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Macrolophus pygmaeus induces
systemic resistance in tomato
against Meloidogyne

Alejandro Expésito2*?, Pablo Urbaneja-Bernat?, Sara Boncompte?,
Aida Magdalena Fullana?l, Ariadna Giné?, Francisco Javier Sorribas® & Jordi Riudavets?

The ability of Macrolophus pygmaeus to induce systemic resistance in susceptible and Mi1.2 resistant
tomato against Meloidogyne spp. was evaluated in 200cm? pot experiments. The susceptible cv.
Roma and the resistant cv. Caramba were exposed to 15 M. pygmaeus nymphs per plant in mesh bags
for 48 h and then were inoculated with 200 stage juveniles (J2) of M. incognita or 600 J2 of a mixed
community of M. arenaria, M. hapla, and M. javanica. Tomato plants were maintained in a growth
chamber during 40 days. Then the number of egg masses and eggs per plant were determined. In
addition, the preference of the insect was evaluated confronting nematode-infected vs. non-infected
plants in aY-tube olfactometer and in insect cages, where 10 females were released into each cage
containing resistant or susceptible tomato plants. After 1, 2, 4, 24, 48 and 72 h, the number of M.
pygmaeus was counted as well as the offspring after 14 days. The infectivity and reproduction of M.
incognita were reduced by 37% and 53%, respectively, in susceptible tomato plants inoculated with
M. pygmaeus. Inoculation with the nematode community resulted in a 52% reduction in infectivity
and a 37% reduction in reproduction. However, no effect was observed in the Mil1.2 resistant tomato
plants, regardless of the nematode inoculum. The preference and the offspring of M. pygmaeus was
not negatively affected by the nematode infection or the tomato cultivar. In conclusion, pre-induction
of tomato plants with M. pygmaeus reduces RKN infectivity and reproduction in susceptible but not in
Mil.2 resistant tomato.
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Meloidogyne spp. is the most challenging plant-parasitic nematode (PPN) genus affecting global plant
production!. More than 100 species have been described, however, the root-knot nematodes (RKN) tropical
species M. arenaria, M. incognita, and M. javanicaare the most widespread and limiting for vegetable production
in tropical and subtropical climates?. These species are obligate parasites, which reproduce parthenogenetically.
The second stage juvenile (J2) penetrates the root near the elongation zone, moves intercellularly and induce a
hypertrophied and multinucleate giant cells (GC) in the vascular cylinder becoming a feeding site, supplying
nutrients to the nematode. After that, the J2 undergoes three moults until it reaches the adult stage. The adult
female feeds from these giant multinucleated cells, that form a gall in the root, and produces a gelatinous matrix
containing hundreds of eggs that protrudes from the gall, known as the egg mass’. Because of that, plant roots
become galled, interfering with the correct uptake of water and nutrients, which causes yellowing, wilting, and
dwarfism in aboveground parts of the plant, leading to plant death in severe attacks. In tomato, one of the
main cash crops in the Mediterranean area, RKN can reduce crop yield until 62% and 72%, depending on the
cropping season and crop duration®®. Among sustainable nematode control methods, plant resistance stands
out as one of the most effective, economically profitable and environmentally safe**’. In tomato, the resistance
against Meloidogyne is mediated by the Mil.2 resistance gene and conferred resistance against M. arenaria,
M. incognita and M. javanica®, M. luci and M. ethiopica® but not to M. hapla® or M. enterolobii'®. This gene
induces a hypersensitive reaction (HR)-mediated cell death around the feeding site, involving an oxidative
burst by reactive oxygen species (ROS) that prevents nematode infection and development!!. Nevertheless, its
effectiveness is reduced or lost after repeated cultivation due to the emergence of virulent populations*!>!3. An
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alternative strategy to reduce nematode building up populations is to induce resistance in susceptible germplasm
by biotic or abiotic factors and thus, reduce the selection pressure on resistant germplasms.

Among biotic elicitors, bacteria and fungi have been previously described to induce plant resistance against
RKN!-1° Recently, the ability of other organisms, such as insects, to be used in biological pest control has been
investigated. For instance, zoophytophagous mirid bugs such as Macrolophus pygmaeus and Nesiodiocoris tenuis
(Heteroptera: Miridae), known predators of different aboveground pests, such as whiteflies, caterpillars or thrips
have been observed to trigger plant resistance against several key pests: the whitefly Bemisia tabaci Gennadius
(Hemiptera: Aleyrodidae), the South American tomato pinworm Tuta absoluta Meyrick (Lepidoptera:
Gelichiidae), the Western flower thrips Frankliniella occidentalis Pergande (Thysanoptera: Thripidae), and the
two-spotted spider mite Tetranychus urticae Koch (Acari: Tetranychidae). This resistance is induced when these
mirid bugs engage in phytophagous behavior and puncture the plants?*-?>. However, the effect of puncturing
of these insects on plants infected with RKN in susceptible and resistant germplasm remains unknown, and
also the possibility that the induced resistance could be additive to the genetic resistance mediated by the Mil.2
resistance gene, as reported for the resistance conferred by Trichoderma asperellumT-341.

Moreover, PPN infection can modify the host preference and development of certain phytophagous insects
and mites, affecting the performance of their development stages and offspring. For example, Pratylenchus
penetrans enhanced the production of leaf phenolics and glucosinolates in Brassica nigra, where the caterpillar
Pieris rapae (Lepidoptera: Pieridae) larvae grew slower and produced fewer pupae compared to non-infested
plants?. Likewise, root infection by the cyst nematode Heterodera schachtii reduced the population density of the
aphid Brevicoryne brassicae (Hemiptera: Aphididae) and induced changes in the composition of glucosinolates
in Brassica oleracea’’. Moreover, infection of Arabidopsis thaliana by Heterodera schachtii increased the
attractiveness of the spider mite T. urticae, while simultaneously improved its fitness and performance?,
whereas P. penetrans reduced its fertility on Phaseolus vulgaris®. The effect of RKN infection can also affect the
aboveground phytophages. For example, the leaf miner T. absoluta preferred uninfected RKN tomato plants
for its oviposition, and that root infection negatively affected its pupation process®. Interestingly, positive
effects of RKN infection on leaf-chewing herbivores have also been observed. For example, Spodoptera exigua
(Lepidoptera: Noctuidae) benefited from M. incognita infection, increasing its weight compared to non-infected
plants, depending on the development stage of the nematode?!. Furthermore, M. incognita infection inhibited the
production of root nicotine as a chemical defense in response to foliar herbivory by Manduca sexta (Lepidoptera:
Sphingidae) and Trichoplusia ni (Lepidoptera: Noctuidae), resulting in low-leaf nicotine levels in tobacco®.

This study aims to investigate the potential of M. pygmaeus in enhancing plant resistance against root-knot
nematodes (RKN) in susceptible and resistant tomato cultivars. Macrolophus pygmaeus was selected for its known
safety profile for plants, contrasting with Nesidiocoris. tenuis, which has been associated with adverse effects
such as necrotic rings on stems and flowers, as well as fruit punctures*»*!. Additionally, this research explores
the insect’s preference between RKN-infected and non-infected plants using a vertical Y-tube olfactometer and
insect cages, providing insights into the ecological interactions between predator behaviour and plant defence
mechanisms.

Materials and methods

Plant material, insects and nematodes

The experiments were conducted at the Institute of Agrifood Research and Technology (IRTA) (Cabrils, Spain)
during 2023. The susceptible tomato cv. Roma (Fit6 Seeds) and the Mil.2 resistant cv. Caramba (Seminis Seeds)
were used in the experiments. The resistance of the tomato cv. Caramba has been previously described in pot
and field experiments*. Tomato plants were germinated in a seedling tray containing a mixture consisting of pit:
perlite (95:5; v: v) and placed inside insect cages to avoid insect interferences and maintained in a glasshouse.
Subsequently, the plants were transplanted into 200 cm® pots filled with sterile river sand when they had
developed four true leaves. They were allowed to establish roots for one week under controlled conditions in
a growth chamber previous to perform the experiments. (25 +2°C; RH% 70+ 10%; 16:8 h L: D photoperiod).

M. pygmaeus N4-5 nymphs of 4-7 days and mated females used in the experiments were supplied by the
SELMAR (Federacié d’Agrupacions de Defensa Vegetal) mass rearing located at Santa Susanna (Barcelona,
Spain).

The RKN used in the experiments consisted in a M. incognita (Agropolis) population isolated from
an experimental greenhouse’ and a mixed community containing M. arenaria, M. hapla, and M. javanica
(Community) isolated from grafted tomato in a commercial field production. Both the M. incognita population
and the mixed community were reproduced and maintained in the susceptible tomato cv. Durinta (Seminis
Seeds) and J2 were obtained from nematode eggs produced in tomato roots and extracted by maceration in a
5% commercial bleach solution (40 g L™'NaOCIl)*. After that, the egg suspension was placed in Baermann trays,
which consist of a tray with a filter and paper where the egg suspension is placed on top of the paper and water
at the bottom of the tray, so that the juveniles emerge and migrate to the water to be collected®. ]2 collected
during the first 24 h were discarded to avoid the potential effect of bleach on the juveniles present at the time
of extraction, and the subsequent ones were collected daily and stored at 9 °C until use. The RKN species were
identified using specific SCAR PCR for M. arenaria, M. incognita and M. javanica®® and specific PCR tests for
M. hapla, M. chitwoodi and M. fallax™®.

Inducing resistance of tomato to RKN in pot experiments

After a week of transplanting, plants were covered with a 100 microns mesh bag of 20 x5.1x27.9 cm, and 15
N4-5 nymphs of 4-7 days old of M. pygmaeus per plant were released inside the bag and fixed to the pot using an
elastic rubber. Forty-eight hours later, bags and the insects were removed, and plants were inoculated with 200
stage juveniles (J2) of M. incogita (Agropolis) or 600 J2 of a mixed community of M. arenaria, M. hapla, and M.
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javanica (Community) to increase the possibilities that all RKN species could infect the plant. The J2 suspension
was applied in two opposite holes, 2 cm deep and 2 cm apart from the plant, and covered with the soil. Plants not
exposed to M. pygmaeus were included for comparison, and each combination of tomato cultivar-RKN-mirid
exposure was repeated 12 times, and the experiment was conducted twice. Plants were watered as needed during
the experiments and fertilized once a week with a Hoagland solution.

Forty days after nematode inoculation (DANI), the aboveground part of the plants were removed, and the
roots were carefully washed. The RKN infectivity was assessed by counting the egg masses after being stained
with a 0.01% erioglaucine solution for 30 min*’. RKN eggs were extracted by immersing roots in a 10%
commercial bleach solution (40 g L™'NaOCI)*® and then, full and empty eggs were counted. The nematode
fertility was expressed as the mean number of eggs per egg mass. The reproduction index (RI) was calculated
as the percentage of the number of eggs produced in the resistant germplasm in relation to the number of eggs
produced in the susceptible germplasm in the plants not exposed to M. pygmaeus (RI% = ( eggs resistant /
eggs susceptible ) x 100). The level of resistance was categorized as highly resistant (RI<1%), resistant (1% <
RI<10%), moderately resistant (10% < RI <25%), slightly resistant (25% < RI<50%), or susceptible (RI>50%)*!.

Preference experiments

Vertical Y-tube olfactometer

The preference of M. pygmaeus females for odours from RKN infected or non-infected plants were investigated
in a Y-tube olfactometer (Nathura, ECIS, Bessanvido, Italy). The susceptible tomato cv. Roma or the Mil.2
resistant cv. Caramba plants were evaluated after 14 DANI with 600 J2 using 7-day-old females of M. pygmaeus.
The olfactometer consisted of a Y-shaped glass tube with an internal diameter of 3.5 cm and 17 cm long arms.
Both arms were connected to an air pump in the upper part. The Y-tube was positioned vertically, producing
controlled air that flowed from the arms to the bottom. The air was controlled using an anemometer (TESTO,
Barcelona, Spain), at the ends of both pump tubes and maintained at 2.7 +0.1 m s!. The airflow at the exit of
the olfactometer was maintained at 0.20+0.02 m s”'. At the beginning of the trial, a M. pygmaeus female was
allowed to walk onto a mesh lid placed at the base of the olfactometer. After the female emerged from the lid,
the lid was removed and the time was counted. Each individual was observed until it crossed a line drawn on the
lower third of the olfactometer arm or until 5 min had elapsed, after which the insect was discarded. Sixty insects
were tested per each treatment, and each individual was used only once. To minimize potential experimental
biases from environmental variables or location-specific effects, the olfactometer was cleaned with 96% alcohol
after every five insects tested. Additionally, the positions of the olfactometer arms were alternated between the
two plants, and the orientation of the jars was rotated after every ten insects*>**. The trials were conducted at
the same location, under uniform light conditions, and at the same time of the day (between 9:00 h and 16:00 h)
to avoid circadian variations in the insect behaviour*:. The first choice of the insect was noted as well as its final
choice after 5 min. If during these 5 min it reached the end of the arm of its choice, this was regarded as a final
choice, as proposed by Du et al.*%, to prevent the inclusion of random choices resulting from the exploration of
the arms by the insects. At the end of the experiment, the root infection by RKN was confirmed by staining the
nematodes inside the roots in acid fuchsine®.

Insect cages experiments

Three experiments were carried out to assess the preference and the offspring of M. pygmaeus for non-infected
or infected plants with 3 J2 cm™ of soil by M. incognita or the RKN community after 14 DANI. The susceptible
tomato cv. Roma and the Mil.2 resistant cv. Caramba were germinated, transplanted, cultivated, and inoculated
as previously described. After 14 DANI, one inoculated and one non-inoculated plant of the same cultivar were
transferred to a 250 microns mesh cage of 30 x 30 x 30 cm and placed in a growth chamber (25°C +2; 70% RH;16:
8 h L: D photoperiod). Then, 10 mated females of M. pygmaeus of, 7- days-old, were released into the cage. After,
1, 2, 4, 24, 48, and 72 h, the number of M. pygmaeus females on and outside the plant was counted. After that,
the aboveground part of the plant was removed, cut into pieces, and transferred to 480 mL insect pots of 12 cm
diameter with a 100 micron mesh at the top to allow air circulation and placed in the growth chamber. After 14
days, the number of nymphs produced in each plant was evaluated under a stereomicroscope. Each treatment
was repeated 10 times. At the end of the experiment, RKN infection was confirmed by staining the roots in acid
fuchsine?®.

Statistical analyses

Data of nematode infectivity (egg masses), reproduction (eggs per plant), and fertility (eggs per egg mass)
belonging to the inducing of tomato resistance experiments, and data of the number of insects per plant and
period along with the insect offspring in the cage experiments were assessed for normality and homogeneity
of variances. Data were compared using the Student-t test if no differences (P>0.05) between variances were
observed or using the Welch test otherwise. Data were compared between experiments and pooled if there
were not significant differences (P>0.05). Significant differences in the proportion of M. pygmaeus choosing
a particular host plant in the olfactometer were tested using a two-sided binomial test. Females that did not
make choice were discarded in the statistical analysis. Statistical analyses were performed using JMP 16.2.0 (SAS
Institute inc.).

Results

Inducing resistance of tomato to RKN in pot experiments

Both M. incognita (Agropolis) and the community of RKN used in the experiments overcome the resistance
(RI>50%) to the Mil.2 resistance gene of the tomato cv. Caramba performing as susceptible in both experiments
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(Agropolis: 89% and 116%; Community: 52% and 63%) (Fig. 1). The number of eggs masses per plant (infectivity)
and the number of eggs per plant (reproduction) of M. incognita in the first experiment in the susceptible tomato
cv. Roma exposed to M. pygmaeus was reduced (P<0.05) by 40 and 62% respectively. In addition, the number
of eggs per egg mass (fertility) was reduced by 39% in plants infected with M. incognita and induced by M.
pygmaeus (Fig. 1A). The infectivity of M. incognita was reduced by 50% in the resistant tomato cv. Caramba
induced by M. pygmaeus (P<0.05), but not the nematode reproduction (P>0.05), increasing the nematode
fertility by 49%. The nematode reproduction and fertility were 42% and 57% lower (P<0.05) respectively, in the
susceptible compared to the resistant germplasm in the plants exposed to M. pygmaeus, but not in plants not
exposed to the insect (Fig. 1A). In the second experiment, in the susceptible germplasm, the nematode infectivity
was reduced by 34%, and the reproduction by 43% in the induced plants, respectively (P <0.05). However, in the
case of resistant plants, no differences were found (P>0.05). The nematode reproduction in plants exposed to
M. pygmaeus were 38% lower in the susceptible compared to the resistant germplasm, but not in the plants not
exposed. Concerning nematode fertility in both exposed and non-exposed plants, a 44% and 33% reduction was
observed, respectively, in the susceptible germplasm in comparison to the resistant one. (Fig. 1A).

In the susceptible plants of the first experiment infected with the nematode community strain, the nematode
infectivity in plants exposed to M. pygmaeus were 65% lower (P<0.05) in relation to non-exposed plants, but
the reproduction was not affected (P>0.05), increasing its fertility by 132% in the exposed plants (P<0.05).
Regarding the resistant cv. Caramba, both nematode reproduction and fertility increased by 196% and 220%
(P<0.05) in plants exposed to M. pygmaeus compared to non-exposed plants. The nematode infectivity and
reproduction were 49 and 49% lower (P<0.05) respectively, in the susceptible plants induced by the insect
compared to the resistant, but not in plants not exposed (P>0.05). In the second experiment, both nematode
infectivity and reproduction were reduced by 39% and 53% (P<0.05) respectively in the susceptible plants
exposed to M. pygmaeus, but not in the resistant germplasm (P>0.05). Finally, the nematode infectivity was
43% higher (P<0.05) in the susceptible compared to the resistant plants non-exposed to M. pygmaeus, but not
in the exposed ones (P> 0.05) (Fig. 1B).

Vertical Y-tube olfactometer

The olfactometer setup showed that 97, 87, 85 and 75% of the M. pygmaeus females used responded to the odors
from tomato plants. However, their preference was not affected by the nematode infection irrespective of the
tomato cultivar neither the RKN inoculum used in the experiment (P>0.05) (Fig. 2).
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Fig. 1. Infectivity (egg masses per plant), reproduction (eggs per plant), and fertility (eggs per egg mass)
(mean + SE) were assessed on both susceptible tomato cv. Roma (S) and the Mil.2 resistant cv. Caramba (R) in
200 cm® pot experiments. Plants were either induced (with) or not (without) with 15 nymphs of Macrolophus
pygmaeus over a 48-hour period and subsequently inoculated with 1 J2 cm-* of soil of Meloidogyne incognita
(Agropolis strain) (A) or 3 J2 cm-? of soil containing a mixed community of M. hapla, M. arenaria, and M.

javanica (Community strain) (B). Data followed by * are different according to the Student-t test or the Welch
test (P<0.05).
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Fig. 2. Preference of M. pygmaeus females to nematode infected or non-infected plants in a vertical Y-tube
olfactometer, 14 days after nematode inoculation. The susceptible tomato cv. Roma (S) or the Mil.2 resistant
cv. Caramba (R) were inoculated with 3 J2 cm-? of soil of M. incognita (Agropolis strain) or a mixed
community of M. hapla , M. arenaria and M. javanica (Community strain). NC indicates the number of tested
individuals that did not respond. Significant differences using a two side binomial test are marked with (*) (P
<0.05).

Insect cages experiments

In the first two experiments inoculated with M. incognita there were no differences between experiments
(P>0.05), therefore data were pooled. The number of M. pygmaeus in RKN infected resistant tomato compared
to non-infected were 2-fold and 1.7-fold higher after 1 h and 48 h of releasing the insects into the cages,
respectively (P<0.05), but no differences were recorded in the susceptible cultivar (P>0.05) (Fig. 3A). In
addition, no differences in the offspring were recorded irrespective of the nematode inoculation or the tomato
cultivar (P>0.05) (Fig. 4A). In the third, experiment inoculated with the nematode community, no differences in
the number of M. pygmaeus choosing infected versus non-infected plants were recorded irrespective of the time
and the tomato cultivar (P>0.05) (Fig. 3B). Moreover, no significant differences in the offspring were recorded
irrespective of the nematode inoculation or the tomato cultivar (P>0.05) (Fig. 4B).

Discussion

The present study reveals M. pygmaeus ability to induce plant resistance against RKN, effectively reducing
nematode infectivity and reproduction in susceptible tomato plants in both M. incognita and the mixed
community, probably by activating the jasmonic acid (JA) pathway?**?!, inducing resistance irrespective of the
Meloidogyne specie. However, in resistant tomato plants, only the initial pot experiment showed a reduced
infectivity with M. incognita, while reproduction remained unaffected. Moreover, neither infectivity nor
reproduction was impacted in the subsequent pot experiment. These findings underscore the influence of plant
genetics on the phenotypic response to RKN when exposed to M. pygmaeus. The effect of plant feeding by
M. pygmaeus has been previously reported to upregulate the genes related to the JA pathway, increasing the
concentration of 12-oxo-phytodienoic acid and jasmonic acid-isoleucine in the punctured leaves, affecting the
performance of T. urticae and F. occidentalis in other leaves®*. Besides, the JA-related genes were also upregulated
in tomato leaves induced by the mirid bug N. tenuis®°. For that, the JA pathway seems responsible for mediating
the resistance to RKN. In addition, Wang et al.*” demonstrated through a series of grafting experiments using
mutants lacking the GLUTAMATE RECEPTOR-LIKE 3.5 or the RESPIRATORY BURST OXIDASE HOMOLOG
1, key for ROS and JA accumulation in the upper stems and leaves, that basal resistance of roots against RKN
relies significantly on JA synthesis in shoots but not in roots. The JA is then transported from the shoots to the
roots to help trigger defense responses. The exogenous application of JA and its derivatives, such as methyl
jasmonate, have also been demonstrated to reduce nematode infection, probably by increasing toxic compounds
to nematodes produced by roots such as hytoectosteroids, flavonoids and proteinase inhibitors*->!.

Salicylic acid (SA) seems to be an important signaling compound associated with the hypersensitive reaction
to prevent nematode establishment in the Mi-mediated resistance®. Furthermore, SA and JA could interact
antagonistically depending on the combination of their respective concentrations and could be exploited by
pathogens to enhance plant susceptibility®. For instance, the bacterium Pseudomonas syringae uses coronatine,
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Fig. 3. Macrolophus pygmaeus (mean * SE) per plant counted in insect cages 1, 2, 4, 24, 48 and 72 h after
releasing the insects in the susceptible cv. Roma (S) or the Mil.2 resistant tomato cv. Caramba (R), inoculated
or not with 3 J2 cm-? of soil of M. incognita (Agropolis strain) (A) or a mixed community of M. hapla, M.
arenaria and M. javanica (Community strain) (B) 14 days after nematode inoculation (DANT). Data followed
by * in the same plant germplasm are different according to the Student-t test or the Welch test ( P <0.05).

a substance similar to jasmonate-isoleucine (JA-Ile) to repress the SA-mediated defense pathway®*. Thus,
a negative crosstalk between the SA and JA signaling pathways may occur leading to a deficiency to induce
resistance in the Mil.2 plants. Interestingly, Copper et al.>® found a reduction in nematode infection when JA
application was performed on susceptible tomato plants at 25°C and 32°C one day prior to inoculation and 7
days after, using avirulent nematode populations compared to non-treated plants. When Mi-resistant plants
were used, no effect of the JA application at 25°C or 32°C was found, although the resistance at 32°C was partially
lost due to high temperature. When M;il.2 virulent nematode populations were used, the JA application did not
reduce the nematode infection in susceptible and resistant plants. Therefore, the interaction between the JA
application, the (a)virulent status of the nematode, and the plant genetic background affects the plant response
against the nematode. Thus, further studies related to the gene expression in susceptible and resistant plants,
including grafting, must be explored to understand the potential interaction of susceptible scions induced by
M. pygmaeus grafted onto resistant rootstocks and its interactions with Mil.2-virulent and avirulent RKN.
Furthermore, the mechanisms related to defense induction by M. pygmaeus seem to differ from those mediated
by the resistance conferred by the Mil.2 gene and therefore alternating these strategies would be advisable to
reduce nematode populations and avoid the selection of virulence to R genes.

In our work, no significant differences were found between M. pygmaeus choice of nematode-infected or
non-infected plants and the offspring produced, regardless of the plant background or the nematode used.
The preference of M. pygmaeus for tomato plants is significantly influenced by the Herbivore Induced Plant
Volatiles (HIPVs) emitted when the plants are infested by various pests, such as spider mites, aphids, whiteflies,
and caterpillars®°. Additionally, RKN infection is known to alter the volatile organic compounds (VOC)
profile, potentially affecting the preference and development of both pests and their predators. Arce et al.3
reported a strong suppression of 8 out of 33 compounds emitted by RKN infected plants, including a-terpinene,
B-phellandrene B-caryophyllene, a-pinene, and a-humulene, affecting the oviposition and development of T.
absoluta and thus, the biological control of T. absoluta with M. pygmaeus would be enhaced, since M. pygmaeus
would not be affected by the nematode infection, as our results show. Moreover, the root infection of wheat
plants by M. incognita reduced the feeding of Sitobion avenae (Hemiptera: Aphididae) 7 days after inoculation
and interestingly, its aphid predator Harmonia axyridis (Coleoptera: Coccinellidae) preferred plants co-damaged
by M. incognita and S. avenae from those only infested by the aphid®’. In addition, the accumulation of other
compounds in RKN-infected roots, such as a-tomatine, a steroidal glycoalkaloid related to herbivory defense,
is associated with the nematode development stage, increasing its concentration at the nematode reproduction
stage>%. In our study, as no prey were introduced in the plant, the response of the predator was not affected by
the nematode infection. Those results are encouraging since the presence of the predator will not be affected by
the nematode, ensuring the integrated pest management in these conditions.
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Fig. 4. Macrolophus pygmaeus (mean £ SE) offspring nymphs per plant produced in separated boxes after 14
days of the last count in each plant of the susceptible cv. Roma (S) or the Mil.2 resistant tomato cv. Caramba
(R), inoculated or not with 3 J2 cm-* of soil of M. incognita (Agropolis strain) (A) or a mixed community of M.
hapla, M. arenaria and M. javanica (Community strain) (B). Data followed by * in the same plant germplasm
are different according to the Student-t test or the Welch test ( P <0.05).
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In conclusion, the induction of susceptible tomato plants with M. pygmaeus prior to planting significantly
reduces RKN infectivity and reproduction. Given that the preference of M. pygmaeus is influenced by plant-
emitted HIPVs, but not for those altered by RKN infection, the biological control of pests will not be affected
and is proposed as a tool to include into integrated pest management.

Data availability
The data supporting this study are available from the corresponding author upon reasonable request.

Received: 30 September 2024; Accepted: 11 February 2025
Published online: 04 March 2025

References

1. Jones, J. T. et al. Top 10 plant-parasitic nematodes in molecular plant pathology. Mol. Plant. Pathol. 14 (9), 946-961. https://doi.or
g/10.1111/mpp.12057 (2013).

2. Hallmann, J. & Meressa, B. H. Nematode parasites of vegetables in Plant parasitic nematodes in subtropical and tropical agriculture
(ed. Sikora, R.A., Coyne, D., Hallman, J. & Timper, P.) 346-410 (CABI International, Wallingford, (2018). https://doi.org/10.1079
/9781786391247.0346.

3. Abad, P. et al. feeding and development in Root-knot nematodes (ed. Perry, R.N., Moens, M., Starr J.L.) 163-181CABI International,
Wallingford, (2009).

4. Giné, A. & Sorribas, E J. Quantitative approach for the early detection of selection for virulence of Meloidogyne incognita on
resistant tomato in plastic greenhouses. Plant. Pathol. 66, 1338-1344. https://doi.org/10.1111/ppa.12679 (2017).

5. Exposito, A. et al. Tomato and melon Meloidogyne resistant rootstocks improve crop yield but melon fruit quality is influenced by
the cropping season. Front. Plant. Sci. 11 https://doi.org/10.3389/fpls.2020.560024 (2020).

6. Sorribas, E J., Ornat, C., Verdejo-Lucas, S., Galeano, M. & Valero, J. Effectiveness and profitability of the Mi-resistant tomatoes to
control root-knot nematodes. Eur. J. Plant. Pathol. 111, 29-38. https://doi.org/10.1007/s10658-004-1982-x (2005).

7. Fullana, A. M. et al. Crop rotation with Meloidogyne-resistant germplasm is useful to manage and revert the (a) virulent populations
of Mil. 2 gene and reduce yield losses. Front. Plant. Sci. 14, 1133095. https://doi.org/10.3389/fpls.2023.1133095 (2023).

8. Roberts, P. A. & Thomason, L. J. A review of variability in four Meloidogyne spp. measured by reproduction on several hosts
including Lycopersicon. Agricultural Zool. Reviews. 3, 225-252 (1989).

9. Santos, D., Martins da Silva, P,, Abrantes, I. & Maleita, C. Tomato Mi-1.2 gene confers resistance to Meloidogyne Luci and M.
Ethiopica. Eur. J. Plant. Pathol. 156, 571-580. https://doi.org/10.1007/s10658-019-01907 (2020).

10. Castagnone-Sereno, P. MeloidEnterolobiiolobii (= M. mayaguensis): profile of an emerging, highly pathogenic. root-knot Nematode
Species Nematol. 14, 133-138. https://doi.org/10.1163/156854111X601650 (2012).

Scientific Reports | (2025) 15:7554 | https://doi.org/10.1038/s41598-025-90233-7 nature portfolio


https://doi.org/10.1111/mpp.12057
https://doi.org/10.1111/mpp.12057
https://doi.org/10.1079/9781786391247.0346
https://doi.org/10.1079/9781786391247.0346
https://doi.org/10.1111/ppa.12679
https://doi.org/10.3389/fpls.2020.560024
https://doi.org/10.1007/s10658-004-1982-x
https://doi.org/10.3389/fpls.2023.1133095
https://doi.org/10.1007/s10658-019-01907
https://doi.org/10.1163/156854111X601650
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Melillo, M. T., Leonetti, P, Bongiovanni, M., Castagnone-Sereno, P. & Bleve-Zacheo, T. Modulation of reactive oxygen species
activities and H202 accumulation during compatible and incompatible tomato-root-knot nematode interactions. New. Phytol.
170 (3), 501-512. https://doi.org/10.1111/j.1469-8137.2006.01724.x (2006).

Verdejo-Lucas, S., Cortada, L., Sorribas, F. J. & Ornat, C. Selection of virulent populations of Meloidogyne javanica by repeated
cultivation of Mi resistance gene tomato rootstocks under field conditions. Plant. Pathol. 58 (5), 990-998. https://doi.org/10.1111/
j.1365-3059.2009.02089.x (2009).

Expésito, A., Garcia, S., Giné, A., Escudero, N. & Sorribas, E. J. Cucumis metuliferus reduces Meloidogyne incognita virulence
against the Mil. 2 resistance gene in a tomato-melon rotation sequence. Pest Manag Sci. 75 (7), 1902-1910. https://doi.org/10.100
2/ps.5297 (2019).

Siddiqui, I. A. & Shaukat, S. S. Systemic resistance in tomato induced by biocontrol bacteria against the root-knot nematode,
Meloidogyne Javanica is independent of salicylic acid production. J. Phytopathol. 152 (1), 48-54. https://doi.org/10.1046/j.1439-04
34.2003.00800.x (2004).

Ghahremani, Z. et al. Bacillus firmus strain I-1582, a nematode antagonist by itself and through the plant. Front. Plant. Sci. 11,
515491. https://doi.org/10.3389/fpls.2020.00796 (2020).

Ayaz, M. et al. Nematicidal volatiles from Bacillus atrophaeus GBSC56 promote growth and stimulate induced systemic resistance
in tomato against Meloidogyne incognita. Int. J. Mol. Sci. 22 (9), 5049. https://doi.org/10.3390/ijms22095049 (2021).

Ghahremani, Z., Escudero, N., Saus, E., Gabaldén, T. & Sorribas, E J. PocChlamydosporiasporia induces plant-dependent systemic
resistance to Meloidogyne incognita. Front. Plant. Sci. 10, 457876. https://doi.org/10.3389/fpls.2019.00945 (2019).
Martinez-Medina, A. et al. Shifting from priming of salicylic acid-to jasmonic acid-regulated defences by Trichoderma protects
tomato against the root knot nematode Meloidogyne incognita. New. Phytol. 213 (3), 1363-1377. https://doi.org/10.1111/nph.14251
(2017).

Pocurull, M. et al. Commercial formulates of Trichoderma induce systemic plant resistance to Meloidogyne incognita in tomato and
the effect is additive to that of the Mi-1.2 resistance gene. Front. Microbiol. 10, 498520. https://doi.org/10.3389/fmicb.2019.03042
(2020).

Pérez-Hedo, M., Arias-Sanguino, A. M. & Urbaneja, A. Induced tomato plant resistance against Tetranychus urticae triggered by
the phytophagy of Nesidiocoris tenuis. Front. Plant. Sci. 9, 402151. https://doi.org/10.3389/fpls.2018.01419 (2018).

Pérez-Hedo, M. et al. Induction of plant defenses: the added value of zoophytophagous predators. J. Pest Sci. 95 (4), 1501-1517.
https://doi.org/10.1007/s10340-022-01506-3 (2022).

Pappas, M. L. et al. Beyond predation: the zoophytophagous predator Macrolophus pygmaeus induces tomato resistance against
spider mites. PLoS One. 10 (5), €0127251. https://doi.org/10.1371/journal.pone.0127251 (2015).

Naselli, M. et al. Stage-related defense response induction in tomato plants by Nesidiocoris tenuis. Int. J. Mol. Sci. 17 (8), 1210.
https://doi.org/10.3390/ijms17081210 (2016).

Zhang, N. X. et al. Phytophagy of omnivorous predator Macrolophus pygmaeus affects performance of herbivores through induced
plant defences. Oecologia 186, 101-113. https://doi.org/10.1007/s00442-017-4000-7 (2018).

Silva, D. B, Hanel, A., Franco, E P, de Castro Silva-Filho, M. & Bento, J. M. S. two in one: the neotropical mirid predator
Macrolophus basicornis increases pest control by feeding on plants. Pest Manag Sci. 78, 3314-3323. https://doi.org/10.1002/ps.6958
(2022).

Van Dam, N. M. C. E. & Van Der Putten, W. H. Root herbivory reduces growth and survival of the shoot feeding specialist Pieris
rapae on Brassica nigra. Entomol. Exp. Appl. 115 (1), 161-170. https://doi.org/10.1111/j.1570-7458.2005.00241.x (2005).

Hol, W. G. et al. Heterodera schachtii nematodes interfere with aphid-plant relations on Brassica oleracea. . Chem. Ecol. 39, 1193
1203. https://doi.org/10.1007/s10886-013-0338-4 (2013).

Kammerhofer, N. et al. Systemic above-and belowground cross talk: hormone-based responses triggered by Heterodera schachtii
and shoot herbivores in Arabidopsis thaliana. J. Exp. Bot. 66 (22), 7005-7017. https://doi.org/10.1093/jxb/erv398 (2015).

Bonte, D. et al. Local adaptation of aboveground herbivores towards plant phenotypes induced by soil biota. PLoS One. 5 (6),
el1174. https://doi.org/10.1371/journal.pone.0011174 (2010).

Arce, C. C. et al. Nematode root herbivory in tomato increases leaf defenses and reduces leaf miner oviposition and performance.
J. Chem. Ecol. 43, 120-128. https://doi.org/10.1007/s10886-016-0810-z (2017).

Mbaluto, C. M., Vergara, E, van Dam, N. M. & Martinez-Medina, A. Root infection by the nematode Meloidogyne incognita
modulates leaf antiherbivore defenses and plant resistance to Spodoptera exigua. J. Exp. Bot. 72 (22), 7909-7926. https://doi.org/1
0.1093/jxb/erab370 (2021).

Kaplan, L, Halitschke, R., Kessler, A., Sardanelli, S. & Denno, R. E. Constitutive and induced defenses to herbivory in above-and
belowground plant tissues. Ecology 89 (2), 392-406. https://doi.org/10.1890/07-0471.1 (2008).

Calvo, J., Bolckmans, K., Stansly, P. A., Urbaneja, A. & Predation by Nesidiocoris tenuis on Bemisia tabaci and injury to tomato.
BioControl 54(2), 237-246; (2009). https://doi.org/10.1007/s10526-008-9164-y

Arno, ], Castafié, C., Riudavets, J. & Gabarra, R. Risk of damage to tomato crops by the generalist zoophytophagous predator
Nesidiocoris tenuis (Reuter)(Hemiptera: Miridae). Bull. Entomol. Res. 100 (1), 105-115. https://doi.org/10.1017/S0007485309006841
(2010).

Cortada, L., Sorribas, E J., Ornat, C., Kaloshian, I. & Verdejo-Lucas, S. Variability in infection and reproduction of Meloidogyne
Javanica on tomato rootstocks with the Mi resistance gene. Plant. Pathol. 57 (6), 1125-1135. https://doi.org/10.1111/j.1365-3059.
2008.01906.x (2008).

Hussey, R. S. & Barker, K. R. Comparison of methods of collecting inocula of Meloidogyne spp., including a new technique. Plant.
Dis. Rep. 57, 1025-1028 (1973).

Whitehead, A. G. & Hemming, J. R. A comparison of some quantitative methods of extracting small vermiform nematodes from
soil. Ann. App Biol. 55, 25-38 (1965).

Zijlstra, C., Donkers-Venne, D. T. & Fargette, M. Identification of Meloidogyne incognita, M. Javanica and M. arenaria using sequence
characterised amplified region (SCAR) based PCR assays. Nematol 2 (8), 847-853. https://doi.org/10.1163/156854100750112798
(2000).

Wishart, J., Phillips, M. S. & Blok, V. C. Ribosomal intergenic spacer: a polymerase chain reaction diagnostic for Meloidogyne
chitwoodi, M. fallax, and M. hapla. Phytopathol. 92(8), 884-892; (2002). https://doi.org/10.1094/PHYTO.2002.92.8.884

Omwega, C., Thomason, I. J. & Roberts, P. A. A non-destructive technique for screening bean germplasm for resistance to
Meloidogyne incognita. Plant. Dis. 72, 970-972 (1988).

Hadisoeganda, W. W. & Sasser, J. N. Resistance of tomato, bean, southern pea, and garden pea cultivars to root-knot nematodes
based on host suitability. Plant. Dis. 66, 145-150 (1982).

Belda, C. & Riudavets, J. Attraction of the parasitoid Anisopteromalus calandrae (Howard)(Hymenoptera: Pteromalidae) to odors
from grain and stored product pests in a Y-tube olfactometer. Biol. Control. 54 (1), 29-34. https://doi.org/10.1016/j.biocontrol.201
0.02.005 (2010).

Belda, C. & Riudavets, J. The influence of the rearing host on the response of the parasitoid Venturia canescens (Gravenhorst)
(Hymenoptera: Ichneumonidae) to odours from Ephestia Kuehniella and Plodia interpunctella in a Y-tube olfactometer. BioControl
57 (6), 801-808. https://doi.org/10.1007/s10526-012-9461-3 (2012).

Corbet, S. A. Concentration effects and the response of Nemeritis canescens to a secretion of its host. J. Insect Physiol. 19,2119-2128
(1973).

Scientific Reports |

(2025) 15:7554

| https://doi.org/10.1038/s41598-025-90233-7 nature portfolio


https://doi.org/10.1111/j.1469-8137.2006.01724.x
https://doi.org/10.1111/j.1365-3059.2009.02089.x
https://doi.org/10.1111/j.1365-3059.2009.02089.x
https://doi.org/10.1002/ps.5297
https://doi.org/10.1002/ps.5297
https://doi.org/10.1046/j.1439-0434.2003.00800.x
https://doi.org/10.1046/j.1439-0434.2003.00800.x
https://doi.org/10.3389/fpls.2020.00796
https://doi.org/10.3390/ijms22095049
https://doi.org/10.3389/fpls.2019.00945
https://doi.org/10.1111/nph.14251
https://doi.org/10.3389/fmicb.2019.03042
https://doi.org/10.3389/fpls.2018.01419
https://doi.org/10.1007/s10340-022-01506-3
https://doi.org/10.1371/journal.pone.0127251
https://doi.org/10.3390/ijms17081210
https://doi.org/10.1007/s00442-017-4000-7
https://doi.org/10.1002/ps.6958
https://doi.org/10.1111/j.1570-7458.2005.00241.x
https://doi.org/10.1007/s10886-013-0338-4
https://doi.org/10.1093/jxb/erv398
https://doi.org/10.1371/journal.pone.0011174
https://doi.org/10.1007/s10886-016-0810-z
https://doi.org/10.1093/jxb/erab370
https://doi.org/10.1093/jxb/erab370
https://doi.org/10.1890/07-0471.1
https://doi.org/10.1007/s10526-008-9164-y
https://doi.org/10.1017/S0007485309006841
https://doi.org/10.1111/j.1365-3059.2008.01906.x
https://doi.org/10.1111/j.1365-3059.2008.01906.x
https://doi.org/10.1163/156854100750112798
https://doi.org/10.1094/PHYTO.2002.92.8.884
https://doi.org/10.1016/j.biocontrol.2010.02.005
https://doi.org/10.1016/j.biocontrol.2010.02.005
https://doi.org/10.1007/s10526-012-9461-3
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

45. Du, Y. ], Poppy, G. M. & Powell, W. Relative importance of semiochemicals from first and second trophic levels in host foraging
behaviour of Aphidius Ervi. J. Chem. Ecol. 22, 1591-1605. https://doi.org/10.1007/BF02272400 (1996).

46. Bridge, J. & Page, L. J. The rice root-knot nematode, Meloidogyne Graminicola, on deep water rice (Oryza sativa subsp. indica). Rev.
Nématol. 5, 225-232 (1982).

47. Wang, G. et al. Systemic root-shoot signaling drives jasmonate-based root defense against nematodes. Curr. Biol. 29 (20), 3430-
3438. https://doi.org/10.1016/j.cub.2019.08.049 (2019).

48. Gundlach, H., Miiller, M. J., Kutchan, T. M. & Zenk, M. H. Jasmonic acid is a signal transducer in elicitor-induced plant cell
cultures. Proc. Nat. Acad. Sci. 89:2389-2393; (1992). https://doi.org/10.1073/pnas.89.6.2389

49. Soriano, L. R., Asenstorfer, R. E., Schmidt, O. & Riley, I. T. Inducible flavone in oats (Avena sativa) is a novel defense against plant-
parasitic nematodes. Phytopathol 94, 1207-1214 (2004).

50. Cooper, W. R,, Jia, L. & Goggin, L. Effects of jasmonate-induced defenses on root-knot nematode of resistant and susceptible
tomato cultivars. . Chem. Ecol. 31:1953—; (1967). https://doi.org/10.1007/s10886-005-6070-y (2005).

51. Fujimoto, T. et al. Expression profile of jasmonic acid-induced genes and the induced resistance against the root-knot nematode
(Meloidogyne incognita) in tomato plants (Solanum lycopersicum) after foliar treatment with methyl jasmonate. J. Plant. Physiol.
168, 1084-1097 (2011).

52. Branch, C., Hwang, C. E, Navarre, D. A. & Williamson, V. M. Salicylic acid is part of the Mi-1-mediated defense response to root-
knot nematode in tomato. Mol. Plant-Microb Interac. 17 (4), 351-356. https://doi.org/10.1094/MPMI.2004.17.4.351 (2004).

53. Gutjahr, C. & Paszkowski, U. Weights in the balance: jasmonic acid and salicylic acid signaling in root-biotroph interactions. Mol.
Plant-Microb Interac. 22 (7), 763-772. https://doi.org/10.1094/MPMI-22-7-0763 (2009).

54. Zheng, X. Y. et al. Coronatine promotes Pseudomonas syringae virulence in plants by activating a signaling cascade that inhibits
salicylic acid accumulation. Cell. Host Microbe. 11 (6), 587-596. https://doi.org/10.1016/j.chom.2012.04.014 (2012).

55. Moayeri, H. R. S., Ashouri, A., Brodsgaard, H. F. & Enkegaard, A. Odour-mediated preference and prey preference of Macrolophus
caliginosus between spider mites and green peach aphids. J. Appl. Entomol. 130 (9-10), 504-508. https://doi.org/10.1111/j.1439-04
18.2006.01094.x (2006).

56. Lins,]. C. etal. Response of the zoophytophagous predators Macrolophus pygmaeus and Nesidiocoris tenuis to volatiles of uninfested
plants and to plants infested by prey or conspecifics. BioControl 59, 707-718. https://doi.org/10.1007/s10526-014-9602-y (2014).

57. Shi, J. H. et al. Volatiles and hormones mediated root-knot nematode induced wheat defense response to foliar herbivore aphid.
Sci. Total Environ. 815, 152840. https://doi.org/10.1016/j.scitotenv.2021.152840 (2022).

58. Mbaluto, C. M., Ahmad, E. M., Fu, M. & Martinez-Medina, A. Dam, N. M. The impact of Spodoptera exigua herbivory on
Meloidogyne incognita-induced root responses depends on the nematodes’ life cycle stages. AoB Plants. 12 (4), plaa029. https://do
i.org/10.1093/jxb/erab370 (2020). van.

Acknowledgements

UPC authors acknowledge project PID2021-1290010B-100 funded by MICIU/AEI/10.13039/501100011033
and by FEDER, UE. The authors also acknowledge Fondo Social Europeo (PRE2018-084265, Aida Magdalena
Fullana) and the post-doctoral grant Funded by European Union-NextGenerationEU, Ministry of Universities
and Recovery, Transformation and Resilience Plan, through a call from Universitat Politécnica de Catalunya
(Grant Ref. 2022UPC-MSC-93765). The authors from IRTA were also funded by the CERCA Programme /
Generalitat de Catalunya. The authors also want to thank the IRTA technicians Victor Mufioz, Pilar Hernandez,
and Silvia Rascon for their technical support during the experiments and to the doctoral student Luis Guillermo
Montes for his technical support on the olfactometer setup.

Author contributions

AE: Conceptualization, methodology, validation, investigation, formal analysis, data curation, writing — original
draft, visualization, resources, supervision PUB: Conceptualization, methodology, validation, investigation, data
curation, writing - review & editing, visualization SB: Conceptualization, methodology, validation, investiga-
tion, data curation, AMF: Validation, data curation, writing — review & editing, visualization AG: Validation,
data curation, writing - review & editing, visualization FJS: Conceptualization, methodology, validation, inves-
tigation, formal analysis, data curation, writing — review & editing, visualization, resources, supervision, project
administration and funding acquisition JR: Conceptualization, methodology, validation, investigation, formal
analysis, data curation, writing - review & editing, visualization, supervision.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-90233-7.

Correspondence and requests for materials should be addressed to A.E.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2025) 15:7554 | https://doi.org/10.1038/541598-025-90233-7 nature portfolio


https://doi.org/10.1007/BF02272400
https://doi.org/10.1016/j.cub.2019.08.049
https://doi.org/10.1073/pnas.89.6.2389
https://doi.org/10.1007/s10886-005-6070-y
https://doi.org/10.1094/MPMI.2004.17.4.351
https://doi.org/10.1094/MPMI-22-7-0763
https://doi.org/10.1016/j.chom.2012.04.014
https://doi.org/10.1111/j.1439-0418.2006.01094.x
https://doi.org/10.1111/j.1439-0418.2006.01094.x
https://doi.org/10.1007/s10526-014-9602-y
https://doi.org/10.1016/j.scitotenv.2021.152840
https://doi.org/10.1093/jxb/erab370
https://doi.org/10.1093/jxb/erab370
https://doi.org/10.1038/s41598-025-90233-7
https://doi.org/10.1038/s41598-025-90233-7
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports | (2025) 15:7554 | https://doi.org/10.1038/s41598-025-90233-7 nature portfolio


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿﻿Macrolophus pygmaeus﻿ induces systemic resistance in tomato against ﻿Meloidogyne﻿
	﻿Materials and methods
	﻿Plant material, insects and nematodes
	﻿Inducing resistance of tomato to RKN in pot experiments

	﻿Preference experiments
	﻿Vertical Y-tube olfactometer

	﻿Insect cages experiments
	﻿Statistical analyses
	﻿Results


