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Snf1 is involved in fludioxonil resistance
via interacting with the high osmolarity glycerol
MAPK kinase Hog1 in Fusarium
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Abstract

Fusarium head blight (FHB) caused by Fusarium graminearum complex is a worldwide devastating disease of wheat,
barley, maize, and other cereals. In the field, application of fungicides is one of the main strategies for management

of FHB. With the long-time usage of fungicides, resistant pathogen populations have become a new challenge for dis-
ease management. Application of new pesticide is necessary for sustainable control of this disease. The phenylpyrrole
fungicide fludioxonil has been registered recently for management of FHB. However, the resistance mechanisms of F.
graminearum to this compound are largely unknown. Here we isolated a biocontrol bacterium Burkholderia pyrrocina
W1, which produced the antifungal compound pyrrolnitrin and showed greatly antagonistic activity towards FHB.
Spontaneous mutants of pyrrolnitrin-resistant £. graminearum were induced and re-sequenced. Single base mutations
were identified in the genes encoding the osmoregulation MAP kinase Hog1 and the AMP dependent kinase Snf1

in pyrrolnitrin-resistant mutants. Snf1 was further confirmed to interact with Hog1 and involved in the response of this
fungus to pyrrolnitrin and its derivate, the fungicide fludioxonil. This study reveals that the Snf1 interacts with Hog1

to regulate fludioxonil resistance in a pathogenic fungus.
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Background

Pathogens and pests cause about 17 to 30% crop losses
for wheat, rice, maize, potato, and soybean in the field
worldwide (Van Bergeijk et al. 2020). Fusarium gramine-
arum, one of the top ten fungal phytopathogens, causes
Fusarium head blight (FHB) on cereal crops of wheat,
barley, and maize, resulting in great yield loss and
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mycotoxin concerns in the epidemic year (Starkey et al.
2007; Dean et al. 2012). To date, benzimidazoles, SBIs
(Sterol Biosynthesis Inhibitors), and the novel cyanoacr-
ylate phenamacril and their mixtures have become the
most widely used fungicides for management of FHB in
China (Chen et al. 2011; Sun et al. 2014). However, fungi-
cide-resistant F graminearum strains have been detected
in several regions, and these resistant strains may pro-
duce more mycotoxin than the sensitive ones (Tang et al.
2018; Chen et al. 2019). Thus, developing alternative
strategies for management of FHB is of great importance
for FHB control.

Microbial biocontrol has gained much attention
recently following the advance of microbiology and
microbiome (Wargo and Hogan 2006; Raymaekers et al.
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2020). Screening of bio-control agents (BCAs) that pro-
duce highly active compounds have been used extensively
(Xu et al. 2011; Raymaekers et al. 2020). The active com-
pound pyrrolnitrin was firstly identified as the second-
ary metabolite of Pseudomonas pyrrocinia and showed
strong antifungal activity against multiple plant and ani-
mal pathogens, including Rhizoctonia solani, Alternaria
sp., Fusarium sp., Verticillium dahliae, and Trielaviop-
sis basicola (Arima et al. 1965). Although the antifungal
activity of pyrrolnitrin is stable for 30 days in the soil,
it is vulnerable to light decomposition (Howell and Sti-
panovic 1979). Later, fludioxonil and fenpiclonil were
developed as analogs of pyrrolnitrin by CibaGeigy AG
(now Syngenta AG) in 1980s and were introduced into
the market for seed treatment and foliar use (Kilani and
Fillinger 2016). With a strong inhibitory activity against
the growth of E graminearum in laboratory and field, flu-
dioxonil was registered for FHB control in China recently
(http://www.icama.org.cn/).

It was reported that exposure to the phenylpyrrole
compounds, including pyrrolnitrin, fludioxonil, and fen-
piclonil, caused amino acids and lipids accumulation
and the osmotic signaling activation in the target fungi,
which requires the presence of a group III hybrid histi-
dine kinase (HHK) (Motoyama et al. 2005; Lew 2010;
Kilani and Fillinger 2016). The compounds triggered the
conversion of HHK to a phosphatase, which dephospho-
rylated the histidine phosphotransfer protein Ypdl to
constitutively activate HOG signaling (Lawry et al. 2017).
Later, Brandhorst and the colleagues studied the action of
fludioxonil on the group III HHK Drkl1 (dimorphism-reg-
ulating kinase 1) in Saccharomyces cerevisae, where they
demonstrated that this chemical interfered with TPI (tri-
osephosphate isomerase), leading to the release of meth-
ylglyoxal (M@), an activator of group III HHK and HOG
pathway (Brandhorst et al. 2019). However, the direct tar-
gets of these compounds remain uncharacterized yet. In
addition, although with high efficiency and stability, a few
fluodioxonil resistant strains were identified recently (Li
and Xiao 2008; Wang et al 2021; Wen et al. 2022). Thus, it
is necessary to investigate the underlined resistant mech-
anisms and the regulatory network of fludioxonil-respon-
sible osmotic signal pathway in pathogenic fungi.

Snfl (Sucrose non-fermenting-1) kinase was initially
identified in S. cerevisae as the orthologue of mammalian
AMP-activated protein kinase (AMPK), which balances
the catabolism and photosynthesis through maintain-
ing the rate of ATP consumption and energy homeosta-
sis (Mitchelhill et al. 1994; Hardie 2007). In the budding
yeast, Piao et al (2012) found that Hogl is rapidly acti-
vated by both glucose starvation and glucose stimulation,
which is independent of the well-characterized response
to osmotic stress but is controlled by Snfl. Elimination of
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either Hogl or Snfl slows glucose-induced translocation
of lipid phosphatase Sacl from the Golgi to the endo-
plasmic reticulum (ER), indicating that a novel cross-talk
between the HOG pathway and Snfl/AMPK is required
for the metabolic control of lipid signaling at Golgi. To
date, it remains elusive whether there is a cross-talk
between the SNF1 and the HOG MAPK pathways, or
whether the SNF1 pathway participates in fungicide
response in filamentous fungi.

In this study, we identified a biocontrol agent Burk-
holderia pyrrocina strain W1 with a greatly antagonis-
tic activity against E graminearum in both laboratory
and field tests. Through fermentation, purification, and
HPLC-MS identification, we determined that the major
antifungal compound of this biocontrol agent is pyrrol-
nitrin. In addition, spontaneous resistant mutants were
obtained from the PDA plates supplemented with pyr-
rolnitrin. Genomic resequencing of these mutants iden-
tified multiple single base mutations in several encoding
genes, including the genes encoding osmoregulation
MAP kinase Hogl and AMP kinase Snfl. Further, we
found that Snfl interacted with Hogl and was involved
in the fludioxonil response in this fungus. Current work
revealed a new cross-talk between Snfl and the Hogl
pathway in regulating fungal response to fludioxonil,
which would be informative for management of fludiox-
onil resistance.

Results

Burkholderia pyrrocina W1 shows strong inhibitory activity
towards FHB

A total of 6070 bacterial strains isolated from 30
rhizosphere samples of wheat were confronted with E
graminearum. Among them, four strains showed great
antagonistic activity towards the pathogen, which pro-
duced a radius of inhibition zone >15 mm when they
were co-cultivated with E graminearum (Fig. 1a). To
identify these strains, the 16S rRNA fragments were
amplified and sequenced. BLAST assays of these
sequences in the National Center for Biotechonology
and Information (NCBI) database (https://blast.ncbi.
nlm.nih.gov/Blast.cgi) showed that all four strains
belong to the genus of Burkhholderia, thus they were
named as Burkhholderia W1 to W4. Since the colony
phenotypes of these four Burkhholderia strains were
similar and they showed similar inhibitory activity
on E graminearum (Fig. 1a), we chose W1 for further
study. This strain was further identified as Burkh-
holderia pyrrocina based on its 16S rRNA sequence,
and termed BpW1 hereafter. When co-cultivated with
BpW1, E graminearum showed severe morphological
and developmental defects. Mycelial compartments of
the wild type strain PH-1 that was co-cultivated with
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Fig. 1 Burkholderia pyrrocina W1 exhibits strong inhibitory activity towards FHB caused by . graminearum. a Burkholderia W1-W4 displayed
comparable antagonistic activity towards mycelial growth of . graminearum. b Burkholderia pyrrocina W1 (BpW1) caused swelling and abnormal
hypha of £. graminearum. ¢ BpW1 inhibited the spore germination of F. graminearum. d BpW1 displayed high activity against FHB in detached
wheat head. e BpW1 was effective against FHB in field. g BpW1 inhibited DON production in the field experiments. A concentration of 2 mg/mL
tebuconazole and water were used as fungicide and negative controls in Fig. 1d—f, respectively

BpW1 became swelling and vacuolization, leading to
the tortuous and malformed hyphae (Fig. 1b). Mean-
while, BpW1 showed high activity against PH-1 spore
germination (Fig. 1c). Moreover, BpW1 also showed
high inhibitory activity to these carbendazim-resistant
E graminearum strains identified previously (Addi-
tional file 1: Figure S1).

To determine the inhibitory activity of BpW1 against
FHB in planta, biocontrol experiments were conducted
in both the growth chamber and the field using the
fungicide tebuconazole and water served as positive
and negative controls, respectively. BpW1 suppressed
infection of FE graminearum on wheat heads signifi-
cantly in growth chamber assays (Fig. 1d). Consistent
with its highly antifungal activity in growth chamber,
BpW1 showed a biocontrol efficacy of 60.78%-71.56%
against FHB in field, which is comparable to the fungi-
cide tebuconazole (Fig. le). In addition, BpW1 reduced
deoxynivalenol (DON) production significantly in field
trials (Fig. 1f).

Pyrrolnitrin is an antagonistic compound produced

by BpW1

Previous studies showed that some Burkhholderia strains
have been used as biological control agents because
they produce antifungal metabolites, including cepacin,
cepaciamide, xylocandins, pseudanes, phenylpyrroles,
and phenazine (Parker et al. 1984; Lee et al.1994; Cart-
wright et al. 1995; Jiao et al. 1996; Moon et al. 1996). To
determine the inhibitory mechanisms of BpW1 towards
FHB, the secondary metabolites of this strain were
analyzed. Firstly, we tested the antagonistic activity of
the cell-free supernatant (CFS) of BpW1 to determine
whether the antifungal compounds exist in the cell-free
culture supernatant or not. Expectedly, the BpW1 CEFS
showed a high inhibitory activity against the mycelial
growth of E graminearum (Fig. 2a). Subsequently, active
compounds in the supernatant of BpW1 were further
extracted with acetonitrile and dissolved in methanol.
The compounds were subjected to ultra performance
liquid chromatography (UPLC) coupled with tandem
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Fig. 2 Pyrrolnitrin is an antagonistic compound produced by BpW1. a The cell free supernatant (CFS) of BoW1 showed strong inhibitory activity
towards the spore germination and vegetative growth of £. graminearum. The fungicide tebuconazole and water were used as positive and negative
controls, respectively. b The MS/MS diagram of the peak at 15.5 min in UPLC analysis. ¢ The structural formula of pyrrolnitrin. d Antifungal activities
of pyrrolnitrin against mycelial growth of £. graminearum on PDA plates. e Inhibition rate calculated according to the sensitivity test

mass spectrometry (MS/MS) analysis. A distinct peak
at 15.5 min was detected in the total ion chromatogram
(TIC) (Additional file 1: Figure S2a). The retention time
and mass-to-charge ratio character of this peak were
same as the standard substance of pyrrolnitrin (Fig. 2b
and Additional file 1: Figure S2b, c), indicating that this
compound is pyrrolnitrin (Fig. 2c). Antifungal activity
assay showed that the commercialized pyrrolnitrin dis-
played a great inhibitory effect against vegetative growth
of E graminearum, with the ECy, value of 0.041 pg/mL
(Fig. 2d, e).

Protein kinase Snf1 is involved in fludioxonil resistance in F.
graminearum

To investigate the antifungal mechanism of pyrrolnitrin
to E graminearum, we tried to induce resistance muta-
tions of the pathogen on the pyrrolnitrin-containing
PDA plates, resulting in six pyrrolnitrin resistant strains
that were named as PRS1-6. Since the morphologies and
pyrrolnitrin-sensitivities of the six strains were similar, a
representative PRS-1 was examined (Fig. 3a, b and Addi-
tional file 1: Figure S3). To identify the mutation sites in
these six resistant mutants, their genomic DNAs were
re-sequenced and compared with the parent PH-1 strain
(NRRL31084). Resequencing of the pyrrolnitrin-resistant
mutants identified base mutations in coding regions of
several genes (Additional file 2: Table S1). In addition to
the mutations in the HOG MAPK pathway, including his-
tidine kinases FgOS1, FgOS4, and FgOS5, mutations were
also discovered in two transcription factors (FgAreA and
FgStuA) and the protein kinase FgSnfl (coded by gene
locus FGSG_09897). These mutations resulted in amino

acid mutations or frame shift but not premature termina-
tion. For instance, the deletion of 668" thymine (T) on
the encoding region of FgSnfl caused the shift of open-
ing reading frame from the 233th codon cysteine (Cys)
(Additional file 2: Table S1). Previous works have dem-
onstrated that deletion or mutation of histidine kinase
0S1, 0S4, or OS5 resulted in decreased sensitivity to flu-
dioxonil in E graminearum and other fungi (Zheng et al.
2012; Zhou et al. 2020; Wen et al. 2022). Thus, we were
interested in testing the sensitivity of FgHogl, FgSnfl,
FgAreA, and FgStuA deficient mutants to fludioxonil or
pyrrolnitrin. Compared with the wild type strain PH-1,
the FgSnfl deletion mutant AFgSNF1 exhibited resistance
to fludioxonil at 0.01 pg/mL, but not at higher concen-
trations, and the sensitivity of AFgSNFI to pyrrolnitrin
was changed similarly. Moreover, the FgHogl deletion
mutant (AFgHOGI) and the pyrrolnitrin-resistant strain
PRNJB3-2 isolated from the field were highly resistant
to fludioxonil and pyrrolnitrin (Fig. 4a, b, and Additional
file 1: Figure S4a, b); whereas, the deletion mutants of
FgAreA and FgStuA exhibited an increased sensitivity
to pyrrolnitrin (Additional file 1: Figure S4c, d), but the
exact mechanisms remain uncharacterized.

Previous study showed that the cellular glycerol accu-
mulation was increased in fungal cells upon fludioxonil
treatment (Wen et al. 2022). But it is unknown whether
FgSnfl is related to glycerol accumulation or not. There-
fore, the glycerol accumulations were tested in PH-1
and AFgSNFI with or without fludioxonil treatment.
As shown in Fig. 4c, the glycerol level was significantly
improved in the wild type PH-1 strain under fludioxonil
treatment, while the glycerol level in AFgSNFI without
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fludioxonil treatment was comparable to that in the fludi-
oxonil-treated PH-1. In addition, fludioxonil stimulation
did not cause a further change of glycerol accumulation
in AFgSNF1. Taken together, these results indicate that
the Snfl kinase is associated with fludioxonil sensitivity
in E graminearum.

Snf1 represses the activation of HOG signaling pathway

The activation of HOG MAPK pathway is widely accepted
as a fungal response to fludioxonil (Kojima et al. 2006).
Currently, the association of Snfl with the HOG pathway
in regulating fungicide sensitivity is unknown. To answer
this question, we examined the phosphorylation of Hogl
under the stimulus of fludioxonil. In the wild type PH-1,
the phosphorylation of Hogl was enhanced significantly
upon fludioxonil treatment, which is consistent with the
previous finding (Wen et al. 2022); whereas, the situa-
tion is much different in Sufl mutant. The phosphoryla-
tion level of FgHogl in the FgSnfl deletion mutant was
comparable to that of fludioxonil treated PH-1, but fludi-
oxonil treatment led to a higher phosphorylation level of
FgHogl in the mutant (Fig. 5a, b). Since the activation of
Hogl is associated with its nuclear import, we observed
the sub-cellular localization of C-terminal GFP fused
FgHogl (termed as FgHogl-GFP). Consistent with the
phosphorylation levels, fludioxonil treatment promoted
the nuclear import of FgHogl-GFP in the wild-type

PH-1, but its nuclear localization is constantly prominent
in FgSnfl deletion mutant even without fludioxonil treat-
ment (Fig. 5¢). These results indicate that the FgSnf1 acts
as a repressor for the fludioxonil-stimulated activation of
FgHogl.

To figure out whether FgSnfl affects the activation
FgHogl directly, we tested the interactions between
FgSnfl and FgHogl in Y2H (yeast two hybrid) and Co-IP
(co-immunoprecipitation) assays. As shown in Fig. 5d,
FgSnfl was able to interact with FgHogl directly in Y2H
assays (Fig. 5d). In addition, using the specific antibody
against Hogl, the FgHogl was detected in the precipi-
tates of FgSnfl-Flag in PH-1 (Fig. 5e), which further
confirmed the interaction between FgSnfl and FgHogl.
Taken together, these data indicate that FgSnfl interacts
with Hogl and FgSnfl represses the phosphorylation of
Hogl in FE graminearum.

Snf1 is required for full virulence and DON biosynthesis

of F. graminearum

The virulence of each strain was evaluated by point-
inoculating with fresh mycelia on flowering wheat
head. Fifteen days after inoculation, the wild-type PH-1
caused typical scab symptom on the wheat head, while
wheat heads of the control (water treatment) were green
and healthy. Notably, AFgSNFI and AFgHOGI showed
decreased virulence on wheat head (Fig. 6a). In addition,
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we detected virulence of these strains on the germ sheath
of wheat seedlings. As shown in Fig. 6b, AFgSNFI and
AFgHOGI caused much less severe symptoms on wheat
seedlings than the wild type PH-1. These results indicate
that the Snfl-Hogl pathway was required for the full vir-
ulence of E graminearum.

The secondary metabolite DON plays key roles in E
graminearum pathogenicity. The formation of toxisomes
and accumulation of DON biosynthetic enzyme FgTril
are markers of DON biosynthesis (Chen et al. 2019).
Therefore, we observed toxisomes that were labeled by
FgTril-GFP under a confocal microscope and detected

Fig. 5 Protein kinase FgSnf1 interacts with FgHog1 and negatively regulates phosphorylation of FgHog1. a The phosphorylation of FgHog!1
was detected by immunoblotting in PH-1 and AFgSNFI, treated with or without fludioxonil. GAPDH was used as a loading control. b Quantification
of phosphorylation levels of FgHog1 in a. € Sub-cellular localization of FgHog1-GFP in PH-1 and AFgSNF1, strains were treated with fludioxonil

1 pg/mL or DMSO for 5 min. d Interaction between FgSnf1 and FgHog1 was verified by yeast two- hybrid assays. e Interaction between FgSnf1
and FgHog1 was verified by Co-IP assays

SD- Trp/-Leu/-Hls SD-Trp/-Leu/-His/-Ade

the accumulation of FgTril-GFP by immunoblotting in
PH-1, AFgSNF1, and AFgHOGI strains. As expected, after
48 h of induction in toxin biosynthesis inducing (TBI)
medium, typical sub-spheroidal toxisomes were formed
surrounding the nucleus in PH-1 hyphae, but no toxi-
somes were observed in AFgSNFI or AFgHOGI1 (Fig. 6¢).
Immunoblotting assays further verified that after incuba-
tion in TBI for 48 h, the expression of Tril-GFP protein
was induced dramatically in the wild-type PH-1, but not
in AFgSNF1 and AFgHOGI. These results indicate that
both Snfl and the Hogl pathway are involved in regulat-
ing DON biosynthesis.
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Discussion

The Hogl kinase plays a central role in cellular response
to external stresses and stimuli in eukaryotes (Brewster
and Gustin 2014, Xu et al. 2022). Previous studies showed
that HOG MAPK pathway was involved in fludioxonil
resistance and deletion or base mutation of these kinases
led to fludioxonil resistance (Kojima et al. 2006; Li and
Xiao 2008; Wang et al. 2021; Wen et al. 2022). Consider-
ing the similar functions of fludioxonil and pyrrolnitrin, it

is conceivable that the mutation of HOG pathway would
lead to pyrrolnitrin resistance in fungi. Here, single base
mutations were also identified in the HOG MAPK path-
way elements (FgOS1, FgOS4, and FgOS5) in pyrrol-
nitrin-resistant strains of F graminearum (Additional
file 2: Table S1). In addition, the base mutations were also
identified in the AMP-activated protein kinase FgSnfl
(Additional file 2: Table S1). Deletion of FgSnfl led to
an increased fludioxonil and pyrrolnitrin resistance in E
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graminearum, although the resistance level of AFgSNFI
was not as high as those of FgHogl mutants (Fig. 4a, b
and Additional file 1: Figure S4a, b), suggesting that the
FgSnfl kinase is involved in fludioxonil response in E
graminearum.

The HOG pathway is well characterized in the bud-
ding yeast. Hogl MAP kinase can be activated by either
of two branches of upstream osmo-sensing pathways
that converge at Pbs2. One involves a two-component
histidine kinase phosphorylation system comprised of
SInl, Ypdl, and Sskl (Posas et al. 1996), and the other
involves a putative membrane protein Shol, which acti-
vates Pbs2 via Stell (Maeda et al. 1994; Posas and Saito
1997). In budding yeast, the AMPK Snfl was reported to
negatively regulate activation of Hogl at different dimen-
sions, including Golgi lipid signaling, ER stress, and met-
abolic respiration (Piao et al. 2012; Adhikari and Cullen
2014; Mizuno et al. 2015), but the exact mechanisms are
unknown. More recently, we found that the calcium-cal-
cineurin pathway transcriptional factor Crzl regulates
activation of Hogl upon tebuconazole treatment, but not
by other stresses, such as osmotic, oxidative, cell wall, and
ER stresses in E graminearum (Wang et al. 2023), imply-
ing that activation of HOG pathway is affected by differ-
ent upstream elements under different situations. In this
work, we found that FgSnfl interacted with the FgHogl
directly, and repressed activation and nuclear import
of FgHogl, indicating that Snfl functions as one of the
upstream components of Hogl in E graminearum. This
finding is consistent with the observation that AFgHOG1
showed a much higher resistance level to fludioxonil than
AFgSNF1I, because FgSnfl is not the sole upstream regu-
lator for FgHogl.

ER is the largest organelle in cells and is the major site
for protein synthesis and folding, lipid and steroid syn-
thesis, carbohydrate metabolism, and calcium storage
(Schwarz and Blower 2016; Zeng and Yao 2022). How-
ever, the accumulation of misfolded or unfolded proteins
in the ER lumen can lead to ER remodeling (Ajoolabady
et al. 2022). In budding yeast, Snfl was reported to nega-
tively regulate the expression of Ssk1 MAPKKK, a core
component of HOG pathway, which was induced by the
accumulation of unfolded proteins (Mizuno et al. 2015).
Since the DON toxisomes were remodeled from ER
around nucleus (Chen et al. 2019), our results revealed
that DON toxisomes were hardly observed in AFgSNF1
and AFgHOG], supporting that Snfl and the HOG path-
way play an important role in regulating ER remodeling
in E graminearum.

Previous studies have shown that a large variety of
extracellular products could be synthesized by Bur-
kholderia species, such as 2-hydroxymethyl-chro-
man-4-one, altericidins, cepacins, cepaciamides, and
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phenazines (Parke and Gurian-Sherman 2001; Vial et al.
2007). Although we found that BpW1 was able to pro-
duce pyrrolnitrin, and it showed great antagonistic activ-
ity towards E graminearum, BpW1 still has comparable
inhibitory effect against the fludioxonil-resistant strains
PRNJB3-2, AFgSNFI, and AFgHOGI (Additional file 1:
Figure S5). This result indicates that in addition to pyr-
rolnitrin, BpW1 may generate different antifungal com-
pounds with different mode of actions as pyrrolnitrin. On
the other hand, this result also explained why it was easy
to induce pyrrolnitrin- or fludioxonil-resistant strains but
we didn’t find a strain that is resistant to BpW1. To this
point, BpW1 will be helpful for management of fludiox-
onil resistance in F. graminearum in the future.

Conclusions

In this study, we isolated a biocontrol strain BpW1,
which produced the antifungal compound pyrrolnitrin
and showed great antagonistic activity towards FHB.
Genomic resequencing of the pyrrolnitrin-resistant E
graminearum strains led to the identification of the single
base mutations in the genes encoding the osmoregula-
tion MAP kinase Hogl and the AMP dependent kinase
Snfl. Snfl was further confirmed to interact with Hogl
and was involved in the response to pyrrolnitrin and its
derivate, the fungicide fludioxonil. This study demon-
strates that Snfl interacts with Hogl to regulate fludiox-
onil resistance in a pathogenic fungus.

Methods

Biocontrol agents screening

Bacteria were isolated from rhizosphere samples taken
from wheat with or without FHB in Hangzhou, China.
Each sample was homogenized with a sterilized mortar
and pestle. Macerated samples were serially diluted with
sterile 0.85% NaCl solution, and the resulting suspensions
were plated onto Luria—Bertani (LB) dishes. After 48 h of
incubation at 30 °C, colonies were picked randomly based
on their morphology, and the picked strains were stored
in 20% glycerol at — 70 °C for further investigation.

The antagonistic activities of the collected strains were
detected with confrontation. Briefly, bacterial isolates
were grown on Waksman’s agar (WA, 5 g peptone, 10 g
glucose, 3 g beef extract, 5 g NaCl for 1 L, pH 7.2) for
18 h in advance, then the wild type strain (PH-1) of E
graminearum were inoculated and co-cultured for 2 days
in an incubator at 25 °C. Inhibition zone of each isolate
was measured and used for antagonistic activity evalua-
tion. Each isolate was tested in three repetitions, and the
experiments were conducted three times independently.
To identify the potential bacteria, sequence of 16S ribo-
somal DNA (rDNA) were amplified with the universal
primer pair 27F/1492R (Additional file 2: Table S2) and
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sequenced. The sequences were blasted on the website
server (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The phy-
logenetic analyses with 16S rDNA sequences were con-
ducted in the neighbor-joining method with Mega 5.0.

Characterization of antifungal compounds produced

by BpW1

After the BpW1 was inoculated in WA broth for 3 days at
30 °C in a shaker (180 rpm), bacterial cells were removed
via centrifugation (5000xg for 20 min). The cell-free
supernatant was extracted with ethyl acetate for three
times, followed by concentrating in a rotary evaporator.
After that, the crude ethyl acetate extracts were obtained
and dissolved in 1 mL methanol for following experiment.
To identify the antifungal compound of B. pyrrocina W1,
the chromatographic separation was carried through an
Agilent Zorbax SB C18 column (150%2.1 mm, 3.5 yum),
and the UPLC mobile phases consisted of acetonitrile
and water run at a flow rate of 0.3 mL/min. The mass
spectrometry assay was performed with an Agilent 6460
triple quadrupole mass spectrometer (Agilent Technolo-
gies, USA), equipped with an electrospray ionization
(ESI) source. The negative ion scan mode was applied,
and the scan range was from 100 m/z to 800 m/z. The
Agilent Mass Hunter Workstation was used for data
acquisition and processing. Pyrrolnitrin from Xinhong
Material Technology co. LTD (Chengdu, China) was used
as a standard chemical control.

Fungal strains and culture conditions

The FE graminearum PH-1 (NRRL31084) was used as the
wild-type strain for generating of gene deletion mutants.
Gene deletion mutants were constructed using a PEG-
mediated protoplast transformation method (Yu et al.
2014). The potato dextrose agar (PDA) (200 g potato,
10 g D-Glucose, 10 g agar, and 1 L water) was used for
fungal growth assays. TBI (30 g sucrose, 1 g KH,PO,,
0.5 g MgSO,+7H,0, 0.5 g KCl, 0.01 g FeSO,¢7H,0,
1.47 g purtrescine hydrochloride, 200 pL trace element,
and 1 L water, pH 4.5) was used for induction of DON
production. YEPD (3 g yeast extract, 10 g peptone, 10 g
D-Glucose, and 1 L water, pH 6.7) liquid medium was
used for preparations of mycelia for confocal and west-
ern blotting assays. Conidiation of E graminearum was
induced in CMC broth (carboxymethylcelluose sodium
15 g, NH,NO; 1 g, yeast extract 1 g, MgSO,+7H,0,
0.5 g, KH,PO,, 1 g, and 1 L water) at 25 °C in a shaker
(180 rpm) for 6 days.

Determination of BpW1 efficacy against FHB

The control efficacy of BpW1 against FHB was deter-
mined in both a growth chamber and in field. Growth
chamber assay was conducted according to a previous
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report with minor modifications (Hu et al. 2014). Briefly,
wheat heads of cultivar Jimai 22 (susceptible to FHB)
were sprayed with the cell suspension of biocontrol
strain BpW1 (1x10® CFU/mL) using a hand-held atom-
izer. The fungicide tebuconazole (2 mg/mL) and ster-
ile water served as the positive and negative controls,
respectively. The droplets on wheat heads were air dried
for 6 h in a growth chamber and each treated wheat head
was sprayed with 3 mL conidial suspension (10* conidia/
mL of E graminearum strain PH-1 with 0.05% Tween
20). The inoculated wheat heads were kept in the growth
chamber at 25 °C and under 95% humidity with a 12 h
photoperiod. A total of 25 wheat heads were used for
each treatment. After 7 days of incubation, the percent-
age of infected spikelet in each treatment was examined.
The experiment was repeated twice.

Field experiments were performed in Hai’an and Hang-
zhou in China on wheat cultivars Yangmai 18 (mid-
resistant to FHB) and Jimai 22, respectively. The field
trials were conducted using a randomized plot design
with three replicates for each treatment. Each plot of 10
m? in size was sprayed twice at early and middle-anthesis,
respectively, with 2.5 L BpW1 cell suspensions at the con-
centration of 10®8 CFU/mL amended with 0.05% Tween
20. Fungicide tebuconazole (2 mg/mL) and sterile water
served as the positive and negative controls, respectively.
After 24 h treatment, each plot was sprayed with 2.5 L
conidial suspension (1x10* spores/mL) of PH-1. All
treatments were performed in the late afternoon before
sunset. Twenty-five days after inoculation, FHB disease
severity in each plot was recorded. Disease index was
assessed with five evaluation classes (0 to 4), which cor-
responds to a percentage of spikelet showing FHB symp-
toms (0: 0%, 1: 1 to 25%, 2: 26 to 50%, 3: 51 to 75%, and
4:>75%). Disease index (DI) in each plot was calculated
using the formula [(X number of wheat heads in each
class X each evaluation class)/ (total number of wheat
headsx5)]x100. Efficacy of each treatment was deter-
mined by using the formula: [(DI of the negative control-
DI of the treatment)/DI of the negative control)] X 100%.
The experiment was performed twice and the data was
analyzed using Fisher’s protected least significant differ-
ence test (P=0.05) of SAS (SAS version 8.0; SAS Insti-
tute, Cary, NC).

Microscopic observation

For confocal microscopic observation of FgHogl-GEP,
the FgHogl-GFP labelled wild type PH-1 and AFgSNFI
were grown in YEPD for 16 h, and then treated with fludi-
oxonil at 0.05 pg/mL for 2 h. DMSO (dimethyl sulfoxide)
was used as a dissolvent control for this fungicide. Myce-
lia of each strain were examined with a Zeiss LSM880
confocal microscope  (Gottingen, Niedersachsen,
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Germany). To determine the toxisomes formation, each
gene deletion mutant bearing the FgTril-GFP was con-
structed. The resulting strains were incubated in TBI
at 28 °C in a shaker (150 rpm) for 48 h, and mycelia of
each strain were observed with the confocal microscope
described above.

Glycerol quantification

The accumulation of glycerol was quantified with a com-
mercial kit (E1013, Applygen Technologies Inc., Beijing,
China). According to the manufacture instructions, each
strain was incubated in CM (complete medium) broth
for 2 days at 25 °C in a shaker (180 rpm). After treated
with fludioxonil at 0.05 pg/mL for 2 h, mycelia of each
strain were collected, freeze-dried and ground into pow-
der with liquid nitrogen. Then, 0.2 g of each sample was
transferred into a 2 mL centrifuge tube containing 1 mL
glycerol isolation buffer. After vortexing for 10 min, the
tubes were centrifuged with 10,000 X g for 10 min, and
the resulting supernatant was used for glycerol quantifi-
cation. At the same time, the content of total proteins in
each supernatant was determined using a Protein Quan-
tification Kit (P1511, Applygen Technologies Inc., Bei-
jing, China). The glycerol concentrations were calculated
as mini-molar per gram protein. Each experiment was
repeated three times.

Immunoblotting assay

Fresh mycelia of indicated strains were collected from the
corresponding cultures and were frozen in liquid nitro-
gen for protein extraction. Total proteins were extracted
with pre-cold protein lysis buffer (50 mM Tris, 150 mM
NaCl, 1 mM EDTA, 1% Triton-100, and 0.1% phenyl-
methylsulfonyl fluoride) supplemented with 0.1% protein
inhibitor cocktail (C60382, Sangon Biotech, Shanghai,
China). Total proteins of each sample were dispersed
with SDS-PAGE electrophoresis and transferred onto
PVDF film. These films were then incubated with the
indicated first and second antibodies sequentially. Finally,
these blots were imaged by the ImageQuant LAS 4000
mini (GE Healthcare) with an enhanced chemilumi-
nescence (ECL) kit (FD8020, Hangzhou Fude Biologi-
cal technology co., LTD.). Antibodies used in this work
include the anti-hogl antibody (sc-165978, Santa cruz,
CA, USA, 1:2000), anti-phosphorylated-Hogl antibody
(anti-phospho-p38, #9211, Cell Signaling Technology,
Boston, MA, USA, 1:2000), anti-GFP antibody (ab31246,
Abcam, US, 1:10,000), anti-Flag M2 antibody (F1804,
Sigma, USA, 1:5000), anti-GAPDH antibody (EM1101,
HuaBio Biotech, Hangzhou, China, 1:10,000), HRP con-
jugated goat-anti rabbit/ mouse polyclonal IgG antibody
(HA1001, HA1006, HuaBio Biotech, Hangzhou, China,
1:5000).
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Yeast two hybrid and co-Immunoprecipitation assays
Yeast two hybrid (Y2H) and co-Immunoprecipitation
(Co-IP) assays were used to evaluate the interaction
between FgSnfl and FgHogl. For Y2H, sequence of each
tested gene was amplified from the cDNA of E gramine-
arum wild-type strain PH-1 with primer pairs indicated
in Additional file 2: Table S2. The obtained fragments
of FgSnfl and FgHogl were constructed into the GAL4-
activation domain vector pGADT7 and the yeast GAL4-
binding domain vector pGBKT?7, respectively (Clontech,
MountainView, CA, USA). The pairs of yeast two hybrid
plasmids were co-transformed into S. cerevisiae strain
Y2H Gold. In addition, the pair of plasmids, pGBKT7-53
and pGADT7-T was used as the positive control, while
pGBKT7-Lam and pGADT7-T served as the negative
control. The resulting transformants were selected on
SD-Trp-Leu plates, and then transferred to SD-Trp-Leu-
His-Ade medium at 30 °C for 4 days. For Co-IP, Flag-
fused Snfl was transformed into the wild type PH-1.
Total proteins were extracted and incubated with Flag-
conjugated agarose, and then the input and precipitated
samples were analyzed with indicating antibodies by
immunoblotting. The original PH-1 strain served as the
non-FgSnfl-Flag-labelled control.

Abbreviations

FHB Fusarium head blight

BCAs Bio-control agents

SBIs Sterol biosynthesis inhibitors
HHK Hybrid histidine kinase

HOG High-osmolarity glycerol

Drk1 Dimorphism-regulating kinase 1
TPI Triosephosphate isomerase

MG Methylglyoxal

Snf1 Sucrose non-fermenting-1
AMPK AMP-activated protein kinase
TOR Target of rapamycin

BpW1 Burkholderia pyrrocina Strain W1
GFP Green fluorescence protein
SDS-PAGE  Sodium dodecy! sulfate—polyacrylamide gel electrophoresis
Y2H Yeast two-hybrid

COo-IP Co-Immunoprecipitation
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Additional file 1: Figure S1. BpW1 displays strong antagonistic activity
towards a carbendazim-resistant strain isolated from field. The BoW1 was
incubated on the plate one day before inoculation of F. graminearum, and
then the plates were incubated for 3 days before photography. Figure
S2. Purification and identification of pyrrolnitrin. a The UPLC diagram of
BpW1 cell free supernatant. The peak of pyrrolnitrin is marked by arrow

at 15.5 min. b UPLC analysis of the commercialized standard pyrrolnitrin.

¢ The mass spectrogram of commercialized standard pyrrolnitrin. Figure
S3.The growth and pyrrolnitrin sensitivity of six pyrrolnitrin-resistant
strains induced in the lab. The PH-1 strain served as the wild type control.
Photos were captured at the 4th day after inoculation. Figure S4. Sensitiv-
ity of PH-1, AFgSNF1, AFgHOG1, and PRNJB3-2 strains to pyrrolnitrin. a
Comparisons in sensitivity of PH-1, AFgSNF1, AFgHOGT1, and PRNJB3-2 on
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PDA plates supplemented with pyrrolnitrin at different concentrations.

b Quantification of mycelial inhibition rate. Figure S5. BpW1 displays
antagonistic activity against the mycelial growth of PH-1, AFgSNFI,
AFgHOGT, and PRNJB3-2 strains. Photos in upper panel were taken at 3
dpi, and photos of the bottom panel were taken at 10th day of incubation
at 25°C on WA plates.

Additional file 2: Table S1. Bases mutation detected by re-sequencing.
Table S2. Primers used in this study.
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