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Половые хромосомы млекопитающих



Rens et al., 2007

Echidna sex chromosomes



Половые хромосомы утконоса в мейозе



Veyrunes et al., 2008

Структура половых хромосом утконоса

Гомология с фрагментами хромосом курицы, 

линии соединяют гомологичные участки псевдоаутосомных районов



Независимое происхождение множественных половых хромосом

Alouatta guariba guariba



sex is typically determined by 

X and Y chromosomes

sex is controlled by one 

master-switch gene



Sex chromosome differentiation

Muller, 1914 
Ohno, 1967 

differentiation 

of  sex chromosomes proto-X and Y

X and Ydegeneration of  Y

pseudoautosomal region

Homologous chromosomes 

(autosomes)

acquire sex 

determining 

locus Sry

X

recombination suppression 

sex-determining region Y 



Ellegren, 2011

Evolutionary history of the human X chromosome 

1669 genes (http://www.ncbi.nlm.-nih.gov)



Hughes et al., 2010

Organization of human and 

chimpanzee Y chromosomes

27 protein-coding genes



SRY, Sex-determining Region on the chromosome Y
Sinclair et al., 1990, Koopman et al., 1991

Функция SRY – регуляция экспрессии генов
полоопределяющего каскада
справа: активация транскрипции
происходит при связывании продукта SRY

с определенным районом ДНК, SRY
изгибает ДНК особым образом, что
позволяет собраться комплексу активатор-

коактиватор
слева: нет связывания, не образуется
протеиновый комплекс и комплекс
активатор-коактиватор Ukiyama et al., 2001



Cytogenetic Location: 

Yp11.2, which is the short 

(p) arm of the Y 

chromosome at position 

11.2

Molecular Location: base 

pairs 2,786,855 to 

2,787,741 on the Y 

chromosome (Homo 

sapiens Annotation 

Release 109, 

GRCh38.p12) (NCBI)

https://ghr.nlm.nih.gov/gene/SRY#location

Nigel Vivian, Robin Lovell-Badge,  Peter Koopman 



Polanco, Koopman, 2007

будущие гонады

валик

SF1-positive cells

11.5 dpc
бипотенциальные

гонады имеют

сходную

морфологию, стадия
маркируется по факту

миграции ППК

Gata4/Fog2 и
WT1+KTS активируют

экспрессию Sry в XY 
гонадах

12.5 dpc
после up-регуляции
Sox9 морфология

мужских гонад

меняется, 
появляются

семенные тяжи и

целомическая

полость (CV)

Экспрессия генов каскада
детерминации пола
на ранних стадиях
эмбрионального развития
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sex sex 

determination determination 

pathways in pathways in 

mammalsmammals

Rspo1Rspo1



sex determination:sex determination:

early developmentearly development
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Evolution of sex determination Evolution of sex determination = = 

transcriptional evolutiontranscriptional evolution

CBX2 (chromobox homolog 2)

Chromatin modificaton

upregulation of male-related genes SRY, SOX9, SF1 

negatively regulates female-related FOXL2 

Sox9 male-biased and Aromatase female-biased 

expression appear ancestral and virtually conserved 

throughout vertebrates

epigenetics

small RNA
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Microtus cabrerae

гигантские половые хромосомы
у самцов и самок присутствуют несколько
копий Sry (псевдогена) + фрагменты L1 и LTR 

ретроэлементов на X и Y
Marchal et al., 2008

Исключения из правил

Слишком много Sry

Tokudaia muenninki

24 копии Sry (псевдогена)

только на Y

Murata et al., 2010

FISH



Tokudaia osimensis 2n=25, X0 ♀, ♂
T. tokunoshimensis 2n=45, X0 ♀, ♂

X

нет Y    нет Sry

Tokudaia osimensis

Y

Fragment of Y was translocated to the X

Arakawa et al., 2002; Kuroiwa et al., 2010

Ellobius lutescens 2n=17 X0 ♀, ♂
E. tancrei  2n=54-30 NF=56  XX ♀, ♂
E. talpinus 2n=54, NF=54  XX ♀, ♂

Ellobius lutescens Ellobius lutescens 

Just et al. Nat. Genet., 1995



subgenus Ellobius
Ellobius talpinus

2n=54, NF=54, XX ♀, ♂
Ellobius tancrei

2n=54-30, NF=56, XX ♀, ♂
Ellobius alaicus 

2n=52-48, NF=56, XX ♀, ♂

genus Ellobius

subgenus Bramus

Ellobius fuscocapillus

2n=36, XY ♂ XX ♀
Ellobius lutescens

2n=17, X0 ♀, ♂

Rodentia
Cricetidae

Arvicolinae



Ellobius lutescens

Ellobius tancrei

Subterranean Arvicolinae



Fukomys anselli

Ellobius tancrei

Ellobius lutescens

конвергенция



Фото С. Черенкова www.rusbiophoto.com 



резцы

Fukomys anselli

цокор Geomys

туко-туко Ctenomys

Spalacopus

Tachyoryctes macrocephalus

голый землекоп
Heterocephalus glaber



Prometheomys 
schaposchnikovi 

Ellobius talpinus

С.И. Огнев

крот



250 современных видов грызунов
38 родов, 6 семейств

Euarchontoglires 



Burda, 1990



эволюция эусоциальности

цена ограничение размножения, 

инбридинг

плюсы устойчивые пищевые ресурсы, 

защита от хищников

поддержание эусоциальности

цена ограничение размножения (1% -

голые землекопы, 8% - дамарский
землекоп)

плюсы непрямые последствия: kin selection, 

устойчивые пищевые ресурсы, 

защита от хищников
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No Y    No Sry
E. lutescens and 

E. tancrei lost ZFY   



Vogel Vogel et al.et al. (1998) (1998) 

ЕслиЕсли уу слепушонокслепушонок нетнет SrySry, , тото, , 

вероятновероятно, , полпол детерминируетсядетерминируется

какимкаким--тото геномгеном//мутантныммутантным аллелемаллелем

генагена, , которыйкоторый обычнообычно

экспрессируетсяэкспрессируется послепосле SrySry. . 



Chromosome Res, 2012



TESCO of Tokudaia 

has no enhancer activities

SRY proteins bind to the testis-

specific enhancer of SOX9 (TES) 

with SF1 to upregulate SOX9 

expression in

undifferentiated gonads of XY 

embryos of humans and mice. 

The core region within TES, 

named TESCO, is an important

enhancer for mammalian sex 

determination



The ER71 protein belongs to the ETS transcription factor family and is testis-

specifically expressed in adult mice





� Firstly, polymorphic/biallelic markers were searched, and then screened in at least 

three generations families of mole voles. 

The same strategy was used in mole voles for the main genes of sex determination 

network: 

� SOX9, SF1, Sox3, Atrx, Nr0b1, Ar, Nr5a1, Foxl2/Pisrt1, Dmrt1 

(Baumstark et al., 2001; 2005; Just et al., 2002, 2007). 

No one demonstrated co-segregation of marker alleles with sex of animals.

� A primary sex determining function was excluded for all mentioned genes in E. 

lutescens and E. tancrei, species with X0 or XX sex chromosomes in males and females. 



Genotypes of E. lutescens animals after marker analysis at the 

Foxl2 and Pisrt1 loci. The pedigree shows the three-generation 

family with 20 animals. Animals with identical genotypes but with 

different sex, e.g., 24084 (male) and 24398 (female) exclude sex-

specific haplotypes as well as animals with different genotype but 

same sex (e.g., males 24084 and 24087; females 24079 and 

24371). The third generation, which was obtained by inbreeding, 

shows some animals with identical sex but different genotypes 

(e.g., 24381 and 24383). 

Fluorescence in situ 

hybridization with the 

isolated Foxl2 phagemid 

or the Pirst1 phagemid to 

metaphase spreads of E. 

lutescens chromosomes 

(2n = 17). The signals

map to the same region 

on сhromosome 8.

Foxl2

Pirst1





testis determinant factor 
Sry Sex-determining Region on the 
chromosome Y
spermatogonial proliferation factor 
Eif2s3y
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Evolution of sex determination Evolution of sex determination = = 

transcriptional evolutiontranscriptional evolution

CBX2 (chromobox homolog 2)

Chromatin modificaton

upregulation of male-related genes SRY, SOX9, SF1 

negatively regulates female-related FOXL2 

Sox9 male-biased and Aromatase female-biased 

expression appear ancestral and virtually conserved 

throughout vertebrates

epigenetics

small RNA



Meiosis is highly conserved and rigid, mating is extremely varied and flexible





preleptotene early zygotene early pachytene

middle pachytene early diplotene middle diplotene

Ellobius  talpinus, females

a a a

a

Kolomiets et al., 2010



E.  talpinus, males

a - late zygotene. A closed sex bivalent with short paratelomeric SC fragments and                   

extensive zone of asynapsis between the axial elements of XX chromosomes. 

b - pachytene. Two electron-dense nucleolus-like bodies at each of XX chromosomes axes. 

c - diplotene. The compact sex bivalent has a complicated confi guration and is surrounded 

by a “cloud” of electron-dense material.





E. talpinus, male



Schematic illustration of male Ellobius MSCI (meiotic sex chromosome inactivation) 
A pachytene spermatocyte (A) and a sex (XX) bivalent (B) of a mole vole are shown. 
The sex (XX) chromosomes form a sex body on the periphery of the nucleus. The chromatin of the sex body 
undergoes reorganization. MSCI markers have different distributions: SUMO-1 (yellow), ATR (black dots), 
ubiH2A (blue), H2AFX (violet). SUMO-1 marks a small nucleolus-like body of the meiotic XX. ATR and ubiH2A 
are localized in the asynaptic area of the sex bivalent. γ H2AFX covers the entire XX bivalent. MLH1 signals are 
shown only for the sex chromosomes (black balls). The red balls indicate centromeres.



Ellobius male sex chromosomes behaviour in meiotic prophase I



Ellobius male sex chromosomes behaviour in meiotic prophase I

2017



E. alaicus, male







Human genetics, 2017



Evolution  of  sex  chromosomes  

in mole  voles  Ellobius

2018



sex is typically determined by 

X and Y chromosomes

sex is controlled by one 

master-switch gene





РобертсоновскиеРобертсоновские транслокациитранслокации, , 

монобрахиальнаямонобрахиальная гомологиягомология ии

видообразованиевидообразование

Гибридизация и мейотический драйв
могут вести к образованию новых
форм и видов в случае
монобрахиальной гомологии



T. Cremer & C. Cremer, 2001, Nature

arms of metacentric 

chromosome

centromeric

domain

CHROMOSOME 
TERRITORIES 

Boveri, 1909

gene-poor

chromatin

interchromatin 

compartment

gene-rich

nuclear lamina

Species specific genome structure is a kind of predisposition to translocations

Changing of nuclear architecture may lead to a new genetic system of species



Fluorescence  in  situ  hybridization  (FISH)  

image  of  a  mouse nucleus 

The polar organization of the chromosome is 

revealed with the gene (exon)-dense  portion  

of  the  chromosome  oriented  away  from  

the nuclear  periphery



(Fraser & Bickmore, 2007)

РасположениеРасположениеРасположениеРасположение хромосомхромосомхромосомхромосом ииии

экспрессияэкспрессияэкспрессияэкспрессия геновгеновгеновгенов

Chromosome territory

Cis and trans
co-association

Cis-interaction/trans
interaction

Chromatin loopTranscription factory



(Tanabe et al, 2002)

Homologous to 

Human Chr 18

Homologous to 

Human Chr 19Human Chr 18

(gene poor)

Human Chr 19

(gene dense)

Консервативность хромосомных



Chromosomes occupy

nonrandom radial positions relative to 
the centre of the nucleus

Changing the
relative arrangement of genome regions

(coloured rectangles) to bring them into close

proximity is functionally relevant for gene

activity, and for the formation of chromosomal
translocations

Meaburn, Misteli, 2007

Species-specific genome structure is a kind of predisposition to translocations

Changing of nuclear architecture may lead to a new genetic system of species





pachytene checkpointspachytene checkpoints







Ляпунова и др., 1984, 

2010



2019
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Монобрахиальная гомология – эксперимент по скрещиванию
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Pamiro-Alay, zone of Robertsonian polymorphism
Khodzha-Obi-Garm Rb zone 2n=53-30
Voidara 

54

54

50

Rb zoneRb zone

50

50505050



Ellobius lutescens 2n=17

Ellobius talpinus 2n=54

Bivariate flow karyotype of the field 
vole (M. agrestis) cells with 
autosomal assignments. The giant 
sex chromosomes are located
outside of the illustrated area.



Ellobius tancrei

2n=50
№1733 ♂

Ellobius tancrei

2n=48 
1736 ♀

MAG1-5

Zoo-FISH



F1 самец

P самка

Ходжа-Оби-Гарм

Скрещивание форм с 2n=50



Гибридизация 2n=50 x 2n=50

Monobrachial 
Homology

F1

1833 female F1 50х50                ACA_Alexa546



Профаза мейоза I гибридов F1, 

скрещивание форм E. tancrei
2n = 50, NF = 56



50x50

BreedingBreeding
strict inbreeding (sibs)

Parental fertility Parental fertility 
P1 x P2 30 litters, 86 pups 

(2,87 ± 0.57)

Hybrid fertility Hybrid fertility 
F1 44 litters, 71 pups 

(1,61 ± 0,84) 

F2 45 litters, 98 pups 
(2,18 ± 0,83)

…

F11

F1 

2 weeks

F4

2 weeks

F6

newborn 

277 litters 277 litters 

613 animals 613 animals 



F2 female 26433 2n=52 2Rb(9.13)          F2 male 26334 2n=52 1Rb(4.12) 1Rb(9.13)

F2 male 26432 2n=48 2 Rb(2.18), 2Rb(4.12), 1Rb(9.13), 1(5.9)

F2



Гибриды F1–F9 E. tancrei 

Vavilov J Genetics and Selection

2019

F2

2Rb(4.12)
1Rb(5.9) 
1Rb(2.18) 

1Rb(9.13)
F1



Chromosome synapsis in pachytene spermatocytes of E. tancrei 
hybrids of different generations

Tambovtseva et al., 2019



Оогенез

и мейотический драйв





Ellobius alaicus





Заключение

Все элементы генома, от хромосом до отдельных пар нуклеотидов, 
образуют мультикомпонентную систему, а не существуют сами по себе

Адаптивность на уровне генома – естественный отбор

Гибридизация и мейотический драйв могут быть механизмами, 
обеспечивающими формирование новых форм и видов





N.N. Vorontsov, E.A. Lyapunova, L.V. Yakimenko,

W. Just, W. Vogel, K. Fredga, A. Baumstark, A. Suess, 

M. Hakhverdyan, A.S. Graphodatsky, S.A. Romanenko, A.S. Saidov

O.L. Kolomiets, S.N. Matveevsky, A.S. Bogdanov 

"The more we learn about the world, and the deeper our 
learning, the more conscience, specific, and articulate will be 
our knowledge of what we do not know, our knowledge of our 

ignorance. For this, indeed, is the main source of our 
ignorance--the fact that our knowledge can be only finite, 

while our ignorance must necessarily be infinite." Karl Popper



neocentromere

E. talpinus 

E. tancrei 

F1 hybrid E. tancrei x E. talpinus



Bakloushinskaya et al., 2012

E. tancrei E. talpinus

F1 hybrid, female F1 hybrid, male



Variations of a centromere position in 

the submetacentric chromosome in the 

early meiotic prophase I (interspecific 

hybrids and E. tancrei).

2017



Variations of a centromere position in 

the submetacentric chromosome in the 

early meiotic prophase I (interspecific 

hybrids and E. tancrei).

2017
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