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Abstract

The nuclear organization of spermatocytes in meiotic pro-
phase | is primarily determined by the synaptic organization
of the bivalents that are bound by their telomeres to the
nuclear envelope and described as arc-shaped trajectories
through the 3D nuclear space. However, over this basic mei-
otic organization, a spermatocyte nuclear architecture arises
that is based on higher-ordered patterns of spatial associa-
tions among chromosomal domains from different biva-
lents that are conditioned by the individual characteristics
of chromosomes and the opportunity for interactions be-
tween their domains. Consequently, the nuclear architec-
ture is species-specific and prone to modification by chro-
mosomal rearrangements. This model is valid for the local-
ization of any chromosomal domain in the meiotic prophase
nucleus. However, constitutive heterochromatin plays a
leading role in shaping nuclear territories. Thus, the nuclear
localization of nucleoli depends on the position of NORs in
nucleolar bivalents, but the association among nucleolar
chromosomes mainly depends on the presence of constitu-

tive heterochromatin that does not affect the expression of
the ribosomal genes. Constitutive heterochromatin and nu-
cleoli form complex nuclear territories whose distribution in
the nuclear space is nonrandom, supporting the hypothesis
regarding the existence of a species-specific nuclear archi-
tecture in first meiotic prophase spermatocytes.

© 2017 S. Karger AG, Basel

Meiotic Prophase |

Meiosis generates gametes with half the chromosome
complement of the original progenitor cell. This reduc-
tion in genetic content is accomplished by a single round
of DNA replication followed by 2 successive rounds of
chromosome segregation. Homologous chromosomes
segregate to opposite poles at meiosis I, and then chroma-
tids separate to opposite poles in meiosis II. During mei-
osis, 2 types of genetic recombination are present be-
tween paternal and maternal homologous chromosomes:
intrachromosomal recombination that occurs through
cross-overs at meiotic prophase I and the recombination
that occurs as a consequence of the random distribution
of homologous chromosomes at metaphase I. Both gen-
erate genetic variation in the resulting gametes, which
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strongly supports the biological individuality of sexually
reproduced organisms.

During meiotic prophase I, homologous chromo-
somes become paired and then synapse through a synap-
tonemal complex (SC). Initially, axial elements (AE) are
formed along chromosomal cores between sister chroma-
tids, and telomeres are attached to the nuclear envelope
[Scherthan, 2001; Page and Hawley, 2004]. The following
telomere-led nuclear movement and polarized chromo-
some arrangement (i.e., bouquet) facilitate chromosome
alignment and homolog pairing/synapsis [Page and Haw-
ley, 2004; Scherthan, 2009; Hiraoka and Dernburg, 2009;
Shibuya and Watanabe, 2014; Zickler and Kleckner,
2016]. In most organisms, the protein Spoll initiates
meiotic recombination by generating DNA double-
strand breaks (DSBs), which are also crucial for successful
synapses between homologous chromosomes [Baudat et
al., 2013]. Strikingly, in the mouse, homolog recognition
is mediated by the meiosis-specific cohesin rather than a
DSB-dependent sequence search [Ishiguro et al., 2014].
Thus, the DSB-triggered homology search may mainly
serve to proofread and stabilize pre-DSB pairing of ho-
mologous chromosomes [Boateng et al., 2013; Ishiguro et
al., 2014]. Some reports suggest that the telomere is the
initiation site for chromosome pairing/synapsis in mouse
meiosis [Scherthan, 2001; Ding et al., 2007; Shibuya and
Watanabe, 2014], whereas others suggest interstitial sites
along the entire chromosome length [Bisig et al., 2012;
Qiao et al., 2012; Boateng et al., 2013]. From the synapsis
initiation sites, SC formation spreads in both directions
along the entire length of the paired chromosomes [Bol-
cun-Filas et al., 2007; Hamer et al., 2008; Davies et al.,
2012].

The SC is a proteinaceous structure that is assembled
between the AE of the 2 homologues that consist of 2 lat-
eral elements (LEs) that are bound in a zipper-like man-
ner by the central element (CE) and the transverse fila-
ments [Yang and Wang, 2009]. The chromatin, which is
organized in loops, is connected to the LEs [Heyting,
1996; Page and Hawley, 2004; Fraune et al., 2012; Zickler
and Kleckner, 2015]. Among several proteins that form
part of the SC, the SYCP3 and SYCP2 proteins are the
main constituents of the LEs [Lammers et al., 1994; Of-
fenberg et al., 1998], whereas the SYCP1 protein is the
main constituent of the transverse filaments [Meuwissen
et al., 1992]. The C-terminal ends of SYCP1 interact with
LEs, whereas the N-termini of opposing SYCP1 mole-
cules bind head-to-head within the center of the SC,
thereby mediating synapsis of the homologues [Fraune et
al,, 2012].
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In pachytene spermatocytes autosomal homologous
chromosomes are synapsed along their entire structure
forming bivalents, and chromatin is decondensed and
transcriptionally active [Geremia et al., 1977; Mahade-
vaiah et al, 2009]. The X and Y chromosomes only
synapse and recombine through a short segment of se-
quence homology known as the pseudoautosomal region
or PAR [Burgoyne, 1982; Hale et al., 1991]. Chromatin
associated to unsynapsed chromosomal axes remains
condensed [Solari, 1974] and transcriptionally inactive via
a phenomenon that has been named meiotic sex chromo-
some inactivation [Turner, 2007; Burgoyne et al., 2009].

The tripartite structure of the SC, because of its 100 nm
width, is only visible by electron microscopy. However,
the longitudinal path of each SC into the nuclear space is
only revealed by 3D reconstruction of serial sectioning of
a pachytene nucleus [Wettstein and Sotelo, 1967; von
Wettstein et al., 1984]. These laborious approaches dem-
onstrated the topographic distribution of bivalents in the
spermatocyte nucleus of various species, including hu-
man and mouse [von Wettstein et al., 1984]. Currently,
most of the reports nicely identify the SCs through im-
munocytochemistry addressed to main constituent of the
CE or LEs (SYCP1 or SYCP3 proteins, respectively). This
method may be applied in squashed spermatocytes where
nuclei preserve their sphericity, or in spermatocyte
spreads where the 3D organization of the nucleus is lost
but bivalents keep their interactions [Berrios et al., 2014].

Thus, the nuclear organization of spermatocytes in
meiotic prophase I is primarily determined by the synap-
tic organization of the bivalents bound by their telomeres
to the nuclear envelope and described as arc-shaped tra-
jectories through the 3D nuclear space. However, from
this basic meiotic organization, a nuclear architecture
arises that is conditioned by the individual characteristics
of the chromosomes and the opportunity for interactions
between their domains [Berrios et al., 2014].

In this context the organization of the mouse sper-
matocyte nucleus at meiotic prophase I is reviewed here.

Chromosome Topology in Mouse Spermatocytes

Given the characteristics previously described in mei-
otic prophase spermatocytes, it is possible to identify bi-
valents in fully transcriptionally active nuclei. Following
the path of each SC, it is also feasible to observe the ar-
rangement of bivalents and their sequentially ordered do-
mains in the nuclear space [Fernandez-Donoso and Ber-
rios, 1985].
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Fig. 1. Meeting probability between 2 chromosomal domains ac-
cording to the nuclear space they occupy in a spermatocyte at mei-
otic prophase. Bivalents are only represented by the synaptonemal
complex. a Pachytene nucleus with one telocentric and one meta-
centric bivalent. The centromeric region of a telocentric bivalent
will be localized at the nuclear periphery, whereas the centromeric
region of a metacentric bivalent will be localized towards the nu-
cleus center. The probability of encounter between these domains
is very low. b Pachytene nucleus with 2 telocentric bivalents. The
centromeric regions of both telocentric bivalents will be localized
at the nuclear periphery. The probability of encounter between
these domains is higher.

The length and morphology of chromosomes play an
obvious role in meiotic nuclear organization. For in-
stance, if we compare the nuclear location of the centro-
meric region between 2 bivalents of similar size, one telo-
centric and the other metacentric, we will find that both
bivalents describe arcs of similar size. However, in the
first, the centromeric region will be located at the nuclear
periphery next to the nuclear envelope, but in the other,
the centromeric region will be placed toward the nucleus
center (Fig. 1a). The odds of meeting and association be-
tween these centromeric regions will be very low. How-
ever, the odds could be higher if both chromosomes are
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telocentric, even if they are of different sizes (Fig. 1b).
This finding is not trivial, because a pachytene spermato-
cyte nucleus that is approximately 14 um of diameter
presents a nuclear envelope surface of approximately 620
um? and a 3-dimensional space of approximately 1,400
um?® where in any of both spaces the likelihood of meeting
between 2 centromeric regions each of 1 um?® would be
very unlikely [Berrios et al., 2010]. Taking these consid-
erations into account, we have proposed that the real ori-
gin of chromosome domain associations should occur
within the bouquet at early prophase.

The Constitutive Heterochromatin

Heterochromatin has been classified into facultative
and constitutive heterochromatin. Facultative hetero-
chromatin refers to a type of chromatin that may form at
various chromosomal regions that generally contain
genes that must be kept silent upon developmental cues.
In contrast, constitutive heterochromatin has a low den-
sity of protein-coding genes and is transcribed at various
stages of development to produce transient noncoding
RNA of varied functions. In most organisms, heterochro-
matin is a large part of the genome, and the bulk of con-
stitutive heterochromatin forms at pericentromeric re-
gions and at the telomeres. These gene-poor areas are
typically made of tandem repetitions, also named satel-
lites, which vary in size from 5 bp (microsatellites) to a
few hundred bp [Hennig, 1999; Eymery et al.,, 2009;
Saksouk et al., 2015]. Heterochromatin is characterized
by typical posttranslational modification profiles on his-
tones, the most prominent being global hypoacetylation
leading to chromatin fiber compaction. In addition, a
typical mark of constitutive heterochromatin is the tri-
methylation of histone H3 on lysine 9 (H3K9me3)
[Saksouk et al., 2015]. Heterochromatin protein 1 (HP1)
is a family of small proteins that recognize the H3K-
9me2/3 mark and contribute to the formation and propa-
gation of transcriptionally inactive heterochromatin
[Tamaru and Selker, 2001; Dillon, 2004]. Constitutive
heterochromatin tends to associate, forming chromocen-
ters that are easily visible by light microscopy as they stain
heavily [Schmid et al., 1975; Mayfield and Ellison, 1975].
Heterochromatin plays important roles in global genome
organization [Politz et al., 2015] and in meiosis by shap-
ing relatively stable unions between different bivalents
[Redi et al., 2001]. In spermatocytes, constitutive hetero-
chromatin forms one or more condensed chromocenters
that appear as clusters of chromatin denser than the oth-
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Fig. 2. Heterochromatin domains in single and associated biva-
lents of a mouse pachytene nucleus. a Nuclear microspread of a
pachytene spermatocyte exhibited well-preserved associations
mediated by constitutive heterochromatin. Different numbers of
single or associated 19 autosomal bivalents are noted. The XY bi-
valent is indicated. The chromosomal axes were labelled with FITC
anti-SYCP3 antibodies (green) and the constitutive heterochro-
matin with Texas Red anti-H3K9me3 antibodies (red). b Repre-
sentation of the nucleus corresponding to the microspread of a.
Although the bivalents are widely distributed on the inner surface
of the nuclear envelope, the larger diameter circumference of the
nucleus was only represented in this 2D drawing. The bivalents
appear single or associated through constitutive heterochromatin
and are localized at the periphery of the pachytene nucleus. The
partially synapsed X and Y chromosomes appear attached to the
nuclear envelope but without association with any autosomal bi-
valent.

er nuclear components [Schwarzacher et al., 1984; Ber-
rios et al., 1999, 2004; Dillon, 2004]. Heterochromatin has
also played an important role in the evolution and differ-
entiation of X and Y sex chromosomes by limiting their
pairing and synapsis in meiosis [Graves, 2006].

In Mus musculus domesticus (2n = 40), all chromo-
somes are telocentric, with large blocks of pericentromer-
ic heterochromatin surrounding the centromere and ex-
tending towards the proximal telomere [Pardue and Gall,
1970; Redi et al,, 2001]. In the centromeric regions of
Mus, there are 2 types of repetitive DNA sequences: major
and minor satellites [Garagna et al., 2002]. The minor sat-
ellite is associated with the functioning of the centromere
itself, whereas the major satellite composes the hetero-
chromatin responsible for chromosome aggregation in
clusters or chromocenters [Joseph et al., 1989; Garagna et
al., 2002; Guenatri et al., 2004]. Therefore, in Mus 2n = 40
spermatocytes, the centromeric and pericentromeric het-
erochromatin of all bivalents is located throughout the
nuclear envelope at the nuclear periphery [Brinkley et al.,
1986; Berrios et al., 1999, 2004]. Several chromocenters of
different size may be present in each pachytene nucleus
according to the number of associated bivalents as it can
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be seen on a spreading of a pachytene nucleus where bi-
valent associations mediated by heterochromatin were
preserved (Fig. 2). At the leptotene/zygotene transition of
the meiotic prophase, telomeres form a polarized organi-
zation called the bouquet that is essentially contempora-
neous with the onset of pairing, synapsis, and SC forma-
tion [Zickler and Kleckner, 1998; 2015; Harper et al.,
2004]. During the bouquet configuration of mouse sper-
matocytes, the physical closeness of the proximal telo-
meres and pericentromeric heterochromatin may result
in the transient formation of a large heterochromatin
chromocenter located at the nuclear periphery (Fig. 3a).
Thus, the chromocenters that are present later in the
pachytene nuclei would be the result of the random disag-
gregation of the large chromocenter or the only hetero-
chromatin cluster formed during the bouquet (Fig. 2b,
3b). During pachynema, SCs exhibit dramatic and con-
tinuous movements throughout the nucleus, traversing
relatively large distances while twisting, folding, and un-
folding [Scherthan, 2009; Shibuya et al., 2014; Lee et al.,
2015]. Chromosomal displacement and movements may
contribute to the contact among chromosomal territo-
ries; however, these movements in combination with the
increased size of the nuclear volume may contribute to
the disaggregation of the bivalent interactions produced
within the bouquet [Berrios et al., 2010]. Quantitative re-
sults have demonstrated that the pericentromeric regions
of the 19 autosomal bivalents are associated within each
Mus spermatocyte in a roughly similar fashion to the po-
tential combinations of 19 equivalent elements dispersed
randomly over a limited area of the nuclear envelope
[Lopez-Fenner et al., 2014]. The XY bivalent occupies the
peripheral space of the nucleus due to binding to the nu-
clear envelope of telomeres and condensed chromatin;
however, the XY bivalent does not generally establish as-
sociations with other chromosomes. In a similar manner
as in Mus spermatocytes, the chromocenters in spermato-
cytes of various species of mammals aggregate in a spe-
cies-specific pattern according to the chromosomal dis-
tribution of pericentromeric heterochromatin [Solari and
Tres, 1970; Berrios et al., 1999]. Through serial sections
of well-preserved nuclei, a central distribution of chro-
mocenters was observed in pachytene spermatocyte nu-
clei of Ctenomys opimus (2n = 26; Rodentia, Ctenomidae)
and Octodon degus (2n = 58; Rodentia, Octodontidae),
whereas a peripheral distribution was observed in pachy-
tene spermatocyte nuclei of Pudu puda (2n = 70; Artio-
dactyla, Cervidae). However, in the spermatocyte nuclei
of 2 South American marsupial species, Thylamys elegans
(2n = 14; Didelphidae, Marsupialia) and Dromiciops
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Fig. 3. Nuclear territories of associated chro-
mosomal domains in pachytene nuclei con-
sidering chromosome morphology and the
bouquet of early meiotic prophase. a Chro-
mosome configuration at the bouquet of a
spermatocyte bearing 7 telocentric biva-
lents. The chromosomes share all the het-
erochromatic regions in a reduced periph-
eral nuclear space where they become asso-
ciated. b The associated bivalents observed
later at the pachytene nucleus would be the
result of the random disaggregation of the
only heterochromatin cluster formed dur-
ing the bouquet. This case was represented
by a pachytene nucleus with one cluster of 4
associated bivalents and the other with 2
and a single bivalent. ¢ Chromosome con-
figuration at the bouquet of a spermatocyte
bearing a mixed karyotype with 3 telocentric
and 2 metacentric chromosomes. The chro-
mosomes are localized together presenting
the heterochromatic regions in 2 different
spaces for association: one among hetero-
chromatins of telocentric bivalents at the
nuclear periphery and another among het-
erochromatins of metacentric bivalents to-
ward the nucleus center. d The associated
bivalents observed later at the pachytene nu-
cleus would be the result of the random dis-
aggregation of both: the heterochromatin
cluster of the metacentric chromosomes
that are mainly located at the nucleus center
and the heterochromatin cluster of the telo-
centric chromosomes located at the nuclear
periphery. This case was represented by a
pachytene nucleus with 2 associated telo-
centric bivalents, 1 single telocentric biva-
lent and 2 associated metacentric Rb.

gliroides (2n = 14; Microbiotheriidae, Marsupialia), which
exhibited no heterochromatin, chromocenters or associ-
ations between bivalents were not observed [Berrios et al.,
1999].

The Nucleoli

The nucleolus is the morphologic picture of active
gene expression. It is an essential nuclear organelle that is
crucial for cell survival and has a primary role in process-
ing and assembling of ribosomes. Further investigations
in somatic cells have revealed that the nucleolus has a
more dynamic character and diverse functions [Scheer
and Hock, 1999; Raska et al., 2006; Németh and Langst,

Nuclear Architecture of Mouse
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2011]. The nucleolus organizer region (NOR) contains
tandemly repeated ribosomal DNAs (rDNAs) and is em-
bedded in heterochromatin in most eukaryotes. It is sur-
prising that rDNAs produce the overwhelming majority
of RNAs in the cell despite its association with ‘silenced’
heterochromatin. This paradox suggests that the evolu-
tionarily conserved positioning of NORs in heterochro-
matin may regulate important, unknown features of nu-
cleolus formation [Peng and Karpen, 2009]. For instance,
a mammalian nucleolar remodeling complex (NoRC)
regulates heterochromatin formation and rRNA expres-
sion by controlling histone H4 deacetylation, H3K9 di-
methylation, and de novo DNA methylation of rDNA
[Santoro et al., 2002]. Nucleolar chromosomes contain
NORs and consequently may build the nucleolus. As not-
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ed above, in the karyotype of several species, NORs ap-
pear to be flanked by pericentromeric heterochromatin.
Therefore, in the nuclei of most spermatocytes, nucleoli
are linked to the NOR from which they originated and are
surrounded by constitutive heterochromatin [Schwar-
zacher et al., 1984; Berrios et al., 2004]. This is the case of
the 5 pairs of human acrocentric nucleolar chromosomes
that bear NORs and heterochromatin in their short arms.
Consistently, spermatocytes contain 5 nucleolar biva-
lents, with NORs and heterochromatin localized at the
nuclear periphery. These bivalents are often associated
with each other in groups of 2, 3, 4, or even 5, forming a
common nucleolus settled in heterochromatin [Stahl et
al., 1984; Berrios and Fernandez-Donoso, 1990]. A simi-
lar case is noted with nucleolar chromosomes and nucle-
ar organization of Mus spermatocytes. Mus also has 5
pairs of nucleolar chromosomes, but NORs are localized
in the pericentromeric region of the long arms of telocen-
tric chromosomes [Cazaux et al., 2011; Britton-Davidian
et al,, 2012]. Thus, 5 nucleolar bivalents are also present
in spermatocytes of Mus 2n = 40, with the NOR and het-
erochromatin localized at the nuclear periphery. Nucleo-
lar bivalents appear to be associated with other bivalents
and among themselves through pericentromeric hetero-
chromatin. Through electron microscopy of thin sections
of well-preserved nuclei, a similar nuclear localization
was observed in spermatocytes of Phyllotys osgoodi (Ro-
dentia, Muridae), where the terminal NORs of 4 nucleolar
bivalents give rise to peripheral nucleoli but are not asso-
ciated with them [Berrios et al., 2004]. The intercalated
NORs of the single nucleolar bivalent from O. degus (Ro-
dentia, Octodontidae), C. opimus (Rodentia, Ctenomi-
dae), and Chinchilla lanigera (Rodentia, Cavidae) give
rise to a central nucleolus, but only the first 2 are sur-
rounded by associated heterochromatin from various bi-
valents [Berrios et al., 2004]. In thin sections of nuclei
from fixed spermatocytes of the marsupial species T. el-
egans (Didelphidae, Marsupialia), the terminal NOR in
one subtelocentric pair gives rise to a peripheral nucleo-
lus. In D. gliroides (Microbiotheridae, Marsupialia), the
terminal NORs in 2 pairs of subtelocentric chromosomes
give rise to 2 peripheral nucleoli [Berrios et al., 2004].
Clearly, the nuclear localization of the nucleoli depends
on the position of NORs in nucleolar chromosomes, but
the association among nucleolar chromosomes mainly
depends on the presence of constitutive heterochromatin.
Similar relationships have been observed in nuclear mi-
crospreads of Peromyscus spermatocytes where nucleolar
bivalents appear with nucleoli but associated among them
by heterochromatin [Greenbaum et al., 1986]. After
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studying numerous animal and plant species, it was found
that approximately 90% of NORs are located on a short
arm, and more than 80% are located near the telomeric
region, suggesting that an optimal location of NORs with-
in the arms of nucleolar chromosomes exists [Lima-de-
Faria, 1999]. If most NORs were located near the telo-
meric region, it would imply that most of the nucleoli
should be located at the periphery of the spermatocyte
nucleus. It would be bold to hypothesize about the bio-
logical significance of a peripheral or central, a single or
multiple, simple or associated nucleolus. What is evident,
however, is that nucleoli are part of complex nuclear ter-
ritories that are nonrandomly distributed in spermato-
cyte nuclei.

Consequences of Associations of Heterochromatin
Blocks

In mouse telocentric chromosomes, telomere/centro-
mere sequences exhibit the same polarity and a high se-
quence identity of >99% between nonhomologous chro-
mosomes [Garagna et al, 2001]. The homology of
satDNA sequences shared by the telocentric mouse chro-
mosomes potentially occurred via multiple small ex-
changes among these large tracts of tandemly repeated
DNA [Kalitsis et al., 2006].

The associations among the autosomal bivalents dur-
ing meiotic prophase, which occur precisely through
their heterochromatic domains, would also provide a sce-
nario in which these frequent recombination exchanges
between nonhomologous chromosomes may have oc-
curred and led to concerted evolution [Hamilton et al.,
1990; Plohl et al., 2008]. Subsequently, these recombined
chromosomes would be passed on to the offspring
through the resulting gametes, thus representing a mech-
anism for the sequence homogenization that would occur
over cell generations. The relationship between concerted
evolution and chromosome associations has also been
proven with the bimodal karyotype of the domestic pig.
The diploid set of 2n = 38 elements comprises 12 acrocen-
tric and 24 (sub-)metacentric autosomes in addition to
the sex chromosomes. A homogeneous satellite DNA
family characterizes the acrocentric subset, whereas dif-
ferent satellites are distributed on the bi-armed chromo-
somes [Jantsch et al., 1990].

Homologous recombination among the densely
packed repetitive sequences of the pericentromeric het-
erochromatin is strongly restricted, as demonstrated in
mouse spermatocytes. The SMC5/6 complex, a member
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of the structural maintenance of chromosome (SMC)
family, is localized at the pericentromeric heterochroma-
tin, repressing meiotic recombination around the centro-
meres via a mechanism yet to be elucidated. Therefore,
SMC5/6 might be responsible for preventing aberrant re-
combination events in these high-risk regions that could
lead to anomalies and genomic instability [Verver et al.
2013].

The frequent random associations among all autoso-
mal bivalents in Mus spermatocytes would be consistent
with the necessary physical proximity among their het-
erochromatic regions for Robertsonian fusions to occur
among any of the 19 bivalents, as described for the differ-
ent subspecies of Mus [Redi and Capanna, 1988].

Robertsonian Chromosomes

Robertsonian (Rb) translocations involve DSBs at the
centromere level in 2 telocentric (acrocentric) chromo-
somes followed by repair (fusion), ligating the respective
long arms creating a metacentric Rb chromosome. The
short arms of the original telocentric chromosomes, in-
cluding the proximal telomeres, part of the satellite DNA,
and frequently 1 centromere, are lost [Comings and
Avelino, 1972; Nanda et al., 1995; Garagna et al., 2001,
2002].

The homogeneity of telocentric chromosomes of M.
musculus domesticus 2n = 40 and the numerous subspe-
cies with reduced diploid numbers and carrying metacen-
tric Rb chromosomes [Pidlek et al., 2005] make this spe-
cies a convenient model to evaluate the influence of chro-
mosome morphology on the nuclear architecture of
spermatocytes.

In the bouquet of the 2n = 24 spermatocytes, which
are carriers of 8 Rb bivalents, it is remarkable that 2 dif-
ferent areas for association are characteristic for these nu-
clei: one among the heterochromatins of telocentric biva-
lents at the nuclear periphery and another among the het-
erochromatins of metacentric bivalents toward the center
of the nucleus (Fig. 3¢, d) [Berrios et al., 2014; Garagna et
al., 2014]. Therefore, at pachynema, the pericentromeric
regions of metacentrics are mainly located in the nuclear
interior, forming only a few chromocenters (1-2 in sper-
matocytes carrying 2n = 24 chromosomes), and the peri-
centromeric regions of telocentric chromosomes remain
close to the nuclear periphery. This new nuclear architec-
ture would favor the progressive fusion of the remaining
telocentric chromosomes. It is also possible that this nar-
rowing of association opportunities is related to the over-
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all trend toward the production of metacentric chromo-
somes, as observed in the chromosomal evolution of this
species [King, 1993; Searle, 1998]. On the other hand, the
association between the heterochromatic regions of meta-
centric bivalents could be the scenario in which WARTS
(whole-arm reciprocal translocation) or the whole chro-
mosomal arms interchange between metacentric Rb may
occur [Capanna and Redi, 1995; Solano et al., 2007]. The
described topological nuclear organization allows fre-
quent contact between chromosomal domains that may
eventually experience rearrangements. However, it is also
necessary to consider that during meiotic prophase, a
programmed induction of DSBs leads to the exchange of
genetic material between homologous chromosomes
[Baudat et al., 2013]. Therefore, under this topographic
scenario, the full DNA repair machinery would be avail-
able, which could account for heterologous DNA ex-
change that may modify the structure of the involved
chromosomes. Notwithstanding, the actual occurrence of
rearrangements depends, inter alia, on the characteristics
of chromosomes and mainly on the presence of hetero-
chromatin. In summary, the nuclear architectural fea-
tures together with the intense DNA nicking and repair
activity of first meiotic prophase [Neale and Keeney,
2006] can set the stage for chromosome interactions and
create the conditions for eventual chromosomal rear-
rangements.

Given that the nucleolar chromosomes of Mus 2n = 40
bear NORs in the proximal long arm, the derived Rb
metacentric chromosomes do not lose the NORs (as they
occur in Rb translocations between human nucleolar
chromosomes). Therefore, it is possible to study the nu-
clear territories composed of heterochromatin and nucle-
oli in spermatocytes of Mus 2n = 24 homozygous for Rb.
The nucleolar chromosomes in Mus 2n = 40 consist of 5
telocentric pairs (12, 15, 16, 18,and 19), whereas 3 derived
metacentrics (Rb: 10;12, 5;15, and 16;17) and 2 telocen-
trics (18 and 19) are noted in Mus 2n = 24 [Cazaux et al.,
2011; Britton-Davidian et al., 2012]. In shaping these ter-
ritories, nucleolar telocentrics appear to be associated
with other telocentrics and nucleolar metacentrics with
other metacentric chromosomes through pericentromer-
ic heterochromatin. A preferential association was not
observed between nucleolar bivalents but between mor-
phologically similar chromosomes (Fig. 4a, c). Nucleolar
expression, as estimated by the fibrillarin area, was very
variable between all types of nucleolar bivalents. It does
not seem that the expression of NORs located within the
nucleolar telocentrics is different from NORs integrated
in nucleolar Rb metacentric bivalents. In both cases, the
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Fig. 4. Nuclear territories formed by heterochromatin and nucle-
oli in the spermatocyte nucleus of Mus 2n = 40 and homozygote
Rb 2n = 24. The chromosomal axes were labeled with FITC anti-
SYCP3 antibodies (green), nucleoli with Texas Red anti-fibrillarin
antibodies (red), and the constitutive heterochromatin was stained
with DAPI (blue). a Chromosomal territory composed of 7 telo-
centric bivalents associated among them by their constitutive het-
erochromatin. The nucleolus produced by the nucleolar bivalent
15 and the nucleoli from other 2 nucleolar bivalents form part of
this nuclear territory. The chromatin of the nucleolar bivalent 15
by FISH painting and specific DNA probe was identified. b Rep-
resentation of the nucleus corresponding to the microspread of a.
The 7 autosomal bivalents associated through constitutive hetero-
chromatin should be localized at the periphery of the pachytene
nucleus. Three of them are nucleolar bivalents, and their nucleoli
are immersed within the heterochromatin cluster. The nucleolar
bivalent 15 is forming part of this nuclear territory. ¢ Chromo-
somal territory composed by 4 metacentric Rb bivalents associated
among them by their constitutive heterochromatin. The nucleolus
produced by the nucleolar bivalent 5/15, and the nucleoli from
other nucleolar bivalents form part of this nuclear territory. The
chromatin of the chromosomal arm 15 of the nucleolar bivalent
5/15 by FISH painting and specific DNA probe was identified.
d Representation of the nucleus corresponding to the microspread
of c. The 4 metacentric bivalents associated through constitutive
heterochromatin should be localized at the center of the pachytene
nucleus. Two of them are nucleolar bivalents and their nucleoli are
immersed within the heterochromatin cluster. The nucleolar biva-
lent 5/15 forms part of this nuclear territory. The nucleoli are im-
mersed within the heterochromatin cluster but not directly associ-
ated with them.
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nucleoli occur embedded in territories formed by hetero-
chromatin originating from the union or association be-
tween variable numbers of bivalents, which should be lo-
cated at the periphery or at the center of the nucleus
(Fig. 4b, d). In this respect, it is possible that frequent and
random associations of heterochromatin, in which the
nucleolar bivalents participate, are the most favorable
functional organization. However, these chromosomal
configurations are also favorable to propagate rDNA to-
ward the heterochromatin of nonnucleolar chromosomes
as has been described in various strains of Mus [Rowe et
al., 1996; Ito el al., 2008; Britton-Davidian et al., 2012].
Given the condensed nature of the heterochromatin
structure and its association with silencing complexes, it
is generally believed that heterochromatin silences the ex-
pression of genes embedded in it by limiting the access of
DNA to transcription factors. However, this notion is
challenged by the nucleolar activity in heterochromatin.

Nuclear Architecture: Stability or Change?

Constitutive heterochromatin is unquestionably a key
element in the nuclear architecture of spermatocytes;
however, heterochromatin is also proposed as responsi-
ble for chromosomal and genomic stability [Politz et al.,
2015] and credited to be responsible for chromosome
change and the evolution of genomes [Plohl et al., 2008].
Arguably, heterochromatin participates in both situa-
tions, and the explanation for these seemingly disparate
roles perhaps could be in noncoding RNAs and transpo-
sons in heterochromatin DNA sequences [Kazazian,
2004; Rangan et al., 2011]. At this level of analysis, this
assumption cannot be tested; however, in this context
some evidence from other authors can be discussed. For
instance, with the increased sensitivity of molecular tech-
niques, transcription of pericentromeric satellite repeats
has been confirmed in a multitude of organisms and in
various contexts, including proliferation, development,
differentiation, senescence, stress response, and transfor-
mation [Saksouk et al., 2015]. On the other hand, there is
a subfamily of proteins (Piwi) expressed almost exclusive-
ly in gonadal tissues, often only in germline cells, where
they form the core of animal transposon silencing path-
ways [Siomi et al,, 2011]. Piwi proteins interact with
piRNAs (Piwi-interacting RN As) that appear to be gener-
ated from a small number of long single-stranded RNA
precursors often encoded by heterochromatic repetitive
DNA sequences. Piwi/piRNAs play crucial roles during
germline development, meiosis, spermiogenesis, and
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transposon silencing [Siomi et al., 2011; Thomson and
Lin, 2009; Joshua-Tor and Hannon, 2011]. These func-
tions may be achieved by diverse epigenetic mechanisms,
including histone modifications, de novo DNA methyla-
tion of transposons, and posttranscriptional regulation,
such as destabilizing retrotransposon RNAs via endonu-
cleolytic cleavage [Crichton et al., 2014]. Research also
provides evidence that Piwi proteins and piRNAs are not
only crucial for transposon silencing in the germline but
also mediate novel mechanisms of epigenetic program-
ming, DNA rearrangements, mRNA turnover, and trans-
lational control in the germline [Ku and Lin, 2014]. The
underlying heterogeneity in constitutive heterochroma-
tin added to its important role in the interaction between
chromosomal domains and would confer to a great ver-
satility of functions and consequences for the nuclear ar-
chitecture of spermatocytes.

Concluding Remarks

The nuclear architecture of spermatocytes of M. mus-
culus domesticus and other mammalian species is a high-
er order pattern of spatial associations among chromo-
somal domains from different bivalents that follows the
rules of meiotic prophase organization and is also consis-
tent with the morphology of chromosomes. Both features
determine the nuclear localization of chromosomal do-
mains and thus their likely encounters and interactions.

The nuclear architecture proposal does not intend to
regulate the order of the nucleus in meiotic prophase I.
On the contrary, it takes advantage of the circumstances
that characterize this meiotic stage at which we can dis-
tinguish chromosomes in a functional nucleus. With var-
ious techniques for in situ identification applied to mei-
otic prophase nuclei observed through a microscope, we
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