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Abstract Homologous chromosomes exchange genetic
information through recombination during meiotic synap-
sis, a process that increases genetic diversity and is
fundamental to sexual reproduction. Meiotic studies in
mammalian species are scarce and mainly focused on
human and mouse. Here, the meiotic recombination events
were determined in three species of Platyrrhini monkeys
(Cebus libidinosus, Cebus nigritus and Alouatta caraya) by
analysing the distribution of MLH1 foci at the stage of
pachytene. Moreover, the combination of immunofluores-
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cence and fluorescent in situ hybridisation has enabled us to
construct recombination maps of primate chromosomes
that are homologous to human chromosomes 13 and 21.
Our results show that (a) the overall number of MLH1 foci
varies among all three species, (b) the presence of
heterochromatin blocks does not have a major influence
on the distribution of MLH1 foci and (c) the distribution of
crossovers in the homologous chromosomes to human
chromosomes 13 and 21 are conserved between species of
the same genus (C. libidinosus and C. nigritus) but are
significantly different between Cebus and Alouatta. This
heterogeneity in recombination behaviour among Ceboidea
species may reflect differences in genetic diversity and
genome composition.

Introduction

Meiosis is a specialised cell division by which haploid
gametes (containing a single copy of each chromosome) are
generated. In most eukaryotes, homologous chromosomes
exchange genetic information through recombination dur-
ing meiosis, a process that increases genetic diversity by
breaking haplotypes. Recombination provides physical
connections between homologues during the first meiotic
division, contributing to correct chromosome segregation.
Although recombination can occur at the somatic level
(such as recombination produced in the immune system),
only those recombination events occurring in the germ line
will have effects in genome diversity and composition.
Homologous recombination is triggered by programmed
double-strand breaks early in meiosis (Bishop and
Zickler 2004). Studies in the budding yeast have revealed
that the broken ends are processed, and approximately half
of them result in double Holliday junctions and crossovers
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(COs) (Petes 2001). In this organism, COs exhibit three
main features: (a) they are not randomly distributed but
rather concentrated in hotspots, (b) there is always at least
one CO per pair of homologous chromosomes (so-called
obligatory chiasmata) to ensure the proper disjunction of
homologous chromosomes and (c) they present “interfer-
ence” (COs tend to follow an evenly spaced distribution)
(Petes 2001). Studies in mammals have shown, on the
other hand, that the total number and distribution of COs
in a specific chromosome depend on several factors, such
as chromosomal size, gender and age of the individual
under study (Lynn et al. 2004; Paigen and Petkov 2010).
Larger chromosomes tend to accumulate larger numbers of
COs, and each chromosome arm generally presents at least
one CO (Sun et al. 2004). Early studies (Dutrillaux 1986)
demonstrated a strong correlation between the number of
chiasmata and the haploid number of chromosome arms.
Following this view, Pardo-Manuel de Villena and Sapienza
(2001) suggested that the recombination rate was propor-
tional to the number of chromosome arms, after analysing a
wide range of mammalian species. Such assumptions are of
relevance given that perturbations in the recombination
pattern have been shown to be linked to non-disjunction
problems in humans (Lamb et al. 2005).

Recombination maps elaborated using LD analyses or/
and sperm typing are now available for a variety of species
(Frazer et al. 2007; Megens et al. 2009; Qanbari et al. 2010;
Rogers et al. 2006; Wu et al. 2010). While LD analyses
represent indirect evidence of the recombination process,
sperm typing directly detects recombinant DNA molecules.
LD-based maps estimate the location of recombination
events in the progeny (see Lynn et al. 2004 for a review)
and represent an integration of population-level processes
over several generations (Clark et al. 2010). However, if our
intention is to analyse the recombination process as it
occurs, alternative methods to genetic linkage analysis
should be used. This is the case of the in situ
immunolocalisation of recombination proteins on sper-
matocyte cells (Lynn et al. 2002), which allows for the
recognition of physical COs during the first meiotic
prophase in each cell individually by analysing the
distribution of MLH1 foci, a marker of CO events (Baker
et al. 1996). Recombination maps using this last direct
approach have been made in humans, both female (Robles
et al. 2009; Tease et al. 2002; Lenzi et al. 2005) and male
(Barlow and Hulten 1998; Codina-Pascual et al. 2006;
Ferguson et al. 2009; Hassold et al. 2004; Lynn et al. 2002;
Sun et al. 2004), mouse (Anderson et al. 1999; Froenicke
et al. 2002) and, more recently, in birds (Pigozzi 2007;
2008; Pigozzi and Solari 2005), marsupials (Franco et al.
2007), dogs (Basheva et al. 2008), the American mink
(Borodin et al. 2009) and the common shrew (Borodin et
al. 2008a,b) as well as several rodent species (Dumont and
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Payseur 2011). However, meiotic studies in non-human
primates are scarce and are based on classical techniques,
such as Giemsa and silver staining (Armada et al. 1987;
Lima and Seuanez 1991; Mudry et al. 1998, 2001; Rahn et
al. 1996; Seuanez et al. 1983; Steinberg et al. 2007, 2008).
Only until very recently has in situ immunolocalisation of
recombination proteins been applied in non-human pri-
mates (Garcia-Cruz et al. 2009; Hassold et al. 2009).
Therefore, experimental descriptions of recombination
maps in other mammalian species are needed if the
ultimate goal is to understand the mechanisms underlying
chromosomal evolution and speciation.

In an attempt to shed light on the dynamics of
mammalian meiosis and its implication in chromosome
evolution, we have analysed the recombination features
during meiosis in three Ceboidea species: Cebus libid-
inosus [formerly C. paraguayanus (Groves 2001)], Cebus
nigritus and Alouatta caraya (Platyrrhini, Primates).
Immunoflorescence against different meiotic proteins
involved in the synaptonemal complex (SC) formation
and recombination were performed on testicular material
of these species. Moreover, the application of fluorescence
in situ hybridisation with the 13 and 21 human whole-
chromosome painting probes in spermatocytes of all three
species allowed for the construction of the recombination
map of these specific chromosomes from an evolutionary
perspective, since their chromosomal homologies are
known (de Oliveira et al. 2002; Garcia et al. 2000, 2002;
Stanyon et al. 2011). Using this approach, we were able to
investigate whether the cytological distribution of COs in
homologous chromosomes is conserved among these
species and whether the presence of extracentromeric/
interstitial heterochromatin regions influences the location
of COs.

Materials and methods
Sample processing

One male individual from each species was included in this
study, all of them born in the wild within the southern-most
natural geographic distribution. The adult specimen of 4.
caraya (ACA) was 15 years old and was kept in captivity at
the Centro de Reeducacion del Mono Aullador Negro
(Coérdoba, Argentina), where it has sired nine offspring. The
typical lifespan of Alouatta has been recorded to be
approximately 20 years (Chebez and Ruiz Blanco 2008).
Both C. libidinosus (CLI) and C. nigritus (CNI) adult
specimens were kept in captivity at the Codrdoba Zoo
(Coérdoba, Argentina). The CLI specimen was 10 years old
and has sired one offspring, whereas the CNI specimen was
7 years old and with unrecorded offspring. The lifespan of
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Cebus can range from 15 to 25 years, depending on the
species (Canevari and Fernandez Balboa 2003; Fedigan and
Jack 2004).

Testicular biopsies were obtained from each male according
to the protocols of the “Guide for Care and Use of Experimental
Animals”, as promulgated by the Canadian Council of Animal
Care and the Principles for the Ethical Treatment of non-human
Primates of the American Society of Primatologists (ASP).
Biopsies were taken by the veterinarian Miguel Carelo
(Cérdoba Zoo) after administration of a dose of anaesthetics
(Ketamine, Holliday Scott; Argentina; 10 mg kg day ') and
transferred to GIBE (FCEyN, UBA; Buenos Aires), where
they were kept at —80°C until use. Testicular tissues were
processed as previously described (Garcia-Cruz et al. 2009) in
order to obtain spermatocyte spreads.

Immunostaining

Immunostaining of meiocytes was performed following
Garcia-Cruz et al. (2009). Different sets of antibodies were
used: rabbit poyclonal serum against central element
protein SYCP3 (a kind gift of C. Heyting), mouse
monoclonal antibody against MLH1 (BD Pharmingen)
and human calcinosis, Raynaud’s phenomenon, oesopha-
geal dysfunction, sclerodactyly and telangiectasia (CREST)
serum (a kind gift of M. Fritzler). Fluorochrome-conjugated
secondary antibodies were used for detection (all from
Jackson ImmunoResearch Laboratories). Primary and sec-
ondary antibodies were diluted in PBTG (0.2% bovine
serum albumin, 0.05% Tween, 0.2% gelatin in phosphate-
buffered saline). Primary antibodies were incubated over-
night at 4°C or at room temperature in a humid chamber.
Secondary antibodies were incubated for 1 h at 37°C in a
humid chamber. DNA was counterstained with antifade
solution (Vector Laboratories) containing 0.1 pg/ml 4',6'-
diamidino-2-phenylindole (Sigma).

Fluorescence “in situ” hybridisation

Whole-chromosome painting probes specific to human
(HSA) chromosomes 13 and 21 (Metasystems) were hybri-
dised on previously immunostained preparations to identify
SCs of homologous chromosomes in ACA (chromosomes 20
and 21, respectively) and CLI/CNI (chromosomes 17 and 11,
respectively). A first denaturation of the slides was performed
in 70% formamide in a 2x saline sodium citrate (SSC)
solution for 5 min at 70°C. The slides were washed in water,
and treatment with NaSCN 1 M for 3 h at 65°C was applied. A
second denaturation step was then performed as stated above.
Dehydration of the slides was carried out before applying the
denatured probe. Hybridisation was performed at 37°C in a
humid chamber for 72 h. Post-hybridisation washes were
performed in 4x SSC.

Data processing

Preparations were visualised using a Nikon eclipse 90i
epifluorescence microscope equipped with the appropriate
filters and a charged coupled device camera. Images were
captured and produced by Isis software (Metasystems).
The Micromeasure 3.3 computer application (Reeves
2001) was used for the analysis of MLHI1 foci positions
and for the measurement of the length of the heterochroma-
tin blocks in CLI and CNI chromosomes. For each SC
analysed, the position of each MLH1 focus was recorded as
a relative position (percentage of total length) from the
centromere, identified by the CREST signal in each
preparation. To convert the MLH]1 foci to genetic distances,
the number of MLH1 detected per SC was multiplied by 50
map units (1 crossover=50 cM). Additionally, the Kolmo-
gorov—Smirnov test (KS test) was used to determine whether
the distribution of MLH1 foci differs significantly among
species by constructing plots of cumulative frequency.

Results and discussion

In this report, the recombination maps of three primate
species (C. libidinosus, C. nigritus and A. caraya) are
described by analysing the number and distribution of
MLHI1 foci in the SCs of pachytene spermatocytes. The
Cebus genus belongs to the Cebidae, and it has been
regarded as retaining the putative ancestral karyotype of all
Platyrrhini species (Clemente et al. 1990; Couturier and
Dutrillaux 1981; Garcia et al. 2002; Neusser et al. 2001).
Within this genus, C. libidinosus (CLI) and C. nigritus
(CNI) share virtually the same karyotype (2n=54, aFN=
72), with differences mainly due to variation in size of non-
centromeric heterochromatic regions (Mudry 1990; Nieves
et al. 2010; Ponsa et al. 1995), specifically regarding
chromosomes 17 and 11. 4. caraya, on the other hand, is a
member of the Atelidae family, and it is currently
considered that its karyotype (2n=52, aFN=66) has
suffered multiple reorganisations since its divergence from
the Platyrrhini common ancestor (de Oliveira et al. 2002;
Stanyon et al. 2011).

In a first experiment, the number of MLH1 foci was
scored in a total of 366 cells, 116 in CNI, 85 in CLI and
165 in ACA (Fig. 1). During meiosis, the X and Y
chromosomes in Cebus spermatocytes form a sex body
with a human-like morphology (Seuanez et al. 1983). A.
caraya, on the other hand, presents a complex sex-
chromosome system, which forms a convoluted sex body
involving four chromosomes (Mudry et al. 1998, 2001;
Rahn et al. 1996), which folded back onto itself, not
allowing for a correct visualisation of the MLHI foci
(Fig. 2a). Thus, given the complexity of the morphology
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Fig. 1 Quantification of the 60
numbers of MLH1 foci detected
per cell in all three Platyrrhini
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species analysed. The horizontal
bars indicate the means. CLI C.
libidinosus, CNI C. nigritus,
ACA A. caraya
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adopted by the sexual complement in 4. caraya spermato-
cytes, the SCs involved in the sexual complement were not
included in the present analysis, and MLHI1 counts
correspond to autosomal SCs in all three species. The

Fig. 2 Immunolocalisation of
meiotic recombination events.
a, b Sequential image of a
spermatocyte from ACA depict-
ing a triple immunostaining with
SYCP3 (red), MLH]1 (green)
and CREST (blue) and b fluo-
rescent in situ hybridisation
(FISH) with the paintings of
human chromosomes 13 (green)
and 21 (red). Note how the
sexual complement in Alouatta
caraya spermatocytes is folded
back onto itself, not allowing for
a correct visualisation of the
MLHI foci. ¢, d Selected chro-
mosomes that are homologous
to ¢ HSA13 and d HSA21 in
ACA, CLI and CNI spermato-
cytes, as identified by sequential
immunostaining (SYCP3 in red,
MLHI1 in green and CREST in
blue) and FISH. Human chro-
mosome 13 is homologous to
ACA20, CLI17 and CNI17,
whereas human chromosome 21
is homologous to ACA21,
CLI11 and CNI11. Note the
identification of the heterochro-
matin blocks (Het) in CLI and
CNI chromosomes by the
absence of a hybridisation signal
with the commercial painting
probes
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mean MLH1 foci number per autosomal set was found to
be significantly different among species (y*=12.92, p=
0.002): 41.3+4.8 (SD) for CLI, 39.2+3.3 (SD) for CNI and
40.6+4.3 (SD) for ACA, with a range of 31-52, 31-46 and
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Fig. 3 Comparison of the percentage of cells with a different number
of MLHI1 foci in conserved chromosomes. Data from the homologous
human counterparts have been extracted from Codina-Pascual et al.
(2006). HSA Homo sapiens, CL1 C. libidinosus, CNI C. nigritus,
ACA A. caraya

31-50 MLHI1 foci per cell, respectively (Fig. 1). It is well
known that recombination rates present inter- and intra-
specific variation, although the factor(s) affecting these
differences remain elusive (Paigen and Petkov 2010).
MLHI1 recombination studies similar to the present work
performed in humans, macaques and rodents are an
example of such diversity (Hassold et al. 2009; Lynn et
al. 2002; Sun et al. 2004; Dumont and Payseur 2011). The
present data correspond to one representative specimen of
each species, and some caution has to be taken when
generalising to the whole species. Nevertheless, and
assuming that one MLH1 focus can be translated into 50
centimorgans (cM) in genetic length, these recombination
events would correspond to autosomal genetic lengths of
2,065 cM for CLI, 1,960 cM for CNI and 2,030 cM for
ACA. The values of genetic lengths in the Cebidae and
Atelidae species analysed in the present study and in a
previous study of our group (Garcia-Cruz et al. 2009) are

considerably lower than the 2,500 ¢cM (corresponding to 50
MLHI1 foci/cell) estimated for autosomal chromosomes in
human males by cytological studies (Sun et al. 2004). A
similar reduction in the recombination rate, with respect to
human, has been found in the rhesus macaque (1,950 cM)
(Hassold et al. 2009).

In order to explain the differences found among species,
the effect of chromosomal number variation on recombination
was explored, given that a strong correlation between the
number of COs and the haploid number of chromosome arms
has been reported in the literature (Dutrillaux 1986; Pardo-
Manuel de Villena and Sapienza 2001). Under this assump-
tion, we would expect Cebus species (aFN=72, 16 acrocen-
tric, eight submetacentric and two metacentric autosomal
chromosome pairs) to have a higher number of COs than 4.
caraya (aFN=66, 15 acrocentric, seven submetacentric and
two metacentric autosomal chromosome pairs). Our results
of MLHI1 foci scoring indicate that the minimum require-
ment of one CO per chromosome is accomplished in all
three species, but the recombination rate does not seem
related to the number of chromosome arms. Therefore,
although our study is based on one specimen as a
representative of each species, there must be additional
elements, such as the karyotype evolution of each species
(the final outcome of diverse fusion/fission events and their
own genomic makeup), and not only its fundamental
chromosome number, that influence the recombination rate.

Once the cytological distribution of COs was established
for each primate species, the distribution of MLH1 foci on
specific chromosomes was studied by combining immu-
nostaining and fluorescence in situ hybridisation (FISH)
with whole-chromosome paints (Fig. 2a, b). Our efforts
were concentrated on those Platyrrhini chromosomes
homologous to human chromosomes 13 and 21, both
chromosomes frequently involved in human disorders
(mainly aneuploidies) and whose recombination and pairing
behaviour are well known in male humans (Codina-Pascual
et al. 2006; Ferguson et al. 2009). These chromosomes are
evolutionarily conserved as a whole entity among the three
Platyrrhini species, so their analysis can be used to assess
the influence of different genetic backgrounds on meiotic
recombination and vice versa. In addition, these chromo-
somes present differences in size of non-centromeric
heterochromatic blocks between C. [libidinosus and C.
nigritus homologous pairs, but not in 4. caraya, where
these heterochromatin blocks are absent (Fig. 2c, d). By this
way, the comparison of the recombination patterns among
homologous chromosomes in all three species was also
used to determine the possible effect of heterochromatin on
meiotic recombination. Human chromosome 13 (HSA13) is
homologous to an entire acrocentric chromosome in all
three Platyrrhini species, corresponding to CNI17, CLI17
and ACA20 (de Oliveira et al. 2002; Garcia et al. 2000).
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Fig. 4 Chromosomal distributions of recombination events. Left
panel Histogrammes showing the distribution of MLHI foci in
chromosomes, which are homologous to HSA13 and HSA21 in all
three Platyrrhini species (ACA, CLI and CNI). The X-axis represents
the length of the synaptonemal complex (SC) from the centromere to
the telomere, while the ¥axis shows the percentage of total MLH1
foci. Each chromosome is divided into 5% intervals of SC length.
Note that SC length refers to the SC length of the euchromatic region.

Additionally, the homologous chromosomes in both Cebus
species present differences in the size of a terminal
heterochromatin block, which can be confirmed by the
absence of hybridisation signal in Cebus preparations
(Fig. 2c). Likewise, the chromosomes homologous to
HSA21, corresponding to CNI11, CLI11 and ACA21, are
acrocentric in all three species, but associated with a
fragment of HSA3 (de Oliveira et al. 2002; Garcia et al.
2000), a conservation of chromosomal synteny (3/21)
considered to be ancestral for all eutherian mammals
(Robinson and Ruiz-Herrera 2008). C. libidinosus presents
a distal or terminal heterochromatin block in chromosome
11, which takes up to 75% of the total chromosome length,
while this heterochromatic region is absent in C. nigritus
and 4. caraya (Fig. 2d).

A total of 403 cells was analysed, 99 in CNI, 107 in CLI
and 197 in ACA, with sequential immunofluorescence and
FISH. The analysis of MLHI1 foci for these specific
chromosomes in all three species revealed that chromo-
somes homologous to HSA13 usually contain two MLH1
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Arrows in the X-axis show the position of heterochromatin blocks
(Het) in chromosomes homologous to HSA13 (in CLI and CNI) and
HSA21 (in CLI). Right panel Male recombination maps for human
chromosomes 13 and 21 based on SNP data (data extracted from
Kong et al. 2010). The X-axis represents the length of each human
chromosome expressed in base pairs (bp), whereas the ¥axis indicates
the standard recombination rate

foci (mean number of MLHI1 foci per SC is 1.85 for CLI,
1.70 for CNI and 1.71 for ACA), while those chromosomes
homologous to HSA21 present one MLH1 focus (mean
number of MLH1 foci per SC is 1.12 for CLI, 1.02 for CNI
and 1.04 for ACA) (Fig. 3). Chromosomes with non-
exchanges were either not detected or were very rare.
Interestingly, MLH1 frequencies in human chromosomes
13 and 21 (Codina-Pascual et al. 2006; Sun et al. 2004) are
similar to those reported here for their CLI, CNI and ACA
counterparts (Fig. 3). Thus, the overall reduction in the
genetic length found in the spermatocytes of these Platyr-
rhini species, with respect to human spermatocytes, could
not be attributed to a general reduction of the recombination
rate in all chromosomes.

After the total number of MLHI1 foci per chromosome
was determined for each chromosome homologous to
HSA13 and HSA2I, their relative positions along the SC
were analysed (Fig. 4, left panel). Using the centromere as a
reference, the positions of each MLH1 focus were
calculated along the SC, from the centromere to the
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Fig. 5 Cumulative frequency plots in conserved chromosomes in the
Platyrrhini species. Note that SC length refers to the SC length of the
euchromatic region. CLI C. libidinosus, CNI C. nigritus, ACA A.
caraya. The inset in each plot represents the G-banding pattern for
each of the chromosomes analysed. Arrows in the X-axis show the
position of heterochromatin blocks (Het) in chromosomes homolo-
gous to HSA13 (in CLI and CNI) and HSA21 (in CLI)

telomere. In those chromosomes with non-centromeric
heterochromatin blocks (CLI11, CLI17 and CNI17),
MLHI1 foci were always found to be located within the
euchromatic regions. Thus, for comparison, the MLHI
position was expressed as the relative position of each focus
in the euchromatin of the chromosome. For each chromo-
some, the length of the SC has been divided into 5%
intervals. The general pattern of MLH]1 distribution in these
chromosomes varies among species depending on the
chromosome studied (Fig. 4). The recombination pattern
in primate chromosomes homologous to HSA13 shows the
effect of interference, which leads to the highest rates of
recombination in two separate regions, the first one
proximal to the centromere, with the other one being more
terminal (Fig. 4). It is important to note, however, that in
the case of both Cebus species, a small percentage of COs
is also localised in the central region of the SC. This
distribution shows similar features with the male recombi-
nation map of human chromosome 13 inferred from
genome-wide single-nucleotide polymorphism (SNP) data

at a resolution of 10 kilobases (kb) (Kong et al. 2010) (right
panel in Fig. 4). Although SNP data and MLH1 foci
represent different levels of resolution and units of
measurement (axis length for the cytological measurements
vs. DNA length for the genetic analysis), similar patterns
can be appreciated. In the case of chromosomes homolo-
gous to HSA21, COs are more evenly distributed in all
instances, although differences among species were found.
In both Cebus species, COs are distributed along the whole
length of the SCs, whereas in ACA, the MLHI1 foci
concentrate in the terminal region of the chromosome.
These differences among species are more evident when
plotting the data into cumulative frequency graphs (Fig. 5).
This type of representation allows for the statistical
estimation of similitudes between MLHI1 distributions
among homologous chromosomes of the three species.
The analysis revealed that the distribution of MLHI in
chromosomes homologous to HSA13 and HSA21 was
similar between both Cebus, regardless of whether chro-
mosomes contain a heterochromatin block in both species
(»p=0.727 for chromosomes homologous to HSA13,
Kolmogrov—Smirnov) or not (p=0.953 for chromosomes
homologous to HSA21, Kolmogrov—Smirnov). However,
the distribution of MLHI1 in these chromosomes differs
between both Cebus species and ACA (p<0.01 for both
chromosomes, Kolmogrov—Smirnov). In chromosomes
homologous to HSA13, which normally contain two
MLHI1 foci in all three species, the first focus tends to
appear closer to the centromere while the second focus
tends to appear slightly closer to the telomere in ACA,
when compared to Cebus. Nevertheless, differences in
MLHI1 distribution between the species are more evident
in chromosomes homologous to HSA21. In that chromo-
some, which normally contains one MLHI focus,
exchanges are displaced towards distal positions in ACA,
when compared to the homologous chromosome in Cebus.
In any case, our results indicate that recombination is
suppressed at the centromeric region in all species (Fig. 5),
mirroring results previously obtained in human (Ferguson
et al. 2009) and mouse (Froenicke et al. 2002).

From our data, it is also inferred that the presence or
absence of the interstitial or terminal heterochromatin
blocks does not have a major influence on the distribution
of MLH1 foci in euchromatic region of homologous
chromosomes in either Cebus species. Heterochromatin
shows a particular behaviour during meiotic pairing and
synapsis. In humans, Codina-Pascual et al. (2006) noted
that non-centromeric heterochromatin regions are the last
regions to synapse and, when unsynapsed, gaps and splits
are observed as in the SCs, showing differences in timing
along synapsis, depending on the chromosomes analysed.
Mirroring these results, a previous study from our research
group in another specimen of C. [libidinosus (=C. para-
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guayanus) (Garcia-Cruz et al. 2009) showed how this
pattern of delayed pairing and synapsis is also conserved in
non-human primates. Despite this particular behaviour,
heterochromatic regions do not interfere with the general
progress of pairing and synapsis (Garcia-Cruz et al. 2009)
nor the recombination process itself (present data).

The relative distribution of MLHI1 foci in homologous
chromosomes does not show significant differences in the
same genus, regardless of the presence or absence of
heterochromatin blocks, while it differs in homologous
chromosomes from different families. These differences
among species may be caused by the intrinsic genetic
characteristics of each chromosome as a result of their
different evolutionary histories since their common diver-
gence. Atelidae and Cebidae Platyrrhini families are
thought to have diverged approximately 20 million years
ago (Opazo et al. 2006), enough time to accumulate genetic
divergences and chromosomal reorganisations. The con-
served karyotype in both Cebus species may explain the
similarities in their CO distribution when analysing specific
chromosomes. On the other hand, it is currently considered
that the karyotype of A. caraya has suffered multiple
chromosomal rearrangements since its divergence from the
Platyrrhini common ancestor, and its genomic landscape in
terms of chromosomal homologies is different from its
Cebidae relatives. Indeed, the fact that recombination
hotspots are not conserved among primate species has been
described in previous studies based on linkage disequilib-
rium analysis in human and chimpanzees (Paigen and
Petkov 2010; Ptak et al. 2005). Although both species share
99% of genetic similarities, their karyotypes differ in
chromosome number due to several inter- and intra-
chromosomal reorganisations (Clemente et al. 1990; Feuk
et al. 2005; Yunis and Prakash 1982). In light of our data,
the recombination rate as well as the number of COs per
individual chromosome might be influenced by the chro-
mosomal reorganisations that are shaping the genomic
evolutionary landscape of each species. Further analysis
including other primate species would be of great interest to
deepen our knowledge of the influence of meiotic recom-
bination in chromosomal evolution and vice versa.
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