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

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 5'TOP-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, T4A55E). 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) — eanHcTBeHHbIN 6enok 40S cy6uyacTul, syKaproTuyecknx pubocom, cno-
Co6HbI hochopunmposaTbes. Pnbocombl ¢ pochopunmpoBaHHbiM RPS6 MoryT cenekTMBHO TpaHcimposatb 5 TOP
(5"-terminal oligopyrimidine)-copgepkawne MPHK, koTopbie KogupytoT 60MIbLUIMHCTBO 6EMKOB TPaHCAALVOHHOMO anmna-
paTa KneTok. lccnepoBaHue TpaHCAAUMOHHOrO KoHTpona 5 TOP-mPHK, KkoTopble npenmMyLyecTBEHHO TPaHCINPYIOTCA,
korpa RPS6 dochopumnmpoBaH, 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 pochopumnmpoBaHme KMHazamm BepxHero ypoBHsa (AtPDK1 — no cepuHy (S) 296, AtTOR
—no TpeoHuny (T) 455 n Takxe no S437). Mbl knoHnposanu KAHK-reH AtRPS6K2 n nposenu ero myTtareHes in vitro, 3ame-
HUB KOLOHbI $S296, S437 1 T455 Ha TpunneTbl, Kogupyowme pochommmeTnyeckyto rnyTammHoByto Kucnoty (E). Mocne
akcnpeccnmn obenx KAHK B kneTtkax Escherichia coli 6binn BblaeneHbl 4Ba PEKOMOUHAHTHbIX 6efika: HeMyTUPOBaHHbI
BapuaHT — AtRPS6K2 n myTnpoBaHHbIl BapuaHT — AtRPS6K2(S296E, S437E, TA55E), npeanonoxunTenbHO, HaxoAALMIACA
B CTaBUNbHO aKTUBHOM COCTOAHMM. AKTUBHOCTb 3TVX KMHA3 Oblfia NpoTeCcTMpOBaHa in vitro. MokasaHo, uto obe KrHa3bl
Ccnoco6Hbl pocdopunrposatb prbocoMHbin 6enok TaRPS6 B coctaBe 40S prubOCOMHBIX CybyacTuL, BblAeNEHHbIX 13
3apogablwei nwenunubl (Triticum aestivum L.), HO akTMBHOCTb HAaTUBHOW KKHa3bl Oblfa HUXKe B CpaBHEHMM C ee pocdo-
MUMeTUYecko popmoit. CnocobHOCTb PeKOMOVHAHTHON HAaTUBHOW KiHa3sbl dochopunuposaTb TaRPS6 MoxeT ObiTb
obbAcHeHa ee pochopunmpoBaHrem GakTepranbHbIMU KMHa3aMU Ha CTaamMAx sKkcnpeccun u BolgeneHna. Gocpomu-
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Constructing the constitutively active ribosomal protein S6 kinase 2
from Arabidopsis thaliana (AtRPS6K2)

METNYECKN MyTUPOBaHHas KnHa3a AtRPS6K2(S296E, S437E, TA55E) MOXET Cly>KUTb YL0OHbIM CPEACTBOM A8 UCCNIER0-
BaHuA n3bumpatenbHol TpaHcnauun 5 TOP-copepawmx MPHK B 6eckneTouHoM cucteme 13 3apoablileit neHnLbl, B
KOTOPOW 60MbLWIMHCTBO 40S pUOOCOMHbBIX CyOUacTUl nmeeT pochopurnmpoBaHHyto popmy TaRPS6. Kpome Toro, Takoi
NMOAXOA MOXET HaliTV BUOTEXHONOMMYECKOE MPUMEHEHME AJIA CO3AaHNA reHeTUYeCKr MoandULMPOBaHHbIX pacTeHNI
C YBeNMYEHHOMN 61OMacCcom 1 NPOAYKTUBHOCTBIO 3a CYET CTUMYNALMN POCTa U AeNIEHNA KNEeTOK.

KnioueBble cnosa: nweHuua (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 mTORC]1 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-

234

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 A4ZRPS6K2, it is necessary that it be
phosphorylated by pPDK 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 A#fRPS6K2 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-

BaBunosckuii xKypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 3



A.B. Xurainnos, 3. CtaH6ekoBa, [.K. beliceHoB
A.C. Hnskopogosa, H.C. NMonnmbeToBa, b.K. Vickakos

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 ug/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¢tRPS6K2 or His-4tRPS6K2(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 AZRPS6K2(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-AtRPS6K2(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-4zRPS6K2 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.
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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 A¢TOR
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 4. 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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AnHoTayuma. QakTop Hekpo3a onyxonel (TNF) — ogvH 13 OCHOBHbIX LIUTOKMHOB, MeAMATOPOB NMMYHHOW CUCTEMBI,
obecneyurBaloLWX 3alUTY OpraHM3ma yesioBeka OT BUPYCHbIX MHbeKuniA. B npouecce 3BonoUMM aHTPOMOrEHHbIN
BUpPYC HaTypanbHom ocnbl (Variola virus, VARV) ocBonn 3¢ deKkTUBHbIE MeXaHM3Mbl MPEOAONEHNA UMMYHONTOTNYECKUX
6apbepoB yenoBeka, KOAUPYA B CBOEM reHoMe 6esikK, CNOCO6HbIE B3aMMOAENCTBOBATb C PeLenTopaMmn LUTOKUHOB
OpraHmn3Ma-xo3sanHa, 61IoKMpya TakM 06pa3om KX aKTUBHOCTb. B uacTHocTw, reH G2R 3TOro Brpyca KogupyeTt 6enok
CrmB, koTopbliii 3ddpeKTnBHO cBA3bIBaeT TNF yenoseka 1 Mbiwweit. Mpy 3TOM AaHHbIN 6eNoK ABNAETCA ABYXAOMEHHbIM
1 Hapagpy ¢ TNF-ceasbiBatowm 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 HaTypanbHol 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 peKoMOMHaHTHasA Nna3Mraa, HanpaBRAlLLas B KneTkax Escherichia coli GnocnHTe3 yKopoueHHoro
opHogomeHHoro TNF-ceasbiBatowiero (TNF-BD) 6enka VARV. MeTogom MeTann-xenatHon apPprHHON XxpomaTtorpadum
13 KNeTOK BblaeneH pekoMbuHaHTHbIN 6enok TNF-BD. Tepanestuueckuii noteHuymnan 6enka TNF-BD n3yyeH B skcne-
PUMeHTaNbHOW MOAENN CENTUYECKOrO LWOKa, MHAYLMPOBAHHOIO B OPraH13Me Mbllel BBeAeHUeM GaKTepuanbHOro
nunononucaxapuaa (J1MNC). Mocne MHAYKUMM CENTUYECKOTO LLOKA XMBOTHbIM BBOAUN pa3Hble J03bl PEKOMOUHAHTHO-
ro 6enka TNF-BD u peructpupoBanu vx rubesnb B TedeHre 7 CyT. Bce mbiwm, He nonyyaBwme npenapart 6enka TNF-BD
nocne nHbekuyun JIMC, nornbnam yepes 3 cyT, a B rpynnax »K1BOTHbIX, KoTopbiM BBogmnn TNF-BD, B 3aBUcMMOCTY OT
n03bl 3T0ro 6enka Bolxunu 30, 40 nnun 60 % Mblwen. Pe3ynbTtaThl nccnefoBaHMA AEMOHCTPUPYIOT Hannume cneunon-
Yyeckoi bapmakonormyeckom akTMBHOCTM y pekombuHaHTHoro 6enka TNF-BD, cuHTe3MpoBaHHOrO B GakTepuranbHbIX
KneTtkax, B MbiluHow mogenu JINC-nHAyLMpOBaHHOrO CENTUYECKOTO LWOKa.

KnioueBble cnoBa: 6enok VARV-CrmB; Bupyc HaTypanbHol ocnbl; JINC; centnyecknii Wwok; TNF-cBA3bIBAOLLMIA JOMEH.

[Ona yutuposaHus: Minesa W.MN., Akybuuknin C.H., Konocosa W.B., LenkyHos C.H. PeKOMOMHAHTHBIN YKOPOUEHHBI
6enok TNF-BD Bupyca HaTypanbHo ocrbl npoaBaseT cneunduryeckyo papmakonornyeckyto akTBHOCTb B IKCre-
pPVMEHTaNbHOM MOLENMN CEeNTUYECKOro LWoKa. BaBUNOBCKNI XXypHan reHeTnkn 1 cenekuymm. 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
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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 wacTHOCTH, BUPYCHBIH T€HOM JIE€TEPMUHHPYET CHHTE3
CEKPEeTHPYEeMbIX OENKOB, UMEIOIIUX CTPYKTYPHOE CXOJICTBO
C KJIIETOUYHBIMH PELENTOpaMu IIUTOKNHOB. BupycHble Oenkn
(DYHKIIMOHMPYIOT KaK CBSI3bIBAIOIINE ITUTOKUHBI PELICIITOPHI,
Onokupys TakuM obpaszom ux aktuBHOCTH (Shchelkunova,
Shchelkunov, 2016). Crtoco6HOCTB BUPYCHBIX 0eITKOB d(pdek-
THUBHO B3aHMO/ICHCTBOBATH C UMMYHHOM CUCTEMOI uesioBeKa
OTKPBIBACT NMEPCIICKTUBY UX UCIIOJIB30BAHUSA IJISA pa3pa60TKI/I
NMMYHOMOYJIHPYIOIINX TEPareBTHIECKUX CPEACTB HOBOTO
TIOKOJICHHSI.

Hexoropsie TNF-61o0karopsl — 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,
MMPOIIIN KIIMHUYCCKUEC HUCHIBITAHUA W PpaspCUICHBI MJIA ITPpU-
MEHEHHs B MEIMIMHCKOI MpaKTHUKe, HO HE OIWH M3 Iepe-
YHCJICHHBIX MTPENaparoB He oKa3ajcs 3()(EKTHBHBIM IPOTHB
cenTryeckoro moka (Monaco et al., 2015). IIpogemoncTpH-
poBaHHasl in vivo U in vitro Bbicokast TNF-HelTpanu3syroas
akTuBHOCTH Oenrka VARV-CrmB Bupyca HaTypanbHOH OCTIbI
(Gileva et al., 2006; Shchelkunova, Shchelkunov, 2016)
MI03BOJISIET HA/IESATHCS, YTO OCHOBOM TEpaIreBTUUECKUX IIpe-
IapaToB HOBOTO MOKOJICHHSI MOXKET CTaTh ATOT OEJIOK.

OHIOTOKCHYECKUH MIOK, MHAYIMPOBAHHBIHN JHIONOIUCA-
xapuaom (JIIIC) rpamoTpunaTensHbIX OakTepuil (peakmus
[IIBaprimMana), — 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 HIOKOM IIPUBOANIIO K JOCTOBEPHOMY YBCINYCHHUIO
BBDKMBAEMOCTH MBIIIEH M OTYETIIMBOMY CHIDKEHHUIO T'HCTO-
MaTOJIOTUYECKUX U3MEHEHHUH BHYTPEHHUX OPTaHOB 110 CPaB-
HEHHIO ¢ KOHTpoNbHbIME kKBOTHBIMH (Gileva et al., 2006).

[MomHOpa3mepHsIil pekomMOnHaHTHBIN 6e1ok VARV-CrmB
nMeeT MOJIEKYIsIpHyTo Maccy 47 k/la, 1 B ero CTpyKType BbI-
nemnsitoT N-koH1eBoit TNF- (TNF-BD) u C-xoH1ieBoit xemo-
kuH-cBa3pBatonmii (Ch-BD) momensr (Alejo et al., 2006).
C 1enbio yMEHbIICHUS! UMMYHOTCHHOCTH PEKOMOMHAHTHOTO
6emka VARV-CrmB panee HaMH NOJTy9€H €ro yKOPOYCHHBIN
omaonomeHHbI BapuanT TNF-BD. [Tokazans! Ononormaeckast
aktuBHOCTH Oenka TNF-BD in vitro (nHruOupoBanue xak
murorokenanoctd TNF miist KynbTypsI KiieTok (HOpo01acToB
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Mein 1929, tak u TNF-uHAyIIMpOBaHHONW OKUCIMTENBHO-
MeTabOoINIEeCKOW aKTUBHOCTH JICHKOIIUTOB KPOBU MBIIICH)
(sipennopxues u ap., 2014; Tperyouak u ap., 2015), a Tak-
K€ MOHKEHHAss HMMYHOTEHHOCTh OTHOCUTENBHO MOJIHOPA3-
MepHoro 6enka (Hemomusmux u ap., 2017).

Lenp HACTOSIIETO MCCIEAOBAHUS — U3YUYEHHE crenudu-
yeckol (papMakoIoruueckoil akTHBHOCTH YKOPOYEHHOTO
oxHOOMeHHOTO pekomOuHanTHoro Oenka TNF-BD Bupyca
HaTypaJIbHOU OCIIbI i Vivo, a UMEHHO — B 9KCIIEPUMEHTAIBHOM
mozenu JITIC-uHaymupoBaHHOTO CENTUYECKOTO 1I0KA.

MaTtepwuanbl n metogbl

Pearenrtsl. /[y11 NpUroTOBIICHUS XKUJIKUX U TBEPAbIX IIHUTa-
TEJILHBIX CPE/ICTB MCHONIB30BaIN OAKTOIETITOH, JIPOAIKEBOI
akcTpakT u 6akrtoarap (Difco, CIIIA), aHTHOMOTHKN aMTIH-
LWUIMH, TETPAUMKINH U KaHamuuuH (Sigma, CIHA). Pe-
KOMOMHaHTHYIO0 TasMunayo IHK BBIAENs N ¢ MOMOIIBIO
Habopa Qiagen Plasmid Midi Kit (QIAGEN, I'epmanus).
B pabore ObuTH IPUMEHEHBI TAKXKE peakTUBbI prupMbl Sigma
(CIOA): mmunazon, JITIC Escherichia coli 055:B5, moveBuHa,
ernnmeruncynshonmipropun (PMSF), IPTG.

PexoMOuHaHTHBIE MJIA3MUABI M 0aKTepHAIBHbIE IITAM-
Mbl. PekomOnnanTHas mwiasmuaa pQE60-TNF-BD mrobe3no
npenoctasnena T.B. Tperyouak (Tperyouak u np., 2015).
Jlist aMIuinuKany 3To! TIa3MHUAbI MCIIOIB30BANIN ILITAMM
E. coli XL10-Gold (QIAGEN, I'epmanmus), a ams Hapa-
6otku pexkomOunanTHoro Oenka TNF-BD — mramm E. coli
SG13009[pRep4] (QIAGEN, I'epmanust). KommneTeHTHBIE
knetku E. coli XL10-Gold u E. coli SG13009 momyyanu mo
meroay (Mandel, Higa, 1970).

bakrepuaiabHbie cpeabl. i KyJIbTUBUPOBAaHUS IITAMMA
E. coli SG13009[pRep4], coneprxamero pQE60-TNF-BD, nc-
MoJIB30BaNM cTaHaapTHyto LB-cpeny (Sambrook et al., 1985).

duiekTpodopes, xpomarorpadus. OpakiMOHUPOBAHHE
6emxoB poBoamn B SDS-TTAAT o cTannapTHO# MeToAnKe
(Laemmli, 1970), c momo11sr0 MapKepoB MOJIEKYJISIPHBIX MacC
6enkoB PageRuler™ Plus Prestained Protein Ladder (Thermo
Scientific, CIIA) (11, 17, 28, 36, 55, 72, 95, 130, 250 xa).
Merait-xenarnyto apuHHYI0 Xpomarorpaduio mpoBoamIH,
ucnonb3yst Ni-NTA araposzy (QIAGEN, I'epmanust), Ha ko-
nonke o0bemoM 1 mir. KoHtieHTpamnmio 6enka onpeaessuTi o
metony (Bradford, 1976).

/KuBorHble. B sxcnepuMeHTHl Opajy caMOK MbIIIEiH
muann BALB/c ¢ maccoit Tenma 19-21 r (Bo3pacT 8-9 Hen),
MOJIyYeHHBIX M3 BUBapus 1 0Ccy1apCTBEHHOI'O0 HAyYHOTO
LIEHTPa BUPYCOJIOTUU U OuoTexHonoruu «Bekrop» Pocrio-
TpebHam3opa (KomsrioBo, HoBocnbupckas obnacts, Pocens).
Mpl1eii cogeprkany Mpu eCTECTBEHHOM CBETOBOM PEXHUME U
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MTOCTOSTHHOM JIOCTYTIE K BOZI€ U nulie. JXUBOTHBIX BBIBOAUIU
13 DKCTIEPIMEHTA B COOTBETCTBHU C TIPABUIIAMU, IPHHATHIMA
EBpornelickoil KOHBEHIIMEN MO 3alUTE >KMBOTHBIX, UCIIOJb-
3YEMBIX JIJIsl OKCTIEPUMEHTAIbHBIX LIEJIeH.

Pe3ynbratbl
Hapa6orka pexomounanTHoro 6enka TNF-BD. [ noiy-
YEeHUS] HHOKYJISITOB OBUIN B3ATHI MHAUBHIYaJIbHbIC KOJTOHUU
Ap'-, Km'-, Tc'-rpancdopmantoB E. coli SG13009[pRep4].
Wuokynst pazsoauiu cBexxuM L-OyasonoMm (1:50), coneprxa-
M 100 MKT/MIT aMIUInInHA | 110 30 MKT/MJIT KAaHAMUIIMHA
W TEeTPAMKINHA. bakTepuanbHyto KyabsTypy HHKYOHpOBaIn
npu 37 °C 1 HHTEHCUBHOM a’paliy 10 TOCTHKEHUS ONTHYE-
CKOH IJIOTHOCTH KYIBTYpPhI A5, = 0.3-0.5, 3aTem n106aBnsim
uaaykTop IPTG mo xonuentpamwu | MM (TIpOZOIKUTETH-
HOCTh MHAYKLUH 4 4). KiieTkn 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 mukiioB mo | MHH ¢ MHTEpBaJIaMH MEKIY
mukiamu B 30 ¢). Kak 6bu10 mokaszano panee (TperyOuak u
Ip., 2015), pexomObunanTHbIi 6enok TNF-BD cuntesupyercs
B KJIeTKax E. coli B BUE «Temnel] BKIIIOYSHHsD). J[jis1 BeIieneHust
L[EJIEBOTO 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 HaHOCWJIM Ha KOJIOHKY ¢ Ni-NTA arapo3zoit (V = 1 mi),
ypaBHOBEMICHHYIO 5 M 3Tor0 e Oydepa. Komonky mpo-
MbIBanH (2 Mt % 3) 6ypepom B (100 MM NaH,PO,, 10 MM
Tpuc-HCI, pH 6.3, 300 MM NaCl, 20 MM umunpazomn, 6 M
MOYEBHHA) U ITIOMPOBATH IeNeBOd MpoaykT oydepom C
(100 MM NaH,PO,, 10 MM Tpuc-HCI, pH 8.0, 300 MM
NaCl, 250 MM umunazon) (0.3 mia x 5). @pakiuu Beigese-
Hus aHam3upoBaiy B 10 % ITAAT. Pe3ynbraTsl BhIACTCHUS
npescTaBiaeHs! Ha puc. 1. @pakuuu, conepikaime 1HeaeBoi
NPOAYKT, 00beauHsuin. TakuM 0Opa3oM, ObLT BIZIEIICH Tpe-
napat pekomOuHanTHOTO O6e1Ka TNF-BD, unictora xoToporo,
TI0 IaHHBIM 3JIeKTpodopesa, cocTasisuia okoso 90 %.
HccnenoBanue TOKCHYHOCTH PEKOMOMHAHTHOIO GesIKa
TNF-BD. Jlns Toro 4To0BI ONPENeNuTh CIIOCOOHOCTH Tpe-
napara yKopoueHHoro ogHogoMeHHoro oenka TNF-BD mpe-
JOTBpalars Bzaumoseiicteue MpiHoro TNF co cnienudu-
YECKMMH PELENTOPaMH 3yKapHOTHIECKUX KIETOK, H3ydalln
€ro aKTMBHOCTh B TE€CTE HEUTPAIN3AIMN IIUTOTOKCHIECKOTO
neiictBus mTNF Ha KynbType KJIeTOK MBIIMHBIX (prubpobdia-
ctoB L.929, xak ommcano B padote (Tpery6uax u mp., 2015).
s ompernesieHUsl TOKCHYHOCTH PEKOMOWHAHTHOTO Oerka
B3sUIM JIBE TPkl Mbliieil muHun BALB/c (kaxnas rpymnmna
coziepKana MmATh KUBOTHBIX). OHOMN IpyIie BBOIWIN BHY-
TPUOPIOMMHHO (PU3MOJIOTHYECKUI pacTBOp, APYrol — pe-
KOMOMHaHTHBIN Oestok B 1o3e 50 Mkr/mbimb. Habmonenue
BEJIM B TEUCHHUE 7 CYT, 3a 3TOT MEPHO He OBLIO 0OHAPYKEHO
MIPOSIBIICHNH TOKCHYHOCTH PEKOMOMHAHTHOTO OeJIKa.
Hccnenopanne cnenupuueckoi papmMakoorudeckoi
akTuBHOCTH Oe1ka TNF-BD B skcnepuMeHTAIbLHONH MoO-
AeJIM CeNnTHYeCKOro moka. [IpeaBapuTenbHo JUIs MbIICH
nmuann BALB/c 6bi1a onpenencna no3a JIIIC E. coli 055:BS,
BeI3pIBaromias rubens 100 % sxusorueix (JII,,,), paBHas
20 mr/kr Beca. JKuBoTHBIC OBUTH OOBETUHEHBI B ST TPYII
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Fig. 1. Electrophoretic resolution of proteins.

(a) PAGE resolution of E. coli cell lysates with 10 % SDS. Lanes: 1, protein ladder;
2-4,SG13009[pRep4, pQE6O-TNF-BD]; 5, SG13009[pRep4l. (b) PAGE resolution
of recombinant TNF-BD protein fractions with 12 % SDS. Lanes: 1, fraction of
insoluble cell proteins of E. coli SG13009[pRep4, pQE60-TNF-BD] solubilized in
buffer A; 2, 3, loading onto a column with Ni-NTA agarose equilibrated with
buffer A; 4, 5, washing the column with buffer B; 6-10, elution of the target
product with buffer C; 71, protein ladder.
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Fig. 2. Survival of experimental animals with LPS-induced endotoxic
shock after administration of the recombinant TNF-BD protein.
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(o 10 ocoGeii B rpymnme). MelmaM B rpynmnax 1-3 BHYTpH-
OpromMHHO BBOAWIN pexomMOnHaHTHBIN Oenox TNF-BD B
mo3ax 0.2, 2 wru 20 MKr/meIms. Yepe3 30 MUH 3THM KHBOT-
HBIM BHYTpUOpIOIMHHO HHberupoBaiu pactop JIIIC E. coli
(055:B5) B nosze 1 JIM,,- I'pynmne cpaBnenus (rpynna 4)
BBOIMIIM TosbKO JITIC, a rpymme oTprnaTenbHOro KOHTPOIIS
(rpymma 5) — Harpuii-¢pocdarnsiii Oydep. [locie BBeneHus
MPEnapaToB MbIIIAM PETUCTPUPOBAIN HX THOENb B TEUCHUE
7 cyt. Pe3ynbrarhl SKCIIEpUMEHTa MOKa3aHbl Ha pHC. 2: Ha
KOHEIl 9KCIIEPUMEHTA 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. ['mnepnpoaykuust TNF MoxkeT nIpuBOIuTh K
ruOeNy OpraHu3Ma B Pe3ysibTaTe pa3BUTHSI CHCTEMHON BOC-
MAJIUTEIBHON PEaKLUK WM CeNTHYeCKoro moka. Cerncuc u
CETTUYECKUH IIOK 10 HACTOSIIETO BPEMEHH IPEICTABISIOT
OJIHy M3 OCHOBHBIX ITpoOJieM 31paBooxpaHeHus. Exeromano
OHU SIBJISIFOTCSI TPUYMHON CMEpPTH 00Jiee MUJUTMOHA YEJI0OBEK
(Seymour, Rosengart, 2015). TNF-aHTaroHUCTSHI, 1eHCTBYTO-
MM Ha4aJIoOM KOTOPBIX OBLIM MOHOKJIOHAJIbHBIC aHTHUTEIa
(Infliximab, Adalimumab) nnu aHayIor KJIETOUYHBIX PELENTO-
pos (Etanercept), mpoImIf KIMHAYECKHE HCIIBITAaHUSI U Pa3-
pELICHBI ISl IPUMEHEHUS B MEIUIIMHCKON MIPAKTHKE, HO HE
OJIMH M3 3TUX MPeraparoB He IMPOSBHUII TEPareBTUYECKOM aK-
TUBHOCTH IIPOTHUB cenTryeckoro moka (Monaco et al., 2015).
[TosTOMY NMOMCK HOBBIX KJIACCOB COCANHEHUH, 00TaJaf0INX
TNF-neliTpanusyomiel akTUBHOCTbIO, OCTA€TCs aKTyalbHON
POOIEMOiA.

Cy1iecTBOBaHNE BUPYCHBIX OSITKOB, CIIOCOOHBIX CBSI3bIBAThH
LUTOKKHBI U, B yacTHOCTH TNF, 6110Kupyst TakuM 00pa3oM ero
aktuBHOCTH (Shchelkunova, Shchelkunov, 2016), mo3BomnsieT
MIPEJIIONIOKUTH BO3MOKHOCTb Pa3padOTKH HOBOTO TIOKOJICHUST
TNF-anraronucros Ha ocHoBe TNF-cBsizpiBatomero oesnka
BHpyca HaTypaibHOil ocisl (VARV-CrmB). Panee namu mo-
Jy4eH peKoOMOMHaHTHBIN OakynoBupyc BVi67, Hecymuii ren
6enxa VARV-CrmB, a n3 nHQpUIMPOBAaHHBIX UM KJIIETOK Ha-
cexoMbIX TuHIA Sf21 BeIIeIeH peKOMOMHAHTHBIN BUPYCHBIN
6enok. PexomOunanTtHsril 6eok VARV-CrmB sddexrisro
Heiirpanuzyer a3pdektsl TNF B sxcriepuMeHTalIbHBIX CHUCTe-
Max in vitro u in vivo (Gileva et al., 2006). OcoGeHHO cnemyeT
MOTYEPKHYTH €TO BHIPA’KEHHBIH TepareBTHIeCKUi 3 (eKT Ha
nposieienue JIIIC-uH1ynupoBaHHOTO CENTUYECKOTO II0Ka Y
MBIIIEH, 9YTO OTYETIANBO CHIKAET TUCTOMATOIOTHUECKUE U3~
MEHEHHs BHYTPEHHHX OPTaHOB M JIOCTOBEPHO YBEIMUUBACT
BbDKMBaeMoCTh KMBOTHBIX (Gileva et al., 2006). HoBerii
TNF-anraronuct, kpome TNF-HelUTpanu3yoero noTeHuua-
Ja, TOJDKEH 00J1a1aTh HU3KOM MMMYHOTEHHOCTBIO, TaK Kak
3 PEKTUBHOCTH TPUMECHEHHS [Tperapara MOXKET ObITh CHIDKE-
Ha M3-3a Pa3BUTUSI IMMYHHOTO OTBETA Ha TEPareBTUYECKUI
6erox (Chen et al., 2015; Eng et al., 2015).

ITomHOpa3mepHsbIit pekomMOuHaHTHBIN Oeok VARV-CrmB
(47 x/la) ob6mamaeT croCOOHOCTHIO K OJMTOMEPHU3AIIIH, 3TO
MOXXET CHHU3HTBH €T0 TEePANeBTUUCCKHH MOTECHIMAT MPH MO-
BTOPHOM HJIM MHOTOKpaTHOM IpuMmeHeHuH. bemox VARV-
CrmB cocront n3 TNF- 11 XeMOKHH-CBA3BIBAIOIIETO JOMEHOB
(Alejo et al., 2006). Hamu caemaHo MpeAIIONIOKEHHUE, 9TO
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oHOIOMEHHbIN ykopoueHHbIH TNF-cBsizpiBatonmii 6enox
COXPAHHT CBOIO TEPANIEBTUYECKYIO0 aKTHUBHOCTB U OyJeT 00-
JaaTh CyIIECTBEHHO MEHBIIEH MMMYHOTCHHOCTBIO. BbII
MOJTy4eH OaKTepUalIbHBIA MPOLYLEHT YKOPOYEHHOro OesKa
TNF-BD, cootsercrytomero TNF-cBsi3bIBatonieMy 10MEHyY
oemxa VARV-CrmB, 1 skcriepuMeHTaIbHO J0Ka3aHa ero CIo-
CcOOHOCTh MHTUOMPOBATH IUTOTOKCUYHOCTH TNF Ha KiteTkax
MBIIHBIX (prudpodractoB L929 1 TNF-uHIyIMpOBaHHYIO
OKHCIIUTEIbHO-METa00IMIECKYI0 aKTUBHOCTh JICHKOIIUTOB
kpoBu Mbiied (L{pipennopxues u ap., 2014; TperyoOuak u
Ip., 2015). IIpu atom pexombunanTHeri TNF-BD nposBisin
CHIDKEHHYIO IMMYHOT€HHOCTb OTHOCHTENIFHO Oenrka VARV-
CrmB npu MHOTOKpaTHOM BBEJCHUH JKCIIEPUMEHTAIILHBIM
*uBOTHBIM (Hemomusmmx u ap., 2017).

B Hacrosiiem nccie0BaHuN H3yUYeH TepareBTHUeCKHH 110-
TEHIMaJl KOPOTKOTO PEKOMOMHAHTHOTO OJJHOZIOMEHHOT0 OeJka
TNF-BD B skcriepuMeHTaIbHOW MOJEN CENTUYECKOrO HI0KA.
C oroit nensro 6enoxk TNF-BD Beigenmnn us knetox E. coli
METOJIOM MeTaJUI-XeJaTHo! adruHHOI Xpomarorpaduu, Kak
9TO MOKa3aHo Ha puc. 1, a u 6. Ilpu ero BHyTpHOPIOIIMHHOM
BBe/IeHHN MbltaM Jinand BALB/c ycranoBiieHO oTcyTCTBHE
TOKCUYHOCTHU. [[71s1 MbIIIeil 3TOM JIMHUM SKCIIEPUMEHTAIBHO
onpenenena go3a JITIC E. coli (055:B5), Be3pBaromias 100 %
rubens KUBOTHBIX (JII; o). IIpu BHYTpUOprOIIMHEOM BBE-
nerun JITIC u Genka TNF-BD B Haieit padoTe BrnepBbie
MIPOIEMOHCTPUPOBAHA J0303aBUCHMAs criennpuaeckas dap-
MaKOJIOTYeCKasi aKTUBHOCTh HU3KOMMMYHOT'€HHOTO YKOPO-
4yeHHoro pekomOuHantHoro 6enka TNF-BD B monenu JITIC-
WHIYIIMPOBAHHOTO CENTHYECKOTO MOKa (CM. puc. 2).

Cremyer OTMETHTB, YTO BOIPOC MPABOMEPHOCTH HCIIONb-
30BaHMs1 MBIIIMHOM MOJIENIN 9HI0TOKCUMUH (peakimu [1[Bapii-
MaHa) Ui BBIABJICHUS HOBBIX NPENaparoB I Tepanuu
CENTHYECKOTO IIOKA Y JIIOAEH OCTAaeTCsl JUCKYCCHOHHBIM.
OcCHOBaHUEM JIJIsl CKENITHYECKOIO OTHOILEHUSI K MBIIINHON
MOJIETIH CITyXaT OTINYMSA PE3YJbTaTOB TPAHCKPUIITOMHBIX
AQHAJIM30B, MEXaHU3MOB Pa3BUTHUS BPOXKJCHHOTO U ITpHOOpe-
TEHHOT'O MIMMYHHBIX OTBETOB, T€TEPOreHHOCTh YeJIOBEYECKON
MOMYJISIUY VErsus FTOMOT€HHOCTH MHOPETHBIX JIMHUH MBITIIEH
(Efron et al., 2015; Stortz et al., 2017). He uckiodeHo, 4to
peraparsl, MPOSIBUBIIHE BHICOKYIO 9()()EKTHBHOCTh B MBI~
HOM MOJIEITH cericrca, He OymyT 32(h(heKTHBHBIMH IS 4eTIOBEKa,
Kak 3To ciyumiiock ¢ npenaparoM Centocor (Thayer, 1993).
OpHako MPOCTOTA MPOBEJCHUS SKCIIEPUMEHTA U BOCIIPOU3-
BOJMMOCTh PE3YyJIbTaTOB JENAl0T 3Ty MOJEIb HE3aMEHUMOMN
Jutst nepBUYHOTO CKpUHUHTA TNF-CBSI3BIBAIONINX TEPATIEBTH-
YEeCKHUX MpenaparoB.

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 MOJEIBbHBIM OOBEKTOM JJISI M3yUCHHS B3aMMO-
JIEHCTBHUS BUPYCHBIX OCITKOB ¢ KOMITOHCHTAMH HMMYHHOU
CHCTEMBI OpraHu3Ma uyejoBeka. MeToJaMu JelelIHOHHOTO
aHaJM3a W MyTareHe3a, peHTICHOCTPYKTYPHOTO aHaN3a,
KOMIBIOTEPHOTO MOJICITUPOBAHUS BOZMOKHO HICHTH(PHUITUPO-
BaTh B cTpyKType 0esika TNF-BD aMuHOKHCIIOTHBIC OCTATKH,
ocyuiecTsisitonue Bzanmosericraue ¢ TNF u cocrasisitonue
KOHKYPCHITHIO KIICTOYHBIM PEICTITOPaM.
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Determination of the breeding value of collection chickpea
(Cicer arietinum L.) accessions by cluster analysis
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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 prio-
rity 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 acces-
sions. One hundred and fifty two sources of valuable traits were identified for 11 parameters: drought tolerance, re-
sistance 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
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 accessions 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 consists 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 perfor-
mance, moderate yield capacity, medium protein content, poor cooking 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.
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OmnpenesnieHNe CeIEKIMIOHHO IIeHHOCTU
KOJUIEKILIMIOHHBIX 00pa3110B HyTa (Cicer arietinum L.)
MEeTO/IOM KJIaCTE€pPHOr'0 aHajM3a
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AHHoTayusa. OueHKa reHeTMyeckux pecypcos HyTa (Cicer arietinum L.) B HETUNNYHON ANA BbIPALLMBAHUA 30HE
(BOCTOYHaA YacTb necocTenu YKpauHbl) JaeT BO3MOXHOCTb BbIAENTb LIEHHbIV UCXOAHBIM MaTepuan ana npuo-
PUTETHBIX HampaBneHWin cenekumun. B ctaTtbe NpeacTaBfieHbl pe3ynbTaTbl KNAaCTEPHOro aHann3a obpasLoB HyTa
HaumoHanbHOro LeHTpa reHeTuyecknx pecypcos pacteHnit YkpanHbl (HLITPPY) no komnnekcy arpoHoMmuyecKmnx
xapakTepucTuK. B nepuop 2005-2017 rr. 6bi11 n3yyeHbl 653 obpasLa 6asosoii Konnekuun HyTa HLIFPPY: 369 06-
pa3uoB mopdoTuna kabulin 284 — desi. BoligeneHbl 152 MCTOYHMKA LEHHbIX MPU3HAKoB Mo 11 nokasaTtenam: 3acyxo-
YCTOMUMBOCTM, YCTONUMBOCTM K aCKOXMTO3Y, CKOPOCMENOCTU (AIMTENIbHOCTI BEreTaLMOHHOIo Neprnoaa), ypoxai-
HOCTU, NPOAYKTUBHOCTY, KONMYECTBY NPOAYKTUBHBIX 6060B, KONMYECTBY CEMAH C OAHOrO PacTeHUs, peakLumm Ha
HUTPArMHU3aUmio, Cogep aHuno 6enka, KpynHoCT! CemsH, pa3BapmMmocTu. 3T obpasubl (77 Tuna kabuli — ceeT-
NOOKpalleHHble 1 75 desi — TeMHOOKpaLLEeHHbIe) Obiny CrpynnMpoBaHbl MO KOMMIEKCY LIEHHbIX XO3ANCTBEHHbIX
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OnpepeneHve cenekyMoHHON LIeHHOCTU KONEKLMOHHbIX
obpasuos HyTa (Cicer arietinum L.) MeTofoM KnacTepHoro aHanusa

NPY3HAKOB C MOMOLLbIO K/IaCTEPHOrO aHanmM3a MeTOAOM eBKIULOBbIX PAcCTOAHWNA. Pe3ynbTaTbl ncciefoBaHmsA
noKasasnu, YTo NpeAcTaB/ieHHan BbIOOPKa COCTOWT U3 YeTblpex KnactepoB. B knactepe 1 npeobnapatoT obpasLbl
Tuna kabuli ¢ onTManbHLIM COYETaHNEM LiEHHbIX MPU3HAKOB: 3aCyX0YyCTOMYMBOCTb, YCTONYMBOCTb K aCKOXMUTO3Y,
KPYMHOCEMAHHOCTb, BbICOKasA YPOXKaliHOCTb U NPOAYKTUBHOCTb, KONMYeCTBO 60608 1 ceMsH, cofepaHune 6enka
B CeMeHax. B 3TOT Knactep BowWAM CTaHAAPTbI U GONLLIMHCTBO 3TafIOHOB, KOTOPbIE XapaKTEPU3YIOTCA BbICOKOM
aAanTVBHOCTbBIO K YCNIOBUAM BOCTOYHOW YacTu necocTenn YkpavHbl. O6pasubl Knactepa 2 OTANYaloTCA BbICOKOM
YCTONUMBOCTBIO K aCKOXUTO3Y, MO3AHECNENOoCTbo, MENIKOCEMAHHOCTbBIO, HU3KMM cofiepaHunem 6enka, cpefHei
peaKkumeit Ha HUTPArvHU3aLUMio U BbICOKOW NMPOAYKTVBHOCTbBIO 33 CYET GOMbLIOrO KONMYecTBa NPoAyKTUBHbIX 60-
60B 1 cemMAH C OAHOro pacTeHus. bonbluas yacTb 06Pa3LIOB 3TOrO Knactepa — MeJIKoCeMsAHHbIE Mo3AHecnesnble
o6pa3subl TMNa kabuli. Knactep 3 coctonT 13 Tpex 06pa3LioB, OTINYAIOLNXCA BbICOKOW KPYMHOCTbIO CEMAH, Cpef-
HM YPOBHEM YPOXKaliHOCTY, BbICOKOW peakuyel Ha HATParmH3aumio 1 roBbilLeHHbIM CopepKaHem 6enka npu
HU3KOW YCTOMUYMBOCTM K acKoXmUTO3y. Knactep 4 o6bevHAET NpenmyLLecTBEHHO 06pasLbl MopdoTuna desi (63 %),
cpepHecnesible CO CPefHUMY NOoKasaTeNAMN YPOXKaNHOCTY, CoaepKaHnA 6enka 1 yCTOMYNBOCTU K aCKOXMTO3Y, C
HeBbICOKOW KPYMHOCTbIO CEMSAH 1 MPOAYKTUBHOCTbIO, HU3KOW Pa3BaprMOCTbIO 1 3aCyXOyCTOMUMBOCTbIO. MpeacTa-
BUTENN 3TOrO Knactepa — npenmyLecTBEHHO NCTOYHNKN OLHOIO Npn3Haka — N MOryT UMeTb Y3KOoe NpuMeHeHne B
cneurany3npoBaHHbIX CeTIEKLMOHHBIX Nporpammax. Ha ocHoBe NonyyeHHbIX AaHHbIX NpeAnaraeTca npuopuTeT-
HOe 1Crnonb3oBaHVe 06pa3LIOB NePBOro Kiactepa B ceNeKUMOHHbIX MPOorpaMmMax no Co3AaHuio COPTOB HyTa ANA
NecoCTenHowm 30Hbl.

KnioueBble C10Ba: HYT; KNaCTEPHbI aHaNn3; reHeTMyeckmne pecypcbl; UICTOYHMKM LIeHHbIX MPU3HAKOB; ceneKkumsa.
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Introduction

The world chickpea production is growing with every passing
year, especially in arid regions, where it is the main source of
protein for the population. Lack of varieties suitable for cul-
tivation in different geographical zones of the country, which
would combine high seed quality and resistance to bio- and
abiotic factors, is the main limitation that hinders the spread
of chickpea in Ukraine. The leading countries for chickpea
cultivation have already gone this way, have develop and
continue to develop plastic varieties, which allows expanding
their cultivation regions.

Exploration of genetic diversity is very useful, when one
works with genetic resources and for breeding programs, and
includes labeling, identification and/or removal of duplicates in
the gene pool and creation of core collections (Aliu etal., 2016).

Chickpea is a cheap source of high-quality protein in the
diet of millions of people, which is a good alternative to ani-
mal protein for a balanced nutrition. The quality of chickpea
protein is second only to milk protein. It is the second most
important grain legume in the world, and in some parts, such
as the Indian subcontinent, the first (Singh et al., 2015). Two
main chickpea types are distinguished in the crop: desi and
kabuli. Desi chickpea seeds are small, angular with dark
seed coats; kabuli seeds are relatively large, smooth, yellow,
yellow-pink or cream in color.

Kabuli chickpea seeds are considered more valuable due to
high contents of protein, dietary fiber, complex carbohydrates
and minerals. Both decorticated (removal of the seed coat)
and non-decorticated chickpea seeds are used. Use without
decortication involves boiling, frying or grinding to a paste (for
example, in hummus manufacture). Desi chickpea is used both
as split beans (dhal) and as flour (besan). Chickpea flour mixed
with wheat or rice flour is used for making bread (chapati) and
in confectionery (Tripathi et al., 2012). High drought tolerance
plays an important role in the significant spread of chickpea.
This feature of chickpea allows its growing in risky farming
areas with limited precipitation and obtaining high yields of
valuable dietary protein. With the expansion of arid zones and
extension of rainless periods, this feature of the crop widens
the prospects for its cultivation. However, to increase the sown
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acreage, it is necessary to develop new chickpea varieties that
are adapted to specific conditions.

Food and Agriculture Organization (FAO) informs that
the implementation of innovative breeding programs has
increased the total yield of chickpea from 0.71 t/ha in 1996
to 0.96 t/ha in 2014 (FAOSTAT, 2016).

In the last two years, the chickpea production in Ukraine
has grown from 6.5 thousand tons to 19.2 thousand tons due
to introduction of domestic varieties, such as Pamiat, Triumf,
Budzhak, and Odissei, with a potential yield of 1.8-2.3 t/ha
(Kernasyuk, 2018). Ukrainian breeders were able to achieve
such results owing to active involvement of the chickpea gene
pool, which is studied in the National Center for Plant Genetic
Resources of Ukraine (NCPGRU, Kharkiv). The NCPGRU’s
collection of chickpea comprises 1,897 accessions, with for-
eign varieties accounting for 91 % of the collection. One hun-
dred and thirty four accessions are of Ukrainian origin; 38 of
them are breeding varieties. FAO regards the NCPGRU’s
chickpea collection as one of the most important in the world
by volume and diversity. All accessions are studied for three
years and evaluated for phenological and morphological
characteristics, disease resistance, quality and chemical com-
position of seeds, and, as a result of this work, sources of
valuable traits are identified for further breeding. Based on
results, working, trait, genetic and other collections are formed
(The Second Report..., 2010).

To develop new varieties, it is important to use well-studied
and selected starting material. In addition, numerous domestic
and foreign studies show that breeding varieties have a narrow
genetic base, despite a wide assortment of chickpea accessions
stored in genebanks of different countries (Akinina, Popov,
2012; Khamassi et al., 2012; Benzohra et al., 2013;Vus et
al., 2017a). Expansion of the genetic base by involving new
parents in crossing is an important mechanism in breeding,
but this material should be well-studied and adapted to a
specific climatic zone.

Work with a collection of plant genetic resources implies
evaluating large numbers of accessions for a wide range of
different qualitative traits, which was applied to explore col-
lections of corn (Kroonenberg et al., 1995), rice (Nandini et
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al.,2017), lentil (Shikhalieva et al., 2018), chickpea (Malik et
al., 2014) and other crops. For the convenience of breeding,
different genotypes are grouped into clusters according to
the on genetic diversity, and the degree of genetic divergence
between them is assessed. For this purpose, cluster analysis
is one of the most acceptable tools to assess the relative
contribution of different traits — constituents to the total di-
versity, to quantify the degree of divergence and to choose
genetically diverse parents to generate desirable recombinants.
This was successfully done by N. Gupta et al., who studied
20 grape accessions for 9 yield traits (Gupta et al., 2017) and
by E.J. Oliveira et al., who analyzed the cassava genebank
in Brazil (Oliveira et al., 2016). The use of this method for
evaluating breeding material at the early stages of breeding
can accelerate the development of new varieties (Vilchinskaya
et al., 2017). It is used to analyze agronomic, phenological,
and morphological features in different crops, both to evalu-
ate hybridization results and to assess the gene pool diversity
(Motavassel, 2013). To solve this problem, researchers use
different variants of cluster analysis. For example, evaluating
11 cotton accessions, L.F. Aratijo et al. concurrently applied
several variants (single-link method, complete link method,
median, average linkage within the cluster and average link-
age between the clusters) and found that the average linkage
between the clusters was the most effective for their purpose
(Aratjo et al., 2014).

Cluster analysis is widely used in the breeding practice
for assessment of different crops and comparison of their
parameters. G. Evgenidis et al. applied this method, work-
ing with tomato starting material (Evgenidis et al., 2011).
M. Khodadadi used the Euclidean distance method and Ward’s
method (Khodadadi et al., 2011) for assessing the genetic
diversity and selection of parental pairs from 36 winter wheat
accessions. The Euclidean distance method was also used by
A. Subramanian and N. Subbaraman to group 38 corn acces-
sions by 25 traits, which allowed them to identify the most
distant pairs for crossing and showed that the geographical
origin was not associated with expression of the studied traits
(Subramanian, Subbaraman, 2010). P.M. Kroonenberg et al.
clearly demonstrated the effectiveness of cluster analysis
approaches for investigating collections of corn resources
(Kroonenberg et al., 1995).

To assess the genetic diversity of wheat, B. Mecha et al.
used cluster analysis and principal component method (Mecha
etal., 2017). V. Nandini used the K-average method to assess
14 agronomic traits in rice accessions (Nandini et al., 2017).
To select starting material for breeding for the quality of green
beans, the Mahalanobis method was used (Haralayya et al.,
2017). A. Kahraman et al. used the Euclidean distance method,
which enables one to assess the similarity between accessions
and identify groups of similar accessions, to group 35 bean ac-
cessions (Kahraman et al., 2014). The same method was used
to analyze the results of studying major economically valuable
traits in lentil accessions (Shikhalieva et al., 2018). S.R. Malik
used cluster analysis to evaluate 113 desi chickpea accessions
for 11 agronomic traits, which enabled him to identify a group
of accessions with a set of traits combining the most valuable
genotypes for further breeding (Malik et al., 2014). S. Aliu et al.
investigated the qualitative composition of chickpea seeds
and its association with yield indicators (Aliu et al., 2016).
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Cluster analysis methods allow comparing various num-
bers of accessions: from 6 (Kayan, Adak, 2012) to over 300
(Naghavi et al., 2012) by different quantity and quality of
characteristics under investigation: both qualitative and quan-
titative ones. Scientists from countries where chickpea is an
important crop have used cluster analysis to evaluate genetic
or selection material. For cluster analysis, both phonological/
morphological and genetic features are used (Hajibarat et al.,
2014; Aggarwal et al., 2015). For comparison of diverse agro-
nomically valuable traits, such as yield capacity, resistance to
diseases, growing period length and seed quality, the Euclidean
distance method, which enables one to identify the hierarchi-
cal structure among the studied accessions, group them by a
set of traits and select the most promising pairs for crossing,
is most often used to study chickpea accessions. This method
allows evaluating both similarity and distinction between ac-
cessions and characterizes the degree of expression of a trait
under investigation (Syed et al., 2012; Malik et al., 2014). This
makes it possible to distinguish the most distant accessions
for crossing, which can positively affect the heterosis effect.

Cluster analysis allows one to compare accessions, using
genetic markers, and characterize expression levels of the
studied traits, for example, in inbred corn lines or in offspring
from one cross (Subramanian, Subbaraman, 2010; Shrestha,
2016). K. Khamassi et al.’s studies proved that clustering by
morphological characteristics was close to genotypic clus-
tering by SSR markers (r = 0.554; p = 0.001). This makes it
possible to conduct an effective selection of parental pairs for
crossing based on assessments of morphological characteris-
tics only (Khamassi et al., 2012).

Our purpose was to group chickpea accessions using cluster
analysis and to select sources from clusters that have several
valuable economic characteristics for further breeding.

Materials and methods

Six hundred and fifty three chickpea accessions from the core
collection of the NCPGRU were taken as the test material for
studies conducted in 2005-2017. The studied accessions were
represented by two non-taxonomic groups: 369 kabuli acces-
sions (light-seeded — white, cream, beige) and desi 284 acces-
sions (dark-seeded —red, brown, green, black and other colors).
Geographically the studied accessions originate from 20 coun-
tries. The majority of the kabuli accessions are from Ukraine
(21 %); 20 % — from India; 13 % — from Syria; 11 % — from
Afghanistan; and 10 % — from Iran. The vast majority of desi
accessions originate from India (46 %); 12 % — from Canada;
7 % — from Syria; and 7 % — from Ukraine. Biologically, the
accessions are represented by old and modern commercial
domestic and foreign varieties and lines. The vast majority
of the studied assortment were breeding lines: kabuli — 63 %
and desi — 77 %.

Eleven parameters were assessed: drought tolerance, re-
sistance to Ascochyta leaf and pod spot, early ripening (ve-
getation period length), yield capacity, performance, number
of productive pods and number of seeds per plant, response
to nitrogenization, protein content, seed size, and cooking
quality.

The field experiments were conducted in scientific crop ro-
tation 1 in the collection nursery of the Laboratory of Genetic
Resources of Grain Legumes and Groat Crops of the Plant
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Production Institute named after V.Ya. Yuriev of National
Academy of Agrarian Sciences of Ukraine, which is located
in the Kharkiv district of Kharkiv region in the North-East of
the Left-Bank forest-steppe of Ukraine. Farmingtechniques
were conventional for grain legume cultivation in this zone.
Winter wheat was the forecrop. Chickpea was sown with
manual planters; the record area was 1 m?; the sowing scheme:
10%30 cm. Check varieties were sown every other 20 col-
lection accessions. Variety Rozanna (Ukraine) was taken as
the check variety for kabuli-type; Krasnokutskiy 123 (Rus-
sia) — for desi-type.

The collection chickpea accessions were studied in accor-
dance with “Methodical Recommendations for Studies into
Grain Legume Genetic Resources of the All-Union Research
Institute of Plant Breeding” (1975) and “Methodological
Recommendations for Studies into Grain Legume Genetic
Resources” (Kobyzeva et al., 2016). The accessions were ca-
tegorized by economic and biological characteristics using
the classifier of the genus Cicer L. (Bezuglaya et al., 2012).
The collection accessions were assessed for resistance to
Ascochyta leaf and pod spot in accordance with “Methodi-
cal Guidelines for Studies of Resistance of Grain Legumes
to Diseases” (1976). Provocative background was used to
simulate epiphytoties of Ascochyta leaf and pod spotin 2005
and 2016 (Kosenko, Bezuglaya, 2006; Bezuglaya et al., 2007;
Vus et al., 2017a; Vus, Kobyzeva, 2018). The average scores
for the epiphytotic years were used for the calculation matrix.

Drought tolerance was assessed by tolerance indices deve-
loped by foreign researchers (Fisher, Maurer, 1978; Rosielle,
Hamblin, 1981; Bouslama, Schapaugh, 1984; Gavuzzi et al.,
1997; Ribaut, Poland, 1999; Yiicel, Mart, 2014). Previously we
had evaluated drought tolerance of chickpea accessions using
drought tolerance indices (Vus et al., 2017b) and developed
a rating scale for assessing drought tolerance. Exceedance of
median for each individual index is defined as one point. The
total points give a seven-point score: from 0 to 7 points, where
0 —no exceedance of median for any index, 7 — exceedance of
median for seven indices. Thus, in this work, we used the fol-
lowing drought tolerance scale: 0 points — the accession is very
susceptible to drought, 7 — the accession is drought tolerant.

Response of the accessions to pre-sowing nitrogenization
of seeds was studied in plots of 2 m? without repetitions; the
sowing scheme was 10x30 cm. The accessions were sown
within the optimum timeframe, as described in (Didovich
et al., 2010). Seeds were treated with rhizobophyte based
on Mesorhizobium cicero (strain 065) immediately before
sowing. The control was sown without seed treatment with
rhizobophyte. The accessions’ responses to nitrogenization
were expressed as a percentage increase in the yield related
to the control.

The protein content in seeds was determined by Kjeldahl di-
gestionin the Laboratory of Genetics, Biotechnology and Gua-
lity of the Plant Production Institute named after V.Ya. Yuriev
of NAAS (Yermakov, 1987). The cooking quality was de-
termined in accordance with “Methodological Recommen-
dations. Technological Evaluation of Pea, Lentil, and Bean
Grain” (Komarov, Proreshneva, 1992).

As aresult of evaluating 653 accessions of the NCPGRU’s
chickpea core collection by 11 parameters, 152 sources of
valuable traits were identified: 77 kabuli and 75 desi acces-
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sions. These accessions were further used for grouping by the
Euclidean distance method.

The experimental data were statistically processed by cal-
culus of variations, analysis of variance and cluster ana-
lysis in Microsoft Excel (license No. 44208338, release date
06.27.2008) and Statistics 6.0 (license No. BXXR502C631
824NET3).

Results

The primary differentiation of 152 accessions identified two
clusters: A and B with similar numbers of accessions (78 and
74, respectively) (see the Figure). Most of the accessions in
cluster A belong to kabuli-type (63 %), unlike cluster B, where
62 % of the accessions are desi. In this study, the types were
only defined by the seed coat color: kabuli — light-colored and
desi — dark-colored, which allowed us to establish relation-
ships between valuable economic traits and seed color.

Further, each of the primary clusters was divided into two
unequal secondary clusters: the first cluster (A) —into cluster 1
(70 accessions) and cluster 2 (8 accessions) and the second
cluster (B) — into cluster 3 (3 accessions) and cluster 4 (71 ac-
cessions) (Table).

Cluster 1 consists of 70 accessions, of which 43 belong
to kabuli-type. These accessions optimally combine 8 of the
11 traits under investigation: drought tolerance (4.30 points),
resistance to Ascochyta leaf and pod spot (6.14 points), seed
size (271.54 g/1000 seeds), high yield (328.17 g/m?), per-
formance (14.47 g/plant), the numbers of pods (37.50) and
seeds (53.13), protein content in seeds (18.00 %). This cluster
includes the check varieties for the kabuli- and desi-types:
Rozanna (Ukraine) and Krasnokutskiy 123 (Russia). It also
includes the NCPGRU’s reference accessions for resistance
to Ascochyta leaf and pod spot (UD0500196 (Azerbaijan),
UDO0500264 (Ukraine) and UD0500240 (Syria)); for high
palatability (UD0500417 (Ukraine)); and for suitability for
mechanized harvesting (UD0500444 (Ukraine)). The acces-
sions of this cluster are highly adapted to the conditions of
the eastern forest-steppe of Ukraine and the most promising
material for breeding programs to develop varieties with
several useful features.

Cluster 2 is represented by eight accessions; six of them are
of kabuli-type, and two — of desi-type. The accessions of this
cluster are characterized by high resistance to Ascochyta leaf
and pod spot (7.00 points), late ripening (vegetation period =
93.13 days), small seeds (1000-seed weight =209.69 g), low
protein content (17.57 %), moderate response to nitrogeniza-
tion (108.38 % related to the control), and high performance
(14.70 g/plant) attributed to the large numbers of productive
pods (59.47) and of seeds (86.92) per plant. All the six kabuli
accessions of this cluster are small-seeded, late-ripening and
the most resistant to Ascochyta leaf and pod spot (Reddy,
Singh, 1984). These are local accessions from Moldova
(UD0500691, UD0500692, UD0500734, and UD0500762),
Russia (UD0500769) and India (UD0501256). In addition,
this cluster contains reference accessions of desi-type for the
traits of “high number of seeds” and “high number of produc-
tive pods per plant”: UD0500022 (Georgia) and UD0501350
(India).

Cluster 3 has only three accessions: two of them belong to
kabuli-type (UD0501163 (Ukraine) and UD0501268 (India))
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Linkage distance

Clustering of chickpea (Cicer arietinum L.) accessions by a set of valuable economic characteristics using the Euclidean distance method.

Distribution of the chickpea accessions between clusters

Parameter Cluster 1 (70 accessions) Cluster 2 (8 accessions) Cluster 3 (3 accessions) Cluster 4 (71 accessions)
M ean ................ 5 D ..................... M ean ................ 5 D ..................... M ean ................ 5 D ..................... M ean ................ 5 D ...................

DTscore430 .................. 187 .................. 100 .................. 141 ................... 2 96 .................. 178 .................. 185 .................. 165 .................

RAscore ........................ 6 14 .................. 189 .................. 7 OO .................. 2 39 .................. 3 67 .................. 2 31449 .................. 155 .................

. VPda ys .......................... 9 154 e 441 ................... 9 313 ................ 2 90 .................. 3 300 ................ 1 . 73 ................... 3 354 ................ 3 70 ................

Pg .................................. 1 447 ................ 3 53 .................. 1 470 ................ 4 48 .................. ”75 ................ 12 0 .................. 1182 ................ 2 91 .................

W1000 g ........................ 2 7154 .............. 7 131 ................. 2 0969 .............. 7 578 ................ 2 9135 .............. 9 114 ................ 2 2538 .............. 9 201 ...............

P P/P ................................ 3 750 ................ 7 22 .................. 5 947 ................ 5 77 .................. 2 743 ................ 6 3 ] ................... 3 421 ................. 7 32 ................

5/p .................................. 5 313 ................ 1715 ................ 8 692 ................ 2 472 ................ 3 446 ................ 1 543 ................ 5 212 ................ 1833 ..............

yg/mz ............................ 3 2817 .............. 7 859 ................ 2 8948 .............. 5 737 ................ 2 9450 .............. 3 827 ................ 2 7254 .............. 6 289 ..............

Comm ........................... 1 3137 .............. 1 716 ................ 11433 .............. 1627 ................ 1 3400 .............. 2 8 3 ................... 1 3208 .............. 2 037 ..............

PC% .............................. 1 800 ................ 151 ................... 1 757 ................ 103 .................. 1 922 ................ 175 ................... 1849 ................ 159 ................

N%to c ontro| .............. 1 0110 .............. 5 60 .................. 1 0333 .............. 9 13 .................. 14167 .............. 3 79 .................. 10293 .............. 6 3 0 ................

T% ka bu/, ...................... 6 1 ............................................... 7 5 .............................................. 6 7 .............................................. 3 7 ............................................

Note. DT - drought tolerance; RA - resistance to Ascochyta leaf and pod spot; VP - vegetation period; P - performance; W1000 - 1000-seed weight; PP/P -
number of productive pods per plant; S/P — number of seeds per plant; Y - yield; CQ - cooking quality; PC — protein content; N — nitrogenization; T - type;

SD - standard deviation.

and one accession is a desi one (UD0501285 (Syria)). The
accessions of this cluster are characterized by large seeds
(1000-seed weight =291.35 g), moderate yield (294.50 g/m?),
strong response to nitrogenization (141.67 % related to the
control), increased protein content (19.22 %), and low resis-
tance to Ascochyta leaf and pod spot (3.67 points).

Cluster 4 mainly comprises desi accessions (63 %), which
are characterized by mid-ripening (vegetation period =
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88.54 days), small seeds (1000-seed weight = 225.38 g),
low performance (11.82 g), moderate yield (272.54 g/m?),
medium protein content (18.49 %), poor cooking quality
(132.08 min), moderate resistance to Ascochyta leaf and pod
spot (4.49 points), and low drought tolerance (1.85 points).
The representatives of this cluster are mainly sources of one
trait and can have only narrow application in specialized
breeding.
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Discussion

The number of seeds and pod weight per plant are determin-
ing factors of the chickpea plant performance (Zali et al.,
2011; Kazydub et al., 2015). Therefore, when selecting for
performance, one should pay attention to these traits. In our
study, few accessions (8) of cluster 2 produce the maximum
numbers of productive pods and seeds per plant, and they
have low indices of drought tolerance. At the same time acces-
sions of cluster 1 with the maximum yield and above-average
performance constituent in combination with resistance to
Ascochyta leaf and pod spot and drought are of high value
for breeding. Parameters such as performance, plant height,
protein content and the pod number per plant are closely in-
terrelated and positively correlate with yield (Kayan, Adak,
2012). In our studies, such characteristics were intrinsic to
accessions of clusters 1 and 2.

Many researchers found that the growing period length,
plant height, the numbers of branches and seeds per plant are
mainly controlled by additive genes, directly and strongly
correlating with the phenotypic trait of seed yield (Syed et al.,
2012). Therefore, such traits-oriented breeding can be effective
for increasing yield capacity. Stepwise regression analysis
showed that the number of seeds per plant and 1000-seed
weight accounted for 96 % of the total change in the yield.
Therefore, the chickpea yield can be improved by choosing
an idiotype having larger numbers of secondary and primary
branches, larger numbers of pods and seeds per plant and a
higher1000-seed weight of (Zali et al., 2011). We observed
that the largest seeds were produced by accessions of cluster 3,
however, they had the fewest productive pods and seeds per
plant, while accessions of cluster 1, though having slightly
smaller seeds than the average size, had larger numbers of
seeds and productive pods. Therefore, priority should be given
to accessions of cluster 1 in breeding for yield.

Often, researchers in chickpea study accessions of a single
type A. Taleei studied desi accessions in Iran (Taleei, Shaa-
bani, 2016), S.R. Malik — in Pakistan (Malik et al., 2014).
M. Aarif (Aarifetal., 2017) and S. Aliu (Aliuetal., 2016) stu-
died kabuli accessions in India and in Kosovo, respectively.
We evaluated accessions of two types under the same condi-
tions, and they were clearly differentiated in two primary
clusters, A and B, and then in clusters 1 and 4, where the over-
whelming majority of accessions were concentrated (70 and
71, respectively), kabuli accessions prevailed in cluster 1,
and desi ones — in cluster 4. The involvement of accessions
of different types from distant clusters in breeding will allow
using seed color as a marker and expanding the genetic base
of breeding varieties.

Large-seeded varieties are usually more susceptible to
environmental conditions, therefore, selection of accessions
and development of starting material with a high 1000-seed-
weight that are tolerant to biotic factors is important for
breeding (Gridnev et al., 2012). To obtain breeding material
with increased resistance to Ascochyta leaf and pod spot and
several valuable traits, it is advisable to cross large-seeded
accessions cluster 3 with accessions of clusters 1 and 2, which
are highly-resistant to Ascochyta leaf and pod spot.

The systematic selection of parental pairs used in modern
breeding upon crossing, the principles of which had been
shaped by N.I. Vavilov (1967) and further developed by scien-
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tists from different countries (Serebrovskiy, 1969; Vural,
Karasu, 2007; Aarif et al., 2017; Haralayya et al., 2017),
shows that genotypes from clusters with a maximum distance
between them can be used as parents in breeding to generate
varieties with combining high yields and good seed quality,
especially when accessions of different eco-geographical
origin are crossed.

Conclusions

Cluster analysis is an effective method for evaluating a large
number of collection chickpea accessions for several para-
meters, which enables one to select parental pairs for different
breeding programs. Starting material with a set of features was
selected and grouped into 4 clusters. Accessions of cluster 1
are preferable for breeding chickpea varieties adapted to the
eastern forest-steppe of Ukraine. Accessions of cluster 2
are important in breeding for resistance to Ascochyta leaf
and pod spot and high performance. Accessions of cluster 3
(UD0501163 (Ukraine), a reference accession of positive res-
ponse to nitrogenization, with large seeds and high protein
content in seeds; UD0501268 (India) with strong response to
nitrogenization and moderate resistance to Ascochyta leaf and
pod spot; and UD0501285 (Syria) with large seeds, moderate
resistance to Ascochyta leaf and pod spot) are highly valuable
for developing commercial chickpea varieties, however, they
require augmenting their adaptive features. Accessions of
cluster 4 are sources of one trait may have narrow application
in specialized breeding programs.
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Metabolomic approach to search for fungal resistant forms
of Aegilops tauschii Coss. from the VIR collection
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Abstract. Broadening of the genetic diversity of donors of resistance to biotic environmental factors is a chal-
lenging problem concerning Triticum L., which can be solved by using wild relatives of wheat, in particular, Aegi-
lops tauschii Coss., in breeding programs. This species, believed to be the donor of D genome of common wheat
(T. aestivum L.), is a source of some traits important for breeding. This greatly facilitates the possibility of crossing
Ae. tauschii with common wheat. Aegilops L. species are donors of effective genes for resistance to fungal di-
seases 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 profiles 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 comparative 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, kempferol), etc. This fact was consistent with the previously obtained data on the relationship
between Fusarium resistance in oats (Avena sativa L.) and certain components of the metabolomic profile, such as
acylglycerols, nonproteinogenic amino acids, galactinol, etc. Thus, our studies once again confirmed the possibili-
ty 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, acyl-
glycerols, galactinol, stigmasterol, 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.
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MeTabonomHblin noaxod ans novicka popm Aegilops tauschii Coss.
13 Konnekuuy BUP, ycToinumBbix K rprbHbIM naToreHam

(Puccinia triticina f. sp. tritici n Erysiphe graminis f. sp. tritici), 4To NO3BONUT NCNONb30BaTb TaKue MoKasaTenu B
KayecTBe BMOXMMUYECKUX MapKepoB ycTonumocTv. CpaBHUTENbHbIN aHanu3 rpynn obpasuos Ae. tauschii no-
Kasan, 4to MeTabonoMHble NPOdUIN YCTONUMBLIX N HEYCTONUMBBIX K FPUOHBIM MaToreHam Gopm AOCTOBEPHO
pasnunyatoTca mexgy coboi no cogepkaHunio HebenkoBbIX aMUHOKMCIOT, MHOFOATOMHbIX CNUPTOB, GUTOCTEPO-
NOB, aUUNIIINLEPONIOB, MOHO- U OJIFOCaxapyAoB, MUKO3UA0B, GeHOMbHbIX CoeAMHEeHNI (TMAPOXNHOHA, Kemn-
¢depona) u ap. MocnepgHee noaTsep)KAaeTcA paHee NOJlyYeHHbIMM HaMy AaHHBIMU O CBA3M YCTONYMBOCTY OBCa
(Avena sativa L.) kK Bo36yanTenam ¢ysapuosa c onpeaeneHHbIMU KOMMOHEHTaMU X MeTabonoMHOro Npoduns:
aumnrueponamm, HebeKoBbIMY aMMHOKNCIOTaMK, FranakTUHONOM 1 Ap. Takum 06pa3om, Halm NCCnefoBaHUA
ele pa3 NoATBEPANSIN BO3MOXHOCTb 1 3$PEKTUBHOCTb NPUMEHEHNA MeTabONOMHOr0 aHanm3a AnA CKPUHMHTA
reHeTn4Yeckoro pasHoobpasms obpasuos Konnekunun BUP, B uactHocTy Ae. tauschii, ¢ uenbto BblaeneHna popm,
MMetoLLMX B METaborIoMHOM Npoduie Habop coefMHEHNI, XapaKTEPU3YIOLMX KX KaK ycTonuymeble. K TakoBbIM OT-
HocATcA 06pa3Lbl Ae. tauschii ¢ BbICOKMM COAepKaHVeM NUMNEKONIMHOBBIX KUCIOT, aLUArINLEeposoB, ranakTuHona,
cTMrmacTepona, Muueposa, a3eflanHoOBOM 1 MUPOranioBoOl KUCOT, KamnecTepona, TMAPOXNHOHA 1 Ap., KOTopble
MOTYT 6bITb CMOJIb30BaHbI AJ1A CO3AaHUA COPTOB MLUEHWLbI Y TPUTUKAE, BbICOKOYCTONYMBBIX K TPUOHBIM MaTo-
reHam — BO30yAuUTENAM MyUYHUCTOW POCbI, BYPOI 1 KeNnTow pKaBUMHbI.

KnioueBble cnoBa: Aegilops tauschii Coss; MeTabonoOMHbI NOAXOA; YCTOMYMBOCTb K 60Ne3HAM; FprbHbIe NaToreHbl.
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Introduction

Wheat (Triticum L.) is one of the most significant crops in
the world, including the Russian Federation. For the majority
of the world’s population, it is one of the staple foods. The
yield and quality of wheat largely depend on the resistance
of cultivars to environmental stress factors, including fungal
diseases. Most of the cultivated foreign and domestic culti-
vars are susceptible to diseases caused by agents of stem rust
(Puccinia graminis Pers. f. sp. tritici Erikss. et Henn), brown
rust (Puccinia recondita Rob. ex Desm f. sp. triticina Eriks.),
mildew (Blumeria graminis (DC.) Speer f. sp. tritici Marchal.)
and septoria leaf blotch (Mycosphaerella graminicola (Fuc-
kel) J. Schroet. (=Septoria tritici); Phaeosphaeria nodorum
(E. Muell.) Hedjar. (=Leptosphaeria nodorum E. Muell.,
=Septoria nodorum (Berk.)). Crop losses can reach up to 40 %
(Afanasenko, 2010; Kolomiets et al., 2017). The creation of
wheat cultivars resistant to the most harmful fungal pathogens
is one of the effective ways to combat them.

Wild relatives of cultivated forms of wheat, rye, barley,
oats, etc. serve as an inexhaustible source of resistance genes
for creating cultivars combining high yields and resistance
to environmental factors. Evolutionary, Aegilops L. species
are close to those of the genus 7riticum L. (Dorofeev, 1971;
Migushova, 1975; Konarev, 1980; Liu et al., 2015; Arora et
al., 2017). However, the donors used in breeding programs,
in most cases are characterized by the same resistance genes.
With time, it leads to the appearance of “adapted” forms of
pathogens that infect cultivars previously considered to be re-
sistant. Many known resistance genes from Ae. tauschii Coss.
are not used in practice to improve wheat cultivars, as their
protective effect is considered low (Pretorius, 1997; Kolmer,
Anderson, 2011). Expansion of the genetic diversity of do-
nors of resistance to wheat fungal diseases will help breeders
solve this problem, and the global collection of wheat wild
relatives at the N.I. Vavilov All-Russian Research Institute of
Plant Industry (VIR) plays a crucial role in this task (Vavilov,
1919).

The VIR collection of the genus Aegilops L. contains over
5,000 accessions of various ecological and geographical ori-
gins, and it includes thirteen diploid, ten tetraploid, and five
hexaploid species. Since 1956, species possessing complex
immunity to fungal diseases have been identified in the col-
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lection: diploid Ae. mutica Boiss., Ae. speltoides Tausch.,
Ae. aucheri Boiss., Ae. bicornis (Forsk.) Jaub. et Spach.,
Ae. comosa Sibth. & Sm., Ae. uniaristata Vis., Ae. heldreichii
Hozm.; tetraploid Ae. ovata L., Ae. triaristata Wild., Ae. ven-
tricosa Tausch., Ae. variabilis Eig. Such a diversity of genetic
material makes it possible to select appropriate genotypes for
the subsequent production of wheat cultivars with improved
biological characteristics. Ae. tauschii is a carrier of D ge-
nome, which is close to the polyploid wheat genome, and
this fact greatly facilitates the crossing of Ae. tauschii with
common wheat when transmitting effective disease resistance
genes (Dobrotvorskaia et al., 2017). Besides, flour of such
cultivars has high baking quality (Semenova et al., 1973).
By now, most of the effective genes that determine resistance
to rust and wheat spot blotch agents have been successfully
introgressed into the genome of 7. aestivum L. (Mclntosh et
al., 1995; Mujeeb-Kazi et al., 2001; Yang et al., 2003; Adonina
etal., 2012).

Recently, nonspecific metabolomic analysis has found wide
application for plant species phenotyping and resistance stu-
dies, which provides a unique opportunity to scan a wide range
of compounds that make up the metabolomic profile in the
source material and give an objective assessment (using me-
tabolomic markers) of the plant’s response to environmental
factors (Konarev et al., 2015). This approach is increasingly
used to identify individual metabolites or their groups that
can characterize the protective status of the studied object,
which makes it possible to identify accessions resistant to
environmental stressors (Taji et al., 2006; Chakraborty,
Newton, 2011; Valitova et al., 2016; Loskutov et al., 2017).
Currently, metabolomic profiles of various crops from the
VIR collection are investigated. Wild and cultivated forms of
oats resistant and susceptible to Fusarium were studied, and
significant differences among them were shown for a number
of compounds (acylglycerols, nonproteinogenic amino acids,
galactinol, etc.) (Loskutov etal., 2017,2019). Total screening
of wild forms of various crops will make it possible to shape
a model “metabolomic profile of a resistant cultivar”.

The aim of this study was the identification of metabolomic
markers to be used in screening the genetic diversity of wild
relatives for the forms with effective resistance genes, which
can be efficiently introduced into the common wheat genome
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for the use in breeding programs. The research objectives
included the study of metabolomic profiles of Ae. tauschii ac-
cessions with and without resistance to leaf rust and powdery
mildew pathogens, in order to detect metabolites marking the
susceptibility of Ae. tauschii to fungal pathogens. The results
of the study can shorten and optimize the selection of source
material when creating wheat cultivars highly resistant to
fungal pathogens.

Materials and methods

Fifty Ae. tauschii accessions from the VIR collection (see the
Table), grown at the Dagestan Experimental Station of VIR
(DES VIR) in 2017 and harvested at full ripeness, were used
as the material for the study. The sample was composed from
the main of Ae. tauschii botanical varieties in the VIR collec-
tion, taking into account the most complete ecogeographical
representation.

Field studies of Ae. tauschii accessions were conducted
at DES VIR on irrigated 1-m? plots according to the method
accepted in VIR (Merezhko et al., 1999). During the growing
season, the air temperature averaged +20.4 °C, the amount of
precipitation was 15.4—16.3 mm, and the total of active tem-
peratures amounted to 34004500 °C. Field assessment of the
infection of Ae. tauschii accessions by fungal pathogens was
carried out in fields of DES VIR, and the laboratory evaluation
of the degree of infection was carried out at the VIR Depart-
ment of Genetics in compliance with methods employed at
VIR (Tyryshkin et al., 2004). Resistance was determined on a
9-point scale, where 9 means the absence of disease symptoms
or presence of small necrotic spots; 7, microscopic pustules
surrounded by necrotic zone; 5, small pustules surrounded by
a wide necrotic zone; 3, medium-size pustules surrounded by
chlorotic tissue; and 1, large pustules forming continuous le-
sion zones. Plants scoring 9—7 were classified as resistant, and
those with 5-1 points as susceptible. Plants were examined
at 5-day intervals throughout the growing season. For each
accession, an integral score was derived from the highest
infection point (see the Table).

Metabolomic profiles of grain from Ae. tauschii accessions
were studied at the Department of Biochemistry and Molecular
Biology of VIR (in 5 biological and 3 analytical replications)
(Loskutov et al., 2017). The grains were cleaned of glumes and
ground; 50 mg of the flour of an accession were homogenized
with 500 pL of methanol, and the sample was kept at 5-6 °C
for 30 days. A 100-puL portion of the extract was evaporated
to dryness using a Labconco CentriVap Concentrator (USA).
The dry residue was silylated using bis(trimethylsilyl)tri-
fluoroacetamide at 100 °C for 40 minutes. The separation
of trimethylsilyl ethers of metabolites was carried out using
an HP-5MS 5 % phenyl-95 % methylpolysiloxane capillary
column (30.0 m, 250.00 pm, 0.25 pm) on an Agilent 6850
gas chromatograph with an Agilent 5975B VL quadrupole
mass selective detector MSD (Agilent Technologies, USA).
The analysis was performed at 1.5 mL/min inert gas flow
rate through a column. The column was heated from +70
up to +320 °C at 4 °C/min heating rate. The temperature of
the mass spectrometer’s detector was +250 °C, and that of
the injector was +300 °C. The injected sample volume was
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Leaf disease resistance in Ae. tauschii Coss. accessions

VIR Catalog  Subspecies (ssp.),
No. variety (var.)

Field disease resistance, points

var. typica
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1.2 pL. Pyridine solution of tricosan (1 pg/uL) served as the
internal standard.

The results were processed using UniChrom and AMDIS
software. The peaks were identified using the NIST 2010 mass
spectra library and as well as libraries of the St. Petersburg
University Research Park and of the V.L. Komarov Botani-
cal Institute of the Russian Academy of Sciences (Puzanskiy
et al., 2015). The biochemical parameter values are given in
ppm (ng/g).

Statistical data were evaluated with the Statistica 7.0 soft-
ware package. The initial set of characters was screened by
the method of one-way analysis of variance to identify the
characters (metabolites) whose contents reliably discrimi-
nated Ae. tauschii accessions resistant and susceptible to the
studied pathogens. The discriminant analysis was used to
assess informativeness of resistance characters (metabolites)
of Ae. tauschii accessions.

Results

Metabolomic profiles of caryopses of Ae. tauschii accessions
with and without resistance to fungal pathogens differed in
several indicators. Higher contents of organic acids were
observed in the resistant forms of Ae. tauschii (1190 ppm)
compared with the susceptible ones (1090 ppm). The dominat-
ing organic acids in the metabolomic profile of Ae. tauschii
caryopses were malic and methylmalonic acids (203 vs. 164
and 168 vs. 153 ppm, respectively). The caryopses of resistant
and susceptible forms were found to contain, respectively, the
following contents of organic acids (ppm): 102 and 79 ga-
lacturonic acid, 78 and 76 lactic, 43 and 48 gulonic, 25 and
44 gluconic, 30 and 47 azelaic, 32 and 38 succinic, 28 and
27 oxalic, 42.8 and 41.0 fumaric, 19.9 and 13.0 ribonic, and
11.5 and 10.0 glyceric. The sum of minor acids with concen-
trations no higher than 10 ppm each was 24.0 ppm in both
resistant and susceptible forms of Ae. tauschii. All metabolic
reactions in plants occur with the participation of phosphoric
acid and its derivatives, which explains its rather high content
in the studied accessions (320.2 in resistant and 277.0 ppm
in susceptible forms), the amounts of methylphosphate being
64.0 and 56.0 ppm, respectively.

Three nonproteinogenic amino acids constituted 60 %
of free amino acids in resistant and susceptible Ae. tauschii
accessions: 3-hydroxypipecolic (137.2 and 116.6), pipecolic
(0.5 and 0.3), and 5-hydroxypipecolic (0.7 and 0.7 ppm, re-
spectively). The remaining amino acids were represented
by essential (valine, isoleucine, threonine, phenylalanine,
and tryptophan) and non-essential ones (a-alanine, glycine,
serine, proline, hydroxyproline, asparagine, glutamine, tyro-
sine, aspartic acid, and glutamic acid). The dominating ones
were asparagine (18.7 and 13.4 ppm), valine (15.6 and 16.0),
a-alanine (10.6 and 13.1), glutamine (12.3 and 9.0) and glu-
tamic acid (5.7 and 5.5 ppm), respectively. The amounts of
the remaining amino acids did not exceed 4.0 ppm. The sums
of free amino acids (except nonproteinogenic) did not differ
significantly between the studied forms of Aegilops resistant
and susceptible to fungal pathogens: 88.4 and 85.3 ppm, re-
spectively.

Higher concentrations of polyols and phytosterols were
recorded in the susceptible forms of Ae. tauschii (341.8 and
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336.5 ppm, respectively). Glycerol, xylitol, dulcitol, myo-ino-
sitol and inositol derivatives (59.5, 84.4, 70.4, 23.4, 9.6 ppm,
respectively) prevailed in caryopses of the susceptible forms,
while galactinol (92.5 ppm) dominated in the resistant ones.
Phytosterols were mainly represented by sitosterol, stigma-
sterol, and campesterol; their contents were 219.8, 85.8,
and 30.9 ppm in the susceptible forms, and 160.3, 44.5, and
22.7 ppm in the resistant ones, respectively.

The dominating fatty acids in caryopses of both resistant
and susceptible forms of Ae. tauschii were palmitic (584.7 and
602.0), stearic (173.5 and 187.0), oleic (493.9 and 520.0), and
linoleic (1515.0 and 1545.0 ppm), respectively. No significant
difference in the contents of individual fatty acids or their total
values (2943.3 and 3064.0 ppm) was noted.

The caryopses of resistant forms of Ae. tauschii were found
to have higher contents of acylglycerols (954.0 vs. 745.6 ppm),
mainly due to diacylglycerol (DAG) amounting to 631.0 and
464.0 ppm, respectively. The amounts of monoacylglycerols,
i.e., MAG-2 C18:3 and MAG-1 C18:1, were also higher in
resistant forms: 188.0 vs. 152.7, 54.0 vs. 34.2 ppm. On the
contrary, the content of MAG-1 C16:0 was higher in the sus-
ceptible forms: 94.7 vs. 81.0 ppm in resistant.

Monosugars in Ae. tauschii caryopses were represented
mainly by hexoses (over 80 %). These values were higher
(1164.8 ppm) for resistant forms of Aegilops than for sus-
ceptible ones (1026.7 ppm). Of the hexoses, glucose (819.8)
was predominant in resistant forms, while in the susceptible
ones these were glucose (455.4) and fructose (318.1 ppm).
The total pentose contents (ribose and xylose) did not exceed
40 ppm. The contents of glycerol-3 phosphate did not dif-
fer significantly between resistant and susceptible forms of
Aegilops. They amounted to 42.8 and 37.4 ppm, respectively.

Oligosaccharides in caryopses of resistant and susceptible
forms of Ae. tauschii amounted to 13480.6 and 14920.0 ppm,
respectively. They were mainly represented by sucrose and raf-
finose. The content of sucrose was higher in susceptible forms
(11604.9), while that of raffinose was higher (4882.0 ppm) in
resistant ones.

Derivative sugars, identified as methyl-D-galactopyrano-
side, were found in both resistant and susceptible forms of
Ae. tauschii (169.2 and 84.4 ppm, respectively).

In the group of phenolic compounds, the contents of hy-
droquinone (93.6 in resistant and 74.0 ppm in susceptible
accessions) were found to be the highest. The values for
kempferol; pyrogallic, 2,3-dihydroxybenzoic, salicylic, and
caffeic acids; and a-tocopherol were 29.1, 1.5, 0.2, 0.3, 0.4,
0.4 ppm in resistant and 14.0, 1.3, 0.2, 0.2, 0.4 and 0.3 ppm
in susceptible forms.

The above data reflect the activity of metabolic processes in
Ae. tauschii caryopses. This activity characterizes primary and
secondary metabolism, i. e., exchange of nitrogen-containing
compounds, including amino acids; the Krebs cycle; carbo-
hydrate metabolism; glycolysis; pentose phosphate cycle;
exchange of signal (inositol) compounds; shikimate and gly-
oxylate pathways; etc.

Statistical processing of the data showed that the metabo-
lome of susceptible forms of Ae. fauschii differs with varying
degrees of significance from that of resistant ones in a number
of indicators. Resistant forms of Ae. tauschii were divided into
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three groups: the first comprised accessions resistant to all the
pathogens tested, the second included those resistant to only
brown and yellow leaf rust, while the third included mildew
resistant accessions. The metabolomes of all resistant forms
differed with a high degree of confidence (p = 0.05) from
those of susceptible ones in the contents of nonproteinogenic
amino acids (pipecolic and 3-hydroxypipecolic), glycerol,
ononitol, galactinol, sitosterol, stigmasterol, behenic acid,
DAG, MAG-1 Cl16:1, ribose, sorbose, sucrose, maltose, and
hydroquinone; and with confidence levels 0.1 > p > 0.05 for
fumaric, galacturonic, gluconic acids, threonine, dulcitol,
mannitol, chiro- and myo-inositol, pelargonic and arachinic
fatty acids, MAG-1 C18:1, and fructose. At p = 0.05, me-
tabolomes of accessions from the second group differed in
the content of the phosphoric, oxalic, pyrogallic, azelaic,
5-hydroxypipecolic acids; dulcitol; campesterol; undecyl and
behenic fatty acids; and MAG-1 C18:1; while lower confi-
dence levels (0.1 > p > 0.05) characterized the differences in
the contents of 3-hydroxypipecolic acid, MAG-2 C18:3, and
methyl-D-galactopyranoside. The third group was noted for
the amounts of fumaric, pelargonic, pipecolic acids, ononitol,
galactinol, and hydroquinone at p = 0.05, and for threonine,
dulcitol, myoinositol, hydroxyoctacosenoic acid, and sucrose
at 0.1 >p>0.05.

A significant correlation was found between indicators
of resistance to fungal pathogens and the group of nonpro-
teinogenic amino acids, polyols, phytosterols, acylglycer-
ols, mono- and oligosaccharides, glycosides, and phenolic
compounds (hydroquinone, kempferol). No relationship was
found between the sum of free amino acids and organic acids,
on the one hand, and sensitivity to fungal pathogens, on the
other hand.

The discriminant analysis of metabolomic data on the
studied caryopses of Ae. tauschii accessions demonstrated
separation of the latter into two main groups — resistant and
susceptible to fungal pathogens — according to the canonical
variable coefficient. The most “informationally important”
characters that confirmed the difference in metabolite profiles
and determined the separation of Ae. tauschii accessions
between the group of resistant or susceptible ones with the
98 % accuracy were the levels of stigmasterol, MAG, DAG;
of pelargonic, galacturonic, and 3-hydroxypipecolic acids;
and of galactinol, glycerol, sorbose, maltose, tyrosine and
glycosides. Among the above characters, stigmasterol and
maltose values were the most statistically significant for the
susceptible forms, while for the resistant ones it was DAG.

The “informationally important” characters and the clas-
sification function were used to analyze how the assumptions
as for the resistance or susceptibility of Ae. tauschii accessions
matched the reality. As a result, the status was confirmed for
all the studied accessions, except for k-527, an Ae. tauschii
accession from Armenia. The canonical discriminant analysis
of metabolomic characters made it possible to clarify the dif-
ferentiation parameters of resistant and susceptible forms of
Ae. tauschii. The histogram of the canonical variable eigen-
values distribution according to their magnitude shows that
the values for resistant accessions fall within the 0 to +5 range,
while for the susceptible ones these values are found in the 0
to —5 range (see the Figure).
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ROOT 1

Histogram of the distribution of resistant and susceptible Ae. tauschii
forms by the magnitude of the canonical variable eigenvalues.

Discussion

The results of our work show that the metabolomic profiles of
resistant and susceptible forms of Ae. tauschii differ signifi-
cantly. When using the metabolomic analysis data, there is a
high probability (up to 98 %) of identifying forms resistant to
fungal pathogens among the accessions taken into the study
without additional tests. We recommend that this approach be
used to optimize the breeding process.

Analysis of metabolomic data for resistant and susceptible
forms of Ae. taushii allows for a substantiated conclusion
about the degree and nature of fungal pathogen influence
on the main stages of primary and secondary metabolism in
caryopses of accessions differing in the degree of resistance.
To a greater or lesser degree, almost all pathogens affected
metabolic processes, i.e., the Krebs cycle; glycolysis; and
metabolism of fatty acids, acylglycerols, polyols, phytosterols,
mono- and oligosaccharides. With all this, fungal pathogens
had practically no effect on the contents of free amino acids
(except for threonine and tyrosine). Since tyrosine is a precur-
sor in the synthesis of many bioactive compounds that perform
various functions — structural (lignin), protective (phenolic
compounds, alkaloids, etc.), transport (electron transfer),
and others — the effect of pathogens on the content of this
amino acid in a caryopsis may be due to activation of defense
mechanisms in response to the penetration of the pathogen
into plant tissues, as confirmed by studies conducted outside
Russia (Schenck, Maeda, 2018). Changes in the content of
another amino acid, threonine, are associated by a number
of authors with the influence of adverse biotic environmental
factors, for example, insect pests. A plant reduces the concen-
tration of substances necessary for the nutrition of the parasite,
thereby affecting its population. The same mechanism may
also act in cases of leaf rust and powdery mildew pathogens
(Gonzales-Vigil et al., 2011). Azelaic acid, a product of oleic
acid oxidation, and pipecolic acid (lysine catabolites) are
intensely produced in response to the invasion of pathogens,
in particular, fungi, into plant tissues; therefore, changes in
the concentration of these compounds are well justified and
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confirmed by other researchers (Navarova et al., 2012; Zoeller
etal., 2012).

Among free phenolic compounds, a significant effect on the
resistance to fungal pathogens was detected for hydroquinone
(the dominant compound of this group) and pyrogallic acid.
Phenolic compounds are known to be actively involved in
the formation of plant immunity. The presence of free forms
of phenolic compounds most often indicates intensity of
glycoside synthesis, where they function as aglycones. Ac-
cording to our data, mainly hydroquinone and pyrogallic acid
accumulate in the caryopsis of resistant forms of Ae. tauschii.
Their presence in the free state is most likely associated with
the destruction of active forms, glycosides, exemplified by
arbutin. As for pyrogallic acid, its accumulation may also be
due to the plant/fungal pathogen interaction (the role of signal-
ing substances) (Seigler, 1998; cit.: Gilbert, 2001).

The data from the present study confirm those we obtained
earlier investigating the relationship between the resistance of
oat (Avena sativa L.) forms to the Fusarium agent and such
components of the metabolomic profile as acylglycerols,
nonproteinogenic amino acids, and galactinol (Loskutov et
al., 2019).

Conclusion

The results of our study confirm the pertinence and effective-
ness of the use of nonspecific metabolomic analysis for the
search for and identification of plant forms with a set of com-
pounds proposed as markers of resistance to certain pathogens.
Ae. tauschii accessions with high contents of pipecolic acids,
acylglycerols, galactinol, stigmasterol, maltose, tyrosine,
sorbose, glycerol, azelaic and pyrogallic acids, methyl-D-
galactopyranoside, etc. can be included in breeding programs
for cultivars of main cereal crops with high resistance to
mildew, brown rust, and yellow rust.
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Hcronb30BaHMe r'uIiepcrieKTpajabHOM KaMmepsl Specim IQ
IJIS1 aHa/Iri3a paCTeHU
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AHHOTaLuA. BaxxHoW TexHONOrMen Ana Hepas3pyLaoLWEero MOHUTOPYHIA MATMEHTHOIO COCTaBa PacTeHUIA, KOTO-
PbI TECHO CBAA3aH C UX GU3MONOTMYECKMM COCTOSHUEM UM 3apakeHeM naToreHamu, SBAAETCA AUCTaHLUOHHOE
30HAMPOBAHME NPU NMOMOLLY TMMEPCNEKTPaIbHBIX Kamep. B paboTe npeacTaBnieH onbiT NpMMeHeHWs MOOUIIBHON
runepcneKkTpanbHoOMn Kamepbl Specim |Q ana nccnegoBaHMn 3a6oneBaHNA MPOPOCTKOB YeTbipeX COPTOB MLLIEHMLbI
06bIKHOBEHHOW KOPHEBOW rHUMbIo (Bo3byanTenb — rpub Bipolaris sorokiniana Shoem.), a Takxe gna aHanu3sa ma-
KOTW Kny6Hen KapTodens 82 nuHuiA 1 copToB. [InA NPOPOCTKOB Obifv NONYUYeHbl CNEKTPanbHble XapakTepuUCTUKN
1 MO AaHHbIM onpefeneHbl Hanbonee MHPOPMATUBHBIE CMEKTPanbHble NPU3HaKK (MHAEKCHI) AnA 06HapyKeHuA
KOPHEBOW MHUAN. Y NPOPOCTKOB KOHTPOJIbHbIX BaPUAHTOB B BUAMMOW YacTu CrekTpa HabnogaeTcs Bo3pacTaHme
oTpa)kaTesibHON CMNOCOBHOCTY C HEBOBbLUUM MUKOM B 3ef1eHOI 0651acTh (OKono 550 HM), 3aTeM UAET MNOHVKEHNE
13-3a MOI/OLEHNA CBeTa NUIMEHTaMy PAcTEHWI C SKCTPEMYMOM NP ANNHE BONHbI 0Koo 680 HM. AHanus3 rucro-
rpaMm 3HauYeHMI BereTaLUMOHHbIX NHAEKCOB MoKasan, uto nHaekcol TVI n MCARI Hanbonee MHPoOpMaTUBHbI ANA
obHapy»KeHNA naToreHa Ha MPOPOCTKaxX NLeHKWLbl MO AaHHbIM rMnepcneKTpanbHON cbeMKu. [Ina obpasLoBs Kap-
Todena 6binm BbIABAEHbI YYacTKN CNEKTPa, COOTBETCTBYIOLME NIOKaNbHbIM MakCMMyMam 1 MUHUMYMaM OTpae-
HUA. MoKa3aHo, UTO CNeKTPbl COPTOB KapTodena MMeT Hanbonbluve pasnuuua B o6nact anvH sonH 900-1000,
400-450 HM, 4TO B MEPBOM CilyHYae MOXET ObITb CBA3AHO C YPOBHEM COAEPKaHWA BOAbI, @ BO BTOPOM — C GopMu-
poBaHVeM B KNYOHAX MenaHvHa. Mo xapakTepucTkam cnekTpa nccnefoBaHHble 06pasLbl pasfenunncb Ha Tpu
rpynnbl, KaXAasa 13 KOTOPbIX COAEPXKUT NOBbILWEHHbIE MO0 MOHVMXEHHbIE YPOBHM MHTEHCUBHOCTY ANA YKa3aHHbIX
yyacTKoB crekTpa. Kpome Toro, fna psapa coptoB Obiny yCTaHOBMIEHbI MUHUMYMbl B CMeKTpax OTpakeHus, COOT-
BETCTBYIOLWYMX Xnopodunny a. Pesynbtatbl LEMOHCTPUPYIOT BO3MOXHOCTM KaMepbl Specim |Q ana nposeaeHna uc-
cnefoBaHNii rMNepcnekTpanbHOro aHanmMsa pacTuTeNibHbiX 0OBbEKTOB.

KnioueBble cioBa: rmnepcrnekTpanbHble AaHHble; CNeKTPasibHble XapakTePUCTUKN pacTeHWi; 3a60neBaHNA NieHn-
Libl; KOPHEBAsA MHWb; MAKOTb KapTodens; XNopodun; BEreTaLMoHHbIE MHTEKCHI.

[Ona yutuposaHus: Anet B.B,, lyposa T.A., Enkun O.B., Knumenko O.H., Makcumos J1.B., MectyHoB WN.A., ly6poBs-
ckasa O.A., TeHaeB M.A., OpcT T.B., lfeHaeB K.A., Kombiwes E.I, XnectknH B.K., AdoHHuKoB [.A. icnonb3oBaHune
rmnepcneKkTpanbHom Kamepbl Specim |Q ana aHanusa pacteHuin. BaBUnoBCKUI XKypHan reHeTnKM 1 cenekuum.
2020;24(3):259-266. DOI 10.18699/VJ19.587

The use of Specim IQ, a hyperspectral camera,
for plant analysis
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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 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 1Q
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

IInrMeHTh! UrparoT BaXKHYIO POJIb B KU3HU pacTeHuid. Haun-
Ooee BaKHBIE U3 HUX — XJIOPOGWILIBI @ U b, 0OecnednBaro-
mye npouecc POTOCHHTE3a, KAPOTUHOMIBI, OTBETCTBEHHBIE
3a 3(h(eKTUBHOCTH MCIIOIb30BAHUS COIHEYHOM SHEPTUHU MTPU
(oTOCHHTE3€E, aHTOLINAHBI, BBITOIHSAIOMINE 3aIIUTHBIE (YHK-
1iH. KOHIIEHTpaIy MUTMEHTOB B PACTUTENBHBIX TKaHSIX MO-
I'yT OBICTPO MEHSTHCS B OTBET HA U3MEHEHHE (PU3MO0JIOTHYe-
CKOTO COCTOSIHHSI PACTE€HHH, ¥, TAKUM 00pa30M, CITy’KUTb €r0
Mmapkepamu. CocTaB M KOHIIEHTPAIMIO TUTMEHTOB MOXXHO
HCCIIeIOBaTh XUMHUUECKUMHU METOAAMH, OTHAKO Ooiee yao0-
HBIM CITOCOOOM, KOTOPBIM aKTMBHO PAa3BHBACTCS B ITOCIEI-
Hee BpeMsi, SIBJISIETCSI METO] IUCTAaHIIMOHHOI OIIEHKH Ha OC-
HOBE aHaJIN3a CIIEKTPOB OTPAKEHHOTO H3iydeHust (Mep3isik
u 1p., 1997; Blackburn, 2007). OHu 0CHOBaHBI Ha TOM, YTO
pas3MyYHbIC TMTMEHTBHI IIOIVIOMIAIOT U3ITyYeHUE PAa3HBIX JUINH
BOJIH HEOJJMHAKOBO. B COOTBETCTBHH € 3THM Y Ka)<JIO0TO ITUT-
MEHTa €CTh CBOM XapaKTEPHBIM CHEKTP OTPaKEHHOI'O M3Iy-
YEHUsI, KOTOPBI MO)KHO MAECHTH(HUIIMPOBATH C HCIIOJIb30Ba-
HHUEM CIIEKTPOMETPOB BBICOKOTO pa3pelleHHs U MHTepBaja
JUIUH BOJIH.

Pa3BuTne AMCTAaHIMOHHOTO MOHUTOPHHIA PacTEHHH Ha
OCHOBE MYJIbTH- U THIIEPCICKTPAJILHBIX CCHCOPOB CTAJIO BaXK-
HBIM METOJIOM JUUISI OLIEHKH UX (PU3HOIOTHUECKOTO COCTOSHUS
(Mep3nsik u ap., 2003), mopaxenus 3adoneBanusmu (Mahlein
et al., 2013), cocrosuust wionos (Lorente et al., 2012) u kop-
ueronos (Rady etal., 2015; Pan etal., 2016). Takue cercopsl
MOYKHO TIPHMEHSITH JJISl OLIEHKH COCTOSIHUSI PAaCTEHHH Kak B
J'[a60paTOpHBIX, TaK U B IOJICBBIX YCJIOBHAX, a TAKXKEC yCTa-
HaBITUBATh Ha OCCIIMIIOTHEIE JeTaTenbHbIe anmapatsl (BITJIA)
JUTSL IIUPOKOTO 0XBaTa moceBoB (Adao et al., 2017).

B HaCTOAIIEC BPEMA JJIA IMOJTYYCHUA MYJIIBTH- U TUTICPCIICK-
TPAIBHBIX M300paKEHUH MCIONB3YIOT PA3IMYHbIE TEXHUYC-
CKHE PELICHHs], KOTOPbIE OTIIMYAIOTCS TEXHOJIOTHUEH peann-
3aI[K CEHCOPA, IIMPUHOMN CIIEKTPAILHOTO HHTEPBaJa, CIIeK-
TpaJbHBIM U IPOCTPAaHCTBEHHBIM pa3pemenneM (Sellar, Bore-
man, 2005). HexoTopsle 13 HUX pa3paboTaHbl ISl yCTAHOBKH
Ha BITJTA, npyrue MoryT ObITh IPUMEHEHBI B JIAOOPATOPHBIX

ycnoBmsix. OHAaKO BCe YCTpOicTBa TpeOyIOT ClenHaIbHON
TEXHUYECKOH HACTPONKH, YCTAHOBKH M JIOIIOJHHUTEIHLHOTO
000opyIOBaHUs ISl TOTO, YTOOBI PE3yJIbTaThl MOXKHO OBLIO
BH3yanM3upoBath. [ unepcrnexrpanpHas kamepa Specim 1Q,
IIPUMEHsIEMas B HAIlIMX MCCIICIOBAHUSX, SIBJISICTCS] KOMIIAKT-
HBIM MOOMJIBHBIM CEHCOPOM JUJIsi HA3eMHOM U J1a00paTopHOi
cremku (Bohnenkamp et al., 2018).

B namreii pabote npuBeaeHb! Pe3yIIbTAThl HCTIOIB30BAHUS
kamepbl Specim 1Q mist pernenus AByx 3anad. Bo-mepBbix,
MIPOBEICHO HCCIIEJOBAaHUE IMPOPOCTKOB IMIICHHUIBI YETHIPEX
COPTOB B YCJIOBHSIX 3apakKeHUs KOPHEBOW THWIBIO M 0e3
3apaxkeHusi. KopHeBble rHHWIIM — Haubosiee BPEIOHOCHbBIE
3aboseBanus Ha mieHuIe B 3anagHoi Cubupu. U3 HuX cy-
IIECTBEHHOE 3HAUCHNE NMEET I'eJIbMUHTOCIIOPHO3 (BO30yaH-
Tenb — rpub Bipolaris sorokiniana Shoem. = Drechslera so-
rokiniana Subram. et Jain, Helminthosporium sativum Pam.),
MOpPAKAIONINI PAKTUYECKH BCE OpraHbl pacTeHus (mep-
BUYHBIE, BTOPUYHBIE KOPHHU, KOJIEOINTHUIIE, CTEOCb, JINCTHS,
3epHO). bone3ns npuBOANT K THOETN BCXOIOB, OTCTABAHUIO B
pocTe, OTMUPAHUIO MPOYKTHBHBIX CTEOIICH, ITyCTOKOJIOCHIIE,
mymiocT 3epHa. [lorepu ypoxkast B CpeiHEM COCTaBIISIIOT
15 % B pe3ynbraTe CHIKCHUS MPOLYKTUBHOM KyCTHCTOCTH,
03EpHEHHOCTH KOJ0ca M Macchl 3epHa (/lomkeHko u np.,
2014). Ml npoBeu OLeHKY HH()OPMATHBHOCTH ONTHYECKUX
[apaMeTPOB PA3IUYHBIX COPTOB MIICHUIBI MIPU JEHCTBUH
BO30yauTEIIs1 OOBIKHOBEHHON KOPHEBOW THHJIM 3J1aKOB B. s0-
rokiniana Shoem.

Bropoii 3aadeit ObIIO WCCIIEAOBAaHHUE CTIEKTPATBHBIX Xa-
PaKTEepUCTHK MSKOTH KityOHe# kaprodens (Solanum tube-
rosum L.), mpeacTaBieHHBIX B KoJuleKuu MHcTUTyTA 1IK-
tonormu u reaetukn CO PAH (MIul") «I'erArpo» (HoBocu-
OHpCK).

MaTepmanbl n metoabl

O0pa3upbl NIEHULbI A/l HCCJIeJ0BAHMS OPAKEHUsI KOP-
HeBO# rHIIIBI0. VceiieoBaHys IPOBOUIIN B J1a00PaTOPHBIX
YCIIOBUSIX (BETETAIIMOHHBIN OIBIT — BOAHBIC KYIBTYPhI) Ha
MIPOPOCTKaX palOHUPOBAHHBIX COPTOB MSITKOM SIPOBOM TILIe-
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HULBI cenekuun CHOMPCKOro Hay4YHO-HCCIIEI0BATEIBCKOTO
WHCTHUTyTa pacTeHueBoacTBa — ¢ummana Ulul CO PAH:
HoBocubupckast 18, HoBocubupckas 44, Cubupckas 21 u
Omckoro AHIT — Omckast 18.

Cxema ombITa BKJIFOUAJIa BAPUAHTHI: KOHTPOJIb — CEMEHa
0e3 NCKyCCTBEHHOM MH(EKINH; OTIBIT — CEMEHA HCKYCCTBEHHO
MHOUIHMPOBAIH BO30OyIUTENeM OOBIKHOBEHHOH TrHUIN Bi-
polaris sorokiniana Shoem. (B. sorokiniana). Iapunnposa-
HHE ITPOPOCIINX CEMSH OCYIIECTBIISUIN KOHUIMAIBHON Cyc-
MIEH3MeH CMECH CpeIHETIaTOreHHBIX U30JIATOB B. sorokiniana,
npurotosneHHol Ha 0.1 % BoxHoM arape (5000 xonuaMit Ha
1 3epHO). [l Kax1oro copra B BapHaHTaX 3aKiIa/bIBaIH
no 100 3epeH ¢ yueTom ux BcxokecTd. VHpeKkunoHHyo Ha-
Tpy3Ky HAaHOCHJIM B Karjle CyCHEH3MM BO30YIUTENs MOCIe
nozicueTa KoHU M B kamepe Toma—IopsieBa. OToOpanHoe,
0e3 BHELIHUX IIPU3HAKOB MOPAKEHUS M TIOBPEXKICHUS 3€PHO
IpenBapuTenbHO crepmin3oBanu 90 % 3THIOBBIM CIMPTOM
B T€UEHHUE 2 MUH C TOCIIEAYIONIMM TPOCKPATHBIM ITPOMBIBa-
HUEM JUCTUUINPOBAHHOMN BOAOK.

IIpopocTku BbIpanuBaid B pyJIOHHOM KYJIBTYpE Ha BOAO-
MIPOBOJTHOI BOJIE B KaMepe MCKYCCTBEHHOTO MUKPOKJINMATa
«buorpoHn-7» (pazpadorka CHOMPCKOTro (HU3MKO-TEXHHYECKO-
ro uHCcTHTyTa (CHOHpCKUil denepadbHBI HAyIHBIA LEHTP
arpobunorexnonoruii Poccuiickoii akajemun Hayk)) 10 (Gasbl
1-2 mucra npu 16-4acoBoM (OTONIEPUOIC C OCBEIIICHHOCTHIO
20000 nx (mens), Temmeparypa gaem 22 °C, Houpio — 18 °C,
Binaxxnocts — 60 % (I'yposa u ap., 2017). [ns npoBeaeHus
CHEMKH C TIOMOILBIO THUIIEPCHEKTPAIbLHON KaMephl HCIOJIb-
30BaJIi MOOETH MIPOPOCTKOB MIIEHMIIBI C TIPH3HAKAMHU M10pa-
JKCHUSI KOPHEBOH THIIIBIO (IUITPUXH M TIOJIOCHI TEMHO-0yporo
1IBETA).

O0pa3ubI K1yoHel kapTodens. B uccienoBanny nCTionb-
30BaHbI 82 oOpasua kaprodens (S. tuberosum L.) n3 xomiex-
n MLl «'enArpo» (HoBocubupck). Bee copra u rubpu-
b, aHAITM3UPYEMBIE B XOJI€ IKCTIEPUMEHTA, ObIIIN BBIPAIIECHbI
B TOJIEBBIX YCIIOBHSIX (B IpeesiaX OJHOM JIOKAIMU) C WIOHS
1o Havajo ceHtsiops 2018 . Bce 00pa3ibl ObUIN TOCAKEHBI
OZIHOBPEMEHHO WJIM C Pa3HUIEH B OIWH 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 psia COCTABISIIA
3 M, BelpamuBanock mo 10 pacrenuil. [locne usBneueHus
KJIyOHe# M3 IMOYBBI UX HANPABISLIM HA XPaHEHHE B TEYCHUE
3 men npu temmeparype 4 °C. Ilo mporrecTBUH yKa3aHHOTO
BpPEMEHN OTOMPAIIH TOIBKO BU3YaJIbHO 3/10POBBIC, THITHUHBIC
o ¢opMe U pasmepy KIyOHHU IUIsl Kaxaou juHuu. KinyOoHu
(mBa Ha oOpaserr) ObUTH BBIMBITHI BOJOIIPOBOJHOM BOIOH U
OCTaBJICHBI Ha HOYb JIJIsl UCTIAPEHHS BOIOTIPOBOHON BOJIBI C
MOBEPXHOCTH KIIyOHEI B KOMHATHBIX YCIIOBHSIX.

Jnst IpoBesieHNsT ChbEMKH C MOMOIIBIO THIIEPCIIEKTPaTb-
HOW KaMepbl UCIIOJIb30BAIN cpe3bl KiyOHeH. BormonHsmm
HOTIepeYHbIe pa3pesbl KIyOHEH 10 EHTPY C IIOMOLIBI0 HOXKa
Ha /IBe NMPUOIU3NTENBHO PaBHBIE JOJH, OT OAHOW M3 HHUX
MIPOBOJIMJICS CPE3, MAKCUMAJIBHO OJTHOPOJIHBIH 110 TOJIINHE
B Pa3IMYHBIX yacTsX cpe3a. Bce cpesbl MMenu TOJILIUHY B
npenenax 2—3 cM. B ciydasx HEBO3MOXXHOCTH BBITTOTHEHUS
MIOTIEPEYHOTO Cpe3a IO LEHTPY KITyOHs (BBIABIsIeMbIE nedek-
TBI TOJIBKO TIPH Pa3pe3aHuu KiyOHs, HalpUMep, TaKkue, KaKk
pe3yabTaT MOPaXKEHUs! Pa3InYHbIMU MHQEKIUAMHI) NeTann
MIPOAOJILHBIN CPe3 MO HEHTPY JO0JIU KITyOHs, HOIy4YeHHOH IPH
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nornepeqHoM pazpese. Cpessl B Ipeziesiax u3y4aeMoro copra
WY THOPH/IA BBITIOJTHSIIM HETIOCPEICTBEHHO TIePe CheMKOIA.

IMony4yenne runepcneKkTpaabHbIX H300paxennii. Crek-
TpaJbHbBIC XapaKTEPUCTUKH MPOPOCTKOB IIICHUIIBI ¥ KITyOHEH
KapTodens U1t aHanu3a ObUTH COOPaHBI C TIOMOIIIBIO THITEp-
cnekrpaibHoi kKamepbl Specim 1Q (Spectral Imaging Ltd.,
https://www.specim.fi/iq/). DTa kamepa MO3BOJISICT OLCHH-
BaTh CIEKTPHI oTpaxkeHus B nHTEepBasie 400-1000 am. Criek-
TpaJIbHOE pa3pelIeHNue KaMephl COCTABISAET 7 HM M BKIIIOYa-
eT 204 nmonockl, MPOCTPAHCTBEHHOE pa3pellleHre CeHCopa —
512 %512 nukceneii. TexHn4IeCcKre XapaKTEPUCTHKH KaMEPHI
6onee moapoOHO nmpuBeneHsl B padore (Bohnenkamp et al.,
2018). Kamepa 6bu1a jmr06e3Ha mpepoctasiena OO0 «Komma-
Hus «A3umyT Dotonuke» (Mocksa). Kamepa Op11a ycTaHoB-
JIeHa Ha IITaTUBE HaJ CTOJIOM, Ha pacctoaHuu 15-20 cm ot
o0pas3iia, pacroIoKeHHOTo Ha OesioM Jiucte Oymaru. OOpasiisi
OCBELIAINCH TPEMs TaJIOTCHHBIMH JIAMITAMH: JIB€ MOIIHOCTBIO
500 BT, omna — 700 BT, kak 3T0 peKOMEHJ0BaHO B MHCTPYKIIUU
K kamepe. [lepen cheMkoii TpoBoAMIACH KAIIMOPOBKA Kame-
PBI C TIOMOIIBIO KaJTMOPOBOYHOM IMaHENH, MOCJIE ITOTO HPH
MIOJyYCHNUH CEpUi CHIMKOB TIaHEIb YAASUTH U3 KaJpa.

O0padoTka cneKkTpajbHBIX H300paxkenuni. [Ipeasapu-
TENbHBIN BU3YaJIbHBII KOHTPOJIb Ka9eCTBA THIIEPCIICKTPalb-
HBIX N300pakKeHHI OCYIIECTBIISIICS C TOMOIIBIO TPOTrPaMMBbI
Specim 1Q Studio software. J{1st MaccoBoii 00pabOTKH 130-
OpakeHMit HCTIONB30BaNIN ONOIMOTeKH 361K Python. M3Bie-
YEeHHUE JJAHHBIX 110 NHTEHCUBHOCTH CIEKTPAIBHBIX JTMHUH U3
BBIXO/IHBIX (paiiioB Specim IQ B popmate envi mpoBOIHIIH C
momonrsio makera spectral (http://www.spectralpython.net/).
Crima)xuBaHKE CIIEKTPOB OBIIO BHINOJIHEHO C UCTIOIb30BaHHU-
em ¢uisrpa CaBunkoro—lonas (Savitzky, Golay, 1964), mpo-
rpamma savgol filter —n3 makera scipy (https://www.scipy.org/).

Brienenne obaacTel mMpopoCTKOB M CPE30B KITyOHEH ocy-
IIECTBJISUIM Ha OCHOBE aHaJIM3a MHTEHCHBHOCTH CUTHAJIA T10
Pa3IMIHBIM JIMHISIM cHIeKTpa (OenbIii GOoH nMeI TPaKTHIeCKH
OJIMHAKOBYFO WHTEHCHBHOCTH OTPAXCHUSI 10 BCEM JIMHUSM
CIIEKTpa).

Jnst uccnenoBaHus OBUIH B3STHI OT TPEX JIO MATH THIEp-
CHEKTPATBHBIX H300paKEHUH 3/I0POBBIX U 3aPAKCHHBIX ITPO-
POCTKOB JUIsl K&KJIOT0 COpTa MieHUbl. [Ipy nosryyeHny crek-
TPAJBHBIX KPUBBIX IIPOBOIMIN CEIMEHTALIMIO H300pakeHNUt
1 MICTIOJTB30BAJIH CPETHHIE 3HAYCHUSI CIEKTPAIBHBIX SIPKOCTEH
BbIJICJICHHBIX CEIMEHTOB 110 HECKOJIBKUM 1/1306pa)K6Hl/ISIM. le/l
aHaJIN3e IPOPOCTKOB PACCUUTHIBAIIM CEPUIO BETeTAllMOHHBIX
MHJICKCOB, KaK 3TO OBbIJIO onmcaHo paHee B padote (/yopos-
cKas u jp., 2018).

[Ipu ananmse kayOHEH ANA KaKIOTO M300PaKESHUS MBI
BBIOMpainy cirydaiiHeiM 00pazom 6000 nukceneii (BEIOOpKa C
BO3BPAIICHUEM ), IPUHAICKAIIIX 0071aCTH MAKOTH KIYOHS,
U [10 HUM YCPEIHSUIN 3HA4YeHHEe HHTEHCUBHOCTEH JUIS KX I0H
muHUM criekTpa. [loaydeHHbie TakuM 00pa3oM cpetHue 3Ha-
YEHUsI XapaKTepU30BaJIl CIEKTPbI Ka)10ro 13 82 00pasuos
MSKOTH KapToQes.

Jast ipezicka3anust copiepKaHus KpaxMalia M Me3TH B KITyO-
HSX KapTo(esis 10 TMIepcrneKpaIbHbIM JaHHBIM [IPUMEHEH
METOJ YacTHBIX HanMeHbIInX KkBaapatoB (PLS), B kagecTBe
3aBUCHMBIX MEPEMEHHBIX pacCMaTpHUBaJI 3HAUCHHUS COJIEep-
JKaHus Kpaxmaja WM ME3TU, HE3aBUCUMbIMU NIEPEMCHHDI-
MU OBUIM 3HAYCHHUS TIEPBON MPOM3BOTHON WHTECHCHBHOCTEH
cniekTpa (nuddepeHnnanbHbIe KPUBBIC).
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The use of Specim 1Q, a hyperspectral
camera, for plant analysis
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Fig. 1. Spectra of wheat varieties: blue curve, healthy seedlings; red curve, seedlings damaged by wheat scab (B. sorokiniana).

Pe3ynbratbl

AHaJIN3 JAHHBIX 10 KOPHEBO# THUJIU MIIeHUIbI. AHATU3
CIIEKTPAJIbHBIX KPUBBIX, [IOJIYYEHHBIX JIJIs1 IPOPOCTKOB COPTOB
Hosocubupckas 18, Omckast 18, HoBocubupckas 44 u Cu-
Oupckas 21, okaszal, YTO OTpakaTesIbHbIE XapaKTePUCTUKH
3I0POBBIX IPOPOCTKOB MIIICHHUIIBI X HH(PUITPOBAHHBIX BO30Y-
JTesIeM OOBIKHOBEHHOM KOPHEBOM THIJIH 3J1aKOB OTIINYAIOT-
sl B UCCIIEYEMBIX YacTsaX crekTpa — uaumoit (400-700 Hm)
u OmwkHe# nHppakpacHoit oomactu (700-900 um) (puc. 1).
Y IpopoCcTKOB KOHTPOJIBHBIX BAPHAHTOB B BUANMOHN 4acTH
CHEeKTpa HaOII0faeTcsl BO3pacTaHWe OTpakaTelIbHOH Cro-
COOHOCTH ¢ HEOOJBIINM MMUKOM B 3€JICHOIH 00acTi (OKOJIO0
550 HM), 3aTeM WICT MOHMKEHUE M3-3a TOIVIONMICHHUS CBETa
MUTMEHTaMU PAaCTEHUH C AKCTPEMYMOM IIPH JUIMHE BOJHBI
oxos10 680 HM. B OnmokHel nH(ppakpacHoit o0acTi oTpaxa-
TeJIbHAs CIIOCOOHOCTH IPOPOCTKOB KOHTPOJIBHBIX U OTTBITHBIX
BapUaHTOB TTOBBIIIAETCS, YTO CBSA3aHO C BHYTPEHHHUM paccesi-
HueM cBeta Me3odpmnioMm (Behmann et al., 2014).

Paznuums oTpakaTenbHBIX XapaKTEPUCTHK B OMPEENCH-
HBIX 30HaX CIEKTpPa MMOCITYKWJIN OCHOBOM /ISl TPUMEHEHUS
BEreTallMOHHbIX HHIACKCOB JJIs1 O6Hapy)KGHI/I$[ U NJUAarHOCTHUKU
KOPHEBO THUIIM Ha ITOCEBAaX U PacIIO3HABAHMS OCOOEHHOCTEH
37I0POBBIX M ITOPAKEHHBIX 32001€BaHNEM BCXOJI0B ITIICHUIIBI.
B pesynbrare ananuza pa3iMyHbIX BEreTallMOHHBIX MH/IEKCOB,
paHee HCIOJIb3yeMbIX P THarHOCTHKE ¥ MOHUTOPHHTE Pa3-
BUTHS JIpyrux 3abosneBanuii muenuns! (Jyoposckast u np.,
2018), a Tarxke HA OCHOBE aHAJN3a CIIEKTPAIBHBIX XapaKTe-
PHUCTHK, MTOJYYCHHBIX MPH Ja0OPAaTOPHOM SKCIEPHUMEHTE,
ObUTO BHIOpaHO 13 BereTarMOHHBIX WH/AEKCOB JUIS W/ICHTH-
(bukaruym kopHeBoit rHUIH (B. sorokiniana) (tadmn. 1). Jletans-
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HOE OIMCAaHUE WHJIEKCOB TpHBeeHo B padote ([yOpoBckast
u n1p., 2018).

AHa3 THCTOTPaMM 3HAUCHUH BETeTAlIMOHHBIX HH/ICKCOB
nokasain (puc. 2), uto unuexcsl TVI u MCARI Haubonee
UH()OPMATHBHBI JUI 0OHAPYKEHHS TaTOTeHA Ha IPOPOCTKAX
TIICHAIBI, 110 JaHHBIM THIEPCIIEKTPAIIEHON ChEMKH.

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

W3 nunarpamMM BHJIHBI JIB€ XapaKTE€PHbIE CIIEKTpalIbHbIC
00acTH, B KOTOPBIX HAOJIOJAIOTCSI CYIIIECTBEHHBIE Pa3THIHsI
B MHTCHCUBHOCTH CIIEKTPOB OTPAYKCHUS PA3ITMUHBIX COPTOB:
420-470 u 860-980 um. s odmactn 420—470 um HabII0-
JTAIOTCS 1BA XapaKTEPHBIX THUIA 3HAYEHUH MHTCHCHBHOCTH:
6ounbie 0.4 (53 obpasua, 64 %) ¥ MEHBIIE ATOTO 3HAYCHUS
(cm. puc. 3, a; 30 06pa3ioB., 36 %). diis odnactr 860-980 HM
TaKke HAOTIOMAIOTCS B TUTA 3HaYeHWH: Oombine 0.8 (cM.
puc. 3, a; 63 obpasua, 75 %) ¥ MEHbIIE TOTO 3HAYCHUS
(20 o6pa3sos., 25 %). bornee netanbHBIN aHAIN3 TTOKA3aJl, YTO
BCE 00pasIibl B BBIOOPKE MOXKHO PA3JEIUTh HA TPH TPYIIIHI 110
3HAYEHUIO BEIMYNH HHTEHCUBHOCTH CIIEKTPA B 3THX JIBYX 00-
nactsx. K nepsoii rpymme (A) oTHOCSTCS: 00pa3iibl, Y KOTOPBIX
3HaYEeHHE UHTCHCUBHOCTH B nHTepBaie 420470 am OomnpIie
0.4, a B uarepsaine 860980 um — 6ombire 0.8. Takux oOpas-
I[OB 0Ka3aJI0Ch 53 (Ha puc. 3 OHM MOKA3aHbI CHHUM LIBETOM).
Crinckn Ha3BaHWN COPTOB KapTo(enst, KOTOPBIE OTHOCATCS
K 9TOM W JABYM JAPYTHM rpyInmnaM, npuBeaeHs! B [Ipuioxe-
muu 1)!. K rpynme B otHocsaTest 00pasiibl, HHTEHCUBHOCTE

1 Mpunoxexna 1 1 2 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2020-24/appx2.pdf
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Table 1. Vegetation indices used for wheat scab identification on wheat seedlings

Index Index name Expression®

SR Modified Red Edge Simple Ratio lndex G- R Bt R
NV Red Edge Normalized Difference Vegetation Index oo R Roso t R
NV Modified Red Edge Normalized Difference Vegetation Index Fro-Rood Bt Roos— )
NeNDWI Narrow-and Normalized Difference Vegetation Index. Coo-ReoBeso+Rec)
RVSI ........................... RedEdge Vegetatlonstress Ind ex .................................................................. [(Rﬂ 2+ R 752)/2]_R732 ............................................
pSR| ........................... p|ant5enescence Reﬂectance |nde X ............................................................... (RRed _ . RG)/RN " .........................................................

(Re78 — Rso0)/R7s0

AR | ............................. Antho CyanmReﬂe c tancemde X ....................................................................... (RSSO)_ (Rmo)_ .......................................................
wo Photochemical/Physiological Reflectance Index Con-RolBoy +Re)
s Stuctural Independent PigmentIndex Coo-RusRem +Red
R Physiclogical Reflectance Index Con-RslBotRes)
Na Normalized Pigment Chiorophyllndex oo R0t R
e Modified Chlorophyll Absorption Rationdex 3 [ =) -02- R (2]
wo TriongularVegetation tndex 051120 (- A~ 200 Ry~ Rl

0.5-[120- (Ry5 - Rssg) — 200 (Rgyg - Rsso)]

* Ry~ is reflectance at the corresponding wavelength or in the corresponding spectral range: G (green — 520-600 nm), Red (630-690 nm), Nir (760-900 nm).
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Fig. 2. Imputed distribution densities of the indices TVI (left) and MCARI (right) for classes of seedlings (cv. Novosibirskaya 18): blue bars, healthy plants;

red bars, plants damaged by wheat scab.
Callouts indicate sample means and standard deviations of indices.

TOTJIOMIEHUS KOTOPhIX B mHTEpBaiie 420—470 am mensie 0.4,
a B uaTepBasie 860-980 uM — menbmie 0.8. Takux oOpasnos
oxazasnock 20 (Ha puc. 3 OHM BBIJICJICHBI OPAH)KEBBIM I[BETOM).
K rpynmne C otHOCATCS 00pa3iibl, y KOTOPBIX UHTEHCUBHOCTh
noromenus B oonactu 420-470 um mensbie 0.4, a B oba-

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

ctu 860-980 uM — Gompire 0.8. Takux obpasos 65110 9 (Ha
pucC. 3 OHU ITOKa3aHbI CHPEHEBBIM IIBETOM). DTH TPH KJIacTepa
OKa3aJIMCh XOPOIIO Pa3IMYMMbl Ha TpaduKe paccessHUs s
JIBYX TJIABHBIX KOMITOHEHT, MOJIyYSHHBIX MPU aHAJHM3€e Mpo-
W3BOIHBIX OT CIIEKTPOB (puc. 4). OOpasIoB, y KOTOPHIX B 00-
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Fig. 3. Spectral features of potato tuber flesh in 82 potato genotypes:

The use of Specim 1Q, a hyperspectral
camera, for plant analysis
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a - mean reflection intensities for 204 spectral lines within 400-1000 nm; b - differential curves. Colors of the curves correspond to three types of spectral lines

(see text).
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Fig. 4. Scattering of two principal components in 82 specimens obtained
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X-axis: component 1 (79.9 % of variation); Y-axis: component 2 (12.9 % of
variation).

nactu criektpa 420—470 HM HHTEHCUBHOCTH Oouibiie 0.4, a B
obmactu 860-980 HM — MensbIe 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 Kiayoneit ([Tpunoxenue 2). Ha
3TOM AnMarpamMmMe TakKe BUIHO, YTO MMKCEN KITyOHEeH OTHOTOo
copra (OPMHUPYIOT KOMITAaKTHBIE 00JIaKa, KOTOPBIE XOPOIIO
OT/ICJISAIOTCS OT 00JIaCTe, COOTBETCTBYIOLIUX JIPYTHM I'€HO-
THTIaM KapToders.

B criekTpax HEKOTOpBIX 00pa3loB HaONIIONAIOTCS MEHEe
BhIpa)KEHHbIE pa3inuus 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
pUMeHeHHs1 kKamepbl Specim 1Q Jyist aHann3a CreKTpoB OT-
paKeHUs] PaCTUTEIBHBIX 00pa3loB (IIPOPOCTKOB MIIECHHUIIBI
u cpe3oB KkiyoHel kaproderns). B nepBom citydae ynanoch
BBISIBUTH 3HAYMMBIE PA3JINYUs B CIIEKTPAX IPOPOCTKOB 310PO-
BBIX U TIOPAXKEHHBIX KOPHEBOH THUIIBIO. Y 3J0pPOBBIX IIPOPOCT-
KOB MHHUMYMBbI OTPayKCHUS HAOIIONAIOTCS B TIOJIOCAX CHIIb-
HOTO MOITIOLICHUSI XJIOPO(QHIIIIOB B KPACHON 00JIaCTH CIIEKTpa
(680 HM) 1 B TIOJTOCE COBMECTHOTO ITOTTIOMICHHUS XI0pO(PHUIIOB
U KapOTUHOUOB B cuHEl oomactu (~500 HM).

Y nopaxeHHbIX IPOPOCTKOB TPEX COPTOB MIIEHHUIIBI (KPO-
Me copra HoBocubupckas 18) xoddduimertsr oTpaxenus
MPAaKTHYECKH BO BCEM JIMANa30He 3HAYUTEIILHO HIKE, YEM Y
310poBbIX. CHMKEHHE OTpaXKaTeIbHOU CIIOCOOHOCTH Y TIO-
pa’keHHBIX POPOCTKOB, HarboJee BeIpaxeHHoe y copta Cu-
Oupckas 21, BO3MOXKHO, 00yCIIOBICHO 0COOCHHOCTSIMH TIPO-
TeKaHust MH(EKIIMOHHOTO Iporecca v (POPMUPOBAHUSI 3AIIUT-
HO-TIPHCIIOCOOMTENIBHBIX PEaKIUii IPH MaToreHe3e.

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 ANarHo-
CTHKH CTPECCOBBIX Bo3aeicTBuil. [1omo0HyI0 0COOEHHOCTH
ormeyasin A. Lowe ¢ xomuteramu (2017). OHa MOXeT OBITh
00BsICHEHA TEM, YTO XJIOPOGHIUT CHIILHO TOIVIOMIACT UTHHBI
BOJIH BIUIOTH 110 700 HM, U, clieI0BaTebHO, PACTUTEIBHBIN
Marepuan B 3TOM JAMAa30He MMEET HU3KYIO OTpa)kaTellb-
HYIO CHOCOOHOCTB, KOTOpasi pe3Ko BO3pacTaeT B OJNVDKHEH
uHppakpacHoit odmactu crekrpa (~720 am). O6HapYKEHO,
YTO PA3IIMYMS B CIIEKTPaX MOXKHO OTIHMCATh 33 CUET N3MEHEHUS
psla u3BeCTHBIX MHJIEKCOB, B yacTHOCTH TVI u MCARI,
CBSI3aHHBIX C COJICPIKAHUEM XJIOPODHILIA.

[Ipu ananmm3e cpe30B KIyOHEH KapTOQeIss MbI BBIICIIHA
nBe obmactu crekrpa (400—450 u 900-1000 HM), B KOTOPBIX
HaOTIOMar0TCs HAaUOOBIINE Pa3InYKA B HAIlICH BRIOOPKE 00-
pa3noB. VX MOXXHO cBs3aTh ¢ 00IACTSAMH ITOTIOMIEHHS psijia
PacTUTEJIBEHBIX MUTMEHTOB, a TAK)KE MOJIEKYJI BOJBI M IPYIITT
OH (Tabm. 2).

OOHapykeHHBIE TTOJIOCHI TOTJIOMICHUS TO3BOJIIOT TIPE-
TIOJIOXKHUTH HAIMYKE WM 00pa30BaHue B XOJI€ IKCIIEPUMEHTA
(peructpanuu CrHeKkTpa) MOTIOMIAIONUX B BUIUMOU WU
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Table 2. Absorbance ranges of some metabolites

Metabolite Absorbance Reference

ranges, nm
Me|anm ..................... 400 ...................... Busch1999 ................................
Chlorophyll 640-730,400 Guidietal, 2017
‘Water, OHgroups ~970 L6pez-Maestresalas et al, 2016

OmkHEH HHppaKpacHO 00J1acTH CrieKTpa MeTaboauToB. Tak,
U3BECTHO, YTO B OBOLIAX IIPH B3aHMOJICHCTBIH IIPOM3BOIHBIX
THUPO3HMHA C KHCJIOPOJOM BO3/yXa B NMPHUCYTCTBUU OKCHJIA3
MOXKET MPOUCXOJUTh 00pa3oBaHKUE MEJaHWHA — OJIMTOMeEp-
HOTO OKparmeHHoro coenuHenus (Busch, 1999), mveromiero
B crekTpe nonocy nornomenus npu 400 am. BozmoxHo, B
Ipolecce 3KCIIOHUPOBAHUSI HEKOTOPbIE copTa KapTodess
OoJiee JIerKo MOIBEPraich KaTaINTHIECKOMY OKHCIICHHIO C
00pa3zoBaHNEM KOPHYHEBOW OKPACKH.

[Moromenue B oomactu 640—730 HM MOXKET COOTBETCTBO-
BaTh HAJIMYHIO 3€JIEHOTO IIMTMEHTA — XJIOPO(QHILIa — B Kpae-
BBIX O0JIACTSIX CPE30B B HEKOTOPBIX PACCMOTPEHHBIX 00pa3nax
kaprodens (Tanios et al., 2018). Ob6e pacnpocTpaHeHHbIC B
pacTeHnsIX pasHOBUAHOCTH XJIOpO(Hiia — a ¥ b — MorIomaroT
cget 640-730 aM. Kpome Toro, XJ1I0pOdHILT @ IMEET ToJIocy
nornonienus npu 400 um (Guidi et al., 2017). Bo3moxkHo,
HUMEHHO COPTa C XJIOPO(UIUIOM B KPaeBbIX YUacTKax Cpe3oB
Ki1yOHeit orHocstes k rpynme C o PCA (cm. puc. 4).

[ornmomenue npu 860-980 HM OTHOCUTCS K BOIOPOAHBIM
cBs3aM Bogsl (LOpez-Maestresalas et al., 2016) u, BO3MOXHO,
CBSI3aHHBIX C HEHl MOJIPHBIX MOJIUMEPOB (Kpaxmara, MeKTH-
HOB, LIEJUTIONIO3bI), TPUCYTCTBYIOIINX B MSIKOTH KapToQels.
Paznmunem B cBa3biBaHNH BOxb! M Tpynn OH MoxHO 00Bsic-
HUTBH HAJIWYHE JIBYX I'PYIIT COPTOB KapToders.

O1ileHKa CKOPOCTH MMOTEMHEHHMsI cpe3a KiyOHs (oOpa3oBa-
HHS MEJIaTOHWHA) HMEeT IPAKTHIECKOe 3HAUYSHHUE IIPH POH3-
BOJICTBE YMIICOB M IOJTYTIPOAYKTOB ISl JKApEHOTO KapTo(erts.
Amnanm3 Hanmuust XJaopoduiuia B kaprodesie Ho3BOJISIET CY/IUTh
0 TOM, KCIIOHHUPOBAJICS JIN KapTodenb Ha CBETy H, COOT-
BETCTBCHHO, €CTh JIM PHCK NMPUCYTCTBUS B HEM SIOBUTOTO
ankajgouja conanuHa. Takum oOpa3om, MCIIOIb30BAHUE TH-
HEePCHEeKTPAILHON KaMephl IMEET 3HAUNTEeNIbHBIHN ITOTEHIHAI
JUIS| OLICHKH HAJIMYHSI METa0OJIUTOB B KapTO(erte 1o ero cpesy
1 aBTOMATH3aI|H [TPOIIECCOB MepepadOTKU KapTodesis B Ipo-
JYKTBI C BBICOKOH TOOABIEHHOI CTOMMOCTBIO.

3aknioyeHue

C momoImIpio THIEPCIeKTpaabHON Kamepsl Specim 1Q mpo-
BEJICH aHAJH3 J[BYX TUIIOB OMOJIOTHYECKHUX 00pas3IoB: Tpo-
POCTKOB MIIICHUIIBI YETHIPEX COPTOB C MOPAKECHIEM KOPHEBOI
THHJIBIO (BO30yauTeNs — B. sorokiniana Shoem.) 1 310pOBBIX.
BrlisBiieHO Hamu4ue pa3inuduid B CIEKTPaX 3AOPOBBIX U IT0-
pakeHHBIX pacTeHui, onpeaeneHsl uHaekcsl TVI 1 MCARI,
KOTOpBIE B HAMOOIBIIICH CTETIEHH Pa3InIatoTCs IS 30POBBIX
1 OOJTBHBIX IPOPOCTKOB. AHAJIH3 MSKOTH KITyOHEH KapTodens
OKa3aJl BEIPAXKEHHBIC [PYIIITBI 00Pa3I[0OB, KOTOPBIC pa3jinya-
IOTCS TI0 UHTCHCHBHOCTH CIIEKTPOB OTPAKEHHUS B 00IACTSIX
400-450 1 900—1000 HM, 9TO MOXKET OBITH CBSA3aHO C 00Iac-
TSMU MOTVIONICHHS MeJIaHWHA B IIEPBOM cliydae (MoYepHEeHre
MSKOTH) U MOJeKyln Boasl U rpyrm OH — Bo BropoM (comep-
JKaHHE BIIATH).
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A comparison of statistical methods
for assessing winter wheat grain yield stability
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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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CpaBHeHIe CTaTUCTUUYECKIMX METO/JOB OLI€EHKM
CTaOMJIbHOCTY YPOKATHOCTY O3MIMO¥i ITIIEeHUIIbI
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2 CUBMPCKIit HayUHO-UCCNIE0BATENbCKIIN UHCTUTYT PacTeHEBOACTBA 1 cenekumi — punnan GefepanbHOro NCCeaoBaTenbCKoro LeHTpa
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AHHOTayusa. MHoroobpasme CylecTBYIOLMX METOAOB OLEHKM GpEHOTUMNYECKON CTabUAbHOCTM PAacTeHUI CTaBUT
nepep cenekymoHepamu npobnemy Bbibopa NoaxoaaLero BapuaHTa. Lienbto HacToALwwero nccnefoBaHnsa 6bino cpas-
HeHre pasfiyHbIX METOAOB aHann3a B3auMOLENCTBMA FEHOTUM X Cpefia 1 OLeHKa Ha X OCHOBEe CTabuSIbHOCTY Ypo-
MKaMHOCTN CeMn COPTOB O3MMOW MLeHULbl. MpoaHann3npoBaHbl 17 CTaTUCTUYECKUX MoKasaTenen CTabnnbHOCTM Ha
npumepe AaHHbIX nonesoro onbita 2009-2011 rr. N0 OLEHKe YPOXKaHOCTN 3epHa CEMU COPTOB O3UMOW MATKOM 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 PasfIMYHON peaKkuuy reHOTUMOB Ha U3MEHeHWe YCNoBUI
cpenbl. BbINOMHEHO paHXMpPOBaHKE COPTOB MO YPOBHIO CTabWIbHOCTU U PAacCUUTaHbl KOPPENALMOHHbIE CBA3N MEXAY
napameTpamu ctabunbHocTh. Ha ocHoBe aHanmn3a KoppenAaLunMOoHHON MaTpyLbl PaHrOB NpoBefeHa Knaccudukauma me-
TOAOB, pasfenAnLLas Ux Ha NATb rpynn. MpeanoxeHbl peKoMeHZaLMN No BbIbopy cnocoba onpefeneHns cTabuibHo-
CTV FreHOTMMNOB B 3aBUCYMOCTH OT Lienieil uccnefoBaHua. B cnyvae, Koraa Lenbio cenekLMOHHbIX MCCeA0BaHWNIA ABNAET-
cA BbI6op Hanbonee cTabusbHbIX B 6110N0rMYECKOM CMbICTIE COPTOB, 06/1aAaloLLMX HAUMEHbLUEN Bapraumeli Npu3Haka,
He3aBVCUMO OT MEHSAIOLMXCA YCIIOBUI CpeAbl, clefyeT NCNoNb30BaTb METOAbI CTaTUYeCKON KoHuenuun. Ecnv cpeamn
Habopa copToB HEOOXOANMO BbIOPATL FEHOTUM C NpefCcKalyeMol peakuyei Ha U3MEHEHWA YCNOBUIA Cpefbl, COOTBET-
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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 CTaTUYecKol KoHuenuuu copt HoBocrbrpckas 32 6bin onpeaeneH Kak Havbonee cTabunbHbii ¢ 6ronoru-
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; Cenekuymua pacTeHUi; CTaTucTr-

Yyeckne MetToabl; 03MManA 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/m?, 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:

(Y -7,

Tl 2)
where Yj; is the mean value of the trait 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:

C i:;—f-loo%, 3)

A

2
Syi=

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:

72
Hom,= ——=—"=—, “)
" 0 (Yicopny— Yictim))
where o, is the standard deviation of the trait for the i-th geno-
type: Y;., Yi(opn)» 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:

Pi= 237:1(Yij *Mj)z/zl’l, (5)

where M; is the maximal value ¥;; for all genotypes in j-th en-
vironment. Genotypes with a lower 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™:

v =[1 - fitepn ~Litim) 45 o, (6)
1

1

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

i(opt) Si(opt)’ i(lim) Silim)’ ven_ >
where G, Gj(p)» Oigimy are standard deviations of the trait
for i-th genotype in j-th, optimal and limited environments,

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

2020
243

CpaBHeHVe CTaTUCTUYECKNX METO[J0B OLIeHKM
CTabWbHOCTY YPOXKAMHOCTY 03MMOW MLWEHULIbI

respectively; 7,-]-, Yiopiy» Yigim) are average values of the trait
for i-th genotype in j-th, optimal and limited environments;
v is a number of genotypes, » 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:
Hi = Z,‘aj(k)(yzj*)_].j)/cja (8)

where a;, 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 (Y - LSD <
<Y ;<Y +LSD)and unfavorable (Y ;<Y — LSD). The value
of LSD (least significant difference) is determined by the

formula:
LSD = t\NMS;p(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 )=Y;~¥,. (11)

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

1 -1
Otac, =y H(d+ (), =P 07 =

auy =5 N, (k=1.2.3).

(- Y, Cn-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:

c2. (12)

_ v v v \2
W,=%,(¥;~ 7,7+ )2, (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:

R RV R R )
8.2:‘)(‘)_ DX, (Y=Y, =Y+ Y ) =X;(Y; =Y, - Y;+Y)
! 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:
Y=+ 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

TV vn : (16)

The estimation of the regression coefficient b; is the first

parameter of genotype stability
XYl
b;="00 17
SV 17)
The second parameter of stablllty is the variance of devia-
tion from the regression line.
82
_%% s (18)
n-2 r’
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

i

(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:

Vg = hHdi gy T gt ey

Whereyij,C (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; u 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

oV 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:

sW=2-z)

St =1l /INN=1)], (24)

5= Zj‘il (”ij_’_”i,)z/(N— 1), where 7; =% /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:

Y;=pto, +B +Zk lkkclknijre (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 e (IPCAlscore) | + (IPCA2score)?, (27)

S, IPCA2

where SS,,,,, SS;pc4o 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.
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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, S1).

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 .i.é |d ........ R .............. Y i.é.l.a. ........ 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 6 64 .............. 5 70 .......... 5 ................ 3 42 .......... 3 ............... 3 5 5 .......... 7 ................ 5 49 .......... 1 ............... 5 84 .......... 1 ..............

Novos|b|rskaya3 .............. 5 86 .......... 2 ............... 6 50 .......... 1 ................ 374 .......... 1484 ......... 1 ................ 4574 .............. 5 52 ........... 2 ..............

Novos|b|rskaya32493 .......... 7 471 .......... 7 ................ 3 21 .......... 7 ............... 3 96 .......... 5 ................ 3 78 .......... 7 441 ........... 7 ..............

Novos|b|rskaya4o ............ 5 64 ......... 5 ............... 5 084 ............... 3364 .............. 3 366 ................ 465 .......... 5 ............... 5 284 .............

NOVOSIb"Skaya51 ............ 5 546 ............... 5 456 ................ 334 .......... 5 4004 ............... 4466 ............... 5 136 ..............

o b Sk ayawmte,— ................ 5 9 o .......... 1 ............... 5 34 ......... 2 ................ 3 72 .......... 2 435 .......... 3 ................ 4 72 .......... 3 ............... 5 20 ........... 5 ..............

omskaya6 ........................ 5 76 .......... 3 ............... 6 14 ......... 3 ................ 3 306447 .......... 2 ................ 5 44 .......... 2 ............... 5 61 ........... 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*** .......................
E n V .ronm ent ................................................... 5 ................................ 8 930 ..................................... 17360 ................................... 1 363969*** .......................
Genotypexenwonmen t .............................. 3 o ............................... 913 ....................................... 0 306 ....................................... 23378*** .......................
E ,—ror ................................................................. 8 4 ............................... 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
Meany496 ......... 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 .......

CV2115 .......... 7 ............ 1792 ......... 3 ........... 1 4551 .............. 2 068 ......... 6 .............. 1 7882 .............. 1 832 ....... 4 ............ 1 9365 .......

HOM968 ......... 5 ............ 1052 ......... 3 ........... 1 6661 ................ 3 567 .............. 1 1382 .............. 1 050 ....... 4933 ........ 6 .......

UST_461 .......... 7 .............. 0 70 ......... 43641 .............. - 0985 ................ 1 012085 ........ 3_331 ........ 6 .......

MARO% .......... 4 .............. 5 441_910 ......... 7 ............. - 089 ......... 5_2526323 ........ 22853 .......

W, ................. 106 ......... 7 .............. 0 39 ......... 5076 ......... 6 ............... 0 15 ......... 2008 ........... 1 025 ........ 3037 ....... 4 .......

S/GMA005 .......... 7 .............. 0 01 .......... 5003 .......... 6 ............... 0 00 ......... 2000 ........... 1 001 ........ 3001 ........ 4 .......

B, .................. 1 10 .......... 4 .............. 1021065 .......... 7 ............... 114 ......... 60953 ................ 1 03 ........ 2 .............. 1 11 ........ 5 .......

52d,025 .......... 7 .............. 0 09 ......... 6006 .......... 4 ............... 0 01 .......... 2001 ........... 1 006 ....... 3008 ....... 5 .......

A,_Oog .......... 6 .............. 0 05 .......... 20241 .............. - 01570013000 ....... 4_005 ........ 5 .......

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

Lambda7124 ......... 7 ............ 2 706 ......... 6 ........... 1 646 .......... 4440 ......... 2368 ........... 1 .............. 1 644 ....... 32212 ....... 5 .......

51307 .......... 6 .............. 2 47 ......... 3313 .......... 7 ............... 1271 ................. 1 802280 ....... 5253 ........ 4 .......

52707 .......... 7430 ......... 3697 .......... 6 ............... 13712172547 ....... 5467 ....... 4 .......

ASV/ZZO .......... 7 .............. 111 .......... 5 ............. 1 56 .......... 6 ............... 0 42 ......... 2029 ........... 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 szi, 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{V, 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, sf,i and 2; 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.
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Concentration of viruses and electron microscopy
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Abstract. Nearly all lethal viral outbreaks in the past two decades were caused by newly emerging viruses. Vi-
ruses are often studied by electron microscopy (EM), which provides new high-resolution data on the structure
of viral particles relevant to both fundamental virology and practical pharmaceutical nanobiotechnology. Elec-
tron microscopy is also applied to ecological studies to detect viruses in the environment, to analysis of tech-
nological 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 concentrated. 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 media and viruses in order to increase recovery. The paper reviews
studies on unique traps, magnetic beads, and composite 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 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.

For citation: Petrova I.D., Zaitsev B.N., Taranov O.S. Concentration of viruses and electron microscopy.
Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding. 2020;24(3):276-283. DOI
10.18699/VJ20.620

KOoHIIeHTpMpOBaHMe BUPYCOB U 31€KTPOHHASI MUKPOCKOIINS

VLA. HeTpOBa@, b.H. 3aitues, O.C. TapaHos

[ocynapcTBEHHbBIN HAayYHbIl LeHTP BUpYyconorum n brotexHonorun «Bektop» PocnotpebHagsopa Poccuiickoin ®epepaumu, p.n. KonbLoso,
HoBocnbunpckas obnactb, Poccus
® e-mail: idpetr@vector.nsc.ru

AHHoTayus. MouTn BCe CMepTesNibHble BUPYCHbIE BCMbIWKK B NOC/eAHNe ABa LeCATUNETUA Oblin Bbi3BaHbI
BHOBb MOABNAOLMMUNCA BUPYCaMU. 1A U3y4YeHUA BUPYCOB YacCTO MCMOMb3YIOT IEKTPOHHYIO MUKPOCKOMMIO
(3M). OHa no3BonAeT NoyYnTb HOBbIE lIAHHbIE O CTPYKTYPE BUPYCHbIX YaCTUL, C BbICOKUM pa3peLleHnem, YTo
npeacTaBnAeT NHTepec Kak ansa dyHAaMeHTanbHON BMPYCONOrnK, Tak 1 ANA npakTnyeckon dapmauestuye-
cKoW HaHobroTexHonorun. Kpome Toro, M npUMeHAEeTCA B SKOMOrMYeCKUX UCCefoBaHNAX AnA onpeaeneHns
HaNIMumMA BUPYCOB B OKPY»KatoLLeln cpefie, Mpuv aHanv3e TEXHONOrMYeCcKMX NpoLeccoB Afid NPOU3BOACTBA Bak-
LWH 1 pYrnx GOTEXHONOMMYECKNX KOMIMOHEHTOB, @ TaKXKe B AUArHOCTUYECKUX Liensax. HecmoTps Ha pa3BuTre
60s1ee UyBCTBUTENbHBIX METOLOB, NIEKTPOHHAA MUKPOCKOMNMWA B AMAarHOCTMKE OCTaeTcA pabounm MeTOAoM.
MMaBHoe npeumyLlecTBo DM — OTCYTCTBYE CNeUndUYHOCTU K KaKON-NM60 onpeaeneHHol rpynmne BUPYCoB, 4To
cnocobcTByeT paboTe C HeM3BEeCTHbIM MaTepuanom. OfHaKo OCHOBHOE OrpaHUYeHe METOAA — OTHOCUTESTbHO
BbICOKMI Npefen obHapyeHua (107 yacTuu/mn), B CBA3M C YeM HEOBXOAMMO KOHLIEHTPUPOBATb BUPYCHbIN
MaTepuan. He cyliectByeT Kakoro-to ogHoro Havbonee s¢pdekTrBHOro metoaa. B 3aBMCcMMOCT OT camMoro
BMPYCa ¥ MOCTABJIEHHON Leny NCMonb3yTcA pasnnyHble KOMOMHALMM MeTO0B 1 NMOAXOAOB. B HacTosALee
BpemsA KOHLEHTPMPOBaH/e BUPYCa BKIIIOYAET onepauny oCakaeHus, LeHTprudyrnpoBaHus, ¢punstpaummn v
XpomaTorpadum. B 0630pe Ha npumepe pasHbIX BUPYCOB OMUCaHbl 3TN OCHOBHblE MeToAbl. CyliecTByeT He-
06X0AMMOCTb B pa3paboTke 3G EKTUBHBIX METOAMK SMONPOBAHUA, KOTOPbIE MOTYT HapYLUNTb CBA3b MEXAY
bunbTpyOWMMN MaTepranamm 1 BUpYycamu, 4ToObl MOBbICUTb CTeNeHb BOCCTaHOBMEHUA. PaccmoTpeHbl pabo-
Tbl MO CO3[aHUI0 YHMKATIbHbIX JIOBYLUEK, MarHUTHbIX LIAPVKOB, KOMMO3UTHbIX MOSIMAHWIVIHOBbIX U YTIePOAHbIX
HaHOTPYOOK 11 HAHOTPYOOK C M3MEHSAEMbIM Pa3MEPOM NSt KOHLIEHTPUPOBaHWSA BUPYCHbIX yacTuu,. MNprueegeH
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npuMep NPUMEHeHNs LEHTPUDYKHbIX KOHLIEHTPATOPOB, B KOTOPbIX BUPYC OCaXKAAETCA Ha MeMOpaHe 113 nonu-
adpupcynbdoHa. MNpoaHanranpoBaHHble JaHHbIE YKa3blBalOT HA TO, UTO CMOCO6 KOHLEHTPUPOBAHNSA BUPYCOB
VN APYTX HAaHOYACTHL BbIBUPAETCA B KaXK4OM KOHKPETHOM CJlyyae B 3aBUCMMOCTY OT NMOCTaBAEHHOW Lienu v

OCHalleHHOCTN na6opaTop|/||/|.

KntoueBble cnoBa: KOHLEHTPMPOBaHNE BUPYCOB; 3NIEKTPOHHaA MUKPOCKOMUA; OYNCTKa BUPYCOB; BbiABlieHNE

BMPYCOB; 0630p.

Introduction

Electron microscopy (EM) is often used to study viruses.
This method makes it possible to determine the shapes and
sizes of viral particles and their localization within cells, as
well as to identify cytological changes in cells. The main
advantage of EM is the lack of specificity to any group
of viruses, as opposed to immunological and molecular
tests. With the present advances in genetic engineering
and the use of a wide range of pseudovirus-based assays in
vaccine development, the list of possible research targets
for EM and the scope of problems solved have expanded
significantly. A valid EM study requires that the sample
should contain enough viral particles. It was shown earlier
(Reid et al., 2003) that EM visualization requires virion
contents no lower than 107 particles/mL. Thus, the neces-
sity for purification and concentration of viral material
arises rather often. It is noteworthy that EM is also neces-
sary for the refinement of virus concentration methods.
Moreover, in the age of nanotechnology we cannot ignore
the fact that transmission EM (TEM) is used to control the
fabrication of nanoparticles and their application (Zajtsev
et al., 2016).

In addition to the classical application of the method, i. e.
studying structures of viruses, infiltration processes, and
virus transmission in organisms, EM is also used in at least
three fields of applied research: diagnostic EM (DEM);
ecological EM (detection of viruses in the environment),
and problems associated with technological processes
(manufacturing of vaccines and other components) that
use biotechnological methods to yield the products and
require that the product should be proven to be virus-free.

Diagnostic electron microscopy
Despite the advances in more sensitive methods, such as
polymerase chain reaction (PCR) or immunoenzyme ana-
lysis (IEA), EM still remains a widely applicable diagnostic
tool (Goldsmith, Miller, 2009; Gentile, Gelderblom, 2014).
The main advantage of EM in diagnostics of infectious dis-
eases is its versatility, i. . the ability to observe ‘anything’
in a single sample without prior knowledge of possible
microorganism identities present in the sample (Hazelton,
Gelderblom, 2003). Another advantage of EM is its fast-
ness, as it takes as little as 10—15 minutes for a wide range of
object sizes to be studied. EM makes it possible to analyze
both liquid and tissue samples and requires no additional
information, unlike the diagnostic methods using nucleic
acids (PCR) or antibodies (IEA).

The main limitation of DEM is the virion content in
samples. To overcome this limitation, various concentration

techniques are used, such as ultracentrifugation, ultrafil-
tration, examination of ultrathin sections, etc. In (Beniac
et al., 2014), the authors describe virus concentration by
filtration straight onto EM support grid with holey carbon
substrate Quantifoil R1/4 (Quantifoil Micro Tools GmbH,
GroB16bichau, Germany). This technique combined with
scanning EM (SEM) improves the virus detection threshold
to contents of 102 viral particles per 1 mL.

Thus, DEM is a valuable method for observing newly
emerging diseases and potential bioterrorism agents. Fi-
nally, ultrastructural studies performed using EM provide
detailed examination of virus morphogenesis, virus—cell
interactions, and pathogenetic aspects of viral infections
including the development of preventives and treatments.

Electron microscopy in ecological studies

The use of EM for ecological purposes (detection of viruses
in the environment) appears to be an obvious solution, but
it is rarely used in practice. When it is, its most common
target is the pollution of water resources, which supplies
almost illimited volumes of research material. One of the
few papers dealing with seawater as a research subject was
published in 1999 (Alonso et al., 1999). The described con-
centration process included two stages: concentration of a
vast amount of seawater using a tangential flow filtration
system and ultrafiltration using a centrifugal concentrator
with further visualization by means of TEM. The same
methods were used later in (Sun et al., 2014). The authors
studied over 150 L of seawater from the Yangshan Deep-
Water Port area (South East Shanghai, China). However,
these days EM is quite rarely used for such analytical tasks,
as they are mostly solved by more sensitive methods, first
of all, PCR. The reason is the limited range of possible
targets, which are being typically presupposed or known
beforehand, so PCR is often substituted for EM at the stage
when an infectious agent has to be detected.

Analysis of biotechnological processes

Vaccines are among the most effective pharmaceutical pro-
ducts in public healthcare showing great results in terms of
safety. Since biological materials are involved in vaccine
production, the process must be protected from sporadical
contamination. The necessity for controlling biotechno-
logically produced materials is broadly discussed (Sheets,
2013). The production of virus vaccines and other cellular
biopharmaceutical products is a complex technological
process, which involves various biological materials (e. g.,
various cell substrates, such as chicken eggs with embryos;
primary cell cultures; and continuous cell lines). The
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whole process is potentially vulnerable to contamination
by foreign agents that may be unintentionally brought in
with the materials used or from environmental sources. An
example of this type of study may be found in (Reid et al.,
2003), where three methods for retrovirus contamination
assessment in mouse culture supernatants and CHO cell
lines were compared: direct count of viral particles in a so-
lution with latex beads (detection limit 107 particles/mL),
ultracentrifuge concentration in a discontinuous sucrose
density gradient with EM (10 particles/mL), and the
method involving a thin section of a homogenous matrix
of viral particles, cell debris, agar medium (sensitivity
105 particles/mL). Routine EM is obviously not suitable
for registering virus contamination.

Various biotechnological fields, such as development
of vaccines and adjuvants, manufacturing of biologically
active complexes, development of contrast media, targeted
delivery, and microelectronics use virus-like particles stud-
ied with EM. For instance, preparation of spherical particles
(SP) from tobacco mosaic virus was controlled by TEM.
It was shown that SP could be visualized via TEM without
contrasting agents (Trifonova et al., 2015).

Virus concentration methods

There is no most effective universal method to concentrate
viruses. Various combinations of methods and approaches
are used depending on the virus and the problem set. Virus
concentration processes currently include sedimentation,
centrifugation, filtration, and chromatography (Transfigu-
racion et al., 2007; Vicente et al., 2011).

Precipitation

Virus precipitation is commonly achieved with polyethy-
lene glycol (PEG), ammonium sulfate, or calcium phos-
phate. It is a convenient tool for obtaining viruses in both
large and small quantities, while also providing the advan-
tage of virus separation from most heterologous proteins.
For example, the precipitation and purification method
using PEG 6000 with further ultracentrifugation and clari-
fication widely used for influenza viruses was successfully
applied for concentration and purification of avian influenza
Type A virus (ten different strains) from virus-containing
suspensions (Ismagambetov et al., 2017). Another paper
(Ryabinnikova et al., 2015) presented data on purification
and concentration of horse rhinopneumonia (HRP) virus
using various techniques. It was found that concentration
of HRP virus using PEG-6000 with 0.5 M sodium chloride
with subsequent dialysis yields concentrates with high in-
fectious and antigen activity. It was shown that adsorption
in presence of PEG produced virus preparations suitable
for manufacturing inactivated HRP vaccine.

Polyethylene polyamine (PEPA) with a mass of 16,000 D
was shown to be more suitable for concentration of FMD
virus and porcine enterovirus (serotype 7) by precipitation
than PEG-6000 (Bahutashvili et al., 2002). It was found that
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the most complete precipitation of FMD virus was achieved
at PEPA contents of 0.1 and 0.2 %. There, virus losses
were 0.74 and 0.11 %, respectively. It was also shown that
vaccines produced using the preparations obtained via two
different precipitation techniques were different in terms of
their efficacy. The PEPA-based technique was preferable
since the respective vaccine was three times as effective.

Centrifugation and density gradient

Centrifugation is an easy-to-use large-scale separation me-
thod based on differences in density. Due to small sizes of
viral particles, high speed and centrifugal force are required,
which, however, can make the particles noninfectious
(Burova, Loffe, 2005). Centrifugation in density gradient
using sucrose, cesium chloride (CsCl), or iodixanol is a
viable alternative. The use of sucrose provides a viscous
hyperosmotic solution. Density gradient of iodixanol is a
low-viscosity system capable of producing isotonic solution
and maintaining virus functionality (Gias et al., 2008). It
was shown (Segura et al., 20006) that the use of iodixanol
gradient provides 37 % retrovirus recovery with a promi-
sing purity of 95 %. To separate horse influenza virus
from virus-containing allantoic fluid, ultracentrifugation
in sucrose density gradient and DEAE cellulose-based
ion exchange chromatography were used (Tajlakova et
al., 2011). It was found that complete virus adsorption by
ion exchanger occurred in a buffer solution with pH 7.0,
whereas elution required a buffer with 0.5 M sodium chlo-
ride solution pH 7.4. As a result, virus preparations were
obtained with ballast protein removal of 98 %.

Filtration

To concentrate enteroviruses from various water bodies, a
unified membrane filtration method was developed using
the microfiltration (MF) mode of the MFM 0142 module
equipped with MMK 1 membrane (Sanamyan et al., 2006).
The method demonstrated high efficacy in enterovirus
concentration from water with various degrees of contami-
nation (potable, underground, river, and waste within the
permissible limits) with the concentration time shortened
to 42 min. The MMK-type filtration membrane modified
with 0.5 % amino compounds proved most effective among
the studied membranes. Hollow fiber MF membranes
(d = 0.2 um) were used to study the process of human
adenovirus 2 (HAdV-2) concentration (Lu et al., 2016)
depending on the virus content varying between 1.3 x 107
and 3.4 x 108 copies/mL.

To optimize the separation of hepatitis A virus from
water, membranes based on polyamide, cellulose nitrate,
cellulose acetate, and polyethersulfone were studied (Za-
lesskikh, Bystrova, 2018). Glass fiber, cardboard, and
polypropylene were used as pre-filters. It was shown that
the most effective membrane combination for filtration of
highly impure water includes a cardboard or polypropylene
filter for preliminary filtration and a polyamide filter for
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the main stage of the process. A pressure filtration device
(AF-142K, Vladisart, Vladimir, Russia) was used for filtra-
tion of samples with water volumes up to 10 L carried out
at the pressure of 2 atm.

Epidemiological surveillance over human enteroviruses
requires virus concentration from wastewater. This typi-
cally involves processing of large volumes (100-1000 L)
of water, the most common method being the VIRADEL
process with microporous filters. Positively charged filters
do not require sample pretreatment, and they can concen-
trate viruses from water with a wider pH range than elec-
tronegative filters due to the virus surface charge typically
being negative. Virosorb 1IMDS is one of the most common
electropositive filters. In recent years, it has been joined
by positively charged NanoCeram filters (Soto-Beltran et
al., 2013). Virus elution from filters after concentration
was performed using organic (beef extract) or inorganic
(sodium polyphosphates) solutions. Then, the eluates were
repeatedly concentrated to reduce sample volumes and
improve virus detection. Most filters proved highly effec-
tive in capturing the virus, while the elution and repeated
concentration methods showed varying degrees of success
due to the biological variation of viruses present in water
(Ikner et al., 2012).

Nanofiltration (NF) was used in the filtration of serum
protein solutions, production of serum derivatives, and
manufacturing of a wide range of biopharmaceutical pro-
ducts. Depending on the material used, NF membranes fall
into two main groups: ceramic and polymeric ones. Hybrid
NF membranes are also of interest due to their performance
under suboptimal conditions. Various polymers, such as
polyethersulfone (Maximous et al., 2009), polydimethyl-
siloxane (Yousefi et al., 2017), polyvinylidene fluoride
(Dong et al., 2013), and polysulfone (Ghaee et al., 2017)
were tested as top layer materials for hybrid membranes.
The use of polymers for obtaining hybrid NF membranes
makes it possible to change pore sizes, chemical proper-
ties, and charges of membrane surfaces. Nanofiltration
increasingly becomes a common step in pharmaceutical
production, since it does not raise toxicity issues (Doodeji,
Zerafat, 2018). Obtaining a purified virus concentrate is one
of the key steps in vaccine production. Polyethersulfone
membrane 300 kD combined with weak anionic detergent
solution appears to be the most suitable for influenza virus
concentration and removal of small molecule impurities
(Kyzin et al., 2014).

Elution and repeated concentration methods were repor-
ted in the literature (Falman et al., 2019). First, wastewater
was concentrated with ViroCap cartridge filters, and then
Celite beef extract, ViroCap flat disc filters, InnovaPrep
concentrating pipettes, PEG/NaCl precipitation, and
skimmed milk flocculation were used. PEG/NaCl sedi-
mentation and skimmed milk flocculation turned out to be
the most effective methods among the five methods tested
in experiments with poliovirus Type 1 (PV 1). Optimiza-
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tion of the skimmed milk flocculation method increased
PV 1 recovery nearly twofold as compared to PEG/NaCl
precipitation.

Tangential flow filtration is a common method of filtra-
tion by size (Wickramasinghe et al., 2005). Influenza virus
was used to test a two-step purification and concentration
protocol for viral particles.

Chromatography

Chromatography is a separation method based on the in-
teraction between the target virus and column matrix. In
general, separation functionality depends on charge, size,
hydropathicity, and affinity.

Ion exchange chromatography utilizes the phenomenon
of ion exchange between an immobile solid phase and a
mobile liquid phase, which makes it possible to separate
structurally and morphologically similar viral particles
provided they have different total charges and/or charge
distributions over their outer surfaces (Ruscic et al., 2015).
Virus elution may require different salt concentrations, and
the method can be applied to any mixed infection if viruses
have different isoelectric points. A simple separation and
concentration technique for mixed infection by cowpea
chlorotic mottle virus (CCMYV) and cucumber mosaic virus
(CMV) is proposed in (Ali, Roossinck, 2008).

Monolithic supports made it possible to use chromato-
graphy for purification and concentration of various viruses
(Svecetal., 2011; Krajaci¢ etal., 2017). Unlike the classical
chromatographic supports with diffusion-based mass trans-
fer and relatively small pores, monoliths are characterized
by significantly enhanced mass transfer due to convection
and channel sizes of several microns. 1. Gutiérrez-Aguirre
et al. (2009) showed that CIM QA supports effectively
retained rotaviruses present in stool samples, as well as
in wastewater and river water samples. Concentration of
rotaviruses was achieved by elution of the retained viruses
with 1 M NaCl solution. The obtained viruses preserved
their integrity, as confirmed by electron microscopy.

Size exclusion chromatography (or gel filtration in case
of'aqueous liquid phase) is a fluid chromatography based on
varying capabilities of different-sized molecules to infiltrate
the pores of non-ionogenic gel acting as a stationary phase.
In this separation method, a matrix of densely packed silica
gel or agarose gel is used (Barth et al., 1994). The main
advantages of this method are its simplicity and the low
cost of resins. Nevertheless, the method suffers from the
lack of selectivity, requires low flow velocity, and shows
low overall performance. Tick-borne encephalitis virus was
used to refine the gel filtration method for the Superdex 200
column (Havlik et al., 2014). The samples obtained were
tested by the following methods: (1) the immunological
(dot blot) technique for testing biological activity, (2) gas-
phase electrophoretic mobility macromolecular analysis
(GEMMA) for determining particle sizes, and (3) atomic
force microscopy (AFM) or TEM for obtaining information
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on shapes and sizes of viral particles. The mean diameter
of inactivated tick-borne encephalitis viral particles deter-
mined using GEMMA was 46.6+£0.5 nm, as opposed to
AFM and TEM images, which showed the diameters of
about 58+4 and 52+5 nm, respectively.

Hydrophobic interaction chromatography is based on
particle adsorption at weakly hydrophobic surface at high
salt contents with subsequent elution with descending salt
gradient. Virus surfaces include hydrophobic areas, which
are linked to immobilized hydrophobic ligands at chroma-
tographic carriers (Roettger et al., 1989). The limitation of
the method is illustrated by an example with adenovirus
(Schagen et al., 2000). It was found that large salt concen-
trations could not only reduce the virus immunogenicity
but could also favor viral particle aggregation.

Polyvinyl alcohol cryogel with pore sizes of 0.04—2.0 um
was used in a concentration method with virus capturing
by bioaffine sorbent (Lozinskiy et al., 2013). The use of
the sorbent was tested in the concentration process for in-
fluenza Type A viruses HIN1 and H3N2, parainfluenza
virus type 6, smallpox virus, and FMD viruses. Bioaffine
sorbent based on viscoelastic, non-brittle, and hydrolyti-
cally stable PVA cryogel allows virus concentration not
only in a chromatographic column, but in reactors with
sorbent mixing, which significantly intensifies mass trans-
fer. The advantage of the method is that it provides the
possibility of concentration not only for small but also for
the largest (0.5 pm and above) viruses. According to the
invention description, the bioaffine sorbent may include not
only antibodies but also immobilized enzymes capable of
modifying the virus.

Other methods

To monitor the presence of influenza virus in open water
bodies, a custom device was designed (Levchenko et al.,
2007). It employed magnetic immunosorbents in which
antibodies were immobilized on a solid magnetic support.

Sorption of influenza viruses onto polyaniline (PANI)
and carbon nanotubes, as well as on PANI composites
(nanotubes and grains) with or without silver, was studied
(Ivanova et al., 2015). It was found that inclusion of silver
increased the sorption capability of PANI tubes in case of
allantoic influenza Type A viruses. PANI nanotube com-
posites with 30 % silver appear to be the most promising
virus sorption material in water solutions with regard to
the combination of properties.

Hepatitis A virus (HAV) was used as a model for com-
parison of various carbohydrate-binding lectins, includ-
ing concanavalin A (Con A), wheat germ agglutinin, and
soybean agglutinin, based on their binding affinity to the
virus (Ko et al., 2018). Con A showed higher binding af-
finity than other lectins. Con A-bound immunomagnetic
separation combined with RT-PCR made it possible to
detect HAV at 10~* dilution of the initial virus concentra-
tion (the titer being equal to 10% infectious doses for cell
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culture per mL). It shows that Con A may be a promising
candidate for HAV concentration.

It was shown in several papers (Flavigny et al., 2004;
Sakudo et al., 2009b) that magnetic beads coated with anio-
nic polymers, such as poly-(methyl vinyl ether-co-maleic
anhydride) may be used for effective capture of various
types of viruses, which include human immunodeficiency
virus Type 1 (Sakudo, Ikuta, 2012), respiratory-syncytial
virus (Sakudo et al., 2009a), Borna disease virus (Sakudo
et al., 2011b), influenza virus (Sakudo et al., 2008), and
Dengue fever virus (Sakudo et al., 2011a). The method was
later applied to adenovirus as well (Sakudo et al., 2016).

Japanese researchers (Mogi et al., 2016) worked on a
new virus concentration method. They proposed and ex-
perimentally demonstrated a virus concentration device,
which employed the ion depletion zone generated by ion
polarization. The efficacy was assessed with fluorescent
nanoparticles, Baculovirus, albumin, and dextran. All
samples were successfully concentrated.

A new virus concentration strategy using the expression
of human poliovirus receptor gene (hPVR) on Escherichia
coli cell surfaces was developed (Abbaszadegan et al.,
2011). The ability of modified bacterial cells to capture viral
particles was confirmed by TEM. This approach provides
new opportunities for effective capture and concentration
of water-transmitted viruses.

To process field samples, unique microdevices capable of
effective virus enrichment and concentration were designed
using carbon nanotubes with variable sizes (CNT-STEM)
(Yeh et al., 2016). The intertube distance between CNTs
could be set between 17 and 325 nm to precisely match
the sizes of specific viruses. With this device, the authors
managed to identify two new strains.

The paper recently published by B.N. Zajtsev et al.
(2019) described the use of a Vivaspin centrifugal concen-
trator. Viral particles were concentrated on a double vertical
polyethersulfone membrane. Following centrifugation, the
membrane was retrieved from the concentrator to assess
the number of particles sedimented on the membrane by
EM examination of ultrathin sections.

Conclusions

The desired research goal plays a major part in choosing
the virus concentration method. For instance, ecological,
pharmaceutical, and medical problems require different
approaches. For a water contamination test to be success-
ful, one should filter hundreds of liters of water from a
specific area and then collect the virus material sedimented
on the surface and inside charged filters. This procedure is
typically followed by the second filtration step using dif-
ferent filters with adjusted pore sizes (Tarasov et al., 2012).
A series of gains have been achieved in designing materials
for filtration membranes in recent years. However, much
is to be done for complete virus recovery from membranes
and membrane surfaces.
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To improve the virus concentration technology, one
should focus on surface interactions between viruses and
filter materials. In particular, effective elution methods
should be developed to disrupt the bonds between filter
materials and viruses to increase recovery. In diagnostic
studies in specific patients, the amount of material is often
limited to few milliliters. In many cases, especially when
it comes to mixed infections, electron microscopy turns
out to be one of the most reliable virus detection tools.
Certainly, ultrathin sections can only be obtained at well-
equipped EM laboratories, where EM diagnostics of virus
infections is a routine process.
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O1leHKa in vitro 610710TNYecKoi aKTUBHOCTI OTeYeCTBEeHHOTO
npemnapara Makpodar-akrusupyioiero gakropa (GCMAF-RF)
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AHHoTayuA. B ctaTbe coobLjaeTca o pa3paboTaHHOM OpUrHaNbHOM crocobe nonyyeHusa ButammnH Di-cBA3bIBato-
wero 6enka (DBP) n ero koHBepTauun B Makpodar-aktusmpytowmin ¢aktop GCMAF-RF. CornacHo paspaboTtaHHOMyY
pernameHTy, DBP nonyyanu n3 nnasmbl KpOBU YenioBEKa, NPUMEHSAA abPpUHHYIO KONIOHOUHYI0 XpoMaTorpaduio, oum-
wann 1 moanduumposanm o GCMAF-RF ¢ ncnonb3oBaHnem LUTOUMMOOUIM30BaHHbIX MUKo3naas (6eta-ranakTo-
3ugasa v HelipammnHugasa). MNprHagneXxHoCTb NoyYeHHoro nonunentTuga K Ge-rpynne rnobynvMHOB nnasmbl KPOBY
NOATBEPXKAANIN BECTEPH-ONOTOM C 1CMONb30BaHNeM cneunduyecknx aHtuTen. MonayyeHHbI NoAMNenTra nNo CBOUM
MOJIEKYNIAPHBIM CBOMCTBaM COOTBETCTBYET OMMCaHHOMY B nuTepatype 6enky GCMAF, HaxofALleMyca Ha CTagun Knu-
Huyeckmx ucnoitanuii B8 CLUA, Bputanun, M3paune n AnoHum (Saisei Mirai, Reno Integrative Medical Center, Immuno
Biotech Ltd, Efranat, Catalytic Longevity). Bionornueckyto aktBHocTb npenapata GCMAF-RF onpepenanu no nHayk-
Unn y NepuToHeanbHbIX MakpodaroB Mbiwv GparoLUTapHOM akTUBHOCTY U CMOCOBHOCTY NPOAYLMPOBaTb MOHOOK-
cung asota (NO) in vitro. DarounTapHyto aKTUBHOCTb Makpodaros oueHmBany no 3¢beKTMBHOCTY 3axBaTa MarHUTHbIX
wapwukoB. CTeneHb akTMBaLMM Makpodaros paccumTbiBanyv No OTHOLLEHMIO YMC/a 3aXBaYeHHbIX LAPMKOB K obLiemy
yncny makpodaros. YposeHb npoaykuun NO oLeHMBanm no HakonjaeHnio MOHOOKCHAA a30Ta B KyfbTypasbHbIX Cy-
nepHaTaHTax NnepuToHeasbHbIX MakpodaroB KONOpUMETPUYECKM METOAOM C MCMONb30BaHWeM peakTuBa lpucca.
MokasaHo, uto GCMAF-RF kpaTHO yBennumBaeT GparounTapHyto akTMBHOCTb Makpodaros 1 AOCTOBEPHO YBENNYMBAET
NPOAYKLMIO UMV MOHOOKCHAA a30Ta. BblaeneHHbIi opurmHanbHbIM cnocobom aktnuatop makpodaros GCMAF-RF no
CBOUM XapaKTepucTrKam (CornacHo matepuanam, ony6InMKOBaHHbIM B MeyaTy) COOTBETCTBYET npenapatam GCMAF,
npeacTaBAAeMbIM Ha PbIHKe 3apy6eXKHbIMN KOMMaHMAMM, 1 MOXKET PacCMaTPMBaTbCA Kak HOBbI OTeYeCTBEHHbIN 61o-
NOTMYeCKM aKTUBHbBIN MPenapar C WMPOKUM CNeKTPOM AeicTBrA. Hanbonblunii MHTepec Bbi3bIBAET €r0 CNOCOBHOCTb
Yyepes aKTvBaLMio Makpodaros ycunmBaTb afanTUBHbIA UMMYHUTET opraHu3ma. B aTol cBA3n npepnonaratoTca ABa
HanpaBneHna TepaneBTNYeCcKoro NnpumeHeHus npenapata GCMAF-RF. lpenapaT MoxeT 6bITb BOCTpeboBaH B 0651acTu
NeyeHna OHKONMOTrMYeCKmx 3ab0N1eBaHNIM 1, KPOMe TOro, MOXKET ObITb MCMOJIb30BaH NPW NeYeHnn paaa HelpoaereHe-
pPaTMBHbIX MATONOMNI Y UMMYHOAEDULNTHBIX COCTOAHMINA.

KnioueBble cnoBa: makpodar-aktnsupytowmn daktop (GcMAF); ButamuH Ds-cBasbiBatowwymin 6enok (DBP); parounTos;
MoHookcmpg a3oTa (NO); neputoHeanbHble Makpodaru.

Ana untuposanus: Jlesutec E.B., Kupukosnu C.C., lonrosa E.B., MpockypuHa A.C., Puttep IC.,, OctanuH A.A., Yep-
HbIx E.P, Boraues C.C. OueHKa in vitro 61onormyeckoi akTMBHOCTI OTeYeCTBEHHOrO NpernapaTta Makpodar-akTmeupyto-
wero daktopa (GCMAF-RF). BaBnnoBckuii xypHan reHeTukn n cenekunm. 2020;24(3):284-291. DOI 10.18699/VJ20.621

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 GcEMAF 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 akTBHOCTN OTeYEeCTBEHHOTO
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 pe3y/bTare caT-crerudu-
YECKOTO ACTIIMKO3UIMPOBAHUSA BUTAMHWH D3-CBHBBIBaIOHle-
ro 6emka (DBP), koTopHIit MPUCYTCTBYET B INIa3Me KPOBH Ue-
noBeka B Oomnbmom konmdecte (300-600 mr/m) (Malik et
al., 2013; Delanghe et al., 2015). Harususiii DBP conepxut
OJH TpUCAaXapuJ, KOBAJEHTHO CBSI3aHHBIN C TPEOHHMHOM
B no3unuu 420 u cocrodmuii U3 N-aleTuirajakTo3aMHUHa
(GalNAc) ¢ mpucoeIMHEHHBIMU K HEMY rallaKT030ii M CHaJjIo-
Boii kucioroit. [Ipeo6pazosanne DBP B GeMAF nponcxoaut
nytem orcoeauHeHust oT GalNAc rajakTo3sl U CHaIOBOM
KHCJIOTBI TTOJT ICHCTBHEM [3-TraJlakTO3H/1a3bl U CHAIIH/Ia3bl, JIO-
KaJIN30BaHHBIX Ha KJIETOYHBIX MEMOpaHaX aKTUBHPOBAHHBIX
B- u T-mumdonntos coorBercTBeHHO (Yamamoto, Homma,
1991; Yamamoto, Kumashiro, 1993). B pe3synbsrare Takoro
CEJICKTUBHOTO JICTVIMKO3UINPOBAHUS 00pa3yeTcs aKTHBHBIH
6emok GcMAF. Cunraercst, uto umenHo GalNAc, BXoasiuii B
cocraB akTuBHOTO 1IeHTpa GCMAF, obecrnieyrBaeT akTHBAIIUIO
Makpodaros (Naraparaju, Yamamoto, 1994; Mohamad et al.,
2002; Saburi et al., 2017a, b).

HWccnenoBarenbckuii u mpaktndeckuit uaTepec k GCMAF
OIIPEAEISETCSI €r0 CIIOCOOHOCTHIO Yepe3 aKTHBAIIMIO MAKPO-
(haroB y4acTBOBATH B 3aLIUTHBIX PEAKIUIX OPraHU3Ma: B 3a-
IUTE OT NATOTCHOB, B OJIMMHUHAIINU CTAPCIOIINX, OITYXOJICBbBIX
1 TIOBPE’KICHHBIX KJICTOK, a TAKXKE B TIPOIIECCaX 3a)KNUBIICHNUSI.
Tupora buonornueckux 3phexToB Makpodaros, UMEIOIIHX B
PpsiIie CITy4aeB OMITO3UTHYIO HAIPaBJIEHHOCTb, 00eCTIeYnBACTCS
BBICOKOH (PYHKITMOHAIIEHOW TeTEPOTEHHOCTHI0 MaKpo(aron
(Gordon, 2003; Cassetta et al., 2011). Haubomnee 4eTko BbI-
JICIISFOTCSI [1Ba CyOTHITa MAKpO(aroB, KOTOPbIC 0003HAYAFOTCS
Kak M1- 1 M2-KJIeTKH ¢ Mpo- ¥ MPOTHBOBOCHATUTEIFHON
AKTHBHOCTBIO COOTBETCTBEHHO.

M1 -makpodaru urparot BaXXHYIO pOJIb B JIUMHHAIIH OITY-
XOJIEBBIX KJIETOK. OHM CIIOCOOHBI POSIBIISATH LIUTOTOKCHYIE-
CKYI0, MUKPOOHIIMAHYIO U aHTHITPOSIH(EpaTHBHYIO aKTHBHO-
CTH, ONIOCPEIOBAHHBIC MPOAYKIIHEH aKTUBHBIX METAO0INTOB
kuciopoaa (Hanpumep, H,O,), moHookcuna asora (NO) n
MPOBOCHATIMTEIBHBIX IUTOKMHOB. M2-Makpodaru, HanpoTHB,
MPOABJIAA NPOTHUBOBOCHAJIUTECIBHYIO aKTUBHOCTb, OI'paHU-

YUBAIOT BOCTAUTEIBHBIN/MIMMYHHBIA OTBET. [10BBIIICHHAS
AKTUBHOCTH M2-MakpoQaros coIpsikeHa ¢ pa3BUTHEM HMMY-
HOCYIPECCHH, IPUBOJSILEH K ormyxosieBoMy pocty (Lamagna
et al., 2006; Sica, Bronte, 2007; Murray, Wynn, 2011).

YeraHoBIICHO, 9TO (PYHKIIMOHATIBHBINA THIT MaKpo(haros BO
MHOT'OM OITPEAEISIeTCS] YCIOBUSAMHU MX aKTHUBAlMU M MHaK-
tuBanuu (Korbelik et al., 1998; Mosser, 2003; Saburi et al.,
2017a, b). OgauM n3 GakTopoB, MPENATCTBYIOIINX AKTH-
BallMK Makpo(aros, SIBJISICTCS WHTUOMPOBAHHUE MTPOTYKLIUH
GcMAF, ocymectBisemoe (pepMeHTOM Harana3oi (o-/N-are-
THJITAJIAKTO3aMUHHU1a301), CEKPETHPYEMBIM OITyXOJICBBIMHU
kinerkamu (Korbelik et al., 1998; Rehder et al., 2009; Saburi
et al., 2017a, b). CeiBopoTOoUYHAs Haranxasza y OOJIBHBIX PAaKOM
CIIOCOOHA ITOJTHOCTHIO ICNIMKO3MIMPOBATH TPEAIIIECTBEHHUK
MAF (DBP), ocymectsisist ruaponus no GalNAc-ocrarky.
JIMmeHHbI aKTUBHOTO caifTa, MOMUIENTHA TepsieT CIToCco0-
HOCTb aKTUBHPOBATHh HHHUIIBTPYIOIINE OIyX0JIb Makpoary,
YTO B KIIMHUYECKUX HAOIIONEHUSIX XapaKTepPH3YeTCsl Kak
UMMYHOCYTIPECCHS, CBA3aHHAs C MOTepel 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
MAaTOJIOTHH He Nenko3winpyeT Tpucaxapua 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
(haxTOp, aKTUBUPOBATH CUCTEMY MaKpO(haroB 1 UX MPOTUBO-
PaKoBYI0 aKTUBHOCTb. [IpoBeneHHbBIE KIIMHUYECKHE HCCIe-
JIOBaHUS CBUIETEIILCTBOBAIIN 00 3 (EKTHBHOM BO3ICHCTBUHI
GcMAF Ha onyxoib, IPUBOASIIEM K 3HAUUTEIBHON PeayK-
MM OITyXOJIEBOTO OYara WM MOJTHOMY YXOAYy OILyXOJIH C IIpO-
JIOJDKATEIILHBIM (HECKOJIBKO JIET) Oe3penIMBHBIM IIEPHOJIOM
(Yamamoto et al., 2008; Rehder et al., 2009; Inui et al., 2013;
Thyer et al., 2013a, b).

Co Bpemenu omyonmkoBanust N. Yamamoto CBOUX pe3yilb-
TaTOB OTHOCHUTEJILHO IPHHA/ICKHOCTHU BBIJICJIEHHOTO MOJIH-
MENTH/A K TPYIII-CIeNU()UIECKOMY aKTHBAaTOpy Makpodaros
npouuto 6onee 15 ner. MccnenoBanueM noimmnenTHaa B Ha-

FEHETUKA MUKPOOPTAHU3MOB / MICROBIAL GENETICS 285



E.V. Levites, S.S. Kirikovich, E.V. Dolgova ...
A.A. Ostanin, E.R. Chernykh, S.S. Bogachev

MIPaBJICHUY IOMCKA MUIIICHEH eT0 KIIMHIYECKOTO TIPUMEHEHNUS
3aHUMAJHCh pa3Hble Jaboparopuu. [TomydeHB MHOTOYHIC-
JICHHBIE, TPOTUBOPEUMBBIC IAHHBIE O €ro (PYHKIMOHAIBHBIX
BO3MO)KHOCTAX B KAY€CTBE aKTHBATOPa MMMYHHBIX PEAKIN
TIpH JICUCHUH 3JI0KAYECTBEHHBIX HOBOOOpPA30BaHHMU, ayTH3-
Ma, pa3JInuHbIX HApYyLIICHUH B pabOTe NMMYHHOW CHUCTEMBI.
[TpoTuBopeunBbIE 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 cocTossHUE BOIIPOCA CBS3aHO €IIE U C TeM,
YTO Iperapar HEBO3MOXKHO C/IeJ1aTh IPEMETOM IPOMBIIIIICH-
HOW COOCTBEHHOCTH, @ MOKHO TOJIBKO MTaTEHTOBATh Pa3Iny-
HBIE CITOCOOBI €T0 TIONYYCHUS U PAa3TUIHBIC KOMITO3UIINH, B
COCTaBe KOTOPBIX OH MOJKET IIPUMEHsIeTCs. IMEHHO 110 TakoMy
nyTa uayT Bee mpousBoautean GeCMAF (Saisei Mirai, Reno
Integrative Medical Center, Immuno Biotech Ltd, Efranat,
Catalytic Longevity). Tem He MeHee O ITepCIIEeKTHBHOCTH BO3-
MOYKHOTO TIPaKTUIECKOTO MCTIONb30BaHus nipenapara GCMAF
CBUICTEIBCTBYIOT MHOTOUNCIICHHBIC JaHHBIC, TIOTYYCHHBIC
Ha 9KCIIEPUMEHTAIIbHBIX KUBOTHBIX, @ TAK)KE JIaHHBIE JOKIIN-
HUYECKHUX UCCIIETOBAHNUI U HAKOIUIEHHBIN MOJI0KUTENIbHBIN
omEIT ero KmHudeckoro 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 JIUTEPATYPHBIX NCTOYHUKOB
MPOJIEMOHCTPHUPOBA OOJIbIION nHTEpec K npenapary GCMAF
B MHpP€, HECMOTPSI Ha UMEIOIIUECS PA3TUIHbIC TOUKHU 3PCHUS
(OcrtanuH u 1p., 2019), 1 onpeenu HapaBICHHE ero UC-
CcJIe/IoBaHus B Hallel taboparopu. [10CKoIbKy MPaKTHYeCKH
BO BCEX MCCIIEIOBAHUX MTPOIIEyPa MOTyYSHHS U aKTUBAIIUN
Tpernapara IepenrchBacTCs C OMHON-IBYX MMOHEPHBIX paboT
(Link et al., 1986; Yamamoto, Homma, 1991; Yamamoto,
Kumashiro, 1993), 4to cBsI3aHO ¢ €ro KOMMEPYECKOH ITePCIeK-
TUBHOCTBIO M HEXKETIAHUEM PACKpPBIBATh JACTATH BBHIICICHHUS
OOJIBIINX KOJIMYECTB aKTHBATOPA, MBI PEIIMIN Pa3padoTaTh
HE3aBHUCHUMBIHN perIaMeHT MONTYy4YEHHUS U aKTUBAUU (aKTopa
1 SKCIICPUMEHTATIHFHO OMPEACTHTH €T0 BO3MOKHYIO «KITHHH-
YECKYI0 MUILICHB.

B macTosimieit pabore, mpeacTaBISIIONIEH COO0H MEePBYIO
CTaTBIO IIMKJIA U3 TPEX CTaTeH, OMMUCHIBAIOMINX JICHCTBHUE Tpe-
rapara Ha 9KCIEepHUMEHTAJIbHbIE OMOJIOIMYECKHE CUCTEMBbI,
OIICHUBACTCS CIIOCOOHOCTH MOJIYYCHHOTO OPUTHHAIHHBIM
cnocobom nipenapara GCMAF-RF (GecMAF-Related Factor)
AKTHBUPOBATh (harouTapHyto QyHKIHIO Makpo(haros 1 po-
IyIUPOBaTh MOHOOKCHJI a30Ta in Vitro.

OpurnHaneHEH crioco0 BeiaeneHns DBP u mporiemypa ero
kouBepTanuu B GCMAF-RF nutosH3uMaTnieckum crnocoooM
On1n pazpadoransl B OO0 «AktuBatop MAF)» coBMecTHO ¢
nmaboparopueii HHIYIIUPOBaHHBIX KIICTOYHBIX MporeccoB De-
JIepaJIbHOTO UCCIIEI0BATENILCKOTO IIeHTpa MIHCTHTY T nTOosN0-
run ¥ renetukn (OUL] Uul") CO PAH. Cnioco6 nomyueHus
npenapatra GcMAF-RF, B cBsi3u ¢ ero cratycom «mpeamera
MIPOMBIIIIEHHON coOcTBeHHOCTNY Komnannu OO0 «AKTuBa-
Top MAF», oxapakrepn3oBaH 37iech 0€3 yKa3aHus JeTayien
nporenyp. Tem He MeHee 00IIas XapaKTepUCTHKA CIIOCO0a,
IpeJ/ICTaBIeHHas B pazjeie «Pe3ynbrare», 1aeT 10CTaToqHO
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MOJTHYF0 HH(DOPMAIIHIO, IECMOHCTPHPYIOILYIO OPUTHHAIBHOCTh
noaxoza. I1o cBoMM MOJIEKYIISIPHBIM CBOWCTBAM Oy YEHHBII
TIOJTATICTITH]T COOTBETCTBYET OIIICAHHOMY B JIUTEpAType OCIKY
GcMAF, naxopsiiiemMycst Ha CTaIMU KIIMHAYECKUX UCTIBITAHUI
B CIIA, bputanuu, 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
mbim A CBA passenenns BuBapus Ne 2 GUL ULul" CO
PAH (crannaprroe conepxanue). [lepuroneansHpie Makpo-
¢aru (5% 105 KIETOK/TyHKY) KyJALTHBUPOBAIU B 12-TyHOU-
HBIX ManHmerax B cpene RPMI-1640 (Biolot), comepskareit
10 % FBS (HyClone) u 40 MKT/MJI TeHTaMUIIMHA B TCUCHHE
12 4. BareM aare3uBHYyIO (Gpakiuio MakpodaroB Tpu pasa
OTMBIBAH 3a0y(pEepeHHBIM (U3HOIOTHIECKIM PacTBOPOM
(PBS) mst ynaneHuss HENpUKPEIUICHHBIX KJIETOK. [Tomyden-
HblE MAaKpo(aru UCIOIb30BAIU B JajibHEHILIEM JIsl aHaIIu3a
nX OMOIOTUYECKOH aKTHBHOCTH.

daromurapayo (QyHKIHI0O Makpo(haroB OLEHHBAIU CO-
[IACHO METOJIUKE, IpeicTaBiIeHHOH B pabote (Ishikawa et al.,
2014). IlepuroneansHbie Makpodary BEIACSTSIIN U3 OPIOIITHON
TIOJIOCTH JIBYX-TPEX MBIIICH, 00bEANHSIIH, PACIIPEACIISIN 110
JIYHKaM IIJIaHIIeTa B PABHOM KOJIMYECTBE M KYJIFTUBHPOBAIIN
B OecceiBopoTtouHoii cpene RPMI-1640 B teuenue 2 4. 3a-
TeM cpeny Mensn Ha RPMI-1640, cogepaxamtyro 10 % FBS
B OTCYTCTBHUE (KOHTPOJIb) WJIM B NIPUCYTCTBUH CJICITYIOLIUX
AKTHBATOPOB (ITO3UTHBHBIA KOHTPOJIb): JIMTIOTOJIUCAXAPHUIA
(LPS, Sigma, 10 mkr/mi, E. coli 0114:B4) mubo momydeH-
Hbeix HamMu DBP (5 mxr/min) min GeMAF-RF (5 mkr/mn).
B kaxayio JTyHKY H00aBIIsIM TakKKe MArHUTHBIC HIAPHKH
(Dynabeads M-280, Invitrogen) B no3e 60 Mxr/myHky. [Tocrne
Tpex4acoBoit HKyOaly Makpodaru Tpu pasa orMbiai PBS
JUIS yIaJIeHUs] HEMHTEPHAIN30BaHHBIX [IAPUKOB, 3aTeM (pOTO-
rpadupoBay B IPOXO/ISIIEM CBETE C UCIIOIB30BAHIEM HHBEP-
TUpOBaHHOTO MuKpockona AxioObserver Z1 (Zeiss) u noa-
CYNTHIBAJIH KOJTMYECTBO HHTEPHAIN30BaHHbIX rpaHyl (IBN).
daronurapHyIo aKTHBHOCTb Makpo(aroB OLEHUBAIIH MO Gop-
myne: IBN = konu4yecTBO MHTEPHAIM30BaHHBIX MIAPUKOB/
KonmryecTBO Makpodgaros. J{ist craructuaeckoro aHammsa IBN
YUUTHIBAJIN JAHHbIC YETHIPEX HE3aBUCUMBIX 3KCIIEPHMEHTOB,
B Ka)kJI0M 3KkcrniepumenTe orieHnBanu 300-500 knetok. Yuer
KJIETOK OBLT NMPOBEJEH N3 HECKOIBKHUX IOJIEH, pacioNokKeH-
HBIX B Pa3HbIX YacTsAX JIyHKH IJIaHIICTA.

IIponyxuuto NO onpenensuiv B MATH MOBTOPHOCTSX Ha
CEMH MBIIIax 110 HAKOIIIEHUIO HUTPUTOB TI0CIIE 3 4 HHKYOU-
POBaHMS C AKTUBATOPAaMHU B KYJIBTypallbHBIX CyIIEpHATAHTAX
MEPUTOHEANILHBIX Makpo(daroB KOJOPUMETPUYECKUM METO-
JIOM C HcTob30BaHneM peakTtusa [ pucca (Green et al., 1982).
Jg storo 100 MKJI KaXJI0ro TECTUPYEMOIO CylepHAaTaHTa
MEPEHOCUITH B 96-1TyHOUYHBIH IIJTAHILIET, CMEIIMBAJIN C PABHBIM
o0bpeMoM peaxTnBa I prcca m HHKyOHpPOBaIH TIPH KOMHATHOH
Temreparype B TeueHue 15 muH. ONTHYECKYIO TUIOTHOCTh
OLICHUBAJIM HA MHOTOKaHAJILHOM CIIEKTPO(OTOMETPE IPH TN~
He BoHBI 540 HM. Pe3yasTaThl COOTHOCHITH CO CTaHIAPTHON
KaIMOpPOBOYHON KPUBOH, OIyYSHHON HAa OCHOBE CEPUHHBIX
pas3BeneHuit 3 MM pacTBOpa HUTPHUTA HATPHSL.

CraTucTHUECKUH aHaIU3 MPOBOIMIN C HCIIOIb30BaHUEM
nporpamMMmHoro obecnedenust Statistica 10. B xaxmom sxc-
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MEpUMEHTE ObLIO BBINOJIHEHO MHHUMYM 4eTbipe 1moBropeHus. CyliecTBOBaHHE
CTATHCTHUYECKH 3HAYMMBIX Pa3Inunili MEKAy HUCCIEAyEMBbIMH TPYIIIaMH IpOaHa-
JM3UPOBAHO TpH momonn kputepus Kpackena—Yomnuca. [y anmocTepropHbIX
CpaBHEHUI MEXKy TpynnamMu ucnoib3opaiu U-kpurepuit MaHHa—YUTHH C yueToM
nonpaBku boHpepporn (MUHUMANBHBIA ypoBeHB 3HaunMocTH p = 0.05/4mcmo
cpaBHenuit). Takum oOpazom, B ciryyae ananmsa IBN pasnnuns cunTanu gocto-
BEPHBIMU NIpHU ypoBHE 3Ha4MMOCTH p < 0.017 (Tpu momapHBIX CpaBHEHHs), a B
ciydae aranmsa npoaykin NO — pu p < 0.013 (geTpIpe momapHBIX CPaBHEHH)
(I'p>xuboBckmii, 2008).

Pesynbratbl

Kak cxa3ano BbllIEe, BUTaMUH D;-CBA3BIBAIONINI OCTIOK CONEPKUT TPH (PyHKIHO-
HaJILHBIX CalTa: BUTAMHUH D;-CBA3BIBAIOIIMHI IOMEH, aKTHH-CBA3BIBAIOLINA CETMEHT
MONUNENTHIHON LeNHu U callT MMKo3mnnpoBaHust. COOTBETCTBEHHO, CYILECTBY-
IOT JIBa OYCBUAHBIX crtocoba ad(GUHHOTO BBIACICHUS CHEIM(pUIecKoro Oenka,
3a aKTHH- M BUTaMUH D;-caspiBatomue gomensl (Haddad et al., 1984; Link et
al., 1986; Swamy, Ray, 1995). B uccnenoBanusx Apyrux aBTOPOB OMMCHIBACTCA
MPAKTHYECKH BCET/Ia OJIMH U TOT JKE CII0CcO0 TONTyYEeHHUs aKTUBATOpa MakpogaroB
GcMAF. Butamun D,y moguduiupyeTcst B IpOU3BOAHYIO MOJEKYILY, COAEPIKAILYIO
THIPOKCHII B TIOJIOXKEHHUH 25, NN XUMHUYECKUM, HIIH SH3UMATUIECKUM CIIOCOOOM.
MonuduiupoBaHHbIH BUTAMUH «IIPHITHBACTCSD) K aKTUBHPOBAHHONW OPOMIINAHOM
cedapose, u npoBoautcs apdunuas xpomarorpadus. [lanee 610K aKTUBUPYETCS
B GcMAF sH3uMaTnueckoil KOHBEpTAIMe ABYMS THAPOJIA3aMU — CaUIa301
n B-Tanakro3naa3oil, KOBAJIEHTHO (PMKCHPOBAHHBIMU Ha Hocutene (Yamamoto,
Kumashiro, 1993; Yamamoto, 1996; Mohamad et al., 2002). ®yHkunonanbHas
aKTUBHOCTH mormydeHHoro GcMAF TecTupyeTcs mo ero cnocoOHOCTH HHITYyIIHPO-
BaTh Y Makpo(aroB criocoOHOCTb (harorUTHPOBATh PA3HOOOpa3HbIe BHEKJICTOUHBIC
qacTuIibl. [ JTaBHBIM 00pa30M HCTIOIB3YIOTCS OIICOHUPOBAHHBIE IPUTPOLIUTHI OapaHa
(Hammarstrom, Kabat, 1971; Yamamoto, Kumashiro, 1993). Hamu mHOTOUMCIICH-
HBIC TTOTIBITKH BBIICINTD, aKTUBHPOBATh M OIICHUTH (P)YHKIIMOHAJIBHYIO aKTHBHOCTh
MOJIyYSHHOTO MOJIUIENTHIA CIIOCOOaMH, ONTMCAaHHBIMU B CTaThsIX, HE YBEHYAJIHCh
ycriexoM. OCHOBHBIMU NPUYMHAMH HEy a4 ObIIIN: HEBO3MOKHOCTh B I0CTAaTOUHOM
KOJINUECTBE OBICTPO MOIYIHUTH COCTABIIIFOIINE KOMIOHEHTHI BCEX CIIOKHBIX TPOIIE-
JIyp, UX BBICOKas 1IeHa, TIOCTOSTHHOE YTauBaHUE aBTOPAMH OITyOJIMKOBAHHBIX padoT
[MPUHLMIIHAIBHBIX TEXHUUECKUX JETaJled TOW WIM HHOM NMPOLETypHl.

B 7001 cBSI3M MOCie TOTANBHOM POPaOOTKH MPHHIKIIOB TosrydeHus: GCMAF
MBI pa3padoTay CICAYIOIUHA PErIaMeHT BbIACICHHsI OOJIBILIOr0 KOJINYECTBA Ipe-
napara BUTaMuH Ds-cBasbiBatomiero Oenka, ero xkonseprauuu B GcMAF-RF n
OLICHKH €T0 CIIOCOOHOCTH aKTUBHPOBATh (paronuTapHyro (QyHKIHIO MakpogaroB
u npoaykuuio uMu NO.

Buramun D,-cBsaspiBaromuii 6e10x ObUI BBIAENIEH U3 CHIBOPOTKH KPOBH 3710pO-
BBIX JJOHOPOB € HCIIOJIb30BaHuEeM a(@uHHOI Xpomarorpaduu Ha KOJOHKE C KO-
BQJICHTHO IPHIIUTHIM aKTHHOM. JIaHHBIN 1TOJIX0]1 COCTOSUT U3 ABYX Ipoueayp. Bo-
TIEPBEIX, AKTHH, HEOOXOMUMBIH B KadecTBe apprHHOTO TUTaHAa, TTOTyJaIn caMmo-
CTOATENIFHO M3 MbII kpoiuka (Spudich, Watt, 1971), 6naronapst yeMy yaanochk
ObICTPO HaNAIUTh ahPUHHYIO XpOoMaTOrpad o U Ha TTOPSAKH COKPATUTh 3aTPaThl.
OnHOBpEeMEHHO W3 KpaOOBBIX MaHIHPEH OBUT BBIACICH CyOCTpat, HEOOXOMMMBIHA
Jutst npumuBkY addunaHoro nuranaa (de Souza et al., 2008). DtoT crocob Takxke
MO3BOJIMJI HE ONUPATHCS HA UMIIOPTHBIE IOPOI'HE PEAKTHUBBI M CYILECTBEHHO YCKOPHII
Bpems nomyueHus pakropa. s konseprannu DBP B GcMAF-RF 6b11 pazpaboran
OPHUTHHAIBHBIN CIOCO0 C MCIOIB30BAaHUEM AaKTHBUPOBAHHBIX JH30(hochaTnani-
xosmHoM (Lyso-Pc, Sigma) BocniaiauTenbHbIX JUM(OLUTOB, HOIYyYaEMbIX OT TOTO
ke moHopa (Ngwenya, Yamamoto, 1986; Yamamoto, Homma, 1991; Asaoka et al.,
1992). CyTh momxoa COCTOUT B TOM, YTO Ha ITUTOITA3MATHICCKON MEMOpaHe aKTH-
BUPOBaHHbIX K BOCHaieH 0 B- n T-mMdoLuToB nprcyTCTBYIOT 002 HEOOXOANMBIX
qutst koaseptaru DBP 8 GeMAF depmenra: B-ramakro3nasa u caamia3a COOTBET-
ctBeHHO. [TomyuenHbIe OT TOHOpa TMM(OLUTEI ITOCIIE BOCIIAIUTEIFHON aKTHBAIIN
nobasnsuck kK DBP. Tlocne nnky6anuu noinyuenusiii GcMAF-RF nposepsuicst Ha
CrO0CcOOHOCTH aKTUBUPOBATH CIIEIH(UIECKYTO (haroluTapHyI0 aKTUBHOCTh MaKpo-
(baros. [{yst 3TOrO OBIT BaIMAMPOBAH CIOCOO C UCIIOIB30BAaHUEM METAJUTMUECKUX
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Fig. 1. Western blot analysis of DBP samples
obtained by actin and sepharose (with
25-hydroxyvitamin D3) chromatography.

Lanes: M, molecular marker “The Thermo Scien-
tific™ Page Ruler™ Prestained protein Ladder”
(Thermo Fisher Scientific Inc, USA); 1, DBP
obtained on a column with 25-hydroxyvitamin
Ds-Sepharose; 2, DBP obtained by actin-sepha-
rose affinity chromatography.

6yc (Ishikawa et al., 2014). [Tpomenypa
XOPOIIIO CTAaHAAPTU3UPYETCS, HE TPeOy-
€T MHOTOCTaIMHHOTO OJIYyYEeHHUS OTICO-
HUPOBAHHBIX 3PUTPOLUTOB OapaHa n
BBICOKOTEXHOJIOTHYHA. J{OTIOIIHUTEb-
HO JIJIsl OLICHKH CTIeU(UIHOCTH BbIJIe-
neaHoro GeMAF-RF 6s1n pazpaboran
OPHUTHHAIBHBIN METOJ] OTYyYCHHUS JIEK-
THHA, MTO3BOJISIFOLIUI OICHUTH 3 deK-
TUBHOCTbH OTIIEIUICHUSI XBOCTOB Caxa-
POB M COXpPaHEHHS B CAlTE TIIMKO3UIIH-
poBaHus N-aleTuiraiako3aMuHa, Ko-
TOPBIH SABJIAETCS OCHOBHOM MOJIEKYIIOH,
y4acTBYIOIIEH B aKTUBALMHA MaKpo-
¢aros.

s mposepku coorBercTBusi DBP,
BBIJICJICHHOTO C MCIIOJIb30BaHNEM B Ka-
yecTBe aPUHHOTO JIMraHAa aKTHHA,
npenapary DBP, Bernensemomy apdun-
HO Ha 25-ruapokcuBuTaMuH Dj-ceda-
po3e, ¥ XapaKTepPUCTHKH MPHHAJIENK-
HOCTH 00OMX TOJUNENTHIOB K IPyIIe
cnenuduyecknx Ge-0emKoB ObLT MPo-
BE/ICH CPaBHMTEJIbHBIH BECTEPH-OJIOT
aHanu3. [Ipsmoil cpaBHUTEIBHBIN BeC-
TEpH-0JI0T aHaIM3 00pa3LOB Mpenapara
¢ aHTuTeIaMu NpoTHB GC-rpymnibl CBU-
JIETENBCTBYET 00 MACHTUIHOCTH YIIOMSI-
HYTBIX IByX BapHaHTOB OeikoB (puc. 1).
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Fig. 2. Effect of GEMAF-RF on the phagocytic activity of peritoneal macrophages.

a, data are presented as M+SEM (n = 4), * p < 0.017 - significance of differences compared with control
(Bonferroni-corrected Mann-Whitney U-test); b, representative photographs of macrophages with inter-
nalized granules: 7, control; 2, after activation by DBP; 3, 4, after activation by GCMAF-RF.

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

Buonorngeckyio aktuBHOCTE GCMAF-RF omeHuBanxm mo ero BIUSHUIO HA
(harorrapryo QpyHKIMIO nepuToHeanbHbIX Makpodaros (Ishikawa et al., 2014)
(puc. 2). Buto BHIIOJIIHEHO TPH ATIOCTEPHOPHBIX CPABHEHNS SKCIIEPUMEHTAIIBHBIX
IPYIII ¢ KOHTPOJIEM € HcIosb3oBaHueM U-kpurepust MaHHa—YUTHU C y4E€TOM I10-
npaBku bordepponn. [TokazaHo, 4To O CPaBHEHHUIO C KOHTPOJIEM TOJIBKO Mperapar
GcMAF-RF cratncTrdeckn 3HaUUMO YCHITUBAET CTIOCOOHOCTH Makpo(aroB HHTEp-
HANIM3UPOBATh MarHUTHBIEe mapukd. B mpucyrctBun GcMAF-RF daromurapras
AKTHBHOCTB Makpo(aros ysennumnsanach B 3.7 pasa (p =0.011), Torna kak B OTBET
Ha DBP wu JITIC — B 1.2 u 1.6 pa3a cooTBeTcTBEHHO. Penpe3eHTaTiBHBIC (OTO-
rpadumn makpodaros (cM. puc. 2, 6) 4ETKO AEMOHCTPUPYIOT, YTO IPU CTUMYIISLIUN
npenapatom GcMAF-RF (1o He ero npenmectsenarkom DBP) B 00111eit momyssiimm
MIEPUTOHEANIBHBIX MAKPO(aroB 3HAYUTENHLHO BO3PACTAET YUCIIO KIETOK C HHTEpHA-
JIM30BaHHBIMHM MarHUTHBIMY IIapHKaMu. B TaHHOM TecTe oneHnBaIn Ononornye-
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CKYI0 aKTUBHOCTH 00pa310B U3 KaKI0H
MOJIYYCHHOW MapTUH Tpernapara, npu
9TOM paznuanelie 00pasiel GEMAF-RF
JIEMOHCTPUPOBAIIN TPEX-CEMHUKPATHOE
yBenuueHue (arountapHol (QYHKIUH
Makpodaros.

IIpenapar GeMAF-RF ycunuBan He
TOJIBKO (harorUTapHyto akTHBHOCTB Iie-
PHUTOHEABHBIX MAaKpO(aroB, HO TAKKE
UX CHOCOOHOCTH MpoxyuupoBaTh NO
(puc. 3). bbuto mpoBeneHo yeTkIpe aro-
CTEPHOPHBIX CPaBHEHUsI (IKCIIEPHMEH-
TaJbHbIE TPyNIbI ¢ KoHTposaeM u JITIC
u GcMAF-RF mexy coboit) ¢ ucrosb-
3oBaHueM U-kpurepuss ManHa—YuT-
HU C ydeToM momnpaBku bordepponu.
Okxkazainock, uto GCMAF-RF (H0 HE ero
npeamectseHHUK DBP) cratuctiuuecku
3HauuMo (p < 0.013) moBbIman ypo-
BEHb MPOAYKIMH MOHOOKCHJA a30Ta,
IIPU 3TOM YPOBEHb WHAYIIMPOBAHHON
NO-mpoxykmn ObIT JaXKe BBIIIE, YeM
B OTBET HA CTAHJAPTHBIH aKTHBATOP
Makpocaros JITIC (p = 0.008).

Bce nepeunicieHHble IpoLEaypbl, Ba-
JIUIUPYIOLINE TIpenapar Kak akTUBaToOp
Makpogaros (GcMAF-RF), moctosaHO
TIPOBOJIATCS JUTSL XapaKTEPUCTHKN KaxK-
JIOTO HOBOTO BBIZICTICHUS ITpenapara u
JIOBEJICHHMS JI0 COCTOSTHHSI 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 TJIa3Mbl KDOBH UYEIOBEKa B
COOTBETCTBUH C HOBBIM TE€XHOJIOTHYE-
CKHM pEIIaMEHTOM, pa3paboTaHHBIM
xomnanueir OOO «AxrtuBatop MAF».
[Ipsimoii cpaBHUTENBHBIN BECTEPH-OIOT
aHanmu3 00pasloB Mpenapara ¢ aHTHTe-
samu IpoTuB GC-TPyYIITBI TTOKa3ad (CM.
puc. 1), uTo MonekyaspHas Macca Oen-
KOB, BBIZICJICHHBIX IByMsl BapHaHTaMu
ad¢uHHON Xpomarorpaduu, COOTBET-
ctByeT pazmepy GcMAF B 65-67 x/la,
OTIpENIeTICHHOMY JPYTUMH aBTOPaMHU B
AQHAJIOTMYHON TPUC-ITIMLIMHOBOM 2JIEKT-
podopetrueckoii cucteme (Smith et al.,
2013). ITomy4eHHbIH pe3yabTar CBHIC-
TENBCTBYET 00 MIEHTUYHOCTH ITOJIHIIET-
THJIOB, BBLAETSIEMBIX C UCIIOJIB30BaHU-
€M JIByX umeromuxcs B mojiexkyine DBP
JIOMEHOB, Pa3IMYaIOIINXCs 10 CBOCH
(YHKIIOHATHHOM crienn(pUIHOCTH (aK-
THH-CBSA3bIBAIOIMI M BUTaMUH D;-CBs-
3BIBAIOIIN ).
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Fig. 3. Effect of the drug GEMAF-RF on the production of NO.

Data are presented as M+SEM (n = 4). * Differences from the control and
between the LPS and GcMAF-RF groups are significant at p < 0.013 (Bonferro-
ni-corrected Mann-Whitney U-test).

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

BrlsiBIeHHBIC 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 mMO3BOIIAET 3aKITIOUUTD, uTO Tiperapat GeEMAF-
RF cooTBeTcTBYeT M3BECTHBIM MMIIOPTHBIM aHAJIOTaM HE
TOJIBKO TI0 CBOUM (PM3MKO-XUMHUYECCKHM XapaKTEPHCTHKAM,
HO ¥ TIO TIPOSIBIISIEMOM OMOJIOrN4eCcKOi aKTHBHOCTH.

Crenyrorue 1Ba COOOIICHUS OY/IyT COEPKATh PE3y/IbTaThI
no BiustHUIO mpenapata GcMAF-RF Ha kyiasTypy AeHApUT-
HBIX KJICTOK ¥ ToJsipu3ariio M2-makpodaros. Taxxe Oyner
MIPOZIEMOHCTPHPOBAHA CIIOCOOHOCTh aKTHBHUPOBAHHBIX IIpe-
napatroM GcMAF-RF nepuroneansHbIx Makpo(haro Jm3u-
pOBaTh KJIETKH HECKOJIBKHUX OITyXOJIEBBIX KYJIBTYP 1 OIIEHEHA
€ro IPOTHBOPAKOBAsl AKTUBHOCTH B OMOJIOTHYECKMX TECTAX
Ha HKCIIEPUMEHTAILHBIX JKUBOTHBIX.

3aknioyeHmne

[IpencrasieHs! nepBble SKCIIEPUMEHTAIBHBIE JIAHHbIC, Xa-
pakTepu3yroliue crnocodHocts npernapara GCMAF-RF, mo-
JY4€HHOTO OPUTHHAIBHBIM CIIOCOOOM, aKTUBHPOBATH TIEPH-
TOHeaJIbHbIe MaKpOo(aru MbILIN, YTO NPOSBISIETCS KPATHBIM
ycuiieHHeM HX (arouutapHOd (yHKUUH U 3HAYUMBIM MO-
BBIIIIGHUEM YPOBHSI NPOIYKIIMK MOHOOKCH[IA a3oTa. Bre-
neHHbIl akTuBarop MakpogaroB (GeMAF-RF) o cBonm xa-
paKTEepUCTHKaM COOTBETCTBYET aHAJIOTHYHBIM Iperaparam,
MPE/ICTABIISIEMBbIM Ha PhIHKE 3apyO0C)KHBIMU KOMITAHUSIMH, U
MOJKET PaccMaTpUBATHCS KaK HOBBIIT OT€UeCTBEHHBIH OHOII0-
THYECKH aKTUBHBIN (haKTOp pa3sHOHAIPABICHHOTO ACHCTBHS.
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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-CIIeld1uecKoe paclpeeleHe BapmaHnToB reHa TRPMS8
B €BPa3uiiCKNX IMOIIV/ISIIIMSIX: 3HaKM OTOOopa

T.A. ToramoBa! @, A.I. Pomamenxo!, H.C. FOanul 3, ML.JL. Boeopal’ %3

1 DenepanbHbIit cCcnefoBaTeNbCKIIN LEHTP UHCTUTYT LMTONOTUM 1 reHeTnKn CUBMPCKOro OTAeneHns POCCuitckol akaaemnm Hayk, HoBocubupck, Poccus
2 MepnepanbHbI CCNefoBaTENbCKNIA LLEHTP GyHAAMEHTaIbHOM 1 TPAHCAALMOHHOWM MeauLvHbl, HoBocnbrpck, Poccus
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AHHoTauus. leH TRPMS8 KogupyeT NOHHBIN KaHas, KOTOPbI ABNAETCA XONOAOBbIM PeLenTopom B apdepeHTHbIX
HelpoHaX COMATOCEHCOPHOW CUCTeMbl MiieKonuTalowmx. Mbl U3yuunu pacnpegeneHme 4acToT ranaoTUrnoB 13
wectn OHI rena TRPMS8 B eBpa3unckmnx NoNynaumnAaX YenoBeKa, BKIOYaa PYCCKMX, Ka3axoB 1 Yykyen. YeTbipe 13
wectn OHIM pacnonoxeHbl B 3k30He 7 (rs13004520, rs28901637, rs11562975, rs17868387), OHIN rs7593557 Ha-
XOAMTCA B 3K30He 11. OTn 3K30HbI KOAMPYIOT dparmeHTbl N-TepMMHaNbHOro AoMeHa, Heobxoammoro ansa QyHK-
LMOHUPOBAHUA KaHana B Mia3maTtnyeckon membpaHe apdepeHTHbIX HelpoHoB. OHIM rs11563071 pacnonoXeH B
3K30He 23, Koanpytolwem ¢parmeHT C-TepMrHaNIbHOrO AoMeHa KaHana. OCHOBHOe pasnnyve B NonynaumoHHOM
pacnpepeneHuu rannoTunos onpepenseT OHIM 13 3k30Ha 11, obycnosnuBatowmii Ser419Asn 3amelleHune B 6en-
Ke. KoHTpacTHble pa3nnumna B MHOroobpasum 1 YyactoTax ranjoTrnos Habnogany mexay nonynaunamm vyykyen n
pycckumx. YacTtoTbl ocHOBHOrO rannotuna H1, oTHocAweroca Kk 419Ser BapnaHTam reHa TRPMS, cylecTBeHHO pas-
NNYanucb B U3yyeHHbIX nonynaumax: 0.738 y pycckmx, 0.507 y kasaxos, 0.337 y uykueli (p < 0.001). ina a3matckmx
nonynALNA 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 uykueir (p < 1073 ana o6oux cpasHeHui). Yactota Bcex 419Asn
BapWaHTOB Y UYyKuyel conocTaBMMa C TakoBON adpuKaHLEB, OfHAKO YacToTa MUHOPHbLIX annenei rs28901637 n
rs11562975 y abpukaHueB Hu3Kas. Mo-BUANMOMY, B MPOLIECCe KONIOHM3aLUMM YerioBeKoM EBpasum MnHopHbie an-
nenu 31nx OHI guBeprypoBanu B 3aBUCUMOCTY OT CTPYKTYpPbI rs7593557 B 3k30He 11. Hamun npoaHanv3npoBaHbl
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nocnepgosaTenbHocT NATU n3odpopm MPHK reHa TRPMS, BbieneHHbIX McCnefoBaTensaiMmm U3 pasHblx TKaHel. Moka-
3aHO, YTO OHW TPAHCKPUBMPOBaHbI C OCHOBHOIO BapuaHTa H1 reHa TRPMS, Ho cofiep»KaT pasfinyHble CTapT-KOAOHbI
TPaHCALWM, FeHepUPOBaHHbIe anbTePHATMBHbIM CNaicuHrom npo-mPHK.

KntoueBble cnioa: reH TRPMS; rannotunbl; eBpasninckre NonynaumMm Yenoseka; 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 TRPMS 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 (¥V=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
r513oo4520 ........ 7 ................... G>CR247T ..........................
r528901637 ........ 7 ................... A>TP249P ..........................
r511562975 ........ 7 ................... G>c|_250|_ ..........................
rs17868387 ........ 7 ................... A>Gyz51c ..........................
r5759355711 ................. G>A5419N ..........................
r511563071 ......... 23 ................. C>G ..................... V1058v .......................

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—H5 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 (rs7593557, 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
HS 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—-HS5 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 TRPM8 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 H1I0 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
1s28901637 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 g 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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a Y251C
L250L
P249pP
AUG R247T S419N V1058V stop

v v v S1 5253 54 S5 6
1 112;3,4,5,6;7;8;9;10 111213, 14,15, 1617 18,19,20,21;22,23,24,25,26

b AUG (MKSFLPVHTIVLIR)
* [-46 nt]-[-1 nt]
[-933 nt]-[-918 nt]

stop
S1 S2 S3 S4 S5 S6 *
?02i 3 3i14,56,7;8,9,10; 11, 12,13 ;14,1516 17 18,19, 20, 21, 22,23 24, 25, ?
<+ —>
ncRNA
C AUG stop
¢S3 S4 S5 S6
? 1181191201211 2212324257
d (SRRFGRRISVT)  stop
§ [+170 ntl-{+427 nt]
AUG 16,17
117213;4;5/6;7;8;8i ;19,1011 12,13, 14,15,18,19,20; 21, 22,2324, 25| 26
|< ncRNA >
e AUG (MQ)
[+170 nt]-[+427 nt] * 16,17
stop
S3 S4 S5 S6 *

112,314,567, 8;8i19;10;11;12 13,14 15;1819,;20,21,22;23,24,25, 26
<—— ncRNA —>|

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 mMRNA 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 nt insert.

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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AHHoOTauuA. 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-
HaHTHbIM TUMOM Hac/eJoBaHWs, BO3HUKAIOLMIA B MOIOLOM BO3pacTe 1 NPOoABAALWMNIACA B ANCPYHKLUN B-KNeToK
NoAKeNyOYHOW »Kene3bl. ITOT TUM OT/IMYAETCA OT KNacCUYecKnx TUMoB caxapHoro anabeta (CA1, CA2) knnHuye-
CKUM TeUYeHVeM, TaKTUKOW JleueHNA 1 NPOrHo3om AnA naunenta. KnuHnyeckne npoasneHna MODY reteporeHHbl
1 MOTYT PasnnyaTbCa Aaxe y NpefcTaBuTeneil OfHON CeMbM, HOCUTENE OANHAKOBbIX MyTaLmii. 3TO 06yCOBNEHO
KaK coyeTaHnem MyTaLuii B pasfivyHbIX reHax y MHAVBMAYYMa, Tak 1 BO3LEeNCTBMEM BHELLHMX pakTopoB. MeTofom
CEKBEHMPOBaHVs HOBOTO MOKOMNEHNA y NpobaHaa 6bina naeHTnoULMpoBaHa 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 cerpernpoBa’i C NaTonornyeckmm GeHoTnnom y obcneaoBaHHbIX UneHos cembu. feH GCK KopupyeT roKo-
KnHa3y (rekCokrHasy 4), KoTopas KaTanvsupyeT NepBbil War B pa3finyHbIX NyTAX MeTabonmsma rioko3sbl. MyTauum
B 3TOM reHe aCcCoLMMPOBaHbI C CaxapHbIM JMabeToM B3pOC/IOro Tina y monoablx, nogrvn 2 (MODY2). 3ab6oneBaHue
XapaKTepr3yeTcs He3HaunTeSlbHbIM MOBbILEHVEM [TIIOKO3bl HATOLAK, XOPOLIO KOHTPONMPYETCA MeAuKaMeHTa-
MM 1 OTINYAETCA HU3KOW PacnpoOCTPaHEHHOCTbIO MUKPO- M MaKPOCOCYAUCTbIX OCNOXKHEHUI. MpeacTaBneHHbI B
nccnefosaHuy cnyyan MODY2 BbiIABUN KJIMHUYECKYIO 3HAYMMOCTb MyTaLum B calTe cnnancuHra reHa GCK. MNpwu
BO3HMKHOBEHMWU Y MOJIOABIX NIOAeN 1 6ePEeMEHHBIX XKEHLUH HEKMACCMUECKOrO CaxapHOro ArabeTta npoBeaeHve
reHeTUYECKOro TECTUPOBaHNA HEOOXOAMMO ANs MOATBEPXKAEHUA AMArHO3a M ONTUMANbHOIO BbiGOPa TaKTUKK 1

cnocoba neyeHus.

KnioueBble crioBa: Yenoek; AnabeT B3pocnoro tuna y monogpix; MODY2; reH ritoKOKMHa3bl; CEKBEHMPOBaHWe
HOBOTO MOKOJIEHUS; TEHETUYECKUIA aHanu3; GriouHdopmaTmKa.

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 APPLI (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 ¢.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

PefnKkui BapraHT MyTaumm canTa cnnancuHra reHa GCK 2020
y naymeHTa ¢ MODY2 grabetom 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. Atage 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 (IVSS5; -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
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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 c.580 -1G>A (IVS5 -1G>A, rs1554335421) of the GCK gene on splicing

Transcript dpsI*

Chr7GCK_NM_000162Exon6 ........................ _714 .................................
chr7GCK_NM_ooo162Exon5 ......................... _145 .................................
Chr7GCK_NM_ 033508Exon7 ......................... _714 .................................
Chr7GCK_NM_ 033508Exon6 ........................ _145 .................................
Chr7GCK_NM_ 033507Exon6 ........................ _714 .................................
Chr7GCK_NM_ 033507Exon5 ......................... _145 .................................

dPSI_percentile** PSI_WT***

040 ..................................... 8249 ..................................
520 ..................................... 8001 ..................................
040 ..................................... 8249 ..................................
520 ..................................... 8001 ..................................
040 ..................................... 8249 ..................................
520 ..................................... 8001 ..................................

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 (Esmaeilzadeh
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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AHHOTauuA. [eHeTNYECKMe pecypCbl pacTeHNIA — OCHOBA CENbCKOro X03AMCTBA 1 MaBHbI GakTop, onpeaens-
IOWMIA KayecTBO noTtpebnsemor nuwn. B VHAMM Ha HaumoHanbHOM ypOBHe 3TOW MPO6AemMol 3aHUMaeTCA
HaumoHanbHoe 6i0po reHeTnyecknx pecypcos pacteHuin (NBPGR), geicTeytouiee nog srmgoin iHagniickoro co-
BETa MO CeNIbCKOX03AMCTBEHHbIM UccnegoBaHuam (ICAR), co wrab-kBapTMpoii B Hbto-Aenn. Obnagasa 6oratbimu
pacTuTenbHbIMK pecypcamu, IHAMA fOMKHA yUnTbIBaTb MHTEPEChl 6€30MacHOCTM CBOEro MPUPOAHOro Hacneans
npwv BbipaboTKe Aake camMblX BbIFOAHbIX CTpaTernii obmMeHa reHeTMYeCcKUM mateprianomM Co CBOMMI MeXAYHapos-
HbIMK NapTHepamu. B 3agaun Bropo BxoaATt uccnenosaHue, c6op, 06MeH, onuncaHune, oLeHKa, COXpaHeHUe 1 yyeT
reHeTUYECKNX PeCypCcoB PacTEHUI, a TakKe obecneyeHmne KapaHTUHHBIX Mep A BCEro BBO3MMOrO 13-3a pybe-
»Ka MaTepuana, BKJloYas TpaHCreHHble pacTeHus, NpefHa3HaYeHHble AN uccnefoBaTeNnbckux Lenei. biopo n
[leCATb ero permoHanbHbIX OTAENEHWI, PACMNONOMXKEHHbIX B Pa3HbIX arpoKIMMaTAYeCKNX 30HaX CTPaHbl, OCYLLeCT-
BNAIOT JeATENbHOCTb B HECKOMNbKIMX HanpasneHuaAx. [loaaepunsatoT CBA3M C MeXAYHAPOAHbIMY OpraHmn3aLmamu,
BXOAALMMYM B COCTaB KOHCYNbTaTUBHO rpynmbl MO MeXAYHAaPOAHbIM CENbCKOXO3ANCTBEHHBIM NCCNeA0BaHUAM
(CGIAR), 1 HauMOHaNbHBIMU UHCTUTYTaMU, 3aHMMAOLLMMUCA NPOoBIemMaMmn 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
o 3aflaHHbIM Npr3HakaM. Ha ocHoBe 3Toro maTepuana BbIBOAATCA COPTa CeNTbCKOX03ANCTBEHHbIX KynbTyp. Cy-
wecTBylowmin npu bropo HaumoHanbHbin reHeTuuecknii 6aHk (National Genebank Network) HacuutbiBaeT 6onee
400 TbicAY 06pa3LoB. blopo paboTaeT B cepBUCHOM pexunme, obecneunsas 3pGeKTUBHOE KCMOMNb30BaHNE reHe-
TUYECKKX PeCcypCoB PAacTEHUI B NPOrpamMmmax ynyulleHnsa CeibCKOXO3ANCTBEHHbIX KYNIbTYp, YTO CTaso BO3MOX-
HbIM BO MHOTOM 61arofiaps nocnefoBaTeNlbHOMY NOAXOAY K ONMCaHMIO 1 OLLEHKE STUX PeCYPCOB, a TakXKe 0Toopy
NOTEeHLMANbHO MONE3HOrO reHeTMYECKOro MaTepuana. JpyruMmm 3agadamu SsBAAIOTCS ONpeaesieHne reHOTMMNoB
C TEMUW ST UHBIMU NPY3HAKaMU, CNeLPUUHBIMA K U3MEHEHMIO KITMMATA, a TakK»Ke 0TOOP NepPCneKTUBHOro maTe-
puana, obnapatoLiero ycTonumBoCTbio K 3a60M1eBaHNAM 1 NMPr3HaKaMn KauecTBa, Ha KOTOpble OPUEHTUPYIOTCA
ceneKkuUvoHepbl Npy paboTe Haf ynydlleHremM CefibCKOX03ANCTBEHHbIX KynbTyp. [JeicTBytoLwas Takum o6pa3om
cucTema Cbirpana BaXkHelLLYIo Posib B BblpaboTKe CTosb HE0HX0AMMOro cTpaHe 6anaHca B OTHOLWEHWN FreHeTnYe-
CKUX PecypcoB pacTeHWNI: MHTPOAYKLMA LLEHHOFO 3K30TUYECKOro reHodoHAA B LiensaX MHTEHCMUKALLMU NPoun3-
BOJCTBA CENbCKOXO3ANCTBEHHONM NPOAyKLUMM BefleTcs 6e3 ylepba Ans MeCTHbIX pecypcoB. B HacTosLee Bpemsa
OCHOBHbIMY HanpaBneHVAMN paboTbl ABMAIOTCA: ONUCAHNE TEeHETUYECKOTO MaTepuasa, COXPaHEHHOrO NyTem
KOHCEpPBALUW ex Situ, N BCECTOPOHHSASA OLieHKa MPUOPUTETHBIX CENbCKOXO3ANCTBEHHBIX KyNbTyp Ans 6onee 3¢-
HEKTVBHOMO UX MCMOMb30BaHNA; OLEHKA BIUAHKA Pa3INUYHbIX METOAOB MeNNopaLny 3eMeflb Ha reHeTuyeckoe
pa3Hoo6pasme; NOHOreHOMHOE acCOLMATUBHOE KapTMPOBaHKE C LIENbIo BbIABNEHNA paHee HEM3BECTHbIX FreHOB
1 annenen ans 6onee 3bPeKTMBHOrO NCMONb30BAHMNSA FEHETUYECKUX PECYPCOB PacTeHNIA; OTOOP FreHETNYECKOrO
MaTepuana u/vnm MECTHbIX Pa3HOBUAHOCTEN 1 OnpefeneHrie ONTUManbHbIX PalilOHOB BbIPALLMBaHNA Ha OCHOBE
QHaNOroBbIX AaHHbIX HAGMIOAEHNI 33 KTMMATOM; MPOBEPKA COOTBETCTBUA UHTPOAYLIMPOBAHHOIO FreHETUYECKOTro
MaTepuana 3alaHHbIM KpUTEPUAM.

KntoueBble cnoBa: reHeTUYeCKne pecypcbl PacTeHWA; FeHeTUYecKne 6aHKuW; AVKOPacTyLMe POACTBEHHNKM Kyb-

2020
243

TYPHbIX PAaCTEHWI; BUOTNUECKII 1 aBUOTUYECKIIA CTPECC; OTOOP C MOMOLLbIO MapKepPOB.

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 [CAR-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 (GEBVs) 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-pgt/

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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Abstract. Microbial culture collections are very important components of biological science. They provide re-
searchers with material for studies and preserve biological resources. One such collection is the Collection of Rhi-
zosphere Microorganisms, kept at the Institute of Biochemistry and Physiology of Plants and Microorganisms of
the Russian Academy of Sciences, Saratov (IBPPM). Its activity is primarily directed toward the isolation and pre-
servation 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, con-
sequently, 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-proteobacte-
ria 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 phosphates, con-
trol 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 Azospi-
rillum structures involved in associative symbiosis with plants, primarily extracellular polysaccharide-containing
complexes and lectins. The development of immunochemical 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 aforesaid 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 Micro-
organisms 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
applied tasks in microbiology.
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Kosnekiiys pusocdepHbIX MUKPOOPTaHM3MOB:
3HaueHMe JIjIS MicCIedOBaHMsI pacTUTeIbHO-0aKTepralbHOM
accolaTUBHOCTU
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AHHoTayuA. Konnekuuy MMKpPOOPraHi3MOB — OfMH U3 BaXKHENLINX KOMMOHEHTOB GUONOIMYeckon HayKu, KOTo-
pblt 0becneumBaeT nccneaoBaTeneil HEOOXOAUMbIM MaTEPMANOM 1 COXPaHAET Bronormyeckre pecypcsl. Tako-
BoOW sABnAeTca Konnekuns prisocdepHbiX MUKPOOPraHM3moB HCTUTYTa Groxummmn 1 GU3nonornm pacteHnin u
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MUKpOOpraHn3moB Poccuinckon akapgemmn Hayk (MUBOPM PAH), peaTenbHOCTb KOTOPOI COCpefoTOYEHa B NePBYI0
oyepefb Ha BblAeNEHUN 1 COXPAHEHUN MUKPOOPraHN3MOB, BbleNeHHbIX 13 KOPHEBOW 30Hbl pacTeHuit. MHTe-
pec MMPOBO HayKN K MUKPOOPraHn3mMaM 3TOW SKONOTMYECKON HULWIN He oclabeBaeT Mo NprymHe ux 6onbluoi
3HAUMMOCTV ANA POCTa U Pa3BUTUA PacTeHUIN 1, CriefoBaTeNlbHO, ANA pacTeHeBOACTBa. [pynna 6akTepuii, 06-
najaloLWwyx nonesHbiMM AnA pacTeHuin cBoMCTBaMK, nonyyuna HasaHue PGPR (plant growth promoting rhizo-
bacteria — cTumynupytowme pocT pacTeHnin prusobaktTepun). K HUM OTHOCATCA 1 MOYBEHHbIE a30THUKCHpPYIoLme
anbda-npoteobaktepumn pofa Azospirillum, coctaBnsaowye AAPO BbllEHa3BaHHOW KosneKuuu. A30CnvMpubl,
OTKpbITble B 70-X T. NPOLLIOro Beka 6pa3nnbCKUMI YYeHbIMU, B HACTOALLEe BpeMaA ABNATCA MPU3HAHHbIMY BO
BCEM MVIpe MOAeNbHbIMU O6beKTaMu ANA U3yYeHNA MONEKYNIAPHbIX MEXaHU3MOB PacTUTENbHO-MUKPOOHbIX B3au-
mogencTemin. Qrkcaunsa atmocdhepHOro a3oTa, NPoayKLmus GUToropMoHoB, contobunmsaumns ¢pochaTos, KOHTPOSb
naToreHoB, OpPMMPOBaHNE Yy PACTEHUI MHAYLMPOBAHHON CUCTEMHON YCTONUMBOCTY — Liefbli KOMMNEKC nosies-
HbIX CBONCTB AeNlaeT NX YHUBepPCanbHbIM MHCTPYMEHTOM AnsA GyHAAMeHTanbHbIX MCCIef0oBaHNIA 1 NPaKTUYeCKoro
nprmeHeHuA. B 063ope obcykaaeTca coBpeMeHHOe COCTOAHME NCCefoBaHni No 6akTepuam popaa Azospirillum ¢
aKLeHTOM Ha pe3syrbTaTax, nonyyeHHbIx konnektnsom VIBOPM PAH (r. CapatoB). Skcneamummn no CapaTtoBcKoii 06-
nactu, NpoBeAeHHbIE MUKPOOVONoramv MHCTUTYTa B Hauyane 1980-X IT., 3a10XKMM OCHOBY YHMKaNbHOIO cobpaHua
npencTaBuTENei 3Toro 6akTepuanbHOro TakCoHa, KOTopoe cerofHsA BKtoyaeT 6onee 160 LWTaMMOB 1 cUMTaeTCA
OfHMUM 13 cambix KpyrHbix B EBpone. iccnegosaHua cotpyaHukos UBOPM PAH npenmyLiecTBeHHO cocpefoToye-
Hbl Ha CTPYKTYpax a3oCnupuI, BOBJIEYEHHbIX B 06pa30oBaHe acCoLMaTBHOIO cMM6103a ¢ pacteHuamu. Mpexae
BCEro 3TO BHEK/eTOYHble MONMcaxapuacofepKalue KOMMneKkcbl u NekKTnHbl. Pa3Butre MeTofoB MMMYHOXMMUN
BO MHOFOM NO3BOJIIIO BbIACHUTD, KaK B LIeJIOM OpraH1M30BaHa NoBepxXHOCTb bakTepuii. Bnarogapa nsyyeHuio re-
HOMa a30CNUPWIN CYLLeCTBEHHO Yry6unoch NOHUMaHUE POJIN BbILLEYNOMAHYTbIX CTPYKTYP, @ TakXKe NMOABUXKHO-
CTn 6aKTepunin N GOPMUPOBAHUA MM BUOMNNEHOK NPY 3aceneHnn KOpHel. B nprKnagHoM acnekTe 3aciyXuBatoT
BHVIMaHWA NCCNefoBaHUA a30CMMPUII, HanpaBeHHbIe Ha Pa3BUTKE arpo- 1 SKOTEXHONOTMIA, @ TaKXKe TEXHONIOT K
«3eNeHoro» CMHTe3a HaHOYacCTUL, 30/10Ta, cepebpa u ceneHa. Konnekumsa NpopoKaeT pa3BUBaTbCA, MOMONHAACH
HOBbIMM LITaMMaMK, NMOKa3biBasa OOJNbLLIOe 3HaYeHWe cneuyann3nupoBaHHbIX COBPaHNI MUKPOOPraHN3MOB ANA
co3faHvA U NoafepKaHuA nccnefoBaTenbckomn 6asbl 1 3GPeKTUBHOrO pelueHns GyHAAMEHTabHBIX U MPUKNaa-
HbIX 33424 MUKpPObronoruu.

KnioueBble cnoBa: Konnekuua MMKpoopraHm3moBs; Azospirillum; pusocdepa; ctumynmpytolme pocT pacteHui

pu306aKTeprK; acCoLMaTMBHBIN CUMOUO3.

Introduction

The conservation and development of biological collections
in the Russian Federation is part of the interdepartmental and
interdisciplinary priority problem of preserving biological
resources and biodiversity, as well as the national biological
and food security building. The solution of this problem is the
basis for the sustainable development of Russian science as
awhole, modern science-intensive industries, and training of
qualified personnel (Recommendations of the “round table”. ..,
2011). The currently existing collections (according to the
World Federation for Culture Collections (WFCC), there are
715 of them (http://www.wfcc.info/ccinfo)) are tentatively
divided into three categories (Kalakutskii et al., 1996; Ivshina,
2012): nonspecialized collections (service, integrated, and
public), specialized collections (for the study and preservation
of microorganisms of specific groups for specific purposes),
and research collections (private, highly specialized). Until
recently, a very large number of Russian collections were
on the verge of ceasing their activities owing to the lack of
funding. In recent years, with the approval of the Plan for the
Development of Biotechnologies and Genetic Engineering
(Decree of the Government of the Russian Federation, 2013),
an attempt was made to provide targeted organizational and
financial support to intensely working collections.

The above Plan includes the foundation of large bioresource
centers (BRCs), which will be the most important element
for the development of biotechnology in Russia (Kalakutsky,
Ozerskaya, 2011), and integration into the European and
global information networks of biological resources. It should
be noted that there are already many BRCs in the world, which
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are represented by both departmental and private non-profit
organizations. One such BRC was established in 2014 on the
basis of a leading Russian collection (the Russian Collection
of Industrial Microorganisms, VKPM), designed to become
the basis of the infrastructure in the field of microbial ge-
netic resources for biotechnological purposes necessary for
supporting research in living systems (http://www.genetika.
ru/vkpm). Several large Russian collections may claim the
BRC status. Most of the collections existing as specialized
units at scientific and educational organizations cannot meet
the criteria of such large structures, but they deserve atten-
tion as well. As a rule, they possess both a significant panel
of cultures and the most complete information about them,
which is their significant advantage. One such specialized unit
is the IBPPM Collection of Rhizospheric Microorganisms
(CRM IBPPM).

The IBPPM Collection

of Rhizospheric Microorganisms

The Institute of Biochemistry and Physiology of Plants and
Microorganisms, Academy of Sciences of the USSR (IBPPM),
founded in Saratov in 1980, was focused on the tasks of
increasing crop yields in the Volga region. One of them was
the justification of the possibility of using microbial fertilizers
and, in this regard, the clarification of the role of associative
nitrogen-fixing microorganisms in the nitrogen nutrition of
crops. To solve this problem, the diazotrophic bacterium
Azospirillum was chosen as a model research object, publica-
tions about which had appeared shortly before (Tarrand et al.,
1978). The Institute’s microbiologists mastered the methods
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Visualization of Azospilillum bacteria:

a, growth of azospirilla on potato agar; b, azospirilla in a liquid medium, 18 h, phase contrast; ¢, azospirilla under the electron microscope, 18 h, X25,000, contrasted

with uranyl acetate (Pozdnyakova et al., 1988).

of isolation and identification of these microorganisms and
worked out methods for their conservation. In the course of
expeditions in the Saratov region, undertaken to obtain a re-
presentative collection of Azospirillum strains associated with
wild and cultivated cereals (wheat, rye, oats, millet, maize,
sorghum, etc.) (Fedorova et al., 1985; Pozdnyakova et al.,
1988), the investigators laid the foundation for a unique set
of members of the studied bacterial taxon (see the Figure),
becoming part of the IBPPM Collection of Non-Pathogenic
Microorganisms.

The key characteristics of azospirilla in the first stages of
isolation were: colony growth on a medium with Congo red
(Caceres, 1982) and on potato agar (Tarrand et al., 1978), as
well as microscopy and Gram staining. Because the main fea-
tures of the isolated bacteria were the fixation of atmospheric
nitrogen and the promotion of plant growth, the isolates were
screened for nitrogenase and IAA-producing activities.

Taxonomic studies were carried out with original strains
of azospirilla. In addition to interspecific differentiation by
methods based on DNA-DNA hybridization, intraspecific
differences were evaluated with two variants of genomic
fingerprinting: RFLP and AFLP (Pozdnyakova et al., 1988;
Nikiforov et al., 1994a). The plasmid composition of the
strains was studied (Matveev et al., 1988). The obtained
isolates were screened for restriction endonuclease activity
(Nikiforov et al., 1994b). Storage methods were being op-
timized for four years. Long-term observations showed that
Azospirillum strains frozen in liquid nitrogen retained high
viability and basic differential properties at =70 °C.

In 2014, the Collection of Non-Pathogenic Microorganisms
was transformed into the CRM IBPPM (www.collection.
ibppm.ru; http://ckp-rf.ru). It is a specialized scientific col-
lection focused on the gathering and maintenance of non-
pathogenic bacteria isolated mainly from the root zone of
plants. It is a member of the WFCC with the number 975 and
is registered at the World Data Center for Microorganisms
(WDCM), No. 1021.

Currently, the collection catalog (www.collection.ibppm.
ru) includes about 500 cultures of rhizospheric bacteria be-
longing to 28 genera: Acidovorax, Aeromonas, Alcaligenes,
Aquaspirillum, Arthrobacter, Azospirillum, Bacillus, Brady-
rhizobium, Brevundimonas, Comamonas, Ensifer (Sinorhizo-

FTEHETUYECKWE PECYPCbl U BUOKOJUTEKLIUW / GENETIC RESOURCES AND BIOCOLLECTIONS

bium), Enterobacter, Herbaspirillum, Kocuria, Micrococcus,
Moraxella, Mycobacterium, Nitrospirillum, Niveispirillum,
Nocardioides, Ochrobactrum, Paenibacillus, Pectobacterium,
Pseudomonas, Rhizobium, Rhodococcus, Stenotrophomonas,
and Xanthomonas. Among them are bacteria isolated from
the rhizosphere and rhizoplane of various wild and cultivated
plants, endophyte strains, strains associated with aquatic plants
(macrophytes), etc.

Members of the genus Azospirillum constitute approxi-
mately half of the collection. In addition to the original strains
isolated in the Saratov region, the collection includes azospi-
rilla of various geographical origins (Brazil, India, Senegal,
the USA, Ecuador, etc.) provided by researchers or other
culture collections. In addition, almost all the type strains of
known Azospirillum species available in public depositories
are maintained. Among the collection strains, there may be
members of new species of this genus (Golubev et al., 2018).
Thus, the Azospirillum set in the CRM IBPPM is highly
representative. For comparison, in DSMZ (Deutcsche Sam-
mlung von Mikroorganismen und Zellkulturen, www.dsmz.
de), the total bacterial stock of the genus Azospirillum is re-
presented by 27 strains, of which 6 are type strains; at BCCM/
LMG (Belgian Co-ordinated Collections of Microorganisms/
Laboratory of Microbiology, Faculty of Sciences of Ghent
University, bccm.belspo.be), 37 and 10; at JCM (Japan Collec-
tion of Microorganisms, jem.brc.riken .jp), 13 and 5; in ATCC
(American Type Culture Collection, www.lgcstandards-atcc.
org), 14 and 3, respectively.

Characterization of the genus Azospirillum
This microorganism was first isolated by Beijerinck in 1923
and described as a “nitrogen-fixing Spirillum”, but the re-
searcher was unable to confirm its ability to fix nitrogen in
pure culture and called this microorganism Spirillum lipoferum
(Beijerinck, 1925). The genus Azospirillum was rediscovered
and described by Tarrand et al. (1978) but became widely
known thanks to the scientific enthusiasm and competence
of Johanna Dobereiner, who made a significant contribution
to the basic and applied research on azospirilla (Ddbereiner,
Day, 1976; Hartmann, Baldani, 2006).

The taxonomy of the genus Azospirillum, belonging to the
family Rhodospirillaceae of the order Rhodospirillales in the
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class a-Proteobacteria, is developing fast. From the moment
the first two species, A. lipoferum and A. brasilense, were
described (Tarrand et al., 1978) and until the end of the second
millennium, only four more species were discovered: A. ama-
zonense (Magalhaes et al., 1983), 4. halopraeferens (Reinhold
etal., 1987), A. irakense (Khammas et al., 1989) and A4. lar-
gimobile (Dekhil et al., 1997). However, since 2000, 16 new
species have been described with valid published names:
A. doebereinerae (Eckert etal., 2001), A. oryzae (Xie, Yokota,
2005), A. melinis (Peng et al., 2006), A. canadense (Mehnaz
et al., 2007a), A. zeae (Mehnaz et al., 2007b), A. rugosum
(Young et al., 2008), A. picis (Lin et al., 2009), 4. 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), and 4. palustre (Tikhonova et al., 2019).
In 2014, Azospirillum irakense was reclassified as Niveispi-
rillum irakense comb. nov. and Azospirillum amazonense,
as Nitrospirillum amazonense gen. nov., sp. nov. (Lin et al.,
2014). Thus, at the time of this writing, the genus Azospirillum
includes 20 species with valid published names. It is important
to note that two more species are recognized as members of
the genus: A. palatum (Zhou et al., 2009) and 4. himalayense
(Tyagi, Singh, 2014), whose names were not validly published
in conformity with the rules of the International Code of No-
menclature of Bacteria.

The onset of the era of genomic sequencing highlighted the
development of reliable criteria for the comparative assess-
ment of the genomes of bacteria and archaea for taxonomy and
systematics. Recently, the first results of applying a set of phy-
logenetic tests in the context of the development of microbe
genomic taxonomy were obtained for the group of bacteria
ofthe genus Azospirillum whose genomes were present in the
GenBank database (Shchyogolev, 2018). The author revealed
the dependence of the assessment of the taxonomic position
of strains on the type of full-genome data used related to the
core or core and variable components of the pangenome. It was
noted that there was no unified system of assigning isolates to
one or another species yet. Until the genomic databases are
filled to the necessary extent with high-quality material, the
so-called “polyphase” approach, based on a combination of
phenotypic, chemotaxonomic, and genotypic characteristics,
remains the most correct in the taxonomy and systematics of
prokaryotes.

Azospirilla, chosen as an object of research in the infancy
of IBPPM, turned out to be an excellent model for studying
associative plant-microbe interactions. Currently, Azospirillum
is one of the universally recognized and widely studied plant-
growth-promoting rhizobacteria (PGPR) (Fukami et al., 2018).
Such bacteria play an important role in helping the plant adapt
to external influences. In this case, a plant-microbial associa-
tion (associative symbiosis) with new properties determined
by positive interactions between partners is often formed.

The extreme diversity of colonizable plant species is
characteristic of azospirilla, which indicates the multitude of
ecological strategies implemented by these bacteria, as well
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as their wide adaptive capabilities (Bashan et al., 2004; Bal-
dani et al., 2014; Pereg et al., 2016). Bacteria adapt to their
environments through such abilities as fixation of atmospheric
nitrogen; solubilization of phosphates; and production of
exopolysaccharides, lectins, phytohormones, siderophores,
poly-B-hydroxybutyrate, etc. There is evidence (Fukami et al.,
2018) that Azospirillum bacteria are involved in the forma-
tion of so-called induced systemic resistance (ISR) in partner
plants exposed to biotic stress, as well as induced systemic
tolerance (IST) to abiotic stress.

Most Azospirillum species were isolated from the rhizo-
sphere of land plants. So far, only three species were isolated
from aquatic biotopes: A. largimobile (Dekhil et al., 1997),
A. thiophilum (Lavrinenko et al., 2010), and A. griseum (Yang
etal.,2019). Sequencing of the Azospirillum genome showed
that this bacterium shifted from aquatic to terrestrial existence
at the same time as vascular plants appeared on land: about
400 million years ago (Wisniewski-Dy¢ et al., 2011). Almost
half of the Azospirillum genome was acquired as a result of
horizontal gene transfer from other terrestrial bacteria. Most
horizontally acquired genes encode functions that are critical
to environmental adaptation.

The possession of phytostimulation mechanisms makes
azospirilla one of the best inoculants that are employed in
various countries to manufacture commercial biological
products increasing crop yields: Azo-Green™, Zea-Nit™,
Graminante™, BioPower®, etc. (Mehnaz, 2015).

The key results obtained at the IBPPM RAS

in studies of Azospirillum bacteria

as model objects

At the IBPPM RAS, the use of Azospirillum strains as model
objects was focused mainly on the study of the structures
involved in the formation of associative symbiosis and/or
having important taxonomic significance. First of all, these
are extracellular polysaccharide-containing complexes, which
play very important and diverse roles in the formation and suc-
cessful functioning of plant-microbe associations. Azospirilla
produce intricate highly aggregated compounds of polysac-
charides (PSs), lipids and proteins, as well as free PSs with
molecular weights up to 20 kDa. These compounds are stored
in the capsular material and released to the environment (Kon-
nova et al., 1994). The capsular PS-containing components
of azospirilla are involved in the adsorption of the bacteria to
plant roots. Their ability to induce deformations of root hairs of
wheat was shown for the first time (Yegorenkova et al., 2001).
Novel information was obtained on the primary structures of
repetitive PS units in surface lipopolysaccharides (LPSs) and
capsular PSs of more than 40 Azospirillum strains of various
origins (Fedonenko et al., 2013, 2015). In several strains
isolated from plant roots on different continents, molecular
mimicry of bacterial surface glycopolymers owing to the
presence of identical or structurally similar repeating units in
an O-specific PS (O-PS) was observed. It may be conjectured
that this mimicry is associated with the implementation of
certain strategies during the formation of associations with
plants, possibly owing to the presence of several interaction
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mechanisms, for example, endo- and ectosymbiosis (Konnova
et al., 2008; Fedonenko et al., 2015).

Immunochemical methods are a good tool for the study of
bacterial surface structures. Scientists can examine structural
details of the main surface antigens of azospirilla to find out
how the surface of rhizosphere bacteria is generally orga-
nized. LPS is a major antigen on the surface of azospirilla;
therefore, the O-PS structure determines the immunochemi-
cal specificity of these microorganisms (Matora et al., 2005).
With account taken of the immunochemical characteristics of
the carbohydrate antigens of Azospirillum bacteria, a biotest
system for their serological identification has been developed
(Bogatyrev et al., 1992).

With the example of azospirilla, a fundamentally new type
of microbial R-S dissociation was described, owing to the re-
distribution of the contributions of two different (full-fledged)
O-PSs to the architecture of the bacterial cell surface, depend-
ing on the culture age (Matora et al., 2005). Carbohydrate
fragments of the glycosylated flagellin of the polar flagellum
from A. brasilense type strain Sp7 were isolated and studied,
and their chemical structures were determined (Belyakov et
al., 2012). These fragments were immunochemically identi-
cal to one of the two O-PS somatic antigens of strain Sp7.
With account taken of the results obtained, which indicate the
identity of antigenic determinants in capsular PSs, exopolysac-
charides, and LPSs of azospirilla, it is reasonable to suggest a
common pathway (or several intersecting pathways) for the
biosynthesis of carbohydrate surface structures in Azospiril-
lum bacteria.

For the first time, a variant of enzyme-linked immunosor-
bent assay (ELISA) of microsediments of soil suspensions
was proposed that uses antibodies against Azospirillum LPSs.
The assay allows the detection of the somatic bacterial antigen
in soil. With the optimized ELISA variant, the dynamics of
in situ detection of the somatic antigen of A. brasilense as-
sociative bacteria introduced into soil was studied (Shirokov
etal., 2015).

A prominent direction in the progress of the immuno-
chemical methodology at the IBPPM RAS is the study of
unique physicochemical and biochemical properties of gold
nanoparticles and their bioconjugates. By using colloid gold
as a carrier and an adjuvant, as well as the phage display
method, procedures have been developed to prepare antibodies
to various antigens and haptens (Matora et al., 2005; Dykman
et al., 2010). Gold and gold-silver nanoparticles were conju-
gated with antibodies to flagellin, LPS, and genus-specific
surface-protein determinants of A. brasilense type strain Sp7.
Electron microscopic analysis of the 4. brasilense Sp245 cell
surface involving antibodies labeled with metal nanoparticles
revealed flagellin determinants of the polar flagellum, origi-
nally shielded from their environment by an LPS sheath in
these bacteria (Shirokov et al., 2017).

Significant progress has been made in the genetics of mo-
tility, plasmid biology, and the genome organization and dy-
namics of Azospirillum bacteria (Katsy, 2011, 2014). A new
type of social motility was revealed: spreading in a semi-
liquid medium with the formation of microcolonies. It is
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such spreading that is of decisive importance when wheat
roots are colonized by azospirilla, while swarming is the
dominant mode of social motility under laboratory conditions
(Shelud’ko et al., 2010). It was shown that external factors
(the presence of certain plant lectins, plant exudates, etc.) and
spontaneous and induced changes in the genome, in particular,
in the structure of megaplasmids, have a great influence on
the social behavior of the bacteria. The genome changes are
accompanied by phenotypic variations in the social motility of
azospirilla (swarming — accelerated swarming; swarming —
spreading with the formation of microcolonies; spreading with
the formation of microcolonies — accelerated swarming), and
they can lead to changes in the formation of biofilms and in
the early stages of plant-root colonization (Katsy, Prilipov,
2009; Schelud’ko et al., 2009).

Insertion elements responsible for the plasticity of A. bra-
silense megaplasmids were described for the first time. New
knowledge was obtained on the primary structures and func-
tions of several such plasmids (Katsy, Prilipov, 2009). The
insertion elements ISAzbal and ISAzba3, which mediate the
fusion of the resident plasmid from A. brasilense Sp245 with
foreign DNA, contribute to the enrichment of the Azospiril-
lum genome with genetic material. The genome dynamics of
A. brasilense has a significant effect on the structure of the
bacterial LPSs and their antigenic properties, as well as on the
resistance of these bacteria to heavy metals and nitrites (Katsy,
Petrova, 2015). The Azospirillum genes that regulate motility,
denitrification, and the production of LPSs and flagella have
been identified. A collection of 4. brasilense mutants, recom-
binant plasmids, and Escherichia coli strains containing cloned
Azospirillum genes was established (Kovtunov et al., 2013).

Another component of the Azospirillum cell surface is
carbohydrate-binding proteins, lectins. These are important
structures in the system of “recognition” and the establish-
ment of partnerships at the initial stages of associative bacte-
rium—plant relationships. Studies of Azospirillum lectins at the
IBPPM RAS began in the second half of the 1980s (Nikitina et
al., 2005). It was for the first time that lectins with interstrain
differences in carbohydrate specificity were found on the sur-
face of azospirilla isolated from various sources (30 strains).
It was revealed that lectins are distributed evenly on the
outer membrane of the azospirilla and do not belong to any
morphological structures such as pili or flagella (Karpunina
et al., 1995). The dependence of lectin activity in bacteria on
culturing conditions was found. Conditions unfavorable for
culture growth stimulated lectin activity and vice versa. For
the first time, the role of Azospirillum lectins associated with
the outer membrane in the adhesion of the bacteria to wheat
seedling roots was revealed. Bacterial lectins were found to
interact with exocomponents, components of the membrane
fraction, and root lectins of plant seedlings (Nikitina et al.,
1996). Confocal laser scanning microscopy showed that the
location of tritium-labeled Azospirillum lectins was confined
to the plasma membrane of wheat seedling root cells. At the
initial stages of interaction with the roots, lectins can elicit a
broad range of biochemical responses that are part of plant
signaling systems (Alen’kina et al., 2014).
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A dose-dependent effect (inhibiting or promoting) of
bacterial lectins on the germination of seeds of higher plants
was shown. The regulatory effect of Azospirillum lectins on
a number of their own and plant hydrolytic enzymes was re-
vealed (Alen’kina et al., 2006). From the detected interaction
of'the polysaccharide-containing complexes of azospirilla with
intrinsic lectins, as well as with surface-localized agglutinating
proteins of other soil microorganisms (bacilli and rhizobia),
participation of these extracellular glycopolymers in Azospi-
rillum aggregation and in interbacterial contacts during the
formation of soil communities may be inferred.

For the first time, the ability of azospirilla to reduce gold (IIT)
(AuCl,) and selenium (IV) (SeOg‘) to the elementary state
(Kupryashina et al., 2013; Tugarova et al., 2014a, b) with the
formation of nanoparticles was described. A simple scheme
of bacterial synthesis of selenium nanoparticles with extracel-
lular localization was proposed (Tugarova et al., 2018).

Various aspects of the azospirilla life are extensively studied
by modern instrumental methods, including various spectro-
scopy options: Mossbauer, IR Fourier, and Raman scattering
(Kamneyv et al., 2001, 2018; Kamnev, Tugarova, 2017). By
using glutamine synthetase isolated from A. brasilense Sp245
cells as an example, the possibility of applying nuclear gamma
resonance spectroscopy (*’Co nuclei) to the examination of
the structural organization of metal cation binding sites in
active centers of enzymes was shown (Kamnev, Tugarova,
2017). For the first time in relation to Azospirillum bacteria,
the assimilation of iron and the composition and structure of
iron-containing cellular components were studied (Kovacs et
al., 2016), and so were the interaction and metabolic trans-
formations of cobalt ions by A. brasilense cultures (Kamnev,
Tugarova, 2017).

The synthesis of poly-B-hydroxybutyrate (PHB) by azo-
spirilla is the most pronounced response to negative effects
in these bacteria. For the first time, changes in bacterial PHB
accumulation under prolonged exposure to stress and dif-
ferences between A. brasilense strains Sp7 (epiphyte) and
Sp245 (endophyte) in response to heavy metal stress were
shown (Kamnev et al., 2018). A reduced PHB content in 6-day
old biofilm formed by the flagella-free mutant A. brasilense
Sp245.1610, as compared to the wild-type strain Sp245 was
shown by Tugarova et al. (2017). The decrease in PHB con-
tent may affect the formation and stability of Azospirillum
biofilms.

It is known that under adverse living conditions plants
gain advantage if the protective rhizosphere associations
contain microorganisms that perform a wide range of func-
tions, including plant nutrition, resistance to abiotic stresses,
biocontrol (protection against pathogens), and the removal of
pollutants from soil (Tikhonovich, Provorov, 2009). The last
function is performed by pollutant-degrading microorganisms.
Azospirilla, possessing almost all the above properties, are
typical representatives of protective rhizosphere associations.
Screening of Azospirillum strains from the CRM IBPPM al-
lowed the first detection of oil-oxidizing activity in some of
them (Muratova et al., 2005). Use of the A. brasilense SR80-
wheat model showed that oil neither interferes with the plant-
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growth-promoting activity of the micropartner nor affects
the synthesis of bacterial IAA. A. brasilense SR80 showed
chemotaxis not only toward root exudates of wheat but also
toward crude oil (Muratova et al., 2005). This strain was
also resistant to the toxic effects of glyphosate and showed
a consistently high level of IAA production in the presence
of the herbicide (Kryuchkova et al., 2005). On the basis of
these results, a phytoremediation method was developed for
hydrocarbon-contaminated soil in which 4. brasilense SR80
was used as one of the bacterial cultures for inoculating
plants (a mixture of leguminous and cereal seeds) (Patent
RU 2403102). A. brasilense Sp245 associated with the roots
of wheat seedlings of cv. Saratovskaya 29 can transform
inorganic forms of arsenic (arsenite to arsenate); owing to
this ability, the bacteria reduce the toxicity of the element
(Lyubun et al., 2006).

On the basis of 4. zeae strain from the CRM IBPPM,
employees of the Bionovatic group of companies developed
and produced a biological product named Organit N, aimed
at improving the nitrogen nutrition of plants (bionovatic.ru).
According to the manufacturer’s recommendations, the prepa-
ration is applicable to cereals, legumes, corn, and sugar beet.

The high efficiency of artificial plant-microbial associations
established in vitro with the participation of azospirilla was
shown in the development of microclonal propagation tech-
nologies for plants to improve the quality of planting material
of crops and preserve rare plant species that are sources of
valuable biologically active compounds (Tkachenko et al.,
2015).

Conclusions
Despite the rather long period of studying Azospirillum
bacteria, the interest of the world scientific community in
them does not wane; the number of publications dedicated to
azospirilla has been steadily growing during the past decade,
reaching 250 articles per year (according to www.scholar.
google.com). The knowledge gained serves as a basis for ex-
panding research on the variety of bacteria that form associa-
tions and symbioses with plants. It is in this direction that the
CRM IBPPM develops at present, and in this regard, the role
of such specialized collections can hardly be overestimated.
As a result of IBPPM participation in the Russian-European
project of the 7th Framework Program of the European Union
“Banking Rhizosphere Micro-Organisms” (BRIO No. 266106,
2011-2014), some strains of the Collection were included in
the pan-European database on rhizospheric microorganisms,
designed to support both research on the rhizospheric mi-
crobiome and practical biotechnology (Declerk et al., 2015).
It should be noted that the results described above were
obtained by modern methods, including those obtained in Rus-
sian and international projects: Russian Science Foundation,
Russian Foundation for Basic Research, grants of the President
of Russia, state contracts within governmental programs,
ISTC, INTAS, NATO, FP-7, etc. The obtained data formed the
basis for more than 80 candidate’s and doctoral dissertations
defended by researchers of the IBPPM. More than 600 articles
were published in Russian and international scientific journals.
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A scientific school was created under the guidance of Professor
V.V. Ignatov, D. Sc. (Biol.), Honored Scientist of the Russian
Federation. The school was repeatedly supported by grants of
the President of the Russian Federation. Several inventions are
protected by patents of the Russian Federation. PGPR strains
and pollutant-degrading strains have become the subject of
intense interest from domestic small businesses.

Thus, the example of the IBPPM Collection shows clearly
the significance of such special collections for the fundamental
and applied aspects of biological science.
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