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Fic. 3. (A, B, and C) Electron micrographs of hydroxyapatite-bound DNA molecules which reassociated
between Cot 10° and Cot 0.3. (D) Length distribution of double-stranded regions in this kinetic fraction.
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observed are presented in Table 1, and electron
micrographs of representative molecules are
shown in Fig. 3A, B, and C.

The majority of structures we observed in the
Cot 107° to Cot 0.3 fraction contained long dou-
ble-stranded regions (Table 1). Of these, 83%
(49% + 5%/65% X 100) were either complete
duplexes or duplexes which had terminated in
single-stranded tails comprising <40% of the to-
tal molecule length. The number- and weight-
average lengths of these duplexes were 2.5 and
4.3 kb, respectively. Since these long duplex
structures were also devoid of detectable single-
stranded regions, they consisted of highly ho-
mologous repetitive sequences. In these respects,
molecules visualized in the moderately repetitive
fraction closely resembled those long duplex
molecules observed in the Cot 107° fraction.

A small portion of the Cot 107° to Cot 0.3
fraction (repetitive sequence class no. 2 in ref-
erence 13) could consist of reannealed highly
repetitive sequences which were not removed by
hydroxyapatite fractionation at Cot 10~° (Fig. 1).
However, at most, they could represent 12.5% of
the mass (2% highly repetitive sequences/2%
high repetitive sequences + 14% moderately re-
petitive sequences) of the structures we ob-
served. Since 65% of the molecules visualized
(representing ca. 70% of the mass of this fraction)
were mostly double stranded, any highly repet-
itive (repetitive sequence class no. 1) sequences
could not account for the structures we observed
in this Cot 10™° to Cqt 0.3 fraction. The foldback
structures observed in the Cot 107° to Cot 0.3
fraction also represent a population of molecules
which were not completely removed by hy-
droxyapatite fractionation at Cot 10~°. The reas-
sociation events involved in the formation of
such structures are not totally understood (21),
and such molecules often appear in electron
microscope spreads of longer Cot fractions (e.g.,
3, 19).

A small number of molecules with short du-
plexes were observed in the Cot 10~ to Cot 0.3
fraction. The structures containing these short
double-stranded regions were much smaller than
the fraction average length. It is therefore pos-
sible that such molecules arose through DNA
shearing rather than via reannealing of per-
muted moderately repetitive sequences. This
conclusion is strengthened by the absence of any
complexes or aggregates of short multiple forks
in this population. Short, clustered, permuted
repeats (e.g., RiR{R;R;R,) or short repeats in-
terspersed with single-copy sequences should
readily form such forked and multiple-forked
structures when reannealed at the fragment
lengths used here (3). Since the gene 32 protein
technique is especially good for locating short
interspersed double- and single-stranded regions
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within even very complex structures (cf. the
soybean genome; 19), the simplest interpretation
of these results is that sequences which reasso-
ciate between Cot 107° and Cot 0.3 represent long
blocks of precisely paired, moderately repeated
sequences arranged in either a tandem or
clustered array (e.g., R1R1R1R1R1R1 or
R:R:R4R:R3R,). These conclusions are sup-
ported by the observations of Hudspeth et al.
(13) that (i) the T, of moderately repetitive
Achlya DNA is only 3°C lower than that of
native DNA; (ii) that the reassociation of long
[*H]DNA fragments with an excess of moder-
ately repetitive short driver DNA showed no
interspersion of repetitive and single-copy se-
quences; and (iii) that the size of S1 nuclease-
resistant, moderately repetitive duplexes formed
by reannealing long fragments was 7 kb.

DISCUSSION

Despite a relatively large sequence complex-
ity, the Achlya genome has a rather simple
pattern of DNA sequence organization. Its 3.54
X 10* kbp of DNA consist of 2% foldback, 2%
highly repetitive, 14% moderately repetitive, and
82% single-copy sequences (13). With the excep-
tion of inverted repeats, these DNA sequences
appear to be organized in precisely paired arrays
and are not interspersed with other sequences of
significantly different repetition frequency at the
largest fragment lengths examined.

Inverted repeat sequences in the Achlya ge-
nome occur infrequently (700 times per genome).
Our measurements show that these sequences
are relatively short (0.5 kb number-average) and
are primarily (>90%) separated by nonhomolo-
gous sequences of various lengths (Fig. 2E). In-
terestingly, the Neurospora genome was found
to contain a similar number of inverted repeats
(ca. 700) randomly interspersed throughout the
genome (16). Since gene expression studies have
shown that ca. 3,000 genes are expressed in these
organisms, it is unlikely that inverted repeats
are directly responsible for the regulation of
individual structural genes in either of these
organisms (16,23). A similar conclusion was
drawn from data on the foldback sequences of
Dictyostelium DNA (8).

Within the most rapidly reassociating fraction
(Cot 107°), we observed a number of very long
duplex molecules (Fig. 2A, left). These struc-
tures were almost completely double-stranded,
which strongly suggests that they are composed
of very simple repetitive sequence elements ar-
ranged tandemly. Randomly sheared single-
copy DNA produces molecules with an average
45% single-stranded tails on first collision (22).
The lack of such large single-stranded regions in
the Achlya highly repetitive fraction indicates
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that single-stranded regions (presumably formed
in primary nucleation events) can participate in
subsequent branch migration steps forming
more completely duplexed molecules. The ab-
sence of contiguous single-copy or moderately
repetitive sequences would promote this process.
Therefore, we expect that the single-stranded
ends of these long duplex molecules would be no
longer than one repeat unit on the average, or
0.38 kb (13) less than 6% of the total average
length of the molecules measured (0.38 kb/6.7
kb). Finally, Schmid et al. (21) observed similar
long complete duplexes in the reassociated
highly repetitive fraction of Drosophila DNA.
These Drosophila sequences have been well
characterized as to their tandemly repeated sim-
ple sequence arrangement. This analogy
strengthens our conclusions for this fraction of
Achlya highly repetitive DNA.

The reassociated moderately repetitive se-
quences (Cot 107° to Cot 0.3) we visualized also
revealed long duplex structures in the electron
microscope (Fig. 3). However, unlike the more
highly repetitive Achlya sequences, they showed
a greater percentage of single-stranded tails.
This indicates that the repeated molecules in
this class are not just simple repeats but com-
plex sequences, making branch migration, that
would eliminate single-stranded ends, impossi-
ble. Rozek and Timberlake (20) recently showed
that the Achlya genome contains a repeating
unit which consists of 18S, 5.8S, 26S, and 5.0S
rRNA coding sequences. This unit is ca. 40 kb in
length and is repeated 100 to 200 times (14).
Therefore, rDNA could represent the majority
of the moderately repetitive sequences in Ach-
lya. If this is correct, then Achlya resembles
Aspergillus (23), Neurospora (10,16), and Sac-
charomyces cerevisiae (2) in that most if not all
of its repetitive sequences consist of rRNA genes
and contiguous spacers.

Two recent reports have suggested that long
stretches of moderately repetitive DNA se-
quences in the Drosophila (26) and sea urchin
genomes (4) may consist of short (<1 kb) repet-
itive elements that are closely spaced in large
permuted clusters, although both studies imply
that certain repeats are preferentially associated
with other repeat elements. This arrangement
may even be present within rDNA repeating
units (26). In the case of the highly and moder-
ately repetitive elements of Achlya, we find no
evidence for a complex of permuted arrange-
ment of shorter repeating elements. Such se-
quences would appear as double-stranded com-
plex structures, as diagrammed in Fig. 1, or as
duplexes with many single-stranded bubbles or
tails or both. Even very small (<0.075 kb) re-
gions of base mlspamng should have been easily
visualized using the gene 32 protein-ethidium
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bromide spreading technique (cf. reference 19).
However, we cannot exclude the possibility that
strand displacement could have occurred during
the preparation of our fractions, eliminating
complex, mismatched single-stranded regions
and replacing them with more precisely paired
duplexes (17).

In summary, our results suggest that kineti-
cally selected repetitive sequence elements in
the Achlya genome are arranged in precisely
paired, long, tandem clusters which are not ex-
tensively interspersed with each other or with
single-copy sequences. These findings, along
with the absence of detectable repetitive and
unique DNA sequence interspersion in the ge-
nomes of some (11,12,16,23), if not all (8) fungi,
raise the question of what role, if any, repeated
sequences as defined by reassociation criteria
play in the regulation of fungal gene expression.
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