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of Neurospora crassa

ROWLAND H. DAVIS,* LORE V. HYNES, AND PAMELA EVERSOLE-CIRE
Department of Molecular Biology and Biochemistry, University of California at Irvine, Irvine, California 92717

Received 30 September 1986/Accepted 1 December 1986

Ornithine decarboxylase (ODC) (EC 4.1.1.17) is an early enzyme of polyamine synthesis, and its activity rises
quickly at the onset of growth and differentiation in most eucaryotes. Some have speculated that the enzyme
protein may have a role in the synthesis of rRNA in addition to its role in catalyzing the decarboxylation of
ornithine (G. D. Kuehn and V. J. Atmar, Fed. Proc. 41:3078-3083, 1982; D. H. Russell, Proc. Natl. Acad. Sci.
USA 80:1318-1321, 1983). To test this possibility, we sought mutational evidence for the indispensability of the
ODC protein for normal growth of Neurospora crassa. We found three new, ODC-deficient mutants that lacked
ODC protein. Among these and by reversion analysis of an earlier set of mutants, we found that two
ODC-deficient mutants carried nonsense mutations in the ODC structural gene, spe-1. Allele LV10 imparted
a complete deficiency for enzyme activity (<0.006% of normal) and had no detectable ODC antigen. Allele PE4
imparted a weak activity to cells (0.1% of derepressed spe+ cultures) and encoded a lower-molecular-weight
ODC subunit (Mr = 43,000) in comparison to that of the wild-type strain (Mr = 53,000). Strains carrying either
mutation, like other spe-1 mutants, grew at a normal rate in exponential culture if the medium was
supplemented with spermidine, the main end product of the polyamine pathway in N. crassa. Unless an
antigenicaily silent, N-terminal fragment with an indispensable role persists in the LV10-bearing mutant, we
conclude that the ODC protein has no role in the vegetative growth of this organism other than the synthesis
of polyamines. The data extend earlier evidence that spe-l is the structural gene for ODC in N. crassa. The
activity found in mutants bearing allele PE4 suggests that the amino acids nearest the carboxy terminus do not
contribute to the active site of the enzyme.

Ornithine decarboxylase (ODC), an initial enzyme of
polyamine synthesis, is the only route of putrescine synthe-
sis in fungi and animals (23). Augmentation of ODC activity
is associated with the onset of growth and differentiation in
most organisms. The enzyme is rapidly inactivated as
growth stops or when polyamines are added to cells with
high activity. Some investigators have hypothesized that
ODC may have a role in the growth process besides its
known catalytic activity. Kuehn and Atmar (13) have pre-
sented evidence that an inactive, phosphorylated form of
ODC participates in rRNA synthesis in the slime mold
Physarum polycephalum. A similar idea was suggested by
Russell (19) in studies of the early stages of embryogenesis in
the amphibian Xenopus laevis.

If these ideas are correct, the ODC protein should be
indispensable to normal growth and mutants lacking the
protein should be abnormal or inviable even if polyamines
are provided to them. Mutants lacking ODC enzyme activity
are now known for a number of eucaryotic organisms (5, 10,
16, 18, 20-22, 27), but only in Neurospora crassa has a
critical identification of the structural gene been provided by
mutational analysis (10). In that case, however, no mutation
was shown to lack both enzyme activity and the protein.
The present study was designed to isolate nonsense mu-

tants of ODC which demonstrably lack both ODC activity
and protein and to assess the ability of such mutants to grow.
In addition, revertants of missense mutations were collected
in hopes of finding forms of the enzyme altered in the
inactivation process.

* Corresponding author.

MATERIALS AND METHODS

Strains, media, and stock maintenance. The strains of N.
crassa used here, including the new spe-J mutants collected
in this work, are shown in Table 1. The inl and his mutations
were grown with supplements of 50 and 100 ,ug of their
respective supplements, inositol and histidine. Spermidine
trihydrochloride was used as a stock supplement for spe-J
(ODC deficient) mutants at 250 ,ug/ml of medium. Vogel
medium N (26) was used for stock maintenance and growth
experiments. Synthetic crossing medium or corn meal agar
medium (Difco Laboratories) was used for crosses (6).

Mutagenesis and outcrossing. The basic genetic techniques
used here have been described previously (6). New ODC-
less mutants of the LV series were isolated from UV-treated
conidia of the aga inl double mutant, strain IC-40. The
inositol-less death method (15), modified slightly from the
protocol used previously (10), was used. The conidia used
for selection were grown before mutagenesis in medium that
leads to partial polyamine starvation (10). After UV muta-
genesis, leaving 45% as survivors, selection was carried out
at 35°C in medium that permits outgrowth of conidia in a
very low level of inositol (0.25 ,ug per ml) (10). This medium
also contained 0.05 mM methylglyoxal-bis-guanylhydra-
zone. Addition of this compound, an inhibitor of spermidine
synthase, was found to impair growth only slightly at the
concentration used, but it led to a more rapid expression of
the polyamine-dependent phenotype of newly induced mu-
tants. Surviving cells were plated after 48-h selection (and
periodic filtrations through cheesecloth to remove clumped
mycelium) on medium containing 250 ,ug of spermidine
trihydrochloride and 50 ,ug of inositol per ml. They were
later spot tested (6) on minimal medium or on media con-
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TABLE 1. Strains used in this study

Strain Genotypel(with spe-) Sourceallele)

IC-3 aga A R. Davis
IC-40 aga, inl a R. Davis
IC-39 his-I a FGSCb
IC-1106-18 his-i A R. Davis
FGSC-680 his-I a FGSCb
IC-48 his-i eas A D. Perkins
IC-2249-7 his-i ssu-i A R. Davis
IC-1241-6 spe-i aga (462JM) A R. Davis
IC-41 spe-i aga (521KW) A R. Davis
IC-1242-52 spe-i aga (521KW) a R. Davis
IC-9 spe-i aga (TP138) A R. Davis
IC-752-8 spe-i (TP138) a R. Davis
IC-1474-13 spe-i aga (PE4) A R. Davis
IC-1474-104 spe-i aga (PE4) a R. Davis
IC-44 spe-i aga (PE7) A R. Davis
IC-1475-3 spe-i aga (PE7) a R. Davis
IC-1476-145 spe-J aga (PE69) A R. Davis
IC-1477-184 spe-J aga (PE85) A R. Davis
IC-1477-122 spe-I aga (PE85) a R. Davis
IC-1894-53 spe-J aga (LV10) a This paper
IC-1895-4 spe-l aga, inl (LV17) a This paper
IC-1896-22 spe-i (LV71) a This paper
IC-1897-24 spe-i (LV86) a This paper
IC-1900-14 spe-i inl (LV155) a This paper
IC-1901-14 spe-J inl (LV170) A This paper
IC-1903-28 spe-i inl (LV206) a This paper

a Standard alleles used: aga, UM906; inl, 89601; his-i, Y155M302; ssu-1,
Y319-44; eas, UCLA191.

b FGSC, Fungal Genetics Stock Center, Department of Microbiology,
University of Kansas Medical Center, Kansas City.

taining putrescine or spermidine at 25 and 35°C to identify
unambiguous mutants.
New, polyamine-dependent mutants were tested for com-

plementation with a strain carrying the classical spe-i muta-
tion, 462JM (16). Noncomplementers were outcrossed to a
wild-type strain to test for the linkage, expected of spe-i
alleles, to the inl mutation. The outcross allowed isolation of
the new mutations with various combinations of the inl and
aga mutations. A problem encountered regularly with poly-
amine-dependent mutants is the very poor germination of
ascospores (18), a problem mitigated to some extent by the
use of 500 ,ug of spermidine trihydrochloride per ml of
plating medium.

Revertants were isolated from conidia of spe-J mutants
carrying the aga mutation (see below) by treatment with UV
light and were then plated on medium lacking polyamine
supplementation. Colonies were transferred to individual
tubes, purified by one or two rounds of single-conidial
isolation, and outcrossed to strains of the opposite mating
type that carried the spe-J mutation from which given
revertant alleles were derived. Spe+ Aga- progeny of the
outcrosses were selected; they were homocaryotic and suit-
able for further analysis.

Further genetic analysis of revertants. Reversion could be
intragenic or it could be due to the occurrence of an easily
recombining, extragenic suppressor (e.g., a nonsense sup-
pressor). The following strategy was used to distinguish
these cases and to deal at the same time with the very poor
germination of polyamine-dependent strains.
The his-i mutation lies within 1 map unit of the spe-I

locus. In mating each outcrossed revertant to the his-I-
spe-l + strain and plating the ascospores on medium contain-
ing spermidine but no histidine, it could be determined

whether the original spe-i mutation was present in the
revertant. The absence of polyamine-dependent mutants in
such crosses signifies an intragenic reversion or a suppressor
mutation in a gene closely linked to the spe-J mutation. This
test was compromised by the poor germination of spe-J
strains, but selection against his-i - and thus against spe-l +
made the test adequate for our purposes.
The appearance of spermidine-dependent colonies in this

cross signifies that reversion has taken place by the occur-
rence of a suppressor mutation elsewhere in the genome.
Where this occurred (see Results), strains carrying the
suppressor mutation in a spe-l + background were sought in
another plating among the His- segregants, almost all of
which (at least 99.5%) should contain the wild-type spe-)
allele. Strains carrying the suppressor were identified by
test-crossing a number of these His- segregants with a strain
(genotype spe-l- his-i +) carrying the original, presump-
tively suppressible spe-J allele and by plating on minimal
medium to detect His' progeny that were also Spe+. Only
when the suppressed mutant could be reconstructed in the
latter cross was the evidence for a suppressor mutation
judged to be conclusive.

Extremely poor germination in the crosses used to identify
suppressor-carrying His- strains led us to use the total
number of spores plated, rather than the number of germi-
nated spores, to calculate the percentage of Spe+ progeny.
This was justified by the ability of Spe+ spores to synthesize
polyamines, germinate reasonably well, and thus distinguish
themselves from Spe- progeny, germinated or ungermi-
nated. Spe+ colonies arising by recombination between
spe-I and his-i were expected at a level of 0.5% in all
crosses. Such strains involving a suppressor-bearing parent,
however, would generate prototrophs at a higher level (up to
50% of progeny bearing the spe-I mutation). For pedigrees
suggesting the occurrence of a suppressor mutation, further
test-crossing of a progeny sample was done to confirm the
genotypes.
ODC and protein assays and polyamine determination. The

activity of ODC was determined in extracts ground with
sand and prepared as in previous work (10). Certain later
work reported here used extracts of acetone powders, which
were easy to prepare, store, and extract (6) and had ODC-
specific activities indistinguishable from sand-ground ex-
tracts. ODC assays were carried out as described earlier (18)
with 2 mM dithiothreitol substituted for 2-mercaptoethanol
in most cases. For determination of very low activities of
mutant strains, the specific radioactivity of the substrate was
raised by a factor of 5 or 10. We defined 1 U of activity as 1
nmol of CO2 evolved per h at 37°C. Proteins were deter-
mined by the method of Bradford (2). Polyamines extracted
from cells were determined by high-performance liquid
chromatography methods as described previously (7).
Immunological methods. Western immunoblotting was

done by standard methods (3). The antibody used was raised
to ODC purified to the penultimate stage of purification
(lacking only the high-performance liquid chromatography
step) (7, 10; J. J. DiGangi, M. Seyfzadeh, and R. H. Davis,
manuscript submitted). The preparation was denatured and
subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (14), in either uniform 10% or 7.5 to 15% gradient
gels. The main band of ODC was cut out, eluted from the
polyacrylamide, and used as an antigen. The antiserum made
against the ODC preparation reacted to ODC bands and one
non-ODC band in immunoblots of gels of crude, wild-type
extracts. The antiserum was rendered specific without a
detectable loss of titer by cross-absorbing the crude serum
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with immobilized extracts of a strain carrying the nonsense
mutation, LV10 (see Results). The extract was made from a
culture of this strain grown in limiting putrescine (0.2 mM)
and containing 1 mM arginine. (This duplicates the condi-
tions of polyamine starvation and arginine abundance char-
acteristic of the culture from which ODC was purified [7].)
The crude extract, from sand-ground mycelium, was cou-
pled to CNBr-activated Sepharose 4B (28). Before an anti-
serum was used, it was exposed to a substantial excess of the
immobilized, ODC-less extract for 40 h in the cold, a
treatment that did not reduce the titer of the antibody against
pure ODC or the ODC of crude extracts.

Extracts for immunoblotting analysis were made from
strains grown in media with limiting putrescine (0.2 mM).
The controls used were (i) pure ODC; (ii) extracts made as
above of strain IC-1894-53, which carries the nonsense spe-J
allele, LV10; or (iii) extracts of the arginase-less strain, IC-3,
grown in 1 mM arginine to derepress ODC. In these condi-
tions, strain IC-3 is unable to synthesize ornithine by the
catabolic (mutant) or biosynthetic (feedback inhibited)
route. The resulting deprivation of polyamines leads to high
levels of ODC activity and ODC protein (7, 17).

Materials. Most chemicals were from Sigma Chemical Co.
Sepharose 4B was from Pharmacia, and the Bradford protein
assay reagents were from Bio-Rad Laboratories. 1251-protein
A for use in immunoblotting was a gift of Daniel Knauer.

RESULTS

Isolation of new mutants. Seven new mutants with severe
or complete ODC deficiencies were isolated. None comple-
mented with a bona fide spe-J strain. The ODC-less deter-
minant was linked in all cases to the inl mutation in out-
crosses. The strains grew well on putrescine and spermidine
but poorly or not at all on minimal medium. These data
certify the seven mutants as spe-I mutants. Their pheno-
types are summarized in Table 2.
A Western immunoblot of six new mutant extracts, to-

gether with previously isolated strains (10, 16, 18) carrying
the alleles PE4, PE7, PE69, PE85, 462JM, and 521KW, is
shown in Fig. 1, and the results are also indicated in Table 2.
Seven mutants display a strong Mr band of 52,000 to 54,000,
similar to the positive (polyamine-starved) control and to
one of the bands of pure ODC. (Two other mutants carrying

TABLE 2. Growth, enzyme, and immunoblot information
on new spe-J alleles'

Growthb (mg [dry wt]/10 ml) ODC sp act (U/mg Protein inspe-J on: OCs c Um
muoallele of protein)c immuno-

MIN MIN + PUT MIN + SPD blot (Mr)d

spe-l' 29 25 29 1,550 53,000
LV10 0 34 35 <0.1 none
LV17 1 33 33 0.1 53,000
LV71 1 31 35 <0.1 none
LV86 8 35 38 0.4 53,000
LV155 1 34 34 <0.1 53,000
LV170 0 26 28 <0.1 none
LV206 2 39 40 0.1 53,000

a Growth and enzyme data on other spe-J alleles (PE4, PE7, PE69, PE85,
TP138, 469JM, and 521KW) can be found in references 10 and 18 and Fig. 1.

b Growth was measured in 10-ml stationary cultures grown for 48 h at 25'C
in minimal medium (MIN) or MIN supplemented with 1 mM putrescine (PUT)
or 1 mM spermidine (SPD).

c Enzyme activities were measured in sand-ground extracts of exponen-
tially growing cultures maintained at 25°C in the presence of limiting (0.2 mM)
putrescine.

d Immunoblot data are from Fig. 1, except earlier data for LV17.
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FIG. 1. Immunoblots of extracts of mutants bearing spe-1 muta-
tions. The allele numbers are given at the top of the corresponding
lane of the gel. Controls were pure ODC and an extract of dere-
pressed strain IC-3 (spe-l ). Preimmu..e serum recognized no
polypeptide of extracts of the latter strain. Indicated are mutants
without (A) and with (B) a polypeptide of 53,000 Mr.

alleles LV17 and TP138 displayed normal ODC bands but
are not shown.) The mutants with ODC polypeptide also
displayed a faint band of 47,000 Mr (not visible in Fig. 1)
commonly seen in the control and in pure ODC preparations,
the latter band arising as a proteolytic artifact during purifi-
cation (DiGangi et al., submitted).
Of the 12 mutants, 5 lacked protein of the normal molec-

ular weight (53,000) (Table 2). Three of these mutants,
carrying alleles LV10, LV71, and LV170, are from the new
series, and two, carrying the alleles PE4 and PE7, are from
the previous series (10). PE4- and PE7-carrying mutants
were not expected to lack ODC protein, because they had
residual enzyme activity and grew slowly in minimal medium
(10). However, the mutant carrying the PE4 allele displayed
a lower-molecular-weight band on the immunoblot (Mr, ca.
43,000). The high specificity of the antiserum suggests
strongly that it is a fragment of the ODC polypeptide, and in
fact, as shown below, PE4 is a nonsense mutation. The PE7
mutation, in previous careful tests of the strain carrying it,
does not impart a complete ODC deficiency (10). Thus it is
likely that the PE7 allele encodes a form of ODC that is too
little or labile to visualize on gels.

Reversion of spe-l alleles. Some of the previously available
alleles (462JM, 521KW, TP138, PE4, PE7, PE69, and PE85)
were tested for reversion. Several revertants from each
mutant were collected and characterized (Table 3). Extracts
of all revertants displayed activity on minimal medium, some
having about as much activity as a wild-type (or aga-
carrying) strain on the same medium. Growth of the rever-
tants, all carrying the aga mutation, in arginine-containing
medium allowed a test of the maximal extent of ODC
derepression. In this medium, polyamine starvation ensues
owing to ornithine depletion. A large variation in ODC
activity was seen among the revertants, indicating that the
enzyme-forming potential regained by reversion was in
many cases impaired and was probably already derepressed
in cells grown in minimal medium (Table 3). In such rever-
tants, the capacity for further derepression was thus limited.
This view was supported by the observation that spermidine,
which reduces the activity of normal mycelia by about 40%,
reduced ODC activity of the partial revertants to undetect-
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TABLE 3. Phenotypes of selected revertants showing ODC activity on different media

Parent allele and ODC activity (U/mg of protein)b Spermidine content
a ~~~~~~~~~~~~~~~~~~~~~~~~~~~(nmol/mgofrevertant straina MIN MIN + ARG MIN + SPD protein)c

TP138
IR101-R2 29
IR102-Rla 35 464
IR103-R1 36
IR105-R4 37

521KW
IR1ll-Rl 8 13 4 2.7
IR113-R2 <1 1 <1 1.6
IR114-Rl 3 59 <1 7.8
IR115-R2 21 51 6 8.5
IR117-R1 32 109 6 8.5
IR118-R2 9 33 4 9.2

PE4
IR121-R2 4 67 2 12.8
IR123-R2 5 6 0 8.9
IR127-R1 5 8 <1 9.5

PE7
IR131-R1 39 487 7 15.1
IR132-R2 15 166 11.6
IR133-R1 24 173 5 11.8
IR135-R7 13 177 3 18.1

PE85
IR141-R1 27 1,549 7 12.4

Control (spe-il)
IC-3 21 1,600 16 14.0
a Specific activities of strains carrying parent alleles, when grown in conditions of polyamine starvation were for each allele as follows: TP138, <0.1; 521KW,

<0.1; PE4, 2.3; PE7, 1.8; and PE85, 3.9. The comparable value range for an spe-l I cultuie was 1,200 to 1,800.
b Abbreviations: MIN, minimal medium; ARG, 1 mM arginine hydrochloride; SPD, 1 mM spermidine trihydrochloride.
c For strains grown in minimal medium.

able levels. In fact, most strains with impaired ODC activity
in arginine-supplemented medium were spermidine deficient
when grown in minimal medium (Table 3). The impaired
ODC activity of many revertants suggested that second-site
mutational events within the spe-i gene underlay their
phenotypes.
The large majority of revertants, when analyzed for the

linkage of the reversion event to the original mutation,
appeared to be due to intragenic mutational events. In one
intragenic revertant tested, the partially restored activity
was regulated normally (Fig. 2). Attention was directed then
to two revertants of the PE4-bearing strain that preliminary
genetic analysis suggested might carry extragenic suppressor
mutations.
Two revertant strains (with original designations of IR-123

and IR-127; Table 3) of the PE4-bearing strain yielded Spe-
progeny when crossed with a spe-l+ his-l- strain. The His'
class segregated 1 Spe-:1 Spe+ progeny. This demonstrated
that unlinked mutations were responsible for suppressing the
auxotrophy of the PE4 allele. Strains carrying the suppressor
mutations (designated su123 and su'27) were then sought
among the His- siblings (i.e., spe-l + his-1 - progeny) of the
foregoing cross.
One half of these strains, when mated with a PE4-bearing

strain (spe-l- his-J'), yielded progeny of which over 2%
were Spe+ His' (Table 4). Most of these progeny were
presumably suppressed mutants (i.e., spe-l - his-i + su-; see
Materials and Methods). In these crosses, less than the

expected 50% frequency of Spe+ His' prototrophs was
seen; evidently germination was still impaired in the sup-
pressed mutants. The other half of the strains yielded
progenies with less than 1% of prototrophs, all of which are
presumed to have arisen by recombination between spe-i
and his-i (Table 4). The frequency of prototrophs expected
from this mechanism was 0.5% (see Materials and Methods).
To test for the nonsense character of candidate spe-I

alleles, strains carrying the mutations were mated to a strain
containing the his-i mutation and the authentic nonsense
suppressor mutation, ssu-i (4, 8, 9). The crosses had the
same form as the ones used to verify the existence of the new
suppressor mutations, su123 and su127. Again, the crosses
yielded only a few germinating spores. Clear evidence of
suppression was obtained for alleles PE4 and LV10, the
latter causing a complete ODC protein deficiency (Fig. 1).
The test was negative for allele LV71, which also imparted
an ODC protein deficiency (Fig. 1). The data demonstrate
that PE4 and LV10 are nonsense mutations and are consis-
tent with the lower molecular weight of the PE4 product and
the absense of detectable product in LV10-bearing strains.
By extension, the mutations su123 and su127 are nonsense
suppressor mutations. Crosses to test the effect of these
suppressor mutations on the other spe-i alleles were largely
sterile.
Immunoblot analysis of suppressed mutants was per-

formed. Extracts of suppressed mutants grown in minimal
medium and thus effectively limited for polyamines yielded a
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smear of antigenic material in the molecular weight range of
47,000 to 90,000 on the nitrocellulose blots (Fig. 3). By
varying conditions, we saw this effect only in materials with
a suppressor mutation (ssu-J, su123, and su127 imparted the
effect equally) and demonstrable ODC activity. In some
cases, the activity was that restored by the suppressor
mutation: unsuppressed LV10-bearing strains did not yield
the effect, whereas cells of the LV10 ssu-J genotype did (Fig.
3). Moreover, cells carrying only the ssu-J mutation dis-
played the effect even if they were grown in minimal
medium, but as in the case of in vitro ODC activity, the
signal on the immunoblot was weak (data not shown). This
eliminated spermidine starvation in suppressor-bearing
strains as a sufficient condition for the effect. The origin of
the material of low and heterogeneous mobility is not
known; it may have been owing to precipitation of ODC
monomers during electrophoresis, possibly caused by
readthrough C-terminal amino acids beyond the normal stop
codon. Such an effect was not seen for a suppressed-mutant,
mitochondrial enzyme (encoded in the nucleus) in our pre-
vious work with the particular ssu-J mutation used (9). The
effect was not seen among nonspecific antigens when a much
less specific antiserum was used to probe blots. Whatever
the implication of the immunoblot analysis, the return of
enzyme activity and the ability of suppressed mutants to
grow are evidence that the suppressor genes counter the
chain-terminating action of the PE4 and LV10 nonsense
mutations.
Growth rates of nonsense mutants. A comparison of growth

rates was made in spermidine-supplemented medium of
strains carrying the spe-l + allele or the nonsense mutations
LV10 and PE4 (Fig. 4). The similar growth rates of the three
strains shows that ODC protein is not required for vegetative

I IIII'I III 4IIII Ii

360 100
IC-3 IC-1919-3T

09

27O 75

E

1I8 2 I2

90 2 025 4

0 1fi L
0 2 4 6 8 0 2 4 6 8

TIME(hr) TIME(hr)

FIG. 2. Behavior of ODC activity of strain IC-3 (spe-l+) and of a

presumed intragenic revertant, strain IC-1919-37. The latter was
selected from the PE7-bearing strain, IC-44, as IR132-R2 (Table 3).
Strains were grown from conidial inocpla in minimal medium, and at
0 h, after we reserved some of each culture for further growth in
minimal medium, arginine was added to a final concentration of 1
mM (arrow 1). At 4 h, ornithine was added to a sample of the
arginine-treated culture to a final concentration of 5 mM to restore
synthesis of polyamines (arrow 2). The remainder of the culture
continued to grow in the presence of arginine alone. The ordinates of
enzyme units per milliliter of culture have been adjusted to empha-
size the similarity of enzyme regulation in the two strains. Symbols:
0, growth on minimal medium; 0, growth after addition of arginine;
A, growth after addition of ornithine to arginine-treated culture.

TABLE 4. Identification of suppressor-bearing strains among
progeny of a cross between suppressed mutant IR123-3 and his-i

mutant IC-48a
Suppressor Colonies onc:
presenceb Spores C

and strain no. plated MIN MIN + SPD Prototrophs

Suppressor (+)
1785-11 1,640 109 158 7
1785-12 1,320 68 102 5
1817-13 1,220 32 34 3
1817-14 2,100 39 77 2
1817-16 1,180 58 64 5
1817-24 2,560 261 247 10
1817-31 320 6 42 2
1817-32 1,360 53 43 4
1817-36 1,620 103 93 6
1817-37 1,500 169 167 11

Suppressor (-)
1785-13 590 3 9 0.5
1785-19 1,030 3 39 0.3
1817-9 150 1 3 0.7
1817-12 1,080 4 11 0.4
1817-15 130 0 11 0
1817-23 2,200 2 121 0.1
1817-27 1,180 5 45 0.4
1817-29 1,060 7 33 0.7
1817-33 1,400 6 40 0.4
1817-34 2,200 5 32 0.2
1817-35 980 5 60 0.5
a Genotype spe-l- his-I+ su123 X spe-l+ his-I- su+. The spe-l + his-i-

progeny were selected (as Spe+ His-). These strains, crossed to a strain
(spe-l- his-I +) carrying the suppressible allele PE4, were predicted to
segregate in a ratio of 1 suppressor-bearing to 1 suppressor-free strain. Spores
were plated on minimal medium to determine the number of Spe+ His+
prototrophs arising through suppression of the spermidine requirement im-
posed by allele PE4 or by recombination between spe-l and his-i (expected at
0.5% in all crosses).

b Indicates putative suppressor-bearing (+) or -less (-) strains.
cAbbreviations: MIN, minimal medium; SPD, 1 mM spermidine

trihydrochloride.

growth if spermidine is provided. This confirms data from
stationary-growth tests reported in Table 2.

DISCUSSION

We have shown with new mutations and reversion analy-
sis that the structural gene for ODC can be readily mutated
to forms that lead to the loss of detectable ODC protein from
cells. This conclusion is based on the specific antiserum
developed against purified ODC. Inasmuch as the antiserum
was rendered specific by cross-absorbing it with the very
mutant whose lack of antigen was being tested, we must ask
whether such reasoning is not circular.
The use of this antiserum, developed for other reasons, is

legitimized as follows. (i) The crude serum displays only one
non-ODC band in immunoblots, a band seen in wild-type
(strain IC-3) extracts and in those of the LV10-bearing
strains. This band is absent from blots of a pure ODC
preparation. The preimmune serum does not display reac-
tivity to any polypeptide of the extract from strain IC-3. (ii)
The exposure of crude antiserum to gel-immobilized extracts
of the LV10-carrying strain was done at a very high ratio of
immobilized antigen to antiserum. If ODC-related antigens
(i.e., reactive nonsense fragments) were present in the
immobilized antigen, the titer of ODC-reactive antibodies
would have been diminished or lost entirely. No change of
titer was seen. (iii) Immunotitrations done with mixtures of
extracts of strain IC-3 and the LV10-bearing mutant show no
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FIG. 3. Immunoblot of extracts, separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and probed with the
cross-absorbed anti-ODC antiserum. The extracts in each lane are
from strains of the following genotypes: 1, LV10; 2, LV10 ssu-1; 3,
aga (strain IC3 starved for polyamines [control]); 4, PE4 ssu-J; 5,
PE4 su'23; 6, PE4 su127; 7, PE4. All suppressed mutants were grown
in minimal medium; the PE4 and LV10 Spe- mutants were grown on
limiting putrescine (0.2 mM). The large arrow designates the posi-
tion of pure ODC (Mr = 53,000), which is visualized in the control
lane. The small arrow gives the position of the mutant product in the
PE4-bearing strain.

alteration of the slope of enzyme units removed per micro-
liter of the crude antiserum, whereas similar mixtures of the
arginase-less extract and those of an extract of strain
IC-1897-24, bearing mutation LV86, show the expected
competition (J. J. DiGangi et al., submitted). This finding
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FIG. 4. Growth of strains IC-3, IC-1474-13, and IC-1894-53 bear-
ing the wild-type spe-l allele or the nonsense alleles PE4 and LV10,
respectively, in spermidine-supplemented medium. The data are

plotted on overlapping semilogarithmic scales. Doubling times for
the cultures were 2.7, 2.5, and 2.8 for the spe-l+-, PE4-, and
LV10-bearing strains, respectively.
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was true of three other crude antisera. (iv) No common
antigen of the normal molecular weight or of less molecular
weight in the extract of the LV10-carrying strain was dis-
played by the three other crude antisera, one to denatured
ODC and two to native ODC. Immobilized extracts of the
LV10-bearing strain did not reduce the titer of any of these
three antisera. We feel that these reasons, together with the
nonsense character of the LV10 mutation, legitimize the use
of LV10 extracts in making ODC-specific antisera, as well as
our conclusions regarding the absence of ODC protein in the
strain carrying the LV10 mutation. This conclusion is com-
promised only by the possible persistence of an N-terminal
fragment of ODC that is unrecognizable by antiserum but is
indispensable for normal growth.
Because a mutant carrying a nonsense mutation and

wholly lacking cross-reacting material is viable and healthy if
it is given polyamine supplementation, we conclude that the
asexual life cycle is not compromised by the lack of the ODC
protein itself. The viability of two other strains without ODC
protein (IC-1896-22 [carrying allele LV71] and IC-1901-14
[carrying allele LV170]), support this conclusion. The poor
germination of the sexual spores (ascospores) might indicate
that ODC has a role in the sexual cycle. However, ascospore
germination is poor in all mutants with impaired ODC
activity (10, 18) because polyamines provided in growth
media penetrate poorly into cells of N. crassa (7). Thus it is
likely that sterility is brought about by a polyamine defi-
ciency, not by impairment of another ODC-related function.
We therefore feel that the ODC protein is required only in
the synthesis of polyamines. This conclusion may extend to
mammalian cells in culture, because Steglich et al. (21) have
reported variants of CHO cells lacking detectable ODC
protein while retaining the ability to make ODC mRNA.

Polyamines have been shown to influence the fidelity of
protein synthesis and to be required in some cases for the
action of nonsense suppressor mutations in bacteria (1, 11,
12, 24, 25). Our data show that nonsense suppression is
qualitatively successful in N. crassa despite severe poly-
amine starvation in our suppressed mutants. However, the
product of the suppressed-mutant or wild-type gene behaves
peculiarly on immunoblots, even without our imposition of a
polyamine limitation during growth of the suppressor-
bearing strains. We cannot interpret this finding presently,
and it may have little to do with the process of translation.
Our data extend the evidence that spe-J is the structural

gene for ODC. First, nonsense mutations allelic to those
having defective ODC protein (10) are expected in an en-
zyme structural gene. Second, reversion of ODC-less mu-
tants is rarely Accompanied by restoration of normal ODC
activity, as though second-site reversidn within the gene
happens frequently. The genetic data are consistent with
intragenic events in such cases. The residual activity of
extracts of strains bearing allele PE4 (10) shows that the
active site of ODC is not encoded in the carboxy-terminal
(ca. 85) amino acids of the protein, assuming that the mutant
product seen in immunoblots is responsible for the ODC
activity measured in crude extracts.
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