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In marsupials, dosage compensation involves silencing of the
father’s X-chromosome. Because no XIST orthologue has been
found, how imprinted X-inactivation occurs is unknown. In euth-
erians, the X is subject to meiotic sex chromosome inactivation
(MSCI) in the paternal germ line and persists thereafter as post-
meiotic sex chromatin (PMSC). One hypothesis proposes that the
paternal X is inherited by the eutherian zygote as a preinactive X
and raises the possibility of a similar process in the marsupial germ
line. Here we demonstrate that MSCI and PMSC occur in the
opossum. Surprisingly, silencing occurs before X–Y association.
After MSCI, the X and Y fuse through a dense plate without
obvious synapsis. Significantly, sex chromosome silencing contin-
ues after meiosis, with the opossum PMSC sharing features of
eutherian PMSC. These results reveal a common gametogenic
program in two diverse clades of mammals and support the idea
that male germ-line silencing may have provided an ancestral form
of mammalian dosage compensation.

meiosis � X-inactivation

In mammals, sex is determined by the differential inheritance
of the X and Y chromosomes, with the female inheriting two

X chromosomes (XX) and the male inheriting an X and a Y
(XY). With some variation, the XY scheme of sex determination
can be seen in all three extant clades of mammals, including the
prototherians (monotremes) that evolved some 300 million years
ago, the metatherians (marsupials) that evolved 150–200 million
years ago, and the eutherians (placental mammals) that evolved
100–150 million years ago. In addition to the sexually dimorphic
development of males and females, this system of sex determi-
nation has important consequences for other aspects of mam-
malian development: one relating to the inequality of sex
chromosome gene dosage and the other to the behavior of sex
chromosomes in the germ line. Both stem from the fact that
genetic content on the Y has gradually eroded over 300 million
years of evolution (1–3).

Because the Y carries only a fraction of the genetic material
found on the X, females have nearly twice the sex chromosome
gene dosage as males, often necessitating coevolution of dosage
compensation. In mammals, dosage compensation is achieved by
the transcriptional inactivation of one X in the female. Three
forms of X-chromosome inactivation (XCI) have been reported.
In marsupials XCI is imprinted to occur exclusively on the
paternal X, although the degree of silencing varies among
somatic tissues (1, 4, 5). In contrast, eutherian XCI can be either
imprinted or random (6, 7). In somatic tissues, XCI is random
and can occur on either the maternal or paternal X. However, in
the placental tissues of some eutherian mammals (e.g., mouse
and cow), the paternal X resembles that in marsupials and is
preferentially inactivated (7, 8). A third form of XCI is known
to occur in the male germ line of eutherian mammals. During the
first meiotic prophase, the X and Y become transcriptionally
silenced in a process known as meiotic sex chromosome inacti-
vation (MSCI) (9, 10).

The process of MSCI is the second significant consequence of
adopting the XY method of sex determination in mammals.
MSCI has so far been documented only in eutherian mammals
in which, during prophase I of meiosis, homologous chromo-
somes pair and exchange genetic material. In the male germ line,
however, the X and Y can pair only through their remaining
homologous sequence, the pseudoautosomal region (11). For the
mouse it was recently shown that asynapsed regions of the X and
Y become transcriptionally inactivated simply by virtue of their
being unpaired during pachytene of prophase I (12, 13), in a
process that is termed meiotic silencing by unpaired chromatin
(14). Several recent studies have also shown that the effects of
male MSCI unexpectedly extend beyond meiosis I and continue
through the end of spermatogenesis (15–17).

MSCI has long led to questions regarding its raison d’etre. The
enrichment of spermatogenesis genes on the X and Y (18–20)
despite meiotic and postmeiotic silencing raises one of the major
paradoxes in the field. One idea is that MSCI and meiotic
silencing by unpaired chromatin exist only as an evolutionary
relic of meiotic silencing of unpaired DNA, a host defense
mechanism first described in Neurospora crassa (21) with anal-
ogies in metazoans such as Caenorhabditis elegans (22). Other
ideas suggest that silencing is obligatory for the suppression of
recombination between nonhomologous regions of the X and Y
(23), or for preventing asynapsed XY regions from triggering the
meiotic checkpoint (24).

Meiotic and postmeiotic silencing may subserve yet another
purpose: the problem of dosage compensation in the earliest
mammals as the Y-chromosome lost genetic material. Imprinted
paternal X silencing in the early eutherian embryo may at least
in part be built on MSCI and its aftereffects in the male germ line
(25–27), a hypothesis proposed earlier for the marsupial embryo
(5, 28–30). In support of this, one study finds that the paternal
X is already silent at conception and may be preinactivated (26).
Because meiotic silencing of unpaired DNA/meiotic silencing by
unpaired chromatin would silence any portion of the X that no
longer has homology with the Y (12, 13), MSCI and its after-
effects would provide an immediate stop-gap measure of dosage
compensation at a time of rapid change on the sex chromosomes
(27). However, this hypothesis is opposed by the view that XCI
takes place de novo at the four- to eight-cell stage, which would
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therefore argue against dosage compensation as a beneficiary of
meiotic and postmeiotic silencing (see ref. 31 for full discussion).
Thus, the basis of imprinted XCI in eutherians is currently
controversial.

Much remains unknown regarding XCI in marsupials and to
what extent mechanisms might be shared with those in euther-
ians. Eutherian XCI is regulated by the X-inactivation center
(XIC/Xic), which contains the noncoding genes Xist (32–34), Tsix
(35–37), and Xite (38). Repeated attempts to find the XIC
orthologue in marsupials have failed and instead find that the
syntenic region is rearranged (39–41). Interestingly, a recent
report suggests that the ancestral XIST was vertebrate LNX3, a
protein-coding gene with functions still extant but unrelated to
dosage compensation in the marsupial (42). Without an XIC,
how would XCI be achieved in the marsupial? One view holds
that dosage compensation may have evolved independently in
the marsupial and eutherian (42). Yet the classic view proposes
that marsupial XCI results from preprogramming events in the
paternal germ line (5, 28, 29). Therefore, a strictly germ-line-
driven process, such as one proposed for imprinted XCI in the
early mouse embryo (25, 26), might function in the marsupial (5,
27, 29, 30). Significantly, MSCI in the mouse does not require
XIST (43, 44). However, there has been no formal evidence of
MSCI so far in the marsupial, although a condensed X and Y has
been reported in prophase I (45). Here we sought to determine
whether a germ-line-driven mechanism might be feasible for
marsupial XCI by investigating spermatogenic events in the
South American opossum, Monodelphis domestica. We report
that meiotic and postmeiotic events are surprisingly well con-
served between metatherian and eutherian mammals.

Results and Discussion
Sex Chromosome Behavior During Opossum Meiosis. During meiosis
a primary spermatocyte proceeds through two division rounds
(meiosis I and II) to generate four haploid spermatids that bear
either an X- or Y-chromosome in addition to a haploid com-
plement of autosomes. During meiosis I, homologous chromo-
somes pair and undergo homologous exchange during prophase
(leptotene, zygotene, pachytene, and diplotene) and are segre-
gated to distinct nuclei through metaphase, anaphase, and
telophase. Primary spermatocytes at these various stages can be
distinguished from each other by SCP3 staining of the axial
elements and by their sex chromosome configuration. They
differ from other cell types in a seminiferous tubular spread by
their diploid chromosome constitution. It is during prophase I
that MSCI takes place.

To determine the behavior of M. domestica chromosomes
during meiosis I, we coimmunostained centromeric proteins and
SCP3 and observed a 2n � 18 karyotype (Fig. 1), confirming a
previous report of eight autosome pairs and a pair of sex
chromosomes (XX female, XY male) (46). At leptotene, ho-
mologous chromosomes had yet to pair (pale SCP3 staining), but
a bouquet-like arrangement of chromosomes was already evi-
dent with all homologous telomeres clustered at one pole of the
nuclear membrane (data not shown). At zygotene, synapsis (as
revealed by stronger SCP3 staining) first became evident at the
telomeric poles of each autosome pair and moved inward along
the axial elements (Fig. 1 A). At this stage, the sex chromosomes
became distinguishable for the first time (without chromosome
painting by FISH), discernible as condensed acrocentric chro-
mosomes (Fig. 1 A�). Thus, through leptotene and zygotene, the
behavior of the M. domestica X and Y paralleled that of the
mouse X and Y.

By early pachytene, homologous autosomes appeared fully
synapsed, while the X and Y remained separate and became
progressively more condensed, as evident by their decreased
axial length and increased staining of axial elements (Fig. 1B).
Interestingly, unlike the mouse X and Y, the opossum sex

chromosomes folded into an arc, i.e., looped so that the two ends
came in close contact (Fig. 1B�). Unlike observations in euth-
erians, X–Y association occurred late during pachytene and only
after the autosomes had synapsed (Fig. 1 C and C�), confirming
delayed sex chromosome association described previously in M.
domestica (47) and other marsupials (48). This contrasts with
eutherian pachytene, during which partial homology between
the X and Y enables synaptonemal complex formation and true
homologous pairing, akin to what is observed among autosomal
pairs.

Some measure of X–Y association could be observed at
mid-pachytene in the opossum with the formation of an XY body
resembling that in eutherian spermatocytes (Fig. 1 C and C�).
However, the absence of any obvious homology between the sex
chromosomes appeared to preclude the formation of synaptone-
mal complex (48). Instead, the X and Y associate through a
dense plate (DP) (49) between the X and Y arcs (Fig. 1 C and
C�). SCP3 staining of the XY body became very intense, whereas
staining of autosomes became weaker (Fig. 1C). By late
pachytene, the axial elements of the sex chromosomes (SCP3
staining) became thin and entangled, whereas the DP became
increasingly prominent (Fig. 1 D and D�). The DP appeared to
be attached to the nuclear envelope, consistent with previous
description (48). At diplotene, SCP3 staining of the DP re-
mained intense but became extremely weak on autosomes (Fig.
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Fig. 1. Meiotic behavior of sex chromosomes in M. domestica. (A–E) Double
immunostaining with anti-SCP3 (green) and anti-centromere (CEN; red) pro-
teins. *, polarized direction of bouquet structure. (A–E and A�–D�) Multiple
focal planes are projected. (A�–D�) Higher magnification of sex chromosomes.
(E�) Higher magnification of DP shown in E� (single z-sections). (F and G) DNA
FISH (X-paint, green; Y-paint, red). Meiotic stages are noted above each panel.
Arrowheads, DPs; arrows, XY bodies.
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1 E and E�). By DAPI staining alone, the XY body could easily
be identified in the diplotene nucleus as a bright, condensed
structure [Fig. 1E and supporting information (SI) Fig. 6]. By
contrast, the DP was not DAPI-intense, suggesting that the DP
is a proteinaceous structure with little if any chromosomal DNA
(Fig. 1E�) (49). As confirmed by X- and Y-painting, the sex
chromosomes were clearly distinguishable as DAPI-intense
structures from early pachytene to diplotene (Fig. 1 F and G).

Thus, although the opossum also develops an XY body at
mid-pachytene, it differs from the eutherian counterpart by an
absence of any true synapsis and by its association through a DP.
Furthermore, we noted that, although it resides at a peripheral
nuclear location, the opossum XY body does not protrude out of
the nucleus at mid-late pachytene as is characteristic of the
mouse XY body. Overall, the behavior of the M. domestica sex
chromosomes during male meiosis is similar to what has been
described for other marsupials (48).

MSCI in the Opossum. Although MSCI is well established in
eutherians, this phenomenon has not previously been docu-
mented in marsupials. Because some aspects of the opossum XY
body are reminiscent of that in eutherians, we next asked
whether the opossum X and Y are also subject to MSCI. We
performed Cot-1 RNA FISH, a technique whereby new RNA
synthesis can be detected through hybridization to highly repet-
itive elements (Cot-1 fraction) found in the 3� untranslated
regions and introns before splicing (15). Indeed, Cot-1 RNA
FISH showed that the X and Y excluded Cot-1 hybridization by
early pachytene (Fig. 2 A and A�). Immunostaining for the RNA
polymerase II (Pol-II) showed a dearth of Pol-II (Fig. 2B). At
pachytene, the sex chromosomes became decorated with the
heterochromatin-associated proteins, HP1� and HP1� (Fig. 2C
and data not shown), and also by �H2AX, a protein associated
with the repair of double-strand breaks that is known to be an
early mark of MSCI (50) (Fig. 2D). During this time, the X and
Y appeared to be the prominent DAPI-intense structure in the
early pachytene spermatocyte (Figs. 1F and 2D), even when the
cells were prepared under relatively harsh conditions (hypoton-
ically swollen nuclei) (SI Fig. 6). These characteristics persisted
through diplotene, as Cot-1 and Pol-II signals continued to be
excluded from the XY body (Fig. 2 E and F) and as HP1�, HP1�,
and �H2AX continued to be enriched on the XY body (Fig. 2 G
and H; data not shown for HP1�). [Note that whereas the DP was
consistently labeled by SCP3, other proteins such as HP1�,
HP1�, and �H2AX could not be detected on this structure at any
time (Fig. 2 H and H�, SI Fig. 7, and data not shown).] Thus, we
concluded that the opossum sex chromosomes are indeed subject
to MSCI during pachytene in a manner similar to that observed
for eutherian sex chromosomes.

However, we also observed several interesting differences
between eutherian and marsupial MSCI. First, although it is
thought that eutherian MSCI occurs after the X and Y have
partially synapsed through the pseudoautosomal region (10, 51),
MSCI in the opossum occurs by early pachytene long before X–Y
association (Fig. 2 A–D). This implied that MSCI does not
require partial synapsis of the X and Y, consistent with the idea
that MSCI is induced by unpaired DNA (meiotic silencing of
unpaired DNA/meiotic silencing by unpaired chromatin) rather
than by paired elements (12). A second significant difference is
that HP1� and HP1� association in the opossum takes place
earlier than in the mouse. Whereas these proteins are found on
the mouse XY body only late in pachytene (15), they could be
observed on the opossum sex chromosomes by early pachytene
as the chromosomes become looped (Fig. 2C) and decorated by
�H2AX (Fig. 2D).

PMSC in the Opossum. MSCI was previously believed to be specific
to meiosis I. Because it is now known that most genes on the

eutherian sex chromosomes do not reactivate at the end of
meiosis I (15–17), we asked whether silencing also persists into
spermiogenesis in opossum. We first examined secondary sper-
matocytes undergoing meiosis II. Secondary spermatocytes
could usually be observed as two attached or closely juxtaposed
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Fig. 2. MSCI in M. domestica. (A and E) Cot-1 RNA FISH (red) and immuno-
staining with anti-�H2AX (green). (B and F) Double immunostaining with
anti-Pol-II (red) and �H2AX (green). (C, G, and H) Double immunostaining with
anti-SCP3 (green) and HP1� (red). (D) Double immunostaining with anti-
�H2AX (green) and HP1� (red). (A� and H�) Higher magnification of sex
chromosome and DP shown in A and H, respectively. (A, A�, B, E, F, and H�)
Single z-sections. (C, D, G, and H) Multiple focal planes are projected. Meiotic
stages are noted above panels. Arrows, sex chromosomes; arrowheads, DPs.
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daughter cells, one carrying only the X and the other only the Y.
They can be distinguished from round spermatids (which also
have segregated Xs and Ys) by their larger size and presence of
sister chromatids (by centromeric staining; data not shown).

In secondary spermatocytes, we were surprised to find that
�H2AX remained (Fig. 3 A and B; 94% of nuclei with �H2AX
on sex chromosome, n � 70), in contrast to its disappearance
from the eutherian XY after diplotene I (15). Because �H2AX
is thought to be involved specifically with events during prophase
I in eutherian spermatocytes, its continued presence on the
segregated X and Y seemed rather puzzling. Analysis by Cot-1

RNA FISH, Pol-II immunostaining, and DAPI staining showed
that the sex chromosomes remained undertranscribed in the
secondary spermatocytes (Fig. 3 A and B). These results dem-
onstrated that the sex chromosomes remained relatively sup-
pressed in the secondary spermatocyte.

To determine whether silencing persisted after the completion
of meiosis, we investigated round spermatids. Round spermatids
could be distinguished from secondary spermatocytes by their
smaller size, tendency to cluster into groups of X-bearing and
Y-bearing daughter cells, and a clear nine-chromosome consti-
tution (e.g., nine centromeric signals) (Fig. 4 K and L). Indeed,
both sex chromosomes remained within Cot-1 holes (Fig. 3 C and
D), retained their DAPI-intense staining, and continued to be
enriched for HP1� and HP1� (Fig. 3 C–F and SI Fig. 8). These
data showed that, just as in eutherians, the postmeiotic X of the
opossum is transcriptionally suppressed. Their epigenetic pro-
files were also similar. Trimethylation of H3-K9 (H3–3meK9)
was initially observed on the sex chromosomes (as marked by
HP1�) in primary spermatocytes. This occurred by the time of
XY body formation in pachytene (meiosis I) (Fig. 4A and SI Fig.
9) and continued in round spermatids (Fig. 4 B and C and SI Fig.
9). In mice, H3–3meK9, HP1�, and HP1� persist longer than any
other chromatin marks and are present until genome-wide
chromosome condensation at the end of spermiogenesis (SI Fig.
10) (15, 17). H3-K27 trimethylation (H3–3meK27), a marker of
the inactive X in the mouse soma (52), was present at relatively
low levels on the XY body as compared with the rest of the
genome in opossum primary spermatocyte (Fig. 4G) and also on
the X in round spermatids (Fig. 4H). These data demonstrated
that the postmeiotic X continues to be transcriptionally sup-
pressed in marsupials, reminiscent of the PMSC described in
eutherians (15–17). Thus, the silencing initiated by marsupial
MSCI in meiosis I persists through meiosis II and the postmeiotic
period.

Some interesting differences between the mouse and opossum
PMSC could also be observed. First, murine PMSC can be
recognized as a DAPI-bright structure attached to the sperma-
tid’s single chromocenter, the DAPI-intense focal cluster of
centric heterochromatin (Fig. 4J) (15–17). By contrast, we did
not observe a chromocenter in the opossum, because immuno-
staining for HP1� and centromere proteins showed that the
centromeres were distributed all over the nuclei and were not
DAPI-intense (Fig. 4 K and L). The opossum PMSC was
therefore uniquely DAPI-intense (Fig. 4 K and L). Other
differences occurred in the profiles of various chromatin-
associated proteins. For example, dimethylation of H3-K9 (H3–
2meK9) was present in primary spermatocytes by pachytene/
diplotene of both species (Fig. 4D) (15–17, 53) but was curiously
absent from (or undetectable on) the X and Y of the opossum
spermatid (Fig. 4E). Furthermore, �H2AX persisted longer in
the opossum, decorating the X and Y in 94% of secondary
spermatocytes (n � 70) (Fig. 3 A and B). A further surprise was
that �H2AX was even enriched on the X and Y in 4% of early
round spermatids (n � 451) (Fig. 4F and SI Fig. 9) before
disappearing completely in later stages (Fig. 4I and SI Fig. 9).
Thus, although PMSC is conserved in the marsupial, its epige-
netic profile, subject to the vagaries of immunostaining, appears
to differ slightly from that of eutherians.

In conclusion, our study and related work (J. Hornecker, P.
Samollow, E. Robinson, J.L.V., and J.R.M., unpublished data)
show that MSCI and PMSC occur in the marsupial and that the
silencing initiated during the first meiotic prophase continues
through meiosis II and into the postmeiotic period (Fig. 5). Thus,
spermatogenic events regulating transcriptional activity of the
sex chromosomes are very well conserved in the marsupial and
eutherian. This is in striking contrast to the absence of conser-
vation in XIC elements that regulate XCI in the eutherian soma
(39–42). These data are consistent with a mechanism of im-
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Fig. 3. Continuity of silencing into PMSC in M. domestica. (A) Cot-1 RNA FISH
(red) and immunostaining with anti-�H2AX (green). (B) Double immunostain-
ing with anti-Pol-II (red) and �H2AX (green), followed by DNA FISH (X-paint,
green; Y-paint, red). (C and D) Cot-1 RNA FISH (red) and immunostaining with
anti-HP1� (green). (E) DNA FISH (X-paint, green). (F) DNA FISH (Y-paint,
green). All images are single z-sections. Cell types: secondary spermatocytes in
A and B and round spermatids in C–F.
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printed XCI that would occur independent of XIST in the
marsupial and make possible a mechanism that relies instead on
inheritance of a silent X derived from the male germ line (5, 25,
28–30).

The state of the paternal X upon arrival in the opossum zygote
requires further study. In the absence of any significant cytoplasm
and the replacement of histones for protamines, how might epige-
netic information be transmitted from the sperm to the zygote?
Previous studies of X-linked genes silenced by MSCI in eutherians
have shown that hypermethylation of DNA is not involved (54, 55).
Studies of the active and inactive X-chromosomes in female kan-
garoos have indicated that DNA methylation is also not involved in

somatic XCI (56). Our studies have highlighted three persistent
marks of meiotic silencing (H3–3meK9, HP1�, and HP1�) that are
shared between eutherians and metatherians (Fig. 4 and SI Fig. 10)
(15, 17). Interestingly, H3–3meK9, HP1�, and HP1� are also the
last chromatin-associated marks to be detected before protamine-
mediated compaction during mouse spermiogenesis (SI Fig. 10).
These marks are therefore candidates for transgenerational inher-
itance of epigenetic programming associated with the paternal X.
Until recently, spermatozoa were believed to deliver little more
than DNA into the oocyte. However, several studies now lend
credence to paternal inheritance of both RNA and nonprotamine
proteins that may be critical to early embryonic development
(57–60). Given the apparent absence of the XIC, could epigenetic
programming initiated by MSCI and maintained by PMSC survive
protamine packaging to establish imprinted XCI in the marsupial
embryo?

Materials and Methods
Slide Preparation. M. domestica seminiferous tubules were pre-
pared with slight modifications from previous methods (15).
Testes were dissected in PBS on ice. Several pieces of seminif-
erous tubule were placed in 4% paraformaldehyde in 1� PBS
plus 0.5% Triton X-100 for 10 min at room temperature, rinsed
in 1� PBS, shredded between two forceps, cytospun onto a glass
slide at 2,000 rpm (Cytospin 4; Thermo Fisher Scientific,
Waltham, MA) for 10 min, and air-dried. Hypotonic treatment
was performed as described (61). Mouse testis slides were
prepared as described (15).

Fractionation of M. domestica Cot-1 DNA. Fractionation of highly
repetitive Cot-1 DNA from M. domestica was performed ac-
cording to ref. 62. M. domestica genomic DNA (100 �g/ml) was
denatured in 250 mM phosphate buffer (pH 6.8), then annealed
for 24 h at 55°C. The double-stranded/repetitive fraction was
purified by hydroxyapatite chromatography.
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Fig. 4. Characterization of M. domestica PMSC. (A–E, G, and H) Double immunostaining of various chromatin marks (green) as indicated along with HP1� (red)
in mid-pachytene to diplotene (A, D, and G), round spermatids (B, C, E, F, H, and I), mouse round spermatid (J), and Monodelphis round spermatids (K and L).
Arrows, XY bodies. (F and I) Double immunostaining of H3–3meK9 (green) and �H2AX (red) in the round spermatids. All images in A–I are single z-sections. (J–L)
Double immunostaining with anti-HP1� (green) and CEN (red) of round spermatid in mouse (J) and in M. domestica (K and L). Multiple focal planes of CEN staining
are superimposed on single z-sections of DAPI and HP1�. *, chromocenter; arrowheads, mouse PMSCs. All images except J are of M. domestica.
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Fig. 5. Continuity of silencing from MSCI to PMSC in marsupial. The silencing
takes place by MSCI at early pachytene and is maintained in spermatids as
PMSC with modifications similar to those seen in eutherian. Barred chromo-
somes represent transcriptionally suppressed chromatin.
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FISH and Immunofluorescence. Cot-1 RNA FISH was performed as
described (15). For immunofluorescence, slides were incubated
in PBT (0.15% BSA/0.1% Tween 20) plus 5% goat serum for 60
min before overnight incubation at 37°C with the following
antibodies: SCP3 (Novus Biologicals, Littleton, CO), 1:100;
centromere (Antibodies Incorporated, Davis, CA), 1:100; RNA
Pol-II CTD 8WG16 (Upstate, Charlottesville, VA), 1:200; HP1�
(Abcam, Cambridge, MA), 1:100; HP1� (Chemicon, Temecula,
CA), 1:1,000; H3–2meK9 (Upstate), 1:100; H3–3meK9 (Up-
state; used unless otherwise designated), 1:200; H3–3meK9
(Abcam; used only in SI Fig. 10), 1:200; H3–3meK27 (Upstate),
1:200; �H2AX (kindly provided by R. Scully, Beth Israel Dea-
coness Medical Center, Boston, MA), 1:1,000; and �H2AX
(Upstate), 1:5,000 (used in 1:1,000 at 4°C after Cot-1 RNA
FISH). Thereafter, slides were washed three times for 5 min in
PBS plus 0.1% Tween 20, incubated with secondary antibodies
(Alexa dyes; Invitrogen, Carlsbad, CA) at 1:500 for 60 min in
PBT, washed in PBS plus 0.1% Tween 20, and mounted in

Vectashield with DAPI. For combined RNA FISH/immuno-
staining, we carried out RNA FISH first, followed by immuno-
fluorescence. DNA FISH was performed by using chromosome
painting for the M. domestica (kindly provided by W. Rens,
Cambridge Resource Centre for Comparative Genomics, Cam-
bridge, U.K.). All images were acquired with the Axioplan
microscope (Zeiss, Thornwood, NY). Z-section images were
acquired by using Openlab (Improvision, Lexington, MA).
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