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Summary. The organization of the ribosomal DNA (rDNA)
repeat unit in the standard wild-type strain of Neurospora
crassa, 74-OR23-14, and in 30 other wild-type strains and
wild-collected strains of N. crassa, N. tetrasperma, N. sito-
phila, N. intermedia, and N. discreta isolated from nature,
was investigated by restriction enzyme digestion of genomic
DNA, and probing of the Southern-blotted DNA frag-
ments with specific cloned pieces of the rDNA unit from
74-OR23-14. The size of the rDNA unit in 74-OR23-14
was shown to be 9.20 kilobase pairs (kb) from blotting data,
and the average for all strains was 9.11+40.21 kb; standard
error=0.038; coefficient of variation (C.V.)=2.34%. These
data indicate that the TDNA repeat unit size has been highly
conserved among the Neurospora strains investigated. How-
ever, while all strains have a conserved HindIII site near
the 5" end of the 25 S rDNA coding sequence, a polymor-
phism in the number and/or position of HindIII sites in
the nontranscribed spacer region was found between
strains. The 74-OR23-14 strain has two HindIII sites in
the spacer, while others have from 0 to at least 3. This
restriction site polymorphism is strain-specific and not spe-
cies-specific. It was confirmed for some strains by restric-
tion analysis of clones containing most of the rDNA repeat
unit. The current restriction map of the 74-OR23-14 rDNA
repeat unit is presented.

Introduction

The rRNA genes in eukaryotes are generally arranged in
a tandemly-repeated head-to-tail array. These genes are of
interest, for example, because: (a) the number of repeat
units in the array is maintained approximately constant
from generation to generation; (b) at least the rRNA coding
sequences within the tandem repeats are homogeneous; and
(¢) meiotic recombination within the array is much lower
than that found elsewhere in the genome, at least in some
systems (Petes and Botstein 1977; Petes 1979). Free et al.
(1979) presented some evidence that the standard St. Law-

* Present address: Laboratory of Molecular Genetics, Harvard
Medical School, Cambridge, MA 02115, USA
** Present address: Department of Biological Sciences, Stanford
University, Stanford, CA 94305, USA
#*% Present address: Department of Biological Sciences, State Uni-
versity of New York, Buffalo, NY 14260, USA

Offprint requests to: P.J. Russell

rence wild-type strain of Neurospora crassa contains IDNA
coding for 17 S, 5.8 S and 25 S rRNAs organized as a
tandemly-repeated 9.23kb (6.0 MDa) sequence. About
200-220 copies of the repeat unit are present in the
N. crassa 74-OR23-14 standard wild-type strain (Krumlauf
and Marzluf 1979, 1980; Rodland and Russell 1982). A
5.9 kb segment of the repeat unit containing the three
rRNA coding sequences was cloned and a restriction map
constructed of the clone (Free etal. 1979). The 58 rRNA
genes are not found within the cluster but are scattered
through the genome (Selker et al. 1981; Metzenberg et al.
1983).

The organization of N. crassa rDNA was also studied
by Cox and Peden (1979) using gene cloning and restriction
enzyme analysis. They reported a repeat unit length of
8.6 kb in the strain rec-1; cog®; cot-1; his-3 (R.A. Cox,
personal communication) which has a different genetic
background from the wild-type strain used by Free et al.
(1979).

In this paper, data for the size and restriction enzyme
sites of the complete rDNA repeat unit of the 74-OR23-14
strain of N. crassa are presented. In addition, the extent
of variation between the rDNA of wild-type and wild-col-
lected strains of Neurospora representing five species is re-
ported. Our data indicate a restriction enzyme site polymor-
phism between strains, and show that the interstrain length
variation in TDNA repeat units is relatively small.

Materials and methods

Neurospora strains, media and culture conditions. The
growth media (Vogel’s minimal and Vogel’s complete) and
culture techniques used were described previously (Russell
etal. 1976; Schlitt and Russell 1974). The wild-type and
geographically-isolated wild-collected strains of N. crassa,
N. intermedia, N. sitophila, N. tetrasperma, and N. discreta
used in this study are listed in Table 1. The wild-type strain
of N. crassa used as a “reference” or typestrain is the Oak
Ridge-derived St. Lawrence strain 74-OR23-1A4. All strains
were obtained from the Fungal Genetics Stock Center
(FGSC), Humboldt State University Foundation, Arcata,
California, except strain 744, which was from A.M. Srb,
Cornell University, Ithaca, N.Y.

DNA extraction from Neurospora. Mycelia were grown to
stationary phase in 20 ml of liquid Vogel's minimal. Typi-
cally, this took 3 days at 25° C. Mycelial pads were har-
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Table 1. Neurospora strains used in the investigation

Strain Mat- Spe- FGSC® Origin
ing  cies* no.
type
Wild-type strains®
74-OR23-14°¢ A cra - Marrero, Louisiana
(St. Lawrence)
74-OR23-1V4¢ A cra 2489  Marrero, Louisiana
(St. Lawrence) :
7449 A cra - Marrero, Louisiana
(St. Lawrence)
STA4¢ A cra 262 Marrero, Louisiana
(St. Lawrence)
ORSa¢ a cra 2490 Marrero, Louisiana
(St. Lawrence)
3.1a¢ a cra 935  Marrero, Louisiana
(St. Lawrence)
14¢ A cra 354  Marrero, Louisiana
(Beadle and Tatum)
25q°¢ a cra 353 Marrero, Louisiana

(Beadle and Tatum)
EM 5256 (Emerson) A cra 424
EM 5297 (Emerson) « cra 627
rec-1; cog™¥; cot-1; A cra 2564
his-3° (Emerson)

Marrero, Louisiana
Marrero, Louisiana
Laboratory derived

A4 tet 1270

Wild-collected strains

Aarey-le A cra 2499 Bombay, India
Costa Rica A cra 851 Coto, Costa Rica
Houma-1n A cra 2220 Houma, Louisiana
North Africa I A cra 430 Adiopodoume,
Ivory Coast
Panama CZ30.6 A cra 1131 Canal Zone
Puerto Rico 18 a cra 429  Puerto Rico
2 a sit 1779 Chichester, U.X.
Obama-1b a sit 1765  Obama, Kyushu
Panama 4NHB6B A sit 1135 Jaques, Panama
Panama UP203 A sit 1134 Canal Zone
Bodjongloa Djalan & int 2560 Standard ontjom
(peanut waste)
strain; Bandung
Hanalei A int 3722 Hanalei, Kauai
Honduras a int 1300  LaLima, Honduras
Liberia 4 A int 434  Liberia
Philippine Islands 4 ¢ int 433 Philippines
Singapore-1b A int 1812 Singapore
Singapore-2 a int 436  Singapore
Kirbyville-6 A dis 3228  Kirbyville, Texas
Santa Maria a dis 3319 Santa Maria,

Guatemala

Cra=N. crassa; tet=N: tetrasperma; sit=N. sitophila; int=
N. intermedia; dis= N. discreta

FGSC = Fungal Genetics Stock Center

In parentheses is the designated genetic background for each
strain

“Laboratory wild-type™ strains. All others are natural isolates
that have been through relatively few transfers under laboratory
conditions

¢ Strain from which the rDNA repeat unit was cloned by Cox
and Peden (1979)

o

o

o

vested onto Whatman no. 2 filters by vacuum filtration,
dried by vacuum desiccation, and then pulverized in glass
centrifuge tubes by vortexing with three 4 mm glass beads
for 30 to 60 s. The powder was suspended by gentle agita-
tion in 1.8 ml of an extraction buffer consisting of 250 mM

triethylamine-ethylene diaminetetraacetate (TEA-EDTA),
pH 8.0, 0.5% (v/v) Triton X-100, 50 mM NaCl, and
0.25 mg/ml Pronase (Sigma Chemical Co., protease type
XIV). The suspension was incubated at 37° C for 2 to 3 days
with gentle agitation. The beads and cell debris were re-
moved by centrifugation, and the supernatant was treated
with 5 ml of cold 100% ethanol. The remainder of the DNA
purification procedure was essentially that described jn
Rodland and Russell (1982), with proportionately smaller
volumes. When larger amounts of DNA were required,
larger cultures consisting of germinated conidia were har-
vested, and the cells were disrupted by a French pressure
cell as described in Rodland and Russell (1982).

Bacterial strains, plasmids, and media. Plasmid pBR322 was
used as the cloning vector. pMF2 (Free et al. 1979),
pKD002, and pKDO003 are pBR322-based recombinant
plasmids containing various segments of the rDNA repeat
unit of N. crassa strain 74-OR23-14 (see Fig. 1). Bacteria
were grown in Luria-Bertani medium (L broth) supple-
mented with 10 pg/ml cycloheximide to guard against yeast
or mold contaminants, and 20 pg/ml ampicillin or 2 pg/ml
tetracycline (as appropriate) for growth of strains contain-
ing recombinant plasmids. Ampicillin at 200 pg/ml and tet-
racycline at 12.5 pg/ml were present in L agar (1.5%) plates
when needed for selection. Plasmids were isolated from
transformed liquid cultures of Escherichia coli RRA (a
recA™ derivative of strain HB101) using standard proce-
dures (see, e.g. Maniatis et al. 1982).

Restriction enzyme digestion and electrophoresis. Restriction
enzymes were obtained from Bethesda Research Laborato-
ries, Gaithersburg, Maryland, and were used according to
the supplier’s instructions. DNA fragments resulting from
the restriction enzyme digestion were analyzed in 1.0%
agarose gels made up in a Tris-acetate buffer. HindIIl+
EcoRI cut lambda DNA was used as the fragment size
marker. After staining in ethidium bromide, gels were pho-
tographed with Polaroid Type 57 film using long-wave UV
subillumination.

Hybridizations. The DNA fragments on agarose gels were
transferred to the nylon-based GeneScreen or GeneScreen
Plus hybridization membranes (New England Nuclear, Bos-
ton, Massachusetts) by capillary blotting using 20 x SSC
(3.0 M Na(l, 0.3 M sodium citrate) essentially as described
by Southern (1975). The membranes were dried for 24 in
air; baking at 80° C was not necessary to bind DNA to
the membranes. With the substitution of GeneScreen for
nitrocellulose, the methods of Thayer (1979) were followed
in fixing E. coli colonies containing recombinant DNA plas-
mids to the hybridization membrane. Colonies were repli-
cated to the membrane from cultures in microtiter dishes.

Nick translation of probe DNA in the presence of either
?P-dCTP or *S-dATPaS used the procedure of Rigby
etal. (1977) as modified by Rodland and Russell (1982).
Gel blots were hybridized with 32P-labeled probes, and col-
ony blots with *S-labeled probes. Hybridizations were
done at 65° C using standard procedures.

Molecular cloning. Standard procedures were used (e.g.
Maniatis et al. 1982). All enzymes used were from Bethesda
Research Laboratories, Gaithersburg, Maryland. Since the
inserts had identical ends, the cut PBR322 vector was incu-
bated with alkaline phosphatase before ligation. Plasmids




containing the desired rTDNA recombinant fragments were
identified by transferring bacterial colonies exhibiting the
desired antibiotic resistance to microtiter wells containing
Luria broth supplemented with cycloheximide and the selec-
tive antibiotic. The colonies were amplified by overnight
incubation at 37° C, then transferred to GeneScreen or
GeneScreen Plus placed directly on nutrient agar plates sup-
plemented with appropriate antibiotics. A replica plating
device consisting of a grid of stainless steel bolts was used
to inoculate the membranes, producing reproducible pat-
terns of colonies on various selective media. The colonies
were incubated overnight at 37° C, and grew vigorously
on the nylon membranes. The bacterial cells were lysed,
and the DNA denatured and neutralized following the pro-
cedure of Thayer (1980). The membranes were pre-hybrid-
ized and hybridized with appropriate probes after air-dry-
ing alone. The rDNA clones were also confirmed by restric-
tion enzyme analysis.

Results and discussion

Probe construction

Figure 1 shows the N. crassa rDNA repeat unit probes used
in the study, and shows a skeleton map of the whole repeat
unit deduced from these experiments. In all cases the DNA
fragment was from strain 74-OR23-14 and the plasmid vec-
tor was pBR322. Clone pMF?2 has a PstI— Pstl insert con-
taining the 17 S, 5.8 S, and 25 SrRNA coding sequences
plus spacer material (Free et al. 1979). Clones pK D002 and
pKDO003 have HindIIl— HindIII inserts and were obtained
using pMF2 as a probe for overlapping material. pXD002
contains the complete 17 S and 5.8 SrRNA coding se-
quences, a very small portion of the 5 end of the
25 S rRNA sequence, and spacer material to the 5" end of
the 17 S sequence. pKDO003 contains the remainder of the
25 SrRNA coding sequence plus spacer material 3" to it.
Clone pRW604 contains two HindIIl— EcoRI1 fragments;
one in common with pKD002 and one in common with
pKDO003 (fragments ‘A’ and ‘E’, respectively, which were
pieced together in vitro: see Fig. 1) inserted into the EcoRI
site of pBR322. Thus, pPRW604 contains mostly spacer ma-
terial. In genomic DNA, ‘A’ and ‘E’ are separated by ‘F’.

Variation in the rDNA repeat unit between strains?

A study was made of the available large array of wild-type
and wild-collected strains of several Neurospora species to
assess the degree to which the rDNA repeat unit varies,
particularly with regard to size.

The wild-type strain 74-OR23-14 is the standard refer-
ence strain in these studies. Restriction enzyme mapping
experiments were done with pKD002, pKD003, and pMF2
using HindIII and EcoRI. Five fragments, ‘A’ to ‘E’
(Fig. 1), collectively constitute the rDNA segment spanned
by these clones. The sizes of these fragments shown in Fig. 1
are the mean values of measurements obtained from restric-
tion mapping experiments of the clones, and from experi-
ments in which blots of HindIII+ EcoRI-cut genomic DNA
were probed with rDNA clones shown in Fig. 1. The sum
of fragments ‘A’ through ‘E’ for the 74-OR23-14 type-
strain is 8.36 kb.

Significant variation in the size of the non-transcribed
spacer within or between organisms has been observed, for
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Fig. 1. Organization of the rDNA repeat unit in M. crassa
74-OR23-14 as determined by mapping the known plasmid clones
PME2, pKD002, pKD003 and pRW604 (the open rectangles in
the figure). The coding regions for 17 S, 5.8 S and 25S rRNAs
are shown as solid rectangles. The five fragments produced by
digestion with HindIII + EcoRI are designated ‘A’ through ‘E’.
The sixth fragment, ‘F’, has been detected by the experiments
described in this paper

example in Xenopus laevis (Botchan et al. 1977), in mice
and humans (Armheim and Southern 1977), and in Drosoph-
ila (Rae et al. 1981; Wellauer and Dawid 1977, 1978). We
wished to determine if significant rDNA size variation exists
within or between strains of Newrospora. Blots of HindIII +
EcoRI-cut genomic DNA were hybridized with nick-trans-
lated pRW604 and pMF2, separately and simultaneously.
Because we did not at the time appreciate the existence
of fragment ‘F’ nor detect it with the probes shown in
Fig. 1, we measured the fragments which did have homolo-
gy to those probes. Substantial variation within strains
would have appeared as additional bands in the pattern,
or as broadening of the major bands. While some very
minor bands with rDNA homology could be observed on
heavily exposed autoradiograms, these were of an intensity
which suggested that they could be single-copy DNA, per-
haps junctions between rDNA and other DNA species
(Zamb and Petes 1982). The sharpness of the major bands
was consistent with there being no size-microheterogeneity.

Variation between strains is shown in Table 2, which
gives the mean sizes of the presumptive ‘A’°, ‘B’, ‘D’, and
‘B’ fragments in the strains tested. (The very small ‘C’
fragment was omitted from the table since it is constant
within experimental error in all strains, the best size esti-
mate being 0.34 kb.) The data also indicate that fragments
‘B’, ‘D, and ‘E’ are constant between strains, the only
exceptions being the Aarey-le and Santa Maria strains, in
which nothing corresponding to fragment ‘E’ is seen. In
contrast, there is an obvious size variation in the fragment
which corresponds to ‘A’ in the 74-OR23-14 typestrain.
The range was from 1.11 kb in Liberia 4 to 3.81 kb in
Aarey-1e. Less variation is seen in the sum of the fragment
sizes ‘A’ — ‘B’ if the size of ‘B’ is taken as zero when
it is absent.

The fragment corresponding to ‘A’ which exhibits size
variation is a HindIIl— EcoRI fragment containing no ma-
ture rRNA-coding sequences, only spacer, most of which
is probably nontranscribed.

To test the apparent spacer size variability more directly,
EcoRI-cut genomic DNA was hybridized with the same
probes as before. There are three EcoRI cleavage sites with-
in the rDNA of 74-OR23-14 and EcoRI digestion produces
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Table 2. Sizes (in kb) of the presumptive “‘A°, *B”, ‘D’, and ‘E’
fragments produced by cutting the rDNA of Newrospora strains
with HindIIl + EcoRI®

Strain Spe-  Size of fragment Total®
cies®
‘AT B ‘D’ ‘B’
Wild-type strains
74-OR23-14 cra 1.82 240 294 086 836
74-OR23-1V 4 cra 150 238 290 092 844
744 cra 182 233 280 0.85 8.14
STA cra 190 236 293 091 8.44
ORSa cra 1.85 2.29 2.84 0.88 8.20
3.1a cra 183 234 285 088 824
14 cra 1.83 229 285 090 821
25a cra 290 234 289 090 937
Em 5256 cra 1.74 236 296 095 801
Em 5297 cra 285 233 279 085 9.14
rec-1; cog™ ; cra 282 230 2738 093 9.17
cot-1; his-3
85 tet 275 236 287 0.86 9.18
Wild-collected strains
Aarey-le cra 392 235 285 - 9.46
Costa Rica cra 287 237 286 099 943
Houma-1n cra 291 233 283 0.8 925

North Africa I cra 2.84 233 287 087 925
Panama CZ30.6 cra 1950 235 2.88 0.93 8.40
Puerto Rico 18 cra 296 235 2.86 0.93 9.44

2 sit 1.6 232 287 0.8 8.1t
Obama-1b sit 1.77 237 290 088 826
Panama 4NHB6B  sit 241 232 285 0950 882
?y Panama UP203 sit 1.72 233 287 091 8.17
Bodjongloa Djalan int 1.41 241 2.91 095 8.02
Hanalei int 1.72  2.39 290 092 827
Honduras int 1.18 235 287 097 7171
Liberia 4 int 1.14 227 285 0.88 7.48
Philippine Islands 4 int 234 235 289 080 888
Singapore-1b int 292 236 28 0.8 937
Singapore-2 int 1.80 236 294 095 839
Kirbyville-6 dis 298 235 292 095 954
Santa Maria dis 3.58 231 2.79 - 9.02
Statistics: n=>31 31 3 29 31

Mean (X)= 2.26 234 287

Std. dev. (s)= 0.695 0.032

Std. error (S.E.}= 0.125 0.006
Coefficient of variation

(CV)=30.8% 1.36% 1.56% 4.39% 6.82%

0.903 8.65
0.045 0.040 0.589
0.0080 0.0074 0.106

»

The sizes presented are the mean values of at least three indepen-
dent determinations. The C.V. was computed for each replicate
sample set: the mean was 4.8% and the maximum was 13.0%.
The fragment nomenclature is from Fig. 1

Species abbreviations are as in Table 1

The total value given is that for all fragments identified by the
hybridization experiments and hence includes the ‘C” fragment
value of 0.34 kb in each case

T
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three fragments, designated ‘I, ‘II’, and ‘III’ in Fig. 2.
Fragment ‘I’ is the same as fragment ‘B’ in the HindIII +
EcoRI experiment. Fragment ‘II’ contains the 3’ “half”
of the 5.8 S sequence, the spacer between the 5.8 S and
258, and all but a small 3’ piece of the 25 S coding se-
quence. Fragment ‘III’ contains the rest of the 25§ se-
quence, and most of the spacer material of the rDNA repeat
unit; this fragment spans adjacent rDNA repeat units. The
initial (incorrect) hypothesis was that fragment ‘III’ con-

7S 585 255 173 585 255
T . L ! T T -
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EcoR! fragments: ——'T'—! Sig {1 e .
kb
——i

Enzyme key: H=HindIIIl; R= EcoRI

Fig. 2. Locations of the EcoRI restriction enzyme sites in the tDNA
repeat unit of 74-OR23-14. EcoRI digestion produces three frag-
ments, designated ‘I’ through ‘II1”

tains only sequences of the variable-sized fragment ‘A’ plus
the usually-constant-sized fragment *E’; therefore it should
show the same extent of size variation as does fragment
‘A’ alone. The results in Table 3 show that there is relative-
ly little size variation in fragment ‘III” — certainly less than
the size variation in the fragment corresponding to ‘A”.
Fragment ‘III” does show more variation in size than do
fragments ‘I’ or ‘II” (see statistics in Table 3).

The data in Table 3 indicate that all but one of the
strains have three EcoRI sites like the standard 74-OR23-14
wild-type strain. In view of the relative constancy of the
size of the EcoRI fragments produced in genomic digests,
it may be concluded that the EcoRI cleavage sites have
been conserved during the evolution of the Newrospora
strains represented in this study. The exceptional strain is
Bodjongloa Djalan in which four fragments were produced
by EcoRI digestion of the rDNA. Two of the fragments
correspond to ‘I’ and ‘II” of the other strains. The other
two fragments, of 1.92 and 1.35 kb, both hybridize with
the pPRW604 probe, and hence consist of spacer material.
The simplest hypothesis is that there is an extra EcoRI
site in the spacer region of this strain.

Comparison of the data in Tables 2 and 3 indicates that,
in many cases, the total size of the recognized rDNA unit
is significantly greater in the EcoRI experiment (Table 3)
than in the HindIIl + EcoRI experiment (Table 2). For ex-
ample, the size of the rDNA unit in 74-OR23-14 was calcu-
lated to be 8.36 kb both from mapping the known clones
of this region, and analysis of the HindIII + EcoRI genomic
blot data, while the EcoRI blot data indicate a size of
9.20 kb. The data are best explained by polymorphism in
the position and/or number of HindIII sites in the spacer
region. In 74-OR23-14, for example, if there were two Hin-
dIIT sites in the spacer, then a HindIII to HindIIl fragment
would not be detected in HindIIl + EcoRI cuts since neither
the pK D002 or pKID003 probes (which were “walked out”
from a PstI— Psi1 fragment to the HindIII sites: see Fig. 1)
would contain that sequence. The HindIII— HindIII piece
would be present in the EcoRI— EcoRI fragment ‘III’ and,
by subtracting the Table 2 total from the Table 3 total, it
would be about 0.85 kb.

Among wild-type N. crassa strains (and their deriva-
tives), Em 5297, and rec-1, cog™; cot-1; his-3 apparently
have only one HindIIl site in the non-transcribed spacer,
the one equivalent to the left one of the pair in the 74-0R23-
14 typestrain. As a result, the fragment corresponding to
‘A’ of Table 2 appears substantially larger in these strains.
Cox and Peden (1979) cloned rDNA from rec-1; cog®;
cot-1, his-3 (our reason for including it in this study), and
they reported a repeat unit of 8.6 kb. Comparison of their
restriction map with that of 74-OR23-14 (Fig. 1, and per-
sonal communication with R.A. Cox) indicated some size




Table 3. Sizes (in kb) of the presumptive “I°, *II’, and ‘III’ frag-
ments produced by cutting the tDNA of Neurospora strains with
EcoRI?

Strain Spe-
cies®

Size of fragment Total

‘r ‘I I

Wild-type strains

74-OR23-14 cra 2.32 3.22 3.66 9.20
74-OR23-1VA cra 2.29 3.27 3.77 9.33
744 cra 2.35 3.08 3.59 9.02
ST4 cra 2.35 3.23 3.88 9.46
ORSa cra 2.25 3.19 3.82 9.26
3.1a cra 2.23 3.15 3.68 9.06
14 cra 2.25 3.17 3.69 9.11
25a cra 2.30 3.25 3.74 9.29
Em 5256 cra 2.28 3.23 3.62 9.13
Em 5297 cra 2.22 3.06 3.57 8.85
rec-1; cog™; cot-1; cra 224 312 3.63 8.99
his-3

85 tet 2.30 3.13 3.55 8.98
Wild-collected strains

Aarey-le cra 2.35 3.28 3.80 9.44
Costa Rica cra 2.32 3.23 3.75 9.30
Houma-1n cra 2.32 3.22 3.79 9.33
North Africa I cra 2.37 3.25 3.67 9.29
Panama CZ30.6 cra 2.30 3.28 3.71 9.29
Puerto Rico 18 cra 2.29 3.23 3.64 9.16
2 sit 2.27 3.20 3.54 9.01
Obama-1b sit 2.23 3.15 3.60 8.98
Panama 4NHB6B sit 2.33 3.25 3.48 9.06
Panama UP203 sit 2.30 3.22 3.59 9.11
Bodjongloa Djalan int 2.25 3.19 1.92 8.72

+1.36
Hanalei int 2.30 3.20 3.54 9.04
Honduras int 2.32 3.25 3.32 8.89
Liberia 4 int 2.28 3.20 3.40 8.88
Philippine Islands 4 int 2.33 3.26 3.26 8.85
Singapore-1b int 2.26 3.20 3.66 9.12
Singapore-2 int 2.32 3.24 3.75 9.31
Kirbyville-6 dis 2.32 3.34 3.73 9.29
Santa Maria dis 2.16 3.03 3.35 8.54
Statistics: n= 31 3 31

Mean ()= 229 320 361  9.11
Std. dev. (s)= 0.046 0.068 0.160 0.213
Std. error (S.E)= 0.008 0.012 0029 0.038
Coefficient of variation
(CV)= 2.02% 2.12% 4.44% 2.34%

 The sizes presented are the mean values of at least three indepen-
dent determinations. The C.V. was computed for each replicate
sample set: the mean was 2.3% and the maximum was 5.5%.
The fragment nomenclature derives from Fig. 2

b Species abbreviations are as in Table 1

difference in the fragment corresponding to ‘A’. That dif-
ference may now be explained on the basis of HindIII site
polymorphism, especially since their strain has an Emerson
genetic background and is closely related to Em 5297. The
one strain of N. tetrasperma included in our study, 854,
has a single HindIIl site located very similarly, perhaps
identically, to that in the N. crassa 25a and Em 5297. The
inheritance of restriction site polymorphism can be checked
against the known pedigree of these strains. According to
Barratt (1962) the Emerson strains were derived many years
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Fig. 3. Origin of some of the laboratory wild-type strains of
N. crassa used in the study (adapted from Barratt 1962). The
number of HindlIl sites in the nontranscribed spacer region is
indicated by the circled, bold-face number 1 or 2, and is based
on this work and on other experiments not reported here. The
Lindegren L({—)a is no longer available, and its genotype is in-
ferred from its progeny

ago from crosses of strains which included 25a, and the
two Emerson strains, Em 5297 and Em 5256, which have,
respectively, one and two HindIIl sites in their non-tran-
scribed spacer, and are ancestors of the Oak Ridge strains.
The inheritance of rDNA in commonly-used laboratory
wild-type strains can be followed in the pedigree (Fig. 3).
The rDNA differences among wild-collected strains may
also be understood on the basis of HindIII site polymor-
phism. The N. crassa strains Costa Rica, Houma-1n, North
Africa I, Puerto Rico 18, the N. intermedia strains Philip-
pine Islands 4, Singapore-1b, and the N. discreta strain Kir-
byville-6 appear to have one HindIIl site in the spacer like
254 etc., while N. crassa strain Panama CZ30.6, N. sitophila
strains 2, Obama-1b, and Panama UP203, and N. interme-
dia strains Hanalei and Singapore-2 appear to have the
74-OR23-14 two-site pattern. The situation regarding the
N. sitophila strain Panama 4NHB6B is not clear from the
data since, while the HindIIl — EcoRI fragment correspond-
ing to ‘A’ is 0.50 kb larger than in 74-OR23-14, the differ-
ence in total rDNA size for the two sets of cuts is only
0.20 kb. The fragment corresponding to ‘A’ in N. interme-
dia strains Honduras and Liberia 4 is significantly smaller
than either that in 74-OR23-14 or the average size of that
fragment for all strains. This means that there is a HindlII
site in the spacer located closer to the EcoRI site near the
start of the 17 S sequence than is the case in 74-OR23-14.
At least one other HindIIl site must be present in each
strain in view of the difference in ‘total’ rDNA size for
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these strains in Tables 2 and 3. A similar situation appears
to be the case in the Bodjongloa Djalan strain.

The fragment corresponding to ‘A’ in both the V. crassa
Aarey-le strain and the N. discreta Santa Maria strain is
much larger than that seen in any other strain. However,
given: (1) the absence of fragment ‘E’; (2) the similarities
in size of the presumptive fragment ‘A’ and the EcoRI —
EcoRI fragment ‘III” in Tables 2 and 3, respectively; and
(3) the fact that a HindIII digest of genomic DNA produces
one and not two fragments detectable by the available
probes (data not shown), we conclude that there is only
one HindlIlII site in the rDNA of these strains. That site
is in the beginning of the 25 S sequence; no HindIIl site
Is present in the spacer.

Cloning the rDNA

The HindIII site polymorphism hypothesis was proved for
at least some of the strains by analyzing clones containing
most of the rDNA repeat unit, including all of the spacer
region showing the variation. The clones were made by
inserting a large BamHI— BamHI fragment into the BamH1
site of pBR322. Cutting the tandem set of rDNA units
with BamHI produces two fragments: one is a very small
fragment of about 0.3 kb containing the 5.8 S rRNA se-
quence and transcribed spacer material on either side; the
other is a very large fragment spanning adjacent IDNA
units and containing almost all of a repeat unit. Clearly
the BamHI fragment can insert into the pBR322 in either
of two possible orientations. Clones were obtained from
strains 74-OR23-14, Panama CZ30.6, Panama UP203, Li-
beria 4, and Puerto Rico 18. In some cases a number of
replicate clones were obtained.

A restriction map was made for each clone using the
enzymes HindlIl, EcoRI, and BamHI. Each agarose gel
was blotted to GeneScreen and the blots were hybridized
with the probes described before in order to confirm the
nature of each restriction fragment. Restriction maps for
a number of the clones are shown in Fig. 4.

The map for clone pRW528 (Fig. 4A), containing the
rDNA of the 74-OR23-14 typestrain, clearly indicates the
presence of two HindIIl sites within the spacer. Thus, any
cuts with HindIIl would produce an approximately 1 kb
piece that is not represented in any of the hybridization
probes. The map for pPRBHS526 (from Panama CZ30.6) is
essentially identical to that of pRW528, as expected from
the data presented in Tables 2 and 3 (maps not shown).
The rDNA insert in pRBHS27 (from Panama UP203) is
in the opposite orientation from the previous two, but the
map is otherwise indistinguishable from them (map not
shown).

The map for pRBH523.2 (Liberia 4: Fig. 4B) indicates
at least three HindIII sites in the spacer region. The central
HindIII site could be in either one of two possible locations
relative to the other two sites. This explains the small size

Fig. 4A~C. Restriction maps of rDNA. clones from several Newro-
spora wild-type strains. In each case, the insert is a BamHI to
BamH]I fragment. The distances shown are in kb, and the maps
were drawn based on the sizes of the smallest fragments. A Map
of clone pRWS528: N. crassa 74-OR23-14; BMap of clone
PRBHS523.2: N. intermedia Liberia 4; C Map of clone pRBH525.4:
N. crassa Puerto Rico 18
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of the fragment corresponding to ‘A’ (Table 2) in this strain
relative to that in 74-OR23-14. However, the total length
of the rDNA insert in the plasmid is significantly less than
the repeat unit length calculated from the EcoRI genomic
blots, even allowing for the small BamHI piece missing in
the clone. Moreover, the EcoRI to EcoRI distance for the
spacer region in the clone is 3.23 kb which is significantly
larger than the sum of the small fragments represented in
the Figure. We presume, therefore, that one or more Hin-
dII1 sites were undetected in these experiments.

The map for pPRBH525.4 (Puerto Rico 18: Fig. 4C) in-
dicates only one HindIll site in the spacer, thus giving a
much larger fragment ‘A’ than in 74-OR23-14. Nonethe-
less, the overall length of the region between the EcoRI
sites encompassing the spacer is approximately the same
in each case.

Restriction map for the rDNA repeat unit
of 74-OR23-14

Given the new information about the size of the rDNA
repeat unit in 74-OR23-14, restriction mapping experi-
ments were done with the existing clones containing various
pieces of the repeat unit. The current restriction map is
presented in Fig. 5.

Conclusion

The results show that the rDNA repeat unit in 31 strains
of Neurospora, representing five species, is very similar in
size. In all but one strain, three EcoRI sites located in,
or close to the presumptive primary transcript coding region
are highly conserved in their positions. The exceptional
strain has an extra EcoRI site in the non-transcribed spacer
region. Evidence was also obtained for polymorphism
among strains in the number and/or relative positioning
of Hindlll sites in the NTS region. This polymorphism is
strain-specific and not species-specific.

The essential uniformity of the rDNA repeat unit
among Neurospora species, four of which are heterothallic
and one of which (N. tetrasperma) is secondarily homo-
thallic, indicates that the rDNA unit has been highly con-
served during evolution, including the size of the non-tran-
scribed spacer. This is in accord with the hypothesis that
selection has a significant role in maintaining the parallel
evolution of genetically separate but homologous repetitive
gene clusters. There is, however, substantial variation in

the number and position of HindIII sites in the non-tran-
scribed spacer DNA. It is somewhat surprising that no poly-
morphisms ~ indeed no sites — have been found in this
region for other enzymes with six basepair recognition spec-
ificity. This may be purely coincidence, or it could possibly
reflect the existence of similar but not identical domains
within the region, each containing either a HindIIl site or
a sequence which can become a HindIll site by change
of a single base pair. Only much more extensive restriction
mapping and/or sequencing will distinguish between these
possibilities.
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