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ABSTRACT

Ribosomal RNAs (28 + 18S and 5S) and 4S RNA extracted from the chironomid
Glyptotendipes barbipes were iodinated in vitro with '**I and hybridized to the
salivary gland chromosomes of G. barbipes and Drosophila melanogaster.
fodinated 18 + 28 S RNA labeled three puffed sites with associated nucleoli on
chromosomes IR, IIL, and ITIL of G. barbipes and the nucleolar organizer of
Drosophila. Labeled 5S RNA hybridized to three sites on chromosome IIIR, two
sites on chromosome IIR and one site in a Balbiani ring on chromosome IV of
Glyptotendipes. Most of the label produced by this RNA was localized seven bands
away from the centromere on the right arm of chromosome I1I, and we consider
this to be the main site complementary to 5S RNA in the chironomid. This same
RNA preparation specifically labeled the 56 EF region of chromosome IIR of
Drosophila which has been shown previously to be the only site labeled when
hybridized with homologous 5S RNA. Hybridization of G. barbipes chromosomes
with lodinated 4S RNA produced no clearly localized labeled sites over the

exposure periods studied.
INTRODUCTION

Multiple Gene Sites for 5S and 18 + 28S
RNA on Chromosomes of Glyptotendipes
barbipes (Staeger)

The location of gene sequences in eukaryotic
chromosomes can be visualized directly by in situ
hybridization of the denatured chromosomal DN A
with radioactive nucleic acids (6, 15, 24, 34).
Ideally, the RNA or DNA that is hybridized to the
chromosome should be clearly characterized and
of high specific activity, and its complement in the
genome repeated at each locus. Also, the energy of
the B-rays emitted by the isotope must be ade-
quately low to produce high resolution autoradio-
graphs.
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Polytene chromosomes of dipterans offer an
excellent substrate for in situ hybridization since
their size and banded appearance allow precise
localization of the label. DNA in these chromo-
somes is laterally repeated and it is tandemly
repeated as well at loci such as those coding for 18
+ 28S, 5S, and 4S RNA (40, 42, 43, 46). Dipteran
salivary gland chromosomes have been success-
fully hybridized with 4S RNA (44), 5S RNA (33,
49), 18 + 28S RNA (17, 26, 35, 36), highly
repeated satellite DNAs (12, 14, 21, 41), and
putative messenger RNAs (26, 37).

Highly radioactive RNA can be produced by
reacting RNA in vitro with *2*I (7, 39). This
reaction introduces '2°1 into the cytosine residues
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of RNA without altering the thermal stability of
the RNA-DNA hybrids on membrane filters (18).
Recently, iodinated 5S RN A has been successfully
utilized in cytological hybridization with Droso-
phila melanogaster salivary gland chromosomes
and diploid plant and animal chromosomes with
good autoradiographic resolution (39, 50).

We have isolated 4S, 58S, and 18 + 28S RNA
from the chironomid Glyptrotendipes barbipes
(Staeger) and iodinated each RN A species in vitro
with '#°1. The iodinated products were hybridized
to salivary gland chromosomes of fourth instar
larvae of the same animal. Chironomid flies are
particularly interesting since their excellent cytol-
ogy and large size allow manipulation of individual
puffs in salivary gland chromosomes, making it
possible to investigate the mechanisms of tran-
scription and the nature of the chromomere (8, 9,
10). We felt that such chromosomes would permit
precise localization of label in relation to bands
and interbands. We were interested in determining
how many 58S loci occur in the presence of several
nucleolus organizers that had been identified by
cytological observation (4, 5, 47). Finally, we
wished to attempt localization of 4S gene se-
quences on the chromosomes of G. barbipes by this
hybridization technique. Some of the sites comple-
mentary to 4S have been identified in D. melano-
gaster, and these appear to be widely spread over
the genome (44, 45). It was of interest to determine
if the 4S sites were spread out similarly or were
more tightly clustered in this chironomid dipteran.

MATERIALS AND METHODS

Animals

Larvae of G. barbipes were collected from sewage
lagoons in Creswell, Lane County, Oregon during the
summer of 1973. Salivary gland chromosomes from D.
melanogaster (Oregon R X Canton S) were used for
hybridization controls.

Ribonucleic Acid Preparation

Approximately 20 g (fresh weight) of G. barbipes
larvae were washed with distilled water, frozen in liquid
nitrogen, and lyophilized to dryness. RN A was extracted
at 4°C following the procedure of Monier (31, 32) with
several modifications. Larvae were homogenized in 80 ml
of Tris buffer [0.01 M Tris-Cl, pH 7.5; 0.01 M Mg
(C:H303);; 0.1 M NaCl and 0.001 M B-mercapto-
ethanol]. The extraction volume was increased to
120 mi with buffer, and protein was precipitated by
addition of an equal volume of redistilled, buffered
phenol. Potassium acetate (pH 5.2) was added to a final
concentration of 3%, and nucleic acids were precipitated
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with three volumes of absolute ethanol. After standing
for 12 h at —20°C, the nucleic acids were pelleted, dried,
and applied to a DEAE-cellulose column in the Tris
buffer at 0.3 M NaCl. Unbound A .4, absorbing material
was removed by washing with the loading buffer, and
RNA (approximately 500 A4 units) was eluted with
Tris buffer at a NaCl concentration of 1| M. RNA was
precipitated as before, redissolved in 0.01 M NaC;H;O.
buffer (pH 5.0) containing 0.75 M NaCl and 1% (vol/
vol) methanol, and 120 4,4, units were applied to a
column (1.0 x 120 ¢cm) of Sephadex G-100 (Pharmacia
Fine Chemicals, Piscataway, N. J.). The RNA fractions
obtained from the column were precipitated and redis-
solved in deionized water.

Analytical Gel Electrophoresis

Acrylamide gel electrophoresis methods of Loening
(28) were used to analyze the fractions from the Sepha-
dex G-100 column. Gels of 0.5 cm diameter and 7.5 cm
length were prepared. For analysis of fraction I, 2.4%
acrylamide was used, while 9% gels were used for
analysis of fractions Il and I11. All tubes were prerun at 5
mA per tube before loading samples to allow sodium
dodecyl sulfate (SDS) to enter the gels. After adding
samples of approximately 50 ug, the current was reduced
to 2 mA per tube for 1.5 h and then increased to 4 mA for
1 h. Gels were stained in acridine orange or pyronine Y
(29). When '?*I-RNA was analyzed, gels were stained
and destained as required, and then frozen, sliced, and
counted in a Gamma spectrometer (Picker Nuclear,
White Plains, N. Y.).

Iodination of RNA

RNA was iodinated with carrier-free '**I (New Eng-
land Nuclear, Boston, Mass.) following the procedure
described by Prensky et al. (39). Immediately after
iodination of the 4S and 5S RNA fractions the entire
reaction mixture containing 5 ug of RNA was applied to
a small DEAE-cellulose column (0.7 X 10 cm) equili-
brated with a solution of 0.01 M NaC;H;0; (pH 5.0),
0.01 M Mg(C;H;0.),, and 0.3 M MNaCl. The resin was
washed with 25 ml of this salt solution and RNA was
eluted by increasing the NaCl concentration to 1 M.
Unstably bound iodine was removed from the RNA by
bringing the pH of the solution to 9.5 with 1.0 M
NH,C;H;0, and 0.5 M NH,OH and incubating for 20
min at 60°C (7, 21). After this incubation, Mg(C.H;0;).
was added to a final concentration of 0.01 M and RNA
was precipitated in a siliconized tube with 3 vol of
ethanol. After standing overnight at —20°C, RNA was
pelleted by spinning at 8,000 g for 45 min in a swinging
bucket rotor. The dried pellet was dissolved in 0.5 ml of
0.0t M NaCl and applied to a Sephadex G-25 column
(1.0 x 27 cm). Labeled RNA emerging in the void
volume was precipitated as above and dissolved in the
hybridization mixture.

Large ribosomal RNA was treated in the same way
except that free iodine was removed on a G-50 Sephadex
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column. In each case the specific activity of the final
product was estimated by counting 5-ul samples in a
liquid scintillation spectrometer at an efficiency of 65%.
Specific activities of the iodinated RNA fractions used in
the hybridization experiments were estimated as 1.59 x
107 dpm/ug, 2.68 x 10°dpm/ug and 7.77 x 10° dpm/ug
for 4S RNA, 5S RNA, and 18 + 28S RNA, respectively.

In Situ Hybridization

The hybridization reaction was carried out according
to the procedure of Gall and Pardue (16) as modified by
Wimber and Steffensen (49). Salivary glands were
squashed in 45% acetic acid, fixed in ethanol: acetic acid
(3:1 vol/vol), treated with pancreatic RNase, and then
denatured with formamide. 20 pl of the iodinated RNA
dissolved in 2X SSC (pH 7.2) and 50% formamide was
applied to each slide. Except where otherwise indicated,
7.0 Azeo units of unlabeled yeast 4S RNA, purchased
from Sigma Chemical Co. (St. Louis, Mo.) and further
purified on benzoylated DEAE-cellulose, were included
in the reaction mixture to reduce background label (33).
Hybridization was allowed to proceed for 4 h at 40°C,
and then the slides were extensively washed with 2X SSC,
treated with pancreatic RNase and dipped in NTB-2
liquid emulsion diluted 1:1 with distilled water. Emul-
sions were exposed for the periods indicated in the figure
legends, and the preparations were developed and stained
with Giemsa dye.

RESULTS

Cytology

In the salivary glands of G. barbipes there are
four polytene chromosomes, three large metacen-
trics, and one telocentric, each with a very conspic-
uous knob of centromeric heterochromatin (4, 5,
47). The chromosomes of the salivary glands do
not associate into a chromocenter although the
centromeres and telomeres of two, three, or all of
the chromosomes are often ectopically paired (4, 5,
47). The position of the nucleoli, Balbiani rings,
and centromeres, as well as the arm ratio and other
salient features of these chromosomes conform
closely to those of the European species of G.
barbipes described by Walter (47). The nucleolus
organizers are located on chromosome I (D-2),
chromosome II (C-2), and chromosome I1I (A-2).
Large regions of centromeric heterochromatin are
found on chromosome [ (C-3), chromosome Il
(C-3), chromosome III (C-1), and chromosome 1V
(D-2). Chromosome 1V has two Balbiani rings at
A-2 and B-1, of which the latter (3) or both (4)
have been previously denoted as nucleolus orga-
nizer regions.
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In the population we have studied there are two
chromosomal arms, IR and IIL, that show poly-
morphism for rearrangements, probably inver-
sions. The position of the rearrangements on
chromosomes I and I corresponds with the loca-
tion of those described by Basrur (4) for this same
species from Ontario, Canada. Basrur also de-
scribed a complex rearrangement of the included
type in chromosome [IIR involving a band located
beside the centromere and several bands in the tip
of the same arm. The population we studied
exhibits the condition described by Basrur (p. 603
of reference 4, Fig. 7 a) for the inversion homozy-
gote of chromosome IIIR.

Chromatography

Chromatography of the RNA from G. barbipes
on Sephadex G-100 resolved three distinct frac-
tions (Fig. 1), an 18 + 28S (peak 1), a 5S (peak 2),
and a 4S fraction (peak 3) according to Monier
and Feunteun (32). The mobility of RNA from
each peak was assayed on acrylamide gels in
comparison with appropriate standards. RNA
from G-100 peak 1 and reticulocyte 18 + 28S
RNA showed the same mobility on 2.4% gels and
separated into two distinct bands. RNA from
peaks 2 and 3 showed mobilities on 9% gels
indistinguishable from D. melanogaster (Fig. 2). It
is evident, however, that the 5S preparation con-
tained some material having the same mobility as
4S RNA (Fig. 2 B).

Localization of Genes for 18 + 285§ RNA

Todinated 28 + 18S ribosomal RNA (rRNA)
hybridized exclusively to three of the puffs in the
polytene chromosomes of G. barbipes (Fig. 3).
Chromosome IR showed label over two consecu-
tive bands in a puffed region at D-2 which is
associated with a nucleolus. Unusually good cyto-
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FiGURE | Chromatography of G. barbipes RNA on

Sephadex G-100. Center portions of peaks were collected
for analysis by gel electrophoresis and iodination.
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FIGURE 2 Coelectrophoresis of iodinated Glyptoten-
dipes 58 RNA with: (A) unlabeled Glyprotendipes 58
RNA and (B) Drosophila 4S RNA. The gels, which are
represented under each radioactivity profile, were stained
with acridine orange and the position of the band was
determined before they were sliced.
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logical preservation of hybrids exposed for 67 h
afforded clear resolution of the label over two
bands of this chromosome (Fig. 4). Chromosome
IIL was heavily labeled at C-2, but because of the
extreme state of puffing we were unable to deter-
mine the disposition of the silver grains in relation
to bands and interbands.

We have also observed interchromosomal con-
nections bridging the two rRNA sites on chromo-
somes IR and L in certain of our preparations
(Fig. 5). Label over these connections demon-
strates the presence here of DNA complementary
to 18 + 28S rRNA.

The third 18 + 28S RNA hybridization site is
located over a band on chromosome IIIL (A-2) as
shown in Fig. 3. This site is commonly less densely
labeled than those on chromosomes IR and ITL.

Even after long exposures (30 days) the
iodinated 18 + 28S chironomid RNA labeled only
the three sites in chromosomes I, 11, and III. In
one control preparation we challenged salivary
gland chromosome preparations from G. barbipes
with iodinated 18 + 28S RNA prepared from lily
callus tissue (R. White and W. Wen, unpublished
observation). This RNA preparation also specifi-
cally labeled the same three sites on the chirono-
mid chromosomes. When polytene chromosomes
of D. melanogaster were hybridized with G. bar-
bipes 18 + 28S RNA only the nucleolar organizer
region became labeled.

Localization of 58 RNA Gene Sequences

Iodinated 5S RNA clearly labeled several sites
in the polytene chromosomes of G. barbipes after
67 h exposure (Fig. 6). Three of these sites
correspond to those labeled by the 18 + 28S RNA,
and label on these three puffs is completely
abolished when unlabeled 18 + 28S RNA is
included in the 5S hybridization mixture. The most
strongly labeled site after 5S hybridization is
located on the seventh band from the centromere
on chromosome IIIR (C-3). This locus is still
evident after 700-fold competition with cold 18 +
28S RNA.

After longer exposures, five sites, two on chro-
mosome IIL (E-2 and F-3), two on chromosome
IHIR (C-3 and D-3), and one on chromosome IV
(Balbiani ring, B-1) were labeled in addition to the
main 5S band on chromosome IIIR (Figs. 7, 8, 9).
None of these sites is labeled by our 4S or 18 +
28S RNA preparation after equivalent exposure
periods (Fig. 10). We conclude that these labeled
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FIGURE 3 Autoradiograph of Glyptotendipes salivary gland chromosomes hybridized with iodinated 18 +
28S RNA. Three sites are labeled: chromosome IR at D-2 (arrow no. 1), chromosome IIL at C-2 (arrow no.
2) and chromosome IIIL at A-2 (arrow no. 3). Exposure time 107 h. Scale: 20 pm. x 1,250.

FIGURE 4 Autoradiograph of chromosome IR showing two consecutive bands labeled with iodinated 18 +
28S RNA. Exposure time 67 h. Scale: 10 um. x 3,750.
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FIGURE 5 Autoradiograph of a chromatin bridge hybridized with iodinated 18 + 28S RNA between the
nucleolus organizers on chromosomes IR (left) and HL (right). The centromeres of these two chromosomes
are ectopically paired. Exposure time 17 days. Scale: 10 um. x 3,200.

6 ——

FIGURE 6 Autoradiograph of Glyptotendipes chromosomes hybridized with iodinated 5S RNA after 67 h
exposure. Most of the label is localized over a band seven bands away from the centromere at C-2 on
chromosome IIIR (arrow). The nucleolus organizers are lightly labeled. Scale: 20 um. x 1,125.
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FIGURE 7 Autoradiograph of chromosome number two of Glyptotendipes after 17 days exposure to the
hybrid formed with iodinated 5S RNA. The nucleolus organizer (arrow no. 2) is heavily labeled; in addition
two other sites (thin arrows) on E-2 and F-3 are also distinctly labeled. These other sites are interpreted to
represent additional loci for the small ribosomal gene. Scale: 20 um. x 2,000.

loci also represent genes coding for 5S RNA
although the appreciably smaller number of silver
grains over these sites (relative to the main 58S site)
suggests that the DNA sequences here are less
repeated. Alternatively, these labeled loci could
represent DNA sequences homologous to con-
taminating RN A present in our 5S RNA prepara-
tion and unresolvable by our fractionation proce-
dures.

Hybridization of G. barbipes 5§ RNA to D.
malanogaster chromosomes produces labeled loci
limited to the 58S site (region 56 E-F of the right
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arm of chromosome II) and the nucleolar orga-
nizer region (Fig. 11).

4S RNA Hybridization Studies

Hybridization of G. barbipes chromosomes with
homologous 4S RNA causes no clearly labeled
regions to appear. After 17 days of exposure, label
that appears to be above background levels is
spread over large regions of the chromosomes
(Fig. 10). These results are consistent with the
notion that the 4S genes are neither highly re-
peated nor clustered at a few sites in the chromo-
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somes of this organism. The possibility remains
that our conditions of annealing 4S RNA did not
allow sufficient hybridization to obtain detectable
label.

DISCUSSION

Our results indicate that there are three nucleolus
organizing sites in the chironomid G. barbipes
complementary to 18 + 28S rRNA, one main site
complementary to 5S RNA, and five subsidiary
sites where, possibly, 5S RNA sequences are
located.

A number of conclusions drawn from our results
depend on the specificity of the iodinated reagents.
Several criteria of specificity were used. Gel elec-
trophoresis confirmed our interpretation of the
identity of the three peaks obtained from G-100
chromatography. We observed that the mobility of
the 5S RNA was not noticeably affected by
incorporation of **°[ into the molecules, in accord-
ance with Getz et al. (18). Electrophoresis did
indicate that the iodinated 5S RNA was contami-
nated with molecules having the same mobility as
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4S RNA. Results of hybridization of D. melano-
gaster chromosomes with 5SS RNA demonstrated
that the 5S material also contained fragments of
large TRNA in agreement with the results of
Wimber and Steffensen (45, 49). However, compe-
tition experiments permitted us to interpret our
results despite the presence of these contaminants.

The striking localization of label over chromo-
some IIIR (C-2) hybridized with 5S RNA clearly
indicates the presence of one main locus comple-
mentary to 5S RNA. Additional sites that appear
on longer exposure may represent less redundant
sequences of this gene. None of these loci is labeled
by our 4S or 18 + 28S RNA preparations.

The possibility of 5S RNA sequences at more
than one locus is of interest in comparison to work
previously published on localization of 5S RNA
genes in other organisms. Wimber and Steffensen
(49) using tritiated 5S RNA prepared in vivo and
Prensky et al. (39) using '25]-5S RNA have found
only one locus for 5S RNA in D. melanogaster.
On the other hand, Attardi and coworkers (1, 3,
19) and Pardue et al. (33) have found multiple

FIGURE 8 Chromosome HI hybridized with 5S RNA and exposed to the emulsion for 107 h. The main site
which hybridizes to 58 RNA is indicated by an open arrow. Two additional sites on regions C-3 and D-3 are
indicated by thin arrows. The nucleolus organizer on [11IL, indicated by arrow no. 3 is also labeled by the 5S

RNA preparation. x 1,500.
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FIGURE 9 Hybridization of iodinated 5S RNA to chro-
mosome IV of Glyptotendipes. After 17 days exposure,
diffuse label is observed over a Balbiani ring at B-1.
Scale: 10 gm. x 2,500.

sites coding for 5S RNA in HeLa cell and Xeno-
pus laevis chromosomes, respectively. Experi-
ments are in progress to determine if the several
sites sparsely labeled by our 5SS RNA are truly
homologous to 58S rRNA or represent sites
homologous to peculiar contaminants in the 5S
RNA preparation.

Our results demonstrate the presence of three
nucleolus organizers in G. barbipes associated with
chromosomes I, I1, and I11. Hybridization experi-
ments indicate absence of a nucleolus organizer in
chromosome IV contrary to the suggestion made
on the basis of cytological observation (4, 5). The
organizer sites are located near centromeric or
telomeric heterochromatin in accordance with the
situation found in many different organisms (51,
52). When chromosomes I and II are united at
their centromeres (Fig. 3), the two large ribosomal
sites are juxtaposed. The main 35S site and the
nucleolus organizers are also closely apposed when
the centromeric heterochromatin of chromosome
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II1 fuses with that of chromosome I or 11 (Fig. 6).
It is uncertain whether the localization of the
ribosomal DNA sites (18 + 28S and 5S), which
gives rise to their apposition when centromeric
fusion occurs, is the result of selection acting
on chromosomal architecture. Steffensen and
Wimber (45) and Holmquist and Steffensen (23)
have found occasional attachment of the 5S locus
and the nucleolus in D. melanogaster and have
suggested that such an arrangement may facilitate
transport of 58S RNA to the nucleolus. Amaldi and
Buongiorno-Nardelli (2) have reported that in
Chinese hamster cells 55 RNA hybridizes to the
nucleolus periphery. Pardue et al. (33) also have
evidence of association between the nucleolus and
the 5S locus in chromosomes of X. /laevis gonial
cells. If the apposition of rDNA sites has the
functional significance referred to above (45) one
might expect simultaneous synthesis of 5S and 18
+ 28S RNA. Synthesis starts simultaneously after
gastrulation in X. laevis (22). However, other
evidence indicates nonsimultaneous synthesis of 58
and 18 + 28S RNA (3, 13, 31, 38, 48). Indeed,
even if coordinate synthesis of 5S and 18 + 28S
RNA does occur, apposition may not be functional
for 5S RNA may first enter the cytoplasm and
then return to the nucleolus for ribosome assembly
(27). It remains unclear, therefore, in Glyptoten-
dipes as well as in other organisms that apposition
of tRNA transcription sites is significant in the
assembling of 5S and 18 + 28S RNA.

The strong puffing activity we find in the
nucleolus organizers contrasts sharply with the
compact bands of the main 5S site. However, the
Balbiani ring on chromosome IV hybridizes with
5S RNA, and it is possible that this locus is active
in the fourth instar larvae. Since the state of
puffing, per se, is not a rigorous indication of
synthetic activity (47), it is impossible to draw
definite conclusions from these observations. Incu-
bation of salivary glands with tritiated uridine
labels sites of RN A synthesis on the chromosomes,
and experiments are in progress to attempt to
determine the time of transcription of the putative
58 loci as well as the temporal relationship of this
activity to that of the large rRNA genes.

The nucleolus organizer sites in G. barbipes
differ from those of certain dipterans that possess
organizers with stretched out, ramifying chroma-
tin, originating in a band but separate from it (17,
35, 36). In G. barbipes, the rDNA associated with
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the puffs remains over the chromosome as in other
chironomids (37). A remarkable feature of the
nucleolus organizers in G. barbipes is the localiza-
tion of the 18 + 28S rDNA in chromosome IR
over two consecutive small bands (Fig. 4). The
consistency of this observation suggests that this is
a common feature of the population we have
studied. In contrast, the nucleolar organizer on
chromosome III shows label over one band. We
would like to point out that the resolution afforded
by some of our preparations of the nucleolus

L
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organizer on chromosome I (Fig. 4) supports the
notion that transcribed genes are present in bands.
It cannot be concluded that the interband in this
site is devoid of rDNA sequences, but we can
conclude that the band is not wholly devoted to
control function.

The occurrence of a clearly labeled inter-
chromosomal connection between two of the nu-
cleolar organizers (Fig. 5) demonstrates the exist-
ence of rDNA in this chromatin homologous to the
two sites connected. A similar observation has
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FIGURE 10 Autoradiograph of Glyptotendipes chromosomes hybridized with iodinated 4S RNA and
competed with “cold” 18 + 28S RNA. 15 days exposure. Label over the chromosomes is above background,

but is not clearly localized. Scale: 20 um. x 950.
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FIGURE 11

Autoradiograph of D. melanogaster salivary gland chromosomes hybridized with iodinated 5S

RNA from Glyptotendipes. Region 56 E-F is labeled (arrow) and also the nucleolus beside it. Exposure time

was 107 h. Scale: 10 um. x 4,300.

been made by Henderson et al. (20) for the human
chromosomes carrying the nucleolus organizers.
Judging from the amount of label in our prepara-
tions, we believe that many strands of DNA have
been hybridized with the iodinated 18 + 28S
RNA. The occurrence of ectopic pairing among
dipteran polytene chromosomes is well docu-
mented (reviewed in 25) and, because of the
compact nature of the nucleolus organizers in
Glyptotendipes, we do not believe that this connec-
tion is an artifact. How can separate bands in
polytene chromosomes become connected by mul-
tiple DNA strands? We suggest that a crossover
event between the two sites during DNA synthesis
leading to polytenization could give rise to multi-
stranded, interchromosomal connection such as we
have seen in this chironomid. Such an event would
be favored if the two sites are spatially related,
and, as most crossing over models require, if the
two loci contain complementary nucleotide se-
quences. However, if the interchromosomal con-
nections of human metaphase chromosomes (20)
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are formed in a manner analogous to those we
observe in the dipteran, this explanation does not
apply directly. Other possible ways to account for
these chromosomal associations have been dis-
cussed by DuPraw (11).

We gratefully acknowledge the suggestions and kind
encouragement of Dr. James Kezer and Dr. Donald E.
Wimber during the course of this work. We also thank
them for their critical reading of the manuscript.

This work was supported by United States Public
Health Service Grants GM 19205-02 and GM 18829,
Received for publication 8 November [973, and in
revised form 14 March 1974.

REFERENCES

1. ALONL, Y., L. E. HATLEN, and G. ATTARDI. 197].
Studies of fractionated HeLa cell metaphase chro-
mosomes. [I. Chromosomal distribution of sites for
transfer RNA and 5S RNA. J. Mo!. Biol. 56:555.

2. AmaLpl, F., and M. BUONGIORNO-NARDELLL 1971.
Molecular hybridization of Chinese hamster $S, 4S

THE JOURNAL OF CELL BIOLOGY - VOLUME 62, 1974



20.

. COMMERFORD, D. L.

. GETZ,

and ‘‘pulse-labeled” RNA in cytological prepara-
tions. Exp. Cell Res. 65:329.

. ATTARDI, G., and F. AMALDI. 1970. Structure and

Synthesis of Ribosomal RNA. Annu. Rev. Biochem.
39:183.

. BasrUR, V. R. 1957. Inversion polymorphism in the

midge Glyptotendipes barbipes (Staeger).

Chromosoma. 8:597.

. Bauer, H. 1936. Beitrage zur vergleichenden mor-

phologie der speicheldrusenchromosomen. Zool.
Jahrb. Abt. Allg. Zool. Physiol. Tiere. 56:239.

. BUONGIORNO-NARDELLI, M., and F. AMaLDL 1970.

Autoradiographic detection of molecular hybrids
between rRNA and DNA in tissue sections. Nature
(Lond.). 225:946.

1971. lodination of nucleic
acids in vitro. Biochemistry 10:1993.

. DANEHOLT, G. 1972. Giant RNA transcript in a

Balbiani ring. Nat. New Biol. 240:229.

. DanedoLT, R., J. E. EDSTROM, E. EGYHAZI, B.

LAMBERT, and U. RINGBORG. 1969. RNA synthesis
in a Balbiani ring in Chironomus tentans salivary
gland cells. Chromosoma. 28:418.

. DaNedoLT, B., J. E. EDSTROM, E. EGYHAZI, B.

LAMBERT, and U. RINGBORG. 1969. Physico-chemi-
cal properties of chromosomal RNA of Chironomus
tentans polytene chromosomes. Chromosoma.
28:379.

. DuPraw, E. J. 1970. Suprachromosomal organiza-

tion. DNA and the Chromosomes. Holt, Rinehart
and Winston, Inc., New York.

. EcKHARDT, R. A, and J. G. GaLL. 1971, Satellite

DNA associated with heterochromatin in Rhyno-
chosciara. Chromosoma. 32:407.

. Forp, P. J. 1971. Noncoordinated accumulation and

synthesis of 5SS ribonucleic acid by ovaries of
Xenopus laevis. Nature (Lond.) 233:561.

. GaLL, J. G, E. H. CoHEN, and M. L. PoLaN. 1971.

Repetitive DNA sequences in Drosophila. Chromo-
soma. 33:319.

. GaLL, J. G, and M. L. PARDUE. 1969. The forma-

tion and detection of RNA-DNA hybrid molecules
in cytological preparations. Proc. Natl. Acad. Sci.
U.S. A. 63:378.

. GarL, J. G,, and M. L. PArRDUE. 1971. Nucleic acid

hybridization in cytological preparations. In Meth-
ods in Enzymology. K. Moldave and L. Grossman,
editors. Academic Press, Inc., New York. XXI1:470.

. GERBIL, S. A. 1971. Localization and characterization

of the ribosomal RNA cistrons in Sciara coprophila.
J. Mol. Biol. 58:499.

M. J., L. C. ALTENBURG, and G. F.
SAUNDERS. 1972. The use of RNA labeled in vitro
with iodine-125 in molecular hybridization experi-
ments. Biochim. Biophys. Acta. 287:485.

. HARTLEN, L., and G. ATTARDL 1970. Proportion of

the HeLa cell genome complementary to transfer
and 58S RNA.J. Mol. Biol. 56:535.
HENDERSON, A. S., D. WARBURTON, and K. C.

WEN ET AL.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Hybridization of Ribosomal RNA to Chromosomes of G. barbipes

1973. Ribosomal DNA connectives be-
Nature

ATWOOD.
tween human acrocentric chromosomes.
(Lond.). 245:95.

HexNIG, W., J. HENNIG, and H. STeIN. 1970.
Repeated sequences in the DNA of Drosophila and
their giant chromosomes. Chromosoma. 32:31.
Hitr, R. N, and E. H. McConNkKEY. 1971. Coordi-
nation of ribosomal RNA synthesis in vertebrate
cells. J. Cell. Physiol. 79:15-26.

HowMmQuisT, G., and D. M. STEFFENSEN. 1973,
Evidence for a specific three-dimensional arrange-
ment of polytene chromosomes by nuclear mem-
brane attachment. J. Cell Biol. 592, Pt 2):147a.
(abstr.).

Joun, H. A, M. L. BIrNSTIEL, and K. W. JONES.
1969. RNA-DNA hybrids at the cytological level.
Nature (Lond.). 223:582.

KaurMman, B. P, and M. K. IDDLES. 1963. Ectopic
pairing in salivary gland chromosomes of Droso-
phila. Port. Acta Biol. 7:225.

LAMBERT, B., L. WIESLANDER, B. DANEHOLT, E.
EGyHAzI, and U. RINGBORG, 1972. In situ demon-
stration of DNA hybridizing with chromosomal and
nuclear RNA in Chironomus tentus. J. Cell Biol.
53:407.

Lemsowirz, R. D., R. A. WEINBERG, and S.
PENMAN. 1972. Unusual metabolism of 5S RNA in
HelLa cells. J. Mol. Biol. 73:139.

LoeNING, U. E. 1968. The fractionation of high
molecular weight RNA. In Chromatographic and
Electrophoretic Techniques. 1. Smith, editor. Wil-
liam Heinemann, Ltd., London. 1L

MaRcINKA, K. 1972. A highly sensitive and stable
staining of ribonucleic acids after polyacrylamide gel
electrophoresis. Anal. Biochem. 50:304,

MiLLER, L. 1973. Control of 35S RNA synthesis
during early development of anucleolate and partial
nucleolate mutants of Xenopus laevis. J. Cell Biol.
59:624.

MonNieRr, R. 1971, Preparation and properties of
Escherichia coli 5S RNA. In Procedures in Nucleic
Acid Research. Cantoni and Davis, editors. Harper
and Row, New York. II.

MONIER, R., and J. FEUNTEUN. 1971. Isolation and
characterization of SS RNA from Escherichia coli.
In Methods in Enzymology. K. Moldave and L.

Grossman, editors, Academic Press, Inc., New
York. XX:494,
ParRDUE, M. L., D. D. BrROwN, and M. L.

BIRNSTIEL. 1973. Location of the genes for 5S
ribosomal RNA in Xenopus laevis. Chromosoma.
42:191.

PARDCE, M. L., and J. G. GaLL. 1969. Molecular
hybridization of radioactive DNA to the DNA of
cytological preparations. Proc. Natl. Acad. Sci.
U.S.A. 64:600.

PARDUE, M. L., and J. G. GaLL. 1971. Molecular
cytogenetics. /n Molecular Genetics and Develop-
mental Biology. M. Sussman, editor. Prentice-Hall

143



36.

37.

38.

39.

40.

41.

42,

43.

144

Inc., Englewood Cliffs, N. J. 65.

PARDUE, M. L., S. A. GERBI, R. A. ECKHARDT, and
J. G. GaALL, 1970. Cytological localization of DNA
complementary to ribosomal RNA in polytene chro-
mosomes of Diptera. Chromosoma. 29:268.
PARDUE, M. L., E. WEINBERG, L. H. KEDES, and M.
L. BIRNSTIEL, 1971. Localization of sequences cod-
ing for histone mRNA in the chromosomes of
Drosophila melanogaster. J. Cell Biol. 55(2, Pt.
2):199a. (Abstr.).

Perry, R. P, and D. E. KELLEY. 1968. Persistent
synthesis of 5S RNA when production of 28S and
18S ribosomal RNA is inhibited by low doses of
actinomycin D. J. Cell. Physiol. 72:235.

PRENsSKY, W., D. M. STEFFENSEN, and W. L.
HuGHES. 1973. The use of iodinated RNA for gene
localization. Proc. Natl. Acad. Sci. U. §. A.
70:1860.

QUINCEY, R. V. 1971. The number and location
of genes for 5S ribonucleic acid within the genome of
Drosophila melanogaster. Biochem. J. 123:227.
RAE, P. M. M. 1970. Chromosomal distribution of
rapidly reannealing DNA in Drosophilia melano-
gaster. Proc. Natl. Acad. Sci. U. S. A. 67:1018.
RiTOssa, F. M., and S. SPIEGELMAN. 1965. Localiza-
tion of DNA complementary to ribosomal RNA in
the nucleolus organizer region of Drosophilia mel-
anogaster. Proc. Natl. Acad. Sci. U. S. A. 53:737.
Rirossa, F. M., K. C. ArtwooD, and S.
SPIEGELMAN. 1966. On the redundancy of DNA
complementary to amino acid transfer RNA and
its absence from the nucleolar organizer region of

THE JOURNAL OF CELL BIOLOGY -

44.

45,

46.

47.

48.

49.

50.

S1.

52.

VOLUME 62, 1974

Drosophila melanogaster. Genetics. 54:819.
STEFFENSEN, D. M., and D. E. WIMBER. 1971].
Localization of tRNA genes in the salivary chromo-
somes of Drosophila by RNA:DNA hybridization.
Genetics. 69:163.

STEFFENSEN, D. M., and D. E. WIMBER. 1972.
Hybridization of nucleic acids to chromosomes. /n
Nucleic Acid Hybridization in the Study of Cell
Differentiation. H. Ursprung, editor. Springer-
Verlag, New York. 47.

TarTOF, K. D., and R. P. PERRY. 1970. The 35S
RNA genes of Drosophila melanogaster. J. Mol.
Biol. 51:171.

WALTER, L. 1973. Syntheseprozesse an den risen-
chromosomen von Glyprotendipes. Chromosoma.
41:327.

WEINMANN, R. 1972, Regulation of ribosomal RNA
and 5S RNA synthesis in Drosophila melanogaster:
I. Bobbed mutants. Genetics. 72:267.

WIMBER, D. E., and D. M. STEFFENSEN. 1970.
Localization of 35S RNA genes on Drosophila
chromosomes by RNA-DNA hybridization. Science
(Wash. D. C.). 170:639.

WiMBeR, D. E., and D. M. STEFFENSEN. 1974.
Localization of gene function. Ann. Rev..Genet.
7:205.

Yuxis, J. J., and W. G. YASMINEH, 1971, Hetero-
chromatin, satellite DN A, and cell function. Science
(Wash. D. C.). 174:1200.

Yunis, J. J., and W. G. YASMINEH. 1972. Hetero-
chromatin. fn Advances in Cell and Molecular
Biology. E. S. DuPraw, editor. Academic Press,
Inc., New York. II:1.



