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Momusayus u yens: IlepBble CBeIeHHUSI O HATMYUU BUPYCOB Y MOJUIIOCKOB MOSIBUJINCEH B
Hadane 1970-x rr. Ha OCHOBE T'MCTOJIOTMYECKMX M LMTOJOTMYECKHX HaOMIONCHHUN C
KCIIOJIb30BAaHUEM CBETOBOM M 3JEKTPOHHOU MUKpockonuu [1]. B Hacrosiiee BpeMs B
CBS3M C MpOOJIEMON TMOSIBJICHHUST HOBBIX BHPYCHBIX 3a00JICBaHMH M pacIIUpEHHEM
BO3MOXHOCTEH MOJIEKYISPHOH BHPYCOJOTHH PEATU3YIOTCSl HPOEKTHl 110 MacCOBOMY
napaieaTbHOMY CEKBEHHPOBAHHIO (B OCHOBHOM METaTPAaHCKPUITOMHBIC HCCIENO-
BaHUA) pa3JUYHBIX BHUJOB OCCIIO3BOHOYHBIX, B TOM WYHCJIE€ MOJUTIOCKOB [2, 3].
IIpoBeneHHbIE MCCIEIOBAHUS BBISIBHIM OTPOMHOE pa3HOOOpasue mo OosplIel yacTu
HEM3BECTHBIX BHPYCOB M 3allOJHUIM NpoOenbl B HCTOPHUHM HBOJIOLHMU BHPYCOB.
BonbIIMHCTBO  MCCIEOBAHUI COCPENOTOUYEHO HAa MOPCKUX, NPEHUMYIECTBEHHO
JIBYCTBOPUYATBIX MOJUIIOCKAX, W 3HAUYUTEIBHO DPEXE HAa OPIOXOHOTUX MOJUIIOCKAX.
l'opa3mo MeHbIIe BHUMAaHUS yAETSETCS MPECHOBOAHBIM MOJUTFOCKaM. B Hare pabote
MBI [TPOBEIIN OLIEHKY BUPYCHOTO pa3Hoo0Opa3us B 00pa3uax OaiikalbCKUX SHAEMHUYHBIX
OproxoHorux MoJuttockoB Benedictia baicalensis ¢ momorip0 MeTaTpaHCKPUIITOMHOTO
aHanu3a.

Memoowr u aneopummer: Mommocku poaa Benedictia (B. baicalensis) 6siu oTobpansr
Ha n1Byx crannusax OxHoro baiikana: B paitone moc. Jluctsaka u nmoc. boisimme KoTsr;
a taxke B CesepHoMm baiikane BOmm3n VYmkaneux octpoBoB. OtOop 1po0
OCYILECTBIISUICS BOJIOJIa3aMU, KaK OIIMCaHO paHee [4].

Cymmapuyio PHK Beigensnu u3 obpasios B. baicalensis ¢ ucmonssoBanmem TRI
Reagent (Molecular Research Center, CIIIA) u Ha6opa Direct-zol RNA MiniPrep (Zymo
Research, CIIIA). buGnuorexu roroBuiu ¢ ucrnons3oBanueM Habopa MGI Easy RNA
Library Prep Kit (MGI Tech Co., Ltd., Kuraii) B cOOTBETCTBMH C TPOTOKOIAMH
npousBoautens. budnuoreku k/IHK cekBenupoBanu ¢ 000X KOHIIOB Ha IuiaThopme
DNBSEQTM ¢ wucnons3oBanneMm cekBeHatopa DNBSEQ-400 u HabGopa s
BBICOKONPOU3BOIUTENbHOTO cekBeHnpoBanusi DNBSEQ-G400RS (MGI Tech Co., Ltd.,
Kuraii). /IiinHa cekBeHMPOBAaHHBIX ()parMeHTOB cocTaBisiia 150 ocHOBaHHUHA.
[IpoBepky KauecTBa HAOOPOB AAHHBIX (TIAPHBIX IPOUYTEHHUI) OCYILIECTBIISUIN C TIOMOILBIO
nporpamMmel FASTQC v.0.11.9. ®unpTpanuio NpoYTeHNUH MO Ka4€CTBY MPOBOJIMIH C
nomMomiplo mporpammbel  Trimmomatic v.0.32 (MAXINFO:40:0.05 AVGQUAL:15
MINLEN:90). ITocie o6paboTku HaOOPH JaHHBIX COAEpKanu OT 63 mo 67 MIH map
MpoYTeHUH Ha oOpasel.
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MeTaTpaHCKpUNITOMHBIE JaHHbIe ObUTM arperupoBaHbl B OAMH MAacCUB  JUIA
KOMOWHHPOBAHHOH («MHKC») cOopku de novo [5] ¢ momoripio nporpammbl MEGAHIT
v.1.2.9. C ucnonp3oBanuem mporpammsel VirSorter2 v.2.2.4 6118 HACHTHQHUITIPOBAHEI
BupycHbIe cKaddonanber u OoTKpeIThIe pamku cuuthiBaHUS (ORFS). Pesynmbrarst
UACHTH(QHUKAIUN BUPYCcOB mpoBepsianchk nporpammoii CheckV. Bcee ckaddomnnsi,
naeHTnuunupoBanHeie VirSorter2 Kak BHPYCHBIE, CPAaBHHBAIUCH C XPOMOCOMHBIMHU
T€HOMaMH MOJUTIOCKOB M TIPOTEOMHBIMH JaHHBIMH u3 0a3el manHbeIx NCBI ¢
ucnons3zoBanueMm anroputMa BLASTn u umnctpymenta DIAMOND v2.0.14.152.
Bupycuble ckad¢donabl Takke NPOBEPSUIUCh HA HANWYME MOOMJIBHBIX T€HETHYECKUX
3JIEMEHTOB ¢ IMoMoIbo mporpamMmmbl DFAMSCAN.

TakCOHOMHUYECKYI0 MICHTU(DHUKAIHMIO BHPYCHBIX CKa(@oII0B OCYIIECTBISUIN MTyTEM
CpaBHEHHS IPEICKA3aHHBIX BUPYCHBIX OENKOB ¢ 0a30il NaHHBIX MOJHBIX BUPYCHBIX
nporeoMoB NCBI RefSeq ¢ momompto anroputma DIAMOND. Ilporpammber Bowtie2
v.1.3.1 u SAMtools v.1.7 UCTIONB30BAIMCH TSI OTIPENeIICHUsT KOJIMYECTBa PHUAOB U3
KaX70ro oOpasila, BXOIAIIMX B COCTaB BHUPYCHBIX ckaddoimon. [IpenckasaHHbie
Bupycuble ORFS comocraBmsinch ¢ QyHKIMOHATBHBIMA MOTHBAMH M3 0a3bl JaHHBIX
Pfam ¢ ucnonp3oBarneM nporpammHoro odecnedeHust PfamScan v.1.5 u 6a3b1 maHHBIX
koHcepBatuBHBIX JoMeHoB CDD (Conserved Domain Database).

DuIOreHeTHYECKY0 PeKOHCTPYKIIMIO Ha OCHOBE reHOB RORP mpoBoauin ¢ moMoIbio
IQTREE v.1.6.12. B nam ananu3 0sumn BKITtoueHBl BLAST-xuth n3 6a3et NCBI nr u
M3BECTHBIE BHPYCHl U3 0a3pl nmaHHBIX RefSeq ¢ Hambompiieil cremeHpI0 CXOACTBA
AMUHOKHUCIIOTHBIX TOCJIEI0BATENLHOCTEN C WACHTH(PHUIIUPOBAHHBIMU HAMU BHPYCAMH.
BripaBHHBaHWE aMHWHOKHCIOTHBIX ITOCIIEOBATENBHOCTEH TMPOBOAMIN C ITOMOIIBIO
MAFFT v.7.490. HauGonee monmxonsmas MOJelb 3aMEHbl aMHHOKHCIOT
(LG+G4+Inv+F) Obuta BoiOpana Ha ocHoBe 3HaueHud BIC kpurtepus, ¢ TOMOIIBIO
ModelFinder, peanmuzoBannoro B nporpamme IQTREE.

Peszynomamer: B MeTaTpaHCKpUTITOMHBIX Ha0OpaX MaHHBIX M3 00pa3noB OalKaIbCKUX
MOJUTIOCKOB OBLIO BBISIBIIEHO 64 BHpYCHBIX ckaddonaa; W3 HHX TONBKO OIUH ObLI
uaentuduuuposan kak JIHK-Bupyc, poacteennsiit onnonenoyeunsiM JJHK CRESS-
BUpyCaM M3 IpecHOBOAHBIX BomoeMoB Hooit 3emanmum (ozepa Capa) u CILA.
Ocranbrbie 63 ckaddonma (or 24 mo 33 Ha obpaser) ObUTH WACHTH(OUIIMPOBAHBI KaK
PHK-Bupychl, CXOIHbIE ¢ TAaKOBBIMU M3 pa3HbIX cemeiicTB BUpycoB (Picornaviridae,
Marnaviridae, Dicistroviridae, Solemoviridae, Partitiviridae, Tombusviridae,
Nodaviridae, Narnaviridae, Caulimoviridae u Qinviridae). B memom 4etsipe uccieno-
BaHHBIE MTPOOBI OBUI CXOKMMHU, HECMOTPS Ha OOJIBIIINE PACCTOSIHUS MEXK]Ly CTaHIIUSIMH
oTOopa Mpod. ITO MOKHO OOBSICHHTh aKTHBHBIMH IPOIIECCAMH MEPEMEITUBAHUS BOT
o3epa baiikan, B TOM uucie 3a CYET TE€YEHU U BETpoB [6], a TakkKe IUTEIbHOU
UPKYJSAIEeH pa3HOOOpa3HBIX BUPYCOB B DKOCHCTEME 03€pa.

Cpenu  WACHTU(QHUIMPOBAHHBIX BHUPYCHBIX TeHOMOB (ckad(doijIoB) oOKas3aiuch
MMUKOPHOTIOJO0OHBIE BUPYCHI, POJICTBEHHBIE paHEee OMMCAHHBIM BHPYCaM MTPECHOBOTHBIX
MmosuTrockoB, Biomphalaria virus 1 u Biomphalaria virus 3. Kak u3BectHO, MHKOpHO-
M0/I0OHBIE BUPYCHI MOTYT BBI3BIBATH MACCOBYIO CMEPTHOCTH MOPCKHUX MOJUTIOCKOB [7].
B nenom cxozctBo GenkoB BupycoB u3 B. baicalensis ¢ nzsectabiMu Bupycamu u3 6a3bl
nmaHHbeIX NCBI 0110 HU3KMM U B €IMHUYHBIX citydasx rpessimano 70 %. Tonbpko onuH
ckaddonn umen 99.3 % cxoactra (pu BeipaBHUBaHUU 99 % MOCIEIOBATEILHOCTH) C
HECTPYKTYPHPOBAHHBIM TTOJIUIIPOTEHHOM BHpyca Hekpo3a turposoro dyry (Tiger puffer
nervous necrosis virus, cemeiicteo Nodaviridae). Kak oxa3zanoch, pesepByapamu
«BHPYCOB HEPBHOT'O HEKPO3a» MOTYT OBITh pa3jInvHbIEe ABYCTBOpYAThIEC, OPIOXOHOTUE U
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TOJIOBOHOTHE MOJUIIOCKH, a TaKkKe JPyrue BUABI MOPCKHX OeCIIO3BOHOYHBIX (KpaOsbl,
KpPEBETKH, apTEMHUH U KOJIOBPaTKH), 00HapyKeHHbIe B Bonax FOxHoii Kopeu, SInonnu n
Kuras, B eBporeiickoil gacTu ATiaHTHYeckoro okeana u CpemuzemHOM Mope [8].
Ckopee Bcero, 0allkalbCKUe MOJUTIOCKH TaKXKe MOTYT BBICTYNATh pe3epByapamu JUIs
HOZIaBUPYCOB, KaK U IPYTHX BUPYCOB, ¥ BIMATH HA UX SMHICMUOJIOTHUIO.

Ha ¢umorenermueckoM apese mociemoBarenbaocT RARP 13 00pa3mnos OailkalbCKux
OpIOXOHOTHX MOJITIOCKOB BOIIUIM B COCTaB IIATH KJIacTEPOB, cOOTBeTCcTBYrOmuX PHK-
Bupycam mopsakoB Picornavirales, Tolivirales, Nodamuvirales, Durnavirales u
Sobelivirales. TlomyueHHble pe3ynbTaThl JIEMOHCTPUPYIOT OTAAJICHHOE POJICTBO
BBISIBICHHBIX HaMU BHPYCHBIX T'€HOMOB (T€HOMHBIX (parMeHTOB), a TaKxKe
pasHooOpazue PHK-BUpYCOB ¢ MIMPOKUM CIIEKTPOM XO03s51€B (MOJUIIOCKH, HACEKOMBIE,
pacTeHust, BOAOPOCIIH, MPOCTEHIINe, TPHUOBI U TO3BOHOYHBIE )KUBOTHBIE). Halm naHHbIe
BBISIBUIIM TAK)K€ 3HAYMTEIHHBIC TCHETHYECKHE pPAcCTOSHHS Mexay reHamu RARp
0alikabCKUX BUPYCOB U BUPYCOB U3 JPYTUX OPraHU3MOB M OMOTOIOB, YTO YKA3bIBACT
Ha YHUKaJIbHOCTh OOHAPYKEHHBIX HAMH BUPYCOB.

Buisoowi: [IpoBeieHHOE METaTPaHCKPUTITOMHOE HCCIICIOBaHNE 00pa3IoB OaiiKalbCKIX
MOJUTIOCKOB TIO3BOJIUJIO PACKPBITH HOBBIH CIIEKTP YHUKAIBHBIX BUPYCOB B DKOCHUCTEME
o3epa baiikan. BreIisiBICeHHOE BBICOKOE pPa3HOOOpa3ue BHPYCOB B OalKaIbCKUX
SHIEMHYHBIX OpIOXOHOTMX MoJuTockax B. baicalensis Bxmouamo HeM3BECTHBIX
MPEACTABUTENICH Pa3HbIX OTPSIOB U CEMEICTB, MOPAKAIOIINUX IIUPOKUN KPYT XO35IEB.
B. baicalensis o6uTaroT Ha KAMEHHUCTBIX U CMEIIAHHBIX TECYaHO-KAMEHUCTBIX OHOTOTaX
U SBJSIOTCS BCESJAHBIM BHUJAOM, NHTAOMUMCS cyOoctpatoM [9]. DTO cmocoOCTByeT
nepeaaye W OMOAKKYMYJSIIIMUA PA3IUYHBIX BHPYCOB, MOPAXKAMOIIUX HIMPOKUN KpyT
MPHUIOHHBIX W IUIAHKTOHHBIX oOwurtareneld o3epa baiikam. Takum oOpaszom, mis
YCTAHOBJICHUA q)aKTI/I‘IeCKOFO Kpyra X03s€B HOBBIX BUPYCOB M BBIABJICHUA UCTHUHHOI'O
BUpOMa 0alKalbCKMX MOJUTFOCKOB HEOOXOJMMO MPOAOJDKATh HayaTble HaMH
WCCIIEIOBAHUS.

Qunancuposanue: Vccnenopanue nouepxano Poccuiickum HaydHbsiM Gorgom (Ne 22-
24-01120) 1 MuHHCTEpCTBOM HayKd W Bbicuiero oOpazoBanusi PO (Ne 0279-2021-
0005).
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Motivation and Aim: The first evidence of viruses in mollusks appeared in the early
1970s on the basis of histological and cytological observations using light and electron
microscopy [1]. Currently, due to the problem of the emergence of new viral diseases
and the expansion of the capabilities of molecular virology, the different projects are
being implemented for massive parallel sequencing (mainly metatranscriptomic studies)
of various species of invertebrate, including mollusks [2, 3]. These studies have revealed
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a huge diversity of mostly previously unknown viruses and filled gaps in the
evolutionary history of viruses. Most studies have primarily focused on marine mollusks,
mostly bivalves and less often gastropods. Much less attention has been paid to
freshwater mollusks. In our study, we estimated the viral diversity in samples of the
Baikal endemic gastropod Benedictia baicalensis using metatranscriptomic analysis
(total RNA-sequencing).

Methods and Algorithms: Mollusks of the genus Benedictia (Benedictia baicalensis)
were taken at two stations of Southern Baikal: in Listvennichny Bay (near the village of
Listvyanka) and near the village of Bolshie Koty; and near the Ushkany Islands in
Northern Baikal. Sampling was carried out by divers [4].

Total RNA was isolated from samples B. baicalensis (pools of five) using TRI Reagent
(Molecular Research Center, USA) and a Direct-zol RNA MiniPrep kit (Zymo Research,
USA). Libraries were prepared using the MGI Easy RNA Library Prep Kit (MGI Tech
Co., Ltd., China) in accordance with the manufacturer’s protocols. The cDNA libraries
were sequenced from both ends on a DNBSEQTM platform using a DNBSEQ-400 NGS
sequencer and a DNBSEQ-G400RS High-throughput Sequencing Kit (MGI Tech Co.,
Ltd., Wuhan, China). The length of the sequenced fragments was 150 bases.

The quality visualization of datasets (paired reads) was carried out using the FASTQC
v.0.11.9 program. Trimming of reads by quality was carried out with the Trimmomatic
v.0.32 program (MAXINFO:40:0.05 AVGQUAL.:15 MINLEN:90). After trimming, the
datasets finally contained 63-67 million read pairs.

All metatranscriptomic data were aggregated into one array for de novo cross-assembly
[5] using the MEGAHIT v.1.2.9 NGS assembler. We identified the viral scaffolds and
open reading frames (ORFs) within them using the VirSorter2 v.2.2.4 tool. The results
of virus identification were checked by the CheckV program. All scaffolds identified as
viral by VirSorter2 were compared with chromosomal genome and proteomic data of
mollusks from the NCBI database using BLASTn algorithm and DIAMOND
v2.0.14.152 tool. The viral scaffolds were also checked for mobile genetic elements
using the DFAMSCAN program.

Taxonomic identification for the viral scaffolds was carried out by comparisons of
predicted viral proteins in scaffolds with the NCBI RefSeq complete viral proteome
database and DIAMOND algorithm. The Bowtie2 v.1.3.1 (with default options) and
SAMtools v. 1.7 results were used to determine the number of reads mapped on each
predicted viral scaffold from each sample. The predicted viral proteins (ORFs) were
matched with functional motifs in the Pfam database using PfamScan v.1.5 software and
the Conserved Domain Database.

Phylogenetic reconstruction based on RdRp genes was performed with IQTREE
v.1.6.12. Our analysis included NCBI nr BLAST-hits and known, well-studied viruses
from the RefSeq database with a significant degree of amino acid sequence similarity to
the viruses we identified. Aligning of amino acid sequences was carried out in MAFFT
v.7.490. The best-fitting amino acid substitution model (LG+G4+Inv+F) was selected
based on the BIC criterion values calculated by ModelFinder implemented in IQTREE.
Results: In total in metatranscriptomic data from the samples of Baikal mollusks we
revealed 64 viral scaffolds; of these, only one was identified as a DNA virus related to
sSDNA CRESS viruses from a New Zealand freshwater Lake Sarah and USA freshwater
springs. The rest 63 viral scaffolds (from 24 to 33 per sample) were identified as RNA
viruses similar to those from different viral families (Picornaviridae, Marnaviridae,
Dicistroviridae, Solemoviridae, Partitiviridae, Tombusviridae, Nodaviridae,
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Narnaviridae, Caulimoviridae and Qinviridae). Overall, the four examined pool samples
were similar despite the large distances between sampling stations. This can be explained
by the active mixing processes of the Lake Baikal waters, including those due to the
currents and winds [6], as well as the long-term circulation of a wide variety of viruses
in the lake’s ecosystem.

Among the viral genomes (or scaffolds) identified were picorna-like viruses closely
related to the previously described freshwater shellfish viruses Biomphalaria virus 1 and
Biomphalaria virus 3. As known, picorna-like viruses may also be responsible for mass
mortality events in marine mollusks [7].

In general, the similarity of proteins of B. baicalensis viruses to known viruses from the
NCBI database was low and in single cases exceeded 70 %. Only one scaffold showed
99.3 % identity and 99 % query coverage with unstructured polyprotein of Tiger puffer
nervous necrosis virus (TPNNV, family Nodaviridae). Reservoirs of ‘nervous necrosis
viruses’ were reported in different mollusks (bivalves, gastropods and cephalopods) and
other marine invertebrate species (crabs, shrimps, artemias and rotifers) in waters of
South Korea, Japan and China, in the European Atlantic and Mediterranean waters [8].
Baikal mollusks may also act as reservoirs for nodaviruses and other viruses and
influence their epidemiology.

RdRp sequences from Baikal gastropods were distributed into five clusters
corresponding to the RNA viral orders Picornavirales, Tolivirales, Nodamuvirales,
Durnavirales and Sobelivirales, demonstrating the distant relationship of the identified
viral genomes (genomic fragments) and the diversity of RNA viruses with a wide range
of hosts (mollusks, insects, plants, algae, protozoa, fungi and vertebrates). Our data also
revealed significant distances between the RdRps of Baikal viruses and those from other
organisms and biotopes, indicating the novelty of the viruses we discovered.
Conclusion: The metatranscriptomic study of samples of Baikal mollusks made it
possible to reveal a new range of unique viruses in the ecosystem of Lake Baikal. The
detected high diversity of viruses in the Baikal endemic gastropod B. baicalensis
included unknown representatives of different orders and families infecting a wide range
of hosts.

B. baicalensis lives on rocky and mixed sandy-stony biotopes and is an omnivorous
species that grazes on the substrate [9]. This contributes to the transmission and
bioaccumulation of various viruses that infect a wide range of benthic and planktonic
inhabitants of Lake Baikal. Thus, additional research is required to establish the actual
host range for novel viruses and uncover the true virome of Baikal mollusks.

Funding: The study is supported by the Russian Science Foundation (No. 22-24-01120)
and the Ministry of Science and Higher Education of the Russian Federation (No. 0279-
2021-0005).
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