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Abstract

Chromosomal fusions represent one of the most common types of chromosomal rearrangements found in nature.
Yet, their role in shaping the genomic landscape of recombination and hence genome evolution remains largely un-
explored. Here, we take advantage of wild mice populations with chromosomal fusions to evaluate the effect of this
type of structural variant on genomic landscapes of recombination and divergence. To this aim, we combined cyto-
logical analysis of meiotic crossovers in primary spermatocytes with inferred analysis of recombination rates based
on linkage disequilibrium using single nucleotide polymorphisms. Our results suggest the presence of a combined
effect of Robertsonian fusions and Prdm9 allelic background, a gene involved in the formation of meiotic double
strand breaks and postzygotic reproductive isolation, in reshaping genomic landscapes of recombination. We de-
tected a chromosomal redistribution of meiotic recombination toward telomeric regions in metacentric chromo-
somes in mice with Robertsonian fusions when compared to nonfused mice. This repatterning was accompanied
by increased levels of crossover interference and reduced levels of estimated recombination rates between popula-
tions, together with high levels of genomic divergence. Interestingly, we detected that Prdm?9 allelic background was
a major determinant of recombination rates at the population level, whereas Robertsonian fusions showed limited
effects, restricted to centromeric regions of fused chromosomes. Altogether, our results provide new insights into the
effect of Robertsonian fusions and Prdm9 background on meiotic recombination.
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Introduction reorganizations on selection, gene flow, drift, mutation
rate, and recombination. Previous studies of inversions

have evidenced genomic divergence and reduced recom-
bination in plants, fish, birds, and insects (reviewed in
Wellenreuther and Bernatchez 2018). However, the impact

Determining the genomic basis of speciation is a research
priority in biology. In this context, understanding the ori-
gin and evolutionary plasticity of gross structural genome
reorganizations, such as inversions and fusions, is key.

Models and growing experimental evidence suggest that of balanced inter-chromosomal rearrangements, such as
chromosomal rearrangements are relevant in adaptation chromosomal fusions, on genome architecture and its her-
and speciation (Kirkpatrick 2010; Mackintosh et al. 2023; itability is less explored, especially in natural populations.
Mérot et al. 2023; Yoshida et al. 2023). This is now facili- Chromosomal fusions represent one of the most com-
tated by the availability of unprecedented genomic re- mon types of chromosomal rearrangements in nature, wide-
sources that allow studying the effect of genome ly present in plants and animals (White 1973; King 1995); yet
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their impact on recombination and genome divergence is
underexplored. This is especially relevant for Robertsonian
(Rb) fusions, which result when two telocentric or acro-
centric chromosomes fuse through the centromere result-
ing in one metacentric chromosome (Robertson 1916).
Theoretical work has predicted that chromosomal fusions
can facilitate adaption by bringing together previously un-
linked loci (Guerrero and Kirkpatrick 2014). This comple-
ments initial experimental work reporting an overall
reduction and chromosomal redistribution of recombin-
ation in fused chromosomes, either by cytological ap-
proaches (Bidau et al. 2001; Castiglia and Capanna 2002;
Dumas and Britton-Davidian 2002; Capilla et al. 2014) or
by estimations of gene flow (Franchini et al. 2010;
Forster et al. 2013). More recent work has revealed that
Rb fusions reshape recombination landscapes genome-
wide (not only affecting fused chromosomes but also non-
fused chromosomes) by remodeling the three-dimensional
(3D) genome-wide topology in germ cells (Vara et al. 2021;
Vara and Ruiz-Herrera 2022; Alvarez-Gonzalez et al.
2022a). In this context, it has been suggested that lineage-
specific chromosomal rearrangements can impose struc-
tural constraints (i.e. acting as barriers for genomic contacts
with surrounding regions inside the nucleus), thus acting
as “structural genomic islands” of divergence (Alvarez-
Gonzalez et al. 2022b). This line of evidence suggests that
structural genomic rearrangements can impose topological
barriers from the surrounding chromosomal regions, with
potential functional implications for evolution, including
recombination.

Meiotic recombination is a tightly regulated process
that generates genetic variability and ensures segregation
of homologous chromosomes. Several regulatory mechan-
isms are involved in the generation of controlled double
strand breaks (DSBs) by SPO11 during early stages of mei-
osis (Keeney et al. 1997; Romanienko and Camerini-Otero
2000). Among other factors, the Prdm9 gene encodes for a
meiotic-specific histone methyltransferase that trimethy-
lates H3 (H3K4me3 and H3K36me3), predetermining the
localization of SPO11-driven DSBs (Mihola et al. 2009;
Baudat et al. 2010; Parvanov et al. 2010; Smagulova et al.
2011; Diagouraga et al. 2018). This is achieved by the
recognition of species-specific  DNA motifs by the
C-terminal tandem repeat Zinc Finger (ZnF) array (Berg
et al. 2010). PRDM9 binding sites occupy intervals
across the genome facilitating the placement of DSBs
(Smagulova et al. 2011; Paigen and Petkov 2018; Tock
and Henderson 2018), of which the majority (90%) are re-
paired as noncrossovers and the remaining (10%) as cross-
overs (COs) in mice (Li et al. 2019; Gergelits et al. 2021).
Prdm9 is characterized by being highly polymorphic due
to the variability of the ZnF array, presenting inter-
individual differences in both the number of ZnF conform-
ing the array and sequence of three positions of each
repeat that are the most variable (position —1, +3, and
+6), the so-called “hypervariable” sites (Baudat et al.
2010). In the case of the genus Mus (i.e. Mus musculus
domesticus and Mus minutoides), more than 150 alleles
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have been described in wild populations (Buard et al.
2014; Capilla et al. 2014; Kono et al. 2014; Vara et al. 2019).

ZnF polymorphisms result in an allele-specific hotspot
distribution, a pattern found in different mammalian spe-
cies, including humans, nonhuman primates, cattle, and
mice (Berg et al. 2010, 2011; Brick et al. 2012; Groeneveld
et al. 2012; Sandor et al. 2012). During early stages of mei-
osis, the PRDM9 protein forms a heterodimeric complex
necessary to recognize specific DNA motifs (Schwarz
et al. 2019) that can result in competition between differ-
ent alleles, affecting both the number and chromosomal
distribution of DSBs (Baker et al. 2015). Notably, Prdm9 al-
lelic variability can be involved in reproductive postzygotic
isolation since asymmetric DSBs (meaning different num-
bers and distribution of DSBs between homologous chro-
mosomes) can account for synapsis failure during meiosis
resulting in subfertile and even sterile phenotypes
(Gregorova et al. 2018). In fact, Prdm9 has been considered
a speciation gene for mammals as it can be involved in hy-
brid sterility in mice (Mihola et al. 2009). In addition to the
high percentage of Prdm9 heterozygotic mice described in
natural populations (Buard et al. 2014; Kono et al. 2014;
Vara et al. 2019), the hypervariable positions of ZnF pre-
sent significant deviation from Hardy—Weinberg equilib-
rium, suggesting the effect of positive selection (due to
evolutive dynamics such as bottlenecks and/or functional
constraints) (Vara et al. 2019). It is not completely under-
stood, however, the effect of the natural variability of
Prdm9 on meiotic recombination and its possible mechan-
istic and genetic constraints.

Rb fusions are present in wild populations of
M. m. domesticus and represent a distinctive model to
study the effect of Prdm?9 allelic background and chromo-
somal rearrangements and their impact on fertility and
evolution (Pialek et al. 2005; Medarde et al. 2012; Capilla
et al. 2014; Vara et al. 2021). Along the geographic distribu-
tion of this taxon, there are many areas in which popula-
tions with different sets of metacentric chromosomes
hybridize with each other and/or with standard (St) popu-
lations (2n = 40), which jointly comprise the so-called Rb
systems (Pialek et al. 2005). Among them, the Barcelona
Robertsonian System (BRbS) is located, in an area of ap-
proximately 5,000 km? in the Northeastern area of the
Iberian Peninsula (Giindiiz et al. 2001; Medarde et al.
2012). This Rb area is a unique model from all other Rb sys-
tems of the house mouse, since there is not an exclusive Rb
race and the set of metacentrics detected to date
[(Rb(3.8), Rb(4.14), Rb(5.15), Rb(6.10), Rb(7.17), Rb(9.11),
and Rb(12.13)] are geographically distributed following a
staggered clinal pattern (Giindiiz et al. 2001; Medarde
et al. 2012). The resulting geographic clines leads to a pro-
gressive reduction in diploid numbers toward the center
of the range giving place to diploid numbers ranging
from 2n =39 to 2n =27, surrounded by St populations
(Medarde et al. 2012).

Although initial reports detected a reduction of recom-
bination rates (RR) in Rb populations when compared
with St populations in the BRbS (Capilla et al. 2014;
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Vara et al. 2021), the mechanism behind this pattern is not
fully understood. In the present work, we combine the
cytological analysis of COs by immunofluorescence with
the analysis of inferred RRs based on linkage disequilibrium
(LD) using single nucleotide polymorphism (SNPs) data to
disentangle the effect of structural (Rb fusions) and genet-
ic factors (Prdm9 allelic background) in the remodeling re-
combination landscapes in wild populations.

Results

Rb Fusions Increase Genetic Differentiation in Wild
Populations

Genetic structure analysis revealed a clear clustering of St
populations (Castellfollic del Boix, CFB>; Castellar del
Vallés, CTR®) with a distinctive genetic differentiation
between Rb populations (Sant Sadurni d’Anoia, SS®%;
Castelldefelds, CS®®; Viladecans, VDCR®) (Fig. 1, a and b;
supplementary table S1, Supplementary Material online).
This population structure was confirmed by admixture
analysis (Fig. 1c). For ancestry K =4, Rb populations pre-
sented differentiated ancestry when compared to St popu-
lations. When analyzing ancestry K =5, each population
showed a specific ancestry, corresponding to their geo-
graphical distribution. Importantly, the phylogenetic ana-
lysis following the neighbor-joining approach (Fig. 1d)
revealed that St populations (CFB** and CTR®") are present
at a branch of the tree sharing a common ancestor, from
which the Rb population with the lowest number of fu-
sions (SS*°) diverge. Rb populations with a high number
of fusions (CS*® and VDC®®) shared a common clade but
with a distant ancestor. Although the analysis of general
parameters of genomic diversity (supplementary table
S2, Supplementary Material online) did not show substan-
tial differences between populations, genome-wide ana-
lysis of genomic differentiation (expressed as weighted
Fst values) revealed high rates of differentiation for
VDC®® (the population with the highest number of Rb
fusions) when compared to most populations (Fig. 1, e
and f). Genetic differentiation (Fst), however, was not cor-
related with geographical distance (expressed as kilo-
metres) (R> = 0.0008, P-value = 0.98), suggesting a role of
Rb fusions in generating divergence.

High Variability of Prdm9 in Wild Mice

Since Prdm9 polymorphisms can influence genomic land-
scapes of recombination (Paigen and Petkov 2018), we
analyzed Prdm9 allelic variability in wild mice (Fig. 2a;
supplementary table S3, Supplementary Material online).
Previous studies have showed a high Prdm9 variation in
natural populations of house mice, identifying nearly 60
different alleles (Kono et al. 2014; Vara et al. 2019). The pre-
sent survey resulted in the identification of five new alleles
(9A, 10L, 12P, 13K, and 13L) (Fig. 2a) in addition to four al-
leles (10A, 121, 13A, and 11S) previously described in the
BRDS (Capilla et al. 2014; Vara et al. 2019). The St popula-
tion CFB*" showed the highest allelic variability (Fig. 2b),

with 48% of mice heterozygous for different alleles. The
most frequently detected allele in CFB** was 10A (40%)
mirroring previous studies (Vara et al. 2019), either in
homozygosis or in combination with minor alleles.
Remarkably, there was a high prevalence of the 10A allele
in homozygous state in Rb populations (between 80% and
100%). Remarkably, both St populations (CTR** and CFB*")
showed distinctive features in terms of Prdm9 background
(Fig. 2b). Whereas mice from CFB*" had different Prdm9 al-
lelic combinations, mice from CTR® presented mainly the
10A allele, either in the homozygous state or combined
with the 13K allele.

We further analyzed whether selection played a role in
shaping Prdm?9 allelic variability on each population by ap-
plying different selection tests (supplementary table S4,
Supplementary Material online). Fu-Li's D showed that
CFB®" presents an excess of ancestral variants that
might have been subjected to past selection events
(P-value < 0.02). Tajima’s D showed that both CTR*" and
VDCR® present high number of rare alleles (P-value <
0.02 and P-value < 0.05, respectively), which is indicative
of recent selection. The McDonald-Kreitman selection
test showed an excess of nonsynonymous polymorphism
in CFB** (P-value < 0.05), with a Neutrality Index (NI) lar-
ger than 1. Consequently, the analysis of nucleotide diver-
sity () in synonymous (7,) and nonsynonymous (7,) sites
also showed that most of the nucleotide diversity resides
in aminoacidic-replacement sites, with 7,/z; values much
larger than 1.

Since the initial repeats of the ZnF array (from ZnF3 to
ZnF6) are known to contribute to the binding of PRDM9
to the DNA, hence determining the location of meiotic
DSBs (Billings et al. 2013; Baker et al. 2015; Paigen and
Petkov 2018), we also calculated 7 per codon and observed
that most of the nucleotide diversity resides in the hyper-
variable positions —1, +3, and +6 (P-value =3.11x 107°,
P-value=2.19x 10™°, and P-value=0.00337 for the
ZnF3 to ZnF6 region in the CFB®, CTR®, and VDC®" popu-
lations, respectively; Fig. 2c). Altogether, the St population
CTR®, despite not having chromosomes fused, shared
similarities with Rb populations in terms of Prdm9 allelic
background, suggesting a common ancestry. This was
also evidenced by the phylogenetic analysis (Fig. 1d).

Redistribution of COs across Chromosomal Axes

We further studied the effect of Rb fusions and Prdm9
allelic diversity in remodeling recombination landscapes.
To that aim, we first conducted a cytological analysis of
the MLHT1 protein (as a proxy of COs) on spermatocyte
spreads (Fig. 3a). We detected significant differences in
the number of COs per cell between populations
(Wilcoxon test, P-value <0.05, supplementary fig. STA
and supplementary table S5, Supplementary Material
online). When considering the karyotype, St mice showed
higher numbers of MLH1 foci per cell (mean values of
20.67 + 1.4 COs per cell) than Rb mice (mean values of
1997+ 19 COs per cell) (t-test, P-value<2x107'°,
supplementary fig. S1B, Supplementary Material online),
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Fig. 1. Geographical distribution and population structure of wild mice populations. a) Geographical distribution of populations studied (see
supplementary table S1, Supplementary Material online for details). b) PCA. Diploid numbers (2n) are indicated. ) Plots showing the proportion
of inferred ancestry by ADMIXTURE for K =2 to K =5 in mice from panel b. d) Phylogenetic tree derived from panel b. e) Pairwise analysis of
genetic distance (mean Fst) between populations. Dots represent different mouse chromosomes. Wilcoxon pairwise test (***P < 0.001).
f) Genome-wide pairwise analysis of genetic distance (mean Fsr values) between populations. Abbreviations: CFB®, Castellfollit del Boix;
CTR®, Castellar del Vallés; CSRb, Castelldefells; SSR?, Sant Sadurni d’Anoia; vDCR®, Viladecans; St, standard mice; Rb, Robertsonian mice.

mirroring previous studies (Vara et al. 2021). Interestingly,
the coefficient of variation (CV) of Rb populations was high-
er (9.4 £ 0.1) than in St populations (6.7 + 0.2), indicating
that Rb mice present more variation in the number of
COs per cell than St mice (supplementary table S5,
Supplementary Material online) probably due to a redistri-
bution of COs due to the presence of Rb fusions.

When analyzing the effect of the Prdm9 allele
(supplementary fig. S1C, Supplementary Material online),
we found that mice homozygous for the10A allele present
similar values of COs per cell, regardless of the presence of
Rb fusions (Tukey's test, P-value> 0.07). Differences
between populations were only found when the 10A
Prdm9 allele is present in heterozygosis or not present at
all, suggesting a role of Prdm9 background on recombin-
ation (Tukey’s test, P-value < 2 X 107 '®). In fact, a two-way
ANOVA indicated the presence of a significant interaction
between Prdm9 allele background and COs per cell
(F-value = 7.4, P-value =6 X 107°).

We then analyzed more into detail the chromosomal
distribution of COs in three populations (CFB>, CTR™,
and VDC®) to disentangle the relative contribution of
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Rb fusions (Fig. 3). This allowed us to dissect the combin-
ational effect of Prdm9 allelic background and chromo-
somal rearrangements. On the one hand, CFB** and
CTR® populations were homogeneous in their chromo-
some complement (no fusions) and genetic background
(lictle genome differentiation as reflected by the PCA ana-
lysis) but presented different Prmd9 allelic composition.
On the other hand, CTR*® and VCD®® populations were
homozygous for the T0A Prmd9 allele but present different
chromosome complement (St vs. Rb).

The analysis of the numbers of COs per arm (0, 1, or 2
COs) revealed differences between populations (Chi-
square test, P-value <0.001, Fig. 3b). St populations
CFB** and CTR® presented low proportions of arms with
0 COs (below 2% in both populations), ensuring the ob-
ligatory CO per arm to avoid chromosome missegregation
(Jones and Franklin 2006). In Rb mice (VDCR® population),
however, the proportion of arms with 0 COs showed a
3-fold increase (up to 6%) when compared with St mice.
Moreover, when considering the proportion of arms
with two COs, the St population with the highest propor-
tion of chromosomal arms (11% in CFB®") also presented
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CS®®, Castelldefells; SS*° Sant Sadurni d’Anoia; VDC®, Viladecans; St, standard mice; Rb, Robertsonian mice.

the highest ratio of CO per cell (20.9 = 1.4%) (Fig. 3b). Also,
we detected a positive correlation between the number of
COs and the length of the chromosomal arm in all three
populations (Spearman correlation, P-value < 2.2 X 107 '°,
supplementary fig. S1D, Supplementary Material online).
Altogether, these results indicate that high numbers of
COs per cells was accompanied by a high proportion of
chromosomal arms with two COs and longer chromosom-
al axes.

To fully understand the distribution of COs in Rb mice,
we analyzed the proportions of COs considering three
types of chromosomal arms: (i) acrocentric arms in Rb
mice, (ii) metacentric chromosomes in the homozygous
state, and (iii) metacentric chromosomes in the heterozy-
gous state (supplementary fig. S1, E to I, Supplementary
Material online). Our results showed that the arm type
that mainly contributed to the zero proportion of COs
were metacentric chromosomes in homozygosis state

(10%), and to a lesser extent, metacentric chromosomes
in heterozygous state (4%) (Chi-square test, P-value <
0.001, supplementary fig. S1F, Supplementary Material
online). Furthermore, the proportion of chromosomal
arms with 2 foci were reduced in metacentric chromosomes
(8%) when compared to acrocentric (11%). Interestingly, ac-
rocentric chromosomes (nonfused chromosomes) in Rb
mice were also affected when comparing to acrocentric
chromosomes in St mice in terms of high percentage of
arms with 0 foci (Chi-square test, P-value < 0.001, Fig. 3b
and supplementary fig. S1F, Supplementary Material
online). Overall, these results suggest that recombination
is affected genome-wide, involving all chromosomes includ-
ing those not involved in Rb fusions.

We next analyzed the relative distance of COs from cen-
tromeres between populations and chromosomal arm
types. When considering chromosomal arms with one
MLH1 focus, COs tend to localize in interstitial and
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Fig. 3. Cytological analysis of recombination. a) Representative immunofluorescence images of primary spermatocytes at pachytene stage,
labeling lateral elements of the synaptonemal complex (SYCP3), centromere (CREST), and meiotic crossovers (COs, MLH1) in standard (left)
and Robertsonian (right) mice. b) Percentage of bivalent arms showing the numbers of COs per arm (Chi-square test, P < 0.001). Number of ana-
lyzed chromosomal arms: CFB** = 2,261, CTR®" = 1,862, and VDC®® = 5,472. ¢) Distribution of COs across chromosomal axes relative to the
centromere showing the median values of COs and deviation (upper panel) when considering 1 focus of MLH1 (left) or 2 foci (right).
d) Cumulative frequency plots of COs from panels b and c. ) CoC curve. The horizontal line represents the expected level without inference
(mean CoC = 1) whereas vertical lines represent the intercept. Abbreviations: CFB%, Castellfollit del Boix; CTR®, Castellar del Valles; VDC®,

Viladecans.

telomeric regions (from 52% to 80% of the arm length)
(Fig. 3c and supplementary fig. S1, E to G, Supplementary
Material online). Differences between populations were
evidenced by COs cumulative frequencies curves
(Kolmogorov—Smirnov test, P-value < 0.005, Fig. 3d) where
Rb mice (VDC®®) showed reduced frequencies in proximal
regions of the centromere when compared to both St popu-
lations (CTR®" and CFB™"), and thereby affecting the overall
placement of COs in interstitial and distal regions. When
considering chromosomal arms with two MLH1 foci, all
three populations showed a bimodal distribution (Fig. 3c).
That is, the first CO was detected proximal to the centro-
mere (mean 29 + 13% of the arm length), whereas the se-
cond CO was displaced toward terminal chromosomal
regions (mean 88 + 9% of the arm length).

Distinctive Patterns of CO Interference

We further investigated whether a relaxation of CO inter-
ference (COI) could account for the distinctive patterns of
CO distribution observed. COl is the tendency of COs to
form farther away from one another along the chromo-
some than would be expected by chance (reviewed in
Girard et al. 2023). This analysis was conducted by fitting
the relative positions of COs to a gamma distribution
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and by analyzing of the coefficient of coincidence (CoC)
(see Materials and Methods, supplementary table S6,
Supplementary Material online). The gamma distribution
is a useful model for estimating the presence and the
strength of COl—this being reflected by the interference
parameter (y). The higher the y value, the higher the influ-
ence of COI, being y=1 indicative of no interference.
Moreover, CoC values close to 0 indicate high COI, where-
as values close to 1 indicate absence of COIl.

When fitting the frequency of inter-foci distances to a
gamma distribution, we detected high y values in all popula-
tions (from 9.5 to 16.2), accounting for the presence of COI. A
detailed analysis of COlI revealed further differences between
populations (supplementary table S6, Supplementary
Material online and Fig. 3e). St mice from the CFB** popu-
lation showed low centromere suppression, intermediate
arm lengths (mean 7.6 um), and low levels of COI (y =9.5
and interference distance = 64% of bivalent arm), reflect-
ing the high values of COs per cell detected in the cytology
analysis (supplementary fig. S1B, Supplementary Material
online). Remarkably, St mice from the CTR®" population
presented the highest levels of CO interference (y = 16.2
and interference distance = 72% of bivalent arm) and the
lowest arm lengths (mean 7.5 um), explaining the low
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number of arms with two foci detected that contribute to
the reduced mean of COs per cell (Fig. 3b). Furthermore,
CTR®" shows the lowest levels of centromere suppression,
mirroring the analysis of the cumulative COs frequencies
(Fig. 3c and d).

The presence of metacentric chromosomes and differ-
ent bivalent configurations (i.e. acrocentric, homozygous,
and heterozygous), increased the complexity of the pat-
terns observed in Rb mice from the VDC®" population
(supplementary fig. S1, E to |, Supplementary Material on-
line). Despite the high mean values of arm length in VDC®®
(7.86 um) (which can result in high number of COs,
Ruiz-Herrera et al. 2017), the presence of COIl at the
centromeric level (especially on metacentric chromo-
somes) (supplementary table S6, Supplementary Material
online) resulted in a reduced proportion of chromosomal
arms with two COs (Fig. 3b). These observations in com-
bination with the mechanistic limitations of fusions and
chromosomal configurations previously described (Vara
et al. 2022) could explain the high percentage of chromo-
somal arms with zero COs and the reduction of mean va-
lues over the cell.

Multiple Genomic Landscapes of Recombination

We further estimated population-scaled RRs based on LD
(see Materials and Methods). Broad-scale chromosome-
specific recombination maps showed a high degree of vari-
ability between populations and chromosomes (Fig. 4).
The St population CFB** showed the highest level of RRs
(mean values of 0.00122 p/bp), followed by CTR*" (mean
values of 0.00075 p/bp) and then VDC® (mean values of
0.0006 p/bp) (Wilcoxon pairwise test, P-value < 0.001,
Fig. 5a). Both populations with reduced RRs genome-wide
(CTR® and VDC®®), showed more heterogeneous land-
scapes of recombination per chromosome. In contrast,
CFB* has higher values of RRs and showed a more homo-
geneous pattern genome-wide.

Interestingly, different landscapes of recombination
were accompanied by contrasting patterns of broad hot-
spots distribution between populations. Both CTR>® and
VDC®® populations (with heterogeneous landscapes of re-
combination) presented more than 400 broad hotspots dis-
tributed genome-wide, whereas its number was reduced by
half in CFB>* (209 broad hotspots) (Fig. 5b). When analyzing
the chromosomal distribution of broad hotspots consider-
ing proximal (from 0% to 14% of chromosome length),
interstitial (from 14% to 80% of the chromosome), and dis-
tal (from 80% to 100% of chromosome length) regions, we
detected significant differences (Chi-square test, P-value
< 0.005) between populations (Fig. 5c), mirroring the cyto-
logical observations (Fig. 3). In CFB™, the majority (79%) of
broad hotspots were located in interstitial genomic regions,
whereas in both CTR* and VDC® the distribution was
more distally located (Fig. 5¢).

When analyzing broad hotspots individually, we detected
a low degree of overlap among populations (mean 33% of
overlapping, Fig. 5d), reinforcing the presence of multiple
genomic landscapes of recombination. The lowest degree

of overlap was detected between both St populations
(CFB>“-CTR™, 86 shared broad hotspots), whereas the popu-
lations that shared the allele 10A in homozygosis (CTR"-
VDC®®) showed the highest degree of coincidence (195
shared broad hotspots).

We next analyzed the broad hotspots overlapping be-
tween populations according to their genomic locations
(again, in proximal, interstitial, or distal). When consider-
ing shared broad hotspots (N = 195) between populations
with the same Prdm9 alleles (CTR® and VDCR sharing the
10A allele) we detected that a high proportion (43%) were
located at the distal regions with only few of them located
in proximal chromosomal regions (4%) (Fig. 5d). This pat-
tern (distribution toward telomeric regions) was also ob-
served at the cytological level (Fig. 3). In contrast, shared
broad hotspots (N = 86) between St populations with dis-
tinct Prdm?9 diversity (CFB*® and CTR®") showed a more
heterogenous distribution across proximal (17%), intersti-
tial (44%), and distal regions (39%).

The presence of multiple genomic landscapes of RRs was
also reflected when analyzing the variation of recombin-
ation between populations. To do so, we estimated the vari-
ance to the mean ratio or index of dispersion (iod) and
fitted it to a Poisson distribution to infer regions with an ex-
cess of variance (overdispersion, R > 1) across the genome.
We detected the presence of 81 regions distributed across
all chromosomes (21% of all 1 Mb genomic regions) with
a variance between populations larger than expected
(iod >0.001) (supplementary fig. S2A, Supplementary
Material online). These regions of high variability of RR be-
tween populations contained a total of 1,960 genes, distrib-
uted as protein-coding genes (42%), pseudogenes (29%),
followed by noncoding RNAs (23%) (supplementary fig.
S2B, Supplementary Material online). The remaining 6%
corresponded to nonannotated transcripts. When analyzing
the GO terms, we detected an enrichment (False, Discovery
Rate, FDR < 0.05 and Fold Enrichment, FE > 1.3) for genes
related to the immune system (innate immune response,
MHC class | protein complex, and T cell-mediated cytotox-
icity) and nervous system (response to pheromone and
sensory perception of smell) (supplementary fig. S2C,
Supplementary Material online).

Moreover, we detected that estimated values of RRs
were inversely correlated with genomic rates of differenti-
ation. That is, St populations (CFB>* and CTR*") showed
low levels of genomic differentiation genome-wide
(expressed as Fsr values), when compared to Rb mice
(VDCR?) (Wilcoxon pairwise test, P-value < 0.001, Fig. Te).
A genomic scanning revealed the presence of 37 regions
in the top 0.5% ranked windows which were candidates
to be selective regions due to their highest Fst value
(supplementary fig. S3A, Supplementary Material online).
A total of 634 transcripts were present in these regions,
with a high percentage of them (41%) being protein-
coding genes (supplementary fig. S3B, Supplementary
Material online). GO analysis indicated that the protein-
coding genes were associated with signaling pathways via
JAK-STAT and G protein-coupled receptors, sensory
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Fig. 4. Chromosome-specific recombination maps. Representation of estimated recombination rates (RR, units p/bp) per population and
chromosome. Abbreviations: CFB*", Castellfollit del Boix; CTR™', Castellar del Valles; VDC®®, Viladecans.

perception, cell population proliferation and response to
nutrients, but also GO terms related to female reproduction
(lactation, mammary gland development, and female preg-
nancy) (supplementary fig. S3C, Supplementary Material on-
line). Importantly, sensory receptor genes included several
olfactory protein families (Tas, Tcaf, and OIf).

8

Discussion

Our own study represents a departure from those conducted
previously in that it relies on the use of genome-wide maps of
RRs and genomic divergence in wild populations of mice
with Rb fusions in combination with Prdm9 sequencing.
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Using an integrative approach that combined estimates of
RRs based on SNP genotyping and cytological analysis of mei-
otic COs on male germ cells, here we show that chromosom-
al fusions and Prdm?9 allelic background can affect meiotic
recombination in natural populations of house mice, result-
ing in a combined impact at the genomic level (Fig. 6).

Chromosomal Fusions as Modifiers of Meiotic
Recombination

Using both direct (immunolocalization of meiotic COs)
and indirect (LD and genomic divergence) measures of
recombination we detected that the presence of Rb fu-
sions was associated with reduced levels of recombination.
A detailed cytological analysis revealed that the reduction
in CO numbers can be influenced by the presence of fused
chromosomes in homozygous state, concomitant with
the presence of bivalents with misaligned centromeres
previously described in the literature (Vara et al. 2021).

The observed reduction of COs in homozygous fused
chromosomes was associated with a suppression of recom-
bination in centromeric regions, resulting in a displacement
of COs toward telomeric regions of the chromosome
(Fig. 6). According to the “suppressed recombination”
model (Rieseberg 2001; Faria and Navarro 2010; Farré
et al. 2013), a reduction in recombination rate is expected
within reorganized regions in heterokaryotypes. Here, how-
ever, we showed that acrocentric and fused chromosomes
in homozygous state were also affected by a reduction of
COs and that this variation was associated with changes
in COL.

Despite possible biological cofounds, previous studies
on wild-derived mice with Rb fusions have shown a signifi-
cant decrease in chiasmata frequencies and meiotic COs
(Bidau et al. 2001; Castiglia and Capanna 2002; Dumas
and Britton-Davidian 2002; Manterola et al. 2009; Vasco
et al. 2012; Capilla et al. 2014). Therefore, evidence suggest

that despite the presence of any genetic heterogeneity, Rb
fusions can introduce strong mechanistic constraints in-
side the nucleus of meiocytes that can result in a displace-
ment of COs along chromosomal axis, affecting asynapsis
in prophase | (Manterola et al. 2009; Ribagorda et al.
2019). This structural effect has also been shown when
analyzing the 3D genome structure, detecting that fusions
alter the nuclear architecture during meiosis, including an
increased rate of heterologous interactions in primary
spermatocytes, and alterations in both chromosome syn-
apsis and axis length (Vara et al. 2021).

In the case of natural Rb populations, where the distri-
bution of metacentric chromosomes is widespread (Pialek
et al. 2005), the presence of heterokaryotypes with a high
number of Rb fusions is not expected to be common. In
fact, the prevalence of Rb fusions in heterozygous state
was moderate in BRbS (from one to three trivalents).
This phenomenon is probably related to a negative selec-
tion for heterokaryotypes (underdominance) (Dobigny
et al. 2017 and references therein). That is, the lower the
degree of underdominance associated with a particular
Rb fusion, the higher the probability to be present as a
polymorphic form. Thus, the presence of Rb fusions in
the BRbS can be related to a mild underdominance, given
that previous studies in this system did not detect strong
fertility impairment (Sans-Fuentes et al. 2010; Medarde
et al. 2015). Despite a chromosomal redistribution and re-
duction of COs in Rb mice, the frequency of chromosomal
arms with absence of COs was not significantly altered in
mice with Rb fusions in heterozygosis. This observation has
important implications since it suggests that meiosis is not
severely compromised in Rb mice from the BRbS, given
that the proper disjunction of chromosomes would not
be compromised as at least one CO is present per bivalent
(Hassold et al. 2000; Segura et al. 2013). This is consistent
with mild effects in reproduction previously reported in
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ence of different Prdm9 allelic backgrounds. The first scenario includes standard mice (absence of Rb fusions) with different Prdm9 alleles (mainly
heterozygous). In this case, meiotic COs are distributed along chromosomes since there is competition between the Prdm? alleles and no struc-
tural restrictions due to the Rb fusions. This pattern results in high rates of recombination genome-wide, both at the cytological and population
level, but with few local regions of high recombination rate (hence, broad hotspots). The second scenario includes standard mice (absence of Rb
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different M. m. domesticus Rb systems with one to three
fusions (Wallace et al. 1992, 2002; Castiglia and Capanna
2000). Under this scenario, a reduction of recombination
due to the presence of a relatively low number of Rb fu-
sions present as chromosomal polymorphism does not ne-
cessarily affect fertility significantly but can lead to an
increase in genetic divergence genome-wide.

Importantly, comparisons of recombination rate diver-
gence between BRbS populations suggest that genomic
landscapes recombination evolves very rapidly, accelerated
by the presence of Rb fusions in the context of wild popu-
lations. Importantly, and consistent with the observation
of low CO frequencies (MLH1 foci per cell) and low values
of genome-wide RRs (expressed as p/bp), Rb mice showed
higher levels of genomic divergence. Together with hetero-
zygous mild underdominance, the effect of Rb fusions
could lead to the accumulation of genetic incompatibil-
ities and possibly to genetic isolation between populations,
as has been suggested in other systems (Noor et al. 2001;
Rieseberg 2001; Faria and Navarro 2010). Importantly,
scans for genomic regions with high levels of differenti-
ation in populations from the BRbS pointed to multiple
candidate genes and pathways for metabolic processes, ol-
factory receptor signaling and female reproduction. We
have previously suggested that Rb fusions can redistribute
chromosomal nuclear occupancy in spermatocytes,
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exposing chromosomal domains to novel regulatory envir-
onments, potentially affecting gene expression and/or
regulation (Vara et al. 2021). This is especially relevant
for olfactory receptor family clusters detected in the pre-
sent study (Tas, Tcaf, and OIf gene families), which can
be expressed in the germ line and being involved in repro-
duction. We can anticipate that altered regulation of their
expression could play an adaptive role in the BRbS. Further
studies will be needed to validate this hypothesis.

Combined Effect of Prdm9 Allelic Background and Rb
Fusions in Reshaping Genomic Landscapes of
Recombination

As recombination hotspots in mammals are mainly
determined by PRDM9, we sought to investigate the
contribution of the allelic variability of Prdm9 to genomic
landscapes of recombination in wild populations.
Previous studies conducted in the BRbS (Vara et al. 2019,
2021) already showed that trends broadly hold across mul-
tiple Rb and St populations, providing an extensive survey
of Prdm9 diversity and patterns of CO distribution in Rb
systems. The present analysis unveils new contrasting pat-
terns of Prdm9 variability in St populations. On the one
hand, we add new alleles to previous surveys (Buard
et al. 2014; Capilla et al. 2014; Kono et al. 2014; Vara
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et al. 2019). On the other hand, we detect one St popula-
tion (CTR®") that was mainly homozygous for the 10A al-
lele, which was present in all populations, but especially
in Rb mice. This permits the opportunity to compare (des-
pite genetic divergence) populations with different set of
attributes (Fig. 6): (i) populations homogeneous in their
chromosome complement (no Rb fusions) but different
Prdm9 allelic composition (e.g. CFB** vs. CTR®"); and (ii) po-
pulations homozygous for Prdm9 but with different
chromosome complement (e.g. CTR® vs. VCDRP).

Interestingly, the presence of the 10A Prdm9 allele in
CTR® could be explained as the result of a population
bottleneck event that facilitated the formation and subse-
quent expansion of new populations. According to the
PCA and ancestry analysis, St mice populations such as
CFB™, represent the origin of the genetic diversity from
where populations such as CTR** and Rb mice populations
diverged. The genetic divergence detected in the BRbS can
be due to a combination of different factors, including the
geographical distribution of populations, as previously sug-
gested (Medarde et al. 2012), but also by the presence of
metacentric chromosomes that can lead to a reduction
of gene flow. Moreover, the phylogenetic relationships
among populations suggest that the BRbS may represent
an example of radiation and independent origin of Rb fu-
sions occurring in nature. Further studies will be needed to
elucidate the mechanisms of Rb fusions formation in wild
populations.

However, regardless the evolutionary origin of wild mice
population, distinctive patterns of Prdm9 allelic back-
ground allowed us to explore the functional constraints
that might influence recombination in the presence of
Rb fusions. It has been described that the presence of high-
ly divergent Prdm9 alleles in a heterozygous state (as in the
case of the St population CFB*") can lead to elevated levels
of asymmetric DSBs between homologous chromosomes
(Davies et al. 2016). In fact, evidence in humans and
mice has shown that variation in both the sequence and
number of ZnF repeats influence the distribution of meiot-
ic DSBs (Berg et al. 2010; Brick et al. 2012; Baker et al. 2015;
Grey et al. 2018). The rapid evolution of ZnF sequences
would therefore lead to rapid changes in the distribution
of recombination sites across the genome by creating
new DNA motifs that would be recognized with stronger
affinity by the new Prdm9 allelic variants. This is what
we observed in St mice from the CFB** (a population
with a high Prdm9 allelic diversity), which showed higher
levels of RRs genome wide but lower number of broad
hotspots when compared to CTR® and VDC®® (both po-
pulations homozygous for the 10A allele). Therefore, the
low number of broad-scale hotpots at population level de-
tected in CFB** could be related with the high diversity of
Prdm?9 and the consequent low intensity of recombination
in genomic regions (Fig. 6). Conversely, Prdm?9 alleles in a
homozygous state (as the 10A allele in CTR® and VDC®"
populations) can produce symmetric DSBs between hom-
ologous chromosomes, hence low numbers of COs. This ef-
fect, in combination with an increase in COI resulted in

low levels of RRs genome-wide but high number of broad
hotspots (Fig. 6). Consistently with this view, previous
studies of RAD51 foci (marker of meiotic DSBs) in sperma-
tocytes from the VDC®® population (Vara et al. 2021) de-
tected low levels of DSBs in Rb mice when compared to St
wild mice, suggesting that Prdm9 homozygosity produce
symmetric hotspots.

Overall, our results showed that of Rb fusions can have
genomic implications. The presence of Rb fusions can re-
sult in a redistribution of meiotic COs across chromo-
somes, thus reducing RR genome-wide. Importantly, this
redistribution of recombination can affect not only chro-
mosomes involved in Rb fusions but also nonfused
chromosomes, resulting in higher levels of genetic differen-
tiation genome-wide. This was especially relevant for gen-
omic regions with high levels of divergence containing
genes relevant for reproduction.

Materials and Methods

Mice Sampling

A total of 108 house mice (M. m. domesticus) from
the BRbS were included in the study (Fig. 1 and
supplementary table S1, Supplementary Material online).
These represented five wild populations: two populations
of mice with a St karyotype (2n=40) (CFB>, N =29;
CTR®, N=123), and three populations of mice with Rb
fusions (thereafter Rb mice) with a variable number of
Rb fusions (2n =39 to 28) (CS*°, N=15; SS*°, N = 12;
VDCR®, N = 29). Animals were treated and processed in ac-
cordance with ethical guidelines approved by the
Universitat Autonoma de Barcelona.

SNP Genotyping and Genome Diversity

Genomic DNA was extracted either from tissue biopsies
preserved in ethanol or fresh tissue using a standard pro-
teinase K digestion protocol (Vara et al. 2019). The geno-
typing data included 55 mice from five populations
(supplementary table S1, Supplementary Material online).
Briefly, 31 mice were genotyped using the Mega Mouse
Universal Genotyping Array (MegaMUGA, including
77,808 SNPs, data retrieved from Vara et al. 2019) whereas
24 mice were newly genotyped using GigaMUGA array
(143,259 SNPs) (Morgan and Welsh 2015; Morgan et al.
2016). SNPs data from both MUGA arrays were merged.
The resulting SNP dataset was filtered with missing values
above the 5% threshold and Hardy—Weinberg equilibrium
exact test below 1 10°, yielding a final dataset of 47,200
informative SNPs evenly distributed across the genome
with a mean density of 1 SNP each 58 kb. Based on this da-
taset, genetic differentiation among individuals was in-
ferred using principal component analysis (PCA) running
a module of PLINK 1.9 (Chang et al. 2015). Parallelly, the
genetic structure among populations and individual an-
cestry was evaluated using ADMIXTURE 1.3.0 (Alexander
et al. 2009). Moreover, we inferred evolutionary relation-
ships between populations generating a maximum
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likelihood tree with SNPhylo (Lee et al. 2014). Summary
statistics related to genetic diversity were calculated, in-
cluding the number of alleles (Na), allelic richness (Ar), ob-
served heterozygosity (H,), expected heterozygosity (H.),
inbreeding coefficient (Fis), and nucleotide diversity (r).
Na and Ar were estimated using Hierfstat v0.5-11
(Goudet 2005) implemented in R. H,, He, and Fis were cal-
culated using the module-het of PLINK v1.9, and pi with
VCFtools 0.1.15 (Danecek et al. 2011).

Amplification of the ZnF Array of Prdm9

The ZnF array of the Prdm9 gene is encoded by the last exon
(exon 12) and it extends from the first ZnF repeat toward
the C-terminal domain (Parvanov et al. 2010). We amplified
this last exon as previously described (Kono et al. 2014; Vara
et al. 2019). This served to identify homozygous and hetero-
zygous mice. Once heterozygous mice were detected, allelic-
specific amplification was generated using the band-stab
PCR protocol (Bjourson and Cooper 1992). Briefly, this
included two identical PCRs cycles: 94 °C (5'), 30 cycles
of 94 °C (40”), 68 °C (50”), and 72 °C (60"), followed by
72 °C (3’). A unique PCR round was used for homozygous
mice with the same PCR conditions. All PCR products
were purified with EXOSAP and sequenced. Prdm9 alleles
were classified according to the number of ZnF repeats
(and therefore the size of the sequence) and the amino
acids present in the hypervariable positions —1, +3, and
+6 of the first ZnF repeats (ZnF3, ZnF4, ZnF5, and ZnF6),
as previously described (Vara et al. 2019).

Summary population genetics metrics and selection
tests were computed using DnaSP v.6.12.03 (Rozas et al.
2017) for each population separately, with sequences
aligned against the rat reference Prdm9 coding sequence
as obtained from Genbank (NM_001108903.2) (Sayers
et al. 2023). Only the sequence of the ZnF repeats 3
to 10 was considered, including 84 nucleotide sites
(28 codons) for each repeat, or 672 nucleotide sites (224
codons) in total. Due to missing nucleotides in some se-
quences at the alignment ends, a total of 563 nucleotide
sites were analyzed in the CFB®" population and 670 nu-
cleotide sites in all other four populations. The summary
metrics and selection tests computed include nucleotide
diversity (m) (Nei 1987), m,/7; (Nei and Gojobori 1986),
Fu-Li’s D (Fu and Li, 1993), Tajima’s D (Tajima 1989), and
McDonald-Kreitman test (McDonald and Kreitman
1991) with the corresponding NI (Rand and Kann 1996).

For the sliding windows analyses, the size of the win-
dows considered was 3 nucleotide sites, with a step of 3
nucleotide sites, including sites with alignment gaps;
thus, all metrics and selection tests were computed for
each codon separately. Then, we classified the observed
number of segregating nucleotide sites as falling within
the hypervariable positions (—1, +3, and +6), or outside
them. We further computed the corresponding expected
values by randomly distributing the observed numbers
among both categories of nucleotide sites according to
their proportions in the sequence (out of 84 nucleotide
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sites in each ZnF, 9 correspond to hypervariable positions
—1, +3, and +6, and 75 do not). By putting together
observed and expected values, we computed a 2 X 2 con-
tingency table and tested its significance with a Fisher’s
Exact Goodness-of-fit test for each ZnF separately, and
ZnF3 to ZnFé6 altogether.

Spermatocyte Spreads and Immunofluorescence
Spermatocyte spreads were performed as previously re-
ported (Garcia-Cruz et al. 2011; Capilla et al. 2014;
Marin-Gual et al. 2022). Immunostaining of meiocytes
was performed using the following primary antibodies:
rabbit antibody against SYCP3 (#ab15093, Abcam, 1:400
dilution), mouse antibody against MLH1 (#ab14206,
Abcam, 1:50 dilution), human calcinosis, Raynaud’s phe-
nomenon, esophageal dysfunction, sclerodactyly and telangi-
ectasia (CREST) serum (a kind gift of M. Fritzler, 1:100
dilution). Fluorochrome-conjugated secondary antibodies
were used for detection (all from Jackson ImmunoResearch
Laboratories, 1:200 dilution). The immunostaining protocol
included antigen retrieval with incubation in sodium citrate
buffer (10 mM sodium citrate, 0.05% Tween-20; pH 6.0) at
95 °C for 15 min and permeabilization steps with PBST
(0.05% Triton X-100 in PBS), and overnight incubation for pri-
mary antibodies at 4 °C and 1 h for secondary at 37 °C, both
in a humidified chamber.

Cytological Analysis of COs

Images were analyzed using an epifluorescence microscope
(Axiophot, Zeiss) equipped with suitable emission filters
(DAPI, FITC, Cy3, and Cy5). Images were captured using
ACO XY program (A. Coloma, Open Microscopy) and
stacked using Adobe Photoshop 7.0. Only meiocytes at
the pachytene stage were included for the cytological ana-
lysis of COs. Total numbers of COs per cell and per bivalent
arm were scored. Bivalent length measures and the relative
position of COs (accounted as a percentage of the total
synaptonemal complex length from centromere to telo-
mere) were performed with Micromeasure 3.3 (Reeves
2001) as previously described (Segura et al. 2013; Ruiz-
Herrera et al. 2017; Vara et al. 2021).

CO interference (COI) was measured by analyzing the
CoC using MADpattern v1.1 (Jones and Franklin 2006;
White et al. 2017; Wang et al. 2019). Each chromosomal
arm was normalized to 100% of total length and divided
into 20 intervals for CO scoring. For each pair of intervals,
the experimentally observed frequency of double COs
(arms with a CO in both intervals) was compared to the
expected frequency (the product of the frequencies of ob-
served COs in each interval alone). The ratio of observed to
expected double COs (CoC) was plotted as a function of
the normalized inter-interval distance.

Estimates of Recombination Rates

Estimates of RR based on LD were conducted in a subset
of 24 mice genotyped with GigaMUGA, excluding the
sex chromosomes (X and Y) (supplementary table S1,
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Supplementary Material online). Samples were selected
based on SNP density (1 SNPs per 50 kb) and Prdm9 gen-
etic background. This included mice from three wild-mice
populations: CFB** (N = 7), CTR®" (N = 6), and VDC®® (N
=11). SNPs were filtered with missing values above the
5% threshold and Hardy-Weinberg equilibrium exact
test below 1 10°. SNPs data was phased with SHAPEIT
(Delaneau et al. 2012) to obtain population haplotypes.
Likelihood tables were generated with Ldpop (Alexander
and Machiela 2020). Then, Ldhelmet (Chan et al. 2012)
was used to estimate the population-scaled RR for each
chromosome using default parameters as previously de-
scribed (Vara et al. 2021).

Given SNP density (~1 SNP every 50 kb), inferences of RR
were determined at intermediate genomic scales (~1 Mb).
Genomic regions with high values of RRs were identified
comparing the p value of recombination of each SNP with
the mean p of the 1 Mb flanking region. Those 1 Mb regions
with a comparative value higher than 5 were considered
“broad hotspots’. Moreover, the variance of RRs per genom-
ic region between populations was also estimated as the
variance to mean ratio (iod) (Gillespie 1989; Comeron
et al. 2012), considering nonoverlapping 1 Mb windows.
Under a Poisson distribution, iod values significantly greater
than 1 indicate an excess of variance and are considered re-
gions of high variance between populations.

Lastly, genetic divergence between populations was cal-
culated by computing Weir and Cockerham’s Fst values
(Hudson et al. 1992) using VCFtools 0.1.15 (Danecek
et al. 2011). Fst analysis was conducted between popula-
tions considering nonoverlapping 1 Mb genomic windows
at two levels: per chromosome and genome-wide.

GO Analysis

Gene ontology (GO) analyses were performed using
PANTHER db (Thomas et al. 2003). Statistical overrepresen-
tation test was selected with GO biological process com-
plete. Only GO terms with FE > 1.3 and FDR < 0.05 were
considered statistically significant.

Supplementary Material

Supplementary material is available at Molecular Biology
and Evolution online.
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