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Momuseayus u yenv: MUKpOCIOPUANN — POACTBEHHbIE TpUOaM HPOTHUCTHI, Hauboiee
IIMPOKO PAaclpoCTpaHECHHBIE B KAa4yeCTBE MAapa3UTOB WICHHUCTOHOTUX U JPYTHX
JKUBOTHEIX [1, 2]. B cBs3m ¢ amanramueid K BHYTPHKJICTOYHOMY Tapa3WTHU3MY, OHHU
XapaKTepU3YIOTCSl BBICOKAM YPOBHEM DPEIyKIHMH KJICTOYHOH OpraHu3aludl U
KOMITAKTH3a[MA TeHOMA U CIIY>KaT Ba)KHOH MOZETbIO UCCIIEIOBAHUI MOJICKYIIAPHON 1
KieTouyHOU Omonoruu. lIpakTudeckoe 3HaYSHHE MHUKPOCIIOPHIUN OMPEAETSETCS CIIo-
COOHOCTBIO BBI3BIBATh 3a00JI€BaHMUSI SKOHOMUYECKH 3HAUUMBIX BUI0B OECIIO3BOHOYHBIX
Y MT03BOHOYHBIX, a Takxke yenoneka [3—5]. Onucano cssiiie 200 po1oB MUKPOCTIOPUINH,
conepxkanux okoio 1300 BumoB, anst 6onee 50 U3 KOTOPBIX TOITYYEHBI TOJTHOT€HOMHBIC
CUKBEHCHI [6]. B cBs3u ¢ TakuM MaJIeHBKUM KOJIMYECTBOM I'€HOMHBIX IOCJICA0BATENb-
HOCTE W Bce OOJIBIIMM KOJIMYECTBOM HOBBIX HW30JSITOB BO3HUKAIOT TPYJHOCTH C
MPOBEIEHHEM BUIOBOH HICHTU(DHUKAIIMN OJU3KOPOACTBEHHBIX BUIOB MUKPOCTIOPUIHH.
Llenp pa®oThl — MONyYeHHE HMCXOAHBIX AAHHBIX M IEPBUYHAs OLIEHKA PE3YJIbTaTOB
MOJTHOT'€HOMHOT'O CEKBEHHPOBaHMsI MUKpocriopuauii Nosema pyrausta n3 KyKypy3HOTro
motbuibka Ostrinia nubilalis u Nosema sp. NspHA22 u3 xsonkoBoii coBku Helicoverpa
armigera B cpaBHeHHH ¢ pedepeHTHBIMEH mocienoBarenbHocTIME N. bombycis u3
TyToBoro menkomnpsga Bombyx mori m N. antheraeae u3 xuraiickoro may6oBoro
urenkomnpsiaa Antheraea pernyi. DTo He0OX0AUMO JIJIsl U3yUYESHHUS] BHYTPUBHI0BOTO MOJTH-
MopdHu3Ma, MOUCKa MOJIEKYJISIPHBIX MAPKEPOB JUTS pa3rpaHndeHus OIM3KOPOICTBEHHBIX
BUJIOB, BBISBJICHUS T'€HETHYECKHX JCTEPMUHAHT (HaKTOPOB BHUPYJIEHTHOCTH, (HUIIO-
TCHOMHOT'O aHaW3a W JPYTUX UCCIENOBAHWN MOJEKYISPHOW T€HETUKH SHTOMOIATO-
TeHHBIX MUKPOCTIOpUINH. B 4acTHOCTH, M3BECTHO, YTO IO OOLICTIPHHSATOMY THATHOCTH-
yeckoMmy (parmenty rena pPHK BrieykazaHHble H30JSTHI U3 TYTOBOT'O IIETKONPSA U
XJIOTIKOBOW COBKM HEOTJIMYMMBI APYT OT JIPYyra, OAHAKO MX OMOJIOrMYecKHe CBOMCTBA
CYIIECTBEHHO Pa3IN4alOTCs, YTO HE TIO3BOJISIET OTHOCUTH WX K OHOMY BUAY [7].

Memoowvr u aneopummel: JIns HaKOIJIEHHS CHOP HCIOJIB30BAJIM TyCEHHI ITIEPBOTO
71a00paTOpHOTo MOKOoJIeHHs cudupckoro menkonpsaa Dendrolimus sibiricus, mo6e3no
npenoctaBieHHbIX AjexcannpoM A. AreeBeiM (pmmman BHUMIIM «lentp necHoit
nuposioruny», Kpacnosipek). I'ycenun BToporo Bo3pacra 3apaxaiu B JO3UpOBKe 1 MIIH
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CIOp Ha TYCEHHIly W COJAepKalu B yamkax lleTpu Ha XBoe MUXTHI CHOMPCKOW Ipu
+24 °C. Yepe3 2 Mecsla TyCeHHI BCKPBHIBAJIH, MPENAapUPOBAIN TKaHH BHYTPEHHHX
OpraHoB B JMUCTHJUIMPOBAHHON BOJIE W TOMOTEHU3WPOBAIH BPYYHYIO B CTCKIISTHHOM
TOMOTEHH3aTope C Te(pIIOHOBBIM TeCTHKOM, IeHTpudyrupoBanu mpu 1000 g B Teuenne
5 MUH, 0OCaJOK NPOMBIBAJIM B AWUCTHJUIMPOBAHHOW BOJAE, yHAJsisi BEpPXHHE CIOU U
MOBTOpPHO mneHTpuyrupysa. KomudectBo crop moacuuTeiBaim B Kamepe | opsesa.
O6pa3ert, comepxkanuit ot 1 mo 1.5 Mapm 9HCTBIX cIiop, pacTupanu B ¢dapPopoBoid
CTynKe C J00aBlCHHEM J>KMAKOIO a30Ta M Hcmonp3oBanu g skctpakimuu JHK
¢denonmpHO-XNM0pOoopMHEBEIM MeTogoM [8]. KadectBo renomuoii JIHK ompenensimu ¢
ITOMOIIBIO Teb-3JIEKTPOopesa U HaHOCIeKTpodoToMeTpa Implen, a kauecTBO pUIOB —
yrunutor FastQC. IlomHoreHoMHOE CEKBEHHMpPOBAHME OCYIIECTBISLIM Ha IUIaTdopme
[llumina Nextseq B 1eHTpe KOJUIEKTHBHOTO MOJb30BaHMsI CKOJKOBCKOTO WHCTHTYTa
Hayk# U TexHonoruid (Cxontex, MockBa). CO0pKa T€HOMa OCYIIECTBIIUIACH POTPaM-
Mot MEGAHIT. MHOeCTBEeHHOE BhIPABHUBaHHE HYKICOTHUIHBIX TOCIIEI0BATEIBHO-
CTei BBIMOJIHANOCH ¢ Mcroyb3oBanreM anroputma ClustalW, moctpoenue dumorene-
THYECKUX JEPEBBEB OCYIIECTBILIOCh METOJIOM MaKCUMAJILHOTO TIPaBAOTIOA00NSI.
Pesynomamer: I'erom N. pyrausta memonupoBaH B ['eHOaHK ToJ HOMEPOM JOCTYTIa
GCA 001924031.1. TlpubnusutenbHBIi pasmep TeHoMa coctaBuin 159 Mb,
KOJIMYECTBO MPEJCKA3aHHBIX T'eHOB 4468, 4TO OuYeHb OJIM3KO K COOTBETCTBYIOLIUM
nokasatessiM Onmuskopoacteenroro Buaa N. bombycis. Tlpu sTtom mist mpyroro Buma
aTOro poja, a umenHo N. antheraeae, pa3mep renoma IPUMEPHO B YETHIPE Pa3a MEHBIIE
(rabm. 1).

Ta6auua 1. OCHOBHBIE XapaKTEPUCTHKU I'eHOMa TpeX OJN3KOPOJCTBEHHBIX BUIOB
MHKpocnopuaunii poga Nosema

XapaKkTepucTHKa N. bombycis N. antheraeae N. pyrausta

Howmep nocrymna B I'enbanke | NA30919 NA183977 GCA_001924031.1
HasBanue n3omnsara NbCQ1 YY Npyr2020

Pa3mep reroma, Mb 15.7 6.6 15.9

N50 57394 1883 8050

KonmgectBo reHoB 4458 3413 4468

GC cocras, % 31 28 34.5

KonmgaecTBo KOHTHTOB 3558 ? 4115

KommgectBo ckaddongos 1607 6215 1880

Cchuika Pan et al., 2013 Pan et al., 2013 CoOcCTBEHHbBIE TaHHbIE

Hmnst reroma NSPHA22 Ha MOMEHT ToOjadu TE3UCOB COOpKa W aHHOTHPOBaHHWE HE
3aBepIlIeHbl u3-3a Oonee Bbicokoi mpumecu reHomHoi JIHK xoszsuna, uto Tpedyer
JIOTIONTHUTENBHOW PaOOTHI 110 (PHUIIBTPALMU HECTIEM(UUECKUX CUTHAJIOB. TeM He MeHee
MIEPBUYHBIE TIOJTHOT€HOMHBIE JaHHBIE 00OMX M30JIATOB MUKPOCIIOPUANN HCIIOIb30BAHBI
JUTS. M3BJICYEHUS] HYKIJICOTHIIHBIX TIOCJIEAOBATEIbHOCTEH OTJEIbHBIX T€HOB, Haubomee
9YacTO MCIMONB3yEeMbIX Ui MYJBTHJIOKYCHOTO TEHOTHITUPOBAHUS M MYJIBTUTECHHBIX
(PMIIOTeHEeTUYEeCKNX PEKOHCTPYKIuWi: Oenka TtermoBoro moka HSP70 u PHK-
nonumMepassl RPB1, a Taxke reKcoKnHas3bl, JOMOIHUTEIBHO NPEATIOKECHHON I MEXK-
W BHYTpUBUI0BOH auddepenimanum Mukpocropuanii [9]. AHanu3 cOOTBETCTBYIOIIUX
HYKJICOTHIHBIX IIOCIE0BATEIILHOCTEH, H3YYaeMbIX MHUKPOCHOPUIMHA, IOKa3al HX
paszesieHue Ha JIBE€ CECTpUHCKHE (MIIOTeHeTHYeCKUe JIMHUU BHYTpH poxa Nosema. B
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onny rpynmy Bouw N. bombycis u NspHA22, B npyryto — N. pyrausta u N. antheraeae.
CXOJCTBO MO KaXKAOMY M3 TPEX I€HOB BHYTPHU TPYIIBI COCTaBUIO okoyo 98—99 %, a
Mexnay rpymmamu — 92-93 %. DTo TO3BONISET JOCTATOYHO YETKO Pa3rPaHUIHTh
n3y4JaeMble H30JATHI, ONHAKO TPEeOYyeT CEKBEHHPOBAHMS COOTBETCTBYIOIIMX JIOKYCOB
Ui HanOosee OIM3KOPOICTBEHHBIX (OPM, TaK Kak HHU3Kas 4acTOTa HYKICOTHIHBIX
3aMeH HE JaeT BO3MOXKHOCTH CKOHCTPYHPOBATh IpaiiMepsl, crenu(uyHble AL
KOHKPETHOTO BHa (M30JITa).

Bui6oowi: Cuutaercsi, 4TO TaKOil OTHOCHTENBHO OOJNBLIOH, MO CPABHEHUIO C IPYTUMH
Buzamu poaa Nosema, pasmep renoma N. bombycis o0ycnoBieHn HeraBHUM COOBITHEM
redoMHoi aymmmkanuu [10]. CregoBarenpHO, MaHHOE COOBITHE 3aTPOHYJIO Kak
N. bombycis, Tak u N. pyrausta, a mockoiabKy Kpyr WX BOCIPHUMYHBBIX XO3S5CB
cyuiectBeHHO paznuuaercs [11, 12], momydyenHass mHpoOpManus MOXET TMOCTYKHTh
JaJbHEHIIeMy MOUCKY TE€HETHYECKHX IETEPMUHAHT BHUPYJIEHTHOCTH SHTOMOIIATO-
TCHHBIX MMKPOCHOPHIUH, BBI3BIBAIOIINX ONACHbIE 3a00JI€BaHUS KYJIbTHBHUPYEMBbIX
HACEKOMBIX M TPeOYIOUIMX pa3paboTKU MOIX0A0B A NpoduiIakTuku U Jgedenus [13],
a Tak)Ke TMEePCIEKTUBHBIX C TOYKHU 3PEHUS 3aIUThl pacTeHuil [14]. [[eHOMHBIE TaHHBIC
MOCY)KaT TaKkXKe Ul MOUCKAa BaphaOeNIbHBIX YYacTKOB TI€HOMAa sl 3JKCIpecc-
JMUArHOCTHKH, B YaCTHOCTH, JJIsl pa3pabOTKU BUIOCTICIIM(DUIHBIX TPAiMEpOB.
Qunarncuposanue: ViccrienoBanue BBITIOTHEHO B paMkax rpoekta PH® Ne 23-16-00262
u poekTa ['oczananns mabopaTopun MonekysspHoi 3amuThl pacrennit @I’ bHY BU3P
Ne FGEU-2022-0019 (Ne rocpeructpammu 122032900144-2).
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Motivation and Aim: Microsporidia are protists related to fungi, most widely distributed
as parasites of arthropods and other animals [1, 2]. Due to adaptation to intracellular
parasitism, they are characterized by a high level of reduction of cellular organization
and genome compaction and serve as an important model for research in molecular and
cellular biology. The practical importance of microsporidia is determined by the ability
to cause diseases of economically important species of invertebrates and vertebrates, as
well as humans [3-5]. Over 200 microsporidia genera have been described, containing
about 1300 species, for more than 50 of which full genome sequences have been obtained
[6]. And because of such a low number of whole genome sequences and an increasing
number of newly discovered isolates, difficulties began to arise in identifying the species
in closely related microsporidian taxa. The aim of the work was to perform whole-
genome sequencing of microsporidian isolates Nosema pyrausta from the European corn
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borer Ostrinia nubilalis and Nosema sp. NspHA22 from the cotton bollworm
Helicoverpa armigera. The reference sequences were those of N. bombycis from the
silkworm Bombyx mori and N. antheraeae from the Chinese oak silkworm Antheraea
perny to study intraspecific polymorphism, search for molecular markers to distinguish
closely related species, identify genetic determinants of virulence factors, phylogenomic
analysis and other studies of the molecular genetics of entomopathogenic microsporidia.
In particular, it is known that according to the generally accepted diagnostic fragment of
the rRNA gene, the above isolates from the silkworm and the cotton bollworm are
indistinguishable from each other, but their biological properties differ significantly,
which does not allow them to be classified as the same species [7].

Methods and Algorithms: To accumulate spores, we used caterpillars of the first
laboratory generation of the Siberian silkworm Dendrolimus sibiricus, kindly provided
by Alexander A. Ageev (branch of the VNIILM Center for Forest Pyrology,
Krasnoyarsk). Second instar caterpillars were infected at a dosage of 1 million spores
per caterpillar and kept in Petri dishes on Siberian fir needles at +24 °C. After 2 months,
the caterpillars were dissected, the tissues of the internal organs were dissected in
distilled water and homogenized manually in a glass homogenizer with a Teflon pestle,
centrifuged at 1000 g for 5 min, the sediment was washed in distilled water, removing
the upper layers and centrifuging again. The number of spores was counted in Goryaev’s
chamber. A sample containing 1 to 1.5 billion purified spores was ground in a porcelain
mortar with liquid nitrogen and used for DNA extraction using the phenol-chloroform
method [8]. The quality of genomic DNA was determined using gel electrophoresis and
Implen nanospectrophotometer, and the quality of reads was determined using the
FastQC utility. Whole-genome sequencing was carried out on the Illumina Nextseq
platform at the shared use center of the Skolkovo Institute of Science and Technology
(Skoltech, Moscow) using the MEGAHIT program. Multiple alignment of nucleotide
sequences was performed using the ClustalW algorithm, and the phylogenetic trees were
constructed using the maximum likelihood method.

Results: Nosema pyrausta was deposited in the GenBank under accession number
GCA _001924031.1. The approximate genome size was 15.9 Mb, the number of
predicted genes was 4468, which is very close to the corresponding indicators of the
closely related species N. bombycis (Table 1).

Table 1. Main characteristics of the genome of three closely related species of microsporidia
of the genus Nosema

Metrics N. bombycis N. antheraeae N. pyrausta
GenBank accession NA30919 NA183977 GCA _001924031.1
number

Isolate name NbCQ1 YY Npyr2020
Genome size, Mb 15.7 6.6 15.9

N50 57394 1883 8050
Number of genes 4458 3413 4468

GC, % 31 28 34.5
Number of contigs 3558 ? 4115
Number of scaffolds 1607 6215 1880

Link Pan et al., 2013 Pan et al., 2013 Own data
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The Nosema sp. NspHA22 genome assembly and annotation are not finished by the time
of submission of the present work due to higher admixture of host genomic DNA, which
requires additional work to filter the nonspecific signals out. Anyway, the raw whole
genome data from both microsporidian isolates were used to extract nucleotide
sequences of individual genes most often used for multilocus genotyping and multigene
phylogenetic reconstructions: heat shock protein HSP70 and RNA polymerase RPBL1, as
well as hexokinase, additionally proposed for inter- and intraspecific differentiation of
microsporidia [9]. Analysis of the corresponding nucleotide sequences of the studied
microsporidia showed their division into two sister phylogenetic lineages within the
genus Nosema. One group included N. bombycis and NspHAZ22, the other included N.
pyrausta and N. antheraeae. The similarity for each of the three genes within the group
was about 98-99 %, and between groups — 92-93 %. This makes it possible to fairly
clearly distinguish between the studied isolates, but requires sequencing of the
corresponding loci for the most closely related forms, since the low frequency of
nucleotide substitutions excludes the ability to design primers specific to a particular
species (isolate).

Conclusion: The relatively large genome size of N. pyrausta compared to other Nosema
species is believed to be such due to a recent genomic duplication event [10].
Consequently, this event affected both species under consideration, and since their range
of susceptible hosts differs significantly [11, 12], the information obtained can serve in
further search for genetic determinants of virulence of entomopathogenic microsporidia
that cause dangerous diseases of cultivated insects and requiring the development of
approaches for prevention and treatment [13], as well as promising from the point of
view of plant protection [14]. Genomic data will also facilitate the search for variable
regions of the genome for express diagnostics, in particular, for the development of
species-specific primers.

Funding: The study is supported the Russian Science Foundation project No. 23-16-
00262 and State Assignment project No. FGEU-2022-0019 (state registration
No. 122032900144-2).
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