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N-methyl-N'-nitro-N-nitrosoguanidine (nitrosoguanidine) and to a lesser extent UV radiation are very

mutagenic for Gibberella microconidia. The recommended nitrosoguanidine doses lead to much higher
frequencies of mutants than are found in other microorganisms. The frequency of mutants among the survivors
increases linearly with the nitrosoguanidine dose (molar concentration x time); the absolute number of viable
mutants in a given population reaches a maximum for a dose of ca. 0.7 M * s. The microconidia are

uninucleate. The onset of germination brings about increased lethality of nitrosoguanidine, but it does not
modify the action of UV radiation. Mycelia are more resistant than spores to both agents. Visible illumination
effectively prevents lethality when given immediately after UV irradiation. Auxotrophs and color mutants are

very easily obtained. Pink adenine auxotrophs and several classes of color mutants are affected in the
biosynthesis of the carotenoid pigment, neurosporaxanthin.

The industrial interest in the fungus Gibberella fujikuroi
(as an imperfect fungus, known also as Fusarium monili-
forme) stems from its abundant production of gibberellins,
plant hormones widely used in horticulture and brewing (15).
The organism may also have a future in the industrial
production of protein and of carotenoids.

Morphological and biochemical mutants of G. fujikuroi
have been isolated after treatment with different chemical
and physical mutagens (1, 10, 11, 18, 24). Not surprisingly,
these efforts have been concentrated largely on mutants
affecting gibberellin production.

N-methyl-N'-nitro-N-nitrosoguanidine (nitrosoguanidine)
has been extensively used for the induction of mutations in
many organisms (12). The effects of the drug, including the
frequency of mutants and their distribution over the genome,
vary from one organism to another. In yeasts (8), as in
bacteria (5), the mutations are preferentially induced in
DNA regions being replicated at the time of mutagen expo-
sure. In bacteria (13), but not in yeasts (2), this results in
relatively high rates of closely linked double mutants.

Detailed studies of the application of nitrosoguanidine to
the fungi Saccharomyces cerevisiae and Phycomyces spp.
have recently been published by Calderon and Cerda'-
Olmedo (2) and by Roncero et al. (21), respectively. We
investigated the effects of nitrosoguanidine on G. fujikuroi
and compared them with those of UV radiation.

MATERIALS AND METHODS
Strain, media, and culture conditions. G.fujikuroi IM158289

was obtained from the Commonwealth Mycological Insti-
tute, Kew, Surrey, Englapd.
Minimal medium contained (per liter) glucose, 30 g;

NaNO3, 3 g; KH2PO4, 1 g; MgSO4 * 7H20, 0.5 g; KCl, 0.5 g;
HBO4, 10 ,ug; CUSO4, 100 ,ug; FeC13, 200 ,ug; MnCl2, 20 ,ug;
MoO4Na, 20 Rxg; and ZnSO4, 2 mg. Nutrient broth was
prepared by adding 4 g of yeast extract (Difco Laboratories,
Detroit, Mich.) and 8 g of peptone (Bacto-Tryptone; Difco)
to the minimal medium. Solid medium contained addition-
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ally 16 g of agar (Analema, Vorquimica, Vigo, Spain).
Cultures were incubated at 30°C in the dark. To harvest
microconidia, cultures were grown on a special, carbon-lim-
ited medium containing (per liter) yeast extract (Difco), 1 g;
NH4NO3, 1 g; KH2PO4, 1 g; MgSO4 * 7H20, 0.5 g; and agar,
16 g. The plates were grown for 5 days at 30°C 10 cm away
from a battery of 40-W fluorescent lamps (Sylvania Lifeline
Daylight F40 V/D), yielding ca. 1.25 W of white light m
Microconidia were harvested by washing the sporulated
mycelia with sterile distilled water and cleaned by passage
through filter paper and low-speed centrifugation. Conidial
suspensions were stored at 4°C and titrated by microscopic
observation with a Petroff-Hauser chamber. Viable counts
were derived from colony-forming ability on nutrient agar.
For nuclear staining, mithramycin (a kind gift of Pfizer, Inc.,
Groton, Conn.) was dissolved at 10 ,ug ml-' in a mixture of
equal volumes of dimethyl sulfoxide and water.

Nitrosoguanidine mutagenesis. Nitrosoguanidine (Sigma
Chemical Co., St. Louis, Mo.) was dissolved in distilled
water at 1 mg ml-', kept frozen until use, and never
refrozen. The safety rules proposed by Ehrenberg and
Wachtmeister (9) were adopted.

Freshly collected suspensions of ca. 106 conidia per ml of
distilled water were exposed to the drug. Several doses of
nitrosoguanidine were used. We define the dose as the
product of the molar concentration of the drug and the
exposure time in seconds. Any dose can therefore be ob-
tained by using different combinations of concentration and
exposure. Treatments were stopped by diluting and wash-
ing.
UV mutagenesis. Freshly collected microconidia were in-

oculated onto nutrient-agar plates, placed 49 cm away from
a Sylvania G15T8 lamp (UV flux, 0.35 W m-2), and then
incubated in the dark. For photoreactivation, UV exposure
was followed by a 5-h incubation in the light, as described
above, before incubation in the dark.

Characterization of mutants. Growth requirements ofauxo-
trophic mutants were determined following the method of
Holliday (14). Carotenoids were extracted with acetone from
lyophilized, weighed, and ground mycelial samples and
determined with a Bausch & Lomb Spectronic 2000 record-
ing spectrophotometer.
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'I

FIG. 1. Spores of G. fujikuroi IM158289 stained with mith-
ramycin and photographed with a fluoroscence microscope. Bar, 10
,um.

RESULTS

Microconidia. Our Gibberella strain grows vigorously but
conidiates poorly under usual laboratory conditions. Less
than 103 conidia per plate were found after 5 days of growth
in the dark or on nutrient medium in the light. Similar
cultures grown on minimal agar in the light produced ca. 2.4
x 104 conidia per plate. Abundant spores (5.1 x 106 per
plate) were produced in cultures grown for 5 days on an

DOSE ( M x s)
FIG. 2. Survival of Gibberella spores exposed to nitrosoguani-

dine. Open symbols, resting spores (kept in water); closed symbols,
spores preincubated for 2 h in nutrient broth. The doses indicated in
the abscissa were obtained by exposures of 15 (triangles), 30
(squares), 45 (circles), 60 (diamonds), or 75 (stars) min to the
appropriate nitrosoguanidine concentrations.

o
I I I I I I I I I *1I

.01 110 8 16

GERMINATION TIME ( hr)
FIG. 3. Effect of germination on the survival of Gibberella

spores mutagenized with nitrosoguanidine. The spores were prein-
cubated for various periods in nutrient broth and then exposed to
nitrosoguanidine at 0.234 M * s (100 ,ug ml-' for 30 min; triangles) or
0.351 M - s (100 ,ug ml-' for 45 min; circles).

especially poor agar (conidiation agar) under the same bright
illumination.
The spores are microconidia, that is, unicellular, ellipsoid-

al structures, 4 to 6 pum long and 2 to 3 ,um wide, each
containing a single nucleus (Fig. 1).

Nitrosoguanidine lethality and mutagenesis. The conidia
are quite sensitive to the lethal effects of nitrosoguanidine.
Survival and mutagenesis depended only on the dose of
nitrosoguanidine and not on the particular concentrations
and times used in each experiment (Fig. 2). Nitrosoguani-
dine lethality was enhanced by preincubation of the micro-
conidia in nutrient broth, i.e., by the onset of germination
(Fig. 2 and 3). The highest sensitivity was reached after a 2-h
preincubation, before the appearance of the first gross
morphological changes and was maintained through the
protrusion of germ tubes. After 6 h of preincubation, 80% of
the spores exhibited germ tubes; after 12 h, 99% exhibited
germ tubes.

Mutagenesis, as judged by the proportion of auxotrophs
among the survivors, increased linearly with the dose. The
number of viable mutants induced by nitrosoguanidine in a
given initial cell population reached a maximum at a dose of
about 0.07 M * s (Fig. 4). Resting spores suffered fewer
deaths and mutations than preincubated spores, if the com-
parison was made at the same dose. If both kinds of spores
were killed to the same survival level, they showed the same
mutation frequencies (Table 1).
UV lethality and mutagenesis. The Gibberella spores were

readily killed by UV irradiation at a wavelength of 254
nm. The lethal effect of UV irradiation was reversed by
immediate exposure to white light (Fig. 5). The lethality
approximately followed first order kinetics with a small
shoulder.

APPL. ENVIRON. MICROBIOL.
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FIG. 4. Percentage of auxotrophs among the survivors of nitroso-

guanidine exposure (0). The spores were preincubated for 2 h in

nutrient broth, exposed to nitrosoguanidine, and plated on nutrient
agar; the resulting colonies were tested for auxotrophy. The same
data are replotted as the percentage of viable auxotrophs relative to
the total number of cells, living or dead (A).

UV lethality was not affected by germination up to the
massive production of germ tubes; mycelia were more

resistant to UV irradiation than were conidia (Fig. 6).
UV exposure was mutagenic, but less so than was nitroso-

guanidine treatment, leading to comparable survival levels
(Table 1).

Gibberella mutants. The survivors of nitrosoguanidine
treatment were not always identical to each other and to the
wild type. Colony size, surface texture, color, and overall
morphology were often aberrant. The same was true, to a

lesser extent, for the survivors of UV irradiation.
Nitrosoguanidine-induced auxotrophs showed a wide va-

riety of nutritional requirements: we identified seven argi-
nine, five methionine, four leucine, three lysine, two biotine,
two nicotinic acid, one tryptophan, and one phenylalanine
auxotroph.
We studied two pink mutants, which contained the same

carotenoids as the wild type and an additional water-soluble

TABLE 1. Mutagenic effects of nitrosoguanidine and UV
radiation on G. fujikuroi"

Auxotrophs

Preincubation
Axtoh

Pricbtiont Survival among the

Mutagen Dose in nutrient

broth (h)
) survivors

Nitroso- 0.5 M * s 0 15 2.5
guanidine 0.1 M * s 2 14 3.1

0.05 M * s 2 33 1.4

UV radiation 0.7 J m-2 0 20 0.8

A total of 1.040 colonies were tested for auxotrophy in each case. The

auxotroph frequency for UV radiation is significantly lower than those for

nitrosoguanidine, as judged by the t test after the arcsin transformation (23).

For example. if the mutagenicities are assumed to be equal. the probability
of a difference as large as or larger than that between the lower two lines is

P < 0.04.

0 1 2 3

DOSE (J*m-2)
FIG. 5. Killing of Gibberella spores by UV radiation and photo-

reactivation by visible light. After exposure to the dose given in the
abscissa, samples were exposed (0) or not (0) to visible light and
then incubated in the dark.

pink pigment. These mutants were auxotrophic for adenine.
The synthesis of the pink pigment was repressed by adenine:
mycelia grown with 20 mg of adenine liter-' in the dark were

deeply colored; with 200 mg liter-', rather faded; and with 2
g liter-', white. All of these features are typical of some

adenine auxotrophs in other fungi, such as the mutants of

Cn.1
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GERMINATION TIME (hr)

16

FIG. 6. Effect of germination on the survival of Gibberella
spores exposed to UV radiation. The spores were preincubated in
nutrient broth for the period given in the abscissa, exposed to 1 J
m-2 UV radiation, exposed (0) or not (0) to visible light, and
incubated in the dark.
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genes ad] and ad2 in S. cerevisiae (22) and adel and ade2 in
Candida albicans (19).
Other mutants were purple when grown in either the light

or the dark. They were phototrophic, and their carotenoid
content coincided with that of the wild type. The nature of
the pigment remains unknown.
The rest ofour color mutants differed from the wild type in

neurosporaxanthin content. The wild type was orange when
grown in the light, containing 100 to 150 ,ug of neurospora-
xanthin g-' (dry weight) (ppm). In the dark, the synthesis of
neurosporaxanthin was repressed, and the mycelium was
white (less than 10 ppm of neurosporaxanthin). The carot-
enoid mutants can be classified into three phenotypic classes.
One of them is made up of mutants with little or no pigment
in either the light or the dark. Another class is indistinguish-
able from the wild type in the light, but is orange in the dark,
due to accumulation of 30 to 100 ppm of neurosporaxanthin.
The remaining carotenoid mutants are deep orange when
grown in either the light or the dark, and their carotenoid
content increases linearly with time, up to ca. 2,000 ppm of
neurosporaxanthin.

DISCUSSION

G. fujikuroi is a highly suitable organism for the induction
and isolation of mutants. The uninucleate microconidia
readily allow the expression of recessive mutations. To
appreciate the convenience of Gibberella microconidia, con-
sider the difficulties encountered in the isolation of mutants
in multinucleate cells, such as Phycomyces spores (21). Not
all strains of G. fujikuroi are equally favororable for these
studies, because many strains produce multicellular macro-
conidia (16).

Nitrosoguanidine and UV radiation kill Gibberella micro-
conidia about as effectively as they kill the microorganisms
most often used in genetics. The onset of germination
increases the sensitivity of microconidia to nitrosoguanidine.
In a similar way, actively replicating bacteria and yeast and
germinating Phycomyces spores are more readily killed by
nitrosoguanidine than the corresponding resting cells (3, 4,
21). Increased cell permeability and changes in nuclear
structure and function are presumably responsible for this
difference. Permeability changes may be the most important,
since UV radiation makes no distinction between resting and
germinating conidia. The mycelia, after the protrusion of the
germ tubes, are much more resistant to both lethal agents
than are spores. G. fujikuroi shows a most active photoreac-
tivation of UV damage, comparable to that of Phycomyces
(6) and Saccharomyces spp. (17).
As with other organisms, nitrosoguanidine is a more

effective mutagen than UV radiation for G. fujikuroi. The
auxotroph frequencies reported here are among the highest
reported for any organisms. Auxotroph frequencies depend
to a certain extent on subjective assessment, depending on

the criteria for inclusion of leaky mutants. Even so, our

frequencies are much higher than those usual for Phycomyces
spp. (less than 0.1%) or yeast cells (ca. 1%) under similar
conditions.
The recommended nitrosoguanidine dose for practical

applications depends on the nature of the desired mutants.
For rare, nonselectable mutants, the dose should be high, to
improve the chances of success at the risk of accumulating
multiple mutations in the same genome. For selectable
mutants, particularly those intended for physiological stud-
ies, the dose should be as low as possible, to avoid multiple
mutations. The status of Gibberella genetics does not yet

allow a direct test for whether a phenotype is due to one or
more mutations.

Nitrosoguanidine mutagenesis in Escherichia coli quickly
reaches saturation: further exposure increases lethality but
not the frequency of mutants (4). In G. fujikuroi, as in
Phycomyces spp. (21), the frequency of mutants increases
linearly with the dose. This suggests a fundamental differ-
ence in the way nitrosoguanidine acts in the two fungi and
the bacterium.
The white and deep-colored Gibberella mutants resemble

similar mutants in Phycomyces spp. (7). Most attractive are
the mutants that synthesize neurosporaxathin in the dark but
that are similar to the wild type in the light. These novel
mutants should contribute to the studies of photoinduction
of carotenoids, quite developed in a related fungus, Fusar-
ium aquaeductuum (20).
Our results encourage the search for all kinds of Gibber-

ella mutants, including those of potential industrial interest.
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ERRATUM

Gibberella fujikuroi Mutants Obtained with UV Radiation and
N-Methyl-N'-Nitro-N-Nitrosoguanidine

J. AVALOS, J. CASADESUS, AND E. CERDA-6LMEDO
Departamento de Genetica, Facultad de Biologia, Universidad de Sevilla, Sevilla, Spain

Volume 49, no. 1, p. 187, abstract, line 5: ". . . reaches a maximum for a dose of ca. 0.7 M s" should read ". . . reaches
a maximum for a dose of ca. 0.1 M. s."

Page 187, abstract, line 9: "Pink adenine auxotrophs and several classes of color mutants are affected . . ." should read
"Some adenine auxotrophs are pink, and several classes of color mutants are affected...."
Page 187, column 2, lines 2-6: An ingredient should be added to the description of the carbon-limited medium: "glucose,

1 g."
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