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Abstract During male meiotic prophase in mammals, X and
Y are in a largely unsynapsed configuration, which is thought
to trigger meiotic sex chromosome inactivation (MSCI). In
avian species, females are ZW, and males ZZ. Although Z and
W in chicken oocytes show complete, largely heterologous
synapsis, they too undergo MSCI, albeit only transiently. The
W chromosome is already inactive in early meiotic prophase,
and inactive chromatin marks may spread on to the Z upon
synapsis. Mammalian MSCI is considered as a specialised
form of the general meiotic silencing mechanism, named
meiotic silencing of unsynapsed chromatin (MSUC). Herein,
we studied the avian form of MSUC, by analysing the
behaviour of the peculiar germline restricted chromosome
(GRC) that is present as a single copy in zebra finch
spermatocytes. In the female germline, this chromosome is
present in two copies, which normally synapse and recom-
bine. In contrast, during male meiosis, the single GRC is
always eliminated. We found that the GRC in the male
germline is silenced from early leptotene onwards, similar to
the W chromosome in avian oocytes. The GRC remains
largely unsynapsed throughout meiotic prophase I, although
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patches of SYCP1 staining indicate that part of the GRC may
self-synapse. In addition, the GRC is largely devoid of meiotic
double strand breaks. We observed a lack of the inner
centromere protein INCENP on the GRC and elimination of
the GRC following metaphase I. Subsequently, the GRC
forms a micronucleus in which the DNA is fragmented. We
conclude that in contrast to MSUC in mammals, meiotic
silencing of this single chromosome in the avian germline
occurs prior to, and independent of DNA double strand breaks
and chromosome pairing, hence we have named this
phenomenon meiotic silencing prior to synapsis (MSPS).

Introduction

In vertebrate species, male and female meiotic prophase
starts with the introduction of genome wide meiosis-
specific DNA double strand breaks (DSBs) during (pre)
leptotene. Meiotic DSBs are detected and repaired by the
homologous recombination repair machinery, using the
homologous chromosomal partner as template (reviewed
in Zickler 2006 and Keeney et al. 1997). The DSB repair
protein RADS1 and its meiosis-specific paralogue DMCI,
rapidly form filaments on the 3’ end single-strand DNA
tails that result from processing of the meiotic DSBs, and
these filaments can be identified as distinct RADS51 foci
(reviewed in Neale and Keeney 2006).

The presence of RAD51 and DMC1 mark the initiation of
meiotic recombination, which involves homologous chromo-
some alignment, pairing, synapsis and the formation of
crossovers. All these steps are necessary to obtain correct
DSB repair and subsequent proper segregation of the
chromosomes during the meiotic divisions, with the haploid
gametes as a final result. With progression of meiotic
prophase (zygotene), the number of RADS1 foci gradually
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decreases to almost zero on the synapsed autosomal chromo-
somes at early pachytene (Moens et al. 1997). During
synapsis, the synaptonemal complex (SC) keeps the homol-
ogous chromosomes physically connected along their axes
(reviewed in Zickler 2006) and ultimate complete synapsis is
essential for normal continuation of the meiotic prophase.
Failure of homologous chromosomes to reach full synapsis
leads to meiotic arrest and apoptosis (reviewed in Turner
2007). The male mammalian X and Y chromosomes and the
female avian Z and W sex chromosomes form a pair but are
largely nonhomologous. Therefore, these sex chromosomes
are confronted with a pairing problem during meiosis. The
avian Z and W have solved this problem by wrapping the
much longer Z chromosome around the short W chromo-
some during pachytene, resulting in a brief state of heterol-
ogous, but complete synapsis at mid pachytene (Solari 1992;
Schoenmakers et al. 2009). Hereafter, during late pachytene,
the Z and W start to desynapse again (Solari 1992;
Schoenmakers et al. 2009). Although the mammalian XY
pair shows extensive (heterologous) synapsis in early
pachytene, this is followed by gradual desynapsis, and only
the small homologous pseudoautosomal region remains
synapsed in late pachytene, leaving the rest of the X and Y
chromosomal arms unsynapsed (Tres 1977). In addition to
the pairing problem, the nonhomologous sex chromosomes
also face the presence of persistent unrepaired meiotic DSBs.
These arise because the homologous template needed for
recombination repair is lacking, and repair via the sister-
chromatid is most likely repressed (Roeder 1997). Conse-
quently, RADS1 foci persist on the unsynapsed region of the
mammalian X chromosome until late pachytene (Ashley et
al. 1995), and reappear on the desynapsing avian Z chromo-
some at mid-late pachytene (Schoenmakers et al. 2009).

During male mammalian meiotic prophase, the un-
synapsed arms of the X and Y chromosomes are detected,
and meiotic sex chromosome inactivation (MSCI) causes
transcriptional silencing of the sex chromosomes, resulting
in the formation of the heterochromatic XY body (Monesi
1965; Turner et al. 2006). Initiation and maintenance of
MSCI in mammals is always associated with the combina-
tion of persistent DSBs and asynapsis. Recently, we found
that, although the avian ZW pair synapses completely, it is
still subjected to a transient form of MSCI (Schoenmakers
et al. 2009).

MSCI is considered as a more efficient and specialised
form of the general mechanism of meiotic silencing of
unsynapsed chromatin (MSUC), which transcriptionally
inactivates all unsynapsed (nonhomologous autosomal) chro-
matin. MSCI always silences the X and Y chromosomes, but
MSUC in mammals can be circumvented through heterolo-
gous (self-)synapsis, which probably conceals the nonhomol-
ogous regions (reviewed in Turner 2007). When autosomal
chromosomal regions without a homologous partner remain
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unsynapsed, these regions become silenced by MSUC and
also show persistent RADS1 foci indicative of unrepaired
DSBs (Plug et al. 1998; Turner et al. 2005).

In birds, the mechanism of MSCI may be essentially
different from that in mammals. Heterochromatinisation by
hypermethylation of H3K9 (Schoenmakers et al. 2009)
implying the inactivation of W, precedes the introduction
of DSBs and initiation of synapsis of homologous chromo-
somes, indicating a DNA repair and synapsis-independent
recognition of the single W chromosome. Indeed, the ZW
pair is silenced despite its complete heterologous synapsis.
We have proposed that the heterochromatin of W spreads
onto Z during the intimate wrapping of Z around W during
pachytene (Schoenmakers et al. 2009). However, in chicken
as well as mammalian meiotic cells, there appears to be a
link between the presence of unrepaired DSBs and tran-
scriptional silencing. In mammals, this is already apparent at
the initiation of silencing, whereas in chicken oocytes, such a
link is observed later, when Z and W desynapse during late
pachytene. At this stage, RADS51 foci reappear on the
unsynaped part of Z, together with accumulation of YH2AX
and ubiquitylated H2A on these parts (Schoenmakers et al.
2009). These histone modifications may help to maintain Z
chromosome silencing until the DSBs have been repaired.

Since both Z and W are silenced in the female germline
of birds by MSCI, we next asked how the mechanism of
MSUC operates in avian species. To answer this question,
we chose the zebra finch (Taeniopygia guttata) as a model
system. This avian species carries a peculiar additional
chromosome which is only present in the germline, named
germline restricted chromosome (GRC). The GRC is
present as a single copy in the male germline, whereas
two copies are detected in most oocytes (Pigozzi and Solari
1998; Pigozzi and Solari 2005). In the female germline, the
two copies synapse and form a bivalent, which normally
participates in pairing and meiotic recombination (Pigozzi
and Solari 1998; Pigozzi and Solari 2005). In the male
germline, the single GRC lacks a homolog and remains
unsynapsed. In addition, it is heterochromatic, resembling
the mammalian XY body, and Pigozzi and Solari (1998,
2005) reported that the GRC is eliminated from the nucleus
around metaphase I. To investigate the general process of
meiotic silencing in birds, we analysed the behaviour of the
GRC in the male and female zebrafinch germline.

Results

The GRC forms a heterochromatic body at the end
of preleptotene that persists until early diplotene

Two previous reports described the formation of a 4',6'-
diamindino-2-phenylindole (DAPI) dense body (DDB)
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during meiotic prophase in zebra finch spermatogenesis
(Pigozzi and Solari 1998; Pigozzi and Solari 2005). We
observed that the DDB or GRC body almost always
localises in the periphery of the nucleus and is, except in
diplotene, easily identifiable as the intense DAPI field that
clearly stands out from the rest of the chromosomes
(Fig. la). To discriminate between the different substages
of meiotic prophase, we immunostained for the presence of
the lateral element of the synaptonemal complex, using
antibodies targeting SYCP3. At preleptotene, SYPC3 foci
start to appear in the nucleus. A DDB is visible in only part
of the preleptotene nuclei (Fig. 3a), indicating that pre-
leptotene is a transitory stage during which the DDB is
formed. At leptotene and zygotene, a DDB is visible in all
nuclei and small SYCP3 fragments occasionally localised
in the DDB, while thick and long SC axial elements are
present on assembling chromosome pairs in the rest of the
nucleus. In pachytene, the GRC chromosomal axis is
coated by SYCP3, but the signal is not always continuous.
The axial SYCP3 element of the GRC is relatively thin
compared to the SYCP3 axes associated with the other
chromosomes, due to the fact that only one axial element
has been assembled.

Despite the absence of a pairing partner for the GRC, we
sometimes observed patches of SYCP1 assembly on the
GRC (Fig. 1c), most likely representing small regions of
self-synapsis.

YH2AX does not mark the GRC during meiotic prophase,
but accumulates on the eliminated micronucleus

It is well-known that shortly after the formation of DSBs,
histone H2AX is phosphorylated at serine 139, forming
YH2AX (Mahadevaiah et al. 2001; Rogakou et al. 1998). In
addition, YH2AX marks the silenced sex chromosomes from
late zygotene until diplotene in mouse (XY) and marsupial
(XY) spermatocytes. In female (ZW) chicken oocytes, it
marks the Z chromosome during desynapsis from the W,
from late pachytene until diplotene (Schoenmakers et al.
2009). In zebra finch spermatocytes, YH2AX was found to
accumulate in leptotene nuclei, mainly confined to the areas
where SYCP3 had already assembled, most likely repre-
senting sites of meiosis-specific induced DSBs. Also, in
zygotene and pachytene, YH2AX mostly colocalises with
the SYCP3 filaments. In pachytene, only a few YH2AX
foci and some larger YH2AX-positive areas remained. In
diplotene, the YH2AX signal was found to increase and to
disperse throughout the nucleus (Fig. 1a).

In early meiotic prophase, the area of the GRC was
found to be mostly devoid of YH2AX (Fig. 1a). However,
some weak YH2AX foci are present on the axial element in
zygotene and pachytene, indicating the presence of some
(unrepaired) DSBs. The much lower intensity and limited

presence of YH2AX (foci) on the GRC as compared to the
rest of the nucleus indicates that only very few meiotic DSBs
are induced on the heterochromatic GRC. At metaphase, an
intense YH2AX signal covers the whole nucleus, including
the relatively DAPI dense GRC (Fig. 2a).

When the nuclei progress from metaphase I through the
first meiotic division and transform into secondary spermato-
cytes, the GRC appears to be eliminated from the nucleus,
while its YH2AX signal increases strongly (Fig. 2a).

The GRC and its participation in meiotic recombination
during spermatogenesis

To analyse the processing of meiotic DSBs on the GRC and
the rest of the chromosomes in more detail, we immuno-
stained for the homologous recombination repair protein
RADS1. In leptotene spermatocytes, many small foci are
present throughout the nucleus. During zygotene, the total
number of RADS5! foci drops, and the remaining foci are
larger and more intensely stained. In late zygotene, a few
bright foci remain present, mainly on the unsynapsed parts of
chromosome pairs. We also identified several RADS1 foci
on the GRC, although the number and intensity of the foci is
much less, and the foci itself appear smaller compared to the
RADS5]1 foci on the other chromosomes (Fig. 2b).

A small fraction of the introduced meiotic DSBs are
processed into crossovers. The DNA mismatch repair protein
MLHI1 marks the locations of these crossovers in spread
meiotic nuclei of most species analysed to date. In mammals,
MLH1 foci appear during midpachytene, and disappear
before entering diplotene (Baker et al. 1996; Anderson et al.
1999). In chicken oocytes, MLH]1 foci are already observed
around mid to late zygotene (Pigozzi 2001).

In spermatocytes of the zebrafinch, many small MLH1
foci form aggregates around SYCP3 filaments of different
chromosomes already at early zygotene. These aggregates
appear to transform into bright MLH1 foci on the SCs
around mid zygotene. Surprisingly, also the GRC shows
a MLHI1 focus in a minority of the nuclei (Fig. 2c),
which provides an additional indication for the formation
of meiotic DSBs in the GRC of some nuclei during
leptotene. The MLHI foci on the autosomes remain
present until diplotene, followed by dispersion of MLH1
signal throughout the nucleus towards the end of diplotene
(not shown).

The GRC is silenced early during male meiotic prophase

The appearance of the DAPI dense GRC body during
preleptotene indicates that it acquires a heterochromatic
configuration upon entrance into meiotic prophase. To
confirm this, we immunostained for a well-known marker
of inactivation and heterochromatin, H3K9me3. We iden-
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< Fig. 1 The GRC throughout meiotic prophase in zebra finch

spermatocytes. a Overview of the different stages of meiotic prophase
I of zebra finch spermatocytes. The top panel shows the DAPI staining
of the different nuclei, the lower panel shows the corresponding nuclei
stained for SYCP3 (red), the bottom panel shows the same nuclei
stained for both SYCP3 (red) and YH2AX (green). The position of the
GRC is indicated by a box. Bar represents 10 um. b, ¢ Spermatocyte
spread nuclei immunostained for SYCP3 (red) and SYCP1 (green). The
GRC is boxed. Enlargement and the schematic drawing of GRC are
shown. No (b) or a small fragment (c) of SYCP1 signal is present on the
GRC. Bar represents 5 um

tified preleptotene nuclei as the stage in which SYPC3 foci
start to appear (Fig. 3a, b). Furthermore, the combined
staining for SYPC3 and DAPI allowed us to distinguish
between the different substages (early, mid and late) of
preleptotene based on the appearance of a DDB (Fig. 3a—e).
In the earlier preleptotene nuclei, we never observed a dis-
tinct subnuclear region containing such a strong H3K9me3

signal as was observed for the GRC body in leptotene
spermatocyes (Fig. 3¢, e). However, at the end of prelepto-
tene, we observed colocalisation of the DDB and H3K9me3
(Fig 3c, e). For macroH2A, another heterochromatin marker,
we observed a similar staining pattern as for H3K9me3
(Figs. 3d and 7). This indicates that the GRC becomes
heterochromatised upon entry into meiotic prophase.

The highly intense H3K9me3 staining, colocalising
with the DDB remained present until its elimination. In
metaphase I, H3K9me3 also marks the area of the centro-
meres (Fig. 3e).

We often observed a somewhat separate localisation of the
GRC from the rest of the chromosomes around metaphase I,
indicating that this chromosome may not be aligned with the
rest of the chromosomes. In secondary spermatocytes,
identified by the presence of a few SYPC3 filaments per
nucleus (Fig. 4a), we observed nuclei with and without a

l - I

A B

~

Fig. 2 The GRC and meiotic recombination. a Spread nuclei
immunostained for DAPI (blue), YH2AX (green) and SYCP3 (red).
After metaphase I, the GRC becomes strongly positive for YH2AX.
The GRC is boxed. Bar represents 5 um. Sec spc secondary
spermatocyte. b Spermatocyte spread nucleus immunostained for
SYCP3 (red), RADS1 (green) and DAPI (blue). The GRC is boxed.
Most RADS1 foci localise on axial elements of the SC. The bottom

C

image represents a magnification of the area of the boxed GRC. Few
small RADS51 foci are visible on the GRC. Bar represents 10 pum.
¢ Spermatocyte spread nucleus immunostained for SYCP3 (red),
MLHI (green) and DAPI (blue). The area of the GRC is boxed. The
bottom image represents a magnification of the area of the boxed
GRC, and shows the presence of a MLH1 focus on the GRC. Bar
represents 10 pm
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DAPI dense area, representing presence or absence of the
GRC. To investigate this further, we quantified the number
of nuclei without the GRC DAPI dense chromatin, nuclei
with the GRC still minimally attached to the nucleus and
nuclei still containing the GRC DDB (Fig. 4a). We scored
180 secondary spermatocyte nuclei and the vast majority
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(131 out of 180 nuclei) had lost the GRC. A minority of the
secondary spermatocytes appeared with a round, small
DAPI dense GRC body still attached to the nucleus (36 out
of 180 nuclei), and these bodies were still positive for
H3K9me3 (Fig. 4a). We also observed secondary sper-
matocyte nuclei still containing an H3K9me3 positive area,
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< Fig. 3 The GRC is silenced during early meiotic prophase. a—d

Preleptotene spermatocyte spread nuclei. Bar represents 5 um. a Top
panel shows early and late preleptotene nuclei stained for SYCP3
(red) and DAPI (blue). The DAPI dense GRC localisation in late
preleptotene stages is indicated with an asterisk; the lower panel
shows only the DAPI staining. The early preleptotene nucleus shows
no heterochromatic area, indicating that the DDB has not yet formed.
The formation of a few SYCP3 axial element fragments in all nuclei marks
the preleptotene stage. b The fop panel shows a mid and late preleptotene
nucleus stained for SYCP3 (red) and DAPI (blue). The asterisk indicates
the DAPI dense GRC. The lower panel shows the same nuclei, but
immunostained for YH2AX (green), indicative of the presence of the first
DNA double strand breaks that more or less colocalise with SYCP3. ¢, d
The top panel shows early and late preleptotene stages with DAPI
staining. The asterisk indicates the DAPI dense GRC. The lower panel
shows the corresponding nuclei stained for H3K9me3 (¢) and macroH2A
(d). Early preleptotene nuclei lack intense H3K9me3 (c) and macroH2A
(d) staining, and no DDB is observed. e The top panel shows DAPI
staining of the different nuclei, the middle panel shows the corresponding
nuclei stained for H3K9me3 (red) and the bottom panel shows the
merge. In preleptotene, a faint staining is present throughout the nucleus.
In all consecutive meiotic prophase stadia, the GRC is positive for
H3K9me3. Sec spc secondary spermatocyte. Bar represents 5 pm

indicating that the GRC is not always eliminated at
metaphase I (13 out of 180 nuclei; Fig. 3a).

We also immunostained for H3K9ac and H3K4me3
(Supplemental Fig. 1), as markers for active transcription.
As expected, based on the staining for H3K9me3 and
macroH2A, the GRC body lacked both markers of active
chromatin from early leptotene until late diplotene. Whereas
the GRC body remained devoid of H3K4me3, the H3K9ac
signal on the DAPI dense GRC body, was no longer reduced
compared to the rest of the chromatin from late diplotene
onwards, indicating that the GRC acquires a mixed pattern
of histone modifications at H3K9 around this stage.

Analyses of known MSUC/MSCI markers
on the GRC body

Next, we investigated if markers of meiotic silencing of
unsynapsed chromatin or more specifically, sex chromo-
somes (MSCI) also localise to the GRC body. The most
well-known marker of the XY body in mammals is
YH2AX. However, as mentioned above, YH2AX is mostly
absent from the GRC until metaphase. Still, yYH2AX starts
to mark the GRC body from metaphase onwards, and the
GRC remains YH2AX positive until it is expelled from the
nucleus (Fig. 2a).

H2AK119 ubiquitylation, another XY and ZW body
marker, also marked the GRC, starting just after metaphase I
and reaching its maximum in secondary spermatocytes, when
it is still attached to the nucleus (Fig. 4b). Free GRC bodies
were mostly negative for H2AK119 ubiquitylation (not
shown).

In mouse (Vigodner and Morris 2005; Vigodner 2009),
the XY body is marked by increased protein sumoylation

from late zygotene onwards, whereas the XY body in
human (Metzler-Guillemain et al. 2008) and the ZW body
in chicken (not shown) show no increased sumoylation. We
found strong staining for sumoylation on the GCR body
from leptotene onwards, and the signal remained present
until late pachytene (Fig. 4c).

Lack of H4Kl6ac marks the inactive ZW pair at
during pachytene in chicken oocytes (Schoenmakers et al.
2009). However, we observed marked H4K16ac staining,
colocalising with the GRC body during leptotene, zygotene
and reaching a maximum at pachytene (Fig. 4d). From
metaphase onwards, H4Kl16ac staining was evenly dis-
tributed throughout the nucleus, including the GRC body
(not shown).

Absence of INCENP from the GRC

During metaphase I, attachment of spindle microtubules to
the kinetochores enables segregation of dyads during the
first meiotic division.

We found that the GRC mostly localises to the periphery
of the nucleus during meiotic prophase. In metaphase I, we
noticed that the GRC often appears separate from the other
chromosomes. Earlier reports also described that the GRC
becomes separate from the rest of the DNA during
metaphase I (Pigozzi and Solari 1998; Pigozzi and Solari
2005). The distant position of the GRC and its apparent
separation could be caused by defective or absent attach-
ment of the GRC to the spindle. To analyse this, we immuno-
stained for the centromeric protein inner centromere protein
(INCENP). During male meiosis in mouse, INCENP localises
on the central elements of the synaptonemal complex from
zygotene onwards. In late pachytene, it relocalises to the
centromeres (Parra et al. 2009). In zebra finch spermatocytes,
we first observed the appearance of INCENP on the SC
fragments around late zygotene—early pachytene and as
bright foci throughout the nuclei (Fig. 5a). However, the
area containing the GRC lacked INCENP staining. Around
metaphase I, most of the INCENP foci disappeared and the
protein relocalised to the centre of the nucleus. During
progression of metaphase I, we observed intense INCENP
staining indicating the positions of the centromeres. In the
vast majority of the nuclei, the GRC lacked all INCENP
signals. However, rarely, the GRC did show INCENP
staining, which could indicate that the GRC participates in
the first meiotic division in a small minority of the cells (not
shown).

DNA fragmentation of the GRC
during and after its elimination from the nucleus

Both phosphorylation of H2AX, and ubiquitylation/de-
ubiquitylation of H2A have been associated not only with
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secondary spermatocytes
F=131/180

A EREVEN] F=36/180

pachytene

Fig. 4 The silenced GRC is eliminated at metaphase I in the vast
majority of spermatocytes. a Spermatocyte spread nuclei stained for
DAPI (blue, upper and lower panels) and SYCP3 (lower panel, red).
The left image shows a secondary spermatocyte with the GRC still
inside the nucleus, the middle image with the GRC still attached to the
outside of the nucleus and the right image shows a secondary
spermatocyte lacking the GRC. The typical SYCP3 filaments/dots
mark the secondary spermatocyte stage. F' the number of positive
nuclei/the total number of scored secondary spermatocyte nuclei. Bar

DSB repair and chromatin silencing, but also with initiation
and execution of apoptosis, which involves the generation
of DNA breaks and finally results in DNA fragmentation
(Rogakou et al. 2000; Mimnaugh et al. 2001; Sluss and
Davis 2006; Zhou et al. 2009). The appearance of
increasing YH2AX and H2AK119 ubiquitylation staining
on the GRC from metaphase I onwards (Figs. 2a and 4b),
combined with initial lack of yYyH2AX and H2AKI119
ubiquitylation staining during pachytene, indicated that the
DNA of the GRC may be degraded during and after its
release from the nucleus. Terminal deoxynucleotidyl trans-
ferase dUTP nick end labelling (TUNEL) staining is a
common method used for the detection of DNA fragmen-
tation. We observed faint TUNEL staining in early meiotic
prophase spermatocytes, which most likely represents the
presence of meiotic DSBs. The GRC body showed less

@ Springer
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represents 5 um. b, ¢, d Male meiotic prophase spread nuclei stained
for H2AK119 ubiquitylation (green, b), sumoylation (green, c),
H4Kl16ac (green, d) and SYCP3 (red). At pachytene, the GRC
becomes increasingly sumoylated, and acetylated on H4K16. How-
ever, no H2AK 119 ubiquitylation signal is present on the GRC at this
stage. When the GRC is almost eliminated, it becomes increasingly
ubiquitylated at H2AK119 (b). The area of the GRC is encircled. Bar
represents 5 pm

TUNEL staining compared to the rest of the chromosomes
during these stages, which is in agreement with the relative
lack of RADS51 and YH2AX foci on the GRC we observed
previously. When the GRC body becomes more separate
from the rest of the chromosomes, TUNEL signal increases,
and when the GRC has formed a separate body, the TUNEL
staining is maximal, again indicating that the DNA of the
GRC is fragmented during and after its exclusion from the
nucleus (Fig. 5b).

Analyses of the GRC during female meiotic prophase
of the zebra finch

To compare the behaviour of the single GRC in male sper-
matocytes with that of the paired GRC and the ZW
chromosome pair in oocytes, we immunostained oocyte
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INCENP

Fig. 5 The GRC lacks INCENP protein, and its DNA is degraded. a
Male meiotic prophase spread nuclei stained for INCENP (green) and
DAPI (blue). In pachytene, INCENP foci most likely follow the axial
elements, which can be inferred from the DAPI staining. Also, many
INCENP foci are present throughout the nucleus. The GRC remains
largely devoid of INCENP staining. From diplotene onward, INCENP
foci relocalise and concentrate mainly around the centromeres in

spread preparations of zebra finch females for SYCP3 and
H3K9me3 and for SYCP3 and H2AKI119 ubiquitylation
(Fig. 6).

As we observed previously in chicken oocytes
(Schoenmakers et al. 2009), a H3K9me3-positive ZW
body is visible during pachytene in zebra finch oocytes.
H2AKI119 ubiquitylation also marks part of the ZW pair
around mid pachytene. In addition, we observed that the
middle part of the GRC pair is also positive for H3K9me3,
shows a dense DAPI signal, and mostly localises in the
periphery of the nucleus. Throughout the female meiotic
prophase, the GRCs remain partially positive for H3K9me3
(Fig. 6), although the signal is much less intense compared
to what we observed for the single GRC in spermatocytes.
In pachytene and diplotene, part of the GRC shows a very
strong H3K9me3 signal and this part of the GRC often
colocalises with the H3K9me3 positive ZW pair in the
periphery of the nucleus.

Discussion

During male and female meiotic prophase in mammals, the
presence of unsynapsed chromatin is associated with silencing

metaphase. The GRC mostly shows no INCENP staining at its
centromere. The area of the GRC is boxed. Bar represents 5 um. b
Spermatocyte spread nuclei stained for TUNEL (red) and DAPI
(blue). Early in meiosis the GRC is largely devoid of TUNEL staining.
When the GRC is almost expelled from the nucleus, it becomes
strongly TUNEL-positive. The area of the GRC is boxed. Bar
represents 5 pm

of these areas by MSUC. The heterologous XY pair remains
largely unsynapsed, and is always subjected to a specialised
form of MSUC: meiotic sex chromosome inactivation
(reviewed in Turner 2007). In mammals, MSUC and MSCI
appear to be triggered by the presence of unsynapsed
chromatin in combination with persistent meiotic DSBs
(Turner 2007; Schoenmakers et al. 2008). Recently, we
showed that the avian sex chromosomes in chicken oocytes
also display MSCI, albeit transient, despite the fact that Z and
W show complete synapsis (Schoenmakers et al. 2009). Here,
we asked how, in addition to the avian form of MSCI,
meiotic silencing of unsynapsed chromatin functions in the
avian germline. We chose to analyse the meiotic behaviour
of the single copy of the GRC in the germline of the male
zebrafinch. Our data show that this chromosome is silenced
upon entry into meiotic prophase, first detectable in
preleptotene spermatocytes. This resembles what we ob-
served for the W chromosome in chicken and zebra finch
oocytes. Apparently, the inactivation of both the GRC and W
chromosomes precedes the introduction of meiotic DSBs
and synapsis. Furthermore, the GRC does appear to
accumulate only few meiotic DSBs during leptotene.
Therefore, it is unlikely that the mechanisms that silence W
and the GRC are linked to meiotic DSB repair. In addition,
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H2Ak119ub1

Fig. 6 Analyses of the ZW pair and GRC chromosomes during
female meiotic prophase. Oocyte spread nuclei stained for SYCP3
(red), H3K9me3 (green), H2AK119ub (green) and DAPI (blue). At
pachytene, the ZW pair is strongly positive for H3K9me3 and
H2Ak119ubiquitylation. Asterisk indicates the middle part of the
GRC, which is also positive for H3K9me3, indicating that the GRC is
also (partially) silenced during female meiotic prophase. GRC is
boxed. Bar represents 5 pum

since silencing of W (in oocytes) and the GRC (in sperma-
tocytes) occurs prior to initiation of chromosome pairing,
discrimination between synapsis/asynapsis can also not be
the initiating trigger for this transcriptional silencing (Fig. 7).

In male grasshoppers, Eyprepocnemis plorans and
Locusta migratoria, the single facultative heterochromatic
X chromosome (and a constitutive heterochromatic B
chromosome) remain unsynapsed throughout meiotic pro-
phase and are also silenced at the onset of meiotic prophase
(Viera et al. 2004a; b) as visualised by the loss of H3K9
acetylation (Cabrero et al. 2007; Viera et al. 2004a).
Apparently, in spermatocytes of grasshoppers, silencing of
these single chromosomes is also DSB and synapsis-
independent. Based on these observations, we would like
to propose to refer to this type of early meiotic silencing of
chromosomes as meiotic silencing prior to synapsis
(MSPS), to indicate that the initiating events and timing
in this type of meiotic silencing may be different from
MSUC in mammals.

Cabrero et al. (2007) suggested the existence of a counting
mechanism operating at the start of meiosis, enabling
detection and direct subsequent inactivation of single chromo-
somes. The clustering of telomeres in the nuclear envelope
that occurs upon entry in meiotic prophase I (reviewed in
Scherthan 2007) could play a role in the detection of these
univalents. For zebra finch and chicken, such a counting
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mechanism seems unlikely, since the single Z chromosome
behaves different from the single W and GRC.

W and the GRC appear euchromatic in premeiotic germ
cell stages, but may be largely transcriptionally silent due to
the fact that very few functional genes appear to be present.
In fact, these chromosomes seem to be highly enriched for
repeat sequences (Itoh et al. 2009), and their inactive status
may be associated with late replication during the final S
phase before entry into meiotic prophase. Recently, Lande-
Diner et al. (2009) showed that replication-time switching,
from late to early or vice versa, is linked to the acetylation
state of the chromatin, and thus may direct nucleosome
structure regulation. Perhaps the nucleosomes that assemble
on GRC and W chromatin during the final S phase are
specifically modified, for example by acetylation of H4K16,
to mark them for global silencing and heterochromatisation,
and, in case of the GRC, to prepare it for its ultimate
expulsion. Apart from, or in addition to, late replication, small
non-coding RNA pathways may also be involved, since these
have been linked to silencing of transposable elements and
repeats in meiosis. The elimination of the GRC during male
meiosis shows some resemblance to homology-dependent
programmed (single copy) DNA elimination that is also
mediated by non-coding RNAs during sexual reproduction in
ciliates (reviewed in Bernstein and Allis 2005; Lepere et al.
2008; Mochizuki and Gorovsky 2004) .

Surprisingly, we found that in contrast to what has been
described for the grasshopper X and B chromosomes, the
GRC occasionally accumulates a few meiotic DSBs, as
shown by the presence of both RADS51 and YH2AX foci.
Its compact heterochromatic configuration most likely
prevents access of DSB-inducing proteins to most of the
GRC, minimising the number of DSBs in the GRC. Rarely,
we noticed the presence of a MLH1 focus on the GRC. The
existence of intrachromosomal recombination could explain
this observation, and this is supported by the recent finding
that the GRC is rich in repeat sequences (Itoh et al. 2009)
and our observation of small regions of self-synapsis,
visualised by the presence of small SYCP1 stretches on
the GRC during pachytene.

H4K16 acetylation is generally associated with an open
chromatin configuration and a transcriptionally active state
(reviewed in Shahbazian and Grunstein 2007). However,
we find increased H4K16 acetylation on the heterochro-
matic GRC. Although there are a few reports describing
that histone acetyltransferases could be involved in main-
taining silencing of certain loci, this most likely results
from shifting of heterochromatic boundaries and not from
direct silencing activity induced by the histone acetylation
(reviewed in Shahbazian and Grunstein 2007). Therefore, it
is unlikely that the observed increased H4K 16 acetylation is
linked to GRC silencing. Histone acetyltransferases have
also been implicated in the detection of DSBs and DNA
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Fig. 7 Schematic overview of the behaviour of the GRC during male
meiosis of the zebra finch. In the transition phase between
spermatogonia and the start of the male meiotic prophase, the GRC
is identified and from preleptotene, it becomes heterochromatised and
gains specific chromatin modifications such as H3K9me3, macroH2A,
sumoylation and H4K16ac. With progression through meiotic pro-
phase, all chromatin of the GRC is drawn into a heterochromatic body
at the periphery of the nucleus. Few DSBs are induced on the GRC,
and these remain unrepaired. Also, H2A on its centromere is not
ubiquitylated. Sumoylation of chromatin and acetylation at H4K16

repair processes (Murr et al. 2006). It might be suggested
that the induction of even a few DSBs on the GRC could
cause (hyper)acetylation of H4, since these breaks cannot
be repaired.

As the cells progress towards the diplotene stage, DAPI
staining of the GRC was found to become indistinguishable
from the rest of the nucleus. This may indicate that the
GRC undergoes a brief stage of chromatin relaxation,
facilitated by the observed increased H3K9 acetylation on
the GRC around diplotene. The less condensed configura-
tion could then provide access to the GRC for the kinase
(most likely ATR or ATM) that phosphorylates H2AX and
the ubiquitin ligase that induces ubiquitylation of H2A,
which accompany the observed fragmentation of the GRC.

INCENP, is part of the conserved chromosomal passen-
ger complex, which regulates chromosomal segregation

accumulate on the GRC and reach a maximum around mid pachytene.
At diplotene, the GRC becomes acetylated at H3K9 and starts to
decondense. During metaphase I, the nuclear membrane is degraded,
the centromere and kinetochore of the GRC are aberrant and proper
attachment to the spindles fails. This may cause DNA degradation of
the GRC, and the chromatin to become phosphorylated, ubiquitylated
and again de-ubiquitylated. In addition, the GRC forms a micronu-
cleus with ongoing DNA fragmentation in the cytoplasm of the
secondary spermatocyte

and ensures correct kinetochore—microtubule interactions
(reviewed in Vagnarelli and Earnshaw 2004). The lack of
INCENP loading on the GRC indicates that the separation
of the GRC from the rest of the chromosomes around
metaphase | is at least partly due to the fact that proper
microtubule attachment to the GRC kinetochore may not
occur, resulting in aberrant localisation of the chromosome.
In addition, the fact that the GRC is not attached to a
homolog will contribute to its aberrant behaviour; the lack of
tension from opposing pulling forces will destabilise the
attached microtubules. Abberant regulation of the kineto-
chore/centromere is also apparent from the lack of H2AK 119
ubiquitylation (not shown), which marks the centromeres on
other chromosomes. Around the first meiotic metaphase-to-
anaphase transition, the GRC is truly separated from the two
haploid genomes and will no longer be incorporated in the
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nucleus in the vast majority of secondary spermatocytes.
Instead, the GRC forms a micronucleus.

When the GRC does not move to the metaphase plate,
DNA fragmentation that selectively affects the GRC could be
triggered, as visualised by increasing YH2AX, H2AK119
ubiquitylation and TUNEL staining. Subsequently, de-
ubiquitylation of H2A follows, which is a feature of ongoing
apoptosis (Mimnaugh et al. 2001). These events are
schematically summarised in Fig. 7. Recently, Terradas et
al. (2009) showed that also in human cells, DNA with
unrepaired DSBs can be separated in a micronucleus, in
which DNA degradation occurs, followed by elimination.
Elimination of the single GRC may have evolved to avoid
activation of the spindle checkpoint. For example, in mantid
spermatocytes, sex chromosomes occasionally remain un-
paired, and this leads to phosphorylation of the kinetochore,
checkpoint activation and meiotic arrest (Li and Nicklas
1997). In contrast, in XO grasshopper species, the always
single X has a special kinetochore that apparently is not
recognised by the checkpoint machinery (Li and Nicklas
1997).

In the female germline, the GRC is present as a bivalent,
in most oocytes. It can be easily recognised because it is the
longest bivalent (Pigozzi and Solari 1998; Pigozzi and
Solari 2005). We noticed that it is also partly heterochro-
matic, which may be caused by a low gene content and/or
the presence of repetitive DNA on these chromosomes. In
chicken oocytes, we have also observed increased H3K9me3
staining on parts of the macrochromosomes (Schoenmakers et
al. 2009). In contrast to the single GRC in males, the GRC
bivalent in oocytes normally participates in meiotic recom-
bination. It has been suggested that recombination of the
GRC pair in the female germline prevents the loss of the
GRC and ensures the transmission through females (Pigozzi
and Solari 2005). From this perspective, recombination of Z
with W in the pseudoautosomal region may rescue W from a
fate similar to that of the single GRC in males. Alternatively,
failure of pairing leading to a single W may trigger meiotic
arrest. A special feature intrinsic to the GRC may be
responsible for the aberrant kinetochore/centromere struc-
ture, causing initiation of the DNA fragmentation and
elimination from the male meiotic nucleus.

‘We have shown that the single unpaired GRC in male zebra
finch meiosis is efficiently silenced, and propose to refer to
this phenomenon as MSPS. The timing of meiotic silencing in
birds differs from that of meiotic silencing in mammals:
Whereas the GRC and W are inactivated immediately upon
entry into meiotic prophase, MSUC and MSCI in mammals is
initiated at the zygotene/pachytene transition, strictly corre-
lating with the timing of an unsynapsed configuration. In birds
and mammals, essentially different machineries may have
evolved to trigger meiotic silencing of regions without a
pairing partner.

@ Springer

Materials and methods
Spreads and immunocytochemistry

Adult male and 2—7-day-old female zebra finches (7. guttata)
were killed by CO, intoxication. The functional left ovary
and left and right testes were dissected and placed in PBS
solution. Spread nuclei preparations of zebra finch oocytes
and spermatocytes were prepared using a modification of the
drying-down technique described by Peters et al. (1997).
Briefly, ovaries and testes were minced with forceps, and
ovarian cells were suspended in 500 pl of 100 mM sucrose,
containing EDTA-free complete protease inhibitor cocktail
(Roche Diagnostics, Almere, The Netherlands), whereas
testicular cells were placed in hypobuffer solution, and after
centrifugation, cells were resuspended in 100 mM sucrose.
Oocytes and spermatocytes were dispersed on a glass slide
dipped in 1% paraformaldehyde fixative with 0.1% Triton
X100. After 2 h in a humid chamber at room temperature,
the slides were allowed to dry for 30-60 min at room
temperature, followed by a single wash in 0.08% Photoflo
(Kodak, Paris, France) and air-dried. The slides were stored
at —80°C.

For immunocytochemistry, frozen slides were defrosted
at room temperature and washed with PBS. The slides were
blocked with PBS containing 0.5% w/v BSA and 0.5% w/v
milk powder, and double stained with different combinations
of the following antibodies: rabbit polyclonal anti-SYCP3
(1:1,000), rabbit polyclonal anti-SYCP1 (1:200; gifts from
C. Heyting, Wageningen), mouse polyclonal anti-yH2AX
(1:1,000; Upstate, Walthum, MA, USA), mouse monoclonal
IgM anti-H2AK119ubl (1:1,000; Upstate), mouse monoclo-
nal anti-H4K16ac (1:200; Upstate), mouse monoclonal
MLHI1 (1:25; BD Pharmingen, San Diego, USA), rabbit
polyclonal anti-H3K9me3 (1:500; Upstate), rabbit anti-
human RADS51 (1:500) [24], rabbit polyclonal macroH2A
(1:500; Upstate), rabbit monoclonal H3K9ac (1:50; Sigma,
USA), H3K4me3 (1:1,000; Upstate), mouse monoclonal
GMP-1 (SUMO; 1:100; Zymed, San Francisco, USA) and
rabbit polyclonal INCENP (1:100; Abcam, UK). For mouse
monoclonal primary antibodies, the secondary antibodies
were fluorescein isothiocyanate (FITC; 1:128; Sigma,
St. Louis, USA)-labelled goat anti-mouse IgG antibodies
for anti-yH2AX, anti-MLH]1, anti-macroH2A and anti-GMP-
1, FITC-labelled goat anti-mouse IgM (1:128; Sigma) for
anti-H2AK119ubl and tetramethylrhodamine isothiocyanate
(1:128; Sigma)-labelled goat anti-mouse IgG antibodies for
anti~yH2AX. The secondary antibody for polyclonal rabbit
primary antibodies was tetramethylrhodamine isothiocyanate
(1:200; Sigma)-labelled goat anti-rabbit IgG antibodies for
anti-SYCP3 and fluorescein isothiocyanate (1:80; Sigma)-
labelled goat anti-rabbit IgG antibodies for anti-RADS51, anti-
SYCPI, anti-H3K9ac and anti-INCENP. Primary antibodies
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were diluted in 10% w/v BSA in PBS and incubated over-
night in a humid chamber. Thereafter, slides were washed in
PBS, blocked in 10% v/v normal goat serum (Sigma) in
blocking buffer (5% milk powder (w/v) in PBS, centrifuged
at 13,200 rpm for 10 min), and incubated with secondary
antibodies in 10% v/v normal goat serum in blocking
buffer at room temperature for 2 h. Next, the slides were
washed in PBS and embedded in Vectashield containing 4',6'-
diamindino-2-phenylindole (Vector Laboratories, Burlingame
CA, USA). Double stainings of SYCP1 with SYCP3 and of
RADS1 with SYCP3 (all rabbit polyclonal antibodies) were
obtained by sequential immunostainings with the single
antibodies. Images of SYCP1, RADS51 and SYCP3 stainings,
respectively, were obtained prior to immunostaining with anti-
SYCP3 of the same nuclei.
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