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Abstract: Plant-parasitic nematodes such as soybean cyst nematodes (SCNs) (Heterodera glycines) and root-knot nematodes
(Meloidogyne spp.) pose a significant threat to global soybean productivity. This study evaluated the multimodal biocon-
trol potential of ‘Candidatus Pseudomonas auctus’ JDE115, a soybean nodule-derived bacterium known for its plant
growth-promoting properties. Greenhouse-based pot and split-root assays showed that JDE115 not only significantly
improved soybean growth and nodulation but also suppressed SCN reproduction by over 90% locally and 85% systemi-
cally, indicating both direct antagonism and possibly induced systemic resistance. Volatile profiling using solid-phase
microextraction gas chromatography-mass spectrometry identified dimethyl disulfide and 1-undecene as distinctive
volatile organic compounds produced by JDE115. Bioassays with free-living nematodes demonstrated that 1-undecene
elicits strong avoidance behavior and causes rapid mortality in nematodes in the absence of direct contact.
Furthermore, a colorimetric picrate assay confirmed substantial hydrogen cyanide production by the bacterium.
Additional tests revealed that JDE115 inhibits egg hatching and causes juvenile mortality through a combination of
chemical toxicity and enzymatic degradation. Collectively, these findings establish JDE115 as a multifunctional plant
growth-promoting rhizobacterium with potential nematicidal activity and broad biocontrol potential, underscoring its
value as a next-generation microbial tool for integrated nematode management in soybean cultivation. To our knowl-
edge, this is the first report demonstrating combined volatile-mediated and systemic suppression of SCN by a nodule-
derived Pseudomonas.
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Soybean (Glycine max [L.] Merr.) is one of the most eco-
nomically and nutritionally important crops worldwide,
widely cultivated for its high protein and oil content
(Karges et al., 2022; Majidian et al., 2024; Mishra et al,,
2024; Wdjcik-Gront et al., 2022). It plays a key role in global
food production systems, as well as livestock feed and
biofuel industries (Bennett et al, 2003; Mishra et al.,
2024). However, soybean yields are frequently hindered
by a variety of biotic stressors, including fungal pathogens
(Li et al., 2023), bacterial infections (Pfeilmeier et al., 2016),
and viral diseases (Jones, 2021; Lyons et al., 2008; Roberts,
2014). Among these, plant-parasitic nematodes (PPNs) are
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particularly damaging. Their ability to colonize roots
unnoticed and inflict chronic physiological stress on host
plants makes them a persistent and often underestimated
threat to soybean health and productivity (Faske et al.,
2023; Kantor et al, 2022; Kantor et al, 2024; Pulavarty
et al.,, 2021).

Two of the most damaging nematodes associated with
soybean are the southern root-knot nematode (RKN)
(Meloidogyne incognita (Kofoid and White, 1919)
Chitwood, 1949) and soybean cyst nematode (SCN)
(Heterodera glycines Ichinohe, 1952) (Gorny et al., 2021;
Tylka & Marett, 2021a; Tylka & Mullaney, 2021). These
pathogens parasitize plant roots, impairing nutrient
uptake and causing stunted growth, which ultimately
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leads to significant yield reductions. Meloidogyne incognita
is a globally distributed, highly destructive PPN that
inflicts major yield losses across a broad spectrum of agro-
nomic and horticultural crops, including soybean, cotton
(Gossypium hirsutum L.), tomato (Solanum lycopersicon
L.), and cucumber (Cucumis sativus L.) (Eisenback, 2022;
Karuri et al., 2017; Yigezu Wendimu, 2021). Its aggressive
root galling, extensive host range, and adaptability to
diverse soil conditions make it one of the most economic-
ally important nematodes worldwide (Gorny et al., 2021;
Sasser, 1977).

Similarly, H. glycines is the most yield-limiting pathogen
of soybean in North America and ranks among the most
destructive PPNs globally, contributing to significant annual
crop losses in the United States (Tylka and Marett, 2025). It is
particularly insidious because it often reduces yields
without causing obvious aboveground symptoms and has
evolved virulence against many commercially resistant cul-
tivars (Bradley et al., 2021; McCarville et al., 2017).

Both M. incognita and H. glycines form specialized
feeding structures within plant roots that divert host
resources, disrupt nodulation, and drastically impair
overall plant performance — posing a persistent threat
across soybean-growing regions worldwide (Tylka and
Marett, 2021b; Wang et al,, 2003). These nematodes are
obligate parasites and cause substantial damage to crops
(Chen et al., 2020; Eisenback, 2022).

Current management strategies, such as crop rotation
and the use of resistant cultivars, offer only partial and
often short-lived control. Once established, nematodes can
persist for years because their eggs or cysts remain viable
under adverse conditions and through nonhost crop rota-
tions. Their high reproductive capacity, broad host range,
and adaptability to diverse environments further reduce
the long-term effectiveness of these strategies. The emer-
gence of virulent populations, such as Heterodera glycines
overcoming PI 88788-derived resistance, continues to com-
plicate control efforts and contributes to significant yield
losses across major production regions (Arjoune et al,
2022; Winsor, 2020).

Importantly, nematodes are microscopic animals with
complex nervous and reproductive systems (Eisenback,
2022). These systems make them susceptible to chemical
nematicides, such as organophosphates and carbamates,
which act on neural transmission or fertility pathways
(Eisenback, 2022; Opdensteinen et al., 2024). However, these
biological targets are conserved across animals, including
humans, raising significant safety concerns (Ahmad et al.,
2024; Desaeger et al.,, 2020). As a result, the use of chemical
nematicides has come under increased scrutiny due to their
potential risks to human neurological health development

and reproductive health, prompting regulatory restrictions
and driving interest in safer, biologically based alternatives
(Ahmad et al., 2024; Chen et al., 2020).

Biological control using plant growth-promoting rhizo-
bacteria (PGPR) offers a promising and environmentally
sustainable strategy for managing nematode infestations.
Among these, Pseudomonas species are particularly
notable for their nematicidal properties, which are
mediated through multiple mechanisms including the pro-
duction of hydrogen cyanide (HCN), lytic enzymes, side-
rophores, and the induction of systemic resistance (ISR) in
host plants (Abd El-Rahman et al, 2019; Lee et al., 2015;
Poveda et al., 2020; Proenca et al,, 2019; Ye et al., 2022).

In recent years, volatile organic compounds (VOCs)
such as dimethyl disulfide (DMDS) and 1-undecene have
gained attention as potent microbial metabolites capable
of repelling or killing nematodes without direct contact.
These compounds act as biofumigants, diffusing through
air or soil pores to exert toxic, repellent, or signaling
effects on nematodes (Bhat et al., 2023; Cheng et al., 2017;
Deng, Wang & Li, 2022; Dupont et al., 2023; Ilieva et al,,
2021; Wang et al., 2023). These compounds operate through
distinct biochemical pathways: HCN inhibits cytochrome c
oxidase, thereby disrupting mitochondrial respiration
(Kang et al., 2018); DMDS compromises membrane integrity
and interferes with oxidative metabolism (Ilieva et al., 2021;
Téth et al, 2019; Yan et al., 2019); and 1-undecene impairs
nematode sensory perception, resulting in widespread mor-
tality (Dupont et al., 2023; Prakash et al., 2021). Unlike syn-
thetic nematicides, these VOCs are naturally produced by
microbes, biodegradable, and generally pose lower risks to
nontarget organisms and the environment (Bhat et al., 2023;
Raio, 2024; Schulz & Dickschat, 2007).

Identifying multifunctional bacterial strains capable of
both direct and systemic suppression of PPNs is a major
goal for sustainable agriculture. Several studies have
reported that endophytic bacteria isolated from legume
root nodules exhibit strong biocontrol activity against
PPNs and fungal pathogens, highlighting these endophytes
as a promising and still underexplored reservoir of multi-
functional strains for sustainable crop protection (Haarith
et al,, 2021; Marin-Bruzos et al., 2021; Mazzuchelli et al,,
2020). In addition to direct antagonism, some endophytic
and rhizosphere-associated Pseudomonas spp. can sup-
press PPNs indirectly by inducing systemic resistance in
the host plant, thereby strengthening plant defense
responses beyond the site of bacterial colonization. Such
induced resistance may involve activation of defense-
related signaling pathways and priming of host responses
that reduce nematode infection and development (Ye
et al, 2022; Kuhl-Nagel et al,, 2022; Haney et al.,, 2018).
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Endophytic bacteria from legume nodules therefore repre-
sent a largely unexplored reservoir of biocontrol agents
with potential for sustainable crop protection (Fadiji &
Babalola, 2020; Flores-Duarte et al., 2022; Ibaiiez et al.,
2014; Sharma & Mallubhotla, 2022; Tokgoz et al., 2020;
Verma & Gange, 2014; Xia et al., 2022).

Among  these  nodule-associated  endophytes,
‘Candidatus Pseudomonas auctus’ JDE115 (Al et al., 2025)
isolated from soybean nodules was previously shown to
enhance plant growth and nodulation. These beneficial
effects, together with the multifunctional traits commonly
associated with endophytic Pseudomonas, provided a
strong rationale for testing whether JDE115 could also sup-
press PPNs. We hypothesized that JDE115 exerts multi-
modal nematode suppression through HCN production,
VOC-mediated toxicity, and the ISR in host plants. To test
this hypothesis, we conducted a series of integrated in
planta and in vitro experiments involving volatile profiling
and functional bioassays targeting key metabolites such as
l-undecene and DMDS. The study specifically examined
the effects of JDE115 on Heterodera glycines (SCN), and
Meloidogyne incognita (RKN). Understanding the mechan-
isms by which JDE115 suppresses these economically
important nematodes provides a foundation for devel-
oping sustainable, microbe-based management strategies
that reduce dependence on chemical nematicides.

1. Materials and methods

1.1 Nematode cultures

The PPN species were used in this study: Heterodera gly-
cines (SCN), Meloidogyne incognita (RKN), and free-living
nematodes. All cultures were maintained in the Nematode
Diagnostic and Assay Laboratory at Virginia Tech.
Heterodera glycines was propagated on the susceptible
soybean cultivar ‘Lee’, M. incognita on tomato (Solanum
lycopersicum) roots, and free-living nematodes (extracted
using semi-automatic elutriator) from drill field in Virginia
Tech. Species identity was confirmed morphologically.
Cysts were extracted from infested soil using a semi-auto-
matic elutriator and collected on a 60 mesh sieve at the top
of the funnel connected to the splitter bowl. Cysts were
counted under a stereomicroscope. Collected cysts from
each plant were transferred to a blender containing water
and blended for 2 min to release eggs. The blended sus-
pension was poured through a 60 mesh sieve placed above
a 500 mesh sieve. Larger debris was retained on the 60
mesh sieve, while eggs passed through and were captured

on the 500 mesh sieve. Eggs were rinsed thoroughly with
distilled water, collected, and counted under a stereomi-
croscope for inoculation assays. For M. incognita, eggs
were extracted from infected tomato roots. Roots were
washed thoroughly, then immersed in 10% sodium hypo-
chlorite (NaOCl), and shaken vigorously for 2 min to dis-
solve the gelatinous matrix surrounding the egg masses.
The suspension was poured through a nested sieve set (25
over 60 over 400 over 500 mesh). Eggs retained on the 500
mesh sieve were collected and rinsed repeatedly with
sterile distilled water to ensure removal of residual bleach
before use in experiments. All nematode cultures were
maintained in greenhouse conditions at 28°C with a 16 h
light/8h dark cycle. Freshly collected eggs or juveniles
were used for all assays described below. Control assays
included sterile water and Luria-Bertani (LB) lite medium
without JDE115, depending on the experimental design. For
the in vitro egg hatch and juvenile mortality assays, sterile
water served as the negative control, and LB lite alone was
tested separately to verify that the medium itself had no
measurable effect (Supplementary Figure S4). For green-
house and split-root experiments, sterile LB lite broth
served as the corresponding control treatment.

1.2 Bacterial culture

‘Candidatus P. auctus’ JDE115 was originally isolated from
surface-sterilized soybean root nodules collected from soy-
bean plants grown at a research field site in Blacksburg,
Virginia, USA (37.1998°N, 80.5644°W). The bacterium was
maintained on LB lite agar (NaCl 10 g/L, yeast extract 5 g/L,
and agar 15 g/L) plates (15 x 100 mm) at 28°C and subcul-
tured every 2 weeks. For experimental use, a single colony
was inoculated into LB lite broth and incubated at 28°C
with shaking (150 rpm) until the culture reached an optical
density (ODeoo) of approximately 0.7, corresponding to
1.4 x 10® CFU mL™. The cells were used fresh for in vitro
assays and for in planta inoculations. All experiments
employed the same batch of medium and growth condi-
tions to ensure reproducibility. LB lite (broth and agar)
medium was used for all bacterial culturing and bioassay
controls throughout this study to ensure consistency and
minimize background nutrient interference.

1.3 RKN egg hatching inhibition by Ca.
P. auctus

To evaluate the inhibitory effect of ‘Ca. P. auctus’ JDE115 on
nematode egg hatching, a 24-h bacterial culture grown in
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LB lite broth (ODgoo = 0.7) was used as the treatment.
Sterile distilled water served as the control group.
Each treatment was applied to five replicates in 90 mm
Petri dishes. The experimental setup is shown in
Supplementary Figure S1.

A nylon mesh screen was placed at the center of each
dish and overlaid with a single-fold facial tissue. This
chamber retained nematode eggs above the mesh while
allowing hatched second-stage juveniles (J2) into the liquid
medium. The elevation created by the screen enabled sam-
pling without disturbing the tissue layer. Each dish was
filled with 20 mL of either JDE115 culture or distilled water
and incubated at 25°C under standard laboratory light-
dark conditions for 21 days.

At intervals on days 1, 2, 3, 6, 9, 12, 15, 18, and 21, 10 mL
of liquid was withdrawn from the edge of the dish and
examined microscopically (Olympus CK2, Olympus Optical
Co. Ltd., Japan) to count hatched juveniles (Li et al., 2022;
Xiang et al., 2018). The removed liquid was immediately
replaced with 10 mL of fresh treatment: 1mL of freshly
cultured JDE115 mixed with 9 mL LB lite broth for the
treatment group or distilled water for the control group
(Supplementary Figure S1). The 10% (v/v) JDE115 replenish-
ment solution was used as a standardized replacement
treatment after each sampling interval to maintain consis-
tent exposure to freshly produced bacterial cells and meta-
bolites throughout the assay without completely replacing
the incubation medium.

The entire experiment was repeated independently
using new bacterial cultures and nematode egg prepara-
tions. Suppression percentage is calculated as follows:

Suppression (%) = ((Control - Treatment)/Control)
% 100.

At each observation point, newly hatched juveniles
were counted and removed, and cumulative hatch per
replicate was calculated by summing juveniles recorded
at all time points across the 21-day assay period. Data were
analyzed as described in the Statistical analysis section. LB
lite alone was tested separately and showed no significant
effect on egg hatch relative to the water control
(Supplementary Figure S3)

1.4 RKN mortality caused by Ca. P. auctus’
JDE115

To assess the nematicidal activity of ‘Ca. P. auctus’ JDE115,
a six-day juvenile (J2) mortality assay was conducted fol-
lowing the protocols of Mendoza et al. (2008). Approxi-
mately 1,000 freshly hatched J2s (RKN) extracted using the
Baermann funnel were used per replicate. Two treatments

were evaluated across five biological replicates: (1) Treat-
ment: 20 mL of JDE115 culture (ODgoo = 0.7, grown in LB lite
broth for 24h), and (2) Control: 20 mL of sterile distilled
water. Petri dishes were incubated at 25-28°C under static
conditions. Nematode viability was assessed daily for 6
days. A liquid sample was withdrawn from each dish and
examined with an inverted microscope. Nematodes were
recorded as dead if they appeared straight, immobile, and
unresponsive to gentle probing for 30 s and did not recover
movement after transfer to fresh water for 24 h.

After each daily count, 10 mL of liquid was replenished
to maintain experimental conditions. The treatment group
received 1 mL of fresh JDE115 culture (OD600 = 0.7) mixed
with 9 mL LB lite broth, while the control group received
10 mL of sterile distilled water. The 10% (v/v) replenish-
ment solution was used as a standardized replacement
treatment after each sampling interval to maintain consis-
tent exposure to bacterial cells and metabolites
throughout the assay while avoiding complete replace-
ment of the incubation medium. To confirm that nematode
mortality was due to LB media components, an additional
control assay was conducted.

Approximately 1,000 ]2 were exposed to 20 mL of each
solution in separate Petri dishes. Sterile distilled water
served as the negative control (Supplementary Figure S1).
Plates were incubated at 25-28°C and ]2 mortality was
assessed on Day 6 using the same criteria described earlier.

Mortality (%) is calculated using the formula:

Mortality (%) = (Number of dead J2/Total J2 observed)
% 100.

The entire experiment was repeated twice indepen-
dently with fresh batches of J2 and bacterial cultures to
ensure reproducibility. LB lite alone was evaluated sepa-
rately as a medium control and showed no measurable
effect on juvenile survival compared with sterile water
(Supplementary Figure S3). Data were analyzed as
described in the Statistical analysis section.

1.5 Local effect of ‘Ca. P. auctus’ on
soybean growth and Heterodera
glycines reproduction

Soybean seeds (cv. Lee) were surface sterilized (dx.doi.org/
10.17504/protocols.io.ewov12jd7gr2/vl) and soaked for
15min in either culture of JDE115 (ODggo = 0.6) grown in
LB lite broth media or sterile LB lite broth (control). Seeds
were sown into 15 cm diameter clay pots containing a 3:1
mixture of field soil and sand (Kolar Scape). The field soil
was collected from Kentland Farm, Virginia Tech, and clas-
sified as a Hayter loam (fine-loamy, mixed, active, mesic



M. S. Ali et al.

Typic Hapludult) according to the U.S. Soil Taxonomic
System. The soil mixture was sterilized in a greenhouse
steam box at 104°C for 3 h following the Virginia Tech
APHIS-approved steam-sterilization guidelines. Plants
were maintained in a greenhouse at 28 + 2°C, 60 + 10%
relative humidity, and a 16 h light/8 h dark photoperiod.

At the V3 growth stage (third trifoliate stage, with three
fully developed trifoliate leaves), plants received a second
application of ‘Ca. P. auctus’ JDE115 by pipetting 5 mL of
freshly grown bacterial suspension (ODeoo = 0.6) directly
into the rhizosphere. One week later, each plant was
inoculated with 5,000 Heterodera glycines eggs. The eggs
were applied by pipetting the suspension into five small
holes made around the root zone, which were immedi-
ately refilled with soil to prevent desiccation. Plants
were watered daily at approximately 11:00 AM with
~200mL of tap water per pot and received no supple-
mental fertilizer. After 45 days, plants were harvested
and the following parameters were recorded: plant height
(cm), stem diameter (mm), shoot and root biomass (g),
nodule number and weight (g), nodule color (pink/gray),
total number of cysts, and cysts per gram of root. For cyst
analysis, roots were carefully separated from the soil,
gently washed with tap water to remove adhering parti-
cles, and blot-dried with paper towels prior to weighing
(Supplementary Figure S2). Cysts were extracted from soil
using a semi-automatic elutriator (Byrd et al., 1976), col-
lected on a 60 mesh sieve at the top of the funnel connected
to the splitter bowl, and counted with a stereomicroscope
(Olympus CK2, Olympus Optical Co. Ltd., Japan).

To assess SCN reproduction, collected cysts from each
plant were transferred to a blender and blended in water
for 2 min. The blended suspension was poured through a
60 mesh sieve placed above a 500 mesh sieve. Larger
debris was retained on the 60 mesh sieve, while eggs
passed through and were captured on the 500 mesh sieve.
Eggs were rinsed, collected, and counted under a stereo-
microscope. Final egg density was calculated and
expressed as the number of eggs per gram of root tissue.
Five biological replicates were used per treatment, and
each experiment was repeated twice with fresh cultures
and nematode populations. All controls plants received
sterile LB lite broth prepared under the same condition.

1.6 Systemic effects of ‘Ca. P. auctus’ on
soybean growth and Heterodera
glycines reproduction

To evaluate systemic suppression of SCN, soybean plants
at the V1 growth stage were carefully uprooted, and their

root systems were longitudinally split into two halves up
to the hypocotyl. Each half was transplanted into adjacent
narrow plastic pots (6 x 5% inches; 1.5 L soil volume) con-
taining the same 3:1 mixture of sterilized field soil and
sand. One root half received two applications of JDE115
(ODggo = 0.6): first immediately after transplanting and
again 1 day prior to SCN inoculation at the V3 stage. The
opposite half was inoculated with 5,000 SCN eggs. In the
control treatment, one root half received sterile LB lite
broth alone, while the opposite root half was inoculated
with 5,000 SCN eggs. No seed treatment was used in this
experiment to ensure that JDE115 colonization was limited
to the designated compartment and did not affect the side
exposed to nematodes (Supplementary Figure S2). All
other experimental conditions, including greenhouse
environment, nematode inoculation procedure, watering
schedule, and postharvest measurements, were consistent
with those described for the pot experiment. Five biological
replicates were used per treatment, and each experiment
was repeated twice with fresh cultures and nematode popu-
lations. All controls received sterile LB lite broth prepared
under the same condition.

1.7 HCN detection assay

A single colony of ‘Ca. P. auctus’ JDE115, previously cul-
tured on LB agar for 48 hours at 28°C, was streaked onto
HCN detection medium. Sterile Whatman No. 1 filter paper
discs, presoaked with 0.5% picric acid dissolved in 1%
sodium carbonate (Na,COs3), were attached to the inner
lid of each Petri dish, ensuring no contact with the agar
surface (Castric, 1977). Plates were sealed with Parafilm®
to minimize the loss of volatilized organic compounds and
incubated at 25°C for 7 days. Control plates containing only
LB medium only were used to confirm the stability of the
picrate reagent under noninducing conditions. HCN pro-
duction was assessed visually based on a color change in
the picrate-saturated paper from yellow to orange or red-
dish-brown. Each treatment included five biological repli-
cates, and the experiment was independently repeated
three times to ensure reproducibility.

1.8 VOCs profiling using headspace SPME-
GC/MS

VOCs produced by ‘Ca. P. auctus’ JDE115 were analyzed
using headspace solid-phase microextraction (SPME)
coupled with gas chromatography-mass spectrometry
(GC-MS) following the method of Sawoszczuk and Sygula-
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Cholewinska (2017). Two treatments were prepared in air-
tight 20 mL glass vials containing 10 mL of potato dextrose
agar (PDA) and incubated at 28°C: (i) PDA inoculated with
JDE115 and (ii) uninoculated PDA for the control.
Headspace VOCs were extracted using a 50/30 um divi-
nylbenzene/carboxen/polydimethylsiloxane ~ StableFlex®
fiber (Supelco®, USA), preconditioned according to the
manufacturer’s instructions. After 30 min of equilibration
at room temperature, the fiber was exposed to the vial
headspace for 10 min and then thermally desorbed by
direct insertion into the gas chromatograph injector.
GC-MS analysis was performed using an Agilent® 7890
gas chromatograph coupled with a 5975 C mass selective
detector. VOCs were separated using a DB-5 capillary
column (30m x 25um id., 025um film thickness).
Samples were injected in split mode (1:10) with the injector
temperature set at 200°C. Helium served as the carrier gas
at a constant flow rate of 1.0 mL/min. The oven tempera-
ture program was as follows: initial hold at 35°C for 3 min,
ramped at 15°C/min to 200°C, followed by a final hold for
5min. The transfer line temperature was maintained at
220°C. Mass spectra were collected in the electron ioniza-
tion mode. VOCs were identified by comparing the spectra
to entries in the Wiley and NIST mass spectral libraries. All
analyses were performed under consistent instrument
conditions to ensure data reproducibility and reliability.

1.9 Nematode response to 1-undecene

For nematode bioassays, water agar was prepared by dis-
solving 20 g of bacteriological agar in 1L of deionized
water, followed by autoclaving at 121°C for 20 min. After
cooling to a manageable temperature, the sterile agar was
poured into Petri dishes within a biosafety cabinet. The
plates were incubated at room temperature for 48h to
verify sterility; only plates without signs of contamination
were used in subsequent experiments.

Freshed hatched RKN ]2s (using a baermann funnel
process) and free-living nematodes (soils were collected
from Drillfield, Virginia Tech) were used for bioassays to
ensure viability and responsiveness.

To evaluate the repellent effect of pure 1-undecene,
individual nematodes were picked and were transferred
onto water agar plates and observed with an inverted
Olympus® microscope to confirm normal motility prior
to treatment. Images and videos were captured to docu-
ment baseline behavior. A small amount of pure 1-unde-
cene (~10-15 uL) was carefully applied to the agar surface
using a fine brush ensuring that the nematode was not
contacted directly. J2s responses were observed in real

time. Upon initial exposure, nematodes consistently
moved away from the 1-undecene source. When the com-
pound was introduced in their redirected path, nematodes
altered course a second time, demonstrating avoidance
behavior in multiple directions. This repeated aversion
was documented and used as evidence of repellent
activity. In most cases, nematodes became immobile and
subsequently died within 40 min, even without direct con-
tact with 1-undecene (Prakash et al., 2021).

The compound (299% purity; Sigma-Aldrich, USA) was
applied at 15 uL per 90 mm Petri dish, corresponding to an
estimated 76 mM concentration within the 20 mL plate
headspace. This concentration was chosen to determine
the maximal nematicidal potential of 1-undecene, consistent
with previous reports that employed pure microbial vola-
tiles to establish threshold bioactivity (Prakash et al., 2021).
Because the l-undecene bioassays were performed on
water agar using the purified compound alone, sterile water
and untreated agar plates served as the relevant negative
controls. JDE115 was not included in these assays because
the objective was to evaluate the biological activity of pur-
ified 1-undecene independent of the bacterium.

To evaluate the nematicidal activity of 1-undecene,
four small wells were created in each water agar plate
using the blunt end of a 1 mL pipette tip. Mixed nematode
populations were randomly picked and transferred to the
agar surface, and 15 pL of pure 1-undecene was carefully
pipetted ensuring the compound did not spread across the
agar surface (Figure 1). Following confirmation of nema-
tode movement, plates were immediately sealed with Par-
afilm® to retain VOCs. Within 15-20 min, nematodes
located near the wells exhibited complete mortality. In a
separate direct-contact assay (Figure 2), nematodes were
placed directly in contact with 1-undecene on the water
agar. These ]J2s exhibited rapid mortality. The behavioral
responses and mortality events were also documented
using high-resolution photography and video recording
(Supplementary Movie S1).

1.9.1 Statistical analysis

All statistical analyses were performed in R version 4.4.0.
Data are presented as mean + standard deviation (SD). For
comparisons between two groups, Student two-sample
t-tests were used. Juvenile mortality data were addition-
ally analyzed using a two-way linear model including
treatment and replication as fixed factors. Model assump-
tions were evaluated using the Shapiro-Wilk test for nor-
mality, and the Wilcoxon rank-sum test was used as a
nonparametric  confirmation = where  appropriate.
Differences were considered significant at P < 0.05.
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Functional assay for 1-undecene
(b)

<undecene in wells

Control 1-undecene

Figure 1. Functional bioassay demonstrating the nematicidal
activity of 1-undecene produced by ‘Candidatus
Pseudomonas auctus’ JDE115 (Ali et al., 2025). (a)
Control: live free-living nematodes in 2% water
agar with four empty wells. Nematodes exhibited
normal, curved morphology, and active movement.
(b) 1-Undecene treatment: bioassay plate containing
l-undecene in four wells. Exposed nematodes
appeared straight and immobile, indicating mor-
tality caused by the volatile compound. (c)
Additional control: untreated nematodes in 2% water
agar remained viable, confirming that agar and plate
conditions did not influence nematode viability. (d)
Direct in situ exposure: Nematodes exposure directly
to 1-undecene on agar became immobile and adopted
a straightened posture, demonstrating the com-
pound’s rapid and irreversible toxic effect.

2. Results

JDE115 treatment caused a strong suppression of egg
hatching compared with the untreated control. The
mean number of hatched juveniles was significantly lower
in the JDE115 treatment (P < 0.001), representing a 99.1%
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reduction relative to the control (Figure 3). Similarly,
nematode survival declined sharply in the presence of
JDE115, with surviving juveniles reduced by 99.1% relative
to the control (P < 0.001). These results collectively demon-
strate the potent nematicidal effect of ‘Ca. P. auctus’ JDE115
under in vitro conditions. A time-resolved analysis of
hatch dynamics across the full 21-day period is provided
in Supplementary Figure S3, illustrating the continuously
suppressed hatch in JDE115 compared with the steadily
increasing hatch in the control. LB lite alone showed no
significant effect on egg hatch or juvenile survival com-
pared with the sterile water control (Supplementary
Figure S3). Therefore, sterile water was used as the nega-
tive control in the corresponding in vitro assays.

Exposure to ‘Ca. P. auctus’ JDE115 resulted in rapid and
substantial mortality of juveniles, with significant death
observed within 24h. By Day 6, cumulative mortality
exceeded 95% in the JDE115-treated group, whereas nema-
todes in the control group remained largely viable.
Treated juveniles consistently displayed a straight, immo-
bile morphology, an indicator of death (Figure 4). The
mean number of surviving nematodes in the JDE115-
treated group was approximately 10, compared to over
1,000 in the control, representing a 99% reduction in sur-
vival (P < 0.001). Importantly, no significant difference was
observed between the sterile water control and LB lite
alone, confirming that the medium itself did not account
for nematode mortality. These findings confirm that the
observed nematicidal activity is due to the biological
effects of JDE115, rather than to any chemical constituents
of the culture medium.

Treatment with ‘Ca. P. auctus’ JDE115 significantly
improved soybean growth and suppressed SCN reproduc-
tion under controlled pot conditions. Across all measured

S T zom

Figure 2. Repellent and nematicidal effects of 1-undecene on free-living nematodes. Microscopic images depict behavioral and
lethal responses of nematodes exposed to pure 1-undecene. (a) Nematodes exhibited a characteristic “omega” turn upon
sensing 1-undecene, indicating an attempt to reorient away from the source. (b) Continued exposure triggered a second
“omega” turn in the opposite direction, confirming sustained avoidance behavior. (c) A third directional change was
observed, demonstrating consistent three-directional repulsion and heightened sensitivity to 1-undecene. (d)
Nematodes directly exposed to 1-undecene became immobile, adopting a straight posture with internal vacuolization,

indicative of complete mortality.
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Figure 3. Effect of ‘Candidatus Pseudomonas auctus’ JDE115 (Ali
et al., 2025) on root-knot nematode, Meloidogyne incog-
nita (Kofoid & White, 1919; Chitwood, 1949), egg
hatching. The bar plot shows the mean number of
hatched second-stage juveniles in the JDE115 treated
group compared to the untreated control. The error
bars represent standard deviation of the mean. A sig-
nificant reduction in egg hatch was observed in the
JDE115 treatment (P < 0.001), with a calculated suppres-
sion rate of 99% relative to the control. Numeric values
adjacent to the bars indicate mean hatch counts. Data
are from five biological replicates per experiment, and
the assay was repeated twice independently. Sterile
water was used as the negative control. LB-lite medium
without JDE115 was confirmed to have no measurable
effect on egg hatch, juvenile mortality, or SCN
reproduction.

parameters, JDE115-treated plants exhibited superior vege-
tative growth compared to the control group. Specifically,
plant height, shoot biomass, and stem diameter increased
by approximately 23, 43, and 35%, respectively (P < 0.01),
while root biomass was also significantly elevated by 36%
(P < 0.05). A particularly notable effect was observed in nodu-
lation; JDE115-treated plants produced nearly 2.5 times more
root nodules than control plants (P < 0.0001) (Figure 5). These
nodules were more frequently pink internally, a character-
istic commonly associated with active nitrogen fixation
and leghemoglobin accumulation in functional nodules
(Vyas et al.,, 2025; Soumare et al., 2020; Villari et al.,
2021). Most strikingly, JDE115 treatment led to a dra-
matic reduction in SCN reproduction. The number of
cysts per gram of root mass was reduced by approxi-
mately 95% compared to the control (P < 0.001), under-
scoring the potent local biocontrol effect of JDE115
within the soybean rhizosphere (Figure 6). Importantly,
JDE115 suppressed SCN populations without reducing plant
growth or nodulation, indicating that its nematode-suppres-
sive activity does not impose phytotoxic or microbiome-dis-
ruptive effects. This selective suppression supports the

Impact of JDE115 on root-knot second-stage juvenile mortality
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Figure 4. Root-knot nematode, Meloidogyne incognita (Kofoid &
White, 1919 (Chitwood, 1949), mortality index following
treatment with ‘Candidatus Pseudomonas auctus JDE115
(Ali et al., 2025). Bars represent the mean number of
surviving nematodes in the JDE115-treated group com-
pared with the untreated control. Error bars indicate
standard deviation (n = 10 per treatment). A two-way
linear model (Live Nematodes ~ Treatment +
Replication) revealed a highly significant reduction in
nematode survival (P < 0.001), with model assumptions
validated by the Shapiro-Wilk test (P = 0.987). Percent
suppression by JDE115 was calculated at 99%. A
Wilcoxon rank-sum test independently confirmed the
result (p = 0.00018). Bar labels indicate mean nematode
counts with significance levels (P < 0.001). Data are
from five biological replicates per experiment pooled
across two independent experiments. Sterile water was
used as the negative control. LB-lite medium without
JDE115 was confirmed to have no measurable effect on
egg hatch, juvenile mortality, or SCN reproduction.

suitability of JDE115 metabolites as biologically compatible
alternatives to broad-spectrum chemical nematicides.

To evaluate systemic suppression, soybean plants were
grown in a splitroot system in which one half of the root
system was treated with ‘Ca. P. auctus’ JDE115, while the
opposite half was inoculated with SCN. This experimental
design ensured that JDE115 had no direct contact with the
SCN-inoculated root zone. Compared to the control group,
JDE115-treated plants showed significant increases in plant
height and shoot biomass by approximately 38 and 58%,
respectively (P < 0.01), indicating a systemic growth-pro-
moting effect (Figure 7). No significant statistical differences
were observed for root biomass or stem diameter, suggesting
that JDE115’s primary influence under those conditions is on
aboveground development via systemic signaling pathways.

In terms of biocontrol, SCN reproduction was mark-
edly reduced in the untreated root half of JDE115-treated
plants, with cysts counts declining by approximately 84.7%
relative to the control (P < 0.001) (Figure 8). These results
demonstrate that JDE115 induces systemic nematode
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Growth parameters affected by JDE115
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Figure 5. Local effects of ‘Candidatus Pseudomonas auctus’ JDE115 (Ali et al.,, 2025) on soybean growth. Boxplots illustrate the impact of
JDE115 treatment on key soybean growth parameters measured 45 days after sowing, including (a) nodule number, (b) plant
height (cm), (c) root biomass (g), (d) shoot biomass (g), and (e) stem diameter (mm). Soybean (Glycine max L.) seeds (cv. Lee)
were soaked in JDE115 or LB lite broth (control) and grown in sterilized 3:1 field soil-to-sand mixture under greenhouse
conditions. SCN (Heterodera glycines Ichinohe, 1952) eggs (5,000 per plant) were inoculated at the V3 growth stage. Asterisks

indicate significant differences between treatments, using

the student’s t-test (P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), P <

0.0001 (****)). In each boxplot, the center line indicates the median, the box represents the interquartile range, whiskers show
the data range, and the diamond denotes the mean. Data are from five biological replicates per experiment, and the experi-
ment was repeated twice independently. LB lite was used as the negative control. LB-lite medium without JDE115 was
confirmed to have no measurable effect on egg hatch, juvenile mortality, or SCN reproduction.

suppression, even in the absence of direct bacterial con-
tact at the site of inoculation (Pieterse et al., 2001).

2.1 HCN production by JDE115

The qualitative assay consistently confirmed HCN produc-
tion by ‘Ca. P. auctus’ JDE115. In all JDE115-inoculated
plates, the picrate-soaked filter paper exhibited a distinct
color change from yellow to reddish-orange or reddish-
brown after 7 days, indicating HCN release. In contrast,
no color change was observed in the uninoculated control
plates (Bakker, 1987). This result was reproducible across
five biological replicates and three independent experi-
ments (Figure 9).

2.2 VOCs produced by JDE115

The chromatogram displays distinct VOCs peaks
emitted by JDE115. Numbers above each peak represent

specific VOCs unique to JDE115, while the x-axis indicates
retention time in minutes (Figure 10). Two prominent
peaks, at 3.545 and 7.925 min., were identified as DMDS
and 1-undecene, respectively. VOC identities were con-
firmed based on retention time, peak area, and spectral
matching with entries in the Wiley and NIST mass spec-
tral libraries.

Headspace SPME-GC/MS analysis of ‘Ca. P. auctus’
JDE115 revealed the presence of several VOCs with poten-
tial bhiological activity. Two compounds were uniquely
detected in the JDE115-inoculated samples and were
absent in the uninoculated media control, indicating that
these VOCs are specifically emitted by the bacterium. Peak
1, with a retention time of 3.545min and a peak area of
21,906,588, was identified as DMDS. Peak 2 at 7.925 min and
a peak area of 93,690,736 corresponded to l-undecene
(Figure 10). These compounds produce prominent peaks
in the chromatogram, confirming their abundance and
significance among the VOCs released by JDE115. The
exclusive detection of DMDS and 1l-undecene supports
the hypothesis that the biocontrol activity of JDE115
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Figure 6. Local effects of ‘Candidatus Pseudomonas auctus’ JDE115

(Ali et al, 2025) on soybean cyst nematode (SCN)
(Heterodera glycines Ichinohe, 1952) reproduction. Bar
graph shows the number of SCN cysts per gram of root,
revealing a 95% reduction in SCN reproduction in the
JDE115-treated group compared to the control. Soybean
seeds (cv. Lee) were soaked in JDE115 or LB lite broth
(control) and grown in sterilized 3:1 field soil-to-sand
mixture under greenhouse conditions. SCN eggs (5,000
per plant) were inoculated at the V3 growth stage.
Asterisks indicate significant differences between treat-
ments, using the student’s ¢-test (P < 0.05 (*), P < 0.01 (**),
P <0.001 (***), P <0.0001 (****)). Bars show mean + SD.
Data are from five biological replicates per experiment,
and the experiment was repeated twice independently.
LB lite was used as the negative control. LB-lite medium
without JDE115 was confirmed to have no measurable
effect on egg hatch, juvenile mortality, or SCN
reproduction.
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Figure 8. Systemic effects of ‘Candidatus Pseudomonas auctus’

JDE115 (Ali et al., 2025) on soybean cyst nematode
(SCN) (Heterodera glycines Ichinohe, 1952) reproduc-
tion in a split-root system. Bar graph presents the
number of SCN cysts per gram of root from the
untreated root half demonstrating systemic suppres-
sion. JDE115 treatment reduced SCN cyst production
by 84.7%, relative to the control. Asterisks indicate
statistical significance as determined by Student’s t-
test [P < 0.05 (*), P < 0.01 (**), P < 0.001 (***)]. Bars
show mean + SD. Data are from five biological repli-
cates per experiment, and the experiment was
repeated twice independently. LB lite was used as
the negative control. LB-lite medium without JDE115
was confirmed to have no measurable effect on egg
hatch, juvenile mortality, or SCN reproduction.

Systemic effect of JDE115 on growth parameters
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Figure 7. Systemic effects of ‘Candidatus Pseudomonas auctus’ JDE115 (Al et al., 2025) on soybean (Glycine max L.) growth in a split-root
system. Boxplots show (a) plant height (cm), (b) shoot biomass (g), (c) root biomass (g), and (d) stem diameter (mm) in soybean
plants where only one root half was treated with JDE115. Asterisks indicate statistical significance as determined by Student’s t-
test [P < 0.05 (*), P < 0.01 (**), P < 0.001 (***)]. Error bars represent standard deviation. LB lite water was used as the negative
control. In each boxplot, the center line indicates the median, the box represents the interquartile range, whiskers show the
data range, and the diamond denotes the mean. Data are from five biological replicates per experiment, and the experiment

was repeated twice independently.
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Figure 9. Qualitative detection of hydrogen cyanide (HCN) production by ‘Candidatus Pseudomonas auctus’ JDE115 (Al et al., 2025) using

a colorimetric assay. The top row displays negative control plates containing only LB medium, with no visible color change in
the picrate-saturated filter paper. The bottom row shows plates inoculated with JDE115, where a visible color shift from yellow
to reddish-brown on the filter paper after 7 days indicates positive HCN production.

Chromatograph of volatile organic compounds
produced by JDE115
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Figure 10. Identification of volatile organic compounds (VOCs)
produced by ‘Candidatus Pseudomonas auctus’
JDE115 (Ali et al., 2025) using solid-phase microex-
traction gas chromatography-mass spectrometry
(SPME-GC-MS). The chromatogram displays distinct
VOCs peaks emitted by JDE115. Numbers above each
peak represent specific VOCs unique to JDE115,
while the x-axis indicates retention time in minutes.
Two prominent peaks, at 3.545 and 7.925 min., were
identified as dimethyl disulfide and 1-undecene,
respectively. VOC identities were confirmed based
on retention time, peak area, and spectral matching
with entries in the Wiley and NIST mass spectral
libraries.

against SCN is mediated, at least in part, by VOC-based
antagonism.

Although DMDS was positively identified by GC-MS, it
was not included in subsequent nematode bioassays
because DMDS has been extensively characterized as a
commercial biofumigant and of its extremely pungent
and irritating odor. Laboratory safety protocols at our
facility prohibit open handling of DMDS due to its volati-
lity and potential to contaminate shared air spaces.
Therefore, functional assays focused on 1-undecene, which
is less odorous and more suitable for confined laboratory
testing.

2.3 1-undecene bioassay

To investigate the functional role of 1-undecene in
nematode suppression, a series of behavioral and mor-
tality bioassays were conducted under both volatile and
direct-contact exposure conditions (Prakash et al., 2021).
In repellency assays, free-living nematodes and RKN J2s
exhibited strong avoidance behavior when exposed to
pure 1-undecene on 2% water agar plates. Upon initial
exposure, nematodes performed sharp “omega” turns,
actively redirecting movement away from the source
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(Figure 2a). When l-undecene was introduced again
along their new path, nematodes responded with addi-
tional directional changes (Figure 2b—c), demonstrating
consistent three-way repulsion and high chemosensory
sensitivity. These behaviors confirm the potent repel-
lent activity of 1-undecene. In some instances, nema-
todes that entered the 1-undecene exposure died within
few minutes, indicating its acute toxicity (Figure 2d).

For nematicidal assays, 15 puL of pure 1-undecene was
added to wells on water agar plates seeded with RKN J]2s.
Within 40 min, all nematodes in proximity to the wells
became immobile and adopted a straight, rigid posture.
These responses were consistent across biological repli-
cates, supporting the conclusion that 1-undecene acts as
both a spatial repellent and a volatile nematicide with
rapid vapor-phase activity. Supporting video evidence is
provided in Supplementary Movie S1.

3. Discussion

This study demonstrates that ‘Ca. P. auctus’ JDE115 sup-
presses PPNs, including SCN and RKN through a multi-
modal biocontrol strategy. JDE115 combines local rhizo-
sphere activity, ISR, and volatile-mediated toxicity to
achieve broad-spectrum nematicidal effects. The use of
such multifunctional endophytic bacteria represents a
promising, environmentally sustainable alternative to che-
mical nematicides, which are increasingly restricted due
to concerns over human health and environmental safety
(Ahmad et al., 2024; Chen et al., 2020; Desaeger et al., 2020).
In both pot and split-root greenhouse experiments ‘Ca. P.
auctus’ JDE115 significantly reduced SCN reproduction and
enhanced soybean growth. Cysts counts per gram of root
were reduced by 95% in the pot experiment and 84.7% in
the split-root system, indicating that JDE115 provides both
local and systemic nematode suppression.

The systemic reduction in SCN reproduction suggests
activation of ISR, a mechanism previously reported in
other Pseudomonas species and typically mediated by jas-
monic acid and ethylene signaling pathways (Khan et al.,
2016; Pieterse et al., 2014; Stucky et al., 2023; Timper et al,,
2009; Zhai et al., 2018). However, transcriptomic validation
is needed to confirm ISR activation in the JDE115-soybean
interaction (Pieterse et al., 2014; Wu et al., 2023). Our find-
ings indicate that nematode suppression arises from a
combination of direct toxicity and plant-mediated induced
systemic resistance. Further molecular work will be
required to determine how JDE115 influences nematode
physiology beyond these demonstrated effects. We also
recognize that this study used different nematode systems

for complementary purposes, including free-living nema-
todes and RKN ]2s for rapid volatile bioassays, RKNs for
egg hatch and juvenile mortality assays, and SCNs for host-
relevant greenhouse experiments. Although this design
allowed us to examine multiple dimensions of JDE115
activity, future studies using a single PPN model across
in vitro and in planta assays would provide a more unified
mechanistic framework.

The ability of JDE115 to produce VOCs with nematicidal
properties adds a distinctive layer to its biocontrol potential
(Montejano-Ramirez et al, 2024). SPME-GC/MS identified
two major VOCs: DMDS and 1-undecene, which were exclu-
sively detected in JDE115 cultures and absent in media-only
controls. These compounds are known to compromise
nematode cell membranes and disrupt oxidative metabo-
lism, contributing to their nematicidal activity (Abd El-
Rahman et al,, 2019; Ilieva et al., 2021; Yan et al., 2019).

Genomic analysis further supports the observed bio-
control capabilities of ‘Ca. P. auctus’ JDE115. The draft
genome contains genes associated with VOC biosynthesis
(Schulz and Dickschat, 2007), exopolysaccharide produc-
tion (Poulin and Kuperman, 2021), and biofilm regulation,
including the pgaC and bcsA genes (Choi et al., 2009; Itoh
et al,, 2008). It also harbors stress-adaptive elements such
as the KefC potassium efflux system (Lyngberg et al., 2011),
which are essential for environmental resilience and effec-
tive rhizosphere colonization (Ali et al., 2025).

In addition to VOC production, JDE115 synthesizes HCN
adding another mode of nematode suppression. HCN dis-
rupts mitochondrial respiration by inhibiting cytochrome
c oxidase, resulting in cellular dysfunction in nematodes
and other microfauna (Knowles, 1976; Zuhra & Szabo,
2022). HCN biosynthesis is typically governed by the
hcnABC gene cluster, widely found in Pseudomonas spe-
cies and known to contribute to biocontrol of both fungal
pathogens and nematodes (Anand et al., 2020; Blumer &
Haas, 2000; Hussein et al., 2024; Laville et al., 1998; Nandi
et al, 2015). Notably, JDE115 also carries the hcnABC
operon and consistently produced HCN in functional
assays across all replicates in three independent trials,
indicating stable gene expression and reliable HCN pro-
duction. Although JDE115 produces HCN, no growth sup-
pression was observed in soybean. This indicates that the
bacterium likely synthesizes HCN at low, rhizosphere-com-
patible concentrations that are insufficient to harm plants
but may contribute to microbial antagonism.

Among the VOCs produced by ‘Ca. P. auctus’ JDE115,
DMDS stands out for its broad-spectrum biological activity
(Bhat et al., 2023; Ilieva et al., 2021; To6th et al., 2019; Yan
et al., 2019). DMDS is a sulfur-containing compound well-
documented antimicrobial, antifungal, and nematicidal
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properties (Gémez-Tenorio et al., 2015; Liu et al., 2020). Its
primary mode of action involves the disruption of mito-
chondrial respiration through the inhibition of cyto-
chrome c oxidase, which leads to ATP depletion and
increased oxidative stress (Knowles, 1976; Popova et al.,
2014). In nematodes, DMDS has been shown to compro-
mise cuticular integrity, disrupt sensory behavior, and
inhibit both hatching and motility of J2 (Gomez-Tenorio
et al, 2015). In the present study, DMDS was uniquely
detected in the VOC profile of JDE115 and was absent in
the media-only controls, confirming it as a bacterial meta-
bolite rather than a component of the growth medium.

The significant reduction in cyst numbers observed in
JDE115-treated plants may be partially attributed to DMDS,
either through direct nematicidal effects or by interfering
with the signaling pathways that nematodes use to locate
and invade host roots. Importantly, DMDS has already
been successfully commercialized as a bio-fumigant, sup-
porting it proven efficacy and favorable safety profile as a
natural alternative to synthetic nematicides (Jiang
et al., 2024).

The presence of this validated biocontrol metabolite
underscores the potential of JDE115 as a dual-function
PGPR capable of both suppressing soilborne pathogens
and enhancing sustainable nematode management.
Together, these major volatile or diffusible toxic metabo-
lites produced by JDE115, including HCN, DMDS, and
1-undecene, create a hostile chemical environment that
contributes to nematode mortality and reproductive
suppression.

Bioassays confirmed that 1-undecene acts both as a
strong repellent and a volatile nematicide. In the present
study, purified 1-undecene was tested at a proof-of-concept
concentration intended to confirm whether this JDE115-
derived VOC could reproduce strong nematode-suppres-
sive activity under controlled conditions. We agree that
this concentration is higher than levels reported in some
previous studies and does not by itself define the biologi-
cally relevant threshold under natural rhizosphere condi-
tions. Future work should therefore include serial dilution
assays and LD50 estimation using PPN juveniles to better
define the effective dose range and ecological relevance of
1-undecene. Upon exposure, nematodes (free-living nema-
todes and RKN ]2s) exhibited characteristic “omega” turns
and rapid directional reversals, indicating a clear avoid-
ance response (Prakash et al., 2021). Notably, nematodes
that inadvertently entered zones containing 1-undecene
died within 30-40 min with/without physical contact (no
movement after probing and no recovery after 24h in
fresh water), demonstrating that 1-undecene exerts its
effect through a systemic, vapor-phase mode of action.

Although pure 1-undecene was used to characterize its
maximal nematicidal potential, GC-MS analysis shows
that JDE115 emits 1-undecene and DMDS at much lower,
biologically relevant micromolar levels. These concentra-
tions fall within the natural range of rhizosphere VOCs
(Bhat et al.,, 2023), supporting the ecological plausibility
of their activity under field conditions. Unlike synthetic
nematicides that persist in soil and negatively affect non-
target organisms, these bacterial volatiles are rapidly
degradable and produced only locally where JDE115 colo-
nizes. Their transient, low-accumulating nature, combined
with the strong nematode suppression observed in both
local and systemic assays, indicates that JDE115 metabo-
lites represent environmentally compatible alternatives to
conventional chemical nematicides. Because JDE115 sup-
presses nematodes through naturally occurring, low-accumu-
lating volatiles rather than persistent synthetic chemicals, it
represents a microbially derived strategy aligned with sus-
tainable pest management practices.

The nematicidal VOCs produced by JDE115 may also
interfere with nematode development and reproduction
(Barros et al.,, 2014). For instance, exposure to environ-
mental stressors such as VOCs can alter the developmental
trajectory of RKNs, prompting ]2 to develop into nonrepro-
ductive males instead of parasitic females (Snyder et al.,
2006). Since male RKNs do not feed or reproduce, this
developmental shift effectively interrupts the nematode
life cycle and reduces long-term field infestation. How-
ever, future work should investigate whether JDE115-
derived volatiles or HCN exposure influence sex determi-
nation in RKNs or modify chemosensory behavior. Such
mechanistic studies will clarify how volatile-mediated sig-
naling contributes to population suppression and repro-
ductive interruption in field conditions.

In addition, VOCs may impair chemoreception, pre-
venting juveniles from locating host roots. As a result,
they may fail to establish feeding sites and ultimately die
from starvation (Bargmann et al., 1993; Nagashima et al.,
2019; Runyon et al., 2006). These findings suggest that
JDE115-derived VOCs not only induce direct mortality but
also disrupt nematode behavior and development, ampli-
fying their biocontrol effectiveness.

In addition to producing nematicidal VOCs, JDE115 pos-
sesses a suite of nonvolatile enzymatic traits that further
disrupt nematode development. Previous genomic ana-
lyses identified genes encoding chitinase, protease, cellu-
lase, and glucanase (Ali et al., 2025); hydrolytic enzymes
capable of degrading nematode eggshells and cuticles,
thereby impairing hatching and juvenile mobility. These
enzymes, which were previously linked to the suppression
of Agroathelia rolfsii (Curzi) Redhead (2023) by JDE115,
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now appear to contribute to its nematode-suppressive
activity as well.

SEM and GFP-tagging observations from our ongoing
work indicate that JDE115 colonizes multiple root regions,
including the hypocotyl, root hair zones, and rhizoplane,
forming a stable presence that likely supports persistent
biocontrol action (Ali et al,, unpublished data). JDE115’s
effectiveness is further enhanced by its plant growth pro-
moting capabilities. Earlier studies reported its abilities to
solubilize phosphate, fix nitrogen, and produce auxins and
siderophores (Ali et al., 2025). These functional traits likely
contribute to the improved plant height, shoot and root
biomass, and nodule formation observed in this study.
Taken together, JDE115 offers a dual advantage: it simulta-
neously enhances plant vigor and suppresses nematode
populations, making it a promising candidate for inte-
grated biological management strategies.

In summary, ‘Ca. P. auctus’ JDE115 employs a multi-
modal nematicidal strategy that integrates localized antag-
onism, ISR, and volatile-mediated toxicity. Key bioactive
compounds, HCN, DMDS, and 1-undecene, contribute not
only to direct nematode mortality but also to the disrup-
tion of nematode behavior and development. Together,
these mechanisms make JDE115 a highly promising candi-
date for sustainable nematode management in soybean
cultivation. Further investigation through field trials and
formulation development is warranted to fully realize its
potential as a practical biocontrol agent.

Acknowledgments

The authors would like to acknowledge VTIP for sup-
porting this research and extend our gratitude to the
SPES at Virginia Tech for providing the resources and
facilities necessary to conduct this study.

Funding information

This research was supported by the School of Plant and
Environmental Sciences, Virginia Tech, USA.

Author contributions

M. Sahadat Ali: Conceptualization, Methodology,
Investigation, Data curation, Formal analysis, Visualization,
Writing — original draft, Writing — review & editing. Fatima
Tuz Zohora Mony: Investigation, Data curation, Formal ana-
lysis, Visualization, Writing — review & editing. Michael

Evans: Supervision, Validation, Writing — review & editing.
Steven Rideout: Methodology, Validation, Resources. David
Haak: Methodology, Data analysis support, Supervision.
Jonathan D. Eisenback: Supervision, Conceptualization,
Project administration, Writing — review & editing. All
authors have read and approved the manuscript.

Conflict of interest statement

Authors state no conflict of interest.

Data availability statement

Sequence data supporting the findings of this study have
been deposited in GenBank under BioProject accession
number PRJNA1196930. Other data supporting the find-
ings of this study are provided within the manuscript.

References

Abd El-Rahman, A. F., Shaheen, H. A,, Abd El-Aziz, R. M.,
and Ibrahim, D. S. S. 2019. Influence of hydrogen cya-
nide-producing rhizobacteria in controlling the crown
gall and root-knot nematode, Meloidogyne incognita.
Egyptian Journal of Biological Pest Control, 29(1):41.
Available at: doi: https://doi.org/10.1186/s41938-019-
0143-7.

Ahmad, M. F., Ahmad, F. A,, Alsayegh, A. A, Zeyaullah, M.,
AlShahrani, A. M., Muzammil, K., et al. 2024. Pesticides
impacts on human health and the environment with
their mechanisms of action and possible countermea-
sures. Heliyon, 10(7):e29128. Available at: doi: https://
doi.org/10.1016/j.heliyon.2024.e29128.

Anand, A., Chinchilla, D., Tan, C., Meéne-Saffrané, L.,
L’Haridon, F., and Weisskopf, L. 2020. Contribution
of hydrogen cyanide to the antagonistic activity of
Pseudomonas strains against Phytophthora infestans.
Microorganisms, 8(8):1144. Available at: doi: https://
doi.org/10.3390/microorganisms8081144.

Arjoune, Y., Sugunaraj, N., Peri, S., Nair, S. V., Skurdal, A,
Ranganathan, P., et al. 2022. Soybean cyst nematode
detection and management: a review. Plant Methods,
18(1):110. Available at: doi: https://doi.org/10.1186/
$13007-022-00933-8.

Bakker, W. 1987. Microbial cyanide production in the
rhizosphere in relation to potato yield reduction
and Pseudomonas spp-mediated plant growth-


https://doi.org/https://doi.org/10.1186/s41938-019-0143-7
https://doi.org/https://doi.org/10.1186/s41938-019-0143-7
https://doi.org/https://doi.org/10.1016/j.heliyon.2024.e29128
https://doi.org/https://doi.org/10.1016/j.heliyon.2024.e29128
https://doi.org/https://doi.org/10.3390/microorganisms8081144
https://doi.org/https://doi.org/10.3390/microorganisms8081144
https://doi.org/https://doi.org/10.1186/s13007-022-00933-8
https://doi.org/https://doi.org/10.1186/s13007-022-00933-8

M. S. Ali et al.

stimulation.  Soil
19(4):451-457.

Bargmann, C. I, Hartwieg, E. and Horvitz, H. R. 1993.
Odorant-selective genes and neurons mediate olfac-
tion in C. elegans. Cell, 74(3):515-527. Available at:
doi: https://doi.org/10.1016/0092-8674(93)80053-H.

Barros, A. F., Campos, V. P., Da Silva, J. C. P., Pedroso, M. P.,
Medeiros, F. H. V., Pozza, E. A,, et al. 2014. Nematicidal
activity of volatile organic compounds emitted by
Brassica juncea, Azadirachta indica, Canavalia ensi-
formis, Mucuna pruriens and Cajanus cajan against
Meloidogyne incognita. Applied Soil Ecology,
80:34-43. Available at: doi: https://doi.org/10.1016/j.
apsoil.2014.02.011.

Bennett, J. O., Krishnan, A. H., Wiebold, W. ], and
Krishnan, H. B. 2003. Positional effect on protein and
oil content and composition of soybeans. Journal of
Agricultural and Food Chemistry, 51(23):6882-6886.
Available at: doi: https://doi.org/10.1021/jf0343711.

Bhat, A. A, Shakeel, A, Waqar, S., Handoo, Z. A., and
Khan, A. A. 2023. Microbes vs. nematodes: insights
into biocontrol through antagonistic organisms to

Biology and Biochemistry,

control root-knot nematodes. Plants, 12(3):451.
Available at: doi: https://doi.org/10.3390/
plants12030451.

Blumer, C. and Haas, D. 2000. Mechanism, regulation,
and ecological role of bacterial cyanide biosynthesis.
Archives of Microbiology, 173(3):170-177. Available at:
doi: https://doi.org/10.1007/s002039900127.

Bradley, C. A., Allen, T. W,, Sisson, A. J., Bergstrom, G. C,,
Bissonnette, K. M., Bond, J., et al. 2021. Soybean yield
loss estimates due to diseases in the United States and
Ontario, Canada, from 2015 to 2019. Plant Health
Progress, 22(4):483-495. Available at: doi: https://doi.
0rg/10.1094/PHP-01-21-0013-RS.

Byrd, D. W.,, Barker, K. R, Ferris, H.,, Nusbaum, C. ],
Griffin, W. E.,, Small, R. H,, et al. 1976. Two semi-auto-
matic elutriators for extracting nematodes and certain
fungi from soil. Journal of Nematology, 8(3):206—212.

Castric, P. A. 1977. Glycine metabolism by Pseudomonas
aeruginosa: hydrogen cyanide biosynthesis. Journal
of Bacteriology, 130(2):826-831. Available at: doi:
https://doi.org/10.1128/jb.130.2.826-831.1977.

Chen, J., Li, Q. X,, and Song, B. 2020. Chemical Nematicides:
Recent research progress and outlook. Journal of
Agricultural and Food Chemistry, 68(44):12175-12188.
Available at: doi: https://doi.org/10.1021/acs.jafc.
0c02871.

Cheng, W., Yang, J., Nie, Q., Huang, D., Yu, C, Zheng, L.,
et al. 2017. Volatile organic compounds from
Paenibacillus polymyxa KM2501-1 control

Meloidogyne incognita by multiple strategies.
Scientific Reports, 7(1):16213. Available at: doi:
https://doi.org/10.1038/s41598-017-16631-8.

Choi, A. H. K, Slamti, L., Avci, F. Y., Pier, G. B., and Maira-
Litran, T. 2009. The pgaABCD locus of Acinetobacter
baumannii encodes the production of poly--1-6- N
-acetylglucosamine, which is critical for biofilm for-
mation. Journal of Bacteriology, 191(19):5953-5963.
Available at: doi: https://doi.org/10.1128/]B.00647-09.

Deng, X., Wang, X. and Li, G. 2022. Nematicidal effects of
volatile organic compounds from microorganisms
and plants on plant-parasitic = nematodes.
Microorganisms, 10(6):1201. Available at: doi: https:/
doi.org/10.3390/microorganisms10061201.

Desaeger, J., Wram, C. and Zasada, I. 2020. New reduced-
risk agricultural nematicides - rationale and review.
Journal of Nematology, 52(1):1-16. Available at: doi:
https://doi.org/10.21307/jofnem-2020-091.

Dupont, C. A, Bourigault, Y., Osmond, T. Nier, M,
Barbey, C., Latour, X, et al. 2023. Pseudomonas fluor-
escens MFEO1 uses 1-undecene as aerial communica-
tion molecule. Frontiers in Microbiology, 14:1264801.
Available at: doi: https://doi.org/10.3389/fmicb.2023.
1264801.

Eisenback, J. D. 2022. Nematology 101 super course. Unit
One, Introduction and history. 1st ed. Blacksburg, VA:
Mactode Publications.

Fadiji, A. E., and Babalola, O. O. 2020. Elucidating mechan-
isms of endophytes used in plant protection and other
bioactivities with multifunctional prospects. Frontiers
in Bioengineering and Biotechnology, 8:467. Available
at: doi: https://doi.org/10.3389/fbioe.2020.00467.

Faske, T. R, Mueller, J., Becker, J. O. Bernard, E. C,
Bradley, C., Bond, J., et al. 2023. summarized distribu-
tion of the southern root-knot nematode, Meloidogyne
incognita, in field crops in the United States. Plant
Health Progress, 24(4):522-524. Available at: doi:
https://doi.org/10.1094/PHP-04-23-0031-BR.

Flores-Duarte, N. J., Caballero-Delgado, S., Pajuelo, E,
Mateos-Naranjo, E., Redondo-Gémez, S., Navarro-
Torre, S., and et al. 2022. Enhanced legume growth
and adaptation to degraded estuarine soils using
Pseudomonas sp. nodule endophytes. Frontiers in
Microbiology, 13:1005458. Available at: doi: https:/
doi.org/10.3389/fmich.2022.1005458.

GOmez-Tenorio, M. A., Zandn, M. J., De Cara, M., Lupidn, B.,
and Tello, J. C. 2015. Efficacy of dimethyl disulfide
(DMDS) against Meloidogyne sp. and three formae spe-
ciales of Fusarium oxysporum under controlled con-
ditions. Crop Protection, 78:263-269. Available at: doi:
https://doi.org/10.1016/j.cropro.2015.09.013.



https://doi.org/https://doi.org/10.1016/0092-8674(93)80053-H
https://doi.org/https://doi.org/10.1016/j.apsoil.2014.02.011
https://doi.org/https://doi.org/10.1016/j.apsoil.2014.02.011
https://doi.org/https://doi.org/10.1021/jf034371l
https://doi.org/https://doi.org/10.3390/plants12030451
https://doi.org/https://doi.org/10.3390/plants12030451
https://doi.org/https://doi.org/10.1007/s002039900127
https://doi.org/https://doi.org/10.1094/PHP-01-21-0013-RS
https://doi.org/https://doi.org/10.1094/PHP-01-21-0013-RS
https://doi.org/https://doi.org/10.1128/jb.130.2.826-831.1977
https://doi.org/https://doi.org/10.1021/acs.jafc.0c02871
https://doi.org/https://doi.org/10.1021/acs.jafc.0c02871
https://doi.org/https://doi.org/10.1038/s41598-017-16631-8
https://doi.org/https://doi.org/10.1128/JB.00647-09
https://doi.org/https://doi.org/10.3390/microorganisms10061201
https://doi.org/https://doi.org/10.3390/microorganisms10061201
https://doi.org/https://doi.org/10.21307/jofnem-2020-091
https://doi.org/https://doi.org/10.3389/fmicb.2023.1264801
https://doi.org/https://doi.org/10.3389/fmicb.2023.1264801
https://doi.org/https://doi.org/10.3389/fbioe.2020.00467
https://doi.org/https://doi.org/10.1094/PHP-04-23-0031-BR
https://doi.org/https://doi.org/10.3389/fmicb.2022.1005458
https://doi.org/https://doi.org/10.3389/fmicb.2022.1005458
https://doi.org/https://doi.org/10.1016/j.cropro.2015.09.013

Nematode suppression by ‘Ca. P. auctus’ JDE115

Gorny, A. M, Ye, W, Cude, S. and Thiessen, L. 2021.
Soybean root-knot nematode: A diagnostic guide.
Plant Health Progress, 22(2):164-175. Available at:
doi: https://doi.org/10.1094/PHP-01-21-0005-DG.

Haarith, D., Kim, D., Chen, S., and Bushley, K. E. 2021.
Growth chamber and greenhouse screening of pro-
mising in vitro fungal biological control candidates
for the soybean cyst nematode (Heterodera glycines).
Biological Control, 160:104635. Available at: doi:
https://doi.org/10.1016/j.biocontrol.2021.104635.

Haney, C. H., Wiesmann, C. L., Shapiro, L. R,, Melnyk, R. A,
O’Sullivan, L. R., Khorasani, S., et al. 2018.
Rhizosphere-associated Pseudomonas induce systemic
resistance to herbivores at the cost of susceptibility to
bacterial pathogens, Molecular Ecology,
27(8):1833-1847. Available at: doi: https://doi.org/10.
1111/mec.14400

Hussein, S. N., Safaie, N, Shams-bakhsh, M., and Al-
Juboory, H. H. 2024. Harnessing rhizobacteria:
Isolation, identification, and antifungal potential against
soil pathogens. Heliyon, 10(15): e35430. Available at: doi:
https://doi.org/10.1016/j.heliyon.2024.e35430.

Ibafiez, F., Arroyo, M. E., Angelini, J., Tonelli M. L,
Muiioz, V., Ludueiia, L., et al. 2014. Non-rhizobial
peanut nodule bacteria promote maize (Zea mays L.)
and peanut (Arachis hypogaea L.) growth in a simu-
lated crop rotation system. Applied Soil Ecology,
84:208-212. Available at: doi: https://doi.org/10.1016/j.
apsoil.2014.08.002.

llieva, Z., Lazarova, T., Mitev, A.,, and Myrta, A. 2021.
Monitoring of long-lasting effects of fumigation with
dimethyl disulfide (DMDS) on root-gall index, root-
knots, other nematode populations, and crop yield
over three protected cucumber crops in Bulgaria.
Agronomy, 11(6):1206. Available at: doi: https://doi.
org/10.3390/agronomy11061206.

Itoh, Y., Rice, J. D, Goller, C., Pannuri, A, Taylor, J.,
Meisner, J., et al. 2008. Roles of pgaABCD genes in
synthesis, modification, and export of the
Escherichia coli biofilm adhesin poly-p-1,6- N -Acetyl-
d  -glucosamine. Journal of  Bacteriology,
190(10):3670-3680. Available at: doi: https://doi.org/
10.1128/]B.01920-07.

Jiang, E. Y., Sukhbaatar, O., Zhang, M. Z., Zhang, W. H., and
Gu, Y. C. 2024. Selectivin: A nematicide from parasitic
nematodes-specifically activated chemical. Advanced
Agrochem, 3(2):111-114. Available at: doi: https://doi.
org/10.1016/j.aac.2024.01.006.

Jones, R. A. C. 2021. Global plant virus disease pandemics
and epidemics. Plants, 10(2):233. Available at: doi:
https://doi.org/10.3390/plants10020233.

Kang, B. R, Anderson, A. ]., and Kim, Y. C. 2018. Hydrogen
cyanide produced by Pseudomonas chlororaphis 06
exhibits nematicidal activity against Meloidogyne
hapla. The Plant Pathology Journal, 34(1):35-43.
Available at: doi: https://doi.org/10.5423/PP].0A.06.
2017.0115.

Kantor, C., Eisenback, J. D., and Kantor, M. 2024.
Biosecurity risks to human food supply associated
with plant-parasitic nematodes. Frontiers in Plant
Science, 15:1404335. Available at: doi: https://doi.org/
10.3389/fpls.2024.1404335.

Kantor, M., Handoo, Z., Kantor, C., and Carta, L. 2022. Top
ten most important U.S.regulated and emerging
plant-parasitic nematodes. Horticulturae, 8(3):208.
Available at: doi: https://doi.org/10.3390/
horticulturae8030208.

Karges, K., Bellingrath-Kimura, S. D., Watson, C. A,
Stoddard, F. L., Halwani, M., and Reckling, M. 2022.
Agro-economic prospects for expanding soybean pro-
duction beyond its current northerly limit in Europe.
European Journal of Agronomy, 133:126415. Available
at: doi: https://doi.org/10.1016/j.eja.2021.126415.

Karuri, H. W,, Olago, D., Neilson, R, Mararo, E., and
Villinger, J. 2017. A survey of root knot nematodes
and resistance to Meloidogyne incognita in sweet
potato varieties from Kenyan fields. Crop Protection,
92:114-121. Available at: doi: https://doi.org/10.1016/].
cropro.2016.10.020.

Khan, M. R., Mohidin, F. A., Khan, U., and Ahamad, F. 2016.
Native Pseudomonas spp. suppressed the root-knot
nematode in in vitro and in vivo, and promoted the
nodulation and grain yield in the field grown
Mungbean. Biological Control, 101:159-168. Available
at: doi: https://doi.org/10.1016/j.biocontrol.2016.06.012.

Knowles, C. J. 1976. Microorganisms and cyanide, BACTE-
RIOL. REV., 40.

Kuhl-Nagel, T., Rodriguez, P. A, Gantner, I., Chowdhury, S.
P., Schwehn, P., Rosenkranz, M., et al. 2022. Novel
Pseudomonas sp. SCA7 promotes plant growth in
two plant families and induces systemic resistance
in Arabidopsis thaliana. Frontiers in Microbiology,
13:923515. Available at: doi: https://doi.org/10.3389/
fmich.2022.923515

Laville, ], Blumer, C, Von Schroetter, C, Gaia, V.,
Défago, G., Keel, C., and et al. 1998. Characterization
of the hcnABC gene cluster encoding hydrogen cya-
nide synthase and anaerobic regulation by ANR in the
strictly aerobic biocontrol agent Pseudomonas fluor-
escens CHAO. Journal of Bacteriology,
180(12):3187-3196. Available at: doi: https://doi.org/10.
1128/]B.180.12.3187-3196.1998.


https://doi.org/https://doi.org/10.1094/PHP-01-21-0005-DG
https://doi.org/https://doi.org/10.1016/j.biocontrol.2021.104635
https://doi.org/https://doi.org/10.1111/mec.14400
https://doi.org/https://doi.org/10.1111/mec.14400
https://doi.org/https://doi.org/10.1016/j.heliyon.2024.e35430
https://doi.org/https://doi.org/10.1016/j.apsoil.2014.08.002
https://doi.org/https://doi.org/10.1016/j.apsoil.2014.08.002
https://doi.org/https://doi.org/10.3390/agronomy11061206
https://doi.org/https://doi.org/10.3390/agronomy11061206
https://doi.org/https://doi.org/10.1128/JB.01920-07
https://doi.org/https://doi.org/10.1128/JB.01920-07
https://doi.org/https://doi.org/10.1016/j.aac.2024.01.006
https://doi.org/https://doi.org/10.1016/j.aac.2024.01.006
https://doi.org/https://doi.org/10.3390/plants10020233
https://doi.org/https://doi.org/10.5423/PPJ.OA.06.2017.0115
https://doi.org/https://doi.org/10.5423/PPJ.OA.06.2017.0115
https://doi.org/https://doi.org/10.3389/fpls.2024.1404335
https://doi.org/https://doi.org/10.3389/fpls.2024.1404335
https://doi.org/https://doi.org/10.3390/horticulturae8030208
https://doi.org/https://doi.org/10.3390/horticulturae8030208
https://doi.org/https://doi.org/10.1016/j.eja.2021.126415
https://doi.org/https://doi.org/10.1016/j.cropro.2016.10.020
https://doi.org/https://doi.org/10.1016/j.cropro.2016.10.020
https://doi.org/https://doi.org/10.1016/j.biocontrol.2016.06.012
https://doi.org/https://doi.org/10.3389/fmicb.2022.923515
https://doi.org/https://doi.org/10.3389/fmicb.2022.923515
https://doi.org/https://doi.org/10.1128/JB.180.12.3187-3196.1998
https://doi.org/https://doi.org/10.1128/JB.180.12.3187-3196.1998

M. S. Ali et al.

Lee, Y. S., Nguyen, X. H., Naing, K. W,, Park, Y. S., and
Kim, K. Y. 2015. Role of lytic enzymes secreted by
Lysobacter capsici YS1215 in the control of root-knot
nematode of tomato plants. Indian Journal of
Microbiology, 55(1):74-80. Available at: doi: https:/
doi.org/10.1007/s12088-014-0499-z.

Li, P.,, Tedersoo, L., Crowther, T. W., Wang, B., Shi, Y,
Kuang, L., et al. 2023. Global diversity and biogeo-
graphy of potential phytopathogenic fungi in a chan-
ging world. Nature Communications, 14(1):6482.
Available at: doi: https://doi.org/10.1038/s41467-023-
42142-4.

Li, T. ], Wang, D. Y, Li, B. X,, and Wu, H. Y. 2022. The
hatching of cereal cyst nematode (Heterodera avenae)
in response to different inorganic ions. Scientia
Agricola, 79(1): €20200072. Available at: doi: https://
doi.org/10.1590/1678-992x-2020-0072.

Liu, A, Zhang, P., Bai, B, Bai, F,, Jin, T., and Ren, J. 2020.
Volatile Organic compounds of endophytic
Burkholderia pyrrocinia strain JK-SH007 promote dis-
ease resistance in poplar. Plant Disease,
104(6):1610-1620. Available at: doi: https://doi.org/10.
1094/PDIS-11-19-2366-RE.

Lyngberg, L., Healy, J., Bartlett, W., Miller, S., Conway, S. J.,
Booth, L. R, and et al. 2011. KefF, the regulatory sub-
unit of the potassium efflux system kefC, shows qui-
none oxidoreductase activity. Journal of Bacteriology,
193(18):4925-4932. Available at: doi: https://doi.org/10.
1128/]B.05272-11.

Lyons, R., Hammond-Kosack, K. E., and Kanyuka, K. 2008.
Identification and characterization of a novel efficient
resistance response to the furoviruses SBWMV and
SBCMV in barley. Molecular Plant-Microbe
Interactions®, 21(9):1193-1204. Available at: doi:
https://doi.org/10.1094/MPMI-21-9-1193.

Majidian, P., Ghorbani, H. R. and Farajpour, M. 2024.
Achieving agricultural sustainability through soybean
production in Iran: Potential and challenges. Heliyon,
10(4): €26389. Available at: doi: https://doi.org/10.1016/].
heliyon.2024.e26389.

Marin-Bruzos, M., Grayston, S. J., Forge, T., and Nelson, L.
M. 2021. Isolation and characterization of streptomy-
cetes and pseudomonad strains with antagonistic
activity against the plant parasitic nematode
Pratylenchus penetrans and fungi associated with
replant disease. Biological Control, 158:104599.
Available at: doi: https://doi.org/10.1016/j.biocontrol.
2021.104599.

Mazzuchelli, R. D. C. L., Mazzuchelli, E. H. L., and
Araujo, F. F. D. 2020. Efficiency of Bacillus subtilis
for root-knot and lesion nematodes management in

sugarcane. Biological Control, 143:104185. Available
at:  doi:  https://doi.org/10.1016/j.biocontrol.2020.
104185.

McCarville, M. T., Marett, C. C., Mullaney, M. P., Gebhart, G.
D, and Tylka, G. L. 2017. Increase in soybean cyst
nematode virulence and reproduction on resistant
soybean varieties in Iowa from 2001 to 2015 and the
effects on soybean yields. Plant Health Progress,
18(3):146-155. Available at: doi: https://doi.org/10.
1094/PHP-RS-16-0062.

Mendoza, A. R., Kiewnick, S., and Sikora, R. A. 2008. In vitro
activity of Bacillus firmus against the burrowing
nematode Radopholus similis, the root-knot nematode
Meloidogyne incognita and the stem nematode
Ditylenchus  dipsaci. Biocontrol Science and
Technology, 18(4):377-389. Available at: doi: https:/
doi.org/10.1080/09583150801952143.

Mishra, R., Tripathi, M. K,, Sikarwar, R. S., Singh, Y. and
Tripathi, N. 2024. Soybean (Glycine max L. Merrill):
A Multipurpose legume shaping our world. Plant
cell biotechnology and molecular biology,
25(3-4):17-37. doi:  https://doi.org/10.56557/pchmb/
2024/v25i3-48643.

Montejano-Ramirez, V., Avila-Oviedo, J. L., Campos-
Mendoza, F. ], and Valencia-Cantero, E. 2024.
Microbial volatile organic compounds: insights into
plant defense. Plants, 13(15):2013. Available at: doi:
https://doi.org/10.3390/plants13152013.

Nagashima, A., Higaki, T., Koeduka, T. Ishigami, K,
Hosokawa, S., Watanabe, H.,, et al. 2019.
Transcriptional regulators involved in responses to
volatile organic compounds in plants. Journal of
Biological Chemistry, 294(7):2256-2266. Available at:
doi: https://doi.org/10.1074/jbc.RA118.005843.

Nandi, M., Selin, C., Brassinga, A. K. C., Belmonte, M. F,,
Fernando, W. G. D., Loewen, P. C.,, and et al. 2015.
Pyrrolnitrin and hydrogen cyanide production by
Pseudomonas chlororaphis strain PA23 exhibits nema-
ticidal and repellent activity against Caenorhabditis
elegans. PLoS One, 10(4): e0123184. Available at: doi:
https://doi.org/10.1371/journal.pone.0123184.

Opdensteinen, P., Charudattan, R., Hong, J. C., Rosskopf, E.
N., and Steinmetz, N. F. 2024. Biochemical and nano-
technological approaches to combat phytoparasitic

nematodes. Plant Biotechnology Journal,
22(9):2444-2460. Available at: doi: https://doi.org/10.
1111/pbi.14359.

Pfeilmeier, S., Caly, D. L., and Malone, J. G. 2016. Bacterial
pathogenesis of plants: future challenges from a
microbial perspective: Challenges in bacterial mole-
cular plant pathology. Molecular Plant Pathology,

557



https://doi.org/https://doi.org/10.1007/s12088-014-0499-z
https://doi.org/https://doi.org/10.1007/s12088-014-0499-z
https://doi.org/https://doi.org/10.1038/s41467-023-42142-4
https://doi.org/https://doi.org/10.1038/s41467-023-42142-4
https://doi.org/https://doi.org/10.1590/1678-992x-2020-0072
https://doi.org/https://doi.org/10.1590/1678-992x-2020-0072
https://doi.org/https://doi.org/10.1094/PDIS-11-19-2366-RE
https://doi.org/https://doi.org/10.1094/PDIS-11-19-2366-RE
https://doi.org/https://doi.org/10.1128/JB.05272-11
https://doi.org/https://doi.org/10.1128/JB.05272-11
https://doi.org/https://doi.org/10.1094/MPMI-21-9-1193
https://doi.org/https://doi.org/10.1016/j.heliyon.2024.e26389
https://doi.org/https://doi.org/10.1016/j.heliyon.2024.e26389
https://doi.org/https://doi.org/10.1016/j.biocontrol.2021.104599
https://doi.org/https://doi.org/10.1016/j.biocontrol.2021.104599
https://doi.org/https://doi.org/10.1016/j.biocontrol.2020.104185
https://doi.org/https://doi.org/10.1016/j.biocontrol.2020.104185
https://doi.org/https://doi.org/10.1094/PHP-RS-16-0062
https://doi.org/https://doi.org/10.1094/PHP-RS-16-0062
https://doi.org/https://doi.org/10.1080/09583150801952143
https://doi.org/https://doi.org/10.1080/09583150801952143
https://doi.org/https://doi.org/10.56557/pcbmb/2024/v25i3-48643
https://doi.org/https://doi.org/10.56557/pcbmb/2024/v25i3-48643
https://doi.org/https://doi.org/10.3390/plants13152013
https://doi.org/https://doi.org/10.1074/jbc.RA118.005843
https://doi.org/https://doi.org/10.1371/journal.pone.0123184
https://doi.org/https://doi.org/10.1111/pbi.14359
https://doi.org/https://doi.org/10.1111/pbi.14359

Nematode suppression by ‘Ca. P. auctus’ JDE115

17(8):1298-1313. Available at: doi: https://doi.org/10.
1111/mpp.12427.

Pieterse, C. M. J., Pelt, J. A. V. Keurentjes, J. J. B,
Verhagen, B. W. M., Knoester, M., and Loon, L.C.V.
2001. Rhizobacteria-mediated induced systemic resis-
tance: Triggering, signalling and expression.
European Journal of Plant Pathology, 107:51-61.

Pieterse, C. M. J., Zamioudis, C., Berendsen, R. L., Weller, D.
M., Van Wees, S. C. M., and Bakker, P. A. H. M. 2014.
Induced systemic resistance by beneficial microbes.
Annual Review of Phytopathology, 52(1):347-375.
Available at: doi: https://doi.org/10.1146/annurev-
phyto-082712-102340.

Popova, A. A, Koksharova, O. A, Lipasova, V. A,
Zaitseva, J. V., Katkova-Zhukotskaya, 0. A,
Eremina, S. I, et al. 2014. Inhibitory and toxic effects
of volatiles emitted by strains of Pseudomonas
and Serratia on growth and survival of selected
microorganisms, Caenorhabditis elegans, and
Drosophila  melanogaster. ~ BioMed  Research
International, 2014:1-11. Available at: doi: https://doi.
0rg/10.1155/2014/125704.

Poulin, M. B., and Kuperman, L. L. 2021. Regulation of
biofilm exopolysaccharide production by cyclic di-
guanosine monophosphate. Frontiers in
Microbiology, 12:730980. Available at: doi: https://doi.
org/10.3389/fmich.2021.730980.

Poveda, J., Abril-Urias, P., and Escobar, C. 2020. Biological
control of plant-parasitic nematodes by filamentous
fungi inducers of resistance: Trichoderma, mycor-
rhizal and endophytic fungi. Frontiers in
Microbiology, 11:992. Available at: doi: https://doi.org/
10.3389/fmich.2020.00992.

Prakash, D. Ms, A. Radhika, B., Venkatesan, R,
Chalasani, S. H., and Singh, V. 2021. 1-Undecene from
Pseudomonas aeruginosa is an olfactory signal for
flight-or-fight response in Caenorhabditis elegans.
The EMBO Journal, 40(13): e106938. Available at: doi:
https://doi.org/10.15252/embj.2020106938.

Proenca, D. N., Heine, T., Senges, C. H. R., Bandow, J. E,
Morais, P. V., and Tischler, D. 2019. Bacterial metabo-
lites produced under iron limitation kill pinewood
nematode and attract Caenorhabditis elegans.
Frontiers in Microbiology, 10:2166. Available at: doi:
https://doi.org/10.3389/fmich.2019.02166.

Pulavarty, A., Egan, A, Karpinska, A., Horgan, K, and
Kakouli-Duarte, T. 2021. Plant Parasitic nematodes: a
review on their behavior, host interaction, manage-
ment approaches and their occurrence in two sites in
the Republic of Ireland. Plants, 10(11):2352. Available
at: doi: https://doi.org/10.3390/plants10112352.

Raio, A. 2024. Diverse roles played by ‘Pseudomonas fluor-
escens complex’ volatile compounds in their interac-
tion with phytopathogenic microorganisms, pests and
plants. World Journal of Microbiology and
Biotechnology, 40(3):80. Available at: doi: https://doi.
0rg/10.1007/s11274-023-03873-0.

Roberts, A. G. 2014. Plant viruses: soil-borne, in Wiley,
Encyclopedia of Life Sciences, 1st ed, Wiley.
Available at: doi: https://doi.org/10.1002/
9780470015902.a0000761.pub3.

Runyon, J. B., Mescher, M. C., and De Moraes, C. M. 2006.
Volatile chemical cues guide host location and host
selection by parasitic plants. Science,
313(5795):1964-1967. Available at: doi: https://doi.org/
10.1126/science.1131371.

Sasser, J. N. 1977. Worldwide dissemination and impor-
tance of the root-knot nematodes, Meloidogyne spp.,
J. Nematol., 9(1):26-29.

Sawoszczuk, T. and Sygula-Cholewinska, J. 2017.
Application of solid phase microextraction-gas chro-
matography-mass spectrometry method for the
detection of active molds on historical objects.
Heritage Science, 5(1):20. Available at: doi: https:/
doi.org/10.1186/s40494-017-0133-6.

Schulz, S., and Dickschat, J. S. 2007. Bacterial volatiles: the
smell of small organisms. Natural Product Reports,
24(4):814. Available at: doi: https://doi.org/10.1039/
b507392h.

Sharma, M., and Mallubhotla, S. 2022. Diversity, antimicro-
bial activity, and antibiotic susceptibility pattern
of endophytic bacteria sourced from Cordia
dichotoma L. Frontiers in Microbiology, 13:879386.
Available at: doi: https://doi.org/10.3389/fmich.2022.
879386.

Snyder, D. W., Opperman, C. H., and Bird, D. M. 2006. A
method for generating Meloidogyne incognita males.
Journal of Nematology, 38(2):192-194.

Soumare, A., Diedhiou, A. G., Thuita, M. Hafidi, M,
Ouhdouch, Y., Gopalakrishnan, S., and et al. 2020)
Exploiting biological nitrogen fixation: A route
towards a sustainable agriculture. Plants, 9(8):1011.
Available at: doi: https://doi.org/10.3390/plants9081011

Stucky, T., Hochstrasser, M., Meyer, S., Segessemann, T.,
Ruthes, A. C., Ahrens, C. H,, et al. 2023. A novel robust
screening assay identifies Pseudomonas strains as
reliable antagonists of the root-knot nematode
Meloidogyne incognita. Microorganisms, 11(8):2011.
Available at: doi: https://doi.org/10.3390/
microorganisms11082011.

Timper, P., Kone, D,, Yin, J., Ji, P., and Gardener, B. B. M.
2009. Evaluation of an antibiotic-producing strain of


https://doi.org/https://doi.org/10.1111/mpp.12427
https://doi.org/https://doi.org/10.1111/mpp.12427
https://doi.org/https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/https://doi.org/10.1155/2014/125704
https://doi.org/https://doi.org/10.1155/2014/125704
https://doi.org/https://doi.org/10.3389/fmicb.2021.730980
https://doi.org/https://doi.org/10.3389/fmicb.2021.730980
https://doi.org/https://doi.org/10.3389/fmicb.2020.00992
https://doi.org/https://doi.org/10.3389/fmicb.2020.00992
https://doi.org/https://doi.org/10.15252/embj.2020106938
https://doi.org/https://doi.org/10.3389/fmicb.2019.02166
https://doi.org/https://doi.org/10.3390/plants10112352
https://doi.org/https://doi.org/10.1007/s11274-023-03873-0
https://doi.org/https://doi.org/10.1007/s11274-023-03873-0
https://doi.org/https://doi.org/10.1002/9780470015902.a0000761.pub3
https://doi.org/https://doi.org/10.1002/9780470015902.a0000761.pub3
https://doi.org/https://doi.org/10.1126/science.1131371
https://doi.org/https://doi.org/10.1126/science.1131371
https://doi.org/https://doi.org/10.1186/s40494-017-0133-6
https://doi.org/https://doi.org/10.1186/s40494-017-0133-6
https://doi.org/https://doi.org/10.1039/b507392h
https://doi.org/https://doi.org/10.1039/b507392h
https://doi.org/https://doi.org/10.3389/fmicb.2022.879386
https://doi.org/https://doi.org/10.3389/fmicb.2022.879386
https://doi.org/https://doi.org/10.3390/plants9081011
https://doi.org/https://doi.org/10.3390/microorganisms11082011
https://doi.org/https://doi.org/10.3390/microorganisms11082011

M. S. Ali et al.

Pseudomonas fluorescens for suppression of plant-
parasitic nematodes. Journal of Nematology,
41(3):234-240.

Tokgdz, S., Lakshman, D. K, Ghozlan, M. H., Pinar, H,,
Roberts, D. P., and Mitra, A. 2020. Soybean nodule-
associated non-rhizobial bacteria inhibit plant patho-
gens and induce growth promotion in tomato. Plants,
9(11):1494. Available at: doi: https://doi.org/10.3390/
plants9111494.

Toth, F., Bogdanyi, F. T. Petrikovszki, R., Gddor, A,
Zalai, M., and Sunder, P. 2019. Control of the root-
knot nematode Meloidogyne incognita and weeds in
protected cucumber with dimethyl disulfide (DMDS)
over two crop cycles: The first results in Hungary.
Acta Phytopathologica et Entomologica Hungarica,
54(2):267-278. Available at: doi: https://doi.org/10.
1556/038.54.2019.026.

Tylka, G. and Mullaney, M. 2021. Soybean cyst nematode-
resistant soybean varieties for Iowa, Iowa State
University Extension and Outreach. Available at:
doi: https://doi.org/10.37578/ONKA5947.

Tylka, G. L., and Marett, C. C. 2021a. Known distribution of
the soybean cyst nematode, Heterodera glycines, in
the United States and Canada in 2020. Plant Health
Progress, 22(1):72-74. Available at: doi: https://doi.
0rg/10.1094/PHP-10-20-0094-BR.

Tylka, G. L., and Marett, C. C. 2021b. Known distribution of
the soybean cyst nematode, Heterodera glycines, in
the United States and Canada in 2020. Plant Health
Progress, 22(1):72-74. Available at: doi: https://doi.
0rg/10.1094/PHP-10-20-0094-BR.

Tylka, G. L., and Marett, C. C. 2025. Known distribution of
the soybean cyst nematode, Heterodera glycines, in
the United States and Canada Through 2023. Plant
Health Progress, 26(1):51-53. Available at: doi: https:/
doi.org/10.1094/PHP-08-24-0080-RS.

Verma, V. C.,, and Gange, A. C. (eds.) 2014. Advances in
endophytic research, New Delhi: Springer India.
Available at: doi: https://doi.org/10.1007/978-81-322-
1575-2.

Villari, R, Rubio, M. C, Calvo-Begueria, L., Pérez-
Rontomé, C., Larrainzar, E., Wilson, M. T., et al. 2021.
Three classes of hemoglobins are required for optimal
vegetative and reproductive growth of Lotus japo-
nicus: genetic and biochemical characterization of
LjGlb2-1. Journal of Experimental Botany,
72:7778-7791. Available at: doi: https://doi.org/10.1093/
jxb/erah376.

Vyas, V., Singh, S., Choudhary, S., Bhoi, T. K, Dey, P., and
Saraswat, A. 2025. Pheno-morphological and biochem-
ical characterization of root nodules and associated

root nodulating bacteria from Pongamia pinnata (L.)
Pierre in the arid regions of India. Frontiers in Plant
Science, 16:1717750. Available at: doi: https://doi.org/10.
3389/fpls.2025.1717750

Wang, J., Niblack, T. L., Tremain, ]. A., Wiebold, W. J,,
Tylka, G. L., Marett, C. C., et al. 2003. Soybean cyst
nematode reduces soybean yield without causing
obvious aboveground symptoms. Plant Disease,
87(6):623-628. Available at: doi: https://doi.org/10.
1094/PDIS.2003.87.6.623.

Wang, Q., Wang, X., Zhang, D., Fang, W., Li, Y., Cao, A,, et al.
2023. Transcriptome reveals the toxicity difference of
dimethyl disulfide by contact and fumigation on
Meloidogyne incognita through calcium channel-
mediated oxidative phosphorylation. Journal of
Hazardous Materials, 460:132268. Available at: doi:
https://doi.org/10.1016/j.jhazmat.2023.132268.

Winsor, S. 2020. Soybean cyst nematode management in
the corn belt. Crops & Soils, 53(4):3-12. Available at:
doi: https://doi.org/10.1002/crso.20056.

Wojcik-Gront, E., Gozdowski, D., Derejko, A, and
Pudelko, R. 2022. Analysis of the impact of environ-
mental and agronomic variables on agronomic para-
meters in soybean cultivation based on long-term
data. Plants, 11:2922. Available at: doi: https://doi.org/
10.3390/plants11212922.

Wu, W., Wang, |J., Wang, Z,, Yan, X.,, Wang, Y., and He, X.
2023. Comparative transcriptome analysis reveals the
molecular mechanism of Bacillus velezensis GJ-7
assisting Panax notoginseng against Meloidogyne
hapla. International Journal of Molecular Sciences,
24(24):17581. Available at: doi: https://doi.org/10.3390/
ijms242417581.

Xia, Y, Liu, J., Chen, C., Mo, X,, Tan, Q., He, Y., et al. 2022. The
multifunctions and future prospects of endophytes and
their metabolites in plant disease management.
Microorganisms, 10(5):1072. Available at: doi: https:/
doi.org/10.3390/microorganisms10051072.

Xiang, N., Lawrence, K. S., and Donald, P. A. 2018. Biological
control potential of plant growth-promoting rhizobac-
teria suppression of Meloidogyne incognita on cotton
and Heterodera glycines on soybean: A review.
Journal of Phytopathology,  166(7-8):449-458.
Available at: doi: https://doi.org/10.1111/jph.12712.

Yan, D,, Cao, A, Wang, Q., Li, Y., Canbin, O., Guo, M., and
et al. 2019. Dimethyl disulfide (DMDS) as an effective
soil fumigant against nematodes in China. PLoS One,
14(10): e0224456. Available at: doi: https://doi.org/10.
1371/journal.pone.0224456.

Ye, S., Yan, R, Li, X,, Lin, Y, Yang, Z., Ma, Y., and et al. 2022.
Biocontrol potential of Pseudomonas rhodesiae GC-7



https://doi.org/https://doi.org/10.3390/plants9111494
https://doi.org/https://doi.org/10.3390/plants9111494
https://doi.org/https://doi.org/10.1556/038.54.2019.026
https://doi.org/https://doi.org/10.1556/038.54.2019.026
https://doi.org/https://doi.org/10.37578/ONKA5947
https://doi.org/https://doi.org/10.1094/PHP-10-20-0094-BR
https://doi.org/https://doi.org/10.1094/PHP-10-20-0094-BR
https://doi.org/https://doi.org/10.1094/PHP-10-20-0094-BR
https://doi.org/https://doi.org/10.1094/PHP-10-20-0094-BR
https://doi.org/https://doi.org/10.1094/PHP-08-24-0080-RS
https://doi.org/https://doi.org/10.1094/PHP-08-24-0080-RS
https://doi.org/https://doi.org/10.1007/978-81-322-1575-2
https://doi.org/https://doi.org/10.1007/978-81-322-1575-2
https://doi.org/https://doi.org/10.1093/jxb/erab376
https://doi.org/https://doi.org/10.1093/jxb/erab376
https://doi.org/https://doi.org/10.3389/fpls.2025.1717750
https://doi.org/https://doi.org/10.3389/fpls.2025.1717750
https://doi.org/https://doi.org/10.1094/PDIS.2003.87.6.623
https://doi.org/https://doi.org/10.1094/PDIS.2003.87.6.623
https://doi.org/https://doi.org/10.1016/j.jhazmat.2023.132268
https://doi.org/https://doi.org/10.1002/crso.20056
https://doi.org/https://doi.org/10.3390/plants11212922
https://doi.org/https://doi.org/10.3390/plants11212922
https://doi.org/https://doi.org/10.3390/ijms242417581
https://doi.org/https://doi.org/10.3390/ijms242417581
https://doi.org/https://doi.org/10.3390/microorganisms10051072
https://doi.org/https://doi.org/10.3390/microorganisms10051072
https://doi.org/https://doi.org/10.1111/jph.12712
https://doi.org/https://doi.org/10.1371/journal.pone.0224456
https://doi.org/https://doi.org/10.1371/journal.pone.0224456

Nematode suppression by ‘Ca. P. auctus’ JDE115

against the root-knot nematode Meloidogyne gramini-
cola through both antagonistic effects and induced
plant resistance. Frontiers in Microbiology,
13:1025727. Available at: doi: https://doi.org/10.3389/
fmich.2022.1025727.

Yigezu Wendimu, G. 2021. Biology, taxonomy, and manage-

ment of the root-knot nematode (Meloidogyne incog-
nita) in sweet potato. Advances in Agriculture,
2021:1-13. Available at: doi: https://doi.org/10.1155/
2021/8820211.

Zhai, Y., Shao, Z., Cai, M., Zheng, L., Li, G., Huang, D., et al.
2018. Multiple modes of nematode control by volatiles
of Pseudomonas putida 1A00316 from Antarctic soil
against  Meloidogyne incognita. Frontiers in
Microbiology, 9:253. Available at: doi: https://doi.org/
10.3389/fmicb.2018.00253.

Zuhra, K., and Szabo, C. 2022. The two faces of cyanide: an
environmental toxin and a potential novel mammalian
gasotransmitter. The FEBS Journal, 289(9):2481-2515.
Available at: doi: https://doi.org/10.1111/febs.16135.


https://doi.org/https://doi.org/10.3389/fmicb.2022.1025727
https://doi.org/https://doi.org/10.3389/fmicb.2022.1025727
https://doi.org/https://doi.org/10.1155/2021/8820211
https://doi.org/https://doi.org/10.1155/2021/8820211
https://doi.org/https://doi.org/10.3389/fmicb.2018.00253
https://doi.org/https://doi.org/10.3389/fmicb.2018.00253
https://doi.org/https://doi.org/10.1111/febs.16135

	1 Materials and methods
	1.1 Nematode cultures
	1.2 Bacterial culture
	1.3 RKN egg hatching inhibition by Ca. P. auctus
	1.4 RKN mortality caused by Ca. P. auctus' JDE115
	1.5 Local effect of 'Ca. P. auctus' on soybean growth and Heterodera glycines reproduction
	1.6 Systemic effects of 'Ca. P. auctus' on soybean growth and Heterodera glycines reproduction
	1.7 HCN detection assay
	1.8 VOCs profiling using headspace SPME-GC/MS
	1.9 Nematode response to 1-undecene
	1.9.1 Statistical analysis


	2 Results
	2.1 HCN production by JDE115
	2.2 VOCs produced by JDE115
	2.3 1-undecene bioassay

	3 Discussion
	Acknowledgments
	Funding information
	Author contributions
	Conflict of interest statement
	Data availability statement
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


