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Nuclear pores at prophase of meiosis in plants

By L.F.La Cour, F.R.S.
School of Biological Sciences, University of East Anglia

B

AND B. WELLS
John Innes Institute, Colney Lane, Norwich

[Plates 34-35]

Nuclear pores have been studied with the electron microscope in thin sections of pollen mother cells at
early- to mid-meiotic prophase (a) in respect of distribution, (4) in relation to fine structure in the pore
complex in the following plants: Fritillaria lanceolata, Phaedranassa viridiflora, Tulbaghia violacea, an F, hybrid
of Allium fisultosum x Allium cepa and the lily var. ‘Formobel’. In all plants from leptotene to pachytene, the
pores were irregularly spread over the envelope in random clusters of variable size encircled by areas in
which they did not occur. Further proof was obtained from the lily for the premise that pores are not formed
in regions of the envelope to which the nucleolus is adpressed at leptotene. The fine structure of the pore
complex observed supports a model which proposes that annuli are composed of three rings of eight
granular subunits. Most pores contained a central granule ranging from 25 to 30 nm in diameter com-
posed of amorphous substance and filaments about 3 nm wide, apparently continuous with filaments of
similar dimensions in the symmetrical annular subunits that encircle the orifice at both the nuclear and
cytoplasmic sides of the pore. The pore complex and central granule were relatively more stable to
osmotic shock than the ribosomal region of the nucleolus. Recent ideas concerning the role of the annulus
and central granule in nucleocytoplasmic transfer of ribonucleoprotein and assembly of polyribosomes
are discussed.
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INTRODUCTION

Several important problems concerning nuclear pores and the structure of the pore complex
remain quite unresolved. Among these are (1) the factors reponsible for the regulation of their
distribution in nuclear envelopes, (2) the question as to whether the annulus and associated
central granule are in some way involved in opening and closing the pore and (3) whether the
pore complex plays a major role in the assembly of ribosomes or ribosomal aggregates? The
earlier literature concerned with these problems has been discussed in a number of recent
papers (Stevens & Andre 1969; Kessel 1969; Franke 1970a; Franke & Scheer 19704, 4; Roberts
& Northcote 1971; La Cour & Wells 1972).

The present observations at meiotic prophase in pollen mother cells (p.m.c.) of some mono-
cotyledonous plants have some bearing on these problems. They were made when the senior
author was at the John Innes Institute.

MATERIALS AND METHODS

The following plants were used : Fritillaria lanceolata, Phaedranassa viridiflora, the triploid hybrid
lily ‘Formobel’, Tulbaghia violacea and the hybrid Allium fistulosum x Allium cepa.

The p.m.c. of the first three were fixed as naked strings of cells, expelled from anthers cut at
one end, the others as whole anthers. The method of fixation and preparation of thin sections
of the p.m.c. for study with the electron microscope are given in an earlier paper (La Cour &
Wells 1972).
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OBSERVATIONS
Distribution

The somewhat tortuous shape of the nuclei in p.m.c. during leptotene and zygotene presents
a favourable situation for the study of nuclear pores, inasmuch as that in thin sections the
envelope is then cut in planes both perpendicular and nearly parallel to the nuclear surface, as
illustrated in figure 1. In all the plants presently studied, the pores were irregularly spread over
the envelope surface, often in clusters encircled by areas of variable size in which they were
widely spaced or did not occur. There was a strong impression that, fostered by the regularity
of pore formation seen in some sections of p.m.c. in all plants, wide differences existed between
nuclei in the size of areas devoid of pores. Some areas of envelopes where pores were absent are
shown in figures 2 to 4.

In lilies and many Fritillaria species, the nucleolus is tightly pressed against the nuclear
envelope throughout leptotene and pores are apparently always absent in the region where it is
adpressed (La Cour & Wells1972; Scheer & Franke 1972). Partly because of unusual invagination
of areas of the envelope in vacuoles within the nucleolus, the p.m.c. of the triploid lily ¢ Formobel’
has provided the clearest examples of this so far (figure 4). This lily has three pairs of nucleolar
organizing chromosomes, so that six nucleoli will be formed at telophase of the last pre-meiotic
mitosis. Thus, even allowing for some fusion of nucleoli, pores must be excluded from a large
area of the envelope at leptotene in p.m.c. of this plant.

With the Allium and Tulbaghia material the p.m.c. were studied in sections of whole anthers.
It was clear from these preparations that the clustering of pores in the envelope was not in-
fluenced in any way by proximity of the tapetum. Again, as in our earlier study (La Cour &
Wells 1972) there was no obvious indication that the frequency of pores changed from leptotene
to pachytene.

Structure of the pore complex

Recent observations (Franke 19704; Roberts & Northcote 1970; La Cour & Wells 1972) have
shown that the pore complex has a more intricate structure than once supposed. From these
studies it is now clear that annuli with eightfold symmetry in their structure encompass the
orifice of the pore at both of its ends (figures 5 and 6). A circlet of eight granules more spherical
in shape and constituting the remaining part of the annulus is included within the pore close
to the wall (Roberts & Northcote 1970, 1971; La Cour & Wells 1972). These encircle a central
granule or plug, which in p.m.c. at early prophase, at least, was present in most pores.

In the p.m.c. of all the plants we have so far studied, the annular subunits as well as the plug
were invariably composed of loosely coiled filaments about 3 nm in diameter. Those present in
the plug were also seemingly continuous with those comprising the subunits encircling the ends
of the pore (figure 5). It was impossible to determine whether those of the inner subunits were
so joined. An essential distinction between the plug and repeating elements was that the part
of filaments situated in the former were embedded in an amorphous background substance.

The plug was also found to be the most variable structure within the pore complex. Its
diameter ranged from about 25 to 30 nm and occasionally it became so compacted as to cast
doubt as to whether it was always the same structural entity under observation (figure 7).
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Ficure 1. Electron micrograph from a p.m.c. at late zygotene of Fritillaria lanceolata, showing arrays of annuli
face-on and pore complexes in perpendicular (P) and tangential (T) section. All the annuli seen face-on
contain a central granule. (Magn. x 30000.)

F1Gure 2. Electron micrograph of an area of the nuclear envelope devoid of nuclear pores from a p.m.c. at pachy-
tene of Tulbaghia violacea. (Magn. x 120000).

Ficure 3. Electron micrograph showing absence of pores in part of the envelope of a pachytene nucleus from a
p-m.c. of the hybrid Allium fistulosum x A. cepa. (Magn. x 40000.)
Ficure 4. Electron micrograph from a p.m.c. of the lily ‘Formobel’ showing absence of pores in the region of an

envelope at which the nucleolus (NUC) is adpressed during leptotene. The envelope runs tight against the
nucleolus and at two places invaginates vacuoles. (Magn. x 15000.)
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The relative stability of nucleoli and annuli to osmotic shock

Some of our observations on nuclear pores have been made in p.m.c. that were also used for
the study of synaptonemal complexes. In some such studies, naked strings of p.m.c. of Phae-
dranassa viridiflora were kept in distilled water at 5 °C before fixation for periods ranging from
5 to 30 min, in order to unravel the compacted chromomeral chromatin at zygotene. The
difference in the relative stability of nucleoli and annuli was markedly noticeable in these
experiments.

Invariably, even with the shortest treatment (5 min), the 15 nm diameter ribosomes located
at the periphery of the nucleus as part of its structure became disassociated and were scattered
throughout the nucleus (figure 8). The pore complex and central granule, on the other hand,
always remained intact and apparently undisturbed with up to at least four times the
length of treatment (figures 9 and 10). With longer treatment there was an increasing
tendency for the nuclear envelope to break up.

DiscussioN

The present observations and our earlier ones (La Cour & Wells 1972) suggest that, as a
general rule, pores in prophase nuclei of p.m.c. are randomly distributed over the envelope in
clusters of variable size from leptotene to pachytene. It also seems probable that continuous
variation exists in the frequency of nuclear pores per p.m.c. within an anther. In p.m.c. of
lilies and some Fritillarias, where the nucleolus is adpressed to the nuclear envelope at leptotene,
there are most likely, particularly in triploid forms of these plants, fewer pores formed than in
other species where the nucleolus has a more central position at this time.

There is no bouquet stage or evidence of milder polarization of the chromosomes of Fritillaria
and Lillium at the prophase of meiosis, as in some animals and insects. The absence of pores,
therefore, in these plants in regions of the envelope where the nucleolus is adpressed at leptotene,

DESCRIPTION OF PLATE 35

Ficure 5. Electron micrograph of an array of annuli face-on from a p.m.c. at zygotene of Fritillaria lanceolata,
Continuity is apparent between filaments in the repeating members of the annulus and central plug, which
also contains an amorphous background substance. Arrows indicate ribosomes on the surface of the nucleus.
(Magn. x 400000.)

Ficure 6. Electron micrograph of pore complexes in profile from a p.m.c. at pachytene of Fritillaria lanceolata
showing subunits of the annulus (long arrow) encircling the orifice at the nuclear end of the pore and
internal subunits (short arrow) encompassing the central plug. CH, chromatin, CYT, cytoplasm. (Magn.
x 160000.)

Ficure 7. Electron micrograph of nuclear pores from a p.m.c. at zygotene of Fritillaria lanceolata, illustrating
variability in appearance of the central plug. (Magn. x 120000.)

Ficure 8. Electron micrograph from a p.m.c. at zygotene of Phaedranassa viridiflora, showing a nucleolus depleted
of ribosomes after 5 min treatment of cell in water at 5 °C. The disassociated ribosomal aggregates (arrow
heads) lie scattered mostly on the right of the nucleolus. (Magn. x 20000.)

Ficure 9. Electron micrograph of pore complexes face-on and in tangential section from a p.m.c. at zygotene of
Phaedranassa viridifiora treated in water for 20 min at 5 °C, illustrating ability of pore complex and central
plug to withstand osmotic shock. (Magn. x 60000.)

Ficure 10. Electron micrograph of an array of annuli from a p.m.c. at zygotene from Phaedranassa viridiflora after
treatment of cells in water for 20 min at 5 °C. Some ribosomal aggregates (arrow heads) from the dis-
membered nucleolus lie close at hand. (Magn. x 40000.)

7 Vol. 268. B.
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scarcely favours the notion that the pore complex is a ‘ press-stud’ method of attaching chromo-
somes to the nuclear envelope (Engelhardt & Pusa 1972). Furthermore, there is no conclusive
evidence that the pore complex contains DNA (Scheer 1972). Roberts & Northcote (1971) have
also shown that, in somatic tissues of plants, a clear area encompasses the pore like a halo in
which chromatin does not impinge.

In p.m.c. of F. lanceolata large blocks of heterochromatin, unlike the nucleolus, did not appear
to influence the frequency of pores in its immediate vicinity one way or the other, even though
these chromosome parts lay near the nuclear surface and appeared more active than others in
the passage of material toward the envelope (La Cour & Wells 1972).

We are inclined to the belief that a large number of pores are not required by the nucleus at
mid-prophase in the p.m.c. This view is in part prompted by our observation of the extreme
paucity of pores that occurs at meiotic prophase in p.m.c. of synaptic and asynaptic forms of
Triticum durum var Aziziah (La Cour & Wells 1972). Further support for this premise comes from
observations which indicate that there is most likely a low incidence in movement of material
from the nucleus to the cytoplasm at this time. For example in p.m.c. of two plant species
Mackenzie, Heslop-Harrison & Dickinson (1967) have shown that there is a decline in RNA
during mid-prophase concomitant with a pronounced reduction in the number of ribosomes.
The latter was also noticeable in our pachytene preparations. A decline in RNA synthesis has
also been roted in the nucleolus at meiotic prophase in Zea Mays (Das 1965) and similarly in
germ cells of the Chinese hamster (Utakoji 1966).

There are also a number of observations indicating a variation in number of nuclear pores
according to the metabolic activity of the cell. Oocytes of amphibia (Afzelius 1955; Franke &
Scheer 19706), the macronucleus of Tetrahymena pyriformis (Franke 1967) and salivary gland
nuclei of diptera (Wiener, Spiro & Loewenstein 1965) are notable for a high number of pores
and intense metabolic activity. Old years cells (Moor & Miihlethaler 1963), acidophil cells in
mammalian tissue (Barnes & Davis 1959) and late erythroblasts of mammalian foetal tissue
(Grasso, Swift & Ackerman 1962), all have a lower number of pores and low metabolic
activity.

Although it can be assumed that pores are mostly formed during reconstruction of the enve-
lope at telophase, seemingly with the envelope essentially in contact with the surface of the
chromosomes (Moses 1964 ; Robbins & Gonatus 1964; Murray ef al. 1965), there is an indication
that the number can increase in some types of cell as metabolic activity of the nucleus increases,
as in oocytes of amphibia (Franke & Scheer 197046). We do not know whether pores are some-
times short-lived.

Although it seems highly probable that the frequency of pores is to some extent correlated
with the metabolic activity of the nucleus, in respect of the p.m.c. this must be pre-determined
at the pre-meiotic telophase. The reason, however, for the extreme paucity of pores at prophase
of meiosis in p.m.c. of 7. durum is obscure, inasmuch as more than one plant of the synaptic
and asynaptic forms showed the same behaviour. A possibility, not easily dismissed, is that all the
plants in this particular race were defective for a gene controlling the synthesis of a protein
involved in pore formation at the pre-meiotic telophase.

The apparent universality of the intricate structure of the pore complex has already been
stressed (Franke 1970a). Although it is obvious that the pores must provide the pathway for
nucleocytoplasmic transfer of macromulecules, the means by which this is controlled are
obscure. Several observations show that movement of material through the pore centre is
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limited to a pathway about 15 nm wide (see, for example, Anderson & Beams 1956; Feldherr
1962, 1965, 1969; Feldherr & Harding 1964; Beermann 1964; Stevens & Swift 1966; Franke &
Scheer 1970b). There is no clearly defined channel and amorphous material within the pore
probably constitutes a barrier to diffusion. The 8 units of the free annulus lining the wall
inside the pore will themselves impose some limit on the size of the exit.

Because of its position and complex architecture some consideration must be given to the
possibility that the annulus is in some way involved in opening and closing the pore. Kessel
(1969) has assigned such a role to the central granule. Our observations indicate that its com-
prising filaments are continuous with those in the encompassing repeating units of the annulus,
and elsewhere we have suggested that these may have contractile properties (La Cour & Wells
1972). The more recent finding that the pore complex is rich in RNA makes this suggestion
most unlikely. Stevens & André (1969) have proposed that the annulus is probably endowed
with enzymic activities which determine when pores are penetrable and impenetrable.

Many observations like the present ones indicate that the central granule is a dynamic
structure, but it remains an open question as to whether its structure is so transitory as to repre-
sent ribonucleoprotein (RNP) regularly in transit through the pores. By reason of its very
regular inclusion in the pore complex of the p.m.c. at zygotene — that is, before recombination
and when as the evidence suggests transcriptional activity is low — it is difficult to avoid the
conclusion that it is an integral part of the pore complex architecture.

Mepham & Lane (1969) have suggested that nuclear pores are sites at which polyribosomes
are assembled from units of the annulus before leaving the nucleus. Although the annular
components undoubtedly consist of RNP, the central granule and annular units are the wrong
size to be either ribosomes or their subunits. It also appears improbable in view of the greater
ability of the pore complex to withstand osmotic shock as compared with the ribosomal aggre-
gates of the nucleolus, as shown by our experiments. This does not preclude the possibility that
the pore complex architecture is, in some at present obscure way, involved both in assemblage
of ribosomes and regulation of their egress to the cytoplasm.

Both Franke (19706) and Scheer (1972) have put forward a strong argument for the supposi-
tion that pore complex structures pass through dynamic and static states, depending on the
transcriptional activity of the nucleus. In terms of their observations in amphibian oocytes,
the pore complex would be in a dynamic phase during the lampbrush stage when transcription
is intense and a static one in the mature oocyte when it has lapsed. Thus, on this view the fine
components of the pore complex would be RNP in transit through a regulated pathway and
integrated structural constituents in turn. If this is indeed so, it might be expected that, after
recombination at pachytene and renewed transcription, the orderly architecture of the pore
complex in the p.m.c. would, like the nucleolus in our water experiments at zygotene, collapse
under similar conditions of osmotic shock.
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Figure 1. Electron micrngraph fr{m‘] a p.m.c. at late zygotene of Fritillaria lanceolata, showing arrays of annuli

face-on and pore complexes in perpendicular (P) and tangential (T) section. All the annuli seen face-on
contain a central granule. (Magn. x 30000.)

R e

FIGURE 2. Electron micrograph of an area of the nuclear envelope devoid of nuclear pores from a p.m.c. at pachy-
tene of Tulbaghia violacea. (Magn. x 120000).

Ficure 3. Electron micrograph showing absence of pores in part of the envelope of a pachytene nucleus from a
p.m.c. of the hybrid Allium fistulosum x A. cepa. (Magn. x 40000.)

e

5 FIGURE 4. Electron micrograph from a p.m.c. of the lily ‘Formobel’ showing absence of pores in the region of an
envelope at which the nucleolus (NUC) is adpressed during leptotene. The envelope runs tight against the
nucleolus and at two places invaginates vacuoles. (Magn. x 15000.)
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