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ARTICLE INFO ABSTRACT

Keywords: Entomopathogenic Xenorhabdus spp. bacteria, symbiont of the nematode Steinernema spp., shows potential for
Beneficial soil organisms mitigating agricultural pests and diseases through bioactive compound production. The plant-parasitic nematode
Biocontrol

(PPN) Meloidogyne incognita affects the yield and quality of numerous crops, causing significant economic losses.
We speculate that Cell-Free Supernatants (CFS) from Xenorhabdus spp. could reduce the impact of the root-knot
nematode (RKN) M. incognita without negatively affecting entomopathogenic nematodes (EPNs), which are
considered beneficial organisms. This study explored the activity of seven CFS against M. incognita (two pop-
ulations, ALO5 and Chipiona) and their possible effects on EPNs. The in vitro impact of CFS at 10 %, 40 %, and 90
% concentrations on nematode motility at four and 24 h were tested on the PPN M. incognita and two EPNs,
S. feltiae and H. bacteriophora. Additionally, EPN viability and virulence were evaluated at two and five days. On
the other hand, tomato plant-mesocosm experiments examined the activity of four CFS on M. incognita repro-
ductive capacity and EPN virulence. In vitro exposure of M. incognita to 90 % concentration of CFS resulted in
reductions of activity over 60 % after four hours of expossure in four out of seven CFS. In the in vitro evaluation of
two species of EPNs, none of the CFS affected the activity across any tested doses after four hours of exposure nor
after 24 h. Plant-mesocosm experiments showed that CFS application significantly reduced RKN galls, egg
masses, and galling index. However, the virulence of both EPN species decreased 15 days after application, with
a significant impact on S. feltiae. Overall, these findings suggest that CFS could be used as a bio-tool against
M. incognita in tomato crops, mitigating its impact on plant growth. However, this study also highlights the
necessity of investigating the effects of CFS on non-target organisms.

Heterorhabditis bacteriophora
Root-knot nematode
Steinernema feltiae

1. Introduction EPNs are distributed worldwide, except in Antarctica (Hominick, 2002;

Kaya et al., 2006; Hazir et al., 2018). EPNs include two families, Stei-

Nematodes are a crucial component of soil ecosystems that play a
pivotal role in soil food webs by influencing microbial activity and
contributing to various functions that enhance soil health (Sanchez-
Moreno et al., 2008; Martin and Sprunger, 2022). Among the nema-
todes, the group entomopathogenic nematodes (EPNs) stands out for
their significant role in biological control against a range of arthropod,
being the only group of nematodes applied in agricultural soils to arti-
ficially increase nematode populations to decrease the pest (Lacey et al.,
2015; Salari et al., 2015; Koppenhofer et al., 2020, Toledo et al., 2023).
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nernematidae and Heterorhabditidae, which are in symbiotic relation-
ships with gram-negative facultative anaerobic bacteria from the
Xenorhabdus and Photorhabdus genera (Enterobacterales: Morganella-
ceae), respectively (Stock, 2015; Campos-Herrera, 2015; Cevizci et al.,
2020). The infective juveniles (IJs) of EPNs are soil-dwelling organisms
that actively seek out arthropod hosts by entering through several ori-
fices, such as the mouth, spiracles, anus, or intersegmental membrane,
and subsequently release bacteria into the host’s hemocoel (Griffin
et al., 2005; Stock, 2015; Shapiro-Ilan et al., 2017). These bacteria
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produce toxins that prevent colonization by other organisms and kill the
insect host within 24 to 48 h (Dillman et al., 2012; Stock, 2015). EPNs
undergo six life stages: egg, four juvenile stages, and adult. While inside
the host, they feed on host tissues and can produce one to three gener-
ations. Once the nutritional resources are depleted, juveniles restart the
symbiotic relationship by capturing bacterial cells and emerge from the
host carcass in search of new food sources (Shapiro-Ilan et al., 2017).
The infective juvenile (1J), is the only free-living stage with environ-
mental resistance. It can persist in the soil for long periods without
feeding and actively seeking new insect hosts (Mitani et al., 2004; Li
et al., 2023a). Hence, most of the life cycle occurs within the host insect
(Stuart et al., 2006).

On the other hand, plant-parasitic nematodes (PPNs) pose a signifi-
cant threat to agriculture, causing significant yield and quality losses in
crops worldwide (Koenning et al., 1999; Singh et al., 2015). These losses
can amount to an estimated annual sum of up to $173 billion (Elling,
2013). Among the most harmful nematodes are those belonging to the
genus Meloidogyne (Tylenchida: Heteroderidae), comprising obligate
endoparasitic nematodes called Root-Knot Nematodes (RKN). These
nematodes alter plant cell growth, infect roots, hinder water and
nutrient absorption, and disrupt translocation, causing symptoms like
growth retardation, lack of vigor, and wilting (Moens et al., 2009).
Initial infections may not exhibit visible symptoms, often mimicking
other forms of damage or nutrient deficiencies (Smiley and Nicol, 2009;
Chen et al., 2020). RKN species can infect over 2000 plant species.
M. incognita is globally distributed, affecting a wide range of vegetables
and other than food, including fiber, oil, ornamental, and industrial
crops (Perry et al., 2009).

Producers have historically relied on chemically synthesized nema-
ticides as the primary control method to address the significant losses
caused by PPNs. However, several countries have restricted the use of
many nematicides due to their detrimental environmental and human
health impacts (Sasanelli et al., 2021). Overall, the extensive application
of these synthetic chemical compounds has led to adverse effects on
ecosystems (Thomas, 1996), impacting beneficial organisms (Stirling,
2014), affecting the abundance and diversity of free-living nematodes
(Waldo et al., 2019; Grabau et al.,, 2020), contaminating soil and
groundwater (Gullino et al., 2003), and posing risks to animals and
human health (Jang et al., 2003; Gemmill et al., 2013).

Current integrated pest management (IPM) strategies to control
RKNs focus on incorporating multiple methods. These approaches
include the introduction of new nematode-resistant cultivars, the use of
biological control agents, and the incorporation of by-products derived
from various organisms (Ntalli and Caboni, 2012; Mukhtar et al., 2016;
Burns et al., 2023). The use of EPNs and their by-products, derived from
the symbiotically associated bacteria, has been reported as a potential
tool in the management of PPNs such as Meloidogyne (Samaliev et al.,
2000; Lewis and Grewal, 2004; Kusakabe et al., 2022). While the effi-
cacy of EPNs alone in controlling PPNs might not be as potent as
chemical control methods, their presence could influence the foraging
behavior of PPNs, inhibiting root penetration and subsequently
decreasing their impact on plants (Felicitas et al., 2021; Li et al., 2023b).
Furthermore, bacterial by-products have demonstrated significant
effectiveness against PPNs, especially those derived from Xenorhabdus.
In vitro studies have shown that exposure to CFS at different concen-
trations and periods can reduce RKN egg hatching (Samaliev et al.,
2000; Sasnarukkit et al., 2002; Sayedain et al., 2019), affect the RKN
penetration of second-stage juveniles (J3) into tomato roots (Sasnarukkit
et al., 2002), and reduce the galling index and decrease the number of
egg masses while increasing total yield in tomato plants (Kepenekci
et al., 2018). While these studies have primarily focused on the effects of
CFS against PPNs, few have investigated the adverse effects on non-
target organisms. For example, Boina et al. (2008) observed that Cae-
norhabditis elegans was negatively affected by synthetic analog of certain
compounds regularly obtained in CFS derived from Photorhabdus,
although the EPN H. bacteriophora was not affected. This result is in
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contrast to those by Kusakabe et al. (2022) that showed that CFS from
another Photorhabdus species, P. luminescens sonorensis increased the
mortality of M. incognita across various concentrations and periods, with
minimal adverse effects on the non-target organisms C. elegans and the
EPN S. carpocapsae, H. sonorensis and H. bacteriophora. It seems a priority
to extend such research to assess the broader ecological impacts of using
CFS as a potential tool for PPN management.

Therefore, this study aimed to screen CFS from various Xenorhabdus
spp. for their efficacy in managing M. incognita in tomato plants as a
model crop while investigating potential non-target effects on beneficial
soil organisms like EPNs. Specifically, our objectives were to evaluate (i)
the impact of CFS produced by Xenorhabdus spp. at different concen-
trations on M. incognita, S. feltiae, and H. bacteriophora activity, (ii) the
impact of CFS on the viability and virulence of the beneficial organisms
S. feltiae and H. bacteriophora, (iii) the capability of M. incognita to
reproduce on tomato plants after the exposure to CFS in planta-meso-
cosm, and (iv) EPNs virulence after exposure to CFS in the same in
planta-mesocosm set-up. We hypothesized that applying CFS of various
Xenorhabdus strains would reduce the impact of M. incognita on the plant
in a species-specific manner. We also hypothesize that these compounds
will not adversely affect other members of the soil biota with beneficial
actions, such as EPNs. The tomato was selected as a model plant due to
its susceptibility to M. incognita infection (Singh and Khurma, 2007) and
because it was established as a model for studying plant and fruit
physiology (Costa and Heuvelink, 2018).

2. Materials and methods
2.1. Plant material and nematode cultures

Tomato seeds (Solanum lycopersicum L.) cv. Moneymaker (Germisem
Sementes Lda. Oliveira do Hospital, Portugal), lacking the resistance
gene (Mi-1.2 gene), were initially cultivated in seedbeds containing a
mixture of sterile fine sand and perlite in a 2:1 ratio for four weeks. Upon
reaching a height of 10 cm with 3 to 4 true leaves in the fifth week, they
were transplanted into 9 x 9 x 9.5 cm pots filled with a mixture of soil
from Valdegon (geographical coordinates, 42.466611, —2.292674,
Logrono, La Rioja, Spain) (Sand = 56.3 %, Silt = 33.9 %, Clay = 9.8 %,
pH = 8.4, OM = 0.41 %, and EC = 0.12 mmhos/cm), and fine pure sand,
both autoclaved twice in a 3:1 ratio. All plants were placed in chambers
under controlled conditions (16:8 light: darkness photoperiod, 25 °C +
1 °C, and 60 % RH).

M. incognita populations were obtained from two Spanish localities in
Cadiz and Almeria (Andalusia, Spain), named “Chipiona” and “AL05”,
using those as model for this PPN species (Table 1). Each population was
derived as pure culture after culturing one egg mass on tomato cv.
Moneymaker plants under controlled conditions (16:8 light: darkness

Table 1

Species of nematodes of the genus Steinernema and their symbiont bacteria,
Heterorhabditis bacteriophora and Meloidogyne incognita (Chipiona and ALO5
populations).

Nematodes Population  ITS region Associated 16S rRNA
species GenBank bacteria GenBank
accession accession
Steinernema feltiae ~ AM-25 MG551674 X. bovieni MW574909
AM-75 MG551675 MW467378
RM-107 MW480131 MW467374
VM-25 MW480136 MW574907
VM-31 MW574912 MW574905
Steinernema affine ~ VO-53 MW480137 X. bovieni MW467379
Steinernema RM-30 MK503133 X. kozodoii MW467375
riojaense
Heterorhabditis VM-21 MW480135 — —
bacteriophora
Meloidogyne Chipiona 0Q305837 — —
incognita ALO5 PP481898 - -
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photoperiod, 25 °C £ 1 °C, and 60 % RH). Molecular identification of
one egg mass (in three individual and independent DNA extractions)
using procedures described by Vicente-Diez et al. (2021a) confirmed
their identity (Table 1). The M. incognita populations were maintained
by inoculating 4-6 new tomato plants every two months with eggs
extracted from infested tomato roots. All plants were maintained under
controlled conditions (16:8 light: darkness photoperiod, 25 + 1 °C, and
60 % RH).

Nematode eggs were extracted from infected tomato roots by stirring
them in a 1 % NaClO solution. The egg suspension was concentrated on a
20 um sieve and washed with tap water over 50 ml Falcon tubes to be
used as inoculum in subsequent experiments. Egg concentration in the
suspensions was estimated by counting them in a nematode counting
slide under a stereoscope (Motic® SMZ-161 Series Stereo Zoom Micro-
scopes, Barcelona, Spain) (Hussey and Barker, 1973). Juvenile inoc-
ulum: For experiments on nematode activity, egg suspensions were
placed on Baermann funnels to obtain second-stage juveniles (Jo). Ju-
veniles hatching within 48 h were stored in aqueous suspensions and
used as inoculum.

Two EPN populations, S. feltiae 107 and H. bacteriophora VM-21,
were used (Table 1), both isolated from vineyards in La Rioja in previ-
ous studies (Blanco-Pérez et al., 2020, 2022). The molecular identifi-
cation was performed as described by Vicente-Diez et al. (2021a).
Briefly, about 500 IJs were mechanically disaggregated using sterile
blue pestles. DNA was then extracted using the Speedtools kit (Biotools,
Madrid, Spain), analyzed for quality and quantity using a Nanodrop
spectrophotometer, and stored at —20 °C until use. The ITS region of the
rDNA of each EPN species was amplified using universal primers,
including a negative control with mQ water instead of DNA. PCR was
verified by 2 % agarose gel electrophoresis, and the resulting bands were
cleaned, sequenced, aligned, and compared with sequences in Blast,
before submission to Genbank (Vicente-Diez et al., 2021a). These EPN
populations were propagated in larvae of Galleria mellonella (Lepidop-
tera: Pyralidae) reared at the Instituto de las Ciencias de la Vid y del Vino
(ICVV, Logrono, Spain) using protocols and diet described by Vicente-
Diez et al. (2021b). EPN population was multiplied within five final
G. mellonella instars placed in 5.5 cm diameter Petri dishes with What-
man no. 1 paper (in duplicate). Each dish was inoculated with a 400 pl
suspension of infective juveniles (LJs) for each EPN species. The dishes
were then kept in the dark at 25 °C + 1 °C. After 72-96 h, the cadavers
were arranged in a star shape to facilitate EPN emergence and were
placed in a 9 cm diameter Petri dish with tap water (Woodring and Kaya,
1988). The emergence time for S. feltiae was 10 to 12 days, while for
H. bacteriophora ranged from 15 to 18 days. The IJs were stored in
80-100 ml tap water in 250 ml cell culture flasks within chambers at a
temperature of 14 °C in darkness. New cultures and fresh nematodes
harvested within 15-20 days maximum were employed in each trial to
ensure the reproducibility of the studies.

2.2. Bacteria isolation and production of the cell-free supernatant

The symbiotic bacteria derived from EPN (Table 1) were isolated
following procedures described by Vicente-Diez et al. (2021a, 2021b).
Briefly, approximately 500 1Js of each EPN population were exposed to
5 % NaClO solution for 2-5 min, washed with distilled water, and dis-
aggregated in a 50:50 (v/v) distilled water and Nutrient Broth (VWR
Chemicals, Barcelona, Spain) suspension. Each nematode-bacterium
complex suspension (50 ul) was plated in Petri dishes with Nutrient
Brothymol Blue Agar (NBTA) prepared with Nutrient Agar (VWR
Chemicals, Barcelona, Spain), 2,3,5-Triphenyl tetrazolium chloride
(TTC) (VWR, Chemicals, Leuven, Belgium), and Ampicillin (AM) (50
mg/ml) (Thermo Scientific, Kandel, Germany). Plates were incubated
for 48 h under controlled conditions (25 + 2 °C, 20 % RH in the dark).
All pure bacteria isolates were stored in darkness at 4 °C and refreshed
every week. Additionally, aliquots of each pure culture were stored in
glycerol at —80 °C (Vicente-Diez et al., 2021a).
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To obtain the CFS of each strain, a single colony from each evaluated
bacterium was inoculated in Tryptone Soy Broth (TSB) (PanReac
AppliChem, ITW Reagents, Barcelona, Spain) and incubated at 25 + 2 °C
overnight with orbital agitation at 150 rpm (J.P. Selecta s.a.u, Rotabit
3000974, Barcelona, Spain). Subsequently, 1 ml of colony suspension
was inoculated in 250 ml of TSB within a 500 ml Erlenmeyer flask. The
mixture was then incubated for 72 h on the orbital shaker at 150 rpm at
25 + 2 °C and under dark conditions. The CFSs were obtained by
centrifugation of these cultures for 20 min at 68,905 X g (Thermo Sci-
entific™ Sorvall LYNX 4000 Superspeed Centrifuge, Fisher Scientific SL,
Madrid, Spain) at 4 °C. The supernatant was filtered through a 0.22 ym
sterile pore filter (Ansari et al., 2003; Sayedain et al., 2019; Vicente-Diez
et al., 2021a). The obtained filtrates were cultured on NBTA Petri dishes
to confirm the absence of bacteria. A new CFS was generated for each
trial to ensure the reproducibility of the studies. The TSB medium was
filtrated for the control treatments through a 0.22 um sterile pore filter
to ensure the same conditions.

2.3. Screening of bacterial cell-free supernatant activity against
nematodes in liquid suspension

Initially, a screening of CFS activity from seven Xenorhabdus spp.
associated bacteria with the EPN species S. feltiae, S. affine, and
S. riojaense was conducted to determine the toxicity against the J, stage
of the PPN M. incognita (Chipiona and ALO5 population) and the IJs of
two EPNs species (S. feltiae and H. bacteriophora) to explore the non-
target effects (Table 1).

First, to maintain the nematodes free of contaminations before
combination with the treatment, all individuals were exposed for 3 min
to a 1 % NacClO solution (commercial bleach). Then, they were washed
with autoclaved distilled water for 3 min, repeating this procedure three
times. A concentration of approximately 100 nematodes (J2 for PPN and
1J for EPN per dish, described as “NEM”) was prepared to be combined
with the treatments. Three sterile Petri dishes with 3.5 cm diameter were
used as experiment units, and the nematode-treatment mixture resulted
in a final volume of 1500 uL per dish. The treatments were as follows
(Table 2): (i) CFS-10 % NEM-bleach, (ii) CFS-40 % NEM-bleach, (iii)
CFS-90 % NEM-bleach, (iv) TSB-10 % NEM-bleach, (v) TSB-40 % NEM-
bleach, (vi) TSB-90 % NEM-bleach, (vii) control NEM-bleach in water,
and an additional control treatment (viii) NEM without bleach in water,
with the aim to compare with the NEM-bleach in water to verify that the
procedure did not harm the individuals. Nematodes were counted using
a counting plate to estimate LJs or J, (depending on the target nematode
group, EPN or PPN, respectively) per dish after 0, 4, and 24 h, registering
live (moving, active) and inactive (paralyzed or dead) nematodes. Each
straight nematode was touched with a fine needle three times to test
activity. The results of CFS exposure were expressed as the percentage of
inactive nematodes (no mobile, paralyzed, or dead) after 4 and 24 h of
exposure. After the initial trial (Fig. S1, Table S1), only the four most
promising CFS were selected for subsequent trials, with new PPN and

Table 2

Description of the experimental design treatments (code) and their correspon-
dence with the used solution (Cell-Free Supernatant, CFS, Tryptic Soy Broth,
TSB, or water), concentration, and the presence of 1% NaClO (bleach) for sur-
face sterilization for plant-parasitic nematodes and entomopathogenic nema-
todes in vitro studies.

Code Treatment Concentration (%) Bleach (1 %)
i CFS 10 Yes
ii CFS 40 Yes
iii CFS 90 Yes
iv TSB 10 Yes
v TSB 40 Yes
vi TSB 920 Yes
vii water - Yes
viii water - No
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EPN batches and fresh CFS for each replicate (trial 1 and trial 2).

Additionally, the impact of the four selected CFSs on the EPN viru-
lence in the last instar larvae of G. mellonella was assessed following the
methodology described by Campos-Herrera et al. (2023a). Briefly, for
each treatment, five 5.5 cm diameter Petri dishes were prepared, each
with filter paper on both sides moistened with 250 ml of tap water. Then,
the IJs exposed to the previously described treatments for 24 h were
placed on the filter paper at a final concentration of 50 LJs per dish. Five
larvae were included per dich, and trials were incubated in the dark for
five days at 22 °C. A control treatment with only water was a negative
control to confirm larval survival. Additionally, controls with only CFS
application were performed to ensure no impact on the insects. Larval
mortality was evaluated after 3 and 5 days. To confirm the death of
G. mellonella by EPNs, all cadavers were placed in 5.5 cm diameter Petri
dishes on filter paper, and the color and the typical symptoms of EPN
infection were checked after 72 h. These assays were performed twice at
different times, with new EPN batches and freshly prepared CFS for each
replicate.

2.4. Evaluation of bacterial cell-free supernatant activity against
nematodes in tomato plants

The experiments were conducted using 9 x 9 x 9.5 cm pots (769.5
em®), each containing a 10 cm tall plant with 34 true leaves, serving as
the experimental unit. The experimental design was the same for
M. incognita than for EPN, so we will describe the treatments containing
nematodes (NEM). The treatments (n = 6) included (i) control (only
water), (ii) NEM only in water, (iii) NEM with 10 ml of the CFS, and (iv)
NEM with 20 ml of CFS. The CFS was applied right after the nematode
application to the corresponding treatments on the day of the experi-
ment setup and again after seven days post-inoculation. The PPNs were
inoculated at 2000 eggs per pot (Refaei et al., 2007), while the EPNs
were applied at 3000 IJs per pot (Schroeder et al., 1996).

Plants were maintained in chambers under controlled conditions
(16:8 light: darkness photoperiod, 25 + 1 °C, and 60 % RH). A ran-
domized split-plot design was employed to ensure consistent conditions
across all treatments. Three pots per treatment were retrieved for eval-
uation at each of the two-time points during the experiment.

The impact of CFS on PPNs was assessed after 30- and 60-days post-
inoculation by counting the number of galls and egg masses per plant.
Brilliant Blue FCF Erioglaucin dye (AppliChem Panreac ITQ Companies,
Barcelona, Spain) was used to stain the egg masses for visualization
(Premachandran et al., 1988). Additionally, root damage was evaluated
using the scale defined by Bridge and Page (1980) at 60 days post-
exposure. For the EPN activity assessment, the impact of CFS was
evaluated after 15 and 30 days. The fresh soil (200 g per plant) was
placed in closed containers, and ten G. mellonella larvae were inoculated.
After four days, larval mortality was recorded (Blanco-Pérez et al.,
2022). Additionally, late mortality of the alive G. mellonella was recor-
ded after 24 h of the larval mortality revision. To confirm the death of
G. mellonella by EPNs, they were placed in 5.5 cm diameter Petri dishes
on filter paper, and the color and the typical symptoms of EPN infection
were checked after 72 h. Finally, all plants were dried in an oven at 40
°C for a week, and the dry weight of the aerial and root parts was
recorded.

2.5. Statistical analysis

For experiments conducted in liquid suspension, the variables
analyzed were the percentage of inactivity (PPNs and EPNs) after 4- and
24 h post-exposure and the virulence of EPNs (larval mortality per-
centage in G. mellonella) after two- and five-days post-exposure. Inac-
tivity was corrected for the treatments evaluated using the modified
Abbot formula (PEAm) (using Inactivity values instead of Mortality):
corrected inactivity % = [(% Inactivity in a treated dish — Inactivity % in
control dish) / (100 - Inactivity % in control dish)] * 100 (Cabello,
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1997). In this case, we averaged all the control treatments in each trial
because these were not significantly different, to allow the calculation of
the corrected inactivity. For the plant experiments, the variables
analyzed included the number of galls and egg masses per gram of fresh
root (for 30- and 60 days post-exposure) and the galling index (visual
scale of 0—10) (Bridge and Page, 1980) after 60 days post-exposure.
For the EPN, the larval mortality percentage was evaluated for each
time (15 and 30 days). The dry weight of the plant’s roots and aerial
parts was also measured.

The results were analyzed by verifying the assumption of normality
and homogeneity of variances for the generalized linear mixed model
(GLMM). In the case of the PPN, the model included the PPN population
(Chipiona and ALO5) as a random effect. For the infectivity analysis, a
logistic regression model was used to validate the dispersion of the data.
All statistical analyses were performed using R studio software version
3.4.2 (R Core Team 2023), GLMM tests using the glmer function from the
Ime4 package (Bates et al., 2015). Post-hoc for-significance analyses (P
< 0.05) were performed using the estimated marginal means
(EMMeans) approach with the emmeans function (Lenth, 2021).

3. Results

3.1. Screening of bacterial cell-free supernatant activity against
nematodes in liquid suspension

In the initial trial, three out of seven CFSs tested failed to make
inactive (paralyzed or dead) PPNs and were excluded from further
studies (Fig. S1, Table S1). Overall, the four remaining CFSs strongly
negatively impacted on M. incognita, causing its inactivity after 4 h
(Fig. 1A, Table S2). Significant differences were found in the interaction
between the treatments and doses evaluated (P < 0.001). Notably, all
concentrations caused Jy inactivity, with the 40 % and 90 % concen-
trations exerting the most significant influence on the evaluated treat-
ments (Fig. 1A, Table S2). Significant differences were only found at the
40 % dose for the Xb_VO53 treatment compared to the other CFSs (P <
0.001). A marginal difference was found for Xb_VO53 at the 90 % con-
centration (P = 0.165). A similar trend was observed for the treatments
after 24 h (Fig. S2A, Table S2).

In the evaluation of EPNs, none of the four CFSs affected the activity
across any of the tested doses after four hours of exposure (Fig. 1B and C,
Table S2) nor after 24 h (Fig. S2B and C, Table S2). In addition, CFS did
not affect the virulence against G. mellonella larvae at doses of 40 and 90
% after three (Fig. S3A and B, Table S3) or five days (Fig. 2, Table S3)
after application for both species, indicating their equal effectiveness.
Significant differences were only found concerning the different con-
centrations versus the control for S. feltiae (P < 0.001) and
H. bacteriophora (P < 0.001) (Fig. 2A and 2B, Table S3). No significant
differences were observed between the evaluated doses of 40 % and 90
% (P = 0.191) and the interaction with CFS (P = 0.324) (Fig. 2A and 2B,
Table S3). A similar trend was observed after three days of exposure
(Fig. S3A and B, Table S3).

3.2. Evaluation of bacterial cell-free supernatant activity in tomato plants:
Impact on plant-parasitic nematodes

Regarding the impact on PPN, measured in vivo experiments, the
application of CFSs reduced the impact of PPN on plants after 30 days
(Fig. S4, Table S4) and after 60 days (Fig. 3, Table S4). While no sig-
nificant differences were found among the four CFSs for the number of
galls (P = 0.491), Xb_AM75 exhibited the highest reduction in gall
number per root at the highest dose (Fig. 3A). The interaction was not
significant (P = 0.671). Still, the dose significantly affected the reduc-
tion in gall production (P < 0.001) (Fig. 3A, Table S4). For egg mass
production, only the dose was found to affect this parameter (P < 0.001,
Fig. 3B, Table S4). The CFS that resulted in the most significant reduc-
tion was Xb_AM75 for the 20 ml dose. There were no significant
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Fig. 2. Effect of four cell-free supernatant (CFS) on entomopathogenic nematode exposure for different concentrations after five days post-exposure. A. Mortality of
Galleria mellonella larvae by Steinernema feltiae 107. B. Mortality of G. mellonella larvae by Heterorhabditis bacteriophora VM 21. Different letters indicate significant

differences for Logistic regresion model at P < 0.05; n.s., not significant.

differences in egg mass production among the CFSs (P = 0.232, Fig. 3B),
and no significant interaction between dose and CFSs was observed (P =
0.515, Fig. 3B). A similar trend was observed for the number of galls and
egg masses after 30 days (Fig. S4A and B, Table 54).

Analysis of the galling index revealed that all four CFS reduced the
proportion of galls as the dose increased (Fig. 3C, Table S4). Significant
differences were found both between CFSs (P = 0.013) and between the
doses (P < 0.001), with no significant interaction (P = 0.055). At the 10
ml dose, one difference was found among the CFS, with Xb_RM25 having
a lower index than Xb_AM75 (P = 0.032). For the 20 ml dose, no sig-
nificant differences were found among the CFSs. However, Xb_VO53
exhibited the greatest reduction in the galling index (Fig. 3C).

After 60 days post-exposure, only the dose had a significant effect (P
< 0.001) on the dry weight of the aerial part of the plants, increasing the
dry weight with increasing dose evaluated (10 and 20 ml) against the
control (P < 0.001) (Fig. 3D, Table S4). However, no significant dif-
ferences were found among the CFSs at any of the doses evaluated,
although there was a tendency to increase plant dry weight with the CFS
Xb_RM25 and Xb_VO53. CFSs did not affect the dry weight of roots (P =

0.329), but the dose had a significant effect on root dry weight (P <
0.001). No significant differences were found in the interaction of CFS
and dose (P = 0.086) (Fig. 3E, Table S4). A similar trend was observed
for the plants after 30 days post-exposure (Fig. S4A and B, Table 54).

3.3. Evaluation of bacterial cell-free supernatant activity in tomato plants:
Impact on entomopathogenic nematodes

The results found in the in vivo experiments showed that the appli-
cation of the four CFSs resulted in a reduction in virulence against
G. mellonella larvae for both species of EPNs after 15 days of application
(Fig. 4, Table S5). However, that trend was not maintained after 30 days
because the overall EPN virulence was reduced (Fig S5, Table S5). After
15 days of exposure, a more pronounced reduction was observed in
S. feltiae (P < 0.001). Notably, Xb_RM25 had the greatest negative effect
in both populations (S. feltiae and H. bacteriophora), followed by
Xb_VO53, while CFS Xb_AM75 exhibited the least effect on both pop-
ulations. Significant effects of dose were observed for S. feltiae (P <
0.001) but not on H. bacteriophora (P = 0.021). Furthermore, the
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differences for Logistic regression model at P < 0.05; n.s., not significant.

interaction between dose and CFS showed a significant effect on both
S. feltiae (P = 0.005) and H. bacteriophora (P < 0.001) (Fig. 4A and 4B).

In the case of the plant impact, after 15 days, there were no signifi-
cant differences between CFSs regarding the aerial part dry weight of
plants for S. feltiae (Fig. 5A and B, Table S6). No differences were
observed in either S. feltiae for CFS (P = 0.096), doses (P = 0.082), and
interaction (P = 0.866) for S. feltiae, but differences were observed in
CFS (P = 0.012), doses (P = 0.032) in H. bacteriophora, without having
effect in the interactions (P = 0.639). However, Xb_AM75 showed the

most significant increase for S. feltiae and Xb_RM25 for H. bacteriophora.
No effect on dose and interaction was found in any population (Fig. 5A
and 5B). Similarly, significant differences were observed in root dry
weight for CFSs (P = 0.037 and P = 0.008), without having an effect in
dose (P = 0.302 and P = 0.282), and their interaction (P = 0.360 and P
= 0.184) (Fig. 5C and D, Table S6). However, Xb_AM75 showed a slight
increase in root dry weight for S. feltiae, and Xb_RM25 exhibited a
similar effect for H. bacteriophora (Fig. 5C and Fig. 5D). A similar pattern
was observed for the plant weights after 30 days (Fig. S6, Table S6).
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4. Discussion

4.1. Bacterial cell-free supernatant activity against nematodes in liquid
suspension

This study demonstrates the potential of CFS produced from different
strains of Xenorhabdus to reduce the impact of the root-knot nematode
M. incognita on tomato plants. It has been described that metabolite and
toxins production may differ considerably among different bacterial
strains and species of EPNs (Engel et al., 2017; Tobias et al., 2017).
Although CFS produced by Xenorhabdus spp. shows promise as an effi-
cient biocontrol agent for PPNs, there is a lack of research on its effects
on beneficial soil organisms, such as EPNs.

In laboratory experiments, Kusakabe et al. (2022) found that CFS
produced by P. luminescens sonorensis selectively affected two species of
PPNs, M. incognita, and Tylenchulus semipenetrans, while having minimal
impact on non-target-organisms such as C. elegans, S. carpocapsae,
H. bacteriophora and H. sonorensis in vitro. Similarly, Orozco et al. (2016)
reported that extracts from the P. luminescens strain TTO1 had nemati-
cidal effects against M. incognita juveniles (J2), with a lower impact on
C. elegans and no effect in S. carpocapsae. Also, Boina et al. (2008)
observed that a synthetic analog of a compound found among the me-
tabolites derived from Photorhabdus sp. showed nematicidal activity
against Jo-M. incognita and adults of C. elegans, but not against the 1Js of
H. bacteriophora. In agreement with these previous observations, our
screening experiments of bacterial CFS activity against nematodes in

liquid suspension corroborate these findings. We observed no adverse
effects on the survival and infectivity of Steinernema feltiae and Hetero-
rhabditis bacteriophora, but a significant impact on M. incognita.

Similarly, our results on the liquid suspension approach against
M. incognita agreed with previous studies. For example, Sayedain et al.
(2019) reported that using CFS from X. bovienii resulted in mortality
rates of 67.7 % for J, and 100 % egg-hatching inhibition for M. javanica
after 24 h and ten days of exposure, respectively. Similarly, Srivastava
and Chaubey (2022) observed that exposure of J, of M. incognita at 24 h
and to different concentrations of CFS from Xenorhabdus spp. and Pho-
torhabdus spp. reduced mortality by 90 % and 80 %, respectively, at the
highest concentration (90 %). El-Deen et al. (2014) showed that CFS
from P. luminescens, X. budapestensis, and X. szentirmaii against
M. incognita effectively generated 24-hour mortality rates of 91 %, 94 %,
and 100 %, respectively, at the highest concentration (80 %). Therefore,
our studies aligned with previous reports on the potential of the CFS
tested from the native X. bovienii strain to reduce the activity of the J5 of
PPN M. incognita.

Concerning the mechanisms, certain studies suggest that the inac-
tivity effect on PPNs could be likely due to secondary metabolites such
as indole, stilbene derivatives, and ammonia, which exhibit selective
nematicidal activity (Pérez and Lewis, 2002; Boina et al., 2008; El-Deen
et al., 2014). Kusakabe et al. (2022) further identified that the indole
compounds trans-cinnamic acid (t_CA) and (4E)-5-phenylpent-4-enoic
acid (PPA) have selective nematicidal effects on PPNs. Samaliev et al.
(2000) reported that exposure to X. nematophilus and P. oryzihabitans
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and their CFS caused disorientation and convulsive movements in Jo of
M. javanica. However, these investigations have been conducted in vitro.
In our in vitro experiments on evaluating bacterial CFS activity against
PPN, we did not obtain significant differences among the four CFS, with
few exceptions. However, the doses evaluated did have effects on
M. incognita. Multiple studies have shown that applying CFS at different
concentrations affects PPNs (Samaliev et al., 2000; Sasnarukkit et al.,
2002; Sayedain et al., 2019). Then, the fine-tuning of the strain selection
and concentration arises as a critical factor in establishing the potential
of a CFS to control the PPN M. incognita.

4.2. Bacterial cell-free supernatant activity in tomato plants: Impact on
plant-parasitic nematodes

In experimental approaches that included plants and soil, the effect
of certain chemicals can be buffered. Early studies have already
demonstrated the effectiveness of CFS from Xenorhabdus spp. and Pho-
torhabdus spp. against J of M. incognita (Grewal et al., 1997). From the
perspective of PPN management, the application of the highest dose
resulted in a more robust and consistent reduction of the reproductive
parameters of M. incognita in the plant, hence its possible overall dam-
age, as shown in the gall index. These results agreed with previous ob-
servations. For example, Kepenekci et al. (2016) reported that applying
CFS from X. bovienii reduced the number of M. incognita egg masses in
tomato plants (SC-2121 variety). Similarly, Aatif et al. (2021) showed
that metabolites from Xenorhabdus spp. significantly reduced the num-
ber of females and galls. Sasnarukkit et al. (2002) observed that
exposing tomato roots (cv. seedatip) to CFS of Xenorhabdus spp. for 2 h
reduced the penetration of M. incognita after 30 days. Kepenekci et al.
(2018) tested CFS produced by X. bovienii against M. incognita and
M. javanica on tomato plants (Care F1 and Ilgin F1 cultivars). They noted
a reduction in the galling index and increased total yield. Other ap-
proaches, such as dipping roots on the metabolites, are also promising.
For example, El-Deen et al. (2019) demonstrated that dipping roots of
grapevine seedlings (var. Taify) in bacterial filtrates of X. budapestensis
DSM 16342 and X. szentirmaii DSM 16338 significantly reduced
M. incognita infestation four months after application, impacting on
number of galls and egg masses, eggs/g root, and plant lengths and
weights. In our study, we only evaluated the fitness of M. incognita in the
plant, so it still remains unknown if the CFS affected the egg hatching of
the J, viability or mobility. However, although the mechanism for
reducing the impact of M. incognita in the plant remains to be unraveled,
these findings are consistent with previous results regarding the repro-
ductive parameters of M. incognita on tomato plants, and its potential to
be included in possible IPM or organic production system to decrease the
level of damage in the crop. In any case, further studies on semifield
experiments and commercial exploitation are warranted to determine
the possible effect of the type of soil, cultivar and PPN species and
pathotype in the possible control of this biotic threat.

4.3. Bacterial cell-free supernatant activity in tomato plants: Impact on
entomopathogenic nematodes

Despite numerous laboratory studies on the persistence of EPNs
under different abiotic conditions, extrapolating the findings to semi-
natural and natural systems remains challenging (Stuart et al., 2015).
Our research found that the results obtained under in vitro conditions
differed from those obtained in the plant-mesocosm system. Studies on
the survival of EPNs reveal a complex interaction between these or-
ganisms and the soil. In our evaluation of bacterial CFS activity against
EPNs in the semi-natural system, we observed a reduction in the viru-
lence of S. feltiae 107. This reduction is likely due to the buffering effect
of the soil. The complex and multifaceted nature of the soil ecosystem,
with its diverse compounds, secondary metabolites, and toxins produced
by microorganisms, plays a significant role in these dynamics (Schulz-
Bohm et al., 2015; Gols et al., 2023). As Lewis et al. (2015) suggested,
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biotic and abiotic factors may influence 1J survival. Alteration of normal
soil conditions, such as changes in pH, moisture, salinity, ultraviolet
(UV) light, oxygen, temperature, soil texture, and structure, as well as
anthropogenic interventions, can significantly impact the survival,
persistence, and EPN potential virulence (Koppenhofer et al., 2007;
Susurluk and Ehlers, 2008; Lacey and Georgis, 2012; Lacey et al., 2015;
Stuart et al., 2015; Karthik Raja et al., 2021). Indeed, EPNs can respond
to different stimuli such as temperature, CO5, and chemical compounds
(e.g., produced by hosts or metabolites and toxins from other soil or-
ganisms) (Liu and Glazer, 2000; Grewal, 2000). However, our studies
indicate that exposure to CFS from the bacterium X. bovienii may con-
dition their survival or virulence to kill the host insect.

Regarding EPN survival, studies by Shapiro-Ilan et al. (2006) indi-
cate that while Steinernema and Heterorhabditis species can endure pes-
ticides and chemical fertilizers, they are highly susceptible to
nematicides present in agroecosystems. For in vitro studies, Campos-
Herrera et al. (2023a) showed that exposure of 1Js of steirnernematids
and heterorhabditids to commercial adjuvants did not affect the
viability of EPNs but did reduce the infectivity after two days of S. feltiae
107, S. feltiae Koppert and H. bacteriophora VM-21 exposed during 24 h
to these chemicals. Additionally, exposure to copper and sulfur fungi-
cides negatively affected the viability and virulence of S. feltiae without
affecting S. carpocapsae (Campos-Herrera et al., 2023b). Our results
showed that the presence of CFS in the plant-mesocosm system, as a
potential nematicidal product, negatively affected EPN, particularly
steinernematids. These studies serve as a basis for understanding how
pesticides, fertilizers, and bio-products can affect beneficial soil species
such as EPNs. Brown and Gaugler (1997) mention that the survival of
EPNs varies among species and depends on the environmental condi-
tions in which the host insect is located. Timper and Kaya, (1989, 1992)
and Timper et al. (1991) found that endoparasitic nematophagous fungi
exhibited higher infection in steinernematids compared to hetero-
rhabditids. Their research observed that the conidia of the fungi Hirsu-
tella rhossiliensis or Drechmeria coniospora were not infective to sheathed
heterorhabditids. However, these fungi displayed high infectivity to-
wards unsheathed heterorhabditids and steinernematids, which are
typically unsheathed. They showed that infective heterorhabditids tend
to retain the second instar cuticle, which envelops them as a protective
sheath that prevents spore germ tubes from attaching. The maintenance
of the second stage cuticle by Heterorhabditis can support our observa-
tions linked to the virulence, where we observed higher mortality of
G. mellonella larvae by the species H. bacteriophora VM-21 compared to
S. feltiae 107. However, the virulence effect in our experiments was lost
after four weeks in both control and soil with the application of CFS.
Nonetheless, studies report that EPNs can remain active in the soil for
over eight weeks (Kaya and Gaugler, 1993; Shapiro-Ilan et al., 2006).
Therefore, the differential impact of the CFS on the virulence observed
by the EPN evaluated could be due to the particular population used, any
specific compounds derived from the bacteria selected, the interaction
with the soil, or a combination of those. In any case, further studies are
warranted to unravel the impact of these CFS on beneficial soil organ-
isms and how the ecological functions displayed can be altered or
modulated.

5. Conclusions

This study confirms the efficacy of CFS produced by X. bovienii as a
promising biocontrol alternative. It demonstrated the significant inac-
tivity of M. incognita in vitro and the inhibitory effect on reproduction
parameters in the plant-mesocosm system. Among the challenges to
obtaining better nematicides is the identification of the compounds
present in CFS. Studies by Abebew et al. (2022) identified compounds
present in the CFS of Xenorhabdus, including Fabclavins, Rhabdopep-
tides, and Xenocoumacins and emphasize that the separation of natural
compounds with nematicidal activity from other components is key to
the development of more effective and selective nematicides. However,
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further research is needed to explore the impact of CFS on other bene-
ficial soil organisms, such as EPNs, and, more importantly, on the soil
function they display. Likewise, there is a critical need for research
aimed at developing valuable and sustainable bio-tools for managing
harmful organisms while promoting the conservation of beneficial soil
fauna (Lewis and Papavizas, 1991; Tariq et al., 2020; Upadhyay et al.,
2021). These efforts should include integrated and ecological practices
within the framework of the European Green Deal (Apitz et al., 2006).
Such approaches aim to reduce dependence on synthetic chemical,
fostering more sustainable and resilient agriculture systems.
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