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Significance

 Soil bacteria are widely 
recognized for their ability to 
inhibit fungal pathogens and 
protect plants through the 
production of diffusible antibiotic 
metabolites, a mechanism that 
does not necessitate direct 
intercellular contact between 
bacteria and fungi. Here, we 
present an antifungal 
phenomenon in which effective 
inhibition is contingent upon 
intercellular contacts between 
bacterial cells and conidia of 
filamentous fungi. This contact-
dependent antifungal activity 
functions independently of 
antibiotics and is mediated by 
type VI secretion system (T6SS) in 
bacteria, represented by 
 Lysobacter  and Pseudomonas . 
These findings expand our 
understanding of the inhibitory 
effects of T6SS beyond its 
previously recognized influence 
on yeast-like fungi, thus offering 
strategies for the identification of 
biocontrol bacteria to safeguard 
crop health.
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Bacterial–fungal interaction (BFI) has significant implications for the health of host 
plants. While the diffusible antibiotic metabolite- mediated competition in BFI has been 
extensively characterized, the impact of intercellular contact remains largely elusive. 
Here, we demonstrate that the intercellular contact is a prevalent mode of interac-
tion between beneficial soil bacteria and pathogenic filamentous fungi. By generating 
antibiotics- deficient mutants in two common soil bacteria, Lysobacter enzymogenes and 
Pseudomonas fluorescens, we show that antibiotics- independent BFI effectively inhibits 
pathogenic fungi. Furthermore, transcriptional and genetic evidence revealed that this 
antibiotics- independent BFI relies on intercellular contact mediated by the type VI 
secretion system (T6SS), which may facilitate the translocation of bacterial toxic effec-
tors into fungal cells. Finally, by using a “conidia enrichment” platform, we found that 
T6SS- mediated fungal inhibition resulting from intercellular contact naturally occurs 
within the soil microbiome, particularly represented by Pseudomonas fulva. Overall, these 
results demonstrate that bacteria from the soil microbiome can protect host plants from 
fungal infection through antibiotics- independent intercellular contacts, thus revealing 
a naturally occurring and ecologically important mode of BFI in agricultural contexts.

bacterial–fungal interaction | filamentous fungi | contact- dependent antifungal activity | T6SS

 Phytopathogenic fungi pose a significant threat to global crop production, accounting for 
30% of crop yield losses and contamination issues arising from mycotoxins ( 1 ,  2 ). 
Bacterial–fungal interactions (BFIs) are crucial factors for ecosystem functioning and 
health ( 3 ). The mechanisms underlying BFIs offer promising solutions for the effective 
control of fungal diseases in agricultural settings ( 4 ). Bacteria residing in bulk soil and the 
rhizosphere act as formidable competitors against pathogenic fungi, thereby serving as 
valuable microbial resources for the discovery of antibiotics. BFIs mediated with the 
naturally transmitted-antibiotics have thus far been regarded as a typical contact-independent 
interaction model between bacteria and filamentous fungi.

 As prevalent members of gram-negative bacteria in the plant’s belowground compart-
ments, the genera Pseudomonas  and Lysobacter  produce and secrete various antibiotic 
metabolites that serve as antifungal weapons ( 5   – 7 ). Within Pseudomonas , phenazine-1- 
carboxylate and 2,4-diacetylphloroglucinol (2,4-DAPG) have been identified as effective 
fungicidal compounds ( 6 ,  8 ). Lysobacter  bacteria exhibit broad-spectrum inhibitory effects 
against crop fungal pathogens by generating distinct antimicrobial substances, including 
the heat-stable antifungal factor (HSAF) ( 9   – 11 ). Notably, recent evidence suggests that 
contact-dependent antibacterial mechanisms are widespread among the bacterial com-
petitors, with the type VI secretion system (T6SS) and type IV secretion system (T4SS) 
being the most commonly utilized in gram-negative bacteria ( 12 ).

 Following cell-to-cell contact within bacterial community, bacteria exhibiting T6SS/
T4SS activity can eliminate competitor cells by injecting lethal effector proteins. This 
interspecies killing behavior relies on direct cell-to-cell contact, rather than the produc-
tion of antibiotic metabolites ( 12 ,  13 ). Previous studies have demonstrated that L. 
enzymogenes  is incapable of producing antibiotic metabolites against gram-negative 
bacteria. However, it can efficiently eliminate bacterial competitors via a contact-dependent 
mechanism mediated by the T4SS ( 14 ,  15 ). The coculture of bacterial cells utilized in 
these case studies has established a standardized approach to simulate the natural 
cell-to-cell interactions inherent in bacterial interspecies dynamics, which have also 
been adapted to observe contact-dependent BFIs between bacteria and ecologically 
related fungi, including both yeast and filamentous-form of yeast-like fungi ( 16 ,  17 ). 
In contrast, phytopathogenic filamentous fungi exhibit more complex structures than 
yeast-like fungi, possessing multicellular and intricate hyphae, which complicate the 
study of intercellular contacts within BFIs ( 3 ). Consequently, it remains unclear whether D
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and how bacteria utilize intercellular contact-dependent secre-
tion systems to engage with filamentous pathogenic fungi in 
agricultural contexts.

 To establish a laboratory condition that simulates the natural 
contact-dependent interactions between bacteria and filamentous 
fungi, we developed a coculture system involving bacterial cells 
and conidia of filamentous fungi grown on solid media. Utilizing 
this system, we found that the antibiotics-deficient mutants of L. 
enzymogenes  and P . fluorescens  effectively inhibited the growth of 
various filamentous fungi. Furthermore, we provided transcrip-
tional, genetic, and biochemical evidence demonstrating that the 
antibiotic-independent antifungal activity exhibited by L. enzy-
mogenes  and P . fluorescens  is dependent on T6SS-mediated inter-
cellular contacts. Finally, we established a “conidia enrichment” 
platform to demonstrate that T6SS-mediated fungal inhibition, 
triggered by intercellular contact, occurs naturally within the soil 
microbiome. This phenomenon appears to represent an interk-
ingdom BFI model in agricultural settings. 

Results

L. enzymogenes Inhibits Fungal Growth via Antibiotic- Indepen
dent Intercellular Contact. To investigate the potential of soil 
bacteria in employing contact- dependent killing mechanisms 
to suppress the growth of filamentous fungi without antibiotic 
metabolites, we selected L. enzymogenes OH11, a biocontrol 
bacterium recognized for its ability to protect various crops 
against fungal infections by secreting the well- characterized 
antifungal antibiotic HSAF (18) (Fig. 1A). Using a dual- culture 
assay (antagonistic assay), we observed that wild- type (WT) 
OH11 displayed significant antifungal activity against the model 
phytopathogenic fungus Fusarium graminearum PH- 1, whereas 
the HSAF- deficient mutant ΔlafB (a mutant of the first gene in 
the HSAF biosynthetic operon) exhibited a near- complete loss of 
antifungal activity (Fig. 1B). Similarly, the ΔlafB mutant did not 
demonstrate antagonistic activity against three other filamentous 
fungal pathogens that we tested—Fusarium oxysporum, Alaternaria 
alternata and Colletotrichum gloeosporioides (SI Appendix, Fig. S1), 
suggesting that HSAF is crucial for contact- independent antifungal 
effects. However, the ∆lafB spots were not entirely covered by fungi 
(Fig. 1B and SI Appendix, Fig. S1), indicating that L. enzymogenes 
may inhibit fungal growth in an HSAF- independent mechanism 
following directly made contact with fungal cells. To explore this 
further, we used F. graminearum PH- 1 as our working model. We 
cocultured cells of WT OH11 or HSAF- deficient mutant (ΔlafB), 
both in 10% TSB (OD600 = 1.0), with PH- 1 conidia (200 conidia/
μL) on 10% TSA agar plates to replicate intercellular contact 
between bacteria and fungi. We observed complete inhibition 
of PH- 1 growth, from conidial germination to mature hypha 
formation, in the presence of both OH11 and ΔlafB. Notably, 
the fungal growth inhibition associated with ΔlafB was completely 
abolished when ΔlafB cells and PH- 1 conidia were separated by 
a 0.22- μM PVDF filter membrane, which effectively prevented 
intercellular contact (Fig. 1C). In contrast, only the WT OH11 
was able to produce HSAF after isolated growth, which allowed it 
to “penetrate” the membranes and inhibit fungal growth (Fig. 1C). 
Furthermore, we inoculated OH11 or ΔlafB cells suspended in 
water with PH- 1 conidia on PDA plates which were positioned 
at varying distances. The result indicated that WT OH11 could 
inhibit the mycelial growth of PH- 1 even before direct intercellular 
contact occurred, while ΔlafB only exhibited inhibitory effects 
after direct contact was established (Fig.  1D). These findings 
suggested that L. enzymogenes inhibits fungal growth through 
intercellular contact in an HSAF- independent manner, indicating 

that this contact- dependent antifungal effect did not necessitate 
cell- to- cell mixing from the outset.

 To substantiate these observations at the molecular level, we 
conducted RNA-seq assays to identify fungal genes whose tran-
scription was significantly altered upon contact with L. enzy-
mogenes  cells, independent of HSAF. We prepared a water 
suspension of ΔlafB  cells, mixed it with PH-1 conidia, and inoc-
ulated the mixture on PDA agar plates 24 h prior to RNA-seq 
analysis. The results indicated that the coculture of HSAF-deficient 
mutant cells notably affected fungal gene expression compared to 
the negative control (H2 O-treated). We identified 981 DEGs that 
were up-regulated and 684 genes down-regulated (SI Appendix, 
Fig. S2  and Dataset S1 ). These DEGs were predominantly enriched 
in categories related to metabolic process, catalytic activity, and 
membrane Gene Ontology (GO) terms. Additionally, several genes 
associated with stimulus responses (35 genes), transporter activity 
(136 genes), antioxidant activity (13 genes), and transcription factors 
(47 genes) were also differentially expressed ( Fig. 1E  ). Specifically, 
27 DEGs involved in ubiquinone and other terpenoid-quinone 
biosynthesis and 57 DEGs related to porphyrin metabolism were 
identified by KEGG annotation (SI Appendix, Fig. S2 ). 
Furthermore, we identified 11 DEGs involved in glycerophospho-
lipid metabolism, which have been recognized as essential for fun-
gal cell membrane biogenesis ( 19 ) (SI Appendix, Fig. S2 ). These 
findings demonstrate that the transcription of fungal genes associ-
ated with membrane and metabolic processes is broadly influenced 
by intercellular contact with L. enzymogenes . An earlier study indi-
cated that HSAF induced cell wall thickening and plasmolysis, 
resulting in the abnormal germination of PH-1 conidia ( 20 ). BarA, 
a ceramide synthase involved in sphingolipid signaling, has been 
identified as a potential target of HSAF ( 21   – 23 ). It has been 
demonstrated that HSAF treatment alters the expression of mul-
tiple genes in Alternaria alternata , including those involved in 
sphingolipid metabolism and signaling pathway, chitin synthase, 
and the key central protein phosphatase 2A ( 24 ). With the excep-
tion of two chitin synthase genes, none of aforementioned genes 
exhibited differential expression in our observations. The DEGs 
of PH-1 induced by exposure to ΔlafB  were primarily associated 
with the biosynthesis of cell membrane and organelle, rather than 
the cell wall, suggesting that L. enzymogenes  may target F . gramin-
earum  through a contact-dependent inhibitory mechanism dis-
tinct from those mediated by HSAF. The expression levels of 
several selected genes involved in PH-1 conidia production and 
germination regulation were validated by qRT-PCR, including 
 FGSG_01176  (FgSR, transcription factor), FGSG_04770  
(kinase), FGSG_08701  (Gin4-like kinase), FGSG_01641  (kinase), 
FGSG_03846  (TAG lipases), and FGSG_06610  (phosphatases) 
( 25  –  27 ) ( Fig. 1F  ). We selected fungal mutants of 4 DEGs (FgSR , 
 FGSG_01641 , FGSG_04770,  and FGSG_08701 ) to genetically 
correlate the RNA-seq data with contact-dependent antifungal 
effects. Through coculture experiments, we observed that one of 
the fungal mutants (ΔFGSG_08701 ) displayed a colony size sim-
ilar to that of the WT PH-1 when grown in isolation. However, 
its growth was more susceptible to inhibition by ΔlafB  
(SI Appendix, Fig. S3 ), thereby providing further support for the 
RNA-seq results.

 To determine whether the observed intercellular contact- 
dependent inhibition of fungal growth by L. enzymogenes  is a 
widespread phenomenon or specific to certain fungal species, we 
further prepared conidia from three additional fungi (F. oxysporum , 
 A . alternata,  and C. gloeosporioides ) and mixed them with cells of 
the WT OH11 or HSAF-deficient mutant, respectively. The 
results demonstrated that fungal growth inhibition occurred when 
all tested conidia were cocultured with either WT OH11 or ΔlafB . D
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Fig. 1.   Discovery of contact- dependent inhibition of filamentous fungal growth by L. enzymogenes OH11 independent of antifungal antibiotics. (A) L. enzymogenes 
OH11 secretes HSAF to inhibit F. graminearum PH- 1. The lafB gene is critical for HSAF biosynthesis, with red dots indicating HSAF secretion by OH11. (B) The 
HSAF- defective mutant ΔlafB exhibited a nearly complete loss of antagonistic activity against PH- 1. Bacterial strains were cultured in 10% TSB media to induce 
HSAF production, which was subsequently tested for antagonistic activity on 10% TSA plates. (C) L. enzymogenes inhibited conidial germination of F. graminearum 
PH- 1 through a HSAF- independent and contact- dependent mechanism. Both the WT OH11 and ΔlafB hindered the growth of PH- 1. Filter separation impeded 
cell- to- cell contact, resulting in diminished antifungal activity of ΔlafB, while WT OH11 displayed a small zone of inhibition outside the filter. Again, L. enzymogenes 
strains were cultured in 10% TSB media to induce HSAF production for antagonistic testing on 10% TSA. The blue dotted lines indicate the 0.22- μM PVDF filter, 
while the red arrows point to the inhibition zones. (D) WT OH11 inhibited PH- 1 growth prior to cell contact, whereas ΔlafB did not. Red circles denote PH- 1, 
while yellow circles represent L. enzymogenes. PH- 1 and L. enzymogenes were inoculated at varying distance marked by circles. Bacteria cells suspended in water 
were inoculated onto PDA media to evaluate antifungal activity. (E) The number of differentially expressed genes (DEGs) categorized into various GO terms 
is illustrated. Orange columns represent up- regulated genes, while blue columns denote down- regulated genes. (F) Expression levels of selected genes were 
validated by qRT- PCR. Three replicates of each sample were analyzed with a t test. Asterisks indicate significant differences (P < 0.01). (G) L. enzymogenes strains 
inhibited growth of multiple filamentous fungi in a contact- dependent manner. Both WT OH11 and ΔlafB inhibited growth of F. oxysporum, A. alternata, and C. 
gloeosporioides, while filter separation obstructed cell- to- cell contact, thereby hindering antifungal activity of ΔlafB. Red arrows indicate zones of inhibition, and 
blue dotted lines depict the 0.22- μM PVDF filters.
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However, when the intercellular contacts between bacterial cells 
and fungal conidia were separated by a 0.22- μM filter membrane, 
ΔlafB  lost its antifungal activity, while WT OH11 maintained 
inhibition of fungal growth outside the membrane ( Fig. 1G  ). 
Collectively, these findings suggest that the observed antifungal 
effects of L. enzymogenes  through HSAF-independent intercellular 
contacts represent a common occurrence.  

T6SS Is Required for Fungal Growth Inhibition Triggered by 
Intercellular Contacts. In the following context, we aim to 
elucidate the mechanisms by which L. enzymogenes achieves 
HSAF- independent antifungal effects through interkingdom 
intercellular contact, focusing specifically on the T6SS. This system 
not only mediates competition among bacterial species but also 
exhibits the capacity to kill yeast- like fungi (16, 17). Our previous 
work indicated that the genome of OH11 encodes a complete 
T6SS gene cluster and that the structural gene tssM is essential 
for the translocation of the inner- tube Hcp into the extracellular 
environment (28). To investigate the role of T6SS in L. enzymogenes’s 
antifungal activity independent of HSAF, we generated a double 
mutant, ΔlafBΔtssM, by knocking out tssM in an HSAF- deficient 
mutant background (ΔlafB). We conducted coculture experiments 
on PDA plates using L. enzymogenes cells and conidia from four 
filamentous fungal pathogens-  F. graminearum, F. oxysporum, A. 
alternata, and C. gloeosporioides. The results demonstrated that the 
ΔlafB mutant was largely unable to inhibit fungal growth in the 
absence of T6SS, whereas complementation with T6SS rescued 
this inhibitory effect (Fig. 2A). These findings strongly suggest 
that T6SS serves as the primary contact- dependent antifungal 
weapon employed by L. enzymogenes against filamentous fungi, 
independently of HSAF.

 To assess the ecological significance of T6SS in enhancing 
plant protection against fungal infections by L. enzymogenes  in 
the absence of HSAF, we conducted assays that involved mixing 
OH11 and related mutants with hyphal plugs of F . graminearum , 
followed by inoculating the mixtures on soybean leaves. Both 
OH11 and ΔlafB  demonstrated significant inhibition of F . 
 graminearum  infection; however, the biocontrol activity of the 
ΔlafB ΔtssM  double mutant was notably diminished ( Fig. 2 B  
and C  ). Additionally, we inoculated L. enzymogenes  cells on the 
surface of fungal-colonized seeds to establish a contact-dependent 
microenvironment. Treatments with WT OH11 and ΔlafB  
proved highly effective in protecting Rhizopus -contaminated 
watermelon (Citrullus lanatus ) seeds from fungal infection, as 
evidenced by the absence of fungal mycelia on the seed surface 
(SI Appendix, Fig. S4 ). In contrast, the inactivation of T6SS in 
ΔlafB  significantly impaired the protective capacity of L. enzy-
mogenes  (SI Appendix, Fig. S4 ). These plant assays collectively 
indicate that L. enzymogenes  possesses an HSAF-independent 
antifungal strategy against filamentous fungal pathogens, with 
T6SS being a crucial contact-dependent weapon.

 To evaluate whether L. enzymogenes  can inhibit fungi in soil via 
T6SS, we mixed F . graminearum  conidia with cultures of L. enzy-
mogenes  strains and inoculated the mixtures into sterile soil. After 
7 d of incubation, we quantified the relative biomass of F . gramin-
earum  and L. enzymogenes  using qPCR on total soil DNA. The 
result revealed a significant increase in the relative biomass of F . 
 graminearum  when T6SS was inactivated in L. enzymogenes  
( Fig. 2D  ). We also inoculated ΔlafB  and ΔlafB ΔtssM  into the 
naturally banana-planting soil to examine whether L. enzymogenes  
influences the soil fungal microbiome. The total fungal biomass 
decreased in soil treated by ΔlafB , while an increase was observed 
in soils treated by ΔlafB ΔtssM  ( Fig. 2E  ). Microbiome sequencing 
and PCoA confirmed that fungal communities from ΔlafB -treated 

soil were distinct from those derived from the soil treated by LB 
and the ΔlafB ΔtssM  double mutant ( Fig. 2F  ), indicating that L. 
enzymogenes  can shape the fungal community in field settings 
through T6SS.

 To further investigate the role of T6SS in the fungal inhibition by 
 L. enzymogenes , we performed microscopy on F . graminearum  PH-1. 
While WT OH11 did not inhibit the germination of F . graminearum  
conidia during the initial 8 h of coculture (SI Appendix, Fig. S5 ), 
conidia degradation was observed after 24 h, a result not achieved by 
ΔlafB  or ΔlafB ΔtssM  (SI Appendix, Fig. S5 ). Microscopic observa-
tions indicated that the elongation of germinating hyphae of F . 
 graminearum  was inhibited by ΔlafB , with this inhibitory effect mark-
edly reduced in ΔlafB ΔtssM  ( Fig. 3 A  and B  ). Scanning electron 
microscope (SEM) revealed that ΔlafB  could make contact with the 
 F . graminearum  surface and induce partial hyphal degradation, 
whereas ΔlafB ΔtssM  failed to elicit those effects ( Fig. 3C  ). Further 
analysis through transmission electronic microscope (TEM) 
revealed deformation of the F . graminearum  cell wall and plasma 
membrane upon contacting with ΔlafB , while cell deformity in 
ΔlafB ΔtssM- treated F . graminearum  was partially restored ( Fig. 3D  ). 
Chitin distribution was concentrated at the tips and septa of F . 
 graminearum  hyphae treated with ΔlafB, indicating that ΔlafB  did 
not affect the polarized growth of F . graminearum  germinating hyphae 
(SI Appendix, Fig. S5 ). Under poor nutrient conditions (such as 10% 
TSB), HSAF generation is up-regulated, while T6SS assembly occurs 
under rich nutrient conditions (such as LB) ( 28 ). Interestingly, while 
HSAF disrupts polarized growth of fungi ( 21 ,  24 ), intercellular 
contact-dependent fungal inhibition by L. enzymogenes  is accom-
plished through alternative mechanisms, further supporting that this 
fungal inhibition is independent of HSAF.        

 We analyzed the comparative transcriptomes of F . graminearum  
PH-1 conidia treated with ΔlafB  and the double mutant 
ΔlafB ΔtssM  to identify fungal genes significantly affected upon 
contact with L. enzymogenes  cells. In the ΔlafB ΔtssM  treatment 
group, 648 genes were up-regulated and 431 down-regulated 
compared to the ΔlafB  treatment (SI Appendix, Fig. S6  and 
 Dataset S1 ). The GO enrichment analysis showed similar patterns 
of DEGs in ΔlafB -treated samples when compared to the control; 
however, T6SS deficiency did not alter the expression of any genes 
involved in antioxidant activity ( Fig. 3E  ). These results suggest 
that the contact-dependent inhibition of fungal growth from 
conidia to hypha by L. enzymogenes  is primarily mediated through 
T6SS, although other oxidative stress-inducing mechanisms may 
also play a role. Additionally, we found 87 genes related to cell 
membrane processes that were differentially expressed. KEGG 
annotation revealed that five fungal genes associated with glycer-
ophospholipid metabolism and fungal membrane biogenesis were 
down-regulated in ΔlafB ΔtssM -treated fungi, whereas expression 
levels were elevated in fungi treated with ΔlafB  (SI Appendix, 
Fig. S6 ). These results imply that the T6SS of L. enzymogenes  
potentially disrupts the cell structure of F . graminearum , supporting 
the findings from both SEM and TEM assays ( Fig. 3 C  and D  ). 
The expression levels of selected genes involved in the conidia pro-
duction and germination regulation were validated by qRT-PCR, 
including FGSG_09031  (oxysterol binding protein, indispensable 
for ergosterol biosynthesis), FGSG_03946  (thioredoxin), 
 FGSG_01763  (hydrophobin) ( 29  –  31 ) ( Fig. 3F  ). These results fur-
ther indicate that the T6SS of L. enzymogenes  may exert its anti-
fungal effects by directly or indirectly disrupting the properties of 
fungal cell structure.  

The T6SS Effector Le1893 Demonstrated Antifungal Activity 
When Expressed in Yeast. Given that the T6SS has been shown 
to translocate yeast- killing toxic effectors, our objective was to D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 C

A
A

S 
IN

ST
IT

U
T

E
 O

F 
A

G
R

IC
U

L
T

U
R

A
L

 E
C

O
N

O
M

IC
S 

&
 D

E
V

E
L

O
PM

E
N

T
 o

n 
Ja

nu
ar

y 
20

, 2
02

5 
fr

om
 I

P 
ad

dr
es

s 
12

4.
17

.3
4.

81
.

http://www.pnas.org/lookup/doi/10.1073/pnas.2418766122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418766122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418766122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418766122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418766122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418766122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418766122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418766122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418766122#supplementary-materials


PNAS  2025  Vol. 122  No. 3 e2418766122 https://doi.org/10.1073/pnas.2418766122 5 of 12

identify such effectors in L. enzymongenes using yeast as our working 
model, owing to its well- established heterogeneous gene- induction 
system (32). We first assessed whether L. enzymogenes also employs 
T6SS to target yeast by coculturing mCherry- labeled ΔlafB cells 
and GFP- labeled Saccharomyces cerevisiae (W303) cells (OD600 = 
1.0) at a 1:1 volume ratio on YPD agar plates. No GFP signal was 
observed; however, separating the bacterial and yeast cells using 
a 0.22- μM filter allowed for simultaneous detection of GFP and 
mCherry signals (Fig. 4A). During this process, T6SS appeared 

to play a key role, as the blockade of T6SS by the tssM mutation 
in ΔlafB reduced its antifungal activity against yeast growth, as 
evidenced by fluorescent microscopy and viable yeast cell counts 
(Fig. 4 B and C). Proteins containing PAAR domains are among 
the most well- studied effectors of bacterial T6SS translocation 
(33). We searched the genome of OH11 and identified three 
proteins containing PAAR domain (Le1893, Le2217, and 
Le4961) (SI Appendix, Fig. S7). The artificial expression of these 
three predicted PAAR domain- containing proteins in S. cerevisiae 

Fig. 2.   T6SS is essential for contact- dependent inhibition of fungi by L. enzymogenes. (A) T6SS is critical for the contact- dependent inhibition of various filamentous 
fungi by L. enzymogenes without HSAF. ΔlafBΔtssM exhibited significantly reduced inhibitory activity against all tested fungi compared with ΔlafB, whereas the 
tssM complementation strain ΔlafBΔtssM- c restored this defect. Bacteria cells suspended in water were inoculated onto PDA media to assess antifungal activity. 
The down panels were fungal colony sizes quantified from the upper panels. Three replicates of each sample were analyzed using a one- way ANOVA, and 
different letters indicated the significant differences (P < 0.01). (B) L. enzymogenes prevents soybean infection by F. graminearum through T6SS. Hyphal plugs of 
F. graminearum were combined with culture of L. enzymogenes–related strains. After coculturing for 1 h, the hyphal plugs were inoculated onto soybean leaves 
for 2 d, and images were captured under UV light. (C) Quantification of lesion sizes in panel B. Three replicates of each sample were analyzed with a one- way 
ANOVA test. Different letters indicate the significant differences (P < 0.01). (D) The relative biomass of F. graminearum significantly increased during interactions 
with ΔlafBΔtssM in soil. Conidia of F. graminearum were mixed with L. enzymogenes strains and subsequently inoculated into sterile soil, which was cultured for 
7 d. The relative biomass of F. graminearum and L. enzymogenes was measured by qPCR using total soil DNA. Three replicates of each sample were analyzed 
with a one- way ANOVA test. Different letters indicate the significant differences (P < 0.01). (E) L. enzymogenes inhibited fungal biomass in natural soil via T6SS. 
Strains ΔlafB and ΔlafBΔtssM were individually inoculated into the natural soil planted with banana for 7 d. The relative biomass of total fungi and bacteria was 
measured by qPCR using total soil DNA, with three replicates of each sample analyzed with a one- way ANOVA, and different letters indicating the significant 
differences (P < 0.01). (F) Principal coordinates analysis (PCoA) of microbiome sequencing indicated that the fungal communities derived from the ΔlafB- treated 
soil were clustered separately from those derived from the LB- treated soil and the ΔlafBΔtssM- treated soil.
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revealed that one of them (Le1893) exhibited antifungal activity 
against yeast (SI Appendix, Fig. S7). Additionally, when 3 VgrG 
proteins, often acting as the syringe components of T6SS (13), 
were expressed in S. cerevisiae, none was found to inhibit yeast 
growth (SI Appendix, Fig. S7).

 By searching in the conserved domain database ( 34 ), we deter-
mined that Le1893 contained a PAAR domain, a Rearrangement 
Hot Spot (RHS) ligand-binding domain, and an AHH nuclease 
superfamily domain. We utilized Alphafold2 to predict the struc-
ture of Le1893 ( 35 ), and found that its structure was similar to 

Fig. 3.   L. enzymogenes inhibits the elongation of germinating hyphae of F. graminearum through T6SS. (A) Elongation of F. graminearum PH- 1 germinating hyphae 
was inhibited by ΔlafB, whereas the inhibitory capacity of ΔlafBΔtssM was significantly diminished. The hyphae were stained by CFW to enhance visibility. (B) 
Quantification of hyphae length from panel A. Three replicates of each sample were analyzed with a one- way ANOVA test. Different letters indicate the significant 
differences (P < 0.01). (C) SEM analysis demonstrated that ΔlafB resulted in partial hyphal degradation of strain PH- 1, while this defect was less pronounced in the 
ΔlafBΔtssM double mutant. Red arrows indicate the attachment of L. enzymogenes cells to F. graminearum hypha. Yellow arrows indicate F. graminearum hypha 
was partially degraded. (D) Transmission electron microscopy analysis demonstrated that ΔlafB caused deformations in the cell wall and plasma membrane of 
strain PH- 1, while these deformations were partially restored during interactions with ΔlafBΔtssM. Black arrows indicate cell wall, and white arrows indicate cell 
membrane. (E) The number of DEGs categorized into various GO terms. Orange spots indicate up- regulated genes, while blue spots denote down- regulated 
genes. (F) Expression levels of selected genes were assessed by qRT- PCR. Three replicates of each sample were analyzed with a t test. Asterisks indicate the 
significant differences (P < 0.01).
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Fig. 4.   The L. enzymogenes T6SS effector Le1893 demonstrates antifungal activity. (A) L. enzymogenes inhibited yeast growth in a manner that was both HSAF- 
independent and dependent on cell- to- cell contacts. The HSAF- defective mutant ΔlafB(mCherry) inhibited the growth of yeast strain W303(GFP) after coculturing 
for 24 h. Blocking of intercellular contact with a filter resulted in a loss of antifungal activity. The blue dotted line represented the 0.22- μM PVDF filter. Bacterial 
cells suspended in water were inoculated onto YPD media to assess their antifungal activity. (B) ΔlafBΔtssM exhibited reduced antifungal activity against yeast. 
Normalized bacterial strains and yeast strain W303(GFP) were mixed in various volumetric ratios and cultured for 24 h prior to analysis. (C) The living number 
of CFU of W303 (bacteria: yeast = 5:1) in panel B was quantified. Three replicates of each sample were analyzed using a one- way ANOVA test. Different letters 
indicate the significant differences (P < 0.01). (D) The structure of Le1893 was predicted by AlphaFold2. Color codes: PAAR domain (green), RHS domain (yellow), 
C- terminal toxin domain (red). (E) Mutation of the predicted self- cleavage sites in Le1893 resulted in the loss of antifungal activity. W303- derived yeast strains 
were diluted to a series of ODs and cultured for 48 h on either noninducing (glucose) or inducing (galactose) media. (F) Transmission electron microscopy 
observation revealed that Le1893 induced deformation of yeast cells. (G) The abundance of genomic DNA was significantly reduced in the yeast strain expressing 
Le1893, whereas strains expressing the mutants of self- cleavage site did not affect genomic DNA abundance. The W303 strains were cultured in SC- U medium 
supplemented with 2% galactose for 12 h. 1 × 106 yeast cells were harvested and the DNA contents were evaluated through genomic DNA isolation. (H) Flow 
cytometer analysis demonstrated that Le1893 decreased DNA concentration in yeast cells, while strains expressing the mutated self- cleavage site did not achieve 
a similar reduction. The W303 strains were cultured in SC- U medium supplemented with 2% galactose for 12 h. 1 × 106 yeast cells were stained by propidium 
iodide, and then the DNA content was quantified using flow cytometry. FL3- A indicated the fluorescence signal detected by flow cytometry.
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that of RHS family toxins ( Fig. 4D  ). RHS toxins typically consist 
of an N-terminal region responsible for secretion, a conserved 
middle shell-like region, and a variable C-terminal toxic region 
( 36 ). Sequence alignment with RHS toxins led us to predict two 
self-cleavage sites essential for the release of the toxic region of 
Le1893 (SI Appendix, Fig. S7 ). Upon individual mutation of these 
cleavage sites, the resultant mutants lost lethal effects on yeast cells 
( Fig. 4E  ), supporting that Le1893 is an RHS-like toxin. TEM 
observations indicated that the expression of Le1893 resulted in 
deformities in yeast cells ( Fig. 4F  ). The C-terminal structure of 
Le1893 differed from that of homologous RHS proteins and 
belonged to the AHH nuclease superfamily domain. To investigate 
whether Le1893 impedes fungal growth by degrading fungal 
DNA, we extracted the genomic DNA from yeast expressing 
Le1893 and the site-mutated variants. The result demonstrated 
that Le1893 reduced the genomic DNA abundance in yeast, while 
the self-cleavage site mutants lost this function ( Fig. 4G  ). This 
result was corroborated by flow cytometer analysis ( Fig. 4H  ). 
Although we did not observe Le1893-induced DNA degradation 
in yeast cells ( Fig. 4G  ), we propose that Le1893 exerts its antifungal 
activity by influencing the total DNA content. Furthermore, we 
knocked out Le1893  in the ΔlafB  background and determined 
that it was not essential for the contact-dependent antifungal activ-
ity of ΔlafB , indicating that Le1893 is not the sole T6SS antifungal 
effector encoded by L. enzymogenes  (SI Appendix, Fig. S8 ).  

The T6SS- Mediated Antibiotics- Independent Antifungal Mode 
Was Also Present in Pseudomonas fluorescens. We examined 
whether other representative beneficial soil bacteria target 
filamentous fungi in a manner similar to L. enzymogenes. We 
selected six additional laboratory strains, including Lysobacter 
antibioticus OH13, Lysobacter brunescens OH21, P. fluorescens 
2P24 and Pf0- 1, and Pseudomonas protegens Pf- 5 and CHA0. Cells 
from each tested strain were mixed with conidia of F. graminearum 
PH- 1 and coinoculated on PDA agar plates. The results indicated 
that only P. fluorescens 2P24 effectively inhibited the transition 
from conidia to hyphae (Fig. 5A). To test whether this antifungal 
activity exhibited by P. fluorescens is independent of antifungal 
metabolites, we took into consideration that P. fluorescens 2P24 
produces 2,4- DAPG as its primary antifungal antibiotic (37) 
(Fig. 5B). We utilized a specific 2,4- DAPG- deficient mutant Δphl, 
in which the entire phl gene cluster responsible for 2,4- DAPG 
biosynthesis was knocked out (37). As depicted in Fig. 5C, the 
mutant almost exhibited a significant loss of antagonistic activity 
against the F. graminearum PH- 1 mycelium on PDA plates. 
However, coculturing its cells with PH- 1 conidia still resulted 
in fungal inhibition (Fig. 5D). Separation of bacterial cells from 
PH- 1 conidia via a 0.22- μM filter led to the observed loss of 
antifungal activity in Δphl, while the WT 2P24 remained effective 
(Fig. 5D). Subsequently, we generated a 2,4- DAPG and T6SS 
double- deficient mutant (ΔphlΔhcp) by knocking out hcp in the 
Δphl background. ΔphlΔhcp showed reduced antifungal activity 
compared to Δphl via a contact- dependent antifungal assay (Fig. 5 
E and F). This functional defect in ΔphlΔhcp was rescued by hcp 
complementation via a chromosomal knock- in approach (Fig. 5 E 
and F), indicating that P. fluorescens T6SS plays a role in contact- 
dependent antifungal effects. Furthermore, we observed cell- to- cell 
interactions between P. fluorescens and F. graminearum at various 
time points using microscopy. We found that WT 2P24, Δphl, 
and ΔphlΔhcp were unable to inhibit the germination of PH- 1 
conidia during the early stage (8 h) of coculture (SI Appendix, 
Fig. S9). After 24 h of coculture, we observed that Δphl could 
partially inhibit the elongation of germinating PH- 1 hypha, but 

this ability was diminished in ΔphlΔhcp (SI Appendix, Fig. S9). 
Collectively, these results suggest that T6SS- mediated contact- 
dependent antifungal activity is also present in P. fluorescens, 
another prevalent bacterial species within the soil microbiome.

Antibiotics- Independent Fungal Inhibition Triggered by 
Intercellular Contact Naturally Occurs Within the Soil 
Microbiome. Given the widespread presence of Lysobacter and 
Pseudomonas strains across various natural ecological niches, 
particularly in the belowground compartments of plants, we 
investigated whether naturally occurring soil- borne bacteria can 
inhibit fungal growth from conidia to hyphae. We isolated soil 
bacteria that inhabit the same ecological niche as fungi using a 
modified conidia enrichment approach based on previous work 
conducted in our laboratory (38). Soil samples were collected from 
soybean fields and diluted with sterilized ddH2O. These diluted 
soil samples were then mixed with conidia of soybean root rot 
pathogen F. oxysporum. The resulting mixtures were incubated 
for 24 h, filtered through a 0.45- μM filter, and washed with 
sterilized ddH2O to remove nonspecifically adsorbed bacteria. 
Following this, the mixtures were diluted and smeared onto 
PDA plates. We hypothesized that during coincubation, bacteria 
exhibiting contact- dependent activity against F. oxysporum in 
soybean fields would accumulate around the fungi. Indeed, both 
F. oxysporum and bacterial colonies appeared on the plate after 48 
h, and single bacterial colonies near F. oxysporum colonies were 
subsequently picked (SI Appendix, Fig. S10). Using this approach, 
we identified 14 distinct bacterial isolates, designated “FoE1” (F. 
oxysporum Enriched strain 1) through “FoE14”, from soybean 
field. Antagonistic assays, conducted without intercellular contact, 
revealed that one isolate, FoE4, demonstrated a significant zone 
of inhibition against F. oxysporum, while FoE13 exhibited slight 
antagonistic activity. The remaining 12 strains did not display 
antagonistic effects under comparable conditions (SI Appendix, 
Fig. S10). Coculturing bacterial cells with F. oxysporum conidia 
revealed that four isolates (FoE4, FoE5, FoE9, and FoE13) inhibited 
the growth of F. oxysporum from conidia to hyphae (SI Appendix, 
Fig. S10). Sequencing analysis of 16S rRNA fragment determined 
that FoE4 and FoE9 were identified as Pseudomonas species, while 
FoE5 and FoE13 were assigned to the genera Bacillus and Pantoea, 
respectively (SI Appendix, Fig. S10). We then employed membrane 
separation to investigate whether these four isolates possessed 
contact- dependent antifungal weapons. Separation of bacterial and 
fungal growth using filters indicated that FoE5, FoE9, and FoE13 
lost their antifungal activity (Fig. 5G); however, the antifungal 
activity of Pseudomonas FoE4 remained unaffected by membrane 
separation (Fig.  5G), suggesting that FoE4 primarily inhibited 
fungal growth through the production of antifungal metabolites. 
We could not conclusively determine whether antifungal activity 
of FoE13 depended on intercellular contact. The comparison of 
the antagonistic and contact- dependent assays led us to propose 
that isolates FoE5 and FoE9 may inhibit fungal growth in an 
intercellular contact- dependent manner.

 Subsequently, we conducted plant growth assays using isolates 
FoE4, FoE5, and FoE9 with watermelon seeds. FoE5 and FoE9 
demonstrated efficacy in protecting watermelon seeds from fun-
gal infection, comparable to the control (FoE4), which produced 
an antifungal metabolite, as no fungal mycelium was observed 
on the seed surface (SI Appendix, Fig. S11 ). Furthermore, FoE5 
and FoE9, in contrast to FoE4, promoted germination of water-
melon seeds (SI Appendix, Fig. S11 ), suggesting these isolates 
may also enhance plant growth. These results corroborate that 
the conidia enrichment method was effective for identifying 
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Fig. 5.   Pseudomonas strains 2P24 and FoE9 inhibit the growth of Fusarium in a contact- dependent manner mediated by T6SS. (A) P. fluorescens 2P24 demonstrated 
growth inhibition of F. graminearum PH- 1. Lysobacter strains and Pseudomonas strains were cocultured with PH- 1 for 48 h, respectively. OH13 is L. antibioticus; OH21 is 
L. brunescens; Pf01 is P. fluorescens; Pf- 5 and CHA0 are P. protegens. Bacteria cells suspended in water were inoculated onto PDA media to assess antifungal activity. (B) 
P. fluorescens 2P24 secreted 2,4- diacetylphloroglucinol (2,4- DAPG) to inhibit F. graminearum PH- 1, with the phl gene cluster being essential for 2,4- DAPG biosynthesis. 
(C) The 2,4- DAPG biosynthesis- defective mutant Δphl exhibited a loss of antagonistic activity against PH- 1 compared to WT 2P24. Bacterial strains were cultured in LB 
media containing 2% glucose to induce 2,4- DAPG biosynthesis, after which the cultures were inoculated onto PDA media to evaluate antifungal activity. (D) P. fluorescens 
2P24 inhibited the growth of PH- 1 in a contact- dependent manner independent of 2,4- DAPG. Filter separation impeded intercellular contact, resulting in hindered 
antifungal activity of Δphl, but not WT 2P24. The blue dotted lines denote the 0.22- μM PVDF filter. Bacterial strains were cultured in LB media containing 2% glucose 
prior to being inoculated onto PDA media for antifungal testing. (E) The ΔphlΔhcp double mutant exhibited decreased antifungal activity compared to Δphl; however, the 
hcp complementation strain ΔphlΔhcp- c restored this defect. Bacteria cells, suspended in water, were inoculated onto PDA media to test antifungal activity. (F) Fungal 
colony sizes quantified from panel E. Three replicates of each sample were analyzed with a one- way ANOVA test. Different letters indicate the significant differences (P 
< 0.01). (G) The obstruction of intercellular contacts by filter separation resulted in hindered antifungal activity of FoE5, FoE9, and FoE13. The blue dotted lines indicate 
the 0.22- μM PVDF filter, with FoE4 and FoE9 cultured in LB plus 2% glucose media, while FoE5 and FoE13 were sustained in LB media. Cultures were then inoculated 
onto PDA media for antifungal assessment. (H) Mutation of tssM in FoE9 led to a partial reduction in antifungal activity on PDA media. (I) Fungal colony sizes quantified 
from panel H. Three replicates of each sample were analyzed with a one- way ANOVA test. Different letters indicate the significant differences (P < 0.01). (J) A T6SS gene 
cluster was identified in the genome of FoE9. (K) The working model depicts contact- dependent and contact- independent antifungal activities of bacteria. In the soil 
ecosystem, beneficial bacteria such as L. enzymogenes OH11 and P. fluorescence 2P24 secreted antibiotics to inhibit fungi in a contact- independent manner. Conversely, 
strains OH11, 2P24, and other soil microbiome bacteria, including FoE5 and FoE9, can also inhibit filamentous fungi through contact- dependent mechanisms, even in 
the absence of antibiotic metabolites. In the cases of strains OH11, 2P24, and FoE9, T6SS plays a crucial role in this contact- dependent antifungal activity, potentially 
by translocating T6SS effectors into fungal cells.D
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natural soil bacteria exhibiting intercellular contact-triggered 
antifungal activity. In support, we found that neither FoE5 nor 
FoE9 inhibited conidia germination at an early stage (8 h) during 
the coculture of bacterial cells and fungal conidia (SI Appendix, 
Fig. S11 ), while F . oxysporum  hyphal elongation was inhibited 
by both FoE5 and FoE9 after 24 h of coculture (SI Appendix, 
Fig. S11 ). Collectively, these observations suggest that intercel-
lular contact-triggered antifungal activity occurs naturally within 
the soil microbiome, as represented by FoE5 and FoE9. To fur-
ther substantiate these findings, we sequenced the genome of 
FoE9 and confirmed the presence of a T6SS gene cluster ( Fig. 5J  ). 
Subsequent to the knockout of the tssM  gene in FoE9, we 
observed a partial reduction in the antifungal activity of the 
mutant, indicating that T6SS is involved in the contact-dependent 
antifungal activity of FoE9 ( Fig. 5 H  and I  ).   

Discussion

 Diffusible antibiotic metabolites have traditionally been viewed 
as a primary strategy for bacteria to compete with fungi counter-
parts in natural ecosystems. Contrary to the prevailing belief that 
bacteria inhibit fungi mainly through the production of these 
metabolites, we have identified an antifungal phenomenon that 
operates independently of antibiotic metabolites, relying instead 
on intercellular contacts between bacterial cells and fungal conidia. 
This mode of fungal inhibition holds significant ecological and 
biological implications for protecting plants from fungal infection 
and appears to be naturally occurring in the soil microbiome 
( Fig. 5J  ). Our findings thus added a dimension to the understand-
ing of BFIs within the soil microbiome, demonstrating that soil 
bacteria can inhibit filamentous fungi not only by secreting anti-
fungal metabolites but also through intercellular contact via the 
T6SS ( Fig. 5J  ).

 Previous studies have indicated that the T6SS produced by 
bacterial pathogens can target yeast-like fungi such as S. cerevisiae  
and the human pathogen Candida  ( 16 ,  17 ). Some bacterial T6SS 
effector proteins also showed in vitro antifungal activity to fila-
mentous fungi ( 39 ). In contrast, this study expands the role of 
T6SS to include contact-dependent inhibition of phytopathogenic 
filamentous fungi by soil-borne plant-beneficial bacteria. Given 
that almost all fungal diseases in the field of crop protection are 
caused by filamentous fungi, we propose that T6SS-mediated 
interactions between bacteria and filamentous fungi could offer 
an approach for controlling crop fungal diseases.

 As previously noted, bacteria can engage in multiple interaction 
modes with biologically and ecologically significant fungi ( 3 ,  40 ). 
Among these, diffusible chemicals represent a predominant mode 
of BFI. In this context, chemicals secreted by donor cells diffuse 
into the environment, where they can act as antibiotics or signaling 
molecules influencing the physiology of recipient cells. These 
chemically mediated BFIs do not rely on direct intercellular con-
tact between bacteria and fungi ( 40 ,  41 ). Beyond this dominant 
mode, bacteria may also adhere to fungal surfaces or invade fungal 
cells through physical intercellular interactions ( 42 ). Such 
cell-to-cell interactions facilitate cooperation between symbiotic 
bacteria and fungi, enhancing their survival and pathogenesis. For 
instance, Serratia proteamaculans  attaches to the surface of Mucor 
lanceolatus  hypha, using the fungus as a scaffold for attachment 
and movement ( 43 ). Mycetohabitans rhizoxinica  invades Rhizopus 
microconidia  cells and persists as an endophyte. Moreover, the 
rhizoxin produced by M. rhizoxinica  is crucial for the pathogenesis 
of R. microconidia  ( 44 ). Therefore, the intercellular contact- 
mediated growth inhibition of filamentous fungi by antibiotic 

metabolite-independent soil bacteria identified in our study rep-
resents a unique BFI pattern with distinct ecological significance 
in the soil microbiome. This cross-kingdom interaction between 
soil bacteria and fungi may provide critical insights into the com-
plexity of microbial communities.

 The finding of T6SS-mediated growth inhibition of filamen-
tous fungi by soil bacteria broadens the known efficacy of T6SS. 
As a widely recognized contact-dependent lethal mechanism, 
T6SS is primarily thought to target and eliminate gram-negative 
bacteria during interspecies interactions ( 45 ). Additionally, 
T6SS and its effectors have also been reported to act against 
gram-positive bacteria ( 45 ). Beyond its antibacterial capabilities, 
T6SS displays anti-eukaryotic-cell activity as well. Numerous 
pathogenic and beneficial bacteria translocate toxic T6SS effec-
tors to target their eukaryotic host cells ( 46 ). For instances, the 
T6SS and its effectors of the plant beneficial bacterium P . pro-
tegens  CHA0 are implicated in the killing of Pieris brassicae  ( 47 ). 
T6SS also targets and disrupts yeast-like fungi by delivering 
toxic effectors ( 16 ,  17 ). In this study, we demonstrate that L. 
enzymogenes , a soil-borne bacterium, protects plants from fila-
mentous fungal infections through T6SS-mediated intercellular 
interactions. Specifically, this bacterium likely cross-translocates 
the RHS family toxin effector Le1893, which has the potential 
to impact fungal DNA contents. Our findings indicate that 
T6SS was responsible for the contact-dependent inhibition of 
fungal genes associated with hypha development. These results 
suggest soil bacteria may develop antibiotic-independent, 
contact-dependent antifungal mechanisms. Supporting this 
hypothesis, we also present evidence that two other soil bacteria, 
 P. fluorescens  2P24 and P . fulva  FoE9, utilize T6SS as antifun-
gal devices.

 Our findings reveal a previously unidentified antifungal phe-
nomenon associated with the predatory behavior of L. enzy-
mogenes . In the soil microbiome, this bacterium coexists 
symbiotically with various filamentous fungi. Acting as a natural 
antifungal agent, L. enzymogenes  can navigate toward nearby fun-
gal hyphae or conidia via type IV pilus-driven twitching motility, 
subsequently attaching to these fungal structures ( 48 ). During 
migration, the bacterium produces and secretes a “long-range” 
antifungal compound, HSAF, which inhibits the growth of fungal 
hypha and the germination of conidia ( 49 ). Upon attachment to 
fungal cells, the bacterium generates a variety of lytic enzymes, 
including chitinase, β-1,3-glucanase, and protease to degrade 
fungal cells as a nutrient source ( 50 ). Our study indicates that 
when attached to fungal cells, particularly fungal conidia, L. enzy-
mogenes  can also activate the “short-range” antifungal apparatus 
known as T6SS to inhibit the growth of conidia into hyphae. This 
adaptation appears to facilitate predation of filamentous fungi, as 
the latter can escape L. enzymogenes  through polarized hyphal 
growth when conidia differentiate into hypha. Furthermore, 
T6SS-mediated fungal inhibition sheds light on why L. enzy-
mogenes  possesses both T6SS and T4SS; T6SS is implicated in 
contact-dependent fungal inhibition, whereas T4SS is associated 
with contact-dependent bacterial killing. Supporting this conclu-
sion, L. antibioticus  OH13 and L . brunescens  OH21 encode only 
the T4SS and lack the T6SS, which correlates their inability to 
mediate contact-dependent fungal inhibition. Notably, the 
ΔlafB ΔtssM  strain exhibited residual antifungal activity ( Fig. 2A  ), 
suggesting that alternative antifungal mechanisms, such as the 
flagellar type III secretion system (FT3SS), may also contribute 
to contact-dependent antifungal inhibition. This is supported by 
previous findings showing that FT3SS in L. enzymogenes  facilitates 
the export of antifungal toxins ( 51 ).
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 In summary, we have elucidated that intercellular contact serves 
as a prevalent mode of interaction between beneficial soil bacteria 
and pathogenic filamentous fungi. Beneficial bacteria within the 
soil microbiome can effectively guard against pathogenic fungal 
infections through antibiotics-independent intercellular interac-
tions mediated by the T6SS. These findings suggest that leveraging 
antibiotics-independent intercellular interactions could offer an 
alternative strategy for engineering the soil microbiota to mitigate 
plant fungal diseases, thereby reducing the risk of promoting anti-
biotic resistance in agricultural contexts.  

Materials and Methods

Details of the Materials and Methods used in this study are provided in SI Appendix, 
Materials and Methods, and include strains and growth conditions, genetic 
approaches, contact- dependent antifungal assay, microscope observation, 
contact- independent antifungal assay, RNA- seq, transcriptome analysis, microbi-
ome analysis, qRT- PCR assays, genome sequencing of FoE9, prediction of PAAR 
domain- containing proteins, antifungal activity assay of PAAR domain- containing 
proteins, propidium iodide staining and DNA content analysis, and isolation of 
antifungal bacteria based on enrichment of fungal pathogens.

Data, Materials, and Software Availability. The raw RNA sequencing data 
and microbiome data reported in this study have been deposited in the NCBI 
under the Accession No: PRJNA971132 (52) and PRJNA1158950 (53). The 
genome sequence of FoE9 was available in the NCBI GeneBank with Accession 
No: PRJNA1158498 (54). Additionally, the 16S rRNA sequences of FoE4, FoE5, 

FoE9, and FoE13 have been submitted to the NCBI GeneBank, with the corre-
sponding accession numbers presented in SI Appendix, Fig. S10.
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