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ABSTRACT A large fraction of the genome of the lepidop-
teran Antheraea pernyi consists of interspersed single-copy
sequences and repetitive DNA sequences of 300 nucleotide
average length. Most of the single-copy sequences are about 800
nucleotides long and a minority are considerably longer. Thus,
the organization of the DNA sequences of this insect is similar
to that of most higher organisms and different from that of
Drosophila.

Recent studies have shown that repetitive and nonrepetitive
sequences are extensively interspersed in the genomes of several
eukaryotes. Studies of this kind have been reported for calf (1),
rat (2), Xenopus (3), sea urchin (4), Aplysia, a mollusc (5), a
slime mold (6), and six other invertebrate species from diverse
phylogenetic groups (7, 8). It was shown that in these organisms
the major fraction of the DNA is organized in a pattern de-
scribed first in detail for Xenopus DNA ("Xenopus pattern").
This pattern of DNA sequence organization has the following
characteristics: (a) the majority of the repetitive sequences are
short (with an average length of 300 nucleotides), and these
alternate with single-copy sequences; (b) the majority of the
single-copy sequences extend for less than about 1500 nucleo-
tides before terminating in repetitive sequence elements; (c)
a fraction of the single-copy sequences are longer, up to several
thousand nucleotides in length, but are also interspersed with
repetitive sequences.
A strikingly different pattern of DNA sequence organization

has been found in two insects, Drosophila melanogaster, a
dipteran (9, 10) and in the honeybee, a hymenopteran (Crain,
Davidson, and Britten, in preparation). The Drosophda genome
contains few short repetitive sequences interspersed with single
copy regions (9, 10). The electron micrographic studies of
Manning, Schmid and Davidson (9) indicate that the repetitive
sequence regions range from a few hundred to more than
10,000 nucleotides in length, Manning et al. were unable to
measure the length of the single-copy sequences, but they es-
timated that there were about 2800 repetitive regions which
would have an average spacing of 30,000 nucleotides of sin-
gle-copy DNA if they were generally distributed throughout
the DNA. Recent measurements (Finnegan, Rubin, and Hog-
ness, personal communication) with cloned Drosophila DNA
sequences show that in some cases a small fraction of a repetitive
region has a sequence in common with a small fraction of an-
other region. This suggests that there is another level of se-
quence organization of the repeated sequences still to be re-
vealed..
The widespread occurrence of the "Xenopus pattern" of

DNA organization (7, 8) suggests that the short interspersed
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of nucleotide/liter) X time (second).
t Also Staff Member, Carnegie Institution of Washington, 1530 P Street,
N.W., Washington, D.C. 20005.

repetitive sequences might play an important role in chromo-
some function. It was postulated that they are involved in the
regulation of genetic activity (11). This notion was indirectly
supported by the observation that the sea urchin DNA single-
copy sequences contiguous to interspersed repetitive elements
include most or all of the structural genes that are active in
embryogenesis (12). It is important, therefore, to determine
whether or not the Drosophila and honeybee exceptions are
characteristic of DNA sequence arrangement in insects. As we
report here, silkmoth DNA sequence organization belongs to
the more general "Xenopus pattern". In addition, knowledge
of the general features of genome organization in the silkmoth
provides a necessary background for ongoing studies of chorion
genes and their organization in this species.

MATERIALS AND METHODS
Preparation of DNA. DNA was extracted from nondevel-

oping pupae of Antheraea pernyi, obtained commercially and
stored at 20. For each preparation 60 pupae were shredded for
1 min (Waring Blendor full speed, in 0.1 M NaCl, 0.01 M
EDTA, 0.05 M Tris at pH 8.7). The homogenate was filtered
(Nitex, 153 and 56 ,m mesh) and spun for 10 min at 4000 X g.
The pellet was resuspended in the same buffer containing 1 M
NaCl04 and made 2% in sodium dodecyl sulfate (NaDodSO4).
After 1 hr at 370 an equal volume of Sevag solution (chloro-
forn:isoamyl alcohol, 24:1, vol/vol) was added. The suspension
was shaken for 15 min and centrifuged. An equal volume of
phenol was added to the aqueous phase and, after shaking, a
volume of Sevag solution was added. The aqueous phase was
reextracted with phenol-Sevag solution (1:1) twice. The DNA
was precipitated with 0.5 volume of cold isopropanol, wound,
dissolved overnight in 1 mM EDTA at pH 7, and digested for
1 hr at 370 with 50.ug/ml of RNase A (preheated for 10 min at
80°). The solution was digested with 200 ug/ml of Pronase for
1 hr at 370 (preincubated for 2 hr at 370) and extracted with
phenol-Sevag solution. The DNA was precipitated with 2
volumes of ethanol and dissolved in 1 mM EDTA at pH 7. To
remove contaminating polysaccharides, the solution was spun
for 30 min at 150,000 X g.
[3HJDNA was synthesized by ovarian follicles (stages from

germarium to degeneration of the nurse cells), in organ culture
for 8 hr in 1.5 ml of Grace's medium containing 1 mCi of
[methyl-3Hjthymidine (specific activity 50.8 Ci/mmol). The
DNA was extracted from nuclei and showed a specific activity
of about 2 X 104 cpm/Ag.
The hyperchromicity of all DNA preparations was about 27%

of the optical density after full denaturation at 98°. Melting
profiles and analytical equilibrium density ultracentrifugation
in CsCl gradients did not distinguish such DNA preparations
from the DNA of pupal testes, which are rich in spermatocytes.
Relative to a phage SP01 DNA marker the DNA had a buoyant
density of 1.694 g/ml, corresponding (13) to 35% G+C.
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Fragmentation of DNA. DNA fragments of desired lengths
were generated by shearing in a Virtis 60 K homogenizer (14)
or were selected from sheared DNA fractionated in preparative
alkaline sucrose gradients. Single-stranded DNA lengths were
determined by sedimentation in isokinetic alkaline sucrose
gradients (15) as described previously (5, 7).

RESULTS
Reassociation Kinetics of 250 Nucleotide DNA Fragments.

The reassociation kinetics of 250 nucleotide long DNA frag-
ments are shown in Fig. 1. Because of the wide range of kinetic
components it was necessary to determine independently the
rate of single-copy DNA reassociation. The open triangles show
measurements of the reassociation of single-copy tracer with
an excess of total 250 nucleotide long DNA driver. The least
squares solution for a single second order component for these
data gives a rate constant of 1.05 X 10-3 M-1 sec-1. This is the
rate constant expected for the genome size of 1 pg, which was
estimated in preliminary experiments by measuring photo-
metrically the amount of DNA in Feulgen stained nuclei of
testis squashes, with Drosophila testis squashes as standard, and
also by measuring the DNA content of counted sperm samples
by diphenylamine. The circles in Fig. la show the reassociation
of 250 nucleotide long fragments of total Antheraea pernyi
DNA and the solid line drawn through them is the least squares
solution for three second order components assuming only that
the rate of the single-copy component is 1.05 X 10-3 M-1 sec1.
The reassociation of these three individual components is por-
trayed by the dashed lines in Fig. la and the rate constants and
fraction of DNA fragments given by the least squares solution
are listed in Table 1. There is no deviation which suggests the
presence of other components. Furthermore it is clear that since
the principal part.of the reassociation is initiated at about Cot
0.05 there is a major fast component which is half reassociated
at about Cot 0.5. However there is no way to decide from these
measurements whether several other components exist or even
a continuum of components with repetition frequencies ranging
from a few thousand copies to a few copies. We use in our
analysis the minimum number of repetitive components that
the reassociation kinetic measurements require, and term these
the very fast or foldback fraction, and the fast and slow repet-
itive components; the latter two components are present in
about 1600 and 15 copies, respectively.

Determination of the quantities of repetitive sequences from
the magnitude of the kinetic components measured by hy-
droxyapatite (HAP) binding is of course affected by their in-
terspersion. Our estimate of the fraction of the genome that is
actually present in the repetitive and single-copy sequences is
also shown in Table 1. The measured components may be de-
scribed as: fragments which contain only single-copy sequences;
fragments which contain slow sequences but not more rapidly
reassociating sequences; fragments containing fast sequences
but not very fast or foldback; and finally those containing very
fast or foldback sequences. Each fraction is bound to HAP as
a result of the reassociation of the most rapidly reassociating
sequence present and may include significant quantities of those
components which reassociate more slowly.

Reassociation Kinetics of 2200 Nucleotide DNA Frag-
ments. 3H-Labeled 2200 nucleotide fragments were incubated
to various Cot values with an excess of unlabeled 250 nucleotide
driver DNA (tracer:driver, 1:360), and the fraction of the la-
beled DNA bound to HAP was measured. Fig. lb shows the
results, together with the least squares solution for two unre-
stricted second order components. Table 1 lists the character-
istics of the two kinetic components resolved by the computer.
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FIG. 1. Reassociation kinetics of A. pernyi DNA at fragment
lengths of 250 nucleotides and 2200 nucleotides. DNA was reasso-
ciated at 0.35 mg/ml in 0.12 M PB at 600 (Cot < 0.5) or at 7 mg/ml in
0.4 M PB at 660 (Cot > 0.5). Data for reassociation in 0.4 M PB are
corrected to the equivalent Cot in 0.12 M PB. The fraction of the DNA
fragments containing duplex regions was estimated by HAP binding.
Fractions were eluted with 0.12 M PB at 60° (single-stranded, un-
bound) and 980 (duplex-containing, bound). Fig. la shows the reas-
sociation of 250 nucleotide fragments of unlabeled total moth DNA
(O 0). The reassociation was followed by monitoring A260 in the
HAP column eluates. The rate of reassociation of isolated single-copy
sequences is also shown (^-^). For this analysis, a fraction of 250
nucleotide tracer not bound to HAP at Cot 3000 was reassociated to-
gether with a 75-fold mass excess of total unlabeled 250 nucleotide
driver DNA (0-0). Fig. lb shows the reassociation of 3H-labeled
2200 nucleotide tracer DNA in the presence of a 360-fold excess of 250
nucleotide unlabeled DNA. The solid curves in panels a and b rep-
resent the solutions of a least squares computer analysis of the data
that yielded the second order components indicated by the broken
lines.

It is immediately clear that the long DNA fragments reas-
sociate very rapidly with the short driver fragments. For ex-
ample, the fraction of the 2200 nucleotide fragments which
have not reassociated with short fragments by Cot 10 is only *
of the corresponding value for 250 nucleotide fragments
themselves. The rapid reaction cannot be accounted for by the
effect of length on the reassociation rate (16) and is indicative
of DNA sequence interspersion (3, 4).
The apparent reassociation constants for the slow and fast

repetitive components of our solution for the 2200 nucleotide
fragments are in reasonable agreement with the corresponding
values at 250 nucleotides. The rate constants for both compo-
nents are somewhat greater for the 2200 nucleotide fragments.
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Table 1. Reassociation analysis of A. pernyi DNA at two fragment lengths

Fragments bearing
Fragments bearing Fragments bearing foldbacks and/or

Fragments bearing repetitive sequences repetitive sequences very rapidly reas-
exclusively single- of only the slowly of the rapidly reas- sociating repetitive
copy sequences reassociating type sociating type sequences
("single-copy") ("slow") ("fast") ("very fast")

Fragment Fraction Rate Fraction Rate Fraction Rate Fraction
length of total constant of total constant of total constant of total

(nucleotides) fragments (M-' sec-') fragments (M-' sec'1) fragments (M-l sec') fragments

250 0.35 1.05 x 10-3 0.30 1.53 x 10-2 0.30 1.69 0.05
2200 <0.03 0.12 2.99 x 10-2 0.54 2.63 0.31
Estimate of
fraction of
genome in
sequence
class* 0.56 0.30 0.10 0.04

* These estimates are approximate and have been made in the following way: the single-copy fraction is the remainder after all of the repetitive
classes have been calculated. For the slow repetitive sequences we use the fraction of fragments observed in the kinetics of reassociation of
250 nucleotide fragments, since we do not know their sequence organization. For estimating the quantity of the very fast fraction, we have
reduced slightly the quantity observed with 250 nucleotide fragments by analogy to the results for the.DNA of other species. The estimate
for the fast fraction was obtained from the sum of fast plus very fast fractions as calculated in the texti, after subtraction of the value listed
in this table for the very fast fraction.

This effect is not significant for the slow component since there
is too little present in the 2200 nucleotide case for an accurate
least squares solution. For the fast component the apparent 50%
acceleration could result from inaccuracy or because the full
length of the repetitive sequence element is likely to be present
on the 2200 nucleotide fragments whereas on the short frag-
ments the sequences are most often broken as the fragments are

sheared to 250 nucleotide length.
In any case the major difference between the 2200 nucleotide

and 250 nucleotide solutions is in the proportions of fragments
which appear to carry each class of sequence. Fragments
carrying exclusively single-copy DNA account for i of the 250
nucleotide DNA (see Fig. la) but are undetectable at a length
of 2200 nucleotides. Clearly, single-copy sequences are exten-
sively interspersed with repetitive sequences in the A. pernyt
genome. The large quantity of 2200 nucleotide fragments that
carry fast repetitive sequences indicates that these sequences
are widely dispersed in the genome. The decrease in the pro-
portion of fragments which appear to be carrying slow repeti-
tive sequences is clearly due to the interspersion of this class with
the fast repetitive sequences.

Therefore we know that both single-copy and slow repetitive
sequences are interspersed with fast repetitive sequences.
However we do not know to what extent slow and single-copy
sequences are interspersed with each other. It is also unresolved
whether the 12% slow kinetic component in the 2200 nucleotide
curve contains some linked single-copy sequences. This point
is emphasized here because it relates to the following mea-

surements of the spacing between repetitive sequences.
Measurement of Length and Amount of Repetitive DNA

Sequences Using SI Nuclease. To study the characteristics of
repetitive DNA sequences, we incubated A. pernyi DNA
fragments of about 1800 nucleotides to Cot 10 and digested
them with Si nuclease under standard conditions (17, and
Britten, Graham, Eden, Painchaud, & Davidson, submitted for
publication) which leave duplex regions intact even if they
contain as much as 20% mismatch. The duplexes were then
separated from the partially digested single-stranded fragments
by binding to HAP. The HAP bound fraction was chromato-

graphed on agarose A-50 (Fig. 2). Approximately 75% (18% of
the starting DNA) eluted almost coincidentally with a 300
nucleotide marker. The single strand length was shown by
subsequent alkaline sucrose gradient centrifugation to be about
230 nucleotides. The remainder of the SI nuclease resistant
material (6% of the starting DNA) was excluded from the
agarose column; it was polydispersed in alkaline sucrose gra-
dients, and varied from a few hundred to a few thousand nu-
cleotides in single strand length.

Fig. 3 and Table 2 show spectrophotometric melting mea-
surements on fractions obtained in the chromatograph of Fig.
2. The tm of the long duplex fraction, 33, is actually slightly
higher than that of native DNA indicating the presence of long
repetitive sequences relatively high in GC content. The tm of
the short duplexes in about 74°. About 30 reduction in tm is
expected to result from the short length of these fragments.
Thus, we estimate a reduction in tm of about 70 due to mis-
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FIG. 2. Size distribution of Si-resistant repetitive DNA se-
quences. Total DNA of 1800 nucleotide fragment length was reasso-
ciated to Cot 10 and treated with SI nuclease. The enzyme-resistant
duplexes were passed over HAP and eluted with 0.4 M PB. They were
then chromatographed on a calibrated agarose A-50 column in 0.12
M PB. The arrows show the elution positions of an exclusion marker
(Ex, long native DNA); an inclusion marker (Inc, 32P4-3) and a 300
nucleotide long DNA marker (300 NT).
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TEMPRElUMFE "C

FIG. 3. Thermal stability and hyperchromicity of repetitive se-
quences as a function of their elution position from the A-50 column.
Individual fractions (identified by number) from the A-50 column
shown in Fig. 2 were melted in a water-jacketed cell in a spectropho-
tometer, and the A26o was measured. The solvent was the 0.12 M PB
column eluant.

match. It follows that the short interspersed repeated sequences
show greater evolutionary divergence than do the long repeated
sequences. A similar result has been observed for all of the other
species that have been examined in this way, including sea
urchin (Britten et al., submitted for publication), Xenopus (11,
17), calf (Britten, unpublished data ), Spisula (7), and sea hare
(Angerer and Britten, unpublished data).
The fraction of the DNA which is resistant to S1 nuclease

under these conditions (24%) permits an estimate of the actual
fraction of the DNA which is in repetitive sequences. Ap-
proximately 10% of the Sl-resistant material might be single
strand tails, as suggested by the reduced hyperchromicity (see
Table 2). Therefore, the repetitive sequences reassociated at
Cot 10 are approximately 22% of the total DNA. At Cot 10 the
fast fraction would have been completely reassociated while
the slow fraction would only be about 25% reassociated (Table
1). Therefore, the maximum amount of slow repeated DNA in
the nuclease resistant fraction is one-fourth of 30% or about 8%
of the genome. The fast and very fast fractions are completely
reassociated at Cot 10 and correspond to about 14% of the ge-
nome.

Table 2. Thermal stability of Si-resistant
repetitive sequences

Fraction of the
A-50 column

(Fig. 2) Hyperchromicity* tm (0C)

33 0.23 85.7
35 0.23 85.0
38 0.23 84.0
42 0.22 81.2
50 0.21 77.2
56 0.20 74.2

Native DNA 0.27 84.0

* Hyperchromicity is calculated as (A260 at 980 - A260 at 60')/A260
at 980. As can be seen from Fig. 2 the agarose column contributes
an unknown small UV absorbing background and these figures
are probably too low by about 5 or 10% of their values. The
average hyperchromicity of the Sl-resistant material compared
to that of fully paired DNA, suggests the existence of 15-20%
single-stranded sequence. Approximately half of this is due to
mismatch, according to the tm measurements, suggesting that
the other half is single strand tails.

FRAGMENT LENGTH MCLEOTDES)
FIG. 4. The fraction of DNA fragments containing repetitive

sequence elements as a function of fragment size. Tracer fragments
of the indicated length were reassociated together with a 400-fold
excess of 250 nucleotide long driver, at driver Cot 20. R represents the
fraction of tracer bound, after correction for the binding that occurred
at Cot 5 X 10-4. The line is an unrestricted computer least squares fit.
For further details, see the text.

The Spacing of Repeated Sequences as Estimated from
the Increase with Length of the Fraction of Fragments
Containing Repeated Sequences. Tracer fragments of various
defined lengths were obtained from sheared DNA fractionated
on a preparative alkaline sucrose gradient. Each fraction was
reassociated with a 400-fold excess of 250 nucleotide unlabeled
driver DNA, at driver Cot 20, and the fraction of tracer frag-
ments containing reassociated sequences was assayed by HAP
chromatography. At Cot 20 the fast fraction is completely
reassociated and the single-copy fraction is not reassociated. The
slow fraction is partially reassociated. Thus, the HAP binding
of the tracer fragments is due principally to the reassociation
of the fast fraction with some contribution from the slow se-
quences and none from the single-cdpy sequences. As a result
of interspersion of different sequence classes with each other
the length of the single stranded regions linked to the reasso-
ciated sequences increases with fragment length.

Fig. 4 shows our best estimate of R, the fraction of fragments
which contain repeated sequences as a function of tracer
fragment length (3, 4). For this estimate a correction for the
increase in binding at Cot 5 X 10-4 due to foldback and very
fast repeated sequences (3, 4) was made using the formula R
= F - Z/1 - Z, where F is the fraction of tracer fragment
bound to HAP at Cot 20 and Z is the fraction of fragments
bound at Cot 5 X 10-4.
The solid line of Fig. 4 represents the least squares solution

of these measurements by the method described by Graham
et al. (4). This curve extrapolates to 14% for very short fragment
lengths. This is surely too low an estimate of the total amount
of repetitive sequences reassociated by Cot 20. The solution is
obviously affected by scatter in the data at short fragment
lengths. Many other solutions are possible and the differences
between them are unimportant in their effect on the inter-
pretation of the major features of the curve in Fig. 4. All solu-
tions show a strong decrease in slope at about 800 nucleotides
and a relatively small slope at long fragment lengths. The in-
terpretation of such "R" curves previously described (3, 4) in-
dicates that there are many repetitive sequence elements which
are spaced by about 800 nucleotides of DNA which was not
reassociated at Cot 20. In addition there is another class of re-
petitive sequences which are spaced much farther apart. Since
no curvature is evident in the data at long lengths we conclude
that the longer spacings are mostly greater than 2400 nucleo-
tides.
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Thus, we conclude that there are two broad classes of re-

petitive sequence spacing In A., pernyi DNA which can be
termed lonig,period and short period interspersion. We can also
conclude that almost all of the single-copy DNA sequences are
included iti this interspersion pattern. We presume by analogy
to the situation in the DNA of other species, that many of these
single-copy sequences have a length of about 800 nucleotides
and that another class is longer. However this pattern is not
directly demonstrated for A. pernyi DNA due to the presence
of substantial amounts of slow repetitive component, which is
only partially reassociated at Cot 20 in these measurements. The
slow repetitive sequences could also be interspersed with fast
repetitive sequences and thus the 800 nucleotide lengths may
include slow in addition to single-&py sequences. For this
reason it is impossible to derive an accurate conclusion about
the preponderant length of the interspersed single-copy se-
quences. The principal part of the DNA which is reassociated
at.Cot 2() is the fast repetitive fraction, and most of the 800

nucleotide long spaces separate fast repetitive sequences. The
main conclusions of this work are nevertheless that most sin-
gle-copy sequences in A. pernyi DNA are interspersed with
repetitive DNA sequences, and that the repetitive' DNA se-

quences are typically 200 to 300 nucleotides in length.

DISCUSSION

The fraction of DNA in the sevieral kinetic components, sum-
marized in Table 1, does not reflect accurately their abundance
in the genome, due to sequence interspersion. Our best estimate
of the amount of DNA in the various sequence classes given in
Table 1, are derived from measurements of SI nucledse resis-
tance. The kinetics of reassociation of labeled fragments that
are 2200 nucleotide long with short driver DNA indicate that
almost all of the single-copy DNA sequence and most of the
slow repeated DNA sequence are interspersed with fast re-
petitive sequences. In fact, greater than 85% of 2200 nueleotide
fragments contain repetitive sequences which have reassociated
by cot 10.

The length and melting characteristics of SI puclease-resis-
tant duplexes show a striking similarity to those for many other
species. The short repetitive sequence duplexes account for
about % of the total enzyme-resistant repetitive DNAat Cot 10,
and have a mode length between 200 and 300 nucleotides.
About 25% of the Sl-resistant duplexes (6% of the genome) are
excluded from agarose A-50 and many of these are reassoclktion
products from longer repetitive regions in the genome. They
appear to be polydispersed in alkaline sucrose sedimentation
measurements and little can yet be said about their actual se-

quence organization. The measurements shown in Fig. 4 of the
fraction of fragments which contain repeated sequences as a

function of length show that the sequence organization of A.
pernyi is similar to that of Xenopus lees. A very large fraction
of the single-copy DNA is interspersed with repetitive se-

quences. The possibility exists that the slow, fast, and single-
copy sequences are all interspersed with each other and this
prevents a direct conclusion from the "R" curve measurements
of the length of the single-copy sequences. However it is clear
that most of the fast repetitive sequences are short (200-300
nucleotides) and spaced by about 800 nucleotides, partially if
not exclusively with single-copy DNA sequences.

Proc. Nati. Acad. Sci. USA 73 (i976) 2293

In conclusion, we have shown that the A. pernyi genome is
organiied in a pattprn quantitatively similar to the patterns of
DNA sequence organization in Xenopus laet*s, Strongylo-
centrotus purpurafus, and Apiysia aliforyc. Thereforej the
widespread "Xen6pus pattern" occurs even among insects.
After this study was completed we showed that the "Xenopus
pattern" also occurs in another insect, Musca doinestica, a
dipteran (Crain et al.; in preparation). The "Drosophila pat-
tern" thus seems exceptional, as it has been observed only in two
insects, the honeybeesand Drosophila itself (9, 1Q). The func-
tiorjal and evolutionary implications of this unusual sequence
organization are yet unclear. The pattern of sequence organi-
zation revealed by these studies in, the genome ol A. prnyi, the
first lepidopteran to be studied, is of very general occurrence
throughout the animal kingdom as well as in some plants. We
attribute the general occurrence and evolutionary conservatism
of this pattern to some, as yet unknown, crucial function in the
genome.
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