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ABSTRACT The genome of a thermophilic fungus, Ther-
momyces lanuginosus, contains a tandemly arranged cluster of
sequences that are =5O% homologous with the cytoplasmic 5S
RNA and that are selectable by hybridization techniques. Un-
like typical pseudogenes, these sequences are not truncated;
rather, they bear a limited sequence homology with the entire
length of the 5S RNA and are oriented end to end without
significant intervening sequences. We suggest that these are
gene relics that were duplicated by a rolling circle-like mecha-
nism and that have evolutionarily drifted to become gene spac-
ers. Accordingly, we raise the possibility that this offers a for-
tuitous glimpse at the origins for many of the gene spacers in
the eukaryotic genome.

In recent years the eukaryotic genome has revealed a num-
ber of intriguing and unexpected features, such as interven-
ing sequences, pseudogenes, and extended spacer regions
(see refs. 1-4). The pseudogenes, for example, are DNA seg-
ments that do not code for functional products but bear strik-
ing sequence homology to DNA of known function. Al-
though the role and origins of these sequences are still the
subject of considerable controversy, at least three mecha-
nisms for the origin of pseudogenes have been advanced: un-
equal crossover events followed by mutations and passive
amplification (5), imperfect transposition events followed by
subsequent mutations (4), or, most recently, incomplete
copying of RNA transcripts into DNA and the subsequent
integration of the complementary DNA (cDNA) back into
the genome (6, 7). The origins of intervening sequences or
gene spacer regions are equally unclear and a number of sim-
ilar alternate mechanisms can also be advanced.

Several studies on the DNAs encoding rRNAs (rDNAs)
from fungi (8, 9) have revealed striking differences in the
distribution of the 5S rRNA genes in this branch of the eu-
karyotic kingdom. Although a simple, highly repeated and
tandemly arranged cluster is observed in Saccharomyces (8),
at least seven different 5S rRNA genes are found to be dis-
persed in the genome of Neurospora (9). As a further step to
explaining these intriguing evolutionary changes, we have
been examining the 5S rRNA of the thermophilic fungus
Thermomyces lanuginosus, an organism that might be ex-
pected to be phylogenetically intermediate to the other two
fungi. Indeed, RNA sequence studies have indicated that
there are at least two slightly different cytoplasmic RNAs
(10) and preliminary hybridization studies show that these
RNAs are complementary to three different EcoRI frag-
ments of the genomic DNA (11).

In the present study, we characterized one of these com-
plementary fragments, expecting it to contain a single copy
or a cluster of 5S rRNA genes. Instead, we found an unusual
cluster of tandemly arranged sequences that bear a limited
homology with the cytoplasmic 5S rRNAs. These apparent
gene relics raise the possibility that gene spacer regions, at

least for the rDNA, may have been derived from the struc-
tural genes themselves.

MATERIALS AND METHODS
DNA Preparation and Cloning. T. lanuginosus (ATCC

16455) cells were grown with aeration at 52-550C in aqueous
medium and the mycelia were collected by filtration on
Whatman no. 1 paper (10). Genomic DNA was extracted by
using the methods (steps 1-12) of Cryer et al. (12) with a
crude f3-glucuronidase preparation (G0876; Sigma) substitut-
ed for Glusulase. The DNA was then repurified by cen-
trifugation to equilibrium in a cesium chloride/ethidium bro-
mide gradient (density: 1.54 g/ml). A genomic library of
EcoRI fragments was prepared by using the X Charon 3A
vector (13) and this was screened for fragments complemen-
tary to the cytoplasmic 5S rRNAs by plaque hybridization
(see ref. 14). The fragments were then subcloned into
pBR322 and colony hybridization was used to select comple-
mentary clones (see ref. 15).

Characterization and DNA Sequence Analysis of Comple-
mentary Fragments. Fragments that were complementary to
the cytoplasmic 5S RNAs were characterized and identified
for DNA sequence analysis by electroblot-hybridization tech-
niques (16). The complementary DNA was prepared by di-
gesting the hybrid plasmid with EcoRI restriction endonucle-
ase and purifying the inserted DNA on a 0.8% agarose slab
gel (17). The fragment was then further digested with restric-
tion endonuclease Taq I or HinfI, and the products were
separated on an 8% polyacrylamide sequencing gel (18) and
transferred electrophoretically onto nitrocellulose mem-
branes for hybridization studies. The 5S RNA probe was
then prepared from whole cell RNA and end-labeled with [-
32P]ATP using polynucleotide kinase (19). The nucleotide se-
quence of the complementary fragments was determined by
using the chemical degradation procedures of Maxam and
Gilbert (18) and the fragments were ordered by using se-
quence overlaps in the two types of restriction enzyme di-
gests.

RESULTS AND DISCUSSION
In our initial studies on the 5S rRNA genes in a thermophilic
fungus, T. lanuginosus, hybridization experiments indicated
that an EcoRI digest of the genomic DNA contained three
fragments, 6000, 3000, and 900 base pairs, respectively (Fig.
1), which were complementary to the cytoplasmic 5S rRNA.
Each of these fragments was isolated by molecular cloning
(see ref. 14) in the A Charon 3A vector using plaque hybrid-
ization to screen for the complementary regions in a T. lanu-
ginosus gene library. The fragments were then subcloned
into pBR322 and colony hybridization was used to select
the three complementary clones (see ref. 15) designated
pTL560, pTL530, and pTL509. To further characterize
pTL530, the insert was isolated after EcoRI digestion and
digested with Taq I or HinfI restriction endonuclease for hy-

Abbreviation: rDNA, DNA encoding rRNA.
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FIG. 1. Hybridization of T. lanuginosus 5S
RNA to a restriction endonuclease EcoRI digest of
the genomic DNA. The DNA (2 g.g) was digested
with 5 units of EcoRI, fractionated on a 0.8% agar-
ose gel (14), and electrophoretically transferred to
a nitrocellulose membrane (16). The filter was then
hybridized with 32P-labeled 5S RNA at 50°C over-
night in 50% formamide/0.75 M sodium chlo-
ride/0.075 M sodium citrate, washed extensively
with the same solution at 50°C, and washed twice
with 0.30 M sodium chloride/0.030 M sodium ci-
trate at room temperature prior to autoradiogra-
phy. The molecular sizes (shown in kilobase pairs)
of the fragments were determined from marker
fragments (HindIII digest of X phage DNA).

bridization studies or DNA sequence analysis. As indicated
in the examples shown in Fig. 2, two of either the HinfI or
Taq I fragments were complementary to the cytoplasmic 5S
rRNAs. However, sequence analyses (Fig. 3) indicated that
the fragments did not contain the 5S rRNA gene and were
not truncated sequences of striking homology, characteristic
of the typical pseudogene. Instead, more careful sequence
analysis indicated that pTL530 contains a cluster of tandem-
ly arranged sequences that are -50% homologous (49-51%)
with the full length of the 5S rRNA gene. Still more impor-
tant is the fact that these 5S rDNA-like sequences are
essentially end to end without intervening spacer regions.

.u ,-: .:-c -371

_AM .4246
243

*__w"W <-226

Ammum- * <-152
-135

FIG. 2. Hybridization of T. lanuginosus 5S RNA to a restriction
endonuclease HinfI digest of the 3000-base-pair insert in pTL530.
The DNA (1 ,ug) was digested with 2 units of HinfI, fractionated on
an 8% polyacrylamide gel (18), and subjected to hybridization analy-
ses as described in the legend to Fig. 1. A 32P-labeled digest is in-
cluded (Left) to indicate the positions of all of the digestion prod-
ucts. Sizes are shown in base pairs.

A similar comparison of sequences immediately adjacent to
this cluster (e.g., region shown in Fig. 3) or in several of
the other fragments showed the much lower degree of se-
quence homology (=25%) expected in random unrelated se-
quences.
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FIG. 3. A comparison between the nucleotide sequence of the cytoplasmic 55 rRNA from T. lanuginosus and complementary fragments in
pTL53O. HinfI and Taq I digestion products were analyzed for complementarity as described in the legend to Fig. 2 and the nucleotide
sequences of complementary fragments (HinfI fragments 1 and 2 and Taq I fragments 4 and 5) were determined by the chemical degradation
techniques of Maxam and Gilbert (18). The fragments are joined by overlaps in their sequences; the sequence that is shown includes the
complete sequences for the two Taq I fragments and an adjacent nonhomologous region for comparison.
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Although several explanations can be raised, the most
compelling is the possibility that these sequences are gene
relics, which in some distant past arose by an amplification
process using a rolling circle-like mechanism. This type of
mechanism is postulated because other means of gene dupli-
cation, such as unequal crossing-over, are not likely to result
in essentially exact gene copies arranged end to end. Be-
cause the copies are probably all inactive genes (i.e., no 5S
RNA of this sequence was isolated), it would further appear
that the original amplified sequence was already a gene relic.
Because they bear no greater sequence homology with each
other, it would also appear that they are evolutionarily drift-
ing, gradually becoming unrelated sequences. The fact that
they are not identical or highly homologous in sequence is
also suggestive of their being inactive.
The nature of these sequences raises a very interesting

possibility about the origins of gene spacer sequences in gen-
eral. We suggest that the observation, described here, repre-
sents a fortuitous look at the genesis of a spacer sequence
and perhaps highly repetitive sequences as well. Similar
mechanisms have been postulated before (see ref. 20), but
the experimental evidence presented here makes the argu-
ment considerably more compelling.
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