917 nasan
npenaparbl BUpyca, KOTOpbIe MOKHO OBbLIO UCIIONB30BaTh IS
[IPUTOTOBJIEHUS] UHAKTUBUPOBAHHOM BakMHbI poTus PILL.

Jlnst KOHIEHTPUPOBaHUSI BUpYca SIIypa M SHTEpOBUpYCa
cBuHeil (7-ro ceporuna) METOJOM OCAKJICHHs YyCTaHOBIIE-
HO, uTo nommdTuneHnonumamuH (IT191TA) ¢ maccoit 16000 [
6onee noxxonut, Hexxenu [191-6000 (baxyramBumm u ap.,
2002). BoisiiieHo, yTO HarOOJIEE MOJIHOE OCAXKICHHIE BHPYCa
saurypa nporcxoaut rpu 0.1 u 0.2 % xornentpamun [1O1TA.
[orepu Bupyca B 3Tom cimyuyae coctasunu 0.74 u 0.11 %
COOTBCTCTBCHHO. HOKaSaHO, YTO BAaKUHHBI, TPUTOTOBJICHHBIC
U3 MPEnaparoB, MOMYIEHHBIX OCAXKIECHUEM ABYMsI CIIOCO0a-
MU, paziauyarorcs 1o 3¢ ¢dexruBHocTH. [IpenmoururenasHo
npuMeHsTh [IDITA, Tak kak B 3TOM ciyyae BaklMHa B TPU
pasa s dexTrBHEE.

LieHTpudyrnposaHme 1 rpagueHT NIOTHOCTA
LentpudyrupoBanue — 3T0 MPOCTOH B MPUMEHEHUH METOJ
KpyIHOMacIITaOHOTO pa3/eeH s, OCHOBaHHBIN Ha Pa3Inyiu-
SIX B INIOTHOCTU. M3-3a MaJIbIX pa3MepOB BUPYCHBIX YACTHUIL
TpeOyIOTCSl BBICOKAsi CKOPOCTh M CHJIbHAS HEHTPOOEKHAS
CHJIa, KOTOPBIE MOTYT CJEJaTh YaCTHIbl HEMH(EKIIMOHHBIMHU
(Burova, Loffe, 2005). AnbrepHaTHBHBIM MEXaHU3MOM SIBJISI-
eTcs HEeHTPU(YTUPOBAHKE B IPaIMEHTE TNIOTHOCTH Caxapo3bl,
xmopuna ne3us (CsCl) i ogukcanona. B cirydae ¢ caxapo-
301 pacTBOP OYEHb BA3KUU U THIIEPOCMOTHYECKUN. [ paguent
TUTOTHOCTH HOTUKCAHOJIA TIPEACTABIIET COOOH HU3KOBS3KYIO
cucTeMy, KOTopasi MOXKET 00pa30BBIBATH N300CMOTHYECKUI
pacTBOp U MOANEPKUBATH (DYHKIIMOHAIBHOCTB BUpyca (Gias
et al., 2008). Ilpn mpuMeHEeHUH TpagueHTa HOTUKCAaHOIA
(Segura et al., 2006) mokasaHsl n3BiedeHue perposupyca 37 %
1 MHOTrooOearoIas yuctora 95 %. Jjis BoiaeacHUs BUpyca
TPUIIIA JOLIAAEeH U3 BUPYCCOAEPKALLEH allJTaHTOMCHOM KU1~
KOCTH ITPUMEHSUIN YIIBTPALCHTPU(YTHPOBAHUE B TPA/IUCHTE
TUIOTHOCTH Caxapo3bl 1 HOHOOOMEHHYIO XpoMaTorpaduro Ha
JEAE-unenmonose (Taitmakoa u ap., 2011). Onpeneneno,
YTO TOJTHAS a7IcOPOLIUs BUpYyCa HA HOHOOOMEHHHK IIPOXOANUT
B Oy(hepHom pactBope ¢ pH 7.0, a uis1 aironpoBaHust HE00X0-
1M Oydep, conepxantuii 0.5 M pacTBoOp XJIOPHCTOTO HATPHUS
¢ pH 7.4. B pe3synbrare nmoiaydeHs! mpenaparsl BUpyca CO
CTETICHBIO OYMCTKH OT 0aJu1acTHBIX OekoB 98 %.

OunbTpayusn

JI71s1 KOHLIEHTPUPOBAHUSL SHTEPOBUPYCOB U3 BOJBI Pa3jIvy-
HBIX BOJHBIX O0BEKTOB pa3paboTaH yHU(UIIPOBAHHBIN Me-
TOA MeMOpaHHOW (DWIBTpAlMU B PEeXHUME MHUKPO(UIBTpa-
i (M®) na monyne MOM 0142 B xomriekre ¢ MemOpa-
ot MMK1 (Canamsia u nip., 2006). YcTaHOBJIEHBI BEICOKAS
3¢ (HEeKTUBHOCTH AJIs1 KOHIICHTPUPOBAHHS YHTEPOBHPYCOB
13 BOJIbI PA3HOU CTEIEHM 3arpsi3HeHus! (IIMThEBOM, MOI3EM-
HOM, PEYHOH U CTOYHOH B IpeziesIax HOPMHUPYEMBIX 00HEMOB)
1 COKpallleHue BPEMEHH KOHIIEHTpUpoBanus 10 42 muH. Han-
Oonee a3 dexTUBHOI U3 NccieayeMbIX MeMOpaH Oblia (UITbT-
pytomrast MmemOpana, Tarma MMK (Mukpomnopucras Mmemopa-
Ha KarnpoHoBast), Mogudumuposannas 0.5 % coequHEeHHIMEI
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amMuHOB. [Ipy n3y4eHurn MexaHn3Ma KOHIIGHTPHUPOBAHHMS Ye-
noseueckoro aneHosupyca 2 (HAdV-2) (Lu et al., 2016) uc-
MOJTE30BATIM MUKPO(MIIBTPAlMOHHBIE MEMOPAHbI U3 TIOJIBIX
BoJIOKOH (d = 0.2 MKM) B 3aBHCHMOCTH OT KOHIICHTPAIlUU
BHpyca B auanaszone ot 1.3 %107 mo 3.4 x 108 xormwit/min.

JUoist onTHMH3aIMY U3BIICUECHHS BUPYCa TeraTuTa A u3 BOJIbI
ObLIM HCCIIeJOBaHbI MEMOpaHbI Ha OCHOBE NOJIMaMKIa, HUTpa-
Ta IIEJUTIONO3BI, alleTara IEJUTION03Bl  ToNrIGUpCyIbhoHa
(3anecckux, beictposa, 2018). B kauectBe npeaduiasTpos
OBLIN CTEKJIOBOJIOKHO, KAPTOH M nojumpornuieH. [Tlokasano,
4yTO Hambosee >PPeKTUBHON KOMOWHAIMEH MeMOpaH s
(uibTpanK BOJIBI ¢ OOJIBIINM KOJIMYECTBOM MpUMECEH sB-
JISIFOTCS KAPTOHHBIE JIMOO MOIUITPOITUICHOBBIC (DUIIBTPBI JIs
MpeBApUTENBbHON (PUIBTPAMHU U TTOJMAMUIHBIN QUIBTP —
JUIE OCHOBHOTO 3Tarna. duibTpanuio mpod MpoBOAMIN Ha
annapare HaropHo# ¢uisrpanun (AD-142K, «Bnaaucapry,
Bragumup) mpu npoxoxaeHrH Boabl oosemMoM a0 10 1 mox
JIaBJICHUEM 2 aTM.

Juist snuHai30pa 32 KUIIEYHBIMU BUPYCAaMHU YeJIOBEKa
HEOOXOAMMO KOHIICHTPUPOBAHNE BUPYCA U3 CTOYHBIX BOI.
Just aTOoro o6bsI9HO 00pabaThiBaroTCs OOIBIINE 0OBEMBI
(100—-1000 11) Bogbl. Hanbosee 9acto MCIOIB30BATH METO
VIRADEL ¢ mpuMeHeHHEeM MHUKPOTOPUCTHIX (UIBTPOB.
[onoxxnTensHO 3apspKeHHBIE QMIIBTPBHI HE TPeOyIOT Ipes-
BapUTEIbHOM MOJATOTOBKH 00Pa3lOB U CHOCOOHBI KOHIICH-
TPUPOBATh BUPYCHI U3 BOABI B OOJIee IIMPOKOM JIHANa3oHe
pH, dem anexrpoorpunarensibie GIbTpsl. CBA3aHO 3TO C
TEM, YTO BHUPYCHAasl MIOBEPXHOCTh OOBIYHO 3apspKeHa OTpH-
narensHo. [Inpoko uCHonb3yeTcs MeKTPOONIOKUTENbHBIN
¢merp Virosorb IMDS. B mocnennee BpeMst kK HeMy 10-
0aBWJIN MMOJIOKHUTEIBHO 3apspkeHHbIe GribTpbl NanoCeram
(Soto-Beltran et al., 2013). DmonpoBanue BHPYCOB U3 (HHITH-
TPOB IOCIIe KOHIIGHTPUPOBAHHS OCYIIECTBIISUIN C IOMOIIBIO
OpPraHUYecKHUX (PKCTPAKT TOBSIMHBI) WIM HEOPTaHHMYECKUX
pactBopoB (momudocdaTsl HaTpus). 3aTeM ITF0ATH TOBTOP-
HO KOHILICHTPHUPOBAIH ISl yMEHBIICHUSI 00beMa o0pasia u
yiy4LIeHHUsI OOHapyKEeHUs BUpYyca. BoJIbIIMHCTBO QUIBTPOB
MIPOJIEMOHCTPHUPOBAIIO BEICOKYTO (P (HEKTUBHOCTD yIEPKAHUS
BUpYCA, @ METO/IBI HIIIOMPOBAHMS M TOBTOPHOTO KOHIIEHTPH-
pOBaHMsI BUPYCOB UMEIIN pa3HyIo CTENEHb ycIiexa n3-3a 0uo-
JIOTUYECKOM M3MEHYMBOCTH BUPYCOB, MPUCYTCTBYIOUINX B
Boze (Ikner et al., 2012).

Junst punibTpanuy pacTBOPOB OEIIKOB IUIA3MBbI, IIPOU3BO/-
CTBa MPOAYKTOB IJIa3MBbl M MIMPOKOTO CHEKTpa Oduodapma-
[IEBTUYECKHX TPOAYKTOB OblIa IPUMEHEHa HaHO(UIBTpa-
st (H®). Mem6pansr HO, B 3aBUCMMOCTH OT HCTIONB3YEMOTO
Marepuara, IeJSITCSI Ha IBE OCHOBHBIE IPYTIITBI: KEPAMUUECKUE
u nonuMepHsle. [IpuBieknu k cebe BHUMaHWE THOPHIHBIC
memOpanbl HO 13-3a XOpoumunx pe3ynbTartoB (GpuibTpanuu
B HEONTHMAJIBHBIX YCIIOBHSX. B KauecTBe BEpXHEro cios B
THOPUIHBIX MEeMOpaHax HMCIBITHIBAIN Pa3InYHbIC TTOJIUME-
pbl, Takue kak nonuddupcynspon (Maximous et al., 2009),
nonuaumetuicmiokcan (Yousefi et al., 2017), momuBuHMI-
unerdropun (Dong et al., 2013) n nonmucynsdon (Ghaee et al.,
2017). Mcrionb30BaHuE MOIUMEPOB JUIS TTOJIyYESHUs THOPH -
HBIX MeMOpaH H® naet BO3MOXKHOCTE U3MEHSITH pa3Mep 1op,
XMMHYECKHUE U 3apsi/THBIE CBOWCTBA TOBEPXHOCTEH MeMOpaH.
HanoduubTpanus Bce yaliie CTaHOBUTCSI OOBIYHBIM ITATIOM B
(hapMareBTHYECKOM ITPOU3BOJICTBE, OCKOJIBKY HE BBI3BIBACT
npobnem ¢ TokenuHocthio (Doodeji, Zerafat, 2018). Ogaum

2020
243

KoHueHTprpoBaHme BUpycos
1 3NEKTPOHHas MUKPOCKOMUS

13 OCHOBHBIX 3TaIOB POU3BOJICTBA BAKLIUHBI SIBJISIETCS TTOJTY-
YEHHE OYMIIEHHOTO BHPYCHOTO KOHIEHTpaTa. [yl KOHIEH-
TPUPOBAHMS BUPYCa MPHIIIA U YAAICHHS HU3KOMOJICKYIISIPHBIX
MpUMeECEH JIydIile BCero MOAXOAUT moiauddupcyinb(oHoBas
membOpana 300 k/] B coueTannu co cabbIM pacTBOPOM aHH-
onHoro aereprenra (Keun u ap., 2014).

[IpoBeneHs! nccie0BaHKsl METOIOB AIIIOMPOBAHHUS U T10-
BTOPHOTO KOHIIEHTpHpoBaHusa Bupycos (Falman et al., 2019).
CrouHbIe BOJBI NMEPBUYHO KOHIIEHTPUPOBAIN C HOMOIIBIO
KapTpuKHBIX (puiibTpoB ViroCap, a 3areM — ¢ HCIIO0Jb30-
BaHMEM TOBSKBETo dKcTpakTa Celite, TITOCKOTO THUCKOBOTO
¢unsrpa ViroCap, KOHIEHTPUPYIOMNX MUMeToK InnovaPrep,
ocaxaenust [13I'/NaCl u ¢pnokysnsiimu 00e3KupeHHBIM MOJIO-
koM. B sxcnepumentax ¢ monmmosupycom tuma 1 (I1B 1) u3
IISITH TPOTECTUPOBAHHBIX METO/IOB CAMBIMH 3(D(hEeKTHBHBIMU
obutn ocaxaenue [191/NaCl u dnokyssiust 00e3KUpeHHBIM
MosokoM. OnTumMu3sayst Metofa (GpIOKYISIHNA 00e3KUPEeH-
HBIM MOJIOKOM ITpHBeJia K OompmieMy n3siedenuto [1B 1, mo
cpaBHeHuio ¢ ocaxkaenuem [191/NaCl, mouru B 1Ba pasa.

@unerparys B TAHTEHIMAIBHOM ITOTOKE — IITPOKO UCTIONb-
3yemast Metosinka (unsrparu o pazmepy (Wickramasinghe
et al., 2005). Ha npumepe Bupyca rpuiina 0bu1 anpoOHpOBaH
JIBYCTaANHHBIA MPOLIECC ISl OUMCTKU U KOHLIEHTPUPOBAHUS
BUPYCHBIX YaCTHII.

Xpomartorpadus

Xpomarorpadus — 3TO METOJ pa3zeiIeHus, OCHOBAaHHBIN Ha
B3aMMOJICHCTBIH MEXAY LIEJIeBBIM BUPYCOM W MaTpHIieH
KOJIOHKH. DyHKIIMOHAIBHOCTD PA3/AEIEeHHs B [IEJIOM 3aBHCUT
OT 3apsisia, pa3Mepa, rugpoGoOHOCTH U CPOJCTBA.

MeTon MOHOOOMEHHOM XpoMmarorpaduu 3aKIYacTCs B
UCTIONIb30BAHUY SIBIICHUS MOHHOTO OOMEHa MEXIY HEToJI-
BIDKHOW TBEPIOW ¥ TOABIDKHOW KuAKoH (hazamu. OH mmo-
3BOJISIET PA3/ICNIATh BUPYCHBIE YAaCTHIBI CXOXKEU CTPYKTYPbI
¥ MOP(HOJIOTUH NIPHU YCIOBUH, YTO OHU MMEIOT Pa3lIUuHBII
CYMMapHBII 3apsii W/WIH pacrpeesieHne 3apsijia Ha CBOMX
BHEIIHUX oBepxHocTsIX (Ruscic et al., 2015). s cMbIBaHUs
BUpYyCa HEOOXOIMMBI Pa3IHYHbIE KOHIIEHTPAIIUN COJIH, YTO
MOXKET IPUMEHSTHCS K JTF000H cMeIIaHHON HH(EKINH, CITH
BUPYCBI IMEIOT pa3Hble M303jeKTpuueckue Touku. A. Ali u
M.J. Roossinck (2008) cooOmmm o TpoCcToi METOANKE pasie-
JICHUS! ¥ KOHLICHTPUPOBAHUS TIPH CMEIIaHHOW WH(EKIINH BH-
pyca XJIOpOBOI'O MUTMEHTA BUTHBI M BUPYCa MO3aUKH OT'yplIa.

MoOHONINTHBIE HOCUTENN MO3BOJIMIIN MPUMEHATh XpOMa-
Torpaduio /Uil OYUCTKH M KOHICHTPUPOBAHUS PA3ITMIHBIX
Bupycos (Svec et al., 2011; Krajaci¢ et al., 2017). B ominune
OT KJIACCHYECKHUX XPOMAaTOrpadpuuecKkux HOCHUTENEH, rae
MaccornepeHoc OCHOBaH Ha AN (y3HH, a TOPbI OTHOCHTEIIHHO
MaJibl, MOHOJIMUTHI XapaKTEePU3YIOTCsl MacCOIIEPEHOCOM, 3HAYH-
TEJIbHO YCUJIEHHBIM KOHBEKIIMEH, a KaHAJIbl IMEIOT Pa3Mephl
HECKOJIbKO MUKPOH. I. Gutiérrez-Aguirre ¢ komteramu (2009)
nokaszanu, 4to noyiokku CIM QA 3¢hdexTuBHO CBSI3bIBAIIH
POTaBUPYCHI, IPUCYTCTBYIOIINE B MPOOAX CTyla, a TAKKE B
poOax BOJONPOBOAHON 1 pedHOH BojIbl. KoHIleHTpHrpoBanue
POTaBHPYCOB JIOCTUTAIOCH ITyTEM DJIIOLIUH CBSI3aHHBIX BUPY-
coB 1 M pactBopom NaCl. [Tomy4ueHHBIE BUPYCHI COXPAHSIIN
CBOIO IIEJIOCTHOCTB, YTO MOATBEPXKIAATIOCH C TOMOIIbI0 DM.

DKCKIII03MOHHAsE XpoMarorpadust (WK refib-Quibrpanus
B CIIy94ae BOIHOW KUAKOW (pa3bl) — 3TO KHUIKOCTHASI XpOMa-
Torpadusi, OCHOBaHHAs HA PA3INYHON CITOCOOHOCTH MOJICKYJI
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pa3HOro pasmepa IPOHUKATh B MOPbI HEMOHOTEHHOTO Tells,
KOTOPBIH CIYKUT HETTOABIKHOM (ha3oif. B aTom metoze pas-
JITICHNST MCIOJIB30BAJIH TUIOTHO YIAKOBAaHHYIO MaTpHILy U3
cuJIMKareJst i araposHoro resist (Barth et al., 1994). I'naubI-
MH IIPEUMYILECTBAMH 3TOTO METO/1a ObLIN HU3KAasi CTOUMOCTb
CMOJI ¥ TPOCTOTA B 3KCIUTyaTaluy. TeM He MEHee MEeTO/InKa
CTpasiaeT OT OTCYTCTBHS M30UPaTEIbHOCTH, TPeOyeT padoThI
C HU3KOI CKOPOCTBIO MOTOKA, @ TAK)KE MMEET HU3KYIO IpO-
N3BOANTENBHOCTE. Ha mpumepe Bupyca kienieBoro sHmeda-
JIUTA OTPAOOTAaH METOJI relib-(PUIBTPALIAN Ha KOJIOHKE Super-
dex 200 (Havlik et al., 2014). ITomyueHnbie 00pa3nbl OBUTH
HCCIEN0BaHbI: 1) IMMYHOJIOTHYECKH (JOT-0J10T) JUIsl IPOBEp-
Ki OMOJIOTUYECKOM aKTUBHOCTH, 2) C IIOMOIIIBIO ra30(ha3Horo
Makpomoekyasipaoro ananmnzaropa GEMMA mist ompene-
JICHUSI pa3Mepa 4acTHIl U 3) C IMOMOIIBIO aTOMHO-CHIIOBOM
Mukpockonuu (ACM) u mpocBeunBaromen 3JeKTPOHHON
MHUKPOCKOIIUH JUUIsl TIOJTydeHHsI MHQOpMauu O pa3Mepe U
(opme BupycHbIX yactull. CpenHuid TMaMeTp HHAKTHBHPO-
BaHHBIX BUPHOHOB KJICLIEBOrO SHIE(aInTa, ONpeeIeHHbIH
¢ momomipio mmMepernss GEMMA, cocrasmsin 46.6+0.5 1M,
B ominume oT m3oopakeHnit ACM u [I1OM, moka3bIBaroIIIX
JIMaMeTPbI OKOJIO 58+4 1 5245 HM COOTBETCTBEHHO.

Xpomarorpadus runapodoOHOTO B3aNMOAEHCTBUS OCHO-
BaHa Ha aJICOPOIIMHU YacTHUI Ha C1a00 TuAPO(HOOHOM TOBEPX-
HOCTH P BBICOKMX KOHLEHTPALHSIX COJIH C MOCIEIYIOIIUM
3IIIOMPOBAHUEM C HHUCXOAAIINM TpagueHToMm comu. Ha mo-
BEPXHOCTH BUPYCOB IIPUCYTCTBYIOT rHIpodoOHbIe 00nacTy,
KOTOPBIC CBA3BIBAKOTCS ¢ MMMOOMIM30BAaHHBIME TUIAPO(POO-
HBIMH JINTAHJIAMH Ha XpOMAaTorpaduuecKux HOCHUTEIAX
(Roettger et al., 1989). HemoctaTok 3TOro Merozia rmokasaH Ha
npumMepe aaeHoBupyca (Schagen et al., 2000). YcranosieHo,
4TO OOJIBIIIAst KOHIIEHTPALUSI COJIM MOXKET HE TOJIBKO CHIKAaTh
NMMYHOTEHHOCTb BUpPYCa, HO U CIIOCOOCTBOBATH arpernposa-
HUIO BUPYCHBIX YaCTHLI.

[Ipn KOHLIEHTPUPOBAHUH BUpPYCA IyTEM €TI0 CBSI3bIBAHUS
61noadGUHHBIM COPOCHTOM HCIIONB30BAIIN KPUOTEJIb TIOJTBH-
HUJIOBOTO criupta ¢ pazmepom mnop 0.04-2.0 mxm (JIozuHCcKUi
u ap., 2013). [Ipumenenne 3Toro copoeHTa anmpoOHpOBaHO Ha
MpUMepe KOHLIEHTpUpOBaHUs Bupyca rpumnmna tuna A HIN1
u H3N2, Bupyca naparpunmna I'Tl,, Bupyca ocnbl u Bupyca
surypa. bnoaddunHBI cCOpOEHT Ha OCHOBE BA3KOYIIPYTOTO
HEXPYITKOTO U THAPOIUTHYECKH CTaOMIIBHOTO KPHOTEIIs TO-
JIMBUHUJIOBOI'O CIIMPTAa MO3BOJISACT IMPOBOAWUTH KOHIICHTPU-
poBaHHE BHpyca HE TOJIBKO B XpoMaTorpadudaeckoM (Koio-
HOYHOM) BapHaHTe, HO M B PEAKTOpax C MepeMEIINBaHUEM
COpOEHTA, YTO CYIIECTBEHHO MHTCHCH(DHUIUPYET Maccoo0-
MEHHBIE Ipo1ecChl. JIOCTOMHCTBO 3TOTO METO/A U B TOM, UTO
o0ecrieunBaeTCst BO3MOXKHOCTh KOHIICHTPUPOBAHHS HapsiLy
C MEJIKMMH J1a)Ke CaMbIX KpPYIHBIX BUPYcOB (0.5 MM u 00-
nee). Kpome Toro, bmoadpuHHBINA COPOSHT MOYKET, COTITaCHO
9TOMY HM300PETEHUIO, COIEPKATh OJHOBPEMEHHO C AHTUTE-
JIaMH MMMOOWJIM30BaHHBIC (DEPMEHTBI, MOTUPHUIIUPYIOIIHE

BUpYC.

[pyrue metoppl

J1J11 MOHUTOPHHTA OTKPBITHIX BOJHBIX 0OBEKTOB Ha HATNINE
BUpYca TpUIIa OblIa co3/1aHa CrielraibHas ycraHoBKa (JIes-
YEHKO U JIp., 2007). Mcrioabp30Baiii MarHoMMMYHOCOPOCHTHI,
MaTpHUIeH KOTOPBIX SIBISETCSA TBEpAAs MarHUTHAsE OCHOBA C
MMMOOMIIN30BaHHBIMHU aHTHUTEIIAMH.
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Hccnenosana copOuusi BUPYCOB TPUIIIIA HA TOJTHMAHUIHHO-
Boie (IIAHU) u yrneponusie HanoTpyOku (YHT), a Taxke Ha
komro3utel — [TAHU (nanoTpyOku m rpaHyinsl) ¢ no6asie-
HueM cepedpa u 6e3 Hero (MBanoBa u 1ip., 2015). YceraHosie-
HO TIOBBIIIIeHHE copOImonHoi ciocoorocti [TAHU-Tpybox
IIPY BKJIIOYEHUH B HHMX cepedpa B Cilydae aJJIaHTOWCHBIX
BupycoB rpummna A. I1o COBOKYMHOCTH CBOWCTB HambOoliee
MEPCIIEKTUBHBINA MaTepHal IJisi COpOLUK BUPYCOB B BOAHBIX
pactBopax — komno3utel [IAHW-nanoTpyOOK ¢ conepkanu-
em cepedpa 30 %.

Ha mpumepe Bupyca renatuta A (BI'A) cpaBHnBanm pas-
JIMYHBIC CBS3BIBAIOIINE YIJICBO/BI JIEKTHHBI, BKIIIOUast KOH-
kaHaBaJuH A (Con A), armIIOTUHUH 3apOABIIIEH MITSHUIbI
W arrIlOTHHUH COH, M0 UX CPOACTBY CBS3BIBAHHS C BUPYCOM
(Ko et al., 2018). Con A noka3zan 6onee BBICOKYIO adpuH-
HOCTb CBSI3BIBAHUSI 110 CPABHEHMIO C JPYTUMH JICKTUHAMMU.
Con A-cBsi3aHHOE UMMYHOMAarHUTHOE pa3/IelIeHHE B COUETa-
uun ¢ OT-TILIP no3Bossino oonapyxuBare BI'A nipu pa3oas-
sernn 107* 0T KCXOMHOM KOHIEHTPAMU BUPYCa (TUTP PAaBEH
10* ME(EKIMOHHBIM T03aM [T KyJIETYPBI KIIETOK Ha MIT). DTO
yKa3bIBaeT Ha To, 4To Con A MOXeT OBITh MEPCIICKTHBHBIM
KaHJUAaTOM JIs KOHIIeHTpupoBaHusi BI'A.

B meckonpkux uccienoBannsx (Flavigny et al., 2004;
Sakudo et al., 2009b) nmoka3aHo, YTO MarHUTHEIC MIAPUKH,
MOKPBITHIE TAKUM aHHOHHBIM IOJIMMEPOM, KaK MOJIUMETHII-
BUHMJIOBBIHN (1P MaIeMHOBOTO aHTHIPHUIA, MOTYT OBITH HC-
MOJTb30BaHb! IS 3((EKTUBHOTO 3aXBaTa Pa3IMYHBIX THIIOB
Bupyca. K HUM OTHOCATCSI BUPYC MMMYyHOIE(DHUIIUTA YeII0-
Beka tuna | (Sakudo, Tkuta, 2012), pecnimpaTopHO-CHHINTH-
anbHbIN Bupyc (Sakudo et al., 2009a), Bupyc Oone3nn bopna
(Sakudo et al., 2011b), Bupyc rpumnmna (Sakudo et al., 2008)
u BUpyc juxopanku nenre (Sakudo et al., 2011a). B mams-
HeWIIeM 3TOT METO/ MPUMEHIIIN U K aseHoBupycy (Sakudo
etal., 2016).

SAnonckue yuensie (Mogi et al., 2016) pa3pabaTsiBamn
HOBBIH METOJ] KOHIIGHTPUPOBaHMs BUpyca. OHM MPEIIOKHU-
JIM ¥ DKCIIEPUMEHTAJILHO TIPOIEMOHCTPUPOBAIIN YCTPOUCTBO
JUIS KOHLIEHTPUPOBAHMS BHPYCa C HCIIOJIB30BAHUEM 30HBI
WCTOLICHUS HOHOB, CO3/1aBaEMOH MOIsIpu3ael HOHOB. D¢-
(heKTHBHOCTH OLIEHUBAJIH C IIPUMEHEHUEM (DITyOPECIIEHTHBIX
HAHOYACTHII, OaKyIOBUpYcCa, aTbOyMHUHA U AeKcTpaHa. B pe-
3ynbTaTe Bce 00pasipl ObIIM YCHENIHO CKOHIIEHTPHPOBAHbI
MIpeyIaraéMbIM CII0COOOM.

HoBas cTparerusi KOHIEHTPHPOBAHUS BUpPyca pa3pado-
TaHa C MCIOJIBb30BAaHUEM AKCIIPECCHUH Te€HA YEeIOBEYECKOTO
penenropa nonuoupyca (hPVR) Ha moBepXHOCTH KIIETOK
Escherichia coli (Abbaszadegan et al., 2011). Crtoco6HOCTB
MOAN(HUINPOBAHHBIX OaKTEpUABHBIX KJIETOK 3aXBaTHIBATH
BUPYCHBIE YaCTHILBI TOATBEPK AU ¢ ToMoInbio [TOM. Takoit
MIO/IXOJ] OTKPBIBAET HOBYIO MEPCIIEKTUBY IS 3(h(hEKTUBHOTO
3aXBara ¥ KOHIIEHTPUPOBAHHS [IEPEHOCHMBIX BOJIOH BUPYCOB.

[Tpu pabote ¢ noneBbIMK 00pa3LaMH CO3/1aBaal YHHKAb-
HBIE MHKPOYCTPOICTBA yIIEPOIHBIX HAHOTPYOOK C M3Me-
usiembiM pasmepoM (YHT-STEM), xotopsie adpdexrnBHO
oOoraraiau u KoHueHTpuposaiu Bupycel (Yeh et al., 2016).
MexTpyOHoe pacctostare mexay YHT moxHO OBITO yCTa-
HaBJIUBaTh B aMana3oHe ot 17 go 325 HM, 4TOOBI TOYHO
COOTBETCTBOBATh pa3Mepy pa3iIM4yHbIX BUPYCOB. biaromaps
3TOMY yCTPOMCTBY aBTOPBI YCTICIITHO OIIPEAEIININ ABa HOBBIX
mramma.
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B HemaBHO omyOnrkoBaHHOU cTaThe (3aiies u ap., 2019)
OIMCAaHO HMCIOIb30BaHHE HEHTPU(PYKHOTO KOHIIEHTpATopa
Vivaspin. KoHIIEHTpHPOBaHUE BUPYCHBIX YaCTHUII TPOUCXOIUT
Ha JBOWHOW BEPTHKAJILHONU MEMOpaHe 13 HoIu3PpUPCyibho-
Ha. [Tocrme nenTpudyrupoBanns MeMOpaHy W3BIEKATH U3
KOHIIEHTPATopa U OICHUBAIHM KOJIUYECTBO OCAXK/ICHHBIX HA
MeMOpaHe YacTHIl C MOMOIIBIO AJIEKTPOHHOTO MUKPOCKOIIA,
MPUMEHSIS] METOJ] YIABTPATOHKUX CPE30B.

3aknioyeHune

IIpu BEIOOpE MeTOMa KOHIIEHTPUPOBAHHS BUPYCOB OOIBIIIOE
3HAYECHUE UMEET 11eJb, KOTOPYIO XOTAT JOCTUTHYTh UCCIIEO-
Bareu. DKOJIOrHYEeCKHe, PapMaIieBTHUCCKUE U METUIINHCKIE
3a7a4u TPeOyIOT pa3HbIX MoaxonoB. [Tpu n3yueHnn 3arpsizHe-
HUSI BOJIBI JUIS TTOJTYYCHHS pe3yibTara 4epe3 (QHIIbTPHI po-
TOHAIOTCA COTHU JIMTPOB BOABI U3 onpe;[eﬂeHHoi/i aKBaTopuu,
MIOCJIE 3TOTO TIPOUCXOJUT OTOOP BUPYCHOTO Marepuaa, oce-
JIAfOIIETO Ha TIOBEPXHOCTH U B 00BbEME 3apsDKCHHBIX (DUITBT-
POB. 3areM yaiiie BCero cie/yeT BTOPOi 3Tarl C IPUMEHEHHEM
IpyTuX (QUIBTPOB ¢ KamnOpoBaHHEIMHU mopamu (TapacoB n
Ip., 2012). B mocnemHee BpeMst JOCTHTHYT OMpPEACICHHBIN
ycriex B pa3paboTKe MaTepraoB Uit MeMOpaH (GHUIbTPaLHH.
OpHaKo N3BJICYCHNUE BUPYCOB C MTOBEPXHOCTH U 00bEMa MeM-
OpaH elie JjaleKo He MOJTHOE.

Juist ynydlieHus TEXHOJIOTMU KOHLICHTPUPOBAHUS BUPY-
COB CJIEAYET COCPEJOTOUNTh BHUMAHUE HA MOBEPXHOCTHBIX
B3aUMOJICHCTBUSAX MEXAY BUPYCaMHU U (QHIBTPYIONIUIMHU
Mmarepuajiamu. B yacTHOCTH, CylecTBYeT HEOOXOAUMOCTh B
pa3paboTke Y3PPEKTUBHBIX METOTUK TIONPOBAHISL, KOTOPBIE
MOT'YT HapyIIHUTh CBSI3b MEXTy (PHIBTPYIOIINME MaTepraa-
MU U BUpYCaMU, '-{TO6]>I MOBBICUTH CTCIICHb BOCCTAHOBJICHUA.
IIpn nmuarHOCTUYECKUX MCCIENIOBAHUAX ISl KOHKPETHOTO
ManueHTa 00beM MaTepraia OrpaHUYeH HECKOIBKUMH MUJI-
auauTpamu. Bo MHOTHX city4asix, 0cOOEHHO IIPU CMEIIaHHON
MH(EKIINH, OTHUM U3 CaMbIX Ha/Ie)KHBIX KPUTEPHUEB O0HAPY-
JKCHUSI BUpYCa SIBISICTCS JIIEKTPOHHAst MUKpockonust. Koneu-
HO, M3TOTOBJICHHE YJIBTPATOHKUX CPE30B JIOCTYITHO TOJIBKO
XOPOIIIO OCHAIIEHHBIM DM-1abopaTtopusiM, IS KOTOPBIX
OM-auarnoctika BUPYyCHON HH(EKINN — 00bI9Has padoTa.
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O1leHKa in vitro 610J10TNYecKoi aKTUBHOCTI OTeYeCTBEeHHOT0
npemnapara Makpodar-akrusupyioiero gakropa (GCMAF-RF)
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AHHoTauuA. B ctaTbe coobLjaeTca o pa3paboTaHHOM OpUrHaNbHOM crnocobe nonyyeHuna ButammnH Di-cBA3bIBato-
wero 6enka (DBP) n ero koHBepTauun B Makpodar-aktusmpytowmin ¢aktop GCMAF-RF. CornacHo pa3paboTtaHHOMy
pernameHTy, DBP nonyyanu n3 nnasmbl KpOBU YenioBEKa, NPUMEHSAA abPpUHHYIO KONIOHOUHYI0 XpoMaTorpaduio, oum-
wanu n moanduumposanm o GCMAF-RF ¢ ncnonb3oBaHnem LUTOMMMOOUIM30BaHHbIX MNKo3naas (6eTta-ranakTo-
3ugasa v HelipammnHugasa). MNpriHagneXXHoCTb NoyYeHHoro nonunentTuga K Ge-rpynne rnobynvMHOB nnasmbl KPOBY
NOATBEPXKAANIN BECTEPH-ONOTOM C 1CMOb30BaHNeM cneunduyecknx aHtuten. MosyyeHHbI NoANenTra No CBOUM
MOJIEKYNIAPHBIM CBOMCTBaM COOTBETCTBYET OMMCaHHOMY B nuTepaTtype 6enky GCMAF, HaxofALleMyca Ha CTagun Kinu-
Huyecknx ucnoitanuii B8 CLUA, Bputannn, M3paune n AnoHum (Saisei Mirai, Reno Integrative Medical Center, Immuno
Biotech Ltd, Efranat, Catalytic Longevity). Bionornuyeckyto aktBHocTb npenapata GCMAF-RF onpepensanu no nHayk-
UM y NepuTOHeanbHbIX MakpodaroB Mbiwv GparouUTapHOM akTUBHOCTY U CMOCOOHOCTY NPOAYLIMPOBaTb MOHOOK-
cug asota (NO) in vitro. DarounTapHyto aKTUBHOCTb Makpodaros oLeHmBany no 3obeKTMBHOCTY 3axBaTa MarHUTHbIX
wapwukoB. CTeneHb akTMBaLMN Makpodaros paccymTbiBanyv No OTHOLLEHMIO YMC/Ia 3aXBaYeHHbIX LAPVKOB K 0bLiemy
yncny makpodaros. YposeHb npoaykuun NO oLeHUBanm no HakonjaeHnio MOHOOKCHAA a30Ta B KyfbTyparbHbIX Cy-
nepHaTaHTax NepuToHeasibHbIX MakpodaroB KONOPUMETPUYECKM METOAOM C MCMONb30BaHeEM peakTuBa lpucca.
MokasaHo, uto GCMAF-RF kpaTHO yBenmumBaeT GparounTapHyto akTMBHOCTb Makpodaros 1 AOCTOBEPHO YBENNYMBAET
NPOAYKLMIO UMW MOHOOKCHAA a30Ta. BblaeneHHbIi opurmHanbHbIM cnocobom aktnuatop makpodaros GCMAF-RF no
CBOUM XapaKTepucTrKam (CornacHo matepuanam, ony6IMKOBaHHbIM B MeyaTy) COOTBETCTBYET npenapatam GCMAF,
npeacTaBAAeMbIM Ha PbIHKe 3apy6eXKHbIMN KOMMaHMAMM, I MOXKET PacCMaTPMBaTbCA Kak HOBbI OTeYeCTBEHHbIN 61o-
NOrMYeCKM aKTUBHDBIN MPenapart C WMPOKUM CNeKTPOM AeicTBrA. Hanbonblumnin MHTepec Bbi3bIBAET €ro CNOCOBHOCTb
Yyepes aKTvBaLMio Makpodaros ycunmBaTb afanTUBHbIA UMMYHUTET opraHu3ma. B aTol cBA3n npeanonaraioTca ABa
HanpaBneHnsa TepaneBTNYeCcKoro NnpumeHeHus npenapata GCMAF-RF. lNpenapaT MoxeT 6bITb BOCTpeboBaH B 0651acTu
NeyeHNA OHKONMOTrMYeCKMX 3a00N1eBaHNI 1, KPOME TOro, MOXKET ObITb MCMOJIb30BaH NPW NeYeHnn paga HepoaereHe-
paTMBHbIX MATONOMMI Y UMMYHOAEDULNTHBIX COCTOAHMINA.

KnioueBble cnosa: makpodar-aktnsupytowmn ¢aktop (GcMAF); ButamuH Ds-cBasbiBatowwymin 6enok (DBP); parounTos;
MoHookcmg a3oTa (NO); neputoHeanbHble Makpodaru.
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In vitro assay of biological activity of a national preparation
of macrophage activating factor (GCMAF-RF)
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Abstract. The article reports an original method for producing vitamin Ds-binding protein (DBP) and its conversion
into macrophage-activating factor GCMAF-RF. According to an original protocol, DBPs were obtained from human
blood plasma using affinity chromatography, purified and modified to GcMAF-RF using cytoimmobilized glycosidases
(beta-galactosidase and neuraminidase). The presence of the polypeptide obtained in the Gc group of blood plasma
globulins was confirmed by Western blot using specific antibodies. The molecular properties of this polypeptide put
it in correspondence with the GCMAF protein described in the literature, which is undergoing clinical trials in the USA,
Britain, Israel and Japan (at Saisei Mirai; Reno Integrative Medical Center; Immuno Biotech Ltd; Efranat; and Catalytic
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OueHKa in vitro 6noNornYeckon akTMBHOCTN OTeYEeCTBEHHOO
npenapata makpodar-aktmsupytouiero dpakropa (GcMAF-RF)

Longevity). The biological activity of the GECMAF-RF preparation was detected by the induction of phagocytic activity
of macrophages and their ability to produce nitrogen monoxide (NO) in vitro. The phagocytic activity of macrophages
was evaluated by their ability to uptake magnetic beads. The degree of activation of macrophages was calculated
by the ratio of trapped beads to the total number of macrophages. The level of NO production was estimated by
the accumulation of nitrogen monoxide in the culture supernatants of peritoneal macrophages by the colorimetric
method using the Griess reagent. It was shown that GEMAF-RF multiplies the phagocytic activity of macrophages and
significantly increases their production of nitrogen monoxide. The macrophage activator GcMAF-RF, according to its
characteristics, corresponds to similar preparations which are made available to the market by foreign companies, and
can be considered as a new biologically active preparation with a wide spectrum of action. Of greatest interest is its
ability — through the activation of macrophages - to enhance the adaptive immunity. In this regard, two areas of thera-
peutic use of the GCMAF-RF are proposed. The preparation will be in demand in the field of cancer treatment, and, in
addition, it can be used in the treatment of a number of neurodegenerative pathologies.

Key words: Gc protein-derived macrophage activating factor (GcMAF); vitamin D5-binding protein (DBP); phagocyto-
sis; nitrogen monoxide (NO); peritoneal macrophages.
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BBepeHune

GcMAF (group-specific component protein-derived macro-
phage activating factor), BayKHBII KOMITOHEHT CHCTEMBI aKTH-
Balny Makpoaros, oOpasyercs B pe3ysbTare caT-crerudu-
YECKOTO ACTIIMKO3UINPOBAHUSA BUTAMHH D3-CBHBBIBaIOHle-
ro 6emka (DBP), koTopHIit MPUCYTCTBYET B INIa3Me KPOBH Ue-
noBeka B Oomnbiiom konmdecte (300-600 mr/m) (Malik et
al., 2013; Delanghe et al., 2015). Harususiii DBP conepxut
OJMH TpUCaXapuJ, KOBAJEHTHO CBS3aHHBIN C TPEOHHMHOM
B no3unuu 420 u cocrodmuii U3 N-aleTuirajiakTo3aMHUHa
(GalNACc) ¢ mprcoeTMHEHHBIMHU K HEMY T'aJJaKTO301 1 CHAJIO-
Boii kucioroit. [Ipeo6pazosanne DBP B GeMAF nponcxoaut
nyteM orcoeauHeHust oT GalNAc rajxakTo3sl U CHaIOBOH
KHCJIOTBI TTOJ ISHCTBHEM [3-TaJlaKTO3H/1a3bl U CHAJIH/Ia3bl, JIO-
KaJIN30BaHHBIX Ha KJIETOYHBIX MEMOpaHaX aKTUBHPOBAHHBIX
B- u T-mumdounToB coorBercTBeHHo (Yamamoto, Homma,
1991; Yamamoto, Kumashiro, 1993). B pe3synsrare Takoro
CEJIEKTUBHOTO JICTVINKO3MINPOBAHUS 00pa3yeTcs aKTUBHBIH
6emok GcMAF. Cunraercst, uto umenno GalNAc, BXoasiuii B
cocraB akTuBHOTO 1IeHTpa GCMAF, obecrnieyrBacT akTHBAIIUIO
Makpodaros (Naraparaju, Yamamoto, 1994; Mohamad et al.,
2002; Saburi et al., 2017a, b).

HUccnenoBarenbckuii u mpaktndeckuit uaTepec k GCMAF
OIIPEAEISETCSI €r0 CIIOCOOHOCTHIO Yepe3 aKTHBAIIMIO MAKPO-
(haroB y4acTBOBAaTH B 3aLIUTHBIX PEAKINIX OPraHU3Ma: B 3a-
IUTE OT NATOTCHOB, B OJIMMHUHALIMU CTAPCIOIINX, OITYXOJICBBIX
¥ TIOBPEIKICHHBIX KJIETOK, & TAKXKE B IIPOIIECCaX 3a)KUBIICHNUS.
[upora bnonornueckux 3phexToB Makpodaros, UMEIOIINX B
PpsiIie CITy4aeB OIIIO3UTHYIO HANPAaBIEHHOCTb, 00eCIIeYnBACTCS
BBICOKOH (DYHKITMOHAIIEHOW T€TEPOTEHHOCTHIO MaKpo(aroB
(Gordon, 2003; Cassetta et al., 2011). Haubomnee 4eTko BbI-
JICIISIOTCSI [1Ba CyOTHITa MAKpO(aroB, KOTOPbIC 0003HAYAFOTCS
Kak M1- 1 M2-KJIeTKH ¢ Mpo- ¥ MPOTHBOBOCHATUTEIFHON
AKTHBHOCTBIO COOTBETCTBEHHO.

M1-makpodaru urparoT BaXXKHYIO pOJIb B JIMMHHAIIH OITY-
XO0JIEBBIX KJIETOK. OHM CIIOCOOHBI POSBIISATH IIUTOTOKCHYE-
CKYI0, MUKPOOUIIMAHYIO U aHTUIIPOSIU(EpaTHBHYIO aKTHBHO-
CTH, ONIOCPEIOBAHHBIC MPOAYKIIMECH aKTUBHBIX METAO0INTOB
kuciopoaa (nanpumep, H,0,), moHookcuna asora (NO) n
MPOBOCHATIMTEIBHBIX IUTOKHHOB. M2-Makpodary, HanpoTus,
IIPOABJIAA NPOTHUBOBOCHAIUTECIBHYIO aKTUBHOCTH, OI'paHU-

YUBAIOT BOCTIAUTEIBHBIN/MMMYHHBIA OTBET. [lOBBIIICHHAS
AKTUBHOCTH M2-MakpoQaros conpsikeHa ¢ pa3BUTHEM HMMY-
HOCYIIPECCHH, TPUBOJSILEH K ommyxosieBoMmy pocty (Lamagna
et al., 2006; Sica, Bronte, 2007; Murray, Wynn, 2011).

YeraHoBICHO, 9TO (PYHKIIMOHATIBHBINA THIT Makpo(haros BO
MHOT'OM OITPEAEISIeTCS] YCIOBUSIMHU MX aKTHBAIMU M MHaK-
tuBanmu (Korbelik et al., 1998; Mosser, 2003; Saburi et al.,
2017a, b). OgauM n3 GakTopoB, MPEMATCTBYIOINX AKTH-
BallMM Makpo(aros, SIBJISICTCS WHTUOUPOBAHHUE MTPOLYKLIUH
GcMAF, ocymectBisemoe (pepMeHToM Harana3oi (o-/N-ate-
THJITAJIAKTO3aMUHH1a301), CEKPETHPYEMBIM OITyXOJICBBIMHU
kinerkamu (Korbelik et al., 1998; Rehder et al., 2009; Saburi
et al., 2017a, b). CeiBopoTOoUHAsA Haranxas3a y OOJIBHBIX PAaKOM
CIIOCOOHA ITOJTHOCTHIO IENIMKO3MINPOBATH ITPEAIIECTBEHHUK
MAF (DBP), ocymectsisist ruaponus no GalNAc-ocrarky.
JIMeHHbI aKTUBHOTO caifTa, MOMUIENTHA TePsIeT CIToCco0-
HOCTb aKTUBHPOBATHh HHPHUIIBTPYIOIINE Oy X0JIb Makpogary,
YTO B KIIMHUYECKHX HaOIIONEHUSIX XapaKTepPH3YyeTCsl Kak
UMMYHOCYTIPECCHS, CBA3aHHAs C TOTepel Makpodaramu crie-
muduuecknx aktuBHOcTel (Yamamoto et al., 1996; Moha-
mad et al., 2002; Matsuura et al., 2004; Thyer et al., 2013a).
'V 310pOBBIX JII0AEH yPOBEHB Harauasbl B HECKOJILKO Pa3 HUXKE,
YeM y OHKOJIOTMYECKHX OONBHBIX, M Harajaas3a B OTCYTCTBHE
MaToJIOrMH He Aernuko3uwnupyeT Tpucaxapus DBP (Ioannou
et al., 1992; Nagasawa et al., 2005).

B nmonepHbix padorax N. Yamamoto (Yamamoto, Homma,
1991; Yamamoto, Kumashiro, 1993; Yamamoto et al., 1996)
OBLIO CAETAHO MPEATIONOKEHUE, YTO HHBEKIIUH OUHIIIEHHOTO
sk3oreHHoro GcMAF MoryT kommeHcHpoBaTh Je(eKTHBII
(hakTOp, aKTUBUPOBATH CUCTEMY MaKpO(haroB 1 UX MPOTUBO-
PaKoBYI0 aKTUBHOCTb. [IpoBeneHHbBIE KIIMHUYECKHE HCCIe-
JIOBaHUS CBHIETEIILCTBOBAIIN 00 3 (EKTHBHOM BO3JICHCTBUHI
GcMAF Ha onyxoib, IPUBOASIIEM K 3HAUNTEIBHON pPeayK-
MM OITyXOJIEBOTO OYara WM MIOJTHOMY YXOAYy OILyXOJIH C IIpO-
JIOJDKATEITBHBIM (HECKOJIBKO JIET) Oe3penAMBHBIM IIEPHOJIOM
(Yamamoto et al., 2008; Rehder et al., 2009; Inui et al., 2013;
Thyer et al., 2013a, b).

Co Bpemenu onyonmkoBanust N. Yamamoto CBOUX pe3yilb-
TaTOB OTHOCHUTEJILHO IPHHA/IIEKHOCTH BBIJICICHHOTO MOJIH-
MENTH/A K TPYII-CIeNU()UIECKOMY aKTHBAaTOpy Makpodaros
npouuto 6onee 15 ner. MccnenoBanueM nonmmnenTHaa B Ha-
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MIPaBJICHUY IOMCKA MUIIICHEH eT0 KIIMHIYECKOTO TIPUMEHEHNUS
3aHUMAJHCh pa3HbIe Jaboparopuu. [TomydeHB MHOTOYHIC-
JICHHBIE, TPOTUBOPEUMBBIE IAHHBIE O €ro (PYHKIMOHAIBHBIX
BO3MO)KHOCTAX B KAY€CTBE aKTHBATOPa MMMYHHBIX PEaKIN
TIpH JICUCHUH 3JI0KAYECTBEHHBIX HOBOOOpPA30BaHHMU, ayTH3-
Ma, pa3JInuHbIX HApyLIICHUH B pabOTe NMMYHHOW CHUCTEMBI.
[TporuBopeunBbIE pe3ysbTaThl, Kacaroruecs 3QHeKTHBHOCTH
KJIIMHAYECKUX BO3MOkHOcTe GCMAF, BbI3Bain HEMalyro
JIOJIO CKEeNTHIM3Ma B HaydHOM coobuiectBe (Rehder et al.,
2009; Ugarte et al., 2014; Borges, Rehder, 2016; Ruggiero et
al., 2016). Takoe cocTosTHUE BOIIPOCA CBS3aHO €IIE U C TeM,
YTO Iperapar HeBO3MOXKHO C/IeJ1aTh IPEMETOM ITPOMBIIIIICH-
HOW COOCTBEHHOCTH, @ MOKHO TOJIBKO MTaTEHTOBATh Pa3ny-
HBIE CITOCOOBI €T0 TIONYYCHHUS U PA3TUIHBIC KOMITO3UIINH, B
COCTaBe KOTOPBIX OH MOJKET IIPUMEHsIeTCs. IMEHHO 110 TakoMy
nyTt uayT Bee npousBoautean GeMAF (Saisei Mirai, Reno
Integrative Medical Center, Immuno Biotech Ltd, Efranat,
Catalytic Longevity). Tem He MeHee O ITepCIIeKTHBHOCTH BO3-
MOYKHOTO TIPaKTUIECKOTO NCTIONb30BaHus ipenapara GCMAF
CBUCTENBCTBYIOT MHOTOUNCIICHHBIC JaHHBIC, TIOTYYCHHBIC
Ha 9KCIIEPUMEHTAIIbHBIX KUBOTHBIX, @ TAK)KE JIaHHBIE JOKIIN-
HUYECKHUX UCCIIETOBAHUI U HAKOIUIEHHBIN MOJI0KUTEIbHBIN
omEIT ero KimHudeckoro npuMmenenus (Korbelik et al., 1997;
Kisker et al., 2003; Yamamoto et al., 2008; Toyohara et al.,
2011; Pacini et al., 2012; Inui et al., 2013, 20164, b; Kuchiike
et al., 2013; Thyer et al., 2013a, b; Klokol, Teppone, 2016;
Saburi et al., 2017a, b; Moya et al., 2018; Paduraru et al.,
2019; Greilberger, Herwig, 2020).

[IpoBeneHHBIIT HAMH aHAN3 JTUTEPATYPHBIX HCTOYHUKOB
MPOJIEMOHCTPHPOBA OOJIbIION nHTEpec K npenapary GCMAF
B MHpP€, HECMOTPS Ha UMEIOIIUECS PA3TUIHbIC TOUKHU 3PCHUS
(OcranuH u 1p., 2019), 1 onpeenu HapaBICHHE ero UC-
cJle/IoBaHus B Hallel taboparopu. [10CKoIbKy MPakTHYeCKU
BO BCEX MCCIIEIOBAHUSX MTPOIIEypa MOTyUYSHIS U aKTUBAIIUN
Tpernapara IepenrchIBacTCs C OMHON-IBYX MMOHEPHBIX paboT
(Link et al., 1986; Yamamoto, Homma, 1991; Yamamoto,
Kumashiro, 1993), 4to cBsi3aHO ¢ €ro KOMMEPYECKOH ITePCIeK-
TUBHOCTBIO M HEXKEJIAHUEM PAaCKpPHIBATh JACTATH BBHIICICHHUS
OOJIBIINX KOJIMYECTB aKTHBATOPa, MBI PEIIMIN Pa3padoTaTh
HE3aBHUCHUMBIH perIaMeHT HONTYy4YEHHUS U aKTUBAUU (aKTopa
1 9KCIICPUMEHTATIFHO OMPEACTHTH €T0 BO3MOKHYIO «KITMHH-
YECKYI0 MUILICHB.

B macTosimieit pabore, mpeacTaBISIIONICH CO00H MEePBYIO
CTaTHIO IIMKJIA U3 TPEX CTaTeH, OMICHIBAIOMINX JICHCTBHUE TIpe-
rapara Ha SKCIEpHMEHTAJIbHbIE OHOJIIOIMYECKHE CUCTEMBbI,
OIICHUBAETCS CIIOCOOHOCTH MOJIYYCHHOTO OPHUTHHAIHHBIM
cnocobom nipenapara GCMAF-RF (GecMAF-Related Factor)
aKTHBUPOBATh (harouTapHyto QyHKIHMIO Makpodaros 1 mpo-
IyIUPOBaTh MOHOOKCHJT a30Ta in Vitro.

OpurnHaneHEM crioco0 BeiaeneHns DBP u mpomiemypa ero
xonBepTanuu B GCMAF-RF nutosH3uMaTnueckum crnocoooM
On1u pazpadoransl B OO0 «AktuBatop MAF)» coBMecTHO ¢
nmaboparopueii HHIYITUPOBaHHBIX KIICTOYHBIX MporieccoB De-
JIepaJIbHOTO UCCIIEI0BATENILCKOTO IIeHTpa MIHCTHTY T nTOosNo-
run ¥ renetukn (OUL] Mul") CO PAH. Cnioco6 nomyueHus
npenapatra GcMAF-RF, B cBsi3u ¢ ero cratycom «mpeamera
MIPOMBIIIEHHOH coOcTBeHHOCTNY Komnannu OO0 «AkTuBa-
Top MAF», oxapakrepr3oBaH 37iech 0€3 yKa3aHus JeTayien
nporenyp. Tem He MeHee 00IMIas XapaKTepUCTHKA CIIOCO0a,
IpeJIcTaBIeHHas B paszeie «Pe3ynbrare», 1aeT 10CTaToqHO
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MOJTHY0 HH(DOPMAITHIO, IEMOHCTPHPYIOILYIO OPUTHHAIBHOCTh
noaxoza. I1o cBoMM MOJIEKYIISIPHBIM CBOWCTBAM IOy YEHHbII
TIOJTATICTITH]T COOTBETCTBYET OIIICAHHOMY B JIUTEPAType OCIKY
GcMAF, naxopsiiemMycst Ha CTaIMU KIIMHAYECKUX UCTIBITAHUI
B CIIA, bpuranuu, U3panne u Snonnn (Saisei Mirai, Reno
Integrative Medical Center, Immuno Biotech Ltd, Efranat,
Catalytic Longevity).

Matepwuanbl n metogbl

B skcnepuMeHTax MCHOIB30BAIM 0 JBE-TPU MECSYHBIX
mbi uaA CBA passenenns BuBapus Ne 2 GUL ULul" CO
PAH (crangaptHoe conepkanue). IlepuroHeanbHbIe MaKkpo-
¢aru (5% 105 KIETOK/TyHKY) KyJALTUBUPOBAIU B 12-TyHOU-
HBIX MIaHmerax B cpeae RPMI-1640 (Biolot), comepskareit
10 % FBS (HyClone) u 40 MKT/MJI TeHTaMUIIMHA B TCUCHHE
12 4. BareM aare3uBHYyH (Gpakiuio Makpodaros Tpu pasa
OTMBIBATH 3a0y(pEepeHHBIM (PHU3HOIOTHIECKIM PacTBOPOM
(PBS) mst ynaneHust HENPUKPEIUICHHBIX KJICTOK. [Tomyden-
HblE MaKpo(aru UCIoJIb30BaJIU B JajibHEHILIEM JIsl aHaIIn3a
nX OMOIOTUYECKOH aKTHBHOCTH.

daromurapayo (QyHKIHI0O Makpo(haroB OLEHHBAIN CO-
[IACHO METOJIUKE, ITpeicTaBiIeHHOM B padote (Ishikawa et al.,
2014). IlepuroneansHbie Makpodary BEIACISIIN U3 OPIOIITHON
TMIOJIOCTH JIBYX-TPEX MBIIICH, 00bEANHSITH, PacIIPEACIISIIN 110
JIYHKaM IIJIaHIIeTa B PABHOM KOJIMYECTBE U KYJIFTUBHPOBAIIN
B OecceiBopoTtouHoii cpene RPMI-1640 B Teuenme 2 4. 3a-
TeM cpery MeHsn Ha RPMI-1640, cogepaxamtyro 10 % FBS
B OTCYTCTBHUE (KOHTPOJIb) WJIM B NIPUCYTCTBUH CJICTYIOLIHX
AKTHBATOPOB (ITO3UTHBHBIA KOHTPOJIb): JIMTIOTOIUCAXAPHUIA
(LPS, Sigma, 10 mxr/mi, E. coli 0114:B4) mubo momydeH-
Hbeix HamMu DBP (5 mxr/min) min GeMAF-RF (5 mkr/mn).
B kaxkayio JIyHKY 100aBIIsIM TaKKe MArHUTHBIC HIAPHKH
(Dynabeads M-280, Invitrogen) B no3e 60 Mxr/myHky. [Tocne
Tpex4acoBoit HKyOalK Makpodaru Tpu pasa orMmbisaiu PBS
JUTS yIaJIeHUs] HEMHTEPHAIN30BaHHBIX [IAPUKOB, 3aTeM (POTO-
rpadupoBaH B IPOXO/ISIIEM CBETE C UCIIOIB30BAHNEM HHBEP-
TUpOBaHHOTO MuKpockona AxioObserver Z1 (Zeiss) u noa-
CYMTHIBAJIH KOJTMYECTBO HHTEPHAIN30BaHHbIX rpaHyl (IBN).
daronuTapHyIo aKTHBHOCTh Makpo(aroB OLEHUBAIIH MO Gop-
myne: IBN = konu4yecTBO MHTEPHAIM30BaHHBIX MIAPHKOB/
KonrgecTBO Makpodgaros. J{is craructuaeckoro aHammsa IBN
YUUTHIBAJIN JAHHbIC YETHIPEX HE3aBHCHUMBIX SKCIICPIMEHTOB,
B Ka)KJI0M 3KkcrniepumenTe orieHnBanu 300-500 knetok. Yuer
KJIETOK OBLT NMPOBEJEH N3 HECKOIBKHUX MOJIEH, pacionokKeH-
HBIX B Pa3HbIX YacTsX JIyHKH IJIaHIIETA.

IIponykuuto NO onpenensuiv B MATH MOBTOPHOCTSX Ha
CEMH MBIIIax 110 HAKOIIIIEHUIO HUTPUTOB TIOCIIE 3 4 HHKYOU-
POBaHMUS C AKTUBATOPAMH B KYJIBTypalIbHBIX CylI€pHATAHTAX
MEPUTOHEANILHBIX Makpo(aroB KOJOPUMETPUYECKUM METO-
JIOM C HcToib30BanneM peaktusa [ pucca (Green et al., 1982).
Jnsa storo 100 MKJI KaXI0ro TECTUPYEMOIO CylepHATaHTa
MIEPEHOCHITU B 96-TyHOUHBIN TUIAHIIET, CMEIIMBAIN C PABHBIM
o0bpeMoM peaxtnBa [ prcca m HHKyOHUpOBaIH TIPH KOMHATHON
Temreparype B TeueHue 15 muH. ONTHYECKYIO IUIOTHOCTh
OLICHUBAJIM HA MHOTOKaHAJILHOM CIIEKTPO(OTOMETPE IPH TN~
He BorHBI 540 HM. Pe3yasTaTsl COOTHOCHITH CO CTaHIAPTHON
KaIMOPOBOYHON KPUBOH, OIyYCHHON Ha OCHOBE CEPUHHBIX
pas3BezneHuit 3 MM pacTBOpa HUTPHUTA HATPHSL.

CraTHCcTHUECKHUH aHaIU3 MPOBOAMIN C HCIIOIB30BaHUEM
nmporpamMmHoro obecnedenust Statistica 10. B xaxmom sxc-
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MEpUMEHTE ObLIO BBINOJIHEHO MHHUMYM 4eTbipe 1moBropeHus. CyliecTBOBaHHE
CTATHCTHUYECKH 3HAYMMBIX Pa3IN4nil MEXKAy HUCCIEAyEMBbIMH TPYIIIaMH IpOaHa-
JM3UPOBAHO TpH momoun kputepus Kpackena—Yomnuca. [y anmoctepropHbIX
CpaBHEHUI MEXKy TpynnamMu ucnoib3opaiu U-kpurepuit MaHHa—YUTHU C yueToM
nonpaBku boHpepporn (MUHUMANBHBIA ypoBeHB 3HaunMocTH p = 0.05/4mcmo
cpaBHenuit). Takum oOpazom, B cirydae ananmsa IBN pasnmnuns canranu gocro-
BEPHBIMU NIpH ypoBHE 3Ha4MMOCTH p < 0.017 (Tpu momapHBIX CpaBHEHHs), a B
ciydae aranmsa npoaykiu NO — pu p < 0.013 (geTpIpe monmapHBIX CPaBHEHH)
(I'p>xuboBckuit, 2008).

Pesynbratbl

Kak cxa3ano BbllIEe, BUTaMUH D;-CBA3BIBAIONINI OCTIOK CONEPKUT TPH (PyHKIHO-
HAJILHBIX CalTa: BUTAMHUH D;-CBA3BIBAIOIIMI IOMEH, aKTHH-CBA3BIBAIOLINA CETMEHT
MONUNENTHIHON LeNyu U callT mMKo3mnnpoBaHus. COOTBETCTBEHHO, CYILECTBY-
IOT JIBa OYCBUIHBIX criocoba ad(GUHHOTO BBIACICHUS CHEIH(uIecKoro Oenka,
3a aKTHH- M BUTaMUH D;-caspiBatomue gomensl (Haddad et al., 1984; Link et
al., 1986; Swamy, Ray, 1995). B uccnenoBanusx Apyrux aBTOPOB OMUCHIBACTCA
MPAaKTHYECKH BCET/Ia OJIMH U TOT JKe CII0CcO0 TONTyYEeHHUs aKTHBATOpa MakpogaroB
GcMAF. Butamun D,y moguduiupyeTcst B IpOU3BOAHYIO MOJEKYILY, COAEPIKAILYIO
THPOKCHII B TIOJIOXKEHHUH 25, NN XUMHUYECKUM, WIH SH3UMATUIECKUM CIIOCOOOM.
MonuduimpoBaHHbI BUTAMUH «IIPHIIHBACTCSD) K aKTUBUPOBAHHONW OPOMIIMAHOM
cedapose, u npoBoautcs apdunuas xpomarorpadus. [lanee 610K aKTUBUPYETCS
B GcMAF sH3uMaTnyeckoil KOHBEpTAIMeH ABYMS THAPOJIA3aMU — CaUAa30i
n B-ranakro3naa3oil, KOBAJIEHTHO (MKCHPOBAHHBIMH Ha Hocurene (Yamamoto,
Kumashiro, 1993; Yamamoto, 1996; Mohamad et al., 2002). ®yHkuuonanbHas
aKTUBHOCTH monmydeHHoro GcMAF TecTupyercs mo ero cnocoOHOCTH HHITYIIHPO-
BaTh Y Makpo(aroB criocoOHOCTb (haroruTHPOBaTh Pa3HOOOpa3HbIE BHEKJICTOUHBIC
4acTuIIbl. [ JTaBHBIM 00pa30M HCTIONB3YIOTCS OTICOHUPOBAHHBIE SPUTPOLIUTHI OapaHa
(Hammarstrom, Kabat, 1971; Yamamoto, Kumashiro, 1993). Hammu MmHOTOUHCIICH-
HBIC TTOTIBITKH BBIICINTD, aKTUBHPOBATh M OIICHUTH (PYHKIMOHAJIBHYIO aKTHBHOCTh
MOJIyYSHHOTO MOJIUIENTH A CIOCO0AaMH, OITMCAHHBIMU B CTaThsIX, HE YBEHYAIHCh
ycriexoM. OCHOBHBIMU IPUYMHAMH HEy/1ad ObIIIN: HEBO3MOKHOCTH B I0CTAaTOUHOM
KOJINYECTBE OBICTPO MOIYYHUTH COCTABIIIFOLINE KOMIOHEHTBI BCEX CIIOKHBIX TPOIIE-
JIyp, UX BBICOKas 1IeHa, [IOCTOSHHOE YTauBaHUE aBTOPAMH OITyOJIMKOBAHHBIX PadoT
MPUHLMIIHAIBHBIX TEXHUYECKUX JETaJIed TOW WIM HHOM NMPOLENypBl.

B aT0i1 cBsI3M Mocie TOTaNBHOM TPOpabOTKH NpHHIKIIOB nosryyeHus GCMAF
MBI pa3padoTaiy CIeAYIOIMHA PEerIaMEeHT BbIACICHHsI OOJIBILIOr0 KOJINYECTBA Ipe-
napara BUTaMuH Ds-cBasbiBatomiero Oenka, ero xonseprauuu B GcMAF-RF n
OLICHKH €T0 CIIOCOOHOCTH aKTUBHPOBATh (paronuTapHyro (QyHKIHIO MakpogaroB
u npoaykuuio uMu NO.

Buramun D,-cBsasbiBaromuii 6e1ox ObUI BBIAENIEH U3 CHIBOPOTKH KPOBH 3710pO-
BBIX JJOHOPOB € HCIIOJIb30BaHUEeM a@uHHOI Xxpomarorpaduu Ha KOJOHKE C KO-
BQJICHTHO IPHIIMTBHIM aKTHHOM. JlaHHBIN 1TOJIX0]1 COCTOSUT U3 ABYX mpoueayp. Bo-
TIEPBEIX, AKTHH, HEOOXOMUMBIH B KadecTBe apprHHOTO TUTaHAa, TTOTyJaId camMmo-
CTOATENIFHO M3 MbI kpoiuka (Spudich, Watt, 1971), 6naromapst yemy ynanochk
ObICTPO HaNaUTh ahPUHHYIO XpOMaTOrpad o U Ha TIOPSAKH COKPATUTh 3aTPaThl.
OnHOBpEeMEHHO W3 KpaOOBBIX MaHIHPEH OBLT BBIZEICH CyOCTpar, HEOOXOMMMBIHA
Jutst npumBkY addunaHoro nuranaa (de Souza et al., 2008). DtoT crocob Takxke
MO3BOJIMJI HE ONUPATHCS HA UMIIOPTHBIE IOPOI'HE PEAKTHBBI M CYILIECTBEHHO YCKOPHII
Bpems nomyueHus pakropa. i1 koneprannu DBP B GcMAF-RF 6511 pazpabortan
OPHUTHHAIBHBIN CIIOCO0 C MCIOIB30BAaHUEM AKTHBUPOBAHHBIX JIM30(pochaTnani-
xosmHoM (Lyso-Pc, Sigma) BocnanuTenbHbIX JUM(OLUTOB, NOITYyYaeMbIX OT TOTO
ke moHopa (Ngwenya, Yamamoto, 1986; Yamamoto, Homma, 1991; Asaoka et al.,
1992). CyTh momxofa COCTOUT B TOM, YTO Ha IIUTOIIa3MaTHICCKO MeMOpaHe aKTH-
BUPOBaHHbIX K BocHaieH o B- n T-1mMdoLuToB nprcyTCTBYIOT 002 HEOOXOANMBIX
qutst koaBeptaru DBP B GeMAF depmenra: B-ramakro3nasa u caamiasa COOTBET-
ctBeHHO. [TomyuenHble OT TOHOpa TMM(OLUTEI ITOCIIE BOCIIAIUTEIFHON aKTHBAIIN
nobasnsuck k DBP. [locne nnky6anuu noixyuenusiii GCMAF-RF nposepsuicst na
CIO0COOHOCTH aKTUBUPOBATH CIIEHN(UIECKYTO (haroluTapHyIo aKTHBHOCTh MaKpo-
(baros. [{yst 3TOrO OBIT BaIMAMPOBAH CHOCOO C UCITIOIB30BAaHUEM METAJUTMUCCKUX
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Puc. 1. BectepH-6noT aHanu3 obpasuos DBP,
nosy4YeHHbIX METOLAaMU aKTUHOBOW 1 cedapos-
Hon (c 25-rmppokcmsutammHom D3) xpomato-
rpadum.

1 — DBP, nony4YeHHbIN Ha KOMOHKe C 25-rnapoKcn-
BUTaMnHoM Di-cedpapose; 2 — DBP, nonyueHHblit
C MOMOLLbIO aKTUH-cedpapo3Hon adPprHHOM Xpo-
matorpaduu; M — monekynsapHblii Mapkep “The
Thermo Scientific™ Page Ruler™ Prestained protein
Ladder” (Thermo Fisher Scientific Inc., CLLA).

oyc (Ishikawa et al., 2014). [Tpomenypa
XOPOIIIO CTAaHAAPTU3UPYETCS, HE TPEOy-
€T MHOTOCTaIMHHOTO MOJIYyYEHHUS OTICO-
HUPOBAHHBIX 3PUTPOLUTOB OapaHa n
BBICOKOTEXHOJIOTHYHA. J{OTIOIHUTEb-
HO JIJIsl OLICHKH CTIeU(UIHOCTH BbIJIe-
nerHoro GeMAF-RF 6s11 pazpaboran
OPHUTHHAIBHBIN METO]] OTYyYCHHUS JICK-
THHA, MTO3BOJISIFOLIUI OICHUTH 3 deK-
TUBHOCTbH OTIIEIUICHNSI XBOCTOB Caxa-
POB ¥ COXpPaHEHHMS B CAlTE TIINKO3UIIH-
poBaHus N-aleTHiraiako3aMuHa, KO-
TOPBIH SABJIAETCS OCHOBHON MOJIEKYJIOH,
y4acTBYIOIIEH B aKTHUBALUHA MaKpo-
¢aros.

s mpoBepku coorBercTBusi DBP,
BBIJICJICHHOTO C MCIIOJIb30BaHNEM B Ka-
yecTBE aPUHHOTO JIMTaHAa aKTHHA,
npenapary DBP, Bernensemomy apdun-
HO Ha 25-ruapokcuBuTaMuH Dj-ceda-
po3e, U XapakTePUCTHKH MPHHAJIIeNK-
HOCTH 00OMX TOIUNENTHIOB K IPyIIe
cnenuduyecknx Ge-0emKoB ObLT Mpo-
BE/ICH CPaBHMTEJIbHBIH BECTEPH-OJIOT
aHanu3. [Ipsmoii cpaBHUTEIBHBIN BeC-
TEpH-0JI0T aHaIM3 00pa3LOB Mpenapara
¢ aHTuTeIaMu NpoTHB GC-rpymbl CBU-
JIETENBCTBYET 00 MACHTUIHOCTH YIIOMSI-
HYTBIX IByX BapHaHTOB OeikoB (puc. 1).
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Puc. 2. Bnnanne GCMAF-RF Ha darouutapHyio akTUBHOCTb MEPUTOHEANbHbIX MaKpodaros.

a — pjaHHble npefcTaBneHbl B Buge M+SEM (n = 4), * p < 0.017 — BOCTOBEPHOCTb Pa3nNyni Mo CpaBHe-
Huio ¢ KoHTponem (U-kpuTepuii MaHHa-YUTHU ¢ y4eTom nonpaBku boHdeppoHn); 6 — penpeseHTaTVBHbIE
doTorpadumn makpodaros c MHTEPHANIM30BaHHbIMY rPaHynamm: 1 — KOHTPOsb; 2 — Nocse akTueaumu ¢ DBP;
3,4 - nocne aktnaumm ¢ GCMAF-RF.

[Tocne mosyueHus, KOHBEPTAIIMA U TPOBEPKH CIEUPHIECKON aKTHBHOCTH,
CHOCOOHOCTH aKTHBUPOBATh (DarolMTapHyro akTUBHOCTH Makpodaros, rnpernapar
GcMAF-RF crepunuzoBany GruiIsTpoBaHHEM, a 3aT€M MIIH 3aMOPAKUBAJIH U Xpa-
i ipu —70 °C, unn o mmmsnpoBany (cM. puc. 1).

Buonornyeckyio aktuBHOCTE GCMAF-RF omeHmBaim mo ero BIUSHUIO HA
(haroruraprayo QpyHKIMIO nepuToHeanbHbIX Makpodaros (Ishikawa et al., 2014)
(puc. 2). Bputo BBIIOJIHEHO TPH ATIOCTEPHOPHBIX CPABHEHNS SKCIIEPUMEHTAIIBHBIX
IPYIII ¢ KOHTPOJIEM C Hcosb30BaHueM U-kpurepust MaHHa—YUTHU C y4E€TOM I10-
npaBku bordepponn. [TokazaHo, 4To IO CPaBHEHHUIO C KOHTPOJIEM TOJIBKO Mperapar
GcMAF-RF cratncTryecku 3HaUMMO YCHITUBAET CIIOCOOHOCTH MakpogaroB HHTEP-
HANM3UPOBATh MarHUTHBIC mapukd. B mpucyrctBun GcMAF-RF daromurapras
AKTHBHOCTB Makpo(aros ysennuusanach B 3.7 pasa (p =0.011), Torna kak B OTBET
Ha DBP wn JITIC — B 1.2 u 1.6 pa3a cooTBeTcTBEHHO. Penpe3eHTaTBHBIC (OTO-
rpaduun makpodaros (cM. puc. 2, 6) 4ETKO AEMOHCTPHUPYIOT, YTO IPU CTUMYJISILIUN
npenapatom GcMAF-RF (1o e ero npeamectsennnkom DBP) B o01mieit momymsim
MIEPUTOHEATBHBIX MAKPO(AroB 3HAYUTENHLHO BO3PACTAET YUCIIO KIETOK C HHTEpHA-
JIM30BaHHBIMHM MarHUTHBIMY IIapHKaMu. B TaHHOM TecTe oneHuBaIn Onomornye-
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CKYI0 aKTUBHOCTH 00pa310B U3 KaKI0H
MOJIYYCHHOW MapTUH Tpernapara, npu
9TOM paznuanbie 00pasiel GEMAF-RF
JIEMOHCTPUPOBAIIN TPEX-CEMHUKPATHOE
yBenuueHue (arountapHol (QYHKIUH
Makpodaros.

IIpenapar GeMAF-RF ycunuBan He
TOJIBKO (haroUTapHyIo akTHBHOCTb Iie-
PHUTOHEAIBHBIX MAaKpPO(aroB, HO TAKKE
X CHOCOOHOCTH MpoxyuupoBaTh NO
(puc. 3). bbuto mpoBeneHo yeTkIpe aro-
CTEPHOPHBIX CPaBHEHUsI (IKCIIEPHMEH-
TaJbHbIE TPyNIbI ¢ KoHTposaeM u JITIC
u GcMAF-RF mexay coboit) ¢ ucrosb-
3oBaHueM U-kpurepuss MaHHa—YuT-
HU C ydeToM momnpaBku bordepponu.
Okxkazainock, uto GCMAF-RF (10 He ero
npeamectseHHUK DBP) cratuctiuuecku
3HauuMo (p < 0.013) moBbIman ypo-
BEHb MPOAYKIMM MOHOOKCHJA a30Ta,
IIPU 3TOM YPOBEHb WHAYIIMPOBAHHON
NO-mpomykmn ObIT JaXKe BBIIIE, YeM
B OTBET HA CTAHJAPTHBIH aKTHBATOP
Makpogaros JITIC (p = 0.008).

Bce nepeunicieHHble IpoLEaypbl, Ba-
JIUJIUPYIOLINE TIperapar Kak akTHBATOP
Makpocgaros (GcMAF-RF), moctosHHO
TIPOBOIATCS JUTSL XapaKTEPUCTHKN KaxK-
JIOTO HOBOTO BBIICJICHHS Npernapara u
JIOBEJICHHUS 10 COCTOSIHUSI TEXHOJIOTUH,
KOTOpasi TOTOBUTCS K CEPTH(UKALINY.

O6c¢cyxpeHune

B Hacrosmem uccie10BaHUM TIPOBE-
JICHA OLIeHKa OMOJIOTHYECKOH aKTHBHO-
CTH MEPBOTO OTEYECTBEHHOTO Iperna-
pata GcMAF-RF, kotopslit ObIT BBI-
JIeNieH U3 IIa3Mbl KDOBH UYEIOBEKa B
COOTBETCTBUH C HOBBIM TE€XHOJIOTHYE-
CKHM pEIIaMEHTOM, pa3paboTaHHBIM
xomnanueir OOO «AxrtuBatop MAF».
[Ipsimoii cpaBHUTENBHBIN BECTEPH-OIOT
aHanu3 00pasloB Mpenapara ¢ aHTHTe-
samu poTuB GC-TPyYIITBI TTOKa3amd (CM.
puc. 1), aTo MonekynspHas Macca Oen-
KOB, BBIZICJICHHBIX IBYyMsl BapHaHTaMu
appuHHON Xpomarorpaduu, COOTBET-
ctByeT pazmepy GcMAF B 65-67 x/la,
OTIpENIeTICHHOMY JPYTUMH aBTOPaMHU B
AQHAJIOTMYHON TPUC-ITIMLIMHOBOM 2JIEKT-
podoperrueckoii cucteme (Smith et al.,
2013). ITomy4eHHbII pe3yabTar CBHIC-
TENBCTBYET 00 MIEHTUIHOCTH ITOJIHIIET-
TUJIOB, BBLAETSEMBIX C UCIIOJIB30BaHU-
€M JIByX umerouxcs B mojiexkyine DBP
JIOMEHOB, Pa3IMYalOIINXCs 10 CBOEH
(YHKIIHOHATHHON CIeN(UIHOCTH (aK-
THH-CBSA3bIBAIOIMI M BUTaMUH D ;-CBs-
3BIBAIOMINH).
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Puc. 3. Bananve npenapata GCMAF-RF Ha npopaykumio NO.

[aHHble npeacTaBneHbl B Buge M+ SEM (n = 4). * p < 0.013 - foCTOBEpPHOCTb
pasnnunin No CpaBHeEHMIO C KOHTponeM n mexay rpynnamm JINC n GeMAF-RF
(U-kpuTepuit MaHHa-YUTHM € yyeTom nonpaskn BoHdeppoHn).

B Burpampabix Tectax obpaszusl GcMAF-RF u3 kaxmoit
TMOJTyYeHHOH MapTHH TIperiapara MpOosIBIIsUIH CBOHCTBA, Xapak-
TepHbIE T MaKpodar-akTHBUPYIOIIETo (hakTopa, a UMEHHO:
KpaTHO yCHIIMBAIIH (harouTapHyto GpyHKIHUIO NEPUTOHEAIIb-
HBIX Makpo(haroB MbIIIH (CM. pHC. 2), @ TAK)KE CTATUCTUYECKH
3HAYAMO CTUMYIUpoBaiu npoaykiuio NO (cum. puc. 3).

BelsiBIeHHBIC B HalleM HCCIEJOBAaHUU (DaKThl CTUMYJIH-
pyrouiero BiusHus nonxyuennoro npenapara GcMAF-RF na
CBOMCTBa MaKpo(aroB corIacytoTcst ¢ JAHHBIMH IEII0T0 psijia
uccnenosareneii (Mohamad et al., 2002; Thyer et al., 2013b;
Ishikawa et al., 2014; Ruggiero et al., 2014; Saburi et al.,
2017a, b). D10 MO3BOIIAET 3aKITIOUUTD, uTO Tiperapat GeMAF-
RF cooTBeTcTBYEeT M3BECTHBIM MMIIOPTHBIM aHAJIOTaM HE
TOJIBKO TI0 CBOUM (PM3MKO-XUMHUYECCKHM XapaKTEPHCTHKAM,
HO | TI0 TIPOSIBIISIEMOM OMOJIOrNM4eCcKOif aKTHBHOCTH.

Crenyrorue 1Ba COOOIICHHUS OY/IyT CONEPKaTh PE3y/IbTaThI
no BiustHUIO mpenapata GcMAF-RF Ha kyiasTypy AeHApUT-
HBIX KJICTOK ¥ nojsipu3ario M2-makpodaros. Taxxe Oyner
MIPOZIEMOHCTPHPOBAHA CIIOCOOHOCTh aKTHBHUPOBAHHBIX IIpe-
napatroM GcMAF-RF nepuroneansHbIx Makpo(aros Jm3u-
pOBaTh KJIETKH HECKOJIBKHUX OITyXOJIEBBIX KYJIBTYP 1 OIIEHEHA
€ro IPOTHBOPAKOBAsI AKTUBHOCTh B OMOJIOTHUECKMX TECTAX
Ha HKCIIEPUMEHTAIILHBIX JKUBOTHBIX.

3aknioyeHmne

[IpencrasieHs! nepBble SKCIIEPUMEHTAIBHBIE JIAHHbIC, Xa-
pakTepu3yroliue crnocodHocts npernapara GCMAF-RF, mo-
JY4€HHOTO OPUTHHAIBHBIM CIIOCOOOM, aKTUBHPOBATh TIEPH-
TOHeaJIbHbIe MaKpOo(aru MBIIN, YTO NPOSBISIETCS KPATHBIM
ycuiieHHeM HX (arouutapHOd (yHKUMH W 3HAYUMBIM MO-
BBIIIIGHUEM YPOBHSI MPOIYKIMH MOHOOKCH[Ia a3oTa. Brlye-
neHHbIi akTuBarop makpogaroB (GeMAF-RF) o cBonm xa-
paKTepUCTUKaM COOTBETCTBYET aHAJIOTHYHBIM Ipernaparam,
MPE/ICTABIISIEMBbIM Ha PhIHKE 3apyO0e)KHBIMU KOMITAHUSIMH, U
MOJKET PaccMaTpPUBATHCS KaK HOBBIIT OT€UeCTBEHHBIH OHOIIO-
THYECKH aKTHUBHBII (haKTOp pa3sHOHAIPABICHHOTO JACHCTBHS.
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Ethnicity-specific distribution of TRPMS8 gene variants
in Eurasian populations: signs of selection
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Abstract. The TRPM8 gene encodes the ion channel, which is a cold receptor in afferent neurons of the mam-
malian somatosensory system. We studied the frequency of haplotype distribution from six SNPs in the TRPM8
gene in Eurasian human populations, including Russians, Kazakhs and Chukchi. Four of the six SNPs are located in
exon 7 (rs13004520, rs28901637, rs11562975, rs17868387), rs7593557 is in exon 11. These exons encode parts of
the N-terminus, which is necessary for channel functioning in the plasma membrane of neurons. The rs11563071 is
in exon 23 encoding part of the C-terminus. The primary difference in population distribution of haplotypes deter-
mines the SNP from exon 11 which leads to Ser419Asn substitution in protein. The most pronounced differences in
the patterns of diversity and frequencies of haplotypes were observed between Chukchi and Russians. The frequen-
cy of major H1 haplotype encompassing the 419Ser gene variant differs in examined populations; 0.738 (Russians),
0.507 (Kazakhs) and 0.337 (Chukchi), p < 0.001. The TRPM8 gene variants encoding 419Asn and carrying the minor
alleles of rs28901637 (P249P) and rs11562975 (L250L) in exon 7 are characteristic of Asian populations. The fre-
quency of all 419Asn variants in Chukchi is comparable to that in Africans, however, the minor allele frequencies of
rs28901637,rs11562975 in Africans is low. Apparently in the process of human colonization of Eurasia, minor alleles
of these SNPs diverged depending on rs7593557 structure in exon 11. We analyzed sequences of five TRPM8 mRNA
isoforms extracted by researchers from different tissues. Sequence analysis demonstrates that they are transcribed
from major H1 variant of the TRPM8 gene but contain different translation start codons, which are generated by
alternative splicing from pro-mRNA.

Key words: TRPM8 gene; haplotypes; Eurasian human populations; alternative start codons.
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DTHO-CIIeldmuecKoe paclpeeleHe BapmuaHnToB reHa TRPMS8
B €BPa3uiiCKNX IMOIIV/ISIIIMSIX: 3HaKM OTOOopa
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AHHoTauus. leH TRPMS8 kogmpyeT NOHHDBIN KaHas, KOTOPbI ABNAETCA XONOAOBbIM PeLenTopom B apdepeHTHbIX
HelpoHaX COMATOCEHCOPHOW CUCTeMbl MiieKonuTalowmx. Mbl U3yuunu pacnpegeneHme 4acToT ranaoTUrnoB 13
wectn OHI rena TRPM8 B eBpa3sunckmnx NoNynaumnAaX YenoBeka, BKIOYaa PYCCKMX, Ka3axoB 1 YyKyen. YeTbipe 13
wecty OHIN pacnonoxeHbl B 3k30He 7 (rs13004520, rs28901637, rs11562975, rs17868387), OHI rs7593557 Ha-
XOAMUTCA B 3K30He 11. Tn 3K30HbI KOAMPYIOT dparmeHTbl N-TepMMHaNbHOro AoMeHa, Heobxoammoro ansa QyHK-
LMOHUPOBAHUA KaHana B Mia3maTtnyeckon membpaHe apdepeHTHbIX HelpoHoB. OHIM rs11563071 pacnonoXeH B
3K30He 23, Koaupylolwem ¢parmeHT C-TepMrHaNIbHOrO AoMeHa KaHana. OCHOBHOe pasnnyve B NonynaumoHHOM
pacnpepeneHuu rannoTunos onpepenset OHIM 13 3k30Ha 11, obycnosnuBatowmii Ser419Asn 3amellieHune B 6en-
Ke. KoHTpacTHble pa3nnuna B MHOroobpasum 1 YactoTax ranjoTunos Habnohany mexay nonynaunamm yykyen n
pycckumx. YacTtoTbl ocHoBHOro rannotuna H1, oTHocAweroca Kk 419Ser BapnaHtam reHa TRPMS, cywecTBeHHO pas-
NNYanucb B U3yyeHHbIX nonynaumax: 0.738 y pycckmx, 0.507 y kasaxos, 0.337 y uykueli (p < 0.001). ina a3natckmx
nonynALUN xapakTepHbl BapuaHTbl reHa TRPMS, koanpytowme 419Asn n copgepalyme MuHopHble annenn OHI
rs28901637 (P249P) n rs11562975 (L250L) B ak30He 7. CymmapHas 4yacToTa Tak/X ranioTunoB y PyCCKUX COCTaBNAeT
0.032, no cpaBHeHuio ¢ 0.142 y Ka3zaxos 1 0.358 y uykueil (p < 1073 ana o6oux cpasHeHui). YactoTa Bcex 419Asn
BapWaHTOB Y UYyKuyell conocTaBMMa C TakoBON adpuKaHLEB, OfHAKO YacToTa MUHOPHbLIX annenei rs28901637 n
rs11562975 y abpukaHueB Hu3Kas. Mo-BUANMOMY, B MPOLIECCe KONIOHM3aLMM YenioBeKom EBpasum MnHOpHbIe an-
nenu 31nx OHI guBeprrpoBanu B 3aBUCUMOCTY OT CTPYKTYpPbI rs7593557 B 3k30He 11. Hamun npoaHanv3npoBaHbl
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nocnepgosaTenbHocTn NATU n3odpopm MPHK reHa TRPMS, BbiieneHHbIX McCrefoBaTensiMm U3 pasHblx TKaHew. Moka-
3aHO, YTO OHW TPAHCKPUOBMPOBaHbI C OCHOBHOIO BapuaHTa H1 reHa TRPMS8, HO cofiep»KaT pasfinyHble CTapT-KOAOHbI
TPaHCALWM, FeHepUPOBaHHbIe anbTePHATMBHbIM CNaicuHrom npo-mPHK.

KntoueBble cnioa: reH TRPMS; rannoTunbl; eBpasvinckre NonynaumMm YenoBeka; afbTepHaTMBHbIE CTapT-KOAOHDI.

Introduction

The gene TRPMS8 encodes a subunit of Ca?*-permeable non-
selective cation channel, belonging to the TRPM (transient
receptor potential melastatin) subfamily of TRP domain-
containing proteins (Tsavaler et al., 2001). TRP channels
are formed by oligomerization of subunits sharing common
structural features, including six putative transmembrane
segments (S1-S6), a pore loop linking segments S5 and S6,
and cytoplasmic N- and C-terminal (Ramsey et al., 2006).
The majority of TRP proteins carry a conserved TRP box
(‘“VWKFQR’ in TRPM channels) in the C-terminal domain,
adjacent to the S6 segment. Many of these proteins, includ-
ing TRPMS, are involved in Ca?" homeostasis in response to
extracellular and intracellular physical and chemical factors.
TRPMS expression has been observed in somatic afferent
neurons, myocytes, epithelial cells of the lung, bronchi, pro-
state, bladder and others (Sabnis et al., 2008; Babes et al.,
2011). The modulation of TRPMS protein activity is coupled
with basic biochemical and physiological processes related
to thermal sensitivity, proliferation, and apoptosis (Zhang,
Barritt, 2006; Yee, 2015).

Three types of TRPMS polypeptides potentially able to
form Ca?* channels by tetramerization have been described.
The full-length variant of 1104 amino acids (aa) identified
in sensory neurons contain the long N-terminal sequence
(693 aa), six transmembrane segments and C-terminal do-
main with TRP box (Latorre et al., 2011). This channel is
able to respond to changes in ambient temperature (threshold
of ~22-34 °C). Another TRPMS isoform of 1054 aa, with
a rearranged N-terminal domain, was identified in prostate
tumor cells (Lis et al., 2005). In addition, a truncated variant
(304 aa), lacking the entire N-terminal sequence and the first
two transmembrane segments (S1 and S2), but retaining parts
of the voltage-dependent sensory module (S3 and S4), the
pore-forming components (S5 and S6 and the loop between
them), and the C-terminal domain, was identified in human
epithelial cells of the bronchi and lung (Sabnis et al., 2008).
Full-length TRPMS is located to the plasma membrane, while
the truncated variant is located in the endoplasmic reticulum
membrane and is associated with the release of Ca?* ions from
intracellular stores (Bidaux et al., 2007).

Studies clarifying the contribution of the N-terminal domain
to the TRPMS channel function have shown that the first 40
amino acids of full-length TRPMS8 modulate sensitivity of the
protein to cold and menthol, and the region between residues
40 and 60 is involved in trafficking of the protein to the plasma
membrane (Phelps, Gaudet, 2007; Bidaux et al., 2012; Pertu-
sa et al., 2014). It is also an essential element in ensuring the
proper folding and assembly of TRPMS.

In this study, we evaluated the distribution of the alleles at
five SNPs located in TRPMS gene exons 7 and 11 in geographi-
cally dispersed Eurasian human populations in order to clear
up the potential importance of the N-domain parts encoded
by these modifiable exons. The composition and localization

of the SNPs assayed in the TRPMS8 gene are unique. Four of
six SNPs are densely clustered in exon 7; three in successive
codons (encoding P249P, L250L, and Y251C), and the fourth
in the codon but one upstream (encoding R247T). The SNP
(S419N) in exon 11 and two SNPs (R247T and Y251C) from
exon 7 can potentially influence on function of the TRPMS
channel by altering the protein structure and accessibility of
these sites to post-translational modification. The two SNPs
(P249P and L250L) in exon 7 and the SNP (encoding V1058V
in the C-terminal domain) in exon 23 cannot directly influence
on protein structure. However, recurrent emergence of the
minor alleles of these SNPs in different TRPMS gene variants
suggests that they may have influence on gene expression
regulation.

Materials and methods

Human populations that have resided in geographically dis-
persed territories in Eurasia were examined, including Rus-
sians (N =170, Novosibirsk), Kazakhs (N=119, Kosh-Agach
district, the Altai Republic) and Tundra Chukchi (N = 80,
Kanchalan settlement, Chukotka Autonomous district). Eth-
nicity of individuals was determined by special questioning
with elucidation of a nationality of the ancestors (at least in
three generations). Blood samples were collected from unre-
lated representatives of the ethnic group. All subjects gave
their informed consent for participation in the experiment.
The work was approved by the Bioethical Committee of the
Institute of Cytology and Genetics of Siberian Branch of the
Russian Academy of Sciences.

The general characteristics of the assayed SNPs are listed in
Table 1. The information about variants and reference sequen-
ces (NM _024080.4 and BC143819.1) were extracted from
dbSNP (https://www.ncbi.nlm.nih.gov/snp/) and GenBank
(https://www.ncbi.nih.gov/genbank/).

Genomic DNA from blood samples was isolated by phenol-
chloroform extraction. DNA was genotyped by polymerase
chain reaction. The details of the assay (primers and PCR pa-
rameters) developed for genotyping were described previously
(Potapova et al., 2014). Primers for rs17868387 fragment

Table 1. TRPMS8 single nucleotide polymorphisms
included in this study

SNP Exon Nucleotide Amino acid position
substitution in protein
rs13004520 ........ 7 ................... G>CR247T ..........................
r528901637 ........ 7 ................... A>TP249P ..........................
r511562975 ........ 7 ................... G>c|_250|_ ..........................
r517863337 ........ 7 ................... A>Gyz51c ..........................
r57593557” ................. G>A5419N ..........................
r511563o71 ......... 23 ................. C>G ..................... V1053v .......................

Note. Amino acid positions are given to the full-length protein from neurons.
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(200 nucleotides) was following: 5'-tgtgtggttgttgttcaggagat-3’
(A allele), 5'-tgtgtggttottgttcaggagac-3' (G allele), 5'-aaagctg
ggaggaggaataatgt-3' (total). The annealing temperature of the
primers was 60 °C.

Haplotype variants, coefficients of linkage disequilibrium
(D’) between the alleles of SNPs, fixation index Fg were de-
termined using Arlequin ver. 3.5.2. The F was calculated on
the basis of haplotype distributions. The level of significance
(py2) of the differences between haplotype groups was assessed
using SPSS 11.5 software.

Results

The distribution of haplotypes at six SNPs within the TRPMS§
gene in individuals from Russian (European), Kazakh (Central
Asians) and Chukchi (Eastern Asians) populations, who have
been resident in different climatic and geographical zones of
Eurasia, was examined in this study. Twenty two haplotypes
with frequencies exceeding 0.001 at least in one of the three
populations were identified (Table 2).

The haplotypes can be categorized into two main groups,
according to nucleotide substitutions of the rs7593557 SNP
(exon 11) at position 5 in each of population samples. The
G allele of this SNP leads to formation of the 419Ser codon
in the mRNA. The 419Ser group includes the major H1 haplo-
type and H2—HS5 with singleton substitutions at one of the five
positions relative to the H1. The H6—H9 haplotypes differ by

Ethnicity-specific distribution of TRPM8 gene variants
in Eurasian populations: signs of selection

the allele combinations of the SNPs (P249P, L250L, V1058V)
at positions 2, 3 and 6.

The founder haplotype H10 and its derivatives (H11-H22)
carry the A allele (157593557, exon 11) at position 5 forming
the 419Asn codon. The haplotypes constituting this group
have additional substitutions at one or several positions. The
H11-H17 subgroup includes haplotypes with minor allele
combinations of rs28901637, rs11562975 and rs11563071.
The H18-H22 haplotypes contain a substitution at position 4
(rs17868387, exon 7), which leads to a Tyr—Cys replace-
ment. Presumably, this is a recurrent mutation, unrelated to
haplotype H4, and variant H18 is the founder haplotype for
H19-H22 subgroup. In additional, this haplotypes contain a
substitution at position 1 (rs13004520, exon 7), leading to an
Arg—Thr replacement. Thus, 419Asn H19-H22 haplotypes
contain three substitutions that can affect the TRPMS protein
structure. The linkage disequilibrium (LD) between minor
alleles of rs13004520 and rs17868387 SNPs was observed in
all three populations (D'=1). The minor alleles of this SNPs
was also linked to rs7593557 A allele from exon 11 (D'=1). In
Kazakhs the rs17868387 G allele was observed in combination
with both rs7593557 alleles (D'=0.9104). The presence of the
nucleotide substitutions at positions 2, 3, and 6 (rs28901637,
rs11562975,1s11563071, respectively) in different haplotype
subgroups (H6-H9, H10-H17 and H19-H22) suggests that
their appearance could be repeatedly.

Table 2. TRPMS8 haplotypes in Russian, Kazakh, and Chukchi populations

Haplotype designation

Haplotype structure®

Haplotype frequencies

Notes.?The SNP numeration in haplotypes are as follows: 1 -rs13004520: G>C, (R247T); 2 -rs28901637: A>T, (P249P); 3 -rs11562975: G>C, (L250L); 4 - rs17868387:
A>G, (Y251Q); 5 -rs7593557: G>A, (S419N); 6 - rs11563071: C>G, (V1058V). N — number of chromosomes.
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Table 3. Frequencies of TRPMS8 haplotype groups in Russian, Kazakh and Chukchi populations

and significance of the inter-population differences

Haplotype group

Frequency

Note: n - differences are unreliable.

Comparison among the populations revealed considerable
differences in the frequencies of the H1 haplotype, with 0.738
in Russians versus 0.508 and 0.337 in Kazakhs and Chukchi,
respectively (Table 3). The 419Ser H2-HS singleton variants,
except H3, have its own specific distribution in the examined
populations. The H2 haplotype is present at very low frequen-
cy in the Russian population. The frequency of the haplotype
HS5 is higher in Russians in comparison with Asian popula-
tions, while haplotype H4 is absent in the Russian and Chuk-
chi populations and present at a very low frequency in Ka-
zakhs (0.004). The total frequency of the H2—H5 singleton vari-
ants is lower in Chukchi in comparison with Russian and Ka-
zakh populations. The 419Ser H6-H9 subgroup demonstrates
the more haplotype variety and total haplotype frequency
(0.075 %) in Kazakhs compared with Russians (0.018).

It is evident that Russians differ drastically from Asian
populations in relation to Asn TRPMS gene variants, with the
exception of H19-H22, in which is observed similar frequen-
cies in both European (0.050) and Asian (0.059 and 0.031)
populations. Subgroup H10-H17 is the more heterogeneous
(see Table 2) and demonstrates the most pronounced differen-
ces between populations in total frequency values: 0.041 in
Russians versus 0.198 in Kazakhs, and 0.501 in Chukchi (see
Table 3). In the Russian sample some variants in this subgroup
are either absent or present with considerably lower frequen-
cies compared to the Chukchi and Kazakh populations. The
pattern of haplotype diversity observed in Chukchi is opposite
to that in the Russian population; with relatively high frequen-
cies of haplotypes HI0 and H11 (0.119 and 0.113 respectively)
and similar frequencies among the remaining haplotypes
(H12-H17) in the range 0.025-0.063. The presence of minor
alleles at positions 2 and 3 in the majority of haplotypes in
this subgroup correlates with the relatively higher frequency
of these variants in the Asian populations.

The total frequencies of haplotypes containing the minor
alleles of the rs28901637 and rs11562975 SNPs (7 exon),
which have no direct functional effect on the protein, show
characteristic differences among the Russian and Asian po-
pulations. The total frequency of haplotypes containing the
minor T allele at position 2 (rs28901637) in Russians is very
low (0.026), relative to 0.306 and 0.172 in the Chukchi and
Kazakh populations, respectively (see Table 2). The Rus-
sian population also has a very low frequency of variants
containing a substitution at position 3 (rs11562975), except
haplotype H3, with a total frequency (without H3) of 0.036,
versus 0.125 in Kazakhs and 0.238 in Chukchi (p < 1073 for

both comparisons). The total frequencies of 419Asn variants
with minor rs28901637 and rs11562975 alleles in Russians
was 0.032, compared with 0.142 in Kazakhs and 0.357 in
Chukchi (see Table 3).

In addition Kazakh population shows a clear tendency to
increase the frequency of H1 haplotype similar to the Russian
population, and a decrease in the total frequency of haplotypes
belonging to 419Asn subgroup H10-H17 in comparision
with Chukchi. Possible, it is a consequence of their common
evolutionary history in the territory of Eurasia. The highest
inter-population difference observed between Russian and
Chukchi populations (Fi = 0.1442, p < 1075). The estimated
F, values generated by comparisons of Russians versus Ka-
zakhs and Kazakhs versus Chukchi were 0.0498 and 0.0242,
respectively (p < 1073 for both comparisons).

Discussion

According to the current paradigm, anatomically modern
humans have spread out of Africa over 60,000-80,000 years
ago, following different routes to colonize Europe and Asia
(Stoneking, Delfin, 2010; Stewart, Stringer, 2012). Respec-
tively, to assist in interpretation of our results, we considered
additional data describing the MAFs distribution of the six
SNPs within the TRPMS gene included in this study in African,
European, Chinese, and Japanese populations, extracted from
the dbSNP (Table 4).

This analysis produced the following unambiguous in-
ferences: (1) haplotypes comprising the rs7593557 A allele
(exon 11) are widely distributed among Africans and Eastern
Asians (Chinese, Japanese, and Chukchi), in comparison with
Russians and Europeans. (2) There is absent the rs11562975
minor C allele (exon 7) in the African population and it’s
present at frequencies of 0.170-0.300 in Asian haplotypes.
A similar situation is observed for the rs28901637 T allele
(exon 7), which occurs at a relatively low frequency in Af-
rican and European populations and at higher frequencies
(0.142-0.3006) in Asians. (3) No pronounced continental or
ethnic specificity in the distribution of the haplotypes contain-
ing the rs11563071 minor G allele (exon 23) in the examined
populations was detected. The exception is the Japanese
population, in which the MAF at this SNP comprises 0.034,
compared with 0.183-0.194 in Africans and Chukchi, and
0.100-0.141 in Russians and others Europeans. Consequently,
it may be supposed that both of the Ser and Asn TRPMS8 gene
variants were present in the ancestral population of anatomi-
cally modern humans emerging from Africa.
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Table 4. Minor allele frequencies of TRPM8 gene SNPs in African and Eurasian populations

Population?

Table 4 shows that 419Ser gene variants have spread in
Eurasia compared with African population. The H1 haplotype
is the most frequent among study populations. In Russians
the majority haplotypes is H1 (~3/4). The total frequency of
419Ser haplotypes, together with H1, comprises 0.909. The
European population also has high frequency 419Ser gene
variants (0.933). It is likely that their ancestral population
experienced a bottleneck after the Asian-European split.
The lower haplotype diversity among Europeans is not only
the result of purifying selection from the presumed African
Asn haplotype variants, but is also due to the limited dis-
tribution of haplotypes containing the minor alleles of the
1s28901637 and rs11562975 SNPs in exon 7.

The majority of Asian Asn variants contain minor alleles
of the rs28901637 and rs11562975 SNPs. Specific patterns
of these haplotypes are observed among Asian populations.
The Asn haplotypes (H10-H17) are more frequent in Chuk-
chi (0.501) compared with Russian (0.041) population (see
Table 3). Apparently, the relatively large population differen-
tiation, with an Fy value of 0.1420 (p < 10-°) between the
Russians (Europeans) and Chukchi (East Asians), emerged
under the influence of the two factors: (1) the effect of purify-
ing selection, with persistent fixation of the Ser H1 haplotype,
among Russian and Kazakh ancestors in the West of Central
Asia and (2) the displacement of the Asn gene variants outside
of Africa by the novel Asn derivatives containing the minor
rs28901637 and rs11562975 alleles of the SNPs (exon 7)
among the ancestors of East Asians.

Interestingly, in all examined populations, haplotypes
belonging to the H18-H22 subgroup occurred with similar
frequencies (see Table 3). These gene variants include the
minor alleles of three SNPs (positions 1, 4, and 5), which
lead to amino acid replacements in protein. The strong LD
between the minor alleles of the rs13004520 and rs17868387
SNPs (exon 7) and rs7593557 A allele (exon 11), detectable
in all three populations, confirms the nonrandom character of
their coevolution. Individuals carrying these haplotypes may
potential produce functionally distinctive TRPMS protein in
comparison with H1 gene variant.

TRPMS is a polymodal receptor responding to physical
(cold and membrane potential) and chemical (phosphati-
dylinositol 4, 5-bisphosphate (PIP,), menthol and icilin) fac-
tors (Babes et al., 2011; Latorre et al., 2011). In addition, this
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protein functions, not only on the cytoplasmic membrane, but
also on the membranes of intracellular Ca?" stores (Bidaux et
al., 2007; Mabhieu et al., 2007). We performed comparative
nucleotide sequence analysis of the different TRPMS mRNA
isoforms to ascertain the potential effects of their structure
differences on protein function. The Figure schematically
shows the structures of five TRPM8 mRNA isoforms, includ-
ing the variants that encode proteins described in the literature
(Tsavaler et al., 2001; Lis et al., 2005; Sabnis et al., 2008) and
mRNA isoforms extracted from GenBank.

The mRNA isoform (NM_024080.1) from thermosensitive
neurons of the somatosensory system encodes the full-length
TRPMS protein, which is translated from the AUG codon in
exon 2 (see the Figure, @) (Tsavaler et al., 2001). This isoform
does not contain any of the SNP minor alleles in exon 7, and
has G allele rs7593557 in exon 11, consequently, the processed
transcript produces the 419Ser TRPMS protein. Hence, the
mRNA (NM _024080.1) has the nucleotide sequence cor-
responding to H1 gene variant.

The TRPMS8-b mRNA has the 5'-terminal rearranged re-
gion by alternative splicing of TRPMS8 pro-mRNA (see the
Figure, b). This may be an indication of a change in TRPMS
protein function in prostate epithelial cells (Lis et al., 2005),
compared with the neurons. The rearranged initial region in
the TRPMS-b mRNA isoform contains sequences from three
gene parts, including 15 nucleotides (nt) of intron 2, exon 3
(which hasn’t AUG codon), and 46 nts of the 3'-terminal se-
quence of intron 3 including a translation start codon. Together,
these parts form a specific non-coding RNA (ncRNA) region,
comprising a potential 5'-UTR, and potential coding sequence
with the alternative AUG codon in a segment of intron 3. In
consequence the TRPMS8-b mRNA isoform may translates the
polypeptide with truncated N-terminal domain without the
peptide sequences encoded by exons 2 and 3.

The truncated gg TRPMS8 mRNA isoform discovered in
the bronchial epithelial cells (Sabnis et al., 2008) most likely
encodes the minimum structural component required for a
protein function (see the Figure, ¢). Exons 18 and 19 located
at the 5'-end of this mRNA, encode the S3 and S4 transmem-
brane segments, which are necessary to open the pore and
activate the channel (Latorre et al., 2011; Kiihn et al., 2013). It
is clear, the potential-dependent sensory module of this protein
(transmembrane segments S1-S4) is represented the only two
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Structural features of TRPM8 mRNA isoforms.

a - the reference sequence NM_024080.1 comprises 26 exons and encodes the full-length protein (1104 aa) from sensory neurons trans-
lated from the AUG codon in exon 2. The location of the transmembrane segments (S1-S6) and the studied SNPs in the mRNA are shown;
b - the TRPM8-b mRNA isoform with a rearranged 5’-terminal region contain the 15 nt fragment of intron 2 (2i), exon 3, and the 46 nt
sequence from intron 3 end (3i). The AUG codon is located in the 3i insert. The rearranged RNA region without AUG codon is looked as
a potential 5'-UTR. The TRPM8-b mRNA region, encoded by exons 4-25, corresponds to the neuronal mRNA structure; ¢ - the truncated
grTRPM8 mRNA isoform includes the second half of the exon 18, containing an AUG codon and the remaining part, up to exon 25, identi-
cal with neuronal mRNA isoform; d, e — the reference sequence BC143819.1 contain the 257 nt insert between positions [+171] and [+428]
from the intron 8 and haven't two exons, 16 and 17, encoding the S1 and S2 segments; d - this mRNA translates the 325 aa protein from the
AUG codon in exon 2 through exons 2-8 including the 33 nts in-frame initial region of the 257 nt insert, followed by a stop codon (UGA);
e — this mRNA also translates the 682 aa protein from the terminal hexanucleotide in the 257 nt insert containing a putative alternative
start codon (AUG) and glutamine codon (CAG), and then through exons 9-25, without exons 16 and 17, up to UGA codon. Thus, the
BC143819.1 mRNA isoform contain non-protein-coding spliced exons from the opposite parts of the translated transcript and have dif-

ferent AUG start codons: one in exon 2 and the other in the 257 ntinsert.

NcRNA - non-coding mRNA; nt — nucleotide.

transmembrane segments, S3 and S4, while the remaining S1
and S2, encoded by exons 16 and 17, are absent.

The absence of these exons is not unique, the another nRNA
isoform (BC143819.1) with this feature has been identified
(see the Figure, d, e). This mRNA after exon 8 contains the
257 nt insert from intron 8. This insert leads to the predicted
production of two various proteins. The region comprising
exons 2-8 is translated from the same start codon in exon 2
as neuronal mRNA, and ends the 33 nt sequence at the 5'-end
of'the 257 nt insert (see the Figure, d). Besides, the translation
may starts from alternative AUG codon located in the terminal
hexanucleotide of this insert (see the Figure, e). Unlike the

truncated TRPM8 mRNA variant, this mRNA may potentially
translates the protein having a greater extent the N-terminal
domain with the peptide encoded by exon 11, including the
rs7593557 SNP with the allele for serine codon. The absence
of the minor alleles at rs28901637 and rs11562975 in exon 7
may indicate that both predicted proteins are alternative
products of the Hl TRPMS gene variant. It is possible that
the truncated protein isoform (325 aa) influence on protein
activity by interacting with the full-length TRPMS protein,
for example, via its MHRs (Melastatin Homology Regions)
(Phelps, Gaudet, 2007, Pedretti et al., 2009). The mechanisms
of post-translational regulation of some TRPMS protein iso-
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forms by others have been described in previous reports (Bi-
daux etal., 2007,2012). Thus, the TRPMS8 mRNAs produced
by alternative splicing not only expand the protein diversity,
but may also increase the range of post-translational regula-
tion mechanisms.

The Figure illustrates a variety of TRPMS8 mRNA isoforms
expressed only from the H1 gene variant; however, TRPMS8
mRNA isoform diversity may be far greater, given the func-
tional coupling of the molecular machinery involved in trans-
cription and alternative splicing (Montes et al., 2012; Kelemen
et al., 2013). The results of this analysis indicate that mRNA
isoforms generated by alternative splicing allow the potential
synthesis of various proteins differing in the lengths of their
N-terminal domains. Splicing may also generate alternative
translation initiation zones, in addition to alternative mecha-
nisms of post-translational regulation of TRPMS activity.

From the data in Tables 3 and 4, it follows that 419Asn
variants of the TRPMS§ gene are more common in Asian
populations compared with Russians. Their compositions are
heterogeneous, probably, due to the recurrent emergence of the
minor alleles of polymorphisms rs28901637 and rs11562975
(exon 7) in different 419Asn variants. It is possible that the
minor alleles of these SNPs from exon 7 may influence on
the features of alternative splicing of the 419Asn TRPMS
pre-mRNA and, as a consequence, the composition of mRNA
isoforms in Asians. These results demonstrate the need for
research of TRPMS expression in individuals with different
haplotype variants, to obtain direct confirmation of the forces
underlying their selection.

Conclusion

In summary, it appears that the prevalent fixation of the
419Asn TRPMS gene variants carrying minor alleles SNPs
in codons 249P and 250L (exon 7) in Asians is a Eurasian ac-
quisition, which is presumably more characteristic for Eastern
than Western Asians. The surrounding conditions probably
favored this selection.
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Abstract. The article presents a variant of maturity onset diabetes of the young type 2, caused by a rare mutation
in the GCK gene. Maturity onset diabetes of the young (MODY) is a hereditary form of diabetes with an autosomal
dominant type of inheritance, an onset at a young age, and a primary defect in pancreatic -cell function. This
type of diabetes is different from classical types of diabetes mellitus (DM1 and DM2) in its clinical course, treat-
ment strategies, and prognosis. Clinical manifestations of MODY are heterogeneous and may vary even among
members of the same family, i.e., carriers of identical mutations. This phenotypic variation is due to the interaction
of mutations with different genetic backgrounds and the influence of environmental factors (e.g., lifestyle). Using
next-generation sequencing technology, the ¢.580-1G>A substitution (IVS5 —1G>A, rs1554335421) located in an
acceptor splice site of intron 5 of the GCK gene was found in a proband. The identified variant cosegregated with
a pathological phenotype in the examined family members. The GCK gene encodes glucokinase (hexokinase 4),
which catalyzes the first step in a large number of glucose metabolic pathways such as glycolysis. Mutations in this
gene are the cause of MODY2. The illness is characterized by an insignificant increase in the fasting glucose level, is
a well-controlled disease without medication, and has a low prevalence of micro- and macrovascular complications
of diabetes. The presented case of MODY2 reveals the clinical significance of a mutation in the splice site of the
GCK gene. When nonclassical diabetes mellitus is being diagnosed in young people and pregnant women, genetic
testing is needed to verify the diagnosis and to select the optimal treatment method.

Key words: human; maturity onset diabetes of the young; MODY2; glucokinase gene; next-generation sequencing;
genetic analysis; bioinformatics.
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AHHoOTauumA. B cTaTbe paccMOTPeH BapuaHT pa3BUTUS MOHOreHHON GopMbl caxapHoro agnabeta (MODY), obycnos-
NEHHbIN pefKon myTaumen B reHe GCK. inabet MODY npepactaBnseT coboi caxapHbiii AnabeT ¢ ayTOCOMHO-AOMU-
HaHTHbBIM TUMOM Hac/leloBaHWs, BO3HUKAIOLMNIA B MOIOLOM BO3pacTe 1 NPOoABAAWMNIACA B ANCPYHKLUN B-KNeToK
NOAKeNyOYHOW »Kenie3bl. ITOT TUM OT/IMYAETCA OT KNacCUYecKnx TUMoB caxapHoro anabeta (CA1, CA2) knnHuye-
CKUM TeUeHVeM, TaKTUKOW JIeueHnA 1 NPOrHo3om AnA naumeHTa. KnuHnyeckme npoasneHna MODY reTeporeHHbl
1 MOTYT pa3nunyaTbCa Aaxke y NpeAcTaBuUTeNein Of4HOM CeMbM, HOCUTENEN OfMHAKOBbIX MyTaLuid. 9TO 06yCNOBNEHO
KaK coueTaHnem MyTaLuii B pasnvyHbIX reHax y MHAUBMAYYMa, Tak 1 BO3LENCTBMEM BHELLHMX pakTopoB. MeTofom
CEKBEHUPOBaHUA HOBOIO NMoKoNeHWA y npobaHaa 6bina naeHTUdMLUMpoBaHa 3ameHa ¢.580 —1G>A (IVS5 -1G>A,
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A rare splice site mutation in the GCK gene
in a patient with MODY2

rs1554335421), nokanu3yoLanca B akLenTOPHOM caliTe CrflaicHra NAToro UHTpoHa reHa GCK. O6Hapy»eHHbI
BapUWaHT cerpermpoBa’i C NaTonornyeckmm GeHoTnnom y obcneaoBaHHbIX YneHos ceMbu. feH GCK KopupyeT rnoKo-
KnHa3y (rekCoKrHasy 4), KoTopas KaTanvsunpyeT NepBbil War B pasfnyHbIX NyTAX meTabonmsma rioko3sbl. MyTauum
B 3TOM reHe aCcCOLMMPOBaHbI C CaxapHbIM MabeToM B3pOC/IOro Tna y monoablx, nogrun 2 (MODY2). 3ab6oneBaHue
XapaKkTepun3yeTca He3HaUMTeNbHbIM MOBbILEHVEM [IIOKO3bl HaTOLAK, XOPOLLO KOHTPOSIMPYeTCA MefMKaMeHTa-
MU 1 OTINYAETCA HU3KOW PacnpOCTPaHEHHOCTbIO MUKPO- M MaKpOCOCYANCTbIX OCNIOXKHeHWI. [peficTaBNeHHbIN B
nccnegoBarHy cnyyvai MODY2 BbIABUN KNMHMYECKYIO 3HAQUYMMOCTb MyTaLuu B caTe cnnancuHra reda GCK. MNpnu
BO3HVKHOBEHWW Y MONTOAbIX Ntoflel U 6epeMeHHbIX »KeHLUH HeKTacCUYeCcKoro caxapHoro AvabeTta nposeaeHne
reHeTNYeCcKoro TeCTVPOBaHUA HEOOXOAVMO AJif MOATBEPXKAEHVA AMArHo3a 1 ONTYMaabHOrO Bblbopa TakTUKK 1

cnocoba neyeHus.

KnioueBble cnoBa: yenosek; nma6eT B3pPOC/I0ro tmna y moJiogblx; MODY?2; reH rnoKoKnHasbl; CeKBEHNPOBaHMe
HOBOTFO MOKOJIEHNSA; FTeHETUYECKUN aHanus; 6VIOVIH¢OpMaTVIKa.

Introduction

Maturity onset diabetes of the young (MODY) is a hereditary
form of diabetes with autosomal dominant inheritance and is
characterized by onset at a young age and by the presence
of an initial defect in pancreatic B-cell function. This type of
diabetes differs from classic types of diabetes mellitus-type 1
(DM1) and type 2 (DM2) in disease progression, in treatment
strategies, and prognosis (Anik et al., 2015). Up to 80 % of
MODY cases are not detected or are misdiagnosed as DM1 or
DM2; therefore, patients with an incorrectly diagnosed type
of diabetes are often prescribed inadequate therapy (Shields et
al., 2010). On average, MODY is detected in 2—5 % of cases
of diabetes (the rest being mostly DM1 and DM2) (Fajans et
al.,2001). To reliably diagnose MODY in a patient, molecular
genetic analysis should be carried out. To date, 14 types of
MODY (MODY1 through MODY 14) have been identified,
each associated with mutations in a specific gene: HNF4A,
GCK, HNF1A, PDXI, HNFIB, NEURODI, KLF11, CEL,
PAX4, INS, BLK, KCNJ11, ABCC8 and APPL1 (Thanabalas-
ingham et al., 2011; Bonnefond et al., 2012; McDonald et al.,
2013; Lachance, 2016; Ovsyannikova et al., 2016). Fourteen
MODY-associated genes explain 70-85 % of the disease cases
and are involved in various stages of glucose metabolism
regulation (Thanabalasingham et al., 2011; Bonnefond et al.,
2012; Lachance, 2016). According to various researchers, 11
to 30 % of MODY cases are caused by mutation in other genes
(Edghill et al., 2010; Bonnefond et al., 2012). These forms
of MODY are commonly referred to as MODY-X. Because
the vast majority of pathogenic mutations are found in exons
and adjacent splicing sites of genes (Stenson et al., 2017), it is
reasonable to perform whole-exome sequencing on genomic
DNA from individuals with MODY, with subsequent genetic
testing of their relatives for the identified mutation. MODY
verification allows for successful patient management and
ensures healthy pregnancy and provision of genetic counsel-
ing to families (Lachance, 2016). Examination of relatives of
MODY probands makes it possible to diagnose hyperglycemia
in the preclinical phase.

In this report, we describe a clinical case of a family with
MODY?2 associated with a rare splice site mutation in the
glucokinase (GCK) gene identified by the next-generation
sequencing technology.

Materials and methods
The study protocol was approved by the local Ethics Com-
mittee of the Institute of Internal and Preventive Medicine
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(Branch of the Institute of Cytology and Genetics of Sibe-
rian Branch of the Russian Academy of Sciences, Novosi-
birsk, Russia, approval # 22.06.2008). Written informed
consent to be examined and to participate in the study was
obtained from each patient. For individuals younger than
18 years, the informed consent form was signed by a parent
or legal guardian.

Blood samples were collected from the ulnar vein for
biochemical analysis in the morning on an empty stomach.
Lipid levels (cholesterol, triglycerides, low-density lipoprotein
cholesterol, and high-density lipoprotein cholesterol) and
glucose concentration were determined on a KoneLab 3001
biochemical analyzer (Thermo Fisher Scientific, Waltham,
MA, USA) with Thermo Fisher Scientific reagents.

Genomic DNA was isolated from leukocytes of venous
blood by phenol-chloroform extraction (Sambrook, Rus-
sell, 2006). Quality of the extracted DNA was assessed on a
capillary electrophoresis system, Agilent 2100 Bioanalyzer
(Agilent Technologies Inc., USA). Sequencing of patients’
DNA was carried out on an Illumina HiSeq1500 instru-
ment (Illumina, San Diego, CA, USA). The enrichment and
library preparation were performed with the SureSelectXT
Human All Exon V5 + UTRs Kit (Agilent Technologies Inc.,
USA). Reads were mapped to the reference human genome
(GRCh37) by means of the Burrow—Wheeler Alignment tool
(BWAv.0.7.12) (Li, Durbin, 2009). Polymerase chain reaction
(PCR)-generated duplicates were removed in the PICARD
software (https://broadinstitute.github.io/picard/).

A search for single-nucleotide variants (SNVs) was con-
ducted using the Genome Analysis Toolkit v.3.3 package by
the procedure for local remapping of short insertions/deletions
and recalibration of read quality (McKenna et al., 2010). The
depth of coverage was 34x to 53x. SNVs with genotype qua-
lity scores <20 and coverage depth <10x were filtered out and
excluded from further analysis. Annotation of the SNVs was
performed in the ANNOVAR software (Wang et al., 2010)
using the 1000 Genomes Project (The 1000 Genomes Project
Consortium..., 2015) and The Genome Aggregation Database
(gnomAD) (Karczewski et al., 2019) databases. We selected
the spectrum of rare and novel sequence variants in MODY
genes (HNF4A, GCK, HNF 1A, PDX1, HNFIB, NEURODI,
KLFI11,CEL, PAX4,INS, BLK, KCNJ11,ABCCS8 and APPL]I).
Rare variants were selected if their minor allele frequency
(MAF) was <0.5 in the 1000 Genomes Project and gnomAD.
Heterozygous substitution c.580-1G>A (IVS5 -1G>A) atan
acceptor splice site of intron 5 of the GCK gene was found
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in the proband and her sister. To predict the possible effect
of the SNV on splicing regulation, we employed the SPANR
software (Xiong et al., 2015).

The substitution was corroborated by Sanger sequencing
of the DNA fragment containing exons 5 and 6, intron 5,
and parts of introns 4 and 6 using the following forward and
reverse primers: 5'-CAGGGAGCCTCAGCAGTCTGGA-3'
and 5-GCCACGAGGCCTATCTCTCCCC-3". The oligonu-
cleotides were designed in the Primer-Blast software (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/) and were syn-
thesized by the Biosset company (Russia, Novosibirsk). The
sequencing reactions were carried out on an automated ABI
3500 DNA sequencer (Thermo Fisher Scientific, USA) with
the BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo
Fisher Scientific, USA). PCR was set up using BioMaster
LR HS-PCR (2x%) (BioLabMix, Russia), 1 uL of each primer,
and 1 pL of DNA, with a total final volume of 25 pL. The
thermocycling program consisted of initial denaturation at
94 °C for 3 min and then 35 cycles at 94 °C for 30 s, 66 °C
for 30s, and 72 °C for 50 s. The PCR products were evaluated
by electrophoresis in a 5 % polyacrylamide gel after visuali-
zation with an ethidium bromide solution. A 100 bp DNA
Ladder (BioLabMix) was simultaneously run on the gel as
molecular size markers. The amplicons were purified using
Agencourt AMPure Xp beads (Beckman Coulter, USA). The
sequencing reactions were conducted on an automated ABI
3500 DNA sequencer (Thermo Fisher Scientific, USA) via
the BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo
Fisher Scientific). The sequences were analyzed in the Vector
NTI® Advance software (Thermo Fisher Scientific). The hg19
version of the human genome served as a reference sequence
for the alignment.

Results

The white European 44-year-old female proband was under
medical observation. When she underwent routine screening in
2012 (at age 40), hyperglycemia at 7.2 mmol/L was revealed.
No complaints were registered. During subsequent glycemia
control, maximal fasting glucose was 7.2 mmol/L, and the
postprandial one was 8.9 mmol/L. C-peptide was 1.83 ng/mL
(reference range 0.5-3.2 ng/mL), immunoreactive insulin was
7.9 pU/mL (reference range 2.0-25.0 pU/ mL), and glycated
hemoglobin (HbAlc) was 7.1 %. Antibodies to insulin, to
pancreatic islet cells, and to glutamic acid decarboxylase
were absent. Blood biochemical analysis and determination
of thyroid status did not reveal any abnormalities. Ultraso-
nography of internal organs, echocardiography, and a study
of brachiocephalic vessels did not uncover any pathology.
The body mass index (BMI) was 20.2 kg/m?. DM2 was diag-
nosed in the patient, and sitagliptin was prescribed. At the
age of 26, the patient spontaneously delivered a healthy girl
at 39 weeks of gestation; hyperglycemia was not detected
during the pregnancy.

The sister of the proband is a white European 35-year-
old woman. At age 23, during tests before mastectomy for
mastopathy, she got a diagnosis of fasting hyperglycemia
(6.3 mmol/L). The patient did not have any complains, and
a proper diet was recommended. At the age of 29, during
additional examination before cholecystectomy for choleli-
thiasis, she received a diagnosis of DM2, and vildagliptin was

Pefkui BapraHT MyTauum canTa cnnancuHra reHa GCK 2020
y naymeHTa ¢ MODY2 grabeTtom 24.3
a b c.580-1G>A
5' CGGAGAGGG...... CAGGACTTTGAAA
Exon 5 Exon 6

T G GCARGA ACTT

N

Mutation identified in GCK gene.

a - family history with inherited diabetes mellitus (DM). Asterisk indicates me-
dically examined family members; b - schematic representation of the muta-
tion in the splicing acceptor site and chromatogram of DNA sequence with
mutated allele ¢.580 -1G>A (IVS5 -1G>A, rs1554335421) of the GCK gene.

prescribed at the dose of 50 mg twice a day. At age 31, the pro-
band’s sister visited an endocrinologist at the outpatient clinic
of the Institute of Internal and Preventive Medicine (Branch of
the Institute of Cytology and Genetics of Siberian Branch of
the Russian Academy of Sciences, Novosibirsk, Russia) with
complaints of a failure to get pregnant within a year. On exami-
nation, BMI was 20.6 kg/m?, and the objective status was unre-
markable. Blood biochemical analysis revealed hypercalcemia
(3.25 mmol/L), increased levels of high-density lipoprotein
cholesterol (85 mg/dL), hypercholesterolemia (220 mg/dL),
and hyperglycemia (6.8 mmol/L), but other analyzed para-
meters were within reference ranges. The HbAlc level was
7.1 %. Antibodies to insulin, to pancreatic islet cells, and to
glutamic acid decarboxylase were absent. Thyroid-stimulating
hormone concentration was 0.759 mU/mL (reference range
0.4-4.0), whereas the prolactin level was 216 ng/mL (reference
range 1.2-19.5). Echocardiography, Doppler sonography of
extracranial parts of cerebral vessels, and abdominal and renal
ultrasonographic examination revealed no pathology. Cysts
were found in both thyroid lobes during the ultrasonography.
Given the existence of the proband’s relatives with impaired
glucose metabolism, persistence of normal C-peptide levels,
the absence of diabetes-associated autoantibodies, normal
BMIs of the proband and her sister, and stable mild hyper-
glycemia, MODY was assumed.

Exons and adjacent splice sites of MODY-associated genes
were analyzed by whole-exome sequencing in the proband and
her sister. As a result, heterozygous substitution ¢.580—1G>A
(IVSS5 —1G>A) at an acceptor splice site of intron 5 of the
GCK gene was found in the proband and her sister. The IVS5
(-1G>A) polymorphism of GCK was submitted in ClinVar
with an accession number of rs1554335421 (Landrum et al.,
2018), but was absent in the 1000 Genomes Project (The 1000
Genomes Project Consortium..., 2015), in gnomAD project
databases at the moment of publication. Subsequent genetic
analysis by Sanger sequencing of the family members (mother,
father, daughter, and nephew of the proband) uncovered segre-
gation of the substitution with DM as an autosomal dominant
trait (see the Figure). Our results, literature data, and databases
suggest that this splice site mutation is likely pathogenic.

After confirmation of GCK-MODY in the proband and her
sister, their relatives were screened for carbohydrate metabo-
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lism disorders. The proband’s mother and daughter did not
have any abnormalities. The proband’s father showed impaired
fasting glucose. No complaints were registered, venous plasma
fasting glucose was 6.3 mmol/L, and 2 h after the oral glucose
tolerance test, it was 7.5 mmol/L. At present, the man does
not take any medication. The same heterozygous substitution
rs1554335421 (IVS5 —1G>A) in the proband’s father’s GCK
gene was detected by genetic testing.

The proband’s sister had her first pregnancy in 2014 (at
age 31). In 2015, a boy weighing 3640 g was born by a cae-
sarean section at 39 weeks of gestation. The pregnancy was
complicated: premature rupture of membranes, weakness of
labor, and fetal hypoxia. After delivery, due to stable glyce-
mic indexes, it was decided that insulin therapy should be
discontinued. In January 2018, during treatment with diet,
the patient’s HbAlc was 6.4 %.

The neonatal period of the proband’s nephew was unre-
markable. In 2017, his blood biochemical analysis resulted
in a diagnosis of hyperglycemia (6.9 mmol/L). HbAlc was
6.3 %, and the C-peptide level was 0.54 ng/mL. Antibodies
to insulin, pancreatic B-cells, and glutamic acid decarboxy-
lase were undetectable. The same heterozygous substitution
rs1554335421 (IVSS; —1G>A) in the GCK gene was identified
by genetic testing. At present, the child is under medical ob-
servation at Almazov Federal Medical Research Centre (Saint
Petersburg, Russia); because of GCK-MODY, a balanced diet
was recommended.

Discussion

It is known that in young patients with impaired carbohydrate
metabolism, DM1, DM2, or rarer monogenic forms of diabetes
may be diagnosed. At the onset of the disease, the proband
and her sister had no symptoms characteristic for the common
types of diabetes, fasting hyperglycemia was not progressing,
and carbohydrate metabolism disorders were detected during
routine screening. The presence of DM in the proband’s sister,
persistence of normal C-peptide levels, a lack of autoantibod-
ies, and a normal BMI in the proband and her sister pointed
to MODY (Chakera et al., 2015).

Heterozygous splice site mutation ¢.580-1G>A
(rs1554335421) in intron 5 of their GCK gene was identified
by genetic testing. Mutations in this gene are associated with
DM2, MODY, and neonatal DM (Plengvidhya et al., 2009;
Lachance, 2016). More than 600 variants of the GCK gene

A rare splice site mutation in the GCK gene
in a patient with MODY2

associated with MODY have been described, and the list of
the mutations is constantly growing. The vast majority of the
mutations are missense substitutions, but splice site muta-
tions, deletions, and insertions are reported too (Stenson et
al., 2017).

The GCK gene is located in chromosomal region 7p15.3-
p15.1 and consists of 12 exons that encode a 465-amino-acid
protein, glucokinase (Osbak et al., 2009), which is one of four
members of the hexokinase family of enzymes. In 1992, GCK
was the first gene to be linked to MODY. It plays an important
regulatory role in glucose metabolism. Glucokinase catalyzes
phosphorylation of glucose to produce glucose-6-phosphate as
the first step of glycolysis in pancreatic B-cells (Matschinsky
et al., 1993; Iynedjian, 2009). Most individuals with hetero-
zygous GCK mutations show fasting plasma glucose levels
between 5.5 and 8.0 mmol/L and a small increase in plasma
glucose (<3 mmol/L in 70 % of the patients) 2 h after the oral
glucose test (Stride et al., 2002). This feature also explains
asymptomatic fasting hyperglycemia (HbA 1c range 5.8-7.6 %
(40—60 mmol/mol)) and rare microvascular and macrovascu-
lar complications in patients with GCK-MODY (Caetano et
al., 2012; Steele et al., 2014). Most patients have an aberrant
fasting glucose level or impaired glucose tolerance, and less
than 50 % of the affected individuals have diabetes, which
is diagnosed during childhood, adolescence, or pregnancy
(Caetano et al., 2012). In a study on Italian patients under 18
years of age with incidental hyperglycemia, it was estimated
that 15 % of these cases are caused by GCK mutations (Lorini
et al., 2009).

It was found here that the proband and her sister carry
a heterozygous substitution, ¢.580—-1G>A (IVS5 —-1G>A,
rs1554335421), at an acceptor splice site of GCK intron 5.
This allelic variant is of interest because consensus donor
(GT dinucleotide) and acceptor (AG dinucleotide) splice
sites are highly conserved. Point mutations at these loci can
lead to cryptic splice site activation and synthesis of aberrant
protein isoforms.

In silico analysis of the functional significance of this sub-
stitution suggested that the inclusion of exons 5, 6, and 7 in
gene transcripts will be reduced in case of the detected variant
(see the Table).

Furthermore, rs1554335421 (IVS5 —1G>A) of GCK is in
the HGMD database (Stenson et al., 2017). This mutation
was described in a German family, where it segregated with

The predicted (by SPANR) effect of ¢.580 -1G>A (IVS5 -1G>A, rs1554335421) of the GCK gene on splicing

Transcript dpsI*

Chr7GCK_NM_000162Exon6 ........................ _714 .................................
chr7GCK_NM_000162Exon5 ......................... _145 .................................
ChﬂGCK_NM_ 033508Exon7 ......................... _714 .................................
Chr7GCK_NM_ 033508Exon6 ........................ _145 .................................
chr7GCK_NM_O33507Exon6 ........................ _714 .................................
Chr7GCK_NM_ 033507Exon5 ......................... _145 .................................

dPSI_percentile** PSI_WT***

040 ..................................... 8249 ..................................
520 ..................................... 8001 ..................................
040 ..................................... 8249 ..................................
520 ..................................... 8001 ..................................
040 ..................................... 8249 ..................................
520 ..................................... 800] ..................................

Note. PSI - percentage of transcripts with the exon spliced in: * dPSI: a maximal difference in PSI across 16 tissues; ** dPSI_percentile:
percentile of mutant dPSI among dPSIs of common SNPs; *** PSI_WT: predicted PSl in the wild type.
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DM and a family history of gestational diabetes. Experi-
ments on lymphoblastoid cells indicate that rs1554335421
(IVS5 —1G>A) of GCK can activate a cryptic splice site in
intron 5 and cause retention of 27 bp of the intron (Toaima et
al., 2005). Information about rs1554335421 (IVS5 —-1G>A)
of GCK is absent in the 1000 Genomes Project, The Exome
Aggregation Consortium, and GNOMAD (https://gnomad.
broadinstitute.org/) databases; however, taking into account
the previous study and the data we obtained here, carriage of
the A allele at position —1 of intron 5 is most likely a causative
dominant variant of the GCK gene in MOD Y-affected people.

Cryptic splice site activation and formation of several al-
ternative transcripts with intron 7 fragments’ retention were
demonstrated in a system of model GCK minigenes with
acceptor site mutation IVS7 (-1G>C) (Igudin et al., 2014).

Model mice with the homozygous mutation in the splice
site of B-cell-specific exon 1 IVS1A (—1G>T) show hypergly-
cemia, glucosuria, and growth retardation and die within the
first week after birth. This phenotype can be explained by exon
skipping or intron retention (Inoue et al., 2004). Splicing sites
affected by mutations have been described for many patholo-
gical phenotypes: neurofibromatosis type 1 (Jang et al., 2016),
familial hypercholesterolemia (Shakhtshneider et al., 2017),
Wiskott—Aldrich syndrome and chronic colitis (Esmaecilzadeh
etal., 2018), hypophosphatemic rickets (Ma et al., 2015), and
others. Mutations affecting splicing have been found not only
in canonical splicing sites but also in introns and exons and
may have a tissue-specific effect, as in familial dysautonomia
(Slaugenhaupt et al., 2001; Abramowicz, Gos, 2018). That
analysis indicated that the donor splice site mutations were
more prevalent than the acceptor splice site variants (ratio
1.5:1.0) (Abramowicz, Gos, 2018). Because the mutations
in the GCK gene can cause a mild clinical phenotype, which
can vary under the influence of many genetic and lifestyle
factors, research on the carriers of these mutations is essential
for identifying additional risk factors.

GCK-MODY is inherited as an autosomal dominant trait
manifested throughout the lifespan as stable, mild fasting
hyperglycemia usually reaching 6.7 mmol/L and higher only
in middle age (Wedrychowicz et al., 2017). A similar pattern
was observed here in the proband and her sister. Nonetheless,
the metabolic disturbances in the carriers of GCK mutations
are present from birth and can be identified already in the first
years of life, almost all of them after puberty (Steele et al.,
2014). The proband’s nephew, who is a heterozygous muta-
tion carrier, developed carbohydrate metabolism disorders at
two years of age.

It has been reported that carriers of GCK gene mutations
with a long history of hyperglycemia (48.6 years on average)
usually have micro- and macrovascular complications of dia-
betes and are at a risk of cardiovascular diseases that is identi-
cal to that in the general population (Pruhova et al., 2013).

Patients with GCK-MODY in childhood and adolescence
can be treated only with diet in most cases, and glucose-
lowering therapy should be considered during pregnancy
(Lachance, 2016). The present subtype of MODY?2 (in the
proband and her sister) currently is treated with diet resulting
in sufficient glycemic control.

The presence or absence of a GCK mutation in the fetus
affects its sensitivity to maternal hyperglycemia (Chakera
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et al., 2012). If the fetus does not have the mutation, then it
will secrete insulin excessively and as a result have a risk of
macrosomia (Spyer et al., 2009). In that case, low doses of
insulin should be prescribed during pregnancy (Chakera et
al., 2014). During her pregnancy, the proband’s sister was
given insulin injections in small doses. After delivery, insulin
therapy was discontinued. Subsequently, the child was found
to carry the same substitution.

Conclusion

The presented subtype of MODY?2 reveals the clinical signifi-
cance of the mutation in a splice site of the GCK gene. When
nonclassical diabetes mellitus is being diagnosed in young
people and pregnant women, genetic testing is needed to verify
the diagnosis and to select the optimal treatment method.
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Abstract. Plant genetic resources (PGR) are the foundation of agriculture as well as food and nutritional security.
The ICAR-NBPGR is the nodal institution at national level for management of PGR in India under the umbrella
of Indian Council of Agricultural Research (ICAR), New Delhi. India being one of the gene-rich countries faces a
unique challenge of protecting its natural heritage while evolving mutually beneficial strategies for germplasm
exchange with other countries. The Bureaus activities include PGR exploration, collection, exchange, characteri-
zation, evaluation, conservation and documentation. It also has the responsibility to carry out quarantine of
all imported PGR including transgenics meant for research purposes. The multifarious activities are carried out
from ICAR-NBPGR headquarters and its 10 regional stations located in different agro-climatic zones of India. It
has linkages with international organizations of the Consultative Group on International Agricultural Research
(CGIAR) and national crop-based institutes to accomplish its mandated activities. NBPGR collects and acquires
germplasm from various sources, conserves it in the Genebank, characterizes and evaluates it for different traits
and provides ready material for breeders to develop varieties for farmers. ICAR-NBPGR encompasses the National
Genebank Network and at present, the National Genebank conserves more than 0.40 million accessions. NBPGR
works in service-mode for effective utilization of PGR in crop improvement programmes which depends mainly
on its systematic characterization and evaluation, and identification of potentially useful germplasm. NBPGR is
responsible for identifying trait-specific pre-adapted climate resilient genotypes, promising material with disease
resistance and quality traits which the breeders use for various crop improvement programmes. The system has
contributed immensely towards safeguarding the indigenous and introducing useful exotic PGR for enhanc-
ing the agricultural production. Presently, our focus is on characterization of ex situ conserved germplasm and
detailed evaluation of prioritized crops for enhanced utilization; assessment of impact of on-farm conservation
practices on genetic diversity; genome-wide association mapping for identification of novel genes and alleles for
enhanced utilization of PGR; identification and deployment of germplasm/landraces using climate analog data;
validation of trait-specific introduced germplasm for enhanced utilization.
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I'eHeTUUecKMe pecypchbl pacTeHnii UHOUN:
KOHTPOJIb U VICII0/Ib30BaHIIE

K. Cuarx®, K. I'ynra, B. Tesru, C. Papxkymap

HauunoHanbHoe 610po reHeTNYeCcKUx PecypcoB pacTeHnin MIHANINCKOro COBETa MO CeNbCKOXO3ANCTBEHHBIM NCCef0BaHNAM,
kamnyc lNyca, Hoto-fenu, nana
® e-mail: Kuldeep.Singh4@icar.gov.in

AHHOTauuA. [eHeTNYEeCKMe pecypcbl pacTeHNIA — OCHOBA CENbCKOro X03ANCTBA U MaBHbI dakTop, onpeaens-
IOWMIA KayecTBO noTtpebnsemor nuwn. B VNHAMM Ha HaumoHanbHOM ypOBHe 3TOW MPO6nemol 3aHUMaeTCA
HaumoHanbHoe 6i0po reHeTnUecknx pecypcos pacteHnin (NBPGR), pgeiicTBytollee nog srmgoin MiHgniickoro co-
BETa MO CeNIbCKOX03AMCTBEHHbIM UccnegoBaHuam (ICAR), co wrab-kBapTrpoii B Hbio-Aenn. Obnagasa 6oratbimu
pacTuTenbHbIMK pecypcamu, IHAMA OMKHa yUMTbIBaTb MHTEPEChl 6€30MacHOCTM CBOEro MPUPOAHOro Hacneans
npwv BbipaboTKe Aake caMblX BbIFOLHbIX CTpaTernii obmMeHa reHeTMYeCKUM MmatepranomM Co CBOMMU MeXAYHapos-
HbIMK NapTHepamu. B 3apaun Bropo BxogATt uccnegosaHve, c6op, 06MeH, onncaHue, oLeHKa, COXpaHeHUe 1 yyeT
reHeTUYECKNX PECYpPCoB PAaCcTEHUI, a TakKe obecneyeHmne KapaHTUHHBIX Mep A BCEro BBO3MMOFO 13-3a pybe-
»Ka MaTepuana, BKItoYasa TPaHCreHHble pacTeHns, NpefHa3HayeHHble AnA nccnefoBaTenbcknx Lenei. biopo n
[leCATb ero permoHanbHbIX OTAENEHWI, PACMNONOMKEHHbIX B Pa3HbIX arpoKIMMaTUYeCKNX 30HaX CTPaHbl, OCYLLeCT-
BAIOT AEATENIbHOCTb B HECKOMNbKUX HanpaBneHnAX. [loaaepKMBatoT CBA3UN C MEXAYHAPOAHbIMU OpraH13aLuAaAMy,
BXOAALMMYM B COCTaB KOHCYNbTaTUBHOM rpynmbl NO MeXXAYHAaPOAHbIM CEMbCKOXO3ANCTBEHHBIM NCCe0BaHUAM
(CGIAR), 1 HaUMOHANbHBIMU UHCTUTYTaMU, 3aHMMALLMMUCA NPOBIeMaMmn CeNbCKOXO3ANCTBEHHBIX KynbTyp. O6-
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[eHeTnyeckme pecypcbl pacteHun ViHann:
KOHTPOb 1 NCNONb30BaHMe

pasLbl reHOPOHAA 13 CaMbIX Pa3HbIX UCTOYHMKOB MOMOJHAT reHOaHK, rae MPoBOAUTCA UX OMMCaHKEe U OLeHKa
1o 3aflaHHbIM Npr3HakaM. Ha ocHoBe 3Toro maTepuana BbIBOAATCA COPTa CeNTbCKOX03ANCTBEHHbIX KynbTyp. Cy-
wecTBytowmin npu bropo HaunoHanbHbIn reHeTuyecknii 6aHk (National Genebank Network) HacuuTbiBaeT 6onee
400 TbicAY 06pa3LoB. blopo paboTaeT B cepBMCHOM pexunme, obecrneunsas 3pGeKTUBHOE CMOMb30BaHNe reHe-
TUYECKNX PeCcypCcoB PAacTEHUI B NPOrpamMmmax ynyulleHnsa CefibCKOXO3ANCTBEHHbIX KYNIbTYp, UTO CTaso BO3MOX-
HbIM BO MHOTOM 6y1arofiaps nocnefoBaTeNlbHOMY NOAXOAY K OMMCaHMIO 1 OLIEHKE STUX PECYPCOB, a TakXKe 0T6opy
NoTeHLMaNbHO MONE3HOro reHeTMYeCKoro Mmatepuana. Jpyrumm 3agadamu sBAAIOTCS onpeaesieHne reHoTMNoB
C TEMUW N UHBIMU NPY3HAKaMU, CNeLGUUHBIMU K U3MEHEHMIO KITMMATA, @ TakK»Ke 0TOOP NepCneKTUBHOro maTe-
puana, obnapatoLiero ycTonumBoCTbio K 3a60N1€BaHNAM 1 NMPr3HaKaM1 KauecTBa, Ha KOTOpble OPUEHTUPYIOTCA
ceneKkuUvoHepbl Npy paboTe Hafg ynyudlleHem CefibCKOX03ANCTBEHHbIX KynbTyp. [JeicTBytoLas Takum o6pa3om
cucTema Cbirpana BaXKHelLLYIo POJib B BblpaboTKe CTOsb HE06X0AMMOro CTpaHe 6anaHca B OTHOLWEHMU FreHeTnYe-
CKUX PeCcypcoB pacTeHWNI: MHTPOAYKLMA LLEHHOTO 3K30TUYECKOro reHodoHAA B LIeNsAX MHTEHCMUKALLMUN NPOn3-
BOJCTBA CENbCKOXO3ANCTBEHHON NPOAyKUMM BefleTcs 6e3 ylepba Ans MeCTHbIX pecypcoB. B HacTosLee Bpems
OCHOBHbIMY HanpaBneHUAMN paboTbl ABMAIOTCA: ONUCAHNE TeHETUYECKOro MaTepuasa, COXPaHeHHOro nyTem
KOHCepBaLMK ex situ, N BCECTOPOHHAA OLieHKa NMPUOPUTETHDBIX CEJIbCKOXO03ANCTBEHHbIX KyNbTyp Ans 6onee 3¢-
bEKTVBHOMO UX MCMOMb30BaHNA; OLeHKa BIUAHMA Pa3NYHbIX METOAO0B MeNopaLuy 3eMeflb Ha reHeTuyeckoe
pa3Hoob6pasue; NoTHOreHOMHOE aCcCoLMaTBHOE KapTUPOBaHUE C Lefblo BblAB/IEHVA PaHee HEM3BECTHbIX FreHOB
1 annenei ansa 6onee 3GPeKTMBHOrO NCMONb30BaAHMS FrEHETUYECKUX PECYPCOB PacTEHNIA; OTOOP FreHETUYECKOTO
MaTepuana u/unu MecTHbIX Pa3HOBUAHOCTEN 1 onpeaesieHre onTUMarnbHbIX PaiOHOB BblpalyMBaHNA Ha OCHOBE
QHaNOroBbIX AaHHbIX HAGMIAEHNI 33 K/TMMATOM; NPOBEPKa COOTBETCTBUA UHTPOAYLIMPOBAHHOIO FreHETUYECKOTro
MaTepuasna 3alaHHbIM KpUTEPUAM.

KnioueBble cnoBa: reHeTU4Yeckne pecypcbl pacTeHUid; reHeTudYeckne 6aHKm; ANKOPacTyLme POACTBEHHUKM Kylb-
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TYPHbIX PACTEHUI; BUOTUYECKNIA N aBNOTUYECKUIA CTPECC; OTOOP C MOMOLLbIO MapKepOoB.

Introduction
Plant genetic resources (PGR) are one of essential components
of agro-biodiversity and defined as the genetic material of
plants having value as a resource for present and future genera-
tions. PGR hold the key to the very foundation of agriculture
as well as food and nutritional security for the world. Agri-
cultural biodiversity, agri- or agro-biodiversity (a subset of
biodiversity) is defined as ‘all crops and livestocks, their wild
relatives, and all interacting species of pollinators, symbionts,
pests, parasites, predators and competitors’ (Qualset et al.,
1995). Indian subcontinent has a rich and varied heritage of
biodiversity, encompassing a wide spectrum of habitats from
tropical rainforests to alpine vegetation and from temperate
forests to coastal wetlands. It is one of the eight centres of
origin (Vavilov, 1951) and is one of the 12 mega gene centres
of the world. It possesses 11.9 % of world flora, and about
33 % of the country’s recorded flora are endemic to the region
and are concentrated mainly in the North-East, Western Ghats,
North West Himalayas and the Andaman and Nicobar islands.
Of the 49,219 higher plant species, 5,725 are endemic and
belong to 141 genera under 47 families (Nayar, 1980). Of these
3,500 are found in the Himalayas and adjoining regions and
1,600 in the Western Ghats alone (Arora, 1991). The concept
of biodiversity hotspots was originated by Dr. Norman Myers
in two articles in “The Environmentalist” (1988), revised
after thorough analysis by Myers and others in “Hotspots:
Earth’s biologically Richest and Most Endangered Terrestrial
Ecoregions”. The hotspots idea was also promoted by Russell
Mittermeier in the popular book “Hotspots revisited”. Around
the world, 34 biodiversity hotspots exists as of today. These
sites support nearly 60 % of the world’s plant, bird, mam-
mal, reptile, and amphibian species, with a very high share
of endemic species (Myers et al., 2000).

From centuries, tribal or traditional farming communities
have continuously adapted and shapened the dimensions of
rich genetic material available with them. These resources or
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traditional varieties or landrace populations often bear specific
traits — early or late maturing, adaptability to a particular soil
type, uses and usually have local names which has enabled
them to survive so long under various biotic and abiotic
stresses in the centers of diversity along with wild progeni-
tors of crop plants, wild and weedy relatives. Besides these
resources, potential domesticates (also called wild economic
species) are involved in the PGR spectrum; they are those wild
species, which are not yet domesticated but are extensively
used. Some of them grow widely, though genetically and
culturally in a near wild state. With richness of plant genetic
resources, the tribal regions have therefore been identified as
“Hot Spots” of agri-biodiversty. However, they are different
from the biodiversity hot-spots (as per definition of Myers et
al., 2000) which include all entire endemic biodiversity as a
priority for defining hot-spots of a region.

During the process of crop evolution crops originated in
its centre of origin have changed from the wild progenitors in
morphological, physiological and agronomic traits to newer
types through selection for desired traits. In this whole process,
agriculture (broadly the process of rearing plants and animals,
wild or tamed), cultivation (physical activities which are re-
levant to and associated with agriculture) and domestication
(process of genetic shift in domesticated population to adapt
them to better/changed or artificial environment, created by
cultivation conditions) have shapened them for appropri-
ate PGR. PGRs are exchanged and searched continuously for
specific traits to improve crops in terms of yield and nutritional
value, and their interdependence plays a very important role
in international collection and exchange of germplasm. Every
nation is concerned with acquisition of diverse and superior
germplasm for conservation and utilization.

Over the years, India has developed sound and scientific
management regimes for ex situ conservation and access to its
genetic resources (Dhillon, Saxena, 2003). Groups of institu-
tions, scientific societies, non-governmental organizations are
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addressing the task with ICAR-NBPGR, New Delhi, as the
nodal agency for its coordination. It aims at efficient manage-
ment of plant genetic resources by providing convenience of
access to the various crop improvement programmes. It also
encompasses the National Genebank Network. At present, the
genebank holds more than 4.4 lakhs accessions. The Cryobank
Facility in the National Genebank has accessions of varied
germplasm of orthodox, intermediate and recalcitrant seed
species and also of pollen samples. The in vitro genebank
conserves various priority crops which are maintained under
short- to medium-term storage periods. These include tuberous
and bulbous crops, tropical fruits species, spices and industrial
crops, medicinal and aromatic plants species.

Centre of origin and diversity of crop plants are concepts
relating to the patterns of distribution and build-up in regions
and habitats, consequent to use and domestication by man
in areas representing independent agricultural systems and
separated by major geographical barriers. Various terms have
been used to designate these ‘geobotanical’ diversity patterns
in crop plants viz. primary and secondary centres of diversity,
gene centres, cradles/subcradles of agriculture, megacentres,
regions (Vavilov, 1926; Zhukovsky, 1968), non-centres, mic-
rocentres (Harlan, 1975), cradles of angiosperm diversity
(Takhtajan, 1969). However, within centres of diversity, geo-
botanical patterns of variation, add a practical connotation to
the use of these concepts in PGR. The significant point, as
stated above is that centres of diversity are the consequence
of continuing processes of evolution and domestication, and
hence subject to change. The concept of ‘ecological passports’
in different sites where different crops show parallelism in
characters by Vavilov, form the basis for understanding the
diversity within the crop species, and in relation to the crop
genepool (Harlan, de Wet, 1971).

PGR conservation

The National Bureau of Plant Genetic Resources (ICAR-
NBPGR) was established by the Indian Council of Agricultural
Research (ICAR) in 1976 with its headquarters at New Delhi.
The chronology of events leading to the present day ICAR-
NBPGR dates back to 1905 when Botany Division was estab-
lished under the then Imperial Agricultural Research Institute.
ICAR-NBPGR has been given the mandate to act as a nodal
institute at the national level for acquisition and management
of indigenous and exotic PGR for agriculture, and to carry
out related research and human resources development for
sustainable growth of agriculture. The Bureau is also vested
with the authority to issue Import Permit and Phytosanitary
Certificate and conduct quarantine checks in seed material
and vegetative propagules (including transgenic material)
introduced from abroad or exported for research purposes.
Besides having a 40 ha experimental farm at Issapur village
(about 45 km west of Pusa Campus), the Bureau has a strong
national network comprising Regional Stations/Base Centers
and ICAR Institutes/SAUs that provide access to representa-
tive agro-ecological situations in the country.

The major components of the National Genebank include
the seed genebank, field genebank, cryo-bank and the in vitro
genebank. The focus of seed genebank of NGB is long term
conservation of orthodox seeds. The basic parameters that are
assessed for conservation are:
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(1) Uniqueness of the accession. Redundancy is a major is-
sue in all genebanks and best efforts are made to avoid
duplication of accessions.

(i1) Seed quality. The global genebank standards recommends
a minimum of 2000 seeds in self-pollinated crops and
4000 seeds in cross pollinated crops. In wild germplasm
accessions, the minimum number has been relaxed to
500 seeds.

(iii) Seed viability. A minimum viability of 85 % is essential
for seed samples. However in those cases where the Indian
Minimum Seed Certification Standards have approved a
lower level of standard germination, the viability require-
ments are accordingly modified in gene bank also.

(iv) Seed health. Pest free conservation is a priority at NGB.
There is a strong collaboration between the Division of
Germplasm Conservation and Division of Plant Quaran-
tine, wherein all accessions are tested for any form of pest
infestation prior to their processing.

(v) Availability of passport information. The utilization of the
conserved accessions can be facilitated only if all relevant
passport information is available in the database. Hence,
only those accessions having basic information on para-
meters like biological status, collection details if acquired
through exploration, pedigree details if it’s a breeding line/
genetic stock or cultivar and any other unique trait if ap-
plicable, is accepted for long term conservation.

The qualified accessions are then subjected to drying, which
is the most crucial step in genebank processing. A walk-in-
drying chamber functioning at 15 % RH and 15 °C is used
for the drying purpose. For species with hard seed coats and
which require longer drying duration are shifted to batch
dryers, after preliminary drying in chamber. The standard
moisture testing method used in gene banks is the hot-air
oven method and the procedure recommended for each crop
by the International Seed Testing Association is duly followed.
Once the desired moisture is achieved (as mentioned below),
the seeds are packed in aluminum foil packets. They have
the advantage that they can be resealed and also occupy less
space than other containers.

Conservation of genetic resources is carried out through
two types of collections:

(a) Collection of seed samples for long term conservation,
which is known as base collection. Base collections are
maintained at —18 to —20 °C, to ensure seed viability for
maximum possible time period. The moisture content of
seed to be stored as base collections should be between
3 and 7 % depending on the species.

(b) Collection of seed samples for immediate use, termed as
active collection. Active collection are maintained in con-
ditions that ensure at least 65 % viability for 10-20 years.
The moisture content of seeds to be stored as active col-
lections should be between 3 and 8 % for seeds having
poor storability and between 7 and 11 % for seeds having
good storability, depending on the temperature used for
storage.

These collections are conserved in different types of storage
facilities. Depending on the duration of storage, three basic
types of storages are recognized:

(a) Short term storage. The period for short term storage of
seeds is from one year upto 18 months. It requires a cool
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and dry atmosphere (20-22 °C and 45-50 % RH) where
the seeds can be conveniently stored for one to two years
without much loss in their viability.

(b) Medium term storage. The active collection, which are
generally larger than those meant for base collection are
conserved in the medium term storage. The accessions are
for regular distribution and therefore the time period for
storage is not more than 5 yrs. The active collections are
stored at temperatures ranging from 0—10 °C and relative
humidity of 20-30 %.

(c) Long term storage. This is the storage facility for base
collection, where the seeds that meet all the above men-
tioned criteria for NGB conservation are maintained at
—18 to 20 °C.

The ex situ genebank at NBPGR comprises 12 long term
modules holding the base collection. The active collections are
distributed in 22 medium term modules maintained at 4 °C for
storing germplasm at active sites. The genebank is currently
being upgraded with new infrastructure and all efforts are
being made to bring the NGB to global standards.

Crop wild relatives

Crop wild relatives (CWR) are wild taxa closely related to crop
plants, including wild progenitors and/or wild forms of crops.
Maxted et al. (2006) defined a CWR as a wild plant taxon that
has an indirect use derived from its close genetic relationship
to a crop. The closer the species related, the more the possibi-
lity/practicality to get their traits incorporated. They form an
important source of useful traits such as agronomic, quality,
biotic and abiotic stresses, which are identified as critical
component for food security and environmental sustainability
in the 21st century. CWRs are often associated with disturbed
habitats and neither these habitats are offered adequate protec-
tion by ecosystem conservation agencies (Maxted, Kell, 2009)
nor their diversity properly conserved ex situ. CWR diversity,
like that for many species, is at a declining stage; which is as-
sociated with the loss of genetic diversity (Hopkins, Maxted,
2010). This necessitates the need to establish CWR inventories
which is also an indispensable tool for exploration, surveys and
collection of CWR. Therefore, the need for novel genes for
developing climate resilient varieties, increasing pressure on
wild species populations and habitats and the present meagre
ex situ collections, all accentuate the importance of locating
and collecting germplasm of wild relatives.

Arora and Nayar (1984) reported the occurrence of over
320 wild relatives of crops (51 cereals and millets; 31 grain
legumes; 12 oilseeds; 24 fibre plants; 27 spices and condi-
ments; 109 of fruits, 54 of vegetables and 27 of others) in
India. The NHCP of ICAR-NBPGR serves as a nodal point for
confirming the botanical identity of crop wild relative’s taxa.
With the identification of diversity-rich spots, availability of
location details of intended taxa, India is moving forward in
the systematic collecting of CWR from diverse habitats for
conservation and sustainable use. Only one third of shortlisted
taxa have been assembled by ICAR-NBPGR; among them
more than half the taxa with <10 accessions. Analysis of gaps
in collection in a scientific manner (keeping in view the con-
served material, actual variability/diversity present in habitats,
best utilization of GIS tools) through a mission-mode approach
is currently being employed the way. In addition, detailed
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studies on habitat ecology, floral biology and breeding system,
crossability (with crop), seed dormancy and storage behaviour
of species would enable their meaningful conservation and
sustainable utilization. Crossability studies aids in realization
of gene-pool concept in crops, and knowing the closer relatives
(even from different genera). Ensuring correct taxonomic iden-
tity, safe conservation and supply of germplasm to crop-based
institutes would strengthen the pre-breeding/base-broadening/
gene-pyramiding activities through designing suitable long
term multi-parental breeding programmes. All these indicate
the need for trained expertise in classical subjects like taxo-
nomy and cytogenetics, with long-term commitment. Also it
is imperative to undertake studies on assessing the gene flow
between wild (progenitors and naturally crossable relatives)
and cultivated taxa in the wake of concerns of biosafety. All
taxonomic related species may not have an equal potential as
a gene donor to crops (Maxted et al., 2007). Prioritization of
CWRs for management preferably on genetic relationship is
important for optimization of resources. Economic importance
of the crop, crossability relationship, threat and rarity of the
taxa and habitat, conservation status in the genebank are the
other criteria for prioritization.

Conservation of niche-specific taxa needs attention as they
are often rare and endemic. Predicted extinction of species
is more likely to affect RET taxa. Various steps involved in
the effective management of CWRs such as development of
an inventory, prioritization of CWRs taxa and habitats, eco-
geographic and genetic analysis of CWRs, threat analysis
and genetic erosion assessment of individual CWRs taxa,
gap analysis and fixing conservation targets, development of
ex situlin situ strategies, leading to conservation and finally
utilization and sustainable availability for crop improvement
(Maxted et al., 2007) are all important in the Indian context
also. Constituting specialized group in the country devoted to
these aspects of CWRs may be a feasible option.

The above studies would facilitate a national-level mapping
of CWR distribution after incorporating additional informa-
tion from eco-geographic studies, which will help in the
identification of CWR hotspots, which can be matched with
existing protected area network in the country, thereby areas
and taxa demanding conservation can be identified (Maxted
et al., 2011). Strong networking among all the stakeholders
working on characterization, evaluation and conservation is
the need of the hour, as it is difficult for a single institute to
collect, conserve and evaluate all the target species due to
paucity of land, resources and expertise.

PGR characterization and evaluation

The utilization of PGR in crop improvement programs rests
on identification of promising accessions. The collected or
introduced germplasm is characterized and evaluated to assess
its potential, by recording data on agronomic traits such as
yield, quality, and tolerance to biotic and abiotic stresses. The
germplasm is also evaluated for new traits using molecular
tools to identify the genes to develop new varieties as per
requirement of the farmers. Approximately 10,000 accessions
are characterized/evaluated every year at ICAR-NBPGR and
its regional stations. Till date, more than 2.35 lakhs accessions
of different agri-horticultural crops have been characterized
and evaluated and passport data is available.
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Core sets have been developed to facilitate the enhanced
utilization of germplasm. Genetic diversity in large collection
has been determined using morphological and DNA finger-
printing markers. Mega programme on characterization and
evaluation under the National Initiative for Climate Resilient
Agriculture (NICRA) executed in collaboration with SAUs for
21,822 accessions of wheat and 18,775 accessions of chickpea.
Generation, validation and utilization of genomic resources is
one of the major objective of ICAR-NBPGR. These resources
are utilized for value addition to the plant germplasm resources
harboured in the genebank and for generating molecular pro-
files varieties of agri-horticultural crops. The advent of next
generation sequencing with improved chemistries and lower
input costs have resulted in high throughput data that could
be mined for generating SSR and SNP markers.

Application of genomic tools

for PGR utilization and pre-breeding

One of the major objectives of ICAR-NBPGR is to supply
germplasm, collected indigenously or from exotic sources, to
the breeders and other researchers in the country. These germ-
plasm accessions have helped to develop improved varieties
in various national programmes. Till date more than 5 lakh
samples were supplied for utilization to various stakeholders
for use in crop improvement programmes. Ever-increasing
significance of conservation and utilization of PGR on one
hand and advancements in computer technology for digitiza-
tion and management of data on the other have catapulted
PGR Informatics into limelight.

Genomics has provided various technologies including
sequencing and re-sequencing platforms, availability of ge-
nome sequences as references, high-throughput genotyping
platforms, SNP arrays, genome editing tools, etc. These tech-
nologies are shortly described here.

Genome sequencing. The inexpensive sequencing and
resequencing technologies are the major driving forces behind
increased number of assembled plant genomes of different
crops including wild relatives. A single reference genome
does not represent the total diversity within a species, hence,
resequencing of cultivars, landraces and wild accessions is re-
quired to harness the total genetic variation and to identify the
superior alleles for the target traits. Genome information avail-
ability has generated many next-generation sequencing-based
platforms for allele mining and candidate genes identification.
Next generation sequencing and whole-genome resequencing
is required for discovery, validation, and assessment of diag-
nostic markers in different crops and it provides genome-wide
markers. The draft genome sequences are now available in a
number of crops through different genome sequencing con-
sortia for rice International Rice Genome Sequencing Project
(IRGSP 2005), pigeonpea (Varshney et al., 2014), chickpea
(Varshney et al., 2018), wheat International Wheat Genome
Sequencing Consortium (IWGSC 2018), etc.

The genome sequencing using NGS has resulted in large
collections of functional markers which enhance gene assisted
breeding, reducing the possibility of losing the desirable trait
variation due to recombination. Sequencing and resequencing
of populations developed in crossing programs or of natural
population (germplasm) along with high-throughput pheno-
typing helps in identification and linking of variations in gene
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sequences to their phenotypes. Kim et al. (2016) reported the
whole-genome resequencing of the 137 rice mini core col-
lection, potentially representing 25,604 rice germplasms in
the Korean genebank of the Rural Development Administra-
tion (RDA) based on the Nipponbare reference genome, and
resequencing data yielded more than 15 million SNPs and
1.3 million INDELSs. Further study of this rice mini core with
phylogenetic and population analysis using 2,046,529 high-
quality SNPs successfully assigned rice accessions to the
relevant rice subgroups, suggesting that the SNPs capture evo-
lutionary signatures present in rice subpopulations. Similarly,
a population structure analysis of 300 rapeseed accessions
(278 representative of Chinese germplasm, plus 22 outgroup
accessions of different origins and ecotypes) was carried out
based on the 201,817 SNPs obtained from sequencing, di-
vided accessions in nine subpopulations (Zhou et al., 2017).
However, hierarchical clustering and principal component
analysis showed intermingle of spring type accessions with
semi-winter types pointing out towards frequent hybridization
between spring and semi-winter ecotypes in China.

Sequence-based markers associated with rare elite alleles
facilitate positional cloning and prebreeding. In case of PGR
including landraces and wild relatives, screening of collection
to be used for genomic analysis can be done based on pass-
port data (collection site, specific traits, etc.) in combination
with evaluation data. Sequencing based approaches provide
opportunity to identify novel variations for a large number of
genes through genotype-phenotype associations. Resequenc-
ing of large number of genotypes helps in determining process
of origin, domestication, population structure and identifies
lines with deleterious mutations in the genomes that can be
eliminated to minimize the genetic load in the crop species
as observed in case of maize (Bevan et al., 2017). NGS tech-
nologies together with precise phenotyping have been used
for identification of marker trait associations in several crops,
for example, rare wheat haplotypes effective against abiotic or
biotic stresses were developed through introgression of use-
ful and novel stress and quality traits’ alleles to lines derived
from crosses of exotics with CIMMY T’s best elite germplasm
under CIMMY T’s Seeds of Discovery (SeeD) initiative (Vik-
ram et al., 2016). Singh et al. (2018) used next-generation
sequencing, together with multi-environment phenotyping to
study the contribution of exotic genomes to 984 three-way-
crossderived (exotic/elitel//elite2) pre-breeding lines (PBLs)
for accelerating grain yield gains using exotic wheat genetic
resources.

Molecular markers and genetic maps. Recent develop-
ments in genome sequencing and or resequencing has resulted
in development of large number of molecular markers in
different crops. Availability of molecular markers linked to
specific traits enhances pre-breeding efficiency and effective-
ness through marker assisted selection (MAS). Molecular
markers that are linked to the genes of a desired trait known
as diagnostic markers can be indirectly used for selection of
target traits (Xu, Crouch, 2008). A major earlier success for
crop breeding using genomic markers was the marker-assisted
introgression of the ethylene response factor, known as Sub-
mergence 1A (SublA) gene, for submergence tolerance into
high-yielding commercial rice varieties which acts by limiting
shoot elongation during the inundation period (Bailey-Serres
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etal., 2010). Riar et al. (2012) used polymorphic D-genome-
specific SSR markers for analysing the cosegregation of the
5DS anchored markers (Xcfd!8, Xcfd78, Xfd81 and Xcfd189)
with the rust resistance in an F, population, and mapped the
leaf rust resistance gene (Lr4C, a novel homoeoallele of an
orthologue Lr57) on the short arm of wheat chromosome 5D.

Vikal et al. (2014) used SSR markers for pyramiding of candi-

date genes for xa8, the resistance gene against Bacterial blight

disease in elite rice varieties. Ellur et al. (2016) incorporated a

novel Bacterial blight resistance gene Xa38 in variety PB1121

from donor parent PR114-Xa38 using a modified marker-
assisted backcross breeding (MABB) scheme.

Genomics has provided powerful approaches to understand
interaction between many genes and complex signalling path-
ways in case of polygenic traits like resistance to abiotic and
biotic stresses. In rice breeding, high-density genome maps
are being effectively used in background selection integrated
with foreground selection of bacterial blight resistance (xa/3
and Xa2l genes), amylose content (waxy gene) and fertility
restorer gene in order to identify superior lines with maximum
recovery of Basmati rice genome along with the quality traits
and minimum non-targeted genomic introgressions of the do-
nor chromosomes (Gopalakrishnan et al., 2008). Quantitative
trait loci (QTL) analysis of the genome linked to quantita-
tive phenotypic traits, has yielded climate goverened QTL in
diverse crop species (Scheben et al., 2016). Rodrigues et al.
(2017) determined protein content and genetic divergence
of twenty-nine soybean genotypes using 39 microsatellite
markers from QTL regions of the trait grain protein content
for plant breeding purposes. The pairs of genotypes with
greater genetic distances and protein contents were selected to
produce populations with higher means and genetic variances
and greater gains with selection.

Genome wide association studies (GWAS) could over-
come several constraints of conventional linkage mapping
and provide a powerful complementary strategy for dissecting
complex traits. GWAS make use of past recombinations in
diverse association panels to identify genes linked to pheno-
typic traits at higher resolution than QTL analysis. GWAS has
become a powerful tool for QTL mapping in plants because a
broad range of genetic resources may be accessed for marker
trait association without any limitation on marker availability.
Different approaches used for GWAS include:

(a) SNP marker arrays or SNP chips approach. Discovery and
tagging of new genes using GWAS or QTL analysis have
now become much easier. The availability of high-density
SNP marker arrays has opened a way for cost effective
GWAS using natural populations. Wang et al. (2017) de-
veloped a high-throughput NJAU 355K SoySNP array and
conducted GWAS in 367 soybean accessions (including
105 wild and 262 cultivated) across multiple environments
and reported a strong linkage disequilibrium region on
chromosome 20 significantly correlated with seed weight.
Zhao et al. (2019) carried out meta-analysis GWAS using
775 tomato accessions (including wild accessions) and
2,316,117 SNPs from three GWAS panels and discovered
305 significant associations for the contents of sugars,
acids, amino acids, and flavor related volatiles.

(b) Genotyping by sequencing (GBS) approach. As the cost
of sequencing is continuously declining, GBS also known
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as next generation genotyping method, is becoming more
common for discovering novel plant SNPs and used them
for GWAS studies (Arruda et al., 2016). Kim et al. (2016)
reported the whole-genome resequencing of 137 rice mini
core collection and conducted genome wide association
studies on four agriculturally important traits including
‘grain pericarp colour’, ‘amylose content’, ‘protein con-
tent’, and ‘panicle number’ and identify some novel alleles.
Similarly, Arora et al. (2017) genetically characterized
177 A. tauschii accessions using GBS to study the varia-
tion for grain size using genome-wide association study.

Genomic selection. Genomics assisted breeding approach
known as genomic selection (GS) is a better approach which
simultaneously uses large genotypic data (genome wide) (ex-
ceeding phenotypic data), phenotypic data and modelling us-
ing statistical tools to predict the genomic estimated breeding
values (GEBV5s) for each individual (Meuwissen et al., 2001;
Crossa et al., 2017). In genomic selection, a statistical model
is generated using a representative population of the breed-
ing population known as training population. This model is
subsequently used to calculate the allelic effects of all marker
loci, i.e. genomic assisted breeding values without having
phenotypic data and these values can be used for preselec-
tion of trait-specific genotypes (Heffner et al., 2011). Xu et
al. (2012) and Spindel et al. (2016) highlighted that coupling
of genome wide data with genomic selection offered great
specificity and predictability which can be used to accelerate
prebreeding. Using GS, complex traits can be improved rap-
idly through generation of reliable phenotypes by shortening
the selection cycle. GS application in pasture grass Lolium
perenne resulted in four-year reduction in the breeding cycle
(Lin et al., 2016). In genomic selections, genomic estimated
and true breeding values were found to be closely correlated,
even for polygenic traits with low heritability (Jia, Jannink,
2012). GS can facilitate selection of complex traits, e. g., grain
yield (Saint Pierre et al., 2016) and tolerance to abiotic and
biotic stress.

In genomic selection, genetic diversity specific to the po-
pulation or family (species) of interest is captured through
markers developed through GBS which minimized the ascer-
tainment bias. GS is superior in respect of fixing all the ge-
netic variation and to select individuals with higher Genomic
Breeding Value (GEBV) without any phenotyping. In case of
polyploid species, polysomic inheritance and possibility of
double reduction requires specific consideration while using
for genomic selection.

Genome editing. Recent advancements in genomics have
also made feasible the editing of genomes and their use in
crop improvement programs. Pre-breeding involves genetic
transformation through recombination and genome editing
(GE) tools provide an alternative. To replace conventional
genetic engineering, a number of genome editing technolo-
gies have been developed during last two decades including
antisense, RNA interference (RNAI1), virus-induced gene si-
lencing (VIGS), oligonucleotide directed mutagenesis (ODM),
zinc finger nuclease (ZFN), transcription activator-like effects
nucleases (TALENSs), and clustered regularly interspaced
short palindromic repeats/Cas9 (CRISPR/Cas9) (Sauer et
al., 2015). These genome editing technologies can accelerate
pre-breeding programs through beneficial knockout mutations,
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e. g. identification of genes for disease resistance or suppress-
ing of unwanted traits linked with desired traits in wild spe-
cies, as products of these technologies are not considered a
genetically modified organism (GMO) (Huang et al., 2016).
Most of these genome editing tools except RNAI, act by insert-
ing, removing or replacing specific regions of genome with
the help of specific nucleases known as “molecular scissors”
(Esvelt, Wang, 2014).

GE approaches can be used to modify genes with defined
quantitative trait nucleotides (QTNs) that cause a sizeable phe-
notypic effect. Further, GE tools can be used for broadening
the allele pool through generating targeted variations useful
for genomic selection (Scheben, Edwards, 2017; Scheben et
al., 2017). Using GE tools, desired traits can be physically
linked to ensure their co-segregation known as “trait stacking”
(Urnov et al., 2010). For example, ZFN-assisted gene targeting
helped insertion of heritably insert herbicide-resistant genes
(SuRA/SuRB and PAT) in the Z. mays genome (Shukla et
al., 2009). Zhang et al. (2016) recently used CRISPR/Cas9
system for production of homozygous transgene free wheat
mutants. Jenko et al. (2015) showed that GE and GS, both
can be combined and referred as the promotion of alleles
by genome editing (PAGE) which also has a great potential
for pre-breeding. Recently, Gupta (2019) reviewed the latest
modification of CRISPR/Cas9 system, a base editing techno-
logy applicable to DNA as well as RNA, has revolutionized
GE and demonstrated in several crops including rice, maize,
wheat, etc. will be highly useful for base broadening to be
used for genomic selection and relating phenotypes to genes
through mutant development, particularly in primitive land-
races and wild species and will provide a new direction to
pre-breeding programmes.

PGR Informatics

PGR Informatics is the management (creation, storage, re-
trieval and presentation) and analyses (discovery, exploration
and extraction) of diverse information (facts, figures, statis-
tics, knowledge and news). PGR Informatics has assumed
significance because of the following factors: (i) increased
awareness about PGRFA, (ii) various international agreements
(CBD, GPA, ITPGRFA) coming into force, (iii) availability of
information in text, images, maps, videos, etc., (iv) technolo-
gies to record, link and archive such diverse types of informa-
tion, (v) growing power (and falling costs) of computers and
internet to facilitate access and retrieval. Fundamental merit
of an organized digital information system is that it provides
fair and just opportunity for all to access. On-line portals, as a
consequence of PGR Informatics, enable non-exclusive access
to PGR information to a large number of users involved in
overlapping research areas on PGR management. Typically
information is collected on details of multitude of passport
data including taxonomy, biogeography, and ethnobotany of
the germplasm acquisitions (domestic collections and exotic
introductions), their seed health, multiplication for supply
and conservation, regeneration, experimental data on char-
acterization and evaluation leading to utilization. In addition
to field data, it also includes biochemical and genomic data
as well as publications. Once the information is digitized and
stored, computer technologies allow management and analysis
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irrespective of the scale and types of data leading to better
visualization and predictions.

The need for countries to develop, maintain and exchange
information “from all publicly available sources, relevant
to conservation and sustainable use of biological diversity”
including “results of technical, scientific and socio-economic
research” has been recognized in the Convention on Biologi-
cal Diversity (CBD, Articles 7d, 17), and the Global Plan of
Action (GPA, priority activities 17 and 18). Information of
this nature is imperative for planning and implementing ac-
tivities; sustainable use and sharing of benefits accrued from
its use. Global assessment indicates that many of the world’s
PGR are insufficiently and poorly documented. The passport
information and characterization and evaluation data on
genebank accessions conserved in genebanks are either lack-
ing or poorly recorded or scattered at different places, such
as passport data sheets, reports of collection and exploration
missions, crop catalogues, published articles, etc. In addition,
there exist informal or non-coded knowledge held by tradi-
tional farmers and indigenous people. To use this information
efficiently and effectively, valuable information needs to be
collected, collated, maintained and exchanged with the help
of PGR Informatics.

Important PGR Informatics applications developed and
maintained at NBPGR are:

PGR Portal pgrportal.nbpgr.ernet.in

— Import Permit and EC Data Search exchange.nbpgr.ernet.in

Genebank Dashboard genebank.nbpgr.ernet.in

PGR Map pgrinformatics.nbpgr.ernet.in/pgrmap 5

— National Herbarium of Crop Plants pgrinformatics.nbpgr.
ernet.in/nhcp

— Biosystematics Portal pgrinformatics.nbpgr.ernet.in/cwr

— PGR Climate pgrinformatics.nbpgr.ernet.in/pgrclim

PGR and IPRs http://pgrinformatics.nbpgr.ernet.in/ip-pgr/

Recent advances in PGR Informatics in India
NBPGR has been striving to establish PGR information set up
since 2002 (Archak, Agrawal, 2012). Development of mobile
apps in PGR Informatics facilitates enhanced access to PGR
information which in turn could lead to enhanced utilization.
NBPGR has developed two mobile apps “Genebank™ and
“PGR Map”. Both the apps are first of their kind for any
genebank in the world. The apps have been developed for both
Android and i0S. No other ICAR app is available for iPhone.
Licenses were purchased and the apps have been hosted on
Google Play and App Store.

Genebank app provides a dashboard view of indigenous
collections (state-wise), exotic collections (country-wise),
addition of accessions to genebank, etc. The app also helps
generate routine genebank reports. The app uses databases live
on the backend and hence always gives updated information.

PGR Map app offers three benefits: “What’s around me”
helps user to obtain quickly the accessions that have been
collected and conserved in the genebank from a particular
location in India where the user is located at the moment;
“Search the map” helps user to list the accessions that have
been collected and conserved in the genebank from any
selected location in India; “Search for species” helps user to
map the collection sites of a crop species.
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Perspectives

All countries are interdependent for their PGR requirements
and cannot acquire and conserve resources to satisfy all their
needs. There is a need to collaborate at local, regional and
international levels for the acquisition and conservation of the
germplasm. It is also imperative to obey the quarantine and
biosafety rules for the safe movement of germplasm. Priority
collection trips are required to identify areas which are not
sufficiently covered so far and a repeated visits are required to
be made in areas that showed diversity in the past. New tools
of geographical information system (GIS) and remote sensing
need to be deployed to supplement the existing ground data
in PGR programmes to exploit agro-biodiversity particularly
in difficult/inaccessible areas.

There is a need to adopt complementary conservation strate-
gies involving both in situ and ex situ approaches. For in situ
conservation due attention is required to be given to geneti-
cally rich hotspots including tribal belts and to strengthen and
expand the network of germplasm conservation by including
all the stakeholders, including the communities. Characteri-
zation and evaluation are essential to promote the utilization
of materials. These tasks require substantial inputs and a de-
centralized evaluation network. There is a need to modify the
descriptors for evaluation accordingly, and make the search for
the desired characteristics in the database as quick and efficient
as possible. The core collection concept is more structured and
efficient approach to identify limited sets of diverse germplasm
and utilise the same more effectively. Pre-breeding is needed to
incorporate new kinds of pest resistance, to bring in new levels
of productivity and stability of performance, and to provide
quality traits for food and feed products. Awareness genera-
tion of the people at various levels (policy makers, scientific,
administration, farmers, etc.) about the value of PGR wealth,
its protection and conservation is essential. In addition the
interface among different stakeholders is likely to bring out
new useful PGR management alternatives.
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ITocesiwyaemcs ceemioti namsimu JIvoomuinsl FieaHoeHwsl IT030HSK080l,
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Kosnekiiys pusocdepHbIX MUKPOOPTaHM3MOB:
3HaueHMe JIjIS MiCCIeOBaHMsI pacTUTeIbHO-0aKTepralIbHOM
accolaTUBHOCTU

O.B. Typxosckasa @, C.H. Toay6es

1 NHCTUTYT 6rioxmmmmn 1 Gusmonornm pacteHunin n MMKpoopraHusmos Poccuiickon akagemumu Hayk, Capatos, Poccus
® e-mail: turkovskaya_o@ibppm.ru

AHHoOTayusa. Konnekuny MMKPOOPraH13MoB — OfVIH 13 BaXKHEWLLIMX KOMMNOHEHTOB G1ONOrMyeckol HayKu, KoTopblii obec-
neymBaeT UccnepoBaTeneil HeO6XoAMMbIM MaTepPraNoM 1 COXpaHAET bronormyeckue pecypcobl. Takoow AsnaeTca Konnek-
umA pr3ochepHbIX MUKPOOPraHN3MoB MHCTUTYTa B1UoXumum 1 GU3nMonornm pacteHnin n MUKpoopraHm3Mos Poccuiickom
akapemumn Hayk (MBOPM PAH), neAaTenbHOCTb KOTOPOW COCpefoTOYEHA B MEPBYI0 ouepeAb Ha BblAEIEHUN N COXPAHEHUN
MUKPOOPraHN3MOB, BblAeNEHHbIX U3 KOPHEBOW 30HbI pacTeHni. IHTepec M1MPOBOW HayKN K MMKPOOPraHW3MaM 3TOW KO-
NOrMYECKON HULWKN He ocnabeBaeT Mo NpuYMHe nx 6OMbLION 3HAYMMOCTY ANA POCTa U PasBUTUA PacTEHWUIA W, ClefoBa-
TeNbHO, ANA pacTeHMeBOACTBa. [pynna 6akTepuii, 06nagaroLmx NoaesHbIMU A1A pacTEHU CBOMCTBAMMU, NOyYUIa Ha3Ba-
Hue PGPR (plant growth promoting rhizobacteria - ctumynupytowmne poct pacteHuin pusobaktepun). K HUM oTHoCATCA
1 NOYBEHHbIe a30TdUKCMpytowWwme anbda-npoteobakTeprm pogda Azospirillum, coctasnstoLwme AaAPO BblEHAa3BaHHOW KON-
nekumn. A30CnMpUbl, OTKPbITbie B 70-X IT. NPOLLIOro Beka 6pa3nibCKUMM YUYeHbIMU, B HaCToALLee BpeMsA ABNAIOTCA NPpU-
3HaHHbIMY BO BCEM MUPE MOAENbHBIMU 0OBEKTaMM AJIA U3YUEHNA MONEKYNAPHbBIX MEXaHU3MOB PaCTUTENIbHO-MUKPOOHbIX
B3anmognencTBuin. Mrkcauma atmocPpepHOro as3ota, NpPoayKuma GUTOropMoHoB, conobunmnsauma pocdaTos, KOHTPONDb Ma-
TOreHoB, GOPMMPOBaHIE Yy pPacTeHNI NHAYLMPOBAHHOW CUCTEMHON YCTOMUYMBOCTM — LieSIbll KOMMIEKC MONE3HbIX CBONCTB
fenaeT UX yHUBepcanbHbIM MHCTPYMEHTOM ANA ¢yHAAMEHTasbHbIX UCCNe[0BaHNI U NPAKTUYECKOro npuMmeHeHus. B 06-
30pe 06CyKAaeTcA COBPEMEHHOE COCTOAHMNE UCCNefoBaHNUI Mo 6akTepuam poga Azospirillum ¢ akLueHTOM Ha pesynbTaTax,
nonyyeHHbix konnektnsom MBOPM PAH (r. CapaToB). Skcneamumy no CapaToBCKOWM 0651acTyh, NpoBeAeHHble MUKPOOro-
noramm UHCTUTYTa B Hayase 1980-X IT., 3a/10XKNIN OCHOBY YHMKaJIbHOro cO6paHuaA NpefcTaBuTeneil 3Toro 6aktepranbHoOro
TaKCOHa, KOTOPOe CerofHaA BkoyaeT 6onee 160 WITaMMOB 1 CYMTAETCA OAHMM 13 CaMbIX KPYMHbIX B EBpone. iccnepoBanua
cotpyaHukos MBOPM PAH npenmyLiecTBEHHO COCPEAOTOYEHbI Ha CTPYKTYpax a3oCnvpuis, BOBIeYeHHbIX B 0bpa3oBa-
HMe accoumaTBHOTO cMbKro3a ¢ pacTeHnAMM. Mpexae BCero 3To BHEK/IeTOYHble NosiMcaxapuacofepallme KomnieKcbl
1 NeKTWHbI. Pa3Butue MeTofoB MMMYHOXUMUM BO MHOTOM NMO3BOJINIO BbIACHUTb, KaK B LIeSIOM OpraH1n3oBaHa NnoBepXHOCTb
6akTepuin. bnarogapa n3yyeHuto reHoma as’oCnUMPUAN CyLEeCTBEHHO Yry6unocb MOHMMaHWe PONU BbilLeYNMOMAHYTbIX
CTPYKTYpP, @ TakXKe NMoABMXHOCTU BakTepuii 1 GOpPMMPOBaHNA UMM GUOMNSIEHOK NpY 3acefieHUn KOopHeln. B npuknagHom
acnekTe 3acny>K1BaloT BHUMaHWA NCCNeA0BaHNA a30CNPWII, HarpaB/ieHHble Ha Pa3BUTHE arpo- 1 SKOTEXHOMOT I, a Tak-
e TEXHOMOTMN «3efIEHOrO» CMHTE3a HaHoYacTUL, 30/10Ta, cepebpa 1 ceneHa. Konnekums NpofomkaeT pa3BmBaTbCs, No-
NMOMHAACH HOBbIMM LUTaMMaMM, NMOKa3blBasa 60JbLLIOe 3HaUeHne cneLyann3npoBaHHbIX COBPaHNI MUKPOOPTraHN3MOB ANA
Co34aHusA 1 NoAfepKaHNA NccnenoBaTenibckoin 6asbl 1 3GdeKTUBHOMO pelleHns GyHAaMeHTanbHbIX 1 MTPUKNAAHbIX 3a8a4
MUKpOGUoOnornm.

KnioueBble cnoBa: Konnekumna MUKpPoopraHuamMos; Azospirillum; pusocdepa; cTumynupyiolime pocT pacTeHunin pusobakTe-
puK; accoumaTUBHbIA CMMOUO3.

[Ana yntuposaHus: Typkosckasa O.B., fony6es C.H. Konnekuna prsochepHbix MUKPOOPraHU3MOB: 3HaUeHe AnA Uccneno-
BaHVA pPacTUTeNbHO-6aKTepUanbHON acCoLMaTMBHOCTU. BaBUNOBCKMIA KypHan reHeTKku u cenekummn. 2020;24(3):315-325.
DOI 10.18699/VJ20.623

The Collection of Rhizosphere Microorganisms: its importance
for the study of associative plant-bacterium interactions

[OAYA Turkovskaya@, S.N. Golubev
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Abstract. Microbial culture collections are very important components of biological science. They provide researchers with
material for studies and preserve biological resources. One such collection is the Collection of Rhizosphere Microorganisms,
kept at the Institute of Biochemistry and Physiology of Plants and Microorganisms of the Russian Academy of Sciences,
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Saratov (IBPPM). Its activity is primarily directed toward the isolation and preservation of microorganisms from the plant
root zone. The international research interest in microorganisms from this ecological niche is not waning, because they
are very important for plant growth and development and, consequently, for plant breeding. The group of bacteria with
properties of significance for plants has been given the name “plant-growth-promoting rhizobacteria” (PGPR). This group
includes nitrogen-fixing soil alpha-proteobacteria of the genus Azospirillum, which form the core of the IBPPM collection.
First discovered by Brazilian scientists in the 1970s, azospirilla are now a universally recognized model object for studying
the molecular mechanisms underlying plant-bacterium interactions. The broad range of useful properties found in these
microorganisms, including the fixation of atmospheric nitrogen, production of phytohormones, solubilization of phos-
phates, control of pathogens, and formation of induced systemic resistance in the colonized plants, make these bacteria
an all-purpose tool that has been used for several decades in basic and applied research. This article reviews the current
state of Azospirillum research, with emphasis on the results obtained at the IBPPM. Scientific expeditions across the Saratov
region undertaken by IBPPM microbiologists in the early 1980s formed the basis for the unique collection of members of
this bacterial taxon. Currently, the collection has more than 160 Azospirillum strains and is one of the largest collections
in Europe. The research conducted at the IBPPM is centered mostly on the Azospirillum structures involved in associative
symbiosis with plants, primarily extracellular polysaccharide-containing complexes and lectins. The development of im-
munochemical methods contributed much to our understanding of the overall organization of the surface of rhizosphere
bacteria. The extensive studies of the Azospirillum genome largely deepened our understanding of the role of the afore-
said bacterial structures, motility, and biofilms in the colonization of host plant roots. Of interest are also applied studies
focusing on agricultural and environmental technologies and on the “green” synthesis of Au, Ag, and Se nanoparticles. The
Collection of Rhizosphere Microorganisms continues to grow, being continually supplemented with newly isolated strains.
The data presented in this article show the great importance of specialized microbial culture repositories, such as the IBPPM
collection, for the development and maintenance of the microbial research base and for the effective solution of basic and

Key words: microbial culture collection; Azospirillum; rhizosphere; plant-growth-promoting rhizobacteria; associative
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BBepeHune

CoxpaHeHHE U pa3BUTHE OMOJOTMYECKUX KOJIJICKIHMH Ha
tepputopun Poccuiickoil @enepanuu sBISIETCS 4aCTbIO
MPUOPUTETHON MEXKBEIOMCTBEHHON M MEKIUCIUIINHAD-
HOM TIpoONeMbl coXpaHeHHUsT OHMopecypcoB, OHopa3zHoOOpa-
30, YKPEIUICHUs OMO- ¥ TIPOJOBOIECTBEHHOM 0€301TacHOCTH
TOCyapcTBa, PEIIEHUE KOTOPOH CIy>KUT OCHOBOH yCTOMYH-
BOI'O Pa3BUTHSI POCCUICKON HAyKU B LIEJIOM, COBPEMEHHBIX
HayKOEMKHX MPOU3BOJCTB, MOATOTOBKH KBAJH(PHUIIMPOBAH-
HBIX Ka1poB (Pexomenmamm «kpynioro cromnay. .., 2011). Ilo
JaHHBIM BeemupHoit peneparyn koswtekiuii kynstyp (World
Federation for Culture Collections, WFCC), Ha ceromHsHuii
JieHb HacunuThiBaeTcs 715 komnekuuii (http:/ www.wfcc.info/
ccinfo). Ouu ycioBHO AensaTcs Ha Tpu kareropuu (Kaa-
Kynkui u ap., 1996; Usmmnaa, 2012): mmpokoro mpoduis
(cepBUCHBIE, KOMIUIEKCHBIE, O0IIECTBEHHBIE), CIICIHATN3HPO-
BaHHBIC (IS M3YyYEHUS U COXPAHEHHS MHUKPOOPTaHHU3MOB
KOHKPETHBIX TPYMI JUIl KOHKPETHBIX LIeJei) U HcclieoBa-
TeJIbCKHE (YacTHBIE, y3KOCTIeHaIbHbIe). Jlo HeaBHero Bpe-
MEHH BeCbMa MHOTOYHCIICHHBIE POCCHICKNE KOJIJICKITNY Ha-
XOJWJIMCh HA TPAHH MTPEKPAIIECHHS CBOCH EATEIbHOCTH H3-3a
OTCYTCTBUS JIOCTaTOYHOTO (hpMHAHCHpOBaHUs. B mociennue
rofbl, ¢ yrBepkaeHuem [lnana «Pa3Butus OMOTEXHOIOTHIA U
reaHoil mmkenepum» (Pacmopsoxenne [IpaBurenscta PO,
2013) nenaercst TONBITKA OKa3aHUsI 1EJICBOH OpraHU3aInOH-
HOHW M (PMHAHCOBOH MOAJEPIKKM aKTUBHO pabOTAIONIMM KOJI-
JIEKIUSIM.

B yxazanssb1i Beite [1man BXOUT co3aanme KpymHbIX O1o-
pecypcubix neHTpoB (BPII), koTopble cTaHyT BaKHEUIINM
3JIEMEHTOM, 00ECHEUNBAIONINM PA3BUTHE OMOTEXHOJIIOTHHI
B Poccun (Kamakynknit, O3epckasi, 2011), nHTerpamnuio B
EBPONEHCKYIO U II00abHYI0 (MUPOBYIO) HH(OPMALIMOHHBIE

316

cetn Omonormyeckux pecypcoB. ClemayeT OTMETHTh, YTO B
MHpe yxke 10BoJIbHO MHOTO BPL, KOTOpBIE MpeacTaBIeHb! Kak
BCOMCTBCHHBIMHU, TaK U YHaCTHBIMU HEKOMMEPYCCKUMU Opra-
Hm3anusamy. B 2014 1. Ha 6a3e ogHON U3 BEAYIINX POCCHHCKIX
KOJUIEKIMI OBl co3maH HaumoHanbHBINH OMOpECypCHBIH
ueHTp — Bcepocculickasi KoyuieKIusi TPOMBIIUIEHHBIX MUK-
poopraanzmMoB (bPL] BKIIM), mpu3BaHHBIA CTaTh OCHOBOW
nH(PaCTPyKTYpHI B 00JIaCTH MUKPOOHBIX T€HETHYECKUX pe-
CYpCOB OMOTEXHOJIOTHYECKOr0 Ha3HAYCHH s, HEOOXOMMOH JIst
o0ecrieueHns NCCIIe0BaHmMA B 00acTH KUBBIX cucteM (http://
www.genetika.ru/vkpm). Ha craryc BPL] moxer nperenmo-
BaTh €UIE Psi/l KPYIHBIX POCCUICKUX KOJUIeKIMH. bonbias xe
4JacTh COOpaHUi, MpEICTaBIEeHHAs CHENHATN3HPOBAHHBIMU
KOJJIGKIMSIMH TIPH HAyYHBIX M y4eOHBIX OpPraHHU3aIMsX, He
COOTBETCTBYET KPUTEPUAM TAKUX KPYIIHBIX CTPYKTYP, OZHAKO
3aCITy’KMBAeT HE MEHbIIIero BHUMaHus. Kak npaBuiio, 3TH Koi-
JIeKIMH 0071aJal0T OAHOBPEMEHHO 3HAYNTEIILHBIM MaCCHBOM
KyJIBTYp M HauboJiee IoyiHoi nHdopMalueil 0 HUX, 4To AaeT
UM CYLIECTBEHHOE IIPEUMYIIECTBO. VIMEHHO Takol sIBIIET-
cst Komeknust puzocdepHbIX MEKpOOpraHu3MoB MHCTHTYTA
OuoxumMHN U (U3MOJIOTUU PACTEHUH U MHKPOOPraHU3MOB
Poccniickoit akanemun Hayk (MBOPM PAH).

Konnekuua pnsocpepHbIX MUKPOOPraHN3mMoB
MBOPM PAH

Cosnannsiii B Caparose B 1980 . MHcTuTyT OHMOXHUMHN U
(buzrosIOruy pacTeHU U MUKPOOPraHU3MOB AKaJIeMUH HayK
CCCP Ob11 OpHEHTHPOBAH Ha WCCICAOBAHUSA, CBSI3aHHEBIE C
3a/1a49aM¥ ITOBBIIICHHS YPOXKAHHOCTH CEIIbCKOXO03SHCTBEHHBIX
KyabTyp B [ToBomkckom pernone. OmHoit U3 3a1a4 ObUIO
000CHOBaHNE BO3MOKHOCTH HCIOJIb30BAHUSI MUKPOONOIIO-
THYECKOTO yHTOOpEHUsI M B CBSI3U C 3THUM BBUICHCHHE POIU
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Konnekums pusocdepHbix
MWUKPOOPraHn3mMoB

Bvisyanusauua 6aktepuii poga Azospirillum:

sl LR

a - POCT Ha KapTodebHOM arape; 6 — KNeTKM Ha KUAKO cpefie, 18 u, $asoBbIi KOHTPACT; 8 — KNeTKa NOA NEKTPOHHBIM MUKPOCKOMOM, 18 4, X 25000, KOHTpacTh-

poBaHo ypaHun-auetatom (Mo3aHaAKoBa v Ap., 1988).

ACCOIMATUBHBIX a30T(UKCUPYIONINX MHUKPOOPTaHU3MOB B
o0ecrieueHnH a30THBIM IUTAaHUEM 3€PHOBBIX KyJbTyp. Jlist
ee pemIeHus] B Ka4eCTBE OJHOTO M3 MOAEIBHBIX 00BEKTOB
uccienoBannii Obuta BeIOpaHa auazoTpodHast 6akTepus
asocnupuiuia (poa Azospirillum), nepBbie MyOIUKAIIMU O KO-
TOpPOW Ha TOT MOMEHT TOJBKO MOSIBIJIUCH B HAYYHOH IT€UaTH
(Tarrand et al., 1978). MukpoOHOIOTH HHCTUTYTA OCBOMIN
METO/bI U30JISIUH U UACHTH(OUKALMY 3TUX MUKPOOPIaHU3-
MOB, 0TPadOTaNIN CIIOCOOBI MX KOHCEPBAIH. DKCIISTUIINHN IO
CapatoBckoii 001acTH, MPEAITPUHSTEIC C HEIbIO TOMyYCHUS
MPE/ICTABUTEILHON BHIOOPKH aCCOLIMUPOBAHHBIX C AMKUMH
1 KyJABTypHBIMH 371aKaMH (TIIICHUIIA, POXKb, OBEC, TIPOCO, KY-
Kypy3a, COpro | JIp.) mTamMMoB azocnupriul (Pegoposa u 11p.,
1985; [To3nusikoBa u Ap., 1988), MO3BONIMIM 32JI0)KUTH OCHOBY
YHHUKAJIBHOTO COOpaHus MpeACTaBUTENeH H3ydaeMoro OaKTe-
PHAIBHOTO TAKCOHA (CM. PUCYHOK ), BOILIE/IIIETO B KOJUICKIIUIO
HEMaTOreHHbIX MUKpoopranniMos NUBOPM PAH.

KitroueBpIMH XapakTeprUCTHKAMHU a30CTIMPHILT Ha TTEPBBIX
JTarax BEIJICJICHNUS SBISUINCH: POCT KOJIOHHUH Ha CpeJie C KOH-
ro kpacubiM (Caceres, 1982) u Ha kaprodensHom arape (Tar-
rand et al., 1978), a Taxke MEKpOCKOTIMPOBAHKE M OKpPacKa Mo
I'pamy. [TockoabpKy OCHOBHBIMH HHTEPECYIOMINMH ITPU3HAKA-
MU BBIJICJIIEMBIX OaKTepuil ObLIH (PUKCALUsS aTMOCHEPHOTO
a30Ta ¥ CTUMYJISIHS POCTa PACTEHHUH, OCYIIECTBIISIICS CKPH-
HUHT U30JI1TOB Ha HUTporeHasHyto u Y K-npoayuupyrouyro
AKTHBHOCTb.

C opurHHaIBHBIMH IITAMMaMH a30 CITUPUILIT IPOBOAMIIHCE
MCCIIEI0BaHMS TAKCOHOMHYECKOH HampasieHHOCTH. [TomumMo
MEKXBUI0BOH quddepeHnnanyum ¢ npuMeHEeHHEeM METOJIOB,
ocuoBauHbeX Ha JIHK-IHK-rubpuanzammu, oneHwBaiIn
BHYTPHBHJIOBBIE PA3IMUUs MOCPEICTBOM JIByX BapHaHTOB
reHomHoi naktunockonuu — RFLP u AFLP (Ilo3nnsikoBa
u 1p., 1988; Nikiforov et al., 1994). U3zyuanu nna3smMuHbIi
cocras mrammoB (Matveev et al., 1988), rectupoBanu akTus-
HOCTB DHIIOHYKIIea3 pecTpukiuu (Hukudopos u ap., 1994).
B teuenue weThIpex JeT OBIIM ONTHMH3UPOBAHBI CIIOCOOBI
XpaHenust. MHorojeTHre HaOMIONCHNS MOKA3alI1, YTO TPH
=70 °C c npeaBapuTeIbHBIM 3aMOPAKUBAHHEM B JKUIKOM
a30Te MITaMMBI a30CTHPHIUT COXPAHSIIOT BBICOKYIO JKH3HE-
CIOCOOHOCTB ¥ OCHOBHBIE TU((epeHIHaTbHbIC CBOWCTBA.

B 2014 r. xosiekiysi HEMaTOreHHbIX MUKPOOPTaHU3MOB
6puTa IpeoOpas3oBana B Kosreknnio pru3ochepHbIX MHKPO-
opraauszmoB UBOPM PAH (www.collection.ibppm.ru; http://
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ckp-rf.ru). OnHa 3asBIIeHA KaK CIICIIUATN3NPOBAHHAS HAYIHAS
KOJIJIGKLIMSI, OPUEHTUPOBaHHAsI HAa COOpaHue U TTOJIepIKaHue
HETIaTOTeHHBIX OaKTEePHii, BBIICIICHHBIX B OCHOBHOM U3 KOP-
HEBOM 30HBI pacTeHnid. Bxonut nox Homepom 975 B WFCC
U 3aperucTpupoBaHa Bo BceMHpHOM IEeHTpe AaHHBIX O
mukpoopranusmax (World Data Centre for Microorganisms,
WDCM), Ne 1021.

B Hacrosimiee Bpemst katasior kojuiekiuu (www.collection.
ibppm.ru) HacuuTeBaeT okoio 500 KymeTyp pu3ochepHbIX
OakTepmii, OTHOCSIHIXCS K 28 ponam: Acidovorax, Aeromonas,
Alcaligenes, Aquaspirillum, Arthrobacter, Azospirillum, Ba-
cillus, Bradyrhizobium, Brevundimonas, Comamonas, Ensifer
(Sinorhizobium), Enterobacter, Herbaspirillum, Kocuria,
Micrococcus, Moraxella, Mycobacterium, Nitrospirillum,
Niveispirillum, Nocardioides, Ochrobactrum, Paenibacillus,
Pectobacterium, Pseudomonas, Rhizobium, Rhodococcus,
Stenotrophomonas, Xanthomonas. Cpenu HUX OakTepHH,
M30JMPOBAaHHBIE U3 PH30C(ephl  PU3OTUTaHBI PA3THYHBIX TH-
KHX U KyJIBTYPHBIX PaCTCHHIA, IITAMMBI-3HI0(DUTHI, IITAMMBL,
ACCOI[MMPOBAaHHBIE C BOJHBIMHM PACTCHUsIMHU (MakpoduTa-
MH), U JIp.

Bakrepuu pona Azospirillum cOCTaBISIOT MPUMEPHO II0-
noBuHy (onna komweknuu. [IoMUMO OpUTHHAIBHBIX M30-
JISITOB, BBIZIETICHHBIX B CapaTOBCKOI 00IaCTH, IPUCYTCTBYIOT
IITAMMBI Pa3IMYHOTO T€OTPapUIEcKOTO MPOUCXOKICHHS
(u3 Bpasumuu, Uuauu, Cenerana, CILIA, DxBagopa u ap.),
TIOJy9YEeHHBIC OT aBTOPOB HIIH M3 IPYTUX KoJuteknuii. Kpome
TOTO, TOJIICP’KUBAIOTCSI IPAKTHYECKH BCE M3 JIOCTYITHBIX B
OOILIECTBEHHBIX JICTIO3UTAPHUSIX TUITOBBIE [IITAMMbI H3BECTHBIX
BUJIOB a30CTIMPHIUL. PSJ KOJUIEKIIMOHHBIX KYIBTYp TPEAIo-
JIO)KUTEIEHO MOTYT OBITH OTHECCHBI K HOBBIM BHIAaM 3TOTO
pona (Toy0es u ap., 2018). Takum 0Opa3om, coOpaHue a3o-
crimpuin B Kommeknnn pru3ocepHBIX MHKPOOPTaHU3MOB
UB®PM PAH Becbma npencraButenbHo. st cpaBHEHUS:
B DSMZ (Deutcsche Sammlung von Mikroorganismen und
Zellkulturen, www.dsmz.de) obmmii ¢pona Oakrepuil poxa
Azospirillum cocraBnser 27 mTaMMOB, U3 KOTOPBIX 6 THITO-
Bbix; B BCCM/LMG (Belgian Co-ordinated Collections of
Micro-organisms/Laboratory of Microbiology, Faculty of
Sciences of Ghent University, becm.belspo.be) — 37 u 10, B
JCM (Japan Collection of Microorganisms, jem.brc.riken.jp) —
13 u 5, B ATCC (American Type Culture Collection, www.
lgestandards-atec.org) — 14 1 3 cOOTBETCTBEHHO.
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Azospirillum - xapaktepucTuKka poga

BriepBrie 3TOT MUKpOOpraHu3M ObLT BeIecH M. beiiepun-
KoM B 1923 1. m omrcaH Kak «a30T(HUKCUPYIONIas CIIHPHILIAY,
HO aBTOp HE CMOT MOATBEPANUTH CBOWCTBO MUKPOOPraHu3Ma
(buxcupoBaTh a30T B YMCTOU KYJIBTYpe U Ha3Baj ero Spirillum
lipoferum (Beijerinck, 1925). Pox Azospirillum 6v11 mepe-
oTKpHIT U onucad Tarrand et al. (1978), a mmpoxo u3BecTeH
cTan Onarojapsi HAyYHOMY DHTY3Ha3My M KOMIIETCHTHOCTH
JIx. JloGepeiinep, BHecIIel CyIIecTBEHHBIH BKiIag B (yH-
JIAMEHTAJIbHbIC U MPUKJIAJHbIE WCCIIEIOBAHHS a30CIHPUILI
(Dobereiner, Day, 1976; Hartmann, Baldani, 2006).

Cucremarnka pona Azospirillum, mprHaATIEKAIIETO CeMeii-
ctBY Rhodospirillaceae nopsinka Rhodospirillales knacca
a-Proteobacteria, BecbMa IUHAMUYHO pa3BuBaercs. Ecnu
C MOMEHTA OIMCAHUs JIBYX TEpBBIX BUAOB A. lipoferum n
A. brasilense (Tarrand et al., 1978) u 1o xonia XX B. 0bUIO
COO0IIEHO 00 OTKPBITUH JIUIITH eIlle YeThIPEX BUIOB: A. ama-
zonense (Magalhaes etal., 1983), 4. halopraeferens (Reinhold
et al., 1987), A. irakense (Khammas et al., 1989) u 4. largi-
mobile (Dekhil et al., 1997), To maunuas ¢ 2000 T. TaKOBBIX
OITHCAHO Yke 16, ¢ BaJMTHO OITyOJIMKOBAaHHBIMH Ha3BAHHSMHU:
A. doebereinerae (Eckert et al., 2001), A. oryzae (Xie, Yokota,
2005), A. melinis (Peng et al., 2006), 4. canadense (Mehnaz
et al., 2007a), A. zeae (Mehnaz et al., 2007b), A. rugosum
(Young et al., 2008), A. picis (Lin et al., 2009), A. thiophilum
(Lavrinenko et al., 2010), 4. formosense (Lin et al., 2012),
A. humicireducens (Zhou et al., 2013), A. fermentarium (Lin
etal., 2013), 4. soli (Lin et al., 2015), A. agricola (Lin et al.,
2016), A. ramasamyi (Anandham et al., 2019), A. griseum
(Yang et al., 2019) u A. palustre (Tikhonova et al., 2019).
Bwmecre ¢ Tem B 2014 1. BUn A. irakense 0b11 pexnaccuuIm-
poBaH B Niveispirillum irakense comb. nov., a Bun 4. ama-
zonense — B Nitrospirillum amazonense gen. nov., sp. nov.
(Lin et al., 2014). Takum 00pa3om, Ha MOMEHT HallUCAHUSI
9TOM cTaThu pon Azospirillum BkmodaeT 20 BATUAMPOBAHHBIX
BUJIOB. Ba)kHO OTMETHTB, YTO WICHAMH PO MPU3HAIOT elle
nBa Buna — A. himalayense (Tyagi, Singh, 2014) u A. palatum
(Zhou et al., 2009), HanmeHOBaHMS KOTOPHIX HE ObUN Odu-
IINAJIBHO OITyOJIMKOBAaHBI B COOTBETCTBUH C IIpaBHiIaMu Mex-
JTyHapOJIHOTO KOZIEKCa HOMEHKJIATYPbl OaKTepuii.

C HavaJoM 3I10XM TeHOMHOTO CEKBEHHPOBAHHS Ha Iep-
BBI{ IUIaH BBINUIA Pa3pa0OTKa HaJC)KHBIX KPUTEPUCB IS
CPaBHHTEJILHOM OLIEHKH FTeHOMOB OaKTEepHil U apXel B LIeIX
TaKCOHOMHH U ccTeMaTnky. HenaBHO 171 rpynnbl GakTepuit
pona Azospirillum, 9 TCHOMBI IPEACTABICHEI B 0a3e TaH-
HbIX GenBank, rmony4eHs! iepBble pe3ysibTaThl IPUMEHEHUsI
Habopa (QUIOTCHETHYECKUX TECTOB B paMKaX pa3BHBAaEcMOM
TeHOMHO# TakcoHoMun MUKpo0OoB (ILleroxes, 2018). ABropom
YCT@HOBJIEHA 3aBHCHUMOCTb OLIEHKH CHCTEMaTHYECKOTO MO-
JIOXKEHHS IITAMMOB OT THIIA UCIIOIB3YEMBIX OJIHOTCHOMHBIX
JTAaHHBIX, OTHOCSIINXCS K 0a30BOM MIIM 0a30BOM M IOBHIKHON
COCTABJIAIOIIMM NMaHreHoma. [Ipr 3ToM 0TMEYeHO, 4TO eIHHOM
CHCTEMbI OTHECCHHS N30JIITOB K TOMY MJIM HHOMY BTy TTOKa
He cymiecTByeT. /lo Tex mop rmoka reHoMHbIe 0a3bl JJTaHHBIX
HE HaIlOJHeHbI B HEOOXOMMOIi CTETIEHN Ka4eCTBEHHBIM Ma-
TepHaIoM, B TAKCOHOMUH M CHCTEMAaTHKe TPOKapuoOT Haubo-
Jiee KOPPEKTHBIM OCTaeTCs oM (a3HbIi OIX01», OCHOBaH-
HbIIf Ha KOMOMHAIMH (PEHOTUITHYCCKHIX, XeMOTAKCOHOMUYe-
CKUX ¥ TEHOTHITHUECKUX XapaKTEPUCTHUK.
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Azocnupwinia, BBIOpaHHasi B KauecTBe 00bEKTa MCCIIeN0-
BaHMH Ha 3ape CTAaHOBIICHUSI HHCTUTYTA, OKa3aiach IpeKpac-
HOW MOJEINBIO Ul M3YyYEHHS SIBICHUS PACTUTEIbHO-MHK-
poOHO# acconmarnBHOCTH. B Hacrosmee Bpemst 310 oznHa
W3 MPU3HAHHBIX BO BCEM MHUPE M IIUPOKO M3yYaeMbIX Tak
Ha3bIBAEMBIX POCTCTHUMYJIUPYIONUX pu3obakTepuii (plant
growth promoting rhizobacteria — PGPR) (Fukami et al.,
2018). Takue MUKPOOPTaHU3MBI UTPAIOT BAKHYIO POJIb B
aJlanTalyy pacTeHUs K BHEIIHUM Bo3zeiicTBusM. [1pu aTom
Hepenko o0pasyeTcs erHasi PaCTUTEIbHO-MUKPOOHAs acco-
Iranys (aCCONMaTUBHbIN CUMOMO03) ¢ HOBBIMHU CBOMCTBaMH,
JIETEPMHHUPOBAHHBIMH ITOJIOKUTEIEHBIM B3aUMO/ICHCTBHEM
MapTHEPOB.

Jist a30cnupuiul XapakTepHo Ype3BbluaiiHoe pa3Hooopa-
31e€ 3aceNsIeMbIX BUJOB PACTEHUIL, YTO TOBOPUT O MHOTOUHC-
JICHHOCTH SKOJIOTHYECKUX CTPATEeTHH, pearn3yeMbIX ITHMHU
OakTepHusMH, a TaKKe 00 MX MHPOKUX aJaNTalHOHHBIX
Bo3moxkHOCTsX (Bashan et al., 2004; Baldani et al., 2014;
Pereg et al., 2016). [Tocnennue ocyuiecTBISIOTCs Onarogapst
TaKMM CIIOCOOHOCTSIM MHUKPOOPTraHU3MOB, KakK (hUKcaius
aTMoc(epHOoro a3oTa, comodmmm3anus hocdaroB, TPOTYK-
ST HK30M0JINCaxapyu/I0B, JIEKTHHOB, (PUTOTOPMOHOB, CHjIE-
pocopos, nonu-B-ruapokcndytupara u np. Ectb nannsre,
YKa3bIBAIOLIME HA TO, YTO a30CIUPUILIBI Y4acTBYIOT B (hOp-
MUPOBAaHUU Y PACTCHUN-IIAPTHEPOB TaK HA3bIBAEMOU UHAY-
[IUPOBaHHOM cucTeMHO# yctoitunBoctu (induced systemic
resistance — ISR) B ycrmoBmsx OMOTHYECKOTO CTpecca, a TakkKe
WHAYIIPOBAHHON CHCTEMHOH TonepanTHOCTH (induced sys-
temic tolerance — IST) B yciioBusiX aOHOTHYECKOTO cTpecca
(Fukami et al., 2018).

BosbIIMHCTBO BUIOB a30CIUPUILT BBIZECICHO U3 pU3oche-
PBI CYXOMyTHBIX pacTeHui. 13 BOAHBIX OMOTOIOB H30JIUPO-
BaHBI TIOKa UG TpH BUna — A. largimobile (Dekhil et al.,
1997), A. thiophilum (Lavrinenko et al., 2010) u A. griseum
(Yang et al., 2019). CexBennpoBanue renoma Azospirillum
MIOKa3aJ10, 4T0 OaKTepus Mepelnia OT BOAHOTO CyIIeCTBOBa-
HUS K Ha3eMHOMY okouto 400 MJIH JIeT Ha3a — B TO JKe caMoe
BpeMsl, KOTJla MOSBUJIMCH Ha CYIe COCYAMCTBIC PACTEHHUSI
(Wisniewski-Dyé et al., 2011). [Toutn momoBuHa reHOMa
Azospirillum 6p1ma nproOpeTeHa B pe3ylIbTraTe TOPH30HTAb-
HOTO TIepeHOoca I'eHOB OT JIPYTHX Ha3eMHbIX Oakrepuii. bosb-
I11as1 4aCTh TOPU30HTAIBHO IIPHOOPETEHHBIX TCHOB KOUPYET
(YHKIMH, UMEIOLIHE Pellatolee 3Ha9YeHUEe IS a1anTaluH.

Ob6naganre MmexaHu3MaMu (GUTOCTUMYIISIINMN JIENaeT a30-
CIMPUIUTY OHUM U3 JIyHUIINX WHOKYJISHTOB, YCIIEIIHO MPHU-
MEHSEMBIX B Pa3HBIX CTPAHAX MIPU CO3/IaHUH KOMMEPUYECKHUX
OuorpenaparoB JUIsl MOBBIIICHUS YPOXKAHHOCTH PA3IMIHBIX
CEJIbCKOXO3SIMCTBEHHBIX KyIbTYp: Azo-Green™, Zea-Nit™,
Graminante™, BioPower® u ap. (Mehnaz, 2015).

OCHOBHbIe pe3ynbTaTbl NCccieqoBaHUA
asocnupunn 8 UBOPM PAH

B B®PM PAH wucnonp3oBaHue MTaMMOB a30CHUPUILI B
KaueCTBE MOJICJIbHOTO 00BbEKTa OBLJIO COCPEIOTOUYCHO B OC-
HOBHOM Ha UCCJICOOBaAHUU CprKTyp, BOBJICUCHHBIX B o6pa-
30BaHME aCCOIMATHBHOIO CHMOMO3a M/HJTA NUMEIOIINX BaXKHOE
TaKCOHOMHUYECKOe 3HaUeHHe. B mepByro ouepe» 3To BHEKIIe-
TOYHBIC TOMCAXAPUICONCPIKAIINES KOMILICKCHI, HTPAIOIIHe
BEeChMa BaXKHYIO U pa3HOOOPa3HYIO POIb B QOPMUPOBAHUH U
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ycremHoM (QYHKIMOHUPOBAHUH PACTUTEIbHO-MUKPOOHBIX
accolMalui. YCTaHOBJIEHO, YTO a30CIUPUIUIBI COLEpPKAT B
KarCyJIbHOM MaTepHaje W MPOLyLUPYIOT B OKPYKAIOIIYIO
Cpely CIOXKHBIE BBICOKOArpernpOBAaHHBIC COCIMHEHUS U3
nonucaxapuno (I1C), mumuaoB 1 GEIKOB, a TaKKe CBOOOA-
uele [IC ¢ monexynsipHoit mMaccoit 1o 20 x/la (Konnova et
al., 1994). BeusiBieno, uro karncyibhbie [1C-conepxaniye
KOMITOHEHTBI a30CITUPHILT IPUHUMAIOT YYaCTHE B 8JICOPOLIUH
OaxTepwii Ha KOPHAX pacTeHUH. BriepBrlie moka3zaHa ux CIo-
COOHOCTH MHIyIUPOBATh Je(opMariiy KOPHEBBIX BOJIOCKOB
muennnpl (Yegorenkova etal., 2001). Ioyuena npuoputer-
Hast ”HPOPMALUS O IEPBUYHON CTPYKTYpE MOBTOPSIOIINXCS
3BeHbeB [1C u3 moBepxHOCTHBIX Munononucaxapuios (JIIIC)
u xarcynbHbIX [IC 6onee 40 mTaMMOB a30CIIMPHILT Pa3Iny-
Horo npoucxoxaerus (Fedonenko et al., 2013; ®enonenko
u 1p., 2015). JIns psima mraMMoB, H30JIMPOBAHHBIX HA Pas3-
HBIX KOHTHHEHTaX N3 KOPHEBOHM CHCTEMBI pa3HOOOPA3HBIX
pacTeHni, MOKa3aHO SIBICHUE MOJEKYISIPHOH MHMUKPUHU
[JTMKOMIOJIMMEPOB IMOBEPXHOCTH OaKTEpHAIbHBIX KIIETOK,
00YCJIOBJICHHOE MPUCYTCTBHEM HIACHTUYHBIX MM OJU3KHX
TI0 CTPYKTYypE MOBTOPSIOIINXCS 3B€HBEB B O-crieruunaeckoMm
IIC (O-IIC). Pe30HHO TIPEATIONOKHUTE, YTO MUMHUKPHS MOXKET
OBITH CBsi3aHa C peayu3anyeil B mpouecce GOPMUPOBAHUS
accOIMAINHU C PACTEHHUSIMHU OIPEIEIICHHBIX CTpaTeruii, Bo3-
MOXKHO, 00YCIIOBJICHHBIX HAJTMYMEM HECKOJIBKHX MEXaHHU3MOB
B3aMMOJICHCTBUS, HAPHMeEP SH/10- U SkTocuMOuno3a (KonHoBa
u nip., 2008; ®emonenko u ap., 2015).

Jlist nccnenoBaHuUs MMOBEPXHOCTHBIX OaKTEpHAIbHBIX
CTPYKTYP XOpOIINE BO3MOXKHOCTH IPETOCTABISIOT METOIbI
MMMYHOXHMHH, TTO3BOJISIONINE Ha OCHOBE M3y4YEHHMs JeTa-
JIel CTPOEHUSI IIOBEPXHOCTHBIX aHTUTCHOB a30CHHPHJILIT BbI-
SICHUTB, KaK B I1€JIOM OpraHU30BaHa MOBEPXHOCTh OAKTEPHH,
(hyHKunoHMpytomux B pusochepe pacrenuil. JITIC seisercs
Ma)XOPHBIM aHTUTE€HOM OaKTepHaIbHON HOBEPXHOCTH A30CTIH-
puiu, B cBsizu ¢ 4yeM crpoenue ero O-I1C onpenenser nMmy-
HOXHUMHYECKYIO ClIe(pUIHOCTE MEUKpoOopraHu3mMoB (Maropa
u 1p., 2005). C yyeroM MMMYHOXUMHYECKUX OCOOEHHOCTEH
YIJIEBOJIHBIX aHTUTEHOB OakTepuit pona Azospirillum coznana
OmoTecT-crcTeMa X ceposloruaeckor naeHTudukanmy (Bo-
gatyrev et al., 1992).

Ha npumMepe azocnupuint onucaH MPUHIUITHAIEHO HOBBIN
XapakTep MUKpoOHOH R-S-nucconmarym, o0ycioBIeHHBIH
nepepacnpe/ieieHIeM BKJI0B JBYX PAa3HBIX (TOTHOLICHHBIX )
O-IIC B apXUTEKTypy KJICTOUYHOW MMOBEPXHOCTH OaKTEpUil B
3aBHCUMOCTH OT Bo3pacTa Kynsryp (Maropa u nip., 2005). Bei-
JIETICHBI U FICCIIE/IOBAHbI YIIIEBOJHbIC (hPAarMEHTHI TNTUKO3HIIH-
POBAHHOTO (hIareJUIMHAa HOJISIPHOTO JKI'y THKA THIIOBOTO [ITaM-
Ma A. brasilense Sp7, onpeeIcHO UX XUMHYCCKOE CTPOCHHE
(Belyakov et al., 2012). OGHapy»eHa HX UMMYHOXUMHYECKast
WJICHTUYHOCTH offHOMY 13 iByX O-I1C comarnueckoro aHTH-
reHa 1aHHOTO mramMa. C ydeToM MOydYeHHBIX Pe3yIbTaToB,
CBUJICTENIBCTBYIONINX 00 HICHTUYHOCTH aHTUT'€HHBIX JeTep-
MHHAHT B cocTaBe KarcyiabHbIX [1C, sK30monncaxapuios u
JITIC a3ocnupuiut, MOYKHO HPEINOIOKHUTH HAINYNE HEKOETO
o01ero myTH (100 HECKOJIBKUX MEPEeKPEIINBAIOLIUXCS 1Ty~
Teil) OMOCHHTE3a YIIICBOAHBIX MOBEPXHOCTHBIX CTPYKTYP Y
Gaxrepwuii pona Azospirillum.

BriepBbie mpeyiokeH BapruaHT TBEPA0(a3HOTO UMMyHO(Ep-
meHTHOro ananmmza (MMDA) MEUKpOOCaIKOB MMOYBEHHBIX CYC-
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neH3ui ¢ ucnosb3oBanueM antuten Ha JIIIC azocnmpuin,
MO3BOJISIFOIIHI TIPOBOANTH BBISBICHHE COMaTHYECKOTO Oak-
TEpUAIbHOTO aHTHTEeHA B To4YBe. Ha 0cHOBE ONTUMU3HPOBaH-
Horo Bapuanta UMA nccienoBana TMHAMUKA HAJIU4Us in Situ
COMAaTHYECKOTO aHTUTEHA HHTPOAYIIMPOBAHHBIX B II0YBY acCO-
UATUBHBIX OakTepuii A. brasilense (LlupoxoB u ap., 2015).

BuaHoe MecTo B pa3BUTHH METOAOJIOT MU HIMMYHOXUMHYE-
ckux uccienoBanuii B UBOPM PAH 3annmaet n3yueHne yHu-
KaJIbHBIX (PU3UKO-XMMHUECKUX M OMOXUMHUIECKUX CBOWCTB
HAHOYACTHII 30J10Ta ¥ X OMOKOHBIOraToB. C HCIIOIb30BaHHEM
KOJIJIOMJTHOTO 30J10Ta B KaUeCTBE HOCHUTEJISI M a/IbIOBAHTA U
MeToza (haroBOro JHCIUIEs] pa3BUTHI MPOLIELYPHI IOy IEeHUS
aHTHUTEJ K pa3HOOOpa3HbIM aHTUTeHaM U ranteHam (Maropa
u 1p., 2005; Dykman et al., 2010). [Tomy4eHbl KOHBIOTATHI
30JI0TBIX ¥ 30JI0TO-CEPEOPSIHBIX HAHOYACTHIl C AHTUTEIAMHU
Ha (praremumH, JITIC u o6manaromme pogoBoii ciennpuIHO-
CTBIO Ha TOBEPXHOCTHBIC OEIIKOBBIE AETCPMUHAHTHI THIIOBOTO
mramma 4. brasilense Sp7. DIEKTPOHHO-MUKPOCKOITNYECKUN
aHAJIM3 C MCIIO0JIb30BAHUEM MEUYECHHBIX METaJTHYECKUMHU
HAHOYACTHIIAMH aHTHTEJI TO3BOJIMII OOHAPYKUTh B COCTaBE
KJICTOYHOM TOBEPXHOCTH A. brasilense Sp245 neTepMUHAHTHI
(hraresuIMHA HOJIIPHOTO JKI'y THKA, HCXOAHO SKPAaHUPOBAHHbBIE
y JaHHBIX OakTepuil oT okpysxatomei cpenst JIIIC gexmom
(Ilnpoxos u np., 2017).

CylecTBeHHbIE HayuHbIE 3HAHUSI IPUBHECEHBI B HAIIPaB-
JICHWE TEHETUKH TOJBMYKHOCTH, OMOJIOTUH TIa3MUJ U Op-
TaHW3allMU ¥ TUHAMUKW TeHoMma asocmupmnn (Katsy, 2011,
2014). BolsBieH HOBBIM BHJ COIMATBHONW MOJABMKHOCTH —
pacrpocTpaHeHue B MOIYXKHIKOH cpefe ¢ oOpa3oBaHHEM
MHUKPOKOJIOHWH. lIMEHHO Takoe pacrnpocTpaHeHHE HMeeT
oTpenessIIoNee 3HaueHHe MPHU 3aCeIeHUH a30CIHUPHIIAMU
KOPHE#l MIICHHIIBI, B TO BPeMs KaK JJOMHUHUPYIOILIHM CIIOCO-
60M conmanbHOI MOJBMKHOCTH B JTA0OPATOPHBIX YCIOBHAX
spisiercs poenue (Ilenympko u ap., 2010). ITokazano, 9To Ha
COIIMAJIBHOE MOBE/ICHNE OAKTEPHii OKA3bIBAIOT OOJIBIIIOE BIIU-
SIHUE KaK BHeIIHHe (paKTopb! (IPUCYTCTBUE ONPEIEIICHHBIX
pacTUTENIbHBIX JIEKTHHOB, IKCCYJIaTOB PACTeHUI U Jp.), TaK
Y CIIOHTAHHbIC U WHJIyLIUPOBAHHBIC N3MEHEHHSI B TCHOME, B
YaCTHOCTH B CTPYKType Meraruasmui. Ilocaennue compo-
BOXJIAIOTCSl (PEHOTUNMNIECKUMH BapUalUsAMK B COLMAIBLHOM
MO/IBUYKHOCTH a30CITUPHILT (POCHUE — YCKOPEHHOE POCHUE;
poeHHe — pacrpocTpaHeHHe ¢ 00pa30BaHUEM MHUKPOKOJIO-
HUI; pacnpocTpaHeHne ¢ 00pa3oBaHUEM MUKPOKOJIOHUH —
YCKOPEHHOE POCHHE) U MOTYT MPHBOIUTH K M3MEHEHUSIM B
(hopMHpOBaHNH OMOIIJICHOK M HA MEPBBIX 3Talax KOJIOHHM3a-
un kopHe# pacrenuit (Katsy, Prilipov, 2009; Schelud’ko et
al., 2009).

BriepBbie onvcaHbl HHCEPIIMOHHBIE JIIEMEHTHI, 00yCIIOB-
JIMBAIOIIME TUIACTUYHOCTh MerariasMua A. brasilense. Ilo-
naydeHa MH(OpMaIHs O MEPBUYHON CTPYKTYpe U (PyHKIUIX
psina takux mrasmug (Katsy, Prilipov, 2009). MacepunonHbe
anemeHTHl [SAzbal u ISAzba3, onocpenyrommue CIUsSHAC
pe3uaeHTHOH TuasMubsl 4. brasilense Sp245 ¢ ayxeponHOR
JIHK, criocoOcTBYIOT 000TaICHUI0 TeHOMA a30 CITUPUILT HO-
BbIM MarepuajioM. [luHamuka reHoma A. brasilense oxa3bi-
BAaeT CYIIECTBEHHOE BJIHMSHUE HA CTPOCHUE OaKTepHAaIbHBIX
JITIC a3ocmupmi U MX aHTUTEHHBIE CBOMCTBA, a Takke Ha
YCTOWYMBOCTB ATUX OakTepuil K MOHAM TSDKEJIBIX METAJIIIOB
n Hutputam (Kaupsl, [lerposa, 2015). MnentudunupoBans
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TeHbI a30CIUPUILI, perynupyromue npoaykiuio JITIC, xkry-
THKOB, TOJIBIYKHOCTD U JieHUuTpHpukaimio. Co3naHa KoJiek-
Ut MyTaHToB A. brasilense, peKOMOMHAHTHBIX TUIA3MUJ U
mraMMoB Escherichia coli, cogepKammx KIOHHPOBaHHBIC
rens! asocnupuiu (KosryHos u nip., 2013).

Eme oquH KOMIOHEHT KJIETOYHOW TTOBEPXHOCTH a30CIH-
PHJILT — 3TO JIEKTUHBI, YIJICBOJCBS3bIBAIONINE OCIIKH, SBIISIO-
[IMEeCs] BAKHBIMUA CTPYKTYPaMHU B CHCTEME «y3HaBaHHS» M
YCTaHOBJIEHHS B3aMHOTO TAPTHEPCTBA HA HAYAJIBHBIX STarax
(hopMHpOBaHMST ACCOIMATHBHBIX B3aMMOOTHOIICHUH «Oak-
Tepusi—pacTeHue». VcceiaenoBanus JTEKTHHOB a30CHUPHILT B
NB®PM PAH Hauanuces Bo BTopoil monoBuHe 1980-x rr.
(Hukutuna u ap., 2005). BriepBele Ha MOBEPXHOCTH a30-
CIHMPHILI, PA3IIMYAIOLIMXCS 10 UCTOYHUKAM U PETHOHAM BbI-
nenexus (30 mraMMoB), 0OHAPYKEHBI JICKTHHBI, HMEIOIIHE
IITAMMOBBIE PA3IIMUUS MO CIEHU(PUIHOCTH K YIJIEBOJAM.
YcTaHOBIICHO, YTO JICKTHHBI PacIpe/ieNieHbl paBHOMEPHO Ha
Hapy>KHOI MeMOpaHe a30CIUPHILT M HE TPUHA JISKAT KaKHM-
1100 MOP(HOIOTHUECKUM CTPYKTYpaM THIIA MUJIEH, )KI'YTHKOB
(Kapnynuna u ap., 1995). BeisiBneHa 3aBUCUMOCTD JIEKTHHO-
BOM aKTHBHOCTH OaKTepWil OT yCIOBHU KyJBTHBHPOBAHHUS.
YenoBusi, HEOTATONPHUATHBIE AJISI POCTA KYJIBTYPBI, CTUMY-
JIMPOBAJIN AKTHUBHOCTh ATUX MOJIEKYJ, 1 HA000pOT. JIEKTHHBI
A30CITUPHILI, CBSI3aHHBIE C BHEIITHEH MEMOpaHOM, UTParoT Cy-
IIECTBEHHYIO POJIb B a/Ire311 OAKTEPHUii K KOPHSIM IIPOPOCTKOB
nmeHnIsl. OGHapyXKeHa HX CIOCOOHOCTh B3aMMOICHCTBOBATh
C 9K30KOMITOHEHTaMH, KOMIIOHEHTaMH MeMOpaHHOH (ppaximn
1 JIEKTHHAMHA KOPHEH popocTKoB pacteHnit (HukutrnHa u ap.,
1996). Meronom KoH(OKaJIEHON J1a3epHOI CKaHUPYIOMIEH
MHUKPOCKOITUY TTOKa3aHa JIOKAJIH3aIisl MEUCHHBIX TPUTHEM
JIEKTMHOB a30CHUPWIIT UCKIIOYUTEIBHO Ha MIa3MaTH4eCKON
MeMOpaHe KJIeTOK KOPHEH MPOPOCTKOB MIICHHIIbL. BhisiBiieH
LEINBII CHEKTP OTBETHBIX OMOXMMHUYECKHX PEAKIUH, BBI3bI-
BAeMBIX JICKTHHAMH HA HaYaJIbHBIX ATAIax B3anMOJEHCTBUS
¢ xopusimu (Alen’kina et al., 2014).

BakTepranbHbIe JIEKTHHBI OKa3bIBaJIN BO3ACHCTBIE Ha MPO-
pacTaHue CeMsiH BBICIIUX PACTEHHI, B 3aBUCUMOCTH OT JI03bI
MOABIIAS WIIM CTUMYIHPYSI €r0. YCTaHOBICHO PETYIISTOPHOE
BIIMSIHNE JIEKTHHOB a30CNHPHIUI B OTHOLICHUH psijia co0-
CTBEHHBIX W PACTUTENIBHBIX I'MIPOIUTHYECKUX (hepMEeHTOB
(Alen’kina et al., 2006). Ha ocHoBaHn# 00Hapy>KEHHOTO B3au-
MOJICHCTBHS MOJINCAXAPUACOAEPIKAIINX KOMITIIEKCOB a30CIIH-
PHILT C COOCTBEHHBIMU JIEKTHHAMHU, a TAKIKE C TOBEPXHOCTHO
JIOKAJIM30BaHHBIMH armIIOTHHUPYIOMIMME OeJTKaMH JPYTHX
MTOYBEHHBIX MUKPOOPTaHU3MOB (OaIiiuT U pr3001ii) MOKHO
CYIUTh 00 y4acTHUH 3THX BHEKJIETOUHBIX IIIMKOIIOIMMEPOB B
MpoLIECccax arperayy a30CIUPHILT M B MEKOAKTEPHATbHBIX
KOHTaKTax B Xo/ie 00pa30BaHMs TIOYBEHHOTO [IEHO3a.

BriepBbie u1st a30CIMpUILT ONMCaHa CIOCOOHOCTh BOCCTa-
nasnmBath 30710710 (I11) (AuCl,) u cenen (IV) (SeO?) JI0 Die-
MeHTapHoro coctosuus (Kympsimuaa u np., 2014; Tugarova et
al., 2014a, b) c o6pa3zoBanmrem HaHo9acTuIl. [IpemnokeHa mpo-
cTast cxeMa OaKTepHaIbHOTO CHHTE3a CEJICHOBBIX HAHOYACTHI]
C 9KCTpaKJIeToYHOM okanu3anueii (Tugarova et al., 2018).

Pa3nuuHble aceKThl CyIeCTBOBAaHUS a30CIMPHILT aKTUB-
HO M3y4alOTCS C HCIOJIB30BAaHHUEM COBPEMEHHBIX HMHCTPY-
MEHTAJIbHBIX METOJIOB, B TOM YHCJIE Pa3JINYHBIX BAPHAHTOB
criekrpockonuu: Méccbaysporckoit, UK-Oypre u xombOu-
HarroHHoro paccessHus (Kamnev et al., 2001, 2018; Kam-

320

Collection of Rhizosphere
Microorganisms

nev, Tugarova, 2017). Ha npumepe riyTaMHUHCHUHTETA3bI,
BBIJICTIEHHOM U3 KETOK 4. brasilense Sp245, Obina mokaszaHa
BO3MOXHOCTb IPUMEHEHMUS sIEPHOM ramMma-pe30HaHCHOMN
criekrpockonuu (Ha spax >’Co) i u3y4eHus CTPYKTYPHOM
OpraHM3allMM CaWTOB CBSI3BIBAHMS KaTHOHOB METAJUIOB B
aKTHBHBIX IleHTpax (epmentoB (Kamnev, Tugarova, 2017).
BriepBbie u1si a30CcnMpHILUT N3YYEHBI aCCUMUIISIIHS JKeJie3a
M 0COOCHHOCTH COCTaBa U CTPYKTYPBI KeJIe30COACPIKALIIX
kieTounblx kommoneHToB (Kovacs et al., 2016), a Taxxe
B3aMMOJIEHCTBHE 1 META0OINIECKHIE IPEBPAIIEHHS] HOHOB KO-
Ganbra KyneTypamu A. brasilense (Kamnev, Tugarova, 2017).

HaubGonee BbIpa)XKEHHBIM OTKJIMKOM Ha HETaTHBHBIC BO3-
}leﬁCTBHﬂ Yy a30CIUPUILIT ABJIACTCA CUHTE3 HOJ'II/I—B—FI/IZ[I)OKCI/I—
oytupara (III'B), 0COOCHHOCTH U pa3IMuUs HAKOIIJICHUS
KOTOPOTO BBISIBIICHBI y INTAaMMOB A. brasilense Sp7 (3nn¢ur)
u Sp245 (PHZO(UT) B peakUnuu Ha CTPecC, BBI3BAHHBIN Tsi-
enbpivMu Metasutamu (Kamnev et al., 2018). [Tokazano cau-
s)kerHoe conepskanue [1I'b B Guoruienke (6 cyT), 00pazyeMoii
MyTaHTOM A. brasilense Sp245.1610, NUIIEHHBIM KI'yTHKOB,
10 CPAaBHEHHUIO CO ITAMMOM JTUKOTO THIA Sp245, 9T0 MOXKET
BIHATH Ha (DOPMHUPOBAHNE U CTAOMIBHOCTH OmorureHok (Tu-
garova et al., 2017).

W3BecTHO, 94TO B HEONATOMPHATHBIX YCIOBUSAX OOMTaHMUS
MIPEUMYIIECTBA UMEIOT PACTEHUS], Y KOTOPBIX B COCTAB PH30-
c(hepHBIX accolUanuii BXOISAT MHUKPOOPTaHU3MbI, BBINOJI-
HSIOIME HMIMPOKHH KOMIUIEKC (PYHKIIMIA, BKJIIOYAs MUTAHUE
pacTeHuil, UX YCTOMYMBOCTh K aOMOTHYECKHM CTpEccaM,
OMOKOHTPOITH (3aIIKTAa OT TATOT€HOB), 0CBOOOKICHHE TIOYB OT
sarpsiauteneii (Tuxonosuy, [TpoBopos, 2009). B mocneanem
CJlydae 3TO OCYIIECTBIISICTCS 32 CYET MUKPOOPTaHU3MOB — Jie-
CTPYKTOPOB MOJUTIOTAHTOB. A30CIUPUILIBI, 00Iaast PAKTH-
YCCKHU BCEMH BBIIICTICPCUNCIICHHBIMU CBOﬁCTBaMH, SIBJISIKOT-
Csl TUITUYHBIMH TIPEICTABUTENSIMA TAKUX 3alIUTHBIX acco-
mranuii. CkpuHUHT mTammoB u3 Komtekiyn puzocdepHbix
mukpooprann3mMo UB@PM PAH no3Bosnmit BEISIBUTE HedTe-
OKHCIIAIONIYIO aKTHBHOCTB Y TpeACTaBUTENeH Azospirillum
(Myparosa u ap., 2005). Ha monenu A4. brasilense SR80—tmre-
HHUIIA ITOKa3aHO, YTO Heq)TB HE MPCTATCTBYCT MPOABICHUIO
POCTCTUMYNUPYIONIEH aKTUBHOCTH OaKTEpPUU U HE BIMSACT
Ha npoaykuuio ero UYK. HltaMm mposiBisin XeMOTaKCUC
10 OTHOILICHMIO HE TOJIBKO K KOPHEBBIM 3KCCyaTaM MIICHHU-
161, HO U K chIpoit Hedtu (Myparosa u ap., 2005). On Ob11
YCTOWYHUB TaKkKe K TOKCUYCCKOMY JCHCTBUIO Tmdocara,
MOKa3bIBasi B €r0 PUCYTCTBUU CTAOHIBHO BHICOKHUI YPOBEHb
cunTe3a aykcuHa (Kproukosa u ap., 2005). Ha ocHoBe moiry-
YEHHBIX PE3yJbTaToOB pa3paboTaH criocod pUTOpeMeTnaIim
3arpsI3BHEHHOTO YITIEBOJIOPOIaMU TPYHTA C UCTIONB30BAHUEM
cMecu 000OBBIX U 3JIAKOBBIX pacTeHuit u A. brasilense SR80 B
kauecTBe MHOKyIsAHTa (ITatent RU 2403102). CymiecTBeHHBIH
MHTEPEC JIJIsl SKOJIOTHYECKOW OMOTEXHOIIOTHH TIPEJICTABIISET
mraMMm A. brasilense Sp245, ciOCOOHBIN B acCOIHAIINA C
KOPHSIMH HPOPOCTKOB MneHHIbl «Caparosckast 29» TpaHc-
(hopMupoBaTh HeopraHudeckrue (HOpPMbI MBIIIbSIKA (APCECHUT
B apCeHar), CHIXasi TOKCHYHOCTB 3Toro MeTayutonsa (Lyubun
et al., 2006).

Ha ocnoBe mtamma 4. zeae 3 Komnekunu puzochepHbIx
MukpooprauuzmMos MUb®PM PAH corpynHuKamu IpyIIibl
KoMmIaHui «broHOBaTHK» pa3paboTaH v MPOU3BOANTCS OHO-
npenapar Organit N, HarrpaBlIeHHBIH Ha YIy4dIIeHHE a30THOTO
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nutanust pacreHui (bionovatic.ru). CoracHo crieriuduKamm
MPOM3BOJMTENS, Tpenapar 3 GeKTHBEH Ha 3ePHOBBIX U 3ep-
HOOOOOBBIX KYNBTYpax, KyKypy3e, cCaxapHOi CBEKIIE.

Bricokast 3 (eKTHBHOCTh MCKYCCTBEHHBIX PACTUTEIBHO-
MHKPOOHBIX aCCOLMALHIA, CO3IaBACMBIX i1 VItro C y4acTHeM
A30CMUPHILI, TIOKa3aHa B Pa3BUTHH TEXHOJOTHH MHUKPO-
KJIOHAJILHOTO Pa3MHOXEHHSI PACTEHHH C [EIIbIO MOBBILICHUS
KayecTBa IOCAJ0YHOr0 MaTepHaja CeIbCKOX035HCTBEHHBIX
KYJIBTYD U COXPaHEHHS PEJIKUX BHJIOB PACTEHHH — HICTOYHUKOB
[IEHHBIX OMOJIOTHYECKH akTUBHBIX coenuHenuit (Tkachenko
etal., 2015).

3aknioyeHune

HecMoTpst Ha TOBOJIBHO ITPOAOIKUTENBHBIHN EPHO N3y ICHUS
Oaxrepwii poxa Azospirillum, nHTEpEC K HUM MHPOBOTO Ha-
YYHOTO cOO00IIIecTBa He 0ClIabeBaeT; KOJIMYECTBO MOCBSIICH-
HBIX UM MyOJNUKalWui B TEUEHUE MOCIETHETO JECATHICTUS
HEYKJIOHHO pacTeT, T0CTUTrHYB 250 cTaTeii B roj (110 JaHHBIM
www.scholar.google.com). IlonydeHHbIC 3HAHUS CITyXKaT
0azoi JyIs pacIIMpeHUs MCCIIeTOBAHUI pa3HOOOpa3HBIX
OaxTtepuii, 00pa3yIOIINX aCCOIUAIINN U CHMOHO3BI C paCTCHH-
sMU. VIMEHHO B 9TOM HamnpaBlieHnH pa3BuBaeTcst Koyekius
pusocdepnbix Mukpooprannzmos UB®PM PAH B HacTos-
11ee BpeMs, U B 3TOM CMBICIIE POJIb MOJJOOHBIX CHEIHATU3H-
POBaHHBIX KOJUICKLIMI TPYAHO MEPEOIeHUTh. B pesynsrare
yaactust UBOPM PAH B poccuiicko-eBpomeiCKoOM POeKTe
7-11 Pamounoit mporpammsl Epomneiickoro Coroza «baHkn
puzocdepHbIx Mukpoopranuzmosy» (Banking Rhizosphere
Micro-Organisms) BRIO No. 266106 (2011-2014 rr.) vacts
mraMMoB KoJuieKIiuu BKJIIOUCHA B MAHEBPOICUCKYIO 0a3y
JIAHHBIX PU30C(HEPHBIX MUKPOOPTaHW3MOB, IIPEIHA3HAYCHHYIO
JUISL TIOJIEPKKHM KaK Hay9YHBIX MCCIIEOBAaHUN MHKpOOHOMa
pu3ocdepsl, Tak u mpakTHdeckoit omorexHomoruu (Declerk
etal., 2015).

Crienyer OTMETHTB, YTO ONHMCAHHBIC BBINIE PE3YJbTaThI
nony4ensl B UBOPM PAH c ncnions3oBaHueM COBPEMEHHBIX
METOJIOB, B TOM YHCJI€ B paMKaX POCCHHCKHX M MEXAyHa-
ponubix mpoektoB (PH®, POOU, rpantos IIpesunenta
Poccun, rocynapcteennsix nporpamm, MHTL], INTAS,
NATO, FP-7 u 1p.). DT nanHbIe Jern B ocHOBY 6onee 80 3a-
MIMIIEHHBIX KaHAMJATCKUX M JOKTOPCKUX JAMCCEPTAIUi.
Ony6nukoBano 6osee 600 paboT B POCCHIICKHUX U MEKIyHA-
POAHBIX Hay4yHBIX M3MaHuAX. Co3maHa Hay4yHas IIKOJIA TIO0]
PYKOBOZICTBOM TIpodheccopa, A.0.H., 3aCITyKEHHOTO JEATEIs
Hayku P® B.B. MruaroBa, HEOIHOKpPAaTHO NOIJEPKAHHAS
rpaatamu [Ipesunenta P®. Psn uzoOpereHnit 3aniuimmeHpl
nareHTamMu P®. IllTaMMbl — CTUMYNIATOPBI POCTA PACTEHUN
U JIeCTPYKTOPHI MOJUTIOTAHTOB — B MTOCIIEHEE BPEMsl CTalu
00BEKTOM MPHUCTATBHOTO HHTEPECa CO CTOPOHBI OTCUECTBECH-
HOTO MaJIoro Ou3Heca.

Takum oOpaszom, Ha npumepe Komrekium puzocdepHbix
Mukpoopranuzmos UB®OPM PAH Becbma 0T4ETIIMNBO BUHO
3HaYEHHE TOJJOOHBIX CIIEIMATbHBIX COOpaHuii 11 DyHIaMeH-
TAJBHBIX U MTPUKJIAJHBIX aCIIEKTOB OMOJIOTUYECKOM HAyKH.
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