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The pairing of X and Y chromosomes during meiotic
prophase in the marsupial species  Thylamys elegans
IS maintained by a dense plate developed from their
axial elements
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Summary

Unlike eutherian males, pairing of the sex chromosomes in of the synaptonemal complex. Moreover, as sex
marsupial males during the first meiotic prophase is not chromosome axial elements decrease in mass throughout
mediated by a synaptonemal complex. Instead, a specific mid-late pachytene, the dense plate increases, suggesting
structure, the dense plate, develops during pachytene that material moves from the axial elements to the dense
between the sex chromosomes. We have investigated theplate. Additionally, both sex chromosome axial elements
development and structural nature of this asynaptic and the dense plate have proteins that are specifically
association in males of the marsupial speciefhylamys phosphorylated, as revealed by their labelling with the
elegans by means of immunolabelling and electron MPM-2 antibody, indicating that they undergo a
microscopy techniques. Our results show that the chromosome-specific regulation process throughout first
behaviour of male marsupial sex chromosomes during first meiotic prophase. We propose that the unique
meiotic prophase is complex, involving modifications of maodifications of the composition and structure of the axial
their structure and/or composition. Pairing of the sex elements of the sex chromosomes in meiotic prophase may
chromosomes and formation of the dense plate take place result in the proscription of synaptonemal complex
in mid pachytene, paralleling morphological changes in formation between male marsupial sex chromosomes,
the sex chromosomal axial elements. Components of the where the dense plate is an extension of the axial elements
central element of the synaptonemal complex were not of sex chromosomes. This replaces synapsis to maintain X
found in the sex body, in agreement with ultrastructural and Y association during first meiotic prophase.

studies that reported the absence of a canonical tripartite

synaptonemal complex between male marsupial sex

chromosomes. Interestingly, the dense plate is labelled with Key words: Meiosis, Sex chromosomes, Pairing, Marsupials,
antibodies against the SCP3 protein of the lateral elements ThylamysSCP3, MPM-2

Introduction species (Heyting, 1996). Some SC proteins have been
During meiotic prophase homologous chromosomes paitdentified in mammals. The best characterised are: SCP3
synapse and recombine. Synapsis is mediated by a meiosisammers et al., 1994), also called Corl (Dobson et al., 1994);
specific structure, the synaptonemal complex (SC) (FawcetgCP2 (Offenberg et al., 1998); and SCP1 (Meuwissen et al.,
1956; Moses, 1956), which organises between homologo|j§92), also called Synl (Dobson et al., 1994). Whereas SCP3
chromosomes and keeps them associated all along their lengthd SCP2 are components of the LEs (and therefore of the
(Wettstein and Sotelo, 1967). Ultrastructural studies hav@Es), SCP1 is a component of the TFs and the CE.
demonstrated that the SC is a tripartite structure, composed ofSolari, using serial sections and electron microscopy was the
two lateral elements (LES), one per homologue, a centrdirst investigator to show that an SC is formed between the
element (CE) and a series of transverse filaments (TFs) thag¢teromorphic sex chromosomes in male mice (Solari, 1970).
connect the LEs to the CE. The unpaired LEs of eacBince then, the occurrence of SC has been demonstrated in the
homologue are called axial elements (AEs) before synapsis hagx chromosomes of almost all mammalian species studied
been completed. In the past decade, the use of antibodies th@olari, 1993). It is currently known that sex chromosomes in
recognise SC components has increased our knowledge of taetherian mammals share regions of homology, the so-called
organisation and dynamics of the SC in meiocytes of differemiseudoautosomal regions (PARs) (Burgoyne, 1982), where
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crossing-over and chiasma formation occur. It is in the PARmmunofluorescence
that the SC forms between sex chromosomes. The seminiferous tubules were either squashed or spread prior to
Most studies on meiotic sex chromosome pairing have beencubation with antibodies. For squashing we used a technique
carried out in eutherian species. However, little attention hagescribed previously (Page et al., 1998). Seminiferous tubules were
been pa|d to the meiotic structure and behaviour of sefixed for 10 minutes in 2% formaldehyde in PBS containing 0.05%
chromosomes in the other mammalian taxa, the monotrem@é&ton X-lOO. Afterwards, several pieces of the tubules were p_Iaced
and the marsupials. There is only one report on monotrenf® @ slide and squashed by exerting pressure on the coverslip. The
meiosis (Murtagh, 1977), whereas the meiosis of only som ides were immersed in liquid nitrogen and the coverslips were

A ; d Australi ial . h b removed with a knife. The slides were washed in PBS for 15 minutes
merican -an ustralian —marsupial - Species nas D€L,y jncypated with primary antibodies. For spreading of

thoroughly described (Koller, 1936; Solari and Bianchi, 197555ermatocytes, we followed the drying-down technique of Peters et
Pathak et al., 1980; Sharp, 1982; Roche et al., 1986; Selujagt(peters et al., 1997). Briefly, a testicular cell suspension in 100 mM
al., 1987). Some of the features found in eutherian males ag@crose was spread onto a slide dipped in 1% paraformaldehyde in
also observed in marsupial males. For instance, the selistilled water containing 0.15% Triton X-100 and left to dry for two
chromosomes are delayed in pairing relative to the autosomé®wurs in a moist chamber. They were subsequently washed with
and they form a dense chromatin mass, the sex body, whichQ€)8% Photoflo (Kodak), air dried and rehydrated in PBS. _
thought to be a result of condensation and transcriptional Both squashes and spreads were incubated with the following
inactivation of the sex bivalent during meiosis (Solari, 1974)_pr|mary antlbodles diluted in PBS: rabbit serum A1, which recognises
Other features of meiotic sex chromosomes differ betweeécps protein of the SC lateral elements (Lammers et al., 1994) at a

ial d eutheri including the invol tof S :500 dilution; rabbit serum A2, which recognises SCP1 protein of
marsupials and eutnerians, inciuding the involvement o e transverse filaments and the central element of the SC (Meuwissen

in mediating their association. Thus, _Wh'le eutherlan S€%t al.,, 1992) at a 1:200 dilution; mAb MPM-2, which recognises
chromosomes synapse (i.e. form tripartite SC), marsupial sfitotic phosphoproteins (Davis et al., 1983), kindly provided by A.
chromosomes develop AEs that do not associate by a S8ebec (Paris, France) at a 1:1000 dilution; and human CREST serum
central element, but rather by a dense plate (DP) attached G®8C7875, which recognises centromeric proteins, kindly provided
the sex chromosome ends (Solari and Bianchi, 1975; Rochelst Chantal Andre (Hospital Henry Mondor, Paris, France) at a 1:100
al., 1986; Seluja et al., 1987). ‘Balloon’ structures between segilution. The incubations were carried out for 1 hour &t a
chromosome ends have also been described (Sharp, 198%ist chamber. Then, the slides were rinsed in PBSXpminutes
Roche et al., 1986). It has been suggested that the DP and ﬂ?é’h'_n‘:“bated \E\Ilzltl'rll'g;e ap_propn?jte secondarybgnt:bcédl(is: Lluon;scem

i |ocyanate -conjugate goat anti-rabbit g ackson) at a
balloons are related structures (Roche et al., 1986), but th il‘ioo dilution. Texas Rod (TR)-Conjugated goat antimouse. lge
unequivocal correspondence has not been demonstrated so

R . %t:kson) at a 1:100 dilution, and TR-conjugated goat anti-human 1gG
It is widely assumed that marsupial sex chromosomes do npfackson) at a 1:150 dilution. 45 minutes of incubation &€26 a

share a region of homology (Graves and Watson, 1991). Thigoist chamber was followed by8 minutes rinse in PBS and staining
lack of homology could prevent synapsis and SC formatioith 2 pg/ml DAPI (4,6-diamidino-2-phenylindole). After a final
between these chromosomes. However, recent studies hairese in PBS, the slides were mounted with Vectashield (Vector
revealed that in some Australian marsupials the X and Y.aboratories). For double immunolocalisation the primary antibodies
chromosomes share some sequences (Toder et al., 1997; Todefe incubated simultaneously except for the double localisation of
et al., 2000). Whether these sequences constitute a PAR §&§P1 and SCP3. In this case the slides were first incubated for 1 hour
uncertain. with serum A2 against S_CPl, rinsed in PBS and incu_bated_overnight
In this study we followed meiotic sex chromosome pairin t 4°C with a FITC-conjugated Pafsagment goat anti-rabbit 1gG

. | f th il 5| | ! Jackson) at a 1:100 dilution. AftexB) minutes rinse in PBS the
In maies o € marsupial speciesylamys €legansising  gjiges were incubated with serum Al against SCP3 for 1 hour, rinsed

immunolabelling and electron microscopy. We présens.s minutes in PBS and incubated with TR-conjugated goat anti-
immunocytological evidence that sex chromosomes do n@hpbit IgG (Jackson) at a 1:150 dilution.

form SC during first meiotic prophase, confirming the Observations were made on either a Nikon Optiphot or an Olympus
ultrastructural observations made in this and other marsupi&8H2 microscope equipped with epifluorescence optics and the images
species. We also show that the specific pairing structure @fere photographed on Fujichrome Provial300 Kodakchrome 100.
marsupia| sex Chromosomes' the dense p|ate, is labelled §9|(_)UI’ slides were scanned in a_m Agfa DuoScan T-1200 or a Polaroid
antibodies against the SCP3 protein of the AEs. AdditionallySPrintScan 35 scanner, and images were processed with Adobe
we show that component(s) of both sex chromosomal AEs arghotoshop 6.0 software on a Power Macintosh G3,

the DP, but not of the autosomal LEs, are phosphorylated, as

revealed by MPM-2 antibody labelling. We propose that DP ig&lectron microscopy

formed in mid pachytene as a modification of the seXseminiferous tubules were processed with conventional techniques
chromosomal AEs. We discuss the biological significance obr electron microscopy. They were fixed in 3% glutaraldehyde in
the structural and behavioural features displayed by marsupi@l067 M Sérensen phosphate buffer (pH 7.2) for 90 minutes, rinsed
sex chromosomes during first meiotic prophase. and postfixed in 2% OsJor 1 hour and embedded in Embed 812
(EMS). Serial ultrathin sections were obtained with a DuPont
MT2-B ultramicrotome and contrasted with uranyl acetate and lead
citrate.
Materials and Methods For spreading we followed the technique described by Solari
Males of Thylamys elegand/aterhouse (Didelphidae) were collected (Solari, 1982). A testicular cell suspension enriched in pachytene
in the central region of Chile. The specimens were castrated by a csppermatocytes was dropped over a 0.5% NacCl solution. Spread cells
at the base of the scrotum, the seminiferous tubules were extractegre picked up on plastic-coated slides and fixed in 4%
and placed in PBS (137 mM NaCl, 2.7 mM KCI, 10.1 mMRNRO;, paraformaldehyde in 0.2 M MB4O7 buffer (pH 8) containing 0.03%
1.7 mM KHPQy, pH 7.4) for further processing. SDS for 10 minutes. The slides were then washed in 0.04% Photoflo
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(Kodak), air-dried and stained with 1% PTA in ethanol. Selected cella dot-like chromosome (Reig et al., 1972). Anti-SCP3 serum
were transferred to parallel bar copper grids. Observations were matibelled axial structures in the nuclei of first meiotic prophase
on a Zeiss EM 109 transmission electron microscope operated at 8ermatocytes (Figs 1 and 2). This pattern of labelling is
KV. Photographs were recorded on Kodalite negative film (KOdak)-thought to represent the unpaired axial elements (AEs) of

Fofr imrqgn?]c%toc_hegwilsta, g?mi”iferogsf}”b‘é'ej "7"33r)e ffixeg L” 4%, utosomes and sex chromosomes as well as the lateral elements
pararormaldenyde in 0. orensen opurmer (p . or ours, i .
Dehydration was followed by embedding in LR White (London (LEs) of the synaptonemal complex (SC). Anti-SCP3 labelling

Resins). Silver-gold sections were obtained in a Reichert—Jur;%”Q\.Ned us to deduce the sequence of ”.“e'O“.C Chrom.os.ome
Ultracut ultramicrotome and mounted on nickel grids. The grids witP@ifing in T. elegansspermatocytes during first meiotic
the sections were incubated with serum Al against SCP3 at dilutiof¥ophase.
of 1:200 and 1:500 for 1 hour, washed in PBS &b 4ninutes,
incubated with 10 nm gold-conjugated goat-anti rabbit IgG (EMS) for. _
1 hour, washed in PBg, postfi>!e((‘::iJ in 202 glutaraldehydegfor(Z mir)lute@'ﬁerem"fjltlon of chromosome AEs
and contrasted with uranyl acetate. Observations were made on a Jéble only labelling detectable with anti-SCP3 serum in
1010 transmission electron microscope operated at 80 kV. leptotene spermatocytes are small spots homogeneously
distributed in the nucleus (data not shown). Axial structures are
first detectable during zygotene, when the autosomal AEs are
Results seen as faint threads (Fig. 1A). At this stage, the chromosomes
The chromosome complementTiylamys elegan@n=14) is  show a ‘bouquet’ arrangement with the telomeres clustered in
composed of six autosomal pairs and a pair of sewne region of the nucleus. Synapsis of autosomes initiates at
chromosomes (XX in females and XY in males), the Y beindelomeres and extends to the interstitial regions. The synapsed

Fig. 1. Double immunolabelling
on spread. eleganprimary
spermatocytes with anti-SCP:
(green) and anti-centromere
CREST (red) sera.

(A) Zygotene. The anti-SCP3
antibody labels axial structure
that are polarised in a ‘bouque
configuration. Paired regions
(arrows) appear thicker than tl
unsynapsed autosomal AEs
(arrowheads). The sex
chromosomal AEs (X,Y) are
recognisable in the bouquet
area, and they are separated.
higher magnification (A the
irregular outline of the X AE
can be seen. The AE of the Y
chromosome (inset) is regular
and the centromere is
subterminal. (B-F) Pachytene.
The bouquet arrangement is I«
and the six autosomal pairs ai
fully synapsed. (B,B. Early
pachytene. The sex AEs are
thickened and separated. The
AE loses its irregular outline.
(C,C) Early-mid pachytene. Si
chromosomes start to make
contact by means of fine three
labelled in green with anti-SCI
(arrowheads in §. (D,D') Mid
pachytene. Sex chromosomal
AEs (XY) become thinner. An
anti-SCP3-labelled structure
(arrow) with a horseshoe plate
appearance is associated witt
the ends of the sex AEs. The.
of the Y chromosome is
immersed in this plate. (E“BMid pachytene. The AE of the X chromosome loses its stiffness and folds. The AE of the Y chromosome is
immersed in the anti-SCP3 labelled plate (arrow). (F) Late pachytene. The autosomal SCs are fragmented (arrowbkedalgjeitient of the
XY body. The AE of the X chromosome is seen as a fine and fragmented thread tracing several loops. X and Y AEs aretstilivatistloea
anti-SCP3-labelled plate (arrow). Centromeres are still detectable but are fainter than in previous stages (arrowhdasin Be¢a;F);
2umin (A'-F).
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regions appear as short terminal segments where the anti-SQfeation to the structure and behaviour of sex chromosomes.
labelling is thicker than that observed along the unpaired AE&Ve did not follow the classification of meiotic stages of
which radiate from the bouquet area as arcs that occupy tiRattner because in spreads and squashes the structure of the
whole nuclear space (Fig. 1A). The bouquet arrangememseminiferous epithelium is disrupted (Rattner, 1972).
loosens as zygotene progresses and is completely lost by tHewever, our classification is consistent with the pachytene
beginning of pachytene, when autosomes are completeBequence described by Solari and Bianchi (Solari and Bianchi,
synapsed (Fig. 1B-F). 1975).
AEs of sex chromosomes are strongly labelled with the anti-
SCP3 serum during zygotene (Fig. 1A). They are thicker than
expected for a single AE and appear even thicker than the Early pachytene
synapsed regions of autosomes. The sex chromosomal AEs &a&chytene is identified by the complete synapsis of autosomes
arc-shaped, with their tips broadening at the attachment platésig. 1B). Labelling with anti-SCP3 shows a single line along
at the nuclear envelope. The outline of the AE of the Xeach bivalent representing the two LEs, one per homologue, of
chromosome is irregular, showing some narrow regions (Fighe SC. The position of the centromeres along the bivalents,
1A"). The Y chromosome AE is very short and forms a smaltevealed by immunolabelling with an anti-centromere CREST
arc (inset in Fig. 1A. In this phase the sex chromosomes areserum, allowed us to identify three long submetacentric
located in the bouquet area and usually lie apart from eadfivalents, one mid-sized submetacentric and two small
other. Occasionally they appear end-to-end associated, asrocentrics (Fig. 1B-F), in agreement with the somatic
shown in Fig. 3G, but they disperse over the nuclear envelop@aryotype described previously (Reig et al., 1972). At the
as bouquet polarisation loosens. beginning of pachytene, sex chromosomal AEs appear shorter
and thicker than in zygotene, although the outline of the AE of
the X chromosome still shows some irregularities near the

Pairing of sex chromosomes telomeres. Sex chromosomes lie separated from each other and
Pachytene was divided into substages (early, mid and late) imay frequently occupy very distant domains within the nucleus
(Fig. 1B).

However, the behaviour and structure of sex chromosomal
AEs change as early pachytene proceeds. They become thinner
and the AE of the X chromosome becomes regular. These
changes in the morphology of AEs are coincident with a
progressive approach of the sex chromosomes, until they
eventually touch each other (Fig.'LCThe contact is always
made at the chromosome ends and occurs at the nuclear
periphery. This is especially evident in preparations of
squashed spermatocytes, where the three-dimensional
organisation of chromosomes within the nucleus is maintained
(Figs 2 and 4). Contact between sex chromosomal AEs marks
the transition to mid pachytene.

Double immunolabelling with anti-SCP3 and the anti-
centromere serum revealed that the X chromosome is
submetacentric, and the Y chromosome is acrocentric (Fig. 1A
and B). Therefore, we were able to distinguish Xq from Xp
and Yq from Yp. We found that all possible configurations of
contact occurred: sex chromosomal AEs can make contact by
means of one (Fig. 2&C') or both ends (Fig. 1CFig. 2B),
and the contact may be established by both short arms (Fig.
1C, Fig. 2A), both long arms (Fig. 2Tor by X long arm with
Y short arm (Fig. 2B. Thus, these first contacts do not seem
to be arm specific.

Mid pachytene

Fi_g. 2.D_oub|e immunolabelling on squashed primary spermatocytesDuring mid pachytene sex chromosomal AEs become thinner
with anti-SCP3 (green) and anti-centromere CREST (red) sera.  and more regular than in early pachytene (Fig. 1D,E). Their
(A-A") Single focal plane through an early pachytene spermatocyte.ends lose direct touch, becoming associated instead by a
Sex chromosomes lie on the nuclear periphery. Five autosqmal structure labelled by anti-SCP3 (Fig. "LDThis plate-shaped
centromeres and the sex chromosomes centromeres are visible. X structure is continuous with the sex chromosomal AEs and lies

and Y short (Xp and Yp respectively) arms face each other. : ;
(B-B") Single focal plane of an early pachytene spermatocyte in " the region where the chromosome ends are attached to the

which the sex chromosomes are in contact. Here the association is Nuclear envelope (Fig. 2t starts to form around the tips of
Xg-Yp and Xp-Yq (arrows). (C-G A mid pachytene spermatocyte ~ the sex chromosomal AEs and increases in size throughout mid
in which both X and Y long arms face each other (arrow). Baxmp5 pachytene, until it eventually includes all four ends of sex
in (A-C); 2um (A'-C"). chromosomal AEs (Fig. 1k
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Late pachytene contact by means of their ends (Fig. 3H) or by the anti-SCP3-
Sex chromosomal AEs elongate and become thinner durirlgbelled plate (Fig. 3I).
late pachytene (Fig. 1F)F The AE of the X chromosome  These results indicate that no canonical SC central element
folds, usually forming several loops (Fig.'LFThe AE of the €Xists between sex chromosomes, even though the sex
Y chromosome is difficult to distinguish because it ischromosomes are associated. Instead, the ends of sex
immersed in the plate labelled by anti-SCP3, but th&hromosomal AEs associate over the nuclear envelope by
centromere signal indicates its presence. The morphologiclleans a dense plate-like structure, which holds the sex
changes of the sex chromosomal AEs in late pachytene aggromosomes in close apposition.
accompanied by changes in the autosomal SCs. The labelling
with anti-SCP3 starts to fade along the LEs of the bivalents
and they appear fragmented (Fig. 1F). At the end oPresence of phosphoproteins on the sex chromosomal
pachytene, the spermatocytes enter a diffuse stadtEs
characterised by decondensation of the chromatin and alle also followed the behaviour of the sex chromosomes by
almost complete disappearance of labelling with anti-SCP&eans of immunolabelling of squashed spermatocytes with
and the other antibodies. No later meiotic stages (diplotendPM-2, an antibody that recognises phosphoproteins. This
onwards) were found on the spread slides. They were preseahtibody has proved to reveal some component(s) of the SC in
but rare, on squash slides, indicating that they are short-livedsects (Suja et al., 1999) and fungi (van Heemst et al., 1999).
phases. We used MPM-2 in combination with the anti-SCP3 serum, and

Given that sex chromosomal AEs are not in side-by-sideve found that whereas anti-SCP3 serum labels the autosomal
contact during most of meiotic prophase, it seems that they ak€&s of SC and the sex chromosomal AEs (as described above),
not kept together by a tripartite SC structure. To detect wheth&tPM-2 yields intense labelling only on the sex chromosomal
a SC central element is formed between sex chromosomal ABR&s. This labelling appears in zygotene (data not shown), and
during any of the stages of first meiotic prophase, we carrieitl reveals a pattern of morphological and temporal changes of
out double immunolabelling with anti-SCP3 and a serum thahe sex chromosomal AEs identical to that described with anti-
recognises the SCP1 protein, a component of the CE and tB€P3 serum. During early-mid pachytene the thickened sex
TFs of the SC (Meuwissen et al., 1992). During zygotene, antehromosomal AEs approach each other and make contact (Fig.
SCP1 label covers only those regions where the homologud#-D). The labelling of both antibodies matches perfectly on
are synapsed, whereas the anti-SCP3 serum labels both the sex chromosomal AEs and the thread that connects them
AEs and LEs of autosomes (Fig. 3A,D). Sex chromosomglFig. 4C,D). In late pachytene (Fig. 4E-H), MPM-2 labelling on
AEs, revealed by anti-SCP3 labelling, are devoid of signal witlthe X and Y AEs becomes fainter and an intense labelling,
the anti-SCP1 serum, even when sex chromosomal AEs appednich colocalises with the anti-SCP3 labelled plate, appears in
occasionally end-to-end associated (Fig. 3G). In pachytenthe area of association of sex chromosomes with the nuclear
autosomes are fully synapsed and the signals of anti-SCP1 amavelope. The MPM-2 labelling of sex chromosomes indicates
anti-SCP3 sera are completely coincident on the autosomtdat either sex chromosomal AEs contain exclusive
bivalents (Fig. 3B,C,E,F). No labelling with anti-SCP1 is foundcomponent(s) or that a component shared with the autosomes
on the sex chromosomes during pachytene, either when theyspecifically phosphorylated in sex chromosomal AEs.

Fig. 3. Double immunolabelling on
spread primary spermatocytes with
anti-SCP1 (green) (A-C) and anti-
SCP3 (red) (D-F) sera.

(G-1) Enlargement of the sex
chromosomes shown in A-F, where
the anti-SCP1 and anti-SCP3 labell
have been superimposed and appe
yellow where they colocalise.

(A,D) Zygotene spermatocyte whert
synapsed autosomal regions are
labelled with both SCP1 and SCP3
(arrows in A and D), whereas
unsynapsed autosomal and sex (X
AEs are only labelled with anti-SCF
(arrowheads in D). (G) Enlargemen
of the sex chromosomes shown in ¢
and D. The end of an autosomal S(
appears yellow, whereas the
unsynapsed sex chromosomal AEs, associated by one of their ends (arrowhead), only show red labelling corresponding to anti-SCP3
(B,E) Mid pachytene spermatocyte. Autosomes are fully synapsed as indicated by colocalisation of anti-SCP1 and anti-3gP3 labelli
(H) Detail of the sex chromosomes shown in B and E where they are associated by an anti-SCP3-positive structure (arrowimedad) that
labelled with anti-SCP1. (C,F) Late pachytene spermatocyte. Autosomes are fully synapsed. (I) Detail of the X and Y estsowiatioc

and F. The anti-SCP3 positive plate (arrowhead) maintains the association between the sex AEs but no anti-SCP1 lakelindarpre
10pum in A-F; 2um in G-I
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Fig. 4. Double immunolabelling on
squashed primary spermatocytes wi
anti-SCP3 serum (green) and MPM-
antibody (red). (A-B) Projection of
three focal planes through a middle
pachytene spermatocyte to reconstr

the whole XY body. (A) Anti-SCP3 . -

labelling appears on the autosomal

SCs (arrow) and the sex AEs

(arrowhead). (B) MPM-2 labelling B —_

mainly appears on the sex

chromosomal AEs (arrowhead) and

diffuse nuclear foci that do not

correlate with autosomal SCs. At

higher magnification (C,D) the outlin

of sex chromosomal AEs is clear. Tt

chromosomes are connected at thei . 4

ends by a fine thread that is recogni '

by both antibodies (arrowheads in C F —

The labelling with anti-SCP3 matches

perfectly with that of MPM-2. (E,F) Projection of three focal planes through a late pachytene spermatocyte to recondtaletXiehody.

(E) Autosomal SCs (arrow) are faintly labelled with anti-SCP3. The plate connecting sex chromosomal AEs (arrowhead) hdénisizease
and includes the four chromosome ends. (F) MPM-2 labelling only appears on the sex body. Higher magnification (G-H) shofvthdetails
XY association. The intensity of labelling is so high on the plate that joins sex chromosomal AEs that it outshines théadutimesome
AEs. This plate is larger than the region of attachment of AEs to the nuclear envelope. The two labels almost completeNot¢hlat in
mid and late pachytene, sex chromosomes are located at the nuclear peripheryuBansA®B,E,F; 1um in C,D,G,H.

Ultrastructure of the sex body refer to as ‘balloons’ (Sharp, 1982), and the plates revealed by
The structure of the sex chromosomes was also studied bymunolabelling with anti-SCP3 serum, are very similar
means of electron microscopy. In serial sections of mid-latecompare Fig. 1 to Fig. 5), indicating that they may in fact
pachytene spermatocytes, the sex chromosomes are alreadpresent the same structure.
paired and can be identified as a condensed chromatin massFinally, we analysed labelling with anti-SCP3 serum at the
the sex body, located at the periphery of the nucleus (Figltrastructural level. Fig. 6A,B shows two consecutive sections
5A,B). Inside the sex body, axial structures corresponding tof a pachytene spermatocyte, in which the sex body is clearly
the thickened sex chromosomal AEs can be discerned, but wliescernible as a dense mass at the nuclear periphery. At the
never found any SC central element structure associated witegion of association of the sex body to the NE, the DP can be
them. The sex chromosomal AEs present conspicuoutiscerned as a structure with higher electron density than
expansions, the attachment plates, where they associate witie rest of the NE. Inside the sex body the AE of the X
the nuclear envelope (NE) (Fig. 5B). Additionally, an electronchromosome can be seen. The anti-SCP3 labelling mainly
dense material, the dense plate (DP), is deposited on the inrsgapears over the AE and the DP (Fig. 6C,D).
face of the NE. The DP is a granular structure that lies on the
inner membrane of the NE, which in this region appears to be )
stiff and is devoid of nuclear pores. The DP shows the sanf@iscussion
electron density as the sex chromosomal AEs. Indeed, boBeiring and recombination of homologous chromosomes
structures are continuous, as if the DP had been formed by tHaring first meiotic prophase are steps that ensure their correct
expansion of the sex chromosome AEs. An interesting featusegregation during the first meiotic division. This also applies
of this nuclear region is the repeated association of th& heteromorphic sex chromosomes. In eutherian mammals this
centrioles and the Golgi apparatus in the adjacent cytoplasmig accomplished by the formation of an SC, recombination
region (Fig. 5A,B). and chiasma formation in the PAR. This ensures that sex
In electron microscopic spreads (Fig. 5C-E) we detected thahromosomes are properly associated until they segregate
in early pachytene the sex chromosomal AEs are thickened addring anaphase-l. It has been shown in this and previous
lie apart from each other (Fig. 5C). The outline of X AE isworks that sex chromosomes in marsupials do not form SC
irregular, with expansions at the centromeric region and its tipgSolari and Bianchi, 1975; Sharp, 1982; Roche et al., 1986;
the latter representing the attachment plates to the NE. /Aeluja et al., 1987). This is in contrast to the way sex
pachytene proceeds (Fig. 5D), sex chromosomes approaahromosomes behave in eutherian mammals, and it implies
their AEs elongate and become thinner and electron-densieat marsupials have alternative mechanisms by which sex
material is detected at their tips. This material appears at firshromosomes associate during first meiotic prophase. Such
as fine threads connecting the AEs ends (arrowheads in Figechanisms must involve two steps: first, sex chromosomes
5D), and as pachytene proceeds, it becomes a round platehiave to come together; and second, they have to be held
which the four AEs ends are embedded (Fig. 5E). It isogether until they segregate in anaphase-l. We present here
particularly noteworthy that this structure observed on spreaglidence for how these processes are accomplished during first
spermatocytes by electron microscopy, which some authorseiotic prophase ifhylamys elegans
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Fig. 5. (A-B) Electron
micrographs of two consecuti
sections of a mid-late pachyte
spermatocyte. Sex chromatin
has higher electron density th
the rest of the chromatin. The
sex body is associated with tF
nuclear envelope (NE). An ax
(Ax) emanates from the NE
showing an expansion at its
base (arrowheads). A layer of
electron-dense material
corresponding to the dense
plate (DP) (arrow) is present
the nucleoplasmic side of the
NE. The DP has a granular
structure and is continuous w
the axis (Ax). The centrioles
(Cen) and Golgi (G) are
adjacent. (C-E) Electron
micrographs of XY pairs from
three different spread pachyte
spermatocytes. (C) Early
pachytene. The AEs are
thickened. The AE of the X
chromosome shows an irregu
outline, with expansions at its
ends and in the centromeric
region (arrow). The AE of the
Y chromosome is less distinci
(D) Mid pachytene. Both AEs
are more elongated and thinn
than in previous stages. An
electron-dense material is
present at the ends of AEs
(arrowheads). It is composed
fine threads that extend from
one extreme to the other. The
centromere knob of the X
chromosome is visible (arrow). (E) Late pachytene. The sex chromosomal AEs do not touch each other. An electron-dengeerbatkerdal,
(BL), mediates the association of AE ends. Barspt5n A,B; 1um in C,E.

The pairing of sex chromosomes Since during early pachytene sex chromosomes lie apart
The differentiation of sex chromosomal AEsTinelegansas  from each other, sometimes occupying very different nuclear
revealed by the labelling with the anti-SCP3 serum, startdomains, the confluence of the sex chromosomes during the
during zygotene and is coincident with the beginning ofransition from early to mid pachytene is the result of a
autosome synapsis. In zygotene, sex chromosomes lie in thecondary polarisation. In this sense, the close location of the
bouquet area where they are clearly distinguishable from theentrioles and Golgi complex in the adjacent cytoplasm is
autosomal AEs or SCs, but they are usually separated fronoteworthy (Solari and Bianchi, 1975; Roche et al., 1986) (this
each other, although they are occasionally found joined by theivork). Association of the centrioles with the zygotene bouquet
ends (Fig. 3G), or even joined to autosomes (data not showmpolarisation has been found in man (Berrios and Fernandez-
These associations seem to be unstable since by the beginnbgnoso, 1990) and other species (for a review, see Zickler and
of pachytene sex chromosomes are always separated afigckner, 1998). It is likely that the centrioles play some role
without contact and remain so throughout early pachytenén the late polarisation of sex chromosomes, leading to the
However, sex chromosomes approach and pair during tHermation of a pachytene ‘late bouquet’ where the sex
transition between early and mid pachytene. This ighromosomes ultimately find each other. It is remarkable that
accompanied by changes in the organisation of sethis late polarisation affects sex chromosomes but not
chromosomal AEs: they become thinner at the time of pairinqqutosomes. The remaining question is how do sex
the outline of X chromosome AE becomes regular and thehromosomes recognise each other. We found that during
trajectory of Y chromosome AE is clearly discernible. Inpachytene inT. eleganghe first contact of sex chromosomal
contrast to the occasional zygotene associations, pairing of SAEs is established at their ends. One possibility is that sex
chromosomes during early-mid pachytene occurs in everghromosomes bear terminal homologous regions involved in
nucleus, is stable and lasts (at least) until the entry into their recognition. However, the fact that the association of sex
diffuse stage. chromosome AEs could involve any of their ends indicates that
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Fig. 6. Electron microscopic labelling with anti-SCP3 serum in pachytene spermatocyte sections. (A,B) Two serial sections of the same
spermatocyte. The sex body (XY) is recognisable by its high electron density. Inside the sex body, an axial structuabdked isith gold
grains (arrow), so is the dense plate (DP) (arrowheads). (C,D) Higher magnification of two serial sections of another speGuoltargins
appear on the axial structure (Ax) (arrows) and on the dense plate (DP) (arrowheads). Barsy@®3B; 0.2um in C,D.

it does not depend upon specific chromosome arm recognitiogex chromosomes (Hayman, 1990; Toder et al., 1997; Toder et
Therefore, sex chromosomes seem to recognise each other, &ut 2000). NORs usually form a normal SC when they are
this recognition is not based on the pairing of a specifipresent in autosomal chromosomes in most mammalian
chromosome region. This strongly supports the absence ofspecies, including marsupials (S.B., unpublished), but in
pseudoautosomal region. marsupials no SC is found between NORs when they are
present in sex chromosomes (Sharp, 1982; Hayman, 1990).
) o Thus, it seems that marsupial sex chromosomes inhibit the
The asynaptic nature of the XY association formation of an SC, even in the presence of putative
In T. eleganswe did not find sex chromosomal SC either byhomologous regions (Hayman, 1990). This contrasts with the
light or electron microscopy. In spreads and serial sections fdrehaviour of eutherian sex chromosomes, in which SC
electron microscopy the sex chromosomal AEs were alwayfsequently extends from the PAR to the non-homologous
found too far apart to be connected by SC central region, arsggments during early pachytene (Solari, 1970). We suggest
no structural components of the CE were detected. Moreovehat the lack of SC in marsupial sex chromosomes may result
sex chromosomes are devoid of labelling with the anti-SCPftom structural modifications of their AEs. One of the features
serum. present in all marsupial sex chromosomes studied up to now is
Several hypotheses have been postulated to explain thtige conspicuous thickening of their AEs. This feature has been
absence of SC in marsupial sex chromosomes. Solari ameported in a variety of eutherian mammals (Solari, 1974;
Bianchi proposed that the small size of the Y chromosom8olari, 1993). In these cases, the thickening mainly involves
could be an obstacle for a proper alignment of the sethe unpaired regions of chromosomes, whereas the LEs that
chromosomes (Solari and Bianchi, 1975). However, SC is ngtarticipate in the formation of SC in the PAR are about as thick
formed even in species with a long Y chromosome (Roche efs autosomal LEs. One possible explanation is that structural
al., 1986), suggesting that chromosome size is not modifications of sex chromosomal AEs, starting in zygotene,
determinant factor. On the other hand, some authors hapeevent the SC formation.
postulated that the lack of SC is due to the absence of sharedOur findings that sex AEs are the only axial structures
homologous sequences between both sex chromosomes. Il{abelled with MPM-2 antibody inT. elegansspermatocytes
currently accepted that sex chromosomes in marsupials wousdipports such a model. Because SCP3 and MPM-2 colocalise
have undergone a sequential process of differentiation fromwn the sex chromosomes throughout meiotic prophase, it could
each other, leading eventually to a complete loss of homolodye possible that MPM-2 recognises a hyperphosphorylated
(Graves and Watson, 1991). In this context, the absence fafrm of SCP3. Alternatively, MPM-2 could recognise a
homology may prevent the formation of SC and thereforelifferent component that is exclusive to sex chromosomes. In
recombination and chiasma formation (Hayman, 1990)either case, the specific presence and/or phosphorylation of
However, it has been reported that shared sequences betwseme proteins on the sex chromosomal AEs could contribute
sex chromosomes are present in some marsupials as a resultoofan inhibition of SC formation. All these structural and
translocation of the nucleolar organiser regions (NORSs) to bothiochemical modifications of the sex chromosomal AEs could
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be related to the programme of meiotic sex chromosomgpecific modification of the sex chromosomal AEs. Such a
inactivation, preventing the establishment of heterologoumodel is represented in Fig. 7. It is interesting to note that there
interactions between sex chromosomes and othas an inverse correlation between the anti-SCP3 labelling on
chromosomes, and also contributing to by-passing the meiotgex chromosomal AEs and that found on the DP. Our results
arrest that should be induced by the unsynapsed sewith MPM-2 also support this inverse correlation. The DP

chromosomal AEs (Handel and Hunt, 1992; McKee andeems to be formed by the material detached from the AEs, but
Handel, 1993). we cannot reject the hypothesis that the DP is also formed by

the accumulation of newly synthesised components.

o ] The presence of SCP3 in the DP is of special interest.
Maintaining marsupial sex chromosomes together: the Despite the polyclonal origin of the rabbit anti-SCP3 serum,
dense plate the labelling on meiotic chromosomeslotlegangollows the
In the absence of SC, it is clear that the DP maintains treame pattern described for eutherian mammals (Lammers et
association of sex chromosomes. The DP was first describedl, 1994; Dobson et al., 1994). Thus, anti-SCP3 labels the
in spermatocyte sections fonodelphis dimidiatdSolariand unpaired AEs during zygotene and the paired LEs in
Bianchi, 1975). Afterwards, Sharp described the presence phchytene. Moreover, the presence of SCP3 in the DP has been
‘balloons’ in spermatocyte spreads of about twenty marsupialorroborated by the use of a guinea pig polyclonal serum
species (Sharp, 1982). Solari proposed that the balloons cowddainst the SCP3 protein (Alsheimer and Benavente, 1996)
represent remnants of the nuclear envelope that would remajdata not shown). SCP3 has been related to the organisation of
attached to the sex chromosomal AEs in spreads (Solari, 1998)e AEs and LEs of the SC, and also, as remnants of these
From our results it seems clear that both the DP and the ballostructures, in the maintenance of sister chromatid cohesion
are different manifestations of the same structure, as suggesthating meiosis (Moens and Spyropoulos, 1995). We
previously (Roche et al.,, 1986). The detailed analysislemonstrate that SCP3 participates in the formation of the DP,
throughout first meiotic prophase of sex chromosomewhich is a non-axial structure. Therefore, we report a novel
structure and behaviour by means of immunofluorescencansuspected role for this protein in marsupial meiosis.
electron  microscopy spreads and sections and A remaining question to be answered is whether the DP
immunocytochemistry techniques enabled us to establish raaintains the association of sex chromosomes until they
morphological, temporal and compositional correlationsegregate during anaphase-l. Solari and Bianchi described a
between the SCP3-labelled structures (Figs 1, 4 and 6), tiielded sheet associated to the sex chromosomes in metaphase-
balloons (Fig. 5C-E) and the DP (Fig. 5A-B, Fig. 6). Therefore| in Monodelphis dimidiatgSolari and Bianchi, 1975). This
we can conclude that all these structures are in fact the sanséructure most probably represents the remains of the DP.
and we propose to refer to them as the dense plate, as they widmvever, these authors did not attribute any role to the folded
first named (Solari and Bianchi, 1975). sheet in the maintenance of the integrity of the sex bivalent,

Our data also establish an unequivocal correlation betweesince they assumed that a chiasma must exist between sex
the sex chromosomal AEs and the DP. We show that botthromosomes. Further studies on the orientation and
structures share some components, since they are labelled wsgregation of marsupial sex chromosomes during first meiotic
anti-SCP3 and also with MPM-2, and that the development dfivision are under way in order to test these hypotheses (J.P.,
the DP is coincident in time with the progressive thinness afinpublished).
the sex chromosomal AEs. Furthermore, the DP seems to beFrom the results presented here it is clear that marsupials and
originated by the expansion of the sex chromosomal AEs en@sitherians have striking differences in the meiotic process
attached to the nuclear envelope. This agrees with observatiotencerning the structure and behaviour of sex chromosomes.
made in spermatocyte sections (Fig. 5) that show botRerhaps the most important difference is the development of the
structures are continuous. It is likely that the DP arises as@P as a differentiation of the sex chromosomal AEs, which

Fig. 7. Schematic representation of sex chromosome = B

(X,Y) structure and behaviour throughout pachytene. o e
upper row depicts sex chromosomes as seen in spre. 1 -
spermatocytes, either by electron microscopy or by

labelling with anti-SCP3 serum or MPM-2. AEs are : ; &
initially short and thick and do not touch each other (¢ ~/.

In later stages, AEs become thicker and more loosely
organised, and dense material starts to be deposited

their ends (B). Eventually, this material includes the e
of both chromosomes, and the AEs appear as faint tf
(C,D). The lower row shows the sex chromosomal AE
seen in electron microscopy sections and in squashe
labelled with the anti-SCP3 serum or MPM-2 antibod:
Initially X and Y AEs lie apart from each other, showir
a stiff appearance and an irregular outling.(A

Subsequently, sex chromosomes approach and form

sex body, revealed as a dense chromatin mass, and thelr

AEs touch (B). Thereafter, AEs start to loose their stiffness, and the material composing the AEs is deposited on the nuclear envefdlge (NE)
the label on the AEs decrease¥(Einally, AEs get thinner and looped, and the dense plate (DP) forms, extending from the attachment plates of
sex chromosomal AEs to the nuclear envelope. The DP extends until it includes the ends of both sex chronipsomes (D
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ensures their association at least during first meiotic prophaserelated to X-linked lymphocyte-regulated geriésl. Cell. Biol. 14, 1137-
This indicates that some components of the SC, in this case theitt146.

e i~ ; cKee, B. D. and Handel, M. A.(1993). Sex chromosomes, recombination
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