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Momusayus u yenw: I1osBIEHNE HOBBIX TEHOB CIIOCOOCTBYIOT IBOJIOIIMOHHBIM HHHOBAIIMSAM BO BCEX opraHu3max [1].
OmHUM U3 BaXHEHIIMX MEXaHN3MOB BO3HHKHOBEHMS HOBBIX T'C€HOB SBJSIETCA JOMECTHKALUS WM MOJEKYJISIPHOE
«OJIOMAIITHWBAHKE» TPAHCIIO30HOB, TO €CTh IEPEXO0/] [TOCIIE0BATEILHOCTH MOOMIILHOTO A5ieMeHTa (M D) U3 «reHOMHOTO
napasutay B QyHKIMOHAIbHBIN reH Xo3siuHa [ 1,2]. Takue coObITHS MPUBOASAT K (POPMUPOBAHHIO HOBBIX PETYJIATOPHBIX U
OETTKOBBIX MOCIIEIOBATEIEHOCTEH B TCHOME, TO3TOMY MX ITOMCK BayKeH ISl TIOHNMaHMS 3BOJTIOIUH reHoMa. Ha naHHbIi
MOMEHT, yHUBepCcallbHasl 0a3a FeHOB, OIHO3HAYHO KIACCU(PUIMPOBAHHBIX KaK IPOAYKTHI JOMECTHKAIIMN OTCYTCTBYET,
a OOJBIIMHCTBO MCCIEOBAHUH OMUPATHCh TOIBKO Ha TOMOJIOTHIO MEXKIY TeHaMH 1 OelKaMu TPaHCI030HOB. B nanHO#
pabote ommcaHa pa3pabOTKa YHHBEPCAILHOIO OMOMH(DOPMATHYCCKOTO MalIUIaiiHa Isi MACHTH()UKAIUK TCHOB-
KaHAMJIAaTOB, BO3HUKIINX B PE3yJbTaTe TOMECTHKAIIMH MOOMJIBHBIX 3J€MEHTOB, OCHOBAHHOTO Ha aHAJIN3E '€HOMOB
noncemeiictBa Drosophilinae. C ucnonb30BaHUEM TaimiaiiHa ObUIO MPOBENEHO NETaIbHOE HCCIIEOBAHUE T'€HOB,
TOMOJIOTHYHBIX TPaHCIo3a3aM cemeicTBa 1c//Mariner, ¢ 1enbto yTouHEeHUsI UX (QYHKIIHIA, CTEIIeHH KOHCEPBAaTUBHOCTH,
XapaxTepa 0Toopa U BEpOSATHOTO BPEMEHH JOMECTHUKAIUH.

Memoowr u ancopummer: T1epBbIit 3Tam aaropuTMa 3aKIHOYaICsS B MOUCKE TOMOJIOTHHA MEXIY OeaKaMu MOOMIBHBIX
AIIEMEHTOB U OEJIOK-KOIUPYIOIUMHE mocienoBarenbHocTAME (CDS) B reHoMax uccieyeMbIX Opranu3MoB. Jliis aToro
UCIIONIb30BAJICS. MHCTPYMEHT tblastn ¢ 3anmpocoM, cocTosiM 3 6eIKoB MOOMIIBHBIX 3lieMeHTOB U3 0a3bl RepatPeps,
comepxkamieid B ce0s okoiao 40 Thic. OEIKOBBIX ITOCIEAOBATEIBHOCTEH TPAHCIIO30HOB PA3IMYHBIX OPraHU3MOB.
BripaBHuBanue BoimoiHsioch Ha CDS-nocnenoBaTensHOCTH TeHOB M3 43 reHOMOB mopacemeiictBa Drosophilinae.
JIyist KaKJ0ro BhIpAaBHMBAHMSI OLIEHMBAIACh CTATHCTHKA bitscore, a B JajbHEHIIMN aHAIM3 BKIIOYAINCH TOIBKO TE
BBIPABHUBAHUSA, Y KOTOPHIX 3HAUEHHE 3TOW CTATHCTHKHU OBUIO BBIIIEC TPETHETO KBAPTWIA HA 1,5 MEXKBapTHIBHOTO
pa3maxa, 4yTo TO3BOJMJIO CYILIECTBEHHO CHU3UTh BEPOSTHOCTH Cy4aliHbIX coBnaaeHuii. Ha crnenyroriem sramne Obuia
BBINOJIHEHA JIOTIOJHUTENbHAS (uibTpalust 0a3el RepeatPeps, HOCKONbKY B HEH PUCYTCTBOBAIIM MOCIIEA0BATEIBHOCTH
C HETUITUYHOM JUIS 3asIBICHHOTO CEMEHCTBA TOMEHHOHN apXUTEKTypoil. MneHTHhuKaIus TOMEHHBIX CTPYKTYP T€HOB-
KaHAMIaTOB U OeikoB MD mpou3BOAMIACk C UCTONb30BaHUEeM Oa3bl jomeHoB CDD u mHCcTpymeHTa rpsblast. benku
TPAHCIIO30HOB OBLIM CTPYIIHPOBAHBI [0 COOTBETCTBYIOIIMM MM CEMEHCTBaM, IOCIE Yero JUIs KaXKI0Tro ceMeicTBa
OBLTa pacCYUTaHa YacTOTa BCTPEUAEMOCTH KaKJI0TO MACHTHU(HUIIMPOBAHHOTO JOoMEHA. UTOOBI ONpeaenTh, SIBISACTCS
JIU JIOMEHHAsl apXUTEKTypa KOHKpEeTHOro MD TUIMHUYHOW ISl €r0 CylepceMencTBa, UCTIONb30BAIA CTAaTUCTHUECKHMA
TECT, peal30BaHHbId B (QyHKIMH Xxmulti si3pika nporpammupoBanus R B makere XNomial. CpaBHenue Habopa
3HAUEHUH YacTOT JOMEHOB y MD m pacmpenencHue 4acTOT IOMEHOB B €ro CEMEWCTBE MO3BOJMIIO HCKIIOYHTH
HETHNUYHbIE I cymnepceMmeiictBa TE-mocnenoBaTeIbHOCTH M OCTABUTH TOJNBKO KAaHOHHYECKHE MPEACTAaBUTEITH
cemeiicTa. Jlanee BRINONHATIACH IPOBEPKA TEHOB-KAHANWIATOB HA COOTBETCTBHE KPHUTEPHSM, OTIMYAIOIINM T'CHBI
or JIHK-tpancnozonos. Kpurtepusmu st or60pa ObUTH BHIOpAaHBI: OTCYTCTBHE TEPMHHAIBHBIX WHBEPTUPOBAHHBIX
noBTopoB (TIR) u Tapretneix caitoB aymmukaimuu (TSD) B reHax u ¢uaHkupyrommx ux oOnacreil; HHU3Kas
KOIMIHOCTh B TEHOME, HCKJIFOYAIOIIasi aKTUBHYIO IKCIIAHCHIO; ICHCTBUE OUHMIIAIOIIET0 0TOOPa; HAINYNE IKCIIPECCHUU B
COMATHYECKHX KJIETKaxX; KOHCEPBATHBHOCTh MUKPOCEHTEHHHU U OT/ICIbHOE MOHO(DUIIETUYECKOE MOJIOKEHUE OPTOJIOTOB
TeHa OTHOCHTEIHHO MPEAKOBOrO CeMeicTBa TPaHCIO30HOB. [y Banmuaannu paboThl aJropuT™Ma TeHBI, MPOIICIIINE
0TOOp, TOABEPIIIUCH IBONIONNOHHO-(DYHKIIMOHATIBHOMY aHaNM3y. BN ompeneneHsl OpTolIoTH TeHOB-KaHUIaToB,
TOMOJIOTHYHBIX TPaHCI03a3aM cynepcemeiicta Tcl/Mariner, ¢ nomouibto 6a3bl nanueix OrthoDB, nanee na ocHoBe
UX TIOCJIEA0BATEIbHOCTEH OBIIIO BBITOJIHEHO MHOKECTBEHHOE BEIPAaBHIBAHNUE C UCTIONB30BaHKNeM porpaMMbel MAFFT,
KOTOPOE HCIIOJIB30BAJIOCH JUISI TOCTPOCHUS (DMIIOTEHETHYECKOTO JepeBa U OLICHKH HalpaBieHHE ICHCTBYIOIIETO Ha
reH otOopa 1o 3Hadennto dN/dS. OyHKIMOHAIBHBIN aHAIN3 BKIIFOYA U3yUeHNE TKaHeCTIelM(DUIECKOil U CTauiHON
akcriipeccun 1o nanueiM modENCODE, noctpoenune ceteit koskcnpeccun u GO-o0oramieHus.

Peszynomamer: PazpaboTaHublil naiimiaitn 6601 puMeHEH K 43 reHOMaM noficeMeiicTBa Drosophilinae n B pe3ynbrare
ero paboThl ObLTH 0TOOPaHbI 116 reHOB, OENIKM KOTOPBIX BEICOKO TOMOJIOTHYHBI K O6e1kaM MO, MuHuMallbHOE 3HaYeHNE
bitscore coctaBuiio 37.7 i JaHHBIX MTap roMmosioruii. Hamu Obuti pa3zpaboTaHbl 6 KpUTEPUEB IOMECTUKAIINH, KOTOPbIC
MOTJIN TIOATBEPUTD, YTO HAWICHHBINA T'eH SBISCTCS (PYHKIIMOHATFHON YacThIO TEHOMA, a He akTUBHBIM MD. Tak kak
B IIPENBIAYIINX paboTax He MPOU3BOIMIOCH MYJIBTUTCHOMHOIO aHalu3a goMectukauii MO cemelictea Tcl/Mariner,
KpUTEepHH 0TOOpa OBUIM MPUMEHEHBI K TPYIINE T€HOB, CXOAHBIX C TPAHCIIO3a3aMH MMEHHO ATOTO CyIepceMencTBa
TPaHCIIO30HOB. B nTore 66U10 MOATBEP)KICHO HATMYHE ISTH TEHOB, 00JIa1al0MKX HanOoJee 3HAYUMBIMH ITPU3HAKaMHU
nomectukanuu. Yersipe w3 Hux (CGI14478, CG4570, cag n toy) UMEIOT NPHU3HAKU APEBHEH JTOMECTHUKAIHH,
BKJIFOYAsl OYMIIAIOUIMN OTOOp, CTAOMIIBHYIO DKCIIPECCHUIO, OTICIbHOE MOJOKEHNE Ha (PUIIOreHETHYECKOM JepeBe U
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KOHCEPBAaTHBHYIO0 MUKPOCHHTEHIHNIO. [19THIH, TeH, OorpaHMYeHHBIN onpeneneHnoi kianon (LOC26532114) B rpyme
Bu0B Drosophila obscura, neMOHCTpUpPYeT IPU3HAKN HEAABHETO OIOMAIIHIBAHNS, XapaKTEPHU3YIOIIHECs] YMEPEHHBIM
OYMIIAIOIINM 0TOOPOM M YaCTUYHBIM COXPAHEHHEM JOMEHHOH CTPYKTYpPbI. Ba’KHO OTMETHTB, UTO IPOBE/ICHHBIIN aHAIN3
MI0Ka3aJI CYIIECTBOBAHNE IBYX BO3MOKHBIX MOJIEKYIISIPHBIX ITyTEH IOMECTHKAIINY TPAHCIIO30HOB cyTnepcemeiicTsa 7c//
Mariner:ten CG14478 coxpaHui KaTaduTHIeCKui YHI0HYKIea3HbIii DDE-nomen, ares CG4570 - HTH-motuB IHK-
CBS3BIBAIONIETO JOMeHa. [Ipu 3ToM TpesckazanHas TpéxmepHas cTpykTypa oenka reHa CG /448 BBICOKOTOMOJIOTHYHA
CTPYKType O€NKOB aKTHBHBIX TPAHCIO30HOB M MonokeHne DDE-aMHHOKHCIIOT, KpUTHYIECKOE IJIsl KaTaIUTHIECKOH
aKTUBHOCTH, coxpaHseTcs. [1o mpoduisiM SKCIpecCHy U CEeTSIM KOIKCIIPECCHU MOXKHO TIPEAIIONOKUTE, uTo CG14478
cBs3aH ¢ peryminueit PHK u metabommsmom xpomariaa, CG45 70 — ¢ KIETOYHBIM IIAKIIOM U OpTaHU3aIIel XpOMOCOM,
a Uil cag W toy BO3MOXHBI (YHKINH, CBS3aHHBIE C IMJIMOT€HE30M M Pa3BUTHEM HEHpOHOB. Takum o0Opazom,
pa3paOoTaHHBIN MaiIIaiH MO3BOJSIET HE TOJIBKO HAXOIUThH JOMECTHIINPOBAHHBIC T€HBI, HO U IIPEAIIONAraTh MEXaHU3M
nX (yHKINOHAJIBHOTO HUCTIOIb30BAHUSI.

Buigoowvr: Hamm ObuT pazpaboTaH W MPOTECTHPOBAH YHUBEPCAIBHBIA BOCIPOM3BOAMMEIN MaHIUIaifH A IMTOWMCKa
T€HOB-KaHINJATOB B «IOMECTHIMPOBAHHBIC TPAHCIO30HBD. B OTAMYME OT MOAXOMOB, OCHOBAHHBIX TOJBKO HA
CXOJICTBE TIOCJIEA0BATEIBHOCTEH, IPEUIOKEHHAS CXEMa COYETACT CTATHCTHUECKYIO (DUIIBTPALINIO, JIOMEHHBIN aHAIIN3,
SBOJIFOIOHHBIE KPUTEPHUH, MHUKPOCHHTEHHIO W (YHKIHMOHAJIbHBIE AAHHBIC, YTO 3aMETHO IOBBIMIAET TOYHOCTh
BBIBOJIOB 00 3BOJIOLUH JAaHHBIX T€HOB. Takke ObUIO MOKa3aHO, YTO B TEHOMAX MCCIIEAYyEMON I'PYIIIbI IPUCYTCTBYET
HE MEHE€ IISITH TeHOB, MPOU30MIEAIINX OT TPAHCIIO30HOB ceMmelicTBa 1c//Mariner, KOTOpBIE Pa3INYaOTCs IO BPEMEHU
JIOMECTHKANHU 1 (PYHKINOHATIBHON criennanu3anui. [IpeiokeHHbIN TaluTaifH B JarbHEeHeM MOKHO HCTIONB30BATh
JUIsl MacIITaOHOTO MONCKA COOBITHI MOJICKYIISIPHON IOMECTUKAIMHU B IPYTHX 3yKAPHOTHUECKUX TeHOMAaX U CO3/1aHMs
OTKpBITOH 0a3bl JaHHBIX TAaKMX TeHOB. Takke IIaHUpyeTcst 1opadoTKa M ONTUMM3ALMS aJITOPUTMOB NMalIuIaiiHa s
3¢ PEKTHBHOTO BBITIOTHEHHE TTOMCKA JTOMECTHUIIMPOBAHHBIX MOOHMJIBHBIX JIEMEHTOB Ha OONBIINX HaOOpax T€HOMOB
n3 NCBI. Ha nannsrii MmoMeHT, HAET OTIaXnBaHHE TporueccoB Hapabotku Oenka CGI4478 s ompeneneHus ero
KaTaJIMTHYECKON aKTUBHOCTH in Vitro, U, B JanpHeHmem, ucciuenosanus Gyt CG14478.

Ounancuposanue: Mccnenosanne noanepxkano PH® Ne 22-74-10050-11.
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Motivation and Aim: The emergence of new genes contributes to evolutionary innovations in all organisms [1]. One
of the most important mechanisms for the emergence of new genes is a molecular “domestication” of transposons,
i.e., the transition of a transposable element (TE) sequence from a “genomic parasite” to a functional host gene [1, 2].
Such events lead to the formation of new regulatory and protein sequences in the genome, so their identification is
important for understanding genome evolution. Currently, there is no universal database of genes unambiguously
classified as a products of domestication, and most studies have relied solely on homology between transposon genes
and proteins. This study describes the development of a universal bioinformatical pipeline for identifying candidate
genes arising from the domestication of TEs, based on an analysis of the genomes of the Drosophilinae subfamily.
Using the pipeline, a detailed study of genes homologous to 7c//Mariner family transposases was conducted to clarify
their functions, degree of conservation, nature of selection, and probable time of domestication.

Methods and Algorithms: The first stage of the algorithm involved searching for homologies between TE proteins
and protein-coding sequences (CDS) in the genomes of the studied organisms. To aim this purpose, the tblastn
tool was used with a query consisting of TE proteins from the RepatPeps database, which contains approximately
40,000 transposon protein sequences from various organisms. Alignment was performed on the CDS sequences of
genes from 43 genomes of the Drosophilinae subfamily. For each alignment, the bitscore statistic was evaluated, and
only those alignments for which this statistic was 1.5 interquartile ranges above the third quartile were included in
further analysis, which significantly reduced the probability of random matches. In the next step, additional filtering
of the RepeatPeps database was performed, as it contained sequences with domain architectures atypical for the
claimed family. The identification of domain structures in candidate genes and TE proteins was performed using the
CDD domain database and the rpsblast tool. Transposon proteins were grouped into their corresponding families,
the frequency of occurrence of each identified domain was calculated. To determine whether the domain architecture
of a specific TE is typical for its superfamily, we used a statistical test implemented in the xmulti function of the
R programming language in the XNomial package. Comparing the set of domain frequency values for the TE with the
distribution of domain frequencies within its family allowed us to exclude TE sequences atypical for the superfamily
and retain only canonical representatives of the family. Next, candidate genes were checked for compliance with
criteria distinguishing genes from DNA transposons. The following criteria were selected for selection: the absence
of terminal inverted repeats (TIRs) and target sites of duplication (TSDs) in the genes and their flanking regions; low
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copy number in the genome, ruling out active expansion; the action of purifying selection; the presence of expression
in somatic cells; conservatism of the microsatellite and the separate monophyletic position of the gene’s orthologs
relative to the ancestral transposon family. To validate the work of the algorithm, the genes that passed the selection
underwent evolutionary and functional analyses. Orthologs of candidate genes homologous to transposons of the 7c//
Mariner superfamily were identified using the OrthoDB database, subsequently, multiple alignment was performed
based on their sequences using the MAFFT program, which was used to construct a phylogenetic tree and assess the
direction of selection acting on the gene based on the dN/dS ratio. Functional analysis included the study of tissue-
specific and developmental stage-specific expression based on modENCODE data, the construction of co-expression
networks, and GO enrichment analysis.

Results: The developed pipeline was applied to 43 genomes of the Drosophilinae subfamily, resulting in the identification
of 116 genes whose proteins are highly homologous to TE proteins. The minimum bitscore value was 37.7 for these
homology pairs. We developed six domestication criteria that could confirm that the identified gene is a functional part
of the genome rather than a TE. Since previous studies did not perform a multigene analysis of 7c//Mariner family
TE domestications, the selection criteria were applied to a group of genes similar to transposases of this specific
transposon superfamily. As a result, the presence of five genes exhibiting the most significant signs of domestication
was confirmed. Four of them (CG14478, CG4570, cag, and toy) exhibit signs of ancient domestication, including
purifying selection, stable expression, a distinct position on the phylogenetic tree, and conservative microsynteny. The
fifth gene, restricted to a specific clade (LOC26532114) within the Drosophila obscura species group, exhibits signs of
recent domestication, characterized by moderate purifying selection and partial preservation of the domain structure. It
is important to note that the analysis revealed the existence of two possible molecular pathways for the domestication
of Tcl/Mariner family transposons: the CG14478 gene retained the catalytic endonuclease DDE domain, while the
CG4570 gene retained the DNA-binding HTH domain. Along these lines, the predicted three-dimensional structure
of the CG1448 protein is highly homologous to the structure of active transposon proteins, and the position of the
DDE amino acids, which is critical for catalytic activity, is preserved. Based on expression profiles and co-expression
networks, it can be suggested that CG14478 is associated with RNA regulation and chromatin metabolism, CG4570
with the cell cycle and chromosome organization, and for cag and toy, functions related to cytogenesis and neuronal
development are possible. Thus, the developed pipeline allows not only for the identification of domesticated genes but
also for the prediction of the mechanism of their functional utilization.

Conclusion: We developed and tested a universal, reproducible pipeline for identifying candidate genes as “domesticated
transposons”. Unlike approaches based solely on sequence similarity, the proposed pipeline combines statistical
filtering, domain analysis, evolutionary criteria, microsynteny, and functional data, which significantly improves the
accuracy of conclusions regarding the evolution of these genes. It was also shown that the genomes of the studied group
contain at least five genes derived from Tcl/Mariner family transposons, which differ in terms of domestication time
and functional specialization. The proposed pipeline can be used in the future for large-scale screening for molecular
domestication events in other eukaryotic genomes and for the creation of an open database of such genes. We also plan
to refine and optimize the pipeline’s algorithms to efficiently search for domesticated TEs in large sets of genomes
from NCBI. Currently, we are fine-tuning the processes for producing the CG 74478 protein to determine its DNA-lytic
activity in vitro, and, in the future, to study the functions of CG14478.

Funding: The study is supported by the Russian Science Foundation (RSF) grant No. 22-74-10050-P.
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