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Inhibition of gibberellin biosynthesis by nitrate in Gibberella fujikuroi
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Abstract Gibberellin production in Gibberella fujikuroi starts
upon exhaustion of the nitrogen source. To determine the role of
nitrate and ammonium in the regulation of gibberellin biosyn-
thesis we have isolated mutants that cannot use nitrate as a
nitrogen source. Nitrate inhibited partially the production of
gibberellins in mutants devoid of nitrate reductase activity. The
inhibition occurred whether nitrate was added before or after the
onset of gibberellin production. Addition of tungstate to the wild
type mimicked the results with nitrate reductase mutants. We
conclude that nitrate inhibits gibberellin biosynthesis by itself,
independently of the intracellular signal that conveys nitrogen
availability.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

The gibberellins, plant hormones with practical applications
in agriculture and brewing, are present in small concentrations
in plant tissues and in large amounts in the culture media of
Gibberella fujikuroi [1-4]. This fungus is the industrial source
of gibberellins and a useful subject for research on the gibber-
ellin biosynthetic pathway [5,6].

Gibberellin biosynthesis is strongly influenced by the
growth conditions of Gibberella. A high carbon to nitrogen
ratio is required for gibberellin production in batch cultures
[7]. In our standard strain, the onset of gibberellin production
is not a general consequence of unbalanced growth, but starts
only upon exhaustion of the nitrogen source [8]. Nitrate, am-
monium, and r-glutamine block gibberellin biosynthesis, in-
dependently of whether present from the beginning or added
to a producing culture [8]. These three nitrogen sources may
act through a common signal, since nitrate and glutamine
produce ammonium in the cell. Use of L-methionine-pL-sul-
foximine, an inhibitor of glutamine synthetase, suggests that
the intracellular signal is glutamine or a compound derived
from it [9]. All nitrogen sources tested, including urea and
many amino acids, are effective inhibitors [10]. A partial nitro-
gen repression was found in deregulated strains that produce
gibberellins in the presence of a nitrogen source [11,12].We
have investigated the relation between nitrate assimilation
and the regulation of gibberellin biosynthesis.
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2. Materials and methods

Strain IMI58289 is a gibberellin-producing wild type of Gibberella

fujikuroi that belongs to mating group C, a separate genetic species,

and was received from the Commonwealth Mycological Institute,
Kew, England. This strain and mutants derived from it were grown
in 500-ml Erlenmeyer flasks with 250 ml minimal broth [8,13] at 30°C
in the dark in an orbital shaker (150 rpm). The standard nitrogen
source was NHyNO; (6 mM, 0.48 g 1™!). Replacement by NaNQOs
at 1 g 17! or NH,CI at 0.64 g 17! maintained the total nitrogen
concentration. When indicated, the medium contained other nitrogen
source concentrations or tungstate, prepared as a filter-sterilized 0.5 M
solution of NayWQ, in distilled water.

Gibberellin concentrations in the media were estimated fluorometri-
cally [14] using gibberellic acid (Sigma, St. Louis, MO, USA) as a
reference. Mycelial mass was determined by weighing mycelial sam-
ples dried for 24 h at 105°C. Nitrate in the medium was determined
with nitrate reductase (kit No. 905568, Boehringer Mannheim, Mann-
heim, Germany). For measurements of nitrate reductase activity, the
mycelia were filtered, washed, frozen at —80°C, and extracted as de-
scribed by [15]; the clear supernatant was kept in ice until the deter-
mination of enzyme activity [16].

Mutants unable to utilize nitrate or nitrite as nitrogen source were
isolated after exposing spores to N-methyl-N’-nitro-N-nitrosoguani-
dine (0.2 mg ml'!) for 1 h, allowing them to grow on DG agar [17]
with L-asparagine (18 mM) instead of NaNOQj, and testing the result-
ing colonies for growth on DG agar with asparagine, NaNQO;
(36 mM), or NaNO; (10 mM) as the only nitrogen sources. Colonies
that grew with asparagine, but not with nitrate or nitrite after four
subcultures, were checked for growth with NH,Cl (36 mM) or hypo-
xanthin (9 mM). The nitrogen source concentrations correspond to
0.5 g17! of N atoms, except for NO,Na, which was used at 0.14 g 17!
of N atoms because of its toxicity.

3. Results

3.1. Mutants defective in nitrate assimilation

Wild-type mycelia grown with ammonium as nitrogen
source contained a considerable nitrate reductase activity
(Fig. 1); at the time of the assay, the nitrogen source was
already exhausted [8]. Addition of nitrate induced an even
higher activity; this increase did not occur when nitrate was
accompanied by ammonium.

Mutants unable to utilize nitrate as a nitrogen source were
isolated by testing the ability of 9700 colonies produced by
mutagen-exposed wild-type spores to grow on media with
nitrate or asparagine. The mutants (Table 1) were classified
according to their ability to utilize various nitrogen sources
[18].

Three mutants were specifically defective for nitrate assim-
ilation. Their in vitro nitrate reductase activity was nearly
undetectable in all conditions tested. They grew normally
with ammonium as the nitrogen source, but practically noth-
ing with nitrate (Fig. 1). The same slight growth was found in
the absence of a nitrogen source in the medium and may be
attributed to the nitrogen reserves in the inoculum or to con-
taminating traces of ammonium in the medium. Growth with
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Fig. 1. Growth and nitrate reductase activity of the wild type and
two nitrate reduction mutants. Left: Mycelial dry mass after 15 days
growth in minimal broth with no nitrogen source or with various
nitrogen sources used at equal concentrations of total nitrogen.
Right: Nitrate reductase activity after growth for 75 h in minimal
broth with NH4Cl (12 mM); at the age of 72 h some of the cultures
received additions of NaNOj (50 mM) and NH,4Cl (50 mM).

NH,/NO; confirmed that the mutants were able to use the
ammonium, but not the nitrate.

Two mutants were defective in nitrite assimilation; they
grew much better with NH4Cl than with NH4NOs, presum-
ably because they were inhibited by the nitrite made from
nitrate. A mutant that could not utilise hypoxanthin must
be affected in the biosynthesis of the molybdenum cofactor
present in nitrate reductase and other redox enzymes. One
mutant, SG149, exhibited an unexpected hypersensitivity to
nitrite. Two asparagine-requiring strains were isolated in the
same screening.

Two mutants, SG151 and SG152, unable to use nitrite as
nitrogen source, were isolated after mutagenesis of mutant
strain SG140; their assimilation of nitrate was doubly
blocked: to the original lack of nitrate reductase was added
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another defect in nitrite reductase or its regulation. They grew
well in the presence of NH4NO;, presumably because of their
failure to accumulate the toxic nitrite.

3.2. Gibberellin production

Nitrate reduction mutants were similar to the wild type in
growth and gibberellin production with NH,Cl as the nitro-
gen source (Fig. 2, top). In the first few days of cultivation the
dry mycelial mass increased rapidly through balanced growth;
after exhaustion of the nitrogen source, the mycelial mass
increased more slowly through the assimilation of the carbon
source [8]. The mutants grew worse than the wild type with
NH4NO; (Fig. 2, center left), as expected, since they could
not utilize the nitrate moiety. The production of gibberellins
in the presence of NHyNO3 was drastically decreased (Fig. 2,
center right), more than could be explained by the diminution
in mycelial mass. The double mutant SG151 produced less
gibberellins than single mutants; this excludes that nitrate
acts through a slow conversion to ammonium in leaky mu-
tants. We suspected that nitrate itself inhibits gibberellin pro-
duction. This suspicion was verified by the addition of nitrate
to cultures that could not utilise it (Fig. 2, bottom right). In
the wild-type nitrate, as expected, increased the mycelial mass
(Fig. 2, bottom left) and delayed gibberellin production for
2-3 days (Fig. 2, bottom right); exhaustion of nitrate and the
products of its assimilation led to an increased rate of gibber-
ellin production by the larger mycelial mass.

The inhibition of gibberellin production by nitrate was
clearly observed when the nitrate reduction mutants were
grown in media that contained different concentrations of
NH,Cl and NaNO; (Fig. 3). Although nitrate could not be
metabolized by the mutants, it decreased the gibberellin pro-
duction rate. The inhibitory threshold varied from 2 to
10 mM, approximately, depending on the initial concentration
of NH,4Cl, which determines the total mass and physiological
condition of the mycelia.

3.3. Inhibition of gibberellin production by tungstate
Tungstate (NayWOy), a potent inhibitor of nitrate reductase
in cyanobacteria [19], slows down mycelial growth in Gibbe-

Table 1
Nitrogen sources utilized by the mutants
Strain NaNO; NaNO; Hypoxanthin Asparagine NH,Cl
IMI158289 + + + + +
Nitrate reduction mutants
SG140 - + + + +
SGl141 — + + + +
SG142 — + + + +
Nitrite reduction mutants
SG143 - — + + +
SG144 — — + + +
Molybdenum cofactor mutant
SG147 — + — + +
Asparagine requiring mutants
SGl146 — — - + —
SG150 — — - + —
Nitrite hypersensitive mutant
SG149 +/— - + + +
Nitrate and nitrite reduction double mutants
SG151 — — + + +
SG152 — — + + +

Mutants SG140 through SG150 were isolated from the wild-type IMI58289 because of their inability to utilize nitrate as nitrogen source. Mutants
SG151 and SG152 were isolated from SG140 because of their inability to utilize nitrite. Normal growth is indicated by +, no growth or residual

growth by —.
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Fig. 2. Effect of nitrate on growth and gibberellin concentrations. The wild type (triangles), the nitrate reduction mutants SG140 (squares), and
SG141 (circles), and the nitrate and nitrite reduction double mutant SG151 (diamonds) were cultured in minimal broth with the nitrogen source
indicated in each panel. The arrow indicates the addition of NaNQ; at a final concentration of 12 mM.

rella (Fig. 4, top). An unspecific toxic effect occurs at high
tungstate concentrations, whether the nitrogen source is am-
monium or nitrate; at 30 uM or 100 puM, Nay,WO, inhibits
growth only when the source of nitrogen is nitrate. NayWO,
100 uM has an effect on gibberellin biosynthesis when the
nitrogen source is nitrate (Fig. 4, middle), but not when it is
ammonium (Fig. 4, middle). The parameters of tungstate ac-
tion depend on the molybdenum concentration of the me-
dium; ours contained 0.16 uM (NH4)sMo7;09;.

4. Discussion

Wild-type G. fujikuroi converts nitrate to ammonium, so
that any inhibition of gibberellin biosynthesis by nitrate would
be hard to distinguish from the strong inhibition by ammo-
nium, caused presumably by an unknown ammonium metab-
olite. Mutants that cannot convert nitrate to ammonium have
allowed the demonstration of inhibition by nitrate itself. In-
cubation of the wild type with tungstate, an inhibitor of ni-
trate reductase, supports the conclusions obtained with the
mutants.

The inhibition of gibberellin biosynthesis by nitrate is un-
expected, because it is difficult to imagine conditions under

which nitrate would not be converted to ammonium and me-
tabolized further, but significant, because the nitrate inhibi-
tory threshold (2 to 10 mM, depending on mycelial mass) is
comparable with that of other nitrogen sources (i.e. 5 mM for
glycine, [20]). Perhaps the regulation of gibberellin biosynthe-
sis by nitrogen availability was evolutionarily derived from a
preexisting mechanism that responded to both ammonium
and nitrate.

Nitrate induces and ammonium (or one of its metabolites)
represses the production of nitrate reductase in many organ-
isms [21]. A similar situation is suggested by our observation
of the antagonism of nitrate and ammonium on nitrate reduc-
tase activity.

Tungstate inhibits growth of organisms engaged in nitrate
reduction by competing with the molybdenum that plays an
essential role in this activity [19,22]. The results with Gibbe-
rella remind of those reported for Chlorella [19], but the
threshold is higher and growth does not cease completely
even at high concentrations. The inhibition of gibberellin syn-
thesis by nitrate offers a good explanation for the decreased
gibberellin production by the wild type in the presence of
tungstate.

Mutants in nitrate assimilation are usually isolated after
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selection for resistance to chlorate. We screened directly for
them, without preselection. The phenotypes of our mutants
were generally similar to those described in other Ascomy-
cetes, including Gibberella strains that produce no gibberellins
[18]. Our collection contained mutants that cannot be isolated
as chlorate resistant, such as those specific for nitrite reduc-
tion, but did not contain mutants of the major nitrogen reg-
ulatory gene, ared. The direct screening for mutants was fa-
cilitated by the high frequencies of induced mutations
observed in G. fujikuroi [17], a feature that makes Gibberella
attractive for the mutational analysis of many biological proc-
esses.
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Fig. 3. Inhibition of gibberellin production by nitrate in the nitrate
reduction mutant strains SG140 and SG141. Top: An example of
the calculation of production rates: gibberellin production by strain
SG140 grown in the presence of NH,Cl (1 g 17!) and NaNO; (con-
centrations in g 1! shown on the graphs). The straight lines repre-
sent the best linear fit to five consecutive values and their slopes
were taken as estimates of the gibberellin production rate. Bottom:
Gibberellin production rates by strains SG140 (closed symbols) and
SG141 (open symbols) grown in the presence of various concentra-
tions of NaNO; (abscissac) and NH4Cl (concentrations in g |7}
shown on the graphs).
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Fig. 4. Inhibition of mycelial growth and gibberellin production by
tungstate in the wild type. Top: Mycelial dry mass after incubation
for 6 (open symbols) or 15 (closed symbols) days in minimal me-
dium with NaNO; (triangles) or NH,Cl (squares) as nitrogen
source. Middle and bottom: Gibberellin accumulation in minimal
medium with 0.64 g/l NH,Cl (middle) or 1 g/l NH;NO; (bottom)
as nitrogen source in the presence (closed symbols) or the absence
(open symbols) of 100 uM NayWOQ,.
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