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Among the commonly used methods of inferring orthology and paralogy relations are: phylogenetic analysis
based on the homologous sequences comparison and tree reconciliation, analysis of local gene arrangement
(synteny) and reconstruction of evolutionary scenarios based on genome structures (the global arrangement of
genes on chromosomes). It is known that sequence alignment and synteny can lead to inconsistent results. There
is an ever growing set of algorithms and tools devoted to orthology analysis and related tasks. The essential feature
of our approach to the search for lost or acquired genes is the simultaneous comparison of large sets of species.

The lossgainRSL program was developed to search for genes lost, acquired or preserved in most species from
several species sets. The algorithm was implemented as a CLI program providing parallel computing in the MPI
environment under Windows and Linux operating systems. The program is freely available at http://labé.iitp.ru/en/
lossgainrsl/ The lossgainRSL program has the following scheme. For a selected species, all its genes (each with
a fixed-size neighborhood) are considered, which are present in or missing from several pre-defined parts of input
sets of species. The condition for the gene selection can be arbitrary and is user defined. It is possible to work with
incomplete genomes. The mentioned neighborhood of a gene (defined by a program’s parameter) is used to check
for synteny within its limits. It is important that the size of the neighborhood can be chosen reasonably. Namely,
the 3D structure of DNA includes topologically associated domains (TADs). The TAD size defines the neighborhood
and appears biologically sound [1].

The search time for a given gene ortholog in a given neighborhood is comparable to the time it takes to read the
input tables of orthologs and paralogs and is bounded by a linear function of the program input length. Consequently,
the total running time of the program is bounded by a second-degree polynomial of the input length, even for a
single-processor machine. It allows us to simultaneously consider hundreds of species on a multiprocessor system.

Using the program, we have found the mouse genes, which were lost or became pseudogenes in human but
are preserved (and have protein products) in no less than four out of five examined apes: Gorilla gorilla, Nomascus
leucogenys, Pan paniscus, Pan troglodytes, and Pongo abelii. Among these genes there is an important mouse gene
Cmah (ENSMUSG00000016756) which encodes cytidine monophospho-N-acetylneuraminic acid hydroxylase.
Indeed, humans exhibit a species-specific deficiency of the N-glycolylneuraminic acid, due to pseudogenization of
CMAH which occurred in hominin ancestors 2 to 3 MYA.

The proposed method and program provide an effective prediction of orthologs taking into account genomic
structures while examining hundreds of species.

Acknowledgments. The reported study was funded by RFBR according to the research project N 18-29-13037.
The research was carried out using supercomputers at the Joint Supercomputer Center of the Russian Academy
of Sciences (JSCC RAS).

References
1. Razin S.V, Gavrilov A.A. Structural-functional domains of the eukaryotic genome // Biochemistry (Moscow). 2018.
Vol. 83, no. 4. P 302-312.

YIIK 575.83 DOI 10.37747/2312-640X-2020-18-260-262
IBonouna MUTOXOHAPUAJIbHBIX TEHOMHBIX CTPYKTYP Y METAZOA:
AJITOPUTM U NPOrPAMMA

Fop6yHoe K.10., Tio6eLkuii B.A.

BenepanbHoe rocynapcTBEHHOE BIOAXXETHOE YYPEXAEHNE HayKn VIHCTUTYT npobaem nepeaadn MHpopmMaumm um.
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Mony4yeH 6bICTPbI aNrOpUTM ¥ COOTBETCTBYIOLLAS NPOrpamMma A/ PeKOHCTPYKLMM FTEHOMHbIX CTPYKTYP BAO/b
(unoreHeTUYECKOro iepeBa C NPOM3BOJIbHO Ha3HaYaeMbIMU LiEHaMU 3BOJTHOLMOHHBIX COBbITUIA. B 3aBUCMMOCTM
OT pasMepa UCXOAHbIX AaHHbIX, UICMOJIb3YHOTCS NIOKaNbHbIE, CYNepKOMMbIOTEPHbIE UK 0651a4Hble BbIYUCTEHUS.
MporpamMma TeCcTMpOBasnacb Ha UCKYCCTBEHHbIX AaHHbIX U 3aTeM 6blia NpUMeHeHa A5 PEKOHCTPYKLUM NpeaKo-
BbIX FTEHOMHbIX CTPYKTYP MUTOXOHAPUI XMUBOTHbIX (Metazoa).

KnioueBble cnoBa: peKOHCTPYKLWS, FTEHOMHasi CTPYKTYpa, MUTOXOHAPUS, 3)dEKTUBHbBIN CYynepKOMMbIOTEPHbI
anropuTMm.
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AGRICULTURE AND MANUFACTURING INDUSTRY

PaccMoTpeHbl reHOMHble CTPYKTYpbI (B3ATble U3 6a3bl faHHbIX RefSeq) MUTOXOHApUIA cneayrowmx BULOB:
TpUXOMnake, NATb ry6ok, Tpu rpebHeBuKa, BoceMb BUAOB Tuna Cnidaria (aBa KopannoBbix NOAUNA, TPU FMAPbI U
Tpu 13 knacca Myxozoa), LwecTb BUAOB Tna Xenacoelomorpha, yeTbipe NEPBUYHOPOTLIX U NSATb BTOPUYHOPOTbIX.
M ana HMX BbINOSHEHA PEKOHCTPYKLMSA 3BOJIOLMUN C MOMOLLbIO OPUTMHANbHOMO anroputma. B cTpykTypbl oTO-
6paHbl 6e/T0K-KOAUPYHOLLME TEHbI U FEHbl, KOQUPYHOLLME 60MbLUME U Manyto Cy6beanHULbI MUTOXOHAPWANIbHON
pubocombl. Kaxkaas ucxogHas CTpyKTypa cofepykana oT 8 o 16 reHoB 1 cocTosiia U3 OJHOM KOJNbLEBOI XPOMO-
COMbI, KpOMe TPEX BUAOB C NIMHENHbIMU XpoMocoMaMu: naTk y Clathrina clathrus, ogHa y Hydra oligactis v pBe
y Hydra magnipapillata. HanpaBneHHbI nepe6op LeH nokasarsn, YTo cneayowuii BapuaHT 6periKnoNHTOBbIX LieH
ONTUMareH, a Tak)ke COOTBETCTBYET 6UOMOrMYEeCKUM NpeACcTaBIeHUAM 06 3BONOLMM MUTOXOHAPUI (CM. HUXE):
LileHa 9BOMOLMOHHOIO COBbITUA CKIENKM KPAaéB reHOB paBHa 2, LieHa UX packylienkn — 1, LeHa noTepu reHa — 3,
LileHa BO3HUMKHOBEHMWSA reHa — 4. ANropvTM OCHOBaH Ha criefiytoleM Metoe, obecneymBatoeM 3QPeKTUBHOCTb
BblUMCNEHWIA. BO BHYTPEHHWX BeplunHax AepeBa 6yneBbl nepemMeHHble X (MokasaTesb CKJIENKU nap Kpaés reHoB)
n y (NokasaTenb OTCYTCTBUS FeHa) ONpeaenstoTCs Mo UX U3BECTHbIM 3HAYEHUAM B NIUCTbSAX. TO AenaeTcs Au-
HaMWYeCK1M NpPorpaMMMpoBaHMUEM MK BONEe CNOXKHOWM OPUTrMHANbHOWM NpoLesypor. Ecnu reH oTcyTcTByeT, T.€.
y=1, CKNenKm ero Kpaée 06HYNAOTCA, HO OCTAETCS BOSMOXXHOCTb CK/IEMKM OAHOr0 Kpas ¢ ABYMS 1 601ee Kpasimu,
4TO 3anpeLyeHo. [osToMy HeobxoaMMa NpoLeaypa yCTaHEeHUS Takoro poAa «nNpoTUBOPEeUnii». B 6nonornyeckom
npuMepe B KaXk0N BEPLUMHE BO3MOXEH TaKoW Habop CKleeK, KOTOPbI MPUBOAST K OLHOW KOMbLEBOW XPOMOCO-
Me. B 15 BHYTPeHHMX BepLUMHAaX YUCIIO TaKUX BUPTYasibHbIX XPOMOCOM OKasasioCb OT ABYX A0 NATU. Hanpasneh-
HbIM NepebopoM BCeX KOMOMHALMIA TaKnX XPOMOCOM UCKaNWCb MO KOMbLIEBON XPOMOCOME B KaXK oW BepLUUHE
ZlepeBa, TakK YTo6bl 3T XPOMOCOMbI B COBOKYMHOCTU MUHUMU3MPOBaM cyMMapHoe (Nno BceM pébpam epesa)
paccTosiHue MeXAy CTPYKTypaMu Ha KoHLax pebpa. B kayecTBe paccTosiHMA ucnonb3oBanach Kpatyanwas anum-
Ha npeo6pa3oBaHUsi OQHOM CTPYKTYPbI B APYryHO C LieHaMM1 3BOJTIFOLMOHHbIX COObITUIA: Nepeknerika — 1, yaaneHune
CBSI3HOTO y4acTKa XpoMocoMbl — 1.5, BCTaBKa Takoro y4yacTka — 2. Mpeanaraemasi nporpamma (cMm. http://labé.
iitp.ru/ru/chromoggl/) pekoHcTpympoBana Bce NpefKoBble CTPYKTYpPbl, OHW NMOKasaHbl Ha TOi XXe Be6-CTpaHuLe.
OTMeTMM BaXHOCTb Bbl6opa LieH 3BOIOLMOHHbIX COObITUIA. YCNoBMe «LeHa CKJIeWKN NpeBbllLaeT LeHy pac-
Knenkn» o06ecrnevmno BO3MOXHOCTb CTPYKTYPbl U3 OAHON KOMbLEBOM XPOMOCOMbI B KaXXA0# BEpLUMHE AepeBa.
YcnoBue «LieHa BO3HWKHOBEHUS FeHa MpeBbILIAET LieHy ero notepu» 06ecneuunno, YTo yaaneHuin cyLecTBeHHO
60bLLUe, YeM BCTABOK, U 60/IbLUMHCTBO YAaIeHUIN PACMONOXEHO 6aMKe K KOPHIO. B nonyyeHHOM cLeHapum 3Bo-
nounn 14 ynaneHuin n ogHa BCTaBKa. YCI0BUE «LieHbl BCTaBKMW U yaneHns CBA3HOMO y4acTKa MpeBbIWatoT LieHbl
nepeksieek» No3BoJIsIeT COEANHATL yanseMble reHbl B CBA3HbIN y4acToK A0 WX nocnegyrowero yaaneHus. Ha-
npuMep, B CLieHapum1 Npu nepexofe oT obLiero npeaka Bnaos Kudoa septempunctata n Hydra sinensis K obwemy
npeaky BupoB Kudoa septempunctata n Kudoa iwatai Tpu y4acTka reHoB, NpUHaAIeXalmux nepBon BepLUnHe, HO
He BTOPOW, CHayania 06beMHAOTCS B CBA3HbI y4aCcTOK, KOTOPbI 3aTeM yaanstotcs. [lporpamma obecneunsaeT
BbIMOJIHEHME TakmnX 06LLmX TpeboBaHWUi, 3afaBaeMblx Ha CreumanbHOM si3blke cneunduKaunii, Ha UTOroBbIN cLe-
Hapwui aBontounun. MNpeanoXxeH anroputM M NporpamMMa BblUMUCIEHWSA CLEHapusi 9BOIIOLUM FrEHOMHbIX CTPYKTYP
C Y4ETOM 6MONOrMYECKN MOTUBMPOBAHHbIX LieH M YCIOBMIN Ha UTOrOBbIN cueHapuid. C MOMOLLbO NporpamMmbl
BbIMOJSIHEHA PEKOHCTPYKLMSA 3BOMOLUM MUTOXOHAPUANbHBIX TEHOMHbIX CTPYKTYp Y Metazoa. PekoHCTpyKLusi C
NMOMOLLbIO BbICTPOW MPOrpaMMmbl NMO3BOMSIET YTOUHATL GUTOrEHETUYECKOE NOMOXKEHNE BUAOB.

BnarogapHocTb. MiccnenoBaHue BbINonHeHO npu nogaepxke POOU (N2 18-29-13037).
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EVOLUTION OF MITOCHONDRIAL GENOMIC STRUCTURES IN METAZOANS:
ALGORITHM AND SOFTWARE

Gorbunov K.Yu., Lyubetsky V.A.

Institute for Information Transmission Problems of the Russian Academy of Sciences (Kharkevich Institute), Moscow,
Russia

Bolshoy Karetny per. 19, build.1, Moscow 127057 Russia

e-mail: lyubetsk@iitp.ru

A fast algorithm and software for the reconstruction of genomic structures along a phylogenetic tree with specified
cost of evolutionary events have been generated. Depending on the data size, local, supercomputer, or cloud
computing can be used. The software was tested on synthetic data and then applied to reconstruct the ancestral
genomic structures of metazoan mitochondria.

Key words: reconstruction, genomic structure, mitochondria, efficient supercomputer algorithm.
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Mitochondrial genomic structures (from RefSeq) of the Trichoplax, five sponges, three ctenophores, eight
cnidarians (two anthozoans, three hydras, and three myxozoans), six xenacoelomorphs, four protostomes,
and five deuterostomes were considered and the original algorithm was used to reconstruct their evolution.
The structures included protein-coding genes and genes coding for the small and large subunits of the
mitochondrial ribosome. Each initial structure contained 8 to 16 genes in a single circular chromosome
except three species with linear chromosomes; five chromosomes in Clathrina clathrus; one in Hydra oligactis;
and two in Hydra magnipapillata. A directional search of the costs has identified the following optimal set
corresponding to the biological considerations (see below): the breakpoint gluing gene extremities cost equals
2; the ungluing gene extremities cost, 1; the gene loss cost, 3; and the gene emergence cost, 4. The algorithm
rely on the following computation-efficient method. In the internal nodes of the tree, the Boolean variables
x (the index of gluing gene extremities) and y (the index of gene absence) are defined from their available
values in the leaves. This is performed by dynamic programming or a more complex original procedure. If
a gene is missing, i.e., y=1, its gluing indices are set to zero but multiple gluings of the same extremity are
yet possible, which necessiteates a procedure eliminating such problems. In the above biological example,
gluings are possible in any node, which results in a single circular chromosome. The number of such possible
chromosomes ranged from two to 5 in 15 internal nodes. A directional search of all combinations of all such
chromosomes was used to identify single circular chromosomes with the minimum total (for all tree edges)
distance between the structures at the edge termini in all nodes. This distance is the shortest sequence
of evolutionary events transforming one structure into another using the following costs: cut-and-paste, 1;
deletion of the connected region, 1.5; insertion of the connected region, 2. The reconstruction was done using
the above mentioned original software. Both the program and reconstruction are available at http://labé.iitp.
ru/ru/chromoggl/. Notice the significance of evolutionary event costs. The condition that the gluing cost is
greater than the ungluing cost made possible the formation of a single circular chromosome in each node. The
condition that the gene emergence cost is greater than the gene loss cost provided that there were much more
deletions than insertions and that most of deletions were close to the root. The resulting scenario included
14 deletions and 1 insertion. The condition that the insertion and deletion costs are greater than the cut-and-
paste cost allowed the deleted genes to be pooled before their deletion. For instance, in the scenario the
transition from the common ancestor of Kudoa septempunctata and Hydra sinensis to the common ancestor
of Kudoa septempunctata and Kudoa iwatai, three gene regions that belong to the first but not the second node
are first pooled and then deleted. The software allows such general evolutionary conditions to be satisfied
in the generated scenario. An algorithm and software computing the evolutionary scenario for the genomic
structures with an account of biologically motivated costs and conditions were proposed. The software was
used to reconstruct the evolution of mitochondrial genomic structures in Metazoans. Such fast computer-
aided reconstruction can be used to refine the phylogenetic position of species.
Acknowledgments. This study was funded by Russian Foundation for Basic Research (project no. 18-29-13037).
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BUOUHOOPMATUYECKUA AHANIU3 KNTACTEPOB FrEHOB BUOCUHTE3A
HEPMBOCOMHbIX NENTUA0B BAKTEPMIN HA OCHOBE NPEJCKA3AHUA
9OOEKTUBHOCTU 3JIOHTALLUUA TPAHCNIALUN

Knumenko A.U., JNawuH C.A., AdoHHukoB [1.A., MaTywkuH 0.

ViHeTuTyT umtonorum v reHetukmn CO PAH, HoBocn6umpck,
Poccus, 630090, HoBocubupck, np. JlaspeHTseBa 10
e-mail: mat@bionet.nsc.ru

O6Hapy>KeHo, 4To 6aKTepUM, UMEIOLLIME U HE UMEIOLLIME KIacTepbl reHOB 6MOCKHTE3a AJ1A HEPMBOCOMHbIX NenTUA-
CMHTETas, CYLLECTBEHHO Pas3nMyaroTcs No nNpeanoyYTUTENbHbIM 3BOJTHOLMOHHBIM CTpaTeErusiM oNTMMU3aLmn nep-
BMYHOI CTPYKTYPbl KOAUPYHOLLMX YacTel reHOB.
KnioueBble crnoBa: 6akTepuu, 3hHEKTUBHOCTb 3MI0HraLMKU TPAHCSALUK, HEPMEOCOMHbIE NENTUL CUHTETa3bI.

A HEKTUBHOCTb 3MOHrALMUN TPAHCASALMM — 3TO XapaKTEPUCTHKA «ONMTUMaNbHOCTU» NEePBUYHON CTPYKTYpbI

reHOB B OpraHusMe: YeM aKTUBHEE NPOUCXOAMUT SKCMPECCUs yKasaHHbIX FreHOB, TeM Bbille NHAEKC ahdeKTUBHO-
cTv anoHrauum (M33) [1]. ONTUMM3aLUMs MOXKET NPOXOAMUTb MO YacTOTaM UCMOJIb3YeMbiX KOAOHOB, MUHUMMU3aLMK
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