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We have cloned and characterized Neurospora crassa ribosomal deoxyribo-
nucleic acid (rDNA). The rDNA is found as a tandemly repeated 6.0-megadalton
sequence. We have mapped a portion of the rDNA repeat unit with respect to its
sites for 13 restriction endonucleases and defined those regions coding for the
5.8S, 17S, and 26S ribosomal ribonucleic acids (rRNA's). We have also isolated
several clones containing 5S rRNA sequences. The 5S rRNA coding sequences
are not found within the rDNA repeat unit. We found that the sequences
surrounding the 5S rRNA coding regions are highly heterogeneous.

To gain a better understanding of the organi-
zation of the eucaryotic genome, a number of
investigators have studied the rRNA genes from
several organisms. Most eucaryotic organisms
examined have about 150 copies of a DNA se-
quence which contains the coding regions for the
two large rRNA's as well as "spacer" regions. In
all cases where it has been looked for, the se-
quence for the 5.8S rRNA has been located in
the "transcribed spacer" between the 17S and
26S rRNA coding regions. The arrangement of
"untranscribed spacer", 17S rRNA sequence,
"transcribed spacer" (including the 5.8S rRNA
sequence), and the 26S rRNA sequence has been
called ribosomal DNA (rDNA). Most organisms
examined have within their genome one or more
clusters of tandemly repeated rDNA's ("head to
tail" arrangement). However, some organisms
have the rDNA's arranged as large extra chro-
mosomal palindromes ("head to head" arrange-
ment).
The size of the rDNA's varies from the 5.8-

megadalton tandemly repeated unit of Saccha-
romyces cerevisiae DNA (3, 6, 21) to at least 28
megadaltons for the half-palindrome of Dictyo-
stelium discoideum DNA (27). In those higher
eucaryotes which have been studied carefully,
the rDNA's have been found to be heteroge-
neous with respect to their size, even within a
single individual or cell line. The heterogeneity
is due to differences in the size of the "spacer
regions" (5) and to the presence of intervening
sequences within rRNA coding regions (12). The
rDNA's of the lower eucaryotes examined to
date seem homogeneous with respect to size.
The sequences coding for the 5S rRNA species

are not located within the major rDNA repeat
unit of most organisms, but are clustered at one
or more sites elsewhere in the genome. However,

there are at least two exceptions to this gener-
alization. The yeast S. cerevisiae and the cellular
slime mold D. discoideum both contain 5S
rRNA sequences as part of their rDNA (3, 17).
Even in these organisms, the 5S rRNA is tran-
scribed separately from the large rRNA precur-
sor which contains the 5.8S, 17S, and 26S
rRNA's (1, 28).
To study the organization of the Neurospora

crassa genome, we have cloned and character-
ized rDNA sequences. N. crassa contains 190
copies of rDNA per haploid genome (R. Krum-
lauf and G. Marzluf, personal communication).
The rDNA has been found to consist of a tan-
demly repeated 6.0-megadalton sequence. A re-
striction map of most of the rDNA is presented.
The major Neurospora rDNA unit does not
contain the 5S rRNA sequence. These sequences
are located elsewhere in the Neurospora ge-
nome. We have found the sequences surrounding
the 5S rDNA genes to be heterogeneous.

MATERIALS AND METHODS
Materials. Bis(acrylyl)cystamine was bought from

Bio-Rad Laboratories. Acrylamide was from the East-
man Chemical Co. and was recrystallized by R. E.
Nelson. Seakem agarose (LE) was a product of Marine
Colloids, Inc. Escherichia coli C600 SF8 was obtained
from Kevin Bertrand and has been used previously for
DNA cloning experiments (26). pBR322, a ColEl-de-
rived plasmid (4) was obtained from Fred Blattner.
Miles Laboratories, Inc., was the source of T4 ligase
and the restriction endonucleases EcoRI, BamHI, and
HindIII. The restriction endonucleases SalI, PstI,
XhoI, XbaI, SmaI, Bgll, KpnI, and PvuII were bought
from New England Biolabs, and BgIII, HincII, and
HpaI were from Boehringer Mannheim. CsCl was
purchased from Kawecki Berylco Industries Inc. Ma-
caloid was kindly provided by N L Industries, Inc.
Sodium dodecyl sulfate (SDS) was bought from Gal-
lard-Schlesinger. Saline sodium citrate (SSC) is 150
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mM NaCl and 15 mM Naj citrate.
DNA purification. DNA was purified from the

slime strain of N. crassa (8). Slime cells were pelleted
and washed with 10% sorbitol. The cells were lysed
and the DNA was isolated as described by Firtel and
Bonner (11), except that the slime cells were osmoti-
cally stabilized in 10% sorbitol prior to lysis.

Cloning. N. crassa DNA (40,g) and pBR322 (4
,ug) were digested to completion with the restriction
endonuclease PstI. The digest was heated to 65°C for
30 min to inactivate the endonuclease. The DNA
fragments were ligated in a volume of 1.2 ml (20 mM
Tris, pH 7.4, 10 mM MgC92, 1 mM dithiothreitol, 1
mM EDTA, 0.1 mM ATP) with 2.5 U of T4 ligase at
4°C for 96 h. Transformation was done by the CaCl2
shock method (18). The ligated DNA was used for 12
different transformation experiments in generating the
15,000 clones of E. coli containing recombinant DNA
plasmids. Transformants containing N. crassa DNA
were distinguished from transformants containing only
pBR322 by their altered antibiotic resistance (4). Of
the total transformants, 16% contained Neurospora
DNA fragments inserted into the pBR322 plasmid. All
cloning work was done in a certified P2 facility and in
compliance with National Institutes of Health guide-
lines.
RNA purification. Wild-type N. crassa (strain 74-

OR8-la) was grown in 20 ml of Fries medium (2)
containing 1.5mM P043- and 1 mCi of 'pO43*- Whole-
cell RNA was isolated from late-log-phase cul-
tures as described by Russell et al. (22). Macaloid (1
mg/ml) was included in the initial homogenization (P.
J. Russell, personal communication). The 17S and 26S
rRNA's were purified by electrophoresis in 3% acryl-
amide-bis(acrylyl)cystamine gels as described by Han-
sen (14). The positions of the 26S and 17S rRNA's
were determined by autoradiography, and these re-
gions were cut from the gel. The RNA was recovered
as described by Hansen. To purify the RNAs further,
each was hybridized to a limiting amount of the N.
crassa rDNA-containing plasmid, pMF2 (enough to
remove approximately 20% of the input radioactivity).
This is designed to "hybridize out" any contaminating
26S sequences from the 17S rRNA preparation and
vice versa.
The 5.8S and 5S rRNA's were isolated by the pro-

cedure of Dahlberg, Kintner, and Lund (7). The purity
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of the 5.8S and 5S species was assessed by fingerprint-
ing an RNase Ti digest of the rRNA's (24).
Mapping of restriction sites within recombi-

nant plasmids. The sites for different restriction
endonucleases within the parent pBR322 plasmid have
been well characterized (4). Restriction sites within
pMF2 were determined by a series of single and double
digests with endonucleases. The double digests were
subjected to electrophoresis between two lanes con-
taining the appropriate single digests to aid in the
identification of restriction sites. Electrophoresis of
DNA fragments, either from total N. crassa DNA or
from plasmid molecules, was carried out in agarose
slab gels as described by Sharp et al. (24). The gels
contained either 1 or 1.5% agarose, depending upon
the sizes of DNA fragments expected. Fragments pro-
duced by digestion ofXcI1857 with EcoRI plus HinduII
were used as marker DNA to determine the sizes of
DNA fragments generated by endonuclease digestion
of pMF2 (20). Using these markers, we obtained a size
of 2.77 megadaltons for pBR322 as compared to the
yalue of 2.6 megadaltons obtained by others using
different DNA markers (4).

Hybridizations. The methods outlined by Grun-
stein and Hogness (13) were followed in fuing E. coli
colonies containing recombinant DNA plasmids to
nitrocellulose filters. These filters were hybridized to
various labeled RNAs in 6x SSC-0.1% SDS for 20 h
at 65°C. Nitrocellulose filters carrying pMF2 frag-
ments generated by restriction enzymes were made by
the procedure worked out by Southern (25). rRNA's
were hybridized to these filters in 6x SSC at 68°C for
1.5 to 6 h.

RESULTS
We have isolated 15,000 E. coli clones con-

taining PstI-generated fragments of N. crassa
DNA inserted into the plasmid pBR322. Some
200 of these clones contained DNA sequences
which hybridized to N. crassa RNA that had
been labeled with 32P in vivo. These 200 clones
have been further screened with purified 268,
17S, 5.8S, and 5S rRNA's. The results of this
screening for some of these plasmids with 5.8S
rRNA are shown in Fig. 1. We isolated 28 clones
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FIG. 1. Screening forplasmids containing rDNA sequences. (a) A nitrocellulose filter containing bacterial
colonies which have been fixed to the filter according to the method of Grunstein and Hogness (13). (b) An
autoradiograph ofa filter after hybridization with purified 5.8S rRNA.
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capable of hybridizing with 26S, 17S, and 5.8S
rRNA's. Analysis of plasmid DNA digests from
seven of these clones with the restriction endo-
nucleases PstI and EcoRI showed them to be
identical with respect to DNA sites sensitive to
these enzymes. One of these plasmids, pMF2,
was chosen and used for all subsequent experi-
ments. pMF2 has been subjected to endonucle-
ase digestion with 13 restriction enzymes, and its
cleavage sites for these enzymes have been
mapped (see Fig. 3, 4, and 5 for examples of
analysis of endonuclease digests). The restric-
tion map of the rDNA contained in pMF2 is
given in Fig. 2. One of the PstI sites used to
insert the rDNA into pBR322 was chosen to
have an "address" of 0.00, and all other sites
were given an "address" equal to the amount of
DNA, in megadaltons, between them and the
PstI site.
We have transferred the DNA fragments from

several agarose gels containing pMF2 restriction
digests to nitrocellulose (25). These nitrocellu-
lose filters were hybridized to purified 32P-la-
beled 5.8S, 17S, and 26S rRNA's. Examples of
such hybridizations are shown in Fig. 3, 4, and 5.
From such data we have determined which re-
gions of pMF2 code for the different rRNA
species.

Hybridization of filter-bound DNA fragments
with 5.8S rRNA showed that the region coding
for this rRNA contains the EcoRI site at 1.46
megadaltons (see Fig. 2 and 3). The 5.8S rDNA
is totally contained between the two BamHI
sites at 1.35 and 1.54 megadaltons.

Hybridization of 17S rRNA to restriction frag-
ments (Fig. 4) indicated that the 17S rRNA
coding region lies to the right of the XbaI site at

0.0 1.0

0.30 megadaltons, as shown in Fig. 2. The 17S
coding sequence must stop before reaching the
EcoRI site at 1.46 megadaltons, since the 5.8S
coding sequence contains this EcoRI site. There-

1 ' 34 5 6 1 2 3456.. ...... .....
FIG. 3. Localization of the 5.8S rRNA coding se-

quence. pMF2 was digested with endonucleases, and
the digests were analyzed by electrophoresis in a 1.5%
agarose gel. The DNA fragments were transferred to
a nitrocellulose filter and hybridized with 5.8S rRNA.
The digests are as follows: lane 1, EcoRI and
BamHI; lane 2, EcoRI and HindIII; lane 3, EcoRI;
lane 4, EcoRI and HincII; lane 5, HincII- lane 6,
marker DNA fragments, A DNA digested with EcoRI
and HindIII (18). (a) Ethidium bromide-stained aga-
rose gel. (b) Autoradiograph of the nitrocellulose
filter.
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FIG. 2. Restriction endonuclease map of Neurospora rDNA. pMF2 was subjected to a series of restriction
endonuclease digestions, and the cleavage sites for these enzymes were mapped. Each site has an "address"
equal to the amount of DNA, in megadaltons, between it and the PstI site at the left of the map (upper
numbers). The EcoRI site of the parent plasmid, pBR322, lies 2.3 megadaltons to the left of the reference PstI
site.
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FIG. 4. Localization of the 17S rRNA coding se-
quence. pMF2 was digested with restriction enzymes,
and the DNA fragments were analyzed by electro-
phoresis in a 1.5% agarose gel. The DNA fragments
were transferred to a nitrocellulose filter and hybrid-
ized with 17S rRNA. The digests used were: lanes 1
and 4, marker DNA fragments, A DNA digested with
EcoRI and HindIII; lane 2, XbaI and EcoRI; lane 3,
XbaI and BamHI. (a) Ethidium bromide-stained gel.
(b) Autoradiograph of the nitrocellulose filter.

fore, the amount of DNA used in coding for the
17S rRNA is less than 1.16 megadaltons. This
would yield an rRNA of less than 0.58 megadal-
tons in size (fewer than 1,770 bases). This is
somewhat smaller than the estimated number of
bases contained within the 17S rRNA's of eu-
caryotes (16) and only a little larger than the
1,550 bases in the E. coli 16S rRNA (10).

Hybridization of pMF2 fragments with the
26S rRNA (Fig. 5) indicated that the 26S rRNA
coding region has one of its ends between the
HincII site at 1.56 megadaltons and the HindIII
site at 1.66 megadaltons. The other end of the
26S coding sequence lies between the EcoRI site
at 3.41 megadaltons and the sites for SmaI and
BglI at 3.66 megadaltons. The size of the 26S
coding region can then be set as being between
1.75 and 2.10 megadaltons (between 2,650 and
3,200 base pairs). Again, this estimated size is
smaller than has been given for eucaryotic 26S
rRNA's (16). It is also smaller than most esti-
mates of the size of E. coli 23S rRNA (10).
However, recent evidence indicates that the E.
coli 23S rDNA is only approximately 2,900 bases

in length (E. Lund and J. E. Dahlberg, in prep-
aration).

In mapping the regions coding for the 26S,
17S, and 5.8S rRNA's, we considered it impor-
tant to use extremely pure rRNA probes. The
17S and 26S rRNA's were purified as explained
in Materials and Methods. The hybridizations
with the 26S rRNA allowed us to see partially
digested fragments containing 26S sequences
(many of which are not visible in the ethidium-
stained gel in Fig. 5). Both probes showed only
the faintest trace of hybridization to fragments
which hybridize with the "opposite probe." We
conclude that the probes were not mutually
contaminated and showed specific hybridization
to the 17S and 26S rRNA coding sequences.
The purity of the 5.8S and 5S species is critical

in defining the structure of the rDNA's. The
5.8S species needed to be free from the degra-
dation products of other rRNA's to localize the
5.8S coding region unambiguously within pMF2.
Our analysis of the structure of the 5S rDNA
sequences is dependent upon having a pure 5S
rRNA probe. These rRNA's were purified by
sequential electrophoresis of the RNA through
three acrylamide gels, the first being a 10% gel,
the second a 20% gel, and the third a 16% gel
containing 7 M urea (7). The purity of the re-
sulting RNAs was assessed by fingerprinting the
oligonucleotides from RNase Ti digests (23).
The fingerprints of the two RNAs are shown in
Fig. 6. We conclude that the two RNAs are
substantially free from contaminating species.
To determine whether the 3.83-megadalton

piece ofDNA found in pMF2 contains the entire
rDNA repeat unit or only a fraction of it, we
digested total Neurospora DNA with XbaI,
XhoI, KpnI, and HindIII and subjected the di-
gests to electrophoresis in a 1% agarose gel.
These endonucleases were chosen because the
rDNA insert of pMF2 either lacks sites for them
or has only one site sensitive to them. We trans-
ferred the DNA from the gels to a nitrocellulose
filter and hybridized it with 32P-labeled DNA
from pMF2. The autoradiogram showed only
one band of hybridization with DNA cut with
XhoI, XbaI, and KpnI. In each case the DNA
fragments which hybridized with pMF2 had a
size of 6.0 megadaltons. The HindIII-digested
DNA fragments showed two bands of hybridi-
zation. The sum of the sizes of the two bands
was 6.0 megadaltons. Thus, we conclude that
pMF2 does not contain the entire rDNA repeat
unit. We also conclude that Neurospora rDNA
consists of a tandemly repeated 6.0-megadalton
sequence, since no other arrangement would give
the observed results. The N. crassa 6.0-mega-
dalton repeat unit is just slightly larger than the
5.8-megadalton repeat unit of yeast (3, 6) and

J. BACTERIOL.
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FIG. 5. Localization of the 26S rRNA coding sequence. pMF2 was digested with endonucleases, and the

DNA fragments were analyzed by electrophoresis in a 1.5% agarose gel. The DNA fragments were transferred
to a nitrocellulose filter and hybridized with 26S rRNA. The digests used were: lane 1, BamHI; lane 2, BamHI
and EcoRI; lane 3, BamHI and HindIII; lane 4, HindIII and EcoRI; lane 5, HindIII and BglI; lane 6,
HindIII and HincII; lane 7, HincII; lane 8, HincII and EcoRI; lane 9, EcoRI and BglI lane 10, EcoRI and
PstI; lanes M, marker DNA, A DNA digested with EcoRI and HindIII. (a) The DNA fragments seen in the
ethidium bromide-stained gel. (b) Autoradiograph of the nitrocellulose filter. The BglI preparation was
contaminated with a trace of BglII. Some of the light bands of hybridization in lanes 5 and 9 are due to
digestion products ofBglII. The other extra bands of light hybridization in panel b which do not correspond
to DNA bands in panel a are due to incomplete digestion ofpMF2 DNA.

smaller than the rDNA repeat unit of the other
eucaryotes so far characterized. We found no
evidence for any heterogeneity within the N.
crassa rDNA.

Hybridization of the purified 5S rRNA to the
recombinant plasmid-containing E. coli clones
indicated that several clones contained 5S rRNA
sequences. The plasmids from some of these
clones have been examined. What is clear from
the analysis is that, although these plasmids
contain the 5S rRNA coding region, the "flank-
ing sequences" are highly heterogeneous (un-
published data).

In trying to estimate the number of different
types of "flanking sequences" in which 5S rRNA
coding sequences reside, we digested total Neu-
rospora DNA with several different endonucle-
ases and subjected the digests to electrophoresis
in a 1% agarose gel. The DNA fragments were
transferred to a nitrocellulose filter. The filter-
bound DNA was then hybridized with the puri-
fied 5S rRNA. The results are shown in Fig. 7.
We would hesitate to estimate how many differ-
ent types of "flanking sequences" exist for the

5S rDNA genes, except to say that there must
be many. We conclude that the 5S rRNA coding
regions do not exist as a simple repeating unit,
either as part of the rDNA unit described above
or elsewhere. It seems perfectly possible that
they are physically dispersed throughout the
genome.

DISCUSSION
The arrangement of the rDNAs in the ge-

nomes of five of the lower eucaryotes has now
been examined. These organisms present several
types of rDNA organization. S. cerevisiae has a
small tandemly repeated rDNA (5.8 megadal-
tons) which contains the sequences for all four
(5S, 5.8S, 17S, and 26S) rRNA's (3, 6). D. dis-
coideum has all four of the rRNA coding regions
contained within a large extrachromosomal pal-
indrome (27). The rDNA of the true slime mold
Physarum polycephalum has also been found to
be organized as an extrachromosomal palin-
drome (19, 29). The macronuclear rDNA in Tet-
rahymena pyriformis is palindromic and lacks
the 5S rRNA coding sequence (9, 15). Presum-
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FIG. 6. RNAse TI digestion ofrRNA's. RNA's were digested with RNase Ti and analyzed as described by

Sanger et al. (23). Panel a: 5S rRNA. Panel b: 5.8S rRNA.
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FIG. 7. Analysis of 5S rRNA sequences in Neurospora DNA. Total Neurospora DNA was digested with
endonucleases, and the DNA fragments were subjected to electrophoresis in a 1% agarose geL The DNA
fragments were transferred to a nitrocelulose filter and hybridized with 5S rRNA. The digests used were:
lanes 1 and 12, marker DNA, A DNA digested with EcoRI and HindIII; lane 2, XhoI; lane 3, KpnI; lane 4,
XbaI; lane 5, BamHI; lane 6, marker DNA, A DNA digested with HindIII; lane 7, HindIII; lane 8, SalI; lane
9, PvuII; lane 10, BglI; lane 11, EcoRI. (a) Ethidium bromide-stained geL (b) Autoradiograph ofnitrocellulose
filter. The SaII digestion in lane 8 may be a partial digestion.
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ably, the macronuclear rDNA reflects the situ-
ation within the genomic micronuclear DNA
since the forner is derived from the latter.
We found the N. crassa rDNA to consist of a

tandemly repeated 6.0-megadalton sequence.
We found no evidence for any heterogeneity
with respect to length or restriction endonucle-
ase cleavage sites. We estimate that we could
have easily detected a second type of rDNA if it
represented 5% of the rDNA. Neurospora rDNA
does not contain the 5S rRNA coding sequence.
Instead, the 5S rDNA genes are found within a
large number of different types of "flanking se-
quences." Two lines of evidence support this
conclusion: (i) the location of sites recognized by
restriction endonucleases in plasmids containing
5S rDNA sequences (unpublished data), and (ii)
the size heterogeneity of DNA fragments con-
taining the 5S rDNA genes that are obtained
when total Neurospora DNA is digested with
restriction endonucleases (Fig. 7).

In all other systems where the 5S rRNA cod-
ing sequences have been studied, these se-
quences either are part of the rDNA or are found
clustered at a small number of sites within the
genome. Our data suggest that the 5S rDNA
genes of N. crassa are not physically tightly
clustered. The arrangement of the N. crassa 5S
rDNA genes presents the organism with two
potential problems. One is that of maintaining
sequence homogeneity of the 5S rRNA coding
regions while the "flanking sequences" differ and
have presumably been under quite different se-
lective pressures. The other potential problem is
that of regulating transcription of 5S genes,
which are found in several different environ-
ments, coordinately with the major rDNA re-
peat unit.
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