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Conidiation is an asexual sporulation pathway that is a response to adverse conditions and is the main mode
of dispersal utilized by filamentous fungal pathogens for reestablishment in a more favorable environment.
Heterotrimeric G proteins (consisting of �, �, and � subunits) have been shown to regulate conidiation in
diverse fungi. Previous work has demonstrated that all three of the G� subunits in the filamentous fungus
Neurospora crassa affect the accumulation of mass on poor carbon sources and that loss of gna-3 leads to the
most dramatic effects on conidiation. In this study, we used 1H nuclear magnetic resonance (NMR) to profile
the metabolome of N. crassa in extracts isolated from vegetative hyphae and conidia from cultures grown under
conditions of high or low sucrose. We compared wild-type and �gna-3 strains to determine whether lack of
gna-3 causes a significant difference in the global metabolite profile. The results demonstrate that the global
metabolome of wild-type hyphae is influenced by carbon availability. The metabolome of the �gna-3 strain
cultured on both high and low sucrose is similar to that of the wild type grown on high sucrose, suggesting an
overall defect in nutrient sensing in the mutant. However, analysis of individual metabolites revealed differ-
ences in wild-type and �gna-3 strains cultured under conditions of low and high sucrose.

The filamentous fungus Neurospora crassa is a model organ-
ism that has been extensively studied for over a hundred years.
N. crassa possesses a predominantly haploid life cycle, with 28
different cell types and three sporulation pathways (3). The
genome has been sequenced (3), and knockout mutants are
available for most of its �10,000 genes (10). Since N. crassa has
simple nutritional requirements, being able to synthesize all
cellular constituents (except for the vitamin biotin) from a
medium containing simple salts, trace elements, and a carbon
and nitrogen source, it is an ideal system for analysis of bio-
chemical pathways and metabolic flux (17).

N. crassa produces a type of asexual spore, the macro-
conidium (referred to as a conidium) for dissemination in the
environment (66). Conidiation initiates with the production of
aerial hyphae that rise perpendicular to the substratum (65).
The tips of the aerial hyphae form constrictions that eventually
develop into complete crosswalls (septa) and finally sever,
leading to release of the mature macroconidia. Since conidia-
tion is a major mode of dispersal utilized by fungal pathogens
(7), it also plays an important role in pathogenesis in these
organisms.

Several factors have been shown to cause conidiation in N.
crassa, including carbon or nitrogen deprivation, desiccation,
heat shock, and blue-light exposure. Lowering the sucrose con-
centration from 1.5% to 0.15% (wt/vol) or imposing nitrogen

limitation will cause the wild type to form conidiophores in
shaking submerged cultures (55, 68). Desiccation-induced
conidiation is observed when N. crassa is cultured on solid
medium or in standing liquid cultures (65). Heat shocking N.
crassa submerged liquid cultures at 46°C followed by incuba-
tion at 25°C causes inappropriate conidiogenesis (67). Finally,
exposing N. crassa to blue light induces conidiation (44). From
these findings, it is evident that conidiation is a common bio-
logical response to adverse conditions and a means by which
the fungus can reestablish itself in a more favorable environ-
ment.

A major signaling pathway that detects and responds to
external signals in fungi and other eukaryotes is mediated by
heterotrimeric GTP-binding proteins (consisting of �, �, and �
subunits) (38, 42). Briefly, the binding of a ligand to a G
protein-coupled receptor (GPCR) leads to a conformational
change that causes the associated G� subunit to exchange
GDP for GTP. Consequently, the ��-heterodimer dissociates
from the G� protein, allowing both to interact with down-
stream effectors that influence cell growth and development.

Three G� (GNA-1, GNA-2, and GNA-3), one G� (GNB-1),
and one G� (GNG-1) subunit have been identified in N. crassa
(36, 42). Loss of gna-3 has dramatic effects on conidiation,
leading to the production of short aerial hyphae and premature
conidiation in plate cultures and inappropriate conidiation in
submerged cultures (Fig. 1) (37). The phenotypes of �gna-3
mutants are consistent with GNA-3 as a negative regulator of
conidiation in N. crassa. �gna-3 mutants have low levels of
adenylyl cyclase protein (CR-1) and cyclic AMP (cAMP), and
�cr-1 mutants produce conidiophores in submerged cultures,
revealing a link between low cAMP levels and conidiation.
Interestingly, supplementation of submerged cultures of
�gna-3 and �cr-1 mutants with 2% peptone reverses the sub-
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merged conidiation phenotype (37), hinting at a nutrient-sens-
ing function for GNA-3 and CR-1. These observations are also
supported by work showing that loss of gna-3 or cr-1 leads to
reduced mass accumulation on poor carbon sources (41).

Previous work has identified metabolites present in N. crassa
tissues under various conditions. Most of the amino acids have
been detected in cell extracts from conidia and hyphal cultures
using high-pressure liquid chromatography (HPLC) followed
by ninhydrin staining (61, 62). Alanine, glutamine, and gluta-
mate have also been quantified in intact hyphal cells using 15N
nuclear magnetic resonance (NMR) (34). Several sugars/car-
bon sources have been detected in hyphal cultures, including
trehalose (enzymatic detection) (20), glucose (enzymatic de-
tection) (11), glycerol (enzymatic detection) (54), and tricar-
boxylic acid intermediates and organic acids (HPLC) (52).

The goals of this research were 2-fold. First, we sought to
determine the metabolite profile of wild-type N. crassa hyphae
grown under high- and low-carbon (sucrose) conditions and of
conidia cultured in high sucrose. Second, we wanted to explore
whether lack of a single gene (gna-3) causes a significant me-
tabolite shift in conidia or hyphae under the same conditions
used for the wild type. The latter objective addresses whether
the �gna-3 mutant conidiates in submerged conditions due to
interruption of a signal transduction relay from outside stimuli
or because of a metabolic block that leads to nutrient depri-
vation. A metabonomics approach using 1H NMR (33, 45, 46,
59, 71, 73) was used to create a metabolite fingerprint of tissue
extracts to compare levels of amino acids and other metabo-
lites present in the wild type and the �gna-3 mutant. 1H NMR
was chosen as the method for recording metabolite profiles

because it is rapid and direct and the quantitative information
from multiple metabolites in a single experiment has been
shown to correlate well with the data from quantitative enzy-
matic assays in other systems (5, 46).

MATERIALS AND METHODS

Cell growth and extraction of metabolites. The N. crassa strains used in this
study were wild-type ORS-SL6a (74a, mat a, Fungal Genetics Stock Center no.
4200; Fungal Genetics Stock Center, Kansas City, MO) and �gna-3 strain 43c2
(37). Tissue was collected from a total of six biological replicates per strain for
each treatment. Each strain was grown in three different types of medium:
Vogel’s minimal medium (VM) with 1.5% sucrose (wt/vol), VM with 0.15%
sucrose (wt/vol), and VM with 1.5% sucrose (wt/vol) plus 2% peptone (wt/vol).
Solid medium contained 1% agar.

Conidia were propagated as follows. A small amount of conidia from a slant
culture was used to inoculate 50 ml of VM agar medium in a 250-ml foam-
stoppered flask. Flasks were then incubated at 30°C in the dark for 2 days before
being moved to 25°C in constant light for an additional 5 days. Conidia that were
used to inoculate liquid cultures were collected by filtration using water (17) and
used immediately, while those to be used directly for metabonomics studies were
collected using Soltrol (see below).

Glass Erlenmeyer flasks (25-ml total volume) to be used for liquid cultures
were treated with dichlorodimethylsilane (5% [vol/vol] in chloroform; TCI
America) in order to prevent hyphae from adhering to the inside walls of the
flask, possibly leading to desiccation-induced conidiation. Cultures containing 6
ml of liquid VM were inoculated with water-harvested conidia to a final concen-
tration of 1 � 106 conidia/ml and then incubated at 30°C with shaking at 200
RPM in the dark for 16 h. Cultures were collected by vacuum filtration using
filter paper (Whatman #3), transferred to 2-ml screw-cap tubes, and stored at
�80°C until extraction.

To determine the metabolite profile of pure conidia, conidia were collected
from the agar flasks described above using Soltrol 170 isoparaffin, a nonaqueous
solvent that has previously been shown to prevent germination of conidia (4).
Approximately 50 ml of Soltrol was poured into the flask, and the contents were

FIG. 1. Submerged-culture phenotypes. (A) Morphology of submerged cultures. Cultures were grown in high or low sucrose with or without
peptone as indicated in the figure. Photographs were taken after 16 h of growth. (B) Summary of treatments used for submerged cultures. The
strains and media used to grow cultures, as well as the final conidiation phenotype, are indicated.
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vortexed and then filtered, using Handi-wipe towels, into a sterile flask. The
conidial suspension was then collected on a Whatman #3 filter paper using
vacuum filtration. The conidia were scraped off the filter paper using a spatula
and transferred to a 2-ml screw-cap tube before being frozen at �80°C.

Similar to recent work in the filamentous fungus Fusarium graminearum (46),
the metabolite extraction protocol used in this study was developed using Ara-
bidopsis (32). To extract the metabolites, the frozen tissues in 2-ml tubes were
pulverized, using a glass rod, after the addition of liquid nitrogen. After the
tissue reached the consistency of a fine powder, 750 �l of extraction buffer
was added to each tube. The extraction buffer consisted of 1:1 (vol/vol)
acetonitrile-d3 (CD3CN):deuterium oxide (D2O) containing 50 mM sodium
acetate-d3 (CD3COOD) and 100 �M 3-trimethylsilylpropionic acid-d4 so-
dium salt (TMSP) as a chemical shift reference (0.000 ppm). Acetonitrile
(50%) has been shown to precipitate proteins without small-molecule loss (2).
Tissue homogenization in the presence of the extraction buffer was carried
out at room temperature for 4 min.

The extracts were clarified by centrifugation at 2,300 � g for 5 min and the
supernatants transferred to a new tube, while cellular debris was discarded. We
found that a simple evaporation and reconstitution step provided selectivity for
hydrophilic metabolites, removing broad resonances contributed by long hydro-
carbon chains (which obscure the region around 0.9 ppm), alleviating spectral
crowding, and allowing accurate integration of resonances from aliphatic amino
acids without appreciable loss of amino acids, sugars, and nitrogen-containing
metabolic intermediates (72). Extracts were evaporated using a speed vacuum
overnight (16 h) at room temperature and reconstituted in 700 �l of D2O
containing 100 mM CD3COOD, 100 �M TMSP, and 500 �M NaN3 as a biocide.

Hydrophobic interferents were removed by the addition and removal of 100 �l
of deuterated chloroform (CDCl3) at room temperature. The D2O/CDCl3
phases were vortexed for 60 s, and the emulsion was broken by centrifugation at
2,300 � g for 5 min. This step further improved our ability to quantify organic
acids (occupying the region around 1.3 ppm) by removing endogenous polar
lipids (43). This protocol is summarized in Kaiser et al. (32). The aqueous
portion, in the amount of 600 �l, was transferred to a microcentrifuge tube
wherein the pD of each extract was adjusted to 7.40 	 0.08 (mean 	 standard
deviation) using deuterium chloride and sodium deuteroxide, where pD 
 pH
meter reading �0.4 to correct for isotope effects in glass pH electrodes calibrated
with aqueous buffers. All deuterated reagents were from Cambridge Isotope
Laboratories (Andover, MA). The solution was stored at �80°C until measure-
ment of metabolites.

1H NMR. Each sample was thawed and then transferred to a 5-mm NMR tube
(Wilmad, Buena, NJ) for analysis. Spectra were acquired for bioreplicate sam-
ples with selective saturation of the solvent resonance using a Bruker Avance
NMR spectrometer operating at 600.06 MHz. Free induction decays (FIDs) were
acquired into 25,860 time points and zero filled to 131,072 points. A spectral
width of 7,716 Hz was excited using a 90° pulse. A relaxation delay of 1.5 s was
used, and 640 scans were coadded following 16 dummy scans, for a total exper-
iment time of 34 min. The temperature of the sample was maintained at 298 K.
FIDs were apodized by multiplication by an exponential function equivalent to
1.0-Hz line broadening prior to Fourier transformation. Manual shimming was
performed for each sample, and the TMSP line width at half-height after the
application of 1.0-Hz exponential line broadening was 2.43 	 0.16 Hz.

Metabonomics and metabolite profiling. Spectra were processed using Top-
spin 2.0 (Bruker, Billerica, MA); phasing was applied automatically, while base-
line correction was applied by manual fitting with a sine function. The conidia
spectra were baseline corrected using a cubic spline function with approximately
100 user-defined baseline points utilized in the operation. This was necessary due
to residual contributions from Soltrol, which could not be completely removed by
chloroform treatment, in the aliphatic region of the spectra. Prior to integration,
each spectrum was aligned such that the chemical shift reference (TMSP) was at
0.00 ppm. Spectra were integrated for the purpose of metabonomics using equi-
distant integral regions of 0.02 ppm width over the range of 0.50 to 9.00 ppm,
excluding the regions containing the resonances of the solvent constituents ac-
etate and acetonitrile (1.96 to 2.04 ppm) and residual water (4.28 to 4.72 ppm).
For metabolic profiling, a second set of integration regions were manually de-
fined for the quantitation of well-resolved peaks. The relative amounts of me-
tabolites present were determined by normalizing each integral to the constant
sum of the NMR spectrum (47, 74). We found the method of normalization to
a constant sum to be superior to mass normalization (data not shown), even
though approximately equal tissue weights were used in these experiments. In
our hands, normalization to a constant sum better compensates for variability in
the recovery of metabolites by extraction.

Confirmation of analyte resonance assignments was made by comparison to

standard solutions. The NMR spectra of standards were measured using the
same NMR parameters as for the extracts, except that fewer scans were required.

Statistical analysis. Our goal in this work was to record metabolic fingerprints
and compare treatments for their effect on the global metabolome; therefore,
principal components analysis (PCA) (58) was selected as the appropriate tech-
nique for dimensionality reduction and data visualization. PCA, an unsupervised
pattern recognition method, was performed with the statistical analysis program
Minitab, version 15 (Minitab, Inc., State College, PA), using the equidistant
integrals obtained from the NMR spectra. These calculations were performed in
accordance with the recommendations of Broadhurst and Kell (6) to avoid false
discoveries through aggressive cross-validation. Mean centering was applied in
this study (2, 70). No scaling was applied prior to PCA.

One of our objectives was to determine whether loss of GNA-3 and/or sucrose
limitation directly influences metabolite profiles. Some of our growth conditions
were conidiogenic, while others supported a predominantly hyphal mycelium
(Fig. 1). In order to study metabolites specifically accumulated in conidia, Soltrol
170 isoparaffin was added to a set of conidial suspensions to prevent germination.
However, residual Soltrol remaining after our extraction procedure interfered
with routine baseline correction. Because of the resonances due to residual
Soltrol and the different modes of baseline correction, the conidia spectra are not
directly compared with the submerged-culture profiles represented in Fig. 3A
and B. Importantly, the presence of Soltrol did not affect the integration and
univariate analysis of many conidial metabolites in regions of the spectrum
unaffected by the Soltrol resonances.

Univariate statistical analyses for metabolite profiling were carried out in
Excel 2008 (Microsoft, Redmond, WA). Each integral region was treated as an
independent variable with six replicates per treatment per strain. The Q-test was
conducted to exclude up to one replicate per treatment per strain that was
considered an outlier.

Identification of metabolites. Resonances were assigned to individual metab-
olites by comparison with spectra recorded for approximately 100 authentic
metabolite standards (Sigma-Aldrich, St. Louis, MO) and with chemical shifts
and multiplicities reported in the published literature and also in the Madison
Metabolomics Consortium Database (http://mmcd.nmrfam.wisc.edu/) (14). In
cases of ambiguity, a pure standard was spiked into the fungal extract and the
resulting NMR spectra were recorded (see Table S1 in the supplemental mate-
rial). For the metabolites listed in Table S1, good agreement was obtained for all
the resolved resonances of a given metabolite.

RESULTS

The global metabolome of the �gna-3 mutant is similar to
that of the wild-type strain. In this study, we analyzed the
endometabolome, or intracellular metabolites (31), of N.
crassa. The levels of extractable, water-soluble metabolites
(lipids were removed) were measured under several conditions
using 1H NMR. We assessed liquid cultures from the wild-type
and �gna-3 strains in the presence of high (1.5%) sucrose, low
(0.15%) sucrose, and 1.5% sucrose plus 2% peptone (Fig. 1A
and B). As previously reported, wild-type strains produce only
hyphae in high-sucrose submerged cultures but form hyphae
with associated conidia in low-sucrose submerged cultures
(Fig. 1A and B) (37). In contrast, the �gna-3 mutant forms
hyphae and conidia under both high- and low-sucrose condi-
tions in submerged cultures (Fig. 1A and B) and peptone
reverses the submerged conidiation phenotype of the �gna-3
mutant in high sucrose (Fig. 1A and B) (37). Thus, analysis of
submerged cultures under these varied conditions could reveal
a possible contribution of altered metabolite levels in inducing
conidiation, as well as a role for the G protein GNA-3 in
regulating metabolite levels in N. crassa. We also recorded
metabolite profiles of purified conidia harvested from wild-
type and �gna-3 strain cultures grown in solid medium con-
taining 1.5% sucrose. Together with the results for high-su-
crose submerged cultures, these studies produce a baseline
metabolome for purified conidia and vegetative hyphae from
submerged cultures under high-carbon growth conditions.
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Six biological replicates were used to generate the initial
data, with up to one outlier discarded per treatment (see Ma-
terials and Methods). Representative spectra of extracts ob-
tained from submerged cultures of wild-type and �gna-3
strains grown in high sucrose (Fig. 2) reveal both similarities
and differences between the two strains; this pattern was re-
peated with the other treatments (see below). We examined
the spectra for the presence of peaks corresponding to 102
metabolites, with a total of 21 being unambiguously identified
(see Table S1 in the supplemental material).

The data were subjected to PCA, an unsupervised statistical
method that can be used to compare large data sets, reducing
multidimensional data to two principal component axes which
represent the differences between samples in a two-dimen-
sional graphical format (58). We initially conducted PCA (Fig.
3A) with the peptone medium data omitted, since peptone is a
rich source of metabolites that could influence the observed
clustering. The analysis revealed that principal component 1
(PC1) is responsible for 55.3% of the variance, while PC2
accounts for 24.9%. The PCA score plot (Fig. 3A) revealed two
major groupings, with separation of all samples. The grouping
on the left side of the plot consisted of submerged cultures
from the wild type cultured on high sucrose and the �gna-3
mutant grown on high and low sucrose. The second grouping
on the right side of the plot was the wild type cultured on low
sucrose. These results suggest several conclusions. First, there
is a large shift in the metabolite profile produced in wild-type
N. crassa when cultured under high- versus low-sucrose condi-
tions. Second, the observation that the �gna-3 strain cultured
in high and low sucrose is more similar to high-sucrose than
low-sucrose wild-type cultures suggests that loss of gna-3 does
not have a global effect on the metabolome of N. crassa in
adequate carbon and that the �gna-3 mutant is relatively

“blind” to reduced carbon levels in submerged cultures. Third,
the closer grouping between the conidiating �gna-3 strain and
nonconidiating (high-sucrose) rather than conidiating (low-
sucrose) wild-type cultures suggests that any effect of the
�gna-3 mutation on conidiation does not involve large changes
in the metabolome.

The results from the PCA score plot that included peptone-
supplemented cultures (Fig. 3B) reinforced the conclusions of
the initial analysis. This plot revealed two major groupings; the
first, on the left side of the plot, contained separable clusters
for wild-type and �gna-3 strain high-sucrose submerged cul-
tures. The second grouping, on the right side of the plot,
consisted of both strains cultured in high sucrose plus peptone.
The results from peptone-supplemented cultures suggest that,
analogous to the observations in high-sucrose medium, the
�gna-3 strain has a metabolome similar to that of the wild type
and/or that small molecules in the nutrient-rich peptone have
a dominant effect on the metabolic profile that obscures any
effect due to the �gna-3 mutation.

FIG. 2. Representative 1H NMR spectra for extracts of wild-type
and �gna-3 strain submerged cultures. Strains were cultured in high-
sucrose medium for 16 h, and metabolites extracted as described in
Materials and Methods. The major peaks identified are labeled.

FIG. 3. Principal component analysis (PCA) score plot. (A) Anal-
ysis of results for low- and high sucrose-cultures. PCA analysis of
relative integrals from 1H NMR spectra measured for replicate sam-
ples of both strains grown under high-sucrose and low-sucrose condi-
tions. In this plot of PC1 versus PC2, the x axis is the value of the first
principal component, explaining 55.3% of the variance, while the y axis
indicates the second principal component, explaining 24.9% of the
variance. (B) Analysis of results for high-sucrose cultures with or
without peptone. PCA analysis of 1H NMR data was performed for the
strains described for panel A except that high-sucrose cultures with or
without peptone were compared. x and y axes are as described for
panel A; the first principal component explains 55.4% of the variance,
while the second principal component accounts for 18.3% of the vari-
ance.
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The Soltrol solvent used to isolate conidia was present as an
interference in the aliphatic region (0.8 � 1.1 ppm) of the
NMR spectra of conidia extracts. Therefore, the conidial sam-
ples were not directly compared with other treatments by mul-
tivariate analysis (PCA), and only univariate statistical analyses
of metabolites from conidia were performed.

It has been postulated that “metabolic network robustness”
in a gene knockout results from gene redundancy and alternate
metabolic pathways (39). The PCA score plots (Fig. 3) are
consistent with this premise, as the overall global metabolome
does not change significantly with loss of gna-3. This could be
due to the presence of the other two G� subunits (GNA-1 and
GNA-2) in the N. crassa genome. Loss of gna-1 also leads to
inappropriate conidiation, although a higher cell density is
required (3 � 106 conidia/ml). Furthermore, mutation of gna-2
in the �gna-3 background leads to more severe effects on
submerged conidiation and overall growth (36). Thus, the ob-
served overlapping roles of G� subunits may explain the over-
all similarity in the metabolomes of �gna-3 and wild-type
strains.

Levels of individual metabolites differ in the �gna-3 strain
and the wild type. Although PCA analysis showed that the
metabolomes were comparable in the wild-type and �gna-3
strains, visual inspection of the NMR spectra revealed signif-
icant changes in several metabolites between treatments and
also between strains (Fig. 2; also see Fig. S1 in the supplemen-
tal material). Stacking of the spectra was used to identify
changes in metabolite levels and to assess the reproducibility of
replicates (Fig. 2; also see Fig. S1). Taking into account all
sample preparation steps, relative standard deviations of
�10% were observed between bioreplicates, which is compa-
rable to the most widely used gas chromatography-mass spec-
trometry (GC-MS) metabolomics method of Fiehn et al. (23),
who reported a relative standard deviation of 8%. The work of
Dieterle et al. (21) demonstrates that with a sample size of
4,000-plus bioreplicates, relative standard deviations on the
order of 7% could be achieved for creatinine, a proposed
“housekeeping” metabolite, using NMR-based metabolomics
in small mammals. A majority of the amino acids and a number
of sugars were cataloged, as well as other metabolites (see
below). In many cases, supplementation of cultures with pep-
tone led to elevation of amino acid levels, presumably because
peptone is a rich source of amino acids (Fig. 4).

Amino acids and related metabolites. (i) Alanine, gluta-
mate, and glutamine. Alanine serves as a convenient reservoir
of amino groups and pyruvate during nitrogen and carbon
sufficiency. Alanine is made from glutamate by reverse
transamination (34) and can be converted back to glutamate by
alanine transaminase. Glutamine is synthesized from gluta-
mate by glutamine synthetase (16).

The results from our analysis validate earlier reports that
alanine is the most abundant amino acid in N. crassa hyphal
cultures, followed by glutamate and glutamine (34, 62). In the
wild type, the NMR spectra show that alanine and glutamate
levels are elevated in high versus low sucrose (Fig. 4). In the
�gna-3 strain, the same trend is observed for alanine, while
glutamate levels are relatively similar under high- and low-
carbon conditions. For glutamine, the levels in both strains are
not appreciably influenced by carbon availability. However, the
relative glutamine amount is higher in the �gna-3 mutant than

in the wild type cultured on low-sucrose medium. This effect
cannot be explained by the greater conidiation of the �gna-3
strain, as conidia from the �gna-3 mutant have the lowest
relative levels of glutamine detected in the six biological treat-
ments.

On a relative basis, conidia have much lower levels of ala-
nine and glutamine than hyphae. The glutamate amounts in
�gna-3 conidia are similar to those in hyphal cultures, whereas
the levels in wild-type conidia are significantly less. The relative
levels of these three amino acids roughly correlate with those
measured in conidia in a previous study (61). Furthermore, our
results demonstrating that alanine, glutamate, and glutamine
are some of the most abundant amino acids in conidia support
the results of earlier work showing that the levels of these three
compounds constituted nearly 70% of free amino acids in
conidia (Fig. 4) (61).

(ii) Aspartate and asparagine. Aspartate can be synthesized
from the citric acid cycle intermediate oxaloacetate using as-
partate aminotransferase (49). Evidence for synthesis of aspar-
tate in a pathway involving catabolism of glutamate using glu-
tamic acid decarboxylase during conidial germination has been
obtained (9). Asparagine is produced by transamination of
aspartate (49). The levels of aspartate and asparagine were
very low or could not be detected in the high- and low sucrose-
submerged cultures of both strains (Fig. 4). With the exception
of high-sucrose-plus-peptone cultures of the �gna-3 mutant,
where asparagine could not be detected, the relative levels of
aspartate and asparagine are similar in wild-type and �gna-3
strains and are much greater in peptone-supplemented cul-
tures than in conidia (Fig. 4).

(iii) Serine and glycine. Serine is formed from 3-phospho-
hydroxypyruvate, which in turn is derived from glycerate-3-
phosphate, a metabolic intermediate of glycolysis (1). Glycine
is then produced from serine by serine hydroxymethyltrans-
ferase (13). We detected serine in the wild-type strain grown in
high sucrose, low sucrose, or the presence of peptone and in
the �gna-3 mutant cultured in high and low sucrose (data not
shown). However, it was not possible to reliably quantify serine
levels because overlap of the serine resonance with the shoul-
der of the much more intense trehalose peak at 3.88 ppm made
integration unreliable. Serine could not be detected in conidia
isolated from wild-type and �gna-3 strains or in peptone-
treated cultures of the �gna-3 strain (data not shown).

Glycine could only be detected and quantified in the �gna-3
strain grown in peptone-supplemented medium (Fig. 4).

(iv) Threonine, valine, leucine, and isoleucine. Threonine is
derived from glycine and serine and, along with pyruvate, is a
direct precursor to isoleucine (16, 57). Pyruvate is a precursor
of valine, and leucine is formed from the last intermediate in
the valine biosynthetic pathway (16, 57). Although they are
formed from different initial substrates, the pathways for syn-
thesis of isoleucine and valine share four enzymes (16, 57).

Under high-sucrose conditions, the relative levels of threo-
nine are comparable in wild-type and �gna-3 strain submerged
cultures (Fig. 4). However, the relative threonine amount is
greater in the wild-type but not in the �gna-3 strain under
low-sucrose conditions. This suggests that gna-3 is required for
increased threonine in response to poor carbon availability.
Peptone supplementation did not significantly affect the rela-
tive threonine levels. Finally, the threonine levels are much
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greater in conidia from the �gna-3 mutant than in those from
the wild type (Fig. 4).

The relative valine levels are not affected by sucrose in
submerged cultures from the two strains (Fig. 4). Similar to the
results for threonine, the valine amounts are slightly higher in

conidia from the �gna-3 mutant than in those from the wild
type. The relative valine levels are highest in peptone-supple-
mented cultures (Fig. 4).

Leucine was only detected in low-sucrose wild-type cultures
and peptone-supplemented cultures from both strains (Fig. 4).

FIG. 4. Relative amino acid levels. Metabolites extracted from both the wild-type (dark bars) and the �gna-3 (white bars) strain grown under
various conditions were subjected to 1H NMR analysis, and the relative resonance intensities were determined. On the x axis, “High” indicates
metabolites extracted from tissue grown in high sucrose medium, “Low” refers to low-sucrose medium, “High�P” denotes high-sucrose with the
addition of 2% peptone, and “Conidia” represents conidia collected from the strain grown on high-sucrose solid medium. “ND” indicates that the
metabolite was not detected in that treatment. “NQ” indicates that the metabolite was detected but was not quantifiable due to low concentration.
The y axis represents the quantity of a metabolite that has been normalized to the total pool of metabolites present in that particular sample. Error
bars show standard errors.
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Interestingly, although isoleucine could not be detected in
high- or low-sucrose submerged cultures from the �gna-3
strain, �gna-3 conidia possessed the highest relative levels of
isoleucine detected in our study (Fig. 4). In the wild type, the
relative isoleucine amount was higher in low-sucrose sub-
merged cultures and conidia than in high-sucrose submerged
cultures (Fig. 4). Finally, peptone-supplemented cultures from
�gna-3 and wild-type strains had comparable amounts of iso-
leucine. The results for the �gna-3 strain suggest that GNA-3
is required for isoleucine production in submerged cultures but
not in conidia.

(v) Arginine and ornithine. Ornithine is produced in the
mitochondrion and then transported into the cytoplasm to
serve as a precursor for arginine and polyamine synthesis (16).
In N. crassa cultured on minimal medium, �98% of cellular
arginine and ornithine are stored in the vacuole. Arginine or
nitrogen starvation results in the release of stored arginine and
ornithine into the cytoplasm, where these compounds can be
used for protein synthesis and/or as nitrogen sources (69).

Comparison of high- versus low-sucrose cultures demon-
strates that the arginine level decreases slightly in the wild type,
while the �gna-3 mutant shows the opposite trend (Fig. 4). The
levels of arginine are highest in peptone-supplemented cul-
tures. The relative levels of ornithine are similar in wild-type
and �gna-3 strain submerged cultures (Fig. 4), with lesser
amounts in low versus high sucrose. Ornithine could not be
detected in peptone-supplemented cultures (Fig. 4). The re-
sults for ornithine are consistent with positive regulation of this
amino acid by the sucrose levels in the growth medium in both
strain backgrounds.

Arginine and ornithine could not be detected in conidia
from either strain. The observation of lower arginine levels in
conidia versus the levels in hyphae is consistent with results
from previous work (61) and also supported by the hypothesis
(69) that arginine is metabolized to glutamate during conidia-
tion and then eventually converted back into arginine after
conidial germination.

(vi) Lysine. Lysine is synthesized using the �-aminoadipate
pathway in N. crassa (53), with the majority of lysine being
utilized for protein synthesis (30). Our results demonstrate
that sucrose deprivation leads to an almost 2-fold increase in
lysine levels in wild-type submerged cultures (Fig. 4). The
lysine amounts are similar in peptone-supplemented cultures
of both strains. Lysine could not be detected in low-sucrose

�gna-3 strain cultures or in conidia from either the wild-type or
the �gna-3 strain (Fig. 4).

(vii) Tyrosine. In N. crassa, tyrosine, phenylalanine, and
tryptophan are produced from the shikimate pathway (15).
Tyrosine is synthesized starting with the conversion of choris-
mate to prephenate by chorismate mutase, and then prephen-
ate is converted to tyrosine by prephenate dehydrogenase (15,
16). Tyrosine is a precursor to the secondary metabolite 3,4-
dihydroxyphenylalanine (DOPA) melanin, through a pathway
involving the enzyme tyrosinase (40). In our study, tyrosine
levels were very low in submerged cultures and this amino acid
could only be quantified in conidia of both wild-type and
�gna-3 strains (Fig. 4). The relatively high levels of tyrosine in
mature conidia suggest a function for this amino acid during
conidial biogenesis and/or germination.

(viii) Amino acids that could not be quantitated and/or
detected. The amino acids that could not be detected and/or
quantitated in our studies were serine (as mentioned above),
cysteine, histidine, methionine, phenylalanine, proline, and
tryptophan.

Sugars and related metabolites. (i) Trehalose and glucose.
Previously published studies have shown that metabolites that
can be readily used as carbon sources, such as glutamate and
trehalose, are found in dormant spores of N. crassa (61). A role
for trehalose as a thermal protectant has been established for
N. crassa (56). This previous work also demonstrated that
although trehalose is a large component of the metabolite pool
in conidia, the relative levels of trehalose are similar in conidia
and hyphae of wild-type strains.

In our study, we observed that the relative levels of trehalose
are greater in high-sucrose submerged cultures than in all
other submerged cultures of the wild type (Fig. 5). In contrast,
the relative trehalose amounts are similar in high- and low-
sucrose submerged cultures of the �gna-3 strain, with lower
levels under conditions of peptone supplementation (Fig. 5).
The results for high- and low-sucrose submerged cultures are
consistent with a defect in nutrient sensing for the �gna-3
strain.

The relative glucose levels are higher in low-sucrose than in
high-sucrose submerged cultures for both the wild-type and the
�gna-3 strain (Fig. 5). Still-lower relative amounts are found in
peptone-supplemented cultures (Fig. 5).

Our attempts to measure relative amounts of trehalose and
glucose in conidial extracts were unsuccessful due to residual

FIG. 5. Relative levels of sugar metabolites. Metabolites were extracted and analyzed and x and y axes labeled as indicated in the legend
to Fig. 4.
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enzymatic activity of trehalase, which we did not observe in
hyphal extracts (data not shown). Trehalase is known to be
extremely stable in solution, at a range of temperatures and
within a wide pH range (22). The levels of trehalose are high
in fungal conidia, and activation of trehalase has been shown to
accompany conidial germination in numerous fungi (18, 19,
29). Previous studies have demonstrated that ungerminated
conidia contain the highest levels of trehalase detected during
N. crassa development (27), effectively priming conidia for
germination and colonization.

(ii) Fumarate. Fumarate is an intermediate of the citric acid
cycle. In our study, it could not be detected in high- or low-
sucrose submerged cultures from either strain or in peptone-
supplemented cultures from the �gna-3 mutant. There was
wide variation in the amounts of fumarate in the biological
replicates for peptone-supplemented cultures of the wild type.
The fumarate levels were similar in conidia from both the
�gna-3 and wild-type strain (data not shown).

(iii) Mannitol. Mannitol is an abundant sugar alcohol in
fungal tissue that is derived from fructose (64). In the wild
type, the relative mannitol levels are greater in low-sucrose
than in high-sucrose submerged cultures (Fig. 5). In contrast,
the relative mannitol amounts in the �gna-3 mutant are similar
in high- and low-sucrose cultures and greater than the levels
detected in wild-type submerged cultures (Fig. 5). Conidia of
both the wild-type and �gna-3 strain contain the highest rela-
tive levels of mannitol detected in our studies (Fig. 5). Taken
together, these results reveal a positive correlation between the
proportion of conidia in a culture and the relative level of
mannitol.

Miscellaneous metabolites. (i) Adenosine. Adenosine is a
precursor of AMP, ADP, and ATP and the second messenger
cAMP (51). We observed that the adenosine levels were sim-
ilar in all three submerged cultures of the wild type (Fig. 6).
The relative adenosine levels exhibited high variability in high-
sucrose cultures of the �gna-3 mutant. The levels in low-su-
crose cultures of the �gna-3 mutant were lower than those
observed in the wild type, while the amount of adenosine in
peptone-supplemented cultures was similar to the amount in
the wild type (Fig. 6). The relative adenosine levels were sim-
ilar in conidia from the wild-type and �gna-3 strain and were
greatly reduced relative to the levels in submerged cultures.

(ii) Allantoin. As a small molecule (158.12 molecular
weight) with four nitrogen atoms, allantoin is an ideal nitrogen

storage compound (12). Allantoin is an intermediate in purine
catabolism and can be utilized as a nitrogen source after se-
quential degradation to urea and then ammonium (48). We
could not detect allantoin in high-sucrose cultures of either
strain with or without peptone or in low-sucrose �gna-3
cultures (Fig. 6). The relative allantoin amounts were the
highest in low-sucrose submerged cultures and conidia from
the wild-type strain, with lower levels observed in �gna-3
conidia (Fig. 6).

In Saccharomyces cerevisiae, allantoin is stored as a nitrogen
reserve during starvation (48). Our results are also consistent
with a storage function in N. crassa conidia, with allantoin
being sequestered in conidia and possibly serving as a nitrogen
reserve for germination. The presence of lower relative allan-
toin levels in �gna-3 samples than in the wild type suggests that
the loss of GNA-3 disrupts the normal storage mechanism,
particularly in submerged cultures that produce conidia.

(iii) Choline. Choline is an important component of cellular
membranes (28). We noted that choline was present at similar
levels in wild-type and �gna-3 strains cultured on high sucrose
(Fig. 6). However, under low-sucrose conditions, the relative
levels of choline are much higher in the wild-type strain. The
relative choline levels in conidia from both strains are similar
and are higher than those in high-sucrose submerged cultures.
Peptone supplementation results in marked elevation of cho-
line levels in �gna-3 cultures (Fig. 6).

Data from previous mRNA profiling experiments support
the metabolite profiling results for several amino acids. An
earlier study by Kasuga et al. (35) used long-oligomer microar-
ray profiling to detect transcript levels for 3,366 predicted
genes in wild-type N. crassa during a time course of conidial
germination. Among the genes analyzed are numerous loci
encoding amino acid biosynthetic and degradative enzymes.
We took advantage of this data set by comparing the levels of
amino acids that could be detected and quantified in wild-type
conidia and high-sucrose submerged cultures to the available
corresponding mRNA levels for amino acid metabolic genes in
conidia and at various times during germination. Within these
constraints, we were able to analyze pathways for 10 amino
acids: glutamate, glutamine, asparagine, threonine, valine, iso-
leucine, ornithine, arginine, lysine, and tyrosine (Table 1). In
general, the mRNA and metabolic profiling data correlate. In
most instances, the transcript levels for amino acid biosynthetic
genes increase during conidial germination (usually within 0.5

FIG. 6. Relative levels of adenosine, allantoin, and choline. Metabolites were extracted and analyzed and x and y axes labeled as indicated in
the legend to Fig. 4.
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to 1 h), and this is reflected in higher levels of the relevant
amino acid in hyphae relative to the levels in ungerminated
conidia (Table 1). The exceptions are asparagine, isoleucine,
and tyrosine, whose levels are lower in hyphae than in conidia.
The metabolism of isoleucine is complicated by its sharing of
four enzymes with valine biosynthesis, as well as inhibition of
the first common enzyme (acetolactate synthase) by valine but
not isoleucine (16). In the case of tyrosine, this amino acid
shares several intermediates with phenylalanine, tryptophan,
and the vitamin p-aminobenzoic acid (24–26) and is a precur-
sor for DOPA melanin (40). Asparagine is interconverted with
aspartate (57). Finally, transcripts for genes that metabolize
glutamate, glutamine, and arginine to other compounds are
also upregulated during conidial germination (Table 1).

The results from a study that used Northern analysis to
measure mRNA expression further validate our metabolite
profiling results for arginine and ornithine levels in wild-type
conidia and hyphae (60). This work showed that mRNA levels
for arg-2 (encoding the small subunit of arginine-specific car-
bamoyl phosphate synthetase, required for arginine and orni-
thine biosynthesis) (16) are low in conidia and then become
elevated during germination (50).

DISCUSSION

To our knowledge, this is the first report profiling N. crassa
metabolites using 1H NMR. The advantage of 1H NMR is that
an entire cellular “snapshot” of metabolites can be produced
from a single experiment, thus allowing comparative global
analysis of multiple strains and growth conditions. We first
determined whether there were large differences in the
metabolomes in a nontargeted approach using PCA analysis
and then turned to the identification of specific metabolites
using relative integrals of resolved resonances. To our knowl-
edge, we are the first to report relative quantitation of several
metabolites, including allantoin and mannitol, in N. crassa.

Schmit and Brody previously conducted a metabolic study
with N. crassa in which they measured the levels of amino acids
and other compounds in conidia and hyphae of the wild type
using column chromatography and detection with ninhydrin
(61). Overall, our results are consistent with this earlier work,
validating the accuracy of the two methods for metabolite
profiling of N. crassa. However, there were some differences in
the results obtained using the two methodologies. Proline,
methionine, and cysteine could not be detected in conidia and
their levels were very low in hyphae in the Schmit and Brody
study. We could not detect these three amino acids in either
conidia or hyphae. Schmit and Brody reported that the pre-
dominant amino acids in conidia were glutamate, alanine, and
glutamine, with glutamate in the greatest abundance. Similar
results were obtained in our experiments, except that gluta-
mate and alanine were present at similar levels in conidia.
Schmit and Brody also found that the amounts of ornithine
and arginine were lower in conidia than in hyphal cultures; this
trend was also noted in our study, except that ornithine and
arginine could not be detected in conidia.

Our extraction method produced hyphal extracts that were
stable for more than 105 min of incubation at room tempera-
ture prior to acquiring spectra. The same was true for conidial
extracts, with the exception of trehalose, glucose, and citrate

(data not shown). The citrate levels were too low to quantitate
in any sample in our analysis. We were unable to quantitate the
other two sugars in conidia, due to apparent metabolism of
trehalose to glucose, which resulted in large errors for these
two compounds in our univariate analysis (data not shown).
Future experiments to measure trehalose and glucose levels in
conidia will require an alternative extraction method, possibly
that recently reported by Lowe et al. (46).

PCA analysis revealed somewhat surprising results in that,
although the �gna-3 mutant produced conidia under all growth
conditions (with the exception of peptone), they did not group
with low-sucrose, conidiating wild-type cultures on the score
plot but instead clustered near wild-type high-sucrose cultures.
This suggests that the �gna-3 mutation does not have a global
effect on the metabolome in high-sucrose conditions. However,
major differences were observed in the PCA analysis for the
wild type and the �gna-3 mutant cultured in limiting sucrose.
Taken together, these data and those from previous work in
our group (41) suggest that GNA-3 regulates carbon sensing
and conidiation using different pathways. One interpreta-
tion is that without GNA-3, N. crassa will initiate conidia-
tion but at the same time will not be able to sense available
carbon and so will metabolically resemble a strain cultured
in abundant carbon.

As mentioned above, conidiation and conidial germination
in N. crassa are influenced by nutrient availability (62), and
changes in the levels of several intracellular metabolites have
been reported during these processes. We inspected our data
for metabolite(s) that correlated with (i) the sucrose level in
the growth medium, (ii) the �gna-3 mutation, or (iii) the pres-
ence of conidia. There were three metabolites that were asso-
ciated with low or high sucrose in submerged cultures of both
the wild-type and the �gna-3 strain: alanine, ornithine, and
glucose. Alanine and ornithine are positively correlated, while
the amount of glucose varies inversely with sucrose levels in the
growth medium.

There were several metabolites that could be associated with
the �gna-3 mutation, but not under all growth conditions. The
relative threonine levels are higher in the wild-type than in the
�gna-3 strain under low-sucrose conditions. Isoleucine cannot
be detected in high- or low-sucrose submerged cultures from
the �gna-3 mutant. Leucine cannot be detected and the levels
of adenosine and choline are low in low-sucrose �gna-3 strain
submerged cultures. The observation of lower metabolite lev-
els in the �gna-3 mutant cultured on limiting carbon hints at a
requirement for gna-3 in the response to poor carbon avail-
ability.

Regarding metabolites that were associated with conidia-
tion, we noted that the sugar alcohol mannitol was elevated in
tissues that contain conidia, with the highest levels in unger-
minated conidia (Fig. 5). Mannitol has been proposed to play
roles as a carbohydrate reserve in environmental stress toler-
ance and during conidiation in the wheat pathogen fungus
Stagonospora nodorum (63, 64). In the insect pathogenic fun-
gus Metarhizium anisopliae, mannitol is the most abundant
metabolite in conidial extracts (8).

A reduced carbon level signals to the fungus that the imme-
diate environment is no longer suitable for sustained vegetative
hyphal growth and that a new location must be sought to
ensure survival in more favorable surroundings. In the absence
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of a mating partner, this is accomplished in many species of
filamentous fungi by conidiation and the subsequent spread of
mature spores by animals or wind currents. The �gna-3 mutant
appears to possess two defects. First, the �gna-3 strain is de-
ficient in a negative-control mechanism for conidiation that is
independent of major changes in metabolite levels. Second, the
�gna-3 mutant is lacking in the ability to detect abundant
sucrose in growth media. These malfunctions suggest that
GNA-3 plays separate roles in the signal transduction cascades
responsible for conidiation and nutrient sensing in N. crassa.
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