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Summary 

pDm plasmids were constructed from D. melano- 
gaster and pSC101 DNAs by a modification of the 
EcoRl-ligase method which insured that each hy- 
brid molecule contained a single segment of D. 
melanogaster chromosomal DNA (Dm segment). 
The sequences in the Dm segments of six cloned 
pDm DNAs were mapped within the D. melanogas- 
ter polytene chromosomes by in situ hybridization, 
and their repetition frequencies within the Dm seg- 
ment and within the genome were determined. Four 
of these segments consist of sequences that are 
confined to single chromomeric regions in the 
polytene chromosomes and exhibit little or no rep- 
etition. The characteristics of this group, and also 
two of three Dm segments analyzed earlier (Wen- 
sink et al., 1974), are inconsistent with tandem rep- 
etition models of the chromomere. By contrast, the 
other two Dm segments contain moderately repeti- 
tive sequences that are located in the heterochro- 
matin. One of these appears to be a segment of 
the Y chromosome in which about half the se- 
quences are nonrepetitive and half are repeated 
about 33 times per genome, though they are not 
repeated within the segment. The second contains 
the DNA coding for 18 and 28s t-RNA. 

Introduction 

The chromomeric units in the chromosomal DNA 
of Drosophila melanogaster are recognized by the 
bands they form in polytene chromosomes, and are 
individually defined as that segment of the DNA 
which contains the sequence of base pairs found 
in a band plus an adjacent interband (Hogness et 
al., 1974). Cytogenetic analyses suggest that each 
of the approximately 5000 chromomeric units in the 
genome contains only one cistron (Judd, Shen, and 
Kaufman, 1972; Hochman, 1973), even though the 
mean length of these units is 26 kilobase pairs (kb) 
-that is, enough DNA to code for about two dozen 
typical polypeptides (Hogness et al., 1974; Laird, 
1973). [Abbreviations: kb (kilo bases) equals 1000 
bases or base pairs in single- or double-stranded 
nucleic acids, respectively.] 

Our present ignorance of the arrangement of 
genetic information in eucaryotic chromosomes 
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allows the coexistence of a variety of models to ex- 
plain this low cistron to DNA ratio (Beerman, 1962; 
Bishop, 1974). These models can, however, be dis- 
tinguished according to the topographythat each im- 
poses on the repetitive and nonrepetitive se- 
quences, and on the transcribed and translated 
sequences. We therefore have initiated a series of 
experiments designed to map these sequences 
within and among the chromomeric units. In the first 
report on this series (Wensink et al., 1974) three 
different segments of D. melanogaster DNA (abbre- 
viated by Dm segments) were isolated and their se- 
quences analyzed for repetition and mapped within 
the polytene chromosomes. They were isolated by 
constructing circular hybrid DNAs consisting of a 
single Dm segment linked by poly(dA) * poly(dT) 
joints to a single molecule of the tetracycline resis- 
tance plasmid, pSClO1, and cloning such hybrid 
plasmids (abbreviated by pDm) by introducing them 
into Escherichia coli and selecting for tetracycline- 
resistant colonies. 

Here we report on the characterization of the se- 
quences in six additional Dm segments, also isolat- 
ed by cloning pDm plasmids. In this case the Dm 
segments were inserted into pSClO1 by the EcoRl- 
ligase method (Mertz and Davis, 1972; Cohen et al., 
1973), modified to guarantee that each pDm plas- 
mid contains only one Dm segment. Four of the six 
segments consist of sequences that exhibit little or 
no repetition and are confined to a single chromo- 
merit region. These properties also characterize 
two segments in the previous set (Wensink et al., 
1974), and are inconsistent with tandem repetition 
models for the chromomeric unit. The other two 
segments analyzed here contain moderately repeti- 
tive sequences that are located in the heterochro- 
matin. One of these contains the DNA comple- 
mentary to 18s and 28s rRNAs. 

Results 

The pDm Molecules Contain a Single Dm 
Segment 
The EcoRl-ligase method for linking DNA fragments 
is indiscriminate in that any two of the identical ter- 
mini created by the EcoRl endonuclease can be co- 
valently joined with E. coli ligase (Mertz and Davis, 
1972; Cohen et al., 1973). A mixed population of 
circular molecules with the general formula, 
(Dm)i(pSC)r, therefore is expected from the ligation 
of a mixture of EcoRl -cut pSC101 DNA (abbreviated 
by pSC) and the Dm segments created by cleavage 
with this enzyme. To insure that hybrids with i or 
j > 1 are excluded during the isolation of the de- 
sired (Dm),(pSC), hybrid, we have introduced the 
following series of molecular sizing steps. 
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Table 1. Lengths of the pDm Plasmids and the EcoRl Fragments 
Obtained from Their Dm Segments 

Plasmid 

pDmlO1 

L&h” 
W 

24.6 
(hO.2) 

EcoRl 
Frag- 
merits 

WO 

9, 3.8 

1.5, 1.4 

z = 15.9 

pDmlO2 27.7 
(hO.3) 18.5 11.8, 6.1 

z = 17.9 

pDm103 26.3 
(*0.3) 17.1 17.0 

pDm105 26.8 
(f0.3) 17.6 4.9, 3.3 

2.9, 2.9 

2.6, 1.4 

B = 18.0 

pDm106 24.5 
(10.4) 15.3 7.9, 6.1 

1.3 

z = 15.3 

pDm107 27.2 
(f0.2) 18.0 8.6, 4.9 

4.3 

B = 17.8 

OThe mean length (L,,& and its standard error (in parentheses) 
are given for each plasmid (N = 17 -ir 4). 
bLD, = L,o, - L,x, where L,x is 9.2 kb, the length of pSC101 
DNA (Wensink et al., 1974). 
cThe lengths of the EcoRl fragments were determined by electron 
microscopy, except for the values given in bold face print. These 
were determined by agarose gel electrophoresis (Green et al., 
1974), using the EcoRl fragments of phage h DNA (Thomas and 
Davis, 197.5) and the EcoRl and Hpa I fragments of SV40 DNA 
(Nathens and Smith, 1975) as length standards. 

D. melanogaster DNA was partially cleaved with 
EcoRl and then fractionated by agarose gel electro- 
phoresis to obtain a narrow size class of Dm seg- 
ments with mean length and standard deviation of 
14.2 + 2.3 kb (N = 126). These molecules were in- 
cubated with EcoRl-cut pSClO1 DNA in the pre- 
sence of ligase, and the reaction products fraction- 
ated by zone sedimentation in a sucrose gradient 

eliminate circular hybrids larger than 
[im),(pSC), (see Experimental Procedures). The 
DNA in the combined gradient fractions was then 
used to transform tetracycline-sensitive E. coli 
HBlOl to resistance according to previously de- 
scribed procedures (Wensink et al., 1974). 

A trial screening indicated that only a small 
fraction (l/40) of the transformants contained pDm 

plasmids, the remainder containing pSC101. This 
low frequency is due, at least in part, to the stringent 
selection against the (Dm)*(pSC), or larger hybrids 
that was employed when combining the gradient 
fractions (Experimental Procedures). In order to in- 
crease the proportion of hybrid molecules, plasmids 
were isolated from a mass culture inoculated with 
bacteria from approximately 800 colonies, and this 
DNA was fractionated by gel electrophoresis. 

The plasmid DNAs isolated from the mass culture 
distributed into two length classes corresponding 
to pSC101 monomers and the (Dm),(pSC), hybrids. 
As expected, the hybrid class constituted only a few 
percent of the total and had a length distribution 
of 22.6 & 2.7 kb (N = 37). The hybrid molecules, 
separated from pSC101 monomers by gel electro- 
phoresis, were used to obtain individual trans- 
formed clones. Seven of these clones were selected 
and their plasmid DNAs characterized with respect 
to the properties given in Table 1. Only six of the 
pDm plasmids are listed in the table because two 
(pDm 101 and 104) are identical with respect to all 
properties discussed in this paper. We presume that 
both originate from the same one of the approxi- 
mately 20 hybrid clones in the original population 
of 800 transformants. 

The length distributions of these plasmids indi- 
cate that each is homogenous, and that these 
lengths correspond to the desired (Dm),(pSC), hy- 
brids. This 1:l structure is also indicated by the 
population of fragments obtained by complete 
EcoRl cleavage. Each plasmid yielded a pSClOl- 
size fragment (9.2 kb; Wensink et al., 1974), to- 
gether with the fragments listed in Table 1, which 
are presumed to derive from the Dm segment. 
Whereas five of the pDm DNAs yielded one mole 
of the pSClOl-size fragment per mole of the other 
fragments, one (pDmlO1) produced 2 moles of 9 
kb fragments per mole of the others. As is indicated 
in Table 1, we have assigned one of these to the 
DmlOl segment. The conclusion that pDmlO1 has 
a (Dm),(pSC), rather than a (Dm)I(pSC)z structure 
is based on the following two arguments. 
-The reassociation kinetics of pDmlO1 DNA in the 
presence of total D. melanogaster DNA (reported 
in a subsequent section) indicate that approxi- 
mately 60% of this hybrid consists of D. melanogas- 
ter sequences. The expected percentages are 63% 
and 25% for the (Dm)r(pSC), and (Dm)r(pSC)2 
structures, respectively. 
-Two pSC101 segments would occupy 18.4 kb of 
the 24.6 kb in pDmlO1, and leave only 6.2 kb for 
the Dm segment, which is more than 3 standard 
deviations less than the mean length of the Dm seg- 
ments used to construct the hybrids. 
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The Buoyant Densities of the Dm Segment 
Correspond to that for D. melanogaster DNA 
The buoyant densities of pDmlO1, 102, 103, 105, 
106, and 107 DNAs in CsCl are, respectively, 
1.7045,1.7065,1.7047,1.7029,1.7069,and1.7058 
g * cm-x. Given that the density of pSClO1 DNA is 
1. 7104 g * cm-s, and that the relative lengths of the 
Dm and pSC101 segments in each hybrid are 
known (Table 1), one can calculate the buoyant 
densities of each Dm segment (Wensink et al., 
1974). These densities are: 1. 701 -DmlOl , 1. 705- 
Dm102, 1.702-Dm103, 1.699-DmlO5, 1.706- 
Dm106, and 1.703-Dm107. All values fall within the 
density profile of the main band of D. melanogaster 
DNA (Schachat and Hogness, 1973). 

The Dm Segments Divide into Two Groups 
According to the Repetition Frequencies of Their 
Sequences 
The reassociation kinetics of randomly sheared 
pDm DNAs have been determined in the absence 
and presence of total D. melanogaster DNA to test 
for sequence repetition within the Dm segment and 
within the D. melanogaster genome, respectively. 
The self driven reassociation kinetics were deter- 
mined as indicated in Figure 1. The data points for 
all pDm DNAs except pDm103 fit the modified sec- 
ond order rate equation 

C/C, = (1 + kC,t)-n (1) 

as is exemplified by the results given for pDm105 

C 

cg 

1 .o 

0.6 

Cot, Msec 

Figure 1. Self-Driven Reassociation Kinetics of pDm DNAs 

The labeling of the pDm DNAs with QP and the reassociation reac- 
tion were carried out exactly as described by Wensink et al. (1974). 
C and C, are the concentration of single-stranded DNA at time, 
t, and t = 0. Conditions for reassociation were: C, = 2 x 10-T M; 
0.5 M NaCl in TE buffer; 65°C. The sigmoid curves are the least 
squares best fit of Equation (1) to the data (Morrow, 1974). The 
fitted curves for pDmlO1, 102, 105, 106, and 107 yield k,o, values 

of 241,258,308,339, and 163 M-r see-r, respectively. The second 
order rate constants for the slow and fast reassociation compo- 
nents in pDm103 were determined as indicated in the text, and 
are 207 and 2 X 105 M-1 set -I, respectively. 

in Figure IA [k is the second order rate constant, 
and n = 0.44 when reassociation is assayed with 
Sl endonuclease (Morrow, 1974), as is the case 
here]. This is the expected result if no sequence 
repetition exists within the Dm segment, since in 
that case the pDm DNA should reassociate as a 
single kinetic component, given that the sequences 
in pSC101 are nonrepetitive (Wensink et al., 1974). 

Such a fit is not, however, a very sensitive test 
for repetition, since the more rapid reassociation 
of Dm sequences caused by low frequencies of rep- 
etition will not be sufficient to produce detectable 
phases in the reassociation curve. A more sensitive 
test results from comparison of the observed value 
for the second order rate constant with that calcu- 
lated from the equation 

k pDm = kpdLpsc/LpDm) (2) 
which results from the fact the rate constants for 
nonrepetitious DNAs are inversely proportional to 
L, the length of their genomes (Morrow, 1974). The 
ratios of the observed to calculated kpDm’S are 1 .19 
and 0.89 for pDmlO1 and l-07, respectively, and are 
not significantly different from one. The ratios for 
pDm102, 105, and 106 are 1.44, 1.66, and 1.67, re- 
spectively. These higher observed kpDm’s suggest 
that some sequence repetition may occur in the 
corresponding Dm segments. The frequency of that 
repetition cannot, however, be large. For example, 
one can calculate that if all sequences are repeated 
two times per Dm segment, the kpDm will be in- 
creased 1.5-l .6 fold above that expected for no 
repetition. 

The self driven reassociation kinetics for pDm103 
is given in Figure 1 B. The fall-off of the data points 
from the curve for Equation (1) that is seen at low 
values of Cot was reproduced in a second experi- 
ment, and indicates that a small fraction of the se- 
quences in pDmlO3 reassociate faster than the rest. 
These sequences must be repeated within the Dm 
segment. Using the same procedure as that em- 
ployed in the analysis of the biphasic curve shown 
in the inset to Figure 2A, we estimate: 
-that approximately one tenth of pDmlO3 consists 
of sequences repeated on the order of 100 times 
per molecule; 
-and that the remaining sequences are not repeat- 
ed within the plasmid. That is, approximately 15% 
of the Dm103 segment, or approximately 3 kb, ap- 
pears to consist of the repetition of a small se- 
quence. 

The repetition frequencies of Dm sequences with- 
in the D. melanogaster genome were determined 
from an analysis of the reassociation kinetics of a 
mitIUt6 quantity of highly radioactive pDm DNA in 
the presence of a large amount of unlabeled D. mel- 
anogaster DNA, according to the method of Wen- 
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pDm 162 rC,Dm$i pDm 101 

0.8 

0.6 

COt, Msec 

Figure2. Reassociation Kinetics of Dm Sequences in the Presence 
of D. melanogaster DNA 

A mixture of 3zP-labeled pDm DNA (approximately 2 x IO-9 M) 
and unlabeled D. melanogaster DNA (approximately 1 x IO-2 M) 
was sheared, denatured, and the reassociation of the labeled DNA 
followed as described by Wensink et al. (1974) under the conditions 
given in Figure 1. CYm and C,Dm are the concentrations of single- 
stranded DNA from the labeled Dm segments at t and t = 0. Values 
of CDm/C,Dm were obtained by subtracting out the contribution of 
the pSC101 sequences, as described previously (Wensink et al., 
1974). The C, in the abscissa refers to the unlabeled D. melanogas- 
ter DNA. The curves for Dm102,103, and 105 are the least squares 
best fit of a modified form of Equation (1) to the data [that is, 
CDm/CoDm = (1 + k’,&,t)-n, with n = 0.441, and yield klpDm val- 
ues of 0.039, 16.1, and 0.082 M-1 see-1, respectively; Dm106 and 
107 (not shown) yield values of 0.100 and 0.036 M-1 see-1, respec- 
tively. 

Rearrangement of this equation gives [CODm/CDm]r/n = 
1 + k’ p&ot. A plot of [C,Dm/CDm]l/n compared against C,t should 
and does yield a straight line for the above Dm segments; how- 
ever, the biphasic curve shown in the inset is obtained for DmlOl 
and indicates it consists of two sequence classes with different rep- 
etition frequencies, N, and a2. The portion of DmlOl occupied 
by each class, p, and p2, and the (Y values were calculated 
from the following previously derived relations (Hogness et al., 
1974): p = 1 -I-“, p2 = I-n, a, = (k,F,/k,o,)(LD/L,,&, nz = 
(kzF2/kpo,)(LD/LpDm), where I is the intercept to the [C,,Dm/CDm]l/n 
ordinate of the straight line formed by the data points at large 
C,t values, k, and kp are the second order rate constants for the 
two classes, and F, and FI are the fractions of the D. melanogaster 
genome that they occupy. p, and pz were obtained directly from 

sink et al., 1974. The large amount of added D. mel- 
anogaster DNA controls and increases the rate of 
reaction of the labeled Dm sequences, but does not 
influence the reassociation rate of the labeled 
pSClO1 sequences in the hybrid. The contribution 
of the pSClO1 sequences to the labeled DNA that 
has reassociated can therefore be subtracted by 
computation to yield the reassociation kinetics of 
the Dm sequences that are shown in Figure 2. 

The data points for Dm102, 105, 106, and 107 fit 
the second-order curve computed from Equation 
(l), as is exemplified by the data for Dm102 and 
105 given in Figures 2A and 2B, respectively. If it 
is assumed that the Dm sequences are not repeated 
within the segment, then 01, the repetition frequency 
of these sequences within the D. melanogaster hap- 
loid genome, is given the following equation (Wen- 
sink et al., 1974): 

01 = (k’,om/k,o,)(Lo/L,om) (3) 

where kpDm and L,,D,,, have their previously assigned 
meanings; klpD,,, iS the rate Constant for the reasso- 
ciation of Dm sequences that is driven by total D. 
melanogaster DNA (Figure 2); and LD is the length 
of DNA in the haploid genome, or 165,000 kb (Rud- 
kin, 1972). The resulting values of 01 are given in 
group I of Table 2 and are all between 0.9 and 2.0. 

If sequences are repeated within Dm102, 105, 
and 106, as suggested by the self driven kinetics, 
then their (Y values would be slightly larger. For ex- 
ample, if all sequences are equally repeated within 
the segment, then 01 is given by: 

Q = (k’,om/k,sc)(Lo&d (4) 

which yields the values given in parentheses in 
Table 2. Equation (4) is valid for any degree of repe- 
tition including none (Hogness et al., 1974). Equa- 
tion (3) is preferred when no repetition exists within 
the segment, since both rate constants in the ratio, 
k’ pod kpomr are determined with the same prepara- 
tion of labeled plasmid DNA. 

The other two Dm segments are placed in another 
group in Table 2 because they contain sequences 
with repetition frequencies more than an order of 

I and both equal 0.5. The values for k,F, and k2F2, and hence 
01, and 01~~ ware determined by successive approximation. Starting 
with kzF2 = S/I, where S = slope of the line with intercept, I, krF1 
was calculated at low C,t values from 

CDm/&Dm = pI(C’/C,‘) + p2(C2/C,z) (5) 

where Cr/C,r = (1 + k,F,C,t)-n and G/C,* = (1 + k2F2Cot)-? 
see Hogness et al. (1974). The resulting value of k,F, was then 
used to convert the observed CDm/C,Dm values to G/C&2, and a 
second approximation of kZFZ obtained from the slope of the line 
given by a plot of (C,2/C*)r/n compared against CJ. The resulting 
value (1.25 x 10-Z M-1 see-1) was similarly employed to obtain 
k,F, = 1.19 M-1 seem1. Substitution of these and the above values 
for p, and p2 into Equation (5) yields the dashed curve given in 
Figure 2A. 
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Table 2. Repetition Frequency and Chromosomal Location of the 
Dm Sequences 

Dm 01, Repetition 
Segment Frequencya Locationb 

Group I: 

Dm102 0.9 (1.3) X: 8A 

Dm107 1.3 2R:41 D 

Dm105 1.6 (2.7) 3R82F 

DmlO6 2.0 (3.3) 2R:41 D 

Group II: 

DmlOl Chromocenter 

Class I, 50% 33 

Class 2, 50% 0.3 

Dm103 400 Nucleolus 

001 was calculated from Equation (3), except for: 
-the values given in parentheses, where Equation (4) was used, 
-and those for the two sequence classes in DmlOl, where the 
procedure given in the legend to Figure 2 was used. 
bSee Lindsley and Grell(1968), for numeration of the chromomeric 
regions, and Wensink et al. (1974), for the autoradiographic resolu- 
tion. 

magnitude greater than those in group I. DmlOl 
yields a biphasic curve (inset, Figure 2A), which is 
most simply interpreted as the result of two classes 
of sequences with different repetition frequencies. 
Analysis by a modification (Hogness et al., 1974) 
of a method described by Morrow (1974) and sum- 
marized in the legend to Figure 2, indicates that 
each class occupies about half of the DmlOl seg- 
ment and that they exhibit 01 values of 0.3 and 33 
repeats per genome (Table 2). 

The quantitative analysis of Dm103 has proved 
difficult due to an exceptional scatter of the data 
points (Figure 28) that is reproduced in repeated 
experiments. This scatter would prevent detection 
of the two classes of sequences in Dm103 that were 
indicated by the self driven kinetics (Figure 1 B). We 
have therefore calculated an average value of 01 for 
the Dm103 sequences from Equation (3), where 
k’ Pam was computed from the least squares best fit 
of Equation (1) to the data points in Figure 2B. The 
Value obtained is 400 repeats per haploid genome. 

The Dm Segments Divide into Two Groups 
According to the Chromosomal Location of Their 
Sequences 
The sequences in each Dm segment were mapped 
in the polytene chromosomes by in situ hybridiza- 
tion. The experiments were performed as described 
in the legend to Figure 3, using 3H-labeled cRNA 
obtained by transcription of each pDm DNA in vitro 
with E. coli RNA polymerase, and 3H-labeled DNA 
obtained by nick translation of pDmlO1, 102, 106 
and 107 with E. coli DNA polymerase I. Examples 
of the labeling patterns are given in Figure 3, and 

the chromosomal sites obtained from such patterns 
are listed in Table 2. The results obtained with both 
cRNA and nick translated DNA were concordant. 
Earlier experiments (Wensink et al., 1974) demon- 
strated that the sequences in pSC101 DNA exhibit 
no in situ hybridization with D. melanogaster chro- 
mosomes. 

All Dm segments consisting of sequences that ex- 
hibit little or no sequence repetition (group I, Table 
2) are localized to a single chromomeric region. Al- 
though Dm106 and 107 are easily distinguished by 
their other properties and show no detectable ho- 
mology in heteroduplex experiments, they exhibit 
the same pattern at the level of resolution of our 
in situ hybridization experiments, that is, to within 
a few bands. This was confirmed by comparing the 
pattern produced by a mixture of nick-translated 
DNAs from pDmlO6 and 107 (Figure 3d), to that 
produced by the individual DNAs. No difference in 
the pattern obtained from the three sets of slides 
was observed. 

The sequences in DmlOl and 103, which contain 
moderately repetitive sequences (group II, Table 2), 
are not found in the chromomeric arms of the poly- 
tene chromosomes. DmlOl sequences are local- 
ized in the heterochromatin of the chromocenter, 
and Dm103 sequences in the nucleolus. 

Dm103 Contains Sequences Complementary to 
18s and 28s rRNAs 
The nucleolar location of Dm103 sequences and 
their high repetition frequency suggest that Dm103 
contains some part of the tandemly repeated gene- 
spacer units in the rDNA of Drosophila (Hamkalo, 
Miller, and Bakken, 1973; Meyer and Henig, 1974). 
Proof that this is the case has been obtained by 
hybridizing labeled 18s and 28s rRNA to nitrocellu- 
lose filters containing denatured pDm103 DNA (Fig- 
ure 4). Under conditions of rRNA saturation, 7.9% 
of the pDm103 DNA on the filter hybridizes to the 
28s rRNA, and 12.4% to a mixture of 18s and 28s 
rRNA. These results indicate that 4.2 kb of the 
pDm103 molecule corresponds to 28s rRNA se- 
quences, and 2.3 kb correspond to 18s rRNA se- 
quences. Since the lengths of these two rRNAs are 
4.1 kb and 2.1 kb in Drosophila (Loening, 1968) 
we conclude that the DmlO3 segment contains ap- 
proximately one copy of each of the corresponding 
sequences. 

Discussion 

Group I Segments 
The sequences in a group I segment are confined 
to a single chromomeric region and exhibit little or 
no repetition. These properties are inconsistent 
with tandem repetition models of the chromomeric 
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Figure 3. Hybridization of Dm Sequences to Polytene Chromosomes In Situ 

Experiments were performed as described by Wensink et al. (1974), except that in some cases 3H-labeled pDm DNA, prepared by nick 
translation (Schachat and Hogness, 1973), was used instead of cRNA. 

(a) Labeling of 01 and p heterochromatin in the chromocenter by pDmlO1 SH-DNA (0.8 x 107 cpm/ml); 8 days exposure. 
(b) Labeling of the nucleolus by pDmlO3 SH-cRNA (4.4 x 107 cpm/ml); 9 days exposure. 
(c) Labeling of the 82F region in 3R (that is, right arm of chromosome 3) by pDm105 3H-cRNA (6.9 x 107 cpm/ml); 4 days exposure. 
(d) Labeling of 41D in 2R by a mixture of SH-DNA from pDmlO6 (1.1 x 107 cpm/ml) and pDm107 (0.7 x 107 cpm/ml); 13 days exposure. 

unit (Callan, 1967; Thomas et al., 1973). In these 
models, all or most of the unit is imagined to consist 
of a tandemly repeated sequence that codes for a 
single polypeptide. Such sequences are therefore 
expected to have an average length of l-2 kb and 
be repeated 1-2 dozen times. The repetition fre- 
quencies given by the (Y values for group I segments 
are considerably smaller than this expectation 
(Table 2). In addition, the self driven reassociation 
kinetics indicate that either there is no substantial 
sequence repetition within the segment (DmlO7), 
or, if present, is equivalent to only a 2-fold repetition 
of all sequences in the segment (Dm102,105,106). 

Hence, if these segments are part of or consist of 
tandemly repeated units, such units would be 2 18 
kb in the case of Dm107, and 2 approximately 8 
kb for Dm102, 105, and 106. 

Two of the three Dm segments examined earlier 
(Wensink et al., 1974) also fall into group I. The fact 
that group I segments appear with the same fre- 
quency in both sets suggests that this kind of seg- 
ment represents most of the chromomeric DNA. 
This generalization is tentative because six of the 
nine segments analyzed to date were formed by 
EcoRl cleavage, which, though partial, may intro- 
duce some selection in this sampling procedure. By 
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Figure 4. Hybridization of rRNA to pDmlO3 DNA 

3H ribosomal RNA (5.7 x 104 cpm/pg, see Experimental Proce- 
dures) was hybridized to JZP-labeled pDmlO3 DNA (1.58 x 104 
cpm/bg), or to the control pDmlO2 DNA (1.3 x 104 cpm/pg), on 
Schleicher and Schuell B6 filters essentially as described by Gil- 
lespie and Spiegelman (1965), except that the solvent was 50% 
formamide in 5 x SSC (0.4 ml) and the temperature was 55°C. 
The mixture of “285” and “185” rRNA was 1.6:l.O by mass, re- 
spectively. Each data point is the mean of three determinations, 
normalized to 0.133 pg DNA/filter. 

contrast, the first three segments were formed by 
shear breakage (Wensink et al., 1974), and are ex- 
pected to result from random sampling. 

The reassociation kinetics of group I segments 
obtained in the presence of D. melanogaster DNA 
give no indication of the short period interspersion 
of repetitive and nonrepetitive sequences observed 
in Xenopus laevis and sea urchins (Davidson et al., 
1973). The mean lengths of the repetitive and 
nonrepetitive sequence elements in this short 
period interspersion are 0.3 kb and 0.7-I .l kb, re- 
spectively. The repetitive sequences therefore ac- 
count for 20-30% of the pattern, and this amount 
should be detected by the kinetics illustrated in Fig- 
ure 2, provided that the repetitive sequences are 
comparably defined with 01> 20. We should not ex- 
pect to detect an interspersion pattern in which 
such repetitive sequences represent < 10% of the 
segment, or in which they are defined to include 
sequences repeated only a few times per genome. 

Our results are, in fact, consistent with the pattern 
of interspersion observed in D. melanogaster (Man- 
ning et al., 1975), in which moderately repetitive se- 
quences of number average length 5.6 kb are sepa- 
rated from each other by repetitive sequences of 
length greater than 13 kb. 

Group II Segments 
Both DmlOl and 103 contain sequences with repe- 
tition frequencies an order of magnitude or more 
greater than those for sequences in group I seg- 

ments, and these moderately repetitive sequences 
are located in the heterochromatin. DmlOl is about 
equally divided between sequences with (Y = 33 
and those with Q = 0.3. The finding of an cr value 
near 0.25 suggests that DmlOl is a segment of the Y 
chromosome. This is because the D. melanogaster 
DNA used to drive the reassociation reaction 
derives from a 1:l mixture of males and females, 
and therefore a nonrepetitive sequence in Y, X, or 
an autosome will exhibit an N value of 0.25, 0.75, 
or 1.00, respectively. Furthermore, the Y chromo- 
some is confined to the heterochromatic chromo- 
center of the polytene chromosomes, where the 
DmlOl sequences map (Figure 3). Whether the mo- 
derately repetitive sequences and nonrepetitive se- 
quences are interspersed within this segment or 
occur in single blocks can be determined by analy- 
sis of its EcoRl fragments (Table 1) or of fragments 
produced by other restriction endonucleases. This 
kind of internal sequence mapping has been re- 
served for a subsequent phase of these studies. 

The location, repetition frequency, and rRNA 
complementarity of the sequences in Dm103 all in- 
dicate that it derives from the nucleolus organizer 
(NO) in either the X or the Y chromosomes (Ritossa 
et al., 1966). The NO in the X chromosome of D. 
melanogaster (Oregon R) contains about 260 
repeats of the 18-288 rRNA gene, and that in the 
Y chromosome somewhat less (Spear, 1974). The 
LY value of 400 that we obtain for Dm103 is not signif- 
icantly different from these repetition frequencies, 
given the scatter of the data points (Figure 2). 

These genes occur in tandem arrays of gene- 
spacer units that have been visualized in the elec- 
tron microscope as transcription matrices (Hamkalo 
et al., 1973; Meyer and Henig, 1974; Chooi and 
Laird, personal communication). The simplest as- 
sumption is that Dm103 was cut from the middle 
of such an array by EcoRl, and, since it contains 
no internal EcoRl cleavage sites (Table 2), is equal 
to or less than a repeating unit. Given that the 
length of the 38s primary transcript is 8.3 kb (Perry 
et al., 1970), then the length of the spacer region 
would be > 8.8 kb. The length of the “spacer chro- 
matin” in the transcription matrices observed by 
Chooi and Laird is about 1.4 pm and 0.8 pm for 
the X and Y chromosomes, respectively. Given a 
foreshortening of up to 50% for the DNA in such 
spacer regions (Laird, Foe, and Chooi, personal 
communication), these lengths represent up to 
about 8.4 kb and 4.8 kb of DNA in the X and Y 
spacers, respectively. This suggests that DmlO3 
represents the repeating unit in the NO of the X chro- 
mosome, and that the length of the repeating unit 
in the NO of the Y chromosome is about 13 kb (that 
is, 4.8 + 8.3 = 13.1 kb). This suggestion is 
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strengthened by the recent observation that 
agarose gel electrophoresis of D. melanogaster 
DNA that had been completely digested with EcoRl 
yielded two major length classes of fragments capa- 
ble of hybridizing to cRNA from pDml03-one of 
about 17 kb and other of approximately 12 kb (un- 
published experiment of D. M. Glover). 

Experimental Procedures 

Bacteria 
E. coli K12 strain HBlOl is hsm-, hrs-, recA-, gal-, pro-, stP 
(Boyer and Roulland-Dussoix, 1969) and was obtained from H. W. 
Boyer; C600 (pSC101) was obtained from S. N. Cohen (Cohen et 
al., 1973). 

DNAs and Enzymes 
D. melanogaster (Oregon R) DNA, and the pSClO1 and pDm plas- 
mid DNAs were isolated as described by Wensink et al. (1974). 
EcoRl endonuclease was prepared according to the procedure of 
Green et al. (1974). The E. coli enzymes, DNA ligase (Modrich, 
Anraku, and Lehman, 1973), DNA polymerase I (Jovin, Englund, 
and Bertsch, 1969) and RNA polymerase (Berg, Barrett, and 
Chamberlin, 1971) were prepared according to the indicated refer- 
ences and generously provided by P. Modrich, D. Brutlag, and 
W. Wickner, respectively. DNAase I and Aspergillus oryzae Sl 
endonuclease were obtained from Worthington Biochemical Corp. 
and Seikagaku Kogyo Co., respectively. 

Electron Microscopy and Buoyant Densities 
DNA lengths were measured in the electron microscope relative 
to reference DNAs (pSClO1 = 9.2 kb, Wensink et al., 1974; 
X = 46.5 kb, Davidson and Szybalski, 1971) present on the same 
grid prepared by aqueous spreading (Davis, Simon, and Davidson, 
1971). Buoyant densities of DNAs in CsCl were determined as de- 
scribed by Champoux and Hogness (1972). 

Construction of Hybrid Molecules 
The pDm plasmids were constructed by the following modification 
of the EcoRl -ligase method (Mertz and Davis, 1972; Cohen et al., 
1973). D. melanogaster DNA was partially digested with EcoRl en- 
donuclease and then fractionated according to length by electro- 
phoresis (2 volts/cm, 36 hr, 20-25’C) in 0.7% agarose slab gels 
(Green et al., 1974). The fragments in individual slices were re- 
covered by electrophoresis and their lengths determined by elec- 
tron microscopy. 40% of the fragments in the selected fraction 
(14.2 i 2.3 kb; see text) have EcoRl termini at both ends as judged 
by their ability to cyclize in the presence of E. coli DNA ligase 
(Mertz and Davis, 1972). This DNA was mixed with EcoRl -cleaved 
pSClO1 DNA (Wensink et al., 1974) so that the ratio of fragments 
with two EcoRl termini to pSC101 molecules was 1.3, and the join- 
ing reaction was carried out in two stages. The DNA (130 pg/ml) 
was incubated in 0.1 mM DPN, 1 mM EDTA, 10 mM each of 
(NH&S04, MgS04, and Tris-HCI (pH 7.5) 14 pg/ml DNA ligase, 
100 pg/ml BSA for 45 or 110 min at 14°C. It was then diluted 
33 fold in the above reaction buffer, more ligase added to a final 
concentration of 13 pg/ml, and incubation at 14’C continued for 
16 hr. The products were fractionated by zone sedimentation in 
a sucrose gradient (Hobom and Hogness, 1974) to exclude circular 
hybrids larger than (Dm),(pSC)r Because the standard deviations 
of the lengths of circular DNAs in the relevant gradient fractions 
was 4-5 kb, elimination of (Dm)2(pSC)1 hybrids (expected 
lengths = 37.6 f 3.3 kb) required the exclusion of fractions in 
which the mean length was greater than 20-22 kb. Purification 
and yield of the desired (Dm),(pSC), hybrids (expected 
lengths = 23.4 + 2.3 kb) were therefore sacrificed in favor of 
eliminating the undesired hybrids when combining fractions. The 
DNA in the combined fractions was used for the transformation 
steps described in the text. 

Preparation of ‘H Ribosomal RNA 
SH-labeled rRNA (5.7 x 104 cpm/ag) was prepared from 
Schneider’s line 2 of D. melanogaster cells grown in spinner 
cultures as described previously (Blumenthal, Kriegstein, and 
Hogness, 1973) except that the media contained IO gCi/ml 3H- 
uridine (29 Ci/mmole) at inoculation (4 x 105 cells/ml), and 20 
j.Ci/ml at 48 hr. Cells were harvested at a density of 2 x 106 cells/ 
ml, washed twice in isotonic saline (9 mg/ml NaCI, 0.42 mg/ml 
KCI, 0.25 mg/ml CaCl*, 0.2 mg/ml NaHCOB, 2.5 mg/ml glucose), 
suspended in the aqueous phase obtained from an equilibrium mix- 
ture (0°C) of phenol containing 0.1% B-hydroxyquinoline and 150 
mM NaCI, 1.5 mM MgCl2, 10 mM Tris-HCI (pH 7.4) lOpg/ml poly- 
vinylsulphate, and disrupted in a Dounce homogenizer. After addi- 
tion of the phenol phase, shaking and separation of phases by 
centrifugation, the aqueous phase was made 0.1% in sodium dode- 
cylsulphate and 0.2% in diethylpyrocarbonate, shaken again with 
phenol, and the resulting aqueous phase layered onto a 5-20% 
sucrose gradient (0.2 M NaCl in TE). After centrifugation (Beckman 
SW41 rotor, 5 hr, 40,000 rpm, 4°C) the peak fractions were com- 
bined to yield, after dialysis and ethanol precipitation, the “18s” 
rRNA, whereas the combined fractions at the leading edge of the 
“28s” peak were ethanol precipitated, centrifuged as above, and 
the peak fractions from this second gradient combined, dialyzed, 
and concentrated to yield the “28s” rRNA. 
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