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Momusayua u yenv. Kak wm3BectHo, sykapuotmueckas JHK wrdopmannonno
n30bITOYHa. OHA COACPXKUT OOJIBLIOE YMCIIO MOBTOPOB, TAHAEMHBIX U TUCIIEPCHBIX. B
JTAaHHOM paboTe CTaBMIIACH 3a/1a4a BBISIBICHUS U MTOCICAYIONIETO H3YYCHUS JUCIIEPCHBIX
MOBTOPOB B TeHOME dyKapuoTuueckoro opranmsma Cyanidioschyzon merolae. [[ns
OOHapyKeHHsl TOBTOPOB wHcHonb3oBajics |P-metox [1], koTopblii paHee ychemrHo
MPUMEHSIICS AJISl TOUCKA MOBTOPOB B TeHOoMax Oaktepuit. OOCYXIar0TCs TOCTOMHCTBA
n HemocTaTku |P-mMeronma juis momcka JUCTIEPCHBIX ITOBTOPOB, a TAaKKe BO3MOXKHOE
(yHKIIOHAIBHOE 3HaUYEHUE MTOBTOPOB.

Memoowr u ancopummpot: IIoUCK TUCTIEPCHBIX TTOBTOPOB MPOBOIMWICA B TEHOME NMPHUMHU-
THUBHOTO PAaCTHTEIBHOTO OpraHu3Ma — KpacHoit Bomopocau Cyanidioschyzon merolae
(https://plants.ensembl.org/Cyanidioschyzon_merolae/Info/Annotation/#assembly).
I'enom comepxut 20 xpomocoM u uMmeeT IIUHY 16,546,747 n.n. Takxke UcCleq0BAIUCH
nocnenoBatenbroct JIHK xmmoporutacta u mutoxouapuu. I'enom C. merolae comgepxur
OTHOCHUTEJILHO MaJjIo F'eHOB — 5,331, U3 KOTOPBIX aHHOTUPOBaHO 4,984 ; mpakTUYeCKU Bce
T'eHBI JINIIIEHb HHTPOHOB.

Mertogn IP, ucrionib3yemblii B JaHHOM pabOTe )i IOUCKA AUCIICPCHBIX TOBTOPOB, UMEET
HECKOJIBKO MPEUMYIIECTB. BO-1epBbIX, OH OTHOCHTCS K KaTteropud e NOVO MeTo0B,
T. €. HE WCIOJNB3YyeT HUKaKoW HMH(OpMalMH O CTPOCHUH IMOBTOpa. Bo-BTOpHIX, OH
CHOCOOEH BBISBIIATH CHIILHOPA3MBITHIE IUCTIEPCHBIE TIOBTOPHIL. DTO 03HAYAET, YTO YKCIIO
3aMEH Ha OJIHO OCHOBaHHE X MEXKAY IIOCIENOBATEIBHOCTIMH OTJENBHBIX MpeacTa-
BUTEJIEH CeMeHCTBa MOBTOPOB MOXeT nocturath 1.5. B To ke Bpems, Kak OBLIO
noka3aHo B [1], MOIIIHOCT TPAJMIIMOHHBIX METO/IOB AHHOTAILIUH TIOBTOPOB, TAKHX KaK
RepeatMasker [2], Repeat Detector (RED) [3], RECON [4] u T. a., orpaHHYnBaeTCsI
Xx<=1.0. Takas uyBcTBUTENHbHOCTHh IP-mMeTOma nocruraercs 3a cyeT TOro, YTO IS
MOUCKa MOI00UH MCTIoNb3yeTcs: 00001IeHHbBIH TPOQHIL cCeMelHCTBa TTOBTOPOB, KOTOPHIH
HaCcTPauBaeTCs HAa KOHKPETHBIM T'€HOM B XOJI€ WTEpAalMOHHOM mpouenypbl. Taxxe
YUUATBHIBAOTCSI TapHBbIE KOPPEISIMU COCEAHHX OCHOBaHWH B Tpoduie ceMeHcTBa
MOBTOPOB. B-TpeTbux, METoA CTPOUT KOHCEHCYC CeMEWCTBa MOBTOpa MO MHOXKECT-
BEHHOMY BBIPaBHUBAHMIO ITOCJIEOBATEIHHOCTEH, BXOSAIINX B HEr0. JTO IMO3BOJSET
OXapaKkTepu30BaTh CEMEWCTBO W CPAaBHHUTH €ro C CYIIECTBYIOIIEH TaKCOHOMUEH
MTOBTOPOB.

Pezynomamut. B renome C. merolae 6nbuto Boimenerno 20 ceMeNCTB MMOBTOPOB, 00IIee
4uciio MoBTOpoB coctasisier 33,938 [5]. IloBTOpEI paBHOMEPHO pachpeiesieHbl 110
XPOMOCOMAaM: OKOJIO 2 MOBTOPOB Hpuxonastcs Ha kaxasie 1000 H.I., OHU MOKPHIBAIOT
72.64 % renoma. lnuHbl MoBTOpPOB BapbupytoT oT 108 go 600 H.m., cpenHsAa IIMHA
moBTOpa — 523 H.IL.
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Onpenensiioch IepecedeHne MNOBTOpoB ¢ reHamu. Oxazanock, uTo 86 % TeHOB
MEPECceKaroTCsl ¢ MOBTOPaMHU TakUM 00pa3oM, YTO JUIMHA TEPECEUYCHUS MPEBBIMIACT
MONIOBUHY JMHBI reHa. llockombky rensl B simepHoit JIHK 3anmmaror oxomo 44 %
XPOMOCOMBI, TO MOKHO CAETaTh BEIBOI, YTO HAWJEHHBIE HAMH ITOBTOPHI IIPEATIOYUTAIOT
pacnosaraThcs B Kogupytomux paronax JJHK.

[lomyueHHble NaHHBIE TO TUCHEPCHBIM TOBTOPAaM MBI CPAaBHIIN C MMEOIIEHCS 10
renomy C.merolae annoranmeir ¢ caiita http://plants.ensembl.org. [ns aHHOTaAImMN
MOBTOPOB TaM MPUMEHSITHCH porpammHsie cpeactBa Dust [6], TRF [7], RepeatMasker
[2] u RED [3]. [ToBTOpsl, naenTudunupyemsie nporpammamu Dust u TRF, — 310 low
complexity regions um TaHZEMHBIE IOBTOPH; OHM HE SBJISUINCH IEIBIO HAIIETO
uccnenoBanus. IloaToMy AJs KOPPEKTHOrO CpaBHEHHSI OBUIM BBIOPaHBI TOJIBKO
JUCTIEPCHBIC MTOBTOPHI, onpeesiemblie RepeatMasker u RED. RepeatMasker otHocutcst
K KaTerOpuu METOJIOB, KOTOpBIE HCIIONB3YIOT CYHIECTBYIONIHE 0a3bl JaHHBIX I10
nucnepcHsiM moBTopam. J{ist anHoTamuu C. merolae npumensutich 6a3bl qanHbIx Redat
u Repbase. RepeatMasker m RED ngerextupoBanu 20,320 mOBTOpPOB, KOTOpEIC
nokpeiBaroT 28.09 % renoma. JIiMHa MOBTOPOB BapbUPYETCS B IIUPOKUX TMpeaesiax: OT
15 mo 19,220 v.m. OgHAaKO B 1EOM 3TO O0Jiee KOPOTKHE MOBTOPHI, YeM Haii/IcHHbBIS
MetoaoM IP, cpenusisa mymrHa Ux coctaBiseT Beero 260 H.II.

Taxke OBUIO H3YyYEHO IEepeceueHre KIIACCOB aHHOTHPOBAaHHBIX IOBTOPOB C
HaWIeHHpIMH Hamu cemeictBamu. Ilycts V(i,j) — 4YMCIO mepecedyeHuid | aHHOTH-
POBAHHOIO Kjacca M | CEMEWCTBa MOBTOPOB HaijeHHOro IP-meromom. Ompenenum
BenmuuHy V' (i]) :

iy (vG.0)-m(i )
Jne(i 3)(t=p(i. 1))
e X(i)=ZjZV(i, ), y(j)=ZV(i,j) ,p(inj) = x@)yG)n, n=ZZj:V(i, )

v'(i,j) umMeeT mpUOIMKEHHO CTAaHIAPTHOE HOPMAIbHOE PACIPEICICHHE U TOKAa3bIBACT
CTENEeHb KOPPEIIIMA MEXIy CYIIECTBYIOIIMMHU KJacCaMH W HAIIMMHU CEMEWCTBaMH.
Bosbiine mosutuBHBIC 3HaueHus: Marpuibl V (i,j) ObUIH OOHAPYXKEHBI ISl CEMEHCTB
Ne 11-13 u xnmaccoB LTR-nmosropoB Copia u Gypsy.

Jmst Bcex 20 cemeicTB MOBTOPOB Ha OCHOBAaHWH MHO)KECTBEHHOT'O BHIPABHHUBAHUS
MOCJIEI0BAaTEILHOCTEH, TI0 KOTOPBIM T€HEpUPOBAJICS MPOGUIb CEMENCTBA, CTPOMIHCH
KOHCEHCYCBI CeMEHCTB. Bu3yanbHbie Tpe/icTaBlieHHsS KOHCEHCYCOB OBUTH MOTYYCHBI C
nomorikio nporpammel Weblogo [8]. Korcercyc st camoro kpymHoro 1-ro cemeiicTa
MOBTOPOB M300paxkeH Ha puc. 1. [lo3urn B KOHCEHCYCe PeICTaBIeHbl HYKJIEOTHIaMH,
BBICOTa KOTOPBIX MPOMNOPIMOHANBHA YaCTOTE X BCTPEYAEMOCTH, IPeoOpa3oBaHHON B
Ooutbl. MOXXHO BUIETH, YTO JAaHHOE CEMEHCTBO JOCTATOYHO Pa3MbBITO; HEKOTOPHIC
YYaCTKH BHYTPH ITOBTOPOB KECTKO OTPEAEIICHBI, IPYTHE Ke OTHOCUTEILHO CITyJYaiHbI.
Buoisoowr: Tlpumenenne IP-metoa k ananusy reaoma C. merolae mokasasno, 4To B 3TOM
TeHOME MOXHO BhIJIeNHTh 20 cemencTB ToBTOpoB. CemeicTBa BKIIOYAIOT B €01 OKOJIO
34 TBICSY JUCIIEPCHBIX TOBTOPOB, KOTOpHIE MOKpHIBAIOT Oonee 72 % reHoma. DTO
ropaszio Ooiibliie, HEXENH ObLIO omnpeseieHo paHee. OJHAKO 3TOT (akT HE ymamsier
JIOCTOMHCTB JIPYTMX TPOTPAMMHBIX CpEJICTB AaHHOTAIlMM TIOBTOPOB, TaKWX Kak
RepeatMasker w RED. Onum  opueHTHpOBaHBI Ha  MOHUCK  KOPOTKHX
CHJILHOTOMOJIOTHYHBIX TIOBTOPOB, KOTOPBIE HAIIl METOJI ONIPE/IEIISIeT HEe B ITOTHON Mepe.
Tem He MeHee HEKOTOpbhIE KJIaCChl aHHOTHPOBAHHBIX MOBTOPOB, KaK OBLJIO MOKAa3aHo,
KOppenupyloT ¢ HaineHHeiMu [P-meTogoMm cemeiictBamu. Mbl pexoMeHAyeM IS
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MOJIHOLICHHON T'€HOMHOM AHHOTAllUM  MOBTOPOB  HCIIOJB30BaTh COBOKYIHOCTH
Pa3INYHBbIX 6I/IOI/IH(1) OpPMAalMOHHBIX MOAXOO0B.

Puc. 1. Koncencyc 1 cemelicTBa MOBTOpOB

BrisiBiierHble B pa0oTe MOBTOPHI MOKPHIBAIOT 3HAYMTENBHYIO 4acTh TeHoMa. boiee
MpaBWILHO OBUIO OBl HAa3BaTh WX CTPYKTYPHBIMH 3JIEMCHTAMHU MWW HEKOTOPOH
Pa3METKOM, KOTOpasi HaKJIaIbIBACTCS Ha BECH SIEPHBIN TeHOM. B nanbpHeiinmem Oblio Ob
WHTEPECHO TIOHATH, SIBIICTCS JIM Takas pa3MeTKa VHHUKAIBHON B TIpenenax
OMOJIOrHYECKOI0 BUIA, MJIN )K€ 3TO 00IIee CBOMCTBO reHOMA.

Mgl nipeamnonaraeM, 4YTo MoApoOHast CTPYKTypHast OpraHU3alis MOKET OBITh CBsI3aHA C
KOMIaKTH3aluell XxpomatnHa. B03MOXXHO, KOHCEpPBATHBHBIE YYaCTKH B IIOBTOpPax
MIPENICTABISIIOT COOOM CalThl CBS3BIBAHUS THCTOHOB B TIpOIlecCe OOpa3oBaHUS
HYKJIEOCOM.

Qunancuposanue: VccnenoBanue noanepsxkano rpanrom PHO (Ne 24-24-00031).
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Motivation and Aim: As is known, eukaryotic DNA is informationally redundant. It
contains a large number of tandem and dispersed repeats. The aim of this work is
identifying and studying of dispersed repeats in the genome of the eukaryotic organism
Cyanidioschyzon merolae. To detect repeats, we used the IP method [1], which was
previously successfully used to search for repeats in bacterial genomes. The advantages
and disadvantages of the IP method for searching for dispersed repeats are discussed, as
well as the possible functional significance of the repeats.

BGRS/SB-2024 31



Methods and Algorithms: The search for dispersed repeats was carried out in the genome
of a primitive plant organism the red alga C. merolae (https://plants.ensembl.org/
Cyanidioschyzon_merolae/Info/Annotation/#assembly). The genome contains 20 chro-
mosomes; the length is 16,546,747 bp. Chloroplast and mitochondrial sequences were
considered too. The C. merolae genome has only 5,331 genes 4,984 of which are
annotated. Almost all genes lack introns.

The IP method used to search for dispersed repeats has several advantages. Firstly, it
belongs to the category of de novo methods, so it does not use any information about the
structure of the repeats. Secondly, it is capable of identifying highly dispersed repeats;
the degree of similarity x between different repeats from the family can reach 1.5. It was
shown in [1] the power of traditional repeats annotation methods such as RepeatMasker
[2] and Repeat Detector (RED) [3], RECON [4], etc. is limited by x<=1.0. This
sensitivity of the IP method is achieved due to the fact that a generalized repeat family
profile is used to search for similarities, which is tuned to a specific genome during an
iterative procedure. Pairwise correlations of neighboring bases in the repeat family
profile are also taken into account. Thirdly, the method builds a consensus of the repeat
family based on multiple alignment of the sequences included in it. This allows to
characterize the family and compare it to existing repeat taxonomy.

Results: 20 repeat families have been identified in the C. merolae genome, with a total
number of repeats of 33,938 [5]. The repeats are uniform distributed along the
chromosomes, about 2 repeats for every 1000 bp and cover 72.64 % of the genome.
Repeat lengths vary from 108 to 600 bp the average repeat length is 523 bp.

The intersection of repeats with genes was determined. It turned out that 86 % of genes
intersect with repeats, such that the length of the intersection exceeds half the length of
the gene. Since genes in nuclear DNA occupy about 44 % of the chromosome, we can
conclude that the repeats prefer to be located in the coding regions of the DNA.

We compared the obtained data on dispersed repeats with the annotation available for
the C. merolae genome from the website http://plants.ensembl.org. At this site repeats
were annotated by the software tools Dust [6], TRF [7], RepeatMasker [2] and RED [3].
The repeats identified by the Dust and TRF programs are low complexity regions and
tandem repeats; they were not the purpose of our study. Therefore, only dispersed repeats
identified by RepeatMasker and RED were selected for comparison. RepeatMasker
belongs to the category of methods that use existing databases of dispersed repeats. The
Redat and Repbase databases were used to annotate C. merolae. RepeatMasker and RED
detected 20,320 repeats, which covered 28.09 % of the genome. The length of the repeats
varies widely: from 15 to 19,220 bp. However, in general, these are shorter repeats than
those found by the IP method; their average length is only 260 bp.

We also examined the intersection of classes of annotated repeats with the families we
found. Let v(i,j) be the number of intersections of the i annotated class and the j family
of repeats found by the IP method. Let's define the value v'(i,j):

V'(i, J)= (V(i’ j)_np(iv J))
Jp(i D)= p(i.0)) °
where X(i):Zj:V(i, J)! y(]) :iZV(i,j) ' D(I,J) — X(I)y(])/n, n:ZZj:V(i, j)

v'(i,j) has an approximately standard normal distribution and shows the degree of
correlation between existing classes and our families. Large positive values of the matrix

M)
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v'(i,j), indicating the presence of a correlation, were found between families No. 11-13
and the LTR repeat classes Copia and Gypsy.

For all 20 repeat families consensuses were constructed in text and numerical form
Consensus based on multiple sequence alignment from which the family profile was
generated. Visual representations of consensuses were obtained using the Weblogo
program [8]. The consensus for the largest 1st repeat family is shown in Figure 1.
Consensus positions are represented by nucleotides whose height is proportional to their
frequency of occurrence converted to bits. It can be seen that this family is quite
diverged, there is no strong homology between individual repeats over their full length.
Some regions within repeats are strictly defined, while others are relatively random.
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Fig. 1. Consensus for the first repeat family

Conclusion: The application of the IP method to the analysis of the C. merolae genome
showed that 20 repeat families can be identified. The families include about 34 thousand
dispersed repeats, which cover more than 72 % of the genome. This is much more than
was previously determined. However, this fact does not detract from the merits of other
repeat annotation software tools, such as RepeatMasker and RED. They are focused on
searching for short, strongly homologous repeats, which our method does not fully
detect. However, some classes of annotated repeats are correlating with families found
by the IP method. We recommend using a combination of different bioinformatics
approaches for complete genomic annotation of repeats.

The repeats identified in the work cover a significant part of the genome. It would be
more correct to call them structural elements or some kind of marking that is
superimposed on the entire nuclear genome, including both coding and non-coding
regions. In the future, it would be interesting to understand whether such marking is
unique within a biological species, or whether this is a general property of the genome.

We hypothesize that the structural organization of the DNA may be related to chromatin
compaction. It is possible that conserved regions in the repeats represent histone binding
sites in the formation of nucleosomes process. By changing the location of nucleosomes,
the DNA molecule gets a chance to switch to the translation of alternative genes to adapt
to changes in external conditions or ensure tissue specificity.

Funding: The study is supported by RSF (No. 24-24-00031).
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