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Evolution: Shape-shifting sex-determining systems and vole sex chromosomes 
 
It has long been known that some mouse and vole species have unusual sex chromosomes, and this new 
genome sequencing study advances understanding of a particularly puzzling vole system.   
 
 
Most mammals studied, across a wide diversity of taxa, share an XX female, XY male sex chromosome 
system (Figure 1A). Their X chromosomes carry largely similar sets of genes, although only part of the X in 
Eutherians is homologous to the Marsupial X, (part was a Marsupial  autosome that was added later). The 
Y chromosomes of both Marsupials and Eutherians are non-recombining, and have lost almost all genes 
ancestrally carried on this chromosome. Only ten X-linked genes have homologues on the Ys of many 
Eutherians, indicating that these “ancestrally Y-linked genes” have long been evolving independently of 
their X counterparts. Their sequences are so diverged from their X-linked alleles that these allele pairs 
have been termed “gametologs”. The sex-determining system is also similar across most Eutherian 
lineages [1]. The so-called “mammalian master sex-determining gene” or male determiner, SRY (the 
gametolog of the X-linked SOX3 gene) includes a region encoding an “HMG box” that activates a 
regulatory network leading the gonad to develop as a testis. However, very strange things have 
happened in some mouse and vole species. In Microtus oregoni, the species in this new study [2], 
genome sequence data are providing new details that may help understand its differences from other 
mammals. 
 
In somatic tissues of M. oregoni males, the sex chromosome pair is heteromorphic [3], like the XY pairs of 
other mammals, including the other voles, M. agrestis and M. ochrogaster. Very unusually, however, 
females have only a single X that resembles one of the two sex chromosomes carried by males, so the 
other male sex chromosome was considered to be a Y. All progeny of females inherit their mother’s X, 
and fertilization yields females with just a maternal X. This implies that half of the sperm have no sex 
chromosome and that M. oregoni males do not transmit the X chromosome inherited from their mother 
[4]. The genome sequencing study suggests that the “Y” of M. oregoni males is really an X-Y chimaeric or 
modified X, so instead of Y and X, we should use XM, paternal (with M indicating a maleness determining 
factor), and Xmaternal.  
 
The evidence that males have two Xs (rather than one X and a Y lacking most genes present on the X, as 
previously assumed [4, 5]), is based on data that required genome sequencing —read depths of X-linked 
genes in somatic tissues. In the M. oregoni male long-read sequences, 69 contigs corresponded to 
sequences resembling X-linked ones of the close relative, M. ochrogaster. Of these X-derived contigs 
(Figure 1B), 63 could be assigned as XM, paternal or Xmaternal based on the states of 2,892 informative single 
nucleotide polymorphisms (SNPs) in short-read genome sequences from two females (with only a single 
nucleotide variant at each site) and two males; in males, these SNPs are heterozygous, as diagrammed in 
Figure 1B. These findings suggested XM, paternal and Xmaternal scaffolds totalling 82.5 and 127.5 Mb, 
respectively, with different copy numbers of some genes (Figure 1B). XM, paternal contigs also had higher 
repetitive sequence content . 
 
Depths of coverage of these mammal X-linked genes in male M. oregoni  were similar to those of 
autosomal genes, showing that these males indeed have two Xs (not an X and a Y that lacks most X-linked 
genes), whereas in females they were halved (similar to values in XY males of M. agrestis, with a standard 
degenerated mammal Y, and lower than in XX M. ochrogaster females). The cytological results are 
explained by males transmitting only the X chromosome inherited from their father; ova produced in 
female meiosis all have an Xmaternal, so that fertilization yields Xmaternal/XM, paternal males and Xmaternal/0 
females. The study used specific XM, paternal SNP alleles to show that this chromosome is not expressed in 
male somatic tissues. Moreover, Xist (a non-coding RNA that is highly expressed from the inactive X 
chromosome in XX female Eutherians, including M. longicaudus), was detected only in male M. oregoni, 
reinforcing the evidence that these males have two Xs.  
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The X sequences also included nine ancestrally Y-linked genes (one gene was not detected in this or other 
vole species’ genomes); these sequences are clearly recognizable because they differ greatly from their X-
linked gametolog alleles, with at least 20% of synonymous sites having differences [6], indicating 
divergence from the X since long before the separation of these vole species. Five of these genes had 
coverage in males, relative to autosomal genes, similar to that of the X-derived genes. Thus, this male’s 
Xmaternal and XM, paternal Xs both carry these genes. Four of these Y-derived genes, including SRY, had much 
higher coverage in males, indicating duplications on the XM, paternal chromosome. If any SRY copies are 
functional, these are presumably present on this male-specific chromosome. The X cannot recombine in 
females, with its single X; the distinctive features of the male-specific X, including high transposable 

element densities and premature stop codons, suggest that crossovers with the Xmaternal also do not 

happen in male meiosis. Unsurprisingly, given its lack of expression in males, non-synonymous changes 
are also detected in coding sequences of the male-specific X, while Xmaternal genes show less evidence of 
degeneration, suggesting that they stopped recombining recently. 
 
Although these new results help clarify what has happened to this species’ sex chromosomes, it is not 
clear whether an X-Y fusion joined distinct X- and Y-derived regions, as Figure 1B suggests; further genetic 
and/or cytogenetic experiments are needed to discover the true gene arrangements. It is also unclear 
why the ancestral XY system changed. Of course, X0 females can survive with only one X because 
mammal somatic tissues are haploid for most X-linked genes, due to X inactivation, albeit with reduced 
female fertility [4]. Moreover, if an X gained a maleness factor, becoming an XM, paternal chromosome, 
inactivation might readily evolve, as paternal and maternal genomes are distinguished during early 
development in mice, and some genes are imprinted [7]. Xist expression could be controlled by a 
counting mechanism that detects two Xs, allowing the meiotic machinery to recognise the male-specific 
chromosome and include it in sperm, while the Xmaternal chromosome is excluded, perhaps like paternal X 
inactivation in Marsupials [8].  
 
Several other rodents in the sub-families Arvicolinae and Muroidea (which radiated so recently that it is 
difficult to determine their relationships [9]), have strange sex chromosome systems [4]. Perhaps an 
ancestral change in SRY pre-disposed these species to sex chromosome changes. Intriguingly, SRY alleles 
in species of the Muroidea superfamily have an unstable DNA microsatellite, [10], and the mouse appears 
recently to have evolved a second SRY exon [11]. Multiple SRY copies have been detected in other 
rodents, including Microtus cabrerae, with pseudogene copies in both sexes [12]. In three Ellobius species 
(in the same sub-set of Arvicolinae as Microtus), both sexes appear to be XX, but there is a male specific X 
that presumably carries a maleness factor, and it also carries functional homologs of some ancestrally Y 
chromosome genes [13]. In E. fuscocapillus, short, possibly non-functional, SRY HMG boxes were 
detected in some females [14]. In the Murinae, most species have XX/XY systems, but in two lemming 
species, Dicrostonyx torquatus and Myopus schisticolor, some females have a modified X chromosome 
(X*) that causes X*Y individuals to develop as females [4], and a model showing how this might evolve has 
been studied [15, 16]. Mus minutoides females also have a sex-reversing X [17]. Unusual systems are also 
found in other genera. Tokudaia osimensis and T. tokunoshimensis both sexes are X0, and the SRY gene is 
lost or cannot activate the testis-specific enhancer of Sox9 [18], and; in T. osimensis, two ancestrally Y-
linked genes, Zfy and Tspy, were apparently translocated onto the X [19]. Fertile XY females are found in 
Akodon species, and transmit their Y to their male offspring, suggesting that a Y chromosome region 
translocated to the X may allow fertility of XY females [20]. Moreover, some X chromosomes carry a 
translocation of a large Y chromosome region [20]. 
 
Genome sequences have the potential to provide fine-scale information for these and other situations 
with interesting and/or puzzling observations, and this paper illustrates how they can help understand 
the mysterious sex chromosome changes in rodents, and offer hope of illuminating evolutionary forces 
that favoured these changes. 
 
References 
1. Arnold, A.P. (2018). A general theory of sexual differentiation. Journal of Neuroscience Research 

95, 291-300. 



 3 

2. Couger, M.B., Roy, S.W., Anderson, N., Gozashti, L., Pirro, S., Millward, L.S., Kim, M., Kilburn, D., 
K.J. Liu, Wilson, T.M., et al. (2021). Sex chromosome transformation and the origin of a male-
specific X chromosome in the creeping vole. Science 372, 592-600. 

3. Johnson, L.A., and Clarke, R.N. (1990). Sperm DNA and sex chromosome differences between 
two geographical populations of the creeping vole, Microtus oregoni. Molecular Reproduction 
and Development 27, 159-162. 

4. Fredga, K. (1988). Aberrant chromosomal sex-determining mechanisms in mammals, with special 
reference to species with XY females. Phil. Trans. R. Soc. B 322, 83-95. 

5. Charlesworth, B., and Dempsey, N. (2001). A model of the evolution of the unusual sex 
chromosome system of Microtus oregoni. Heredity 112, 387-394. 

6. Sayres, M., and Makova, K. (2013). Gene survival and death on the human Y chromosome. Mol. 
Bio. Evol. 30, 781-787. 

7. Babak, T., DeVeale, B., Tsang, E., YZhou, Li, X., Smith, K., Kukurba, K.R., Zhang, R., JB Li, Kooy, 
D.v.d., et al. (2015). Genetic conflict reflected in tissue-specific maps of genomic imprinting in 
human and mouse. Nature Genetics 4718, 544–549. 

8. Sangrithi, M.N., and Turner, J.M.A. (2018). Mammalian X chromosome dosage compensation: 
perspectives from the germ line. Bioessays 40, e1800024. 

9. Steppan, S., and Schenk, J. (2017). Muroid rodent phylogenetics: 900-species tree reveals 
increasing diversification rates. PLoS One 12, e0183070. 

10. Chen, Y., Racca, J., Sequeira, P., Phillips, N., and Weiss, M. (2013). Microsatellite-encoded domain 
in rodent Sry functions as a genetic capacitor to enable the rapid evolution of biological novelty. 
Proc. Natl. Acad. Sci. U. S. A. 110, E3061-E3307. 

11. Miyawaki, S., Kuroki, S., Maeda, R., Okashita, N., Koopman, P., and Tachibana, M. (2020). The 
mouse Sry locus harbors a cryptic exon that is essential for male sex determination. Science 370, 
121-124. 

12. Marchal, J., Acosta, M., Bullejos, M., Guardia, R.D.d.l., and Sánchez, A. (2003). Sex chromosomes, 
sex determination, and sex-linked sequences in Microtidae. Cytogenetcic and Genome Reserch 
101, 266-273. 

13. Mulugeta, E., Wassenaar, E., Sleddens-Linkels, E., IJcken, W.v., Heard, E., Grootegoed, J., Just, W., 
Gribnau, J., and Baarends, W. (2016). Genomes of Ellobius species provide insight into the 
evolutionary dynamics of mammalian sex chromosomes. Genome Res. 26, 1202-1210. 

14. Bakloushinskaya, I., and Matveevsky, S. (2018). Unusual ways to lose a Y chromosome and 
survive with changed autosomes: a story of mole voles Ellobius (Mammalia, Rodentia). OBM 
Genetics 2, 1803023. 

15. Bulmer, M.G. (1988). Sex ratio evolution in lemmings. Heredity 61, 231–233. 
16. Bull, J.J. (1983). Evolution of Sex Determining Mechanisms, (Menlo Park, CA: 

Benjamin/Cummings). 
17. Veyrunes, F., Perez, J., Paintsil, S., Fichet-Calvet, E., and Britton-Davidian, J. (2013). Insights into 

the evolutionary history of the x-linked sex reversal mutation in mus minutoides: clues from 
sequence analyses of the y-linked Sry gene. Sexual Development 7, 244-252. 

18. Ogata, Y., Nishikata, M., Kitada, K., Mizushima, S., Jogahara, T., and Kuroiwa, A. (2019). Spiny rat 
SRY lacks a long Q-rich domain and is not stable in transgenic mice. Developmental Dynamics 
248, 784-794  

19. Arakawa, Y., Nishida-Umehara, C., Matsuda, Y., Sutou, S., and Suzuki, H. (2002). X-chromosomal 
localization of mammalian Y-linked genes in two XO species of the Ryukyu spiny rat. Cytogenetics 
and99 Genome Research 99, 303-309. 

20. Ortiz, M., Pinna-Senn, E., Dalmasso, G., and Lisanti, J. (2009). Chromosomal aspects and inheritance of 
the XY female condition in Akodon azarae (Rodentia, Sigmodontinae). Mammalian Biology 74, 125-129.  

  
 
Figure 1 legend. The genes present on the Y chromosomes of many mammals and the situation in M. 
oregoni. Part A illustrates the situation in most Eutherians, with the fully X-linked region (that does not 
recombine with the Y in males) carrying about 1,000 genes, most of which have been lost from the Y and 
therefore have haploid coverage in males’ genomic DNA. A few genes that  have retained alleles on the Y 
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are symbolised by vertical lines. The same “gametolog” XY pairs are found in many Eutherian lineages. In 
the diagram the Y-linked alleles are coloured differently from their X-linked ones to indicate that they 
have evolved independently over long evolutionary times, as inferred from their highly diverged 
sequences. The Y-linked copies also have different functions from their X counterparts; the paper terms 
them “ancestrally Y-linked genes”. Part B (based on Figure 4 of the paper) shows the situation inferred 
from the M. oregoni genome assembly, where males have diploid coverage for many genes that are X-
linked in Eutherians, including other voles (and are heterozygous for distinctive alleles in the X-derived 
region, or possibly regions, coloured blue in the diagram), while females have haploid coverage, but 
(surprisingly) carry sequences of most of the ancestrally Y-linked genes. These coverage data indicate that 
most of these genes are again present in both the sex chromosomes present in males, sometimes in high 
copy numbers (symbolised by thicker lines). 
 
 


