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Despite the existence of formal models to explain how chromosomal

rearrangements can be fixed in a population in the presence of gene flow,

few empirical data are available regarding the mechanisms by which

genome shuffling contributes to speciation, especially in mammals. In

order to shed light on this intriguing evolutionary process, here we present

a detailed empirical study that shows how Robertsonian (Rb) fusions alter

the chromosomal distribution of recombination events during the formation

of the germline in a Rb system of the western house mouse (Mus musculus
domesticus). Our results indicate that both the total number of meiotic cross-

overs and the chromosomal distribution of recombination events are

reduced in mice with Rb fusions and that this can be related to alterations

in epigenetic signatures for heterochromatinization. Furthermore, we

detected novel house mouse Prdm9 allelic variants in the Rb system.

Remarkably, mean recombination rates were positively correlated with a

decrease in the number of ZnF domains in the Prdm9 gene. The suggestion

that recombination can be modulated by both chromosomal reorganizations

and genetic determinants that control the formation of double-stranded

breaks during meiosis opens new avenues for understanding the role of

recombination in chromosomal speciation.
1. Introduction
The role of chromosomal reorganizations in speciation has been a long-standing

question in biology. Understanding the genetic and mechanistic basis of these

processes will provide insights into how biodiversity originates and is main-

tained. Compelling evidence supports that chromosomal rearrangements may

reduce gene flow and therefore potentially contribute to speciation by the sup-

pression of recombination [1–3]. Under this ‘suppressed recombination’ model,

chromosome reorganizations in heterokaryotypes have a minimal influence on

fitness, but rather affect recombination thus contributing to a reduction of gene

flow within these genomic regions and the consequent accumulation of genetic

incompatibilities [3]. Data supporting recombination suppression by inversions

have been reported in different model organisms (see [4] and references

therein), whereas studies regarding the effects of fusions have been restricted

to the western house mouse, Mus musculus domesticus [5–14] and the

common shrew, Sorex araneus [15,16]. The general view is that chromosomal

reorganizations disturb the chromosomal distribution of recombinational

events altering, in the long term, the final outcome of crossovers (COs). If

this phenomenon was perpetuated within the population for long periods of

time, gene flow within the reorganized regions would be reduced, thus
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eventually contributing to the establishment of genetic

incompatibilities and subsequent progress towards complete

reproductive isolation [3]. Despite recent progress in the field,

the mechanisms and the genetic basis underlying the process

remain elusive. In this regard, recent attention has focused on

the Prdm9 gene, the only known speciation-associated gene

described for mammals. The protein encoded by this gene,

the PR domain zinc finger 9 (PRDM9) [17], is a meiotic-

specific histone (H3) methyltransferase with a C-terminal

tandem repeat zinc finger (ZnF) domain that accumulates at

recombination sites through its recognition of a species-

specific and highly mutagenic repetitive DNA motif [17–

19]. In humans, the high nucleotide variation detected at

this locus suggests that the protein (together with the repeti-

tive DNA motif that it recognizes) is highly mutable enabling

binding to new motifs as soon as they are formed [20,21].

Studies in laboratory strains of mice, moreover, have revealed

that the PRDM9 protein could be directly involved in the

recruitment of the recombination initiation machinery

during meiosis [22]. It has also been reported that variations

in the Prdm9 sequence affect the positioning of meiotic

double-stranded breaks (DSBs), in the same way that the

number and sequence of ZnF could determine the strength

and specificity of DNA binding [19,22].

Despite the existence of formal models to explain how chro-

mosomal rearrangements could be fixed in two parapatrically

distributed populations under divergent selection, and by

which mechanisms these may contribute to speciation [23],

few empirical data are available, especially in mammals (see

[4] and references therein). Therefore, the appreciation of how

meiotic recombination is controlled during meiosis and how

chromosomal reorganization affects the process is of critical

importance for our understanding of speciation mechanisms.

In this context, natural populations represent an excellent scen-

ario for determining the genetic and mechanistic factors

underlying the origin of meiotic disturbances triggered by

chromosomal reorganizations. The standard karyotype of

M. musculus domesticus consists of all-acrocentric chromosomes

(2n ¼ 40). However, a wide range of diploid numbers (from 22

to 40) have been described in natural populations resulting

from the occurrence of Robertsonian (Rb) fusions and/or

whole arm reciprocal translocations [24,25]. According to

Piálek et al. [25], a Rb system is defined as a series of house

mouse populations from a restricted geographical area that

share a set of metacentrics with an apparently common evol-

utionary origin. In this context, a total of 97 Rb systems

distributed across Europe, and the Mediterranean basin has

been formally recognized [25]. Among them, the Barcelona

Rb system is found in the provinces of Barcelona, Tarragona

and Lleida (Spain), extending over approximately 5000 km2

(figure 1a). Diploid numbers (2n) range from 27 to 39 chromo-

somes, with the lowest 2n values observed at sites located

approximately 30 km west of the city of Barcelona ([26] and

references therein). This Rb system is characterized by a high

level of chromosomal polymorphism, with seven different Rb

chromosomes (Rb (3.8), (4.14), (5.15), (6.10), (7.17), (9.11) and

(12.13)) showing non-geographically coincident (staggered)

clines ([26] and references therein). Owing to the absence of a

Rb race, as defined by Hausser et al. [27], this system has

been considered to be a Rb polymorphism zone rather than

be a typical hybrid zone ([26] and references therein). Although

the chromosomal composition and structure of the Barcelona

Rb system are known [26,28], the meiotic dynamics and genetic
recombination of the mice that comprise it remain elusive.

Here, we have studied the recombination features of this Rb

system with two specific aims: (i) to analyse the effect of Rb

fusions on both recombination rate and its chromosomal distri-

bution, and (ii) to determine the genetic and mechanistic

factors that are shaping the process.
2. Results
(a) Recombination events are reduced in Robertsonian

mice
We studied the effect of Rb fusions on meiotic recombination

by analysing the variation in the number of autosomal

MLH1 foci (marker of COs) detected at pachynema in males

(figure 1a–c and the electronic supplementary material, table

S1). The average of MLH1 foci per cell observed ranged from

20.16 (+1.18) to 21.65 (+2.43) in wild mice with standard

(St) karyotype (2n ¼ 40), and from 18.13 (+1.78) to 20.57

(+1.90) in Rb mice (figure 1d and the electronic supplemen-

tary material, table S1). Wild St mice presented, on average,

significantly less COs (20.88+1.83) per cell than did mice

derived from laboratory strains (21.32+2.12; Mann–Whitney

U-test, p � 0.05; figure 1d and the electronic supplementary

material, table S1). More importantly, mice with Rb fusions

showed significantly smaller mean number of COs than

wild St mice (Kruskal–Wallis test, p � 0.001; figure 1d and

the electronic supplementary material, table S1). Among Rb

mice, we could distinguish two different groups (Mann–

Whitney U-test, p � 0.001): mice with high diploid numbers

(2n ¼ 39–37, 19.93+1.77 COs per cell) and mice with low

diploid numbers (2n ¼ 32–28, 19.39+1.68 COs per cell).

These results indicate that Rb mice have a significant decrease

in the overall number of recombination events per bivalent as

a result of the presence of fused chromosomes.

In order to disentangle the effect of different factors on

the decreased number of COs observed in Rb mice, we

evaluated correlations between diploid number and the

degree of heterozygosity in terms of rearrangements

(heterokaryotypes). Owing to the absence of a fixed

metacentric race and the high level of chromosomal poly-

morphisms that characterizes this Rb system, we pooled

Rb compositions in three categories: one, two and three

Rb fusions in heterozygote state. When considering both

St and Rb animals, we found a positive correlation

between the mean number of COs and the diploid

number (Spearman correlation test r ¼ 0.757, p � 0.001;

electronic supplementary material, figure S1); however,

when applying the same correlation only among the Rb

specimens, this was not significant (Spearman correlation

tests r ¼ 0.236, p ¼ 0.315). Additionally, the comparison of

the mean number of COs in Rb mice revealed that recombi-

nation was not affected by the degree of heterozygosity

(Kruskal–Wallis test, p ¼ 0.345). These results suggest that

additional factors (other than diploid number reduction

and the degree of heterozygosity) play a role in the final

outcome of COs in this Rb system.

Considering the low mean values of COs observed in Rb

mice, we investigated whether a similar pattern was reflected

by the proteins implicated in the repair of DSBs in the early

stages of prophase I (early pachynema). Meiotic recombina-

tion is initiated by DSBs generated by the protein Spo11
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Figure 1. Genetic recombination diversity in the Barcelona chromosomal polymorphism zone. (a) Map showing the sampling distribution. Diploid numbers are shown for
each locality (see the electronic supplementary material, table S1). Locations with standard and Rb individuals are indicated in red and black, respectively. (b) Example of
immunolocalization of meiotic recombination events in mouse spermatocytes at pachynema from Rb5 (2n ¼ 37). MLH1 foci are depicted in green, centromeres in blue
and the synaptomenal complexes in red. Asterisks indicate trivalent structures. (c) Fluorescence in situ hybridization on a metaphase spread from Rb3 (2n ¼ 38) with
the chromosomes involved in the Rb fusion painted in green (chromosome 4) and red (chromosome 14). (d ) Distribution of the mean numbers of MLH1 foci per cell
observed in the specimens analysed (n ¼ 34): lab_strain, standard mice from laboratory strain (n ¼ 310 cells); standard, wild standard mice (n ¼ 349 cells); Rb, 2n ¼
39 – 37, Rb mice with diploid numbers between 2n ¼ 37 – 39 (n ¼ 270 cells); and Rb, 2n ¼ 32 – 28, Rb mice with diploid numbers between 2n ¼ 28 – 32 (n ¼ 333
cells). Asterisks indicate statistical significance (Mann – Whitney U-test or Kruskal – Wallis test; *p-value � 0.05, **p-value � 0.001). (e) Percentage of chromosomal
arms showing 0, 1 or 2 MLH1 foci. Three groups are differentiated: Ac_St, all acrocentric chromosomes belonging to standard wild mice (n ¼ 1197); Ac_Rb, all acrocentric
chromosomes from Rb mice (n ¼ 2211); and Met, all chromosomal arms involved in Rb fusions (n ¼ 2056). Asterisk indicates statistical significance (Kruskal – Wallis test,
**p-value � 0.001).
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[29]. The replication protein A (RPA protein) associates with

single-stranded DNA following DSBs formation and sub-

sequently accumulates at the DSB sites [30]. Therefore, by

analysing the number of RPA foci in early pachynema, we

can determine the progression of DSBs as early recombina-

tional nodules. If the final outcome of CO events observed

in Rb mice is directly related to the initial DSBs formed in

early stages of prophase I, then we would expect to find a

reduced number of RPA foci when compared with St mice.

We found that the mean number of RPA foci per cell at

early pachynema was similar in wild St (67.49+18.55) and

Rb mice (64.83+17.40; Mann–Whitney test, p ¼ 0.536).

However, wild St and Rb mice differed significantly with

respect to laboratory mice (83.32+ 19.92; Kruskal–Wallis

test, p � 0.001; electronic supplementary material, figure

S2), suggesting that the difference between wild and labora-

tory mice is probably related with a reduction in the initial

number of DSBs at early meiosis (exemplified here as RPA

foci, representative of early nodules).
(b) Robertsonian fusions alter the chromosomal
distribution of recombination events

Moved by this striking pattern, we tested whether the overall

decrease in recombination events observed was as a result of

a reduction of COs in reorganized chromosomes. We analysed

the percentage of chromosomal arms showing 0, 1 or 2 MLH1

foci considering three different groups based on the state of the

chromosome (acrocentric, Ac, or metacentric, Met) and the

type of specimen (St or Rb): (i) chromosomal arms involved

in Rb fusions in Rb mice (Met), (ii) chromosomal arms not

involved in Rb fusions belonging to wild St mice (Ac_St),

and (iii) chromosomal arms not involved in Rb fusions in Rb

mice (Ac_Rb; figure 1e and the electronic supplementary

material, table S2). Our results show that when chromosomes

are involved in Rb fusions (Met) the frequency of chromosomal

arms with two COs decreases significantly when compared

with acrocentric chromosomes (Kruskal–Wallis test, p �
0.001; figure 1e and the electronic supplementary material,
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table S2). More importantly, the frequency of chromosomal

arms with the absence of COs is not altered in the three

groups (Kruskal–Wallis test, p ¼ 0.071; figure 1e and the

electronic supplementary material, table S2).

In order to analyse the redistribution of COs in Rb

chromosomes in greater detail, we studied the chromosomal-

specific distribution of MLH1 foci by applying sequential

immunostaining and fluorescence in situ hybridization

(FISH) with chromosome-specific bacterial artificial chromo-

somes (BAC) clones (electronic supplementary material,

table S3 and figure 2a). This allowed for the identification

of each of the chromosomes implicated in the Rb fusions in

different mice, enabling us to test whether the overall reduced

number of COs detected in Rb mice was due to the chromo-

somes involved in Rb fusions. We focused our efforts on the

chromosomes most frequently involved in Rb fusions

described in the area [26] by analysing the relative positions

of MLH1 foci along each synaptonemal complex (SC;

figure 2a–h). These were chromosomes 4, 9, 11, 12, 13 and

14. First, we established chromosome-specific recombination

maps in acrocentric forms; these data serve as controls

(figure 2b–h and the electronic supplementary material,

figure S3). The COs distribution in acrocentrics was in accord-

ance with the pattern previously reported for mice [31];

that is, a bimodal distribution of COs in long- and

medium-sized chromosomal arms (i.e. chromosomes 4, 9,

11 and 12) and a telomeric distribution in short chromosomes

(i.e. chromosomes 13 and 14; figure 2b–h and the electronic

supplementary material, figure S3). However, and more

importantly, we observed a trend in Rb chromosomes, that

is, the distribution of CO events was displaced towards

the telomeric regions (figure 2b–h and the electronic

supplementary material, figure S3). In fact, we observed a

significantly reduction of COs in the proximal area of the

SCs (from the centromere to 30% of SC length) in Rb

chromosomes, either in homozygosis (0.99+ 2.10) or in het-

erozygosis (1.51+ 2.67) when compared with acrocentric

(3.70+3.33; Kruskal–Wallis test, p � 0.001). These results

clearly show that when chromosomal arms are implicated

in the Rb fusions, there is a reduction in the number of

COs, displacing the recombination event towards the telo-

meric regions of the chromosomes, mirroring previous

observations in mice [5,12,13].

(c) Robertsonian fusions alter the chromosomal
distribution of H3K9me3 and gH2AX

We detected that the number of early recombinational

nodules (RPA foci) was not altered in Rb mice when com-

pared with wild St mice (electronic supplementary material,

figure S2a–c). Moreover, the chromosomal distribution of

RPA foci was not significantly different between acrocentric

and metacentric chromosomes (electronic supplementary

material, figure S2d ), indicating that disturbances in the

final outcome of COs occur during the resolution of early

recombination nodules into COs, and not during the for-

mation of DSBs. Therefore, we tested whether additional

mechanistic factors (i.e. synapsis alterations and heterochro-

matinization) were altering the chromosomal distribution of

COs in reorganized chromosomes.

We analysed the morphology of trivalents and sex

chromosomes in order to detect pairing disturbances,

because early studies in mice already noted the presence of
chromosome unpairing in trivalents [32]. The gH2AX protein

recognizes and localizes at DSBs, working as a marker for

gene inactivation of asynapsed regions [33,34]. The sex

body showed positive signal for gH2AX in all specimens

analysed (electronic supplementary material, figure S4a,b)

indicating a normal progression of the meiotic silencing of

asynapsed chromatin that characterizes mammalian sex

chromosomes [35]. However, we detected significantly

higher numbers of cells with sex chromosomes totally asy-

napsed in Rb mice when compared with St animals

(Fisher’s test, p � 0.05; electronic supplementary material,

figure S4e–g). Regarding autosomes, when analysing the

pairing dynamics of trivalents, we identified two different

configurations: (i) closed trivalents and (ii) open trivalents

(the electronic supplementary material, figure S4e). The

frequency of spermatocytes detected with open (asynapsed)

trivalents varied depending on the specimen analysed

and these ranged from 4% to 21% of cells. As a general

trend, open trivalents showed positive gH2AX labelling

(electronic supplementary material, figure S4d,e). However,

we also detected an abnormal pattern for gH2AX along

chromosomes in specimens with Rb fusions, with gH2AX

localizing along the SC in synapsed regions in both bivalents

and trivalents in 48.6–52% of pachynema analysed (elec-

tronic supplementary material, figure S4f ). This pattern was

significantly less frequent in wild St mice (Fisher’s test, p �
0.001), and especially rare in the laboratory strain (only

10.9% of the cells analysed; Fisher’s test p � 0.001; electronic

supplementary material, figure S4f ). These results indicate

that the persistence of regions with non-repaired DSBs

through pachynema in animals with Rb fusions does not

compromise the correct formation of the sex body, allowing

the progression through prophase I and thus producing

germ cells.

We also tested whether CO reduction in Rb mice was

owing to a displacement towards telomeric regions triggered

by an expansion centromeric interference effect as it has been

previously postulated, although not experimentally tested

[5]. In doing so, we analysed the distribution of the histone

H3 lysine 9 tri-methylated (H3K9me3), an epigenetic signal

for constitutive heterochromatin [36], along the SCs in several

mice with different chromosomal configurations: 2n ¼ 29

(11 Rb fusions; two specimens), 2n ¼ 38 (two Rb fusions;

one specimen), wild 2n ¼ 40 (two specimens) and a labora-

tory mouse 2n ¼ 40. In all mice analysed, H3K9me3 signals

were located at autosomal centromeric regions in both

acrocentric and metacentric chromosomes (figure 3a,b).

However, the distribution pattern of H3K9me3 signals

around the centromere differed between acrocentric and

metacentric chromosomes (figure 3c). In fact, we identified

two different configurations: (i) signals projected outside

the SCs and only restricted to the centromeres, and

(ii) H3K9me3 signals overlapping both the centromere and

the pericentromeric area of the SCs. We detected that in the

majority (90%) of the acrocentric chromosomes analysed,

H3K9me3 signals did not overlap the SC. However, this pro-

portion decreased significantly (Fisher’s test, p-value � 0.001)

in chromosomes implicated in Rb fusions (70–60%; figure 3d).

Moreover, the area (expressed in mm of SC length) occupied

by the H3K9me3 signals from the centromere overlapping the

SC in trivalents was, on average, significantly larger than in

acrocentric chromosomes (Kruskal–Wallis test, p-value �
0.001; figure 3e).
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(d) Prdm9 allelic background and recombination rates
To directly assay the genetic basis underlying the alterations in

the number and distribution of COs observed in Rb mice, we

screened our sample for new Prdm9 allelic variants that might

account for such diversity. Prdm9 plays a key role in determin-

ing the patterning of recombination events [22]; therefore, our

working hypothesis was to consider that the observed diver-

sity in recombination rates (figure 1 and the electronic

supplementary material, table S1) was related to the Prdm9
genetic background. With this in mind, we sequenced the

Prmd9 exon 12 containing the Zn finger domain from Zn

repeat þ3 towards the C-terminal domain in 27 mice from

our sample (electronic supplementary material, table S1). We

detected that 20 specimens had alleles of the same length,

whereas the remaining specimens had alleles of two different

lengths (electronic supplementary material, table S1 and

figure S5). Our genetic screening detected five Prdm9 allelic

variants present in the study area, which differed both in

nucleotide sequences and the number of Zn finger repeats

from previous studies [17,37]. These were referred to as 10A,

10B, 11B, 12B and 12C (electronic supplementary material,
figures S6 and S7). The alleles 12B and 12C shared the same

number of ZnF domains as the alleles previously described

in M. musculus domesticus [17,37], but differed in the DNA

sequence of the ZnF domains (electronic supplementary

material, figures S7 and S8). The allele 11B shared the same

number of ZnF domains as previously described in Mus
musculus castaneus [37], but, as with the above, differed in

the DNA sequence of ZnF domains (electronic supplementary

material, figure S7). More importantly, we detected two alleles

with 10 ZnF repeats (allele 10A and 10B), which are specific for

the Barcelona chromosomal polymorphism zone (electronic

supplementary material, figures S6–S8). The analysis of the

nucleotide and amino acid sequence revealed that the highest

replacement rates for all alleles were detected at positions

21, þ3 and þ6, all regions that were previously described as

being highly polymorphic (electronic supplementary material,

figures S7 and S8). These positions correspond to the amino

acids that recognize the DNA repeat sequence-specific for the

Prdm9 protein in the mouse.

Allele frequency and distribution varied among specimens

and among localities (electronic supplementary material,
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figure S6a,b). Allele 10A was the most frequently observed

(77.77%) in our sample followed by 12B (14.81%), 12C
(3.70%) and to a lesser extent 11B (1.85%) and 10B (1.85%; elec-

tronic supplementary material, figure S6a). The highest

number of different alleles was observed within St wild mice

that surrounded the localities containing Rb mice (electronic

supplementary material, figure S6b and table S1). Remarkably,

these Rb mice were genetically more homogeneous, being

mostly homozygous for allele 10A (electronic supplementary

material, figure S6b and table S1).

We additionally investigated whether Prdm9 genetic

background influences recombination, as has been pre-

viously shown in humans [38]. As it has been suggested

that low numbers of ZnF repeats are correlated with lower

recombination rates [38], three different groups were con-

sidered: mice carrying two common 10 alleles (10/10), mice

carrying one non-10 allele (10/N) and mice carrying two

non-10 alleles (N/N). The comparison of CO frequency

(mean number of MLH1 foci/cell) in specimens with 10/10,

10/N and N/N genotypes revealed that those carrying the

10 alleles in homozygosis state showed, on average, a signifi-

cantly lower number of COs than N/10 and N/N mice
(Kruskal–Wallis test, p-value � 0.001; electronic supple-

mentary material, figure S6c). Moreover, we applied

different correlation analysis between Prdm9 allelic diversity,

diploid number and mean number of MLH1 foci per cell. We

detected a highly similar correlation value between these

three factors: r ¼ 0.56 between total number of PRDM9 ZnF

domains and recombination rate ( p-value , 0.05), r ¼ 0.58

between total number of PRDM9 ZnF domains and diploid

number ( p-value , 0.05), and r ¼ 0.75 between diploid

number and recombination rate ( p-value , 0.001), suggesting

that the three (mechanistic factors, genetic factors and

recombination rates) are somehow related.
3. Discussion
In an evolutionary context, our study represents a detailed

empirical demonstration that Rb fusions affect meiotic

recombination and that this can be related to alterations in epi-

genetic signatures for heterochromatinization. Although some

analyses performed were based on a limited number of indi-

viduals, this is, to our knowledge, the first meiotic study on
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a Rb polymorphism zone. This has allowed us to detect impor-

tant trends. First, we found that Rb males have significantly

lower recombination rates that wild St mice, despite the varia-

bility observed in diploid numbers. Second, our results

suggest that Rb fusions indeed have an effect on the chromo-

somal distribution of COs, altering their chromosomal

distribution. The average number of recombination events is

reduced in chromosomal arms involved in Rb fusions when

compared with acrocentrics, reflecting a reduction in the per-

centage of chromosomal arms with two COs in Rb animals.

These data add to preliminary observations that have reported

a reduction in chiasmata number (in latter stages of meiosis;

i.e. metaphase II) and MLH1 foci in different house mice popu-

lations with Rb fusions [5,6,11–13]. Our approach, however,

provided a more detailed and chromosomal-specific analysis

of CO redistribution. In fact, we observed that the distribution

of COs along chromosomal arms that occur in acrocentrics is

altered in Rb chromosomes; recombinational events closer to

the centromeric region are frequently lost and COs tend to

be more terminal in metacentrics. It is well known that meiotic

recombination is repressed close to the centromere, a pattern

that has been conserved in all eukaryote species. This is

because COs occurring close to centromere interfere with

normal chromatid segregation, inducing aneuploidy [39].

Although the molecular mechanisms underlying centromere

interference are still largely unknown, pericentric heterochro-

matin formation (here exemplified by H3K9me3 signals) is

considered crucial for the process [40]. In fact, the epigenetic

status of the chromatin is, in general, important for recombina-

tion. Meiotic DSBs tend to occur in open and highly transcribed

euchromatic regions [19], whereas DNA methylation sup-

presses CO formation. Recent studies in plants have

suggested that DNA methylation can affect the distribution of

recombination events in cis, this alteration being chromoso-

mal-dependent [41]. This fact has important implications for

our observations given that chromosomes involved in the Rb

fusions locally affect the overall reduction of COs detected in

Rb mice. We observed larger and more expanded H3K9me3

signals over the SC in trivalents, which are characterized by

the presence of three centromeres non-completely aligned.

These results, together with the presence of altered gH2AX pat-

tern along the SC in synapsed regions in both bivalents and

trivalents in Rb mice, suggest that DSBs are not properly

repaired, especially in trivalent structures, affecting the final

outcome of COs.

We also detected that the formation of the sex body at

pachynema is not compromised in the Rb males by either

the presence of asynapsed regions or asynapsed sex chromo-

somes. But more importantly, the number of chromosomal

arms with no CO is not significantly altered when comparing

acrocentric and metacentric chromosomes in Rb animals. COs

are highly regulated in mammals to ensure the proper dis-

junction of homologous chromosomes during meiosis [42]

and mammalian species normally present (on average) one

CO per chromosomal arm [43,44]. Our observations have

important implications for CO homeostasis [42], indicat-

ing that cells carrying Rb fusions modulate the final CO

outcome without losing the obligatory one chiasmata per

arm necessary to allow even chromosomal segregation, thus

not compromising the viability of germ cells. Therefore, and

despite the presence of unrepaired DNA regions in both

open trivalents and synapsed autosomes at pachynema in

Rb mice, the sex body is probably established and cells
escape the pachytene checkpoint [34]. Given the widespread

distribution of Rb animals in the Barcelona chromosomal

polymorphic zone, the low recombination rates observed

and the presence of asynapsed regions in the trivalents prob-

ably would have a mild negative effect on fertility, mirroring

previous observations [34]. This interpretation is in line with

analyses performed on mice from the Barcelona Rb system

[26,45,46], which suggest that Rb fusions have a reduced

effect on mice fertility, thus permitting the de novo

occurrence of chromosomal rearrangements within this zone.

Together with the CO mechanistic disturbances observed,

the Prdm9 allelic diversity has been revealed as an additional

factor modulating genetic recombination. The PRDM9

protein is directly involved in the recruitment of the recombi-

nation initiation machinery during meiosis [22]. Previous

studies have described the presence of four different haplo-

types in mice with differences in the number of Zn fingers:

9-Zn fingers, 11-Zn fingers, 12-Zn fingers, 13-Zn fingers

and 14-Zn fingers [17,19,37], and our data add new Prdm9
allelic variants to the picture, confirming the high Prdm9
sequence variability in nature. More importantly, our results

suggest that the number and sequence of Zn fingers might

influence meiotic recombination outcome, most probably by

regulating strength and specificity of DNA binding, thus in

agreement with what has been reported in humans and

mice [17,19,38,47]. Mice carrying the 10 allele showed, on

average, a significantly lower number of COs than mice

with longer Zn finger repeats. In fact, the allele 10A was the

most frequently observed in the Barcelona chromosomal

polymorphism zone (16 of 18 were homozygote for 10A).

Despite this, we still could distinguish two different groups

among Rb mice in terms of MLH1 mean values, irrespec-

tive of their Prmd9 allelic composition: mice with high

(2n ¼ 37–39) and low diploid numbers (2n ¼ 28–32). The

fact that both groups did not differ in genetic background

(i.e. homozygote for 10A) suggests that additional factors

(rather than genetic ones) could explain such differences.

Further analysis of the population structure of the Barcelona

Rb system would reveal novel Prdm9 allelic variants, as well

as possible demographic or stochastic effects underling its

allelic distribution and the genetic modulation of recombina-

tion. In fact, our analysis of RPA foci (representative of early

nodules) indicated that both wild St and Rb mice (carrying

the 10 allele) presented a similar pattern in terms of overall

numbers of RPA foci per cell detected, but different with

respect to the laboratory mouse strain, suggesting that mice

from the Barcelona chromosomal polymorphic zone have a

unique genetic background that is affecting recombination.

Which are the evolutionary implications of our results?

Here, we demonstrate that the average number of recombina-

tion events is indeed reduced in chromosomal arms involved

in the Rb fusions when compared with acrocentric chromo-

somes, especially in proximal chromosomal regions, and

that this can be related to alterations in epigenetic signatures

for heterochromatinization. In mammals, recent studies

have detected reduced recombination rates and gene flow

within reorganized regions [8,14,16]. This has been the case

of inversions, where recombination is specially reduced in

heterokaryotypes [1–4]. By contrast, the effect of Rb fusions

based on the state of the fusion (hetero- versus homozygous)

has been less explored [5,6,8,11,12]. The fact that we observed

a reduction in recombination in both heterokaryotypes

and homokaryotypes suggest that fusions might evolve
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differently than inversions do. Although at this stage it

would be premature to discuss the evolutionary forces

behind this pattern, both the absence of a fixed metacentric

race and the high level of chromosomal polymorphisms

that characterizes the Barcelona Rb system highlights its

importance as an informative model. Further analysis of the

genetic structure of this system would help us to elucidate

whether suppressed recombination triggered by Rb fusions

is indeed leaving a signature of genetic divergence.
 g.org
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4. Conclusion
Here, we show that mice with Rb fusions present a substan-

tially reduced number of the total recombinational events as a

result of a redistribution of COs in those chromosomal arms

involved in Rb fusions. Moreover, the detection of novel

Prdm9 allelic variants in the Barcelona Rb polymorphic

zone has permitted the examination of recombination varia-

bility observed within the population. Overall, our results

suggest that changes in both number and distribution of

recombination events are probably modulated by heterochro-

matinization disturbances produced by Rb fusions and

influenced by the Prdm9 genetic background.
5. Material and methods
A total of 31 wild male mice (2n ¼ 40, 11 mice; 2n ¼ 39, 2 mice;

2n ¼ 38, 3 mice; 2n ¼ 37, 3 mice; 2n ¼ 32, 2 mice; 2n ¼ 31,
3 mice; 2n ¼ 30, 4 mice; 2n ¼ 29, 2 mice; 2n ¼ 28, 1 mouse)

were live-trapped in commensal habitats from 10 different

localities representative of the Barcelona Rb system (figure 1

and the electronic supplementary material, table S1). See the elec-

tronic supplementary material for details on sample processing,

immunofluorescence, FISH, image processing and data analysis,

and Prdm9 genotyping.
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12. Bidau CJ, Giménez MD, Palmer CL, Searle JB. 2001
The effects of Robertsonian fusions on chiasma
frequency and distribution in the house mouse (Mus
musculus domesticus) from a hybrid zone in
northern Scotland. Heredity 87, 305 – 313. (doi:10.
1046/j.1365-2540.2001.00877.x)

13. Merico V, Pigozzi MI, Esposito A, Merani MS,
Garagna S. 2003 Meiotic recombination and
spermatogenic impairment in Mus musculus
domesticus carrying multiple simple Robertsonian
translocations. Cytogenet. Genome Res. 103,
321 – 329. (doi:10.1159/000076820)
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