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Abstract: Y-chromosome is composed of large regions of non-recombinant sequences and 
transmitted only through the male sex. In 1959, when Patricia Jacob studied Klinefelter 
syndrome (XXY) and Charles Ford studied Turner syndrome (X0) concluded that 
Y-chromosome is determined by sexes. Y-chromosome originates from autosomes and 
its evolution has often been associated with large deletions and inversions. Recent studies 
of sex chromosomes in humans and other primates, as well as in plants and Drosophila, 
throw light on its structure and origin. Classical genetic studies have shown that the 
Y-chromosome contains an extremely small number of genes, some even disappeared in 
some species. 

After sequencing the human genome, it is possible to study the molecular structure 
of the Y-chromosome. About 95 % of its length is not participating in recombination 
with X-chromosomes and is called NRY (nonrecombining region). The other part of the 
Y-chromosome is called MSY (male-specific region. Euchromatin sequences in MSY are 
separated into three regions: the X‐transposed region, the X‐degenerative region and the 
ampliconic region.

Recent studies suggested that the X and Y chromosomes are diverge 300 million 
years ago. Comparative analysis of Y chromosomes at different stages of differentiation 
in different organisms will give additional information on the structure and evolution of 
the sex chromosomes.
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The organization of the human Y chromosome
Human sex chromosomes (X and Y)  are thought to have evolved from a pair 

of autosomes when an ancestral mammalian developed an allelic variation called 
the "sex locus." This locus determined which chromosome to be Y-chromosome 
and the male sex. Genes that have been useful to males and harmful or not 
effective to females are transferred to the Y chromosome through translocation.

After sequencing the human genome, it became possible to study the 
molecular structure and function of the Y chromosome. Genomic studies have 
provided evidence of intrachromosomal recombination leading to the formation 
of the male-specific region (MSY) (fig.1).

Figure 1. Male-Specific Region of the Y chromosome (Skaletsky et al., 2003). 

The male-specific region (MSY) of the Y chromosome is the only haploid 
part of the nuclear genome. It covers about 95% of the whole chromosome 
and is contained three different classes of euchromatic regions: X-transposed, 
ampliconic and X-degenerate (Skaletsky et al., 2003). The X-transposed region 
is 99% identical to the long arm of the X chromosome (Ross et al., 2005). 
X-degenerate sequences are parts of ancient autosomes and the amplicon region 
is characterized by a large number of intrachromosomal duplications and contains 
genes that are expressed primarily in the testes (Skaletsky et al.,2003; Rozen et 
al., 2003). There are 8 massive palindromes in the ampliconic region termed P1–
P8. There are two highly similar intra-chromosomal inverted palindrome arms 
separated by a non-duplicated spacer (Rozen et al., 2003; Hallast et al., 2013).    

Identical palindrome regions are preserved or independently formed and 
belong to different kingdoms (Ezawa et al., 2006; Davis et al., 2010; Méndez-Lag 
et al., 2011; Tomaszkiewicz et al., 2016; Trombetta et al., 2017; Swanepoel, 2020; 
Zhou et al., 2020). Large palindromes are overrepresented in the mammalian X 
chromosome (Warburton et al., 2004; Mueller et al., 2008; Mueller et al., 2013) 
and, like Y palindromes, may undergo gene conversion events (Swanepoel et 
al., 2020). David Page's group has published the first complete sequence of a 23 
megabase (Mb) euchromatic region, including 8 Mb on the short arm (Yp) and 
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14.5 Mb on the long arm (Yq) of a human Y chromosome (Skaletsky et al., 2003). 
The data showed a detailed picture of the organization of a Y chromosome. The 
MSY region contains at least 158 transcription units, half of which probably encode 
proteins. They are a small part of 160 Mb on the X chromosome (International 
Human Genome Sequencing Consortium: Initial sequencing and analysis of the 
human genome. Nature. 2001, 409: 860-921). The coding sequences among these 
158 units can be divided into two categories. The first category includes 27 genes 
that are homologous of the genes on the X chromosome. 14 of them are actively 
linked to the Y chromosome and are expressed in many different tissues. The 
exception is the male defining gene, Sry, which is expressed in germ cells and has 
an X analog, Sox3 (Lahn et al., 1999). The second category consists of 9 gene 
families which are different from the X chromosome genes. They are organized 
in two or more repeats. Interestingly, two of them come from the X chromosome, 
and the other seven were obtained by transposition from autosomes. Similarity 
transposition from autosome to the Y chromosome was found in the plant Silene 
latifolia (Matsunaga et al., 2003).

Three classes of sequences in the MSY region
The MSY euchromatin region is subsequently sub-divided into three sequence 
classes:
1) The X-transposed sequences - they are 99% identical to sequences in Xq21. 

It is believed that about 3-4 MY ago there was a massive transposition from 
X to Y, which resulted in these sequences (Mumm et al., 1997; Schwartz, 
A. et al.1998). This was followed by an inversion in the short arm and 
the modern MSY was obtained (Page et al., 1984). These X-transposed 
sequences do not participate in X-Y crossover, which makes them different 
from pseudo-autosomal sequences (in the telomeric regions of human X and 
Y). X-transposed segments have a combined length of 3.4 Mb. Two genes 
that have homologs in Xq21 (Skaletsky et al., 2003) have been identified. 
Considering gene and repeat density, X-transposed sequences show the lowest 
gene density among the three classes of sequences in MSY euchromatin, but 
the higher repeat density (Human Genome Sequencing Consortium Initial 
sequencing and analysis of the human genome, 2001, Nature 409, 860–921; 
Venter, et al. 2001).

2) X-degenerative region - the X-degenerate segments of MSY have a single 
copy of 27 X-linked genes and show between 60% - 96% nucleotide sequence 
similarity with their X-linked homologs. They are ancient relics of autosomes 
from which the sex chromosomes evolved. 13 of them are pseudogenes, 
while in the remaining 14 cases the MSY homolog is a transcribed functional 
gene (Skaletsky et al., 2003). All 12 expressed MSY genes are located in the 
X-degenerated regions. 11 MSY genes were found to be expressed in the 
testes, only one SRY sex-determining gene was X-degenerated.
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3) Ampliconic region - Тhey are composed mainly of sequences that show up to 
99.9% similarity to over tens or hundreds of kilobases in MSY. These long, 
repetitive units, of which there are many families, are called amplicons. They 
are located in seven segments, which are along the length of the long arm 
and the proximal short arm, and the total length is 10.2 Mb (Skaletsky et al., 
2003). It should be noted that 60% of the ampliconic sequences show 99.9% 
or more intrachromosomal identity. Amplicon sequences contain coding and 
non-coding genes. There are nine different MSY protein-coding gene families, 
and the number of copies can range from two (eg. HSFY, VCY, XKRY, PRY), 
three (BPY2), four (CDY, DAZ) to 35 (TSPY). Copies may vary for different 
Y chromosomes in human populations. All these nine families comprise about 
60 transcription units. There are also 75 additional transcription units, which 
are members of 15 MSY-specific families.

Palindromes on the Y-chromosome
Y chromosome repeats are organized as palindrome structures. There are eight 

massive palindromes, which arms are symmetrical and nucleotide similarity of 
99.94-99.99%. Palindromes are long, each contains a unique and non-duplicated 
spacer at its center. P1 is large (2.9 Mb) and carries two secondary palindromes 
(P1.1 and P1.2) (Kuroda-Kawaguchi, et al. 2001). The 8 palindromes together 
are 5.7 Mb or one-quarter of the MSY euchromatin region. Some of these 
palindromes are present in chimpanzees, so their origin precedes the separation 
between people and their close relatives (Rozen et al., 2003) (fig.2).

Figure 2 Palindromes on the human Y chromosome  (Bachtrog et al., 2013).
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Six of the palindromes carry genes encoding proteins that are expressed in 
the testes. From all nine families coding proteins in MSY, 8 have members in 
palindromes. They include the DAZ genes and the CDY genes in a different 
number of copies.

The ampliconic regions of Yq and Yp contain also five sets of spaced inverted 
repeats. Three of these repeats are pairs (IR1, IR2, and IR3) and show nucleotide 
identities of about 99.95% (Tilford et al., 2001).

The ampliconic areas also contain long tandem clusters with a no-long open 
reading frame (NORF) and testis-specific protein, Y-encoded clusters (TSPY)
(Vogel et al.,1998; Skaletsky et al., 2003).

X-degenerate and ampliconic regions evolved partly in parallel as parts of a 
DNA molecule. Both of them were transmitted only through the male germline. 
They have several differences which suggest different evolutionary events. 

Y–Y gene conversion 
Recombination between the X and Y chromosomes has proved to be less 

useful because some of the necessary genes that were previously on the X 
chromosome are lost for mаles, while genes that have been on the Y-chromosome 
for females are harmful. This leads to gene accumulation in males predominantly 
close to the sex-determining genes, and recombination is suppressed (Graves et 
al., 2006). So, the Y chromosome changes and the areas around the sex-related 
genes cannot recombine with the X chromosome. As a result of this "protective" 
mechanism, 95% of the human Y chromosome is unable to recombine.

In 2003, scientists at the Massachusetts Institute of Technology found a 
process that can retard the degradation of the Y chromosome. The Y chromosome 
could "recombine" with itself using palindromic sequences (Rozen et al., 2003). 
This recombination is called gene conversion and is a type of recombination 
which involves the non-reciprocal transfer of genetic information from a “donor” 
sequence to a similar “acceptor” sequence (Chen et al., 2007). Gene conversion 
does not take place only in genes but may occur in any duplicated area of the 
genome (Trombetta et l., 2017).

Two modes of recombination in the human Y chromosome occur regularly. 
First, there is a crossing-over with the X chromosome in the PAR (pseudoautosomal) 
regions, and second, there is Y–Y gene conversion (Rozen et al., 2003). These 
models of Y chromosome recombination are called ‘productive’ to differentiate 
them from the rare or aberrant recombinations which disturb sex differentiation 
or fertility.

Scientific data show that multiple Y-Y gene conversion events occur per 
generation in MSY while X-Y crossing-over occurs in pseudoautosomal regions 
in one generation of MSY.
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Human Y-chromosome - comparisons with other species
Sex chromosomes are derived from autosomes and have evolved in different 

lineages. They carry the genes determining sex and are subject to evolutionary 
forces (Charlesworth et al., 2000; Bachtrog et al. 2011). Some Y chromosomes 
like those of humans and Drosophila, and some species of plants are subjected to 
a process called degeneration. In this process, the Y chromosome loses most of 
the original genes and acquires new ones that are useful for males (Bull JJ., 1983; 
Charlesworth B, and Charlesworth D., 2000).

Old Y-chromosomes of Drosophila melanogaster and human, are highly 
heterochromatic with a large number of repeats and ampliconic DNA (The 
Chimpanzee Sequencing and Analysis Consortium Initial sequence of the 
chimpanzee genome and comparison with the human genome, 2005, Nature, 
437:69–87). The X and Y chromosomes of humans and other mammals evolved 
from a common ancestral chromosome over 200 MY ago. All members of 
Drosophila have a homologous ancestral sex chromosome pair that formed over 
60 MY ago. These data show that the Y chromosomes of these species diverge 
in the evolution.  The research analysis of D. melanogaster Y chromosome and 
primate Y chromosomes revealed common characteristics shared between their 
Y chromosomes. 

Y chromosomes of the three species of primate, human, rhesus macaque, and 
chimpanzee are sequenced (Skaletsky et al. 2003; Hughes et al. 2005; Hughes et 
al., 2010; Hughes et al. 2012). 

They differ in gene content and sequence. The chimpanzee MSY area 
contains twice more massive palindromes as the human MSY and has lost much 
of its genes and part of the gene families. In both chimpanzees and humans, the 
ampliconic and X-degenerate sequences are the most of the MSY euchromatin 
region (Hughes et al., 2010). These sequences in the human MSY are the result 
of an X-Y transposition that occurred after the divergence of humans from the 
chimpanzee lineage (Page et al., 1984). Comparing the human and chimpanzee 
MSY, it was found that there is a large sequence loss of the ampliconic regions. 
The chimpanzee ampliconic areas are massive and contain 19 palindromes. Seven 
of them are found in human MSY, and the other 12 are specific to chimpanzees. 
Unlike human MSY, almost all chimpanzee palindromes are in multiple copies 
(Hughes et al., 2010). While humans and chimpanzees contain a substantial 
amount of amplicon DNA, it is almost absent in rhesus as well as the euchromatic 
segment of the MSY is notably smaller in rhesus. (Hughes et al., 2012). The 
Human X-degenerate region contains 16 single-copy genes with Х-homologs 
(Skaletsky et al., 2003). All of these 16 genes are shared between humans and 
rhesus. The chimpanzee X-degenerate regions had lost 4 of 16 genes due to 
mutations (Hughes et al., 2005).

The Y chromosome of D. melanogaster also has its characteristics and is 
crucial for male fertility. About 40 Mb is heterochromatic and a small part of it 
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contains protein-coding genes (Kennison JA, 1981; Carvalho et al. 2003).
Male drosophila without Y is viable but sterile (Brosseau, 1960). Studies 

of the Drosophila Y chromosome identified six fertility factors of Drosophila 
(Gatti and Pimpinelli, 1983). Some of them are more than 100 times larger than a 
single Drosophila gene (Bonaccorsi et al., 1988). Comparing the Y chromosome 
gene content in the 12-sequenced Drosophila species revealed that only three of 
the Y-linked genes of D. melanogaster are in all species (Koerich et al., 1990; 
Williams et al., 1990). There is only one homologous region between the X and 
Y chromosomes in D. melanogaster, the rDNA locus. It is a tandem repeating 
array consisting of hundreds of units encoding ribosomal RNA genes (McKee 
and Karpen, 1990).

In humans, the euchromatic region of the Y contains 78 protein-encoding 
genes, while the heterochromatic Y chromosome in Drosophila contains only 
13 protein-encoding genes. Genomic sequencing also confirms that many male 
function genes are located on the Y in both primates (Lahn and Page, 1997) and 
Drosophila (Gatti and Pimpinelli, 1983; Carvalho et al., 2001). In addition, the 
Drosophila Y chromosome did not contain large ampliconic regions, which are 
present in the human Y chromosome (Skaletsky et al., 2003). 

Unlike animals, most terrestrial plants are cosexual (female and male 
reproductive functions in one individual). Only about 6% of the plant have 
developed separate sex, which sometimes leads to appearance of heteromorphic 
sex chromosomes. A recent analysis of Silene latifolia, provided initial evidence 
for the structure of the sex chromosomes of plants (Westergaard, 1958; Lardon 
et al, 1999; Ming et al., 2011).  The two sex chromosomes of S. latifolia contain 
approximately 4000 genes and are morphologically different (Bernasconi et 
al.2009)(Fig.3).

Figure 3. Sex chromosomes of S.latifolia (Lardon et al., 1999).
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Transcriptome analysis identified about 400 gene pairs of X and Y, and gene 
expression levels were significantly lower in Y-linked genes compared to their X 
homologs. The data show that Y usually degenerates much more slowly in plants 
than in animals (Chibalina et al., 2011; Bergero and Charlesworth, 2011). The 
explanation for these differences is due to the expression in haploid gametes in 
plants carrying the Y chromosome. In them, pollen expresses many genes, while 
in animals sperm show much more limited gene expression (Schafer et al., 1995). 
The first Y-linked genomic sequence for plants was published after research on 
papaya (Wang et al. 2012). The study showed two different Y chromosomes that 
control the males and hermaphrodites development. When comparing the two 
Y chromosomes, it was found that the hermaphrodite Y sequence has two large 
inversions. The increase in the size of the Y-chromosome was found due to the 
insertion of a retrotransposon into Y (Wang et al. 2012). While the loss of genes 
from plant Y chromosomes can be delayed compared to animals, non-recombinant 
chromosomal degeneration, which is an even more common phenomenon cannot 
be delayed.

CONCLUSIONS

Y-chromosome originates from autosomes and its evolution has often been 
associated with large deletions and inversions. Genes, which were beneficial 
for males and harmful to females, are saved on the Y chromosome.  Through 
the process of translocation, other genes are transferred to the X chromosome. 
Recent studies of the Y- Y-chromosome in humans and different primates, as well 
as in plants and Drosophila, throw light on its structure and origin.

After sequencing the human genome, it became possible to study the molecular 
structure of the Y-chromosome. About 95 % of its length is not participating in 
recombination with X-chromosomes and is called NRY (nonrecobinating region). 
The other part of the Y-chromosome is called MSY (male-specific region) and is 
predominantly responsible for male sex determination.

The structure of Y chromosomes continues to be a challenge, but new 
sequencing technologies will help study their sequences.

Questions arise that still need to be answered. Are amplicons unique to all 
primates? Are the characteristics found in model organisms general to all Y 
chromosomes? Are the large introns in  Drosophila Y chromosome characteristic 
for Y-chromosomes of other organisms? And why do birds have two homologous 
sex chromosomes? All these questions, and many more, are looking for answers.

Many scientists predict the future evolution of the Y chromosome. They 
suggest that the Y chromosome will disappear and other chromosomes will take 
over its genes and functions as in some species (Sutou et al., 2001; Zhou et al., 
2008; Matveevsky et al., 2017).



120

Acknowledgments: The authors extend their special thanks to Prof. Sevdalin Georgiev 
who generously provided us with the original photo of sex chromosomes of S. latifolia, 
used in this paper Fig.3.

REFERENCES

1. Bachtrog D, et al, 2011, Are all sex chromosomes created equal?, Trends in Genetics, 
27:350–357.

2. Bachtrog, D., 2013, Y-chromosome evolution: emerging insights into processes of 
Y-chromosome degeneration. Nat Rev Genet 14, 113–124. 

3. Bergero R, Charlesworth D. , 2011, Preservation of the Y Transcriptome in a 
10-Million-Year-Old Plant Sex Chromosome System. Current Biology, 21:1470–
1474.

4. Bernasconi G, et al., 2009, Silene as a model system in ecology and evolution. 
Heredity, 103:5–14.

5. Bonaccorsi S, Pisano C, Puoti F, Gatti M., 1988, Y-chromosome loops in Drosophila 
melanogaster, Genetics, 120: 1015–1034.

6. Brosseau GE, 1960, Genetic analysis of small fertility factors on the Y-chromosome 
of Drosophila melanogaster. Genetics. 1960; 45 : 257–274.

7. Bull J J., 1996, Evolution of Sex Determining Mechanisms. Benjamin Cummings; 
Menlo Park, CA: 1983; Rice WR. Evolution of the Y sex chromosome in animals. 
BioScience. 46:331–343.  

8. Carvalho A.B., et al., 2003, Y chromosome and other heterochromatic sequences of 
the Drosophila melanogaster genome: how far can we go? Genetica.117: 227–37.

9. Charlesworth B., Charlesworth D., 2000, The degeneration of Y-chromosomes. Philos 
Trans R Soc Lond B Biol Sci.355:1563–72.

10. Chen J.M, Cooper D.N, Chuzhanova N, Férec C, Patrinos GP, 2007, Gene conversion: 
mechanisms, evolution and human disease.Nat Rev Genet 8:762–775.

11. Chibalina M.V, Filatov D.A., Plant Y Chromosome Degeneration Is Retarded by 
Haploid Purifying Selection. Current Biology. 2011;21:1475–1479.

12. Davis, J.K., Thomas, P.J., 2010, Comparative Sequencing Program, N.I.S.C.and 
Thomas, J.W., A W-linked palindrome and gene conversion in New World sparrows 
and blackbirds. Chromosom. Res., 18, 543–553.

13. Ezawa, K., OOta, S.and Saitou, N., 2006, Genome-wide search of gene conversions 
in duplicated genes of mouse and rat. Mol. Biol. Evol., 23, 927–940. 

14. Ford C.E., Jones K.W., Polani P.E., De Almeida J.C., Briggs J.H. ,1959, A sex-
chromosome anomaly in a case of gonadal dysgenesis (Turner’s Syndrome). The 
Lancet 273(7075): 711–713.

15. Gatti M, Pimpinelli S., 1983, Cytological and genetic analysis of the Y-chromosome 
of Drosophila melanogaster. 1 Organization of fertility factors. Chromosoma. 1983; 
88: 349–373.

16. Carvalho A.B., Dobo B.A., Vibranovski M.D., Clark A.G., 2001,  Identification of 
five new genes on the Y chromosome of Drosophila melanogaster. Proc Natl Acad Sci 
U S A., 98:1 3225–30.

17. Graves J.A.M., 2006), "Sex chromosome specialization and degeneration in 
mammals". Cell 124 (5): 901-14. PMID 16530039.



121

18.  Hallast P., Balaresque P., Bowden G.R., Ballereau S., Jobling M.A. , 2013, 
Recombination Dynamics of a Human Y-Chromosomal Palindrome: Rapid GC-
Biased Gene Conversion, Multi-kilobase Conversion Tracts, and Rare Inversions. 
PLoS Genet 9(7): e1003666. https://doi.org/10.1371/journal.pgen.1003666.

19. Hughes J, et al., 2005, Conservation of Y-linked genes during human evolution 
revealed by comparative sequencing in chimpanzee. Nature. 2005;437:100–103.

20. Hughes JF, et al., 2012, Strict evolutionary conservation followed rapid gene loss on 
human and rhesus Y chromosomes. Nature. 2012;483:82–U124.

21. Hughes, J. F., Skaletsky, H., Pyntikova, T., Graves, T. A., van Daalen, S. K., Minx, 
P. J., Fulton, R. S., McGrath, S. D., Locke, D. P., Friedman, C., Trask, B. J., Mardis, 
E. R., Warren, W. C., Repping, S., Rozen, S., Wilson, R. K., & Page, D. C., 2010, 
Chimpanzee and human Y-chromosomes are remarkably divergent in structure and 
gene content. Nature, 463(7280), 536–539. https://doi.org/10.1038/nature08700.

22. International Human Genome Sequencing Consortium: Initial sequencing and 
analysis of the human genome, 2001, Nature, 409: 860-921. 10.1038/35057062.

23. Jacobs P.A., Strong J.A., 1959, A case of human intersexuality having a possible xxy 
sex-determining mechanism. Nature 183(4657): 302–303.

24. Kennison J.A., 1981, The genetic and cytological organization of the Y chromosome 
of Drosophila melanogaster. Genetics 98: 529–548.

25. Koerich L.B., Wang X., Clark A.G., Carvalho A.B., 2008, Low conservation of gene 
content in the Drosophila Y chromosome.Nature 2008; 456: 949–951.

26. Kuroda-Kawaguchi, T. et al., 2001, The AZFc region of the Y chromosome features 
massive palindromes and uniform recurrent deletions in infertile men. Nature Genet. 
29, 279–286.

27. Lahn B.T., Page D.C., 1997, Functional coherence of the human Y chromosome, 
Science, 278:675–80.

28. Lahn B.T., Page D.C., 1999, Four evolutionary strata on the human X chromosome. 
Science. 286: 964-967. 10.1126/science.286.5441.964.

29. Lardon A., Georgiev S., Aghmir A., Le Merrer G., Negrutiu I, 1999, Sexsual 
dimorphism in the white campion: complex control of carpel number is revealed by Y 
chromosome deletions. Genetics 151:1173-85.

30. Matsunaga S., Isono E., Kejnovsky E., Vyskot B., Kawano S., Charlesworth D., 2003, 
Duplicative transfer of a MADS box gene to a plant Y chromosome. Mol Biol Evol., 
20: 1062-1069. 10.1093/molbev/msg114.

31. Matveevsky R, Sergey et al., 2017, Chromosomal Evolution in Mole Voles Ellobius 
Cricetidae, Rodentia): Bizarre Sex Chromosomes, Variable Autosomes and Meiosis. 
”Genes vol. 8, 11 306, doi: 10.3390 / genes8110306.

32. McKee B.D., Karpen G.H., 1990, Drosophila ribosomal RNA genes function as an 
XY pairing site during male meiosis. Cell, 61: 61–72.

33. Méndez-Lag, M., Bergman, C.M., dePablos, B., Tracey, A., Whitehead, S.L.and 
Villasante, A., 2011, A large palindrome with interchromosomal gene duplications in 
the pericentromeric region of the D. melanogaster Y chromosome. Mol. Biol. Evol., 
28, 1967–1971. 

34. Ming R., Bendahmane A., Renner S., 2011, Annual Review of Plant Biology., 62:485–
514; 

35. Mueller, J.L., Mahadevaiah, S.K., Park, P.J., Warburton, P.E., Page, D.C.and Turner, 
J.M.A., 2008, The mouse X chromosome is enriched for multicopy testis genes 
showing postmeiotic expression. Nat. Genet., 40, 794–799. 



122

36. Mueller, J.L., Skaletsky, H., Brown, L.G., Zaghlul, S., Rock, S., Graves, T., Auger, 
K., Warren, W.C., Wilson, R.K.and Page, D.C., 2013, Independent specialization of 
the human and mouse X chromosomes for the male germ line. Nat. Genet., 45, 1083–
1087.

37. Mumm, S., Molini, B., Terrell, J., Srivastava, A. & Schlessinger, D., 1997, 
Evolutionary features of the 4-Mb Xq21.3 XY homology region revealed by a map at 
60-kb resolution. Genome Res. 7, 307–314.

38. Page D.C., Harper M.E., Love J., Botstein D., 1984, Occurrence of a transposition 
from the X-chromosome long arm to the Y-chromosome short arm during human 
evolution. Nature, 311:119–123.

39. Ross, M.T., Grafham, D.V., Coffey, A.J., Scherer, S., McLay, K., Muzny, D., Platzer 
M., Howell, G.R., Burrows, C., Bird, C.P.et al., 2005, The DNA sequence of the 
human X chromosome. Nature, 434, 325–337.

40. Rozen S., Skaletsky H., Marszalek J., Minx P., Cordum H., Waterston R., Wilson R., 
Page D., 2003,  "Abundant gene conversion between arms of palindromes in human 
and ape Y chromosomes". Nature 423 (6942): 873-6.

41. Schafer M., Nayernia K., Engel W., Schafer U., 1995, Translational control in 
spermatogenesis. Dev Biol., 172:344–52.

42. Schwartz, A. et al., 1998, Reconstructing hominid Y evolution: X-homologous block, 
created by X-Y transposition, was disrupted by Yp inversion through LINE-LINE 
recombination. Hum. Mol. Genet. 7, 1–11. 

43. Skaletsky H., Kuroda-Kawaguchi T., Minx P.J., Cordum H.S., Hillier L., Brown L.G., 
Repping S., Pyntnikova T., Ali J., Bieri T., et al., 2003, The male-specific region of the 
human Y chromosome is a mosaic of discrete sequence classes, Nature, 423: 825-837. 
10.1038/nature01722.

44. Sutou S, Mitsui Y, Tsuchiya K., 2001, Sex determination without the Y chromosome 
in two Japanese rodents Tokudaia osimensis osimensis and Tokudaia osimensis spp. 
Mamm Genome, 12 (1): 17-21. doi: 10.1007 / s003350010228. 

45. Swanepoel, C.M., Gerlinger, E.R.and Mueller, J.L., 2020, Large X-linked palindromes 
undergo arm-to-arm gene conversion across Mus lineages, Mol. Biol. Evol., 37, 
1979–1985.

46. The Chimpanzee Sequencing and Analysis Consortium Initial sequence of the 
chimpanzee genome and comparison with the human genome, 2005, Nature, 437:69–
87.

47. Tilford, C. et al., 2001, A physical map of the human Y chromosome. Nature 409, 
943–945.

48. Tomaszkiewicz, M., Rangavittal, S., Cechova, M., Campos Sanchez, R., Fescemyer, 
H.W., Harris, R., Ye, D., O'Brien, P.C., Chikhi, R., Ryder, O.A.et al., 2016, A time- 
and cost-effective strategy to sequence mammalian Y chromosomes: an application to 
the de novo assembly of gorilla Y. Genome Res., 26, 530–540.

49. Trombetta, B., Cruciani, F., 2017, Y chromosome palindromes and gene conversion. 
Hum Genet 136, 605–619, https://doi.org/10.1007/s00439-017-1777-8.

50. Vogel T., Schmidtke J., 1998, Structure and function of TSPY, the Y-chromosome 
gene coding for the "testis-specific protein". Cytogenet Cell Genet., 80(1-4):209-13. 
doi: 10.1159/000014982.

51. Wang J, et al., 2012, Sequencing papaya X and Yh chromosomes reveals molecular basis 
of incipient sex chromosome evolution. Proc Natl Acad Sci U S A. 2012;109:13710-5.



123

52. Warburton, P.E., Giordano, J., Cheung, F., Gelfand, Y.and Benson, G., 2004, Inverted 
repeat structure of the human genome: the X-chromosome contains a preponderance 
of large, highly homologous inverted repeats that contain testes genes. Genome Res., 
14, 1861–1869.

53. Westergaard M., 1958, The mechanism of sex determination in flowering plants. Adv. 
Genet. 9:217–281.

54. Williams S.M., Robbins L.G., Cluster P.D., Allard R.W., Strobeck C., 1990, 
Superstructure of the Drosophila ribosomal gene family.Proc Natl Acad Sci USA., 
87: 3156–60.

55. Zhou, Q., Wang, J. , Huang, L., Nie, W., Wang, J., Liu, Y., Zhao, X., Yang, F., & 
Wang, W., 2008,  Neo-sex chromosomes in the black muntjac recapitulate incipient 
evolution of mammalian sex chromosomes, Genome biology, 9 (6), R98, https://doi.
org/10.1186/gb-2008-9-6-r98. 

56. Zhou, R., Macaya-Sanz, D., Carlson, C.H., Schmutz, J., Jenkins, J.W., Kudrna, D., 
Sharma, A., Sandor, L., Shu, S., Barry, K.et al., 2020, A willow sex chromosome 
reveals convergent evolution of complex palindromic repeats. Genome Biol., 21, 38.




