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An expanded subfamily of G-protein-coupled
receptor genes in Fusarium graminearum required
for wheat infection

Cong Jiang®'2, Shulin Cao', Zeyi Wang', Huaijian Xu', Jie Liang', Huiquan Liu', Guanghui Wang',
Mingyu Ding', Qinhu Wang', Chen Gong'?, Chanjing Feng', Chaofeng Hao' and Jin-Rong Xu®2*

The cAMP-PKA and MAP kinase pathways are essential for plant infection in the wheat head blight fungus Fusarium
graminearum. To identify upstream receptors of these well-conserved signalling pathways, we systematically characterized the
105 G-protein-coupled receptor (GPCR) genes. Although none were required for vegetative growth, five GPCR genes (GIV1-
GIV5) significantly upregulated during plant infection were important for virulence. The givi mutant was defective in the forma-
tion of specialized infection structures known as infection cushions, which was suppressed by application of exogenous cAMP
and dominant active FST7 MEK kinase. GIV1 was important for the stimulation of PKA and Gpmk1 MAP kinase by compounds
in wheat spikelets. GIV2 and GIV3 were important for infectious growth after penetration. Invasive hyphae of the giv2 mutant
were defective in cell-to-cell spreading and mainly grew intercellularly in rachis tissues. Interestingly, the GIV2-GIV5 genes
form a phylogenetic cluster with GIV6, which had overlapping functions with GIV5 during pathogenesis. Furthermore, the GIV2-
GIVE6 cluster is part of a 22-member subfamily of GPCRs, with many of them having in planta-specific upregulation and a com-
mon promoter element; however, only three subfamily members are conserved in other fungi. Taken together, F. graminearum

has an expanded subfamily of infection-related GPCRs for regulating various infection processes.

causal agent of head blight disease of wheat and barley and

a producer of mycotoxins such as deoxynivalenol (DON)'~.
Ascospores are the primary inoculum that mainly infects floral
tissues and certain compounds in wheat anthers appear to stimu-
late its virulence’. Under laboratory conditions, E graminearum
also infects floral tissues of the dicotyledonous plant Arabidopsis°.
However, the underlying mechanism is not clear and the specific
compounds in floral tissues recognized by this pathogen remain to
be identified. In E graminearum, the Gpmkl MAP kinase (MAPK)
mutant deleted of the PMKI orthologue that is essential for infec-
tion structure formation and invasive growth in other fungal patho-
gens® was defective in plant infection, DON production and sexual
reproduction”®. The cAMP-PKA pathway and two other MAPKs,
Mgvl and FgHogl, also play critical roles in regulating mycotoxin
production, ascospore formation and pathogenesis, although they
have distinct roles in hyphal fusion, colonial growth and responses
to hyperosmotic stress’ 2 Although their functional relationship is
not clear, the importance of these well-conserved cAMP signalling
and MAPK pathways for pathogenesis and development indicates
that they are coordinately involved in responses to various plant and
environmental signals recognized by F. graminearum.

The heterotrimeric G proteins and G protein coupled receptors
(GPCRs) are well conserved in fungi to activate the downstream
MAPK and cAMP-PKA pathways”. In E graminearum, the GPA2
Ga gene is important for full virulence and DON biosynthesis'.
Unlike animals with hundreds of GPCRs, the budding yeast has
only 3 but Neurospora crassa has 43 GPCR genes'>'¢. In plant patho-
genic fungi, GPCR genes are not well characterized although they
are probably involved in fungal-plant interactions. To date, the only

| he homothallic ascomycete Fusarium graminearum is a

GPCR known to be important for plant infection is Pthll that is
involved in appressorium morphogenesis in Magnaporthe oryzae" .
Pth1l has a conserved fungal-specific extracellular membrane-
spanning (CFEM) domain (PF05730) that is specific for fungal
GPCRs'. E graminearum has over 100 predicted GPCR genes but
only the 2 pheromone receptors have been characterized”. In this
study, we functionally characterized all of the 105 GPCR genes and
identified an expanded subfamily of infection-related GPCRs.

Results

None of the CFEM-containing GPCRs is essential for plant infec-
tion. Manual annotation showed that only 105 of the 117 GPCRs
predicted by automated annotation®*' have typical GPCR features
(Supplementary Table 1). They could be divided into 8 classes***,
including 2 pheromone receptors', 1 putative carbon sensor®,
5 cAMP receptor-like proteins and 89 Pth11-like fungal GPCRs. On
the basis of RNA-seq data*>*°, 40 GPCRs had the highest expression
level during infection (Supplementary Table 2). For 35 of them, the
expression level was over twofold higher in infected wheat heads
than in vegetative hyphae or perithecia (Fig. 1a).

Among the 89 Pth11-like GPCRs, 12 of them have typical CFEM
domains'® but only 3 of them were upregulated during wheat infec-
tion. As a result of the importance of PTHI11 in M. oryzae'”',
we generated gene deletion mutants of these 12 CFEM domain-
containing GPCRs. All of the resulting mutants were normal in
growth and colony morphology (Supplementary Table 3). In infec-
tion assays with wheat heads, none of the mutants had significant
defects in plant infection (Supplementary Fig. 1). Therefore, dele-
tion of CFEM domain-containing GPCR genes individually had
no obvious effects on pathogenesis in F graminearum although
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Fig. 1| Expression profiles of the 105 GPCR genes and mutants with defects in plant infection. a, The 105 GPCR genes were categorized into four groups
on the basis of their expression levels in vegetative hyphae (24 h yeast extract peptone dextrose (YEPD) cultures), perithecia (8 days post-fertilization
(dpf)) and infected wheat heads (3dpi). Group |, Il and Ill GPCRs had the highest expression levels in infected wheat heads (Inf), perithecia (Sex) and
vegetative hyphae (Hyp), respectively. Group IV genes were upregulated in both infected wheat heads and perithecia compared to hyphae. GPCR genes
with barely detectable expression levels in all three tissues (TPM < 1) are in grey. The ones with over twofold upregulation specifically in infected wheat
heads, perithecia and hyphae are labelled with blue stars, red arrowheads and green circles, respectively. b, Representative images of wheat heads infected
with the wild type (PH-1) and the indicated giv mutants were photographed at 14 dpi. ¢, Mean and standard deviation of the disease index of each strain
were estimated with data from three (n=3) independent biological replicates (marked with black dots on the bars). Different letters indicate significant
differences based on analysis of variance (ANOVA) followed by Duncan'’s multiple range test (P=0.05). d, The expression levels of GIV1, GIV2 and GIV3in
vegetative hyphae (Hyp)? and infected wheat heads at 1, 2 and 3 dpi based on the transcripts per kilobase million (TPM) values from RNA-seq data.

Mean and standard deviation were estimated with the values of three independent biological replicates (n=3) presented in Supplementary Table 5.

e, Representative images of wheat seedlings infected with the indicated giv mutants and complemented transformants. Insets show zoomed-in views of the
diseased areas on wheat seedlings. f, Mean and standard deviation of the lesion length of each strain were estimated with data from at least three (n=3)
independent biological replicates (marked with black dots). Different letters indicate significant differences based on ANOVA analysis followed by Duncan’s
multiple range test (P=0.05). For both b and d, similar results were obtained in three independent experiments.

it remains possible that some of them have overlapping functions
during infection.

Mutants deleted of five GPCR genes are reduced in virulence.
We then generated gene replacement mutants for the remaining 94
GPCRs (Supplementary Table 4). Whereas none of these mutants
had defects in growth rate or conidium morphology and only 2 had
fewer aerial hyphae or pigmentation (Supplementary Fig. 2), dele-
tion of 13 GPCR genes resulted in over 70% reduction in conidi-
ation (Supplementary Table 3). When assayed for mating defects,
the mutants deleted of Fg05239 (a non-pheromone receptor GPCR)
formed protoperithecia but failed to develop fertile melanized
perithecia. Reintroducing the wild-type allele complemented its
defects (Supplementary Fig. 2), confirming that Fg05239 is impor-
tant for sexual development. Fg05239 orthologues are conserved in
Sordariomycetes, possibly for sensing signals necessary for the fur-
ther development of protoperithecia.

In infection assays with wheat heads, the vast majority of GPCR
deletion mutants were normal in virulence. However, deletion of 5
GPCR genes resulted in over 25% reduction in virulence (Fig. 1b
and Supplementary Table 3). All five of those GIV (for GPCR impor-
tant for virulence) genes, Fg04693 (GIV1), Fg02614 (GIV2), Fg03104

(GIV3), Fg09352 (GIV4) and Fg02981 (GIV5), are Pthll-like
GPCRs that were specifically expressed or significantly upregulated
during plant infection (Supplementary Tables 2 and 5). In compari-
son with PH-1, the disease index of the givI to giv5 mutants was
reduced from 25.4% to 72.5% (Fig. 1b and Supplementary Table 3)
although these giv mutants were normal in responses to reactive
oxygen species, hyperosmotic and cell wall stresses (Supplementary
Fig. 3). We then selected the givI, giv2 and giv3 mutants for com-
plementation assays because they had more severe defects in plant
infection. All of the givi/GIV1, giv2/GIV2 and givl/GIV3 comple-
mented transformants were normal in virulence in infection assays
with wheat heads (Fig. 1c,d) and coleoptiles (Fig. le,f), confirming
the importance of these GPCR genes in pathogenesis.

GIV1 regulates infection cushion formation and probably
functions upstream of GPA2 and the cAMP-PKA pathway.
F. graminearum is known to form infection cushions for plant pene-
tration””. When examined by scanning electron microscopy (SEM),
the givl deletion mutant formed fewer and smaller infection cush-
ions on wheat lemma than the wild-type strain PH-1 (Fig. 2a). In
comparison with PH-1, the givl mutant was reduced over 70% in
infection cushion formation (Fig. 2b). The majority of givI infection
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Fig. 2 | Defects of the giv1, giv2 and giv3 mutant in infection-related morphogenesis and infectious growth. a, Infection cushions formed by PH-1and

the giv1 deletion mutant on wheat lemma were examined by SEM under x800 and x2,000 magnification at 2 dpi. Representative micrographs show the
reduction in infection cushion formation (x800) and size (x2,000) in the givl mutant. Scale bars, 10 um. b, The average number of infection cushions
(ICs) in an examination field under x800 magnification (SEM) in lemma samples inoculated with PH-1 and the givl mutant in the presence of no or 5mM
cAMP. Mean and standard deviation were estimated with data from three (n=3) independent replicates (marked with black dots on the bars). Different
letters indicate significant differences based on ANOVA analysis followed by Duncan'’s multiple range test (P=0.05). ¢, Infection cushions formed by PH-1,
the givl mutant and the givl/GIV1 complemented strain were examined by confocal microscopy after staining with Alexa Fluor 488. The arrows point to
infection cushions. Scale bar, 20 um. d, Thick sections of the rachises of wheat heads inoculated with the same set of strains were examined for invasive
hyphae at 5dpi. Infected tissues were embedded in Spurr resin after fixation with 3% glutaraldehyde and dehydration in graded series of 30-100%

of ethanol before being sectioned. The lower panels are zoom-in views of the framed areas to show the defects of giv2 and giv3 mutants in infectious
growth. The arrows point to intracellular or intercellular invasive hyphae. Scale bars, 20 um. For a-d, similar results were obtained in three independent
experiments. e, Wheat seedlings inoculated with transformants of the wild-type, giv2 and giv3 mutant strains expressing cytoplasmic GFP were examined
for infectious growth by epifluorescence microscopy at 36 hpi and 3 dpi. Scale bars, 20 um. f, Invasive hyphae formed by transformants of PH-1and the giv2
mutant expressing cytoplasmic GFP in infected coleoptile cells at 36 hpi or 3 dpi were examined after staining the plant cell wall with propidium iodide (PI),
which binds to demethoxylated pectins. Scale bars, 20 um. For e and f, similar results were obtained in six independent experiments.

cushions were less complex and had limited branches. Confocal
microscopy examination after staining with Alexa Fluor 488 also
showed that the givl mutant was reduced in the number and size of
infection cushions formed on wheat lemma (Fig. 2¢).

To determine the relationship between Givl and Gpa2, the major
Ga subunit for pathogenesis'*, we first generated the GPA2-GFP and
Prpy-GIVI-3XFLAG constructs and transformed them into PH-1.
Transformants expressing both fusion constructs were identified by
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PCR and confirmed by western blot analysis (Supplementary Fig. 4).
In total proteins isolated from vegetative hyphae of the GPA2-GFP
GIVI-3XFLAG transformant and proteins co-purified with anti-
FLAG M2-agarose beads, the 67-kDa Gpa2-GFP band could be
detected with an anti-GFP antibody (Supplementary Fig. 5), indi-
cating their direct interaction in vivo. We also generated trans-
formants of givl expressing the dominant active GPA2P* allele. In
comparison with giv1, the givl/GPA2P* transformants formed more
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and larger infection cushions, although not as many as the wild
type (Supplementary Fig. 5), but were still defective in plant infec-
tion, which is consistent with the defects of GPA2°* transformants
in pathogenesis as previously reported”, indicating that expressing
GPA2P* partially rescues the defects of the givl mutant.

Exogenous 5mM cAMP also significantly increased infection
cushion formation in the givl mutant (Fig. 2b) although not to the
wild-type level. Treatment with 2.5mM 3-isobutyl-1-methylxan-
thine (IBMX), an inhibitor of cAMP phosphodiesterase, had sim-
ilar effects in stimulating infection cushion formation in the givi
mutant (Supplementary Fig. 6). In addition, the cpkl cpk2 mutant’,
similar to the givl mutant, was defective in infection cushion forma-
tion (Supplementary Fig. 6). These results suggest that cCAMP treat-
ment or overstimulating PKA partially suppresses the givl mutant
defects in the development of infection cushions. GIVI1 may func-
tion upstream from the cAMP-PKA pathway in F. graminearum for
regulating infection cushion formation.

GIV2 and GIV3 are important for infectious growth. Unlike the
givl mutant, the giv2 and giv3 mutants had no obvious defects in
infection cushion formation (Supplementary Fig. 7). By 48h post-
inoculation (hpi), invasive hyphae were frequently observed in
lemma tissues of samples inoculated with the wild type and giv2
or giv3 mutant (Supplementary Fig. 8), suggesting that deletion of
GIV2 or GIV3 had no obvious effects on the initial plant penetra-
tion and development of infectious hyphae. When examined for
infectious growth in the rachis, which is essential for the patho-
gen spreading in wheat heads®, abundant invasive hyphae were
observed in samples inoculated with PH-1 at 5days post-inoc-
ulation (dpi; Fig. 2d) and the giv2/GIV2 and giv3/GIV3 comple-
mentation transformants (Supplementary Fig. 8). Under the same
conditions, fewer hyphae were observed in rachis tissues above or
below the infected spikelet inoculated with the giv2 or giv3 mutant,
particularly in the giv2 samples (Fig. 2d). In repeated assays, exten-
sive hyphal growth to the wild-type level was not observed in the
rachis tissues of giv2- or giv3-infected wheat heads. For the giv2
mutant, invasive hyphae often grew in the intercellular spaces in
infected tissues, probably due to its defects in penetrating neigh-
bouring plant cells. These results indicate that GIV2 and GIV3, par-
ticularly GIV2, play important roles in the colonization of rachis
tissues and spreading via the rachis.

We also examined invasive hyphae formed by transformants of
the giv2 and giv3 mutants expressing cytoplasmic GFP in wheat
coleoptile cells as described previously’'. The giv2 and giv3 mutants
were able to colonize through wounds and developed invasive
hyphae. However, in comparison with PH-1, spreading of invasive
hyphae was less extensive in the giv2 and giv3 mutants, particularly
in giv2 (Fig. 2e). To confirm the importance of GIV2 in the cell-to-
cell movement and spreading of invasive hyphae, we stained plant
cell walls with propidium iodide®. In samples inoculated with the
giv2 mutant, invasive hyphae were often restricted to the initial
penetrated coleoptile cells at 36 hpi (Fig. 2f). Even at 3 dpi, invasive
hyphae of giv2 still had limited growth and rarely spread trans-
versely to neighbouring coleoptile cells (Fig. 2f).

GIVImaybeinvolvedinsensingfloral tissuefactors. Touse thesim-
ilar chemotropic growth assay developed in Fusarium oxysporum®,
we first deleted the ROA gene in the wild type and giv mutants to
generate roa mutants that produce mainly unicellular ascospores™.
In chemotropic sensing and germ tube growth assays, ascospores of
the resulting roa mutants had similar responses to glucose, gluta-
mine, aspartic acid, glycerol and galactose (Supplementary Fig. 9).
As flowering wheat heads are known to stimulate the virulence
of E graminearum’, we then assayed the effects of the water, ethyl
acetate and chloroform extracts of flowering spikelets on chemo-
tropic growth of germ tubes. Unlike treatments with the water and

ethyl acetate extracts, the chloroform extract affected the direction
of germ tubes in the roa mutant (Fig. 3a). We then treated asco-
spores of the givl roa, giv2 roa and giv3 roa double mutants with
the chloroform extract. Whereas the giv2 roa and giv3 roa mutants
were similar to the roa GIVY" mutant in chemotropic growth, givI
roa ascospores were defective in response to the chloroform extract
(Fig. 3b). These results suggest that deletion of GIV1, but not GIV2
or GIV3, affects chemotropic sensing of wheat spikelet compounds.

We then isolated proteins from hyphae treated with flowering
spikelets as described in the Methods and assayed for PKA activi-
ties”. In the wild type, treatments with wheat spikelets significantly
stimulated PKA activities. However, the stimulatory effects of
wheat spikelets on PKA activities were reduced in the giv1 and giv3
mutants (Fig. 3c,d and Supplementary Fig. 10). Treatments with
wheat spikelets also increased the intracellular cAMP level signifi-
cantly more in the wild type than in the givl mutant (Supplementary
Fig. 11). These results indicate that GIV1, and possibly GIV3, may
be involved in sensing spikelet compounds to activate the cAMP-
PKA pathway.

Givl functions upstream from the Gpmk1 pathway. Treatments
with wheat spikelets also stimulated the phosphorylation of both
GpmklandMgvlinthewildtype(Fig.3e,fand SupplementaryFig.12)
but had no effects on the activation of FgHogl (Supplementary
Fig. 13). Whereas deletion of GIV2 and GIV3 had no significant
effects, the givl mutant was significantly reduced in the stimula-
tion of Gpmk1 phosphorylation by wheat spikelets (Fig. 3e,f). These
results suggest that certain spikelet compounds are recognized by F.
graminearum to activate Gpmk1, probably involving Givl and other
GPCRs. To test this hypothesis, we generated the dominant active
allele of FST7 that encodes the MEK kinase activating Gpmk1°>”. In
comparison with the givl mutant, givl/FST7"* transformants were
increased in infection cushion formation on wheat lemma (Fig. 4a).
In infection assays with wheat heads, expression of FST7°* also
partially rescued the defects of the givl mutant in virulence
(Fig. 4b,c), further indicating that Givl is one of the GPCRs
functioning upstream from Gpmkl.

On activation, some MAPKs are translocated into the nucleus to
phosphorylate their downstream targets*>*. Treatments with wheat
spikelets also had a stimulatory effect on the nuclear localization of
Gpmk1 (Fig. 4d). In the Gpmk1-GFP transformant of the wild type,
approximately 50% of the nuclei in germ tubes had clear GFP sig-
nals in the nucleus in comparison with the cytoplasmic background.
In the germ tubes of the giv] Gpmk1-GFP transformants, only 25%
of the nuclei had clear GFP signals (Fig. 4e). Therefore, GIVI may
be involved in sensing spikelet compounds for the activation and
translocation of Gpmk1 into the nucleus.

Expansion of the GIV cluster and a subfamily of infection-related
GPCRs. Phylogenetic analysis showed that although none of them
was essential for plant infection, the 12 CFEM-domain contain-
ing GPCRs are in 1 clade (Fig. 5a). Interestingly, four of the five
GIV genes (Giv2-Giv5) form a small cluster with Fg05793 (named
GIV6 below). Furthermore, all of the members of the GIV cluster
were upregulated over tenfold or specifically expressed during plant
infection (Supplementary Fig. 14). The GIV2-GIV6 genes are closely
related to 17 other GPCRs (Fig. 5a) with similar structural compo-
nents (Supplementary Fig. 15). In total, 11 members of this GPCR
subfamily (named EIG, for expanded infection-related GPCR genes
below) had a greater than tenfold increase in expression levels or
were almost specifically expressed in infected wheat heads (Fig. 5b).
Another two members of this subfamily had over eightfold and
threefold in planta-specific upregulation. Comparative analysis
with M. oryzae and N. crassa showed that 13 of the 22 GPCRs in
this EIG subfamily are unique to E graminearum. Among the rest,
six have homologues in M. oryzae but not in N. crassa. Only GIV5
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Fig. 3 | Assays for the effects of wheat spikelets on PKA activities and activation of MAPKs. a, Violin plots of the chemotropic index of the roa mutant
treated with the water, chloroform or ethyl acetate extract of wheat spikelets were generated with the R program. b, Violin plots of the chemotropic

index of the roa giv1, roa giv2 and roa giv3 double mutants treated with the chloroform extract of wheat spikelets. For a and b, the coloured density region
shows the distribution shape of the chemotropic index data calculated as (H,.i — Hog)/ Hiora X 100. H,oi; and H,,,, were the number of germ tubes that grew
towards the test compound and solvent control, respectively. Each dot on the violin plots represents the chemotropic index of an individual biological
replicate (n=4 for a; n=3 for b) with at least 100 germ tubes examined in each replicate. ¢, Proteins extracted from hyphae of the marked strains treated

with (T) or without wheat spikelets (CK) were assayed for PKA activities with the PepTag non-radioactive PKA assay kit. Positive and negative controls
are from the kit. '+’ and ‘=" indicate the anode and cathode, respectively. d, Band densities were analysed with Image Lab Software to estimate changes
in PKA activities in the marked strains when treated with wheat spikelets in comparison with untreated samples. e, Representative western blots of
proteins isolated from hyphae of the wild type and indicated mutants treated with (T) or without (CK) of wheat spikelets were assayed for the expression
and activation of Gpmk1 (42kDa) and Mgv1 (44 kDa) with the anti-MAPK and anti-TpEY antibodies, respectively. Detection with the anti-Erk2 antibody
showed similar expression levels of Gpmk1 and Mgv1 in all of the samples. f, The densities of the Gpmk1 and Mgv1 bands were analysed with Image Lab
Software to estimate changes in their phosphorylation levels in hyphae treated with wheat spikelets. In d and f, the mean and standard deviation of the
ratio between treated and untreated (arbitrarily set to 1) samples were estimated with data from three (n=3) independent replicates (marked with black
dots). Different letters indicate significant differences based on ANOVA analysis followed by Duncan’s multiple range test (P=0.05) in a,b,d f.

and two other GPCR genes are common to all three fungal species
(Fig. 5b). These data suggest that GPCRs in the EIG subfamily have
been expanded in plant pathogenic fungi, particularly in E gra-
minearum. Furthermore, 19 of the 22 EIG GPCR genes are in the
fast-evolving genomic regions®, including two of them, Fgl13461
and Fg11529, that are near the telomeric regions (Supplementary
Fig. 16). Therefore, most members of this expanded GPCR family
may be under positive selection for infection-related functions.
Interestingly, 10 of the 13 EIG GPCRs with upregulated expres-
sion during infection have a putative promoter element (PPE) with
the RRMCAACA consensus sequence (Fig. 5¢). This PPE sequence
is also present in 17 of 22 other non-EIG GPCRs with over two-
fold in planta-specific upregulation (Supplementary Fig. 17) but
only in 6 of the 29 GPCRs specifically upregulated in perithecia
or hyphae. Therefore, this PPE is significantly enriched in GPCRs
with in planta-specific upregulation. To characterize its function
in regulating Fg07792, a GPCR specifically expressed in infected
wheat heads, Fg07792-GFP fusion constructs under the control of
its native promoter (PPE*) or a promoter deleted of this sequence
(APPE) were transformed into the Fg07792 deletion mutant. In
the resulting transformants, the expression of the transforming
PPE* construct was increased over 100-fold in infected wheat
heads compared to vegetative hyphae. The APPE construct also

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology

had increased expression during plant infection but its increase
was less than 5.5-fold (Fig. 5d). In similar experiments with GIV5,
whereas the PPE* transformants had over a 30-fold increase in
its expression during plant infection, the upregulation of GIV5
expression in infected wheat heads was significantly diminished
in the APPE transformant (Supplementary Fig. 18). These results
indicated that this promoter element is important for the upregu-
lation of Fg07792 and GIV5 during plant infection. Some of the
seven transcription factors identified by systemic characterization
in E graminearum to play stage-specific roles during plant infec-
tion” may be involved in the co-regulation of these infection-
related GPCRs via the PPE sequence.

To test whether members of the EIG subfamily have overlapping
functions, we generated Fg07757 Fg04749 and giv5 giv6 (Fg05793)
double mutants on the basis of their close phylogenetic relationship
and similar expression profiles (Fig. 5b). The Fg07757 Fg04749 dou-
ble mutants, similar to the Fg07757 or Fg04749 mutant, had no obvi-
ous defects in vegetative growth and plant infection (Supplementary
Fig. 19). The giv5 giv6 double mutant was also normal in vegeta-
tive growth but it had more severe defects in virulence (Fig. 5¢) and
infectious growth (Fig. 5f) than the giv5 mutant. Therefore, GIV5
and GIV6 probably have overlapping functions in sensing host
factors and regulating infectious growth.
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Fig. 4 | Assays for the effects of dominant active FST7 and nuclear localization of Gpmk1-GFP. a, Formation of infection cushions on lemma by the giv1
mutant and the givl FST7P* transformant expressing cytoplasmic GFP. Scale bars, 10 um. Similar results were obtained in three independent experiments.
b, Representative images of wheat heads infected with the wild type (PH-1), givl mutant and givl/FST7P* transformant were photographed at 14 dpi. ¢, The
mean and standard deviation of the disease index of each strain were estimated with data from three independent replicates (marked with black dots on
the bars). Different letters indicate significant differences based on ANOVA analysis followed by Duncan’s multiple range test (P=0.05). d, Germlings

of transformants of PH-1 and the givl mutant expressing the Gpmk1-GFP fusion treated with (T) or without (CK) wheat spikelets for 30 min were stained
with 4’,6-diamidino-2-phenylindole (DAPI) and counted for the percentage of nuclei with GFP signals in the nucleus that were above the cytoplasm
background (type A). For type B nuclei, GFP signals in the nucleus were similar to that of the cytoplasm background. Scale bar, 10 um. e, The mean and
standard deviation of the percentage of type A nuclei were estimated with data from three (n=3) independent replicates (marked with black dots on the
bars). Different letters indicate significant differences based on ANOVA analysis followed by Duncan’s multiple range test (P=0.05).

Discussion

GPCRs are the largest class of cell-surface receptors in fungi that
lack receptor or receptor-like kinases. F graminearum has 105
GPCRs, which is more than the 43 in N. crassa and 61 in M. oryzae®.
The expansion of EIG genes in F. graminearum and their specific or
upregulated expression during infection suggest that these GPCRs
may play roles in pathogenesis, which is supported by the functions
of the GIV genes. Furthermore, 19 of the 22 EIG GPCRs are in the
fast-evolving subgenome enriched for genes involved in fungal-
plant interactions®. Therefore, members of this expanded GPCR
subfamily may be under positive selection for sensing host and
environmental signals during disease development.

The givl mutant was defective in infection cushion formation on
plant surfaces and response to the chloroform extract of flowering
spikelets for germ tube growth. Although it is not clear what spikelet
compounds were extracted by chloroform, chloroform is more suit-
able than ethyl acetate for the extraction of less polar compounds
and will preferentially remove the waxy surface layers of the spike-
let. Our data showed that Givl may function upstream from both
the cAMP-PKA and Gpmk1 MAPK pathways. As in M. oryzae and
other plant pathogens®”, both the cAMP-signalling and Gpmk1
pathways are important for pathogenesis and differentiation in
E graminearum'. Although the exact relationship between these
two pathways is not clear, they must crosstalk and coordinate to
regulate responses to different signals recognized by Givl and other
GPCRes at different stages.

As the only GIV gene not in the EIG subfamily, GIV1 forms a
small cluster with three other GPCR genes (Fig. 5a) that may have

overlapping functions in recognizing plant surface signals because
the givl mutant was reduced but not blocked in infection cushion
formation. Interestingly, GIV1 is conserved in M. oryzae, which
forms appressoria on leaves and hyphopodia on roots for plant
penetration. As infection cushions formed by E graminearum are
more similar to hyphopodia, it is possible that the GIV1 orthologue
is involved in regulating hyphopodium formation in M. oryzae®.
Giv2 may be important for recognizing host signals for cell-to-
cell penetration and spreading of invasive hyphae in infected plant
tissues. Recently, both Mgvl and Pmk1l MAPKs have been shown to
regulate the cell-to-cell spreading of invasive hyphae in M. oryzae***.
In E graminearum, Giv2 may function upstream from these con-
served MAPK cascades to regulate infectious growth. Giv3 is also
important for infectious growth and the giv3 mutant was reduced
in PKA activities. GIV3, like other members of the EIG subfamily,
had over tenfold in planta-specific upregulation. Some of these EIG
GPCRs may have overlapping functions during plant infection and
it will be important to generate and characterize mutants deleted of
two or multiple EIG genes with similar sequences and expression
profiles. Ultimately, it will be important to identify the plant factors
or ligands recognized by different GPCRs at various infection stages.

Methods

Bioinformatics analysis with GPCR genes. The predicted gene models of

all the putative GPCR genes’' were exacted from the genome annotation of

F. graminearum PH-1 (V3, downloaded from the Broad Institute) and manually
annotated on the basis of published RNA-seq data of vegetative hyphae from
YEPD cultures and perithecia (8 dpf) (NCBI SRA database accession number
SRP062731)* and RNA-seq data of infected wheat heads generated in this study.
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Fig. 5| GPCR genes of the EIG subfamily. a, A phylogenetic tree of 105 GPCR genes constructed by the maximum-likelihood method using PhyML3.1.

The orange circles mark the branches with Shimodaira-Hasegawa-like support of approximate likelihood ratios (aLRT-SH) larger than 0.5. The EIG and
CFEM clusters are shaded in green and yellow, respectively. GIV genes are marked by an asterisk. b, The phylogenetic relationship, expression profiles and
chromosomal distribution of EIG genes and their homologues in M. oryzae and N. crassa. The GPCR genes with over twofold specific upregulation in infected
wheat heads are in red. F, fast genome; S, slow genome. ¢, A common promoter element identified in the promoter regions of ten EIG genes specifically
upregulated during plant infection. d, Relative expression levels of Fg07792 in transformants of its deletion mutant expressing the PPE* (intact promoter)
and APPE (deleted of AGACAACA) constructs were assayed by quantitative PCR with reverse transcription (QRT-PCR) with RNA isolated from vegetative
hyphae (Hyp) and infected wheat heads sampled at 3 dpi (Inf). TSS, transcription start site. The ubiquitin carboxy-terminal hydrolase gene (GzUBH)

was used as the internal control. The mean and standard deviation of the relative expression level of Fg07792 were estimated with results from three
(n=23) independent biological replicates. Each dot on the bars represents the value of individual replicates. The asterisk indicates significant differences

(P=0.0005) based on Bootstrap analysis by BootstRatio. NS, not significant. e, The mean and standard deviation of the disease index scored on infected
wheat heads were estimated with data from three (n=23) independent replicates (marked with black dots) for the marked strains. Different letters indicate
significant differences based on ANOVA analysis followed by Duncan’s multiple range test (P=0.05). The giv5 giv6 double mutant had more severe defects
in wheat head infection than the giv5 and giv6 single mutants. f, Invasive hyphae formed by PH-1and labelled mutants expressing cytoplasmic GFP in wheat

coleoptile cells at 3dpi. The giv5 givé mutant had more severe defects than the giv5 mutant in infectious growth. Scale bar, 20 um. Similar results were

obtained in six independent experiments.

A total of 18 putative GPCR genes were revised due to errors in automated
annotation (Supplementary Table 1). The corrected sequences of these 18

genes have been deposited in GenBank under accession numbers MK510897—
MK520914. All of the amino-acid sequences of GPCRs were then analysed for
transmembrane helices by TMHMM 2.0 and TOPCONS. Twelve of them were
found to lack typical GPCR features (Supplementary Table 1), including ten with
fewer than seven transmembrane helices.

The 105 GPCR genes could be divided into different groups based on RNA-seq
data of infected wheat heads (3 days dpi), vegetative hyphae from YEPD cultures
and perithecia (8 dpf)”. Among the 40 group I GPCRs with the highest expression
level during infection, the expression levels of 35 of them were over twofold higher
in infected wheat heads than in vegetative hyphae or perithecia. Whereas 24 of the
group II genes had over twofold higher expression levels in perithecia, only 5 of the
group III GPCRs were upregulated over twofold in vegetative hyphae compared

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology

to the other 2 stages. The expression of 15 group IV GPCRs was increased in

both infected wheat heads and perithecia compared to hyphae. Multiple sequence
alignments of GPCR proteins were generated with the M-Coffee program.
Phylogenetic trees were constructed using MEGA with the neighbour-joining
method and further visualized using the ITOL tool. Heat maps of expression values
were drawn with the heatmap function in R (www.r-project.org). The 1kilobase
sequences upstream from the transcription start site of all the GPCR genes were
extracted and analysed with the MEME Suite for common promoter elements.

Strains and culture conditions. The wild-type F. graminearum strain PH-1
(ref.?') and deletion mutants of GPCR genes were routinely cultured on potato
dextrose agar (PDA) plates at 25 °C. The growth rate on PDA plates and
conidiation in liquid carboxymethyl cellulose (CMC) medium were assayed as
previously described'>". The final concentration of 0.5 mM H,0,, 0.7 M NaCl
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or 150 pgml~' Congo red was added to PDA for assaying stress responses”’.
Protoplast preparation and PEG-mediated transformation were performed as
described previously'”. For selection of transformants, hygromycin B and geneticin
(Calbiochem) were added to the final concentration of 300 and 200 pgml~!,
respectively, to the top agar. Mating and perithecium formation were assayed on
carrot agar plates as described previously”’.

Generation of gene deletion mutants and complementation strains. All of the
gene replacement constructs were generated with the split-marker approach™.
The flanking sequences of individual GPCRs were amplified and connected to
the hygromycin phosphotransferase (hph) cassette by overlapping PCR with
the primers listed in Supplementary Table 6. The resulting PCR products were
transformed into PH-1 and gene replacement mutants were identified by PCR
with the primers listed in Supplementary Table 6. For each GPCR gene, at least two
independent gene replacement mutants (Supplementary Table 4) were identified
by PCR assays (Supplementary Figs. 20 and 21). To generate the giv5 giv6 mutants,
the flanking sequences of GIV5 were amplified and connected to the geneticin-
resistance marker amplified from pFL2* and transformed into the giv6 mutant.
Transformants resistant to both hygromycin and geneticin were screened by PCR
for double mutants. Similar approaches were used to generate the Fg07757 Fg04749
deletion mutants (Supplementary Fig. 21).

For complementation assays, the entire GIV1 gene with its native promoter
was cloned into pFL2 by gap repair®'® and transformed into the givI mutant.
The giv1/GIV1 transformants were identified by PCR and assayed for phenotype
complementation. The same approach was used for complementation assays with
the giv2, giv3 and Fg05239 deletion mutants.

Generation of GPA2P*, FST7°* and GPMK1-GFP transformants. The S216D
T220E amino-acid changes***” were introduced into FST7 by overlapping PCR
with primers carrying the corresponding mutations. The resulting PCR products
were cloned into vector pFL2 as described to generate the FST7P* construct. After
verification by sequencing analysis, FST7"* was transformed into PH-1 and the
givl mutant. The dominant active allele of GPA2 was generated by introducing
the Q207L mutation as described previously”. The resulting GPA2P* construct
was verified by sequencing analysis and transformed into the givl mutant. The
GPMKI1-GFP fusion construct was generated by cloning GPMKI into pFL2*

and transformed into PH-1 and givI mutant. GPMKI1-GFP transformants were
identified by PCR and examined by epifluorescence microscopy. To assay changes
in its subcellular localization, germlings collected from 18h YEPD cultures were
treated with or without wheat spikelets for 30 min. After staining with DAPI, the
percentage of nuclei in germ tubes with clear GFP signals in the nucleus (above the
cytoplasm background) was counted. Data from 3 independent replicates, with 60
germ tubes (over 200 nuclei examined) per replicate, were analysed by ANOVA
analysis followed by Duncan’s multiple range test (P=0.05).

Infection assays with flowering wheat heads. Conidia of PH-1 and mutant
strains freshly collected from 5-day-old CMC cultures were resuspended to 10°
spores ml~ in sterile double-distilled water (DDW). Flowering wheat heads of
6-week-old wheat cultivar XiaoYan 22 (ref. ) plants were inoculated with 10 pl of
conidium suspensions at the fifth spikelet from the base. XiaoYan 22 is a winter
wheat cultivar selected for its yield and grain quality in a breeding program at
Northwest A&F University in China® but it is fully susceptible to F. graminearum
infection®. Spikelets with typical wheat scab symptoms were examined at 14 dpi to
estimate the disease index™. The mean and standard deviation of the disease index
were estimated with data from three independent replicates with at least ten wheat
heads examined in each replicate. For assaying infectious growth, infected lemma
and rachis tissues were embedded in Spurr resin after fixation and dehydration as
described previously”*. Thick sections were then prepared and stained with 0.5%
(wt/vol) toluidine blue and examined with an Olympus BX-53 microscope.

Assays for infection cushion formation. Intact flowering wheat heads of 6-week-
old wheat cultivar XiaoYan 22 (ref. **) plants grown under a 15/9 h light/dark
period were inoculated with conidium suspensions (2 X 10* spores ml~! in DDW)
as described previously'>'. Inoculated wheat heads were capped with a plastic
bag for 48 h to retain the moisture. After removing the plastic bags, lemmas were
collected and fixed with 4% (vol/vol) glutaraldehyde in 0.1 M phosphate buffer
(pH 6.8) overnight at 4°C. After dehydration in a series of acetone, the samples
were coated with gold-palladium and examined with a JEOL 6360 scanning
electron microscope (Jeol) as described previously'. For each strain, at least five
different lemmas were examined for infection cushions in each independent
experiment. Inoculated lemmas were also stained with Alexa Fluor 488 and
examined by epifluorescence microscopy as described previously*. To determine
their effects on infection cushion formation, cAMP and IBMX were added to the
final concentration of 5mM and 2.5 mM, respectively, to spore suspensions
before inoculation.

Infection assays with wheat seedlings. Three-day-old seedlings of the wheat
cultivar Norm were used for infection assays as described previously’'. Briefly, the
top 1-2mm portion of wheat coleoptiles was excised and inoculated with 2 ul of

freshly prepared conidium suspensions (10° spores ml™') over the wound sites.
The seedlings were then grown at 25°C with a 12h light/12h dark photoperiod.
Necrotic lesions on leaf sheaths were measured at 10 dpi. For examining invasive
hyphae by confocal microscopy, the Py,,,-GFP construct was transformed into the
wild type and giv mutants. Wheat coleoptiles inoculated with transformants with
GFP signals in the cytoplasm were sampled at 36 or 72 hpi and examined with a
Nikon A1 confocal microscope.

Assays for PKA activity and intracellular cAMP levels. Vegetative hyphae were
collected by filtration after culturing 10 conidia in 100ml YEPD for 12h. After
washing with DDW and dividing into halves, each half was resuspended in 20 ml
DDW with or without 8 dissected-apart flowering spikelets of 6-week-old wheat
cultivar XiaoYan 22 plants that had the anthers in approximately a third of the
florets exposed. After incubation for 1h at 25 °C, spikelets were removed and
hyphae were collected by filtration and used for protein extraction as described
previously”. PKA activities were assayed with the PepTag non-radioactive PKA
assay kit (Promega) by detecting the phosphorylation of PegTagA1l peptide-
LRRASLG as described previously™. The cAMP Biotrak Immuno-assay System
(Amersham Biosciences) was used to assay the intracellular cAMP levels in hyphae
treated with or without wheat spikelets as described above and in hyphae collected
from 3-day-old CMC cultures™.

MAPK phosphorylation assays. Vegetative hyphae were collected from 12h YEPD
cultures and treated with wheat spikelets as described above for PKA activity
assays. Total proteins were isolated from vegetative hyphae with protein lysis
buffer containing protease inhibitor cocktail (cat. no. P8340, Sigma-Aldrich) and
phosphatase inhibitor cocktails 2 (cat. no. P0044, Sigma-Aldrich) and 3 (cat. no.
P5726, Sigma-Aldrich) as described previously™. Expression and phosphorylation
of Gpmkl1 or Mgv1 were detected with an anti-Erk2 antibody (Santa Cruz
Biotechnology) and the PhosphoPlus p44/42 MAPK antibody kit (Cell Signaling
Technology) as described previously™. Phosphorylation of FgHogl was assayed
with the Phospho p38 MAPK antibody kit (Cell Signaling Technology). The
specificities of anti-TpEY and anti-TpGY antibodies were verified (Supplementary
Fig. 23) with the gpmk1, mgv1 and Fghogl deletion mutants*>*°. Band densities
were analysed with the Image Lab software. Quantitative changes in the
phosphorylation levels of Gpmkl and Mgv1 were analysed with the Image

Lab software. For the Mgvl MAPK, treatments with spikelets stimulated its
phosphorylation in the wild type and all three giv mutants to various degrees

(Fig. 3e,f and Supplementary Fig. 12). Unlike Gpmk1 and Mgvl, treatments with
wheat spikelets had no obvious effects on the activation of FgHogl in the wild type
or the givl and giv2 mutants, but the phosphorylation level of FgHog1 was slightly
increased in the giv3 mutant treated with spikelets (Supplementary Fig. 13).

Co-immunoprecipitation assays. The GPA2-GFP and Py,,,-GIVI-3XFLAG
fusion constructs were generated by the yeast gap repair approach**® and co-
transformed into the wild-type strain PH-1. As GIV1 is specifically expressed
during plant infection, we used the constitutive RP27 (ribosomal protein 27)
promoter™ to express GIVI-3XFLAG. Conidia of the resulting transformants were
inoculated in YEPD with shaking at 200 r.p.m. for 24 h. Hyphae were collected by
filtration and used for protein extraction as described with 0.5% Triton X-100 in
the extraction buffer to solubilize membrane-associated proteins”. The resulting
protein supernatant was incubated with anti-FLAG M2-agarose beads (Sigma-
Aldrich) and proteins that co-purified with Givl-3XFLAG fusion were eluted as
described previously®. Western blots of total proteins and proteins eluted from
anti-FLAG M2 beads separated on 10% SDS-polyacrylamide gel electrophoresis
gels were detected with the anti-GFP and anti-FLAG antibodies (Abcam) as
described previously™.

Assays for chemotropic growth of germ tubes. A germ tube assay has been
developed for detecting chemotropic growth in F oxysporum™. As FE. graminearum
produces multicellular ascospores and macroconidia, to use the similar
chemotropic growth assay™, we generated the roa mutant in PH-1 and giv1 roa,
giv2 roa and giv3 roa mutants that produce mainly unicellular ascospores™.
Ascospores from the resulting roa mutants were resuspended to 6 X 10* spores
ml~' in DDW for chemotropic assays as described previously™. Briefly, ascospore
suspensions were inoculated onto water agar at a central scoring line with two
parallel wells (5mm away) on both sides that were filled with 20 pl of the test
compound or solvent control. After incubating at 25°C for 6 h, the number of germ
tubes with tips growing towards the test compound (H,,) or solvent (H,,,) were
counted to calculate the chemotrophic index as (H,.y — Hy,)/Hyoq X 100 (ref. ),

in which H,,, is the total number of germ tubes examined. For each compound
tested, including 1 mM of glucose, glutamine, aspartic acid, glycerol or galactose™,
data from 3 independent replicates with at least 100 germ tubes examined each
were used to estimate the mean chemotrophic index. For preparing spikelet
extracts, 200 mg of wheat spikelets with glumes removed and lemma pulled apart
to expose floral organs were soaked in 1 ml water, chloroform, or ethyl acetate

for 3h with gentle shaking in plastic Eppendorf tubes under normal daytime
laboratory conditions. After a brief spin, the supernatants were then collected and
used as the test compounds in chemotropic growth assays.
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qRT-PCR assays for the expression level of six GIV genes. RNA samples were
isolated from hyphae of 24h YEPD cultures and infected wheat heads sampled at

3 dpi. Relative expression levels of GIVI-GIV6 genes were assayed by QqRT-PCR with
the ubiquitin C-terminal hydrolase gene (GzUBH)™ as the internal control. Data from
three biological replicates were used to estimate the mean and standard deviation.

Assays for the PPE function in Fg07792 and GIV5. The entire Fg07792 gene with
its native promoter (PPE") that contains an AGACAACA sequence matching the
PPE consensus was amplified and cloned into pFL2 by gap repair*. Overlapping
PCR was used to generate a similar construct with the PPE sequence of Fg07792
deleted (APPE). Both constructs were transformed into the Fg07792 deletion
mutant to generate the PPE* and APPE transformants. The expression level of
Fg07792 in vegetative hyphae and infected wheat heads (3 dpi) was assayed by
qRT-PCR. Similar approaches were used to verify the function of the PPE element
(AACCGACA) in the promoter of the GIV5 (Fg02981) gene.

RNA-seq analysis with infected wheat heads. For each wheat head of 6-week-old
XiaoYan 22 plants, all of the florets at anthesis were drop-inoculated with 10 pl of
conidium suspensions of the wild-type strain PH-1 as described previously®. The
inoculated wheat heads were sampled at 1-, 2- and 3 dpi, and diseased spikelets
were collected for RNA isolation as described previously”. After treatment

with RNase-free DNase I, Poly(A)+mRNA was isolated with the NEBNext

Poly(A) mRNA Magnetic Isolation Module (New England Biolabs) following the
instructions provided by the manufacturer. Strand-specific RNA-seq libraries

were constructed for 3 independent biological replicates of each time point with
the NEBNext Ultra Directional RNA Library Prep Kit (New England Biolabs) and
sequenced by Illumina HiSeq 2500 with the 2 X 150-base-pair paired-end read
mode at Novogene Bioinformatics Technology (Beijing). The resulting RNA-seq
data were deposited at NCBI SRA database under accession numbers SRR8568982—-
SRR8568984 and SRR8569386-SRR8569394. The RNA-seq data of vegetative
hyphae and perithecia of PH-1 were generated in a previous study”* and deposited
in the NCBI SRA database under accession numbers SRS1044675 and SRS1044677.
Low-quality reads of the RNA-seq data were removed with Trimmomatic. At least
120 million high-quality reads (Q20 > 95%; Q30 > 85%) were obtained for each
time point of the infected wheat head samples and aligned to the PH-1 reference
genome (V3, Broad Institute) using HISAT?2 with its two-step algorithm. The
number of reads (counts) aligned to each gene was calculated by FeatureCounts.
Gene expression counts were normalized using the TPM method™.

Statistics and reproducibility statement. The qPCR data from 3 independent
replicates were analysed for statistical differences with Bootstrap analysis by
BootstRatio® (P=0.0005). For disease indices scored with infected wheat heads,
lesion lengths on wheat seedlings, PKA activities, TpEY assays, chemotropic indices
of germ tubes, intracellular cAMP concentrations and localization of Gpmk1-GFP
to the nucleus, statistical analyses were performed with data from at least three
independent biological replicates using one-sided ANOVA analysis followed by
Duncan’s multiple range test (P=0.05). Assays with growth rate, conidiation and
perithecium formation were repeated five independent times with all of the mutant
strains. For assaying infection cushion formation and colonization of flowering
wheat heads, three independent experiments were repeated with the wheat cultivar
XiaoYan 22 (ref. **). Six independent experiments were conducted with three-day-
old seedlings to assay infectious growth in wheat coleoptile cells.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the
corresponding author and C. J. (cjiang@nwafu.edu.cn) upon request. RNA-seq data
generated in this study are accessible under the accession numbers SRR8568982—-
SRR8568984 and SRR8569386-SRR8569394.
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