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ABSTRACT

The architecture of the nucleolus in Allium porum and Triticum vulgare meristematic cells has

been investigated by means of digestions with various enzymes. After staining with azure B

at pH4, plant nucleoli exhibit lighter regions which, under electron microscopy, correspond

to the fibrillar zones characterizing these organelles. Evidence is presented indicating that

these latter zones contain coarse convoluted filaments quite similar to the loops first demon-

strated by La Cour (24) and which are assumed to originate from the nucleolar-organizing

chromosomes. These coarse, 0.2p wide filaments are remarkably resistant to the action of

deoxyribonuclease, ribonuclease, pepsin, trypsin, or of various combinations of these en-

zymes and, moreover, they show insignificant incorporation of labeled thymidine even after

long exposure to this DNA precursor. The clearing action of pepsin on different regions of

the nucleolus lends support to the hypothesis that an amorphous material or matrix pervades

the mass of this organelle. This effect is particularly striking within the particulate nucleolar

zones themselves. Both ribonuclease and trypsin disorganize the RNP (ribonucleoprotein)

nucleolar particles. The effect of the latter enzyme on the RNP particles is taken to indicate

that they contain proteins particularly susceptible to trypsin which are essential for main-

tenance of their morphological integrity. Trypsin also interferes with azure B-staining of the

nucleolar mass as a whole and, according to radioautographic data, extracts RNA through-

out this organelle. Accordingly, the hypothesis is considered that RNA is complexed with

proteins not only within the particulate nucleolar portions, as is already well known, but also

in the fibrillar zones.

Recent electron microscopic studies have shown

that the organizational pattern of the nucleolus

varies to a certain extent with species. This diver-

sity in nucleolar architecture is especially striking

in animals (see references 3 and 19 for recent

reviews). However, in plants, except for numerous

vacuoles and lacunae, the nucleolar mass is gener--

ally composed of two main types of zones (22, 23,

25 28, 41, 47)1 Some of these nucleolar portions

'R. Vancoillie and J. G. Lafontaine. A correlated
light and electron microscope study of the effects of
actinomycin D on the architecture of the nucleolus in
plant meristematic cells. In preparation.

consist predominantly of RNP (ribonucleoprotein)

particles, which are believed to be embedded

within an amorphous substance or matrix. Certain

observations suggest that these particles are often

organized in the form of threadlike structures, some

0.1 Pu in diameter (26, 28). The remaining nucleo-

lar regions in plants are usually referred to as

fibrillar in texture. There is now good evidence

that these latter zones are intimately associated

with intranucleolar chromatin (22, 23, 25-28, 41).

As judged from available information on the

biochemical composition of the nucleolus, there
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presently exists a fair degree of agreement about

the nature and importance of the main consti-

tuents of the nucleolus in both animal (9, 34, 51)

and plant (4-8, 23) cells. According to data re-

cently compiled by Vincent et al., (51), for in-

stance, nucleoli from a wide variety of sources

consist mostly of proteins (85-90%), RNA repre-

senting only 5-10% of the mass of these organelles.

The situation is a great deal more uncertain as

regards the actual concentration of DNA within

nucleoli, and relevant data, therefore, differ

markedly with authors and sources of material

(5, 8, 9, 34, 37, 38, 51). These widely divergent

reports undoubtedly result in part from the diffi-

culty of preparing nucleoli free of contaminating

chromatin.

Some progress has recently been made towards a

better understanding of the organization of the

nucleolus of both animal (2, 3, 16-18, 20, 30, 35,

36, 39, 46) and plant cells (25, 28, 48) by exploiting

newly developed cytochemical techniques in the

electron microscope. This report focuses on the

application of such methods to the study of the

architecture of plant nucleoli and, more particu-

larly, presents observations concerning the locali-

zation and cytochemical characteristics of a coarse

filamentous component which is believed to cor-

respond to the nucleolar organizer.

MATERIAL AND METHODS

Fixation and Embedding

Roots of Allium porum and Triticum vulgare were

used for the present investigation. Part of the material

was fixed in 1% osmium tetroxide, pH 7.2, and em-

bedded in Epon according to current procedures.

Other roots to be utilized for cytochemical studies

were fixed for 20-40 min in 6% ice-cold glutaralde-

hyde adjusted to pH 7.2 with 0.1 M cacodylate buffer

and were embedded in glycol methacrylate (30).

Preparation of Isolated Nuclei

To demonstrate the presence within nucleoli of a

coarse filamentous component of the type observed

by La Cour (24) in a number of plant species, roots of

Allium porum were fixed for a brief period in 5%

formalin and then exposed to a 0.1% aqueous solu-

tion of "Tween 80" (Atlas Chemical Industries Inc.,

Wilmington, Del.) for a few minutes. Subsequent to

gentle squashing of the preparation between slide

and coverslip, favorable nucleoli were examined and

photographed under phase-contrast microscopy.

Enzymatic Digestions

The hydrolyzing solutions were prepared as

follows (30, 43):

1. Deoxyribonuclease
2

,3 (2 X crystallized or electro-

phoretically purified), 0.1% in an aqueous solution

containing 0.003 M MgSO4 and adjusted to pH 6.5

with 0.01 N NaOH. Treatment was carried out at

37C for 2-4 hr.

2. Ribonuclease3 (5 X crystallized), 0.2% in distilled

water adjusted to pH 6.8 with 0.01 N NaOH, was

used for 2-3 hr at 37C.

3. Pepsin3 (3 X crystallized), 0.5% in 0.1 N HCI,

pH 1.2, was employed for 2-3 hr at 37°C.

4. Trypsin3 (2 X crystallized), 0.3% in distilled

water adjusted to pH 8 with 0.01 N NaOH, was

used for 2-3 hr at 37C.

Staining and Microphotographic Procedures

Part of the 0.7-/u sections were stained with 0.25%

azure B adjusted to pH 4.0 with McIlvaine's buffer

(43). These stained preparations were photographed,

submitted to enzymatic digestion, and then photo-

graphed a second time for comparison, after staining

with azure B. Other preparations mounted in glyc-

erine were photographed at 260 m with Leitz

reflecting lenses before and after digestion with the

foregoing enzymes. Ultrathin sections treated with

enzymes were mounted on Formvar-coated copper

grids and stained for 2-3 hr with a 1% aqueous solu-

tion of uranyl acetate. These sections were examined

in a Philips EM-200 electron microscope equipped

with an anticontamination device.

For light microscopic or UV preparations, the

0.7-/ sections, deposited, respectively, on glass and

quartz slides, were immersed within the hydrolyzing

solutions in coplin jars. As for the ultrathin sections,

they were floated on the enzymatic solutions accord-

ing to the technique described by Marinozzi (35).

Control preparations in each case were subjected, for

corresponding periods, to solutions of similar pH's

and temperatures but containing no enzyme.

Radioautography

Roots of Allium porum and Triticum vulgare were

immersed in distilled water containing tritium-

labeled precursors
4

of DNA and RNA. Concentra-

tions ranging from 5 to 125 c/ml were used for

cytidine-5-
3

H (specific activity: 15 c/mmole) and of

2 ac/ml for thymidine-methyl-3H (specific activity:

12 c/mmole). After incorporation periods varying

from 5 to 60 min for cytidine and from 1 to 20 hr for

2Nutritional Biochemicals Corporation, Cleveland,

Ohio.

3 Worthington Biochemical Corp., Freehold. N.J.

4Schwarz Bio Research, Inc., Orangeburg, N.Y.
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thymidine, the root tips were fixed with either glu-

taraldehyde or osmium tetroxide and processed ac-

cording to procedures described above.

Sections 0.5-0.7 in thickness were deposited on

glass slides and covered by dipping in liquid Ilford

L-4 emulsion. Before observation, the radioauto-

graphs were stained with 1% methylene blue in 1%

borax.

OBSERVATIONS

The appearance of the nucleolus in Allium porum

and Triticum vulgare under light microscopy is illus-

trated in Figs. I and 2. After methylene blue-

staining or under phase-contrast microscopy, the

presence of dense zones intermingled with lighter

portions confers a rather heterogeneous appear-

ance to this organelle. The examination of serial

0.5-ju-thick sections reveals, moreover, that these

denser portions form complex three-dimensional

patterns throughout the nucleolar mass as reported

for other plant species (26-28). More suggestive

images of these same nucleolar zones are obtained

in preparations treated with "Tween 80": they are

indeed then seen to contain coarse convoluted

threads (Fig. 3), the nature of which is best studied

under electron microscopy.

At the ultrastructural level, nucleoli of both

Alliurm porum and Tritucum vulgare exhibit impor-

tant particulate zones extending from their surface

to more centrally located portions of their mass

(Figs. 4 and 5). The RNP nucleolar granules, in

FIGURF 1 Triticum ulgare preprophase nucleus

with nucleolus showing irregular dense regions which

correspond to the fibrillar zones seen under electron

microscopy (Fig. 4). Section stained by means of the

Feulgen reaction and photographed under phase-

contrast microscopy. X 3,000.

FIGURE 2 Allium porum preprophase nucleus from

preparation processed as in Fig. 1. In this micrograph,

the dense nucleolar regions take on a configuration

which is highly suggestive of the presence of coarse

twisted filaments. At certain places (arrows) at the

periphery of the nucleolus, one gains the impression of

a possible continuity between densely stained chromo-

some strands and parts of the intranucleolar skein.

X 3,000.

FIGouR 3 Phase-contrast micrograph of nucleoli

from isolated Allium porum nucleus treated with

"Tween 80" for a few minutes. The coarse nucleolar

filamentous components seem to have uncoiled to a

limited extent only and exhibit an organization strik-

ingly similar to that revealed under electron micros-

copy (Fig. 5). X 3,000.
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FIGURE 4 Portion of an interphase nucleus (Triticum vulgare) illustrating the dense irregular regions (fz)

intermingled with granular zones (gz) which characterize the nucleolus. The former regions consist pre-

dominantly of closely packed fibrillar material, and their distribution and gross organization is seen to

resemble that of the opaque zones detected in 0.5 sM preparations (Fig. 1). The light doughnut-like spaces

distributed throughout the zones under discussion presumably correspond to those seen in detergent-

treated nucleoli (Fig. 3). X 12,000.

favorable preparations, are seen to be arranged

into coarse meandering threads, some 0.1 p in

diameter. Such an organization of the particles, it

must be pointed out, is usually more conspicuous

at the nucleolar periphery.

In addition to these particulate portions, the

nucleolar bodies contain irregular areas consisting

mostly of densely packed fibrillar material. In both

species (Figs. 4 and 5), these zones are charac-

terized by a rather complex architecture which is

strikingly reminiscent of that observed in the dense

portions of nucleoli treated with "Tween 80." On

the basis of observations reported in later sections

of this article, the structure of these nucleolar

regions is best accounted for by assuming that they

contain coarse convoluted filament some 0.2 in

diameter.

The appearance of the different nucleolar zones

after the action of a number of enzymes or com-

binations of these will now be described.

Ribonuclease

In azure B-stained preparations, both the nu-

cleolus and cytoplasm appear purple, whereas

chromatin takes on a blue-green color (Fig. 6).

Digestion with ribonuclease completely removes

this metachromatic staining throughout the nu-

cleolar mass, but the chromosomes remain mostly

unchanged (Fig. 7). Ribonuclease-treated nucleoli,

as expected from their biochemical composition,

still contain much material which is clearly

visualized with either phase-contrast or UV optics.

At the ultrastructural level (Fig. 9), ribonuclease

disorganizes the cytoplasmic ribosomes and the
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FIGURE 5 Electron micrograph of preprophase nucleus (Allium porum). The dense fibrillar nucleolar zones

(fz) contain coarse filaments organized into an intricate pattern. The remaining portions (gz) of the

nucleolus are granular in texture. The fact that chromosome strands appear to end abruptly on the nu-

cleolar surface in the immediate vicinity of segments of loops is highly suggestive of a possible continuity

between these structures. It is of interest to note that the diameter of the nucleolar loops is comparable

to that of the chromosomes. X 14,000.

RNP nucleolar particles, which are no longer

recognizable. Certain nucleolar zones show coarse,

meandering threads some 0./l in diameter con-

sisting of fine fibrillar material. These latter struc-

tures undoubtedly correspond to similar threads,

but containing RNP particles, which characterize

the granular nucleolar zones in control prepa-

rations.

Digestion with ribonuclease is known (3, 52)

to induce an increased stainability of chromatin

with uranyl acetate. In our material, such proce-

dures also emphasize, but to a rather limited ex-

tent, the presence within the nucleolus of a coarse

skein already referred to above. This nucleolar

component is best seen, however, when more ex-

tensive extractions of the nucleolar fibrillar zones

are achieved by means of other enzymes.

Pepsin

Under light microscopy, pepsin hydrolysis in-

duces a very slight reduction in the azure B-stain-

ing intensity of the nucleolus and cytoplasm but

the chromosomes appear unaffected. At the ultra-

structural level (Fig. 10), the nucleolus is observed,

indeed, to have lost part of its density. The fibrillar

zones become quite conspicuous and more clearly

exhibit the convoluted skein already observed in

ribonuclease-treated preparations (Fig. 9). Since

the RNP particles within the remaining nucleolar

portions now also stand out more distinctly, it is

most likely that pepsin extracts an amorphous

material pervading the nucleolar mass as a whole.

Pepsin-Ribonuclease

When ribonuclease hydrolysis follows treatment

with pepsin (Fig. 11), the RNP particles disappear
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as such and the corresponding nucleolar areas

become still more transparent. The skein charac-

terizing the fibrillar portions does not seem to

decrease in density more than in preparations

subjected to the action of pepsin only. Likewise,

staining of the chromosomes appears equivalent to

that observed following pepsin digestion.

Trypsin

After 2-3 hr of exposure to trypsin (Fig. 8), the

nucleolus no longer stains with azure B and the

density of the cytoplasm is reduced to some extent,

but less so than in ribonuclease-treated prepara-

tions. On the contrary, such extraction appears to

induce a slight enhancement of the colorability of

the chromosomes.

At higher magnification (Fig. 12), both the

cytoplasmic ribosomes and nucleolar RNP parti-

cles are disorganized and no longer distinguishable

as such as was also the case with ribonuclease-

extracted preparations. The action of short extrac-

tion with trypsin on the fibrillar zones is difficult

to evaluate, but more extended treatments remove

much material and the nucleolar mass eventually

takes on a uniformly amorphous appearance. In

order to verify that nucleolar RNA was really

extracted by trypsin, 0.7-/A sections labeled with

uridine-3H or cytosine-3H were subjected to the

FIGURES 6, 7, and 8 This series of micrographs (Trit-

icum vulgare) depicts the action of ribonuclease and

trypsin on nuclear structures. X 3,000.

Fig. 6 shows an untreated preparation. The chromo-

somes stain blue-green whereas the nucleolus takes on

a purple color. In such preparations the nucleolus

exhibits a rather heterogeneous appearance and is

seen to contain more intensely stained regions scattered

throughout its mass.

The same nucleus is illustrated in Fig. 7 after treat-

menlt with ribonuclease. The cytoplasm and the various

nucleolar regions then no longer stain with azure B.

The chromosomes, however, appear unchanged.

FIG. 8. Extraction with trypsin removes azure B

staining from both cytoplasm and nucleolus, as was

also the case with ribonuclease (cf. Fig. 7). It may be

noted that RNA has been removed to a comparable

extent from the different nucleolar zones and that only

a few scattered small areas of intranucleolar chromatin

still show a faint staining. The chromosomes through-

out the non-nucleolar portions of the nucleus, on the

other hand, retain their staining capacity with azure B

and even appear slightly denser than in control prepa-

rations.
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FIGURE 9 Micrograph of a preprophase nucleus (Allium porum) digested with ribonuelease. The cyto-

plasmic ribosomes as well as the nucleolar RNP particles are no longer observable. The nucleolus is now

clearly seen to contain a coarse skein which, after staining with uranyl acetate, exhibits a density closely

matching that of the chromosomes. X 6,000.

action of this enzyme and then radioautographed.

After identical exposure, nucleoli in control prep-

arations are heavily labeled, whereas those treated

with trypsin hardly show any radioautographic

grains, as expected.

Preparations hydrolyzed with both trypsin and

ribonuclease, in that order, do not differ to any

noticeable extent from those extracted with trypsin

only.

Deoxyribonuclease

This enzyme is found to reduce the coloration of

chromosomes in preparations stained with azure B

(Fig. 14) but, even after prolonged digestion,

certain segments of chromosomes still exhibit a

blue-green color characteristic of these structures in

control sections (Fig. 13).

In the course of the present study, deoxyribo-

nuclease has been consistently observed to accen-

tuate the heterogeneous appearance of the nucleo-

lus following azure B staining. Regions of this

organelle which, in control preparations (Fig. 13)

are less densely stained with azure B, now appear

still more transparent (Fig. 14). Except for some

reduction in the density of the chromosomes and in

the fibrillar areas of the nucleolus, electron micros-

copy shows no easily noticeable alteration of the

organization of these nuclear structures.

When used subsequent to digestion with pepsin

or trypsin, deoxyribonuclease greatly alters the

architecture of both the chromosomes and nucleo-

lus. The latter structure, for instance, becomes a

great deal more transparent except for the coarse

skein which remains unaffected and, as a result,

stands out with considerably more contrast (Fig.

15) than in preparations treated with other en-

zymes. The observed disorganization of the

particulate zones, even with electrophoretically

purified deoxyribonuclease, is rather puzzling and

warrants further investigation.
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FIGURE 10 This figure represents a portion of a preprophase nucleus (Allium porum) after extraction

with pepsin. The granular nucleolar zones (gz) are now more transparent and the RNP particles are

more conspicuous than in control preparations. It is also more easily recognized that the fibrillar zones

(fz) consist predominantly of convoluted coarse threadlike structures or loops. The chromosomes (ch),

unlike the nucleolus, have lost little of their density as a result of pepsin extraction. X86,000.

DISCUSSION

Distribution of RNA

A sizeable body of information is presently

available concerning the concentration and met-

abolic activity of RNA within the nucleolus. It is

also known that RNA is distributed throughout the

mass of this organelle (2, 3, 16, 18-20, 23, 26-30,

33, 35, 36, 45, 47, 48).1 In plant cells, staining of

0.7-,u sections with azure B before and after ribo-

nuclease confirms this finding (Figs. 6 and 7). A

comparison of electron micrographs with 0.5-tz

thick preparations reveals, moreover, that the

particulate nucleolar zones stain more densely with

azure B than the remaining fibrillar portions.

After hydrolysis with ribonuclease, the RNP

particles (Fig. 9) have disappeared as such, thus

increasing the transparency of the corresponding

zones which now show coarse, threadlike structures

approximately 0.1 in diameter consisting exclu-

sively of closely packed, fine fibrillar material.

These formations are assumed to correspond to

similar threads, but containing RNP particles,

seen in control preparations (26, 28). It is not

clear from our observations whether the fine

fibrillar material now composing these threads

originates mostly from the disorganized RNP

particles or represents a material within which

granules are immersed in intact nucleoli. How-

ever, the fact that this substance is resistant to

extraction with ribonuclease indicates that it is

predominantly proteinaceous in nature.

The observations that the fibrillar zones of the

nucleolus stain less intensely with azure B than do

the adjoining particulate areas and, moreover, that

their texture and density are not affected notice-
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FIGURE 11 Preparation (Allium porum) digested with both pepsin and ribonuclease, in that order. The

nucleolar RNP particles have disappeared as such (compare with Fig. 10) and the corresponding zones

now consist of fine fibrillar material which is difficult to analyze. Such digestion brings out most clearly

the fibrillar nucleolar zones, the bulk of which is formed by the coarse loops referred to in earlier figures.

X24,000.

ably by ribonuclease digestion strongly suggest

that the former zones contain a smaller proportion

of the total nucleolar RNA. Biochemical evidence

supporting such a conclusion comes from the find-

ing that isolated nucleoli have a much lower RNA:

protein ratio (1:7) after removal of their RNP

particles (23). This ratio is estimated as 1:2 for the

nucleolar RNP particles themselves (7).

Nucleolar Proteins

From biochemical studies, nucleoli of both ani-

mal and plant cells have been known for some

time to consist mostly of proteins (5, 9, 10, 34, 51).

Although these proteins are apparently quite

heterogeneous and their exact nature is still partly

unresolved, they are thought to belong to three or

four broad classes (6, 9, 10).

In the present study, digestion of the nucleolus

with pepsin was observed to affect both the fibrillar

and particulate areas of this organelle (Fig. 10).

These results closely match those reported by

Marinozzi (35) and are best explained, in accord

with this author, by assuming that an amorphous

matrix pervades the nucleolar mass and is sus-

ceptible to extraction with pepsin.

On the basis of the specificity of action of pepsin,

it may be concluded that the matrix pervading the

nucleolar mass consists of proteins. Unfortunately,

whereas this specificity of action of proteinases on

undenatured proteins is well documented (12), it is

generally recognized that many uncertainties still

remain (discussed in reference 29) about their

mode of action on fixed tissues. In the case at hand,

the problem of identifying the types or proteins

extracted by pepsin is further complicated by the

demonstration that the various nucleolar protein
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FIGURE 12 Portion of a preprophase nucleus (Allium porum) in a preparation digested with trypsin. The
texture and density of the chromosomes appear to be hardly affected by this treatment. The nucleolar
mass, however, is more transparent than in control preparations, and the RNP particles are no longer
recognizable. A similar disorganization of the cytoplasmic ribosomes is observed. Note the persisting

nucleolar loops. X28,000.

fractions contain quite similar concentrations (6,

9, 10) of those amino acid residues which normally

react with this enzyme.

When pepsin hydrolysis is followed by ribonu-

clease (Fig. 11), the RNP nucleolar particles and

the cytoplasmic ribosomes are completely dis-

organized (3, 28, 35, 36). The nucleolar particulate

areas lose much of their density but some amor-

phous material still persists. This substance most

likely consists of residual proteins from the dis-

organized RNP particles and possibly also of part

of the matrix material not extracted by pepsin.
Such sequential extraction with both ribonuclease

and pepsin accentuates the conspicuousness within

the fibrillar zone of the nucleolus of a coarse skein

(Fig. 11), the nature of which will be discussed

further on in relation to intranucleolar chromatin

loops.

In spite of the reservations just made concerning

the specificity of proteinases under the present

experimental conditions, indications exist that

certain of the proteins extracted by trypsin are

different from those hydrolyzed by pepsin. For

instance, it is clear from previous cytochemical

observations (28, 30) and from those presented

here (Fig. 12) that the nucleolar RNP particles, as

well as the cytoplasmic ribosomes, are particularly

sensitive to the action of trypsin. Whether this
disorganization of the cytoplasmic ribosomes arises

uniquely as a result of the hydrolysis of their basic

proteins (13, 32) by trypsin is difficult to assess at

present. The same uncertainties hold in the case of

the nucleolar RNP particles which similarly react

to trypsin. Indeed, one cannot exclude the possi-
bility that trypsin also affects the neutral and acidic

protein fractions which, according to recent bio-
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FIGURES 13 and 14 These two micrographs illustrate a preprophase nucleus before (Fig. 13) and after

digestion with deoxyribonuclease (Fig. 14). In the control, except for a large central vacuole, the nucleolus

is seen to exhibit numerous lightly stained zones or lacunae presumably corresponding to the fibrillar

portions of this organelle (refer to Fig. 4). The nucleolar surface, the periphery of the large vacuole, and

the areas in between the lacunae consist predominantly of RNP particles and, therefore, stain more in-

tensely with azure B. Following digestion with deoxyribonuclease, the various lacunar zones become still

lighter compared to the remaining nucleolar portions, thus suggesting that material is extracted by this

enzyme. The chromosomes generally stain only faintly as a result of this treatment, but certain segments,

nevertheless, appear rather unaffected. X3,000.

chemical analysis (6, 9), contain combined lysine

arginine concentrations comparable to that of the

basic nucleolar protein moiety.

The biochemical make-up of the fibrillar zones

of the nucleolus is still poorly documented, but

certain observations indicate that these zones

contain a higher protein: RNA ratio (23, 44) than

the particulate zones. This conclusion supports

our finding that the latter nucleolar zones stain

more intensely with azure B than the fibrillar

portions.

The fact that trypsin, besides disorganizing the

RNP particles, also destroys the ability of the

nucleolar mass as a whole to react with azure B at

pH4 (Fig. 8) may be taken as evidence that it has

removed a great deal of the nucleolar RNA. Such

removal of RNA is confirmed by the additional

finding that preparations labeled with uridine-3H,

when radioautographed, no longer show photo-

graphic grains over the nucleolus after treatment

with this same enzyme. (See Note Added in

Proof.)

These cytochemical data raise the possibility

that a large proportion of the RNA throughout the

nucleolus is complexed with proteins susceptible to

the action of trypsin. The particulate nucleolar

constituents are naturally well known, as a result of

both biochemical (6, 7) and cytochemical (2, 3,

28-30, 35, 36) studies, to consist of ribonucleo-

protein complexes. The presence of such complexes

within the nucleolar fibrillar zones, however, has

so far been inferred only from cytochemical ob-

servations (28, 35, 36). Considering the fact that

these fibrillar zones are intimately associated with

intranucleolar chromatin in the form of coarse

loops (Figs. 10, 11, 15), it is plausible that the RNA

rapidly synthesized in these areas in turn asso-

ciates with proteins which, according to our results,

would be of a type highly susceptible to the hydro-

lyzing action of trypsin. Such an interaction be-

tween newly synthesized RNA and proteins might

stabilize the RNA moiety during its subsequent

transport to the particulate zones of the nucleolus

where, conceivably, it is processed further and

forms the RNP (40) particles. Similar assumptions

about the possible role of such ribonucleoprotein

complexes in the economy of the nucleolus have

already been presented by Vincent (50).
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FIGURE 15 Although extraction with deoxyribonuclease gives rise to little noticeable change in the

ultrastructural nucleolar architecture, important modifications are observed when this enzyme is preceded

by pepsin or trypsin. The present micrograph (Allium porum) illustrates the effect on nucleolar structures

of such a double pepsin-deoxyribonuclease extraction. The chromosomes (ch) show little contrast but re-

main fibrillar in texture. The nucleolar loops persist as such and, to all appearances, are unaffected. The

fact that the granular zones are somewhat disorganized is unexpected and not easily explained at the

present time. A number of the complex filamentous patterns (arrows) observed, judging from their

dimensions, are thought to represent cross- or oblique sections of a coiled structure formed of the 0.2 A

coarse nucleolar filaments. This coiled nucleolar component would account for the doughnut-like patterns

observed in isolated nucleoli (Fig. 3). X31,000.

Intranudleolar Chromatin

Biochemical analysis of isolated nucleoli has

furnished a large body of evidence to the effect that

DNA is a constant and relatively important con-

stituent of this organelle. Although in certain

instances chromatin inclusions are readily observed

after the Feulgen reaction (see reference 31 for

further discussion), this is generally not the case.

In recent years, therefore, demonstration of intra-

nucleolar DNA has rather resulted from the ex-

ploitation of other experimental approaches such

as radioautography (3, 11, 15, 17, 21, 38), enzyma-

tic digestion (2, 3, 17, 28, 46), or electron micros-

copy (2, 3, 16-18, 22, 23, 25-28, 41, 49). Unfor-

tunately, in most cases it is still uncertain to what

exact extent this chromatin is related to the nucleo-

lar organizer proper. A solution to this problem

appears, hopefully, to be emerging from recent

data which indicate that these nucleolar-organiz-

ing chromosome segments form loops throughout

the mass of the nucleolus (24, 25, 28).

These chromosome loops, according to our

observations, are part of the irregular dense zones

forming complex three-dimensional patterns

throughout the mass of the nucleolus (26, 28). It is

easily verified, moreover, that this skein in turn

corresponds to the coarse, meandering threads

detected, under electron microscopy, within the
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fibrillar zones of this organelle (Figs. 4 and 5). Such

an intimate association between the loops under

discussion and the latter nucleolar areas becomes

still more evident after extraction with various

enzymes (Figs. 9-12, 15).

The findings that this coarse nucleolar filamen-

tous component is Feulgen-negative and, after

long exposure to thymidine-3H, shows very low

incorporation activity in radioautographs would

seem to suggest that it contains little DNA. If this

interpretation is correct and, if the fact that the

loops in question are some 0.2 Az in diameter is

considered, one must further assume that such

loops consist mostly of non-DNA substances which

are remarkably resistant to the various enzymes

utilized here. Recent observations by La CourS

point to lipids as important constituents of these

filamentous structures. Such substances have in-

deed been reported in nucleoli on several occa-

sions (1, 39, 42, 53), and the possibility must

therefore be envisaged that they are complexed

with the nucleo-protein moiety of the loops, thus

protecting the latter from extraction by both

nucleases and proteinases.

Apart from the cytochemical characteristics of

the nucleolar loops which remain partly unsettled,

much still has to be learned also about their ul-

trastructure. Our observations show that the

nucleolar loops consist of microfibrils indistin-

guishable from those commonly observed in

chromosomes or within the fibrillar zones of the

nucleolus. For lack of further definitive information

we do not feel justified at present to attempt to

resolve these microfibrils into finer components and

are not in a position either to verify the rather

complex organization recently reported for such

nucleolar loops in other plant species (25). A

higher-resolution investigation of these structures

is now being undertaken.

Finally, one should point out that the coarse

nucleolar filaments depicted here are highly rem-

iniscent of structures observed in a variety of ani-

mal material following quite different preparative

procedures (14, 19, 31, 39). It is possible, therefore,

that further work will shed light on the relationship

of these latter filamentous nucleolar components

and those described previously (24, 25) in plants as

well as in the present report.
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Note Added in Proof. M. Tunis (1968. Science

162:912) has recently shown that commercial

preparations of trypsin generally contained suf-

ficient amounts of ribonuclease to degrade RNA.

In view of these findings, the possibility must be

envisaged that part of the observed action of tryp-

sin on nuclear structures is due to the presence

of ribonuclease as a contaminant. To minimize

the effect of this last enzyme, observations were

also made on specimens treated with increasing dilu-

tions of trypsin solutions. It was found that 0.7 jt sec-

tions hydrolyzed during 3 hr with trypsin solutions

diluted 40-fold (50 ,ugr/ml) still did not show any

azure B staining over the nucleolus whereas the cyto-

plasm remained pale pink. Similar results were

obtained with trypsin solutions diluted 100-fold

relative to the concentration normally used in this

study. Finally, when solutions of trypsin diluted 200-

fold (10 gr/ml) were used, only certain zones lo-

cated within the central portion of the nucleolus lost

their ability to stain with azure B. According to

Tunis, this last concentration of trypsin still contains

sufficient ribonuclease to hydrolyze RNA in vitro.

Work has now been undertaken to purify our trypsin

preparations by gel filtration and thus verify the

action of this enzyme on fixed material.
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