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Many ascomycete Fusarium spp. are plant pathogens that 
cause disease on both cereal and noncereal hosts. Infection 
of wheat ears by Fusarium graminearum and F. culmorum 
typically results in bleaching and a subsequent reduction in 
grain yield. Also, a large proportion of the harvested grain 
can be spoiled when the colonizing Fusarium mycelia pro-
duce trichothecene mycotoxins, such as deoxynivalenol 
(DON). In this study, we have explored the intracellular 
polar metabolome of Fusarium spp. in both toxin-produc-
ing and nonproducing conditions in vitro. Four Fusarium 
spp., including nine well-characterized wild-type field iso-
lates now used routinely in laboratory experimentation, 
were explored. A metabolic “triple-fingerprint” was re-
corded using 1H nuclear magnetic resonance and direct-
injection electrospray ionization–mass spectroscopy in 
both positive- and negative-ionization modes. These com-
bined metabolomic analyses revealed that this technique is 
sufficient to resolve different wild-type isolates and differ-
ent growth conditions. Principal components analysis was 
able to resolve the four species explored—F. graminearum, 
F. culmorum, F. pseudograminearum, and F. venenatum—as 
well as individual isolate differences from the same species. 
The external nutritional environment was found to have a 
far greater influence on the metabolome than the genotype 
of the organism. Conserved responses to DON-inducing 
medium were evident and included increased abundance of 
key compatible solutes, such as glycerol and mannitol. In 
addition, the concentration of γ-aminobutyric acid was ele-
vated, indicating that the cellular nitrogen status may be 
affected by growth on DON-inducing medium. 

The genus Fusarium mainly comprises harmless soil-dwell-
ing saprobes; however, among this group are several economi-
cally important agricultural pathogens, including the vascular 
wilt pathogen Fusarium oxysporum; the maize root and stalk 
rot pathogen F. verticillioides; and the causal agent of wheat 
scab, F. graminearum, also known as Fusarium ear blight 
(FEB). FEB is a major problem on wheat, maize, and barley 
crops (Leonard and Bushnell 2003). FEB results in low-quality 
grain and the introduction of mycotoxins, such as the sesquiter-
penoid trichothecene deoxynivalenol (DON), into the food and 
feed supply. Control of FEB is limited, with poor genetic resis-
tance provided by commercial cultivars and fungicide applica-
tion at crop anthesis only partially minimizing DON contami-
nation of the harvest. Currently, the best way to reduce local 
disease pressure is through rigorous crop residue management 
combined with a cropping sequence that avoids continuous 
cultivation of susceptible hosts. 

Due to the human and animal health implications associated 
with the contamination of cereal grain by mycotoxins, consid-
erable efforts have been made to understand the molecular basis 
for mycotoxin biosynthesis by Fusarium spp. The biosynthetic 
pathway for trichothecene mycotoxin production is well de-
fined and the pathway from primary isoprenoid metabolism to 
DON has been mapped (Brown et al. 2002; Kimura et al. 
2003). The first committed step is the conversion of farnesyl 
pyrophosphate to trichodiene by the enzyme trichodiene syn-
thase. The next nine steps to synthesize calonectrin are con-
served for the synthesis of DON, T-2 toxin, and nivalenol 
(NIV). Another five reactions are required to convert calonec-
trin to DON, which can exist in various acetylated forms. Al-
though trichothecene mycotoxins are produced readily during 
cereal ear infection, during in vitro experimentation they are 
only produced under specific conditions. These include growth 
on a nonrepressing nitrogen source, typically either ammo-
nium or agmatine, at a low environmental pH (below pH 4), 
when high concentrations of simple sugars are available as the 
carbon source, and when the culture medium is well aerated 
(Gardiner et al. 2009a and b; Greenhalgh et al. 1986; Miller 
and Blackwell 1986). The daily addition of hydrogen peroxide 
has also been reported to increase the accumulation of 
trichothecenes (Ponts et al. 2009). 

Although the production of secondary metabolites has been 
intensively studied in a range of filamentous fungi, including 
Fusarium spp. (Hestbjerg et al. 2002; Nielsen and Smedsgaard 
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2003), the primary metabolism of the fusaria has not been ad-
dressed as thoroughly. The intracellular metabolite pool of F. 
oxysporum has been profiled during ethanol production in 
aerobic or anaerobic conditions (Panagiotou et al. 2005c) and a 
variety of carbon or nitrogen sources (Panagiotou et al. 2005a, 
b, and d), in a closed bioreactor system. A combination of 
chromatography and other detection methods were used in 
these earlier studies in order to capture the range of primary 
metabolites, and these are the only previous reports on primary 
metabolism of Fusarium spp. The field of metabolomics is 
well suited to the study of primary metabolism, because it 
aims to capture as much metabolic information in as nonbiased 
a manner as possible (Oliver et al. 1998; Teusink et al. 1998). 
Metabolomics experiments on yeast, based on electrospray 
ionization–mass spectrometry (ESI-MS) analysis of spent cul-
ture medium, have been able to distinguish different growth 
stages and also differentiate single-gene deletion mutants from 
the wild-type strain (Allen et al. 2003). A nontargeted 1H 
nuclear magnetic resonance spectroscopy (1H NMR) and ESI-
MS metabolomics approach was chosen as an ideal way to 
define the biology of Fusarium spp. at a metabolic level. 

In order to maximize the relevance of this study to the re-
search community, a selection of key species and isolates was 
chosen for analysis. The four selected species were F. grami-
nearum, F. culmorum, F. pseudograminearum, and F. venena-
tum. In total, nine isolates were included. The F. graminearum 
isolate FgPH-1 of U.S. origin was the isolate most thoroughly 
investigated in this study (Trail and Common 2000). This iso-
late is highly pathogenic and produces high levels of the my-
cotoxins DON, 15-acetyldeoxynivalenol (15-ADON), and zea-
ralenone (Gaffoor et al. 2005). Significant genomic resources 
are available for this isolate, including full genome sequence 
information (Cuomo et al. 2007) and a genetic map between 
FgPH-1 and a second isolate of USA origin Fg00-676 (Gale et 
al. 2005). Numerous single-gene deletion mutants have already 
been published in the PH-1 background (Baldwin et al. 2006; 

Winnenburg et al. 2006, 2008), and many more have been gen-
erated by the community. Further genetic, genomic, and mo-
lecular details of the other strains used in this study are pre-
sented in Table 1.. Isolate Fg16A, collected in Montana, was 
used to establish a floral pathosystem on Arabidopsis for F. 
graminearum (Urban et al. 2002). F. culmorum isolate 
FcUK99 was isolated from the United Kingdom, is fully patho-
genic on wheat, and produces DON and 3-acetyldeoxynivale-
nol (3-ADON) (Dawson et al. 2004). This isolate has been 
selected for full genomic sequencing (M. Urban, N. Hall, and 
K. E. Hammond-Kosack, personal communication). The two 
F. pseudograminearum isolates, FpCS3096 and FpCS3212 
from Australia, are best adapted to infection of the wheat stem 
base. FpCS3212 is described as moderately aggressive and 
FpCS3096 as highly aggressive. Both are also fully pathogenic 
on wheat floral tissue and produce DON and 3-ADON 
(Akinsanmi et al. 2004, 2006; Li et al. 2008; Mitter et al. 
2006). F. venenatum FvA3/5 is a soil-dwelling microbe that is 
nonpathogenic on wheat. This species can produce the tricho-
thecene diacetoxyscirpenol under toxin-inducing conditions 
but has not been found to produce DON (O’Donnell et al. 
1998). Isolate FvA3/5 is currently used as a source of protein 
for a consumer food (Trinci 1994; Wiebe 2004). 

In this study, nine wild-type isolates from four Fusarium 
spp. were analyzed under two liquid-culture growing condi-
tions, mycotoxin inducing and mycotoxin noninducing. These 
analyses have revealed that the Fusarium metabolome is 
highly flexible and that a triple-fingerprint approach can be 
used to detect both species and single-isolate differences. 

RESULTS 
1H NMR of Fusarium spp.  
reveals carbohydrate-rich composition. 

We set out to determine whether the 1H NMR method opti-
mized for Arabidopsis research, which had not been previously 

Table 1. Description of isolates used in the study 

 
Name used 

 
Species 

 
Isolate 

 
Accession 

Collection location,  
and year 

Trichothecene 
chemotypea 

Additional published information  
on each isolate 

FgPH-1 Fusarium graminearum PH-1 NRRL 31084 Maize grain, Michigan, 
U.S.A., 1996 

15-ADON 10× genome sequence  
(Cuomo et al. 2007), genetic map with 
Fg00-676 (Gale et al. 2005), single-
gene deletions (Winnenburg et al. 2008) 

FgGZ3639 F. graminearum GZ3639 NRRL 29214 Wheat, Kansas, U.S.A., 
1990 

15-ADON Genetic map  
(Bowden and Leslie 1992; Jurgenson 
et al. 2002), 0.4× genomic sequence 
(Cuomo et al. 2007) 

Fg00-676 F. graminearum 00-676 NRRL 34097 Wheat, Minnesota, U.S.A., 
2000 

15-ADON Genetic map with PH-1  
(Gale et al. 2005) 

Fg820 F. graminearum 820 Not applicable Wheat grain,  
The Netherlands, 1998-99

15-ADON Transposon mutagenesis study  
(Luongo et al. 2005) 

Fg16A F. graminearum 16A FGSC8733 Montana, U.S.A., 1997 15-ADON Genome sequence scan  
(K. E. Hammond-Kosack, personal 
communication), single-gene deletions 
(Urban et al. 2002, 2003) 

FcUK99 F. culmorum UK99 NRRL 54111 Wheat, Hertfordshire, 
U.K., 1998 

3-ADON Genomic sequence in progress  
(M. Urban, N. Hall, and  
K. E. Hammond-Kosack, personal 
communication) (Baldwin et al. 
2010) 

FpCS3096 F. pseudograminearum CS3096 CS3096 Wheat crown, New South 
Wales, Australia, 2001 

3-ADON Wheat crown-rot pathogen,  
(Akinsanmi et al. 2004; Scott and 
Chakraborty 2006) 

FpCS3212 F. pseudograminearum CS3212 CS3212 Wheat crown, New South 
Wales, Australia, 2001 

3-ADON Wheat crown-rot pathogen  
(Akinsanmi et al. 2006) 

FvA3/5 F. venenatum A3/5 ATCC PTA-2684 Soil, Buckinghamshire, 
U.K. 

DAS Nonpathogenic, Quorn food product 
(Wiebe 2004) 

a 15- and 3-ADON = 15- and 3-acetyldeoxynivalenol, respectively; DAS = diacetoxyscirpenol. 
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applied to fungal samples, was adequate for the analysis of F. 
graminearum mycelial extracts (Ward et al. 2003). Polar ex-
tracts of F. graminearum FgPH-1 mycelia were prepared after 
48 h of growth on minimal medium (MM) and 1H NMR spec-
trum collected (Fig. 1). In addition, flow-injection ESI-MS in 
both positive- and negative-ionization mode was performed on 
the same samples for cross-validation purposes. A typical 1H 
NMR spectrum from 9.995 to 0.5 ppm showed a characteristic 
crowded region from 3.5 to 4.0 ppm, indicating a complex 
mixture of carbohydrates, including large peaks for sugar alco-
hols such as glycerol and mannitol, and also for the disaccha-
ride trehalose (Fig. 1B). Signals due to glycine-betaine and 
choline were among the most intense. Aliphatic amino acids, 
found in the region from 1 to 4 ppm, were also readily detected, 
with alanine, leucine, valine, serine, and threonine identified. 
The acidic amino acids glutamic acid, aspartic acid, and γ-amino 
butyric acid (GABA) were also identified, along with glutamine, 
asparagine, proline, methionine, and ornithine. Aromatic amino 
acids, including phenylalanine, tyrosine, and tryptophan, were 
identified in the region of 6 to 9 ppm but were generally of 
lower abundance than the carbohydrates and aliphatic amino 
acids (Fig. 1C). Some other lower-abundance metabolites were 
also identified, including adenosine and inosine. When grown 
solely in MM, F. graminearum does not produce the trichothe-
cene mycotoxins DON, 3-ADON, or 15-ADON; therefore, the 
fingerprint given in Figure 1 represents the combined intracel-
lular and cell-wall-associated metabolome of noninduced Fusa-
rium cells. 

1H NMR can be used  
to distinguish Fusarium spp. and isolates. 

Fusarium spp. growing conditions, sample handling proce-
dure, and the 1H NMR protocol were found to consistently 
produce good-quality spectra. Therefore, the selected range of 
Fusarium spp. was tested with the aim of determining the meta-
bolic conservation across these various backgrounds. In total, 
nine Fusarium isolates were included in this study. The origins 
and significance of each are detailed in Table 1. The group 
comprised five F. graminearum isolates, two F. pseudogrami-
nearum isolates, one F. culmorum isolate, and one F. venenatum 
isolate. Their basic growth characteristics were determined in 
three different ways: after growth on a complete medium (po-
tato dextrose agar [PDA]), by their pathogenicity on wheat 
ears (Supplementary Fig. S1), and by their production of tri-
chothecenes (Supplementary Fig. S2). Each isolate grew simi-
larly on PDA, with the exception of FvA3/5, which had the 
slowest growth and a predominantly yellow pigmentation. Be-
cause DON was not assayed in early-growth cultures for me-
tabolomics analysis, we independently confirmed by targeted 
analysis that trichothecenes could be produced under the same 
conditions when the cultures were grown for longer periods of 
time. Growth medium from two-stage medium (2SM) cultures 
was harvested after 25 days in culture and analyzed by gas 
chromatography–mass spectrometry (GC-MS). F. graminearum 
FgPH-1, Fg00-676, FgGZ3639, Fg16A, and Fg820 produced 
DON and 15-ADON. F. culmorum FcUK99, F. pseudogrami-
nearum FpCS3096, and FpCS3212 produced DON and 3-
ADON. F. venenatum FvA3/5 produced diacetoxyscirpenol 
only. This confirmed that each isolate was capable of produc-
ing trichothecenes, and that an extended incubation period in 
2SM resulted in accumulation of parts-per-million quantities 
of trichothecenes. The pathogenicity of all isolates was as ex-
pected; Fv A3/5 was nonpathogenic on the susceptible wheat 
cv. Bobwhite while all others caused significant infection of 
the inoculated spikelets followed by colonization and bleach-
ing of the remainder of the ear by 14 days post inoculation. 

The nine wild-type isolates were grown in MM for 48 h and 

the mycelium analyzed as before, with the resulting 1H NMR 
spectra compared using principal component analysis (PCA) 
(Fig. 2A and C). Growth rate of isolates was monitored by re-
cording the harvested fresh weight of each culture. Final weights 
were considered to be roughly equivalent (Supplementary Table 
1). Cultures were harvested at 48 h so that the data collected 
would be representative of the more uniform, rapid-growth 
phase, rather than from growth-restricted cultures. As culture 
growth slows, analysis could become complicated by increased 
cell death, cell lysis, and recycling of released fungal-derived 
metabolites. The isolates separated into four clearly distinguish-

Fig. 1. Representative 1H nuclear magnetic resonance spectrum derived 
from Fusarium graminearum (PH-1) grown on minimal medium is shown
in three sections. Chemical identities of some key metabolites are given. 
A, Aliphatic region; B, carbohydrate region; C, aromatic region. 
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able groups: the F. pseudograminearum isolates, the F. venena-
tum isolate, and two further groups of F. graminearum isolates, 
one of which included the F. culmorum isolate. Principal com-
ponent one (PC1) included 42% of the variance and resolved 
the F. venenatum, F. pseudograminearum, and F. culmorum 
isolates. PC2 (31% of the variance) split the F. graminearum 
and F. culmorum isolates from the F. pseudograminearum and 
F. venenatum isolates. The PC1 loadings plot was dominated 
by the signals from sugar alcohols such as mannitol, glycerol, 
and glycine-betaine (Supplementary Fig. S3). 

The Fusarium metabolome is flexible and highly dependent 
on the growth medium. 

The second growth condition analyzed, 2SM, induced the 
production of trichothecene mycotoxins. The production of 
the B-type trichothecene DON is important for FEB disease, 
and is specifically required for the colonization of the wheat 
rachis. F. graminearum mutants lacking the TRI5 gene can 
only infect the local florets within a single spikelet, with pro-
gression blocked by cell-wall depositions in the rachis node 
(Jansen et al. 2005). The comparison of MM (where DON is 
not produced), with 2SM (where DON is produced) is analo-

gous to the pathogen transiting from early infection in the 
floret to late infection in the rachis, where DON is required 
for progression. Compared with MM, 2SM contains higher 
concentrations of sugars (sucrose at 40 versus 20 g/liter) and 
has ammonium as the nitrogen source instead of nitrate. In 
addition, glycerol and sodium chloride were included, all of 
which slightly decreased the water availability relative to 
MM. All isolates were grown in 2SM for 48 h and analyzed 
as before. Because our aim was to define the basal metabo-
lism of the isolates, an intracellular polar metabolome was 
analyzed to allow comparison with the MM metabolome. 
The 48-h time point was too early to expect detectable quan-
tities of trichothecenes to be produced; however, the early in-
duction of the TRI gene transcription factor TRI6 would be 
expected to occur. Therefore, this comparison would focus 
on shifts in primary metabolism. An overall increase in varia-
tion within treatments was observed in the 2SM samples and, 
therefore, the orthogonal signal correction (OSC) algorithm 
was applied to remove the most noisy variables prior to PCA 
(13% of variants were removed). PC1 (53% of variance) gen-
erally divided the F. graminearum isolates from the other 
species and also distinguished F. venenatum from the two F. 

 

Fig. 2. Growth medium has a large effect on the metabolome of Fusarium spp. Principal component analysis (PCA) of 1H nuclear magnetic resonance 
spectra is shown. Scores plots are given for A and C, minimal medium cultures and B and D, two-stage medium cultures. Plots are colored according to A 
and B, Fusarium sp. (black: Fusarium graminearum; yellow: F. culmorum; red: F. pseudograminearum ; blue: F. venenatum) or C and D, Fusarium isolate 
(black: FgPH-1; red: FcUK99; yellow: Fg16A; blue: Fg820; white: Fg00-676; gray: FgGZ3639; brown: FpCS3212; turquoise: FpCS3096; pink: FvA3/5).
Orthogonal signal correction was applied to these datasets prior to PCA. 
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pseudograminearum isolates (Fig. 2B and D; Supplementary 
Fig. S4). PC2 (24% of variance) split the F. graminearum 
isolates into three loose groups and clearly resolved the two 
F. pseudograminearum isolates. The remaining 23% of the 
variance did not present any biologically meaningful separa-
tions in the dataset. Unlike in MM, the Fg16A and Fg820 
isolates were very similar when grown in mycotoxin-induc-
ing conditions. To determine the effect of the DON-inducing 
medium on the metabolome, we started by comparing the 1H 
NMR spectra of FgPH-1 grown on MM with 2SM (Fig. 3). A 
clear separation was evident in the PCA scores plot (Fig. 
3A), with 96% of the variance explained by PC1, which also 
separated the two media treatments. The loadings plot for 
PC1 indicated that the aliphatic region of the spectrum be-
tween 3.0 and 1.0 ppm contained many differential shifts for 
the two media (Supplementary Fig. S5). In particular, amino 
acids were responsible for the difference, including GABA 
and alanine (Fig. 3B). When all spectra collected from all 
isolates in both media were combined in a single PCA, this 
revealed that the isolate differences were smaller than the 
differences due to growth medium. In the 1H NMR data, all 
MM samples clustered tightly, while the 2SM samples clus-
tered apart and with more variation (Fig. 4A). PC1 captured 
89% of the variance and generally captured the difference 
between MM samples and 2SM samples. Nine key metabo-
lites were identified that explained the conserved differences 
between growth conditions (Fig. 4B). These were alanine, 
glycerol, mannitol, trehalose, betaine, choline, GABA, gluta-
mine, and arginine. In the ESI-MS negative-ion data from the 
same samples, the ability to distinguish the DON-inducing 
and noninducing samples was again evident. (Fig. 4C). The 
loadings plot of PC1 (64% of variance) confirmed some of 
the key metabolites seen in the 1H NMR data (Fig. 4D). Sev-
eral of the ions contributing to PC1 could potentially be pro-
duced from metabolites that were identified in the 1H NMR 
spectra; these included m/z 173 [arginine-H]–, 181 [manni-
tol-H]–, and 341 [trehalose-H]–. The ESI-MS positive-ion 
data showed a similar trend, with PC1 separating minimal-
medium-grown from 2SM-grown samples (Supplementary 
Fig. S6). Key ions elevated in 2SM-grown samples were m/z 
105, 119, 141, 296, 365, and 381. Ions elevated in minimal-
medium-grown samples were 145, 167, 176, 258, 318, and 
432. Overall, both the 1H NMR and ESI-MS analyses 
showed that the metabolite differences due to the growth me-
dium were greater than those due to the isolate. 

We observed that some of the phylogenetically related iso-
lates grouped apart in one of the media treatments. We com-
pared metabolic fingerprints over the two different media and 
found that genetically related isolates responded differently 
to the same growth medium (Fig. 5). For example, the F. 
graminearum isolates FgPH-1, FgGZ3639, and Fg00-676 are 
more genetically related compared with the isolates from a 
different species but each produced quite different metabolite 
spectra after growth in MM. FgPH-1 and FgGZ3639 grown 
in MM were well separated after PCA of 1H NMR spectra 
(Fig. 5A). PC1 (79% of variance) accounted for the differ-
ence between the two isolates and revealed that FgPH-1 con-
tained higher concentrations of alanine, glutamine, glucose, 
mannitol, GABA, trehalose, ornithine, and putrescine (Fig. 
5C). FgPH-1 and FgGZ3639 isolates were also differentiated 
by their ESI-MS negative-ion spectra (Fig. 5D). PC1 (77% of 
variance) contained many discriminatory ions (Fig. 5F), 
some of which confirmed metabolites identified in the 1H 
NMR spectra. Ions at m/z 131, 181, and 341 could poten-
tially be produced by ornithine, mannitol, and trehalose, re-
spectively. When FgPH-1 and Fg00-676 were compared after 
growth in MM, both 1H NMR and ESI-MS negative-ion 

spectra produced good separation after PCA (Fig. 5B and E). 
In the NMR spectra, PC1 (76% of variance) showed that 
FgPH-1 contained higher concentrations of trehalose and 
alanine (Fig. 5C). The region between 3 and 4 ppm indicated 
an abundance of carbohydrates in FgPH-1. The ESI-MS 
negative-ion data distinguished the two isolates (PC1 con-
tained 85% of the variance), with several ions associated 
with each isolate (Fig. 5F). The ESI-MS positive-ionization 
mode data showed a similar separation of FgPH-1 and 
FgGZ3639 or Fg00-676 samples after growth on MM (Sup-
plementary Fig. S7). Ions elevated in FgGZ3639 versus 
FgPH-1 were 105, 280, and 296; those reduced were 117, 
145, 176, 309, and 318. M/z 280 was the main elevated ion 
in Fg00-676 samples versus PH-1, while 117, 145, 176, 309, 
and 318 were reduced. Due to the complexity of adducts pro-
duced in negative- and positive-ionization mode, comprehen-
sive identification of all metabolites was not attempted. 

The collection of isolates analyzed provides a good range of 
disease phenotypes, with FgPH-1, Fg00-676, Fg820, 
FgGZ3639, and Fg16A all causing ear blight disease infecting 
wheat via the flower at anthesis, while FpCS3096 and 
FpCS3212 were isolated from crown rot lesions on the wheat 

 

Fig. 3. Fusarium graminearum produces certain metabolites in a growth-
medium-dependant manner. A, Principal component analysis scores plot 
of 1H nuclear magnetic resonance (NMR) spectra from FgPH-1 grown in 
two-stage medium (2SM, gray) or minimal medium (MM, black). B, Sec-
tion of the 1H NMR spectrum showing key differences between the two 
media. Qualitative and quantitative changes are indicated by  and 
symbols, respectively. 
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stem base. In MM, the low level of nutrients combined with 
sucrose as the sole carbon source provided a defined environ-
ment that mimicked the nutrient found in the wheat apoplastic 
space. When all isolates grown in MM were compared after 
PCA, PC2 (31% of the variance) aligned with the difference 
between all F. graminearum ear blight pathogens and the F. 
pseudograminearum crown rot pathogens (Fig. 2C). PC2 load-
ings indicated that there was a difference in the osmolytes 
found in each species. F. graminearum had higher concentra-
tions of glycerol (3.625 ppm), mannitol (3.855 ppm), and tre-
halose (5.185 ppm) whereas F pseudograminearum was lack-
ing in signals from these metabolites. Instead, this species had 
several novel shifts in the carbohydrate region between 3.5 and 
3.9 ppm, a spectral region where signals for sugar alcohols are 
located. Additional shifts from amines were found to be stronger 
in F. graminearum isolates, including those for glutamine (2.445 

ppm), arginine (1.915 ppm), putrescine (1.765 ppm), and ala-
nine (1.475 ppm). 

FvA3/5 is a nonpathogenic soil-dwelling isolate that is un-
able to cause disease on wheat. FvA3/5 spectra were the most 
divergent among the minimal-medium-grown samples, scoring 
highly in both PC1 and PC2 in the PCA. These PCs revealed 
lower trehalose (5.185 ppm), glycerol (3.625 ppm), and gly-
cine-betaine (3.265 ppm) in FvA3/5 and higher tyrosine (6.875 
ppm), phenylalanine (7.325 ppm), and tryptophan (7.525 ppm) 
in FvA3/5. 

The major shifts in metabolism observed when the four 
Fusarium spp. were grown under mycotoxin-inducing condi-
tions (2SM) and mycotoxin-noninducing conditions (MM) 
were placed into context along with relevant pathway metabo-
lites (Fig. 6). Heat maps depicting the abundance of a total of 
28 identified metabolites could be drawn and aligned to the 

Fig. 4. Changes to the metabolome are conserved across Fusarium spp. A, Principal component analysis (PCA) scores plot of 1H nuclear magnetic resonance 
(NMR) data showing differences between all samples grown in minimal medium (MM) (black) and two-stage medium (2SM) (gray); B, heat map represen-
tation of PC1 contribution plot (from NMR dataset, δ 5.5 to 1.2) illustrating metabolites elevated in 2SM (red) and those which are reduced (blue) relative to
MM samples. The aminobutyric acid refers to the gamma form. C, PCA scores plot of negative ion electrospray ionization–mass spectrometry (ESI-MS) data 
showing difference between all samples grown in MM (black) and 2SM (gray); D, heat map representation of PC1 contribution plot from ESI-MS dataset 
illustrating metabolites elevated in 2SM (red) and those which are reduced (blue) relative to MM samples. 
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Fig. 5. Isolates from within the same species can be differentiated on the basis of their 1H nuclear magnetic resonance (NMR) or electrospray ionization–
mass spectrometry (ESI-MS) spectra. Principal component analysis of A, and B, 1H NMR data of minimal media samples and C and D, ESI-MS negative-
mode data derived from FgPH-1, FgGZ3639, and Fg00-676 (black: FgPH-1; gray: FgGZ3639; white: Fg00-676). For each comparison, a heat map 
representation of the contribution plot generated from the comparison of isolate to wild type (FgPH-1) is shown. Discriminatory peaks (to FgPH-1) are 
indicated and annotated (where known). ESI-MS ions are labeled with their nominal m/z value. 
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Fig. 6. Simplified map of primary metabolism is shown, indicating the relationships between key metabolites identified in this study. Metabolites supplied to
cultures directly via growth medium are drawn as a rhombus shape and colored yellow. Characteristic shifts (ppm) of key metabolites confirmed as present in 
1H nuclear magnetic resonance (NMR) spectra have relative abundances graphed as a heat-map. The 1H NMR spectral shift used to quantify each metabolite 
was as follows: alanine (1.475), arginine (1.915), asparagine (2.945), aspartate (2.665), choline (3.205), fructose (4.095), γ-aminobutyric acid (3.005), glu-
cose (4.625), glutamate (2.365), glutamine (2.445), glycerol (3.625), glycine (3.545), glycine-betaine (3.265), isoleucine (1.015), leucine (0.975), mannitol 
(3.855), methionine (2.145), ornithine (1.945), phenylalanine (7.325), proline (2.015), putrescine (1.765), serine (3.965), threonine (1.335), trehalose (5.185),
tryptophan (7.525), tyrosine (6.875), valine (1.055). Metabolites without abundance information were either undetectable or lacked a unique chemical shift.
Pathway information was extracted from the Kyoto Encyclopedia of Genes and Genomes (Kanehisa et al. 2008) and drawn using VANTED software 
(Junker et al. 2006). 
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Fusarium pathways available from the Kyoto Encyclopedia of 
Genes and Genomes database. 

DISCUSSION 

This is the first study which has used combined 1H NMR 
and ESI-MS analyses of the same material to examine the me-
tabolome of key pathogenic and nonpathogenic Fusarium spp. 
We successfully resolved individual species as well as isolates 
within a single species on the basis of their metabolome. These 
data provide a reference baseline to which future experiments 
in a range of species can be compared. The spectra obtained 
indicate that the four Fusarium spp. contain a consistent set of 
metabolites, which make up the bulk of the analyzed intracel-
lular metabolome. However, the way this core set of metabo-
lites was regulated was dependant on the isolate. Individual 
isolates responded to the same stimuli in different manners. 
The metabolome analyzed either was extracted from the inside 
of the fungal cells or was still associated with the cell walls 
after thorough washing. Fusarium isolates within a species 
that had previously been shown to exhibit different disease-
causing abilities such as ear blight or crown rot could be read-
ily resolved. The PCA of the 1H NMR and ESI-MS positive- 
and negative-ionization data was able to resolve the four spe-
cies explored: F. graminearum, F. culmorum, F. pseudogrami-
nearum, and F. venenatum. This discrimination at the species 
level was best achieved when Fusarium spp. were grown 
under non-mycotoxin-inducing conditions (MM). The reduced 
species or isolate resolution under DON-inducing conditions 
was most likely due to the requirement for a first-stage culture, 
which required extra handling and, therefore, could have pro-
duced the extra variation between replicate samples. Occasional 
use of orthogonal signal correction effectively identified and 
removed noisy variables, while leaving the great majority 
(87%) of the dataset intact. 

Several changes to the Fusarium metabolome were detected 
between growth on the two conditions, across all isolates 
tested. As mentioned previously, 2SM contains a higher con-
centration of sucrose, glycerol, and salt compared with MM, 
and nitrogen is supplied as ammonia rather than nitrate. These 
differences resulted in elevated concentrations of the compati-
ble solutes glycerol, mannitol, and trehalose in the Fusarium 
intracellular metabolome under the 2SM mycotoxin-inducing 
conditions. These near-ubiquitous fungal metabolites resist 
classification into clear cellular roles. Instead, each has been 
associated with diverse roles such as osmotolerance (de Vries 
et al. 2003), sporulation (Lowe et al. 2009; Solomon et al. 
2006), and regulation of primary metabolism (Wilson et al. 
2007). Glycerol was the most abundant metabolite detected in 
the Fusarium polar metabolome, a metabolite most commonly 
linked to osmotolerance. Ramirez and associates (2006) found 
that F. graminearum isolate RC-22, isolated from wheat in Ar-
gentina, produced mannitol as the dominant sugar alcohol dur-
ing unstressed growth and, as osmotic stress was applied, the 
predominant species shifted to glycerol (during glycerol-gen-
erated osmotic stress) or arabitol (during NaCl stress). Inspec-
tion of the growth media used in this study shows that neither 
contained enough solutes to be considered an osmotic stress 
medium, which usually contains approximately 1 M glycerol 
or 1 M NaCl. Possibly, glycerol is simply imported and util-
ized by Fusarium spp. as a compatible solute when available. 
However, in this study, the most intense signals obtained from 
the MM-grown samples were still due to glycerol. This result 
indicates that, in these Fusarium isolates, glycerol is synthe-
sized de novo, possibly for a more general role as a compatible 
solute rather than in response to osmotic stress. Trehalose was 
detected in all the isolates tested, at various concentrations. F. 

venenatum A3/5 appears to accumulate trehalose in preference 
to glycerol in 2SM medium. This could be due to its niche as 
an exclusively soil-dwelling microbe, whereas the other iso-
lates also attack and reproduce on cereal crops. Trehalose is an 
osmoprotectant, and generally higher internal concentrations 
would help F. venenatum survive the more varied conditions of 
the soil. Further work is underway to characterize the response 
of F. graminearum PH-1 to specific environmental stresses ap-
plied within our experimental system. The comparison of 
DON-inducing and MM revealed an increased GABA concen-
tration in all 2SM-grown cultures, and was most evident in 
FgPH-1 samples. GABA is a key link between the urea cycle 
and the tricarboxylic acid (TCA) cycle, and can act as part of a 
TCA cycle bypass around 2-oxoglutarate dehydrogenase. In 
fungal studies, GABA has been reported to increase in concen-
tration during spore germination in Neurospora crassa (Schmit 
and Brody 1975) and also during citric acid production by As-
pergillus niger (Kubicek et al. 1979; Kumar et al. 2000). In A. 
niger, the described GABA bypass was due to a TCA block 
linked to acidogenic conditions; this scenario could be possi-
ble in our 2SM cultures because growth on ammonium tends 
to result in medium acidification in fungi. 

It appears that F. graminearum, F. pseudograminearum, and 
F. venenatum deploy a different set of sugar alcohols and sug-
ars to act as osmolytes during rapid growth. These osmolytes 
may have been selected for on the basis of their ecological 
niche in the wheat ear, wheat crown, or soil environment, and 
could relate to the particular challenges each must overcome to 
survive in these situations. Furthermore, we found that the ear-
blight-causing F. culmorum UK99, while genetically distinct 
from F. graminearum, always grouped closely with two other 
F. graminearum isolates (O’Donnell et al. 2004). A more sys-
tematic survey of isolates from the full range of Fusarium eco-
logical niches may provide a clearer indication of the relation-
ship between osmolytes and the pathogen environment. 

The resolution obtained by all three technologies was suffi-
cient to distinguish between isolates within the species F. 
graminearum and F. pseudograminearum. This fine degree of 
resolution was unexpected. NMR is generally not as sensitive 
a technique as MS methods, and it was thought that within-
species differences would be difficult to detect in the 1H NMR 
datasets. This was shown to be incorrect because several iso-
lates from the same species were resolved by 1H NMR under 
either of the two culture conditions. The isolate differences de-
tected altered according to the growth medium used, and dem-
onstrated the plasticity of the metabolome and the ability of 
fungi to alter their intracellular content dramatically in response 
to the external environment. An interesting aspect of the data is 
that differences between the F. graminearum isolates could not 
be explained by geographical origins. Four F. graminearum 
isolates came from the United States, while one (Fg820) came 
from The Netherlands. The Fg820 isolate was indistinguish-
able in the PCA from Fg00-676 in MM and Fg16A in 2SM. 
This could be interpreted to mean that geographical location 
cannot be used to predict metabolic relatedness, perhaps due to 
metabolic plasticity or rapid spread of isolates around the 
globe. We were able to identify the key metabolic differences 
between FgPH-1, the model cereal-infecting Fusarium isolate, 
and FgGZ3639 or Fg00-676. These three isolates have been 
assigned to F. graminearum (formerly genetic lineage 7) on 
the basis of sequence diversity in 11 nuclear genes (O’Donnell 
et al. 2004). 

The level of resolution of closely related Fusarium isolates 
means that there is the potential to combine existing genetic 
mapping populations available for F. graminearum with meta-
bolic fingerprints observable with 1H NMR and ESI-MS. PH-1 
and 00-676 are the parents for a genetic map created by Gale 
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and associates (2005) and are resolvable when compared after 
growth in either condition tested here; an analysis of additional 
growth conditions would undoubtedly increase the number of 
traits. Phenotyping via metabolomic fingerprinting would be 
particularly beneficial when trying to map and then identify 
the genes required, directly or indirectly, for the production of 
novel metabolites. Such an approach has been successfully 
used in the analysis of wheat- and tomato-mapping popula-
tions (Hamzehzarghani et al. 2005; Schauer et al. 2006), and 
could easily extend to existing fungal-mapping populations. 

Metabolic fingerprinting is ideal for classifying isolates, be-
cause it can quickly provide phenotypic data that can be used 
to compare relatedness, with little prior knowledge required 
about the isolates (Kouskoumvekaki et al. 2008). Direct-in-
jection ESI-MS has been successfully used to classify Penicil-
lium spp. and isolates (Smedsgaard and Frisvad 1996, 1997; 
Smedsgaard and Nielsen 2004). Use of a single growth me-
dium and direct-injection ESI-MS was sufficient to assign cor-
rectly 70% of isolates into their species group, as previously 
determined using a polyphasic approach including growth 
characteristics (Frisvad and Samson 2004). The use of metabo-
lomic fingerprinting in MM, the most discriminatory condition 
tested, could be used to compare isolates that show a wide range 
of DON mycotoxin-producing abilities or virulence toward 
wheat. Starkey and associates (2007) described a global col-
lection of 2,100 FEB isolates, including new species of Fu-
sarium and some isolates with chemotypes not previously 
found in their geographical region. This population was organ-
ized into a defined phylogeny and could be sampled in order to 
capture the maximum metabolic variance in the F. graminea-
rum species complex. Alternatively, Ward and associates (2008) 
reported the recent emergence in North America of a highly 
toxigenic and genetically divergent population of 3-ADON-
producing F. graminearum. In this case, metabolic fingerprint-
ing by 1H NMR and ESI-MS could rapidly add further layers 
of phenotypic information to these novel populations, perhaps 
revealing the underlying basis for their selective advantage. 

In this study, positive identification of any of the known tox-
ins or secondary metabolites made by Fusarium spp. in our 1H 
NMR or ESI-MS spectra was not possible. Although 1H NMR 
is an ideal technique for metabolic fingerprinting, it is not as 
sensitive as MS techniques. Therefore, it is not surprising that 
secondary metabolites were not identified in our 1H NMR 
spectra. Also, because both conditions tested involved short 
incubation times (48 h), secondary metabolites would be at an 
early phase of accumulation. Indeed, the predicted ions for 15-
ADON and 3-ADON were not found in the more sensitive 
ESI-MS spectra for 2SM samples. The metabolic fingerprint 
during stationary phase growth would have been far more 
challenging to study because, by this stage, a large proportion 
of the culture is already undergoing cell death. The 48-h time 
point was selected for this baseline fingerprinting analysis be-
cause, at this stage, Fusarium spp. growth is rapid and the 
mycelium of each isolate is of a relatively homogenous com-
position. In addition, the trichothecene mycotoxins are secreted 
into the extracellular environment, whereas we analyzed the 
mycelium for metabolomics analysis. The mycelium-only 
sample increases the difficulty in detecting mycotoxins at an 
early time point. To help clarify the situation, we used a tricho-
thecene-specific GC-MS technique to analyze trichothecene 
content in the two growth media after longer culture periods. 
This confirmed that all nine isolates were competent to produce 
known trichothecenes in parts-per-million quantities under the 
conditions selected after 25 days. This is much later than the 
time point used for the metabolomics analysis. The targeted 
analyses also revealed that DON was produced at approximately 
1/10 the concentration of either acetylated form, and the alterna-

tive acetylated DON at approximately 5% of the predominant 
form. The concentrations of the alternative DON chemotype 
are very low and were expected, given the sensitivity of the 
assay method and the extended period of growth in 2SM. 
During DON biosynthesis, a double-acetylated intermediate 
(3,15-ADON) is first made and then selectively deacetylated 
by the TRI8 enzyme to produce either 3-ADON or 15-ADON, 
depending on the TRI8 genotype (Alexander et al. 2010). The 
small amounts of 3-ADON identified in the 15-ADON chemo-
type were probably due to either nonspecific enzymatic activity 
or an unknown breakdown mechanism in the culture medium. 

The era of systems biology and high-throughput techniques 
that generate large nontargeted datasets has opened the way for 
the construction of cellular simulations. By combining infor-
mation from whole-genome sequencing (Cuomo et al. 2007), 
gene expression profiling (Guldener et al. 2006), proteomics 
(Taylor et al. 2008), and conserved biochemical pathways 
(Kanehisa et al. 2008), it is possible to predict a set of path-
ways present in a particular organism (Forster et al. 2003; 
Herrgard et al. 2008). Now, data for a range of metabolites can 
be included for several Fusarium spp. Once a simulation of the 
cell’s metabolism is constructed, the effects of single-gene de-
letions or other perturbations could be predicted with more 
certainty. Also, simulations can be used to highlight aspects of 
cellular metabolism that may be missed by current analyses. 
Ideally, these types of studies could be used to identify aspects 
that are critical to pathogenic growth or toxin production, 
which could subsequently be targeted to develop novel disease 
control strategies. Through the collection of nonbiased high-
quality data, these simulations will, over time, become increas-
ingly representative of the true biological situation. Toward 
this end, we have placed the main metabolites consistently 
identified as regulated under mycotoxin-inducing and myco-
toxin-noninducing conditions in this baseline study into a 
pathway map (Fig. 6). These key metabolites include several 
carbohydrates often associated with fungi—trehalose, mannitol, 
and glycerol—as well as the nitrogen-containing metabolites 
alanine, choline, betaine, GABA, glutamic acid, and glutamine. 
The identification of choline and betaine in Fusarium spp. is 
of note because these amines are found in wheat anthers and 
have been shown to have a growth stimulation effect on F. 
graminearum (Strange and Smith 1978; Strange et al. 1974). It 
will be useful to determine whether they are imported and 
metabolized during infection or whether the stimulation effect 
is transduced via extracellular receptors. 

Thus far, the use of metabolomic fingerprinting has been re-
ported for a handful of plant pathogens interacting with their 
hosts (Allwood et al. 2008). These include the rice blast fun-
gus Magnaporthe oryzae on the model plant Brachypodium 
distachyon, Oryza sativa, and Hordeum vulgare (Allwood et 
al. 2006; Parker et al. 2009); the leaf-blotch fungus Mycosphae-
rella graminicola on wheat (Keon et al. 2007); the bacterial 
wilt pathogen Pseudomonas syringae on tomato (Rico and 
Preston 2008); phytoplasma-infected Catharanthus rosea 
(Choi et al. 2004); and Tobacco mosaic virus-infected Nico-
tiana tabacum (Choi et al. 2006). These studies are usually 
limited by the difficulty in distinguishing host from pathogen 
metabolism, and focus on the host response. The largely con-
served response to medium composition shown by the isolates 
in this study suggests that the external environment is critical 
to determining the internal metabolite profile of these patho-
gens. We also know that mycotoxin synthesis is highly influ-
enced by the external growth environment. These observations 
suggest that, if cereal hosts could be manipulated to accumu-
late metabolites known to inhibit mycotoxin synthesis, they 
may be effective against a broad spectrum of Fusarium spp. 
With a similar aim, Browne and Brindle (2007) combined FEB 
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latent period data and 1H NMR spectra from a collection of the 
Centro Internacional de Mejoramiento de Maíz y Trigo wheat 
genotypes. They predicted the latent period of each genotype 
based on 1H NMR spectra, and found a significant correlation 
between their predicted latent periods and experimentally veri-
fied values. Some of the metabolites with the most influence 
on latent period (choline, betaine, alanine, glutamine, and glu-
tamate) were also identified in our study as abundant in Fusa-
rium isolates. Ideally, the concentration of these key wheat 
metabolites should be manipulated in an isogenic background 
to see if they directly influence resistance to FEB or are simply 
linked to the presence of a FEB resistance locus. 

For this study, a metabolomics protocol originally developed 
for the analysis of Arabidopsis thaliana (Ward et al. 2003) was 
successfully used to explore the intracellular metabolome of 
Fusarium spp. This study has revealed that the metabolome of 
the model F. graminearum PH-1, for which considerable ge-
nomic sequence information is available, is centrally placed 
among the four Fusarium spp. and the eight isolates originally 
selected because of their own experimental importance. Al-
though this was a purely in vitro study, successful identifica-
tion of the numerous Fusarium spp.-produced metabolites 
identified by a triple-fingerprint approach will be invaluable 
when considering the various in planta interactions. 

MATERIALS AND METHODS 

Cultures and growth conditions. 
Cultures used were F. graminearum FgPH-1 (FGSC 9075; 

Fungal Genetics Stock Center, Kansas City, MO, U.S.A.), 
Fg16A (FGSC 8733; L. Lahman, Monsanto, St. Louis), Fg820 
(C. Waalwijk, Wageningen University, The Netherlands), 
GZ3639 (NRRL 29214), Fg00-676 (NRRL 34097), F. cul-
morum FcUK99 (FGSC 10436; G. Bateman, Rothamsted Re-
search, Hertfordshire, U.K.), F. pseudograminearum FpCS3096, 
FpCS3212 (J. Manners, CSIRO, Brisbane, Australia), and F. 
venenatum FvA3/5 (G. Robson, British Mycological Society, 
Manchester, U.K.). More information on each of these isolates 
is presented in Table 1. 

All isolates were routinely subcultured on synthetic nutrient-
poor (SN) medium, consisting of KH2PO4 at 1 g/liter, KNO3 at 
1 g/liter, MgSO4 · 7H2O at 1 g/liter, KCl at 0.5 g/liter, glucose 
at 0.2 g/liter, and sucrose at 0.2 g/liter, with agar at 20 g/liter 
added for solid media. Cultures were incubated at 25°C under 
a combination of white light and near-UV light. Conidia were 
harvested from a mung-bean liquid culture as described by Bai 
and Shearer (1996), and 100 ml of mung bean extract was 
inoculated with a mycelial plug and incubated at 28°C for 4 
days with shaking. Conidia were separated from the mycelium 
by filtration though Miracloth (Calbiotech, La Jolla, CA, 
U.S.A.), washed three times in sterile water, and stored at 4°C 
for less than 1 week prior to use. 

For metabolomics analysis, liquid broth (100 ml) was inocu-
lated to 1 × 104 conidia/ml and incubated in 250-ml flasks at 
22°C and 100 rpm for 2 days in the absence of light, except for 
F. venenatum FvA3/5 cultures, which were inoculated to my-
celium at 1 mg/ml derived from a potato dextrose broth (For-
medium, Norfolk, U.K.) culture. Metabolomic cultures were 
made in either MM broth or trichothecene-inducing medium. 
MM consisted of KH2PO4 at 1 g/liter, KNO3 at 1 g/liter, 
MgSO4 · 7 H2O at 1 g/liter, KCl at 0.5 g/liter, sucrose at 20 
g/liter, and glucose at 0.2 g/liter. The trichothecene-inducing 
medium devised by Harris and associates (2007) was done as 
originally described but with some modifications. Conidia 
were harvested from mung bean broth cultures and used to 
inoculate 100 ml of 1SM broth (NH4Cl 3 g/liter, MgSO2 · 
7H2O at 2 g/liter, FeSO4 · 7H2O at 0.2 g/liter, KH2PO4 at 2 

g/liter, peptone at 2 g/liter, yeast extract at 2 g/liter, malt 
extract at 2 g/liter, and glucose at 20 g/liter) to 1 × 104 conidia/ 
ml, and incubated at 22°C and 100 rpm for 2 days. The myce-
lium was then harvested by vacuum filtration, washed in sterile 
water, and transferred to a new flask of 100 ml of 2SM broth 
((NH4)2HPO4 at 1 g/liter, KH2PO4 at 3 g/liter, MgSO4 · 7H2O 
at 0.2 g/liter, NaCl at 5 g/liter, sucrose at 40 g/liter, and glyc-
erol at 10 g/liter) and incubated at 22°C and 100 rpm for a fur-
ther 2 days prior to harvest. 

Metabolite extraction. 
Mycelia were harvested by vacuum filtration, washed three 

times in distilled water, and snap frozen under liquid nitrogen. 
Metabolite extraction and analysis methodology was based on 
that described previously (Ward et al. 2003, 2010). Ground 
freeze-dried material (15 mg) was resuspended in 1 ml of 
80:20 D2O:CD3OD containing 0.05% (wt/vol) d4 TSP (sodium 
salt of trimethylsilylpropionic acid) and then heated at 50°C 
for 10 min. After cooling, the samples were spun down in a 
microcentrifuge for 5 min. An 850-µl aliquot of the super-
natant was then heated at 90°C for 2 min, cooled to 4°C for 45 
min, and recentrifuged for 5 min. A 750-µl aliquot of the su-
pernatant was added to a 5-mm NMR tube for 1H NMR, while 
another 50-µl aliquot was mixed with 950 µl of 80:20 
D2O:CD3OD for parallel ESI-MS analysis. 

Data collection. 
All 1H NMR spectra were acquired under automation at a 

temperature of 300 K on a Bruker Avance spectrometer operat-
ing at 600 MHz 1H observation frequency using the SEI 5-mm 
probe. The WATERSUP pulse sequence was used with a 
relaxation delay of 5 s. Each spectrum consisted of 128 scans 
of 64,000 data points. The spectra were automatically Fourier 
transformed using an exponential window with a line broaden-
ing value of 0.5 Hz, then phased and baseline corrected within 
the automation software. 1H NMR chemical shifts in the spec-
tra were referenced to d4 TSP at δ 0.00. ESI-MS data was col-
lected on a Bruker Esquire 3000 mass spectrometer. 

Data reduction of spectra. 
The 1H NMR spectra were automatically reduced to ASCII 

files using AMIX (Analysis of Mixtures software v.3.0; Bruker 
Biospin, Billerica, MA, U.S.A.). Spectra were scaled to d4 TSP 
and reduced to integrated regions or “buckets” of equal width 
(0.01 ppm) corresponding to the region of δ 9.995 to δ –0.5. 
The regions between δ 4.865 and δ 4.775 were removed prior 
to statistical analyses, thus eliminating any variability in sup-
pression of the water signal. The signals corresponding to d4 
methanol (δ 3.335 - δ 3.285) and d4 TSP (δ 0.00) were also 
removed at this stage. The ASCII file was imported into Mi-
crosoft Excel for the addition of labels and then imported into 
SIMCA-P 11 (Umetrics, Umea, Sweden) for multivariate analy-
sis. All data was mean-center scaled. PCA was carried out on 
all data sets. 

GC-MS for trichothecenes analysis. 
Trichothecene mycotoxins were analyzed by GC-MS, with a 

protocol derived from that published by Tacke and Casper 
(1996). Used culture medium (630 µl) was added to 3.37 ml of 
acetonitrile (Fisher Scientific, Waltham, MA, U.S.A.) and 1.3 
µg of DOM-1 internal standard (Biopure, Tullin, Austria) in 1 
ml of acetonitrile, vortexed briefly, and extracted for 60 min at 
room temperature. The entire solution was then passed though 
an SPE cleanup column. SPE columns (8 ml) contained 1 g of 
packing material, consisting of a 1:3 ratio (wt/wt) of C18 sor-
bent (Grace Davison, Columbia, MD, U.S.A.) and Al2O3 
(Sigma Aldrich, St. Louis). Column eluate (1 ml) was then 
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evaporated to dryness under vacuum and then derivatized with 
100 µl of 100:1 TMSI:TMCS (Pierce, Rockford, IL, U.S.A.) 
for 15 min at room temperature. The derivatized sample was 
added to 1 ml of iso-octane and 1 ml of milli-Q purified water, 
vortexed for 15 s, and the upper organic phase analyzed by 
GC-MS. A 2-µl aliquot was analyzed (splitless injection) using 
a Hewlett-Packard 5890 gas chromatograph and a Hewlett-
Packard 5970 Series mass selective detector (Agilent, S. 
Queensferry, West Lothian, U.K.) using a 30-m Zebron Guard-
ian ZB-5 column. Mass spectra were acquired in scan mode 
and selected ion monitoring (SIM) mode over 40 to 650 m/z 
from 6.00 to 20.00 min with a dwell time of 50 milliseconds. 
The GC injector and transfer line were both held at 250°C. He-
lium was used as the carrier gas. The oven temperature was 
kept at 70°C for 2 min and ramped to 350°C at 17°C min–1, 
with a further hold at this temperature for 1.5 min. Data were 
quantified using MassLynx 4.0 (Waters, Manchester, U.K.). 
Trichothecene calibration curves for authentic DON, 3-
ADON, 15-ADON, and NIV (Biopure) were constructed to 
span 0.05 to 25 µg/ml. Quantification of trichothecenes was 
performed on extracted ion traces. Peak areas were calculated 
relative to the area of the DOM-1 internal standard. The ex-
tracted ions were DOM-1 (11.06 min), m/z 391; DON (11.66 
min), m/z 235; 3-ADON (12.19 min), m/z 193; 15-ADON 
(12.26 min), m/z 193; and NIV (12.28 min), m/z 289. 

Pathogenicity assays on wheat. 
Pathogenicity assays on wheat ears of the highly susceptible 

spring cv. Bobwhite were done using the point inoculation 
method, by placing a 10-µl conidia suspension (10–4 conidia/ 
ml) into each of the middle two spikelets when the ear was at 
30% anthesis. Plant growth, incubation conditions, and disease 
assessment regimes were the same as described previously 
(Urban et al. 2002, 2003). A minimum of three ears were inocu-
lated per isolate. 

Experimental replication and statistical analyses. 
Liquid cultures were grown in triplicate with three technical 

replicates for analysis prepared per sample. The occasional 
serious outlier was identified and removed from datasets prior 
to analysis. All statistical analyses were performed with 
SIMCA-P software (Umetrics, Umeå, Sweden), including 
analysis of variance, PCA, and partial least squares. All data 
was mean-center scaled during PCA. If required, OSC was 
applied within SIMCA-P software to datasets to identify and 
remove noisy variables that were noninformative in relation to 
treatment groupings (Wold et al. 1998). These instances are 
noted in the relevant figure legend or main text. 

Primary data. 
Complete data tables for the 1H NMR , ESI-MS negative-

ion, and ESI-MS positive-ion experiments are provided in 
Supplementary Tables 2 through 4. For 1H NMR data, the 
spectra bucket tables derived from the original spectra are pre-
sented. These datasets are composed of raw values, prior to 
orthogonal signal correction. 
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