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Introduction: The fungal G protein-coupled receptors Ste2 and Ste3 are vital
in mediating directional hyphal growth of the agricultural pathogen Fusarium
graminearum towards wheat plants. This chemotropism is induced by a
catalytic product of peroxidases secreted by the wheat. Currently, the
identity of this product, and the substrate it is generated from, are not known.

Methods and results: We provide evidence that a peroxidase substrate is
derived from F. graminearum conidia and report a simple method to extract
and purify the FgSte2-activating ligand for analyses by mass spectrometry.
The mass spectra arising from t he ligand extract are characteristic of a 400
Da carbohydrate moiety. Consistent with this type of molecule, glycosidase
treatment of F. graminearum conidia prior to peroxidase treatment
significantly reduced the amount of ligand extracted. Interestingly,
availability of the peroxidase substrate appears to depend on the presence
of both FgSte2 and FgSte3, as knockout of one or the other reduces the
chemotropism-inducing effect of the extracts.

Conclusions: While further characterization is necessary, identification of the
F. graminearum-derived peroxidase substrate and the FgSte2-activating
ligand will unearth deeper insights into the intricate mechanisms that
underlie fungal pathogenesis in cereal crops, unveiling novel avenues for
inhibitory interventions.
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1 Introduction

G protein-coupled receptors (GPCRs) are a family of seven
transmembrane domain (7-TM) proteins that mediate cellular
responses towards a wide range of extracellular stimuli, including
but not limited to hormones, sugars, and peptides. When a GPCR is
activated by its corresponding ligand, it undergoes a conformational
change enabling its interaction with intracellular proteins that
initiate signaling cascades leading to a cellular response (Latorraca
et al., 2017; Hilger et al., 2018; Weis and Kobilka, 2018). It is now
known that GPCRs can bind an assortment of ligands and exhibit a
multitude of functionally unique conformations (Hilger et al,
2018). This enables a single receptor to activate different signaling
pathways that give different biological outcomes; a phenomenon
termed ‘biased signaling’. While GPCR research has mainly focused
on mammalian receptors, the past few years have seen a growing
interest in the fungal pheromone receptors Ste2 and Ste3, which
have been implicated in virulence of fungi that infect
agricultural plants.

The fungal GPCRs Ste2 and Ste3 were first identified as
pheromone-sensing receptors in the yeast Saccharomyces
cerevisiae (ScSte2p and ScSte3p) (Hagen et al., 1986; Blumer et al,,
1988). ScSte2p and ScSte3p are expressed on the surfaces of opposite
mating type cells in S. cerevisiae and are activated by the o- and a-
pheromones, respectively (Schrick et al., 1997; Jones and Bennett,
2011; Alvaro and Thorner, 2016). Binding of these pheromones to
ScSte2p and ScSte3p triggers the well characterized pheromone-
response MAPK signaling pathway and leads to mating of the two
cells (Schrick et al., 1997; Alvaro and Thorner, 2016). ScSte2p has
also been reported to exhibit alternate functionalities, dictated by
factors such as pheromone gradients (Segall, 1993; Brizzio et al,
1996; Elia, 1996; Barkai et al., 1998) and localization of the ScSte2p
receptor to the mating projection (Jackson et al., 1991). Mutations
in the ligand-binding residues of the receptor alter G protein-
mediated MAPK signaling and lead to different impacts on
diploid zygote formation (Dube and Konopka, 1998; Shi et al,
2007; Choudhary and Loewen, 2016a).

The role of Ste2 has been more enigmatic in higher fungi,
particularly in those that do not require mating for reproduction.
However, several studies have shed light on novel functions for Ste2
and its counterpart Ste3 in pathogenic fungi. Recently, Ste2 has been
shown to mediate directed hyphal growth, or chemotropism, of the
fungal pathogens Fusarium oxysporum (Turra et al, 2015),
Fusarium graminearum (Sridhar et al., 2020) and Verticillium
dahliae (Vangalis et al., 2022) towards their host plants. The a-
pheromone receptor Ste3 in F. graminearum has similarly been
implicated in chemotropism and pathogenicity on wheat (Sharma
et al,, 2022). Similar to what is observed in Ste2 in F. graminearum,
deletion of Ste3 results in a complete elimination of chemotropism
towards the wheat plant. In the non-pathogenic fungus
Trichoderma reesei, the Ste2 and Ste3 orthologs, Hprl and Hpr2,
respectively, mediate chemotropic sensing of plant root exudates
(Hinterdobler et al., 2021). Ste2- and Ste3-mediated chemotropism
in these fungi is induced by the activity of peroxidases secreted by
their host plants. Furthermore, Ste2 and Ste3 have important roles
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in the control of conidial germination in a cell density-dependent
manner in F. oxysporum (Vitale et al., 2019).

Previous work in F. graminearum has emphasized that the
wheat peroxidases only induce chemotropism when they are
catalytically active, implying that they convert a fungal- or wheat-
derived substrate into a chemoattractant that is recognized by the
Ste2 receptor (FgSte2) (Sridhar et al., 2020). The identity of this
FgSte2-activating ligand remains to be determined. The class III
peroxidase family in plants, to which the wheat peroxidases belong,
is typically involved in building and reinforcing the plant cell wall
through polymerization of phenolic monomers of lignin (Hiraga,
2001; Passardi et al., 2004; Almagro et al., 2009; Cosio and Dunand,
2009). They can concurrently reduce hydrogen peroxide while
oxidizing a range of phenolic and non-phenolic substrates
(Pandey et al., 2017). Peroxidases also promote the degradation of
polysaccharides through the generation of hydroxyl radicals in the
presence of NADH (Schweikert et al., 2002).

Here, we have now demonstrated that an FgSte2-activating ligand
is produced from a peroxidase substrate that originates from F.
graminearum conidia and we have established a simple method to
extract and enrich this ligand. Peroxidase treatment of F.
graminearum strains lacking either FgSte2 or FgSte3 produces
extracts that are unable to induce a chemotropic response,
illustrating a link between expression of the two receptors and the
synthesis or availability of the peroxidase substrate. Liquid
chromatography coupled with mass spectrometry (LC-MS) analysis
of the peroxidase-treated F. graminearum extracts identified a 400 Da
species as a ligand candidate. Its elution time from the LC column
and oxygenated nature indicate that this molecule is most likely a
carbohydrate. In line with this characterization, treatment of F.
graminearum conidia with glycosidases resulted in a decrease in
the amount of ligand that could be extracted. Moreover, RNA
sequencing analysis of FgSte2-depleted F. graminearum showed
downregulation of several cell wall and carbohydrate-related genes.
Together, these findings allude to a complex mechanism of
chemotropic growth wherein the fungal GPCRs and the host
peroxidase are both involved in producing the chemoattractant.

2 Materials and methods

2.1 Fungal strains, culture conditions
and maintenance

A list of F. graminearum and S. cerevisiae strains used in this
study are presented in Table 1 and Table 2, respectively. The
oligonucleotides used in strain construction and confirmation are
listed in Table 3. Strains of F. graminearum were maintained,
cultured, and stored as previously described (Sridhar et al.,, 2020).

All strains of S. cerevisiae used in this study were derived from
BY4741 YFL026W, a wild-type strain derived from $288C and
lacking the endogenous ScSTE2 gene (Winzeler et al., 1999; Shi
et al., 2009). BY4741 YFL026W was routinely maintained on YPD
plates (1% yeast extract, 2% peptone, 2% dextrose, 2% agar)
supplemented with 200 ug/mL geneticin.
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TABLE 1 List of F. graminearum strains used in this study.

Strain Genotype Gene Reference
function

GZ-3639 wild type Dr. Susan
McCormick (USDA)

Fgste2A STE2:HPH GPCR Sridhar et al. (Sridhar
et al., 2020)

Fgste2A+STE2 | STE2:HPH; GPCR Sridhar et al. (Sridhar

STE2:GEN et al,, 2020)

Fgste3A STE3:HPH GPCR Sharma et al. (Sharma
et al., 2022)

FgmgvlA MGVI1:HPH MAPK Rampitsch et al.

(Rampitsch et al., 2011)

2.2 Plasmid construction

The pYESDEST52 plasmid harbouring the FgSTE2 gene
(FGSG_02655) was generated by Gateway cloning (Invitrogen).
F¢gSTE2 was amplified by polymerase chain reaction using
Phusion DNA polymerase. Following this, a second PCR was
performed to attach the attb ends required for Gateway cloning.
The cloning was then performed according to the manufacturer’s
instructions. Briefly, 750 ng of amplified FgSTE2 was mixed with
2 uL BP clonase enzyme and 1.5 uL. pDONR221 vector and made up
to 20 uL with Tris-EDTA (TE; pH 8.0) buffer. The reaction was
incubated overnight at 18°C. The following day, 2 uL of proteinase
K was added to the reaction and incubated at 37°C for 30 min. The
reaction was then transformed into E. coli JM109 cells and positive
colonies that grew on kanamycin-containing LB plates were
confirmed to have the correct insert by PCR.

For destination cloning into pYES-DEST52, a 1:1 molar ratio of
pDONR221::FgSte2 and empty pYES-DEST52 was mixed with 2 pL of
LR clonase enzyme, 4 pL of 5x LR clonase buffer and made up to 20 pL
with TE buffer. The reaction was incubated at 25°C for 18 h, followed
by a hold at 4°C. The reaction was transformed into E. coli JM109 cells,
following which positive ampicillin-resistant transformants were
confirmed by PCR and restriction digestion. Sanger sequencing was
used to validate the correct sequence of the inserted gene.

2.3 Generation of FgSte2-expressing
BY4741 YFLO26W

The BY4741 YFL026W strain was confirmed to lack the
endogenous ScSTE2 gene by polymerase chain reaction using

TABLE 2 List of S. cerevisiae strains used in this study.

Strain Genotype Reference
BY4741 MATa his3A1 leu2A0 met15A0 Winzeler et al.
YFLO26W ura3A0 ASTE2

BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 This study
YFLO26W ASTE2 FgSTE2-URA3

+FgSte2
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primers P1 and P2. Transformation of BY4741 YFL026W by
electroporation was performed as previously described with
minor modifications (Becker and Guarente, 1991). Strain
YFL026W was inoculated in 7.5 mL YPD overnight at 30°C with
shaking at 180 rpm. Five mL of the overnight culture was inoculated
in 50 mL of YPD and grown until an O.D.g0 of 0.5 - 0.7. The cells
were harvested by centrifugation at 3400 g for 5 min at 4°C,
resuspended in 12.5 mL of permeabilization buffer (100 mM
LiAc, 10 mM DTT, 10 mM Tris-HCl, pH 7.5, 1 mM EDTA) and
incubated at room temperature for 1 h. Cells were pelleted by
centrifugation and washed twice in ice-cold sterile water. The cell
pellet was then resuspended in 5 mL of ice-cold 1 M sorbitol. The
cells were pelleted again and resuspended in 100 pL of ice-cold 1 M
sorbitol. Approximately 1 ug of pYES-DEST52-FgSTE2 was mixed
with the cells and incubated on ice for 5 min. The mixture was
transferred to a 0.2 cm electroporation cuvette and pulsed with a
BioRad gene pulser using the “eukaryotic” setting. Immediately, 500
uL of ice cold 1 M sorbitol was added and mixed with the contents
of the cuvette. Aliquots of 100 puL were plated on Synthetic Dropout
(SD) medium containing 2% glucose, 0.66% yeast nitrogen base,
200 mg/mL arginine, 200 mg/mL histidine, 200 mg/mL leucine,
0.2% yeast dropout mix lacking uracil, arginine, leucine and
histidine, and 200 pg/mL geneticin. Positive transformants that
grew on plates lacking uridine were confirmed by PCR
amplification of the FgSTE2 gene using internal gene primers (P3
and P4).

Expression of FgSte2 was tested in various galactose-containing
media and for different expression times. For overnight expression,
cells were inoculated in either YPD, YP-Galactose (YP-Gal; 1%
yeast extract, 2% peptone, 2% galactose), or Synthetic Dropout
Complete (SDC) medium (2% sucrose, 0.66% yeast nitrogen base,
200 mg/mL arginine, 200 mg/mL histidine, 200 mg/mL leucine,
0.2% yeast dropout mix lacking uracil, arginine, leucine and
histidine) supplemented with 2% galactose and incubated at 30°C
overnight with shaking at 200 rpm. The following day, the cells were
harvested by centrifugation at 3400 g for 10 min and flash frozen
until further use.

For checking shorter expression times, cells were inoculated in
YPD overnight at 30°C with shaking at 200 rpm. The following day,
cells were diluted to an O.D.ggo of 0.1 in YP-Gal or SDC media
supplemented with 2% galactose incubated at 30°C with shaking at
200 rpm for 4 hours. Cells were then collected by centrifugation and
flash frozen until further use.

2.4 Western blotting of FgSte2 in
S. cerevisiae

Expression of FgSte2 was confirmed by Western Blotting using
an anti-6xhis antibody as previous described (Sridhar et al., 2020).
Briefly, cell pellets were frozen at a ratio of 100 uL of breaking buffer
(50 mM sodium phosphate, pH 8.0, 1 mM EDTA, 5% glycerol)
supplemented with Complete EDTA-free Protease Inhibitor
Cocktail per mL of culture. To the tube, 100 pL of glass beads
were added and then cells were lysed for eight cycles of 30 s
vortexing followed by 30 sec on ice. To this mixture, Triton X-
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TABLE 3 Oligonucleotides used in this study.

Target F/R Primer
ScSTE2 gene F P1
R P2
FgSTE2 gene F P3
R P4

100 was added to a final concentration of 1% and incubated on a
rocker at 4°C for 1 h. The samples were centrifuged at 12,000 g for
20 min and the supernatant was transferred to a fresh microfuge
tube. A Bradford assay (Bradford, 1976) was performed to quantify
total protein concentration.

For the Western blot, 10 pg of total protein was resolved on a
10% SDS-PAGE and subsequently transferred to a polyvinylidene
difluoride (PVDF) membrane by wet electroblotting at 400 mA for
2 h. The membranes were blocked for 1 h in 5% (w/v) non-fat dried
skim milk in TBST (50 mM Tris, pH 7.5, 150 mM NaCl, 0.05% (v/v)
Tween 20) at 4°C. The membranes were subsequently incubated
with anti-6x his primary antibody (1:1,000 dilution, ab1187,
Abcam). Pierce Enhanced Chemiluminescent substrate was added
to the membranes and the emitted light was captured on an Azure
C300 imager.

2.5 Dilution spot assay

The spot assay for F. graminearum conidia was performed as
previously described with minor modifications (Yun et al., 2014).
Briefly, freshly harvested F. graminearum conidia were quantified
using a hemocytometer and diluted to 107 conidia/mL in sterile
water. Serial dilutions of 10° 10°, 10* conidia/mL were then
prepared for each strain. One microliter of each suspension was
spotted onto PDA plates containing either 0.2 mM H,0,, 300 ug/
mL Calcofluor White (CFW), 1 M sorbitol, or no stressor and
incubated at 25°C for 48 hours.

2.6 Quantitative chemotropism plate assay

Assessment of chemotropism was performed using the
quantitative plate assay as described previously (Sridhar et al,
2020). Briefly, fresh F. graminearum macroconidia were mixed
with 0.5% (w/v) water agar to a final concentration of 2.5 x 10°
spores per mL and plated in a Petri dish. A scoring line was drawn
down the middle of the plate and two wells were made 5 mm away
and parallel to the scoring line. Equal volumes (50 pL) of sterile
water and test compound were pipetted into the control well and
test well, respectively. Plates were incubated for approximately 14 h
at 22°C in the dark. The number of germinating hyphae growing
towards the test (Ni.q), or control compound (N,,) were counted
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Sequence (5'—3’) Product size (bp)

GATGCGGCTCCTTCATTGAGC 1241
GCTGCCGTATCGGGAGTGTAC
CTGCCATTGACCAGGTGC 657

AGATGCCGTTGGTCATGATGAG

under the Nikon SMZ1000 microscope, and a chemotropic index

__ Ntest—Ncontrol 0
was calculated as C. T = Aol % 100 %.

2.7 Preparation of horse radish peroxidase
(HRP) solutions

Horse radish peroxidase (Sigma P-8375) was resuspended in
sterile deionized water at a concentration ranging from 22-120 uM
(1-5.5 mg/mL). This enzyme concentration was verified by
measuring the optical density of the resuspension at 403 nm
(using an extinction coefficient, €493 of 100 M"'em™).

2.8 Peroxidase activity assay

The peroxidase activity assay was performed in 96-well plates at
22°C as described previously (Machly and Chance, 1954). The
formation of the pyrogallol oxidation product (extinction coefficient,
€420, 4,400 M'' cm™) was measured spectrophotometrically at 420
nm. To assess the production of hydrogen peroxide by F.
graminearum conidia, enzyme reactions containing 4 uM HRP, 40
mM pyrogallol, and either 14.7 mM hydrogen peroxide or 5 x 10° F.
graminearum conidia were performed.

2.9 Extraction of peroxidase substrate from
F. graminearum conidia and its conversion
into FgSte2 ligand with HRP

Freshly harvested F. graminearum conidia were adjusted to a
concentration of 2 x 107 conidia/mL. One mL of this suspension
was centrifuged at 1100 g for 10 min at room temperature and
resuspended in 50 pL of an aqueous solution containing HRP
ranging in concentration from 4 to 120 pM, according to the
experiment that was subsequently performed with the reaction
product. Lower concentrations were used for initial experiments
while higher concentrations of HRP were used in ligand extraction
and characterization assays. Following this incubation, the mixture
was centrifuged at 12,000 g for 10 min at room temperature and the
supernatant was transferred to a fresh microfuge tube. The solution
was then either boiled at 95°C for 10 min or treated with 60 mM
SHAM to inactivate HRP and subsequently tested for its ability to
induce chemotropism of wild type F. graminearum in the
chemotropism plate assay.
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2.10 Extraction of peroxidase substrate
from S. cerevisiae cells and its conversion
into FgSte2 ligand with HRP

S. cerevisiae cells, either wild-type or FgSte2-expressing, were
inoculated in 10 mL of Synthetic Dropout Complete (SDC) medium
(2% sucrose, 0.66% yeast nitrogen base, 200 mg/mL arginine, 200
mg/mL histidine, 200 mg/mL leucine, 0.2% yeast dropout mix
lacking uracil, arginine, leucine and histidine) and incubated at
30°C overnight with shaking at 200 rpm. The following day, the
culture was diluted to an O.D.go of 0.1 and incubated until they
reached an O.D.gp of 0.6-0.8 (mid-logarithmic phase). From this
culture, approximately 2 x 107 cells (O.D.gg of 1 ~ 1.5 x 107 cells)
were collected by centrifugation and resuspended in 50 uL of 1 uM
HRP and incubated at room temperature for 1 h. The suspension
was then centrifuged at 1100 g for 10 min at room temperature,
following which the supernatant was transferred to a fresh
microfuge tube and inactivated with 10 pL of 200 mM SHAM.
The extracts were then tested for chemotropic activity in wild type
F. graminearum conidia.

2.11 Treatment of F. graminearum
with glycosidases

Freshly harvested F. graminearum conidia were quantified with a
hemocytometer. Glycosidic enzymes were kindly provided by Dr.
Chantelle Capicciotti (Queen’s University, Kingston, Canada).
Subsequently, 2 x 107 conidia were transferred to a fresh microfuge
tube and resuspended in 50 pL of glycobuffer (5 mM CaCl,, 50 mM
sodium acetate, pH 5.5) containing either 3.75 pg or 7.5 ug of PNGase
F (from Flavobacterium meningosepticum, NCBI accession sequence
J05449), 100 pg of B-galactosidase (from Streptococcus pneumoniae,
NCBI accession sequence ACB89855) or 100 ug of sialidase (from
Clostridium perfringens, NCBI accession sequence
WP_118429947.1). The reactions were then incubated at 37°C for
1 h, following which the samples were centrifuged at 1100 g for
10 min and then supernatant removed. The conidia were then
washed twice with 1 mL of sterile deionized water. Next, 40 uL of
42 uM HRP was added to each pelleted conidia sample and incubated
at room temperature for 1 h, following which the sample was
centrifuged at 1100 g and the supernatant was transferred to a
fresh microfuge tube. Ten microlitres of 200 mM SHAM was
added to inactivate the HRP in the solution, after which it was
pipetted into the test well of the chemotropism plate assay to assess
chemotropic inducing potential in wild-type F. graminearum conidia.

2.12 Enrichment of ligand through liquid-
liquid extraction

HRP-derived ligand was produced by treating 2 x 10” spores of
wild-type F. graminearum, in 100 uL of 4 pM HRP in a microfuge
tube for 30 min at room temperature. Following this, an equal
volume of 100% ethyl acetate was added. The mixture was vortexed
for 30 sec and then centrifuged at 13,000 g for 1 min at room
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temperature. The ethyl acetate fraction was transferred to a fresh
microfuge tube. This step was repeated, and the second ethyl acetate
fraction was pooled with the first one. Next, an equal volume (100
uL) of 100% chloroform was added to the aqueous fraction,
vortexed for 30 sec, and centrifuged at 13,000 g for 1 min at
room temperature. The chloroform fraction was transferred to a
fresh microfuge tube, and the step was repeated. The microfuge
tubes containing the chloroform and ethyl acetate fractions were left
open overnight to allow for solvent evaporation. The following day,
100 pL of deionized water was added and incubated at room
temperature for 1 h. All fractions were tested for activity in the
chemotropism plate assay against wild-type F. graminearum.

2.13 Enrichment of ligand by C-18
cartridge adsorption

For mass spectrometric analysis of the HRP-derived ligand,
large molecular weight proteins and detergents were removed.
Samples were first boiled for 5 min at 95°C, following which the
sample was subjected to centrifugation in an Amicon centrifugal
filter (with cutoff at 3 kDa) at 1100 g at room temperature. After
centrifugation, the protein and other high molecular weight species
were collected in the filter, while the ligand and other metabolites
passed into the filtrate. The filtrate was then subjected to cleaning
up using a C-18 cartridge. The C-18 cartridge was first pre-wet with
1 mL of 90% acetonitrile, and then equilibrated with 2 mL of
deionized water. Following this, the sample was passed through,
and the flowthrough was collected. The cartridge was then washed
with 1 mL of water. Finally, any bound material was eluted from the
cartridge with 1 mL of 90% acetonitrile. Fractions from each step of
the cleanup were collected and tested for activity in the
chemotropism plate assay. Before testing the elution fraction, the
sample was left on the bench overnight to allow evaporation of the
acetonitrile and resuspended in water the next day.

2.14 Sample preparation for mass
spectrometric analysis

Freshly harvested F. graminearum conidia were quantified
using a hemocytometer. For initial experiments analyzing HRP-
treated and untreated wild-type extracts, 6.5 x 10° conidia were
resuspended in 1 mL of 180 uM HRP or water, respectively, and
incubated at room temperature overnight. For the subsequent
experiment, 1.5 x 10® conidia of wild-type, Fgste2A, Fgste3A
strains of F. graminearum and FgSte2-expressing S. cerevisiae
were resuspended in 1 mL of 100 uM HRP overnight at room
temperature. All samples were then processed in the same way for
mass spectrometric analysis. First, the conidial suspensions in HRP
were centrifuged at 11,000 g for 10 min to pellet the cells. Following
this, the supernatant was transferred to a fresh microfuge tube and
boiled at 95°C for 5 min. The sample was then passed through a
pre-equilibrated C-18 column from which the flowthrough was
collected and analyzed by mass spectrometry.
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2.15 Mass spectrometry analysis

Mass spectrometry (MS) analyses were performed through two
different injection modes, i.e., using Flow Injection Analysis (FIA)
and liquid chromatography (LC).

The mass spectrometry detection was performed using a
MicroTOF-Q mass analyzer (Bruker Daltonik GmbH, Bremen,
Germany). The MS was operated in full scan mode (m/z 100-
2500). For fragment confirmation, some tests were also done using
the Multiple Reaction Monitoring (MRM) option with the auto-
MS/MS mode and Argon for CID (collision-induced dissociation).
Mass was calibrated from m/z 100 to m/z 2500 using the ESI-Low
concentration Tuning Mix (Agilent Technologies, Inc., Santa Clara,
CA, USA). Positive and negative electrospray ionization modes (ESI
+ and ESI-, respectively) were used for both the FIA and liquid
chromatography modes.

In the FIA approach, samples were directly injected into the
mass spectrometer. For LC-MS, the samples were first eluted
through a Luna Omega C18 PS column (150 x 4.6 mm, 3 pum
particle size). The mobile phase consisted of a gradient of 0.2%
acetic acid in water and methanol (0 to 100% MeOH over 25 min
followed by 10 min at 100% MeOH) at a flow rate of 0.5 mL min .
A 25 min hold at 100% aqueous was also added for column
equilibration prior to each injection. Alternative gradients and
mobile phases were tested to optimize peak separation, retention
and sensitivity.

2.16 Total RNA extraction

F. graminearum strains were inoculated in 20 mL of Potato
Dextrose Broth (PDB) for 2 days at 28°C with shaking at 160 rpm in
the dark. For RNA extraction, dried mycelial mass was frozen in
liquid nitrogen and homogenized in 1 mL TRIzol™ reagent
(Thermo Fisher Scientific). The InViTrap® Spin Universal RNA
Mini Kit (Stratec molecular, Germany) was used to purify total
RNA (free of genomic DNA) from TRIzol aqueous phase, as per the
manufacturer’s protocol; the RNA concentration and purity was
subsequently determined using a Nanodrop spectrophotometer
ND-1000 (ThermoScientific). RNAseq libraries were prepared
using TruSeq Stranded RNALT kit and sequenced on an Illumina
HiSeq 2500 platform according to the manufacturer’s guidelines
(Illumina, USA).

2.17 RNA sequencing and analysis

Libraries for RNA sequencing were prepared using TruSeq
Stranded RNALT kit and sequenced on an Illumina HiSeq 2500
platform according to the manufacturer’s guidelines (Illumina,
USA). The RNA sequencing data was analyzed as follows. Raw
data was first trimmed using Trimmomatic v0.39 software (http://
www.usadellab.org/cms/?page=trimmomatic) based on default
quality scores that were determined by the base caller error
probability level (P< 0.01). To assess the expression levels, high
quality RNA sequences were aligned to the annotated F.
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graminearum RR1.36 genome using Salmon v1.2.1 (https://
combine-lab.github.io/salmon/) (King et al., 2015). Differential
expression analysis was performed using SARTools v1.6.4, with
the DESeq2 settings and the parameters within their provided
default template (Varet et al, 2016). A False Discovery Rate
(FDR) (Benjamini and Hochberg, 1995) of corrected padj < 0.05
was used as a threshold to identify differentially expressed genes.
Gene annotation and GO enrichment analysis for F. graminearum
was performed using the FungiDB database. (https://fungidb.org/
fungidb/) (Stajich et al., 2012; Basenko et al., 2018). The data was
then manually sorted and interrogated for pathogenicity- and
chemotropism-related genes. The Full RNAseq data set is
available at NCBI (Bioproject ID: PRINA872394).

3 Results

3.1 A FgSte2-activating ligand originates
from F. graminearum conidia

Previous findings showed that FgSte2 is activated by a wheat
peroxidase-produced ligand, rather than the wheat-secreted
peroxidase itself (Sridhar et al., 2020). To determine whether a
substrate for this peroxidase reaction originates from the fungus, F.
graminearum conidia were treated with horse radish peroxidase
(HRP) in a microfuge tube, after which the conidia were pelleted,
and the soluble fraction of the reaction was collected (Figure 1A).
Any HRP in this fraction was then inactivated by the peroxidase-
specific inhibitor salicylhydroxamic acid (SHAM) or by boiling for
10 min at 100°C. This solution, hereafter referred to as “extract”,
induced a robust chemotropic response in wild-type F.
graminearum in a concentration-dependent manner (Figure 1B).
Similar responses were observed towards both the heat- and
SHAM-inactivated extracts at each concentration, however, there
was a slightly stronger response induced by the latter, possibly due
to ligand degradation caused by boiling the samples. By
comparison, negligible chemotropic growth was observed towards
the extract that was not treated with HRP. The Fgste2A strain did
not exhibit any chemotropic response towards the HRP-treated
wild-type F. graminearum conidial extract, confirming that the
chemotropism was FgSte2-mediated (Figure 1B). These results
indicate that a peroxidase substrate arises from F. graminearum
conidia and the product of the enzymatic reaction acts as a FgSte2-
activating ligand.

Peroxidases catalyze the oxidation of a variety of substrates
through the reduction of hydrogen peroxide, which is known to be
secreted at a basal level by fungal cells (Nordzieke et al., 2019). To
assess whether hydrogen peroxide is being supplied by the F.
graminearum conidia, we monitored oxidation of pyrogallol into
a colored product in a reaction containing F. graminearum conidia,
but no added hydrogen peroxide (Figure 1C). In contrast to the
sample containing exogenously supplied hydrogen peroxide, the F.
graminearum conidia sample oxidized only a small amount of
pyrogallol (approximately one-tenth the amount). At the same
time, the conidia oxidized almost 3-fold more H,O, than in the
absence of either conidia or exogenous H,0,. Chemotropism is
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FIGURE 1

F. graminearum conidia produce plant peroxidase substrates that are converted to FgSte2-activating ligands causing chemotropism. (A) A schematic
diagram depicting the general experimental approach for extracting FgSte2-activating ligand from F. graminearum conidia and assaying its
chemotropism activity is shown. (B) Directed hyphal growth of wild-type and Fgste2A F. graminearum strains towards a gradient of wild-type F.
graminearum conidial extract was measured after 14 h of exposure. Extracts were generated by treating the indicated number of wild-type F.
graminearum conidia (either 5 x 10° or 1 x 10”) with 4 uM HRP for 1 h at room temperature. Data were analyzed with a one-way ANOVA with
multiple comparisons, using the untreated wild-type extract as a control. Bars with different letters are significantly different. b, ¢, d compared to a,
p< 0.0001. ¢ compared to b, p< 0.01. d compared to c, p< 0.001. Data represent the average of three independent experiments. n = 500 hyphae per
plate. Error bars represent standard deviation. (C) A peroxidase activity assay was performed to assessing the relative levels of hydrogen peroxide
secreted by F. graminearum conidia. Reactions contained the indicated compositions and oxidization of pyrogallol was measured by absorbance at
420 nm. Data represent the average of technical duplicates from a single experiment. Data were analyzed with a one-way ANOVA with multiple

comparisons, *p< 0.05, **p< 0.01. Error bars represent standard deviation.

known to occur in response to chemical gradients of very low
concentrations (Chou et al., 2011). Therefore, it is not unexpected
that such a low amount of endogenous peroxide is sufficient for the
production of the chemoattractant by peroxidase. Notably, a prior
study with F. oxysporum, where they deleted the gene encoding
NOX, which is the primary enzyme responsible for H,O,
generation in fungi, linked the fungal chemotropic responses to
fungal derived H,O, (Nordzieke et al., 2019) Together, these data
provide further evidence that F. graminearum conidia provide all
required peroxidase substrates.

3.2 FgSte2 and FgSte3 contribute to
peroxidase substrate availability

To investigate the involvement of the FgSte2 and FgSte3
receptors in provision of the substrate that plant peroxidases
convert into a chemotropism-inducing ligand, Fgste2A and
Fgste3A conidia were suspended in a solution containing 42 uM
HRP and then the soluble fraction from this reaction was assessed
for its ability to induce chemotropism in wild-type F. graminearum.
Based on our previous observations, 4uM of HRP produced a
similar degree of F. graminearum chemotropism as peroxidase
derived from wheat exudate (Sridhar et al., 2020). Thus, we
reasoned that the 10-fold excess of HRP used in the current assay
would ensure that peroxidase was not limiting during the treatment
of each strain of F. graminearum conidia. Figure 2A shows that the
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HRP-treated Fgste2A conidial extract induced chemotropism of
wild-type F. graminearum at approximately 50% that of the
extract derived from wild-type conidia. Conversely, the HRP-
treated extract from Fgste3A conidia induced a negligible
chemotropic response. These results suggest that FgSte2 and
FgSte3 are involved in the synthesis and/or presentation of the
peroxidase substrate on the surface of F. graminearum cells.

To explore whether FgSte2 and FgSte3 regulate availability of
the same substrate to different extents, or the availability of two
separate substrates, a mixture of Fgste2A and Fgste3A conidia was
treated with HRP to generate a mixed extract. Remarkably, the
chemotropic response induced by the mixed extract was
comparable to the extract from wild-type conidia. Altogether,
these results suggest that FgSte2 and FgSte3 regulate the
availability of two different substrates that are both chemically
modified by HRP to produce an FgSte2-activating ligand.

Finally, to examine the possibility that knocking out FgSTE2
and FgSTE3 induced phenotypic changes that simply limit the
amount of ligand being extracted by peroxidase treatment of the
conidia, rather than the amount of substrate produced by the cells, a
dilution spot assay was performed to assess the growth of Fgste2A
and Fgste3A on media plates containing a panel of F. graminearum
growth stressors (Figure 2B). Neither strain showed defects in any
of the conditions tested, however, Fgste2A and Fgste3A produced
colonies with longer hyphae on hydrogen peroxide-containing
plates compared to wild type. This result indicates a role for
FgSte2 and FgSte3 in oxidative stress response. Together, these
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FIGURE 2

Presence of FgSte2 and FgSte3 influence ligand extraction but do not compromise F. graminearum resistance to growth stressors. (A) Directed
hyphal growth of wild-type F. graminearum towards a gradient of peroxidase-treated extracts from wild-type, Fgste2A and Fgste3A F. graminearum
conidia was measured after 14 h of exposure. Extracts were generated by treating 2 x 107 conidia with 40 pM HRP for 1 h at room temperature.
***p< 0.001, ****p< 0.0001, compared to WT extract. Data represent the average of three independent experiments. n = 500 hyphae per plate. Error
bars indicate standard deviation. (B) Serial dilutions of the indicated strains of F. graminearum conidia were spotted onto PDA plates containing

either no stressor (-ve

). cell wall integrity stressor (300 pg/mL Calcofluor White; CFW), osmotic stressor (IM Sorbitol), or oxidative stressor (0.2 mM

H>O,). Plates were incubated for 48 h at 25°C and imaged. One representative image for each plate is shown. Fgmgv1A lacking MAPK in the CWI
pathway was used as a control for the CFW condition. (C) Directed hyphal growth of wild-type F. graminearum towards a gradient of HRP-treated S.
cerevisiae extracts was measured after 14 h of exposure and compared to BY4741 YFLO26W extract, **p< 0.01. Data represent the average of three
independent experiments and were analyzed with a student’s t-test. n = 500 hyphae per plate. Error bars indicate standard deviation.

data indicate that reduction of chemotropic ligand generated by
peroxidase treatment of these mutant strains is likely due to
downregulation and/or reduced presentation of peroxidase
substrates on the cell surface when FgSte2 and FgSte3 are absent.

3.3 Expression of FgSte2 in Saccharomyces
cerevisiae induces availability of a
peroxidase substrate that is converted to
an FgSte2-activating ligand

To determine whether expression of FgSte2 in S. cerevisiae
could induce availability of a peroxidase substrate, the FgSTE2 gene
was cloned into the pYES-DEST52 plasmid. This plasmid adds a C-
terminal 6x-His tag to FgSte2 and allows control of its expression
via a galactose-inducible promoter. Successful integration of the
FgSTE2 gene into the plasmid was verified by Sanger sequencing
and the DNA was subsequently transformed into a strain of S.
cerevisiae lacking the endogenous ScSTE2 (BY4741 YFLO26W) by
electroporation (Supplementary Figure SIA). Transformants that
grew on selective media lacking uracil were verified by amplification
of the FgSTE2 gene by polymerase chain reaction (Supplementary
Figure S1B). Expression of FgSte2 was then assessed by Western
Blotting using an anti-His antibody (Supplementary Figure S1C).
As expected, FgSte2 was not expressed when cells were cultured in
YPD, due to suppression of the galactose-inducible promoter by
glucose, while expression of FgSte2 was induced when galactose was
provided in the growth media (Supplementary Figure S1C).

To test for production of peroxidase substrate, FgSte2-expressing
S. cerevisiae cells were harvested and treated with HRP. Remarkably,
the FgSte2-expressing S. cerevisiae extract induced a robust
chemotropic response in wild-type F. graminearum (Figure 2C). By
contrast, an extract from S. cerevisiae cells lacking FgSte2 or ScSte2
did not induce a significant chemotropic response. Thus, FgSte2
enhances availability of a peroxidase substrate in S. cerevisiae that can
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be converted to a FgSte2-activating ligand that stimulates F.
graminearum chemotropism. The increased peroxidase substrate
availability when FgSte2 is expressed in S. cerevisiae cells may not
be comparable to its reduction when FgSte2 is deleted in F.
graminearum. In S. cerevisiae, FgSte2 is overexpressed by the strong
galactose-inducible promoter which likely enhances any impact of
FgSte2 on peroxidase substrate availability.

3.4 The peroxidase-derived FgSte2 ligand
is a polar molecule

To isolate and characterize the FgSte2-activating ligand
produced by plant peroxidase, liquid-liquid extraction was used
to separate components of the HRP-treated F. graminearum
conidial extract based on their solubilities (Figure 3A). Each
fraction was then tested for induction of chemotropism in wild-
type F. graminearum. The aqueous fraction, but not the chloroform
or ethyl acetate fractions, induced a robust chemotropic response
(Figure 3A), indicating that the peroxidase-generated FgSte2 ligand
is a highly polar molecule. To facilitate detection by mass
spectrometry, a C-18 cartridge was used to selectively remove any
components in the conidial extract that may interfere with the
analysis. The ligand did not bind to the C-18 cartridge and eluted in
the flowthrough fraction, again indicative of a highly polar molecule
(Figure 3B). The flowthrough from this step was analyzed by
mass spectrometry.

3.5 Characterization of the FgSte2 ligand
by mass spectrometry

To determine the composition of the FgSte2 ligand that derived

from peroxidase treatment of F. graminearum conidia, Flow
Injection Analysis (FIA) was applied to the flowthrough material
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were collected. Directed hyphal growth of wild-type F. graminearum towards purification fractions was measured after 14 h of exposure. Data is
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from C-18 adsorption. Several unique masses were identified by FIA
at a higher intensity in the HRP-treated extract compared to the
untreated control under both positive and negative modes of
ionization (Figure 4). With the positive mode of ionization,
notable masses at 423 m/z and 439 m/z were identified in the
HRP-treated extract (Figures 4A, B) and the untreated extract
(Figures 4C, D). In negative ionization mode however, one
prominent mass was observed at 399 m/z in the HRP-treated
extract (Figures 4E, F), which was absent in the untreated extract
(Figures 4G, H).

Upon further investigation of treated and untreated samples
using LC-MS with a Luna Omega C18 PS column, a series of related
peaks were detected corresponding to masses 418, 423, 439, 818,
823 and 839 Da, that all co-eluted at 6.6 min (Figure 5). These
masses were detected in positive mode of ionization. For each of
these masses, the intensity of the peak was approximately 80% lower
in the untreated control compared to the HRP-treated sample
(Figure 5). Interestingly, the masses in the m/z 400 range differed
from those in the 800 m/z range by a constant 400 Da. A less steep
elution gradient (increase of 1% per min compared to 4% per min
used earlier), as well as other columns and mobile phases, were used
in an attempt to resolve peaks potentially belonging to different
compounds. No difference in elution was observed, suggesting that
all masses originated from, or were adducts of, a common
parent compound.

The m/z 418 mass was determined to have an exact molecular
weight of 418.1565 Da, matching the expected mass of an
ammonium adduct of the 400 Da species (theoretical exact mass:
418.1555 Da). Similarly, the 423 and 438 Da masses were confirmed
to be Na* and K" adducts of the 400 Da species (Table 4). In
addition to the adducts of this 400 Da compound, dimers and
trimers were also detected in the sample. Based on the measured
mass of the pseudomolecular ion [M-H]™ (measured mass: 399.1143
Da; theoretical exact mass: 399.1144 Da; mass error: 0.25 mDa), a
molecular formula of C;4,H,,0;5 was proposed for the 400 Da
compound, indicating a high level of oxygenation with almost one
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oxygen per carbon atom present. This is suggestive of a
disaccharide molecule.

The intensity of the 400 Da peak was 70% and 96% lower in
HRP-treated Fgste3A and Fgste2A conidial extracts, respectively,
compared to the wild-type F. graminearum extract (Figure 6).
Diminished abundance of the 400 Da peak in the Fgste3A extract
likely accounts for the weak chemotropic response it induced in
wild-type F. graminearum conidia (Figure 2A). However, the lack of
400 Da species in the HRP-treated Fgste2A extract does not
correlate with the moderate chemotropic response induced by
this extract. Thus, there may be a second ligand component that
is not regulated by FgSte2, and the mass of which is not detected by
the present mass spectrometric analysis.

The 400 Da species was also absent in the extract from FgSte2-
expressing S. cerevisiae cells (Figure 6). Any differences between the
extracts generated from FgSte2-expressing F. graminearum and S.
cerevisiae cells could be due to the induction and/or presentation of
different compounds that are both capable of stimulating
chemotropic growth in wild-type F. graminearum.

3.6 The FgSte2-activating ligand is likely
a carbohydrate

On the basis that the 400 Da species has a molecular formula
compatible with a disaccharide, and that peroxidases can promote
degradation of carbohydrates (Schweikert et al., 2002), F.
graminearum conidia were pre-treated with three glycosidases,
PNGase F, sialidase, and B-galactosidase either individually or in
combination, followed by a washing step, prior to HRP treatment
and chemotropism assessment. (Figure 7). Each of these enzymes
cleaves at specific glycosidic bonds within a carbohydrate
chain (Figure 7A).

Pre-treatment with PNGase F significantly lowered the
chemotropic response to the peroxidase-treated extract compared
to the control (C) extract that was not exposed to glycosidase
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FIGURE 4

Mass spectra of HRP-treated and untreated wild-type F. graminearum conidial extracts. (A) Full (50 to 2500 m/z) and (B) zoomed in (390 to 500 m/
z) mass spectra, acquired in positive ionization (ESI+) mode after flow injection are shown for undiluted HRP-treated extract with the masses of the
most abundant peaks labelled in with their m/z. (C) Full (50 to 2500 m/z) and (D) zoomed in (390 to 500 m/z) mass spectra, acquired in positive
ionization (ESI+) mode after flow injection is shown for the untreated extract with the masses of the most abundant peaks labelled in with their m/z.
(E) Full (50 to 2000 m/z) and (F) zoomed in (100 to 1300 m/z) mass spectra, acquired in negative ionization (ESI-) mode after flow injection is shown
for the 3-fold diluted HRP-treated extract with the masses of the most abundant peaks labelled in m/z. (G) Full (50 to 2000 m/z) and (H) zoomed in
(100 to 1300 m/z) mass spectra, acquired in negative ionization (ESI-) mode after flow injection is shown for the 3-fold diluted untreated extract
with the masses of the most abundant peaks labelled in m/z. Collision energy was set at 10 V for all analyses.

(Figure 7B). A combination of B-galactosidase and sialidase also
resulted in an extract that induced a lower chemotropic response
compared to the control, suggesting that a reduced amount of
chemotropic ligand was present (Figure 7C). When the glycosidases
were applied individually, it was observed that the B-galactosidase
treatment, and not the sialidase, limited chemotropism the most
(Figure 7C). These observations indicate that the ligand is most
likely a carbohydrate or its derivative. That treatment of F.
graminearum conidia with the glycosidases did not completely
eliminate a chemotropic response (about 50% compared to the
control) could be due to limited access to some glycosidic bonds in
the conidia or reduced activity of the purified glycosidases.
Alternatively, the second peroxidase substrate may be present on
a different cell wall or membrane component and not associated
with glycans and therefore not cleaved off by glycosidase treatment.

Although reports in the literature show that PNGase F does not
cleave the glycans on HRP (Yang et al., 1996; Wang et al., 2014), an
independent experiment was performed where a mixture of HRP
and PNGase F was tested as a stimulus in the chemotropism plate
assay to ensure that the HRP was not inactivated by PNGase F. As
expected, no decrease in chemotropism was observed compared to
the control lacking PNGase F (Figure 7D). This further
demonstrates that the loss of chemotropic response by the
glycosidase-treated conidial extracts was likely due to a reduction
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in the amount of peroxidase substrate available for conversion to
the FgSte2-activating ligand.

3.7 Loss of FgSte2 in F. graminearum
affects expression of cell wall and cell
membrane-related genes

The reduced amount of FgSte2-activating ligand that can be
extracted from Fgste2A conidia indicates that the presence of the
FgSte2 receptor is important for availability of the peroxidase
substrate, either through regulation of its synthesis and/or its
display on the cell surface. In addition, the presence of this
peroxidase substrate would have to be independent of the
activation status of FgSte2 being that the receptor is not being
activated until after the substrate is available. Transcriptomic
analyses were therefore performed on wild type and Fgste2A cells
to gain a deeper understanding of the cellular and metabolic
processes that may be regulated by FgSte2. Genes that were
upregulated in Fgste2A were not considered in order to simplify
identification of FgSte2-dependent gene expression networks.

A total of 155 genes were differentially expressed when FgSTE2
was deleted from F. graminearum (padj< 0.05, -1.0 > log2FC > 1.0);
22 genes were upregulated (log2FC > 1.0) (Supplementary File 2,
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FIGURE 5

Unique masses in HRP-treated extract are present in a higher abundance than the untreated control. Extracted ion chromatograms obtained from
LC-MS under positive ionization (ESI+) of HRP-treated extracts are shown for (A) 423 m/z, (B) 439 m/z, (C) 823 m/z, (D) 839 m/z. Chromatograms
for HRP-treated and untreated extracts are shown in green and red, respectively.

TABLE 4 Summary of pseudomolecular ions or adducts of the compound eluting at 6.6 min with the Luna Omega C18 PS column.

lonization mode Measured m/z lons proposed Chemical formula of ion = Calculated exact mass m/z
ESI+ 401.1298 [M+H]* Ci4H,5015 401.1290
383.1204 [M+H-H,0]* Ci4H,301, 383.1184
418.1565 [M+NH,]* C14HsNO 5 418.1555
423.1121 [M-+Na]* C14H,4NaO,5 423.1109
439.0845 [M+K]* C14H,4KO 5 439.0848
823.2328 [2M+Na]* CysH,sNaO,4 823.2326
839.2027 [2M+K]" C,5H45KO0 839.2065
ESI- 399.1143 [M-HJ" Ci4H,3015 399.1144
799.2321 [2M-HJ CsHa7026 799.2361

Frontiers in Cellular and Infection Microbiology 11 frontiersin.org


https://doi.org/10.3389/fcimb.2023.1287418
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Sridhar et al. 10.3389/fcimb.2023.1287418

° ‘\
2 ’\ WT Fg (100%)
1 |
0 L
3
f Fgste3A (30%)

) o f\

* 3

>

-‘é : Fgste2A (4%)

9L o

£ 3
2 Sc-FgSte2 (0%)
1
¢;
3
2 -ve (0%)
1
0 2 4 6 8 10

Retention time (min)
FIGURE 6

Comparison of m/z 399 abundance in extracts from different strains. Extracted ion chromatograms for the m/z 399 species detected under ESI-
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Supplementary Table S1) and 133 genes were downregulated
(log2FC< -1.0) (Figures 8A, B, Supplementary File 2,
Supplementary Table S2). Of the downregulated genes, 51 genes
had no predicted function and are listed as “hypothetical proteins”
or “unnamed protein product”. The remaining 82 genes had
varying biological functions according to FungiDB annotations
and BLASTYp predictions (Figure 8C). 17% of the downregulated
genes have cell wall and cell membrane-related functions (Table 5),
of which several are post-translationally modified with
carbohydrate moieties. Among these were genes predicted to
encode cell wall mannoprotein Cis3 (Ghanegolmohammadi et al.,
2021), surface protein Spl, mannose-specific lectin, spore coat
protein sp96 precursor (Seong et al., 2008) and a cysteine-rich
cell wall protein. Genes for integral membrane proteins, another
putative surface protein Spl, putative cell wall protein Sedl (Lee
et al, 2010), and an uncharacterized cell wall glycoprotein also
exhibited diminished expression levels when FgSTE2 was absent.
Interestingly, deletion of FgSTE2 also led to the downregulation
of several carbohydrate-related genes. A BLASTp search of four
genes encoding hypothetical proteins identified the presence of
Wall Stress-responsive Component (WSC) domain. In S. cerevisiae,
WSC domain-containing proteins have been implicated in
carbohydrate binding and are also proposed to act as cell wall
sensors for the cell wall integrity MAPK pathway (Verna et al., 1997;
Lodder et al.,, 1999). Proteins containing this domain have been
identified as having roles in osmotic and acidic pH stress tolerance
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(Futagami et al., 2011) and methanol sensing (Ohsawa et al., 2017)
in other fungal species. Furthermore, genes encoding the enzymes
chitin synthase IV (Martin-Urdiroz et al., 2008), endochitinase I,
and family 17 glycoside hydrolase may contribute towards the
polymerization and degradation of fungal cell wall, suggesting
that they are important in cell wall remodeling. The gene
FGRAMPH]1_01G10193 is predicted to encode a beta-1,3-glucan-
binding protein, though its function remains unclear.
FGRAMPH]I1_01G21439 is predicted to encode an endo alpha
polygalactosaminidase precursor that degrades polysaccharides in
the plant cell wall in Fusarium virguliforme (Chang et al., 2016). In
addition, the N-acetylglucosaminyltransferase I-encoding gene,
FGRAMPHI1_01G20841, is downregulated upon deletion of
FgSTE2, and a family 2 glycosyltransferase implicated in
facilitating pathogenicity by enabling hyphal growth on solid
surfaces (King et al., 2017) was also downregulated.

Apart from the cell wall and carbohydrate-related genes, several
others were downregulated by knockout of FgSTE2 that may have
overall biological relevance (Table 6). This includes several
reproduction-related genes, such as abaA, brlA and wetA. These
genes act both individually and in concert to regulate their own
expression as well as that of numerous other sporulation-specific
genes in F. graminearum (Son et al., 2013; Son et al., 2014) and
Aspergillus nidulans (Boylan et al., 1987; Mirabito et al., 1989; Sewall
et al.,, 1990; Sewall, 1994). This is consistent with Ste2’s role as a
pheromone receptor and its involvement in sexual reproduction. In
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addition, a gene encoding the heterokaryon incompatibility protein
was downregulated. Heterokaryon incompatibility proteins are
essential for preventing the fusion of non-compatible hyphae and
nuclei (containing different alleles at the het locus) during hyphal
fusion and branching (Saupe, 2000; Glass and Kaneko, 2003).
Overall, FgSte2 has a role in reproduction, consistent with its
pheromone sensing function, and may also constitutively regulate
the cell wall integrity pathway.

4 Discussion

Since Ste2 was first identified as a pheromone-sensing GPCR in
S. cerevisiae (Hartwell, 1980), extensive effort has been devoted to
understanding its activation mechanism and the downstream eftects
thereof. The ease of genetic manipulation and high throughput
assays of S. cerevisiae have enabled the dissection of some of these
elements of ScSte2p. While its best studied function is in mating
where it binds the oi-pheromone peptide and leads to a well-defined
set of cellular responses mediated by the heterotrimeric G protein
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(Schrick et al., 1997), ScSte2p can be activated by higher
concentrations of o-pheromone and lead to G protein-
independent signaling through a-arrestins (Choudhary and
Loewen, 2016b). Other functions for this receptor have been
determined as well (Jackson et al., 19915 Segall, 1993; Brizzio
et al, 1996; Elia, 1996; Barkai et al., 1998; Dube and Konopka,
1998; Shi et al., 2007; Choudhary and Loewen, 2016a), however,
these have primarily been in relation to varying concentrations of
o-pheromone peptide or mutations generated in the receptor
leading to differences in signaling. More recently, several studies
have established a role for Ste2 in pathogenicity in more complex
fungi (Turra et al., 2015; Sridhar et al., 2020; Vangalis et al., 2022),
where Ste2 is responsible for sensing and mediating chemotropism
towards host-secreted compounds. In these organisms, Ste2 is also
responsible for responding to o-pheromone peptides,
demonstrating its ability to recognize multiple ligands.

In investigating the source of the substrate that plant
peroxidases convert into a FgSte2-activating ligand, we found that
F. graminearum conidia are a key producer of this material and that
the hydrogen peroxide required for catalysis of the reaction is
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generated by the fungus as well. Class III peroxidases catalyze
substrate conversion through two main mechanisms. First, they
simultaneously oxidize and reduce phenolic monomers and
hydrogen peroxide, respectively, which facilitates remodeling and
reinforcement of the plant cell wall (Passardi et al., 2004; Almagro
et al, 2009; Cosio and Dunand, 2009). Second, they convert
hydrogen peroxide into hydroxyl radicals in the presence of
NADH, which can attack and degrade polysaccharide chains, also
important for plant cell wall remodeling (Schweikert et al., 2002).
Release of the FgSte2-activating ligand after peroxidase
modification of a F. graminearum conidial component is more
reminiscent of the degradation and release of polysaccharides by the
peroxidase than peroxidase-mediated polymerization of
phenolic compounds.

In F. graminearum, the cell membrane and cell wall represent
abundant and accessible reservoirs for carbohydrate and phenolic
compounds. The fungal cell wall is an intricate structure composed
of dense layers of polysaccharides, glycoproteins and other
metabolites and pigments. Although the cell wall in S. cerevisiae is
well studied, less is known about their counterparts in filamentous
fungi. In F. graminearum, carbohydrates account for almost 75% of
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biomolecules present in the cell wall (Barbosa and Kemmelmeier,
1993), thus making it a probable source of a sugar substrate. The cell
wall of F. graminearum also contains pigments, some of which are
aromatic or phenolic, that afford this pathogen resistance to
radiation and other microbes as well as enhanced pathogenicity
on its hosts (Cambaza, 2018). These polysaccharide and metabolite
pools represent a possible source for the peroxidase substrate.
Purification of the FgSte2-activating ligand through liquid-liquid
extraction and C-18 cartridge-based adsorption suggest that it is a
polar compound. Mass spectrometry analyses supported this result
and revealed the presence of a highly oxygenated species of 400 Da
that was absent or reduced in the negative controls. Based on its
elution time from the C-18 column and its molecular formula
(C14H,4013), the 400 Da compound appears to be a disaccharide
or its derivative. Indeed, sugar-activated GPCRs have been identified
in other systems, including Gprlp in S. cerevisiae (Lemaire et al,
2004), and GPR35 (Foata et al.,, 2020) and sweet taste receptors in
mammals (Li et al., 2002). Peroxidase treatment of wild-type F.
graminearum conidia whose glycans had been previously cleaved oft
resulted in an extract that induced a lower chemotropic response.
This further validates the identity of the FgSte2-activating ligand as a
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TABLE 5 Downregulated cell wall- and carbohydrate-related genes in Fgste2A compared to wild-type F. graminearum.

Function Gene ID Putative function Log,FC padj
FGRAMPH]1_01G05235 Cis3 cell wall mannoprotein -4.599 1.71E-06
FGRAMPHI_01G12689 Sp1 surface protein -2.506 0.022153
FGRAMPHI1_01G21895 Mannose-specific lectin -3.565 0.000248
FGRAMPHI1_01G13831 Spore coat precursor Sp96 -6.252 0.000129
FGRAMPHI_01G11517 Cysteine-rich cell wall protein -8.321 0.000738
FGRAMPHI1_01G25189 -1.477 0.014578
Cell wall-related FGRAMPHI1_01G25309 -3.554 0.00406
FGRAMPH]1_01G13321 Integral membrane proteins -6.119 0.000352
FGRAMPHI1_01G13163 -2.36 2.07E-05
FGRAMPHI_01G25175 -6.79 1.82E-08
FGRAMPHI1_01G21921 Sp1 surface protein -6.634 6.67E-06
FGRAMPHI1_01G19815 Sed1 -5.438 2.94E-15
FGRAMPHI_01G11715 Cell wall glycoprotein -7.101 3.52565E-07
FGRAMPHI1_01G08099 -5.358 2.25E-10
FGRAMPHI1_01G18707 -3.115 6.89E-10
Wall Stress-responsive Component-containing (WSC) proteins
FGRAMPHI1_01G24315 -4.45 9.52E-14
FGRAMPHI1_01G25869 -4.68 0.000383
FGRAMPHI1_01G18323 Chitin synthase IV -4.671 0.000492
Carbohydrate-related FGRAMPHI_01G02775 Endochitinase I -5.04 8.65E-11
FGRAMPHI1_01G26041 Probable family 17 glucosidase -2.248 0.000278
FGRAMPHI_01G10193 Beta-1,3-glucan-binding protein -2.872 4.5E-09
FGRAMPHI_01G10193 Endo alpha polygalactosaminidase precursor -2.872 4.5E-09
FGRAMPHI_01G20841 N-acetylglucosaminyltransferase I -6.753 4.12E-07
FGRAMPHI_01G10191 Family 2 glycosyltransferase -3.165 1.3E-06

carbohydrate and suggests that it may be derived from a glycan chain
of an N-glycosylated protein, several of which are known to be
anchored to different parts of the cell membrane and cell wall.

The discovery that loss of FgSte2 and FgSte3 resulted in
extraction of lower amounts of ligand was unexpected and
implies that there is a direct link between receptor expression/
presence and peroxidase substrate synthesis and/or its cell surface
display. Moreover, an extract generated from treating a mixture of
Fgste2A and Fgste3A conidia with peroxidase induces a chemotropic

response equivalent to that of wild type, suggesting that FgSte2 and
FgSte3 each regulate or present a different peroxidase substrate.
These data also suggest that FgSte2 and FgSte3 exhibit basal
activity (i.e., signaling in the absence of a ligand), resulting in
constitutive regulation of certain genes that are involved in
synthesis or display of the peroxidase substrate. Constitutive or
basal signaling by GPCRs has been reported for several mammalian
receptors (Nakashima et al., 2013; Meye et al., 2014; Lamichhane
et al,, 2015; Krumm et al., 2016; Wilde et al., 2016; Lu et al., 2021).

TABLE 6 Other biologically relevant genes downregulated in Fgste2A compared to wild-type F. graminearum.

Function

Reproduction-related

Gene ID Putative function
FGRAMPH1_01G02219 abaA -5.247 9.66E-20
FGRAMPH1_01G03843 brlA -1.844 3.86E-06
FGRAMPH1_01G07441 wetA -5.13 9.07E-08
FGRAMPHI_01G25435 Heterokaryon incompatibility protein -2.148 0.000784
15 frontiersin.org
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While it has not been reported for the wild-type ScSte2p receptor,
certain mutations in transmembrane helix 6 confer constitutive
activity (Choudhary and Loewen, 2016a). The pheromone-like gene
CPR2 in Cryptococcus neoformans was discovered to encode a
GPCR that was able to constitutively activate pheromone
responses even in the absence of the mating factor (Hsueh et al,
2009). Beyond this, evidence for constitutively active fungal GPCRs
in the literature is sparse. RNA sequencing revealed that Ste2 in F.
graminearum appears to be responsible for regulating several
carbohydrate-related enzymes that may have relevance for
synthesis and assembly of carbohydrate moieties, and their
conjugation to other biomolecules, that could become plant
peroxidase substrates. Furthermore, deletion of FgSTE2 leads to
downregulation of several elements at different levels of the cell wall
integrity MAPK pathway, suggesting that it may constitutively
activate this pathway.

The data obtained from RNA sequencing is interesting in light
of the mass spectrometry results. Despite the initial detection of
multiple masses with the same retention time, these were all
confirmed to be adducts of a single unique compound. The mass
spectrometry and chemotropism data for the Fgste3A-derived
extract and clearly link FgSte3 to the production and/or display of
the 400 Da species. However, the mass spectrometry data also links
FgSte2 to the regulation and/or display of the 400 Da species, where
its deletion eliminated almost all accumulation of the 400 Da
species. Furthermore, this Fgste2A extract (lacking any 400 Da
species) still induces a moderate chemotropic response in wild-
type F. graminearum, consistent with a second peroxidase substrate
being present and likely linked to FgSte3. However, a different
method of isolation or detection may be required to identify this
second molecule.

The 400 Da mass was not detected in the extract generated from
peroxidase treatment of FgSte2-expressing S. cerevisiae cells. It is
therefore likely that FgSte2 is responsible for the synthesis or display
of a different peroxidase substrate in the S. cerevisiae system. It is
probable that the impact of FgSte2 on each system differs due to the
unique biology of F. graminearum and S. cerevisiae.

In conclusion, we have demonstrated that wheat secreted
peroxidases convert a substrate present on F. graminearum
conidia into a ligand that activates chemotropism in the fungus
through the FgSte2 and FgSte3 receptors. Based on the data
presented in this study, FgSte2 and FgSte3 influence the
availability of this substrate, which appears to be a carbohydrate.
With this data, we can begin to build a model of the possible
molecular mechanisms underlying host-directed chemotropism in
F. graminearum. FgSte2 and FgSte3 both appear to regulate the
synthesis or cell surface display of a 400 Da carbohydrate moiety.
Carbohydrates can be found in various forms at different locations
of the cell. They are involved in metabolic processes such as
glycolysis or are conjugated to other biomolecules in processes
like glycosylation (Deshpande et al., 2008). Some of these may be
trafficked to the exterior of the cell, such as on glycosylated proteins
or secreted from the cell. In addition, FgSte3 may regulate the
availability of a second peroxidase substrate that was not detected
by mass spectrometry, although this remains to be validated. We
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propose that when these substrates are exposed to peroxidases
secreted from the wheat plant they are chemically modified and
cleaved off their anchor in the cell membrane or cell wall. FgSte2
and FgSte3 are both predicted to contain sites for glycosylation in
their extracellular N termini regions. Thus, the possibility that the
receptors themselves display the peroxidase substrates cannot be
ignored, however, more experiments are required to determine
whether this is the case. Following their modification and release,
these two products of the peroxidase-mediated reaction either
independently bind to FgSte2 and FgSte3 to induce chemotropism
or they become conjugated to form one ligand molecule.
Peroxidases are well known to catalyze the polymerization (aka
conjugation) of cell-wall-related metabolites (Hiraga, 2001; Passardi
et al., 2004; Almagro et al., 2009; Cosio and Dunand, 2009). The
precise identity of these substrates and the product generated by
their peroxidase-mediated catalysis remain to be determined.
Identifying these will provide essential information needed to
understand the molecular mechanism underling the early stages
of wheat infection by F. graminearum and how we might devise a
way to control it.
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