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Abstract

E.E.Del Valle, P. Lax, J. Rondan Dueiias, and M. E. Doucet. 2013. Effects of insect cadavers
infected by Heterorhabditis bacteriophora and Steinernema diaprepesi on Meloidogyne
incognita parasitism in pepper and summer squash plants. Cien. Inv. Agr. 40(1):109-118.
The effects of insect cadavers infected with three isolates of Heterorhabditis bacteriophora
and one isolate of Steinernema diaprepesi on a population of Meloidogyne incognita in pepper
(Capsicum annuum) and summer squash (Cucurbita maxima) were evaluated in greenhouse
experiments carried out in Santa Fe (Argentina). Insect cadavers were obtained for the
experiments from last instar larvae of Galleria mellonella and Tenebrio molitor that had been
infected with entomopathogenic nematodes. Two six-day-old insect cadavers per pot were
placed below the soil surface, and the soil was inoculated with 100 second-stage juveniles of M.
incognita. Sixty days after inoculation, the following parameters were recorded for each plant:
number of leaves; dry weight of aerial parts; numbers of galls, egg masses and eggs; and numbers
of galls, egg masses and eggs g of root fresh matter. In pepper, the only variable affected by
the infected cadavers with respect to control was the number of eggs in the treatment involving
T. molitor cadavers infected with the H. bacteriophora isolate Rama Caida. In summer squash,
several treatments using infected cadavers resulted in a decrease in the numbers of galls and egg
masses. Only the treatment involving G. mellonella cadavers infected with the H. bacteriophora
isolate Rama Caida proved to be efficient in reducing the number of M. incognita eggs. Our
results indicated that the application of insect cadavers infected with the entomopathogenic
nematodes studied might reduce M. incognita damage in pepper and summer squash plants.
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Introduction

Root-knot nematodes (Meloidogyne spp.) are plant
parasites that cause serious losses to economically
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important crops (Koenning et al., 1999). The
major strategy for the control of these organisms
in horticultural crops in recent decades has been
the use of chemical products, especially methyl
bromide (Halbrendt and LaMondia, 2004).
However, the use of methyl bromide was banned
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and/or restricted in several countries due to the
environmental damage that it produces and its
impact on human health, thus generating the need
for new, environmentally friendly alternatives
(Schafer, 1999). Accordingly, treatment with
entomopathogenic nematodes (EPNs) is regarded
as an alternative for the management of plant-
parasitic nematodes (Grewal et al., 2005).

Insect-parasitic (entomopathogenic) nematodes
belong to the genera Heterorhabditis and
Steinernema (Nematoda: Heterorhabditidae and
Steinernematidae). Infective juveniles (1Js) search
for a host, penetrate it through natural openings
(mouth, anus or spiracles) or through the cuticle
(Poinar, 1990). Once inside the host hemocoel,
IJs release a symbiotic bacterium from their
digestive tract. Steinernema species are associated
with bacteria of the genus Xenorhabdus, whereas
Heterorhabditis species are associated with
bacteria of the genus Photorhabdus (Boemare
et al., 1993; Thomas and Poinar, 1979). Infected
insects usually die of septicemia approximately
48 h after infection (Akhurst and Boemare, 1990;
Burman, 1982). Nematodes feed on the bacteria
and digested tissues and complete one to three
generations within the host until IJs emerge into
the soil (Poinar, 1990).

The interaction between EPNs and plant-parasitic
nematodes has been documented previously
(Lewis and Grewal, 2005). Previous studies using
EPNs did not find any definitive results in terms
of their action against nematodes of the genus
Meloidogyne (Fallon et al., 2002; Molina et al.,
2007; Shapiro-Ilan et al., 2006a). However, several
cases of suppressive action on M. incognita have
been reported. Lewis et al. (2001) demonstrated
that the use of IJs of Steinernema feltiae (Filipjev)
significantly reduced the number of galls and eggs
in tomato plants, even affecting egg hatching. In
experiments conducted in growth chambers and
a greenhouse, Pérez and Lewis (2002) found that
1Js of H. bacteriophora, Steinernema riobrave

(Cabanillas, Poinar and Raulston) and S. feltiae
reduced parasitism of M. incognita in tomato
plants. Moreover, M. incognita was suppressed
by 1Js of Steinernema glaseri (Steiner) in an
experiment evaluating application doses under
greenhouse conditions.

Most of the works conducted until now have been
based on the application of IJs of EPNs in aqueous
suspension (Jagdale et al., 2002; Molina et al.,
2007; Perry et al., 1998; Smitley et al., 1992).
The use of this method has some disadvantages,
such as IJs formulation, decrease of infectivity,
survival of IJs during storage, transportation
difficulties, and the need for adequate irrigation
equipment (Grewal, 2002).

The use of EPN-infected insect cadavers provides
an option for the control of root-knot nematodes
because they lack some of the disadvantages
of aqueous suspensions (Bruck et al., 2005;
Creighton and Fassuliotis, 1985; Shapiro-Ilan
et al., 2010; 2012). Infected insect cadavers are
placed below the soil surface, and 1Js emerge in
the same environment where the target organisms
are found. In laboratory assays, the use of this
mode of EPN application has been shown to
result in greater infectivity to insect hosts and
increased survival and dispersal capacity than
aqueous suspensions (Pérez ef al., 2003; Shapiro
and Glazer, 1996; Shapiro-Ilan and Lewis, 1999).
Similar results were obtained in greenhouse
experiments. Infective juveniles that had emerged
from the cadavers of Tenebrio molitor infected
with Heterorhabditis indica (Poinar, Karunaka
and David) Homl caused a greater decrease in
the survival of Diaprepes abbreviatus (Linnaeus)
than IJs applied in aqueous suspensions (Shapiro-
Ilan et al., 2003). In the same work, the authors
found similar results regarding the control of
Otiorhynchus sulcatus (Fabricius) 7 days after
the application of 7. molitor (Linnaeus) cadavers
infected with Heterorhabditis bacteriophora
(Poinar) Oswego.
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Suppression of plant-parasitic nematodes using
infected cadavers has been reported by Jagdale
and Grewal (2008), who studied the efficacy of
preventive and curative applications of infective
cadavers of S. carpocapsae (Weiser) for the
management of Aphelenchoides fragariae (Ritzema
Bos) in plants of Hosta spp.; the authors attributed
the observed suppression to toxins produced by the
entomopathogens and/or their symbiotic bacteria.
The secondary metabolites 3,5-dihydroxy-4-
isopropylstilbene (DST) and indole, which are
obtained from filtrates of P. luminescens, exhibit
nematicidal properties. Second-stage juveniles of
M. incognita were affected by indole, and both
components inhibited egg hatching in that species
(Huet al., 1999). Hatching inhibition is most likely
related to the fact that anion transporters act as
target sites for blockers and DST in nematodes,
thereby altering physiological processes through
voltage-gated chloride channels, resulting in
nematode and egg mortality (Boina et al., 2008).
In addition, ammonia, which is produced by
symbiotic bacteria in the host, exhibits nematicidal
activity (Grewal ef al., 1999).

Variable and/or confusing results about the EPNs-
Meloidogyne spp. interaction have also been
reported in studies involving the application of
1Js (Fallon et al., 2002; 2004; Molina et al., 2007,
Pérez and Lewis, 2004). Hence, knowledge of the
suppressive effect of local EPN isolates applied
as insect cadavers on M. incognita is of great
importance. The aim of the present work was to
determine the effect of insect cadavers infected
with three local isolates of H. bacteriophora
and one of Steinernema diaprepesi (Nguyen and
Duncan) on a population of M. incognita in pepper
(Capsicum annuum Linnaeus) and summer squash
(Cucurbita maxima Duch.). We hypothesize that
the application of cadavers infected with local
isolates of H. bacteriophora and S. diaprepesi
would reduce M. incognita parasitism in pepper
and summer squash.

Materials and methods
Nematodes and infected cadavers

Three Argentinean isolates of H. bacteriophora
Rama Caida (Rama Caida, Mendoza), Jn (Recreo,
Santa Fe) and Mo (Angel Gallardo, Santa Fe) and one
isolate of S. diaprepesi (Santa Rosa de Calchines,
Santa Fe) were used as EPNs. Nematodes were
multiplied on larvae of the greater wax moth,
Galleria mellonella (Lepidoptera: Pyralidae)
at 25 °C, following the procedure described by
Woodring and Kaya (1988). Third-stage juveniles
were harvested from modified White traps (Kaya
and Stock, 1997) and stored at 16 °C until use.
G. mellonella larvae were reared on the diet
formulated by Eischen and Dietz (1990), and
larvae of T molitor (Coleoptera: Tenebrionidae)
were fed with wheat bran.

Insect hosts were infected in Petri dishes (90 mm
in diameter) lined with filter paper to obtain insect
cadavers. Last-instar G. mellonella or T. molitor
larvae were exposed to 100 IJs of each isolate.
The Petri dishes were incubated at 25 °C for 4
days, and infected cadavers were subsequently
transferred to new Petri dishes lined with dry filter
paper for a further two days of incubation to allow
the development of typical signs of EPN infection
(the cadavers become flaccid and exhibit a color
change) (Woodring and Kaya, 1988).

The population of M. incognita was obtained
from pepper and summer squash maintained
under greenhouse conditions and inoculated with
nematodes from the locality of Santa Rosa de
Calchines. These plant species were chosen because
they are severely parasitized by M. incognita and
of regional economic importance. Second-stage
juveniles were obtained by incubation of egg
masses of M. incognita in a wet chamber under
laboratory conditions.
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Greenhouse experiments

One week after germination, seedlings of pepper,
cultivar K. Resistant Giant (Nasco Seed Co.),
and of summer squash (Cucurbita maxima var.
zapallito (Carr.) Millan), cultivar Nacional (CAPS),
were transplanted into pots (10 cm in diameter)
containing 700 cm?® of sterile soil (1.1% organic
matter; pH: 7.1; clay: 6%, silt: 8% and sand: 87%).
Two days after transplanting, EPN-infected cadavers
were applied. The treatments were as follows: (i)
control; (ii) carbofuran 25 mg L' as a chemical
control; (iii) 7. molitor cadavers infected with
H. bacteriophora Rama Caida (HbRCT); (iv) T
molitor cadavers infected with H. bacteriophora
Jn (HbInT); (v) T molitor cadavers infected with
H. bacteriophora Mo (HbMoT); (vi) T. molitor
cadavers infected with S. diaprepesi (SdT);
(vii) G. mellonella cadavers infected with H.
bacteriophora Rama Caida (HbRCG); (viii) G.
mellonella cadavers infected with H. bacteriophora
Jn (HbInG); (ix) G. mellonella cadavers infected
with H. bacteriophora Mo (HbMoG); and (x) G.
mellonella cadavers infected with S. diaprepesi
(SdG).

In treatments involving the use of infected cadavers,
two cadavers were added per pot. The cadavers
were buried 2 cm below the soil surface and 2.5
cm from the stem, diametrically opposite each
other. The insect cadavers used were infected 6
days before application (Del Valle et al., 2008).
Five days after the introduction of the cadavers
into the pots, the plants were inoculated by
adding an aqueous suspension containing 100
J2s of M. incognita with a micropipette. The
suspension was poured into holes made in the soil
around the plant stem. The plants were watered
as needed. During the experimental period, the
mean temperature was maintained at 18.1 °C to
ensure normal development and multiplication of
nematodes inside the hosts (Grewal et al., 2006).

The results were evaluated 60 days after M.
incognita inoculation. The following variables
were recorded for each plant: number of leaves,

dry weight of aerial parts, number of galls, number
of egg masses, number of eggs, number of galls/g
of root fresh matter, number of egg masses g of
root fresh matter, and number of eggs g of root
fresh matter. Total numbers of galls, egg masses
and eggs were counted under a stereoscopic
microscope. The eggs were removed from the
roots using the procedure described by Hussey
and Barker (1973).

The experiment was conducted using a completely
randomized design with six replications. The
entire experiment was performed twice. No
significant interactions between trials (0=0.05) were
detected; therefore, pooled data were subjected to
analysis of variance (ANOVA). The averages of
experiments are shown in Tables 1 and 2. Means
were compared among treatments using Tukey’s
HDS test at P<0.05 probability.

Results
Experiments using pepper plants

The results observed in pepper plants are presented
in Table 1. The use of cadavers infected with EPN
isolates did not show significant differences from
control treatment with respect to the number of
leaves per plant or the dry weight of aerial parts
(F,,,,=4.54,P<0.0001 and F, , =4.06, P<0.0002,
respectively). The treatment with carbofuran was
the only treatment to exhibit statistically significant
differences from the control with respect to the
number of galls. However, treatments HbRCT,
HbRCG, HbMoG and SdG did not differ from
the chemical treatment (F, = 5.97, P<0.0001).
Carbofuran application caused a significant
reduction in the number of egg masses in pepper
plants, without showing significant differences
from HbRCT, HbRCG, HbMoG or SdG (F, =
5.47, P<0.0001). The number of M. incognita eggs
produced by nematodes in the root systems of
plants treated with carbofuran and HbRCT was
significantly lower than that observed for the
control (F, =717, P<0.0001).

9,110
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Experiments using summer squash

The treatments evaluated did not significantly
affect the number of leaves per plant (F, = 0.56,
P<0.8242). Plants treated with HbRCT showed
the highest value of dry weight of aerial parts
among treatments (F,  =3.82, P<0.0003). Infected
cadavers significantly decreased the numbers of
galls and egg masses (F, = 3.88, P<0.0003 and
F, 1= 3.88,P<0.0003, respectively). HbJnG did
not affect the variables mentioned, and HbRCT
did not differ from the control in terms of the
number of egg masses per plant. HbRCG was
the only treatment that differed from control
in reducing the total number of eggs per plant
(F, ;= 3.89, P<0.0003). There were no statistically
significant differences among treatments with
respect to the number of galls/g of root fresh
weight and the number of egg masses/g of root
fresh weight (F,, = 4.45, P<0.0001 and Fyne=
3.09,P<0.0024, réspectively). The negative control
was statistically similar to treatments HbRCT,
HbInT, HbMoT, ST and HbRCG in terms of
the number of eggs/g of root fresh weight (F, | =
6.49, P<0.0001). The results of this experiment

are presented in Table 2.

Discussion

The use of EPN-infected cadavers of G. mellonella
and T molitor had different effects on pepper
and summer squash. In pepper, the only variable
affected by infected cadavers with respect to the
control was the number of eggs in the treatment
involving 7. molitor cadavers infected with H.
bacteriophora Rama Caida. In summer squash,
several treatments using infected cadavers reduced
the number of galls and egg masses. Only the
treatment including G. mellonella cadavers infected
with H. bacteriophora Rama Caida proved efficient
in reducing the number of M. incognita eggs.

The lack of efficacy of EPN aqueous suspensions
for the control of M. incognita has also been
reported. For example, Heterorhabditis megidis
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(Poinar, Jackson and Klein) did not produce any
effects on tomato, even at high doses (Pérez
and Lewis, 2004). In the only work that studied
plants of the family Cucurbitaceae, the species S.
riobrave and H. bacteriophora were not effective
in the control of zucchini squash (Cucurbita
pepo Linnaeus) (Riegel et al., 1998). The results
presented here demonstrate that the action of EPNs
may reduce damage caused by M. incognita in
summer squash plants.

Determining the activity of metabolites and toxins
produced by the symbiotic bacteria studied was
beyond the scope of the present work; however,
such activity may have affected our results. The
action of metabolites and toxins might explain,
at least in part, the suppression observed in the
treatments including H. bacteriophora isolate
Rama Caida. In addition, Grewal ef al. (1999)
confirmed that G. mellonella cadavers infected
with H. bacteriophora had repelling effects on
juveniles of M. incognita and that allelochemicals
produced by symbiotic bacteria are plant-parasitic
nematode antagonists.

In our research, two cadavers per pot were
applied, similar to a greenhouse trial conducted
by Shapiro-Ilan et al. (2006b), who demonstrated
that the application of two 7. molitor cadavers
infected with S. riobrave reduced the number of
egg masses of Meloidogyne partityla (Kleynhans)
in pecan seedlings. Larvae of G. mellonella and
T. molitor were used as insect hosts in the present
work due to the great commercial potential of this
application method (Deol et al., 2011; Shapiro-
Ilan et al., 2001, 2010). The host species did not
show a marked influence on the suppression of M.
incognita with the EPNs used. Both insect hosts
might be employed in EPN application. 7. molitor
cadavers have a more rigid cuticle than those of G.
mellonella and therefore exhibit greater resistance
to physical damage during manipulation and
transportation (Shapiro-Ilan et al., 2010). However,
the formulation of G. mellonella cadavers is an
alternative that facilitates handling (Del Valle et
al., 2009; Shapiro-Ilan ef al., 2001).
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Inconsistent results were also reported by Shapiro-
Ilan et al. (2006a) in an assessment of the effect
of the application of 7 molitor cadavers infected
with S. feltiae and S. riobrave on M. partityla.
Further research is necessary to elucidate the
reasons why the efficacy observed in laboratory
assays is frequently not found in greenhouse or
field experiments.

In the present work, we observed a marked
difference in the suppression of M. incognita
among the three isolates of H. bacteriophora
evaluated. The performance of each isolate may
be associated with metabolites produced by their
symbiotic bacteria, which differ in quality and
quantity among isolates (Webster et al., 2002).
Heterorhabditis bacteriophora Rama Caida
produced the greatest reduction in the parasitism
of M. incognita in pepper and summer squash and
will require field investigations for commercial
application.

The species S. diaprepesi did not exhibit potential
for the suppression of M. incognita in pepper
and summer squash, although 1Js of this species
exhibited increased survival in the soil than H.
bacteriophora 1Js (Shapiro-Ilan et al., 2006b).
Pérez and Lewis (2004) suggested that Steinernema
species might be more effective in the suppression

of root-knot nematodes than H. bacteriophora
because of their greater capacity to penetrate
roots and to release symbiotic bacteria inside
them. Within roots, the bacteria would release
allelochemicals that are toxic and repellent to
Meloidogyne spp. (Grewal et al., 1999). Steinernema
diaprepesi 1Js remained near the roots in pepper
and summer squash plants. The greatest efficacy
of steinernematids suggested by Pérez and Lewis
(2004) was not evident in our experiments.
Additional studies are necessary to determine
the behavior of S. diaprepesi 1Js and the action of
their allelochemicals against root-knot nematodes
parasitizing pepper and summer squash.

Our results indicated that the application of
insect cadavers infected with the EPNs studied
might reduce M. incognita damage in pepper and
summer squash plants. However, further studies
are required to determine their efficacy in field
applications.
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Resumen

E.E. Del Valle, P. Lax, J. Rondidn Duefias y M.E. Doucet. 2013. Efecto de insectos
cadaveres infectados por Heterorhabditis bacteriophora 'y Steinernema diaprepesi sobre
el parasitismo de Meloidogyne incognita en plantas de pimiento y zapallito redondo de
tronco. Cien. Inv. Agr. 40(1):109-118. El efecto de cadaveres de insectos infectados con
tres aislados de Heterorhabditis bacteriophora y un aislado de Steinernema diaprepesi
sobre una poblacion de Meloidogyne incognita en plantas de pimiento (Capsicum annuum) y
zapallito redondo de tronco (Cucurbita maxima) fue evaluado en experiencias de invernadero
conducidas en Santa Fe (Argentina). Los cadaveres de insectos necesarios para la experiencia
se obtuvieron infectando larvas de ltimo estadio de Galleria mellonella y Tenebrio monitor
con nematodos entomopatdgenos. Dos cadaveres de seis dias de infeccion se colocaron debajo
de la superficie del suelo de macetas que fueron inoculadas con 100 juveniles de segundo
estadio de M. incognita. A los sesenta dias se registraron los siguientes parametros en cada
planta: numero de hojas, peso seco de la parte aérea, nimero de agallas, masas de huevos
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y huevos, y nimero de agallas, masas de huevos y huevos g! de materia fresca radical. En

pimiento, la Unica variable afectada por los cadaveres en relacion al testigo fue el numero

de huevos de M. incognita en el tratamiento de cadaveres de 7. molitor infectados con H.

bacteriophora aislado Rama Caida. En zapallito redondo de tronco, varios tratamientos

provocaron una disminucion en el nimero de agallas y masas de huevos. Solo la aplicacion

de cadaveres de G. mellonella infectados con H. bacteriophora aislado Rama Caida demostro

ser eficiente en reducir el nimero de huevos de M. incognita. Nuestros resultados indicaron

que la aplicacion de cadaveres de insectos infectados con los nematodos entomopatdgenos

estudiados podria reducir los dafios causados por M. incognita en plantas de pimiento y

zapallito redondo de tronco.

Palabras clave: Cadaveres de insectos

entomopatogenos.
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