The Bouquet'

Nidlo Virkka:?

INTRODUCTION

The bouquet of meiocytes has been a puzzle ever since the first, luxuriant
description and ¢oining of the term in 1900 (15). A polarized arrangement
of chromosomes in intermitotic cells is common, and has been observed in
detail by many authors from Rabl (54) to Fox (21). But in the Rabl-orienta-
tion, which arises in telophase as a consequence of mitotic orientation of
daughter chromosomes, centromeres of all chromosomes point towards the
centrosome, the telomeres remaining indifferent, whereas in the bouquet,
telomeres are polarised towards the centrosome, the centromeres remaining
indifferent. What might be the powerful reason that changes the role of
centromeres and telomeres just in the meiotic prophase, and how is this
change brought about?

An attempt is made in the following to answer these questions.

SHIFTS IN MUTUAL POSITION OF CELL ORGANELLES

The last part of the question already has been answered by early authors
(see Wilson, 71, p. 568) who described a rotation of 180° of the nucleus or
its contents after the last gonial mitosis. Capability of rotating of the inter-
phasic and prophasic nucleus is beyond doubt (26,29). The centrosomes, on
the other hand, are motile organelles and capable of migrating from the
centromeric to the telomeric pole of the nucleus. Such a migration has been
indeed postulated (28). A mitochondrial mass observed circulating around
the nucleus of living grasshopper spermatocytes (4) undoubtedly contained
the centrosome. A centrosome equivalent attached to the nuclear mem-
brane may move the entire nucleus in some fungi (24,72). Motility of centri-
oles exceeds this: Attracted by the future oocyte, they migrate from cysto-
cytes to it, along the fusomes of the cystoblast cluster (44).

Observations in vitro of definitive spermatogonia of Oedionychine flea-
beetles show that fusomes of the second and later synchronous mitoses
migrate along an arc of 180° on the cell surface, in order to join directly,
without a cytoplasmic interruption, the main fusomal rosette, the centro-
fusome (28, fig. 1). Provided that there is a contact between telomeres,
centrosome, and fusome mouth, migration of the fusome could bring about

1 Manuscript submitted to Editorial Board December 12, 1973.
3 Cytogeneticist, Agricultural Experiment Station, Mayagiez Campus, University
of Puerto Rico, Rio Piedras, P.R.
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turning-around by 180° of one of the daughter nuclei. Such a contact has
been indeed suggested by Hirschler (28), whose bouquet hypothesis pro-
poses a direct link of telomeres with the spindle rest of the last premeiotic
mitosis. There is some new evidence in favor of this hypothesis: pulling from
the fusome may draw the chromosomal contents out of a bouquet nucleus,
and separate the gelic core (with centrioles) of the idiosome?® from its coat
of mitochondria and Golgi apparatus (66, fig. 1, F). Also, there are mysteri-
ous invisible links, recognizable by micromanipulation, between the late
anaphasic chromosomes (20). The alternative that telomeres may migrate
actively along the nuclear membrane towards the extranuclear polarizing
agent, is not ruled out yet.

FUSOMES—AN INTERCOM SYSTEM

The fusomes form a sort of intercom system facilitating an equal develop-
ment and synchronous division in the cells involved (18,47,58). A centro-
fusome is more efficient in this respect than a system imwhich the cells are
intercalated between fusomes. Thus in the cystoblast cluster of Drosophila,
where the fusomes do not migrate, the cells differentiate both morpho-
logically and functionally (32). The synchrony of division is lost when
trophocytes stop multiplying, leaving the oocyte alone with a future of divi-
sions. The synchrony of DNA replication is lost even earlier (33). In such
a cluster, many cells come to share more than one fusome. In some beetles,
bouquet forms in all cells of the cluster, not only in the oocyte (55). Multi-
fusomal cells do not have divided bouquets; if the polarisation is towards
the fusomes, there must be one preferred fusome for it. The functional rank
of the fusomes varies indeed depending on their age and location in the
cystoblast cluster. Where the bouquet is limited to the oocyte or the two
pro-oocytes, it seems thus that the centrosome and the telomeres become
polarised towards the most important fusome mouth in each cell or in each

cluster.

BOUQUET AND THE MEIOTIC MECHANICS

Which ever of these organelles moves in a young meiocyte, and in which
ever order, the end result of importance is that the telomeric pole of the
nucleus, the fusome mouth, and the idiosome become juxtaposited and
remain so until the beginning of diplotene.

The cytogenetic significance of the bouquet has been seen in 1ts putative
role as a device that facilitates pairing of homologous chromosomes and

3 This old and apparently vacant term is used here to specify the early prophasic
activity center of meiocyte cytoplasm, containing a centrosome with gelated spindle
proteins and microtubuli, Golgi apparatus, mitochondria, and, optionally, the cen-

trioles.
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Fia. 1, A to F.—Structure and formation of a cluster of four spermatocytes in
Oedionychine fleabeetles: A, First telophase of definitive (encysted) spermatogonia.
Cells 1 and 2: Rabl-orientation of chromosomes to centrosomes; primary fusome (f;)
with middle plate and spindle rest. B, Second telophase. Cells 3 and 4 added. New
Rabl-orientation, two new fusomes (fs). C, Migration of secondary fusomes (f3) to-
wards the primary one (f1), to form a centrofusome. To attain the bouquet arrange-
ment as seen in E, orientation of nuclei and/or centrosome must change. Probable
alternatives: a) Telomeres attached to fusome (cell 1 and 3). Migration of f; turns the
nucleus of cell 1 until attachment between telomeres, centrosome, and f; is estab-
lished; both fusomes f; continue migrating until they meet the mid-plate region of f;.
In cell 3, only the centrosome migrates (arrow). b) Active polarisation of telomeres
(cells 2 and 4). In cell 2, the nucleus turns 180° (arrow); in cell 4, the centrosome
migrates 180° (arrow). The telomeres polarise towards idiosome. For clarity, these
changes are presented here, although they may be limited to the last premeiotic telo-
phase and interphase. D, Third and last telophase of definitive spermatogonia. The
unequal mitosis has produced tertiary fusomes (fs) and small cells 5, 6, 7 and 8. Before
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affects localization of chiasmata and translocations (11,39). As a rule, the
pairing of homologous chromosomes begins at the telomeres attached to the
nuclear membrane. This supposedly affects the genetic recombination favor-
ing proterminal chiasmata. Polarisation of telomeres on a restricted area of
nuclear membrane is supposed to help in assorting out of the homologues,
but assuming that the chromosomes are randomly distributed in the
nucleus prior to the bouquet (but see below), it is surprising that interlock-
ing bivalents are as rare as they are. The bouquet is by no means a prereq-
uisite for pairing. Although it is to be expected that the bouquet is more
common than the records show, bouquet-less meioses evidently do exist
(11,39,71).

SYSTEMS OF FUNCTION AND SEGREGATION OF CHROMOSOMES IN
PRO-, ‘“MESO’’-, AND EUKARYOTA

The observations of classical cytology have been unable to resolve the
bouquet puzzle. Some new data may help in putting the bouquet in its
proper place. We must consider three series of evidence:

1. In Prokaryota, the ‘“‘chromosome” is a loop of practically nude double
helix of DNA, forming one replicon, and attached to the cell wall (or its
cytoplasmic component) by its initiator and replicator proteins (30,31,35,
36,50,57). Not further complexed by proteins, the chromosome does not
undergo any contraction eycles in relation to cellular division. When the
chromosome has been replicated, the sister loops are distributed to daughter
cells by expansion and subsequent cleavage of the cell wall (fig. 2, A). Thus
control of segregation is an obvious reason for the attachment of the chro-
mosome to a determined zone of the cell wall, but an additional reason may
be that proximity to the extracellular environment, and to the peripheral
zone of reduction-oxidation reactions of the cell, are important for the
proper function and replication of the chromosome.

2. In certain Ascomycetes and Basidiomycetes, where the nucleus is
already present, there is an extranuclear body, resembling a centrosome
without centrioles (25,26,38,42). Girbardt (26) prefers to call it ‘“kineto-
chore equivalent” (KCE), because it takes care of chromosome distribution
to daughter nuclei. The chromosomes are permanently attached to it, prob-

the latter degenerate, their fusomes migrate to the common centrofusome and may
produce bouquets by the method a) (of C); the alternative b) (of C) is suggested here
by arrows. E, Contents of a prophasic spermatocyst: 4 fusomally interconnected
spermatocytes, each having a bouquet polarised towards an idiosome-fusome com-
plex. F, Stretching the centrofusome may draw mitochondria out from idiosome (cells
1, 3 and 4), and, finally, the centrosomal gel body (g) and even chromosomes out of
the cell (cell 2). (Drawing accordmg to unpublished and published (65,66,67) observa-
tions of the author.)
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F1g. 2, A to C.—Comparable cases of attachment of chromosome ends to the limit-
ing membrane and/or to extranuclear spindle device, with subsequent segregation
phenomena. Simplified pictures drawn on an arbitrary scale, cw = cell wall, f = fu-
some. A 1, Just replicated bacterial chromosome attached to cell wall by special pro-
teins. A 2, Segregation by expansion of cell wall. B 1, Just replicated chains of com-
pound chromosome of Polysticlus, attached through pores of nuclear membrane to a
bipartite “Kinetochore equivalent’”’ (KCE), which organises microtubuli. B 2, KCE
divides and sinks into the nucleus, forming a partly intranuclear division apparatus,
Segregation by expansion of spindle, and perhaps of nuclear membrane. C 1, Zygotene
bouquet: telomeres of pairing chromosomes attached through nuclear pores to idio-
somal gel containing two centrioles and continuing to the fusomal spindle rest. C 2,
An exceptional case, in which the bouquet bivalents are being “segregated” by be-
lated persistence of attachment to separating asters. Adjustment of nuclear mem-
brane by flowing must be postulated thereby.

ably. through pores of the nuclear membrane. They seem to have rather
incomplete cycle of condensation, and even at “metaphase” they remain
characterless, like masses of points. The points may be primitive chromo-
meres. Girbardt thinks there might be several chromosomes encatenated to
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form a single loop. At all events, it seems the chromosomal structure has
grown to be more complicated than in Prokaryota. DNA content has pre-
sumably increased, and chromosomal proteins have been added to some
extent.

When the nucleus prepares for division, the KCE organises microtubular
asters, then sinks into the nucleus where elongation of continuous, intra-
nuclear microtubuli separates the two halves of KCE and the replicated
chromosomes attached to them (fig. 2, B). Expansion of nuclear membrane
may help thereby. There is obviously no involvement of chromosomes in
the spindle; the centromeres have not yet evolved.

In general, a great variation in nuclear division devices is characteristic
of fungi and lower Protista (25, 38, 42). The cycle of chromosomal contrac-
tion varies from inconspicuous t0 a permanent semicondensation found in
Dinoflagellata (34). A very variable array of centrosome equivalents has
been described. Undoubtedly, all of them duplicate in prophase and or-
ganise a microtubular spindle, that may be extranuclear and central, in a
channel piercing the nucleus (34), intranuclear and central (1,45, 64), or
normal, central, with breakdown of the nuclear membrane in prophase
(43,49). One and the same species may have divisions in which the nuclear
membrane breaks down, and others, in which it persists during the division
(73). Metaphase plates tend to be irregular even in organisms with normal
spindle, and the congression movement of chromosomes, asynchronous.
Centromeres may be present in cases closer to Eukaryota (49,63), but
usually attachment of the chromosomes to microtubuli is obscure. Even in
presence of a spindle, the chromosomes may attach to the persisting nuclear
membrane, and, in analogy with bacteria, their segregation results from
expansion of the membrane and subsequent cleavage of the nucleus, as-
sisted by elongation of the spindle.

Thus these systematically diverse primitives form a ‘“Mesokaryote”
group, which mediates between Pro- and Eukaryota in the nuclear structure
and division.

3. The chromosomes of Eukaryota have a many thousand-fold amount
of DNA as compared with Prokaryota. They are highly complexed with
proteins, and undergo a typical condensation-decondensation cycle, related
with replication and function of genome. Prevalent diploidy and separate
chromosomes segregating from a metaphase plate provide an increased
genetic recombination in meiosis, This is an evolutionary advance, and has
been firmly established in higher organisms.

SOMATOGRAMMIC ORDER AND PAIRING OF CHROMOSOMES

The position of interphasic chromosomes in the nucleus is less free than
nas been thought before. The old Rabl-orientation is certainly the basic
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pattern after mitosis, and is to be taken seriously. In addition, a growing
body of data suggests that the chromosomes might be attached by telomeres
to “‘somatogrammic’ chains (the old continuous-spireme theory revisited!),
in which the position of each chromosome is determined, probably always
so that the homologues are adjacent to one another (3,60,68,69). Further-
more, the chromosomes are attached to the nuclear membrane by their
telomeres and numerous intercalary, especially heterochromatic, regions
(7,9,10,14,23,37,53), and the sites of attachment seem to be the nuclear
pores; indeed, it has been suggested that each replicon is attached to a
nuclear pore by its initiator (46), and Engelhardt and Pusa (16,17) proposed
a press-stud like device of attachment, in which the ‘“female” side is formed
by the nuclear membrane, the “male” side being integral with the chromo-
some. Attachment at the nuclear pores apparently offers a direct communi-
cation of each replicon, at the molecular and even at the particulate (19)
level, with the metabolically busy cytoplasm.

For an intimate pairing by synaptinemal complexes, the homologues must
detach from the nuclear membrane, except if they are parallelly and very
closely located there. The detachment must happen in leptotene at latest.
Only the telomeres remain attached. These are juxtaposited, by any of the
means mentioned at the beginning of this article, to the extranuclear idio-
some, which, with its complex of centrioli, mitochondria, Golgi apparatus,
and spindle precursor, is the center of the initiating meiotic activity. Polari-
sation of telomeres directly to this activity center undoubtedly compensates
loss of the multiple attachments. The telomeric attachment is by means of
nuclear pore complexes (16,17) and continues firmly through the double
membrane and further to the idiosomal gel and fusome. The fusome is
formed around persisting microtubuli of the preceding mitosis; the micro-
tubuli may disappear if interchange of organelles and particulate substances
is the main function of the fusome (18,47,58), but between spermatogonial
cells and young meiocytes they persist. Formation, or polarisation, of the
idiosome at the fusomal mouth ensures an intimate link with the intercom
system of the centrofusome.

The affinity chain from nuclear pore complexes through the idiosomal gel
body to fusomal microtubuli is not surprising if all three components are
involved in an equilibrium system of the polymerised and unpolymerised
microtubule precursor (tubulin). This possibility is at hand, because tubu-
lins also are encountered in the nuclear membrane (62). Pulling from the
fusome (fig. 1, F) shows not only how firm the telomeric attachment to the
centrosome-spindle rest complex can be, but also lack of further chromo-
somal attachment to the nuclear membrane. Indeed, this last condition is
supposed to distinguish a bouqueted prophase from a bouquet-less one:
where the multiple attachments persist, the bouquet cannot form (48).
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In mitotic prophase, which is of much shorter duration than the meiotic
one, and where no pairing occurs, the chromosomes remain attached to the
nuclear membrane until its breakage, and even at metaphase, fragments of
the membrane may still hang from the chromosomes (9,61). Thus mitotic
chromosomes enjoy their poral communication until they mature for the
prometaphasic congression. In the meiotic prophase, on the contrary, pair-
ing interrupts all poral communication, except for the telomeric one, which
must now take care of the need of whole chromosomes during the indispens-
able syntheses that still occur in the bouquet phases: minor synthesis of
DNA, essential for chiasma formation (70), synthesis of RNA (27), and
synthesis of proteins needed for condensation of chromosomes (51). By
the time of division of centrosome and distribution into cytoplasm of other
idiosomal components, the bouquet becomes obsolete and is substituted by
a new lateral association of bivalents with the nuclear membrane.

Bouquet polarisation thus closely resembles the contact of chromosomes
of “Mesokaryota’” with extranuclear centrosome equivalents and/or nu-
clear membrane. The centrosome equivalents may control not only segre-
gation of the chromosomes but also initiation of their DNA synthesis (26).
In this respect, comparison with the attachment of bacterial chromosomes
to the cell wall also seems justified (2,7,8,36,37).

HYPOTHESIS

The following tripartite hypothesis is thus plaustble: 1. The idiosome of
Eukaryota is an evolutionary derivative of KCE-like structures. Like
these, it also comprises elements necessary for the function and segregation
of chromosomes.

2. The meiotic, freely recombinative distribution of homologues, char-
acteristic of Eukaryota, requires segregation from a metaphase plate. For
this purpose, new devices emerged at each chromosome: the centromeres.
These too are capable of assembling microtubuli which somehow interact
with the evolutionarily more ancient continuous spindle to bring about the
equal distribution of homologues. The new segregation method substituted
for the earlier membrane-bound ones in mitosis as well. The centrosome-
telomere complex has lost its role as controller of segregation; only abortive,
residual trends of it are seen where polarised telomeres follow asters that
are migrating to opposite poles at prometaphase (59, and fig. 2, C). The
dispensability of centrosomal asters (12,13,22,52) shows that they have
lost much of their importance as organisers of the spindle as compared
with, say, the centrosomal plaques of certain Ascomycetes (73).

3. In Eukaryota, the ancient need for chromosomal communication by
telomeres with cytoplasm is enhanced in meiotic prophase because intimate
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pairing of homologues requires disruption of multiple poral attachments
Bouquet is the result.

If this interpretation is correct, first bouquets should appear among
more advanced ‘“Mesokaryota”, with a distinct condensation cycle of in-
dividualised chromosomes possessing centromeres that segregate from
metaphase plate. The Basidiomycetes Cyathus and Coprinus seem pos-
sible candidates according to photographs published by Lu (40). Diplophase
arises as late as in zgyotene in these fungi: nuclear arrangements that re-
semble leptotenic bouquets join by their bases, and pairing proceeds im-
mediately.

It would be interesting to know whether the attaching proteins, including
telomeric proteins described by Berendes and Meyer (5), are similar in
lower and higher organisms, and akin to spindle and membrane proteins.

SUMMARY

The bouquet, i.e., polarisation of chromosome ends to a restricted area
of the nuclear membrane opposite to centrosome and fusomal mouth, is a
standard event in meiosis of most Eukaryota. In mitosis, attachment of
all chromosomes to nuclear membrane by nuclear pore complexes is main-
tained until the membrane breaks down: the bouquet cannot and needs
not be formed. Intimate pairing of homologues by synaptinemal complexes
requires detachment of chromosomes from the nuclear membrane in meiotic
prophase. To compensate the loss of multiple communication with cyto-
plasm through nuclear pores, the telomeric pore complexes become asso-
ciated directly with the extranuclear activity center, the idiosome (=
centrosome surrounded by spindle precursor, mitochondria, and Golgi
apparatus). Bouquet-less meiosis is probable where homologues are so
close together at the nuclear membrane that they can pair intimately
without being detached from the membrane.

Bouquet is comparable with Prokaryote and ‘“Mesokaryote” systems,
in which chromosomes are permanently attached to cellular or nuclear
envelope and/or to centrosome equivalents for the purpose of replication,
function, and segregation.

RESUMEN

El “bouquet’’ o ramillete, es decir, la polarizacién de los extremos de los cromosomas
en un drea restringida de 1a membrana nuclear opuesta al centrosoma y a la abertura
fusomal, es un acontecimiento normal durante la meiosis en la mayoria del grupo
Eukaryota. Durante la mitosis, la unién de todos los cromosomas a la membrana
nuclear mediante complejos de poros nucleares persiste hasta que la membrana se
rompe: el ramillete no puede ni necesita formarse. El intimo apareamiento de los
homélogos por complejos sinaptinemales requiere la separacién de los eromosomas de
la membrana nuclear durante la profase meiética. Para compensar la pérdida de
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comunicacién miltiple con el citoplasma a través de poros nucleares, los complejos
de poros teloméricos se asocian directamente con el centro de actividad extranuclear,
el idiosoma (= un centrosoma rodeado por el precursor de microtiibulos, los mitocon-
drios y el aparato Golgi). La existencia de una meiosis sin la formacién del ramillete
es probable cuando los homélogos estdn tan unidos en la membrana nuclear, que
pueden aparearse sin necesidad de separarse de 1a membrana.

El ramillete es comparable a los sistemas Prokarioto y “Mesokarioto’’, en los cuales
los cromosomas permanecen unidos permanentemente a la envoltura celular o nuclear
y/o alosequivalentes al centrosoma para fines de duplicacién, funcionamiento y segre-
gacién. ‘
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