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Abstract:

The nucleolus structure in the cells of numerous Angiospermae plants was
studied with light microscope. The living material was examined under phase and
anoptral contrast. Microscopical observations were also carried out on the material
fixed in chrome-formalin or in uranyl-formalin.

An occurrence of two structural components of nucleolus was demonstrated: an
amorphous ground substance and nucleolonema. Cytochemical analysis have shown
that considerable amounts of RNA and acid proteins were located in the amorphous
substance while nucleolonema was composed of basic proteins and slight quantities
of RNA.

INTRODUCTION

The problem of the internal structure of the nucleolus has become of
no small importance since it has been recognized that it takes part in the
production of cytoplasmic and nuclear proteins by synthesizing ribosomic -
RNA and ribosomic proteins (Biernstiel 1967).

The first to describe the internal structure of the nucleolus were E s-
table and Sotelo (1951, 1955). They established that the nucleolus
has a complex structure, visible in the light microscope after special fixa-
tion. This structure consists of two elements: a filamentous nucleolonema
and an amorphous substrate, described by the authors as ,,pars amorpha”,
in which the former is immersed.

This concept of the nucleolonematic structure of the nucleolus has not
been generally accepted, although it was confirmed by numerous authors
(Hertl 1957, Rodkiewicz 1959, Zenkteller 1959, Setter-
field 1961). Some investigators believe that this theory is based on an
erroneous interpretation of the vacuolar structure (Serra 1958, Alb a-
neze, Bologuari et al. 1963). Others, as for instance Sitte (1965)
suppose that the nucleolonema is not a structural element of the nucleo-
lus proper but an intranucleolar chromatin.
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The results of investigations and observations in the light microscope
are up to date controversial. They are particularly difficult to interpret,
since the fixation and staining methods routinely applied in cytology do
not reveal in the nucleolus any structural differentiation.

The complex structure of the nucleolus was demonstrated in the elec-
iron microscope. Investigations on the submicroscopic structure of the
nucleolus, e.g., Bernhard et al. 1955, Lafontaine 1958, Sitte
1959, Davis 1960, Bourne and Danielli 1960, Yasuzumi and
Savada 1958, Stevens 1965, Chouinard 1965, allowed to distin-
guish in the nucleolus, beside amorphous protein, two structural RNA
containing the following components: fibrils about 50—80 A thick and
ribosome-like particles, about 150 A in diameter (Estable et al. 1966,
Birnstiel 1967). These structural components are not randomly mi-
xed. In most nucleoli there are zones which are predominantly fibrillar
or predominantly granular. The fibrillar zones are sourrounded by parti-
culate materials. The fibrillar material may be arranged rather loosely in
thread-like filamentous elements or in a compact mass. The granular
component is sometimes organized in thread-like elements about 0,1 x in
diameter. These elements often appear irregular and anastomosing. Most
authors believe that the granular zone corresponds to the nucleolonema.
But the nucleolonema as described by Estable and Sotelo (1955),
Sotelo (1966) and La Cour (1966) is centrally located and sourrounded
by the “pars amorpha”.

In view of those discrepancies a reinvestigation of the nucleolus struc-
ture in the light microscope may be of interest.

The starting point for the present investigations were the unexpected
results of the experiments performed in the Department of plant Anato-
my and Cytology of the Warsaw University, which proved that a redu-
ction of the acetic acid content in Navashin’s fixative makes it possible
to reveal the nucleolonematic structure of the nucleolus.

The investigations here presented included: observations on living
cells, analysis of the influence of various fixatives on the nucleolar struc-
ture in cells with different physiological activity, comparative studies on
the structure of the nucleoli in species with different structure of the
cell nucleus, observations on the transformation of the nucleolus during
mitosis and cytochemical analysis of the staining properties of the nuc-
leolus.

MATERIAL AND METHODS

Observations on living cells were made on the epidermis or hairs of
some dozen species, mounted in 8 percent sucrose solution in tap water,
with the aid of phase and anoptral contrast microscopes. Most suitable
for these observations are: the epidermis of Allium cepa scales, the sta-
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minal hairs of T'radescantia virginiana and the hairs of Cucurbita pepo
leaves. ’

Studies on fixed material were carried out on the apical root meri-
stems of Allium cepa, Cucurbita pepo, Avena sativa, Vicia faba, Phase-
olus vulgaris, Zea mays, Secale cereale, Lycopersicon esculentum and
on the embryo sac of Aconitum napellus and Delphinium sp.

The composition of the fixatives used and the concentration of their
components, expressed in percents, are as follows:

1. mixtures of chromic acid, acetic acid and formalin, i.e., chrom-ace-
tic<formalin: CrAF 0,5 — 4 — 20, CrAF 0,5 — 1 — 20, CrAF 0,5 —
0,5 — 20;

2. formalin 10%, 20%4 and 40°% with 1%/0 CaCl,, neutralized with cal-
cium carbonate 24 hrs before fixation;

3. mixtures of chromic acid and formalin, i.e., chrom-formalin: CrF
0,5 — 10, CrF 0,5 — 20, CrF 0,5 — 40, CrF 0,2 — 10, CrF 0,2 — 20, CrF
0,2 — 40;

4. mixture of potassium dichromate and formalin, i.e., dichrom-for-
malin, 0,5 — 20, UF 1 — 20, UF 1 — 10;

5. mixture of acetic acid and formalin, i.e., acetic-formalin: AF 0,5 —
— 20;

6. mixtures of uranyl nitrate and formalin, i.e., uranyl-formalin: UF
0,05 — 10, UF 0,12 — 10, UF 0,25 — 10, UF 0,5 — 10, UF 0,12 — 20, UF
0,5 —20,UF1— 20, UF 1 — 10;

7. mixtures of lanthanum chloride and formalin, i.e., lanthan-formalin:
LaF 0,1 — 10, LaF 0,2 — 10, LaF 0,5 — 10, LaF 0,2 — 20, LaF 0,5 — 20,
LaF 1 — 10.

Fixation time was 24 hrs. After fixation, the material was washed
in tap water for 12 hrs, dehydrated in a graded series of ethanol, passed
through xylene and embedded in paraffin. Section thickness was 2—5 pu.

In additional experiments the effect of Estable and Sotelo’s
(1955) fixative was tested on Allium cepa and Cucurbita pepo root apexes.

The influence of the various fixatives on the nucleolus structure was
examined on sections stained with iron haematoxylin after Heidenhain
or with gentian violet after Newton.

Moreover various special staining methods were applied: 0.25 percent
toluidine blue in MclIlvaine’s citric-phosphate buffer, pH 3.4 and 7.4, 37° C,
1 hr.; 0,25 percent cresyl violet in citricqphosphate buffer, pH 3.4 and
7.4, 37°C, 1 hr.; Feulgen reaction; methyl green-pyronin; phosphine F S
in citric-phosphate buffer, pH 2.4; fast green F C F, 0.1 percent solution
in citric-phosphate buffer, pH 4.0, 7.4, 8.0 and 8.9; orange G and aniline
blue, pH 3.0 and 2.4; acid haematein test.

Nucleic acids were removed by treatment of sections in 5 percent
trichloroacetic acid solution at 90° for 15 min., or in 5 N HCI at 60° C for
one hour. Trypsin in phosphate buffer, pH 8.0 at 37° C was applied for



6 : M. Podbielkowska

one hour to remove proteins. Lipids were removed in bromine water for
18 hrs.

Photomicrographs were taken with a Zetopan (Reichert) microscope
Agfa FF and Orwo 10° Din films.

RESULTS

1. Observations on living cells

It was expected that observation on living cells will be of essential
importance for the interpretation of the results obtained on fixed ma-
terial. It appeared, however, that the epidermis and hair cells on which
the investigations were performed, have very minute nucleoli. For in-
stance the diameter of the nucleoli in the onion epidermis cells is 0.8—2 u
and in the meristematic cells of the staminal hairs of Tradescantia it is
0.5—0.8 u. In view of such small dimensions of the nucleoli it is difficult
to examine their structure more precisely. In spite of this, it was possible
to establish on living intact cells, showing intensive cytoplasmic move-
ment, that the nucleoli are not homogeneous. Besides the vacuoles occur-
ring here and there, darker, poorly outlined strands are visible in the
nucleoli under positive contrast (table I, 1—3). In dying or dead cells,
on the other hand, the nucleoli are completely homogeneous.

2. Influence of the fixative composition on the nucleolus structure

Preliminary investigations indicate that the chrom-acetic-formalin
fixative (CrAF 0,5-4-20) reveals the internal structure of the nucleoli
if acetic acid is omitted in the mixture.

In the first group of experiments, modifications of this fixative were
used with varying acetic acid content without change in the chromic acid
and formalin amounts. Those modifications are: CrAF 0.5-4-20, CrAF
0.5-1-20, CrAF 0.5-0.5-20 and CrAF 0.5-0-20.

In roots fixed in chrom-acetic formalin with a high acetic acid content,
the nucleoli are homogeneous in all cells. Close examination of onion
roots apical meristems fixed in fixative modifications with lowered acetic
acid content (CrAF 0.5-1-20 and CrAF 0.5-0.5-20) revealed in the same
section different patterns of the internal structure of the nucleolus, for-
ming a continuous series of transitions from the loose nucleolonema
skeins embedded in homogeneous matrix in the inner zone of the root,
to almost homogeneous dense conglutinate in the outer zone. The area
of the nucleolonematic zone is dependent on the acetic acid content
in the fixative. It is the largest after CrAF 0.5-0-20.

This fact is decisive for the interpretation of the structures observed.
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The graded series of patterns of conglutinated nucleolonematic structures,
formed in the same section under the influence of the fixative, indicate
that not the nucleolonematic, but the homogeneous structure of nucleoli
should be considered as an artefact.

The experiment showing the homogenizing effect of acetic acid on the
structure of the nucleolus demonstrated the dependence of this effect on
the composition of the fixing mixture, which actually kills the cell. The
composition of this killing mixture is different at various depths in the
tissue, fixed by a coumpound fixative, owing to the differential penetra-
tion rates of its components. It appears, too, that the structures already
fixed are resistant to the deforming influence of the slower-penetrating
component of the fixative.

In the following experiments the apical meristems of Allium cepa
roots were fixed in some dozen kinds of fixative mixtures, containing
various combinations of the components of Navashin’s fixative as well as
lanthanum and uranyl salts, used in electron microscopy for contrasting
structures containing nucleic acids.

The experiments proved that formalin is the main fixing agent reve-
aling the internal structure of the nucleolus. Addition of a small amount
of chromic acid or uranyl salts has a favourable effect. Most suitable for
revealing the nucleolar structure was found to be fixation in chrom-for-
malin (CrF 0.2—10 or CrF 0.5—20) as well as uranyl-formalin (UF 1—10),
and staining with iron haematoxylin or crystal violet.

It was found by using these methods for root apical meristems of
various plants that the inner structure of the nucleolus consists of two
structural components: the nucleolonema in a characteristic tangled con-
figuration similar to that of the prophase nucleus, showing a high affinity
to stains, and on amorphous ground substance with lower staining af-
finity, in which the nucleolonema is embedded (Table 1, 4, 5, 6).

3. Influence of cell activity on the structure of the nucleolus

In order to elucidate this problem, the structure of nucleoli was
examined in three type of cells in the root apex of Allium cepa, viz. in
specialized, metabolically little active cells of the columella, and in two
different types of metabolically active cells: those of the cortex in the
cell division zone and those differentiating into the members of the cen-
tral metaxylem vessel.

The striking differences concerned, in the first place, the size of the
nucleoli. As might be expected, the largest were characteristic for the
tissues with highest metabolism. The diameter of these nucleoli varied
from 5 to 15 u. The smallest were found in highly specialized cells with
low metabolic activity (ca 1 w).
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LEGENDS OF TABLES

Table I

Nucleus with two nucleoli in the live epidermal cell from Allium cepa
scale, under phase contrast.

The same nucleus with two nucleoli under anoptral contrast. Distinct non-
homogeneity of nucleolus structure.

Nucleus with three unhomogeneous nucleoli in the hair cell from
Tradescnatia virginiana anther, under anoptral contrast.

Nucleoli in the cells from the division zone of Cucurbita pepo root apex;
chromo-formalin 0.5 — 20, Heidenhain haematoxylin.

Nucleolus in the cell from the division zone of Allium cepa root apex;
chromo-formalin 0.5 — 20, Heidenhain haematoxylin.

Table II

Nucleoli in the cells of the future metaxylem in Cucurbita pepo root
apical meristem; chromo-formalin 0.5—20, gentian violet.

Nucleolus in the cell of the future metaxylem from Allium cepa root api- -
cal meristem; uranyl-formalin 1—10, Heidenhain haematoxylin.
Nucleolus in the antipodes of Aconitum napellus embryo sac; chromo-
formalin 0.5—20, Heidenhain haematoxylin,

Structure of the ovary cell nucleolus from the Aconitum napellus em-
bryo sac; chromo-formalin 0.5—20, Heidenhain haematoxylin.

Nucleolus in the secondary nucleus of Aconitum napellus embryo sac;
chromo-formalin 0.5—20, Heidenhain haematoxylin.

Table III

of the nucleolus structures staining with the use of acid and basic dyes

I. After fixation with uranyl-formalin 1—10.
II. After fixation with 10% formalin + CacCl,.
A) Heidenhain haematoxylin
a) direct staining
b) after hydrolysis with TCA
B) cresyl violet, pH 3.4
C) cresyl violet, pH 7.4
D) fast green, pH 3.4
E) fast green, pH 7.4
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The fact that the size of the nucleoli is dependent on the physiological
state of the cells has long been known. Buvat (1944) took advantage of
it to determine the metabolic activity of the meristem cells in the shoot
apex. It appears now that beside the size differences there are, too, stri-
king differences in the internal structure of the nucleoli.

In the little active differentiated cells of the root caps the nucleoli are
not only very small, but have a compact structure. Their ground sub-
stance is very scarce. The nucleolonema is contracted on a small area
forming a dense skein, and has a strong tendency to coalesce under the
influence of fixatives. Such nucleoli stain heavily as a whole and their
structure is difficult to examine.

In the meristematic tissue, the structure of much larger nucleoli is
easier to recognize. They abound in ground substance and their nucleolo-
nemata are loosely coiled in skeins resembling in appearance the prophase
nucleus (Table I, 4—6). '

In the differentiating metaxylem cells various arrangements of the
nucleolonema may be seen in greatly elongated nucleoli. As compared
with the meristematic cells, the coils are here still looser (Table II, 1—3).

The dependence of the elaborate nucleolar structure upon the active
state of the cells is clearly shown in the embryo sacs of the ranuncula-
cean genera Aconitum and Delphinium.

In the egg-cell and antipodal cells of those plants the nucleolar struc-
ture is loose, composed of very thin, seemingly interconnected threads,
forming sometimes distinct loops (Table II, 4, 5). The nucleoli in the se-
condary embryo sac nucleus have a specific structure. The nucleolonema
is here loosely coiled in the peripheral zone of the nucleolus and the
central zone is occupied by a large vacuole (Table II, 6, 7).

Comparison of the internal structure of nucleoli in cells with a diffe-
rent degree of metabolic activity thus indicates that, in highly active cells
with large nucleoli the nucleolonema has the form of a loose skein em-
bedded in a large amount of substrate, whereas in little active cells the
interior of small nucleoli is almost filled with a compact mass of nucleo-
lonema, and the substrate is hardly visible.

It would seem, therefore, that the nucleoli of cells with low activity
are formed almost exclusively of nucleolonema. With more intensive ac-
tivity of the nucleoli, not only the quantity of nucleolonema substance
but also that of the substrate increases, this leading to a looser structure
of the nucleolus.

4. The nucleoli of reticulate and euchromocentric nuclei

The structure of aucleoli in nuclei of the reticulate type, e.g. Allium,
Avena, Secale and Vicia is the same as in the euchromocentric type, e.g.
Cucurbita, Phaseolus and Lycopersicon. It is evident, therefore, that the
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type of nuclear structure does not affect the internal structure of the
nucleolus (Table I, 4—6).

In nuclei of reticulate type, all the chromosomes, for spatial reasons,
have but little possibility of changing their position in the course of telo-
phase transformations. The limitation of movements of SAT-chromosomes
with which the nucleoli are connected makes the fusion of the primary
nucleoli formed in telophase difficult or impossible. Consequently, in re-
ticulate nuclei of meristematic cells, the same number of nucleoli is ge-
nerally observed as was primarily formed in telophase.

In the investigated plants with nuclei of euchromocentric type (Pha-
seolus, Cucurbita, Lycopersicon) the number of nucleoli in the interphase
is usually smaller than that occurring in telophase. Mostly, there is one
large nucleolus. The reduced number of nucleoli, and the consistent in-
crease of their size are due to the fusion of primary nucleoli during telo-
phase and posttelophase transformations. This is made easy by the telo-
phasic displacements of chromosomes in the euchromocentric nuclei.

5. Changes in nucleolar structure during mitosis

In further studies it was attempted to establish the changes occurring
in the two structural components of the nucleolus visible in the light
microscope, the substrate and the nucleolonema, during mitosis. The in-
vestigations were made on the rcot meristems of Allium cepa fixed in
chrom-formalin (CrF 0,5—20), and in uranyl-formalin (UF 1—10) and
stained by iron haematoxylin or crystal violet. '

In the initial stage of prophase, the nucleolus undergoes no noticeable
changes. Its shape, size and internal structure remain the same as in late
interphase. In middle prophase, a reduction of the nucleolar volume is
observed owing to a gradual disappearance of the substrate and drawing
together of the nucleonema. Further diminution in volume of nucleolus
in late prophase results from continued disappearance of the amorphous
substrate and the contraction of the nucleolonema. During disappearance
of the nuclear membrane, the nucleolus is suddenly dissolved.

In the course of telophase the nucleoli may be first distinguished in
the form of minute granules associated with satellite chromosomes. Ini-
tially these nucleoli look like a compact coalesced lump of nucleolonema.
As telophase progresses the volume of the nucleolus considerably. incre-
ases. This allows to distinguish in it the strongly-staining nucleolonema
from the weaker-stained substrate. The nucleolonema, at first short and
compact, becomes longer and looser until a typical interphase nucleolus
is reconstructed. It seems, therefore, that the telophase transformations
are nearly the same as those ocurring in prophase, but in reversed order.

To complete the picture of the nucleolonematic transformations during
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mitosis, observations were made on the root apex of Allw,m cepa fixed
and stained after Estable and Sotelo.

It would seem that the strongly staining filamentous structures visi-
ble in some anaphase chromosomes and interpreted by authors as nucle-
olonema, should rather be considered as fragments of the spiral chromo-
some structure and have nothing to do with the nucleolonema proper.

6. Cytochemical investigations with the use of basic and acid stains

The cytochemical studies consisted in staining the tissues with basic
(e.g. toluidine blue) and acid (fast green) dyes at various pH values, im-
mediately or after previous removal of nucleic acids by means of hot
TCA or 5 N HCI or after removal of certain types of proteins (with tryp-
sin or 5 N HCI).

The results of this analysis prove the presence of RNA and proteins
(Table IIT) in both structural components of the nucleolus.

The presence of RNA is indicated by the positive direct staining with
toluidine blue at pH 3.4, and the negative result after removal of nucleic
acids. At pH 3.4 the substrate stains stronger that the nucleolonema. This
intensive staining proves that the substrate contains a large amount of
RNA in a state capable of binding the dye. The weak staining of the
nucleolonema indicates either a low RNA content in the nucleolonema or
the binding of RNA with proteins masking a large part of its active
groups capable of reacting with the basic stain.

Evidence of the presence of free anionic and cationic groups of pro-
teins in the nucleolus may be found both in the results of staining with
toluidine blue at pH 7.4 after RNA removal and also in the result of stai-
ning with fast green directly or after TCA hydrolysis at pH 3.4 and 7.4.

At pH 7.4, after RNA removal, toluidine blue stains very strongly the
nucleolonema, whereas it hardly affects the substrate. This would mean
that the nucleolonema contains numerous free anionic groups binding
the dye cations, whereas in the substrate they are very scarce or absent.
The negative result of staining at pH 3.4 after hydrolytic RNA removal
indicates that these groups are not phosphate groups of phospholipid.
Thus, the staining of the nucleolonema must have been caused by the
binding of dye cations by the free carboxyl groups of the proteins. This
fact indicates a large content of acidic amino acids in nucleolonematic
proteins. The negative staining reaction of the substrate proves the absen-
ce of dissociable acidic groups.

Staining with fast green allows to conjecture the presence of dissocia-
ble basic groups binding the dye anions. Such groups are present in the
proteins, in the basic rests of histidine, lysine and arginine. Their disso-
ciation constants are different. The guanidine group of arginine exibits
the highest pH value. This group is still highly dissociated at such high
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pH values at which dissociation of the remaining basic groups in the pro-
teins is almost completely suppressed. The imidazole group of histidine
has the lowest pH value. Owing to these differences, differential staining
may be achieved by suitable adjustment of pH. Alfert and Ge-
schwind (1953) based on this principle their method of cytochemlcal
identification of histones.

After staining with fast green at pH 3.4 one could observe the inten-
sively-stained substrate and the somewhat weaker-stained nucleolonema.
At this pH value the free basic groups of proteins are almost completely
dissociated. The differences in staining intensity thus indicate directly
the differences in the amount of dissociable basic groups in the substrate
and in the nucleolonema, demonstrating the quantitative predominance
of these groups in the subsirate. The enhanced intensity of staining of
the protein structures after hydrolysis in TCA proves that a part of the
groups capable of binding the dye was previously bound to RNA,

At higher pH values the degree of dissociation of the basic groups
decreases. First there occurs a suppression of dissociation in the histidine
rest, then — in lysine. At pH 7.4, the structures containing acidic pro-
teins with a small amount of lysine and arginine stain no more with fast
green. However, the basic proteins with a high content of free lysine
and arginine groups will continue to bind the dye anions. In sections
stained with fast green at pH 7.4 the substrate of the nucleolus remained
colourless, even when RNA was completely removed, but the nucleolo-
nema was stained. These results points to the presence of basic proteins
in the nucleolonema and indicate that in the substrate of the nucleolus,
arginine and lysine groups are few or blocked.

SUMMARY AND CONCLUSIONS

The observations presented in this paper show that the nucleolus is
not homogeneous, but has an internal structure. This structure was found
in all the types of cells examined. It is composed of filamentous nucleolo-
nema, readily stained with acid and basic dyes, and of an amorphous
substrate with a weaker staining affinity. The nucleolonema is embedded
in the substrate forming a characteristic skein. ;

The pattern of the nucleolonematic structure and the amount of the
substrate are dependent on the physiological state of the cells. In very
active cells the nucleoli are large with a well developed, loose nucleolo-
nematic pattern and a large amount of substrate, whereas in the cells
with a low physiological activity they are small, the nucleolonema is
contracted and condensed, and the substrate is scarcely visible.

Fixatives have a marked effect on the structure of nucleoli accentua-
ting or masking it.
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The homogeneous structure of the nucleoli visible after application
of most fixatives is the result of coalescence of the structural components
of the nucleoli, caused by those constituents of the fixative which dissolve
basic proteins or RNA.

The best of the fixatives tested, revealing the nucleolonematic skein
proved to be a mixture of equal parts of 1%« chromic acid and 40% for-
malin (chrom-formalin 0.5—20) and a mixture of equal parts of 2%
uranyl nitrate and 20%¢ formalin (uranyl-formalin 1—10). In these fixa-
tives formalin is the essential agent which fixes the internal structure
of the nucleolus by acting mainly on the protein, whereas chromic acid or
uranyl nitrate improve the fixation of the nucleolus acting on RNA and
phospholipids.

Particularly convenient for observation of the internal structure of
the nucleolus are apical meristems of Allium cepa and Cucurbita pepo
roots fixed in chrom-formalin 0.5—20 and stained with Newton’s crystal
violet. In these preparations the peripheral part of the root, consisting
of the protoderm and the external part of the cortex, exhibits a strong
staining of the nuclear chromatin and chromosomes, whereas the nucleoli
stain weakly, and their contents are coalesced. In the central part of the
root (inner contex and central cylinder), the nuclear chromatin and chro-
mosomes are complettely colourless, the nucleoli, on the contrary, are in-
tensively stained and their filamentous, nucleolonematic structure is
distinetly visible. This is due to the highly specific colour reaction of the
nucleolus and chromosomes conditioned by the fixative. For visualizing
the homogeneous substrate in the nucleolus, Heidenhain's haematoxylin
is most suitable with long-lasting differentiation in iron -alum. The
differentiation time is dependent on the fixative used.

The existence of the nucleolonematic structure of the nucleolus was
demonstrated by this method in all types of cells investigated from va-
rious plants. This structure corresponds to the submicroscopic differen-
tiation of the nucleolus, and to its varying optical density in the living
cell.

In my opinion there is no doubt that the filamentous skein in the nu-
cleolus is not an artefact. It has been observed in all the tissues examined
derived from various systematic groups of plants. It can be demonstra-
ted by the use of various fixatives and staining methods. The fixing mix-
tures employed are good cytological fixatives which do not produce ar-
tefacts even in such sensitive components of the cell as the mitochondria.
Neither should the filamentous structure occurring in the nucleolus
be considered as a specific form of vacuolisation. This is demonstrated
conclusively in the enormous nucleoli of the secondary nuclei of embryo
sacs-where only the amorphous substrate undergoes vacuolization (table
I, 6).

The cylochemical experiments carried out indicate that the nucleolar
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structures have a high protein and RNA content. Both these substances
occur in the substrate as well in the nucleolonema.

The nucleolonema, which stains intensively with basic dyes at high
pH after removal of nucleic acids, should contain proteins with a high
amount of dicarboxylic amino acids. It is significant that these amino
acids occur in a rather high concentration in ribosome proteins. Bonner
and Varner (1965) report that the amount of glutamic and aspartic
acids in ribosome proteins is 10.2 and 9.5 moles in 100 moles of protein,
respectively. The intensity of staining of the nucleolonema with fast
green at high pH proves the presence of basic proteins with free lysine
and arginine cationic groups.

The strong staining reaction of the homogeneous substrate with fast
green at low pH and its failure to stain at pH 7.4 seem to indicate the
presence of proteins with a high conltent of histidine, the dissociation of
which is reversed in alkaline medium, and a low content of free basic
groups of lysine and arginine.

The above described results show a resemblance in the composition
of ribosome proteins and those occurring in the nucleolonema. This simi-
larity may be an indication either of ribosome proteins production in the
nucleolonema or of their accumulation. Bonner and Varner (1965)
are of the opinion that synthesis of these proteins takes place within
the nucleolus.

The second chemical component of the nucleolus is RNA. Its presence
has been demonstrated in the present study both in the nucleolonema
and in the substrate. The differences in the intensity of the staining reac-
tion with basic stains in acid medium point to differences in the content
of free phosphate groups capable of binding the dye. The relatively weak
staining of the nucleolonema may either be evidence of a low RNA con-
tent or of the binding of a large part of the phosphate groups of RNA with
basic protein groups. The intensive staining of the substrate is a direct
proof of a high RNA concentration.

There is no doubt (Birnstiel 1967) that ribosome RNA synthesis
takes place in the nucleolus. It seems therefore, that these staining reac-
tions point to sites of formation and of accumulation of RNA.

Confrontation of the results of the present study with contemporary
views on the submicroscopic structure of the nucleolus Marinozzi
1964, Perry 1966, Biernstiel 1967) suggests — contrary to the wi-
despread opinion, but in accordance with the latest results of La Cour
(1966) — that the filamentous nucleolonema corresponds to the fibrillar
zone, whereas the amorphous substrate — to the granular zone of the
nucleolus.

Observations concerning the transformations of nucleolar structure
during mitosis demonstrated that during prophase the nucleolonematic
skein aggregates and becomes more compact, and the homogeneous sub-



16 M. Podbielkowska

strate gradually disappears. These changes result in a diminution of the
volume of the nucleoli up to their sudden dissolution in late prophase.
A symptom of disappearance of the substrate is a change in the shape
of the nucleolus which becomes irregular. The successive steps in recons-
truction of the internal structure in the nucleolus in telophase are so to
say a reversion of those occurring in prophase. The nucleolonema which
appears as the first element in the nucleolus, is initially very compact.
The increase in volume of the nucleoli observed towards the end of telo-
phase is due to the reconstruction of the homogeneous substrate and to
the growth and loosening of the nucleolonema. A similar interpretation
of the cyclic changes in the nucleolus in the course of mitosis has been
given by Stevens (1965).

The results of observations on living cells require separate interpre-
tation. The plant material accessible for studies in vivo is not convenient
for observations of the internal nucleolar structure. It consists mainly
of little active, highly specialized cells in which the nucleoli are minute
and exhibit a compact structure. Nevertheless, in the nucleoli of living
plant cells, zones of differential optical density are frequently observed.
The structure of the nucleoli in living staminal hair cells of Tradescantia
shows a certain similarity to the nucleolonematic skein observed in the
fixed material. It seems, therefore, that the nucleolonematic structure of
the nucleolus revealed after appropriate fixation and staining is not an
artefact but has its counterpart in the living cell.

The investigations were performed in the Botanical Institute, Warsaw
University. The authoress wishes to thank professor H. Telezynsk1
for his guidance and valuable advice in the course of the work as well as
for his critical reading of the paper.
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Struktura jgderek u okrytonasiennych

Streszczenie

Badania w mikroskopie elektronowym wykazaly heterogenno$é jaderek, zaréwno
w tkankach roslinnych, jak i zwierzecych. Interpretacja zlozonej struktury jaderka
jest jednak nadal przedmiotem licznych prac prowadzonych na réinym materiale
W oparciu o rézne metody cytologiczne i cytochemiczne. Zdaniem niektérych autoréw
na wewnegtrzng strukture jaderka skladajg sie dwa elementy: nitkowata nukleolone-
ma i niezréZnicowane podloze, w ktérym jest ona pograzona; inni nie widza pod-
staw do wyrézniania tych struktur.

Celem mojej pracy byla préba wyjasnienia tych rozbieznosci i blizsze zbadanie
struktury jgderka w mikroskopie $wietlnym. Realizowalam to przez: 1. obserwacje
witalne; 2. zbadanie wplywu réznych utrwalaczy i opracowanie metody utrwalania
wewnetrznej struktury jaderka; 3. ustalenie, jakie czynniki wplywaja na zréznico-
wanie morfologiczne struktury jaderka, biorac pod uwage: a) zréznicowanie komér-
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ki i jej stan fizjologiczny, b) typ budowy jadra, c) przemiany zachodzgce w mitozie;
4, badania cytochemiczne.

Orientacyjne badania przeprowadzilam na kilkunastu gatunkach nalezacych do
réznych grup systematycznych w obrebie okrytonasiennych. Szczegblowe obserwacje
witalne przy zastosowaniu kontrastu fazowego i anoptralnego przeprowadzilam na
skéree z tusek Allium cepa, na wloskach z lici Cucurbita pepo oraz na wiloskach
precikowych Tradescantia virginiana we wezesnych stadiach rozwojowych. Podsta-
wowymi obiektami badan na materiale utrwalonym byly wierzchotki korzeni Allium
cepa, Vicia faba i Cucurbita pepo oraz woreczki zalazkowe Delphinium sp. i Aconi-
tum napellus. Do utrwalania uzyto kilkudziesieciu réznych utrwalaczy (réZine mody-
fikacje chrom-aceto-formaliny, chrom-formaliny, aceto-formaliny, dwuchrom-forma-
liny, lantano-formaliny i uranylo-formaliny). Podstawowymi metodami barwienia
byly: hematoksylina zelazista i fiolet gencjanowy.

Badania cytochemiczne przeprowadzono przy zastosowaniu barwnikéw kwasnych
(zielen trwata) i zasadowych (blekit toluidyny i fiolet krezylu) w zbuforowanych roz-
tworach o réznym pH. Kwasy nukleinowe usuwano hydrolizujgc preparaty w roz-
tworach kwasu solnego i kwasu tréjchlorooctowego. Do usunigcia bialek stosowa-
no trypsyne.

Spodziewano sie, ze podstawowe znaczenie dla interpretacji badan przeprowadzo-
nych na materiale utrwalonym beda mialy wyniki obserwacji na zywych komér-
kach. Obiekty roflinne nie sa jednak dogodnym materialem do obserwacji wital-
nych jaderka. Latwo dostepny material stanowig zazwyczaj komorki zréinicowane,
o malej intensywnos$ci podstawowych syntez, majace drobne jaderka. Do takich na-
leza np. badane przeze mnie komorki skorki z tuski Allium cepa. Réwniez pozos-
tale obiekty moich obserwacji, a mianowicie rézne typy wloskéw todygowych i liscio-
wych oraz merystematyczne komérki we wezesnych stadiach rozwoju wiloskéw prg-
cikowych Tradescantia wyrbzniaja sie drobnymi rozmiarami jaderek. Mimo to
stwierdzilam, ze jaderka majg in vivo, niezaleznie od wystepujacej czasem wakuo-
lizacji, pewna niejednorodno$é struktury, Wida¢ w nich ciemniejsze pasma o nie-
ostrych granicach (tabl. I, 1—3). :

Dotychezasowe obserwacje tkanek utrwalonych zlozonymi utrwalaczami pow-
szechnie stosowanymi w praktyce cytologicznej, jak np. utrwalacz Navashina, nie
ujawnialy w jaderku wewnetrznej struktury. W pierwszej serii moich do$wiadczen
nad mechanizmem utrwalania struktury w jaderku zastosowatam modyfikacje utrwa-
lacza Navashina o zmniejszajacej sie iloSci kwasu octowego. Byla to chrom-aceto-
-formalina (CrAF) o nastepujgcym skladzie procentowym: 0,5 — 4 — 205 0,5 — 1 —
20; 0,5 — 0,5 — 20; 0,5 — — — 20.

Analiza tej grupy utrwalaczy wykazala, Ze chrom-aceto-formalina w propor-
cjach powszechnie stosowanych (CrAF 0,5 — 4 — 20) daje jednolita strukture jader-
ka. Homogenizacja ta wiaze si¢ z rozpuszczajacym dzialaniem kwasu octowego na
histony i zasadowe bialka, ktorych utrwalenie powoduje formalina. Zlozong struk-
ture jaderka ujawnié jednak mozna, zmniejszajac zawarto$¢ kwasu octowego w
utrwalaczu. Skladaja sie na nig dwa elementy: nitkowata nukleolonema i niezréini-
cowane podioze, w ktérym jest ona pograzona,

Analiza preparatéow z merystemé6w wierzchotkowych korzeni utrwalonych w
CrAF 0,5 — 0,5 — 20 i CrAF 0,5 — 1 — 20 wykazala obecnoéé na tym samym prepa-
racie réznych obrazéw wewnetrznej struktury w jaderku — od ukladu luznego w
partiach wewnetrznych korzenia do silnie zlepionych w cze§ci zewnetrznej. Obszar
tego zréznicowania zalezny jest od skladu utrwalacza, Fakt ten ma decydujace zna-
czenie dla interpretacji obserwowanych struktur. Obrazy mniej lub bardziej zlepio-
nej struktury na tym samym preparacie powstale w wyniku dzialania utrwalacza
dowodza, ze nie mozna interpretowaé tych struktur jako artefaktéw; artefaktem
jest jednolita struktura jaderka.
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W oparciu o do$wiadczenia przeprowadzone na tkankach utrwalonych chrom-
-formaling, aceto-formaling, uranylo-formaling, dwuchrom-formaling i lantano-for-
maling wykazano, Ze podstawowym skladnikiem utrwalajacym wewnetrzng struktu-
re jaderka jest formalina. Korzystny jest przy tym niewielki dodatek kwasu chro-
mowego (chrom-formalina 0,5 — 20 lub 0,2 — 10) lub azotanu uranylu (uranylo-for-
malina 1 — 10) utrwalajgcych kwasy nukleinowe.

Poréwnanie tkanek réznych pod wzgledem funkcjonalnym pozwolilo mi stwier-
dzié¢, ze podstawowa, dwoista organizacja jaderka jest taka sama w tkankach o roi-
nych funkcjach i réinej aktywnosci fizjologicznej. Stwierdzono natomiast duze réz-
nice w rozmiarach jaderka oraz w uksztaltowaniu i ilo$ci nukleolonemy oraz homo-
gennego podloza (fabl. I, 4—6; II, 1—7). Duza aktywno$¢ podstawowych syntez de-
terminuje luzny uklad nukleolonemy i znacznag ilo§¢ podloza, a struktura zbita,
z przewags ilosciowa nukleolonemy charakteryzuje komérki o niskim metabolizmie.
Stanowisko systematyczne rofliny, a takZze réznice kariologiczne wyrazajace sie
w retikularnej lub euchromocentrycznej strukturze jgdra, nie maja wplywu na
uksztaltowanie wewnetrznej budowy jaderka (tabl. I, 4—6).

Badania cytochemiczne przy zastosowaniu barwnikéow zasadowych przy pH 3,4
wykazaly obecno$¢é RNA w znacznej koncentracji w podlozu i nieco mniejszej w ele-
mencie nitkowatym.

Biatka nukleolonemy charakteryzuje obecno$é reszt zasadowych aminokwaséw
lizyny i argininy wiazacych zielen trwalg przy pH 8,9 przy jednoczesnym wystepo-
waniu znacznych ilodci reszt dwukarboksylowych aminokwaséw, na co wskazuje in-
tensywne zabarwienie blekitem toluidyny i fioletem krezylu przy pH 7,4 po calkowi-
tym usunieciu kwaséw nukleinowych przez TCA.

Bialka niezréinicowanego podloza jaderka maja zupelnie inny charakter. Ana-
liza zabarwienia zielenig trwalg przy réinym pH wskazuje jedynie na obecnosé
reszt histydyny, nie wykazuje natomiast reszt silniej zasadowych aminokwaséw.
Barwniki zasadowe nie wybarwiaja podloza po usunieciu kwaséw nukleinowych
nawet przy wysokim pH. Bialka podloza jaderka nie zawieraja zatem wolnych grup
karboksylowych.

Wyniki tych do$wiadczen wyja$niaja, dlaczego po niektérych utrwalaczach ja-
derka wykazujg strukture jednorodng. Zlepiajacy wplyw kwasu octowego na struk-
ture jaderka polega na uplynnieniu bialek zasadowych w nukleolonemie. Zlepienie
struktur jaderka moze byé wywolane réwniez uplynnieniem RNA; tak dziala dwu-
chromian potasu.

Na podstawie przeprowadzonych przeze mnie badan sgdze, ze dwoista struktura
jaderka, zlozona z nukleolonemy i niezréinicowanego podloza, jest charakterystyczna
dla wszelkich typow roslin okrytonasiennych, a ujawnienie jej w mikroskopie §wietl-
nym zalezy od sposobu utrwalenia,
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