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About 100 genes coding for 5S RNA in Neurospora crassa are dispersed throughout the genome (Selker et al.,
Cell 24:815-818, 1981; R. L. Metzenberg, J. N. Stevens, E. U. Selker, and E. Morzycka-Wroblewska,
manuscript in preparation). The majority of them correspond to the most abundant species (o) of 5SS RNA
found in the cell. Gene conversion, gene transposition, or both may be responsible for the maintenance of
sequence homogeneity (concerted evolution) of a-type 5S genes. To explore these possibilities, we isolated and
characterized separate 5S regions from two distantly related laboratory strains of N. crassa. Restriction and
sequence analyses revealed no differences in molecular location of allelic 5S genes between the two strains.
However, the DNA sequences around the 5S genes are ca. 10% divergent. We concluded that transposition is
not frequent enough to account for the concerted evolution of N. crassa a-5S genes. In contrast to sequence
divergence in the flanking regions between the two strains, the 5SS transcribed regions are identical (with one
exception), suggesting that these genes are being corrected. We have found that flanking sequences of various
N. crassa 5S genes within each strain are largely different. Thus, if the correction mechanism is based on gene
conversion, it is limited to the transcribed regions of the genes. However, we did find a short region of
consensus including the sequence TATA located 25 to 30 nucleotides preceding the position of transcription

initiation. This region may be involved in the transcription of N. crassa 5S genes.

It is difficult to imagine that natural selection could main-
tain homogeneity among a large number of genes of identical
function. Yet numerous cases of repeated genes have been
found (e.g., rDNA, histone genes, immunoglobulin genes).
Repeated DNA with no known function (e.g., satellite DNA
or spacer DNA) is also common (for review, see reference
12). This has prompted investigators to propose various
mechanisms of so-called horizontal, coincidental, or con-
certed evolution (for review, see reference 1). Concerted
evolution is defined as a phenomenon in multigene families
in which the members of the family are changing in unison
within an organism. Proposed mechanisms of concerted
evolution involve either some form of repeated expansion
and contraction of the multiplicity of the genes, during which
variant genes are lost, or some form of correction of one
sequence by another without even temporary change in the
size of the family. Concerted evolution in tandemly arranged
gene families probably results from unequal crossing over,
gene conversion, or both (1). Unequal crossing over cannot
account for the preservation of sequence homogeneity in a
dispersed gene family because crossing over between non-
allelic genes would result in chromosomal translocations,
inversions, or deletions, depending on the location and
orientation of the interacting genes.

We examined Neurospora crassa genes coding for 5S
RNA to look for evidence of concerted evolution among
dispersed genes (29). N. crassa SS genes, unlike 5S genes in
most organisms, are dispersed throughout the genome. We
found 5S genes with very divergent transcribed regions
(designated as «, B, vy, etc.), indicating that they are not
evolving in concert with each other. However, most of the
5S genes (the o genes) have identical coding regions, sug-
gesting that concerted evolution is operating among them
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(29). Most a 5S genes are located on one chromosome
(linkage group II); however, a genes are found on at least
five of the other six chromosomes as well (R. L. Metzen-
berg, J. N. Stevens, E. U. Selker, and E. Morzycka-Wrob-
lewska, manuscript in preparation). Thus, clustering of the
different SS gene types is not required for their concerted
evolution. We have pointed out that transposition events or
any other process which results in duplication of some genes
and deletion of others could in theory result in concerted
evolution (29). Results presented in this paper show that
transposition of 5S genes does not occur at a frequency
sufficient to account for concerted evolution. We also point
out that if a correction mechanism is based on gene conver-
sion, it must be limited to the transcribed region of the
genes; the flanking regions of nonallelic N. crassa SS genes
are very different. However, a short conserved sequence is
found preceding each N. crassa 5S gene. We note that a
similar sequence precedes 5S RNA and tRNA genes of some
other organisms.

MATERIALS AND METHODS

(i) Biological material. N. crassa strains Oak Ridge 74-
OR23-1A (OR) and Beadle and Tatum 25a (BT) were from
the Fungal Genetics Stock Center, Humboldt, Calif. (FGSC
986 and 353, respectively). Phage lambda NM781 (20) was
used as the vector in constructing an N. crassa genomic
DNA library.

(ii) DNA preparation. High-molecular-weight N. crassa
DNA from strain BT was extracted and purified as described
previously (17, 32). Plasmid DNA was prepared by a stand-
ard procedure involving chloramphenicol amplification, lysis
with sodium dodecyl sulfate and cesium chloride-ethidium
bromide gradient ultracentrifugation. For small-scale plasmid
DNA preparation, the procedure of Birnboim and Doly (3)
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FIG. 1. Location of 5S genes and some conventional markers in
linkage group II of N. crassa (Metzenberg et al., in preparation).
Numbers above the line designate genes coding for 5SS RNA.
Distances are not to scale. The dot represents the centromere.

modified by Grosveld et al. (9) was used. Lambda DNA was
prepared by the method of Thomas and Davis (34).

(iii) Molecular cloning. The cloning of OR 5S genes and
pseudogenes was previously described (28, 29). The pool of
strain BT DNA in lambda NM781 was constructed as
follows. EcoRI-digested N. crassa DNA (5 pg) was ligated
with 2.5 pg of EcoRI-cut ANM781 DNA in 100 pl of 50 mM
Tris-hydrochloride buffer (pH 7.4)-10 mM MgSO,~10 mM
NaCl-1 mM ATP-10 mM dithiothreitol. The reaction mix-
ture was incubated with 40 U of T4 DNA ligase (Promega-
Biotec) for 2 h at 9°C and then for 18 h at 4°C. The ligated
DNA was packaged in vitro into lambda particles (4),
generating about 2 X 10° viable phage. This pool was then
amplified in liquid culture with Escherichia coli K802 under
conditions described by Blattner et al. (4). The resulting
phage pool contained 96% hybrid phage as judged by plating
on an E. coli lacZ strain in the presence of the indicator
5-bromo-4-chloro-3-indolyl-B,D-galactoside (6). The recom-
binant phage pool was screened by in situ plaque hybridiza-
tion (2) after an amplification step performed as described by
Woo (36). Probes consisted of OR 5S RNA gene 17, 21, or 32
and several kilobases of flanking DN A (29) cloned in pBR322
(5) and labeled by nick translation (26). Hybrid phage were
purified from plaques which gave positive signals, DNA was
prepared, and the N. crassa DNA inserts were subcloned
into pBR322 (5).

(iv) Restriction mapping. Restriction endonuclease diges-
tions were performed with commercial enzyme preparations
under conditions specified by the suppliers. DNA fragments
were resolved by electrophoresis through 0.7, 1.0, or 1.5%
agarose gels (8) or 5% polyacrylamide gels (13). Southern
hybridizations were performed by the standard procedure
(31).

(v) End labeling and DNA sequencing. Cloned 5S RNA
genes and adjacent flanking regions were sequenced on both
strands by the method of Maxam and Gilbert (15), after 5’
end labeling with polynucleotide kinase and [y*?P]JATP or 3’
end labeling with the Klenow fragment of E. coli DNA
polymerase and [a-3?PJATP. The sequencing strategy was as
described in Selker et al. (29).

RESULTS AND DISCUSSION

To be able to address the question of whether SS se-
quences transpose frequently, we must assume that the
flanking sequences in which we find them imbedded do not
transpose. A large body of data with genes 17, 21, and 32 and
other 5S genes indicates that this assumption is correct
(unpublished data). The flanking sequences behave as all-
eles; that is, each progeny of a cross contains a sequence
characteristic of one parent or the other, not of both or of
neither. To test the hypothesis that transposition is involved
in the apparent concerted evolution of 5S genes in N. crassa,
we compared the position of 5S genes in laboratory strains
OR and BT. These strains show substantial DNA restriction
fragment length polymorphism (data not shown), suggesting
that at least the regions being probed do not have a recent

CONCERTED EVOLUTION OF N. CRASSA 5S RNA GENES 47

common ancestor. Thus, if 5S gene transposition does occur
frequently, the 5S genes would be expected to occupy
different positions in these two strains. To look into this
possibility, we cloned and sequenced 5SS genes from three
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FIG. 2. Restriction fragment length polymorphism between pairs
of plasmids 17, 21. and 32 derived from N. crassa strains OR and
BT. Plasmid DNA (4 pg) was cut with Haelll, and the resulting
DNA fragments were resolved by electrophoresis through a 5%
polyacrylamide gel. For every pair of plasmids, the proportion of
fragments remaining the same was determined (0.74, 0.76, and 0.53
for pairs OR17-BT17, OR21-BT21, and OR32-BT32, respectively).
The fraction of nucleotide differences (1 — p) for each region was
roughly estimated as follows: let p = proportion of nucleotides
remaining the same. Thus, the likelihood that both of two four-nu-
cleotide restriction sites that define a fragment will be unchanged is
p®. For OR17-BT17, p® = 0.74; therefore, p = 0.963 and 1 — p =
0.037. For OR21-BT21, p® = 0.76: therefore, p = 0.966and 1 — p =
0.034. For OR32-BT32, p* = 0.53; therefore, p = 0.924and 1 — p =
0.076.
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Z OR  TCAGGACAGACCTACAAGGGATTCACAGCCAATGTTATAGGCAAGCAAGCAAAGCATATCAAAC
gene 1 | [ ||
BT  TCAGGACAGACCTACCAGGGATTCACAGCCAATGTTATAGGCAAACAAACAAAGCACAACAAAC
" OR  GAGGAACGGGTGGTGACTTTGAGAATTTTTCCCTATATAACTTCTTGCCAAAAACAAACATATC
gene
BT  GAGGAACGGGTGGTGACTTTGAGAATTTTTCCCTATATAACTTCTTGCCAAAAACAAACATATC
% OR  GAAGA-GCCAAAGGCGGACCATTTGCTTTGTACTTTATAAGCAGTCAGATAGCACAAGAAAGAC
gene | | | | [
BT  AAAGAGGCCAAAGGAGGACCATTTGCTTTGTACTTTATAAGTAGTCAGATAGCACAACAAAAAC
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ACATACGACCATACCCACTGGAAAACTCGGGATCCCGTCCGCTCTCCCAT

ACATACGACCATACCCACTGEAAAACTCGGGATCCCGTCCGCTCTCCCAT

ACATACGACCATACCCACTGEAAAACTCGGEATCCCETCCGCTCTCCCAT
ACATACGACCATACCCACTGBAAAACTCGGGATCCCETCCEGCTCTCCCAT

ACATACGACCATACCCACTGGAAAACTCGGGATCCCGTCCECTCTCCCAT
ACATACGACCATACCCACTGGAAAACTCGEGATCCCGTCCGCTCTCCCAT

different regions of linkage group II (Fig. 1) from strain BT.
These regions had been previously cloned from strain OR on
the basis of containing SS genes located in distinct flanking
sequences (29). Each of these genes is identical or very
similar to the canonical a-sequence (see below). We desig-
nated them genes 17, 21, and 32 following the plasmid
designations (pJS17, pDW21 and pJS32, respectively). The
corresponding regions from strain BT were identified in a
recombinant DNA pool in lambda NM781 phage, with
plasmids carrying genes 17, 21, or 32 from strain OR as
hybridization probes. These plasmids contain ca. 9, 10, and
6 kilobase pairs, respectively, of unique N. crassa DNA
flanking the SS genes. These long stretches of DNA, rather
than the relatively short (120-base-pair) 5S regions, were
responsible forthe hybridization observed. The cloned EcoRI-
generated DNA fragments were recloned intact into pBR322
and designated pEM17, pEM21, and pEM32. The cloned
fragments from strain BT are of the same sizes as those from
strain OR. The SS regions were identified by Southern
hybridizations with labeled 5SS RNA as a probe (data not
shown).

Comparison of the allelic pairs from OR and BT by
restriction analysis with Hpall, Haelll, Hhal, or Alul
(sample data with Haelll in Fig. 2) showed that about half of
the restriction fragments are of different sizes in the digest of
plasmids 32 and one-third are different between pairs of
plasmids 17 and 21. Based on the proportion of restriction
fragments which are of identical size, we estimate 7%
nucleotide sequence difference between the OR and BT
DNA on plasmids pJS32 and pEM32. Similarly, the OR and
BT DNA on the two other pairs of plasmids are ca. 3.5%
different (see the legend to Fig. 2).

Most significant, sequence analysis shows that all three
pairs of plasmids tested contain 5S genes at exactly the same
positions within their flanking sequence in the two strains
(Fig. 3). The level of sequence divergence very near the
genes (flanking DNA shown in Fig. 3) is similar to that
detected as restriction site polymorphism in the plasmids
generally. In contrast to sequence divergence in the flanking
DNA (Fig. 3), transcribed regions of each pair of genes are
identical, with the exception of a single nucleotide in BT 21
(Fig. 3 and 4). The transcribed regions of genes OR32, BT32,
and OR21 are invariant and match the 5SS transcribed region
of our standard a gene ORS52 (29). The SS coding regions of
genes 17 from strains OR and BT are identical, but they have
two differences relative to the standard a sequence: posi-

transcribed

tions 70 and 107 are thymine and adenine, respectively,
rather than adenine and thymine. Interestingly, these differ-
ences are complementary, perserving the base pairing in the
secondary structure characteristic for 5S RNA (Fig. 4). The
single substitution in BT21 (position 69) relative to OR21
changes a G - C pair in the secondary structure toa G - U
pair (Fig. 3 and 4). Genes OR17, BT17, and BT21 are
transcribed in vitro in an N. crassa RNA polymerase III
system (unpublished data). Therefore, it seems likely that
they are functional variants of a-type genes rather than
pseudogenes.

The fact that 5S genes are found at exactly the same
positions in two apparently distantly related strains suggests
that transposition is not frequent relative to mutation and
therefore cannot account for the maintenance of sequence
homogeneity of the multiple, a-type 5S genes in N. crassa.

It is often assumed that gene conversion is responsible for
the concerted evolution of dispersed members of multigene
families (1). However, if gene conversion between nonallelic
5S genes occurs, it must be limited to the transcribed regions
because the sequences flanking nonallelic 5S genes are very
different (see Fig. 5).

Despite the high degree of divergence in the 5’ flanking
sequences of N. crassa SS genes, a short region of striking
homology does exist. The sequence TATA is found exactly
26 to 29 nucleotides upstream from transcription initiation
sites of N. crassa SS genes (Fig. 5). The sole exception is
gene 52, in which case CATA is found. The TATA box is
always flanked by a thymine or an adenine at position —30
and a guanine or an adenine at position —25. The nontrans-
cribed pseudogene NS5spl (28; Fig. 5, ¥4) is not preceded by
a TATA box. The function of this short conserved sequence
in front of N. crassa 5SS genes is not known. Similar or
identical sequences occur in the same location upstream of
many genes transcribed by RNA polymerase III in several
organisms, including Schizosaccharomyces pombe (14, 33),
Saccharomyces cerevisiae (16, 23, 35), Lupinus luteus (25),
Drosophila melanogaster (10, 24), and Bombyx mori (11,
18). This sequence is not associated with polymerase III-spe-
cific genes of vertebrates. A TATA box has been known to
be involved in transcription by RNA polymerase II (21). In
contrast, it had been thought that the sequences required for
transcription of polymerase Ill-specific genes are limited to
the transcribed regions (27). However, at least some poly-
merase IIl-specific genes also require external regulatory
signals for their transcription in vitro (7, 11, 18) and in vivo
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FIG. 3. Nucleotide sequence of 5S RNA structural regions and flanking sequences of plasmids 17, 21, and 32 from OR and BT. The

positions of differences between OR and BT are indicated. The noncoding DNA strand is shown.

(30). In the case of B. mori, it has been recently shown that
the TATA or TACTA box is a part of a sequence necessary
for transcription of both tRNA and 5S RNA genes (11, 18a).
It seems reasonable to suppose that this sequence is also
involved in transcription of N. crassa SS genes.

We have shown that transposition of N. crassa 5S RNA
genes is not frequent enough to account for their concerted
evolutioni. The sequence divergence between strains BT and
OR tells us that the multiple identical genes are not the result
of recent gene amplification. Most likely, a correction mech-
anism checks and repairs 5SS genes of a given isotype.
Coexistence of several very different 5SS isotypes indicates
that information transfer between pairs of substantially
different isotypes of 5S genes does not occur (29). This poses
a question similar to that of speciation at the level of
organisms: how different must two genes be before they
define noninteracting isotypes? For example, does gene 17,
which has two differences relative to the standard sequence,
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FIG. 4. Secondary structure of N. crassa o 5S RNA, showing
location of nucleotide differences in OR17, BT17, and BT21 relative
to the canonical a sequence. The secondary structure is drawn as
proposed by Nishikawa and Takemura (22) for Torulopsis utilis 5S
RNA.

Neurospora crassa
-30 -20 -10 -1
a 1 ACAGCCMTG’;’MGGCM&CMGCMAE&ATATCMA&
ATTTTTCCCTATATAACTTCTTGCCAAAAACAAACATATC
a 32 GCTTTGTACTTTATAAGCAGTCAGATAGCACAAGAAAGAC
a 16 AAWCéCCTTMGTTAGCTCGATBGAAAGSAATAMC
a §2 AAATTGTCCTICATAGGTGCGCAATTTGATGCATCTAAAC
B 51 GGCCAGEGTAATATAGAGCCTGCAATTCAGCAATATCAGT
Y 20 CAACAAACCCTTATAAGTCTAGCTTTTGGTAAGATCAACC
n 33 GBATTTTACTATATAAGCTCTTAGTTGGGTAATAATTAGT
v 63 ..... CCAGCTTATAGGGTGTGATATCAAGATAGACAATC
v 4 . ...AGACAGTTTAAAGTGGTTGAAAGCAAATAAAGAAAC
Schizosaccharomyces pombe
116 TATTGGAATAATATATATAGTGCAATTATAAGAACAAGTC
1 TATTGTAATAATATATATAGTGCAATTATAAGAACAAGTT
11 ATAATTAGCACTATAAATTATTTTAACTTATACAGCAAAT
36 GATTTCTTGACTATATAATTTATAAACTAGCATGTTTAAT
41 TAATTTTTTCTTTAAAATGTTTAAATATTCTACTTTAAAC
3 TTGAATAACAGAATAAATACTATTATTTAACACAACAAAT
Saccharomyces cerevisiae
major GACCCTGCCCTCATATCACCTGCGTTTCCGTTAAACTATC
147 CCCGGGTTCCATATGTACGGCTGCCACACCTAACTATTTC
Lupinus luteus
BTAATTAGGGCTTATAGCATTAGATCGCGCGTACACTTGC
Drosophila melanogaster
ATATCAGAGMAGGACACTGTTTAGCCCCTCGACTTTC
Bombyx mori
ACATTCTGTAAATATATAGCTTAATTTTAACTTTCTATTC

FIG. 5. Nucleotide sequences of 5’ flanking regions of 5S RNA
genes. The a, B, v, and m isotype genes have numerous differences
in their coding sequences. The two ¢ (pseudogenes) are very
different from one another, but neither one is homologous to a
full-length 5S gene. N. crassa sequences are from strain OR. a52,
B51, ¥4, and portions of a16 and y20 were previously published (28,
29). The other N. crassa sequences were determined in this work.
Schizosaccharomyces pombe genes 1, 11, 36, and 41 are from
Tabata (33), and 116 and 3 are from Mao et al. (14). The sequences
of Saccharomyces cerevisiae (16, 23, 35), L. luteus (25), D. melano-
gaster (24) and B. mori (11) were described previously.



50 MORZYCKA-WROBLEWSKA ET AL.

participate in information exchange with canonical a-5S
genes?

Whatever the correction mechanism is, it cannot be totally
efficient, or else the distinct 5S isotypes would not have
arisen in the first place. Furthermore, the fact that the
sequences flanking the 5S regions are not identical indicates
that these regions are not being corrected. Gene conversion
events among nonallelic 5S genes may be responsible for the
apparent concerted evolution of N. crassa 5S genes. Cor-
rection of N. crassa 5S genes may be analogous to the
correction of Schizosaccharomyces pombe tRNA genes
observed by Munz et al. (19). In both of the systems,
dispersed genes transcribed by Pollll are corrected by a
process limited to the transcribed regions. A mechanism
related conceptually to ordinary DNA-mediated gene con-
version but based on RNA-mediated transfer of information
would be very attractive. Such a mechanism would explain
why correction is limited to the transcribed region. In
addition, RNA-mediated correction would have the feature
that successful genes, that is, genes which are well tran-
scribed and which make stable RNAs, would be favored.
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