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Abstract

Sex determination in mammals is usually provided by a pair of chromosomes, XX in females and XY in males. Mole voles of the
genus Ellobius are exceptions to this rule. In Ellobius tancrei, both males and females have a pair of XX chromosomes that are
indistinguishable from each other in somatic cells. Nevertheless, several studies on Ellobius have reported that the two X
chromosomes may have a differential organization and behavior during male meiosis. It has not yet been demonstrated if these
differences also appear in female meiosis. To test this hypothesis, we have performed a comparative study of chromosome
synapsis, recombination, and histone modifications during male and female meiosis in E. tancrei. We observed that synapsis
between the two X chromosomes is limited to the short distal (telomeric) regions of the chromosomes in males, leaving the
central region completely unsynapsed. This uneven behavior of sex chromosomes during male meiosis is accompanied by
structural modifications of one of the X chromosomes, whose axial element tends to appear fragmented, accumulates the
heterochromatin mark H3K9me3, and is associated with a specific nuclear body that accumulates epigenetic marks and proteins
such as SUMO-1 and centromeric proteins but excludes others such as H3K4me, ubiH2A, and YH2AX. Unexpectedly, sex
chromosome synapsis is delayed in female meiosis, leaving the central region unsynapsed during early pachytene. This region
accumulates YH2AX up to the stage in which synapsis is completed. However, there are no structural or epigenetic differences
similar to those found in males in either of the two X chromosomes. Finally, we observed that recombination in the sex
chromosomes is restricted in both sexes. In males, crossover-associated MLH1 foci are located exclusively in the distal regions,
indicating incipient differentiation of one of the sex chromosomes into a neo-Y. Notably, in female meiosis, the central region of
the X chromosome is also devoid of MLH1 foci, revealing a lack of recombination, possibly due to insufficient homology.
Overall, these results reveal new clues about the origin and evolution of sex chromosomes.
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Introduction

Ana Gil-Fernandez and Sergey Matveevsky contributed equally to this
work. The X and Y chromosomes show extreme morphological and
functional differentiation in mammals. Sex chromosomes are
proposed to have originated from a pair of autosomes when
one of the members of the pair acquired a male-determining
-0 Jests Page allele and turned into a Y chromosome (Ohno 1967). This
Jesus.page@uam.es chromosome underwent a subsequent process of genetic ero-
sion, losing most of its gene content (Graves 1995, 1998).
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chromosomes has been completed in some mammalian
groups, like marsupials, in which X and Y chromosomes do
not share homology anymore (Graves 1996). In eutherian
mammals, the X and Y chromosomes, however, still share a
small region of homology called the pseudoautosomal region
(PAR) (Burgoyne 1982; Graves et al. 1998). This was provid-
ed by an autosomal translocation to both sex chromosomes
occurred before the radiation of this group (Bellott et al. 2014,
Cortez et al. 2014). Although this configuration is found in a
wide range of mammals, there are species in which the sex
chromosomes have undergone further divergence. In some
species of gerbils, voles, and mice, the Y chromosome is
completely differentiated and the PAR has been lost (Ashley
et al. 1989; Borodin et al. 2012; Britton-Davidian et al. 2012;
Carnero et al. 1991; de la Fuente et al. 2007, 2012; Page et al.
2005; Sharp 1982). In extreme cases, the entire Y chromo-
some has even been lost. This phenomenon has been found in
bats of the genera Epomophorus and Epomops (Denys et al.
2013; Peterson and Nagorsen 1975; Primus et al. 2006), spiny
rats of the genus Tokudaia (Honda et al. 1977, 1978; Kuroiwa
et al. 2010), and mole voles of the genus Ellobius (Kolomiets
etal. 1991; Matthey 1953; Vorontsov et al. 1980). This step in
the evolution of the sex chromosomes leads to the appearance
of a new sex determination system and likely requires genome
reorganization, such as the movement of Y-linked genes to
other chromosomes, as has been observed in Tokudaia and
Ellobius (Arakawa et al. 2002; Kobayashi et al. 2007;
Matveevsky et al. 2017; Mulugeta et al. 2016).

Different sex chromosome systems are known for the ge-
nus Ellobius (Mammalia: Rodentia), which is composed of
five subterranean species divided into two morphologically
distinct subgenera: Bramus and Ellobius. Within Bramus sub-
genus, the southern mole vole Ellobius fuscocapillus presents
XX for females and XY for males (Lyapunova and Vorontsov
1978), while the Transcaucasian mole vole Ellobius lutescens
presents a single X chromosome (X0) in both males and fe-
males (Matthey 1953). Ellobius subgenus consists of the east-
em Ellobius tancrei, the northern Ellobius talpinus, and the
Alay Ellobius alaicus mole voles, which show a pair of XX
chromosomes in both sexes (Lyapunova and Vorontsov
1978). Loss of the Y chromosome is a derived event that
occurred independently in these two subgenera, and it was
preceded by a series of events related to changes in sex deter-
mination regulation (Bakloushinskaya and Matveevsky
2018). First, the TESCO (testis-specific enhancer of Sox9
core) sequence, which is responsible for the transcriptional
regulation of the SOX9 (SRY-box 9) gene, was lost in a hy-
pothetical ancestor of the whole Ellobius genus (Bagheri-Fam
et al. 2012). After this event, the loss of the Y chromosome
and the SRY gene and the translocation of Eif2s3y (eukaryotic
translation initiation factor 2, subunit 3, structural gene Y-
linked) gene occurred in the lineage leading to E. tancrei,
E. talpinus, and E. alaicus and independently in Bramus
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lineage leading to E. lutescens, likely generating an X0/X0
system in both cases (Bakloushinskaya et al. 2019; Just et al.
1995; Matveevsky et al. 2017). Finally, in the E. tancrei,
E. talpinus, and E. alaicus lineage, the single X chromosome
doubled, generating an XX system in both males and females
(Matveevsky et al. 2016), while in the E. lutescens lineage, an
X0 system was retained in both sexes. To date, sex determi-
nation factors have not been characterized in Ellobius species
(although it is known with certainty that it is not the SRY gene)
(Just et al. 1995), nor is it known whether these factors are
located on any of the sex chromosomes.

In this evolutionary scenario, the two X chromosomes
present in E. tancrei, E. talpinus, and E. alaicus males and
females appear to be the result of a duplication of an existing
X chromosome, as they are homologous to the X chromo-
somes of the other Ellobius species and of other rodents
(Bakloushinskaya et al. 2019, 2012; Romanenko et al.
2007). Moreover, both X chromosomes appear completely
undifferentiated (isomorphic pair): their G-band pattern is
identical in both sexes (Kolomiets et al. 1991; Vorontsov
et al. 1980), and the little genomic data available indicate that
there are no conspicuous molecular differences between them
(Mulugeta et al. 2016). Nevertheless, previous studies have
reported that the X chromosomes display an unexpected mei-
otic behavior in males (Kolomiets et al. 2010, 1991;
Matveevsky et al. 2016).

In most organisms, homologous chromosomes display
very specific features during meiosis: they associate in pairs
in a process called synapsis mediated by a protein structure
called the synaptonemal complex (SC); recombine, leading to
the formation of physical connections called chiasmata; and
then segregate to different daughter cells during the first mei-
otic division (Zickler and Kleckner 1999). In mammalian fe-
males, the two X chromosomes behave like the rest of the
autosomes, showing complete synapsis and a normal recom-
bination schedule (Liu et al. 2004; Murdoch et al. 2013; Sung
etal. 1983). By contrast, the X and Y chromosomes in males,
owing to differences in size and gene content, show many
modifications of the meiotic program. For instance, sex chro-
mosome synapsis initiates later than in the rest of the chromo-
somes, is unstable, and usually extends heterologously be-
yond the region of homology (PAR) at the early pachytene
stage (Goetz et al. 1984; Solari 1970, 1974). Nevertheless, the
extreme size difference between the X and Y always leaves
large unsynapsed chromosomal regions. The presence of these
asynaptic regions leads to a specific silencing process called
meiotic sex chromosome inactivation (MSCI) (Baarends et al.
2005; Mahadevaiah et al. 2001; Turner et al. 2004), a special
form of a more general process called meiotic silencing of
unsynapsed chromatin (MSUC) (Schimenti 2005).
Recombination-related events, in essence a repair mechanism
of DNA double-strand breaks (DSBs) involving the action of
the proteins SPO11, RPA, RADS51, DMCI1, and MLH1
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(Keeney et al. 2014; Moens et al. 2002), among others, are
also delayed in the sex chromosomes and may involve the
action of specific SPO11 isoforms and additional or specific
proteins (Acquaviva et al. 2020; Boekhout et al. 2019; Kauppi
et al. 2011, 2012; Page et al. 2012; Papanikos et al. 2019).

Given the similarities in the organization and size of the X
chromosomes in E. tancrei, E. talpinus, and E. alaicus, it was
expected that they would behave like a pair of homomorphic
chromosomes. Instead, several studies have shown that the X
chromosomes in males only partially synapse, thereby trigger-
ing a MSCI phenomenon, and that recombination is restricted
to regions close to the telomeres, thus resembling the behavior
of highly differentiated sex chromosomes (Kolomiets et al.
2010, 1991; Matveevsky et al. 2016). This behavior indicates
incipient functional differentiation of the two X chromosomes
in males, which is revealed only during meiosis. In contrast,
meiotic studies in E. talpinus and intraspecific E. tancrei hy-
brid females showed that synapsis between the X chromo-
somes is complete with no signs of meiotic inactivation
(Kolomiets et al. 2010; Matveevsky et al. 2015). However,
other aspects of meiotic behavior have not been explored.
To shed light on the behavioral differences of X chromosomes
in E. tancrei, and their likely incipient differentiation, we have
compared sex chromosome behavior during meiosis in males
and females of the 2n=34 chromosomal form of the species.
We characterize the progression of sex chromosome synapsis,
the appearance of epigenetic markers, and the distribution of
chiasmata. Some results regarding these topics in male meio-
sis have been already published by some of us in previous
reports (Bakloushinskaya and Matveevsky 2018; Kolomiets
etal. 1991; Matveevsky et al. 2016, 2017). However, in order
to make an appropriate comparison with females, some of
them (mainly referring to the extent of synapsis and epige-
netics marks) were presented here again. The results obtained
corroborate the incipient epigenetic differentiation of the X
chromosomes in males. We also report unexpected findings
on sex chromosome behavior in female meiosis: synapsis be-
tween the X chromosomes is delayed and recombination is
absent in the central region of these chromosomes. These
findings have important consequences for our understanding
of sex chromosome differentiation and reveal a more complex
evolutionary scenario than initially anticipated.

Material and methods
Animals

Ellobius tancrei individuals were obtained from a long-term
mole vole colony maintained at the Koltzov Institute of
Developmental Biology of the Russian Academy of
Sciences under standard conditions. Five males and three fe-
males of the 2n=34 chromosomal form of E. tancrei were used

for this study. Animals were sacrificed, and the testes and
ovaries were placed in phosphate-buffered saline (PBS) until
further processed. All animal procedures were conducted un-
der ethical permissions approved by the Ethics Committees
for Animal Research of the Vavilov Institute of General
Genetics and the Koltzov Institute of Developmental
Biology, in accordance with the Regulations for Laboratory
Practice of the Russian Federation, and by the Universidad
Auténoma de Madrid (Ethics Committee Certificate CEI 55-
999-A045).

Immunofluorescence

Spread spermatocytes and oocytes were obtained as previous-
ly described (Kolomiets et al. 2010; Page et al. 2003). Briefly,
a cell suspension was obtained by disaggregating gonadal
tissue in PBS using two tweezers. Then, the suspension was
diluted in a 10-mM sucrose solution and incubated for 10 min.
Afterward, a drop of the cell suspension was put onto a slide
covered with 1% formaldehyde in distilled water (pH=9.5)
containing 0.15% Triton X-100. Slides were placed on a flat
surface in a moist chamber for 2 h. Finally, slides were washed
with 0.04% Photoflo (Kodak) in distilled water, air dried, and
immediately processed for immunofluorescence or stored at
—80 °C. For immunofluorescence, slides were incubated over-
night at 4 °C with the following primary antibodies and dilu-
tions: mouse anti-SYCP3 (Abcam 97672) at 1:100; rabbit
anti-SYCP3 (Abcam 15093) at 1:100; rabbit anti-SYCP1
(Abcam 15087) at 1:100; rabbit anti-RPA (Abcam 10359) at
1:100; rabbit anti-RADS51 (Calbiochem PC130) at 1:50;
mouse anti-RNA polymerase-II (Abcam 24758-100) at
1:100; mouse anti-MLH1 (PharMingen 550838) at 1:100;
mouse anti-MLH1 (Abcam 59756) at 1:50; mouse anti-
histone H2AX phosphorylated at serine 139 (yH2AX)
(Upstate 05-636) at 1:1000; mouse anti YH2AX (Abcam
22551) at 1:1000; rabbit anti-H3K9me3 (Abcam 8898) at
1:100; rabbit anti-H3K4me (Abcam 8895) at 1:100; mouse
anti-fibrillarin (Abcam 4566) at 1:100; mouse anti-SUMO-1
(Zymed 33-2400) at 1:250; mouse anti-ubiquityl histone H2A
(Millipore 05-678) at 1:400; and a human serum that recog-
nizes centromere proteins (Antibodies Inc. 15-235) at 1:50.
After incubation, slides were washed three times in PBS for
5 min each and then incubated for 1 h at room temperature
with the appropriate secondary antibodies: donkey anti-rabbit,
anti-mouse, or anti-human antibodies conjugated with Alexa
488, Alexa 594 (Invitrogen), or Cy3 (Jackson
ImmunoResearch Laboratories). After three washes with
PBS for 5 min each, slides were counterstained with 1-mM
DAPI, washed in PBS, and mounted in Vectashield (Vector).
For immunolabeling with more than three antibodies, we used
the protocol described by Matveevsky et al. (2016). Slides
were observed under an Olympus BX61 microscope equipped
with an Olympus DP71 digital camera or a Zeiss Axio Imager
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D1 microscope equipped with a Zeiss Axiocam HRm CCD
camera (Carl Zeiss) and the image-processing software
AxioVision 4.6.3 (Carl Zeiss). Super resolution microscopy
was performed on a Leica TCS SP8 confocal microscope
equipped with a STED 3X system. Images were processed
using Adobe Photoshop 7.0 and Imagel.

Silver staining

For light microscopy, slides were treated with 2X SSC (300-
mM sodium chloride and 30-mM trisodium citrate) at 60 °C
for 10 min and then stained with a 50% AgNOj3 solution in
distilled water in a moist chamber at 60 °C for 25 min. The
slides were washed three times in distilled water, air dried, and
mounted with Eukitt. For electron microscopy, we followed
previously described procedures (Kolomiets et al. 1991;
Navarro et al. 1981). Plastic-coated slides were stained with
50% or 70% aqueous AgNO;, washed in distilled water and
then air dried. Spermatocytes and oocytes were selected under
the light microscope. Circles of plastic were cut from the
slides with a diamond knife and then transferred to electron
microscopy grids. Cells were observed under a JEM-1011 or
JEM-100B electron microscope.

MLH1 foci count and distribution

MLHI1 immunolocalization was used to estimate the number
and distribution of chiasmata (Froenicke et al. 2002; Moens
et al. 2002). The total number of MLH1 foci was recorded
manually in 49 spermatocytes from two males and 30 oocytes
from two females and then analyzed by a #-test with a 95%
confidence interval. We only considered meiotic cells in
which each bivalent showed at least one MLH1 foci. Foci
distribution along the X chromosomes was analyzed in 56
spermatocytes from two males and 45 oocytes from two fe-
males. The length of the X bivalent SC in each spermatocyte
or oocyte was measured using the free hand tool in ImageJ and
divided into 10 equally distant intervals from the proximal to
the distal telomere. Then, we measured the distances between
the centromere and MLH1 foci, assigning each focus to its
corresponding interval. Graph was made using Microsoft
Excel.

Results

The meiotic karyotype of E. tancrei used in this study is com-
posed of 16 autosomal bivalents and a sex bivalent, which is
the largest acrocentric chromosome of the complement. This
feature makes it easy to discern the sex bivalent from the other
chromosomes in both male and female meiosis
(Supplementary Figure 1).
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Dynamics of sex chromosome synapsis in males

We first studied the dynamics of sex chromosome synapsis in
males. For this purpose, spermatocytes were immunostained
with SYCP3, the main component of the SC axial/lateral ele-
ments (AEs/LEs), and YH2AX, which marks the presence of
DNA DSBs and in mammals accumulates on sex chromosomes
during pachytene. As in other mammals, SYCP3 appears as
short thin filaments at leptotene (Fig. 1a). At the beginning of
zygotene, the filaments appear more elongated and, in some
regions, associate in pairs (Fig. 1b). As synapsis progresses
during zygotene, the AEs of homologous chromosomes be-
come associated (Fig. 1c), and by the beginning of pachytene,
all autosomes have completed synapsis (Fig. 1d). Synapsis is
complete throughout pachytene (Fig. 1d-f), and at diplotene,
homologous chromosomes start to separate along their length
(Fig. 1g). Finally, the LEs shorten and become irregular at
diakinesis (Fig. 1h). The localization of YH2AX is comparable
to that of other mammals: discrete foci appear at leptotene and
then extend to cover the whole nucleus during early zygotene,
followed by a decrease in signal in the autosomes as synapsis
progresses, with small foci associated with some bivalents re-
maining until early-mid pachytene (Fig. la—e).

The sex chromosomes become distinguishable from the
rest of the chromosomes only at late zygotene (Fig. 1¢’, ¢”).
While the autosomes have mostly completed synapsis, the X
chromosomes remain largely unsynapsed and conspicuously
labeled with YH2AX. During pachytene (Fig. 1d’—f”), synap-
sis is only achieved at the chromosomal ends and is variable in
length. Although there are cell-to-cell differences, synapsis
tends to be at its maximum at early pachytene (Fig. 1d’—d”)
and then decreases with pachytene progression (Fig. 1¢’—f).
The morphology of the AEs of both X chromosomes seems
different during zygotene and pachytene. Usually, one of the
AEs is continuous, while the other appears clearly fragmented.
In a small fraction of cells, however, we observed both AEs as
fragmented (see Fig. 2) and very rarely, as continuous. At
carly diplotene, the sex chromosome AEs become irregular
and usually fold on each other (Fig. 1g’—g”), and, by late
diplotene, they are no longer distinguishable from the auto-
somes (Fig. 1h).

During zygotene, the YH2AX signal intensifies over
both X chromosomes. At this stage, the signal is irregular
at the periphery of the sex chromosomes (Fig. 1c’) but
becomes more regular at pachytene (Fig. 1d’—f”), concom-
itant with the appearance of a typical sex body. During
diplotene, the YH2AX signal starts to fade from the sex
chromosomes (Fig. 1g’) and, by late diplotene, is not spe-
cifically detected on them (Fig. 1h). This pattern departs
from that described for most mammals in which YH2AX
remains, at least, until metaphase-I. As previously de-
scribed (Matveevsky et al. 2017), a YH2AX-negative
structure (occasionally two) appears associated with the
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SYCP3

Leptotene

Late pachytene

Fig. 1 Prophase I progression in E. fancrei spermatocytes. SYCP3
(green) and YH2AX (red). a—h Whole spermatocyte nuclei. ¢’-g’
Enlarged detail views and ¢”—g” schematic representations of the sex
chromosomes (XX) shown in a—g. a Leptotene. Axial elements (AEs)
start to form and YH2AX labeling appears as large foci scattered over the
nucleus. b. Early zygotene. AEs appear as thin filaments that associate in
some regions. YH2AX signal occupies the entire nucleus, although it is
not homogeneously distributed: some chromosomal regions are devoid of
signal, whether they are synapsed or not. ¢ Late zygotene. Most auto-
somes have completed synapsis. YH2AX labeling appears as elongated
foci associated with some chromosomes. Sex chromosomes (XX) are
distinguishable as they present an intense YH2AX signal with an irregular
outline. Enlarged detail view of the sex chromosomes (¢’) and their sche-
matic representation (¢”) show that synapsis has started at both ends
(arrowheads). A region of one of the X chromosomes shows a less intense
YH2AX signal (arrow). d-d” Early pachytene. All autosomes have com-
pleted synapsis, and small YH2AX foci remain associated with many of
them. Synapsis of sex chromosomes (enlarged in d’) is more extended
than at zygotene (arrowheads). The AE of one X chromosome is

sex chromosomes. This small round-like structure is de-
tectable from zygotene to late pachytene and is typically
associated with the AE of the X chromosome that often
appears fragmented. Indeed, it clearly interrupts the tra-
jectory of this chromosome’s AE (Fig. 1¢’—f").

continuous, while the other appears fragmented. The fragmented region
is partially devoid of YH2AX (arrow). e-e” Mid pachytene. Autosomes
only show a few small YH2AX foci. Sex chromosomes form a compact
sex body delimited by a YH2AX signal that presents a well-defined out-
line. Synapsis is more extended in one of the chromosomal ends (arrow-
heads). As at the previous stage, one of the X chromosomes appears
fragmented, and in this region, it is partially devoid of YH2AX (arrow).
f-f” Late pachytene. YH2AX is not detected on the autosomes. Sex chro-
mosomes appear synapsed only at one end (arrowhead); the opposite end
is unsynapsed. As at previous stages, one AE appears fragmented and
shows a region devoid of YH2AX. g-g” Early diplotene. Autosomes start
to desynapse. Sex chromosome AEs are thinner and more intermingled
than at previous stages. The YH2AX signal is irregular around the sex
chromosomes and less intense than at previous stages. h Late diplotene.
Autosomal lateral elements appear fragmented and shorter than at previ-
ous stages. Some scattered YH2AX foci appear distributed irregularly
over the nucleus. At this stage, the sex chromosomes are not distinctively
labeled by YH2AX and thus are not distinguishable from the autosomes.
Bar represents 10 pm

The fact that the sex chromosomes in males do not complete
synapsis does not appear to be due to structural rearrangements
since the G-banding pattern is identical in both X chromosomes
(Vorontsov et al. 1980). To better understand this behavior, we
assessed whether there are structural modifications of the SC
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SYCP3 Early pachytene

Fig. 2 Synapsis and DNA repair in the X chromosomes of E. tancrei
spermatocytes. Localization of SYCP3 (green) and SYCP1 (red) in con-
ventional fluorescence microscopy (a, b) and STED super-resolution
fluorescence microscopy (¢, d). The association of sex chromosome ends
is mediated by SYCP1, indicating the formation of a complete SC at both
early (a, ¢) and late pachytene (b, d). STED does not reveal any conspic-
uous modification of the sex chromosome AEs. e—f Electron microscopy

that could hamper synapsis progression. For this purpose, we
characterized the localization of SYCP3 and SYCP1, the main
component of the SC transverse filaments, using both conven-
tional and stimulated emission depletion (STED) fluorescence
microscopy. We found that the associated regions of the X
chromosomes incorporate SYCP1 (Fig. 2a-b), indicating true
synapsis. We did not observe structural modifications of the
AEs (such as thickenings, splittings, or excrescences) in either
the synapsed or unsynapsed regions (Fig. 2c—d), although small
patches of SYCP1 were observed along the unsynapsed AEs
during early pachytene (Fig. 2a—c). The lack of conspicuous
structural modifications was corroborated by electron micros-
copy (Fig. 2e—f).

We also assessed whether incomplete synapsis could be
due to the absence of DNA DSBs along the unsynapsed
AEs by characterizing the localization of DSB repair proteins
RPA (Replication protein A) and RADS51 (bacterial homo-
logue RecA). The complete cycle of distribution of these pro-
teins is shown in Supplementary Figures 3 and 4. Regarding
sex chromosomes, the most relevant result is that both proteins
appear all along the AEs of the X chromosomes (Fig. 2g—h),
indicating the presence of DSBs and recombination interme-
diates in these chromosomal regions.

Epigenetic differentiation of X chromosomes in males
As indicated above, one of the sex chromosomes seems to be

associated with one, or occasionally two, distinctive nuclear
bodies. Given the structure’s intense labeling with silver
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R L) Early pachytene
y pachytene L5 CRCU

sSYcp3 Early pachytene

Early pachytene

. BEE

also does not reveal any structural modification of the AEs. g Localization
of SYCP3 (green) and RPA (red). RPA localizes to both synapsed and
unsynapsed AEs. h Localization of SYCP3 (green) and RADS1 (red).
RADSI also localizes to both synapsed and unsynapsed AEs. Bar repre-
sents 2 um. Picture in e is reproduced from Matveevsky et al. (2016)

staining techniques commonly used for electron microscopy
(Fig. 2e—f; Fig. 3a-b), it was hypothesized to be the remains of
the nucleolus and was therefore called the nucleolus-like
body/structure (Kolomiets et al. 1991). To corroborate this
possibility, we examined the immunolocalization of
fibrillarin, a component of the nucleolar dense fibrillar com-
ponent. We found that fibrillarin localizes to the ends of four
autosomal bivalents bearing nucleolar organizer regions
(NORs). However, no signal was found on the sex chromo-
somes (Fig. 3c—d), discarding a nucleolar nature for the sex
chromosome-associated body.

More recently, some of us showed that the nuclear body
contains DNA and during pachytene accumulates proteins
associated with sex chromosome inactivation such as
SUMO-1 (Small Ubiquitin Like Modifier 1); as a result, it
was renamed as a chromatin body (ChB) (Matveevsky et al.
2017). We noticed that anti-centromere antibodies label the
ChB (Fig. 4a, a’; Supplementary Figure 1). Since heterochro-
matic regions are frequently labeled with centromere markers,
we hypothesized that this chromosomal region may be hetero-
chromatic. To test this, we examined the localization of his-
tone H3 trimethylated at lysine 9 (H3K9me3), a typical mark-
er for heterochromatin (Cowell et al. 2002). We observed an
accumulation of H3K9me3 at the pericentromeric regions of
chromosomes, including the X chromosomes. In addition, we
found an intense H3K9me3 labeling associated to one of the X
chromosomes (Fig. 4b, b’). The localization of SUMO-1 (Fig.
4c, ¢’) and DNA (Fig. 4d, d’) in the same region indicates that
this H3K9me3-rich structure corresponds to the ChB, which
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Silver staining

Fig. 3 Characterization of the nuclear body (NB) associated with sex
chromosomes in E. tancrei spermatocytes. a Silver staining of a sper-
matocyte at pachytene. Intense staining, representing the nucleoli (Nu),
is observed at the ends of four of the short acrocentric bivalents. An
additional dense staining is associated with one of the X chromosomes.
b Enlarged detail view of the X chromosomes. The NB is intensely
stained and interrupts the trajectory of the AEs of one of the X chromo-
somes. ¢ Localization of SYCP3 (green) and fibrillarin (red) in a

therefore presents a heterochromatic organization. Some ad-
ditional H3K9me3 foci were observed along the same X chro-
mosome, indicating the heterochromatinization of some addi-
tional regions of this chromosome. These marks also tend to
localize to regions where the AE is fragmented, although not
always.

On the other hand, we found that other epigenetic marks
are partially or completely absent from the ChB. We already
showed that YH2AX is excluded from this structure (Fig. 1,
Sa, a’). In addition, we observed that two histone modifica-
tions, H2A ubiquitinated at lysine 119 (ubiH2A) (already re-
ported in Matveevsky et al. (2016)) and H3 monomethylated
at lysine 4 (H3K4me), are largely excluded from the ChB
(Fig. Sb—’). All three of these epigenetic marks have been
implicated in the inactivation of sex chromosomes during mei-
osis (MSCI); therefore, their absence in the ChB might be
associated with transcriptional activation of this structure. To
test this, we studied the localization of RNA polymerase-II
(RNA pol-II) during the first meiotic prophase (Fig. 5d, d’
and Supplementary Figure 2). We observed that this protein

spermatocyte at pachytene. Four fibrillarin foci are observed at the ends
of the four short acrocentric bivalents, indicating the location of the nu-
cleoli (Nu). No signal is observed associated with the sex chromosomes.
d Enlarged detail view of the X chromosomes shown in ¢. Fibrillarin does
not accumulate on either of the X chromosomes. The AE of one X chro-
mosome is interrupted and a faint SYCP3 signal is observed, probably
corresponding to the location of the NB. Bar represents 10 pum in a and ¢
and 2 um in b and d

is already abundant in the nucleus at early pachytene
(Supplementary Figure 2), contrary to what has been de-
scribed in mouse in which a transcription burst seems to occur
at mid-late pachytene (Page et al. 2012). However, the sex
chromosomes are completely devoid of RNA pol-II signal
throughout pachytene, indicating that the ChB does undergo
MSCI. Unexpectedly, we observed some RNA pol-II signal
on the sex chromosomes at diplotene (Supplementary
Figure 2), concomitant with the decrease of YH2AX on these
chromosomes (see Fig. 1h), suggesting differential regulation/
reactivation of these chromosomes at this stage, which clearly
departs from the pattern described in other mammals.

Sex chromosome synapsis in female meiosis

The fact that the two sex chromosomes do not complete syn-
apsis in male meiosis raises interesting questions regarding
possible differences in female meiosis. Previous studies have
shown that the two X chromosomes display complete synap-
sis in females of the sibling species E. talpinus (Kolomiets
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Fig. 4 Localization of epigenetic markers in the sex chromosomes of
E. tancrei spermatocytes at pachytene. a—d Whole spermatocyte nuclei.
a’—d’ Enlarged detail views of the sex chromosomes (XX) shown in a—d.
a, 2’ SYPC3 (green) and centromeric proteins (red). The centromeric
regions of all bivalents are intensely labeled with the centromeric pro-
teins. Additionally, a diffuse signal accumulates in the central region of
one ofthe X chromosomes (arrow in a”). b—d’ A spermatocyte labeled for
SYPC3 (green), H3K9me3 (red), SUMO-1 (pink), and DAPI (blue). b, b’
The centromeric regions of all bivalents and sex chromosomes (XX) are

labeled with H3K9me3. In the sex chromosomes, in addition to the cen-
tromeric region (blue arrow in b’), a large interstitial region of one of the
X chromosomes shows intense labeling (arrow in b’). Some smaller re-
gions are also labeled along the same X chromosome (arrowheads). ¢, ¢’
SUMO-1 accumulates only in the central region of the same X chromo-
some (arrow in ¢’), coincident with the large H3K9me3 labeled region. d,
d’ The sex chromosomes (XX) form a distinctive sex body. d> DAPI
staining covers the region labeled by both H3K9me3 and SUMO-1 (ar-
row in d’). Bar represents 10 um in a-d, and 2 yum in a’—d’

Fig. 5 Localization of epigenetic markers in the sex chromosomes of
E. tancrei spermatocytes at mid-late pachytene. a—d Whole spermatocyte
nuclei. a’>-d’ Enlarged detail views of the sex chromosomes shown in a—
d. a, 2’ SYPC3 (green) and YH2AX (red). As shown in Fig. 2, yYH2AX
covers the entire sex body, except a round structure associated with one of
the X chromosomes that interrupts the trajectory of the AE (arrow in a”).
b, b> SYPC3 (green) and ubiH2A (red). The only region stained in the
nucleus corresponds to the sex chromosomes. A fainter area of staining is
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observed in one of the chromosomes (arrow in b’). ¢, ¢ SYPC3 (green)
and H3K4me (red). A faint H3K4me signal is detected throughout the
nucleus, but with a clear accumulation in the sex chromosomes. The
signal is not as homogeneous as in the case of YH2AX and ubiH2A. A
fainter area of staining is observed in one of the chromosomes (arrow in
¢’). d, d’ SYPC3 (green) and RNA polymerase-II (red). The entire nu-
cleus is labeled, except for the sex chromosomes. Bar represents 10 pum in
a-d and 2 pum in a’-d’



Chromosoma (2021) 130:113-131

121

et al. 2010) and the 49-chromosomal E. fancrei hybrid
(Matveevsky et al. 2015). However, the sequence of synapsis
and the presence of epigenetic modifications are not known.
To determine the sequence of synapsis during female mei-
osis, we examined the localization of SYCP3 and YH2AX in
E. tancrei oocytes at different stages of prophase 1. The lep-
totene stage is characterized by the presence of small SYCP3
filaments and the homogeneous labeling of the entire nucleus
with YH2AX (Fig. 6a). In addition, one or more large accu-
mulations of SYCP3 remain throughout prophase 1. The
YH2AX signal gradually decreases during zygotene as homol-
ogous chromosomes synapse, remaining mainly only in re-
gions that have not yet completed synapsis (Fig. 6b). At
pachytene, YH2AX is restricted to small foci associated with
some SCs (Fig. 6¢). We also observed one bivalent that con-
sistently showed a delay in completing synapsis and appears
intensely labeled with YH2AX. Given the morphological fea-
tures and size of the bivalent and the distal position of its
centromere (Fig. 6d), we were able to identify it as the sex
bivalent. Synapsis of the sex chromosomes begins at both
ends, although it usually appears more extended at one end
than at the other (Fig. 6b’—’). YH2AX labeling is mainly
located over the asynaptic region (Fig. 6b’—d’), although it
can remain also in some already synapsed regions at early
pachytene. This pattern is reminiscent of that of the sex biva-
lent in male meiosis. However, in females, the XX chromo-
somes ultimately complete synapsis, forming a full-length SC

Leptotene Late zygotene

Fig. 6 Prophase I progression in E. tancrei oocytes. SYCP3 (green),
YH2AX (red), and centromeres (blue). a Leptotene. AEs have formed
and YH2AX labeling is observed throughout the entire nucleus. b Late
zygotene. Most autosomes have completed synapsis. YH2AX labeling
appears as large foci associated with a few chromosomes that have not
yet completed synapsis and also the sex chromosomes (XX). Enlarged
detail view of the sex chromosomes (b’) shows only two short regions of
synapsis at both ends of the chromosomes, which appear mostly
unsynapsed. ¢, ¢’ Early pachytene. All autosomes have completed

by mid-late pachytene (Fig. 6¢; see also Supplementary
Figure 1). After synapsis completion, YH2AX does not accu-
mulate over the sex chromosomes anymore.

We then performed an electron microscopy analysis to look
for structural modifications of the AEs that could explain the
delay to complete synapsis (Fig. 7). The outline of the AEs of
the sex chromosomes do not show any evident deformation
during zygotene (Fig. 7a, a’). At early pachytene, a slight
thickening of the AEs in the unsynapsed regions can be occa-
sionally observed (Fig. 7b—’), as well as a sporadic interrup-
tion of one of the AEs (Fig. 7b; see also Fig. 6b); however,
upon synapsis completion, the SC of the sex bivalent is
completely normal (Fig. 7d, d’). We did not observe a ChB-
like structure or any other nuclear bodies associated with the
sex chromosomes at any stage, although nucleolar structures
associated with autosomal bivalents can be clearly observed at
pachytene.

Lack of epigenetic differentiation of the sex
chromosomes in females

The synaptic delay of the sex chromosomes in female meiosis
prompted us to look at whether some of the epigenetic and
transcriptional signatures found on the sex chromosomes in
males are also present in females. We found that, in addition to
YH2AX (Fig. 8a), SUMO-1 is localized to the unsynapsed
segments of the sex chromosomes at early pachytene (Fig.

Early pachytene |SYCP3

Farly_pachytene

synapsis, but faint YH2AX foci remain associated with some of them.
Synapsis of the sex chromosomes (enlarged in ¢’) has largely progressed
but is still incomplete. YH2AX intensely covers the unsynapsed regions.
d, d> Localization of the centromere marker confirms that the lagging
chromosomes are undoubtedly the sex chromosomes. e Mid pachytene.
All chromosomes, including the sex chromosomes, have completed
synapsis. Small YH2AX foci remain associated with some bivalents.
Bar represents 10 pm in a—e and 2 um in b’-d’
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Fig. 7 Electron microscopy of E. tancrei oocytes. a—d Whole oocyte
nuclei. a’-d’ Enlarged detail views of the sex chromosomes shown in
a—d. a, a> Zygotene. Most autosomes have completed synapsis, but the
sex chromosomes (X) are completely unsynapsed. b—¢’ Early pachytene.
Synapsis is complete in the autosomes; the sex chromosomes remain

8b). By contrast, ubiH2A does not accumulate on either
unsynapsed autosomes or sex chromosomes (Fig. 8c). In
terms of histone modifications and contrary to the situation
in males, both H3K9me3 (Fig. 8d) and H3K4me (Fig. 8¢)
were observed throughout the whole nucleus at early pachy-
tene, with no evidence of their differential accumulation or
exclusion on either of the X chromosomes before synapsis
completion, revealing a lack of epigenetic differentiation be-
tween the two chromosomes. Interestingly, at early pachytene,
RNA pol-II also covers the whole nucleus, including the par-
tially synapsed sex chromosomes (Fig. 8f). This result reveals,
as in males, that transcriptional activity is high in oocytes from
the beginning of the pachytene stage and, more relevantly, that
sex chromosomes do not apparently show a differential tran-
scriptional status compared to autosomes.

After sex chromosome synapsis completion, YH2AX and
SUMO-1 no longer specifically associate with the sex chro-
mosomes. At mid-late pachytene, large diffuse YH2AX foci
remain associated with some bivalents (Fig. 8g), while
SUMO-1 is no longer associated with any chromosomes
(Fig. 8h). These observations suggest that the accumulation
of'these proteins on the sex chromosomes at early pachytene is
most probably a response to asynapsis, rather than a specific
mark of sex chromosomes. Similar to the pattern at early
pachytene, we also did not observe any specific ubiH2A stain-
ing (Fig. 8i) or differential localization of H3K9me3 (Fig. §j),
H3K4me (Fig. 8k), or RNA pol-II (Fig. 81) on the sex
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largely unsynapsed. The AEs of the sex chromosomes do not show con-
spicuous modifications (b’), although they sometimes appear slightly
thickened (¢’). d, d’ By mid pachytene, the sex chromosomes have com-
pleted synapsis and are only distinguishable from the rest of the bivalents
by their length and centromere position. Bar represents 5 pm

chromosomes, which, by this stage, are indistinguishable from
autosomes.

Recombination distribution is restricted in both male
and female meiosis

Finally, we analyzed the distribution of recombination events
in both males and females on the basis of MLH1 immunolo-
calization, which is widely used to estimate chiasmata location
(Anderson et al. 1999; Froenicke et al. 2002); cells were also
immunostained with SYCP3 and centromeric proteins (Fig.
9a—j). In males, the mean number of MLH]1 foci per spermato-
cyte was 27.29+2.39 (n=49 spermatocytes). The mean value
per sex bivalent was 1.33 (n=54). Consistent with the restric-
tion of synapsis to the distal regions of the sex chromosomes,
MLHI foci largely appear limited to the same regions (Fig.
9k). We observed three chiasmatic configurations in the sex
chromosomes: the most common was a single focus in the
distal end (68.52%, n=37) (Fig. 9b); followed by two foci,
one at each end (31.48%, n=17) (Fig. 9¢); and very rarely, a
single focus in the proximal end (1.85%, n=1) (Fig. 9d).
MLHI1-negative sex bivalents were also found, most likely
in cells already at late pachytene stages when the protein has
already largely detached from many chromosomes (Fig. 9e).
Differences in staging likely account for the disparity in the
number of MLH1 foci found between this study and a parallel
study with 2n=34 males in which fewer foci were observed
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EARLY PACHYTENE

MID-LATE PACHYTENE

Fig. 8 Immunolocalization of epigenetic markers in the sex
chromosomes of E. fancrei pachytene oocytes. a—f Early pachytene
oocytes. Only partially synapsed sex chromosomes are observed at this
stage. g—1 Mid-late pachytene oocytes. Fully synapsed sex chromosomes
are observed at this stage. a SYPC3 (green) and YH2AX (red). The
unsynapsed regions of the sex chromosomes are marked by a YH2AX
signal. b SYPC3 (green) and SUMO-1 (red) in the same cell as in a. Note
that SUMO-1 localizes to the same unsynapsed region of the sex chro-
mosomes, although it does not completely colocalize with the YH2AX
signal. ¢ SYPC3 (green) and ubiH2A (red). ubiH2A does not accumulate
in the nucleus nor in either the sex chromosomes (XX) or unsynapsed
autosomes (arrow). d SYPC3 (green) and H3K9me3 (red). H3K9me3
labeling is observed throughout the nucleus. The sex chromosomes
(XX) do not show any specific accumulation compared with the auto-
somes or with each other. e SYPC3 (green) and H3K4me (red). H3K4me
labeling is observed throughout the nucleus, and no specific

(Matveevsky et al. 2020). MLH1 foci distribution, along with
the unsynapsed state of the central region of the sex chromo-
somes, clearly indicates that this region never recombines
during male meiosis.

The dynamics of MLHI1 in females uncovered some unex-
pected features. First, the appearance of MLH1 foci was ob-
served at very early pachytene. Indeed, oocytes can reach peak
levels of MLHI1 even before some chromosomes, particularly
the sex chromosomes, have completed synapsis (Fig. 91, g).
As in males, one or two MLH1 foci were observed on the sex
chromosomes in females (Fig. 9g—j); however, the mean num-
ber of foci per sex bivalent was lower than in males (1.13,

accumulations are observed in the sex chromosomes (XX). f SYPC3
(green) and RNA polymerase-II (red). The whole nucleus, including the
sex chromosomes (XX), is intensely labeled with RNA polymerase-II. g
SYPC3 (green) and YH2AX (red). Faint YH2AX foci remain associated
with some bivalents, but none are specific to any particular chromosome.
h SYPC3 (green) and SUMO-1 (red). SUMO-1 does not specifically
label any of the chromosomes at this stage. i SYPC3 (green) and
ubiH2A (red). Only small nonspecific ubiH2A foci are observed scattered
throughout the nucleus. j SYPC3 (green) and H3K9me3 (red). H3K9me3
labeling is observed throughout the nucleus, with some accumulation
observed in specific regions that likely correspond to centromeres. k
SYPC3 (green) and H3K4me (red). H3K4me labeling is observed
throughout the nucleus, and no specific accumulations are observed. 1
SYPC3 (green) and RNA polymerase-II (red). The whole nucleus, in-
cluding the sex chromosomes, is intensely labeled with RNA polymer-
ase-II. Bar represents 10 um

n=45). The lower proportion of foci in females is not due to a
lower recombination rate as the mean number of MLH1 foci,
28.83+3.09 (n=30 oocytes), was significantly higher than in
males (z-test, p= 0.0133). To ascertain the distribution of
MLHI1 along the sex bivalent, we divided it into ten equivalent
segments, and the frequency of foci in each was recorded in 45
oocytes from two females. We found that foci are not evenly
distributed along the XX bivalent (Fig. 9k). Instead, they show
a marked bimodal distribution, accumulating at the proximal
and distal regions and being completely absent from the cen-
tral region (segments 5 and 6). Although the number of cells
analyzed is low, and the data need to be corroborated with
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MALES

FEMALES

Fig. 9 Localization and distribution of MLHI1 in E. tancrei pachytene
spermatocytes (a—e) and oocytes (f—j). SYPC3 (blue), MLHI1 (green),
centromeres (red). a In males, large bivalents tend to present two or
three MLH1 foci, while short bivalents usually present a single focus.
Sex chromosomes can show a single focus located at the distal end (b),
two foci, one at each end (c), or rarely, a single focus at the proximal end
(d). MLHI is not observed on the sex chromosomes at late pachytene (e).
f Females present up to four MLHI foci in the large bivalents. Loading of
MLHI1 to the chromosomes can take place before synapsis completion in
some autosomes (arrow) and in the sex chromosomes (XX) (enlarged in
g). Sex chromosomes present a single MLH1 focus on the sex bivalent,

more individuals, this situation indicates that recombination is
highly reduced or absent in the central region of the X chro-
mosomes, which is somewhat reminiscent of that found in
males. This result cannot be attributed to strong chiasmata
interference since most X bivalents only showed a single chi-
asma. Instead, this restriction is most likely related with the
early appearance of MLH1 foci and delayed synapsis in the
central region.

Discussion

Sex chromosome evolution is one of the most interesting
topics in genetics (Bachtrog 2013; Waters and Ruiz-Herrera
2020). The degeneration of the Y chromosome and its puta-
tive disappearance, particularly in mammals, have fueled
many heated debates (Graves 2004, 2006; Griffin 2012;
Hughes et al. 2012). Yet, a handful of species have reached
this evolutionary point and have managed to survive without a
Y chromosome (Bakloushinskaya and Matveevsky 2018).
Moreover, some Ellobius species have gone a step further
and have doubled the X chromosome, giving rise to a new
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located in the proximal (h) or distal (i) region. Only occasionally are two
MLHI1 foci observed (j). k For the analysis of MLH1 foci distribution
along the sex bivalent, the X chromosome was divided into 10 equal
segments, and the position of each MLH1 focus was assigned to a discrete
segment. In males (blue), MLHI foci are only distributed at the distal
regions of the chromosomes (segments 1, 2, 9, and 10). In females (red),
we observed that MLHI1 foci follow a bimodal distribution, with the
exclusion of foci in the central region of the chromosomes (segments 5
and 6) and a low frequency in the vicinity of the centromere (segment 1).
Bar represents 10 um

configuration comprising two isomorphic X chromosomes in
both males and females. The implication of these chromo-
somes in sex determination still needs to be proven.
However, several studies of meiosis have indicated that they
already behave like sex chromosomes, at least in males
(Kolomiets et al. 1991; Matveevsky et al. 2016, 2017). In this
study, we add new evidence to this proposal and reveal unex-
pected sex differences that offer new ways of understanding
the origin and fate of sex chromosomes in this group (Fig. 10).
Moreover, our results highlight the relevance of meiotic stud-
ies to understand sex chromosome evolution (Gil-Fernandez
et al. 2020).

Synapsis of two X chromosomes is partial in males

From the data presented here and by previous works
(Kolomiets et al. 1991), it is clear that synapsis between the
X chromosomes in E. tancrei males only occurs in the distal
portions. Although the length of the synapsed region is vari-
able during pachytene, the central portion of the chromosomes
never shows signs of synapsis. By contrast, in E. tancrei fe-
males, the X chromosomes achieve complete (although



Chromosoma (2021) 130:113-131

125

Partial synapsis
Restricted recombination
MSCI

Epigenetic differentiation

FEMALE

Delayed synapsis

Restricted recombination

No MSCI (or very transient)
No epigenetic differentiation

X
\/

b

Axial elements @ Centromeres === Nuclear envelope - YH2AX chromatin
Transverse Filaments X Chiasmata O Chromatin body - H3K9me3 chromatin
Non-recombining region «» Recombination proteins Non-recombining region . .
a of neo-Y chromosome e (eg, RAD51) of X chromosome Cj Activechromatin
Hypothetical Ellobius ancestors E. tancrei
X X X Neo-Y X
(O e:0 OB
X XX X X I
7 [N\~ N [~
Loss of Y in males
Y X chromosome
e doubling
Loss of X in females
X X X X X X
I~ [~ 72NN
XYy XX X0 @XO0 O ()

Fig. 10 a Schematic representation of sex chromosome organization
during male and female meiosis in E. tancrei. In males, sex
chromosomes only synapse and recombine near the chromosomal ends.
The interstitial regions remain unsynapsed. Given the lack of
recombination, these regions are likely in a process of divergence. Both
chromosomes are included in an inactive chromatin mass (stained in
pink) as a result of MSCI. One X chromosome shows distinctive
epigenetic marks, represented by the accumulation of H3K9me3 (in
brown), and an association with the chromatin body (represented as a
white circle). This chromosome is probably undergoing a differentiation
process from the other X chromosome and has been indicated as a
putative neo-Y chromosome. In females, X chromosome synapsis is com-
plete, although delayed, and recombination occurs along the entire biva-
lent, except in the central segment (depicted in dark blue in one of the
chromosomes). No MSCI is detected after the completion of synapsis,
and no epigenetic differentiation of either sex chromosome is observed. b
A hypothetical evolutionary trajectory of sex chromosomes in E. tancrei
(putatively in E. talpinus and E. alaicus as well). The ancestor of all
Ellobius species would have had an XX/XY sex determination system,

delayed) synapsis. This difference, which may be driven by
structural, genetic, and/or epigenetic factors, indicates a clear
sex divergence of X chromosome behavior during meiosis
(Fig. 10a).

Incomplete synapsis is one of the hallmarks of sex chro-
mosome behavior during male meiosis in species with highly
differentiated X and Y chromosomes (Solari 1970, 1974,

which is still present in E. fuscocapillus. Afterward, the loss of the Y
chromosome in males and one X in females would have originated an
X0/X0 system, like in E. lutescens. Doubling of the X chromosome in
both sexes would have originated an XX/XX system. The new X chro-
mosome might have presented some small differences with the existing
one already present. In males, the requirements for MSCI would have
soon thereafter induced a restriction of synapsis and recombination, rap-
idly triggering the differentiation of one of the X chromosomes into a neo-
Y. Currently, this differentiation has not reached the centromere, as the
proximal region still recombines. In females, synapsis could have been
completed soon after X chromosome doubling, owing to more relaxed
meiotic controls and the absence of MSCI. Recombination between the
two X chromosomes would have promoted the exchange of sequences
and their homogenization, although this step is still not complete in
E. tancrei. In a future step, the sex chromosomes in males could advance
to a more differentiated state, with the inclusion of centromere of the neo-
Y chromosome in the non-recombining region. In females, the X chro-
mosomes would eventually be completely homologous.

1993). This is due to the drastic difference in size between
the two chromosomes. Synapsis is only homologous in the
short PAR. Therefore, a first explanation for incomplete syn-
apsis between X chromosomes in E. fancrei would be that,
albeit similar in size and morphology, the two X chromo-
somes are already genetically differentiated, and they do not
share enough homology to stimulate complete synapsis.
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Unfortunately, genetic studies do not provide to date any con-
clusive evidence of this differentiation (Mulugeta et al. 2016).
Nevertheless, this could not be a complete explanation. In
most mammalian species, synapsis between the X and Y chro-
mosomes usually extends to the heterologous segments. In the
house mouse, mole rat, and southern mole vole, for instance,
synapsis occurs over almost the complete length of the Y
chromosome during early pachytene (Matveevsky et al.
2018, 2017; Page et al. 2012). Therefore, the restriction of
synapsis between the isomorphic X chromosomes in
E. tancrei males raises further questions. This behavior would
be expected in cases where there is some kind of physical or
genetic impediment. Centromeres are usually one of these
barriers, as it occurs in the house mouse (Page et al. 2012;
Solari 1974), although there are cases in which the heterolo-
gous synapsis can extend past the centromeric region of the Y
chromosome, such as in Arvicola terrestris (de la Fuente et al.
2012). In the case of E. tancrei, there is no such evident im-
pediment since the centromere is located at the end of the
chromosome. Another type of structural impairment could
be caused by an inversion in one of the two chromosomes.
In the house mouse, the presence of inversions has been
shown to significantly delay synapsis. However, chromo-
somes are usually able to complete synapsis through an ad-
justment process that involves the formation of a loop in one
of the chromosomes and, finally, the establishment of heter-
ologous associations within the bivalent (Moses et al. 1982).
In the case of E. tancrei, inversions also do not seem to be the
cause of the synaptic restriction as the size and the G-band
pattern of both X chromosomes in males are identical
(Vorontsov et al. 1980). The formation of a synapsing loop
on any of the X chromosomes, however, has not been ob-
served during the pachytene stage, though it has been ob-
served that one of the AEs usually appears fragmented. This
does not appear to be due to a twisting of the AE but rather to
the presence of the ChB. The ChB is clearly not related to the
nucleolus, but the deposition of proteins and the presence of
specific epigenetic modifications in this body, particularly the
accumulation of H3K9me3, could be related to the
fragmented appearance of one of the sex chromosomes.
Thus, although the ChB usually appears in an interstitial po-
sition, far from the point of maximum extension of the SC, it is
possible that the epigenetic modifications, along with the in-
terruption of the AE, could constitute a structural impediment
to synapsis extension.

In addition to structural factors, genetic or epigenetic mech-
anisms may be involved in the restriction of synapsis between
sex chromosomes. There are examples of species in which
similar phenomena have been found, mainly in insects. In
the grasshopper Stethophyma grossum, several chromosomes
synapse only in regions close to centromeres (Calvente et al.
2005). Synapsis restriction has been attributed to the absence
of DNA break events in those regions and to delayed
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maturation of the assembly of the cohesin axes and AEs. A
similar phenomenon has also been described in the grasshop-
per Paratettix meridionalis (Viera et al. 2009). Interestingly,
the artificial induction of breaks is insufficient to trigger syn-
apsis in these species (Calvente et al. 2016), indicating the
existence of a different control of synapsis or additional struc-
tural requirements, such as an association of proteins that reg-
ulate chromatin conformation and SC formation. A similar
though more complex control mechanism could be acting in
E. tancrei, since DNA DSBs, as marked by the presence of
RPA and RADS1, are observed in the asynaptic segments of
the X chromosomes.

Finally, it can be argued that completion of synapsis of the
X chromosome would prevent it from undergoing MSCI. In
the house mouse, abolition of MCSI leads to meiotic impair-
ment, mostly attributed to the expression of ZFY1/2 genes
present on the Y chromosome (Royo et al. 2010). However,
completion of synapsis of the X chromosome also leads to
male meiotic arrest (Turner et al. 2006), which could be due
to the expression of X-linked genes, some of which could also
potentially trigger an impairment of meiotic progression.
Moreover, in the case of E. tancrei, we cannot exclude the
possibility that the Zfy gene has been translocated to the X
chromosome, as was demonstrated for E. [utescens
(Mulugeta et al. 2016). Considering this scenario, a reasonable
assumption is that synapsis between the X chromosomes is
conditioned by genetic and epigenetic factors acting during
mole vole male meiosis.

Synapsis of X chromosomes is delayed in females

One of the most intriguing results found in this study is the
delay in synapsis of the X chromosomes during female meio-
sis. Given the lack of any structural or epigenetic differentia-
tion between the two X chromosomes, we hypothesize that the
most likely explanation is that the interstitial segments of the
X chromosomes in females are not sufficiently homologous
for efficient synapsis. This is supported by the fact that, in
females, MLH1 foci are not found in the central segment of
the X chromosomes. However, the X chromosomes do ulti-
mately complete synapsis in females, which may be due to the
existence of more relaxed synaptic control mechanisms during
female meiosis, as has been reported in other mammals
(Kouznetsova et al. 2009). It could also be argued that com-
pletion of synapsis of the sex chromosomes would lead to the
avoidance of an MSCI response. Contrary to males, in which
MSCI is necessary for meiotic progression (Burgoyne et al.
2009; Turner et al. 2005), MSCI in females could have detri-
mental consequences. In this way, completion of synapsis,
albeit putatively heterologous, could serve as a mechanism
to ensure the outcome of meiosis. Such a scenario implies
important consequences for the evolution of the X
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chromosomes in Ellobius (see later), as recently proposed for
antelopes (Robinson et al. 2021).

Epigenetic differentiation of the sex chromosomes is
found only in males

The specific accumulation of H3K9me3 along one of the X
chromosomes and the presence of a ChB that accumulates
SUMO-1 (Matveevsky et al. 2016) but excludes other pro-
teins, such as YH2AX and H3K4me, is indicative of special
DNA packaging and epigenetic modification processes. The
heterochromatic nature of the ChB probably determines the
ability to associate with other intranuclear heterochromatin-
like structures and unsynapsed chromosome segments, as
shown in some heterozygotes for Robertsonian translocations
(Matveevsky et al. 2016, 2015, 2020). In any case, epigenetic
differentiation of the XX chromosomes would be evident only
in male meiosis as no specific differences have been found in
somatic cells or female meiosis. The origin of these differ-
ences is not clear. Differential expression of genes between
the two chromosomes can be ruled out since the absence of
transcription markers such as RNA pol-II similarly affects
both X chromosomes. Although the C- and G-banding pat-
terns of XX are identical in somatic cells, the differential or-
ganization of the chromatin during meiosis, particularly the
accumulation of the heterochromatin marker H3K9me3, sug-
gests genomic differences. Nevertheless, in the absence of
more conclusive karyotypic markers that could differentiate
between the two X chromosomes, or genomic data about their
gene content, this proposal is difficult to demonstrate. These
hypothetical differences could help to explain the absence of
synapsis and recombination in the central region of the X
chromosomes in males (Fig. 10a). Moreover, the absence of
epigenetic marks in either of the two sex chromosomes in
females could indicate that the one bearing such marks repre-
sents an X chromosome version that is currently transmitted
only in males. These would represent some of the first signs of
the transformation of this X chromosome into a neo-Y (Fig.
10b), i.e., secondary heteromorphization, as has been previ-
ously suggested (Matveevsky et al. 2016). As an alternative
interpretation, the accumulation of epigenetic markers and the
ChB in one of the X chromosomes could just be a stochastic
process with no relation with chromosome differentiation.
Although we do not favor this interpretation, we realize it
would imply an unreported and intriguing behavior of chro-
mosomes during meiosis.

Recombination is absent in the central region of the X
chromosomes in both sexes

Cessation of recombination is the hallmark of sex chromo-
some differentiation (Bachtrog 2006; Charlesworth and
Charlesworth 2000; Charlesworth et al. 2005). It leads to the

genetic isolation of the Y chromosome, which, with time,
accumulates mutations and starts degenerating (Bachtrog
2013). Our results on synapsis and epigenetic modifications
suggest that one of the X chromosomes in E. tancrei males is
undergoing a process of differentiation. The loss of recombi-
nation in the central part of the XX chromosomes would have
served as a starting point for the divergence of initially homol-
ogous sex chromosomes. The fact that the two X chromo-
somes in males are indistinguishable indicates that morpho-
logical differentiation has not yet occurred. This case is not an
exception. In the African pygmy mouse Mus minutoides and
the Okinawa spiny rat Tokudaia muenninki, recombination
has stopped in a large portion of their neo-sex chromosomes
without any signs of morphological differentiation (Gil-
Fernandez et al. 2020; Murata et al. 2015). However, the sit-
uation found in E. tancrei introduces additional factors to the
standard models of sex chromosome differentiation. First, al-
though restriction of chiasmata to the ends of the X chromo-
some in male meiosis could be indicative of advanced differ-
entiation of a neo-Y (the non-recombining segment covers
80% of the chromosome; (Matveevsky et al. 2016), the pres-
ence of a chiasma in the proximal region of the X chromo-
some complicates this scenario. Recombination in this region,
together with the distal position of the centromere, implies
that, although the central region of the X chromosome be-
haves like a linkage group, the pericentromeric region is not
linked to it and indeed the centromere could be exchanged
with the X chromosome (Fig. 10b). It is possible that chromo-
some differentiation is occurring in the pericentromeric re-
gion, since only 30% of the X bivalents recombine in the
proximal segment; however, differentiation has obviously
not reached the centromere yet.

In this scenario, we expected that a recombination restric-
tion phenomenon would occur only in males. However, we
unexpectedly found that recombination is also restricted in the
central region of the X chromosomes in females. Although the
non-recombining region is shorter in females, this fact reveals
the existence of a linkage group in the middle of the X chro-
mosome. As mentioned above, this may be a consequence of
inefficient homology between sex chromosomes in this re-
gion, which would cause a synapsis delay that, in turn, affects
the resolution of recombination intermediates (Barchi et al.
2005; Costa et al. 2005; de Vries et al. 2005), particularly
considering that MLHI incorporation at crossovers in
E. tancrei females can take place prior to the completion of
synapsis.

An evolutionary scenario for the emergence of a new,
still forming, XX/XY sex chromosome system from the
XX/XX system in Ellobius

The absence of any conclusive molecular data on the consti-
tution of the X chromosomes and the sex determination
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mechanisms in Ellobius makes it very difficult to draw an
evolutionary trajectory of the sex chromosomes in the three
species with an XX pair in both males and females. However,
studies of their meiotic behavior could shed light on two spe-
cific aspects: the intermediate sex chromosome system and the
evolutionary fate of the neo-Y (differentiating X) chromo-
some in males (Fig. 10b).

Two main scenarios are possible for the composition of
the intermediate sex chromosome system. First, after los-
ing the Y chromosome, males would have become XO,
while females would have stayed XX. Although this is
apparently the most parsimonious scenario, it does not
seem to be the most plausible. This chromosome config-
uration is common in insects but not in mammals, likely
due to the fact that X0 individuals usually develop as
females (Fredga and Bulmer 1988). Only a few African
bat species have been reported to display an XX/X0 chro-
mosome system (Denys et al. 2013; Peterson and
Nagorsen 1975); however, nothing is known about their
sex determination mechanisms. The second scenario con-
sists of an X0/X0 system. The emergence of such a sys-
tem may seem odd as it would mean that both males and
females would have the same chromosomal constitution.
Moreover, under this system, both XX and 00 individuals
would not be viable, signifying a 50% embryonic mortal-
ity rate (Lyapunova et al. 1975). However, this system has
been described in the related species E. [utescens and also
in the Ryukyu spiny rat Tokudaia osimensis (Fredga and
Bulmer 1988; Kuroiwa et al. 2010; Vorontsov et al.
1980). Overall, our results on the meiotic behavior of
sex chromosomes in E. tancrei are more aligned with
the second scenario. If males in an intermediate stage
were X0 and females XX, then once the X chromosome
doubled, we would expect modification of sex chromo-
some behavior to occur only in males. However, we
found that synapsis and recombination are also affected
in females. A possible explanation to account for this
observation is that the new X chromosome presented
some subtle differences with the existing X chromosome
in X0 males and females (Fig. 10b). These differences
were then buffered in female meiosis, owing to its more
relaxed mechanisms of synapsis control (Kouznetsova
et al. 2009), gradually leading to a complete homogeniza-
tion of both X chromosomes (Fig. 10b). As a result, the
non-recombining region in females would be a relic of a
more extended region in the hypothetical ancestor.
Indeed, tracing of evolutionary chromosome rearrange-
ments on the X chromosome of E. talpinus has revealed
the presence of ancestral relics of interstitial rearrange-
ments from the original arvicolid X chromosome
(Romanenko et al. 2020).

The subsequent evolution of the X chromosomes in
males could be greatly accelerated by the specific
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conditions of male meiosis. First, the absence of synapsis
and, more relevantly, recombination in the central region
of the X chromosomes would lead to the genetic isolation
of one of the X chromosomes, provided it is transmitted
through males only. The epigenetic marker analyses pre-
sented here and previously (Matveevsky et al. 2016) seem
to support this proposal. We further hypothesize that this
chromosome will experience deepening and increasing
differentiation and will turn into a neo-Y as a result of
secondary heteromorphization (Fig. 10b), even if it does
not bear any male-determining factor, such as in the case
of the Y chromosome in Drosophila. Second, the evolu-
tion and degeneration of the Y chromosome are usually
accompanied by coevolution of the X chromosome gene
content (Bachtrog 2020; Waters and Ruiz-Herrera 2020).
As the sex chromosomes start to diverge, the appearance
of unsynapsed regions will trigger MSCI, inducing the
meiotic inactivation of genes on both the X and Y chro-
mosomes. It has been shown that, during evolution, mam-
malian X chromosomes have been emptied of genes
expressed in meiosis, which have been translocated or
retrotransposed to autosomes (Khil et al. 2004; McKee
and Handel 1993). In the case of the E. tancrei X chro-
mosome, this step has already been accomplished. Indeed,
the inactivation of the X chromosome could be a requisite
for the successful completion of meiosis. Therefore, the
putative degeneration of the neo-Y chromosome could
occur more rapidly than expected, as simultaneous coevo-
lution of the X chromosome would be no longer needed.

Overall, our analysis of the behavior of sex chromo-
somes during meiosis illustrates that this cell division in-
troduces important constraints on the evolution of sex
chromosomes, as it is becoming more and more clear
(Bakloushinskaya and Matveevsky 2018; de la Fuente
et al. 2012; Gil-Fernandez et al. 2020; Page et al. 2005;
Waters and Ruiz-Herrera 2020). The case of Ellobius spe-
cies with an XX/XX sex chromosome system reveals that
the replacement of a pair of sex chromosomes by a dif-
ferent chromosome pair, which is common in other verte-
brates and also invertebrates (Bachtrog et al. 2014;
Jeffries et al. 2018; Pennell et al. 2018), might not be as
easy in mammals. The X chromosomes left behind would
likely have to still accomplish meiotic requirements, like
MSCI, leading to impaired synapsis and recombination.
This, in turn, could lead to the recurrent differentiation
of one of the members of the pair into a Y chromosome,
whether it bears a sex determination factor or not. We
hypothesize that meiotic requirements in other vertebrates
are more relaxed, allowing for an easier turnover of sex
chromosomes. For instance, meiotic studies in birds have
revealed that MSCI does not operate as in eutherian mam-
mals (Guioli et al. 2012; Pigozzi 2016). In monotreme
mammals, which present an extraordinary sex
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chromosome system, with 5 X and 5 Y chromosomes,
MSCI does not operate at all (Daish et al. 2015). Given
the wide variety of sex chromosome systems, meiotic
studies of other vertebrate species are critical to address
the many aspects of sex chromosome evolution.
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