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Momusayusa u yenp: AHHOTaUUs OakTEPUAIbHBIX TI'€HOMOB U HX KOHKPETHBIX
PETYISITOPHBIX TCHOMHBIX M0CJIe0BaTENbHOCTEN caiftamu CBSI3bIBAaHUS
TpaHCKpUIIUOHHBIX  (pakTopoB (CCT®) sBusercs akTyaabHOH OHOIOTHYECKOH
3ajaueil, MOCKONbKY paboTa KIETKH W TPOU3BOJCTBO ONpEAEICHHBIX (DEpMEHTOB
KPUTUYECKUM 00Pa30M 3aBHCHT OT CYLIECTBYIOIIUX PETYJISTOPHBIX TEHOMHBIX CBSI3EH.
CymiecTByroIue NPOTrpaMMHbIE PEIICHUS COJEpkKaT HEOOXOOUMbIe NPOrpaMMHBIC
KOMIIOHEHTBl JIMIIb YacTUYHO, HE TMO3BOJSAS KOMIUIEKCHO W C MHUHUMAaJIbHBIMU
Tpyno3aTpaTaMu BbINTONHIATh MaccoBbIi mouck CCT® kak BO BHOBb CEKBEHHUPOBAHHBIX,
TaK M HENOCTATOYHO M3YYEHHBIX OakTepualbHBIX TIeHOMax. B maHHON pabote
peann30BaH BBIYMCIUTEIBHBI KOHBEWEp, COCTOSIIUNA U3 CICTYIOUINX HEO0O0XOIUMBIX
ATAIOB JJIsl HOJHOIIEHHOH aHHOTALMKM OaKTEepUATbHBIX TEHOMOB C TIOMOIIBIO H3BECTHBIX
noaxozaos de novo moucka CCTD: (1) aHHOTHPOBaHKE FEHOMA OTIEPOHHOMN CTPYKTYPOH,
HEO0X0IUMOe ISl TAIbHEUIIIETO0 TOYHOTO OMpPEAEIICHUS! PETYSTOPHBIX/TIPOMOTOPHBIX
obmacrteit, (2) mnouck Oe nNOVO MOTHBOB B MPOMOTOpax IIEIEBOrO T'eHOMA,
(3) pyHkumoHaNBHOM aHHOTaMU BHOBB BhIsiBIICHHBIX CCT®. TTorck de NOVO MOTHBOB
B IIPOMOTOpPAxX LIEJIEBOr0 'eéHOMa MOXET OCYIIECTBIISATHCS aJbTEPHATUBHO C ITOMOILBIO
JIByX MOAXOJIOB: JUOO B MOJIHOHM BBIOOPKE MPOMOTOPOB IIEJIEBOTO OPraHnu3Ma, Ju00 Ha
OCHOBAaHUH NOJX01a (GMIOTeHETHYECKOro QyTIpUHTHHTA, ocymmecTsisis mouck CCTD
B HabOpe MPOMOTOPOB OPTOJIOTMYHBIX I€HOB U3 OAHOM TaKCOHOMHMYECKOH IPYIIBI C
L[eJIEBBIM OpraHnu3MoM. B mocnenHem ciydae He0OXOAUMBIN CIICOK 3TAIlOB aHHOTAIIUU
JIOJIKEH BKITIOYATh TaKkoKe (4) MHCTPYMEHT JJIsl TOMCKa OPTOJIOTHYHBIX T€HOB 33JJaHHOTO
TaKCOHOMHMYECKOTO YpOBHS © (5) ©0a3bl JOaHHBIX C IOCIEIOBATENbHOCTAMH U
AHHOTAIMSMH H3BECTHBIX OaKTEPUAIBLHBIX T'€HOMOB, YTO ITO3BOJUT ABTOMATHYECKH
OCYILIECTBIISITh BCE HEOOXOAUMBIE OTepanuy Mo GOPMUPOBAHUIO TPEOYEMBIX BBHIOOPOK
npoMOTOpoB. Takoe KOMIUIEKCHOE pELICHHE IOApasyMeBaeT TakKe HAINYHe BCEX
HEOOXOIUMBIX  NPOTPaMMHBIX  MOJIYJEH,  OCYILECTBISIOMINX  (OpMHUpOBaAHHE
HEOOXOIMMBIX BHIOOPOK, OIEpaliy M0 KOHBEpTAlUU (OPMATOB U TIepeHAIPABICHUIO
JTAHHBIX U COXPaHEHUsI HEOOXOIMMBIX TaHHBIX B cirykeOHbIX b/l. Takol koMImexkcHbIN
MOJXO/1 TIO3BOJIUT COKPATUTh JO MUHUMYMa 3aTPaThl pECYPCOB Ha IPOMEKYTOYHBIE, HO
TpeOyrone KBATU(GHUKAIMKN B TPOIPAMMHUPOBAHUM JUIsI TIEpCOHAlla C JPyrou
(MHKpPOOHOJIOTUYECKON) KBATU(HUKAIINEH.
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Memoowr u ancopummur: O6a aTbTEPHATHBHBIX KOHBEHepa morcka de NOVO MOTHBOB -
MO TIOJHOW BBIOOPKE MPOMOTOPOB LEJIEBOTO OpPraHU3Ma M C TMOMOIIBIO TMOAXOAa
¢mnoreHeTH4eckoro (QyTOpUHTHHTa OBLTH pealn30BaHBl C MOMOIIBIO CIETYIOIINX
HHCTPYMEHTOB: S3bIK TIporpaMmupoBanus Python, 6a3a manusix SQLite u PostgreSQL,
cucreMbl KoHBeitepusau NextFlow.

Pesynomamer: Peanm3oBaH KOHBeWep YAaCTUYHO C HWCIOJIB30BAaHUEM ILIATGOPMBI
nextflow u mabopa CKpUITOB Ha sA3bIKaX mporpamMMuposanus Python u bash. Ha srame
M0 ONpEAEJICHUIO OMEPOHHON CTPYKTYpBl HCHOJB3YETCsl albTepHaTUBHO OO BJI
DOOR 2.0 [1] mis u3BeCTHBIX OpraHU3MOB, 1100 BeO-cepuc Operon Mapper [2] mis
BHOBb CEKBEHHPOBAaHHBIX TeHOMOB. [1y1s1 moucka de NOVO MOTHBOB 110 TIOJTHOM BHIOOPKE
MPOMOTOPOB IEJICBOT0 OpraHU3Ma HCIONb3yeTcss nHeTpymeHT BoBro2 [3], momxon
¢uoreneTndeckoro GyTOPUHTHHTA Pealn30BaH BHYTPH MporpaMMHoro moayist MP3,
O00BEANHSIONIETO 3HAYNTEIBHOE KOJIMYECTBO M3BECTHBIX ITOJIXOJOB JUIS BBISBICHUS
CCT® de novo B GakrepuambHbIX reHomax [4]. Taxke mas MOCTPOEHHS BHIOOPOK
MPOMOTOPOB OPTOJOIMYHBIX T€HOB UCIIOJIL3YETCS MHCTPYMEHT ISl TIOMCKa OPTOJIOTOB
BHYTPU 3aJlaHHOM TAaKCOHOMHYECKOW TpymIbl Ha OCHOBE MX OEJIKOBBIX
nocnenoBatenbrocteit GOST [5]. Heobxomumelii sTan GpyHKIIMOHAIBLHON aHHOTAIMN
BHOBb BbISBICHHBIX CCT® ocymiecTBiIseTcs C IMOMOIIBIO MPHIOKEHHUs Tomtom
nporpammHoro nakera MEME suite [6] myrem cpaBHeHHMs! BBISIBICHHBIX MOTHBOB C
M3BECTHBIMHA MOTHBAaMH U3 COOTBETCTBYIOIUX b/1. /17151 MOBBIIEHUS] CKOPOCTH PacdeToOB
ObLIa pa3BepHyTa 0asa maHHbIXx SQLite ncmonp3yromasics 1 HHASKCAIIMH KOOPIHHAT
TCHOB, OTIEPOHOB, JTAHHBIX 110 TAKCOHOMHYECKOH MPUHAIICKHOCTH TEHOMOB U TIp.
Bvioowvr: Co3maH BBIYHCIUTENBHBIN KOHBEWEp MO pacro3HaBaHHiO (& NOVO caiiToB
CBSI3BIBaHUS TPAHCKPHIIIMOHHBIX (DAKTOPOB B OaKTEpHATBHBIX TCHOMAaX HAa OCHOBE JIBYX
MOJIXOJIOB: TIO MOJIHOW BEIOOPKE MPOMOTOPOB LIEIEBOT0 OpraHu3Ma, TM00 Ha OCHOBAaHHU
noaxona (uiaoreHeTndeckoro ¢yrnpuHTUHTa. KOHBElep BKIIIOYaeT HEOOXOIMMBIN
Ha0Op MHCTPYMEHTOB JUIA OCYIIECTBICHHS BCEX HEOOXOIMMBIX IPOMEKYTOYHBIX
BBIYUCIICHUH, KOTOPBI MOKHO UCIIONIb30BATh KaK B JIOKAJIbHOH Cpejie, TaK Ha KilacTepe.
B nanpHeliieM muaHupyeTcss HHTETPaLus TOTMOTHUTEIEHOTO MOYJIS MO OMPEeTICHUI0
OINEPOHHON CTPYKTYpBI C HCIIOJB30BAaHHEM alrOPHUTMa MAIIMHHOTO WJIM TIyOOKOTo
00y4eHHs; BKIIOYCHUE B MPOrPAMMHBIA KOMIUIEKC JPYTMX W3BECTHBIX MOAXOIO0B IS
noucka CCT® de novo, WHTETrpanuio JOMOJHHUTENIBHBIX CPEACTB OTOOpPaKEHHS,
00pabOTKN M PAaH)KUPOBAHMS IOJYYaeMbIX JAHHBIX; PACIIMPEHUE WHTErPUPOBAHHON
0a3bl JTaHHBIX JUIA COXPAHEHHs PE3YJIbTATOB PAcyeTOB, TPEOYIOUMIMX 3HAYMTEIBHBIX
BBIUUCIIMTEIBHBIX MoOIIHOCTEH; 3amMeHa CYB/] na PostgreSQL.

Qunancuposanue’ ViccnenoBanme noauepxano B pamkax IIporpammer KypuaToBckoro
renomuoro rentpa Uul' COPAH (Ne 075-15-2019-1662).
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Motivation and aim: Annotation of bacterial genomes and their specific regulatory
genomic sequences by transcription factor binding sites (TFBS) is an urgent biological
task, since cell function and production of certain enzymes critically depend on existing
regulatory genomic connections. Existing software solutions contain the necessary
software components only partially, not allowing a comprehensive and labor-intensive
mass search for TFBS in both newly sequenced and insufficiently studied bacterial
genomes. In this work, we have implemented a computational pipeline consisting of the
following necessary steps for full annotation of bacterial genomes using known de novo
search approaches for TFBS: (1) annotation of the genome with operon structure
necessary to further pinpoint regulatory/promoter regions, (2) de novo search for motifs
in the promoters of the target genome, and (3) functional annotation of newly identified
TFBS. The de novo motifs search in the promoters of the target genome can be
performed alternatively using two approaches: either in the full set of promoters of the
target organism, or based on a phylogenetic footprinting approach, searching for TFBS
in a set of promoters of orthologous genes from the same taxonomic group as the target
organism. In the latter case, the required list of annotation steps should also include (4)
a tool to search for orthologous genes of a given taxonomic level and (5) databases with
sequences and annotations of known bacterial genomes, allowing to automatically
perform all necessary operations to generate the required promoter samples. Such a
complex solution also implies the presence of all necessary program modules, which
perform the formation of the required samples, operations on format conversion and data
redirection and saving the required data in the service database. Such an integrated
approach will minimize the resources spent on intermediate, but requiring programming
skills for personnel with other (microbiological) qualifications.

Methods and algorithms: Both alternative pipelines for de novo motif search - by full
sampling of target organism promoters and by phylogenetic footprinting approach - were
implemented using the following tools: Python programming language, SQL.ite and
PostgreSQL database, NextFlow pipelining system.

Results: The pipeline is implemented partially using the nextflow platform and a set of
scripts in Python and bash programming languages. The operon structure determination
step alternatively uses either the DOOR 2.0 database [1] for known organisms or the
web service Operon Mapper [2] for newly sequenced genomes. The BoBro2 tool [3] is
used to search for de novo motifs from a full sample of promoters of the target organism;
the phylogenetic footprinting approach is implemented within the MP3 software module,
which integrates a significant number of known approaches for detecting de novo TFBS
in bacterial genomes [4]. Also, a tool GOST for searching orthologous genes within a
given taxonomic group based on their protein sequences is used to construct orthologous
gene promoter samples [5]. The necessary step of functional annotation of newly
identified TFBS is performed using the Tomtom application of the MEME suite software
[6] by comparing the identified motifs with known motifs from the corresponding
databases. To increase the speed of calculations, we deployed a SQL.ite database used
for indexing the coordinates of genes, operons, data on the taxonomic affiliation of
genomes, etc.

Conclusions: A computational pipeline for de novo recognition of transcription factor
binding sites in bacterial genomes has been developed based on two approaches: full
sampling of target organism promoters or phylogenetic footprinting. The pipeline
includes the necessary set of tools to perform all necessary intermediate calculations,
which can be used both in a local environment and on a cluster. The future plans include
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the following steps: (a) to integrate an additional module for operon structure
determination using a machine learning or deep learning algorithm; (b) to include other
known approaches for de novo search of TFBS into the program complex; (c) to integrate
additional tools for displaying, processing, and ranking the obtained data; (d) to expand
the integrated database for saving the results of calculations that require significant
computing power; (e) to replace the DBMS with PostgreSQL.

Funding: The research was supported under the Kurchatov Genomic Center Program of
ICG SB RAN (No. 075-15-2019-1662).
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