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Abstract

The germline holds the past and the future of a species, as parental genetic information
is recombined through meiosis and transmitted to the offspring. Thus, understanding
how the genome is organized and regulated in the nuclear space during the formation
of germ cells is essential to comprehend the bases of fertility and its impact on genetic
diversity. In the last twenty years, studies on the higher-order structure of the genome
in somatic cells have revealed a hierarchical organization: chromosome territories are
formed by chromatin compartments, which in their turn are folded into topological
associated domains (TADs) and DNA loops. However, little is known about how the
genome is organized in the germline and how chromosomal reorganizations modulate
genome architecture.

In this context, this thesis aims to: (i) understand the three-dimensional organization
of the genome during mouse spermatogenesis and its interplay with gene function and
occupancy of insulator proteins (CTCF and cohesins), (ii) investigate the implications
of Robertsonian (Rb) fusions in genome folding and meiotic recombination, and (iii)
characterize the variability of PRDM9 (which determines recombination hotspots in most
mammals) in natural house mouse populations with Rb fusions: the Madeira Rb system
and the Barcelona Rb system (BRbS). We applied a chromosomics approach, combining
cytological analysis with next generation sequencing technologies including Hi-C, ChIP-
seq, RNA-seq and SNP genotyping. For that, we first developed an efficient cell sorting
protocol to obtain enriched cell fractions from mouse testis including spermatogonia,
primary spermatocytes at early (leptonema/zygonema) and late (pachynema/diplonema)
prophase I, round spermatids and sperm.

Our results revealed that the higher-order structure of the genome is extremely dynamic
during spermatogenesis, where spermatogonia presents somatic-like compartments and
TADs, that disappear during meiosis to be re-established later on in post-meiotic cells.
Moreover, transcription correlates with A compartments throughout spermatogenesis,
with cell-specific active genes involved in spermatogenesis progression, fertilization and
embryonic development. In addition, we found a correlation between cohesin occupancy
and active transcription in both meiotic and post-meiotic cells. Our results suggest that in
addition to their canonical structural role mediating chromatin cohesion, meiotic cohesins
might also play a transcription-regulating role.

Although germ cells with Rb fusions presented the main features of genome architecture
(lack of compartments and TADs in primary spermatocytes and a re-establishment of these
structures in round spermatids), Rb fusions reorganize the spatial chromosome occupancy.
In primary spermatocytes, Rb fusions increase heterologous interactions, promoting the



formation of novel regulatory environments. In round spermatids, Rb fusions reduce
inter-chromosomal interactions as a result of mechanistic constrains. The cytological data
shows that the increase in heterologous interactions is concomitant with the presence of
asynapsed heterozygous metacentrics, which induce the full heterochromatinization of
the sex body. Furthermore, Rb fusions affect the number and chromosomal distribution
of crossovers in primary spermatocytes, especially in the case of fused metacentrics
in homozygosis. The reduction in recombination was also observed in the analysis of
linkage disequilibrium based on SNP genotyping, which translated into high levels of
genetic divergence in Rb populations when compared to standard mice. In addition,
our characterization of PRDM9 variability detected an unprecedented variability in
natural house mouse populations, being especially high (54 different alleles) in the insular
Madeira Rb system when compared to the continental BRbS (13 alleles). Such differences
could be attributed to the combination of different factors: (i) the evolutionary history of
each Rb system, (ii) the prevalence of Rb fusions affecting genetic diversity, and to a lesser
extent (iii) meiotic functional constrains (i.e., recombination hotspot asymmetry).

Taken together, this thesis shows that chromatin undergoes profound remodeling during
spermatogenesis in a cell-specific way, where transcriptional activity correlates with the
chromatin state and cohesin occupancy. In addition, Rb fusions alter genome organization
in the germline, having an impact on meiotic recombination and genetic diversity.
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General Introduction

1.1 Genome Architecture

Understanding how the genome is organized and regulated within the cell nucleus has been one of
the main questions in biology. The spatial conformation of the genome arises from a close interplay
between gene function and chromatin organization, contextualizing the overall cell function. How
different levels of chromatin organization interact among themselves in different species underpin
the potential of genome plasticity. This, together with the study of its dynamics during the cell
cycle and cell differentiation are both areas of research that are still in their infancy and largely
unexplored.

1.1.1 A historical perspective of chromosomal territoriality

Initial descriptions of the cell and its nucleus date back to the 17th and 18th centuries and were
provided by relevant figures such as Robert Hooke (1635-1703), Marcello Malpighi (1628-1629)
and Antoni van Leeuwenhoek (1632-1723). However, it was not until the 19th century when
the first representations of individual structures within the nucleus were made by Schleiden
(1804-1881) and Schwann (1810-1882). Later on, Walther Flemming (1843-1905) referred to such
structures as mitotic chromosomes [reviewed in (Ribatti 2018)]. During that period, Carl Rabl
(1853-1917) proposed the territorial organization of chromosomes in interphase, known as the "Rabl
configuration" (Rabl and Gegenbauer 1885), which was later confirmed by Theodor Boveri, who
introduced the term ‘chromosome territory’ (CT) in his seminal studies of blastomere stages of the
horse roundworm (Boveri 1909). Boveri already predicted that: (i) CT order is maintained during
interphase, (i) chromosome neighborhood patterns change from prophase to metaphase, and (iii)
new chromosome neighborhood arrangements established in the metaphase plate are conserved to
a considerable extent throughout cell division [reviewed in (Cremer and Cremer 2010)].

Although the hypothesis of territoriality was still supported during the 1940s, the development of
electron microscopy in the 1950s together with the discovery of DNA’s double-helix structure by
Franklin, Crick, and Watson (Franklin and Gosling 1953; Watson and Crick 1953), dismissed the
concept of CTs for nearly half a century [reviewed in (Cremer and Cremer 2006; Cremer and Cremer
2010)]. Most of the studies focused on nuclear organization developed between the 1970s and 1980s
considered that DNA organized into chromatin fibers between 10-30 nm in size, intermingling with
each other during interphase, with no retention of individual chromosomes (Wischnitzer 1973).
However, and contrary to the accepted view, Stack and collaborators recovered the concept of CTs
(Stack et al. 1977), further supported by laser-UV-microirradiation experiments on Chinese hamster
cells (Cremer et al. 1982). In their influential study, Cremer and colleagues showed that post-UV
damage resulted in a localized damage label, a pattern expected if chromosomes would occupy
specific regions throughout the nuclear space, thus providing the first experimental evidence of
CTs.

The subsequent development of Fluorescence In Situ Hybridization (FISH) techniques (Manuelidis
1985; Pinkel et al. 1986) allowed for the visualization of CTs using fluorescence microscopy. That
was the case of initial chromosome painting experiments, which facilitated the visualization of
individual chromosomes in human-hamster hybrid cell lines (Lichter et al. 1988). Since then, FISH-
based experiments have permitted the study of the nuclear architecture in different taxa including
yeast (Bystricky et al. 2005; Molnar and Kleckner 2008), plants (Berr et al. 2006; Pecinka et al. 2004;
Shaw et al. 2002), and animals [reviewed in (Cremer and Cremer 2001)]. This has provided evidence
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of the evolutionary conservation of CTs between species, such as primates (Mayer et al. 2005), cattle
(Koehler et al. 2009), and birds (Habermann et al. 2001). The combined use of chromosomal probes
and oligopaints (Beliveau et al. 2015) in three-dimensional (3D) FISH approaches (Cremer et al.
2008) together with confocal and high-resolution microscopy has allowed to delineate patterns of
nonrandom distribution of CTs and chromosomal subregions within nuclei.

One of the main factors influencing territoriality is chromosome size, as large chromosomes tend to
occupy peripheral positions whereas small chromosomes are orientated towards the center of the
nucleus (Parada and Misteli 2002). This radial configuration is concomitant with gene density and
has been observed in several species, not only in mammals (Grasser et al. 2008; Koehler et al. 2009;
Mayer et al. 2005; Shopland et al. 2006) but also in Drosophila melanogaster (Boutanaev et al. 2005)
and plants (Tiang et al. 2012). In this manner, gene-dense chromosomes preferentially locate in the
interior of the nucleus while gene-poor chromosomes are mostly found in the nuclear periphery
(Boyle et al. 2001; Cremer and Cremer 2001; Croft et al. 1999). This radial disposition is further
influenced by replication dynamics, as peripheral chromatin replicates later in S-phase than internal
chromatin (O’Keefe et al. 1992) and presents lower gene expression levels (Jackson et al. 1993). In fact,
most genes located in ‘lamina associated domains’ (LADs) are transcriptionally silent, suggesting
that interactions with nuclear lamina are involved in gene expression regulation [reviewed in
(Peric-Hupkes and van Steensel 2010)]. As such, gene transcriptional activity is one of the main
factors influencing chromatin dynamics.

Notwithstanding major advances in the field provided by conventional and super-resolution
microscopy, the analysis of the spatial conformation of the genome presented limitations in
resolution (100-200 nm), which prevented the definition of higher-order genome structures. This
was fulfilled by the development of the 3C-based techniques (Dekker et al. 2002) and its derivatives.
These approaches quantitatively measure frequencies of close spatial proximity (10-100 nm) between
genomic loci averaged genome-wide over a large population of fixed cells. All 3C techniques are
based on the digestion and subsequent re-ligation of crosslinked chromatin within nuclei, detecting
the spatial proximity between DNA sequences and their probability of interaction (McCord et al.
2020) (Box 1). Since their development almost two decades ago, 3C approaches have unveiled
fundamental principles of the hierarchical 3D organization of genomes based on high-throughput
sequencing (Dekker et al. 2013; Gibcus and Dekker 2013; Lieberman-Aiden et al. 2009; Rao et al. 2014).
The initial application of 3C approaches to human cells and later on to mouse, Drosophila, yeasts and
plants has provided a detailed description of the compartmental distribution of chromosomes into
hierarchical folding levels, from the kilobase (kb) scale to the mega-base (Mb) scale (Dixon et al. 2012;
Hou et al. 2012; Lieberman-Aiden et al. 2009; Nora et al. 2012; Rao et al. 2014; Sexton et al. 2012b).

1.1.2 The hierarchical three-dimensional organization of the genome

The classical chromatin-folding model assumes the presence of a compacted ‘30-nm fiber” structure
in heterochromatin and the metaphase chromosomes while existing as a relaxed “11-nm fiber” (the
nucleosome diameter) in euchromatin and interphase chromosomes (Finch and Klug 1976; Horn
and Peterson 2002). However, the integration of multidisciplinary approaches such as Hi-C, super-
resolution microscopy, cryo-EM and X-ray scattering has challenged this classical model (Eagen 2018;
Maeshima et al. 2014; Moraru and Schalch 2019). Thus, the current view is that mammalian genomes
are packaged into a hierarchical chromatin structure, the regulation of which depends on several
superimposed layers of organization: (i) chemical modifications of the DNA (i.e., methylation and
acetylation), (ii) nucleosomes that wrap the DNA around four core histones (H2A, H2B, H3, and
H4) which can suffer modifications as well, and (iii) the 3D high-order organization of chromatin
compartments inside the nucleus (Figure 1.2).
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Box 1

3C-based techniques. Chromosome Conformation Capture (3C)-based methods include: 3C, 4C,
5C, ChIA-PET and Hi-C (Figure 1.1). Both 3C and 4C use specific primers for individual genomic
loci, yielding single interaction profiles. While 3C generates long-range interaction profiles of the
selected loci versus surrounding chromatin, 4C generates a genome-wide interaction profile of the
selected loci. In the case of 5C, universal primers are combined with multiplex PCR amplification
and sequencing, allowing for the detection of millions of interactions by using thousands of
primers in a single experiment. ChIA-PET combines chromatin immunoprecipitation (ChIP)
with 3C, allowing the study of genome-wide long-range chromatin interactions bound to a
protein of interest. Finally, Hi-C does not depend on specific primers and yields genome-wide
contact maps thanks to high-throughput sequencing (Dekker et al. 2013; Han et al. 2018). A
novel variant [micro-C; (Krietenstein et al. 2020)] provides chromosome folding patterns at the
nucleosome resolution, detecting thousands of new looping interactions.

Crosslinking of

A interacting loci Fragmentation Ligation DNA purification
YT oo )
B 3C 4c 5C ChlA-PET Hi-C
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sequencing sequencing
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Figure 1.1: Summary of 3C-based techniques (A) Schematic workflow for 3C-based methods. Any chromatin segments
that are spatially close in the cell nucleus are initially linked. Chromatin is then fragmented either by enzymatic digestion
or by sonication. Then, crosslinked fragments are ligated forming chimeric DNA molecules that are finally purified,
sequenced and analyzed. (B) Representation of the main 3C-based techniques. Adapted from (Dekker et al. 2013).

It is generally accepted that the 2-meter DNA polymer wraps around histones forming nucleosomes
(nucleosomal scale of organization), giving rise to the ‘beads on a string’ structure (Figure 1.2)
that form the ‘11 nm fiber’ (Kumar et al. 2020). This chromatin fiber is tightly regulated by post-
transcriptional histone modifications (i.e., methylation and acetylation), the incorporation of variant
histones, and protein-binding factors involved in DNA replication, transcription and repair (Cosgrove
and Wolberger 2005). Further folding of chromatin fibers gives rise to the supranucleosomal scale of
genome organization, which represents the 3D high-order organization. It includes different levels
of genome folding from chromatin loops to the transcription-dependent compartmental domains
within chromosomes, each occupying specific CTs within the nucleus (Figure 1.2) (Dekker et al.
2013; Ea et al. 2015; Gibcus and Dekker 2013; Hansen et al. 2018; Lajoie et al. 2015). This hierarchical
organization of the genome has been reported in different mammalian species, including humans
(Lieberman-Aiden et al. 2009; Rao et al. 2014), primates (Eres et al. 2019; Vietri Rudan et al. 2015;
Yang et al. 2019), mouse (Zhang et al. 2012), dog and rabbit (Vietri Rudan et al. 2015). In Drosophila,
physical domains correlated with active/repressive histone marks (Eagen 2018; Hou et al. 2012;
Rowley et al. 2017; Sexton et al. 2012b). This link between genome organization and its transcriptional
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Figure 1.2: Hierarchical 3D organization of the genome. (i) The DNA polymer wraps around histones forming nucleosomes,
conforming the chromatin fiber. (ii) Chromatin fibers fold into chromatin loops that highly interact with other neighboring
loops, conforming topologically associated domains (TADs). Loop boundaries are determined by cohesin complexes
in-between CTCF bound convergent motifs. (iii) TADs are organized into A or B compartments, according to chromatin
accessibility and transcriptional activity. Transcriptionally repressed regions (B) are mostly associated with the nuclear
lamina at the nucleus periphery. In contrast, transcriptionally active regions (A) are located towards the center of the nucleus
and associated with, e.g., nuclear speckles. (iv) Compartments are found within CTs within nuclei.

state has also been reported in yeast (Duan et al. 2010; Mizuguchi et al. 2014), plants (Dong et al.
2017; Grob et al. 2014) and fungi (Galazka et al. 2016), although they are less clear and may depend
on different factors from those described in mammals.

Altogether, extensive evidence derived from Hi-C studies has confirmed that the hierarchical 3D
organization of the genome and the correlation between transcriptional state and folding of genomic
domains is a fundamental and conserved principle across eukaryotes (Duan et al. 2010; Feng et al.
2014; Hou et al. 2012; Mizuguchi et al. 2014; Nagano et al. 2013; Rao et al. 2014; Rowley et al. 2017;
Sexton et al. 2012b; Wang et al. 2015a; Zhang et al. 2012). This 3D organization is characterized
by different genomic architectural features: (i) cis/trans interaction ratio, (ii) distance-dependent
interaction frequency, (iii) genomic compartments, and (iv) topological associated domains (TADs)
and DNA loops.

1.1.2.1 Genome topology revealed by interaction probabilities

The strongest interaction patterns detected by Hi-C experiments reflect average genome-wide
trends and include (i) cis/trans chromosomal interactions and (ii) distance-dependent interaction
frequencies (Lajoie et al. 2015). On average, pairs of loci residing within the same chromosome (cis
interactions), present higher interaction frequencies that those residing in different chromosomes
(trans interactions). At the genome-wide level, this cis/trans interaction pattern is a reflection of the
presence of CTs (Figure 1.3 A). Also, as the genomic distance between loci increases, the interaction
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between nearby loci gradually decreases as loci are further away from each other (Figure 1.3 B).
This reduction in interactions can be represented as a genomic distance-dependent interaction curve
[P(s)], representing the level of compaction of chromosomes (Dekker et al. 2013).

The following hierarchical level of the 3D organization includes genomic compartments, which
are provided by the first principal component of Hi-C interaction matrices and captured by the
correspondent eigenvector, which discriminates between interaction frequencies (Lajoie et al. 2015;
Lieberman-Aiden et al. 2009; Rao et al. 2014; Wang et al. 2016a). In this manner, A compartments are
defined as genomic regions of low interactions, whereas B compartments are genomic regions with
high interaction frequencies (Figure 1.3 B). Thus, chromosomes are organized in A /B compartments
that can vary between 1 to 10 Mb in mammals (Dekker et al. 2013) down to 15 kb in Drosophila (Rowley
et al. 2017). Importantly, this genomic organization into compartments is linked to the transcriptional
state of the chromatin following the classical description of euchromatin (i.e., A compartment) and
heterochromatin (i.e., Bcompartment) (Kumar et al. 2020). Therefore, A compartments are correlated
with the presence of active histone modifications (‘open’ chromatin) such as H3K9ac, H3K27ac,
H3K36me3, H3K79me2, H3K4mel or H3K4Me3, and therefore regions with active transcription
(Eagen 2018; Nagano et al. 2013; Nurick et al. 2018; Rao et al. 2014). Moreover, it is known that
‘open’ chromatin conformations are rich in genes and CpG islands (Terrenoire et al. 2010), more
accessible to DNAse I (Eagen 2018), and are characterized by low levels of DNA methylation (Bird
1986; Gilbert 2005). Conversely, B compartments are correlated with the presence of inactive histone
modifications (‘closed” chromatin) such as H3K27Me3 and H3K9Me2/3 (Rao et al. 2014; Sexton
et al. 2012a). Thus, B compartments correspond to chromatin with a transcriptionally repressed
state, including regions linked to heterochromatin or tethered to the nuclear lamina (Rao et al. 2014;
Rowley and Corces 2018; Szabo et al. 2019).
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Figure 1.3: Hi-C interaction patterns. (A) Schematic representation of a Hi-C contact probability matrix in which interaction
signals from just three chromosomes are shown for clarification. The trans interaction pattern of chromosomes 1 and 3 is

squared in grey together with the cis interaction pattern of chromosome 3. The cis interaction pattern is zoomed in panel B.

(B) Representation of the interactions within chromosome 3 (cis). The eigenvector interpretation identifies A (red) and B
(blue) compartments, which correlate with transcriptionally active and inactive genomic regions, respectively. The dotted
line marks a specific compartment, zoomed in panel C. (C) Representation of several TADs within the squared compartment
in panel B, where also regions of high interaction can be detected (sub-TADs, represented as darker shades of red). CTCF
loops are shown as punctate signals corresponding to strong interactions between CTCF sites. (D) Representation of a single

TAD from panel C, containing four sub-TADs and flanked by CTCF-cohesin sites forming a loop. Adapted from (Lajoie et al.

2015; Rowley and Corces 2018).

1.1.2.2 Topological associated domains and chromatin loops

Hi-C studies have also revealed the existence of sub-domains within A/B compartments that can
range from 40 kb to 3 Mb in size [median size of 186 kb in human cells (Rao et al. 2014)], known as

7
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topologically associated domains (TADs) (Figure 1.3 C and D). In this case, TADs are not defined
by their chromatin state, but by their interaction pattern instead. Thus, TADs represent genomic
loci that preferentially interact with the neighboring cis chromatin domains rather than with other
regions (Eagen 2018; Hansen et al. 2018; Lajoie et al. 2015; Lieberman-Aiden et al. 2009; Rao et al.
2014), conforming functional chromatin domains (Dixon et al. 2016).

TADs are structures that are generally conserved between different cell types and species (Dixon et al.
2012; Vietri Rudan et al. 2015) and can be classified upon the chromatin signatures present in the
highly-interacting domains that define them. These signatures include active/inactive histone marks,
polycomb group proteins, and also the lack of specific marks (void or null TADs) (Del Prete et al.
2015; Szabo et al. 2019). In mammals and yeast, TADs correlate with active/inactive transcriptional
state (Hou et al. 2012; Imakaev et al. 2012; Lieberman-Aiden et al. 2009; Naumova et al. 2013; Rao
et al. 2014; Szabo et al. 2019). Nevertheless, in plants and fungi, where heterochromatic regions
appear to dominate genome organization, TADs are less obvious (Duan et al. 2010; Feng et al. 2014;
Galazka et al. 2016; Mizuguchi et al. 2014). Studies in Drosophila have shown that TADs can also be
organized upon polycomb bodies (Boettiger et al. 2016; Sexton et al. 2012b) and this observation
extended to plants (Feng et al. 2014). Remarkably, studies in C. elegans described a very different
pattern of TAD organization, with TADs being relevantly less frequent in somatic chromosomes
and only clearly present in the X chromosome (Crane et al. 2015). However, despite the general
acceptance of TADs existence, its definition derived from Hi-C studies is not without complexities.
In fact, TADs contain multilayered hierarchies of overlapping structures, suggesting additional
interaction patterns (Beagan and Phillips-Cremins 2020; Lajoie et al. 2015; Sikorska and Sexton
2019). Furthermore, TAD detection strongly depends on Hi-C data resolution and the methodology
used for TAD annotation (Paytuvi-Gallart 2019; Serra et al. 2017). So, by increasing the sequencing
depth and the resolution, the presence of two fundamental properties for TAD organization has
been suggested: (i) the self-association of regions within the TAD and, (ii) the insulation between
neighboring TADs (Dixon et al. 2016; Szabo et al. 2019).

TADs are further organized into individual chromatin loops or insulation neighborhoods (Dowen
et al. 2014; Ji et al. 2016; Nagano et al. 2017; Phillips-Cremins et al. 2013; Rao et al. 2014). These
sub-TAD structures also present self-associative and insulation properties, posing the question
of whether these structures are reflecting different scales of the same genomic organization level.
Regarding this matter, studies show that TADs are conserved between cell types (Dixon et al. 2012;
Nora et al. 2012), whereas sub-TADs, loops and insulation neighborhoods are related to cell-specific
regulatory events (Dowen et al. 2014; Ji et al. 2016; Phillips-Cremins et al. 2013; Rao et al. 2014). Also,
TADs have been suggested to be equivalent to replication domains, while sub-TADs have a different
function in regulating DNA replication (Pope et al. 2014).

Hence, TADs are considered chromatin units that define regulatory landscapes, as they are directly
implicated in the regulation of enhancer-promoter interactions (Hansen et al. 2018; Lajoie et al. 2015;
Merkenschlager and Nora 2016; Szabo et al. 2019). In this manner, TADs partition genomes into
“regulatory neighborhoods”, in which co-regulation of genes has been observed across different cell
types and tissues (Flavahan et al. 2016; Nora et al. 2012; Shen et al. 2012). Furthermore, boundaries
between TADs have been implicated in the blocking of the spread of activity between neighboring
TADs (Dixon et al. 2016).

1.1.2.3 Architectural proteins insulating TADs and loops

Evidence from several mammalian species has shown that TAD boundaries can be defined by the
presence of insulator proteins, such as CTCF (also known as 11-zinc finger protein or CCCTC-binding
factor) along with cohesins (Barrington et al. 2019; Busslinger et al. 2017; Cattoglio et al. 2019; de Wit
et al. 2015; Hansen et al. 2018; Krivega and Dean 2017; Merkenschlager and Nora 2016). Initial
studies in human and mouse somatic cell lines revealed that TAD boundaries are enriched in CTCF
(detected at 76% of all boundaries), active transcription marks (such as H3K4me3 and H3K36me3),
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nascent transcripts, housekeeping genes (present in 34% of TAD boundaries) and repeat elements
(Bonev and Cavalli 2016; Dixon et al. 2012).

CTCEF is a relevant insulator protein that contributes to genome folding (Phillips and Corces 2009;
Splinter et al. 2006) (Box 2). It is conserved in most bilaterian metazoans (Acemel et al. 2017; Heger
et al. 2012), and it is broadly expressed across tissues (Bastiaan Holwerda and de Laat 2013), being
essential for cellular function (Bailey et al. 2018). It was initially described as the only known insulator
protein in vertebrates (Kim et al. 2007; Ohlsson et al. 2001), binding to target sites across the genome
in a sequence-specific manner.

CTCEF, together with cohesins (Box 3), can generate stable chromatin loops (Figure 1.2, Figure 1.3,
Figure 1.6) that were initially deduced from high-resolution Hi-C data as string punctate signals
(Rao et al. 2014; Rowley and Corces 2018) . For a CTCF loop to occur, CTCF has to bind to motifs
that are convergently oriented (forward and reverse), serving as loop anchors (Guo et al. 2015; Rao
et al. 2014). While almost all TAD borders co-localize with CTCF, only around one-third of CTCF
ChlIP-seq detected peaks flank TADs (Hansen et al. 2018; Merkenschlager and Nora 2016). Therefore,
not all CTCF potential sites are actively engaged in forming chromatin loops in a given moment
inside the cell. However, CTCF cannot stabilize loops without the active involvement of cohesins
(Rao et al. 2017).

Box 2

CTCEF structure. The CCCTC-binding factor (CTCF) is a protein with three conserved domains:
the N-terminal, the C-terminal, and the particular 11-zinc-finger domain (Figure 1.4), which
recognizes and binds to a variety of DNA sequences (Ohlsson et al. 2001; Zlatanova and Caiafa
2009). These three domains facilitate the interaction with other proteins and with CTCF itself,
being highly relevant for establishing links between sites within (looping) and between (bridging)
chromosomes (Zlatanova and Caiafa 2009). Moreover, CTCF has been described to bind to the
nuclear matrix, suggesting a functional connection between CTCF-dependent insulator elements
and the nuclear matrix (Dunn et al. 2003). The combinatorial use of its zinc fingers allows
for CTCF’s great flexibility in binding-site recognition, which mostly flanks transcriptionally
co-regulated genes, confirming the role of CTCF-binding sites as insulators.

C-terminal Figure 1.4: CTCF structure. (A) CTCF is com-
posed by an N-terminal domain, an 11-zinc-
finger-domain, and a C-terminal domain. (B)
The zinc-finger domain-specific binding to DNA
is determined by the combinatorial arrangement
of the zinc fingers, in which fingers #3 to #8 bind
to the core binding motif. In contrast, the other
fingers are involved in either stabilizing or desta-
bilizing binding. Adapted from (Arzate-Mejia
et al. 2018; Norton and Phillips-Cremins 2017).
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Box 3

Somatic cohesins. Cohesins are ring-shaped protein complexes that are essential for sister
chromatid cohesion. Additionally, they have a determinant role in the assembly of DNA
replication factories, DSB repair, chromosome condensation, and mitotic spindle assembly,
among others (McNicoll et al. 2013). The cohesin complex is formed by the structural maintenance
of chromosome (SMC) proteins 1 and 3, an o-kleisin and a stromal antigen protein (SA). In
mammalian somatic cells, the a-kleisin is RAD21 and two different SA proteins have been
described, SAl and SA2 (Figure 1.5). SA1 contributes to the stabilization of TAD boundaries,
and SA2 promotes cell-type-specific contacts between enhancers and promoters within TADs
independently of CTCF (Kojic et al. 2017). Thus, RAD21 depletion results in a general loss of
preferential contacts and a general relaxation of chromatin structure (Rao et al. 2017; Sofueva
et al. 2013).

A B Figure 1.5: Schematic representation of somatic cohesins.
SMC3 L sMCT (A) Structure of somatic cohesin, formed by SMC proteins

y ) SAZ > 1 and 3, RAD21 and either stromal antigen protein 1 or 2.

. (B) Representation of the role of SAl-cohesin complex in

Sz M:‘* stabilizing TAD boundaries by staking at the base of DNA

SA1 » CTCF loops while SA2-cohesin complex is involved in cell-specific

S N»\ + loops. Adapted from (Kojic et al. 2017).
[~ HNIE

1.1.2.4 Loop-extrusion model

The fact that chromatin loops are preferentially formed in-between convergently oriented CTCEF-
bound sites with a strong bias against the opposite orientation (Guo et al. 2015; Rao et al. 2014),
suggests that CTCF binding results from a linear tracking process that can read the directionality of
DNA sequences (Merkenschlager and Nora 2016). In this context, the Loop Extrusion Model has
been proposed to explain how DNA loops are formed during a process mediated by CTCF and
cohesins (Fudenberg et al. 2016; Sanborn et al. 2015). Under this model, a cohesin ring extrudes the
chromatin fiber progressively until it is blocked by bound CTCF (Figure 1.6) (Fudenberg et al. 2016;
Sanborn et al. 2015). Briefly, structural maintenance of chromosomes (SMC) proteins that form the
cohesin ring together with RAD21 can topologically entrap and move along the DNA until they
meet a blocking obstacle such as CTCF (Davidson et al. 2016; Kanke et al. 2016; Skibbens 2016; Stigler
et al. 2016). Then, the cohesin complex is driven by SA1 to CTCF-bound sites (Figure 1.6 A) and
loaded to the chromatin fiber by NIPBL (Nipped-B-like protein) (Figure 1.6 B). From here, loop
extrusion (Figure 1.6 C) can be accomplished via three main processes: (i) extrusion via cohesin
diffusion, in which cohesins are constantly loading to chromatin and generating a diffusion gradient
(Figure 1.6 Ci); (ii) extrusion by cohesin motor activity driven by ATP hydrolysis (Figure 1.6 Cii) and
(iii) extrusion by pushing of RNA polymerase II (RNAPII) (Figure 1.6 Ciii). During the extrusion
process, some cohesin complexes are released from the chromatin fiber by the action of WAPL
(Wings APart-Like protein homolog) and PDS5 (sister chromatid cohesin protein pds5) (Figure 1.6
E) (Rowley and Corces 2018). Recent evidence further shows that cohesins can be translocated to
the CTCF binding sites by the transcriptional activity both in mammals and yeast (Busslinger et al.
2017), and also by other factors such as transcription-induced chromatin super-coiling [reviewed in
(Racko et al. 2019)].

The loop extrusion model has been recently demonstrated in vitro (Fudenberg et al. 2016; Krietenstein
et al. 2020). As such, this model explains how TADs are formed, putting into relevance the role of
CTCF and cohesins in conforming these chromatin domains. CTCF and cohesins would facilitate
enhancer-promoter interactions while also restricting those interactions between sequences located
inside and outside CTCF loops (Dowen et al. 2014; Hnisz et al. 2016a), thus conferring TADs their
defining features. Moreover, the extrusion process itself would also explain why enhancers and
promoters located on opposite sides of a loop anchor are less likely to interact (Rowley and Corces
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2018). Hence, CTCF and cohesins are intimately implicated in gene expression regulation through
genome folding (Merkenschlager and Nora 2016).
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Figure 1.6: Representation of the loop extrusion model. The chromatin fiber is entrapped by a RAD21 cohesin complex
loaded to the fiber by NIPBL (A, B, and C). The chromatin loop extrudes through the cohesin either by cohesin diffusion
gradient (Ci), by ATP-driven cohesin motor activity (Cii) or pushed by RNAPII (Ciii). The loop extrusion process continues
until inversely oriented CTCF blocks the process (D). Some cohesins are released during the extrusion process by WAPL and
PDS5. Adapted from (Rowley and Corces 2018).

1.1.2.5 Dynamics of genome organization during the cell cycle

We have seen how the structural organization of the genome is highly hierarchical and modulated by
multiple factors in interphase nuclei, accounting for the transcriptional needs of the cell. Moreover,
recent single-cell Hi-C studies are providing a new genome-wide glimpse of cell-to-cell variation,
revealing that while individual chromosomes maintain a similar organization in the mega-base
scale, they present different conformations at larger scales (Beagan and Phillips-Cremins 2020;
Krietenstein et al. 2020; Nagano et al. 2013). However, several questions still remain. What are the
topological details of cohesin-mediated chromosomal interactions, and what are their dynamics over
time? Is the 3D genome folding set once after mitosis and then lasts for the remaining interphase, or
is it continuously shaped during the cell cycle?

Naumova and colleagues were the first to describe the specific organization of the genome during
mitosis in human cells based on Hi-C data (Naumova et al. 2013). Based on fiber modeling, they
inferred the presence of two differential folding states during the cell cycle. In mitotic cells, the
characteristic interphase plaid-pattern observed in Hi-C contact maps disappears, and compartments
and TADs are not longer detectable (Nagano et al. 2017). Further studies revealed that the loss of
interphase organization is mediated by condensins, which also mediate the formation of consecutive
loops during mitosis (Gibcus et al. 2018). In the case of metaphase chromosomes, modeling
approaches suggest that the organization of the chromatin emerges from linear compaction by
consecutive chromatin loops, followed by axial compression (Naumova et al. 2013). On the contrary,
inter-chromosomal contacts present the opposite pattern, with an increased local contact during
interphase and increased long-range mitotic contacts during mitosis, consistent with the chromosome
reorganization into the metaphase plate (Barrington et al. 2017; Nagano et al. 2017). The description
of the organization of the mitotic chromosome posits the question whether this specific chromatin
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configuration is maintained during the formation of germ cells and its transmission to the next
generation.

1.2 Mammalian gametogenesis

Gametogenesis is the biological process by which haploid gametes are generated. This process is
divided into two main stages: (i) proliferation and differentiation of gonium and (ii) two consecutive
meiotic divisions followed by a specific differentiation program (Figure 1.7). Male and female
gametogenesis present fundamental differences, which include timing, cell morphology and overall
cell cycle regulation. While mammalian oogenesis is asynchronous, spermatogenesis is continuous
throughout the life of the individual. This continuity allows gaining a deeper understanding of
germ cell generation and their regulatory processes.

1.2.1 Overview of mouse spermatogenesis

In the house mouse (Mus musculus domesticus), the spermatogenic cycle initiates when the first pool
of spermatogonial stem cells is established (Ginsburg et al. 1990; McLaren 2003; Phillips et al. 2010).
Spermatogonial stem cells originate from primordial germ cells (PGCs) within the primitive streak
of embryos at the epiblast stage [7-7.25 days post coitum (dpc)] (Chiquoine 1954; Ginsburg et al.
1990; Richardson and Lehmann 2010). It is during the formation of the allantois (between 8.5 and
12.5 dpc) when PGCs migrate and colonize the genital ridges (Bendel-Stenzel et al. 1998). At 12.5
dpc, PGCs are already considered gonocytes, and after two or three rounds of mitosis, they enter a
premeiotic stage of mitotic arrest at G0/G1 as pro-spermatogonia (McLaren 1984; McLaren 2003).
From 13.5 dpc onwards, pro-spermatogonia are confined in the testicular cords formed by Sertoli
precursor cells and myoid cells, where they resume proliferation the first week after birth (McLaren
2003; Phillips et al. 2010). Between 1 and 4 days postpartum (dpp), pro-spermatogonia migrate from
the testicular cord to the basal membrane of the seminiferous tubules (Clermont and Perey 1957).
During the pre-pubertal period (1-6 dpp), the seminiferous tubules only contain Sertoli cells and
spermatogonia. These cells initiate the first round of spermatogenesis, establishing the initial pool
of spermatogonial stem cells around eight days after birth and progressively generating germ cells
during the entire lifespan of the individual (Bellvé et al. 1977; Nebel et al. 1961).
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Figure 1.7: Schematic representation of spermatogenesis. (A) Summary of the spermatogenic process. Self-renewing A
spermatogonia commit to meiosis and subsequently differentiate into intermediate and B spermatogonia. After DNA
duplication, primary spermatocytes are generated, which undergo meiotic prophase I: leptonema, zygonema, pachynema
and diplonema. The first meiotic division results in secondary spermatocytes (Spll) that, in their turn, divide in round
spermatids (RS). Round spermatids undergo spermiogenesis, differentiating into elongated spermatids (ES) and finally
spermatozoa. Adapted from (Reig-Viader et al. 2016). (B) Histone changes per spermatogenesis phase. Adapted from (Sharma
and Agarwal 2011).
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In adult mice, spermatogenesis takes place within the testes in the seminiferous tubules (Sharma
and Agarwal 2011; Walker 2011) in a cycle that spans every 8.6 days (Clermont 1972; Oakberg
1956a; Phillips et al. 2010). Seminiferous tubules constitute a multi-layer germinative epithelium
that represents nearly 90% of the testis volume (Romrell et al. 1976; Wistuba et al. 2007) (Figure 1.8).
Each tubule is divided into the basal and the adluminal compartments, separated by the blood-testis
barrier (BTB) (Cheng and Mruk 2002; Phillips et al. 2010; Wistuba et al. 2007), which is formed by
tight junctions between Sertoli cells that attach to the basal lamina of the epithelium (Cheng and
Mruk 2002; Wistuba et al. 2007). Spermatogonia and early primary spermatocytes are found in the
basal compartment, while the rest of the spermatocytes and spermatids are located in the adluminal
compartment (Figure 1.8). The BTB insulates germ cells residing in the adluminal compartment from
the circulatory and lymphatic systems, generating an immunologically privileged microenvironment
that allows for the completion of meiosis (Mruk and Cheng 2015; Sharma and Agarwal 2011).

Spermatogenesis in adult mice is continuous throughout the seminiferous tubules and it can be
divided into twelve stages (I-XII) (Oakberg 1956a), each one presenting different combinations of
spermatogonia, spermatocytes and spermatids that synchronously proceed through spermatogenesis
(Meistrich and Hess 2013; Phillips et al. 2010; Wistuba et al. 2007). This synchronicity is facilitated
by the fact that as germ cells divide and differentiate, they remain joined by inter-cellular bridges
(Figure 1.8).

Sertoli
nucleus

Basal lamina

Junctional
complex

Blood-testis barrier

Achrosomal Mitochondrion
vesicle

Figure 1.8: The histological organization of the testes. Left panel: schematic representation of the different germ cells and
their organization within the seminiferous tubules. Right panel: microscopy image of a histological section of mouse testis
stained with Periodic Acid-Schiff (PAS)-hematoxylin showing the different cell types detectable in that specific section: Sertoli
cells, spermatogonia, primary spermatocytes, round and elongated spermatid and sperm in the lumen. Scale bar: 20 pm.
Spg-spermatogonia, Spl-primary spermatocyte, RS-round spermatid, ES-elongated spermatid.

Spermatogenesis can be divided into three stages: (i) proliferation and differentiation of sper-
matogonia, (ii) meiosis: two rounds of DNA division, where the genome is reduced from diploid
(2n) to haploid (n) DNA content, and (iii) spermiogenesis: the process of spermatid maturation
to spermatozoa. All three stages of spermatogenesis are characterized by dramatic and highly

13



14

1 General Introduction

regulated chromatin remodeling and cell-type-specific gene expression.

1.2.1.1 Proliferation and differentiation of spermatogonia

Spermatogenesis initiates with the generation of a population of self-renewing spermatogonia
that either mitotically multiply or commit to meiosis and differentiate (de Rooij and Russell 2000;
O’Donnell et al. 2000; Wistuba et al. 2007). Traditionally, three main types of spermatogonia have
been described upon their nuclear morphology (Clermont and Leblond 1953; Monesi 1962; Roosen-
Runge and Giesel 1950): (i) type A, (ii) intermediate, and (iii) type B spermatogonia. While type A
spermatogonia are defined by the absence of heterochromatin (a characteristic of undifferentiated
cells), intermediate spermatogonia contain small proportions of heterochromatin regions that are
increased in type B spermatogonia (Phillips et al. 2010).

Several models have been proposed to explain the proliferation and differentiation of spermatogonia:
(i) As model (Huckins 1971; Oakberg 1971), (ii) the fragmentation model (Hara et al. 2014; Nakagawa
et al. 2010), and (iii) the hierarchical Ay model (Aloisio et al. 2014; Chan et al. 2014; Helsel and
Oatley 2017; Helsel et al. 2017; Komai et al. 2014; Sun et al. 2015a). Irrespectively of which model
prevails, self-renewing spermatogonial stem cells can be distinguished from those committed to
meiosis by the presence of specific markers. Spermatogonial stem cells presenting Thy1 (also known
as CD90.2) are considered self-renewing spermatogonial stem cells, while cells positive for Kit
are spermatogonial stem cells committed to the differentiation pathway, remaining Kit positive
throughout spermatogonial differentiation (Hammoud et al. 2014; Tseng et al. 2015). Additionally,
several studies have shown that self-renewing spermatogonial stem cells express specific proteins
such as ID4, PAX7, and GFRA1 (Aloisio et al. 2014; Gassei et al. 2010; Helsel et al. 2017; Tseng et al.
2015) that are not found in differentiating spermatogonial stem cells. Relevantly, both spermatogonial
stem cell types present bivalency and transcriptional silencing at specific promoters (e.g., promoters
of embryonic transcription factors) and also poised upstream enhancers (Hammoud et al. 2014).
This poised state is attained by particular methylation patterns that also involve atypical DNA
methylated promoters present through all spermatogenesis (Hammoud et al. 2014). Spermatogonial
stem cells would establish a poised state of specific promoters and enhancers to maintain a competent
pluripotency program (needed for the development if the future embryo) during spermatogenesis,
by silencing developmental genes (e.g., Nanog), while enforcing others involved in the meiotic
process per se.

1.2.1.2 Meiosis

Meiosis-committed spermatogonia migrate out of their niche in the basal compartment of the
seminiferous tubule to follow the differentiation pathway, generating intermediate spermatogonia
that differentiate into type B spermatogonia. As type B spermatogonia lose contact with the basal
membrane and mitotically divide and differentiate into primary spermatocytes at pre-leptonema
(pre-meiotic phase). Spermatocytes then transit across the BTB into the adluminal compartment,
where they can progress through meiosis (Figure 1.7) (Mruk and Cheng 2015). During the prophase
of the first meiotic division, four different stages can be distinguished: leptonema, zygonema,
pachynema, and diplonema (Figure 1.7).

Following the meiotic replication phase, pre-leptonema spermatocytes initiate DNA condensation
and assembly of the synaptonemal complex (SC) (see section 1.2.2), with telomeres tethering to
the nuclear membrane while transiently pairing between homologous telomeres (Bellvé et al. 1977;
Boateng et al. 2013; Scherthan et al. 1996). At leptonema, double-strand breaks (DSBs) take place as
homologous chromosomes start to condense, pair and synapse, clustering their telomeres in the
bouquet structure [reviewed in (Reig-Viader et al. 2016)]. At this stage, the proteinaceous structure
of the SC starts to assemble along with meiotic cohesins (REC8 and RAD21L) (Box 4). Elements
of the SC include the lateral element proteins SYCP2 and SYCP3, the transverse filament protein
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SYCP1, the central element proteins SYCE1, SYCE2, SYCE3, TEX12 along with SIX60S1 (Dapper
and Payseur 2019; Fraune et al. 2012; Gémez-H et al. 2016; Henderson and Keeney 2005; Keeney
et al. 2014; Scherthan et al. 1996; Winkel et al. 2009; Zickler and Kleckner 1999; Zickler and Kleckner
2015). At zygonema, homologous chromosomes are entirely paired, allowing for synapsis to begin
[reviewed in (Reig-Viader et al. 2016)]. It is during leptonema and zygonema when resected strands
from DSBs undergo homology search and strand invasion (Dapper and Payseur 2019), which will be
repaired either as crossovers (COs) or non-crossovers (NCOs). Homologous chromosome synapsis
and recombination are completed at pachynema, with a subset of recombination sites maturing
into COs (between 20-26 COs per cell in mouse) (Baier et al. 2014) (see section 1.2.2). Meiosis I
ends at diplonema with the segregation of homologous chromosomes, which remain physically
attached at sites where recombination took place (Handel and Schimenti 2010). As such, successful

progression through prophase I is dependent on faithful completion of two interconnected processes:

the assembly of chromatin loops into chromosomal axes, and the formation and repair of DSBs
(Keeney et al. 1997; Longhese et al. 2009; Romanienko and Camerini-Otero 2000). The first meiotic
division results in secondary spermatocytes, which undergo a short secondary meiotic division to
produce round spermatids (Figure 1.7 and Figure 1.8) (Handel and Schimenti 2010).

Box 4

Meiotic cohesins. During meiosis, somatic cohesins are replaced by two meiotic-specific cohesin
complexes: REC8 and RAD21L, both containing the SA protein STAG3 (Figure 1.9). It is during
the pre-meiotic DNA replication of spermatogonia that RAD21 is no longer detected, and REC8
appears, persisting throughout the first meiotic division. RAD21L appears after DNA replication,
reaching its peak in early prophase I (Lee and Hirano 2011) (Figure 1.9). Meiotic cohesins are
essential for chromosome synapsis between homologs, having a pivotal role in the formation
of the chromosomal axis, holding chromatin loops to the axes, and determining the number
and location of DNA loops (Figure 1.11) (McNicoll et al. 2013). Importantly, in the absence of
RECS, the chromosome axis is separated in determined regions, giving rise to the assembly of
illegitimate SC between sister chromatids. This phenomenon has also been observed in mice
STAG3 mutants and KO for SMC1g, confirming the pivotal role of cohesin complexes in axis
formation and SC assembly (Agostinho et al. 2016; Ishiguro and Watanabe 2016).
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Figure 1.9: Temporal distribution of cohesin complexes during meiotic prophase I in mammals. During DNA
replication previous to meiosis, the somatic cohesin-RAD?21 is substituted by meiotic cohesins RAD21L and REC8, which
are expressed until the end of prophase I. Adapted from (Lee and Hirano 2011).

Meiosis progression is accompanied by atypical chromatin-transcriptional relationships that involve
transcription from DNA methylated promoters with 5ShMC, already established in spermatogonial
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stem cells (Hammoud et al. 2014). It is generally accepted that there are two waves of active
transcription during meiosis: one before entering meiosis, and a second in the transition from
round spermatids to sperm (da Cruz et al. 2016; Sassone-Corsi 2002). Most of the genes that are
upregulated during leptonema and zygonema are soon down-regulated before pachynema (da Cruz
et al. 2016). Moreover, there is a significant change in gene expression signatures at pachynema with
the transcription of specific piRNAs that differ from those pre-meiotically expressed (Figure 1.10)
(Hammoud et al. 2014). It is in pachynema that a large proportion of genes related to spermiogenesis
and sperm functionality are expressed, with the highest number of expressed during diplonema
(da Cruz et al. 2016; Ernst et al. 2019).
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Figure 1.10: Summary of transcription and chromatin transitions during spermatogenesis. NATs-non-annotated transcrip-
tion units, DNAme-DNA methylation. Adapted from (Hammoud et al. 2014). L-Leptonema; Z-Zygonema;P-Pachynema;
D-Diplonema.

Finally, it is important to take into account that sex chromosomes behave differently than autosomes
during male meiosis. As the X and the Y chromosomes only present a small region of homology (the
pseudo-autosomal region or PAR) (Burgoyne 1982; Burgoyne et al. 2009), the presence of unsynapsed
large regions during prophase I activates the silencing of sex chromosomes — a phenomenon called
meiotic sex chromosome inactivation (MSCI) (Burgoyne et al. 2009; Margolin et al. 2014; Soumillon
et al. 2013; Turner 2015). The transcriptional silencing of the chromosomes X and Y is detectable in
pachynema spermatocytes as the ‘sex body” and it is characterized by the presence of several histone
modifications including YH2AX, H3K9me3/2, H2A ubiquitylation, HP13 (Namekawa et al. 2006;
Turner et al. 2006) and absence of active RNA polymerase II, H3K27m1/3, H3K9ac and H4K16ac
(Namekawa et al. 2006).

1.2.1.3 Spermiogenesis

Through spermiogenesis, round spermatids elongate to finally differentiate into sperm (Figure 1.7)
(Brinkley et al. 1986; Govin et al. 2004; Oakberg 1956b). This maturation process can be divided
into sixteen steps (1-16), a classification that in rodents is based on the profound morphological
changes that take place (Oakberg 1956b). Briefly, the acrosome begins its formation between steps
1-8 concomitant with a high active transcriptional activity present round spermatids. Transcription
decreases between steps 9-11 when changes in spermatid morphology are detectable. In these stages
the acrosomic material is found in the dorsal, caudal angle of the nucleus. It is between steps 12-14
that spermatids nucleus condensate, finally presenting the characteristic hook-type spermatozoa
morphology in steps 15-16 (Bao and Bedford 2016; Oakberg 1956b). Spermiogenesis ends with the
release of spermatozoa to the lumen of the seminiferous tubule (Meistrich and Hess 2013). Sperm
within the testis have little mobility, and they start maturation in the epididymis. Capacitation
includes cellular or physiological changes in the sperm that are completed during the ejaculation,
acquiring hypermotility and the ability to perform the acrosome reaction, binding to the zona
pellucida of the female oocyte and accomplishing fertilization (Sharma and Agarwal 2011).

Thus, spermatids undergo dramatic morphological changes due to chromatin remodeling that
results in a highly-compacted nucleus in mature sperm (Ward and Coffey 1991). This condensation
is achieved by the replacement of the vast majority (99%) of nucleosomal histones by protamines
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(Figure 1.7) (Balhorn 2007; Braun 2001; Dadoune 2003; Miller et al. 2010; Rathke et al. 2014; Steger
1999). For a successful histone-to-protamine transition to occur, mechanisms to access the DNA
are involved, such as histone modifications (McPherson and Longo 1993), histone replacement by
transitional proteins (Rathke et al. 2014) and the transient appearance of DNA breaks (Cavé et al.
2019; McPherson and Longo 1993). In mammals, histones are firstly substituted by the transition
proteins TP1, TP2, and TP4, prompting chromatin condensation (Balhorn 2007, 2011), which are
consequently replaced by protamines (Braun 2001; Carrell et al. 2007). Protamines stabilize the
sperm chromatin, conferring a specialized and highly condensed toroid structure (Bao and Bedford
2016). This condensation facilitates the generation of the hydrodynamic shape that characterize
sperm. Moreover, the super-coiling of chromatin enables the sperm to shed most of the cytoplasm,
conferring the sperm with rapid mobility, while also protecting it from physical and chemical
damage (Balhorn 2011; Bao and Bedford 2016; Braun 2001; Carrell et al. 2007; Oliva 2006; Sharma
and Agarwal 2011).

Furthermore, the transcriptional silencing of sex chromosomes is maintained throughout spermio-
genesis in a distinct compartment known as postmeiotic sex chromatin (PMSC) (Namekawa et al.
2006; Sin et al. 2015). Interestingly, 13% of sex-linked genes escape silencing. Some of these active
genes are regulated by RNF8 (ring finger protein 8), directing histone modifications characteristics
of PMSC such as H2A ubiquitination and H3K4me3 (Sin et al. 2012). Multicopy genes sitting in the
X chromosome also escape postmeiotic silencing, although unclear, they may acquire permissive
chromatin marks due to unusual DNA configurations risen from multicopy palindromes (Turner
2015).

Regarding genome-wide transcription, somatic/progenitor genes are silenced during spermatogen-
esis, while reproductive genes are activated (Sin et al. 2015). However, somatic/progenitor genes
have to be successfully re-activated after fertilization. This re-activation is attained by establishing
bivalent domains that are pre-programmed from spermatogonial stem cells to mature sperm (Figure
1.10) with poised chromatin, with the presence atypical 5hmC in transcriptional start sites (TSS) or
proximal enhancers of progenitor genes involved in embryogenesis, allowing for the recovery the
somatic/progenitor program (Hammoud et al. 2014; Sin et al. 2015).

1.2.2 Organization of meiotic chromosomes
1.2.2.1 The importance of chromosomal axes and DNA loops

During meiotic prophase I, homologous chromosomes are organized into DNA loops anchored to the
chromosomal axes formed by the SC a proteinaceous structure with a zipper-like morphology that
mediates the synapsis of homologous chromosomes (Fraune et al. 2012; Syrjénen et al. 2017; Zickler
and Kleckner 2015). The SC establishes the context in which synapsis and recombination between
homologs take place as it prompts strand invasion and the subsequent genetic recombination. The
SC also has a pivotal role in joining sister chromatids within the lateral components of the SC axis
by meiotic cohesin complexes (Rankin 2015), such as REC8 (Xu et al. 2005) and RAD21L (Box 4) (Lee
and Hirano 2011; Llano et al. 2012). As such, the SC modulates the structure of meiotic chromosomes,
arranging chromatin in DNA loops (around 20 loops per micron of axis length) that emerge out of
chromosomal axes (Figure 1.11) (Kleckner 2006; Zickler and Kleckner 1999).

Importantly, the SC length has direct implications for the number and length of SC-anchored DNA
loops (Kleckner et al. 2003; Ruiz-Herrera et al. 2017; Zickler and Kleckner 1999). For instance, in
some mammalian species (i.e., humans), females show longer SC axis (and, therefore, shorter DNA
loops) than males (Gruhn et al. 2013; Zickler and Kleckner 2016). Also, species with different genome
sizes present variations in loop size or total axis length while maintaining the basic axial structure
(Kleckner 2006; Ruiz-Herrera et al. 2017). Altogether, these observations highlight the modulation of
loop size based on chromosome axis length (Wang et al. 2019a).
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1.2.2.2 Formation and repair of DSBs

Successful progression through early stages of prophase I is dependent on the assembly of
chromatin loops into chromosomal axes and the formation and repair of DSBs. These two processes
are interconnected and tightly regulated (Keeney et al. 1997; Longhese et al. 2009; Romanienko
and Camerini-Otero 2000). DSBs are generated during leptonema by SPO11 (Keeney et al. 1997;
Romanienko and Camerini-Otero 2000), a highly conserved endonuclease amongst eukaryotes
(Malik et al. 2007) (Figure 1.11). The formation of DSBs activates DNA damage response (DDR)
mechanism (Baudat et al. 2010; Myers et al. 2010; Parvanov et al. 2010) as an integral part of the
meiosis program. Together with its leading role in DSBs generation, SPO11 is also involved in the
pairing of homologous chromosomes (Boateng et al. 2013), as a minimum number of DSBs are
needed to ensure inter-homolog interactions (Kauppi et al. 2013; Smagulova et al. 2013).

CO vs. NCO decision Resolution

1 1

| |

| |

DSE formation | Homology Search and |
| Strand invasion |

| |

|

|

|

Figure 1.11: Mechanics of recombination. Schematic representation of the main proteins involved in meiotic recombination
and the resolution of DSBs into COs. Adapted from (Dapper and Payseur 2019).

Although numbers vary between species (Kauppi et al. 2013; Ruiz-Herrera et al. 2017; Wang et al.
2019a), between 200-300 DSBs occur genome-wide. The formation and repair of DSBs occurs in
the context of the SC with the implication of different factors (Figure 1.11). The DSBs machinery is
formed by the MCD recombinosome (MEI4-Containing DSB-promoting), a proteinaceous complex
that includes MEI4, REC114, TOPOVIB, and IHOI (interactor of HORMAD protein 1) (Kumar et al.
2015; Robert et al. 2016; Stanzione et al. 2016). The MCD directly activates SPO11 (Dapper and
Payseur 2019; Stanzione et al. 2016), which generates the DSBs monitored by both HORMAD]1 and
HORMAD?2. Once the double-stranded DNA is resected, SPO11 is erased and posteriorly depleted
from the recombination site, leaving 3’ single-stranded overhangs at both sites of DSBs (Lam and
Keeney 2015). In an orchestrated manner, the formation of DSBs induces the phosphorylation of
histone H2AX on serine 139 (YH2AX) by the ATM/ATR pathway (Burma et al. 2001; Kuo and
Yang 2008; Rogakou et al. 1998), which recruits DDR proteins. These include RPA (replication
protein A) (He et al. 1995), DMC1 (DNA meiotic recombinase I) (Yoshida et al. 1998), and RAD51
(RADS51 recombinase) (Pittman et al. 1998), among others. As such, the 3’ single-stranded overhangs
are coated by RPA (Dapper and Payseur 2019; Ribeiro et al. 2016), which recruits recombinases
RADS51 and DMC1 that facilitate the homologous chromosome search and establishment of inter-
chromosome interactions (Figure 1.11). The formation of the SC stabilizes the RAD51/DMC1 action
during leptonema/zygonema.

Hence, DSBs are repaired in the context of the SC, involving the lateral element protein SYCP3
(Henderson and Keeney 2005). The single-stranded end elongates and, by homology search, invades
the opposing DNA helix, displacing the complementary DNA strand and generating a D-loop
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(displacement loop) (Baudat et al. 2013; Gray and Cohen 2016). The completion of strand invasion is
facilitated by SPATA22 (spermatogenesis associated 22) (Figure 1.11) (Dapper and Payseur 2019).
Depending on the interaction that is established (either with the D-loop or with the elongated
invading strand), two different recombination products can be generated: (i) COs or (ii) NCOs
(Cole et al. 2010; Moens et al. 2007). Ultimately, COs are resolved with the involvement of the
MutL complex, recruited to COs sites by TEX11 and composed by MLH1 and MLH3, which repair
mismatches (Dapper and Payseur 2019). HEI10 is also recruited to the SC together with the MutL
complex, antagonistically regulating RNF212, thus also involved in COs regulation (Figure 1.11).

The reciprocal exchange of genomic regions between homologous chromosomes generated by
the resolution of Holliday junctions results in the formation of COs (Kleckner 2006; Moens et al.
2007; Zickler and Kleckner 2015). The number and position of COs along chromosomes are tightly
regulated, involving MSH4 (MutS protein homolog 4), which is stabilized RNF212 (Ring finger
protein 212) (Dapper and Payseur 2019; Moens et al. 2007). This refined regulation ensures the
formation of at least one COs per bivalent (obligatory CO) (Bolcun-Filas and Schimenti 2012;
Borde and de Massy 2013; Kleckner 2006). The genomic distribution of COs positively correlates
with GC content and gene density while negatively correlating with transposable elements (TE),
overall relating with certain regulatory elements and histones modifications (Stapley et al. 2017).
Additional factors govern the number and distribution of COs per chromosome. These include
crossover interference (Muller 1916) and the centromeric effect (Beadle 1932; Mather 1938). Crossover
interference is a universal phenomenon by which the formation of a CO at one site along the
chromosome interferes with the establishment of additional COs nearby [reviewed in (Otto and
Payseur 2019; Zickler and Kleckner 2016)]. CO interference is essential to prevent the formation
of multiple DSBs in the same chromatin loop, which would be hazardous for genome stability
(i.e., may cause chromosomal rearrangements). Under the centromeric effect, on the other hand,
the formation of COs is reduced at centromere proximities (Beadle 1932; Mather 1938; Talbert and
Henikoff 2010). This phenomenon avoids disruption of pericentric sister chromatid cohesion during
the first meiotic division.

Moreover, and given that chromosomal axis length is inversely correlated with the size of chromatin
loops emerging from the SC (Kleckner et al. 2003; Zickler and Kleckner 1999), the number and
distribution of COs per chromosome is linked to the structural organization of the genome during
meiosis (Wang et al. 2019a). In fact, CO distribution is influenced by the physical length of the
chromosomal axis (micrometers) rather than genomic (Mb) or genetic distance (cM) (Ruiz-Herrera
et al. 2017; Zickler and Kleckner 2015). This is exemplified by the PAR region, where the chromatin
arranged in numerous and small loops experience a 10-fold increase in DSBs compared to other
regions of the genome (Acquaviva et al. 2020; Kauppi et al. 2011; Mu et al. 2020).

1.2.3 PRDM9

1.2.3.1 Structure and function

Early events that determine where DSBs occur across the genome are critical for the formation
of DSBs. In this context, PRDM9 (PR/SET domain-containing protein 9) determines the location
of meiotic recombination hotspots in the majority of mammals studied so far to the exclusion of
canids (Baker et al. 2017; Baudat et al. 2010; Buard et al. 2014; Capilla et al. 2014; Kono et al. 2014;
Muiioz-Fuentes et al. 2011; Myers et al. 2010; Parvanov et al. 2010). The Prdm9 gene was first described
as the hybrid sterility gene Hst1 (Forejt and Ivanyi 1974) based on its link with the sterility observed
in M. m. domesticus x M. m. musculus hybrids (Forejt 1996). Further studies showed that Hst1 (also
known as Meisetz) was located in chromosome 17 in mice (Forejt et al. 1991; Gregorova and Forejt
2000) and encoded for PRDMY, an essential meiosis-specific protein (Hayashi and Matsui 2006;
Mihola et al. 2009).
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PRDMDO is a histone (H3) methyltransferase expressed in primary spermatocytes during early
prophase I (Parvanov et al. 2017; Sun et al. 2015b). The PRDM9 protein presents four functional
domains (Figure 1.12 A): (i) an N-terminal KRAB domain involved in inter-protein interactions
(Imai et al. 2017; Parvanov et al. 2017), (ii) an SSXRD signal of nuclear localization, (iii) a SET
domain that provides a methyltransferase activity (Eram et al. 2014; Hayashi et al. 2005; Powers
et al. 2016; Wu et al. 2013) and (iv) a zinc finger (ZnF) domain containing a highly variable C2H2
[Cys(2)-His(2)] ZnF array (Berg et al. 2010; Parvanov et al. 2010). In the house mouse, the ZnF array
is formed by repetitions in tandem of 84 bp units (translated into 28 amino acids). Each ZnF presents
hypervariable positions at amino acid coordinates -1, +3, and +6 of the ZnF alpha helix, determining
DNA-binding specificity (Baudat et al. 2010) (Figure 1.12 B). The ZnF array binds specifically to a
degenerated DNA motif mainly through ZnF domains in positions #3 to #6 (Baker et al. 2017; Patel
et al. 2016, 2017), while the remaining fingers stabilize the protein-DNA binding (Billings et al. 2013;
Pratto et al. 2014). It is the composition of the terminal ZnF array that determines the identity of
PRDM9 variants, which are species-specific (Figure 1.12 A).
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Figure 1.12: PRDMO structure. (A) Representation of the PRDM9 protein structure and its domains. In this example, the
PRDM9 variant found in laboratory mice C57BL/6] (Dom?2) is represented. Each circle from the zinc finger array represents
one tandem repeat, and the dotted line on top of the ZnF array indicates the ZnF positions significantly involved in DNA
binding (ZnF #3 to #6). (B) Representation of one tandem repeat (84 bp unit), which its hypervariable positions translate to
the aminoacid triplet QVK. Modified from (Capilla 2015).

Catalyzed by its SET domain, PRDM9 adds trimethylation marks in lysines 4 an 36 of histone 3
from close-by nucleosomes (Baker et al. 2014; Eram et al. 2014; Hayashi et al. 2005; Powers et al.
2016; Smagulova et al. 2011; Wu et al. 2013) (Figure 1.13). These histone modifications are epigenetic
marks defining open chromatin status, thus allowing DNA accessibility by displacing methylated
nucleosomes creating nucleosome depleted regions (NDRs) (Baker et al. 2014). Recently, it has been
described that not only H3k9me3 but also H3K4Mel and H3K9ac marks can be associated with
PRDM9-determined hotspots in mouse (Spruce et al. 2020).

According to recent evidence, PRDM9 forms a multi-protein complex in combination with the
chromatin remodeler protein HELLS (lymphoid-specific helicase) (Spruce et al. 2020) (Figure 1.13).
The PRDM9-HELLS complex has the ability to: (i) recognize partial motifs within nucleosomal DNA,
(if) generate active histone modifications, and (iii) increase chromatin accessibility; thus, providing
the required chromatin accessibility for DSBs machinery. Hence, the assembly with HELLS would
facilitate the remodeling of chromatin architecture, allowing for correct hotspot localization and
subsequent DSB formation and repair (Spruce et al. 2020).

Once specific DNA motifs are recognized, PRDMY interacts with additional proteins through its
KRAB domain. It has been suggested that PRDM9 binds to EHMT2 (euchromatic histone-lysine
N-methyltransferase 2) and CDYL (chromodomain Y-like protein) in leptonema (Parvanov et al. 2017).
Both proteins limit the extent of nucleosome trimethylation, thus regulating PRDM?9 action (Figure
1.13 A) (Baker et al. 2014; Parvanov et al. 2017; Powers et al. 2016). At the end of leptonema, EHMT2
and CDYL are removed, and PRDM9 interacts with CXXC1 (CXXC-type zinc finger protein 1), which
later recruits IHOL1 as part of the MCD recombinosome (Imai et al. 2017). SPOl1-resected regions are
recruited by the PRDM9-coordinated protein multiplex to the synaptonemal proteinaceous scaffold
to facilitate DSB repair (Baudat et al. 2013; Parvanov et al. 2017). The recruitment of resected sections
to the SC is accomplished by the formation of the PRDM9-EWSR1 complex, which interacts with
axis-bound cohesin REC8 (Figure 1.13 B).
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Figure 1.13: PRDM9 determines recombination hotspots and recruits the DSB machinery. (A) PRDM9 forms a complex
with HELLS and determines recombination hotspots by specific-sequence recognition through its ZnF. PRDM9’s SET domain
adds H3K4Me3 and H3K36me3 methylation marks, establishing NDRs, facilitating chromatin accessibility. Methylation is
limited by EHMT2 and CDYL, which interact with PRDM9 via its KRAB domain, thus regulating its activity. (B) The DSB
machinery led by SPO11 is recruited by the interaction of PRDM9 with CXXCl, generating DSBs. Then, PRDMO9 recruits the
resected regions to the SC by the interaction with EWSR1 and the axis bound RECS, prompting DSB repair.

1.2.3.2 Evolutionary implications of PRDM9

The formation of DSBs does not occur randomly across the genome, but is localized in recombination
hotspots (Arnheim et al. 2007; Baudat et al. 2013; Ortiz-Barrientos et al. 2016; Smagulova et al. 2011).
Recombination hotspots in eukaryotes can be classified into ancestral hotspots and derived-location
hotspots (Stapley et al. 2017). Ancestral hotspots are evolutionarily conserved across organisms
and are temporally stable and associated with gene promoter regions (Stapley et al. 2017), while
PRDMO9-determined hotspots result from the recognition of a species-specific degenerated DNA
motif. Closely related species with PRDM9-determined hotspots such as humans and chimpanzees
present diverging locations of recombination events while species with PRDM9-independent
mechanisms present similar location of recombination events (Baker et al. 2017).

PRDMY is characterized by being highly polymorphic upon the variability of its ZnF array, presenting
inter-specific differences in both its sequence and the number of ZnF conforming the array. This
ZnF polymorphism results in a species-specific hotspot distribution, a pattern found in different
mammalian species, including humans, non-human primates, cattle, and mice (Berg et al. 2010, 2011;
Brick et al. 2012; Groeneveld et al. 2012; Sandor et al. 2012). But, how are recombination hotspots
established and maintained if PRDM9 and the DNA motifs that recognizes are so variable? This
poses the hotspot paradox, by which the PRDM9 binding to specific DNA motifs results in the
disruption of those motifs by the recombination process itself, consequently eroding the DNA of the
recognized hotspot sequences and leading to a weaker PRDM9 binding in the following generation
(Boulton et al. 1997; Coop and Myers 2007; Davies et al. 2016). The paradox is that this has not
happened. And this is mainly because PRDM9 is under positive selection, rapidly evolving to bind
to new targets and maintaining hotspot activity. In this manner, new PRDM9 variants with different
DNA binding specificities are generated in each generation, thus promoting the spread of new alleles
within populations (Baudat et al. 2010; Oliver et al. 2009; Parvanov et al. 2010; Ponting 2011; Thomas
et al. 2009; Tiemann-Boege et al. 2017). Wild mice populations represent an informative example of
PRDMO variability (Buard et al. 2014; Capilla et al. 2014; Kono et al. 2014). In fact, 28 distinct alleles
have been described in M. m. domesticus, 34 in M. m. musculus, and 37 in M. m. castaneus (Buard et al.
2014; Capilla et al. 2014; Kono et al. 2014).
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Experimental crossings between mice from different genetic backgrounds carrying different alleles
have been informative in understanding the role of PRDM9 in hybrid sub-fertility and evolution.
This is the case, for instance, of M. m. musculus females (e.g., PWD strain) x M. m. domesticus males
(e.g., C57BL/6] strain) yielding an F1 in which males are infertile, presenting autosomal asynapsis
at early pachynema that derives in meiotic arrest and final apoptosis of primary spermatocytes
(Bhattacharyya et al. 2013; Dzur-Gejdosova et al. 2012; Flachs et al. 2012; Forejt 1996). The sterility
detected in F1 males appears as a consequence of the negative epistasis between different Prdm9
alleles, and several loci located in the X chromosome (Flachs et al. 2012; Mihola et al. 2009),
generating Dobzhansky-Muller incompatibilities that contribute to postzygotic isolation (Bateson
1909; Coyne and Orr 2004; Dobzhansky 1936; Muller 1942; Seehausen et al. 2014). A closer inspection
of recombination maps of mouse hybrids revealed that Prdm9 variability could be subjected
to functional constraints that facilitate the accumulation of allelic combinations that maintain
recombination hotspot symmetry (i.e., differences in genomic distribution and number of DSBs
between homologous chromosomes). As such, differences in a single ZnF repeat can affect the
specificity of over 70% of the meiotic DSBs, leading to the redistribution of recombination sites
in a single generation (Smagulova et al. 2016). In this context, DSBs tend to occur in the homolog
chromosome that has suffered less DSB erosion (Smagulova et al. 2016), causing the asymmetric
distribution of recombination hotspots, mispairing (Bhattacharyya et al. 2013; Gregorova et al. 2018)
and eventually sterility (Mihola et al. 2009; Turner et al. 2014).

Altogether, PRDMY arises as an essential genic factor that can have an influence in the evolution and
the diversity of eukaryotic genomes (Yamada et al. 2017), being the only speciation gene hitherto
described in mammals (Buard et al. 2014; Mihola et al. 2009; Turner et al. 2014).

1.3 Chromosomal reorganizations

1.3.1 Evolutionary implications of chromosomal reorganizations

Chromosomal rearrangements imply the reshuffling of chromosomal regions and can be classified
depending on whether they alter gene dosage (unbalanced) or not (balanced). Balanced reorga-
nizations include inversions, reciprocal translocations, fissions, and fusions, while unbalanced
reorganizations include duplications and deletions.

Chromosomal rearrangements contribute to sequence divergence and eventually, speciation in
several ways (Ayala and Coluzzi 2005; Faria et al. 2019; Faria and Navarro 2010; Navarro and Barton
2003; Wellenreuther and Bernatchez 2018). The early chromosomal speciation theory (King 1993;
White 1969, 1973, 1978) also referred to as the ‘hybrid dysfunction model’ relies on the development
of chromosomal incompatibility between divergent lineages due to impaired meiosis. Additional
hypotheses do not necessarily invoke chromosomal rearrangement to reduce fitness, but rather
prevent gene flow between individuals within the same population by suppressing recombination
in the hybrid [i.e., the ‘suppressed recombination model of speciation’, (Ayala and Coluzzi 2005;
Brown and O’Neill 2010; Faria and Navarro 2010; Farré et al. 2013; Navarro and Barton 2003)]. This
can lead to the disruption of genes located in the reorganized regions, and they are implicated in
the evolution of lineage-specific genes (Faria and Navarro 2010). But not only that. As a result of a
reduction in recombination, chromosomal rearrangements can also capture new allele combinations
or polymorphisms that confer some selective advantage (Guerrero and Kirkpatrick 2014), thus
influencing fitness. Altogether, these events highlight the pivotal role of rearrangements in speciation
(Capilla et al. 2016; Farré et al. 2015).

The evolutionary implications of chromosomal rearrangements are therefore linked to meiotic
recombination (Capilla et al. 2014; Dumas and Britton-Davidian 2002; Faria and Navarro 2010;
Farré et al. 2013; Wilch and Morton 2018). Specifically, inversions can delay the pairing and
synapsis of homologous chromosomes during prophase I by the formation of inversion loops (Hale
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1986; Torgasheva et al. 2013); while also generating other mechanical problems that can inhibit the
formation of COs within the reorganized region (Navarro et al. 1997). Thus, recombination landscapes
can be modified by chromosomal rearrangements, emphasizing the link between chromosomal
rearrangements, meiotic recombination and evolution (Borodin et al. 2008; Capilla et al. 2014;
Castiglia and Capanna 2002; Dumas and Britton-Davidian 2002; Faria and Navarro 2010; Farré et al.
2013; Forster et al. 2013; Franchini et al. 2010; Navarro and Barton 2003; Noor et al. 2001; Rieseberg
2001; Seehausen et al. 2014).

1.3.2 Robertsonian fusions

Robertsonian fusions (Rb) involve the centric fusion of two acrocentric chromosomes to form a
single metacentric (Robertson 1916; Slijepcevic 1998). Rb fusions represent one of the principal sources
of mammalian karyotype variation as they are present in different taxa, including mammals, reptiles,
insects, or mollusks (Robinson 1995). These include small mammals such as the common shrew or the
house mouse, which present Rb fusions at high rate. Such natural systems represent a valuable tool
for the study of the implications of chromosomal rearrangements in genome architecture, fertility
and evolution (Borodin et al. 2008; Hauffe et al. 2012; Pialek et al. 2005; White and Searle 2007).
Three main mechanisms for Rb formation have been described in the literature: (i) elimination of
p-arm telomeres by chromosome breakage before the fusion (Garagna et al. 1995; Nanda et al. 1995),
(ii) telomere shortening, leading to telomere loss and high frequencies of Rb fusions (Blasco et al.
1997; Sanchez-Guillén et al. 2015) and (iii) telomere inactivation (Scherthan et al. 1996). Following
the formation of the Rb fusion, the telomeric sequences are lost, and a new centromeric region is
formed (Garagna et al. 1995; Nanda et al. 1995), maintaining the DNA polarity through the fusion
point (Garagna et al. 2001).

In mice, Rb fusions are extensively found in western European M. m. domesticus populations (Figure
1.14), with diploid numbers varying from 2n= 40 to 2n=22 (Pialek et al. 2005). These populations
are characterized by a particular set of metacentric chromosomes in homozygosis, conforming
to what is known as a metacentric race (Garagna et al. 2014). Groups of metacentric races can
be found in the same geographic area, conforming to what are known as “metacentric systems”.
One example of a metacentric system is the one found in the Portuguese archipelago of Madeira
(Britton-Davidian et al. 2007; Britton-Davidian et al. 2000; Forster et al. 2013; Gilind{iz et al. 2001a).
Metacentric races usually develop within small-sized populations that are isolated from each other
by physical barriers such as islands or mountains (Britton-Davidian et al. 2000). There are also areas
in which metacentric races are in contact with other metacentric races or with standard populations,
generating an area of polymorphisms known as “hybrid zone”, such as the one described in the
west of Lake Garda in Northern Italy (Hauffe et al. 2011; Hauffe et al. 2012). Nevertheless, there are
exceptional situations in which metacentric chromosomes are not fixed within populations, but
they are present in polymorphic state. This is the case of the specific area around Barcelona (Spain)
known as the “Barcelona Rb System” (BRbS) (Capilla et al. 2014; Giindiiz et al. 2001a; Giindiiz
et al. 2010; Medarde et al. 2012, 2015).

1.3.2.1 The Barcelona Rb system

The BRbS is found within an area of about 5,000 km? that extends in the vicinity of Barcelona, in the
north-east of the Iberian Peninsula (Adolph and Klein 1981; Giindiiz et al. 2001a; Medarde et al. 2012;
Sans-Fuentes et al. 2005). In this system, different Rb mouse populations with diploid numbers
ranging from 27 to 39 are found, surrounded by standard populations (2n=40). Seven specific
chromosomes fusions have been described within the area either in homozygosis or heterozygosis
(3.8, 4.14, 5.15, 6.10, 7.17, 9.11, and 12.13) and with different geographical distributions (Sans-Fuentes
et al. 2005, 2007). Rb populations are defined as chromosomal clines presenting high metacentric
frequency, located in a region surrounded by standard mice populations that delineate the staggered
distribution of the clines (Giindiiz et al. 2001a). Interestingly, no chromosomal race has been detected
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Figure 1.14: Distribution of metacentric wild mice populations in Western Europe. Map showing the locations in which
Mus musculus domesicus Rb populations have been described, indicated by green circles. Adapted from (Pidlek et al. 2005).

in this area. Thus, the BRbS is considered as a polymorphic Rb zone rather than a hybrid zone,
where no metacentric race has been yet fixed.

Several studies have shown that Rb fusions can have an impact on the morphology of the BRbS
mice, together with structural heterozygosity and local geographical isolation (Martinez-Vargas
et al. 2014; Mufoz-Mufioz et al. 2006, 2003). Moreover, mice with Rb fusions present different
daily motor activity patterns than standard mice (Sans-Fuentes et al. 2005). Hence, the observed
morphological and ethological differentiation of wild populations point out that reduction in
gene flow between populations is taking place, highlighting the role of chromosomal fusions in
population differentiation. However, the implications of Rb fusions at the genome-wide level remain
largely unexplored.

1.3.2.2 The Madeira Rb system

The Madeiran archipelago is located 600 km off the Atlantic coast of North Africa and is of volcanic
origin. The archipelago is composed by three island groups: Madeira, Porto Santo, and Ilhas
Desertas. The main island, Madeira, presents an extreme topography, with steep mountains that
separate narrow valleys, the only habitable areas for humans and their commensals (e.g., mice)
(Britton-Davidian et al. 2000; Glindiiz et al. 2001a). Evidence suggests that mice was introduced
in Madeira by the first Portuguese settlers during the fifteenth century (Mathias and Mira 1992),
although molecular studies point to previous colonization in the 9™ century most likely brought by
Viking expeditions (Forster et al. 2009; Giind{iz et al. 2001a).

These human-mediated colonization events followed by the genetic isolation between populations
due to the island holography and the genetic drift resulted in high chromosomal diversity (Britton-
Davidian et al. 2007; Forster et al. 2013). Hence, six different chromosomal races presenting unique
Rb fusions have been described in the main island of Madeira (Britton-Davidian et al. 2000). The
location of Rb mice races follows the pattern of human urbanization, where most populations are
found in the most western part of the island: PEDC (2n=23-26), PADC (2n=24-28), a contact zone
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PEDC/PADC, and PLDB (2n=24). The PSAN race (2n=22) is located at the northeast part of the
island, while PPOD (2n=27-28) and PSVI (2n=24) races are found in the center-northern region
(Britton-Davidian et al. 2000; Chmatal et al. 2014; Forster et al. 2009; Pidlek et al. 2005). A lack
of decrease in genetic diversity among Madeiran mice suggests the presence of large founding
populations, multiple introductions, and / or high post-colonization expansion rate (Britton-Davidian
et al. 2007). Interestingly, standard mice are found in the neighboring island of Porto Santo, which
presents less extreme holography, reinforcing the role of geographical barriers in the chromosomal
radiation found in Madeira’s main island.

1.3.2.3 The impact of Robertsonian fusions on fertility

Robertsonian fusions can have an impact on fertility as they are linked to recurrent miscarriages,
infertility and aneuploid offspring in humans (Scriven 2001; Wilch and Morton 2018). This effect
has been attributed to the presence of defective chromosome synapsis that can activate meiotic
checkpoints resulting in meiosis arrest and even apoptosis (Burgoyne et al. 2009).

Metacentric chromosomes resulting from Rb fusions can be present either in homozygous (both
homologous chromosomal pairs are fused) or heterozygous state (i.e., Rb fusion occurs between
one homologous of two different chromosomes). This can result in different meiotic configurations
(bivalent versus trivalents) that can interfere with proper chromosome segregation, impairing
efficient gametogenesis and reducing the individual’s fertility. It has been suggested that different
degrees of synapsis in Rb heterozygous trivalents can have a direct implication in the individual’s
reproductive fitness in mice (Garagna et al. 2014). Moreover, asynapsed trivalents often associate
in a heterologous manner with other trivalents and/or with the sex chromosomes (Berrios et al.
2017; Burgoyne et al. 2009), activating the meiotic silencing of unsynapsed chromosomes checkpoint
(MSUC) (Manterola et al. 2009). Also, studies in mice with heterozygous metacentrics have detected
infertility related to the number of metacentrics present and the complexity of meiotic chromosomal
configurations (Hauffe and Searle 1998; Medarde et al. 2015; Wallace et al. 2002). These metacetrics
are known as complex heterozygotes that conform synaptically problematic multivalents (Ribagorda
etal. 2019). In the case of the BRDS, the presence of fusions have been related to a reduction in gamete
viability leading to hybrid subfertility. This sub-fertility, however, it is not enough to prevent the
spread and conservation of Rb fusions in these populations (Medarde et al. 2015, 2013; Sans-Fuentes
et al. 2010).

Overall, the contrasting nature of Madeira and Barcelona Rb systems make of these natural
populations unique evolutionary models, allowing for the examination of the mechanisms of
formation of Rb fusions in nature as well as the implication for genetic diversity and fertility.
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Objectives

One of the main interests of our research group is to understand the functional evolutionary
plasticity of the higher-order structural organization of the genome and how this is transmitted to the
offspring. When this work started, recent advances in the field put into relevance how mammalian
genomes were organized within the cell nucleus in interphase. However, how this organization is
established and maintained during the formation of germ cells remained largely unexplored.

In this context, the main objective of this thesis is to provide an integrated structural and functional
framework of the 3D organization of the mouse genome in germ cells, paying special attention to
the effect of genomic structural changes in genome folding and recombination. To reach this aim we
established the following specific objectives:

1 To study the dynamics of the 3D conformation of the genome during spermatogenesis in the
house mouse. This objective included two secondary objectives:

1.1 To develop a reproducible flow cytometry protocol to isolate highly enriched germ
cell populations representing all stages of spermatogenesis (pre-meiotic, meiotic and
post-meiotic cells). Adressed in section 4.1.

1.2 To study the chromatin 3D folding during spermatogenesis and its relation to insulator
proteins and gene expression. Adressed in section 4.2.

2 To investigate the effect of Rb fusions on the 3D conformation of the genome in the germ line
of natural populations of house mice. This objective is adressed in section 4.3 and included
two secondary objectives:

2.1 To analyze chromatin interactions in germ cells of house mice with Rb fusions.
2.2 To study the effect of Rb fusions on meiotic recombination and genetic diversity.

3 To characterize PRDM9 variability in natural populations of house mice. Adressed in section
4.4.







MATERIALS AND METHODS






Materials and Methods

3.1 Biological samples

3.1.1 C57BL/6]J mice

Regarding the laboratory strain included in this study, 125 male mice (C57BL/6]) aged from 10
to 16 weeks old were obtained from Charles River Laboratories and housed in the animal facility
at Universitat Autdbnoma de Barcelona (UAB) in compliance with the guidelines of the Ethics
Committee on Animal and Human experimentation (CEEAH) from UAB (CEEAH 2920).

3.1.2 Wild mice

A total number of 413 wild house mice were live-trapped from two Robertsonian systems: the BRbS
and the Madeira system (Figure 3.1).
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Figure 3.1: Distribution of wild Rb mice populations. (A) Distribution of sampled populations from the BRbS. Blue dots
correspond to standard populations (2n=40) whereas red dots correspond to Rb populations (2n=28-39). (B) Distribution
of sampled populations from the Madeira archipelago. Populations are colored by chromosomal race, as described by
(Britton-Davininan et al., 2000). See appendix tables A.1.4.1 and A.1.4.2 for detailed information on Barcelona and Madeira
samples, respectively. Adapted from (Vara et al. 2019a).

The Barcelona Robertsonian System (BRbS). Our sample included 201 wild house mice from
local farms located in sixteen different populations across the BRbS distribution (Figure 3.1 A,
appendix table A.1.4.1). These included: LUAmetlla de Segarra (2n= 39-40, N=7), Badalona (2n=
39-40, N=11), Calafell (2n=37-39, N=14), Caldes de Montbui (2n=40, N=8), Castellfollit del Boix
(2n=40, N=18), Olost (2n=40, N=16), Les Pobles (2n=39-40, N=16), El Papiol (2n=37-39, N=7), St.
Sadurni d’Anoia (2n=35-39, N=15), Cubelles (2n=32-39, N=11), La Granada (2n=32-37, N=3), El Prat
de Llobregat (2n=31-35, N=11), Torreferrussa (2n=40, N=19), Viladecans (2n=31-32, N=24), Vilanova
ila Geltr 4 (2n=32, N=1) and Castelledefels (2n=28-33, N=22).

In each field trip, around fifty Sherman traps were placed wherever strong evidence (i.e., mice feces)
was previously reported by farm owners (Figure 3.2 A). Traps were filled with bread soaked in oil
as bait for mice and left overnight. Traps were retrieved the next morning, with an average capture
success of 50%. Capture procedure followed the guidelines and ethical approval of the CEEAH
from the Departament d’Agricultura, Ramaderia, Pesca, Alimentacié i Medi Natural of the Generalitat de
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Catalunya (SF/934). All captured animals were immediately transferred to the laboratory and culled
following protocols from the CEEAH from UAB (CEEAH 2920).

Figure 3.2: Mice sampling. (A) Examples of locations in local farms were Sherman traps were placed. (B) Sherman traps
with successful captures (left panel) and an example of the captured wild mice (right panel).

From the initial wild-caught animals, 192 of them were used for the PRMD9 study (appendix table
A.1.4.1). Moreover, a total of 69 animals were used in the recombination study distributed as follows:
45 included in the CO analysis, 34 in the SNPs analysis, 14 in the DSBs analysis, 13 in the SC length
and CO/arm analysis and 8 in the centromere analysis (appendix table A.1.4.1).

The Madeira Robertsonian System. A total number of 212 wild house mice from the Madeira
archipelago (Madeira main island and Porto Santo island) were live-trapped by our collaborators
from Dr. Maria L. Mathias’ lab, from the Centre for Environmental and Marine Studies (CESAM),
in the University of Lisbon (Portugal). Captured animals were handled in compliance with the
guidelines and ethical approval of the Orgio Responsdvel pelo Bem-Estar dos Animais (ORBEA), from
the University of Lisbon.

The studied area consisted of thirty-seven different populations that included the six chromosomal
races present in the island of Madeira [as described by (Britton-Davidian et al. 2000)] (Figure 3.1B,
appendix table A.1.4.2): PSAN (2n=22, N=10), PADC (2n=24-28, N=55) PEDC (2n=23-26, N=75),
PLDB (2n=24, N=16), PPOD (2n=27-28, N=10) and PSVI (2n=26-27, N=4). Also, standard animals
(2n=40, N=11) from 4 localities from the neighbor island of Porto Santo were included in the study
(Figure 3.1 B, appendix table A.1.4.2).

3.1.3 Cell lines

We used two primary fibroblasts cell lines previously established in our laboratory (Sanchez-Guillén
et al. 2015): one derived from a laboratory mouse (C57BL/6]) and another from a Rb mouse from
the BRbS (2n=30, Castelldefels).

3.2 Experimental Techniques

All reagents, resources and solution recipes are detailed in the appendix tables A.1.2 and A.1.3).

3.2.1 Testicular disaggregation

Mice were dissected and testes placed in a petri dish with Gey’s Balanced Salt Solution (GBSS).
Once the tunica albuginea was removed, testes were incubated in 10 ml of GBSS with 0.5mg/ml
collagenase type II and 1ng/ml of DNase at 33°C during 15 minutes in constant agitation. Samples
were manually mixed 10 times every 5 minutes.
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After leaving the seminiferous tubules to deposit for 3-4 minutes, the supernatant was discarded. A
second incubation in GBSS with 0.5mg/ml collagenase type II and 1ng/ml of DNase was performed,
followed by an incubation in 10 ml GBSS with 0.375 mg/ml of trypsin and 1pg/ml of DNase at 33°C
for 15 minutes in constant agitation. Then, more trypsin was added to the disaggregation solution
(final concentration 0.375 mg/ml) and the whole mix was manually homogenized 10 times and
incubated another 15 minutes at 33°C with constant agitation.

After trypsin disaggregation, the mix was pipetted for 3 minutes at RT in order to break cell
aggregates and to obtain a homogenized cell suspension. In order to inactivate the trypsin reaction,
500 pl of Fetal Bovine Serum (FBS) were added for each 10 ml of cell suspension and then the
solution was filtered through a 70 pm diameter cell strainer. Cells were then centrifuged for 3
minutes at 1,800 xg and resuspended in 4 ml GBSS supplemented with 5% of FBS. Once the cell
number was estimated using a Neubauer’s chamber, cells were centrifuged for 10 minutes at 290 xg
and resuspended in 1x PBS (Iml/M cells), where formaldehyde was added to a final concentration of
1%. Cells were incubated for 10 minutes in agitation and glycine was added to a final concentration
of 0.125 M and incubated with agitation at RT for 5 minutes and then at 4°C for 15 more minutes.
Finally, cells were centrifuged for 10 minutes at 290 xg and at 4°C and resuspended in 3 ml of 1x PBS
in case of immediate sorting. Alternatively, cell pellets were stored at -80°C until used.

3.2.2 Fluorescence-Activated Cell Sorting

A Fluorescence-Activated Cell Sorting (FACS) strategy was used to isolate different germ cell
populations from male mice, taking advantage of their different DNA content and level of chromatin
compaction.

Briefly, a cell sorter aligns cells in what is known as the fluidic system, generating a flow in which laser
beams and cells interact. In our case, the BD Influx™ (BD Biosciences) sorter generates droplets that
are coupled with the cells by acoustical coupling in the nozzle assembly (Figure 3.3). An excitation
light source illuminates cells as they pass through, refracting light in all directions: the forward
scatter light (FSC), light diffusion at small angles that is correlated to the relative size of the cells; and
the side scatter light (S5C), light diffusion at large angles related with the structural complexity of the
cell (Picot et al. 2012). Additionally, cells interact with different laser beams of different wavelengths
(e.g. 350 nm, 640 nm), depending on cell population features and the fluorochromes involved in the
experiment. Both light diffraction and fluorescence are then analyzed by the electronic system of the
flow cytometer, the BD FACS™ in our case, which compiles all the information from the cell flow
(number of total events, cell size, morphology, etc). Droplets differently charged according to the
cell population analysis are generated, contained each population and sorted accordingly (Figure
3.3).

For the purpose of our study, cells obtained in section 3.2.1 were resuspended in 1x PBS and
dyed with 5pg/M of Hoechst 33342 for 30 minutes at 33°C in constant agitation. Cells were then
maintained in ice and filtered through a 30 pm cell strainer just before sorting using the BD Influx™
cell sorter at the Flow Cytometry Core facility from the Centre de Regulacié Genomica and Universitat
Pompeu Fabra, at the Barcelona Biomedical Research Park. During sorting, FSC and SSC patterns
were firstly evaluated in order to discard cell debris (Figure 3.4 A). The Hoechst 33342 dye used
is excited at around 350 nm and it is detected at two emission wavelengths after UV excitation:
Hoechst red (630-650 nm) and Hoechst blue (405-450 nm). Taking advantage of Hoechst properties,
from the FSC vs SSC analysis, cells within the gate were then analyzed by 355-DAPI Width and
355-DAPI (laser UV355-460/50), in order to thoroughly assess cell morphology and discard cell
aggregates placing a gate accordingly (Figure 3.4 B).

Cells within the gate discarding aggregates were then analyzed by 355-DAPI (laser UV355-460/50;
discriminating the DNA content of the cells) and 355 (laser UV355-670/30; discriminating cell
complexity). Gates were placed accordingly to discriminate cells by DNA content (c, 2c and 4c) and
cell complexity (two different populations per DNA content) (Figure 3.4 Ci).
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Figure 3.3: Schematic representation of the flow cytometry principle. The sample labeled with different fluorochromes is
coupled with the sheath fluid in the nozzle and the fluidic system generates a single-cell stream (1). Then, cells are excited by
a laser from the excitation optical system (2) at the interrogation point. Cells scatter the light forward (FSC) and side (SSC)
upon their morphology. The side scattered light goes through dichroic mirrors that diffract different wavelengths, so the
different fluorochromes used in the experiment (here as an example, Hoechst, FITC and APC are depicted) can be detected
by the emission optical system (3). The data goes through the electronic system and cell populations are analyzed based on
their light emission patterns and whether are positive or negative for the fluorochromes used (4 and 5) and sorting gates
are placed accordingly. Droplets are generated by the principle of drop delay, resulting in individual drops negatively or
positively charged, containing the cell of interest (6). Finally, droplets go through an electric field between two deflection
plates, sorting cells according to their charge. FL-fluorescence, Ho-Hoechst. Adapted from (Picot et al. 2012).
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Figure 3.4: Fluorescence-Activated Cell Sorting analysis and gating with the BD FACS™ Sortware. (A) FSC vs SSC plot
that shows cell patterns of light diffraction according cell morphology and complexity. It allows for the distinction between
cells with good integrity (gated in P1) and cell debris. (B) Hoechst blue emission plot (355-DAPI width vs 355-DAPI) to
discard cell aggregates by placing a gate accordingly (P3). (C) Sorting of spermatogenesis populations. (i) Hoechst blue
(355-DAPI) vs. Hoechst Red (355) plot allows for the distinction of cell populations by their complexity (laser 355, Hoechst
red) and DNA content (laser 355-DAPI, Hoechst blue). Gates are placed accordingly to discriminated cell populations:
P4-Spermatogonia, P5 and P6-primary spermatocytes, P7-Pairs of round spermatids, P8-Round spermatids and P9-Sperm.
(ii) FSC vs SSC plots from gate P8 (round spermatids) and (iii) from gate P19 (sperm). Both populations are re-gated by cell
morphology (P10 and P11), to ensure high enrichment and avoid contamination of the neighboring population as they have
the same DNA content (c).

3.2.3 Enrichment analysis

For each FACS experiment, we calculated cell enrichment in each isolated population by immun-
odetection of specific meiotic proteins (see section 3.2.7) and by evaluating DAPI morphology.
To that aim, a total of 30 ul from each cell population isolated by FACS were placed into a slide.
Then, 100 pl of fixative solution I were added, and slides were incubated for at least 20 minutes
in a humidified chamber. Next, slides were left to air dry for at least 45 minutes and washed 3
times (2 minutes per wash) with Washing solution I and left to air dry. Immunofluorescence using
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antibodies against SYCP3 and YH2AX (as described in section 3.2.7) was performed on primary
spermatocyte populations, to assess population enrichment by distinguishing the different stages of
meiotic prophase I (leptonema, zygonema, pachynema and diplonema). After immunofluorescence,
15 pl of DAPI were added and slides were mounted with a cover slip. Preparations were analyzed
under a epifluorescence microscope (Axioskop, Zeiss) coupled with a CCD camera (ProgRes®
CS10plus, Jenoptik). At least 100 cells were counted to establish cell type proportions. If enrichment
analysis resulted above 70%, the isolated cell fraction was considered of good quality and kept for
downstream analyses.

3.2.4 Cell culture and chromosome harvest

Cell lines (section 3.1.3) were cultured in DMEM supplemented with 50 ng/ml Gentamycin, 1x
Penicillin-Streptomycin, 20% Fetal Bovine Serum and 2 mM L-Glutamine until reaching 70-80%
confluence (37 °C, 5% CO»).

Modal karyotypes were assessed to ensure that cell lines maintained genome integrity while in
culture. For chromosome harvest, 80 jl of colcemid were added for each 10 ml of cell culture and
incubated at 37°C for 4 to 6 hours. Cells were washed with 1x Dulbecco’s Phosphate-Buffered Saline
(DPBS) and trypsinized with 2 ml of 0.05% trypsin (5 minutes incubation at 37°C). Trypsin was then
neutralized and cells were centrifuged for 5 minutes at 300 xg. Subsequently, 5 ml of 0.075 M KCl
(previously warmed at 37°C) were added drop by drop while vortexing the cells. Following, cells
were incubated in 0.075 M KClI for 30 minutes at 37°C in the water bath. After the incubation, cells
were centrifuged for 5 minutes at 300 xg and 5 ml of fresh carnoy’s solution were added drop by
drop while vortexing. Both centrifugation and carnoy fixation steps were repeated three times and
chromosome suspension was stored at -20°C until used.

Chromosome spreads were prepared by placing a drop of chromosome suspension on a superfrost
slide. Slides were left to air dry and store at -20°C until used. For the assessment of modal karyotype,
Giemsa staining was performed on chromosomal preparations. Slides were aged for 2 hours at 65°C.
Once back at RT, slides were placed in trypsin working solution for 15-30 seconds and then rinsed
with DPBS. Slides were then stained with Giemsa (4 ml of Giemsa stain and 50 ml of Sorensen’s
buffer) for 7-10 minutes and rinsed with tap water. Slides were then analyzed under the optical
microscope (model Zeiss Axioskop) by counting the number of chromosomes per metaphase.

3.2.5 In nuclei Hi-C

The in nuclei Hi-C method is a chromosome conformation capture technique that allows the detection
of chromatin interactions in the cell nucleus (Belton et al. 2012; Dekker et al. 2002). As a result,
the probability of interaction between close-by genomic loci can be assessed at genome-wide scale,
allowing for the reconstruction of genome architecture from a specific cell type. This technique
gathers populational information from pooled cells, highlighting the importance of a homogeneous
cell pool for this type of experiments. For the study of the dynamics of the 3D genomic structure
during spermatogenesis, we adapted the in situ Hi-C protocol from (Rao et al. 2014) (Figure 3.5).

As the method is overall complex four controls are used in each in nuclei Hi-C experiment to ensure
high-quality results. These include:

» Non-Digested (ND) sample: control of chromatin integrity.

» Non-Ligated (NL) sample: control the digestion efficiency.

» 3C sample: to monitor the efficiency of labelling and ligation, it will be ligated directly after
digestion (no end-repair).

» Hi-C sample.
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Figure 3.5: In nuclei Hi-C method. (A) Cells are fixed via crosslink and lysed. (B) Cell nuclei are digested with the restriction
enzyme Mbol and the generated blunt ends labelled with biotin. (C) Digestion ends are ligated, and the crosslink reversed
with proteinase K. (D) The resulting DNA is purified and sonicated. (E) During library preparation, DNA fragments with
biotin are recovered by a pull-down with streptavidin beads. (F) Adapters and indexed primers are ligated to DNA fragments
by PCR and resulting libraries are paired-end sequencing.

3.2.5.1 Crosslinking and cell lysis

Cells were fixed in order to preserve the structure as it was in vivo, maintaining protein-DNA
interactions. In the case of the germ line, cells were crosslinked as described in section 3.2.1 during
testicular disaggregation. As for adherent fibroblast cultures, cells were washed with 1x PBS. Then,
cells were fixed with 1% formaldehyde in 1x PBS and incubated for 10 minutes at RT. Glycine was
added at a final concentration of 0.125 M and incubated 5 more minutes at RT. Cells were again
incubated for 15 minutes at 4°C and then washed with 5 ml of 1x PBS twice. Following, 2 ml of
trypsin 0.05% were added to the culture to ease cell detachment and incubated for 8 minutes at RT.
Cells were then washed with 1x PBS twice and 1 ml of 1x PBS was added. Then, cells were collected
and centrifuged for 5 minutes at 1,800 xg. Cells were snap-frozen in liquid nitrogen and stored at
-80°C until used.

Once cells were crosslinked, they were lysed carefully to obtain clean cell nuclei without compro-
mising their integrity. To attain that, Lysis Buffer was added to each crosslinked aliquot and cells
were incubated on ice for 30 minutes and then centrifuged for 5 minutes at 1,800 xg. After two 1x
NEB2 washes, cells were gently resuspended in 1x NEB2 with 0.5% SDS at RT to ensure complete
cell lysis and incubated for 10 minutes at 65°C with rotation. Then, 1x NEB2 with 3% Triton X-100
was added and cells were incubated for 30 minutes at 37°C. Cells were then centrifuged 5 minutes
at 1,800 xg (4°C) and washed with 300 pl of 1x NEB2 twice.

3.2.5.2 Restriction digest and biotin labelling

DNA was digested using the 4-cutter restriction endonuclease Mbol, while keeping a ND control
that consisted of an aliquot from the main sample (10% of the sample). The ND control was topped



3 Materials and Methods

up to 100 pl with 1x NEB2 and incubated at 37°C together with the digested sample. Both ND control
and chromatin samples were digested O/N at 37°C in rotation.

To check chromatin integrity at this stage of the protocol, 5 jl from the digested samples were taken
for digestion controls (D) and topped up to 100 ul with 1X NEBuffer 2. Following, 10pl of proteinase
K (10 mg/ml) were added to the ND and D controls and incubated for 45 to 60 minutes at 65°C.
In parallel, 2 pl more of Mbol were added to the main sample and left at 37°C until chromatin
integrity control finalized. After proteinase K incubation, 200 pl of H,O were added and samples
were purified with Phenol: Chloroform. The quality of the sample was checked by running it on 0.8%
agarose gel, were digested samples presented a homogeneous smear while ND controls presented
an integral DNA genomic band.

After digestion, the resulting DNA overhangs are labelled with biotin. For that, first an aliquot from
the main sample was taken for the 3C control, which was kept from being repaired (biotinylated).
The main sample was resuspended directly with the Reparation Mix and incubated for 45 minutes
at 37°C, then for 10 minutes at 65°C and finally centrifuged for 5 minutes at 1,800 xg.

3.2.5.3 Ligation and crosslink reversal

Once labelled with biotin, hybrid molecules are ligated. Samples (main Hi-C sample and 3C controls)
were resuspended with ligation buffer and incubated at 16°C, 4 hours or O/N with mixing. Samples
were centrifuged for 5 minutes at 1,800 xg and resuspended in 400 pl of 1x NEB2. A total of 10 nl
of 10 mg/ml RNAse A were added and samples incubated 15 minutes at 37°C. Then, 20 pl of 10
mg/ml proteinase K were added and samples incubated at 65°C O/N to reverse the crosslink.

3.2.5.4 DNA purification and sonication

After crosslink reversal, samples were cooled to RT and purified with Phenol: Chloroform. The
purified DNA was resuspended in 100 pl of nuclease-free H,O. Electrophoresis (gel 0.8%) of the ND,
D (non-ligated) and 3C controls together with an aliquot of the main Hi-C sample was run to check
that the protocol was successful (Figure 3.6): the ND control presented as an integral genomic DNA
band while NL control appears as an homogeneous smear. The 3C control presented recovery of the
integral band or a largely reduced smear, whereas in the Hi-C sample, due to the biotin labelling,
ligation is less efficient, and a smear is detected, but reduced from the digested control. Finally, DNA
content of the main Hi-C sample was measured with Quibit.

Figure 3.6: Hi-C control gel. Agarose gel (0.8%) were all the controls and the
final Hi-C product are loaded. The non-digested control (ND) lane shows an
entire genomic DNA band whereas the non-ligated (NL) lane shows a smear of
DNA resulting from digestion. The 3C control lane shows a successful ligation,
with an entire DNA band. Ligation is less successful in the Hi-C lane, due
to the presence of biotin in the ends, but the smear is reduced from the NL
control, pointing that effective ligation has taken place also in the Hi-C sample.

Approximately 3pg of sample were used as starting material for next-generation sequencing library
preparation. Samples were sonicated per run of sonication in 100 pl of final volume. The sonication
program for Biorruptor Pico was: 30” time ON, 30” time OFF, 10 cycles. After sonication, the different
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tubes containing the same sample were pooled together. Electrophoresis gel (1.2% agarose) was
run to check fragment size resulting for sonication, to ensure optimal size for Hi-C libraries (most
fragments around 300-500 bp).

3.2.5.5 Pull down

All fragments containing biotin are recovered in this step by using streptavidin magnetic beads that
bind biotin molecules. Dynabeads MyOne Streptavidin T1 beads were washed with 400 pl of 1x
binding buffer (BB)+Tween. Beads were washed then with 400 pl 1x BB, twice. Following, beads
were resuspended with 300 pl of BB 2x and 300 pl of sample are added to the mix. Beads with the
sample were incubated for 30 minutes under rotation (rotating wheel), at RT, for the biotin binding
to the beads. Then beads were washed with 400 pl of BB, twice and resuspended with 100 pl of 1x
NEB T4 DNA ligase.

3.2.5.6 Adapter ligation and paired-end sequencing

Biotin is removed from un-ligated ends, generating blunt ends which are subsequently repaired.
Accordingly, the beads containing the Hi-C resulting DNA fragments with biotin, were resuspended
with the end repair mix. Samples were incubated for 30 min, at RT. Following, the beads were
washed with 400 jl 1x BB, twice and equilibrated with 100 pl of 1x NEBuffer 2. After the end repair,
the beads were resuspended with 100 pl dATP attachment master mix and incubated at 37°C for 30
min; in this step As are added to 3’ ends. Beads were then washed with 400 pl of 1x BB, twice and
resuspended with 100 pl of 1x NEB Quick ligation buffer. Hi-C DNA chimeric fragments were then
ligated with adapters that will be amplified with specific primers in order to be deep-sequenced.

Following the library production steps, beads were resuspended with 50 nl of Adapter ligation
mix an incubated for 15 minutes at RT. A total of 3pL of USER enzyme were added and incubated
for 15 minutes at 37°C for adapters to be accessible to primes. Then, the beads were reclaimed and
washed with 400 pl of 1x BB, twice. Beads were resuspended in 50 pl MilliQ and kept until the final
amplification.

Then, Hi-C fragments were amplified with specific indexed primers that allowed for sequence
identification in next-generation sequencing. To that aim, aliquots of 5 ul of beads were used as
starting material for PCR. The PCR mix was prepared (5 pl beads library sample + 2.5 ul H,O, 2.5 pl
indexed primer 10 pM, 2.5 pl universal primer 10 pM, 12.5 pl cocktail master mix NEB) and set (98°C
30 sec, 98°C 10 sec, 60°C 30 sec x 8 cycles, 72°C 30 sec, 72°C 5 min). PCR product size was checked
by running an electrophoresis (agarose 1.2%).

After fragment amplification by PCR, a final purification by fragment size is performed. Accordingly,
0.8X amount of AMPure beads were added to the library and incubated for 10 minutes at RT.
Beads were then washed twice with 700 pl of 70% fresh ethanol without mixing and kept for the
remaining ethanol to evaporate. Following, beads were eluted with 30 pl of Tris Buffer, gently mixed
by pipetting, and incubated at RT for 5 min. Samples were separated on a magnet from the beads
and transferred to a fresh tube. A final electrophoresis gel (1.2% agarose) was performed to ensure
that the library fragments selected have the expected size. Alternatively, fragment size could also be
checked using Bioanalyzer (Agilent). Final DNA yield was measured with Qubit. Hi-C libraries
were sent to Centre d’Analisi Genomica (CNAG) and Illumina sequenced, paired-end 75 bp each side
on HiSeq 2500, v4).
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3.2.6 Spermatocyte spreads from frozen testis

Mice testicular biopsies were obtained immediately after animal dissection and maintained at -80°C
until used. A cell suspension was obtained by scattering a slice of frozen testis in a petri dish, in
200 pl of cold 1x PBS. The suspension was left on ice for 5 minutes in order for non-dissociated
tissue fibers to precipitate. Following, the suspension was disposed onto superfrost slides (20-40 pl
per slide) and 90 pl of lypsol 1% were added to the slides, for cells to swell. Slides were incubated
for 16 minutes in lypsol in a humidified chamber. Then, 100 pl of Fixative solution I were added
and incubated for 2 hours. Afterwards, slides were left to air-dry for at least 45 minutes and then
washed three times (2 minutes each) with Washing solution I and left to vertically air-dry. Slides
were mounted with DAPI counterstaining. The quality of the spreads (cell number and morphology)
was verified with an epifluorescence microscope (Axioskop, Zeiss) and stored at -20°C until used.

3.2.7 Immunofluorescence

The immunofluorescence (IF) technique allows the identification of proteins of interest by using
different sets of primary antibodies that recognize protein epitopes. Such epitopes are subsequently
revealed with fluorescent secondary antibodies. In this work, different proteins involved in meiotic
division process were analyzed on mouse spermatocytes (see appendix table A.1.1), using two
different approaches: immunofluorescence on slides and "in solution" immunofluorescence.

3.2.7.1 Immunofluorescence on slides

Labelling of specific meiotic proteins by immunofluorescence was used for the post-FACS enrichment
analysis and for all cytological studies included in the study. Firstly, slides were washed in milliQ
water for 10 minutes in agitation in order to remove the coverslip. In the case of MLH], a specific
step was performed before primary antibody incubation. The antigen retrieval step consisted in
incubating the spermatocyte spreads in sodium citrate buffer at 95-100°C for 40 minutes. Afterwards,
the slides were left to cool down at room temperature for 20 minutes. Then, slides were blocked
for 10 minutes by washing them twice for 5 minutes in agitation with blocking solution (PBST
0.05%). Primary antibodies were diluted in Blocking solution I according to each antibody specific
requirements (see appendix table A.1.1) and 100 pl of the primary antibody solution were applied to
the slides and incubated O/N in a humidified chamber at 4°C. Following, slides were washed again
and secondary antibodies (see appendix table A.1.1) were all diluted 1:200 in blocking solution and
100 pl of the dilution applied. Then, slides incubated from 45 minutes to 1 hour in a humidified
chamber at 37°C. After incubation, slides were washed and mounted with 20 pl of DAPI.

3.2.7.2 “In solution’ immunofluorescence

Labelling of specific meiotic proteins by ‘in solution” immunofluorescence was used in FACS
experiments to distinguish primary spermatocytes in early prophase (leptonema/zygonema) from
those in late prophase (pachynema/diplonema). Briefly, the cell suspension obtained in section
3.2.1 was centrifuged at 1,800 xg for 5 minutes and then resuspended in Blocking solution I, with
a proportion of 100 nl per million cells. Cells were then incubated at 37°C in agitation in the
thermomixer for 5 minutes twice. Following, cells were distributed in different aliquots up to 6-7 M
cells per tube (600-700 pl) and primary antibodies were added. The cell suspension was incubated at
4°C O/N. Next, cells were centrifuged at 1,800 xg for 5 minutes and resuspended in block solution
I, 100 ul per million cells. Cells were then incubated at 37°C in agitation in the thermomixer for
5 min. Centrifugation and cell incubation in block solution were repeated and after, cells were
resuspended in the according volume of blocking solution (100 ul/M cells) and the secondary
antibodies were added. The suspension was then incubated for 35 minutes at 37°C and in agitation
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in the thermomixer. Afterwards, cells were centrifuged at 1,800 xg for 5 minutes and resuspended in
100 pl of Blocking solution I per million of cells. Cells were incubated at 37 °C and in agitation for 5
minutes twice. Following, each tube was resuspended in 1 ml of PBS and 5 il of Hoechst 33342 (1:10
dilution from 10 mg/ml stock) was added to each tube and cells incubated at 33°C for 15-20 minutes
in agitation. Cells were maintained at 4°C until FACS.

3.2.8 Three-dimensional (3D) Fluorescence in situ hybridization (FISH) on
fibroblasts and germline cells

3D FISH was used to experimentally test differences in chromatin condensation state by measuring
the physical distances between loci located in A (open accessible chromatin) and B (closed, more
condensed chromatin) compartments.

3.2.8.1 Design of locus-specific probes

Based on Hi-C interaction maps data (see section 4.2), specific pairs of loci from chromosomes 12
and 14 that remained stable in either from A or B compartments in fibroblasts, spermatogonia and
round spermatids were chosen. Using the mm10 mouse genome version available at the Ensermbl
database (Zerbino et al. 2017), Bacterial Artificial Chromosomes (BACs) covering specific genomic
regions were selected. Sequence homology was analyzed with the Basic Local Alignment Search
Tool (BLAST) (Altschul et al. 1990) to ensure probe specificity to the region of interest (Table 3.1).

Table 3.1: BACs combinations used in 3D FISH to label specific regions of chromosomes 12
and 14 known to be in either A or B compartments.

BAC Chr Compartment Start position End Position

RP23-218K11 14 24,101,846 24,278,172
RP23-157K12 14 24,344,637 24,545,440
RP23-93L3 14 25,993,682 26,147,325
RP23-118G18 12 72,372,756 72,569,214
RP24-92G22 12 73,333,062 73,572,222
RP23-318P2 12 36,438,632 36,644,697
RP23-351M10 12 36,748,530 36,944,925
RP23-34D20 12 37,662,161 37,864,768
RP23-382L21 12 62,887,606 63,091,331
RP23-304F23 12 63,936,423 64,142,896
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3.2.8.2 Probe labelling by Nick Translation

BACs culture and plasmid DNA extraction were performed using the Qiagen Midi Plasmid kit. DNA
probes were labelled by a nick translation reaction following instructions from the manufacturer: X
nl for 1 pg extracted DNA (X=volume depending on DNA concentration), (17.5-X) ul nuclease-free
water, 2.5 ul dUTP (Dig or Cy3), 5 ul 0.1 mM dTTP, 10 pl ANTP mix, 5 ul 10X Nick Translation Buffer,
10 nl Nick translation enzyme). The resulting mix was briefly centrifuged and vortexed and then
incubated for 8-16 hours at 15°C. The reaction was stopped by heating it at 70°C for 10 minutes.
Finally, the mix was chilled on ice until further use.

Once the probe is labelled, at least 500 ng were precipitated with cot-1 DNA (Img/ml) to block
repetitive sequences, salmon sperm (10 mg/ml) as carrier DNA, AcNa (0.1 vol) and EtOH 100% (3
vol). Precipitation for single FISH included just one probe whereas for double FISH, two differently
labelled probes were precipitated together for at least 2 hours at -20°C or 1 hour at -80°C.
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The nick translation precipitation product was centrifuged at 16,000 xg for 15 minutes and then
washed twice with EtOH 70%. The DNA pellet was left to dry for about 5-10 minutes at 37°C in the
thermoblock before adding 14 pl of Hybridization Buffer; then the pellet was resuspended with the
Hybridization Buffer and incubated for approximately 10 minutes at 37°C in agitation.

3.2.8.3 Slide preparation and hybridization

In the case of germ cells, a cell suspension obtained in section 3.2.1 was placed on a coverslip at
37°C for 1 h. Cell attachment was checked under the microscope. Following, cells were incubated in
0.3x PBS for 40 sec. Then, cells were fixed in 4% PFA /0.3x PBS for 10 minutes at RT and washed in
1x PBS at RT for 3x 5 min. Cells were then incubated in 0.5% Triton X-100/1x PBS at RT for 20 min.
In the next step, cells were transferred to 20% glycerol /1x PBS and incubated at RT for at least 30
min. Afterwards, cells were frozen by dipping the slide into liquid nitrogen (30 sec) and thawed.
The freezing/thawing step was repeated four times. Cells were washed once again in 0.05% Triton
X-100/1x PBS for 3x5 minutes and incubated in 0.1 N HCl for 5 min. Slides were washed in 2x SSC
for 2 minutes and then incubated in 50% formamide (pH 7.0)/2x SSC at RT for at least 1 hour before
proceeding with hybridization or optional pepsin digestion.

As for adherent cells, around 50,000 fibroblasts (section 3.1.3) were sub-cultured on a sterilized
slide, placed in a sterile petri dish and incubated for at least 2 hours at 37°C, for cells to adhere to
the surface. Pre-warmed medium at 37°C was added, covering all slide surface, and cells were left
to grow O/N to desired confluence. Then, slides were washed with 1x PBS three times in the petri
dish and then fixed by adding 1ml of 4% PFA in 0.3x PBS on the slide for 10 minutes. Slides were
washed 3 times with 1x PBS in order to remove fixative residues. Following, slides were incubated in
0.5% Triton X-100/1x PBS for 15 minutes and then in 20% glycerol/1x PBS for at least 1h. Cells were
frozen by immersing the slides in liquid nitrogen for 30 seconds. Once the ice layer disappeared,
slides were immersed in 20% glycerol/1x PBS for 1 minute. This step was repeated 4 times. Slides
were washed in 1x PBS 3 times for 5 minutes and then incubated in 0.IN HCI for 8 min. Then, slides
were washed in 2x SSC 2 times for 3 minutes and then incubated in formamide 50% (pH 7)/2x SSC
for at least 1 hour before proceeding with the pepsin treatment and hybridization.

In all cases (germ cells and fibroblasts), slides were equilibrated in 2x SSC at RT for 2 minutes and in
1x PBS at RT for 3 min. Then, slides were incubated in pepsin (0.005% in 0.01 N HCl) for 3 to 5 minutes,
depending on the cell type to allow probe penetration. Slides were then incubated in 1x PBS/50 mM
MgCl, to inactivate pepsin, at RT for 2x5 min. Slides were fixed in 1% paraformaldehyde/1x PBS,
at RT for 10 minutes and washed in 1x PBS, at RT for 5 minutes and in 2x SSC for 2x5 min, then
returned to 50% formamide/2x SSC for at least 1 hour before hybridization.

A total of 14 pl of DNA probe mix were added to the slide and placed on a hot block at 75°C to
denature cellular and probe DNA for 2 min. Hybridization was performed in a humid chamber at
37°C in the stove for at least overnight or preferably for 2-3 days.

After hybridization, slides were transferred to 2x SSC. Slides were then washed in 2x SSC at 37°C,
shaking for 3x 5 minutes and then washed in 0.1x SSC at 60°C, shaking for 3x5 min. Then, slides
were briefly rinsed in 4x SSC/0.2%Tween (Washing solution II) and blocked in blocking solution II
at 37°C for 10-15 min.

In the case of indirect probe detection by using dUTP-Dig, correspondent antibodies had to be used to
detect the probes. The required antibodies (anti-DIG-FITC) were diluted to the appropriate working
concentration (1:150) in 4x SSC/0.2%Tween + 1% BSA. Slides were incubated with the antibody in a
dark humid chamber at 37°C for 45 min. Then, slides were washed in 4x SSC/0.2%Tween, shaking
for 3x3 min. This last antibody detection was unnecessary in case of direct probe detection with
dUTP-Cy3. Finally, slides were mounted with DAPI and stored at -20°C until use.
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3.2.9 Image processing and analysis

Immunofluorescence on spermatocyte preparations were visualized using a Zeiss Axioskop epifluo-
rescence microscope equipped with the appropriate filters and a charged coupled device camera
(ProgRes® CS10plus, Jenoptik) and captured with ACO XY (A. Coloma, Open Microscopy). Images

were processed using Photoshop and Image].

As for 3D FISH experiments, preparations
were visualized with the confocal microscope
Leica SP5 and captured with the LAS X Life
Science software. Captures were made ev-
ery 0.34 pm, getting between 20-40 stacked
images per cell. Confocal images were then
processed and analyzed with the IMARIS
software. With IMARIS, for each analyzed
cell, a surface was established according the
DAPI signal corresponding to the cell nu-
cleus, and a dot was assigned for every probe
signal (red or green) (Figure 3.7). Following,
the physical distance was measured with
the “Compute distance between surfaces and
spots” MATLAB based function integrated
in the software together with the volume of
the nucleus from the surface covering the
nucleus (Figure 3.7 B).

Figure 3.7: Example of round spermatid after double
3D fish with probes RP23-218K11 (green) and RP23-
157K12 (red). (A) Confocal image of a round spermatid
in the x-y plane (upper panel) and x-z plane (lower plane)
were the nucleus is stained in DAPI (blue) and probe
signals are detectable in red and green (color respective
to each probe used). (B) IMARIS recreation of the cell,
with a surface representing the cell nucleus (blue) and
two dots representing the probes RP23-218K11 (green)
and RP23-157K12 (red) signals. Adapted from (Vara et al.
2019b).

Regarding the analysis of COs, the Micromeasure 3.3 software (Reeves 2001) was used to measure
the distance between COs (MLH1) in pachynema, together with measures of the synaptonemal
complex length (SYCP3 signal). Briefly, each MLH1 focus position was determined relative to the
distance from the centromere, accounted as a percentage of the total synaptonemal complex length,
as previously described (Ruiz-Herrera et al. 2017; Segura et al. 2013).

3.2.10 Western blotting

The insulator protein CTCF and meiotic cohesins RAD21L and REC8 were detected by western blot
using appropriate antibodies (see appendix table A.1.1). Western blotting was essential to validate
the antibodies’ antigen detection efficiency to further use them in for ChIP-seq experiments.

For western blot experiments, protein extracts from fibroblasts were used as controls. Moreover,
proteins from mouse testis were extracted, to check antibody specificity for CTCF (around 120 Kda),
RAD21L and REC8 (both around 63 Kda).

3.2.10.1 Protein extraction and quantification

In the case of cell lines, cultured cells were centrifuged at 130 xg for 10 min and then placed on ice
and the supernatant discarded. Cells were then resuspended in 1 ml of ice-cold PBS and centrifuged
at 130 xg for 10 min. Then, the cell pellet was resuspended in ice-cold RIPA buffer (complemented
with 20 pl PIC and 10ul NaF per ml of the buffer) and transferred to a 1.5 ml eppendorf tube. The
mix was shaken for 30 minutes in ice and then centrifuged at 16,000 xg for 20 minutes at 4°C. The
supernatant containing the proteins was recovered and transferred to a fresh tube.

As for mouse testis, a volume of 300 pL of ice-cold RIPA buffer was added for each 5 mg tissue and
homogenized with a pestle. Additional 300-600 piL of lysis buffer were added during homogenization
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and the solution was incubated for 2 hours at 4°C in agitation. Tubes were then centrifuged at 16,000
xg for 20 minutes at 4°C. The supernatant was collected in a fresh tube and placed on ice.

In all cases, the protein extracts were stored at -80°C to further use if protein quantification was
not performed in the same day. Protein quantification was performed following manufacturer’s
instructions from Pierce’s BCA protein kit assay.

3.2.10.2 Western blotting

First of all, an 8% Running gel mix was prepared and once polymerized, a 4% stacking gel mix was
poured on top of the running gel and left to polymerize for 5 min. Parallelly, protein extracts were
thawed to RT and mixed as follows: sample volume (around 15 pg of protein) + same volume of 2x
Laemmli Buffer (with 8-ME) =30 pul (well total volume). Samples with Laemmli were heated up to
95°C for 5-10 minutes for them to denaturalize and then left to cool down at RT.

Both the protein marker (10 pl) and samples (30 pl per sample and well) were loaded to the gel and
then run in 1x running buffer, firstly at 80 V and then at 100-120 V until samples reached the desired
degree of separation. Following, proteins from the gel were transferred to a polyvinylidene fluoride
(PVDF) membrane with the Trans-Blot® Turbo system from Bio-Rad (2.5 A constant up to 25V, for
10 minutes). Protein load transferred to the membrane was checked by incubating the membrane in
Ponceau staining solution for 5 min. Ponceau staining was removed from the membrane with TBST
solution washes and then placed in blocking solution for an hour with agitation.

In the protein detection step, anti-rabbit CTCF was used at 1:2500 dilution; and both anti-rabbit
RECS8 and anti-rabbit RAD21L were used at 1:2000 dilution. In parallel, anti-rabbit 3-tubulin was
used at 1:5000 dilution as control. The membrane was incubated in blocking solution III containing
the diluted primary antibodies at 4°C in agitation O/N and then washed 3 times for 5 minutes in
agitation with TBST.

For the antibody detection step, the membrane was incubated in blocking solution III with anti-rabbit
HRP-PO at 1:15000 dilution, at RT for 1 hour and 30 minutes in agitation. Following, the membrane
was washed 3 times for 5 minutes in agitation with TBST and finally incubated for 5 minutes with
the ClarityTM Western ECL substrate and revealed with Versadoc™.

3.2.11 ChIP-seq

Once the antibodies were validated, they were used for chromatin immunoprecipitation followed
by sequencing (ChIP-seq). ChlP-seq is a method that detects binding events between DNA and
the protein of interest, recovering those chromatin fragments that were bound to a specific protein
(Furey 2012) (Figure 3.8). We applied this technique with the aim to detect the binding regions of
CTCF and meiotic cohesins RAD21L and REC8 in mouse germ cells.
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Figure 3.8: ChIP-seq method. (A) Cells are crosslinked and lysed. (B) After sonication, DNA fragments are incubated with
a specific antibody that will bind to the protein of interest. (C) DNA fragments bound to the protein of interest with the
antibody are pulled down with protein A beads (immunoprecipitation). (D) The crosslink is reversed, and the DNA purified.
(E) Sequencing libraries are prepared from ChIP resulting fragments to finally be sequenced.

3.2.11.1 ChlIP-seq protocol

A cell pellet containing at least 10 million cells obtained from testis disaggregation (section 3.2.1)
was resuspended in Lysis Buffer I (100ul/ M cells). From this, a 100 ul aliquot (equivalent to 1 M
cells) was taken apart to use as input and chromatin integrity check. Samples were incubated 10
minutes on ice and subsequently stored at 4°C O/N. Proceeding with the chromatin integrity check,
the 1 M cell aliquot was centrifuged for 7 minutes at 1,800 xg at 4°C and the cell pellet resuspended
in 100 pL/1 M of Lysis Buffer II and incubated for 10 minutes on ice. Then, the input sample was
added to a sonication tube and topped up to 100 pL with lysis buffer II and sonicated (Biorruptor
Pico): 30” ON, 30” OFF, for 10 cycles to obtain 200-300 bp fragments. After sonication, the solution
was left on ice for around 60 min, to allow SDS precipitation.

Lysates were then centrifuged for 10 min, at 16,000 xg at 4°C and the supernatant was recovered
and kept on ice. 40 pL of the supernatant were taken and 360 pL of Lysis buffer II+10 pL Proteinase
K (10mg/ml) added. The mix was incubated O/N at 65°C in the thermomixer with shaking. The
remaining 60 pl were kept as ChIP-seq input. After the proteinase K incubation, phenol extraction
was performed, and samples resuspended in 15 pL of water, quantified by Qubit and sonicated
fragments size-checked in a 1.2% agarose gel. Once chromatin integrity control resulted positive,
main samples left at 4°C were processed as described for the control. Following, both the main
sample and the input were resuspended in IP buffer up to 1.2 ml and 5-10 g of the antibody were
used (for approximately 25 ng of chromatin) per sample. After pre-cleaning, the antibody was
added to the main sample and incubated O/N at 4°C in a rotating wheel.

A volume of 42yl of beads (Unblocked Protein A beads) for antibody-chromatin pull-down were
used for the immunoprecipitation, diluted in 500 pl of 1x cold IP buffer. Beads were centrifuged
for 2 minutes at 1,800 xg and 4°C and resuspended with 1x cold IP buffer, adding BSA to 1% final
concentration to block the beads. Then, beads were incubated for 15 minutes at 4°C in a rotating
wheel and then centrifuged for 2 minutes at 1,800 xg and 4°C. Following, beads were resuspended in
1x cold IP buffer and then centrifuged again for 2 minutes at 1,800 xg and 4°C to finally be transferred
to the tube containing the main sample. The mix was incubated for 3 hours at 4°C in the rotating
wheel and beads were washed three times with 1x cold IP buffer and twice with 1x cold TE buffer
(pH=8.0).
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The antibody-chromatin fragments were then eluted using 400 pL of freshly prepared elution buffer
and incubated for 25 minutes at RT in a rotation wheel. Beads were centrifuged for 3 minutes at 1,800
xg at RT, recovering the supernatant containing the antibody-chromatin fragments. The supernatant
was then transferred to a new tube and NaCl was added to a final concentration of 200 mM (16
pl NaCl 5M/400 pl eluate), to precipitate proteins. The precipitation mix was incubated O/N at
65°C.

The protein digestion solution was added to each precipitated sample and incubated for 1 hour
at 45°C. Then, phenol extraction was performed, and samples were resuspended in 20 pL of Tris
pH=8.0. To ensure DNA dilution, samples were incubated for 10 minutes at 37°C.

3.2.11.2 Library preparation

Ends from pulled-down fragments were repaired by adding the end repair solution (final volume
of 50 pl) and incubated for 30 minutes at RT. Samples were purified with 1x AMPure beads, as
described in section 3.2.5.6 and eluded with a final volume of 25 pl. Then, the A-tailing solution
(final volume of 50 pl) was added to the samples and incubated for 30 minutes at 37°C. Again,
samples were purified with 1X AMPure beads, as described in section 3.2.5.6 and eluded with a
final volume of 25 yl. In the next step, the adapters ligation mix (final volume of 50 nl) was added
to the samples and incubated for 15 minutes at RT. 3 pl of the USER enzyme were added to the
mix and incubated 15 minutes more at 37°C. As in the other steps, samples were purified with 0.8x
Ampure beads, as described in section 3.2.5.6 and eluded with a final volume of 25 pl.

Finally, the ChIP-seq library product was amplified by PCR, being the PCR mix the following: 20
pl sample, 2.5 pl primer i5 (universal primer), 2.5 pl primer i7 (indexed primer), 25 nl NEBNext
High-Fidelity 2X PCR Master Mix. Then the PCR was performed using the following program: 98°C
for 30 sec, 98°C for 10 sec, 65°C for 30 sec, 72°C for 30 sec (for 14 cycles) and 72°C for 5 min. Samples
were purified with 0.8X Ampure beads, as described in section 3.2.5.6 and eluded with a final
volume of 20 pl. Final DNA amount of library products was measured in Qubit and the fragment
size checked either by an electrophoresis gel (1.2% agarose) or with BioAnalyzer. Libraries were sent
to Centre d’Analisi Genomica (CNAG) and high-throughput Illumina sequenced (Hi-seq 2500).

3.2.12 RNA-seq

RNA-seq experiments where performed by our collaborators from CNAG (Centre d’Analisi Genomica)
Dr. Holger Heyn and Dr. Catia Moutinho.

3.2.13 Prdm9 amplification

In order to study the natural variability of the Prdm9 alleles in the Madeira and Barcelona Rb system,
exon 12 of the Prdm9 gene, from repeat #2 to the C-terminal domain, was amplified and sequenced
by Sanger sequencing. Exon 12 contains the ZnF domain array that recognizes and methylates
specific DNA sequences (Parvanov et al. 2010).

3.2.13.1 Genomic DNA extraction

Genomic DNA was obtained from mouse tails (section 3.1.2). Briefly, a tail fragment (0.5-1 cm)
was incubated in Lysis Buffer III with 100 pg/ml proteinase K O/N at 56°C in agitation. Then, the
lysate was centrifuged for 20 minutes at 800 xg and the supernatant recovered and mixed with
500 pl of isopropanol. The lysate-isopropanol mix was thoroughly mixed until DNA started to
precipitate, then the mix was left 30 minutes at -80°C to facilitate DNA precipitation. Samples were
then centrifuged for 20 minutes at 800 xg and 4°C. The supernatant was decanted and 200 pl of cold
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ethanol 70% were added to the DNA pellet. Samples were centrifuged again for 20 minutes at 800
xg at 4°C and then, the supernatant decanted. DNA pellets were left to air-dry at 37°C for 5-10 min.
DNA pellets were resuspended in MilliQ water O/N at 4°C in agitation or at 60°C for 10 min. Once
DNA solutions were obtained, they were quantified in Nanodrop and stored at -20°C until use.

3.2.13.2 Whole-genome PCR and DNA retrieval

Samples were genotyped as heterozygous or homozygous with an initial PCR, which also allowed
determining allele size. In the case of heterozygous samples, around 20 amplification reactions
of the same sample were performed in order to obtain enough DNA for Sanger-sequencing. For
homozygous samples, two or three reactions were sufficient.

The PCR master mix was prepared calculating to use 100 ng of initial genomic DNA per PCR
reaction: 4 pl of 10x PCR buffer (Takara) (final concentration x1), 3.2 ul of dNTPs (2.5 mM each, final
concentration 0.2 mM), 1 nl of forward and reverse primers (Table 3.2) at 10 pm (final concentration
0.25 pM), 1.6 pl of DMSO (4% final concentration) and 0.25 ul of Taq (5U/1l, final concentration 0.03
U/nl). The PCR Program used was the following: 95°C 3 min, 30 cycles of 95°C 30 sec, and 64°C for
30 sec followed by 72°C 90 sec and ending by 10 minutes at 72°C.

Table 3.2: Primer sequences for Prdm9 amplification.

Primers Source

PRDMO9F-GAAAGTAAGAGAACTGTGGAAGAGCTCAGAA  Life Sciences
PRDMOIR-GAGATGTGGTTTTATTGCTGTTGGCTTTCTC Life Sciences

A 1% agarose gel was run for 2 hours at 75V and analyzed in the GelDoc XR. In case of heterozygous
mice amplification bands were purified following manufacturer’s instructions from Nucleospin
and PCR Clean-up kit (Cultek). During purification, same-allele bands were pooled together.
Homozygous samples PCR products and purified bands from heterozygous samples were then
precipitated with 1/10 volume of 3M sodium acetate, pH 5.2 and 2-3 volumes of 100% ethanol and
frozen O/N at -20 °C. Following, samples were spun at 16,000 xg at 4 °C for 30 minutes and the
DNA was rinsed with 70% ethanol. The pellet was air-dried for 15 minutes and 25pl of TE buffer
were added. Samples were left resuspending either O/N at 4°C or 10 minutes at 60°C.

Samples were sent to Macrogen Spain (https://dna.macrogen.com/esp/) for Sanger-sequencing.
Chromatograms were analyzed with the Bioedit sequence alignment editor (version 7.2.5).

3.2.13.3 Single-molecule PCR and DNA retrieval

Single-molecule PCR is a highly efficient technique for the amplification of tandem repeat sequences
such as the Prdm9 ZnF array. Based in sperm typing studies (Striedner et al. 2017; Tiemann-Boege
et al. 2006), the main premise is to extremely dilute the DNA sample in order to amplify just one
copy of the Prdm9 allele, avoiding unspecific artifactual amplifications.

Molecule Number Calculation. This calculation is based on the assumption that the average
weight of a base pair (bp) is 650 Da. This means that one mole of a bp weights 650 g and that the
molecular weight of any double stranded DNA template can be estimated by taking the product of
its length (in bp) and 650. The inverse of the molecular weight is the number of moles of template
present in one gram of material. Using Avogadro’s number, 6.022x10?°> molecules/mole, the number
of molecules of the template per gram can be calculated:
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molecules/g = mol/g*molecules/mol

The number of molecules or number of copies of template in a sample can be estimated by multiplying
by 1*10° to convert to ng and then multiplying by the amount of template (in ng). In this manner, it
is possible to calculate the number of molecules in 10 ng of mouse DNA, taking into account that the
mouse genome size is 2.8 x 10° bp.

conc(ng) * N Avogadro

N molecules =
molecules genome size (bp) * 1 * 10° » average weight of a bp

Serial sample DNA dilutions. To test the amplification of single molecules, serial dilutions of
3000-300-30-3 molecules of the DNA sample were performed.

In order for the DNA polymerase to work, some background DNA that won't be amplified with the
primers in use is needed. This background DNA is a bulk of DNA where the polymerase can bind
but the primers cannot.

For E. Coli:

» 1ng/ul — 1ng =200,000 copies
» 0.1ng/pl — 0.1ng = 20,000 copies
» 0.01ng/pl — 0.01 ng = 2,000 copies

PCR preparation and amplification. A 5 1M primer solution was previously prepared, containing
both forward and reverse primers (table 3.2). Then a PCR master mix was prepared in order to
perform at least 20 single-molecule PCR reactions per sample, always including enough mix for
a negative control and taking into account pipetting errors: 14.05 pl H,O, 4 pl of 5x GC Buffer (1x
final concentration), 0.4 pl dNTPs 10 mM (200 uM final concentration), 0.2 j1l SybrGreen 10x (final
concentration 1x), 0.25 pl primer mix 5 pM (0.0625 1M final concentration), 0.1 l Polymerase (2U/l,
final concentration 0.1 U/10 pl) and 1 pl of DNA. DNA samples were quantified, and the number of
molecules determined in order to adjust the amount of DNA to each PCR reaction. Samples were
then amplified by RT-PCR: 94°C for 2 min, 70 cycles of: 94°C for 15 sec, 62°C for 5 sec, 72°C for 30 sec
and 72°C for 7 min; followed by 65°C for 5 sec and 95°C until the PCR finished. Figure 3.9 shows an
example of Prdm9 amplification by RT-PCR and Figure 3.10 an example of RT-PCR from seriated
dilutions.
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Figure 3.9: Example of Prdm9 amplification by RT-PCR with temperature gradient using DNA from C57BL6/] mice
(sample A) and from wild Rb mouse from the Rb Barcelona population (Sample B). (A) Amplification curves representing
the relative fluorescent units (RFU) per amplification cycle. (B) Fusion peaks representing the RFU per temperature (°C). (C)
Melt peaks representing primer specifity, determined by plotting the negative first derivative of fluorescence versus the
temperature (°C). (D) 10% polyacrylamide gel showing Prdm9 amplification (in bp), were the number of zinc fingers can be
estimated by the PCR product size. The A sample is homozygous for a Prdm9 allele with 12 zinc fingers and the B sample is
heterozygous for a 10-zinc finger and 13-zinc finger alleles. PAA-polyacrilamide.
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Figure 3.10: Example of RT-PCR from seriated DNA dilutions (A) and (B) show the curves and the fusion peaks respectively,
as described in Figure 3.9. (C) Consecutive amplification curves depending on the number of starting molecules (3000-300-30-3
molecules) of the PCR reaction.

Band diagnosis and DNA purification. Once the RT-PCR was completed, an aliquot of each
reaction was run in a 1% agarose gel to determine the size (bp) of the allele amplified per sample
(Figure 3.11). Same-allele PCR products from the same sample were pooled together and purified
with 1x AMPure beads. After purification, the beads were eluted with 32 pl of MilliQ water, gently
mixed by pipetting, and incubated at RT for 5 min.

Ladder

Figure 3.11: Example of amplification products
from single molecule PCRs. 1% agarose gel show-
ing different amplification product sizes (in bp)
from single molecule PCR, corresponding to dif-
ferent alleles from heterozygous samples. A, B, F,
- G and I show 10-zinc finger alleles amplification
| - while C and E show 12-zinc finger amplification.
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Samples were separated on a magnet from the beads and transferred to a fresh tube and quantified
in Qubit and run in a 10% PAA gel to check their quality. Once samples pass all quality checked,
they were sent to Sanger-sequencing at Eurofins Scientific (https:/ /www.eurofins.com/).

3.2.13.4 Sequence analysis

Sequences of Prdm9 ZnF repeats were determined from bidirectional Sanger sequencing with the
same primers used for amplification (see Table 3.2). Chromatograms were analyzed with BioEdit
(version 7.2.5) (Hall 1999) to ensure reliable sequences, which were then translated using ExPasy:
SIB bioinformatics resource portal (Artimo et al. 2012).
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Different alleles were classified by assessing the number of ZnF repeats (from #8 to #16) and the
variation in their amino acidic sequence in the highly variable positions -1, +3 and +6 of each ZnF
repeat, following the nomenclature previously described (Buard et al. 2014; Capilla et al. 2014; Kono
et al. 2014). Each repeat was classified with a number (from #3 to #34), based on its amino acidic
sequence and the different combination of repeats were classified as different alleles.

3.3 Data analysis

3.3.1 SNPs array

Mice from the BRbS were genotyped using the Mouse Universal Genotyping Array (MegaMUGA) in
collaboration with Prof. J.B. Searle (Cornell University, USA). The MegaMUGA consisted in 77,808
evenly distributed SNP markers built on the Illumina Infinium platform (Morgan et al. 2016a). SNPs
were filtered using PLINK version 1.9 (Purcell et al. 2007) with missing values above 5% threshold,
yielding a final dataset of 63,344 informative SNPs evenly distributed throughout the genome with
the exception of chromosomes 8 and Y. Then, the informative SNPs were used to estimate individual
ancestry and admixture proportions assuming K populations based on a maximum likelihood
method using the ADMIXTURE software (Alexander et al. 2009). Clusters from K=1 to K=10 were
evaluated, and after applying Evanno’s A K (Evanno et al. 2005), K=2, K=3, K=4 and K=5 resulted
in the lowest likelihood values. Admixture analyses were plotted using Rstudio (R Core Team 2018)
and Principal Component Analyses (PCA) were also included using a module from PLINK 1.9
(Purcell et al. 2007).

3.3.2 Genome-wide screening of genetic divergence and diversity

Genome-wide screening of genetic divergence was performed by computing Weir and Cockerham’s
Fsr mean values using VCFtools 0.1.15 (Danecek et al. 2011). First, genomic divergence between
populations considering chromosomes involved and not involved in fusions. Estimated Fsr values
were adjusted to minimize type I errors (Bonferroni correction). The number of alleles (Na) and
allelic richness (Ar) were estimated using the R package hierfstat v.0.04.22 (Goudet 2005); the
observed heterozygosity (Ho) and expected heterozygosity (Hs) were calculated with PLINK 1.9
(Purcell et al. 2007) and the inbreeding coefficient (Fis) and nucleotide diversity (pi) with VCFtools
0.1.15 (Danecek et al. 2011).

3.3.3 Estimates of recombination rates

The program LDhelmet (Chan et al. 2012) was applied for the estimation of variable recombination
rates between pairs of SNPs at population scale (p = 4Ner). For recombination rate analysis, SNP
data was phased with the SHAPEIT software (Delaneau et al. 2012) and likelihood tables generated
with LDpop (Alexander and Machiela 2020). Recombination rates were established in windows of
50 SNPs across the mouse genome considering St and Rb mice as two groups.

Subsequent statistical tests to the divergence and recombination rate analyses were performed with
JMP package version 5.1.2; SAS Institute Inc (SAS Institute Inc 2019) and with Rstudio (R Core Team
2018).
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3.3.4 Hi-C data

The bioinformatic analysis of Hi-C data for the study of the structural organization of the mouse
genome during spermatogenesis was performed by Dr. A. Paytuvi-Gallart and L. Alvarez Gonzalez,
members of our research group. Briefly, in Hi-C processed samples, quality check and trimming were
performed using BBDuk (version 10/2015) (Bushnell 2014). Then, reads were processed with TADbit
(version 0.2.0.23) (Serra et al. 2017), mapping reads from 15 bp onward, using a step size of 5 bp. To
remove possible artifacts, the following filters were applied: “self-circle”, “dangling-end”, “error”,
“extra dangling-end”, “too short”, “too large”, “duplicated” and “random breaks”. An inhouse
script (Paytuvi-Gallart 2019) was used for binning data into a raw matrix, which was normalized

using HiCExplorer (version 1.8.1) (Ramirez et al. 2018).

Once the normalized matrices were obtained, averaged contact probability decay by genomic
distance [P(s)] was established using HiCRep (version 1.4) (Yang et al. 2017). Then, the averaged
contact probability [P(s)], the inter-/intra-chromosome interaction ratio and the inter-subtelomeric
interaction quantification analyses were conducted with HiCExplorer. Following, compartments
and TADs were determined with TADbit. A/B compartments were established by obtaining and
analyzing the corresponding eigenvector values and TAD insulation scores were established with
HiCExplorer. Differential matrices between different samples were also obtained and together with
analyses of compartment switching, they were used to detect main structural differences between
samples.

3.3.5 ChIP-seq data

Quality check and trimming of ChIP-seq reads were performed using BBDuk (Bushnell 2014). Reads
were mapped to the mouse reference genome (mm10) using the Galaxy server (Afgan et al. 2018)
and filtered using SAMtools (Li et al. 2009). Following, bigWig files were generated with DeepTools
(Ramirez et al. 2016), to assess the genome coverage of the ChIP data. Peak calling was performed
using MACS?2 (Feng et al. 2012).

To assess the stability of peaks and their reliability, different peak callings were performed, applying
g-values of 0.05, 0.01 and 0.001 together with fold change filters of 3, 4 and 4. Peakds were visualized
with IGVtools (Thorvaldsdéttir et al. 2013) together with coverage and reads, allowing for the
discrimination between clearly aligned peaks and noise. After assessment of peaks according to
coverage and reads, it was determined that reliable peaks were those from g-value=0.01 and fold
change=3.

BED files for reliable peaks were generated and annotated to the mouse reference genome (mm?10)
using the R/Bioconductor package ChIPseeker (Yu et al. 2015), in order to establish their relative
position to genomic features such as promoters, enhancers or TSS. Peak overlap analyses an additional
ChiP-seq data representation were conducted with the R/bioconductor package ChIPpeakAnno
(Zhu et al. 2010).

3.3.6 RNA-seq data

RNA-seq data analysis was performed by Dr. Andreu Paytuvi using the AIR platform (https:
/ /transcriptomics.sequentiabiotech.com/).

3.3.7 Figure representation with R

For data representation, different packages were used: ggplot2 (Wickham 2016), karyoploteR (Gel
and Serra 2017), ChIPseeker (Yu et al. 2015), ChIPpeakAnno (Zhu et al. 2010), Gviz (Hahne and
Ivanek 2016) and rtracklayer (Lawrence et al. 2009).
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Results

4.1 Development of a reproducible flow cytometry method to
isolate enriched germ cell populations from mouse testis







4.1.1 Introduction

Mammalian spermatogenesis is an intricate process resulting in the formation of male haploid
gametes (section 1.2.1). In order to attain a better understanding of the complexity of the process,
the development of a reproducible cytometry method to isolate germ cells is much in need. The
isolation of different germ cell populations from adult mice testis poses the difficulty of obtain
specific cell fractions that are simultaneously present in the testis. In this context, the canonical work
developed by Romrell and colleagues (Romrell et al. 1976) set the grounds for the development
testis dissociation techniques. Their recommendations for the obtention of an optimal somatic-free
germ cell suspension from which populations could be isolated have been extensively followed
in the field (Fallahi et al. 2010; Liu et al. 2015; Rodriguez-Casuriaga et al. 2014), becoming the
basis of studies based on germ cell isolation (Bryant et al. 2013; Fallahi et al. 2010; Gaysinskaya
et al. 2014). In fact, different techniques have been developed since then to purify, to varying
degrees, various meiotic fractions from both adult and immature animals. These included three
different methodological approaches: (i) sedimentation (Barchi et al. 2009; Bryant et al. 2013), (ii)
magnetic-activated cell sorting (MACS) (Gassei et al. 2009) and (iii) fluorescence-activated cell
sorting (FACS) (Bastos et al. 2005; Fallahi et al. 2010; Gaysinskaya et al. 2014; Getun et al. 2011; Lima
et al. 2016; Rodriguez-Casuriaga et al. 2014; Struijk et al. 2019).

Separation by sedimentation discriminates cells based on their size and density and can be performed
either by sedimentation by unit gravity (STA-PUT) or by elutriation. STA-PUT separates germ cells
by velocity sedimentation at unity gravity (Bryant et al. 2013; Dunleavy et al. 2019; Lam et al. 1970).
This approach has been applied to different species such as mouse (Bellvé et al. 1977; Lam and Bruce
1971), rat (Go et al. 1971; Platz et al. 1975), trout (Louie and Dixon 1972), ram (Loir and Lanneau 1974)
and cricket (Kaye and McMaster-Kaye 1974). Although STA-PUT normally yields high number of
cells when compared with other techniques ( 1-10® cells/spermatogenic cell type), it is inefficient in
recovering different cell types (Meistrich et al. 1973; Romrell et al. 1976), being specially relevant the
absence of a pure spermatogonia fraction (Bryant et al. 2013; Lam et al. 1970; Meistrich 1972; Romrell
et al. 1976). On the other hand, elutriation separates cells also by velocity sedimentation, but it
requires less time for cell recovery and yields a higher number of cells (3-5-10® cells/spermatogenic
cell type) (Barchi et al. 2009). Germ cells from rodents such as mice (Bryant et al. 2013; Grabske
et al. 1975), rat (Sanborn et al. 1975) and hamster (Grabske et al. 1975) have been obtained using this
method. However, the main limitation of the elutriation approach is the need for specific equipment
to apply this technique (the elutriator) and, as in STA-PUT, it fails to obtain homogeneous and
enriched populations of the different spermatogenesis cell types, as different populations present
similar sedimentation velocities (Barchi et al. 2009).

In the case of MACS, cells are obtained based on their cell surface molecules (Miltenyi et al. 1990).
Using this technique, Gassei and colleagues successfully isolated spermatogonia from rat (Gassei
et al. 2009), human and monkey (Gassei et al. 2010). The use of spermatogonial markers such as
ID4 or BMI [(de Rooij 2017) and references therein] allowed for the development of more refined
studies on spermatogonial differentiation (Aloisio et al. 2014; Helsel et al. 2017; Komai et al. 2014).
Nevertheless, the lack of knowledge of specific markers for the remaining germline populations
limits the applicability of a MACS-only based methodology for cell discrimination.

As for FACS, it combines the premise of discriminating germ cells based on their DNA content
in addition to their morphological characteristics (as STA-PUT and elutriation) with the use of
specific markers (as in MACS). FACS is based on the staining of germ cells with a vital dye in order
to discriminate the different cell types by their ploidy (DNA content) and the efficiency of DNA
staining, which varies depending on the degree of chromatin condensation (cell complexity). Most
of the studies have used Hoechst 33342 (Ho) as the vital dye to sort germ cells (Bastos et al. 2005;
Fallahi et al. 2010; Gaysinskaya et al. 2014; Getun et al. 2011), given its proven efficiency in DNA
labelling and its characteristic fluorescence emission pattern (Arndt-Jovin and Jovin 1977; Belloc
et al. 1994; Latt and Stetten 1976). While FACS sorting of germ cells results in low number of cells
recovered when compared to sedimentation techniques (0.5-2.0-10° cells/spermatogenic cell after
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FACS), it permits the recovery of more populations than sedimentation, including spermatogonia,
primary spermatocytes, round spermatids and sperm (Getun et al. 2011). In addition, the potential
use of specific markers to refine cell discrimination increases the potential of FACS for isolation of
germ cells. However, the lack of reproducibility in cell discrimination (Gaysinskaya and Bortvin
2015; Getun et al. 2011) highlighted the need for a reliable, efficient and reproducible method. This is
especially relevant when conducting high-throughput genomic downstream analysis (i.e., ChIP-seq,
RNA-seq), where cell purity is essential for obtaining reliable results.

Given this background, the main aim of this study was to develop a reproducible cytometry protocol
to isolate germ cells from mouse testis. We paid special attention to the optimization of what
are considered the most critical steps: (i) testis disaggregation, which included mechanically and
enzymatically disaggregation of testis and cell staining; and (ii) germ cell discrimination by FACS.

4.1.2 Results

4.1.2.1 Optimization of testis disaggregation

Testis dissociation. C57BL/6] adult male mice (10-18 weeks) were used for the optimization of
testis dissociation using different conditions (Table 4.1). The main goal of this critical step was to
dissociate cells from the seminiferous tubules in an optimal state of preservation. To that aim, both
collagenase type Il and type IV were initially tested. While collagenase type II contains higher levels
of protease activity, particularly clostripain (Gilles et al. 1979), collagenase type IV has low tryptic
activity, thus better preserving membrane proteins and receptors. In the end, two incubation steps
with collagenase II (0.5 mg/ml) (fifteen minutes each incubation) resulted to be more effective,
yielding higher cell numbers (20-30 M cells per testis) than with collagenase IV (10-20 M cells per
testis) (Table 4.1).

Table 4.1: Summary of the chemical disaggregation optimization.

Disaggregation Collagenase type Tested trypsin Average n® cells
volume (0.5 mg/ml) concentrations recovered /animal

Both testes in 3 ml v 0.8 mg/ml 375M

Both testes in 10 ml v 0.25 to 0.5 mg/ml 10-13 M

Each testis in 10 ml v 0.125 mg/ml 14 M

Each testis in 10 ml II 0.25 t0 0.375 mg/ml 20-30 M

Additionally, different concentrations of bovine trypsin were tested during the optimization process
(from 0.125 mg/ml to 0.8 mg/ml) (Table 4.1). As high concentrations of trypsin (0.8 mg/ml) resulted
in a high cell mortality, concentrations were subsequently reduced. Thus, two incubations with
trypsin were finally included in combination with collagenase II (0.5 mg/ml): a first one at 0.375
mg/ml (15 minutes, 33°C), and a second one, doubling the trypsin concentration in the same
volume from the first incubation, to enhance tissue disaggregation (15 minutes more at the same
temperature). Hence, the combinatorial action of collagenase and trypsin was the main factor that
influenced the total number of cells recovered from testis.

Cell staining. Once a homogeneous suspension of germ cell was successfully obtained, the next
step included cell staining with a fluorescent dye detectable by the laser of the flow sorter. Cells
were dyed with Hoechst 33342 (Ho) in combination with propidium iodide (PI), a vital dye (Ciancio
et al. 1988; Riccardi and Nicoletti 2006).

Following previous studies (Gaysinskaya and Bortvin 2015; Getun et al. 2011), our first approach
was to sort living cells. This included two staining steps: the first one using 0.13 mg/ml Ho together
with trypsin (0.5 mg/ml) and 50 pg/ml PI, incubated for 15 min at 33°C, and a second incubation



with only Ho (5pg per two million cells) for 30-45 min at 33° (Table 4.2). This approach dramatically
reduced cell viability from 70-90% after disaggregation to 14% living cells after staining, resulting in
non-reproducible FACS profiles (Figure 4.1).

Consequently, the staining process was reduced to just one step using 5 ng Ho per million cells
with 50 ng/ml PI in a 45 min incubation at 33°C in an attempt to decrease cell mortality during
staining (Table 4.2). Although we found an apparent discrimination of germ cell populations, FACS
profiles were not reproducible between experiments (Figure 4.1 B-D). Therefore, a pre-FACS cell
fixation approach was tested (Table 4.2; Figure 4.1), as fixation by crosslink is a step required in
many high-throughput genomic studies (e.g., in nuclei Hi-C or ChIP-seq). After including a cell
fixation step (1% Formaldehyde, 10 min) before the cell staining, FACS profiles were more consistent
between experiments (Figure 4.2 D).

Table 4.2: Optimization of cell preparation for FACS.

Test  Fixation before FACS Hoechst dye

(i) Incubation 0.13 mg/ml Hoechst, 0.5 mg/ml
trypsin and 50 ng/ml PI; 15 min, 33°C.

#1
No (ii) Hoechst dying: 51g/ml Hoechst per 2 million cells;
30-45 min, 33°C.
4 No 5 png Hoechst per million cells with 50 pg/ml

PIL 45 min incubation at 33°C.

5 pg per million cells Hoechst 30 min incubation
at 33°C.

#4 1% Formaldehyde, 10 min 5 ng/ml Hoechst 30 min incubation at 33°C.

#3 1% Formaldehyde, 10 min
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4.1.2.2 FACS setup

Once testis dissociation was optimal and provided reproducible results, FACS setup and subsequent
purification of germ cells followed. Cells were sorted using a BD Influx™ cell sorter (BD Biosciences)
at the CRG Flow Cytometry Unit, at Barcelona Biomedical Research Park (section 3.2.2).

Briefly, FACS setup consisted of establishing well-differentiated sorting gates to isolate distinct
cell populations based on DNA content and cell complexity. Firstly, cells were discriminated from
random particles by plotting their SSC vs. FSC profiles (Figure 4.2 A). A general population of cells
(P1 fraction) was discriminated from cell debris. Then, the selected P1 fraction was plotted according
to PE-TR-PI (fluorochrome laser for PI) and SSC. The resulting plot provided additional insights
into cell morphology by ensuring the selection of whole cells with intact membrane and not cell
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fragments (P2) (Figure 4.2 B). Subsequently, the P2 fraction was analyzed by 355 DAPI width (cell
width) vs. 355-DAPI (Hoechst blue) (Figure 4.2 D), selecting single cells (P3 fraction) and excluding
cell aggregates. Finally, the P3 fraction was analyzed by their Ho staining, distinguishing germ cells
by their DNA content (355-DAPI) and cell complexity (355) (section 3.2.2). By this way, six main
germ cells populations were detectable: P4, P5, P6, P7, P8 and P9 (Figure 4.2 D).
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Figure 4.2: Representative spermatogenesis FACS profiles. (A) Representative scatter plot (FSC vs. SSC). Gate P1 selects
cells, distinguishing them from debris. (B) PE-TR-PI (fluorochrome laser for PI) vs. SSC plots. Gate P2 contains cells with
an intact membrane. (C) Analysis of cell aggregates. P3 gate corresponds to single cells, excluding cell aggregates. (D)
Analysis of germ cells by their DNA content (355-DAPI) and cell complexity (355). Six different germ cell populations were
distinguished: P4, P5, P6, P7, P8 and P9.

Enrichment analysis. Once the FACS set up was established, all germ cell populations detectable
(P4, P5, P6, P7, P8 and P9) were sorted (4,000-7,000 events per second). Cell enrichment analysis was
conducted by immunofluorescence against specific proteins, such as YH2AX and SYCP3, analyzing
DAPI morphology (section 3.2.3).

The analysis of DAPI morphology revealed that cells from the P4 fraction (Figure 4.2 D) contained
spermatogonium with an average enrichment of 91%+5 (Figure 4.3). This was confirmed by
immunofluorescence using an antibody against CD90.2, which labels Thy-1.2, a molecule present
in the cell surface of adult germline stem cells (Hammoud et al. 2014) (Figure 4.3 A). Moreover,
the position of the P4 fraction in the 355-DAPI/355 plot indicated that these were cells with 2c
content. Since spermatogonium represent a heterogeneous population (de Rooij 2017; Hammoud
et al. 2014; Helsel et al. 2017), we detected that intermediate spermatogonia were the most frequently
represented sub-population (46.70%+11.79) followed by type B spermatogonia (26.58%+16.57)
and type A spermatogonia (17.53%+10.73) (Figure 4.3 B). The remaining cells were mostly round
spermatids (RS, around 4%), followed by elongated spermatids (ES, around 2%) and secondary
spermatocytes (1%). Sperm and primary spermatocytes were observed is low proportions (0-1%). A
mean number of 216,000 spermatogonia were recovered per adult mouse.
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Figure 4.3: Enrichment analysis of P4 fraction. (A) Representative image of an immunofluorescence against CD90.2 (green).
(B) Characterization of spermatogonium population. (i) Representative DAPI staining of type A, intermediate and type
B spermatogonium (upper panel) and their schematic representation (lower panel). DAPI staining allows for cell type
discrimination by their morphology. (ii) Percentage of each cell type found in the P4 fraction. “Others” include cells such as
sperm or primary spermatocytes. Scale bars= 10pm.

In the case of both P5 and P6 fractions, their position in the 355-DAPI/ 355 plot corresponded to
diploid cells (2n) with 4c content (Figure 4.2 D). In the case of the P5 fraction, the immunodetection
of SYCP3 and YH2AX revealed a heterogeneous population, with 54.7%+10.7 being early prophase
spermatocytes (leptonema/zygonema, L/Z) and 30.1%46.01 late prophase spermatocytes (pachyne-
ma/diplonema, P/D) (Figure 4.4). The remaining cells were mainly spermatogonia (11%), followed
by secondary spermatocytes (2.5%), RS (1.7%) and to a lesser extent, sperm (0.4%).
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Cells recovered from the P6 fraction (Figure 4.2 D) were primary spermatocytes at P/D with an
average enrichment of 81.36%49.40, followed by RS (15.74%410.03). The 2.9% remaining cells of P6
were a mix of spermatogonium, metaphase I and sperm (Figure 4.5). The same immuno-analysis
described for the P5 faction was performed, with 46.74%4-13.85 of cells being at pachynema while
35.23%412.70 at diplonema. A mean number of 650,000 P/D were recovered per adult mouse.
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Figure 4.5: Enrichment analysis of P6
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The P7 fraction corresponded to a heterogeneous population of 2c content (Figure 4.2 D). To further
characterize this cell population, immunofluorescence with a-tubulin was performed to visualize
the cytoskeleton (Figure 4.6 A). This analysis revealed that the cell fraction from the P7 sorting gate
included secondary spermatocytes (13.9%+5.2), cells in anaphase/telophase transition (18.2%413)
and cells in diakinesis II (64.2%+15.2) (Figure 4.6 B). The remaining 3.7% of cells where a mix of RS,
sperm, primary spermatocytes, spermatogonium and ES. Overall, a mean number of 430,000 cells
from P7 was recovered per adult mouse.

Finally, cells from P8 and P9 fractions (Figure 4.2 D) corresponded to haploid cells with ‘c’ DNA
content according to their position in the 355-DAPI/355 plot. These were round spermatids (P8
fraction) and sperm (P9 fraction). While RS represented 85% of cells from P8 fraction, sperm were
more challenging to isolate from P9 fraction. As the sperm morphology resulted in a diffused
FACS profile, the probability of placing the gate incorrectly and getting contamination from the
neighbor population (RS) increases (Figure 4.2 D). Thus, to obtain an enriched fraction of sperm it
was necessary to perform an alternative re-gating approach (see below).
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Figure 4.6: Enrichment analysis of P7 fraction. (A) Inmunofluorescence with a-tubulin (green) and DAPI staining unveiled
that the P7 fraction contained secondary spermatocytes (Spll), cells at anaphase and cells in diakinesis accompanied by its
corresponding schematic representation (right). Scale bar= 10 pm. (B) Enrichment of the P7 fraction showing the percentage
of each cell type. “Others” included single RS, sperm, Spl, Spg and ES. Sp I-primary spermatocytes; Spg-spermatogonia;
RS-round spermatids; ES-elongated spermatids.

Purification of early primary spermatocytes. Due to the poor enrichment values obtained for
primary spermatocytes from P5 fraction (54.7%+10.7 of L/Z and 30.1%4-6.01 of P/D) we set up a
specific isolation protocol based on immunolabeling of phase-specific proteins previous to FACS.
To that aim, we immunolabeled simultaneously the proteins DMC1 and SYCP3. DMC1 is involved
in the DSB repair pathway (Yoshida et al. 1998), thus being specifically expressed during L/Z,
while absent in later prophase stages. By this way, cells discriminated positively for DMC1 and
SYCP3 (labeling the synaptonemal complex) correspond to early prophase primary spermatocytes



at leptonema/zygonema, while cells only positive for SYCP3 and negative for DMC1 correspond to
late prophase primary spermatocytes at P/D.

To ensure protein labeling, antibody titration was an essential preceding step to determine the
lowest antibody dilution that resulted in a positive fluorescence signal. For that, ‘in-solution’
immunofluorescence was performed in a suspension of germ cells obtained from testis disaggregation
(section 3.2.7.2), using an anti-mouse SYCP3 primary antibody (in combination with an anti-mouse
Cy5 secondary antibody) and an anti-rabbit DMC1 primary antibody (in combination with an
anti-rabbit FITC secondary antibody) (see appendix table A.1.1). For the titration experiment, serial
dilutions (from 1:10° to 1:100) of primary antibodies were performed, maintaining a constant number
of cells (around 3 million cells) per each dilution tested. This was combined with serial dilutions for
secondary antibodies. Control dilutions included:

a) Negative control: sample without antibodies, unstained.

b) Primary antibody negative control: sample with just secondary antibodies (anti-mouse Cy5
and anti-rabbit FITC)

¢) Secondary antibody negative control: sample with just primary antibodies (anti-mouse SYCP3
and anti-rabbit DMC1).

Samples were then analyzed with the flow cytometer, comparing controls (Figure 4.7 A) with the
serial dilutions performed for each antibody combination (Figure 4.7 B-K). For all samples, cells
were firstly discriminated by Ho staining. The whole 4c population (including P5 and P6 gates from
Figure 4.2 D) was gated and examined with the lasers 640-APC (640 nm emission from the Cy5
fluorochrome) and FITC (530 nm emission from the FITC fluorochrome) (Figure 4.7). The staining
shift from negative to positive was evident in the combination anti-SYCP3 at 1:10* with anti-mouse
Cy5 at 1:10° (Figure 4.7 H) and the optimal dilution determined was both SYCP3 and Cy5 at 1:103
(Figure 4.7 I). As for the primary anti-DMCI, a similar titration process was performed, expecting
two populations in this case: DMC1 positive for L/Z and DMC1 negative for P/D. So, the optimal
dilution was 1:100 for DMC1 combined with FITC diluted 1:10° (Figure 4.7 J).

Once the optimal concentration was determined for each primary and secondary antibody, double
immunofluorescence with both SYCP3-Cy5 and DMCI-FITC was performed at the respective
optimal concentrations. The FACS profile resulted in the clear distinction of two main populations:
P10 fraction (cells negative for DMC1 and positive for SYCP3) and P11 fraction (cells positive for
both DMC1 and SYCP3) (Figure 4.7 K).
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Figure 4.7: FACS profiles for antibody titration. (A) FACS profile of the negative control without antibodies (unstained).
(B-H) FACS profiles of increasing anti-SYCP3 concentrations and stable anti-mouse Cy5 concentration (1:10°). The shift to
positive staining is detectable from panel C, being clear from panel G. (I) FACS profile from the optimal concentration found
for anti-SYCP3 and anti-mouse Cy5 (1:10® for both antibodies), where the shift to positive signal is clear and at high resolution.
(J) FACS profile of anti-DMC1 (1:100) in combination with anti-rabbit FITC (1:10%), showing two evident cell populations:
negative cells for DMC1 on the left and positive cells for DMC1 on the right. (K) FACS profile from 4c germ cells, resulting
from the double immunostaining with DMC1/FITC and SYCP3/Cy5, distinguishing two main populations: P10 (negative for
DMC1 and positive for SYCP3) and P11 (positive for both DMC1 and SYCP3).



Subsequently, P10 and P11 fractions were subjected to an enrichment analysis. The immunodetection
of YH2AX in addition to DMC1 and SYCP3 permitted to accurately stage prophase I in the
isolated fractions, confirming that the P10 fraction corresponded to primary spermatocytes at P/D
(98.22%+2.05) and P11 to primary spermatocytes at L/Z (88.68%+4.04) (Figure 4.8). A mean number
of 240,000 L/Z and 665,000 P/D cells per recovered per adult mouse.
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Figure 4.8: Enrichment analysis of P10 and P11 fractions. (A) Representative immunofluorescence of the predominant cell
types found. For leptonema, a positive signal for DMC1 is shown in green, together with the SYCP3 signal in red that allows
for spermatocyte staging. For zygonema, the YH2AX signal spread in the nucleus together with a higher level of synapsis
detectable by SYCP3 confirms the stage of this cell. Scale bar= 10 pm. (B) Enrichment analysis of P10 and P11 fractions.

Purification of round spermatids and sperm  The fact that both round spermatids and sperm are

haploid cells hampered their discrimination by FACS based solely on DNA content (Figure 4.9 A).

Moreover, the specific morphology of the mouse sperm head resulted in an unclear and diffused
population in the Ho emission plot [(Figure 4.9 A), gate P9]. However, the specific morphological
features of each cell type served to apply an alternative re-gating approach (Figure 4.9 D).

Briefly, the whole ¢ population [including P8 and P9 gates (Figure 4.9 A)] was gated and plotted by
SSC (cell complexity) vs. FSC (volume), allowing for refined isolation of each population (Figure
4.9 B). This allowed to establish new fractions according to their morphological differences (the
P12 fraction for RS and the P13 fraction for sperm). In the case of the P12 fraction, the premise
was to obtain the most homogeneous group of cells from P8, according to their light diffraction
patterns (SSc vs. FSC). As for the P13 fraction, additionally to the morphological parameters, we
selected according to size (i.e., the smallest cells from P9 were the ones selected). Sperm was also
recovered from the caudal epididymis, which was disaggregated and FACS sorted (P14) (Figure 4.9
C), discarding somatic cells that could contaminate the cell fraction.

Overall, the average enrichment obtained for RS was 91.66%+3.9 for the P9 fraction, and 93.23%+4.75
from the corresponding P12 fraction. As for sperm, the average enrichment was 87.54%+6.71 from
the re-gating approach (P13 fraction), and 98.68%+5 from the fraction recovered from epididymis
(P14). A mean number of 3.75 million RS, 1.6 million testicular sperm and 2 million epidydimal
sperm were recovered per adult mouse.
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Figure 4.9: Re-gating approach to isolate round spermatids and sperm. (A) FACS profile of fixed germ cells. The red square
frames cells (n,c) and primary gates are established (P8 and P9). (B) Refined morphology analysis of (n,c) populations by
FSC vs. SSC profiles. (i) Cells from gate P8 are plotted and a gate established (P10) aiming to isolate highly enriched round
spermatids (RS). (ii). Cells from gate P9 are plotted, and a gate established (P11) aiming to isolate highly enriched sperm. (C)
FACS profile of sperm recovered from the epididymis (P14). (D) Microscopy images of RS (i) and sperm (ii), recovered from
FACS. Scale bar=10 pm. (E) Enrichment analysis of re-gated populations P12 (RS) and P13 (Sperm), P8 fraction from the
355-DAPI vs. 355 DAPI plot (panel A, RS) and cells recovered from the epididymis (P14, Sperm). ES-elongated spermatids.

4.1.3 Discussion

Previous attempts to isolate germ cells using FACS faced numerous issues regarding cell viability,
reproducibility and efficiency (Bastos et al. 2005; Gaysinskaya and Bortvin 2015; Getun et al. 2011;
Mays-Hoopes et al. 1995). Our approach represents an improvement in cell disassociation, attaining
an optimal germ cell suspension by the combinatorial action of collagenase type II and trypsin,
which yielded high cell viability. In addition, we ensured high reproducibility in flow sorting by
including cell fixation previous to FACS. The obtention of enriched fractions of spermatogonia,
primary spermatocytes at L/Z and P/D, RS and sperm resulted from a thorough optimization of
the FACS setup, including substantial improvements in the disaggregation protocol based on the
analysis of FACS profiles and subsequent sorted fractions. So, we recovered high cell numbers per
fraction with a high reproducibility when compared to peviously described FACS-based methods
(Gaysinskaya and Bortvin 2015; Getun et al. 2011). Also, our gating protocol proved to be more
efficient than similar FACS-based discriminating approaches (Lima et al. 2016). This has allowed us
to apply high-throughput techniques to the enriched fractions, including Hi-C, ChIP-seq and Hi-C,
that permitted the refined study on genome organization and its link with cohesin occupancy and
transcription presented in this thesis (sections 4.2 and 4.3).

During the process of cell recovery, we faced some difficulties as we recovered low numbers of
spermatogonia compared to the high numbers attained for RS (an average of 3.75 million RS/animal).
As per the spermatogenic process, this RS recovery should represent four times the spermatogonia
recovery but in our approach the recovered spermatogonia represented 1/16 of the RS fraction. The
low spermatogonia recovery could be explained by the presence of the blood-testis barrier (BTB)
(Cheng and Mruk 2002; Phillips et al. 2010). As spermatogonia are found in the basal compartment,
mostly adjacent to the vasculature, the BTB would prevent an efficient enzymatic release of the
spermatogonia from the seminiferous epithelium. A possible improvement for spermatogonial



recovery would be to perfuse the animal preceding the testes obtention, as classically described
(Romrell et al. 1976), in this manner the BTB would loosen by the loss of blood cells, facilitating
spermatogonial release during testis disassociation.

Regarding fraction purity, we detected groups of 4 RS in the 4c fraction. These groups of 4-RS could
be the result of incomplete collagenase-based disaggregation which has been described to promote
the formation of symplasts (multinucleated germ cells) by the widening of intercellular bridges
between synchronously differentiating germ cell clusters (Bellvé 1993; Meistrich 1972; Romrell et al.
1976). Even though these symplasts were successfully reduced from the 4c fraction with trypsin
concentration adjustments (Table 4.1), what appeared to be 2-RS symplasts were still present in the
2c fraction ( Figure 4.6). Despite the possibility of these 2-RS cells being symplasts (thus artifactual),
the reduction of symplasts in the 4c fraction after disaggregation optimization together with the fact
that this 2-RS fraction was recovered jointly with immediate phases in the spermatogenic process
(secondary spermatocytes and anaphase) (Figure 4.6), favored the classification of this fraction as
cells in diakinesis.

The method presented here can have further applicability, given the description of new sper-
matogonial markers [(de Rooij 2017) and references therein] together with the identification of
cell-specific novel markers through single-cell RNA-seq (Lukassen et al. 2018; Sohni et al. 2019).
Recent studies apply similar FACS-based discriminating approaches to isolate enriched cell fractions
from spermiogenesis (Struijk et al. 2019). Thus, our method represents a reliable base from which
new experimental strategies can be developed for the isolation of specific germ cell populations.

Overall, we developed a reproducible cytometry method to isolate highly enriched populations of
germ cells from mouse testis, which included spermatogonia, primary spermatocytes (L/Z and
P/D), RS and sperm. We foresee that this protocol can be applied not only to mammal species, as
shown by contemporary studies (Lima et al. 2016), but also to evolutionary distinct taxa. Thus, we
anticipate that our methodological approach will provide impetus for further exploration of the
functional and structural basis of genomes in a broad context, which will reinforce the link between
developmental genetics and genome evolution.

4 Results

67






4 Results 69

4.2 Study of the chromatin 3D folding during spermatogenesis
and its relation to insulator proteins and gene expression
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The formation of mammalian germ cells
involves dramatic chromosomal
movements and chromatin remodeling,
whose regulatory pathways are far from
understood. Vara et al. show how the
dynamics of insulator proteins’
occupancy and transcriptional activity
are coupled during the 3D genome re-
organization that takes place during
mouse spermatogenesis.
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SUMMARY

Mammalian gametogenesis involves dramatic and
tightly regulated chromatin remodeling, whose regu-
latory pathways remain largely unexplored. Here, we
generate a comprehensive high-resolution structural
and functional atlas of mouse spermatogenesis by
combining in situ chromosome conformation capture
sequencing (Hi-C), RNA sequencing (RNA-seq), and
chromatin immunoprecipitation sequencing (ChIP-
seq) of CCCTC-binding factor (CTCF) and meiotic co-
hesins, coupled with confocal and super-resolution
microscopy. Spermatogonia presents well-defined
compartment patterns and topological domains.
However, chromosome occupancy and compart-
mentalization are highly re-arranged during pro-
phase |, with cohesins bound to active promoters in
DNA loops out of the chromosomal axes. Compart-
ment patterns re-emerge in round spermatids, where
cohesin occupancy correlates with transcriptional
activity of key developmental genes. The compact
sperm genome contains compartments with actively
transcribed genes but no fine-scale topological do-
mains, concomitant with the presence of protamines.
Overall, we demonstrate how genome-wide cohesin
occupancy and transcriptional activity is associated

352 Cell Reports 28, 352-367, July 9, 2019 © 2019 The Author(s).

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

with three-dimensional (3D) remodeling during sper-
matogenesis, ultimately reprogramming the genome
for the next generation.

INTRODUCTION

Mammalian genomes are packaged into a tailored chromatin
structure, the regulation of which depends on several superim-
posed layers of organization, including epigenetic modifications
(of both the DNA and nucleosomes) and the higher-order organi-
zation of chromatin compartments inside the nucleus. This orga-
nization is achieved by chromatins folding into loops, topologi-
cally associating domains (TADs), and compartments (A and
B), which can ultimately influence transcriptional activity (Dixon
et al.,, 2012; Lieberman-Aiden et al., 2009; Rao et al., 2014).
How these different levels of chromatin organization interact dur-
ing the cell cycle has just begun to be elucidated (Dekker et al.,
2013). In somatic cells, the highly compartmentalized folding of
the genome in interphase is lost during mitosis, when chromo-
somes are linearly organized in consecutive chromatin loops
(Gibcus et al., 2018; Naumova et al., 2013). Recent studies in
mice have suggested remarkable chromatin architecture reprog-
ramming during the formation of germ cells (Alavattam et al.,
2019; Patel et al., 2019; Wang et al., 2019) and early develop-
ment (Du et al., 2017; Flyamer et al., 2017). However, how the
higher-order chromatin organization is configured during all
stages of spermatogenesis, and how insulator proteins and
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cohesins determine this organization to regulate transcription
activity, remains largely unexplored.

Germ cells represent a unique cell model, where unipotent
diploid cells (gonia) undergo extensive cellular differentiation
(gametogenesis) to form highly differentiated cells (oocytes
and sperm) that ultimately form a totipotent embryo. In the
case of mammalian males, this complex process is divided
into three stages: (1) proliferation and differentiation of sper-
matogonia (Spg); (2) meiosis, a reductional division that pro-
duces haploid cells through two consecutive cell divisions
(meiosis | and meiosis ll); and (3) spermiogenesis, where round
spermatids (RSs) are transformed into densely compacted sper-
matozoa. These sequential developmental stages involve dra-
matic and tightly regulated chromosomal re-organization and
chromatin remodeling. It is during the first meiotic prophase (pro-
phase |) that homologous chromosomes align, pair, synapse,
and recombine. All these processes are interconnected through
four sequential stages: leptonema, zygonema, pachynema, and
diplonema (Handel and Schimenti, 2010).

At leptonema, chromosomes cluster by their telomeres to the
nuclear envelope in the bouquet (Reig-Viader et al., 2016). This
structure promotes the pairing of homologous chromosomes
by the formation of proteinaceous structures along chromo-
somes formed by cohesins (i.e., REC8 and RAD21L; Gutiérrez-
Caballero et al., 2011; Llano et al., 2012) and proteins of the
synaptonemal complex (SC). Meiotic recombination is triggered
by the formation of double strand breaks (DSBs), caused by the
endonuclease protein SPO11 (Keeney et al., 1997). DSBs
are then initiated at zygonema, leading to synapsis between
homologous chromosomes. Subsequently, at pachynema, SCs
are completely established, creating bivalent structures with
resolved recombination producing crossover events. At diplo-
nema, homologous chromosomes start to segregate by the
disassembly of SCs to produce spermatocytes Il, which undergo
a second meiotic division resulting in RSs. Finally, spermatids
become sperm ready for fecundation through spermiogenesis,
a differentiation stage that includes changes in cell morphology
and DNA packaging via the replacement of histones by prot-
amines (testis-specific histone variants).

Despite recent analysis of genome conformational changes in
male germ cells (Alavattam et al., 2019; Patel et al., 2019; Wang
et al., 2019), how the higher hierarchal level of genome organiza-
tion is related to gene expression and insulator proteins during
spermatogenesis remains unknown. It has been generally
accepted that there are two waves of active transcription: one
before entering meiosis and a second in the transition from
RSs to sperm (Sassone-Corsi, 2002). However, recent transcrip-
tome analysis in germ cells suggests that these two transcrip-
tional waves might take place earlier (da Cruz et al., 2016), which
evidences a finely tuned regulation of chromatin remodeling and
active transcription. Here, we implement a reproducible flow
cytometry protocol to isolate enriched male mouse germ cell
populations representing all stages of spermatogenesis: pre-
meiotic (Spg), meiotic (leptonema, zygonema, pachynema, and
diplonema), and post-meiotic cells (RSs and sperm). On these
sorted germ cell populations, we performed genome-wide chro-
mosome conformation capture analysis (in situ Hi-C [chromo-
some conformation capture sequencing]), coupled with RNA
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sequencing (RNA-seq) and chromatin immunoprecipitation
sequencing (ChlP-seq) of CCCTC-binding factor (CTCF) and
meiotic cohesins (Figure 1A). These data have permitted the
comprehensive study of the close interplay between chromatin
higher-order organization dynamics and function during mouse
spermatogenesis.

RESULTS

Dynamic Overall Chromatin Structure Reorganization
during Spermatogenesis

To unveil changes in chromosome conformation during sper-
matogenesis, we developed a reproducible fluorescence-acti-
vated cell sorting (FACS) protocol to obtain, based on DNA
content and chromatin complexity, highly enriched (90.4%
average enrichment) cell fractions for Spg, primary spermato-
cytes at the leptonema-zygonema (L/Z) and pachynema-diplo-
nema (P/D) stages, RSs, and sperm (Figures 1B, 1C, and S1)
(STAR Methods). For each germ cell fraction, as well as for a
mouse primary fibroblast cell line as a somatic profile, we per-
formed in situ Hi-C (Rao et al., 2014) (Figures 1D—1F and S1).
After filtering the raw Hi-C interactions, an average of 237.86
million valid interactions were obtained per cell type (Tables
S1 and S2). The comparison between biological replicates re-
sulted in highly reproducible Hi-C maps (Figure S2).

Genome organization changed during spermatogenesis (Fig-
ures 1F and 2A—2F), as reflected by the analysis of distance-
dependent interaction frequencies (Figure 2C) and inter- and
intra-chromosomal interaction ratios (Figure 2D). Fibroblasts
showed high inter- and intra-chromosomal interaction ratios
(>0.6) inversely correlated with chromosomal size (p < 0.001),
suggesting distinct chromosomal compartmentalization within
nuclei (Figure 2D). In contrast, inter- and intra-chromosomal
interaction ratios decreased 2-fold to about 0.3 for all chromo-
somes in Spg, suggesting that a commitment to enter meiosis
is accompanied by a drastic remodeling of chromosomal terri-
tories within the nucleus. Importantly, this decrease in inter-
and intra-chromosomal interactions was concomitant with the
dynamic changes of the so-called A-B compartments (Lieber-
man-Aiden et al., 2009). Likewise, fibroblasts and Spg, both in
interphase, shared similar contact probability patterns at short
distances (from 0.5 to 7 Mbp) and had the lowest intermediate
interactions (between 1 and 10 Mb) (Figure 2C). However, at
larger genomic distances (>10 Mb), fibroblasts showed a slight
change in the slope at 10 Mbp with fewer interactions, whereas
Spg maintained the same trend up to 100 Mbp.

As meiosis progressed, compartments were mostly lost in
primary spermatocytes (L/Z and P/D), coinciding with pro-
phase |, when homologous chromosomes condensate, align,
pair, synapse, and recombine (Figures 2B, 3A, and 3B). Consis-
tent with this absence of compartments during prophase |,
eigenvector values were close to 0 (Figures 2B, 3A, and 3B),
and inter- and intra-chromosomal interaction ratios reached a
minimum for all chromosomes (Figure 2D). An exception was
the sex chromosomes in P/D, which had detectable variations
in the inter- and intra-chromosomal interactions ratio. This un-
usual pattern most likely reflects meiotic sex chromosome inac-
tivation (MSCI), the process by which the X and Y chromosomes
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Figure 1. Higher-Order Chromatin Structure during Spermatogenesis

(A) Experimental workflow: Hi-C, ChIP-seq, and RNA-seq on fluorescence-activated cell sorting (FACS)-enriched mouse germ cells.

(B) Flow cytometry Hoechst Blue (UV355-460/50) and Hoechst Red (UV355-670/30) plot showing spermatogonia (Spg), leptonema-zygonema (L/Z), pachynema-
diplonema (P/D), secondary spermatocytes (2c), round spermatids (RSs), and sperm. Recovered germ cell fractions presented the following average enrichment:
91% for Spg, 88.7% for L/Z, 89.2% for P/D, 92.9% for RS, and 90% for sperm.

(C) Histogram of the differential DNA content showing cell events for each FACS-isolated germ cell population (Hoechst Red, UV355-670/30).

(D) Overview of the spermatogenesis process (adapted from Reig-Viader et al., 2016). Numbers between parentheses indicate the diploid (2n) haploid (n) number
for each cell type and the number of chromatids per chromosome (4c, 2c, or c).

(E) Representative immunofluorescence images showing DAPI-stained DNA (gray/blue) and specific meiotic proteins for the different cell populations included in
the present study. Fibroblasts and Spg have DAPI-stained DNA in gray. For L/Z and P/D, DAPI is shown in blue, SYCP3 in green, and yH2AX in red. The image
represents a mosaic of two individual captured cells. In RSs, DAPI is blue, and H3K9me3 (marker for the constitutive heterochromatin at centromeres- chro-
mocenters) is red. Scale bars, 10 um.

(F) lterative correction and eigenvector decomposition (ICE)-corrected Hi-C matrices for chromosome 15 at a 50-kbp resolution for the cell types analyzed. Deep
blue lines indicate non-mapped bins.

See also Figure S1.

are transcriptionally inactivated in primary spermatocytes, primary spermatocytes, being more prominent in L/Z (Figures
forming the sex body at the periphery of the nucleus (Turner, 2E and 2F). Both L/Z and P/D had an enrichment of counts
2007). Another structural feature characteristic of early meiosis  at the most proximal sub-telomeric bins, but cells at L/Z had
that was revealed in our analyses was the bouquet structure. We  significantly higher interactions (Wilcoxon test, p < 0.05) than
detected high inter-chromosomal contact between telomeresin  any other cell type (Figures 2E and 2F). The analysis of the
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distance-dependent interaction frequencies revealed a distinct
chromosome organization for primary spermatocytes, with two
abrupt changes in slope: the first at 2.5—4.5 Mbp and the sec-
ond at 40 Mbp (Figure 2C).

After meiosis, haploid cells (RSs and sperm) had a distinctive
higher-order chromatin structure. Although A-B compartments
re-appeared after being lost in previous stages, they presented
as a blurry plaid pattern of larger mean size (0.86 Mbp in RSs
and 0.93 Mbp in sperm) compared to Spg (Figures 2F, 3B, S3A,
and S3B; Table S3). Interestingly, the proportion of genomic
bins with the same compartment status (A or B) was higher be-
tween haploid cells (2 = 0.80) than between haploid cells and
Spg (RSs versus Spg, r? = 0.58; sperm vs Spg, r* = 0.48). This
pattern of differential compartmentalization in RSs was also vali-
dated by three-dimensional fluorescence in situ hybridization
(3D-FISH), where physical distances between pairs of loci
increased compared to Spg and fibroblasts (Figure S4; Table
S4). Moreover, the inter- and intra-chromosomal interaction ratio
values were higher in RSs for all chromosomes, with the excep-
tion of sex chromosomes (Figure 2D), which are known to form
post-meiotic sex chromatin (PMSC) attached to the chromocen-
ters (Namekawa et al., 2006). Thus, the formation of PMSC corre-
lates with chromatin remodeling that results in low inter- and
intra-chromosomal interactions. Remarkably, in sperm, inter-
chromosomal interactions were greater than intra-chromosomal
interactions, compared to previous stages, and inversely corre-
lated with chromosomal size (p < 0.001) (Figure 2D). Since ratio
values were higher than in fibroblasts, the higher-order chromatin
structure is likely densely packed in sperm but remains in chro-
mosome territories. The sex chromosomes did not follow the
autosomal pattern; the interactions ratio decreased by 2-fold
(Figure 2D). In both haploid cell types, we detected higher inter-
chromosomal contact between centromeres, suggestive of the
presence of the chromocenters (Figures 2E and 2F). In fact, it is
known that in mouse sperm, centromeres are located at the
center of the nucleus, while telomeres attach to the nuclear enve-
lope (Haaf and Ward, 1995). This particular compartmentalization
in both cell types was also reflected by a decrease in interaction
frequencies as genomic distance increased (Figure 2C).

These observations indicate that the genome suffers a major
structural re-organization during spermatogenesis with dy-
namic and dramatic changes in chromosome occupancy and
compartments.

Two Rounds of TAD Reorganization in Primary
Spermatocytes and Sperm

To further investigate the dynamics of the higher-order chro-
matin structure at the sub-megabase scale, we identified
TADs and examined the robustness of their boundaries using
TADbit (Serra et al., 2017) at 50-Kbp resolution. Similar to the
A-B compartment patterns, TADs were well defined in both
fibroblasts and Spg (Figure 3C). In primary spermatocytes,
however, there was a substantial reduction in the variance of
TAD insulation score as well as an increase in TAD size, espe-
cially in L/Z (Figures 3C—3E). TAD insulation scores were
partially recovered in RSs but, in contrast to previous observa-
tions (Jung et al., 2017; Wang et al., 2019), were drastically
reduced in sperm cells (close to 0) (Figures 3D, 3E, and S5).

A total of 2002 TADs, with an average length of 1.3 Mbp,
were identified in fibroblasts, which was more than in Spg
(834 TADs, mean size of 3.26 Mbp) (Figure 3C; Table S3).
Although fewer TADs were identified in primary spermato-
cytes (305 TADs in L/Z and 294 TADs in P/D), their bound-
aries had high strength scores (74.25% of TADs in L/Z,
and 79.59% in P/D, had scores >9; Table S3). This pattern
contrasted with RSs, which had a large number of small
TADs (n = 4,649) with low border strength scores (Figure 3C;
Table S3). Meta-border plots confirmed this dynamic (Fig-
ure 3F). These results demonstrate that TADs also underwent
a large reorganization in genome structure during spermato-
genesis, concomitant to larger changes in chromosome terri-
tories and compartments.

In summary, our data suggest at least four distinct patterns of
chromatin interactions during spermatogenesis progression: (1)
interphase-like organization (e.g., Spg); (2) a condensed pattern
in prophase | (i.e., L/Z and P/D) where A-B compartments and
TADs are largely lost; (3) RSs with a blurry compartment plaid
pattern; and (4) sperm where TADs are reduced, but A-B com-
partments are observed.

Functional Compartment Switching during
Spermatogenesis

To assess whether A-B compartmentalization changes during
spermatogenesis correlated with differential expression of resi-
dent genes, we investigated changes of compartment type be-
tween the stages where compartments could be clearly
observed. The proportion of the genome organized in the

Figure 2. Chromosomal Organization in Interphase, Pre-meiotic, Meiotic, and Post-meiotic Cells
(A) Genome-wide ICE-corrected heatmaps at 500 kbp for the cell types analyzed.

(B) Chromosome 18 region-specific ICE-corrected heatmaps at 50 kbp (from 20 Mbp to 60 Mbp), depicting compartment signal (first eigenvector) for all
cell types.

(C) Contact probability P(s) as a function of genomic distance in all cell types for autosomes (left panel) and the X chromosome (right panel). Discontinuous straight lines
correspond to the fractal (green) and equilibrium (red) models (Lieberman-Aiden et al., 2009). Gray-shadowed area expands the genomic region from 0.5 to 7 Mbp.
(D) Inter- and intra-chromosomal interaction ratios for each chromosome and cell type. Correlation values (**p < 0.001) between the inter- and intra-chromosomal
ratio and chromosomal size (autosomes only) are shown for each cell type.

(E) Heatmaps showing normalized inter-chromosomal interactions between chromosomes 1 and 2 in all cell types. Red circles represent high-contact regions.
(F) Left panel: boxplots depicting inter-chromosomal interactions per million at sub-centromeric regions (from the centromere up to 3.5 Mbp) for all cell types
(Wilcoxon test, **** < 0.0001; n.s., not statistically significant when compared to fibroblasts). Right panel: schematic representation of chromosomes and
centromeres and telomeres in L/Z, P/D, RSs, and sperm. Dots represent centromeres (pink) and telomeres (green). In RSs and sperm, all centromeres associate
in the center of the cell forming the chromocenter.

Fib, fibroblast; Spg, spermatogonia; L/Z, leptonema-zygonema; P/D, pachynema-diplonema; RS, round spermatids; cen, centromeres of acrocentric
chromosomes; tel, telomeres of non-centromeric ends. See also Figures S2-S5.
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Figure 3. Chromosome-specific A-B Compartment Profiles and TAD Signals

(A) Compartment signal (first eigenvector) across chromosome 18.

(B) Density plots of eigenvector values considering autosomes.

(C) TAD border alignments along chromosome 18. Dark gray arches represent TADs with higher intra-TAD interactions than expected. TAD border robustness
(from 1 to 10) is represented by a color gradient.

(D) Representation of TAD insulator score in mouse chromosome 18.

(E) Variance of the TAD insulation scores for autosomes (left panel) and the X chromosome (right panel).

(F) Meta-plots for all TAD boundaries detected in fibroblasts (n = 2002), Spg (n = 834), L/Z (n = 305), P/D (n = 294), RSs (n = 4649), and sperm (n = 1042).

Fib, fibroblast; Spg, spermatogonia; L/Z, leptonema-zygonema; P/D, pachynema-diplonema; Spll, spermatocytes Il; RS, round spermatids. See also
Figures S3-S5.
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Figure 4. Dynamics of Gene Expression during Gametogenesis
(A) Two extensive waves of transcription take place during spermatogenesis.

(B) Differentially expressed genes (DEGs) for each pairwise comparison, including known nuclear protein-coding RNA (RefSeq), long noncoding RNA, antisense

RNA, processed transcripts, and mitochondrial nuclear protein-coding RNA.

(C) Boxplots representing genome-wide expression (as fragments per kilobase of transcript per million mapped reads [FPKM] values) according to A-B

compartment assignment (N/A, not assigned compartments).

(D) Gene Ontology (GO) analysis of expressed genes in cell-specific A compartments. Bubble size represents the number of genes assigned to each GO. Only GO

terms with two or more genes are represented.
Spg, spermatogonia; P/D, pachynema-diplonema; RS, round spermatids.

A compartment was 45.7% in fibroblast and reduced t0 39.4% in
Spg, before a rise in RSs (46.9%) and sperm (48.6%). Since A
compartments correlate with open chromatin and active genes
(Lieberman-Aiden et al., 2009), the switching of compartment
types can provide insight into genome function during spermato-
genesis. We therefore performed low-input RNA-seq (four bio-
logical replicates) on a selected group of the enriched germ
cell populations: Spg, primary spermatocytes (P/D), RSs, and
sperm. After filtering, an average of 35.37 million paired-end
reads was obtained per cell type (Table S5).

The total number of expressed genes decreased as spermato-
genesis progressed, with 19,145 expressed in Spg, 15,480 in
P/D, 14,706 in RSs, and 13,646 in sperm. Pairwise differential

358 Cell Reports 28, 352-367, July 9, 2019

gene expression analysis between cell types generated lists of
differentially expressed genes (DEGs), which were classified as
(1) protein-coding RNA; (2) long non-coding RNA (IncRNA); (3)
antisense RNA (asRNA); (4) processed and unprocessed pseu-
dogenes; or (5) unannotated and unconfirmed transcripts
(Figure 4; Table S6). The majority (76.55%) of DEGs were pro-
tein-coding, with their abundance reducing as spermatogenesis
progressed. This was coupled with an increased expression of
IncRNAs and non-coding asRNAs and pseudogenes (Figure 4;
Table S6). Consistent with the global shutdown in gene expres-
sion that occurs during meiosis (Sassone-Corsi, 2002), the net
balance between pairwise comparisons (Spg versus P/D, RSs
versus sperm, and Spg versus sperm) was negative, which



suggests higher transcriptional activity in RSs than in primary
spermatocytes (Figures 4A and 4B).

Consistent with a correlation between chromatin remodeling
and active transcription, genes in the A compartments had
significantly higher expression than those in the B compartments
(Figures 4C and 4D). As expected, genes related to spermato-
genesis (e.g., morphogenesis and cell differentiation) were en-
riched in the A compartments (Figure 4D). In RSs, during the sec-
ond wave of transcription (Figure 4A), the most representative
Gene Ontology (GO) term was “system process,” which
included 27 genes involved in sensory perception, including
olfactory receptors. Likewise, genes with important roles in fertil-
ization were also expressed in RSs, including the acrosome
reaction (e.g., Plcz1 and Smcp). Therefore, the transformation
of RSs into spermatozoa was accompanied by the transcription
of genes related to spermiogenesis and sperm function located
in newly created A compartments.

Differential CTCF and Cohesin Loading Correlates with
Gene Expression and Chromatin Remodeling

Western blots confirmed the presence of CTCF and meiotic
cohesins (REC8 and RAD21L) in whole-testis protein extracts.
Immunofluorescence (IF) then revealed a previously unreported
pattern for CTCF, with signal along all chromosome axes in pri-
mary spermatocytes that were more intense on autosomals than
on the X (Figure S6). There was a weak CTCF signal in RSs and a
clear, cloud-like signal for cohesins (Figure S6). ChlP-seq anal-
ysis confirmed these differences in IF signal intensity and density
(Figure S6). In fact, we detected 19,347 CTCF ChIP-seq peaks in
primary spermatocytes (P/D), with the vast majority (97.1%)
being lost in RSs (Figures 5A and 5B).

We then performed ChIP-seq in P/D and RSs on the meiotic
cohesins REC8 and RAD21L. In primary spermatocytes (P/D),
we detected 11,618 REC8 and 9639 RAD21L peaks distributed
across the genome, with substantial overlap (55.8% for
RAD21L and 46.3% for REC8) (Figures 5A and 5B). Of the total
peaks, 3999 were common to all CTCF (20.6%), RAD21L
(41.5%), and REC8 (34.4%). In RSs, we found 11,559 REC8
peaks and 12,507 RAD21L peaks, of which 6383 (51% of
RAD21L and 55.2% of REC8) overlapped (Figures 5A and 5B).
The vast majority (90.5%) of REC8 peaks observed in primary
spermatocytes were maintained in RSs, which contrasted
RAD21L, where 40% of the peaks were specific to RSs.

Despite the overlap of RAD21L and REC8 peaks detected
genome-wide in P/D, the distribution of REC8 and RAD21L im-
munolabeling along the axes was not continuous or significantly
correlated, as measured by super-resolution microscopy (2 =
0.15; Figure S6). The close proximity of meiotic cohesins
genome-wide (on average, peaks are scattered every 264.3
Kbp for RAD21L and 219.2 Kbp for REC8) was much lower
than the estimated DNA loop size at the axes for mouse pachy-
nema (1.5—2 Mbp; Patel et al., 2019). This pattern suggests that
the peaks correspond not only to cohesins loaded at the chro-
mosomal axes (expected every 1.5—2 Mbp), but also to DNA
loops out of the axes. Given the close interplay among the orga-
nization of chromosomal axes, DNA loops, and the formation of
DSBs during early prophase | (Kleckner et al., 2003; Ruiz-Herrera
et al., 2017; Wang et al., 2015), we examined the correlation

4 Results

between cohesins and DSBs (SPO11-oligos hotspots; Lange
et al.,, 2016) and H3K4me3 (Brick et al., 2012). Interestingly,
both SPO11 hotspots and H3K4me3 marks correlated with co-
hesin occupancy (STAR Methods; p < 0.001), concomitant with
open chromatin states. Since DSBs are known to occur
genome-wide before being recruited at the chromosomal axes
to be repaired (Lange et al., 2016), the observed correlation be-
tween SPO11 hotspots and cohesion peaks also suggests the
presence of cohesins in DNA loops out of the axes.
Remarkably, we detected a correlation of cohesin genomic
distribution with gene expression and local insulation in both
primary spermatocytes and RSs (Figures 5 and 6). In P/D,
most cohesin peaks (80.7% of RAD21L and 83.3% of RECS8)
were located in promoter regions (less than 2 kbp from the tran-
scriptional start site [TSS]) of genes with significantly (p < 0.01)
higher expression than genes without promoter-associated
cohesin peaks (Figures 5C—5E). In RSs, cohesin peaks associ-
ated with TSSs were reduced to 77.7% for REC8 and 45.5%
for RAD21L, suggesting an unequal re-distribution of meiotic co-
hesins later in spermatogenesis (Figures 5C and 5D). Regardless
of RAD21L re-distribution, the overlapping of genes with
RAD21L in their promoters between P/D and RSs was statisti-
cally significant (p = 0e+00, Fischer’'s exact test). Despite this
reduction of peaks in RSs, genes with cohesin peaks in their
TSSs still had significantly higher expression than genes without
peaks (Figures 5E and 5F). In contrast, only 25.9% of the CTCF
peaks were within promoter regions (i.e., 2 kbp upstream of
TSSs) in primary spermatocytes, with the majority located in in-
tergenic regions (Figure 5C). In all cases, CTCF and cohesin
peaks were preferentially located (nearly 80% of peaks) in A
compartments (permutation test, STAR Methods; p < 0.001),
consistent with a correlation between chromatin remodeling
and active transcription. Although the TAD insulation score
was reduced in primary spermatocytes (Figures 3D and 3E),
some TADs still remained, with boundaries enriched for CTCF
and cohesins (STAR Methods; p < 0.01) (i.e., genomic regions
with lower TAD insulation scores; Figure 6B) and associated
with gene expression (Figure 6C). Meta-border plots of CTCF
and cohesin peaks confirmed this trend (Figure 6D). The same
pattern was observed in RSs (Figures 6B—6D), suggesting that
despite global chromatin remodeling, local insulation is main-
tained by insulator proteins and can affect gene expression.
Expressed genes with CTCF, RAD21L, and REC8 in their pro-
moters in P/D had GO term enrichments related to protein regu-
lation, modification, and polymerization (e.g., Usp42), as well as
DNA repair and cellular response to DNA damage stimulus (e.g.,
Herc2), suggesting a regulatory role in spermatogenesis pro-
gression. Interestingly, genes with CTCF at their promoters
were involved in the transcriptional machinery (e.g., Nsa2),
whereas genes with both cohesins but not CTCF were essential
for posterior neural development of the embryo (e.g., Cdh2). In
RSs, CTCF was almost absent, but remarkably, when it co-local-
ized with promoters, it was associated with genes implicated in
key pathways of embryo development (e.g., Nanog). Genes with
both cohesins in their promoters were related to the regulation of
cell growth and the Wnt signaling pathway (e.g., Amer3) and gen-
eral nervous system development (e.g., Ccd88a; Figure 5F).
Genes with RS-specific RAD21L peaks had functions involved
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Figure 5. CTCF and Cohesin Profiles in Primary Spermatocytes and RSs
(A) Venn diagrams for CTCF and cohesins in P/D and RSs considering peak overlaps per cell type and peak overlaps per protein.
(B) Representative examples of CTCF and cohesins’ genomic distribution along chromosome 1 in P/D and RSs. For each cell type, A-B compartments, gene

expression (represented as log FPKM), CTCF peaks, and cohesin peaks are displayed.
(C) Genome-wide distribution of CTCF and cohesin-occupied sites in relation to TSSs and other genomic features in P/D and RSs.

(D) Insulator peak frequencies relative to TSSs of genes in P/D and RSs.
(E) Boxplots representing expression (FPKM values) of genes with CTCF and cohesin peaks located at the TSS. Asterisks represent statistically significant

differential gene expression when compared with all genes in the mouse genome (p < 0.01).
(F) Examples of CTCF and cohesion-occupied sites in P/D and RSs for the expressed gene Cdc88a.

See also Figure S6.

in oligondendrocyte differentiation and cardiac ventricle devel- Sex Chromosome Silencing Is Coupled with Higher-
opment (e.g., Notch1), whereas RS-specific REC8 peaks were  Order Chromatin Restructuring

found to be involved in nervous system development (e.g., The eutherian mammal X chromosome is composed of evolu-
Kif3c). tionary strata that were isolated from recombination with the
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Figure 6. Local Insulation, Cohesin Occupancy, and Gene Expression

(A) Representative examples of CTCF and cohesins’ genomic distributions across a specific region of chromosome 19 (from 7 to 9.3 Mbp) in P/D and RSs. For
each cell type, Hi-C interaction maps (50-Kbp bins), gene expression (represented as log FPKM), CTCF peaks, cohesin peaks, and genes from NCBI Ref Seq
annotation are displayed. Green and orange highlights indicate differentially expressed genes (DEGs) in each cell type: Gm17227 and Uqcc3 for P/D and Atl3;

Hrasls5, 1700092MO07Rik, Eef1g, and Asrgl1 for RSs.

(B) Distribution of CTCF and cohesin peaks at TAD borders. The y axes represent the TAD insulation Z-score relative to random genomic regions (based on 10,000

permutation tests with randomization, p < 0.01).

(C) Distribution of gene expression for CTCF and cohesin peaks located at TAD borders. The y axes represent the TAD insulation Z-score relative to random
genomic regions (based on 10,000 permutation tests with randomization, p < 0.01).

(D) Meta-plots for all peaks detected in P/D and RSs.
P/D, pachynema-diplonema; RS, round spermatids. See also Figure S6.

Y chromosome at different evolutionary times (Lahn and Page,
1999). In mice, the X chromosome evolutionary strata are highly
rearranged, and there are 22 ampliconic regions known to
escape MSCI (Mueller et al., 2008) (Figure S7; Table S7). The
X chromosome lost its A-B compartment pattern once meiosis
was initiated, from L/Z onward (Figures 7A and 7B), consistent
with MSCI chromatin remodeling. This translated into an overall
reduction in gene expression in P/D compared to Spg, although
ampliconic regions were still expressed in P/D, RSs, and sperm
(Figure 7C). Importantly, this organization of the X chromosome
was maintained in post-meiotic cells (RSs and sperm) (Figures

7A and 7B). In fact, distance-dependent interaction frequencies
revealed that genomic interactions at medium genomic dis-
tances (1—10 Mbp) were higher in the X chromosome in post-
meiotic cells than in autosomes of the same cell type (Figure 2C).

For higher-order chromatin structures at the sub-megabase
scale, all chromosomes except X had equivalent TAD dynamics
during spermatogenesis. In the X of meiotic and post-meiotic
cells, there was a trend for fewer and larger TADs compared to
those observed in Spg (Figure 7D; Table S8). The genomic posi-
tions of TADs were not equally distributed along the X; in RSs,
there were more short TADs detected in the distal regions of

Cell Reports 28, 352-367, July 9, 2019 361



82 4 Results

OPEN
ACCESS

Cell

<
]
£
1]
vy
]
£
©
b
£
U
B
200 40,0 60,0 80.0 100.0 120.0 140.0 1600 Mbp g
'Jf‘""'ll . II"'!“I"“H"‘“'IH'"J“‘J"'*'II l"”'“'“" Wi SP9 o Meiotic sex Post-meiotic J"’
= L - chromosome  sex chromatin
g b | I L Lz inactivation (MSCI)  (PMSC)
@
a |
5 l"--IIlllll —— T ,,r""‘"‘““me 10- |1 B A
£ ) RS e &
o PSSR ST T AT A AT YT N/A
' 5
é"‘ " — E ﬁ i E3 Amplicons
8 W | VY PR r—————— il e SDETM 25-
Spg P/D RS Sperm
D
v TYTY VT Y17 F——nr VY WY VNIV W YTVITY YVF W Y w NP VHIT W Nmwewy YU N vy sl
T Y v NN TR — s A A ——— A A JAAL AR, Spg
g5 L . A e .. A . . A . .. A |7
=8 1y Y e N NV W W W - . s . . P/D
T TR AR A e R e A e | e | . | . | i e IGRIIE, RS
= Ty v Ve—a— e W W v U vV VvV W W v W W N ew-  wm wr el
OMbp 20Mbp 40Mbp 60Mbp 80Mbp 100Mbp 120Mbp 140Mbp 160Mbp
Feature
E RECS g CTCF Promater (1-2Kbp)
1000 W Promater (2-3Kbp)
i 500 REC8 ! M Promoter (less 1Kbp)
W 5'UTR
A EHE A L e
P}’D =0 W 1stexon
1000 REC8 | W other exon
1500 M 1st intron
2000 RAD21L W other intron
o 25 50 75 100 Howpstean
RAD21L M intergenic
: : 00 Percentage (%)
RS__MI e ke bdes dindoce kbl  hede s owlibbd G
Wi pm f T PO
P | iy | [V e |
E e
- F L iﬁ b
500 L
‘ * l ,mml_m
2000 § . LT e
6 & P PG s
CTCF &€ p & ¥l
RS — ey B ggﬁ &
1 T R T T T
P/D nll 500 H
w  25-
1000 g‘ 0=
E] =a— Actrtl
1500 5 -25+ SoR s
2000 < 72 o Cldn34c4
OMbp 50Mbp 100Mbp 150Mbp & o) - Cybb

Spg P/D RS Sperm

(legend on next page)

362 Cell Reports 28, 352-367, July 9, 2019



the X (Figure 7D), consistent with the increase of autosomal vari-
ance of TAD insulation scores in RSs compared to L/Z and P/D
(Figure 3E). However, the remainder of the X in RSs maintained
the fewer and larger TADs observed in L/Z and P/D. In sperm,
the high density of short TADs was only observed in proximal
X chromosome long arm (Xq).

Differential CTCF and Cohesin Loading in Autosomes
and the X Chromosome

The proportion of cohesin peaks was lower for the X chromo-
some than for any autosome in both P/D and RSs (Figure 7E).
The X represents ~4.9% of the mouse genome, but only ac-
counts for 1.82% of the total RAD21L peaks in P/D and 1.54%
of peaks in RSs. Likewise, REC8 peaks on the X chromosome
were underrepresented, with 2.12% of the total peaks in P/D
and 2.03% of peaks in RSs. The underrepresentation of REC8
ChlIP-seq peaks was confirmed by super-resolution microscopy
in pachynema, with decreased labeling of REC8 (44.7% =+
10.7%) on the X chromosome axis relative to those of autosomes
(Figure S6). In contrast, RAD21L labeling actually increased
(25.6% + 10.6%) on the X (Figure S6).

Overall, 75% of cohesin peaks co-localized with promoter re-
gions (less than 2 kbp upstream of TSSs) in both P/D and RSs in
the X chromosome (Figure 7F). These genes had significantly
higher expression than genes without promoter-associated
cohesin peaks, despite MSCI and PMSC (Figures 7G and 7H),
suggesting that genes that escape MSCI correlate with promoter
cohesin occupancy. As with the cohesins, CTCF was depleted
on the X chromosome relative to the autosomes (1.26% of total
peaks were on the X in P/D). However, CTCF was almost
completely depleted from the X chromosome in RSs (just two
peaks were detected). This was not observed for individual auto-
somes, on which the proportion of CTCF peaks were generally
stable between P/D and RSs. Collectively, these observations
point to a novel role for meiotic cohesins in genome organization
and function during meiotic prophase | and spermiogenesis.

DISCUSSION

Here, we provide a high-resolution structural and functional atlas
of mouse spermatogenesis. Our data reveal the compartmental-
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ization of meiotic chromosomes in both early and late stages
of spermatogenesis, which was reflected at different levels: (1)
inter- and intra-chromosomal interaction ratios; (2) distance-
dependent interaction frequencies; (3) genomic compart-
ments; (4) topological domains; and (5) occupancy of insulator
proteins. We provide evidence of a delicate fine-tuning among
chromatin remodeling, architectural proteins, and cell-specific
gene expression.

Our analyses complement and extend recently published
works (Alavattam et al., 2019; Patel et al., 2019; Wang et al.,
2019) with a comprehensive view of the sequential develop-
mental stages during mouse spermatogenesis. Pre-meiotic,
meiotic, and post-meiotic cells all presented differences in inter-
and intra-chromosomal interaction ratios that were distinct from
somatic cells (i.e., fibroblasts). Although Spg maintained the
equivalent proportion of A-B compartments as fibroblasts, they
showed a drastic remodeling of chromosomal compartmentali-
zation. As the first meiotic prophase begins, additional chromatin
remodeling appears. The inter- and intra-chromosomal interac-
tion ratio reaches a minimum in primary spermatocytes, with
the A-B compartments almost lost in both L/Z and P/D, in
contrast to previous observations (Patel et al., 2019). Thus, chro-
mosomal occupancy and compartmentalization inside nuclei
were re-arranged (i.e., higher-chromatin structure relaxation)
during prophase |, permitting DNA-scaffold assembly and the
formation and repair of DSBs, with no distinction between
autosomes.

The distance-dependent interaction we detect suggests dif-
ferences in previously reported mitotic and meiotic chromosome
folding (Gibcus et al., 2018; Naumova et al., 2013; Wang et al.,
2019). Prophase | cells display two changes in contact probabil-
ity: the first between 2.5 and 4.5 Mbp and the second at 40 Mbp.
This organization can result from two features of chromosome
assembly during prophase I. First, the chromatin is anchored
as long DNA loops in a protein scaffold composed of specific
meiotic cohesins (e.g., REC8 and RAD21L) (Gutiérrez-Caballero
et al.,, 2011; Llano et al., 2012) and proteins of the SC (e.g.,
SYCP3) (Henderson and Keeney, 2005), preventing interactions
below 40 Mbp. Second, the association of recombination hot-
spots and cohesins in primary spermatocytes suggests that
cohesion-mediated transcription in genomic regions out of the

Figure 7. Higher-Order Chromatin Structure and Gene Expression in the X Chromosome
(A) ICE-corrected Hi-C matrices for the X chromosome in mouse germ cells, at a 50-Kbp resolution. Plaid blue regions correspond to non-mapped bins.
(B) Representation of compartment signal (first eigenvector) along the mouse’s X chromosome.

(C) Upper panel: Overview of spermatogenesis with two pairs of autosomes (black and gray lines) and the sex chromosomes (X and Y as red lines). Meiotic sex
chromosome inactivation (MSCI) characterizes prophase | (shown as a pink cloud; also known as the sex body). In RSs, all centromeres associate in the center of
the cell forming the chromocenter, with the X adjacent, forming the post-meiotic sex chromatin (PMSC). Lower panel: Boxplots of expression (FPKM values) of
X genes binned according to A-B compartment or ampliconic. N/A are not assigned to a compartment or amplicon.

(D) X chromosome TAD alignments. Arches represent TADs with higher (darker gray) and lower (lighter gray) than expected intra-TAD interactions.

(E) CTCF and cohesin distribution on the X in P/D (green) and RSs (black). Ampliconic regions are green, and evolutionary strata are displayed, with blue rep-
resenting older strata and red representing newer strata (see Figure S7 for further details).

(F) X chromosome distribution of CTCF and cohesins’ occupancy relative to TSSs and other genomic features in P/D and RS.

(G) Expression (FPKM values) of genes with CTCF and cohesin peaks located at promoter regions (—2 kbp from TSS). Asterisks represent statistically significant
differential gene expression when compared with all genes in the mouse genome (p < 0.01). Boxes represent first and third quartiles, whereas black bars in boxes
represent the median values.

(H) Expression changes (versus Spg) of representative X genes that reduce expression in P/D and maintain low levels during spermatogenesis (e.g., Cybb), genes
that reduce expression in P/D and increase in RSs and sperm (i.e., Cdk16), genes that increase expression in RSs (e.g., Actr1), and genes that increase expression
in P/D and then reduce (i.e., Cldn34c4).

Fib, fibroblast; Spg, spermatogonia; L/Z, leptonema-zygonema; P/D, pachynema-diplonema; RS, round spermatids. See also Figure S7.
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axes can provide an environment conducive to both gene
expression and the formation of DSBs. This is reflected by the in-
teractions observed at shorter distances (2.5-4.5 Mbp).

Compartments re-emerged in post-meiotic cells with a
remarkable high-level organizational difference between RSs
and sperm. Chromosomal territories were re-established in
both cell types but with chromatin less densely packed in RSs,
as revealed by the interaction ratio and 3D-FISH. In RSs, intra-
chromosomal interactions were greater than inter-chromosomal
interactions, the opposite to what was observed in sperm. In
both cell types, A compartments (which correlate with gene
expression) were larger than in pre-meiotic cells and were over-
represented when compared to fibroblasts and Spg. Moreover,
the transformation of RSs into spermatozoa was accompanied
by the transcription of genes related to spermiogenesis and
sperm function located in newly created A compartments. This
agrees with a second burst of gene expression in RSs (da Cruz
et al., 2016) and supports the more recent idea that sperm are
not inactive cells (Jodar et al., 2016; Jung et al., 2017). In fact,
it was shown that a large number of sperm promoters are in an
active epigenetic state, suggesting that this genetic information
can influence embryo development upon fertilization (Jung et al.,
2017).

There was a remarkable reduction of TADs in sperm. One
strength of our approach that differs from others (Jung et al.,
2017; Wang et al., 2019) was the cell-sorting strategy, which
permitted the isolation of sperm from the rest of the germ cell
populations. Coupled with the Hi-C simulations, this permitted
us to attribute higher-order chromatin structures specifically
to sperm. Thus, the reduction of the TAD insulation score in
sperm can be linked to histone replacement by protamines.
Protamines replace most histones in sperm, with the help of
transition proteins and H2A histone variants, folding DNA into
toroidal subunits at the kbp level (Barral et al., 2017). Because
of the structural constraints of protamines, it is tempting to
speculate that the compact chromatin organization in sperm
is associated with the presence of A compartments at the
Mbp scale, which likely correlates with active histone marks in
sperm (Jung et al., 2017), but not with the formation of fine-scale
TAD structures (i.e., kbp).

The genomic atlas for CTCF and meiotic-specific cohesins
presented here provides an unprecedented view of the connec-
tion among chromatin remodeling, architectural proteins, and
gene expression. Strikingly, the vast majority of cohesin peaks
detected in primary spermatocytes were localized within pro-
moter regions of genes, with significantly higher expression
than non-cohesin-associated genes. The conflicting patterns
of RAD21L on the X chromosome, with reduced ChIP peak
numbers but increased super-resolution microscopy labeling
intensity, are counterintuitive. The increased labeling intensity
at the axis suggests that RAD21L has an important X chromo-
some scaffolding function, but the reduced number of peaks
(compared to the autosomes) indicates that the detected peaks
correspond to cohesins that do not interact directly with DNA at
the axis. In fact, REC8 and RAD21L bind to both head domains
of a structural maintenance of chromosome (SMC) heterodimer,
forming a ring-like protein structure topologically encircling sis-
ter chromatids to the SC, a core axis from which chromatin
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loops emerge (Haering and Jessberger, 2012). This structure
could block REC8 and RAD21L access to chromatin, preventing
detection at the axis by ChlP-seq. Our data suggest that cohe-
sins associate with active promoters most probably located in
DNA loops out of the axes, hinting at a functional role that
adds to the well-known structural role of these cohesins in the
formation of meiotic chromosomal axes (Llano et al., 2012). In
fact, mice with REC8 and RAD21L deficiencies are infertile;
meiosis is arrested in early prophase | (Bannister et al., 2004;
Herran et al., 2011), precluding analysis of potential regulatory
roles for cohesins during spermiogenesis.

Our results also point to the role of meiotic cohesins in regu-
lating gene expression after meiosis, which was characterized
by the occupancy of RAD21L at the TSSs of expressed genes
in RSs. We suggest that CTCF and cohesins could have a
synergistic role in establishing transcriptional hubs for early
embryonic development in meiotic prophase | (where the three
proteins co-localize), while also fine-tuning subsequent sper-
matogenesis progression. Moreover, cohesins in RSs appear
to correlate with the expression of genes implicated in early
embryonic development (e.g., Nanog), providing immediate
access to the major molecular pathways involved in organogen-
esis upon fertilization. These results suggest that some cellular
functional activity is predetermined in early spermiogenesis,
before RSs are differentiated into sperm, which raises the
intriguing possibility that cohesins play a role in such functional
predetermination.

Here, we extend initial observations (Alavattam et al., 2019;
Patel et al., 2019; Wang et al., 2019) of X chromosome remodel-
ing in prophase | to pre-meiotic and post-meiotic cells. Our
functional and structural analyses show that silencing of the
X chromosomes (MSCI) is accompanied by distinct changes
in the higher-order chromatin structure at different levels: (1)
more intra- than inter-chromosomal interactions, a pattern
already present in Spg; (2) strong compartmentalization; and
(8) a reduction in both the TAD number and signal once prophase
| initiates. Remarkably, architectural proteins were remodeled,
which included a reduction of cohesin peaks (compared to auto-
somes) and an almost complete depletion of CTCF. These data
demonstrate that a reduction of the cohesin load correlates with
an absence of chromosome X compartmentalization (A/B).
Despite MSCI, gene expression still takes place, which corre-
lates with meiotic cohesin occupancy but not with CTCF.
Altogether, these observations support a role for cohesin in
regulating gene transcription.

In summary, we have implemented a robust workflow to
provide an integrated structural and functional framework of
the 3D organization of the mouse genome in germ cells. We
detected a fine-tuned balance among chromatin remodeling,
architectural proteins, and gene expression during spermato-
genesis. Overall, our results provide insights into how the
structural organization of the genome influences cellular differ-
entiation, especially in the context of the dramatic chromatin
changes that take place during the formation and differentiation
of the mammalian male germline. Future functional perturbation
analyses will help us understand the mechanism by which 3D
genome folding changes shape transcriptional activity during
spermatogenesis.
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STARXMETHODS

KEY RESOURCES TABLE

Reagent or Resource Source Identifier
Antibodies
Anti-mouse SYCP3 Abcam Cat#ab97672; RRID:AB_10678841

Anti-Rabbit DMC1
Anti-mouse Cy5
Anti-rabbit FITC
Anti-CTCF
Anti-REC8
Anti-RAD21L
Anti-HRP-PO

Santa Cruz Biotechnologies
Jackson Immunoresearch
Jackson Immunoresearch
Millipore

Courtesy of A.M. Pendas
Courtesy of A.M. Pendas
Bio-Rad

Cat#sc-22768; RRID:AB_2277191
Cat#115-175-146; RRID:AB_2338713
Cat#111-095-003; RRID:AB_2337972
Cat#07-729; RRID:AB_441965

N/A

N/A

Cat#1706515; RRID:AB_11125142

Chemicals, Peptides and Recombinant Proteins

Collagenase Type Il

DNase |

Trypsin from bovine pancreas

Hoechst 33342

Complete Protease Inhibitor

Mbol

Biotin-14-dATP

DNA Polymerase |, large (Klenow) Fragment
T4 DNA Ligase

Dynabeads MyOne Streptavidin T1

T4 Polunucleotides Kinase

T4 DNA Polymerase

Klenow Fragment 3'- > 5’ exo-
AMPure XP Beads

2x Laemmli Buffer

Trans-Blot® Turbo Transfer Packs
Ponceau S solution

Clarity™ Western ECL Substrate, 500 ml
OneDay ChlP kit

Unblocked protein A

NEBNext® End Repair Module
NEBNext® End Repair Reaction Buffer
NEBNEXT® dA-tailing Reaction Buffer

Life Technologies
Sigma-Aldrich
Sigma-Aldrich

Life Technologies
Roche

New England Biolabs
Life Technologies
New England Biolabs
New England Biolabs
Life Technologies
New England Biolabs
New England Biolabs
New England Biolabs
Beckman-Coulter
Bio-Rad Laboratories
Bio-Rad Laboratories
Sigma-Aldrich
Bio-Rad Laboratories
Diagenode
Diagenode

New England Biolabs
New England Biolabs
New England Biolabs

#17101015
#DN25-10MG
#T9935-100MG
#H3570-10ml
#1187358001
#R0147M
#19524-016
#M0210M
#M0202M
#65001
#MO0201L
#M0212M
#M0212M
#A63880
#1610737
#1704158
#P7170-1L
#1705061
C01010080
C03020002
E6050S
B6052S
B6059S

Deposited Data

Hi-C data

ChlIP-seq data
RNA-seq data
SPO11-oligos hotspots
H3K4me3 data

Hi-C data from sperm

This paper

This paper

This paper

Lange et al., 2016
Brick et al., 2012
Jung et al., 2017

GEO:GSE132054
GEO:GSE132054
GEO:GSE132054
GEO:GSE84689
GEO:GSE35498

SRR3225862 and SRR3225863

Experimental Models: Organisms/Strains

C57BL/6J
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Continued

Reagent or Resource

Source

Identifier

Software and algorithms

BBDuk (version 10/2015)
TADbit (version 0.2.0.23)
GEM (version 1.7.1)
HiCExplorer (version 1.8.1)
HiCRep (version 1.4)
BEDtools (version 2.17)
SAM tools

Deep tools

MACS2

IGV tools

ChlPseeker

KaryoploteR

RegioneR

Panther
AmiGo
AIR

Bushnell, 2014

Serra et al. (2017
Marco-Sola et al., 2012
Ramirez et al., 2018
Yang et al., 2017
Quinlan and Hall, 2010
Li et al., 2009

Ramirez et al., 2016
Feng et al., 2012
Thorvaldsdattir et al., 2013
Yu et al., 2015

Gel and Serra, 2017

Gel et al., 2016

Mi et al., 2017
Carbon et al., 2008
This paper

https://sourceforge.net/projects/bbmap/
https://github.com/3DGenomes/TADbit

https://sourceforge.net/projects/gemlibrary/

https://github.com/deeptools/HiCExplorer

https://github.com/MonkeyLB/hicrep
https://github.com/arg5x/bedtools2
http://samtools.sourceforge.net/
https://github.com/deeptools/deepTools
https://github.com/taoliu/MACS

https://igv.org/

https://github.com/GuangchuangYu/ChlPseeker

http://bioconductor.org/packages/release/bioc/

html/karyoploteR.html

https://bioconductor.org/packages/release/bioc/

html/regioneR.html
http://www.pantherdb.org/

http://amigo.geneontology.org

https://transcriptomics.cloud

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to, and will be fulfilled by, the Lead Contact: Aurora
Ruiz-Herrera (aurora.ruizherrera@uab.cat).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

C57BL/6J (B6) male mice at 8-17 weeks of age were purchased from the Charles River Laboratories. Animal maintenance and exper-
imental procedures were carried out according to the Ethics Committee on Animal and Human Experimentation (CEEAH) guidelines
from Universitat Autonoma de Barcelona (UAB).

Cell lines
A primary fibroblast cell line derived form a male mouse (C57BL/6J strain) previously established in our lab (Sanchez-Guillén et al.,
2015), and cultured in DMEM medium supplemented with 10% fetal bovine serum and 1% PenStrep at 37°C and 5% CO..

METHOD DETAILS

Fluorescence Activated Cell Sorting (FACS) of mouse male germ cells

Male mice were dissected by an inguinal incision to remove whole testis and cauda epididymis. Sperm cells were recovered from the
epididymis by pressing the deferent tube gently. Both decapsulated testis and epididymis were mechanically disaggregated together
with the ejaculate, incubated in GBSS with collagenase type Il (Life Technologies) (0.5 mg/ml) and DNase | (Sigma Aldrich) (1 ng/ul) at
33°C for 15min with agitation. Fetal bovine serum (ThermoFisher Scientific) was added to the mix at a proportion of 5% in order to
inactivate trypsin. The cell suspension was filtered through a 70 um diameter cell strainer and subsequently centrifuged for 3 min at
1,800 xg. Cells were then dyed with 5 ng/ml of Hoechst 33342 (Life Technologies) for 30 min at 33°C with agitation, then held at 4°C
until sorting. Germ cells were sorted using a BD InfluxTM (BD Biosciences) coupled with an ultraviolet laser (355 nm). Subsequently,
three sorting strategies were followed in order to obtain a total of six highly enriched germ cell populations: (i) spermatogonia (2n, 2c),
(i) spermatocytes at leptonema/zygonema (L/Z) stage (2n, 4c), (iii) spermatocytes at pachynema/diplonema (P/D) stage (2n, 4c), (iv)
secondary spermatocytes (1n, 2c), (v) round spermatids and (vi) sperm.

Strategy #1: Four main germ cell populations (spermatogonia, P/D, secondary spermatocytes and round spermatids) were first
isolated by plotting Hoechst Blue (UV355-460/50) versus Hoechst red (UV355-670/30) emissions to discriminate cells by both their
DNA content and their complexity (Figure S1A). The spermatogonia fraction (2n, 2c) represented a heterogeneous population of
undifferentiated and differentiating spermatogonia.
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Strategy #2: In order to discriminate primary spermatocytes in L/Z and P/D stages, an “in solution” immunofluorescence using
DMC1 (1:300, Santa Cruz Biotechnologies) and SYCP3 (1:1000, Abcam) antibodies was performed before sorting. Briefly, DMC1
(1:300, Santa Cruz Biotechnologies) and SYCP3 (1:1000, Abcam) antibodies were added to the cell suspension that resulted from
testis disaggregation. Cells showing DMC1(+)/SYCP3(+) staining corresponded to primary spermatocytes in L/Z stage, whereas cells
at P/D stage appeared with DMC1(-)/SYCP3(+) staining (Figure S1B).

Strategy #3: A third approach was followed to obtain highly enriched populations of sperm and round spermatids as both cell types
have the same DNA content and can only be discriminated by morphology. We followed a re-gating approach since cell morphology
can be discriminated in the flow sorter by how cells project a side shadow (side scatter, SSC) and a forward shadow (forward scatter,
FSC), a plot for each initial gate was drawn (SSC versus FSC plot). With this approach, and applying a restrictive re-gating approach,
sperm and round spermatids were isolated with high enrichment (Figure S1C). This allowed us to exclude elongating spermatids from
these samples. Likewise, isolation of sperm from cauda epididymis was conducted by re-gating of the c fraction, resulting in isolated
sperm Figure S1D).

Irrespective of the sorting strategy, all cell populations were collected after sorting in 1x PBS, centrifuged for 5 min at 1,800 xg. The
supernatant was discarded, and cell pellets were flash-frozen at —80°C until use. Sorts were typically 3-6 hours to collect between
0.2 x 10° and 3.2 x 108 cells, depending on the germ cell population.

Cell enrichment of each flow-sorted population was evaluated by immunofluorescence using specific meiotic proteins and DAPI
morphology (Figure S1). Spermatogonia were distinguished using an anti-CD90 (Thy-1+) (1:10) antibody and DAPI morphology. For
primary spermatocytes, prophase-| stages (leptonema, zygonema, pachynema and diplonema) were identified based on SYCP3
(1:400) and yH2AX patterns (1:300). For secondary spermatocytes, immunofluorescence using anti-H3K9me3 (1:500), anti-actin
(1:400) and anti-tubulin (1:1000) was performed. Cell enrichment of round spermatids and sperm fractions was determined based
on nucleus morphology and DAPI pattern. Cells were fixed on slides and then mounted with DAPI diluted in Vectashield (Vector Lab-
oratories). In all cases, slides were analyzed using a fluorescence microscopy (Axiophot, Zeiss) coupled with a ProgRes ® CS10plus,
Jenoptik camera. Representative images were captured with ACO XY (A. Coloma, Open Microscopy). Between 50 and 100 cells were
counted for each flow-sorted population. Only sorted populations with enrichment above 80% were considered for subsequent
experiments.

Fibroblast cell culture
The mouse primary fibroblast cell line was cultured to 100% confluence. A cell fraction was kept for quality controls (see below) and
the rest were fixated accordingly to the crosslink step of the Hi-C method (see in nuclei Hi-C section) for adherent cells.

Quality controls consisted of generating a modal karyotype and flow cytometry cell cycle analysis. Chromosome spreads were
obtained using standard protocols. Briefly, cells were arrested in metaphase by adding 80 pL of Colcemid (10 png/ml) (Sigma) to
10ml of medium for 2h and then trypsinised. Cells were spun down at 600 xg for 7 minutes and resuspended in 5ml of hypotonic
solution (0.075M KCI) for 20 minutes at 37°C. Chromosomes were then fixed by addition of fixative solution (3:1 methanol/acetic
acid) and metaphase spreads were obtained by dropping 15 ul of cell suspension onto a cleaned dry slide. Slides were kept
at —20°C until use. Metaphases were stained homogenously with Giemsa solution for analysis of the modal karyotype. An optical
microscope (model Zeiss Axioskop) equipped with a charged coupled device camera (ProgResR CS10Plus, Jenoptik) was used
for the microscope analysis. Good-quality metaphases were captured with the program Progress Capture 2.7.7 and analyzed for
each specimen, obtaining the modal karyotype.

For the cell cycle analysis, fibroblasts were cultured until cells reached 100% confluence. Next, cells were fixated with 1% form-
aldehyde for 10’ at RT and incubated with glycine 0.125M for 5’ at RT and for 15’ at 4°C to stop the crosslinking reaction. Subse-
quently, cells were scrapped off the flask, pelleted and resuspended in 1x PBS to finally be stained with Hoechst 33342. Cell cycle
was analyzed using a BD InfluxTM (BD Biosciences) coupled with an ultraviolet laser (355 nm) to reveal that over 74% of the cells were
in G1-phase (Figure S1).

In nuclei Hi-C

The generation of Hi-C libraries was optimized from the protocol developed by Rao et al. (2014). Different approaches were used
depending on the cell type analyzed (somatic and germ cells, see below). Two replicates for each FACS-sorted population were ob-
tained (with the exception of primary spermatocytes at L/Z stage where one single experiment was performed) from a total of 7.7 x
10® spermatogonia, 1.7 x 10° primary spermatocytes at L/Z stage, 20.9 x 10° primary spermatocytes at P/D stage, 15.7 x 10° sec-
ondary spermatocytes, 107.7 x 10° round spermatids and 113.8 x 10 sperm.

Somatic cells: Fibroblasts were grown until reaching confluence in supplemented DMEM medium. Cells were then washed with
PBS and fixed with 1% formaldehyde for 10’ at RT. Cells were then incubated with glycine 0.125M for 5" at RT and for 15’ at 4°C
to stop the crosslinking reaction. Following, 2 mL Trypsin (Fischer Scientific) were added, and cells were incubated for 8" at RT
and then washed twice with PBS. Cells were scraped and collected in a tube and centrifuged for 5 minutes at a maximum speed
of 1,800 xg.

Germ cells: Germ cells at a concentration of 1 million per 500 pl were incubated in formaldehyde (1%) for 10 min with agitation prior
to FACS. Glycine (Sigma Aldrich) was added at a final concentration of 0.125 M and incubated with agitation at room temperature for
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5 min and then at 4°C for 15 min. Cells were then centrifuged for 10 min at 290 xg at 4°C and resuspended in 3 mL 1x PBS in case of
direct Hoechst staining, or in the according volume of block solution if immunofluorescence was the following step.

Each crosslinked cell aliquot was resuspended with lysis buffer and incubated on ice for 30’ and then centrifuged for 5" at 1,800 xg.
Pellets were washed with 1x NEB2 buffer (twice) and resuspended with NEB2 buffer with 10% SDS at RT and incubated for 10’ at
65°C with agitation (300 rpm). NEB2 buffer with 10% Triton X-100 solution was added and cells were incubated for 30’ at 37°C.
Following, cells were centrifuged for 5" at 1,800 xg (4°C) and washed with 1x NEB2 buffer twice. An aliquot for ND (Non-Digested)
control was taken from the sample to be processed and incubated at 37°C together with the digested sample. 400 U of
Mbol were added to the rest of the samples and chromatin was digested O/N at 37°C with agitation. An aliquot from the
digested samples was taken for digestion controls. The full samples were kept at 37°C while the digestion control was performed.
Proteinase K (10 mg/ml) (ThermoFisher) was added and the aliquoted samples were incubated for 45’-60’ at 65°C followed by
Phenol:Chloroform purification. The quality of the sample was checked by running on an 0.8% agarose gel.

After digestion, a small aliquot from the samples was kept as a Non-Ligated control and another aliquot was directly ligated without
reparation (ligation control). Samples were centrifuged for 5" at 1,800 xg. Samples were then washed with 1x NEB2 buffer, twice. After
the second wash, samples were directly resuspended with the reparation mix (1x NEB2 buffer, 0.05 mM dCTP, 0.05 mM dTTP,
0.05 mM, 50 mM biotin-dATP (ThermoFisher), 50U Kleenow (NEB, M02010M), H,0). Samples were incubated for 45’ at 37°C and
for 10’ at 65°C and centrifuged for 5" at 1,800 xg and then resuspended with ligation buffer [1x NEB T4 ligase buffer, 10% Triton
x-100, 0.1 mg/ml BSA, 5 pl (10000 U cohesive) ligase (2000 U/ pl) (NEB, M0201M), 963 pl H,0]. Samples were incubated at 16°C
for at least 4h or O/N with mixing, then centrifuged for 5’ at 1,800 xg and resuspended in 1x NEB2 buffer. Samples were incubated
with RNaseA (10 mg/ml) (ThermoFisher) for 15 minutes at 37°C. The mix was incubated with Proteinase K (10 mg/ml) at 65°C O/N to
reverse the cross-link. Samples were cooled to RT and purified with Phenol/Chloroform/Isoamyl alcohol. DNA content was measured
on a Qubit. Samples were sonicated: 20 s time ON, 60 s time OFF, 8 cycles. Samples were then loaded in an electrophoresis gel of
1.2% agarose to check fragment size.

Samples were incubated for 30’ with rotation at RT with Dynabeads MyOne Streptavidin T1 beads (Life Technologies) and 2x Bind-
ing Buffer (10 mM TrisHCI, 1imM EDTA, 2M NaCl). Beads were washed twice with Binding Buffer and resuspended in the end repair
mix [1x NEB T4 DNA ligase buffer with 10 mM ATP, 25 mM dNTP mix, 10U/ul NEB T4 PNK (NEB M0201), 3U/pl T4 DNA polymerase |
(NEB M0203), 5U/pul NEB DNA polymerase | (Klenow) (NEB 0210)]. Samples were incubated for 30’ at RT. Beads were washed with
1x Binding Buffer, twice. Beads were subsequently resuspended in the dATP attachment master mix (1x NEBuffer 2, 0.5mM dATP,
5U/ul NEB Klenow exo minus (NEB, M0212), H,0). Samples were incubated at 37°C for 30’. The beads were washed with 1x Binding
Buffer, twice and resuspended with 1x NEB Quick ligation buffer (NEB, B6058).

NEB T4 DNA ligase and lllumina indexed adapters were added and thoroughly mixed. Samples were incubated for 15’ at RT, beads
were captured, and the supernatant was discarded. Beads were then washed with 1x Binding Buffer, twice. The beads were resus-
pended in Tris buffer (Elution buffer). PCR (5ul beads + 5.5 pl H20, 1.25 ul primer P5 25 mM, 1.25 ul primer P7 25 mM, 12,5 cocktall
master mix NEB) was performed (98°C 30's,98°C 10s,60°C 30 s x 8 cycles, 72°C 30's, 72°C %’). After PCR, beads were captured on a
magnet and the PCR was transferred to a new tube. The library was quantified using a Qubit fluorometer. 5ul from the PCR products
were run in a 1.2% agarose electrophoresis gel to confirm range of sizes. A 1:1 amount of AmpureBeads (Beckman Coulter) was
added to the samples and incubated for 10’ at RT. The beads were washed twice with 70% ethanol without mixing. The beads
were then eluded and incubated at RT, for 5'. AmpureBeads were separated on a magnet, and the solution was transferred to a fresh
tube. 5l of each sample was loaded to an electrophoresis gel of 1.2% agarose for a final size check. DNA quantity was measured
with the Qubit fluorometer. Libraries were submitted for lllumina sequencing (paired-end 75bp each side on HiSeq 2500, v4).

Hi-C data processing, binning and normalization

Quality check and trimming were conducted using BBDuk (version 10/2015) (Bushnell, 2014). Setting a minimum read length of 35 bp
and a minimum Phred quality score of 20, adapters and low-quality reads were removed while preserving their longest high-quality
regions. Then, reads were processed with TADbit (version 0.2.0.23) (Serra et al., 2017), which makes use of the GEM (version 1.7.1)
mapper (Marco-Sola et al., 2012) to iteratively map them against the mouse genome (version mm10). Reads were mapped from 15 bp
toward using a step size of 5 bp. The filters used in order to remove possible artifacts were the following: “self-circle,” “dangling-
end,” “error,” “extra dangling-end,” “too short,” “too large,” “duplicated,” and “random breaks.” The maximum molecule length
parameter was set at 2 times the 99.9 percentile of the insert size distribution, returned by the “insert_size” from TADbit. The
maximum distance of a read to a cleavage site was set to the 99.9 percentile of the insert size distribution.

An in-house script was used for binning and data normalization. This script imported the “HiC_data” module of TADbit, read the
map files generated after the artifacts filtering step, binned the reads into a square matrix of 50 Kbp, and stored the matrix into a file in
NPZ format (raw matrix). Afterward, HiCExplorer (version 1.8.1) (Ramirez et al., 2018) was used to normalize with the ICE (lterative
Correction and Eigenvector decomposition).

Correlation coefficient analysis

Pairwise comparisons between biological replicates were performed using HiCRep (version 1.4) (Yang et al., 2017), under a smooth-
ing parameter of 5 and a considered distance over 10 Mbp. Since HiCRep only handles intra-chromosome raw matrices, each pair-
wise comparison yielded 20 correlation scores (19 autosome chromosomes + sex chromosome X). The Y chromosome was
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excluded from the analysis due to the lower number of interactions detected in our analysis (less than 1% of the overall detected
interactions) and the highly repetitive nature of this chromosome. The correlation between 2 replicates was defined as the mean
of the 20 correlation scores.

Averaged contact probability P(s)
ICE-normalized matrices were scaled with a factor of 1/sum(matrix). The resulting matrices were then input to “hicPlotDistVsCounts”
from the HiCExplorer package in order to obtain the contact probability P(s).

Inter-/intra-chromosome interaction ratio

ICE-normalized data stored in matrices were exported with HiCExplorer to the Ginteractions format, which consists of 7 columns:
chromosome, start and end from bin 1, chromosome, start and end from bin 2, and the amount of interaction. The Ginteractions
tables were imported in R for further quantification of intra-chromosome and intra-chromosome interactions and plotting.

Inter-subtelomeric interaction quantification

ICE-normalized matrices were scaled with a factor of 1,000,000/sum(matrix) and exported with HiCExplorer to GInteractions format.
The Ginteractions tables were imported in R for this inter-telomere interaction quantification. Since the telomeric and centromeric
regions (annotated from the beginning of each chromosome to 2.9 Mbp according to the UCSC Table Browser) were masked
due to the low-count filtering step prior to ICE normalization, we only considered inter-chromosome interactions between loci located
within genomic positions 3 to 3.5 Mbp in each chromosome. Differences in the subtelomeric interaction frequencies between cell
types were assessed with the Wilcoxon test.

Sperm simulations

In order to validate our enriched sperm population, we simulated six Hi-C sperm datasets of 100 x 10° reads with different
proportions, from 0 to 100% by steps of 20%, of fibroblast reads. Both sperm and fibroblasts reads were derived from our generated
libraries. Previously published data on sperm (SRR3225862 and SRR3225863 accessions from Jung et al. (2017) were also down-
loaded. These datasets underwent a quality check, Hi-C data processing, binning and normalization steps as described above. The
resulting raw Hi-C matrices were used for correlation coefficient analysis while the ICE-normalized matrices were used to calculate
the averaged contact probability P(s) (Figure S5).

A-B compartments and TAD calling

Raw matrices were used for the definition of A-B compartments. Columns with a low number of counts were filtered out using TADDbit,
setting the parameter min_count to 10. Since TADDbit fits the column count distribution into a polynomial distribution, columns with a
number of counts smaller than the first antimode of the distribution, which cannot be smaller than the min_count parameter, are filtered
out. Then, the genome-wide matrices were normalized by the expected interactions at a given distance and by visibility by means of
one-iteration of the ICE method. The correlation analysis was also performed with TADbit. In-house scripts computed A-B compart-
ments from the first eigenvector, using 0 as threshold to differentiate both compartments and the gene density to label them.

TADs were identified using an in-house script that imported the “Chromosome” module of TADbit and added the raw and the ICE-
normalized matrices of each chromosome separately. Filtered bins, due to low counts, were included in order to mask them when
calling TADs. TAD insulation scores were obtained by first normalizing the different matrices for read depth in order for the scores to
be comparable. Each matrix was then scaled to have 100M reads. Afterward, TAD insulation scores were obtained from the output
given by the “hicFindTADs” program from HiCExplorer.

Compartment switching

BED files with a resolution of 50 Kbp were available from the compartments definition step. Each genomic bin of 50 Kbp had its cor-
responding compartment attributed. Pairwise comparisons between cell types -genome-wide and per-chromosome- were per-
formed; the ratio of compartment switching was calculated as the number of genomic bins with a compartment change (A > B or
B > A) divided by the total number of bins. From these files, a matrix file was created with 50 kbp-binned genomic coordinates as
rows and cell types as columns, filled by the corresponding compartment labeling in each bin and cell type. Cell-specific A compart-
ments were defined as those bins being compartment A in a cell type and compartment B in the remaining cell types.

3D-FISH and confocal microscopy
A total of 10 commercially available Bacterial Artificial Chromosomes (BACs) (Source BioScience) from mouse chromosomes 12 and
14 were selected according to their genomic location in A or B compartments (5 BACs for each compartment) (Table S4). The
selected probes were separated by a range of genomic distances ranging from 66 kbp and 1.45 Mbp. Probes were selected based
on their mappability and repetitive content in the mm10 genome assembly using the UCSC browser (https://genome.ucsc.edu/).
Probes were labeled with either dUTP-Dig (Sigma Aldrich) or dUTP-Cy3 (Enzo LifeSciences) by Nick Translation (Abbot Molecular).
The 3D fluorescence in situ hybridization (3D-FISH) protocol was performed on mouse fibroblasts as following. Briefly, fibroblasts
were cultured on slides overnight, whereas the germ cell suspension obtained after testis disaggregation was placed on slides
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and incubated 1h at 37°C for cells to adhere on the surface. Slides were then fixed with 4% paraformaldehyde, washed in 1X PBS and
then incubated in 60% Glycerol for 30-60 min, then finally snap-frozen in liquid nitrogen and kept in 50% formamide/2x SSC. As
required, slides were thawed, treated with pepsin (0.01N HCI with 0.005% pepsin), washed with saline solutions (2x SSC, 50 mM
MgCl,, 1x PBS) and post-fixed with 1% paraformaldehyde. After 1h incubation in 50% formamide/2x SSC, the hybridization solution
was placed on the slides. Both slides and probes were simultaneously denatured at 75°C for 2 min and then incubated for 48h at
37°C. Slides were washed in 2xSCC at 37°C and in 0.1x SSC at 60°C and dUTP-Dig was detected followed incubation with anti-
Dig FITC (1:150) for 45 min at 37°C. Finally, slides were washed with 4x SSC with 0.2% Tween-20 and mounted with DAPI diluted
in Vectashield. Germ cells from four males were subject to the protocol simultaneously.

Physical distances between hybridization signals were evaluated using a confocal microscopy (Leica SP5) using a 63x objective
lens. Stacks of 0.34 um-wide slices were captured for each cell nucleus, with a mean number of 20 stacks per nuclei. Images were
reconstructed and analyzed using IMARIS (IMARIS Image Analysis Software), establishing nucleus volume (um?®), physical distances
between signals (um) and relative physical distance between signals and nucleus surface (um). For the data analysis, pairwise
distances were computed for particular nuclei.

In total, we imaged 10 different loci (5 located in A compartments and 5 loci located in B compartment) across chromosomes 12
and 14. For each pair of probes, we measured the correlation between physical distances (in um) and genomic distance (kbp) in
pre-meiotic (fibroblasts and spermatogonia) and post-meiotic cells (round spermatids) (Figure S4; Table S4). A total of 527 measure-
ments between seven pairs of probes were performed (Figure S6). We observed a positive correlation between physical and genomic
distance (Spearman p value < 0.05) (Figure S4). But more importantly, we detected a differential pattern for both types of compart-
ments (A and B) in round spermatids when compared to spermatogonia and fibroblasts (Figure S4). Lineal regressions were almost
identical in spermatogonia and fibroblasts. In round spermatids, however, physical distances between pairs of probes were greater,
confirming different chromatin organization in late spermatogenesis.

Western blot analysis of CTCF and cohesins in germ cells

Proteins from adult mice testis and fibroblast were extracted with RIPA buffer (NaCl 150 mM, Triton X-100 1%, Sodium deoxycholate
0.5%, SDS 0.1% and Tris-HCI 50 mM pH = 8.0). After protein quantification with the PierceTM BCA Protein Assay Kit (ThermoFisher
Scientific), 6 replicates of both fibroblast and testis extract (three replicates of 30 ug and three of 40 nug protein) were denaturalized
with 2x Laemmli and loaded into an 8% polyacrylamide gel until proteins reached the end of the gel [determined by the Precision Plus
ProteinTM Dual Color Standards (Bio-Rad)]. Proteins were then transferred to a nitrocellulose membrane using the Trans-Blot®
TurboTM Transfer System from Bio-Rad (10 minutes of transfer time). Next, membranes were stained with the Ponceau S solution
(Sigma-Aldrich) to ensure that proteins had correctly transferred to the membrane. Then, the membranes were washed and
incubated with blocking solution (TBS 1x with 0.1% Tween-20, 5% fat-free milk and 1x PBS) for at least an hour. Each set of testis
and fibroblast protein extracts were incubated overnight at 4°C with anti-rabbit CTCF (1:2500), anti-rabbit RAD21L (1:2000) and
anti-rabbit REC8 (1:2000) respectively, and all were simultaneously incubated with anti-rabbit BTubulin (1:5000) as a control. Anti-
bodies were detected the following day with 1-hour incubation with anti-rabbit HRP-PO (1:15000). Finally, membranes were detected
with ClarityTM Western ECL Substrate and the results captured with the Molecular Imager VersadocTM (Bio-Rad).

Spermatocyte spreads and immunofluorescence analysis of CTCF and cohesins

Spermatocyte spreads were obtained from frozen mouse testis. Testes were mechanically disaggregated until obtaining a cell
suspension in 1x PBS. The cell suspension was then distributed into different slides and incubated with 1% Lypsol for 16 minutes
followed by a 20-minute incubation with 4% paraformaldehyde. Then slides were left to dry and washed with twice PhotoFlo 1%
(Kodak) and then blocked with PBS-Tween-20 (0.005%). Slides were incubated overnight at 4°C with the following antibodies:
anti-rabbit CTCF (1:50), anti-rabbit RAD21L (1:20) and anti-rabbit REC8 (1:20); one per slide and all of them combined with anti-
mouse SYCP3 (1:400). Primary antibodies were detected with anti-rabbit Cy3 (1:200) combined with anti-mouse FITC (1:200). Slides
were finally mounted with DAPI and analyzed with a fluorescence microscopy (Axiophot, Zeiss) coupled with a ProgRes ® CS10plus,
Jenoptik camera. Representative images were captured with ACO XY (A. Coloma, Open Microscopy).

Stimulated emission depletion (STED) microscopy

Fab fragments were used for blocking and double labeling of REC8 and RAD21L antibodies (both raised in rabbit). STED microscopy
(SP8, Leica) was used to generate the super-resolution images of REC8 and RAD21L foci along the chromosome axes. Secondary
antibodies for STED imaging were conjugated to Alexa 555 and 488 (Invitrogen). Slides were mounted in Prolong Antifade Gold
without DAPI. Fluorescence signals (red to green ratio) were measured along the 19 autosomal and XY axial elements of pachytene
cells using the LAS X software from Leyca. Signal intensities were standardized and the overlay profiles of RAD21L and REC8 were
plotted. Regression analysis was performed to determine the correlation between their profiles. The values of the coefficients of
determination R? are shown in the scatterplots.

ChlIP-sequencing

For chromatin immunoprecipitation, antibodies for CTCF (10 pl per sample) and cohesins RAD21L and REC8 (30 ul per sample) were
used. Two biological replicates of ChIP-sequencing (ChlP-seq) were performed using FACS-sorted primary spermatocytes at P/D
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stage (14 million of cells) and round spermatids (20 million of cells) from adult mice. In short, cells were incubated on ice in lysis buffer |
(5 mM PIPES, 85 mM KCI, 0.5% NP-40, Protease Inhibitors) and lysis buffer Il (1% SDS, 10 mM EDTA, 50 mM Tris-HCI, Protease
Inhibitors). Samples were then sonicated with the Biorruptor pico (30 s ON, 30 s OFF, 10 cycles) to obtain fragments around
200 bp. Sonicated lysates were centrifuged, and the supernatant was diluted in cold IP buffer (Diagenode). A small aliquot of
each sample was kept as input and the remaining was divided in three aliquots, where antibodies for CTCF, RAD21L and REC8
were added (one in each aliquot) and then incubated overnight at 4°C. The antibody-chromatin pull-down was performed with
Unblocked Protein A beads (Diagenode) and beads were then eluded with elution buffer (1% SDS, 0.1M NaHCO3). After elution
samples were centrifuged, and the supernatant was incubated with 200 mM NaCl at 65°C overnight to reverse the crosslink. Finally,
proteins were digested and the DNA purified with phenol:chloroform:isoamyl alcohol. Libraries were prepared for each sample,
repairing fragment ends by incubating the samples for 30 minutes with the NEBNext end repair mix (New England Biolabs). Then
samples were purified with AMPure beads. Samples were then incubated with the A-tailing NEBNext mix (New England Biolabs)
and purified again with AMPure beads. Then, adaptors were ligated to the sample, which was subsequently purified with AMPure
beads (0.8X). Libraries were PCR-enriched using NEBNext indexed primers, 12 PCR cycles for RAD21L and CTCF samples and
14 cycles for REC8 samples. Libraries were finally purified with AMpure beads (0.7X).

ChlIP-seq peak calling and annotation

Quality check and trimming were performed using BBDuk. Setting a minimum read length of 35 bp and a minimum Phred quality
score of 20, adapters and low-quality reads were removed while preserving their longest high-quality regions. Single end reads
were obtained for CTCF ChIP and paired end reads for the cohesin ChlIP. Reads were trimmed and mapped to the mouse reference
genome (mm10) using a Galaxy server. After mapping, non-unique mapped reads with a mapping quality less than 30 were filtered
out with SAMtools (Li et al., 2009). Then, to assess read coverage distribution across the genome, bigWig files for each sample were
generated with DeepTools (Ramirez et al., 2016). Following the server recommendations, filtered files were merged with Picard
(Broad Institute) and split again with SAMtools before peak calling. Peak calling was performed using MACS2 (Feng et al., 2012).
To find the optimal parameters for running the peak call function, a cross-correlation analysis between reads mapping to plus
and minus strands was performed, and the d parameter was estimated for each sample. Peaks were called using as extension
size the d estimated for each sample respectively. Coverage, reads and peaks were visualized with IGVtools (Thorvaldsdottir
et al., 2013).

BED peak files were imported to Rstudio and annotated to the reference mouse genome (mm10) using the R/bioconductor
package ChlPseeker (Yu et al., 2015) together with the knownGene table from the UCSC resources (TxDb.Mmusculu-
s.UCSC.mm10.knownGene). The number of peaks overlapping between CTCF and cohesins and between cell types was obtained
by using the bioconductor package ChiPpeakAnno (Zhu et al., 2010). ChlP-seq data was represented using the packages ggplot2
(Wickham, 2016) and karyploteR (Gel and Serra, 2017) in combination with ChlPseeker and ChlPpeakAnno.

RNA-sequencing

Full-length single-cell RNA sequencing libraries were prepared using the Smart-seq2 protocol (Picelli et al., 2014) with minor
modifications. Pools containing between 20,000 and 40,000 cells were obtained by FACS-sorting for four cell types (spermatogonia,
primary spermatocytes at P/D, round spermatids and sperm) from adult mice. Four independent biological replicated were included
in the analysis. Briefly, cells were sorted into 1.5ml eppendorfs containing lysis buffer. Reverse transcription was performed using
SuperScrpit Il (Invitrogen) in the presence of oligo-dT30VN, template-switching oligonucleotides and betaine. The cDNA was
amplified using the KAPA Hifi Hotstart ReadyMix (Kappa Biosystems), ISPCR primer and 16 cycles of amplification. Following
purification with Agencourt Ampure XP beads (Beckmann Coulter), product size distribution and quantity were assessed on a
Bioanalyzer using a High Sensitvity DNA Kit (Agilent Technologies). Amplified cDNA was fragmented using Nextera® XT (lllumina)
and amplified with indexed Nextera® PCR primers. Products were purified twice with Agencourt Ampure XP beads and quantified
again using a Bioanalyzer High Sensitivity DNA Kit. Sequencing of Nextera® libraries was carried out on a HSeq2500 (lllumina) to
obtain > 30 million pair ends reads per sample.

RNA profiling

The Artificial Intelligence RNA-seq Software as a Service (SaaS) platform (https://transcriptomics.cloud) was used to analyze RNA-
seq data. AIR accepts raw next generation sequencing lllumina FastQ data as input. RNA-seq data was uploaded to the site and
validated in order to automatically pair forward and reverse files (in case of paired-end samples) as well as to check its format
and integrity. Quality was assessed using FastQC. A new analysis was defined from the “new analysis” screen, where the samples
to be included were selected for analysis, along the reference genome (> 120,000 available genomes from NCBI, Ensembl and JGI).
The analysis included quality trimming, Differential Gene Expression (DGE) followed by a Gene Ontology Enrichment Analysis
(GOEA). Once the analysis was launched, bad quality reads were removed using BBDuk by setting a minimum length of 35 bp
and a minimum Phred-quality score of 25. Afterward, high quality reads were mapped against the reference genome with STAR
(Dobin et al., 2013) using the end-to-end alignment mode and gene expression quantification was performed with featureCounts
(Liao et al., 2014).
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The statistical analysis started by filtering lowly expressed genes using HTSFilter (Rau et al., 2013). Four statistical methods were
then used for the identification of differentially expressed genes: DESeq2 (Love et al., 2014), edgeR (Robinson et al., 2010), EBSeq
(Leng et al., 2013) and NOISeq (Tarazona et al., 2011). Data normalization was performed with the Trimmed Mean of M-values (TMM)
method. Finally, GOEA was performed with in-house scripts based on hypergeometric tests (Tian et al., 2017). Multiple testing
corrections controlling false positives from high-throughput experiments were also performed with the Benjamini-Hochberg method.
The statistics section included: the Principal Component Analysis (PCA) clusterization of the samples, general plots for the interpre-
tation of the experiment and several tabs in which the Differential Expressed Genes (DEG) and GOEA data is shown in different tables.

Specifically, we selected the mouse genome (GRCm38) from the Ensembl release 89. NOISeq was used to explore the DEG due to
the variability of biological replicates. Raw expression and FPKM (Fragments Per Kilobase Million) values were downloaded from AIR.
The Principal Component Analysis (PCA) was performed using the noise correction function from the NOISeq package. The raw
expression values were converted to Counts Per Million (CPM) using edgeR and, afterward, expression values for each cell type
were averaged for further analyses.

Analysis of correspondence between compartments and gene expression

Cell-specific A-B compartments were intersected with BEDTools (version 2.26) against a BED file with the TSS of genes derived from
the GRCm38 gene annotation from Ensembl (release 89). Genes in each compartment were grepped (Bash command) with the table
of FPKM values downloaded from AIR (see above), producing the expression profiles represented as boxplots for each cell type and
compartment. Statistical significance among pairwise comparisons was tested using the Wilcoxon test.

For GOEA in cell-specific A-compartments we extracted gene Ontology (GO) terms from expressed genes (CPM > 1) located in A
compartments. GOEA was performed following the approach used by AIR on the DEG. It consists of a series of hypergeometric tests
carried out for each GO term thus identifying significant enriched GO terms relative to the expected genome background. P values
were corrected with the Benjamini-Hochberg procedure to reduce false positives. We considered as significantly enriched the terms
with corrected P values < 0.01. Results were displayed using bubble plots.

Moreover, expressed genes with peaks on their promoters were classified according to cell type and protein (CTCF, RAD21L and
RECS8). Genes were then analyzed with PANTHER (Mi et al., 2017) using the online tool AmiGO (Carbon et al., 2008).

Local insulation, cohesin occupancy and gene expression

The GRCm38 gene annotation from Ensembl (release 89) was downloaded in GTF format. It was parsed with an in-house script to
extract in BED format the promoter regions 2 kbp upstream the Transcriptional Start Site (TSS) for each gene. Afterward, ChlP-seq
peaks were intersected with BEDTools to obtain gene lists with ChIP-seq peaks in their promoters. These gene lists were grepped
(Bash command) with the downloaded table with the expression values from the AIR platform (see below).

Protein peaks were associated with changes in the corresponding TAD insulation score or gene expression using the function
meanlinRegions of the R package regioneR (version 1.10) (Gel et al., 2016). This package generates an expected distribution from
10.000 permutations from the values (e.g., TAD insulation score or FPKM values) observed in random genomic locations, thus
calculating the Z-score of the TAD insulation score or the gene expression observed on ChlP peaks. Z-scores from flanking regions
(+/— 250 Kbp) of peaks were calculated with the function localZScore.

Meta-border plots were created using ICE-normalized matrices normalsed by the number interactions expected at a given
distance with “hicFindEnrichedContacts” program from the HiCExplorer package (parameters: “—~method obs/exp,” “—perchr”).
Subsequently, sub-matrices of interaction counts 5 Mbp up and downstream of specific regions (e.g., TAD boundaries or protein
peaks) were generated and averaged among them. The interaction counts underwent a log10 transformation and were plot with
“hicPlotTADs” program from HiCExplorer.

X chromosome evolutionary strata and ampliconic regions

Mouse X strata were extrapolated from the human X chromosome using synteny information (https://www.ensembl.org/
Mus_musculus/Location/Synteny?r=X). Likewise, the boundaries of each amplicon in the current assembly were defined by flanking
paralogs (Table S7).

QUANTIFICATION AND STATISTICAL ANALYSIS

All sequencing data was checked and trimmed with BBDuk (Bushnell, 2014). Hi-C data was processed with TADbit (version 0.2.0.23)
to obtain raw interaction matrices, compartments and TADs. HiCExplorer was used to: (i) normalize raw interaction matrices, (ii)
create interaction heatmaps, (jii) predict averaged contact probabilities P(s) and (iv) obtain TAD insulation scores. Correlation values
between biological replicates were performed using HiCRep (Yang et al., 2017). Normalized interaction matrices were exported with
HiCExplorer to the Ginteractions format and imported in R to calculate the inter-intra-chromosome interaction ratio. Normalized
interaction matrices were scaled with a factor of 1,000,000/sum(matrix) with a custom Python script, exported with HiCExplorer
to Glinteractions format and imported in R to create boxplots. Differences between cell types were assessed with the Wilcoxon
test (p value < 0.05).
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ChlIP-seq data was processed using the Galaxy server. BigWig files for each sample were generated with DeepTools (Ramirez
et al., 2016) and peaks were called using MACS2 (Feng et al., 2012). BED peak files were imported to R and annotated using
the R/Bioconductor package ChlPseeker (Yu et al., 2015) and UCSC resources (TxDb.Mmusculus.UCSC.mm10.knownGene).
ChIPpeakAnno (Zhu et al., 2010) was used for peak intersection. Changes in the insulation score on peaks were statistically assessed
using the function meaninRegions of the R package regioneR (version 1.10) (Gel et al., 2016).

RNA-seq data was processed with the Artificial Intelligence RNA-seq (AIR) Software as a Service (SaaS) platform (https://
transcriptomics.cloud). In this case, raw expression values were converted to Counts Per Million (CPM) using edgeR, and averaged
for each cell type. FPKM values were averaged for each cell type and BEDTools (version 2.26) was used to intersect genomic
coordinates to relate gene expression with compartments, insulation scores and ChlP-seq marks. Differences in gene expression
in the intersected regions between cell types were assessed by means of Wilcoxon tests (p value < 0.05).

DATA AND CODE AVAILABILITY

The accession number for the Hi-C, RNA-seq and ChlP-seq data reported in this paper is GEO: GSE132054.
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Supplementary Figure 1: FACS strategies for isolation of highly enriched germ cell populations, related
to Figure 1. (A) Representative immunofluorescence images for the flow-sorted germ cells populations. (i)
Pre-meiotic cells include spermatogonia positive for CD90.2 (green). (ii) Meiosis I includes spermatocytes I at
leptonema/zygonema and pachynema/diplonema stages. Synaptonemal complexes (SYCP3) are labelled in
green, YH2AX in red and DNA in blue (DAPI). (iii) Meiotic II cells represent a heterogeneous population
including spermatocytes II in G|, metaphase and diakinesis. Tubulin is labelled in green and DNA in blue
(DAPI). (iv) The spermiogenesis stage includes round spermatids and sperm. Legend - n, chromosome number
per cell; ¢, number of chromatids per chromosome. Scale bar: 10 pm. (B) Highly enriched sub-populations of
primary spermatocytes. (i) Flow cytometry Hoechst Blue (UV355-460/50) and Hoechst Red (UV355-670/30)
plot after “in solution” immunofluorescence with DMC1 and SYCP3. Germ cells are differentiated by distinct
DNA content: 4c, 2¢ and c. (ii) Re-gating of the 4c population displaying three different cell populations:
+DMC1/+SYCP3, -DMC1/+SYCP3 and -DMC1/-SYCP3. (iii) Enrichment values for +DMC1/+SYCP3 and -
DMC1/+SYCP3 sorted populations. (C) Isolation of highly enriched round spermatids and sperm through re-
gating. (i) Main FACS profile from whole testis, where primary gating is established for each germline
population. (ii) Isolation of round spermatids and sperm, where cells are re-gated based on how cells project a
side shadow (side scatter, SSC) and a forward shadow (forward scatter, FSC), attaining highly pure fractions of
these populations. (iii) Representative images and enrichment values for round spermatids (RS) and sperm
fractions after re-gating. Legend: RS — round spermatids, ES — elongated spermatids. (D) Isolation of sperm
from caudate epididymis. (i) Representative cells obtained from the caudate epididymis stained with DAPI prior
to FACS. (ii) Flow cytometry Hoechst Blue (UV355-460/50) and Hoechst Red (UV355-670/30) plot showing
isolated sperm from caudate epididymis. Two populations of cells are evidenced (2¢ and ¢). Re-gating of the ¢
fraction resulted in isolated sperm. (iii) Representative image and enrichment values after sorting. Legend: ES
— elongated spermatids. (E) FACS profile of mouse primary fibroblast cell culture.
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Supplementary Figure 2: Correlation among Hi-C replicates, related to Figure 2. Heatmap showing the
correlation values among replicates based on the pairwise similarity score calculated using HiCRep. Legend —
Fib: Fibroblast, Sg: Spermatogonia, L/Z: Leptonema/Zygonema, P/D: Pachynema/Diplonema, Spll:
Spermatocytes I, RS: Round Spermatids, Rep#: replicates.
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Supplementary Figure 3: Compartment switching during spermatogenesis, related to Figure 3. (A)
Representation of the genomic regions corresponding to A (red) and B (blue) compartments in mouse
chromosome 19 for all cell types analysed. The distribution of gene density is also displayed at the bottom of
the figure (purple spikes). (B) Pair-wise representation of eigenvectors between cell types genome-wide. Each
dot represents a 50Kbp bin in the genome. Bins representing A compartment conservation are depicted in red,
whereas in blue are depicted bins with B compartment conservation. Bins with unclear signal or compartment
switching are represented in grey. The purple line is a LOESS curve showing the tendency of the compartment
switching. Correlation values are represented for each pair-wise comparison. Legend — Fib: Fibroblast, Spg:
Spermatogonia, L/Z: Leptonema/Zygonema, P/D: Pachynema/Diplonema, Spll: Spermatocytes II, RS: Round
Spermatids.
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Supplementary Figure 4: Analysis of A/B compartments by 3D-FISH, related to Figure 3. (A) Heatmaps
from the four chromosomal regions analysed by 3D-FISH in mouse chromosomes 12 and 14. Probes located at
A-compartments are red, whereas probes located at B compartments are blue. (B) Two-colour 3D-FISH images
of example pairs of probes within A-compartments in fibroblasts, spermatogonia and round spermatids (see
supplementary methods for probe localisation). In all cases, left panels (i) represent the confocal x-y (upper
section) and x-z sections (lower section), whereas right panels (ii) represent IMARIS three-dimensional
reconstructions. (C) Lineal plot of the median genomic distances (in Kbp) between pairs of probes versus
physical distances (in mm) in fibroblasts (n = 275), spermatogonia (n = 155) and round spermatids (n = 97) for
both types of compartments (A in red and B in blue).

A Chr12: 36,000,000-38,000,000 Chr12:72,200,000-75,500,000 B

Round Spermatid
Round Spermatid

Fibroblast

Spermatogonia
Spermatogonia

Fibroblast

Spermatogonia

Fibroblast

Round Spermatid

T he]
s -
E £
9 ]
& & G
2 2
3 3 109 o s.gs
& R O A-RS
£ A 8-Spg )
308{ a a
2 g o8
8 8 o A
8 & Boe{ L e
g S E o
g £ 8
& g £ 041
v A Al o
= — - - - 0.2: T T J
v‘vA_Aw_.‘.'-A i o 500 1000 1500
P S — Genomic distance (Kbp)
5 2 T ¥ .'.fj‘) 7%, XS . Genomic distances between probe pairs:
bt 5 A o // R
ey WS il o &l K11-K12: 66 Kbp L21-F23: 845 Kbp

- e 77 ;W 340 34000 3430 3000 2530 200 jes0e 8P2-M10: 104 Kbp K12-3L3: 1 Mbp

—_— —_— P e G18-G22: 600 Kbp 8P2-D20: 1.45 Mbp

121 F23 K11 K12 3L3

M10-D20: 725 Kbp
Chr12: 62,500,000-64,300,000 Chr14: 23,000,000-26,600,000



4 Results

Supplementary Figure 5: Simulations of samples with different fibroblast and sperm content, related to
Figure 3. (A) Heatmap showing correlation values, based on the pairwise similarity score calculated using
HiCRep, among samples with different fibroblast and sperm content as well as the merged sperm replicates
from SRP071784 (retrieved from Jung et al. 2017). (B) Contact probability as a function of genomic distance
for samples with different fibroblast and sperm content as well as the merged sperm replicates from
SRP071784. (C) Chromosome 8 region-specific ICE-corrected heatmaps at 50 kbp for samples with different
fibroblast and sperm content, as well as from SRP071784.
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Supplementary Figure 6: Expression and intracellular localisation of CTCF and cohesins (REC8 and
RAD21L) in mouse germ cells, related to Figures 5 and 6. (A) Western blotting analyses on whole nuclear
extracts from mouse testis (two replicates) and fibroblasts (two replicates). Abbreviations: T: testis, F:
fibroblast, R#: replicate. The band corresponding to CTCF was detected at 120 KDa, REC8 and RAD21L at
63 KDa, approximately. The B-tubulin loading control was detected at about 50 kDa. (B) Examples of
immunofluorescence images showing the intracellular distribution of CTCF, RAD21L and RECS in primary
spermatocytes at pachytene stage. Double immunolabelling of CTCF (red)/ RAD21L (red)/ REC8 (red) with
SYCP3 (green) are shown. Scale bar: 10 um. (C) Examples of immunofluorescence images showing the
intracellular distribution of CTCF, RAD21L and REC8 in round spermatids. Double immunolabelling of
CTCEF (red)/ RAD21L (red)/ RECS (red) with SYCP3 (green) are shown. Scale bar: 10 um. (D) Double
immunolabelling of RECS8 (green) and RAD21L (red) at pachytene stage showing only partial overlapping at
the chromosome axes by STED microscopy. Plot of the mean correlation between REC8 and RAD21L at the
autosomes (n=76 axial elements, AEs; mean + s.d). (E) Example of an autosome axes immunolabelled for
RECS (green) and RAD21L (red) (upper panel). Plot represents normalised signal intensity profile of RECS8
(green) with RAD21L (red) (middle panel). Lower plot shows regression analysis of the correlation between
RECS8 and RAD21L (lower panel). (F) Example of differential immunolabelling of (i) RAD21L (increased
labelling) and (ii) RECS8 (decreased labelling) at the XY bivalent in a spermatocyte at pachytene. (iii)
Magnification of the XY bivalent is shown for each cohesin. (iv) Plot representation of the labelling gain/loss
of RAD21L and RECS fluorescence intensity (depicted in %) along the XY axes in comparison with
autosomes (n=19 cells).
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Supplementary Figure 7: Evolutionary strata and ampliconic regions in the mouse X chromosome,
related to Figure 7. (A) Evolutionary strata (from Cortez et al., 2014) for the human and mouse X
chromosomes.  Strata ~ were  assigned to the mouse X using human  synteny
(https://ensembl.org/Homo_sapiens/Location/Synteny?r=X). White regions are breaks in synteny that usually
correspond to amplicons (see panel B). (B) RNA-seq tag counts on the X chromosome in spermatogonia (Spg),
pachynema/diplonema (P/D), round spermatids (RS) and sperm. Colours in the centre represent evolutionary
strata (as in panel A), green represent amplicons (see Table S7 for coordinates). Peaks to the left represent
counts for uniquely mapped RNA-seq reads. Peaks to the right are counts for both uniquely mapped and multi-
mapped RNA-seq reads. As expected, in the ampliconic regions counts are higher when including multi-mapped
reads.
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Supplementary Table 3: A/B compartments and TADs. NA: not analysed. Related to Figures 2 and

3.
Compartment TAD mean size % Robust TADs
cell type mean size (bp) LEATVI U e (bp) (score 10 and 9)
Fib 1000367 2002 1361638 72.33
Sg 755820 834 3268585 71.70
P/D NA 294 9272109 79.59
L/Z NA 305 8937705 74.25
Spll 760457 5004 544764 12.23
RS 869856 4649 586363 8.50
Sperm 933584 1042 2616123 14.87
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Supplementary Table 4: BACs selected for the 3D-FISH analysis. Related to Figure 3.

Probe Chr Genome coordinates (bp), start- A/B
end

RP23-318P2 12 36,438,632-36,644,697 B
RP23-351M10 12 36,748,530-36,944,925 B
RP23-34D20 12 37,656,313-37,873,485 B
RP23-3821.21 12 62,887,606-63,091,331 B
RP23-304F23 12 63,936,422-64,142,895 B
RP23-118G18 12 72,372,755-72,569,213 A
RP24-92G22 12 73,333,061-73,572,221 A
RP23-218K11 14 24,101,846-24,278,172 A
RP23-157K12 14 24,344,637-24,545,440 A
RP23-93L3 14 25,993,682-26,147,325 A
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Supplementary Table 7: Amplicons in the X chromosome. Related to Figure 7.

Start (bp) End (bp) Amplicon #
3076875 5671026 1
8327424 8880750 2
8962134 9063861 3
24474308 35427093 4
37244976 38129967 5
53608032 53670408 6
54531208 55226876 7
70393901 70546385 8
73074345 73292976 9
74639371 74890297 10
77837901 78245921 11
91331690 92016333 12
94724569 94797933 13
102707865 102904882 14
103013782 103067153 15
118427227 118480737 16
123013511 126033906 17
135167624 135627705 18
147992993 149487784 19
152432477 152491860 20
154001590 154579360 21
154924012 155089793 22
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Supplementary Table 8: TADs in the X chromosome. Related to Figure 7.

Cell type TAD number TAD mean size (bp)

Fib 101 1693564

Sg 62 2758871
P/D 26 6578846
L/Z 21 8145238
Spll 57 3000877
RS 69 2478986
Sperm 53 3227358
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4.3 The impact of chromosomal fusions on 3D genome folding
and recombination in the germ line
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4.3.1 Summary

Background: The spatial folding of chromosomes inside the nucleus has regulatory effects on gene
expression, yet the impact of genome reshuffling on this organization remains unclear. Even more
fragmented is our understanding of the heritability of structural variations in genome folding. Here,
we take advantage of chromosome conformation capture followed by deep sequencing (Hi-C) in
combination with SNP genotyping and analysis of crossover events to study how the higher-order
chromatin organization, chromosomal spatial occupancy and recombination landscapes are affected
by chromosomal fusions in the mammalian germ line.

Results: We analyzed a unique wild system of house mice characterized by recent chromosomal
fusions. We demonstrate that these fusions alter the nuclear architecture during meiosis, impacting
on the inter- and intra-chromosomal interactions ratio in meiotic (primary spermatocytes) and
post-meiotic (round spermatids) cells. We detected an increased rate of heterologous interactions
in primary spermatocytes, with alterations in both chromosome synapsis and axis length. These
topology disturbances were associated with changes in genomic landscapes of recombination,
resulting in detectable genomic footprints. Moreover, the reorganization of chromosomal nuclear
occupancy in prophase I exposed chromosomal domains to novel regulatory environments. In
round spermatids, heterologous interactions decreased genome-wide in mice with chromosomal
fusions, highlighting the more spatially constrained genome conformation in post-meiotic cells.

Conclusions: Overall, we show the architectural genome-wide implications of structural varia-
tions during mouse spermatogenesis. As such, chromosomal fusions impact the dynamic three-
dimensional genome topology of germ cells in two ways: (i) altering meiotic chromosomal nuclear
occupancy and synapsis, and (ii) reshaping landscapes of recombination.

Keywords: Meiosis, recombination, genome structure, Hi-C, TADs, compartments, chromosomal
fusions, house mouse

4.3.2 Background

Higher-order chromatin structure demarcates the limits of gene-regulatory domains (Dixon et al.
2012; Lieberman-Aiden et al. 2009; Rao et al. 2014). Thus, disturbances of domain architecture due
to genome reshuffling (i.e., inversions, fusions or indels) represent a non-gradual change in gene
regulation as shifting of domain boundaries expose genes to novel regulatory environments (Kraft
etal. 2019; Laugsch et al. 2019). Models (Deakin et al. 2019; Farré et al. 2015) and growing experimental
evidence (Bompadre and Andrey 2019; Franke and Gémez-Skarmeta 2018) suggest that indels and
inversions can alter interactions between contiguous topological associated domains (TADs) which
can lead to oncogene activation, morphological alterations and novel gene functions. However, the
impact of balanced chromosomal reorganizations, such as Robertsonian (Rb) fusions (Robertson
1916), on genome architecture and its heritability are less explored. This is of particular relevance
since Rb fusions represent the most common chromosomal rearrangement in nature (from plants
to mammals) (Robinson 1995), and are linked to recurrent miscarriages, infertility and aneuploid
offspring in humans (Scriven 2001; Wilch and Morton 2018). In fact, it has been long suggested,
although not yet empirically demonstrated at the genome level, that the presence of chromosomal
fusions in the germ line can alter segregation patterns [the so-called ‘inter-chromosomal effect’
(Lucchesi and Suzuki 1968)].

Germ cells are a unique cell model to test the genome-wide impact of chromosomal fusions. They
have sequential developmental stages that involve dramatic and tightly regulated chromosomal
movements and chromatin remodeling. These include changes in intra-/inter-chromosomal interac-
tion ratios, distance-dependent interaction frequencies, genomic compartments, TADs, occupancy
of insulator proteins (CTCF and cohesins) and gene expression (Alavattam et al. 2019; Patel et al.
2019; Paytuvi-Gallart 2019; Vara et al. 2019b; Wang et al. 2019b). The delicate fine-tuning between
chromatin remodeling, architectural proteins and cell-specific gene expression is crucial during
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the first meiotic prophase (prophase I) when homologous chromosomes align, pair, synapse and
recombine (Vara et al. 2019b).

Recombination has a dual role in sexual reproduction: (i) it assembles new combinations of allelic
variants, contributing to the maintenance of genetic diversity and (ii) establishes physical associations
between homologous chromosomes that enable faithful chromosomal segregation during meiosis.
Importantly, recombination can be modulated not only by factors that control the formation of
meiotic crossovers (COs) during early meiosis [e.g., chromosome axis length is determined by
chromatin loop length (Ruiz-Herrera et al. 2017; Wang et al. 2019a, 2015b)], but also by large-scale
structural reorganizations that can dramatically alter the genomic landscape (Capilla et al. 2014;
Farré et al. 2013; Torgasheva et al. 2013; Ullastres et al. 2014). Yet, the impact of large-scale genome
reshuffling (e.g., chromosomal fusions) on the three-dimensional genome topology in germ cells
and its implications for recombination remain unknown.

Here, we take advantage of chromosome conformation capture followed by deep sequencing (Hi-C)
in combination with cytological analysis of COs events and SNP genotyping to study how genome
folding and recombination landscapes are affected by chromosomal fusions in the mammalian
germ line. We analyzed a unique wild system of the Western European house mouse (Mus musculus
domesticus) from the northeast of the Iberian Peninsula, the so-called ‘Barcelona Rb system’ (BRbS),
characterized by a recent evolutionary origin of chromosomal fusions (Capilla et al. 2014; Medarde
et al. 2012; Pidlek et al. 2005; Vara et al. 2019a). The standard karyotype of M. m. domesticus consists
of 40 acrocentric chromosomes, contrasting BRbS mice, which have a variety of diploid numbers (2n)
ranging from 2n=27 to 2n=40 (Medarde et al. 2012). This system is characterized by the presence of
different Rb fusions distributed in non-geographically coincident clines leading to a progressive
reduction in diploid numbers towards the center of the range (Medarde et al. 2012).This natural
model permits interrogation of the impact Rb fusions have on chromatin remodeling and fine-scale
recombination in the germ line. In particular, we studied how chromosomal fusions alter the nuclear
architecture at different hierarchy levels in meiotic (i.e., primary spermatocytes) and post-meiotic
cells (i.e., round spermatids), and discuss the implications for evolution and fertility.

4.3.3 Results
4.3.3.1 Variation in recombination rates in natural populations of house mice

We analyzed the variation in recombination rates in wild-caught BRbS mice and the potential impact
of Rb fusions on these patterns. We conducted an integrative approach that combined the cytological
mapping of CO events directly on male germ cells (reflecting recombination at the Mbp scale)
(Figures 4.10, 4.11 and Figure S1) together with estimates of linkage disequilibrium based on SNP
genotyping (recombination at the kbp scale) (Figure S2). We first experimentally determined the
number (frequency) of COs along chromosomal axes in 45 wild mice by the immunodetection of the
recombination protein MLHI (a marker of COs) on pachytene bivalents (Figure 4.10 A-C, Table S1)
(see section 3.2.7). We also included three laboratory mice (strain C57BL/ 6]) for comparison. The CO
survey in wild-caught mice included 15 all-acrocentric individuals (two standard populations, 2n=40)
and 30 mice with Rb fusions (three populations, 2n=39-28), allowing for microscopy visualization
of a total of 1,468 spermatocytes (Figure 4.10 B-D, Table S1). Of Rb mice, the population Sant
Sadurni d’Anoia was characterized by a low number (from one to three) of Rb fusions, whereas the
Castelldefells and Viladecans populations presented from four to six Rb fusions (2n=33-28) (Table
S1).

The observed average number of COs ranged between individuals from 20.16 (+1.18) MLH1 foci
per cell to 22.12 (+4.56) in wild-caught standard mice, and from 18.13 (+1.78) to 21.82 (4+2.21) in
Rb mice (Figure 4.10 D). A population-level analysis of COs detected differences between and
within populations (Figure 4.10 D). Mice from Rb populations with four or more fusions presented
broader inter-individual variability regarding the number of MLH1 foci numbers per cell (Figure
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Figure 4.10: Genomic landscapes of recombination. (A) BRbS populations sampled. See Table S1 for population assignment.
Inset: types of chromosomal fusions. Chromosome type legend: Acr, all acrocentric chromosomes of standard mice; Met Het,
Rb chromosomes in the heterozygous state of Rb mice; Met Hom, Rb chromosomes in the homozygous state of Rb mice.
(B) Immunofluorescence of a spermatocyte at pachytene from a Rb mouse (2n=32): SYCP3 (green), centromeres (red) and
DNA (blue). Asterisks indicate Rb fused chromosomes. Scale bars = 10 pm. (C) Immunofluorescence of a spermatocyte at
pachytene: SYCP3 (green), MLHI (red) and centromeres (blue). Asterisks indicate Rb fused chromosomes. (D) Boxplots
representing the number of MLHI foci/cell per specimen represented (i) individually (colors correspond to panel A) and (ii)
per population. (i) Three laboratory mice (BL6) are included for comparison. Diamonds indicate mean values with diploid
numbers shown for each population. P-values (Kruskal-Wallis, ***p<0.0001) represent intra-population differences (CAS,
Castelldefels; BOI, Castellfollit del Boix; MON, Caldes de Montbui; SS, Sant Sadurni d’Anoia; and VIL, Viladecans). N.s.: no
significant. (ii) Mean numbers of MLHI foci/cell in laboratory mice (BL6) and wild-caught St and Rb mice represented per
population. P-values (Dunn'’s test, *p<0.05) represent differences between populations. (E) Percentage of chromosomal arms
showing different number (0, 1, 2 or 3) of MLHI foci per chromosome (Chi square, **p<0.001). N = number of chromosomes
analyzed. (F) Distribution of MLH1 foci along individual chromosomal arms with one (upper panels) and two MLH1 foci
(lower panels). The X-axis represents the positions on the chromosomal axes from the centromeric end (left black dots) to the
distal telomere (right). The Y-axis indicates the frequency of MLH1 foci in each 10% interval of chromosome arm length.
Number of chromosomes analyzed per chromosome type: Acr St: 1,254 chromosomes; Acr Rb: 1,774 chromosomes; Met
Het: 178 chromosomes; Met Hom: 563 chromosomes. (G) Cumulative frequency plots representing the chromosomal arms
analyzed in panel 1F. Chromosome type legend: Acr St, all acrocentric chromosomes of standard mice (bivalents); Acr Rb,
acrocentric chromosomes of Rb mice (bivalents); Met Het, Rb chromosomes in heterozygous state of Rb mice (trivalents);
Met Hom, Rb chromosomes in homozygous state of Rb mice (quadrivalent).

4.10 D). In fact, mean numbers of COs per cell were positively correlated with diploid numbers
(Spearman, p<0.001), and therefore negatively with the number of Rb fusions (Spearman, p<0.0001)
(Figure S1 A). Despite fewer CO events, Rb mice presented significantly more inter-individual CO
co-variation than standard mice (Mann-Whitney test, p<0.0001) (Figure S1 B). As such, mice with
Rb fusions showed significantly lower mean numbers of COs per cell (20.004-2.02) when compared
to wild-caught standard (21.06+1.92) and C57BL/6] mice (21.1641.76) (Dunn’s test, p<0.001) (Figure
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4.10 D), hence confirming previous surveys conducted on distinct European Rb systems (Capilla
et al. 2014; Merico et al. 2003; Merico et al. 2013). Mirroring descriptions from other mammals
(Ruiz-Herrera et al. 2017; Wang et al. 2019a), both the mean numbers of COs and meiotic double
strand breaks (DSBs) (here exemplified as RADS5] foci) were correlated in both standard (C57BL/6]
strain and wild-caught mice) and Rb mice (Spearman, p<0.05, Figure S1 C). The variation in RAD51
foci numbers between laboratory mice and BRbS mice are expected based on CO counts, as these
to processes are interrelated (Ruiz-Herrera et al. 2017; Wang et al. 2019a). As such, differences in
DSB numbers between standard and Rb mice, together with the observation of a significantly high
COs/DSBs ratio in Rb mice (Figure S1 D), suggests that a higher proportion of DSBs are resolved as
COs when compared to standard mice (Figure S1 E).

4.3.3.2 Chromosomal fusions reshape genomic landscapes of recombination

Since each bivalent requires one CO to ensure proper chromosomal segregation (and hence fertility)
during the first meiotic division [the so-called ‘obligatory CO’, (Petes 2001)], we quantitatively
assessed whether the number of COs per chromosomal arm (0, 1, 2 or 3) was altered in Rb mice
when compared to wild-caught standard and laboratory mice. We analyzed six standard mice
(2n=40) from Caldes de Montbui population and seven Rb mice (2n=31-32) from the Viladecans
population (Figure 4.10 E, Figure S1 D and Table S1). We also included three control BL6 mice.
The chromosomes were assessed in five categories: (i) acrocentric chromosomes of laboratory mice
(Acr BL6), (ii) acrocentric chromosomes of wild-caught standard mice (Acr St), (iii) acrocentric
chromosomes of Rb mice (Acr Rb), (iv) Rb chromosomes in heterozygous state of Rb mice (Met
Het) and (v) Rb chromosomes in homozygous state of Rb mice (Met Hom) (Figure 4.10 E). In Rb
mice from Viladecans, our analysis indicated that irrespective of the chromosomal complement
(2n=31 or 2n=32), the CO distribution per chromosome arm had the same pattern (Figure S1 F). As
a result, data from Viladecans mice were pooled together for subsequent downstream analysis of
CO distribution.

We detected that the frequency of chromosome arms with zero CO were low (below 3%) in standard
mice (C57BL/6] mice and wild-caught standard mice), mirroring previous observations (Capilla
et al. 2014). However, in Rb mice with fusions in the heterozygous state we detected an increased
proportion of chromosomal arms with zero CO (3.73%), and a statistically significant increase in Rb
mice with fusions in homozygous state (7.71%) (Chi-square, p<0.0001, Figure 4.10 E and Figure S1).
Moreover, in Rb mice with homozygous fusions we detected a significant decrease in the frequency
of chromosomal arms with two COs (6.66%), when compared with their non-fused counterparts
(i.e., acrocentric chromosomes) (17.8%) or Rb mice with heterozygous fusions (11.2%) (Chi-square,
p<0.0001, Figure 4.10 E). These observations suggest that the reduced CO frequency observed in Rb
mice is due to a reduction of chromosome arms with two COs, especially when the Rb fusions are
homozygous (Figure Figure 4.10 E).

We next examined how chromosomal CO distribution was affected by Rb fusions. CO distribution
along acrocentric chromosomes (i.e., non-fused) was similar in both standard (Caldes de Montbui)
and Rb mice (Viladecans). However, we detected differences between fused chromosomes in the
homozygous versus heterozygous state (Figure 4.10 F-G). Single CO events in heterozygous fusions
were located towards medial-distal regions (from 25% of the chromosome arm length onwards)
(Figure 4.10 F-G), whereas there was a displacement in homozygous fusions towards distal regions
(80-90% of the chromosome arm length), especially in g-arms. On chromosome arms with two
COs, a bimodal distribution was detected in both standard and Rb mice, although there were again
contrasting patterns between fused chromosomes in the homozygous and heterozygous states. On
fused chromosomes in heterozygous state the majority of COs were localized either in proximal
(15-20% of the chromosome arm length) or very distal (90-95% of the chromosome length) regions,
especially on p-arms (Figure 4.10 F-G). In contrast, for chromosomes in homozygous state COs
appeared away from the centromere, at medial regions from 25% of the chromosome arm length
onwards. Our results indicate that chromosomal fusions reshape recombination landscapes by both



reducing the number of COs per chromosome arm and by displacing recombination events away
from the centromere.

Perturbations in obligatory CO frequencies and overall CO distribution can impair meiosis and affect
reproductive fitness. As such, we analyzed sperm viability. Rb mice presented a significantly higher
fraction of immobile sperm (66.1%+21.2 vs. 31.7%+8.8, Mann-Whitney test, p=0.006) and increased
sperm mortality (72.9%+18.5 vs. 32.1%416.2, Mann-Whitney test, p= 0.005) when compared with
standard mice.

To assess the fine scale genomic impact of both the overall reduction and chromosomal re-distribution
of COs, we analyzed the landscape of genomic divergence (expressed as Fst values) and estimated
recombination rates based on linkage disequilibrium (expressed as 4N.r/kbp) (see Methods). In
accordance with the variation in recombination rates in wild-caught BRbS mice, we also detected
differences in molecular diversity between populations (Tables S2, S3 and S4). Both principal
component analysis and estimations of population structure revealed heterogeneity of genetic
clusters according to populations (Figures S2 A and B). Although estimates of observed and
expected heterozygosity were similar between populations, standard mice presented higher allelic
richness than in Rb mice (Table S2). Rb mice presented higher Fst estimates than standard mice, both
when comparing divergence between standard and Rb populations and between Rb populations
(Tukey-Kramer test, p<0.005) (Tables S3 and S4). Consistent with the cytological analysis, we
observed an overall reduction of recombination rates (expressed as 4N.r/kbp) on Rb mice when
compared to BRbS standard mice (Mann-Whitney test, p<0.001; Figures S2 C and D).

4.3.3.3 Both axes length and CO chromosome distribution are modulated by chromosomal
fusions

Variation in both chromatin loop length and chromosomal axis length can alter CO frequencies
(Ruiz-Herrera et al. 2017; Wang et al. 2019a, 2015b); therefore we sought to understand how these
characteristics were affected by chromosomal fusions. We did not observed differences in the total
axis length per cell in Rb mice when compared to standard mice (Figure S3). However, when
analyzing chromosomes individually in Rb mice, fused chromosomes arm length was longer than
the acrocentrics (Mann-Whitney test, p<0.0001) (Figure 4.11A). Accordingly, fused chromosomes had
significantly lower CO density than acrocentrics (Mann-Whitney test, p<0.0001), irrespectively of their
state (homozygous or heterozygous) (Figure 4.11A). Remarkably, heterozygous fused chromosomes
were significantly longer than when in a homozygous state (Dunn’s test, p<0.0001) (Figure 4.11 A
and Figure S3 B). These observations suggest that Rb fusions affect both chromosomal axis length
and CO chromosome distribution. Likewise, CO formation is established in a chromosome-specific
manner, mirroring recent observations in all-acrocentric mice (Wang et al. 2015b).

4.3.3.4 Fused chromosomes perturb pairing when heterozygous and centromere misalignment
when homozygous, affecting both CO distribution

Meiotic DSBs are repaired in the context of the chromosomal axes as homologous chromosomes pair
and synapse (Baudat et al. 2013; Lam and Keeney 2015). Thus, disturbances of homologous pairing
during prophase I are expected to affect CO patterns. Concomitant with this view, perturbed pairing
in Rb mice had an effect on CO distribution (Figure 4.11 B-E). We analyzed five Rb mice from the
Viladecans population, categorizing three different pairing states in heterozygous fusions: (i) fully
synapsed, (ii) open (presenting a synaptonemal complex bridge) and (iii) asynapsed chromosomes
(Figure 4.11 B-C and Figure S3 C). Disturbed synapsis influenced CO distribution per chromosome
arm, while the average number of CO events per arm was similar between individuals (Figure
4.11 C and Figure S3 C). That is, while fully synapsed heterozygous fusions generally presented
one, homogeneously distributed, CO event per arm, asynapsed heterozygous fusions presented a
bimodal CO distribution, with COs either in intermediate positions (40-50% of the chromosome
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Figure 4.11: Effects of Rb fusions on recombination in the synaptonemal complex. (A) (i) Axis length analysis in standard
(St) and Robertsonian (Rb) mice from BRDS (see text and Table S1 for further details) according to chromosome types (Dunn’s
test, p<0.001; NS: non-significant). (ii) Analysis of CO density in the different chromosome types (Mann-Whitney test,
p<0.0001). (B) Immunofluorescence of primary spermatocytes at pachynema stage, labelling the synaptonemal complex with
SYCP3 (green), the centromeres with CEN (blue) and MLHI (red). White dashed circles: centromeric signals in heterozygous
fusions. Red dashed: double centromere signals in homozygous fusions. White arrowheads: Met Het chromosomes. Red
arrowhead: Met Hom with double centromeric signals. Yellow arrowhead: Met Hom with a single centromeric signal. Scale
bar= 10 pm. (C) Synapsis and recombination patterns found in mice with Rb fusions in heterozygosis (see Table S1 for mice
codes). Left panel: Percentage of heterozygous chromosomes according to synapsis pattern per each of the Rb mice analyzed
(see Table S1 for further details). Middle panel: Representation of the mean number of MLH per arm corresponding to the
analyzed mice. N = number of cells analyzed per individual. Right panel: Cumulative frequencies of MLH1 distributions
in heterozygous metacentrics in different synaptic states. (D) Double centromeric signals and recombination. Left panel:
Distribution of MLH1 foci along individual chromosomal arms in homozygous metacentrics with a single (blue) or double
(red) centromeric signal. The X-axis represents the positions on the chromosomal axes from the centromeric end (black dot)
to the distal telomere. The Y-axis indicates the frequency of MLHI foci in each 10% interval of chromosomal length. Right
panel: Cumulative frequencies of MLHI distributions in homozygous metacentrics with a single or a double centromeric
signal. (E) Diagram depicting chromosomal axis (SC) length, DNA loops and recombination patterns observed in fused
chromosomes at pachytene in Rb mice. Met Het can present three states: synapsed, open and asynapsed. COs are closer
to the centromere in asynapsed chromosomes. Open chromosomes present distal COs, whereas synapsed chromosomes
can present more than two COs per arm and in interstitial to distal positions. Regardless of the synapsis state, Met Het
chromosomes present with longer axes than Met Hom. Conversely, DNA loop lengths in Met Het are shorter than Met Hom.

length) or in distal regions (80-90% of the chromosome length) (Figure 4.11 C and Figure S3 C).
However, synaptic disturbances in heterozygous chromosomes (Figures 4.11 and 4.13) did not



significantly reduce the number of COs per arm when compared to acrocentrics (Figure 4.10 F), most
probably due to variation in chromosomal axis length (Figure 4.11 A). Interestingly, we observed
that 28.5% of the CO events detected in asynapsed chromosomes where located at the border of
synapsed and unsynapsed regions (30% of the chromosome length, Figure S3 C). These COs could
prevent further asynapsis, as previously suggested for hexavalent meiotic configurations in Rb mice
(Ribagorda et al. 2019).

Both the reduced number of COs per arm and the displacement away form the centromere observed
in homozygous fusions compared to heterozygous (Figure 4.10 E and Figure S1 F) was unexpected
based on the chromosomal speciation theory (Rieseberg 2001; White 1978), thus we sought to
understand the mechanistic factors behind this pattern. Remarkably, we detected that homozygous
chromosomal fusions were associated with the presence of double centromeric signals at variable
frequency among individuals (from 13.33% to 39.02%, Figures 4.11 D and Figure S3 D). We
then investigated whether these double centromeric signals correlated with CO chromosomal
distribution by analyzing mice from Viladecans with the same number of fusions (4 fusions in
homozygosis and one fusion in heterozygosis). Notwithstanding cell-to-cell variability, the presence
of a double centromere signal was associated with displacement of COs towards distal regions of the
chromosome (Figure 4.11 D). This extended centromeric recombination suppression, coupled with
shorter chromosomal axes, likely explain the significant reduction of COs per arm on homozygous
Rb chromosomes when compared to heterozygous (Figure 4.10 E and Figure S1F).

Overall, we observed that Rb fusions had an effect on CO chromosomal distribution and chromosomal
axis length depending on if found in a heterozygous or homozygous state. With consistent genome
size, the longer chromosomal axes in heterozygous fusions would be attributed to shorter loops
(Figure 4.11 E). Despite the presence of different levels of asynapsis, heterozygous fusions present
longer axes allowing the formation of the obligatory CO per arm necessary for faithful chromosomal
segregation. The contrasting pattern found in homozygous fusions (short chromosomal axis, high
frequency of arms with zero CO and centromere interference) suggests that chromosome architecture
could play a major role in reshaping CO distribution.

4.3.3.5 Chromosomal fusions reorganize spatial chromosome occupancy

We then analyzed whether Rb fusions impact the three-dimensional genome folding in germ cells.
Using FACS, we isolated highly enriched meiotic (primary spermatocytes at pachytene/diplotene
stage, P/D) and post-meiotic cells (round spermatids, RS) from wild-caught Rb mice (derived
from the same population) with a high number of fusions (Table S1, Figures S4 A and B). For
each germ cell fraction we performed in situ Hi-C (Rao et al. 2014) to generate genome-wide Hi-C
maps for primary spermatocytes and round spermatids. A Rb somatic profile was derived from
a wild-caught Rb male primary fibroblast cell line. Germ cell and somatic data for all-acrocentric
(standard) mice was previously published (Vara et al. 2019b). After filtering, an average of 254.9
million valid interactions per cell type were detected (Tables S5 and S6) with high correlation
values between biological replicates (from 0.96 to 0.92) (Figure S4 C).

Genome-wide interaction maps confirmed the presence of six Rb fusions (3.8, 4.10, 5.15, 6.10, 9.11
and 12.13) in all cell types analyzed from Rb mice (Figure 4.12 A, Table S1). All chromosomes
involved in Rb fusions presented higher inter-chromosomal interaction values (interaction ratio
3.0) in Rb mice, compared to standard mice, in all cell types (Figure 4.12 B, Table S1). However,
we also detected different patterns of inter-chromosomal interaction ratios between non-fused
chromosomes. In fibroblasts few non-fused chromosomes (e.g., chromosomes 1 and 2) had higher
values of heterologous interactions in Rb mice when compared to standard mice (Figure 4.12 B and
C). However, the spatial genome architecture was highly reorganized in P/D, affecting nearly all
chromosomes (fused and non-fused) (Figure 4.12 B).

In P/D all chromosomes showed high values of heterologous interactions in Rb mice (interaction
ratio < 1.5) for all chromosomes when compared to standard mice (Figure 4.12 B), suggesting a
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genome-wide re-distribution of the spatial disposition of chromosomes inside nuclei. The presence
of heterologous associations was further demonstrated by the immunodetection of the centromeric
constitutive heterochromatin (exemplified as H3K9Me3 signals) on pachytene bivalents in a subset
of Rb mice (Figure 4.13 A). In fact, heterologous interactions were dependent on Rb fusions pairing
states (i.e., fully synapsed, open or asynapsed) (Figure 4.13 B). Specifically, we observed more
centromeric associations of acrocentric chromosomes when Rb fusions were fully synapsed (Figure
4.13 C). Additionally, the sex body (the X and the Y chromosome) was generally isolated from
autosomes (Figure 4.13 B). When heterozygous Rb fusions failed to fully synapse, there was a
general disruption of inter-chromosome associations (Figure 4.13 C) and the sex body presented
abnormal signals of heterochromatinization being frequently associated with fused chromosomes
(Figure 4.13 B). Interestingly, we detected full heterochromatinization of the sex body in more than
90% of cells with asynapsed heterozygous Rb fusions (Figure 4.13 B), which could contribute to
the increased X/autosome heterologous interactions in P/D Rb mice (Figure 4.12 E). In contrast,
heterologous interactions were reduced in RS for all chromosomes not involved in fusions (ratios <1,
Figure 4.12 B), a pattern confirmed by the analysis of inter-/intra chromosomal interactions (Figure
4.12 C). In fibroblasts and P/D Rb mice showed higher inter-/intra chromosomal interaction ratios
than all-acrocentric mice (Mann-Whitney test, p<2.2e-16), a pattern that was clearly reversed in RS
with higher interaction ratios in standard mice than in Rb mice for all chromosomes (Mann-Whitney
test, p<2.2e-16) (Figure 4.12 C).

Chromosome-specific interaction maps also revealed altered three-dimensional chromosome folding
in Rb mice, especially in prophase I (Figure 4.12 D). For non-fused chromosomes (e.g., chromosomes
1and 2, which represented a pattern consistent across all chromosomes) interaction patterns were
disrupted during P/D in Rb mice (Figure 4.12 D), losing the inter-chromosome interaction pattern
previously described for standard mice (Patel et al. 2019; Vara et al. 2019b). These results suggest the
presence of genome-wide conformational changes triggered by the presence of Rb fusions, which
was supported by the cytological analysis of chromosome associations (Figure 4.13 C). For fused
chromosomes (e.g., chromosomes 3 and 8, being the pattern consistent across all chromosomes),
we not only detected changes in mid-chromosome interactions, but also high interaction values in
pericentromeric regions (Figure 4.12 D and F).

Opverall, our data suggests that the presence of Rb fusions reorganize chromosomal nuclear occupancy
genome-wide (Figure 4.13 D and E), increasing the rate of heterologous interactions in primary
spermatocytes. Moreover, our results suggest that pairing disturbances of heterozygous fusions
during prophase I have a direct impact in chromosome spatial distribution (Figure 4.13 E). As such,
when heterozygous fusions are synapsed, more permissiveness for centromeric associations between
acrocentric chromosomes is observed and the sex body is generally isolated at the periphery of nuclei.
Conversely, when heterozygous Rb fusions fail to fully synapse, there is a general disruption of
inter-chromosome associations and the sex body present abnormal signals of heterochromatization
and it is frequently associated with fused chromosomes (Figure 4.13 E).
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Figure 4.12: Effect of Rb fusions in the higher-order chromatin structure. (A) Genome-wide ICE-corrected heatmaps
(500kbp) for the cell types analyzed (fibroblasts, pachynema/diplonema — P/D and round spermatids — RS) in Rb mice.
Chromosomes involved in Rb fusions emerge as regions with high inter-chromosomal interaction in all cell types (arrow
heads). These are the following: 3.8, 4.14, 5.15, 6.10, 9.11 and 12.13. (B) Differential heatmaps depicting genome-wide
inter-chromosomal interaction ratio between standard and Rb mice. Chromosomes in red indicate higher interactions in Rb
than in standard mice whereas chromosomes in blue indicate higher interactions in standard than in Rb mice. As expected,
all chromosomes involved in fusions present high interaction ratios in all the three cell types analyzed. (C) Inter-/Intra-
chromosome interaction ratio for the cell types analyzed (fibroblasts, pachynema/diplonema — P/D and round spermatids —
RS) in standard (St) and Rb mice. In fibroblast (upper panel) values are the same for chromosome 19 in both St and Rb mice.
Continues in the next page.
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Figure 4.12: (From previous page). (D) Interaction patterns between chromosomes involved and not involved in fusions.
(i) Interaction heatmaps representing chromosomes 1 and 2 (not involved in fusions) and chromosomes 3 and 8 (fused in
heterozygosis) in both standard mice and Rb mice. In chromosomes 3 and 8, the fusion becomes evident in interaction maps
from Rb mice, with high interaction in the pericentromeric region of the chromosomes (0 to 3 Mbps from the centromere).
The observed scaling is consistent across all chromosomes. (ii) Interaction plots for fibroblasts, P/D and RS for chromosomes
not involved (1 and 2) and involved in fusions (3 and 8). The observed scaling is consistent across all chromosomes. (E)
Boxplot showing the number of interactions between the X chromosome and autosomes detected in standard and Rb mice
per each cell type (Mann-Whitney test, ****p<0.0001). (F) Boxplots depicting inter-chromosomal interactions per million
at pericentromeric regions (from the centromere up to 3.5 Mbp) between standard and Rb mice (Mann-Whitney test,
****p<0.0001). For each cell type two groups of chromosomes were compared: chromosomes involved in Rb fusions (3.8; 4.14;
5.15; 6.10; 9.11 and 12.13) and chromosomes not fused (1, 2,7, 10, 16, 17, 18, 19 and X).
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Figure 4.13: Inter-chromosomal associations. (A) Examples of immunofluorescence on primary spermatocytes at pachytene,
labelling the synaptonemal complex with SYCP3 (green), the centromeres (CEN, blue) and H3K9Me3 (red). SYCP3 staining
allowed for the detection of the different heterozygous Rb fusion states: synapsed, open and asynapsed (white arrows).
H3K9Me3 shows associations between different chromosomes (yellow dashed lines) and differential distribution in XY
(orange dashed lines): in both arms (as shown in the synapsed example), in one arm end (as shown in the open example)
or fully around the sex body (as shown in the asynapsed example). The sex body is indicated as XY. Scale bar=10 pm.
(B) Analysis of H3K9Me3 associations according to heterozygous Rb fusion states (synapsed, open and asynapsed) (left
panel), sex chromosomes/autosomes associations (central panel) and only the sex body (right panel). Dashed black lines
indicate exemplary differences in the proportion of analyzed cells. (C) Number of associated chromosomes (metacentrics or
acrocentrics) detected per cell depending on the heterozygosis Rb fusion state (Kruskal-Wallis, p < 0.005). (D) Schematic
representation of chromosome organization in P/D according to the presence of Rb fusions. In standard mice, all chromosomes
are acrocentric and are attached to the nuclear lamina. When Rb fusions are present, chromosome organization is disrupted,
affecting chromosome disposition inside the nucleus, either in homozygous or heterozygous state. (E) Schematic representation
of the centromeric associations detected with the H3K9Me3 signal in addition to the XY disposition according to heterozygous
Rb fusion states (i.e., synapsed, asynapsed or open).



4.3.3.6 Higher-order chromatin remodeling result from chromosomal fusions

We further investigated whether the presence of Rb fusions had an effect on chromatin remodeling
at the finer scale (e.g., compartments). In somatic cells, the genome-wide analysis of differential
Hi-C matrices showed higher interactions at shorter genomic distances in standard mice than in
Rb mice (Figure 4.14 A). This interaction pattern, which is dependent on genomic distance, was
switched at genomic distances of 6 Mbp in fibroblast (Figure 4.14 B). This was concomitant with
slight changes in A/B compartments (Figure 4.14 C and D), with Rb mice presenting smaller mean
compartment size (0.85 Mbp) than standard mice (1 Mbp).

Mirroring previous studies (Patel et al. 2019; Vara et al. 2019b), our genome-wide analysis showed
that most compartments were mostly lost in primary spermatocytes (P/D) in Rb mice (Figure 4.14
C), when homologous chromosomes condense, align, pair, synapse and recombine. Consistent with
this absence of compartments during prophase I, eigenvector values were close to 0 (Figure 4.14 C)
and inter-/intra-chromosomal interaction ratios reached a minimum for all chromosomes (Figure
4.12 C). Importantly, the analysis of differential Hi-C matrices and intra-chromosomal interaction
ratios revealed that, on average, probabilities of interactions were higher in Rb mice at genomic
distances larger than 10 Mbp (Figure 4.14 B). Local adjustments in chromatin packing density due
to differences in loop positioning and size, together with variations in chromosomal axis length (as
revealed by our cytological observations), likely give rise to the differences between standard and
Rb mice Hi-C maps.

Robertsonian mice presented a distinctive pattern in post-meiotic cells, with high interactions at
shorter genomic distances (<5 Mbp) (Figure 4.14 A and B). The effect of highly condensed chromatin
in round spermatids of Rb mice would increase short-range contacts (relative to long-range contacts),
as we observe. Although A/B compartments re-appeared in RS, they were present as a blurry plaid
pattern of larger mean size (0.93 Mbps in Rb mice) than in fibroblasts. Interestingly, the proportion
of genomic bins with the same compartment status (A or B) was higher between standard and
Rb mice in RS (95% bins conserved, r>=0.94) than in fibroblasts (88.24% bins conserved, r>=0.80)
(Figure 4.14 D). These results, together with the low inter-/intra-chromosomal interaction values
detected in Rb mice (Figure 4.12 C), suggest that Rb fusions induce physical constrains in RS most
likely due to the spatial organization of chromosomes around the chromocenter (Brinkley et al. 1986;
Hoyer-Fender et al. 2000), thus favoring local interactions.

4.3.3.7 Chromosomal fusions induce TAD reorganization

Chromosome fusions also affected chromatin remodeling at the sub-megabase scale as revealed by
the number of TADs detected and the robustness of their boundaries at a 50Kbp resolution (Figure
4.14 E-I and Figure S5). Similar to previous observations in standard somatic cells (Vara et al. 2019b),
TADs were well defined in Rb fibroblasts (Figure 4.14 E-F), with a total of 2,391 detected. With an
average length of 1.14 Mbps, TADs in Rb fibroblasts had a higher variance of insulation scores than
in standard fibroblasts (Figure 4.14 E). Nevertheless, the majority (70%) of TADs were stable (Figure
4.14 H), with general preservation of border conformation, as revealed by the TAD meta-border plot
(Figure 4.14 I) that shows the specific border interactions of loop domain TADs (Barrington et al.
2019; Rao et al. 2014).

In primary spermatocytes there was a substantial reduction in the variance of TAD insulation
score, and reduction of total TADs detected, when compared to somatic cells (288 in Rb and 294
in standard). The TAD insulation score variance was higher in Rb mice (Figure 4.14 E). Moreover,
meta-border plots show asymetric TAD borders (Figure 4.14 I), more characteristic of stripe TAD
domains (Barrington et al. 2019; Vian et al. 2018). Variance of TAD insulation scores was partially
recovered in RS, being higher in Rb mice than standard. In RS, Rb mice had fewer but larger (n=3,805,
0.71 Mbp average length) TADs than standards (n=4,649, 0.59 Mbp average length). Only 40% of
TADs were stable in RS (Figure 4.14 H). The presence of weaker TAD borders in both standard
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and Rb RS (mean TAD insulator score=5.46) when compared to fibroblasts (mean TAD insulator
score=8.8), could explain the difference in TADs observed between these cell types, with TADs more
prone to reorganize in RS (Figure 4.14 F-G). In fact, rearranged, split and merged TADs presented
significantly lower TAD border scores than stable TADs (Mann-Whitney test, p=2e-14). Meta-border
plots showed a blurred pattern, consistent with loop domain TAD borders and weak TAD insulator
scores (Figure 4.14 I).
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Figure 4.14: Variance in fine-scale compartmentalization. (A) Differential ICE-corrected Hi-C matrices (log2 of fold change
using Rb mice as a reference when compared with standards) for chromosome 3 in fibroblasts, P/D an RS, at a 50 kbp
resolution. The observed scaling is consistent across all chromosomes. Red indicates higher number of interactions in
standard mice when compared to Rb whereas blue represents higher number of interactions in Rb. (B) Contact probability
P(s) as a function of genomic distance in all cell types for chromosome 3. The observed scaling is consistent across all
chromosomes. Dashed purple line delineates the interactions pattern shift between St and Rb mice. Lower panel: Plot of the
slope of the P(s) curves shown above with the genomic position (gray line) of pattern shift. (C) Chromosome 3 region-specific
ICE-corrected heatmaps at 50 kbp (from 30 to 55 Mbp), depicting compartment signal (Ist eigenvector) for all cell types.
Continues in the next page



Figure 4.14: (From previous page). (D) Conservation of A/B compartments between standard and Rb mice. Genome-wide
pair-wise representation of eigenvectors (including all chromosomes) in the three cell types analyzed. Each dot represents
a 50Kbp bin in the genome. Bins representing A compartment conservation are depicted in red, whereas in blue are
depicted bins with B compartment conservation. Bins with unclear signal or compartment switching are represented in
grey. Correlation values are represented for each pair-wise comparison (Spearman, p<0.0001). (E) Variance of TAD insulator
score between standard and Rb mice in all cell types (Mann-Whitney test, ***p < 0.0001, ns p>0.05). (F) Frequency of
TAD reorganizations between standard and Rb for fibroblasts, P/D and RS. (G) Example of TAD border alignments along
chromosome 1 of round spermatids (from 150 to 175 Mbp). Examples of merged, split and stable TADs are indicated. TAD
border scores are also shown, informing of the TAD boundary strength. (H) Schematic representation of TAD reorganization.
Merged TADs are the result of fusing two different TADs. Split TADs are the those in which one TAD is divided into two
TADs. TADs are considered stable when there is an overlap above 75%. When TADs are found in different organization they
are considered rearranged. (I) Meta-plots for all TAD boundaries detected in Rb mice: fibroblasts (n=2,378), P/D (n=288) and
RS (n=3,798). Data on standard mice was extracted from Vara and colleagues (Vara et al. 2019b).

4.3.3.8 Olfactory receptor genes enrichment in meiotic-specific inter-chromosomal interactions

The increased rate of heterologous interactions detected in Rb primary spermatocytes resulted
in the emergence of new inter-chromosomal interactions (n=249, representing 0.5% of the mouse
genome) that involved all chromosomes (e.g., chromosomes 2, 3 and 7, Figure 4.15 A). To explore
the potential role of Rb-specific inter-chromosomal interactions we analyzed the gene ontology
of the 2,000 genes contained in these regions. Importantly, we detected enrichment for sensory
perception genes (Figure 4.15 B), specifically, olfactory receptors (OR) (n=118) and vomeronasal
receptors (VR) (n=92). These OR/VR genes with heterologous interaction were located in 11 out of
the 94 OR clusters previously described in the mouse genome (Degl'Innocenti et al. 2019) (Figure
4.15 C). These included mouse chromosomes 4, 6,7, 9, 10, 14, 16, 18 and 19. Interestingly, we detected
that individual OR clusters interacted with a wide range of regions from different chromosomes,
being the interactions either chromosome-specific (e.g. the cluster on chromosome 19 interacts solely
with chromosomes 3) or multi-chromosomal (e.g. interactions between two clusters on chromosome
10 with multiple regions of chromosomes 1, 2, 3, 4, 7, 8, and 9) (Figure 4.15 D). Furthermore,
we detected significantly more repeats in OR gene clusters when compared with the rest of the
mouse genome (Figure S6 A) (Wilcoxon test, p<.0001), particularly LINE/L1, and LTR/ERV family
retrotransposons (Figure S6 B).
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Figure 4.15: Inter-chromosomal interaction and olfactory receptors.(A) Interaction profiles of pairs of chromosomes in
RbP/D (3 and 19,7 and 9, 2 and 14). In all the three examples inter-chromosomal interactions are depicted by asterisks.
(B) Gene ontology analysis of genes in newly detected inter-chromosomal interactions in Rb P/D. Data shows that the
inter-chromosomal interactions regions are significantly enriched with sensory perception. (C) Mouse ideogram showing
the localization of olfactory clusters (green) described in literature (Degl’Innocenti et al. 2019) and the inter-chromosomal
interactions detected in this work (red). (D) Circus plot representing the inter-chromosomal interactions related with sensory
perception, which are mostly genes from the olfactory (Olfr) and vomeronasal (Vmn) receptor family. The number of genes
found in each region and the gene family are shown.

4.3.4 Discussion

Here we provide evidence that chromosomal fusions impact three-dimensional genome topology
and meiotic recombination, highlighting the implications of large-scale genome reorganizations
on genome function and fertility. Our results show that chromosomal fusions pose important
mechanistic constrains in the nuclear architecture of germ cells, affecting heterologous interactions,
chromosomal synapsis and meiotic recombination. This was reflected at different hierarchical levels:
(i) chromosomal nuclear occupancy, (ii) inter- and intra-chromosomal interactions, (iii) chromosomal
axis length, (iv) chromatin loop size and (v) topological domains.

Our high-throughput analyses in combination with cytological observations show that disturbances
in nuclear chromosomal occupancy occur genome-wide, affecting not only chromosomes involved
in Rb fusions but also not-fused chromosomes. The pattern observed in primary spermatocytes is
especially relevant as fundamental cellular processes take place, such as synapsis and pairing of
homologous chromosomes and the formation and repair of DSBs. It is also in primary spermatocytes



where DNA loops are organized along the chromosomal axis, with loop size and axis length inversely
correlated (Ruiz-Herrera et al. 2017; Wang et al. 2015b; Zickler and Kleckner 2015), which can co-vary
within gametes (Wang et al. 2019a). Although we can only speculate on the mechanisms behind
the observed patterns, Rb fusions alter the distribution of telomeres and centromeres attached to
the nuclear lamina, ultimately inducing ectopic heterologous interactions. In standard mice all
chromosomes are acrocentric, so telomeres and centromeres are attached to the nuclear lamina,
globally disposed during prophase I. But the presence of Rb chromosomes poses mechanistic
constrains with centromeres locating either towards the center of the nucleus or at the periphery,
as suggested by previous microscopic observations (Berrios et al. 2014). Such alteration in nuclear
occupancy, together with the pairing disturbances observed with fusions in heterozygous state
would trigger stochastic physical interactions and expose chromosomal domains to novel regulatory
environments (i.e., OR gene clusters). Remarkably, this disruptive pattern also affected chromosome
axis length and, as a result, higher-order chromatin remodeling. Because chromatin is organized into
DNA loops that emerge out of meiotic chromosomal axes (Zickler and Kleckner 1999), variations in
axis length alter the number and size of these loops (Wang et al. 2019a), which impacts medium and
long-range interactions. Likewise, because the assembly of chromatin loops into chromosomal axes,
and the formation and repair of meiotic DSBs (and subsequent COs) are interconnected (Capilla
et al. 2016; Ruiz-Herrera et al. 2017; Wang et al. 2019a), the remodeling of chromosomal interactions
translated into a reorganized recombination landscape in Rb mice. Thus, Rb fusions pose mechanical
constrains on the spatial genome architecture that affect not only the hierarchical three-dimensional
organization of the genome, but also the distribution of CO events genome-wide. The molecular
mechanisms behind this phenomenon remain unknown.

Importantly, the re-distribution of COs across chromosomal arms was consistent with observation of
low recombination rates at a fine scale (Kbp), and high values of genomic divergence. This provides
novel evidence that disturbances in CO distribution due to chromosome fusions result in detectable
genomic footprints. According to the ‘suppressed recombination” model (Faria and Navarro 2010;
Farré et al. 2013) a reduction in recombination is expected within reorganized regions in the
heterokaryotype (e.g. heterozygous Rb fusions). Although this was consistent with our observations
(the proportion of chromosome arms with zero CO was slightly higher in heterozygous Rb fusions
than non-fused chromosomes), we also detected an even stronger reduction of recombination
in homozygous Rb fused chromosomes. Decreased recombination in homozygous Rb fusions
is counterintuitive, but could be explained by the presence of double centromeric signals that
represented misaligned centromeres (Borodin et al. 2008; Cappelletti et al. 2019). Since centromeres
can reduce recombination rates [so-called ‘centromere interference’, (Lynn et al. 2004)], the presence
of double centromeres could magnify this effect, interfering with both the formation of COs during
prophase and subsequently, normal chromatid segregation in metaphase I. In fact, previous studies
in BRbS reported heterochromatinization disturbances at the centromeres of fused chromosomes
(Capilla et al. 2014), and a higher frequency of apoptotic spermatogenetic cells in homozygous mice
than in heterozygous mice (Medarde et al. 2015). In this context, Rb fusions in homozygosis could
present high centromere interference responsible for CO reduction.

Remarkably, we also detected that the frequency of chromosome arms with zero COs was not
significantly altered in mice with Rb in heterozygosis, but chromosomal axes were longer when
compared to non-fused chromosomes, thus affecting CO density. Conversely, the cytological data
suggested the presence of shorter chromosomal axes in homozygous Rb fusions (and therefore,
longer DNA loops). This was consistent with the Hi-C data, suggesting that Rb fusions induce
variance in higher-order chromatin organization. This adds to initial reports on global modulation
of chromosomal CO frequencies by both chromatin loop size and chromosomal axis length (Ruiz-
Herrera et al. 2017; Wang et al. 2019a, 2015b), further suggesting that recombination landscapes
can be altered within cells by Rb fusions affecting both the loop /axes length ratio and the spatial
chromosome occupancy.

Likewise, Rb fusions not only pose restrictions for chromosomal interactions in primary spermato-
cytes but also in post-meiotic cells. Chromosomes are highly condensed in round spermatids with
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all centromeres associated in the center of the cell forming the chromocenter (Vara et al. 2019b). As
heterologous contacts were reduced in Rb mice we hypothesize that chromosomal fusions restrict
interactions between non-fused chromosomes in round spermatids. This restricted and condensed
pattern favors intra-chromosomal contacts, resulting in reorganization of TADs in post-meiotic
cells.

Our observations have important evolutionary and developmental implications. The dynamic
three-dimensional genome topology of germ cells can be affected by chromosomal fusions in two
ways: (i) altering chromosomal nuclear occupancy, and (i) reshaping landscapes of recombination.
The redistribution of chromosomal nuclear occupancy in spermatocytes that result from Rb fusions
brings new genomic regions into close proximity that are distanced in standard mice. In the case
of acrocentric chromosomes, heterologous association of pericentromeric regions can predispose
to the occurrence of new Rb fusions if DSBs occur and are ill repaired. As such, changes in
chromosomal nuclear occupancy could explain the occurrence of Rb fusions detected not only
in natural populations of rodents (Matveevsky et al. 2020; Pidlek et al. 2005), but also in other
mammalian species like shrews (Fedyk et al. 2019). Moreover, the rearranged nuclear architecture
in Rb mice would expose chromosomal domains to novel regulatory environments, potentially
affecting gene expression and/or regulation, as initially proposed by the integrative breakage
model of genome architecture (Deakin et al. 2019; Farré et al. 2015). New chromosomal interactions
resulting from chromosomal fusions may rewire or attenuate gene networks, providing new
grounds for evolutionary novelty in the long round. This appears the case of olfactory receptor
family clusters detected in meiotic-specific inter-chromosomal interactions in Rb mice. As this gene
family is expressed in the male germ line (Vara et al. 2019b), with a function in spermatogenesis
and fertilization (Fedyk et al. 2019; Flegel et al. 2016; Matveevsky et al. 2020), altered regulation of
their expression could have an adaptive role. In fact, inter-chromosomal interactions between OR
genes have been previously described in sensory neurons (Monahan et al. 2019), suggesting that
associations between multiple chromosomes can selectively regulate transcription of individual OR
genes. Further functional studies will be needed to support this hypothesis in the germ line.

Importantly, disturbances of CO distributions can be regulated individually at the chromosome
level to allow proper disjunction of chromosomes during meiosis. Under this scenario, a decrease in
meijotic recombination due to the presence Rb fusions might induce subfertility, as revealed by our
observations of significant differences in sperm motility and vitality between Rb and standard mice.
This, together with previous reports on variation of the sperm head morphology and spermatogenic
activity in Rb mice (Medarde et al. 2013; Sans-Fuentes et al. 2010), suggest that Rb fusions have
an effect on mouse fertility, although mild enough to allow their persistence within populations.
In this context, our observations of topological disturbances in prophase I provides another layer
of complexity, setting the grounds for exploring the mechanisms responsible for the origin and
maintenance of balanced chromosomal fusions in the germ line.

4.3.5 Conclusions

We demonstrate that chromosomal fusions affect the three-dimensional genome-wide topology
in germ cells, ultimately reshaping recombination landscapes. The modulation of recombination
implies a close interplay between different factors that are involved in chromatin remodeling,
centromere interference, DNA loop size and chromosomal axis length. Understanding how such
changes in genome organization affect gene expression and regulation is an important dimension of
further understanding the effect of genome reshuffling on evolution and fertility. We anticipate that
our results will provide impetus for exploration of the functional and structural basis of genomes in
a broad context, reinforcing the link between the three-dimensional genome architecture, genome
integrity and fertility.



4.3.6 Methods

Animals and cell lines. We sampled a total of 63 wild-caught house mice (M. m. domesticus) from
6 populations, covering the extent of the BRbS (Figure 4.10 A and Table S1). All animals included
in the study were previously karyotyped (Capilla et al. 2014; Medarde et al. 2012; Sdnchez-Guillén
et al. 2015) confirming the presence of Rb fusions (Table S1). Three males from the laboratory strain
C57BL6 (BL6) were also included in the recombination analysis. Animals were housed and treated
in strict accordance with ethical guidelines approved by the Universitat Autdonoma de Barcelona
(Spain).

The BRbS system mice included in the present study consisted of three populations without Rb
fusions (2n=40; Caldes de Montbui, Castellfollit del Boix and Olost) and three populations with Rb
fusions (2n=39-28; Sant Sadurni d’Anoia, Castelldefels and Viladecans). Mice from Rb populations
are characterized by having between one and six Rb fusions involving 12 different chromosomes
[Rb(3.8), Rb(4.14), Rb(5.15), Rb(6.10), Rb(9.11), and Rb(12.13)], either in heterozygous or homozygous
states (Table S1) (Medarde et al. 2012; Vara et al. 2019a). The BRbS is characterized by Rb fusions
present as chromosomal polymorphisms, thus not fixed within populations.

Moreover, a primary fibroblast cell line derived form a male mouse (#954, 2n=30) previously
established in our lab (Sanchez-Guillén et al. 2015) was used as a somatic control in the Hi-C
experiments. Cells were cultured in DMEM medium supplemented with 10% fetal bovine serum
and 1% PenStrep at 37°C and 5% COx.

Spermatocyte spreads and immunofluorescence. Direct analyses of recombination are normally
based on the detection of either COs or their final products, the chiasmata, being the former visible
cytogenetically in meiocytes in later stages of the first meiotic division (i.e., pachytene chromosomes)
(Capilla et al. 2016; Ruiz-Herrera et al. 2017). Here, we analyzed physical location of COs along the
axes of chromosomes using the immunofluorescence staining technique to detect MLH], a protein
that localizes type I (interfering) COs along with one of the proteins involved in synaptonemal
complex formation (the synaptonemal complex protein 3, SYCP3). The chromosomal distribution of
MLH]1 foci can be considered a proxy of the number of COs (Froenicke et al. 2002; Ruiz-Herrera et al.
2017; Segura et al. 2013). The position of the centromeres along the chromosomal axes was visualized
by staining centromeric proteins using the sclerodactyly and telangiectasia (CREST) serum (Figure
4.10 A and Table S1). Additionally, we also detected RAD51 (marker of programmed DSBs) at
early stages of prophase I and H3K9Me3 (marker of centromeric constitutive heterochromatin).
Spermatocyte spreading and immunofluorescence was performed as previously described (Segura
et al. 2013).

Sperm analysis. Analyses were conducted in a subset of 15 of male mice from the BRbS (Table S1).
This included 6 standard mice from the Castellfollit del Boix population and 9 mice with Rb fusions
from Viladecans and Castelldefells population. Briefly, right epididymis was obtained for each
specimen, and the caudal portion was drained to acquire epididymal spermatozoa. The process was
supervised with an Olympus SZ30 stereoscope microscope. Spermatozoa were processed following
the protocols for the examination and processing of human semen samples described by the World
Health Organization (2010). Around 1,000 spermatozoa were analyzed per individual using an
Olympus CH30 microscope.

For each sample, a slide with a drop of fresh spermatozoa suspension was analyzed. Depending on
the characteristics of the spermatozoa movement, they were classified into the following categories:
(i) fast progressive and linear motility, (ii) slow progressive motility by swinging or doing circular
movements, (iii) non progressive motility but movement on the head/tail and (iv) no motility.
In order to determine sperm vitality, a drop of eosin Y (0.5%, Sigma-Aldrich) and a drop of
sperm suspension were mixed on a slide. After 2 minutes, the preparation was assessed under the
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microscope. This method allows the identification of live (not stained) or dead spermatozoa (stained
by the inability to expel eosin).

Image and COs data analysis. Spermatocyte preparations were visualized and captured using a
Zeiss Axioskop epifluorescence microscope equipped with the appropriate filters and a charged
coupled device camera (ProgRes® CS10plus, Jenoptik).

For the analysis of COs and centromere position only pachytene spermatocytes were considered.
Only axis-associated MLHI1 foci were counted considering the number of MLH1 foci per arm,
chromosome and per cell. SC length (expressed in pm) was calculated as the mean length of all
autosomal SCs per cell in individual mice. Thus, we measured the SC length of each chromosome
and the physical distance between COs. For the analysis of RAD51 only leptotene and zygotene
spermatocytes were considered.

The Micromeasure 3.3 software (Reeves 2001) was used for the analysis of chromosome-specific
recombination maps based on the distances between adjacent MLHI foci as previously described
(Ruiz-Herrera et al. 2017; Segura et al. 2013). For each chromosome, the position of each MLH1
focus was recorded as a relative position (percentage of the synaptonemal complex total length)
from the centromere, identified by the immunofluorescence signal of the centromeres in each
cell. A discrimination of heterozygous chromosome states was accounted for, in parallel for the
presence of double centromere signals in homozygous metacentrics. In order to minimize possible
karyotype effects, analyses on CO chromosomal distribution, asynapsis and double centromeres
were conducted in animals belonging to one standard population (Caldes de Montbui) and one Rb
population (Viladecans).

CO frequency and cumulative frequency plots were constructed for each chromosome types
(acrocentric, Rb in heterozygous state and Rb in homozygous state). As CO data were not normally
distributed, analysis of variation in the number and position of MLH1 foci along chromosomes
among different groups were assessed using non-parametric tests, as previously described (Capilla
et al. 2014; Merico et al. 2013). In this case, the Mann-Whitney test was used in comparisons between
groups, Kruskal-Wallis to test intra-group differences (either by population or upon fusions) and
Dunn’s test for multiple comparisons. Data were expressed as the mean+standard deviation (SD).
Additionally, Chi-square was used to compare arm proportions of different number of MLH1
foci per arm type. Moreover, Spearman correlations were calculated to test relationships among
MLHI1 and RAD51 foci, MLHI foci and diploid number and MLHI foci and the number and state
of chromosomal fusion. Spearman correlation analysis was also performed for MLHI foci and
chromosome arm length. A value of p<0.05 was considered statistically significant.

SNP genotyping. Analysis of genomic divergence and recombination rate at the Mbp scale were
conducted using genotyping data from a subset of 34 mice from two standard populations (2n=40;
Castellfollit del Boix and Olost) and two Rb populations (2n=28-39; Sant Sadurni d’Anoia and
Castelldefels) retrieved from (Vara et al. 2019a) (Table S1). Data consisted of the Mouse Universal
Genotyping Array (MegaMUGA), which consisted of 77,808 evenly distributed SNP markers built
on the Illumina Infinium platform (Morgan et al. 2016b). SNPs were filtered to remove markers with
missing values >5% threshold using PLINK version 1.9 (Purcell et al. 2007). This resulted in a final
data set of 63,344 informative SNPs distributed across all chromosomes, with the exception of the 8
and the Y chromosomes. These markers were considered for subsequent analyses of genome-wide
screening of divergence and estimates of recombination rate.

The ADMIXTURE software (Alexander et al. 2009) was used to estimate individual ancestry and
admixture proportions assuming K populations based on a maximum likelihood method. Analyses
were run only for SNPs with a greater than 95% genotype call. The numbers of clusters (K) were
evaluated applying Evanno’s AK (Evanno et al. 2005) with three different K values (K=3, 4, 5)
showing the lowest likelihood values (data non shown). ADMIXTURE analyses were plotted the R



package Pophelper v2.3.0 (Francis 2017). In addition, multiple dimensional scaling analysis was
performed using PLINK, by first generating a genome file (-genome flag) from the vcf file containing
the SNPs, and then the mds file that was plotted in R environment.

Genome-wide screening of genetic divergence and diversity. We estimated number of alleles
(Na), allelic richness (A), observed heterozygosity (Hp), expected heterozygosity (Hs), inbreeding
coefficient (Fis), and nucleotide diversity (pi). Na and Ar were estimated using the hierfstat package
v0.04-22 (Goudet 2005) implemented in R. Allelic richness was refracted for a minimum of alleles of
22 (or 11 diploid samples), which was the lowest observed sample size between the three groups. Ho
and Hs were calculated using PLINK v1.90b6.12 (Purcell et al. 2007); and Fis and pi with VCFtools
162v.0.1.16. 1,000 bootstraps were performed for pairwise Fst (Weir and Cockerham 1984) estimations
with the R’s StAMPP v1.6.1 package (Pembleton et al. 2013).

Pairwise Fst comparisons were conducted between populations genome-wide and considering
chromosomes involved in fusion (3, 4, 5, 6, 8, 9, 10, 11, 12, 13, 14 and 15) and not involved in fusions
(1,2,7,10,16,17,18, 19 and X). Estimated Fsr values were adjusted with the Bonferroni correction for
minimizing type I errors. Tukey-Kramer tests [JMP package version 5.1.2; SAS Institute Inc. (SAS
Institute Inc 2019)] were used to analyze differences between groups.

Estimates of recombination rates. The program LDhelmet (Chan et al. 2012) was applied for the
estimation of recombination rates a fine scale (kbp). As LDhelmet has a 25 diploid samples limit (50
haplotypes), we sampled a random subset of 25 individuals from the 34 individuals included in the
SNP analysis, using the vcftools “—max-indv” option and by chromosome using “—trecode” and
“—chr” (Danecek et al. 2011). LDhelmet estimates the recombination rates from phased chromosomes
or haplotypes from a population, thus we phased our data using the software SHAPEIT (Delaneau
et al. 2012) by using the option —rho 0.001. Once phased, each chromosome vcf file was split into
two groups, according to standard or Rb samples. Each file was then transformed to LDhelmet
input snps and pos files with the “—ldhelmet” flag. The likelihood tables were generated using
LDpop (Alexander and Machiela 2020), and then transformed to LDhelmet format following the
software’s manual indications. We performed the analysis per chromosome, based on the SNP
data. Estimations of the population-scaled recombination rate p = 4N,r were obtained using the
parameters recommended by software’s developers, where Ne is the effective population size
and r the genetic map distance across the region analyzed. Using this approach, we established
recombination rates in windows of 50 SNPs across the mouse genome considering two groups:
standard and Rb mice. Mann-Whitney test were used to analyze differences between groups.

Fluorescence Activated Cell Sorting (FACS) of mouse male germ cells. Testis cell disaggregation
and FACS was conducted as previously described (Vara et al. 2019b). Briefly, germ cells at a
concentration of 1 million per 500 pl were incubated in formaldehyde (1%) for 10 min prior to FACS.
Glycine (0.125 M) was added and incubated with agitation at room temperature for 5 min and then
at 4°C for 15 min. Cells were then centrifuged for 10 min at 290 xg at 4°C and resuspended in 3 ml 1x
PBS with Hoechst staining.

Germ cells were sorted using a BD InfluxTM (BD Biosciences) coupled with an ultraviolet laser
(355 nm). Subsequently, two main germ cell populations (P/D and RS) were isolated by plotting
Hoechst Blue (UV355-460/50) vs. Hoechst red (UV355-670/30) emissions to discriminate cells by
both their DNA content and their complexity. Cell populations were collected after sorting in 1x
PBS and centrifuged for 5 min at 1,800 xg. The supernatant was discarded, and cell pellets were
flash-frozen at -80°C until use. Sorting experiments lasted between 3 to 6 hours to collect between
0.2 x 10° and 3.2 x 10° cells, depending on the germ cell population.

Cell enrichment of each flow-sorted population was evaluated by immunofluorescence using specific
meiotic proteins and DAPI morphology. For primary spermatocytes, prophase-I stages (leptonema,
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zygonema, pachynema and diplonema) were identified based on SYCP3 (1:400) and YH2AX patterns
(1:300). Cell enrichment of round spermatids was determined based on nucleus morphology and
DAPI pattern as previously described (Vara et al. 2019b). Cells were fixed on slides and then mounted
with DAPI diluted in Vectashield (Vector Laboratories). Slides were analyzed using a fluorescence
microscopy (Axiophot, Zeiss) coupled with a ProgRes ® CS10plus, Jenoptik camera. Representative
images were captured with ACO XY (A. Coloma, Open Microscopy). Between 50 and 100 cells were
counted for each flow-sorted population. Only sorted populations with enrichment above 80% were
considered for subsequent experiments.

In nuclei Hi-C. The generation of Hi-C libraries was conducted following Vara and collaborators
(Vara et al. 2019b). Rb mice included in the Hi-C analysis were selected based on their karyotype
characteristics (high number of Rb fusions) and availability of testis material. All mice included
in the Hi-C experiments belong to the same population (Viladecans) and were included in the
recombination analysis, showing similar patterns of CO distribution (Figure S1 F and Table S1).
Two replicates for cell type were obtained from a total of 3.4 x 106 primary spermatocytes at P/D
stage, 12.8 x 106 round spermatids previously isolated by FACs. In addition a total of 10 x 10° Rb
fibroblasts (two biological replicates) was also included. Libraries were submitted for Illumina
sequencing (paired-end 75bp each side on HiSeq 2500, v4).

Hi-C data processing, binning and normalization. Quality check and trimming step of raw data
was carried out using BBDuk (version 10/2015) (Bushnell, 2014). Setting a minimum read length of
35 bp and a minimum Phred quality score of 20, adapters and low-quality reads were removed while
preserving their longest high-quality regions. After the quality check, the reads were processed with
TADDbit (version 0.2.0.23) (Serra et al. 2017), which makes use of the GEM (version 1.7.1) mapper
(Marco-Sola et al. 2012) to iteratively map them against the mouse genome (version mm10). Reads
were mapped from 15 bp towards using a step size of 5 bp. The filters used to remove possible
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artefacts were the following: “self-circle”, “dangling-end”, “error”, “extra dangling-end”, “too
short”, “too large”, “duplicated”, and “random breaks”. The maximum molecule length parameter
was set at 2 times the 99.9 percentile of the insert size distribution, returned by the “insert_size”
from TADbit. The maximum distance of a read to a cleavage site was set to the 99.9 percentile of the
insert size distribution. An in-house script was used for binning and data normalization. This script
imported the “HiC_data” module of TADDbit, read the map files generated after the artefacts filtering
step, binned the reads into a square matrix of 50 Kbp, and stored the matrix into a file in NPZ
format (raw matrix). Afterwards, HiCExplorer (version 3.3) (Wolff et al., 2018) was used to normalize
with the ICE (Iterative Correction and Eigenvector decomposition). The normalized matrices of
standard and Rb were then compared by the log2ratio method using “hicCompareMatrix” from
“HiCExplorer" to obtain the differential matrices.

Pair-wise comparisons between biological replicates derived from the Hi-C experiments were
performed using HiCRep as previously described (Vara et al. 2019b). The Y chromosome was
excluded from the analysis due to the lower number of interactions detected in our analysis (less
than 1% of the overall detected interactions) and the highly repetitive nature of this chromosome.
The correlation between 2 replicates was defined as the mean of the 20 correlation scores.

Averaged contact probability P(s). ICE-normalized matrices were scaled with a factor of 1/sum(matrix).
The resulting matrices were then input to “hicPlotDistVsCounts” from the HiCExplorer package in
order to obtain the contact probability P(s).

Inter-chromosome/intra-chromosome interaction ratio. ICE-normalized data stored in matrices
were exported with HiCExplorer to the GInteractions format, which consists of 7 columns: chromo-
some, start and end from bin 1, chromosome, start and end from bin 2, and the amount of interaction.



The Glnteractions tables were imported in R for further quantification of inter-chromosome and
intra-chromosome interactions and plotting.

Inter-chromosomal interactions analysis. Using R (version 3.6.1), the GInteraction tables were
subset by chromosome so the analysis of each chromosome inter-chromosomal interactions could be
done individually. Then, the mean of interactions of a given chromosome with others was calculated
as previously described (Vara et al. 2019b). Finally, data was plotted as a heatmap where red stands
for more interaction in Rb mice and blue in standard mice. The Glinteraction tables subset by
chromosome were then plotted as interaction profiles considering the interaction for each genomic
position.

The analysis of the intra-chromosomal interaction ratio in RS (haploid cells) allowed for a predicted
classification of fusions into homozygous or heterozygous by quantifying the interactions of fused
chromosomes when compared to chromosomes not involved in Rb fusions. In this manner, we
established that fusions 3.8, 6.10 and 5.15 were present in heterozygosis (ratio between 1.2 and 1.6)
while fusions 9.11, 12.13 and 4.14 were in homozygosis (ratio around 2).

Chromosomal specific inter-chromosomal interactions analysis. Inter-chromosomal regions
were statistically defined as bins with a standard deviation (Z-score) higher than 2.58. Bin re-
gions were also intersected with BEDTools intersect (version 2.25) against promoter regions (-2kbp
to TSS) from the mouse GENCODE annotation vM14 to obtain the overlapping genes. These genes
then underwent a Gene Ontology Enrichment Analysis (GOEA) as previously described (Vara et al.
2019b). We used CIRCOS (version 0.69-8) (Connors et al. 2009) to plot the genomic positions of the
inter-chromosomal interactions across the mouse genome.

For the analysis of repetitive sequences within inter-chromosomal regions, repeatMasker (Smit
et al. 2015) annotation on the Mus musculus genome version mm10 was downloaded and parsed to
become a BED file. BEDtools (version 2.26) was used to intersect equal-sized bins considered as
inter-chromosomal interaction regions against the RepeatMasker annotation with option "-wo", thus
counting the number of overlapping bases. All equal-sized bins of the genome were also intersected,
and the number of overlapping bases was also counted and considered as "background" repeat
profile of the mm10 genome. Mann-Whitney test was applied to test for significant differences.

A/B compartments and TADs calling. Analyses were conducted at the genome-wide level as
previously described (Vara et al. 2019b). For A /B compartment calling columns with a low number
of counts were filtered out using TADbit, setting the parameter min_count to 10. Since TADDbit fits the
column count distribution into a polynomial distribution, columns with a number of counts smaller
than the first antimode of the distribution, which cannot be smaller than the min_count parameter,
are filtered out. Then, the genome-wide matrices were normalized by the expected interactions
at a given distance and by visibility by means of one-iteration of the ICE method. The correlation
analysis was also performed with TADbit. In-house scripts computed A/B compartments from the
first eigenvector, using 0 as threshold to differentiate both compartments and the gene density to
label them.

TADs were identified using an in-house script that imported the “Chromosome” module of TADbit
and added the raw and the ICE-normalized matrices of each chromosome separately. Filtered bins,
due to low counts, were included to mask them when calling TADs. TAD insulation scores were
obtained by first normalizing the different matrices for read depth in order for the scores to be
comparable. Each matrix was then scaled to have 100M reads. Afterwards, TAD insulation scores
were obtained from the output given by the “hicFindTADs” program from HiCExplorer.
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Compartment switching. BED files with a resolution of 50 Kbp were available from the compart-
ments definition step. Each genomic bin of 50 Kbp had its corresponding compartment attributed.
Pair-wise comparisons between cell types -genome-wide and per-chromosome- were performed; the
ratio of compartment switching was calculated as the number of genomic bins with a compartment
change (A>B or B>A) divided by the total number of bins. From these files, a matrix file was
created with 50 kbp-binned genomic coordinates as rows and cell types as columns, filled by the
corresponding compartment labelling in each bin and cell type. Cell-specific A compartments were
defined as those bins being compartment A in a cell type and compartment B in the remaining cell

types.

Quantification and statistical analysis. The statistical analyses were performed using R. Statistical
parameters and tests are reported in the Figures and Figure Legends.

Availability of data and materials. Hi-C dataset from standard mice are available in the NCBI
GEO repository, accession number GSE132054. Raw and processed Hi-C data from Rb mice can be
found in accession number GSE145978.
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Supplementary Figure 1: (A) Correlation between the number of MLH1 foci per cell and (i)
diploid number (2n) and (ii) the number of Rb fusions in all sampled mice (Spearman, p<0.0001).
(B) Distribution of COs in Standard (St, red) and Rb mice (blue) showing greater co-variance in
Rb mice (CV=10.14) respect their St counterparts (CV=9.14). (C) Mean numbers of RAD51 foci
detected in laboratory mice (BL6) and wild-caught St and Rb mice. P-values (Dunn’s test,
**p<0.001; ***p<0.0001) are indicated. (D) Correlation between the number of RAD51 and
MLH1 foci per cell in Standard (St, red) and Rb mice (blue) (Spearman, p<0.0001). (E)
MLH1/RADS5]1 ratio in Standard (St, red) and Rb mice (blue) (Mann-Whitney test, p=0.001). (F)
Proportion of MLH1 foci per arm type showing the proportion of #0, #1, #2 and #3 foci
considering different chromosomal arm configurations: Acr BL6, all acrocentric chromosomes
of BL6 mice; Acr St, all acrocentric chromosomes of standard mice; Acr Rb, acrocentric
chromosomes of Rb mice; Met Het, Rb chromosomes in heterozygous state of Rb mice; Met
Hom, Rb chromosomes in homozygous state of Rb mice. Each panel represent different mice
from Viladecans populations with different karyotypes: specimens with four Rb fusions in
homozygous state (HM), specimens with three Rb fusions in homozygous state plus two fusions
in heterozygous state (HT), and specimens with four Rb fusions in homozygous state and one in
heterozygous state. The p-arms of homozygous chromosomes are the ones presenting greater
levels of achiasmy (Chi square, p<0.0001). Related to Figure 1.
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Supplementary Figure 2: (A) Principal component analysis in a subset of 34 mice from two
standard populations (Castellfollit del Boix — BOI and Olost — OL) and two Rb populations (Sant
Sadurni d’Anoia — SS and Castelldefels — CAS) (Table S1). (B) Plots showing the proportion of
inferred ancestry for K =2 to K =4 in mice from panel A. (C) Recombination estimates expressed
as 4N.r/kbp between standard and Rb populations derived from the analysis of SNPs data using
LDhelmet. (i) Box plots depict genome-wide recombination rates for standard (red) and Rb mice
(blue). Diamonds indicate mean values (Mann-Whitney test ***p<2.2 e-16). (ii) Differences in
recombination estimates between standards and Rb mice considering chromosomes involved in
Rb fusions (3.8; 4.14; 5.15; 6.10; 9.11 and 12.13) and those that are not fused (1, 2, 7, 10, 16, 17,
18, 19 and X). (D) Representation of recombination rates (expressed as 4N.r/kbp) derived from
the analysis of SNPs data using LDhelmet for all autosomal chromosomes. Chromosomal
distributions of recombination rates are represented for standard populations in red and for Rb
populations in blue. Related to Figure 1.
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Supplementary Figure 3: (A) Axis length analysis in standard (St) and Robertsonian (Rb) mice
from BRBS (see text and Table S1 for further details). Mann-Whitney test, p=0.86; NS: non-
significant. (B) Correlation between axis length (expressed as microns) and the number of MLH 1
foci (#0, #1, #2 and #3 foci) per chromosomal arm for each chromosome type (Spearman test,
p<0.0001). (C) Distribution of MLH1 foci along individual chromosomal arms in heterozygous
metacentrics. The X-axis represents the positions on the chromosomal axes from the centromeric
end (black dot) to the distal telomere. The Y-axis indicates the frequency of MLH1 foci in each
10% interval of chromosomal length. (D) Proportion of asynapsed heterozygous Rb fusions per
cell (left panel) and proportion of homozygous Rb fusions with double centromeric signals (CEN)
in each Rb mice analyzed (Table S1, number of cells = 573). Related to Figure 2.
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Supplementary Figure 4: A) Representation of the workflow for the Hi-C experiments. (B)
FACS profile of Rb mice testis where gates for pachytene/diplotene (P/D) and round spermatids
(RS) were placed and sorted accordingly. Insets show immunofluorescence examples of the cell
type sorted in the P/D and RS population (scale bar=10 um). In the case of P/D, DAPI is
represented in blue, SYCP3 in green and gamma-H2AX in red. In round spermatids DAPI is
represented in grey. (iii) Enrichment values obtained for P/D and RS populations after FACS,
both above 90%. (C) Heatmap showing the correlation values among replicates based on the
pairwise similarity score calculated using HiCRep (see Methods). Legend — P/D:
Pachytene/Diplotene, RS: Round Spermatids, Rep#: replicates. Related to Figure 3 and 5.
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Supplementary Figure 5: TAD border alignments along chromosome 18 between standard and
Rb mice in all cell types included in the study (fibroblasts, pachynema/diplonema — P/D and round
spermatids — RS). Dark grey arches represent TADs with higher (light grey lower) than expected
intra-TAD interactions. TAD border robustness (from 1 to 10) is represented by a colour gradient.
Related to Figure 3 and 5.
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Supplementary Figure 6: (A) Representation of repetitive sequences represented in the mouse
genome (‘genome-wide’) when compared to inter-chromosomal interactions (Wilcoxon test,
****¥p< 0.0001). (B) Detailed analysis of the different types of repeats present in sensory
perception bins when compared to the rest of the mouse genome (Wilcoxon test, ****p<.0001,
**%p<0.001, **p<0.01, *p<0.05). Related to Figure 6.

DNA/hAT-Charlie LINE/L1 LINE/L2 LINE/CR1

*% o ™ P

AXHR ' 0.6
75 2 90 R
60 0.4
50
25 0 04 0 == 0.04 —
GW  OR GW  OR GW  OR GW OR

0

% of repeats
% of repeats

Genome-Wide OR

LTR/ERV1 LTR/ERVL LTR/ERVK LTR/ERVL-MaLR
e * s *
20

2 75 30 10

g 15

Q 5.04 2

= L # 5

P

= 25 10 *

X

= o = o o 0
GW OR GW OR GW OR GW  OR
SINE/MIR SINE/B4 Simple repeat Low complexity

ok *

* 154

.
2.0
101 1.5
1.04
51 == o #
—— o = 00] =
GW OR GW OR GW OR GW OR

o

N

% of repeats
o = N Wb




Table S1: List of all wild-caught mice included in the study. Related to Figures 4.10, 4.11, 4.12, 4.13, 4.14 and 4.15. Populations sampled, sex, individual ID, diploid number (2n) and Rb fusions for each mouse
from the Barcelona Rb system. The analysis performed in each individual are detailed. POP-Population, F-Female, M-Male, len-length, R-replicate, n.a.-not analyzed, CO-crossover, SC-synaptonemal
complex, CEN-centromere.

Mean Double
N MLH1 Mean MLH1 N RAD51 RAD51 SClen.and CEN
POP SEX ID 2n FUSIONS per cell per cell per cell per cell CO/arm signal Sperm SNPs  Hi-C
Caldes de
Montbui M 01_ST_- 40 25 20.84 25 123.32 yes n.a. n.a.
20160316_01
Caldes de
Montbui M 01_ST_- 40 25 20.52 25 140.68 yes n.a. n.a.
20160316_02
Caldes de
Montbui M 01_ST_- 40 25 20.72 25 130.64 yes na. na.
20160316_03
Caldes de
Montbui M 01_ST_- 40 25 21.32 25 128.40 yes n.a. n.a.
20160316_04
Caldes de
Montbui M 01_ST_- 40 25 20.84 25 127.60 yes n.a. n.a.
20160316_05
Caldes de
Montbui M 01_ST_- 40 25 2212 25 143.40 n.a. n.a. n.a.
20160316_07
Caldes de
Montbui M 01_ST_- 40 25 21.20 25 150.28 yes n.a. n.a.
20160316_08
Castellfollit
del Boix M 02_ST_1000 40 25 20.68 n.a. n.a. n.a. n.a. yes

Continued on next page
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Table S1— Continued from previous page

Mean Double
N MLH1 Mean MLH1 N RAD51 RAD51 SClen.and CEN
POP SEX ID 2n FUSIONS per cell per cell per cell per cell CO/arm signal Sperm SNPs  Hi-C

Castellfollit

del Boix F 02_ST 1001 40 n.a. n.a. n.a. n.a. n.a. n.a. n.a. yes
Castellfollit

del Boix M 02_ST 1019 40 n.a. n.a. n.a. n.a. n.a. n.a. n.a. yes
Castellfollit

del Boix M 02_ST_1020 40 20 20.90 n.a. n.a. n.a. n.a. yes yes
Castellfollit

del Boix M 02_ST 1021 40 21 20.81 n.a. n.a. n.a. n.a. yes
Castellfollit

del Boix M 02_ST 1024 40 25 20.16 n.a. n.a. n.a. n.a. n.a. yes
Castellfollit

del Boix M 02_ST 979 40 26 20.27 n.a. n.a. n.a. n.a. n.a. yes
Castellfollit

del Boix M 02_ST_980 40 22 20.68 n.a. n.a. n.a. n.a. yes
Castellfollit

del Boix F 02_ST_984 40 n.a. n.a. n.a. n.a. n.a. n.a. n.a. yes
Castellfollit

del Boix M 02_ST 998 40 21 20.57 n.a. n.a. n.a. n.a. yes yes
Castellfollit

del Boix M 02_ST 999 40 14 20.57 n.a. n.a. n.a. n.a. yes yes

Continued on next page
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Table S1 - Continued from previous page

Mean Double
N MLH1 Mean MLH1 N RAD51 RADS51 SClen.and CEN
POP SEX ID 2n FUSIONS per cell per cell per cell per cell CO/arm signal Sperm SNPs Hi-C
Olost M 03_ST_10L 40 n.a. n.a. n.a. n.a. n.a. n.a. n.a. yes
Olost F 03_ST_11L 40 n.a. n.a. n.a. n.a. n.a. n.a. n.a. yes
Olost M 03_ST_14L 40 n.a. n.a. n.a. n.a. n.a. n.a. n.a. yes
Sant Sadurni 1HM, 2 HT
d’Anoia M 04_Rb_SS12 36 (4.14,9.11,12.13) n.a. n.a. n.a. n.a. n.a. n.a. n.a. yes
Sant Sadurni 1HM
d’Anoia M 04_Rb_SS13 38 (12.13) n.a. n.a. n.a. n.a. n.a. n.a. n.a. yes
Sant Sadurni 3HT
d’Anoia M 04_Rb_SS18 37 (4.14,9.11,12.13) 47 20.15 n.a. n.a. n.a. n.a. n.a. yes
Sant Sadurni 1HM, 1HT
d’Anoia M 04_Rb_SS19 37 (4.14,9.11) n.a. n.a. n.a. n.a. n.a. n.a. n.a. yes
Sant Sadurni 1HT
d’Anoia M 04_Rb_SS20 39 (12.13) 27 20.26 n.a. n.a. n.a. n.a. n.a. yes
Sant Sadurni 1HT
d’Anoia M 04_Rb_SS22 39 (4.14) n.a. n.a. n.a. n.a. n.a. n.a. n.a. yes
Sant Sadurni 1HT, 2 HM
d’Anoia M 04_Rb_SS2 35 (4.14,9.11,12.13) n.a. n.a. n.a. n.a. n.a. n.a. n.a. yes

Continued on next page
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Table S1— Continued from previous page

Mean Double
N MLH1 Mean MLH1 N RAD51 RAD51 SClen.and CEN
POP SEX ID 2n FUSIONS per cell per cell per cell per cell CO/arm signal Sperm SNPs  Hi-C
Sant Sadurni 2 HT
d’Anoia F 04_Rb_SS4 38 (4.14,12.13) n.a. n.a. n.a. n.a. n.a. n.a. n.a. yes
Sant Sadurni 1HM, 1HT
d’Anoia M 04_Rb_SS5 37 (4.14,12.13) n.a. n.a. n.a. n.a. n.a. n.a. n.a. yes
Sant Sadurni 1HT, 1HM
d’Anoia M 04_Rb_SS6 37 (4.14,9.11) 40 19.80 n.a. n.a. n.a. n.a. n.a. yes
Sant Sadurni 2 HT
d’Anoia M 04_Rb_SS7 38 (4.14,9.11) 46 19.72 n.a. n.a. n.a. n.a. n.a. yes
Sant Sadurni 3HT
d’Anoia M 04_Rb_SS8 37 (4.14,9.11,12.13) 46 20.57 n.a. n.a. n.a. n.a. n.a.
3 HM, 1HT
(3.8,4.14,5.15,
Viladecans M 05_Rb_- 33 6.10, 9.11,12.13) 25 20.68 20 142.45 n.a. n.a. n.a. R#1
20170717_02
3 HM, 2HT
(3.8,4.14,5.15,
Viladecans M 05_Rb_- 32 6.10, 9.11,12.13) 32 20.38 20 134.7 yes yes n.a. R#1
20170717_03
4 HM, 1HT
(3.8,4.14,5.15,
Viladecans M 05_Rb_- 31 6.10, 9.11,12.13) 25 20.00 n.a. n.a. n.a. yes n.a. R#1
20170717_04
3 HM, 2HT
(3.8,4.14, 5.15,
Viladecans M 05_Rb_- 32 6.10, 9.11, 12.13) 33 20.52 n.a. n.a. n.a. yes n.a. R#1

20170717 _05

Continued on next page
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Table S1 - Continued from previous page

Mean Double
N MLH1 Mean MLH1 N RAD51 RADS51 SClen.and CEN
POP SEX ID 2n FUSIONS per cell per cell per cell per cell CO/arm signal Sperm SNPs Hi-C
4 HM
(3.8,4.14,5.15,
Viladecans M 05_Rb_- 32 6.10, 9.11, 12.13) 25 20.89 n.a. n.a yes n.a n.a
20170721_01
3 HM, 1HT
(3.8,4.14,5.15,
Viladecans M 05_Rb_- 33 6.10, 9.11, 12.13) 41 20.12 n.a n.a n.a n.a n.a
20170727_01
4 HM
(3.8,4.14,5.15,
Viladecans M 05_Rb_- 32 6.10, 9.11, 12.13) 25 19.16 n.a n.a yes n.a n.a
20170906_03
4 HM, 1HT
(3.8,4.14,5.15,
Viladecans M 05_Rb_- 31 6.10, 9.11,12.13) 15 19.47 21 90.29 n.a. yes n.a. R#2
20170919_12
4 HM, 1HT
(3.8,4.14,5.15,
Viladecans M 05_Rb_- 31 6.10, 9.11,12.13) 32 19.09 21 91.90 n.a yes n.a. R#2
20170919_16
3 HM, 2HT
(3.8,4.14, 5.15,
Viladecans M 05_Rb_- 32 6.10,9.11,12.13) 34 20.12 na na yes yes n.a
20170919_17
4 HM, IHT
(3.8,4.14, 5.15,
Viladecans M 05_Rb_- 31 6.10, 9.11, 12.13) 74 21.25 n.a. n.a yes yes n.a. R #2
20170919_19
4 HM, 1HT
(3.8,4.14, 5.15,
Viladecans M 05_Rb_- 31 6.10, 9.11, 12.13) 48 19.97 24 97.33 yes yes n.a. R #2

20170919_20

Continued on next page
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POP

SEX

ID

2n

FUSIONS

N MLH1
per cell

Mean MLH1
per cell

N RAD51
per cell

Mean
RADs51
per cell

Double

SClen.and CEN

CO/arm

signal

Sperm SNPs  Hi-C

Viladecans

Viladecans

Viladecans

Castelldefells

Castelldefells

Castelldefells

Castelldefells

Castelldefells

Castelldefells

M

05_Rb_-
20170919_21

05_Rb_946

05_Rb_947

06_Rb_922

06_Rb_923

06_Rb_954

06_Rb_955

06_Rb_956

06_Rb_960

32

31

32

29

28

30

32

30

28

3HM, 20T
(3.8,4.14,5.15,
6.10,9.11, 12.13)

3HM, 3HT
(3.8,4.14,5.15,
6.10, 9.11,12.13)
3HM, 2HT
(3.8, 4.14,6.10,
9.11,12.13)
4HM, 1HT
(4.14, 5.15, 6.10,
9.11,12.13)
6 HM
(3.8, 414, 5.15,
6.10,9.11,12.13)
4HM, 2 HT
(3.8,4.14,5.15,
6.10,9.11,12.13)

3HM, 2 HT
(4.14,5.15, 6.10,

9.11,12.13)

4 HM, 2 HT
(3.8,4-14, 5.15,
6.10, 9.11,12.13)

5HM
(4.14,5.15, 6.10,
9.11,12.13)

25

22

55

22

18

39

40

37

18.96

18.86

19.45

18.95

19.39

21.82

19.93

19.62

16

113.94

yes

yes

yes

Fibros
Hi-C

yes yes

yes yes

yes

Continued on next page
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Mean Double
NMLH1 Mean MLH1 N RAD51 RAD51 SClen.and CEN
POP SEX ID 2n FUSIONS per cell per cell per cell per cell CO/arm signal Sperm SNPs Hi-C

4HM, 3HT
(3.8,4.14,5.15,
Castelldefells F 06_Rb_963 29 6.10,9.11,12.13,7.17) n.a. n.a. n.a. n.a. n.a. n.a. yes yes
5HM, 1HT
(3.8,4.14,5.15,
Castelldefells M 06_Rb_967 29 6.10, 9.11, 12.13) 44 19.95 n.a. n.a. n.a. n.a. yes yes
4 HM, 2 HT
(3.8,4-14, 5.15,
Castelldefells M 06_Rb_968 30 6.10, 9.11,12.13) 27 19.85 n.a. n.a. n.a. n.a. yes yes
4HM, 2 HT
(3.8,4.14,5.15,
Castelldefells M 06_Rb_970 30 6.10, 9.11,12.13) 19 19.00 n.a. n.a. n.a. n.a. n.a. yes
4HM, 2 HT
(3.8,4.14,5.15,
Castelldefells M 06_Rb_971 30 6.10, 9.11, 12.13) 34 18.74 n.a. n.a. n.a. n.a. yes
3 HM, 3HT
(3.8,4.14,5.15,
Castelldefells M 06_Rb_972 31 6.10, 9.11, 12.13) 16 18.13 n.a. n.a. n.a. n.a. n.a. yes
4 HM,1HT
(3.8,4.14, 6.10,
Castelldefells M 06_Rb_CS10 31 9.11,12.13) n.a. n.a. n.a. n.a. n.a. n.a. n.a. yes
4 HM, 2 HT
(3.8,4.14,5.15,
Castelldefells F 06_Rb_CS13 30 6.10, 9.11,12.13) n.a. n.a. n.a. n.a. n.a. n.a. n.a. yes
4HM, 2 HT
(3.8,4.14, 5.15,
Castelldefells F 06_Rb_CS14 30 6.10, 9.11, 12.13) n.a. n.a. n.a. n.a. n.a. n.a. n.a. yes
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156 4 Results

Table S2: Genetic diversity. Representation of number of individuals (n), number of alleles (Na), allelic richness (Ar), observed
heterozygosity (Ho), expected heterozygosity (Hs), inbreeding coefficient (Fis), and nucleotide diversity (pi).

Group n Na Ar Ho He Fis pi
Standard 11 95006 95006 0.1576 0.1680 0.1048  0.1760
Sant Sadurni 11 91738 91738 0.1563 0.1483 -0.0055 0.1554
Castelldefels 12 93161 92862 0.1561 0.1536 0.0268  0.1602
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Table S3: Fst values. Related to Supplementary Figure 2. Fst values between different populations. N.A.: Not analyzed.

CASTELLFOLLIT OLOST CASTELLDEFELS
OLOST 0.1384 N.A. N.A.
CASTELLDEFELS 0.1764 0.1656 N.A.
SANT SADURNI 0.1787 0.1736 0.1673
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4 Results

Table S4: Fst values between different populations according to the presence of Rb fusions. Related to Supplementary Figure
2. In bold, Fst values when including chromosomes involved in Rb fusions (3.8; 4.14; 5.15; 6.10; 9.11 and 12.13). Not-bolded
Fsr values correspond to comparisons including chromosomes not involved in Rb fusions (1, 2,7, 10, 16, 17, 18, 19 and X).
N.A.: Not analyzed.

CASTELLFOLLIT OLOST CASTELLDEFELS SANT SADURNI

CASTELLFOLLIT N.A. 0.1382 0.1781 0.1783
OLOST 0.1362 N.A. 0.1661 0.1709
CASTELLDEFELS 0.1708 0.1621 N.A. 0.1689

SANT SADURNI 0.1780 0.1785 0.1630 N.A.




Table S5: Hi-C quality metrics per cell type. Related to Figures 4.12 and 4.14.

INFO PER CELL TYPE Fib Rb PD Rb RS Rb
Raw (pairs) 499788826 ~ 451041073 450256473
Trimmed q20 (pairs) 473512735 424878135 423115492
Mapped uniquely (pairs) 338880234 296839992 297248047
Self-circle (% relative uniquely mapped) 0.16 0.24 0.32
Dangling-end (% relative uniquely mapped) 3.29 3.22 0.23
Error (% relative uniquely mapped) 2.87 272 0.11
Extra dangling-end (% relative uniquely mapped) 1.86 3.75 6.89
Too short (% relative uniquely mapped) 443 7.81 10.81
Too large (% relative uniquely mapped) 0.01 0.00 0.00
Duplicated (% relative uniquely mapped) 15.30 16.51 10.90
Random breaks (% relative uniquely mapped) 0.42 0.51 0.04
Total valid 255930322 253785807 255264346
Total valid (% relative to Raw) 51.21 56.27 56.69
Total valid (% relative to Trimmed) 54.05 59.73 60.33
Total valid (% relative to Mapped uniquely) 75.52 85.50 85.88

4 Results
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Table S6: Hi-C quality metrics per individual libraries. Related to Figures 4.12 and 4.14.

Information per library

HH3YTBBXX_6_7 (95401)

HH52MBBXX_2_7 (95401)

HHVVNBBXX_3_14 (95402)

HHW7MBBXX_3_14 (95402)

CBLPLANXX_4_12_1 (P7Rb)

CBLPLANXX_5_14_1 (P11Rb)

Raw (pairs) 115128742 143421403 177632905 63605776 209791352 225385285
Trimmed q20 (pairs) 110564127 136600866 166180747 60166995 203153522 217914691
Ratio Trimmed/Raw 0.96 0.95 0.94 0.95 0.97 0.97
Mapped uniquely (pairs) 81919920 101227127 114239111 41494076 141603450 150746989
Mapping efficiency (%) 74.09 74.10 68.74 68.96 69.70 69.18
Self-circle 80914 101630 245031 88014 273789 319209
Dangling-end 1460724 1832200 5620100 2057441 234781 204949
Error 956811 1759395 4880873 1735209 84316 114882
Extra dangling-end 860499 1078099 3060511 1085005 5581191 7090260
Too short 2047426 2511069 7419022 2705306 9953681 10435096
Too large 8801 10886 5275 1880 3865 4404
Duplicated 7507404 9414380 23861232 6585527 12592497 9848530
Random breaks 167942 208250 789805 366376 39701 38357
Total valid 69409690 85069608 73182181 28268843 114744489 124472314
Total valid (% relative to Raw) 60.29 59.31 41.2 44.44 54.69 55.23
Total valid (% relative to Trimmed) 62.78 62.28 44.04 46.98 56.48 57.12
Total valid (% relative to Mapped uniquely) 84.73 84.04 64.06 68.13 81.03 82.57

Information per library

CBMVPANXX_4_12_1 (P7Rb)

CCYYKANXX_3_14_1 (P7Rb)

CCYYKANXX_3_15_1 (P11Rb)

CDIRWANXX_3_15_1 (P11Rb)

CD1RWANXX_4_14_1 (P7Rb)

Raw (pairs) 30401344 67073167 71546194 153324994 143775210
Trimmed q20 (pairs) 28895159 61246874 65036146 140164655 131582580
Ratio Trimmed/Raw 0.95 0.91 0.91 0.91 0.92
Mapped uniquely (pairs) 20070529 42988025 46502151 99998907 92177988
Mapping efficiency (%) 69.46 70.19 71.50 71.34 70.05
Self-circle 38453 62978 68807 148676 133637
Dangling-end 33509 51368 30927 65999 110901
Error 11440 23840 17109 36111 50165
Extra dangling-end 788408 1387958 1973359 4424762 2631305
Too short 1415346 2283560 2410001 5205212 4920692
Too large 531 1376 1545 3305 2880
Duplicated 269464 462407 351747 1553969 2075878
Random breaks 5671 10288 7292 14256 29066
Total valid 17611261 38841899 41803930 88988102 82588158
Total valid (% relative to Raw) 57.93 57.91 58.43 58.04 57.44
Total valid (% relative to Trimmed) 60.95 63.42 64.28 63.49 62.77
Total valid (% relative to Mapped uniquely) 87.75 90.36 89.9 88.99 89.6
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4.4 Characterization of PRDMD variability in natural populations
of house mice
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PRDM9 Diversity at Fine Geographical Scale Reveals
Contrasting Evolutionary Patterns and Functional Constraints
in Natural Populations of House Mice
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Abstract

One of the major challenges in evolutionary biology is the identification of the genetic basis of postzygotic reproductive
isolation. Given its pivotal role in this process, here we explore the drivers that may account for the evolutionary
dynamics of the PRDM9 gene between continental and island systems of chromosomal variation in house mice. Using
a data set of nearly 400 wild-caught mice of Robertsonian systems, we identify the extent of PRDM9 diversity in natural
house mouse populations, determine the phylogeography of PRDM9 at a local and global scale based on a new measure
of pairwise genetic divergence, and analyze selective constraints. We find 57 newly described PRDM9 variants, this
diversity being especially high on Madeira Island, a result that is contrary to the expectations of reduced variation for
island populations. Our analysis suggest that the PRDM? allelic variability observed in Madeira mice might be influenced
by the presence of distinct chromosomal fusions resulting from a complex pattern of introgression or multiple coloni-
zation events onto the island. Importantly, we detect a significant reduction in the proportion of PRDM9 heterozygotes in
Robertsonian mice, which showed a high degree of similarity in the amino acids responsible for protein-DNA binding.
Our results suggest that despite the rapid evolution of PRDM9 and the variability detected in natural populations,
functional constraints could facilitate the accumulation of allelic combinations that maintain recombination hotspot
symmetry. We anticipate that our study will provide the basis for examining the role of different PRDM9 genetic
backgrounds in reproductive isolation in natural populations.

Key words: PRDM9, Mus musculus domesticus, Robertsonian fusion, postzygotic reproductive isolation, selection,
recombination.

Introduction Genes that cause hybrid sterility have been described

mostly in  Drosophila and include the Odysseus-site
Homeobox (OdsH) gene (Ting et al. 1998), the JYAlpha gene
(Masly et al. 2006), Hmr (Barbash et al. 2003), nucleoporin
Nup96 (Presgraves et al. 2003), and the Overdrive (Ovd) gene
(Phadnis and Orr 2009). In mice, the PR domain zinc finger 9

Understanding the genetic basis of speciation is a long-
standing quest in biology. This entails the investigation of
mechanisms responsible for postzygotic reproductive isola-
tion, which can be attributable to genic (e.g, speciation genes)
or chromosomal (e.g, inversions and fusions) factors (Coyne

and Orr 1998; Orr and Turelli 2001; Faria and Navarro 2010;
Farré et al. 2013; Capilla et al. 2014, 2016). Whether both types
of mechanisms can influence speciation processes indepen-
dently or in combination remains largely unexplored.

(Prdm9) gene contributes to hybrid sterility in Mus musculus
subspecies (Mus musculus domesticus x Mus musculus mus-
culus) (Mihola et al. 2009). The Prdm9 gene is located within
the proximal centromeric regions of mouse chromosome 17
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MBE

and it is implicated in the genomic distribution of recombi-
nation hotspots. It codes for a meiotic-specific histone (H3)
methyltransferase with a C-terminal tandem repeat zinc fin-
ger (ZnF) domain that adds H3K4me3 marks at nucleosomes
close to double-strand breaks (DSBs) in early meiosis; it does
so through its recognition of a species-specific and highly
polymorphic repetitive DNA motif (Mihola et al. 2009;
Baudat et al. 2010). The high amino acid variation that char-
acterizes PRDM9 in mice and the repetitive nature of the
DNA motif that it recognizes have suggested the existence
of a positive molecular feedback implicated in the generation
of recombination hotspots (Oliver et al. 2009; Jeffreys et al.
2013; Buard et al. 2014; Capilla et al. 2014; Kono et al. 2014;
Schwartz et al. 2014; Baker et al. 2017). That is, the repair of
DSBs in early meiosis can introduce mutations in preferred
PRDM9 binding motifs, thus influencing the rapid evolution
of novel binding domains (ZnFs) in the PRDM9 protein
(Boulton et al. 1997; Coop and Myers 2007; Davies et al.
2016). Such evolutionary turnover has important implications
for the establishment of reproductive postzygotic barriers
since differences in recombination landscapes in hybrids
can account for failure in chromosomal synapsis during mei-
osis (Qiao et al. 2012; Bhattacharyya et al. 2013; Smagulova
et al. 2016). In this scenario, the presence of evolutionarily
distinct heterozygous combinations of PRDM9 can result in
asymmetric DSBs (i.e, differences in genomic distribution and
number of DSBs) between homologous chromosomes, which
depending on the interaction between different X-linked and
autosomal loci (Balcova et al. 2016) can result in subfertile and
even sterile phenotypes (Davies et al. 2016). Since interallelic
PRDM?9 incompatibilities can result in hybrid sterility due to
failure in recognition of DNA-binding sites (Flachs et al. 2012),
understanding PRDM9 variability in natural populations can
reveal potential drivers behind the evolutionary dynamics of
this gene.

With regards to the involvement of chromosomal rear-
rangements in evolution, house mice represent one of the
most extraordinary models of chromosomal variation in
mammals. The variation that exists in mice may promote
speciation due to meiotic impairment and infertility associ-
ated with chromosomal heterozygosity (Capilla et al. 2014;
Pavlova and Searle 2018). The standard karyotype of M. m.
domesticus consists of 40 all-acrocentric chromosomes.
However, numerous populations in Western Europe and
North Africa show high variability in diploid numbers and
karyotypes resulting from Robertsonian (Rb) fusions of non-
homologous acrocentric chromosomes and/or whole arm
reciprocal translocations, giving rise to new metacentric chro-
mosomes (Pialek et al. 2005). This includes mice from the
northeast of the Iberian Peninsula, the so-called “Barcelona Rb
system” (Adolph and Klein 1981; Giindiiz, Lopez-Fuster, et al.
2001; Medarde et al. 2012) and on the island of Madeira
(Britton-Davidian et al. 2000), both Rb systems are character-
ized by distinct patterns of chromosomal variation. On the
one hand, the Barcelona Rb system extends over an area of
5,000 km? within the provinces of Barcelona, Tarragona, and
Lleida (Spain) and includes individuals with diploid numbers
(2n) ranging from 2n =27 to 2n =40 (Medarde et al. 2012,

2

and references therein). This Rb system is characterized by the
presence of seven different metacentric chromosomes
(Rb[3.8], Rb[4.14], Rb[5.15], Rb[6.10], Rb[7.17], Rb[9.11], and
Rb[12.13]), distributed in nongeographically coincident (stag-
gered) clines leading to a progressive reduction in diploid
numbers towards the center of the range, about 30-km
west of the city of Barcelona (Giindiiz, Lopez-Fuster, et al.
2001; Medarde et al. 2012). The Barcelona Rb system is also
noteworthy for the high levels of chromosomal polymor-
phism, which is consistent with the absence of a metacentric
race (Medarde et al. 2012; Capilla et al. 2014; Sanchez-Guillén
et al. 2015). On the other hand, mice from the Madeira ar-
chipelago (including the islands of Madeira and Porto Santo)
show an extensive chromosomal radiation that includes mice
with the standard 2n = 40 (i.e, the island of Porto Santo) and
mice with a highly structured chromosomal race organization
on the island of Madeira itself (Britton-Davidian et al. 2000).
Madeira, an island with an extreme topography, has six well-
established chromosomal races that have been described
within a geographical range of only 742 km”. Diploid numbers
vary from 2n =22 to 2n =28, with up to nine metacentric
chromosomes accumulated within a maximum of 1,200 years
(Forster et al. 2009). Importantly, most metacentric popula-
tions are geographically isolated and do not co-occur with
others except for some cases of marginal overlap of the chro-
mosomal races. The chromosomal differences between some
of the Madeira races are so pronounced that hybrids are at
very low frequency, presumably due to reduced F, fitness
associated with meiotic impairment (Britton-Davidian et al.
2000).

The contrasting nature of the chromosomal variation in
the Madeira and Barcelona Rb systems provides a unique
opportunity to investigate the mechanisms underlying
PRDM? variation. It permits the examination of PRDM9 evo-
lutionary dynamics between a continental mouse population
(with a distribution of metacentric chromosomes in a poly-
morphic state; i.e, the Rb Barcelona system) and those of an
island’s chromosomal system (subdivided into entirely or par-
tially reproductively isolated units with metacentric chromo-
somes in a homozygous state; i.e, the Madeira system). Here,
using a phylogenetic approach on a data set of ~400 wild-
caught house mice from the Madeira archipelago (Madeira
and Porto Santo Islands) and the Barcelona system (conti-
nental) (fig. 1) we 1) identify the extent of PRDM9 diversity in
natural house mouse populations, 2) determine the phylo-
geography of PRDM9 at a local and global scale using a new
method for the computation of genetic distances between
complex repeats, and 3) analyze how selection might account
for the PRDM9 natural diversity observed. In this context, our
study provides the grounds for understanding the complexity
of the mechanisms that can drive evolutionary dynamics of
PRDM?9 in natural populations.

Results

PRDM9 Diversity at a Local Scale
We successfully obtained polymerase chain reaction (PCR)
products from the 395 wild-caught mice included in the
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Fic. 1. Geographical distribution and chromosomal characteristics of the Mus musculus domesticus populations analyzed. (A) Localities sampled in
the Barcelona Rb system. Standard populations (blue dots) correspond to mice with 40 acrocentric chromosomes (standard karyotype) whereas
Rb populations (red dots) had diploid numbers ranging from 2n = 39 to 2n = 28 (see supplementary table 1, Supplementary Material online, for
further details of chromosomes involved in Rb fusions). (B) Localities sampled in the Madeira archipelago. Porto Santo Island is displayed in the
inset; it contains standard mice with 40 acrocentric chromosomes (standard karyotype). Six metacentric races have been sampled on the Madeira
Island: PEDC, PADC, PLDB, PPOD, PSAN, and PSVI (see supplementary tables 2 and 3, Supplementary Material online, for further details on the
chromosomal composition of the chromosomal races). Following previous studies (Britton-Davidian et al. 2000), the chromosomal race PEDC is

distributed on both on the northern (PEDC N.) and southern (PEDC S.) coasts of the Madeira Island.

study, detecting considerable variation in the number of ZnF
repeats, depending on the region sampled (table 1 and sup-
plementary tables 1-4 and figs. 1-4, Supplementary Material
online). In the Barcelona Rb system, alleles with 10 ZnF
repeats were the most frequently detected (73%), followed
by alleles with 12 ZnF repeats (13.2%), 11 ZnF repeats (10%),
8 ZnF repeats (2%), and 13 ZnF repeats (1.8%). In the case of
Madeira however, a higher diversity was detected when con-
sidering the number of ZnF repeats. PRDM9 alleles with 11
ZnF repeats were the most frequently detected (47%), fol-
lowed by alleles with 10 ZnF repeats (25%), 13 ZnF repeats
(17%), 12 ZnF repeats (6%), 15 ZnF repeats (2%), and 14 and
16 ZnF repeats (1% in each).

In order to investigate the source of contrasting variability
patterns observed in the Madeira and Barcelona Rb systems,
we sequenced the ZnF array in a total of 292 mice. This
represented 74% of the sampled mice, a proportion that is
consistent with previous studies on wild specimens (e.g,
Kono et al. 2014). This resulted in the identification of 25
distinct ZnFs, four of which (#22, #26, #27, and #29) were
newly identified for M. m. domesticus in this study (supple-
mentary table 5, Supplementary Material online).

In the Barcelona Rb system, we obtained PRDM9 sequen-
ces from 132 mice (101 homozygous and 31 heterozygous)
that represented 13 different PRDM9 alleles (figs. 2 and 3).
These were classified according to both the sequence and
number of ZnF repeats: one allele with eight ZnF repeats
(8A), three alleles with 10 repeats (10A, 10B, and 10C), three
alleles with 11 repeats (11B, 11C, and 11D), and six alleles with
12 repeats (12B, 12C, 12D, 12E, 12F, and 12G) (fig. 2). Eight of
the 13 different PRDM9 alleles found in the Barcelona Rb
system (8A, 10C, 11C, 11D, 12D, 12E, 12F, and 12G) were
newly identified in this study. The diversity of PRDM9 alleles
was widely variable among localities, particularly when

Table 1. PRDM?9 Variability Found in Wild Mus musculus domesticus
including the Present Survey (Barcelona Rb system and Madeira ar-
chipelago) and Previous Studies in Eurasia (Buard et al. 2014; Kono
et al. 2014).

Barcelona Madeira Archipelago Eurasia®
Madeira Porto Santo
N 185 199 11 76
PRDM?9 alleles 13 53 7 27
Min ZnF 8 10 11 8
Max ZnF 13 16 12 17

Note.—N, number of wild mice included in the study; PRDM9 alleles, number of
distinct PRDM?9 alleles found based on the amino acid sequence; Min ZnF, mini-
mum number of ZnF repeats; and Max ZnF, maximum number of ZnF repeats.
?Data obtained from Kono et al. (2014) and Buard et al. (2014).

comparing standard versus Rb populations, with the 10A
allele the most commonly detected variant followed by 11B
and 12B (fig. 3A). The highest variability was found in pop-
ulations characterized by the standard karyotype (2n = 40;
Castellfollit del Boix, Olost, and Santa Perpétua de Mogoda)
where the majority of PRDM9 variants were represented. In
addition, standard populations presented private alleles (8A,
10B, 11B, 10C, 12F, and 12G) that were undetected in Rb
populations. In fact, only five alleles (10A, 11C, 12B, 12E,
and 12D) were found in Rb mice. Among these, 10A was
the most frequently distributed allele, with frequencies rang-
ing from 23% to 100% in the localities Les Pobles, L'’Ametlla de
Segarra, Sant Sadurni d’Anoia, and Castelldefels (fig. 3A).

In the case of the Madeira archipelago, 160 mice were
successfully sequenced (110 homozygous and 50 heterozy-
gous), 152 of which were from the Madeira Island Rb system
and 8 mice from Porto Santo Island (fig. 4). This represented
54 different alleles: six alleles with 10 ZnF repeats, 20 alleles
with 11 ZnF repeats, 7 alleles with 12 ZnF repeats, 1 allele with
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Fic. 2. Natural PRDM9 allelic diversity found in the Barcelona Rb system and Madeira archipelago Mus musculus domesticus populations. (A)
Representation of the mouse PRDM9°°™ protein (reference genome, C57/BL6 strain). It consists of four domains: KRAB-like, SSXRD, PR/SET, and
ZnF array. The underlined ZnFs represent repeats from position ZnF3 to ZnF6 that bind to the DNA in the mouse (Baker et al. 2015; Paigen and
Petkov 2018). (B) Representation of the ZnF alignments for all PRDM9 alleles found in the present study. Each ZnF is color coded based on amino
acid sequence affinity found at the most variable sites (—1, 43, +6) responsible for DNA binding. Additional information on ZnF amino acid
sequences is provided in supplementary table 5, Supplementary Material online. Purple boxes encompass the more variable ZnF among
individuals. Red asterisks indicate previously described PRDM9 alleles (Buard et al. 2014; Capilla et al. 2014; Kono et al. 2014). Geographical labels:
(b) PRDM9 alleles found only in the Barcelona Rb system, (b/m) PRDM?9 alleles found in both the Barcelona Rb system and the Madeira

archipelago. PRDM9 alleles without geographical label correspond to alleles found only in the Madeira archipelago.

14 ZnF repeats, 6 alleles with 15 ZnF repeats, and 3 alleles with
16 ZnF repeats (figs. 2 and 4). Only five of them (10A, 11B, 11S,
11V, and 12C) were previously described in Eurasian popula-
tions and the Barcelona system (Buard et al. 2014; Capilla et al.
2014; Kono et al. 2014). The allele 10A corresponds to the
alleles 48 and Ce3 described by Kono et al. (2014) and Buard
et al. (2014) in M. m. domesticus and Mus musculus castaneus,
respectively. The allele 11B is homologous to the previously
reported alleles 54, 55, and Db1 in M. m. domesticus (Buard
et al. 2014; Kono et al. 2014), whereas 11S is the PRDM9 allele
present on the t-haplotype (Kono et al. 2014). The 11V and
12C allele corresponded to allele 3 and 16, respectively (Buard
et al. 2014).

Among the 49 alleles newly identified in the Madeira ar-
chipelago, the most commonly represented on Madeira
Island was 11K, followed by 10A, 10E, 11S, and 13C (fig. 4A).

Moreover, some alleles were detected in all Rb races (supple-
mentary table 2, Supplementary Material online) but absent
in standard populations (40 all-acrocentric chromosomes)
from Porto Santo (i.e, 10A and 13C). We found the greatest
allele heterogeneity among the chromosomal races PADC
(2n =24-28) and PEDC (2n = 23-26), occurring in the west-
ern part of the island. In contrast, populations situated in
eastern regions (PLDB, PPOD, PSAN, and PSVI) had a more
homogeneous allele distribution (fig. 4A). Regarding standard
populations (2n = 40) on the island of Porto Santo, the allele
variability was lower than other populations from eastern
Madeira. Among the alleles reported on Porto Santo, three
of them (11X, 11V, and 11W) were private alleles that
were undetected in Rb populations and two more (12C
and 11F) were present in very low frequencies in the
Madeira Island.
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Fic. 3. Allelic frequencies, population structure and phylogeny of the ZnFs found in the Barcelona Rb system. (A) Representation of the PRDM9
allelic frequencies in each locality (see table 1 and supplementary table 1, Supplementary Material online, for further details on the chromosomal
composition of each locality). Legend—N, number of specimens sequenced per locality. (B) PCA in a subset of 50 mice from 5 localities of the
Barcelona Rb system (CAS, Castelldefels; OLO, Olost; BOI, Castellfollit del Boix; ANO, Sant Sadurni d’Anoia; and MOG, Sta. Perpétua de Mogoda).
(C) Plots showing the proportion of inferred ancestry for K=3 to K =15 in a subset of 50 mice from 5 localities of the Barcelona system (CAS,
Castelldefels; OLO, Olost; BOI, Castellfollit del Boix; ANO, Sant Sadurni d’Anoia; and MOG, Sta. Perpétua de Mogoda). (D) Phylogenetic tree
including all mice sequenced from the Barcelona Rb system (see text for further details). PRDM9 alleles are color coded following the pattern used
in panel (A). For each individual, both the karyotype (white: standard; red: Rb fusions) and the locality (see inserted color legend) are indicated.

Genetic Diversity and Signal of Positive Selection on
the ZnF Array Domain

Once the PRDM9 diversity was characterized at a local scale,
we analyzed genetic diversity and the signal of positive selec-
tion on the ZnF array domain at a global scale, including pre-
viously described Eurasian populations (Buard et al. 2014; Kono
et al. 2014). When comparing the overall genetic (nucleotide)
variability of the ZnF array domain found in all three regions
included in the study (Barcelona, Madeira, and Eurasia), we
observed that the genetic diversity in Madeira was greater than
in the Barcelona Rb system and comparable to the diversity
across the whole of Eurasia (table 2). Moreover, the genetic
differentiation between Madeira and the Barcelona Rb system
(Fst = 0.0295, P<0.0001) or even between Madeira and
Eurasia was low (Fst = 0.0084, P < 0.0001).

Understanding the evolutionary consequences of this ZnF
array variability is important since polymorphisms in both
number and sequence of the arrays might affect DNA-
binding specificity resulting in changes in the recombination
landscape of each individual (Davies et al. 2016). Thus, we
analyzed whether selection played a role in shaping this var-
iability by inferring dN/dS estimates averaged across all pair-
wise PRDM9 sequence alignments considering either
hypervariable codons only (—1, +3, +6) or excluding them
(see Material and Methods). We observed that the amino
acids that recognize the specific DNA motif at positions
—1, 43, and +-6 are under strong positive selection, as shown
by their extremely high dN/dS values (table 3). Position +6
showed less variability involving two of the residues described
(Q and K) compared with positions —1 (A, E, Q T, and V
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Fic. 4. Allelic frequencies and phylogeny of the ZnFs found in the Madeira archipelago. (A) Representation of the PRDM?9 allelic frequencies found in each
metacentric race from the Madeira Island and Porto Santo Island (see supplementary tables 2 and 3, Supplementary Material online, for further details on
chromosomal composition of metacentric races). Number of specimens sequenced per locality on Madeira Island: Achadas da Cruz (N = 7), Arco da
Calheta (N =11), Chao da Ribeira (N = 16), Estreito da Calheta (N = 3), Faial (N =2), Faja da Ovelha (N =2), Levada Grande (N = 2), Lombada dos
Cedros (N=1), Lombada dos Marinheiros (N = 4), Lombo da Velha (N = 3), Lombo das Laranjeiras (N =3), Lombo do Doutor (N=3), Lugar da
Raposeira (N = 2), Madalena do Mar (N = 2), Maloeira (N = 18), Moledos (N = 2), Ponta Delgada (N = 8), Ponta do Pargo (N = 18), Ponta do Sol (N = 3),
Porto da Cruz (N = 1), Porto Moniz (N = 3), Prazeres (N = 2), Ribeira da Janela (N = 6), Ribeira da Laje (N = 3), Ribeira da Vaca (N = 3), Ribeira Funda
(N =3), Santa (N=1), Santana (N = 4), Sao Vicente (N = 3), Seixal (N = 1), Sitio da Faja (N = 3), Socorro (N = 7), Solar da Maloeira (N = 1), Solar dos
Prazeres (N = 1), and Porto Santo Island (N = 8). (B) Phylogenetic tree including all mice sequenced from the Madeira archipelago (see text for further
details). PRDM9 alleles are color coded following the pattern used in panel (A). For each individual, both the diploid number (2n) and the geographical

distribution are indicated (see inserted color legend).

substitutions) and +3 (D, H, N, V, and S substitutions) (fig. 2).
Interestingly, the rest of the PRDM9 sequence (the so-called
nonhypervariable sites) was similarly subjected to positive
selection in both the Madeira the Barcelona Rb systems,
whereas it was under weak negative selection across Eurasia
(table 3). Moreover, we detected differences in dN/dS values
between areas of study, with the effects of selection being
pronounced in the Madeira archipelago, intermediate in the
Barcelona Rb system and weaker across Eurasia (table 3). To
test whether these contrasting patterns in positive selection
across regions was explained by the presence of Rb fusions, we
calculated dN/dS values considering mice with and without
Rb fusions in the Madeira and Barcelona Rb systems.
Remarkably, individuals with Rb fusions showed higher dN/
dS values than standard ones, both in Madeira and the
Barcelona Rb system (table 3). This was consistent for both
hypervariable sites and the rest of the ZnF array domain
(table 3).

Differences in Heterozygous PRDM9 Allele
Combinations

Even though the PRDM9 protein can use all its ZnFs to
bind to the DNA in a sequence-specific manner, it has
been suggested that only a subset of ZnFs within the array
contributes to the binding of the specific DNA motif

6

Table 2. Genetic Diversity Estimates of the ZnF Array Found in the
Studied Areas (Madeira archipelago, Barcelona Rb system, and
Eurasia).

Madeira Barcelona Eurasia

Average genetic distance 5.406 2.307 6.123

Average pairwise nucleotide 0.00456 0.002856 0.00416
diversity excluding hypervariable
sites (—1, +3, +6)

Average pairwise nucleotide diversity 0.02351 0.018626 0.02694
(nucleotide differences per base)

(Billings et al. 2013; Baker et al. 2015; Paigen and Petkov
2018). In the case of the house mouse, this hypothesis
implies that the ZnF repeats located at positions ZnF3
to ZnF6 within the array would make primary contact
with the DNA strand before recruiting the DSBs-
induction machinery for the formation of recombination
hotspots (review by Paigen and Petkov [2018]). Since the
presence of PRDM9 heterozygous allelic combinations
might result in subfertile phenotypes caused by asymmet-
ric DSBs between homologous chromosomes, we sought
to understand the functional constraints that might affect
PRDMO diversity in Barcelona and Madeira populations by
analyzing the degree of conservation of positions ZnF3—
ZnF6 within the array in PRDM9 heterozygous mice.
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Table 3. Average dN, dS, and dN/dS Values between Aligned ZnF Arrays in the Studied Areas (Madeira archipelago, Barcelona Rb system, and Eurasia).

All

Eurasia

Barcelona

Madeira

Rb St versus Rb All St Rb St versus Rb
0.175
(0.15-0.20)

St

All

0.169
(0.15-0.19)

0.00086
(0.0001-0.0019)

0.218
(0.19-0.24)

0.089 0.128 0.0516 0.0951
0.00407

(0.07-0.11)
0 (0-0)

0.232 0.225
(0.19-0.26)

0.181
(0.15-0.21)

dN(hs)

(0.07-0.12)
0 (0-0)

(0.03-0.07)

0 (0-0)

(0.10-0.15)
0 (0-0)

(0.19-0.28)
0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

dS(hs)

(0.001-0.008)
0.00362

0.00413
(0.003-0.006)

0.00237
(0.001-0.004)

0.00144
(0.0002-0.003)

0.00929 0.00488 0.00817 0.00226 0.00298
(0.001-0.004)  (0.002-0.005)

(0.006-0.013)

0.0053
(0.004-0.007)

dN(nhs)

(0.002-0.005)

(0.005-0.011)

(0.003-0.006)

0.00053
(0.0002-0.0009)

0.00086
(0.0006-0.001)
197 (83-1110)

0.00289

0.00032
(1.17°5-0.0008)

o (0o-00)

0 (0-0)
293 (100-8920)

0.00067
(9.17%%-0.001)

o (00-00)

187 (78.5-1290)

0.00028
(2.47°5-0.0007)

0.00158
(0.0006-0.003)

0.00433
(0.001-0.008)

0 (00-00)

53.7 (27.7-179)

0.0006
(0.0003-0.001)

dS(nhs)

(0.002-0.004)
53.6 (24.8-236)

© (00=-00) o (00-00)
313 (113-3180)

% (00=-00)
142 (74.7-367)
5.16 (2.25-14.8)

o (00-00) o (00-00)
330 (189-708)

278 (159-566)

dN(hs)/dS(hs)

196 (136-321)

75.3 (51.5-115)

@ (00-00)

dN(hs)/dS(nhs)

1.25(0.75-1.97)  4.79 (2.82-8.13)

7.3 (2.2-182)

@ (00-00)

7.95 (2.45-83.7) 4.34 (1.51-36.7)

9.2 (4.65-20.7)

dN(nhs)/dS(nhs) 8.12 (3.99-17.9) 2.15 (0.94-7.62)

Note.—Ninety-five percent confidence intervals for all estimates are indicated in parentheses and italics. hs, hypervariable sites (—1, 43, 4-6); nhs, nonhypervariable sites; Rb, individuals with Rb fusions; St, individuals with standard karyotype (i.e.,

absence of Rb fusions); and oo, infinite values.

In the case of the Madeira system, we detected a clear
deficit of heterozygotes with respect to Hardy-Weinberg
equilibrium within Rb races, with PRDM9 heterozygotes re-
duced to about half of the expected (supplementary table 6,
Supplementary Material online). These deviations from
Hardy—Weinberg equilibrium were not found in standard
mice in Porto Santo, suggesting a relationship between the
presence of Rb fusions and the selection against PRDM9
heterozygotes on Madeira. A contrasting pattern was found
in the Barcelona Rb system where both standard and Rb
populations show a reduction in the number of heterozygote
individuals  for PRDM9  (supplementary table 6,
Supplementary Material online).

As a way to explain this reduction in heterozygosity, we
observed that not all heterozygous PRDM9 combinations
were equally represented among populations (fig. 5 and sup-
plementary table 7 and fig. 4, Supplementary Material online).
The most common PRDM9 allele combinations in the
Barcelona Rb system were 10A/12B, 10B/11B, and 10A/11C,
whereas in the Madeira archipelago, most frequent alleles
were 11K/13C, 10A/11K, and 10A/13C. Although in the
Madeira archipelago no heterozygous combinations were
shared between standard and Rb mice, only one allele com-
bination (10A/12B) was present in both standard and Rb
mice in the Barcelona Rb system (fig. 5A). In both Rb systems
(Barcelona and Madeira), differences in population allelic fre-
quency were significant between standard and Rb mice
(Pearson test, P < 0.05). When analyzing the conservation
in amino acid sequence of the ZnF repeats located at posi-
tions ZnF3-ZnF6 along the ZnF array in the different hetero-
zygous combinations, we detected higher sequence
conservation in Rb mice when compared with standard
mice in both the Madeira and Barcelona Rb systems (fig. 5).
In the case of the Barcelona Rb system, an average conserva-
tion of 94.4% was found in Rb mice versus 75% in standard
mice, this difference being statistically significant (Wilcoxon
test, P=0.0075). These values were lower in the Madeiran
archipelago, where the average sequence conservation of
repeats from ZnF3-ZnF6 in Rb mice was 70.5% versus
44.4% in mice with no Rb fusions, though the differences in
conservation were statistically significant (Wilcoxon test,
P=0.0252) (fig. 5 and supplementary fig. 4, Supplementary
Material online).

Phylogeography of PRDM9

In order to investigate whether the observed variability of
PRDM9 was reflective of population structure, we studied
the phylogeography of the different alleles detected in the
Rb systems individually (Barcelona and Madeira) and in rela-
tion to previously described alleles in Eurasian populations
(Buard et al. 2014; Capilla et al. 2014; Kono et al. 2014).
Although previous allozyme and microsatellite analysis
(Britton-Davidian et al. 2007; Forster et al. 2013) provided
information regarding the origin of the chromosomal radia-
tion of Madeiran mice, the population structure of the
Barcelona system is not entirely known at this stage. Thus,
we first determined genetic diversity and population differ-
entiation in this system based on the single nucleotide
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Fic. 5. Conservation in amino acid sequence of the ZnF repeats located in positions 3-6 (ZnF3-ZnF6) along the ZnF array in PRDM9 heterozygous
combinations found in the study. (A) Bubble chart representing population frequency (size of the bubble) and the percentage of amino acid (Aa)
sequence conservation of the highly variable positions (—1, +3, and +6) of the initial repeats along the array (from ZnF3 to ZnF6) (purple
intensity). Data are shown for each heterozygous combination found in Standard and Rb mice in the Barcelona Rb system and the Madeira
archipelago (see supplementary table 7, Supplementary Material online, for further details). (B, C) Examples of PRDM? alleles in heterozygous
combination and the predicted distribution of recombination hotspots. Yellow starts represent the location of recombination hotspots across
homologous chromosomes (red and blue lines). (B) The ZnF repeats located in positions 3—6 (ZnF3-ZnF6) in the 10A/12E combination present
100% of Aa sequence conservation. This can result in symmetric distribution of recombination hotspot in homologous chromosomes. (C) The ZnF
repeats located in positions 3—6 (ZnF3-ZnF6) in the 10B/11B combination present 33.3% of Aa sequence conservation. This can result in
asymmetric distribution of recombination hotspot in homologous chromosomes.

polymorphism (SNP) genotyping of a subset of 50 mice using
the Mega Mouse Universal Genotyping Array. We applied a
maximum likelihood method to infer the genetic ancestry of
each individual, where the individuals are assumed to have
originated from K ancestral clusters. The results of the prin-
cipal component analysis (PCA) and the plots for K=3 to
K =5 are shown in figure 3B and C. We observed clustering
for the two Rb populations (Castelldefels and Sant Sadurni
d’Anoia) when compared with the standard populations
(Olost, Castellfollit del Boix, and Santa Perpétua de
Mogoda). In fact, the PCA revealed that Olost and
Castellfollit del Boix populations, both located at the northern
area of the Rb system distribution, clustered together.
Compared with these, both Rb populations (Castelldefels
and Sant Sadurni d’Anoia) showed progressive genetic

differentiation, being more pronounced in Castelldefels
(fig. 3B), a population with the lowest diploid number
(2n =28-31) and with the presence of a high number of
heterozygous Rb fusions (supplementary table 1,
Supplementary Material online).

Likewise, estimation of population structure revealed het-
erogeneity of genetic clusters according to populations
(fig. 3C). The genetic structure based on the ADMIXTURE
analysis (Alexander et al. 2009) revealed that mice from
Castelldefels (one of the populations with the highest number
of Rb fusions detected) showed high levels of ancestry
(0.99%), forming a cohesive cluster (fig. 3C). An exception
to this pattern was a single individual (specimen 955), which
shared ancestry with mice from Sant Sadurni d’Anoia. This
individual was characterized by the highest diploid number in
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Castelldefels (2n = 32) and by the absence of Rb fusion 3.18,
characteristic of the remaining mice from this population
(supplementary table 1, Supplementary Material online).
Within the Sant Sadurni d’Anoia population (2n ranging
from 35 to 39), mice were distributed into two different
groups, with three individuals sharing ancestry with the stan-
dard populations Olost and Castellfollit, both populations
highly homogenous according to the PCA. The Santa
Perpetua Mogoda population was very unusual, despite its
standard condition (i.e, the absence of Rb fusions), it was
highly differentiated from Olost and Castellfollit del Boix in
both the PCA and the estimates of individual ancestry.

We then constructed phylogenetic trees for both the
Madeira and Barcelona Rb systems by the Neighbor-Joining
approach using a new measure of pairwise genetic divergence
(see Material and Methods). The key feature of our approach
is that it considers point mutations, insertions, and deletions
of whole repeat units, as well as duplications of single repeat
units as a consequence of nonhomologous recombination,
slippage, or related biological processes. This is of relevance
since single-unit duplications and indels have different
weights in their contribution to the genetic distance. This
approach allowed us to effectively estimate genetic distances
among the polymorphic repeats of PRDM9 detected in the
Madeira and the Barcelona Rb systems. The distribution of
haplotypes obtained showed greater diversification on the
island of Madeira than the Barcelona system (figs. 3D and
4B). Although the phylogenetic analysis grouped PRDM9
alleles into three major phylogroups in the Barcelona system
(those representing the alleles 10A, 11B, and 12B; fig. 3D), the
allelic diversification was much higher in the Madeira Island
with alleles 10A, 11B, 115, 11K, and 13C representing the most
common haplotypes (fig. 4B). Differences between both Rb
systems were also exemplified by higher genetic diversity
estimates of the ZnF array on Madeira (5.406) than in the
Barcelona Rb system (2.307), the former being comparable to
the diversity across the whole Eurasia (6.123) (table 2). When
plotting the chromosomal configuration in the phylogenetic
trees we detected that in both Rb systems (Madeira and
Barcelona), standard mice showed a tendency to carry private
alleles. This was exemplified by alleles 8A, 10B, 10C, 11B, 12C,
12G, and 12F in Olost, St. Perpetua de Mogoda, and
Castellfollit del Boix (fig. 3D), and 11W and 11X in Porto
Santo (fig. 4A).

Taking advantage of previous surveys of wild captured
mice in Europe and Asia, we further compared the allele
variation found in the Madeira and Barcelona Rb sys-
tems with those described in Eurasia (fig. 6). When the
geographical distribution was plotted onto the global
phylogenetic tree, Madeira haplotypes showed mixed
origins. The phylogenetic reconstruction of all three
sampled regions (and informed by evidence that the
genetic differentiation between Madeira and the
Barcelona Rb system or even Eurasia is small, table 2)
suggests that Madeira was colonized by a highly
different population, most likely as a result of multiple
colonization/introgression events from multiple parts of
Eurasia.

Discussion

Distinctive Phylogeographic Patterns of ZnF
Variability and the Evolution of PRDM9 in the House
Mouse across Eurasia

Our study includes a wide survey of nearly 400 wild-caught
mice representing two highly distinct house mouse Rb sys-
tems: the Madeira archipelago (Madeira and Porto Santo
Islands) and the Barcelona system (continental). We identi-
fied 49 newly described alleles on the Madeira archipelago,
and 8 new alleles in the continental (Barcelona) Rb system,
revealing that intraspecific PRDM9 diversity in M. m. domes-
ticus is far greater than previously reported. This adds sub-
stantially to previously described allelic diversity in natural
populations of Mus musculus subspecies (28 distinct
PRDM?9 alleles in M. m. domesticus, 34 in Mus musculus
musculus, and 37 in M. m. castaneus) (Buard et al. 2014;
Capilla et al. 2014; Kono et al. 2014).

Most importantly, we detected contrasting evolutionary
patterns in the continental versus island chromosomal races
of the house mouse. This was reflected by unprecedented
high levels of PRDM9 diversity in Madeiran house mice, an
insular Rb system characterized by distinct metacentric races,
when compared with the Barcelona Rb system (where Rb
fusions are not yet fixed within populations and are present
in polymorphic state). Our analysis of genetic diversity and
positive selection, together with the phylogeographic recon-
struction of PRDM9, suggests that the variability observed
could be the result of, at least, two possible (not mutually
exclusive) scenarios in the Madeira system: 1) the current
populations of Rb mice could reflect a complex pattern of
introgression or multiple colonization events into the island
and 2) meiotic impairment on hybridization of different pop-
ulations of Rb mice allowed PRDM?9 alleles to diverge among
metacentric populations.

Initial studies based on mtDNA lineages (Bonhomme et al.
2011) indicated a recent common ancestry of all extant house
mice populations, as well as a complex history owing to
founder events, genetic drift and secondary admixture. This
was suggestive of two phases of mouse colonization westward
across the Mediterranean basin; an initial event during the
early progression of Neolithic human expansion (starting
12,000 years ago) followed by a second, more recent (some
hundred years ago), related to maritime trade. This progres-
sion can explain the presence of Mediterranean alleles in the
Barcelona system and subsequent in situ diversification.
Madeira, on the other hand, has a more recent history of
mouse colonization originated first from Danish Vikings in
the 9th century followed by a second incursion by 15th cen-
tury Portuguese settlers (Giindliz, Auffray, et al. 2001; Britton-
Davidian et al. 2007; Forster et al. 2009, 2013). Our analyses of
genetic diversity reveal a complex colonization pattern in
Madeira, much more so than in the Barcelona Rb system
and leading to a PRDM9 diversity comparable to the diversity
across the whole of Eurasia. Additionally, the phylogenetic
reconstruction of PRDM9 in Madeira indicated that the
same group of alleles appeared in different clusters indepen-
dently. Altogether, our results suggest multiple colonization/
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Fic. 6. Phylogeographic depiction of PRDM9 at a global scale. Phylogenetic reconstruction including mice sequenced from the Madeira archi-
pelago, Barcelona Rb system and Eurasia (data extracted from Kono et al. [2014] and Buard et al. [2014]). For each individual, both the diploid
number (2n) and the geographical distribution (Madeira, Barcelona, and Eurasia) are indicated (see inserted legends). The diploid number is not

known for Eurasian samples so they are represented in gray.

introgression events into Madeira from Eurasia (including the
Mediterranean basin).

Under this scenario of multiple colonization events
and together with the extreme topography of Madeira
(i.e., chromosomal races separated by mountain bar-
riers), the presence of Rb fusions might have resulted
in meiotic impairment in hybrids that subsequently con-
tributed to the high rate of diversification of PRDM9.
Our analysis of genetic diversity and positive selection
supports this view. Since chromosomal fusions can act as
postzygotic barriers and can restrict gene flow among
chromosomal races (Franchini et al. 2010; Giménez et al.
2013; Capilla et al. 2014), this can result in high genetic
differentiation between populations, thus facilitating
the appearance of new PRDM9 variants. In fact, in the
case of Madeira, each chromosomal race is geographi-
cally localized and homogeneous with respect to the
constitution of Rb fusions, and chromosomal hybrids
are rare (Britton-Davidian et al. 2000; Nunes et al.
2005). On the other hand, Madeira is extremely variable
regarding its genetic structure, as can be appreciated
both from the PRDM9 phylogenetic tree and from the
high genetic differentiation between chromosomal
races. Moreover, the relative deficit of heterozygous for
PRDM9 (despite the strong genetic mixing) points to
strong selection for karyotype compatibility. In this con-
text, differences in positive selection can be explained by
the presence of Rb fusions since dN/dS values were

10

higher in Rb mice than standard mice, both in Madeira
and the Barcelona Rb systems. This was true both for
hypervariable codons and for the rest of PRDM9
sequence.

An association between Rb fusions and PRDM9 diversity
was also observed in the Barcelona Rb system, although the
effects were mild, probably related to a differential demo-
graphic history. The Barcelona system represented approxi-
mately 10% of the novel PRDM9 alleles found in our study,
with the highest diversity observed in standard mice located
in the northern-eastern distribution of the sampled popula-
tions. The allelic distribution together with the pattern of
genetic diversity detected by the PCA and ancestry analyses
was suggestive of a larger connectivity among populations in
the Barcelona Rb system than in the case of Madeira. This was
exemplified by the 10A allele, which was present in all pop-
ulations especially in Rb mice, representing the greatest allele
homogeneity (nearly 95% of mice from Rb populations car-
ried 10A). Considering the factors that might be responsible
for the widespread distribution of this allele in the Barcelona
system, it is possible that the PRDM9 allele frequency pattern
observed in this system could result from a population bot-
tleneck that facilitated the formation and subsequent expan-
sion of Rb fusions. According to the PCA and ancestry
analysis, standard mouse populations within the Barcelona
system, such as Olost and Castellfollit del Boix, may represent
the origin of the genetic diversity detected out of
which Rb populations such as Gava and Sant Sadurni
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d’Anoia subsequently appeared as differentiated populations.
Consequently, Rb mice may have diverged into different, ge-
netically distinct populations resulting in a homogeneous dis-
tribution of PRDM?9 alleles with a predominance of the 10A
allele. This is consistent with suggestions by Giindliz, Lopez-
Fuster, et al. (2001) for the origin of the Barcelona system by
primary intergradation. This Rb system may therefore repre-
sent an example of a radiation that could eventually lead to
the formation of a metacentric race without geographic iso-
lation (Sans-Fuentes et al. 2010).

Functional Implications of Maintaining Conserved
DNA-Binding Repeats

Despite the ZnF variability observed in both Rb systems, we
detected significant deviations from Hardy—Weinberg equi-
librium (i.e, a deficit of heterozygotes) where the PRDM9
heterozygous combinations most frequently encountered
maintained amino acid sequence similarity from position
ZnF3 to ZnF6 in the ZnF array. These results suggest that
observed PRDM9 variability (either as a result of phylogeo-
graphic dynamics and/or population isolation triggered by
meiotic impairment of hybrids), can be subjected to func-
tional constraints that facilitate the accumulation of allelic
combinations that maintain recombination hotspot
symmetry.

Under this scenario, it is important to take into account
the particular features of the PRDM9 protein (Davies et al.
2016; Tiemann-Boege et al. 2017; Paigen and Petkov 2018),
which include 1) its DNA-binding properties, 2) the rapid
coevolution of the ZnF domain and the DNA motif that it
recognizes, 3) asymmetric DSBs due to preferential binding of
PRDM9 to new target sequences, and 4) hybrid sterility trig-
gered by asymmetric DSBs and interallelic PRDM9 combina-
tions. Previous work on house mouse inbred strains found
that male sterility is a complex process that can be influenced
by the heterozygous allelic combination of PRDM9 (Dzur-
Gejdosova et al. 2012; Gregorova et al. 2018) and their inter-
action with different X-linked and autosomal loci (Balcova
et al. 2016). Likewise, the presence of highly divergent PRDM9
alleles in a heterozygous state can be detrimental due to
elevated levels of asymmetric DSBs between homologous
chromosomes (Davies et al. 2016). This is especially important
since allelic combinations of PRDM9 with conserved DNA-
binding repeats were maintained in metacentric populations,
suggestive of the presence of functional constraints.

In the light of our findings, the rapid formation of new
PRDM?9 alleles in the presence of Rb fusions, can act syner-
gistically with the formation of new binding motifs distrib-
uted across the genome in different metacentric populations.
This could result in functional constraints that might facilitate
the accumulation of PRDM9 heterozygous combinations that
maintain a high degree of similarity in the amino acids re-
sponsible for protein—-DNA binding, thus resulting in recom-
bination hotspot symmetry in homologous chromosomes.
Mounting evidence in humans and mice has shown that
variation in both the sequence and number of ZnF repeats
strongly influence the distribution of meiotic DSBs (Berg et al.
2010; Grey et al. 2011; Brick et al. 2012; Baker et al. 2015). Small

variations in the amino acid sequence of ZnF repeats can
modulate PRDM9 binding affinities to specific DNA motifs
(Berg et al. 2010). In fact, differences in a single ZnF repeat can
affect the specificity of over 70% of the meiotic DSBs, leading
to the redistribution of recombination sites in a single gener-
ation (Smagulova et al. 2016). The rapid evolution of ZnF
sequences would therefore lead to rapid changes in the dis-
tribution of recombination sites across the genome by creat-
ing new DNA motifs that would be recognized with stronger
affinity by the new PRDM9 allelic variants. This will, in turn,
compensate the loss of the primary DNA motifs by gene
conversion during the repairing of crossovers during the early
stages of meiosis (Smagulova et al. 2016).

Although little is known at this stage about the dynamics
and the mechanistic constraints that affect recombination
landscapes at a finer scale in metacentric wild populations,
our results nonetheless suggest that Rb fusions might play a
role in bringing new selective pressures on PRDM9. These
outcomes provide impetus to examine the effect of genetic
backgrounds on PRDM9 and the development of reproduc-
tive isolation between natural populations.

Materials and Methods

Sampling and DNA Extraction

Our data set comprised a total of 395 wild-caught house
mice, 185 mice from the Barcelona Rb system (Medarde
et al. 2012), 199 mice from Madeira Island, and 11 from
Porto Santo Island (table 1, fig. 1, and supplementary tables
1 and 2, Supplementary Material online). Mice were karyo-
typed previously (Medarde et al. 2012; Chmatal et al. 2014,
supplementary fig. 1, Supplementary Material online).
Animals were housed and treated in strict accordance with
ethical guidelines approved by the Universitat Autonoma de
Barcelona (Spain) and University of Lisbon (Portugal).
Genomic DNA was extracted from tissue biopsies preserved
in absolute ethanol or fresh tissue using proteinase K diges-
tion (Sambrook et al. 1989).

The Barcelona Rb system included mice from 15 localities
selected for their geographical distribution and distinctive
chromosomal configurations (fig. 1 and supplementary table
1, Supplementary Material online). This covered the full ex-
tent of the chromosomal polymorphism previously described
for the Barcelona Rb system (Medarde et al. 2012). This in-
cluded localities with high frequencies of almost all metacen-
tric chromosomes (2n = 28-39), localities in the vicinity of Rb
areas but without chromosomal fusions (2n = 40), and local-
ities geographically located between these population groups
containing intermediate diploid numbers (2n = 39-40) (sup-
plementary table 1, Supplementary Material online). Four of
the localities considered in the study had mice with standard
karyotypes (2n = 40, Castellfollit del Boix, Santa Perpetua de
Mogoda, Olost, and Caldes de Montbui) and defined here as
standard populations (supplementary table 1, Supplementary
Material online). The remaining localities (N = 11) included
mice with Rb fusions, defined here as Rb populations (2n =
28-39, Badalona Les Pobles, L'Ametlla de Segarra, El Papiol,
Calafell, Sant Sadurni d’Anoia, Cubelles, La Granada, El Prat de
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Llobregat, Viladecans, and Castelldefels). Mice from Rb pop-
ulations were characterized by having between one to seven
Rb fusions involving 14 different chromosomes (Rb[3.8],
Rb[4.14], Rb[5.15], Rb[6.10], Rb[7.17], Rb[9.11], and
Rb[12.13]), either in heterozygous or homozygous states (sup-
plementary table 1, Supplementary Material online). The Rb
fusions were present as chromosomal polymorphisms in the
Barcelona Rb system, with varying frequencies (supplemen-
tary table 1, Supplementary Material online).

The Madeira system was represented by mice from 34
localities that included all six chromosomal races occurring
on the island of Madeira (as originally defined by Britton-
Davidian et al. [2000]) (supplementary table 2,
Supplementary Material online): PSAN (2n=22), PADC
(2n =24-28), PEDC (2n=123-26), PLDB (2n =24), PPOD
(2n =27-28), and PSVI (2n = 26-27). A total of 20 different
metacentrics in homozygous state are described in Madeira, 9
of which have not been detected elsewhere (Rb[2.19], Rb[4.5],
Rb[4.16], Rb[5.18], Rb[9.18], Rb[11.12], Rb[11.19], Rb[13.17],
and Rb[15.18]), highlighting the uniqueness of this system
(see supplementary table 3, Supplementary Material online,
for details on the chromosomal composition of chromosomal
races). Mice with the standard karyotype (2n = 40) from the
neighboring island of Porto Santo (four localities) were also
included in our investigation (fig. 1 and supplementary table
2, Supplementary Material online).

Prdm?9 Sequencing

The entire ZnF array is encoded by the last exon of the Prdm9
gene that extends from the second ZnF repeat towards the C-
terminal domain. We amplified this region in all mice by PCR
using the primers ZFA-L_F (forward) and ZFA-L_R (reverse)
described by Kono et al. (2014) (supplementary table 4,
Supplementary Material online) using the ExTaq (TaKaRa)
following the protocol in Capilla et al. (2014). Briefly, the
PCR conditions were 95°C (3min), 30 cycles of 95°C
(305s), 64 °C (305s), and followed by 72 °C (90s). The ZnF array
exhibits not only length polymorphisms (variation of the
number of ZnF repeats) but also amino acid variation (alleles
with the same number of ZnF repeats but different amino
acid composition). As a consequence, it is necessary in each
case to identify the length of the allele and subsequently the
amino acidic composition of the sequence. To this end, PCR
products were separated on 1% agarose gels. This allowed
both the ZnF array length to be discerned (homozygous
and heterozygous) and optimal DNA recovery from bands
for subsequent sequencing (supplementary fig. 2,
Supplementary Material online).

To determine the sequences of ZnF repeats, PCR products
of the homozygous mice were subjected to bidirectional
Sanger sequencing with the same primers used for amplifica-
tion: primers ZFA-L_F and ZFA-L_R. Only sequences repro-
ducible in at least three independent amplification reactions
were included in the data analyses. Bands of heterozygous
mice were purified from the gels using the Nucleospin Gel
and PCR Clean-up kit (Macherey-Nagel) and subsequently
sequenced. Sequences from heterozygous mice were analyzed
using the Bioedit 7.2.5 package. Two different software
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packages were used to distinguish allelic variants and to de-
fine haplotypes of heterozygous mice: Phase (http://stephen-
slab.uchicago.edu/software.html#phase) and Champuru v1.0
(http://www.mnhnfr/jfflot/champuru/). This allowed infer-
ences on whether a sample was homozygous or heterozygous
for its amino acid composition (Capilla et al. 2014). All allele
sequences were translated using ExPasy: SIB bioinformatics
resource portal (Artimo et al. 2012).

Additionally, we included 118 published PRDM9 sequen-
ces of wild-derived M. m. domesticus and M. m. castaneus
specimens drawn from various locations in Eurasia (Buard
et al. 2014; Capilla et al. 2014; Kono et al. 2014) for the
phylogeographic analysis of PRDM9 at a global scale.
Overall, the phylogenetic comparative study included three
M. m. domesticus sampling regions: the Barcelona Rb system,
the Madeira archipelago (including both Madeira and Porto
Santo Islands) and Eurasia (previously published data; Buard
et al. 2014; Kono et al. 2014) (table 1).

PRDM9 Allele Classification

Following the nomenclature used in previous studies (Buard
et al. 2014; Capilla et al. 2014; Kono et al. 2014), PRDM9 alleles
were classified using the number of ZnF repeats and the ex-
tent of amino acid variation in the highly variable positions
—1, 43, and +6 of each ZnF repeat (table 1 and supplemen-
tary table 5, Supplementary Material online). Each ZnF repeat
was identified by a number (from #3 to #34) based on its
amino acid sequence (supplementary table 5, Supplementary
Material online). Subsequently, the combination of different
of ZnF repeats was classified as distinct PRDM9 alleles (fig. 2).
Moreover, for each PRDM? allele found in heterozygous state,
the amino acid conservation of the ZnF repeats located in
positions ZnF3-ZnF6 of the array was calculated based on the
hypervariable sites (—1, 43, and +6; Kono et al. 2014) (sup-
plementary table 6, Supplementary Material online).

SNP Genotyping

SNP genotyping data included 50 mice from 5 localities of the
Barcelona Rb system: 26 mice from three standard popula-
tions (Castellfollit del Boix, N = 8; Santa Perpéetua de Mogoda,
N =13; and Olost, N = 5) and 24 mice from two Rb popula-
tions (Sant Sadurni d’Anoia, N=12 and Castelldefels,
N = 12). Genomic DNA was extracted using a standard pro-
tocol with proteinase K (Sambrook et al. 1989). Subsequently,
mice were genotyped using the Mega Mouse Universal
Genotyping Array (Morgan et al. 2015), which consist of
77,808 evenly distributed SNP markers built on the Illumina
Infinium platform. SNPs were filtered to remove markers with
missing values >5% threshold (i.e, markers that do not fit
Hardy—Weinberg expectations, P < 10°) using PLINK ver-
sion 1.9 (Purcell et al. 2007). The proportion of missing data
and hete