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The microbiome plays a crucial role in host development, fit-
ness and health1–4. Numerous microbiome studies have pro-
vided insights into the composition of various microbial 

communities and their dynamic changes in response to exogenic 
factors2,5–8. However, autogenic factors in microbiome assembly and 
function are mostly overlooked, especially in terms of the impor-
tance of microbe–microbe interactions1. Detailed knowledge of 
physical and molecular interactions between different microbiome 
members has a high potential to aid the development of new strate-
gies for targeted manipulations of the microbiome to improve host 
health3,4,9,10. In addition, the underlying interactions could also be 
considered in a broader sense for microbial communities of patho-
genic host organisms, for example phytopathogenic fungi.

Interactions between bacteria and fungi are crucial for modu-
lating microbial communities in terms of biodiversity, ecosystem 
functions and host health when associated with multicellular organ-
isms11. Molecular mechanisms governing inter-kingdom commu-
nication are reflected by numerous biological interactions, from 
antagonism to mutualism12. In agroecosystems, investigations of 
bacterial–fungal interactions are mainly focused on the suppression 

of pathogens4,12,13. Bacteria generally interfere with fungal patho-
gens by competition for resources and secretion of lytic enzymes 
or bioactive compounds (antibiosis)14. In most cases, the detailed 
modes of action of many antagonistic bacterial–fungal interactions 
and the involved bioactive compounds remain elusive15. Sometimes 
the underlying mechanisms have been only partially deciphered. 
For example, herbicolin A, which can be biosynthesized by certain 
Pantoea agglomerans isolates, was identified about 40 years ago as 
the bacterium’s most important bioactive compound against fungi 
and Mollicutes16–21. However, the structure of the biosynthetic gene 
cluster for herbicolin A as well as its mode of action remain elusive.

Most phytopathogenic fungi can produce sexual structures 
such as perithecia that allow them to survive on infested plant 
debris before the next infection cycle22. Fusarium graminearum 
(Fg), the major pathogen causing Fusarium head blight (FHB) in 
wheat (Triticum aestivum), uses this strategy with high efficiency23. 
FHB epidemics not only affect global wheat production, but also 
contaminate grain with mycotoxins24. Interfering with perithe-
cium formation to decrease the initial inoculum is a potential 
strategy for FHB management. Current literature mostly focuses 
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on changes of the plant microbiome as a response to disease or 
contrasts healthy with diseased states4,25–27. The initial origin of 
disease-responsive microorganisms remains in most cases elusive; 
they might be associated with the plant host or with the patho-
gen itself. Similar to soil, plants and animals, fungal structures are 
also known to provide microhabitats for adapted bacterial com-
munities; they can also be involved in destructive interactions with 
their hosts. Perithecia provide a highly specific ecological niche for 
bacteria that we hypothesized could play a pivotal role in disease 
establishment. Preliminary assessments of bacterial–fungal inter-
actions in such microhabitats indicated antagonistic activity via 
emission of volatile bioactive metabolites28,29. At present, there is 
a lack of large-scale assessments of fungal fruiting body microbi-
omes and mechanistic insights into interactions between prevalent 
bacteria and their hosts.

In this study, bacterial communities associated with Fg perithe-
cia were profiled. Phylogenetically distinct bacteria were always 
detectable in perithecia from separated geographic locations in 
China. In parallel, representatives of 30 core microbiome members 
were cultured and screened for antagonistic activity. This resulted 
in the isolation of one highly active antagonist (Pantoea agglom-
erans ZJU23) with pronounced antagonistic activity against FHB. 
We showed that herbicolin A (HA) secreted by ZJU23 is respon-
sible for suppression of the phytopathogen. HA binds ergosterol 
and disrupts the integrity of ergosterol-containing fungal lipid rafts 
suppressing fungal growth, perithecium formation and virulence of 
Fg. Furthermore, we showed that HA has a wide antifungal spec-
trum including human opportunistic fungal pathogens, indicating 
a potential for its use in controlling fungal diseases in agricultural 
and clinical settings.

Results
Insights into perithecium-associated bacterial communities. 
Using scanning electron microscopy, morphologically distinct bac-
teria were found to be embedded in or attached to the surface of 
Fg perithecia that were collected from geographically distant fields 
(Fig. 1a and Extended Data Fig. 1a). For a detailed analysis of bac-
terial communities, we sampled perithecia, rice stubbles and rhi-
zosphere soil from 13 sites within major wheat-growing regions 
(Fig. 1b and Supplementary Data 1). The bacterial community was 
profiled on the basis of bacterial 16S ribosomal RNA (rRNA) gene 
fragment sequences clustered into operational taxonomic units 
(OTUs; 97% sequence similarity) (Extended Data Fig. 1b). We 
obtained 49,457,306 high-quality reads from 195 samples (ranging 
from 5,933 to 547,412 reads, with an average of 253,627 reads per 
sample), phylogenetically representing 4,912 OTUs (mean: 1,787 
OTUs per perithecium sample; 976 OTUs per rice stubble sample; 
3,179 OTUs per rhizosphere soil sample; Supplementary Data 2). 
Rarefaction curves indicated that the sequencing depth of the cur-
rent study was sufficient to capture bacterial diversity (Extended 
Data Fig. 2a).

Assessments of α-diversity revealed a significant difference in 
richness and Shannon index among perithecium, rice stubble and 
rhizosphere soil samples (Fig. 1c,d; P < 0.05, ANOVA, Tukey's 
HSD). Detailed examination of the bacterial composition of 
these samples showed that the perithecium microbiota exhibited 
higher diversity than those found in stubble, but lower diversity 
than those in rhizosphere soil (Fig. 1c,d). Unconstrained princi-
pal coordinate analysis (PCoA), based on a Bray–Curtis distance 
matrix, revealed that the perithecium communities formed a dis-
tinct cluster and indicated that they are more similar to the stubble 
communities than to the rhizosphere soil communities (Fig. 1e; 
P = 0.001, PERMANOVA with Adonis test). Moreover, constrained 
PCoA (CPCoA) plotting with complementary analyses indicated 
that the clusters explained 23.3% of the variance within the three 
compartments (Extended Data Fig. 2b; P = 0.001, permutation test 

with anova.cca). Further analysis based on average Bray–Curtis 
distances of taxonomic composition at the phylum level across 13 
sites revealed that bacterial communities from perithecia, stubble 
and rhizosphere soil clearly clustered according to the respective 
compartment (Fig. 1f). Different OTUs visualized in a Manhattan 
plot showed similar distribution patterns (Extended Data Fig. 2c 
and Supplementary Data 2). Predominant OTUs (relative abun-
dance >0.1%, 111 OTUs) were defined as the core microbiome of 
perithecia and account for 2.3% (111/4,912) of the total OTUs, and 
80.4% and 74.4% relative abundance in the perithecium and stubble 
microbiomes, respectively. These OTUs were classified into 13 bac-
terial orders and 32 families, belonging to the phyla Proteobacteria, 
Actinobacteria, Bacteroidetes and Firmicutes (Fig. 1g). Microbial 
source tracking analysis revealed that perithecium-associated bac-
teria mainly originated from the stubble microbiome (mean ± s.e.m. 
fractional contribution, 92.85 ± 0.81%; Extended Data Fig. 2d and 
Supplementary Data 3). The overall results indicated that the micro-
biome of perithecia was distinguishable from those of the other ana-
lysed compartments.

ZJU23 isolate reduces FHB and mycotoxin contamination. To 
test whether there are beneficial bacteria in the Fg perithecium 
microbiome for biological control of FHB, we isolated and identi-
fied bacteria from 65 independently pooled perithecium samples 
collected from the aforementioned fields30 (Extended Data Fig. 1c). 
A total of 2,036 bacterial isolates were recovered from perithecia, 
which shared >97% 16S rRNA gene similarity to 30 OTUs in the 
core perithecium microbiome (relative abundance >0.1%, a total of 
111 OTUs) (Fig. 2a and Supplementary Data 2). Among them, 113 
isolates representing 13 core OTUs demonstrated various degrees of 
inhibitory activity against fungal growth in dual-culture assays (Fig. 
2a and Supplementary Data 4). Notably, a bacterial isolate (termed 
ZJU23) showed the strongest inhibitory activity against Fg during 
co-cultivation, producing radial inhibition zones ≥20 mm (Fig. 2b). 
ZJU23 was matched to OTU_10 in the core perithecium micro-
biome (Supplementary Data 2), which was identified as Pantoea 
agglomerans on the basis of phylogenetic analysis and genome 
sequencing. The ZJU23 genome comprises one chromosome and 
three plasmids (Supplementary Fig. 1).

ZJU23 treatment significantly suppressed perithecium forma-
tion, with 80–90% reduction both on carrot (Daucus carota) agar 
plates (Fig. 2c) and rice straws (Extended Data Fig. 3a), in com-
parison with untreated control and non-antagonistic P. agglomerans 
strain Pa58 treatment. Pa58 isolated from the perithecium microbi-
ome showed similar growth and colonization patterns to ZJU23 and 
was used as a control to exclude the possibility that nutrient com-
petition is involved in the observed effects (Supplementary Fig. 2). 
Deoxynivalenol (DON) synthesized in fungal DON-toxisomes is a 
critical virulence factor of Fg24,31. We found that ZJU23 substantially 
suppressed the formation of fungal DON-toxisomes as indicated by 
Tri1-GFP in the Fg hyphe grown in the DON induction medium 
(Fig. 2d). Comparative assessments confirmed that DON produc-
tion was significantly decreased when Fg was co-cultured with 
ZJU23 (Fig. 2e). To determine whether ZJU23 inhibited growth of 
Fg in planta, we conducted biocontrol experiments both in a growth 
chamber and in the field (see Supplementary Methods for details). 
Treatment with ZJU23 by foliar spray almost completely suppressed 
Fg infection on wheat heads (Fig. 2f), and significantly suppressed 
disease progression of Fg in germinated wheat seeds (Fig. 2g and 
Extended Data Fig. 3b). Moreover, during three consecutive years 
of field trials, ZJU23 consistently showed a clear biocontrol efficacy 
of 50–70% against FHB (Fig. 2h). In addition, ZJU23 substantially 
suppressed DON production by 50–80% during field trials (Fig. 2i). 
Together, these results indicate that ZJU23 is an effective biocon-
trol agent for the control of FHB and can be used to reduce DON 
contamination.
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Fig. 1 | assessment of perithecium-associated bacterial communities. a, Scanning electron microscopy observation of bacteria on perithecia collected 
from the field. The experiment was repeated three times with similar results. b, Locations of 13 sampling sites located in two Chinese provinces. AH, 
Anhui Province; JS, Jiangsu Province. c–d, Richness (c) and Shannon (d) index of the bacterial communities from perithecia, rice stubbles and soil. 
Different letters indicate significantly different groups (P < 0.001, ANOVA, Tukey's HSD). The horizontal lines within boxes represent medians. The 
tops and bottoms of boxes represent the 75th and 25th percentiles, respectively. The upper and lower whiskers extend to data no more than 1.5× the 
interquartile range from the upper edge and lower edge of the box, respectively. e, Principal coordinates analysis based on Bray–Curtis distance showing 
that the microbiota of perithecia is distinct from that of soil and rice stubbles (P = 0.001, PERMANOVA with ADONIS test). f, Stacked bar plot combined 
with Bray–Curtis distance-based dendrogram showing the averaged bacterial community composition for each compartment at each sampling site. 
The stacked bar plot includes the phylum and proteobacterial class levels as indicated. g, The core microbiome of perithecium-associated bacteria. The 
inner ring represents the OTUs that were reproducibly detected in the perithecia and infected rice stubbles with relative abundance greater than 0.1%. 
The relative abundances of distinct perithecium and stubble OTUs are shown as blue (perithecium) and green (stubble) heatmaps. Replicates for each 
compartment, n = 65 biologically independent samples.
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HA is the antifungal compound produced by ZJU23. To iden-
tify antifungal compound(s) produced by ZJU23 and their bio-
synthetic gene cluster(s), we first performed a mutagenesis screen 
for the loss of antifungal activity. More than 12,000 himar1  

mariner transposon mutants were assessed for antifungal activity, 
and 80 inactive transposon mutants were identified and subse-
quently subjected to whole-genome re-sequencing for mapping of 
the insertion sites. Transposon insertions were mainly distributed 
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Fig. 2 | isolation and identification of the F. graminearum antagonist ZJu23. a, Information of core perithecium microbiome and cultivable bacteria 
recovered from Fg perithecia. The maximum-likelihood phylogenetic tree of the bacterial genera tree was constructed on the basis of full-length 16S rDNA 
sequences. The inhibition zones of representative strains and the relative abundance of corresponding OTUs in the perithecium microbiome are included 
in the bar plots on the right. b, The antagonistic activity of ZJU23 against Fg PH-1. c, Inhibition efficiency of ZJU23 against the formation of Fg perithecia 
on carrot agar medium (left panel) and corresponding perithecium numbers in each treatment (right panel). Data are presented as mean ± s.e.m. of 
n = 7 biologically independent samples. Different letters indicate significantly different groups (P < 0.05, ANOVA, Tukey's HSD). The non-antagonistic P. 
agglomerans Pa58 was used as a control. d,e, Inhibition efficiency (e) of ZJU23 against deoxynivalenol (DON) toxisome formation and DON production. 
DON-toxisome formation labelled with Tri1-GFP in each treatment was observed at 60 h under toxin-inductive conditions using a confocal microscope 
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in the open reading frames of ORF3911, ORF3913 and ORF3914 
and in their neighbouring ORFs (in 41 mutants) (Fig. 3a). These 
genes are located in a ~42 kbp DNA region in one orientation that 
is located on plasmid 1 as illustrated in Fig. 3b, indicating that 
this region is a potential biosynthetic gene cluster for the antifun-
gal compound in ZJU23. Ten putative proteins were predicted for 
this gene cluster and assigned Antifungal compound biosynthetic 
protein A (AcbA) to AcbJ. To validate whether the AcbA–AcbJ 
cluster is responsible for antifungal compound biosynthesis, we 
constructed individual gene mutants and tested their antifungal 
activity. Bacterial growth was not altered in any of the mutants, 
when compared with ZJU23 (Supplementary Fig. 3). Eight of 
the mutants (that is, all mutants except those lacking ACBG and 
ACBJ) showed no inhibition activity towards Fg (Fig. 3c), suggest-
ing that the AcbA–AcbJ cluster is responsible for antifungal com-
pound biosynthesis in ZJU23.

To identify the antifungal compound synthesized by the AcbA–
AcbJ cluster, we compared the metabolic profiles of ZJU23 and 
four deletion mutants (ΔAcbA, ΔAcbC, ΔAcbD and ΔAcbH) in 
the AcbA–AcbJ cluster. Unique peaks in ZJU23 identified using 
liquid chromatography–mass spectrometry (LC–MS) analysis 
are expected to correspond to peaks of antifungal compounds 
(Anti-Cs). Two unique peaks (Anti-C1 and Anti-C2) were spe-
cifically found in the supernatant of ZJU23, which were further 
purified and tested for antifungal activity (Extended Data Fig. 4a). 
Anti-C1 with (+)-high resolution mass spectroscopy (HR-MS) 
(obs. [M+H]+ at a mass-to-charge ratio (m/z)1300.7378) 
(Extended Data Fig. 4b) showed higher antifungal activity than 
Anti-C2. Analysis of 1D (1H, 13C)/2D (COSY, HSQC, HMBC) 
NMR spectra revealed that Anti-C1 is a glycosylated lipopeptide 
containing nine amino acid residues. Further analysis of NOESY 
correlations (Supplementary Data 5 and Extended Data Fig. 4c–g) 
and absolute configurations of amino acids in the macrocycle pep-
tide skeleton using Marfey’s method32 suggested that Anti-C1 is 
identical to the known lipopeptide compound HA16,17 (Fig. 3d and 
Extended Data Fig. 5). Anti-C2 also possessed antifungal activity 
and was further identified as herbicolin B, a deglycosylated inter-
mediate during HA biosynthesis. Herbicolin B is transformed to 
HA by a glycosyltransferase encoded by AcbI (Extended Data Fig. 
6). In addition, LC–MS analysis further confirmed that mutants 
lacking either AcbA to AcbF, AcbH or AcbJ did not produce HA 
(Fig. 3e). HA efficiently inhibited mycelial growth in both agar 
plates and liquid media, and suppressed perithecium forma-
tion, conidial germination, DON-toxisome formation and DON 
production (Fig. 3f–j and Extended Data Fig. 7). HA itself has 
antifungal activity and is not metabolized inside the cell, as indi-
cated by comparing the metabolic profiles of HA-treated proto-
plast samples with those of the non-treated control using LC–MS 
(Supplementary Fig. 4). Taken together, HA is the major antifun-
gal compound produced by ZJU23, and the AcbA–AcbJ cluster is 
responsible for HA production.

Biosynthesis of HA and origin of AcbA–AcbJ cluster. Subsequently, 
we investigated the biosynthesis process of HA by the AcbA–AcbJ 
cluster. AcbA, AcbC, AcbD and AcbH are non-ribosomal pep-
tide synthetase (NRPS) proteins. A total of nine modules in these 
NRPSs are responsible for the activation and incorporation of 
nine amino acids into the growing peptide chain. In addition, the 
AcbH2 module catalyses the cyclization by forming an ester bond 
between amino acids incorporated by modules AcbA and AcbH2 
(Fig. 3k). We performed LC–MS analyses of both the wild-type 
(WT) and mutant samples to detect HA and its predicted inter-
mediates. As predicted, the different intermediates were detectable 
and highly accumulated in the mutants, compared with the LC–
MS profile of the WT (Extended Data Fig. 4a). Furthermore, the 
molecular weight of emerged intermediates in each NRPS mutant 
was matched to the predicted intermediates (Extended Data Fig. 6). 
None of the identified intermediates were glycosylated, which indi-
cated that the glycosylation modification by AcbI was the last step 
of HA biosynthesis. Taken together, HA is likely the product of the 
following biochemical pathway: AcbA to AcbC to AcbD to AcbH to 
AcbI (Fig. 3k).

We next traced the origin of the AcbA–AcbJ cluster. The HA 
biosynthetic gene cluster was either absent or discontinuous with 
low identity in 102 P. agglomerans genomes available in public 
databases and the control strain Pa58 (Extended Data Fig. 8a, and 
Supplementary Fig. 5 and Data 6). Further investigation of homolo-
gous sequences revealed that homologues of HA biosynthetic pro-
teins were mainly retrieved from strains belonging to Candidatus 
Fukatsuia symbiotica, Chromobacterium spp. and Burkholderia 
spp., with high amino acid sequence identities (>40%) (Extended 
Data Fig. 8a,b and Supplementary Fig. 6). In addition, we noted that 
homologues in Ca. F. symbiotica had a ~38 kb cluster in a plasmid 
with 60% amino acid identity to the HA cluster in P. agglomerans 
(Extended Data Fig. 8c). This high level of identity was surpris-
ing because the two bacteria belong to two distinct taxonomic 
families (Extended Data Fig. 8d). This remarkable conservation in 
microsynteny and sequence homologies between ZJU23 and Ca. F. 
symbiotica gene clusters, not present in other tested P. agglomer-
ans strains, raised the possibility that the HA cluster in ZJU23 was 
likely acquired from Ca. F. symbiotica via horizontal gene transfer 
(HGT) or underwent massive losses independently from the com-
mon ancestor of P. agglomerans and Ca. F. symbiotica.

Fungal ergosterol biosynthesis is involved in HA resistance. One 
strategy to identify drug targets is to isolate and analyse drug-resistant 
mutants. Given that HA also has strong inhibition activity towards 
Saccharomyces cerevisiae BY4741 (EC50 = 0.3 μg ml−1), we isolated 
HA-resistant mutants in the BY4741 background on rich medium 
supplemented with 6 μg ml−1 HA. A total of 49 HA-resistant mutants 
were recovered and subsequently subjected to whole-genome 
sequencing to map the mutated sites. Each of the resistant mutants 
had at least one non-synonymous mutation, and 72 mutated sites 

Fig. 3 | Herbicolin a is the major antifungal compound produced by ZJu23. a, Distribution and frequency of transposon disrupted genes in the ZJU23 
transposon mutants that lost antifungal activity. Blue dots indicate a potential active compound biosynthetic gene cluster. b, Potential active compound 
biosynthetic gene cluster and putative assignments of encoded proteins. c, Antifungal activity of individual deletion mutants in the biosynthetic gene 
cluster. Representative photographs of antifungal activity of ZJU23 or mutants against FG are shown. d, Structure of HA. e, Extracted ion chromatographic 
(EIC) comparison of HA production by ZJU23 and the indicated mutants. Pure HA was used as a positive control. The calculated mass of HA ([M + H]+ 
at m/z 1300.7378) is indicated by a dashed line. f, Relative growth rate of Fg mycelia grown in liquid medium supplemented with the concentrations of 
HA indicated on the x axis was calculated from n = 6 biologically independent samples (mean ± s.e.m.). The dashed line indicates the EC50 concentration. 
The experiment was repeated three times with similar results. g, Inhibition efficiency of HA (2 μg ml−1) against the formation of Fg perithecia on carrot 
agar medium. The experiment was repeated three times with similar results. h, Inhibition efficiency of HA (2 μg ml−1) against conidial germination of Fg. 
i,j, Inhibition efficiency of HA (8 μg ml−1) against DON-toxisome formation and DON production. DON-toxisome formation labeled with Tri1-GFP in each 
treatment was observed at 36 h under toxin-inductive conditions using a confocal microscope (i). The DON production in each treatment was quantified 
at 7 dpi from n=5 biologically independent samples (mean ± s.e.m., ***P = 9.28 × 10-7, two-sided Student’s t-test) (j). The experiment was repeated three 
times with similar results (j). k, Proposed biosynthetic pathway of HA.
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in 55 genes were identified (Fig. 4a and Supplementary Data 7). 
Notably, 9 genes were found to be directly involved in ergosterol bio-
synthesis (Fig. 4a). Gene Ontology (GO) analysis of the genes iden-
tified in HA resistance mutants showed a significant enrichment of 
sterol/ergosterol biosynthetic processes (Fig. 4b). We further tested 

the HA susceptibility of available deletion mutants (∆Erg4, ∆Erg6, 
∆Erg8 and ∆Erg10) in the ergosterol biosynthetic pathway of S. 
cerevisiae, and validated that mutation of genes involved in yeast 
ergosterol biosynthesis conferred HA resistance. Furthermore, we 
examined whether ergosterol biosynthesis is also involved in HA 
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resistance in Fg. FgErg4 and FgSR are critical for ergosterol pro-
duction and virulence for Fg33,34. Susceptibility tests indicated that 
mutants lacking each of these proteins had significantly increased 
HA resistance (Fig. 4d), similar to that observed in S. cerevisiae (Fig. 
4c). Together, these data suggest that the ergosterol biosynthetic 
process is involved in the fungal susceptibility to HA.

HA interacts with ergosterol and disrupts fungal lipid rafts. 
The fungal cell lipid plasma membrane naturally contains regions 
rich in ergosterol and sphingolipids35. As the antifungal activity of 
HA seemed to be connected with ergosterol (Fig. 4), we wondered 
whether HA directly interacts with ergosterol-containing plasma 
membranes. To elucidate this, Fg protoplasm was incubated with 
HA, and the plasma membrane was subsequently extracted. An 
LC–MS assay was used to quantify HA in the fractionated samples. 
HA was more abundant in the plasma membrane fraction than in 
the cytosolic fraction and in the supernatant collected through cen-
trifugation after the incubation (Fig. 5a). To further identify which 

fungal plasma membrane component is necessary for the retention 
of HA, major components of the fungal plasma membrane, includ-
ing ergosterol, sphingomyelin (SM), phosphatidylethanolamine 
(PE), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) were individu-
ally coated onto glass discs and air-dried. Subsequently, they were 
covered with an HA solution. Results indicated that HA was mainly 
retained by ergosterol in this assay (Fig. 5b).

As HA interacts with ergosterol and associates with 
ergosterol-enriched cell membranes, we wondered whether HA 
affects the integrity of lipid rafts in Fg. We first observed the influ-
ence of HA on the morphology of artificial lipid rafts using atomic 
force microscopy (AFM). Although these artificial lipid rafts on a 
mica support are distinct from those on a real biological membrane, 
our previous study suggested that the components of the artificial 
lipid rafts behave similarly to those of biological membranes36. HA 
drastically changed the appearance of reconstituted lipid rafts con-
taining ergosterol, with a clear dissolution of the elevated plains  
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(Fig. 5c). Furthermore, we created giant unilamellar vesicles 
(GUVs) of defined lipid compositions with fluorescent DiD 
(1,1-Dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine) labelling 
the lipid disorder phase37. Upon HA treatment, the phase parti-
tioning of fluorescent DiD in GUVs was rapidly shifted because of 
phase separation, revealing a dissolution effect (Fig. 5d). However, 
phase separation was not observed after HA addition in the GUVs 
containing cholesterol (Fig. 5d), indicating that HA specifically dis-
rupted the ergosterol-containing artificial lipid raft.

Stomatin protein StoA has been identified as a marker for fungal 
lipid rafts38. We next constructed an Fg strain expressing the StoA 
orthologue FgStoA-GFP (encoded by FGSG_10909) to indicate Fg 
lipid rafts, and determined the effect of HA on lipid rafts in vivo. In 
the solvent or the fungicide amphotericin B treatment, FgStoA-GFP 
mainly localized along the plasma membrane of mycelia and proto-
plasm (Fig. 5e). However, upon HA treatment, the plasma membrane  

localization of FgStoA-GFP was dramatically diminished, and 
the fused protein was mainly diffused in the cytoplasm (Fig. 5e). 
Furthermore, HA treatment resulted in increased membrane per-
meability indicated by plasma membrane dye FM4-64 staining  
(Fig. 5f). Subsequently, transmission electron microscopy observa-
tions indicated that the architecture of cell plasma membranes, but 
not cell wall, was markedly changed (Fig. 5g and Supplementary  
Fig. 7). In addition, the in silico modelling approach showed that the 
acyl chain of HA rapidly penetrated the bilayer and was only stable 
when ergosterol was present in the lipid membranes (Supplementary 
Fig. 8, and Videos 1 and 2). These results suggested that HA is directly 
inserted into the Fg plasma membrane by interacting with ergos-
terol. This interaction echoes observation that yeast mutants with a 
deficiency in ergosterol biosynthesis were resistant to HA (Fig. 4).  
Collectively, HA was shown to target ergosterol-containing lipid rafts 
and to disrupt the integrity of the cell plasma membrane in Fg.
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Green, dissolution of GUV. e, Localization of the lipid raft marker FgStoA-GFP in various treatments. The final concentration of HA and amphotericin B was 5 
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contrast. f, Fungal membrane permeability following various treatments. Mycelia of Fg treated with HA (6.5 μM) or amphotericin B (6.5 μM) were stained 
with FM4-64 dye and observed at the indicated timepoints after treatment. Scale bar, 5 μm. g, Transmission electron micrographs of plasma membrane 
changes caused by HA treatments in Fg. Scale bar, 0.1 μm. The white arrow indicates a pole. All experiments were repeated three times with similar results.
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HA exhibits broad-spectrum antifungal activity. As ergosterol 
is highly conserved in fungal plasma membranes, we decided to 
examine whether ZJU23 and HA are effective in antagonizing 
other important phytopathogenic fungi. Both ZJU23 and HA sub-
stantially inhibited the mycelial growth of all tested fungal patho-
gens in vitro (Fig. 6a,b). The half maximal effective concentration 
(EC50) of HA in these tested species falls in the same range as that 
against Fg (Fig. 3f). HA also substantially inhibited spore germi-
nation of Botrytis cinerea (Fig. 6c, left), and significantly reduced 
the severity of grey mould disease on tomato (Solanum lycoper-
sicum) and strawberry (Fragaria × ananassa) leaves by 93% and 
91%, respectively, at a final concentration of 2 μg ml−1 (Fig. 6d,e). 
Furthermore, HA (5 μg ml−1) effectively suppressed the appres-
sorium formation of Magnaporthe oryzae (Fig. 6c, right) and 
decreased the infection lesion area by 86% in barley (Hordeum 
vulgare) leaves (Fig. 6f). We then examined the impact of HA on 
the human opportunistic fungal pathogen Candida albicans and 
found that HA effectively inhibited the growth of C. albicans YW02 
with EC50 = 0.0368 μM, which is more efficient than the clinical 
fungicides amphotericin B (EC50 = 0.173 μM) and fluconazole 
(EC50 = 5.2 μM) (Fig. 6g). Furthermore, we found that Aspergillus 
fumigatus CBS101355 was also more susceptible to HA with 
EC50 = 0.38 μM, compared with amphotericin B (EC50 = 6.5 μM) 
and fluconazole (EC50 = 13 μM) (Fig. 6h).

Next, we investigated whether HA was able to inhibit the mycelial 
growth of fungicide-resistant Fg strains. Four categories of resistant 
strains were tested, which show resistance to carbendazim, phenam-
caril, fludioxonil and tebuconazole, targeting fungal tubulin, myosin 
I, hybrid histidine kinase and sterol 14α-demethylases, respectively. 
All tested resistant strains were susceptible to HA, indicating that 
there is no cross-resistance between HA and other tested fungicides 
(Fig. 6i). Moreover, HA showed synergistic effects with two com-
monly used fungicides for plant fungal disease control, polyoxin B 
and carbendazim (Extended Data Fig. 9). Collectively, these results 
indicated that HA is a potential effective chemical against fungal 
diseases in both crops and animals, and might be applicable for the 
management of fungicide resistance issues in agriculture.

Discussion
Like animals and plants, fungi are also associated with distinct bac-
terial communities. However, fungal microbiomes remain poorly 
understood when compared with those of other hosts12,39. In the 
present study, we observed that distinct bacteria are associated with 
the sexual fruiting bodies of Fusarium graminearum. Microbiome 
profiling revealed that perithecia from geographically distant loca-
tions harboured very similar bacterial communities. Source track-
ing analyses indicated that the identified bacteria were mainly 
acquired from adjacent rice stubbles, but with different abundance. 
This finding indicates that microbiota assembly of fungal fruit-
ing bodies is already initiated during the infectious stage of the  

pathogen. Previous studies have suggested that the environment 
and host-specific factors together determine host microbiome 
assembly40–44. As perithecia from different field sites showed a 
similar core bacterial composition, it is evident that Fg has a strong 
shaping effect on its microbiota. Chemical-guided communication 
between microbes was recently recognized as an important factor 
shaping communities12,39,45,46. Previous studies indicated that the Fg 
genome can harbour up to 67 gene clusters involved in secondary 
metabolism, and some of the biosynthesized compounds showed 
antimicrobial activity47–49. Therefore, we propose that secondary 
metabolic compounds of Fg perithecia play an important role in 
shaping the associated microbiome. Recently, distinct fungal com-
pounds have been reported to have a strong effect on the associated 
bacterial communities50, supporting our hypothesis.

Our results indicated that a fungal pathogen’s microbiome natu-
rally harbours antagonists in addition to mutualistic colonizers as 
observed before29. Although individual bacteria can have negative 
impacts on the host fungus, these bacteria probably do not pre-
vail under natural conditions. However, when biotechnologically 
enriched and re-applied, they may be applicable for plant protec-
tion. In this study, P. agglomerans ZJU23 was isolated from Fg 
perithecia and displayed the highest antagonistic activity towards 
mycelial growth of Fg. ZJU23 effectively suppressed Fg perithecium 
formation, mycotoxin biosynthesis and development of Fusarium 
head blight at high concentrations, while naturally associated with 
perithecia at lower concentrations (Fig. 2a).

Antagonism within members of the microbiota was described 
before, but our general understanding of the molecular mecha-
nisms involved in such microbial interaction is still limited51–53. 
Deciphering yet unknown microbial interaction mechanisms will 
provide the basis for the engineering of beneficial microbiomes 
that protect host plants and animals3,9,54. A detailed investigation 
of the antagonistic effects between P. agglomerans ZJU23 and Fg 
showed that HA is the involved bioactive compound. Although 
HA was identified around 40 years ago16–18, the biosynthetic gene 
cluster of HA and its mode of action (MOA) towards fungi were 
hitherto unknown. By combining various approaches, we showed 
that the AcbA–AcbJ gene cluster is responsible for HA biosynthesis 
in ZJU23 and unexpectedly discovered that ZJU23 most probably 
attained the ability to produce HA via horizontal gene transfer.

HA consists of a peptide ring with eight amino acids to which 
a fatty acid chain, a dehydrobutyric acid and a sugar moiety are 
attached55. The MOA of cyclic lipopeptides against fungi are mostly 
unknown56. For example, the MOA of various well-known surfactins 
and fengycins produced by Bacillus species are still not completely 
understood; they may interact with phosphatidylethanolamine or 
the cell wall, by inhibiting DNA synthesis or by interrupting the 
integrity of mitochondria57–60. Another MOA was observed for Iturin 
A and syringomycin, which inhibits fungi via a pore-dependent 
mechanism61. Echinocandins secreted by Aspergillus spp. inhibit the 

Fig. 6 | Ha exhibits broad-spectrum antifungal activity. a, Antagonistic activity of ZJU23 against six plant-pathogenic fungi. The radius of the inhibition zone 
(cm) was measured for each co-culture of ZJU23 with Alternaria alternata (A. a), Aspergillus flavus (A. f), Botrytis cinerea (B. c), Colletotichum gloeosporioides (C. 
g), Magnaporthe oryzae (M. o) and Sclerotinia sclerotiorum (S. s). Data are presented as mean ± s.e.m., n = 5 biologically independent samples. The experiment 
was repeated three times with similar results. b, EC50 of HA against tested plant fungal pathogens. c, Inhibition activity of HA on spore germination of B. 
cinerea and appressorium formation of M. oryzae. Representative images were taken after 3 h of incubation with HA at 5 µg ml−1. Scale bar, 10 µm. n = 100 
spores. d–f, Effect of HA on diseases caused by B. cinerea and M. oryzae in planta. The inoculated B. cinerea (d,e) or M. oryzae (f) spore suspension was 
supplemented with the indicated concentration of HA, and then inoculated onto tomato fruit (d, top), strawberry leaves (e, top) or barley leaves (f, top). The 
area or length of lesions was measured (bottom) and statistically analysed from n = 10 biologically independent fruits or leaves (mean ± s.e.m.). Different 
letters indicate significantly different groups (P < 0.05, ANOVA, Tukey's HSD). DMSO was used as a solvent control. The experiment was repeated three 
times with similar results. g,h, Growth inhibition rate of HA, amphotericin B and fluconazole at various concentrations in C. albicans YW02 (g) and A. 
fumigatus CBS101355 (h) (mean ± s.e.m., n = 3 and 6 biologically independent samples for C. albicans YW02 and A. fumigatus CBS101355, respectively). The 
experiment was repeated three times with similar results. i, Antifungal activity of HA against fungicide-resistant Fg strains. The final concentration of the 
fungicides or HA was 5 µg ml−1. Images were taken after 3 d of incubation. Car, carbendazim; Flud, fludioxonil; Phe, phenamacril; Teb, tebuconazole. Car-R, 
Flud-R, Phe-R and Teb-R indicate fungicide-resistant strains. The experiment was repeated three times with similar results.
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synthesis of β-(1,3)-glucan and thus damage the fungal cell wall62. 
Here we found that HA interacts with ergosterol. Furthermore, we 
established that HA quickly disrupts the integrity of artificial mem-
branes containing ergosterol, but not those containing cholesterol. 
Complementary microscopy observation showed that HA treatment 
disrupted lipid rafts, increased membrane permeability, resulted in 
the formation of abnormal cell membranes and ultimately caused 
cell death. Mutations in fungal ergosterol biosynthetic pathways 
resulted in resistance towards HA in S. cerevisiae and Fg. Therefore, 

our data suggest that the MOA of HA is mainly through disrupting 
lipid rafts in cell membranes by directly interacting with ergosterol 
(Extended Data Fig. 10). It should be noted that the lipid tail itself 
is not inhibitory, since various tested compounds with differing 
lipid tails did not exert antifungal activity (Supplementary Fig. 9). 
In addition, the antifungal activity of HA and ZJU23 was eliminated 
when the amino acid ring structure in HA was opened by disrupt-
ing the ACBH gene. This suggests that the ring structure in HA is 
essential for its activity.
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In the present study, we also characterized the Fg 
perithecium-associated microbiome presumably for the first time in 
a large-scale approach. This approach allowed us to understand the 
role of commensal bacteria in the suppression of fungal disease. We 
determined that the biocontrol agent ZJU23 secretes HA to inhibit 
Fg by interacting with ergosterol-containing cell membranes. HA 
has a broad antifungal spectrum and control efficiency towards 
phytopathogenic fungi. During the past few years, antimicrobial 
peptides have emerged as potential candidates for developing new 
antifungal therapies because they are often characterized by negligi-
ble host toxicity and low resistance rates56. HA inhibited the growth 
of the human opportunistic pathogen Candida albicans more effi-
ciently than the clinical fungicides amphotericin B and fluconazole. 
In addition, HA has no visible phytotoxicity towards plant tissues 
(Supplementary Fig. 10). An acute oral toxicity test of pure HA indi-
cated low toxicity in mice (Supplementary Data 8). Although HA 
is a potential candidate for agricultural and clinical applications, 
further experimentation is required to develop viable application 
modes of either the pure compound or microbes harbouring the 
respective biosynthetic cluster.

Methods
Community profiling based on 16S rRNA gene sequencing. The DNA for each 
sample was extracted with the FastDNA SPIN kit (MP Biomedicals) according to 
the manufacturer’s instructions. The V5–V7 region of the bacterial 16S rRNA gene 
was amplified by degenerate PCR primers 799F and 1193R. Two consecutive PCR 
reactions were carried out according to previous reports63. The barcoded amplicons 
were sequenced on an Illumina NovaSeq6000 platform with 2 × 250 bp reads. The 
16S rRNA gene sequences were analysed with EasyAmplicon v1.0964, which includes 
QIIME v1.9.165, QIIME2 v2020.1166 and USEARCH v11.0.66767. All sample metadata 
are included in Supplementary Data 1. Sequencing library splitting was conducted 
with the split_libraries_fastq.py command in QIIME. Then, the paired-end Illumina 
reads were processed with USEARCH as previously described63. Sequences were 
clustered into OTUs at 97% similarity and the representative sequences were picked 
with the UPARSE algorithm in USEARCH (-cluster_otus command)68. All OTUs 
were aligned to the SILVA 13269 database to remove chimera sequences with the 
UCHIME algorithm70 in USEARCH (-uchime2_ref command). The taxonomy of 
the representative sequences was classified with the ‘RDP trainset 16’ database71 on 
the basis of the sintax algorithm in USEARCH (-sintax command). OTUs assigned 
to chloroplasts and mitochondria were removed as host contamination by using the 
respective script in EasyAmplicon. An OTU table was generated within USEARCH 
(-otutab command). For alpha and beta diversity, samples were first rarefied at 
minimal sequences 5,933 by USEARCH (-otutab_norm command). Subsequent 
diversity analyses were carried out using EasyAmplicon and QIIME2. The core 
microbiome of perithecia was defined as that containing OTUs with a relative 
abundance greater than 0.1% in the perithecia and associated stubble microbiome. 
Cladograms were visualized by GraPhlAn v.0.9.7. Figures were visualized by using 
the ggplot2 v.2.3.2 package in R v.4.0.3 and ImageGP72 (http://www.ehbio.com/
ImageGP/). Clustering trees were visualized by ggtree v2.2.4 in R. The Bayesian 
source tracking model was used for identifying the source of perithecium-associated 
microbiota with Sourcetracker73. All related tables are included in Supplementary 
Data 2. For the reproducibility of analyses with custom scripts, all information is 
available at https://github.com/YongxinLiu/WheatFHB. Samples of each site were 
used for sequencing, with five technical repeats.

Bacterial isolation, identification and assessment of antifungal activity. 
Perithecia were vortexed in phosphate-buffered saline (PBS) buffer (E607016, 
Sangon Biotech) for 5 min and then ground with sterile mortar and pestle. 
Homogenized perithecium samples were then allowed to settle for 15 min and 
the supernatants were serially diluted, the resulting supernatants were plated and 
cultivated on 9 cm Petri dishes in 1:10 (v/v) tryptic soy medium, Reasoner’s 2A 
agar medium and Luria-Bertani (LB) medium (details in Supplementary Methods) 
for 3 d at 30 °C30. Antagonistic activity of bacterial isolates towards Fg PH-1 was 
assessed with a dual-culture assay in Waksman’s agar74. All isolates were tested 
in triplicates, and their inhibition zones were measured after 3 d of dual-culture 
cultivation at 25 °C. The genome of ZJU23 was sequenced using the PacBio RSII 
sequencing platform. ZJU23 and the 13 other representatives of Pantoea spp. with 
complete genome sequences were selected to construct a phylogenetic tree with 
ten housekeeping genes 16Sr DNA, aroE, dnaA, guaA, gyrB, mutL, ppsA, pyrC, 
recA and rpoB using the neighbour-joining method with Molecular Evolutionary 
Genetics Analysis version 4.0.

Production, purification and characterization of HA. To identify antifungal 
compounds, ZJU23 or its mutants were grown in King's B medium for 3 d at 30 °C, 
before bacterial cells were removed by centrifugation. The fermentation medium 

was extracted with Diaion HP-20 resin (13605, Sigma-Aldrich) and then eluted 
with methanol to obtain crude extracts with an evaporator. The crude sample 
was dissolved in a methanol solution and then subjected to purification with 
preparative high performance liquid chromatography (HPLC; C18 column, 5 m, 
100.0 mm × 21.2 mm; 10 ml min−1, 20–100% MeOH/H2O in 30 min, followed by 
100% MeOH in 10 min) to produce sub-fractions. The unique peaks in the ZJU23 
sub-fraction showing antifungal activity were subjected to a semipreparative HPLC 
(C18 column, 5 m; 250.0 mm × 10.0 mm; 3 ml min−1; with 0.1% formic acid in 
54% MeOH/H2O in 53 min, 65% MeOH/H2O in 53 min–70 min) to obtain pure 
compound. NMR spectra were recorded in methanol-d4 on Bruker AVANCE 
II 400 MHz; high-resolution mass spectra were obtained on an Agilent 6530 
Accurate-Mass Q-TOF LC/MS coupled to an Agilent 1260 HPLC.

Isolation of HA-resistant yeast mutants and whole-genome sequencing. To 
select for HA resistance, overnight cultures of a wild-type S. cerevisiae (BY4741) 
strain were grown in YEPD at 30 °C. Cells were plated on YEPD containing HA 
(6 μg ml−1). Experiments were performed in 10 biological replicates; plates were 
incubated at 30 °C for 5 d. The whole genomes of mutants and the wild-type 
strain were sequenced using an Illumina NovaSeq PE150 instrument at Beijing 
Novogene Bioinformatics Technology. Single nucleotide polymorphism, 
insertions and deletions (indel), as well as structural variations, were searched 
with genomic alignments.

Construction of transposon mutants and gene deletion mutants in ZJU23. 
Transposon mutagenesis was conducted to screen mutants without antagonistic 
activity75. The donor Escherichia coli SM10λpir carrying plasmid pSC123, and the 
recipient P. agglomerans ZJU23 which was induced to be resistant to rifampicin, 
were grown in LB medium supplemented with kanamycin and rifampicin 
overnight, respectively. The supernatant was removed by centrifugation 
at 5,000 × g, and the pellets were washed with fresh LB medium twice and 
resuspended in 100 μl medium. The strains were combined and spotted in 100 μl 
volumes on 0.45 µm millipore filter (F513132, Sangon Biotech) on antibiotic-free 
LB-agar and incubated overnight at 30 °C. Then the filters were removed, the cells 
were vortexed in 1 ml LB, diluted and plated onto LB plates containing 50 μg ml−1 
kanamycin and 50 μg ml−1 rifampicin. The Petri dishes were incubated at 30 °C for 
3 d or until visible colonies developed. The whole genomes of the transformants 
were sequenced and analysed by Beijing Novogene Bioinformatics Technology. For 
generation of gene deletion mutants of ZJU23, a PCR-based, λ phage recombinase 
method was used for targeted deletions. The coding region of the target genes 
was replaced with the selection marker, conferring resistance to kanamycin. All 
transformations, selections and confirmations of mutants were conducted using 
the λ phage recombinase as previously described76 (Supplementary Methods). 
Primers used for gene deletions are listed in Supplementary Data 9.

HA molecule retention and lipid-binding assay. The HA molecule retention 
assay was performed as described in a previous study36. To perform the membrane 
retention assay, protoplasts of Fg were incubated with homoserine lactones 
(HSLs) at 30 °C. Then, the cells and supernatants were collected separately by 
centrifugation (194 × g for 5 min). The protoplasts were treated with buffer 1 
(20 mM Tris-HCl, 2 mM EDTA, 1 mM dithiothreitol and 10% glycerol) on ice 
to break the membrane. Cytosol and membrane fragments were separated by 
ultracentrifugation (179,000 × g for 24 min at 4 °C). The membrane fragments were 
dissolved in buffer 2 (buffer 1 with 1% Triton X-100). HA in the fractions was 
dried by rotary evaporation and resolved with methanol in equivalent volumes and 
subsequently analysed using the Agilent 6460 LC system (Agilent Technologies). 
The relative amount of HA was calculated from three technical replicates. The 
experiment was repeated three times with similar results.

The binding ability of HA to various lipids was analysed using the lipid-binding 
assay36. One mg per ml of each lipid species in chloroform was coated on round 
glass slides by evaporation. Then, the glass slides were incubated with 10 μM HA in 
dimethyl sulfoxide (DMSO) with PBS at 37 °C. After the incubation, the glass slides 
were carefully washed with PBS 4–5 times and the lipids were dissolved in DMSO. 
The amount of HA in each sample was measured by LC–MS. eSM (860061), 
DOPC (850375), DPPC (850355) (Avanti Polar Lipids) and ergosterol (45480, 
Sigma-Aldrich) were used. The relative amount of HA was calculated from five 
technical replicates. The experiment was repeated three times with similar results.

Microscopy imaging. Green fluorescence signalling of Tri1-GFP-labelled 
Fg and red fluorescence signalling of FM4-64 were visualized using a Zeiss 
LSM780 confocal microscope (Carl Zeiss). The survival assay of fungi was 
performed as previously described with modifications77. In brief, after 
inoculation of F. graminearum_StoA-GFP for 48 h in YEPD liquid medium, 
various concentrations of HA were added and the mixture was incubated for 
up to 2 h. Subsequently, 0.2 µl of Live/Dead solution from the Fixable Red Dead 
cell stain kit (Thermo Fisher) was added to 100 μl of YEPD liquid medium with 
the F. graminearum_StoA-GFP, followed by incubation for 5 min on a rotator 
at r.t. The stained mycelia were placed onto microscopic slides and analysed 
by fluorescence microscopy using the 488 nm and 561 nm lasers. Transmission 
electron microscopy for visualization of fungal cell membranes was employed as 
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previously described77 using a Hitachi H7650 transmission electron microscope, 
operated at 80 Kv (details in Supplementary Methods). The experiment was 
repeated three times with similar results.

Preparation of giant unilamellar vesicles and permeability analyses. Chloroform 
solutions of lipid mixtures (DOPC/eSM/ergosterol, 2/2/1) doped with 0.5% 
lipid-conjugated fluorescent dye (V22887, Invitrogen) were placed onto a clean 
indium tin oxide (ITO)-coated glass surface within an area delimited by a 
rectangular silicone gasket, and the solvent was then removed under vacuum. 
Sucrose solution (0.1 mol l−1) was carefully added to the chamber at the edge of 
the gasket. The filled chamber was then sealed with another ITO-coated glass and 
then transferred into an oven at a temperature that was 80 °C above the highest 
melting temperature of any of the lipids present. At the same time, a 1.4 Vp–p 
(peak to peak) and 10 Hz sine-wave voltage was applied on the ITO-coated 
glasses for 60–90 min as previously described78,79. For lipid domain rearrangement 
experiments, an analogue of DiIC18 (1,1'-dioctadecyl-3,3,3',3'-tetramethylindoca
rbocyanine perchlorate) with extended conjugation, DiD-C18, was excluded from 
the lipid order phase (Lo) into the lipid disorder phase (Ld) for GUVs37, which 
were used to characterize the Ld phase lipid domain. The rearrangements before 
and after the 10 μM HA treatment for 20 min were recorded under a total internal 
reflection fluorescence microscope (FV1200, Olympus). The experiment was 
repeated three times with similar results.

AFM. A chloroform solution of the lipids (DOPC/ergosterol/eSM, 3/1/6) was 
mixed in glass vials and dried under vacuum to remove the solvent. After 
resuspending the dried lipid in 10 mM HEPES buffer (including 150 mM NaCl), 
tip-sonication was employed to generate a clear solution, enabling the creation 
of nanosized tiny unilamellar vesicles. In a fluid cell, the vesicle solution (150 μl) 
was introduced to cleaved mica attached to a glass substrate. The vesicle sample 
was incubated at 37 °C for 2 min and then at 65 °C for 15 min, followed by rinsing 
with HEPES buffer (with 150 mM NaCl) at 65 °C to remove excess vesicles. 
Images were acquired with AFM at room temperature on a JPK Nanowizard 3 
scanning microscope in the contact mode using Si3N4 tips (HYDRA2R-100NG-50, 
APPNANO), with a spring constant of ∼0.011 N m−1, a resonance frequency of 
21 kHz in air and a tip radius of <10 nm. AFM scanning was conducted in HEPES 
buffer with a scanning size of 10 × 10 μm, 256 × 256 pixels and a scanning rate of 
1 Hz per line36. After obtaining the AFM image with the untreated sample, 10 µmol 
HA was added into the fluid cell and the sample was statically incubated for 
20 min, followed by repetition of the aforementioned protocol.

Statistical analyses and reproducibility. For determining statistical significance, 
the P value was calculated using permutational multivariate analysis of variance 
(PERMANOVA) with ADONIS test, two-sided Student’s t-test or one-way analysis 
of variance (ANOVA) with Tukey's HSD by SPSS version 24.0 programme. All 
values are presented as mean ± s.e.m. Experiments were repeated at least three 
times to confirm reproducibility.

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

Data availability
The genome sequence of ZJU23, Pa58 has been deposited in the NCBI BioProject 
database with accession codes PRJNA707237 and PRJNA795028. Raw data of 
amplicon sequencing, genome sequences of herbicolin A-resistant S. cerevisiae 
mutants and transposon mutants of P. agglomeans ZJU23 are deposited in the 
Genome Sequence Archive of the Beijing Institute of Genomics (BIG) Data Center 
with accession numbers CRA003916, CRA006594 and CRA006602 in bioproject 
PRJCA003858 (https://bigd.big.ac.cn/gsa). Other data supporting the findings 
of the present study are available within this article, in Extended Data and the 
Supplementary Information. Source data are provided with this paper.

Code availability
Scripts employed in the microbiome analysis are available at https://github.com/
YongxinLiu/WheatFHB.
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Extended Data Fig. 1 | experimental procedure for assessing perithecia-associated bacterial communities. a, Collection of perithecia and microscopic 
visualization of bacteria on the surface of perithecia using a scanning electron microscope. The experiment was repeated five times with similar results. 
b, c, Experimental procedure used to analyse the detailed analysis of the perithecium-associated microbiome and the corresponding cultivable bacterial 
isolates. Bacterial identification procedure was modified from Zhang et al., 201963.
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Extended Data Fig. 2 | Diversity and differential abundance of oTus in the perithecium, stubble and soil samples. a, Rarefaction curves of detected 
bacterial OTUs in microbiomes from each compartment. The saturation stage with increasing numbers of sequencing reads indicates that bacterial 
diversity was sufficiently covered by the implemented approach. The richness index of perithecium, stubble and soil samples is shown separately 
(mean ± s.e.m.). b, Constrained principal coordinate analysis (CPCoA) of Bray-Curtis dissimilarity showing compartment effects on the microbial 
community structure. Ellipses cover 68% of the samples for each compartment. c, Manhattan plot showing OTUs that were enriched or depleted in 
perithecium versus soil and stubble. Each dot or triangle represents a single OTU. OTUs enriched or depleted in perithecium samples are represented by 
filled or empty triangles, respectively (FDR adjusted P < 0.001, Wilcoxon rank-sum test). OTUs are arranged in taxonomic order and colored according to 
their phylum and the proteobacteria class. CPM, counts per million. Numbers of replicated samples for each compartment, n = 65 biologically independent 
samples. d, Source analysis of average perithecium compartment attribution using SourceTracker trained on the stubble and soil microbiome datasets. 
Replicates for each compartment, n = 65 biologically independent samples.
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Extended Data Fig. 3 | ZJu23 inhibitory effects on the formation of Fg perithecia on rice straws and the length of wheat seedlings in each treatment 
with or without conidial of Fg. a, Fg perithecium formation in different treatments on rice straws. Images were taken after 14 days post-inoculation (dpi) 
from n = 6 biologically independent samples (mean ± s.e.m.). Different letters indicate significantly different groups (P < 0.05, ANOVA, Tukey HSD). The 
non-antagonistic P. agglomerans Pa58 strain was used as a control. The experiment was repeated three times with similar results. b, The length of wheat 
seedlings with or without F. graminearum (Fg) inoculation in each treatment are shown at 7 dpi. The length of the wheat seedlings at 7 dpi was measured 
and statistically analyzed (n = 10 biologically independent seedlings for each treatment, mean ± s.e.m.). Different letters indicate significantly different 
groups (P < 0.05, ANOVA, Tukey HSD). Representative wheat seedlings without Fg inoculation in each treatment are shown. The experiment was repeated 
three times with similar results.
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Extended Data Fig. 4 | Purification and identification of herbicolin a. a, Comparative total ion flow diagram profile between ZJU23 and deletion mutants 
in the HA biosynthetic gene cluster. b, High-resolution mass spectra (HRMS) of herbicolin A showing a peak at m/z 1300.7378, which corresponds to the 
[M+H] + ion and another at m/z 650.8722, which corresponds to the [M+2H]2+ ion. c, 1H NMR spectrum of HA. d, NOESY NMR spectrum. e, TOCSY 
NMR spectrum. f, 1H-13C HSQC NMR spectrum. g, 1H-13C HMBC NMR spectrum.
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Extended Data Fig. 5 | Stereochemistry of Thr (a), N-Methy-Thr (b), Glu (c), Leu (d), allo-Thr (e) and arg (f) residues in herbicolin a determined by Marfey’s 
method. Shown are extracted ion chromatograms of amino acid-FDAA adducts detected by HPLC-Qtof-MS of hydrolyzed, FDAA-derivatized herbicolin A and 
the amino acid standards. (i) herbicolin A-L-FDAA; (ii) L-AA-L-FDAA; (iii) D-AA-L-FDAA. FDAA, 1-fluoro-2-4-dinitrophenyl-5-L-alanine amide.
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Extended Data Fig. 6 | Structures of intermediates in the herbicolin a biosynthesis. a, Electrospray ionization spectra of herbicolin A, herbicolin B, 
intermediate 1–4. b, Structures of herbicolin A, herbicolin B, intermediate 1–4.
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Extended Data Fig. 7 | Growth inhibition of Ha in various concentrations towards Fg mycelia in agar plates. a, Live/dead staining of F. graminearum cells 
expressing the plasma membrane marker GFP-StoA, after treatment with HA. Dead cells are indicated by either yellow or red staining. Scale bar, 5 µm. The 
experiment was repeated five times with similar results. b, Survival curves of F. graminearum cells grown in liquid medium supplemented or not (Control) 
with the indicated concentrations of HA. Data presented the mean ± s.e.m.. The experiment was repeated five times with similar results.
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Extended Data Fig. 8 | origin of the herbicolin a biosynthetic cluster in ZJu23. a, Heatmap representation of the amino acid identities (%) of individual 
HA biosynthetic proteins shared between ZJU23 and other tested strains. b, Phylogenies of the 10 genes in the cluster correspond to six different patterns. 
Specific genes supporting each of the patterns are listed on top. c, Microsynteny and amino acid sequence conservation between the HA biosynthesis 
cluster in ZJU23 and a predicted gene cluster in Ca. Fukatsuia symbiotica. The hits between the two clusters are indicated with different shades of yellow, 
and the identity scale (45–100%) is included. d, Phylogenetic tree of tested bacterial species. γ-Protebacteria, β-Proteobacteria and other proteobacteria 
are indicated with red, green and black lines.
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Extended Data Fig. 9 | Synergistic effects between herbicolin a and two tested fungicides, polyoxin B and carbendazim. Two-dimensional matrix of 
dose–response for relative mycelial growth inhibition of F. graminearum in the combinations of herbicolin A and polyoxin B (a), and herbicolin A and 
carbendazim (c). Synergyfinder was used to generate a topographic two-dimensional map of synergy scores for the combination of herbicolin A and 
polyoxin B (b), herbicolin A and carbendazim (d), respectively. Synergistic and antagonistic dosage zones are highlighted in red and green on the synergy 
map, respectively. The area with the greatest synergy score is indicated by a white box.
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Extended Data Fig. 10 | Proposed model for the mode of action of herbicolin a, which is secreted by ZJu23 in the perithecium microbiome, on Fusarium 
graminearum. The biocontrol bacterium P. agglomerans ZJU23 was isolated from F. graminearum perithecium microbiome. ZJU23 showed strong in vitro 
and in situ antagonism, which was later attributed to the secreted antifungal compound herbicolin A (HA). The HA biosynthetic gene cluster AcbA-J was 
obtained via horizontal gene transfer from Candidatus Fukatsuia symbiotica. HA binds ergosterol and disrupts the integrity of ergosterol-containing fungal 
lipid rafts, which subsequently suppresses fungal growth, substantially reducing perithecium formation and virulence of F. graminearum.
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