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Ribonucleic acid (RNA) synthesized during the first 1 h of conidial germina-
tion (15 to 20, 25 to 30, and 55 to 60 min) has been characterized by
sucrose-sodium dodecyl sulfate gradient centrifugation, binding to polyuridylic
acid filters, and oligo(dT)-cellulose chromatography. At all labeling periods
examined, polyadenylic acid-containing RNA is synthesized and associated with
polysomes. In addition, ribosomal RNA is synthesized, processed, and incorpo-
rated into polysomes. Approximately 40% of the labeled RNA sedimenting
between 5 and 17S binds to polyuridylic acid filters. RNA which binds to
oligo(dT)-cellulose displays a heterogeneous distribution in sucrose-sodium
dodecyl sulfate gradients with a major, broad peak at 10-16S. In addition, some
polyadenylic acid-containing RNA sediments beyond the 25S marker. Approxi-
mately 3% of the [3H]adenosine in pulse-labeled polysomal RNA is in polyade-
nylic acid segments resistant to pancreatic and T, ribonucleases.

Previous work (10) has shown that during the
first 30 min of spore germination in Neurospora
crassa the percentage of polysomes increases
from 3 to 75%. It has also been demonstrated
that ribonucleic acid (RNA) labeled with
[3H ]adenine is synthesized and becomes associ-
ated with polysomes during this first 30 min of
germination. On the basis of sedimentation
values in sucrose-sodium dodecyl sulfate (SDS)
gradients this RNA was postulated to be mes-
senger-like RNA (mRNA).
Recently many investigators have demon-

strated that at least some eukaryotic mRNA's
possess a polyadenylic acid [poly(A)] region at
the 3' end of the mRNA molecule. Adesnik et al.
(1) reported that all HeLa cell mRNA's, with
the exception of histone mRNA, contain a 3'
poly(A) region. More recent studies by Milcarek
et al. (9) indicate that approximately 30% of
HeLa cell mRNA's lack poly(A). Poly(A)-con-
taining mRNA appears to be ubiquitous, being
found in such diverse groups as fungi (7, 8, 15),
plants (3), insects (6), sea urchins (12, 19), and
a variety of cultured mammalian cells (2, 5, 9,
16). The presence of a poly(A) region on mRNA
molecules allows their separation from other
cellular RNAs, particularly ribosomal RNA
(rRNA) and transfer RNA, which do not possess
poly(A) regions. Several procedures for the
isolation of poly(A)-containing RNA have been
developed and include binding to polyuridylic
acid [poly(U) ]-impregnated filters (17), to

membrane filters (Millipore Corp.) (4), to oli-
go(dT)-cellulose (11), and to poly(U)-Sepharose
(5).
The present study was undertaken to (i)

determine what percentage of Neurospora
crassa mRNA's contain a poly(A) region, (ii) to
determine the kinds of poly(A) RNA that are
synthesized during the first 1 h of germination
of the asexual conidia, and (iii) to determine the
contribution of newly synthesized mRNA to the
increase in polysomes already noted.

MATERIALS AND METHODS
Harvest and culture conditions. N. crassa wild-

type strain 74-OR23-1A (Fungal Genetics Stock Cen-
ter no. 987) was used in all experiments. Conditions of
harvest and culture are those outlined previously (10).

Labeling conditions. Germinated conidia at the
required stage were labeled with the appropriate
isotopes. Details are given in the figure legends.
Isotopes used were [8- HJadenosine (specific activity,
16.8 Ci/mmol) (ICN) and [5-3H]uridine (specific
activity, 27 Ci/mmol) (Amersham/Searle).
Polysome isolation. Polysomes were isolated as

described previously (10).
Isolation of polysomal RNA. Polysomal RNA was

extracted as described previously (10) except that
polysomes were precipitated with ethanol without the
addition of carrier.

Preparation and use of poly(U)-glass fiber
filters. Poly(U) filters were prepared by the method of
Sheldon et al. (17) except that 300 Mg, rather than 150,
of poly(U) was added to each filter. Labeled RNA
extracted from polysomes was layered on 5 to 20%
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(wt/vol) sucrose gradients made up in 0.01 M tri-
ethanolamine-0.1 M NaCl-0.001 M ethylenediamine-
tetraacetic acid-0.5% SDS. Gradients were centrifuged
in an SW27.1 rotor at 26,000 rpm for 16 h at 20 C.
Gradients were monitored continuously at 260 nm,
and 0.6-ml fractions were collected. From each frac-
tion 0.2-ml aliquots were removed. To one aliquot was
added 100 ,gg of bovine serum albumin and trichloro-
acetic acid to a final concentration of 10%. Samples
were stored at 5 C for 1.5 h, collected on GF/C filters,
washed with 5% trichloroacetic acid and 95% ethanol,
dried, and counted in a toluene-Omnifluor cocktail.
To a second aliquot was added 5 ml of the poly(U)-
binding buffer (0.01 M triethanolamine, pH 7.5, 0.12
M NaCi). Each 5.2-ml sample was then gravity fil-
tered through a poly(U)-impregnated GF/C filter. Be-
fore addition of sample, each poly(U) filter was washed
with 50 ml of distilled water followed by 50 ml of
poly(U)-binding buffer. After the sample had been
gravity filtered, the filter was washed with 20 ml of
poly(U)-binding buffer followed by 20-ml washes of 5%
trichloroacetic acid and 95% ethanol. Filters were
dried and counted in a toluene-Omnifluor cocktail.

Oligo(dT)-cellulose chromatography. Poly(A)-
containing RNA was isolated from ['H]adenosine-
labeled polysomal RNA by the method of Nakazato
and Edmonds (11). Both the unbound and bound
RNAs were precipitated with ethanol at -20 C with-
out carrier.

Ribonuclease digestion of labeled polysomal
RNA. Conidia were germinated for 2 h and then
labeled with 1 mCi of ['H ]adenosine for 5 min.
Polysomal RNA was extracted, dissolved in 0.5 ml
of ribonuclease buffer (0.01 M triethanolamine [pH
7.5], 0.2 M KCl) and digested at 37 C for 30 or 60 min.
Ribonuclease concentrations were: pancreatic ribonu-
clease (Worthington), 22 Mg/ml; T1 ribonuclease (Cal-
biochem), 32 Mg/ml; T, ribonuclease (Calbiochem), 28
gg/ml (10 units/ml). The reaction was stopped by the
addition of 50 ug of carrier RNA and trichloroacetic
acid at a final concentration of 10%. Precipitates were
collected on GF/C filters and counted in toluene-
Omnifluor cocktail.

RESULTS

The RNA synthesized during the first 1 h of
spore germination is depicted in Fig. 1 to 3.
Figure 1 shows the RNA synthesized during the
interval 10 to 15 min (15-min RNA) after the
spores were placed in germination medium.
Acid-precipitable radioactivity indicates that
both 17 and 25S rRNA are being synthesized. In
addition, a large proportion of the acid-precipi-
table material sediments between 4 and 17S,
i.e., presumptive mRNA. The distribution of
poly(A)-containing RNA synthesized during the
interval 10 to 15 min after initiation of spore
germination reveals a heterogeneous distribu-
tion of presumptive mRNA molecules. The
majority of the mRNA molecules sediment
between 5 and 17S. RNA labeled between 25 to

30 min (30-min RNA) and 55 to 60 min (60-min
RNA) after the spores were inoculated show
basically the same acid-precipitable and
poly(U)-binding profiles as seen at 15 min (Fig.
2 and 3).

FRACTION NUMBER
FIG. 1. RNA synthesized during the interval 10 to

15 min (15-min RNA) after inoculation of conidia into
minimal medium. One liter of minimal medium was
inoculated with 6 x 106 conidia per ml at 33 C. At 5
min after inoculation the conidia were concentrated
10-fold and labeled for 5 min (10 to 15 min) with 10
uCi of ['HJuridine per ml of culture medium followed
by polysome isolation. Polysomal RNA was extracted
and run on 5 to 20%o (wt/vol) sucrose-SDS gradients.
Top of the gradient is to the right. Symbols: ,
optical density at 260 nm (OD1,..); 0, ['H]uridine in
acid-insoluble material; 0, ['H]uridine-labeled mate-
rial binding to poly(U) filters.
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FIG. 2. RNA synthesized during the interval 25 to
30 min (30-min RNA) after the inoculation of conidia
into minimal medium. One liter of minimal medium
was inoculated with 5 x 10' conidia per ml at 33 C. At
20 min after inoculation the conidia were concen-
trated 10-fold and labeled for 5 min (25 to 30 min)
with 10 MCi of [(HJuridine per ml of culture medium
followed by polysome isolation. Polysomal RNA was
extracted and run on 5 to 20o (wt/vol) sucrose-SDS
gradient. Top of the gradient is to the right. Symbols:
-, optical density at 260 nm (OD,..); 0, [3H]uri-
dine in acid-insoluble material; 0, ['H]uridine-
labeled material binding to poly(U) filters.
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In Fig. 4 to 6 the data are plotted as a
percentage of binding to poly(U), i.e. counts per
minute binding to poly(U) divided by acid-
precipitable counts per minute (total counts per
minute). With the exception of the 15-min
RNA, the RNA molecules binding most effi-
ciently to poly(U) filters sediment in a sucrose
gradient between the 5S and 17S rRNA. The
highest percentage of binding to poly(U) in the
30-min RNA is 53%, whereas in the 60-min RNA
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FIG. 3. RNA synthesized during the interval 55 to
60 min (60-min RNA) after the inoculation of conidia
into minimal medium. One liter of minimal medium
was inoculated with 4.3 x 106 conidia per ml at 33 C.
At 50 min after inoculation the conidia were concen-
trated 10-fold and labeled for 5 min (55 to 60 min)
with 10 MCi of [8H]uridine per ml of culture medium
followed by polysome isolation. Polysomal RNA was
extracted and run on 5 to 20% (wt/vol) sucrose-SDS
gradients. Top of the gradient is to the right. Sym-
bols: , optical density at 260 nm (OD..); 0,
[sH]uridine in acid-insoluble material; 0, ['H]uri-
dine-labeled material binding to poly(U) filters.

FRACTION NUMBER

FIG. 4. Percent binding of 15-min RNA to poly(U)
filters. Percent binding for each gradient fraction
shown in Fig. 1 was determined by dividing the total
counts per minute binding to the poly(U) filter by the
total acid-insoluble counts per minute.
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FIG. 5. Percent binding of 30-min RNA to poly(U)
filters. Percent binding for each gradient fraction
shown in Fig. 2 was determined by dividing the total
counts per minute binding to the poly(U) filter by the
total acid-insoluble counts per minute.
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FIG. 6. Percent binding of 60-min RNA to poly(U)
filters. Percent binding for each gradient fraction in
Fig. 3 was determined by dividing the total counts per
minute binding to the poly(U) filter by the total
acid-insoluble counts per minute.

it is 80%. In Table 1 the percentage of binding
to poly(U) for various portions of the gradient is
given. The gradient is divided into three groups:
presumptive mRNA (fractions 6 to 12), 17S and
25S rRNA (fractions 13 to 23), and total (frac-
tions 1 to 30). The 15-min RNA binds to poly(U)
filters at about the same level in all groups. The
percentage of binding in the presumptive
mRNA group is 12%. At 30 min the RNA in the
mRNA fractions binds approximately three
times more efficiently than at 15 min, whereas
the percentage of binding in the rRNA group (13
to 23) increases slightly when compared to
15-min RNA (17.9 versus 12.0). The 60-min
RNA exhibits similar binding to the 30-min
RNA, with 34.4% of the radioactivity in pre-
sumptive mRNA binding to poly(U) filters.
Binding of RNA in the rRNA group remains at
the level seen at 30 min. The efficiency of RNA
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TABLE 1. Efficiency ofRNA binding to poly(U) filters

Cmunbin/ Trichloro- %
RNA Group / ing to acetic acid- Binding
RNlGrouinsoluble topolteU) counts/mmn poly(U)

15 min 1-30 10,133 81,123 14.0
6-12 3,797 27,369 12.5
13-23 4;887 40,495 12.0

30 min 1-30 29,200 137,731 21.3
6-12 8,800 24,300 36.2
13-23 14,168 79,206 17.9

60 min 1-30 16,239 79,277 20.5
6-12 4,711 13,705 34.4
13-23 8,616 50,918 16.9

binding to poly(U) over the entire gradient
increases from 14% at 15 min to approximately
20%/o thereafter.
To separate the bulk of the poly(A)-contain-

ing RNA, [HH]adenosine-labeled polysomal
RNA was extracted from a 1-h culture and
chromatographed on oligo(dT)-cellulose. Ap-
proximately 13% of the input was bound to
oligo(dT)-cellulose and eluted with buffer lack-
ing NaCl at 60 C. Both bound and unbound
RNA from the oligo(dT)-cellulose column were
precipitated and centrifuged on 5 to 20% (wt/
wt) sucrose-SDS gradients.

Figure 7 shows the optical density and radio-
activity profile of RNA which does not bind to
oligo(dT)-cellulose. The acid-precipitable ra-
dioactivity profile is basically similar to total
polysomal RNA from a 1-h culture. Radioactiv-
ity is found associated with all rRNA species
and some RNA species possessing sedimenta-
tion values greater than 25S. In addition a peak
of radioactivity is found between 5S and 17S
rRNA, i.e., presumptive mRNA based on sedi-
mentation properties.

Figure 8 shows the profile for the RNA which
binds to oligo(dT)-cellulose under the condi-
tions used. The optical density profile is essen-
tially the profile of a blank gradient, and the
RNA is detected on the basis of radioactivity.
The radioactivity profile is significantly differ-
ent from the unbound profile, with no indica-
tion of rRNA species. The majority of the bound
RNA [poly(A) containing] sediments between
5S and 17S, but a significant fraction (43%)
sediments between the 17S rRNA and the
bottom of the gradient. Fractions were collected
from this region of the gradient (fractions 16 to
30) and subsequently percolated through
poly(U) filters. Binding of this RNA (> 17S) to

poly(U) filters reveals a profile of peaks corre-
sponding to those seen in the gradient (fractions
16 to 30) depicted in Fig. 4, which is the pro-
file of unfractionated 1-h polysomal RNA.
This indicates that the RNA (> 17S) binding to
poly(U) filters (Fig. 1 to 3) is poly(A) containing
and not rRNA contamination.

FRACTION NUMBER

FIG. 7. Sucrose gradient analysis of polysomal
RNA which did not bind to oligo(dT)-cellulose. Two
1-liter cultures were inoculated with 5 x 10' conidia
per ml. At 50 min after inoculation, conidia were
concentrated 10-fold and labeled for 5 min with 5 /Ci
of ['HJadenine per ml followed by polysome isolation.
Polysomal RNA was separated into an RNA fraction
which did not bind and one fraction which did bind to
oligo(dT)-cellulose. The unbound RNA was analyzed
on a 5 to 20% (wt/wt) sucrose-SDS gradient. Top of
gradient is to the right. Symbols: -, optical density
at 260 nm (OD..); 0, counts per minute.
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FIG. 8. Sucrose gradient analysis of polysomal
RNA which did bind to oligo(dT)-cellulose. Two
1-liter cultures were inoculated with 5 x 10' conidia
per ml. At 50 min after inoculation, conidia were

concentrated 10-fold and labeled for 5 min with 5 1Ci
of [3H]adenine per ml followed by polysome isolation.
Polysomal RNA was separated into an RNA fraction
which did not bind and one fraction which did bind to
oligo(d7)-cellulose. The bound RNA was analyzed on

a 5 to 20% (wt/wt) sucrose-SDS gradient. Top of
gradient is to the right. Symbols: -, optical density
at 260 nm (OD,.o); 0, counts per minute.
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To further characterize the labeled RNA,
polysomal RNA was digested with ribonu-
cleases A and T, or ribonucleases A, T,, and T,.
Digestion with A and T, yields poly(A) seg-
ments which are resistant to digestion (18). The
addition of ribonuclease T, results in the diges-
tion of poly(A) segments. Table 2 gives the
results of nuclease digestion of two different
preparations of [3H ]adenosine-labeled polyso-
mal RNA. The percentage of [3H ]adenosine as

poly(A), i.e., radioactivity resistant to ribonu-
cleases A and T, less radioactivity resistant to
ribonucleases A, T,, and T,, ranges from 1.53 to
4.88%. These values are in close agreement with
those obtained in yeast by McLaughlin et. al.
(8).

DISCUSSION
The data presented confirm and extend ear-

lier studies and demonstrate the following
points. First, at all three time periods (10 to 15,
25 to 30, and 55 to 60 min) of germination
studied, labeled RNA is found in ribosomes
(polysomes) actively synthesizing protein.
Since the incorporation of isotope into the
presumptive rRNA precursor, the processing of
the precursor into the functional rRNA mole-
cules, the formation of the ribosomal subunits,
and finally the formation of polysomes all occur
in less than 10 min, rRNA synthesis must be a

very active process in germinating conidia. In
this respect conidia induced to germinate are

unlike, for example, the newly fertilized sea
urchin egg which does not synthesize rRNA for
many hours after fertilization. Thus, although
both conidia and unfertilized eggs are cells with
very low metabolic activity (semidormant), the
initiation of active metabolic activity results in
different approaches, at least with respect to
rRNA synthesis. This is probably related to the

J. BACTERIOL.

fact that Neurospora quite rapidly undergoes a
net growth, whereas the sea urchin embryo
during early development does not.
Second, presumptive mRNA, based on sedi-

mentation values, is synthesized at all times
during the first 1 h of germination. This RNA
contributes to the increase in polysomes which
occurs during the initial stages of germination.
The data presented give further evidence that
at least some of the presumed mRNA's sedi-
menting between 5 and 17S are indeed mRNA's
based on the additional criterion of poly(A)
content, since they bind to poly(U) filters and
oligo(dT)-cellulose and are partially resistant to
ribonucleases A and T,. The profile of RNAs
binding to poly(U) filters exhibits several peaks,
corresponding to molecules with sedimentation
values from approximately 5S to some with
values greater than 25S.

In the previous study (10) RNA was pulse
labeled with [3H]adenine, and the possibility
exists that the labeled RNA extracted from
polysomes represents RNA which had preex-
isted in the cytoplasm and was subsequently
polyadenylated after the beginning of germina-
tion. Such a process has been shown to occur in
sea urchins (18). However, in this study the
incorporation of ['H]uridine internally in the
growing transcript indicates synthesis and pre-
cludes polyadenylation of preexisting mRNA.
Polyadenylation of preexisting mRNA may
occur in Neurospora as it apparently does in the
sea urchin, but these studies would not reveal it.
Assuming that the acid-precipitable material

in fractions 6 to 12 is mRNA, then the poly(U),
binding data for these fractions indicates that
not all mRNA's contain a poly(A) region. If
every mRNA possesses a poly(A)-rich region, all
of the acid-precipitable radioactivity should
bind to the poly(U) filters. As indicated in

TABLE 2. Ribonuclease digestion of [3H]adenosine-labeled polysomal RNAa

['H Jadeno- Counts/min Counts/min
sine-labeled Pancreatic Reaction resistant to resistant to Counts/min
polysomal RNase T, RNase T, RNase time (min) pancreatic pancreatic, as poly(A)
RNA tm(m) and T, T,, and T, (%
(,jg) RNase's (%) RNase's (%)

4.5 + + - 30 4.94 4.88
4.5 + + + 30 0.26
4.5 + + - 60 2.70 2.70
4.5 + + + 60 0.00

2.5 + + - 30 2.05 1.79
2.5 + + + 30 0.26
2.5 + + - 60 2.25 1.53
2.5 + + + 60 0.72

a RNase, Ribonuclease.
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Table 1, less than 40% of the acid-precipitable
radioactivity in fractions 6 to 12 is retained on
poly(U) filters. This would indicate that ap-
proximately 40% of Neurospora mRNA's con-
tain a poly(A)-rich region of sufficient length to
be bound to poly(U). The reliability of this
figure (40%) depends on several assumptions:
(i) all RNA molecules sedimenting between 5S
and 17S are bona fide mRNA molecules and not
degradation products of high-molecular-weight
non-mRNA, (ii) polysomal RNA is not contami-
nated by heterogeneous nuclear RNA, (iii) all
poly(A)-containing mRNA is isolated by the
extraction procedures used, and (iv) all poly(A)-
containing RNAs bind to poly(U) filters under
the conditions employed.
Concerning these assumptions the following

points are relevant. First, the optical density
profiles representing essentially rRNA species
do not indicate degradation, since the 2:1 ratio
of 25S rRNA-17S rRNA is always obtained.
This does not, however, exclude limited degra-
dation. Second, if heterogeneous nuclear RNA
was released during the disruption of conidia,
heterogeneous ribonucleoprotein complexes
would appear in the 10,000-rpm supernatant
and would co-sediment with polysomes in su-
crose gradients. To eliminate the possibility
of heterogeneous ribonucleoprotein complex
contamination, polysomes were treated with
puromycin and recentrifuged on sucrose gradi-
ents. Less than 10% of the labeled RNA sedi-
mented beyond the 60S subunit (data not
shown). Since puromycin dissociates polysomes
into subunits and messenger ribonucleoprotein
complexes while having no effect on con-
taminating ribonucleoprotein complexes (13),
these results indicate that at least 90% of the
labeled RNA is an integral part of polysomes.
Third, extraction procedures were used which
are reported to yield maximal extraction of
poly(A)-containing RNA (14). In addition the
co-extraction of unlabeled RNA with commer-
cially available 3H-labeled poly(A) indicates
that 97% of the radioactivity is recovered by the
extraction procedures employed. Again, this
does not eliminate the loss of the poly(A)
portion of some mRNA's. Finally, under the
conditions employed, 100% of JH-labeled
poly(A) binds to poly(U) filters. However, since
the average number of residues in the 3H-
labeled poly(A) is approximately 500 and since
preliminary evidence indicates that the poly(A)
region of Neurospora RNA is approximately 50
to 100 residues (unpublished data), the failure
of all presumptive mRNA's to bind to poly(U)
may reflect the presence of mRNA's with

poly(A) regions too short to bind to poly(U).
The separation of Neurospora polysomal RNA
on oligo(dT)-cellulose which reportedly retains
90'% of HeLa cell poly(A)-containing RNA ap-
parently does not retain all of the Neurospora
mRNA present. Upon sucrose gradient centrifu-
gation, the unbound RNA from oligo(dT)-cel-
lulose chromatography contains RNAs sedi-
menting between 5 and 17S (Fig. 8). This RNA
is presumed to be mRNA based upon its sedi-
mentation and the fact that unfractionated
RNA sedimenting in this region of the sucrose
gradient most efficiently binds to poly(U) fil-
ters. Recent reports from several laboratories
indicate that 10 to 50% of mRNA's lack poly(A)
(9, 12). Thus, the figure of 40% of Neurospora
mRNA's having a poly(A) region must be con-
sidered tentative and, based upon the assump-
tions outlined, must be considered a minimum
figure.
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