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SUMMARY

Using a "C" banding technique the behaviour of the heterochromatic
telomeres of rye (Secale cereale L.) was followed throughout the meiotic cycle.
Marked aggregation of these telomeres occurred during leptotene concurrently
with nucleolar fusion. A conspicuous chromocentre was formed at the nuclear
membrane, often in association with the single nucleolus. Telomere groupings
at later stages, which derived from this chromocentre, included non-
heterochromatic telomeres which indicated that the association did not
depend on the presence of heterochromatin.

This aggregation of the telomeres at the nuclear membrane makes leptotene
in rye comparable to published reports of the leptotene bouquet, even though
characteristic polarisation of the chromosome segments close to the bouquet
attachment plate was not seen in rye. Because telomere aggregation is often
associated with nucleolar fusion, it is concluded that similar attachments are
formed when nucleoli fuse at meiosis of hexaploid wheat, although, because
of the absence of heterochromatic telomeres in wheat, no chromocentres are
observed.

1. INTRODUCTION

FORMATION of the leptotene bouquet is believed to occur when points at
which the chromosomes are attached to the nuclear membrane become
concentrated on a restricted area of the nuclear membrane (attachment
plate of Kaufmann, 1925); in most cases this grouping seems to involve the
telomeres (Wilson, 1934). At some point in time the regions of the chromo-
some adjacent to this attachment plate may become oriented parallel to one
another and perpendicular to the attachment plate (Marengo, 1949), or they
may acquire a "whirling" appearance around the attachment plate
(Hiraoka, 1941).

Synapsis is usually reported to begin in the chromosome regions close to
the attachment plate and to spread along the polarised threads toward the
interior of the nucleus (Wilson, 1934; Darlington, 1937; Hiraoka, 1941).
Since the bouquet is usually recognised from the characteristically polarised
chromosomes, it should be borne in mind that there is some degree of
polarisation in any interphase nucleus. Because the centromeres are drawn
to the pole at anaphase the nuclei begin interphase with the centromeres
closely grouped at the polar end of the nucleus and with the telomeres
grouped at the other end (Rabl orientation) (Rieger et al., 1968).
Thus, there are many instances in which bouquet polarisation does not
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preclude the possibility that the telomeres do become tightly grouped in
early prophase. Among the grasses the telomeres seem to be important in
determining the choice of a pairing partner and the patterns of synapsis
(Kasha and Burnham, 1965; Michel and Burnham, 1969; Burnham et al.,
1972).

Perhaps the grouping of the telomeres is an essential feature of leptotene
in these species in spite of the absence of an easily recognised bouquet
polarisation.

The species Secale cereale L. (rye) possesses large heterochromatic blocks
located on most of the telomeres of its seven pairs of chromosomes. Since
a specific stain now exists for this type of heterochromatin (Sarma and
Natarajan, 1973) and since the amount of intercalary heterochromatin is
small, any clustering of the telomeres into a bouquet-like arrangement
should be very easy to detect. Consequently, we examined pollen mother
cells (PMC) of rye stained by this method to see if aggregation of the terminal
heterochromatin occurred at any point in the meiotic cycle.

2. MATERIALS AND METHODS

Infiorescences of Secale cereale L. (cv. Prolific and a bulk population of fall
rye) were fixed in Carnoy's II for I to 24 hours and then placed in 70 per cent
alcohol. Columns of tapetal and pollen mother cells (PMC) from one
anther per fioret were extruded into acetocarmine to determine the meiotic
stage. The other two near synchronous anthers from the floret were then
squashed in 45 per cent acetic acid. These latter slides were stained using a
standard "C" type heterochromatin schedule (Thomas and Kaitsikes,
1974). The stain used was either Giemsa or Leishman's.

3. RESULTS

The most useful criterion of meiotic sequence lies in the developmental
gradients that occur along the spikes of rye. These pass from old in the
centre spikelets to young in the spikelets at the base and apex. Anthers in
which the archesporium was non-mitotic but the tapetum was highly
mitotic were in pre-meiotic interphase (figs. 1 and 2). Sometime after the
tapetum was synchronised (the tapetal nuclei became uniform in size and
non-mitotic) PMC entered leptotene (figs. 3 and 4). The frequency of
nucleoli per PMC fell during leptotene such that by zygotene there was only
one nucleolus in each cell. The tapetum in all cases divided synchronously
during zygotene. Zygotene (figs. 5-8) was followed by pachytene (figs. 9-11)
which was followed by typical diplotene (fig. 12) with no sign of a schizotene
stage or a diffuse stage. Consequently the overall sequence of meiotic
development in rye (figs. 1-13) was found to agree with that described for
hexaploid wheat (Triticum aestivum L.) by Bennett et al. (1973) except for the
question of the period of nucleolar fusion. In this respect we agreed with
Darvey and co-workers who concluded that nucleolar fusion does occur
during leptotene of hexaploid wheat (Darvey, 1972; Darvey et al., 1973).
In contrast Bennett (Bennett et al., 1973; Bennett, quoted in Shepard et al.,
1974) reported that nucleolar fusion occurs prior to leptotene in hexaploid
wheat.

Since the slides stained for heterochromatin were pre-classifled for their
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meiotic stage, cyclic change in the distribution of the telomeric hetero-
chromatin was assessed without bias. During the pre-meiotic interphase the
terminal "C" bands were either distributed in one half of the nucleus in
association with the nucleoli (fig. 1), or were distributed right across the
flattened nucleus (fig. 2). These two arrangements were probably equatorial
and polar views of a persistent Rabi orientation established at anaphase of
the last pre-meiotic mitosis. In many cells a dark staining diffuse area was
also noted in addition to the intensely staining and condensed telomeres.
Where the telomeres were distributed in one half of the nucleus this dark
staining region was restricted to the opposite half (fig. I). This bipolar
appearance was also noted in PMC in early meiotic prophase (compare
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Fso. 16.—The circular distribution of nuclear orientations in binucleate tapetal cells at
two different stages of development. (Nuclear orientation represents the angle of
the dark staining diffuse area about the nuclear centre. Estimates to the nearest
sixteenth of a clockwise revolution were made from the intersection of the nuclear
margin with the axis joining the two nuclear Centres. These data were obtained from
the photomicrographs in figs. 14 and 15 by an independent observer after the photos
were coded and randomised.)

fig. 1 with figs. 3 and 4), and in interphase tapetal cells (figs. 14 and 15) and
in somatic cells generally. Since in all these cases the dark staining diffuse
region of the nucleus was found to lie opposite the interphase telomeres we
believe that it represents that part of the nucleus that was formed from the
polar area. Anaphase convergence of the proximal regions into the pole
would result in a high density of euchromatin around the centromeres.
The orientation of sister nuclei within the binucleate tapetal cells also
suggested that the interphase centromeres were located in this dark staining
diffuse area. Immediately following the synchronous tapetal mitosis most
nuclei were arranged with their telomere region facing the sister nucleus,
and with the dark staining diffuse area orientated away from their sister
nucleus and toward the pole position (fig. 14). The circular distribution of
nuclear orientations within the binucleate tapetal cells shows that just after
the synchronous tapetal mitosis the dark staining diffuse area lay almost
exclusively within the polar quadrant (fig. 16). Strong association between
the pole of the cell and this area of the nucleus immediately following ana-
phase confirms the idea that it indicates the position of the centromeres
within the interphase nucleus. Later on (by first meiotic metaphase) the
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orientation of this "centromere area" was nearly random relative to the
location of the sister nucleus (figs. 15 and 16). Since the anaphase orientation
of the nucleus was not conserved some rotation of the nucleus probably
occurred during interphase.

As the PMC passed through the beginning of meiotic prophase there was
marked aggregation of the heterochromatic telomeres in the same area of the
nucleus that was occupied by the telomeres in interphase (figs. 3 and 4).
This aggregation resulted in the formation of a single large chromocentre
and was accompanied by progressive fusion of the nucleoli so that in the end
each PMC exhibited one very prominent heterochromatic body, often closely
associated with the single nucleolus and located at the nuclear margin
(figs. 5 and 6). Although association between the nucleolus and the chromo-
centre was noted in most cells it was not present in all (fig. 5). Injection of
a 0.1 per cent solution of colchicine into the boot three days before fixation
blocked the formation of the chromocentre in rye. The chromocentre
persisted well into the period of chromosome synapsis (fig. 7) but later on it
began to break up before the beginning of pachytene (figs. 8-12). However
telomere groupings were found in many pachytene nuclei (figs. 9 and 10)
and in diplotene most nuclei showed close end-to-end associations between
two or more bivalents (fig. 12). Non-heterochromatic telomeres were
found both in telomere groups at pachytene (fig. 10) and in the end-to-end
associations of diplotene. Statistical analysis of 26 end-to-end associations of
two, three or four telomeres at diplotene, in a plant which exhibited 10 hetero-
chromatic telomeres, showed that heterochromatic and non-heterochromatic
telomeres participated in these associations as expected on the basis of
10 heterochromatic telomeres to four non-heterochromatic. Therefore it is
likely that non-heterochromatic telomeres were also included in the chromo-
centre that was formed earlier.

4. Discussion

(i) The attachment plates in rje and wheat

Heterochromatin staining reveals that during early meiotic prophase the
telomeres of rye chromosomes acquire a remarkable property that results in
their becoming tightly grouped at the nuclear membrane. It could be
argued that rye is a special case and that the chromocentre is an example of
non-specific groupings of heterochromatic loci (Walters, 1970). However,
the presence of non-heterochromatic telomeres in the telomere groupings of
pachytene and diplotene suggest that it was indeed telomeres which aggre-
gated and not merely the associated heterochromatin. This tight grouping of
the telomeres at leptotenc is comparable to the attachment plate in other,
more obvious bouquets. On the other hand the typical bouquet appearance
with parallel or spiral arrangement of the near terminal chromosome
segments was not seen in rye. Consequently, without the terminal hetero-
chromatin as a marker for the chromosome ends the grouping of the telomeres
might well have gone unnoticed. Since the chromosomes of wheat lack this
pronounced heterochromatin it is interesting to note that some parallels exist
between the cryptic bouquet in rye and the process of nucleolar fusion in
wheat.

In hexaploid wheat there are two pairs (lB and 6B) of conspicuously
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satellited chromosomes (Gill et al., 1963) which are the most active among
the nucleolus organising chromosomes (Crosby, 1957; Longwell and Svihla,
1960); their nucleolus organising regions (NOR's) are probably exclusively
responsible for the maximum of four large nucleoli that is usually found in
wheat (Darvey and Driscoll, 1972).

In the course of meiosis the mean number of nucleoli per cell is reduced
to one before or during leptotene (Darvey, 1972; Bennett et al., 1973;
Darvey et al., 1973). This common nucleolus lies adjacent to the nuclear
margin (Bennett et al., 1973). Subsequently two bivalents are generally seen
attached to the single nucleolus at diakinesis (Darvey, 1972) which shows that
during leptotene all four XOR's are brought to a common region of the nucleus,
adjacent to the nuclear membrane. Secondary constrictions are close to the short-
arm telomeres in both wheat (Gill et al., 1963) and rye (Heneen, 1962) so
perhaps the short-arm telomeres have a role in nucleolar fusion. Strong
association between the fused rye nucleolus and the telomere attachment
plate was noted earlier. It is plain that the strange behaviour of wheat
nucleolus organisers, whereby both homologous and non-homologous nucleoli
all fuse together, can be explained if we assume that wheat chromosomes
participate in an attachment plate similar to that noted in rye. Inclusion of
the telomeres on lBS and 6B in such a bouquet could bring all four NOR's
sufficiently close together to guarantee complete nucleolar fusion close to the
nuclear membrane.

(ii) Chromosome association and the bouquet

What could be the significance of the leptotene attachment plate in rye.
One obvious possibility is that it represents a process whereby homologous
chromosomes locate one another prior to detailed synapsis. Since chromo-
some association in wheat x triticale (unpublished) and formation of the
bouquet (in rye) are both inhibited by coichicine and since both occur in the
same general period of meiosis they seem to be different aspects of the same
process. Formation of the bouquet seems to be achieved by an organising
centre (pole determinant) in the cytoplasm of the PMC adjacent to the
tapetum. The same organising centre may also be concerned with the
control of pore development. Dover (1973) noted several lines of evidence
that indicated a connection between pore abnormalities and unusual pairing
conditions in the cereals. High levels ofhomoeologous pairing were associated
with multi-pore pollen whereas coichicine induced asynapsis was associated
with poreless pollen. Formation of the pore in Sorghum, another grass
(Christensen and Homer, 1974) occurred at the four points of contact between
the quartet and the inner wall of the tapetum. This is the same region of the
cytoplasm which was associated with the formation of the heterochromatic
aggregate. These considerations suggest that the control of chromosome
pairing is integrated into a much wider scheme of developmental control
which also regulates the areas of meiotic division and the normal develop-
ment of pollen (Dover, 1972, 1973). It also seems likely that this overall
control is regulated by a colchicine sensitive organising centre located in the
PMC between the nucleus and the tapetum. Whereas Dover concluded that
pore formation and chromosome pairing were both inhibited by colchicine
in G1 (Dover, 1972; Dover and Riley, 1973), our data as well as those of
other authors (Dermen, 1938; Walker, 1938; Levan, 1939; Barber, 1942;
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Darvey, 1972; Shepard et al., 1974) indicate that coichicine can act on
pairing, and possibly pollen pore formation, as late as G2/leptotene.

(iii) Formation of the attachment plate
With these ideas in mind it is worth pointing out some features that have

been reported concerning both the telomeres and the formation of the
leptotene bouquet. In the presence of a leptotene bouquet in both Psilotum
(Hiraoka, 1941) and Onoclea (Marengo, 1949) the entire leptotene nucleus
was displaced toward the cell margin on the side of the attachment plate.
Thus there seemed to be some mechanical interaction between nucleus and
cytoplasm associated with the bouquet. In general, where there is a centriole
present in the cytoplasm it is found close to the attachment plate of the bouquet
(Wilson, 1934; see esp. Hughes-Schrader, 1943). Hughes-Schrader (1943)
reported a series of changes in astral activity around the centriole that
correlated with the polarisation of chromosomes within the prophase
nucleus. Initially the attachment plate of the leptotene bouquet was formed
close by an active centriole complex (aster) in the cytoplasm, but after the
aster disappeared in mid-prophase, bouquet polarisation was lost. However,
when the asters reappeared in diplotene the telomeres regained their ability
to polarise the bivalents toward the aster. Finally polarisation by the telo-
meres lapsed about the time that the nuclear membrane was dissipated
(Diakinesis). At the same time the centromeres became active and began to
orient the bivalents for meiotic metaphase. These results suggest that during
the meiotic cycle the telomeres might have the ability to interact with a
spindle-like system in the cytoplasm but only through association with the
nuclear membrane. In fact centromere-like activity (neocentric activity) of
particular telomeres has also been found in the meiosis of rye. In certain
inbred lines of rye these telomeres are able to polarise part or all of the
chromosomes to one pole or the other, but only during the two meiotic
divisions (Prakken and Muntzing, 1942; Rees, 1955). Incomplete removal
of membrane material from the telomeres after meiotic prophase could allow
the telomeres to retain properties normally concerned with formation of the
bouquet attachment plate, and to behave like single centromeres on the
meiotic spindle (Ostergren and Prakken, 1946).

Bennett et al. (1974) reported that bundles of 20 nm fibres appear within
the PMC nucleus during pre-meiotic interphase of hexaploid wheat. Some
of these bundles were found in the narrow gaps between the chromosomes
and the nuclear membrane. The authors suggested that this material could
be a specific structure involved in meiotic interaction between the nuclear
membrane and the chromosomes.

(iv) Other meiotic systems
In summary, detection of a cryptic bouquet stage in rye and its inferred

existence in wheat suggests that bouquet arrangements may be more wide-
spread than has been suspected hitherto. It is possible that the formation of
an attachment plate in leptotene corresponds directly to the colchicine
sensitive pairing activity that has been detected in wheat.

However, despite the emphasis that we have placed on telomeres in the
present discussion, in different meiotic systems other parts of the chromosome
could be drawn to the attachment plate. Furthermore, since coichicine
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sensitive activity is not essential for synapsis provided chromosome segments
are close enough to one another (Driscoll et a!., 1967; Driscoll and Darvey,
1970) it follows that a leptotene attachment plate might be redundant in
species exhibiting intense somatic association. These simple considerations
may explain much of the divergence between different accounts of meiosis
(cf. Wenrich, 1917; McClung, 1927).
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Plate I
Fins. 1 and 2—PMC, pre-meiotic interphase (bar on fig. 1 is 25 jim). FIGS. 3 and 4.—

PMC, leptotenc/nucleolar fusion. Fins. 5 and fi.—PMC, early zygotene (fig. 5: arrows
indicate chromocentres (stained) and nucleoli (unstained); bar is 50 jim. Fig. fi: bar
is 200 jim). (Figs. 1-5 are fall rye bulk, stained with Giemsa; fig. fi is Prolific, stained
with Leisbman's. Figs. 2-4 are same magnification as fig. 1.)

Plate II
Fsn. 7.—PMC, mid zygotene. Fsn. 8.—PMC, late zygotene. Fin. 9.—PMC, early pachy-

tene. Fsn. l0.—PMC, mid pachytene (arrows with open heads indicate non-
heterochromatic telomeres, arrows with solid heads indicate heterochromatic telomeres).
Fio. 1 l.—PMC, late pachytcne. Fin. 12.—PMC, diplotene (this cell contains five
ring bivalents with a band on both ends and two ring bivalents with a band on one
end only). Fin. 13.—PMC, first meiotic metaphase (this cell contains five ring bivalents
of which three have a band on one side only and two have a band on both sides; of
the two rod bivalents, one has bands on both the paired and unpaired arms and the
other has a band only on the unpaired arm. This latter band shows clear hetero-
morphism between the homologues, the top cbromosome carries no prominent hetero-
chromatin at all (arrowed)). (Figs. 7 and 12 are Prolific, rest are fall rye bulk; fig. 13
is stained with Leishman's and has the same magnification as fig. 5 (plate I); rest arc
stained with Giemsa and have same magnification as fig. I.)

Plate III
Fin. 14.—Random sample of interphase binucleate tapetal cells from an anther still con-

taining cells in the synchronous tapetal division. (Bar is 20 jim). Fin. 15.—Random
sample of binucleate tapetal cells from an anther in first mciotic metaphase. (Magn.
same as fig. 14. This anther was probably 24-3fi hours later in development than that
illustrated in fig. 14. Both anthers were from the same spikelct of fall rye and both
arc stained with Giemsa.)
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