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A Burkholderia cenocepacia-like environmental isolate strongly 
inhibits the plant fungal pathogen Zymoseptoria tritici
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ABSTRACT Fungal phytopathogens cause significant reductions in agricultural yields 
annually, and overusing chemical fungicides for their control leads to environmental 
pollution and the emergence of resistant pathogens. Exploring natural isolates with 
strong antagonistic effects against pathogens can improve our understanding of their 
ecology and develop new treatments for the future. We isolated and characterized a 
novel bacterial strain associated with the species Burkholderia cenocepacia, termed APO9, 
which strongly inhibits Zymoseptoria tritici, a commercially important pathogenic fungus 
causing Septoria tritici blotch in wheat. Additionally, this strain exhibits inhibitory activity 
against four other phytopathogens. We found that physical contact plays a crucial 
role for APO9’s antagonistic capacity. Genome sequencing of APO9 and biosynthetic 
gene cluster (BGC) analysis identified nine classes of BGCs and three types of secretion 
systems (types II, III, and IV), which may be involved in the inhibition of Z. tritici and 
other pathogens. To identify genes driving APO9’s inhibitory activity, we screened a 
library containing 1,602 transposon mutants and identified five genes whose inactivation 
reduced inhibition efficiency. One such gene encodes for a diaminopimelate decarboxy­
lase located in a terpenoid biosynthesis gene cluster. Phylogenetic analysis revealed that 
while some of these genes are also found across the Burkholderia genus, as well as in 
other Betaproteobacteria, the combination of these genes is unique to the Burkholderia 
cepacia complex. These findings suggest that the inhibitory capacity of APO9 is complex 
and not limited to a single mechanism, and may play a role in the interaction between 
various Burkholderia species and various phytopathogens within diverse plant ecosys­
tems.

IMPORTANCE The detrimental effects of fungal pathogens on crop yields are substan­
tial. The overuse of chemical fungicides contributes not only to environmental pollution 
but also to the emergence of resistant pathogens. Investigating natural isolates with 
strong antagonistic effects against pathogens can improve our understanding of their 
ecology and develop new treatments for the future. We discovered and examined a 
unique bacterial strain that demonstrates significant inhibitory activity against several 
phytopathogens. Our research demonstrates that this strain has a wide spectrum of 
inhibitory actions against plant pathogens, functioning through a complex mechanism. 
This plays a vital role in the interactions between plant microbiota and phytopathogens.
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C rop losses due to fungal pathogens constitute a major challenge to food safety and 
the bioeconomy (1). Wheat is the most extensively cultivated crop worldwide and 

a vital source of calories for humans (2). However, high-density cultivation and variable 
climatic conditions render wheat vulnerable to multiple pathogens (3, 4). One of the 
most devastating of which is Zymoseptoria tritici (5–7), which causes Septoria tritici blotch 
(STB), a foliar disease of wheat. STB leads to a ~5%–10% decline in wheat yields every 
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year (8), and is typically managed through the use of fungicides, crop rotation, and 
resistant wheat cultivars (9).

While alternative methods for controlling fungal pathogens have been developed, 
modern agricultural systems still rely heavily on chemical fungicides (10). However, this 
practice leads to environmental pollution and the emergence of fungicide-resistant 
strains, which ultimately diminishes the effectiveness of these chemical agents (11, 
12). The discovery and development of novel natural products and inhibitors with 
diverse antifungal mechanisms can effectively control fungal diseases and decelerate 
the emergence of pathogen resistance (13, 14).

Microorganisms are a promising source for novel treatments of pathogens, as various 
microbes have been shown to prevent and reduce plant disease via both direct and 
indirect mechanisms (15–18). Direct mechanisms refer to microbe-pathogen interac­
tions, such as the production of antifungal compounds or competition for nutrients 
and space, leading to reduced fungal growth. Indirect mechanisms involve microbe-host 
interactions, which enhance the immunity of the host plant against pathogen infections 
(19–21).

Burkholderia is a versatile bacterial genus in soil- and root-associated ecosystems, 
containing strains that produce natural products (9, 22–24), promote plant growth (25–
29), and degrade pollutants (30), attributes that have facilitated its widespread presence 
across diverse ecological niches (31). Some species within this genus, including species 
within the Burkholderia cepacia complex (Bcc) (32, 33) are recognized as opportunistic 
human pathogens (34, 35). However, in recent years, several novel Burkholderia species 
with plant-beneficial traits that are rarely associated with human infection have been 
identified (29, 36). Of these, the soil-dwelling Burkholderia cenocepacia is particularly 
interesting as it encompasses strains with the capability to suppress various phytopatho­
gens and promote plant growth (29, 37–39). Although some strains of B. cenocepacia 
have been characterized, the mechanism of inhibition is currently poorly understood, 
and many new subspecies remain unexplored. Therefore, B. cenocepacia may play an 
important ecological role in the plant root microbiome and shows promise as a potential 
source of novel antifungal compounds for controlling plant fungal diseases.

Here, we phenotypically and genotypically characterize a novel B. cenocepacia strain, 
designated APO9, which was isolated from the root of a healthy cucumber plant in 
a Pythium aphanidermatum (PA)-infested greenhouse. We found that APO9 exhibits 
strong antifungal activity against the destructive fungal pathogen Z. tritici and four 
other phytopathogens, which is reduced in the absence of physical contact. Genomic 
examination of APO9 showed that the genome contains nine classes of biosynthetic 
gene clusters (BGCs) and three types of secretion systems (types II, III, and IV). By 
screening a mutant library, we identified five genes with significantly reduced inhibi­
tory effects, which are also widely present in the Burkholderia genus. These findings 
indicate that APO9 possesses extensive inhibitory capabilities against plant pathogens 
and through a complex mechanism, playing a significant role in the interactions between 
plant microbiota and phytopathogens.

MATERIALS AND METHODS

Strain collection

The GFP (Green fluorescent protein) -tagged Z. tritici strain K7099 used in this study 
was obtained from Syngenta (Basel, Switzerland). The pathogen was cultivated in 
potato dextrose broth medium (PDB, BD, USA) and maintained in 20% glycerol solution 
and skim milk at −80°C. B. cenocepacia strain APO9 was isolated from the root of a 
healthy cucumber plant cv. Romi (Hazera, Israel) in a Pythium aphanidermatum-infested 
greenhouse in Hefer Valley in central Israel. Other bacteria were previously isolated from 
soil at various locations in the Faculty of Agriculture in Rehovot (Hebrew University, 
Israel) (40).
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Antifungal activity screens by kChip and off-Chip validation

The Z. tritici was streaked onto potato dextrose agar (PDA, BD, USA) plates and grown 
at 18°C for 4 days. Afterward, the spores were washed down with PDB, and the spore 
concentration was diluted to 2 × 106 cells mL−1. Bacterial strains were inoculated from 
−80°C stock directly into 1 mL of PDB medium in 96 deep-well plates and grown 
overnight at 30°C, 700 rpm (Heidolph, Germany). The starters were normalized to OD600 
0.02. The normalized cultures will be utilized to generate droplets for the kChip screen 
system, which functions as an ultrahigh-throughput coculture platform (41, 42).

Before droplet generation, a “color code” was assigned to each bacterial and fungal 
culture and control medium. This code was a unique ratio of three fluorescent dyes 
(Thermo Fisher, AlexaFluor: 555, 594, 647, final dye concentration of 2.5 M) specific to 
each input. The dyes did not interfere with GFP and bacterial growth, as described by 
Kehe (42). Droplets were produced on a Bio-Rad QX200 Droplet Generator; 2% (wt/wt) 
fluorosurfactant (3M Novec 7500) was added to stabilize the droplets. Approximately 
20,000 1 nL droplets were generated in fluorocarbon oil from 20 µL input of cultures 
for each kChip loading. For each input (~49 screen species, Z. tritici monoculture, 
one hygromycin and one blank control), about 5,000 droplets were generated, total­
ing ~260,000 droplets. Bacteria and Z. tritici cultures were combined at a ratio of 1:1 to 
ensure droplets contained a final concentration of OD600 = 0.01 bacterial species and 1 
× 106 cells mL−1 of Z. tritici. The droplets were then pooled on the chip and incubated at 
18°C for 96 h, and cultures were scanned every 24 h. The number of replicates varied for 
each droplet combination, ranging from 9 to 50 with an average of 20. GFP fluorescence 
and averaging all replicates were used to evaluate growth changes.

Off-chip validation was carried out in micrometer plates using the same concentra­
tions as used on the kChip. APO9 coculture with Z. tritici, Z. tritici monoculture, and Gh24 
coculture with Z. tritici (as a control, since it does not exhibit inhibitory activity toward 
Z. tritici growth) were included with three biological replicates and three technical 
replicates. The cultures were incubated at 18°C for 96 h, and growth changes were 
assessed by measuring fluorescence using the Microplate Reader (Synergy H1, BioTek, 
USA) every 24 h.

Microscopic examination

Samples for imaging were taken from cultures of different bacteria cocultured with Z. 
tritici for 96 h. Culture samples were transferred onto slides, covered with coverslips, 
and imaged at 60× magnification with a GFP filter using a Nikon Eclipse Ti2 microscope 
(Japan).

Non-contact coculture

The non-contact coculture assay was carried out in the Teflon Micro-equilibrium dialysis 
plate (HTD 96B; HTDialysis LLC, USA), which is separated by a polycarbonate membrane 
(0.1 µm, Sterlitech, USA) in the middle, allowing metabolites to move freely through the 
dialysis membrane while cells cannot. In brief, the dialysis membranes were soaked in 
sterilized deionized water for 1 h, then in 70% ethanol for 15 min, and finally washed 
three times in sterilized deionized water. The equilibrium dialysis plate was assembled 
by sandwiching conditioned membranes between rows of wells (150 µL culture per 
chamber) and clamped tightly to the assembled apparatus (HTD Universal Base, USA) 
(Fig. 2A). The split plate was sealed with sealing film (AeraSeal BS-25, Excel Scientific, 
USA), and conducted in a shaker (600 rpm, Heidolph, Germany) maintained at 18°C 
for 96 h. The chamber concentration was double the expected concentration, so that 
at equilibrium, both chambers contained the expected concentration (bacterial OD600 
= 0.01 and 1 × 106 cells mL−1 of Z. tritici). For each experimental combination, meas­
urements were performed in 40 replicates, and Gh11 controls were performed in six 
replicates. Following 96 h of incubation, aliquots were obtained from both sides, and all 
samples were read for OD and GFP using the plate reader (Synergy H1, BioTek, USA).
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Testing of spent media, volatile, and pH

To determine whether APO9 secreted secondary metabolites to inhibit the growth of 
Z. tritici, a supernatant experiment was employed. Based on the time of inhibition of Z. 
tritici growth by APO9, we selected cultures after 24 h of incubation. The suspensions of 
each condition contained in the original cultures (i.e., spent cell-free culture filtrate) were 
prepared using the following procedure. Three starters were prepared: APO9 monocul­
ture (OD600 = 0.01), Z. tritici monoculture (1 × 106 cells mL−1), and APO9 and Z. tritici 
coculture (OD600 = 0.01 and 1 × 106 cells mL−1 of Z. tritici) in PDB medium at 18°C for 
24 h, resulting in a viable spent culture medium. The cells in the spent medium were 
centrifuged (15,000 × g for 10 min), and the spent medium obtained by following the 
above procedure was vacuum filtered through a 0.22 µm Millipore filter to furnish a 
cell-free culture medium. Z. tritici was then cultured separately in the different spent 
media obtained above (the ratio was two portions of spent medium and one portion of 
concentrated fresh PDB). We evaluated the growth of Z. tritici in both monoculture and 
coculture with APO9, using fresh PDB medium as the control condition. GFP fluorescence 
was measured after 96 h of incubation at 18°C.

To evaluate the effect of APO9 volatile organic compounds (VOCs), segmented Petri 
dishes (9 cm diameter) were used in the experiment. Three experimental designs were 
employed: the first with Z. tritici streak monoculture on both sides as a control; the 
second with a Z. tritici streak on one side and an APO9 streak on the other; the third with 
a Z. tritici streak on one side and APO9 and Z. tritici streaks on the other. The plates were 
immediately sealed with Parafilm and incubated at 18°C for 96 h. The effects of the VOCs 
were monitored visually daily.

The experiment aimed to assess the pH and GFP fluorescence of different cultures 
after 48 h of growth. Three cultures were grown in PDB and ALkyl Ester (AE) Broth 
medium, comprising APO9 coculture with Z. tritici, APO9 monoculture, and Z. tritici 
monoculture. Utilizing 1M HCl and 1M NaOH, we adjusted the pH of PDB and AE 
media to a pH value of 3.5, 4, 5, 6, 7, or 8. Z. tritici was then cultured in these differ-
entially adjusted media for a duration of 96 h, with GFP fluorescence being monitored 
at 24-h intervals. The pH of each culture was measured using a pH meter (PHOENIX 
Instrument EC-30, Germany), while the GFP fluorescence was measured using a plate 
reader (Synergy H1, BioTek, USA).

Whole genome sequencing, assembly, annotation, and visualization

Genomic DNA was extracted from a single APO9 colony using the Exgene Cell SV 
genomic DNA extraction kit (GeneAll, Seoul, Korea) according to the manufacturer’s 
instructions. genomic DNA (gDNA) yield and quality were examined using a Qubit 
flurometer (Thermo Fisher Scientific Inc., Waltham, MA) and a Nanodrop ND1000 
spectrophotometer (NanoDrop Technologies, Wilmington, DE), and its integrity was 
verified by gel electrophoresis (1% agarose wt/vol). The gDNA was sequenced using 
short (Illumina MiSeq) and long (Oxford Nanopore Minion) read sequencing technolo­
gies at Genotypic Technologies (Bengaluru, India) as described below. A volume of 
1 µg of DNA from each isolate was used for Nextera XT DNA library preparation using 
the manufacturer’s protocol (Cat# FC-131–1024), and libraries were sequenced on an 
Illumina HiSeq X Ten sequencer (Illumina, San Diego, USA). In tandem, sequencing 
was performed on an Oxford Nanopore GridION X5 sequencing (Oxford, UK) using a 
SpotON flow cell R9.4 (FLO-MIN106) in a 48-h sequencing protocol. The quality of the 
genomes was analyzed using BUSCO (43). Trimmomatic software version 0.39 (44) was 
used for removal of adaptors and low-quality sequences using the following param­
eters: ILLUMINACLIP:adapters.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 
MINLEN:36. Subsequently, Unicycler version 0.4.8 (45) was used for hybrid assembly of 
the trimmed Illumina paired-end and Nanopore reads using defaults parameters.
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Phylogenetic tree construction and metabolite BGC analysis

The genomes used in this study were downloaded from the National Center for 
Biotechnology Information (NCBI) databases and are listed in Tables S3 and S4. The 
similarity of APO9 was defined by calculating the average nucleotide identity (ANI) 
shared between the genomes of all available Burkholderia spp. and B. cenocepacia 
species using FastANI (v.1.33) (46). BactaxR (47) was used to create ANI dendrograms, 
and FastANI visualization of the reciprocal mappings computed among species and 
genera was performed to estimate the ANI value using genoPlotR (48). The 95% 
average nucleotide identity species threshold was generally used. The bioinformatics 
tool antiSMASH v.6.1.1 (49) was used to analyze the BGCs of secondary metabolites.

Construction of mutant library and evaluation of antagonistic activity of Tn5 
mutants

The transposon mutant library of APO9 was generated using the EZ-Tn5 Transposase 
(MA126E, Lucigen, USA) following the manufacturer’s instructions. In the APO9 strain, 
DNA transformation was challenging due to the presence of multiple restriction and 
modification systems that cleave the unmodified DNA. To enhance the transformation 
efficiency, we added restriction inhibitors (MA180E, Lucigen, USA). After transformation, 
approximately 1,602 independent transposon insertion mutants were obtained, and the 
library was saved and stored at −80°C.

To evaluate the antagonistic properties of APO9 transposon mutants, individual 
mutants were grown in 200 µL of Nutrient Broth (NB) medium in 96-well plates for 24 h. 
Next, 5 µL of each culture was gently combined with 200 µL of Z. tritici::GFP (1 × 106 cells 
mL−1) and incubated at 18°C for 96 h. The growth ofZ. tritici in monoculture, in coculture 
with APO9, and in coculture with Gh24 served as controls. The GFP fluorescence was 
measured after incubation, and high green fluorescence indicated Tn5 mutants that were 
defective in killing, calculated as:

Inhibition = 1 − GFPcoculture  −  GFPbacteria monoGFPZ .  tritici mono
Per capita inhibition = InℎibitionMean OD of bacteria mono

We cocultured Z. tritici with APO9 and 14 mutants for 4 days, followed by plating 
the cultures and incubating them for an additional 5 days before scanning. We then 
quantified the area of black fungi phenotype using ImageJ as follows: convert the images 
to 8-bit grayscale, invert the colors, apply thresholding using the “setThreshold (116, 
255, ‘raw’)” method to segment the image, and finally, analyze and measure the area 
characteristics of the detected particles using “Analyze Particles,” with parameters “size 
= 10-Infinity circularity = 0.50–1.00 display exclude clear summarize.” Subsequently, we 
calculated the correlation between fluorescence values and plating results.

Mutant identification and functional prediction

We validated the insertion sites on the genome of 14 mutants that were demonstrated 
to have reduced inhibition efficiency. Identification of the Tn5 insertion mutants was 
done by inverse PCR as previously described (50). Genomic DNA was extracted (K0721, 
Thermo, USA) from 14 Tn5 mutants, digestion by restriction endonuclease SalI (NEB, USA) 
at 37°C for 6 h, and ligated overnight at 16°C using T4 DNA ligase (NEB, USA). Inverse 
PCR was performed with the Tri_2_F and Tri_2_R primers (Table S1) and the resulting PCR 
products were sequenced by Macrogen Europe (Amsterdam, The Netherlands). The Tn5 
insertion points were identified by comparing the flanking sequences with the genome 
of APO9 and Tn5 transposon sequence, and were presented on the genomic map using 
Proksee. Functional prediction was performed using NCBI Blast and UniProt.

In addition, we amplified and sequenced the 16S rRNA gene to ensure that all 14 
mutants were APO9 strains. Meanwhile, the Tn5 trimethoprim cassette and each specific 
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gene in Tn5 wild type and mutant was amplified by designing site-specific primer pairs, 
which were designed based on the nucleotide sequences of each gene (Table S1). The 
size of the mutant was 629 bp larger than the wild type due to the insertion of Tn5 
cassette. The PCR products were analyzed on 1.2% agarose gels.

Phylogenetic analyses and the identification of genes related to inhibitory 
activity

Protein identity searches for five mutant genes with significantly reduced inhibitory 
effects were performed with BLAST v2.14.1. All search results for sequence similarity 
were filtered using an E-value (expect value) threshold of ≤1e − 5, retaining only the 
sequence with the highest identity for each bacterial species. If the sequence identity 
of the highest identical sequence exceeds 80%, the gene is considered to be present 
in a genome. Conversely, if it falls below 80%, the gene under investigation is deemed 
to be absent in the genome. The genomic sequences used for these searches were 
obtained from the NCBI databases and are listed in Table S6. The 16S ribosomal RNA 
sequences were utilized to construct a phylogenetic tree using MEGA11 software by the 
neighbor-joining method, for the analysis of bacteria belonging to various classes.

Plate confrontation assay

In order to test the effect of APO9 on different pathogens phyla, plate confrontation 
plate was conducted. The pathogens Pythium aphanidermatum, Rhizoctonia solani (RS) 
and Fusarium oxysporum f. sp. radicis-cucumerinum (FORC) were laboratory stock, and 
Fusarium oxysporum f. sp. lycopersici race 2 4287 (FOL) was kindly provided by Shay Covo 
laboratory at the Hebrew University of Jerusalem, Israel.

For the plate confrontation assays, a 1 cm bacteria strip was evenly spread at the 
center of PDA plates and incubated at 30°C for 24 h, with sterile Distilled water (DW) as 
a control. The mycelial plug of each fungus (6 mm in diameter, taken from the margins 
of a 3-day-old colony of four different pathogens) was then placed on both poles of 
the PDA plates with the bacterial strip or control (three replicates for each treatment). 
The plates were further incubated at 25°C for 5 days, and the areas of mycelial growth 
of phytopathogens for both disks were marked. The width of the inhibition zone was 
recorded, including the short and the long distance (Fig. S11A). Fungal growth inhibition 
was evaluated by the distance of inhibition zone against the phytopathogens, calculated 
as:

Area covered by mycelia = π × Long distance
2 × Sℎort distance

Area inℎibited(%) = A1 − A2A1   х  100
where A1 means average area covered by phytopathogens in the presence of DDW 

(control), and A2 means average area covered by phytopathogens in the presence of the 
test bacterium.

Statistical analysis

The data were subjected to analysis of variance (ANOVA) test using SPSS version 26.0 
software (IBM SPSS, USA). Differences were considered statistically significant at P < 0.05 
according to Duncan’s multiple range test or Dunnett’s multiple comparison test.

RESULTS

APO9 strongly inhibits Z. tritici

We screened 49 bacterial soil isolates (Materials and Methods) for inhibition of Z. tritici 
using the kChip system, and determined that APO9 strongly inhibited the growth of 
Z. tritici on the chip (Fig. 1A; Fig. S1). Off-chip validation in microtiter plates further 
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confirmed this result, APO9 substantially inhibited Z. tritici with significantly lower 
fluorescence than Z. tritici monoculture and coculture with another bacterial strain 
(Gh23) that showed limited inhibition on the kChip (P < 0.01; Fig. 1B). Moreover, 
microscopic observation revealed that coculture with APO9 caused growth inhibition 
of Z. tritici, and loss of fluorescence signal was compared to the control culture (Z. tritici 
monoculture and coculture with Gh24; Fig. 1C).

Inhibition efficiency is reduced in the absence of physical contact

To investigate whether the inhibitory effect of APO9 is contact-dependent, we employed 
a split-plate assay where each well is divided into two compartments separated by a 
dialysis membrane that is permeable to nutrients and other small molecules, but not 
to bacterial and fungal cells (Fig. 2A). Using this plate, we compared the inhibitory 
efficiencies of cocultures with and without physical contact between APO9 and Z. tritici. 
We observed that the inhibitory efficiency was significantly reduced in the absence 
of physical contact (Fig. 2B and C; Fig. S2). The relative inhibition of the coculture 
without physical contact was reduced by 18.58% compared to that of the coculture with 
physical contact (P < 0.05) (Fig. 2B). Furthermore, when the other side of the Z. tritici 

FIG 1 B. cenocepacia APO9 strongly inhibits Z. tritici. (A) Screening for growth inhibition of Z. tritici with 49 isolates using kChip. Z. tritici monoculture was used 

as the control. Growth was quantified by the change in GFP fluorescence (arbitrary units) observed after 96 h of incubation, normalized to the initial fluorescence 

measurements. (B) Validation of bacterial inhibition in microtiter plates. Statistical comparisons were conducted using Dunnett’s multiple comparison test to 

compare the fluorescence results at 96 h across different cocultures, where * denotes P < 0.05 and ** denotes P < 0.01. (C) Microscopic examination is carried out 

after 96 h of culturing from the microtiter plate.
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monoculture was a coculture of APO9 and Z. tritici, a 32.43% reduction in inhibitory effect 
was observed (P < 0.05). However, these inhibitory effects were still significantly higher 
than those of Z. tritici monoculture and a control coculture (Gh11) (P < 0.05) (Fig. S2). 
Microscopic inspection revealed that there was no physical contact between APO9 and 
Z. tritici in coculture, displaying a faint fluorescence compared to when they were directly 
cocultured (Fig. 2C, 1 vs 2 and 3). These results indicated that the inhibition is likely 
partially contact-dependent.

We next investigated whether APO9 secreted secondary metabolites or produced 
volatile compounds to inhibit the growth of Z. tritici. Spent media from both APO9 
monoculture and APO9-Z. tritici cocultures did not exhibit antifungal activity (Fig. S3), 
suggesting that APO9 does not produce soluble extracellular compounds that antago­
nize Z. tritici. In the volatile compound assay, coculturing APO9 and Z. tritici in segmented 
Petri dishes showed no inhibitory activity, indicating that APO9 did not produce volatile 
compounds that inhibit Z. tritici (Fig. S4A and B). Nevertheless, when APO9 and Z. 
tritici grew on the same side, the growth of Z. tritici was inhibited, showing no spore 
production (Fig. S4C).

To test whether the inhibition may be related to pH modification, we measured the 
pH of both mono- and cocultures. In PDB medium, APO9-Z. tritici cocultures acidified 
the medium (pH~3.84), whereas in AE medium the medium was alkalized (pH~8.32; Fig. 
S5A). Nonetheless, APO9 antagonized Z. tritici in both media (Fig. S5B). We then adjusted 
the initial pH of the PDB and AE media to a wide range of values (pH = 3.5, 4, 5, 6, 7, 8) 
and cultured monocultures of Z. tritici in each of these adjusted media. Z. tritici growth 
was impeded in the acidic medium, but to a much lower extent than when cocultured 
with APO9 (Fig. S5C through F). Notably, there were viable Z. tritici cells even after 96 h of 
incubation in media with a pH of 3.5 (Fig. S5E and F). Collectively, these results suggest 
that APO9-mediated Z. tritici mortality is not solely attributed to pH fluctuations.

FIG 2 Inhibition efficiency is reduced in the absence of physical contact. (A) Schematic diagram of the split-plate device. (B) The relative inhibition efficiency is 

the inhibition efficiency after 96 h of incubation under the corresponding conditions divided by the GFP fluorescence of Z. tritici in contact coculture with APO9. 

Bold fonts and numbers indicate the measurement of the corresponding condition in panel A. Each dot indicates 1 of 40 replicates for each condition. Values 

with different letters (A–C) indicate statistically significant differences among treatments (P < 0.05), Duncan’s tests. (C) Microscopic examination after 96 h of 

incubation from split plates.
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Bioinformatics analysis of APO9 reveals antagonistic potential

To further understand the inhibitory potential and mechanism of APO9, we performed 
whole genome sequencing (WGS) and analysis of its genome. The complete genome of 
APO9 consisted of two circular chromosomes of 6,891,196 bp and 1,052,173 bp and a 
plasmid of 110,035 bp which was predicted by using RFPlasmid (51) (Fig. S6). These three 
replicons encode for 7,225 predicted coding sequences (CDS).

To assess the phylogenetic relationship of APO9 within the genus Burkholderia, we 
analyzed the genome sequences of 11 B. cenocepacia and 19 B. cepacia strains (Table S3) 
and 38 Burkholderia spp. (Table S4) using ANI assays. WGS-based approach has become 
one of the most reliable methods for measuring genomic phylogenetic relationships, 
capable of distinguishing between distantly and closely related bacteria (52, 53), and 
ANI values are widely used as a gold standard for defining prokaryotic species (32, 46). 
We found that APO9 and B. cepacia DDS 7H-2 are positioned within the same branch, 
and also have a close phylogenetic relationship with B. cepacia MINF and B. cenocepacia 
species, as corroborated by ANI values greater than 99% (Fig. S7A and S8A). These ANI 
values underscore the pronounced genomic similarity between these strains (Tables 
S3 and S4). Moreover, the genomes of these strains all share a distinct chromosomal 
rearrangement that underscore the distinct genomic architecture among these strains 
(Fig. S7B and S8B). Hence, the phylogenetic tree constructed from ANI comparison 
suggests APO9 should be considered a B. cenocepacia-like strain.

In order to evaluate the capacity of APO9 to produce fungal antagonizing secon­
dary metabolites, we annotated its genome and searched for the presence of BGCs. 
We identified BGCs encoding for metabolites with predicted antimicrobial activity, 
including a type I polyketide synthase (T1PKS), two non-ribosomal peptide synthetase 
(NRPS), eight terpene, one phosphonate, one NRPS-like peptide, two RIPP-like peptides 
(ribosomally synthesized and post-translationally modified peptides), one redox cofactor, 
one hserlactone, and one aryl polyene. Additionally, gene annotation revealed genes 
encoding for three secretion systems (types II, III, and IV) (Table S2), which may also 
facilitate antifungal capacity in APO9.

Screening a transposon mutant library identified five genes related to 
inhibition efficiency

In order to experimentally identify genes related to APO9’s inhibitory activity, we 
constructed a total of 1,602 APO9 Tn5 transposon insertion mutants and evaluated 
their antagonist activities by coculturing each mutant with Z. tritici. We identified 
several mutants that displayed significantly reduced inhibitory effects compared to the 
wild-type strain (P < 0.05) (Fig. 3A). The reduced effect of these mutants was similar to 
that of Gh24—a species with a much lower inhibitory efficiency than the wild type (wt) 
APO9 (Fig. S9).

The antagonistic activity of these mutants was validated in six replicates, identify­
ing 14 mutants (designated T1–T14) with significantly reduced inhibition (Fig. 3B). 
Microscopic examination further corroborated these results (Fig. S10). Additionally, we 
conducted a plating assay of the cocultures, scanned them after 5 days of incubation, 
and assessed the variations in inhibitory effects by examining fungal growth (Fig. S11A). 
The area of the black fungi phenotype was quantified using ImageJ (Materials and 
Methods), revealing a strong correlation between fluorescence intensity and plating 
results, with a Pearson correlation coefficient of 0.84 and a P-value of 8.64e − 05 (Fig. 
S11B). 16S rRNA gene sequencing verified that all 14 mutants were indeed APO9, ruling 
out potential contamination by other less inhibitory species. Successful insertion of the 
Tn5 transposon into the genome conferred trimethoprim resistance to the mutants. 
PCR amplification revealed that all 14 Tn5 mutants had a single band with a size of 
629 bp, indicating successful insertion of the transposon (Fig. S12). Additionally, random 
transposon insertion into the genome caused the corresponding gene of the mutant to 
lose its original function, which resulted in varied growth of mutants (Fig. S13).
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Next, we tested whether the reduced inhibition of the mutants was due to lower 
population size, or lower per capita activity. Five mutants had lower per capita inhibition 
than that of the wild type, of which T5 was significantly reduced by 18.62% (P < 0.05), 
and the others reduced by 18.84%, 8.32%, 20.59%, and 14.92%, respectively (ns, P > 0.05) 
(Fig. 3C; Fig. S14).

To identify the Tn5 transposon insertion site, we used specific primers and inverse 
PCR. The Tn5 insertion locations were identified by aligning to the APO9 genome and 
were presented on the genomic map (Fig. 3D). Among them, two pairs of mutants have 
the same transposon insertion points on the genome, T8 and T13 that were inserted 
in the same gene and T7 and T11 that were inserted in the same site. Notably, the 
gene disrupted by T5 was part of a terpene biosynthetic gene cluster. The accuracy of 
gene localization was further verified by locus-specific primers (Table S1). The amplified 
fragments of all mutants were larger than the corresponding wild types by around 
629 bp (corresponding to the Tn5 transposon size; Fig. S15). Genome annotation and 
UniProt website predictions were combined to infer the functions of the related genes 
(Table 1; Table S5), which were involved in pathways related to amino acid synthesis, ion 
binding, and kinase activities, etc.

FIG 3 Five genes related to inhibition efficiency were identified by screening a transposon mutant library. (A) Quantification of the antagonistic activity of 1,602 

Tn5 mutants after coculture 96 h with Z. tritici. The x-axis and y-axis represent the two biological replicates of Z. tritici, respectively. Blue squares indicate Z. tritici 

cocultures with APO9 wild type. Gray circles indicate Z. tritici cocultures with mutants. The other color circles are mutants with reduced inhibition efficiency, and 

consistent with the final screening of the 14 mutants. (B) Fourteen mutants exhibited reduced inhibitory effect. Two biological replicates of Z. tritici and three 

biological replicates of mutants. Values with different letters (a–h) indicate statistically significant differences among treatments (P < 0.05), ANOVA, Duncan’s 

tests. (C) Five mutants exhibited lower per capita inhibition efficiency than APO9 wild type. Dunnett’s test, *P < 0.05; ns, not significant. (D) Schematic circular 

diagram of the APO9 genome and 14 mutant insertion sites as well as BGC, CDS, and GC contents are shown.
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Five genes related to APO9’s antifungal activity are widely distributed in the 
Burkholderia genus and the class of Betaproteobacteria

In order to assess how prevalent the five genes are with significantly reduced inhibitory 
effects, we looked for similar genes in other species across the Burkholderia genus (Fig. 
4A; Table S6). Three of these genes [ATP-phosphoribosyltransferase (ATP-PRT) (T6), MreD 
(T9), and Topo III (T13)] were ubiquitous across the Burkholderia, while the diaminopime­
late decarboxylase (DAPDC) (T5) gene is present in 25 out of the 38 investigated strains, 
24 of which are part of the Bcc (Fig. 4A, Materials and Methods). Intriguingly, the DAPDC 
gene was absent from strains within the Burkholderia pseudomallei complex, including 
B. pseudomallei, Burkholderia mallei, and Burkholderia singularis, which are the principal 
Burkholderia pathogens affecting both animals and humans (54). Moreover, Burkholde­
ria strains from another clade which have been reported to induce phytopathological 
diseases also lack this gene, including Burkholderia glumae (55, 56), Burkholderia gladioli 
(57, 58), and Burkholderia plantarii (59) primarily. The ribosome maturation factor (RimM) 
(T14) gene exhibits similar results, having higher identity with strains in the Bcc group 
and reduced identity in other Burkholderia.

We further assessed the prevalence of these genes in more distantly related taxa. 
We expanded our search for homologous sequences to include 43 species across six 
classes and four phyla (Fig. 4B; Table S7). We discovered that no sequence similarities 
exceeding 80% were identified for the DAPDC (T5) and RimM (T14) genes. The identity 
of the MreD (T9) in Caloplaca grimmiae and Paraburkholderia aromaticivorans exceeds 
80%, which are species with close evolutionary relationships to APO9. The homologous 
genes corresponding to T6 (ATP-PRT) and T13 (Topo III) are prevalent in most Betaproteo­
bacteria, exhibiting high sequence identity. Conversely, beyond the Betaproteobacteria 
class, the amino acid identity associated with these five genes is markedly lower (Fig. 4B). 
The combination of these genes is prevalent within our clade, but some of them are also 
common in the Burkholderia genus and the class of Betaproteobacteria.

APO9 suppresses additional plant pathogens

We tested the inhibitory activity of APO9 against several additional plant pathogens, 
including PA, RS, FORC, and FOL. APO9 strongly inhibited all of them (Fig. 5A), with 
inhibitory effects of 46.01%, 34.30%, 66.38%, and 64.98%, respectively (Fig. 5B). The 14 
APO9 mutants that showed reduced inhibition of Z. tritici typically also displayed lower 
antagonistic activity against these additional fungal pathogens, though some mutant-
pathogen combinations displayed an increased inhibitory activity (Fig. S16A through F).

DISCUSSION

Fungal diseases are recognized as a major impediment to crop growth and yield (28, 60), 
necessitating the development of environmentally sustainable approaches for patho­
gen suppression (14). In this context, plant-associated microbes (microbial inoculants) 
have been shown to have potential to improve plant quality and yield (28, 61, 62) 
by stimulating plant growth (63, 64), enhancing stress resistance (65), and protecting 
against pathogen infestation (66, 67). In the present study, we isolated and characterized 

TABLE 1 Functional annotation of five mutant genes correlated with decreased inhibitory efficiency

Mutants Gene annotation of insertion sites Pathway of function involved

T5 Diaminopimelate decarboxylase (DAPDC) L-lysine biosynthesis via DAP pathway
T6 ATP-phosphoribosyltransferase (ATP-PRT) L-histidine biosynthesis
T9 Rod shape-determining protein (MreD) Involved in formation of the rod shape of the cell. 

And regulation of formation of penicillin-binding 
proteins

T13 DNA topoisomerase III (Topo III) Metal ion binding/DNA binding/chromosome 
separation

T14 Ribosome maturation factor (RimM) Ribosomal small subunit biogenesis
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FIG 4 Five genes related to suppression efficiency are widely distributed in the Burkholderia genus and 

the class of Betaproteobacteria. (A) The phylogenetic tree of Burkholderia genus and the identification of 

five genes. Horizontal distance represents ANI dissimilarity (%), with vertical dashed lines indicating

(Continued on next page)
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a new B. cenocepacia-like strain that exhibited significant antifungal activity against a 
variety of plant fungal pathogens.

Burkholderia spp. are remarkably versatile with broad secondary metabolite 
production capabilities (23, 68). We analyzed APO9’s inhibition mechanism by testing 
whether it secreted compounds that inhibit the growth of Z. tritici. Despite the fact that 
APO9 had significant inhibitory activity even in the absence of physical contact with 
Z. tritici (Fig. 2B and C), no inhibition was observed in the presence of spent media 
from APO9 monoculture or APO9 cocultured with Z. tritici (Fig. S3). Moreover, a volatile 
compound assay revealed that APO9 exhibited some inhibitory effect against Z. tritici 
when incubated on the same side of Petri dish, despite having no contact between the 
bacteria and fungi (Fig. S4C). These results suggest that APO9 may secrete secondary 
metabolites that are able to cross the semipermeable membrane, thereby inhibiting the 
growth of Z. tritici. The lack of inhibition by APO9’s supernatant suggests that these 
compounds may be unstable or degrade quickly after being secreted, similar to findings 
regarding bacterial polyynes (69, 70). Nonetheless, the fact that inhibition efficiency is 
reduced in the absence of physical contact suggests that, perhaps, APO9 may also act 
through contact-dependent mechanisms (Table S2). These mechanisms encompass the 
type III secretion system, which injects the secretory molecules into the host cell (71, 72), 
and type IV secretion system, which requires attachment to the host cell either through 
direct cell-to-cell contact or via a bridge-like apparatus (73, 74). Both systems have been 
reported to be capable of antagonizing other microorganisms, causing tissue damage, 
and invading host cells (75, 76). Additionally, the contact-dependent inhibition by APO9 
may involve the translocation of toxins via the secretion system, higher local concentra­
tions of secondary metabolites, or the induction of secondary metabolite production 
in APO9 upon contact with Z. tritici. The inhibitory effect of APO9 on Z. tritici is both 
contact- and non-contact-mediated.

Microbes produce an array of natural products, which are encoded by different 
biosynthetic gene clusters (77). We found that the APO9 genome contains nine classes 
of BGCs (Fig. 3D; Fig. S6), including clusters encoding for T1PKS, NRPS, terpenes, 
and phosphonates. It is known that these BGCs are frequently involved in the syn­
thesis of antibiotics, antifungal agents, siderophores, and immunosuppressants (78–

FIG 4 (Continued)

ANI values of 95 (orange) and 99 (yellow). Gene identification was conducted using genome BLASTP 

(E-value ≤1e − 5), based on amino acid similarity. The gray area indicate the Bcc group. (B) A clado­

gram depicting the phylogenetic relationships of strains were determined based on 16S rRNA, and the 

identification of five genes. The pink bar represent the class of Actinomycetes, the yellow bar is the class of 

Bacilli, the gray bar is the class of Flavobacteriia, the green bar is the class of Alphaproteobacteria, the blue 

bar is the class of Gammaproteobacteria, and the purple bar is the class of Betaproteobacteria.

FIG 5 APO9’s ability to suppress additional plant pathogens. (A) Plate confrontation assay with PA, RS, FORC, and FOL. (B) APO9 exhibited variable suppression 

efficiency against different phytopathogens.
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81), suggesting that APO9 produces bioactive natural products that can antagonize 
phytopathogens. However, additional work is required to identify specific compounds 
produced by these clusters, and their role in inhibiting fungal pathogens.

Despite the promising potential of Burkholderia spp. for plant protection, they are 
not “generally recognized as safe” since some Burkholderia species are known to be 
opportunistic human and plant pathogens (55, 82). Therefore, direct application of 
APO9 as biocontrol agent is currently uncertain and is unlikely to become a viable 
option. Nonetheless, application of specific metabolites, as opposed to using the whole 
organism, offers a viable alternative, and APO9 may present a valuable reservoir for 
discovering novel compounds for controlling fungal plant pathogens.

Using random mutagenesis and screening, we identified five mutants impaired in 
different genes that displayed reduced antagonism of Z. tritici. The most significantly 
reduced suppressive activity was observed in a DAPDC gene mutant (T5). This gene is 
associated with a terpene biosynthetic gene cluster and it functions as an additional 
biosynthetic gene. Disruption of this gene may lead to a reduction in the biosyn­
thetic function of the corresponding secondary metabolites. Interestingly, homologous 
expression of DAPDC has been reported to increase antibiotic production in Streptomy­
ces clavuligerus (83), suggesting that it may also play a role in regulating secondary 
metabolite production in APO9.

The functional annotations of the genes disrupted in the other mutants with reduced 
inhibitory activity do not clearly reveal their role in fungal inhibition. The mutant T6, 
encoding an ATP-PRT, is the first enzyme in the histidine biosynthesis pathway. Since 
previous research has elucidated a linkage between amino acid synthesis and antibiotic 
production (84–86), the connection between histidine biosynthesis and APO9 antago­
nistic activity warrants further investigation in future research. The T13 mutation is 
located in a DNA topoisomerase III gene. DNA topoisomerases are essential enzymes 
that modulate DNA topology in cells, playing a crucial role in processes such as DNA 
replication, transcription, repair, and recombination (87, 88). In Escherichia coli, both 
topoisomerases I and III belong to the type IA topoisomerase family (89, 90). The recently 
described DNA topoisomerase I (topA) mutation significantly reduced type III secretion 
system expression in Pseudomonas aeruginosa (91), suggesting the T13 mutation (topoIII) 
may affect APO9 secretion systems, thus reducing the antagonism of Z. tritici. It is 
important to note that our mutant library is not exhaustive, and therefore, it is likely 
that additional APO9 genes are also involved in fungal antagonism. Constructing a 
comprehensive mutant library covering the entire APO9 gene set may reveal additional 
genes related to its suppressive activity in future studies.

Phylogenetic analysis of the five genes whose inactivation resulted in significantly 
reduced inhibitory activity revealed their ubiquitous presence within the Burkholderia 
genus. Intriguingly, these genes are seldom identified in classes beyond Betaproteobacte­
ria. In species such as B. pseudomallei, B. mallei, B. plantarii, and B. gladioli, the homolo­
gous DAPDC (T5) gene is absent. Notably, these species are recognized as pathogens 
of animals or plants (54, 58, 59). The DAPDC (T5) gene is associated with the terpene 
biosynthesis gene cluster. The reasons for its absence in pathogens remain to be 
elucidated, though we conjecture this to be related to its antimicrobial activity.

Our research demonstrated that APO9 not only antagonizes Z. tritici but also 
suppresses multiple economically relevant soil-borne phytopathogens (Fig. 5). APO9, 
which was originally isolated from the root of a healthy cucumber plant in a P. aphani­
dermatum-infested greenhouse, might play a role in antagonizing soil-borne pathogens 
in agroenvironments due to its antifungal properties. Genes associated with antagonis­
tic capacity, which are widely found in Bcc, suggest that Burkholderia species play a 
significant role in the interactions between plant microbiota and pathogens. The broad 
range of phytopathogens it suppresses suggests that instead of being tailored to a 
specific phytopathogen, APO9 could potentially be utilized as a source of natural product 
to antagonize various phytopathogens. The fact that APO9 inhibits several different 
pathogens through both contact-dependent and contact-independent activity suggests 
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that it employs several different antagonistic mechanisms. This multifaceted activity may 
hinder the capacity of pathogens to develop resistance to APO9, akin to that achieved 
via combination therapy (92, 93).

It remains a challenge to uncover all the antifungal mechanisms of APO9 and their 
ecological implication. This research has provided a foundation for further exploration 
of its antifungal mechanism, and demonstrates that APO9 strongly inhibits a wide 
range of fungal pathogens via a complex and diverse mechanism. APO9 and other 
Bcc group strains which harbor the same genes related to fungal inhibition may thus 
play a significant role in the interactions between bacteria and fungi. Further in-depth 
investigations of the antifungal mechanisms of APO9 and the interactions between 
strains of the Bcc clade and plant-associated fungi are required to reveal the potential 
of these strains for developing new treatment options to combat plant pathogens, and 
to elucidate the role these bacterial strains play in shaping plant microbiomes and plant 
health.
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