OVNATHOCTUKA

DOI 10.69536/FKR.2025.67.86.006
YIOK 632.654

MoJIEeKYJIIPHO-
reHeTU4YeCKHue MeTo bl
NIpUMeHaeMbIe JJI
JeTeKIINY KapaHTUHHBIX
00DbeKTOB. UIHHOBAIINH,
BBI30BBI U IMTEPCIEKTUBBI

* HUKUTUHCKUM [I.A.}, HUIKUTUHCKAS E.B.?

®I'BY «BcepocCcUiCKUi IIEHTP KapaHTUHA
pactenuii» (PI'BY «BHUUKP»), p. 1. BEIKOBO,
r. 0. PameHckuii, MockoBckasa 006.1., Poccus, 140150
1 ORCID: 0009-0009-1679-9893,
e-mail: denpreffect@gmail.com
2 ORCID: 0009-0002-0991-9841,
e-mail: nikitinskajacat@yandex.ru

AHHOTALIUA
KapaHTVUHHBIE 06BEKTHI TIPEACTABISIOT TJI06ATbHYIO
YIpo3y [LJISI CeIbCKOTO X035SMCTBA, BhI3bIBASI IIOTEPU
yporkad 1o 30% exxerogHo. B cBg3U ¢ KJIMMaTU4eCKUMU
W3MEHEHUSIMY U Pa3BUTON MEX/IYHAPOAHOM TOPrOB-
JIeH, TIOSIBJIEHVEM HOBBIX KPYITHBIX TIOCTaBIIUKOB Ce-
MEHHOTI0 M II0CaJIOYHOT0 MaTepurasa, a TakXe rOTOBOM
MIPOAYKIIUY TPebGyeTcss CBOEBPEMEHHO PearupoBaTh
Ha HOBBIE BBI30BBI — COBEPIIEHCTBOBATD CYIECTBYIO-
mye TTOAX0 bl ¥ pa3pabaThIBaTh HOBbIE PEIIEHUS IS
obecrieueHus IIPOOBOJILCTBEHHOUM 6€30I1acHOCTH,
aHajaus3a QUTOCAHUTAPHBIX PHCKOB MaKCHMaJbHO
TOYHBIMU U GBICTPBIMU MeToAaMu. TpaauIMOHHbIE
METOIbI JeTEKIINH, TaK1e KaK MUKPOOMOJIOTNUECKU M
TI0CEB U CEPOJIOTUYECKYE TECTHI, TPEOYIOT 3BHAUNTEb-
HBIX BPEMEHHBIX 3aTpart (1o 14 mHel) U 4acTo HEJO-
CTaTOYHO Crieru(UUHBL. MOJIEKYISIPHO-TEHETUUECKIE
TIOJIX0IbI, OCHOBaHHBIEe Ha aHayu3e JHK/PHK, 1mo3Bo-
JITIOT PEIIUTD 3TU MPoO6JIeMbl, obecrieurBas paHHee
o6HapYy’)KeHUE TTaTOTEHOB M0 MTOSIBJIEHUS CUMIITOMOB,
nuddepeHIINANIO MITAMMOB Ha YPOBHE T€HOMa, MO-
HUTOPWHT PE3UCTEHTHOCTY K aHTUOUOTUKAM U TIe-
CTUIIXZAaM, BO3MOXKHOCTD OILIEHKHU 5(D(HEeKTUBHOCTU
CPeICTB 3allUThl, OOHAPYKEeHUE JAaTEHTHBIX ITaTOTe-
HOB P OTCYTCTBUY BHENIHUX NPOsBiIeHMni. CoBpe-
MEHHBIE MOJIEKYISIPHO-TeHETUYECKNE TEXHOJIOTUY
PEBOJIIIMOHUBUPYIOT AUATHOCTUKY KaPaHTUHHBIX
OpraHm3MoB, 6aKTepuil, Tpr60OB, OOMUIIETOB U BUPY-
COB. B cTaThe IpeAcTaBjeH aHaJIN3 METOIOB, BKJIIO-
Yyasi MeTOoJ, IOJUMePa3HOU menHoi peakiuu (ITLIP),
n30TepMuYecKyo ammindukamnuo (LAMP), cekBeHU-
poBaHue HoBoro nmoxojeHus (NGS) u CRISPR-cucTe-
MBI, C aKIIEHTOM Ha MX YHUKAJIbHBIE IPEUMYIIECTBA,
CYIIECTBYIOIIE OTPAHNYEHNUS U TPAKTUYECKOe ITPU-
MeHeHue. Ocob0e BHUMaHUe yIeleHO UHTerpaluu
9TUX TEXHOJIOTUH B (PUTOCAHUTAPHBIA MOHUTOPUHT
JLJIS TIPeNOTBPAllleHUs PAcIIPOCTPAaHEHUST KapaHTUH-
HBIX Y CeJIbCKOXO03SIHICTBEHHO 3HAUNMbIX OPTaHN3MOB.
[IpaKTHUUeCcKUe Pe3ysbTaThl, [IOJIyYaeMble C UCIIOJb-
30BaHUEM MOJIEKYISIPHO-TEHETUYECKX METO/IOB, Jie-
MOHCTPUPYIOT, YTO KOMOMHAIIVS METOJIOB 3HAUUTEb-
HO IIOBBIIIAET TOUHOCTh AUArHOCTUKU, a Pa3BUTUE

DIAGNOSTICS

DOI 10.69536/FKR.2025.67.86.006
UDC 632.654

Molecular genetic
methods used for
detection of quarantine
pests. Innovations,
challenges and prospects.

* DENIS A. NIKITINSKY?,
EKATERINA V. NIKITINSKAYA?

All-Russian Plant Quarantine Center
(FGBU “VNIIKR”), Bykovo, Ramenskoye,
Moscow Oblast, Russia, 140150

1 ORCID: 0009-0009-1679-9893,
e-mail: denpreffect@gmail.com

2 ORCID: 0009-0002-0991-9841,
e-mail: nikitinskajacat@yandex.ru

ABSTRACT
Quarantine pests pose a global threat to agriculture,
causing annual crop losses of up to 30%. Due to cli-
mate change and developed international trade, the
emergence of new large suppliers of seeds and plant-
ing material, as well as finished products, it is neces-
sary to promptly respond to new challenges — to im-
prove existing approaches and develop new solutions
to ensure food security, analyze pest risks with the
most accurate and rapid methods. Traditional detec-
tion methods, such as microbiological culture and se-
rological tests, require significant time (up to 14 days)
and are often not specific enough. Molecular genetic
approaches based on DNA / RNA analysis can solve
these problems, providing early detection of pathogens
before symptoms appear, differentiation of strains at
the genome level, monitoring resistance to antibiotics
and pesticides, the ability to assess the effectiveness of
protective equipment, and detection of latent patho-
gens in the absence of external manifestations. Mod-
ern molecular genetic technologies are revolutioniz-
ing the diagnosis of quarantine pests, bacteria, fungi,
oomycetes and viruses. The article presents an analy-
sis of methods, including the polymerase chain reac-
tion (PCR), isothermal amplification (LAMP), next-gen-
eration sequencing (NGS) and CRISPR systems, with an
emphasis on their unique advantages, existing limita-
tions and practical applications. Particular attention is
paid to the integration of these technologies into phy-
tosanitary monitoring to prevent the spread of quar-
antine and agriculturally significant organisms. Prac-
tical results obtained using molecular genetic methods
demonstrate that a combination of methods signifi-
cantly improves the accuracy of diagnostics, and the
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NOPTAaTUBHBIX IJIATHOPM pacUiMpsgeT BO3MOXHOCTU
TI0JIEBBIX UCCIIEIOBAHUIA.

Knrouesvte cnoséa. KapaHTUHHBIE OPTaHU3MBbI, (QU-
Tornatorensl, [P, LAMP, CRISPR-Cas, NGS, muarsHo-
CTHKa.

BBEJEHUE

eTIPEePBIBHBIN POCT HaceJeHUsl 3eM-
JIY ¥ TIOCTOSIHHO BO3pacTalolee 1o-
TpebeHre CeIbCKOX03IMCTBEHHOMN
MIPOJYKIIVU CTaBUT IepeJ, IPOU3BO-
IUTENSIMU CePbe3Hble IJI06aJbHbIE
3aauu. Mcrosib30BaHNE UHTEHCUB-
HOTO METOJa Pa3BUTHUS CEJIbCKOTO
X035MCTBA OTPAaHUYEHHO HELOCTaT-
KOM JIOCTYTIHBIX TIOCEBHBIX ITJIOIIAZell BO BCEM MUPE.
Ha tepputopuu P® OCHOBHBIMU IIPUUYUHAMU CHUXKE-
HUS TIOCEBHBIX MJIOIIA/IEN B IMOCHENHUE JECATUIETUS
SIBJISTIOTCS B TIEPBYIO OUepeib SKOHOMUYecKre (haKTo-
pbI (oTpaHnYeHre GUHAHCUPOBAHYS, PEOPTaHU3AIIUs
KOJIJIEKTUBHBIX XO3SIMICTB, HEXBaTKa KBaJIU(MUIIUPOBAH-
HBIX KaJIPOB), TIEPEBO/I TLIOIIAJIEN B APYTHe KaTeropuu
3eMJIETIONIb30BaHNS, HELOCTaTOUYHbIE MEPOTIPUSATUS
o 6opbbe c aposueil mouB. [IpuHATaAsA MporpamMma
10 BO3BPAIIEHUI0 3aJIEXKHBIX 3€MeJib B CEBOOOOPOT T10-
Ka3bIBAET BBICOKYI 3P (HEKTUBHOCTDh ITPUMEHSIEMBIX
TOCyIapCTBOM Mep pPeryJupoBaHUs, CIIOCOGCTBY-
€T BO3BPAIleHUI0 3aJIe)KHbIX 3eMeJib B CEBOOGOPOT
(Barsukova et al., 2021).

[TOBBIIIEHUIO YPOXKAWHOCTY HAXOASAIUXCS B CEBO-
060pOTe 3eMeJTb yIensieTcs 3HaUUTeJIbHOe BHUMAaHUE.
HemnpepsIBHO pa3pabaThIBalOTCsS HOBbIE BHICOKOYPOXKAL-
HbIE KYJIbTYPBI, 06JIa1aI0IIE PSLOM IIeJIEBBIX CBOHCTB,
TaKUX KaK YyCTOMYMBOCTB K 3acyXe, TeMreparypam u hu-
ToIaToreHaM. Vcroyib30BaHKE S3KCTEHCUBHOI'O METOIa
Pa3BUTHUS TAa€T 3HAYUTEIbHBIM TIPUPOCT U SIBJISIETCS
OCHOBHBIM WHCTPYMEHTOM [IJIsl YBEJINYEeHUSI 06'bEMOB
IIPOM3BOJICTBA TOTOBOU NPOAYKIIMU. OCHOBHBIM BBI30-
BOM [IJISI XO3STUCTB, BHE 3aBUCHUMOCTH OT IPUMEHSIEMO-
T'0 METO/IA 3€MJIETIONIb30BAHUS, IBJISIOTCS TTaTOTeHHbBIE
ILJISI pacTeHUY 6aKTeprM, BUPYCHI, IPUOBI I OOMUIIETHI.
CBoeBpeMeHHad AVMATrHOCTUKA U NIPUHATHE 3P PEeKTUB-
HBIX MeD 11 60pb6BI ¢ huTOMaTOreHaMu TPebyIoT ce-
PbE3HBIX 3aTPAT U BbICOKOM KBasuduKanuu. HecMoTps
Ha 3HAYUTEJIbHbBIE YCUJIUS, B HACTOSIIIee BpeMs (huToIIa-
TOT€HBI ITPOZJOJIKAIOT SIBJISATHCS OCHOBHOU YIPO30H A JIsT
CeIbCKOX03SMCTBEHHON oTpacyu. ExxerogHo n3-3a Gpu-
TOIIATOTE€HOB U BpefuTeiell pacTeHuit TepsieTcs 10 40%
TOTOBOY MPOAYKIINY SKOHOMUYECKY 3HAYNMBIX KYJIBTYD
(FAO, 2019).

3a60JieBaeMOCTb PACTEHUH, CBSI3aHHAas C ITIOT0JI-
HBIMHU YCJIOBUSIMU U 06IIMM (hPUTOCAHUTAPHBIM COCTO-
AHMEM II0CEBOB, MOYKET COCTaBJIATD 10 80% OT BCel Io-
MMy, TIPY 3TOM YPOXKANWHOCTb — CHMKAThCS 6ojiee
yeM Ha 80%. Yalre Bcero momo6HbIe UG PhI ABISIOTCS
UCKJIFOUEHUEM M3 ITPABUJI, HO Jla)ke 3HAUYUTEbHO MEHbB-
1IIe 3HAYEeHUS TOTePh IMTPUBOJST K KaTaCTPO(PUIECKUM
nocaencTeuam (Hazapos u ap., 2020).

Tem He MeHee, 110 OLleHKaM, yKa3aHHbIM B FAO
3a 2017 1., moTepu OT (PUTOIATOTEHOB €XKETO/IHO TIpe-
BoIIarT 220 Miupa gosnapos CIIA (FAO, 2017).

development of portable platforms expands the pos-
sibilities of field research.

Key words. Quarantine pests, phytopathogens,
PCR, LAMP, CRISPR-Cas, NGS, diagnosis.

INTRODUCTION

he continuous growth of the world’s pop-

ulation and the ever-increasing consump-

tion of agricultural products pose seri-

ous global challenges for producers. The

use of intensive agricultural development
methods is limited by the lack of available sown ar-
eas worldwide. In the Russian Federation, the main
reasons for the decline in sown areas in recent de-
cades are primarily economic factors (limited fund-
ing, reorganization of collective farms, lack of quali-
fied personnel), the transfer of areas to other land use
categories, and insufficient measures to prevent soil
erosion. The adopted program for the return of fallow
lands to crop rotation demonstrates the high efficien-
cy of regulatory measures applied by the state, and
contributes to the return of fallow lands to crop rota-
tion (Barsukova et al., 2021).

Considerable attention is paid to increasing the
productivity of crop rotation lands. New high-yield-
ing crops with some target properties, such as resis-
tance to drought, temperatures and phytopathogens,
are continuously developed. The use of an extensive
development method provides a significant increase
and is the main tool for increasing the volume of fin-
ished product production. The main challenge for
farms, regardless of the land use method used, are
plant-pathogenic bacteria, viruses, fungi and oomy-
cetes. Timely diagnosis and effective measures to
control phytopathogens require significant costs and
high qualifications. Despite significant efforts, phyto-
pathogens currently continue to be the main threat
to the agricultural sector. Up to 40% of finished prod-
ucts of economically significant crops are lost an-
nually due to phytopathogens and plant pests (FAO,
2019). Plant diseases associated with weather condi-
tions and the general phytosanitary condition of crops
can be up to 80% of the entire population, while yields
can decrease by more than 80%. Most often, such fig-
ures are an exception to the rule, but even significant-
ly lower loss values lead to catastrophic consequences
(Nazarov et al., 2020).

Nevertheless, according to estimates provided by
the FAO for 2017, losses due to phytopathogens ex-
ceed US$220 billion annually (FAO, 2017).

The spread of phytopathogenic organisms is ac-
tively facilitated by the globalization of world trade
relations, which expands the geography of the pres-
ence of invasive pathogens and leads to a significant
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PacnpocTpaHeHUI0 (DUTONATOTEHHBIX OPraHMU3-
MOB aKTMBHO CITOCOGCTBYET IJI06aan3arus MUPOBBIX
TOPTOBBIX B3aMMOOTHOUIEHUH, YTO PACIIUPSET I'eorpa-
(uiro IpPUCYTCTBUS UHBA3VBHBIX IATOT€HOB U IIPUBOJIUT
K CYIIECTBEHHOMY YBEJIMUEHUIO TIOCTIENCTBUM 3apaske-
HUS ¥, KaK CJIeICTBUE, YBEJIMUYNBAET IIOTEPU yPOXKas.
KynbTypbl, 06/1a/1a101 1€ BBICOKUMU ITOTPEOUTETbCKY-
MU KaueCTBaMU, BBITECHSIIOT MeHEe ITPUBJIEKATENbHBIE,
YTO IPUBOJUT K COKPAIEHNI0 CEMEHHOT0 (hOHIA U ellle
60JIbllle YBEJINUMBAET CKOPOCTh pacrpocTpaHeHus du-
TOITATOTEHOB.

Heob6xomuMo UCIoab30BaHME KOMILJIEKCHOM CTpa-
TETUU ¥ COBPEMEHHBIX METO/IOB /1JI1 YMEHbIIEHUS 110-
clenCcTBUN BO3JelcTBUSA (PUTOMATOreHOB, KOTOPhIe
TIOMOTYT TIPEAYNPeNuTh 60JIe3HU, KOHTPOJUPOBATH
KauyeCcTBO MOCAJJOYHOr0 MaTepuajua, SP(PeKTUBHOCTD
¥ CBOEBPEMEHHOCTD UCITOJIb30BAHUS IPETTAPATOB U Me-
TOZIOB, HAaITPaBJIEHHBIX HA 60pBOY ¢ BO3OymuTensamu 60-
JIe3HEHW U IepeHOCUYUKAMMU.

YT0OBI COOTBETCTBOBATH 1e/IsIM 3(PPEKTUBHOCTH,
JIOCTaTOYHOCTHU U 6€30TIaCHOCTH, IPUMEHSIeMbIE METO-
JIbI IOJDKHBI COOTBETCTBOBATh KPUTEPUSIM CIIEL(DUYUHO-
CTH, TOYHOCTH, TIOBTOPSIEMOCTH, CKOPOCTH, IOCTYITHOCTH
u 06J1a5aTh HEOO6XOAVMMON UyBCTBUTENBHOCTHI0. METOZbI
JIOJKHBI 06ecIieuyrnBaTh BO3MOXXHOCTD NeTEKIIUY Opra-
HU3MOB ITPAKTUYECKY BO BCEX BO3MOXXHBIX BHIaX 06pas-
1I0B, BKJIIOYAsi PACTEHUS, TIOYUBBI, [TI0CALOYHbBIN MaTepu-
aJI, BKCTPaKThI U kugkoctu (Marc Venbrux et al., 2023).
JOTIOJTHUTEJIbHOE TIPaKTUYECKOe TPe6OBaHME, TTPEbSIB-
JisieMOe K MeTO/IaM JeTEeKIUH, — CIIOCOOHOCTh PaboTaTh
¢ o6pasiaMy, COGPaHHBIMY 32 HEKOTOPOE BPEMS JI0 C-
CJIEIOBAHUS U TEPEHECITUMY TPAHCIIOPTUPOBKY.

Bu3syaJjibHbI€, OIITUYECKHE, MAaTHUTHbIE
U CIIEKTPAaJIbHbI€ ME€TO/AbI 1JId TOUHOI'O
orpeaeJieHus Cl)HTOl'IaTOI'EHOB

st movicka ¥ uzieHTudUuKauu TpaguIuoHHO UC-
T0Jb3yeTCs BU3YaJIbHbIN MeTOH 00HapyKeHUs QUTO-
MIaTOreHOB. ITOT METOJ, UMEeT KaK PSJI TPENMYIIECTB,
TaK ¥ PsiJi CYIeCTBEHHbBIX HEJOCTAaTKOB. HECOMHEHHBIM
MIPEUMYIIECTBOM SIBJISIETCS CTOMMOCThH METO/IA U €T0
OTHOCUTEJIbHAS ITPOCTOTA. HO 1IeJIbIil Sl CyIleCTBEH-
HBIX HEJIOCTATKOB 3aCTaBJIIeT UCIIOJb30BaTh 6oJjiee
TOUYHBbIE METOAUKM HeTeKiuu. K HegocTaTkaM MOXKHO
OTHECTH He0OXO[LUMOCTb ITPAKTUYECKOT0 OIThITA Ha-
GromaTesis v TIyOHBI 3HAHUM B 06J1aCTH (DUTOITATOJIO-
T'Y, BO3MOXXHBIE OMUOKY TPU OTIPENESIEHUY U HEBO3-
MOKHOCTb OTipeziesieHus 60jie3Hel, He TIPOSBISIOMINX
cebs1 B MOMEHT ocMOTpa (CKPBIThIE, JaTEHTHBIE 3260-
sneanus) (Riley et al., 2002). /locTaTOYHO TIPOCTHIM,
HO 3HAYUTEJIBHO 60J1€€ GBICTPHIM PEIIeHUEM SIBISIOTCS
ONTHYeCKUEe MeTObI. [1pU MIaHUPOBaHUN MEePOTIPUS-
TUM o 60pnsbe ¢ puTonaTOreHaMU MPUHSTO CUUTATh,
YTO PAaBHOMEPHOE BHECEHUE MpernapaToB Ha eIUHU-
1y TIomaay obecrmeuynBaeT HauboabIIy0 3(hPeKTuB-
HOCTb. OITUYECKU METO/I, HATIPOTUB, OCHOBAH Ha He-
PaBHOMEPHOCTU ITPOSIBJIEHU T 3a60I€BAHNH U BIUSHUS
(akTOPOB OKPY’KaOIIel Cpeibl Ha 3I[0POBbE PACTEHUN.
ONTUYECKUE U CITIEKTPAJIbHBIE METOJ bl MOHUTOPUHTA
TTO3BOJISIOT LOCTATOYHO TOYHO OTIPEJeNIATh U3MeHe-
HUS, BbI3BaHHbIE 3a60JI€eBaHUSIMU, U ONITUMU3UPOBATh
WCIIOJIb30BaHUE CPECTB MJisI 60PbhOBI C HUMU. BO3MOX-
HOCTb MCIIOJIb30BaHU IJIg 06pabOTKY JaHHBIX TAKOTO
MOHUTOPUHTA, CIIELNAIN3UPOBAHHBIX IIPOTPAMM I10-
3BOJISIET OBICTPO aHAJIU3UPOBATh 3HAUUTEbHBIE T1JI0-
a1V TI0CEBOB, OOHAPYKUBATh 0YarOBbIE IIPOSBIIEHUS

increase in the consequences of infection and, as a re-
sult, increases crop losses. Crops with high consumer
qualities displace less attractive ones, which leads to a
reduction in the seed fund and further increases the
rate of spread of phytopathogens.

It is necessary to use an integrated strategy and
modern methods to reduce the effects of phytopatho-
gens, which will help prevent diseases, control the
quality of planting material, the effectiveness and
timeliness of the use of drugs and methods aimed at
controlling pathogens and vectors.

To meet the objectives of efficiency, adequacy
and safety, the methods used should meet the criteria
of specificity, accuracy, repeatability, speed, availabil-
ity and have the necessary sensitivity. The methods
should be able to detect pests in almost all possible
types of samples, including plants, soils, planting ma-
terial, extracts and liquids (Marc Venbrux et al, 2023).
An additional practical requirement for detection
methods is the ability to work with samples collect-
ed some time before the study and having undergone
transportation.

Visual, optical, magnetic
and spectral methods
for accurate detection of phytopathogens

The visual detection method is traditionally used
for searching and identifying phytopathogens. This
method has both advantages and significant disad-
vantages. The undoubted advantage is the cost and
its relative simplicity. However, some significant dis-
advantages force the use of more accurate detection
methods. The disadvantages include the need for the
observer’s practical experience and profound phy-
topathology knowledge, possible errors in detection
and the impossibility of detecting diseases that do not
manifest themselves at the time of inspection (hid-
den, latent diseases) (Riley et al., 2002). Optical meth-
ods are a fairly simple but much faster solution. When
planning measures to control phytopathogens, it is
generally accepted that uniform application of prepa-
rations per unit area provides the greatest efficiency.
The optical method, on the contrary, is based on the
unevenness of disease manifestations and the influ-
ence of environmental factors on plant health. Optical
and spectral monitoring methods allow for fairly ac-
curate determination of changes caused by diseases
and optimization of the use of means to control them.
The ability to use specialized software to process the
data from such monitoring allows for rapid analysis
of large areas of crops, detection of focal manifesta-
tions of diseases, and timely action to prevent the de-
velopment of diseases (Anne-Katrin Mahlein, 2016).
The article by Martinelliin 2015 and Zubler and Yoon
in 2020 present data on objective monitoring of the
condition of plants exposed to external factors, such
as diseases and adverse environmental factors. The
spectral characteristics of plants differ significant-
ly from those of healthy plants, making it possible to
use the method to detect phytopathogens (Martinelli
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3a60JieBaHUM 1 CBOEBPEMEHHO IPUHUMATh MEPHI JIJIs
npenoTBpallleHus pasBuTua 3abojeBaHuil (Anne-
Katrin Mahlein, 2016). B ctatbe Martinelli 3a 2015 1.
u Zubler and Yoon 3a 2020 T. IpUBOASATCS LaHHBIE
00BEKTUBHOTO MOHUTOPUHTA COCTOSHUS PACTEHUMH,
HaXOAAIIUXCS IO, BO3LeHCTBEM BHEITHUX (DaKTOPOB,
TaKUX Kak 3a601eBaHMs 1 HebJIaronpusaTHbie (PaKTOPBI
OKpYy’Karouiel cpebl. ClieKTpaibHbIE XapaKTEPUCTUKYA
PacTeHWH 3HAUYNUTEJbHO OTJIMYAIOTCS OT XapaKTepu-
CTVK 3JJ0POBBIX PACTEHU U U ITO3BOJISIOT IPUMEHSITH Me-
TOJ IJis BhIABJIeHUs puTornaToreHos (Martinelli et al.,
2015; Zubler and Yoon, 2020). PaHee B uccjeLoBaHUN
Tanner 6bL1a OTIMCAaHA PeakKI[Ms PACTEeHUH Ha CTPECCHI
B BUJe U3MEHEHU XxapaKkTepa JIBKEeHNH, a TaKXKe 13-
MeHeHUe CoIep KaHus XJI0poduIa B 60JIbHBIX pacTe-
HUSX, IeTEKTUPYyEMOEe TETJIOBBIM U3IydeHueM. CoBpe-
MeHHbIe JaTUYMKY [T03BOJISIOT aKTUBHO HCII0JIb30BaTh
CIIEKTPaJIbHbIE METOMbI IJIs ONpeaeeHUus U3MeHe-
HUI B BJIEKTPOMArHUTHOM U3JIYUEHUU, OTPAKaeMOM
WJIY UCIIYCKaeMOM KMBbIMU opraHuzMamu (Tanner et
al., 2022). Brarogapsi pa3BUTUI0 UCKYCCTBEHHOT'O WH-
TeJJIEKTa ¥ BO3MOXKHOCTH €ro 06yUYeHUsI B peajbHbIX
YCJIOBUSAX CIIEKTPAJIbHBIN aHAINS TIOJIYYUJI HOBBIE BO3-
MOXXHOCTH Pa3BUTUSA. 3HAUUTEJIbHO TOBBICUIACH TOU-
HOCTB 3a CUeT 00yUeHUs IIPoTrpaMM Ha reorpadmuecKu
CXOKMX WU UIEHTUYHBIX TIJIOIIAISIX, 4 TAK)KE YBEJIU-
YMJIUCh MacIITa6bl 06CIelyeMbIX TEPPUTOPUL 38 CUET
YBEJINYEHUS CKOPOCTY 06paboTKM AaHHBIX. [IpaKkTUKa
KCIIO0JIb30BaHMs OECIIMIOTHBIX JIETATEJbHBIX allmapa-
TOB IOKAa3bIBAET, UYTO METO, 3(h(HEKTUBEH U IT03BOJISI-
eT YKOHOMUTh 3HAUUTENbHbIE (PUHAHCOBBIE CPENICTBA
Gaaromapsi CBOEBPEMEHHOCTH JEeTeKIIMU U MUHUMU-
3allUY BJIUSHUSI YeJIOBeYeCKOro (haKTopa Ha TOUHOCTh
MOHUTOPHWHTA U IIOJTy4aeMble pe3ysibTaTbl. HakoTIeH-
Hble 6a3bl JaHHBIX Ha CEeTONHAIHUN JeHb I03BOJSIIOT
IOCTAaTOYHO OBICTPO BHEIPSATDH METOJ Ha Pa3IMYHbIX
TEPPUTOPUAX U OBICTPO CIIEIUANN3UPOBATH METOIUKY
IIJIsI KOHKPETHOM MECTHOCTH.

VIMMyHoOJIOTMY€eCKue
HWJIY CEPOJIOTMYECKHE METObI

I omnpeneseHUs CJIOXHOKYJIbTUBUPYEMBIX
U HEeKyJIbTUBUPYEMBIX OPTAaHMU3MOB OblIU paszpabo-
TaHbl CEPOJIOTUYECKME METOMbl. BakTepuu, rpubbl
¥ BUPYCHI MOXXHO OGHApPYXUBaTh 6€3 KyJbTUBUPOBA-
Hus 6Jaromaps UCIOJb30BAHUI0 MOHOKJIOHAJNbHBIX
¥ TIOJIMKJIOHAJbHBIX aHTUTEJN. [IpoAyIupyeMble MU-
KPOOPraHW3MaMU aHTUTE€HHbIE MOJIEKYJIBI MOTYT GbITh
KCII0JIb30BAHBI JIJIS cielu(UUEeCcKO peaKkuu «aHTU-
TeH — aHTUTEJIO». CBA3bIBAHUE aHTUTEJ C aHTUTeHAMU
OTIpeziesisieTCs KOCBEHHO, C TIOMOIIBI0 CIIeIU(DUUECKUX
AHTUTEJI, KOTOPbIE KOHBIOTUPOBAHBI C QJIyopodopom
uau HaHodacTuiiamu. HauboJiee 4acTO UCIIOIb3yeMbIt
MeTon uMMyHOo(epMeHTHOro aHanu3za (MPA) cran Ta-
KUM TOMYyJIPHBIM 6Jaromapst JOCTATOYHO BBICOKOU
TOYHOCTHU. Pexe MCIIOJb3yI0TCSI OJOTTUHT U CEPOJIO-
ruyvecku crenuduyueckas 3JeKTPOHHAS MUKPOCKO-
nus (SSEM). [oCTOBEPHOCTDb ¥ TOUHOCTh UMMYHO(DEP-
MEHTHOTO aHaJiu3a 3aBUCUT OT MHOTUX (PaKTOPOB:
YCJIOBUU XpPAaHEHUS aHTUTEJI, CBEXKECTU UCCIEyeEMOU
npobel U crienupUIeCKUX 0COOGEeHHOCTEN Ucceye-
MoTOo opranuama. CUCTEeMbI, OCHOBAHHbIE HA UCIIOJIb-
30BAHUU TOJUKJIOHAJIBHBIX AaHTUTEJ, OJYUYNBIINE
M3HA4vaJIbHO UIMPOKOE pPaclpoCcTpaHeHUe, YacTo Ja-
BaJIX JIO)KHOTIOJIOXKUTEJIbHBIE PE3YIbTATHI, [IO3TOMY
BO3HUKJA HEOOXOAMMOCTh B COBEPIIEHCTBOBAHUU

etal., 2015; Zubler and Yoon, 2020). Earlier, Tanner’s
study described the response of plants to stress in
the form of changes in the nature of movements, as
well as changes in the chlorophyll content of diseased
plants, detected by thermal radiation. Modern sen-
sors make it possible to actively use spectral methods
to determine changes in electromagnetic radiation re-
flected or emitted by living organisms (Tanner et al.,
2022). Thanks to the development of artificial intel-
ligence and the ability to train it in real conditions,
spectral analysis has received new development op-
portunities. Accuracy has increased significantly
due to training programs on geographically similar
or identical areas, and the scale of the surveyed ar-
eas has increased due to increased data processing
speed. The practice of using unmanned aerial vehi-
cles shows that the method is effective and allows sav-
ing significant financial resources due to the timeli-
ness of detection and minimization of the influence of
the human factor on the accuracy of monitoring and
the results obtained. The accumulated databases to-
day make it possible to quickly implement the method
in various territories and quickly specialize the meth-
odology for a specific area.

Immunological or serological methods

Serological methods have been developed to de-
tect difficult-to-cultivate and non-culturable organ-
isms. Bacteria, fungi, and viruses can be detected
without culturing using monoclonal and polyclonal
antibodies. Antigenic molecules produced by micro-
organisms can be used for a specific antigen-antibody
reaction. Binding of antibodies to antigens is deter-
mined indirectly using specific antibodies conjugated
to a fluorophore or nanoparticles. The most common-
ly used method is enzyme-linked immunosorbent as-
say (ELISA), which has become so popular due to its
relatively high accuracy. Less commonly used are
blotting and serologically specific electron microsco-
py (SSEM). The reliability and accuracy of ELISA de-
pends on many factors: storage conditions of antibod-
ies, freshness of the sample, and specific features of
the organism being studied. Systems based on the use
of polyclonal antibodies, which were initially widely
used, often gave false-positive results, so there was
a need to improve the method. Monoclonal antibod-
ies specific to individual parts of antigen macromole-
cules — epitopes — have significantly increased the ac-
curacy of tests. Today, there are systems that use both
monoclonal and polyclonal antibodies. Both individu-
al tests and ready-made commercial kits for detecting
groups of organisms are used. The use of polyclonal
antibodies allows detecting multiple epitopes, unlike
monoclonal ones, and therefore this approach seems
economically justified, despite the existing disadvan-
tages. In addition, the sensitivity of polyclonal anti-
bodies is higher than that of monoclonal ones. The
sensitivity of ELISA tests is increased by additional
thermal preparation of the sample or by treatment
with an enzyme that destroys bacterial cell walls by
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MeToma. MOHOKJIOHAJIbHbIE aHTUTEJNA, CIIeU(DUIHbIE
K OT[IeJIbHBIM YacTsIM MaKpPOMOJIEKYJ aHTUTeHa — 3TN~
TOIIaM, IO3BOJIMIN 3HAUUTEIbHO ITIOBBICUTD TOUHOCTD
TeCTOB. Ha CeTOMHSINUIHUY JeHb CYIIECTBYIOT CUCTEMBI,
UCTIOJb3YI0IYie ¥ MOHOKJIOHAJIbHBIE, U TOJUKJIOHAJb-
Hble aHTHUTeJa. [[pUMEeHAI0OTCSA KaK OTIeJbHbIE TECTHI,
TaK ¥ TOTOBbIE KOMMepUeCcKre HAOOPhI IJId AeTEeKITUU
TPYIII OPraHu3MOB. VICTI0Ib30BaHME TTOJIUKIOHATbHBIX
QHTUTEJI II03BOJISET AJeTEKTUPOBATh MHOYKECTBO DIIU-
TOTIOB, B OTJINYME OT MOHOKJIOHAJIbHBIX, ¥ TTIO3TOMY Ta-
KO IIOAXO[, BBITJIAAUT SKOHOMUYECKU OIPaBIaHHbBIM,
HEeCMOTPS Ha CYIIeCTBYIIVe HeJocTaTKu. Kpome Toro,
YYBCTBUTEJNbHOCTD MOJUKJIOHATbHBIX AHTUTEJ BBIIIE,
4yeM y MOHOKJIOHAJIbHBIX. YyBCTBUTEJIbHOCTL VIDA-Te-
CTOB ITOBBIIIAIOT 34 CUET JOIIOJHUTEJIbHOU TepMUuUe-
CKOU IMOATOTOBKY ob6pasila mjiu 3a cueT 06paboTKu
(pepMeHTOM, pa3pylamniiuM KJIeTOUHble CTeHKU 6aK-
TEePUN TUAPOJU3OM IMENTUILOTINKAHA — JIU30IMMOM
(Martinelli et al., 2015; Mehetre et al., 2021). Cymie-
CTBYET ellle PSJ, METOLOB, TPUBOASAIINX K YBEJIUYEHUIO
YyBCTBUTEJbHOCTY TECTA C TIOMOIIbI0 TPEABAPUTEIb-
Horo oboramnieHus (MHKy6aIlys AJIs MOBBIMIEHUSI KOH-
LEeHTpalluy IIaToreHa). JJoNoJHNUTEeIbHOE pasieieHre
C IpUMeHeHNeM MarHUTHBIX YaCTUII, IIOKPBITHIX CIIEIl-
UPUUHBIMYA K MUIIEHU aHTUTEJaMU, LOIOJHUTEb-
HO OuHUIaeT MPOOYy U TakXKe YBeJIUUNWBAeT TOUHOCTh
(Kohn, 1999; Vilimaa et al., 2015). U®A-MeTO HaIIE
IIXPOKOe IMTPUMeEHEeHYE B KIMHUYECKOU JUarHOCTHUKE
13-3a CPAaBHUTEJIbHO HEBBICOKOU CTOMMOCTH U BBICO-
KOM CKOPOCTHU HCCemoBaHua. Huxe mompo6bHo pac-
CMOTPUM METO/IbI, KOTOPbIE UCTIOJb3YIOTCS JIJI UCCIIe-
OBaHUS pacTeHUM.

UccaemoBaHus
Ha OCHOBeE HCII0JIb30BaHUS aliITAMEPOB

OmHOI M3 CaMbIX YIAYHBIX aJIbTEPHATUB ITPUMEHe-
Huo aHTuTen u [P B fuarHocTuKe 1aToreHoB IPUHI-
TO CUUTATh MCIIOJIb30BaHue antamMmepos. 1P — mocTa-
TOYHO TOUHBIA W GBICTPBIA METOJ HeTeKIINY, HO IIPU
WCCJIeIOBAHUY 3aTrPSI3HEHHBIX 06Pa3I[0B BO3MOXXHO
CHUXeHVe YyYBCTBUTEJbHOCTU U MHTUOWPOBaHUE pPe-
aknuu. VMcrnoyib30BaHUE allTaMEPOB B KAUeCTBE ajib-
TEPHATUBbI MTO3BOJISET MOBBICUTh UYyBCTBUTEJIBHOCTD
110 CPaBHEHMIO C aHTUTEJaMU 3a CUeT 60jiee BhICOKOM
TJIOTHOCTY MMMOOMIN3AIINY, IIPOCTOThI BBEIEHUS Me-
TOK ¥ HU3KOM CTOMMOCTH CuHTe3a. CHHTe3MPOBaHHbIE
anTaMepbl MOTYT ObITh HalleJeHbl Ha 1leJible OPraHu3-
MBI, Ha OIIpezieiIeHHbIe TOKCUHBI U TIPOoYue Crienuduyd-
Hble, TIPOAYIIMPYyEMbIE 1IeJIeBBIMU OpPraHu3MaMu 6uo-
MOJIEKYJIbL. BO3MOXXHO OLHOBPEMEHHO KCIIOJIb30BaTh
HECKOJIbKO MUIIIEHEH 13-3a BBICOKOU CIEeU(PUIHOCTHI
arTaMepoOB, UTO MMO3BOJISIET 3HAUUTEIBHO YBEJIUYUYUTH
TOUYHOCTD HCCJIefO0BaHUS. ATITaMephl, IPeCTaBJISIO-
1rve co60ii CpPaBHUTEIBHO KOPOTKUE OJIUTOHYKJIEOTU b
pasmepom oT 10 mo 100 GyKB, ITPOIIE CIIeUaTU3UPO-
BaTh K QHAJIN3Y LIeJIbIX OPTaHU3MOB, UEM K OTAEJIbHBIM
6romosieKysaM. Tak Kak MCII0JIb30BAaHUE allTAMEPOB
OCHOBAHO Ha TOM >Ke IIPUHIIUIIE, YTO U UCIIOJIb30BAHUE
QHTUTEJI, OHU MOTYT ObITh IPUMEHEHBI IJis aHaJIu3a
(U®A). K HemoCTaTKy CUCTEM JIeTEKIIUY, OCHOBAHHBIX
Ha UCIIOJIb30BAHUU AlITAMEPOB, MOKHO OTHECTU UyB-
CTBUTEJBHOCTD K BAI3KOCTU, U3MEHEHUIO KMCJIOTHOCTH
U TeMIlepaTypbl. AKTUBHO BEeLyTCS pa3paboTKU CUCTEM
JIeTeKI[MY MaTOTeHOB PAaCTEHW U Ha OCHOBE allTaMepPOB,
HO Ha IaHHBIM MOMEHT OHU ITPUMEHSIOTCS He TaK YacTo
Kak VA wiau I[TLP (KojleCHUKOB U Ap., 2012).

hydrolysis of peptide glycan — lysozyme (Martinel-
li et al., 2015; Mehetre et al., 2021). There are other
methods that increase the sensitivity of the test us-
ing preliminary enrichment (incubation to increase
the concentration of the pathogen). Additional separa-
tion using magnetic particles coated with target-spe-
cific antibodies further purifies the sample and also
increases accuracy (Kohn, 1999; Vilimaa et al., 2015).
The ELISA method has found wide application in clin-
ical diagnostics due to its relatively low cost and high
speed of research. Below we will consider in detail the
methods used for plant research.

Aptamer-based detection systems

One of the most successful alternatives to the
use of antibodies and PCR in pathogen diagnostics is
considered to be the use of aptamers. PCR is a fairly
accurate and fast detection method, but when study-
ing contaminated samples, sensitivity may decrease
and the reaction may be inhibited. The use of aptam-
ers as an alternative allows for increased sensitivity
compared to antibodies due to higher immobiliza-
tion density, ease of labeling, and low cost of synthe-
sis. Synthesized aptamers can be targeted at whole
organisms, certain toxins, and other specific bio-
molecules produced by target organisms. It is possi-
ble to use several targets simultaneously due to the
high specificity of aptamers, which allows for a signif-
icantincrease in the accuracy of the study. Aptamers,
which are relatively short oligonucleotides ranging
from 10 to 100 letters in length, are easier to special-
ize in the analysis of whole organisms than in individ-
ual biomolecules. Since the use of aptamers is based
on the same principle as the use of antibodies, they
can be used for analysis (ELISA). The disadvantage
of detection systems based on the use of aptamers is
their sensitivity to viscosity, changes in acidity and
temperature. Aptamer-based plant pathogen detec-
tion systems are being actively developed, but at the
moment they are not used as often as ELISA or PCR
(Kolesnikov et al., 2012).

Nucleic acid detection assays

The use of modern equipment for first- and
next-generation sequencing has made it possible to
read the nucleotide sequences of many bacteria, vi-
ruses, fungi, and oomycetes. The data obtained is ac-
cumulated, and based on a large number of sequences
studied, global databases with free access have been
created. There are also highly specialized databases
focused on target pest groups. Having free access to
such databases allows us to constantly improve the
storage facilities themselves, data processing meth-
ods, expand the databases at the expense of users,
and create software to simplify the work of creating
microorganism detection systems based on targets
focused on nucleic acid sequences — DNA and RNA.

This method has many advantages, but also
some disadvantages: it is quite difficult to deter-
mine the concentration of the microorganisms being
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AHaJsIu3bI Ha OCHOBeE JIeTeKIIUU
HYKJIEMHOBBIX KUCJIOT

Vicrioib30BaHYEe COBPEMEHHOT'0 060PYIOBAHUS JIJIST
CEeKBEHUPOBAHUS IIEPBOTO U CJIEAYIOMIETO TTIOKOJIEHUS
TTO3BOJIAJIO TIPOYUTATh HYKJIEOTUIHbBIE [TOCIEI0BATEb-
HOCTU MHOXXeCTBa 6aKTepHUii, BUPYCOB, 'PUOOB 1 OOMULIE-
TOB. [ToJTyuyeHHbIe JaHHbIEe aKKYMYJIUPYIOTCS, ¥ Ha OCHOBE
GOJIBIIIOr0 KOJIMUECTBA UCCIeI0BAHHBIX I0CJIEN0BATEIb-
HOCTEM co3maHbI 06LUIeMUPOBBIE 6a3bI CO CBOGOIHBIM
mocTymoM. TakyKe CYHIIEeCTBYIOT Y3KOCTIEIIMaJu3upPo-
BaHHbBIE 6a3bI JaHHBIX, OPMEHTUPOBAHHbIE Ha IIeJIeBblie
TPyINIbl OpraHu3MoB. Hajmndyve cBOGOLHOTO AOCTyTIA
K TakuM 6az3aM M03BOJISIET IIOCTOSIHHO COBEPINEHCTBO-
BaTb CaMM XPaHMUJINIIA, METOIbl 00PabOTKM JAaHHBIX,
pacuupaTh 6a3bl 3a CUET IT0JIb30BATEJIEN U CO3aBaTh
IporpaMMHOe obeclieueHre AJIs YIPOUIeHUS PaboThl
10 CO3MaHMI0 CUCTEM AETEeKIIMM MUKPOOPraHMU3MOB,
OCHOBAHHBIX Ha MUIIEHSIX, OPUEHTUPOBAHHBIX HA I10-
CJIeI0BATEJIbHOCTY HYKJIEeMHOBBIX KucyioT — JHK u PHK.

Y maHHOTO METO/a MHOXXECTBO ITPEUMYIIECTB,
HO €CTb ¥ HEKOTOPbIe HeJOCTATKM: JOCTATOUYHO CJIOXK-
HO OIIpPeNeJUTh KOHIIEHTPAIUI0 HCCIeqyeMbIX MU-
KPOOPraHu3MOB, HEBO3MOXXHO B paMKax JaHHOU Me-
TOOUKY ONPENENUTh KOJIUYECTBO JKM3HECIOCOOHBIX
U HEXXV3HECTIOCOOHBIX MUKPOOPTraHW3MOB B 06pasiie.
OCHOBHOM IIPUYNHOMN SBJISIETCSI pa3Has CKOPOCTb Ha-
pacTanus GIyopecueHIINY JJIsT Pa3JIMYHBIX MUKPOOP-
TaHMW3MOB B COUYETAHUY C PA3HBIMU OIPEAENITEMbIMU
y4YacTKaMU U TO, UYTO HYKJIEMHOBBIE KHUCJIOTHI HEXU3HE-
CIIOCOOHBIX MUKPOOPTAHU3MOB CIIOCOOHBI COXPAaHSITh-
¢ IIMTEeNIbHOE BpeMs 6e3 CyleCTBEeHHBIX U3MEeHEeHU
B o6pasiie (Lievens ans Tomma, 2005; Lopes et al., 2009;
Narayanasamy, 2011).

Kaaccuueckas ITIIP 1 ee BapuaHTbI

Ipunuiu TP 6611 oTKPHIT B 1980 1. 3a paspabo-
TaHHBIN B 1983 . MeTox uepes 10 jeT ero aBTop K. MioJi-
Jauc 6w11 ymoctoeH HobGeseBckoii mpeMuu. B ocHOBe
MeToza Kiaccuueckoi TP JeXUT IPUHIIUIT YTeHUS
HYKJIEMHOBBIX KMCJIOT. [Tom6mparoTcs IpaiiMephl U3 UC-
KyCCTBEHHO CUHTE3UPOBAHHOU M0CJIeI0BATEIbHOCTU
HYKJIEOTUJIOB TaKMM 06pa30oM, 4TOOBI B pe3yJIbTaTe pe-
aKIIUY MOYXHO OBIJIO JOCTOBEPHO aMIIIU(PUIIUPOBATH
1eseBoit pparmenT JHK. Kaxxabiii 13 ripaliMepoB KOM-
TJIEMeHTapEeH O HOM U3 LIeTIe} ABYIeTIOUeYHON MaTPU-
1Bl ¥ OTTPEAEISET HauaJio M KOHEL aMININ(PUILLUPYEMOTO
yudacTka. Heloporoii, 6bICTPbIN U JOCTATOYHO TOUHBIN
MeTOJ, OCHOBAH Ha BOCIIPOM3BEIEHUY 11eJIEBOr0 y4acTKa
B TEPMOIIUKJIEPE I10 3aJJaHHOI ITPOTrpPaMMe C UCITOJIb30-
BaHueM (epmeHTa JHK-mmonmuMepasbl. OUueHb BaXKHA
TOYHOCTB I10700pa IIpaliMepPOB, UMEIONUINX, KaK IPaBu-
Jio, pazMep oT 15 10 40 I1.H. ¥ CTIeI[UaJIbHO ITOA00PaHHBIX
TakK, YTOOBI COOTBETCTBOBATh yuacTkaM JHK-MutieHn.
O6Hapy’xeHMe yJyacTKa I1eJIEBOr0 pa3Mepa oA TBePIK/a-
eT HaJIMuyVe MUIIeHU B 00pasiie.

Peakiusg NpoxXoauT B TPU dTama:

1. JenaTtypanud. B mponecce peakjuu geHarypa-
uuu nBe enu JIHK, cBg3aHHbBIE BOOOPOLHBIMU CBA3SIMU
U ABIFI0IIECSd KOMIJIEMEHTAPHBIMU IDPYT APYTY, pas-
eS0T Ha Mapy OGHOLLEIIOYEeYHBIX TOJIMHYKIEOTULHBIX
MOJIEKYJ 3a CUET HarPeBaHUS [0 TEMIIEPATYP B AUaria-
30He oT 94 10 96 °C.

2. OTxwur. Ha BTOpoM aTamne IMpoOUCXOLUT CBA3BI-
BaHUE CUHTE3UPOBAHHBIX TPAWMEPOB C MOJTYUeHHBIMU
onHoueueunsiMu JJHK. Ha aToM 3Tame TeMIiepaTypbl
B aMIiudukaTope cHKawTcs 10 45-60 °C.

studied, it is impossible to determine the number of
viable and non-viable microorganisms in the sample
within the framework of this method. The main rea-
son is the different rate of fluorescence increase for
different microorganisms in combination with differ-
ent areas being determined and the fact that nucle-
ic acids of non-viable microorganisms can persist for
a long time without significant changes in the sam-
ple (Lievens ans Tomma, 2005; Lopes et al., 2009;
Narayanasamy, 2011).

Classical PCR and its variants

The principle of PCR was discovered in 1980. For
the method developed in 1983, its author K. Mullis
was awarded the Nobel Prize 10 years later. The clas-
sical PCR method is based on the principle of reading
nucleic acids. Primers are selected from an artificial-
ly synthesized nucleotide sequence in such a way that
the target DNA fragment can be reliably amplified as a
result of the reaction. Each of the primers is comple-
mentary to one of the strands of the double-stranded
matrix and determines the beginning and end of the
amplified region. An inexpensive, fast and fairly ac-
curate method is based on reproducing the target re-
gion in a thermal cycler according to a given program
using the DNA polymerase enzyme. The accuracy of
primer selection is very important; as a rule, they are
from 15 to 40 bp in size and are specially selected to
correspond to the target DNA regions. Detection of a
region of the target size confirms the presence of the
target in the sample.

The reaction has three stages:

1. Denaturation. In the denaturation reaction,
two DNA strands, linked by hydrogen bonds and com-
plementary to each other, are separated into a pair of
single-stranded polynucleotide molecules by heating
to temperatures in the range of 94 to 96 °C.

2. Annealing. At the second stage, the synthe-
sized primers bind to the obtained single-stranded
DNA. At this stage, the temperature in the amplifier
is lowered to 45-60 °C.

3. Synthesis. The final stage involves the synthe-
sis of a new DNA chain at a temperature of 72 °C. Syn-
thesis begins from the primer along the DNA chain.

Then all three stages (cycles) are repeated.

At each cycle, the target site is doubled, thus gen-
erating the reaction product (Antonova et al., 2011).

When performing classical PCR, the presence
or absence of the target site can be assessed by per-
forming electrophoresis in an agarose gel due to the
separation of reaction products. The two main disad-
vantages of the method are the duration of electro-
phoresis and the possibility of cross-contamination
of reagents and materials with amplification products
(Maurer, 2011, Kralik, Ricchi, 2017). Despite the addi-
tional time required for electrophoresis, the method
is faster than traditional cultivation. Ready results can
be obtained within a few hours.

The sensitivity and specificity of PCR are as-
sessed separately for each new primer system. Due
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3. CunrTes. Ha nocyiegHeM aTare nporucXogUuT CUH-
Te3 HoBoOU 1eniu JIHK nipu TemmniepaTtype 72 °C. CunTe3
HauyMHaeTCs OT ITpaiiMepa BaoJib enu JHK.

3aTeM Bce Tpu dTara (I1KJa) TOBTOPSAIOTCS.

Ha xa)x[1oM 1IMKJIe TIPOUCXOLUT Y BOEHME 11eJIeBO-
r'0 y4acTKa, TaKUM 06pa3oM HapabaTbIBAaETCS IPOLYKT
peakmuu (AHTOHOBA U Ap., 2011).

[Ipu ripoBeleHNY Kaaccruueckoi ITIIP MOXHO olie-
HUTB HAJINYWE UJIU OTCYTCTBUE LIeJIEBOr0 YUYacTKa C 10~
MOIIIbI0 MPOBEAEeHUS 3IeKTPodopesa B arapo3HoOM rejie
3a cuUeT pas3fiesieHus NPOLYKTOB peakluu. JIByMd oc-
HOBHBIMU HeJIOCTaTKaMU MeToJa CUUTAIOTCS JJIUTEb-
HOCTB IIPOBEMIEeHUS 3JEKTPOPOpPe3a U BO3MOXKHOCTD
IepeKpPecTHOTO 3arpsa3HeHUs PeaKTHBOB U MaTepua-
JIOB mpomyKkTamMu amrindukanuu (Maurer, 2011; Kra-
lik, Ricchi, 2017). HecMOTps Ha IOTIOJHUTEbHOE BpeMs
Ha IIpoBeJieHYie BJIeKTpodopesa, MeTo I, ABJIsIeTcs 6oyee
OBICTPBIM, UEM TPAIUIIMOHHOE KyJIbTUBUPOBaHME. ['0TO-
BbI€ Pe3yJIbTAaThl MOT'YT ObITH ITOJIyUYE€HbI B TeUEHUE He-
CKOJIbKMX YaCOB.

UyBCTBUTEIBHOCTD U crieliuruuHocTh [11IP otieHu-
BaeTCs B KAXKIOU HOBOM ITpaliMepHOI CUCTEME OTIEeJb-
HO. MI3-3a TOT'0 UTO ITPU IIPOBEIEHNY KjlaccruuecKkoi ITLIP
MOXXET BO3HUKHYTbh MHTUOUPOBaHUE PeaKIuu, B HEKO-
TOPBIX CJAy4YasdX BO3MOXXHBI JOKHOOTPHUILATEJIbHBIE
pesyabTaThl. K HeocTaTKaM MeTOLa OTHOCAT: HEBO3-
MOYXHOCTD Pas3jIMUUTD KU3HECIIOCOOHBIE U HEXU3HE-
CcTIocOOHbBIE KJIETKY, HEBO3MOXXHOCTh O HOBPEMEHHOT'O
MOVCKa HECKOJIbKMX aTOTeHOB U, YTO caMOe Ba)KHOE,
HEBO3MOXXHOCTb aMIITU(DUIIUPOBATH I1eJIEBbIE YUACTKY,
obmue ajis Bcex PHK-Bupycos. [To 3TOM IpuYrHEe BO3-
HUKJIa He0OXOLUMOCTh YCOBEPIIEHCTBOBAHUS MEeTOAa
ns uneHTuguKauy maroreHoB pactenuii (Lopes et
al., 2009).

IIIIP B peaJibHOM BpeMeHU

TP B peanbHOM BpeMeHnwu, [1IIP-PB (qPCR), uc-
TI0JIb3YET Te JKe caMble TIOAX0bI, UTO U B KJIACCUYECKOM
[11IP. I]esleBOY yUacTOK aMIIN(MDULIMPYETCS 38 CUET U3-
MeHEeHUS TeMIIepaTypbl pabouell cMecH, BKIIIOUAOIIel
nojauMepasy u mpaliMepsl K I1eJIeBOMYy yUacTKy. Pas-
HULIA MEeXAY 3TUMU MeTOlaMU 3aKJII0UaeTcd B TOM,
4YTO 3a cUeT M06aBJIEHUS B PeaKIINi0 KPaCUTeNsI UIUu
30HJIOB TTOSIBJISIETCS BO3MOXXHOCTh PETHUCTPUPOBATH
€ero cBeueHue B rpoliecce nposefeHus [11IP. B otnuyue
OT KJIACCUYECKOT'0 METO/Ia, TTI03BOJIAIONIETO OIleHBATh
pes3yJbTaThl TOJBKO O KOHEUHOUN TOUKeE, TIOSIBJISIETCS
BO3MOXHOCTb OIIPEJIEIUTD KOJINYECTBO IIPOAYKTA I10CIe
Kaxxgoro nukjaa (Shen, 2019). B kauecTBe KpacuTes
yaiie Bcero ucnoybayeTcsd SYBR green, HaJle)KHBIN U [10-
CTYITHBIY 10 CTOUMOCTH. TaKXe MOXXHO JOTIOJTHUTEIb-
HO OLIEHUTB MPOIIECC, JOTIOJHUB IPOrpaMMy aHaJIM30M
KPUBBIX TLJIaBJeHUs. [IpUHIUIBI ¥ METOMAbI ITombopa
npauMepoB njs nposemeHusd [NLIP-PB, a Tak)ke MeTO-
IIbI OIIeHKY Io06paHHbIX TIPaliMepPOB Ha CETOIHSIII-
HUM IeHb MIUPOKO U3BECTHBI M aKTUBHO IIPUMEHSIOTCS
B 00J1acTU JeTeKIny (UTOIIaTOreHOB, HallpuMep s
OIpe/ieJIEHNs TaTOTEHOB 3JaKOBBIX KyJIbTYp (Slovareva
et al., 2024). 3HaUUTEJIbHBIM IPEUMYIIECTBOM JJAHHO-
T0 METOJA SIBJISIETCS BO3MOXXHOCTDb IIPUMEHEHUS MYJIb-
TUTLJIEKCHOU peakIivy, OCHOBAHHOM Ha mob6aBIeHUU
K mpaiiMepaM (payopeciieHTHBIX 30HI0B. I[locTaHOBKA
MYJIBTATIJIEKCHOY PeaKI My M03BOJISIET NEeTEKTUPOBATh
OJITHOBPEMEHHO HECKOJIbKO OPTaHMU3MOB, Pa3fieadaTh
OGJIM3KOPOACTBEHHBIE BUIBI W/WUIU MITaMMBI. JIJIS TIPO-
BeJIeHUS MYJIbTUILJIEKCHON PEaKIIUM CYIIEeCTBYET DS,

to the fact that inhibition of the reaction may occur
during classical PCR, false negative results are pos-
sible in some cases. The disadvantages of the meth-
od include: the inability to distinguish between viable
and non-viable cells, the inability to simultaneously
search for several pathogens and, most important-
ly, the inability to amplify target regions common to
all RNA viruses. For this reason, there was a need to
improve the method for identifying plant pathogens
(Lopes et al., 2009).

Real-time PCR

Real-time PCR, qPCR, uses the same approach-
es as classical PCR. The target region is amplified by
changing the temperature of the working mixture,
which includes polymerase and primers to the tar-
get region. The difference between these methods
is that by adding a dye or probes to the reaction, it
becomes possible to record its glow during the PCR
process. Unlike the classical method, which allows
you to evaluate the results only at the end point, it
becomes possible to determine the amount of prod-
uct after each cycle (Shen, 2019). SYBR green is most
often used as a dye, it is reliable and affordable. You
can also further evaluate the process by supple-
menting the program with melting curve analysis.
The principles and methods of selecting primers for
real-time PCR, as well as the methods for evaluat-
ing the selected primers, are now widely known and
are actively used in the field of phytopathogen detec-
tion, for example, to determine pathogens of cereal
crops (Slovareva et al. 2024). A significant advantage
of this method is the ability to use a multiplex reac-
tion based on the addition of fluorescent probes to
primers. Setting up a multiplex reaction allows you
to simultaneously detect several organisms, sepa-
rate closely related species and / or strains. There
are limitations for carrying out a multiplex reac-
tion: in the amplified region, the objects of study
must have differences in nucleotide composition or
length. Probes, due to their greater specificity com-
pared to SYBR Green and other dyes, release a fluo-
rophore only when binding to the target fragment.
TagMan probes are most often used to create multi-
plex systems. Modern devices allow you to simulta-
neously determine 4-6 glow variants and record data
in real time. For example, the method was adapted
for the detection of Erwinia amylovora and allows for
high-precision differentiation of several target ob-
jects with similar symptoms or having common host
plants (Svircev et al. 2009).

The main obstacle to the use of probes is their
cost and complexity of selection. The more probes are
added to the test tube, the higher the probability of a
non-specific reaction (Mirmajlessi et al., 2015). An-
other important advantage of the method is the ability
to determine the number of amplified regions initially
present in the sample. Their number in the sample is
determined mathematically, based on the deviations
of the obtained curve from the standard (reference
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OrpaHMYeHUN: Ha aMIIU(UIITPOBAHHOM YYaCTKe 00b-
€KThI CCJIeIOBAHUS JOJKHBI MMETh Pa3Indys B HyKJIe-
OTHUIHOM COCTaBe WJIM OJINHE. 30HIbI 3a CUET OOJIBbIIEH
crieu(MIHOCTH 10 cpaBHeHUIO ¢ SYBR Green u gpyru-
MU KPaCUTEISIMU BbICBOOOXKIAIOT (PJIF00POdOP TOJHKO
TIPY CBSI3BIBAHUM C IIeJIEBBIM (pparMeHTOM. Yalie BCETO
LIS CO3MAHUS MYJIbTUILJIEKCHBIX CUCTEM ITPUMEHSIIOT-
¢ 30HAbI TagMan. CoBpeMeHHbIe TPUOOPHI IT03BOJISIOT
OOHOBPEMEHHO OIIPENeNITh 4—6 BApUAHTOB CBEUEHUSI
U B peXXUMe peajbHOTO BpeMeHU (UMKCHUPOBATh JaH-
Hble. Hampumep, MeTo, ObLI afalTUPOBAH I LETEK-
uum Erwinia amylovora u 103BOJISIET C BBICOKOM TOY-
HOCTBIO IV dePEHIIMPOBATh CPa3y HECKOJIbKO IeJIEBBIX
00BEKTOB CO CXOAHBIMU CUMIITOMaMU WX UMEUIUX
obmue pacteHus-xo3sena (Svircev et al. 2009).

[JIaBHBIM MIPETITCTBUEM [JIJIST MCTIONb30BaHUS 30H-
IIOB SIBJISIETCSI X CTOMMOCTD U CJIOXKHOCTB IToz0opa. YeM
6oJIbIIIe 30HIOB L00ABJISIETCS B IPOGUPKY, TEM BhIIIE Be-
POSTHOCTB Heclenuduyeckon peakiuy (Mirmajlessi et
al., 2015). Enie oqHUM Ba)KHbIM ITPENMYIIIECTBOM METO-
Ila SIBJISIeTCS BO3MOXKHOCTB OIIpeeJIeHNS KOJIMYeCcTBa
aMIIUDUITUPYEMBIX YUaCTKOB, HAXOAAIIUXCSA B 06pas-
1le M3HavaJIbHO. VX 4ncjo B 00paslie oIpeaessieTcs
MaTeMaTU4YeCKU, OCHOBBIBASICh HA OTKJIOHEHUSX TIOJTY-
YEeHHOU KPUBOM OT CTaHJAPTHOM (3TAJIOHHON KPUBOM).
TOYHOCTH PACUETOB IIOATBEPXKIAETCS KIACCUUECKUMU
MeTomaMu pasBemeHuit (Simon G. et al., 2002; Shen,
2019; Rajagopal et al., 2019).

Iudposas IILIP

PaccmoTpeHHasa paHee konuvecTBeHHad 1P gaB-
JISIeTCS OCTAaTOYHO COBEPIIEHHBIM METOJIOM, HO CyIlle-
CTBYET €T0 MOJIEPHU3UPOBAHHAS BEPCUS, TOJy YN BIIAS
HasBaHUe «Iupposas KaneabHas [TLIP» (ddPCR). 9ToT
MEeTOJ, 3a CUeT pa3BeleHUl, pa3lesdiiux obpaserl]
Ha 6GOJIbIIIOE KOJMYECTBO OTAEIbHBIX 00pa31ioB (0KO-
J0 20 000 kameJib), ITIO3BOJISET CHeJaTh aHaJau3 6ojee
TOYHBIM 10 CpaBHEeHMIo ¢ oO0biuHOu ITIIP (Hindson et
al., 2011; Zhao et al.,, 2016). ;g pasmesieHus peak-
IIMOHHOM CMecH, TaK)Ke Ha3bIBA€MOU 3MYJIbCHUOHHOU
nudposoti I[P, ucmoib3yeTcs MPUHITUII CO3LaHUSI MO-
HOJIVMCIIEPCHBIX KarleJb Boja/Macyo. s moaydeHus
KarleJib MOYXHO MCITOJIb30BAaTh MPUHIUIT T-06pasHOM
WHBEKIIUY, METOJ, CTPYU WU METOJ] UCIIOJIb3YIOIIUI
ILJIs paszesieHus obpasila mapuku rumgporens (Jlebeme-
Ba 1 Ap., 2024). MeToz, ITOJIyYMJI CBOE Ha3BaHUE 33 CUET
IeTeKIINU HaJUYUs WM OTCYTCBUS CUTHAJA, pe3ysbTa-
ThI KOTOPOTO CXO0XKM C JBOMYHBLIM KOZOM. PazBemeHue
o6pasiia AOJIKHO OBITH IMOJ06PaHO TakKMM o6pasom,
4yTOOBI B TUelike oKasajiach omgHa JHK-MaTpuiia. Eciau
IOHK-MaTpuIia okazajach B sYeiiKe He OfHA, TO PE3YIIb-
TaThl MOTYT OBITh CKOPPEKTUPOBAHBI CTATUCTUUYECKUM
meTtozmoM Ilyaccona (Hayden et al., 2013). Jlo6aBieHre
WHTEPKATUPYIIIUX KpacuTenaed u GpayopecueHTHBIX
30HI0B TI03BOJISIET OITPEEATh HAJIMUYYE Y UHTEHCUB-
HOCTb peakiiuu. duyopecueHug ukcupyeTcs npu
ITOCJIEIOBATEJIBHOM ITPOITYCKAHUY KalleJib Yepe3 Mu-
KpodronaHyio cuctemy rmprbopa (Hoshino and Inagaki,
2012; Chen et al., 2021).

CyliecTBEHHBIMY MTPEUMYIIECTBAMU METOMA SIB-
JITIOTCS: 9KOHOMUYHBIN PAcXol, peaKTUBOB 1 MaJjioe KO-
JINYECTBO IMOCTYIAIOIEro Ha UCcleJoBaHue ob6pasiia,
YCTOMYMBOCTD K IIPUMECSIM, KOTOPbIe MOTEHIIUAIBHO
MOTYT MHTrHO6MpPOBaTh peakiiuio 1P, oTcyTcBUe HEOO-
XOJIVMOCTHU CTaHIAPTHOM KPUBOM [IJIsI IPOBEIEHUS KO-
JryecTBeHHOro a”anu3sa (Taylor et al., 2017).

curve). The accuracy of the calculations is confirmed
by classical dilution methods (Simon G. et al. 2002;
Shen, 2019; Rajagopal et al., 2019).

Digital PCR

The previously discussed quantitative PCR is
a fairly advanced method, but there is a modern-
ized version called digital droplet PCR (ddPCR). This
method, due to dilutions that divide the sample into
a large number of individual samples (about 20,000
droplets), allows for more accurate analysis compared
to conventional PCR (Hindson et al., 2011; Zhao et al.,
2016). To separate the reaction mixture, also called
emulsion digital PCR, the principle of creating mono-
disperse water/oil droplets is used. To obtain droplets,
you can use the T-shaped injection principle, the jet
method, or a method using hydrogel beads to separate
the sample (Lebedeva et al., 2024). The method got its
name due to the detection of the presence or absence
of a signal, the results of which are similar to a binary
code. The sample dilution should be selected in such
a way that one DNA matrix is in the cell. If there is
more than one DNA template in the cell, the results
can be corrected using the Poisson statistical meth-
od (Hayden et al., 2013). The addition of intercalating
dyes and fluorescent probes allows one to determine
the presence and intensity of the reaction. Fluores-
cence is recorded by sequentially passing droplets
through the microfluidic system of the device (Hoshi-
no and Inagaki, 2012; Chen et al., 2021).

The significant advantages of the method are:
economical consumption of reagents and a small
amount of sample received for study, resistance to im-
purities that can potentially inhibit the PCR reaction,
no need for a standard curve for quantitative analysis
(Taylor et al., 2017).

Isothermal amplification of nucleic acids

Diagnostic solutions used to detect pathogens
using molecular methods are in high demand, but
there is an even greater need for solutions that can
be used in non-laboratory settings, in fields, and in
protected soil conditions. The effectiveness of plant
disease control directly depends on the ability to di-
agnose on-site and its speed. The use of isothermal
amplification of nucleic acids allows us to reduce the
requirements for DNA quality and conduct research
without the use of bulky amplifiers used for gPCR. In
the field, it is enough to use heating elements, sim-
ple devices that are much less bulky than an amplifier
(Ivanov et al., 2021; Lau and Botella, 2017).

The use of the isothermal amplification method,
despite the existing limitations, allows you to quickly
and accurately identify phytopathogens, which helps
not only to control them, but also prevents the spread
of pests.

LAMP isothermal amplification

The principle of loop-mediated isothermal am-
plification (LAMP) has found wide application in
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H3oTepMuUecKas aMIuInpuKaIus
HYKJIEMHOBBIX KHCJIOT

JlmarHocTuYecKre pelleHus, NCII0JIb3yeMble AJIs
IeTeKIMY TaTOTeHOB MOJEKYIIPHBIMU METOLaMH,
IIKXPOKO BOCTpPeboBaHbI, HO ellle 6ojiee ocTpas He0b-
XOIVMOCTh BOBHUKAET B PENIEHUAX, KOTOPbIE MOXXHO
PUMEHSATb BO BHEJIAO0PATOPHBIX YCIOBUAX, HA TTOJISIX
U B YCJOBUSX 3alUIEeHHOTr0 rpyHTa. OT BO3MOXXHO-
CTU NIUArHOCTUKYM HA MECTE U €€ CKOPOCTY HAIIPSIMYIO
3aBUCHUT 3(pPeKTUBHOCTEL 6GOPBHOBI C 6OJIE3HAMU pacTe-
HUU. Vcoib30BaHUS U30TEePMUUYECKON aMIlIuduKa-
UM HYKJEUHOBBIX KUCJIOT TTO3BOJISET CHU3UTH TPe-
6oBaHUS K kKauecTBY JHK 1 TpOBOAUTH MCCIEIOBAHUSI
06e3 MCIIOJIb30BAHUS IPOMO3IKUX aMIIN(UKATOPOB,
ucnonb3yeMbIx ajig gPCR. B m1oyieBbIX yCIOBUAX LOCTA-
TOYHO MPUMEHSITh HarpeBaTeJIbHbIEe 3JI€MEHTHI, ITPO-
CThIE YCTPOMCTBA, TOPa30 MeHee TPOMO3KIeE, YUeEM aM-
miadukaTop (MBaHOB 1 ip., 2021; Lau and Botella, 2017).

Vicrob30BaHME METOIA U30TEPMUUECKON aMIIIU-
¢ukanuu, HeCMOTPS Ha CYIeCTBYIOIIe OTPAHUYEHNUS,
TI03BOJISIET OBICTPO ¥ TOUHO OMIPEIENIATh (DUTOIIaTOTEHBbI,
YTO IIOMOTAET He TOJbKO 60POTHCS C HUMU, HO U TIPE-
yIIpeXxaaeT pacIpocTpaHeHe BpeqHbIX OPTaHU3MOB.

LAMP u3zoTrepMuueckasi aMIIu(puKanusa

[TpUHIIUT eTJIeBON U30TepMUUYECKON aMIInudu-
kanuu (LAMP) Hamiea mIMpoKoe MpUMeHeHNe B CEJlb-
CKOM XO034MCTBe U MeIUIINHEe KaK HaJe)KHbIX U JJoCcTa-
TOYHO YYBCTBUTEJIbHBIN IM0JeBOU U JlabopaTOPHBIML
meTon (3y6uk u ap., 2021). lnsg mpo6omonroToBKY,
TaKXe KaK U JJid IPYruX PacCMOTPEHHBIX METO OB,
obGpasell JoJKeH ObITh 0TOOpPaH, TOMOTEHU3UPOBAH
¥ JU3UPOBAH IJisg BeicBOOOXKmeHMs JHK. ToMoreHu-
3alUs BIIOJIHE YCIENIHO MOYKET IIPOXOIUTh B OJIEBBIX
YCJIOBUSX C TIOMOIIbI0 MEXaHUUECKOTO pa3pylieHus
KJIETOK B o6pa3siie. [Tociie Uero >kejiaTeJIbHO JOIIOJIHU-
TEJIbHO JU3UPOBATD KJIETKU IJIS YBEIUUEHUS UTOTOBOM
KOHIIEHTPAIlUU HYKJIEWHOBBIX KUCJOT. [I[puMeHeHUe
TOTOBBIX KOMMEPYECKUX HAaGOPOB TTO3BOJISIET ITOJYIUTh
JHK, npurogHyoo 4J4 peaklMy B TEUeHUHU Yaca, cama
peaxiius Toxe 3aHUMaeT OKOJIO Yaca, UTO SIBJIeTCs J10-
CTAaTOYHO GBICTPBIM U IPUEMJIEMBIM JJIs aHaJIMU3a pac-
TEeHVH Ha (QUTOMATOTeHbI B TTOJIEBBIX YCI0BUSX ([vanov
et al., 2021). OCHOBHO€E OTJIMUYME COCTOUT B TOM, YTO
IIPY UCIOJb30BaHMUU MeToga LAMP TpebyeTcs yeTbipe
npaiiMepa: IBa rpaliMepa, B pe3ybTaTe peaKkiuu 06-
pasylolye meTiio (UTo Jaji0 Ha3BaHUEe STOMY METO.LY),
¥ 1apa mnmpanuMepoB, KOTOPble OYAYT UCIIOJIb30BATHCS
JIJIsT BBITECHEHUS TI0JIyYaeMbIX IeIleil, a TakoKe TOJIN-
Mepasbl. Hanpumep, Bst JTHK-mosinMepa3sa — 60JIbI0H
¢parment JHK-nonumepasst Bacillus stearothermophilus
(monmunenTtun pasMepom 67 klla). ®epMeHT obJyiagaeT
5’-3’ moJiMMepa3HoO aKTUBHOCTbIO, HO He UMeeT 5’-3’
u 3’-5’ 9K30HYKJIEa3HBIX AaKTUBHOCTEHN. 3a CUET CUJIb-
HOI BBITECHSAIONEN akTuBHOCTHU Bst JIHK-mmosimmepa-
3a MOXeT ObITh UCIOJb30BaHA [IJig TIPOBEeHUS U30-
TepMaJbHON aMILIN(PUKAIIUY, B TOM YKCJIe IIeTIEBOM
n30TepMaibHOU amMIiudukanuy LAMP. TTonuMepasa,
6iaromaps moJimMepasHoll akKTUBHOCTU, GOPMUPYET
onpHouenoueunyw JHK. 3a cueT KOMINIMMEHTAPHOCTU
BHYTPEHHUX ITPaiiMepoB 06pa3yeTcs MeTaeBast CTPYKTY-
pa, o hopMe HarloOMUHAOAs raHTelb. BHOBb 06pa30-
BaHHBIE CTPYKTYPHI B OpMe TAHTENU CITY>KAT YIOOGHBIM
00BEKTOM [IJIg TIPOBEeAeHUS aMIIIupuKaumu. Pesynb-
TaTOM Ipollecca aMIIUuPUKAIUN IBJISIOTCS IJIUHHbIE
KOHTUTHU, KOTOPbIE MO3BOJISAIOT UAEHTUPUIINPOBATH

agriculture and medicine as a reliable and sufficient-
ly sensitive field and laboratory method (Zubik A. et
al., 2021). For sample preparation, as well as for oth-
er methods considered, the sample must be collect-
ed, homogenized and lysed to release DNA. Homog-
enization can be quite successfully carried out in the
field by mechanically destroying the cells in the sam-
ple. After which, it is advisable to additionally lyse
the cells to increase the final concentration of nucle-
ic acids. The use of ready-made commercial kits al-
lows you to obtain DNA suitable for the reaction with-
in an hour, the reaction itself also takes about an hour,
which is fast enough and acceptable for analyzing
plants for phytopathogens in the field (Ivanov et al.,
2021). The main difference is that the LAMP method
requires four primers: two primers that form a loop
in the reaction (which gives the method its name), a
pair of primers that will be used to displace the result-
ing strands, and a polymerase. For example, Bst DNA
polymerase is a large fragment of Bacillus stearother-
mophilus DNA polymerase (a 67 kDa polypeptide). The
enzyme has 5’-3’ polymerase activity, but lacks 5’-3’
and 3’-5’ exonuclease activities. Due to its strong dis-
placement activity, Bst DNA polymerase can be used
to perform isothermal amplification, including looped
isothermal amplification (LAMP). The polymerase,
due to its polymerase activity, forms single-stranded
DNA. Due to the complementarity of internal prim-
ers, a loop structure is formed, resembling a dumb-
bell. The newly formed dumbbell-shaped structures
serve as a convenient object for amplification. The
result of the amplification process are long contigs,
which allow for the identification of microorganisms
and the detection of pathogens (Craw and Balachan-
dran, 2012; Becherer et al., 2020). The reaction is car-
ried out at a constant temperature of 60—65 °C, usual-
ly for 30 to 40 min, and varies slightly depending on
the primers used and the size of the region. Also, the
analysis time can be reduced by selecting two addi-
tional primers for the dumbbell loops, creating addi-
tional sites for the polymerase to work. The results of
the loop amplification are assessed using tradition-
al electrophoresis, the fluorescence method of dyes,
probes, or by assessing turbidity (Mori et al., 2001;
Craw and Balachandran, 2012).

Recombinase polymerase amplification

Recombinase polymerase amplification (RPA) is
another alternative to classical PCR developed in the
UK. This method involves the use of DNA recombi-
nase, primers, single-stranded DNA binding proteins,
and strand-displacing polymerase (Piepenburg et al.,
2006). The main advantage of the method is that the
reaction occurs at temperatures of 37—-42 °C. Formal-
ly, the reaction can be carried out at normal ambient
temperature, but this will require significantly more
time. Another significant advantage is the ability to
detect not only DNA but also RNA when adding re-
verse transcriptase directly to the reaction mixture,
eliminating the need for cDNA synthesis. The ability
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MUKPOOPTAaHU3MBI U OTIPeNeNIUTh rmaToreHs! (Craw and
Balachandran, 2012; Becherer et al., 2020). Peaxius
IIPOBOAUTCS IIPU MOCTOSTHHOU TeMnepaType 60-65 °C,
Kak npasuiio oT 30 7o 40 MUH, U HE3HAUUTEJILHO Ba-
pbUPYeTCs B 3aBUCUMOCTU OT UCIIOJb3yEMBIX IIpaiiMe-
POB 1 pa3Mepa yJyacTKa. Takyke BpeMs aHaIM3a MOXKET
OBITH YMEHBIIEHO ITPY T0A60PEe MBYX MOMOJHUTEIbHBIX
npaniMepoB AJis TeTeNIb TaHTeJIu, CO3/IaBas JOIIOJIHU-
TeJIbHbIe YYAaCTKU PaboThl TTOIUMepasbl. Pe3yabTaTsl
TIPOBENIEHHOM TeTJIeBON aMIIIM(pUKAIIUY OI[€HUBAIOT-
Cs C UCTIOJIb30BAaHUEM TPAIUIIMOHHOTO0 3JIeKTpodope-
3a, MeTo/I0M (hJTyOpPeCIeHIINY KPACUTeJIeH, 30H/I0B UJIX
C TTOMOIIbIO OLleHKM MyTHOCTH (Mori et al., 2001; Craw
and Balachandran, 2012).

PexoMOUHa3Hasa MOJIUMEPa3HAS
ammInukanus

PexoMbuHa3Has MoJauMepasHas aMILIN(UKALIISI
(RPA) mipexncTaBiisieT cob0U ele OfHY albTePHATUBY
kjlaccuueckoi TP, pa3paboTaHHyio B Belukoopura-
HUU. ITO METO/I, KOTOPhIHM BKJIIOUYAET UCI0JIb30BaHUE
IOHK-pexoM6uHa3bl, IpaliMepoB, 6€JIKOB, CBI3bIBAIO-
mux ogHoLenovyeunyw JHK, u nmomumepassl, cMela-
oulelt nenouku (Piepenburg et al., 2006). OCHOBHBIM
MPEenMYyIIeCTBOM METO/Ia ABJISIETCS IIPOTEeKaHWe pea-
nuu 1pu TeMieparypax 37-42 °C. ®opMajabHO MOXHO
ITPOBOJUTH PEAKIINIO U TIPY HOPMAJIBHOM TeMIIepaTy-
pe oKpy’karolnel cpeibl, HO JIJIs 3TOr0 MoTpebyeTcs
3HAUYUTEJIbHO 60Jibllle BpeMeHU. Ellle OJHUM Cylie-
CTBEHHBIM MPEUMYIIECTBOM SBJISIETCSI BO3MOXXHOCTh
npu no6aBieHUY 06pPaTHON TPAaHCKPUIITA3bl HEIIO-
CPEJICTBEHHO B PEaKIIMOHHYIO CMECh IeTEKTUPOBATH
He Tosibko JHK, HOo u PHK, uTO n36aBiseT OT Heo6X0-
numocTu cuHTesa KIHK. BoaMoxxHOCTb pa6oThl ¢ PHK
OuYeHb Ba)KHa IIpU paboTe C pacTUTEJIbHBIM MaTepua-
JIoM. B rrpoiiecce aMIinuKauy peKkoMOHa3bI B3au-
MOJIEMCTBYIOT C IpaiiMepaMu, COBMEMIASCH C IIeJIeBOM
MTOCJIEIOBATEJIbHOCTBI0. [I1p1 06GHAPY)XEHUU 11€JIEBOTO
y4YacTKa CBSI3aHHbIE TIpaiMep U peKoMOMHAa3a coeu-
HATCS C KOMILJIEMEHTAPHBIM y4acTKoM. [TonuMepasa
IpU CMelleHUU LellyX HapalluBaeT rumOpUIu30BaH-
HBIU nipatiMep. [Ipolecc MpoTeKaeT B ABYX HAIIPBIeE-
HUSAX, 32 CUET Yero MPOoUCXOAUT ObicTpasd aMIIudu-
Kaius meyeporo yuactka (Li et al., 2018; Lobato and
O’Sullivan, 2018). AMIIn(UKAIINA IIPOUCXOIUT OUEeHb
OBICTPO U JOCTAaTOUYHOE KOJMUYECTBO ITPOAYKTA MOXKET
OBITh HapaboTaHo B TeueHune 20 MUH. [IJIs OLIEHKU pe-
3yJIbTATA 110 KOHEYHOU TOUKE TPALUIIMOHHO UCIIOJb3Y-
eTcs MeToJI 3JieKTpodopesa B arapo3HoM reje. Takxe
MO’KHO HCITO0JIb30BaTh (QJIYOPECII€HTHBIE 30HIbI JJIs
OlLleHKM B peayibHOM BpeMenu (Li et al., 2018; Lobato
and O’Sullivan, 2018).

T'uGpuaAN3aIMOHHbIE MATPUILBI

B ocHOBe MeTo/ia TMOPUAM3AIIUY JIEXKUT CBI3bI-
BaHue omHolenoyeunout JHK/PHK c koMmieMeHTap-
HOM TIOCJIeZIOBATEJbHOCTHI0 (30HIOM) I10 TIPUHIIUITY
Yotcona-Kpuka (A-T, G-C). EC/u UCIIOJIb3YIOTCS 30HIbI,
nomobpaHHble TAKUM 06pas3oM, UTOOBI CBSA3bIBAThCS
C LIeJIeBBIM YYaCTKOM IaToreHa, To (pyopodop BEICBO-
60oKIaeTcs, T03BOJISIS OTIPEIEIUTD HAJIMUKe ITaToreHa
WUJIU €T0 OTCYTCTBUE, ECJIA PEAKIIWS He IIPOUCXOLUT.

V3BeCTHBI HECKOJIBKO TUIIOB METO/IOB, UCIIOJIb3YI0-
IUX YKa3aHHbIE TPUHIIUIIBI TUOPUIN3ATINH.

CayszepH-6sotunr (JHK) — meTeknus crenudu-
yeckux ¢pparmeHToB JIHK mocine amekTpodopesa.

to work with RNA is very important when working
with plant material. During the amplification pro-
cess, recombinases interact with primers, combining
with the target sequence. Upon detection of the tar-
get region, the bound primer and recombinase will
combine with the complementary region. The poly-
merase extends the hybridized primer during strand
displacement. The process occurs in two directions,
resulting in rapid amplification of the target region (Li
etal., 2018; Lobato and O’Sullivan, 2018). The amplifi-
cation occurs very quickly and a sufficient amount of
product can be produced within 20 min. Agarose gel
electrophoresis is traditionally used to evaluate the
endpoint result. Fluorescent probes can also be used
for real-time evaluation (Li et al., 2018; Lobato and
O’Sullivan, 2018).

Hybridization matrices

The hybridization method is based on the bind-
ing of single-stranded DNA/RNA to a complementa-
ry sequence (probe) according to the Watson-Crick
principle (A-T, G-C). If probes are selected in such a
way as to bind to the target site of the pathogen, the
fluorophore is released, allowing the presence of the
pathogen to be determined or its absence if the reac-
tion does not occur.

There are several types of methods using the
above hybridization principles.

Southern blotting (DNA) is the detection of spe-
cific DNA fragments after electrophoresis. Northern
blotting (RNA) is the analysis of gene expression via
RNA. Dot blotting is the point application of samples
to a membrane without electrophoresis. Microarrays
(DNA chips) allow high-throughput analysis of thou-
sands of genes simultaneously.

But the most interesting for the purposes of
working with plant material are hybridization matri-
ces. The matrix is a solid-phase support (for example,
anylon membrane or a glass chip) onto which probes
are applied. This design allows for the simultaneous
detection of many pathogens, the possibilities are
practically unlimited (Thies, 2015).

Array-based methods, such as the Luminex sys-
tem, a high-tech platform for the simultaneous detec-
tion of multiple biomolecules (DNA, RNA, proteins,
antibodies) in a single sample, involve the immo-
bilization of multiple probes to capture specific se-
quences on a solid support. The system is based on a
combination of hybridization arrays and coded bead
cytometry (Narayanasamy, 2011). These assays use
the principle of reverse hybridization, in which the
target DNA is labeled instead of the probes. The tar-
get can be labeled using enzymes, radioisotopes, or
fluorescence. The sample DNA is isolated and ampli-
fied with universal genes, and the recognized regions
are labeled using one of the specified methods. The
amplification products are then hybridized on a solid
support with oligonucleotides. The amplicon-labeled
regions indicate the sequences of which pathogens
were detected in the sample.
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HozepH-6moTunr (PHK) — aHaau3 3KCIIpeccuu TeHOB
yepes PHK. IoT-6JIOTUHT — TOUeUHOEe HaHeceHue 00-
pas1ioB Ha MeMGpaHy 6e3 ayeKTpodopesa. MUKPOUUTIBI
(OIHK-YMITBI) TTO3BOJISTIOT OCYIIECTBJISITh BHICOKOITPOU3-
BOIUWTEJIbHBIN aHAJIM3 ThICSIY F€HOB OJHOBPEMEHHO.

Ho mamGojiee MHTEPECHBIMU IJIs Iejiell paboThl
C PACTUTEJIbHBIM MaTEPUAJIOM ABJISIOTCS rU6pUAN3aII-
OHHbIe MaTPUIIbI. MaTpuila — TBepHodasHas IOIJI0KKa
(mampumep, HelJIOHOBasA MeMOpaHa WKW CTEKJITHHBIA
YUII), Ha KOTOPYIO0 HaHeCeHbl 30Hbl. Takas KOHCTPYK-
1IYsI TI03BOJISIET OLHOBPEMEHHO OGHAPYKUBATh MHOXKE-
CTBO ITIaTOT€HOB, BO3MOXKHOCTY MPaKTUYECKU He orpa-
Huuens! (Thies, 2015).

MeToabl, OCHOBaHHbLIE Ha MaTpPUIAX, HAIIPUMED
cucteMa Luminex — BBICOKOTEXHOJIOTMYHAS IIJaT-
¢opmMa AJisT OMHOBPEMEHHOTO IeTEKTUPOBAHUS MHO-
skecTBa 6uomosiekysn (JJHK, PHK, 6esiKOB, aHTUTEJ)
B OOHOM 00pasile, IpeAIoarailoT UMMOOUIN3aIINI0
MHOYXeCTBa 30H/IOB /JI 3aXBaTa CIEIUQPUUHBIX I10-
clenoBaTeIbHOCTEN Ha TBEPIOU IOIJI0XKeE. B ocHOBe
CHCTEMBI JIEXKUT KOMOMHAIUSA THOPUAU3aIIMOHHBIX Ma-
TPUIL ¥ IUTOMETPUM C KOJMPOBAHHBIMY MUKpPochepa-
mu (Narayanasamy, 2011). B Takux aHaInU3ax UCIIOIb3Y-
eTCs IPUHITUII 00paTHOM r'ubpuau3aui, IPU KOTOPOM
IoMeyvarwTcs He 30HA4bI, a HeaeBag JHK MuinieHb. Mu-
IIeHb MOXET ObITh IIOMeYeHa C IIOMOIIbI0 (DEPMEHTOB,
panmounsoToroB unu Gayopecnennuu. JHK obpasia
BBIZIEJIIETCS U aMILTU(PUITMPYETCS C YHUBEPCAJIbHBIMU
reHaMu, paCcrOo3HaHHbIE YYACTKY [IOMEYAKTCS OJHUM
13 YKa3aHHBIX CIIOCOO0B. 3aTeM MTPOAYKTHI aMILIUpU-
Kalluy Ha TBEPIOU IOJI0XKKe TMOPUAN3YIOTCS C OJIU-
TOHYKJIEOTUIAaMU. MeueHHble aMILINKOHOM YYaCTKU
YKa3bIBaIOT IOCJIEL0BATEIbHOCTH, KaKUe MaTOTEHbI
OITpeIeINIVCh B 00pasiie.

CucteMbl 06Hapy keHUs Ha ocHoBe CRISPR-Cas

CuCTeMBI IeTeKIINY, OCHOBAHHbBIE Ha ITPUIIEIIEM
U3 reHOMHOr0 pegaktupoBaHud Mmetonie CRISPR-Cas,
06J1a/1a10T BBICOKOM YyBCTBUTEJIBHOCTHIO U crieriuhuy-
HOCTBI0. B 0CHOBe ITpUHIIUIIA Pab0OThI CUCTEMBI 06HAPY-
skeHMd Ha ocHOBe CRISPR-Cas jie)xuT crioco6HocTh Cas
HyKJIeas HallPaBJIEHHO PACIIETISATh HyKJIENHOBBIE KUC-
JIOTBI. [IPUHIIUTI TEHOMHOTO PelaKTYPOBAHY I, OCHOBAH-
HbI Ha cucTteMe CRISPR-Cas, aKTUBHO MPUMEHSIETCS
IIJI peLaKTUPOBAHUSA OPTaHU3MOB B PA3JINYHBIX I1EJIX
(BomkoB u zp., 2022; Doudna and Charpentier, 2014).
Hawubojee MUpoKoe IpUMeHEHNE METO/, HAIIeJ B pe-
IaKTUPOBAHUU C/X KYJIBTYP IJI TIPUAAHUS PACTEHUSIM
HOBBIX CBOMCTB, TaKMX KaK YCTOMYMBOCTh K TeMIlepa-
TYPHBIM U3MeHEeHUIM, BpeIUTEJIM, 3aCyxe, ITOBbIIIe-
HYE CPOKOB XPaHEHUS IJIOZOB, YBEIUUYEHUIO0 YPOXKANHO-
CTH, YIYUYII€HUI0 OPTaHOJIEIITUYECKUX CBOMCTB TOTOBOM
TPOAYKIIUY U OPYTUX TOJE€3HbIX XaPaKTEPUCTUK. YHU-
KaJibHasg crenu(PUUYHOCTb U IIPOCTOTA IMPUMEHEHUS
npuBoAAT K ToMy, uTo CRISPR-Cas Bce yaiiie ucriosibay-
eTcs I MPUMEHEHNUSI CUCTEMBI B 00JIaCTU JeTEKIIUN
¢urtonarorenos (Kaminski et al., 2021; Huang et al.,
2022). CyiiecTByeT IIeJbll Pl TTOAX0M0B IJis paspa-
6OTKU CUCTEM JeTeKIINU, UCIIOJb3YIOUUX Pa3InUHble
Cas mabopsl. B mporiecce Beigensgercs IHK, crienmduy-
Hble Cas HaGOPBI CBA3BIBAIOTCS C II€JIE€BBIMU yUacCTKa-
mu JHK. TTomob6panubie 3 HeKTOPHBIN U afjanTalu-
OHHBIA MOZYJb BHEJPSIOT B MAaCCUB HOBBIE CII€HCEPBI
¥ PaCUIETISIOT 1eJIEBYI0 MUIeHb. Yalle BCero mepBhIit
MOZYJIb COCTOUT U3 HyKJieas3, CIIOCOOHBIX PaCIIeNUTh
MUIIEHb, & BTOPO# cocTouT u3 6enkoB Casl u Cas2.

CRISPR-Cas-based detection systems

Detection systems based on the CRISPR-Cas tech-
nique, which came from genome editing, have high
sensitivity and specificity. The operating principle of
the CRISPR-Cas-based detection system is based on
the ability of Cas nucleases to specifically cleave nu-
cleic acids. The principle of genome editing based on
the CRISPR-Cas system is actively used to edit organ-
isms for various purposes (Volkov et al., 2022; Doud-
na and Charpentier, 2014). The method has found the
widest application in editing agricultural crops to im-
part new properties to plants, such as resistance to
temperature changes, pests, drought, increasing the
shelflife of fruits, increasing yields, improving the or-
ganoleptic properties of finished products and other
useful characteristics. The unique specificity and ease
of use lead to the fact that CRISPR-Cas is increasing-
ly used for the application of the system in the field of
detection of phytopathogens (Kaminski et al., 2021;
Huang et al., 2022). There are some approaches to
the development of detection systems using different
Cas sets. In the process, DNA is isolated, specific Cas
sets bind to target DNA regions. The selected effec-
tor and adaptation modules introduce new spacers
into the array and cleave the target. Most often, the
first module consists of nucleases capable of cleaving
the target, and the second consists of Cas1 and Cas2
proteins. When the target is destroyed, it becomes
possible to detect the emitted signal, the presence of
which indicates the presence of pathogen DNA. Detec-
tion can be done using a fluorescence, electrochemi-
cal, colorimetric or visual method (Wang et al., 2020).
A sufficiently detailed review of various methodolo-
gies based on CRISPR-Cas technology cannot be in-
cluded within the scope of this review article. Some
of the methods are well presented and described in
detail in works on the analysis of diagnostic systems
(Kaminski et al., 2021). The need for preliminary am-
plification to increase the sensitivity of diagnostics at
low DNA concentrations in the sample or the possibil-
ity of avoiding an additional step at concentration val-
ues close to 6 x 10°is also described in detail. Human
matrix, genomic and micro RNA also do not require
additional amplification.

CRISPR-Cas-based techniques are sensitive and
specific enough for use in the field. The method does
not require the use of complex equipment, which fur-
ther reduces the cost of the study, allowing it to be car-
ried out in 2 hours (Wang et al., 2020). The possibility
of multiplexing and the above-mentioned advantages
make CRISPR-Cas a promising technology for rap-
id, accurate and inexpensive detection of phytopatho-
gens, especially in conditions where speed and ease
of analysis are important (farms, quarantine services,
field studies).

Nucleic acid sequencing methods

One of the most accurate and popular methods
for screening and accurate detection of microorgan-
ism DNA today is rightfully the method of nucleic
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[Ipu paspyuIeHnHA 1ieJIeBOY MUIIEHU TTOSIBJISIETCS BO3-
MOXXHOCTbD JIeTEKTUPOBATh UCITyCKAaeMblil CUTHAJI, HAJIV-
4ne KOTOPOro roBopuTt o npucyrcteuu JHK natoreHa.
I neTeKIuY MOXET ObITh TPUMeHeH (PIIyopeCcIleHT-
HBIN METOJI, BJIEKTPOXUMUNUYECKU, KOJIOPUMETpUuUe-
CKU¥ niay Bu3yasibHbIN (Wang et al., 2020). locTaTouHO
TOPOOHBIN 0630P PA3IUUYHBIX METOOJIOT UM, 6a3UPy-
omuxcsa Ha TexHoyoruu CRISPR-Cas, He MOXeT ObITh
BMeIlleH B PaMKH 9TOU 0630PHOIL CTaTh. YaCTb METOIOB
XOPOIIIO ITpeicTaBlieHa ¥ MoAPO6HO omKrcaHa B paboTax
10 aHAJIU3y AuarHocTudyeckux cucreM (Kaminski et al.,
2021). Taxxxe Mogpo6HO OMMKChIBAETCSI HEOOXOIMMOCTD
IpenBapUTENbHON aMITU(MDUKAIIUY IJI TTOBBIIIEHUS
YYBCTBUTEJBHOCTU LUATHOCTUKY IIPU MaJIbIX KOHIIEH-
Tpanuax JHK B o6pasiie Uiy BO3MOXXHOCTD U30€XKaTh
IOTIOJTHATEJIbHOTO 3Talla NPy 3HAaUEeHUIX KOHIEHTpa-
Iy 6JIM3KUX K 6 x 10°, MaTpruuHas, TeHOMHas U MUKPO
PHK yenoBeKa Tak)xe He TPEGYIOT LOMIOJIHUTEIBHOM aM-
nanuUuKaIun.

MeTonuKM, OCHOBaHHBIe HAa mpuMeHeHuu CRIS-
PR-Cas, 1OCTaTOYHO YyBCTBUTEJBHEI U cHeUPUU-
HBI IJid IPUMEHEHUS B MOJIEBBIX YCIAOBUAX. MeTog,
He TpebyeT UCTI0Jb30BAHUS CJIOXKHOT0 060PyAOBAHYS,
YTO JOIIOJIHUTENbHO CHMXKAET CTOMMOCTb MCCJIE0-
BaHWUS, TTO3BOJISAIS MPOBOAUTH ero 3a 2 u (Wang et al.,
2020). BO3MOXXHOCTb MYJIbTUILIIEKCUPOBAHUS U BhIIIE
IepeuyrciieHHble ITpeuMylnecTBa genaoT CRISPR-Cas
MePCNeKTUBHOM TEXHOJIOTHEH /)11 ObICTPOM, TOUHOMK
U [ellleBOY AeTeKIuu (pUTonaToreHoB, 0CO6eHHO B yC-
JIOBUSIX, T7Ie Ba)KHBI CKOPOCTh U ITPOCTOTA aHam3a (hep-
MepCKUe X035UCTBa, KapaHTUHHBIE CIY)XObI, ITOJIeBbIe
HUCCIIEOBAHNA).

MeToabl CEKBEHUPOBAHUSA
HYKJIEMHOBBIX KUCJIOT

OmHMM M3 CaMbIX TOYHBIX ¥ BOCTPEOOBAHHBIX Me-
TOMIOB JJISI CKPUHUHTA U TOYHOU meTeKnuu JHK mu-
KPOOPraHU3MOB CETOLHY II0 IIPAaBy ABJISIETCI METOZ,
CEeKBEHUPOBAHUS HYKJIENHOBBIX KUCIOT. C IOMOIIbIO
CEeKBEHUPOBAHUS I[eJIEBBIX IOCJENLO0BATEIbHOCTEN
U CpaBHeHUS MOJIYYeHHBIX IMOCJeloBaTeJibHOCTeU
HYKJIEMHOBBIX KHUCJIOT C DTAJIOHHBIMU II0OCJEJ0Ba-
TEJIbHOCTAMY, HAalIpUMeD C II0CJIeL0BaTEJIbHOCTIMY,
pasMenieHHbIMHY B 6a3e NCBI, MOXXHO IOCTOBEPHO JIETEK-
TUPOBATh MOJYYEHHBINM MUKpoopranusM (Barghouthi,
2011; Beye et al., 2017). TakuM 06pa3oM, B OTIUYUNE
ot I11IP, cekBeHUpPOBaHNE HE TOJIBKO OIIpeeideT Ha-
JIMuvie MUIIEHY KOCBEHHBIM METOZOM, HO U II03BOJISIET
HaXOJWThb HOBBIE U UBMEHEHHbBIE YyUaCcTKU. CEKBEHUPO-
BaHUe — 3HAUUTEJIbHO 60Jiee TOUHBIY MeTOM, UJIeHTU-
pukanuy MUKPOOPTAaHM3MOB I10 CDAaBHEHUIO C TPALU-
MOHHBIMU BU3yaJbHBIMU METOLAMU, OCHOBAHHBIMU
Ha ornpenesieHnn Mopdosioruy 06beKkTa ¥ PeHOTUIIUPO-
Bauuu (Reller et al., 2007; Tewari et al., 2011). McmoJyb30-
BaHUE CEKBEHNPOBAHMA CBOJUT K MUHUMYMY BIIMSIHUE
yeJIoBeuecKoro hakTopa Ha pe3yJibTaThl ONIpeeIeHu .
CTOMMOCTB OJHOTO UCCIeN0BAHUS HEYKJIOHHO CHUIKAET-
cs Ha IPOTSIKEHUU BCEU UCTOPUU MCIIOJIb30BaHUS Me-
TOJA. A IPOCTOTa UHTEPIIPETALIMU JaHHBIX [103BOJIIET
OTIePUPOBATh BCE OONBIIMMY 06beMaMu MHGOPMAIIUKT
U OTKPBIBAET IlepeJi HaMY HOBbIE BO3MOXKHOCTH.

CamMoe 60JbllIOe TIpPYMEHeHYe B IMarHOCTUKe Ta-
TOT'€HOB HAIILJIO CEKBEHMPOBaHYE ITIEPBOT0 ITOKOJIEHUS —
cekBeHMpOBaHUe 1o CoHrepy. MeToarKa o6ecrieunBaeT
IOCTATOUYHO BBICOKYI0 CKOPOCTH U MPU HU3KOU CTOU-
MOCTHY TIPEebSIBJISIET HE OUEHb BBICOKME TPeGOBaHUS

acid sequencing. By sequencing target sequences
and comparing the obtained nucleic acid sequences
with reference sequences, for example, with sequenc-
es posted in the NCBI database, it is possible to reli-
ably detect the obtained microorganism (Barghouthi,
2011; Beye et al., 2017). Thus, unlike PCR, sequencing
determines not only the presence of the target by an
indirect method, but also allows you to find new and
modified areas. Sequencing is a much more accurate
method for identifying microorganisms compared to
traditional visual methods based on determining the
morphology of the object and phenotyping (Reller et
al., 2007; Tewari et al., 2011). The use of sequencing
minimizes the influence of the human factor on the
results of the determination. The cost of one study has
been steadily decreasing throughout the history of the
method’s use. And the simplicity of data interpreta-
tion allows us to operate with ever larger volumes of
information and opens up new opportunities for us.

The most widely used method in pathogen di-
agnostics is first-generation sequencing — Sanger se-
quencing. The method provides a fairly high speed
and, at a low cost, does not impose very high require-
ments on the sample being studied. Sanger sequenc-
ing allows generating relatively long reads of up to
1.5-2 thousand letters, but with a limited amount of
generated data. Second-generation sequencers (for
example, Illumina and IonTorrent) generate relative-
ly short reads (150-600 nucleotides), but with a huge
throughput and a large amount of data obtained. Gen-
erating long reads on second-generation sequencers is
a technically challenging task; most sequencers work
well with lengths of up to 200 nucleotides; longer reads
lead to a decrease in the quality of the obtained data.

There are a number of promising domestic
developments in the field of NGS sequencing, but
such solutions have not yet been widely adopted.
Third-generation sequencers, such as minION, Grid-
ION, and PromethION from Oxford Nanopore or Pac-
Bio sequencing sequencers from Pacific Biosciences,
allow you to obtain individual molecules at the output
and generate ultra-long reads quite quickly. Sequenc-
ing using PacBio devices is a highly accurate system,
but the cost of the equipment is quite high, as is the
cost of organizing a specialized laboratory. Nanopore
sequencing can be a promising solution for detecting
phytopathogens. The portable MinION system is easy
to use and requires virtually no initial investment
(Loit et al., 2019). The cost of one study is neverthe-
less significantly higher than the cost of Sanger se-
quencing due to the cost of consumables. Also, there
is a domestic device on the Russian market — Nanopo-
rus, which is not inferior in quality and provides full
compatibility with MinION flow cells, adapter and
Flongle flow cells. The interface displays the number
of readings, their length, the percentage of working
pores and additional statistics. The data obtained on
Nanoporus allows you to determine the sequence of
nucleic acids (DNA, RNA), as well as obtain informa-
tion about modifications.
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K uccienyeMoMy o6pasiry. CekBeHrpoBaHUe 110 CeHrepy
TI03BOJISIET TEHEPUPOBATh OTHOCUTEIbHO JJIMHHBIE CUM-
TBIBAHUSA 10 1,5—2 ThIC. GYKB, HO C OTPAHUYEHHBIM KO-
JINYECTBOM reHepUpPyEeMbIX JaHHBIX. CeKBEHATOPHI JKe
BTOPOIrO IToKoJieHud (HarnpuMep, Illumina u lonTorrent)
TeHEepUPYIT OTHOCUTEJbHO KOPOTKWE CUYUTHIBAHUS
(150-600 HYKJIEOTHIOB), HO C OTPOMHOU MTPOITYCKHOM
CIIOCOOHOCTBIO U GOJIBIINM KOJIUUECTBOM I10JIyUaeMbIX
IaHHBIX. [eHepHpOBaHNE Ha CEKBEHATOPaX BTOPOTO I10-
KOJIEHUS AJIMHHBIX IPOUTEHUN — TEXHUYECKU CJI0)KHAST
3a7iaua, 60JIBUIMHCTBO CEKBEHATOPOB XOPOIIO PaboTaoT
¢ pauHamMu 1o 200 HyKJIeOoTUm0B, 60jiee OJIUHHBIE TIPO-
YTEHUS IMPUBOLAT K CHIYKEHWIO KauecTBa MMOJIyYaeMbIX
IaHHBIX.

Cy1ecTByeT Pl IIePCIIeKTUBHBIX 0T€YEeCTBEHHBIX
paspaboTok B 06acTu cekBeHupoBaHus NGS, HO Macco-
BO€ pacIpocTpaHeHNe TaKye pPellleHNd IT0Ka He TI0JIyuu-
Jn. CeKBeHaTOPhI TPETHETO ITOKOJIEHN, TaKKe KaK min-
ION, GridION u PromethION ot Oxford Nanopore uiau
cexBeHaTophl PacBio sequencing oT komnanuu Pacific
Biosciences, MO3BOJISIOT ITOJyYaTh HA BBIXOJE€ OTHEIb-
HbI€ MOJIEKYJIbI I TEHEePUPOBATh CBEPXIJIMHHbBIE CUUTHI-
BaHUS JOCTATOYHO ObICTPO. CeKBEHUPOBAHUE C VICTIONb-
30BaHmeM Ipru6opoB PacBio ABIsgeTCS BHICOKOTOUHOMU
CHCTEMOU, HO CTOMMOCTDb 060PYI0BaHUS JOCTAaTOUYHO
BBICOKA, KAK ¥ CTOMMOCTh OPTaHU3aIUY CIIeLaInu3upo-
BaHHOU JabopaTopuy. HaHOIIOPOBOE CEKBEHUPOBAHE
MOXKET ObITh ITePCIIEKTUBHBIM PeIeHNEM IS e TEKIIUY
¢uTonarorenos. [TopraTuBHas cuctreMa MinlON yzo6Ha
B MCITOJIb30BAHUY U IIPAKTUUECKU He TpebyeT ImepBo-
HavaJIbHBIX BiIoxkeHni (Loit et al., 2019). CTOMMOCTB Of-
HOTO MCCJIeJOBAaHNS TeM He MeHee 3HAaUUTEJIbHO BhIIIE,
YyeM CTOMMOCTb CEKBEHUPOBAHUS 110 CIHTEPY 3a CUeT
CTOVMMOCTY PAaCXOAHBIX MaTepuaioB. Tak)ke Ha PhIHKE
P® mogBuics oTeueCcTBeHHBIN mpubop — HaHomopyec,
He YCTYIAIIIU 110 KaYeCTBY U 06€CTIeUNBAIOIINA TTOJI-
HY0 COBMECTUMOCTD C IIPOTOUHBIMU suerikaMul MinION,
aZanTepoM U NMpPoTouHbIMU sueiikamu Flongle. HTep-
(etic oTo6parkaeT KOIUYIECTBO IMPOUTEHUH, UX AJIUHY,
TIPOIIEHT PA6OTAIOIIUX TIOP U JOTIOJHUTENbHYO CTATH-
cTuKy. JlaHHbIe, TIOJIyUYeHHble Ha HaHomopyce, 03BO-
JISIIOT OTIPEJIeJIUTD TI0CJIeL0BAaTEIbHOCTDh HYKJIEMHOBBIX
kucyot (JHK, PHK), a Takxe moay4yuTh NHGOPMAIINIO
0 MOIU(pUKAIINIX.

MeTareHOMHO€e ceKBeHHupoBaHue Shot-Gun

MeTareHoMuKa IIpenIiojaraeT KCIIOJb30BaHUE
rmapaielbHOTO CEKBeHUPOBAaHUSI KOPOTKUX ()parMeH-
TOB HYKJIEMHOBBIX KMCJIOT METOJOM Apo6oBuKa (Shot-
gun) BceX MUKPOOPraHU3MOB B IP0o6e OJlTHOBPEMEHHO
(Venbrux et al., 2023). MeToa 1po60oBUKa HaIIEJ IITHPO-
KOe MIpUMeHeHNe B MeIUIIMHE (UTEHME TTOJIHBIX FeHO-
MOB, 9K30MOB, MUKPO6MOMOB, aHAJIN3 GHOJIOTUUECKUX
JKUIKOCTEMN), B TTOCHeIHEE BPEMS Yallle UCITOJIb3yeTCsa
B BeTepuHapuu (UTeHVe MUKPOOUOMOB, aHAIU3 6U0-
JIOTUYECKUX JKUAKOCTEH). JJaHHBIM METO[ II03BOJIsIeT
5 (PEeKTUBHO BBISBJIATH ITaTOTeHHbIe GaKTePUU, IPUOBI
u BupychI (Nikitinskaya et al., 2025). B paMkax MeTozia
CHauaJia BBIJIEJISIETCS BCS IIPUCYTCTBYOIIas B ITpobe
IOHK, nanee oHa o6pabaTbiBaeTcsa pparMeHTa3oun Ajs
TIOJy4eHus 0oJiee MEJIKUX [EMoYeK HyKJIeoTUmoB. Tak-
’Ke I parMeHTalluu MOTYT TIPUMEHSITHCS TPUGO-
PBI, UCTIONB3YIOMKME YIbTPA3BYK. V3aUIIHE JJIMHHbIE
¥ CIMIIKOM KOPOTKHE (pparMeHThl OTOPaChIBAIOTCS.
[Tocjie 3TOro MPOUCXOAUT MapajljieIbHOE CEKBEHUPO-
BaHue HapaboTanHoro MaTepuaja (Sharpton, 2014).

Shot-Gun Metagenomic Sequencing

Metagenomics involves the use of parallel se-
quencing of short fragments of nucleic acids using
the shot-gun method, all microorganisms in a sam-
ple simultaneously (Venbrux et al., 2023). The shot-
gun method has found wide application in medicine
(reading of complete genomes, exomes, microbiomes,
analysis of biological fluids), and has recently been
used more often in veterinary medicine (reading of
microbiomes, analysis of biological fluids). This meth-
od allows for the effective detection of pathogenic bac-
teria, fungi, and viruses (Nikitinskaya et al., 2025).
Within the framework of the method, all DNA present
in the sample is first isolated, then it is treated with
fragmentase to obtain smaller nucleotide chains. De-
vices using ultrasound can also be used for fragmen-
tation. Excessively long and too short fragments are
discarded. After that, parallel sequencing of the accu-
mulated material occurs (Sharpton, 2014). Due to the
fact that each such region is read multiple times, it
becomes possible (with multiple overlap) to assemble
contigs —long sections of DNA. The resulting metage-
nome of the sample is used to identify organisms and
/ or to analyze functional genes (Quince et al., 2017).
The use of the metagenomic sequencing method al-
lows you to obtain high-quality contigs due to the
overlap and multiple reading of all fragments. The re-
sulting contigs make it possible to assemble and an-
alyze the genomes or sections of the genomes of new
plants that were previously absent from the databas-
es; high-quality contigs and a large number of reads
allow you to identify bacteria, fungi, oomycetes and vi-
ruses down to the subspecies, strain; there is no need
to sequence each organism separately — all organ-
isms are detected simultaneously; the ability to an-
alyze seed and planting material for latent infections
is especially relevant; it is not necessary to rely on ex-
ternal manifestations and signs of diseases; you can
track the state of target organisms in samples (Piom-
boetal.,2021). In the case of virus analysis, it is quite
difficult to create test systems based on amplicons,
so Shot-Gun sequencing helps to avoid additional la-
bor-intensive studies and detect new viruses (Adams
etal., 2009; Roossinck et al., 2009). The use of metag-
enomics can be of particular importance for screen-
ing seed and planting material. The method allows
one to determine the pathogenic load in seed, plant-
ing material, fruits, and soil and water samples. This
allows one to determine the suitability of seeds and
material for use, select the best samples, determine
the routes of spread of phytopathogens, and identi-
fy diseases in the absence of external manifestations.
Today, the scope of metagenomics has expanded sig-
nificantly, but this method is rarely used in the field of
identifying plant pathogens. Along with the tradition-
al reasons mentioned by Sharpton (the need to obtain
alarge number of coatings, high cost, the need for ad-
ditional expensive equipment to get rid of the DNA
of the plant being studied, the difficulty of detecting
pathogen species present in small concentrations),
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3a cyeT TOTO, YTO KaXKABIN TAKOM YYaCTOK MHOTOKPATHO
CUNTBIBAETCSH, IOIBJISIETCS BO3MOXKHOCTD (C MHOTOKPAT-
HBIM IIEPEKPBITHEM) COOPATH KOHTUT'Y — ITIPOIOJIKUTEb-
Hble yuacTku JHK. TTolyueHHBIN MeTareHoM o6pasiia
WUCIIOJIb3YETCS IJIsT UIeHTU(DUKAIIUY OPTaHU3MOB U/
Uy OJis aHanusa GYHKIMOHAJIbHBIX reHOB (Quince
et al., 2017). Vicmoanb30oBaHue METareHOMHOI'O MeToa
CEKBEHVPOBAHUS MO3BOJISIET TTOJIyUYaTh KOHTUTH BICO-
KOT'O KaueCcTBa, 3a CUET NePEKPHITHUSI U MHOTOKPATHOTO
pouTeHMUs BceX (pparMeHTOB. [TogyuyeHHbIE KOHTUTH
IaI0T BO3MOXKHOCTh COOMPAaTh ¥ aHAJIU3UPOBATh I'€HO-
MBI WJIM YYaCTKU I'eHOMOB HOBBIX PACTEHU, IO 3TOTO
MOMEHTa OTCYTCTBYIOIIVX B 6a3ax JaHHBIX; BEICOKOE
Ka4yeCcTBO KOHTUIOB U OOJIbIIOE KOJHUYECTBO IIPOUTe-
HUY MO3BOJISIOT UAEHTUDUITUPOBATD GaKTEePUH, FPUOHI,
OOMMIIETHI ¥ BUPYCHI [I0 ITOJIBUA, IITAMMa; He TpebyeT-
Csl CEKBEHUPOBATh OTHEJbHO KaXKIbIM OPTaHU3M — BCe
OPraHM3MBbl JeTeKTUPYITCS OJJHOBPEMEHHO; 0COGEHHO
aKTyaJibHa BO3MOXXHOCTDb aHAJIM3a CEMEHHOI0 1 I10ca-
IOYHOTO MaTeprajia Ha CKPBIThie MH(MEKIIuY; He 06s-
3aTeJIbHO OITMPAThCS Ha BHEIIHNE TPOSBICHUSI U IIPU-
3HaKM 3a60JIeBaHUM; MOXKHO OTCJIEKMBATh COCTOSTHIE
LeJIeBbIX OPraHM3MOB B o0pasiiax (Piombo et al., 2021).
B ciryyae aHasu3a HAa BUPYCHI LOCTATOYHO 3aTPYIHU-
TEJIbHO CO3/aBaTh TECTOBBIE CHCTEMBI Ha OCHOBAHUU
aMIIJINKOHOB, MO3TOMY CEKBEHMPOBAHUE METOIOM
Shot-Gun nmomoraeT nu36exaTh JOTIOJHUTEIbHBIX TPY-
IIOEMKUX HCCJIeIOBaHUY U 00HAPYKVBATh HOBbIE BUPY-
cbl (Adams et al., 2009; Roossinck et al., 2009). Ocobyto
3HAUMMOCTD MCIIOJb30BaHNE METAareHOMUKU MOXKET
UMETh JIJIST CKPUHUTA CEMEHHOT'0 U TTI0CaJOYHOr0 MaTe-
puaJjia. MeTo/] TI03BOJISIET ONPENEIUTD TAaTOTEHHYIO Ha-
TPy3Ky B CEMEHHOM, MOCaZJ0YHOM MaTepuaie, IIofax
¥ o6pasIax MoYB U BOAbI. ITO ITO3BOJISIET OIIPENEIUTh
MIPUTOJHOCTh CEMSH ¥ MaTepraJia IJis KCII0JIb30BaHN,
BBIGPATH JIyulive 06pasiibl, OTIPEIEUTD IIYTU PACIIPO-
cTpaHeHUs (UTOMNATOTEHOB, BHITBUTH 3a00JI€eBaAHUS
MIPpY OTCYTCTBWU BHEIIHUX IPOSABJIeHU. Ha cerop-
HAIIHUY JeHb cephbl UCI0JIb30BAHNSI METaT€HOMUKY
3HAYMTEIbHO PACHIMPUINCD, HO B 06JIACTY BBISIBIICHUS
MMaTOTEHOB PACTEHUU MAaHHBIM METO[ MCIIOJIb3yEeTCS
HedvacTo. Hapsaay ¢ TpaguIIMOHHBIMU MPUYNHAMY,
0 KOTOpPBbIX ynoMuHaeT Sharpton (HE06XOJMMOCTBD II0-
JIydeHUs GOJIBIIOTO KOJIMYECTBA ITOKPBITUHM, BHICOKAS
CTOMMOCTb, HEOOXOJUMOCTh B JOIIOJHUTEIbHOM JIO-
porocroguieM obopymoBaHuu AJsd nsbasienus ot JJHK
€aMOoro MCCJIEyEMOI0 PACTEHUS, CIIOXKHOCTb OGHaPYIKe-
HUS BUJIOB ITATOTEHOB, IIPUCYTCTBYIOIINX B HEGOIBIITNX
KOHIIEHTPAISX), CYIIIeCTBEHHO BJIUSIET Ha UCII0JIb30Ba-
HYEe MeTOJla HEXBAaTKa JOCTYITHBIX STAJIOHHbIX TEHOMOB
(Sharpton, 2014). Ha camoM [ieJie yxe cerofiHs 60JIbIIoe
KOJIMYECTBO ITPOUTEHUH B 6OJIbIIMHCTBE CJTyYaeB He SB-
JITeTCsI KPUTUYHBIM [I0Ka3aTeJIeM, CTOMMOCTb CEKBEHU-
POBaHMS 3HAUNUTENBHO CHU3MJIACH U CPABHUMA CO CTO-
WMOCTbBIO MCCJIEIOBAHUS JPYTUMU MOJIEKYIIPHBIMU
MeToHaMU, MOSIBUJINCH Gojiee COBeplieHHbIe HabopPhI
s Beimenenus IHK u cuntesa kIHK, a MupoBbie 6a3bl
TeHOMOB ITOCTOSTHHO PAaCIIUPSIOTCS U JOTIOJHAIOTCS.
Hapsy ¢ ©CIio/ib30BaHMEM B MEIUIIMTHE METATEHOMUKA
IIPOYHO BXOAUT B IIPAKTUKY OGHAPYKeHUs (DUTOIIATO-
TeHOB, 60JIe3HEH )KMBOTHBIX I HAYUYHbBIX MCCIIeNOBAHNY
BO MHOTHUX 00JIaCTSX.

CeKBeanOBa}me OTAEJIbHBIX YYAaCTKOB

CeKBEeHMPOBAHUE OTIENbHBIX yUaCTKOB, 06JIaIat0-
IIYX JOCTaTOYHOMN BaprabeIbHOCTBIO [IJIst OIIPeleIeH s

the use of the method is significantly affected by the
lack of available reference genomes (Sharpton, 2014).
In fact, today a large number of reads in most cases
is not a critical indicator, the cost of sequencing has
significantly decreased and is comparable to the cost
of research using other molecular methods, more ad-
vanced Kkits for DNA extraction and cDNA synthesis
have appeared, and the world’s genome databases are
constantly expanding and supplemented. Along with
its use in medicine, metagenomics is firmly entering
the practice of detecting phytopathogens, animal dis-
eases and scientific research in many areas.

Sequencing of individual regions

Sequencing of individual regions with sufficient
variability to identify the target organism is one of
the most popular methods for detecting phytopatho-
gens. The principle of the method is based on the fact
that microorganisms have variable regions along with
conservative ones. Having detected such variable re-
gions and selected oligonucleotides for the adjacent
conservative regions, we can amplify the target frag-
ments. Having an insignificant size compared to the
genome, such regions allow us to distinguish micro-
organisms to the genus, to the species, significantly
saving resources. The barcoding method allows us to
reliably differentiate microorganisms based on exist-
ing databases (Hugerth and Andersson, 2017; Bush
et al., 2019). There are universal regions suitable for
sequencing by the barcoding method. For prokary-
otic organisms, the 16S rDNA region is used, its size is
suitable for reading by devices that provide a reading
length of 500 nucleotides. For fungi and oomycetes,
the internal transcribed spacer ITS rRNA is most of-
ten sequenced (Abdelfattah et al., 2018; Piombo et al.,
2021). Modern databases provide accurate identifica-
tion of organisms by comparing the obtained reading
with the same reference from the database. However,
there are closely related organisms that require read-
ing additional regions, since they cannot be identified
by reading the considered standard targets.

Biosensor systems

Biosensors are devices that use enzymes, an-
tibodies, DNA, or even whole cells as a detection el-
ement. The elements bind either to cells and cell
fragments, or to nucleic acids, or to the resulting am-
plification products present in solution in combina-
tion with a signal transduction mechanism. A biosen-
sor system, including electrochemical sensors, mass
sensors, or optical sensors, converts the detected sig-
nal into selective quantitative or semi-quantitative
analytical information. Due to their low cost, simplici-
ty, and speed of operation, biosensors are widely used
in medicine (Fang and Ramasamy, 2015; Hameed et
al., 2018; Bridle and Desmulliez, 2021). The main dis-
advantages of biosensor systems are the instability of
materials in the field and insufficient standardization.
Various methods can be used to detect plant patho-
gens, for example, immunosensors with antibodies
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11€JIEBOT'0 OPraHu3Ma, IBJISIETCS OJJHUM U3 CAMBIX [TOITY-
JITPHBIX METOMOB AETEKITUU (PUTONATOTeHOB. [TPUHIIUII
METOMIa OCHOBAH Ha TOM, YTO MUKPOOPTaHU3MBI 06JIa-
AT BaprabeIbHbBIMU yUaCTKaMU HAPSy C KOHCEePBa-
TUBHBIMU. O6HAPYXKUB Takue BapuabesbHble yUaCTKU
¥ IT000paB K rpaHMYaIlM ¢ HUMU KOHCEPBAaTUBHBIM
y4aCTKaM OJIUTOHYKJIEOTUbI, MbI MOXKEM alIMIUDUIIN-
poBaTh 1lejieBble (hparMeHThl. O6samas He3HAUUTEb-
HBIM Pa3MePOM I10 CDABHEHUIO C TEHOMOM, TaKue y4acT-
KU MO3BOJISIOT PA3JIUYUTh MUKPOOPraHMW3MBI J0 PoJia,
10 BUZA, 3HAUUTEJIbHO 9KOHOMS pecypchl. MeTo[ 6ap-
KO UPOBaHMS MO3BOJISIET JOCTOBEPHO Au(GepeHIIIPO-
BaTh MUKPOOPTaHU3MBbI, OTTUPAsICh Ha UMeIoecs 6a3bl
mauuberx (Hugerth and Andersson, 2017; Bush et al.,
2019). Cy1ecTByOT YHUBEPCAJIbHbIE YUACTKY, TIOIXO S~
e IJisi CEKBEHUPOBAHUS METOJIOM 6apKOAUPOBAHUS.
[ TpOKapUOTUUYECKUX OPTraHW3MOB MCIIOJb3yeTCs
yuacTok 16S p/IHK, ero pasMepsnl IIOAXOOAT AJII YTeHUI
npubopamMu, o6ecrneuynBaAIIUMY AJUHY TPOUYTEHUS
oT 500 HyKJIEOTUIOB. [IJisg TPr6GOB U OOMUILIETOB Uallle
BCETr'0 CEKBEHUPYIOT BHYTPEHHUN TPAHCKPUOUPYEMBbI
cmeticep ITS pPHK (Abdelfattah et al., 2018; Piombo et
al., 2021). CoBpeMeHHbIe 6a3bl JaHHBIX 06€CIIeYBAIOT
TOYHOE OTIpeJlejieHre OPTaHU3MOB IIPU CPaBHEHUU T10-
JIVUEeHHOTO IIPOUYTEHUS C TAKVM YK€ DTAJIOHHBIM U3 6a3bI
IaHHbIX. Ho eCcThb 6JIM3KOPOICTBEHHbBIE OPTaHU3MBbI, KO-
TOpbIe TPEOYIOT MIPOUTEHUS NOTIOJTHUTEIbHBIX YU4aCT-
KOB, TaK KaK He MOTYT ObITh OTIpeeJIeHbI IIPOUTEHUEM
PaccMOTPEHHBIX CTAHAAPTHBIX MUIIIEHEN.

BuoceHCOpHbIE CUCTEMBI

BroceHCOPHI — 3TO YCTPOMCTBA, UCIOJb3YI0L[e
depMeHTHI, aHTUTeNA, JJHK unm gaxe 1ejble KJIETKU
KaK 3JIEMEHT JeTEeKIIWH. DJIEMEHTHI CBI3bIBAIOTCS JINOO
C KJeTKaMu U )parMeHTaMU KJIETOK, Jub0 C HyKJIeu-
HOBBIMU KHUCJIOTaMU, JTUGO C MOJYYEHHBIMU TTPOIYK-
TaMu aMIJUPUKAIIWMU, TIPUCYTCTBYIOIIMMU B PAaCTBOPE
B COUETAaHUU C MEXaHU3MOM MPeobpa30BaHUsI CUTHA-
Ja. BuoceHcopHasa cucTeMa, BKJIKUAIIasg 3JIEKTPO-
XUMHUYECKrEe JaTUYMKU, JaTUMKU MacChl UJIX OIITHYE-
CKMe JaTuuKy, IpeobpasyeT pacrio3HaBaeMblil CUTHA
B CEeJIeKTUBHYIO0 KOJIMUYECTBEHHYI0 WU IOJyKOJINYe-
CTBEHHYI0 aHAJIUTUYECKYI0 MH(popMalnio. biarogapsa
HEBBICOKOM CTOMMOCTH, IIPOCTOTE 1 CKOPOCTU PabOThI
6MOCEHCOPBI aKTUBHO MMPUMEHSITCS B MeauivHe (Fang
and Ramasamy, 2015; Hameed et al., 2018; Bridle and
Desmulliez, 2021). OCHOBHBIMU HEIOCTATKAMHU CHUCTEM
OG1OCEHCOPOB ABJISIOTCSI HECTAOMIBHOCTD MaTEPHAJIOB
B MIOJIEBBIX YCJIOBUAX U HEJIOCTATOYHASA CTaHAApTU3a-
nud. Iasg obHapy>KeHUs ITaTOTeHOB PACcTEeHUI MOTYT
WCII0JIb30BaThCS Pa3JIMUHbIE METOMbI, HAIPUMED IJIs
neteknuu BupycoB (TMV, PVY) — UMMYHOCEHCOPHI
C aHTUTEeJaMHU, IJisl IeTeKIINY 6aKTepraJibHbIX ITaTOTe-
HOB — JHK-rubpuausaliioHHbIe CEHCOPDI, OJI TETEeK-
Y I'PUOKOBBIX ITATOTE€HOB IPUMEHSIOTCS (DEPMEHTHbBIE
OGmoCeHCOpHI Ha OCHOBe xuTnHa3 (Buja et al., 2021).

PE3VJIBTATBI U OBCYKJIEHUE
EJXeroJlHbIE TTOTEPU yPOXKas 13-3a (puronaToreHos (6ax-
TePUi, BUPYCOB, TPUOOB, HEMATOJ, U JP.) OLIEHUBAIOTCS
B nuarmazoHe oT 20 1m0 40% ri106aJIbHOTO TPOU3BOACTBA
CeJIbCKOX035IMCTBEHHBIX KYJIbTYP, UYTO B IEHEXXHOM BK-
BUBAJIEHTE COCTaBJISIET COTHU MUJIJIMApPAOB JoJLjIa-
poB. [ToTepu B A3uu U AprKe 3HAUUTEJIBHO BBIIIE
13-3a OrPaHWYEHHOT'0 IPUMEHEHNSI METOIOB paHHEeN
IUarHOCTUKHU, MaJIOT0 YKCJIa CIeIMaIUuCTOB U CJI1aboTo

are used to detect viruses (TMV, PVY), DNA hybrid-
ization sensors are used to detect bacterial pathogens,
and chitinase-based enzyme biosensors are used to
detect fungal pathogens (Buja et al., 2021).

RESULTS AND DISCUSSION

Annual crop losses due to phytopathogens (bacte-
ria, viruses, fungi, nematodes, etc.) are estimated to
range from 20 to 40% of global agricultural produc-
tion, which in monetary terms amounts to hundreds
of billions of dollars. Losses in Asia and Africa are
significantly higher due to the limited use of early di-
agnostic methods, a small number of specialists, and
weak use of pesticides. In North America and Europe,
losses are lower and amount to 15 to 30%, but due to
the higher cost of finished agricultural products, they
exceed them in monetary terms. This situation leads
to the threat of famine in developing countries and
contributes to the global growth in the cost of agri-
cultural products. An obvious way to reduce losses is
early diagnostics of pathogenic microorganisms. The
most effective in terms of the methods considered
is monitoring of seed and planting material, as well
as selective monitoring of outwardly healthy plants
that do not show signs of infection. In addition, it is
possible to indirectly assess the effectiveness of the
drugs and methods used to control phytopathogens.
This will increase the effectiveness of measures and
reduce the burden of using chemical pesticides. Cor-
rectly selected and implemented methods for detect-
ing phytopathogens are a significant part of a com-
prehensive approach to reducing the use of chemical
pesticides, ensuring increased sustainability of agri-
culture. Another important method for reducing loss-
es is the use of phytosanitary measures in organized
monitoring of imported and exported products. The
use of only one of the methods for detecting phyto-
pathogens will not be effective enough and may lead
to unnecessary costs. The only possible solution is
a combination of field control methods, laboratory
methods and remote sensing methods.

Concluding observations

An analysis of modern diagnostic methods for
plant pathogens, including viruses, bacteria, fungi
and oomycetes, demonstrates significant advances in
molecular genetic technologies. Traditional methods
such as microbiological culture and serological tests,
although still important, are gradually giving way to
more accurate, rapid and sensitive approaches based
on nucleic acid analysis. Methods such as PCR, isother-
mal amplification (LAMP), next-generation sequencing
(NGS) and CRISPR systems are revolutionizing diagnos-
tics by enabling early detection of pathogens, differenti-
ation of strains and detection of latent infections.

The use of modern molecular methods has unde-
niable advantages. One of the most important criteria
is the early detection of pathogens before the appear-
ance of visible symptoms, which is especially import-
ant for preventing the spread of diseases.
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WUCTIOJIb30BAaHMS MeCTUIINA0B. B CeBepHOU AMepuKe
u EBporIle 1oTepu HUXKe U COCTaBJIAKT 0T 15 1o 30%,
HO 13-3a 60Jiee BBICOKOHM CTOMMOCTY I'OTOBOM CEJIbCKO-
XO3SIMCTBEHHON MPOAYKIINY ITPEBOCXOASAT UX B IEHEXK-
HOM BbIpa)keHUHU. Takasi CUTyaI[usi IPUBOLUT K yIPO3e
roJIoZa B Pa3BUBAIOIIMXCS CTPAHAX U CITIOCOGCTBYET 06-
EMUPOBOMY POCTY CTOMMOCTH CEJIbCKOX03INCTBEHHOMN
IpoayKIuu. OYeBUIHBIM CITIOCOGOM [IJIsT CHUYKEHUS T10-
TePb SBJISETCS PAHHSS NIUAarHOCTHUKA MaTOreHHBIX MU-
KpoopraHuaMoB. Haubosiee 3¢ heKTUBHBIM B paspese
PacCMOTPEHHBIX METOI OB IPEICTABISETCS MOHUTO-
PUHT CEMEHHOT0 U [I0CaJI0OYHOT0 MaTepuasa, a Takxe
BbIGOPOYHBIY MOHUTOPUHT BHEIIHE 3JOPOBBIX pacTe-
HU, He TPOSIBJISIONIUX TTPU3HAKOB WHMEKIINHU. J[0TI0JI-
HUTEJIbHO MOKHO KOCBEHHO OIIeHUTH 3((PEKTUBHOCTH
HCIIOJIb3YEMBIX TIPETIapaToOB ¥ METO/IOB, IPUMEHSIEMBIX
IJist 60pbOBI C (puTOmaTOreHaMM. ITO ITO3BOJIUT ITOBBI-
cuThb 3(PHEeKTUBHOCTh MEPOTIPUSITUYN U CHU3UT HATPY3KY
OT UCII0JIb30BaHUS XUMUUEKUX NTECTULUI0B. [IpaBuib-
HO MOJ06paHHBIE U PeaU3yeMble METOMbI IETEKIIUU
(huTomaToreHOB COCTABISIOT 3HAUMMYIO YaCTh KOM-
TJIEKCHOT'O TI0/IX0/la COKPAIlleHY s UCII0JIb30BaHUS XM MU-
YeCKUX MMECTUIUI0B, 06eCTIeUnBast IOBBIIIEHNE YCTOM-
YMBOCTHU CEJIbCKOTO X035 CcTBa. Tak)Kke HEMAJIOBAXKHBIM
METOJIOM CHVW)KEHUS I0TEPD ABJISIETCS IPpUMeHeHUe u-
TOCAHUTAPHBIX MEP IPU OPTaHM30BaHHOM MOHUTOPWH-
re UMIIOPTUPYEMOU U SKCIIOPTUPYEMOM IIPOYKIINM.
[IpuMeHeHMe TOJbKO OJLHOTO U3 METOJIOB JeTeKIUU
¢uTonaToreHoB He OyIET NOCTATOUHO 3D (HEKTUBHBIM
¥ MOJKET IIPUBECTU K UBJIUITHUM 3aTpaTaM. EfuHCTBeH-
HO BO3MOJKHBIM DeIlEHUEM IIpeCcTaBiIsIeTcss KoMbu-
HaIUs TOJIEBBIX METOJ0B KOHTPOJISA, JIJaGopPaTOPHBIX
METOZOB 1 METOZOB AUCTAHIIMOHHOTO 30HIMPOBAHUS.

BbIBO/IbI

AHanu3 cCOBpeMeHHBIX METOJ0B AMAarHOCTUKY I1aTo-
TeHOB pacTeHUU, BKJIIOUAas BUPYChI, 6aKTEPUM, TPUOBI
Y OOMUIIETHI, JEMOHCTPUPYET 3HAUUTEbHBIN ITPOrpecc
B 06J1aCTY MOJIEKYJISIPHO-TE€HETUYECKUX TEXHOJIOTUH.
TpaauIIuOHHBIE METOMbI, TAKKE KaK MUKPOOMOJIOTTUE-
CKIU TTOCEB U CEPOJIOTUUECKYE TECTHI, XOTS ¥ OCTAIOTCS
BaXHBIMU, TIOCTETIEHHO YCTYITAI0T MECTO 60JIee TOUHBIM,
OBICTPBIM U YYBCTBUTEJIBHBIM IT0JIX0/IaM, OCHOBAHHBIM
Ha aHaJu3e HYKJIEMHOBBIX KUCJIOT. MeTOAbI, TaKue KaK
TILIP, m3oTepMmuueckas amruingukamnus (LAMP), cekBe-
HUpoBaHMe HOBOro rmokoyieHus (NGS) u CRISPR-cucre-
Mbl, PEBOJIIIUOHUBUPYIOT LUATHOCTUKY, [103BOJIAI
BBISIBJISITH [1aTOTeHbl HA PAHHUX CTaAusaIX, fuddepeH-
IUPOBATh MITAMMBI ¥ O6HAPYXUBATh JJATEHTHbIE MH-
dexun.

Vicrionb30BaHUE COBPEMEHHBIX MOJEKYJISIPHBIX
MEeTOA0B MMEET HEOCIIOPUMBIE TpenuMyllecTBa. OJHUM
U3 BaOXKHEUIINX KPUTEPUEB SABJISIETCS PaHHee 00HaApY-
’KeHUe IaTOreHOoB ellle 10 IOSBJIeHUS BUIMMbIX CUM-
TITOMOB, UTO 0COGEHHO Ba)KHO JJISI IPEeOTBPalleHUsI
pacripocTpaHeHus 3a60JeBaHUN.

Bricokas crenu(UYHOCTb U UYBCTBUTEJIBHOCTD
Takux TexHoJyioruit, kak NGS, gPCR u CRISPR, ob6ecrie-
YMBAKT TOYHOCTb U BOCIIPOM3BOLUMOCTE PE3YJIbTAaTOB
Iake TIPU HU3KUX KOHIIEHTPAIUIX [1aTOTeHOB.

B03MOXXHOCTB CO3/IaHUS U JIETKOCTh IIPUMEHEHU S
MYJIBTUIIJIEKCHBIX CUCTEM, & TAKXKe UCII0JIb30BaHUE '~
OpUAM3AIMOHHBIX MAaTPUL, 1 NGS 103BOJISIET OTHOBPE-
MEHHO 06HAPYXUBATh MHOXXECTBO MTaTOTE€HOB, UTO 3HA-
YUTENIbHO MOBbIMAaeT 3 (PEeKTUBHOCTD NTUAaTHOCTUKMU.
Pa3BuTHe MOPTATUBHBIX IJIaTHOPM, TaKux Kak LAMP

High specificity and sensitivity of technologies
such as NGS, qPCR and CRISPR ensure the accuracy
and reproducibility of results even at low concentra-
tions of pathogens.

The possibility of creating and easy to use mul-
tiplex systems, as well as the use of hybridization
matrices and NGS, allows for the simultaneous de-
tection of many pathogens, which significantly in-
creases the efficiency of diagnostics. The devel-
opment of portable platforms such as LAMP and
CRISPR expands the possibilities for field diag-
nostics, which is especially important for rapid re-
sponse to threats. The possibility of field application
of tests allows for the detection of phytopathogens
directly on site, quickly and without sending them
to a laboratory.

Limitations and Prospects:

The widespread use of molecular genetic meth-
ods in the detection of quarantine objects today still
has a number of limitations. Sequencing of nucleic ac-
ids requires complex bioinformatics processing and
the availability of reference sequences, as well as the
ability to interpret the obtained data. Some methods,
such as PCR, do not allow distinguishing viable mi-
croorganisms from non-viable ones. This can lead to
false positive results.

Some methods, such as NGS and metagenomics,
have become much more affordable, although they re-
quire specialized equipment and skills, which some-
what limits their mass application.

However, in the future, the mass integration of
molecular genetic methods will lead to a significant
increase in the accuracy and speed of diagnostics,
and will allow timely detection of pathogenic organ-
isms in seed and planting material. The mass use of
these methods will further reduce their cost per sam-
ple. The development of the NGS method, including
metagenomic sequencing, in diagnostics will contrib-
ute to further cost reduction, expansion and develop-
ment of databases, and will open up new opportuni-
ties for monitoring plant diseases in real time. And
the development of artificial intelligence will allow
for quick and accurate interpretation of data. The re-
quirements for server capacity and data storage will
be reduced. The processes of developing diagnostic
methods will be automated, which will save resourc-
es and reduce time costs.

CONCLUSION

Modern methods of plant pathogen diagnostics
based on molecular genetic approaches are a pow-
erful tool for controlling crop diseases. Their imple-
mentation in phytosanitary monitoring and integra-
tion with traditional methods will reduce economic
losses associated with pathogens and contribute to
sustainable agricultural development. However, for
the widespread use of these technologies, the issues
related to their cost, availability and data interpre-
tation need to be addressed. Further research and
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u CRISPR, pacmupseT BO3MOXXHOCTH IJs ITOJEBOH
JUaTHOCTUKY, YTO OCOOEHHO BaYKHO JJIsT OTIEPAaTUBHO-
T'0 pearupoBaHUs Ha YTPO3bl. BO3MOXHOCTD I10JIEBOTO
PUMEHEHUS TECTOB IT03BOJISIET BIABJISATH (DUTOIIATO-
TeHbI TIPSIMO Ha MecTe, ObICTPO 1 6e3 OTIIPaBKM B J1abo-
paTopuio.

OrpaHUYeHUS ¥ EPCIIEKTUBBI

[IIupokoe MpUMeHEHUE MOJEKYJISIPHO-TEHETU-
YeCKUX METOJIOB B IETEKIINY KaPAHTUHHBIX 06 BEKTOB
Ha CeromHSIIHUY OeHb BCE JKe MMeeT P OrpaHuve-
HuM. CEeKBEHUPOBaHUE HYKJIEMHOBBIX KUCJIOT TpebyeT
CJIOKHOM 6romHpOopMaTUUecKkoi 06paboTKY ¥ HATMUMST
pedepeHCHBIX MTOCJIEIOBATENBHOCTEM, a TAK)KE YMEHUST
WHTEPIPETUPOBATh IOJyYeHHbIe JaHHbIe. HEKOTO-
pble MeTOnbl, TaKMe Kak [P, He TO3BOJIAIOT OTJIMYUTh
JKM3HECIIOCOOHbIE MUKPOOPTraHMU3Mbl OT HEXH3He-
CITIOCOGHBIX. 9TO MOXET IPUBOLUTH K JIOKHOTIOJIOXKM -
TEeJIbHBIM pe3yJabTaTaM.

HekoTopble MeTOMbI, TaKue Kak NGS 1 MeTareHo-
MUKa, CTaJIM 3HAYUTEJIBHO JIOCTYITHEE 10 CTOUMOCTH,
XOT$ 1 TPeOYIOT CIIelnaIn3uPOBaHHOTO 000PYIOBaHUS
¥ HaBBIKOB, UTO HECKOJIBKO OFPaHNUYMBAET UX MacCOBOEe
IpUMeHeHNe.

OnHaKo B MEPCIIEKTHUBE MaccoBasg MHTerpalius
MOJIEKYJISIPHO-TEHETUYECKUX METOHOB TPUBENET
K 3HAUUTEJbHOMY ITOBBIIIEHUI0 TOYHOCTU Y CKOPOCTH
IUaTHOCTUKH, TIO3BOJIUT CBOEBPEMEHHO OIPeNesaTh
aToreHHble OPraHM3Mbl B CEMEHHOM U MOCAJ0YHOM
MaTepuae. MaccoBoe NprUMeHEHMWEe TaHHBIX METO-
JIOB elle 60JibIllle CHUBUT UX CTOMMOCTD B IIepecueTe
Ha obpaserll.

PasButue metoma NGS, B TOM uncjie METareHoOM-
HOT'0 CEKBEHUPOBAHMS, B IUAaTHOCTUKE OYIeT CII0co6-
CTBOBAThH JaJIbHENIIEMY CHU)KEHUIO CTOMMOCTH, pac-
MUPEHWI0 ¥ Pa3BUTHUI0 6a3 JaHHBIX, OTKPOET HOBLIE
BO3MOXXHOCTH JIJISI MOHUTOPWHTA 3a601€BaHUU pacTe-
HUU B peaJibHOM BPEMEHU. A Pa3BUTHE UCKYCCTBEHHO-
T'0 MHTEJJIEKTA IT03BOJIUT GbICTPO ¥ TOUHO NHTEPIIPETH -
poBaTh maHHble. CHU3SITCA TPe6GOBaHUSI K CEPBEPHBIM
MOIIHOCTSM U XPaHWJIKILAM JaHHBIX. ABTOMaTU3UPY-
IOTCSI IPOIIECCHI Pa3paboTKY AUATHOCTUYECKUX METO-
JIVIK, YTO TTO3BOJIUT SKOHOMUTD PECYPCHI U CHU3UT Bpe-
MEHHBIE 3aTPATHI.

3AKJIIOYEHUE

CoBpeMeHHbIe MEeTObl JUAaTrHOCTUKU IIaTOTE€HOB pac-
TEeHUI, OCHOBAHHbIE HAa MOJIEKYIAPHO-TeHETUYECKUX
TIOJIXOMAaX, TPEICTABJISIOT COO0M MOIIHBIN MHCTPYMEHT
IJ1s1 60PBOBI C 3a060JIEBAHUSIMU CEJIbCKOX035ICTBEHHbBIX
KynbTyp. X BHeApeHue B GUTOCAHUTAPHBIM MOHUTO-
PUHT ¥ UHTETPaIlUs C TPAAUIIMOHHBIMU METO/IAMHU T10-
3BOJIAT CHU3UTh SKOHOMUYECKYE II0TePHU, CBA3aHHbIE
¢ TIaToreHaMu, U CII0CO6CTBOBATh YCTOMUYMBOMY pas-
BUTHUIO CEJIbCKOTO X035cTBa. OJHAKO IJIs MIUPOKOTO
NPpUMEHEHU STUX TEXHOJIOTUHN HeoO0XOLUMO PEIIUTh
Pz Ipo6iIeM, CBI3aHHBIX C UX CTOMMOCTBIO, TOCTYITHO-
CTBIO M UHTEPIpeTaluel JaHHbIX. labHeNIe uccie-
IOBaHUS U pa3paboTKu B 3TOU ob6iacTu 6yayT Crioco6-
CTBOBATh CO3TaHMI0 6osiee 3HHEKTUBHBIX U TOCTYITHBIX
pelteHunt AJg 3alMThl PACTEHUH U 06ecIieueHu s IJ10-
6aJIbHOM MPOIOBOJIbCTBEHHO 6€30TTIacCHOCTH.
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