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Momusayus u yens: TenoMepsl MPeICTABISAIOT COOOH HYKJICOIPOTEHHOBBIE CTPYKTYPHI
Ha (U3NYECKUX KOHIIAX JIMHEHHBIX XPOMOCOM 3yKapHOT, ydacTByromue B 3amute JHK
OT TOBPEXACHUH M ONpelelsone KU3HECTIOCOOHOCTh KIeTKH. CTpoeHHe TeaoMmep
SBOJIIOLIMOHHO KOHCEPBAaTHBHO B Pa3HBIX LAPCTBAX XHUBBIX OPraHW3MOB, BKJIIOYAS
KUBOTHBIX, PACTCHUS U TpUOBL. Tak 1 Uit OOJBIIMHCTBA BUIOB PACTCHUH XapaKTepHa
tenomepras JIHK, coctosmmast n3 moBTOopoB (TTTAGGG)n. OnmHako cpemssist IIHHA
TEJIOMEP MOXKET ObITh HE TOJBKO BHUAOCHELUU(PHUYHA; CYIIECTBEHHBIC PA3IHYUS MOTYT
HabJronaThCs Aaxke B MpeAesax MOMyJISIUi 0THOTO BUIA.

OCHOBHOW MOJENBHONH CHCTEMON AJsl M3Y4YeHUs OMOJIOTHH TEIOMEp pPacTeHWil Ha
NPOTSDKEHUN  MOCTCOHUX ACCATHICTHH ObUIO HEOOJBIIOE IBETKOBOE pPACTCHHE
Arabidopsis thaliana. Xots 310 MoienbHOE pacTeHHE BHOCHT KOJOCCATBHBIM BKIa/ B
HCCIIeIOBaHNE TOMEOCTa3a TeIOMEP, MHOTHE BOIPOCHI O OMOJIOTHH TEJIOMEP pacTeHHUN
JO CHUX TOp OCTAlOTCS OTKPHITBIMH. B CBA3M ¢ 3TMM HCHONB30BAaHHE HOBBIX
pacTUTENbHBIX MOJENBHBIX OPTraHU3MOB B HCCJICIOBAHUSIX OHOJOTMU TEJIOMEP
npeacTaisieT 0oJbIol HHTepec. MoxooOpa3Hbie SBISIOTCS OJHON U3 IEPCIIEKTUBHBIX
TPYII U U3YYEHHUsI MOJIEKYJIIPHOM T'€HETHKH M 3BOJIIOLUH PACTEHUIl, B YaCTHOCTH
OMONIOTHH TEeNIOMEp, TOCKOJIBKY UX MOXKHO paccMaTpHBaTh U KaK ajlbTEPHATHBHYIO, U
KaK aHAJIOTUYHYIO BETBb 3BOJIIOIIMU Ha3eMHBIX pacTeHuil. Kpome Toro, MoxooOpas3Hble
001aaf0T pANOM MPEUMYIIECTB, TAKUX Kak: HHU3Kas HM30BITOYHOCTh TeHOMa H3-3a
OTCYTCTBHSI HEIABHUX IyIJIMKAIMK, NpeoOiiaflaHue rarionaHoi ¢assl KU3HEHHOTO
[IUKJIA, JTBYJOMHOCTh MHOTUX BUJIOB OpuodutoB. Takum 00pazom, MOX00Opa3HbIE B
CHITY CBOETO (PHJIOTEHETHYECKOTO TOJIOKEHUS SBJISIOTCS HOBOW MOJICIBHON CUCTEMOM
JUTSL I3YYEeHUsT OMOJIOTHH TeIoMep pacTeHui [1].

Lenpto qaHHOW PabOTHI OBUT CPABHUTEIBHBIN aHAIN3 JJTMHBI TEJIOMEP y Pa3HBIX BUIOB
OpHo(UTOB, a TAKXKE CPelin MOMYJISIUI 0JTHOTO BUJIA.

Memoowl u ancopummul: B paboTe UCHONH30BATN AKCEHMYECKUE KYJIBTYPHl MXOB:
Physcomitrium patens, 4 skortumna (Gransden, BemukoOpuranusi; Reute, I'epmanus;
Villersexel, ®panmms; Kaskaskia, CIIIA); kymetypsr Ceratodon purpureus: R40
(Myxckoe pactenne, Hro-Mopk, CIIIA), GG1 (xenckoe pactenue, Asctpus), B150 u
B190 (xeHckoe m Myxckoe pacrenue, Asscka, CIIIA), meuenounwk Marchantia
polymorpha Takaragaike-1 (myxckoe pacrenune) u Takaragaike- 2 (3keHCKOE pacTeHUE;
SInoHwust), a TakKe NPUPOIHbIe H30IIThI charrayma: Sphagnum fallax MW (MunHecora,
CILIA), Sphagnum girgensohnii (CepmioBckas obiactb, Poccust) m Sphagnum sp.
(Pecrtybniuka Mapuii Oi1, Poccus). AHanmu3 JUIMHBI TeJIOMEp MPOBOIMIH C TIOMOIIBIO
TRF-ananu3a (aHaiau3 TEPMUHAIBHBIX PECTPHKIIMOHHBIX (ParMEHTOB) COBMECTHO C
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CaysepH-0iotom [2]. CpemHIO [UIMHY TEJIOMEp pPACCUUTHIBAIA C TOMOILBIO
nporpammbl  TeloTool [3]. CraTtuctuueckuii aHanM3 MPOBOAMIN C ITOMOIIBIO
nporpammbl GraphPad Prism v.8.

Peszynomamer: Mb1 mokazanm, 9To pa3Hble SKOTHITBI pacTeHuil P. patens umMeroT amuHy
teaomep B guanazone or 1.08 + 0.13 t.au. (Kaskaskia) mo 1.71 = 0.19 T.n.H.
(Villersexel), amuHa Tenomep y skotumna Reute coctasuina 1.29 + 0.04 T.11.H., y 9KOTHIIA
Gransden — 1.21 + 0.06 T.m.H. Takum oOpaszom, mauHa Tenomep P. patens okasamace B
1.5-3 paza kopoue IMHBI TEJIOMEP MOACIBHOTO MOKPBITOCEMEHHOTO pacTEeHHS
A. thaliana skxotun Col-0 (B cpemnem 2.5-4.5 T.mH.) [4]. CoriacHo MOJy4YEeHHBIM
pesynbpTataM, JUIMHA TeroMep Mxa P. patens BappupyeT MEXIy SKOTHIIAMH, IPH 3TOM
tenomepsl skotuna Kaskaskia sSBisitOTCS caMbIMM KOPOTKHMH, a TEIOMEPbI SKOTHUIIA
Villersexel — campiMu paiauHHBIMEA. Kpome TOro, MBI MOKa3alH, YTO BCE M3YYCHHBIC
SKOTHITBI UMEIOT crierpuIecKue TEJIOMEpHEIE MIOCJIE/I0BATEIILHOCTH,
HPEANOIOKUTEIFHO BHYTPUXPOMOCOMHOM JIOKAIM3alMH, Pa3NYaroIuecss BHYTPH
HKOTHUTIOB TI0 PACTIONIOKEHHIO U JITTHHE.

Janee Mbl IpOaHATM3UPOBANN JJIMHY TEJIOMEP Y YETHIPEX MPUPOAHBIX M30JIATOB MXa
C. purpureus. Cpenaue 3HaueHUs JIHHBI Tenomep C. pUrpureus BapbupoBajIn OT CaMbIX
kopotkux 0.68 = 0.04 t.m.H. B nuauu GG1 go cambix mouHHBIX 1.15 £ 0.14 T.ILH. B
muanr B190. H3onar B150 umen Gonee mmmuHbIe Tenomepsl (p = 0.03), ueM u3onst
B190, a taxxe mmnnee, gem auHEs R40 (p = 0.002). OgHaKo BRIBOABI O KOPPEISAIIUT
JUTMHBI TEJIOMEp C TT0JIOM pacTeHUH TpeOyIoT NaIbHEHIIero N3y IeHHs.

MbI cpaBHWIIM pacrpe/ielieHUe UIMH TenoMep y nedenodnuka M. polymorpha. TRF-
aHaJU3 MOKa3aJjl, YTO CPe/IHee 3HAYCHHE ATTMHBI TeJIoMep y MyKckoro pacteHus (Tak-1)
cocrapmsieT 2.15 £ 0.25 T.1.H., y xeHckoro pacteHus (Tak-2) mimHa TeaoMep cocTas-
nsiet 2.45 + 0.25 T.m.H. XXeHckas nuHUs nMena OoJiee ATMHHBIE TeoMepbl. TeM cambiM
ObLIO TOKa3aHO, yTo meueHouHuk M. polymorpha o6namaer Hambosee UIMHHBIMH
TeJoMepaMHu Cpeau u3ydeHHbIX Opuoduros P. patens u C. purpureus.

Jlanmee MBI OTIpeIeNUIN JITHHBI TeJ0oMep ¥ MXOB pojaa Sphagnhum. TRF-anamu3 mokasant
BapHabeabHOCTD B JJTHHE TEIOMEP y TPeX M30JATOB Mxa Sphagnum. CpemHss IiuHa
tenomep y S. fallax cocraBuma 1.86 + 0.08 T.H.; y Buga S. girgensohnii —
1.56 £ 0.21 T.1.H., y u3omsta Sphagnum sp. — 1.35 £ 0.11 T.1.H., 94TO TaK)Ke yKa3bIBaeT
Ha €CTECTBEHHYIO BapHaOeIbHOCTh [UIMHBI TEJIOMEP MEXIy pa3HbIMH BUAaMU. TaKxke y
S. fallax O6buT OOHapy»XeH YHHKAIbHbBI BHYTPHXPOMOCOMHBIH TEIOMEPHBIA MOBTOP
(ITS) pasmepom ~ 2.1 T.11.H., Tor/1a KaK B Apyrux usoisirax ITS pasmMepom okosio 2 T.I1LH.
NpPaKTHYECKU HE BBIABISICA. TakuM o0pa3oMm, Ui MXOB poaa Sphagnum xapaktepHo
paszHooOpa3ue JUTHHBI TeJIOMEP U BHYTPUXPOMOCOMHBIX TEIOMEPHBIX TIOBTOPOB.

Hamu Obima Takke wn3ydeHa AWHAMHKA WM3MEHEHMH JUIMHBI TEJIOMEp B KIETKax
npotoneMbl P. patens (sxorum Reute) m C. purpureus GG1 u R40, BeIparieHHbIX B
Teuenue 14, 28 u 42 gneii. B pesynpraTe ObUTO MMOKa3aHO, YTO JUIMHA TEJIOMEP OCTAeTCs
HEM3MEHHOW B aKTHBHO JISISIIMXCS BETeTaTHBHBIX TKAHAX MPOTOHEMBI Ha MPOTSHKEHUU
neprosia KyJbTHBHUPOBAHMS, YTO IO3BOJSET MPEAINOIOKUTh, YTO MHOKECTBEHHBIE
JIEJIEHHsI KJIETOK, CBSI3aHHBIE C OBICTPBIM POCTOM TPOTOHEMBI, HE BIHSIOT HA JUIUHY
tenomep. Kpome Toro, Takas ke JuMHa TeloMep Habironanack B ramerodopax
pactenuti P. patens.

Bv1600v1: Takum 00pa3omM, MbI TIOKa3ald, 4TO BCE MPOaHATTM3UPOBAHHBIE MOX000Pa3HbIE
00J1a]af0T OTHOCUTENbHO KOPOTKUMH TeJIOMEpaMH, B CpellHeM HWke 2.5 T.ILH., a B
HEKOTOpBIX Cilydasix HWke 1.5 T.MLH., 4YTO, B CBOIO O4Yepe[b, HEXapaKTepHO JUIs
OOJIBLIMHCTBA IIBETKOBBIX pacTeHui. JlaMHAa TeloMep MOXOOOpPa3HBIX MOXKET
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BapbUPOBATh KaK MEXAY BUAAMU, TaK U BHYTpU 0JHOTO Buaa. Kpome Toro, B reHOMHOI
JIHK Bcex m3ydeHHBIX MOX000pa3HbIX ObLTH OOHApYKEHBI MocieaoBaTenpHocTy ITS.
3HauuTenpHas BapuaOeNBbHOCTh JJIMHBI TeJoMep Oblia MOKa3zaHa IS YeThIpex
MPOaHaIM3UPOBaHHBIX M30yATOB Mxa C. purpureus. Takxke BBISBICHBI pa3ivyus B
JUTHHE TEIOMEP MEXIY MYKCKUM H )KEeHCKUM pacTeHusmu M. polymorpha. Omnako ms
MTOATBEPKACHISI KOPPEISAIINH JITHHBI TEJIOMED C TIOJIOM Y MOX000pa3HBIX HEOOXOANMO
MIPOBEICHNE NaTbHEHINX HcciaenoBanmid. [loMruMo Toro, OBLIO MMOKa3aHO, YTO ITMHA
TEJIOMEP OCTaeTCs CTAOWILHOW B TCYCHWE KYJIBTUBUPOBAHUS Ha Pa3HBIX CTAJUAX
BEreTaTUBHOTO POCTa M3YUYCHHBIX JUHHMNA pacTeHHi. Takum oOpa3oMm, HAOII0JacMbIe
BHYTPUBHUIOBBIE Pa3iNuMs B JUIMHE TEIOMep y OpHO(HUTOB MOTYT CTaTb OCHOBAaHHUEM
JUTSE UX OYIyIIEro UCIOIhb30BaHMS B KAPTUPOBAHUHU U KOJIMYECTBEHHBIX UCCIICIOBAHUSIX
JIOKYCOB T'€HOB, aCCOIIMMPOBAHHBIX C UTMHOM TEJIOMEp, U JAIBHEUIIET0 OOHAPYKESHUS
HOBBIX PETYJIATOPHBIX T€HOB OMOJIOTHUH TE€JIOMEpP PacTEHHUH.

Qunancuposanue. PaboTa BRIONHEHA Ha TEXHWYECKOW 0a3ze  IPOrpaMMBbI
CTpaTernyecKoro akageMuueckoro auaepctna «lIpuopurter-2030».
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Motivation and Aim: Telomeres are nucleoprotein structures at the physical ends of
eukaryotic chromosomes playing a crucial role in protecting DNA from damage and in
cell fate. Telomere architecture is evolutionarily conserved across different organisms
including animals, plants, and fungi Most plant species have telomeres that consist of
TTTAGGG repeats. However, the average length of telomers is not only species-
specific, but its substantial variation could be found within natural populations of
species.

Historically, the main model system to study plant telomere biology was the small
flowering plant Arabidopsis thaliana. Although this model plant provides a great
contribution to numerous studies in the telomere homeostasis, many questions about the
biology of plant telomeres remain unanswered. Therefore, the usage of new plant model
organisms in the telomere biology studies are of the great interest due to the limited data
in this field. Bryophytes are one of the promising plant groups for the studies of
molecular genetics and evolution of plants, particularly telomere biology, because they
could be considered both as the alternative and as the analogous evolution branch of the
land plants. In addition, bryophytes have several advantages, such as: low genetic
redundancy due to the absence of recent genome duplications, the predominant phase of
lifecycle for all bryophytes is haploid, many bryophyte species are dioecious. Thus, due
to their phylogenetic position, bryophytes are a new model system for studying plant
telomere biology.
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The aim of the current work was the comparative analysis of telomere length both among
different bryophyte species and within the same species.

Methods and Algorithms: In the study we used axenic cultures of mosses: Physcomitrium
patens, 4 ecotypes (Gransden, UK; Reute, Germany; Villersexel, France; Kaskaskia,
USA); Ceratodon purpureus cultures: R40 (male plant line, New York, USA), GG1
(female plant line, Austria), B150 and B190 (female and male lines, Alaska, USA),
a liverwort Marchantia polymorpha (cultivars Takaragaike-1 (male) and Takaragaike-2
(female), Japan), and natural isolates of peatmoss Sphagnum fallax MW (MN, USA),
Sphagnum girgensohnii (Sverdlovsk Oblast, Russia) and Sphagnum sp. (Republic of
Mari-El, Russia). Telomere length analysis was performed by TRF analysis (Terminal
Restriction Fragment analysis) coupled with Southern blot [1]. The average telomere
length was calculated using the TeloTool software [2]. Statistical analysis was carried
out by GraphPad Prism v.8 software.

Results: We have shown that different ecotypes of P. patens plants have a telomere
length in the range from 1.08 + 0.13 kb (Kaskaskia) to 1.71 + 0.19 kb (Villersexel),
Telomere length in the ecotypes of Reute being 1.29 + 0.04 kb. Same as in the Gransden
being 1.21 + 0.06 kb. It was 1.5-3 times shorter than the telomere length of the model
angiosperm plant A. thaliana Col-0 (2.5-4.5 kb in the average) [3]. Our data indicate
that telomere length varies between analyzed P. patens ecotypes, with Kaskaskia
telomeres being the shortest and Villersexel telomeres being the longest. In addition, we
have shown that all the ecotypes studied have specific telomeric sequences (ITS),
presumably of intra-chromosomal localization, and differing in their location and length
within the ecotypes. We analyzed telomere length in four natural isolates of
C. purpureus. Mean TRF values in C. purpureus accessions varied from the shortest
0.68 + 0.04 kb in the GG1 ecotype to the longest 1.15 + 0.14 kb in the B190 accession.
B150 had longer telomeres (p = 0.03) than the male Alaskan isolate B190, as well as
longer than the other male line R40 (p = 0.002). We did not find sex-specific correlations
in mean TRF values between female and male lines.

We compared telomere lengths distribution in strains of liverwort M. polymorpha. TRF
analysis of M. polymorpha telomeres indicated that mean TRF values in male (Tak-1)
2.15+ 0,25 kb and female (Tak-2) 2.45 + 0.25 kb lines were different. The female strain
having longer telomeres. We note that telomeres in the liverwort M. polymorpha are
longer than in all analyzed ecotypes of the model mosses P. patens and C. purpureus.
We next analyzed telomere lengths of Sphagnum species. TRF analysis revealed variable
telomere length in the three Sphagnum isolates. Mean telomere lengths differed in
S.fallax 1.86 kb + 0.08 kb; S. girgensohnii 1.56 + 0.21 kb and Sphagnum sp.
1.35+0.11 kb, implying natural variation in telomere length between different. A strong
signal of intrachromosomal telomeric repeats was identified in S. fallax MW DNA (~
2.1 kb), which was not nearly as strong in the other two isolates. Therefore, it was shown
that there are intraspecies variations in telomere length of Sphagnum and also differences
in the telomeric repeats location on chromosomes.

We evaluated telomere length dynamics of P. patens protonema (Reute ecotype) and
C. purpureus GG1 and R40 protonema tissues grown on plates for 14, 28, and 42 days.
We observed no mean TRF changes in vegetatively grown protonema tissue for the
entirety of the cultivation suggesting no telomere length change due to multiple cell
divisions associated with the rapid growth of protonema. Furthermore, the same
telomere length was observed in 2-month-old gametophores (P. patens).
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Conclusion: Therefore, we have shown that the mean telomere length in all analyzed
bryophytes is relatively short, commonly below 2.5 kb and below 1.5 kb in some cases,
which is unusual results comparing to the flowering plants. It was also shown that the
telomere length of bryophytes can vary both between species and within the same
species. Additionally, ITS sequences were detected in genomic DNA of all studied
bryophytes. In four analyzed C. purpureus isolates, all lines showed substantial variation
in the telomere length. Similarly, telomere length differences in the two tested male and
female accessions of M. polymorpha were also identified. However, the correlation with
sex in these bryophytes remains to be studied. We note that telomere length remains
relatively stable over time in different tissues of vegetatively growing plants. Thus, the
observed substantial intra-species variation in telomere length can serve as a strong
foundation for their future use in association mapping and quantitative trait loci studies
to discover causal genetic variants.

Funding: The study was carried out thanks to the technical resources of the Strategic
Academic Leadership Program of the Kazan Federal University (PRIORITET-2030).
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