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ABSTRACT

In the polytene chromosomes of Sciara coprophila, in addition to a nucleolus, large numbers
of nucleolarlike structures or micronucleoli are formed. A detailed mapping localized the
nucleolar organizer at one end of the X chromosome and revealed that approximately 189
of the bands of each chromosome are potentially capable of producing micronucleoli. Most
of these sites are in regions known from a previous study to show asynchronous DNA repli-
cation: DNA puffs and certain heterochromatic regions. Micronucleoli are rarely found in
association with bulbs. The RNA metabolism of the polytene chromosomes during late
fourth instar was studied using radioautographic techniques. Isolated glands were incubated
in tritiated uridine for 10 to 30 min, and radioautographs were made of squash prepara-
tions. Despite the wide range of variation found among different larval cultures, ihe tollow-
ing pattern was observed. Just prior to and at the beginning of DNA puff formation, a
period of intense extrachromosomal nucleolar and micronucleolar RNA synthesis occurs.
After maximal development of the DNA puffs, the synthesis of extrachromosomal RNA
is at a low point, while incorporation into bulbs and DNA puffs remains high. With the

onset of the prepupal stage, all nuclear RNA synthesis ceases.

INTRODUCTION

Evidence to date indicates that most, if not all,
ribonucleic acid (RNA) synthesis occurs in the
nucleus. Distinctive kinds and patterns of RNA
synthesis have been described for nucleoli and
chromosomes (1, 38, 48, 57-59, 79, 82) and within
specific chromosomal regions (21-23), focusing
attention on the functional and morphological re-
lationships of the RNA-containing components of
the cell. It has long been known that nucleoli, the
most conspicuous of the RNA-containing organ-
elles, are formed in association with specific chro-
mosomal loci, the nucleolar organizer regions (31,
36, 46, 52, 53). Only recently have we begun to
understand the function of the nucleolar organizer
as the site of synthesis of ribosomal RNA (47, 66).
However, many questions pertaining to the nu-
cleolus and its organizer and ribosomal biogenesis
remain unanswered. For example, it is not known
whether all nucleolar RNA is ribosomal precursor,

derived exclusively from the nucleolar organizer
regions, or whether fractions of RNA from other
chromosomal regions aggregate at the nucleolus
and contribute to the nucleolar mass. The cistrons
coding for ribosomal RNA appear to be generally
localized at one or only a few sites; yet there are
some indications that additional loci scattered
throughout the genome may, on occasion, give rise
to nucleolarlike bodies. Various examples of intra-
nuclear RNA-containing bodies formed either in
the course of development (4042, 72) or as a
consequence of altered physiological conditions
(46, 75), or by mutations involving the nucleolar
organizer (24) have been described. It would be of
interest to know the relationship of these bodies to
the true nucleolus.

The polytene salivary gland nuclei of the Dip-
tera provide a particularly favorable system for
studying metabolic patterns of specific chromo-
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(Figs. 1 and 2 are charts, and appear opposite page 352.)
Ficure 3 Bulb (RNA puff) near the free end (arrow)
of chromosome III (map position 15B). From a
smear preparation stained with toluidine blue. X 1750.
Ficure 4 Bulb 15B (same as in Fig. 1) stained with
the Feulgen reaction, showing Feulgen positive strands
radiating out into the swollen portion. X 1750,

Figure 5 Section through a cell from the posterior
part of the gland from a late fourth instar larva, show-
ing a nucleus of low polyteny. Note a dense central
nucleolus with several small vacuoles. Azure B. X 1750.

somal sites. In the salivary gland nuclei of various
Sciarids, masses of extrachromosomal RNA-con-
taining material in the form of numerous micro-
nucleoli have been described (33, 76). These

bodies are generally seen in close association with

the chromosomes, and are readily distinguishable
from the intrachromosomal RNA of puffs and
bulbs.

In the present study of Sciara coprophila, a de-
tailed mapping of the principal chromosomal sites
associated with ‘“‘nucleolar material” was pre-
pared. (See Fig. | q to ¢ and Fig. 2, which appear
opposite page 352. The results of this initial study
indicated the presence of a major nucleolar or-
ganizer site on the X chromosome and of a sur-
prisingly large number of additional sites pro-
ducing micronucleoli on each of the polytene
chromosomes. Most, but not all, of these sites were
localized at heterochromatic regions or areas
which, in a previous study, had been characterized
by asynchronous DNA replication (28). An at-
tempt was made to evaluate the activity of these
sites at different stages of development during the
fourth larval instar. A wide range of variability in
the ribonucleic acid metabolism of individual
larval glands was encountered during all stages of
development.

MATERIALS AND METHODS

Salivary glands of the late fourth instar larvae (from
the time of appearance of eyespots to prepupa) of

Ficure 6 Section through a cell from the anterior
part of the gland from a late fourth instar larva,
showing a highly polytene nucleus. Several small
aggregates of nucleolarlike metachromatic material
are shown at arrows. Azure B, X 1750.



Sciara coprophila were used. For squash preparations,
glands were dissected in Ringer’s solution (51),
fixed in 3:1 absolute ethanol-glacial-acetic acid for
1 to 2 min, and squashed in 45%, acetic acid. Cover
slips were flipped off by contact with dry ice, and
the squashed preparations were promptly placed in
cold 959, ethanol until ready for staining. Whole
glands were fixed in 3:1 ethanol-acetic acid for 2 hr,
dehydrated, and embedded in paraffin for sectioning.
Routine acetoorcein squashes (51) were prepared
when detailed morphological features of chromatin
were to be studied.

Nuclear RNA was demonstrated by staining with
the basic dyes, azure B and toluidine blue. A modifi-
cation of the method of Flax and Himes (26) was
used for azure B staining. Preparations were stained
in a half strength solution of azure B (12.5 mg/100
ml in the Mcllvaine buffer, pH 4.0) at 40°C over-
night, rinsed briefly in distilled water, differentiated
in tertiary butyl alcohol for approximately 6 hr,
and mounted in Canada balsam. Toluidine blue
staining was carried out by following the method of
Pelling (58). RNA stains metachromatically with
both procedures. Digestion with ribonuclease (Worth-
ington Biochemical Corp.) for 1 hr at 37°C at pH 6.5
at an enzyme concentration of 0.2 mg/ml prior to
staining, removed all metachromatically stained
material from the nucleus and cytoplasm. Squashes
stained with the Feulgen reaction (73) were made for
DNA localization.

Figure 7 X chromosome with nucleolus, the latter
slightly displaced. Single arrow points to the repeat
regions, and double arrows to the nucleolus. Azure B.
X 1750.

Ficure 8 A portion of the X chromosome showing a
large nucleolus. Several bands (arrows) are interpreted
to represent part of the nucleolar organizer and adja-
cent bands. Note the grapelike appearance and the
vacuolated nature of the nucleolus. Azure B. X 2500.

Ficure 9 A compact nucleolus from a nucleus of low
polyteny. Note the ramification of the chromosomal
strands of the organizer region. Toluidine blue. X 1050.

RNA metabolism of the salivary gland nuclei was
studied by following the incorporation of uridine-H3
into RNA by radioautography. Glands were dis-
sected out in Ringer’s solution transferred to a fresh



Figure 10 X chromosome from an orcein squash
preparation, showing the organizer (arrow) in a com-
pact state. A small amount of nucleolar material is
present but unstained. X 1050.

Figure 11 X chromosome from an orcein squash
preparation, showing the organizer chromatin (arrow)
in an uncoiled, extensively ramified condition. Nucleo-
lar material unstained. X’ inversion present. X 1050,

solution containing uridine-H? (2 uc/ml, specific ac-
tivity 3.2 ¢/mmole), and incubated for 10, 20, or 30
min. The paired glands were then separated into two
halves, fixed and squashed on separate slides, and
placed in cold 959, ethanol as described above. The
squashed preparations were brought down to water.
One half of each gland was left unextracted (rinsed
in cold 3%, trichloroacetic acid for 2 min to remove
low molecular weight nucleotides), while the partner

half was subjected to ribonuclease digestion (then
rinsed in cold 5%, trichloroacetic acid) to remove
RNA. All preparations were then coated with
Kodak ARI10 stripping film or Ilford L-4 liquid
emulsion. The ribonuclease-treated squashes showed
a loss of almost, but not quite, all radioactivity.

RESULTS

In polytene nuclei, chromosomal RNA accumu-
lates within specific regions of the chromosome
structure, enlarging the chromosomal width to
form a puff. Extensive literature describing the
morphological, metabolic, and fine structural
characteristic of puffs is available (2-4, 6, 8, 16,
39, 49, 54-56, 64, 63, 77). A typical metachromatic
RNA puff (bulb) of S. coprophila is shown in Fig. 3.
When the same puffed chromosome region is
stained with the Feulgen reaction (or acetoorcein),
the swollen portion is barely stained, due to the
extreme “dilution” of the DNA by RNA and pro-
tein (Fig. 4). In contrast, nucleolar RNA, also
associated with specific chromosomal regions,
tends to aggregate into discrete masses which are
more or less separate from the chromosomal
structure.

Nucleoli are readily recognized as dense, spheri-
cal, refractile, frequently vacuolated RNA-con-
taining bodies which have a distinctive fine struc-
ture. In the salivary gland cells of Sciara, the
nucleolar material of fourth instar larvae varies
greatly in form, amount, staining properties, and
RNA metabolism. In the smaller, more compact
nuclei of the posterior part of the gland, a single,
dense, vacuolated nucleolus is frequently found
(Fig. 5), whereas in the larger, more highly poly-
tene nuclei of the anterior part of the gland, dis-
persed masses with the same staining properties are

Figure 12 Enlargement of Fig. 9, showing uncoiled
chromatin strands and granules (arrows) of the nucleo-
lar organizer region. X 2500.



scattered throughout the nucleus (Fig. 6). At some
stages, no nucleolar material can be detected.
However, when nucleolar material is present at all,
a major aggregate is always found in association
with a particular chromosomal region, suggesting
the presence of a major nucleolar organizer site
(Figs. 7, 8, and 9). This aggregate may vary in
form from a grapelike cluster of deeply metachro-
matic bodies (Fig. 8) to a rather weakly stained
more homogeneous structure (Fig. 9).

The nucleolar organizer was localized at the
proximal heterochromatin of the X chromosome
(Figs. 8 to 10). This corresponds to region 1A con-
sisting of three heavily staining (heterochromatic)
bands, as sketched in the previously published
chromosome maps of S. coprophila (28). The nu-
cleolar organizer region is occasionally found in a
condensed, banded state (Fig. 10). When large
amounts of nucleolar material are present, the or-
ganizer shows some degree of uncoiling and
branching. In cases of extreme uncoiling, as seen
in Figs. 11 and 12, the chromatin of region 1A is
extensively ramified, resembling, in some aspects,
a puffed region. As will be seen later, the majority
of the micronucleoli is also formed at condensed,
heterochromatic bands. Here too, localized un-
coiling during micronucleolar formation may
occur. In a few favorable preparations, one can re-
solve strands of chromatin which emanate from the
band and extend into the micronucleolus where
they terminate in chromatin granules (Fig. 13).

Freure 13 Right end of chromosome IV (map posi-
tion 20C) from an orcein squash preparation, showing a
large micronucleolus associated with the terminal band.
Note several orcein-positive granules (arrows) similar
to those seen in Fig. 12. X 2500,
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Ficure 14 A segment of chromosome IV from a
squash preparation, showing micronucleoli associated
with condensed bands (map regions 8A, 8B, and 8C).
Azure B. X 2000.

Ficure 15 Centromere end of chromosome 111 from a
squash preparation, showing micronuecleoli associated
with heterochromatic bands of regions 1A, 1B, and 1C.
Azure B. X 2000.

The study of sites of micronucleolar formation
was made on squash preparations of salivary
glands taken from three different larval cultures.
A minimum of 50 chromosomes of each type, II,
ITI, and IV, were analyzed in detail. The X chro-
mosome, which also possesses such sites, was omit-
ted from this study, since the banding pattern is
difficult to analyze due to the X’ inversion and the
triple repeat regions present (18, 19). When
squash preparations are made, physical displace-
ment of material occurs. This, plus the tendency
of nucleolar material to fuse and stick together,
seemingly would make the analysis of the localiza-
tion of the sites of origin of micronucleolar bodies
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Figure 16 A cluster of micronucleoli (arrow) asso-
ciated with a DNA puff (11A on chromosome III),
Squash preparation, azure B. X 2000.

subject to error. In practice, however, a fairly high
degree of resolution was obtained in localizing
these sites. The micronucleoli, even when frag-
mented, appear to remain connected rather firmly
to their specific chromosomal regions (Figs. 14 and
15). Sites were mapped as positive only when 2 or
more of the 50 chromosomes studied showed
micronucleoli at any given position. As may be
seen in Fig. 1, the total number of micronucleolar
sites is impressive: chromosome IT has 43 to 50
out of a total of 240 to 250 bands; chromosome
III has 52 to 55 out of a total of 290 to 300 bands;
and chromosome IV has 68 to 70 out of a total of
340 to 350 bands. Thus, approximately 18 to 209,
of the bands on each of the chromosomes are po-
tentially capable of producing micronucleoli.
Micronucleoli are most frequently found in con-
tact with condensed bands (Figs. 14 and 15); they
are found also at DNA puffs (Fig. 16) but rarely

X
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Ficure 17 A micronucleolus {arrow) associated with
a bulb (7C on chromosome II). Squash preparation,
azure B. X 2000.

at a bulb (Fig. 17). The frequency with which
micronucleoli are found at a particular site gives a
rough estimate of the relative activity of that site.
A detailed comparison of the “relative activities”
of the sites on chromosome IV, based on a sample
of 30 individual chromosomes from larvae at early
DNA puff stages, was made (Fig. 2). As Fig. 2
shows, the most active sites are both ends (1A,
20C;) and the centric region (9B, 9C) with a fre-
quency above 809%. Other condensed bands have
a frequency range of 10 to 73%. The frequency at
DNA pufls is approximately 30%,.

In a previous study of S. coprophila salivary
chromosomes, the heterochromatic regions were
found to show asynchronous DNA replication (28).
In Fig. I, all heterochromatic, asynchronously
replicating sites are compared with the sites of
micronucleolar formation. It may be noted that
almost all of these (with the exception of two) are

FiGurg 1a, b, and ¢

Cytological maps of chromosomes II, III, and IV of Sciara

coprophila. Sites of micronucleolar formation are shown at solid cireles. The heterochro-
matic bands known to show asynchronous DNA replication are marked by hollow circles.
Note that all these bands, with the exception of 6C on chromosome III and 1B on chro-
mosome IV, are also sites where micronucleoli are formed. Note also the presence of micro-
nucleoli at DNA puffs (arrows) and a few bulbs, 7C on chromosome IT and 9B on chromo-

some III (double arrow).

Ficure 2 Graph showing the relative frequencies of micronucleoli at particular sites
on chromosome IV, Thirty individual chromosomes from two different larvae, staged at
early DNA puff formation, were analyzed. Map regions are represented on the abscissa.
The frequency of micronucleoli seen at each site, expressed as per cent, is graphed on the
ordinate. Regions with more than one active band are numbered consecutively on the

map, ie., 1A, 1A, etc.
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also associated with micronucleoli. In this context,
it is interesting to note that DNA puffs also show
asynchronous DNA replication, but form a group
apart from the heterochromatic sites; while the
heterochromatic sites probably replicate at the end
of the DNA synthesis period, the DNA puffs show
a more complex pattern.

A feature complicating the analysis of chromo-
somal RNA metabolism is the extreme variation
encountered among larvae even when great care
is taken to time precisely the developmental stages.
In some preparations, we invariably found an
almost complete lack of metachromatic staining,
i.e., bulbs were barely stained, and chromosomes
were free of micronucleoli. The vagaries of basic
dye binding, particularly of intrachromosomal
RNA (74), always raises the question of whether
one is observing staining artefacts or variations in
the amount of nucleic acids. An experimental
series was run in which one of the paired glands of
each larva was fixed, squashed, and stained, while
the other one was prepared for radioautography
after incubation in uridine-H? In all cases, the
presence of good metachromatic RNA bulbs and
micronucleoli in one gland was accompanied by a
high rate of precursor incorporation into its
partner. In glands where little or no metachromasy
could be demonstrated, the partner gland invaria-
bly showed very low levels of incorporation. This
variability may reflect the wide margin of asyn-
chrony characteristic of larval development in ..

Ficure 18 Radioautograph of chromosome III
slightly before DNA puff formation, following a 10 min
incubation in uridine-H?. Centromere end (map regions
1A, 1B, 1C) with associated labeled micronucleoli is
shown. Cf. with Fig. 15. Smear preparation. X 1750.

Ficure 19 Radioautograph of chromosome IV origi-
nating from the same nucleus as chromosome III
shown in Fig. 18. Labeled micronucleoli are associated
with regions 17B, 17Cy, 18B, 19C;, and 20C;. Grain
density is comparable to that over a bulb (19A). X
1750.

coprophila as well as in other Diptera, e.g., Chtrono-
mus. It has also been reported that the rate of
chromosomal RNA synthesis in Chironomus shows
wide and unpredictable fluctuations from larva to
larva (58).

Apart from the over-all fluctuation in RNA
metabolism among larvae, there are characteristic
differences in the rates of intrachromosomal and
nucleolar RNA synthesis at different stages of
development. During the period between eyespot
formation and the initiation of DNA puff forma-
tion, a period of intense extra- and intrachromo-~
somal RNA synthesis occurs. Bulbs, nucleoli, and
micronucleoli all show high rates of precursor in-
corporation. Figs. 18 and 19 show portions of
chromosomes III and IV following a 10 min pulse
in uridine-H3. The grain density per unit area over
bulbs is roughly comparable to that over micro-
nucleoli. At the time of maximal development of
the DNA puffs, indicative of the approaching pre-
pupal stage, a low point in the synthesis of extra-
chromosomal RNA occurs. Labeling of nucleoli
and micronucleoli at this stage is very low, while



incorporation into bulbs and DNA puffs is still
high. Figs. 20 and 21 show the X chromosome
with its nucleolus at two different stages. At the
time when DNA puff formation starts (Fig. 20),
the nucleolar and intrachromosomal labeling is
high. In a nucleus where DNA puffs reached their
maximum size, incorporation into the nucleolus is
greatly reduced, while incorporation into chromo-
somal RNA remains comparatively high (Fig. 21).
With the onset of the prepupal stage, nuclear RNA
synthesis of all fractions comes to a halt.

A characteristic of DNA puffs is that at these
sites both intrachromosomal RNA synthesis and
micronucleolar formation occur. A correlation be-
tween DNA puff regions and micronucleoli in
Sciara coprophila was first reported by Swift (76). At
the beginning of DNA puffing, RNA synthesis at
these sites is predominantly micronucleolar
(Fig. 22). At stages of maximal development, pre-
cursor incorporation into intrachromosomal RNA
takes place; the entire puff area is labeled (Fig.
23), and micronucleoli are not found.

DISCUSSION

In Sciara coprophila, in addition to a major nucleolar
aggregate, a large number of nucleolarlike bodies
or micronucleoli are found to be intimately asso-
ciated with the chromosomes. Assuming that such
an association is not a fortuitous one, a study was

Ficure 20 Radicautograph showing the X chromo-
some from a late fourth instar larva at the beginning of
the DNA puff formation, following a 20 min incubation
in uridine-H®. Note intense labeling of the nucleolus
and of most chromosomal bands, X 1050.
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made of the frequency of micronucleoli at specific
chromosomal regions. The results show that most
micronucleoli are localized at condensed or hetero-
chromatic regions. The concept has developed
that, during transcription, the chromosome seg-
ments involved are in a relatively uncoiled state
(4, 7, 14, 29, 32, 76). Substantial evidence shows
that condensed heterochromatic portions of some
genomes are genetically inactive (13, 45, 68, 69)
and, in general, fail to incorporate RNA precur-
sors (9, 27, 44). This has been interpreted to mean
that condensed, heterochromatic areas represent
DNA templates which have become more or less
inaccessible to transcription (9, 44). Heterochro-
matin is a difficult term to define in a conceptual
sense (for reviews, see 17, 30, 67, 70). It differs
from euchromatin in staining characteristics, due
to a higher degree of condensation, and, in general,
shows a tendency towards asynchronous DNA
replication (28, 37, 43, 78). When referring to
heterochromatic regions in Sciara polytene chro-
mosomes, these are the two distinguishing criteria
used.

The high frequency with which micronucleoli
are found in association with condensed or hetero-
chromatic regions raises the question of the rela-
tive synthetic activity at these sites. Since it is
difficult to determine the exact site of synthesis of
micronucleolar RNA, the possibility exists that the

Fraure 21 Radioautograph showing the X chromo-
some from late fourth instar larva at the stage of maxi-
mum expansion of the DNA puffs, Note low label and
small size of the nucleolus (at arrows). X 1050,
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material attached to a heterochromatic band is
actually formed at immediately adjacent, noncon-
densed regions. However, what seems at least as
likely a possibility is that localized uncoiling of a
restricted segment of the heterochromatic band
takes place. This is suggested by the presence of
chromatin strands, often seen within micronucleoli,
which terminate in chromatin granules (Fig. 13).
It may be relevant to note that localized configu-
rational changes have been reported to occur dur-
ing the transformation of a heterochromatic band
into a puff in Chironomus (84).

Why certain bands uncoil and expand to form
puffs during periods of activity while others do not,
remains to be explained. Why the RNA product
elaborated at some bands tends to aggregate into
bodies outside of the chromosome structure and
why at other bands it tends to accumulate within
the chromosome structure is not known. In
general, puffing is associated with intrachromo-
somal RNA accumulation, while bands that give
rise to extrachromosomal bodies show little mor-
phological alteration during activity. The nucleo-
lar organizer region shows both aspects, ie.,
extrachromosomal aggregation and intrachromo-
somal puffing. At some stages, region 1A shows
little expansion (Fig. 10), while at other times,

-y

Ficure 22 Radioautograph showing a portion of
chromosome IT with the DNA puff at 2B, after 20 min
incubation in uridine-H?, from a late fourth instar larva
at the beginning of DNA puff formation. Note that at
this stage label at the DNA puff is associated mainly
with miecronucleoli (arrows) and not with the central
portion. X 1050.

GABRUSEWYCZ-GARCIA AND KLEINFELD Nucleolar Material

Freure 23 Radioautograph showing portions of chro-
mosome IT and the X chromosome, after a 20 min in-
cubation in uridine-H?, from a larva at the stage of
maximum DNA puff expansion. Note label incorpora-
tion over the entire DNA puff area (single arrow). On
the X chromosome, note low label and small size of the
nucleolus (double arrow). X 1050.

particularly when the nucleolus is greatly en-
larged, extensive ramification resembling a puff
occurs (Figs. 11 and 12).

The presence of nucleolarlike bodies at many
chromosomal sites other than the nucleolar organ-
izer seems to be of widespread occurrence (5, 24,
25, 81). In studying the “fragmented” nucleoli of
Stiara, Swift has reported that they have a fine
structure similar to that of a typical nucleolus (76).
In another Sciarid, Bradysia mycorum, Jacob and
Sirlin (33) have described “elementary nucleoli.”
These consist of small aggregates, within and on
the surface of chromosomal bands, and have a fine
structure like that of the nucleolus. The authors
suggest that these bodies coalesce, detach from the
chromosome, and become free nucleoli. Micro-
nucleolarlike bodies have also been described in the
genus Chironomus (34). Here too, even the smallest
body (0.3 1) has been found to contain both the
granular and amorphous elements typical of
nucleoli.
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In several plant and animal cells, concomitant
with nucleolar formation in telophase, the socalled
prenucleolar bodies appear at numerous sites on
the chromosomes (40-42, 72). Since these bodies
are structurally similar to the nucleolus and tend
to fuse with it, they have been equated with
nucleolar material. Some investigators have ques-
tioned this interpretation (75). In a recent study
of interphase and prophase nuclei of meristematic
cells, Lafontaine (41) has described spherical
bodies which are structurally indistinguishable
from the amorphous zones of the nucleolus, but
lack the typical granular component. In sum-
mary, the ultrastructure of extrachromosomal
bodies or micronucleoli, in general, resembles that
of a typical nucleolus, but it may vary in the dis-
tribution of the granular and amorphous com-
ponents.

There are now numerous studies to support the
hypothesis that the nucleolus is the site of ribo-
somal RNA synthesis (10, 11, 20, 60-63, 66), and
that the DNA complementary to ribosomal RNA
tends to be clustered at the nucleolar organizer
region. In bacteria (83), a plant (15), the insect
Drosophila (66), and mice (Hoyer, quoted in refer-
ence 10), it has been found that approximately
0.3% of the genome is complementary to ribo-
somal RNA. Thus, the nucleolar organizer, it has
been postulated, represents thousands of gene loci
clustered together which are probably transcribed
as a unit (10, 12). In Sciara, the number of bands
that may produce micronucleoli amounts to about
189 per chromosome. On the other hand, taking
the total number of bands of the entire comple-
ment as roughly 1000, the three dense bands of
region 1A would represent about 0.3%. This is of
the same order of magnitude as the 0.3% of the
genome associated with ribosomal RNA reported
from studies using molecular hybridization tech-
niques, as mentioned above. Admittedly, counting
bands is far removed from knowing the DNA con-
tent of any chromosomal segment, but the point to
be noted is that if 189, of the bands are coding for
ribosomal RNA, this would represent a far larger
fraction of the genome than what has thus far
been reported. Our studies do not enable us to
draw any conclusions about the possible identity
or diversity of the micronucleoli and the nucleolar
aggregate in Sciara. What seems significant is that,
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in those genomes where decisive experiments
could be performed, the evidence has been in favor
of the clustered, as opposed to an extensively
scattered, arrangement of ribosomal RNA codons.

There is at present no reason to believe that all
material within the nucleolus is ribosomal RNA
precursor derived exclusively from the organizer
region. A number of authors have reported the
presence of several RNA fractions in isolated
nucleoli (50, 71, 80). There are many observations
showing that extranucleolar material synthesized
at various chromosomal loci, e.g. prenucleolar
bodies, elementary nucleoli, spherical bodies,
micronucleoli, and blob material in Xenopus and
other amphibia (35), in general resembles the
nucleolus structurally and tends to fuse with it.
This suggests that there may be more to the nucleo-
lus than can be defined from the codons of the
organizer alone. Considering the information
available so far, the following tentative picture of
the nucleolus emerges. The nucleolar organizer is
the site of synthesis of ribosomal RNA precursors.
How these precursors and other components are
organized to form the complete and functional
organelle is not known. Other classes of RNA, pro-
duced elsewhere in the nucleus and released to the
nuclear sap, may coalesce with the nucleolus. We
rather doubt that, in Secara, all sites capable of
micronucleolar formation are equivalent to the
nucleolar organizer region, although the material
produced there may contribute to the nucleolar
mass. Since our knowledge of the sequence from
synthesis of ribosomal precursors to the formation
of mature ribosomes and their subsequent trans-
port to the cytoplasm is still incomplete, specula-
tion about the functional significance of this
aggregation would be premature.

This study was supported by grants GM 12191 and
GM 4620 from the National Institutes of Health,
United States Public Health Service.

The authors wish to thank Dr. Helen V. Crouse for
her generous supply of Sciara coprophila stocks. They
also thank Dr. H. V. Crouse and Dr. J. H. Taylor
for the hospitality enjoyed by Dr. Gabrusewycz-
Garcia in their laboratory (Institute of Molecular
Biophysics, Tallahassee, Florida), where some of the
material evaluated in the present study was obtained.

Received for publication 14 October 1965.

Tae JournaL or CeELL BroLocy - VoLuME 29, 1966



10.

11.

12.

13.

4.

. BEErmanN, W., Chromomerenkonstanz

. BEERMANN,

REFERENCES

. Amano, M., and Lesronp, C. P., Comparison of

the specific activity time curves of ribonucleic
acid in chromatin, nucleolus, and cytoplasm,
Exp. Cell Research, 1960, 20, 250.

. Baupscu, W., Untersuchungen zur physio-

logischen Charakterisierung der einzelnen
Speicheldriisenlappen von Acricotopus lucidus,
in Struktur und Funktion des genetischen
Materials, Erwin-Baur Gedichtnissvorlesun-
gen III, 1963, Berlin, Academie-Verlag, 1964,
231.

. Becker, H. J., Die Puffs der Speicheldriisen-

chromosomen von Drosophila melanogaster, 11.
Mitteilung. Die Auslésung der Puffbildung,
ihre Spezifitit und ihre Beziehung zur Funk-
tion der Ringdriise, Chromosoma, 1962, 13, 341.
und
spezifische Modifikationen der Chromoso-
menstruktur in der Entwicklung und Or-
gandifferenzierung von Chironomus  tenians,
Chromosoma, 1952, 5, 139.

. BeermanN, W., Der Nukleolus als lebenswichti-

ger Bestandteil des Zellkerns, Chromosoma, 1960,
11, 263.

W., Riesenchromosomen, Proto-
plasmatologia, Handbuch der Protoplasma-
forschung, Berlin, Springer Verlag, 1962,
6D, 1.

. BeEermann, W., and Bang, G. F., The submicro-

scopic structure of the Balbiani ring, Exp. Cell
Research, 1954, 6, 195.

. Berenpes, H. D., vaN Breucer, F. M. A, and

Hovt, T. K. H., Experimental pufls in salivary
gland chromosomes of Drosophila hydei, Chromo-
soma, 1965, 16, 35.

. BerLowrrz, L., Correlation of genetic activity,

heterochromatization, and RNA metabolism,
Proc. Nat. Acad. Sc., 1965, 53, 68.

Brown, D. D., and Gurpon, J. B., Absence of
ribosomal RNA synthesis in the anucleolate
mutant of Xenopus laevis, Proc. Nat. Acad. Sc.,
1964, 51, 139.

Brown, D. D., and LitrtNa, E., RNA synthesis
during the development of Xenopus laevis, the
South African clawed toad, J. Mol. Biol.,
1964, 8, 669.

Brown, D. D., and LirTNna, E., Variation in the
synthesis of stable RNA’s during oogenesis and
development of Xenopus laevis, J. Mol. Biol.,
1964, 8, 688.

BrownN, S. W., and Nur, U., Heterochromatic
chromosomes in the Coccids, Science, 1964,
145, 130.

CarLaN, H. G., Recent work on the structure of
cell nuclei, iz Symposium on the Fine Struc-

GaBRUsEWYCZ-GARCIA AND KLmINFELD Nucleolar Material

15.

16.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

ture of Cells, Groningen, The Netherlands,
P. Noordhoff Ltd., 1955, 89.

Curecuase, M. 1. H., and BirnsTier, M. L., On
the nature of nucleolar RNA, Proc. Nat. Acad.
Se., 1963, 50, 1101.

CLEVER, U., Genaktivititen in den Riesen-
chromosomen von Chironomus tentans und ihre
Bezichung zur Entwicklung. I. Genaktivierung
durch Ekdyson, Chromosoma, 1961, 12, 607.

. Coorer, K. W., Cytogenetic analysis of major

heterochromatic elements especially Xh and Y
in Drosophila melanogaster and the theory of
“heterochromatin,” Chromosoma, 1959, 10, 535.

Crousg, H. V., The controlling element in sex
chromosome behavior in Sciara, Genetics, 1960,
45, 1429.

Crouse, H. V., The nature of the influence of
X-translocations on sex of progeny in Sciara
coprophila, Chromosoma, 1960, 11, 146.

EpstrSM, J. E., Composition of ribonucleic acid
from various parts of spider oocytes, J. Bio-
physic. and Biochem. Cytol., 1960, 8, 47.

EpstroM, J. E., Chromosomal RNA and other
nuclear RNA fractions, in The Role of Chromo-
somes in Development, (M. Locke, editor),
New York, Academic Press Inc., 1964, 137.

EpstréM, J. E., and BeermanN, W., The base
composition of nucleic acids in chromosomes,
puffs, nucleoli, and cytoplasm of Chironomus
salivary gland cells, J. Cell Biol., 1962, 14, 371.

Epstrém, J. E, and Garr, J. G., The base
composition of ribonucleic acid in lampbrush
chromosomes, nucleoli, nuclear sap, and cyto-
plasm of Triturus oocytes, J. Cell Biol., 1963,
19, 279.

Euspare, T. R., Fiscuserg, M., and Swmrrs, S.,
A mutation that reduces nucleolar number in
Xenopus laevis, Exp. Cell Research, 1958, 14, 642.

Esper, H., and Barr, H. J., A study of develop-
mental cytology of a mutation affecting
nucleoli in Xenopus laevis embryos, Develop.
Biol., 1964, 10, 105.

FrLax, M. H., and Hmmes, M., Microspectro-
photometric analysis of metachromatic stain-
ing of nucleic acids, Physiol. Zool., 1952, 25,
297.

FRreENSTER, J. H., ALLFREY, V. G., and Mirsky,
A. E., Repressed and active chromatin iso-
lated from interphase lymphocytes, Proc. Nat.
Acad. Sc., 1963, 50, 1026.

Gasrusewycz-Garcia, N., Cytological and
autoradiographic studies in Sciara coprophila
salivary gland chromosomes, Chromosoma,
1964, 15, 312.

GaLi, J. G., Chromosomal differentiation, in
The Chemical Basis of Development, (W. D.

357



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

41.

42.

43.

358

McElroy and B. Glass, editors), Baltimore, The
Johns Hopkins Press, 1958, 103.

HannaH, A., Localization and function of
heterochromatin in Dresophila melanogaster,
Advances Genet., 1951, 4, 87.

Herrz, E., Die Ursache der gesetzmissigen Zahl,
Lage, Form und Grésse pflanzlicher Nukleolen,
Planta, 1931, 12, 775.

Izawa, M., ALLFREY, V. G., and Mirsky, A. E,,
The relationship between RNA synthesis and
loop structure in lampbrush chromosomes,
Proc. Nat. Acad. Sc., 1963, 49, 544.

Jacos, J., and Sirim, J. L., Electron microscope
studies on salivary gland cells. I. The nucleus
of Bradysia mycorum, F., (Sciaridae) with
special reference to the nucleolus, J. Cell Biol.,
1963, 17, 153.

Kawniws, V. L, Stich, H. F., and BencosMme, S.
A., Fine structure of nucleoli and RNA con-
taining chromosome regions of salivary gland
chromosomes of Chironomids and their inter-
relationship, Canad. J. Zool., 1964, 42, 1147.

Karasaki, S., Changes in fine structure of the
nucleus during early development of the 7r:-
turus embryo, Embryologia, 1959, 4, 273.

Kaurmann, B. P., Nucleolus organizing regions
in salivary gland chromosomes of Drosophila
melanogaster, Z. Zellforsch. u. Mikr. Anat., 1938,
28, 1.

Kevr, H. G., and Perning, C., Differentielle
DNS Replikation in den Speicheldriisenchro-
mosomen von Chir s th 7, Chr 1a,
1963, 14, 347.

Kouwmsh, S., and KrenrFeLp, R. G., The role of
the nucleolus. I. Tritiated cytidine activity in
liver parenchymal cells of thioacetamide-
treated rats, J. Cell Biol., 1964, 23, 39.

KRroEcer, H., Experiments on the extranuclear
control of gene activity in Dipteran polytene
chromosomes, J. Cellular and Comp. Physiol.,
1963, 63, suppl. 1, 45.

. Larontave, J. G., Structure and mode of

formation of the nucleolus in meristematic
cells of Vicia faba and Allium cepa, J. Biophysic.
and Biochem. Cytol., 1958, 4, 777.

LaronTang, J. G., A light and electron micro-
scope study of small spherical nuclear bodies
in meristematic cells of Allium cepa, Vicia faba,
and Raphunus sativus, J. Cell Biol., 19653, 26, 1.

LaronTAaINE, J. G., and CHoulnarp, L. A., A
correlated light and electron microscope study
of the nucleolar material during mitosis in
Vicia faba, J. Cell Biol., 1963, 17, 167.

Lima-pE-Faria, A., Differential uptake of
tritiated thymidine into hetero- and euchroma-
tin of Melanoplus and Secale, J. Biophysic. and
Biochem. Cytol., 1959, 6, 457.

. Lirrau, V. C., ALLFREY, V. G., FRENSTER, J. H.,

TaE JournaL or CeLL Biorogy - VoLume 29, 1966

45.

46.

47.

48.

49.

50.

51.

52.

53.

55.

56.

57.

58.

59.

. PaniTZ,

and Mirsky, A. E., Active and inactive regions
of nuclear chromatin as revealed by electron
microscope autoradiography, Proc. Nat. Acad.
Sc., 1964, 52, 93.

Lyown, M. F., Gene action in the X-chromosome
of the mouse (Mus musculus, 1..), Nature, 1961,
190, 372.

McCriNTock, B., The relation of a particular
chromosomal element to the development of
the nucleoli in Zea mays, Z. Zellforsch. u. Mikr.
Anat., 1934, 21, 294.

McConkey, E. H., and Hopkins, J. W., The
relationship of the nucleolus to the synthesis
of ribosomal RNA in HeLa cells, Proc. Nat.
Acad. Se., 1964, 51, 1197.

McMasTter-Kave, R., and Tavror, J. H., Evi-
dence for two metabolically distinct types of
ribonucleic acid in chromatin and nucleoli,
J. Biophysic. and Biochem. Cytol., 1958, 4, 5.

MecHELKE, F., Reversible Strukturmodifika-
tionen der Speicheldriisenchromosomen von
Acricotopus lucidus, Chromosoma, 1953, 5, 511.

Muramatsu, M., and Buscu, H., Studies on
nucleolar RNA of the Walker 256 carcino-
sarcoma and the liver of the rat, Cancer Re-
search, 1964, 24, 1028.

NicorLerTi, B., An efficient method for salivary
gland preparation, Drosophila Information Ser-
vice, 1959, 33, 181.

Ouno, S., Kapran, W. D., and KinosiTa, R,
Heterochromatic regions and nucleolus or-
ganizers in chromosomes of the mouse, AMus
musculus, Exp. Cell Research, 1957, 13, 358.

Onno, S., Karran, W. D., and KinosiTa, R.,
The centromeric and nucleolus associated
heterochromatin of Rattus norvegicus, Exp.
Cell Research, 1959, 16, 348.

R., Hormonkontrollierte Genaktivi-
tdten in den Riesenchromosomen von Aerico-
topus lucidus, Biol. Zentr., 1964, 83, 197.

Panttz, R., Experimentallinduzierte Inakti-
vierung Balbiani-Ring bildender Gen Loci in
Riesenchromosomen, iz Struktur und Funk-
tion des genetischen Materials, Erwin-Baur
Gedichtnissvorlesungen III, 1963, Berlin, Aca-
demie-Verlag, 1964, 225.

Pavan, C., Morphological and physiological
aspects of chromosomal activities, Proc. Inter-
nat. Cong. Genet., 10th, Montreal, 1958, 1959, 1,
321.

Peiring, C., Chromosomal synthesis of ribo-
nucleic acid as shown by incorporation of

uridine labeled with tritium, Nature, 1959,
184, 655.
PerLing, C., Ribonukleinsdure-Synthese der

Riesenchromosomen. Untersuchungen an Chi-
ronomus tentans, Chromosoma, 1964, 15, 71.
PErry, R. P., On the nucleolar and nuclear



60.

61.

62.

63.

€4.

65.

66.

67.

68.

69.

70.

71.

dependence of cytoplasmic RNA synthesis in
HeLa cells, Exp. Cell Research, 1960, 20, 216.

Perry, R. P., The cellular sites of ribosomal and
4s RNA, Proc. Nat. Acad. Sc., 1962, 48, 2179.

Perry, R. P., Role of the nucleolus in ribo-
nucleic acid metabolism and other cellular
processes, Nat. Cancer Inst. Monograph, 1964,
14, 73.

PERRY, R. P.; in collaboration with ERRERA, M.,
Herr, A, and DirwaLp, H., Kinetics of
nucleoside incorporation into nuclear cyto-
plasmic RNA, J. Biophysic. and Biochem. Cvtol.,
1961, 11, 1.

Perry, R. P., Srinivasan, P. R., and KELLEY,
D. E., Hybridization of rapidly labeled nu-
clear RNA, Science, 1964, 145, 504.

PouLson, D. F., and MEerz, C. W., Studies on
the structure of the nucleolus forming regions
in the giant salivary chromosomes of the Dip-
tera, J. Morphol., 1938, 63, 363.

Rrrossa, F. M., Experimental activation of
specific loci in polytene chromosomes of
Drosophila, Exp. Cell Research, 1964, 35, 601.

Rirossa, F. M., and SeiegeLmAN, S., Localiza-
tion of DNA complementary to ribosomal
RNA in the nucleolus organizer region of
Drosophila melanogaster, Proc. Nat. Acad. Sc.,
1965, 53, 737.

Rupkin, G. T., The structure and function of
heterochromatin, iz Genetics Today, Proc.
Internat. Cong. Genet., 11th, The Hague, 1963,
1964, 2, 359.

Russerr, L. B., Genetics of mammalian sex
chromosomes, Science, 1961, 133, 1795.

Russerr, L. B., Another look at the single active
X hypothesis, Tr. New York Acad. Sc., 1964,
26, 726.

Scaurtz, J., The nature of heterochromatin,
Cold Spring Harbor Symp. Quant. Biol., 1947,
12, 179.

SiBaTani, A., pE KLoET, S. R., ALLFREY, V. G.,
and Mirsky, A. E., Isolation of a nuclear
RNA fraction resembling DNA in its base
composition, Proc. Nat. Acad. Sc., 1962, 48, 471.

GABRUSEWYCZ-GARcIA AND KLEINFELD

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84,

StEVENS, B. J., The fine structure of the nucleolus
during mitosis in the grasshopper neuroblast
cell, J. Cell Biol., 1965, 24, 349.

StoweLL, R. E., Feulgen reaction for thymo-
nucleic acid, Stain Technol., 1945, 20, 45.

Swirr, H., Cytochemical techniques for nucleic
acids, in The Nucleic Acids, (E. Chargaff and
J. N. Davidson, editors), New York, Academic
Press, Inc., 1955, 3, 51.

Swirr, H., Studies on nucleolar function,
Symp. Mol. Biol., 1959, 266.

Swrrr, H., Nucleic acids and cell morphology in
Dipteran salivary glands, :n The Molecular
Control of Cellular Activity, (J. M. Allen,
editor), New York, McGraw-Hill Book Com-
pany, 1962, 73.

Swrrr, H., Cytochemical studies on nuclear fine
structure, Exp. Cell Research, 1963, suppl. 9, 54.

TavLor, J. H., Asynchronous replication of
chromosomes in cultured cells of Chinese
hamster, J. Biophysic and Biochem. Cytol., 1960,
7, 455.

TAYLOR, J. H., and Woops, P. S., In situ studies
of polynucleotide synthesis in nucleolus and
chromosomes, in Subcellular Particles, (T.
Hayashi, editor), New York, The Ronald
Press Company, 1959, 172.

Vincent, W. S., The nucleolus, in Genetics
Today, Proc. Internat. Cong. Genet., 11th, The
Hague, 1963, 1964, 2, 343.

Warrace, H., Cytological and biochemical
studies of anucleolate Xenopus larvae, Quart. J.
Micr. Sc., 1962, 103, 25.

Woops, P. S., and Taviror, J. H., Studies of
ribonucleic acid metabolism with tritium
labeled cytidine, Lab. Inv., 1959, 8, 309.

YANKOFsSKY, S. A., and SpiEGELMAN, S., Distinct
cistrons for the two ribosomal RNA com-
ponents, Proc. Nat. Acad. Sc., 1963, 49, 538.

Kevr, H. G., Duplikationen von Untereinheiten
der chromosomalen DNS wihrend der Evolu-
tion von Chironomus thummi, Chromosoma, 1965,
17, 139.

Nucleolar Material 359



