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Abstract 
Aims Negative interactions in the rhizosphere 
between entomopathogenic nematodes (EPNs) and 
plant-parasitic nematodes, such as root-knot nema-
todes (RKNs), have been documented over the past 
two decades but the mechanisms and dynamics of 
such interactions remain largely elusive.
Methods Here, we evaluated the effect of the inoc-
ulation position of two EPN species, Steinernema 
feltiae and Heterorhabditis bacteriophora, as well 
as different facets of the EPN-bacterial symbiont 

complex on the migration of RKNs toward tomato 
roots, both in sand and in Pluronic gel conditions.
Results When EPNs were placed between the posi-
tion of the RKNs and the roots, the movement of 
RKNs toward the roots was inhibited. We observed this 
same pattern both in sand and in Pluronic F-127 (PF-
127) gel for two species of EPNs. We also observed 
that different components of the EPNs/bacterial symbi-
ont complex (bacteria separate from the nematodes vs. 
the nematode-bacterium complex), and particularly the 
cell-free supernatant produced by the bacterial culture, 
displayed inhibitory effects on RKNs.
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Conclusion Therefore, the EPNs/bacterial complex, 
by slowing down the movement of RKNs toward the 
host plant roots, could partially contribute to RKN 
control. By screening for the most repulsive strains of 
EPNs that are also effective against insect pests, the 
combined target approach should alleviate EPNs appli-
cation costs in integrated pest management practices.

Keywords Root-knot nematode · 
Entomopathogenic nematode · Inoculation position · 
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Introduction

Root-knot nematodes (RKNs) are economically 
important polyphagous pests (Agrios 2005; Jones 
et  al. 2013), causing losses to global crop produc-
tion up to US $157 billion annually (Chitwood 2003; 
Elling 2013). RKNs damage plants through direct 
consumption of the root system, but also indirectly by 
forming complexes with soil-borne plant pathogens, 
such as Fusarium or Pythium, which also inhibit plant 
growth and yield (Morris et al., 2016). Meloidogyne 
incognita is one of the most harmful species of RKN, 
leading to dramatical losses in crops’ yield worldwide 
(Barbary et  al. 2015; Jones et  al. 2013; Ralmi et  al. 
2016; Trudgill and Blok 2001). Another recently-
emerging RKN species is Meloidogyne enterolobii, 
which has become an economically important plant-
parasitic nematode worldwide because of its high 
level of aggressiveness, its increasingly wide geo-
graphic distribution (Khanal and Harshman 2022), 
and its ability to weaken crop resistance to other 
RKN species (Philbrick et al. 2020). The life cycle of 
most RKNs can be described as follows (Moens et al. 
2009; Shukla et al. 2018):

Pre-parasitic second-stage juveniles (J2s) invade 
plant roots, induce the formation of multiple giant 
cells, and develop into adult female after multiple 
molting’s. Later (swollen) life stages burst out of the 
root and adult females produce an eggs sac – a gelati-
nous matrix with hundreds of eggs. Mobile pre-para-
sitic J2s travel through the soil and start searching for 
a suitable host root system.

The host-seeking behavior of RKNs is generally 
mediated by chemotaxis in relation to a chemical 
gradient of root exudates (Dutta et  al. 2011; Leitao 
et  al. 2021; Rasmann et  al. 2012; Tsai et  al. 2021). 

Once the host roots are found, the J2s enter the root 
tip and continue their development to produce a new 
generation of J2 ready to colonize other nearby root 
systems. To date, the commonly used means of con-
trolling RKNs have been the application of chemical 
nematicides and resistant cultivars (Verdejo-Lucas 
et al. 2019, Liu and Grabau 2022). For example, the 
Mi-1.2 gene confers resistance in tomatoes to M. 
incognita (Milligan et al. 1998). In general, effective 
management of RKNs has relied upon the application 
of chemical nematicides (Chen et  al. 2020), which 
have been shown to cause undesirable adverse side 
effects on non-target organisms, humans, and the 
environment (Oka 2020). However, growing concerns 
about environmental safety and public health led to 
the withdrawal or restricted usage of a wide range of 
commonly used chemical nematicides. Accordingly, 
more ecologically-sound means of RKN control are 
needed (Ahmad et al. 2021).

Entomopathogenic nematodes (EPNs) are also 
soil-dwelling nematodes that can be attracted by 
the roots of crop plants, particularly, when a host-
insect larva is feeding on the roots (Rasmann et  al. 
2005; Tonelli et al. 2016). The two families of EPNs, 
Steinernematidae and Heterorhabditidae have been 
extensively studied for the development of biologi-
cal control products to control root arthropod pests 
(Divya and Sankar 2009; Shapiro-Ilan et  al. 2020; 
Zhang et  al. 2019). The life cycle of EPNs includes 
an egg stage, four juvenile stages and an adult stage. 
A specialized third juvenile stage EPN is referred 
to as the “infective juvenile” (IJ) or a parallel of the 
“dauer” stage. This is the only free-living stage; the 
IJs persist in soil for several days or months with-
out food (Mitani et  al. 2004; Poinar 1990). Interest-
ingly, EPNs have been shown to have antagonistic 
effects on RKNs (Grewal et al. 1997; Sayedain et al. 
2021), but these effects vary depending on the EPN 
species (Damascena et  al. 2019; Lewis and Grewal, 
2005). For instance, when Steinernema feltiae EPNs 
were present in the rhizosphere of tomato plants, the 
galling and egg hatching of M. incognita RKNs was 
reduced by 34.12% and 62.42% respectively, and the 
number of eggs per egg mass in treatment plants was 
not different from that in control plants (Lewis et al. 
2001). Four Philippine EPN isolates significantly 
reduced the extent of root penetration and gall devel-
opment of M. incognita in tomato roots with the low-
est numbers of M. incognita in plants treated with 
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S. abbasi (1.90 ± 2.20) and H. indica (2.05 ± 2.61) 
(Felicitas et  al. 2021). Similarly, S. brazilense, S. 
rarum, S. feltiae, Heterorhabditis amazonensis and 
H. bacteriophora were all observed to reduce galls, 
egg mass, egg hatching and reproduction of M. enter-
olobii (Damascena et al. 2019). Moreover, it has been 
shown that EPN-infected insect cadavers themselves 
can reduce root colonization by RKNs (Caccia et al. 
2018; Kepenekci et al. 2016; Molina et al. 2007). In 
a greenhouse-based study, an aqueous suspension of 
IJs, the nematode-infected cadaver, or the Xenorhab-
dus bovienii (bacterial symbiont of S. feltiae), signifi-
cantly reduced damage caused by M. incognita and 
M. arenaria on tomato plants (Kepenekci et al. 2016). 
Hence, EPNs could partially contribute to RKN con-
trol considering their multi-faceted potential against 
both insect pests and plant-parasitic nematodes.

To date, the mechanisms driving the inhibi-
tory effects of EPNs on RKNs still remain largely 
untested, as these antagonistic effects can be direct 
and indirect. In an indirect manner, an allelopathic 
mechanism was indicated for EPNs suppression of 
PPNs (Grewal et al. 1999). Additionally, EPNs have 
been shown to enhance the activation of plant defense 
pathways against RKNs (Helms et  al. 2019, Kamali 
et al. 2022). For instance, the EPN Steinernema car-
pocapsae and its symbiotic bacterium Xenorhabdus 
nematophila have also been shown to induce the 
expression of PATHOGENESIS-RELATED PRO-
TEIN-1 (PR-1) in the roots, and increase the activity 
of peroxidase and catalase in leaves of Arabidopsis 
thaliana (Jagdale et  al. 2009). On the other hand, it 
is also plausible that EPNs can inhibit the virulence 
of RKNs directly through interference competition. 
Indeed, both EPNs and RKNs can be attracted toward 
the plant root system, likely leading to potential 
encounters, followed by avoidance.

In this study, we aimed to address the potential 
direct antagonisms between EPNs and RKNs near 
the root system. We hypothesized that the presence 
of EPNs between the location of the RKNs in soil 
and the root system would inhibit the movement of 
RKNs to the roots of the host plant. Secondly, as it 
was previously observed that EPN-infested insect 
cadavers were also repulsive to RKNs, we hypothe-
sized that the EPN-mediated interference is regulated 
by chemical compounds produced by the EPN-symbi-
ont complex. Therefore, the objectives of the present 
study were (1) to evaluate the effect of the inoculation 

position of EPNs on RKNs migration toward host 
plant roots, and (2) to address the effect of the EPN-
bacterial symbiont complex on RKNs migration 
toward host plant roots.

Materials and methods

To address the effect of two EPN species on the 
attraction of RKNs toward tomato roots, we per-
formed three separate experiments, a first one in sand, 
a second one in Pluronic gel, and a third one, also in 
Pluronic gel, but that included EPN-symbiotic bacte-
rial treatments.

Organisms

Tomato plants The seeds of tomato (Solanum 
lycopersicum) cultivar “Hezuo 903” susceptible to 
M. incognita without the resistant gene Mi-1 (Guan 
et al. 2017), were soaked in 2% sodium hypochlorite 
for 15 min, and then rinsed with sterilized water for 
five times. Seeds were transferred on a shallow dish 
lined with gauze soaked in sterile water in the dark at 
25 °C for approximately five days. The emerged seed-
lings were next transplanted into 32-hole germinating 
trays filled with a vermiculite/nutrient peat mixture 
(2:1, v/v) (KLASMANN, Germany), and placed in 
a greenhouse at 25℃, with 16/8 hrs light/dark photo-
period. Seedlings with 1-1.5 cm root length were used 
for the bioassays in Pluronic gel, while four-week-old 
seedlings, with two sets of leaves, were used for the 
bioassay in sand.

Root‑knot nematodes (RKNs) Meloidogyne 
incognita RKNs were reared in Ipomoea aquatica 
seedlings in the greenhouse of Nankai University. 
Briefly, egg masses were hand-picked from infested 
roots, readily sterilized using 1% NaOCl for 1  min, 
rinsed thoroughly with distilled water, and incubated 
at 25  °C in the dark. Freshly-hatched second-stage 
juveniles (J2) were collected using a 25 μm sieve in 
distilled water, counted using an inverted microscope 
(Olympus CKX41), and used in the experiments 
within a maximum of 3 days.

Entomopathogenic nematodes (EPNs) Stein-
ernema feltiae (SN strain) (Sf) and Heterorhabditis 
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bacteriophora (HB1 strain) (Hb) were kindly pro-
vided by David Shapiro-Ilan from USDA-ARS. EPNs 
were reared in last-instar Galleria mellonella in the 
laboratory at 22  °C following Zhen et  al. (2018). 
Infective juveniles (IJs) were collected via White 
traps after the third day of emergence from G. mel-
lonella cadaver (White, 1927) and stored at 14  °C 
until use, within a maximum of two weeks storage.

EPN symbiotic bacteria Xenorhabdus bovienii 
and Photorhabdus luminescens were isolated from 
S. feltiae and H. bacteriophora, respectively (their 
identification was previously confirmed by David 
Shapiro-Ilan’s laboratory). Briefly, each last-instar 
G. mellonella was inoculated with 40 µL of nema-
tode suspension (approximately 100 IJs per larva) 
in a 24-well cell culture plate lined with filter paper. 
Around 30 h after infection, one drop of hemolymph 
was obtained from the infected insect by snipping the 
very end of the second proleg and adding it to nutri-
ent bromothymol agar (NBTA). After 48 h, pure colo-
nies of the primary variant bacteria were inoculated 
into Trypticase Soy Yeast (TSY) broth. Flasks were 

placed on a shaker at 25  °C, 200  rpm for 24  h and 
stored at 4 °C until use (Ansari et al. 2003). The sus-
pension was centrifuged at 10,000  rpm for 10  min 
and cells were removed using a 0.22  μm membrane 
filter, resulting in a cell-free preparation of bacterial 
metabolites for testing.

Bioassay to test for the effect of EPNs on the 
movement of RKNs in sand conditions

The experimental set-up was built using a 90° elbow 
PVC pipe, which was connected to three 5 cm straight 
PVC pipes (Diameter 5 cm) and sealed with Parafilm. 
Each section was named as A, B, C and D for distin-
guishing the locations used for the inoculation and recol-
lection of nematodes (Fig. 1A). A 2-mm diameter hole 
was made in the centre of the C and D sections for nem-
atode inoculation. The set-up was filled with 850 g of 
sterilized sand (~ 1 mm) and kept at 10% relative humid-
ity. Tomato seedlings with two sets of leaves were trans-
planted in the first curved connector (A zone) of each 
set-up, and the opening around the stem was covered 

Fig. 1  Experimental devices to test the effect of entomopath-
ogenic nematodes (EPNs) on root-knot nematodes (RKNs) 
movement toward tomato roots. (A) Photograph of the sand-
based bioassay arena. The arenas consisted of four sequen-
tially-connected PVC pipes (A, B, C and D zones). The A zone 
was made from an elbow-bent pipe, which allowed the place-
ment of a four-week-old tomato seedling. RKNs were only 
added to the 2-mm diameter hole in the C zone, whereas EPNs 
were added to A, C, or D zone. The RKN number in A, B, C, 
and D- zones, the rhizosphere, and the roots were counted after 
seven days. (B) Photograph of a Petri dish filled with Pluronic 

F-127 gel. For the second experiment, each Petri dish was 
divided into three parts; an inner zone (I), a transition zone (T), 
and an outer zone (O). For the third experiment, the T zone 
was removed (not shown here). In the middle of the Petri dish, 
tomato seedlings with 1-1.5  cm roots were used. RKNs were 
only added to O-zone whereas EPN infective juveniles (dead/ 
live) and symbiotic bacterial culture solution (crude/cell-free) 
was added to I-zone. The seedling was added to I-zone. The 
RKN in I-, T-, O-zone and root were sampled at 4 and 24  h 
post-inoculation
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with aluminium foil. The set-up was placed in a climate 
and light-controlled room (16 h/8 hrs light/dark photo-
period, 22  °C/18°C day/night temperature, and photo-
synthetic photon flux density of 100 µmol  m− 2   s− 1). 
Similar to the study by Rasmann and Turlings (2007) 
three days after, the EPN treatment was initiated by add-
ing 5000 IJs of Sf or Hb in 2 mL water to the A, C, or D 
zones, or no EPNs were added. Meanwhile, 2000 RKNs 
(J2) in 2 mL water were added to the C zone. Thus, in 
summary, all experimental units received RKNs, and 
prior to RKNs inoculation, each unit received either Sf 
or Hb (inoculated in one of 3 locations), or the no-EPN 
control. Each treatment was replicated 5 times to obtain 
a total of 35 experimental units (2 EPN strains ×3 EPN 
inoculation position × 5 replications + 1 control(without 
inoculation) × 5 replications). The experiment was con-
ducted twice (two complete trials).

Seven days after nematode inoculation, the experi-
ment was terminated. The seedlings were cut near the 
base of the stem. The sand attached to the plant root was 
collected by carefully rinsing the roots with tap water, 
and the nematodes in the sand solution were regarded as 
the nematode in the rhizosphere. The rinsed roots were 
then transferred in a 100 mL Ziplock bag and RKNs 
were quantified by the frozen-thaw method (Ruan et al. 
2012). Briefly, roots were frozen in a -20 °C refrigerator 
for 24 h and subsequently thawed, and then this frozen-
thawed process was repeated once. After that, the root 
samples were placed in a blender filled, immersed in tap 
water and blended for 30 s. The mixture was next sieved 
using a 200-mesh sieve nested on a 600-mesh sieve, the 
root tissue was thoroughly washed, and the residue on 
the 600-mesh sieve was collected into a 50-ml centri-
fuge tube and the nematodes were finally counted under 
an inverted microscope (Olympus CKX41).

The sand in the A, B, C and D zones of each 
experimental set-up was placed in ziplock bags. For 
RKNs recollection, the sand from each zone was 
washed five times with tap water. Each time 30 s after 
intensely stirring, and the supernatant was immedi-
ately collected in a 2 L glass beaker in order to reduce 
the amount of sand in the supernatant to the greatest 
extent. After 10  h decantation, the supernatant was 
removed by gentle aspiration until the volume of the 
remaining liquid was approximately 800 mL. The 
remaining part was filtered on a 10 µM nitrocellulose 
membrane via vacuum filtration, and the nematodes 
on the membrane were collected and counted under 
an inverted microscope (Olympus CKX41).

The effect of EPN presence in the different zones of 
the arena (or EPNs absence) on the presence of RKNs 
for each zone of the PVC pipe, separately, was assessed 
with generalized linear models (GLM) following a 
quasipoisson distribution. Trial was included in the 
model as blocking factor. Type-II analysis-of-variance 
tables were estimated using the ANOVA function in the 
package car (Fox and Weisberg 2019), and marginal 
means and contrasts among treatments were estimated 
using the package emmeans (Searle et al. 1980).

Bioassay to test for the effect of EPNs on the 
movement of RKNs in Pluronic gel

To test for the effect of EPN presence on the distribu-
tion of RKNs, we developed a second bioassay using 
6  cm diameter Petri dishes, which were divided into 
three zones; an inner zone (I), a transition zone (T), and 
an outer zone (O). The boundaries of each zone to the 
centre of the Petri dish were 0.5, 1 and 3 cm, respec-
tively (Fig.  1B). The EPNs treatment consisted of 
applying the two EPN species (Sf or Hb separately) to 
one of the three zones of the Petri dishes. One tomato 
seedling per Petri dish was placed in the I zone. Next, 
RKNs were added in T-zone, and two separate treat-
ments that did not include EPNs were also included; 
one with the tomato seedlings only, and empty Petri 
dishes. Each treatment was replicated 6 times, so to 
obtain a total of 48 Petri dishes (2 EPN species × 3 
zones ×6 replications + 2 control×6 replications.). This 
experiment was conducted twice (two complete trials).

For the bioassay, the different zones of the Petri 
dishes were filled with a PF-127 gel solution that con-
tained the nematodes and bacteria in different mixtures. 
The PF-127 gel was prepared following Li et al. (2015). 
Approximately 25% (wt/vol) Pluronic F-127 gel (NF 
Prill Poloxamer 407, BASF, Mt Olive, NJ, USA) in 
10 mM Tris–MES (morpholino-ethane sulfonic acid) 
buffer (Sigma–Aldrich) was made and stirred continu-
ously at 4 °C overnight. The dissolved gel was stored at 
4 °C until for use. Nematode suspensions (EPNs, RKNs 
or EPNs + RKNs) were added to the 25% PF-127 gel, 
and the gel was finally adjusted to 23% with Tris-MES 
buffer to reach the concentration (200 individuals/mL) 
for each nematode species. Symbiotic bacteria suspen-
sion was added to the 25% gel to reach the final concen-
tration  107 CFU/mL, and the gel was adjusted to 23% 
with Tris-MES buffer. The final volume of the PF-127 
gel added to the I, T and O zones was 0.5, 2 and 2mL, 
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respectively. At the onset of the experiment, 400 RKNs 
were added to the T zone, and 400 EPNs of each spe-
cies were added to the respective Petri dish according 
to the treatment position (I, T, or O). All the Petri dishes 
were then transferred to a dark chamber containing wet-
ted gauze to maintain moisture. Four  and 24  h after 
the onset of the experiment, RKNs in each zone were 
directly counted on an inverted microscope (Olympus 
CKX41). Finally, at 24 h, tomato roots were thoroughly 
rinsed with tap water, crushed on a microscope glass 
slide, and RKNs in roots were counted.

The interactive effect of EPN presence in the differ-
ent zones of the Petri dishes (or EPNs absence), and 
the time of collection (4 and 24 h) on the presence of 
RKNs for each zone of the Petri dish, separately, was 
assessed with generalized linear models (GLM) fol-
lowing a quasipoisson distribution. Trial was included 
in the model as blocking factor. Type-II analysis-of-
variance tables were estimated using the ANOVA 
function in the package car (Fox and Weisberg 2019), 
and marginal means and contrasts among treatments 
were estimated using the package emmeans (Searle 
et al. 1980). Finally, we performed the same analysis, 
but with the EPN position treatment and EPN species 
as fixed factors, for the two time points separately, and 
without the “no EPN” treatment; this approach allowed 
us to measure the effect of EPN species on the RKNs 
distribution within the Petri dishes (see Fig. 3, letters 
above boxplots of the EPNs for these results).

Bioassay for testing the effect of the EPN-bacterial 
symbiont complex on the movement of RKNs in 
Pluronic gel

We performed a third experiment to address the effect 
of two EPN-bacterial symbiont complexes (S. feltiae- X. 
bovienii and H. bacteriophora - P. luminescens) on the 
movement of RKNs toward tomato roots. Similarly, as 
described above, we performed the experiment in Petri 
dishes (3.5 cm diameter), which were only divided into 
an inner zone(I) and an outer zone(O) (Fig.  4A). The 
boundaries of the I and O zones were 0.5, 1.75-cm away 
from the centre of the Petri dish, respectively, and the 
volume of PF-127 gel added to the I- and O-zone was 
0.5 and 2 mL, respectively. At the centre of I-zone of 
each Petri dish, we planted 5 days-old tomato seedlings. 
Next, we imposed the EPNs treatment, which consisted 
of 5 levels by adding in the I zone: (1) 400 alive EPNs 
(S. feltiae or H. bacteriophora), separately, (2) 400 dead 

EPNs that were previously killed with using a micro-
wave oven (300 watts for 1 min), (3) 2 ml of the sym-
biotic bacteria solution only, (4) 2 ml of the cell-free 
supernatant of the symbiotic bacteria solution (filter of 
0.22 µM pore size), and (5) no EPNs and no bacteria as 
control. Finally, a sixth treatment consisted of Pluronic 
gel only Petri dishes without plants (empty treatment). 
Each treatment was replicated six times, so to obtain a 
total of 60 Petri dishes (2 EPN strains × 4 test factors 
×6 replications + 2 control×6 replications). Immediately 
after treatment inoculation, a total of 400 RKNs were 
added to the O-zone. Finally, the RKNs in the I- and O- 
zone were counted directly in the Pluronic gel at 4 and 
24 h after the onset of the experiment under an inverted 
microscope (Olympus CKX41). The RKNs in root tis-
sues were counted after 24  h as described above. The 
whole experiment was conducted twice in time.

The interactive effect of the EPN/bacteria treatments 
plus the two controls in the different zones of the Petri 
dishes, and the time of collection (4 and 24 h) on the pres-
ence of RKNs in the inner and outer zones, separately, 
was assessed with generalized linear models (GLM) fol-
lowing a quasipoisson distribution. Trial was included in 
the model as blocking factor. Type-II analysis-of-variance 
tables were estimated using the ANOVA function in the 
package car (Fox and Weisberg 2019), and marginal 
means and contrasts among treatments were estimated 
using the package emmeans (Searle et  al. 1980). Next, 
we performed the same analysis, but with the EPNs posi-
tion treatment and EPN species as fixed factors, for the 
two time points separately, and without the “no EPN” 
treatment; this allowed us to measure the effect of EPN 
species on RKNs distribution within the Petri dishes 
(see Fig. 4, letters above boxplots of the EPNs for these 
results). For the RKNs in the root zone, we performed the 
same analysis, but we did not include time as factor, as in 
the roots, RKNs were only measured at 24 h.

Results

Effect of EPNs inoculation position on RKNs 
movement in sand

We found that most RKNs remained in zone C of the 
experimental set-up, while the lowest number of RKNs 
was found in the roots (an average of 807.8 RKNs in 
C, compared to an average of 148.3 in D, an average of 
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108.3 in A, an average of 88.3 in B, an average of 72.8 
in rhizosphere and an average of 39.5 in the roots). 
Nonetheless, we found an effect of the EPNs treat-
ment on RKNs movement (Table  1), particularly for 
the RKNs found in the roots (Fig. 2A). Specifically, we 
found 2.4 times more RKNs in the roots if there were 

no EPNs in the arena compared to when EPNs were 
in zone A. We observed a similar, but only marginally 
significant, trend for RKNs in zone A (Fig. 2C). How-
ever, we found no effect of the EPNs treatment when 
RKNs were counted in the rhizosphere, nor in zones B, 
C and D (Fig. 2B, D, E, F).
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Fig. 2  Effect of entomopathogenic nematodes (EPNs) on 
root-knot nematodes (RKNs) movement in the sand. Shown 
are the effects of EPN species and location within the tube 
arena (Zones A, C, and D) on the abundance of the RKNs in 
the different zones of the arena (tomato roots, rhizosphere cir-
cle, Zones A, B, C (where RKNs were originally placed), and 
D). Blue boxplots represent the presence of RKNs when in 

the tube arena there were no EPNs, but only the tomato plants 
(Plant). Two EPN species were tested; Steinernema feltiae (SN 
strain) (green boxes), and Heterorhabditis bacteriophora (HB1 
strain) (orange boxes). Different capital letters above boxes 
show pairwise differences across EPN location treatments 
(p < 0.05 after sidak correction)
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Fig. 3  Effect of entomopathogenic nematodes (EPNs) on root-
knot nematodes (RKNs) movement in Pluronic gel. Shown are 
the effects of EPN species and their initial location within the 
Petri dish on the abundance of the RKNs in different zones 
of the Petri dish; tomato roots, inner circle, transition circle 
(where RKNs were originally placed, marked by a dashed 
line), and outer circle. Blue boxplots represent the presence of 
RKNs when in the Petri dish there were no EPNs, but only the 

tomato plants (Plant), or nothing (Empty). Two EPN species 
were tested; Steinernema feltiae (SN strain) (green boxes), and 
Heterorhabditis bacteriophora (HB1 strain) (orange boxes). 
Different capital letters above boxes show pairwise differences 
across EPN location treatments, and different lower-case letters 
represent differences among EPN species and location in the 
Petri dishes (p  < 0.05 after sidak correction). NA means that 
no RKNs were counted
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Effect of EPNs application position on RKNs 
movement in Pluronic gel

Across all trials and timepoints, we found that most 
nematodes remained in the transition zone (average of 
119.4 RKNs) and in the outer zone (average of 45.8 
RKNs), rather than in the inner zone (average of 5.7 

RKNs) or in tomato roots (average of 4.1 RKNs). 
That said, we also observed a clear effect of the EPNs 
treatment on the position of RKNs (Table 2; Fig. 3), 
but this depended on the zone and time of sampling. 
First, we found 4.5 times more RKNs in the roots 
when there were no EPNs, or when EPNs were in the 
outer zone than when EPNs were in the transition, 

Fig. 4  Effect of entomopathogenic nematode (EPNs)-bacteria 
complex on root-knot nematodes (RKNs) movement in Plu-
ronic gel. Shown are A) the experimental set-up with the three 
zones of activity delimited for each Petri dish in the experi-
ment, and the effect of EPN species and different EPN-sym-
biotic bacteria treatments (live EPNs, dead EPNs, live bacteria 
only, or the supernatant of the bacterial damaged cells on the 
inner zone of the Petri dish) on the abundance of the RKNs in 
the different zones of the Petri dish; in (A) tomato roots, (B) 

and D) inner circle, and E) and F) outer circle (where RKNs 
were originally placed, marked by a dashed line). Blue box-
plots represent the presence of RKNs when in the Petri dish 
there were no EPNs, but only the tomato plants (Plant), or 
nothing (Empty). Two EPN species were tested; Steinernema 
feltiae (SN strain) (green boxes), and Heterorhabditis bacterio-
phora (HB1 strain) (orange boxes), and RKNs were measured 
at two time points (4 and 24  h post-inoculation). NA means 
that no RKNs were counted
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or in the inner zone (Fig. 3A). In the inner zone, we 
found a similar effect, in which, we found 5.3 times 
more RKNs in the inner zone when there were no 
EPNs added, 2.9 times more when there was the plant 
only, and 3.7 times more when EPNs were in the 

outer zone than when EPNs were in the inner or the 
transition zone (Fig.  3B). When RKNs were meas-
ured in the transition or the outer zones, the effect of 
EPNs position (or no EPNs) was negligible (Fig. 3C, 
D). Therefore, to summarize, the presence of RKNs 

Table 2  Analysis of deviance table (Type II tests). Response 
variables are for the presence of RKNs in the different zones of 
the Petri dishes, and independent variables were the initial posi-
tions of the two species of EPNs (Steinernema feltiae and Het-
erorhabditis bacteriophora) in the inner, transition, and outer 

zone of the Petri dishes, as well as when EPNs were absent 
(tomato plant only treatment), or even when the tomato plant 
was absent in the Petri dishes (empty treatment). RKNs were 
counted at two time points, at 4 and 24 h post-inoculation. * For 
root only the 24 h was available

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Zone Factor LR Chisq Df Pr(> Chisq)

Roots* EPN treatment (EPN) 121.7 3 < 0.001***
Trial 127.96 1 < 0.001***

Inner zone EPN 166.827 4 < 0.001***
Time (T) 0.168 1 0.690
Trial 7.605 1 0.006**
EPN * T 26.455 4 < 0.001***

Transition zone EPN 13.372 4 0.010**
Time (T) 43.966 1 < 0.001***
Trial 167.106 1 < 0.001***
EPN * T 10.128 4 0.038**

Outer zone EPN 59.691 4 < 0.001***
Time (T) 3.654 1 0.056.

Trial 0.964 1 0.326
EPN * T 7.115 4 0.130

Table 1  Analysis of deviance table (Type II tests). Response 
variables are for the presence of RKNs in the different zones 
of the PVC pipes, and independent variables were the initial 
positions of the two species of EPNs (Steinernema feltiae and 

Heterorhabditis bacteriophora) in the A, C, D zones, as well as 
when EPNs were absent. RKNs were counted at 7  days post-
inoculation

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Zone Factor LR Chisq Df Pr(> Chisq)

Roots EPN treatment (EPN) 11.8934 3 0.008**
Trial 1.0351 1 0.309

Rhizosphere EPN 7.7377 3 0.052.

Trial 0.0048 1 0.945
Zone A EPN 9.1032 3 0.028*

Trial 9.3314 1 0.002
Zone B EPN 1.82305 3 0.610

Trial 0.28399 1 0.594
Zone C EPN 0.58441 3 0.900

Trial 0.52543 1 0.469
Zone D EPN 0.0284 3 0.999

Trial 8.1137 1 0.004**
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in roots or in the inner zones was affected by EPNs 
presence or absence in the Petri dishes, but the pres-
ence of RKNs in the transition or the outer zones was 
not affected the EPNs treatment in the Petri dishes.

Effect of EPNs-symbiotic bacteria complex on RKNs 
movement in Pluronic gel

Across all trials and timepoints, we found that 
most nematodes remained in the outer zone 
(average of 82.6 RKNs), rather than in the inner 
zone (average of 16.8 RKNs) or in tomato roots 
(average of 29.7 RKNs). Nonetheless, we also 
observed a clear effect of the EPN/bacteria treat-
ments on the position of RKNs (Table  3; Fig.  4), 
but this depended on the zone and time of sam-
pling. For the RKNs in the roots of tomato seed-
lings (Fig.  4B), and the inner zone (Fig.  4C, D), 
we observed a strong repulsive effect of the bac-
terial supernatant (Table 3). In other words, when 
the supernatant was added to the inner zone, it 
blocked the RKNs, initially placed in the outer 
zone, to move close to tomato roots (0.5 and 0.04 
RKNs in the inner zone and in roots on average, 
respectively). The other EPNs treatments were less 
repulsive compared to the plant only, with the live 
EPNs being the least repulsive. In the outer zone, 
we found a weak but significant effect for live 
EPNs in the inner zone to keep the RKNs in the 
outer zone (Fig. 4E, F).

Table 3  Analysis of deviance table (Type II tests). Response 
variables are for the presence of RKNs in the different zones 
of the Petri dishes (inner zone, outer zone, tomato roots), and 
independent variables were the EPN treatments (dead or alive 
EPNs (Steinernema feltiae and Heterorhabditis bacterio-
phora), intact or cell-free supernatant of symbiotic bacteria, no 
EPNs and no bacteria treatments), and time of sampling (4 and 
24 h). * For root only the 24 h was available

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Zones Factor LR Chisq Df Pr(> Chisq)

Roots* EPN _
treatment(EPN)

677.07 4 < 0.001***

Trial 0.01 1 0.933
Inner zone EPN 439.26 5 < 0.001***

Time (T) 1.53 1 0.216
Trial 0.41 1 0.522
EPN * T 18.17 5 0.003**

Outer zone EPN 22.845 5 < 0.001***
Time (T) 15.228 1 < 0.001***
Trial 0.45 1 0.502
EPN * T 36.16 5 < 0.001***

Fig. 5  Plant nematodes interaction in the rhizosphere. The 
diagram depicts the main findings of this work, particularly 
showing that when entomopathogenic nematodes (EPNs), or 
their symbiotic bacterial cells, are near the rhizosphere of host 
plant roots, root-knot nematodes (RKNs) tend to be inhibited 

(blunt grey arrow), and only relatively few RKNs will actually 
reach the roots. On the other hand, plant roots alone are highly 
attractive to RKNs (thin grey arrow). The size of the arrow 
indicate relative strength of inhibition, with thicker arrows 
indicating stronger inhibition
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Discussion

We conducted three independent behavioral experi-
ments to assess the movement of RKNs toward 
tomato roots in the presence or absence of EPNs. We 
observed that the movement of RKNs toward tomato 
roots or rhizosphere was generally inhibited when 
EPNs were present (Fig.  5). We observed this same 
pattern both in sand and in Pluronic gel, and for both 
species of EPNs. Interestingly, by testing different 
components of the EPNs/bacterial symbiont complex, 
we also observed the breakdown products produced 
by the bacteria displayed the highest inhibitory effect 
on RKNs. Therefore, the EPN/bacterial complex, by 
slowing down the movement of RKNs toward the host 
plant roots, can function as an effective biocontrol 
strategy. Below, we expand on each of these points.

The present work was based on previous studies indi-
cating that EPNs show antagonistic and/or repulsive 
effects on plant-parasitic nematodes, such as Meloi-
dogyne spp. (Grewal et al. 1999; Sayedain et al. 2021), 
Nacobbus aberrans (Caccia et  al. 2013), or even the 
foliar nematode Aphelenchoides fragariae (Jagdale and 
Grewal 2008). However, the mechanisms mediating 
EPNs antagonistic effects against RKNs remain to date 
largely unexplored. As mentioned above, potential ways 
in which EPNs might impact RKNs behavior includ-
ing interference competition, in which both species are 
in competition for space in the rhizosphere, or on the 
root surface, or even in the root tissue. Another way in 
which EPNs might inhibit RKNs virulence includes the 
production of repulsive chemicals by the EPN-bacterial 
symbiont complex (Kepenekci et al. 2016).

Here, we confirmed that EPN inoculation negatively 
affects RKNs penetration of host plant roots, which 
was dependent on the EPNs inoculation position rela-
tive to the RKNs inoculation position, and therefore 
partially providing support to the first hypothesis. 
Moreover, both the 24-h PF-gel bioassay and 7-day 
sand bioassay, across two EPN species demonstrated 
consistent results. Similarly, the zones near host plants, 
I- and T-zone in PF-gel bioassay and rhizosphere and 
A-zone in sand bioassay also showed similar effects 
driven by EPNs inoculation position, altogether indi-
cating the robustness of such effects. Host plants 
can attract both EPNs (Li et al. 2015; Rasmann et al. 
2005; Tonelli et  al. 2016) and plant-parasitic nema-
todes (Dutta et  al. 2011; Wang et  al. 2009). Moreo-
ver, once emerged from the insect host cadaver, EPN 

infective juveniles have been shown to gregariously 
move in a sand medium (Ruan et al. 2018). Therefore, 
if the EPNs can actively aggregate in the rhizosphere 
or around the root tip, into which RKNs preferen-
tially penetrate, EPNs might effectively interrupt the 
RKNs’ host-finding and root penetration process. To 
date, however, we are not aware of a clear proof show-
ing that EPNs directly interact with the RKNs, and the 
physical presence of EPNs can prevent RKNs move-
ment and penetration into the host plant roots. There-
fore, further studies, such as staining the nematodes 
with specific dyes, could be used to in situ distinguish 
EPNs versus RKNs in the rhizosphere, in the rhizo-
plane (root surface), or even in the endosphere (root 
interior) of root tips. From a more applied perspective, 
Kamali et al. (2022) showed that plants cannot clearly 
distinguish an EPN from an RKN, both similarly acti-
vating the plant immune system. Therefore, placing 
EPNs near the root system might serve the double role 
of physically antagonizing RKNs movement, as well as 
activating the plant immune system, but this hypoth-
esis needs to be confirmed with future experiments.

We have observed different results when testing 
RKN inhibition by EPN in Pluronic gel or in sand 
substrates. Two possible reasons might explain bet-
ter EPN inhibition of RKN in Pluronic gel compared 
to sand assays. First, we might hypothesize that there 
is a difference in diffusion coefficient (D) between 
Pluronic acid and moistened sand, in which D of Plu-
ronic acid most likely exceeds de D of moist sand, so 
that water-soluble exudates might more easily dis-
perse in Pluronic gel than moistened sand. The other 
reason can be related to the age of tomato seedlings. 
In the bioassay conducted in gel, only approximately 
4-day-old seedlings with 1-1.5  cm root were used, 
whereas about 4-week-old seedlings were used in the 
sand bioassay. The potential difference in the struc-
ture and component of root exudates of seedlings of 
different plant ages might partially contribute to the 
differences observed (Zhalnina et al. 2018).

We further observed a clear negative effect of the 
EPN-bacterial symbiont complex on the distribu-
tion of RKNs in root tissue, I- and O-zone of the Petri 
dishes. Particularly, the bacterial supernatant induced 
an 80–90% reduction of RKNs in the I-zone compared 
to the treatment without RKNs. These results are con-
sistent with previous findings showing that cell-free fil-
trates from symbiotic bacteria were toxic or repellent 
to RKNs (Grewal et  al. 1999). For example, cell-free 
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bacterial extracts were antagonistic to M. incognita, 
causing 98–100% mortality at 15% concentration, or 
the most significant negative effect on RKNs popula-
tion growth (62–90% reduction), was produced by the 
bacterial metabolites in greenhouse tomato systems 
(Caccia et  al. 2018). In another study, the cell-free 
supernatant of X. bovienii from Steinernema feltiae 
applied to the soil of a tomato production area also 
caused significant antagonistic effects against RKNs, 
resulting in reduced galling and higher yield (4.975 kg 
increase in average tomato production per plant) 
(Kepenekci et al. 2018). Our work confirmed the pre-
vious study of antagonism and repellence of EPNs/
bacterial symbionts to RKN and further demonstrates 
a direct effect of EPN on RKN migratory behavior. 
Therefore, the cell-free supernatant of selected symbi-
otic bacteria added close to crop roots might serve as 
an ecologically-sound alternative method for repelling 
RKNs, thereby mitigating RKNs damage.

At this stage, we can only speculate that the toxic-
ity of the cell-free supernatant might have been gener-
ated by the natural death and subsequent decomposi-
tion of the EPN infective juveniles in the soil matrix. 
Recently, it was shown that natural products from the 
bacterial genus Xenorhabdus, including fabclavines, 
rhabdopeptides, and xenocoumacins displayed strong 
nematicidal activity, inducing 82%, 90% and 85% mor-
tality of M.javanica, respectively (Abebew et al. 2022). 
Similarly, rhabdopeptide from X. budapestensis inhib-
ited the performance of M. incognita (Bi et al. 2018). 
Therefore, while some indication suggests that bacte-
rial-specific specialized molecules can deter RKNs 
movement in the soil, further research is needed to 
evaluate this hypothesis, as well as to potentially iden-
tify broader molecular activity of such effects. Finally, 
concerning living EPNs, we observed that while the 
presence of living infective juveniles also tended to 
inhibit RKNs movement, their effect was generally 
weak. This might be because the number of inoculated 
EPNs was not high enough to exert significant nega-
tive effects, since it was previously shown that the sup-
pressive effect of EPN IJs against population growth of 
RKNs is density dependent (Kepenekci et al. 2018).

In conclusion, we found that the position of EPNs 
in the experimental arenas impacted RKNs movement 
behavior toward host plants. EPNs added to the area 
close to the host plant root system exerted the highest 
suppressive effect against RKNs. These findings, there-
fore, indicate that EPNs could be used alone or as part 

of an Integrated Pest Management strategy as a novel 
management tool to control plant-parasitic nematodes 
attacking crop plants. From the perspective of field 
application of EPNs, it is further necessary to screen 
antagonistic characteristics of EPN strains based on 
the chemical signatures that are emitted by the insect 
cadaver or the bacterial symbiont so as to find promis-
ing EPN strains that can simultaneously control insect 
pests and RKNs in agricultural systems.
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