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Nitrogen catabolite repression (NCR) is a regulatory strategy found in microorganisms that restricts the utilization of complex
and unfavored nitrogen sources in the presence of favored nitrogen sources. In fungi, this concept has been best studied in yeasts
and filamentous ascomycetes, where the GATA transcription factors Gln3p and Gat1p (in yeasts) and Nit2/AreA (in ascomyce-
tes) constitute the main positive regulators of NCR. The reason why functional Nit2 homologs of some phytopathogenic fungi
are required for full virulence in their hosts has remained elusive. We have identified the Nit2 homolog in the basidiomycetous
phytopathogen Ustilago maydis and show that it is a major, but not the exclusive, positive regulator of nitrogen utilization. By
transcriptome analysis of sporidia grown on artificial media devoid of favored nitrogen sources, we show that only a subset of
nitrogen-responsive genes are regulated by Nit2, including the Gal4-like transcription factor Ton1 (a target of Nit2). Ustilagic
acid biosynthesis is not under the control of Nit2, while nitrogen starvation-induced filamentous growth is largely dependent on
functional Nit2. nit2 deletion mutants show the delayed initiation of filamentous growth on maize leaves and exhibit strongly
compromised virulence, demonstrating that Nit2 is required to efficiently initiate the pathogenicity program of U. maydis.

Heterotrophic microorganisms are capable of utilizing a pleth-
ora of different carbon and nitrogen sources. Fungal sapro-

phytes and bacteria strictly rely on the availability of (certain)
organic carbon sources, while most have the ability to assimilate
inorganic nitrogen in addition to utilizing organic nitrogen. The
utilization of available nutrients by microorganisms is not unbi-
ased, since carbon and nitrogen compounds that are easy to me-
tabolize are preferred over more complex compounds that require
a higher cost in terms of ATP and reducing equivalents (50).

Although the actual mechanisms or regulatory components of
the utilization of complex nitrogen sources differ considerably in
different classes of bacteria, the output of these signal transduc-
tion cascades is the same: the metabolization of complex nitrogen
sources in the presence of a favored nitrogen source is repressed
(reviewed in references 2 and 50). In eukaryotic organisms, this
effect, called nitrogen catabolite repression (NCR) or nitrogen
metabolite repression, has been best characterized in brewer’s
yeast (Saccharomyces cerevisiae) and in filamentous fungi of the
phylum Ascomycota, where extensive work has been performed on
Neurospora crassa and Aspergillus species (87).

In filamentous fungi, the availability of favored nitrogen
sources (ammonium and Gln in Aspergillus nidulans; ammonium,
Gln, and Glu in N. crassa) represses the utilization of other nitro-
gen sources, such as nitrate, peptides, or other free amino acids
(57). The GATA transcription factors AreA and Nit2 are the cen-
tral regulators of NCR and control the utilization of unfavored
nitrogen sources in A. nidulans and N. crassa, respectively (re-
viewed in references 57 and 58). In the absence of favored nitrogen
sources, Nit2 and AreA proteins activate the expression of
nitrogen-metabolizing genes by binding to the respective promot-
ers of these genes. Functional Nit2 proteins from ascomycetes
harbor a highly conserved Zn finger domain in the C-terminal
part of the protein as well as a Nit2/AreA-specific sequence motif
(RMENLTWRMM) in the N-terminal part. The outermost C ter-
minus is conserved as well (17, 87). The deletion of the nit2 or areA
gene leads to the inability of filamentous fungi to utilize complex
nitrogen sources (17, 47, 57, 66, 82). While Nit2/AreA proteins are

required for the general derepression of nitrogen-metabolizing
genes, additional pathway-specific activators are needed for the
activation of most genes underlying NCR. For nitrate utilization,
this activator is called Nit4 and NirA in N. crassa and A. nidulans,
respectively, a Gal4-like transcription factor, which can only in-
duce the expression of nitrate and nitrite reductase (NR) in the
presence of Nit2/AreA (22). The regulation of AreA activity is best
described in A. nidulans. Under N-sufficient conditions, AreA is
evenly distributed between cytoplasm and nucleus and only
strongly localizes to the nucleus under N starvation (80). Further-
more, AreA activity is regulated by mRNA stability (12, 62, 63), a
positive autoregulation loop (49), and the negatively acting pro-
tein NmrA (3). No DNA-binding activity has been demonstrated
for the N. crassa homolog Nmr1 (89), but Nmr1 interacts directly
with Nit2 and thus inhibits the DNA binding of Nit2 (65, 88). The
conserved outmost C terminus of Nit2 is required for the interac-
tion with Nmr1 (65).

In yeasts, the utilization of complex nitrogen sources is medi-
ated by two positively acting transcription factors: Gat1p, a closely
related homolog of Nit2/AreA, and Gln3p, a GATA-type tran-
scription factor that is not present in filamentous fungi (reviewed
in references 15, 33, and 87). These two proteins act on a different
subset of genes but also share commonly regulated genes.

The role of functional Nit2 homologs has been studied in plant
pathogenic ascomycetes, where it also regulates nitrogen utiliza-
tion and is required for full pathogenicity in most cases (9). Nit2
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loss-of-function mutants of Colletotrichum lindemuthianum, Fus-
arium verticillioides, and Fusarium oxysporum showed reduced
virulence on their respective hosts (17, 47, 66). The hemibiotro-
phic C. lindemuthianum clnr1 mutants were specifically affected in
the transition from the biotrophic to the necrotrophic phase,
while they showed no defects in the initial biotrophic phase itself
(66). A depletion of Nit2 homologs in Magnaporthe grisea or in
Cladosporium fulvum, on the other hand, had little or no effect on
pathogenicity (23, 67). The reason why Nit2 homologs are re-
quired for full pathogenicity in some ascomycetous plant patho-
gens remains elusive. One common hypothesis is that plant patho-
gens are limited in nitrogen supply early in the infection process
and that this limitation is an essential signal to start the infection
cycle (74). This assumption is based on the observation that the
expression of the C. fulvum effector Avr9 and the M. grisea patho-
genicity factor Mpg1, as well as four other known M. grisea patho-
genicity factors, are induced in axenic culture under N limitation
(19, 77, 83). The expression of Avr9 is thereby under the control of
the Nit2 homolog Nrf1 (67). However, only 1 out of 9 known C.
fulvum effectors, Avr9, and only 5 out of 21 known M. grisea
pathogenicity factors are induced by N limitation (19, 76, 77, 83).
This implies on the one hand that cues other than N limitation
play a role in starting the pathogenicity program and on the other
hand that the reduced virulence observed in some Nit2 mutants is
not solely an effect of reduced effector protein expression.

Although the regulation of nitrogen utilization has been well
studied in ascomycetes and yeasts, only a few reports exist on these
regulatory mechanisms in basidiomycete fungi. It is known that
nitrate-metabolizing enzymes are transcriptionally repressed by
ammonium in Hebeloma cylindrosporum and Ustilago maydis, but
the mechanism behind this effect is unknown (4, 38, 39, 51). Gat1,
the Nit2 homolog of the basidiomycete human pathogen Crypto-
coccus neoformans, regulates nitrogen utilization and glucuron-
oxylomannan secretion, but the deletion of Gat1 has no effect on
virulence (48).

The basidiomycete Ustilago maydis is the causal agent of corn
smut disease, and its dimorphic life style has been extensively
characterized on a molecular level (see references 11 and 42 for
excellent recent reviews on U. maydis). Haploid sporidia multiply
by budding in a yeast-like manner and exhibit a saprophytic life
style. After mating on hydrophobic surfaces, the growth of infec-
tious filamentous dikaryotic hyphae is initiated. U. maydis then
can infect its host, maize, via appressoria-like structures, and later
it proliferates by intracellular and intercellular hyphae, inducing
the formation of host-derived tumors. Since U. maydis shows a
biotrophic lifestyle in planta, it does not kill its host but has to
continuously acquire nutrients from living host tissue. We re-
ported previously that the induction of tumors provides efficient
means of rerouting organic nitrogen sources and soluble carbohy-
drates to the infection site at late infection stages (18, 36, 37). The
nutritional situation in the early infection stages, however, re-
mains unknown. Although there is no report of induced expres-
sion of potential effectors under N starvation in U. maydis, it has
been shown that N limitation or low ammonium concentrations
can induce the switch to the filamentous growth of haploid cells
on artificial media (46, 73), an effect similar to the invasive growth
of S. cerevisiae under nitrogen starvation (27). It was also shown
that the N starvation-induced formation of conjugation tubes is
dependent on compatible a mating loci in U. maydis, whereas the
formation of true filaments is dependent on active a and b loci (5).

Here, we report the identification of a functional Nit2 homolog
in U. maydis which controls nitrogen utilization, and we show that
it is required for the efficient initiation of filamentous growth and
for full virulence on maize leaves.

MATERIALS AND METHODS
Strains and culture conditions. Fungal strains used in this study are given
in Table 1. U. maydis sporidia were propagated at 28°C on potato dextrose
plates or in liquid YEPSlight medium (81) if not specified otherwise. For
the determination of nitrogen utilization, minimal medium (MM) plates
(35) were supplemented with 2% (wt/vol) glucose and 0.3% (wt/vol)
KNO3 (NMM) or (NH4)2SO4 (AMM) or 10 mM the respective nitrogen
source. Spermine and spermidine were provided at 2 mM, and guanine at
5 mM; for nitrogen starvation medium (�N), no nitrogen source was
added. For liquid medium, agar was omitted. Resistance to chlorate was
tested on MM plates supplemented with 10 mM proline and 250 mM
KClO3. For transcript and enzyme activity analyses, sporidia were grown
in liquid ammonium MM to an optical density at 600 nm (OD600) of
�1.0, harvested by centrifugation, and washed 2 times in H2O. Aliquots
were transferred to liquid AMM, NMM, or �N medium. Cells were har-
vested by centrifugation at different time points after transfer to fresh
medium as indicated in the text and immediately snap-frozen in liquid
nitrogen.

Infection assay and assessment of pathogenicity. Plant infection was
conducted as previously described (26). In brief, a suspension of fungal
sporidia (OD600 of 1) or the same volume of water for mock controls was
injected by syringe into the stems of 7- to 10-day-old maize seedlings (cv.
Early Golden Bantam), which resulted in local infections of leaves 3 to 5.
Infection symptoms were documented 8, 10, 14, and 20 days postinfection
(dpi).

The pathogenicity of the indicated U. maydis strains was assessed by
generating a disease index at the indicated time points by classifying
symptom severity according to predefined categories as described in ref-
erence 21.

Construction of U. maydis transgenics. U. maydis transgenics were
generated in the solopathogenic strain SG200 (45), with the exception of
AB31-�nit2, which was in the AB31 background (10), using a PCR-based
technique (44). A 1-kb flanking region upstream (LB) and downstream
(RB) of the nit2 gene was amplified using primers 5=-TTTCAGCCTTGT
CTTCTGTGC-3= and 5=-CACGGCCTGAGTGGCCGAAAGAATCGCA
AGACGGAG-3= (LB for both constructs), 5=-GTGGGCCATCTAGGCC
TTCGGGGTCCGCATCTTC-3= and 5=-GCAACAAAGCCGTAATATCA
CC-3= (RB �N-nit2), or 5=-GTGGGCCATCTAGGCCGGTTTTGTTTA
GTGTACCGTCTTTCT-3= and 5=-TCCATCCATGCCAGAATCTCG-3=
(RB �nit2). PCR products were digested with SfiI and ligated to the hy-
gromycin resistance cassette of pBS-hhn (44). Primers 5=-TTCGTGAAT
GGAAGACGTGAGG-3= and 5=-CACGGCCTGAGTGGCCGAAGACG
GTGGCAAGATGGAC-3= (LB) and 5=-GTGGGCCATCTAGGCCATCG
CTTTCGCTGTTGGTCTCG-3= and 5=-TGCCTGCTGGTGCGGATTG

TABLE 1 Ustilago maydis strains used in this studya

Strain Genotype
Reference
or source

SG200 a1mfa2 bW2bE1 45
SG200-�nit2 a1mfa2 bW2bE1 �um10417 This study
SG200-�N-nit2 a1mfa2 bW2bE1 �N

terminus-um10417
This study

SG200-�nit2-Nit2 a1mfa2 bW2bE1 �um10417
ipr[Pum10417-um10417]

This study

SG200-�ton1 a1mfa2 bW2bE1 �um10005 This study
AB31 Pcrg::bw2, Pcrg::bE1 10
AB31-�nit2 Pcrg::bw2, Pcrg::bE1 �um10417 This study
a P, promoter; ipr, allele of ip conferring resistance to carboxin.
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TC-3= (RB) were used to generate the �ton1 construct. For the nit2
complementation assay, a genomic fragment, including the Nit2 gene and
1 kb upstream of the start codon, was amplified by PCR using primers
5=-CACAAGCTTCGCTCGGTCCTCCTACTCGT-3= and 5=-CACGCGG
CCGCACAAAACCTCACTTGCGCTGTC-3= and cloned into the Hin-
dIII and NotI sites of p123 (75), a vector that integrates into the ip locus of
U. maydis and confers resistance to carboxin. The transformation of U.
maydis was performed as previously described (72), and the selection of
transformants occurred on hygromycin or carboxin.

Sequence analysis. The N. crassa Nit2 protein sequence (P19212) was
used in a BLASTP search (1) to identify Um10417 as a sequence homolog.
Domains were identified using the Conserved Domain Database (56).
Protein alignments were performed using the MUSCLE algorithm (20),
and distance trees were visualized with Geneious 5.0.4 software (Biomat-
ters Ltd., New Zealand). The following strains (with accession numbers)
were used: A. nidulans XP_681936, Gibberella fujikuroi P78688, F. oxyspo-
rum f. sp. lycopersici ABD60578, C. lindemuthianum AAN65464, Magna-
porthe oryzae XP_366679, Schizophyllum commune BAA96108, C. neofor-
mans XP_566547, and N. crassa P19212.2.

Transcript analyses. Total RNA from sporidia grown on the indicated
media for the given times after transfer from AMM was extracted using
the RNase-all method (14), and RNA quality was assessed after separation
on formaldehyde gels or using an Agilent 2100 Bioanalyzer. For RNA blot
analysis, standard molecular techniques were used. Ten �g total RNA was
loaded, separated, and probed with 32P-labeled, gene-specific probes.
nar1 and nrt probes were amplified using primers 5=-TTCCTCGATCCC
AAGAAATG-3= and 5=-CTGGATGGGGTCTAAAGCAG-3= (nar1) and
5=-CGCACTGCCGACAACGAAA-3= and 5=-GCAGGGATACCGTAGT
TGGCA-3= (nrt). Tomato 18S rRNA was used as a loading control.

Whole-genome transcript analyses with 400 ng total RNA extracted
from sporidia cultivated in the indicated media for the given times after
transfer from AMM were performed using custom U. maydis 8�15K
microarrays (Agilent, Santa Clara, CA). Annotated genes were down-
loaded from the MUMDB homepage (http://mips.helmholtz-muenchen
.de/genre/proj/ustilago/), and specific probes were designed using eArray
software (Agilent). Sample labeling, chip hybridization and scanning, and
feature extraction were performed with the one-color spike mix (Agilent)
according to the manufacturer’s protocol. Data were analyzed using
GeneSpring XI software with standard settings. Statistically significantly
deregulated genes (�2-fold change in from values for the control and P �
0.05 by t test, with unequal variance after Benjamini-Hochberg correc-
tion) were identified with the volcano plot option of GeneSpring XI for
the comparisons of conditions and genotypes as indicated.

The expression pattern of selected genes was verified by quantitative
reverse transcription-PCR (qRT-PCR) using the Brilliant II SYBR green
quantitative PCR (qPCR) master mix and Mx3000P qPCR system (Strat-
agene). Gene expression from three biological replicates per condition
tested was normalized against U. maydis gapDH. The following primers
were used: gapDH, 5=-CTCAGGTCAACATCGGTATCAACG-3= and 5=-
CCGTGGGTGGAGTCGTACTTG-3=; um01756.2, 5=-CGGTTGCCCTG
CTAAGTACG-3= and 5=-TGCCAATGAGGAAAGCACCT-3=; um03690,
5=-CGCTTCCACTTTGATCTGGTG-3= and 5=-AAAGAGAGGGCGAT
CGAGATG-3=; um10005, 5=-ACAGCAAGACTGGCAGGATGC-3= and
5=-CGGAAGTGAGCGAGCTGAGAG-3=; um04577, 5=-GACCAGAGAC
CGAGGACCACT-3= and 5=-TCAAACGCCGTCTTTTCTTCA-3=;
um03847, 5=-GACCTGAGCCGTGGTTTGTC-3= and 5=-CATCGAGTG
GATTGCCATGA-3=; um11104, 5=-CTCAGATCGCCGTTTGGAAC-3=
and 5=-CGACCCTTGTCGTCTTCACC-3=; um11105, 5=-CTTCTGGCT
GCTCGTCACCT-3= and 5=-CGAGGAAACCAGTCGTACCG-3=;
um05889, 5=-GCCTACGTCATCTTGGGAACC-3= and 5=-TCCCAGAA
CATCCAGGTGAGA-3=; um02625, 5=-CTGCATCCTGCTGTGGTTTT
C-3= and 5=-GCCCGACTCCAATACCAGTTC-3=; um00477, 5=-GTCTG
ACGTCCGGTGGAATC-3= and 5=-GCGCTGTATACTCGCCATCC-3=;
um04060, 5=-CCTGAATCTGGCCAAAGACG-3= and 5=-CGAAAGACC

TCGGAACAACG-3=; um06253, 5=-TTTTTGACCGATTGGATGCAC-3=
and 5=-GCTTGACGAGCTCCCAAAGAT-3=.

Nitrate reductase activity assay. The maximal extractable activity of
nitrate reductase in sporidia from the logarithmic growth phase was as-
sayed as described in reference 25.

Filamentation assay. Filamentation on a hydrophobic surface was
performed as described previously (60). Sporidia were sprayed in water or
in a 1 mM Gln solution on parafilm. For strains in the AB31 background,
sporidia were cultivated to an OD600 of 0.3 in AM-Glc, washed once in
distilled water, and transferred to an equal volume of either NM-Glc (to
relieve NCR with no concomitant induction of the b locus) or NM-Ara (to
relieve NCR and to induce the b locus concomitantly). After 1 h of agita-
tion, sporidia were pelleted for 8 min at 2,500 � g, washed once in distilled
water, and finally sprayed onto parafilm at an OD600 of 0.1. Filamentous
growth was evaluated after 16 and 21 h at 28°C and 100% relative humid-
ity using a Leica DMR fluorescence microscope with differential interfer-
ence contrast optics. Filamentation on planta was assessed 18 h after in-
fection. To visualize fungal material, infected leaf segments were stained
for 1 min with calcofluor (fluorescence brightener 28; Sigma-Aldrich) and
rinsed briefly with double-distilled water. Stained samples were immedi-
ately examined under a fluorescence microscope using a UV lamp and
Leica filter cube A.

Microarray accession number. The microarray data presented in this
study are deposited at GEO under the accession number GSE28916 (http:
//www.ncbi.nlm.nih.gov/geo).

RESULTS
Ustilago maydis Um10417 is homologous to Nit2/AreA. Func-
tional Nit2/AreA proteins from ascomycete fungi contain a highly
conserved GATA Cys2/Cys2-Zn finger domain followed by an
adjacent basic region, which is also conserved (70). The U. maydis
genome harbors 10 annotated proteins with a GATA Zn finger
domain, of which only URBS1, which is a regulator of iron-
siderophore biosynthesis, has been characterized (21, 84). A
BLAST analysis (1) using N. crassa Nit2 and A. nidulans AreA as a
query showed that Um10417 was the U. maydis GATA transcrip-
tion factor with highest sequence homology to both Nit2 and
AreA. Multiple sequence alignment with functionally character-
ized regulators of NCR (nitrogen catabolite repression) from as-
comycete fungi and with Nit2 orthologs from basidiomycetes re-
vealed that besides the highly conserved, C-terminal zinc finger
domain, Um10417 contains a DUF1752 domain that is also con-
served among functional Nit2/AreA proteins (Fig. 1). Nit2/AreA
from ascomycete fungi also harbor a conserved sequence motif at
the outermost C terminus that has been shown to participate in
the direct interaction between N. crassa Nit2 and its negative reg-
ulator, Nmr1 (65). This extension is missing from Um10417 and
also from the nit2 orthologs of the basidiomycetes Cryptococcus
neoformans and Schizophyllum commune (Fig. 1D). The construc-
tion of a phylogenetic tree from the full protein alignment (see Fig.
S1 in the supplemental material) shows that basidiomycete nit2
orthologs diverged from their ascomycete homologs (Fig. 1A).
This raises the question of whether the U. maydis Nit2 serves a
function similar to that of the ascomycetous orthologs in vivo.

Ustilago maydis Nit2 regulates utilization of unfavorable ni-
trogen sources. The utilization of most nonfavorable nitrogen
sources is repressed in the presence of favorable nitrogen sources
in fungi. Nit2/AreA proteins are necessary to release this repres-
sion in the absence of favorable nitrogen sources. To ascertain
whether Um10417 regulates the utilization of unfavorable nitro-
gen sources, such as the Nit2 homologs in ascomycetes, we con-
structed two independent disruptions of Um10417 in the solo-
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pathogenic U. maydis strain SG200 (45) using a targeted gene
replacement strategy as described previously (44). As the 3= end of
the um10417 gene is only 450 bp away from the start codon of the
next downstream gene (um10416), we constructed two different
knockout strains. The resulting strain, SG200-�um10417, was de-
leted for the whole predicted CDS of um10417, also potentially
affecting the promoter region of um10416, while in strain SG200-
�N-um10417, the N-terminal 1,158 amino acids (aa) were de-
leted, leaving the potential promoter sequence of the downstream
gene intact (Fig. 2). Both strains showed a single integration of the
hygromycin resistance cassette at the um10417 locus as assessed by
insert-specific PCR and DNA blot analysis (data not shown).
SG200-�um10417 completely failed to accumulate the um10417
transcript, as suggested by RT-PCR targeting different regions of
the predicted full-length cDNA. In contrast, the um10417 3= end,
but not the 5= end, could be amplified from SG200-�N-um10417
cDNA (Fig. 2), which suggests the accumulation of a severely
truncated 3= portion of the um10417 transcript in the latter strain.

Ustilago maydis has the genetic setup to synthesize every pro-
teinogenic amino acid (59) and is capable of utilizing a plethora of
nitrogen sources, e.g., inorganic N, such as nitrate and ammo-
nium, as well as organic nitrogen sources, such as biogenic amino
acids and nucleobases (34). We assessed the role of um10417 in
nitrogen utilization by cultivating SG200, SG200-�um10417, and
SG200-�N-um10417 sporidia in the presence of different inor-

ganic and organic nitrogen sources. Neither mutant strain showed
a growth phenotype when cultured on complex media, and both
grew as well as SG200 on minimal medium supplemented with
ammonium as the sole nitrogen source (Fig. 3A). When grown on
nitrate minimal medium, however, both mutant strains were un-
able to grow (Fig. 3B). The growth of the SG200-�um10417 dele-
tion strain also was assessed on minimal medium supplemented
with organic nitrogen sources. While SG200 grew on all nitrogen
sources tested except spermine, SG200-�um10417 sporidia exhib-
ited growth similar to that of SG200 only when Gln, Glu, Asn, or
putrescine was provided. Growth on Tyr was slightly retarded,
and no growth of the �um10417 strain was observed on all
other nitrogen sources tested (Table 2). All defects in the utili-
zation of nonfavorable nitrogen sources could be comple-
mented in �um10417 sporidia by transformation with a wild-
type um10417 copy (Table 2). These results suggest that
Um10417 is indeed a functional homolog of Nit2/AreA and
subsequently is termed Nit2.

In general, Nit2/AreA-deficient ascomycetes were unable to
induce nitrate reductase (NR) activity in the absence of favorable
nitrogen sources (58). To test whether U. maydis SG200-�nit2
strains also lacked the inducibility of NR activity, sporidia were
grown on chlorate plates supplemented with proline, a nonre-
pressing nitrogen source (Table 2). While SG200 showed only
slight growth, quickly followed by death due to the NR-catalyzed

FIG 1 Sequence analysis of U. maydis GATA transcription factor Um10417. (A) Phylogenetic tree of characterized Nit2/AreA transcription factors from the
ascomycetes Aspergillus nidulans (AnAreA), Colletotrichum lindemuthianum (ClClnr1), Fusarium oxysporum (FoFnr1), Gibberella fujikuroi (GfAreA), and
Neurospora crassa (NcNit2), as well as homologous proteins from the basidiomycetes Schizophyllum commune (ScGata-6) and Cryptococcus neoformans (Cn-
Gat1). (B to D) Protein alignment showing the DUF1752 motif conserved among functional Nit2/AreA proteins (B), the Zn finger motif (C), and the C-terminal
motif (D) conserved only in ascomycete Nit2/AreA proteins. Multiple sequence alignment was executed using the MUSCLE algorithm (20).

FIG 2 (A) Domain structure of Um10417. Deleted regions in the respective strains and primer binding sites for the verification of transcript abundance via
RT-PCR are indicated. (B) RT-PCR analysis of Um10417 deletion strains. The um10417-specific primer pairs correspond to the ones shown in panel A. The
glyceraldehyde-3-phosphate dehydrogenase gene (GapDH) was used as a positive control. Contamination by genomic DNA was excluded beforehand with
genomic DNA-specific primers.
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reduction of chlorate to toxic chlorite, the two nit2 deletion strains
were viable on chlorate plates but showed strongly reduced
growth compared to that of SG200 grown on proline due to its
inability to efficiently use this nitrogen source.

Nitrate reductase activity was completely repressed in SG200
sporidia grown in liquid culture with ammonium, but it was in-
duced by 2 h after transfer from ammonium to nitrate minimal
medium (6.1 � 0.8 nmol min�1 per OD unit) or to minimal
medium without a nitrogen source (11.8 � 1.3 nmol min�1 per
OD unit). �nit2 sporidia failed to induce NR activity upon trans-
fer to nonrepressive media, which explains their resistance to
chlorate.

Transcriptional regulation of nitrate assimilation by Nit2.
Nitrate reductase expression is induced at the transcriptional level
by Nit2/AreA in filamentous fungi in the absence of favorable
nitrogen sources only in the presence of nitrate (24). Furthermore,
NR has been shown to be subject to transcriptional regulation in
U. maydis (4), and the induction of the nitrate reductase promoter
by nitrate was demonstrated to be tightly controlled (10). Never-
theless, the underlying regulatory mechanisms have remained elu-
sive. The genes coding for nitrate reductase (nar1), nitrite reduc-
tase (nir1), and a putative nitrate transporter (nrt) are located in
one gene cluster in U. maydis (59), suggesting their coordinated
regulation. Thus, the transcriptional response of nar1 and nrt in
SG200 and Nit2-deficient SG200 was assessed in response to dif-
ferent nitrogen regimens by RNA blot analysis. To this end, spo-
ridia were cultured in medium with ammonium as the sole nitro-
gen source and transferred to medium containing ammonium,
ammonium plus nitrate, nitrate only, or no nitrogen source at all.
Samples were taken at different time points after transfer.

With ammonium as the sole nitrogen source or with both am-
monium and nitrate in the medium, no nar1 and nrt transcripts

were detectable in SG200 or the nit2 deletion strain, showing that
the presence of a favorable nitrogen source completely inhibits the
induction of the nitrate assimilation pathway at the transcrip-
tional level (Fig. 4). Upon transfer to nitrate medium, SG200 spo-
ridia showed a strong induction of nar1 and nrt, reaching peak
transcript levels 2 h after transfer. The transcript abundance of
both genes decreased up to 6 h after transfer but increased again
after 24 to 48 h. The similar transcript accumulation patterns of
nar1 and nrt in response to changing nitrogen availability further
suggest that these two nitrate assimilatory genes are regulated in
concert.

Although the deletion of nit2 completely inhibited the activity
of NR on nitrate-containing medium, transcripts of nar1 and nrt
were still detectable in the Nit2-deficient strain, although much
less so than in SG200 (Fig. 4). The induction kinetics also differed
in the Nit2-deficient strain compared to those for SG200, with
peak transcript levels at 6 h and no detectable transcript 24 and 48

TABLE 2 Summary of observed growth of SG200, �nit2, and �nit2-
Nit2 sporidia on minimal medium plates supplemented with a single
nitrogen sourcea

Supplement

Growth observed for:

SG200 �nit2 �nit2-Nit2

Ammonium � � �
Nitrate � �� �
Ala � � �
Arg � � �
Asn � � �
Asp � � �
Citrullin � �� �
Cys � �� �
Gln � � �
Glu � � �
Gly � �� �
His � �� �
Ile � �� �
Leu � �� �
Lys � � �
Met � �� �
Ornithine � � �
Phe � �� �
Pro � � �
Ser � �� �
Thr � �� �
Trp � � �
Tyr � �/� �
Uracil � � �
Val � �� �
Adenine � �� �
Cytosine � �� �
Guanine � � �
Thymine � �� �
Putrescine � � �
Spermidine � � �
Spermine �� �� ��
Proline-chlorateb � � �
a Sporidial dilution series of each genotype were plated, and growth properties were
rated 1 day after plating as normal growth (�), reduced growth (�/�), strongly
reduced growth (�), and no growth (��). ND, not determined. Resistance to chlorate
was assessed 7 days after plating in the presence of proline.
b Growth characteristics in the chlorate assay are not compared to growth on media
without chlorate.

FIG 3 Growth of U. maydis sporidia on minimal medium plates supple-
mented with 0.3% (wt/vol) ammonium (AMM) (A) or 0.3% (wt/vol) nitrate
(NMM) (B). Dilution series (OD600 of 1 to 10�4 in 10�1 steps from left to
right) of SG200, �nit2, �N-Nit2, and �nit2 complemented with Nit2 (�nit2-
Nit2) were plated onto the respective medium, and growth was assessed after
incubation at 28°C for 1 day.
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h after transfer. In medium without nitrogen, nar1 and nrt were
strongly and immediately induced in SG200, while induction was
less pronounced and was delayed in Nit2 mutant sporidia.

These data suggest that nar1 and nrt are subject to NCR in U.
maydis but that Nit2 is not the sole transcriptional activator of
these two NCR target genes. However, no NR activity was detected
in the Nit2-deprived mutant despite nar1 and nrt transcript accu-
mulation in the absence of favorable nitrogen sources, indicating
that NR is additionally regulated at the translational or posttrans-
lational level.

Nit2-dependent and Nit2-independent regulation of nitrogen-
responsive genes. As the transcriptional analysis of the nitrate
assimilation pathway revealed that Nit2 is not the sole master
regulator of nitrogen utilization in U. maydis, microarray analyses
were performed to identify nitrogen-responsive genes that are
regulated in an Nit2-dependent and -independent fashion.

Transcriptome analysis of Nit2-deficient sporidia cultivated ei-
ther on nitrate or without a nitrogen source revealed that the
transcript pattern of the deletion strain was very similar in these
two N-deficient conditions, with only 5 genes being significantly
regulated more than 3-fold in sporidia cultivated on nitrate or
without an N source (data not shown). Based on this similarity,
further transcriptome analyses with SG200, �N-Nit2, and �nit2
were performed with sporidia that had been transferred from am-
monium minimal medium to fresh minimal medium containing
ammonium (control) or to fresh medium without any nitrogen
source in two completely independent experiments. Samples were
taken 2 h after transfer, which was the time point of strongest nar1
and nrt induction in the RNA blot experiments (Fig. 4).

Forty-six genes were upregulated under N starvation condi-
tions in both �N-nit2 and �nit2 strains compared to their expres-
sion in SG200, while 72 genes were commonly downregulated (see
Table S1 in the supplemental material). Classification into func-
tional categories (FunCats) according to the online tool available
on the MUMDB homepage (http://mips.helmholtz-muenchen.de
/genre/proj/ustilago/) showed that regulated genes were signifi-
cantly enriched in the categories metabolism, energy, and trans-
port (see Table S2 in the supplemental material).

To verify the microarray data and to compare individual tran-
script accumulation after the transfer of sporidia from ammo-
nium to either nitrogen starvation medium or nitrate medium,

the transcript abundance of selected genes was quantified in spo-
ridia of SG200 and �nit2 using qRT-PCR (Table 3). As already
shown by RNA blot analysis (Fig. 4), the transcriptional induction
of the nitrate assimilatory gene cluster consisting of nar, nir, and
nrt was only partially Nit2 dependent in response to nitrate or N
starvation. However, the induction of a putative purine trans-
porter (um01756.2) and a putative purine permease (um03690)
was entirely Nit2 dependent, since no induction was observed
when Nit2-deficient sporidia were transferred to nitrate or N star-
vation medium. A high-affinity ammonium transporter (ump2 or
um05889), which was previously discovered as a nitrogen
starvation-induced gene (32), was also strongly induced under
nitrogen starvation in our assay. The induction of ump2 was par-
tially Nit2 dependent (Table 3).

The expression of three genes with strong homology to urea
permeases showed distinct expression patterns. While um04577
induction was predominantly Nit2 dependent in both nitrate and
N starvation medium, um02625 was induced in an Nit2-
dependent fashion only when sporidia were transferred to nitrate-
containing medium. Under nitrogen starvation, this gene
was repressed. The third urea permease, um06253, was not tran-
scriptionally regulated in either SG200 or in �nit2 under our ex-
perimental conditions. Another level of complexity in the re-
sponse of U. maydis to changing nitrogen regimens is added by
the observation that a putative monocarboxylate transporter
(um00477) is repressed on nitrate and N starvation medium, and
a putative dicarboxylate transporter (um04060) is repressed on
nitrate, but not under N starvation, in a Nit2-dependent fashion.

The Gal4-like transcription factor Ton1 is a target of Nit2 but
is not involved in regulating nitrogen metabolism. The only
transcription factor, besides the deleted Nit2 itself, that was com-
monly downregulated in both Nit2 deletion strains was the Gal4-
type transcription factor um10005 (see Table S1 in the supplemen-
tal material). The predicted protein sequence harbors an
N-terminal Zn2Cys6-type DNA binding domain and does not
show any sequence homology to transcription factors from asco-
mycete fungi outside this DNA-binding domain. Its closest ho-
mologs can be found in the basidiomycete C. neoformans
(accession no. XP_774034.1; expect value of 2e�16), so this tran-
scription factor might represent a novel class of transcription fac-
tors specific to basidiomycetes.

FIG 4 Expression analysis of Nar1 and Nrt in U. maydis sporidia. Transcript abundance was determined using specific probes against Nar1 (top) and Nrt
(middle) at 1, 2, 3, 4, 6, 24, and 48 h upon the transfer of SG200 and �N-Nit2 sporidia from ammonium minimal medium to minimal medium containing
ammonium, ammonium and nitrate, nitrate, or no nitrogen source. Ammonium and nitrate concentrations in the media were 0.3% (wt/vol). As a loading
control, abundance of 18S rRNA was determined (bottom).
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We termed it Ton1 (for target of Nit2) and confirmed the Nit2-
dependent induction on nitrate and N starvation medium by
qRT-PCR (Table 3). We constructed a deletion strain, termed
�ton1, in the SG200 background and tested the ability of this
strain to utilize complex nitrogen sources as described for the
�nit2 strains. The deletion of ton1 did not affect growth on any
nitrogen source tested compared to that of SG200 sporidia (data
not shown), so a major role of Ton1 in nitrogen utilization is
unlikely.

To more precisely unravel the function of ton1, a transcrip-
tome analysis was performed with the �ton1 strain. To this end,
sporidia were grown on ammonium minimal medium and trans-
ferred to ammonium or N starvation medium, and the global
expression pattern was compared to the expression pattern of the
Nit2 deletion strains. Sixty-five genes were commonly upregu-
lated in the �nit2 strains as well as in the �ton1 strain under
nitrogen-limiting conditions, while 21 genes were synonymously
downregulated in these three genotypes (see Table S3 in the sup-
plemental material), indicating that this gene set is regulated in the
Nit2-deficient strains due to ton1 downregulation. The classifica-
tion of these genes into FunCats showed that the majority of reg-
ulated genes are involved in metabolism and in DNA, RNA, and
protein metabolism, but no category was significantly enriched
(see Table S4 in the supplemental material). Interestingly, rrm4,
an RNA-binding protein involved in cell polarity and also re-
quired for full pathogenicity (6, 7), is strongly repressed (�1,000-
fold) in �ton1 and slightly repressed in �nit2 (2.3-fold). The de-
letion of ton1 in the solopathogenic SG200 strain, however, did
not affect filamentous growth on charcoal plates, as was shown for
rrm4 mutants (see Fig. S2 in the supplemental material).

Ustilagic acid biosynthesis is not controlled by Nit2. One
facet of the nitrogen starvation response of U. maydis is the pro-
duction and secretion of glycolipids, mainly ustilagic acid (cello-
biose lipid) and ustilipid (mannosylerythritol lipid), which act as
biosurfactants (31). The biosynthetic genes are organized in gene
clusters that have already been characterized (78). Recently, the
transcriptional activator Rua1 has been shown to control the up-
regulation of the ustilagic acid gene cluster under nitrogen-

limiting conditions (79). We also observed the formation of
needle-shaped crystals that are reminiscent of ustilagic acid pro-
duction after keeping both SG200 and Nit2-deficient sporidia for
4 days on nitrogen starvation medium (Fig. 5A, white arrow-
heads). Furthermore, the analysis of secreted glycolipids isolated
from these cultures revealed that the composition was the same
for SG200 or Nit2-deficient cultures (see Fig. S3 in the supplemen-
tal material).

Nit2 is required for full pathogenicity. Homologs of Nit2/
AreA have been shown to be required for full pathogenicity in
some, but not all, plant pathogenic ascomycete fungi, as their cor-
responding null mutants showed reduced virulence on planta
(summarized in reference 9). To test if the deletion of nit2 affects
pathogenicity in U. maydis, maize seedlings were infected with
�nit2 strains and the infection phenotype was scored 10 dpi (Fig.
6C). While SG200 induced the formation of large tumors, leaves
infected with Nit2 deletion strains displayed strongly reduced tu-
mor formation and tumor size (Fig. 6A and C). The complemen-
tation of the Nit2 deletion strains with endogenous nit2 restored
virulence on maize seedlings to nearly, but not completely, the
SG200 level (Fig. 6A and C). However, transcript amounts of Nit2
in several independent complementation strains were higher than
that in SG200 (data not shown), suggesting posttranscriptional
regulation of Nit2 activity or suboptimal gene dosage effects. The
disease index scored at 14 and 20 dpi was quite identical to the
score obtained at 10 dpi (results not shown), indicating that host
colonization is impeded in �nit2, and not just delayed, compared
to that of the wild type.

Since plants infected with �ton1 showed wild-type-like infec-
tion symptoms (Fig. 6B), the reduced virulence of �nit2 cannot be
explained by a secondary effect of ton1 downregulation in �nit2
mutants.

Initiation of U. maydis filamentous growth is disturbed in
�nit2. Haploid U. maydis sporidia proliferate by budding under
favorable conditions, but filamentous growth has been observed
under nitrogen limitation (46). Filaments also formed when spo-
ridia were kept on low-ammonium medium, and this filamenta-
tion has been shown to be dependent on the high-affinity ammo-

TABLE 3 Verification of transcript accumulation of selected genes by qRT-PCRa

Gene name Annotation

Change in transcript accumulation by strain and medium

Category

SG200 �nit2

�N vs AMM NMM vs AMM �N vs AMM NMM vs AMM

um01756.2 Purine transporter 12 � 5 1.7 � 0.2 0.7 � 0.1 0.45 � 0.01 Nit2-dependent induction
um03690 Purine permease 671 � 161 39 � 7 2.9 � 0.5 1.9 � 0.2 Nit2-dependent induction
um10005 Gal4-TF (ton1) 12 � 2 3.1 � 0.4 1.6 � 0.5 1.9 � 0.2 Nit2-dependent induction
um04577 Urea permease 1,236 � 530* 702 � 114* 7 � 2 12 � 5 Nit2-dependent induction
um03847 nar1 131 � 32 71 � 8 13 � 3 23 � 3 Partial Nit2-dependent induction
um11104 nir1 2,484 � 787* 2,013 � 393* 154 � 60 294 � 90 Partial Nit2-dependent induction
um11105 nrt 3,281 � 863* 3,604 � 703* 232 � 70 559 � 16 Partial Nit2-dependent induction
um05889 ump2 996 � 73* 423 � 28 177 � 21 152 � 24 Partial Nit2-dependent induction
um02625 Urea permease 0.0027 � 0.0004 10 � 2 0.021 � 0.007 0.045 � 0.008 Nit2-dependent induction on NMM only
um00477 mct1 28 � 8 1.2 � 0.8 153 � 42 60 � 2 Nit2-dependent repression
um04060 dic1 65 � 10 17 � 3 52 � 12 50 � 9 Nit2 dependent repression on NMM
um06253 Urea permease NR NR NR NR Not regulated
a SG200 and �nit2 sporidia were transferred to nitrate minimal medium (NMM), nitrogen starvation (�N), or ammonium minimal medium (AMM) and harvested 2 h after
transfer. Shown is the absolute fold change and standard errors of the respective genes in �N or NMM compared to levels for the control determined from three experimental
replicates with three technical replicates each. Values marked with an asterisk show strong induction due to a basically absent transcript on AMM and have to be considered
qualitative, not quantitative.
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nium permease Ump2 (73). The induction of ump2 during
nitrogen starvation was less pronounced in the Nit2 deletion
strains than in SG200 (Table 3), and furthermore, we also ob-
served that some SG200 sporidia initiated filamentous growth
when grown overnight in liquid medium containing nitrate or no
nitrogen source, while �nit2 sporidia did not (Fig. 5A). Thus, we
hypothesized that Nit2 is required to execute the dimorphic
switch from budding to filamentous growth.

To further investigate if Nit2 is involved in the initiation of
filamentous growth, we quantified filament formation on planta
and on an artificial hydrophobic surface capable of inducing this
morphological differentiation (60). After 16 h of incubation in
water on parafilm, 21% � 2% of the SG200 sporidia had started to
produce filaments, while only 15% � 2% of �nit2 sporidia had
done so. After treatment with 1 mM Gln, only 5% � 1% of the
SG200 sporidia had initiated filamentous growth. On planta, 89%
of the SG200 sporidia had produced filaments 16 h postinfection
(hpi), the majority of which had already exceeded the length of
sporidia. In contrast, only 68% of �nit2 sporidia had produced
filaments at 16 hpi, most of which were shorter than those formed
by SG200 (Fig. 5B).

Similarly to the situation in S. cerevisiae, where invasive
filamentous-like growth is initiated under nitrogen limitation
(27), filaments were not formed when high concentrations of the
favorable nitrogen source ammonium were provided to U. maydis
sporidia (data not shown). Furthermore, the addition of Gln, an-
other favored nitrogen source for U. maydis, to SG200 sporidia
resulted in reduced filamentation in the filamentation assay on
parafilm compared to that of SG200 sporidia kept in water only.

To test whether Nit2 acts downstream of the bE/bW het-
erodimer, we introduced the nit2 knockout into the haploid strain
AB31, which carries the bE and bW genes under the control of an
arabinose-inducible promoter (10). Without arabinose induc-
tion, the occurrence of filaments is restricted in both AB31 and
AB31-�nit2 (Fig. 5C). After the arabinose-triggered induction of
b locus-dependent genes, only 40% of AB31 sporidia had not
formed filaments at 18 hpi, while 70% of AB31-�nit2 sporidia
failed to form filaments at this time point (Fig. 5C). Likewise, the
fraction of sporidia that had formed long filaments had doubled
upon the induction of the b locus in the AB31-�nit2 strain, while
it had increased 7-fold in the AB31 strain (Fig. 5C). This suggests
that Nit2 does not act independently of bE/bW during filament
induction and that the b locus is the major player in the induction
of filamentous growth.

Taken together, these data indicate that Nit2 is a major positive
regulator of nitrogen utilization and a molecular player that me-
diates the dimorphic switch in U. maydis growth downstream of
bE/bW.

DISCUSSION

Fungi are capable of utilizing a plethora of nitrogen sources but
show preference for nitrogen compounds that are easy to metab-
olize from the energetic point of view. The regulatory circuit be-
hind this is called nitrogen catabolite repression (NCR) and has
been extensively studied in S. cerevisiae and in the filamentous
ascomycete fungi N. crassa and A. nidulans, where GATA-type
transcription factors act as positive master regulators of nitrogen
utilization (reviewed in references 15 and 58). GAT1 is required
for full virulence in the opportunistic human pathogen Candida
albicans (53) and Nit2 homologs in some, but not all, plant patho-

FIG 5 Filamentation of U. maydis sporidia. (A) Sporidia were cultivated
for 4 days in nitrogen starvation medium (no N source; top panel) or
nitrate minimal medium (NMM; bottom panel). Filamentous growth was
assessed using a microscope at �400 magnification and differential inter-
ference contrast optics. Black arrows point to sporidia that had switched to
filamentous growth. White arrowheads mark ustilagic acid crystals. (B)
Filamentous growth on planta. Filamentation of strains SG200 (control),
�nit2, and �nit2-Nit2 was assessed 18 h after infection by the calcofluor
white staining of fungal structures at the injection site. The difference
between SG200 and �nit2 strains was statistically significant in a Student’s
t test (P � 0.05). (C) Filamentous growth in vitro. Filamentous growth of
strains AB31 and AB31-�nit2 was assessed 18 h after spraying the sporidia
in water onto parafilm. Previously, the b locus had been induced with
arabinose (Ara) or sporidia were mock treated with glucose (Glc) for 1 h
before spraying. Four replicates were assessed per genotype, and 100 to 200
sporidia per replicate were classified into three groups: no visible filaments
(black), filaments shorter than sporidium length (dark gray), and filaments
longer than sporidium length (light gray). Error bars represent the stan-
dard errors (n 	 4). The difference between AB31 and AB31-�nit2 after
Ara treatment was statistically significant in a Student’s t test (P � 0.05).
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genic ascomycete fungi (summarized in reference 9). Little is
known about the regulatory mechanisms of NCR in basidiomyce-
tes. It has been demonstrated that basidiomycetes possess genes
coding for GATA factors homologous to Nit2/AreA but lack or-
thologs of the negative acting factors known from yeast and fila-
mentous fungi (32, 59, 87).

This study demonstrates that the U. maydis GATA factor
Um10417 is a functional homolog of Nit2/AreA and that U. may-
dis Nit2 is a positive regulator of unfavorable nitrogen source ca-
tabolism. We further show that Nit2 is required for the initiation
of filamentous growth under unfavorable nitrogen conditions and
for full virulence on maize leaves.

Nit2 is a master regulator of nitrogen utilization. Ustilago
maydis Nit2 showed higher homology to Nit2/AreA from filamen-
tous fungi than to Gat1p from S. cerevisiae and had the same con-
served Zn finger domain and RMENLTWRMM motif in the
N-terminal part, a motif that is not conserved in S. cerevisiae
Gat1p. However, Nit2 and Nit2 homologs from other basidiomy-
cetes exhibit a long N-terminal extension with no homology to
any known proteins, and basidiomycete Nit2 homologs are miss-
ing the conserved Nmr1 interaction site at the outermost C termi-
nus that is found in ascomycete Nit2/AreA proteins (65). Al-
though it was previously reported that the U. maydis genome does
not harbor an Nmr1 homolog (87), we could identify a gene cod-
ing for a protein with an NmrA multidomain. The gene um11107
showed 35% sequence identity to the gene encoding Tar1, a func-
tional Nmr1 homolog of C. neoformans (40). Interestingly, a
um11107 knockout mutant did not exhibit the expression of nar1
in the presence of favorable nitrogen sources (unpublished re-
sults), indicating that Um11107 does not directly inhibit Nit2 ac-
tivity. In contrast to A. nidulans areA, U. maydis nit2 also did not
show changes in transcript accumulation under different nitrogen
regimens (unpublished observations), suggesting that it is subject

to regulatory mechanisms completely different from the previ-
ously described master regulators of nitrogen metabolism.

We generated two independent nit2 deletion strains and tested
their ability to utilize different nitrogen sources. Sporidia of the
deletion strains were unable to grow on most nitrogen com-
pounds tested, as only ammonium, Gln, Asn, Glu, putrescine, and
Tyr supported the proliferation of �nit2. While only ammonium
and Gln or ammonium, Gln, and Glu can be utilized in a Nit2/
AreA-independent manner by A. nidulans or N. crassa, respec-
tively (28), several complex nitrogen sources still could be used by
nit2 knockout mutants of the ascomycete phytopathogens C. lin-
demuthianum, M. grisea, and C. fulvum (23, 66, 67). We therefore
hypothesize that the large set of favored nitrogen sources of U.
maydis is not basidiomycete specific but reflects an adaptation to
the pathogenic lifestyle.

Taken together, these observations showed that U. maydis har-
bors a functional Nit2 homolog, and that it acts as a derepressor of
nitrogen utilization in U. maydis.

Transcript analysis reveals Nit2-dependent and -independent
gene expression in response to the nitrogen source. The inability
of �nit2 sporidia to utilize nitrate was due to a lack of NR activity.
NR activity is regulated by the available nitrogen source (51),
which is known to be mediated on the transcriptional level (4, 10).
As it was shown that the induction of the nitrate assimilatory genes
in N. crassa and A. nidulans strictly depend on the global derepres-
sor Nit2/AreA and pathway-specific induction (13, 24, 41), we
analyzed the induction kinetics of nar1 and the nitrate uptake
transporter nrt under different nitrogen regimens in SG200 and
�nit2. Ammonium completely repressed transcript accumulation
of nar1 and nrt, even in the presence of nitrate, while the removal
of the favored nitrogen source ammonium led to a swift induc-
tion of these genes. For A. nidulans nitrate reductase (NiaD) it was
shown that niaD transcript accumulation is highly dependent on

FIG 6 Pathogenicity of U. maydis strains on maize leaves. (A) Maize leaves 10 days postinfection with SG200, �nit2, or �nit2 complemented with a genomic
promoter-gene fragment of nit2. (B) Maize leaves 8 days postinfection with SG200 or �ton1. Two representative leaves per strain are shown. In total, between 12
and 20 infected seedlings per strain were analyzed. (C) Disease index for SG200, �nit2, or �nit2-Nit2 scored at 10 dpi. Maize seedlings were infected by injecting
sporidia suspensions (OD600 of 1.0) of the respective strain into the leaf canal with a syringe. The incidence of the indicated symptoms was scored as described
in Materials and Methods (n 	 12 to 20). Results for one representative out of four experiments are displayed.
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transcript stability, which is mediated by the nitrogen source (12).
Based on our data, we cannot exclude that U. maydis nar1 is reg-
ulated at the posttranscriptional level as well.

In contrast to the regulation during N starvation in N. crassa
and A. nidulans, we could detect fast and strong induction of nar1,
nrt, and other Nit2-regulated genes involved in nitrogen metabo-
lism in the absence of any nitrogen source. The pathway-
independent induction of nitrogen-metabolizing enzymes was
also observed in the pythopathogenic ascomycetes F. fujikoroi, F.
oxysporum, and M. griseae (17, 19, 71) and the mycorrhizal basidi-
omycete Hebeloma cylindrosporum (38, 39) and may, therefore,
represent a general adaptation to the pathogenic lifestyle of these
organisms. However, a putative urea permease (um02625)
showed induction in the presence of nitrate but not under N star-
vation. This indicates that pathway-specific induction is necessary
for some, but not all, genes.

In G. fujikuroi, many of the nitrogen starvation-induced
genes were only partially dependent on AreA (71). We also
observed this in U. maydis. While a subset of genes that are
controlled by the nitrogen source are strictly dependent on
Nit2, a subset of genes was identified whose induction under N
starvation was only partially dependent on Nit2. The nitrate
assimilation cluster is induced in �nit2, although at a lower
level than that in SG200. Since it was shown that the U. maydis
NR protein is subject to high turnover (51), the low nar1 tran-
script levels in �nit2 do not seem to be sufficient to drive NR
activity to detectable levels. In turn, this indicates that there are
additional positive regulators that are involved in the tran-
scriptional activation of nar1 and other Nit2 target genes iden-
tified in this study. Alternatively, nar1 expression might be
regulated at the posttranscriptional level, preventing the gen-
eration of NR protein from the detectable nar1 transcripts.

Ustilago maydis produces and secretes glycolipids under
nitrogen-limiting conditions (31). The activation of the biosyn-
thetic gene cluster has been shown to be mediated by the tran-
scription factor Rua1, and it has been postulated that Rua1 is
under the control of Nit2 (79). Our data suggest that glycolipid
production is not under the control of Nit2 and may, therefore, be
controlled by additional transcriptional inducers. Recently, it has
been shown that the bikaverin biosynthetic cluster in G. fujikuroi
is regulated mainly in an AreA-independent manner by the bZIP
factor MeaB (86), while gibberellic acid biosynthesis is under the
strict control of AreA (61), suggesting that biosynthetic genes of
different secondary metabolites are regulated independently, al-
though they are concertedly induced under N starvation.

Taken together, these data suggest that regulatory circuits dif-
fer in U. maydis from those known to control nitrogen utilization
in filamentous fungi, and that at least a second positively acting
regulator is present that controls the expression of nitrogen-
metabolizing genes. As there is no Gln3p homolog in U. maydis,
these additional regulators remain elusive.

Among the genes that are regulated in a Nit2-dependent man-
ner are genes involved in carbon metabolism, specifically those
encoding the putative carboxylate transporters Mct1 and Dic1.
These are upregulated under nitrogen starvation but seem to be
repressed by Nit2. While the closest yeast homolog of Mct1 is the
riboflavin transporter Mch5p (68), yeast Dic1p represents a mito-
chondrial carboxylate transporter (43) that is thought to be re-
quired for providing carbon backbones to the mitochondrial ma-
trix (64). The fact that Asp and Glu supplementation restores

growth on ethanol or acetate in a yeast dic1 deletion strains indi-
cates potential cross-talk between carbon and nitrogen metabo-
lism via UmDic1 (64).

Nit2 is required for filamentous growth and full virulence.
The deletion of nit2 led to strongly decreased virulence on maize
leaves and strongly reduced tumor size and number. Similar ef-
fects on pathogenicity have been described for Nit2/AreA deletion
strains of several plant pathogenic ascomycetes (17, 47, 66). The
reduced growth of F. verticillioides AreA mutants on mature maize
kernels was attributed to its inability to adapt to the low nitrogen
conditions, since the growth of the mutants was not impaired on
kernel blisters that contain high concentrations of free amino ac-
ids (47). A similar explanation was found for the reduced viru-
lence of C. lindemuthianium clnr1 mutants on the leaves of the
common bean (Phaseolus vulgaris), where the initial penetration
of the leaf epidermis and the biotrophic phase were not affected
but where the mutant was arrested in the early necrotrophic stage
(66). The authors of this study hypothesized that in the biotrophic
stage, amino acids are readily available to the pathogen but are
limiting growth in the early necrotrophic stage.

Fusarium oxysporum invades plants via growth within the xy-
lem vessels, which is an environment generally low in favored
nitrogen sources. Divon et al. therefore concluded that the loss of
the AreA ortholog Fnr1 decreases the fitness of the pathogen in
this environment (17). More recently, F. oxysporum MeaB was
shown to be an inhibitor of virulence functions under favorable
nitrogen conditions, and it was demonstrated that MeaB acts in-
dependently of Fnr1 (54). While the invasive growth of F. oxyspo-
rum is generally inhibited in the presence of ammonium, the de-
letion of MeaB resulted in invasive growth even in the presence of
ammonium (54). While U. maydis does not possess a meaB or-
tholog, it has been described that nitrogen starvation induces the
filamentous growth of sporidia (46), similarly to the pseudohy-
phal growth of yeast cells observed under nitrogen starvation (27).
Furthermore, C. albicans �gat1 and �gln3 strains showed im-
paired filamentous growth under certain nitrogen conditions (16,
52). In U. maydis, the initiation of filamentous growth represents
a crucial morphological switch to start the pathogenic program
(42), and the activity of the active bE/bW heterodimer is necessary
and sufficient to trigger pathogenic development (8). Nitrogen
limitation has been shown to trigger the dimorphic switch,
but this cue still requires the activity of bE/bW (5). Using a
temperature-sensitive bE allele, Wahl and coworkers have shown
that not all b-dependent genes in planta are regulated upon b locus
induction in axenic cultures (85). The authors suggested that
other regulators integrate plant-derived environmental cues into
the b locus-mediated cascade. We observed reduced filamentous
growth of �nit2 sporidia in both in vitro assays and on planta.
Furthermore, the inhibition of the filament formation of SG200
sporidia could be achieved by supplementing the favored nitrogen
source, Gln. The pheromone response factor (prf1) is a central
regulator of the dimorphic transition in U. maydis, as prf1 mutants
cannot initiate filamentous growth and are sterile and nonpatho-
genic (29). Prf1 integrates environmental signals, such as the
availability of carbon sources, and relays these signals to the activ-
ity of the b locus (30). Neither prf1 itself nor any of the known
proteins regulating Prf1 activity (reviewed in reference 11) are
differentially regulated in �nit2 sporidia, suggesting that Nit2 acts
independently or downstream of Prf1 in the haploid pathogenic
strain used in this study. In the absence of Nit2, filament forma-
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tion could be restored only partially by inducing the expression of
bE/bW in haploid sporidia, suggesting that nitrogen-induced fila-
mentation via Nit2 integrates directly into the b locus-triggered
signaling cascade. Nit2 did not influence filament induction by
bE/bW, indicating that filamentation is predominantly controlled
by the b locus. Consistently with this finding, it has been demon-
strated previously that the induction of filamentous growth by
nitrogen limitation is dependent on b locus-triggered gene expres-
sion (4). We conclude that Nit2 is one regulator of filamentous
growth under low nitrogen conditions that acts downstream of
bE/bW. Nevertheless, nitrogen limitation on the plant surface ap-
pears to be a cue to induce the dimorphic switch from budding to
filamentous growth.

The Gal4-like transcription factor Ton1, which is regulated in a
Nit2-dependent manner, is involved in inducing the expression of
rrm4 under nitrogen starvation. While rrm4 mutants were im-
paired in filamentous growth and pathogenicity (7), the deletion
of ton1 did not affect either. Most likely, there is residual Rrm4
activity in �ton1 sporidia that is able to promote filamentous
growth.

Ho et al. found the ammonium permease Ump2 to be upregu-
lated under nitrogen starvation (32). We observed the same in this
study and showed that this upregulation is dependent on Nit2.
Ump2 is a close homolog of S. cerevisiae Mep2p, which is involved
in sensing low nitrogen conditions, eventually leading to pseudo-
hyphal growth (55). Yeast �mep2 mutants did not form pseudo-
hyphae on low ammonium, a defect that could be complemented
by U. maydis Ump2 (73). The deletion of ump2 from U. maydis led
to a defect in the filament formation of haploid cells, but no effect
on the pathogenicity of these mutants has been reported (73).
Similarly, the deletion of the Mep2p homolog Amt2 in C. neofor-
mans also led to impaired invasive growth but had no effect on
virulence in two different cryptococcus assays (69). While the re-
duced induction of ump2 in �nit2 sporidia under low N condi-
tions may contribute to the impaired filamentation, this reduction
alone does not explain the reduced virulence of �nit2 on planta.

The genome of U. maydis harbors clusters of genes coding for
small, secreted peptides that are required for full virulence on
maize leaves (45). In contrast to the situation in C. fulvum and M.
griseae, where the expression of a subset of effector genes is in-
duced under N limitation (19, 77, 83), the transcriptome analysis
performed in this study did not reveal the upregulation of any
putative effector genes under nitrogen starvation and no altered
expression of such genes in �nit2 sporidia. Since these transcrip-
tome analyses were not performed on planta, however, it cannot
be excluded that some putative effectors are dependent on Nit2 at
later infection stages. Nevertheless, we hypothesize that the re-
duced virulence of U. maydis �nit2 is unlikely to be a consequence
of altered effector expression but rather is a consequence of im-
paired filament formation.

At this stage, we cannot rule out that the impaired utilization of
complex nitrogen sources in later infection stages also contributes
to the overall reduced virulence on maize. As U. maydis-induced
tumors constitute strong sinks for organic nitrogen and amino
acids to accumulate to high concentrations in the vicinity of fun-
gal hyphae (36), it appears unlikely that Nit2 function in the uti-
lization of complex nitrogen sources plays an important role for
U. maydis pathogenicity at late infection stages.

Our study provides insight into the regulatory mechanisms of
nitrogen catabolite repression in a basidiomycete phytopathogen.

We showed that the U. maydis Nit2 homolog is a central, but not
the only, regulator of NCR, that this transcription factor integrates
nitrogen metabolism into the induction of filamentous growth,
and that Nit2 therefore is required for full pathogenicity.
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