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Summary

The meiosis-l spindle in flea-beetle spermatocytes is
unusual in that the autosomes and univalent sex
chromosomes are separated by a mitochondrial sheath and
move polewards at different times. To help understand the
basis for this interesting chromosome behaviour, and to
gather more detailed information about it, we studied

microtubule distributions throughout meiosis | using

immunofluorescence and confocal microscopy, and took
careful measurements of pole and kinetochore positions at
all stages of division. Our results show that, by late
prophase, there is a spindle-shaped cytoplasmic array of
microtubules in the central part of the cell, with the nucleus

autosomes move centrally to the ‘cytoplasmic spindle’. The
two unpaired sex chromosomes remain at the cell periphery
and appear to be connected to each other by a microtubule
bundle extending between their kinetochores. These
bundles often persist into anaphase. Analysis of
measurements taken from fixed/stained cells supports
previous observations that sex chromosomes move part
way to the pole in early prometaphase and then stop.
The measurements also suggest that during autosomal
anaphase, spindle elongation precedes autosome movement
to the poles and polewards movement of sex chromosomes
is limited or absent when autosomes are moving polewards.

at the periphery. Following nuclear envelope breakdown,
both autosomes and sex chromosomes become associatedkey words: Microtubules, Meiosis, Chromosome orientation,
with cytoplasmic microtubules, although only the Acetylated tubulin

Introduction (e.g. Schultz, 1966; Schultz, 1973; Cimino, 1972), the entire

Models of cell division are generally based on studies ogomplement of male-derived chromosomes segregates to one
cultured vertebrate somatic cells, in which chromosomegole during anaphase, while the female-derived chromosomes
behave uniformly and the direction of anaphase movement gove to the other pole. These examples are just a few of many.
determined by the orientation of sister kinetochores to opposite Mechanisms that give rise to non-uniform behaviours of the

poles. However, many other interesting and unusual divisiognds described above are largely unknown. One possible
exist, and several examples are found in male meiotic cel@xception is the coordinated movements of univalent sex

(White, 1973). Non-uniform chromosome behaviour occurs ithromosomes in crane-fly spermatocytes. In these cells, the
grasshopper spermatocytes, where the single univalent (0 sex chromosomes remain univalent (unpaired) throughout
chromosome remains unpaired and moves to one of the twoeiosis I. They congress to the metaphase plate with the
poles before the start of autosomal anaphase (Nicklas, 196Djvalent autosomes and then remain at the equator until the
In the spermatocytes of other species, single univalents mightitosomes complete anaphase, at which time they begin their
act differently, such as moving polewards after the autosomesvn anaphase motion to opposite poles (e.g. Forer, 1980).
reach the poles or dividing equationally in meiosis | (Stevenssxperiments suggest that this independent behaviour involves
1909). Non-random chromosome segregation has also betal signalling between the two univalents. For example, in

described. In mole-cricket spermatocytes, for example, thaicromanipulation experiments, when one of the segregating
larger partner of a heteromorphic bivalent invariably segregatemivalents is pushed opposite to its direction of anaphase
to the same spindle pole as the univalent sex chromosome (emgption until it overtakes the other univalent, both univalents

Payne, 1916; Camenzind and Nicklas, 1968; Kubai and Wisegverse their directions of motion (Forer and Koch, 1973),

1981). InSciaraspermatocytes (e.g. Gerbi, 1986; Goday andsuggesting that, as the two move to opposite poles, there is
Esteban, 2001), mealy bug spermatocytes (e.g. Brown and Negntinuous signalling between them. Signalling also seems to
1964; Brown and Weigmann, 1969) aRdeciliopsisoocytes occur between univalents and autosomes or between their
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spindle fibres (cf. Dietz, 1969; Sillers and Forer, 1981), and Virkki (Virkki, 1971; Virkki, 1972) showed that the
local signals seem to coordinate the movements of partner hafutosomes move centrally following nuclear membrane
bivalents to opposite poles during anaphase (Yin and Fordsreakdown, establishing a central spindle, while the unpaired
1996). sex chromosomes remain behind. There is little information to
The structural and chemical bases for these locadxplain why the sex chromosomes do not move with the
‘coordination’ mechanisms are unknown, but they serve tautosomes, although Virkki argued that the autosomes are
remind us that individual chromosomes respond to local dsctivated’ for movement before the sex chromosomes (Virkki,
well as to global signals, and that understanding thes¥971), or that sex chromosomes make connections with the
unconventional divisions might provide clues aboutpoles later than the autosomes (Virkki, 1972). Although
mechanisms underlying more conventional divisionsremaining at the cell periphery, the sex chromosomes do make
Unfortunately, they have been studied less than conventionabnnections to opposite poles and move towards opposite
tissue culture cells and, aside fro8tiara spermatocytes poles, but the details of this process are unknown. For example,
(Gerbi, 1986), no one has studied them genetically. In thig remains unclear how the unpaired sex chromosomes manage
article, we describe observations of one of these uniqu® orient to opposite poles; several studies reject the notion that
divisions: meiosis-1 in spermatocytes of flea beetles. there are connections or physical interactions between the sex
Spermatocyte divisions in flea-beetle species includinghromosomes (Virkki, 1972; Virkki, 1985; Kupfer and Wise,
Alagoasa(Oedionychugbicolor and Omophoita cyanipennis 2000a; Green-Marroquin et al., 2001). With respect to sex-
have several unique features described in some detail by Virkkhromosome spindle fibres, Virkki (Virkki, 1971; Virkki,
(Virkki, 1970; Virkki, 1971; Virkki, 1972; Virkki, 1973; 1972; Virkki, 1985) described them as syntelic (i.e. each sex
Virkki, 1985; Virkki, 1990). He described meiotic cells with chromosome has fibres extending to only one spindle pole);
ten small autosomal bivalents and two large univalent semore recently, Green-Marroquin et al. argued that the sex-
chromosomes, X and Y. The most distinguishing feature ofhromosome spindle connections are initially amphitelic (i.e.
these cells was that early in prometaphase | the autosomeach sex chromosome has fibres extending to both poles)
became separated from the unpaired sex chromosomes, withd later become syntelic (Green-Marroquin et al., 2001).
the sex chromosomes remaining at the cell periphery and tlnfortunately, none of the studies provide sufficient evidence
autosomes moving centrally. The two groups of chromosomés be convincing and none include a comprehensive study of
then seemed to form separate spindles and the autosonmeirotubule organization within the two spindles.
proceeded through the normal stages of meiosis |. Before theFinally, there is the issue of the independent behaviour of
autosomes entered anaphase, the two sex chromosonagosomes and sex chromosomes. Virkki (Virkki, 1967; Virkki,
oriented to opposite poles, moved polewards and then stopp&€70; Virkki, 1972) argued that as the autosomes proceed
part way to the pole and remain stopped until the autosomésrough prometaphase, metaphase and anaphase the univalent
entered anaphase. sex chromosomes orient and move part way to opposite poles
Recent data (Forer and Wilson, 2000; Green-Marroquito form a ‘distance bivalent’ by autosomal metaphase. [The
et al., 2001) have shown that, in fact, the sex-chromosomenly exception mentioned is a case of malorientation, in which
spindle shares poles with the autosomal spindle. Neverthelesmth sex chromosomes temporarily faced the same pole and
the behaviour of the chromosomes in flea-beetle primargeemed to move in a coordinated fashion (Virkki, 1972).]
spermatocytes gives rise to several unanswered questions. Farrthermore, although no direct measurements were available,
example, what are the early events that give rise to the centitiwas Virkki's impression that the sex chromosomes moved
autosomal spindle? How are the unpaired sex chromosompselewards roughly around the time that the autosomes did in
excluded from the central spindle? How do they orient t@naphase (Virkki, 1970). However, Forer and Wilson presented
opposite poles rather than to the same pole? To what extent ai@a on kinetochore fibre lengths that seemed to argue against
the movements of the autosomes and sex chromosomée interpretation that sex chromosomes move polewards with
independent? And, finally, if the sex chromosomes indeed dihe autosomes (Forer and Wilson, 2000). Kupfer and Wise also
not move polewards when the autosomes do, how do they avaiispute this claim, arguing that there is little or no polewards
the metaphase/anaphase triggers that presumably govern thevement of sex chromosomes during anaphase (Kupfer and
autosomes? Wise, 2000a). To date, no one has addressed the mechanism
Virkki and others have attempted to answer some of theder coordinating sex chromosome movements to opposite
questions. Their work indicates that prior to prophase thpoles, nor have there been measurements of autosomal and sex-
nucleus is in the middle of the cell; by late prophase | thehromosome movement during meiosis.
nucleus is to one side of the cell (Virkki, 1970; Virkki, 1971; Related to the issue of anaphase chromosome motion is the
Virkki, 1972). A clear zone that can be seen around the nucleuslative contribution of spindle elongation. Virkki did not make
in prophase (Virkki, 1972) seems to disappear beforsufficient measurements to address the relative contributions of
breakdown of the nuclear membrane, and by late prophaseovement to the pole (‘anaphase A) and pole elongation
there is evidence of asters and of mitochondrial alignment iflanaphase B’), but Kupfer and Wise suggest from
the central part of the cell (Virkki, 1972), where the autosomameasurements on fixed cells that, whereas spindle length does
spindle will eventually be established. Virkki referred to thisincrease between prometaphase and anaphase, spindle
early cytoplasmic alignment as a ‘cytoplasmic spindle’, butlongation in anaphase contributes little to autosome separation
he based his interpretation on the alignment of théKupfer and Wise, 2000a).
mitochondria, without information regarding microtubules. In In this article we address some of these unanswered
later publications (e.g. Virkki, 1985), he suggests that asteissues and, in particular, present more detailed information
push the nucleus to the cell periphery. about microtubule distribution and kinetochore-microtubule
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interactions throughout the first division, as well astubulin (using 6-11B-1 antibody), though some preparations were
measurements of chromosome motion at different stages ofily single stained (with YL1/2 antibody). Some preparations were
division. Unfortunately the animals are difficult to rear in treated additionally with acridine orange (0.001-0.010 mg' il

large numbers, so extended experimentation is difficultPhosphate-buffered saline), in order to label the chromosomes. In the
Nevertheless, as a first step towards extending olfase of triple-labelled cells, the acetylated tubulin and chromosomes

- . s : ere visualized in the same channel. Confocal microscope
umri]ggf‘l}gﬂgngotr)é;miargg?]arﬁﬁblih%\slg'or;’e:llvse havtllg eg?l:?jlige servations were made with a BioRad 600 confocal system attached

. LIT . a Nikon Optiphot microscope, using ax6ens (NA=1.4), as
microtubules via indirect immunofluorescence and confocaiescriped previously (Wilson et al., 1994). Distances were measured
microscopy, looking at both total tubulin and acetylatedrom confocal microscope images using either BioRad (Comos)
tubulin, the latter being an indicator of more ‘stable’software or custom software described previously (Wilson et al.,
microtubules (Wilson et al., 1994; Wilson and Forer, 19971994).

Rosenbaum, 2000). We supplemented our observations withAs described previously (Forer and Wilson, 2000), we used
study of live cells when possible and made extensivéomposite images of the entire cell to locate spindle poles. We marked

measurements of chromosome and pole positions at all stagB8 spindle-pole positions with a cursor, marked the corresponding
of division sex-chromosome and autosome kinetochore positions with a cursor,

The results, reported below, confirm the presence of g{]d used either BioRad (Comos) software or custom software (Wilson

topl . indl ior 1 tanh h that al., 1994) to measure distances between the poles and between the
cytoplasmic spindie prior 1o prometaphase, show thal S8¥neiochores and the poles. In reporting sex-chromosome distances,
chromosomes have bidirectional kinetochore fibres that oftee report the value for each chromosome in that cell; in reporting

persist into later stages of division, show that sex chromosom@ggiosomal distances, we measured distances for five or six autosome

are linked by microtubules and suggest that, during anaphasgirs in each cell and report the average value for each cell. Also as

spindle elongation precedes autosome-to-pole movement. described previously (Forer and Wilson, 2000; Virkki, 1972), in some
cells, one or a few bivalents disjoin prematurely; we classified these
cells as ‘metaphase’ and considered as ‘anaphase’ only those cells in

Materials and Methods which all autosomal bivalents were completely (and clearly)

Stocks ofAlagoasa bicolowere initially provided by Niilo Virkki, ~ disjoined.

then maintained in cages in the greenhouse at York University, reared

on Aegiphila and Chlorodendron using methods essentially as

described earlier (Virkki and Zambrana, 1983). Results

Spermatocytes in division were prepared for live observation or for . . .
immunofluorescence microscopy using methods described previousq"ylng flea-beetlg metaphase-| spermatocytes contain two
indles. Ten pairs of autosomes are arranged on a central

(Forer and Wilson, 2000). In brief, an animal was put under’™ .
halocarbon oil and its single testis removed and placed under oil. F§PiNdle, and the large sex chromosomes are on a spindle at the

some preparations of living cells, portions of the testis were smearderiphery of the cell, separated from the autosomes by a
under oil and cells observed by phase-contrast microscopy using &fitochondrial sheath (Fig. 1). Cells to be stained with
oil immersion objective (NA=1.3, 169. For immunofluorescence antibodies were first lysed in a microtubule-stabilizing buffer
preparations and other observations of living cells, portions of testeend then fixed. The relative positions and orientations of the
were placed in fibrinogen in modified Belar's Ringer's solution,chromosomes were unaltered by lysis (Fig. 1A-D); subsequent
spread, mixed with thromlbin and th.en perfused with Belqr’s solutionmmunofluorescence images revealed an abundance of
zs'“g p:_r_opedureils df‘?.scr('jbed hprev'°“5'3|’. (FQ'ﬁrha”gb '.D'Cklett'Heapﬁicrotubules in cells at all stages, as described below. In other
998). Living cells affixed to the coverslip with the fibrin clot were§ ermatocytes, the same stabilizing buffer preserves spindle

studied live and then prepared for immunofluorescence, or they we t including irradiated f red d birefri
directly processed for immunofluorescence studies. To process fgi UCtUr€S, INcluding Irradiated areas or reduced bireiringence

immunofluorescence labelling, the coverslip was placed in lysis buffdi€-9- Wilson et al., 1994; Czaban and Forer, 1994), indicating
and subsequently fixed and labelled with antibodies using procedurt3at the basic spindle cytoskeletal architecture is preserved by
described elsewhere (Wilson et al., 1994). Cells generally werthese procedures.

stained for both total tubulin (using YL1/2 antibody) and acetylated Because sex-chromosome behaviour in flea-beetle

Fig. 1.Lysis of a living cell in metaphase I. Cells to be processed for immunofluorescence staining were first lysed in a micabilibnlg st
buffer, then fixed in 0.2% glutaraldehyde in phosphate-buffered saline. General cell morphology was preserved by this (@pCediuse.
minutes prior to lysis. (B) 50 seconds after perfusion of lysis buffer: the lysis buffer is beginning to reach the celin(@ after perfusion:
lysis starting. (D) 6 minutes after perfusion: lysis is completed. Barnl0
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spermatocytes is ‘out of phase’ with autosomal behaviour, wehose autosomes are located between the cell periphery and
assessed the stage of lysed cells according to the positionsceitral spindle; (2) mid-prometaphase, the period when most

the autosomes. Thus, in describing ‘metaphase’, for examplaytosomes have reached the central spindle but have not yet
we refer to the stage in which the autosomes are at ttmongressed to the equator; and (3) late prometaphase, the
metaphase plate. Observations in this report cover the peripariod when most but not all of the autosomes have reached
from late prophase | to late anaphase I, and focus on thiee metaphase plate. Cells in which all autosomes are at the
creation of the central autosomal spindle, the behaviour of trequator, with well-developed connections to the poles, are

sex chromosomes and the relationship between autosonwinsidered metaphase.

movement and sex-chromosome movement.

Microtubule interactions with migrating autosomes

Establishing the central autosomal spindle during early prometaphase
The spindle is established prior to nuclear envelope Immediately following NEB the autosomes and sex
breakdown (NEB) chromosomes are intermingled. Throughout prometaphase

Late prophase cells have nuclei that are at the cell periphenyicrotubules are present between the poles, with extensive
(Fig. 2A-C), as described previously (Virkki, 1971; Virkki, microtubule arrays throughout the cell, surrounding both the
1972). The peripheral nucleus creates a bulge or out-pocketimgitosomes and the sex chromosomes (Fig. 3A). Bivalents in
of the cell membrane (e.g. Fig. 2B), which usually persistéransit from the cell periphery to the central part of the cell
throughout later stages of division (e.g. Fig. 1A). have various orientations and microtubule associations.
Phase-contrast observations of living prophase cells confiriifferent microtubule associations include fibres extending
the existence of linear cytoplasmic elements in the central aré@m only one half-bivalent to a pole (Fig. 3B,D, closed
of prophase cells, arranged in the shape of a mitotic spindErowheads), fibres extending from only one half-bivalent but
(Fig. 2A-C), presumably the structure that Virkki referred to agxtending to both poles (Fig. 3B, open arrowheads) and fibres
the ‘cytoplasmic spindle’ (Virkki, 1972). Anti-tubulin labelling extending from both half-bivalents to both poles (Fig. 3C,
of fixed cells reveal that these spindle-shaped structures contaipen arrowheads). Interestingly, there are also examples of
microtubule arrays, with poles at either end (Fig. 2D,E). Irkinetochore fibres extending away from the central spindle
most cases the microtubules appear to be unacetylated, andfkig. 3B,C, arrows). Bivalent orientation varies from
some cells one pole is associated with (or abuts) the nuclepsrpendicular to parallel to the spindle axis, and bivalents of
(Fig. 2C,E). Thus, our results confirm the existence o@ll orientations have microtubule attachments. Because
cytoplasmic microtubules arrayed in the shape of a spindlexamples of all types of attachments described above are seen
organized before the chromosomes are released by tiebivalents located between the cell periphery and the central
dissolution of the nuclear membrane. spindle area, we assume that all were moving or had been
That a central spindle is present prior to NEB means that theoving. Most bivalents that are in the central spindle
autosomes must migrate to the forming spindle followinghave normal bipolar microtubule arrangements (Fig. 3E,
NEB, rather than the spindle organizing around thearrowheads). Thus, following NEB, autosomes appear to
chromosomes, as is common in animal cells. Ouinteract with microtubules extending from the poles and begin
immunofluorescence preparations contained many cells it move into the central spindle. Association of only one half-
which the sex chromosomes were at the cell periphery ardvalent with microtubules from either one or both poles
autosomes were scattered between them and the central spinaigears to be sufficient to permit movement.
area (e.g. Fig. 3A,B), presumably in transit to the central The kinetochore fibres of autosomes in early prometaphase,
spindle. Prometaphase therefore includes the time duriras they move centrally, are weakly acetylated or unacetylated
which autosomes move to the central spindle, enter the centi@ig. 3C-E), and the attachments can appear quite delicate. By
spindle and congress to the metaphase plate. For purpose&l prometaphase, the central autosomal spindle is well
of discussion, we have subdivided prometaphase cells in®stablished and separate from the sex chromosomes (Fig. 4A-
three stages: (1) early prometaphase, the period when md@3}t and by late prometaphase and metaphase the kinetochore
autosomes are moving centrally, as deduced from fixed celfibres are acetylated (Fig. 4D), indicating that the fibres

Fig. 2. The cytoplasmic spindle. (A-C) Phase-contrast images of living cells in prophase, revealing spindle-shaped cytoplasmts alignmen
outside the nucleus. (A) Bar, 1. (B,C) Bar, 5um. (D) Labelling of a prophase cell with antibodies to tubulin reveals a spindle-shaped array
of microtubules in the cytoplasm. The nucleus is at the bottom of the frame. Ban, {B) Prophase cell triple labelled to reveal acetylated
tubulin (green), tyrosinated tubulin (red) and chromosomes (acridine orange labelling, which appears in the green clpamdielsaped
structure containing unacetylated microtubules is evident. The nucleus is at the bottom of the framgunBar, 10
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Fig. 3. Confocal serial section reconstructions
of cells in early prometaphase I, showing
kinetochore-microtubule associations of
autosomes. (A) Prometaphase cell labelled
with antibodies against tubulin. Bar, fufh.

(B) Higher magnification image of cell in (A).
The closed arrowhead points to a bivalent with
associations to only one pole. Open
arrowheads point to a bipolar connection
made by a single half-bivalent. The sister half-
bivalent has microtubule associations only to
the top pole. The arrow points to a half-
bivalent with bidirectional

microtubule associations, only one of
which points towards a pole. Bar,

5 um. (C-E) Triple-labelled
prometaphase cells, stained for
acetylated tubulin (green), tyrosinated
tubulin (red) and chromosomes
(green). Co-localization of acetylated
and tyrosinated tubulin would result

in a yellow or orange image.

(C) Arrowheads point to microtubule
associations with a bivalent that has
connections to both poles. The arrow
points to a kinetochore fibre pointed
away from the poles. Bar,|im.

(D) Different series of sections from the same
cell shown in (C). The closed arrowhead points
to a bivalent with attachments only to one pole:
notice the two fibres coming from one half-
bivalent, one from each sister chromatid. Bar,
5 pum. (E) Arrowheads point to bivalents that
have reached the central spindle and
established bipolar connections. Baprb.

(F,G) Stereo images of a prometaphase cell
showing the arrangements of microtubules and
chromosomes. Bar, 40m.

become more stable once the bivalents develop typical bipolare-existing cytoplasmic spindle from the periphery of the cell

attachments within the central spindle. by virtue of interactions with microtubules oriented toward the
spindle. Microtubule associations with a single half-bivalent
appear to be sufficient to give rise to movement. Once the

Metaphase and anaphase microtubule arrays autosomes reach the central spindle and develop bipolar

By metaphase, the autosomes have congressed to thagachments, the kinetochore fibres become thicker and

metaphase plate and the kinetochore fibres are highBcetylated, and the astral microtubules become acetylated.

acetylated (Fig. 5C). The kinetochore fibre structure at this

stage is bimorphic, as described previously (Forer and Wilson,

2000), in that the kinetochore fibre is thick and highlySex chromosomes

acetylated from the kinetochore to roughly halfway to the pol®ur study of the univalent sex chromosomes focused on three

but polewards from this point the bundle splays into severassues: (1) their failure to move with the autosomes to the

smaller microtubule bundles that extend towards the poleentral spindle; (2) their independent orientation to opposite

Astral microtubules either are focused at the poles [Fig. 4Dpoles; and (3) their polewards motion, especially with respect

see also Figs 3, 4 in Forer and Wilson (Forer and Wilsortp autosomal motion and pole-to-pole elongation. We paid

2000)] or form a broad ‘fringe’ of microtubules extending fromspecial attention to the timing of the orientation events and

the membrane across the polar ends of the cell [e.g. Fig. 5@; interactions of microtubules with the sex-chromosome

see also Fig. 2 in Forer and Wilson (Forer and Wilson, 2000)kinetochores.

Astral microtubules are acetylated by late prometaphase and

unacetylated by late anaphase (Fig. 4E). ] )

In summary, we have confirmed the existence of a spindle- Failure to move with the autosomes

like structure in the prophase cytoplasm and shown that During prometaphase, the autosomes move into the central

contains microtubules organized between two poles. Owpindle but the sex chromosomes remain at the periphery. A

observations are consistent with the autosomes moving into tipessible explanation for this behaviour would be the absence
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Independent orientation to opposite

poles
We studied the interactions of
microtubules  with  sex-chromosome
kinetochores during prometaphase, when
the sex chromosomes become oriented
to opposite poles. There is substantial
heterogeneity in the types of interactions
but, in general, they fall into three broad
groups. In the first group, termed
‘bidirectional’, thin microtubule bundles
extend from the kinetochore region in two
directions, usually but not exclusively in
the direction of the two poles (Fig. 5A,B,
arrowheads). In some cases the fibre
extending to the closest pole is slightly
thicker than the fibre extending to the
further pole but, overall, the fibres are
relatively thin and either unacetylated
or very weakly acetylated. In the
second group of kinetochore-microtubule
interactions, termed ‘syntelic’, a single
fibre extends from the kinetochore to a
single pole. The fibre typically is
relatively thick and acetylated (Fig. 5C,
arrowheads).

In the third group, termed ‘semi-
syntelic’, kinetochores are associated
with a well-developed, acetylated fibre
running from the kinetochore to the
nearest pole, but there is a second, smaller
fibre extending from the kinetochore
in the opposite direction (Fig. 5D,
arrowheads). The distinction between
‘semi-syntelic’ and ‘bidirectional’ is
based on our evaluation of the relative
development of the primary kinetochore
fibore and its acetylation relative to the
‘secondary’ (poorly acetylated) fibre: in
bidirectional fibres, the two microtubule
bundles are more similar in size, thinner
and poorly acetylated; in semi-syntelic
fibres, there is a clearly dominant

) ) ) ) o ) ~ acetylated fibre in one direction. Not all
Fig. 4. Confocal Z-series showing microtubule organization at different stages of meiosis kpres fell easily into one of the two

(A-C) Mid-prometaphase cell labelled with antibodies against tubulin and with acridine ;

orange to reveal the chromosomes. (B) and (C) are stereo images. (AuBarBC). Bar, C?éig?l?:j in C?Sg e ir:?ee rrr(ra]fg(;?at e;he data
10um. (D) Late prometaphase cell stained for acetylated tubulin (left) and tyrosinated P The f : f th d'ff
tubulin (right). The arrowheads indicate the kinetochore fibres of the two sex chromosomﬁls. e frequencies of the Iferent

Bar, 10um. (E) Anaphase cell stained for acetylated tubulin (left) and tyrosinated tubulin KInetochore-microtubule associations at
(right). Bar, 10um. various stages of division are shown in

Fig. 6, the stages being assigned by

scoring autosomes, as described earlier.
of kinetochore interactions with microtubules at this stageThe graph shows that bidirectional orientation is characteristic
Confocal images of cells labelled with anti-tubulin antibodiespf the earlier part of prometaphase, whereas semi-syntelic and
however, reveal that the sex-chromosome kinetochores asgntelic fibres are more common in later stages. Thus,
associated with microtubules during the period when therientation to opposite poles is accompanied by a shift from
autosomes are moving (e.g. Fig. 5A). In fact, we saw nbidirectional kinetochore-microtubule associations to a mainly
examples where autosomes had kinetochore fibres and samidirectional kinetochore fibre.
chromosomes did not. Therefore, a lack of microtubule It is worth noticing that in many examples of bidirectional
associations cannot be the reason for the exclusion of the sires the microtubules appear to interact with the kinetochores
chromosomes from the central spindle. at various angles. In some cases the sides of the microtubules
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appear to interact with the face of the kinetochore,
consistent with microtubules sliding along the
kinetochore rather than inserting into it.

Sex chromosomes are linked by microtubules

While analysing microtubule associations with sex
chromosomes, we unexpectedly found some
prometaphase cells with clear microtubule bundles
linking the kinetochores of the two sex chromosomes
(e.g. Fig. 5A,B). This observation prompted us to
reanalyse all of our confocal images, looking
specifically for evidence of microtubules extending
between  sex-chromosome  kinetochores. We
identified unambiguous interkinetochore connections
in 6/15 cells in early prometaphase, 1/13 cells in late
prometaphase and 1/10 cells in metaphase.
Furthermore, in most of the other cells, we could
identify putative connections between the sex
chromosomes (thin fibres or single microtubules
extending from one sex-chromosome kinetochore
in the direction of the other sex-chromosome
kinetochore). Putative connections were seen even in
later stages of division, when the sex-chromosome
spindle fibres were obvious, well-developed,
‘syntelic’ and acetylated. @ Such  putative
interkinetochore connections were observed in cells

_ _ _ _ _ . in prometaphase, metaphase and anaphase (Fig. 7).
Fig. 5. Triple-labelled cells revealing microtubule-kinetochore associations of The high frequency of both unambiguous and
sex chromosomes. Acetylated tubulin and chromosomes are green, tyrosinat%(ﬂtative connections suggests that microtubules

tubulin is red: colocalization results in yellow or orange images. iaht t th h ivalent
(A,B) Prometaphase cells showing bidirectional associations (arrowheads). B%E,'g connec € sex chromosome univaients

5 um. (C) Metaphase cell showing syntelic associations (arrowheads). Bar, (hrough all stages of division. .
10 um. (D) Metaphase cell showing semi-syntelic associations (arrowheads). Sex-chromosome arm orientation is extremely
Bar, 10um. variable in dividing cells, ranging from perpendicular
to parallel to the long axis of the spindle. We tested
whether the sex-chromosome arms change during division
from perpendicular to parallel to the spindle axis, as discussed
by Kupfer and Wise (Kupfer and Wise, 2000a), by examining
[ [— BBRR semi-syntelic D syveic the relationship between the angle made between the
chromosome arm and its associated spindle fibre at different
stages of division. There is very little change in average angle,
70 1 1 regardless of stage (Fig. 8), so we conclude that the orientation
1 of the sex-chromosome arms is not indicative of stage as we

80 T T T T

60
g measured it, and we have not found such analysis useful in
2 sS0r o | analysing sex chromosome behaviour at different stages.
3 K5 ]
3 40T K R
g g B
s 30 R o R
i % B Independent movement of sex chromosomes and
20 - pes % B A autosomes
ol BB % K% | In 1970 Virkki suggested that the sex chromosomes move
// K polewards in anaphase at about the same time that the
o s . w N autosomes do (Virkki, 1970). More recent data (Forer and
Stage of Division Wilson, 2000) dispute this claim. To help resolve the issue, we

. . o ) measured interkinetochore and kinetochore-to-pole distances
Fig. 6.Graph showing the distribution of different types of sex-  of the sex chromosomes and autosomes at different stages of
chromosome/microtubule associations at different stages of d'V'S'Ondivision classifying stage as described above — by the

We scored 29 sex chromosomes in early prometaphase (EP), 14 se isposition of the autosomes. For autosomes, interkinetochore
chromosomes in mid prometaphase (MP), 25 sex chromosomes in p ) !

late prometaphase (LP), 20 sex chromosomes in metaphase (M) andistance between autosomal half-bivalents remains essentially
26 sex chromosomes in anaphase (A). (When the number of unchanged throughout prometaphase and metaphase, then
chromosomes is uneven, one sex chromosome in the group could nigicreases during anaphase (Fig. 9).

be analysed.) A different pattern is seen for sex chromosomes (Fig. 9). By
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Fig. 7.Confocal Z-series of triple-labelled

cells revealing putative microtubule linkages
between sex chromosomes (arrowheads).
Acetylated tubulin and chromosomes are
green, tyrosinated tubulin is red. Areas of
colocalization are yellow or orange.

(A) Anaphase cell. Bar, gm. (B) Different
sections of the same cell shown in (A). Bar,
5um. (C) Close up of metaphase cell from
Fig. 5C, revealing putative connections
between sex chromosomes that were initially
classified as having syntelic fibres. Baprh.

(D) Late anaphase-I cell. Bar, futn. [Flea-
beetle spermatocytes are in cysts in the testes
and sometimes the cysts survive the spreading
procedure; the spindle partially seen in the
upper left hand corner is the sister cell (in the
cyst) to the one illustrated. Both are primary
spermatocytes.] (E) Early anaphase-I cell. Bar,
5um. Panels D and E are of cells illustrated in
different format (and composed of a different
set of Z-series sections) in Fig. 4 of Forer and
Wilson (Forer and Wilson, 2000). Only a
subset of the original Z-series is shown here.

metaphase the sex chromosomes have moveduril@part, There is another burst of separation in anaphase (on average
with most of the motion occurring when the autosomes aran increase of 8.2um), but comparison with interpolar
moving into the central spindle (before mid-prometaphase}istances (which, on average, increased byu@n7between
metaphase and anaphase) suggests that the anaphase separation
”00 is due mostly to spindle elongation. To test W_hether sex-
chromosomes move closer to the poles at this time, we
T T T T compared average kinetochore-to-pole distances for sex
T L chromosomes between metaphase (3218 and anaphase
_L AL L (19.1 um); the difference is statistically significant using
L Student'st test =0.04) but, given the size and degree of
overlap in the standard deviations and that the difference is
only barely significant at the 5% level, we do not know whether
the difference is real. We therefore attempted to gain further
insight by arranging the data in a time series. We do not know
when pole-to-pole elongation occurs relative to autosomal and
sex-chromosome movements, but we do know that during
R anaphase chromosomes normally do not separate and then stall
EP MP LP M A or move backwards, but continuously move polewards over
Stage of Division time. Thus, following the approach of Ris in his classic study
Fig. 8.Graph of the average angle made between the sex- of chromosome movement ifamalia (Ris, 1943), we used
chromosome arms and their associated fibres + standard deviation, iaterkinetochore distance of the autosomes as a measure of
different stages of division. We scored 30 sex chromosomes in earlfime during anaphase. By plotting pole-to-pole distances
prometaphase (EP), 13 sex chromosomes in mid prometaphase (MBhd sex-chromosome-to-pole distances against autosomal
25 sex chromosomes in late prometaphase (LP), 20 sex interkinetochore distances in the same cells (Fig. 10A), or
chromosomes in metaphase (M) and 26 sex chromosomes in autosome distances from the poles against autosomal

anaphase (A). Using the Studertttest witha=0.05, there is no interkinetochore distances in the same cells (Fig. 10B), we

statlsthal difference between the average angles at dlffergnt Stagesdeduce how sex chromosomes and autosomes move with
from midprometaphase to anaphase. The average angle in early

prometaphase is not statistically different from that for _respect to the spindle poles. 'Our' interpretations of these data,
midprometaphase, but is different from the other stages. [When the indicated by the lines drawn in Fig. 10A,B, are: that the poles

number of chromosomes is uneven, one sex chromosome in the ~ Separate in early anaphase but not in later anaphase; that
group could not be analysed.] separation of autosomal half-bivalents during early anaphase is

Average Angle +/- Std. Dev.
2
o
T
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B0 B8 seko sxkrp [ pp In conclusion, early in prometaphase, most sex
70 chromosomes are associated with microtubules that extend in
two directions and, in many cases, microtubules connect the
60 - ]L 7 two chromosomes. As prometaphase proceeds, the fibre

ol extending toward the farther pole is lost or diminished and the
fiore oriented to the closer pole becomes larger, more

% % T . substantial and highly acetylated, resulting in a syntelic, or
syntelic-like orientation. Because smaller microtubule bundles
often extend towards the other sex chromosome at all stages of
| division, it is possible that, at all stages of division, the sex

% chromosomes continue to maintain attachments with each
1 other via small microtubule bundles. With respect to anaphase
motion, sex-chromosome kinetochore-to-pole motion occurs
MP P A primarily during the latter part of prometaphase. The sex
Stage of Division chromosomes separate further during autosomal anaphase

Fig. 9.Plot of average interkinetochore distances for autosomes an :;Ilr;]lzlgl,[); abs accr)?]?rlgtst()fszgmdtlg ;Iaor;?’g:g)?i.rs?l‘glorzamﬁ ! sh?r:fdl e
sex chromosomes, kinetochore-to-pole distances and pole-to-pole S, DY ) P gh sp
distances at different stages of division, with standard deviations. To(elo_ngatIon and then through chromosome-to-pole motion as
generate the autosomal data, five bivalent pairs per cell were spindle length remains constant.

measured and an average distance calculated for each cell. The

average distance for data from all cells was then calculated from the

Distance (um)

KX

o

R AR
COIACRAKNS
QCREIERIEKKEES

o2

"

o
S

R

individual cell averages. Sex-chromosome data are simply the Discussion
averages of all data taken. We scored 15 cells in early prometaphas@ur findings from combined immunofluorescence and study of
(EP), 7 cells in mid prometaphase (MP), 13 cells in late living cells add significantly to our understanding of meiosis-

prometaphase (LP), 10 cells in metaphase (M) and 13 cells in

| events inAlagoasa bicolor The picture that emerges from
anaphase (A).

our data confirms that offered by Virkki (Virkki, 1970; Virkki,
1971; Virkki, 1972; Virkki, 1985) in many regards and extends
due primarily to spindle elongation, with little chromosome-his observations by providing detailed information about
to-pole motion; that after the initial spindle elongation themicrotubule organization and offering new insights about
autosomes move to the poles as spindle length remains mogwomosome motion.

or-less constant; and that, while autosomes are moving

polewards, the sex chromosomes appear not to move . o )

polewards. The data in Fig. 10A suggest that, if there is anfutosomes move into a pre-existing spindle

polewards movement of sex chromosomes, it appears to ocdde confirm the presence of a spindle body in the prophase
early in anaphase, when the autosomes are not movimytoplasm and, for the first time, provide evidence that it is
polewards, or to occur at stages in anaphase later than thoseamposed of microtubules with focused poles. Following
our sample. NEB, the autosomes interact with microtubules from the
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Autosomal interkinetochore distance (um) Autosomal interkinetochore distance (um)

Fig. 10.(A) Plot of pole-to-pole distances (open circles) and of distances from the poles of sex-chromosome kinetochores (opah and clos
triangles, representing partner kinetochores) as a function of autosomal interkinetochore distance (abscissa), for wihiahensgase
distances as described in Fig. 9. The lines represent our interpretation: that the poles elongate early in anaphaee bndrbialkathe sex
chromosomes do not move polewards (they remain a constant distance from the poles). (B) The same set of cells, witks og@esictang
pole-to-pole distances and crosses representing the average distances of the autosomal kinetochores from the spiheigepsdesarcells.

The lines indicate our interpretation: that autosomal separation during early anaphase is due to spindle elongationi@méhtsparat
anaphase is due to movement towards the pole.
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central spindle and move into it. The ‘mature’ bipolar
arrangement of the bivalents, in which a given autosom
is syntelically oriented to the pole opposite to its sistel
homologue, is generally established later in prometaphas
once the bivalents are near or in the central spindle. Given tl
types of microtubule-kinetochore attachments observed fc
bivalents that are found between the periphery and the centi
spindle (and therefore presumably moving centrally), i
appears that bivalent movement away from the peripher
can be supported by any type of kinetochore-microtubuli
association and does not require bipolar attachments. Once
the central spindle, the autosomes assume bipolar orientati
with well-developed acetylated kinetochore fibres, congress 1
the metaphase plate and then enter anaphase.

A cytoplasmic spindle in prophase that the autosomes mo\
into during prometaphase seems unique with respect to anirr _ i |
cells, although something similar occurs in bryophytes (e.c A 6
Brown and Lemmon, 1993; Brown and Lemmon, 1997). Ir
these cells, a cytoplasmic spindle forms in prophase betwefig- 11.Metaphase primary spermatocytethfmbertiella
the tips of two plastids (which act as microtubule-orienting'”usnatmg the resemblance to metaphase flea-beetle primary
centres); the single ‘axial microtubule system’ that they fornSpermat.ocy}es' Reproduced flrom Hugr?es-Sckt]ra(?er (1948) with
is reminiscent of Virkki’s ‘cytoplasmic spindle’. The nucleus permission from Springer Verlag (Hughes-Schrader, 1948).
is to the side of the axial microtubule system and, after NEE
the released chromosomes and axial microtubule syste
combine to form a centrally located spindle [e.g. see Fig. 12 ichromosomes are associated with microtubules early in
Brown and Lemmon (Brown and Lemmon, 1993)]. prometaphase, even though they do not move with the

autosomes. It is also possible that sex chromosomes do not
move with the autosomes because they are larger than the
Acetylated vs unacetylated microtubules autosomes and would be blocked by the presence of
Our study for the first time provides information aboutmitochondria surrounding the central spindle, as suggested by
the distribution of acetylated microtubules in flea-beetleone referee. However, evidence from mantid spermatocytes
spermatocytes at all stages of the first meiotic divisionsuggests otherwise. In primary spermatocytes of the mantid
extending the observations of Wilson and Forer (Wilson antfumbertiellathe autosomes are separated from the single sex
Forer, 2000). In general, microtubules that contain acetylatechromosome (Fig. 11) in a spindle that is reminiscent of that
tubulin are more stable than others and are ‘older’, becausd a flea-beetle spermatocyte. However, in the mantid cells the
there is a time lag between polymerization and acetylatioX chromosome seems to be expelled from the spindle (Hughes-
[e.g. discussions in Wilson and Forer (Wilson and Forer, 198%chrader, 1948), through the mitochondrial sheath, showing
Wilson and Forer, 1997)]. Autosomal and sex-chromosomahat mitochondria do not block the movement of large
kinetochore microtubules are initially not acetylated butchromosomes.
become acetylated (and hence presumably more stable) byYet another possible explanation comes from our
late prometaphase. Microtubules extending between sexbservations of sex-chromosome associations  with
chromosome kinetochores are poorly acetylated omicrotubules. Our results show that the X and Y chromosomes
unacetylated. In metaphase, both the astral microtubules aade not always syntelic, as suggested by Virkki (Virkki, 1971,
the kinetochore microtubules are acetylated (Fig. 5C)Virkki, 1972; Virkki, 1985), nor initially amphitelic, as
although the astral microtubules lose their acetylation in latesuggested by others (Kupfer and Wise, 2000b; Green-
anaphase. Whereas acetylation of kinetochore microtubuldgarroquin et al., 2001). Although there are bidirectional
is similar to other spermatocytes (e.g. Wilson and Forem@ssociations between the sex-chromosome kinetochores and
1997), flea-beetle spermatocytes are unique in that frommicrotubules in prometaphase, they appear in many cases to be
prometaphase onwards the astral microtubules are acetylatéateral associations rather than truly amphitelic associations.
Itis likely that the loss of acetylation later in division is relatedSince the sex chromosomes are mobile in prometaphase
to the need for cytoskeletal reorganization at the end divirkki, 1971; Virkki, 1972), it is likely that the kinetochores
division. are sliding along the microtubules, as observed in other cells
(e.g. Reider and Alexander, 1990) and as suggested previously
(Kupfer and Wise, 2000b). During prometaphase, the sex

Why are sex chromosomes excluded from the central chromosomes move towards opposite poles, with the poleward
spindle and how do they orient to opposite poles from fibre becoming thicker, more developed and acetylated,
the periphery? whereas the fibre in the opposite direction remains weak or

It has been suggested that sex chromosomes might fail to modisappears.

with the autosomes because they fail to make attachments toEqually interesting, and probably more important, is our
the spindle when the autosomes do (Virkki, 1971; Virkki,observation of microtubule associations connecting the two
1972). However, we see no evidence for this possibility — sesex chromosomes. As illustrated in Fig. 5, microtubules
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unambiguously link sex chromosomes in at least a subset sfntely or semi-syntely that we have seen. This model provides
spermatocytes, primarily in early prometaphase but also in latermechanism for establishing the ‘distance segregation’ of the
stages. Furthermore, similar ‘putative’ connections exist irsex chromosomes, their successful orientation to opposite
most if not all of the cells, even in anaphase (Fig. 7). In mangoles and their coordinated motion.
cases, we cannot tell whether the putative connections are realThere is some precedent for microtubule linkages occurring
or simply represent non-kinetochore spindle microtubules thdtetween chromosomes that appear to be physically
happen to lie in the path of the sex chromosomes. However, imassociated but exhibit coordinated movement. For example,
the case of the unambiguous connections, we were able cleaify the mole cricketNeocurtilla (Gryllotalpa) hexadactyla
to track the fibres from one kinetochore to the other, and weuring male meiosis | the univalentt Xhromosome always
feel confident that they are real. segregates in a coordinated way with the heteromorpfic X
Given the apparently delicate nature of this connection, it ibivalent so that the Xand X% move to the same pole during
no surprise that it has not been previously reported. Virkkanaphase. In a study of these cells using electron microscopic
mentions the absence of a ‘firm connection’ between sebechniques, Kubai and Wise described a possible microtubule
chromosomes, based primarily on observations using phadakage between the Xand Y chromosome, and they argued
contrast microscopy (Virkki, 1972). Three other publicationghat the link, if it existed, could provide a means for bringing
claim to find no evidence for microtubule connectionsabout the nonrandom segregation of the two chromosomes
between sex chromosomes (Virkki, 1985; Kupfer and Wise(Kubai and Wise, 1981). A similar situation seems to apply in
2000a; Green-Marroquin et al., 2001). Unfortunately, thesflea-beetle primary spermatocytes.
publications refer to unpublished work or do not present figures
that clearly show the region between the sex chromosomes, and )
therefore there is little or no published evidence for or againé&naphase segregation of sex chromosomes and
a connection. We have found only one reference to connectioggtosomes
between the sex chromosomes. ‘Normally no visible link idVith respect to chromosome movement, our data (Fig. 9)
seen between the distance-pairing sex chromosomes eithedicate that the sex chromosomes segregate towards the poles
in living or fixed cells. Sometimes a thin thread is seenduring prometaphase and move very little (if at all) in
undoubtedly a consequence of a sticky contact in thanaphase. Using the separation of autosomes as an indicator
contraction clump’ [page 141 of Smith and Virkki (Smith andof time in anaphase, we have also identified two possible
Virkki, 1978)]. Although this thin thread might or might not relationships of interest. First, the autosomal half-bivalents
be the type of connection that we observe, the authors appespear to separate first by pole-to-pole elongation, moving
to attach no significance to it. polewards primarily after the poles stop separating (Fig. 10).
Based on the above observations, we present a third possifileis interpretation is different from that of Kupfer and Wise,
explanation for sex-chromosome behaviour in flea-beetlerho found little spindle elongation (Kupfer and Wise, 2000a).
spermatocytes. In early prometaphase |, the sex-chromosorike difference is probably due to a different method of
kinetochores become loosely associated with cytoplasmignalysing the images of fluorescently stained cells. Kupfer and
microtubules (or bundles) that interact laterally with theWise lumped all stages together and looked for trends in
kinetochore and extend in two directions from it. Some of thesautosome and sex-chromosome separations against spindle
microtubules form a link between the two sex chromosomesengths, whereas we looked at individual stages, using the
and we suggest that this link results in the sex chromosomesparation of autosomes as a measure of time in anaphase.
remaining at the cell periphery and orienting to opposite pole§econd, the sex chromosomes appear not to move polewards
How this link acts is unknown, but it represents a realvhen autosomes do. Based on Fig. 10, it appears that any
difference between the sex chromosomes and the autosompessible polewards motion takes place early in anaphase, when
We might speculate, for example, that the link forged betweeautosomes move the least. In addition, the perception of
kinetochores is different from that formed between goolewards movement is due primarily to the data points from
kinetochore and pole, perhaps because motors that produaee cell (the leftmost cell), and it is difficult to base solid
force in the two regions have opposite senses (e.g. kinesin aoonclusions on one cell. Admittedly, the data upon which Figs
dynein) or are absent from one region. This difference, togeth@rand 10 are based are relatively crude in that they rely on
with the connections made by the kinetochores to the polestraight-line distances between kinetochores and poles, and
provides orientation information to the kinetochores, with thébetween the two poles, necessarily ignoring inaccuracies
result that kinetochore fibres develop on the side that doesused by the angle of the fibres with respect to the plane of
not link the two chromosomes, which results in the sexhe image, by curvature of the sex chromosome fibres and by
chromosomes becoming oriented to opposite poles. Theriations in the degree of cell flattening. However, we doubt
difference in the kinetochore interactions for these univalenvhether these inaccuracies systematically alter the data or are
chromosomes might also result in polewards rather than lateriely to affect the general conclusions (see also Forer and
motion in prometaphase. Once orientation to opposite poles Wilson, 2000). Clearly, our or any other interpretation can only
established, poleward kinetochore fibres become densebe confirmed by following living cells through the first meiotic
packed with microtubules, as indicated by their increasinglivision and studying how chromosomes and spindles behave
thickness, and these microtubules are stable, as indicated inyvivo, something which has not yet been achieved for these
the fact that they are highly acetylated. The linking fibrecells. Finally, with respect to further movement of the sex
between the two chromosomes remains relatively unstable astiromosomes to the poles, our analysis was restricted to those
either poorly acetylated or unacetylated, and might eventuallgells in which we could see individual autosome spindle fibres,
break as chromosomes move, resulting in the characterisgo it is conceivable that sex chromosomes move polewards
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later than cells in our sample, after the autosomes near tkagaban, B. B. and Forer, A.(1994). Rhodamine-phalloidin and anti-tubulin

poles, as the sex chromosomes do in crane-fly Spermatocytegntibody staining of spindle fibres that were irradiated with an ultraviolet
(Forer 1980) microbeamProtoplasmal?78 18-27.

- . . .. Dietz, R.(1969). Bau und Funktion des Spindelappaidéurwissenschaften
There is now ample evidence for a checkpoint that monitors g 237(_248.) P PP

spindle readiness to enter anaphase by inhibiting theorer, A. (1980). Chromosome movements in the meiosis of insects, especially
metaphase-anaphase transition until all kinetochores havecrane-fly spermatocytes. Insect Cytogeneti¢Symposium 10 of the Royal
formed normal attachments to spindle microtubules (e.g. ,'\Eﬂmgmhob'ogica; SOCiest%’ 8;'-8”?0?1) (fd-dR- '—-E%'_af)km?]“,B?- '\é' H”ewm and

H . . . Ashburner), . -9o. OXiord, Lonaon, Inoburgn: ackwell.
G.OrbSky and R|cketts,. 1993; _Campbell and Gorbsky_, lggﬂﬁorer, A. and Koch‘?pC.(1973). Influence of autosome rr?ovements and of sex-
Rieder et al., 1995; Li and Nicklas, 1995; Li and Nicklas, chiomosome movements on sex-chromosome segregation in crane fly
1997; Rieder and Salmon, 1998; Zhou et al., 2002). Although spermatocytes<Chromosomato, 417-442.
the exact molecular nature of this checkpoint is still beingdrorer, A. and Pickett-Heaps, J. D(1998). Cytochalasin D and latrunculin

elucidated, data from Pikcells with two spindles suggest that affect chromosome behaviour during meiosis in crane-fly spermatocytes.
’ . _Chromosome Re$, 533-549.

the inhibition of anaphase onset Is Ioca!' Or,lce one splndle 'ffbrer, A. and Wilson, P. J.(2000). Evidence that kinetochore microtubules
the cell has all kinetochores attached, it will enter anaphaseshorten predominantly at the pole in anaphase flea-beetle spermatocytes.
even if the second spindle has unattached kinetochores (RiedeChromosome Re8, 151-163.

et al., 1997). Once that spindle enters anaphase, however, fhrabi, S.(1986). Unusual chromosome movements in sciarid flieRebults

second spindle also enters anaphase, even with unattache@;‘rjk?gopbr'iﬁg;_'\’}e'ﬂfgere”t'at'QrVO" 13 (ed. W. Hennig), pp. 71-104. New

chromosomes, S_l"ggesnng that the molecular S|gnal IndlCat”}goday, C. and Esteban, M. R(2001). Chromosome elimination in sciarid
that the checkpoint has been passed (and that anaphase shoulds. BioEssay23, 242-250.

begin) is more global in nature. The results from flea-beetl€orbsky, G. J. and Ricketts, W. A.(1993). Differential expression of a
spermatocytes support the notion of local inhibition, because phosphoepitope at the kinetochores of moving chromosain&ell Biol.

- 122, 1311-1321.
|mproperly attached ~autosomes do not prevent th%reen-Marroquim B. L., Kupfer, H., Virkki, N. and Wise, D. A. (2001).

prometaphase polewards motion of t_he sex chromosomes. OUbyientation of nonrandomly segregating sex chromosomes in spermatocytes
data also suggest that these cells, like crane-fly spermatocytef the flea beetleAlagoasa bicoloi.. Chromosomal 10, 32-38.

cells (in which autosomes and sex chromosomes moweughes-Schrader, S.(1948). Expulsion of the sex chromosome from the
polewards at different times), are able to control kinetochorg SPindle in spermatocytes of a manthromosoma, 257-270.

behavi diff H th heckpoint h ubai, D. F. and Wise, D.(1981). Nonrandom chromosome segregation in
ehaviour difrerently once € checkpoin as passe * Neocurtilla(Gryllotalpa) hexadactylaan ultrastructural study. Cell Biol.

meaning that the signal to enter anaphase in these cells is nadg, 281-293.
global. Kupfer, H. and Wise, D.(2000a). Behavior of sex chromosomes, autosomes,
In conclusion, we have substantially extended our and the spindle during nonrandom segregation in a flea b@ethemed3,

: ; p 521-527.
underStandmg of the microtubule arrangements in ﬂea-bee%pfen H. and Wise, D.(2000b). The pattern of sex chromosome kinetochore

spermatocytes during the first meiotic division. Our study pposphoryiation during nonrandom segregation in a flea b&itehem.
complements the early work of Virkki, providing information cell Biol. 78, 93-98.

about microtubule arrangements missing in his many excelleht X. and Nicklas, R. B. (1995). Mitotic forces control a cell-cycle
phase-contrast studies, and providing new information abouytcheckpointNature373 630-632.

. . X. and Nicklas, R. B. (1997). Tension-sensitive kinetochore
anaphase chromosome movement. It also prowdes evidence 6Bhosphorylation and the chromosome distribution checkpoint in praying

the first time that a physical link exists between the apparently mantid spermatocytes. Cell Sci.110, 537-545.
independent and unpaired sex chromosomes, providing a basisklas, R. B. (1961). Recurrent pole-to-pole movements of the sex
for a model to explain their orientation and movement to chromosome during prometaphase | ikflelanoplus differentialis
opposite poles. spermatocytesChromosomal2, 97-115.

Payne, F.(1916). A study of the germ cells @ryllotalpa borealisand

Gryllotalpa vulgaris J. Morphol.28, 287-327.
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