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Abstract. Telomeres carry out conserved and possibly
ancient functions in meiosis. During the specialized
prophase of meiosis I, meiotic prophase, telomeres clus-
ter on the nuclear envelope and move the diploid genetic
material around within the nucleus so that homologous
chromosomes can align two by two and efficiently re-
combine with precision. This recombination is in turn re-
quired for proper segregation of the homologs into viable
haploid daughter cells. The meiosis-specific telomere
clustering on the nuclear envelope defines the bouquet
stage, so named for its resemblance to the stems from a

bouquet of cut flowers. Here, a comparative analysis of
the literature on meiotic telomeres from a variety of dif-
ferent species illustrates that the bouquet is nearly uni-
versal among life cycles with sexual reproduction. The
bouquet has been well documented for over 100 years,
but our understanding of how it forms and how it func-
tions has only recently begun to increase. Early and recent
observations document the timing and provide clues
about the functional significance of these striking telo-
mere movements.
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The bouquet is a telomere cluster on the nuclear
envelope at meiotic prophase

Nuclei in early meiotic prophase exhibit a highly polar-
ized and clustered arrangement of chromosome ends
called the bouquet, recognized long ago as unique to
meiosis [1, for early reviews, see 2—4]. Beautiful and nu-
merous examples of the bouquet arrangement are found
in early microscopic studies, in which telomere organiza-
tion was documented and noted but not always the pur-
pose of the study [5, and references therein for a timeline
of bouquet research]. Many of the micrographs and draw-
ings captured remarkably clear images of the bouquet
arrangement showing telomeres grouped on the nuclear
envelope (NE) with, in some cases, the centrioles in the
cytoplasm nearby [6—12]. Although the bouquet has been
described now for over a century, recent advances in cell
and molecular biology of meiosis have provided a re-
newed interest in meiotic telomeres, as evidenced by sev-
eral recent reviews that focus on the bouquet [5, 13-16].
The biological significance of the bouquet is generally
accepted to be its role in promoting homologous chromo-

some interactions, but exactly how the all the movements
and clustering are accomplished is still being resolved.
The causal relationships between overlapping meiotic
processes such as those involved in homolog pairing,
synapsis and crossing over can be difficult to discern ex-
perimentally [17—19]. The complexity of meiotic pro-
phase is reflected in its subdivision into five stages on the
basis of chromosome fiber morphology. In order, they are
the leptotene, zygotene, pachytene, diplotene and diaki-
nesis stages. The telomere clustering starts late in the lep-
totene stage, always overlaps with the zygotene stage and
usually persists into the pachytene stage. These three
stages are classically delineated by whether homologous
chromosome synapsis is yet to start, in progress or com-
pleted, respectively. Several examples of direct and indi-
rect detection of the bouquet are shown in figure 1A—F
and include examples from fungi, plants, insects and
mammals.
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Ultrastructural observations of the regions of
telomere-NE attachment

The synaptonemal complex (SC) is unique to meiotic
prophase and permits telomere identification because it
consists of a continuous axial structure that joins sy-
napsed homologous chromosomes from end to end in
pachytene-stage chromosomes [20—22]. Analysis of mei-
otic prophase nuclei by electron microscopy (EM) re-
vealed that the bouquet involves direct connections (fig.
1G) between the ends of the meiotic chromosome cores
and the inner membrane of the NE (reviewed in [15]). At-
tachments at the early bouquet and zygotene stage pro-
vide a mechanism for large-scale chromosome end align-
ment (for examples see fig. 1C—E), an arrangement con-
ducive to the processes of homology search and initiation
of synapsis [23]. These telomere-NE attachments are a
hallmark of early meiotic prophase nuclei [21, 24—29].
The persistence of the NE associations well into
pachytene (fig. 1 D) suggest that they play another role
subsequent to the initial gathering of ends to initiate
synapsis [30]. The precise role of the telomeric repeat se-
quences and the role of the telomeric complex in forming
and stabilizing these NE attachments is not entirely clear,
but some telomere-associated proteins have been local-
ized to the bouquet or implicated in its formation and may
be involved [31-38].
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quet stage, when the telomeres disperse, was therefore
clearly established early on to be in the pachytene stage in
most species. In contrast, the timing of the initial steps of
bouquet formation have only recently been determined
with the aid of fluorescence microscopy methods capable
of detecting telomere locations at any stage of the cell cy-
cle. These studies showed that the telomere cluster forms
de novo in most species, during meiotic prophase just be-
fore the leptotene-zygotene transition [14, 41—44]. The
kinetics of the telomeres in the first half of meiotic
prophase indicate that telomeres may have one or more
specific roles during this time of dramatic and global
changes in chromatin structure, nuclear architecture and
regulated DNA metabolism. Comparative analysis of the
general features of bouquets from different species re-
veals a nearly universal pattern for the occurrence of the
bouquet — from just before to just after the zygotene
stage, when synapsis is underway [30, 33, 34, 43,
45-51].

Movements of meiotic telomeres

For decades, indirect and circumstantial evidence sug-
gested that the bouquet-stage telomeres interact with mi-
crotubules or the microtubule organizing centers of cells.
Genetic and cytological data reveal that clustering and

telomere-led nuclear movements in budding yeast and
fission yeast are associated with microtubules [16, 46, 48,
52]. Interestingly, recent colchicine treatment studies
shed light on another telomere rearrangement mechanism
that is not compromised by microtubule disruption [49,
50]. In rye plants with large subtelomeric regions of het-
erochromatin, 0.1 mM colchicine or podophyllotoxin

The timing of the bouquet

The EM-based observations of the bouquet stage were
based on detection of telomeres as the ends of continuous
chromosome fibers [39, 40]. The ending point of the bou-

-
-

Figure 1. Various views of the bouquet. The bouquet, where telomeres are clustered and attached to the nuclear envelope, has been de-
tected by various cytological techniques. In these examples the region of the bouquet (BQ) is enclosed by braces. (4) Bouquets from fis-
sion yeast, before and after karyogamy. The clustering of telomeres occurs just prior to karyogamy and is present throughout the horsetail
stage [42]. Diagrams of the relative positions of the nuclei (blue) and the telomeres (yellow dots) are drawn over a phase-contrast micro-
graph of a cell. The direction (green arrows) of telomere cluster movement within the cell is indicated. (B) A bouquet from budding yeast,
detected by fluorescence in situ hybridization (FISH). The nucleus (blue) is from a mildly spread tetraploid SK1 strain (reproduced with
permission from figure 8 C of [46]). The telomere cluster is detected after hybridization with XY” probe (red). Immunocytochemical de-
tection of tubulin with anti-Tub4 shows the location of the spindle pole body (green, or yellow where overlapping with the red FISH sig-
nals; reproduced with permission from [46]). (C) A bouquet at the zygotene-stage nucleus from a maize-chromosome-addition line of oat,
detected by three-dimensional telomere FISH [44]. A stereo projection of a bouquet-stage nucleus (blue) shows the telomere FISH signals
(green dots) and partial synapsis of the maize chromosome 9 stained by whole chromosome FISH paint (white fibers). Synapsis has begun
near the bouquet side of the nucleus. (D) A bouquet at the early pachytene stage from Chlorthippus parallelus, detected and drawn from
light microscopy (from [59]). This nucleus shows that the bouquet persists in the pachytene stage, well after the initiation of synapsis. (£)
A bouquet at the early zygotene stage from a plethodontid salamander, detected by phase-contrast microscopy (reproduced with permis-
sion from figure 3 C of [60]). Note the roughly parallel alignment of the terminal segments of ends of the chromosome. (F) A bouquet at
the late leptotene/early zygotene stage from rat, detected by immunolocalization with an antibody raised against the human telomeric pro-
tein hRap1 (reproduced with permission from figure 8 B of [37]). The image shows the DNA (blue) and immunodetection of the SC pro-
tein SCP3 (green) or hRap1 epitopes (red) from a mildly spread nucleus. (G) An ultrastructural view of the region of telomere attachment
to the nuclear envelope of a synapsed bivalent at early pachytene from human, detected by thick-section uranyl-acetate staining. The biva-
lent is of the X and Y chromosomes, but the morphological features of the end-on attachments are typical for telomeres at the bouquet stage
(reproduced with permission from figure 27 of [61]). The axial cores of the chromosomes have formed a synaptonemal complex, and a
slight thickening of densely staining material is evident where the lateral elements (which resemble the rails of a train track) of the synap-
tonemal complex contact the nuclear envelope. The locations of the nucleus (1), nuclear envelope (2), and cytoplasm (3) are indicated. The
attachment is shown at two different magnifications.
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Figure 2. Four sequential types of telomere movements that can occur in meiotic prophase of multicellular eukaryotes are indicated. The
four different movement classes are indicated at the top as [-IV. Diagrams indicate the positions of the telomeres relative to the nuclear en-
velope and the relative direction of telomere movements (arrows). Descriptions of the movements are given at the bottom. Classes I and 11
coincide with the late leptotene stage. Class I1I occurs mostly during the zygotene stage, which is coincident with the bouquet stage. This
type of movement is based on microtubules in the fission yeast [16, 52]. Class IV usually occurs during pachytene. Classes Il and IV can
be distinguished cytologically in fixed cells by criteria that differentiate between the leptotene and pachytene stages of meiotic prophase.

treatment disrupted bouquet formation but did not result
in a loss of microtubules. Furthermore, disruption of the
rye microtubules by other drugs did not block bouquet
formation. These findings suggest that a colchicine-
sensitive target, but not intact microtubules, may be im-
portant for bouquet formation. Colchicine treatments can
reduce pairing, synapsis and chiasmata formation during
early meiotic prophase (reviewed in [15, 23]). The micro-
tubule-dependent telomere movements in yeast and the
colchicine-sensitive formation of the bouquet raise some
interesting questions. These include whether yeast and
plants have different telomere motility systems or
whether telomeres move by one mechanism to form the
bouquet and by another to move the bouquet. Indeed,
telomere movements within meiotic prophase can be di-
vided into four discernable classes (illustrated here as
I-1V, fig. 2), leaving open the possibility that two or more
different types of forces direct meiotic telomere move-
ments.

Functional significance of the bouquet and some
questions

Several lines of evidence establish that one of the most
likely functions of the bouquet is to ensure the efficient
initiation of synapsis of homologous chromosomes [27,
51, 53—-55]. Other aspects of the bouquet can be experi-
mentally addressed now. The telomeric complex contains
a number of proteins that have various roles in DNA me-
tabolism, including signal transduction, DNA repair,
chromatin silencing and recruitment and regulation of
telomerase, as summarized in the accompanying reviews
(Wei and Price, and Kanoh and Ishikawa). To what extent,
if any, does the bouquet produce a localized concentra-
tion of telomeric proteins, and if it does, how might it af-
fect the homology search, synapsis or recombination? As

the proteins of the telomeric complex are identified, it
will be important to investigate which of them play a di-
rect role in meiosis. Proteins such as TRF1, TRF2, Rapl,
Ndjl and Tazl are found at meiotic telomeres, and ge-
netic studies indicate that these proteins are important for
meiotic telomere functions [6, 37, 42, 46, 56—58]. A crit-
ical question at this point is whether these proteins play a
direct role in meiotic telomere functions or an indirect
role, such as, for example, by their effect on the overall
regulation of telomere length.

Another line of questions involves the possible role of
telomeres in crossover control. The maize mutant desy-
naptic (dy) reduces crossover recombination but appears
to have a normal bouquet [30]. The dy mutant exhibits
precocious telomere-NE detachment at pachytene, rais-
ing, for example, the question of whether telomeres have
multiple and separable functions for synapsis and recom-
bination in plants or other organisms. As a potentially in-
formative exception, the Drosophila telomeres do not
have telomerase-derived telomeres or their associated set
of telomeric repeat-binding proteins (see Biessmann and
Mason, this issue), and Drosophila chromosomes do not
form a bouquet at meiotic prophase. Which meiotic pe-
culiarities of Drosophila meiosis, if any, are related to its
lack of a common-type telomeric complex or bouquet?
These and related questions on the role of the nuclear en-
velope are beginning to be addressed, uncovering some of
the long-held secrets of the bouquet.

Clearly the field of meiosis is rapidly gaining the ability
to solve some of the mysteries of the bouquet, assisted
by recognition of the conserved features of meiotic
prophase nuclei. Future investigations into the functio-
nal significance of the bouquet structure will be im-
portant for understanding of the broader evolutionary
significance of telomeres and linear chromosomes in
the evolution of meiosis and sexual reproduction in eu-
karyotes.



CMLS, Cell. Mol. Life Sci.

Vol. 60, 2003

Acknowledgements. Some of the work reviewed here was sup-
ported by the National Science Foundation (MCB 0091095).

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Eisen G. (1900) The spermatogenesis of Batrachoseps. J. Mor-
phol. 27: 1-117

Sharp L. W. (1921) The reduction of the chromosomes. In: An
Introduction to Cytology, pp. 219—272, Sharp L. W. (ed.), Mc-
Graw-Hill, New York

Wilson E. B. (1925) The Cell in Development and Heredity, 3rd
ed, Macmillan, New York

Darlington C. D. (1937) Recent Advances in Cytology, 2nd ed,
Churchill, London

Scherthan H. (2001) A bouquet makes ends meet. Nat. Rev.
Mol. Cell. Biol. 2: 621-627

Farmer J. B. and Moore J. E. S. (1905) On the maiotic phase (re-
duction divisions) in animals and plants. Quart. J. Microsc. Sci.
192: 489-557

Schreiner A. and Schreiner K. E. (1905) Uber die Entwicklung
der méannlichen Geschlechtszellen von Myxine glutonisa 1. Ver-
mehrungsperiode, Reifungsperiode und Reifungsteilungen.
Arch. Biol. 21: 183-314, pls. V-XII

Schreiner A. and Schreiner K. E. (1905) Uber die Entwicklung
der mannlichen Geschlechtszellen von Myxine glutonisa 11. Die
Centriolen und ihre Vermehrungsweise. Arch. Biol. 21:
315-355, pls. XIII-XIV

Grégoire V. (1907) La formation des gemini heterotypiques
dans les végétaux. Cellule 24: 369—420

Gelei J. (1921) Weitere Studien tiber die Oogenese des Dendro-
coelum lacteum. 11. Die Langskonjugation der Chromosomen.
Arch. Zellforsch. 16: 88—169, pls. 166—111

Janssens F. A. (1924) La chiasmatypie dans les insectes. Sper-
matogenesis dans Stethophyma grossum (L.) et Chorthippus
parallelus (Zetterstedt). Cellule 34: 135-355

Marengo N. P. (1949) A study of the cytoplasmic inclusions
during sporogenesis in Onoclea sensibilis. Am. J. Bot. 36: 603—
616

Cowan C. R., Carlton P. M. and Cande W. Z. (2001) The polar
arrangement of telomeres in interphase and meiosis. rabl orga-
nization and the bouquet. Plant Physiol. 125: 532—-538
Zickler D. and Kleckner N. (1998) The leptotene-zygotene
transition of meiosis. Annu. Rev. Genet. 32: 619-697
Dernburg A. F,, Sedat J. W., Cande W. Z. and Bass H. W. (1995)
Cytology of telomeres. In: Telomeres, pp. 295—338, Greider C.
W. (ed.), Cold Spring Harbor Laboratory Press, Plainview, New
York

Yamamoto A. and Yasushi H. (2001) How do meiotic chromo-
somes meet their homologous partners? Lessons from fission
yeast. Bioessays 23: 526533

Roeder S. G. (1997) Meiotic chromosomes: it takes two to
tango. Genes Dev. 11: 2600—2621

Santos J. L. (1998) The relationship between synapsis and re-
combination: two different views. Heredity 82: 1-6

Zickler D. and Kleckner N. (1999) Meiotic chromosomes: inte-
grating structure and function. Annu. Rev. Genet. 33: 603—-754
Moses M. J. (1956) Chromosomal structures in crayfish sper-
matocytes. J. Biophys. Biochem. Cytol. 2: 215-218

Moses M. J. (1968) Synaptinemal complex. Annu. Rev. Genet.
2:363-412

Fawcett D. W. (1956) The fine structure of chromosomes in the
meiotic prophase of vertebrate spermatocytes. J. Biophys.
Biochem. Cytol. 2: 403-406

Loidl J. (1990) The initiation of meiotic pairing: the cytological
view. Genome 33: 759—-778

Comings D. E. and Okada T. A. (1970) Whole-mount electron
microscopy of meiotic chromosomes and the synaptinemal
complex. Chromosoma 30: 269—286

Solari A. J. (1972) Ultrastructure and composition of the synap-
tonemal complex in spread and negatively stained spermato-

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Multi-author Review Article 2323

cytes of the golden hamster and albino rat. Chromosoma 39:
237-263

Counce S. J. and Meyer G. F. (1973) Differentiation of the
synaptonemal complex and the kinetochore in Locusta sperma-
tocytes studied by whole mount electron microscopy. Chromo-
soma 44: 231-253

Moens P. B., Bernelot-Moens C. and Spyropoulos B. (1989)
Chromosome core attachment to meiotic nuclear envelope reg-
ulates synapsis in Chloealtis (Orthoptera). Genome 32: 601—
610

Klein F., Laroche T., Cardenas M. E., Hofmann J. F-X.,
Schweizer D. and Gasser S. M. (1992) Localization of RAP1
and topoisomerase II in nuclei and meiotic chromosomes of
yeast. J. Cell Biol. 117: 935-948

Von Wettstein D., Rasmussen S. W. and Holm P. B. (1984) The
synaptonemal complex in genetic segregation. Annu. Rev.
Genet. 18: 331-314

Bass H. W., Bordoli S. J. and Foss E. M. (2003) The desynaptic
(dy) and desynapticl (dsyl) mutations in maize (Zea mays L.)
cause distinct telomere-misplacement phenotypes during mei-
otic prophase. J. Exp. Bot. 54: 39-46

Luderus M. E., van Steensel B., Chong L., Sibon O. C., Cre-
mers E. F. and de Lange T. (1996) Structure, subnuclear distrib-
ution and nuclear matrix association of the mammalian telom-
eric complex. J. Cell Biol. 135: 867881

Bugaeva E. A. and Podgornaya O. 1. (1997) Telomere-binding
protein from the nuclear envelope of oocytes of the frog Rana
temporaria. Biochemistry 62: 13111322

Rockmill B. and Roeder G. S. (1998) Telomere-mediated chro-
mosome pairing during meiosis in budding yeast. Genes Dev.
12: 2574-2586

Pandita T. K., Westphal C. H., Anger M., Sawant S. G., Geard
C. R., Pandita R. K. et al. (1999) Atm inactivation results in
aberrant telomere clustering during meiotic prophase. Mol.
Cell. Biol. 19: 5096—-5105

Smith S. and de Lange T. (1999) Cell cycle dependent localiza-
tion of the telomeric PARP, tankyrase, to nuclear pore com-
plexes and centrosomes. J. Cell Sci. 112: 3649-3656
Podgornaya O. 1., Bugaeva E. A., Voronin A. P, Gilson E. and
Mitchell A. R. (2000) Nuclear envelope associated protein that
binds telomeric DNAs. Mol. Reprod. Dev. 57: 16-25
Scherthan H., Jerratsch M., Li B., Smith S., Hulten M., Lock T.
et al. (2000) Mammalian meiotic telomeres: protein composi-
tion and redistribution in relation to nuclear pores. Mol. Biol.
Cell 11: 4189-4203

Trelles-Sticken E., Dresser M. E. and Scherthan H. (2000) Mei-
otic telomere protein ndjlp is required for meiosis-specific
telomere distribution, bouquet formation and efficient homo-
logue pairing. J. Cell Biol. 151: 95-106

Holm P. B. (1977) Three-dimensional reconstruction of chro-
mosome pairing during the zygotene stage of meiosis in Lilium
longiflorum (Thunb.). Carlsberg Res. Comm. 42: 103—151
Moens P. B. (1969) The fine structure of meiotic chromosome
polarization and pairing in Locusta migratoria spermatocytes.
Chromosoma 28: 1-25

Scherthan H., Bahler J. and Kohli J. (1994) Dynamics of chro-
mosome organization and pairing during meiotic prophase in
fission yeast. J. Cell Biol. 127: 273285

Chikashige Y., Ding D.-Q., Funabiki H., Haraguchi T., Mashiko
S., Yanagida M. et al. (1994) Telomere-led premeiotic chromo-
some movement in fission yeast. Science 264: 270— 273

Bass H. W., Marshall W. E,, Sedat J. W., Agard D. A. and Cande
W. Z. (1997) Telomeres cluster de novo before the initiation of
synapsis: a three-dimensional spatial analysis of telomere posi-
tions before and during meiotic prophase. J. Cell Biol. 137:
5-18

Bass H. W., Riera-Lizarazu O., Ananiev E. V,, Bordoli S. J.,
Rines H. W., Phillips R. L. et al. (2000) Evidence for the coin-
cident initiation of homolog pairing and synapsis during the



2324

45

46

47

48

49

50

51

52

H. W. Bass

telomere-clustering (bouquet) stage of meiotic prophase. J. Cell
Sci. 113: 1033-1042

Golubovskaya I. N., Harper L. C., Pawlowski W. P., Schichnes
D. and Cande W. Z. (2002) The pam1 gene is required for mei-
otic bouquet formation and efficient homologous synapsis in
maize (Zea mays L.). Genetics 162: 1979—1993
Trelles-Sticken E., Loidl J. and Scherthan H. (2003) Increased
ploidy and KAR3 and SIR3 disruption alter the dynamics of
meiotic chromosomes and telomeres. J. Cell Sci. 116: 2431—
2442

Chua P. R. and Roeder G. S. (1997) Tam1, a telomere-associ-
ated meiotic protein, functions in chromosome synapsis and
crossover interference. Genes Dev. 11: 1786—1800

Jin'Y., Uzawa S. and Cande W. Z. (2002) Fission yeast mutants
affecting telomere clustering and meiosis-specific spindle pole
body integrity. Genetics 160: 861876

Cowan C. R., Carlton P. M. and Cande W. Z. (2002) Reorgani-
zation and polarization of the meiotic bouquet-stage cell can be
uncoupled from telomere clustering. J. Cell Sci. 115: 3757—
3766

Cowan C. R. and Cande W. Z. (2002) Meiotic telomere cluster-
ing is inhibited by colchicine but does not require cytoplasmic
microtubules. J. Cell Sci. 115: 3747-3756

Carlton P. M. and Cande W. Z. (2002) Telomeres act au-
tonomously in maize to organize the meiotic bouquet from
a semipolarized chromosome orientation. J. Cell Biol. 157:
231-242

Yamamoto A., West R. R., McIntosh J. R. and Hiraoka Y.
(1999) A cytoplasmic dynein heavy chain is required for os-

53

54

55
56

57

58

59

60

61

Meiotic telomere functions

cillatory nuclear movement of meiotic prophase and efficient
meiotic recombination in fission yeast. J. Cell Biol. 145:
1233-1249

Tabata M. (1962) Chromosome pairing in intercrosses between
stocks of interchanges involving the same two chromosomes in
maize. Diakinesis configurations. Cytologia 27: 410—417
Tabata M. (1963) Chromosome pairing in intercrosses between
stocks of interchanges involving the same two chromosomes in
maize II. Pachytene configuration in relation to breakage posi-
tions. Cytologia 28: 278—-292

John B. (1990) Meiosis, Cambridge University Press, New York
Nimmo E. R., Pidoux A. L., Perry P. E. and Allshire R. C.
(1998) Defective meiosis in telomere-silencing mutants of
Schizosaccharomyces pombe. Nature 392: 825—-828

Cooper J. P, Watanabe Y. and Nurse P. (1998) Fission yeast
Tazl protein is required for meiotic telomere clustering and re-
combination. Nature 392: 828—831

Digby L. (1919) On the archesporial and meiotic mitoses of Os-
munda. Ann. Bot. 33: 135-172, pls. 131-112

Darlington C. D. (1937) Meiosis in diploids and polypoids. In:
Recent Advances in Cytology, pp. 85—134, Darlington C. D.
(ed.), Churchill, London

Kezer J., Sessions S. K. and Leon P. (1989) The meiotic struc-
ture and behavior of the strongly heteromorphic X/Y sex chro-
mosomes of neotropical plethodontid salamanders of the genus
Oedipina. Chromosoma 98: 433442

Rasmussen S. W. and Holm P. B. (1978) Human Meiosis II.
Chromosome pairing and recombination nodules in human
spermatocytes. Carlsberg Res. Comm. 43: 275-327

To access this journal online:
http://www.birkhauser.ch




