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Molecular hybridization experiments with pulse-labeled total ribonucleic
acid (RNA) or isolated nonribosomal rapidly labeled RNA species and
deoxyribonucleic acid from growth periods of 8, 16, and 24 hr of Neurospora
crassa showed differential transcription. Hybridization competition experi-
ments between RNA species isolated from 8, 16, and 24 hr of growth showed
qualitative differences in the types of RNA synthesized during these periods.

Gene function can be assessed by the amount
and type of ribonucleic acid (RNA) that is
synthesized at any growth period. McCarthy
and Hoyer (7) showed that there was no differ-
ence in the polynucleotide sequences of deox-
yribonucleic acid (DNA) from different organs,
although large differences were seen among
rapidly labeled RNA isolated from these or-
gans. The method of molecular hybridization
as developed by Gillespie and Spiegelman (4)
has allowed the determination of the extent of
gene activity. Such a technique has also al-
lowed the identification of tissue-specific RNA
by means of hybridization competition experi-
ments (3, 10). All such studies indicated the
existence of regulated gene activity as ex-
pressed by differential gene functioning. Such
a regulation has been suggested as a basic
molecular event behind the processes of dif-
ferentiation and morphogenesis. In the present
paper we report experimental data that show
the extent and differences in the gene activity
during three growth periods of Neurospora
crassa.
Even though there is lack of synchrony in the

early growth phase of Neurospora, an 8-hr-old
culture is made up of unbranched hyphae of
various lengths. A 16-hr-old culture consists
predominantly of branching hyphae. At 24 hr
the hyphae have several branches, and the
growth is in the form of collective mycelial
mass. In spite of some heterogeneity in the age
of the hyphae obtained from any single conid-
ium, the three stages do show distinct mor-
phological differences.

MATERIALS AND METHODS
N. crassa strain RL-3-8A (Rockefeller wild type)

was used for all experiments. The culture was rou-
tinely kept in 2% agar slants containing 2% sucrose
and minimal salt solution (12). Cultures of various
growth periods (e.g. 8, 16, and 24 hr) were obtained

by growing the fungus in 100 ml of 2% sucrose
minimal salt solution after inoculation with a conid-
ial suspension. The flasks were kept on a rotary
shaker during the entire growth period. Cultures were
grown in a medium containing a minimum of 2 uCi of
3H-uridine per ml (specific activity 16 Ci/mmole)
when RNA was to be isolated. Pulse labeling of the
cultures was done by addition of the radioactive
compounds 5 or 10 min before harvesting at the
desired growth period. Amount of labeled precursor
was suitably increased for the increasing growth
periods. After growth for 8, 16, and 24 hr, the mycelia
were filtered repeatedly through double layers of
Mira cloth (Chickopee Mills, N.Y.). This repeated
filtration separated ungerminated conidia from the
long germ tubes. This was checked by microscope
observation. The mycelial pad free from conidia was
washed with distilled water and after lyophilization
was used for extraction of RNA or DNA.
Extraction and chromatography of nucleic

acids. DNA was isolated from lyophilized mycelia by
Marmur's method (8). RNA was isolated by Kirby's
method (6). Modification in these methods to suit
Neurospora was reported earlier (1). The nucleic acid
preparations were chromatographed on methylated
albumin Kieselghur (MAK) columns to separate
RNA species. Pooled messenger RNA (mRNA) frac-
tions, ribosomal RNA, and transfer RNA isolated in
this manner were used for DNA hybridization experi-
ments. Isolation of species of RNA characterized as
mRNA was based on some of the expected properties
of such RNA. Their separation and characterization
have been detailed in our earlier paper (1).
RNA-DNA hybridization on membrane filters.

The hybridization experiments were carried out es-
sentially by the method of Gillespie and Spiegelman
(4). The optimal conditions for such hybridization
with preparations from Neurospora were reported
earlier (1). In hybridization competition experi-
ments, labeled RNA, used at the saturation level
obtained from Fig. 1, for a particular growth period,
was hybridized to 25 sg of DNA in the presence of
increasing amounts of competing unlabeled RNA
from another growth period. Membrane filters con-
taining labeled RNA hybridized to DNA were sus-
pended in BBOT scintillator, and radioactivity was
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determined in a Packard Tri-Carb liquid scintillation
spectrometer with 50% and 18% efficiency, respec-
tively, for "4C and 3H labels. Hybridization values are
expressed as percent DNA hybridized, which was
calculated as micrograms of RNA hybridized to 100
jg of DNA, and also as radioactivity in hybrids. The
amount of RNA bound to DNA was calculated from
the radioactivity associated with the filter after
hybridization; and with the specific activity of RNA
being known, micrograms of RNA associated with
the DNA in the filter was determined. RNA was
estimated by the orcinol method (12) and by DNA
by using the diphenylamine reagent (2).

Hydroxyapatite fractionation. DNA was pre-
pared by Marmur's method from a culture of Neuro-
spora grown for 16 hr in Vogel's minimal salt solution
containing 20 MtCi of 92P as orthophosphoric acid
per ml, 2% sucrose, and half the normal phosphate
concentration. The extraction was done from lyophi-
lized mycelia, and after the DNA was obtained, it
was repeatedly subjected to ribonuclease and Pro-
nase treatments in a dialysis bag. The enzymes were
removed by deproteinization with phenol, and the
final DNA preparation was further purified by MAK
chromatography. The final preparation of DNA was
dissolved in 0.24 M phosphate buffer, pH 6.8. DNA
samples (10 jug/ml) were then sheared by ultrasonic
disintegration at 20 kc/sec for 1 min, and the buffer
strength was diluted to 0.12 M with distilled water.
DNA was denatured in a boiling water bath for 15
min and transferred immediately to an ice bath.

In hybridization experiments, 5 Mg of 32P-labeled
DNA was incubated in 0.12 M phosphate buffer with
250 Mg of 3H-uridine-labeled RNA (pulse-labeled
total RNA) for 52 hr at 70 C in a water bath. After the
incubation period, the sample was immediately
frozen and kept until it was analyzed on a hydroxy-
apatite column. The hydroxyapatite column was
prepared by the method of Miyazawa and Thomas
(9). The chromatography was done by the method of
Kohne (6).

Chemicals. All labeled compounds were obtained
from the Isotope division, Bhabha Atomic Research
Centre, Bombay. Ribonuclease was a product of
Sigma Chemical Co., and Pronase was purchased
from Calbiochem, Switzerland.

RESULTS AND DISCUSSION
Hybridizable mRNA during various

growth periods. Nonribosomal rapidly labeled
RNA species from growth periods of 8, 16, and
24 hr, which were labeled with 3H-uridine, were
used for hybridization with DNA. Figure 1
shows the maximum hybridizable RNA present
in the RNA sample isolated from the growth
periods of 8, 16, and 24 hr. From these it is clear
that the saturation values are different for the
different growth periods. This probably shows
that the numbers of active genes during the
above three growth periods are different and
that the number of active genes at 8 hr is higher
than the other two.
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FIG. 1. Saturation level for hybridization of
mRNA from 8, 16, and 24-hr growth periods isolated
by MAK column chromatography. Each point is an
average of three separate experiments. Specific activ-
ity of RNA: 8 hr, 22,650 counts per min per Mg; 16 hr,
10,320 counts per min per Mg; 24 hr, 12,430 counts per
min per Mg.

Total RNA extracted from a culture pulse-
labeled with 3H-uridine was also used for
hybridization. The results (Table 1) indicate
the total hybridizable RNA from three growth
periods. The higher saturation value for RNA
at 8 hr is still evident.
Another experiment was done in which DNA

was first hybridized with unlabeled transfer
RNA (tRNA) and ribosomal RNA (rRNA),
both obtained from MAK chromatography.
Duplicate samples were treated with ribonu-
clease to remove loosely bound RNA on the
membrane filter. Later on, one set was further
exposed to labeled tRNA and rRNA to show
that the sites on DNA for these species are
occupied by unlabeled tRNA and rRNA. The
other one was allowed to hybridize with pulse-
labeled total RNA preparation. This was done
for samples from all three growth periods.
Table 2 shows the data indicating the hybri-
dization level with pulse-labeled total RNA af-
ter saturation of sites for tRNA and rRNA.
The values for hybridization of 7.5, 3.4, and
3.9 for 8, 16, and 24 hr cultures, respectively,
seen in this experiment are close to the data
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TABLE 1. Hybridization values of total pulse-labeled
RNA with DNAa

Total RNA from Percent DNA hybridized
growth periods

(hr) Expt 1 Expt 2 Expt 3

8 9.8 9.7 9.82
16 6.4 6.48 6.35
24 7.6 7.8 7.49

a Specific activity of the RNA: 8 hr, 850 counts per
min per ug; 16 hr, 352 counts per min per jig; 24 hr,
690 counts per min per Mg.

TABLE 2. Hybridization values for pulse-labeled
total RNA after saturating the DNA sites with tRNA

and rRNA

Total RNA from Percent DNA hybridized
growth periods (hr) Expt 1 Expt 2

8 7.55 7.6
16 3.55 3.52
24 3.9 4.1

obtained as hybridization values for isolated
mRNA species (see Fig. 1). This clearly shows
that the saturation values obtained in earlier
experiments with isolated nonribosomal RNA
have no contribution from species of tRNA
and rRNA.
Hybridizable DNA or RNA isolated from

different growth periods (as determined by
hydroxyapatite column). Hybridization of
32P-labeled DNA was carried out with 3H-uri-
dine-labeled RNA as detailed in Materials and
Methods (for hydroxyapatite chromatogra-
phy), and the RNA-DNA hybrids were sepa-
rated from single-stranded DNA and RNA by
chromatography of the samples in hydroxyapa-
tite columns at elevated temperature. In this
system the amount of labeled DNA which
remained absorbed to the column, but was
eluted only by higher molarity of phosphate
buffer (0.48 M), was considered as the amount
hybridized to RNA. The percent hybridization
could be expressed as the percent of the input
DNA that remained in the form of a hybrid
with RNA. The amount of input DNA and
RNA was kept constant in all the experiments.
From the specific activity of the DNA prepa-
ration, the amount of DNA hybridized to RNA
was calculated. These data are presented in
Table 3, after correction for self-reassociation.
This was achieved by hybridizing 32P-labeled
Neurospora DNA to nonhomologous Esch-
erichia coli RNA (unlabeled). It is clear that
the hybridizable DNA was 9.9, 5.2, and 6.0%

(experiment no. 1) for 8, 16, and 24 hr of
growth, respectively. The values are very
comparable to those obtained by the mem-
brane technique as the amount of RNA hybrid-
ized and form an independent verification of
the saturation values obtained earlier (see
Table 1).

Hybridization competition (by membrane
technique). To test whether similar species of
mRNA are produced during three growth peri-
ods, hybridization competition was done. The
amount of radioactivity in hybrids, when 8-hr
RNA is used in the presence of increasing
amounts of 16-hr RNA, is gradually reduced
(Fig. 2a) until it levels off with 66% of the
original hybridized level. This indicates that
between 8 and 16 hr the RNA has homology to
some extent (up to 34%) and at the same time
some new species are present at 8 hr which are

not seen at 16 hr. The reciprocal experiment
(Fig. 2b) also showed that at 16 hr there are

TABLE3. Hybridizable amount of 32P-DNA to RNA
(hydroxyapatite chromatography)a

Percent DNA hybrid-
Total RNA ized (after correction for Comparable
from growth self-reassociation) data from
period (hr) Table 1b

Expt 1 Expt 2

8 9.9 9.88 9.8
16 5.2 5.15 6.4
24 6.0 6.02 7.4

a Specific activity of RNA: 8 hr, 2244 counts per
min per Mg; 16 hr, 1,982 counts per min per Mg; 24 hr,
800 counts per min per Mg.

" Data from molecular hybridization by membrane
technique.
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FIG. 2. (a) Hybridization competition between
mRNA (unlabeled) from 16 hr and mRNA (labeled)
from 8 hr. Increasing amounts of unlabeled mRNA
were added to 30Mg of 8H-labeled mRNA exposed to
25Mg ofDNA on the filter. (b) Similar to (a) but with
16-hr labeled mRNA and 8-hr unlabeled mRNA.
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common species (up to 42%) with 8 hr, and the
rest are new species characteristic of 16 hr.
Figure 3 shows data for such an experiment
between 8-hr and 24-hr RNA. This shows also
the presence of new species at 24 hr and
common species or homology (up to 68%) in the
RNA of 8 and 24 hr.

In all membrane hybridization experiments,
the controls were those wherein hybridization
was done by using labeled RNA in the presence
of unlabeled RNA from the same culture
(growth period); in this case the competition
was nearly 100%.
Saturation value, expressed as percent of

DNA hybridized (Fig. 1), is essentially a
measure of the number of genes that are active
in the particular growth period. Gene activity
thus is quite high at 8 hr compared to 16 and 24
hr of growth. A very similar observation was
made by DNA-RNA hybridization and hydroxy-
apatite chromatography for estimation of hy-
bridized RNA. It is also clear from the competi-
tion experiments that there are new species of
RNA during the various stages of growth. Thus
the three growth periods showed differences in
the extent and quality of active genes, indi-
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FIG. 3. Hybridization competition between

mRNA of24 hr (labeled) with 8-hr unlabeled mRNA.
Amount ofDNA and labeled RNA was the same as in
Fig. 2.

cating differential gene action in Neurospora
during the growth period of 8 to 24 hr. It is
noteworthy that in Neurospora there is very
little, if any, redundant DNA (Dutta, personal
communication).

It is to be noted that the estimate of gene
activity shown from our experiments concerns
only RNA molecules synthesized during the
short period of labeling. Nevertheless, differ-
ential gene action was clearly exhibited.
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