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‘ Jirulence in plant pathogenic fungi is

controlled through a variety of cellu-
lar pathways in response to the host envi-
ronment. Nitrogen limitation has been
proposed to act as a key signal to trigger
the in planta expression of virulence genes.
Moreover, a conserved Pathogenicity
mitogen activated protein kinase (MAPK)
cascade is strictly required for plant infec-
tion in a wide range of pathogens. We
investigated the relationship between
nitrogen signaling and the Pathogenicity
MAPK cascade in controlling infec-
tious growth of the vascular wilt fungus
Fusarium oxysporum. Several MAPK-
activated virulence functions such as
invasive growth, vegetative hyphal fusion
and host adhesion were strongly repressed
in the presence of the preferred nitrogen
source ammonium. Repression of these
functions by ammonium was abolished
by L-Methionine sulfoximine (MSX) or
rapamycin, two specific inhibitors of Gln
synthetase and the protein kinase TOR
(Target Of Rapamycin), respectively,
and was dependent on the bZIP protein
MeaB. Supplying tomato plants with
ammonium rather than nitrate resulted
in a significant delay of vascular wilt
symptoms caused by the F. oxysporum
wild type strain, but not by the AmeaB
mutant. Ammonium also repressed inva-
sive growth in two other pathogens, the
rice blast fungus Magnaporthe oryzae and
the wheat head blight pathogen Fusarium
graminearum. Our results suggest the
presence of a conserved nitrogen-respon-
sive pathway that operates via TOR and
MeaB to control infectious growth in
plant pathogenic fungi.
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Fungal pathogens use an arsenal of viru-
lence mechanisms to invade their hosts,
overcome their defences and colonize their
tissues. Accumulating evidence suggests
that these infection-related processes are
tightly controlled by a complex network of
cellular pathways that respond to a com-
bination of signals from the host environ-
ment. For example, it was suggested that
nitrogen limitation triggers the expression
of virulence genes in plant pathogens.>!?
Moreover, fungal infection on plants
requires a conserved Pathogenicity MAPK
cascade homologous to the filamentous
growth cascade of Saccharomyces cerevisiae.”
In the vascular wilt fungus F. oxysporum,
a soil-borne pathogen that attacks a wide
range of economically important crops, the
orthologous MAPK Fmk1 controls multi-
ple virulence-related processes such as root
adhesion and penetration, as well as inva-
sive growth on living plant tissue.’

that the
capacity of F. oxysporum to penetrate cel-
lophane membranes defines a major viru-
lence function that requires the Fmkl
MAPK and its downstream component,
the homeodomain transcription fac-
tor Stel2."™? We noted that cellophane
penetration was dramatically affected by
nitrogen source: F. oxysporum invades cel-
lophane membranes in the presence of
sodium nitrate, but not on ammonium
nitrate, ammonium sulfate or ammo-
nium tartrate (Fig. 1A). The repressing
effect of the nitrogen source ammonium
was conserved in two other plant patho-
gen species, the rice blast fungus M. ory-
zae and the wheat head blight pathogen

F. graminearum, indicating that nitrogen
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Figure 1. Nitrogen source regulates invasive growth, hyphal aggregation and root adhesion via TOR and MeaB. (A) Effect of nitrogen source, MeaB and
TOR on cellophane penetration by Fusarium oxysporum. Fungal colonies were grown 4 days at 28°C on plates covered with a cellophane membrane
(before). The cellophane with the fungal colony was removed and plates were incubated for an additional day to determine the presence of mycelial
growth on the plate (after). (B) Hyphal aggregates forming after 36 hours conidial germination. Cultures were vortexed to dissociate weakly adhered
hyphae and observed in a binocular microscope. (C) Root adhesion assay. Roots of tomato seedlings were immersed for 36 hours in microconidial
suspensions, then washed by vigorous shaking in water and observed in a binocular microscope. Adhering fungal mycelium is visible as a white mass

covering the roots.

regulation of invasive growth may be func-
tional in many fungal plant pathogens.®

Besides ammonium, Gln was the only
one among different amino acids tested
to at least partially repress cellophane
penetration. In agreement with this find-
ing, MSX, an irreversible inhibitor of Gln
synthetase® fully restored invasive growth
of F. oxysporum in the presence of ammo-
nium. The requirement of Gln synthetase
activity for nitrogen repression suggests
that Gln rather than ammonium may act
as the repressing signal.® In S. cerevisiae,
Gln levels regulate the activity of TOR,
a conserved serine/threonine kinase that
orchestrates cell growth in response to
nutrients.>* We found that rapamycin,
a highly specific inhibitor of TOR, also
restored cellophane penetration in the
presence of repressing concentrations of
ammonium (Fig. 1A). This result directly
implicates TOR in the transmission of the
nitrogen signal.® Besides cellophane inva-
sion, ammonium also repressed additional
virulence-related functions that require
the Fmkl MAPK cascade, such as veg-
etative hyphal fusion and fungal adhe-
sion to tomato roots, in a TOR-dependent
manner (Fig. 1B and C). Thus, nitrogen
source affects the regulation of a broad
range of virulence functions.?

Nitrogen utilization in fungi is a tightly
regulated process. TOR is a central player
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of nitrogen catabolite repression in S. cerevi-
siae.> We found that several genes involved
in nitrogen catabolism of F  oxysporum
were significantly upregulated by rapamy-
cin, supporting a role of TOR in nitrogen
catabolite repression.® We also investigated
the role of MeaB, a bZIP protein that medi-
ates nitrogen catabolite repression in the
saprophytic ascomycete Aspergillus nidu-
lans through inhibition of the wide domain
regulator AreA.'® Nitrogen utilization phe-
notypes of AmeaB and AareA mutants, as
well as cross-species complementation and
transcriptional analysis of nitrogen cata-
bolic genes, showed that MeaB and AreA
have highly conserved roles in regulation
of nitrogen catabolism between A. nidulans
and F. oxysporum.®

Strikingly, the AmeaB strain was able
to perform cellophane invasion, vegetative
hyphal fusion and root adhesion in the
presence of repressing concentrations of
ammonium (Fig. 1). Interestingly, inva-
sive growth of the AmeaB mutant was
further enhanced by addition of rapamy-
cin, indicating that MeaB and TOR both
contribute to ammonium repression in an
independent and additive manner.® To test
whether the role of MeaB involves inhibi-
tion of the wide domain regulator AreA,
virulence-related functions were scored in
a AareA mutant. Unexpectedly, the AareA
strain was still able to perform these
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functions, even in the presence of the
repressing source ammonium, suggesting
that AreA acts as a repressor in nitrogen-
regulation of virulence mechanisms, in
contrast to its well-described role as an
activator of nitrogen catabolite genes.®
We next asked whether nitrogen source
also affects virulence of F. oxysporum
during infection of its natural host plant
tomato. Seedlings whose roots were inocu-
lated with conidia of the wild type strain
and supplied with an ammonium solution,
showed a significant delay in the develop-
ment of wilt symptoms compared to plants
supplied with nitrate. Importantly, no dif-
ferential effect of nitrogen source on the
severity of disease symptoms was detected
in plants infected with the AmeaB strain
(Fig. 2). Moreover, transcript levels of
the virulence gene Six1," in the wild type
strain, but not in the AmeaB mutant, were
dramatically reduced during infection of
tomato roots in the presence of ammonium
compared with nitrate, and this repression
was completely abolished by rapamycin.®

How do Nitrogen Response
and Pathogenicity MAPK
Pathways Interact to Regulate
Virulence Functions?

Our results highlight a novel role of nitro-
gen source in the regulation of fungal
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Figure 2. Nitrogen source and MeaB regulate plant infection. Incidence of F. oxysporum wilt on
tomato plants 20 days after inoculation with the indicated strains and supplied with solutions
containing 25 mM of NaNO, (black columns) or NH,NO, (grey columns). Severity of disease symp-
toms was recorded using an index ranging from 1 (healthy plant) to 5 (dead plant). Bars represent

virulence on plants, but also raise a num-
ber of questions that need to be addressed
in future studies. Transmission of the
nitrogen repression signal requires inde-
pendent inputs from the protein kinase
TOR and the bZIP protein MeaB, two
components that have not been associ-
ated previously with fungal pathogenicity
on plants. A common feature shared by
the virulence functions subject to nitro-
gen control in F. oxysporum is that they
all require the Fmkl MAPK cascade.?
Intriguingly, the filamentation and inva-
sive growth response in S. cerevisiae is
also repressed by high concentrations of
ammonium’ and requires the orthologous
MAPK Kss1.?

A central question is how the conserved
nitrogen response and MAPK pathways
interact to control the shared virulence
targets. Using a combination of phar-
macological and genetic approaches, we
showed that neither rapamycin treatment
nor deletion of meaB could restore inva-
sive growth in the Afimkl strain.® These
results place the nitrogen repression path-
way either independently or upstream of
the Fmkl MAPK cascade. However, there
is also evidence for a direct link between
the two pathways.
showed a pivotal role of the homeodomain
transcription factor Stel2 in regulating
invasive growth and plant pathogenic-
ity downstream of the Pathogenicity
MAPK."12 Szel2 transcript levels were
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strongly downregulated on ammonium
compared to nitrate, suggesting that
Stel2 expression is controlled by nitro-
gen source. Transcriptional repression of
Stel2 in F. oxysporum required both MeaB
and AreA, consistent with the phenotypic
effects of AmeaB and AareA mutations of
reversing nitrogen repression of virulence
functions.®

A second key issue concerns the com-
mon downstream targets of the nitro-
gen response and MAPK pathways, and
their role during invasive growth, adhe-
sion and plant infection. Some of these
genes are likely to encode extracellular or
surface proteins such as Sixl. However,
other cellular responses associated with
nitrogen starvation such as autophagy or
generation of reactive oxygen species have
recently been linked to fungal virulence
on plants.®"” Future work is needed to
expand our understanding of how nitro-
gen and MAPK signaling interact to con-
trol infectious growth in plant pathogenic

fungi.
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