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All genomes encode taxonomically restricted orphan genes, and the vast majority are of unknown function. There is growing
evidence that such genes play an important role in the environmental adaptation of taxa. We report the functional
characterization of an orphan gene (Triticum aestivum Fusarium Resistance Orphan Gene [TaFROG]) as a component of
resistance to the globally important wheat (T. aestivum) disease, Fusarium head blight. TaFROG is taxonomically restricted to
the grass subfamily Pooideae. Gene expression studies showed that it is a component of the early wheat response to the
mycotoxin deoxynivalenol (DON), which is a virulence factor produced by the causal fungal agent of Fusarium head blight,
Fusarium graminearum. The temporal induction of TaFROG by F. graminearum in wheat spikelets correlated with the activation of
the defense Triticum aestivum Pathogenesis-Related-1 (TaPR1) gene. But unlike TaPR1, TaFROG induction by F. graminearum was
toxin dependent, as determined via comparative analysis of the effects of wild-type fungus and a DON minus mutant derivative.
Using virus-induced gene silencing and overexpressing transgenic wheat lines, we present evidence that TaFROG contributes to
host resistance to both DON and F. graminearum. TaFROG is an intrinsically disordered protein, and it localized to the nucleus. A
wheat alpha subunit of the Sucrose Non-Fermenting1-Related Kinasel was identified as a TaFROG-interacting protein based on
a yeast two-hybrid study. In planta bimolecular fluorescence complementation assays confirmed the interaction. Thus, we
conclude that TaFROG encodes a new Sucrose Non-Fermentingl-Related Kinasel-interacting protein and enhances biotic

stress resistance.

It is estimated that wheat (Triticum aestivum) yields
must at least double by 2050 to meet growing future
demands. We lose billions of dollars” worth of wheat
grain annually due to diseases caused by fungi (Dean
et al., 2012). Some fungal diseases also threaten health
because the causal organisms contaminate grain with
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mycotoxins that are harmful to humans and animals
(Arunachalam and Doohan, 2013). Breeding for disease
resistance is the most environmentally sustainable
method of disease control. Resistance to disease can be
quantitative nonspecific or qualitative, pathogen race
specific. We must expand our portfolio of wheat resis-
tance genes selected for within-breeding programs if
we want to deploy sustainable resistance to a broad
spectrum of pathogens. This will be most easily ach-
ieved if we obtain better knowledge of the mechanisms
and the transcriptional patterns important to disease
resistance within wheat (Bischof et al., 2011).

Many of the plant genes activated in response to
pathogens are of unknown function. This includes
taxonomically restricted orphan genes that lack ho-
mologs in other plant families (Arendsee et al., 2014). A
role for orphan genes in lineage-specific adaptations is
supported by a growing number of examples from a
spectrum of diverse organisms, including plants (Tautz
and Domazet-Lo$o, 2011; Arendsee et al., 2014). Or-
phans were enriched in differentially expressed gene
sets from Arabidopsis (Arabidopsis thaliana) and rice
(Oryza sativa) following treatments with hormones,
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abiotic, or biotic stressors (Guo et al., 2007; Donoghue
et al, 2011). Arabidopsis mutant screens identified
several plant orphan genes that alter abiotic stress re-
sistance (Luhua et al.,, 2013). Examples detailing the
functional role of orphan genes in plant disease re-
sponses are rare. The Brassicaceae-specific Enhancer of
Vascular Wilt Resistancel orphan gene provides resis-
tance to vascular wilt pathogens (Yadeta et al., 2014),
whereas the rice orphan gene Oryza sativa Defense-
Responsive Genel0 has a negative effect on plant resis-
tance to bacterial blight disease (Xiao et al., 2009).
Here, we characterize a wheat orphan gene that
enhances resistance to Fusarium head blight (FHB)
disease, and thus was designated Triticum aestivum
Fusarium Resistance Orphan Gene (TaFROG). This gene
was originally identified as being responsive to a
mycotoxic virulence factor, deoxynivalenol (DON),
which is produced by the causal fungal agent of FHB,
Fusarium graminearum. This fungus produces DON to
facilitate disease spread within wheat head tissue (Bai
et al., 2002). The disease results in yield loss and con-
tamination of grain with DON that is harmful to human
and animal health (Rocha et al., 2005). Gene expression
studies evaluated the effect of DON synthesis on the
responsiveness of this gene to F. graminearum. Gene
silencing and overexpression studies assessed the con-
tribution of this gene to DON tolerance and FHB re-
sistance. Microscopic analysis of transgenic plants was
used to determine the subcellular location of TaFROG.
A yeast two-hybrid screen against a wheat comple-
mentary DNA (cDNA) library identified a wheat alpha
subunit of the Sucrose Non-Fermentingl-Related Ki-
nasel (TaSnRKla) as a TaFROG-interacting protein,
and the interaction was confirmed in planta using bi-
molecular fluorescence complementation. On the basis
of this study, we have identified a wheat orphan gene
that enhances disease resistance and determined that it
interacts with a central stress regulator, TaSnRK1a.

RESULTS

TaFROG Is an Orphan Gene, Taxonomically Restricted to
the Pooideae

Previous studies within our laboratory identified a
unique wheat transcript, responsive to F. graminearum
and DON. Using RACE-PCR, we cloned the full-length
open reading frame of this gene (TaFROG) from bread
wheat ‘CM82036.” The deduced coding sequence shares
100%, 93%, and 85% homology with sequences on
chromosomes 4A, 4D, and 4B, respectively, of the re-
cently published wheat cv Chinese Spring genome
(International Wheat Genome Sequencing Consortium,
2014). TaFROG homologs were found within the Triti-
cum spp. genus (E < 10~ %). They were restricted to
the Pooideae subfamily of Poaceae (E < 10™%; Fig. 1A).
TaFROG gene variants were not identified outside this
subfamily, either in transcript databases or in any other
sequenced monocotyledon genome. TaFROG shared no

2896

significant homology with any characterized gene or
protein. The protein did not contain any characterized
domain. Thus, we conclude that TaFROG is a unique
orphan gene: orphan genes are strictly defined as hav-
ing a narrow phylogenetic distribution and not encod-
ing previously identified protein domains (Khalturin
et al., 2009).

FROG Represents a New Family of Intrinsically
Disordered Nuclear Proteins

The FROG family are small basic proteins of between
121 and 142 amino acids (Supplemental Fig. S1) and
represent new intrinsically disordered proteins (IDPs)
with a highly negative folding index profile determined
using the FoldIndex prediction tool (Prilusky et al.,
2005; Supplemental Fig. S1). Between 62% and 72% of
protein residues are predicted to be disordered, and
these lie within four conserved regions (Supplemental
Fig. 51). FROG encodes two conserved motifs: a nuclear
export signal and a nuclear localization sequence, as
shown in Supplemental Figure S1, suggesting FROG
can localize in the nucleus. We fused wheat FROG
(TaFROG, cloned from chromosome 4A of cv CM82036)
to yellow fluorescent protein (YFP) and transiently or
stably expressed TaFROG-YFP in wheat leaves or
Arabidopsis plants, respectively. In wheat epidermal
cells, confocal microscopy analyses showed that TaFROG-
YFP was restricted to the nucleus within distinct nu-
clear bodies (Fig. 1B), unlike coexpressed Cyan Fluo-
rescent Protein (CFP), which was found in both the
cytosol and the nucleus. In stable transgenic Arabi-
dopsis lines, light sheet fluorescence microscopy
detected TaFROG-YFP in bodies localized within the
DAPI-stained nuclei (Fig. 1C). The integrity of Arabi-
dopsis TaFROG-YFP fusion was confirmed via western-
blot analysis (Supplemental Fig. S2).

TaFROG Is a Mycotoxin-Responsive Orphan Gene

The tissue specificity and DON responsiveness of
TaFROG (chromosome 4A homeolog) were analyzed
using semiquantitative reverse transcription (sqRT)-
PCR and real-time quantitative reverse transcriptase
(gRT)-PCR analyses. In mock-treated wheat tissues, the
basal expression of TaFROG was below or near de-
tectable limits, in contrast to the high level of gene ex-
pression in DON-treated tissues (Fig. 2A; Supplemental
Fig. 53). Thus, TaFROG transcription is induced by the
toxigenic F. graminearum virulence factor DON. To de-
termine if the gene was activated by F. graminearum, the
level of expression was measured by gRT-PCR in wheat
head spikelets at 1 to 5 d postfungal inoculation (dpi).
The result showed that the fungus induces TaFROG as
early as 1 dpi, induction peaking at 2 dpi (Fig. 2B). We
also studied Fusarium graminearum Trichodiene synthase5
(FgTri5) transcription in the same tissue, which is a key
gene in the fungal DON biosynthetic pathway, and its
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Figure 1. Phylogenetic analysis and subcellular localization of TaFROG. A, Phylogenetic tree showing grass species that contain
homologs of TaFROG. BLAST E-value and the percentage of protein sequence identity (% id) calculated using TaFROG from the
chromosome 4A are presented. B and C, Microscopic analyses of TaFROG within the nucleus of wheat and Arabidopsis cells,
respectively. Wheat seedling leaves were biolistically cotransformed with vectors harboring either CFP or TaFROG-YFP. Stable
plant roots overexpressing TaFROG-YFP were analyzed for Arabidopsis. Cells were observed by confocal microscopy for wheat
leaves or by light sheet fluorescence microscopy for Arabidopsis roots. YFP and either CFP or 4’,6- diamidino-phenylindole
(DAPI) images are shown both separately and as an overlay. Scale bar = 10 um.

expression positively correlates with the production of
DON (Gardiner et al., 2009). In F. graminearum-infected
wheat spikelets, qRT-PCR showed that the peak FgTri5
expression coincided with the peak in wheat TaFROG
expression (2 dpi), both the fungal and wheat gene
presenting the same temporal expression profile (Fig.
2B). Based on the fact that TaFROG was responsive to
both DON and its producer, we hypothesized that toxin
biosynthesis might be a requirement for the fungal ac-
tivation of this gene. Comparative analysis of the re-
sponse of TaFROG to both wild-type fungus and its
less virulent non-DON-producing mutant derivative
(GZT40) enabled us to test this hypothesis. Both the
mutant and the wild type elicited a similar defense
response, as represented by the defense Pathogenesis-
Related Genel marker gene Triticum aestivum Pathogenesis-
Related-1 (TaPR1; Fig. 2B), previously described to be
induced as an early response to F. graminearum infection
(Pritsch et al., 2000). But, unlike wild-type strain GZ3639,
mutant GZT40 did not induce TaFROG expression in
wheat spikelets (Fig. 2B). Thus, we conclude that TaFROG
is a component of the early host response to F. graminearum,
elicited in response to DON. The role of TaFROG in the
mycotoxin response is not restricted to the chromosome
4A homeolog. The chromosome 4B, 4D homeologs and
the barley (Hordeum vulgare) TaFROG homolog share
the same DON-dependent expression pattern in tissues
treated with DON or heads infected with F. graminearum
(Supplemental Fig. S3; Boddu et al., 2007; Gardiner
et al., 2010).
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TaFROG Contributed to DON Tolerance

Virus-induced gene silencing (VIGS) was used to
determine if reducing TaFROG transcript levels altered
the phenotypic response to DON in a toxin-resistant
wheat genotype. gRT-PCR confirmed that VIGS worked
efficiently. DON treatment of central head spikelets in-
duced TaFROG, but in gene-silenced plants (barley stripe
mosaic virus [BSMV]:FROG plants), the DON induc-
tion of TaFROG was reduced by 77%, as compared with
the effect of DON on plants treated with the mock virus
(BSMV:00; Fig. 3A). In the absence of DON, minimal
TaFROG expression was observed, both in BSMV:
FROG- and BSMV:00-treated plants (Fig. 3A). At a phe-
notypic level, assessment of heads at 14 d post-toxin
treatment showed that BSMV:FROG plants were more
sensitive to DON-induced damage than the BSMV:00
plants (Fig. 3B). Silencing of TaFROG resulted in a 2.2-fold
increase in the number of DON-damaged spikelets (in
BSMV:FROG versus BSMV:00 plants). Note that we
obtained similar results when we conducted an indepen-
dent experiment using a different BSMV construct target-
ing a larger fragment of the TaFROG gene (Supplemental
Figs. 54 and S5).

The results of the VIGS experiments suggested a
direct role for TaFROG in DON tolerance. To confirm
this, we generated transgenic wheat (‘Fielder’) lines
overexpressing TaFROG and tested their phenotypic
response to DON and F. graminearum. Transgenic lines
OE-1, OE-2, and OE-3 were selected for F. graminearum
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Figure 2. TaFROGtranscript levels in wheat tissues after treatment with
DON or F. graminearum. A, Tissues at different wheat development
stages and flowering spikelets treated with DON. After 24 h, TaFROG
gene expression was assessed via sqRT-PCR (number in parenthesis =
number of PCR cycles). B, TaFROG, FgTri5 (top graph) and TaPRT
(bottom graph) gene expression in wheat heads treated with F. grami-
nearum was assessed via qRT-PCR. The wheat alpha-tubulin and
F. graminearum FgActin genes were used as internal reference to calculate
the relative expression of FgTri5 and TaFROG genes respectively, using
the equation 2t argetgene—Cthousekeepinggene) y\o/haat spikelets were treated
with wild-type (WT) F. graminearum GZ3639, its DON-minus mutant
derivative GZT40, or mock. The tissues were harvested at various days
postinoculation as indicated. Results represent the mean (two biologi-
cal replicates and four technical replicates per treatment from a pooled
biological sample) and error bars indicate =sem (n = 8). Asterisks show
significant differences between treatments and mock (Kruskal-Wallis
test; *, P < 0.05; and **, P < 0.01).

studies on the basis that they exhibited a 218-,
445-, and 80-fold increase, respectively, in TaFROG
gene expression, as compared with wild-type plants
(Supplemental Fig. S6). We evaluated the phenotypic
effect of DON on spikelets 21 d post-toxin treatment.
Figure 3C illustrates that DON-induced damage of
spikelets was significantly reduced for the three
overexpressor lines, as compared with the wild-type
plants, thus confirming the role of TaFROG in DON
tolerance.
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TaFROG Enhances Wheat Leaf Resistance to
E. graminearum

DON facilitates disease spread in wheat heads (Bai
et al., 2002) and, based on its contribution to DON tol-
erance, we hypothesized that TaFROG might enhance
Fusarium resistance. Using a detached leaf assay, we
evaluated the spread and sporulation of F. graminearum
(strain GZ3639) on transgenic lines OE-1, OE-2, and
OE-3, relative to wild-type plants. Amending the fungal
inoculum with DON (75 uMm) was previously reported
to increase the reproducibility of results within de-
tached leaf assays (Chen et al., 2006). Thus, we per-
formed two experiments: one using F. graminearum
plus DON as the treatment (Supplemental Fig. S7)
and the other using only the fungus (Fig. 4). Similar
results were obtained for both experiments, disease
and sporulation being reduced in the overexpressor
as compared with wild-type plants. Thus, the over-
expression of TaFROG enhanced wheat resistance to
colonization by F. graminearum.

Overexpression of TaFROG Retards the Spread of FHB
Disease Symptoms

We evaluated the effect of TaFROG overexpression
on the spread of FHB symptoms from inoculated cen-
tral spikelets of wheat heads. Results showed that wild-
type cv Fielder had an average of 5.1 diseased spikelets
at 21 dpi. All three transgenic lines exhibited less dis-
ease spread; significant reductions of 23% and 17%
were observed for OE-1 and OE-2, respectively, relative
to wild-type plants (Fig. 5A; Supplemental Fig. S8). The
reduction observed for OE-3 at 21 d post-treatment was
not significant; however, like OEl, the disease pro-
gression for line OE3 (evaluated as AUDPC calculated
using disease scores from 7, 14, and 21 dpi) was sig-
nificantly lower than on wild-type plants (Fig. 5B).

The enhanced resistance of the transgenic lines rela-
tive to the wild type was confirmed under higher dis-
ease pressure, where whole heads were sprayed with
the pathogen. All three transgenic lines showed fewer
disease symptoms at 10 dpi, as depicted in Supplemental
Figure S8. By 21 dpi, 51% and 49% of the spikelets on
OE-1 and OE-2 exhibited disease symptoms as com-
pared with 57% on the wild-type plants (Fig. 5C). No
reduction in disease was observed for OE-3 at this time
point, but like OE-1 and OE-2, the disease progression
for line OE3 (evaluated as AUDPC) was significantly
lower than on wild-type plants (25%-15% lower, as
depicted in Fig. 5D). Overall, the results of both point
and spray inoculation experiments demonstrated that
overexpression of TaFROG provided quantitative re-
sistance to FHB.

TaFROG, a New SnRK1-Interacting Protein

TaFROG is an IDP; the unstructured properties of
IDPs allow them to bind multiple protein partners and

Plant Physiol. Vol. 169, 2015


http://www.plantphysiol.org/cgi/content/full/pp.15.01056/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01056/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01056/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01056/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01056/DC1

An Orphan Gene Enhances Wheat Disease Resistance

A B C
0.07 OMock = DON Y 2 OMock = DON 5 2
- a
@ *
c - w
g o0& £ 16 .
8 005 3 £
g ] 3
¢ 004 $5 12 3
: g o 2T
@ gc o8 1
=4 T — @ [}
S 0.03 88,8 g
© k] 3
% 002 3 5 05
] * -g 0.4 5
© 001 s g
=z
0 0 Z 0

BSMV:00 BSMV:FROG
Construct

WT OE-1 OE-2 OE-3
Genotype

BSMV:00 BSMV:FROG
Construct

Figure 3. Effect of TaFROG silencing and overexpression on DON tolerance. A and B, In the VIGS experiment, gene silencing of
TaFROG in wheat spikelets was quantified by qRT-PCR analysis (A) and the phenotypic response to DON (B) was assessed at 14 d
post-toxin treatment. For the qRT-PCR analysis, the wheat alpha-tubulin gene was used as an internal reference to calculate the
relative expression of the TaFROG gene using the equation 2-(ttargetgene-Cthousekeepinggene) /|G constructs used were empty vector
BSMV:00 or the construct BSMV:FROG that targets the TaFROG gene for silencing. Constructs were applied to the flag leaf, and
the central flowering spikelets were treated with either 16.87 mm DON or Tween 20 (mock). C, The phenotypic response of
TaFROG overexpressor lines (OE-1, OE-2, and OE-3) and control plants (wild type [WT]) to DON treatment (as above) at 21 d
post-toxin treatment. Asterisks show significant differences between DON-treated (A and B) BSMV:00 and BSMV:FROG con-
structs or (C) overexpressor lines and the wild type (Mann-Whitney Utest; *, P<<0.05; **, P<0.01; and ***, P<0.001). Error bars

indicate =sem (A and B: n=20-36; C: n = 60).

form an important component of the cellular signaling
machinery (Wright and Dyson, 2015). A yeast two-
hybrid screen was conducted to determine if TaFROG
could interact with components of the plant cell sig-
naling machinery. Using TaFROG as bait, we screened
a cDNA expression library generated from DON-treated
wheat tissue and thus identified putative interacting
proteins, including NAC transcription factors, a histone-
binding protein, and the kinase TaSnRK1la. Among
the putative interacting enzymes, TaSnRK1a was se-
lected for further analysis. TaSnRK1e is a wheat alpha
subunit of an SNF1-related kinase 1, a central regu-
lator of energy and stress signaling in plants (Halford
and Hey, 2009). The protein-protein interaction in
yeast (Saccharomyces cerevisiae) was confirmed using a
galactose-responsive transcription factor GAL4 (GAL4)-
based yeast two-hybrid system (Fig. 6A; Supplemental
Fig. S9 for serial dilution results; Supplemental Fig. S9
for vector-swapping results). On the contrary, no
growth was observed when we combined TaFROG with
another SnRK, TaSnRK2.8, or with the empty vectors.
Protein expression from constructs was confirmed by
western-blot analysis (Supplemental Fig. 59). Thus,
we confirmed that TaFROG is able to interact with
TaSnRK1e in yeast.

We further investigated the interaction between
TaFROG and TaSNRKle in planta using the BiFC
system (Gehl et al, 2009). TaFROG and TaSNRKla
genes were fused at their N terminus with either the N-
or C-terminal part of YFP. The resulting constructs were
transiently coexpressed in Nicotiana benthamiana leaves.
We observed a strong YFP signal, predominantly in
punctate cytoplasmic bodies, when YFPN-TaFROG was
combined ‘with YFP“-TaSNRKla (Fig. 6B). A smaller
number of larger cytoplasmic bodies with an irregular
shape was also detected, potentially corresponding to

Plant Physiol. Vol. 169, 2015

protein aggregates. Similar results were obtained with
different combinations of TaSNRKla and TaFROG
(TaFROG-YFP®/TaSnRK1a-YFPN or YFPC-TaFROG/
TaSnRK1a-YFPY), the only difference being that we
occasionally detected fluorescent punctate bodies in the
nucleus of cells (see YFP“-TaFROG/TaSnRK1a-YFPY,
Supplemental Fig. S10). The ability of TaFROG to
homodimerize was also evaluated as part of the BiFC
experiment. The combination of YFPN-TaFROG / YFP®-
TaFROG gave a strong YFP signal, restricted within
nuclear bodies (Fig. 6B). As a negative control, the com-
bination YFPN-TaFROG/ YFP“-TaSnRK2.8 gave no clear
fluorescence (Fig. 6B). Protein expression from
constructs was confirmed by western-blot analysis
(Supplemental Fig. S10). Collectively, these BiFC data
indicated that TaFROG can homodimerize in the nu-
cleus, and that it can interact with TaSnRK1e in planta,
predominantly in cytosolic bodies and potentially (rarely)
in nuclear bodies.

DISCUSSION

FHB is one of the most devastating diseases of small-
grain cereals. Resistance to FHB in wheat is quantita-
tive, nonspecies specific, and nonrace specific. Many
quantitative trait loci (QTL) are confirmed to contribute
to FHB resistance, but the causative genes under-
pinning them remain to be determined. The over-
expression of classical plant defense genes was shown
to enhance FHB resistance in wheat; examples include
B-1,3-glucanase, the defensin protein a-1-purothionin
(Mackintosh et al., 2007), and the key regulator of the
salicylic defense signaling pathway Nonexpressor of
Pathogenesis-Related Genesl (NPR1; Makandar et al.,
2006). To our knowledge, TaFROG is the first wheat
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Figure 4. Effect of TaFROG overexpression on wheat leaf resistance to
F. graminearum. TaFROG overexpressor lines (OE-1, OE-2, and OE-3)
and control plants (wild type [WT]) were used for phenotypic analysis.
Representative leaf symptoms (A), diseased leaf area (B), and conidia
production (C) were determined 4 d post-treatment of detached wheat
leaves with F. graminearum. Error bars indicate =sem (B and C: n=36).
Asterisks show significant differences compared with the wild type (B:
Tukey’s honestly significant difference test; C: Mann-Whitney U test;
* P < 0.05; **, P< 0.01; and ***, P < 0.001).

orphan gene to be functionally characterized and
demonstrated to positively enhance biotic stress resis-
tance, specifically FHB resistance. TaFROG and its
homeologs map to group 4 chromosomes, but with the
wheat genome data available at present, there is no
evidence that TaFROG colocates with FHB QTL previ-
ously identified on these chromosomes (Buerstmayr
et al., 2009).

Expression of TaFROG is induced in response to
the F. graminearum virulence factor DON. DON in-
hibits eukaryotic protein synthesis (Arunachalam and
Doohan, 2013), leading to cell death (Desmond et al,,
2008), but lower concentrations can also inhibit plant-
programmed cell death (Audenaert et al., 2014). Fusarium
species are considered hemibiotrophic, and Audenaert
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et al. (2014) postulated that low levels of DON could
facilitate the initial biotrophism, and the subsequent
increase in DON production might facilitate the switch
to necrotrophism. Wheat may defend itself against the
necrotrophic phase by counteracting oxidative stress
and inducing cell death (Walter et al., 2010), a theory
supported by the positive association between the ac-
tivity of genes involved in the alleviation of oxidative
stress and the inheritance of DON/FHB resistance QTL
Fhbl (Walter et al., 2008). QTL Fhb1 is also associated
with the detoxification of DON to DON-3-O-glucoside
(Lemmens et al., 2005).

The DON-responsiveness of TaFROG, combined
with the effects of gene silencing and overexpression on
DON/FHB resistance, led us to deduce that the en-
hanced FHB resistance afforded by TaFROG is likely a
consequence of enhanced DON resistance. Fungal toxin
productivity varies from strain to strain, and there may
be a dose-dependent effect on the TaFROG-associated
resistance response. TaFROG is an IDP, and there is
growing evidence that these proteins control protein
signaling complex assembly in cytosolic and nuclear
bodies to regulate cellular signaling pathways (Wright

A B
6 70

g . 60 |

1] *h |

] 4 50 * »
2 4 I I I ] | ]
& © 40 I
8% 3 =}

gL 230

c

£ 2

5 20

]

e 1 10

z

0 0
WT OE-1 OE-2 OE-3 WT OE-1 OE-2 OE3
Genotype Genotype

C D

_ 80 900

()

; 70 800

@ *
T 60 1 700 & B el

2 T . 600

o 50 I I 5 I 1

.g o a 500

8 &40 [}

£ 2 2 400

e 2 300

g 20 200

8 10 100

@

& 0

WT OE-1 OE-2 OE-3
Genotype

WT OE-1 OE-2 OE-3
Genotype

Figure 5. Effect of TaFROG overexpression on the susceptibility of
wheat to FHB disease. At mid-anthesis, central flowering spikelets from
overexpressor lines (OE-1, OE-2, and OE-3) or control plants (wild type
[WT]) were point inoculated (A and B) or spray inoculated (C and D)
with F. graminearum. Disease was assessed at different days postinoc-
ulation, and data presented correspond to the score (A) or percentage
(C) of infected spikelets per head at 21 d, or to the area under the disease
progress curve (AUDPC; B and D). Error bars indicate =sem (n = 60).
Asterisks show significant differences compared with the wild type
(Mann-Whitney U test; *, P < 0.05; **, P < 0.01; and ***, P < 0.001).
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Figure 6. Interaction of TaFROG with TaSnRK1a. A, Yeast two-hybrid assay using the yeast cotransformed with TaSnRKTa and
TaFROG cloned in the Gal4 bait/prey vectors. Yeast was grown for 5 d on Trp/Leu drop-out medium (—TL) or on selective Trp/Leu/
His drop-out medium (=TLH) plus 3-amino-1,2,4-triazole (3-AT). B, In planta protein-protein interaction visualized by the bi-
molecular fluorescence complementation (BiFC) assay. Confocal microscopy images of representative N. benthamiana epider-
mal leaf cells expressing proteins fused to the N- or C-terminal part of the YFP as indicated. YFP, DAPI fluorescence, and
differential interference contrast (DIC) images are shown both separated and as an overlay. Scale bar indicates 10 um. In A and B,
TaSnRK2.8 was used as a negative control. BD, Binding domain; AD, activating domain.

and Dyson, 2015). This information, coupled with the lack
of protein domains, led us to speculate that TaFROG is not
involved directly in any DON detoxification process, but
might be a component of the signaling response to DON,
perhaps upstream of DON and FHB resistance responses.
The fact that TaFROG is induced as an early response to
DON and its interaction with the plant cell signaling
machinery suggests that this orphan protein might be part
of the signaling events established to promote plant re-
sistance to the fungus and the toxin. We confirmed that
TaFROG can physically interact with TaSnRK1e, both in
yeast and in planta. TaSnRK1« is a wheat alpha subunit of
an SNF1-related kinase 1, which is analogous to the yeast
SNF1 and the mammalian AMP-activated protein kinase
(AMPK). SnRK1 proteins are central regulators of plant
sugar and stress signaling (Halford and Hey, 2009). It may
be that TaFROG is a new component of the SnRK1 sig-
naling pathway. Interestingly, human macrophages show
a change in the phosphorylation state of AMPK in re-
sponse to DON, indicating that the associated signaling
pathway is activated by the mycotoxin (Pan et al., 2013).
There is growing evidence that the interaction of the
SnRK1/SNF1 with unique proteins, including orphan
proteins, regulates cellular adaptability. For example, the
yeast orphan protein Mating Depressing Factorl (MDF1)
physically interacts with SNF1, thereby conferring a se-
lective advantage on yeast grown in rich medium by
virtue of their rapid consumption of Glc in early genera-
tional stages (Li et al., 2014).
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To date, there is no evidence that SnRK1 plays a role
in plant defense responses against a fungal toxin that
act as virulence factors. However, there are studies
supporting the role of SnRK1 in plant defense against
viruses, fungus, bacteria, and herbivores. For example,
tobacco plants overexpressing SnRK1 were more re-
sistant to geminivirus infection (Hao et al., 2003); an
SnRK1 null mutant was more susceptible to Magna-
porthe oryzae (Kim et al., 2015); SnRK1-silenced plants
were impaired in the hypersensitive response induced
by the Xanthomonas campestris pv. vesicatoria effector
AvrBs1 (Szczesny et al., 2010); GAL83, the B-subunit of
the SnRK1 complex, was shown to have an important
role in carbon resource allocation to roots, enhancing
tolerance to herbivory (Schwachtje et al., 2006). Thus it
is conceivable that the complex TaSnRK1la/TaFROG
plays a role in the wheat defense response against DON
and F. graminearum.

TaFROG is a nuclear protein, restricted within nu-
clear bodies. BiFC analysis showed that TaFROG can
homodimerize within nuclear bodies, and that TaFROG/
TaSnRK1a complexes were primarily localized in small
cytosolic bodies (very rarely within nuclear bodies).
Although further study is required to validate the sub-
cellular location of the complexes, SnRK1 proteins have
been previously reported to localize in both the cyto-
plasm and the nucleus, in agreement with the dual
functions of SnRK1 as a regulator of cytosolic enzyme
activity and gene expression (Halford and Hey, 2009;

2901



Perochon et al.

Choetal., 2012). Moreover, SnRK1 can localize in nuclear
bodies when interacting with the Domain of Unknown
Function581 proteins (Nietzsche et al., 2014) or in cyto-
solic small fluorescent structures, reflecting both Golgi
bodies (O’Brien et al., 2015) or bodies from unknown
origins stimulated from mechanical wounding (Williams
et al., 2014). Similarly, upon oxidative, metabolic, or
drug-induced stress, the AMPK localize in cytosolic
bodies (Mahboubi et al., 2015).

CONCLUSION

In the current study, we present the functional
characterization of TaFROG as a wheat orphan gene
validated to contribute to disease resistance in wheat,
providing a new source of resistance genes for crop-
breeding programs. Future work will determine the
biochemical means by which TaFROG enhances plant
disease resistance, including a study to determine
if this orphan protein affects the SnRK1 signaling
pathway. Because TaFROG is an intrinsically disor-
dered protein localized in cytosolic bodies when
interacting with TaSnRK1le, we cautiously speculate
that this localization to specific subcellular bodies
may affect downstream signaling pathways. Future
experiments will determine the nature of these bod-
ies, clarify the subcellular localization of the complex
TaFROG/TaSnRK1le using alternative approaches,
and determine the effect of this interaction on SnRK1
signaling.

MATERIALS AND METHODS
Plant and Fungal Material

Arabidopsis (Arabidopsis thaliana) accession Columbia-0 and wheat (Triticum
aestivum) cultivars ‘Fielder’ and ‘CM82036” were used in this study. Wheat
‘Fielder’ is susceptible to FHB disease (Badea et al., 2013), whereas cv CM82036
is resistant to FHB and DON, a trait that is associated with QTL located on
chromosomes 3B and 5A (Buerstmayr et al., 2003). The wheat ‘CM82036” was
used for gene expression and virus-induced gene-silencing studies, whereas cv
Fielder and its transgenic derivatives were used for the disease assessment
studies. Wild-type Fusarium graminearum strain GZ3639 and its DON-minus
mutant derivative GZT40 were used for pathogenicity studies (Proctor et al.,
1995; Bai et al., 2002). Asexual conidial inoculum (macroconidia) was produced
in Mung bean broth (Bai and Shaner, 1996) and was harvested, washed, and
adjusted to 10° conidia mL ™", as previously described (Brennan et al., 2005).

Plant Material for Gene Expression Studies

For root gene expression studies, wheat plants were germinated for 3 d at
20°C on moist Whatman No. 1 filter paper, and then placed in a new petri dish
on filter paper soaked with 6 mL of either 67.5 um DON (Santa Cruz) in
0.02% (v/v) Tween 20 or 0.02% (v/v) Tween 20 (mock). Dishes were sealed
with Parafilm and incubated for 24 h at 20°C in the dark before harvesting the
roots. There were three biological replicates, each including 12 plants (three
petri dishes) per treatment.

For detached leaf gene expression studies, wheat plants were cultivated
under contained environment conditions at 20°C to 22°C with a 16-h-light/8-h-
dark photoperiod at 300 umol m~?s ™" and 70% relative humidity, as previously
described (Ansari et al., 2007). The second leaves (growth stage 10; Zadoks et al.,
1974) were collected, and 8-cm sections were placed in a square petri dish on
moist Whatman No. 1 filter paper soaked with 10 mL 0.67 mm benzimidazole
(Sigma-Aldrich), adaxial side facing upward. The ends of the leaf were
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sandwiched between two slices of 1% agar containing 0.67 mm benzimidazole.
Leaves were gently wounded with a glass Pasteur pipette, and the wound site
was treated with 10 uL of either 0.02% (v/v) Tween 20 (mock) or this solution
containing 337.5 um DON. Dishes were sealed as above and incubated in a
growth chamber at 20°C to 22°C with a 16-h-light/8-h-dark photoperiod at
200 umol m~? 57! and 70% relative humidity. There were three biological rep-
licates, each including 14 leaves (seven petri dishes) per treatment.

For adult plant DON and FHB studies, plants were cultivated as above
under contained environment conditions. At mid-anthesis (growth stage 65;
Zadoks etal., 1974), two central spikelets of the heads were treated; for the DON
experiment, they were treated with 15 uL of either 0.02% (v/v) Tween 20
(mock) or 16.87 mm DON in 0.02% (v/v) Tween 20, while in a separate FHB
experiment, the central spikelets were treated with either 20 uL 0.02% (v/v)
Tween 20 (mock) or this solution augmented with 2 X 10* conidia of either
F. graminearum strain GZ3639 (wild type) or its non-DON-producing mutant
derivative GZT40. In both the DON and FHB experiment, the treated heads
were covered with plastic bags for 2 d to maintain high humidity. Treated
spikelets were harvested at various time points post-treatment, and plant ma-
terials were flash frozen in liquid N, and stored at —70°C prior to RNA ex-
traction. The DON experiment comprised three biological replicates, whereas
the FHB experiment comprised two biological replicates. In each biological
replicate, RNA was extracted from one pooled sample per treatment (repre-
senting a pool of four heads from individual plants).

DNA, RNA Extraction, and cDNA Synthesis

DNA was extracted using the HP plant DNA mini kit (OMEGA) following the
manufacturer’s instructions. Wheat head RNA was extracted as described
previously (Ansari et al., 2007). RNA from all other plant tissues was extracted
using the RNeasy plant kit (Qiagen), according to the manufacturer’s instruc-
tions. DNase treatment of RNA was performed using the TURBO DNA-free TM
kit (Ambion Inc.), according to the manufacturer’s instructions. The quality,
yield, and integrity of the RNA were analyzed by measuring the UV absorbance
with a NanoDrop 1000 (Thermo Scientific), and visualized following electro-
phoresis through an agarose gel. The absence of DNA contamination was
confirmed by PCR primers targeting the endogenous gene Triticum aestivum
glyceraldehyde-3-phosphate dehydrogenase (primer sets listed in Supplemental
Table S1). Reverse transcription of total RNA was performed as described pre-
viously (Walter et al., 2008).

Amplification and Sequencing of TaFROG

The mRNA sequence of TaFROG was obtained by three successive rounds
of RACE using RNA extracted from DON-treated heads of wheat “CM82036"
and the GeneRacer TM kit (Invitrogen). RNA was dephosphorylated, dec-
apped, and reverse transcribed using SuperScript IIl RT (Invitrogen), according
to the manufacturer’s instructions. Gene-specific primers are detailed in
Supplemental Table S1. The initial touchdown PCR reaction (50-uL final vol-
ume) contained 200 nm forward or reverse gene-specific primers (GSP1 primer),
600 nm 5" or 3" GeneRacer primer, 1X high fidelity buffer, 2.5 units of high
fidelity platinum Taq polymerase (Invitrogen), 2 mm MgSO,, 200 um of each
deoxynucleotide triphosphate, and 1 uL of cDNA. PCR reaction conditions
consisted of an initial denaturation step at 94°C for 2 min followed by five cycles
at 94°C for 30 s, 72°C for 1 min; five cycles at 94°C for 30 s, 70°C for 1 min; 25
cycles at 94°C for 30 s, final annealing at 68°C for 30 s; and one cycle at 72°C for
1 min. The two subsequent rounds of nested PCR (50-uL volume) contained
1 uL of a 1:300 dilution of PCR product, 2.5 units of LA Taq, and 1X TaKaRa LA
TaqMg?* plus buffer (Takara); 200 um dNTP (Gibco, UK); 200 nm of either the 5’
or 3’ nested GeneRacer primer; and 200 nm of either the forward or reverse
nested gene-specific primers (GSP2). PCR reaction conditions consisted of an
initial denaturation at 94°C for 1 min followed by 25 cycles of 94°C for 30's, 65°C
for 30 s, and 68°C for 2 min. The final extension was set at 68°C for 10 min.
Amplified fragments were cloned into the TOPO TA Cloning kit (Invitrogen)
and sequenced.

Bioinformatic Analysis

Using the sequence obtained via RACE-PCR of TaFROG, the open reading
frame and the coding sequence (CDS) were deduced using National Center for
Biotechnology Information’s (NCBI's) open reading frame finder (http://
wheat-urgi.versailles.inra.fr/). Homologs and homeologs were identified via
BLASTn query of the nucleotide sequences in the NCBI GenBank and genome
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databases of wheat (http://wheat-urgi.versailles.inra.fr/Seq-Repository and
http://www.cerealsdb.uk.net/cerealgenomics/CerealsDB), barley (Hordeum
vulgare; http:/ /pgsb.helmholtz-muenchen.de/plant/barley /fpc/searchjsp/
index.jsp), Brachypodium distachyon (http://pgsb.helmholtz-muenchen.de/
plant/brachypodium/searchjsp/index.jsp), Triticum urartu and Triticum
turgidum (http:/ /dubcovskylab.ucdavis.edu/wheat_blast), bamboo (Phyllos-
tachys heterocycla; http://www.bamboogdb.org/), rice (Oryza sativa; http://
rice.plantbiology.msu.edu/), Zea mays, Leersia perrieri, Musa acuminata, Setaria
italica, and Sorghum bicolor (http:/ /plants.ensembl.org/index.html). Prediction
of the nuclear localization sequence and nuclear export signal was performed
with WolF PSORT (http:/ /psort.hgc.jp/), NLStradamus (http:/ /www.moseslab.
csb.utoronto.ca/NLStradamus/), and NetNES 1.1 (http:/ /www.cbs.dtu.dk/
services/NetNES/). Multiple sequence alignment of TaFROG proteins and
homologs was performed using ClustalW (http://www.ebi.ac.uk/Tools/msa/
clustalw2/) and Boxshade (http://www.ch.embnet.org/software/BOX_form.
html) programs.

Generation of Transgenic Wheat and Arabidopsis Plants

Transgenic wheat ‘Fielder’ overexpressing TaFROG was generated as fol-
lows. The TaFROG CDS was cloned using the gateway cloning strategy (primer
sets listed in Supplemental Table S1) and the pPDONR207 vector (Invitrogen);
the gene was subsequently cloned into binary vector pSc4ActR1R2 (under the
control of the rice actin promoter; McElroy et al.,, 1990). The recombinant
plasmid pEW246-TaFROG was then transformed into Agrobacterium tumefa-
ciens strain AGL-1 and cocultivated with immature wheat embryos at 23°C in
the dark for 2 d (Ishida et al., 2015). Following removal of the embryonic axis,
subsequent tissue culture of the plant material was performed essentially as
described previously (Risacher et al., 2009). DNA isolated from regenerated
plantlets was analyzed by PCR to determine the copy number of the neomycin
phosphotransferase 1l selectable marker gene, relative to an internal control
(M. Craze, unpublished data). TO transgenic plants carrying transfer DNA (1 copy
in lines OE-1 and OE-2; 1-2 copies in line OE-3) and overexpressing TaFROG
(Supplemental Fig. S6) were propagated to the T3 generation: plants were
grown under contained environment conditions at 20°C to 22°C with a 16-h
light/8-h dark photoperiod at 300 umol m 2 s~ 70% relative humidity, as
previously described (Ansari et al., 2007). Homozygosity was analyzed by
testing for the presence/absence of the construct and calculating the segrega-
tion ratio in each generation.

For Arabidopsis transformation, the TaFROG coding sequence was fused to
YFP (TaFROG-YFP) under the control of the 35S promoter. TaFROG CDS was
cloned in pDONR207 (Invitrogen) using a gateway cloning strategy (primer
sets listed in Supplemental Table S1), and the gene was subsequently cloned
into binary vector pAM-PAT-P35S-YFP (Bernoux et al., 2008). pAM-PAT-P35S-
TaFROG-YFP was transformed into Arabidopsis ecotype Columbia-0 via
Agrobacterium spp.-mediated transformation using the floral dipping method
(Logemann et al., 2006). Transgenic plants were selected in vitro on one-half-
strength Murashige and Skoog containing 1% Suc and BASTA (7.5 ug mL ™
glufosinate ammonium), pH 5.7. Homozygous lines were propagated to the
T2 generation at 20°C to 22°C with a 16-h light/8-h dark photoperiod at
200 umol m~?s™! and 70% relative humidity. Expression of TaAFROG-YFP was
confirmed by western-blot analysis (Supplemental Fig. S2).

VIGS

VIGS were performed as described previously (Walter et al., 2015), with
some modification. The BSMV-derived VIGS vectors used in this study con-
sisted of the wild-type BSMV ND18 «, B, v tripartite genome (Holzberg et al.,
2002; Scofield et al., 2005). Two different gene fragments were used for VIGS of
TaFROG (Supplemental Fig. S4). These were amplified from the CDS of
TaFROG (primer sets listed in Supplemental Table S1) via PCR. VIGS target
sequences were chosen to preferentially silence TaFROG (chromosome 4A;
100% homology) but could also potentially target the two other homeologs (the
two VIGS fragments sharing 92% homology to the variants on chromosomes 4B
and 4D, based on cv Chinese spring sequences). PCR amplicons of the silencing
fragments were cloned into NotI/Pacl-digested y RNA vector pSL038-1 (Sco-
field et al., 2005). A BSMV vy RNA construct containing a 1,85-bp fragment of the
barley phytoene desaturase (PDS) gene served as a positive control for VIGS
and has been previously described (Scofield et al., 2005).

Vectors containing the BSMV « and y genomes (BSMV:00), the y RNA ge-
nome encoding silencing fragments of FROG (FROG or FROG2), or PDS were
linearized with Mlul. The vector carrying the BSMV 8 genome was linearized
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using Spel. Capped in vitro transcripts were prepared from the linearized
plasmids using the mMessage mMachine T7 in vitro transcription kit (AM1344;
Ambion) following the manufacturer’s protocol. Flag leaves of wheat ‘CM82036
at growth stage 47 (just before the emergence of the first wheat head [Zadoks et al.,
1974]) were rub inoculated with BSMV constructs following the protocol de-
scribed by Scofield et al. (2005) Rub inoculations were done with 1:1:1 ratio
mixtures of the in vitro transcripts from BSMV « and 8 and y RNA (BSMV:00),
BSMV:PDS, BSMV:FROG, or BSMV:FROG2. At mid-anthesis (growth stage 65),
two florets of two central spikelets of heads of BSMV-infected tillers were treated
with 15 uL of either 0.02% (v/v) Tween 20 (mock) or 16.87 mm DON in 0.02% (v/v)
Tween 20. Treated heads were covered with plastic bags for 2 d to maintain
high humidity. One spikelet above the treated spikelets was sampled 24 h after
DON treatment, flash frozen in liquid N,, and stored at —70°C prior to RNA
extraction for gene expression studies. The number of damaged (discolored
and necrotic) spikelets (including treated spikelets) was assessed 14 d after
DON treatment. In total, there were two VIGS experiments conducted, each
including two biological replicates. Experiments 1 and 2 used BSMV:FROG
and BSMV:FROG?2, respectively, for gene silencing (Supplemental Fig. S5).
Each biological replicate included positive and negative controls. For BSMV:
FROG, each biological replicate included 10 to 18 heads (five to nine plants) per
treatment combination. For BSMV:FROG?2, each biological replicate included
10-15 heads (15 plants) per treatment combination.

Quantitiative and Semiquantitative Reverse Transcriptase
PCR Analysis

Reverse transcription of total RNA was performed as described previously
(Walter et al., 2008). gqRT-PCR analysis was conducted using the Stratagene
Mx3000TM Real-Time PCR. Each reaction contained 1.25 uL of a 1:5 (v/v)
dilution of cDNA, 0.2 uMm of each of the primers, and 1X SYBR Premix Ex Taq
(Tli RNase H plus, RR420A; Takara) in a total reaction volume of 12.5 uL.
PCR conditions were as follows: 1 cycle of 1 min at 95°C; 40 cycles of 5 s at
95°C and 20 s at 60°C; and a final cycle of 1 min at 95°C, 30's, at 55°C, and 30 s
at 95°C for the dissociation curve. All qRT-PCR analyses were conducted in
duplicate (two cDNA generated from independent reverse transcriptions).
The threshold cycle (Ct) values obtained by qRT-PCR were used to calculate the
relative gene expression using the Equation 2/t tarset gene - Ct housckeeping gene) 5
described previously (Livak and Schmittgen, 2001). To measure the fold
change, an efficiency-corrected calculation model was used using the formula
([Emrget]ACt target [control — sample)] / (Ehousekeeping)ACt housekeeping (control — sample), (Gy11376
et al., 1996).

sqRT-PCR was conducted to quantify TaFROG transcript levels in different
wheat tissues after calibration of the cDNA template with the wheat alpha-
tubulin. PCR conditions were as follows: 1 cycle of 5 min at 95°C; 30 or 40 cycles
of 45 s at 95°C, 45 s at 60°C, 45 s at 72°C; and a final cycle of 5 min at 72°C. PCR
products were visualized after electrophoresis through a 1.5% agarose gel.

Primers

Primer sets used are listed in Supplemental Table S1. TaFROG, TaFROG-B,
and TaFROG-D primers were designed to be specific to the chromosome 4A,
4B, and 4D variants, respectively. Unless otherwise stated, primers used for
gene expression studies were specific to the chromosome 4A variant. TaFROG
primers used for validation of gene silencing were designed so as to not
overlap with the gene fragments used for the VIGS. The wheat alpha-tubulin
(GenBank [GB] No.: U76558.1; Xiang et al., 2011) was used as a housekeeping
gene for TaFROG gene expression analysis and verified to be not differentially
expressed either in the microarray expression data available in the PLEXdb
(http:/ /www.plexdb.org/) or in the conditions used in our analysis. For
F. graminearum, the FgActin gene (FGSG locus ID: 07335.3; Brown et al., 2011)
was used as a reference to calculate the relative expression of the FgTri5 gene
(FGSG locus ID: 03537.3). The specificity of all primers used was verified by
analysis of the dissociation curve, sequence, and electrophoretic profile of
PCR products.

Detached Leaf Disease Assessment Study

Detached leaf disease experiments were performed as described previously
(Browne and Cooke, 2004), with some modifications. An 8-cm section was cut
from the second leaf of three-leaf-stage plants (growth stage 13; Zadoks et al.,
1974). Leaf sections were placed with the adaxial side facing upward on the
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surface of a petri dish (90-mm diameter). The cut ends were placed between a
sandwich of 1% plant agar, pH 5.7 (Duchefa) containing 0.5 mm benzimidazole
(agar was removed from the center of the plate to prevent excessive fungal
growth at the point of leaf inoculation). The center of each leaf section was
punctured and treated with a 4-uL droplet of 0.02% (v/v) Tween 20 (mock) or
this solution augmented with either 10° conidia mL™" F. graminearum strain
GZ3639 or 10° conidia mL™" of strain GZ3639 plus 75 um DON. Plates were
incubated at 20°C under a 16-h light/8-h dark cycle. Leaf sections were ana-
lyzed 4 d postinoculation. Disease leaf area was estimated using FIJI software of
photographed leaf sections (Schindelin et al., 2012). Leaf sections were dipped
in water and vigorously vortexed, and macroconidia production was counted
using a hemocytometer (Hycor Biomedical). There were three biological rep-
licates, each including six plates per treatment, and each plate including two
leaf sections per wheat genotype.

FHB Assessment and DON Studies

Wheat ‘Fielder’ and transgenic lines overexpressing TaFROG were grown
and, for the point inoculation experiment, heads were treated as described
above (VIGS) with 10 uL of DON or Tween 20 (mock; DON experiment) or
20 L of 10° conidia mL ™" of F. graminearum strain GZ3639 or Tween 20 (mock;
FHB experiment). In the case of the spray inoculation experiment, heads were
sprayed with a total of 2 mL inoculum of 2 X 10° conidia mL " of F. graminearum
using a hand-held sprayer. Control plants were sprayed with Tween 20 (mock).
Spray inoculated heads were covered with plastic bags for 4 d to promote in-
fection. For the DON experiment, the number of damaged spikelets was
assessed as above (VIGS) 21 d after DON treatment. For the FHB experiments
(point and spray inoculation), the level of infection was calculated by visually
scoring the number of infected spikelets at 7, 14, and 21 d postinoculation, and
data were used to calculate AUDPC (Shaner, 1977). For each experiment, there
were three biological replicates, each including at least 20 heads (10 plants) per
treatment.

Yeast Two-Hybrid Analysis

Yeast two-hybrid screening was performed by Hybrigenics Services, S.A.S.
(http:/ /www.hybrigenics-services.com). In brief, the CDS for TaFROG was
cloned into pB29 as an N-terminal fusion to LexA. The construct was used as a
bait to screen a random-primed wheat cDNA library produced with RNA
extracted from DON-treated heads of wheat ‘CM82036” and cloned into pP6. A
total of 62 million clones were screened using a mating approach, and positive
colonies were selected on a medium lacking Trp, Leu, and His. The prey
fragments of the positive clones were amplified by PCR and sequenced. Se-
quences were used to identify the corresponding proteins in the GenBank
database (NCBI). For analysis of specific protein-protein interactions, full-
length CDS of TaSnRKla and TaSnRK2.8 (Zhang et al., 2010) was cloned
into the vector pDONR207 using the Gateway cloning technology (primer sets
listed in Supplemental Table S1) as described previously for TaFROG. They
were then recombined into bait and prey vectors derived from pGADT7 and
pGBKT7 plasmids (Clontech). Analysis of protein-protein interactions was
performed using the Gal4 two-hybrid assay as described previously (Perochon
et al.,, 2010). 3-AT was included as a competitive inhibitor of the imidazole-
glycerolphosphate dehydratase protein to increase the stringency and prevent
autoactivation.

Subcellular Localization of Fluorescent Fusion Proteins
and BiFC

Vectors pAM-PAT-P35S-CFP and pAM-PAT-P355-TaFROG-YFP (described
above) were used to biolistically transform detached wheat seedling leaves for
subcellular localization studies. Transformation was performed with 2 to 5 ug of
total DNA coated onto 1 um gold particles using the Bio-Rad PDS-1000/He
biolistic particle delivery system and the manufacturers’ instructions (pressure
set at 1,100 psi). After bombardment, leaves were placed on moist Whatman
filter paper in a petri dish and incubated for 24 h at 21°C in the dark before
analysis with a confocal laser scanning microscope (Olympus fluoview FV1000)
equipped with a UPLSAPO 40X objective (numerical aperture, 0.95). CFP and
YFP excitation was performed at 405 and 515 nm, respectively, and emission
detected in the 460 to 500 nm range for CFP and 530 to 630 nm range for YFP.
The experiment comprised three biological replicates, each including three
leaves.
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TaFROG fused to the YFP was visualized within roots of three independent
stable transgenic Arabidopsis plants (described above) using a light sheet flu-
orescence microscope (Lightsheet Z.1; Carl Zeiss Microscopy GmbH) equipped
with a W Plan-Apochromat 20X objective (numerical aperture 1). In brief,
1-week-old Arabidopsis seedlings grown on one-half-strength Murashige
and Skoog 0.8% agar medium were collected and stained by manual vacuum
infiltration with a 1 ug mL~! DAPI (D9542; Sigma-Aldrich) solution in
phosphate-buffered saline buffer (incubated for 20 min in the solution). As
described by von Wangenheim et al. (2014), seedlings were then embedded
within a cylinder of melted 1% agarose type VI (Sigma-Aldrich). DAPI and YFP
excitation was performed at 458 and 515 nm, respectively, and emission was
detected in the 465 to 514 nm range for DAPI and 525 to 600 nm range for YFP.

For the in planta analysis of protein-protein interactions, the gateway cloning
strategy was used to subclone TaFROG, TaSnRK1a and TaSnRK2.8 CDS into the
BiFC vectors pDEST-“"Y VYCE, pDEST-VYCE(R)“", pDEST- ““VYNE, and
pDEST-VYNE(R)GW (Gehl et al., 2009). This generated constructs wherein
proteins were fused at either their N or C terminus to the YFP C-terminal (YFP®)
or N-terminal fragment (YFPY). Vectors were introduced into A. tumefaciens. A
mix of Agrobacterium spp. transformants was prepared: Optical Density at
600 nm = 0.5, 0.5, and 0.1, respectively, for the YFPC construct, YFPY construct,
and the P19 silencing construct (http://www.plantsci.cam.ac.uk/research/
davidbaulcombe/methods/protocols/pbin61-p19.doc/view). This mix was sy-
ringe infiltrated into leaf epidermal cells of 4-week-old Nicotiana benthamiana. Epi-
dermal cells were assayed for fluorescence 2 to 3 d after infiltration. At 30 min prior
to observation, cell nuclei were stained by pressure infiltration of the leaves with a
DAPI solution at 1 ug mL ™. Image analyses were carried out using a confocal laser
scanning microscope (Olympus fluoview FV1000) equipped with the same objec-
tive described above. The DAPI excitation was performed at 405 nm and emission
detected in the 425 to 475 nm range. Excitation/emission for the YFP was
performed as described above.

All microscopy image stacks were saved on the computer as TIFF files and
further processed using FIJI software.

Western Blot

Protein extracts from yeast (yeast two-hybrid studies), N. benthamiana leaf
cells (BiFC studies), and Arabidopsis leaves (localization studies) were used for
western-blot analysis. Yeast (Saccharomyces cerevisiae) cells were grown at 28°C
overnight in Trp/Leu drop-out liquid medium and subsequently for 3 to 5 h in
yeast peptone dextrose liquid medium. Total protein extracts were prepared
from yeast cells according to the yeast protocols handbooks (Clontech).
N. benthamiana leaves and Arabidopsis leaves were snap frozen and ground with
beads in a Tissuelyser II (Qiagen). Total plant protein extracts were obtained
using Protein Extraction buffer (Agrisera) following the manufacturer’s in-
structions. Proteins were electrophoresed using a NuPAGE system and 10%
Bis-Tris PAGE gels (Life Technologies) according to the manufacturer’s in-
structions. After protein transfer to nitrocellulose membranes using an iBlot gel
transfer system (Life Technologies), proteins fused to the Gal4 activating do-
main or the YFPN were detected via an epitope of the human influenza he-
magglutinin (anti-HA) antibody at 1/1,000 dilution (Roche). In the case of the
proteins fused to the Gal4 binding domain or YFPS, an antic-Myc antibody at
1/500 dilution (Roche) was used to detect their epitope cMyc. Following elec-
trochemiluminescence assay, emitted signal was imaged with the Fusion-FX
(Vilber Lourmat).

Statistical Analysis

All statistical analyses were performed using the SPSS statistic version 20
software. The normality of the data distribution was evaluated with the
Shapiro-Wilk test. In the case of the gene expression, conidial production, DON,
and FHB data sets, individual treatments were compared using either the
Mann-Whitney U or Kruskal-Wallis test. The normally distributed infected
leaf area data from detached leaf experiments were assessed by ANOVA in-
corporating Tukey’s honestly significant difference test at the 0.05 level of
significance.

TaFROG (GB no. KR611570), TaSnRK1a (GB no. KR611568), and TaSnRK2.8
(GB no. KR611569) were cloned from the wheat cultivar (cv CM82036).
TaFROG homeolog sequences were identified within wheat genome contigs
(chromosome 4A: contigs_longerthan_200_7074280, chromosome 4B: contigs_
longerthan_200_4893246, chromosome 4C: contigs_longerthan_200_2310089).
Homologs from T. turgidum and T. urartu were identified within contigs
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UCW_Tt-k25_contig 48942 and UCW_Tu-k51_contig_30323, respectively. Ho-
mologs from Aegilops tauschii (GB no. EMT01121), H. vulgare (GB no. BAJ91423),
and Festuca pratensis (GB no. GO795446) were collected from the NCBI GenBank
database. The homolog from Brachypodium distachyon (Bradi4g22656.1) was col-
lected from the MIPS Plants database.

Supplemental Data

The following supplemental materials are available.
Supplemental Figure S1. Characteristics of FROG protein sequences.

Supplemental Figure S2. Immunoblot analysis with GFP antibody using
the total proteins extracted from wild-type or TaFROG-YFP Arabidopsis
leaves.

Supplemental Figure S3. Expression of TaFROG homeologs and its barley
homolog in different tissues and in response to DON or F. graminearum.

Supplemental Figure S4. Schematic representation of the position of the
two VIGS gene fragments (FROG and FROG2) and the qRT-PCR target
region within the TaFROG gene.

Supplemental Figure S5. Effect of TaFROG silencing on DON tolerance.

Supplemental Figure S6. Molecular characterization of transgenic wheat
‘Fielder” overexpressing TaFROG under the control of a rice actin
promoter.

Supplemental Figure S7. Effect of TaFROG overexpression on wheat leaf
resistance to F. graminearum.

Supplemental Figure S8. Symptoms of FHB on TaFROG overexpression
lines.

Supplemental Figure S9. Yeast two-hybrid analysis.

Supplemental Figure S10. Results for positive and negative controls in-
cluded within the BiFC analysis.

Supplemental Table S1. Primer sets used in this study.
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