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Several hundred temperature-sensitive mutants of Aspergillus nidulans were
screened for ability of their conidia to produce germ tubes at the nonpermissive
temperature while still remaining with the original single conidial nucleus.
Eleven such strains representing 11 different complementation groups were
found. One of the strains accumulated condensed chromosomes at 42 C, the
nonpermissive temperature, and thus had a temperature-sensitive step in the
mitotic sequence. Five mutants made protein and ribonucleic acid at 42 C, but
synthesized deoxyribonucleic acid at a greatly reduced rate. These were pre-
sumed to have mutations in steps related to chromosome replication. Other
strains continued to make deoxyribonucleic acid as well as ribonucleic acid and
proteins at the nonpermissive temperature and accumulated abnormally large
nuclei and nucleoli. The deoxyribonucleic acid made at 42 C banded together
with the parent deoxyribonucleic acid in CsCl gradients. These strams have

mutations in steps required solely for nuclear division.

The events involved in the replication of eu-
karyotic chromosomes and in the division of the
eukaryotic nucleus are as yet poorly character-
ized. One approach which has provided useful
information has been the study of temperature-
sensitive fungal mutants blocked in specific
steps of nuclear replication. Strains unable to
synthesize deoxyribonucleic acid have been ob-
tained from Ustilago maydis (26) and from Sac-
charomyces cerevisiae (8), and in one U. may-
dis mutant the inability to make DNA has been
related to the presence of a temperature-sensi-
tive DNA polymerase (11). Mutations in a num-
ber of loci in S. cerevisiae allowed cells to syn-
thesize DNA and to replicate their chromo-
somes but prevented nuclear division (9). Sig-
nificantly, some of these mutants were affected
in very early steps of the cell cycle, such as bud
initiation. Thus, the inability to complete steps
in a different sequence, related to cell enlarge-
ment, also blocked nuclear division.

Mutants have so far been sought mainly
among mononucleate organisms which multi-
ply by budding or fission. However, coenocytic
hyphal species may offer advantages for study-
ing specific aspects. Mutants could be detected
by the relatively simple technique of looking for
cells with less than the normal number of nu-
clei. Because mitosis is not followed by septa-
tion and cell division, there will be no mecha-
nisms which interlock the nuclear and division
cycles. This may facilitate characterization of

the steps involved solely in nuclear replication.
These considerations have led us to look for
mutants in the hyphal ascomycete, Aspergillus
nidulans, which has the additional property,
not possessed by yeasts, of forming recogniza-
bly condensed chromosomes at mitosis (23).
Some of the mutants we isolated were blocked
in DNA synthesis or mitosis. Others continued
to make DNA and finally contained large nu-
clei with several times the normal amount of
DNA.

MATERIALS AND METHODS

Organisms and media. Mutants were isolated
from A. nidulans strain 46NXW, having the geno-
type ad15 bil w cnx and an unmapped mutation for
ultraviolet sensitivity (for gene symbols see ref. 2).
For mapping experiments, master strain F (19) was
used.

Medium A contained 2% (wt/vol) malt extract
(Difco Laboratories, Detroit, Mich.), 2% (wt/vol)
glucose, and, when added, 2% (wt/vol) agar. Defined
media used were as described previously (21).
Growth factors required by the strains were rou-
tinely added to all media. Conidial suspensions were
prepared as described previously (13).

Isolation of temperature-sensitive mutants. Co-
nidia of 46NXW were germinated in medium A for 2
h at 30 C, collected on a membrane filter, washed
with 0.01 M Tris-maleate buffer (pH 6), and resus-
pended in the same buffer containing 100 pg of
nitrosoguanidine per ml. After 30 min the conidia
were washed, resuspended in water containing
0.5% (wt/vol) Tween 80, and sown as a thick suspen-
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sion on medium A solidified with agar. The fraction
of conidia surviving nitrosoguanidine treatment
was 10 to 20%. After growth and conidiation, the
fresh crop of conidia were collected and contained, in
our experience, a higher proportion of mutants than
conidia plated directly after nitrosoguanidine treat-
ment.

Mutants able to grow on medium A at 30 C but
not at 42 C were detected by replica plating (18) and
purified.

Cytology. Conidia were spread on sterile cello-
phane sheets placed on the surface of medium A
solidified with agar. After incubation at 30 or 42 C,
the cellophane with the germinated conidia was
fixed in Helly solution (23). Staining for nuclei,
nucleoli, and mitotic spindles was then carried out
as described by Robinow and Caten (23). Samples for
electron microscopy were prepared as previously de-
scribed (25).

Measurements of the rates of macromolecular
synthesis. Identical numbers of conidia were sown
in a series of flasks containing medium A. Duplicate
samples each consisting of the contents of a whole
flask were taken at intervals, and the germinated
conidia were harvested on membrane filters. Pools
were removed with cold 5% trichloroacetic acid, and
the ribonucleic acid (RNA) and DNA were extracted
separately as described by Kennell (14). Protein was
estimated on the residue after extracting the nucleic
acids by the method of Lowry et al. (17). Labeling
with [1-'“Clleucine during germination showed that
the extraction for nucleic acids did not remove any
protein components.

RNA and DNA in the above extracts were esti-
mated either chemically (3, 14, 24) or by following
radioactivity due to the incorporation of [8-
3H]adenine (The Radiochemical Centre, Amersham,
specific activity, 20 Ci/mM). (8-*H])adenine could be
used for this purpose because 46NXW is a purine-
requiring strain, carries a cnx mutation which
blocks catabolic breakdown of purines (5) and be-
cause *H attached to carbon 8 of the purine molecule
does not label histidine. Extraction of labeled hy-
phae with hot 5% (wt/vol) trichloroacetic acid
showed that essentially all the radioactivity was
soluble in trichloroacetic acid. When RNA and DNA
synthesis was followed radiochemically, radioactive
conidia were prepared from hyphae growing on me-
dium A with 0.1 uCi of [8-°H]adenine per ml, and
these were used as the inoculum. The growth me-
dium also contained 0.1 uCi of [8-*H]adenine per ml,
and the rate of polymer synthesis could be obtained
directly from the increase in radioactivity. The
chemical and isotopic estimations gave closely cor-
responding results.

Distribution of DNA in CsCl gradients. Conidia
were germinated in medium A containing [8-
3Hladenine (1 uCi/ml) or [**P]O.2~ (1 xC/m}), col-
lected on membrane filters, and washed with 0.1 M
EDTA, pH 8. The cells were shaken in chloroform-
methanol (1:1) for 60 min at 4 C and lyophilized. The
dry material was ground to a powder and resus-
pended in 0.1 M EDTA and 0.15 M NaCl, pH 8. In
most of the experiments RNA was degraded before
the CsCl run by incubating the suspension with 200
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ug of pancreatic ribonuclease per ml and 50 units of
Tl ribonuclease per ml at 37 C for 2 h. Pronase (100
ug/ml) was then added, and the suspension was
incubated for a further hour at 37 C. In some experi-
ments the above RNA degradation was omitted, and
the RNA was hydrolyzed with KOH (see below).

Sodium lauryl sulfate was then added to the
suspension to give a final concentration of 2% (wt/
vol), and the mixture was incubated for 15 min at
60 C. CsCl was added to give a final density of 1.700
g/ml, and the mixture was centrifuged for 70 h at
22 C at 110,000 x g. Fractions of 0.1 ml were col-
lected directly on glass fiber filters (GF/C, What-
man Ltd., England) when ribonuclease-treated cells
had been loaded onto the gradient. When the ribo-
nuclease treatment had been omitted, fractions
were collected in tubes. KOH was added to give a
final concentration of 0.3 N and, after 2 h at 37 C,
the precipitate was collected on GF/C filters. In all
cases, the filters were washed with cold 10% (wt/vol)
trichloroacetic acid, 95% (wt/vol) ethanol, and ace-
tone in that order, and radioactivity was determined
by liquid scintillation counting. The scintillant con-
tained 3 g of 2,5-diphenyloxazole (PPO) and 0.3 g of
1,4-bis-(5-phenyloxazolyl)-benzene (POPOP) per li-
ter of toluene.

Genetical techniques. Conventional methods
were used to produce heterokaryons and heterozy-
gous diploids and for the haploidization of diploids
(19, 21).

Distribution of conidial sizes. The distribution of
conidial volumes was determined with a Coulter
Counter Model B (Coulter Electronics, Inc., Hi-
aleah, Fla.), fitted with a 100-um orifice and a re-
corder to plot the relative frequency of pulses of
different heights.

RESULTS

Screening of mutants. Over 300 mutants
which grew on the malt extract medium at 30 C
but not at 42 C were isolated. Eleven of these
mutants formed germ tubes at 42 C but re-
mained with one nucleus or nucleolus (Fig. 1,
A-F). The maximal lengths which the germ
tubes reached before growth ceased was con-
stant for a particular strain but varied from one
mutant to another. In all cases, however, an
equivalent length of germ tube in the parent
contained more than the single nucleus of the
mutants (Fig. 1). Thus, these 11 strains be-
haved as if they were blocked in nuclear repli-
cation, and their cytology and physiology were
further investigated.

Cytology. Staining with aceto-orcein showed
that, after incubation at the nonpermissive
temperature, almost all the nuclei of strain 48
contained condensed chromosomes and ap-
peared blocked in mitosis (Fig. 2B). None of the
other 10 mutants accumulated condensed chro-
mosomes or mitotic figures at 42 C. Strains
which synthesized appreciable amounts of
DNA at the nonpermissive temperature (see
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Fi1G. 1. Nuclei and nucleoli in parent and mutant strains of A. nidulans grown at 42 C. A, B, and C were
stained with acid fuchsin for nucleoli (arrow); D was stained with aceto-orcein for chromatin; E and F were
stained with hematoxylin for nuclei (arrow). (A) Parent strain (x 800), (B) and (C) strain 59 ( x 1,000), (D)
parent strain ( x 980), abbreviations: i, interphase nucleus; m, nucleus in mitosis, (E) strain 59 (x 600), (F)

strain 50 (x 500).

below) had markedly larger nuclei and nucleoli
at 42 C than those of the parent (Fig. 1). Ultra-
thin sections examined under the electron mi-
croscope confirmed the presence of large nuclei
and nucleoli in these mutants but did not indi-
cate any other abnormalities (Fig. 2A).

Macromolecular synthesis at the nonper-
missive temperature. To determine the effect
of the nonpermissive temperature on the syn-
thesis of DNA, RNA, and protein, conidia were
germinated at 30 C for 15 h and then part of the
cultures were switched to 42 C and compared
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Fic. 2. Nuclei in mutants of A. nidulans grown at 42 C. (A) Strain 59 stained with uranyl acetate and
lead citrate. Abbreviations: nu, nucleus; nl, nucleolus (x 19,000). (B) Strain 48 showing condensed
chromosomes (arrow). Stained with aceto-orcein (x 1,560).
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Fic. 3. DNA and protein synthesis by hyphae of strains 12, 50, and the parent (WT) at 30 and 42 C.

Symbols: @,30 C; O,42 C.

with those remaining at 30 C. The parent
strain synthesized polymers at an almost iden-
tical rate at these two temperatures (Fig. 3).
All the 11 mutants continued to make pro-
teins at 42 C, and the rates equaled those at

30 C for several hours (Fig. 3, 4; Table 1). After
7 h, the ratio of protein made at 42 C per pro-
tein made at 30 C (micrograms per culture) was
between 0.7 and 0.88.

Some DNA continued to be made at the non-
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permissive temperature by all the strains.
However, the rates of synthesis and the total
increment after 7 h varied markedly between
the different mutants (Fig. 3, 4; Table 1). Three
mutants (35, 50, and 181) made DNA at rates
close to those at 30 C for several hours, and the
DNA increment in strain 50 after 7 h at 42 C
regularly reached 700%. In seven other mu-
tants DNA synthesis was markedly slowed by
the high temperature, and the increase in DNA
after 7 h lay between 60 and 130%. Strain 59
was intermediate between these two groups.
Strain 48, shown cytologically to be blocked
in a step acting on mitosis, synthesized little
RNA at 42 C (Fig. 4). At the nonpermissive
temperature, the rates of polymer synthesis by

Lot
3 [ ]
- L
=
x 2 L
£
[aX
o
< 1
Z
o
) R U S SRR SR SR o
30 L
™
=
g 20 L
a
(8]
< [«
Z10
o 4
) R U NN SR S S |
o
£
Zz
w
'—
(@)
@
o
| S W U GRS SR S |
123 4L 56 7
HOURS

Fic. 4. DNA, RNA, and protein synthesis by hy-
phae of strain 48 at 30 and 42 C. Symbols: @, 30 C;
0,42 C.
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TaBLE 1. DNA and protein synthesis by mutants
transferred from the permissive to the nonpermissive

temperature
DNA synthesis® Protein
synthesis’
Strain ADNA 7 h, DNA 7h, AProtein
42 C/ADNA 42 C/DNA 7h, 42 C/
7h,30C time 0 AProtein
7h,30C
46NXW 1.0 5 1.0
13 0.14 1.6 0.84
12 0.18 1.6 0.88
48 0.2 2.2 0.86
52 0.26 2.0 0.78
316 0.26 1.9 0.74
59 0.315 3.3 0.7
161 0.67 5.0 0.84
35 0.77 3.4 0.85
50 0.65 8.6 0.77

“ A part of replicate cultures in medium A were
harvested at the time of the shift and the remainder
after 7 h further incubation at the two tempera-
tures.

this mutant were, in fact, very similar to those
of the parent grown in the presence of benomyl
(20), an inhibitor of mitosis in fungi (6, 12, 20).
Two other mutants (strains 296 and 35) made
RNA at reduced rates at 42 C. The remaining
mutants synthesized RNA at roughly the same
rate as at 30 C (Fig. 5).

Polymer synthesis was also followed under
slightly different conditions by incubating co-
nidial suspensions of the various strains at 42 C
without prior growth at 30 C. Results from such
experiments agreed with those from tempera-
ture shifts.

When germinated from conidia at 42 C, all
the mutants made protein, with strain 296 syn-
thesizing the lowest amounts (Table 2). DNA
again was made by all the strains, but five
mutants synthesized significantly more than
the others (Table 2). These were the same
strains (Table 1) that continued to make DNA
in the temperature-shift experiments (strain
182 has not been thoroughly tested in tempera-
ture shifts). In spite of the fourfold or higher
increase in DNA in these mutants, almost all of
the germinated conidia still contained a single
nucleus.

When germinated from conidia at 42 C strain
48, like the parent strain in the presence of
benomyl (20), synthesized large amounts of
RNA (Table 2). This indicates that strain 48
accumulates RNA at 42 C and that interference
with mitosis affects RNA synthesis much more
drastically in growing hyphae than in germi-
nating conidia.

Buoyant density of DNA synthesized at the
nonpermissive temperature. To check for ma-
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F16. 5. RNA synthesis by hyphae of strains 12, 50, and WT at 30 and 42 C. Symbols: @,30 C; O, 42 C.
Strain 50, chemical estimation; strains 59 and WT, isotopic.

TaBLE 2. DNA, RNA, and protein synthesis by
conidia germinated at 42 C*®

DNA12h RNA12h Protein 12 h
Strain 42 C/DNA 42 C/RNA 42 C/Protein
time 0 time 0 time 0
46NXW 7.1 42 46
296 1.5 2.5 5.2
13 1.8 14 13.5
12 1.9 10 12
52 1.9 11 11
316 2.2 9 6.5
48 2.8 20 23
35 3.4 6 14.4
161 3.6 16 24
182 3.8 15 23
59 4.2 25 30
50 5.6 8.4 22

@ A part of replicate cultures in medium A were
harvested at the start of incubation and the remain-
der after 12 h at 42 C.

jor differences between DNA made at the non-
permissive temperature by mutants and that of
the parent strain, the DNAs were banded in
CsCl gradients. In all the mutants, the DNA
made at 42 C was indistinguishable from that
of the parent (Fig. 6), and all the mutants made
some mitochondrial DNA at the restrictive
temperature. No differences were detected be-
tween gradients prepared from conidia germi-
nated and grown at 42 C and from those germi-
nated at 30 C and then transferred to 42 C.

Phenotypes of heterokaryons and hetero-
zygous diploids. Heterokaryons and heterozy-
gous diploids between the mutants and master
strain F were prepared by standard techniques
(19). Master strain F carries known nutritional
and color markers but is wild type for nuclear
replication (19). Both heterokaryons and dip-
loids grew well at 42 C, showing that all the
mutations were recessive. When combined
pairwise in forced heterokaryons, all the mu-
tants complemented each other. They thus rep-
resent distinct complementation groups or, ac-
cording to the original definition of the term,
distinct cistrons.

25
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Fic. 6. Buoyant density of DNA made at 42 C by
strain 59. Symbols: (---) DNA from parent labeled
with [*H]adenine; (——) DNA from 59 labeled with
32P.

Volumes of conidia formed after exposure
to the nonpermissive temperature. Exposing
mutants, which synthesize DNA without nu-
clear division, to 42 C should lead to an in-
creased number of chromosomes per nucleus. If
this increase persists during subsequent
growth at permissive temperatures, the conidia
formed will also contain more than the normal
amount of DNA. In wild-type strains of A. nid-
ulans, the conidial volume is related to the
DNA content of the conidial nucleus (4, 10).
Assuming that this is also true for mutants, a
haploid strain carrying the 59 mutation was
grown at 30 C and at 37 C, an intermediate
temperature supporting poor growth and some
conidiation. The conidial volume distribution
was markedly different at the two tempera-
tures (Fig. 7A, B), with 37 C producing more
large conidia. In the case of a diploid with
genotype y pyro4 nic8 ts59/adl5 w ribo2 ts59,
the nonpermissive temperature led to a break-
down of the diploid (Fig. 7C, D). Breakdown of
the diploid was also indicated by growing co-
nidia, after exposure to 42 C, at 30 C when
almost every colony contained yellow and white
sectors.
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DISCUSSION

We screened for mutations in the nuclear
replication cycle by looking for conidia which
germinated at the nonpermissive temperature
but remained with one or at most two nuclei.
The assumptions underlying the screening
were that such mutations would not inhibit
conidial germination and would allow at least
some cell elongation. These assumptions ap-
pear to have been justified, since the 11 mu-
tants synthesized RNA and protein at quite
similar rates when conidia were germinated at
the permissive or the nonpermissive tempera-
ture. It may well be, however, that not all
classes of mutants can be detected in this way.

At least a proportion of mutants blocked in
nuclear replication would be expected to be un-
able to continue synthesis of DNA while still
making RNA and protein (9, 26). Five and pos-
sibly six (strain 296) of the mutants we isolated
have these characters. The mutation in one of
the strains of this group could be defined more
closely. This is strain 48 which by cytological
techniques has been shown to have a tempera-
ture-sensitive step required for mitosis. With
bacteria, it has been usual to classify mutants
affected in DNA synthesis into elongation and
initiation mutants according to the increment
in DNA made at the nonpermissive tempera-
ture (7, 16). In A. nidulans, however, the S
period is only 20 min out of a dry weight-dou-
bling time of 120 min (15), and in asynchronous
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Fi1c. 7. Volume distribution of conidia in haploid
and diploid strains of mutant 59. Haploid strains:
(A) grown at 30 C; (B) grown at 37 C. Diploid
strains: (C) grown at 30 C; (D) 7 h at 42 C, then
grown at 30 C. Increasing channel number shows
increasing volume.
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cultures most nuclei will not be making DNA
at any particular instant. Measurements of the
DNA increments will therefore not differen-
tiate between these two types, particularly
since mitochondrial DNA synthesis gives a
high background. Synchronous cultures, which
could solve this problem, have so far proved
difficult to obtain. However, enzyme assays in-
dicate that strain 52 may have a temperature-
sensitive DNA polymerase (E. Orr, manuscript
in preparation) and could thus be blocked in
DNA chain elongation.

The nonpermissive temperature markedly
depressed RNA synthesis in hyphae of strain
48. This, however, was not a direct effect of the
high temperature on the formation of stable
RNA, since germinating conidia accumulated
RNA at 42 C. The behavior of the parent strain
in the presence of benomyl (20) supported the
view that a block in mitosis inhibits RNA syn-
thesis and does so much more drastically in
growing hyphae than in germinating conidia.
Presumably the changes undergone by the nu-
cleolus during mitosis (22) suppress the synthe-
sis of ribosomal RNA when the nucleus is fro-
zen in this state. In germinating conidia, RNA
synthesis starts some hours before DNA repli-
cation (1), and the greater amount of RNA
made by conidia at the nonpermissive tempera-
ture may simply reflect the longer interval be-
fore the nucleus enters mitosis.

Four, and possibly five, mutants continued to
synthesize DNA as well as RNA and protein at
the nonpermissive temperature. Under these
conditions they formed abnormally large nuclei
with a single nucleolus. The buoyant density of
the DNA made at 42 C appeared identical to
that at 30 C, suggesting that the whole genome
can be duplicated. The increase in the conidial
volumes of the haploid strain 59 after exposure
to restrictive temperatures is at least in keep-
ing with this suggestion. Such mutants,
blocked in steps which inhibit nuclear division
but not DNA replication, appear to be a class
not described so far in other organisms (9) and
cannot readily be explained by attributing
leakiness to the mutations. They could be par-
ticularly frequent in coenocytic species, where
the nuclear cycle is not linked to a parallel cycle
of cell growth, septation, and division.

Determining the point in the nuclear cycle
where the mutations act would help to clarify
the reactions they affect. We have attempted to
carry out such determinations, and these are
described in a subsequent paper (20).
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