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INTRODUCTION

The nucleus is the largest cell organelle and it is therefore hardly surprising
to find that its structure is complex and that it performs many different functions. The very size of the nucleus has proved an obstacle to understanding
its ultrastructure and to isolating it without damage from the cell for analysis
and experimentation. The nuclei of both plants and animals appear to have
the same structure and functions and in many cases much more work has
been done using animal nuclei. Although it is therefore inappropriate to
consider the plant nucleus alone, in this chapter the emphasis will be on work
which has been done on plant nuclei.
II.

STRUCTURE

A. NUCLEAR

ENVELOPE

The most characteristic feature of the ultrastructure of the nucleus is the
limiting envelope which is a double membrane consisting of two unit mem16
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branes each 80 A thick separated by a space, the perinuclear space, about
150 A wide and perforated by pores of about 800 A in diameter. The pores
are places in the nuclear envelope where the inner and outer membranes are
fused together at their edges (Fig. 1). The structure of the pores has been
seen in more detail in nuclear envelopes isolated from cells of the onion
Franke, 1966). The border of the pore is an annulus showing 8-fold sym-

FIG. 1 Electron micrograph of part of a cell of the root meristem of a seedling of
Sinapis alba showing the structure of the nucleus. NE, nuclear envelope with
pore, P; C, chromatin, consisting of the extended chromosomes; G, granular and
F, fibrillar regions of the nucleolus; CYT, cytoplasm. The line represents 1μ.
Fixed in glutaraldehyde followed by osmium tetroxide. The section was stained
with uranyl acetate followed by lead citrate. Photograph by courtesy of Mr. A. J.
Tulett, Department of Botany, University of Edinburgh.
metry, similar to the octagonal pores in the nuclear envelope of the amphibian
egg (Gall, 1967). The technique of freeze etching has also been used to obtain
surface views of the nuclear envelope in yeast (Moor and Muhlethaler, 1963)
and in onion roots (Branton and Moor, 1964) so that the number and distribu
tion of pores can be seen. Approximately 8 % or more of the area of the nuclear
envelope may be occupied by pores. This means there are about 200 pores
per nucleus for a small nucleus (diameter 2μ), such as in yeast, or about 3000
pores per nucleus in a higher plant, such as the onion, having nuclei about
8μ in diameter.
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In many lower plants, especially in the fungi, the nuclear envelope remains
intact during nuclear division but it divides and is partitioned equally to the
daughter nuclei (Hawker, 1965). In higher plants the nuclear envelope is
ruptured at the end of prophase and disintegrates into pieces which become
indistinguishable from the endoplasmic reticulum which is distributed more
or less equally to the two poles (Porter and Machado, 1960). The nuclear
envelope is reformed in telophase from pieces of the endoplasmic reticulum
which come to lie close to the chromosomes. These pieces of membrane join
u p in some way and eventually become continuous to form the new nuclear
envelope around the telephase chromosomes (Porter and Machado, 1960;
Lafontaine and Chouinard, 1963). Whether or not the new nuclear envelope
is formed from pieces of the old envelope which have retained their identity
through division is perhaps a meaningless question, for the outer membrane
of the nuclear envelope is continuous with the endoplasmic reticulum and
they are, therefore, really a single system of membranes (Marinos, 1960).
The envelope of fusion nuclei in the embryo sac is derived equally from the
two nuclei which fuse together (Jensen, 1964).
Since the endoplasmic reticulum is continuous through the plasmodesmata
from one cell to the next, it is very probable that the perinuclear spaces of
nuclei in adjacent cells are in direct continuity and that substances could
therefore pass through the lumen of the endoplasmic reticulum from one
nucleus to another without having contact with any other cytoplasmic
components. It is often believed that the endoplasmic reticulum is also
continuous with the plasma membrane. Were this so, there could be direct
continuity between the perinuclear space and the external environment of the
cell. However, this belief has only the most slender evidence to support it.
To the writer's knowledge there is only one instance of an electron micrograph
showing continuity of the plasma membrane and the endoplasmic reticulum
in plant cells (Buvat, 1963) and two examples in animal cells (see Fawcett,
1964). We must surely agree that ". . . i f communication between the lumen
of the reticulum and the extracellular space does exist, it is relatively rare and
probably quite transient" (Fawcett, 1964).
B.

CHROMOSOMES

Chromosomes appear in electron micrographs as a tangle of fine threads
100-140 A in diameter which are sometimes resolvable into two or four
separate strands each 20-50 A in diameter. Such fibrils form the fundamental
structure of the chromosomes of plants (as of animals) during both division
and interphase (Bopp-Hassenkamp, 1959; Peveling, 1961; Rossner, 1961;
Setterfield, 1961; Ris, 1961, 1966; Chadard, 1962; Albersheim and Killias.
1963; Resch and Peveling, 1964; Hyde, 1964; Brandham and Godward, 1965).
Since the diameter of the deoxyribonucleohistone helix is about 30 A (Zubay
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and Doty, 1959), the fine strands are probably nucleohistone helices. The
100 A strands may in turn make up fibres about 200 A thick (Ris, 1961) which
in turn may make up thicker strands. The sensitivity of the fibres to deoxyribonuclease and proteinases shows them to be deoxyribonucleoprotein
(Setterfield, 1961; Callan, 1963; Wolfe, 1965).
H o w is this hierarchy of fibres related to the structure of the chromosome ?
The 30 A fibrils have been interpreted as the individual chromatids, coiled on
themselves to form the 100 A fibrils and these being themselves coiled and
so on until the coiled coil is the dimensions of the chromosome (Hyde, 1964).
In this view the anaphase chromosome consists basically of a single, extremely long, strand of nucleohistone. A n alternative view is that the chromosome consists of many strands coiled together like a rope, so that the 100 A
fibre consists of two 30 A fibrils twisted around each other and the 200 A
fibre is two 100 A fibres twisted together (Ris, 1961, 1966).
The discovery that plant chromosomes (Taylor et al, 1957) and D N A
(Filner, 1965) replicated in a semi-conservative fashion as expected of the
D N A helix, suggested that the basis of the anaphase chromosome was one
long double helix of D N A , coiled in a complex manner. This is consistent
with the genetic and mutational evidence that the functional unit is the
chromatid. On the other hand, there is considerable evidence from classical
cytology (see Sharp, 1943; Swanson, 1958; Mazia, 1961) and from X-ray
and other evidence (Ris, 1961; Peacock, 1965) that the anaphase and telephase
chromosomes are multistranded. Most electron micrographs can be interpreted on either hypothesis. However, in electron micrographs of prophase
nuclei of Tradescantia the ends of the chromosomes were often found abutting
on the nuclear membrane and at this point each chromatid could sometimes
be seen to consist of several distinct strands about 3000 A thick (Sparvoli
et al, 1965). Models reconstructed from serial sections showed that there
were at least five, and probably about eight, strands in each prophase chromatid. These strands are an order of magnitude larger than the 100 A and
200 A fibres and what the relation is of one to the other is not known. The
number of such strands per chromatid has been estimated, by different
procedures, to be 4 in Vicia (Trosko and Wolff, 1965) and 8 in Tradescantia
(Ris, 1961).
The linear continuity of either a single stranded (unieme) or a multistranded (polyneme) chromosome would presumably be due to the D N A
molecules stretching from one end of the chromosome to the other but there
is evidence that the linear continuity of the chromosome may not be due
entirely to D N A . Mirsky and Ris (1951) first showed that the continuity of
isolated chromatin was not affected by the removal, by enzyme action, of
histone but that the chromatin fell apart as soon as the D N A or the nonhistone proteins were attacked. Wolff (1965) has recently made very similar
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observations on Vicia chromosomes. He has also found that when chromosomes were broken by radiation they could rejoin and that the rejoining was
prevented by puromycin (an inhibitor of protein synthesis) but not by fluorodeoxyuridine (an inhibitor of D N A synthesis). A model, proposed by Uhl
(1965), for the structure of the chromosome demonstrates that both multistrandedness and the participation of proteins in the linear continuity could
be compatible with the observed behaviour of the chromosomes in mitosis,
meiosis and crossing over. The essential point is that multiple strands of
D N A must behave as a unit. It is equally difficult to understand how a mutation would occur in all the copies of a gene which undoubtedly exist (Birnstiel
et al, 1967), whether they are arranged linearly, in a unieme chromosome, or
side by side, in a polyneme chromosome.
Apart from the demonstration that plant chromosomes, like those of
animals, consist partly of R N A (Kaufmann et al, 1948; La Cour, 1963) and
proteins other than histones (Wolff, 1965) and may contain calcium (Steffensen
and Bergeron, 1959), little is known of their chemical structure. The only
components of which we have a little more than passing knowledge are the
D N A and the histones. The D N A s of plants are characterized by having a
relatively high content of 5-methylcytosine (Thomas and Sherratt, 1956).
Histones isolated from plant sources have an amino acid composition similar
to comparable fractions from calf thymus, the classical animal source. The
histones of wheat embryos, pea buds and Chlorella cells, in contrast to those
of most animal cells examined, consist predominantly of the lysine-rich
fractions (Johns and Butler, 1962; Iwai, 1964) which in pea buds comprise
three quarters of the histone of the nucleus (Huang and Bonner, 1965). The
histone fractions of rice embryos are, however, very similar to those of calf
thymus (Iwai, 1964). As would be expected of lysine-rich histones, the major
fraction from wheat embryos does not aggregate above p H 5 as arginine-rich
histone does (Cruft et al, 1957). An interesting qualitative difference between
the lysine-rich histones of animals and wheat embryos (the only plant source
for which data are available) is that in the plant these histones have alanine
as the principal N-terminal amino acid rather than proline. This is usually
a characteristic of arginine-rich histones (Johns and Butler, 1962). N o t all
the D N A of the chromosome may be complexed with histone; probably only
about 8 0 % of it is complexed at any one time (Bonner, 1965).
In meiotic chromosomes of both plants and animals a consistent feature
is the occurrence of paired strands of dense material, about 300 A wide and
about 1500 A apart, which have been called the synaptimemal complex
because they are found only during zygotene and pachytene, i.e. during
synapsis. Since the complex is not found in organisms in which the chromosomes pair but crossing over does not take place, it is almost certainly of some
special significance in the formation of chiasmata (Moses, 1964). The synap-
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tinemal complex has been observed in plants during both micro- and megasporogenesis (Israel and Sagawa, 1965; Menzel and Price, 1966; Lu, 1966;
other references in Moses, 1964). It is thought that the dense strands represent the axes of the meiotic chromosomes and that the thin line sometimes
seen midway between the paired strands represents the junction of the two
chromosomes forming the bivalent.
Giant chromosomes, like those of Dipteran salivary glands, are also found
in some specialized plant cells (references in Stange, 1965) and emphasize
the similarity of the chromosomes of animals and plants. We are still some
way from being able to say what is the fundamental organization which is
common to interphase, mitotic, meiotic, lampbrush and giant chromosomes.
The numbers of different models for chromosome structure which have been
proposed are really only cloaks for our ignorance. The difficulties in the
electron microscopy may be simply that the chromosome is a relatively large
body made u p of very fine fibrils coiled in three dimensions. If this is so then
the structure of the chromosome at this level may yet be resolved by someone
with a sufficient fund of patience to obtain sufficient serial sections.
C.

NUCLEOLUS

The nucleolus has no membrane and is therefore in direct continuity with
the rest of the nucleus. It consists of a network of fibres about 100 A in
diameter which in turn consist of fibrils about 20 A in diameter. The fibres
stain for protein but unlike the chromosomes are destroyed by RNase and
not by DNase, so that they are ribonucleoprotein (Hyde et al, 1965; La Cour,
1966). In parts of the nucleolus there are also granules about 150 A in
diameter which probably represent tightly packed fibres (Hyde et al, 1965;
Lafontaine and Chouinard, 1963). The granules, which are almost certainly
the precursors of ribosomes, are often found around the periphery of the
nucleolus so that the centre is virtually free of them and consists of fibrils in
an amorphous protein matrix (Fig. 1). These two parts of the nucleolus, the
fibrillar and granular regions, can with the appropriate stains be made visible
in the light microscope (Chouinard, 1966). The granular region often appears
to be organized into strands about 1000 A thick which have been called the
nucleolonema. Structures probably representing the chromatin of the
nucleolar organizer can be derived from the central part of the nucleolus by
treatment with detergent (La Cour, 1966) and seem to be analogous to nucleoli
of amphibian eggs which can be made to form ring nucleoli in the same way
(Callan, 1966). The association of the chromatin of the nucleolar organizer
with the nucleolus has been most clearly seen in electron micrographs of
Spirogyra (Godward and Jordan, 1965).
The nucleolus may therefore be regarded as a collection of gene products
having sufficient morphological structure to remain associated with the loci
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at which they were produced. This implies of course that the nucleolus has
D N A associated with it. Plant nucleoli in fact contain about 10-20% of the
D N A of the nucleus (Birnstiel et al, 1964; McLeish, 1964) but this D N A
does not stain with Feulgen (McLeish, 1964). In Blastocladiella the D N A of
the nucleus could be fractionated into two components α and β which were
found in the ratio of 3α : 2β in the chromosomes but only the a component
was present in the nucleoli (Comb et al, 1964). The D N A in the pea nucleolus
is perhaps localized in the knots which were seen in the fibrous network, for
some unknotting occurred when the nucleoli were treated with D N a s e
(Hyde et al, 1965).
In dividing cells the nucleolus typically disappears at the end of prophase
and is reformed at telophase. Electron microscopy has shown that in late
prophase the nucleolus becomes more loosely organized until the 100 A
fibrils merge with the surrounding nucleoplasm and the 150 A granules
become dispersed throughout the nucleoplasm (Lafontaine and Chouinard,
1963). The formation of new nucleoli in telophase has long been recognized
to be a function of specific parts of certain chromosomes (the nucleolar
organizers) so that initially the number of new nucleoli is the same as the
number of organizers although later the nucleoli may fuse to form a single
nucleolus. In telophase when the new nucleoli are first observed the chromo
somes are seen to be coated with a material that is fibrillar-granular in texture
(Albersheim and Killias, 1963; Lafontaine and Chouinard, 1963; Sparvoli
et al, 1965). This material disappears in late telophase and some have con
sidered that it represented nucleolar material synthesized at various sites on
the chromosomes and then assembled by the nucleolar organizer into a
nucleolus. Further work is necessary before the significance of the material
coating the chromosomes is known. The nucleolus may well be formed where
it is assembled, i.e. at the nucleolar organizer.
D . MACROMOLECULAR

COMPOSITION OF THE NUCLEUS

The structural and staining evidence indicates that the chromatin consists
primarily of deoxyribonucleohistone and the nucleolus of ribonucleoprotein
which includes particles looking like ribosomes. T o what extent can chemical
analyses of isolated and fractionated nuclei clarify this picture? The D N A
content of the nucleus can vary widely (Martin, 1966) from 0-48 μμ% in
Marchantia (Ishida, 1961) to more than 300 μμ% in tetraploid Lilium (Sunder
land and McLeish, 1961). This variation is related to chromosome size rather
than chromosome number for closely related species within the same family
and having the same number of chromosomes can have widely different
amounts of D N A per chromosome (Rothfels et al, 1966).
Measurements on isolated nuclei have shown that D N A may represent
anything from 8-40% of the dry mass of the nucleus. The amount of R N A
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( 6 - 2 1 %) is usually somewhat less than that of D N A and the bulk of the
nucleus ( 5 0 - 8 0 % ) consists of protein (Table I ) . The nucleus also presumably
contains small amounts of lipids. The techniques used for isolation of the
nuclei would allow the loss of soluble constituents which are small molecules
TABLE I

Amounts of DNA, RNA and protein in the nucleus.
Dry mass
—
150*
70*
—
84
81
76
—
129*
—
—
152
230

DNA
μμg
—
13
10
—
21
16
31
—
33
—
—
60
77

/o

DNA

RNA

Protein

3
8
14
16
25
20
41
7
25
17
5
39
33

9
17
12
8
21
19
12
3
11
4
4
9
6

88
75
74
76
54*
61*
47*
90
63
79
53
52*
61*

Plant

Authorf

Yeast
Tobacco cell culture
Pea seedling
Pea stem
Pea root tip
Pea root tip
Pea epicotyl
Pea embryos
Pea embryos
Wheat embryos
Wheat embryos}
Broat bean root tip
Onion root tip

1
2
3
4
5
6
6
7
8
9
10
5
5

* Determined indirectly.
t 1, Rozijn and Tonino, 1964 ; 2, Flamm and Birnstiel, 1964b; 3, Birnstiel et al, 1964;
4, Birnstiel et al, 1962b; 5, McLeish, 1963; 6, Lyndon, 1963; 7, Johnston et «/., 1959;
8, R. F. Lyndon, unpublished; 9, Johnston et al, 1957; 10, Stern and Mirsky, 1952;
11, McLeish, 1964.
% Isolated by a non-aqueous procedure.
but macromolecules such as protein are not lost during these isolation
procedures. The dry mass of isolated pea root nuclei was the same as that
before isolation (Lyndon, 1 9 6 3 ) and the same as nuclei isolated from fixed
pea roots (McLeish, 1 9 6 3 ) .
Measurements on isolated nucleoli (Tables I I and I I I ) show that 2 0 - 4 0 %
of the nuclear dry matter is in the nucleolus. The volume of the nucleolus is
usually less than 1 0 % of that of the nucleus so that the concentration of
material in the nucleolus is two or three times as great as in the rest of the
nucleus. F r o m 1 0 to 2 0 % of the D N A of the nucleus is found associated
with the nucleolus and about a third of the R N A .
A more detailed analysis of the composition of pea nuclei and nucleoli
has been made by Birnstiel et al ( 1 9 6 4 ) . Probably something like half of the
ribosomal type of particles, and of the ribosomal R N A and also half of the
transfer R N A of the nucleus, is located in the nucleolus. Their data make
possible a comparison of the relative concentrations of ribosomal particles
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in the nucleus and the cytoplasm. The nucleoli of their preparations were
about 6 % of the volume of the nucleus and in cells of the pea root tip the
cytoplasm is about four times the volume of the nucleus (Lyndon, 1967) so
that the relative volumes of nucleolus : rest of nucleus : cytoplasm are
approximately 1 : 16 : 64. The cytoplasm contains about 10 times as much
R N A as the nucleus (Lyndon, 1963). Since 8 0 % of cytoplasmic R N A and
TABLE II

Amounts of DNA, RNA and protein in the nucleolus.
Dry mass
μμg

DNA
μμg

DNA

RNA

Protein

25*
—
28

—
10-5

6
<^ 1
37

11
9
19

83
91
44*

/o

Plant

Authorf

Pea seedlings
Pea embryos
Broad bean root tips

3
7
11

* Determined indirectly,
t See Table I.
TABLE

III

Proportion of nuclear material in the nucleolus.
η
in Nucleolus ^ 1 ΛΛ
Ratio — . - T—Ϊ
χ 100
μμg in Nucleus
Dry mass

DNA

RNA

Protein

36
8
19

15
1
18

33
20
41

40
6
16

Plant
Pea seedlings
Pea embryos
Broad bean root tips

Author*
3
7
11

* See Table I.
5 0 % of the nuclear R N A is ribosomal, half of this being in the nucleolus
(Chipchase and Birnstiel, 1963b), the ratio of the number of ribosomes in
the nucleolus: rest of nucleus : cytoplasm is about 1 : 1 : 32. The
relative concentrations of ribosomes in nucleolus : rest of nucleus : cyto
plasm are therefore approximately 16 : 1 : 8. This compares with what is
seen in electron micrographs (Fig. 1) where the concentration of granules
in the nucleolus is about twice that found in the cytoplasm and there is a
much lower concentration in the rest of the nucleus.
There are not sufficient data available to be able to say how the variations
in the composition of the nucleus may be related to the developmental and
metabolic status of the cell. Such overall data are in any case of limited value.
It will be necessary to find out what changes may occur in the different
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parts of the nucleus and to correlate this with the ultrastructural changes
which they reflect.
III.

FUNCTION

A . SEQUESTRATION O F T H E

CHROMOSOMES

In a meristematic cell the nuclear envelope serves as a bag to keep the
chromosomes together from one division to the next. This may be particularly important in large dividing cells such as those of the cambium. In
addition we like to think that the nuclear envelope can in some way regulate
the passage of molecules between nucleus and cytoplasm so that these two
parts of the cell could interact with each other during development in a way
which would be impossible if they were a continuum. This idea implies that
the pores in the nuclear envelope may sometimes be open and sometimes
occluded. Electron micrographs usually show the pores as being open but
it can always be argued that the occluding substances when present are n o t
electron-dense with the procedures used. Attempts have been made with animal cells to relate the electrical resistance across the nuclear envelope to the
structure and metabolic properties of the envelope but without any real
success. In salivary gland nuclei there was a high resistance across the envelope
but this h a d the same structure as that of the envelope of the nucleus of the
frog oocyte which showed no resistance (Loewenstein et al, 1966) despite
being semi-permeable (Harding and Feldherr, 1959). However, it is tantalizing to find that in salivary glands the resistance of the envelope changed in a
regular fashion during development and could be altered in a predictable
way when the cells were treated with hormones which affected development
(Loewenstein et al., 1966).
Another suggested function of the nuclear envelope is that mitochondria
and plastids originate from it by evagination during oogenesis (Bell and
Muhlethaler, 1964; Bell et al, 1966). It is difficult t o be sure since evaginations from the nuclear envelope cannot be classed as mitochondria and free
organelles have not been shown with certainty to have been continuous with
the nucleus. Although evaginations from the nuclear envelope have often
been seen during oogenesis, in animals as well as plants, it can be argued even
more convincingly that the organelles show continuity throughout oogenesis
and do not arise from the nuclear envelope (Diers, 1966). Studies of oogenesis
in other plants have likewise provided n o evidence for a nuclear origin of
cytoplasmic organelles (Jensen, 1965; Israel and Sagawa, 1964).
B . R E P L I C A T I O N O F T H E CHROMOSOMES

The synthesis of the D N A of the chromosomes takes place usually about
the middle of interphase and may be initiated simultaneously at several sites
c
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on a chromosome (Evans, 1964). Synthesis is completed sooner at some loci
than at others (Wimber, 1961; Evans and Rees, 1966). The last parts of the
chromosomes to finish D N A replication are the heterochromatin (Evans,
1964) and those parts which show the greatest frequency of chiasmata (Rees
and Evans, 1966). The rate of synthesis of D N A may not be constant b u t
may change, being less in the middle of the S-period than at the beginning and
end (Howard and Dewey, 1961; Kusanagi, 1966). The maturation of the
seed apparently results in an abrupt suspension of metabolism, including
D N A synthesis, for nuclei could be found in dry wheat embryos which had
amounts of D N A intermediate between telophase and prophase values,
suggesting that chromosomes could be suspended in the process of replicating
their D N A while the embryo was in the dry fruit and could resume synthesis
on germination (Avanzi et al, 1963). The histones are probably replicated
at the same time as the D N A (McLeish, 1959; Rasch and Woodard, 1959;
Woodard et al, 1961; De, 1961). Some of the chromosomal protein may
3
be renewed completely after each division of the nucleus. H-arginine
incorporated into chromosomes of Vicia faba roots during or just after D N A
synthesis was found, by radioautography, to be present on the chromosomes
when they reached metaphase but by the next division most chromosomes
had lost this protein for they were unlabelled (Prensky and Smith, 1964).
In meiosis, after the main period of D N A synthesis is completed in the
microspore mother cell, there is a later synthesis of D N A during the zygotene
and pachytene stages of prophase (Hotta et a/., 1966). The amount of D N A
synthesized at this time is very small, being only 0-3 % of the total. This late
synthesis has also been found in animal cells (Wimber and Prensky, 1963)
and may be concerned with the reformation of D N A molecules that are
broken during crossing over which occurs at this time. Before the chromosomes enter the meiotic prophase, there is synthesized a characteristic histone
component which is not found in any of the somatic cells of the plant
(Sheridan and Stern, 1967). This histone has been found in both lily and
tulip but its significance is unknown. When the microspores have been formed
and are maturing there may be changes in the relative amounts of the different
histone fractions. This is long after D N A synthesis has ceased but it is
consistent with the finding that synthesis of histones can continue when D N A
synthesis is inhibited (Flamm and Birnstiel, 1964a).
In plant cells the replication of the chromosomes occurs not only prior
to division but also in cells which have completed division. As the cells of the
root pass out of the meristem into the more basal regions where they do not
divide, they nevertheless synthesize D N A (Jensen et al, 1960) so that the
proportion of nuclei with the 4C amount of D N A increases (McLeish and
Sunderland, 1961). In addition some of these cells undergo endomitosis and
further D N A synthesis so that they become polyploid. This may be looked
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upon as a type of cellular differentiation (Partanen, 1965) and it is more often
found in dicotyledons than in monocotyledons (Deeley et aL, 1957; McLeish
and Sunderland, 1961).
C. DIVISION OF THE CHROMOSOMES:
FORMATION OF THE SPINDLE
The formation of spindle material by the nucleus has been followed in a
series of elegant experiments by Bajer and his colleagues using the cells of
endosperm. During prophase the mass of the chromosomes increased. Then
in late prophase the nuclear volume decreased slightly and, while the nuclear
envelope was still intact, the dry mass of the nucleus began to fall (Ambrose
and Bajer, 1961). The loss of nuclear dry matter coincided with the formation
just outside the nucleus of the clear zone which contained birefringent
material and microtubules and which later formed the spindle (Inoue and
Bajer, 1959; Pickett-Heaps and Northcote, 1966). While the clear zone was
being formed, and the mass of the chromosomes was falling, the mass of the
nucleoplasm remained constant. The inference was that the material which
had accumulated earlier on the chromosomes was now being secreted from
them to pass out of the nucleus into the clear zone. Material continued to be
lost through the nuclear membrane until this broke down, marking the end
of prophase. A t 'this point the nuclear sap became birefringent, like the clear
zone with which it became mixed, and formed the spindle (Ambrose and
Bajer, 1961). Each spindle fibre consists of a bundle of fine filaments (Bajer
and Allen, 1966). These are probably the microtubules each about 200 A
in diameter which are seen in electron micrographs (Ledbetter and Porter,
1963; Manton, 1964; Harris and Bajer, 1965; Pickett-Heaps and Northcote,
1966).
D. TRANSCRIPTION OF THE GENES: RNA SYNTHESIS
A vast amount of work has made it clear that the nucleus is the main site
of R N A synthesis in the cell although some of the cytoplasmic organelles
can synthesize R N A in their own right. Most, if not all, R N A synthesis is
DNA-dependent and hence the nucleus, as the main site of localization of
D N A in the cell, is the main site of R N A synthesis (Zalokar, 1960; Mitchison,
1966; Perry, 1965). Although R N A synthesis is not restricted to any one
part of the nucleus, it is perhaps a reflection of the fact that 85 % of the D N A
is in the extranucleolar chromatin that this is where most of the R N A is
synthesized.
Isolated plant nuclei will synthesize R N A to a limited extent (Rho and
Chipchase, 1962; Bandurski and Maheshwari, 1962). In intact cells (Woods,
1960), as in nuclei, R N A may be synthesized by the chromatin and the nucleolus
but the R N A synthesized by the chromatin may move to the nucleolus and
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accumulate there (Rho and Bonner, 1961). The R N A appears to be synthesized on the chromatin while this is in an expanded state, although it may
later contract (Kemp, 1966). In the nucleolus newly synthesized R N A is
first detected in the central, fibrillar region (La Cour and Crawley, 1965) and
only later in the outer granular region (Karasaki, 1965).
1. Ribsomal
RNA
A ribosome contains three molecules of R N A , one each of the 28S, 18S
and 5S components. The sedimentation coefficients of ribosomal R N A s from
plants may in fact be slightly lower. There is lots of evidence, nearly all from
animal cells, that the 28S and 18S R N A s are synthesized in the nucleolus
(Perry, 1965; Birnstiel, 1967). The clearest evidence that the nucleolus is the
site of synthesis is that the mutant of the toad Xenopus, which lacks a nucleolus,
cannot synthesize ribosomal R N A (Brown and Gurdon, 1964). The nucleus
of the anucleolate mutant also lacks the 150 A particles which resemble
cytoplasmic ribosomes and which are found in the nucleus of the wild type
(Jones, 1965).
The nucleolus of the pea has been shown to contain R N A having the same
sedimentation coefficients, 28S and 18S, as the R N A of cytoplasmic ribosomes
(Birnstiel et al, 1963a). This R N A was extracted from isolated pea nucleoli
and was annealed with pea D N A to form a hybrid R N A - D N A complex.
R N A extracted from cytoplasmic ribosomes also annealed with D N A and
competed with the nucleolar R N A for the same sites on the D N A , showing
that the nucleolar R N A s were identical in base sequence with the ribosomal
R N A s (Chipchase and Birnstiel, 1963b). The 5S R N A , which is thought to
link the two subunits of the ribosome, has also recently been shown to be
synthesized in the nucleolus in Blastocladiella (Comb and Katz, 1964; C o m b
and Zehavi-Willner, 1967).
2 . Transfer
RNA
Transfer R N A is synthesized in the nucleus but it is not yet clear in what
part of the nucleus. The transfer R N A is distinguished experimentally from
other R N A by its ability to combine with amino acids in the presence of
activating enzymes. About 3 0 % of the R N A of the pea nucleus is transfer
R N A and it can be synthesized by isolated nuclei (Chipchase and Birnstiel,
1963a). In the pea about 5 0 % of the nuclear transfer R N A is found in the
nucleolus (Chipchase and Birnstiel, 1963b). The nucleolus of Blastocladiella
also contains transfer R N A (Comb and Katz, 1964). This is consistent with
the synthesis of transfer R N A occurring in the nucleolus, as it apparently does
in Dipteran salivary glands (Sirlin et al, 1965). On the other hand, in Vicia
faba roots the nucleoli seem to contain no transfer R N A and experimental
evidence points to the extranucleolar chromatin as the exclusive site of
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transfer R N A synthesis (Woods and Zubay, 1965). The incorporation of
nucleotides into transfer R N A in the cytoplasm was thought to represent
the addition there of the cytidine-cytidine-adenine end of the molecule. The
concentration of methylating enzymes in the nucleolus of the pea (Birnstiel
et al, 1963b) does not necessarily point to the nucleolus as the site of synthesis
of transfer R N A ; it could be other R N A s , including ribosomal R N A , which
are methylated there (Greenberg and Penman, 1966).
3 . Messenger
RNA
The DNA-like R N A which has been isolated from root tissues has been
found in association with ribosomes (Loening, 1965) and polyribosomes
(Lin et al, 1966) and therefore possesses one of the qualifications of messenger
R N A . This R N A is also rapidly labelled and in excised soybean hypocotyl
has a half life of only 2 hr (Ingle et al, 1965). Since only 2 0 % of the D N A like R N A was associated with 75 % of the ribosomes of the tissue, one might
guess that most of the other 8 0 % of this R N A would be found in the nucleus
where it is presumably synthesized (Lin et al., 1966). Much of this R N A may
indeed never leave the nucleus (see Mitchison, 1966) and some of it could be
involved in protein synthesis within the nucleus.
E. TRANSLATION OF THE GENIC INFORMATION: PROTEIN SYNTHESIS
When cells are supplied with radioactive amino acids the nucleus is labelled
quickly (Mattingly, 1963) but, at least in some cases, this could represent
accumulation rather than synthesis of protein for it is now known that there
are proteins which can shuttle to and fro between the cytoplasm and the
nucleus (Prescott, 1964). Unequivocal evidence that nuclei can synthesize
protein can be obtained by the use of nuclei in vitro. Nuclei isolated from pea
and tobacco cells have been shown to incorporate amino acids into their
protein (Birnstiel et al., 1962a; F l a m m et al., 1963). Labelling kinetics pointed
to the nucleolus as the principal site of protein synthesis in the nucleus
(Birnstiel et al., 1961; F l a m m and Birnstiel, 1964b). When nuclei were
fractionated and the ability of the isolated fractions to incorporate amino
acids was examined, the isolated nucleoli were found to be more active than
the chromatin. The nucleolar proteins which eventually became most highly
labelled were the residual proteins, the amino acid composition of which
was similar to that of ribosomes (Birnstiel and Hyde, 1963). It was not clear
whether these were ribosomal proteins which had been synthesized in the
nucleolus or whether the newly synthesized protein was still associated with
ribosomes on which it had been synthesized. There is, however, considerable
evidence that the nucleolus is in fact the site of synthesis of ribosomes
(Birnstiel, 1967). Ribonucleoprotein particles, which look like ribosomes,
are very similar in size (Hyde et al., 1965) and have a composition and
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sedimentation characteristics like those of ribosomes (Birnstiel et al, 1963a)
are concentrated in the nucleolus in pea cells. These ribosome-like particles
differed from cytoplasmic ribosomes in their labelling kinetics and their
proteins also became labelled more slowly than the other proteins of the
nucleus (Flamm and Birnstiel, 1964b). The relative inactivity of these particles in protein synthesis, together with the observation that sometimes they
occurred mainly as 60S (rather than 78S) particles, makes it probable that
they are in fact precursors of the cytoplasmic ribosomes and that they are
synthesized in the nucleolus (Birnstiel et al, 1963a). The preponderance of
60S particles in the plant nucleus also suggests that, as in animal cells (Penman,
1966), the 39S subunit of the ribosomes is released from the nucleus into the
cytoplasm before the 60S subunit.
F . F O R M A T I O N A N D RELEASE O F M O R P H O G E N E T I C

SUBSTANCES

The unicellular alga Acetabularia can be grown for long periods after
removal of the single nucleus. This has made possible the direct study of
nuclear function by observing the effects of enucleation. Such experiments,
and also those in which nuclei have been transferred from one strain to
another, have shown that the nucleus is responsible for the formation of
morphogenetic substances, almost certainly R N A , which are released into
the cytoplasm and there determine the structure of the cap which is formed
(Haemmerling, 1963; Werz, 1965; Brachet, 1967). The chloroplasts too are
in some way dependent on the nucleus for the rate of division of the chloroplasts is less when the nucleus is absent (Shephard, 1965).
Experiments with Micrasterias have shown that the nucleus synthesizes
material which is necessary for the ordered growth of the cell. This material
again is almost certainly R N A (Kallio, 1963; Selman, 1966). By inactivating
the nucleus at particular points in the cell cycle, specific blockages or changes
at specific points in the subsequent growth of the cell can be induced. In
this way the time at which the message, determining the growth of a particular
arm or lobe of the cytoplasm, is formed in the nucleus can be measured quite
precisely (Selman, 1966).
IV.

DEVELOPMENT

A. DEVELOPMENT OF THE NUCLEUS

The obvious development of the nucleus is during the mitotic cycle. The
nucleus and nucleolus grow throughout interphase by accumulation of
protein and nucleic acid until they reach maximum size at the end of prophase.
Accumulation of most nuclear protein and R N A occurs more or less linearly
throughout interphase (Woodard et al.9 1961; Lyndon, 1967) although there
is some evidence that R N A synthesis is twice as fast in G 2 as in G l (Van't
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Hof, 1967). If so this might imply that the rate of R N A synthesis is a function
of the amount of D N A present. The synthesis of histones occurs at the same
time as D N A synthesis, about the middle of interphase (Rasch and Woodard,
1959), and the spindle proteins seem to be synthesized in prophase (Ambrose
and Bajer, 1961). While the chromosomes in mitosis are attached to the
spindle, synthesis of R N A drops to a low level or stops (Taylor, 1953;
Harris and La Cour, 1963; Van't Hof, 1963; Davidson, 1964; Das, 1963;
Das et al, 1965). In meiosis the rate of R N A synthesis fluctuates and is
inversely related to the degree of contraction of the chromosomes (Taylor,
1958; H o t t a and Stern, 1963).
Much of the R N A and protein which is synthesized in the nucleus during
interphase and about half of what accumulates in the nucleus will be in the
TABLE I V

Changes in the composition of nucleus and cytoplasm during cellular
development in roots of Piswn.
μμg per cell
Nucleus
mm from root apex
2-4
4-9
0-2
DNA
RNA
Protein
Sum
Dry mass
(measured
by interferometry)

16
15
45
76
82

18
9
56
83
86

21
7
65
93
87

Cytoplasm
mm from root apex
0-2
2-4
4-9
—

—

—

64
242

101
413

177
697

form of ribosome precursors and accumulation of these will contribute to the
rapid growth of the nucleolus. At prophase, when the nuclear membrane
breaks down and the nucleolus disintegrates, ribosomal precursors flood out
into the cytoplasm (Lafontaine and Chouinard, 1963). We do not yet know
to what extent the growth of the nucleolus during interphase is due to a
retention of the ribosomes which are synthesized there. In development after
division has ceased in the root the nucleolus n o longer grows (R. F . Lyndon,
unpublished) presumably because ribosomes are released into the cytoplasm
as fast as they are formed. The nuclei of embryos which are still dormant
contain very few or no ribosomes (Setterfield, 1961).
The increase of all the nuclear components slows down considerably as
cells in the root mature (Table IV). In enlarging cells of the root, cytoplasmic
protein and R N A continue to increase rapidly but nuclear protein and R N A

32

R. F. LYNDON

increase little if at all. This may be either because synthesis in the nucleus
stops or because it continues but the products are broken down or exported
to the cytoplasm. The continued accumulation of R N A in the cytoplasm
during cell enlargement suggests that synthesis in the nucleus in fact continues
but that R N A (and perhaps protein, too) passes into the cytoplasm and does
not contribute to the growth of the nucleus. The increased incorporation of
protein and R N A precursors into the cytoplasm but not into the nucleus of
enlarging cells is consistent with this view (Jensen, 1957). The formation
of large cells by endopolypoidy, especially those of the developing vascular
elements (List, 1963), is probably related to the increase in ribosome content
which accompanies doubling of the chromosomes (Li and Anderson, 1967;
Painter and Biesele, 1966). In microsporogenesis synthesis of R N A in the
nucleolus and on the chromosomes falls off during meiotic prophase but the
decrease in nucleolar synthesis is much more rapid (Das, 1965). When the
pollen has been released and germinated, the nuclei of the pollen tube of Zea
possess n o nucleoli. Synthesis of R N A is resumed but it is not ribosomal
R N A which is made (Steffensen, 1966). The ribosomes in the pollen tube
are apparently made earlier during the formation of the pollen. It would
be interesting to know to what extent the limited growth of the pollen tube
is a result of the apparent inability of its nuclei to synthesize ribosomes.
Another case which may prove of interest in this respect is the difference
which may be found between the nuclei of the root and shoot meristems of
the same plant. The cells of the shoot meristem divide more slowly than those
in the root. Prophase nuclei in the shoot meristem are only about half the
size of those in the root and their dry mass is correspondingly smaller. Their
D N A content, as expected, is the same (Table V). The increases of nuclear
TABLE V

Comparison of early prophase nuclei in root and short meristems of Pisum.

3

Nuclear volume μ
Nuclear dry mass μμg
DNA per nucleus μμg
Nucleolar volume μ 3

Root

Shoot

460
100
20
25

310
70
20
8

protein and R N A during interphase are therefore only about half the corres
ponding increases during interphase in the root. The growth of the nucleolus
is also very much less during interphase in the shoot, which might point to
a synthesis of fewer ribosomes than during interphase in the root.
The growth of the nucleus during interphase is also due to intake of water.
The dry mass of the nucleus approximately doubles but the volume increases
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5-fold (Lyndon, 1967) and the nuclear envelope therefore doubles in area.
This may be by stretching for the diameter of the pores may increase as the
nucleus enlarges (Tamiya, 1964; Branton and Moor, 1964). Alternatively,
the nuclear envelope might grow at least partly by addition of new material
and the pores could become redistributed by closure of old pores and opening
of new ones as was found in aged yeast cells (Moor and Muhlethaler, 1963).
The number of pores in the envelope may also change during development.
Large discontinuities in the envelope are characteristic of nuclei in the meristem but as the cells mature these holes are no longer found and the envelope
also has fewer connections with the endoplasmic reticulum (Whaley et al.,
1960). When formed in telophase, the nuclear envelope at first has n o pores
(Porter and Machado, 1960; Chadard, 1962). They must be formed soon
afterwards. At the end of interphase, the pores close u p for just before the
envelope is ruptured at the end of prophase it is once more devoid of pores
(Porter and Machado, 1960; Israel and Sagawa, 1965). A n uneven distribution of the pores could possibly result in a concentration difference, between
one end of the cell and the other, of nuclear products such as R N A which
pass out into the cytoplasm and might thus contribute to polarity within the
cell.
B. REGULATION OF GENE ACTION
In whatever ways the activity of the nucleus changes, this must ultimately
be by the repression or derepression of the activity of the genes. Histones
have been the obvious candidates as the actual gene repressors. H u a n g and
Bonner (1962) first showed that histones could act as inhibitors of D N A primed synthesis of R N A . It was later shown that deoxyribonucleoprotein
( D N P ) isolated from dormant potato buds was much less effective in supporting R N A synthesis than D N P from buds released from dormancy (Tuan and
Bonner, 1964). These and similar experiments were criticized on several
scores. It was pointed out that the reconstituted D N P was likely to be
inactive simply because of the electrostatic aggregation of the D N A with a
polycation. This is probably why histones can inhibit the growth of plant
tissues (Kaufmann and Das, 1955; Fellenberg, 1965; Fellenberg and Bopp,
1966; McLaren and Bradfute, 1966). The observation that the recombination
of histone with D N A in reconstituted D N P was nonspecific confirmed this
view (Barr and Butler, 1963). Another criticism was that although D N P was
a poor primer for R N A synthesis its priming ability could be increased when
it was broken into small fragments by sonication without altering the ratio
of histone to D N A . The lesser ability of D N P than D N A to act as a primer
for R N A synthesis could therefore be due to the precipitation and aggregation
of the D N A when the histone was added (Sonneberg and Zubay, 1965).
A difficulty with all these experiments was that they concerned only
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quantitative effects of histone on the priming ability of D N A . If the histones
really are the agents of genetic repression then it needs to be demonstrated
that in native D N P some genes are repressed and others are not and that the
genes which are repressed are specific to a particular type of cell or tissue.
This problem was anticipated by Bonner et al. (1963) who got some evidence
to show that the D N P from pea cotyledons could direct the synthesis of
globulin but that the D N P from buds and roots (in which globulin does not
occur in any quantity) could not, although the D N A from all sources was
effective. Recently experiments have been carried out which have vindicated
the idea that specific stretches of the D N A are free of histone in native D N P .
Paul and Gilmour (1966) used sonicated and unsonicated D N P from calf
thymus as templates for the synthesis of R N A . They then took the R N A
which was synthesized and annealed it with calf thymus D N A . The R N A
could anneal with only 5-10% of the sites on the D N A showing that in the
D N P it was specific sites on the D N A which were not complexed with histone.
H a d the histone been removed unspecifically from the D N P , the R N A which
was synthesized on the D N P would have been expected to correspond to all
the sites on the D N A , since different parts of the D N P would have had different
stretches of D N A exposed. Similar results have also been obtained by
Georgiev et al. (1966). It is important to note that these experiments demonstrate that histone complexed with D N A reduces the ability of the D N A to
prime R N A synthesis but they do not demonstrate that the histone complexes
in a specific way with the D N A . W h a t they do show is that the removal of
histone from D N P may be specific.
If the histones are the gene repressors and act specifically, one would
expect that there ought to be as many species of histones as there are genes
to be repressed. This is almost certainly not the case, for whereas there are
probably many thousands of genes in an organism, it is doubtful if there will
prove to be, at the most, more than a hundred or so histones. Indeed in
bacteria, for which the concepts of gene repression and activation were
formulated, almost all the D N A is free of histone (Wilkins and Zubay, 1959;
Leaver and Cruft, 1966). Also, in the ctenophores (simple, multicellular,
differentiated animals) more than 9 9 % of the D N A is free of histone (Cruft,
1966). It has been suggested that the specificity of the histones would be
increased if they were combined with molecules which did show specificity
such as R N A . H u a n g and Bonner (1965) have been able to isolate from pea
buds a complex of histone and an R N A characterized by a high dihydrouridylic content. A similar RNA-histone complex has been isolated from
mammalian cells (Benjamin et al, 1966) but its existence in mouse cells is
denied (Commerford and Delihas, 1966).
The evidence which we have so far does not allow us to say with certainty
what the role of the histones is. It may be purely structural, it may be as the
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repressor of gene activity. Some histones may perform one function, some
the other. Whatever it is which does repress the genes it must ultimately be
governed by substances from elsewhere in the cell. The nucleus by its pro
ducts regulates the activity of the cytoplasm but in turn the cytoplasm
regulates the activity of the nucleus. Nuclear transplantation experiments
with amphibia have shown that the synthetic activity of the nucleus depends
on the cytoplasmic milieu in which it finds itself (Gurdon, 1966). Whether or
not the nucleus synthesizes D N A and R N A depends on the developmental
stage not of the nucleus but of the cytoplasm which surrounds it (Gurdon
and Brown, 1965; G r a h a m et al, 1966).
In plants the activity of the nucleus is presumably affected by the growth
substances which are produced in the apices of the axis. When kinetin is
applied to onion roots, within less than 30 minutes there is a very rapid and
marked increase of R N A in the cells (Jensen et al, 1964). The R N A content
of the nuclei, especially the chromatin, is very much increased (Guttman,
1957) and it is probably due to an increased rate of synthesis of R N A in the
nucleus (Olszewska, 1959). We may anticipate that work now in progress in
several laboratories will point to a direct effect of growth substances on the
rate of R N A synthesis by the nucleus and we may hope that this will provide
a pointer to the mechanism of the regulation of gene action.
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