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Momusayua u yenv. dOeHOMEH NapaMyTalliM ONMCHIBAET B3aUMOJECHCTBHE MEXIY
IBYMsl aUIelsMH, @PU KOTOPOM OAWH ajulelb HMHALUUHUPYET HacleayeMble
SMHUI'CHETHUECKUE M3MEHEHUS B JPYroM ajiesie, He 3aTparuBasl MOCleI0BaTeIbHOCTh
JHK [1]. Dnurenernyeckoe npeodOpa3oBaHUe BCICICTBUE MApaMyTallUK 3aKII0YACTCs
B M3MEHEHHMM NaTTepHa MeTwiaupoBaHusi rucroHoB w/mnu JAHK napamyraGenbHoro
anyenss U OKa3bIBaeT BIUSHUE HA DKCIPECCHIO TeHOB. MEXaHW3M SMHUTeHETUYECKOTO
npeoOpa3oBaHus ajuiesiell Ipu MapaMyTalud OCTAeTCs MAaJOM3Y4YeHHBIM, OJJHAKO BCE
paHee ONMCaHHbIE CITy4al 00bEANHSET TO, YTO IIIaBHBIMU 3P PEKTOPHBIMU MOJIEKYJIaMH,
HEOOXOIUMBIMH Ul WHULMALWKA U HOANCPKAHUS SMUTCHETHYECKUX MOAW(UKAINH,
SBJISIOTCS KOpOTKHE Hekoaupytomue PHK [1].

B ocHoBe mapamyTamuu y qpo30Qut ISKUT OMOXUMAYECKH MyTh o0pa3oBanus piPHK
(xopotkue Hexkonupytomre PHK, accommupoBannsie ¢ 6emxkom Piwi) 1 MexaHn3M Ko-
TPAHCKPHITITHOHHOTO CaiIeHCHHTa ¢ ToMoIsio komiutekca piPHK/Piwi [2]. O6pasosa-
e PIPHK npoucxoauMT MCKITIOYUTEIBHO B PENPOIYKTHBHBIX OpPraHax >KUBOTHBIX U
HaIpaBJICHO Ha MOJAABJICHUE aKTUBHOCTH MOOWJIBHBIX 35IeMeHTOB. OIHAKO B PEOKUX
ClIydasix B XOJIe SMUTEHETHYECKOTO CaICHCHHTa MOOMJIBHBIX 3JIEMEHTOB OEIKOBBIN
komriekc 6uorenesa piPHK mMoxeT ommbo4HO HalenMBaThCsl Ha OEIOK-KOTUPYIOIIUE
reHsl W MoAaBiATh uX dkcrpeccuto [3, 4]. Y D.virilis piPHK-omocpenosantoe
nojaBjieHue amwrens Cdi  SBISETCS MPUMEPOM TOM00HOW ““‘HenpeaHaMepeHHON”
perymsmmu [5]. Kpome Toro, marepunckoe nacnenosanue PiPHK k tparckpumnram cdi
NPUBOIUT K SMHUICHETHYECKOW TpaHc(OpMalMy rOMOJIOTMYHOTO JIOKYCA BCIEICTBHE
napamyTaruu [6].

B namem uccienoBanum Mbl u3ydmin penepryap reausix PiPHK y nunwii D. virilis u3
pa3MYHBIX reorpaguyueckux W JabOpaTOPHBIX MOIYJISIHMA, UCCIEA0BAIN WX MHOTO-
00pa3us U IMyTH BO3HUKHOBEHHMS, a TAK)KE M3YyUWIIH, MOKET JIM MaTEPUHCKOE HACIEa0-
Banue piPHK kommmementapasix MPHK 0enok-komupyromux T€HOB MPHUBOAHUTH K
SMHUT'eHETHYECKON TpaHc(hOopMaIiy IreHHBIX JIOKYCOB B Pe3yJibTaTe mapamyTalliH.
Memoowr u ancopummer: Jlns anamusza reansix PIPHK mbr ncronbs3oBanu 11 nuHui
D. virilis, mpeacTaBisonMx OPUPOAHBIE U JTa0OPATOPHBIE MOMYJSAUUH. BHOIHOTEKH
KopoTkux Hekoaupyronux PHK mpurorosiens! ¢ momorsio Hadbopa Truseg small RNA
kit (Illumina, CIIA) u3 TotansHoi PHK, BeizenenHoit u3 30 map sSIMYHUKOB CaMOK
KakAaod u3 nuHui. Ypanenne ¢dpakmun 2S pudbocomanpHoit PHK mepen cozmanuem
OMOJIMOTEKHU MPOBEICHO ¢ MOMOIIBIO BhiAeaeHus 18—30 Hr dpakiuu TotansHoit PHK B
MOJIMAKPUIIAMUIHOM Tejie. bubnuorexku cekpeHupoBanbl Ha npubopax Nextseq-2000.
Anamm3 oskcnpeccun  piPHK  BbimomHeH ¢ ucmonb3oBaHHeM — COOCTBEHHOTO
OnonH(}OpMaLOHHO-BEIYMCIUTENBHOTO KOHBEHEepa, HAIMCAaHHOTO Ha s3bIKe R.
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HccnenoBanne mapamyrareHHbIX — cBoiictB  PIPHK-mpoxymmpyromumx — JIoKycoB
BBITIOJIHEHO HA MOJIENTU CKpeLIMBaHui Mexxay camkamu Tuand 140 u camuamu auHun 9.
CHavania Obut 0TOOpaHbl camku JuHuu 140, comepikallei MOTEHIMAIbHBIC Iapa-
mytarennsie amnenu Adar/OtopLb'40 y RhoGEF3™%0, y camupl murun 9, amnenn
KOTOPOH SIBIISIIOTCS MapaMyTa0eIbHBIMH 110 OTHOIIEHHIO K ayutessiM uaun 140. 3atem
OBUIM OCTABIIEHBI CKpemuBanus camok uann 140 ¢ camuamu muamn 9 (9140 X 39) n
nostydeHbl THOpub! TiepBoro nokosenus (F1). anee u3 rudbpumaos F1 6butn 0TOOpaHbI
JIEBCTBEHHBIC CAMKH M IMPOBEIEHBI BO3BPATHBIE CKPEIIMBAHUS C CaMUIAMM HCXOIHOM
poaUTENbCKOM NMHUKM 9 U MONYYEHUS TOMO3MIOTHOTO IOTOMCTBA MO JIOKyCam
Adar/OtopLb u RhoGEF3 nunanu 9. T'eHOTHIHpOBaHME BBIBEIECHHBIX JIMHHMA, TOMO-
3urotHeIX 1o amiensm Adar®® u RhoGEF3%°, BBINOIHEHO ¢ TOMOIIBIO aJJIeNb-CIEIH-
¢uunbIx npaiiMepos. TonbKO MOTOMCTBO OT caMok ¢ reHoturiom Adar®® u RhoGEF3%°
OBLIO MCTIONB30BAHO TS TTOTydeHMs] OMOINOTEK KOPOTKUX Hekoaupyromux PHK.
Pesynomamur. Cpenu 11 muuuii D. virilis u3 pasubix reorpaduveckux u 1ab0paTOpHBIX
nomyJsiuid Mel 00Hapyxuiu 6onee 100 6enok-konupyromux reaos, Ha MPHK koTopsix
kaptupyercs piPHK ¢ ypoBhem skcmpeccuu He menee 50 rpm (reads per million,
KOJIMYECTBO NMPOYTCHUH Ha MUJITMOH BBHIPOBHEHHBIX MPOYTEHMIT) XOTs OBl B OHON U3
UCCJICJIOBAaHHBIX JIMHUI. Mbl oOHapyxwmnu, uro JjuHuu D. virilis o6nagator
BBIpOKEHHBIM ToMUMopdu3MoM skcripeccud TeHHbIX piPHK. M3 coBokymHoCTH
OOHapyKEHHBIX T'€HOB TOJNBKO uIsi 25 mociemoBareibHOCTeH obpaszoBanue PiIPHK
HabJoaeTest 6osiee YeM B 5 TMHUSIX, a BRICOKOIKCIIpeccupyromuecs reausie PiPHK, ¢
nokpeitueM 6osee 500 rpm, oOHapyKeHBI TOIBKO B 0JJHOM H3 auHUI — 160.

Masee MbI 0TOOpaIH T€HbI ¢ HAMOOJIBIINM KOJHYECTBOM KapTupoBaHHbIX PiPHK; Obutn
BeIOpanbl Tpu reHa — Adar, OtopLb u RhoGEF3, Ha mocienoBareibHOCTH KOTOPBIX B
140 muaun yHuKaneHO Kaptupyercs Oomee 500 rpm piPHK, a B 9 muaum piPHK
OTCYTCTBYIOT. MBI OOHapyXHJIH, YTO MaTepuHCKOe HaciemoBanus piPHK x Adar,
OtopLb u RhoGEF3 onpenernsier sxcnpeccuto piPHK 13 gaHHbBIX JIOKYCOB B CIICIYIOIIEM
MOKOJICHUHU ¥ Ha0Ir0aaeTcs Tonbko y rubpunos 9140 x 49, korna piPHK Hacnexyrorcs
M0 MaTePUHCKOM JTMHUH, KaK U B cirydae rera cdi [6].

B3aumocBsizb Mexay obpasoBanneM renubix PIPHK u skcnpeccueit MPHK renoB He
Bceraa oueBuaHa. Mexay ypoBHeM akcmpeccun PIPHK k mocnenoBatenbHOCTH TeHa
Adar u ypoBHem ero skcnpeccur B 140 u 9 nuHUH, a Takke THOPUIOB OT MPSIMOTO U
PELUIPOKHOTO CKPEIIUBAHUs HAOIIOIAeTCsl OTpUIaTeNbHas Koppemsius. OmHaKo s
rena OtopLb, xoropblii HaxoaWTCS B OAHOM JIOKyce ¢ renoM Adar, mel, Ha060pOT,
00HAPYKUITH TIOJIOKHUTENBHYI0 KOppemsuio Mexay skcnpeccueit MPHK u piPHK B
guanu 140, J{ns rena RhOGEF3 He ynamoch ycTaHOBHTH JOCTOBEPHYIO KOPPEISAIHIO
mexay skcnpeccueii PiPHK u ypoBHem skcmpeccun rena. I'enst Adar m OtopLb
HaXOIATCSl B OJHOM JIOKYCE B O0JIACTH NPHUIIEHTPOMEPHOTO IeTepOXpOMaTHHA, a TeH
RhoGEF3 Ha apyroii XxpoMocoMe Tarkke B reTepoxXpoMaTHHOBOW oOiactu. [IpoBems
CPaBHHTEIbHBIN aHAJIHU3 CTPOCHHS FeHHBIX JIOKYCOB, MBI 00HAPYKUJIU, YTO B JJOKYC I'eHa
RhoGEF3 B nunuu 140, B otiuune oT 9, MPOM30ILIA BCTaBKA PETPOTPAHCIIO30HA
Nausicaa. Jlokycel renoB Adar u OtopLb B muausx 140 u 9, 3a MCKITFOUEHHEM METKHX
MEPECTPOEK, TOMOJIOTHYHBI TIOCIIEI0BATEIBHOCTH B pepepeHCHOM TeHOME.

YToOBI MPOBEPHUTH, MOXKET JIN MaTeprHCKOe Hacienoanue piPHK, kommiemMenTapHbIx
tpanckpuntam Adar, OtopLb u RhoGEF3, Bbi3biBaTh TpanchOpMaIuo roMOI0rHYHbIX
TeHOMHBIX JIoKycoB B piPHK kmactepbl B pesynbTare mapamyTalldd, Mbl MPOBEIN
CKpelIBaHusi Mexny camkamud JuHud 140 u camuamm smHum 9. B pesynbrate
SKCIIEPUMEHTA MbI BbIBENM 16 yuuuil ¢ renotunom Adar/OtopLb®® u RhoGEF3%°,
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OnHaKo MPOBENICHHBIN aHAIM3 AaHHBIX JIMHUH MMOKa3al oTcyTcTBHE 3Kkcnpeccuu piPHK
u3 nokycos Adar/OtopLb u RhoGEF3 Bo Bcex M3yueHHbBIX HAMHU JIMHHSX.

Bui6oowi: B maunoi# pabore MBI mpoBenu uccienoBanue reuupix PiPHK B 11 munamsax
D. virilis u3 pa3nuunbix reorpaduueckux u 1aboparopusix nonyssiiuii. ['ennsie piPHK
COCTaBIISIIOT TpuMepHO 5% ot obmero myna piPHK B suunukax u oOmagarot
BBIPOXEHHBIM MEXIIMHEHHBIM MOJIMMOP(U3MOM 3KCIIPECCHH. MBI YCTaHOBHIIHM, YTO
mHoroo6pasue reanbix piPHK y D. virilis onpenesnsiercss pa3iudHbIMH MeXaHU3MaMU
obpazoBanus reHubix piPHK. Hcmonb3ys moxens ckpemuBanuii auaum D. virilis 9
u 140, neMOHCTPUPYIOMINX acUMMeTpUuHyto skcnpeccuio piPHK u3 nokycoB reHoB
Adar, Otoplb u RhoGEF3, ™Mbl ycTaHOBHWJIM, 4YTO SKCIPECCHH W MATECPUHCKOTO
HacienoBanus piPHK k Tpanckpunram resos Adar, OtopLb u RhoGEF3 nenocratouno
st popmupoBanus piPHK-mpoxynupyromumx KiacTepoB B TOMOJOTHYHBIX JIOKYCaX.
MbI Takke OOHAPYKWJIM HHCEPIHI0O MOOHIBHOTO siemeHTa Nausicaa B JOKyce
RhoGEF3 B nuanu 140. YuuTtsiBas, 4T0 HHCEPIUH TPAHCIIO30HOB OTCYTCTBYIOT B ATOM
e obnactu sokyca RhOGEF3 B nunuu 9, Mbl nipenonaraeM, 4To KIMEHHO HHCEPIIUS
MOOMIILHOTO 3JIEeMEHTa SBJSEeTCs JeTepMHUHAHTOH obOpasoBanust piPHK kimactepa B
nokyce RhoGEF3 B munnu 140.

Qunancuposanue. Pabora BbIMONHEHAa TMpH (UHAHCOBOH MOJJEPKKE TIpaHTa
Poccuiickoro nayunoro ¢onna (mpoekt Ne 22-74-10050).
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Motivation and Aim: The phenomenon of paramutation describes the interaction between
two alleles, in which one allele initiates inherited epigenetic changes in the other allele
without affecting the DNA sequence [1]. Epigenetic conversion due to paramutation
involves changes in methylation pattern of histones and/or DNA of a paramutable allele,
and affects gene expression. The mechanism of epigenetic conversion of alleles during
paramutation remains poorly understood, however, all previously described cases are
united by the fact that the main effector molecules necessary for the initiation and
maintenance of epigenetic modifications are small non-coding RNAs 1].

Paramutation in drosophila is based on the biochemical pathway of piRNAs (short non-
coding RNAs associated with the Piwi protein) and the mechanism of co-transcriptional
silencing by piRNA/Piwi complex [2]. The biogenesis of piRNAs occurs exclusively in
the reproductive organs of animals and is aimed at suppressing the activity of
transposable elements. However, in rare cases, during epigenetic silencing of
transposons, the protein complex of piRNA biogenesis may mistakenly target protein-
coding genes and suppress their expression [3, 4]. In D. virilis, rRNA-mediated
suppression of the cdi allele is an example of such “unintended” regulation [5]. In
addition, maternal inheritance of piRNA to cdi transcripts leads to epigenetic
transformation of the homologous locus due to paramutation [6].
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Herein, we analyzed the repertoire of genic piRNAs in D. virilis strains from various
geographical and laboratory populations, investigated their diversity and pathways of
origin, and also studied whether maternal inheritance of piRNAs targeted mRNA of
protein-coding genes can lead to epigenetic conversion of gene loci as a result of
paramutation.

Methods and Algorithms: To analyze genic piRNAs, we used 11 D. virilis strains
representing natural and laboratory populations. Libraries of small non-coding RNASs
were prepared using the Truseq small RNA kit (Illumina, USA) from total RNA isolated
from 30 pairs of ovaries of females of each strain. The removal of the 2S ribosomal RNA
fraction before the cloning of the library was carried out by isolating the 18-30 nt
fraction of total RNA in a polyacrylamide gel. The libraries were sequenced on Nextseq-
2000 platform. The analysis of piRNA expression was performed using our own pipeline
written in the R language.

The study of the paramutagenic properties of piRNA-producing loci was performed on
a model of crosses invloving females of strain 140 and males of strain 9. First, females
of strain 140 containing potential paramutagenic alleles Adar/OtopLb'“%*4° and
RhoGEF3%40140 and males of strain 9, whose alleles are paramutable with respect to
alleles of strain 140, were selected. Then crosses of females of strain 140 with males of
strain 9 (9 140 x & 9) were performed and hybrids of the first generation (F1) were
obtained. Further, virgin females were selected from F1 hybrids and recurrent crosses
with males of the original parental strain 9 were performed to obtain homozygous
offspring at the Adar/OtopLb and RhoGEF3 strain 9 loci. Genotyping of the derived
homozygous strains for the Adar®® and RhoGEF3°° alleles was performed using allele-
specific primers. Only offspring from females with the Adar®® and RhoGEF3°®
genotypes were used to obtain libraries of small non-coding RNAs.

Results: Among 11 D. virilis strains from different geographical and laboratory
populations, we found more than 100 protein-coding genes, on the mRNA of which
piIRNA is mapped with an expression level of at least 50 rpm (reads per million, the
number of reads per million aligned reads) in at least one of the studied lines. We found
that D. virilis strain have a pronounced polymorphism of genic piRNA expression. Of
the total of the detected genes, only for 25 sequences, the formation of piRNAS is
observed in more than 5 lines, and highly expressed genic piRNAs (more than 500 rpm)
were found in only one of the strains — 160.

Next, we selected the genes with the largest number of mapped piRNAs. Three genes
were selected — Adar, OtopLb and RhoGEF3, on the sequence of which more than
500 rpm piRNAs are uniquely mapped in strain 140, and there are no piRNAs in strain 9.
We found that maternal inheritance of piRNA to Adar, OtopLb and RhoGEF3
determines the expression of piRNA from these loci in the next generation and is
observed only in hybrids 140=9 when piRNAs are inherited maternally, as in the case
of the cdi gene [6].

The relationship between the formation of genic piRNAs and the expression of mMRNA
is not always obvious. There is a negative correlation between the level of expression of
piRNA to the sequence of the Adar gene and the level of its mMRNA in strains 140 and 9,
as well as hybrids from direct and reciprocal crossing. However, for the OtopLb gene,
which is located at the same locus with the Adar gene, on the contrary, we found a
positive correlation between the expression of MRNA and piRNA in strain 140. For the
RhoGEF3 gene, it was not possible to establish a reliable correlation between the
expression of piRNA and the level of gene expression. The Adar and OtopLb genes are
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located at the same locus in the region of the centromeric heterochromatin, and the
RhoGEF3 gene on the other chromosome is also in the heterochromatin region. After
conducting a comparative analysis of the structure of the gene loci, we found that the
retrotransposon Nausicaa was inserted into the locus of the RhoGEF3 gene in strain 140,
in contrast to strain 9. The loci of the Adar and OtopLb genes in 140 and 9 strains, with
the exception of minor rearrangements, are homologous to the sequence in the reference
genome.

To test whether maternal inheritance of piRNAs complementary to the Adar, OtopLb
and RhoGEF3 transcripts can cause the conversion of homologous genomic loci into
PiRNA clusters as a result of paramutation, we performed crosses between females of
strain 140 and males of strain 9. As a result of the experiment, we obtained 16 strain with
the genotype Adar/OtopLb®° and RhoGEF3%°. However, the analysis of these strains
showed the absence of expression of piRNA from the Adar/OtopLb and RhoGEF3 loci
in all the obtained so far.

Conclusion: In this work, we performed a study of genic piRNAs in 11 D. virilis strains
from various geographical and laboratory populations. Genic piRNAs make up
approximately 5 % of the total pool of piRNAs in the ovaries and have a pronounced
intrastrain polymorphism of expression. We have established that the diversity of genic
piIRNAs in D. virilis is determined by various mechanisms of their formation. Using the
crosses involving strains 9 and 140, demonstrating asymmetric expression of piRNA
from the loci of the Adar, Otoplb and RhoGEF3 genes, we found that the expression and
maternal inheritance of piRNA is not sufficient for the formation of piRNA clusters in
homologous loci. We also found the insertion of the transposable element Nausicaa at
the RhoGEF3 locus in strain 140. Considering that there are no transposon insertions in
the same region of the RNoGEF3 locus in strain 9, we assume that transposon insertion
is determining the formation of a piRNA cluster at the RhoGEF3 locus in strain 140.
Funding: The study is supported by Russian Science Foundation (grant No. 22-74-
10050).
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