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Chromosome pairing in early zygotene in Lilium longiflorum has been studied by three-dimensional reconstruc-

tions at the electron microscopical level. One nucleus has been completely reconstructed, and the pairing

behaviour and the length of the 12 partially synapsed bivalents was analysed and measured. The total length

of the 24 chromosomes comprises 7,4 mm, and pairing is initiated at several sites along the chromosomes. Ana-

lysis of the pattern and temporal sequence of pairing suggests that all regions of the lateral component con-

tain the required specificity for site-to-site matching. Measurements of the length of the unpaired homologous

regions demonstrate that identical chromosome length is secured for both homologues before pairing is initiated.

Pairing is accomplished by the attachment of a piece of central region to one of the lateral components after ro-

tation of the associated chromatin, followed by subsequent binding of the central region to the homologous late-
ral component. The majority of the telomeres are attached via a special substance to a restricted portion of the
nuclear envelope. The occurrence of chromatin associated structures at the nuclear envelope in combination
with the highly polarized distribution of nuclear pores suggests that considerable membrane activity of possible

significance for chromosome movements takes place during this interval. The observations are discussed in

relation to current hypotheses on the structure and biochemistry of early meiotic chromosomes and the proces-
ses of alignment and pairing.

1. INTRODUCTION chemical evidence in favour of precise pairing
The elucidation of the genetical, biochemical during zygotene as well as recombinational
and structural mechanisms underlying pairing events by DNA break-repair mechanisms in

of homologous chromosomes during the zygo- pachytene is accumulating (54).

tene stage of eukaryotic meiosis is of profound The three-dimensional reconstruction of syn-
significance for the understanding of meiotic aptinemal complexes has recently confirmed
crossing-over. An increasing amount of ultra- and extended the classical cytogenetic interpre-
structural evidence suggests that the synaptine- tations of chromosome behaviour during meio-
mal complex at pachytene provides the struc- sis, but only few reconstructions have been con-
tural framework for specific site-to-site match- ducted on the zygotene stage. The nature and

ing and crossing-over (20, 41, 62). Likewise, bio- temporal sequence of chromosome pairing as
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well as the overall organization of the leptotene
and early zygotene chromosomes are still not
known in detail, and the biochemical character-
istics of meiotic prophase have not yet been
correlated in detail with the ultrastructural ob-
servations.

In the analysis of such questions, three-
dimensional reconstructions of the stage of zy-
gotene in Lilium longiflorum are relevant. In a
series of experiments HOTTA, STERN and co-
workers have investigated the biochemistry of
chromosome pairing, demonstrating that pre-
cise pairing might be accomplished by
DNA-DNA matching of a minor fraction of
unique DNA-sequences unreplicated during
the preceding S-phase. This primary pairing is
followed by replication of the DNA regions and
the homologous chromosome regions are as-
sumed to be stabilized via the central region of
the synaptinemal complex. Several proteins of
relevance to this primary matching process
have been identified and studied (54). More-
over, the behaviour of the Lilium longiflorum
genome during premeiotic interphase and lep-
totene as well as during the somatic cell cycle
has been analysed at the light microscopical
level (22, 23, 55).

The present paper is addressed to the struc-
tural aspects of early zygotene chromosome
pairing in Lilium longiflorum. Reconstructions
and length measurements of the 12 partially
synapsed bivalents are presented, as well as
structural details of the nucleus and the proces-
ses of pairing. Moreover, it has been the aim of
the present study to obtain quantitative and
qualitative information on nuclear structure for
further investigations of the presynaptic stages
in Lilium longiflorum.

2. MATERIALS AND METHODS

2.1. Plant material

Flower buds were obtained from a clone of
Lilium longiflorum grown in the Royal College
of Forestry phytotron in Stockholm, This par-
ticular clone has also provided material for in-

vestigations of the presynaptic as well as the
somatic stages (22, 23, 55) and its growth char-
acteristics during early meiosis have been dealt
with in great detail. The original observation by
ERICKSON (12) of a correlation between bud
length, anther length and stage of meiocytes in
the anthers has only been confirmed to some
extent for the short presynaptic stages. Bud
length however, does provide a general guide
for isolation of the stages thereby facilitating
the study of the temporal sequence of meiotic
events.

2.2, Electron microscopy

Flower buds in the appropriate stages of de-
velopment were excised from the plants and
their length measured. After removal of the
perianth, each anther was measured separately
on millimeter paper, slit longitudinally through
the connective and the anther halves transfer-
red to fixation vials containing 4% formal-
dehyde in 0,05 M potassium phosphate buffer,
pH 7,2. After one hour each anther haif was
divided into three equally large parts (tip, mid
and base) and fixed for an additional 30 minutes
in formaldehyde. An equal volume of 4% glu-
taraldehyde in the same buffer was added and
the material fixed for a further 1Y/, hours. For-
maldehyde was prepared as a 40% stock soluti-
on by alkaline hydrolysis of paraformaldehyde
at 70°C and the pH adjusted to 7.0. Commercial-
ly available glutaraldehyde was purified by re-
peated treatments with charcoal and its con-
centration and purity measured as described
by ANDERSON (1). Samples with a purity index
below | were utilized as stock solutions for fix-
ation.

After several buffer washes postfixation was
carried out for 2'/, hours at room temperature
in 2% Os0, in 0,05 M potassium phosphate buf-
fer, pH 7,2. The material was subsequently
washed several times in buffer and distilled
water and dehydrated through a graded etha-
nol-water series. After a final one hour immer-
sion in propylene oxide, the material was infil-
trated with SPURR'S low-viscosity epoxy resin

Abbreviations: NOR - nucleolus organizing region, Knor - dense chromatic knob of nucleolus organizer region,
Lnor - light staining chromatin of nucleolus organizer region.
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Figure 1: Survey micrograph of an early zygotene nucleus. The nucleolus is flattened along the nuclear envelope.
A minor region of aggregated nuclear pores is evident. In the nucleus several unpaired and paired chromosome
regions can be observed. SC, synaptinemal complex. LC, lateral component. N, nucleolus. NP, nuclear pores.

x 5.500(Bar = 2,0 um)

(53), left overnight in pure resin and the next in plastic trays. Polymerization was carried out
day transferred to fresh resin for flat embedding at 70°C for 24 hours.
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All material was analysed for stage determi-
nation and fixation by phase contrast micro-
scopy of thick sections. Selected material was
subjected to ultrathin sectioning using a Rei-
chert Om U3 ultramicrotome equipped with a
diamond knife. An appropriate number of serial
sections were collected and removed from the
knife trough in a water drop in the hole of a
single slot grid. After mounting in a microma-
nipulator this grid was oriented with respect to
a formvar-covered, carbon-coated single slot
grid, gently lowered and when touching, the
sections were transferred by sucking away the
water. Series comprising approximately 600
consecutive sections were stained for 30 min-
utes at 40°C in saturated uranyl acetate in 50%
ethanol in water, washed several times in water
and poststained for 15 minutes at room temper-
ature in lead citrate. The staining was perform-
ed in a Hiraoka staining kit.

The sections were analysed in a Siemens 102
electron microscope at 80kV. Micrographs for
reconstruction purposes were taken at a nega-
tive magnification of x 2000, and printed to a
total magnification of x 8000.

2.3. Reconstruction

Reconstructions were carried out as describ-
ed by GILLIES(16). Chromosomes and other nu-
clear structures were traced from micrographs
of ten sections onto transparent plastic sheets,
and by stacking the sheets a three-dimensional
model of the nucleus emerged. Chromosome
lengths were calculated for every ten sections
using the Pythagorean Theorem: a = \/b? + ¢?
(a: corrected chromosome length, b: 10 x sec-
tion thickness, c: projected chromosome
length). Section thickness was calculated by
dividing the diameter of the nucleus with the
number of sections required to encompass the
whole nucleus (nuclear diameter: 31,3 um, num-

ber of sections: 390, section thickness: 800 A).

In the present study two serially sectioned
nuclei were photographed and one of them re-
constructed completely.

3. RESULTS

3.1. General comments

For the analysis of early meiotic events the
occurrence of a basipetal developmental gra-
dient within the anther is especially favourable
(23), and anthers containing meiocytes at late
leptotene in the base and at early zygotene in
the tip are regularly found. Besides chromo-
some pairing, which can be observed on both
squashed and sectioned material, other traits
characterize the transition from late leptotene
to early zygotene. The cells acquire a more
spherical shape, whereby the intercellular vol-
ume is increased. The structure and behaviour
of the nucleoli aids in the identification of the
stages. At late leptotene the nucleoli are flatten-
ed onto the nuclear envelope and fuse. Serial
sectioning and reconstructions of 65 nuclei at
the light microscopical level have demonstrated
that 50% of the early zygotene nuclei possess
one nucleolus and the remaining nuclei two
nucleoli generally in close proximity to each
other. Cytomixis consisting of fragmentation of
nuclei and migration of the fragments through
cytoplasmic channels in the walls is encounter-
ed frequently at early zygotene as a result of fix-
ation accidents and less frequently at leptotene
or late zygotene, Ultrastructural work in pro-
gress supports the developmental sequence de-
fined by light microscopy. Nuclei classified as
late leptotene possess continuous lateral com-
ponents, and in the one serially sectioned nu-
cleus no synaptinemal complexes have been
identified.

Figure 2: High magnification micrograph of unpaired and paired chromosomes. The unpaired chromosome
shown in Figure 2a demonstrates the centrally located lateral component associated with the chromatin. Long-
itudinal and transverse sections of the synaptinemal complex are shown in Figures 2b and 2c. The lateral posi-
tion of the lateral component is evident. SC, synaptinemal complex. LC, lateral component. CH, chromatin.

CC, central component. CR, central region.
2a x 80.000 (Bar =0,1 um)
2b-2¢ x 120.000 (Bar = 0,1 um)
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3.2, Ultrastructure of zygotene nuclei
3.2.1. Synaptinemal complex, lateral components,
chromatin

The overall ultrastructure of early zygotene
nuclei as observed at low magnification is
shown in Figure 1. The most prominent feature
is the occurrence of single unpaired chromo-
somes consisting of a lateral component,
300-400 A in diameter surrounded by chromatin
organized in a loop-like fashion. The two chro-
matids cannot be recognized as separate units.
The lateral components are often difficult to
identify, being of approximately the same densi-
ty as the surrounding chromatin after conven-
tional fixation and staining. High magnification
studies demonstrate a fine filamentous sub-
structure of the lateral component (Fig. 2a)
with connections to the surrounding chromatin
and it is often possible to observe some degree
of regularity either in the form of longitudinal
or transverse fiber symmetry. Various degrees
of compactness characterizes the associated
chromatin with its beaded nucleosome struc-
ture. Closely grouped nucleosomes probably
correspond to chromomeres.

Paired regions are less frequently observed.
The synaptinemal complex reveals its typical
tripartite organization of the two lateral compo-
nents and the central region, the latter with a
more distinct filamentous medial part, the cen-
tral component. The diameter of the central
region and central component are measured to
be 1000 A and 300 A respectively. An elaborate
system of fine filaments connects the lateral
components with the central component which
actually may be visible through a higher degree
of compaction of the fibers. High magnification
studies have occasionally demonstrated a thick-
ening of the central region into a node-like
structure (Fig. 9d). Similar local modifications
of the central region have previously been de-

scribed from Neurospora (16), Lilium longi-
florum (37), various fungi (62) and Drosophila

(6).

3.2.2. Centromeres, knobs, nucleolus organizers
(NOR)

The recognition of centromeres in plant
chromosomes at the ultrastructural level has
been made possible after their identification
through karyotype reconstruction in maize (17).
With conventional fixation and contrasting
methods centromeres in lily are less electron
dense than the other chromatin regions and
have a filamentous substructure largely devoid
of the beaded nucleosomes (Figs. 3a, 3b). Later-
al components and synaptinemal complexes
pass uninterrupted through the centromere. In
a few cases the centromeres have been observ-
ed to be bordered by distinct chromomeres
(Fig. 3a). Electron dense loops extend from the
lateral component within the centromere (Fig.
3b).

Knobs have an ultrastructure which is similar
to that of centromeres (17). In lily they are a
regular feature of the three nucleolus organizer
regions (NOR). This chromosome region con-
sists of a dense knob (Knor) and an adjacent
knob of lighter density (Lnogr), which is partly
enclosed in the nucleolus (Figs. 4a, 4b). This
organization of the NOR region is identical to
that described by GILLIES for Zea mays pachy-
tene chromosomes (17). Lateral to the NOR a
sphere of very fine filaments of low density (dif-
fuse body Fig. 4a) is regularly found at early
zygotene in Lilium longiflorum. Diffuse bodies
have been identified in serially sectioned nuclei
as far back as the premeiotic G, stage, occur-
ring in extensive amounts either free in the nu-
cleoplasm or associated with chromatin or with
the NOR. In late leptotene most of them have
disappeared except for those observed in asso-

Figure 3: Ultrastructure of the centromere region during early zygotene. In Figure 3a the synaptinemal complex is
found in the middle of the centromere. The arrow denotes a region where the central region is associated with
only one of the lateral components. (cf. Figure 9 and text). The centromere is on one side bordered by distinct
chromomeres. In Figure 3b arrows point to loops originating from the lateral component. CE, centromere. CH,

chromatin. CRO, chromomere.
3a x 64.000 (Bar = 0,1 um)
3b x 100.000 (Bar x 0,1 um)
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Figure 4: Ultrastructure of the nucleolus organizer region (NOR). In Figure 4a is shown the Ingr of chromosome
4 and the Knog of chromosome 7. For explanation of terms, see text. Lateral to the NOR a sphere of low density
filaments can be observed (diffuse body). Figure 4b demonstrates the detached NOR of bivalent 3. The Inor is
localized below the Knor. A minor nucleolus is evident. N, nucleolus. DB, diffuse body.

4a-b x 32.000 (Bar = 0,2 um).
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ciation with the NORs. The diffuse bodies are
accordingly not an integral part of the nucleolus
organizer region. Chromosomes 2 and 3 were
found homozygous for one small knob and
chromosomes 3 and 7 heterozygous for two and
one knobs respectively.

3.2.3. Nuclear polarity, telomeres and the nuclear
envelope

The zygotene nucleus exhibits a highly polar-
ized organization (Figs. S, 6). Of a total of 48
telomeres, 34 are attached to the nuclear envel-
ope within a region comprising one-eighth of
the total nuclear surface, 4 are localized in an
adjacent area and the remaining 10 are free in
the nucleoplasm. The major region of attach-
ment is positioned lateral to the two nucleoli
and close to two very distinct areas of aggregat-
ed nuclear pores. More precisely, the telomeres
were attached to the smaller of the two nuclear
pore fields and to the area between the two
fields. The telomeres possess a special morphol-
ogy. If bound to the inner membrane of the nu-
clear envelope a cone-shaped structure, con-
sisting of fine fibers with a low density and de-
void of nucleosomes is present (Fig. 7). This ter-
minal structure in a spherical form is particular-
ly evident for the free telomeres of bivalent
(Fig. 7¢) or univalent chromosomes. All free
telomeres have been found to be associated
with this structure when analysed at high mag-
nification. This structure may be responsible for
the attachment of telomeres to the envelope,
the lateral components being separated through
it from the inner membrane by a few hundred
A. Both the inner and the outer membrane have
an increased electron density at the attachment
sites, and the perilacunar space is bridged by
fine fibers often extending a few hundred A into
the cytoplasm (Fig. 7b). Direct association with
microtubules has only been observed for one
set of paired telomeres. Interstitial chromatin is
also frequently bound to the inner membrane of
the nuclear envelope with fine fibrillar material
devoid of nucleosomes (Figs. 7d, e arrows). In
other cases of chromatin association with the
nuclear envelope the material was not observ-
ed.

The nuclear pores posses a distinct eightfold
symmetry and a central plug or granule (Fig. 8).

The peripheral subunits of the pore taper off
into filaments, often associated with chromatin
{Figs. 7e, 8a, b). A similar organization of the
subunits is evident on the cytoplasmic side, but
filaments are fewer. QOutside of the major and
minor field of aggregated pores (Figs. 5 and 6)
several small aggregates can be recognized, the
rest of the nuclear envelope being virtually de-
void of pores. Invaginations of the nuclear en-
velope, especially in the regions without pores,
are evident.

To the inner membrane are attached at va-
rious places prominent roughly spherical plates,
500-600 A in thickness and with an electron
density similar to that of nucleolar material
(Figs. 5, 6 and 8b). These structures are also
abundant in mid leptotene. Chromatin has been
observed to associate with this structure, but no
direct connections between the plates and the
components of the synaptinemal complex have
been found.

3.2.4. Ultrastructure of chromosome pairing
Selected parts of the reconstructed zygotene
chromosomes have been analysed at primary
magnifications of 10-50.000 times, with special
consideration of the junction between paired
and unpaired regions. Due to the twisted nature
of the chromosomes such regions are seldom in-
cluded in a single section, necessitating recon-
structions from a series of sections. The two
unpaired homologous chromosomes diverge at
various angles from the region of completed
synaptinemal complex (Figs. 3a and 9). Conti-
nuity of the lateral components is observed but
in the univalent portions of the pairing chromo-
somes they are located in the middle of the
chromatin. In Fig. 9d a piece of the central
region extends out from a well defined synapti-
nemal complex and is associated with the later-
al component of only one of the diverging chro-
mosomes. At this point its associated chromatin
has rotated with respect to the lateral compo-
nent, while in the homologue the rotation has
not yet taken place. In the latter a piece of what
is believed to be amorphous central region ma-
terial is attached to the lateral component a
little further away (Figs. 9¢ and f). The attach-
ment seems to initiate the rotation of the chro-
matin. Attachment of central region to one
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Figures 5 and 6: Reconstructions of nuclear envelope associated structures in the early zygotene nucleus. The top
half of the nucleus is shown in Figure 5, the bottom half in Figure 6. The distribution of nucleoli, pores and dense
plates is shown. Membrane associated telomeres are indicated and found in a limited area of the nuclear envel-
ope. Deep invaginations of the nuclear envelope can be noted. N, nucleolus. TL, telomere. DP, dense plate. NP,
nuclear pores. Numbers indicate section in which profile was found, underlined numbers designate chromo-
somes.
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Figure 7. Attachment of telomeres and internal chromosome regions to the nuclear envelope. The binding of telo-
meres to the envelope via a substance differing from chromatin in having lower density and absence of nucleoso-
mes is documented in Figures 7a and 7b. Fine filaments traversing the perilacunar space can be observed in Fig-
ure 7b. In Figure 7c is shown the end of the short arm of bivalent 4 located free in the nucleoplasm. The telomeres
are paired with a synaptinemal complex, one lateral component of which is associated with a sphere of material
(arrow) resembling that found at the binding site of telomeres to the nuclear envelope. In Figures 7d and 7e is
shown the binding of interstitial chromatin to the nuclear envelope via material of lower density than chromatin
and with resemblance to the telomere associated material. (Indicated by thick arrows.) NE, nuclear envelope. LC,
lateral components, TL, telomeres. NP, nuclear pores.

7a x 48.000 (Bar = 0,2 um), 7b-7e x 80.000 (Bar = 0,1 um)
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Figure 8: Aggregated nuclear pores and dense plate. Pores in the nuclear envelope are shown in Figure 8a, with
inserts demonstrating the eight fold symmetry and the central plug of the nuclear pores. Filamentous projections
from the peripheral subunits of the pores are evident. A dense plate is shown in Figure 8b. Chromatin can be ob-
served to be connected to the material of the plate. NE, nuclear envelope. DP, dense plate.

8a x 25.700 (Bar == 0,2 um), inserts x 100.000

8b x 64.000 (Bar = 0,2 um).
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Figure 9: Five consecutive sections of a partially paired bivalent region. In Figure 9d the thin arrow denotes a
piece of organized central region associated with only one lateral component. Rotation of the chromatin has oc-
cured at this stretch of the chromosome. The thick arrow points to a local thickening of the central component. In
Figure 9¢ the arrow denotes an aggregation of filaments interpreted to be precursor material for the central
region. Reconstruction of the bivalent components from Figures 9a-9¢ is presented in Figure 9f.

9a-9¢ x 40.000 (Bar =0,2 um).

116 Carlsberg Res. Commun. Vol. 42, p. 103-151, 1977



P. B. HoLM: Chromosome pairing in Lilium

lateral component has been observed 5 times in
the studies at high magnification.

3.3. Reconstruction of chromosomes
3.3.1. The karyotype of Lilium longiflorum

The somatic karyotype of Lilium longiflorum
(n = 12) has previously been characterized by
Feulgen staining and its C and Q banding prop-
erties investigated (22). Due to the very large
size of the Lilium genome the present study has
been limited to reconstruction of one nucleus.
Reconstructions of the 12 partially paired bi-
valents are presented in Figs. 10-21, and an idio-
gram denoting chromosome lengths and pairing
characteristics is presented in Fig. 22. Length
measurements for the paired and unpaired
chromose parts are given in Table 1-12. Total
length of the chromosomes including relative
lengths and centromere index for the zygotene
chromosomes as well as the colchicine treated
and Feulgen stained somatic chromosomes is
compiled in Table 13. A good correlation can
be observed between the meiotic and somatic
chromosomes for the relative lengths and the
centromere indices. With the possibie excep-
tion of chromosomes 8 and 9, which are hardly

Table XIII

Chromosome length measurements of Lilium longiflorum.

distinguishable, all chromosomes seem to be
correctly identified.

3.3.2. General organization of the early zygotene
chromosomes

The total chromosome length of 7.4 mm pro-
vides a primary indication of the complexity of
the internal organization of the nucleus. The
average chromosome length is 9-10 times longer
than the nuclear diameter, necessitating large
scale folding of the chromosomes. Moreover,
the overall impression from the reconstructions
is that the processes of alignment and pairing
are dynamic, with chromosome regions con-
stantly moving around in order to avoid inter-
ference from non-homologous chromosomes as
well as alignment movements towards the ho-
mologous partner. Large asynchrony in the
alignment and pairing processes is evident: In
chromosome 7 only 2,8% of the chromosome is
paired with a synaptinemal complex, whereas in
chromosome 8 as much as 58.2% of the chro-
mosome length is paired with a complex.

The active process of pairing is in particular
evident for the nucleolus organizing chromo-
somes 3,4 and 7. All 6 nucleolus organizers were
associated with the two crescent shaped nu-
cleoli in the 3 mid-leptotene nuclei analysed but

E.M.: Zygotene measurements from reconstructions, L.M.: light microscopic measurements of somatic metaphase

after colchicine treatment.

Chromosome short arm long arm total length relative length centromere
nr. um um um % index %
EM. LM, EM. LM EM. LM. EM. LM. EM. LM
1 1878 8,5 258,6 12,8 446,4 21,3 12,1 13,5 42,1 39,9
2 125,3 6,0 257,1 11,2 382,4 17,2 10,4 10,9 42,1 349
3 58,5 2,2 264,1 1,0 322,6 13,2 8,7 8,4 18,1 16,7
4 38,6 1,8 205,8 8,5 2444 10,3 6,6 6,6 15,8 17,5
5 33,3 1,2 2459 10,0 279,2 11,2 7,6 7,1 1,9 10,7
6 27,5 1,0 274,5 10,8 302,0 11,8 8,2 15 9,1 8,5
7 36,0 2,0 331,2 12,8 367,2 14,8 9.9 9.4 9,8 15,6
8 259 1,0 2834 12,8 309,3 13,8 8,4 8,8 8,4 1,2
9 21,6 0,38 2919 12,8 3135 13,6 8,5 8,7 7,0 59
10 10,9 0,5 216,6 8,2 2275 8,7 6,2 5,5 438 5,7
11 7,2 0,2 230,1 9,2 2313 9.4 6,4 6,0 3,0 2,1
12 48 0,1 2579 11,8 262,7 11,9 7,1 7,6 1,8 L3
Total length 3694,5 157,2  100,1  100,0
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in this zygotene nucleus the organizers of both
chromosomes 3 and the organizer of one
chromosome 7 are not attached to the major
nucleoli, and are located far away from them.
Such distant location of organizers has been
observed in a number of other zygotene nuclei
which have been investigated. It is possible that
this signifies a detachment of organizers from
the nucleolus during pairing.

Of special interest is the behaviour of the te-
lomeres. Each chromosome pair has at least
two of its telomeres associated with the nuclear
envelope. The telomeres of the short arms of
chromosomes 3 and 4 are paired with a synap-
tinemal complex and not attached to the nu-
clear envelope. Only one of the two unpaired
telomeres of the long arms of chromosomes 7
and of the short arms of chromosomes 12 is
bound to the nuclear envelope. The two ends of
the short arms of chromosomes 9 and those of
the long arms of chromosomes 10 are closely
associated by their telomeres, in an end to end
fashion free in the nucleoplasm. They have not
yet formed a synaptinemal complex.

I consider it likely that both the paired and
unpaired telomeres, which were unattached to
the nuclear envelope in this nucleus at the mo-
ment of fixation had previously been in contact
with the envelope and that the detachment is a
temporary one in order to facilitate pairing and
to resolve interlocking.

A comparison of the reconstructions of the
12 chromosomes reveals all stages of alignment
between and within chromosomes. In chromo-
somes 1, 3, 7 and 10 and in certain portions of
chromosomes 4, 5 and 9 pairing and rough
alignment is very limited, the homologous re-
gions often being separated by distances of up
to 30 um. This is easily seen for the centromeres
of chromosomes 1, 5,7, 9 and 12 as well as for
the unpaired telomeres. The reconstructions
prove that individual regions of a pair of homol-
ogous chromosomes act independently. Synap-
tinemal complex formation can be completed in
one region before rough alignment is commenc-
ed in an adjacent one. Supraorganizational pat-
terns for the chromosomes are not generally
evident but an unpaired chromosome region
may form hairpin loops over a considerable dis-
tance, whereby the risk of interlocking with

other chromosome regions is reduced (cf.
chromosomes 4 and 10). Such an organization is
observed for many homologous chromosome
regions in the process of alignment (see chro-
mosomes 5, 6 and 11). To what extent such a
hairpin organization is a reflection of a prezygo-
tene chromatin organization awaits further clar-
ification.

Chromosome and bivalent interlocking has
been described in several Lilium species for
diplotene and diakinesis in light microscopical
investigations (36), and has recently been de-
monstrated from three-dimensional reconstruc-
tions of the zygotene stage in female Bombyx
mori (46). Indications of interlocking have been
found in several regions of the present nucleus,
but the precise tracing of the lateral compo-
nents in regions where they pass each other
very closely remains equivocal. In the case ar-
rowed in Fig. 14 an interlocking of an unpaired
region with a paired part of the same chromo-
some 5 is possible. Because of the uncertainty it
has not been drawn as an interlocking.

Besides the centromeres and the knobs of the
NOR, few markers have been observed. Chro-
mosomes 2 and 3 were homozygous for knobs in
the long arm. In chromosome 3 this knob is lo-
cated proximal to the NOR. Heterozygosity for
knobs has been observed in the long arms of
bivalents 3 and 7. In bivalent 3 two knobs have
been found just distal to the NOR and in bi-
valent 7 a knob is observed 160 um from the
centromere. This knob pattern correlates not
very well with the C banding pattern observed
(22).

3.3.3. Chromosome pairing

The precision of chromosome pairing has
been elucidated by length measurements of the
homologous unpaired lateral components of the
synaptinemal complex (Tables 1-12). The re-
sults demonstrate a close correlation between
the length of the unpaired regions also in the
very long unpaired stretches in the middle of
most chromosomes. Since the length has been
measured over ten sections at a time, the meas-
uring error is increasing the more the chromo-
some deviates from a linear path. This probably
accounts for differences observed between the
homologous lateral components. If the unpair-
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ed regions follow a nearly linear path identity in
lenth was obtained. The possibility that the lat-
eral component and the associated chromatin
possess a minor degree of flexibility allowing li-
mited extension and stretching to take uplace
cannot be totally excluded, but for the majority
of the chromosome regions it is evident that the
lateral component fixes the chromosome length
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before the precise site-to-site synapsis is initi-
ated.

From the length measurements it can be con-
cluded, that the vast majority of pairing observ-
ed is homologous pairing. Three clearcut ex-
amples of non-homologous pairing can be de-
moastrated. Chrosome 4 is paired with chromo-
somes 7 and 9 over a minor region, and chromo-
some 6 has formed a synaptinemal complex by
a foldback type of pairing with itself.
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Figure 22: Idiogram of the 12 partially synapsed bivalents of Lilium longiflorum. The length of the arms, cen-
tromere position and NOR position as well as the unpaired and paired regions are shown.
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Figure 23: Histogram denoting distances between “initiation points” of pairing, as deduced from distances be-

tween completed stretches of synaptinemal complex.

In the calculations it has been assumed that pairing has been initiated in the middle of a stretch of synaptinemal
complex. If the telomeres are paired, pairing was assumed to have started from the telomeric end. Distances
above 25 um are not shown. They comprise 8% of the total “initiation point”-to-"initiation point” distances. The
frequency is calculated on the basis of the total number of observations.

3.3.4. Initiation of pairing

From the present study it is deduced that
pairing in lily is initiated at multiple sites along
the chromosomes. This refers to pairing by
alignment as well as synaptinemal complex for-
mation. As summarized in Fig. 22 the number
of synaptinemal complex regons varies from 5
in chromosome 7 to 36 in chromosome 2. The
question whether pairing is initiated at specific
and preferred points along the chromosome or
whether any part of the chromosome houses the
required information for a specific pairing can
be approached on the reconstructed nucleus.
From Fig. 22 it is evident that telomere regions
show more completed synaptinemal complexes
than interstitial regions. On the other hand in

chromosome 7 complexes are only found at a
proximal region of the long arm. Thus, distal
regions of the chromosome arms are preferred
regions of initiation but any region seems cap-
able of initiating complex formation. An ana-
lysis of the distances between the initiation
points” for pairing along the chromosomes is
presented in Fig. 23, assuming that synaptin-
emal complex formation is initiated at the
nuclear envelope and in the middle of the com-
plexes in the other portion of the chromo-
somes. The distances vary between 2,5 um and
over 25 um. Initiation does not seem to com-
mence at regular intervals along the chromo-
somes. Centromeres do not pair precocious-
ly, but rather belong to the regions in which
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synaptinemal complex formation occurs late.
Non-homologous centromere fusion has only
been observed once, the unpaired centromere
of chromosome 7 being associated with the
paired centromeres of chromosomes 8.

4. DISCUSSION

4.1. Nuclear polarity

The polarized distribution of telomeres in the
bouquet arrangement of zygotene nuclei is
known to be a characteristic of animal and
some plant meioses (10). Reconstructions from
electron micrographs of serial sections have
revealed that during the bouquet stage at lepto-
tene and zygotene the telomeres are bound to a
restricted region of the inner membrane of the
nuclear envelope and that the attached telo-
meres are being redistributed evenly across the
envelope at the beginning of pachytene (38, 46).
GILLIES (19) has demonstrated for maize that
also in a higher plant the telomeres of the chro-
mosomes at leptotene and zygotene are attach-
ed to a restricted area of the nuclear envelope.
Lilium longiflorum has been regarded as an ex-
ample for the absence of a bouquet organiza-
tion in early zygotene (10, 36). Moreover the
binding of telomeres to the nuclear envelope
has been questioned (37, 39). In the nucleus re-
constructed in this study 34 of the 48 telomeres
are attached to the inner membrane of the en-
velope within one-eighth of the nuclear surface.
Thus like in maize, lily chromosomes form a
bouquet configuration in the early synaptic
stages, adding to the evidence that this arran-
gement is universal and of significance for the
primary recognition and pairing of homologous
chromosomes. The long and folded nature of
many higher plant chromosomes obscures the
recognition of their polarized attachment in
light microscope preparations.

An additional characteristic of the early zy-
gotene stage in Lilium longiflorum is the polar-
ized distribution of nucleoli and nuclear pores
which is first evident in late leptotene. Pores are
absent over the appressed nucleoli, a phenom-
enon that has been demonstrated in several
plants (35). In mid leptotene only a few telo-
meres are associated with the nuclear mem-
brane, while the late leptotene nucleus posses-

ses a well defined bouquet region within and be-
tween the major pore regions, These observa-
tions reveal that the polarization of the telome-
res of early zygotene is not a reflection of their
organization during the previous telophase or
interphase, but is created by an active process
of rearrangement of telomeres, nucleoli and
pores.

4.2. Chromosome length

A major question in the interpretation of how
homologous chromosomes recognize each
other and pair in a way that allows precise site-
to-site matching is the control and organization
of the leptotene chromosome. Cytochemical
and enzyme digestion studies have favoured the
view that the lateral components formed during
leptotene house the required information for
precise pairing in the form of RNA and protein
associated with a minor DNA fraction (13, 17,
61). Length measurements of pachytene chro-
mosomes have demonstrated that only a minor
fraction of the total DNA can be associated
with the lateral component. In Drosophila {34,
62), Neurospora (16, 62) Zea mays (17) and
Bombyx females (46) the total length of the la-
teral components are only 0,2%, 0,3%,
0,014-0,017% and 0,12% respectively of the
total DNA length. HOTTA and STERN (29) esti-
mated the 4C amount of DNA in Lilium longi-
florum to be 2,4 x 10* dalton corresponding to
120 m of extended DNA double helix. The
length of the lateral components (7,4 mm) is
accordingly 0,006% of the DNA length.

Equal length of the lateral component of the
synaptinemal complex in unpaired chromo-
some regions, as found in the present recon-
structions, supports the notion that the conti-
nuous lateral components determine chromo-
some length at meiotic prophase until the end
of pachytene. This is in agreement with the pro-
posal by GILLIES (19) and RASMUSSEN (46) that
major changes in total chromosome length dur-
ing zygotene and pachytene are not expected.
Large changes in chromosome length have
been reported during meiotic prophase in Dros-
ophila {5). The constant somatic pairing in
Drosophila may account for this special finding.
Several investigations have described the lepto-
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tene chromosome as lampbrush-like (7, 9, 60),
but the molecular nature of the attachment of
the chromatin from the two sister chromatids to
the lateral component is not understood. A me-
iosis-unique histone with some similarities to
the H 1 histone is synthesized during the prelep-
totene-leptotene interval in Lilium longiflorum
(50) and total histone synthesis has been report-
ed to be uncoupled from the premeiotic DNA
replication and to extend into zygotene (3, 56).
These observations suggest that the organiza-
tion of the leptotene chromosome and the com-
ponents of the synaptinemal complex might be
related to the formation of the specific meiotic
histone. It has been suggested (23, 54) that the
extended premeiotic S-phase is of importance
for the contral of the organization of the gen-
ome and for a preselection of regions to engage
in crossing over during pachytene (55). In
Lilium longiflorum the premeiotic S-phase has
been estimated to be six times longer than the
average somatic S-phase and an interval of
8-10 hours has been found between the DNA
replication in euchromatin and heterochrom-
atin. The organization of the leptotene chromo-
some is thus integrated with a distinct temporal
sequence of the premeiotic DNA replication in
different chromosome regions. Other lines of
evidence suggest that the premeiotic DNA syn-
thesis is a controlling factor for the organization
of the leptotene chromosome. In a series of in-
vestigations HOTTA, STERN and coworkers have
demonstrated, that DNA replication of 0,3% of
the genome is delayed until zygotene (25, 28).
This DNA consists of unique sequences (29), is
scattered throughout the genome (31), charac-
terized by a G+C content of 50% (25, 28) and
has an average length of 3500 basepairs (29).
Inhibition of this zygotene-DNA synthesis
interrupts the formation of the synaptinemal
complex (48). It has been observed that no sin-
gle stranded regions occur during leptotene,
indicating that the two chromatids share the
same double helix in the unreplicated regions
(30), and that the DNA regions replicated dur-
ing zygotene are not ligated to the flanking
DNA before pachytene (30). These observa-
tions have led to the conclusion, that the zygo-
tene-DNA regions serve as primary recognition
sites for the homologous chromosomes. No evi-

dence is yet available on the localization of the
zygotene-DNA with respect to the lateral com-
ponents of the synaptinemal complex and the
relationship of its replication to the morphology
of the formation of the synaptinemal complex.
If arranged along the lateral components it
must be packed by a factor 50 since the total
length of the lateral components is only 0,006%
of the DNA length and the zygotene DNA com-
prises 0,3%.

4.3. Chromosome alignment and pairing

The mechanism by which chromosomes align
and pair is still under debate. STERN & HOTTA
(54) favour the hypothesis that pairing is specifi-
ed at the DNA level through matching of homo-
logous regions of zygotene-DNA, followed by
alignment and uitimate organization of the syn-
aptinemal complex via the formation of the
central region. WESTERGAARD & VON
WETTSTEIN (61, 62) and VON WETTSTEIN (63, 64)
suggested that homologous chromosomes are
roughly aligned by some unknown mechanism
and that the required specificity for pairing was
housed in the form of RNA and protein in the
lateral components. It was hypothesized (63)
that by binding of the central region to one of
the lateral components a series of conforma-
tional changes was induced in the unspecific
central region, which created a specificity on
the opposite surface of the central region
matching the lateral component of the homolo-
gous chromosome. The location of homologous
chromosomes in the prezygotene nuclei has
been discussed for several years. From light mi-
croscopical observations some authors have
deduced various degrees of somatic pairing of
homologous chromosomes (4), or associations
between homologous telomeres (58). COMINGS
& OKADA (7) observed closely associated tel-
omeres in waterspread leptotene nuclei, and
argued that this organization also was a charac-
teristic of somatic nuclei. The light microscope
observations have been disputed and criticised
repeatedly (cf. 32). With the exception of Dip-
tera the three-dimensional reconstructions of
leptotene and zygotene nuclei prove the ab-
sence of pre-alignment. Also telomeres are
found to be separated at leptotene by distances
several to many times greater than their ulti-
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mate distance within the synaptinemal complex
(19, 38, 46). These results are in agreement with
light microscope observations from Lilium
longiflorum (59). The present reconstruction
study provides definitive evidence against pre-
meiotic alignment of homologous chromoso-
mes in this organism.

Telomere migration seems mediated by their
movements in or close to the nuclear envelope,
since telomeres are attached to its inner mem-
brane from leptotene to pachytene. Membranes
of the nuclear envelope have been repeatedly
considered as transport vehicles for chromoso-
mes (39, 42). RASMUSSEN (46) favoured the idea
that the resolution of the bouquet configuration
at late zygotene in Bombyx is mediated by slid-
ing movements of the inner membrane as signi-
fied by the formation of nuclear membrane va-
cuoles. In Lilium longiflorum synthesis of lipo-
protein material has been observed during the
leptotene-zygotene period (STERN pers. com-
mun.). The invaginations of the nuclear envel-
ope observed in the present study and telomere
movements may be related to this synthesis.
The filaments traversing the perilacunar space
(14, 60 and this investigation) at the site of telo-
mere attachment or modified nuclear pores (11,
13) can be envisaged to play a role in telomere
movement. The alignment and movement of
the telomeres cannot by itself bring about the
rough alignment of 7,4 mm of chromosome
length in a nucleus with a diameter of 0,03 mm.
Whether or not the association of interstitial
chromatin to the nuclear envelope through
dense plates, the special substance (this study),
fibers discovered in wheat (2), nuclear pores (8,
9) or an organizational matrix in the nucleo-
plasm (33) promote alignment of the homolo-
gues, remains to be analyzed.

From a structural point of view the formation
of the synaptinemal complex in lily is character-
ized by two major events, i. e., rotation of the
chromatin with respect to the lateral compo-
nent of one of the homologous chromosomes
followed by the binding of the lateral compo-
nent to the preformed central region. This pair-
ing mechanism is identical to the one proposed
by WESTERGAARD & VON WETTSTEIN (61, 63)
and proven by VON WETTSTEIN (64) through re-
construction of a zygotene nucleus in Neottiel-

la. It implies that the central region cannot be
an integral part of the zygotene chromosome or
the lateral component as often proposed (8, 9,
37). Investigations in Neottiella (61, 64) and
Drosophila (43, 44, 45) have suggested that
either synthesis or temporary assembly of the
central region material takes place in the nu-
cleolus prior to pairing with subsequent trans-
port to the chromosomes in an amorphous
form. Organized central region material has not
been observed in the nucleolus of lily.

The DNA replicated during zygotene is tran-
siently associated with a lipoprotein complex
(21), and a protein similar to the gene-32 pro-
tein of the phage T4, which facilitates the re-
naturation of single stranded DNA, has been
isolated from a heavy membrane fraction (26,
27). In addition a colchicine binding protein has
been isolated from the same fraction, this pro-
tein is identical in its response to colchicine as
tubulin but with a lower molecular weight and
insensitive to vinblastine (24). Since colchicine
treatment of zygotene meiocytes in Lilium in-
terferes with pairing and reduces chiasma fre-
quency (49), STERN & HOTTA (54) concluded
that the nuclear lipoprotein and the gene-32
protein provide the framework for molecular
recognition of homologous chromosomes via
the zygotene-DNA regions and moreover, that
the primary meiotic effect of colchicine is an
inhibition of one or more of the steps in the
pairing process. The establishment of causal
relations between the biochemical and the
ultrastructural characteristics of chromosome
pairing require further links than are available
at present. One observation may provide such a
link: Before the zygotene-DNA is replicated it
can be assumed that the two sister chromatids
are not individualized and the shared DNA
stretches are packed around the lateral compo-
nent. The zygotene-DNA replication is con-
ceivably the event that triggers the rotation of
the two chromatids with respect to the lateral
component, thereby exposing it for binding
with the central region.

4.4. Initiation of pairing

Three major hypotheses have been put for-
ward on the nature of the initiation of pairing.
KING (34) suggested that pairing was accom-
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plished by specific initiation points at the telo-
meres followed by an unspecific zipping up for
the rest of the chromosome. COMINGS & OKADA
(8, 9) favoured the idea of multiple initiation
points with unspecific zipper mechanisms ac-
counting for the pairing of the rest of the gen-
ome. WESTERGAARD and VON WETTSTEIN (62)
argued that information for specific site-to-site
pairing was housed all along the lateral compo-
nent.

Reconstruction studies have revealed that
pairing in some organisms proceeds regularly
from the telomeres, without any initiation in the
internal parts of the chromosomes (46). In Zea
mays it was noted, however, that pairing also
was initiated in the internal parts of the chro-
mosomes (19), and a previous (37) and this in-
vestigation of Lilium longiflorum have demon-
strated the same phenomenon. The pairing be-

haviour observed in inversion heterozygotes

(17), translocation heterozygotes (52) and sex
chromosomes in the heterogametic sex (51) is
difficult to explain unless specificity for pairing
is housed all along the chromosomes.

4.5. Non-homologous pairing

Three possible cases of non-homologous
pairing have been observed. Due to limited in-
formation on the evolution of the Lilium longi-
florum genome it cannot be stated definitively if
really non-homologous regions are paired. Non-
homologous pairing has been observed in se-
veral studies, and reconstructions of such pair-
ing at the ultrastructural level are available for
haploids (18, 57) as well as for the K,, chromo-
some of Zea mays (17). The mechanism behind
such pairing events remains obscure, but it
might be visualized as follows: The binding of
pieces of the central region occurs initially to
one or the other of the lateral components.
Absence of homologous lateral components
might still lead to complex formation if the
blocks of organized central regions have a
strong tendency to aggregate in the longitudinal
direction. Recent reconstructions from triploid
Bombyx females (47) reveal that even after for-
mation of synaptinemal complexes paired chro-
mosome regions can separate again and pair in
a different way with synaptinemal complex for-

mation. The nonhomologous complexes ob-
served in this zygotene nucleus are considered
to be temporary and prone to correction.
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