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Assessment of the effectiveness of ITS markers in DNA barcoding
of Betula species in the Kazakh Altai
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Abstract. This study investigates the effectiveness of ITS (Internal Transcribed
Spacer) DNA barcoding markers for identifying and differentiating eight
species of Betula within the Kazakh Altai flora: Betula glandulosa, B. pendula,
B. pubescens, B. rotundifolia, B. rezniczenkoana, B. tianschanica, B. microphylla,
and B. kirghisorum. By extracting and sequencing DNA from herbarium
specimens, the study focuses on assessing the genetic diversity and resolving
phylogenetic relationships among these Betula species, many of which have close
morphological similarities that can complicate traditional taxonomy. The results
reveal thatITS markers provide clear genetic differentiation between these species,
highlighting the effectiveness of ITS in distinguishing even closely related species
within the Betula genus. Analysis using the Neighbor-Joining method showed two
primary clusters, aligning well with known phylogenetic sections, Apterocaryon
and Betula, which are established classifications within the genus. Furthermore,
the study offers the first ITS sequence data for two species, B. rezniczenkoana
and B. kirghisorum, contributing new genetic information to the NCBI database.
These findings are crucial for ongoing conservation efforts, given the ecological
and environmental pressures facing native Betula species in the Kazakh Altai.
By providing reliable molecular markers, this research supports future studies
on species distribution, genetic diversity, and conservation planning within this
biodiverse and ecologically sensitive region.

Keywords: Betula L. species, ITS markers, DNA barcoding, evolutionary
relationships, genetic variability
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A. Turzhanova, S. Magzumova, O. Khapilina

Introduction

The genus Betula is an important component of biodiversity, and its study is crucial in the
context of conservation and sustainable use of natural resources. In the face of anthropogenic
impacts and global environmental changes, including climate change, understanding the
genetic diversity and phylogenetic relationships within the Betulaceae family is essential for
biodiversity conservation efforts and evolutionary research.

The genus Betula includes both trees and shrubs found in a wide range of habitats in the
boreal and temperate zones of the Northern Hemisphere [1]. In the Kazakh Altai, Saur-Manrak,
and Zaysan Depression, 15 species and 1 subspecies of the genus Betula L. have been identified.
The Kazakh Altai is a unique and floristically diverse region, being one of the richest floristic
areas in Kazakhstan. Over 2,500 species of higher plants grow here, representing almost 50%
of the total flora of the Republic of Kazakhstan [2]. The species diversity is due to the region's
unique climate, which has led to the formation of various ecological niches with meadows,
wetlands, deserts, and semi-deserts.

In the ecosystem of the Kazakh Altai, the genus Betula plays a significant role, exerting
an important influence on the natural environment and human activities. It contributes to
landscape formation, forest resource management, biomass production, and horticulture, and
also possesses high pharmacological potential [3-5]. Many birch species, being fast-growing
and adaptable to various environmental conditions, can participate in the restoration of forest
ecosystems in cleared or burned areas [6].

The taxonomy of Betula remains a subject of scientific discussion, with many issues
unresolved due to the high variability of traits and hybridization. Studies by Touchette et al. [7]
and Tsuda et al. [8] have examined the genetic structure and hybridization within the genus
Betula, highlighting the complexity of Betula species across Eurasia.

The first author to provide a comprehensive review of the genus was Regel [9], who divided
the genus into the subgenera Betulaster and Eubetula. The subgenus Betulaster contained only
one section - Acuminatae. The subgenus Eubetula included six sections: Costatae, Lentae, Nanae,
Albae, Fruticosae, and Dahuricae. Recent phylogenomic analysis of the plastome has offered a
new perspective on the phylogeny and evolution of Betulaceae, highlighting the monophyletic
relationships between genera such as Betula and Alnus [10].

The contemporary classification presented by Ashburner and McAllister is based on the
analysis of phylogenetic relationships within the genus Betula L., morphological traits, habitat,
and species ploidy. According to this classification, the genus Betula is divided into four
subgenera and eight sections. These subgenera are: Acuminata (section Acuminatae), Aspera
(section Asperae u Lentae), Betula (section Apterocaryon, Betula, Costatae, and Dahuricae), and
Nipponobetula (section Nipponobetula). Additionally, the section Asperae is further divided
into two subgroups: the section Asperae and Chinenses.

The chromosome number in Betula L. is n = 14. Betula species form a polyploid series with
chromosome counts of 2n = 28, 56, 70, 84, and 112 [11]. Hybridization and introgression are
common in B. pendula (2n = 28) and B. pubescens (2n = 56) due to overlapping ranges of the
species [12]. Ashburner and McAllister suggest that B. microphylla (2n = 56) and B. tianschanica
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(2n = 56) are hybrids of the parent species B. fruticosa (2n = 56), B. pubescens, B. utilis (2n = 56),
and B. pendula.

Polyploidy occurs in species of different subgenera, indicating several independent
polyploidizations within the genus and serving as an important criterion for distinguishing
some morphologically similar species, such as the diploid B. pendula (2n = 2x = 28) and the
tetraploid B. pubescens (2n = 4x = 56).

Traditional methods of species identification in birches often fall short due to their high
phenotypic plasticity and frequent hybridizations, which blur the boundaries between different
taxa [13]. Therefore, one of the methods for studying biodiversity and genetic identification
is DNA barcoding [14]. Recently, this method has been considered one of the most useful and
objective "tools" for species identification based on the diversity of marker gene sequences
from nuclear and plastid genomes. Additionally, DNA barcoding allows for the establishment
of evolutionary relationships between different Betula L. species and helps understand genetic
diversity and evolutionary patterns within the genus.

A significant number of studies highlight the high effectiveness of using nuclear genome
markers - ribosomal internal transcribed spacers (ITS) (Figure 1). These are among the
most thoroughly characterized and rapidly evolving genes, and their resolution is quite high
when used together, making them a powerful tool for the identification and classification of
birches [15]. Analysis of the chloroplast genome provides insights into maternal evolutionary
relationships between species, while biparentally inherited nuclear DNA offers independent
data for inferring evolutionary relationships [16-18].

ITS Region for Plant DNA Barcoding

18S rDNA ITS1 5.85 rDNA ITS2 28S rDNA

Genomic Region

Figure 1. Diagram of the ITS Region

The effectiveness of markers for DNA barcoding in plants is determined by both the ease of
amplification and the ability to distinguish species. The ITS marker shows a high amplification rate
of ~90% and a strong capability for species differentiation [18]. However, species identification
of Betula L. using barcoding faces several challenges, such as genetic variability, adaptation to
environmental conditions, limited availability of reference sequences, and changing regional
ecology. Additionally, the genus Betula L. is considered one of the most complex among all
circumpolar genera [17].

These issues in the systematics of the genus underscore the relevance of the research
presented in this study. This research aimed to determine the genetic diversity and establish
relationships between different Betula L. species found in the Kazakh Altai.
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Materials and research methods

The study focused on herbarium specimens of 8 Betula species: Betula: B. glandulosa, B.
pendula, B. pubescens, B. rotundifolia, B. rezniczenkoana, B. tianschanica, and B. microphylla, B.
kirghisorum collected from the Kazakh Altai region (Table 1). Botanical identification of the
species was conducted by the staff of the RSE "Altai Botanical Garden". Taxonomic information
for the samples was obtained from herbarium labels (Figure 1).

Table 1
DNA Collection of Endemic and Rare Plant Species from the Kazakh Altai
Species Coordinates | Elevation Geographical and
Administrative Location
Betula glandulosa 50.32694 1870 Sarymsakty Ridge, Burkhat Pass
83.54556
Betula pendula 50.31933 1180 Northwest Slope of Ivanovsky Ridge
83.89556
Betula pubescens 50.32028 1935 Koksinsky Ridge Altai Botanical Garden
84.19556
Betula rotundifolia 50.1934 774 Altai Botanical Garden
83.3246
Betula rezniczenkoana 50.1934 774 Altai Botanical Garden
83.3246
Betula tianschanica 50.1934 774 Northwest Slope of
83.3246
Betula microphylla 49.18972 820 Mount Bukhtarma
85.51944
Betula kirghisorum 51.101 101 Qaragandy region
73.3356

Samples were homogenized using an automatic homogenizer TissueLyser LT (Qiagen,
Germany). Genomic DNA was extracted from herbarium specimens using a modified acidic
CTAB extraction buffer (2% CTAB, 2 M NaCl, 10 mM Na3EDTA, 100 mM HEPES, pH 5.3) with
RNase A treatment. DNA was dissolved in 1xTE buffer (1 mM EDTA, 10 mM Tris-HCI, pH 8.0).
DNA quality was assessed spectrophotometrically using a Nanodrop (Thermo Fisher Scientific
Inc., Waltham, MA, USA) and by running a 1% agarose gel stained with ethidium bromide at 90
V for 20 minutes.

Amplification was conducted in a final volume of 25 pL. The amplification mixture included
10 ng of DNA, PCR buffer (2 mM MgS04; 10 mM KCI; 10 mM (NH4)2S04; 20 mM Tris-HCI, pH
8.8), 5 pmol of primers, 200 uM dNTPs, and Phire Hot Start Il DNA Polymerase (Thermo Fisher
Scientific). PCR amplification of DNA was performed using ITS primers on a ThermalCycler
(Thermo Fisher Scientific). Primer sequences are provided in Table 2.
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Initial denaturation was performed at 98°C for 3 minutes, followed by 15 seconds at 98°C.
The subsequent 35 amplification cycles were conducted with annealing temperatures ranging
from 55°C to 58°C for 30 seconds and extension at 72°C for 60 seconds. A final extension was
carried out at 72°C for 2 minutes.

Table 2
Primer Sequences for DNA Barcoding
Ne Primer Sequence 5' - 3' GC% Tm °C Amplicons
ITS4 TCCTCCGCTTATTGATATGC 45 62 400-680bp
ITS5 GGAAGTAAAAGTCGTAACAAG 38 58

Amplification results were checked using a 1.2% agarose gel stained with ethidium bromide
(Figure 1). The sizes of the amplified DNA fragments were determined by comparing them to a
marker (Thermo Scientific GeneRuler DNA Ladder Mix 100-10,000 bp). Fragment lengths were
analyzed using the iBright 1500 Imaging System for gel documentation.

Y

9
Ve
'
|

(IR

Figure 1. Herbarium samples of various Betula species

PCR productswere purified using the ExoSap-IT PCR Product Cleanup Kit (Applied Biosystems,
Inc., USA) and visualized on a 1.2% agarose gel. Sequencing was performed with ITS-specific
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primers using the ABI3700 capillary sequencer (Applied Biosystems Thermo Fisher Scientific)
and Sanger sequencing (BigDye® Terminator chemistry). Visualization and analysis of the data
were conducted using SeqMan 6.1 software.

Sample identification was based on the analysis of the primary nucleotide sequences com-
pared against the GenBank database (http://www.ncbi.nlm.nih.gov) using multiple sequence
alignment in MEGA 11 [19]. The evolutionary divergence between nucleotide sequences of the
plant species studied was calculated based on the ITS sequences from all eight populations of
the Betula L. genus using MEGA 11 software.

Results

In our study, DNA was extracted from herbarium samples of Betula collected at the Altai
Botanical Garden. The ITS marker used for barcoding demonstrated high reproducibility
of results. It is noteworthy that the success of obtaining DNA sequences varied among taxa.
Generally, the success of DNA extraction and subsequent amplification was dependent on the
quality of the herbarium material and the chosen plant part. The sizes of the amplified regions
varied according to the primers used and matched the expected values: the ITS2 fragment sizes
ranged from 423 to 670 base pairs (Figure 2).

M1 2 34 56 7 8

1000 o

500_-------—

Figure 2. Results of DNA Amplification for Herbarium Samples of the Betula Genus Using ITS Region
Primers

The sequencing results included a chromatogram for each sample and a file with its
interpretation. The ITS nucleotide sequences for the Betula genus ranged from 402 to 638
base pairs. Figure 3 displays the alignment of nucleotide sequences for Betula L. samples, with
differences in sequences highlighted by boxes, indicating the presence of polymorphic regions.
For instance, variations in Betula glandulosa and Betula microphylla suggest that they belong to
the same section, Apterocaryon.

DNA Sequences Translated Protein Sequences
Species/Abbry

1. ORE78299.1 Betula pendula®
2. PP305982.1 By
3. ORE78300.1
4. ORBE0182.1
5. ORE7E550.1
&. OREB0195.1
7.0RB60191.1 Betula
5. ORBE0192.1 Betula

Figure 3. Fragment of the multiple alignment of ITS sequences for Betula L. samples using MEGA X software
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The variability in the length and nucleotide composition of the ITS marker reflects the genetic
diversity within the Betula genus. These results are consistent with similar studies and confirm
the complex evolutionary history of the genus [20-23].

The average nucleotide composition for the ITS marker is as follows: T = 18.9%, C = 30.9%,
A =20.2%, and G = 29.8%. The highest AT content (40.6%) and the lowest GC content (59.5%)
were observed in the B. kirghisorum population, while the lowest AT content (38.4%) and the
highest GC content (61.6%) were found in the B. tianschanica population (Table 4). Nucleotide
frequencies calculated according to the Tamura-Nei model [19] for the ITS marker are: 19.87%
(A), 19.14% (T/U), 31.10% (C), and 29.90% (G).

Figure 4. AT% and GC% by Betula sp for ITS

The analysis of nucleotide substitutions reveals a predominance of transition substitutions
over transversions. This suggests their relative conservativeness and significance for evolutionary
studies within the genus Betula. Transitions (substitutions between purines or pyrimidines)
are less disruptive to the structural integrity of DNA than transversions (substitutions between
a purine and a pyrimidine).

Table 4
Evaluation of Maximum Likelihood Estimates of Nucleotide Substitution Patterns for ITS

A T C G
A - 4,764 7,56 12,07
T 5,00 - 18,99 7,29
C 5,00 11,67 - 7,29
G 8,28 4,64 7,56 -

Note: Frequencies of different transition substitutions are shown in bold, while frequencies of
transversion substitutions are shown in italics
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Transition substitutions between purines (A<G) and pyrimidines (C<T) are detailed in
Table 4. The frequency of C&T substitutions is 18.99%, indicating a high probability of this type
of substitution. In contrast, transversion substitutions between purines and pyrimidines show
lower frequencies, with A—=C and AeT substitutions at 5, and GeC and GeT substitutions
varying at 7.56 and 7.29, respectively.

The use of DNA barcoding successfully identified species in all cases, with consensus marker
sequences aligning 98-100% with known sequences. Consequently, we have deposited eight
sequences in GenBank: OR660193 (B. glandulosa), OR660156 (B. pendula), OR821848 (B. pubescens),
OR660192 (B. rotundifolia), OR660191 (B. rezniczenkoana), OR660195 (Betula tianschanica),
OR660176 (B. microphylla), and OR660092 (B. kirghisorum). This ensures open access to the
data and supports the transparency of the research.

The importance of the internal transcribed spacer (ITS) region of nuclear ribosomal DNA for
elucidating the informative nature of ITS sequences in assessing the phylogenetic relationships
within the Betula genus was demonstrated by Chen et al. [16]. A phylogenetic tree was
constructed using the Neighbor-Joining (N]J) method, with reference sequences downloaded
from the NCBI database for the Betulaceae family. This tree revealed diversity in the clustering
of Betula species. Additionally, B. tortuosa, B. himilis, and B. fruticosa from the Altai region of
Kazakhstan were included in the analysis (sequence data for these species were obtained from
GenBank).

OR660195.1 Betula tianschanica*
OM504704.1 Betula tianschanica
KT308980.1 Betula tortuosa Ledeb.
PP906982.1 Betula pubescens*
AY761130.1 Betula pubescens
OR660191.1 Betula rezniczenkoana*
OR660192.1 Betula rotundifolia*
OR678299.1 Betula pendula*
DQ499089.1 Betula pendula
OR676660.1 Betula kirghisorum*
MZ366389.1 Betula rotundifolia
OR678300.1 Betula microphylla*
KT309024.1 Betula humilis
MNS531375.1 Betula tianschanica
AY761109.1 Betula fruticosa
KT308995.1 Betula glandulosa
KT308984.1 Betula microphylla

OR660193.1 Betula glandulosa*

Note: indicates sequences downloaded from GenBank

Figure 4. Phylogenetic tree of Kazakhstani Betula species constructed using the Neighbor-Joining
method based on ITS sequencing results
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Discussion

According to the classification by Ashburner K and McAllister, all analyzed samples belong
to the subgenus Betula [13, 24]. The use of the ITS marker allowed the construction of a
phylogenetic tree and the identification of 2 clades. The species B. tianschanica, B. pubescens,
B. pendula, and B. glandulosa were grouped in one clade along with their reference sequences.

The first clade is characterized by the fact that Betula pubescens Ehrh. often forms hybrids
with B. pendula Roth, B. rezniczenkoana (Litv.) Schischk., and B. microphylla Bunge, which
complicates their diagnosis [2]. B. rezniczenkoana (Litv.) Schischk. is a hybrid resulting from
the cross between B. pendula Roth and B. microphylla Bunge [25]. Other sources also indicate
hybridization between B. pendula Roth and B. tianschanica Rupr [26].

Betula rotundifolia grouped into a clade with its reference sequence from the NCBI database,
but not in immediate proximity, which may be related to difficulties in species identification
and hybridization with B. pendula Roth (B. x pseudomiddendorffii V.Vassil.). For the Betula
kirghisorum sample, as with B. rezniczenkoana, there are no reference sequences in the NCBI
database, making these species less studied compared to the other analyzed samples.

In the second clade of the Apterocaryon section, B. glandulosa was placed close to its reference
sequence. Interestingly, B. microphylla was included in theBetula section, although it is classified
as part of the Apterocaryon section. This discrepancy may be due to the high polymorphism of
B. microphylla [27]. Its significant genetic plasticity is attributed to the diverse habitat conditions
and is reflected in a wide range of morphological variability used in birch diagnoses. When
growing alongside other birch species (B. pendula), it undergoes hybridization, producing various
intermediate forms. It is also notable that B. rotundifolia and B. microphylla each had only one
sequence in the international NCBI database, which limited the comparative analysis possibilities.

Nevertheless, our results align with previous studies by Jarvinen et al. [17] and Fazekas et
al. [28] and confirm that DNA barcoding using the ITS marker can successfully identify the
Betula genus but lacks sufficient resolution for species differentiation [24]. The absence of
reference sequences in the GenBank database for some species, such as B. rezniczenkoana and
B. kirghisorum, highlights the need for further research and database expansion to improve the
accuracy of phylogenetic analyses.

Our findings emphasize the importance of exploring and utilizing additional DNA regions
as supplementary barcoding markers to resolve species-level identification in Betula. Future
research should focus on investigating other potential barcoding regions and their applicability
for differentiating Betula species and related taxa.

Conclusion

The results obtained expand our understanding of the genetic architecture and evolutionary
relationships withinthe Betula L.species. Future integration of multi-markerapproachesand enhanced
sampling efforts will refine classification and provide a deeper understanding of the evolutionary
dynamics of this taxonomic group. Such efforts are crucial for developing effective conservation
strategies and sustainable management of Betula species in the face of ecological challenges.
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A. Turzhanova, S. Magzumova, O. Khapilina

KasakcraH AnraibiHaarsl Betula Typaepinin, JJHK mrpux-koaTaybsiHaa ITS mapkepJiepiHin,
TUIMAiTIriH 6aFranay

A. TypxxaHoBa*!, C. MaraymoBa!?, O. XanuiuHa'®
Y ammbik 6uomexHo.102usl opmaJvirbl, Acmana, Kazakcmau

Anpartna. by zeprreyae Kazakcran AnTaibiHbIH GJiopackiH/ia 6CETIH ceri3 KalblH aFall TypiH (Betula
glandulosa, B. pendula, B. pubescens, B. rotundifolia, B. rezniczenkoana, B. tianschanica, B. microphylla xaue B.
kirghisorum) uaentudukanusiay med audodepennuanusnay yuis ITS (imki TpanckpubTenetid JJHK
craiicepi) MITPpUX-KOJ MapKepiH Ko/AaHyAbIH THiMAiIri 3epTTenred. JHK-HbI 6oty KoHe repbapuit
YJ/TiziepiH ceKBeHUPJIEY apKbLIbI XKYPri3ijireH 3epTTey apKbLibl FeHETUKAJIbIK 9PTYPJIIiKTI 6aFaiayra
’KOHE OChI TYpJIEP apachIHAAFbl PUIOTEHETUKABIK 6ANHJIAHBICThI HAKThLIAyFa GaFbITTAIFaH, OJIap/iblH,
KeNnuijiirinii Mopdosiorusablk, 6Gesrisepi ykcac 6osibll Kesjeli, 6ya A3CTyp/li TaKCOHOMUSJIBIK
XKiKTeJyre KUbIHABIKTAp TYFbI3ybl MyMKiH. HoTukesnep kepceTkeHe, ITS MapkepJiepi 3epTTesareH
TypJiep apacblHJa aHblK reHeTUKaslblK AuddepeHLHalUsAHbl KaMTaMmacbi3 eTefi, TinTi Betula
TYBICBIHBIH, aKblH TYbICTAC TYpJIEpPiH aKbIpaTyja oOJIapAblH THIMALIIrIH pactaiabl. KocbuiraH
kepuii aaici (N] agici) exi Herisri kyacTepZiH 6ap ekeHiH aHbIKTaZbl, 6yJ1 Apterocaryon xoHe Betula
duoreHeTUKaNbIK, TONTApbl — TYBICTAFbl OeJriji kjaccudukauusiapra colkec Kesefi. 3epTTey
coHpam-akK B. rezniczenkoana xoHe B. kirghisorum TypJaepisiy ITS Tiz6eriniy masiMmeTTepiH ajnfaw pet
ycbiHazpbl, 6y NCBI gepekkKopbiH/a )kxaHa reHeTUKAJbIK aKlapaT KocyFa MyMKiH/Zik 6epefii. AJbIHFaH
HOTHXKeJIep 3KOJIOTUSLJIBbIK MaceJsiesiep/ii eckepe oThIpblN, KaszakcTaH A/TallbIHaFbl XKEPTUTIKTI KalbIH
aFallbl TYpJepiHiH 6M0dPTYPJIiJIIriH caKTay YIIiH MaHbI3/Abl 60J1bII Tabbl1a/bl. CEHIM/i MOJIEKYNSPIIBIK
MapKepJiep/ii YCbIHA OTBIPHII, 6YJ1 3ePTTEY TYpJiepAiH TapasiyblH, TeHeTHKAJbIK 9pTYpJiIiKTi 3epTTey
’KoHe OUOJIOTUSJIBIK TYPFbIAAH ajyaH TYpPJii 9pi 3KOJOTUSJIBIK TYPFbIAAH ce3iMTas aliMaKTa cakKTay
IapaJiapblH KocHapJiay 60MbIHILIA }KYMbICTapAbl KOJIAANWbI.

Tyiin ce3saep: Kaiibiy Typaepi (Betula L.), ITS mapkepaepi, JIHK mtpux-koTaybl, 3BOJIOLUAMBIK
GailaHbICTap, FTeHETUKABIK 63TePTillTiK

Ouenka 3¢ dexktuBHoctu ITS-mapkepoB B JHK-1muTpuxkoaupoBanum BuJoB Betula
B Kaszaxckom Antae

A. TypxkaHoBa?, C. Maraymosa’, O. XanusimHa'
'HayuoHanbHblll yeHmp 6uomexHoo2uu, Acmaua, Kasaxcmat

AHHOTanuA. B 1aHHOM uccejoBaHUU U3y4daeTcsl 3P PeKTUBHOCTb UCIOAb30BaHUS MapKepa WITPHUX-
kojia ITS (BHyTpeHHUM TpaHcKkpubupyembii cneticep JHK) aasa uaentudukanuu u nuddepeHnuanuu
BOCbMH BHUZI0B Gepe3bl, pou3spactaruiyx Bo ¢puope Kazaxckoro Anrtas: Betula glandulosa, B. pendula,
B. pubescens, B. rotundifolia, B. rezniczenkoana, B. tianschanica, B. microphylla v B. kirghisorum. IlyTem
BbljesieHus JIHK M cekBeHHMpOBaHUSA rep6apHbIX 06pa3l0B UCCIe0OBAaHUE HAlPaBJeHO Ha OLEeHKY
reHEeTHY€eCKOro pa3Ho06pa3us U yTOYHEeHE QUIOreHeTUIECKUX CBA3el MeX /1y STUMH BUZAMU, MHOTHE
13 KOTOPBIX UMEIOT CXOJHble MOPPOI0ruyecKre NPU3HAKY, UTO MOKET 3aTPYAHUTDb UX TPAJULIUOHHYIO
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Assessment of the effectiveness of ITS markers in DNA barcoding of Betula species in the Kazakh Altai

TAaKCOHOMUYECKYI0 Kyaccudukanuio. PesynbTaThl Mokasasy, 4To Mapkephl ITS obecreunBaoT 4eTKy10
reHeTH4YecKyw AudPepeHuanuio MeXAYy U3y9aeMbIMH BUJAMH, MOATBEPKAAs UX 3PPEKTUBHOCTD B
pasiMyeHUH Aaxe 6JIM3KOPO/ICTBEHHBIX BU/IOB posia Betula. AHanu3 MeTO/I0M 06'beJUHEHUS coce/leit
(N] method) BbIsIBUJI Ha/IM4YMe ABYX OCHOBHBIX KJIACTEPOB, KOTOpbIE COIJIACYIOTCS C U3BECTHBIMH
dusoreHeTUYECKUMHU rpynnamu Apterocaryon u Betula - ycTaHOBJIEHHBIMH KJIaCCUPUKAIUAMYU BHY TPU
pozna. KpoMe Toro, B vccjief0BaHUHN BIEepBbIe Mpe/CTaBJAeHb] JJaHHbIe TTocaeoBaTeabHOCTH ITS fis
BU/I0B B. rezniczenkoana v B. kirghisorum, 94To /J06aBJisieT HOBYI0 reHeTUUECKY0 UHpopManuw B 6a3y
JaHHbIX NCBI. [losiydeHHBIe pe3yabTaThl UMEIOT BXKHOE 3HAYEHHUE /1J151 COXpaHeHHs1 6Mopa3Ho06pasus,
YUUTbIBAs 3KOJIOrMYeCKHe NMPOo6JIeMbl, C KOTOPbIMU CTAJIKMBAIOTCS MeCTHble BU/Ibl Gepe3 Kasaxckoro
Antas. IlpemocTaBiisss HaZeXHble MOJEKYJspHble MapKepbl, 3TO HCCAe[0BaHUE MOJJep:KUBAET
JasbHelllMe paboThl [0 M3YYEHUIO paclpoCTpaHeHUsi BUJ0B, TEHETUYeCKOTo pa3Ho0b6pasus
Y IJIAaHUPOBAaHUsI Mep IO COXPaHEHUI0 B 3TOM OHOJIOTMUYECKH Pa3HOOOpPAa3HOM M 3KOJIOTUYECKU
YYBCTBUTEJbHOM pPETHOHE.

KioueBble caoBa: Buzabl 6Gepesbl (Betula L.), ITS-mapkepsl, wtpux-koaupoanue /IHK, 3aBouto-
[IMOHHbIE B3aUMOOTHOILEHHS], TeHeTHYeCKasi ©3MEHYHUBOCTh
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Abstract. Viral diseases in potato crops, especially Potato virus Y (PVY), Potato
leafroll virus (PLRV), Potato virus M (PVM), and Potato spindle tuber viroid
(PSTVd), are particularly difficult to control and represent an important problem
for worldwide agriculture. In this study, we assessed the antiviral potency of
RNA interference (RNAi) and CRISPR/Cas13 technologies in lowering viral
titers and preventing pathogenesis.

Potato plants were inoculated with individual and combined viral pathogens
and subsequently treated with constructs containing gRNA, sense, and
antisense sequences used for both RNAi and Cas13-mediated degradation of
the viral RNA. Quantitative PCR (qPCR) was utilized to measure RNA levels,
and disease progression was observed for three weeks. Expression of Cas13
was confirmed by fluorescence microscopy and Western blot. Results of the
RNAIi constructs lowered levels of viral RNA up to 85% for PVY and 78% for
PLRV. CRISPR/Cas13 constructs yielded even greater suppression rates (290%
in some treatments) with marked symptom alleviation. Synergistic effects of
constructs targeting multiple targets were observed with the greatest decreases
in viral loads and disease severity. The differences were statistically significant
(p < 0.05) between treated and control plants. This research demonstrates
that RNAi and CRISPR/Cas13 can enhance potato resistance to viral infections.
Providing a scalable, transgene-free approach to disease control, these methods
contribute to sustainable agriculture and global food security.

Keywords: potato virus, RNA interference, CRISPR/Cas13, gene editing, virus
suppression, molecular tools, sustainable agriculture, transgene-free technology
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Induced RNA interference and its impact on potato virus amplification in plants

Introduction

Potatoes (Solanum tuberosum) are a key staple crop worldwide and provide macronutrients
and micronutrients for billions of people. The production of potatoes is threatened by a wide
range of viral pathogens, such as Potato leafroll virus (PLRV), Potato virus Y (PVY), Potato virus
M (PVM), and the viroid - Potato spindle tuber viroid (PSTVd). These infectious agents not only
reduce tuber yield but negatively affect processed harvest tubers, making it critically important
to protect potato plants from the negative impact of these relevant phytopathogens. This results
in significant financial losses for farmers and agribusinesses across the globe. [1-10].

The management of viral diseases in potato crops remains a significant challenge due to the
absence of effective chemical treatments and the rapid evolution of viral strains. Traditional
approaches, such as breeding for resistance and vector control, are often labor-intensive and
insufficient to counter the fast-paced emergence of new viral variants. Consequently, there is
an urgent need for innovative strategies to protect potato crops from viral infections [11-14].

RNA interference (RNAi) and CRISPR/Cas systems have emerged as powerful tools for plant
disease management. RNAi exploits the plant's natural defense mechanisms to silence specific
viral genes, whereas CRISPR/Cas systems enable precise and programmable targeting of viral
genomes for degradation. Among these, the Cas13 family of RNA-targeting enzymes has shown
remarkable promise in combating RNA viruses due to its specificity and efficiency [15-17].

Weinvestigated the effectivenessof RNAinterference (RNAi)and CRISPR/Cas13technologies
on inhibiting the replication of key potato viral pathogens. Multiple studies have shown that
both Cas13 as well as RNA constructs that target the gRNA (RNAi) are effective in reducing
the severity of viral infections in potato plants [18-21]. We examined their capacity to reduce
viral loads and symptoms in potato plants via probe- and gRNA-directed Cas13 constructs and
sense/antisense RNAi constructs. This study on the use of such technologies for the management
of viral infections has the potential to develop new and transgene-free, sustainable solutions for
the protection of potato crops.

Here, we provide an overview of the design, implementation, and utility of these advanced
moleculartools. We evaluate their potential benefits, limitations, and implications for enhancing
global food security as agricultural challenges intensify.

Materials and research methods

Plant Materials and Experimental Design

The study utilized 51 economically significant potato cultivars (Solanum tuberosum), selected
for their high agronomic traits and resistance potential. Virus-free plants were produced from
the apical meristems of sprouted potato tubers (3-5 cm). All sprouts were thoroughly surface-
sterilized before excision to ensure they were free from contamination. Details of the initial
cleaning procedures, including detergent solutions containing Tween-20, and treatment with
sterilizing agents such as ethanol, mercuric chloride, and hydrogen peroxide (Table 1), are
provided. After sterilization, explants were washed 3-5 times with autoclaved distilled water to
remove residual sterilizing agents.
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Table 1
Variants of explant sterilization

Sterilization Time
20s
30s
50s

1 minute

No. Sterilization Option Sterilizing Agent
1 70% Ethanol

2 0.1% Mercuric Chloride

2 minutes

3 minutes

3 10% Hydrogen Peroxide 2 minutes

5 minutes

8 minutes

Sterilized plant explants were placed on Murashige and Skoog (MS) medium supplemented
with sucrose, agar, and necessary vitamins. The pH prior to autoclaving was buffered to 5.7.
Seven variations of growth media with different concentrations of plant growth regulators,
including auxins, gibberellins, and cytokinins, were tested to optimize shoot regeneration
(Table 2). Cultivation conditions were set to 25 + 2°C under a 16-hour photoperiod with 8 hours
of darkness using a climate chamber (Binder KBWF 240, Tuttlingen, Germany).

Table 2
Variants of growth media supplemented with phytohormones

Variants Indoleacetic Indole-3- Gibberellic | Kinetin | 6-Benzylaminopurine (6-BAP)
of MS Media | Acid (IAA) | Butyric Acid | Acid (GA)
(IBA)
MC1 0.1 - 0.3 - -
MC2 - 0.1 0.3 - -
MC3 0.05 0.05 - - -
MC4 - - 0.3 - 1
MC5 - - 0.3 1 -
MC6 0.1 - - -
MC7 - 0.1 - -

RNA Extraction and Pathogen Detection

Total RNA was extracted from 250 mg of plant tissue following a modified CTAB protocol [22].
Lysis was performed by homogenizing liquid nitrogen-ground plant tissues with CTAB buffer
containing polyvinylpyrrolidone (PVP) and 3-mercaptoethanol. After a 30-minute incubation
at 65°C with constant shaking, chloroform extraction was performed. RNA was precipitated
overnight with lithium chloride at 4°C, pelleted by centrifugation, washed with 70% ethanol,
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air-dried, and dissolved in nuclease-free water. RNA integrity was assessed on 1.5% agarose
gels, and concentrations were measured using a NanoDrop One spectrophotometer (Thermo
Fisher Scientific).

All reverse transcription reactions were performed in 15 pL volumes containing oligo(dT)
and random hexamer primers, dNTPs, and RevertAid Reverse Transcriptase (Thermo Fisher
Scientific). Pathogen-specific primers for PVY, PLRV, PVM, and PSTVd detection were used for
PCR (Table 3).

Table 3
Specific primers for pathogen detection
Primers Forward Primer Sequence (5'—3’) Reverse Primer Sequence (5'—=3’) Source

for Detection

PVM (202 bp) CGTACAACAGGCCGTCCAT CGCGGATCCAGGAATACGG [22]
PLRV (249 bp) GCCGCTCAAGAAGACTGGAG GGGGGTCCAACCTATAACGGAT [22]

PVY (535 bp) GCATCCAGTCAAACCGGAAC GCATACGCGCTCTAACCCAC [22]
PSTVd (123 bp) ACCCTTCCTTTCTTCTGGGTG GAAAAGGCGGTTCTCGGGAG [23]

Virus and Viroid Inoculation

Potato plants were inoculated with the following pathogens: Potato leafroll virus (PLRV),
Potato virus Y (PVY), Potato virus M (PVM), and Potato spindle tuber viroid (PSTVd). Infections
were carried out both individually and in combination, including six different combinations
(PVY + PVM, PVM + PLRV, PVY + PVM + PSTVd, PLRV+PVY, PSTVd+PVY, PLRV+PVY+PSTVd), to
clearly determine any synergistic or antagonistic effects.

For mechanical inoculation, infected tissue (0.01 g) was homogenized in 5 mL of 0.06 M
phosphate buffer (pH 7.0). To facilitate pathogen entry, an abrasive material was applied, and
the leaves were lightly rubbed before applying the homogenate. Plants were grown under a 16-
hour light/8-hour dark photoperiod at 18-25°C. Infection symptoms were monitored twice a
week for at least three weeks post-inoculation [23].

CRISPR/Cas Constructs

Bioinformatic tools were used to identify conserved genomic regions of the viruses and
viroids suitable for targeting by the guide RNA (gRNA) sequences. Furthermore, the first RNA
sequences developed to induce RNA interference were sense and antisense. The sequences
were synthesized and cloned into pBluescript Il KS(+) intermediate vectors driven by particular
promoters (AtU6 for gRNA and CaMV 35S for sense and antisense sequences). Cas13d self-
fused to GFP subcloned into the binary vector pCambia2300.

Restriction enzymes Xmal and Xbal were used to digest the intermediate constructs to
facilitate ligation into binary vectors. The recombinant constructs were initially transformed
into E. coli DH5a for plasmid amplification and later electroporated into Agrobacterium
tumefaciens EHA105 using Gene Pulser Xcell (Bio-Rad) (Table 4).
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Table 4
Constructs used for agroinfiltration of infected plants
Variant Genetic constructs for agroinfiltration carrying Viruses individually and
number guide RNA, sense, and antisense sequences in combinations for plant
inoculation
1 PVY_T1_T2 PVY
2 PVY_S_AS
3 PLRV_T1_T2 PLRV
4 PLRV_S_AS
5 PVM_T1_T2 PVM
6 PVM_S_AS
7 PSTVd _T1_T2 PSTVd
8 PVM_T1_T2 +PLRV_T1_T2 PVM + PLRV
9 PLRV_S_AS + PVM _S_AS
10 PLRV_T1_T2 + PVY_T1_T2 PLRV + PVY
11 PLRV_S_AS+ PVY_S_AS
12 PVY_T1_T2 +PVM_T1_T2 PVY+ PVM
13 PVY_S_AS +PVM_S_AS
14 PSTVdA_T1_T2 + PVY_T1_T2 PSTVd + PVY
15 PVM_T1_T2 +PVY_T1_T2+PSTVd_T1_T2 PVM + PVY + PSTVd
16 PLRV_T1_T2 + PVY_T1_T2+PSTVd _T1_T2 PLRV + PVY + PSTVd
Agroinfiltration

Agrobacterium suspensions were made in infiltration buffer (10 mM MgCl2, 10 mM MES,
200 puM acetosyringone), and the 0D600 was diluted to 0.5. Agroinfiltration was performed by
injecting the suspensions into the intercellular spaces of leaves using a needleless syringe. Young
plants with 5-6 leaves were selected, and four opposite-positioned leaves were infiltrated per
plant. Constructs targeting individual pathogens and combinations were tested. Plants were
grown under the same conditions as inoculated plants, and leaf samples were collected 3-5
days post-infiltration.

Protein Expression Analysis

Fluorescence microscopy and Western blotting confirmed the expression of Cas13d-
GFP fusion proteins. Fluorescence imaging was performed using an EVOS™ M5000 Imaging
System with corresponding filters and objectives (10x, 20x, 40x). The proteins were extracted
with standard lysis buffer, separated using 7.5% SDS-PAGE gels, and transferred to PVDF
membranes by semi-dry blotting. Primary monoclonal anti-GFP antibodies (Santa Cruz
Biotechnology) and secondary goat anti-mouse antibodies were used to detect GFP-tagged
proteins. Blots were developed with NBT/BCIP substrates.
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qPCR Analysis

The expression levels of gRNA, sense, and antisense RNA, and viral RNA loads were quantified
using qPCR. Reactions were performed in 20 pL volumes with Luna Universal qPCR Master Mix
(NEB) and primers specific to each target (Tables 5 and 6). Thermal cycling was conducted
on a QuantStudio 5 system with an initial denaturation step (95°C, 3 min), followed by 40
cycles of denaturation (95°C, 15 s), annealing (60°C, 20 s), and extension (72°C, 40 s). Three
biological replicates with technical duplicates were analyzed for each construct and pathogen
combination. Relative expression levels and viral loads were calculated using the AACt method,
normalized to GAPDH as an internal control.

Statistical Analysis

Data were analyzed using the R statistical programming environment. Paired t-tests were
employed to compare viral loads and construct expression levels between treated and control
plants. Significance was set at p < 0.05. Statistical summaries were generated using the ggplot2
and dplyr packages in R.

Table 5
Sequences of specific primers for confirming gRNA expression, sense, and antisense sequences

Primer Name Primer Sequence (5’'—=3’)
PVM-gRNA-1-f AACCCCTACCAACTGGTC
PVM-gRNA-probe TTGAAACACCAAATACACATACCATCCA
PVM-gRNA-1-r TGGAGTGATTGATAGATTGTTG
PLRV-gRNA-1-f AACCCCTACCAACTGGTC
PLRV-gRNA-probe AACTATTCCATCCTTGAATGCCGGA
PLRV-gRNA-1-r GTCCGGCATTCAAGGATG
PVY-gRNA-1-f AACCCCTACCAACTGGTC
PVY-gRNA-probe AACTATTCCATCCTTGAATGCCGGA
PVY-gRNA-1-r GTCCGGCATTCAAGGATG
PVY-gRNA-1-f AACCCCTACCAACTGGTC
PVY-gRNA-probe GGGTTTGAAACGTGAAACCCCTGTTTC
PVY-gRNA-1-r TCCCGCGGAAACAGGG
PVM_as_f GTAGCTTAATTCGCAGATTG
PVM_as_probe GACAGTGCGTCTCTGGCATA
PVM_as_r CTTGATCCCAATTCCCACTCA
PVY_as_f ATTTGCTTGAGTATGTCCA
PVY_as_probe CGGATGGCAATCGACATAGG
PVY_as_r ATTCATCACAGTTGGCATCT
PLRV_as_f CCAGAGGAAACAAAGTGATCA
PLRV_as_probe TGCAAGGCTCCATAGAGACA
PLRV_as_r GGAGGCATTGTCAGAAATG
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Results Validation

Construct efficacy was assessed by analyzing viral RNA suppression, symptom alleviation,
and construct expression levels. Constructs with sense and antisense sequences exhibited
superior RNA interference activation, while gRNA-Cas13 combinations effectively targeted viral
RNA, demonstrating the potential of this dual strategy for pathogen control.

Table 6
Specific primer sequences for viral pathogens and viroid
Pathogen Detection Primer Sequence (5’'—3’) Source
Name Primers
PLRV PLRV-F 5'’AAAGCCGAAAGGTGATTAGGC3' [23]
PLRV-R 5'CCTGGCTACACAGTCGCGT3'
PLRV probe 5'/Cy5/CTCAACGCCTGCTAGAGACCGTCGAAA/BHQ-
2/3'
PVY PVY -F 5'GGGTTTAGCGCGTTATGCC3'
PVY-R 5'TCTTGTGTACTGATGCCACCG3' 5'/HEX/

PVY probe CAGTGAGGGCTAGGGAAGCGCACA/BHQ-1/3'

PVM PVM -F 5'CCATAGAAGCTCTCAGCCGG3'

PVM -R 5' TTCATGCCACCAGTGACCTC3'

PVM probe 5'/6-FAM/ ATACTGCTGCAGTCCAACCC/BHQ-1/3'
PSTVd PSTVd - F 5'GCCGAAACAGGGTTTTCACC3'

PSTVA[26] - R | 5'GTTTCCACCGGGTAGTAGCC3'
PSTVd probe | 5'/6-FAM/ TTCTTCGGGTGTCCTTCCTC/BHQ-1/3"

GAPDH GAPDH - F 5'TAGCTGCACCACTAACTGCC3'
(internal GAPDH - R 5'TGCCTTCGGATTCCTCCCTAS'
control) GAPDH probe |5'/6-FAM/ TTCCGTGTCCCAACCGTTGA/BHQ-1/3'

Results

Suppression of viral load using RNAi and CRISPR/Cas13 constructs

Significantly lower levels of viral RNA were detected in potato plants treated with RNAi and
CRISPR/Cas13-based constructs (Table 7). Constructs targeting PVY (PVY_T1_T2) achieved an
85% reduction in viral RNA as measured by qPCR (ACt = -3.2). Similarly, PLRV_T1_T2 and PVM_
T1_T2 constructs resulted in 78% and 82% reductions in viral RNA levels, respectively. Dual-
target constructs such as PLRV_S_AS + PVY_S_AS exhibited synergistic effects, with viral load
reductions exceeding 90% (p < 0.001). Combining RNAi and CRISPR/Cas13 increases efficiency
of viral suppression (4), according to data (Figure 1).
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Figure 1. Detection of PVY, PLRV, PVM viruses, and PSTVd viroid in potato samples after inoculation

Table 7

Constructs Carrying Guide RNA, Sense and Antisense Sequences, and the Cas13 Gene

Name of Genetic Schematic Representation
Constructs
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PSTdv_T1_T2

Validation of Cas13d-GFP Expression and Localization

The expression and functionality of the Cas13d-GFP fusion protein were validated through
fluorescence microscopy and Western blotting (Figures 2, 3). Fluorescence microscopy
confirmed the proper cytoplasmic localization of the fusion protein, while Western blot analysis
showed clear protein bands corresponding to Cas13d-GFP at the expected molecular weight.
These results confirm efficient expression and retention of functionality in treated potato plants.

A B

< 130«fa

Figure 2. Analysis of Cas13d Protein Expression: (A) Results of Cas13d Protein Electrophoresis
in Polyacrylamide Gel; (B) Immunoblotting of Cas13d Protein Using Antibodies to the 3XxFLAG Tag

Figure 3. Results of Fluorescence Microscopy: Analysis of eGFP Protein Expression
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Alleviation of Disease Symptoms

Plants that received the CRISPR/Cas13 constructs showed a significant reduction of disease
symptoms. For instance, PVY-infected plants exhibit less necrosis and leaf deformation, while
PLRV-infected plants exhibit minimized leaf curling and chlorosis. Multi-target constructs
(e.g., PLRV + PVY + PSTVd) demonstrated the most significant impact, almost fully eliminating
symptoms and restoring plant health. These results highlight the therapeutic potential of
CRISPR/Cas13 and RNAIi technologies for use against viral diseases.

Comparative efficacy of RNAi and CRISPR/Cas13 systems

The study revealed differences in the onset of viral suppression between RNAi and CRISPR/
Cas13 constructs. CRISPR/Cas13 constructs as well as RNAi constructs were able to detectably
suppress viral RNA, but were faster, with suppression detectable within seven days post-
treatment for CRISPR/Cas13 constructs compared with ten days post-treatment for RNAi
constructs (Figure 4). Furthermore, CRISPR/Cas13 exhibited higher specificity in targeting
conserved viral regions, reducing the risk of pathogen escape through mutations. These findings
position CRISPR/Cas13 as a more precise and efficient tool for pathogen control.
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Figure 4. Amplification of Potato Viruses in Plants Expressing gRNA, Sense, and Antisense Sequences

Statistical Analysis and Construct Validation

Statistical analysis in R confirmed that all of the constructs tested led to significantly reduced
viral loads as compared to untreated controls (p < 0.05). Single pathogen-specific constructs
showed, while multi-pathogen constructs provided comprehensive suppression with high
reproducibility. In addition, paired t-test and other statistical tools were used, so that the
experimental results were reliable.
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Discussion

The results indicate the potential of CRISPR/Cas13 and RNAi technologies as efficient tools
for controlling viral infection in potatoes. The rapid action, specificity, and scalability of CRISPR/
Cas13 systems make them a promising alternative to traditional approaches. The combinations
of RNAi and CRISPR/Cas13 strategies pave the way for the generation of transgene-free and
sustainable solutions for potato crop protection.

Further research should focus on optimizing guide RNA design, improving the durability of
these systems under field conditions, and scaling up for broader agricultural applications. Such
progress may also help secure global food supplies by preventing losses from viral pathogens in
potatoes and other staple crops [24-30].

Conclusion

RNAi and CRISPR/Cas13 systems are effective for the control of important potato viruses.
The constructs greatly reduced viral RNA levels, improved disease symptoms, and took the
first steps toward effective and long-term viral control. CRISPR/Cas13 exhibited faster action
and greater specificity compared to RNAi, making it a promising tool for the development of
transgene-free crop protection strategies. Future research should focus on optimizing these
technologies for field applications, paving the way for enhanced resilience in potato production
and improved global food security.
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Uuayknusaaanrad PHK vHTepdepeHIUsChI 2)K9HE OHbIH, 6CIMAiKTep/eri KapTon BUPYChIHBIH,
aMmMpUuKanuscbiHa dcepi

K.C. Axnabn6aeBal?, PT. Kenxke6ekoBal 2, A.C. Menapi6aeBa?, A.U. Kanbituna?, I.A. F'puneHKo*?
1«9n-@apabu amsindarsl Kazak yammulk yHugepcumemi», Aamamol, Kazakcmat
2«Bcimdikmep 6U0102USCHI JHCaHe 6UOMEXHO/A02USACHI UHCMUmMymbi», Aamamsl, KazakcmaH

Angatna. KapTon gakpliapblHAaFbl BUPYCTBIK aypyJiap, acipece kKapTonThlH Y BUpychl (PVY), kapTon
»KanbIpaFbIHbIH MWHUbIPIILIK BUpYCchl (PLRV), kapTonTsig M Bupychl (PVM) xkoHe kapTomn WNUHAEAbIHIH
TyiiHeri BUpouasl (PSTVd), 6akpLiayra epekile KUbIHABIK TYFbI3a/ibl KoHE dJIEMJIK ayblJ LIapyallblIbIFbI
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K.S. Adilbayeva, R.T. Kenzhebekova, A.S. Mendybayeva, A.I. Kapytina, D.A. Gritsenko

YIIiH MaHbI3Abl Macesie 60Jibin TabbLIaAbl. Ockl 3epTTeyae 6i3 PHK-unTepdepennuscer (RNAi) sxaHe
CRISPR/Cas13 TexHoJIOrUsi/IapbIHbIH BUPYCTBIK TUTPJIEPAi TOMEHAETY *KOHE MaTOreHe3/IiH aIZIbIH aJIy
KabiseTiH 6arasaliMbI3. KapTon eciMAikTepi xKeKe kaHe 6ipiKTipisireH BUPYCTBIK KO3 bIPFhIIITAPMEH
KYKTBIpbLIJbI, cofaH KeiliH BUpycThlK PHK-HbiH RNAI »xoHe Casl3 apKblibl Jerpafanuschl yiliH
gPHK, ceHcopJbIK 9He aHTHUCEHC Ti3beKTepiH KAMTUTBIH KOHCTPYKLUsJIapMeH eHAe i, BUpycThIK
PHK, nenreiin enmey ymid canablk [ITP (QPCR) KosiaHbLAAbI, al aypyAblH JaMybl YII anTa GOHbI
6akbl1aHbl. Cas13 askcnpeccusicel QuryopecueHTTI MUKpockonus kaHe Western blot axicTepimen
pactangbl. RNAiI KoHCTpyKuusiapblHbIH, HaTHKe iepi PVY ymin Bupyctoik PHK nenreitin 85%-ra, an
PLRV yuiin 78%-ra geitin ToemengetTi. CRISPR/Cas13 Herisingeri KoHCTpyKUuusiap oAaH Ja »KofFaphbl
6acy neHreiH kepceTTi (kelbip eMaey HycKasnapbiHAa 290%) *KoHe CUMNITOMAApAbIH alTapabIKTan
*KeHisiJleyiMeH epekiiesieH/i. BipHelle MakKcaTThl GaFbITTaFaH KOHCTPYKIUSIJIAPABIH CUHEPTUSJIbIK
acepJiepi BUPYCTHIK, XKYKTEMEHIH €H, YJIKEH ToMeH/leyiMeH oHe aypy ayblIpJbIFbIHbIH alTapJibIKTal
asambIMeH OaWKanabl. OHJeNreH KoHe Oakpliay TONTapbIHJaFbl ©CIMAIKTEpP apachIH/aFbl
allbIpMallbLIBIKTAp CTAaTUCTUKAJBIK, TYPFbIJaH MaHbI3bl 60161 (p < 0,05). By 3eprTey RNAi »xaHe
CRISPR/Cas13 TexHoJIOTUsJIApbIHBIH, KAPTOITBIH BUPYCThIK UHEKLUsIapFa Te3iMAiniriH apTThipa
aJaTbIHbIH KepceTeAi. bys azicTep aypynapAbl 6aKpliayFa apHaJfaH KeHiHEH KOJIJaHyFa 60J1aThblH,
TpPaHCreHci3 Tacin/ji KaMTaMachl3 eTil, TYPaKThl aybl [IapyallbLIbIFbIHA KoHe kahaH/bIK a3bIK-TYJIiK
KayiIncisairine yJjec Kocaapbl.

Ty#in cesaep: xapron Bupychl, PHK-untepdepennusce;, CRISPR/Cas13, renzaepai pepakuwusay,
BUpYC 6acy, MOJIEKYJIAJIBIK KypaJiAap, TYPaKThl aybl1 LIapyallbLIbIFbl, TPAHCT'E€HCI3 TEXHOJIOTUS

UnaynupoBanHasa PHK-unTepdepeHnusa U eé BaussHMEe Ha aMIIMPUKaALUIO BUpYyca KapTodeas
B pacTeHUsX

K.C. Axnin6aeBal?, PT. Kemxke6ekoBal?, A.C. MeHabi6aeBa?, A.U. KanbiTnHa?, [I.A. I'puneHko*?
!Kaszaxckull HQYUOHA/ALHLIU yHUBepcUMem uMeHu aab-Papabu, Aamamvl, KazaxcmaH
2HHcmumym 6uos02uu u 6uomexHo02uu pacmenutl, Aamamel, Kasaxcmat

AHHoTanusA. BupycHble 3a6oJsieBaHHsA KapTodesis, ocobeHHo Bupyc Y kaprtodens (PVY), Bupyc
CKpy4YHBaHUd JUCTheB KapTodesns (PLRV), Bupyc M kaptodens (PVM) u BUpou/; BepeTeHOBUIHOCTU
kJayoHed kaptodens (PSTVd), kpaliHe TpyJHO KOHTPOJIMPOBATb, U OHH MPEJCTABJISIOT COGOH
CeEpbEe3HYI0 NPOoO6JIeMy JJisi MUPOBOTO CEeJbCKOr0 X03sHCTBa. B 3TOM Hcc/iejoBaHUM Mbl OlleHUBaeM
NPOTUBOBUPYCHbIM moTeHnuan TexHosoruii PHK-untepdepennun (RNAi) u CRISPR/Cas13
B CHW)XEHHUM BUPYCHbIX THUTPOB U INpeJOTBpalleHUM MaToreHesa. PacteHus kaptodess ObLIU
MHOUIUPOBAHbl KaK OTJEJbHBIMU, TAK U KOMOWMHUPOBAaHHBIMU BUPYCHBIMU NAaTOT€HAaMH, a 3aTeM
06paboTaHbl KOHCTPYKLUAMH, cogepxkaiiumu raigosyo PHK (rPHK), ceHcopHble 1 aHTUCMBICTOBBIE
N0C/el0BaTeJbHOCTH, HUcHoJb3yeMble Kak fas RNAi, Tak u pana gerpafanuu BupycHoit PHK,
onocpenoBaHHoi Cas13. KonuuectBennas TP (qPCR) ucnosib3oBanach AJisi U3MepeHUs] YPOBHEN
BupycHoil PHK, a nporpeccupoBaHue 3a60/1eBaHus Ha6J110/1a/10Ch B TeYeHHE TPeX HeJlesIb. JKCIpeccust
Cas13 6bL1a NMOATBEPXKJAEHA C MOMOINBIO GJIYOPECIEHTHOW MHKPOCKONHMU M BECTEPH-OGJIOTTUHTA.
Pe3ysbTaThl 3KCIIEPUMEHTOB C KOHCTPYKIUsAMU RNAi nokasanu cHuxeHue ypoBHSI BUpycHOM PHK
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o 85% paa PVY u 78% paa PLRV. Koncrpykuuu CRISPR/Cas13 nmpozeMoHcTpupoBasu ele 6oJiee
BBICOKHE [T0Ka3aTeJy NofaBJeHus BUPYcoB (290% B HEKOTOPbIX BapUaHTaX 06pabOTKH) € 3aMeTHBIM
obJsieryeHueM cUMITOMOB. CUHepreTHyeckuil 3¢pPeKT KOHCTPYKLMH, HallpaBJeHHbIX Ha HECKOJIbKO
MUILIEHeH, NpUBeJ K MAaKCMMaJbHOMY CHMXXEHHUIO BUPYCHOH HarpyskM WU TSXKeCTH 3a00JieBaHHUA.
Pasnyunsa Mex y 06paboTaHHBIMU U KOHTPOJIbHBIMH PAacTeHHUSIMHU ObIJIM CTATUCTUYECKU 3HAYUMBIMHU
(p < 0,05). dto uccnegoanue aemoHctpupyeT, uTo RNAi u CRISPR/Casl3 MoryT mHOBBICUTH
YCTOWYUBOCTb KapTodessi K BUPYCHbIM HHpekusaM. ObecneyrnBasi MaclITabUpyeMbli, TpaHCreHes-
HeoOyCJIOBJIEHHBbIM MOAX0A K KOHTPOJIO 3ab0JieBaHUH, 3TH MeTOJbl CIOCOGCTBYIOT Pa3sBUTHIO
YCTOUYHMBOTO CeJIbCKOT'0 X035IMCTBA U 06ecrnedeHU 0 I1060a1bHOW TPOI0BOIBCTBEHHON 6€30MacHOCTH.
KniwouyeBbie cioBa: Bupyc kaptodens, PHK-unrtepdepenuus, CRISPR/Casl3, penakTupoBaHue
reHOB, MOJAaBJeHHE BUPYCOB, MOJIEKY/SpPHble WHCTPYMEHTbI, YCTOWYHMBOE CeJbCKOe XO3SHCTBO,
TpaHCreHHe3aBHUCHUMasi TEXHOJIOTUsI
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AHHOTanMs. /laHHas CTaTbsl COAEPKUT HOBbIE CBeleHUs 10 GpeHOJIOrMU BUAa
Archips rosana L. Llenblo ucciefoBaHus fABJAdeTCA onpejeseHue GpeHOJIOTH-
YeCKHUX 0COOEHHOCTEH U BbIBJIEHUE YA3BUMBIX CTaJUU Pa3BUTHUS PO3aHHOU
JUCTOBepTKU. [lpakTHyeckasd 3HAQUMMOCTDb 3aKJKYaeTCHd B TOM, YTO JaHHbIE
uccaeJo0BaHUs MO3BOJIAT 00Jiee NOAPOOHO BBIACHUTB MYTHU 3KOJIOTHUYECKOU
aZlaTalluv 3TOTO BUJA K MECTHBIM YCJI0BUAM O0OUTaHUs, KOTOpas B MoCaeLy-
I0LleM CIIOCOOCTBYeT yNpaBJIeHUIO MONYJIALMAMU JAaHHOIO HaceKOMOro-Bpe-
autens. UccnenosaHus 6blIM NpoBefeHbl Ha TeppuTtopun HUie-Anatayckoro
rocy/JapCTBEHHOT0 HallMOHAJIbHOTO NPUPOJHOTO Napka. MaTepuaJ 6bl MoJy-
YyeH aBTOpPaMHU B TeYeHHUe JIByX MoJieBbix cCe30HOB 2018-2019 rr. MeTogamu uc-
cJleJ0BaHHUA AABJAIOTCA KJIacCUYeCKre SJHTOMOJIOTHYeCKHe MeTO/bl, TAKHe, KaK
OTJIOB CaMI|0B U CaMOK C IIOMOILbIO 3HTOMOJIOTUYECKOTO CavyKa, MOJIyCTaLHo-
HapHbIM y4eT Ha MOHUTOPUHTOBBIX IIJIOLIA/IKaX, TaK)Ke BblpalllUBaHUSA JIUCTO-
BEPTOK MeTOJ0M KyJIbTUBUPOBAHHUSA JIMUMHOK B JIAOOPATOPUH IHTOMOJIOTHUHU
WHcTUTyTa 300/10TUH. B pe3ysbTaTe uccaejo0BaHUM ObLIA yTOYHEHBI GEeHOJI0-
ruyeckrue 0COGEHHOCTH PO3aHHOU JIMCTOBEPTKHU B Uielickom Anatay. Uccie-
JI0BAaHO BJIMSIHME TeMIlepaTypbl U OTHOCHUTEJbHOW BJIAXHOCTHU Bo3ayxa (%)
Ha pa3BUTHE PO3aHHOM JIUCTOBEPTKU Archips rosana L. B 2018 u 2019 ropny. B
XOZle UCC/Ie/J0BaHUs ObLJIU BBISIBJIEHDb] YI3BUMble CTaJiUA PA3BUTUA — CTaAus
ryceHuy, 1-2 Bo3pacTa, KOTOpble NOSABJIAITCA HAa UCCIelyeMbIX TEPPUTOPHUAX
CO BTOPOM JieKaibl anpeJis 0 NepBOU JeKabl Mas.

KirouyeBsle cioBa: a6/10Ha9 CuBepca, po3aHHas JUCTOBepTKa, Archips rosana
L., Hacekomble-BpeauTey, Unenckui Anatay
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BBeaeHue

Llenp wuccienoBaHusl — onpefeseHde (eHOJOTMYECKMX OCOOEHHOCTEHM U BbIIBJIEHUE
0Cc000 OMacHbIX EPHUO/IOB PAa3BUTHS PO3aHHOM JIMCTOBEPTKU. AKTYaJIbHOCTb MCCIe0BaHUS
3aKJIl04aeTcsl B HeOOXOJUMOCTHU 3aluTbl f60HM CuBepca OT HACeKOMOTrO-BpeauTeJis
pPO3aHHOM JIUCTOBEPTKU Archips rosana L.

fA610Ha Cuepca (Malus sieversii) iBasieTCs OAHUM U3 OCHOBHBIX JIECOOOPa3yOIIUX IUKOpa-
CTYyUIMX BUJ0B B FOPHBIX 9KOCUCTEMAX l0ra U 1oro-soctoka Kasaxcrana [1-4]. CoBpeMeHHbIe
reHeThuyeckue ucciaezoBaHus (npuMepHo 2500 coBpeMeHHbIX COPTOB s16JIOHBb) MOKa3aJjy,
yTo s6J10H CuBepca ABJISAeTCA MPapoJUTEJNbHULIEH NPAaKTUYEeCKU BCeX COPTOB JOMalllHeN
s16/10HU [5-6]. B HacTos1ee BpeMs HaceKOMble-BpeJUTeNU CTalu OAHOM U3 OCHOBHBIX YTPO3
151 AUKUX Tonyasuui s1610HM CuBepca, KOTOpble HAHOCAT OFPOMHBIN YPOH JUKOPACTYLUM
J1070BbIM JiecaM B Kazaxctane [7-9].

CTOUT OTMETHUTD, UTO CpeJji HAaCEKOMBIX-BpeuTesiell ceMeNCTBO JIUCTOBEPTOK (Tortricidae)
13 OTpsijia yelnyeKpbuibixX (Lepidoptera) 3anuMaeT oco6oe Mecto [10]. JIMCTOBEPTKU MOJYYUIU
CBOE€ Ha3BaHUeE M3-3a TOTO, YTO I'YCEHHUI|bl OOJIBIIMHCTBA BUZ0B XKUBYT B CBEPHYTHIX JIUCTHSX,
HOBPEXJAIOT Y 4acTO CKeJeTUPYIOT Ux [11-12]. OHu npeACTaBJISAIOT CEPbE3HYO ONACHOCTD B
3HTOMOLEH03aX He TOJbKO KyJIbTYPHbIX Ca/l0B U IPUPO/HBIX NOMYJIALMH [JI0/JOBBIX JIECOB, HO
U B IIJI0JJ0BO-ATOJHBIX MUTOMHUKaX. 0cO6Yy10 ONaCHOCTD /1J1 16JI0HU NPECTABJISIIOT I'yCEHULLbI
pPO3aHHOM JINCTOBEPTKH, KOTOpble B TeYeHUe BereTallMOHHOrO MepHoja MOTYT HaHEeCTH
IJIOZIOBBIM JlepeBbsIM HENONpPaBUMBbIN yliep6, MoBpex/Jas L BETOYHble NMOYKH (OYTOHBI),
COYHbIEe JIUCThS Y 10/bI [13-15]. Oy TUMBIFA YPOH JIMUMHKHU 3TOU JIMCTOBEPTKU NPUYUHSIIOT
MOJIO/IbIM IJIOZOBBIM JlepeBbsIM, MOCKOJIbKY OOI/Ia/iblBalOT BEPXYIIKU 3eJIeHbIX M00EeroB B
nepuos popMUpOBaHUs KpoHbI [18].

[Ip1 MaccoBOM BCIbIILIKE YU CJIEHHOCTU I'yCEHUILbI MOTYT NOr'YOUTH OCHOBHYO 4YaCTh YpOXKas,
IOTOMY YTO NpPH MOSIBJEHUU MePBBbIX LIBETOYHBIX 3aBsi3ed TYCEHUIbl NMOYTH IMOJHOCTBIO
BbIEZIAIOT COLBETUS U IIBETOHOXKKHU. [locsie TOro, Kak njio0Bble JepeBbs OTLBETYT, IYCEHULbI
NepeKJIIYalTCd Ha JIUCThS, Hapyllas, TaKUM 006pa3oM, HOpMaJbHbIY NpoLecc GOTOCUHTE3], a
C MOSIBJIEHUEM IJIOZIOB MOCEJISIOTCS BHYTPH HUX, Jles1asi UX HEIPUTOJHBIMU J1J151 YIIOTpeO/IeHUs
[19].9TOoT BHAHaceKOMOro-BpegUTeJIs IPU MaCCOBOU BCIBILIKE YUCJIEHHOCTH MOXKET IOPaXKaTh
oT 30 0 6osiee 50 MPOIEHTOB JIMCTHEB HA OTAEJNbHBIX JEPEBBSX, YTO SBJSETCS OMACHBIM
IOPOrOM BPeZJOHOCHOCTH, TOCKOJIbKY CyIeCTBEHHO CHUKAeT KaueCTBO U KOJIMYECTBO YPOKasi.

Mopdosaorudyeckue u 6U0J0rUueCKe OCOOEHHOCTH: NepeJiHUEe KPbLIbsl UMaro po3aHHOM
JIUCTOBEPTKU HMMEIOT Pa3HOOOpPA3HYK0 OKpacKy OT OXPSIHO-XKEJITOro [0 Cepo- U TEMHO-
KOPUYHEBOTO [|BETA; 3a/lHHE KPbLJIbSl KODUYHEBO-CEPHIE, y CAMOK C APKUM OPaHXKeBO-KEJIThIM
ONBbLJIEHUEM Yy BepPLIWHBbI Kpblia. Pa3aMax KpblibeB 060bI4HO 15-22 MM. Pasmep rycenurn 18-
20 MM, OT CBETJIO-3€JIEHOM /10 TEMHO-OJIMBKOBO-3€JIEHOM OKpACKH, NOJIynpo3paydHble. fAina
YAJIMHEHHO-0BaJIbHbIE, cepo-3esieHble. Kykosnka 10-12 MM, BepeTeHOBU/JHAsA, »KeJITOBATO-
KopuuHeBas [20]. 3uMyIOT si11a 10J; KOPOW UJIM Ha IV1a/IKOW TOBEPXHOCTH KOPbI BETBEH, UHOT /1A
T'YCEeHHUIIbl 3UMYIOT 10/, ONaBUIMMH JIUCTbAMMU. ['yceHHU1bI 1-2 BO3pacTOB BbITPHI3AIOT NOYKU U
OYTOHBI, 3aTeM, Nepexo/s Ha LIBETKH, YHUUTOXKAIOT ThIYMHKH, IECTUKU U JIENIECTKH, a TaKKe
CKeJIETUPYIOT MOJIOZble JIUCThSl U CTATUBAIOT UX TOHKOW NAayTUHKOU B KOMOK. ['yceHulbl 3-5
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BO3PaCTOB MOBPEXJAIOT 3aBSI3U U IJIO/Ibl, BHIIPbI3asi B MAKOTH SIMKU HeMPaBUJAbHOU pOPMbI,
JlOCTUTrale UHOTJAa CEMEHHON KaMepbl MU KOCTOYKU [21]. JIET 6abo4yek NpOUCXOAUT B
cymepku. B Unerickom AnaTtay po3aHHas JIMCTOBEPTKA pa3BUBAETCS B OHOM MIOKOJIEHUH.

Po3aHHas JMCTOBEpPTKA - WIHUPOKUK mnosudar U oTrMedeH Ha 130 BuJAX KOPMOBBIX
pacTeHui U3 32 ceMeWlCTB. PacnpocTpaHeHUe O4YeHb LIMPOKOe, BUJ U3BeCTeH U3 EBpormbl,
CpeauzemHoMopbsi, UpaHa, Mpaka, 3akaBkasbs, LleHTpanbHou A3uu u HOxHoit Cubupwy,
3aBe3éH Ha JlaabHuil BocTok M B CeBepHyio AMepuky. OcO6GeHHO CyleCTBEHHbIH BpeJ,
pO3aHHas JIMCTOBEPTKA HAHOCUT MJIOAO0BBIM U ATOJHBIM KyJbTypaM [22].

HenpeMeHHBIM yC/IOBHEM YCNEIIHOW 3aljdTbhl OT PO3aHHOMU JIUCTOBEPTKU SBJISAETCS
yCTaHOBJIEHHWE BpEMEHU N0AABJIEHUA YI3BUMbBIX CTa/JUM PA3BUTHS, BO BpeMS KOTOPBIX CJIelyeT
NPOBOAUTHL O0OpPabOTKY JepeBbeB OT ITOr0 BpeAUTEJS [Jisl JOCTHXKEHUS HauOOJIbIIEro
addekTa. B cBSA3U CITUM /15 OIpeieieHUsI CPOKOB TAKUX 00pabOTOK OUeHb BaKHO YCTAaHOBUTDb
CPOKH pa3BUTHUSA Pa3IUYHbIX CTaJJUH 3TOr0 BpeAUTEJIsl, 0COOEHHO: a) HayaJlo MacCOBOrO JleTa
6aboyek; 6) Hauya/I0 MAacCOBOM OTKJIAJKU SIUI] U B) Ha4aJlo MacCOBOT'0 OTPOXKJEeHHUS T'yCEHHUI]
[23].

MaTepnan U MeTOoAbl UCC/IEAO0OBAHUA

HccienoBanus ObLIM NMPOBeJeHbl HAa TeppuTopuu Wie-AnaTayckoro rocyapCTBEHHOTO
HallMOHAJIbHOT'O NPUPOAHOTO NapKa. O6'beKT UCC/IeJ0BaHUS — po3aHHas IMCTOBepTKa Archips
rosana L. Kak ogUH W3 JOMMUHAHTHBIX BHUJ0B HacCeKOMbIX-BpeauTesied s6yioHu CuBepca.
Matepuan aJig vccie0BaHUM ObLI MTOJIy4eH aBTOPAMU B TeYeHHUE JIBYX N0JIeBbIX ce30HOB 2018-
2019 rr. MeTogaMu McCCIeJOBaHUS SBJSIOTCA KJacCUYeCKHe 3HTOMOJIOTUYEeCKHE MEeTO/bl,
TaKue, KaK OTJIOB CAMLOB M CAMOK C IOMO1}b0 3HTOMOJIOTMYECKOI'0 CayKa, II0JIyCTalluOHAPHbIX
y4eT Ha MOHUTOPUHTOBBIX IJIOIA/[KAaX, TAKXKE BbIpalllMBaHUE JIMCTOBEPTOK METOA0M KYJIbTH-
BUPOBaHUS JIMYUHOK B JIaOOpaTOpPUM S3HTOMOJIOTUU UHcTUTyTa 300/10rHU. [losiycTanmoHapHbIN
y4yeT MPOBOAMJICS HAa 5 MOHUTOPUHIOBBIX IJIOIIA/IKaxX Mie-AsaTayckoro rocyjapCcTBeHHOTO
HaLlMOHAJIbHOTO IPUPOAHOT0 MapKa, KOOPAUHATHI MOHUTOPHUHTOBBIX VIO 0K OTPA*XEHBI B
Tabsune 1.

Ta6smmna 1
l'eorpaduyeckrie KOOpAHUHATHI MOHUTOPUHIOBBIX ILIOIIA0K

Ne Pacnosioxenue Hoarora [MupoTa BricoTa (M)

1 | Akcaiickuit puanaj, Akcalckoe JieCHUIeCTBO E-76247'58" | N -4327'23" H-1345m

2 | Tanrapckuii dpunman, Tanrapckoe necinyectBo | E-77221'16" | N-43216°5" | H-1538m

3 | Typrenckuii dpunuan, Uccoikckoe ecaudectBo | E - 77229'05" | N - 43915'11" | H-1714m

4 | TypreHckuit ¢uinaj, reHeTUYECKUN pe3epBaT E-77240'21" | N - 43222'05" | H-1595m
«Ky3He1n0Bo yuienbe»

5 | Tanrapckuii pusinas, KoTeipbynakckoe E-77206'57" | N-43216'39" | H-1025m
JIECHUYECTBO
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Bo BpeMs noJieBbIX HA6JI10/IeHUI M COOPOB COOpaHHbIe I'YCeHULbl IOMELIAIN B CTEK/ISTHHbIE
NpOOGUPKH BMECTE C JIUCTbAMU s10J10HM CuBepca. ITH UCKYCCTBEHHbIE CaJIKU OTMevasuChb
NOPSAJAKOBBIMH HOMEpaMH, M0J, COOTBETCTBYIOIEM HOMEPOM B KypHaJl 3aHOCUJIM CBeJleHUS
0 MeCTe U BpeMeHHU cOOpa, CBeZleHUs 0 paCTeHUH, XapaKTepe ero MnoBpexJeHUN U Jpyryio
MHPopManuw. B fanbHeleM [/ IMHbKHA U COJlep>KaHUS TyCEHHUIIbl NepecakMBaJUCh B
OTZeJIbHble NPOOUPKHU.

UccnenoBaHus O6bLIM NMPOBEAEHbl COMVIACHO OOLENPUHATBIM 3HTOMOJIOTUYECKUM METO-
AukaMm [16-17]. TemnepaTypa u3Mepsijiacb NOJIEBbIM TepMoMeTpoM. /[ljis omnpejeneHus
deHosornyeckux ¢pas JIMYUHOK BCeX MATH BO3PACTOB ObLJIM HCNOJIb30BaHbl METOJUKU
M3MepeHUs1 TOJIOBHOM KallCysJbl U HaOJI0JeHUsl KaK B NMPHUPOJeE, TaK U B CTAlMOHAPHBIX
cagkax. Bce sHTOMOJIOrMYecKHe 06 beKTbl poTOrpadupoBaluCh U OBLIA UCCAE0BAHbI MOJ
6UMHOKY/JIApHBIM MUKpockonioM KLM-105.

Pe3y/sbTaThl M 06CYK/EHHE

B pesysnbTaTe ucCAeLOBaHUA BBIACHUIOCH, YTO pPO3aHHAA JIMCTOBEPTKA B YCJIOBHUAX
Wnelickoro Anatay 3uMyeT B pase sl YJI0KeHHbIX B OUH CJIOW rpynnaMu no npuMepHo 60
(40-100) wTyk B KJaJKe Ha IJIaZKOM KOpe B HMXKHEH YacTU CTBOJIA S0JIOHU U B pa3BUJIKaX
KPYIIHBIX BETOK. Pa3BUTHE OTJIOKEHHBIX B IPOILJIOM FOAY WL, IPOUCXOAUT B FTOPHBIX YCJIOBUAX
Ha BbicoTe 1200-1600 M HazZ ypOBHEM MOpA IPUMEPHO B TeYEHHUE [IBYyX HeJlesIb paHHEW BECHOMN
B HayaJle alpeJis, IOCJe Yero U3 HUX BBUIYIJIAKTCA JIUYMHKHK IepBOro Bo3pacTa. B aTo Bpems
(nepBas Jekajia ampesisi) Npyd CpefHed CYTOYHOM TemIlepaType Bo3zayxa +7+14°C, korja
IOYKHU 516JI0HU MOSAABJISIIOTCS, T'YCEHULbI IEPBOTO BO3pacTa KMUBYT CHaua/la BMECTe, HO 3aTeM
pacroJi3alTcs Ha BepXyLIKU 1106eroB. JIMCTOBble CBEPTOYKU AABJAIOTCA ABHBIM MPU3HAKOM
Ha/M4ud BpeguTess. Eciu K ryceHunie OTPOHYThCS, OHA He yNaJeT Ha 3eMJII0, a IOBUCHET B
BO3/lyXe Ha NayTHHKe.

B Tabsnne 2 u pucyHke 1 npuBoAATCcs cBeZleHUsI N0 GeHOJIOrMYeCKUM 0COOGEHHOCTAM pPo-
3aHHOM J1McTOBepTKU. [lepBoe nosBIeHUe IYCEeHUL, 3TOr0 BMia OTMEYeHO B Hadyajle BTOPOH
JlekaJpl amnpeJsisg INpPU CpefHeCYyTOYHOW TeMIepatype Bo3zayxa +11°C U OTHOCUTe/JBHOM
BJIQXKHOCTH Bo3Ayxa 56 %. PasBuTHe ryceHU1, po3aHHOU JIMCTOBEPTKU NMPOUCXOAUT 3/eCh B
TeyeHre npuMepHo 30-40 gHel. B TeyeHre cBOero pa3sBUTHUSA I'yCEHULbI JIMHAIOT YeThIpe pasa
Y IPOXOAAT NATH BO3PaCTOB.

['yceHUIbI TPOJOJIKAIOT MUTATbCA Ha s0JI0He [0 KOHIA Mas. [lo HalmuM HabJII0AeHUsM,
OKYKJIMBaHWE TyCeHUI, HayhHaeTcs B Hauyaje TpeTbed aAekaabl Mmasa (B 2019 r. mepBoe
OKYKJIMBaHHe Npousouio 23 Mas NpU cpeiHeCYyTOYHOM TeMiepaType +21°C). B KkoHue Mas
- HayaJle UIOHHA OKYKJIMBAHHE I'YCeHUI] IPUHUMAeT MacCOBBbIM XapaKTep, poLecc pa3BUTUA
KYKOJIKM JIJIUTCSl OKOJIO [IBYX HeJleJib IPU CpeJHECYTOUYHOM TeMnepaTtype +15 + 25°C, nocie
4Yero, Ha4YMHasd CO BTOPOM JieKa/Jibl UIOHSA, U3 KYKOJIOK OTPOX/AAIOTCA UMaro, KOTopble 1mocJje
BblJIETA CPA3y NPUCTYINAIOT K CIAPUBAHUIO U Ja/IbHeNIeN AiLleKJIaJKe.
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Ta6smna 2
IllnpuHa ro/IOBHBIX KancyJ/ B 3aBUCUMOCTH OT BO3PAacTa U MPOAOKUTE/IbHOCTb CTaANH
pa3BUTHUSA T'YCEHML],

Bo3spacr I II 11 A" \"
[IpoI0/IKUTETBHOCTD 9-12 5-6 5-6 8-10 5-7
CTaJiii pa3BUTHS, CYTOK
[lInpuHa roJI0BHOK 0,175-0,300 | 0,325-0,450 | 0,550-0,775 | 0,850-1,275 | 1,325-1,925
KarcCyJibl, MM

[lepBoe mosiBieHUe 6ab0YeK OTMEYEHO B CepeiMHE UIOHS NPU CpeJHeCyTOYHOW TeMIle-
patype +25+30°C, MaccoBbI{ BBLJIET C TPETbEMN JleKa/Jibl UIOHSA NPU CPeHECYTOUHON TeMIle-
patype +28°C. CaMKH BBIXOAAT C HEKOTOPbIM KOJIMYECTBOM CO3peBIIUX AUl OTKJIaJgKa AULL
HauuHaeTcs 4yepe3 3-5 CyTOK mocJie BblieTa 6ab04yeK C KOHIA MIOHS NMPU CPeJHECYTOYHOU
TemnepaTtype +30°C. OfHa caMKa 3a Ce30H OTKJIaJlblBaeT OT YeThIPEXCOT [0 BOCbMUCOT SIMULI.

PucyHok 1. Pa3sinuHble cTalUU pa3BUTHUSA PO3aHHOM JIMCTOBEPTKH, 0Jy4YeHHbIE B JJAG0PaTOPHBIX
ycJoBUSIX. @, b, € - rycenunp, d, e - kykousiky, f, g, h — umaro (Pororpaduu: 'yvapxkanat TaHabekoBa)

Co3peBaHUe sUI, IPOUCXOAWUT Ha MPOTSHKEHUU BCETO Mepuofa SINIeK/IaJKu, HO OTKJIa-
JbIBAIOTCSA SIMlla IePUOJAMYECKH C IPOMEXYTKaMM B 2-4 cyTokK. MaccoBas siileK/JaZKa Mpo-
JnomkaeTtcst 15-20 cyTok ¢ cepeiuHbI U015, Aiilja 0TKJ/Ia/|bIBAIOTCS HA [VIaJIKUeE YYaCTKU KOPHI.
B onHoM AlneKk/IaJKe B cpeiHeM HabJoAanock 55 aun (ot 13 go 146 aun). K KoHIy *KU3HU
MMaro OTKJIa/lblBAaHHUE KOJIMYeCTBA HEXKU3HECIIOCOOHbIX SIUL] YBEJUUYUBAETCS, 3TO B OCHOBHOM
HaOJIIJAIOTCA B MEJIKUX KJaJKaX. fila B KJaJjKe UMEIT TEMHbIN I|BET U PacloJiararoTcs B
06J1aCTH pa3BUJIOK BETBEU UJIM B pacllle/IMHAX U YI1y6JIeHUAX KOPBI.

B Tabusuue 3 ykazaHa HauboJiee ysi3BUMasi CTafusl AJisl 60pbObI C 3TUM BpegUTENIEM —
cTajus ryceHul 1-2 Bo3pacTa, KOTOpble NOABAATCA B UielickoM AnaTtay co BTOPOH JieKabl

JLH. 'ymunes amuindarsl Eypasus yammuik ynusepcumeminiyy XABAPIIBICBL. Buo102usifAblK FolablMOap cepusicel N21(150)/ 43
BULLETIN of L.N. Gumilyov Eurasian National University. Bioscience series 2025
BECTHHK Espasuiickozo HayuoHa1bHo20 yHUsepcumema umenu J1.H. ['ymusesa. Cepust 6uosozudeckue HaQyKu



Lb. Tanabekosa, PB. AuweHko

amnpeJisg 70 nepBoy Aekazbl Mad. [lo HAlIMM HaOGJIIOJAEHUAM, YAaCTO MACCOBBIM JIET 6aboveK
HabJiloaeTcs mocjae ocaZkoB. MMaro JIMCTOBEPTKU BeAyT aKTHBHbIA HOUHON 06pa3 KU3HHY,
BbLJIETAsl C HACTYIJIEHUEM CyMepeK (IIpH TeMIlepaType BO3/yxa Bblllle MATHAAIATH IPaJlyCcoB
TellJla), @ B CBETJIOE BpeMsl CyTOK HAaXOASATCS B YKPBITHUU (pa3Mellasicb HA CTBOJIAX WJIM Ha
OOKOBBIX BeTKax MoJi IUCTbsIMU) [24, 25].

Ta6smmna 3
deHorpamMmMa pa3BUTHUS PO3aHHOM JUCTOBePTKHU B 2018-2019 r.
Anpenb Man HioHb Hronb ABrycr
11 I1 | I1 II I 11 I1 [ 11 II I I I1
0 Q Q Q Q Qo O + +0 +0 +0 +0 +0 0 0
A A A A

IIlpumeuaHue: O - KYKOJIKa; + — B3pocjble BpeauTenay; 0 — Adnekaaaka; ) — BbIX0J JUIYNHKU; A -

y;[3BPIMbII>i rnepuon.

B Tabsuie 4 npuBoAATCA AaHHble MO0 pEHOJOTUYECKUM HAOJIIOJAEHUAIM PO3aHHOM JIUCTO-
BepTKHU B Uneiickom Anatay B 2018-2019 rr.

Taéuna 4

deHoI0TUS pO3aHHOM JIUCTOBEPTKU Archips rosana L. B Uneiickom Anatay B 2018-2019 rr.

denosoruyeckue ¢passl Jata TemnepatypHbIe OTHOCHUTeIbHAaA
pPa3BUTHUSA PO3AaHHOU nokasatesu T°C BJIXKHOCTB BO3Ayxa, %
JCTOBEPTKHU 2018 2019 2018 2019 2018 2019

HayaJsio oTpoxeHuda 17.04. 15.04. 12 14 67 71
JIMYMHOK [IepBOro BO3pacTa
Y3 NIepe3MMOBaBIIUX AU
MaccoBoe oTpoxaeHue 22.04. 20.04. 13 16 41 68
JIMYUHOK 1 Bo3pacTa u
Ha4ya/I0 aKTUBHOI'O MUTaHHUA
['yceHuns! 2 Bo3pacTta 03.05. 01.05. 18 20 39 54
['ycenunn! 3 Bo3pacTta 08.05. 06.05. 16 18 29 37
['ycenuns! 4 Bo3pacTta 12.05. 10.05. 23 25 52 45
['ycenunsl 5 Bo3pacTta 20.05. 18.05. 18 20 30 42
HauaJsio okyk/1MBaHUs 25.05. 23.05. 19 21 38 43
MaccoBoe OKyKJ/IMBaHUE 28.05. 27.05. 20 24 36 30
Hayasno néta umaro 03.06. 01.06. 12 27 95 23
MaccoBbi# JIET ©UMaro 24.06. 17.06. 25 28 33 28
HayaJsio oTKJIafKu 1L 30.06. 23.06. 26 29 27 28
MaccoBag giilekaagKa 11.07. 08.07. 28 35 50 30
Havano guanayssl 23.07. 11.07. 30 33 41 39
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PoszanHas aucmosepmka Archips rosana L. kak epedumens si610Hu Cusepca 8 Uaetickom Anamay

JUIUTEIbHOCTb Pa3/IMYHbIX CTaAUMW pa3BUTHUS PO3aHHOM JIMCTOBEPTKU Archips rosana L.
B Uieiickom Anatay no Ha6ustogeHusM B 2018-2019 rr.: nosHbIN )XU3HEHHBbIN LUK — 1 rog,
(omHO MokoJieHUe), AiL0 - 9-10 MecAneB, TUUMHKHU 5 Bo3pacToB - 30-40 gHel, kykosika - 10-
14 nHelt, uMaro — 60Jiee 2 MecsleB [26].

3aBHCUMOCTbD BJIMSIHHUSA MTOKa3aTesield TeMiepaTypbl Ha GEHOJIOTHI0 PO3aHHOW JINCTOBEPTKHU
Archips rosana L. B Unelickom Anatay B 2018-2019 rr. npe/icTaBjieHa HUXKe B BU/Jle rpaduka
(Puc. 2).

DeHoNorMYeckue Basbl B pasBUTHH POIAHHON NMCTOBEPTRU
TemnepaTypHble nokasarenu T°C

2018

2019

15042019 20042019 01.05.2019 06.05.2019 10.05.2019 18052019 23.05.2019 27.05.2018 01.06.2019 17.06.2019 23.06.2019 08.07.2019 11.07.2019

17.042018 22042018 03.05.2018 08052018 12.05.2018 20052018 25.05.2018 28.05.2018 03.06.2018 24.06.2018 30.06.2018 11.07.2018 23.07.2018

Maccooe  Tycemmuni? pospactal'ycemmmnr3 sospactal yeemmmni 4 pospacral ycemmme S Bospacts Hauazo Macconoe Hawazo aéra maro Maccomsii 2é1miaro| Hiamo omaa; axn Macconasx Hawazo amanaysm:

JNEHOKTEpBOTO | OTpOAeHHE oRyRaBAENE oxyRmBARHE s siinexaIRa

pospacrams | mrammox 1 sospacta

MEpENIBIOBABIINT |1 HAYAND AKTHEHOTD,
nnnnnnn

PucyHok 2. Bausuue teMmnepatypsl (°C) Ha deHoJI0OrHI0 po3aHHOM IMCTOBEepTKU Archips rosana L.
B 2018-2019 rr.

B pucyHke 2 noka3aHo BiMsiHHe TeMiepaTyphl (°C) Ha peHOo0rHI0 pO3aHHOM JIMCTOBEPTKU
Archips rosana L. B 2018-2019 rr. [lo pe3ysibTaTaM [ABYXTOJUYHbIX UCCAEJO0BAaHUN OBLIU
BbISIBJIEHBI pa3/inyus B GeHOJIOTUM PO3aHHOU JIMCTOBEPTKU. Havyaso oTpoxAeHUs IMUUHOK
epBOro Bo3pacTa M3 nepesuMoBaBIUUX vl B 2018 roay 6b110 3adukcupoBaHo 17 anpess
npu 12°C, a B 2019 roay 15 anpens npu 14°C. MaccoBoe OTpOX/ieHHe JIMYMHOK 1 Bo3pacTa U
HaudaJsio akTuBHOro nutanusa B 2018 roay 6»110 3adpukcrupoBaHo 22 anpea npu 13°C,aB 2019
rogy 20 anpess npu 16°C. Hayano okyknuBaHus B 2018 roay Ha6Juirofanock 25 mas npu 19°C,
aB 2019 roxy 23 masa npu 21°C. Havasio siéTa uMaro 661710 3adpuKcMpoBaHo 3 UtoHA npu 12°C,
aB 2019 roay 1 utons npu 27°C. Hauasio oTk/1aKu 41, 66110 3adprKcrpoBaHo 30 MIOHA NPU
26°C,a B 2019 rony 23 uroHda npu 29°C.

B pucyHke 3, 4 oTpakeHO BJIMSIHME OTHOCUTEJIbHOU BJIQXKHOCTH Bo3/yXa (%) Ha pa3BUTHE
po3aHHOU JiucTtoBepTKHM B 2018 u 2019 rogax. Havasno oTpoxJeHHsI JIMYUHOK MEePBOro
BO3pacTa U3 nepe3uMoBaBlIUX Ul B 2018 roay 610 3adpukcupoBaHo 17 anpess npu 67%,
a B 2019 roay 15 anpens npu 71%. MaccoBoe oTpoxaeHue JUYMHOK 1 Bo3pacTa U Hadajlo
akTUBHOro nuTaHus B 2018 roay 661110 3adrkcrpoBaHo 22 anpess npu 41%, aB 2019 rogy 20
anpeJisg npu 68%.
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OTHOCUTENIbHaA BNaXHOCTb Bo3ayxa, %

= Hauaro 0TPOKISHHS THIHHOK [IEPBOTO BO3PAcTa H3
TIEpe3MMOBABITHX AHIT 17.04.2018

m MaccoBoe OTPOXIEHHE THIHHOK 1 BO3pPACTa H HATaTO
AKTHBHOTO MHTaHHA 22.04.2018

= T'yceHHUs! 2 Bo3pacTa 03.05.2018

E TycenHIts! 3 Bo3pacta 08.05.2018

= ['ycenHun! 4 Bospacta 12.05.2018

® T'yceHHITHI 5 Bo3pacTa 20.05.2018

® Hagano oKyKIHBaHHe 25.05.2018

= MaccoBoe oKyKTHBaHHE 28.05.2018

= Hagamo néta myaro 03.06.2018

B MaccoBBIH 18T HMaro 24.06.2018

m Hagaro otkiazgks ga1 30.06.2018

= Maccosad giinexnanka 11.07.2018

Havamo nuarayss! 23.07.2018

PucyHok 3. BiusiHve 0OTHOCHTE/IbHOM BJAQXKHOCTH Bo3Ayxa (%) Ha pa3BUTHE PO3aHHOM JIMCTOBEPTKHU
B 2018 rony

OTHOCUTE/IbHAA BIAHOCTb BO3AyXa, %

® Hagano OTPOISHHA THTHHOK [IEPBOI0 BO3PAaCTa H3
TepPesHMOBABIIHX AHI 15.04.2019

= MaccoBoe 0TpOoKICHHE THIHHOK 1 Bo3pacTa H Hagalo
AKTHBHOTI'O MHTaHHA 20.04.2019

= TyceHHIts! 2 Bo3pacta 01.05.2019

= T'yceHHIB! 3 Bo3pacTa 06.05.2019

= ['yeerunnsl 4 Bospacta 10.05.2019

= ['yeeHHIBI 5 Bo3pacTa 18.05.2019

B Hagano okyk1HBaHHe 23.05.2019

= MaccoBoe OKYKTHBaHHe 27.05.2019

= Hagano néra uMaro 01.06.2019

u Maccopp1i 16T mMaro 17.06.2019

= Hagano oTiIanks sH 23.06.2019

= Maccopad Aiinexnanka 08.07.2019

Hagano nuamayssr 11.07.2019

PucyHok 4. BivsiHve 0THOCUTE/IbHOM BJIQXXHOCTU Bo3Ayxa (%) Ha pa3BUTHE PO3aHHOM JINCTOBEPTKHU
B 2019 rony

Hauasio okykauBanue B 2018 rogy Hab.stoganoch 25 mas npu 38%, a B 2019 roay 23 Mas
npu 43%. Hayano si€éta umaro 66110 3adpukcupoBaHo 3 uioHA npu 95%, a B 2019 roay 1 utoHsa
npu 23%. Havyasio oTkiaku siun, 66110 oTcaexxkeHo 30 utousa npu 27%, a B 2019 roay 23 utoHs
npu 28%.
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BbIBOABI

Ha Tepputopun Wne-AnataycKoro rocyJapCTBEHHOIO HALlMOHAJbHOTO IPUPOLHOIO
napkKa po3aHHas JIMCTOBEPTKa pa3BUBaeTCd B OJHOM MOKOJIEHUU. BbIX0o/ ryceHUL U3 3UMHEN
CHAAYKU B YCJIOBUAX CpeHEropbs HaYMHAETCA MPU CpefHer JHeBHOW Temiepatype +17°C.
Ctagusa KykoJku AauTcad okosio 10-14 nHed npu cpegHed Temmeparype +21°C. Maccosoe
OKYKJIMBaHHE MPOUCXOIUT B TPETheH JleKaJie Masi Py cpefHECYTOYHOU TeMmmiepaType 20-25°C.
OTpokJieHHe UMaro NpPOUCXOUT C KOHIA Masi 10 Havyasla aBrycTa C MacCOBBIM JIETOM 6abo4ek
BO 2-U MOJIOBMHE HIOHSI NMpPHU CpeAHecyTodyHOM TemmepaTtype +28°C. I[Ipoao/mKUTEbHOCTD
»kM3HU UMaro oT 8 10 30 aHel [27]. K Hauasly aBrycTa NpoOrUCXOAXUT NOCTENEeHHbIN Cllaji UMaro.
Hauaso oTk/1aAku UL IPOUCXOAUT B TPeTbel JieKajie NMpU CpeJHECYTOYHOU TeMIepaType
+30°C. IMOpHOHa/JIbHOE Pa3BUTHE SIUL] BKJIIOYAET B Ce651 TPU Nepro/a: pa3BUTHeE JI0 iUanay3bl
(nuddepeHumnanus M KoHJEHCAlMS 3apO/bIIIEBON MOJIOCHI), KOTOpPOE AJUTCSA HECKOJIbKO
CYyTOK; Oo6JiMraTHasi Juanaysa, KoTopas JJIUTCA JIeTO, OCEHb M 3UMY; U OKOHYaTeJbHOe
pa3BUTHe, KOTOPOE NMPOUCXOAUT BeCHOM npU + 8+13°C, HKHUK nopor pa3BuTus aul + 8°C.
Pa3BuTHe UL B IpUpO/ie 3aKaHYMBAETCA B anpeJie.

Bkiiag aBTOpOB

[B.T. u P.B.A. - xoHuenuusa u pykoBozactBo pa6borod; ILB.T. u P.B.l. - npoBexneHue
skcnepuMeHToB; LB.T. u P.B.fl. - o6¢cyxeHue pe3ynbraToB ucciaenoBanus; LB.T. u P.B.A. -
HanucaHue Tekcta; LB.T. u P.B.{l. - pefakTvpoBaHue TeKCTa CTAaThU.

duHaHCHMpOBaHUe

[ly6ivkauuss npodUHAHCHpPOBaHA MO MpPOrpaMMHO-IieseBoMy ¢HHaHCcMpoBaHHIO BR
18574058 «Pa3paboTka KpacHoi KHUTM *KMBOTHbIX KazaxcTaHa U 371eKTPOHHOM 6a3bl IaHHBIX
10 PeIKUM M MCYE3a0IUM )XUBOTHBIM KaK OCHOBBI UX I0JITOBPEMEHHOTO MOHUTOPHUHTIa».

KoH}UKT UHTEpecoB
ABTOpBI 3asABJISIOT 06 OTCYTCTBUH KOHGJIUKTA UHTEPECOB.

CoG1104eHr e 3ITUYECKUX HOPM

Bce npoueaypsbl, BbINOJHEHHBIE B UCC/IeJ0BAHUSAX C y4aCTUEM )KUBOTHBIX, COOTBETCTBOBAIU
3TUYECKUM CTaHJapTaM Y4YpeXJeHUsl, B KOTOPOM NPOBOJUJIMCh MCCAEL0BaHUs, U YTBEPK-
JIeHHBIM NIPaBOBBIM aKTaM PK 1 MexyHapo/HbIX OpraHH3aLui.
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PayiaH »xansIpak, IIUPaTKbILI Ke6eaek Archips rosana L. Lne AnataybsiHaarsl CUBepc
aJIMacChbIHbIH, 3USIHKECI peTiHae

I.b. Tana6exoBa*'?, P.B. lmeHko?!
1300102us uncmumymuolt KP BFM, Aamamesl, KazakcmaH
291-@apabu ambindarsel Kazak yammulk yHugepcumemi, Aamamvl, Kazakcmau

Anpgarna. bynmakananaArchipsrosana L. TypiHiH ¢peHOMOTUSACH TYpasIbl )KaHA MaJIiMeTTEp KaMThLJIFaH.
3epTTeyAiH MaKcaThbl — GEeHOJOTHUSIBIK epeKIIe/iIKTePiH aHBIKTAY XKoHe payllaH KalbIPakK U PaTKBIII
Ke6eJIeKTiH JAaMybIHbIH Ocas Ke3eHJepiH aHbIKTay. [IpakTUKaIbIK MaHbI3/[bLIBIFbI, O6YJ1 3epTTEYIEp
OCBhI TYPZAiH *KEPTiJMIKTI TipIIIIK €Ty opTackIHA 3KOJIOTHUSJIBIK 6eHiMIeNy K0IJapblH erKen-TerKenIi
aHBIKTayFa MYMKIiH/iK 6epe/li, COHbIH Heri3iH/e 0Chl 3USHKEC KIH/IKTIH MONyJsAnUsIChbIH 6acKapyFa
bIKMaJ eTefi. 3epTTey/ep Lie-AnaTay MeMJIEKETTIK YATThIK TAOUFU casiOaFbIHbIH ayMaFblH/a XKYPri3iyifii.
Matepuangabel aBtopJsap 2018-2019 xblLijapAarbl eKi KbUIJBIK JajajblK MaycbiM/la KHUHAJbL.
3epTTey 9AicTepi — KJIACCUKAJBbIK 3HTOMOJIOTHUAJIBIK 9iCTep, MbICAJbl, IHTOMOJIOTUAJBIK, TOPJBIH
KeMeTriMeH aTa/bIKTap MeH aHa/bIKTap/bl ay/ay, 6aKbliay ajaHAapblH/A >KapThlLIail CTallMOHAPJIbIK
ecel >KYpri3y, coHAan-aK, 300JI0TUS1 MHCTUTYTBIHbIH, 3HTOMOJIOTUSl 3epTXaHacblHAA AepHaciajepai
KyJIbTUBaLUsJIay dJiciMeH ecipy. 3epTTeyJjiep HOTIKeCiHJe OCbl ayMaKTapZarbl payllaH >Kamlblpak
IIMPATKbIII KebeaeKTiH, Archips rosana L. dbeHoJIOTHSIBIK epeKlieaikTepi HaKTblIaH bl 2018 xoHe
2019 xpbi1gapel GeHOOrUsCbIHA TeMIlepaTypa MeH CasbICThIpMasibl bUIFANJBLIBIKTBIH (%) acepi
3epTTeji. 3epTTey 6apbicbiHAA AAMYABIH OcCajl Ke3eHJepi aHbIKTaJAbl — 3epTTeJeTiH ayMaKTap/a
coyipAiH, eKiHIIi OHKYHAIriHeH MaMbIp/iblH, GipiHIII OHKYHjiriHe JeiiH makpma GosiaThiH 1-2 2Kac
apaJIbIFbIHJAFbI JepHACLILEep Ke3eH|.

Tyiin ce3aep: CuBepc asMachl, paylliaH *anblpak, IIUPaTKbIIL Kebesek, Archips rosana L.), »xoHAiK-
3usiHKecTep, line Asataysl
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Rose leaf roller Archips rosana L. as a pest of Sievers apple tree in Illey Alatau

G.B. Tanabekova*'Z, R.V. Jashenko!
Institute of Zoology, CS MES RK, Almaty, Kazakhstan
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Abstract. This article contains new information on the phenology of the Archips rosana L. The purpose
of the study is to determine the phenological features and identify vulnerable stages of rose leaf roller
development. The practical significance lies in the fact that these studies will allow us to find out more
detailed understanding of the ecological adaptation of this species to local habitat conditions, which
subsequently contributes to the management of populations of this insect pest. The research was
conducted on the territory of the Ile-Alatau State National Natural Park. The material was obtained by
the authors during two field seasons, 2018-2019. The research methods are classical entomological
methods, such as trapping males and females using an entomological net, semi-stationary accounting
at monitoring sites, and growing leaf rollers by cultivating larvae in the entomology laboratory of the
Institute of Zoology. As a result of the research, the phenological features of the rose leaf roller in these
territories were clarified. The influence of temperature and relative humidity (%) on the development
of the rose leaf roller, Archips rosana L., in 2018 and 2019 has been studied. During the study, vulnerable
stages of development were identified - the stage of larvae of 1-2 ages, which appear in the studied
territories from the second decade of April to the first decade of May.

Keywords: Sievers Apple tree, rose tortrix, Archips rosana L., insect pests, the Iley Alatau
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Abstract. This paper presents the results of the research on macrophytes
of floodplain swamps of the coastal territories of the Aktastinka River and
wetlands of Aktasty village, located in Arshalinsky district, Akmola region of the
Republic of Kazakhstan. The inventory revealed the floristic composition of the
Aktastinka village locality and the coastal territory. Along with species diversity,
the main representatives of macrophytes of the bog flora were identified,
represented by 8 hydrophytes - Phragmites australis, Carex rostrata, Typha
angustifolia, Ranunculus repens L., Triglochin maritimum L., Stratiotes aloides L.,
Utricularia vulgaris L., Lemna minor L., etc. In the flora of the study area, four
types of plant communities were found, with the dominance of representatives
of the following families: Poaceae, Typhaceae, Cyperaceae, Ranunculaceae,
Amaryllidaceae, Butomaceae, and Lentibulariaceae spanning several kilometres.
Comparative analysis of macrophyte floras at four different sites illustrated
similarity between phytocenoses. The plant flora of the study area includes
105 species belonging to 65 general and 38 families. Dicotyledonous plants are
represented by 78 species, monocotyledones plants by 27 species. The ratio of
dicotyledons to annuals was 1:2.9. On average, each genus is represented by 2.3
species, species saturation of families is characterised by the average index, and
is 9.5.

Keywords: macrophytes, hydrophytes, coastal plants, species diversity,
floodplain marshes
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Macrophytes of the Floodplain swamps of the Akmola Region

Introduction

The study of the flora of floodplain bogs is currently of great scientific interest. Especially
relevant is the study of the species composition of individual, poorly studied areas. One of such
areas is the vicinity of Aktasty village. At present, plant communities of river floodplains and
floodplain bogs in the Akmola region are practically not studied. Waterlogging is a long-term
process occurring under the influence of a number of abiotic, biotic, and anthropogenic factors.
Of particular interest were macrophytes of floodplain marshes of the coastal territories of the
Aktastinka River and the wetland of Aktasty village, situated in the Arshaly district of Akmola
region of the Republic of Kazakhstan. According to the classification of Mirkin B.M.,, the studied
floodplain swamps belong to the type of peaty undeveloped plain floodplains [1-5].

According to the results presented in the studies of a number of authors, soil changes occur
in coastal areas during long-term natural processes. The process of waterlogging is affected by
both natural and anthropogenic factors. Dynamic observations make it possible to identify the
substitution of lowland soils for a waterlogged peat type [6-8].

Macrophytes (higher aquatic and coastal aquatic plants) play a crucial role in aquatic
ecosystems in the formation of vegetation cover on the coast of rivers. A comprehensive study
of the coastal macrophytes allows us to assess the potential of plants for further use of their
indicative properties in biological analyses. The intense adaptive potential of plants allows
them to spread over territories with a considerable area, forming coastal populations [9, 10].
The main relationship between aquatic macrophytes and the formation of organic substances,
with subsequent formation of bottom sediments, is considered a result of metabolism and
reactions at the ecosystem level. The dynamics of the modification of the species composition of
macrophytes during aging and waterlogging of the lake is obvious [11-14]. Under the prolonged
influence of anthropogenic factors, the cumulative effect of the intake of nutrients in the form of
nitrogen and phosphorus exerts pressure on coastal zones, resulting in eutrophication [15-16].

According to the information presented in the studies of various authors, it was found that
chemical factors had a greater effect on flooded macrophytes, while the composition of growing
macrophytes and macrophytes with floating leaves was best explained by land use factors. The
results of this study confirm the use of macrophyte communities as effective indicators of the
ecological state of reservoirs [17-19].

For the first time, we carried out integrated studies of floodplain bogs of the coastal territories
of the Aktastinka River and wetlands of Aktasty village, which enabled us to expand botanical
knowledge, obtain data on taxonomic and cenotic diversity of the vegetation cover of floodplain
bogs. A comprehensive study of both coastal and submerged macrophytes allows them to be
used as natural bioindicators of the state of reservoirs. This approach is widely used in different
countries [20-22]. Our research aimed to study species diversity of the vegetation cover and to
identify the composition of the flora of vascular plants of the floodplain bogs of the Aktastinka
River and wetlands in the vicinity of Aktasty village.
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Materials and research methods

The research objects were macrophyte plants growing in the floodplains of the Aktasinka
River, as well as in wetlands in the vicinity of Aktasty village. Location geodata: Kazakhstan,
Akmola region, Arshaly district, Aktasty village 50.752216, 72.211137 (Figure 1).

Aktastinka River

A B C

Figure 1. Satellite images: A - Aktasty village; B - Aktastinka river; C - Swampy area N1

Research methods

The flora composition was analyzed during expedition trips in spring and summer during
2023-2024. Field studies were conducted by route-reconnaissance and semi-stationary
methods described in the methodological instructions of Darabayeva B.E. et al [23]. During
the expeditions, plants were identified, and herbarium specimens were collected to clarify
the species affiliation of macrophytes. The study was guided by multi-volume identifiers and
well-known summaries [24-25]. The species affiliation of macrophytes of floodplain bogs were
determined by using locally assigned identifiers [26-27]. Sample plots were laid in the most
homogeneous and typical areas of facies [28]. The description of bog plots was carried out
within natural boundaries; the size of the areas was 10 x 10 m. Areas N¢ 1-4 were investigated
by laying out profiles, and route diagrams were drawn up. In determining species affiliations,
the study was coordinated by well-known identifiers and multi-volume summaries. The area
and place of occurrence of each species were clarified based on our field study using satellite
images and Google Maps.

The work uses statistical analysis methods to assess the species and taxonomic diversity
of macrophytes. Shannon and Simpson indices for biodiversity characteristics, as well as the
coefficient of species saturation of genera and families, are calculated. Phytocenoses were
compared using cluster analysis, which took into account the degree of their similarity.
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Results

Aktasty village is located in the east of Astana city, 60 km away. It belongs to Arshaly district,
Akmola region, bordering Ermentau district to the east, Karagandy region to the south, and the
city of Astana to the west and north. The village lies within a dry-steppe zone with a continental
climate. Winters are cold and prolonged, with an average January temperature of -17°C, while
summers are moderately hot, averaging 20°C in July. The average annual precipitation is 300-350
mm. The Aktastinka River flows nearby, discharging into the Ishim River, with small branches,
gullies, and ravines along its course. Swampy areas are also present (Figure 2).

A B C

Figure 2. A - Wetland site Ne 2; B - Wetland site N2 3; C - Wetland site Ne4

Dark-chestnut soils dominate the territory, most of which were ploughed during the development
of virgin and fallow lands. The most widespread plant species include feather grass, wormwood,
fescue, astragalus, burnet, and spurge. The area is characterized by the presence of floodplain bogs,
which are formed due to spring floods and subsequent swamping, belonging to the lowland type.
These bogs have a rich mineral content, supporting high species diversity.

In the course of expeditions, it was stated that this area is characterised by a floodplain type of
bogs, which arise as a result of spring floods of the Aktastinka River and subsequent swamping
of the resulting floodplains, belonging to the lowland type. As a rule, floodplain bogs have a rich
mineral content, which determines a high species diversity of flora. The study of macrophytes
in floodplain marshes is a multifaceted process involving a variety of research methods to fully
understand their influence on the marsh ecosystem. Macrophytes, or aquatic plants, play a
key role in the biodiversity and functioning of aquatic ecosystems, including wetlands. They
provide shelter and food for various animal species and also perform water purification and
bank stabilisation functions [28].

The macrophyte flora of the study area includes 105 species, classified into 65 genera and 38
families. Dicotyledonous plants dominate with 78 species, while monocotyledons account for
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27 species. The ratio of dicotyledons to annuals is 1:2.9. The flora consists mainly of herbaceous
polycarpic plants (75 species, 71.4% of the total). Herbaceous monocarpics are less common,
making up 28.6% (30 species). The floristic spectrum includes five main subclasses: Liliopsida,
Ranunculidae, Caryophyllidae, Rosidae, and Asteridae from the class Magnoliopsida.

In the course of the research, the flora of floodplain bogs of four study sites was described. The
florais understood as a system of the population of all plants growing in a given area. On average,
each genus is represented by 2.3 species, and the species richness of families is characterized by
an average of 9.5. The floristic spectrum of the floodplain flora of the neighbourhood of Aktasty
village and the Atastinka River is represented by 5 main subclasses: Liliopsida, Ranunculidae,
Caryophylludae, Rosidae, and Asteridae from the class Magnoliopsida. Depending on the
frequency of occurrence and abundance of individuals, the coastal macrophytes of the study
sites were subdivided into six major groups according to O. Drude’s scale, as shown in Table 1.

Table 1
The Most common families of Floodplain swamps of Aktasty village
Ne Families Number Number Frequency of occurrence of the species
of genera of species according to O. Drude’s scale

1. | Equisetaceae 1 1 Sol.

2. | Nymphaeaceae 1 2 Sp.

3. | Typhaceae 2 5 Cop.2

4. | Caryophyllaceae 2 3 Cop.2

5. | Poaceae 5 8 Soc.

6. |Asteraceae 5 7 Cop.

7. | Fabaceae 3 4 Cop.3

8. | Limoniaceae 1 2 Cop.3

9. | Lamiaceae 2 3 Cop.1

10. | Chenopodiaceae 2 2 Cop.3

11. | Rosaceae 3 7 Cop.1

12. | Alliaceae 2 3 Cop.3

13. | Apiaceae 2 4 Cop.3

14. | Liliaceae 3 4 Cop.2

15. | Ranunculaceae 2 3 Cop.2

16. | Polygonaceae 2 3 Cop.2

Overall 37 61

1 group Cop. 1 - abundant growth of representatives of families Lamiaceae and Rosaceae.
2 group Cop. 2 - abundant growth on the studied plots, there are many individuals of these
families: Typhaceae, Caryophyllaceae, Liliaceae, Ranunculaceae, Polygonaceae. 3 group Cop. 3
- plants grow abundantly, but do not provide background Fabaceae, Limoniaceae, Alliaceae,
Apiaceae. 4 group Socails - (Soc.) - plants interlocking with their above-ground parts, forming
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a continuous background. This group is represented by 8 species of the Poaceae family. Growing in
large quantities, they form continuous thickest several kilometres long; 5 groups - Sol. Plants are rare,
single specimens. This group is characterised by a single representative of the family Equisetacea. 6
group Sp. — Rarely occur; scattered in small numbers - 2 species of the family Nymphaeaceae.

Autochthonous tendencies in the development of floodplain flora are practically not expressed,
as evidenced by the absence of endemic species and the complete absence of polymorphic
genera. From the data of macrophytes of floodplain bogs of the study area, the most frequently
occurring species are represented by the following families Poaceae (8 species), Asteraceae (7
species), Rosaceae (7 species), Typhaceae (5 species), and three families are represented by
four species such as Fabaceae, Apiaceae, and Liliaceae.

Analysis by life forms demonstrated that the studied flora is represented mainly by
herbaceous polycarpics - 75 species, which is 71.4 % of the total identified flora. It is typical for
temperate floras. Herbaceous monocarpics play a much smaller role in the composition of the
floodplain macrophyte flora. Monocarpics are represented by 30 species, accounting for 28.6
%, respectively.

Of the total number of identified macrophytes of floodplain bogs, 8 species of vascular
plants are the most common. Their location is marked with dots on the map shown in Figure
3. These species are often found and form a continuous background on the coastal territory
of representatives of the Poaceae family, in particular, Phragmites australis, Cyperaceae
(Carex rostrata), and Typhaceae Juss. (Typha angustifdlia), Ranunculaceae (Ranunculus repens
L), Juncaginaceae (Triglochin maritimum L), Hydrocharitaceae Juss. (Stratiotes aloides L.;),
Lentibulariaceae Utricularia vulgaris L.; Araceae - Lemna minor L.

Figure 3. map-scheme of disturbution of floodplain macrophytes along the Aktastinka River and
in wetlands: 1 - Phragmites australis; 2 - Carex rostrata; 3 - Typha angustifolia; 4- Ranunculus repens L.;
5 - Triglochin maritimum L.; 6 - Stratiotes aloides L.; 7 - Utricularia vulgaris L.; 8 - Lemna minor L
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Coastal macrophytes in the study sites were categorized into six groups according to O.
Drude’s scale, ranging from abundant species (Lamiaceae, Rosaceae, Typhaceae, Poaceae) to rare
species (Equisetaceae, Nymphaeaceae). The most frequently occurring families include Poaceae
(8 species), Asteraceae (7 species), Rosaceae (7 species), and Typhaceae (5 species). The most
common macrophyte species were identified along the Aktastinka River and in wetlands, including
Phragmites australis, Carex rostrata, Typha angustifolia, and Ranunculus repens.

Discussion

The study of macrophytes in floodplain marshes is a complex process requiring various
research methods to understand their role in the ecosystem. Macrophytes play a critical role
in biodiversity and ecosystem functionality, providing shelter and food for numerous species,
contributing to water purification, and stabilizing riverbanks.

The high mineral content of floodplain bogs significantly influences the floristic composition,
resulting in a diverse plant community. The predominance of herbaceous polycarpic plants is
typical for temperate ecosystems, as these species are well adapted to periodic flooding and
nutrient-rich soils. The absence of endemic species suggests a lack of significant autochthonous
development, with the local flora influenced by broader regional patterns.

Along with the main bog macrophytes, other species were also observed, however, they were
less frequent and formed small patches. The following species can be referred to them:

1. Inula britanica L. Stems 0.8-3.5 m tall, erect, glabrous, filamentous up to inflorescence,
with hollow creeping rhizome. Leaves 05-0.25 cm wide, stiff, glaucous or pale green, glabrous,
sometimes covered with sparse long hairs on the underside, sharply scabrous along the edges.
Tongues are in the form of a border of short, dense hairs. Anthers 1,5-2,5 mm long. Frequency
of occurrence: Copiosae

2. Ranunculus polyanthemos L. Stem erect, ribbed, simple. Leaves linear-lanceolate. The
corms are 3-4(5) cm in diameter, in a loose shield. The wrapper is multi-rowed, with equally
acute, bent leaflets. Uvular flowers are yellow. Tongues and teeth of tubular flowers are densely
covered with golden glands on the outside. Frequency of occurrence Cop. 1

3. Typha angustifiolia Perennial rhizomatous plant. The plant reaches a height of 2.5 m. Leaves
are linear at the base of the stem. Flowers are small, unisexual, with perianth. The inflorescence
is a head-like, long-cylindrical cob. It usually grows in temperature climates, preferring moist
areas. Frequency of occurrence: Cop.2

4. Butomus umbellatus L. The rhizome is creeping, thick. Flower stalks 40-100 cm tall, smooth,
stout. Leaves long, linear, triangular at the base, 4 above, flat, 5-10 mm wide, erect, shorter than
the stem. Inflorence is umbrella-shaped with numerous large pinkish flowers, on pedicels of
unequal length. At the base of the umbrella, there are 3 covering triangular-lanceolate leaflates.
Frequency of occurrence: Cop.2

5. Hydrocharis morsus-ranae L. Branched, unrooted, floating stems with long-petioled,
rosette-like leaves floating on the water surface. Their lamina is rounded, broadly heart-shaped
at the base, with two bracts. The perianth consists of three ovate pale green ovate sepals with
dirty purple veins and three rounded white petals; Frequency of occurrence: Cop.3
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6. Equisetum fluviatile Riverside horsetail, or Equisetum fluviatile, is a species of plant in
the horsetail family. It typically grows in moist soils, including riverbanks, lakes, and marshes.
Frequency of occurrence: Sol.

7. Nymphaea candida J. Presl & C. Presl (White water lily) White water lily, or Nymphaea
candida, is a species of plant in the lily family. It usually grows in freshwater bodies, such as
lakes and ponds, with deep and clear waters. Frequency of occurrence: Sp.

The categorization of macrophytes according to O. Drude's scale highlights the varying
degrees of abundance and distribution of plant species. The dominance of Poaceae, Asteraceae,
and Rosaceae families suggests their ecological significance in these floodplains. The presence of
rare species such as Equisetum fluviatile and Nymphaea candida indicates specific microhabitats
that support specialized flora.

Overall, the study confirms that the floodplain flora of the Aktastinka River is highly
diverse, shaped by hydrological and soil conditions. The findings contribute to the broader
understanding of floodplain ecosystems, emphasizing the importance of conservation efforts to
maintain biodiversity and ecological balance in these wetland habitats

Conclusion

Thus, a comprehensive study of the species diversity of macrophytes growing along the
Akastinka River and in the wetlands of Aktasty village was carried out. The species composition
of vascular plant flora was revealed, and taxonomic and typological analyses were carried out.
Four types of dominant plant communities were identified for the study area: reed, cattail-
sedge, buttercup-onion, flowering rush-bladderwort, and other phytocenoses are represented
by scattered patches.

Floristic composition of the local flora of Aktastinka village and coastal territory is
characterised by rich species diversity of 105 species belonging to 65 genera and 38 families.
The number of floodplain macrophytes totalled 15 taxa, 8 of which the main taxa forming
continuous thickets during recent research:  Phrdgmites austrdlis, Carex rostrata; Typha
angustifélia, Ranunculus repens L., Triglochin maritimum L., Stratiotes aloides L., Utricularia
vulgaris L., Lemna minor L. and 7 taxa that do not form continuous thickets and grow in the
study area. Submerged macrophytes are represented by Nymphaea Candida J. Presl & C. Pres],
Lemna minor L., Hydrocharis morsus-ranae L., Typha angustifélia.

In conclusion, further research on macrophytes in floodplain bogs is necessary for a
better understanding of their role and impact on the ecosystem. This will assist to ensure
the sustainability and biodiversity of these unique natural complexes for future generations.
Observations have shown that macrophytes growing on the coastal territory of the Aktastinka
River for along time lead to the replacement of dense soils with loose ones. Constant or periodic
waterlogging of the soil surface is the main cause of land swamping.
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AKMo0J1a 0GJIBICBIHBIH, )KaWbL/IMAJIbI 6aTHIAKTAapPbIHBIH MaKpouTTEpi

K.I. Bepaenor?, A./l. lyken6aera’, E.X. Mengbi6aeB?, .M. AtaegBa’,
K.M. CarunoBg?, ’)K.U. UukapoBa?l, [A. latayiuna?!, H.E. AiikenoBa!, M.JK. ’Kymary?

1. H. T'ymunee amoindarel Eypasus yammuik yHusepcumemi, Acmaua, KazakcemaH
2"Bomanukasbsik 6ak - Kazakcmaw Pechy6aukacel Ik0102Us HcaHe maburu pecypcmap MuHucmpizi
OpMmaH wapyawblabiFsl JcaHe xcaHyapaap dyHueci komumeminiy"” bomaHuka scaHe pumouHmpodykyus
uHcmumymot " LDKK PMK ¢duauasasi, Acmana, Kazakcman

Angarna. bBys xymeicta Kasakcran Pecny6/iMkacbiHbIH, Apiuasbl ayAaHbl ayMaFblHA OpHaIacKaH
AKTacTbl e3eHi »araJjlaybl ayMaKTapbIHbIH 0He AKTaCThl aybLIbIHBIH CY/bl-0aTHAKThI XXepJepiHiH
»KalblIMaJibl GaTNaKTapblHbIH MaKpOUTTEpPiH y3aK Mep3iM/[li 3epTTey HITHKeJepi KeaTipiareH.
TyreHzey 6apbicbiH/ia AKTACThl aybl/IbIHbIH €J17i MeKeHi MeH afajiay ayMaFblHbIH, QpJIOPUCTHUKAJBIK,
KypaMbl aHbIKTaJI/Ibl, OHbIH, KypaMblHa 65 TyKbIMAac neH 38 TyKbIMAacKa »kataTblH 105 Typ Kipai.
Typaepaiy anyaH TypJijiriMeH KaTtap 6aTnakTbl ¢uiopa MakpoduTTepiHiH Herisri exinjepi 8
rugpodut - Phragmites australis, Carex rostrata apkpuibl aubiKTanAbl; Typha angustifolia, Ranunculus
repens L., Triglochin maritimum L., Stratiotes aloides L., utricularia vulgaris L., lemna minor L. xaHe
T.6. 3epTTey alMaFbIHbIH XepTrilikTi ¢JuiopackiHa eciMAiKTep KaybIMJACTBIFbIHBIH, TOPT TypJi
duToxyienepi Kypbuibl onapAbiH imiHAge 6acbiM TyKbiMpaacTtap: Poaceae, Typhaceae, Cyperaceae,
Ranunculaceae, Amaryllidaceae, Butomaceae, Lentibulariaceae. TepT TypJi ydyackegeri MakpoQUTTi
bJiopanapibl canbICTBIpMasbl TalaAay GUTOLEHO3JApAblH YKCAaCTbIFbIH KepceTTi. 3epTTesieTiH
aiiMaKTaFrbl TAMbIPJIbI 6CIMAIKTEPAiH TAKCOHOMHUSJIBIK KypaMblHa 65 aJnbl )koHe 38 TyKbIMJacTapFa
»kataTblH 105 Typ Kipeni. KocxkapHakThl eciMaikTep 78 TypJeH, 6ipxapHaKTbLIap 27 TYpAEH TYpajbl.
KockapHaKThLIapAblH 6ipKblIAbIKTapFa KaTbhiHACKI 1:2,9 Kypaabl. OpTaiiia ajaraHzaa, 9poip TyYKbIM 2,3
TYPZAEH TYpaZibl, TYKbIMAACTap/AbIH TYPJiK KAHBIKTBIJBIFBI OpTalla KepCeTKIlIlleH CUNaTTalaibl )KoHe
9,5 Kypanabl.

Ty#in cesaep: makpoduTTep, rUAPOPUTTEp, KaFasjayJarbl 6CIMAIKTep, TYpJiepiH dpTypJiijiri,
»KalblIMa 6aTnakKTap

MakpoduTbl HOMMEHHBIX 60J10T AKMOJIMHCKOM 06/1aCTH

K.I. Bepaenor?, A./l. lyken6aera’, E.X. Mengbi6aeB?, .M. Ataega’,

K.M. Carunog?, )K.U. UukapoBa?, [A. latayauna?, H.E. AiikeHoBa®, M.JK. JKymarysn?
1Eepasutickuli HAYUoHa/IbHLIU yHUgepcumem um. I'yvmuaesa, Acmaua, Kazaxcmau
2«AcmaHuHckutl 6omaHuveckutl cad» — guauan PI'TI Ha TTIXB «HHcmumym 60maHuKu u
¢dumounmpodykyuu» Komumema siecHo20 x03s1licmea u x#ug8omHozo mupa MuHucmepcmaa skos102uu u
npupodHsix pecypcoe Pecnybauku Kasaxcmah, Acmana, Kazaxcman

AHHOTanusA. B faHHOM cTaTbe MpejcTaB/ieHbl pe3y/bTaTbl MHOTOJIETHUX UCC/Ie[0BaHUNA MaKpOpUTOB
NOMMEHHBIX 60JIOT MPUOPEKHBIX TEPPUTOPUM peKH AKTAaCTUHKA M 3a60JI0YEHHBIX YYACTKOB ceJia
AKTAaCTBI, PacroJIO)KeHHOI'0 B ApLIaJIbIHCKOM palioHe AKMOJIMHCKOM 06./1acTy Pecny61nku KasaxcraH.
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B xo/le MHBeHTapu3aluU BbISIBJeH (PJIOPUCTUYECKUN COCTAB OKPECTHOCTeM cejla AKTAacTHHKA U
NpUOPEKHON TEPPUTOPUH, cocTaBUBIINK 105 BHI0B, OTHOCAIUXCA K 65 pojgam v 38 ceMelcTBaM.
Hapsiay c BUZ0BbIM pazHoo6pa3ueM olnpejiesieHbl OCHOBHbIE MPeCTAaBUTENU MaKPOPUTHI 6OJOTHOM
¢dJiophl, npeacTaBieHHble 8 rupodutamu - Phragmites australis, Carex rostrata; Typha angustifolia,
Ranunculus repens L., Triglochin maritimum L., Stratiotes aloides L., Utricularia vulgaris L., Lemna minor
L. B sokanbHOU Quiope M3yyaeMOro y4acTKa yCTaHOBJIEHbBI YeThbIpe TUIA PACTUTEJbHBIX COOOLIECTB
C JOMHUHUpPOBaHUEM IIpeJCcTaBUTesell cieayoolux ceMelcTB: Poaceae, Typhaceae, Cyperaceae,
Ranunculaceae, Amaryllidaceae, Butomaceae, Lentibulariaceae NpOTS)K€HHOCTbI) HECKOJbKO KHJIO-
MeTpoB. CpaBHUTEIbHBIN aHaIU3 $JI0p MaKpPOPUTOB Ha UeThIpeX Pa3HbIX yYacTKax OKa3aJl CX0KeCThb
¢duToneHo30B. TakcoHOMUYECKUU cocTaB GJIOpPbl COCYUCTBIX PACTEHUN Ha UCCAEAyeMOM y4dacTKe
HacyuTbeiBaeT 105 BUJ0B, oTHOcAWuUxcA K 65 pojaM u 38 ceMmeilcTBaM. /IBylOJIbHble pacTeHUs
npejAcTaBJieHbl 78 BUAAMHU, 0AHOA40AbHbIe 27 BUAAaMU. COOTHOIIEHUE ABYAOJAbHBIX K OAHOA0JbHbBIM
coctaBusio 1:2,9. B cpeHeM Kax b1l poJ, pecTaBJ/ieH 2,3 BUAaMu, BU/0Basi HACBIIIEHHOCTb CEMENCTB
XapaKTepUu3yeTcsl CpeJHUM NoKa3aTeJseM U cocTaBjseT 9,5.

Kniwo4yeBbie ciaoBa: MakpoduThl, rupoduThl, NpUOpPEXHbIE pacTeHHs], BUAOBOE pa3HOOOpasue,
nolMeHHble 60J10Ta
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Abstract. Botulinum neurotoxin is one of the most potent biological toxins
known, capable of causing severe paralysis by blocking neurotransmitter
release. The use of botulinum neurotoxin (BoNT) has grown beyond its
traditional application for muscle overactivity disorders, now being explored
for the treatment of various chronic pain conditions such as chronic migraine
(CM) and painful diabetic peripheral neuropathy (PDPN). This article aimed to
assess the therapeutic potential of a newly engineered botulinum neurotoxin
molecule, el-iBoNT, in animal models of CM and PDPN pain. Utilizing the
innovative SpyCatcher-SpyTag protein conjugation method, we successfully
produced functional botulinum neurotoxin molecules with significantly reduced
paralytic effects compared to the native toxin. In both CM and PDPN models, a
single administration of el-iBoNT resulted in substantial pain relief, alleviating
both mechanical and thermal hypersensitivity. The findings demonstrate that
el-iBoNT holds promise as an effective therapeutic agent for managing chronic
pain in these conditions. Additionally, the reduced paralytic activity of el-iBoNT
suggests a safer profile compared to traditional BoNT therapies. Overall, this
research supports the potential of el-iBoNT as a novel treatment option for
chronic pain, offering a promising alternative to existing pain management
strategies, particularly those that rely on opioids, which often carry the risk of
dependency and severe side effects.

Keywords: non-paralytic botulinum neurotoxin, el-iBoNT, chronic migraine,
painful diabetic peripheral neuropathy, mechanical sensitivity, temperature
sensitivity, rat grimace scale
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A novel non-paralytic botulinum neurotoxin type A for chronic pain management in animal models

Introduction

Botulinum neurotoxin type A (BoNT/A) is the longest-acting serotype due to its unique
mechanism of action, involving the cleavage of the SNAP25 target protein (9 amino acids).
This results in prolonged inhibition (approximately 6 months) of SNARE complex function in
presynaptic nerve terminals [1-3]. In neuromuscular terminals, BONT/A blocks acetylcholine
exocytosis, leading to muscle relaxation. This property has found applications in cosmetic
procedures and the treatment of conditions such as strabismus, blepharospasm, and
hemifacial spasm [4-6]. When acting on sensory nerve endings associated with pain, BONT/A
exhibits additional mechanisms of action. These include inhibiting the release of nociceptive
neurotransmitters at peripheral terminals [7-8], modulating the expression of ion channels and
pain receptors [9], and exerting effects within the central nervous system [10-12].

Despite its therapeutic potential, the paralytic effects of native BONT/A limit its broader
application. To address this issue, several laboratories have developed modified, non-paralytic
botulinum molecules using advanced technologies. These include SNARE-stapling constructs
such as Binary Toxin (BiTox), Binary Toxin/AA (BiTox/AA), Tetanus Toxin (TetBot), Substance
P Toxin (SP-Bot), Dermorphine Toxin (Derm-Bot), and isopeptide-bonded molecules like iBoNT
and elongated iBoNT (el-iBoNT), developed using the SpyCatcher-SpyTag system [13]. This
study aims to evaluate the analgesic potential of the newly engineered el-iBoNT molecule as a
non-paralytic treatment for chronic pain in animal models.

Materials and research methods

Botulinum Preparations

The experiments utilized native incobotulinumtoxinA, Xeomin® (Merz Pharma GmbH
& Co. KGaA, Germany), and a novel non-paralytic botulinum toxin, el-iBoNT, prepared at the
University of Sheffield (Sheffield, UK). To produce el-iBoNT, represented as (1) Light chain-
Translocation domain-syntaxin 1A-SpyCatcher - (2) SpyTag-Heavy Chain, two recombinant
proteins - (1) and (2) - were expressed in the BL21(DE3) Escherichia coli strain. Competent
cell transformation was performed via heat shock using the pGEX-KG vector. Recombinant
proteins fused with glutathione S-transferase (GST) were purified on glutathione-Sepharose
beads (GE Healthcare, USA), followed by thrombin cleavage. Further purification was achieved
using affinity chromatography on a Superdex 200 10/200 GL column (GE Healthcare, USA). The
protein yield was approximately 200 pg per liter of bacterial culture. The el-iBoNT complex
was assembled by mixing LC-Td-syx-SpyCatcher and SpyTag-HC for 2 hours at 4°C in Buffer A.
Purified proteins were aliquoted and stored at -80°C for subsequent experiments.

Experimental Animals

The study subjects were sexually mature male laboratory rats bred and raised under the
controlled conditions of the academic and research laboratory facility at Al-Farabi Kazakh
National University (Almaty, Kazakhstan).
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Chronic Pain Models

A nitroglycerin (NTG)-induced chronic migraine model was established via five intraperitoneal
NTG injections (10 mg/kg) administered every two days over nine days (Figure 1A) [14]. A
streptozotocin (STZ)-induced model of diabetic peripheral neuropathic pain was created using
a single intraperitoneal STZ injection (45 mg/kg) (Figure 1B) [15].

Figure 1. Timeline of behavioral testing: (a) CM model; (b) DPNP model

Behavioral Tests

The Rat Grimace Scale (RGS) was used to quantify pain by assessing specific facial features
across four distinct action units: orbital tightening, nose/cheek flattening, ear changes, and
whisker changes. Each action unit was scored on a 3-point scale (0 = no change, 1 = moderate
change, 2 = obvious change) [16]. The von Frey Test involved placing rats in plexiglass chambers
on an elevated grid and allowing them to acclimatize. Following acclimatization, the plantar
surface of the paw was stimulated with a von Frey filament (BioSeb, France). The pain threshold
was defined as the force (in grams) at which the rat withdrew its paw. The Hargreaves Test
involved placing rats in plexiglass chambers on an elevated platform. After acclimatization, the
plantar surface of the paw was stimulated with a heat beam (Hargreaves Apparatus, Ugo Basile,
[taly). The pain threshold was defined as the time (in seconds) before the paw was withdrawn.

Injections

In the NTG model, prophylaxis was performed via bilateral periorbital injections of 2.5 U
Xeomin®/10 ng el-iBoNT seven days before the first induced migraine episode. In the STZ model,
pain control was administered on day 28 following STZ injection. This involved plantar injections
of 5 U Xeomin®/20 ng el-iBoNT. Additionally, el-iBoNT (50 ng, 100 ng, and 150 ng) was injected
into the gastrocnemius muscle to visually assess the in vivo paralytic activity of the molecules.
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Statistical Analysis
Statistical analyses were performed using Prism 10.1.1 (GraphPad Software, La Jolla, CA,
USA) and IBM SPSS Statistics for Windows, Version 29.0.1.0 (Armonk, NY, USA).

Results

The non-paralytic botulinum neurotoxin el-iBoNT differs from the native toxin in its structural
characteristics (Figure 2). The length and mass of el-iBoNT are 22.8 nm and 182,255 Da, respectively,
which are higher than those of the native toxin, which measures 12.5 nm and 149,425 Da.

Figure 2. SDS-PAGE of el-iBoNT

It was demonstrated that when up to 150 ng of the new preparation was injected into the
right gastrocnemius muscle of the rat, no motor dysfunction symptoms were observed, and the
rats maintained normal mobility (Figure 3). However, rats exposed to 20 U of BONT /A showed a
characteristic response: the toes of the ipsilateral paw were clenched, the leg was extended, and
the rat could not bear its weight. The animals exhibited jumping movements and had difficulty
balancing while standing on their hind legs.

4

L¥5)

Number of rats with signs of
paralysis
2

BoNT/A.20U el-iBoNT.50ng  el-iBoNT, 100 ng el-iBoNT, 150 ng

Figure 3. Histogram showing the number of rats affected by botulinum neurotoxin injections (n = 3)
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The CM model involved 24 animals, which were divided into 4 groups (6 animals in each
group) depending on the administered substances: 1. CTRL (n=6): saline + saline; 2. CTRL-NTG
(n=6): saline + nitroglycerin (NTG), 10 mg/kg; 3. BONT-NTG (n=6): botulinum toxin type A
(BoNT/A), 5 U + NTG, 10 mg/kg; 4. ELI-NTG (n=6): modified botulinum toxin (el-iBoNT), 20 ng
+ NTG, 10 mg/kg.

A total of 144 images were obtained, which were evaluated by two independent researchers
using the rat grimace scale. Representative photographs are shown in Figure 4. The overall
Cronbach’s alpha coefficient was 0.81, with the highest score for orbital narrowing (0.93).

Note: 1 - ear change, 2 - orbital narrowing, 3 - smoothing of nose/cheeks, 4 - vibrissae change
Figure 4. Representative images of rat grimaces

Groups CTRL and CTRL-NTG showed significant differences in the intergroup comparison
of grimace scale (GS) and orbital narrowing (ON) on Days 0-8. No significant differences were
found between the groups CTRL-NTG and BONT-NTG throughout the experiment. Significant
differences between groups CTRL-NTG and ELI-NTG were observed in most cases (Days 2-8 for
GS, Days 0-8 for ON). Animals in the ELI-NTG group also showed statistically significantly lower
scores compared to BONT-NTG (Days 2, 6 for GS, Day 6 for ON; Figure 5).

On the days of nitroglycerin injection (10 mg/kg, i.p.), the animals developed mechanical
hypersensitivity measured as a decrease in the mechanical threshold on the hind paws.
Extracranial injections of el-iBoNT (20 ng) five days prior to CM induction maintained the
mechanical threshold at levels comparable to native animals (Figure 6A). On the fourth,
sixth, and eighth days of nitroglycerin injections, animals developed thermal hypersensitivity,
measured by a decrease in the latency period in response to heating the medial surface of the
hind paw. Extracranial injections of BONT/A and el-iBoNT maintained the thermal threshold at
levels comparable to native animals only on Day 8 (Figure 6B).
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Note: B - baseline, DO - session 1, D2 - session 2, D4 - session 3, D6 - session 4, D8 - session 5; CTRL
(n=6), CTRL-NTG (n=6), BONT-NTG (n=6), ELI-NTG (n=6); asterisks indicate intragroup differences.
*p<0.05, *p<0.01, **p<0.001, ****p<0.0001.

Figure 5. Intergroup comparison of orbital narrowing: (a) CTRL vs CTRL-NTG;
(b) CTRL-NTG vs BONT-NTG; (c¢) CTRL-NTG vs ELI-NTG; (d) BONT-NTG vs ELI-NTG

Note: -7 - seven days before CM induction, 0, 2, 4, 6, 8 - days of CM induction; CTRL (n=6), CTRL-NTG
(n=6), BONT-NTG (n=6), ELI-NTG (n=6); asterisks indicate intragroup differences compared to baseline
levels. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Figure 6. Changes in (a) mechanical and (b) thermal hypersensitivity NTG model
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The PDPN model involved 26 animals, which were divided into 4 groups as follows: 1. CTR
(n=6): saline + saline; 2. STZ-CTR (n=6): streptozotocin (STZ), 45 mg/kg + saline; 3. STZ-BONT
(n=7): STZ, 45 mg/kg + BoNT/A, 5 U; 4. STZ-ELI (n=7): STZ, 45 mg/kg + el-iBoNT, 20 ng.

The average blood glucose level in the STZ group was above 410 mg/dl (non-fasting)
throughout the experiment. Other signs of diabetes were observed in this group, including
weight loss, polydipsia, polyuria, and polyphagia (data not provided). In these animals, a single
unilateral injection of BONT/A (5 U) or el-iBoNT (20 ng) into the hind paw significantly reduced
both mechanical (Figure 7A) and thermal hypersensitivity (Figure 7B).

Note: -2 - 7 days before the induction of diabetes, 0, 3, 7, 14, 21, 28, 25, 42 - days after STZ injection;
CTR (n=6), STZ-CTR (n=6), STZ-BONT (n=7), STZ-ELI (n=7); asterisk indicates within-group differences
compared to baseline levels. *p<0.05, **p<0.01, **p<0.001, ****p<0.0001.

Figure 7. Changes in (@) mechanical and (b) thermal hypersensitivity in the PDPN model
Discussion
Attempts to develop non-paralytic variants of botulinum neurotoxin have been made
previously. The protein stapling technique was used to generate BiTox [17, 18], BiTox/AA [19],

TetBot [20], SP-Bot [21, 22], and Derm-Bot [21, 23]. However, the stapling method required the
assembly of three polypeptides, and pain relief was only achieved at high nanogram doses, which
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raises concerns about potential immune responses upon repeated administration. Moreover,
the non-covalent nature of the stapling process means that dissociation of the components
cannot be ruled out [24].

Unlike these stapled molecules, el-iBoNT was designed using a different approach: isopeptide
bonding. Notably, the novel elongated botulinum neurotoxin has only been investigated
in one study to date, where it was shown to treat nerve injury pain without causing muscle
paralysis [24]. This technique allows for the spontaneous covalent linkage of the two botulinum
components upon mixing, ensuring molecular stability. The results of our study show that el-
iBoNT effectively reduces mechanical and thermal hypersensitivity in animal models of chronic
migraine and painful diabetic peripheral neuropathy.

One of the most notable advantages of el-iBoNT is the lower required dosage for effective
pain relief. For example, while BiTox required hundreds of nanograms for analgesic effects [18],
el-iBoNT was effective at 20 ng, suggesting improved potency. Moreover, SP-Bot and Derm-
Bot [21] target specific neuronal populations (NK1R and p-opioid receptors, respectively),
whereas el-iBoNT retains a broader mechanism of action, making it applicable to multiple pain
conditions.

Another key advantage of el-iBoNT is its significantly reduced paralytic activity compared
to both native BoNT/A and other engineered variants. While traditional BoNT/A blocks
neurotransmission at both sensory and motor nerve terminals, leading to pain relief but also
muscle paralysis, el-iBoNT was specifically designed to avoid neuromuscular toxicity while
maintaining analgesic effects. This distinction is particularly evident when comparing el-iBoNT
with iBoNT. Electromyographic analysis has shown that animals injected with iBoNT exhibited
significant motor deficits, whereas el-iBoNT-treated animals retained normal motor function.
Furthermore, immunohistochemical studies demonstrated thatiBoNT caused stronger cleavage
of SNAP25 in neuromuscular junctions, whereas el-iBoNT had minimal activity at these sites,
explaining its lack of paralytic effects [24].

While the full mechanisms underlying the analgesic effects of el-iBoNT remain to be
elucidated, recent findings suggest that it may share common pathways with BoNT/A. The
analgesic effects of BONT/A are believed to involve inhibition of neurotransmitter release
(CGRP, Substance P, glutamate), modulation of nociceptive ion channels (TRPA1, TRPV1, P2X3),
and retrograde transport to central pain-processing areas [25, 26]. [t was demonstrated that el-
iBoNT shares at least some of the key features of BONT/A action. Firstly, Leese et al. confirmed
that el-iBoNT cleaves SNAP25 in TRPV1-positive sensory fibers, further supporting its role in
modulating nociceptive transmission via ion channel regulation. Additionally, el-iBoNT has
been shown to suppress microglial activation in the dorsal horn, which may contribute to its
central antinociceptive effects [24].

Taken together, these findings confirm that el-iBoNT retains the key analgesic mechanisms of
BoNT/A while offering a potentially improved safety profile due to its reduced paralytic activity.
Further studies are warranted to explore its long-term effects on neurotransmitter release, ion
channel expression, and microglial function to fully define its therapeutic potential. In addition,
clinical trials will be necessary to confirm the safety and efficacy of el-iBoNT in human patients.
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While we demonstrated the absence of paralysis, additional studies are required to evaluate
potential off-target effects.

Conclusion

The new findings presented here can be divided into several key conclusions. First, it was
demonstrated that the SpyCatcher-SpyTag protein conjugation approach allows for the creation
of a functional botulinum neurotoxin. This method represents a safe approach to producing
botulinum molecules for therapeutic use. Second, it was shown that the el-iBoNT molecule
exhibits significantly lower paralytic activity compared to the native toxin, highlighting the
importance of structure in the action of molecules derived from BoNT/A. Third, el-iBoNT
effectively alleviates pain induced by systemic administration of nitroglycerin in the NTG-
induced chronic migraine model. Fourth, the effectiveness of el-iBoNT in pain therapy was
demonstrated in the STZ-induced diabetic peripheral neuropathy pain model. Together, our
study suggests that the engineered el-iBoNT molecule could become a new therapeutic agent
for individuals suffering from chronic migraine and diabetic peripheral neuropathy. This is
crucial given the currently limited therapeutic options for treating chronic pain, which are often
ineffective, cause intolerable side effects, and contribute to the opioid crisis.

Author Contributions

B.D., A.K. - concept and supervision of the work; A.Z. - conducting the experiments; A.Z.,
B.D., A.K. - discussion of the research results; A.Z. - writing the text; A.Z., B.D., and A.K. -
editing the text of the article. All authors have read and agreed to the published version of the
manuscript.

Funding
This research was funded by the Committee of Science of the Ministry of Science and Higher
Education of the Republic of Kazakhstan (Grant No BR27198099).

Acknowledgments
The software used in this study was provided by Anna Andreou, King’s College London, UK.

Conflicts of Interest
The authors declare no conflicts of interest.

Compliance with ethical standards

The experiments were conducted with the approval of the local ethics committee of Al-Farabi
Kazakh National University (Almaty, Kazakhstan), protocol NeIRB-377 dated 24.02.2022. All
procedures performed in studies involving animals complied with the ethical standards of the
institution where the studies were conducted and the approved legal acts of the Republic of
Kazakhstan and international organizations.

78 N21(150)/ JLH. ['ymunes ameinoarel Eypasus yammuik ynueepcumeminiy XABAPIIBICBI. Buo.102us1blK FolablMOap cepusicbl
2025 BULLETIN of L.N. Gumilyov Eurasian National University. Bioscience series
BECTHHK Espasuiickozo HayuoHa/1bHo20 yHugepcumema umeHu J1.H. ['ymuaesa. Cepust 6uosozuveckue HayKu



A novel non-paralytic botulinum neurotoxin type A for chronic pain management in animal models

References

1. Schiavo G, Poulain B, Benfenati F, DasGupta BR, Montecucco C. Novel targets and catalytic activities
of bacterial protein toxins. Trends in microbiology. 1993; 1(5):170-4. https://doi.org/10.1016/0966-
842x(93)90086-7

2.Sutton RB, FasshauerD,Jahn R, Brunger AT. Crystal structure of a SNARE complex involved in synaptic
exocytosis at 2.4 A resolution. Nature. 1998; 395(6700):347-53. https://doi.org/10.1038/26412

3. Stidhof TC, Rothman JE. Membrane fusion: grappling with SNARE and SM proteins. Science. 2009;
323(5913):474-7. https://doi.org/.1126/science.1161748

4. HuxkudopoB BB. BoryinHuyeckuil HeMpOTOKCUH—MU $Ji, U JIeKapCTBO: GOTYJMHOTepanus U
ATPOTEHHBIN 60TYIN3M. JNUAEMUOJIOTUS U UHPEKLMOHHBIe 60s1e3HU. 2022;27(6);341-59. https://doi.
org/10.17816/EID192525

5. Chen S. Clinical uses of botulinum neurotoxins: current indications, limitations and future
developments. Toxins. 2012; 4(10):913-39. https://doi.org/10.3390/toxins4100913

6. Schlessinger |, Gilbert E, Cohen ]JL, Kaufman ]. New uses of abobotulinumtoxinA in aesthetics.
Aesthetic Surgery Journal. 2017; 37(suppl_1):S45-58. https://doi.org/10.1093/asj/sjx005

7.Silva LB, Karshenas A, Bach FW, et al. Blockade of glutamate release by botulinum neurotoxin type A
in humans: a dermal microdialysis study. Pain Research and Management. 2014; 19(3):126-32. https://
doi.org/10.1155/2014/410415

8. Cernuda-Morollon E, Ramén C, Martinez-Camblor P, et al. OnabotulinumtoxinA decreases
interictal CGRP plasma levels in patients with chronic migraine. Pain. 2015; 156(5):820-4. https://doi.
org/10.1097/j.pain.0000000000000119

9. Zhang X, Strassman AM, Novack V, Brin MF, Burstein R. Extracranial injections of botulinum
neurotoxin type A inhibit intracranial meningeal nociceptors’ responses to stimulation of TRPV1 and
TRPA1 channels: Are we getting closer to solving this puzzle?. Cephalalgia. 2016; 36(9):875-86. https://
doi.org/10.1177/0333102416636843

10. Lackovi¢ Z, Filipovi¢ B, Matak I, Helyes Z. Activity of botulinum toxin type A in cranial dura:
implications for treatment of migraine and other headaches. British journal of pharmacology.
2016;173(2):279-91. https://doi.org/10.1111/bph.13366

11. Favre-Guilmard C, Auguet M, Chabrier PE. Different antinociceptive effects of botulinum toxin
type A in inflammatory and peripheral polyneuropathic rat models. European journal of pharmacology.
2009;617(1-3):48-53. https://doi.org/10.1016/j.ejphar.2009.06.047

12. Bach-Rojecky L, Salkovi¢-Petrisi¢é M, Lackovi¢ Z. Botulinum toxin type A reduces pain
supersensitivity in experimental diabetic neuropathy: bilateral effect after unilateral injection. European
journal of pharmacology. 2010;633(1-3):10-4. https://doi.org/10.1016/j.ejphar.2010.01.020

13. Zhantleuova A, Leese C, Andreou AP, et al. Recent developments in engineering non-paralytic
botulinum molecules for therapeutic applications. Toxins. 2024;16(4):175. https://doi.org/10.3390/
toxins16040175

14. Pradhan AA, Smith ML, McGuire B, et al. Characterization of a novel model of chronic migraine.
Pain. 2014;155(2):269-74. https://doi.org/10.1016/j.pain.2013.10.004

15. Morrow TJ. Animal models of painful diabetic neuropathy: the STZ rat model. Current protocols in
neuroscience. 2004;29(1):9-18. https://doi.org/10.1002/0471142301.ns0918s29

16. Grimace scale: Rat [Internet]. London: NC3Rs; 2011 [cited 2024 July 25]. Available from: https://
www.nc3rs.org.uk/3rs-resources/grimace-scales/grimace-scale-rat

JLH. 'ymunes amuindarsl Eypasus yammuik ynusepcumeminiyy XABAPIIBICBL. Buo102usifAblK FolablMOap cepusicel N21(150)/ 79
BULLETIN of L.N. Gumilyov Eurasian National University. Bioscience series 2025
BECTHHK Espasuiickozo HayuoHa1bHo20 yHUsepcumema umenu J1.H. ['ymusesa. Cepust 6uosozudeckue HaQyKu



A.K. Zhantleuova, A.S. Karimova, B.A. Davletov

17.Ferrari E, Maywood ES, Restani L, et al. Re-assembled botulinum neurotoxin inhibits CNS functions
without systemic toxicity. Toxins. 2011;3(4):345-55. https://doi.org/10.3390/toxins3040345

18. Mangione AS, Obara I, Maiara M, et al. Nonparalytic botulinum molecules for the control of pain.
Pain. 2016;157(5):1045-55. https://doi.org/10.1097 /j.pain.0000000000000478

19. Andreou AP, Leese C, Greco R, et al. Double-binding botulinum molecule with reduced muscle
paralysis: Evaluation in in vitro and in vivo models of migraine. Neurotherapeutics. 2021;18(1):556-68.
https://doi.org/10.1007/s13311-020-00967-7

20. Ferrari E, Gu C, Niranjan D, et al. Synthetic self-assembling clostridial chimera for modulation of
sensory functions. Bioconjugate chemistry. 2013;24(10):1750-9. https://doi.org/10.1021/bc4003103

21.Maiaru M, Leese C, Certo M, et al. Selective neuronal silencing using synthetic botulinum molecules
alleviates chronic pain in mice. Science Translational Medicine. 2018;10(450):eaar7384. https://doi.
org/10.1126/scitranslmed.aar7384

22. Maiaru M, Leese C, Silva-Hucha S, et al. Substance P-botulinum mediates long-term silencing of
pain pathways that can be re-instated with a second injection of the construct in mice. The Journal of
Pain. 2024;25(6):104466. https://doi.org/10.1016/j.jpain.2024.01.331

23. HarounR, GossageS], IsepponF, etal. Novel therapies for cancer-induced bone pain. Neurobiology
of Pain. 2024;16:100167. https://doi.org/10.1016/j.ynpai.2024.100167

24. Leese C, Christmas C, Mészaros ], et al. New botulinum neurotoxin constructs for treatment of
chronic pain. Life Science Alliance. 2023;6(6). https://doi.org/10.26508/1sa.202201631

25. Matak I, Bolcskei K, Bach-Rojecky L, Helyes Z. Mechanisms of botulinum toxin type A action on
pain. Toxins. 2019;11(8):459. https://doi.org/10.3390/toxins11080459

26. Lackovi¢ Z. New analgesic: Focus on botulinum toxin. Toxicon. 2020 May 1;179:1-7. https://doi.
org/10.1016/j.toxicon.2020.02.008

KanyapsiapablH aybIpChIHY YJ/ITiIepiHAeri coO3bl/IMaJIbl aybIPChIHY/ABI eM/eyre apHaJIFaH
A TinTi )kaHa GOTY/IMHHIH Iapauy eMec MoJIeKy/a/Iapbl

A.K. ’KantneyoBa?, A.C. Kapumoga’, b.A. /laB/ieToB?
19a-Papabu amviHdarsbl Kazak yammulK yHusepcumemi, Aamamol, Kazakcmat
’llle¢pgpund ynusepcumemi, lllecppund, ¥avi6pumarus

Anparna. BoTy/uH/[iK HEUPOTOKCUH - HEHPOTPAaHCMUTTEpPJIepAiH, 66/iHyiH 6ereil OTHIPHIN, aybIp
caJilaHy/Ibl TYZbIPAThIH €H KYIITi 6MOJOTHSJIBIK TOKCUHIePAiH 6ipi. BoTynuuaik HelipoTokcuH (BoNT)
JOCTYpJii TYp/ie OYJIIIBIKET F'MIIEPAaKTUBTIJIITIH eM/ley/ie KOJIIAaHbLIbII KeJITeH, a/laiijja Kasipri yakpiTTa
0J1 PTYPJii CO3bLIMAJbI AybIPCHIHY Kaf/AalJapblH, OHBIH illiHAe co3blIMasibl Murpedb (CM) skaHe
ayblp nuabeTTik nepudepusibik HeriponaTus (PDPN) cusgkThl aypysiap/ibl eMAey YIIiH KOJITaHbLIbIIT
KeJsieZli. bys 3epTTey »kaHA WHXUHUPUHITeJreH OGOTYJUHAIK HEUpPOTOKCUH MoJieKyJsachl, el-iBoNT,
OHBIH, CO3blJIMaJjibl MUIPEHb MeH ayblp JUabeTTik nepudepUsblK HelponaTuss MojesfepiHferi
TepaneBTiK ajeyeTiH 6aFranayabl MakcaT eTTi. SpyCatcher-SpyTag aKyb13/ibl 6allJIaHBICTBIPFBILT 9iCiH
naijajaaHa oThIphbi, 6i3 PyHKLHOHAN bl GOTYJAUH/IK HEHPOTOKCUH MOJIeKYJlaJlapblH COTTI OHAIpPAIK,
onap OacTamKbl TOKCUHTe KapaFaH/Ja alTapJ/iblKTail TeMeH MapajJUTHUKaJbIK OesceHJinikke ue.
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CM »xaHe PDPN mopenbaepinge el-iBoNT 6ip peT eHrisiiireHHeH KeliH aybIpChIHYAbI alTap/bIKTal
KeHUIZIeTill, MeXaHUKaJIbIK >KoHe TEepMUAJIBbIK TIuIllepce3iMTaJAbIKThl TeMeHJeTTi. bys 3eprrey
HoTKesepi el-iIBoNT-TiH co3blIMalibl aybIpChIHY/Ibl 6AaCKapy YILUiH THiIMAI TepaneBTiK areHT peTiH/e
KOJIJTaHbLJIAThIHBIH KepceTe/i. CoHbIMeH KaTap, el-iBoNT-TiH TeMeH mapaluTHKaJbIK OGeJjCeHAiiri
oHbIH, JacTypJi BoNT TepanusiapbeiHa KaparaH/a Kayincis ekeHzirin kepceteni. XKanmbl, 6yJ1 2kyMbIc
el-iBoNT-Ti aHa eMzey HycKachl peTiHJle JaMbITY/lblH MYMKIH/JITiH KOJJal/ibl, 6y CO3bLIMaJibl
aybIPCBIHYABI KEHUIJETyre KoHe JICTYpJii ayblpChbIHY[bl eMJey CTpaTervsjapblHa, OHbIH ILIiHJe
oNHOoUATapFa TOYEJAIMIKTI a3aliTyFa MYMKiH/IK 6epei.

TyiiiH ce3aep: napaTuTHKAJIBIK eMec 60TYJINH/iK HeUpOTOKCHH, el-iBoNT, co3bliiMasbl MUTpPeHbB, aybIp
AuabeTTik nepudepursiblK HelponaThs, MeEXaHUKaJbIK Ce31MTalAbIK, TEMIIEPATYPaJIbIK Ce3iMTaNbIK,
ereyKyMpbIKTap/iblH, 6€T-aJIIeTi HKaaachl

HoBblii Hemapa/JIMTH4YeCKHI GOTYIMHUYeCKMH HEMPOTOKCUH TUIIA A AJIA JiedeHUs XPOHUYEeCKOH
60JI1 B ’)KHBOTHBIX MO/JEJIAX 6011

A.K. ’Kantneyosa?, A.C. Kapumoga’, b.A. /laB/ieToB?
"Kazaxckull HayuoHabHblll yHUBepcumem uM. aab-Papabu, e. Aamamsi, KasaxcmaH
Ille¢pgpundckuti yHusepcumem, e. lllepgpuao, Beaukobpumanusi

AHHOTanusA. BoTyTuHUYecKUH HEUPOTOKCHUH — OJMH M3 CaMbIX MOILHBIX GMOJOrHYECKUX TOKCHHOB,
CIOCOOHBIA BbBI3BIBATH TSKEJbIA MNapasuy, OJOKHUPYs BbICBOOOXKZAEHHE HEWPOTPAHCMUTTEPOB.
HUcnosib3oBaHue 6OTYIMHUYECKOTO HellpoTokcrHa (BoNT) paciivpsieTcs 3a npefiesibl TPaJUIIMOHHOTO
IpUMMeHeHUs1 [/ JledeHUsl pPacCTPOWMCTB TUIepCOKpallleHWs MBI, U aKTUBHO HCCJIeAyeTcs A
JledeHUs pas3/IMYHbIX XPOHUYECKHX 00JIeBbIX COCTOSIHMM, TaKUX, KaKk XpoHHUYecKass MUrpeHb (XM) u
6osieBasi guabeTudeckass nepudepuyeckas Hedponatusa (BJIH). Lleablo gaHHOro McciefoBaHUA
ObLJIO OLEHUTh TepaleBTHUYEeCKUH MOTeHLMaJl HOBOM MOJIEKY/bl GOTYJIMHUYECKOTO HEHMPOTOKCHUHA,
el-iBoNT, B Mozesnsix 6oseBoro cuHgpoma npu XM u B/IIIH. HUcnosib3yss MHHOBALMOHHBIA MeTO[,
KoHbloranuu 6enkoB SpyCatcher-SpyTag, Mbl ycnemHo co3fanu (YHKIMOHAIbHYI MOJIEKYJLY
O60TYJIMHUYECKOI'0 HEHPOTOKCUHA C CYLIeCTBEHHO CHHWXXEHHOH NapajJUTHYeCKOM aKTHBHOCTBIO IO
CPaBHEHMIO C HAaTUBHBIM TOKCHMHOM. B o06enx Mogensax mocje ofHOKpaTHoro BBefeHud el-iBoNT
HabJII0]aI0Ch 3HAYUTEJNbHOEe oGJierdeHre 60JIM, YTO NMPOSBUJIOCh B CHIXKEHHU KaK MeXaHU4YeCKOH,
TaK U TEeMIEepPaTypHOW THUIEepPYYBCTBUTEJNbHOCTU. JTU Pe3y/AbTaThl AeMOHCTPUPYIOT, 4TO el-iBoNT
npejacTaBJsieT co6oil 3GdeKTUBHBIA TepaneBTUUYECKHUM areHT /i JieYeHUS XPOHUYECKOU 60Jiu
npu XM u B/I[TH. Kpome Toro, cHWxeHHasi napajdThyeckass akTUBHOCTb el-iBoNT mpepamnosiaraet
ero 6oJiee 6e30nacHbI¥ NpoQUIb [0 CPAaBHEHHUIO C TpaJULMOHHBIMU npenapatamMu BoNT. B nesom
JIaHHOEe KCC/e/loBaHue NoATBepaaeT noteHIMan el-iBoNT kak HOBOHM Tepanuu XpOHUYECKOH 60J1H,
npejiarasl MepcleKTUBHYIO aJbTEPHATHBY CYyLIeCTBYIOIUM CTpaTerusM Jed4eHHUs 00JIM, 0COOEHHO
TeM, KOTOpble OCHOBaHbl Ha NIPUMEHEHUH ONUOUJ0B, YACTO CONMPSIKEHHBIX C PUCKOM 3aBUCUMOCTH U
cepbe3HbIX MO60YHBIX 3P PEKTOB.

Kinio4yeBble c/i0Ba: HemapajUTHYeCKUM OGOTYJIMHUYECKUM HeWpoTokcvH, el-iBoNT, xpoHudeckas
MUTpeHb, 60JsieBas AuabeTHyeckas nepudepudyeckas HelponaTus, MeXxaHU4ecKasd 4yBCTBUTEbHOCTD,
TeMIlepaTypHas Y4yBCTBUTEJIbHOCTD, IIKaJ/Ia FPUMAcC KPbIC
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MOHMTOPHUHT PACIPOCTPAHEHHOCTH U AHTUOMOTUKOPE3UCTEHTHOCTH
Acinetobacter baumannii B MHOronpo@$u/JIbHOM CTallMOHape ACTaHbI

H.C. Cyrum6ekoBa*!", H.M. BucenoBa'? ', M.Y. lycmaram6etoB! , B.C. YpekemoB!
A.C. EpranueBa? , I'A. BekHus30Ba!

IMeduyunckuli ynusepcumem Acmaua, AcmaHa, Kazaxcmat
2HayuoHaabHbll HayvHbil MeduyuHckuli yenmp, Acmata, Kazaxcmat

*Aemop-koppecnondenm: sutimbekova.n@amu.kz

AHHOTanums. Acinetobacter baumannii - ogHa U3 caMbIX ONACHBIX BHYTPHUO0JIb-
HUYHBIX UHPEKLUUN, MTPUBOAAIIMX K JE€TAJbHOCTU GOJIbHBIX C 0CJa0JeHHbIM
MMMYHUTETOM, 0COOEHHO B OT/eJIEHUAX peaHMMallud U UHTEHCUBHOU Tepa-
nuu. MHorve mTaMMbl YCTOMYMBBI K KapOamneHeMaM - «aHTHUOMOTHKAM IO-
ciaeiHeU JIUHUM». ITO JeJiaeT JieueHUe O0JIbHBIX KpaliHe CJI0XKHbBIM. B cBsi3u ¢
3TUM ObljIa U3y4YeHa YacTOTa Bbl/leJIEHUSI U YPOBEHb PE3UCTEHTHOCTH IITAMMOB
A. baumannii y naijueHTOB JIeTCKOT0 KapAuoxupyprudeckoro otgesnenus ([AKXO0)
Y OT/IeJIEHHs] aHECTE3UO0JIOTUH, peaHUMal[uU U UHTeHCHBHOU Tepanuu (OAPUT) 3a
nepuoz ¢ 2015 no 2022 roapl. [IpoBesieH peTpoCcneKTUBHBIN aHAIU3 pPe3y/IbTaTOB
6aKTepHOJIOrMYECKOr0 N0CeBA Pa3/IMYHbIX GMOMaTepUa/IOB Ha BblJieJleHHe NMaTo-
reHHOHM ¢JIopbl, B3SIThIX OT B3POCJbIX NALMEHTOB, FOCHIUTAIM3UPOBAHHBIX B OA-
PUT, u manuenToB /IKXO 3a 8 s1eT c onpesesieHeM aHTHOHOTUKOUYBCTBUTEbHO-
cTy. bbL1o BeigesieHo 8696 KIMHUYECKUX U30JISITOB, CpeAr KOTOPbIX A. baumannii
coctaBuJ 629 ciayvaes, npeumyiectBeHHO U3 OAPUT (203) u JKXO (426). Unen-
TUdUKaLUSA NMPOBOAUIACH HA MHUKPOOMOJIOTMYECKOM aHasiuzaTtope «Vitek 2 -
Compact» (bioMerieux, Marcy I'Etoile, France). AHTUMHUKpPOOHAsi aKTUBHOCTb ObLIa
MCCJIe/IOBaHa 10 METOAY MUHUMAaJIbHbIX HHTUOUPYIOIIMX KOHLeHTpauun («Vitek
2 - Compact»). AHanIU3 pacnpe/iesieHHsi U30/STOB IEMOHCTPUPYET 3HAUYHUTENbHYIO
pa3Hully B 4acToTe obHapy:keHUs1 A. baumannii B otgenenusix OAPUT u JIKXO:
13,5% B OAPUT npotus 5,8% B JJKXO. AHa/U3 YCTOWYMBOCTH K aHTUOUOTHUKAM
BbISIBUJI POCT PE3UCTEHTHOCTH KO BCEM UCIOJIb3yeMbIM aHTUOHMOTHKAM, 0COOEH-
HO B OAPUT, rae pe3ucTEeHTHOCTh K JieBoduiokcanuHy 6buia 93,3%, MeporlieHe-
My-92,8%, renTamMmuny-90,6%, uunpodsiokcaunny-89,7% u numMunenemy-86,1%.
B JIKXO Takxe 3adpHKCUpPOBaH POCT PE3UCTEHTHOCTH, HO B npefienax 27%. Takum
00pa30M, CpaBHUTEbHbIN aHAIM3 YaCTOTHI BblZlesieHHs A. baumannii B oTaele-
HUsAX OAPHUT 6sb11 Bolle, yeM B JIKXO.

KiioueBble cii0Ba: BHyTpuOOJibHUYHBble UHeknuH, Acinetobacter bauma-
nnii, aHTUOGMOTHUKOPE3UCTEHTHOCTb, KapbaneHeMbl, KOJIUCTUH, MHOXeCTBEH-
Hasl yCTOMYUBOCTH
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BBeaeHue

B nocnennue pecatunetus Acinetobacter baumannii npuBJeKaeT BHUMaHue y4Y€HbIX W3-
3a ero MHOXXeCTBEHHOU JieKapCcTBeHHOW ycTtouyuBocTHu [1, 2]. B cnucke BO3 oH oTHeceH
K KaTeropud KpPUTHUYECKOTrO MNpPUOPUTETA H3-3a PE3UCTEHTHOCTH K KapbameHeMaM M
nedasocnopvHaM TpeTbero nokojaeHus [3-5]. ITo NpUBOAUT K YBEJUYEHHUIO JJJIUTETbHOCTH
rOCIYTAJM3aLH U CMEPTHOCTU NMALUEHTOB, CO3/aBas Cepbe3Hble TPYAHOCTH [Ji Bpayeu U
pabOTHUKOB 3/JpaBOOXpPaHEHMUS.

[lITammbl A. baumannii npeJiCTaBASIIOT 0COOYI0 yrpo3y B OTAEJIEHUAX peaHUMal 1, UHTEeH-
CUBHOM Tepanuu U Kapauoxupypruu [1-6]. [loBpilieHHe YyCTOMYUBOCTH K KapbameHeMaMm,
KOTOpbIe HCHOJIb3YIOTCS KaK aHTUOMOTHKM MOCJAeAHEN JIMHUHU, yCYyrybJsieT npobJemy [7-
11]. PocT 4ucsa LITaMMOB € MHOKECTBEHHOM JIeKapCTBEHHON YCTOMYMBOCTBIO YBEJIMUMBAET
4acTOTY TaKMX HO30KOMHUA/IbHbIX UHPEKIM, KaK BEHTU/ISATOP-aCCOLMMPOBaHHasi THEBMOHHUS,
KaTeTep-aCcCOLMMpPOBaHHble UHPEKIMU MOYEBbIBOAALUX NyTell U UHPEKLUU LieHTPaJbHOI0
KPOBOTOKA, YTO MOBbILIAET 3aTPaThl HAa JIeYEHUE U PUCK JIeTaJIbHOT0 Ucxoja [12-14].

A. baumannii - oguH Y3 HauboJsiee pacHpOCTPaHEHHbIX UHPEKIUOHHBIX areHTOB, OTJ/IU-
YAIOUIMICA YCTOMYMBOCTBIO K Ae3UHQUIMPYIOIIUM CpeACTBaM, YJIbTPadUOJIeTOBOMY U3JIY-
YEeHHUI0, BBICYIIMBAaHWIO U aHTUOHWOTHUKAM pas/IMuHbIX KjaaccoB [15]. 3a nocnennue 13 neT B
CTPYKTYype Bo30yAuTe el THOMHBIX paH HabJ/I0[aeTcsl yBeaudeHue foau K. pneumoniae v A.
baumannii. BakTepusi cnoco6Ha JJINTe/IbHOE BpeMsl COXPAHATbhCS B 60JIbHUYHOM cpeJie U Ha
MeIMLIUHCKOM 0060py/I0BaHUH, CIOCOOCTBYS pacnpocTpaHeHUI0 MHpeKLuH [16].

Mudekuuy, BbizBaHHbIeA. baumannii, 0c0OGEHHO ONACHBI JJisl NAlMEHTOB C 0CJAabJE€HHbIM
MMMYHUTETOM, BKJIIOUasi HOBOPOXK/eHHbIX U peaHMMalluOHHbIX 60JIbHBIX. BakTepus cnoco6Ha
JLIATENbHO COXPAHATBHCS B OpraHW3Me U Ha O0JIbHUYHBIX IOBEPXHOCTAX, 00/1a/laeT BBICOKON
aHTUOUOTUKOPE3UCTEHTHOCTbI0 U BUPYJEHTHOCTBIO, YTO yBeJUYMBaeT 3a60/ieBaeMOCTb U
cMepTHOCTH [17, 18]. OHa Take UrpaeT KJIYEeBYI POJib B Pa3BUTUH 'HOMHO-CENTUYECKUX
OCJIO)KHEHHUH y nanueHTOoB ¢ oxkoramu [19, 20]. [Tocsie TpaHCIJIaHTAI[UM JIETKUX 3apakeHue A.
baumannii cHu>aeT BbXKMBAeMOCTb NaLUeHTOB [21].

A. baumannii He TOJIbKO pa3BUBA€ET yCTOMYHUBOCTb KaHTUOMOTUKAM, HO MU 06pa3yeT OMOIJIEHKU
Ha MeJJUIUHCKUX YCTPOMCTBAX, TAKUX, KAK BEHO3HbIE KaTeTepbl U 3HJ0TPaxealbHble TPYOKH,
YTO 3HAYMTEJIbHO OCJI0KHSET JieyeHue. PacripocTpaHeHHe OHOMJIEHKOOOPa3y0IIUX ILITAMMOB
Cpelu MHOXXeCTBEHHO YCTOWYMBBIX Nonynasiuyuil A. baumannii npezncTaB/sieT CEpPbE3HYI0
KJIMHUYECKYI0 IpobJieMy [22]. PaKkTOpPBI, CHOCOOGCTBYIOLIME €r0 PacCpOCTPaHEHHUIO, BKIKYAKT
JIMTeNIbHYI0 TOCNUTAJU3allMI0, HaJMihe COMYTCTBYIOIIUX 3a00JieBaHUU, CI0KHOCTb Jleye-
HUSI B OT/JeJIeHUSIX MHTEHCUBHOU Tepamnyu W IHUPOKOe MPUMEHEHHE MPOTUBOMUKPOOHBIX
npenaparos.

HeoHaTa/bHBIN cencuc ocTaeTcs OJAHOM U3 BeAyLIMX NPUYMH MJIaZleH4eCKOM CMEPTHOCTH,
0cO0O0eHHO B cTpaHax ¢ HU3KUM ypoBHeM paoxoza (CH/) [23]. [lossBieHHe MHOXECTBEHHO
YCTOMYMBBIX K aHTUOMOTUKAM IaTOT€HOB, BKJIto4as Acinetobacter spp., 3Ha4UTENbHO OCJI0XKHSET
JiedeHUe U NMOBBILIAET PUCK HEOJIArONPHUATHBIX UcX00B [23]. UccienoBaHUs NOATBEPXKAAIOT
posab A. baumannii B pa3BUTUM TsDKeNbIX UHPEKIUH, BKIIOYAsA OCTEOMUENUT U UHPEKUU
KOXXU U MATKHUX TKaHel, 0COOEHHO B yCJI0BUAX cTalMoHapoB [24]. KpoMme Toro, A. baumannii
4acTO BBISIBJISETCS y MNALlMEHTOB C MOCJAe0NepalMOHHbBIMM HUHQEKIUIMU LEeHTPaJbHON
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Monumopumnez pacnpocmparentocmuy u anmuduomuxopesucmermmocmu Acinetobacter baumannii
6 MHO20MpOoPuUAbLHOM cmaluorape Acmarol

HEPBHOW CUCTEMBI, AEMOHCTPUPYS YCTOWYHMBOCTb K OOJIbIIMHCTBY NPOTECTUPOBAHHBIX
aHTUOUOTUKOB [25]. Takke ero accouUUpyT C OpaJibHO-JeHTaJbHbIMU 3a00JIeBaHUSIMU,
0COGEHHO y MAallMeHTOB C 0C/JAabJIeHHbIM MUMMYHUTETOM U BO3PAaCTHbIMU 3ab0JieBaHUSIMU
[26]. YcToltunBOCTBb A. haumannii K HECKOJIbKMM KJlacCaM aHTHOHMOTHUKOB OCTAETCs Cepbe3HOM
npo6JieMoit [27]. B cBSI3U C 3TUM IieJIbI0 IAHHOT'O HUCCJeJ0BAHHUS SIBJSIETCS aHAJU3 YAaCTOThI
Bbl/leJIEHUS U YPOBHS PE3UCTEHTHOCTH A. baumannii y NallueHTOB [IeTCKOW KapAuOXUpypruu
u OAPUT mHoronpoduibHoro cranyonapa Actanbl 3a 2015-2022 rogpbl.

MaTepl/IaJIbI U MeTOoAbl UCC/IEA0OBAHUA

06sekmbl uccaedosaHust

HccnenoBaHue npoBeJleHO HAa OCHOBAaHMM aHa/M3a OHWOMaTepuasioB, MOJYYEHHBIX OT
B3POCJIbIX ALJMEHTOB, TOCNIUTAJM3UPOBAHHBIX B OTZeJIeHHe aHeCTe3WO0JI0TUH, peaHUMALL MU U
vHTeHcuBHOU Tepanuu (OAPUT), a Takke OT NalnMeHTOB AETCKOTO KapAUOXUPYPTruyecKoro
oraenenus (JKXO) s3a mepuop ¢ 2015 mo 2022 ropbl. OCHOBHOe BHUMaHHUE VZAeJEHO
BbIJ|eJIEHUIO U WAeHTUUKALMU TaTOTEHHOW MUKPOGJIOPHI C NOCAEAYIOIIUM ONpeseleHueM
YYBCTBUTEJBHOCTH K aHTUMHUKPOOHBIM npenapataM. B ¢okyce ucciaesoBaHUsA HaxXOUJICS
KJIMHUYECKH 3HAYMMbIW BH/I FpaMOTpULIATE/NbHBIX 6akTepui Acinetobacter baumannii.

Om6op 6uos02u1ecKux Mamepuanos

Buosiornyeckuii MaTepuaJsl BKJIO4Yaa 06pa3iibl M3 peCIMPaTOPHOro TpaKTa (Ma3KHy U3 3eBa,
MOKpOTa, 6pOHX0a/bBEOJIIPHBIN JlaBaX, IJIeBpaJibHasA KUJKOCTb, COJlEPKUMOe KaTeTepoB
TPaxeoCTOMbl, WHTYOAlMOHHble TPYOKH), MOYEBBIBOAAILMX NyTel (06pasibl MOYU H
CoZlep>KMMOe MOY€eBbIX KaTeTepOB), a TaK:Ke MaTepUaJibl, CBSI3aHHbIEe C paHEBbIMU U KaTeTep-
acCOLMMPOBAHHBIMU UHGQEKLUAMU (CofepXUMoe JpeHakel, Ma3KU U3 paH, LLeHTpaJbHbIX
BEHO3HbBIX KaTeTePOB, CAHALLMOHHBIX U aCHMPALlMOHHBIX KaTeTepOB, Ma3KU U3 NpOJIeXKHeMH).
Becb K/JIMHUYeCKHUI MaTepuas cobUpasicd U TPAaHCHOPTUPOBAJICS B MUKPOOMOJIOTMYECKYIO
JIabopaTOpHUIO COIVIAaCHO MEeTOAUYECKUM PEKOMEHALUSM.

Mukpobuosnozuyeckuil aHaau3 u udeHmugukayus u3o.151mos

KosinyecTBeHHbIA aHa/JU3 MCCAEAyeMOT0 MaTepuhajia MNPOBOAUIMA C HCHOJb30BaHUEM
pa3/IMYHBIX IUTATEJbHBIX CPeJl, BKJII0Yasi KPOBSIHOW arap, cpeay JH/0, XKeJITOYHO-COJIEBOH arap,
Candida arap, arap KasuHbl, 110K0JIaIHbIN arap ¥ XpoMoreHHble arapsl. [loceBbl MHKYOHUpPOBaIU
npu 37°C B TedyeHue 24 4acoB. B COOTBETCTBHM C METOAUYECKUMH pPeKOMEHJALMAMH
UIeHTUPUKALIMI0O U30JIITOB OCYUIeCTBJSJIA HAa OCHOBAaHUU MOPQOJIOTUUYECKHUX CBOMCTB,
okpacku no 'paMMy, OKCUA@3HOTO M KaTaJla3HOT'O TECTOB, a TAKXKE TECTOB Ha MJIa3MOKOaryJsiasy,
KeJYHbI TeCcT U MHJ0JI000pa3oBaHUe. 3aKJIOUUTEJbHYI WAEHTUPUKALMIO YHUCThIX
KYJIbTyp NMPOBOJAUWJIU C MCIOJIb30BAHHEM MUKPOOHOJIOTMYECKOro aHajauzatopa «Vitek 2 -
Compact» (bioMérieux, Marcy I'Etoile, France). UyBCTBUTe/IbHOCTD BBI/ieJIeHHBIX ITAMMOB K
aHTUMMUKPOOHBIM IpenaparaM, BKJO4Yasgi MepoleHeM, MMUIIEHEM, aMUKALlUH, TeHTAMUIIUH,
TOOpPaMHULIMH, UUIPOPJIOKCALIMH U JieBODJIOKCAIUH, ONpeAessijii METOJAOM MHUHUMAaJbHbBIX
uHrubupyrouux kounentpauu (MUK) c npumenenuem «Vitek 2 - Compact».
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Cmamucmuyeckull aHau3 OaHHbIX

CTaTUCTUYECKYI0 06PabOTKY MOJIyYEeHHBIX JAHHBIX MPOBOAWAM MO x° (XU-KBajpaT) W
t-Tekcty CTiogeHTa ¢ noMolbio GraphPad prism 8.0.1. Pa3nnuusa cpejHUX 3HaYeHUH CYUTATUCH
10 YPOBEHI0 loBepUTeibHOro nHTepBasa P <0,05. 0co6eHHOCTH CTaTUCTUYECKOr0 aHa/Iu3a U
bopMUpOBaHHUA JaHHBIX A/ 06pabOTKU OMMCAHbl CHU3Y AUarpaMMbl B IpUMeUYaHHUsIX.

Pe3y/sbTaThl M 06CYKIEHHE

Yacmoma evicesa pazau4HbIX MUKpoop2aHusmos uz OAPUT

B xojie uccieioBaHusl ObLIM M3yYeHbl YAaCTOTA BbICEBA PA3IMYHBIX MUKPOOPTaHU3MOB U3
OT/leJIeHUs aHeCTe3UO0JIOTUH, peaHUMallu1 U UHTeHCUuBHOU Tepanuu (OAPUT) u3 pasnyHbIx
KJUHUYECKUX MaTepuasioB y mnanueHToB 3a 2015-2022 rr. (PucyHok 1). Bcero B xoae
MCC/e/loBaHUsl BbICeBa Pa3/IMUHbIX MUKpoopraHuamMoB u3 OAPHU 6bL1M npoaHau3upoBaHbI
1501 noceB. Haubosibliasg yacToTa BblJesieHUs HabJuwganack Aus Klebsiella pneumoniae
(15,3%) u Acinetobacter baumannii (13,5%), nperMy11leCTBEHHO U3 Ma3KOB peCIIUPaTOPHOTO
TpaKTa, paHeBoro otTAesasemMmoro u Enterococcus spp. (14,1%) u3 nHPeKUA MOUYEBbBIBOAS LIIUX
nyTel (PucyHok 1A). B MeHbllIel cTeneHu ObLIM NpejcTaBieHbl Burcholderia cepacia (0,6%)
u Stenotrophomonas maltophilia (1,3%).

Tak:xe onpezesieHO, YTO COOTHOIIEHHE BbICEBA 3aBUCUMOCTU OT UCTOYHUKA KJIMHUYECKOTO
MaTtepuasa (PucyHok 1B). B Ma3kax pecnvpaTopHOro TpakTa npeo6Jafanu A. baumannii
(22,4%), K pneumoniae (17,7%) u Pseudomonas aeruginosa (16,3%). B paHeBoM
oT/e/IieMOM HauboJiee 4acTO BbIJEJSJIUCh Koarysa3oHeraTUBHble cTapuioKokKku (CoNS,
19,8%), K. pneumoniae (15%) u Enterococcus spp. (15%). B uHdek1ysax KpoBOTOKa Hau-
OoJsiblliee KJAHMHUYecKoe 3HayeHHe uMenu CoNS (36,8%) u K. pneumoniae (18,4%). B
[eHTPaJIbHOM BEHO3HOM KaTeTepe JoMuHUpoBasiu CoNS (41,5%) u Escherichia coli (21,5%),
B MOYeBBIBOAALIMX NyTaxX Enterococcus spp. (28,5%), Candida spp. (18,5%) u K. pneumoniae
(14,6%). B rpynmne «KOHYMK CAaHAIIMOHHOI'0 KaTeTepa, KOHYMK acCMUpAIMOHHOTO KaTeTepa,
KUJKOCTh W3 MJIeBPAJbHOU MOJIOCTU», 00 beJUHEHHOU B Jlpyrue*, yaiie Boijensaiucb CoNS
(15,4%), P aeruginosa (15,4%) u K. pneumoniae (12,3%).

A YacroTa BblaeneHus MWUKPOOPraHu3MoB U3 Pas3fnM4YHbIX KNMHUYEeCKUX MmaTepuanoe
Burcholderia cepacia={ll] Masok 13 pecnupatopHoro
Tpakta
g Stenotrophomonas maltophilia= I PaHeBoe oTaensemoe
E Enterobacter spp.= I B WHbeKLmI KpoBOTOoKa
§ Staphylococeus aureus= N | - LleHTpanbHbli BEHO3HbIA
© Katetep
= [ipyzue = 1 B
Q MHbekymn MoYeBbIBOAALLIMX
§- Escherichia coli~ | 1 nyTeit
b Candida spp. = | B = [pyroe*
=
s Pseudomonas aeruginosa= | | |
7 Koazyna3soHeaamueHble
é CMaghLIOKOKKU | [ -
é Acinetobacter baumannii=| . .
Enterococcus spp.= . I
Klebsiella pneumoniae= I -
0 100 200
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Monumopumnez pacnpocmparentocmuy u anmuduomuxopesucmermmocmu Acinetobacter baumannii
6 MHO20MpOoPuUAbLHOM cmaluorape Acmarol

B Mazok us PaHeBoOe WHdekuymmn
pecnupaTtopHoro TpakTa oTaensemoe KpoBOTOKa

Klebsiella pneumoniae
Enterococcus spp.
Acinetobacter baumannii
KoazynazoHezamusHble
cmadbunokokku
Pseudomonas aeruginosa Wroro=572 Wroro=333 Wroro=76
Candida spp.

Escherichia coli LleHTpansHLIA WHdpekunn Opyroe*

Apyaue BeHO3HLIN KaTeTep MOYEBLIBOAALYMX NyTew
Staphylococcus aureus

Enterobacter spp.
Stenotrophomonas maltophilia
Burcholderia cepacia

Wroro=65 Wroro=390 Wroro=65

[IpumeyaHue: *KOHYUK CaHALMOHHOI'O KaTeTepa, KOHYMK acCHMpalMOHHOI0 KaTeTepa, KHUJKOCTb
U3 IJIeBpaJbHOM mosocTh. CTaTMYeCcKUi aHanu3 no x° mokasan P <0,0001. JlanHble GopMUpOBaNu
coeJlMHeHVeM 3HaYeHUU BblJesneHust Enterobacter spp., Stenotrophomonas maltophilia, Burcholderia
cepacia K rpynne MUKpOOpraHu3MoB /lpyrue.

PucyHok 1. YacToTa Bblie/IeHUS MUKPOOPTaHU3MOB M3 Pa3/JIMYHbIX KIMHUYECKUX MaTepUaJoB
NaLUeHTOB U3 OT/JeJIeHHs] aHeCTE3UO0JIOTUH, peaHUMaluy U UHTeHcuBHOU Tepanuu (OAPUT).
(A) ob1iee K0JIMYECTBO U30JIAATOB AJIs1 KAXKJ0r0 BUJa MUKPOOPTraHM3MOB C y4eTOM
ux npoucxoxjenus; (B) fosieBoe COOTHOIIEHHE OTAEJbHBIX BUZ,0B MUKPOOPTraHU3MOB
B 3aBUCHMMOCTH OT UCTOYHHUKA

Yacmoma evicesa pa3nuvHbIX MUkpoop2avusmos u3 /IKX0

[Ipy n3ydyeHuHr BbICEBA pa3/IMYHbIX MUKPOOPTaHM3MOB U3 JIETCKOTO KapAUOXUPYyPTrUuecKoro
otaeneHus ([JKXO0) u3 pa3/jM4yHbIX KIMHHYECKUX MaTepUaJioB y manueHTOB 3a 2015-2022
IT. 6bla JjoOaBJieHa [ONOJHUTE/bHAsA TPyNla «TPaxeoOpOHXUAJIbHOE JAepeBOo», KOTopas
BKJIIOYaJIa U30JIIThI U3 COAEPKUMOT0 KaTETEPOB TPaXe0CTOMbI U MHTYOALMOHHBIX TPYOOK. ITO
OBLJIO CBSA3aHO C TeM, YTO 3a AaHHbIN nepuo u3 JIKXO 66110 Bblie/IeHO U UAEHTUPUIIMPOBAHO
7295 mtammoB (PucyHok 2). /lono/IHUTe/IbHO Gblyia BblZieJieHa AOTOJHUTE/IbHAs TPyIIna Npu
omnpe/esieHUH BUJI0B MUKpoopranu3MoB Staphylococcus spp.
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A

YacToTa BblaeneHuss MUKPOOPraHM3MOB U3 pasnuyHbIX KNUHUYECKUX MaTepuanos

) h Mas3ok u3 pecnupatopHoro
Burcholderiae cepacia I TpakTa
tenotrop i - I o TpaxeobpoHxuansHoe
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a Pseudomonas aeruginosa= _ I- == [pyve*
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Staphylococcus aureus={ l I_
Klebsiella pneumoniae=4 - l-
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0 500 1000 1500
06mee KONMU4eCTBO U30NATOPOB
B Masok us Tpaxeo6poHxuansHoe PaHeBoe oTgensiemoe WHdbekummn kpoBoTOKa
pecnupaTopHOro TpakTa Aepeso
Wtoro=4423 WUtoro=783 WUroro=349 WUroro=83
mm Streptococcus §
- ﬂpygue PP WUHdekuumn UeHTpanbHbIn Opyrue*
: ’ MO4eBbIBO, MX nyTen BEHO3HbIN KaTeTe
mm  Klebsiella pneumoniae Gaaes g P
mm Staphylococcus aureus
- Koazyna3zoHezamueHble
CcmachunIoKoKKu
mm Pseudomonas aeruginosa
mm Candida spp
mm  Acinetobacter baumannii
mm FEscherichia coli
mm [Enterococcus spp
mm [Enterobacter spp
Stenotrophomonas maltophilia
w= Burcholderiae cepacia Wroro=85 WUroro=101 WUroro=1471

Hpumeanue: *KOHYUK CAHAIIUOHHOI'0 KaTeTepa, KOHYHUK aCIHPAUOHHOI'O0 KaTeTepa, XXUIAKOCTb

U3 IJIeBpajbHOM nosocTh. CTaTMYecKUi aHanu3 no x° mokasan P <0,0001. JlanHble GopMHUpOBanu
coelMHEHHWEM 3HauYeHUU BolesieHust Staphylococcus aureus v Koaryjaa3oHeraTUBHble CTaQUIOKOKKHU
K Streptococcus spp, WU coeUHeHHEM 3HauyeHUH BblAeneHUuss Burcholderiae cepacia rpynie

MHUKpOOpPraHusMoB /lpyrue.

PucyHok 2. YactoTa BblZjeJIeHUS MUKPOOPTaHM3MOB M3 Pa3JIMYHbIX KJIMHUYECKUX MaTeprUaioB

NalnueHTOB U3 AETCKOr0 Kapauoxupyprudeckoro otaenedus (JKXO0). (A) ob61iee Koiu4ecTBO

H30JIATOB AJIA KaX/JA0TI'0 BUld MUKPOOPIraHWU3MOB C Y4€TOM HUX ITPOUCXOXKAEHHS; (B) A0JieBoe

COOTHOLIEHHE OTAEJIbHBIX BUJO0B MUKPOOPIraHU3MOB B 3aBUCUMOCTH OT UCTOYHHUKA
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Monumopumnez pacnpocmparentocmuy u anmuduomuxopesucmermmocmu Acinetobacter baumannii
6 MHO20MpOoPuUAbLHOM cmaluorape Acmarol

Mo>XHO OTMeTHUTb, UTO KapTHHa BbiceBOB U3 JJKXO (PucyHok 2A) cUJbHO OT/IMYaJach
oT BbiceBOB nauueHToB B OAPUT (Pucynok 1A). Tak kak HauboJibliasi 4acTOTa BblJeJIEHUS
Habsoganack ajas Staphylococcus spp. (17%), apyrue MukpoopraHusmbl (16%), BuzoBas
cnenMPUIHOCTb KOTOPBIX HE M0Ka3aHa B JlaHHoU cTaTbe ([ pyrue) u K. pneumoniae (12,1%).
B. cepacia (0,3%) u S. maltophilia (1,9%) Tak>xe OblLIY Ipe/iCTaBJIE€Hb] B MEHbILIEN CTENEHH, KaK
U B faHHbIx OAPHUT.

JlosieBoe COOTHOLIEHME OT/ieJIbHbIX BUI0B MUKPOOPTaHU3MOB B 3aBUCUMOCTH OT MUCTOYHHUKA
KJIMHUYECKOTO MaTepuasia TaKKe IOKasaja OTJUYMMble pe3ysbTaTbl. Streptococcus spp.
(26,7%), Staphylococcus aureus (13,7%) u K. pneumoniae (13,6%) npeo6/afganu B Ma3Kax
pecnupaTopHOTo TpakTa. B To BpeMs Kak B Tpaxeo6pOHXHAJBHOM JiepeBe yallle BbICeBaJIU
P aeruginosa (15,4%) u A. baumannii (17,5%). B paHeBoM oTzessseMoM HauboJiee 4acTo
BbigesisiinCch CoNS (34,4%) u Enterococcus spp. (13,5%), Kak ¥ U3 KJIMHUYECKOTO MaTepUuasia
OAPMHT. B To BpeMs Kak B MHQEKIUAX KPOBOTOKA HauboJIbllee KJIMHUYeCKOe 3HaYeHHe UMeJU
CoNS (8%) u E. coli (13,3%) u A. baumannii (13,3%).

[Ipy BbICceBax KJIMHUYECKUX MaTEpPHUAJIOB B LIeHTPaJIbHOM BEHO3HOM KaTeTepe, MOJIyYeHHbIX
u3 JIKXO, nomunupoBanu CoNS (29,7%) u K. pneumoniae (13,9%). B MoueBbIBOAALUX MY TAX
HauboJiee yacTo Bbigensiu Enterococcus spp. (20%) u CoNS (16,5%). B rpynne /[lpyrue*
npeo6Jiaany Apyrue MuKpoopranusmsl (36,3%) u CoNS (15,6%).

OyeHka yacmomul 8bidesnenus A. baumannii

A. baumannii 6bL710 BbIJleJIeHO U3 HccaeayeMbix MaTepuasoB B OAPUT 13,5% (n-203)
caydasax U B JJKXO 5,8% (n-426) cay4yasax. [l oLeHKM 4acTOThI BblaesneHuss A. baumannii
Y3 pa3/IMYHbIX KJIMHUYEeCKUX MaTepuasoB y nayueHToB OAPUT u JKXO Mbl ucnosb3oBaau
NpPOLIEHTHbIE 3HAYEHUS BbICEBOB I10 OTHOUIEHHIO K IPyTMM BUJaM MUKPOOPraHM3MoB. /laHHble
C Ma3KOB PeCIIUPATOPHOTO TPAKTa U TPAXeOOPOHXUATBHOTO JiepeBa OblIM 00 beJUHEHBI [JIs
HaIJISAHOCTU UccaeAoBaHUs. [losiyueHHbIe JaHHbIE IPOUJIJIIOCTPUPOBAHbI HA PUCYHKE 3.

CorslacHO MOJIy4YeHHbIM JIaHHBIM, BbICEBAaEMOCTb A. baumannii U3 pecIUpPaTOPHbIX OPTAaHOB
nauueHToB OAPUT coctaBunia22%,aB/IKXOBcero 6% (176),4T0 AEMOHCTPUPYET 3HAYUTEbHYIO
pas3HUIy B IOKa3aTeJisiX; U3 [eHTPaJbHOM BeHO3HOU KpoBU B OAPUT o6HapyxuBaetcs 7,7%, B
To BpeMs B JIKXO 10,9%; us paneBoro otaensemoro B OAPUT - 9,9%, B IKXO 7,4% - umeeTcs
HeCyllleCTBEHHasl pa3HULA B MOKasaresdax. [Ipy cpaBHEHUMU pe3yJibTaTOB BbICEBAEMOCTU A.
baumannii npy MHbeKLUAX KPOBOTOKA M MOYEINOJIOBBIX NyTel okasanochb 6osibiie B JIKXO,
koTtopas coctaBiseT 13,3% u 8,2%, coorBeTcTBeHHO, B OAPUT 3TH nmokasaTesu COCTaBJSAIU
53% u 6,7%. B [lpyrue*, rae oobefjiHEHbl 3HAa4Y€HUsI U3 KOHYMK CaHAllMOHHOTO KaTeTepa,
KOHYHMK aCIMPaLMOHHOTO KaTeTepa, KUAKOCTb U3 IJIeBPa/IbHOU MOJIOCTH, y nauueHToB OAPUT
6bL10 UAeHTUPULIMpPOBaHO A. baumannii B 10,8% u y nauuenTtoB JIKXO 3,9%.

[ToniyyeHHble JJaHHble MOATBEPXKJAIT BbICOKYIO paclpocTpaHeHHOCTb A. baumannii B
OAPHUT, yTOo MOXKeT OBITb CBSI3aHO C TSXKeJbIM COCTOSIHHMEM IalMeHTOB, AJauTeabHou WBJI
M MHBa3suBHbIMU MaHunyasauusmu [28]. B JKXO xe A. baumannii 4aie BcTpe4yaeTcsl NMpPU
MHPEKUAX KPOBOTOKA M MOYEBBIBOASALIMX MyTeW, UTO TpebyeT AaJibHEWUIIEro U3y4dyeHUs
MeXaHM3MOB BHYTPUOOJbHUYHOU IMepeAayd M pa3pabOTKH CTpaTerdii UHPEKIMOHHOIro
KOHTPOJIS.
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; Masok u3 WHdpekuun kpoBoToka PaHeBoe oTaensiemoe LleHTpanbHbI UHdekummn Opyrue*
pecnupaTopHoOro Tpakra BEHO3HbIW KaTeTep  MOYeBbLIBOAALMX MyTen

Buabl KNnMHUYECKMX maTepuanos

IIpumevaHue: *KOHYUK CAaHALIUOHHOTO KaTeTepa, KOHYMK acClIUPALlMOHHOTO KaTeTepa, X KUJKOCTb U3
IJIEBPaJIbHOU MOJIOCTH.

PucyHok 3. YacroTa BeiceBaeMocTd A. baumannii u3 pasJu4HbIX KIMHUYECKUX MAaTEPHAJIOB
y MalUEHTOB B OT/leJIeHUEe aHECTE3HWOJIOTUH, peaHUMallui U UHTeHCUBHOU Tepanuu (OAPUT)
Y OT MALlMEeHTOB JETCKOr0 Kapauoxupyprudeckoro otaenenus (JKX0) 3a 2015-2022

H3yueHue aHmubuomukope3ucmeHmHocmu A. baumannii

Kak u3BecTHO, wtaMMbl A. baumannii IBJASOTCI 0COGEHHO TPYJHBIMHA MaTOreHaMU B
IJIaHe JieyeHUs], IOTOMY YTO IIMPOKUN YPOBEHb aHTUMUKPOOHON pe3UCTEHTHOCTU JAHHOIO
MHPEKLMOHHOT0 areHTa BbI3bIBaeT psi/] Mpo6JieM PU NPOBeJleHUU aHTUMUKPOOHOW Tepanuu
Ha NpakTuKe. 3a uccaegyembiit nepuoy (2015-2022) 6b110 npoBeseHo 853 uccieoBaHUSA Ha
AHTUOUOTUKOPE3UCTEHTHOCTh WITAaMMOB A. baumannii (PucyHok 4). AHa/JU3bI IPOBOAUJIUCH
Kak 00111el rpyNNnUpPOBKOM, TaK U 110 OTEJIbHbIM BHU/JlaM aHTUOHUOTHUKOB.

B xoze BbICEBOB aHTHUOMOTHKOPE3UCTEHTHOCTb IITaMMOB A. baumannii omnpejesieHo,
yto B OAPUT 6b110 3HauuMo Bbille, yeM B JIKXO (P <0,0001). B OAPUT k sneBodioKCaLiMHY
93%, meponenemy 93%, rentamuuuny 91%, pyunpodaokcauuny 90% u umunenemy 86%,
YTO COIJIaCyeTCs C JAHHbIMU HEKOTOPbIX 3apyOeXHbIX aBTOpOB [27,29]. TeM He MeHee 3a
vcc/elyeMbli epuo/i He 06HAPY»KEHO Pe3UCTEHTHOCTH K KOJIUCTUHY, XOTS1 HEKOTOPbIE aBTOPHI
OTMeYaloT POCT yCTONYMBOCTU A. baumannii k konuctuny [30,31]. Bosiee Toro, oTMevyaeTcs KO
BCEM MpPOTeCTUpPOBaHHBIM aHTUOMOTUKAM [IKXO k umunenemy 28%, sieBoduiokcauuny 27%,
nunpodaokcauuny 27%, meponeneMy 26,3% u reHTaMUuLiiHy 24%.
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Monumopumnz pacnpocmpanenrocmu u anmuduomuxopesucmermtocmu Acinetobacter baumannii
6 MHO20NPOPUALHOM cmayuorape Acmarvl

AHTMOMOTUKOpPE3UCTeHTHOCTL A. baumannii 3a 2015-2022
K 06L1eMy KOnM4YecTBY U3yHeHHbIX clly4aeB
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IIlpumeyaHue: CTAaTHUCTUYECKAsl [AOCTOBEPHOCTb aHTHUOMOTHKOPE3WCTEHTHOCTb IO OTHOIIEHHUIO
OAPMT k JIKXO cocraBusa P <0,0001 no t-tecty (PucyHok A). CTaTuueckuii aHaaM3 1o x> nokasan
ypoBeHb goctoBepHocTH P = 0,03 151 pucyHka B u P <0,0001 gais pucynka C. B pucynke B u C rpadpuku
MOCTPOEeHbI 10 3HAMEeHU CpeJJHUX U CTaHJapTHOM OLIMOKHU.

PHUCYHOK 4. AHa/Ii3 aHTUOUOTUKOPE3UCTEHTHOCTH A. baumannii 3a vuccienyeMblii Iepuos
2015-2022 u3 MaTepUaJIoB, NOJYYeHHBIX ¥ TALMEHTOB OT/IeJIeHUS aHECTEe3UO0JIOTUH, peaHUMallu 1
Y uHTeHcuBHOM Tepanuu (OAPUT) u oT mayeHTOB [IETCKOT0 KapIUOXUPYPrUYECcKOro OT/Ae/eHUs

(AKXO0). (A) k 0611eMy KOJIMYECTBY U3yUeHHBIX ciy4aB; (B) cpeHsAs aHTHOUOTUKOPE3UCTEHTHOCTD
BbIgesnieHHbIX ¢ OAPUT u (C) AIKXO
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TakuM 06pa3oM, aHa/IM3 pe3yIbTaTOB aHTUOMOTUKOIPAaMM He N03BOJISIET peKOMeH/J0BaTh
JlaHHble MpenapaTbl Kak /Jii KOMOMHUPOBAaHHOW Tepanud, TaKk U B MoHoTepanuu. [lo
pe3ysibTaTaM Hallero UccjaefoBaHUs Haubosiee 3QpPeKTUBHBIM B OTHOLIEHUU LITAaMMOB A.
baumannii saBasinaca toopamunuH (B OAPUT 57% u JKXO 14% pe3ucTeHTHBIX H30JIITOB)
u amukauuH (B OAPUT 70% u JAKXO 23%). /laHHble O aHTHOUOTHKOPE3UCTEHTHOCTH,
aHa/IM3MPOBaHHbIE HA CpejHU e 3HaYeHHU BbIABJIeHHbIX cy4aeB B rof B OAPUT u IKXO Takxe
N0Ka3aHbl Ha pUCYHKaxX 4B u 4C, cOOTBETCTBEHHO.

O6cyxaeHue

AHay3 4acToThl BblJeJeHUs MUKpoopranu3moB y nanueHToB OAPUT u IKXO 3a nepuon
2015-2022 roapl Mmo3BoJiIeT IJIy0Ke MOHATb JAUHAMUKY BHYTPUOOJBbHUYHBIX UHQPEKIUU
M YCTOMYMBOCTU K aHTUOHOTHKaM. CoryiacHO MOJIyYeHHbIM pe3yJjbTaTaM, Acinetobacter
baumannii 3aHMMaeT 3HAaYMTeJbHOE MECTO CpPeU BblJeJIeHHbIX MUKPOOPTaHM3MOB, OJJHAKO
yCTynaeT psijly APYTUX YCJIOBHO-MATOTEHHBIX OAKTEPUM, UTO MOXKET CBU/AETENbCTBOBATH O
BJIMSIHUU TepaleBTUYECKHUX CTPAaTerui, HanpaBJeHHbIX HA KOHTPOJIb €r0 PacnpoCTPaHeHUsl.

H3y4yeHue aTuosiorndyeckoro crnekrpa natoreHoB OAPUT BeigBUJIIO IMpPOKOE pacnpocT-
paHeHHe U AMHAMUKY YBeJIMUEHUS 4aCTOThl 0OHapyKeHus TaMMoB A.baumannii.A. haumannii
cocTaBJistau 629 ex., u3 Hux 203 mrramMma BoigeneHo B OAPHUT, 426 u3 IKXO. BeiceBaeMoCTh A.
baumannii B 60/7bIIUHCTBE Cay4YaeB HabJ0[anach U3 TaKUX KJIMHAYECKUX MAaTEpPUAJIOB, KaK
coJlepXKMMOoe peclupaTOPHOTo TPAKTa, TpaxeobpoHXUATbHOTO JiepeBa, KpoBH, [|BK, paneBoro
OTZEeJIIEMOrO0 U T. [.

OfHMM M3 KJ/OYEBbIX ACHEKTOB MCCJIEOBAaHUS SBJSETCA OLEHKA JUHAMUKW pe3uc-
TEHTHOCTU A. baumannii K aHTUOUOTUKAM B pa3Hble TOAbl, MOCKOJbKYy HW3MEHEHHUS B
4acTOTe ero BbICEBAEMOCTHU MOTYT ObITb 0OYC/J0BJIEHBI KaK 3BOJIIOIIMOHHBIMU NpPOLECCAMH,
TaK U HW3MEHEHUSIMH B CXeMaxX aHTUMUKpPOOHOU Tepanuu [1-8]. BblgesieHHble LIITaMMBbI
XapaKTepHU30BaIMCh BBICOKUM YPOBHEM YCTOMYHMBOCTH K OCHOBHBIM IPyInaM aHTUMUKPOOHBIX
npenapaToB, 4YTO OTpakaeT CJOXKUBIUYIOCS TEHJAEHIUI0 «IpOoOJIEMHBIX» NaTOM€HOB B
HacToslee BpeMsa [18-21]. 3To moATBepkK/gaeT HEOOXOJAUMOCTb KOMILJIEKCHOTO MOAX0JAa K
MCCJIe[JOBAHUI0O aHTUOMOTUKOPE3UCTEHTHOCTH, BKJIIOUAIOILET0 MOJIEKY/ISIPHO-TeHETUUECKUU
aHa/i3, U3yYyeHUe MeXaHU3MOB TOPHU30HTa/JIbHOTO IlepeHoca TeHOB U OHOXUMHYeCKHe
YCC/IeIOBaHUS aIalITUBHBIX CTpaTerui bakrepui [24-28].

B KJIMHUYECKOM acnekTe JaHHble WMCCAeJ0BAHUSA MO3BOJIAIOT YJAYYLIIUTh TAKTUKY 3MIIU-
pUYECKOM Tepanuu, onpeJie/IMTh HauboJiee yI3BUMble FPYNIbl NALUEHTOB U NPEAOTBPAaTUTh
Jla/ibHellllee pacnpocTpaHeHUe Pe3UCTEeHTHBIX TaMMoB [29-30]. Kpome Toro, noHuMaHue
MeXaHU3MOB YCTOMYMBOCTH W JUHAMUKHU pacnpocTpaHeHUss A. baumannii B 60JIbHUYHOU
cpefie UMeeT BaXXKHOe 3HayeHue JJIs1 3MUJAEMUOJIOTUYECKOr0 MOHUTOPUHIA U pa3paboTKU
npoduJIaKTUYECKUX Mep, HallpaBJeHHbIX Ha CHWXXeHHe 3a00/IeBaeMOCTU W CMEpPTHOCTH,
CBSI3aHHBIX C UHPEKIMSMH, BbI3BAHHBIMU IaHHBIM MATOTE€HOM.
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3ak/iloueHue

Pe3y/sibTaThl JAHHOT'O UCC/IEI0BAHUSA OAYEPKUBAIOT 3HAUMMOCTb A. haumannii Kak 0JJHOTO
M3 BeJylUIMX NAaTOreHOB B YCJOBHUSX UHTEHCUBHOW Tepanuu, ocobeHHo B OAPUT u JKXO.
CylecTBeHHbIE pa3/IMYMA BUYACTOTE BbI/IeJIEHUS 3TOI0 MUKPOOPraHU3Ma MexX Ay OTAeJIeHUAMU
YKa3bIBAlOT Ha 0COGEHHOCTHU 3NUAEMHUOJIOTUYECKON CUTyallud U GaKTOPbI, CIOCOOCTBYIOLIUE
ero pacnpoctpadHenuto. B OAPUT A. baumannii npeuMy111eCTBEHHO acCOLMMPOBaH C UHPEK-
UUAMUA peCrnrpaTOPHOro TpPaKTa U PaHEBBbIX NMOBEpPXHOCTeM, Torga kKak B JIKXO oH yalue
BbISIBJIAETCA NMPU UHPEKIMAX TPaxeoOpPOHXHUATBHOTO JlepeBa, KPOBOTOKA M MOY€EBbIBOAALUX
nyTel. DTU JaHHble CBUJETEIbCTBYIOT 0 HEO6XOAUMOCTHU AU depeHIMPOBAHHOI0 OAX0Aa K
npoduIaKTUKe U Je4yeHUI0 HHPEKIUMN, BbI3BAHHBIX 3TUM MATOrE€HOM, C YYeTOM CrelUPUKU
KaXX/J0r'0 OTZ,eJIeHHUs.

Bkiyag aBTOpOB

H.C.C., HM.B.u M.Y./I. - xonuennus ¥ gusaiid uccaenosanus; H.C.C.u H.M.B. - meTogo10rHus
v - Busyanusauud; H.C.C.,, M.Y.A., u B.C.Y. - HanucaHnue nepsuyHoro tekcra cratey; H.C.C,,
H.M.B,, B.C.Y. u A.b. - pegaktupoBanue Tekcta; H.C.C. u A.C.E. - npoBejieHUe UCCIeL0BaHUA
1 00paboTKa JAHHBIX.

biarogapHocTu

ABTOpBbI BbIpaXXalOT HMCKpeHHWOI 6JiarofgapHocTb AO «HanuoHa/bHbIM Hay4YHbIA Meju-
LUHCKUAM LeHTP» I. ACTaHbl 3a IpeA0CTaBJIeHHble YCA0BUA AJid IPOBeleHUs UCCIeJOBaHHU, a
TaK>Ke JIabopaTOpUU MUKPOOHOJIOr MU 3a LieHHbIH BKJIa/, B BbIIIOJIHEHUE MUKPOOH0JIOrUYeCKUX
aHaJIM30B U BCECTOPOHHIOK MOAJEPXKKY B pabore.

KoHuiMKT nHTEpecoB
ABTOpBI 3aBJAIOT 06 OTCYTCTBUU KOHQPJIMKTA UHTEPECOB.

CoG0eHHne 3TUYECKUX HOPM

Bce npouneaypbl, BBINOJHEHHbIE B HCCJEJ0BaHUAX C y4aCTUEM JIIOJEH, COOTBETCTBYIOT
3TUYECKUM CTaHJApTaM HALUOHAJbHOIO KOMHUTETA MO HWCCAe[0BAaTeJIbCKOM I3THUKE U
XeJIbCUHKCKOU Jiekaapauuu 1964 roga v ee nocjieAyrLMM U3MEHEHUSM HJIM COMIOCTAaBUMbIM
HOpMaM 3THKH.
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AcTaHa KajiacbIHAaFbI KONcasiaabl aypyxaHaja Acinetobacter baumannii Tapajiysl MEH
aHTUOGUOTHUKTEpPre TO3iM/i/iriH 6aKpLIay

H.C. Cyrum6exkoBa*!, H.M. BucenoBa'?, M.Y. lycMmaram6eToB’,
B.C. Ypekemog?, A.C. EprasineBa?, I[.A. BekHusizoBa'
IAcmaHa meduyuHra yHusepcumemi, Acmama, Kazakcmat
2¥1mmublK FolabiMU MeJUYUHAIbIK opmanabik, Acmana, Kazakcman

Anpatma. Acinetobacter baumannii WMMYHWTETI TeMeH HayKacTap/a, ocipece peaHUMalUs
GeJiiMiliesiepiH/le eJliMre 9KeseTiH eH KayinTi aypyxaHaillijik MHQeKUUsIapAblH, 6ipi 60Jibin TabbI-
ganpl. KenrtereH mramjap Kap6aleHeMJepre, «COHFbl LIapaHblH aHTUOUOTUKTepiHe» Te3imzi. Byn
HayKacTap/ibl eMeyai eTe KUbIHAaTa Ibl. OcbiFaH 6aiaHblcThl 2015-2022 »KbL11ap apaibIFbIH A 6aJaiap
Kapauoxupyprusiiblk, 6esimiieciniy (BKXB) *koHe aHecTe3uoJiorHs, peaHUMallus >XoHe KapKbIH/bI
Tepanus 6esiMiuiesniepidid (APKTB) nauuenTrepingeri A. baumannii uTaMmjapblHbIH OKLIAY/IaHY KULTIri
MeH Te3iMainik aeHreiiseptreni. APKTB ;koHe BKXB »kaTKbI3bL/IFaH epeceK MaleHTTep/leH )koHe 8 KbL1
60i1bl aJIbIHFAH NaToreH i ¢JiopaHbl 66JIiN ajy YiIiH apTypJii 6uoMaTepuaaJap/iblH 6aKTEPUOJIOTUSIBIK
HOTHKeJlepiHe aHTUOHUOTHUKKE Ce3iMTa/AbIKThl aHbIKTay apKbLJIbl PETPOCIEKTUBTI TaAay Kyprisinzi.
BapbiFbel 8696 KAMHUKABIK U30/IITTApP OKLIAy/IaH/ibl, OHBIH illiH/e A. baumannii 629 xxaraaiibl Kypabl,
HerisineH APKTDB (203) >xeHe BKXbB (426). Caiikectenzipy «Vitek 2 - Compact» MUKPOOGUOIOTUSIIBIK
a”asu3aTopbiHga (bioMerieux, Marcy I'Etoile, ®pannus) »kyprisingi. Mukpobka Kapchl GesCeHAIiTIK
€H a3 UHTUOGUTOPJBIK KOHIeHTpauus aficiMeH («Vitek 2 - Compact») cbiHanapl. HW3oasTTapiblH
TapanybiH Tangay APKTB xene BKXB Gesimzae A. baumannii aHbIKTay >XUijiriHge adTapsbIKTail
anpipMalbLIBIKTBI KepceTei: APKTB - 13,5%, BKXbB - 5,8%. AHTHOHOTUKTepre TO3IMALMIK Tanaybl
6apJibIK KOJ1JaHbLIAaThIH aHTUOUOTUKTEPre TO3IMATIKTIH *KOFapbLIayblH aHbIKTaAb], acipece APKTB-ne
JseBodiokcanuHre Te3iMaitik 93,3%, meponenemre - 92,8%, renramuiuare - 90,6%, nunpodaokcanyuH
- 89,7% >xoHe uMuneHnemre - 86,1% Kypazabl. BKXb-ze Te3imMinikTiH xKoFapblIaybl Aa TipKeai, 6ipak
27% weringe. Ocbuiaiiiia, A. baumannii-ubiH APKTB-a oKliayiaHy »KUiJIiriHiH ca/blcThIpMaJibl TaAAaybl
BKXPB kaparaH1a >KOFapbl OOJIIbL.

TyiiH ce3aep: aypyxaHaimijgik nHdekuusaap, Acinetobacter baumannii, aHTUOGUOTHUKTEPre TO3iM-
[Tk, kapbaneHeM/iep, KOJUCTUH, KOI Pe3UCTEHTTINIK

Monitoring the prevalence and antibiotic resistance of Acinetobacter baumannii
in a multidisciplinary hospital in Astana

N.S. Sutimbekova*!, N.M. Bisenova'?, M.U. Dusmagambetov’,
B.S. Urekeshov?, A.S. Ergalieva?, G.A. Bekniyazova!
I Astana Medical University, Astana, Kazakhstan
2National Scientific Medical Center, Astana, Kazakhstan

Abstract. Acinetobacter baumannii is one of the most dangerous hospital-acquired infections, leading
to death in patients with weakened immune systems, especially in intensive care units. Many strains
resist carbapenems, the "antibiotics of last resort,” making treatment extremely difficult. In this regard,
the frequency of isolation and the level of resistance of A. baumannii strains in patients of the pediatric
cardiac surgery department (PCSD) and the department of anesthesiology, resuscitation, and intensive care
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(DARIC) for the period 2015 to 2022 were studied. A retrospective analysis of the results of bacteriological
culture of various biomaterials for the isolation of pathogenic flora taken from adult patients hospitalized
in DARIC and PCSD patients over 8 years, with determination of antibiotic sensitivity was carried out. A
total of 8696 clinical isolates were recovered, of which A. baumannii accounted for 629 cases, primarily
from DARIC (203) and PCSD (426). Identification was carried out on a microbiological analyzer "Vitek
2 - Compact" (bioMerieux, Marcy I'Etoile, France). Antimicrobial activity was studied by the method of
minimum inhibitory concentrations ("Vitek 2 - Compact"). Isolate distribution analysis shows a significant
difference in the detection rate of A. baumannii in DARIC and PCSD: 13.5% in DARIC versus 5.8% in PCSD.
Antibiotic resistance analysis revealed an increase in resistance to all antibiotics used, particularly in DARIC,
where resistance to levofloxacin was 93.3%, meropenem 92.8%, gentamicin 90.6%, ciprofloxacin 89.7%,
and imipenem 86.1%. PCSD also recorded an increase in resistance, but within 27%. Thus, the comparative
analysis of the frequency of isolation of A. baumannii in DARIC units was higher than in PCSD. An increase in
resistance to all tested antibiotics was noted in DARIC and PCSD units, except for colistin.

Keywords: hospital-acquired infections, Acinetobacter baumannii, antibiotic resistance, carba-penems,
colistin, multiple resistance
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AHHoTanmsa: PaccmaTpuBaloTcs AaHHbIE O PA3BUTHHU M COBEPLIEHCTBOBAHUU
MEeTO/IOB JIOCTaBKU pparMeHTOB 3k30reHHbIX JIHK B reHOMbI pa3/iIMuHbIX BU-
JIOB paCTeHHUH B IOCTTEHOMHYIO 3py 6MoJioruu. [IprBesieHbl 0COGEHHOCTH [J10-
CTaBKHU 3k3oreHHbIX /JHK B 3aBUCHUMOCTH OT 3Tana KyJbTUBUPOBAHUS PaCTH-
TeJIbHbIX KJETOK B YCJ0BUSAX in vitro. CAaesiadH aKLleHT Ha pa3BUTUU METO/0B,
o6ecrneyrBawIIUX JOCTABKY KacCeT 3KCIPEeCCHU B TeHOMbI PaCTUTEJbHbIX
KJIETOK in planta, UCKIOYAIOIIUX Je3UHTEerpaluio pacTUTENbHbIX TKaHeH 10
KJIE€TOYHBIX KYJbTYp C MOCJAEeAYIIIUM BOCCTAaHOBJIEHHMEM pacTeHUU-TpaHC-
$bOpMaHTOB, T.e. MUHYS CTaJMI0 in vitro. [IprBesieHbl JaHHbIE 00 YCIENIHOCTH
npuMeHeHus1 Mmetoga floral dip kak jnisi MofenbHbIX pacTeHU Arabidopsis
thaliana, Tak U JJi1 HEKOTOPBIX APYTUX BUJ OB, SIBJSIOIUXCS MPeACTaBUTE -
MU LIEeCTH CEMENCTB BBICIIUX pacTeHUH. [IprBeieHbl JaHHbIE O BOCTPEeOOBAH-
HocTU MeToza floral dip B cBSI3W € BO3pacTalILUM UHTEPECOM K MOoAUPUKaLIUU
pacTeHU MeTo/laMU FTeHOMHOT'0 peIaKTUPOBAHUS.

Kio4deBble c/10Ba: reHeTU4yeckass UHXXeHepHUs,, FeHOMHOEe peJJaKTHPOBaHMUE,
TpaHCreH, MeToAbl A0CTaBKY, floral dip
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BBeaeHue

CoBepllleHCTBOBAaHHE METOJ0B MOJIEKYJSIPHOM OHOJIOTHH, 06ecleYuBalwIUX HCCIe-
JloBaTeJiell BO3MOXXHOCTbIO MaHHUMy/aupoBaTb MoJsiekysamu JHK, o6benuuss ¢parMeHTbI
sk3oreHHbIX /IHK pa3iMuHOro npoucxoxieHus B reHeTU4ecKue KOHCTPYKLMH AJ1s 3KCIIPEeCCUU
B pas/IMYHbIX CUCTEMaX, NPUBEJO K CO3JlaHUI0 HOBOI'O HaNpaBJeHUsI — TeHEeTUYeCKOU
WH)XeHepUuu pacTeHUM. [Ipolio HeMHOrUM 6oJiee COpOKa JieT C MOMEHTa CO3/jJaHusl IepPBOTo
TpaHcreHHoro pactenus (Nicotiana tabacum L.), B TeHOM KOTOPOTO OblJI IEPEHECEH XUMEPHbII
reH, BKJIIOYAKIUHI 10C/e0BaTe/bHOCTH TeHOB, KOJUPYIOIUX GepMeHThl OKTOMNHCUHTA3I
U xJopambeHUKoOJ-aleTUATpaHCchepa3bl [1]. Ha mnpuMepe mnepBoro TpaHCTeHHOIO
pacTeHUs1 HCCAeZ0BATeNsIM CTaJo OYEBUAHO, UYTO TPAHCKPHUILMOHHO-TPAHCASLUOHHbIN
anmnapaT pacTUTEJbHON KJETKH CHOCO6eH MOoAJAep:KUBAThb TPAHCKPHUIMIMIO, TPAHCIALHUI0 U
HOCTTPAHCJASLIMOHHbIE MOAM(UKALIUK NepEeHECEHHBIX W3 JIPYTUX IeTepoJIOTHYHbIX CUCTEM
reHOB M NPOAYKTOB UX 3KCIpeccur. UMeHHO 3TO MOC/IY>KUJI0 OTIIPAaBHOW TOYKOH J1/151 CO3JjaHUS
Y pa3BUTUS arpoOUOTEXHOJIOTUH, NO3BOJIAOIUX MOJUPUIIMPOBATH PACTUTEIbHbIE TEHOMBI C
1[eJIbI0 YJIyUllleHHS X031 CTBEHHO-1IeHHBIX XapaKTEPUCTHUK Y BAXKHBIX CEJIbCKOX035HCTBEHHbBIX
BUJIOB pacTeHUU. M3BecTHbl NMpUMepbl CO3JaHUsS TPAHCTEHHBbIX PACTEHUM, YCTOWYMUBBIX
K repouuuziaM, pasjUuyHbIM BHJAM 00Jie3HEH, MOpPaKEHUI HACEKOMBIMU-BPEAUTESIMHY,
YCTOMYHMBBIX K Pa3/IMYHbIM HeOJ/aronpusTHbIM abHMOTHYeCKUM GaKTopaM Cpejibl, a TaKXe
C YJy4YlleHHbIMH XapaKTepPUCTHUKAaMU MUILEBOW LEHHOCTHM U KayecTBa NMPOU3BOAUMOUN U3
HUX NpoAyKUuH [2, 3, 4]. Mogudurkanua MeTabo/MYeCKUX NyTel GUOCUHTE3a HEKOTOPbIX
BTOPUYHBIX COEJUHEHUN Y paCTeHUH MOC/IY>K1UJ1a OCHOBOM /11 CO3/JaHUSA «30JI0ThIX OaHAHOB»
Y «30JI0TOT'O PHCa» C MOBbIIIEHHBIM YPOBHEM [3-KapOTHUHA, IBJISIOLIErocs Mpe/liieCTBEHHUKOM
BUTaMUHA A [5, 6], TOMaTOB C cOZep>kKaHHEeM B ILJIOAX CKBasieHa, PUTOCTEPOJIOB, A-ToKodeposia
M KapOTHHOUJOB [7], a TakXe pacTeHUH puca U COPro c 6oJiee BBICOKMM COJepKaHHUEM
IIMHKa, >KeJsie3a U GposimeBON KUCI0THI [8]. BkiloyeHHe B cOCTaB KacceThbl 3KCIPECCUU TEHOB,
KOJUPYIOLIMX aHTUTeHbl BO30yAWTes el pasuyHblX HHQEKIMOHHBIX 3a00JieBaHUH, a
TaK)Xe TKaHecnelU(PUYHBbIX PeryJsTOPHbIX 3JIEMEHTOB, 00eCneYrBaIUX UX IKCIPECCHIO B
Cbe0OOHBIX YACTSX PACTEHUs], IPUBEJIO K BbIABKEHUIO KOHLIENI[UH «CheJOOHOU BaKIMHbI»
[9], a Takke MpUBJIEKJI0O BHUMaHUE K TAKUM reHeTHYeCKU MOAUPUIMPOBAHHBIM PACTEHUAM
KaK HCTOYHUKAM «CbeJJOOHBIX peKOMOWHaHTHbIX BakuuH» [10, 11]. Mopudukauus
reHOMOB pacTeHUH C NMpPUMEHEHUEM TEeXHOJIOTMA FeHHOW WHXXeHepUH OTKpblia LIMPOKHE
IepCcreKTUBbl B 006J1IaCTH CO3/iaHUSI GUONPO/YIIEHTOB PEKOMOMHAHTHBIX GE/IKOB, BKJIIOYas
6uodapmaneBTUKY [12]. Bce 60/ibllle BHUMaHUE CIEUAJUCTOB MPUBJIEKAET MPOU3BOACTBO
MOHOKJIOHA/IbHBIX aHTUTEJ, B TOM YHCJEe U NPOTUBOPAKOBBIX, B PACTEHUAX, MOCKOJbKY
pacTUTe/IbHbIE CHCTEMBI MOTYT ObITh 60JI€€ JiellieBbIMU, 6€30IaCHBIMU U MaCIITaOUPYyEMbBIMH,
YyeM CHUCTeMbl 3KCIPECCHUU KJIETOK MJIEKONUTAIUIUX, APOXIKeH, GaKTepuil M HaCEKOMBIX
[13, 14]. OxxupaeMoe yBesM4eHHE PbIHOYHOI'O Cpoca Ha BbICOKO3)PEeKTUBHBbIE U GoJiee
JIOCTYIIHbIE TepaneBTUYEeCKUEe MOHOKJIOHA/IbHbIE aHTHUTeEJIa PACTUTEIBbHOTO MPOUCXOXKeHUS
HOBBIIIAT KOMMePYeCKM UHTepec K muaTdopMaM 3KCIPEeCCUU Ha PacTUTEJbHOU OCHOBE,
obecrieyrMBasi TeM CaMbIM yBeJMYeHHEe 00beMOB MHBECTULMA U aKTUBHOE NpHUBJIEYEHHE
KPYIHbIX papMaleBTUYeCKUX KOMIIAaHUM K COBMEeCTHOU pa3paboTKe HOBbIX penapaTos [15].

JluanasoH NpuMeHeHUs1 peKOMOUHAHTHBIX HepapMaleBTUYECKUX 6€/IKOB, CHHTE3UPYEeMbIX
B TKaHSAX TPAHCI€HHBIX PACTEHUH, TaKXKe JOCTAaTOYHO MHUPOK. COBpeMeHHOe MPOU3BOACTBO
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PEKOMOUHAHTHOTO TPHUIICMHA OCHOBAaHO Ha ero GUOCHHTe3e B CeMeHaxX KyKypys3bl [16].
M3BeCTHBI NPUMeEPHI UCN0Ib30BaHUSA PEKOMOUHAHTHBIX 6€/IKOB XKUBOTHOTO IPOUCXOXK/AEHHUS,
CUHTE3HWPYyEeMbIX PACTUTEJbHbIMU KJETKAaMH, TaKUX, KaK KoOJIJIareH, KepaTUH, LIeJK HU
3JIaCTUH, KOTOpble 00J1aZjlal0T BBICOKOM MPOYHOCTbI), >KECTKOCTbIO, 3JaCTUYHOCTbIO U
6M0COBMECTUMOCTBIO U, CJIe[J0BAaTeJbHO, MOTYT UCIO0JIb30BaThCS /i1 IPOU3BO/CTBA HOBBIX
M YCTOWYHMBBIX O6uonosinMepoB [17]. B Kurtae 6bliM KOMMepLMa/JU30BaHbl U MOJYUYHJIH
cepTudUKaT OHMOOE30MACHOCTH TPAHCIreHHble paCTeHUs KyKYypy3bl, B 3€pHaX KOTOPbIX
HaKalJIMBaJICl PEKOMOMHAHTHbIN ¢epMeHT $UTa3a, CNOCOOHAA paclienysaATh GUTAThI, YTO
yJlydIilaeT IepeBapuMOCTb PacTUTEJNbHbIX KOPMOB [18].

CrnenyeT MoJUEpPKHYTb, YTO 3a YETbIpe JAecATKa JIeT C MOMEHTa NOsIBJEeHHS] NEePBOTo
TPAHCTEHHOI'0 pacTeHHUs], TEXHOJOTUS MOAU(UKALUM FeHOMOB pAacTEHUM C NMPHMeHEeHUEeM
MeTOJ0B TeHHOM WHXeHepHUU IMPOJEMOHCTPUpPOBAJa CBOK YCIEIIHOCTb B CO3JAHUHU
COPTOB C y/NyYIIEHHbIMU XapaKTepPUCTUKAMH, a TaKKe OUOINPOAYLEHTOB PEKOMOMHAHTHbBIX
oesikoB. OJHAKO CJO0XKHOCTb M BBICOKAag CTOUMOCTb 3TOHM TEXHOJIOTMH, BKJIOYaOLIeH
IIMPOKOMAacCIITabHble OTOOpPbl OJIATONPUATHBIX COOBITUM HHTErpaydu TreHeTHYeCKUX
KOHCTPYKLIMA B TFeHOMbl pacTeHUH, a TaKXe HEKOTOpPOe HACTOPOXXEHHOE OTHOIIEHHE CO
CTOPOHBI 4eJIOBEYECKOTO COO0OLIecTBa CTUMYJIHMPOBAIA HEOOXOAMMOCTb IMOHCKa O6oJiee
NPOCTBIX MyTeW LieJieHanpaBJeHHOW MOoAU(UKAL UK FeHOMa, YTO U MOCIYKUJIO CJIeyIUUM
3TanoM B pa3BUTHUM METOAOB MOJAU(UKALMU PACTUTEJbHbIX T€HOMOB C NpPHMeHeHUeM
reHOMHOTO peJJaKTHUPOBaHHUs.

B HacTosillee BpeMsl FTeHOMHOE peJlakTUPOBaHMe HIMPOKO HCINOJIb3yeTCs C IPUMEHEHHEM
CRISPR/Cas9 kak ycoBeplLIEHCTBOBAaHHbIM MeTOJ TpaHreHe3a [AJis MOJy4eHUs MyTaluu
0 MHOTUM XO3SIMCTBEHHO-L|€HHBbIM NpU3HAKaM y paCcTEHUW, B TOM 4YHUCJE U TaKUM, KaK
YCTOWYUBOCTb K HeOJaronpusTHbIM (aKTopaM Ccpejbl, OTBETHbIM peaKLUsIM pacTeHUH
Ha CTpPeccoBble BO3JeWCTBUSA M T.J. [19]. U3BecTHbl pabOThl MO yJydllleHHUIO NPOPUJIs
IJIMKO3WJIMPOBAHUSA NMyTeM HOKayToB reHoB XyIT u FucT, kodupyrwux gepmernmot a(1,3)-
¢ykosunTpancdepazy u [(1,2)-kcunosuntpaHcdepaldy B KJIETOYHOU KyJbType Tabaka
[20, 21]. YnayduieHUe X035IMCTBEHHO-I|€HHbIX NMPU3HAKOB Yy CEJbCKOX03IMCTBEHHBIX BHU/IOB
pacTeHUl C NpMMeHEeHWEM MeTOJI0B [eHOMHOI0 peJlaKTUPOBaHHUA NpeJCTaBJIeHO B 0030pe
[22]. PaccMOTpUM OCHOBHBIE 0COOEHHOCTY MOJUUKALIMU T€EHOMA PacTeHUM C IPUMEHEeHUEeM
MeTO/0B r'eHHOU MHKEHEPUH U TeHOMHOT'0 peIaKTUPOBAHHUSA 10 CPABHEHU IO C TPAJULJUOHHBIMU
MeTOJaMHU CeJIeKLUM C aKLeHTOM Ha MeToJbl AoCTaBKU 3k3oreHHbIX /IHK kak HaubGosiee
Ba)KHOTO 3Tala 3TUX TEXHOJIOTUH.

Oco6eHHOCTH MOAU U KALLUY TEHOMOB pacTeHUI

Kom6unamopHblli npuHyun mModugukayuu 2eH08 U UHOYKYUS CAYHYAUHbIX Mymayuil

B 1ies10M, peTpocreKTUBHO paccMaTpUBasi NpUeMbl afjall Tl MU U y1yqllleHUsl XO35IUCTBEHHO-
[IleHHbIX PU3HAKOB Y BAXKHbIX CEJIbCKOXO3MCTBEHHBIX BU/I0B PAaCT€HUH, MOKHO Bbl/IeJIUTh
JiBe TEeHJIeHL|UH, O/lHA M3 KOTOPbIX OCHOBaHAa Ha MHTYUTHUBHOM OTOOpe OTAeJbHbIX POpM,
HeCyIlIUX CIIOHTaHHble MyTallMM, U BTOpas - Ha lieJieHalpaBJeHHOM BHECEHUM MyTal Uil B
yJiy4duiaeMble GOPMbI pacTEHUH.

B nepBoM ciiyyae 0CHOBOM GyAylero HOBOro COpTa NOCAYKUT AaibHel1ee MoAAep:KaHue
U COXpaHeHHe CpeJd NOTOMKOB OTOOpaHHbIX POPM pacTeHUMHU NyTeM HX IepeolblleHus.
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O4eBU/IHO, UYTO TAaKOM MOAXO0J OCHOBAaH Ha KOMOMHATOPHOM NpUHLUNE MOAUPHKALIMU TE€HOB
U olpeJesseTcl HCKYCCTBOM CeJleKLMOHepa-UcCaeoBaTeslsl He TOJbKO OOHapy>XHWBaThb
HeoOXoAuMble [Jil yJy4YlleHHWs1 HOBOTO COPTa MPHU3HAKH, HO U 3aKPEIJIAThb UX B HOBOM
co3naBaeMoM copTe. CesieKIMOHEpaMH ObLIO pa3pabOTaHO A0 'CTAaTOYHO OOJIbLIOE YUCJIO
MeTO/J0B ¥ MPHUEMOB, MO 3BOJIAINX KOMOUHUPOBATh I'eHbl, y4aCTBYOIIMe B NPOSBJIEHUHU
X0349MCTBEHHO-LIEHHBbIX MPHU3HAKOB Yy pacTeHUH, U OoTOUpaTbh GOPMBI C MAaKCUMaJbHbIM HX
nposiBjieHHeM. B HacTosillee BpeMs Takue MeTO/Jbl OT6Opa JONOJIHEHbl COBPEMEHHBIMU
MeTO/aMU MOJIEKY/IIPHOTO aHaJu3a C HUCNO0JIb30BaHUEM MOJIEKYJSIPHBIX MapKepoOB, TaKHX,
kak SSR, SCAR, SNP u jgp. KOTOpble HacJeAylTCS CLEMJEHO C KaKUMU-JIMO0 BaKHBIMU
X035 CTBEHHO-1IEHHBIMH XapaKTEPUCTUKAMH W MO3BOJISIOT CeJeKLMOHEPY, OPUEHTHUPYSCh
Ha BbISIBJIEHHbIE MapKepbl, HACBIATh FTeHOTUIIbI OyIylero co3aBaeMoro copTa MoJie3HbIMU
npusHakamu [23, 24]. [louck u BbisgBjIeHUe QTL-reHOB, o06ecneyMBaKOLUX ClieNJeHHOe
HacJeJ0BaHUE CJI0XKHbBIX KOJIMUECTBEHHBIX IPU3HAKOB, TAKUX, KaK, HAIpUMep, YPOXKalHOCTb
WJIM 3aCyXOyCTOMYMBOCTb [25, 26], Takke obGecliedyMBaeT HachbllleHHWE TeHOMOB pacTeHHUU
OyAyliero copta reHaMH, BHOCSAIIMMHU BKJIa/l B UX NIPOsIBJIEHUE.

BTopasi TeHAeHIMS1 B HampaBJIEHUW Y/AY4YlIeHUS] XO3SWCTBEHHO-LEHHBbIX MPHU3HAKOB Y
pacTeHUH 0CHOBAaHAHAMONBITKAaXyCKOPEHUAYaCTOThI BOSHUKHOBEHUSI My TallUi. BO3MOXXHOCTb
BHECEHUSsI MyTalliil B FeHOMbI pa3/IMYHbIX BUJ0B PACTEHUH MOSIBUIACH C OTKPbITUEM TPYIIIbI
dakTopoB pr3MUeCcKOH (pa3/IMIHbIe BU/Ibl U3JIYyYEHHH ) U XMMHUYECKOW NPUPO/Ibl (XMMHUYECKHE
MyTareHbl), MO3BOJISAIOLUIMX UCCAe[0BaTeNsIM HWHAYLUPOBATH JBYyleNOYeuyHble pa3pbiBbl B
moJsiekysax JHK. C Touky 3peHUs1 MOJIEKY/ISIPHOM GUOJIOTUM TaKHWe MyTalMU MpeACTaBJSIOT
co60oi HapyuieHuss B mnocjepoBaTesbHocTu /JIHK, Bo3HHKarouiMe npu BOCCTaHOBJIEHUHU
JIByLlelIOYeYHbIX Pa3pblBOB C MOMOIIbI (epMEeHTOB pemnapanuu pPacTUTEJTbHOW KJIETKHU.
MMeHHO BOCCTaHOBJIEHUE NIOJIOMOK, UHAYLIUPOBAaHHbIX pepMeHTaMU penapaluy, U IpUBOAUT
K 00pa30BaHUIO IIUPOKOT0 CIEKTPA pa3/IMYHbIX IepecTpoeK (ToYyeuHble MyTallUY, JleJIelluH,
MHTBEpPCUH, UHCEPLHUH, TPAHCJOKALMUU U T. [.), KOTOpble MOTLYT ObITb aCCOLMMPOBAaHbI C
yJydllleHueM KaKUX-JIM60 MPU3HAKOB y pACTEHUH, B TOM UUCJIE U X035 CTBEHHO-|€HHbIX.

CrefyrolyM 3TanoM B pa3BUTUM MeTO/J0B MOAMGUKALMA ['€HOMOB pacTEHUI C NOMOILbIO
BHECEHHS Pa3/IMYHOTO pofa MyTalWH, MOCAYKUJIA MeTO/bl, OCHOBaHHble Ha NPUMEHEHUU
TEXHOJIOTUN pekoMOHMHaHTHbIX /JIHK, mo3BoJisiloliMX BHOCUTH B T'€HOM pacTeHHUs-A0HOpa
¢dparmenTbl sk30reHHbIx JIHK, Bk/touyaromux KacceTbl 3KCIPECCUM C LiesieBbIMU reHaMu. C
TOYKH 3peHHs TeHeTUKHU Takue sk3oreHHble ¢parmeHThl /IHK, MHTerpupoBaHHble B reHOM
pacTeHus-I0HOpA (TPAHCTEHHOTO pacTeHHUs), paCCMaTPUBAIOTCS KaK MHCEPLIMOHHbIE My TaL[UU.
Bosiee Toro, jasbHellllee pa3BUTHE 3THUX METOJOB INpPUBEJO K pa3paboTKe MOJIEKYISPHBIX
MHCTPYMEHTOB, OCHOBAaHHbIX Ha OTKPBITHUHU clienupuueckux y4acTkoB y 6aktepuil (CRISPR/
Cas), M0O3BOJIIIIUX LleJIeHAaNpaBJeHHO BHOCUTb /[IBYlLlE[IOYeYHble pa3pbiBbl B BbIOpaHHbIE
ycc/eloBaTesieM 1ieJieBble pallOHbI-MUILIEHU U, TAKUM 00pa3oM, MHAYLUPOBATh B HUX MyTalMHU.

Moaudukanus reHOMOB C TPUMEeHEHNEM TEXHOJIOTHA peKOMGMHaHTHBIX [IHK

Cayuaiinbill xapakmep pacnpedeseHusi 3k3ozeHHbix [JHK 8 2eHome pacmeHusi-OoHOpa npu
UCNno/1b308aHUU MemM0odo8 2eHemu4ecKoll UHX}CeHepuu

B ocHOBe MeTO/|0B, OCHOBaHHBbIX Ha TEXHOJIOTUSIX peKoM6uHaHTHBbIX /[JHK, sexuT cos-
JlaHUEe HCKYCCTBEHHBIX TeHETHYECKUX KOHCTPYKIMH, BKJIOYAIOUIUX pasJiMuyHble TeHbl W3
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Pa3HBIX TeTepOJIOTUYHBIX CUCTeM. TakoM MOAX0J CHUMaeT NPUPOAHbIE OTPAaHUYUTE/IbHbIE
6apbepbl MeXJy BUJAMU M LLapCTBAMM KHMBbIX OPraHU3MOB U M03BOJISIET UCCJIe[0BaTeNsIM
MaHUIYJUPOBATh C Pa3JIMYHbIMU UCTOUHUKAMU 3k30reHHbIX JIHK. OiHako nepBble NOMBITKU
nepeHoca sk3oreHHblx /JHK B reHom pacTUTe/bHOW KJIETKU CTOJIKHYJUCh C HaJeXKHbIM
6apbepoM - 11eJ1/110J103HOM 000J104YKOH, 3l U 11AI01e M KJIeTKH OT IPOHUKHOBEHUS 4Y>KePOAHbIX
UCTOYHUKOB TeHeTHYeCKOM HHPopMauuu. Hcnosb3oBaHue ucciefoBaTessiMM MeTO/OB
61006aJIJIMCTUKU C HAHECEHUEM Ha YaCTHIbl 30J10Ta UM BosibppaMa GpparMeHTOB 9K30Te€HHbIX
JAHK [27], a Takxke NOpOTOMJACTOB, Y KOTOPBIX LleJIJII0JI03HAs 000Ji04Ka pa3pyliaiach
crielMaJbHbIMU LeJUIIOJIMTUYECKUMU pepMeHTaMH, I03BOJIMJIO0 IPEO/0JIEBATh 3T 6apbephl
Y JIOCTaBJISTh CO3/laHHbIe TeHETUYECKHEe KOHCTPYKIMU B LIUTOIJIa3My U /PO PaCTUTEJNbHOU
kJeTkU [28]. lllupokoe pacnpocTpaHeHHe NMOJNYYUIA U METOAbI, OCHOBAaHHbIE Ha NPUPOJHOU
CIIOCOOHOCTH MOYBEHHOM OakTepuu A. tumefaciens 10CTaBIATh 4aCTb CBOMX T€HOB B TEHOM
pacteHusi. [lepeHoC B reHOM pacTUTEJbHbIX KJ1eToK dacTyh cBoed /IHK, o6o3HavaemMoil kak
T-IHK, siBisieTcs aTanoM >XKUM3HEHHOU cTpaTeruu A. tumefaciens, HaleJleHHOM HA GMOCUHTE3
HeOoOXO0MMbIX NUTATEJbHbIX BELeCTB (ONMMMHOB) 32 CYET TPAHCKPUIILLIUOHHO-TPAHCASALIMOHHOU
Ma-IIMHbl W PECYpPCOB pPACTUTEJbHOW KJETKU. JlocTaBjieHHble B $J]p0 PaCTUTEJNbHOU
KJIETKU TPaHCTeHbl MONAaIal0T B OTKPBIThIE MET/IM XpOMaTUHa U GpepMeHTaMU penapanuu
BKJIIOUYAIOTCSl B BOCCTaHABJIMBaeMble MecTa pa3pbiBoB B /IHK o MexaHM3My HErOMOJIOTUYHOU
pexoMmb6uHanuu [29, 30]. Takum 06pa3oM, B pe3ysbTaTe 3aMeHbl COOCTBEHHBIX T€HOB B COCTaBe
ma3Mu/bl A. tumefaciens Ha UCKyCCTBEHTHO CO3/jJaHHble T€eHETUUYECKUEe KOHCTPYKLHUU ObLI
NI0JIy4eH UHCTPYMEHT [JIl UX JJOCTaBKHU B paCTUTe/Ib'HbIM reHoM. CiieiyeT NOAYEpPKHYTh, UYTO
JlOCTaBJIEHHbIe B F€HOM pacTeHusl pparMeHThl s3k3oreHHbIX JJHK uHTerpupyooTcsa B reHoMe
cay4dalHbIMo6pa3oM[31]uganbHeias «Cy/iboa» nepeHeceHHbIX TPAaHCreHOB Oy1eTBOMHOTOM
ONpeneNsTbCsl TeHETUYEeCKUM OKpY:KEHUEM TOro palhoHa reHOMa, B KOTOPbIM MpPOM30lLLIa
nHTerpanusd [32]. bosiee Toro, pparmMeHThl 3k30reHHbIX JJHK MOTy T ObITH C/Ty4aliHBIM 06pa3oM
MHTErpUpOBaHbl B paliOHBI PACIOJIOXKEHHUA COOCTBEHHBIX T€HOB U BbI3bIBAaTh UX U3MEHEHMUS
- T-JHK-unpyuupoBaHHble MyTauud [33, 34]. Ha ocHoBaHMM BbllIeNepeyrcJeHHbIX
0COGEHHOCTEN CTAaHOBUTCS OYEBUJHBIM, YTO TEXHOJIOTUS MOJUPHUKALIMU '€HOMOB pacTeHUM
C IPUMEeHeHUeM MeTOJ0B reHeTU4eCKOM MHXKEHEepPHUH J0CTAaTOYHA CJIOXKHA U NoJpa3syMeBaeT
MOWCK 6JIarONpPHUSATHBIX COOBITHHN MHTerpanuu sk3orenHbix JJHK, skcnpeccus 1jeseBbix reHOB
B KOTOPBIX OYleT COXPaHATHCS Ha BLICOKOM YPOBHE B T€YEeHHUE N0C/AeAy0LUX TIOKOJIEHUN U He
OyZeT cBsi3aHa C MyTallMUOHHBIMU U3MEHEHUSIMU [IPYTHUX '€HOB, CHUKAIOLIUX XapaKTePUCTUKHU
X0349MCTBEHHO-LIEHHBIX IPU3HAKOB.

BosmoxcHocmb 8bl6opa patioHo8-mMuwieHell 8 2eHOMe pacmeHus1-00HOPA NpU UCNO.1b308AHUU
Memodo8 2eHOMHO020 pedaKkmupo8aHus

OcHOBOM /151 CO3/JaHUs1 UHCTPYMEHTOB, MO3BOJISIOIIUX UCC/Ie0BaTe/ISAM LieJieHalpaBJIeHHO
BHOCHUTb /|ByllelIoYe4YHble pa3pbiBbl B BBIOPAHHOM palOHe-MUILIEHHW PAaCTUTEJIbHOI0 reHOMa,
NOCJAY>KUJIO OTKPbITHE Y OGaKTepUM MexaHUM3Ma 60pbOblI C BTOpKeHUeM uvykepoaHou JJHK
6akTepuadaroB [35]. CyTb co3JaHUs MHCTPyMEHTA peJJaKTUPOBAaHHS reHOMa COCTOUT B
TOM, YTOOBI B COCTaB I€HETUYECKOW KOHCTPYKL UM, IePEHOCHMON B F€HOM pPaCTUTEJIbHOHN
KJIeTKH, OblJ1 BK/IOYeH y4yacTok /IHK, komnieMeHTapHbIA pallOHY reHa-MUILIEHH, B KOTOPOM
IJIaHUPYeTCs MPOU3BECTH [IBYLleNOYeYHbIA pa3pes3. B kauecTBe “MOJIEKY/ISIPHBIX HOXHHUILL’
JLIS1 OCYILeCTBJIEHUSI TAaKUX pa3pe30B BbICTYNAlOT HYKJeasbl, B YaCTHOCTH, HykJsea3a Cas9
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u3 Streptococcus pyogenes. CienyeT NMOAYEPKHYTb, YTO TaKhWe UHCTPYMEHTbI MOTYT ObITh
MHTErpUPOBaHbl B T€HOM pacTeHHUsl B BUJe HapabOTaHHbIX B JIpyrod CUCTEME 3KCIPECCUU
pPUOOHYKJIEMHOBBIX KOMILJIEKCOB [36]. [eHeTUYecKas KOHCTPYKIMS, HECY1asl B CBOEM COCTaBe
0C/IeJ0BAaTEeJIbHOCTb reHa HyKJjeasbl Cas9 U mocse0BaTe/IbHOCTh, TOMOJIOTUYHYI0 palioHy
reHa-MHUIIEHH, MOXET ObITh MHTEIPUPOBAHA B TEHOM C IMOMOIIbI0 pa3pab0TaHHBIX U IIUPOKO
WCI0JIb3yeMBbIX CIOCOO0B arpo6akTepualibHON U 6M06aNTUCTUYECKOH JOCTABKH.

CpaBHUTE/JIbHBIA AaHAJIU3 METOAOB JO0CTaBKU 3K30reHHbIX /IHK B 1iepHbINA reHOM pac-
TeHUn

Memodul, 8ka4arwue aman Ky/1bmugupo8aHusl in vitro

TexHnosorun MogudUKalLMU reHOMa pacTeHUM C MPUMEHEHUEM MeTO[O0B IeHeTH4YeCKOU
WH)XXeHepUM U TEeHOMHOTO peJJaKTUPOBaHUs Ha pPaHHUX 3Tanax HUX (GOPMHUPOBAHUA H
Jla/IbHEeHIIero COBEPLIEHCTBOBAHMUA BKJIIOYAJU IPOLECC Je3UHTerpalluhd pacTUTEJbHBIX
TKaHeW C MOCJAeAYIUIMM UX KyJbTUBUPOBAHUEM In vitro. Heob6XoJUMOCTb BKJIIOYEHHUS 3TON
CTaJJMU IUKTOBaJlaCb 0COOEHHOCTSIMU OpPraHU3alUU KJIETOYHOU CTEHKH, MpeACcTaBJAKLIeN
co060U CJI0KHBIM Oapbep [/ TPOHMKHOBEHUS IOYBEHHBIX OaKTepUH, HanpuMmep, A. tumefaciens,
CIOCOOHBIX MPOHUKATh B PacTUTeJIbHbIe KJETKU TOJbKO B MeCTaX WX NoBpexJeHuu. Ha
pucyHke 1 mpejcTaBsieHa o6liasi cxeMa A0CTaBKU 3k3oreHHbIX JIHK B cocTaBe kacceThl
3KCIIPECCUU B T€HOM PACTUTEJbHOW KJETKU U IOJIyYeHHe TOMO3UTOTHBIX 10 BCTPOEHHBIM
reHaM pacteHui-tpaHcopmanToB (T1).

e A g e /)
ArpodakrepuajbHas Tpancopmanus Kaccera sxenpeccnn Vy/4, Vy/d,

/4 N/
BHO0ALIHCTHKA P M GOl T 7 \ / “U \ /
/)

(ST OIS i N

1 CeleKTHBHBII 0TGOP Perenepannst /]
[\ TPancGOPMHPOBAHHBIX  TPAHCTEHHBIX PACTEHHIA ,
DIIeKTpONopanus ——— I (b Il‘JleTIOK I T, T, romo3urora
[’\;‘{}“:} \ reMH3HIOTa

IIpumeuanue: P-nipoMoTop; M - nnocienoBaTeibHOCTh MapKepHoro reHa; GOl -nocsie10BaTe/IbHOCTD
1ejieBOro reHa (gene of interest); T - TepMUHATOP.

PucyHok 1. Cxema joctaBkH sk3oreHHbIX JIHK (kacceTsl akcnipeccuu) B siZiepHbIN FeHOM pacTeHUH,
BKJIIOYAMO1las 3Tall KyJbTUBUPOBAHUA KJIETOK in Vitro

[lepBble 3KCepUMeEHTHhI MO AOCTaBKe 3k30reHHbIX /JHK B sdepHbId reHoM pacTeHUH
ObLIM HaNpaBJieHbl Ha WHOKYJISLMIO JINCTOBBIX 3KCIJIAHTOB cycneH3ueu A. tumefaciens.
[loce MHOKYJASILIMM JIMCTOBblE 3KCIJIAHThI MOMeELIAJd Ha MUTaTeJibHble Cpefibl C A06aB-
JieHueM (UTOTOPMOHOB U COOTBETCTBYIOIIMX AHTHUOUOTHKOB [Jisl CeJEeKTHBHOTO OTOOpa
TPaHCPOPMHUPOBAHHBIX KJETOK W HHJAYLUUPOBAJU M3 HUX KaAJJIYChl C MOCJAEAYIUUM
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BOCCTAaHOBJIEHUEM M3 HUX IOJHOLEHHbIX pacTeHUN-TpaHCPopMaHTOB. C MOMOILbI0 METO/I0B
6M006a/JJINCTUKU TaKXKe MOXXHO ObLIO NpeozoJsieTb 6GapbepHble NPENATCTBUA KJETOYHOU
CTeHKH, oMelnas ¢pparMeHThl 3k3oreHHbIX [JJHK Ha mOBEpXHOCTH 30J10ThIX UJIM BOJIbGPAMOBBIX
YaCTHI U C MOMOIIbI0 FTeHHOM NMYLIKH JJOCTABJSTH UX B 1/Ip0 KJIeTKU. HakoHel, uccieoBaTen
MONBITAJIUCh PACTBOPSAThH KJETOYHYI CTEHKY C MOMOlIbI0 $epMEeHTOB, 0/JlHAKO, HECMOTpS
Ha YCHEeUIHY JO0CTaBKy KacceT 3KCIPEeCcCHU NMpPU TaKOM Crocobe, AajibHeHlIue nporesyphl
BOCCTAHOBJIEHUS] PAaCTEHUN M3 NMPOTONJIACTOB MPECTABJIANN COO0M Ype3BbIYANHO CJI0XKHYIO
3ajauy.

WTak, HeCMOTpSA Ha YCINEWHOCTb pa3pab0TaHHOW TEXHOJIOTHHM NOJIyYeHUS TeHeTHUYeCKH
MOAMPUIMPOBAHHBIX pPACTeHUH, CO BpEeMEHEeM CTaJI0 OYEBH/HO, YTO 3Ta TEXHOJIOTHS
JIOCTAaTOYHO CJIOXKHA, TPYZ0eMKa, TpebyeT MHOTO BpeMeHHU Ha pyTHHHbIe paboThl OT Hayasa
repeHoca TPAHCTeHOB [0 MoJiydeHUs TpaHcPopMHUpOBaHHBbIX pacTeHUW. Bosiee Toro, sTan
KYJIbTUBUPOBAHUS KJIETOK in Vitro cCONMpOBOX/AAJICS COMAaKJOHaJIbHON M3MEHYUBOCTbIO, UTO
He BCerJja paccMaTpUBaJ/IOCh Kak jxesaeMoe cobbiThe. CaelyeT NOAYEPKHYTh, YTO HECMOTPS
Ha BBeJleHHe B KYJIbTYPY Iin Vitro 6ojiee IByX COTEH BU/I0B PACTEHUH, /11 HEKOTOPbIX U3 HUX
npole/lypa pereHepalvu Bce ellle 0CTaeTCs TPYAHO pa3pelminMou 3ajadeil. B cBsA3U ¢ aTuM
Mcc/eloBaTe v NpeANPUHSIN LIMPOKUHM MOUCK BO3MOXKHbBIX BADUAHTOB JI0CTABKH 9K30T€HHbIX
JHK HemnocpeACTBEHHO B FeHOM PaCTUTEJbHBIX KJETOK, MUHYS UX MepexoJi B COCTOSIHUE In
vitro. K HacTosillieMy MOMEHTY TaKHhe MeTO/bl ObLJIM YCIEUIHO pa3paboTaHbl, U MPO/L0XKAETCS
WX aJlanTalnus AJs pa3JIMYHbIX BU/IOB pacTeHUH.

MeToap! gocTaBkH 3k30reHHOoM /IHK in planta

Meton poctaBku 3k3oreHHod [JHK B reHom pacTUTe/NbHOW KJETKH, MHUHYs CTaJUI0
KYJIbTUBUPOBaHUA in vitro, 6bl1 pa3paboTtaH K 1987 roay ana A. thaliana [37]. CyTb aToro
MeTo/la 3aKJiloyasacb B TOM, YTO IpeJABapUTe/JbHO 3aMOYeHHble M HabyxuiMe ceMeHa A.
thaliana nomelanu B cycneH3uto A. tumefaciens Ha CyTKH, 1OCJe Yero OTMbIBaJiM BOJOH B
CTEpPUJIbHBIX YCIOBHUAX, MOMeEIlaJIM Ha CeJIeKTUBHbIE CpeJibl C aHTUOMOTUKOM U OTOMpau
TpaHCc)OPMHUpPOBaHHbIe pacTeHUs. Ha 0CHOBAaHMH MOJIyYeHHbIX JJAHHBIX CTAJI0 OY€BHU/IHBIM, YTO
AKTHUBHO JIeJISIHeCs MeEPpUCTEMATHYECKHE KJIETKHU 3apPO/Ibl1Ia CTAHOBSITCS KOMIIETEHTHBIMU J1JIsl
arpo6akTeprasibHOro MHULMPOBaHUS. B laibHeN1IIeM 3TOT PolLiecc 6bLJI CyIleCTBEHHO YCHUJIeH
3a CYeT MPOBeJeHUsl arpob6aKTepUaATbHOI0 3apaXKeHUsl 3KCIJIAHTOB B YCJIOBUSIX BaKyyMHOMU
nHounbTpauu [38]. [IpuMeyaTesbHO, YTO NMPOPHIB B HAMNpaBJe€HUU YCOBEPIIEHCTBOBAHUS
MEeTOOB J0CTaBKU 3k30reHHbIX JIHK B reHOM pacTUTENbHBIX KJETOK, CBSI3aHHBIA C
CYylLIeCTBEHHbIM VIPOLIEHUEM 3TOW MPOLEAYPbl U HCKJIIOUYEHHWEM 3Tana KyJbTHBHUPOBAHUS
pacTUTeNIbHBIX KJIETOK in Vvitro, 0kasas OrpOMHOe BJIMSIHME HA MOJIEKY/ISIDHO-T€HEeTHYECKUe
MCC/IeJOBaHUS C TpuMeHeHueM A. thaliana Kak MOZieJIbHOTO pacTeHUS.

CiieiyolyMM LIaroM B pa3BUTHU METO/0B BAKYYMHOU UHPUIbTPALIUU KJIETOK 3KCIIJIAHTOB
TpaHcPOopMHUpyeMbIX pacTeHUN 6e3 KyJbTUBUPOBAHUS W pereHepanuu in vitro mocayKuo
IPOCTOE OTPyKEHHE Pa3BUBAIOLIMXCS IBETOUHBIX 106ET0B BarpobakTepHUalbHY0 CyClIEH3UI0
c nob6aBJieHHUEM caxXapo3bl U MOBEPXHOCTHO-aKTUBHOro BelecTBa Silwet L-77 [39]. Bosee
TOT0, aBTOPAMH 3TOTO MCCJIe[J0BaHUs ObLIO TOKA3aHO, YTO MOBTOPHAst 06paboTKa LBETOYHbBIX
06EroB, a TAKXKe UX YKPbITHE B MAKeThI U3 IJIEHKH, YBEJIUYUBAJIO CKOPOCTh TPpaHCHOpMaIUU
M OOIIMH BbIXOJ, pacTeHUH-TpaHCGOpMaHTOB. [losiokuTeNbHBIA 3QPeKT Ha yBeJUYeHUe
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BbIX0Zla TPaHCPOPMAHTOB 0Ka3as0 BO3/eUCTBUE HA pAaCTEHUs M0OCJe 00PAabOTKHU I[BETOYHbIX
no6eroB cTtpeccoBbiMU ¢akTopamu (3acyxa) [40]. K HacTosueMy BpeMeHU B JIMTepaType
MOXXHO HAaWTH JJ0BOJIBHO MHOTO pa3/IMUHbIX BapuaHTOB MeTo/a floral dip pnsa A. thaliana [41,
42]. Ha pucyHke 2 B caMOM 00611leM BU/IE P CTaBJIeHbl OCHOBHBIE 3TAIbI 3TOTO METO/1A.

Baxkyymuasi nnpuiabTpanus
Floral Dip

Kaccera sxcnpeccun
P M GOI1 T
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IIpumeuanue: P-nipoMmoTtop; M -nociiefoBaTebHOCTb MapKepHoro reda; GOl -nociieoBaTeIbHOCTD
nesieBoro reHa (gene of interest); T - TepMmuHartop; KpacHblii 11BeT - ceMeHa C reHOM KpaCHOIO
droopecuupyromiero 6esaka.

PucyHok 2. CxeMa jjoctaBku sk3oreHHbIX JIHK (kacceTbl akcnpeccuu) B sii€pHbIN FeHOM pacTeHUH
MeTozaMHu in planta

Kak xopomo BHAHO Ha MNOpeACTaBJIEHHOM pUCYyHKe, ¢parmMeHTbl 3k3o0oreHHbix /JIHK,
o0 beJUHEHHble B KacceTe 3KCIPECCHUU, MOTYT OBbITb JAOCTaBJIEHbl HENOCPeJCTBEHHO B
reHOM LIeJIOTO pacTeHUs ¢ NpuMeHeHUeM MeToja floral dip uiu B OT[esNbHbIE €ro 4acTH
C UCHOJIb30BaHMEM MOJX0[a BaKyyMHOW HHOUIbTpaLUM. Bk/loyeHHe B COCTaB KacCeThI
3kcnpeccuu penoptepHoro reHa RFP, koaupyoiero KpacHblii GpJ00OpeciupyrIui 6emok
1o/, ynpaBJieHUEM HNPOMOTOpA, aKTUBUPYIOLIETOCs B CEMEHHBIX 000JI0UYKAaX, MO3BOJISIET
IPOBOAUTH IPeJIBAPUTENbHBIN OTOOP y2Ke Ha CTaAUU CEMSIH, COOPaHHBIX C [BETOYHbIX 106Er0B
nocJjie arpobakTepUaJbHOW 06pabOTKH U noJiy4aThb To (reMusuroTsl). [locsie camoonblieHus
reMusuroT To cpeiu MOTOMKOB MOKHO OTOOPaTh TOMO3UTOTHBIE M0 1ieJIeBOMY T€HY pacTeHUS.

HecmoTps Ha TO, 4TO fjocTaBKa 3k3oreHHbIX JIHK MeTooMm floral dip nocTaTo4yHO MIKMPOKO
npuMeHsietcss Aas A. thaliana, a Takxe pa3paboTaHbl M NPOJAOJKAIT pas3pabaTbhiBaThCs
MoAudUKALIMA 3TOTO MeToZa AJis JIpyrMX BHU/JOB pacTeHUM, MOJIHAs KapTHHA MeXaHW3Ma
arpo6akTepUaJbHOTO 3apakeHUsl HEMOBPEXK/IEHHBIX U, 60Jiee TOro, JO0CTaTOYHO y/la/IeHHbIX
OT MeCTa HaHeCeHUsl arpobaKTepHil 1jesieBbIX TKaHeH, BCe ellle OCTAeTCsl He BIOJIHE SICHOM.
Ucxonaa Y3 mojydaeMbIX pe3yJ/ibTaTOB, CBHUJAETENbCTBYIOIIUX O TOM, YTO 3k3oreHHble JIHK
0OHApPY>KUBAIOTCA B TKaHAX CEMEHHOrO 3apoJblllla, BO3MOXXHO MPEANOJIOXKHUTb JABa NYTH
MX NMPOHHWKHOBEHHS B IiesieBble KJeTKU. C oAHOU cTOopoHbI, 3k3oreHHble JJHK MoryT 6bITh
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MHTErpUpPOBaHbl B NbLIbLEBOE 3€PHO M 3aTeM B CIEPMUH, YTO NpeJCTaBJsIeTCS BIOJIHE
JIOTUYHBIM, IOCKOJIbKY MbLIblieBble 3epHAa Ha NOBEPXHOCTU NeCTHKAa HeNocpeLCTBEHHO
KOHTAKTHPYIOT C KJIeTKaMu arpo6aktepuid. C Apyroi CTOPOHbI, MOXKHO NPEANOJI0KUTh U Iy Th
MHOULMPOBAHUS AN EKJI€TOK UJIM 3UTOT IPU UX CJIUSTHUM CO ClIEPMUSIMHU, OTHAKO B3TOM C/1y4yae
OCTaeTCcsl HEeSICHBbIM JJOCTAaTOYHO YyAaJIeHHbIN NYyThb UHPUIUPOBAHUSA SAULEKJIETOK WUJIHU 3UTOT,
IIOCKOJIBKY OHHM PacIoJIOXKeHbl BHYTPHU ceMsANo4ykU. [lepBoid paboToM, 0TYACTHU MPOJIMBLIEN
CBET Ha MeXaHU3M arpo0aKkTepUa/ibHOTO 3apaKeHUsl TKaHel I|BeTKa MPHU HCIO0JIb30BaHUU
MmeToja floral dip, iBsieTca uccaefoBaHUe TKaHel BeTKa A. thaliana npu AocTaBKe reHa uidA,
KoJupytolero ¢gepMeHT GeTa-IVIIOKYpoHUJa3y [43]. ABTopaMu 3TOro UcCae[0BaHUA OBLIO
YCTAHOBJIEHO, YTO aKTHUBHOCTb pepMeHTa HabJ110/1a/1ach TOJILKO B pa3BUBAIOLUXCS CEMSAMOYKAX
Y He 00Hapy>XuBaJach B NblLIbIe U NbLIbLEBBIX TpyOKax. bosiee Toro, 661710 NOKa3aHoO, YTO
CKOPOCTb TpaHCcpOopMalLMU ceMsNoyveK 6bl1a B 6 pa3 Bblllle Y paCTeHUN C OTKPbITOW GpopMoi
rUHeles], YTO MOCAY>KUJI0 OCHOBAaHUEM JJis YTBEPKeHHUs], YTO arpobaKTepUr NPOHUKAIOT K
ceMsNOYKaM yepe3 BHYTPEHHIOK YaCcTh OTKPBITOT0 pa3BUBAIOILEr0Cs TMHeLesl.

JanbHeimee passutue metoja floral dip pnasa pocraBku s3k3oreHHbIX /IHK B siaepHbIi
reHoM JPYyrux BUJ0B pacTeHUl

dddexkTUBHOCTb U NpocTOTa NpuMeHeHUs MeToAa floral dip ans focTaBKA parMeHTOB
sk3oreHHbIX JIHK (kacceT akcnpeccuu UM MHCTPYMEHTOB /1J1s TEHOMHOTO peJJaKTHUPOBaHUs )
OblJIM BecbMa IpUBJIEKATeJNbHbl [JIJI1 IPUMEHEeHUs K JAPYrdM BHUJAM pacTeHU. UMeHHO
3TO OGCTOSATENBCTBO CTUMY/JIMPOBAJIO IIMPOKHM NMOHWCK BO3MOXXHOCTEH ero ajanTaiuu K
pa3/MYHBIM BUAAM pacTteHul (Tabsauna 1).

Tao6una 1
IIpumeHeHue metoaa floral dip pnsa pocraBku 3k3oreHHbIX /IHK B reHOMBI pa3/JIMYHbIX BUAOB
pacreHuit
Bupj pacreHus CemeinicTBO Ccblika
Ha UCTOYHUK
Medicago truncatula (nrouepHa yceueHHas ) Fabaceae 44
Brassica napus (panc), B. carinata (ropuuija abuccuHCKas) Brassicaceae 45
Triticum aestivum (TniieHUI[a MSTKasA) Poaceae 46
Zea mays (KyKypy3a 0ObIKHOBEHHasl) Poaceae 47
Linum usitatissimum (J1eH 06GbIKHOBEHHbIH ) Linaceae 48
Tagetes erecta (6apxaTIibl MEJKOLBETKOBbIE) Asteraceae 49
Solanum licopersicum (ToMaThl) Solanaceae 50
Cosmos sulphureus (kocMesi CEpHO-XeJITasi) Asteraceae 51
Descurainia Sophia ([eckypaiinus Codpun) Brassicaceae 52

Kak BujHO u3 Tabsuubl 1, K HacTosilleMy BpeMeHHU B JIMTepaType MMEIOTCS CBeJeHUs
06 ycnemHoM npuMeHeHuu Metoga floral dip pnsa 10-Tu BUAOB pacTeHHUM, SBJSIOLIMXCS
npeJCcTaBUTENSIMU 6-TU ceMeUcTB [44-52]. [I[puHMMas BO BHUMaHUe 0COOGEHHOCTH CTPOEHUS
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[IBETKOB, NIpe/iCTaBUTe/IEN NePEeUYUCTIeHHbIX B TabJIMLle BUJIOB PACTEHUH, ClelyeT OTMETHUTD,
YTO OHM CYILleCTBEHHO Pa3JIMYalTCA MeX/Jy COo00M, 0[JHAKO, KaK MOKa3bIBAIOT pe3yJsbTaThbl
3KCIepHMEHTOB, AocTaBKa 3k3oreHHbIX /JHK ¢ npumenenunem metoaa floral dip MoxxeT ObITh AJis1
HUX yCHelHOoMW. /laHHOe 06CTOATeNbCTBO BCeIsAeT ONTUMU3M Ha pacCliMpeHue IPUBeJeHHOI0
CIIMCKa B CJydyae HeOoOXOJMMOCTHU MOJIydeHUS TeHeTHYeCKHW MOAUMPULMPOBAHHBIX BH/IOB
pacTeHUM C NMpPUMEHeHHWeM MEeTOJJ0B FeHHOM WHXXeHepHUU U T€HOMHOTO peJaKTHpPOBaHMS,
M B OCOOEHHOCTU [JJisl TeX BHUJOB, AJid KOTOPbIX BCe ellle He pa3paboTaHbl MPOTOKOJIBI
KyJIbTUBUPOBaHUA in vitro. He06X0AMMO OTMETUTD, YTO HA MOUCK METO/0B U NMOJXOZ0B AJIs
JlocTaBKU 3k30reHHbIX /[HK B reHOM pacTUTe/IbHBIX KJIETOK in planta B HaCTOAIMNA MOMEHT
BpEMEHM HalpaBJieHbl YCUJINUSI MHOTHUX UCCIEI0BATE/IbCKUX KOJIJIEKTUBOB [53].

Bkyaa aBTOpOB

E.B./l. - KoHLeNuusi U PyKOBOACTBO paboToi, HanmucaHnue Tekcta; A.MKK., AKK u
A.K.A. - obcyxaeHue pesynbratoB uccaegoBanus; LM.C. u PM.T. - HanmucaHUe TeKCTa U
peaKTUpPOBaHHE TEKCTA CTAaThHU.

duHaHCUpPOBaHUE
Pa6oTa BbINOJIHEHA B paMKaxX porpaMMbl «3apyo6ekHbli yuyeHbld» 2024-2025.

KoHMKT nHTEepecoB
ABTOpBI 3a9BJAIOT 006 OTCYTCTBUU KOHQPJIMKTA UHTEPECOB.

Co60JeHHe 3ITUYEeCKUX HOPM
Hacrosimas cTaTbsd He COJEpPXHUT ONMHCAHUS BBINOJHEHHBIX aBTOPAMU UCCIe[OBaHUN C
y4acTHEeM JIIOEN UM UCT0JIb30BAHUEM )KUBOTHBIX B KAUECTBE 0O'bEKTOB.
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F'eHeTHUKAaJIbIK MHKEHEPUS dKIHE FeHOM/bIK, OHJey djicTepi MeH oCiMiK reHOMAAapbIHBbIH,
MoauPpuKanuacel: 3k3oreHaik JHK xeTki3y

E.B. [lefineko*!, A.JK. Kanka6aer?, A.JK. ’Kana6aegBa?, A.K. AsibmycaeB?,
M. CasixoxkaeBa?, P.M. TypnaHoga?
1Pecell Foiabim akademusicbiibly Cibip 66AIMIHIH YUMO.102USs HCIHE 2eHeMUKA UHCMUMmMymbil
®edepandvl 3epmmey opmabirsl, Hosocubupck, Pecell Pedepayusicol
2JLH. T'ymusee amosiHdarul Eypasus yammulk yHugepcumemi, Acmama, Kazakcman

AngaTna. BuoJIoTUSHBIH, NOCTTeHOMJABIK, AJyipiHJe 9pTypJli eciMIiK TypJiepiHiH reHOMJapblHa
sk3oreH/ik JHK ¢dparmMeHTTepiH )KeTKi3y 9icTEPiH aMBITy MeH e Ti/Aipisy Typasibl JepeKTep Kapac-
ThIpbLIAJbL. In vitro xaffalblHAA 6ciM/iK acylulaJapblH 6cipy caTbhICbIHA 6aW/IaHbICTbl 3K30TEeH/JiK
JHK-HBI KeTKi3y epekluesikTepi KeJTipijireH. OCiMiK yJ/naJapblHbIH >Kacylla KyJbTypaJapblHa
bIJbIpaybIH 6OJIABIPMANTBIH, COZlaH KeliH TpaHcPOopMaTOpJIbIK — 6CiMAIKTep/i KajlblHa KeATipeTiH,
SFHM In Vitro Ke3eHiH alHaJbIN OTETIH, In planta eciMAik »acylllasapblHbIH TeHOMAAapblHA 3KCOpec-
CUSIJIBIK, KacceTaslap/ibl KeTKI3yAl KaMTaMachI3 eTeTiH d/jicTepAi AaMbITyFa 6aca Hazap ayAapbliajbl.
Arabidopsis thaliana mopenbJi eciMJiKTepi VILIiH Je, »KOFapbl caTblJaFbl OCIMiIKTep/iH aJThl
TYKbIM/JIACbIHBIH, 6Kijiepi 6osibin TabbLIaTbIH KeWbip 6acka TypJsep ywiH fge floral dip apicin
KOJIZIAHYAbIH TaObICThIIBIFBI TYPasbl epeKTep 6epijsireH. [eHOM/BIK 6H/ey 9/iicTepiMeH eciMaikTepai
MoaAuUKAIMsIayFa KbI3bIFYLIBUIBIKTBIH apTybIHA 6aiianbICcThI floral dip apiciHiH, cypaHbIChI TypaJibl
JepeKTep KeJTipilreH.

Ty#iH ce3aep: reHeTHKAJIbIK UHXXeHepUs, TeHOM/IbIK, pelaKl1siay, TPAaHCTeH, XKeTKi3y aaicTepi, floral
dip

Modification of Plant Genomes by Genetic Engineering and Genome Editing: Delivery
of Exogenous DNA

E.V. Deineko*!, A.Zh. Kalkabaev?, A.Zh. Zhanabaeva?, A.K. Almusaev?,
G.M. Salkhozhaeva?, R.M. Turpanova?
1Federal Research Center Institute of Cytology and Genetics, Siberian Branch of Russian Academy
of Sciences, Novosibirsk, Russian Federation
?L.N. Gumilyov Eurasian National University, Astana, Kazakhstan

Abstract. The article reviews data on the development and improvement of methods for delivering
exogenous DNA fragments into the genomes of various plant species in the postgenomic era of biology.
The features of exogenous DNA delivery, depending on the stage of plant cell cultivation in vitro are
presented. The emphasis is placed on the development of methods that ensure the delivery of expression
cassettes into plant cell genomes in planta, excluding the disintegration of plant tissues to cell cultures with
subsequent restoration of transformant plants, i.e., bypassing the in vitro stage. Data are presented on the
success of the floral dip method for both model plants Arabidopsis thaliana, and some other species that are
representatives of six families of higher plants. Data are presented on the demand for the floral dip method
in connection with the growing interest in plant modification by genome editing methods.

Keywords: genetic engineering, genome editing, transgene, delivery methods, floral dip
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Abstract. Viral infections pose a serious threat to crop production in Kazakhstan
and worldwide, negatively affecting the growth, development, and productivity
of agricultural crops. Under conditions of multiple stresses, such as drought,
extreme temperatures, soil salinity, and pathogen damage, viruses aggravate
physiological changes in plants, disrupting their metabolic pathways and
reducing resistance to adverse factors. Particular attention is paid to the effect
of viral infections on the biosynthesis of anthocyanins, important compounds
involved in plant defense mechanisms. In this work, it was shown that infection
with tomato bushy stunt virus (TBSV) caused more damage to the middle
leaves of the model plant compared to other leaves, and the upper leaves
stopped developing. In addition, necrosis was observed in the middle leaves,
which led to further programmed cell destruction (PCD). Moreover, infection
with the TBSV virus led to a significant increase in hydrogen peroxide levels and
accumulation of anthocyanins in Nicotiana benthamiana plants. These changes
indicate a disturbance in the redox balance and activation of defense reactions
in response to viral infection. The findings highlight the importance of studying
the interaction of viruses with plants to develop strategies to improve crop
resistance to viral infections and other stress factors.
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Introduction

Viral infections pose a significant threat to agricultural production and can cause significant
damage to global food security [1]. The development of viral infections in economically important
crops over several generations leads not only to yield losses caused directly by the viruses
themselves but also to degradation or degeneration of varieties, thereby increasing the harmful
effects. In general, this phenomenon can lead to yellowing of leaves, changes in their shape and
height of stems, and a decrease in vegetative mass and quality of harvest [2]. One of the deadly
affecting causes is viral invasion of plant tissue, which leads to necrosis and programmed cell death
(PCD). Plants experience a variety of metabolic and physiological changes during stress, including
changes in shoot/root biomass, reduced photosynthesis and nutrient intake, and suppression of
flowering and seed development, all of which contribute to decreased growth and productivity [3].

Tomato bushy stunt virus (TBSV) is a member of the Tombusviridae family and possesses
a single-stranded positive RNA genome of about 4800 nucleotides encased by 180 capsid
protein subunits [4]. TBSV is composed of 30 nm-diameter spherical particles with a positive-
sense single-stranded RNA genome of about 4.8 nt that encodes five main open reading frames
(ORFs). ORF1 and ORF2 are necessary for viral replication. ORF3 encodes the coat protein,
whereas ORF4 encodes the viral movement protein, which is required for cell-to-cell mobility
and symptom detection on particular host plants. ORF5 products play a role in inducing necrotic
signs as well as the virus's long-distance transmission, depending on the host [5].

The virus has five unique open reading frames: p33 and p92 for the replicase, which are
translated from genomic RNA; P41, the capsid protein, is translated from subgenomic RNA 1,
while P22 and P19 are translated from subgenomic RNA 2. P19 is the key determinant of the
virus's pathogenicity, and it suppresses RNA interference-based defensive systems [6,7].

This virus spreads naturally through contaminated seeds and propagative material, as well as
through manual use of infected cutting equipment [8]. TBSV has a limited host range, affecting
just a few dicotyledonous species from several families. It also affects numerous vegetable crops [9].

TBSV causes stunting, bushy growth, distortion, and necrosis in tomatoes, eggplants, and
peppers. Fruits of infected plants develop necrosis and chlorotic blotching, causing significant
economic damage such as production loss and decrease in the quality of commercial solanaceous
crops farmed in greenhouses and fields [5].

Therefore, there is an urgent need to study in detail the defense mechanisms used by plants
against viral infections. Reactive oxygen species (ROS) play a crucial role in responding to viral
infections by integrating various signalling networks and activating plant defense mechanisms [10].

Reactive oxygen species (ROS) are obligatory products of metabolism in living organisms
and have several types of these molecules, including the superoxide radical (0O,e-), hydrogen
peroxide (H,0;), hydroxyl radical (¢OH), singlet oxygen (*0,), peroxy radical (ROOe), and
alkoxyl radicals (ROe) [11-15]. ROS production happens in plant tissue as a consequence of
cell wall peroxidases, amine oxidases, NADPH oxidases, oxalate oxidases, lipoxygenases, and
quinone reductase [16,17]. ROS accumulated in plant tissue under stress conditions, such as
high temperature, salinity, low temperature, and biotic stresses such as virus invasion, bacterial
infection, and other agents [18,19]. Excessive ROS accumulation negatively affected plant tissue
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and led to significant damage, which was described as oxidative damage [19]. Nucleic acid
degradation, carbohydrate, protein, and lipid peroxidation that lead to PCD.

ROS accumulation serves as a signalling molecule to activate the defense system of plants,
such as non-enzymatic (tocopherol, proline) and enzymatic (ascorbate peroxidase, catalase,
superoxide dismutase, peroxidase, GSH) ROS scavenging molecules [20-22]. Furthermore,
reactive oxygen species damaged the photosynthetic apparatus of plants by reducing
photosynthesis efficiency, stomatal conductance, and chlorophyll content [23].

Moreover, during the virus infection, Sugarcane mosaic virus (SCMV) in transgenic sugarcane
was detected at a low level of ROS concentration; meanwhile, another hybrid of sugarcane
showed a higher level of ROS and MDA, which are evidence of disruption of cell ultrastructure
[18]. Between virus infection and ROS level, there are strong bounds, and in tobacco infected, it
has determined the uricase activity, which is mainly affected by hydrogen peroxide production
[24-27]. Also, cowpea cultivars treated by the ringspot virus showed higher accumulation of
superoxide and superoxide dismutase activity, which serves as a converter of superoxide to
hydrogen peroxide [24]. Additionally, higher levels of ROS and lipid peroxidation and protein
oxidation leading to Sharka symptoms were a consequence of long-term infection of the Plum
pox virus in Prunus species [25].

The increasing amount of H,0, triggers the production of anthocyanin under various
stresses. Anthocyanins are antioxidant compounds that help to mitigate oxidative stress by
neutralizing reactive oxygen species (ROS) like H,0,. Besides, H,0, might activate transcription
factors controlling the expression of genes responsible for anthocyanin biosynthesis, including
MYB, bHLH, and WD40 transcription factors; therefore, activation of these factors is significant
for anthocyanin pathways [26]. Also, H,0, interacts with plant hormones, including ABA, JA,
and ethylene, which are known modulators of anthocyanin accumulation [27]. Many of these
hormones also are induced by stress, again leading to coordinately responsive outcomes in
which anthocyanin synthesis is one of the consequences.

To address this issue, plants have developed a variety of ROS scavenging mechanisms,
including the induction of anthocyanin molecules, that provide protective benefits under stress
[28].0ne approach for conferring stress resistance on plantsis the accumulation of anthocyanins.
Anthocyanins are water-soluble flavonoid chemicals that give flowers, fruits, and vegetables
characteristic red, purple, orange, blue, and brown colors [29]. Under stress, anthocyanin
molecules accumulate in many plant tissues, providing considerable antioxidant activity and
inducing plant morphophysiological and metabolic responses [30]. Pigmented leaves and crops
aid in stress tolerance by increasing ROS scavenging [31]. Furthermore, different levels and
concentrations of anthocyanins contribute to plant biodiversity and adaptation, with pigmented
plants containing higher anthocyanin levels being more tolerant to various stress conditions
and beneficial for human nutrition [32].

For example, significant anthocyanin accumulation was observed under salt stress in wheat
genotypes of different colors [29]. In another case, grapevine cells under phosphate deficiency
showed anthocyanin accumulation responsible for stress tolerance [33]. Similar observations
of anthocyanin biosynthesis gene induction under stress conditions have been reported in
various crops, conferring stress tolerance [34]. Given their antioxidant properties, anthocyanins
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protect plants from adverse environmental conditions by scavenging stress-induced ROS and
are considered a promising approach to enhancing plant stress tolerance [35]. However, the
role of anthocyanins in the stress pathogen response remains underexplored.

This study aims to investigate the impact of viral infections on anthocyanin accumulation
in plants. Understanding how viruses interact with the metabolic pathways responsible for
anthocyanin synthesis can provide valuable insights into plant defense mechanisms and aid in
the development of more resilient crop varieties.

Materials and research methods

Grows of N. benthamiana

The Nicotiana benthamiana plants used in this study were cultivated in enriched soil
(Volshebnaya Gryadka, produced in Russia) within a controlled growth room under artificial
lighting conditions. To simulate optimal growth and development conditions, a long-day
photoperiod was established using alternately installed lamps with spectra of 2700 K and 6400
K, providing 16 hours of light (day) and 8 hours of darkness (night). Seeds were placed in soil
pre-moistened with distilled water, and seedlings were transferred into new individual pots
10-14 days following germination, as they grew. To avoid contamination, the planting pots were
sterilized with disinfectant treatments. The growth room had a relative humidity of 75-80% and
an air temperature of 23-27 2C. Watering was conducted three times a week with a consistent
amount of distilled water at the same time each day.

Preparation of material for inoculation

Plasmids containing TBSV cDNAs were linearized with Smal type Il restriction endonuclease
from ThermoFisher Scientific according to the manufacturer's instructions. The restriction
products were then purified by phenol-chloroform extraction with subsequent ethanol
precipitation. The linearized plasmids served as a template for the synthesis of TBSV viral RNA
transcripts. The reaction was carried out using a set of ribonucleotide mixture, reaction buffer,
and T7 polymerase from ThermoFisher Scientific. The in vitro transcription products were
separated and visualized in 1% agarose gel.

Horizontal agarose gel electrophoresis

Separated in 1% agarose gel with ethidium bromide for 40 minutes with buffer. An agarose
gel was prepared using a ratio of 500 mg agarose to 50 ml of buffer containing TRIS, boric acid,
and EDTA (TBE). Viral particles were detected on agarose gels using UV light. The presence of
DNA in the gel was detected under ultraviolet light using a Vilber Lormat gel documentation
system (France).

Inoculation with viral material

Inoculation was carried out by the rub-inoculation method. The transcripts obtained in vitro
were mixed with phosphate buffer and carborandrum. For inoculation, 2-3 leaves from the
middle tier were selected. Mechanical damage was caused by light movements, through which

120 N21(150)/ JLH. 'ymunee amoindarel Eypasus yammeoik yHusepcumeminiy XABAPIIBICHI. Buo102usnblK Folablmoap cepusicyl
2025 BULLETIN of L.N. Gumilyov Eurasian National University. Bioscience series
BECTHHK Espasuiickozo HayuoHa/1bHo20 yHugepcumema umeHu J1.H. ['ymuaesa. Cepust 6uosozuveckue HayKu



Role of anthocyanins in plant resistance to virus

matrix RNA penetrates into plant tissues and cells. N. benthamiana plants aged 30-35 days were
inoculated with in vitro synthesized TBSV transcripts.

Immunodetection of viral proteins

To determine the presence of viral proteins, hydroxyapatite chromatography fractions from
healthy and virus-infected plants were separated on 15% polyacrylamide gels and transferred
to nitrocellulose membrane (Osmonics, Westborough, MA). Transfer efficiency was tested
by incubating the membrane in Ponceau S solution (Sigma, St. Louis, MO). Membranes were
incubated with anti-capsid protein antibody solution (1:5000) for 2 h. After washing three
times, secondary antibodies conjugated to alkaline phosphatase 1:3000 were added. NBT-BCIP
solution was used to visualize the formed immune complexes [36].

Detection of H,0, in N. benthamiana

The upper non-inoculated leaves were examined to identify ROS components, such as H202,
which are known for their detrimental effects on plant growth and development. For H202
detection, samples were extracted in 50 mM phosphate buffer (pH 7.5) at a ratio of 1:8 (w/v)
and centrifuged twice at 10,000 rpm for 10 minutes. The reaction mixture for detecting H202
consisted of 0.85 mM 4-aminoantipyrine, 3.4 mM 3,5-dichloro-2-hydroxybenzene sulfonate,
and 4.5 U/ml HRP in 2 ml of 50 mM phosphate buffer (pH 7.5) as previously described
by Yesbergenova et al. [37]. Absorbance was measured after 5 minutes at 515 nm using a
Spectrophotometer.

Quantitative determination of anthocyanin content

The upper, uninoculated leaves were sampled. Samples were homogenized with an Extraction
buffer containing 45% methanol and 5% acetic acid in a ratio of 1:5. Then they were centrifuged
twice at 4°C, 10,000 rpm for 10 minutes each time, and then placed on a special plate. Measured
as described by Nakata and Ohme-Takagi [38]. Absorbance was measured at 530 and 637 nm in
a microplate spectrophotometer, “Multiskan SkyHigh” (Thermo Fisher Scientific, USA).

Statistical analysis

Each treatment option was analyzed in triplicate samples from each plant. Statistical analysis
was performed using the StatPlus Professional 5.8.4.3 2018 version for Windows software
package (AnalystSoft Inc., www.analystsoft.com/ru/), Student's t-test. Values were expressed
as mean *SE. P values below 0.05 were considered statistically significant. If the null hypothesis
is true, the group's assessment of dyspepsia with alcohol changes should be close to the
assessment of maternal dyspepsia. It should not be similar.

Results

One-month-old N. benthamiana plants with initially similar morphological traits, such as
height, leaf plate development, and total vegetative mass, were selected for inoculation. The
plants were inoculated by treating the leaves of the middle tier with an inoculation mixture. N.
benthamiana plants were infected in vitro with wild-type transcripts of TBSV.
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Seven days after inoculation with Tomato Bushy Stunt Virus (TBSV), the infected plants
developed characteristic symptoms indicating systemic spread of the virus and accumulation
of viral proteins (Figure 1). Local chlorotic and necrotic spots and, in some cases, necrotic rings
were observed on the inoculated leaves during the first 2-5 days. Some plants showed cell death
at the inoculation site, which may indicate a hypersensitive response. Systemic symptoms of
infection appeared on the 7th day after inoculation. Most plants showed pronounced chlorosis
and mosaic coloration of the leaves, accompanied by their deformation (curling, size reduction,
wrinkling). Inhibition of apical growth, shortening of internodes, and development of dwarfism
were also recorded. In some cases, tissue necrosis was observed along the main veins of the
leaves. The observed symptoms indicate active accumulation of viral proteins and successful
systemic infection, which confirms the ability of TBSV to spread rapidly in the host plant.

Figure 1. Morphological signs of infection development in N. benthamiana plants

To confirm the presence of viral particles in N. benthamiana plants infected with wild-type
TBSV, agarose gel electrophoresis and immunoblotting analyses were performed. Samples
extracted from inoculated and healthy plants were subjected to 1% agarose gel electrophoresis
followed by ethidium bromide staining. Visualization under UV light revealed a clear band
corresponding to TBSV virions in samples obtained from infected leaves (Figure 2). To confirm
the specificity of the detected particles, capillary transfer onto a nitrocellulose membrane was
performed, followed by immunostaining with polyclonal antibodies specific for TBSV virion.
The proposed methodological approach demonstrates high efficiency for rapid and reliable
detection of TBSV virions in inoculated plants. This method can be particularly useful in cases
where visual morphological signs of viral infection are weak or absent, making it a valuable tool
for diagnosing viral infections in plants.
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Figure 2. Detection of virion particles in N. benthamiana infected with wild-type TBSV. (@) Ethidium
bromide staining of agarose gel after electrophoresis; (b) Ponceau S staining of nitrocellulose
membrane; (c) Western blot analysis for detection of TBSV virions.

Reactive oxygen species (ROS) play a key role in plant signaling networks, participating in the
regulation of many biological processes, including defense responses to pathogens. One of the
most important representatives of ROS is hydrogen peroxide (H,0;), which, when accumulated
in cells, can cause oxidative stress that affects the physiological state of the plant. In this study, we
examined the effect of TBSV infection on the level of H,0, accumulation in N. benthamiana plants.

To assess changes in ROS levels, experiments were conducted to quantify H,0; in the tissues
of infected and healthy plants. The results showed that TBSV infection leads to a significant
increase in H,0, concentration compared to control (healthy) plants (Figure 3).
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Note: Asterisks in the graph “***” indicate a very significant (P < 0.01); “ns” - an insignificant (P
> 0.05) difference in the presented data. Statistical analysis (Student’s t-test) was performed using
GraphPad Prism software (v.8.01). Data are presented in relative units.

Figure 3. Determination of hydrogen peroxide accumulation in the leaves of N. benthamiana
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The obtained data allow us to conclude that the increase in the accumulation of hydrogen
peroxide (H,0;) in response to a viral attack may be one of the key components of the defense
response of N. benthamiana plants. Hydrogen peroxide, as one of the most stable reactive
oxygen species (ROS), plays an important role in the formation of an oxidative burst, which in
turn contributes to the activation of additional plant defense mechanisms.

The interaction of the virus with the host plant is a complex process involving many
physiological mechanisms, including the regulation of ROS levels, the functioning of the
antioxidant system, and the accumulation of stress markers such as malondialdehyde (MDA),
proline, and anthocyanins. The accumulation of ROS in response to a viral infection activates
signaling cascades, which leads to the initiation of defense reactions. Anthocyanins probably
act as ROS scavengers, protecting cells from oxidative damage and increasing plant resistance
to pathogens. Therefore, the determination of the level of anthocyanin accumulation under the
influence of TBSV was investigated.

As aresult of the experiments, it was found that in N. benthamiana plants, in response to viral
infection with wild-type TBSV, there is a significant accumulation of anthocyanin in the leaves
compared to extracts obtained from control, uninfected plants (Figure 4). These results suggest
that anthocyanins may play an important role in plant defense systems by being activated in
response to virus infection and participating in the neutralization of oxidative stress. Thus, the
accumulation of H,0, and anthocyanins in response to virus infection is an important element
of the defense response of N. benthamiana plants, highlighting their role in enhancing resistance
to pathogens.

Anthocyanin content (Abs530/g FW)
(2]
o
]

0 T
Control TBSV

Note: Asterisks in the graph “***” indicate a very significant (P < 0.01); “ns” - an insignificant (P
> 0.05) difference in the presented data. Statistical analysis (Student’s t-test) was performed using
GraphPad Prism software (v.8.01). Data are presented in relative units.

Figure 4. Determination of anthocyanin accumulation in the leaves of N. Benthamiana
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Discussion

As a result of successful inoculation, plants exhibited TBSV-specific disease symptoms at 7
days post-inoculation, indicating systemic spread of the virus and accumulation of viral proteins
(Figure 1). The middle leaves of model plant more damaged in comparison with other leaves,
and the tops of the leaves stopped development. Additionally, in middle leaves has observed
necrosis which leading to further PCD of plants.

In the majority of cases observed, the interaction between viruses and cultivated crop plants
has a detrimental impact on host morphology and physiology, leading to diseases [39]. Similarly,
in plants including Lycopersicon esculentum L. and C. annuum, infected by TYLCV observed the
internode reduction, curling and dwarfing of leaves [40].

Plants have evolved complex signaling and defensive mechanisms to cope with stressful
environments. One of the first plant reactions to pathogen invasion is a considerable increase in
reactive oxygen species (ROS) levels [41]. TBSV infected plants showed the higher accumulation
of hydrogen peroxide level in leaves in comparison with not infected plants. (Figure 2). Similar
results where hydrogen peroxide over produced during infection of plum pox virus (PPV) in
Prunus armeniaca L. and Prunus persica L. [42]. Furthermore, the hydrogen peroxide level
strongly correlated with lipid peroxidation, electrolyte leakage and protein oxidation [43,44].
Excessive amount of hydrogen peroxide influenced to the activation of ROS scavenging enzymes
including SOD. Interestingly, apoplastic SOD participated to generation of secondary cell wall
[45]. Simultaneously, the as an ROS scavenging enzymes, the level of phenolic compounds
including anthocyanin, increased response to oxidative damage and it pointing out the critical
role of anthocyanin as antioxidative function [46].

As demonstrated our results, anthocyanin content increased during the infection with TBSV,
whereas in control plants remains, whereas in control plants remains unchanged. Similarly,
trends were observed in Grape leaves (Vitis vinifera L.) infected by Grapevine leafroll-associated
virus 3 (GLRaV-3). It suggests that anthocyanin were sensitive to stress conditions than other
phenolic compounds. Additionally, anthocyanin is one of the key players of the oxidative defense
system in vivo [47]. Moreover, hydrogen peroxide accumulated in different parts of plants,
whereas anthocyanin accumulated only in vacuoles, and it was determined in Malus domestica
Borkh. In vitro ROS scavenging function of anthocyanin was affected actively than in vivo [47].
Also, during the stress condition, anthocyanin content accumulated in adaxial and abaxial cells,
which are located near to meshophilic cells [48]. Grape leaves (Vitis vinifera L.) infected with
grapevine leafroll disease (GLD) exhibited downward curling of leaf margins and increased
anthocyanin biosynthesis, causing a reddish-purple coloration [49].

In recent years, there has been an increasing interest in researching the role of anthocyanins
in plants, particularly in terms of their response to biotic stressors such as virus infections [46,
48]. Previous research has demonstrated that virus infection can boost anthocyanin levels in
a range of plants [48]. These findings indicate that anthocyanins may play a significant role in
plant defense systems by activating in response to viral infection.

Previously, Tsuyoshi Inukai investigated the effect of anthocyanins in Brassicaceae species
infected with turnip mosaic virus [50]. It has previously been discovered that turnip mosaic
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virus significantly reduces anthocyanin production in Brassica rapa leaves, and that such
leaves become infected while anthocyanin-rich leaves on the same plants are rarely affected.
The authors indicate that anthocyanin accumulation dramatically inhibited turnip mosaic
virus infection, implying that it acts as a chemical barrier against the virus, demonstrating the
protective role of anthocyanins [50].

Another study that demonstrates the link between viral infections and anthocyanin
accumulation is that of Xiang-Ru Chen, who evaluated the effect of the Brassica yellows virus
movement protein on anthocyanin concentrations in plants [51]. Chen demonstrated that the
viral movement protein increases anthocyanin accumulation, resulting in the development
of purple leaf symptoms in Arabidopsis thaliana. This study sheds light on how viral proteins
influence plant metabolic pathways, particularly those involved in anthocyanin production, and
how this links to the obvious signs of viral infection [51].

According to Linga R. Gutha, the symptoms of grapevine leafroll disease in red-fruited wine
grape (Vitis vinifera L.) cultivars are green veins and crimson to reddish-purple discoloration in
the interveinal portions of the leaves [49]. He proposed that the reddish-purple hue observed
in symptomatic leaves was due to anthocyanin accumulation, which might be caused by up-
regulation of genes involved in their biosynthesis. This concept highlights the importance of
anthocyanins as a potential indicator of grapevine leafroll disease symptoms and proposes a
genetic response to viral infection [49].

Conclusion

In this work, it was found that TBSV viral infection leads to an increase in the level of
hydrogen peroxide accumulation and also contributes to the accumulation of anthocyanins in
TBSV-infected N. benthamiana plants. As is known, hydrogen peroxide and anthocyanin play
an indispensable role in the implementation of various mechanisms of plant resistance to
pathogens and other adverse environmental factors. The results presented in this work allow
us to better understand the action of plant defense mechanisms and can be used to develop new
methods for increasing the resistance of crops to viral infections.
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OciMaiKTIH naToreHre Te3iMAailirinjeri aHrouuaHuHAepAiH, peJi

M.K. BeiicekoBa?, A. Camat!, A.B. Kypman6aeBa!, A.JK. bekryposa?!, H.H. Ukcat?,
C.B. ’Kanrasun!, ’K.K. Macasiumos*!
JLH. T'ymunee amviHdarsl Eypasus yammolK yHugepcumemi, Acmaua, Kazakcman

AngaTtna. Bupyctelk nHdekuusanap Kasakcranzaa xoHe OyKij aseM/Je aybl IApyallblIbIFbl AaKblJI-
JapbIHbIH, 6CYyiHe, JaMyblHA 9He eHiMZiJjirine Tepic acep erTim, oCiMAIK lapyallblJbIFbIHA YJIKEH
Kayin teHAipeni. KypraKWbLIbIK, 3KCTpeMaaAbl TeMIlepaTypa, TONBIPAKTbIH, TY3/[aHYbl KoHe aypy
KO3/bIPFBIIITAPbIHBIH, UHBA3UAChl CUAKTBI KOIITereH CTpecC »KaffaWblHJa BUPYCTAap OCIMIIKTEpJiH
MeTab0/IM3M 3KOJAApblH Oy3y >koHe KoJalcbl3 QakTopJsapFa Te3iMJiIriH TeMeHJeTy apKbljbl
bU3HOJIOTUANBIK, 63TepicTepAi KylledTeni. OciMIikTep/liH KOPFAHBIC MeXaHU3M/lepiHe KaTbICAaThIH
MaHbI3/ibl KOCBLIBICTAap/AbIH, aHTOLMaHUH/EeP/iH 6HOCHHTe3iHe BUPYCTBIK, UHQEKIUsIapblH acepiHe
epeklle Hasap ayJapbliazbl. By »KymMbicTa Kbl3aHaKTbIH, GyTasbl eprexxeiiridid, BupycoelH (TBSV)
3aKbIM/iay YJITici ©CIMIIKTIH OpTaHFbI KalbIpaKTapbIH 0acKa >KanblpaKTapMeH CaJIbICTbIpFaHia Kebipek
3aKbIMJIANTBIHBI, aJ1 YCTIHTI KanblpaKTapAblH eClelTiHAIrl KepceTiired. COHbIMEH KaTap, OpTaHFbI
KalblpaKTapZia HeKpo3 6ailikaiabl, 6y/ ofaH api O6aFfapJ/aMajiaHfaH KacyllaJdapAblH, *KOWbLIYbIHA
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(IIK1) akeneni. ConbiMeH Katap, TBSV undeknuscel Nicotiana benthamiana ecimaikTepiHze cyTeri
aCKbIH TOTBIFbI IeHTeHiHIH alTap/bIKTal >KOFapblayblHa XKoHe aHTOIMaHUHHIH )KUHa/TyblHa 9KeJe].
ByJ1 e3repicTep TOTBIFY-TOTBIKChI3/JaHy Tele-TeHirHiH 6Y3bLIYbIH }0He BUPYCThIK, UHEKIUAFA Kayarl
peTiHJle KOpFaHbIC peaKLUsJapblHbIH, 6esceHipinyiH kepceTeai. HoTwxkenep eciMAiKTIH BUPYCTBIK,
uHeKLUsIapFa xoHe 6acka Ja crpecc dakTopJiapblHAa Te3iMAIIriH apTThlpy cTpaTeruvsjiapbliH
93ipJiey VIIIiH BUPYC NeH 6CIMAIKTEP/iH 63apa 9peKeTTeCYyiH 3epTTeYAiH MaHbI3IbIJIbIFbIH KOpCETE|.
TyiuiH ce3aep: N. benthamiana, Bupyc, TBSV, 6uotukansik crpecc, OBT, H,0,, aHTonimanuH

PoJ/1b aHTOIIMAHOB B YCTOﬁ‘{PIBOCTId paCTeHI/Iﬁ K IaToreHay

M.K. BeiicekoBal, A. Camart!, A.B. Kypman6aeBa?, A.2K. BektypoBa!,
H.H. UkcaTt?, C.B. XKanrasun?, K.K. Macasiumos*!
!Eepasutickuil HayuoHabHblll yHugepcumem um. JL.H. 'ymuaeea, Acmana, Kazaxcmau

AHHoOTanuA. BupycHble MHQEKLMH TNpeJCTaB/IAIT CepbE3HYI0 Yrpo3y AJi pacTeHUEeBOJACTBA B
KazaxcTtaHe 1 Bo BCEéM MUpe, OKa3blBasi HETaTUBHOE BJIMSHUE HA POCT, pa3BUTHE U NMPOAYKTUBHOCTb
CeJIbCKOX03MCTBEHHBIX KYJBTYp. B yC/lI0BUSAX MHOXeCTBEHHBIX CTPECCOB, TaKUX, KaK 3acyxa, 3KCT-
peMasibHble TEMIIEPATYPhI, 3aCOJIEHHE NTOYB U NOPaKeHHe NMaTOreHaMH, BUPYChI YCYyTyOIsl0T GU3n0-
JIOTUYeCKHe U3MEeHeHUsl B pacTeHHUsX, Hapyllasd X MeTaboJIMYecKUe NMyTH U CHUXKasl YCTOMYMBOCTD
K HebusaronpusaATHbIM ¢akTopaM. Ocob6oe BHUMaHUE YAe/sSeTCsS BJAMSHUIO BUPYCHbIX MHGEKUUN Ha
OMOCHMHTE3 aHTOLIMAHOB — BaXKHbIX COEJJMHEHUH, YYaCTBYIOLIUX B 3allUTHBIX MeXaHW3Max pacTeHUM.
B naHHO# paboTe MOKa3aHoO, YTO NPU 3apaKeHUHU BUPYCOM KYCTUCTON KapJMKOBOCTH ToMaToB (TBSV)
CpeJiHUe JIMCTbsl MOZLEJIbHOT'0 PacTeHHsI HOBPEXAAIOTCS CUJIbHEE 110 CPAaBHEHUIO C PYTUMHU JINCTbSIMH,
a BepXHHUe JINCThSl OCTAHOBUJIMCh B pa3BUTUU. KpoMe TOro, B CpelHUX JIMCTbsIX HA6JII0jaeTCsl HEKPO3,
YTO NMPUBOJAUT K JlajibHEHLIEMY TPpOrpaMMHUpyeMoMy KjeTouHoMy paspyuieHuto (PCD). Bouee Toro,
uHdekuusa Bupycom TBSV npuBogUT K 3HAaYMTENbHOMY MOBBILIEHHIO YPOBHSI MIEPEKUCH BOJOPOJaA U
HaKOIJIEHUIO aHTOLIMAHOB B pacTeHUsax Nicotiana benthamiana. 3T U3MeHeHUsl CBU/ETEbCTBYIOT O
HapylleHUU OKUCIUTENbHO-BOCCTAHOBUTEIBHOTO 6alaHCa M aKTUBALUKY 3alUTHBIX PEaKL Ui B OTBET
Ha BUpYycHy0 uHdekuU10. [losydeHHble JaHHbIe I0YePKUBAIOT BaXKHOCTb U3Y4YeHUs B3aUMOJIeUCTBUSA
BUPYCOB C pPacTEHUSIMH JJIs1 pa3pabOTKH CTPATErui MOBBIIEHNS] YCTOMYMBOCTH CEJbCKOX03IMCTBEHHBIX
KYJBbTYpP K BUPYCHBIM UHPEKIUSAM U APYTUM CTPECCOBBIM paKTOpaM.

KioueBsle ciioBa: N. benthamiana, Bupyc, TBSV, 6uotudeckuii crpecc, AOK, H,0,, aHTo1itan
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Abstract. Endogenous purines are essential regulators of various physiological
functions, including immune response, inflammation, and neurotransmission.
While adenosine has long been considered the primary ligand for adenosine
receptors, recent evidence suggests that other purines may also interact with
these receptors, particularly the A,, adenosine receptor (A, ,AR). This study
investigates the potential role of endogenous purines as natural ligands of
A, AR using molecular docking. The results demonstrate a high binding affinity
of purines for A, AR, suggesting their functional relevance in receptor-mediated
signaling. Additionally, A, AR plays a crucial role in immune regulation by
influencing T-cell differentiation and cytokine production. Modulating its
activity through endogenous purines may have significant implications for
inflammation-related diseases, including cancer and neurodegenerative
disorders. The findings provide new insights into the purinergic control of
the adenosinergic system and highlight the potential of targeting A2BAR in
therapeutic strategies. However, further studies, including in vitro and in vivo
experiments, are necessary to confirm the physiological relevance of these
interactions. This research expands our understanding of purinergic signaling
and opens new avenues for the development of pharmacological interventions
aimed at modulating immune and inflammatory responses.
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Endogenous purines as natural ligands of the A2B adenosine receptor

Introduction

Adenosine receptors (ARs) are G protein-coupled receptors that play crucial roles in various
physiological processes,includinginflammation, cardiovascularfunction,and neurotransmission
[1, 2]. The four AR subtypes (A, A,,, A,,, and A,) have unique pharmacological profiles and
tissue distributions, making them promising therapeutic targets for numerous diseases [2, 3].
ARs modulate neurotransmission in the central nervous system, interfering with dopaminergic,
glutamatergic, and other neurotransmitter systems, which suggests potential applications in
treating neuropsychiatric disorders [4]. Recent advancements in AR pharmacology have led
to the development of new ligands and strategies for receptor activation, showing promise in
treating conditions such as cancer, inflammatory diseases, and metabolic disorders [3]. However,
the ubiquitous distribution of ARs presents challenges in achieving selective and site-specific
modulation [1, 3]. Significantly, the A,, adenosine receptor (A, AR) is a low-affinity receptor
with wide distribution, making it a target of interest in various pathological conditions [5].

The A, AR has become a significant target in various pathological conditions, including
inflammatory diseases, cardiovascular disorders, and metabolic dysfunctions [6,7]. A, AR
activation plays a crucial role in alcoholic hepatitis by regulating cAMP levels and the NF-xB
pathway, potentially reducing inflammation and steatosis [8]. While AZBAR antagonists have
shown promise in treating airway inflammation, gastrointestinal disorders, and cancer, only
a few have entered clinical trials [6]. Recent research has focused on developing allosteric
modulators for A, AR, which offer advantages over orthosteric ligands by fine-tuning tissue
responses to endogenous agonists [5]. These modulators may prove beneficial in managing
chronicobstructive pulmonary disease, protecting the heart from ischemic injury,and promoting
bone formation [5]. Overall, A, AR-targeted therapies represent a promising avenue for treating
various human diseases.

Interestingly, initially A, AR was considered less physiologically relevant due to its low affinity
for adenosine, has gained attention for its upregulation during hypoxia and inflammation [9,10].
Studies using genetic and pharmacological approaches have demonstrated A, AR's tissue-
protective role in various acute disease models [10, 11]. Additionally, the adenosine metabolite
inosine has been identified as a functional agonist of the related A, , receptor, exhibiting a unique
signaling bias compared to adenosine [12]. This finding suggests that inosine may play a role
in prolonging adenosine receptor activation in vivo, given its longer half-life. These advances
provide new insights into purinergic signaling and potential other purines, such as inosine,
guanosine, and their metabolites, which may contribute to A AR modulation. These alternative
ligands could influence receptor signaling, offering new insights into the physiological and
pathological roles of the A, AR receptor.

An understanding of the interaction between endogenous purines and A, AR could provide
valuable information for the development of pharmaceuticals. While synthetic compounds
targeting A, AR have shown promise in preclinical and early clinical studies, the presence of
natural ligands raises important questions about receptor selectivity, competitive binding,
and functional outcomes [13-15]. Some endogenous purines have been suggested to exert
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protective effects in ischemic injury, neuroinflammation, and metabolic regulation, indicating
their potential as modulators of A, AR activity [16, 17].

This study investigates endogenous purines as natural ligands of A, AR and their influence on
receptor signaling pathways using an AlphaFold-modeled receptor and molecular docking. This
approach enables a detailed analysis of ligand-binding characteristics and their potential impact
on receptor signaling mechanisms. A deeper understanding of these interactions may reveal
new aspects of A, AR pharmacology and regulation and provide insights into the potential use
of purines as biomarkers or therapeutic targets in diseases associated with A, AR dysfunction.

Materials and research methods

3D Model of the Adenosine Receptor

3D structures of the active and inactive conformations of the adenosine receptor type
A, (A,,AR) were obtained by the program AlphaFold2-MultiState Al (https://gpcrdb.org/
structure/homology_models) [18,19].

Ligand Molecules

Based on structural similarities, it was hypothesized that all-natural purine nucleosides
and purines could interact with the target proteins during the ligand library compilation for
molecular docking [20]. Analysis of databases and literature led to the identification of two
antagonists and one selective agonist that were used in this study.

Adenosine (C1oH13N50,) is a nucleoside composed of an adenine base linked to D-ribose,
playing akey role in nucleic acid structure, energy metabolism, and cell signaling (PubChem CID:
60961) [21]. Inosine (C;oH;12N405) is structurally similar, participating in metabolic pathways
and nitrogen compound exchange (PubChem CID: 135398641) [22]. Xanthosine (C1o0H12N40¢)
serves as a metabolic intermediate (PubChem CID: 164959), while guanosine (C;o0H;3N505) is
crucial for genetic information transfer and cellular regulation (PubChem CID: 135398634)
[23, 24].

Adenine (CsHsNs) is a fundamental purine base in DNA, RNA, and ATP, essential for
energy transfer (PubChem CID: 190) [25]. Hypoxanthine (CsH4N,0) is an intermediate in
purine metabolism (PubChem CID: 135398638), while xanthine (CsH4N4,0;) is a precursor
to biologically active compounds (PubChem CID: 1188) [26-29]. Guanine (CsHsN50) is a key
nucleobase involved in genetic coding and cellular processes (PubChem CID: 135398635) [30].

Caffeine (CgH1oN4O;) is a xanthine-derived alkaloid that acts as a non-selective AZBAR
antagonist, enhancing wakefulness and cognitive function (PubChem CID: 2519) [31-33].
MCP-NECA (C21H20Ng0Os) is a potent A, AR antagonist with potential applications in pain
relief and neurodegenerative disease treatment (PubChem CID: 5310960) [34]. BAY 60-6583
(C1oH17N50,S) is a selective A, AR agonist with strong affinity, used to investigate A, ,-mediated
pathways in inflammation, cardiovascular diseases, and cancer (PubChem CID: 135398635)
[35]. These compounds provide valuable tools for exploring purinergic signaling and potential
therapeutic applications.
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Hardware and software

Molecular docking was carried out on a homemade computer, the system includes the
motherboard ASRock Super Alloy B250 Pro4, video cards MSI NVIDIA GeForce GTX 1050 Ti
4Gb, Gigabyte NVIDIA GeForce GTX 1050 Ti 4Gb, processor Intel Pentium G4600, RAM Kingston
Fury Beast KF432C16BBK2/16 16, permanent memory SSD Kingston SA400S37 480 Gb. To
perform rigid molecular docking, we used the AutoDock Vina GPU program [36-38]. AutoDock
is a program developed for molecular docking. It is mainly used for protein-ligand docking,
including taking into account mobile protein residues. However, during the study, difficulties
were identified in working on AutoDock Vina running on the CPU, and AutoDock Vina GPU, which
runs on Linux, was adapted to work on Windows. The program itself was downloaded from
open access on the GitHub website (https://github.com/DeltaGroupNJUPT/Vina-GPU-2.0).

Rigid Docking Using AutoDock

To perform molecular interaction, we used Rigid docking, which assumes the stability of the
molecule and a specific binding site. The binding site was determined by the reference structure
of the A, AR in AutoDock, and a Grid Box was also built on this basis with coordinates [39]. Also,
a script with a configuration using the Grid Box coordinates was written to perform docking.
The protein was also prepared in AutoDock, with the water removed from the structure, polar
hydrogens added, and the charge calculated using Gasteiger [39,40]. The ligand molecule was
also prepared in the same way after the structure was converted from SDF to PDB. Docking was
performed with ligand and protein files in PBDQT format after preparation in AutoDock [36-38].

Visualization and Statistical Analysis

Molecular docking results were visualized and analyzed using PyMOL [41]. Structural
alignments, ligand-receptor interactions, and binding poses were examined to identify
key interactions contributing to ligand affinity. Statistical validation of docking results was
performed by conducting docking simulations on five independent models of A, AR to ensure
reproducibility [42]. Meaning energies and standard deviations were calculated to assess the
stability of predicted binding interactions. This approach enabled a comprehensive comparison
between rigid and flexible docking methods, providing a detailed understanding of ligand
binding behavior in both active and inactive states of A, AR.

Results

In silico analysis of nucleotide binding to the inactive A, AR

In this study, molecular docking of 11 ligands with the inactive form of the A, adenosine
receptor (A, ,AR) was performed to identify key interactions (Figure 1). The affinity of the
compounds and their ability to bind to the receptor's active site were evaluated. The obtained
data allowed for the determination of structural features influencing ligand interactions with
A, AR. Statistical analysis was conducted using one-way analysis of variance (ANOVA) with
a significance level of P < 0.0001, followed by Tukey's multiple comparisons test to assess
differences between the ligands and the control group. The data confirms statistically significant
differences in the affinity of the compounds studied for A, _AR.

Adenosine was considered both a control and an experimental molecule, as its interaction
with A_ AR in the cryo-EM structure has already been described [21, 43]. Initially, an analysis
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of adenosine binding revealed 16 possible binding variations, driven by different ligand
conformations. The binding free energy (AG) analysis showed a minimum value of -5.8 kcal/
mol and a maximum of -6.5 kcal/mol. The results indicate that adenosine binds to AZBAR in its
inactive state through interactions with residues ASN254, GLU174, PHE173, HIS280,and ALA82.
ASN254 is localized in the a6-helix, GLU174 and PHE173 in the a5-helix, ALA82 in the a3-helix,
and HIS280 in the a7-helix (Figure 2A). The mobility of these helices, as demonstrated by TM
analysis, is necessary for conformational changes and the release of the Gs protein subunit [19].

0=

AG (kcal/mol)
O
(@]

P < 0,0001

-10

T T T T T T T T T T T
Adenosine Inosine Xanthosine Guanosine Adenine Hypoxanthine Xanthine  Guanine Coffeine  Mcp-neca BAY 6065-83

Types of ligands

Note: Columns labeled with the same letters do not show statistically significant differences, whereas
different letters indicate statistically significant differences.

Figure 1. Changes in AG upon ligand binding to the inactive A, AR

A hydrogen bond is formed between the amino group of adenosines at the 6-position of the
purine ring and the carboxamide group of ASN254. The secondary amino group of adenosines
at the 1-position of the purine ring may interact with the carboxyl group of GLU174. PHE173
participates in a -1 interaction between its benzene ring and the pyrimidine ring of the ligand.
The hydroxyl group at the 5'-position of ribose forms a hydrogen bond with ALA82, while
HIS280 interacts with the hydroxyl group of ribose at the 4'-position. These interactions have
also been described in a study on the active structure of A, AR obtained by cryo-EM, further
demonstrating that docking with AlphaFold-predicted structures is relevant for conducting
molecular simulations [19,43].

Inosine was selected for docking due to its structural similarity to adenosine, with the only
difference being the substitution of the amino group at the 6-position of the purine ring with
an oxygen atom [22]. The maximum binding affinity of inosine (AG = -6.5 kcal/mol) was found
to be comparable to that of adenosine. However, unlike adenosine, inosine interacts with
A, AR exclusively through its ribose moiety, without involving the purine ring. The primary

138 N21(150)/ JLH. 'ymunee amoindarel Eypasus yammeotk yHusepcumeminiy XABAPIIBICHI. Buo102usablK FolabimMoap cepusicyl
2025 BULLETIN of L.N. Gumilyov Eurasian National University. Bioscience series
BECTHHK Espasuiickozo HayuoHa1bHo20 yHugepcumema umeHu J1.H. ['ymuaesa. Cepust 6uosozuveckue HayKku



Endogenous purines as natural ligands of the A2B adenosine receptor

interactions occur with residues ALA64, PHE173, and TYR10, located in the a2-, a5-, and al-
helices, respectively (Figure 2B). Inosine forms hydrogen bonds between the hydroxyl groups
of its ribose moiety and the amide bond of the polypeptide chain at PHE173, as well as with the
hydroxyl group of TYR10. These findings suggest a potential role for inosine as a physiological
antagonist of A, _AR.
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Figure 2. 3D and 2D visualization of molecular interactions between (A) Adenosine, (B) Inosine,
(C) Xanthosine, and (D) Guanosine and the binding site of the inactive A, AR

Xanthosine, a less common purine nucleoside, was tested to assess its binding capacity to
the inactive form of A, AR. Docking analysis revealed that xanthosine exhibits a higher binding
affinity (AG = -6.9 kcal/mol) compared to adenosine and inosine. The structural distinction of
xanthosine lies in the presence of an additional oxygen atom at the 2-position of the purine ring,
which may contribute to stronger receptor binding.

The most stable conformation of xanthosine interacts with PHE173 and ASN254, located in
the a5- and a6-helices, respectively (Figure 2C). PHE173 forms a double m-Tt interaction with
the purine ring of the ligand, whereas adenosine exhibited only a single interaction. ASN254
forms a hydrogen bond between its carboxamide amino group and the oxygen at the 6-position
of the purine ring. The absence of interaction with GLU174 and the altered position of the
secondary amino group may indicate a potential agonistic activity of xanthosine toward A, AR.
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Guanosine, the fourth tested nucleoside, is structurally similar to inosine but differs by the
presence of an amino group at the 2-position of the purine ring. Docking analysis revealed
that guanosine exhibits a higher binding affinity (AG = -6.7 kcal/mol) compared to adenosine.
The primary interactions of guanosine with the receptor occur through residues PHE173 (a5-
helix) and SER279 (a7-helix). PHE173 forms a m-m interaction with the benzene ring of the
ligand, while SER279 participates in hydrogen bond formation with the hydroxyl group of the
ribose at the 5'-position (Figure 2D). These findings suggest a potential role for guanosine as a
physiological antagonist of A, AR.

Adenine is a derivative of adenosine lacking the ribose moiety. Molecular docking results
indicated that its affinity for A, AR is lower than that of adenosine. The maximum and minimum
binding free energies were AG = -4.7 and AG = -4.3 kcal/mol, respectively. Visualization of
interactions demonstrated that adenine forms a single hydrogen bond between the tertiary
amino group at the 1-position of the purine ring and the secondary amino group of HIS280
(Figure 3A). This amino acid is located on the a7-helix, which could potentially influence the
conformation of the a8- and al-helices. However, the lack of additional interactions suggests
that adenine does not exert a significant effect on A, AR as either an agonist or an antagonist.
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Figure 3. 3D and 2D visualization of molecular interactions between (A) Adenine; (B) Hypoxanthine;
(C) Xanthine; and (D) Guanine and the binding site of the inactive A, AR
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Hypoxanthine has been theoretically considered as a potential AZBAR antagonist, providing the
rationale for its molecular docking analysis [44]. However, literature data indicate low receptor
affinity for alloxazine under physiological conditions in vitro and in vivo. The obtained results
demonstrated that hypoxanthine exhibits a lower affinity for A, AR compared to adenosine, with
the best binding free energy recorded at AG = -4.9 kcal/mol. 2D and 3D visualizations revealed
that the molecule forms two hydrogen bonds with the a7-helix of the receptor via HIS280 and
SER279 (Figure 3B). Hypoxanthine interacts with HIS280 through the secondary amino group at
the 1-position of the purine ring, while SER279 forms a hydrogen bond with its carbonyl group at
the 6-position. These interactions suggest that binding to the a7-helix may influence the al-helix,
altering the binding pocket and potentially inhibiting the receptor.

Xanthine, a derivative of hypoxanthine, has been considered a potential antagonist of
adenosine receptors. However, existing data suggests its possible role as an A, AR agonist.
The primary structural difference between xanthine and hypoxanthine lies in the presence of
an additional oxygen atom at the 2-position of the purine ring. Docking results revealed that
xanthine exhibits a higher affinity for the receptor compared to hypoxanthine, with the best
binding free energy recorded at AG = -5.4 kcal/mol. Visualization showed that xanthine forms
similar interactions with HIS280 and SER279 but with additional functional contributions from
the oxygen at the 2-position and the tertiary amino group at the 9-position (Figure 3C).

Guanine is the last of the naturally occurring purine bases circulating in the human body [30].
It differs from xanthine by the substitution of an oxygen atom at the 2-position of the purine
ring with a primary amino group. Molecular docking revealed a similar binding free energy (AG
= -5.4 kcal/mol), indicating its high affinity for A, AR. Visualization demonstrated that guanine
interacts with three amino acid residues located in different receptor domains: LEU81 (a3-
helix), ALA60 (aZ2-helix), and HIS280 (a7-helix). Hydrogen bonds are formed between LEU81
and the primary amino group at the 2-position of the purine ring, between ALA60 and the same
group, as well as between HIS280 and the oxygen at the 6-position of the purine ring (Figure
3D). Potential conformational changes in these structural elements may lead to a reduction in
the binding pocket size, making guanine a promising low-affinity antagonist of A, AR.

Caffeine is a well-known non-selective antagonist of adenosine receptors [31-33]. Numerous
antagonists with specificity for different adenosine receptor subtypes have been synthesized
based on their molecular structure. In this study, caffeine was used as a reference molecule
to assess the inhibitory potential of the purine ring concerning the inactive form of the A, AR
adenosine receptor.

Molecular docking analysis revealed two possible conformations of caffeine that could
interact with A, AR in its inactive state (Figure 4A). Further molecular interaction analysis
identified a key m-m interaction between caffeine and the PHE173 residue, which is known to
play a significant role in receptor activation. Given the importance of this residue in receptor
function, this interaction suggests that caffeine may act as a competitive inhibitor by interfering
with ligand binding at the active site. These findings support the established role of caffeine
as an effective modulator of adenosine receptor activity, further validating its function as a
benchmark compound in receptor inhibition studies.
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Figure 4. 3D and 2D visualization of molecular interactions of (A) Caffeine, (B) Mcp-neca,
(C) BAY 6065-83 with the A, AR binding site

Mcp-neca, as previously described, is an antagonist of both A, and A3 AR [34]. In this study,
molecular docking of Mcp-neca was performed with both inactive and active forms of A, AR to
elucidate its inhibition mechanisms. The results indicate a significantly higher affinity of Mcp-
neca compared to adenosine (AG = -7.5 kcal/mol, with a minimum value of AG = -6.8 kcal/
mol). Interaction visualization (Figure 4B) revealed that Mcp-neca interacts with at least three
amino acid residues: PHE 173, GLU 174, and LYS 267. The PHE 173 residue, located in the a5-
helix, participates in a - interaction with the ligand’s benzene ring, potentially stabilizing the
complex. GLU 174 forms hydrogen bonds, which may restrict a5-helix mobility and prevent
G-protein activation. The most significant contribution to affinity is likely to come from the m-cation
interaction between the positively charged LYS 267 and the ligand’s aromatic system. Thus, Mcp-
neca acts as a competitive antagonist by blocking the active site and preventing adenosine

The final tested ligand was BAY 6065-83, known as a selective A, AR agonist. Analysis of
cryo-EM structures identified active conformations of the receptor interacting with BAY 6065-
83. Molecular docking results showed that the ligand's highest affinity was AG = -7.3 kcal/
mol. Interaction visualization (Figure 4C) revealed two key interactions: a m-m interaction
with PHE 173 (a5-helix) and a hydrogen bond with SER 279 (a7-helix). These interactions are
characteristic of both adenosine receptor agonists and antagonists. Thus, BAY 6065-83 exhibits

specific interactions with A, AR that may play a crucial role in its activation.
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In silico analysis of nucleotide binding to the active A, AR

After molecular docking with the inactive form of the A2ZBAR receptor; similar calculations were
performed for its active form. The study covered 11 different ligands, including natural purines
as well as selective and non-selective antagonists and agonists (Figure 5). The analysis identified
potential agonists (xanthosine), antagonists (inosine, guanosine, guanine), and molecules with no
significant effect (adenine). The roles of xanthine and hypoxanthine remain uncertain.

ek

AG (kcal/mol)

-6 T

P <0,0001

L) I L) L) I I I T I T I
Adenosine Inosine Xanthosine Guanosine Adenine Hypoxanthine Xanthine Guanine Coffeine Mcp-neca BAY 6065-83

Types of ligands

Note: Tukey's multiple comparison test was used to assess statistical significance relative to adenosine.
Columns without labels are not significant, whereas asterisks indicate significance.

Figure 5. Change AG for ligand binding to the active A, AR

This section focuses on the analysis of natural nucleosides to confirm their functional role,
as well as the selective antagonist MCP-NECA and the selective agonist BAY 6065-83. Affinity
evaluation is based on binding free energy, analyzed only for the most stable complexes.
Additionally, the interaction patterns of these ligands with key receptor residues were examined
to provide further insights into their binding mechanisms.

The AG values for interactions between the active form of A, AR and adenosine, inosine,
xanthosine,and guanosine did notshow significant differencesin affinity (Figure 5). Amongthem,
adenosine exhibited the lowest affinity (AG = -6.6 kcal/mol), while guanosine demonstrated
the highest binding affinity (AG = -6.9 kcal/mol). The presumed agonist xanthosine displayed
an intermediate AG value of -6.8 kcal/mol. Molecular interaction analysis revealed that all
potential agonists form a m-m interaction with the hydrophobic residue PHE 173 (a5-helix).
Adenosine, inosine, and xanthosine establish a hydrogen bond with HIS 280 (a7-helix) via the
ribose moiety. Additionally, inosine, xanthosine, and guanosine interact with THR 89 (a2-helix),
whereas guanosine, unlike the other molecules, forms a hydrogen bond with ALA 64 instead of
SER 68 (Figure 6).
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Figure 6. 3D and 2D visualization of molecular interactions of (A) Adenosine, (B) Inosine,
(C) Xanthosine, and (D) Guanosine with the binding site of the active A, AR
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The data obtained suggest that xanthosine is likely to be an agonist of A, AR, asits interactions
align with known parameters of agonistic activity. However, the influence of an additional
hydrogen bond with THR 89 remains unclear and may merely enhance affinity without inducing
conformational changes in the receptor. Inosine and guanosine also exhibit agonistic potential,
but their interactions with key amino acids differ, which could indicate possible antagonistic
activity of guanosine.

A literature review on the potential role of inosine in A, AR signaling revealed conflicting
evidence. While several studies demonstrate that inosine interacts with A, AR adenosine
receptors, these findings cannot be directly extrapolated to A, AR due to significant differences
in their signaling mechanisms. A, AR primarily couples to Gs proteins, leading to increased
intracellular cAMP levels, whereas A2ZBAR can couple to both Gs and Gq proteins, resulting in
more complex and context-dependent signaling pathways. Studies on A, AR typically employ
adenosine concentrations of 30 nM and 100 nM, whereas research on A2BAR indicates that
this receptor has a relatively low affinity for its natural agonist, with a Ki value of 15,000 nM
(equivalent to 15 uM) [12, 45, 46]. Interestingly, one study also utilized a significantly higher
inosine concentration of 100 mM, which showed an increase in dynamic mass redistribution.
However, this experiment was conducted on cells overexpressing A, AR, raising concerns
about the validity of the observed effects [12]. Given the distinct functional roles and signaling
pathways of A, AR and A, AR, it remains unclear whether inosine acts as an agonist, antagonist,
or neutral ligand for A, AR. Direct functional assays are necessary to determine their precise
activity.

These findings highlight the complexity of nucleoside-receptor interactions and suggest
that further investigation is needed to determine the precise functional roles of inosine and
guanosine in A, AR signaling. Future studies should aim to clarify whether their effects are
context-dependent and whether variations in receptor expression levels influence their
agonistic or antagonistic properties. It is important to note that in two separate experiments,
the A,, receptor antagonist [3H]ZM 241385 was used as a control agent to assess the binding
of inosine to this receptor. However, this compound is also known to act as an A, antagonist,
raising concerns regarding the validity of these findings. As a result, we cannot fully accept
these data as definitive evidence [44]. Consequently, we propose the hypothesis that inosine
may act as an A2ZBAR antagonist, but further experimental validation is required.

In this study, the selective antagonist Mcp-neca and the selective agonist BAY 6065-83 were
analyzed in complex with the active form of A2BAR. The calculated binding free energy was
AG = -7.4 kcal/mol for BAY 6065-83 and AG = -7.0 kcal/mol for Mcp-neca. Molecular docking
results indicate that MCP-NECA loses a significant portion of its interactions in the active state
of the receptor, although it retains m-m interactions with amino acid residues of the a7-helix.

In contrast, BAY 6065-83 exhibits interaction patterns similar to those of adenosine.
Specifically, PHE 173 (a5-helix) forms a m-1 interaction, while hydrogen bonds are established
with HIS 280 (a7-helix), ALA 64 (a2-helix), GLU 174 (a5-helix), and ASN 254 («5-helix). These
findings suggest that BAY 6065-83 engages key structural elements involved in receptor
activation, reinforcing its role as a potent A, AR agonist.
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Figure 7. 3D and 2D visualization of molecular interactions of (A) Mcp-neca, (B) BAY 6065-83
with the binding site of the active A, AR

Discussion

A,AR plays a crucial role in various physiological processes, including inflammation,
immune modulation, and vascular regulation [6-13]. Previously, adenosine and its analogs
were considered to be the primary ligands for this receptor. However, our findings indicate that
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all endogenous purines may also interact with A, AR. In this study, we have demonstrated that
endogenous purines exhibit a high affinity for A, AR, as confirmed by molecular docking analysis.
These results expand the current understanding of the role of purines in the regulation of the
adenosinergic system and may have significant physiological and pharmacological implications.

Studies have shown that A, ARis involved in the differentiation of CD4+ T cells into regulatory
T cells (Tregs) [47]. The work of Hiroko Nakatsukasa et al. demonstrated that A, AR antagonists
inhibit Foxp3 expression and IL-10 production without affecting CD4+ T cell activation. These
findings highlight the pivotal role of A, AR in immune regulation. Regulatory T cells play a
crucial role in maintaining peripheral immune tolerance and suppressing excessive immune
responses. Notably, a reduction in Treg numbers has been associated with enhanced antitumor
immunity [47,48]. Consequently, A, AR antagonists, by inhibiting Treg differentiation, may
enhance the effectiveness of immune responses against tumor cells.

In the study by Matthias Seifert et al,, the influence of A,, and A, adenosine receptors on
murine CAR-T cells was investigated [49]. It was established that the non-specific adenosine
receptoragonist NECAreduces the release of IFN-y, [L-2,and TNF-a in a dose-dependent manner
[49]. CAR-T cells predominantly express A2ZA and A2B AR; however, the potential expression of
A1l and A3 AR cannot be ruled out. Given that the EC50 values for NECA are 14 nM (A1), 20 nM
(A,,), 2.4 uM (A,,), and 6.2 nM (A,), it can be inferred that the observed reduction in cytokine
secretion may also be influenced by the activation of A, and A, receptors, rather than being
exclusively attributed to A, and A, [49,50].

Literature data confirm that the primary immunosuppressive effect of adenosine in CAR-T
cells is mediated through the A,, receptor [51]. Consequently, its activation suppresses the
production of pro-inflammatory cytokines, which may be linked not only to the Gas protein but
also to the involvement of GB/y subunits. Experimental data indicate that at low concentrations
of the A,, antagonist AB928 (<10 nM, EC50 = 2 nM), the secretion of pro-inflammatory
cytokines is also reduced [52]. This suggests that A2B signaling in CAR-T cells may activate the
Gq pathway, promoting differentiation without directly affecting cytokine synthesis. In contrast,
A, antagonists inhibit differentiation while having no significant impact on cytokine production.

Inflammation plays a crucial role in the development of neurodegenerative disorders such
as Alzheimer's and Parkinson's disease. Neuroinflammation, characterized by elevated levels
of pro-inflammatory cytokines and activated microglia, contributes to disease progression
[53]. Chronic microglial activation leads to increased production of inflammatory mediators,
forming a vicious cycle of neuronal damage and further inflammation [54]. Protein aggregates,
common in neurodegenerative diseases, can both induce and exacerbate neuroinflammation
[53]. In Parkinson's disease, immune alterations in response to extracellular a-synuclein may
modulate disease progression [55]. While it remains unclear whether neuroinflammation is
a primary cause or secondary consequence of neurodegeneration, targeting inflammatory
processes has emerged as a promising therapeutic strategy [53,54]. The activation of adenosine
receptors, particularly A, , may influence neuroinflammatory processes by modulating immune
cell activity in the central nervous system. Our findings suggest a potential role for endogenous
purines in regulating inflammation through A2B receptors, opening new avenues for exploring
their involvement in the pathogenesis of neurodegenerative diseases.
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Despite the significance of our results, this study has certain limitations. Our conclusions
are currently based solely on molecular docking, which indicates potential interactions
between endogenous purines and the A, adenosine receptor. However, additional biochemical
studies, including experiments on cell lines and in vivo models, are necessary to confirm their
physiological role.

If A,, AR indeed influences T-cell differentiation, this could present new opportunities
for immunotherapy. On one hand, activation of this receptor may promote the development
of regulatory T cells (Treg), which are essential for controlling autoimmune diseases and
inflammatory processes. On the other hand, the inhibition of A, AR could enhance anti-tumor
immunity by suppressing Treg differentiation and increasing the activity of effector T cells.
Future research should focus on elucidating the effects of endogenous purines on A,; AR in
the context of immune regulation, which could provide valuable insights into their potential
therapeutic applications in cancer and inflammatory diseases.
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JHJoreH ik NypuHjep A, a/leHO3MH PeleNTOPbIHbIH, TAGUFH IUraHATapbl PeTiHe

M. CarkanoB*!, E. YynaxuHn'
UmmaHysne Kaum ambindarsl Baambik gpedepandel yHusepcumemi,
Kanununepad, Peceii @edepayusicol

AnpaTna. JHJOTeHJiK TNypUHJEp OpTYyp/i ¢GU3HOMOrUANbIK GYHKIUANAPAbIH, COHBIH, illiHje
MMMYH/IbIK »KayalTblH, KaObIHY/bIH *X9He HEWPOTPAaHCMHUCCUSAHBIH, MaHbI3/bl peTTeyllijepi 60JbIn
TabbLIaJbl. AIEHO3UH Y3aK YaKbIT GOHbl aJleHO3UH/IK pelLienTopJ/ap YIUiH Herisri jiurasj 60Jibln
CaHa/IFaHbIMEH, COHFbI JepeKTep 0acka NypUHJEpPAiH [Jle OChbl pelenTopJapMeH, aTan alTKaHJa
A,, ajeHo3suHJiK penentopsiapbiMeH (A, ,AR) epekeTTece ajaThiHbIH KepceTeAi. Bysn 3eprrey
MOJIEKYJIAJIbIK JOKMHI apKbuibl A, AR TaGUFH JMraHATapbl peTiH/e SHAOTeHAIK yPUHAEP/iH a/1eyeTTi
pesiin 3epTTeli. HoTmxkesnep nypunaepain A, AR-ra >xoFapbl %aKbIH/bIFbIH KOPCETe/, 6y 0/1ap/ibIH,
OChbl pPelenTop apKbLIbl GOJATHIH CUTHAJ 6epy KoJAapblHAaFrbl QYHKIIMOHA/IbIK MaHbI3/IbLIbIFbIH
kepcetefi. ConbiMmeH Katap, A, AR T jkacyianapbiHblH JUdPepeHIralUsaCcbiHa XoHe LU TOKUHAEP/iH
OH/IipiCiHEe acep eTy apKbLIbl UMMYH/BIK PeTTeyAe llewyll pes aTkKapazabl. OHbIH GeJiceHiTiriH
3HJOTEH/IK NypPUHAEpPMeH MOAyJIALUsIay icik >koHe HelpojereHepaTUBTI Oy3bLIbICTApP[bl KOCa,
KaObIHY aypyJlapblH eM/Jleyre auTapJ/blKTal acep eTyi MYMKiH. AJIbIHFaH JilepeKTep aZeHO3UHEePTUs/IbIK
KYWeHiH MypUHEePTUsJIbIK, 6aKblIaybl TYpaJibl XKaHA TYCIHIKTEp Gepe/ii xkoHe TepalneBTiK MaKcaT peTiHje
A, AR aneyeTin KepceTe/i. JlereHMeH, OCbl 63apa dPEKETTECY/IEPAiH PU3HOJIOTUAIBIK, MaHbI3/bLIbIFbIH
TYIKIJIKTI pacTay YlIiH in vitro »aHe in vivo 3KCIIepUMEHTTEPIH KOCa, KOCbIMILA 3epTTeyJIep KAKET.
By./1 3epTTey NypUHEPTHUAIbIK CHTHAJIU3aLUs TypaJibl TYCIHIrIMi3Al kKeHelTe i )koHe UMMYH/IbIK KoHe
KaObIHY PeaKIMUsAChIH MOAYJANUAIAyFa OaFbITTaJFaH (papMaKoJOTHSAIBIK apajacyAbl JaMbITy YIIiH
»KaHa XKoJ14apAbl allabl.

Tyiin ce3gep: A,, aZlcHO3UH PELEeNTOPbl, MyPUHEPTUSJIBIK CUTHAIU3ALUSA, UMMYH/IbIK MOAYJISALMS,
KaObIHY KoHe HellpoiereHepaliys, MoJIeKy/alblK JOKHUHT TaJ/1aybl
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JH/I0reHHbIe yPUHbI KaK eCTEeCTBEHHbIE JIMTaH/bl A, pelenTopa afieHo3uHa

M. CatkanoB*!, E. Yynmaxun!
'Baamutickuli gpedepanbHblii yHusepcumem um. Ummanyuasa Kanma,
Kaaununepad, Pocculickaa Pedepayus

AHHOTanusA. JHAOTeHHble NYPUHbI SIBJASIOTCA BaXKHBIMU peryJasaToOpaMd pasjIMyHbIX QHU3HUO-
Jloruyeckux OQYHKLMH, BKJKOYasg HUMMYHHbI OTBeT, BOClaJleHWe U HeHUpOTpaHCMHUCCUIO. XOTHA
aJleHO3UH [l0/Ir0e BpeMs CYMTAJIC OCHOBHBIM JIMFAHJAOM aJleHO3WHOBBLIX peLleNTOpOB, NOCJeJHUe
JlaHHble CBUJIeTeJbCTBYIOT O TOM, YTO ApPyrue NypHUHBI TaKXe MOTYT B3aWMOJeHCTBOBATb C 3TUMHU
penentopaMy, B YaCTHOCTH, C A, -a/IeHO3UHOBBIM penentopom (A, ,AR). B njaHHOM uccie0BaHUN
M3y4aeTcsl MOTEHLHaNbHAsl POJIb 3H/AOTEHHBIX MYPUHOB KaK MNPUPOAHBIX JuraHaoB A, AR ¢
UCIO0JIb30BaHUEM MOJIEKY/IIPHOTO JOKUHra. Pe3ysbTaThl AeMOHCTPUPYIOT BBICOKYH adPUHHOCTH
nypuHoB K A, AR, 4TO yKasbiBaeT Ha HMX QYHKIMOHAJbHYI0 3HAYUMOCTb B CHUTHAJbHBIX IyTHX,
ornocpeioBaHHbIX 3TUM penenTopoM. Kpome Toro, A, ,AR urpaer K/w4eByw poJib B UMMyHHOH
perynsauuy, Bauasa Ha AuddepeHIUMpOBKY T-K/I€TOK U NPOAYKLMI0 LUTOKHHOB. Moaynauus ero
aKTUBHOCTH 3HJAOTeHHBIMU MypHHAMH MOXET HMETb 3HAaYyWTeJbHOE 3HayeHue JJd JedeHUus
BOCHAJIUTE/NbHBIX 3a60/IeBaHUM, BKJIlOYas pak U HellpoJiereHepaTHBHbIe paccTpoiicTBa. [losiyyeHHble
JlaHHble J[alOT HOBble IMpeJCTaBJeHUs O IypUHepruieckoM KOHTpOJie aJeHO3WHepruyecKou
CUCTEMbl M MOJYEPKUBAIOT IepcrneKTUBHOCTb A, AR Kak TepaneBTHYecKod MuuieHH. O/HaKo
JJI1 OKOHYaTeJbHOTO MOATBepPXJeHUs (QU3UO0JOTMYeCKONM 3HAYMMOCTH 3THUX B3aUMOJENCTBUU
HeO0OXOAUMBI JIONMOJIHUTE/IbHble WCCIe[0BaHUSA, BKJIIOYAsl 3KCHEPUMEHTHI in vitro W in vivo. 3TO
UCC/elOBaHHE pacliupsieT NMOHMMaHWe NYPUHEPrhyecKOod CHUTHaJW3allud W OTKpbIBAeT HOBBIE
BO3MOXXHOCTH [J151 pa3paboTku ¢papMaKoJ0rHiecKUX BMeLIaTebCTB, HallpaBJeHHbIX HA MOAY/ISLUI0
MMMYHHOTO U BOCIIQ/JIMTEJIbHOTO OTBETA.

KiroueBsble cioBa: A,, penentop aZieHO3MHa, MypUHepruyecKas CUrHaJU3alds, UMMyHHass MOJY-
JIALMA, BOCNIaJIeHHe U HellpoJiereHepanus, MoJIeKyJIpHbIN CTBIKOBOYHbBIN aHAIN3
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