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The deposition of the (1,3)-b-glucan cell wall polymer callose at sites of attempted penetration is a common plant defense
response to intruding pathogens and part of the plant’s innate immunity. Infection of the Fusarium graminearum disruption
mutant Dfgl1, which lacks the effector lipase FGL1, is restricted to inoculated wheat (Triticum aestivum) spikelets, whereas the
wild-type strain colonized the whole wheat spike. Our studies here were aimed at analyzing the role of FGL1 in establishing full
F. graminearum virulence. Confocal laser-scanning microscopy revealed that the Dfgl1 mutant strongly induced the deposition of
spot-like callose patches in vascular bundles of directly inoculated spikelets, while these callose deposits were not observed in
infections by the wild type. Elevated concentrations of the polyunsaturated free fatty acids (FFAs) linoleic and a-linolenic acid,
which we detected in F. graminearum wild type-infected wheat spike tissue compared with Dfgl1-infected tissue, provided clear
evidence for a suggested function of FGL1 in suppressing callose biosynthesis. These FFAs not only inhibited plant callose
biosynthesis in vitro and in planta but also partially restored virulence to the Dfgl1 mutant when applied during infection of
wheat spikelets. Additional FFA analysis confirmed that the purified effector lipase FGL1 was sufficient to release linoleic and
a-linolenic acids from wheat spike tissue. We concluded that these two FFAs have a major function in the suppression of the
innate immunity-related callose biosynthesis and, hence, the progress of F. graminearum wheat infection.

The molecular and physiological regulation of the
biosynthesis of callose, which is a (1,3)-b-glucan poly-
mer with some (1,6)-branches (Aspinall and Kessler,
1957), and its importance for plant development as well
as plant defense are still under examination. Regarding
the involvement of callose in plant defense responses,
particular attention has been focused on the formation
of cell wall thickenings in plants, so-called papillae, at
sites of microbial attack. They were already described
150 years ago (deBary, 1863) and reported to commonly
contain callose (Mangin, 1895). Since then, examinations
have identified callose as the most abundant chemical
constituent in papillae, whichmay also include proteins
(e.g. peroxidases and antimicrobial thionins), phenolics,
andotherconstituents (Aist andWilliams,1971;Sherwood
and Vance, 1976; Mims et al., 2000). Papillae have been
regarded as an early defense reaction that may not
completely stop the pathogen; rather, they have been
considered to act as a physical barrier to slow pathogen

invasion (Stone and Clarke, 1992; Voigt and Somerville,
2009) and to contribute to the plant’s innate immunity
(Jones and Dangl, 2006; Schwessinger and Ronald,
2012). The host plant can gain time to initiate defense
reactions that require gene activation and expression,
such as the hypersensitive reactions, phytoalexin pro-
duction, and pathogenesis-related protein synthesis
(Lamb and Dixon, 1997; Brown et al., 1998). However,
our recent study revealed that callose can also act as a
barrier that completely prevents fungal penetration. The
overexpression of POWDERY MILDEW RESISTANT4
(PMR4), a gene encoding a stress-induced callose syn-
thase, resulted in early elevated callose deposition at
sites of attempted powdery mildew penetration in
Arabidopsis (Arabidopsis thaliana; Ellinger et al., 2013).
Interestingly, the pmr4 deletion mutant also showed an
increased resistance to powdery mildew that, however,
was induced at later stages of powdery mildew infec-
tion because an initial fungal penetration still occurred.
In fact, the absence of the functional callose synthase
PMR4 in the pmr4mutant resulted in papillae that were
free from callose but also induced a hyperactivation of
the salicylic acid defense pathway, which was shown to
be the basis of resistance in double mutant and micro-
array analyses (Jacobs et al., 2003; Nishimura et al.,
2003). The callose synthase gene PMR4 from Arabi-
dopsis belongs to theGLUCANSYNTHASE-LIKE (GSL)
family, genes that have been identified in higher plants
including wheat (Triticum aestivum; Cui et al., 2001;
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Doblin et al., 2001; Hong et al., 2001; Østergaard et al.,
2002; Voigt et al., 2006). The predicted function of these
genes as callose synthases is generally supported by
homology with the yeast FK506 SENSITIVITY (FKS)
genes, which are believed to be subunits of (1,3)-b-glu-
can synthase complexes (Douglas et al., 1994; Dijkgraaf
et al., 2002). Additionally, the predicted proteins enco-
ded by the GSL genes correlate with the approximately
200-kD catalytic subunit of putative callose synthases.
Li et al. (2003) showed that the amino acid sequence
predicted from a GSL gene in barley (Hordeum vulgare;
HvGSL1) correlates with the amino acid sequence of an
active (1,3)-b-glucan synthase fraction.
In this study,we aimed to examine the involvement of

callose synthesis and callose deposition in plant defense
against intruding fungal pathogens in the pathosystem
wheat-Fusarium graminearum. We focused on the ability
of wheat to inhibit a further spread of fungal pathogens
after an initial, successful infection. This resistance to
fungal spread within the host has been referred to as
type II resistance and is part of a widely accepted two-
component system of resistance, which includes type I
resistance operating against initial infection (Schroeder
and Christensen, 1963). For our analyses, we used the
direct interaction between wheat as host and F. grami-
nearum as a pathogen. On the one hand, Fusarium head
blight (FHB) of wheat, caused by F. graminearum, is one
of the most destructive crop diseases worldwide
(McMullen et al., 1997; del Blanco et al., 2003;Madgwick
et al., 2011) and classifies this fungus as a top 10 plant
pathogen based on its importance in science and agri-
culture (Dean et al., 2012). On the other hand, only a
limited number of wheat cultivars were identified that
revealed FHB resistance. However, these cultivars
did not qualify for commercial cultivation or breeding
approaches due to inappropriate agronomic traits
(Buerstmayr et al., 2009). Further elucidation of the
mechanisms of spreading resistance could support the
generation of FHB-resistant wheat cultivars.
In this regard, we demonstrated that the secreted li-

pase FGL1ofF. graminearum is a virulence factor required
forwheat infection (Voigt et al., 2005).A strong resistance
to fungal spread was observed in a susceptible wheat
cultivar after infection with the lipase-deficient F. grami-
nearum strain Dfgl1. Light microscopy indicated barrier
formation in the transition zone of rachilla and rachis of
directly inoculated spikelets. In contrast, neither spread-
ing resistance nor barrier formationwas observedduring
F. graminearum wild type infection. An active role of li-
pases in establishing full virulence was also recently
proposed for the plant pathogen Fusarium oxysporum
f. sp. lycopersici, where reduced lipolytic activity due to
thedeletionof lipase regulatorygenes resulted in reduced
colonization of tomato (Solanum lycopersicum) plants
(Bravo-Ruiz et al., 2013). Because the expression of the
lipase-encoding gene LIP1was induced in the biotrophic
fungus Blumeria graminis during early stages of infection
(Feng et al., 2009) and disruption of the putative secreted
lipase gene lipA resulted in reduced virulence of the
bacterial plant pathogen Xanthomonas campestris (Tamir-

Ariel et al., 2012), a general importance of extracellular
lipolytic activity during plant colonization is indicated.

We evaluated a possible role of callose in plant defense
by infecting wheat spikes with the virulent fungal path-
ogen F. graminearum wild type, the virulence-deficient
F. graminearum deletion mutant Dfgl1, and the barley
leaf pathogen Pyrenophora teres, the latter intended to
induce strong plant defense responses as known from
incompatible, nonhost interactions. The formation of
callose plugs within the vascular bundles of inoculated
spikelets and the callose synthase activity of infected
spikelet tissue correlated directly with increased plant
resistance. Subsequent analyses of free fatty acid (FFA)
concentrations revealed that those polyunsaturated
FFAs were enriched during wheat infection with the F.
graminearum wild-type strain that could inhibit callose
synthase activity in vitro aswell as inplanta andpartially
restored the virulence of the lipase-deficient F. grami-
nearum strain Dfgl1. On the basis of these results, we
propose a model for FHB where defense-related callose
synthase is inhibited by specific FFAs whose accumula-
tion is caused by the fungus during fungal infection; this
inhibition is required for full infection of the wheat head.

RESULTS

Callose Deposition in Wheat Spikes during Infection

Wheat spikes were inoculated with F. graminearum
wild type, the lipase-deficient F. graminearum strain
Dfgl1-2, and the barley leaf pathogen P. teres. Water-
inoculated spikelets served as controls. We stained sec-
tions of the transition zone of rachilla and rachis of directly
inoculated spikelets with aniline blue to visualize cal-
lose depositions and with Alexa Fluor 488-conjugated
wheat germ agglutinin to localize fungal hyphae in
colonized tissue (Fig. 1A; Supplemental Fig. S1).
Whereas we did not observe fungal hyphae in the
transition of rachilla and rachis (Fig. 1B) at 1 d post in-
oculation (dpi), single hyphae of F. graminearum wild
type andDfgl1-2 entered this region at 3dpi.At 7dpi, the
strongest colonization of the spikelet’s transition zone
occurred during F. graminearumwild type infection, but
also Dfgl1-2 revealed a relatively strong colonization
comparedwith the nonadapted fungal pathogenP. teres
(Fig. 1A). The colonization of the transition zone of
rachilla and rachis was accompanied by localized de-
position of callose plugs within the vascular bundles of
Dfgl1-2- and P. teres-infected spikelets (Fig. 1A), which
started at 3 dpi and peaked at 7 dpi (Fig. 1C). This lo-
calized callose deposition in the vascular tissue was
absent in spikelets infected with F. graminearum wild
type (Fig. 1, A and C; Supplemental Fig. S1). Higher
magnification of aniline blue-stained vascular bundles
revealed that the localized, pathogen-induced callose
deposition in Dfgl1-2- and P. teres-infected spikelets
occurred in sieve elements of the phloem. Here, callose
plugs could reach a size to block the respective sieve
element. Interestingly, the pathogen-induced callose
deposition was independent of the regularly observed
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callose deposition at the sieve plate, which did not
differ compared with controls (Fig. 1D).

During the progress of F. graminearum wild type
infection, we observed strongest tissue necrosis during

F. graminearum wild type infection, which affected the
complete spike at 14 dpi. We also observed necrotic
tissue formation during infection with Dfgl1-2, which
started at 7 dpi but only affected the directly inoculated

Figure 1. Callose deposition in wheat spikes after fungal infection. A, Sections of directly inoculated wheat spikelet comprising
the transition zone of rachilla and rachis including vascular bundles, as indicated in B, at 7 dpi with F. graminearum wild type
(F.g. wt), lipase-deficient strain Dfgl1-2 (F.g. Dfgl1-2), and P. teres wild type (P.t. wt). Untreated spikelets served as controls.
Micrographs were taken by confocal laser-scanning microscopy. Green color was assigned to fungal hyphae stained with Alexa
Fluor 488-conjugated wheat germ agglutinin, and grayscale was assigned to aniline blue-stained callose. Green and grayscale
channels were merged for an overview of fungal colonization of spikelet tissue, and grayscale only (aniline blue) was used to
highlight callose plugs (white arrows) in the phloem of vascular bundles of the transition zone. Micrographs are representative
for infection at 7 dpi. Bars = 200 mm (left column) and 100 mm (middle column). The right column provides a macroscopic
overview of the disease severity of directly inoculated spikelets at 14 dpi. B, Longitudinal section of wheat spikelets and rachis
to highlight the transition zone of rachilla and rachis including vascular bundles (white arrows). The orange frame indicates the
area of microscopic analysis in A. Bars = 1 mm. C, Number of callose plugs located in the phloem of vascular bundles of the
transition zone of rachilla and rachis tissue from directly inoculated spikelets as analyzed in A at 1, 3, 7, and 14 dpi with F.
graminearum wild type, lipase-deficient strain Dfgl1-2, and P. teres wild type. Untreated spikelets served as controls. Values
represent means of eight biologically independent inoculation experiments for each fungal strain. The letters a, b, and c indicate
P , 0.05 by Tukey’s test. Error bars represent SE, and n = 8. D, High-resolution microscopy of callose deposition (fluorescence
by aniline blue staining) in sieve elements (indicated by dotted lines) of the phloem in the transition zone of rachilla and rachis
of control and infected wheat spikelets. Callose plugs in sieve elements of Dfgl1-2-infected spikelets are representative for
P. teres-induced callose plugs. cd, Callose deposit; se, sieve element; sp, sieve plate. Bars = 20 mm.
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spikelet at 14 dpi (Fig. 1A). To test whether the observed
deposition of additional callose plugs in the phloem of
Dfgl1-2- and P. teres-infected spikelets is regulated at the
transcriptional level, we determined the expression of
eight knownwheatGSLgenes (TaGSL; Voigt et al., 2006).
The results of quantitative real-time PCR revealed that
there were no detectable differences in TaGSL gene ex-
pression in tissues infected with F. graminearum wild
type, Dfgl1-2, and P. teres (Supplemental Fig. S2); there-
fore, there was no correlation between TaGSL gene ex-
pression and the observed vascular callose deposition.

Inhibition of Callose Synthase Activity by FFAs

Because we observed a strong repression of pathogen-
induced, vascular callose deposition during F. graminea-
rum wild type infection but not during Dfgl1-2 infection,
we proposed that the secreted fungal lipase FGL1 could
be involved in the inhibition of callose biosynthesis.
To test this, we examined the effect of FFAs on callose
synthase activity. Generally, FFAs are products of the
hydrolysis of lipids catalyzed by lipases. The callose
synthase activity of isolated membranes revealed that the
addition of stearic acid (18:0, where x:y denotes a fatty
acid with x carbons and y double bonds) did not influ-
ence callose synthase activity at concentrations ranging
from 0.7 to 700 mM (Fig. 2A). Palmitic acid (16:0) inhibited
callose synthase activity at concentrations higher than
17.5 mM. However, a strong inhibitory effect was detected
for unsaturated FFAs, which inhibited enzyme activity at
concentrations of 0.7 and 7 mM, resulting in an 80% re-
duction of activity at a concentration of 17.5 mM (Fig. 2A).
We observed complete inhibition of callose synthase ac-
tivity due to activity by the polyunsaturated FFAs linoleic
acid (18:2) and a-linolenic acid (18:3) at concentrations of
35 mM and higher. The inhibitory effect of the monoun-
saturated oleic acid (18:1) was not as strong as that of the
polyunsaturated FFAs (Fig. 2A). As a positive control, we
added the known callose synthase inhibitor 2-deoxy-D-
glucose (2-DDG; Bayles et al., 1990) to the activity assay.
Compared with the unsaturated FFAs, the inhibitory ef-
fect of 2-DDG was even stronger: an 80% reduction of
activity was already observed at a concentration of 7 mM

and complete inhibition at 17.5 mM (Fig. 2A). To examine
whether callose synthase activity would be also inhibited
in planta, we applied FFAs and 2-DDG to wheat spike-
lets. One day after application, the callose synthase ac-
tivity of directly treated spikelets and adjacent rachis
regions resembled the results of the in vitro assay. We
only observed a strong inhibition of callose synthase
activity for the unsaturated FFAs and 2-DDG, which
decreased the activity by 55% to 70% (Fig. 2B).

Unsaturated FFAs Restore Virulence to the
Lipase-Deficient F. graminearum Mutant Dfgl1

Because unsaturated FFAs were able to inhibit callose
synthase activity in planta, we tested whether FFAs may
alter the resistance of wheat to F. graminearum. The callose

synthesis inhibitor 2-DDG and FFAs were applied to
spikelets at 3 dpi with the GFP-tagged F. graminearum
wild-type strain wt-GFP-1 and the lipase-deficient strain
Dfgl1-GFP-1 (Supplemental Fig. S3), which allowed
monitoring of the infection progress in the wheat spike. In
wheat spikes that were infected with Dfgl1-GFP-1, only
the addition of unsaturated FFAs and 2-DDG broke the
wheat type II resistance to this lipase-deficient strain. We
observed an FHB disease phenotype that was similar to
wild type-infected spikes mainly above the point of in-
oculation (Fig. 2C), which reflected the significant in-
crease in the percentage of infected spikelets from about
20% for the Dfgl1-GFP-1 infection without subsequent
treatment to about 50% with FFAs and to 70% for 2-DDG
treatment at 21 dpi (Table I). In contrast, addition of the
saturated FFAs and ethanol as a control did not increase
infection severity (Table I) as rated by a colonization
scoring system (Supplemental Fig. S4). The addition of
ethanol, ethanol-dissolved FFAs, and 2-DDG alone to
control spikelets did not result in tissue necrosis or deg-
radation (Table I).

The histological examination of Dfgl1-GFP-1- and wt-
GFP-1-inoculated spikelets revealed a similar infection
pattern and progress at 1 dpi. Conidia predominantly
germinated on pollen-covered stigma of the floret’s
pistil and fungal hyphae grew in the direction of the
ovary (Fig. 2D). At 7 dpi, the effect of unsaturated FFAs
and 2-DDG, which were added at 3 dpi when the
fungus reached the transition zone of rachilla and rachis
(Supplemental Fig. S1), on the infection severity of the
lipase-deficient Dfgl1-GFP-1 strain was clearly detect-
able. Whereas the infection of Dfgl1-GFP-1 without sup-
plementation was restricted to the inoculated spikelet
with only single hyphae in the adjacent rachis, the
application of callose synthase inhibitors restored vir-
ulence to the Dfgl1-GFP-1 strain and broke the previ-
ously observed type II resistance of the wheat spike to
this lipase-deficient fungal mutant. Dfgl1-GFP-1 sup-
plemented with either unsaturated FFAs or 2-DDG
repressed pathogen-induced, vascular callose deposition
(Fig. 2E) and crossed the transition zone of the rachilla
and rachis and colonized the adjacent rachis region (Fig.
2F; Supplemental Fig. S5). The colonization severity of
the transition zone of rachilla and rachis by the Dfgl1
strain supplemented with either a-linolenic acid or
2-DDG was similar to F. graminearum wild type and
stronger than Dfgl1 without supplementation at 7 dpi
(Figs. 1A and 2F; Supplemental Fig. S5). However, the
macroscopic FHB disease phenotype at 21 dpi (Fig. 2C)
as well as the statistical analysis of rachis colonization
severity (Table I) indicated that the addition of unsatu-
rated FFAs or 2-DDG did not completely restore viru-
lence to the lipase-deficient Dfgl1 strain. Therefore, we
performed a histological analysis of wheat spike tissue
colonization at 14 dpi. As expected, colonization of the
lipase-deficient Dfgl1-2 strain was restricted to the tran-
sition zone of the rachilla and rachis of directly inocu-
lated spikelets. In contrast, F. graminearumwild type also
colonized wheat spike tissue above and below the in-
oculated spikelets by growing through the rachis (Fig.
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Figure 2. FFA and 2-DDG impact on callose biosynthesis and disease phenotypes of F. graminearum-infected wheat spikes.
A, Callose synthase activity of membranes isolated from untreated wheat spikes at Zadoks stages 7.5 to 7.9 (Zadoks et al., 1974).
Ethanol-dissolved FFAs and the callose synthesis inhibitor 2-DDG were added to membrane preparations at the final con-
centrations indicated. FFAs were palmitic acid (16:0), stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2), and a-linolenic
acid (18:3). B, Callose synthase activity of membranes isolated from spikelets and the adjacent rachis region 24 h after FFA and
2-DDG application. Four microliters of ethanol-dissolved FFAs or 2-DDG (concentration, 3.2 mM) and pure ethanol (EtOH) was
added to wheat spikelets at Zadoks stages 7.02 to 7.05 (Zadoks et al., 1974). For A and B, values represent means of two
biologically independent experiments. The letters a to d indicate P , 0.05 by Tukey’s test. Error bars represent SE, and n = 6. C,
Inoculation of two central spikelets with 10 mL of water (control [c]) and F. graminearum strains wt-GFP-1 and Dfgl1-GFP-1.
Four microliters of ethanol-dissolved FFAs and 2-DDG (concentration, 3.2 mM) and pure ethanol was added to each of the
previously inoculated spikelets at 3 dpi. Arrows indicate the inoculation sites. Pathogenicity tests were repeated 10 times for
strain wt-GFP-1 and 20 times for strain Dfgl1-GFP-1. Spikes are representative for infection severity at 21 dpi. wt-GFP-1 in-
oculation is representative for infection with or without the addition of FFAs or 2-DDG (Table I). D, Micrographs of isolated
stigma and pistil from a floret at 1 dpi. Hyphal growth was directed from pollen on stigmas toward the ovary. No differences
were seen between wt-GFP-1 and Dfgl1-GFP-1 growth at 1 dpi. Bars = 40 mm. E, Number of callose plugs located in phloem of
the vascular bundles of the transition zone of rachilla and rachis tissue from spikelets directly inoculated with Dfgl1-2 sup-
plemented (as described in C) with either a-linolenic acid (F.g. Dfgl1-2 + 18:3) or 2-DDG (F.g. Dfgl1-2 + 2-DDG) at 7 dpi,
including data from an analysis of F. graminearum wild type (F.g. wt), lipase-deficient strain Dfgl1-2 without supplementation,
and the control (Fig. 1C). Values represent means of eight biologically independent inoculation experiments for each fungal
strain. The letters a and b indicate P , 0.05 by Tukey’s test. Error bars represent SE, and n = 8. F, Section of a directly inoculated
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3A). We observed a similar colonization severity for
Dfgl1-2 supplemented with either a-linolenic acid or
2-DDG in wheat spike tissue at the site of inoculation
and above the inoculated spikelets (Supplemental
Fig. S6). Colonization severity of the rachis below the
inoculated spikelets was reduced compared with F.
graminearum wild type (Fig. 3A). The addition of FFAs
and 2-DDG to F. graminearum wild type did not change
the overall strength of infection at 7, 14, or 21 dpi (Table
I; Supplemental Fig. S7). To exclude a nutritional effect
of the added long-chain, polyunsaturated FFAs or 2-DDG
on F. graminearum growth, which might support par-
tial complementation of the lipase-deficient Dfgl1 strain,
we tested fungal growth on supplemented minimal me-
dium. Plate growth assays revealed that none of the tested
FFAs or 2-DDG promoted fungal growth (Supplemental
Fig. S8).
We then determined the concentration of the my-

cotoxin deoxynivalenol (DON), a major virulence fac-
tor of F. graminearum (Proctor et al., 1995), in three
different wheat spike sections to evaluate the observed
differences in the severity of fungal tissue colonization.
DON concentration was highest in directly inoculated
spikelet tissue without significant differences between
F. graminearumwild type and the lipase-deficient strain
Dfgl1-2 with and without a-linolenic acid or 2-DDG
supplementation at 7 dpi as well as 14 dpi (Fig. 3B).
These DON concentrations resembled the strong col-
onization severity of inoculated spikelets at the ex-
amined time points (Figs. 1A, 2F, and 3A). We also
found a strong correlation between colonization se-
verity and DON concentration for wheat spike tissue
above and below the inoculation site for F. graminea-
rum wild type and Dfgl1-2 without supplementation,
where strong colonization severity resulted in high
DON concentrations and failure to colonize wheat
tissue in the absence of DON (Fig. 3). This correlation
was broken for Dfgl1-2 supplemented with either
a-linolenic acid or 2-DDG, where we detected a similar
colonization severity of the tissue above the inocula-
tion site as for F. graminearum wild type infection but a
strongly reduced DON concentration at 14 dpi (Fig. 3).
Because we found localized callose plugs in the vas-
cular bundles of Dfgl1-2-infected wheat spikelets and a
relatively high DON concentration in the same tissue
at 7 dpi (Figs. 1, A and C, and 3B), we concluded that
DON might not be required to suppress vascular cal-
lose deposition. To test this, we inoculated the wheat
spike with the DON-deficient Dtri5 mutant, obtained
by disrupting the trichodiene synthase encoding gene
Tri5 (Jansen et al., 2005), which resulted in colonization
of the spikelet’s transition zone of rachilla and rachis
(Supplemental Fig. S9A) without the formation of

callose plugs within the vascular tissue (Supplemental
Fig. S9B).

To further evaluate the observed differences in the
severity of fungal tissue colonizationandaputative effect
of FFAs on plant signal transduction (Bai and Shaner,
1994; Baudouin et al., 1999; Jones and Dangl, 2006), we
determined the expression of five pathogenesis-related
genes of wheat (TaPR1–TaPR5) in quantitative real-time
PCR assays at 7 dpi (Supplemental Fig. S10). Spikelets
were inoculated with F. graminearum wild type and the
lipase-deficient strain Dfgl1-2 without and with the ad-
dition of the callose synthesis inhibitora-linolenic acid or
2-DDG. Similar to DON concentrations, we observed a
strong correlation between colonization severity and the
induction of TaPR gene expression after infection with
F. graminearum wild type and Dfgl1-2 without supple-
mentation.Whereas the expression of allfiveTaPR genes
in all three examined wheat spike sections was strongest
after F. graminearum wild type infection, a relatively
strong induction of gene expression after Dfgl1-2 infec-
tion was restricted to TaPR1 and TaPR3 in directly inoc-
ulated spikelets (Supplemental Fig. S10). Infection with
Dfgl1-2 supplemented with 2-DDG induced a similar
TaPR gene expression in wheat spike tissue of the in-
oculation site and the spike section above to F. grami-
nearumwild type infection, but it was strongly reduced
in the wheat spike section below the inoculation site
(Supplemental Fig. S10). Comparing TaPR gene ex-
pression after infection with Dfgl1-2 supplemented
with either a-linolenic acid or 2-DDG, we observed
main differences in TaPR1 and TaPR3 expression at the
site of inoculation and the section above, where the
induction of gene expression was significantly lower
after infection with Dfgl1-2 supplemented with
a-linolenic acid (Supplemental Fig. S10).

FFA Concentrations in Wheat Spikelets after Lipase
Application and during Infection

Because unsaturated FFAs inhibited callose biosyn-
thesis in planta and partially restored virulence to the
Dfgl1 strain, we tested whether the secreted F. grami-
nearum lipase FGL1 would be capable of releasing the
respective FFAs from wheat spike tissue. We applied
1.3 units of purified FGL1, which was heterologously
expressed in Pichia pastoris (Supplemental Fig. S11), to
single, untreated spikelets. Sixteen hours after lipase
application, we observed only single spots of degraded
and necrotic tissue at the floret’s lemma, but the ovary
turned completely brownish and showed symptoms of
degradation (Supplemental Fig. S12). The determina-
tion of the FFA concentration in the FGL1-treated

Figure 2. (Continued.)
wheat spikelet comprising the transition zone of rachilla and rachis including vascular bundles at 7 dpi with Dfgl1-2 supple-
mented with a-linolenic acid. Micrographs were taken by confocal laser-scanning microscopy. Green color was assigned to
fungal hyphae stained with Alexa Fluor 488-conjugated wheat germ agglutinin, and grayscale was assigned to aniline blue-
stained callose. Micrographs are representative for infection at 7 dpi. Bars = 200 mm (left) and 100 mm (right).

Plant Physiol. Vol. 165, 2014 351

Free Fatty Acids in Defense Inhibition of Wheat

http://www.plantphysiol.org/cgi/content/full/pp.114.236737/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.236737/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.236737/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.236737/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.236737/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.236737/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.236737/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.236737/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.236737/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.236737/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.236737/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.236737/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.236737/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.236737/DC1


spikelet tissue revealed highest values for palmitic
(16:0), linoleic (18:2), and a-linolenic (18:3) acids, where
we observed a constant increase in FFA concentration
between 0.5 and 16 h after lipase application (Fig. 4A).
FGL1 also released stearic acid (18:0) and oleic acid
(18:1) from the spikelet tissue; however, the concentra-
tions were relatively low (Fig. 4A). Based on the results
of FGL1-dependent lipid hydrolysis within the wheat
spikelet, we anticipated higher concentrations of linoleic
acid (18:2) and a-linolenic acid (18:3) during F. grami-
nearum wild type than Dfgl1 infection. These two
polyunsaturated FFAs fulfilled the prerequisites of ef-
fective callose synthesis inhibitors, because our previous
callose synthase activity assay showed that inhibition of
enzymatic activity was dependent on the structure and
the concentration of the inhibiting FFAs (Fig. 2A). The
results of the FFA measurement confirmed this hy-
pothesis. Especially the combination of linoleic acid
(18:2) and a-linolenic acid (18:3), both with the highest
inhibition of callose synthase activity (Fig. 2, A and B),

revealed a significantly higher FFA quantity in F. gra-
minearum wild type-infected than Dfgl1-infected and
control tissues. At 5 dpi, the FFA quantity was about
90% higher after wild type infection compared with
control tissue and about 50% higher than in Dfgl1-
infected spikelets (Fig. 4B). The combined amount of
linoleic acid (18:2) and a-linolenic acid (18:3) further
increased during infection and was almost 160% higher
in wild type-infected than control spikelets and still 40%
higher than in Dfgl1-infected spikelets at 7 dpi (Fig. 4B).
Palmitic acid (16:0) was significantly higher in infected
tissues at 7 dpi compared with control tissue (Fig. 4B).
However, this FFA neither inhibited callose biosynthe-
sis in planta (Fig. 3B) nor restored virulence to the
lipase-deficient F. graminearum strain (Table I). The
quantification of the corresponding esterified fatty acids
did not show significant differences between F. grami-
nearum wild type-infected, Dfgl1-infected, or control
samples, and the concentration of each esterified fatty
acid also remained stable (Supplemental Table S1).

Table I. Differences in virulence of GFP-tagged F. graminearum strains to wheat due to the application of FFAs and 2-DDG

Wheat spikelets were inoculated with 400 conidia of F. graminearumwt-GFP-1 and Dfgl1-GFP-1. Four microliters of ethanol-dissolved FFAs and 2-
DDG (concentration, 3.2 mM) and ethanol as a control was added at 3 dpi to each of the previously inoculated spikelets. FFAs were palmitic acid
(16:0), stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2), and a-linolenic acid (18:3).

Treatmenta
Percentage of Infectionb

Percentage of Rachis Colonizationc

Rating of Rachis

Colonization Severityd

Mean SE Mean SE

Ethanol control 0.0 – – – –
16:0 control 0.0 – – – –
18:0 control 0.0 – – – –
18:1 control 0.0 – – – –
18:2 control 0.0 – – – –
18:3 control 0.0 – – – –
2-DDG control 0.0 – – – –
wt-GFP-1 80.5 8.7e 100 2.7 0.2e

wt-GFP-1 + ethanol 88.2 5.4e 100 2.9 0.1e

wt-GFP-1 + 16:0 84.4 7.6e 100 2.5 0.3e

wt-GFP-1 + 18:0 86.5 4.6e 100 2.8 0.1e

wt-GFP-1 + 18:1 84.9 4.8e 100 2.8 0.1e

wt-GFP-1 + 18:2 82.8 4.9e 100 2.9 0.1e

wt-GFP-1 + 18:3 81.5 4.9e 100 2.9 0.1e

wt-GFP-1 + 2-DDG 84.5 6.1e 100 2.6 0.2e

Dfgl1-GFP-1 22.1 5.3f 45.0 0.7 0.2f

Dfgl1-GFP-1 + ethanol 20.5 4.2f 39.1 0.5 0.2f

Dfgl1-GFP-1 + 16:0 18.7 2.7f 25.0 0.3 0.1f

Dfgl1-GFP-1 + 18:0 31.2 5.2f 60.0 1.1 0.3g

Dfgl1-GFP-1 + 18:1 51.2 6.3h 73.7 1.6 0.3h

Dfgl1-GFP-1 + 18:2 51.8 5.9h 90.0 2.0 0.2h

Dfgl1-GFP-1 + 18:3 49.6 6.8h 85.0 1.9 0.2h

Dfgl1-GFP-1 + 2-DDG 70.8 8.0h 80.0 1.9 0.2h

aRepeat experiments gave similar results. bInfection referred to partially or completely bleached spikelets observed at 21 dpi. Spikelets with
minor symptoms (tiny yellow or brown spots) were not counted. Results are averages of 10 (control and wt-GFP-1) and 20 (Dfgl1-GFP-1) wheat spikes
(16–24 spikelets per spike). cPercentage of all inoculations with GFP-tagged F. graminearum mycelium detectable in rachis tissue located
between two inoculated spikelets. dColonization severity by rating the green fluorescence of GFP-tagged F. graminearum mycelium in rachis
tissue located between two inoculated spikelets at 21 dpi (Supplemental Fig. S3). Results are averages of 10 (wt-GFP-1) and 20 (Dfgl1-GFP-1)
inoculated wheat spikes. eStatistically different from Dfgl1-GFP-1 strains with or without the addition of FFAs or 2-DDG, with no statistical
differences among approaches (P, 0.05). fStatistically different from Dfgl1-GFP-1 strains with the addition of unsaturated FFAs and 2-DDG, with
no statistical differences among approaches (P, 0.05). gRachis colonization severity was not statistically different from that of Dfgl1-GFP-1 strains
with the addition of other FFAs or without the addition of FFAs (P , 0.05). hNo statistical differences among approaches (P , 0.05).
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Figure 3. FFA and 2-DDG impact on the progress of F. graminearum infection and mycotoxin production in wheat spikes.
A, Sections of directly inoculated spikelets comprising the transition zone of rachilla and rachis (section A), the transition zone of
rachilla and rachis of spikelets above inoculated spikelets (section B), and the rachis region below inoculated spikelets (section
C). Inoculation was with F. graminearum wild type (F.g. wt), lipase-deficient strain Dfgl1-2 (F.g. Dfgl1-2), and Dfgl1-2 sup-
plemented with a-linolenic acid (F.g. Dfgl1-2 + 18:3). Supplementation was by the addition of 4 mL of ethanol-dissolved 18:3
(concentration, 3.2 mM) to each of the previously inoculated spikelets at 3 dpi. Micrographs were taken by confocal laser-
scanning microscopy at 14 dpi. Green color was assigned to fungal hyphae stained with Alexa Fluor 488-conjugated wheat
germ agglutinin, and grayscale was assigned to aniline blue-stained callose. Micrographs are representative for the infection
progress in spikelets inoculated with F. graminearum wild type (no differences with or without the addition of FFAs or 2-DDG)
and lipase-deficient strain Dfgl1-2. Changes in infection progress due to the addition of unsaturated FFAs or 2-DDG to Dfgl1-2-
infected spikelets are represented by images of infection after the addition of 18:3. Bars = 200 mm. B, DON concentrations of
wheat spike tissue from sections A, B, and C (compare the schematic overview in A) at 7 and 14 dpi with F. graminearum wild
type, lipase-deficient strain Dfgl1-2, and Dfgl1-2 supplemented with a-linolenic acid or 2-DDG. Values represent means of two
biologically independent experiments. The letters a, b, and c indicate P, 0.05 by Tukey’s test. Error bars represent SE, and n = 3.
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Likewise, the corresponding free and esterified oxy-
lipins also did not differ in infected or control wheat
spikelet tissue (Supplemental Table S1). We also excluded
a nutritional effect of altered FFA amounts on F. grami-
nearum growth, because we did not observe differences
in the relative F. graminearum mycelium amount com-
paring wild type- and Dfgl1-infected spikelet tissue
(Supplemental Table S2).

DISCUSSION AND CONCLUSION

Our histological analysis of the wheat spikelet’s tran-
sition zone of rachilla and rachis revealed that the effec-
tive type II resistance to the F. graminearummutantDfgl1,
disrupted in the production of the effector lipase FGL1
(Voigt et al., 2005), and the nonadapted barley leaf
pathogen P. teres was associated with a strong callose
deposition in sieve elements of the spikelet’s phloem. An
increased callose deposition in the spikelet’s transition
zone in combination with type II resistance was also
reported for the wheat cv Sumai 3 (Ribichich et al., 2000),
where the spreading of F. graminearum was strongly re-
duced compared with a susceptible wheat cultivar. The
deposition of callose in the phloem also occurred after
bacterial infection of Citrus spp. leaves, where callose
plugged sieve pores, probably to inhibit phloem trans-
port (Koh et al., 2012). In contrast to the lipase-deficient
mutant Dfgl1 and P. teres, F. graminearum wild type
inhibited callose deposition in the phloem of the spike-
let, putatively through the suppression of callose

biosynthesis. Based on the results of the expression of eight
known wheat GSL genes (Voigt et al., 2006) during infec-
tion of the wheat spike, we also excluded the regulation
of callose biosynthesis through the alteration of tran-
scriptional levels of callose synthase-encoding genes.
Even though the regulation of TaGSL genes occurred at
the transcriptional level, none of the expression patterns
correlated with the stress-induced regulation of callose
synthase activity. This supports the idea of a subcellular
control of preexisting enzymes, as proposed by Jacobs
et al. (2003) andas recently shown inour study,wherewe
overexpressed the stressed-induced callose synthase
geneAtGSL5 inArabidopsis (Ellinger et al., 2013).Hence,
we anticipated an involvement of the secreted effector
lipase FGL1 in the suppression of callose biosynthesis.

A link between the lipase FGL1 and the inhibition of
callose biosynthesis was given in a study with soybean
(Glycine max), where FFAs inhibited callose synthase
activity in in vitro assays (Kauss and Jeblick, 1986).
Because lipid hydrolysis by lipases generally releases
FFAs and the lipid backbone (e.g. glycerol or lyso lipids),
we tested the major fatty acids occurring in wheat (Davis
et al., 1980; Barnes, 1982) for their ability to inhibit wheat
callose biosynthesis. The determination of callose syn-
thase activity revealed that the unsaturated FFAs oleic
(18:1), linoleic (18:2), and a-linolenic (18:3) acids inhibited
callose synthesis in in vitro as well as in planta assays at
similar concentrations to those reported for soybean
(Kauss and Jeblick, 1986). Moreover, the FFA concen-
trations were below the critical micelle concentration
(Verhagen et al., 1978; Murakami et al., 1986; Sellhorn

Figure 4. FFA concentrations in wheat
spikes after lipase application and F.
graminearum infection. A, FFA con-
centrations in wheat spikelets after ap-
plication of the purified F. graminearum
effector lipase FGL1. Untreated spikelets
served as controls. Samples were taken
at 0, 0.5, 3, and 16 h after application.
FFAs were palmitic acid (16:0), stearic
acid (18:0), oleic acid (18:1), linoleic
acid (18:2), and a-linolenic acid (18:3).
B, FFA concentrations in wheat spikelets
inoculated with F. graminearum wild
type (F.g. wt) and the lipase-deficient
mutant Dfgl1-2 (F.g. Dfgl1-2). Uninfected
spikelets served as controls. Samples
were taken at 3, 5, and 7 dpi. Values
represent means of two biologically in-
dependent experiments. *Statistically
different from the control; +statistically
different from Dfgl1-2 at P , 0.05 by
Tukey’s test. Error bars represent SE, and
n = 6.
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et al., 2011), which may suggest that the biological
activity of the FFAs was based on the free molecules
and their direct interaction with the enzyme. Alterna-
tively, the liberated FFAs may stay in the membrane.
This may lead to an alteration of the physicochemical
properties and thereby regulate the activity of the
membrane (associated) protein callose synthase. The
addition of the unsaturated FFAs to wheat spikelets
that were previously inoculated with the Dfgl1 strain
partially restored virulence by breaking the type II
resistance, which was associated with the suppression
of callose deposition in the vascular tissue. Interest-
ingly, we observed a first indication of an active sup-
pression of callose biosynthesis at 3 dpi, when callose
deposition started to occur in the phloem of spikelets
inoculated with the lipase-deficient Dfgl1 strain but not
in F. graminearum wild type-infected spikelets. This
coincided with the induction of FGL1 gene expression
during wheat spike infection, where expression
peaked at 7 dpi (Voigt et al., 2005). At the same time,
we detected a higher combined linoleic and a-linolenic
acid concentration in wheat spikelets at 5 and 7 dpi
with F. graminearum wild type than in Dfgl1-infected
and control spikelets.
Apart from linoleic and a-linolenic acids, also oleic

acid showed a similar capacity in inhibiting callose
biosynthesis and restoring virulence to the Dfgl1 strain.
However, the contribution of saturated palmitic acid to
callose biosynthesis inhibition is likely to be negligible.
This is because palmitic acid did not inhibit callose
biosynthesis in planta, despite the relatively large quan-
tities released after FGL1 treatment and during infec-
tion. These findings support our hypothesis of plant
defense suppression by the inhibition of callose bio-
synthesis through FGL1-dependent release of unsatu-
rated FFAs. In this model, the inhibition of callose
biosynthesis would then prevent localized, pathogen-
induced callose deposition in sieve elements of the
phloem; this inhibition may be essential to break a
component of the spikelet’s type II resistance (Fig. 5).
In addition to acting as a physical barrier by strength-
ening the plant cell well, callose deposition may also
plug sieve elements (Stone and Clarke, 1992; Koh et al.,
2012; Ellinger et al., 2013). Unplugged phloem may not
only ease fungal colonization and spreading but also
allow the dissemination through the vascular system
of mycotoxins (including DON, a major virulence
factor of F. graminearum; Kang and Buchenauer, 1999)
and of secreted effector proteins (Brown et al., 2012)
ahead of F. graminearum colonization. However, this
may not affect the salicylic acid or a-linolenic acid-
dependent jasmonic acid pathway, both known to be
involved in plant defense (Kouker and Jaeger, 1987;
Brown et al., 1998; Schwessinger and Ronald, 2012).
Even though salicylic acid and jasmonic acid levels
generally increased during infection, we did not observe
a difference between F. graminearumwild type and Dfgl1
infection. Moreover, we did not detect differences in the
other oxylipins we analyzed in this study (Supplemental
Table S1).

Apart from suppressing callose biosynthesis, the li-
pase FGL1 might also be involved in DON induction
outside the directly inoculated spikelet. Despite a sim-
ilar severity of tissue colonization above the site of
inoculation, we determined a strong reduction of the
DON amount in the spike tissue infected by Dfgl1 after
a-linolenic acid or 2-DDG complementation compared

Figure 5. Effector lipase-dependent type II resistance to fungal infec-
tion in wheat. The model shows the determination of type II resistance
to fungal infection in wheat based on our results of pathogen-caused
suppression of the plant defense-related callose formation. Left, sus-
ceptible wheat characterized by callose synthases that are strongly
inhibited by polyunsaturated FFAs due to pathogen-derived effector
lipase activity; middle, application of polyunsaturated FFAs (partially)
restores the virulence of lipase-deficient fungal pathogen unable to
release FFAs due to missing lipase; right, lipase-deficient fungal path-
ogen (or incompatible pathogen) without release of FFAs due to
missing lipase. Pathogen-induced callose formation is not inhibited
and promotes type II resistance in planta.
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with F. graminearum wild type infection. The lack of
mycotoxin induction in the Dfgl1 strain outside the di-
rectly inoculated spikelet might explain why supple-
mentation with callose biosynthesis inhibitors is
sufficient to break the type II resistance barrier within
the inoculated spikelet while it does not restore com-
plete virulence. Interestingly, a wild-type-like DON
production within the inoculated spikelet is not suffi-
cient to break the spikelet’s type II resistance if a cal-
lose biosynthesis inhibitor is missing, as revealed in the
disease phenotype of the DON-producing Dfgl1
mutant. On the other hand, the DON-deficient F. gra-
minearum Dtri5 mutant, which, like all other DON-
deficient mutants, phenotypically elicits the same
strong type II resistance reaction in wheat plants
(Proctor et al., 1995; Desjardins et al., 1996; Bai et al.,
2002; Voigt et al., 2005), was able to suppress localized
callose deposition but failed to colonize the spike’s
rachis due to the missing mycotoxin DON. This not
only shows that the mycotoxin DON is not required to
inhibit callose biosynthesis but also highlights the
multilayered character of type II resistance in the wheat
spikelet.

From our results, we conclude that the inhibition of
callose synthesis is mainly based on the pathogen-
caused release of linoleic and a-linolenic acids. How-
ever, we have not yet identified the lipid source of the
released unsaturated FFAs in the pathosystem wheat-
F. graminearum. The observed infection process and the
physiology of the infected plant organs suggest a plant
lipid as the source for pathogen-caused hydrolysis.
The growth of F. graminearum conidia after germination
was directed to the ovary of the floret, similar to the
growth behavior of Fusarium culmorum in inoculated
wheat spikes (Kang and Buchenauer, 2000). The pistil is
enriched in nutrients and lipids. Furthermore, it is ad-
jacent to the transition zone of rachilla and rachis, where
we observed induced callose deposition in the vascular
tissue after Dfgl1 infection. Hence, the combination of
lipids and the position of the pistil’s ovary could enable
the inhibition of callose synthases due to lipid hydrolysis
in the region of the rachis node. Although unsaturated
FFAs might also be derived from the hydrolysis of F.
graminearum lipids, which also contain the polyunsat-
urated linoleic and a-linolenic acids (Guenther et al.,
2009), we would not expect a major contribution from
fungal lipids, because F. graminearum mycelium con-
tains a maximum of 7.5% lipids (Guenther et al., 2009)
and accounted for 0.1% of the combined fungal and
plant biomass (Supplemental Table S2).

We suggest that an early, enhanced callose deposi-
tion in the phloem of the transition zone of rachilla and
rachis before the FGL1-mediated suppression of callose
synthesis starts at 3 dpi might be effective to stop or delay
fungal spreading and to prevent or reduce FHB. This
could be achieved through the overexpression of those
callose synthases that are involved in pathogen-induced
callose deposition, a strategy that we successfully ap-
plied in Arabidopsis to prevent powdery mildew in-
fection (Ellinger et al., 2013).

MATERIALS AND METHODS

Fungal Strains and Culture Conditions

Fusarium graminearum strain 8/1 was obtained from Thomas Miedaner
(Miedaner et al., 2000). Lipase-deficient F. graminearum strain Dfgl1-2 and
DON-deficient F. graminearum strain Dtri5 were derived from our previous
studies (Jansen et al., 2005; Voigt et al., 2005). Media, culture conditions, and
induction of conidiation were according to Voigt et al. (2005). Pyrenophora teres
strain 15A was provided by Brian J. Steffenson (Weiland et al., 1999). Culture
conditions and induction of conidia were according to Ruiz-Roldán et al.
(2001).

Plant Inoculation and Pathogenicity Tests on Wheat

Wheat (Triticum aestivum ‘Nandu’; Lochow-Petkus) was cultivated and
inoculated as described by Voigt et al. (2005). Inoculation of two central
spikelets was performed with conidia of F. graminearum wild type, Dfgl1-2,
GFP-tagged F. graminearum strains wt-GFP-1 and Dfgl1-GFP-1 (Supplemental
Fig. S1), and P. teres wild type. The effect of the F. graminearum lipase FGL1 on
tissue degradation and lipid hydrolysis was tested by applying 10 mL of FGL1
solution (activity, 1.3 units) to untreated spikelets at Zadoks stages 7.5 to 7.9
(Zadoks et al., 1974).

Addition of FFAs and 2-DDG to Infected Wheat Plants

To detect an impact of FFAs and the callose inhibitor 2-DDG on the re-
sistance of wheat to F. graminearum infection, 2 mL of ethanol-dissolved FFAs,
2-DDG (both at a concentration of 3.2 mM), and pure ethanol as a control was
added to each of the florets at 3 dpi with F. graminearum wt-GFP-1 and Dfgl1-
GFP-1.

Microscopic Analyses

For confocal laser-scanning microscopy, sections of the wheat spike were
destained in 95% ethanol and subsequently costained with aniline blue to
localize callose depositions and Alexa Fluor 488-conjugated wheat germ ag-
glutinin (Life Technologies) for selective labeling of fungal hyphae (Meyberg,
1988). Stained sections were mounted between a microscope slide and cov-
erslip in water. Images were captured using the LSM 780 confocal laser-
scanning microscope (Zeiss) with a Zeiss Plan-Neofluar 103 objective or
with a Zeiss 633 C-Apochromat water-immersion objective for high-resolution
microscopy. Aniline blue was excited at 405 nm by using a diode laser; Alexa
Fluor 488-conjugated wheat germ agglutinin was excited at 488 nm by using an
argon laser. Emission filtering was achieved using a 475- to 495-nm bandpass
filter for aniline blue and a 512- to 532-nm bandpass filter. Image processing to
obtain a maximum intensity projection was performed using integral functions
of the ZEN 2010 (Zeiss) operating software.

For epifluorescence microscopy of freshly cut wheat spikes inoculated with
F. graminearum wt-GFP-1 and Dfgl1-GFP-1, the stereo fluorescence microscope
Leica MZ FLIII (Wetzlar) with the Leica GFP2 filter set (excitations, 480/40
nm; barrier filter, 510 nm) was used.

Membrane Preparation, Callose Synthase Activity Assay,
Callose Determination, and FFA Treatment

All procedures for membrane preparation, callose synthase activity assay,
and callose determination were performed as described by Voigt et al. (2006). A
possible impact of FFAs on wheat callose synthase activity was examined by
preparing membranes from untreated spikes at Zadoks stages 7.5 to 7.9
(Zadoks et al., 1974), which represent defined growth stages in the decimal
code system of Zadoks for optimal point inoculation of spikelets with F.
graminearum. Reaction wells of microtiter plates were supplemented with 2 mL
of ethanol-dissolved FFAs or 2-DDG, giving final concentrations of 0.7, 7, 17.5,
35, 70, and 700 mM, and pure ethanol as a control. FFAs were palmitic acid
(16:0; Merck), stearic acid (18:0; Merck), oleic acid (18:1; Sigma), linoleic acid
(18:2; Sigma), and a-linolenic acid (18:3; Sigma); 2-DDG was from Sigma.

To examine the inhibitory effect of FFAs and 2-DDG in planta, six wheat
spikelets per spike were each treated with 4 mL of ethanol-dissolved FFAs or
2-DDG (concentration, 3.2 mM) and pure ethanol as a control at Zadoks stages
7.02 to 7.05 (Zadoks et al., 1974). These growth stages were chosen to ensure a
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similar growth stage at the time point of sample collection 24 h after FFA or
2-DDG application, as in the experimental setups described above (Zadoks stages
7.5 to 7.9). Samples of five independently treated spikes were pooled. Mem-
branes were prepared from directly inoculated spikelets and the adjacent rachis
region. Callose synthase activity was measured as described above.

DON Determination

To determine the concentration of the mycotoxin DON in F. graminearum-
infected wheat spikes, freshly ground tissue samples were lyophilized. Sam-
ples of 10 mg of lyophilized tissue were used in the Ridascreen DON assay
(R-Biopharm) according to the manufacturer’s instructions.

Fatty Acid Determination

Fatty acids and oxylipins were analyzed as described by Göbel et al. (2003)
with some modifications. One gram of frozen wheat spike tissue at 0, 0.5, 3, and
16 h after FGL1 application and at 0, 3, 5, and 7 dpi with F. graminearum wild
type and Dfgl1-2 and the respective controls was extracted by adding 10 mL of
extraction medium and homogenized as described by Göbel et al. (2003). Prior to
extraction, a mixture of internal standards was added: 50 mg of heptadecanoic
acid, 100 ng of D6-jasmonic acid and 100 ng of D5-oxophytodienoic acid (both
kindly provided by Otto Miersch), plus 13g-hydroxy octadecatrienoic acid. The
extract was shaken for 10 min and centrifuged at 3,200g at 4°C for 10 min. The
upper phase was collected. A 6.7% (w/v) potassium sulfate solution was added
up to a volume of 32.5 mL. After shaking and centrifugation at 3,200g at 4°C for
10 min, the upper hexane-rich layer was dried under streaming nitrogen. The
remaining lipids were redissolved in 0.2 mL of methanol. For the analysis of
FFAs, 20 mL of the sample was methylated after the addition of 380 mL of
methanol and 6.5 mL of trimethylsilyldiazomethane (2 M in hexane; Sigma). After
shaking for 30 min, 0.2 mL of glacial acetic acid was added. The corresponding
fatty acid methyl esters were dried under streaming nitrogen and redissolved in
20 mL of acetonitrile. The fatty acid methyl esters were analyzed with an Agilent
6890 gas chromatograph fitted with a capillary DB-23 column (30 m3 0.25 mm,
0.25 mm coating thickness; J&W Scientific, Agilent). The carrier gas was helium
(1 mL min21). The temperature gradient was 150°C for 1 min, 150°C to 200°C at
8 K min21, 200°C to 250°C at 25 K min21, and 250°C for 6 min. The internal
standard for the quantification of FFAs was heptadecanoic acid. The remaining
180 mL of the sample was used for the analysis of free oxylipin (Supplemental
Table S1).

Statistical Analysis

Descriptive statistics including the mean and SE along with Tukey’s range
test for multiple comparison in conjunction with an ANOVA were used to
determine significant differences. P , 0.05 was considered significant.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Overview of callose deposition in wheat spikes
after fungal infection.

Supplemental Figure S2. Expression analysis of TaGSL genes in wheat
spikes during fungal infection.

Supplemental Figure S3. Disease phenotypes of GFP-tagged and the re-
spective untagged F. graminearum strains on wheat spikes.

Supplemental Figure S4. Rating of colonization severity after F. graminea-
rum infection.

Supplemental Figure S5. Impact of a-linolenic acid (18:3) and 2-DDG on
callose deposition in wheat spikes infected with F. graminearum Dfgl1.

Supplemental Figure S6. Overview of FFAs and 2-DDG impact on the
progress of F. graminearum infection in wheat spikes.
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