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ABSTRACT: The virulence and broad host range of Fusarium
graminearum is associated with its ability to secrete an arsenal of
phytotoxic secondary metabolites, including the regulated
mycotoxins belonging to the deoxynivalenol family. The TRI
genes responsible for the biosynthesis of deoxynivalenol and
related compounds are usually expressed during fungal infection.
However, the F. graminearum genome harbors an array of
unexplored biosynthetic gene clusters that are also co-induced
with the TRI genes, including the nonribosomal peptide synthetase
8 (NRPS8) gene cluster. Here, we identify two bicyclic
lipopeptides, gramillin A (1) and B (2), as the biosynthetic end
products of NRPS8. Structural elucidation by high-resolution LC-
MS and NMR, including 1H-15N-13C HNCO and HNCA on
isotopically enriched compounds, revealed that the gramillins
possess a fused bicyclic structure with ring closure of the main peptide macrocycle occurring via an anhydride bond. Through
targeted gene disruption, we characterized the GRA1 biosynthetic gene and its transcription factor GRA2 in the NRPS8 gene
cluster. Further, we show that the gramillins are produced in planta on maize silks, promoting fungal virulence on maize but
have no discernible effect on wheat head infection. Leaf infiltration of the gramillins induces cell death in maize, but not in
wheat. Our results show that F. graminearum deploys the gramillins as a virulence agent in maize, but not in wheat, thus
displaying host-specific adaptation.

■ INTRODUCTION

Millions of years of co-evolution have shaped the diverse
strategies that fungi use to overcome plant host defenses and
establish infection. Perturbation of host defense is often
associated with interference with pathogen recognition,
suppression of the immune response, disruption of the plant
cell structure or metabolism through deployment of proteins,
secondary metabolites, or other small molecules.1 Fungal
secondary metabolites are often biosynthesized by enzymes
encoded in gene clusters transcribed under specific environ-
mental or developmental conditions,2 and the hemibiotrophic
or necrotrophic fungi are particularly noted for producing
toxins that promote plant cell death, disabling immunity and
providing the fungus with nutrients.3

Fusarium graminearum is a hemibiotrophic pathogen that
infects a wide range of plant species including cereal crops such
as wheat, maize, and barley.4 The fungus is a rich source of
secondary metabolites, including sesquiterpenoids, polyketides,
and nonribosomal peptides. Comparative genomic studies have
identified an array of biosynthetic genes encoding terpenoid
synthases (TPS), polyketide synthases (PKS), and non-

ribosomal peptide synthases (NRPS) which are often within
co-regulated clusters of genes in the F. graminearum
genome.5−7

Delving into the interactions of F. graminearum with maize,
barley, and wheat, we revealed that several genes from the
NRPS8 biosynthetic cluster are expressed during infection of
maize kernels but exhibited transient expression during barley
and wheat spike infection.8 Furthermore, NRPS8 was co-
expressed alongside the TRI biosynthetic genes.8−10 The TRI
genes participate in the biosynthesis of the regulated
mycotoxin 4-deoxynivalenol, and their involvement in
virulence within plant reproductive tissue is well docu-
mented.11−13

To understand the role of the NRPS8 gene cluster in
infection, we characterized the GRA1 biosynthetic gene and its
transcription factor GRA2. We identified the biosynthetic
products of GRA1 as bicyclic lipopeptides, which we named
gramillin A and B. Full structure elucidation revealed
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nonproteinogenic amino acid building blocks, amino acid
modifications, and two macrocyclizations that could not be
anticipated through sequence analysis.14,15 Further, GRA1 is
required for full virulence on maize silks, and gramillin A and B
induce cell death in maize leaves. During wheat spike infection,
the absence of GRA1 has no effect on virulence, and gramillin
A and B do not induce cell death in wheat leaves. Together,
this suggests that the gramillins are nonribosomal peptide
(NRP) phytotoxins that promote virulence of the pathogen in
specific host microenvironments.

■ RESULTS

Gramillin A and B Identified as the Biosynthetic
Products of NRPS8. The NRPS8 gene cluster
(FGSG_00036−FGSG_00049) containing GRA1 includes the
transcription factor GRA2 and multiple putative peptide
tailoring genes (Figure 1A).5,9 GRA1 encodes the predicted
multimodular 865 kDa NRPS8 containing seven sets of
adenylation (A) and condensation (C) domains and peptidyl
carrier proteins, indicating the potential incorporation of seven
amino acids in the gramillins.16 GRA1 was disrupted in the
Fg180378 and Fg233423 wild-type backgrounds via Agro-
bacterium-mediated transformation (Figure S1).17 A similar
strategy was used to disrupt GRA2 (data not shown). A
number of true disruptants were produced as referred to in
Figure 1B (see also Table S1). The gene expression of GRA1
was confirmed to be undetectable or severely reduced in Δgra1
and Δgra2 mutants by quantitative droplet digital PCR
(ddPCR) (Table S2). The secondary metabolite profile of
wild-type and Δgra1 mutants were compared (Figure 1B and
Figures S2−S5). The LC-MS screen revealed a major peak at
6.6 min belonging to a co-eluting mixture of gramillin A (m/
zobs = 847.4, [M + H]+) and gramillin B (m/zobs = 861.4, [M +
H]+) (Figure 1B,C). Gramillin A, with a molecular formula of
C35H58O12S2N8, was detected as the [M + H]+ ion at an m/z of
847.3695 (mcalc 847.3688, Δm = −1.7 ppm). Similarly, the [M
+ H]+ ion of gramillin B was detected at an m/z of 861.3853
(mcalc 847.3845, Δm = −0.9 ppm), corresponding to a
molecular formula of C36H60O12S2N8. The mass difference of
14 amu between gramillin A and B already suggested that
gramillin B possessed an extra CH2 group (Figure 1C). A 5-

fold reduction in the production of the gramillins was observed
from the transformation control strain (TC), and disrupting
the transcription factor GRA2 greatly minimized (>40 fold) the
production of the gramillins. Mycelial growth and spore
production of the Δgra1 (GRA1 disruption) mutants was
similar to wild-type in both genetic backgrounds, while
Δgra2_9 displayed impaired mycelial growth and conidiation
(Supporting Information, Tables S1 and S3). All together,
these results point to GRA1 as a biosynthetic gene leading to
the gramillins and GRA2 as a transcription factor regulating
gramillin biosynthesis.

Isolation and Structural Elucidation of Gramillin A
and B. To isolate gramillin A and B for structural
characterization, a Δtri1 mutant of Fg180378 was grown in
liquid media.18 Deletion of the Tri1 gene blocks the final steps
in 15-acetyl-4-deoxynivalenol biosynthesis without affecting
the production of the gramillins, thereby simplifying their
purification from liquid culture (Supporting Information
Figure S6). Two major challenges, namely solubility and
apparent facile decomposition, stood in the way of isolating
and purifying the gramillins from liquid culture. Gramillin A
and B are hydrophilic peptides, so biphasic extraction of the
aqueous medium with organic solvents was futile. Rather, a
solid-phase extraction (SPE) of the aqueous medium provided
a crude mixture of gramillin A and B, which after preparative
HPLC purification provided a cleaner, but inseparable mixture
of the gramillins.
In hindsight, the decomposition of the gramillins was due to

the presence of the labile anhydride bond, which we were not
aware of at the onset of this study. To circumvent the issue, we
speculated that the gramillins must prefer an acidic medium.
The pH of the production medium for the gramillins hovers
around pH 2−2.5, and no apparent decomposition has been
observed under such conditions. Upon switching to acidic
phases for isolation and extraction procedures, no decom-
position was observed, and enough gramillin material was
obtained for NMR. Apart from the complexity of character-
izing gramillin A and B as an inseparable mixture, these
compounds were also poorly soluble or degraded in a range of
solvents. In acidified D2O, a concentration of up 1 mg/mL of a
gramillin A and B mixture was achievable. Alternate NMR

Figure 1. Characterization of GRA1 and GRA2 in the NRPS8 gene cluster. (A) The predicted genes in the NRPS8 gene cluster include GRA1 and
its transcription factor GRA2. GRA1 encodes the seven-modular NRPS8. (B) Gramillin A and gramillin B co-elute and their production followed by
LC-MS from wildtype Fg180378 and Fg233423 and their respective GRA1, GRA2, and TC disruptants. (C) The mass spectrum of gramillin A and
B.
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solvents, CD3OD and DMSO-d6, were unsuitable due to cross-
reactivity with the anhydride bond. Taken together, the pH
sensitivity and the cross-reactions with mild nucleophilic
solvents, such as methanol and DMSO, pointed toward the
presence of a base-sensitive bond in the gramillins.
This inherent sensitivity to mild nucleophiles provided an

opportunity to gather crucial structural information about the
gramillins. Once enough purified gramillins were obtained,
they were exposed to water and methanol, respectively, and
their reactions tracked by LC-MS. Upon exposure to water,
two new products appeared instantly (Scheme 1). Each
contained an extra 18 amu suggesting the incorporation of
water. Subsequent MS2 fragmentations suggested the new
products gramillin C (3) and gramillin D (4) were linear
(Figures S7−S8). On the other hand, gramillin A (1) and B
(2) exhibited significantly different MS2 fragmentation patterns
than 3 and 4 (Figures S9−S10). When dissolved in methanol,
gramillin A and B hydrolyzed to the new products 5 and 6 with
an extra 32 amu, pointing to the incorporation of methanol.
MS2 fragmentation determined that nucleophilic attack by
methanol occurred exclusively at the CysA residue with the
formation of a methyl ester at the C-terminal Cys A (Figures
S11−S12). Both hydrolysis reactions irrevocably rule out a
typical macrocylization via an amide bond. Amide bonds are
hydrolyzed under harsh acidic or basic conditions. Cyclization
via an ester was also ruled out. Methanolysis of ester bonds
typically requires an acid catalyst, but the gramillins reacted
instantly in water or methanol without any catalyst. Moreover,
the molecular formula of the gramillins precluded the presence
of an ester bond. On the other hand, an anhydride bond
matches the observed molecular formula and is a base-labile
bond. Taken together, these observations strongly suggested
the existence of an anhydride bond formed from the

condensation of the carboxylic acids moieties on the Glu or
2-amino adipic acid side chain to CysA.
Although the presence of serine as one of components of the

gramillins was clear by MS2 fragmentation, the other residues
were either unnatural (2-amino decanoic acid and 2-amino
adipic acid), modified (HOGln), or isomeric (Leu vs Ile) and
thus required NMR for structural confirmation. Furthermore,
1,4-dithiothreitol (DTT) treatment19 of the gramillins
confirmed the presence of a disulfide bond (Figure S13);
however, the adjacent position of the two cysteines in the
structure was eventually settled by NMR.
Cognizant that the NMR characterization was performed on

a gramillin A and B mixture, rather than the individual
compounds, it was imperative to obtain NMR spectra with
unambiguous signals that would provide clear distinction
between gramillin A and B. This was achieved by performing
the NMR experiments in different NMR solvent systems, with
each providing optimal conditions for observing key
correlations to distinguish between gramillin A and B (Figures
S14−S17). The 1H-1H COSY and TOCSY coupled to a 1D-
proton worked best in D2O:CD3CN (4:1) + 0.1% formic acid
(Figure 2 and Figures S18−19). From these series of NMR
data, the individual amino acid spin systems of two cysteine
residues CysA and CysB, Leu, Ser, HOGln and 2-amino
decanoic acid were readily established. Furthermore, in the 3−
5 ppm region of the spectrum, the α-protons of all the amino
acids, as well as the β-CH2 groups of Ser, CysA, and CysB,
appeared as nonoverlapping distinct signals unambiguously
confirming their assignments. A clear CH3-(CH2)n COSY-
TOCSY correlation indicated the presence of a lipid chain in 2-
amino decanoic acid. The α-H signal for the suspected Glu
residue did not overlap, producing two visibly separate triplets,
thus differentiating gramillin A from gramillin B (Figure 2).
The COSY and TOCSY experiments connected the α-CH, β-

Scheme 1. Hydrolysis of the Gramillins in Water and Methanol

Figure 2. 1H NMR of a gramillin A and B mixture recorded in D2O:CD3CN (4:1) + 0.1% formic acid differentiates between the Hα and γ-CH2 of
Glu and the Hα and δ-CH2 of 2-amino adipic acid. The HMBC recorded in D2O + 0.1% TFA identifies the carbonyl on the side chains of Glu and
2-amino adipic acid. ROESY correlations determine the partial sequence of Leu-Ser-HOGln-2-amino decanoic acid in the gramillins.
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CH2, and γ-CH2 hydrogens of Glu in a three spin system for
gramillin A at 4.01, 2.10, and 2.46 ppm, respectively. On the
other hand, the TOCSY revealed that the α-CH at 3.96 ppm in
gramillin B belonged to a four spin system including three
methylene units, whose multiplicities were clearly identified by
a phase-sensitive HSQC, at 1.85 (β-CH2), 1.5−1.6 (γ-CH2),
and 2.38 (δ-CH2) ppm, respectively.
In D2O + 0.1% TFA and H2O:D2O (95:5) + 0.1% TFA,

suppression of the residual water peak eliminated the α-H
signal of Ser. On the other hand, 1H-13C HSQC provided
reliable proton-carbon correlations. The 13C chemical shifts for
all primary, secondary, and tertiary carbon atoms in the
gramillins were approximated from the best estimate of the
center of the cross-peaks from the HSQC spectrum (Table 1
and Figure S20). All amino acids exhibited similar cross-peaks,

except Glu and 2-amino adipic acid. Hydroxylation at the γ-
position of HOGln was confirmed by the downfield chemical
shift of the γ-H at 4.13 ppm and γ-C at 68.5 ppm. However,
the stereochemistry of the γ-OH remains unknown at this
point. Two-bond correlations from the HMBC spectrum were
used to assign the 13C chemical shifts for the carbonyls in the
side-chains of Glu (γ-CH2 to CO) and 2-amino adipic acid
(δ-CH2 to CO) (Figure 2 and Figure S21). The 13C
chemical shifts of the amide carbonyls were obtained from 15N
NMR. Partial connectivity obtained from a continuous series
of ROESY correlations revealed Leu-Ser-HOGln-2-amino
decanoic acid was connected in sequence (Figure 2 and
Figure S22).
Full connectivity was revealed by 15N NMR experiments,

namely 15N-HSQC, HSQC-TOCSY, HNCO, and HNCA

Table 1. 1H and 13C Chemical Shifts of Gramillin A and B in D2O + 0.1% TFA

a
δN (shown in parentheses) and δH of the NH groups were obtained in H2O:D2O (95:5) + 0.1% TFA; δN was obtained from the 15N-HSQC
spectrum of 15N-enriched gramillin A.

Figure 3. Key 1H-15N-13C NMR correlations. (A) 1H-15N HSQC-TOCSY links the individual amino acid spin system of Leu, Ser, HOGln, 2-amino
decanoic acid, Cys B, and Cys A to their respective 15NH. (B) 1H-15N-13C HNCO identifies the amide carbonyls of all the amino acids, except for
Glu. (C) 1H-15N-13C HNCA detects the amide carbonyl of Glu and confirms the amino acid sequence of the gramillins.
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performed on a 15N-labeled gramillin A and B mixture
(gramillin A: gramillin B, ≥ 90:10) (Figures S23−S26). The
NH signals of Glu and 2-amino adipic acid were unexpectedly
missing from all NMR spectra, in spite of the fact that LC-MS
showed all eight nitrogen positions to be enriched (approx-
imately 80% 15N enrichment, Figure S27). The protons of free
NH2 groups have been postulated to undergo fast exchange
with water resulting in a reduced signal, which could explain
the missing NH signals for Glu and 2-amino adipic acid if their
NH2 groups were free.20 This observation corroborated MS2

data on compounds 3 to 6 that also pointed to a free NH2

group at the Glu and 2-amino adipic acid positions (Figures
S7−S8 and S11−S12). The 15N-HSQC and HSQC-TOCSY
experiments readily identified the 15NH protons of Leu, Ser,
HOGln, 2-amino decanoic acid, Cys A, and Cys B in gramillin
A (Figure 3A). In turn, these were linked to their respective
carbonyls from the HNCO spectrum (Figure 3B). The HNCA
experiment, together with the HNCO data, correlated the
inter-residue sequence in gramillin A as Glu-Leu-Ser-HOGln-
2-amino decanoic acid-CysB-CysA (Figure 3C). No correla-
tion between the N-terminal of Glu to the C-terminal of CysA
was detected in the HNCA spectrum, further confirming that
these two residues were not linked via an amide bond and
bolstering the hypothesis that the terminal NH2 group of Glu
was free. Rather, it was the HNCA correlation of the 15NH of
Leu to the amide carbonyl of Glu that identified its presence,
and hence its chemical shift. Altogether, the LC-MS and NMR
data indicated the participation of the carboxylic acid group of
the Glu and 2-amino adipic acid side chains in the cyclization
of the macrocycle via an anhydride bond. To our knowledge,
this is the first time an anhydride bond has been implicated in
the cyclization of a cyclic peptide.
The absolute stereochemistry of the gramillins was

confirmed by chiral LC-MS, after acid hydrolysis. The
gramillins hydrolyzed to reveal the L-configurations of Glu
(gramillin A only), 2-amino adipic acid (gramillin B only), Leu,
Ser, and 2-amino decanoic acid (Figure S28). With NaN3 in
the hydrolysis mixture, the cysteine residues were detected as
L-cysteic acid. The absolute stereochemistry of the HOGln
residue could not be confirmed by acid hydrolysis. The
deamidation of Gln to Glu under acid hydrolysis is
documented.21 A signal potentially belonging to HOGlu (m/
zobs 164.05516, Δm = −1.2 ppm) was detected from the
hydrolysate (Figure S29). However, without an appropriate
standard for comparison, its absolute configuration cannot be
verified. Alternatively, since no epimerization domains were
identified in NRPS8 (Figure 1A), it is likely that HOGln exists
in the L-configuration.
The Dynamics of GRA1 and TRI1 Co-Expression. With

previous research suggesting that the NRPS8 gene cluster and
TRI genes are induced under similar conditions,8−10 we
investigated the dynamics and range of gramillin production
alongside 15-acetyl-4-deoxynivalenol, the TRI end-product.
We monitored GRA1 (encoding NRPS8, the main biosynthetic
gene of the gramillins) gene expression by quantitative ddPCR
and gramillin accumulation in the liquid cultures of Fg180378,
grown in two stages.22 The first stage medium contains all the
requirements for the fungus to undergo exponential growth.
After 48 h, the fungus approaches stationary phase. Under
these conditions, transient expression of the GRA1 gene,
concomitant with low level detection of the gramillins, is
observed. At this point, the rich medium is discarded along
with any metabolites produced by the fungus and replaced

with a minimal medium for the second stage which induces
secondary metabolism (day 0 in Figure 4A). Accordingly,

GRA1 gene expression rose sharply at day 1 in second stage
medium and reached maximum expression levels at day 3, and
peak concentrations of gramillin A and B were detected at day
4 (Figure 4A). Expression of the TRI1 gene and the
production of the trichothecene, 15-acetyl-4-deoxynivalenol,
also followed the same trend (Figure S30). More importantly,
gramillin production did not appear to be influenced by F.
graminearum chemotype, as a 3-acetyl-4-deoxynivalenol
producer (FgLH03) and NX-2 producer (FgA4-10-9) readily
produced gramillin A and B (Figure 4B and Figure S31). In
addition, Δgra1 and Δgra2 mutations did not perturb 15-
acetyl-4-deoxynivalenol biosynthesis, and a Δtri1 mutation had
no impact on gramillin production (Figures S6 and S32−S33).
These combined observations suggest that while GRA1 and
TRI genes are co-expressed, they are involved in distinct
biosynthetic processes, thus providing F. graminearum the
flexibility to exploit either independently or simultaneously
depending on its needs.

Gramillins as Host-Specific Virulence Factors. Several
genes, including GRA1, from the NRPS8 gene cluster are
expressed throughout maize kernel infection and at the
beginning of wheat spike infection.8 To determine if the
gramillins modulate plant cell function, a purified inseparable
mixture of gramillin A and B was infiltrated into maize and
wheat leaves. After 24 h exposure, complete tissue collapse and
cell death were observed in maize leaves with 10 μM of
gramillin, while wheat leaves remained unaffected (Figure 5A
and Figure S34). The effect was dose dependent in maize,
where between 1 and 10 μM produced significant cell death
and ion leakage within 4 h (Figure 5A,B and Figure S34). To

Figure 4. Dynamics and range of gramillin production among F.
graminearum isolates. (A) Gramillin A and B production, measured
relative to Day 0 in 2nd stage medium, closely tracks GRA1 gene
expression. (B) Gramillin A and gramillin B are produced from
various F. graminearum strains.
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determine if GRA1 contributes to virulence, wild-type
Fg180378, Δgra1_1, Δgra1_3, Δgra2_9, and TC conidia
were used to inoculate wheat spikes and maize silks (Figure
5C). In maize, both Δgra1 and Δgra2 strains produced smaller
lesions relative to the wild-type and TC strains. Reduced

virulence was unrelated to infection structure formation as the
mutants were able to form intracellular hyphae and infection
cushions similar to the wild-type mutants (Figure S35). In
wheat, no differences in infection rate were observed between
strains, except for the Δgra2_9 mutant. We also analyzed for
gramillins in maize silks 5 days after inoculation with Fg180378
or Δgra1_1 or silks left untreated for the same period.
Gramillins (approximately 1:1 cyclic:linear) were only detected
in the wild-type Fg180378-inoculated silks, but not Δgra1_1-
infected or untreated silks (Figure 5D). Together, this
indicates that the gramillins are phytotoxins and virulence
factors produced by F. graminearum in maize and that these
functions are attenuated or ineffective in wheat.

■ DISCUSSION

F. graminearum is a virulent plant pathogen infecting a wide
variety of cereal crops, thus endangering food supplies, limiting
their marketability, and necessitating expensive monitoring and
regulation.23−25 Its versatile ability to adapt to different plant
hosts and variable environmental conditions has been linked to
its propensity to secrete a diverse array of enzymes and small
metabolites. The bioproducts of the NRPS8 gene cluster are of
interest since this gene cluster is co-expressed alongside the
trichothecene genes and up-regulated during infection of cereal
crops.8−10,26,27 Here, we identify gramillin A and B as two
host-specific virulence factors and NRPS8/GRA1-dependent
metabolic products. GRA1 is a hepta-modular NRPS and is a
member of the Euascomycete-only synthetases (EAS), a
diverse fungal-specific subfamily of NRPS, rendering their
amino acid specificity hard to predict by bioinformatic
analysis.28 Therefore, we relied on NMR and LC-MS to
elucidate the full structure of the gramillins. Given the
structural characterization presented here, more work is
necessary to determine if other genes in the NRPS8 gene
cluster (Table 2) are involved in modification of the final

product. However, from the predicted functions of some of
these genes, their involvement with the biosynthesis of the
gramillins is plausible.
The biosynthesis of 2-amino decanoic acid for incorporation

in gramillins could be initiated by a fatty acid synthase, of
which the α and β subunits29 are possibly encoded by
FGSG_00036 and FGSG_11656, respectively. FGSG_15680,

Figure 5. Gramillins are host-specific toxins and virulence factors. (A)
Leaves of young maize and wheat plants were infiltrated with the
indicated concentrations of the gramillins. Cell death within the
infiltrated area was recorded after 24 h by visual assessment (0
indicated no necrosis, 1 = 1−25% necrosis, 2 = 26−50%, 3 = 51−75%
and 4 = 76−100% necrosis within the infiltration zone) (n = 20)
(Figure S34). (B) Electrolyte leakage in maize leaves (n = 20)
measured after exposure to the gramillins or the control. (C) Maize
silks and wheat spikelets were inoculated with Fg180378, Δgra1,
Δgra2 disruptants, and transformant control (TC), and extent of
disease quantified after 5 days (maize silks, left as lesion size in mm)
and 14 days (wheat spikelets, right as % infected spikelets). (D) The
gramillins are detected in planta on maize silks infected with
Fg180378 (n = 5). A, gramillin A; B, gramillin B; C, gramillin C;
D, gramillin D.

Table 2. NRPS8 Biosynthetic Gene Cluster5

gene predicted function

FGSG_00036 fatty acid synthase (α subunit)

FGSG_15680 cytochrome P450

FGSG_11656 fatty acid CoA synthase (β subunit)

FGSG_00038 hypothetical protein

FGSG_00039 conserved hypothetical protein

FGSG_00040 conserved hypothetical protein, SET domain

FGSG_11657 conserved hypothetical protein

FGSG_11658 (GRA2) helix−loop−helix transcription factor

FGSG_15673 (GRA1) NRPS8

FGSG_00043 thioredoxin reductase

FGSG_00044 α/β-hydrolase family

FGSG_00045 α/β-hydrolase family

FGSG_00046 putative multidrug resistance protein

FGSG_00047 α/β-hydrolase family

FGSG_00048 oxidoreductase

FGSG_00049 branched-chain amino acid aminotransferase
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encoding a cytochrome P450 enzyme related to hydroxylases,
could hydroxylate the fatty acid chain. Subsequent oxidation to
the ketone by an oxidoreductase (putatively encoded by
FGSG_00048) and transamination by an aminotransferase
(potentially encoded by FGSG_00049) could form 2-amino-
decanoic acid. On the other hand, FGSG_15680 could also be
responsible for the HO-modified glutamine at the γ-position.
Whether hydroxylation occurs on the fully assembled product
or on the Gln residue prior to assembly into the gramillins
requires further proof. The thioredoxin gene FGSG_00043
could also be required for the disulfide-bond formation
between CysA and CysB. The specific involvement of the
remaining genes in the cluster is more difficult to discern, but
could have broader regulatory (FGSG_00040 and
FGSG_11657) or enzymatic functions (FGSG_00044 and
FGSG_00045) based on sequence comparison to orthologous
genes. The final C-domain of GRA1 did not possess the
expected sequence of a termination CT domain, often
implicated in macrocyclization and release of a cyclopeptide
in fungal NRPs (Figure S36).30 We postulate that in the case of
the gramillins, FGSG_00047, a thioesterase-encoding gene,
perhaps acting in concert with the terminal C-domain of
GRA1, can catalyze the formation of the macrocyclic
anhydride and release of the products.
Determination of the amino acid specificity of the A

domains of GRA1 by ATP-[32P]PPi exchange assay was
beyond the scope of this study. However, with LC-MS and
NMR evidence pointing to two adjacent cysteines in the
gramillins, it was possible that a high degree of conservation
existed between the 10 key positions of the ribosomal code of
two adjacent A-domains.31 More convincingly, based on the
Stachelhaus model ,14 the binding pocket codes
DVGFLGSIWK of the A-domain of module 6 and
DVGFVGSIWK of the A domain of module 7 differed by
only one mutation substituting L for V. It is therefore possible
that CysB and CysA are encoded by the A-domains of modules
6 and 7. As such, we cautiously propose the biosynthesis of the
gramillins to initiate with Glu or 2-amino adipic acid on
module 1. Serial annexation of Leu, Ser, HOGln, 2-amino
decanoic acid, Cys B, and Cys A then follows by means of
modules 2−7, respectively.
A number of nonribosomal peptides (NRP) promote fungal

virulence in plants by acting as either siderophores or toxins.32

Among the 19 predicted F. graminearum NRPSs, only NRPS1,
NRPS2, NRPS6, NRPS7, and NRPS14 are associated with
known products including malonichrome, ferricrocin and
fusarinine, as well as fusaristatin and chrysogine.16,33−36 In
addition, NRPS9 has a role in promoting F. graminearum
virulence on wheat coleoptiles, however the biosynthetic end
product remains unknown.26 The product of NRPS4 may be
involved in modifying host surface hydrophobicity but also
remains unknown.37 The gramillins lack the essential
hydroxamate moieties to bind Fe2+ ions, suggesting that they
do not function as siderophores. Fusaristatin A, a PKS-NRPS7
hybrid, is the only other cyclic lipopeptide identified from F.
graminearum and is a mild antifungal agent.38 While it appears
that all the necessary enzymes to synthesize 2-amino decanoic
acid are putatively present in the NRPS8 gene cluster, for
fusaristatin A, the lipid tail is assembled by a PKS gene cluster,
then transferred to NRPS7 to be appended to the growing
peptide chain.38

A thorough search of the literature did not reveal any cyclic
peptides containing anhydride bonds, although we found a

number of small molecule natural products with maleic
anhydride moieties.39 The maleic acid anhydride-containing
natural products share the same pH dependence toward ring
stability with the gramillins. In addition, the maleic anhydride
structure and, as a result, biological activity were maintained at
low pH.40,41 Alkaline conditions, on the other hand, promote
ring opening, leading to biologically inactive compounds. The
biological activity of the linear gramillins is currently under
investigation. The gramillins share some structural similarity to
the malformins, isolated from Aspergillus niger, which are cyclic
pentapeptides that also possess two cysteines joined in an
amide and disulfide bond but lack the lipid tail.42 Malformins
have been reported to inhibit cell elongation to cause root
curvature and growth abnormalities in select plants and possess
antibacterial activity.43−45

We also investigated the relationship between gramillin and
trichothecene biosynthesis. In our experiments, 15-acetyl-4-
deoxynivalenol production coincided with gramillin production
over time, but was unaffected by GRA1 or GRA2 expression
(Figures S21−22). This suggests that the NRPS8 and TRI gene
clusters may be regulated in a similar manner but that their
products are not cross-regulating. Numerous transcriptomic
studies have profiled F. graminearum gene expression during
the first few days after plant inoculation. In vivo, the NRPS8
gene cluster is expressed throughout maize kernel infection,
but is only expressed transiently in wheat and barley spikes,
while TRI genes are expressed in all three hosts.8 Both the TRI
and NRPS8 gene clusters are not induced in wheat coleoptiles,
while the NRPS8 cluster is induced at 18 and 48 h post-
inoculation during maize stalk infection, whereas the TRI
genes are not induced.26,46 The increased expression of NRPS8
cluster genes in maize relative to other hosts is interesting
when considering that gramillin is a virulence factor and
phytotoxin in maize but not in wheat. GRA1 disruption did not
impair growth in vitro, as expected for a gene involved in
secondary metabolism, but did inhibit maize silk infection.
Disruption of GRA2 appeared to have more pleiotropic effects
and probably influences genes outside of the NRPS8 gene
cluster, reflected in reduced growth on solid media and
consequently reduced virulence on both maize and wheat.
These observations support the idea that F. graminearum

responds to host-specific cues to deploy only the virulence
factors that are effective within a host microenvironment.
However, the mechanisms underlying fungal perception of the
host environment remain unknown, and the identity and host
specificity of virulence factors remain masked by functional
redundancy.47 In addition, our observation that wheat remains
insensitive to gramillin may provide avenues for developing
resistance in maize. For example, wheat cells may be
detoxifying or sequestering gramillin, or wheat may lack a
host susceptibility factor. Manipulation of similar genes and
processes in maize could have an impact on pathogen virulence
and disease progression. Overall, the discovery of the gramillins
as disease-promoting metabolites furthers our understanding of
the biosynthetic capabilities and attack strategies of the F.
graminearum fungal pathogen.
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