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A B S T R A C T

Maize roots respond to feeding by larvae of the beetle Diabrotica virgifera virgifera by releasing (E)-β-
caryophyllene (Eβc). This insect-induced root volatile attracts entomopathogenic nematodes (EPN) and thereby
helps to protect the roots against herbivore damage. Previous studies suggest that diffusion of Eβc occurs
through the gaseous rather than the aqueous phase in sand and its diffusion is best at low levels of humidity.
However, it remains largely unknown how Eβc diffuses in typical natural and agricultural soils. To fully
understand the function and efficiency of root-produced Eβc as a belowground signal it is important to know
how it spreads in real soils and how soil properties affect its diffusion. Using gas chromatography-mass
spectrometry analyses, the diffusion of two doses of synthetic Eβc (200 ng and 20,000 ng) injected in sand was
compared with the diffusion of Eβc injected in clay, clay-loam and sandy-loam soils, at 3 moisture levels (5, 10
and 20% water), and at two distances (5 and 10 cm) from the Eβc injection point. The diffusion of the
compound was measured with a Solid Phase Micro Extraction (SPME) fiber every 30 minutes over a period of 9
hours. We found that, in contrast to the pattern observed for pure sand, Eβc diffused best when humidity was
high in the three agricultural soils. In subsequent experiments we used glass-trays to create two types of
mesocosms to assess the effect of synthetic or root-produced Eβc on the dispersal of the EPN Heterorhabditis
megidis and its infection of sentinel hosts in the trays. The presence of synthetic Eβc did not affect the ability of
H. megidis to infect the sentinel host. However, under the test conditions, Eβc released from maize roots
influenced the migration behaviour of H. megidis depending on soil type. The results suggest that D. virgifera-
damaged maize plants may recruit H. megidis more efficiently in clay loam soils than in other types of soil.
These new insights into the diffusion dynamics and attraction efficiency of the root-produced signal Eβc may
help efforts to develop novel strategies for the sustainable management of the maize pest D. virgifera.

1. Introduction

Plants produce herbivore-induced plant volatiles (HIPVs) in re-
sponse to herbivory attack (Karban and Baldwin, 1997; Dicke and
Baldwin, 2010). These volatiles, which are not only emitted from leaves
(Dicke and Sabelis, 1988; Turlings et al., 1990), but also from roots
(Rasmann et al., 2005; Ali et al., 2010) have been proposed to function
as an indirect defense to attract natural enemies of the herbivore that
attacks the plant. HIPVs mainly comprise terpenoids, fatty acid
derivatives, phenyl propanoids and benzenoids (Mumm and Dicke,

2010; Dudareva et al., 2006). Recently, two terpenes have been
described as herbivore-induced root signals, the sesquiterpene (E)-β-
caryophyllene (Eβc) in maize (Rasmann et al., 2005) and pregeijerene
in citrus, specifically Swingle citrumelo (Ali et al., 2010). Both attract
entomopathogenic nematodes (EPNs), which infect and kill the root
herbivores feeding on the roots of the emitting plants, thereby reducing
root damage (Degenhardt et al., 2009; Ali et al., 2012; Hiltpold and
Turlings, 2012).

The role of Eβc as an EPN attractant has been confirmed in laboratory
and field experiments. For instance, in experiments with belowground
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olfactometers, the EPN species Heterorhabditis megidis Poinar, Jackson
& Klein (Rhabditida: Heterorhabditidae) and Heterorhabditis bacterio-
phora Poinar (Rhabditida: Heterorhabditidae) were significantly attracted
to damaged maize roots when compared with the attractiveness of
undamaged roots (Rasmann et al., 2005; Rasmann and Turlings, 2008).
Furthermore, the EPNs H. megidis and Steinernema feltiae Filipjev
(Rhabditida: Steinernematidae) are more efficient in reducing root
damaged by Diabrotica virgifera virgifera LeConte (Coleoptera:
Chrysomelidae) in Eβc emitting maize than in non-emitting variety
(Rasmann et al., 2005; Degenhardt et al., 2009; Hiltpold et al., 2010).
It has been suggested that the diffusion properties of Eβc make it a highly
suitable belowground signal (Hiltpold and Turlings, 2008).

The diffusion of organic compounds in soil matrices is affected by
several factors that are closely related to the sorption properties of the
soil (Lindstrom et al., 1967; Steinberg and Kreamer 1993). Sorption of
organic compounds in the soil largely depends on its chemical
composition (e.g. mineral) and physical properties (e.g. particle size,
density, porosity) (Ruiz et al., 1998). Water content (Porter & Kemper,
1960) and organic matter also play key roles in sorption (Li and Werth,
2001). Previous studies with pure sand have demonstrated that Eβc
rapidly diffuses through the gaseous phase of the sand matrix
(Rasmann et al., 2005; Hiltpold and Turlings, 2008), which was most
evident from the easy and rapid horizontal diffusion of Eβc at low
moisture levels. However, a first attempt to characterize Eβc diffusion
in a sandy soil showed a clear decrease in relation to pure sand
(Hiltpold and Turlings, 2008). It therefore remains unclear how Eβc
diffuses in different soil types, and to what extent diffusion depends on
sand content. To broaden our knowledge on the signaling function and
efficiency of Eβc as a belowground signal, it is essential to identify key
soil characteristics that affect its diffusion.

Soils are composed of particles of different sizes (such as sand, clay
and silt) and their relative proportion defines soil texture, which in turn
determines pore size. We therefore hypothesized that diffusion of Eβc
and EPN attraction towards the root volatile diminishes when sand
content decreases.

The current study aimed to characterize the diffusion of Eβc
through soils of different textures and define how soil humidity affects
this diffusion. We used a combination of fibre-based solid phase
microextraction and gas chromatography-coupled mass spectrometry
(GC–MS) to measure Eβc diffusion in various soils. In subsequent
experiments we used soil-filled glass trays to test how a point source of
authentic Eβc may help guide the EPN H. megidis towards sentinel
insect hosts in different soil textures. In addition, we tested the
attraction of H. megidis to insect-damaged maize varieties with
distinctly different Eβc emission rates in these soil types.

2. Materials and methods

2.1. Soils, nematodes, insects, plants, and general procedures

Experiments were performed with pure sand (Migros, Switzerland)
and three agricultural soils of different textures (Table 1). We used a
Gleyic Cambisol clay soil (C), a clay loam soil (CL) and sandy loam soil
(SL) (IUSS Working Group WRB, 2006). Texture analyses were

performed by Soil Conseil (Nyon, Switzerland). The soils were collected
in the experimental fields of Agroscope, Institut des Sciences en
Production Végétale (46° 24’ N, 6° 14’ E, 430 m above sea level,
Changins-Nyon, Switzerland) during 2013 and 2014. Following proce-
dures described by Hiltpold and Turlings (2008), soils were ground,
sieved in a 2 mm mesh and autoclaved (120 °C) to obtain a sterile
substrate. Soils were also ventilated for at least 24 h to eliminate
possible odours and volatiles that might interfere with the detection of
Eβc.

A commercial population of the EPN H. megidis (Andermatt
Biocontrol AG, Switzerland) was used for the glass-tray experiments.
The identity of the species was morphologically and molecularly
confirmed (ITS rDNA region sequence, GenBank Accession number
KJ938577) (Campos-Herrera et al., 2015). New generations of freshly
emerged nematodes reared from Galleria melonella L. (Lepidoptera:
Pyralidae) larvae were used no more than 15 days after emergence.
Suspensions of infective juveniles (IJs) were prepared by counting IJs
under a stereo-microscope and by adjusting the concentration in
distilled water to 2000 IJs/mL. In each soil tray, 2000 IJs of H.
megidis were inoculated at 10 cm distance from a capillary dispenser
(2nd experiment, see below) or the maize plant (3rd experiment).

Larvae of G. mellonela (commercial stock, Au Pêcheur SARL,
Neuchâtel, Switzerland) were used for the nematode rearing and also
as sentinel hosts in the first tray experiments to quantify infection
success. In the second tray experiments, we infested maize plants with
second instar larvae of Diabrotica virgifera Le Conte (Coleoptera:
Chrysomelidae) obtained from the North Central Agricultural Research
Laboratory-USDA (Brookins, USA).

Two maize (Zea mays L., Poales: Poaceae) varieties were used: i)
Graf as the high EβC emitting plant and ii) Pactol as the non-emitting
plant (Gouinguené et al., 2001; Rasmann et al., 2005). Seeds were
sown in plastic pots and plants grown in a climate chamber (Grow
bank, 24 °C, 14:10 hours light:dark photoperiod, 320 µmo m−2 s−1)
during 16 days until they reached the 4 leaf-stage.

2.2. Diffusion patterns of synthetic Eβc in various soil types, at
different moisture levels, distances and concentrations

A solution of authentic Eβc (Sigma Aldrich, > 98% pure) was
prepared at a low (200 ng) and high concentration (20,000 ng) by
dissolving the compound in different amounts of pentane. Soil
moisture was adjusted by weight/volume to obtain levels correspond-
ing to 5, 10 and 20% with mQ water (Milli-Q Water System, Millipore
S.A., Molsheim, France). For the diffusion experiments a Teflon box
(12 cm x 10 cm x 4 cm) was filled with one of the soil treatments. For
each treatment, we used a soil moisture-soil texture combination with a
constant mass of moistened soil or sand, thereby maintaining a
homogenous density among all replicates (Supplementary data 1).

Either a low or high concentration of Eβc was injected in a tray with
one of the substrates at different levels of humidity (5%, 10% and 20%)
and at different distances from the sampling fibre (10 cm or 5 cm).
Each combination of soil, humidity and distance was replicated five
times. The Teflon box was placed on a thermal tray, maintaining the
temperature at 12 °C. A 0.2 mm diameter cylinder made of ultrafine

Table 1
Characteristics of soils used for diffusion and foraging behaviour experiments.

Nomenclature Soil texture % Sand a % Clay a % Silt a pH a % organic matter a Field Capacity b

C Clay 17 48 35 6.7 4.1 25%
CL Clay loam 29 42 29 8 2.3 21%
SL Sandy loam 56 18 26 8 2.9 20%
S Sand (pure) 100 – – – 0 10%

a Determined at Soil Laboratory (Soil Conseil, Nyon, Switzerland).
b Determined following Estimating Soil Moisture by Feel and Appearance, USDA (1998).
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metal mesh (2300 mesh, Small Parts Inc., USA) was inserted into the
soil, creating a hole in which a Solid Phase Micro Extraction (SPME)
fibre (100 µm polydimethylsiloxane, Supelco, Buchs, Switzerland) was
introduced at a depth of 3 cm from the soil surface. Automated
sampling was done over a total period of 9 or 12 h with a multipurpose
sampler (MPS2, GerstelGmbH & Co. KG, Germany) (Hiltpold and
Turlings, 2008). After the first 30 min sampling period, the Eβc
solution was injected at 3 cm deep into the soil. Every 30 min, the
fibre was retracted automatically (multi-purpose sampler MPS2,
Gerstel GmbH &Co. FG, Germany) from the soil matrix and inserted
for 3 min into the injector of an Agilent 680 Series gas chromatograph
(G1530) coupled to a quadrupole-type mass-selective detector (Agilent
5973, transfer line 230 °C, source 230 °C ionization potential 70 eV).
The injector was kept at 230 °C and the desorbed compounds were
separated on a polar column (HP1-MS, 30 M, 0.25 MM id, 0.25 µm
film; Agilent Technologies, USA) using helium as a carrier gas
(constant pressure of 127.9 kPa). Following injection, the temperature
of the column was maintained at 40 °C for 1 min and then increased
20 °C min −1 to 250 °C, where it was held for 12 min more.

Statistical analysis. For soils at 10% of humidity, the curves were
fitted according to a Linear Mixed Effects Model (LME) and the
parameters for intercept and slope were compared. We exclude sand
from the comparison because its diffusion did not fit a linear model.
For soils at 20% of humidity, values obtained for abundance of Eβc
were used to model a curve according to the diffusion equation (see
equation A.1) (Eqworld, 2015). The parameters of the curve were
compared with a Non-linear mixed effects model (NLME). We used R
environment (version 3.1.2, 2015) for both analyses.

Equation A.1

⎛
⎝⎜

⎞
⎠⎟Abundance t

t B t
( ) = A exp − 1

* (1)

Where: A represents the slope and B the peak

2.3. Effects of soil texture on host infection by Heterorhabditis megidis
in the presence or absence of EβC

Soils of three different textures were prepared as described above.
For each substrate one kg of each substrate was adjusted to 20%
humidity (weight/volume) and placed in a glass tray (Pyrex, France,
23 cmx15 cmx6 cm) (n=3 per treatment). Four larvae of G. melonella
were caged in a cylindrical metallic mesh cage (6.5 cm x 2.7 cm,
diameter), which was buried at 3 cm distance from one of the edges
of the glass container filled with soil. EβC dispensers were made of 1 ml
vials containing 10 mg of cotton wool treated with 200 µL of authentic
EβC. The vials were closed with a screw cap with a Teflon-covered
septum through which a 100 µL glass capillary (Hirschmann
Laborgerate ringcaps Duran, GmbH & Co. KG, Germany) was inserted
(as described by Hiltpold et al., 2010). The dispensers were inverted
and the capillaries inserted into trays with the substrate, behind the
cage with larvae and 2 cm from the edge (Fig. 1a). Soil trays without
dispensers were used as controls (Fig. 1b). Experiments were con-
ducted at room temperature (22 ± 2 °C, 33% relative humidity) and
larval mortality was recorded every 12 hours during 4–5 days. The
experiment was repeated three times, each time using fresh nematode
inoculum, insect larvae and newly prepared soils.

Data of larval mortality from the three experiments were pooled
after testing homogeneity of the results. To compare mean times of
death between different treatments statistical analyses were performed
with a Generalized Linear Mixed-Effects model, with gamma distribu-
tion and replicate as a random effect in R environment (version 3.1.2.,
2015). In the second and third experiments, numbers of nematodes
that infected each sentinel larva were recorded by dissecting cadavers
and digesting the tissues with a pepsin solution 72 h after larval death
(Mauleon et al., 1993). Data from these experiments were pooled. The

proportion of nematodes that succeeded to infect one larva at each
time-point of evaluation was calculated and these data were square root
transformed in order to normalize their distribution. Data were
analysed with a Two-Way Anova in R environment (version 3.1.2.,
2015).

2.4. Effects of soil texture on migration of Heterorhabditis megidis in
the presence or absence of naturally produced EβC

The effect of plant-produced EβC on EPN attraction in different soil
types was tested. To provide optimal water conditions for the plants,
water content for each soil was adjusted to achieve field capacity based
on values provided by the USDA (1998). MilliQ water was added to
each substrate in different proportions: C (25%), CL (21%) and SL
(20%). In each tray we placed a 16-day old (four leaves) maize plant at
1 cm distance from one of the edges of the tray and the root system was
infested with six late second instar D. virgifera larvae. The larvae were
allowed to feed on the roots for 48 h before releasing the EPNs (Fig. 2).
Trays without plants were used as controls. Three replicates per
treatment were done simultaneously and the experiment was repeated
two times (n=6). Infective juveniles of H. megidis were released 48 h
after insect infestation, 12 cm away from the maize plant. Fifty-six
hours after this release, the numbers of individuals of H. megidis were
estimated by sampling four positions within each soil tray: 1) 12 cm
away from the inoculation point, in the plant/no-plant (P), 2) in the
middle of the tray, at 5 cm distance from the inoculation point (M), 3)
in the release point (R) and 4) in the sides of the trays (L) (Fig. 2). A
sample consisted of two cores of soil of 19.6 cm3 each one (approxi-
mately 50 g of soil), taken with a cylindrical metallic sampler (2.6 cm,
diameter). To recover the EPNs from the samples they were placed in
Baermann funnels (Hass et al., 1999). Each time the sampler was
cleaned with distilled water. After 24 hours, the numbers of H. megidis
individuals that had fallen from the funnel trap were decanted in
10 mL of water and were counted under a stereo-microscope. The
experiment followed a split-plot design with four factors: Replicate,
Soil type, Plant presence and Location within the tray. The numbers of
nematodes counted at each location were transformed with (log+1) to
normalize the data. Data were analysed with a Mixed Procedure with
fixed factors (Soil, Plant, Location, Replicate) and random factors
(ReplicatexSoil, ReplicatexSoilxPlant in SAS (9.2. Cary, NC, USA).
Differences between treatments were obtained by Least Square Means.

Fig. 1. Set-up used to test the effects of soil type on host infection by Heterorhabditis
megidis. (A) Four Galleria melonella larvae caged next to an (E)-β-caryophyllene
releasing capillary dispenser, (B) Four Galleria melonella larvae caged without capillary
dispenser (control).
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3. Results

3.1. Diffusion patterns of synthetic Eβc in various soil types, at
different moisture levels, distances and concentrations

The diffusion of EβC was strongly reduced in soils with high clay
content and 10% moisture level, but markedly improved when soil
moisture was increased to 20%. At 10% moisture and 10 cm distance
from the source, EβC (in low concentrations) diffused readily in sand,
as expected (Hiltpold and Turlings, 2008), but was not detected in any
of the soils we tested (Supplementary data 2). When the concentration
of EβC was increased 100-fold, EβC rapidly diffused in sand, and we
could also detect it at 10 cm distance in clay loam (CL), but not in
sandy loam (SL) and clay (C) soils (Supplementary data 3). When
reducing the distance from the fibre to the source to 5 cm, with the high
dosage of EβC and 10% of humidity in the substrates, EβC was detected
in considerable amounts immediately after injection in sand, while in
all soils a slower but increasing gradient of detection was found over
the 9 h of measurements (Fig. 3). The slope and intercept for the
gradients of diffusion varied among the soil types. The soils C and CL
showed differences in both slope (P=0.03) and intercept (P=0.03),
whereas C and SL only differed in slope (P=0.02) and CL and SL

differed marginally in the intercept (P=0.09) (Fig. 3).
Interestingly, when soils were tested at 20% humidity, detection of

EβC improved dramatically (Fig. 4). The highest detection was
recorded in sandy loam (SL) within one and half hours after injection.
Much lower and similar amounts of EβC were measured both in clay
loam (CL) and clay (C) within 120 min and 60 min after injection,
respectively. Differences between slope/peak in each of the comparison
between soils were not significant (P > 0.1). In contrast, in soils at 5%
of humidity the diffusion of EβC was marginal and variable in the three
soil textures (Supplementary data 4).

3.2. Effects of soil texture on host infection by Heterorhabditis megidis
in the presence or absence of EβC

Overall, the mean time of death after release of H. megidis was
affected by soil type (P < 0.01; Fig. 5). Mean time of death was also
affected by the presence or absence of an EβC-releasing capillary
dispenser (P < 0.05; Supplementary data 5) but this effect only
accounted for 27% of the variation in the experiment. The interaction
between soil and EβC was not significant (P > 0.1) and we therefore
used an additive model to analyse the data. The model showed that the
observed mean times of death are lower for sand, sandy loam and clay

Fig. 2. Set-up used to test the foraging success of Heterorhabditis megidis in different
soil types. Schematic layout of a tray with a maize plant, rootworm larvae and nematodes:
nematode release point (R), lateral (L), middle (M) and plant (P). Control trays did not
include maize plants.
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loam soils compared with clay soil (Table 2). Numbers of IJs that
succeed to infect one larvae of G. melonella were different between soil
types (F3,163 = 10.7, P < 0.01) and the presence of a EβC-capillary
dispenser had a marginal effect (F1,163 = 2,7, P =0.09). The interaction
between soil type and presence of EβC was not significant
(Supplementary data 6a and 6b).

3.3. Effects of soil texture on migration of Heterorhabditis megidis in
the presence or absence of naturally produced EβC

The migration of IJs of H. megidis was different for the two maize
varieties (F2,84 = 10.42, P < 0.0001) but was not affected by soil type
(F3,84 = 0.67, P=0.67). However, there was a significant interaction
Plant x Soil (P=0.002) affecting EPN migration in the trays. In trays
with pure sand and in trays with clay loam soil more IJs of H. megidis
were recruited in the rhizosphere of maize plants var. Graf (high
emitter of EβC) as compared to var. Pactol (low emitter of EβC) (Fig. 6a
and b). This was not the case for trays with sandy loam and clay soil,
where there were no differences between the nematodes recruited by
the two maize varieties (Fig. 6c-d). In all cases, many more EPN were
recovered near the plants than in the same place in control trays
without plants (Fig. 6). The numbers of nematodes that were recovered
from the other sampling spots in the trays showed not clear patterns
(Fig. 6).

4. Discussion

4.1. Diffusion of E-(β)-caryophyllene in different soil textures

Our findings confirm the hypothesis that sand content in a soil
affects the diffusion of EβC. In soils with 10% moisture, EβC diffused
better in both a clay loam soil and a sandy loam soil (29.2 and 55.9%
sand) compared to a clay soil (17% sand). A previous study by Hiltpold
and Turlings (2008) showed that diffusion of EβC was significantly
decreased in a sandy loam soil comparing to diffusion in pure sand.
Moreover, when studying EβC diffusion in relation to water content in
pure sand, diffusion of EβC was almost two-fold larger at 1% of
humidity than at 10% humidity (Hiltpold and Turlings, 2008). In sharp
contrast, in our study the best diffusion of EβC occurred in soils at 20%
of humidity, which is around the field capacity of these soils (see
Table 1). The quantity of EβC (100-fold higher than in the Hiltpold and
Turlings (2008) study) used in our experiments was far outside of the
natural range of EβC production by maize roots, but it allowed us to
detect the volatile with the employed methodology and to reveal how
EβC behaves in different soils and under different humidity conditions.
In soils with 10% water, EβC was detected in clay loam soil, but not in
sandy loam and clay soils, which is in agreement with the pattern
observed in soils at 20% moisture. However, in soils with 5% water,
EβC diffused better in sandy loam than in clay loam soil. This may be
explained by the fact that pores in clay loam soils are easily saturated
with small quantities of water in contrast to sandy loam soils.

EβC is a non-polar compound that dissolves poorly in water and is
assumed to disperse through the gaseous phase of the soil (Hiltpold
and Turlings, 2008; Turlings et al., 2012). It has been well documented
that diffusion of volatile organic compounds in soils is highly depen-
dent on soil adsorption properties (Lindstrom et al., 1967; Steinberg
and Kreamer 1993), and is largely determined by the mineral
composition of soils (Ruiz et al., 1998). It has been suggested that
since the water molecule is a strong dipolar molecule, it competes for
adsorption sites in the soil mineral particles and may displace non-

Table 2
Observed means time of death for G. melonella larvae in each type of soil.

Type of Soil Observed mean time of death
(hours)

Predicted mean time of death
(hours)

Sand 55,5 55.4
Sandy loam 51,6 51,4
Clay 66,8 66,3
Clay loam 60,0 59,7
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polar organic molecules (Ruiz et al., 1998). Our results are in
agreement with this hypothesis and imply that in soil water prevents
the interaction of EβC with soil particles of high adsorption capacity
(i.e. clay). It is also interesting to note that the detectability of the EβC
in a sandy loam soil decreased rapidly in comparison to a clay loam or
clay soil (Fig. 4), this might be explained by the fact that adsorption is
relatively low in sand (Ruiz et al., 1998) and as a result the root volatile
may be partially lost by vertical diffusion, as shown by Rasmann et al.
(2005).

Soil porosity also plays a role in the diffusion of volatile organic
compounds. Pore size affects and is affected by several factors, such as
the movement of water, air and other fluids, the transport and reaction
of chemicals, and the residence of roots and other biota (Nimmo,
2004). In general, sandy soils have a larger particle and pores sizes
(Plant and Soil Sciences elibrary, 2014), which may favour the diffusion
of root produced volatiles through the gaseous phase. Indeed, we found
better diffusion of EβC in clay loam and sandy loam soils, which have a
relatively higher content of sand and larger pores in comparison to a
clay soil.

Overall, the results confirm that EβC is a suitable belowground
signal in real cropping conditions, but different soil types may differ in
the action-radius of EβC for EPN attraction.

4.2. Effects of soil texture on host infection by Heterorhabditis megidis
in presence or absence of synthetic EβC

Our results support previous conclusions about the effects of soil
texture on virulence and infectivity of EPNs. We recorded earlier
mortality of G. melonella larvae in pure sand and sandy loam than in
clay and clay loam soils, probably due to reduced motility of the H.
megidis in the clay-rich soils, as Kaya (1990) suggests that nematode
motility generally decreases as soil pores become smaller. Indeed, the
rates of movement and infection by nematodes are strongly correlated
with the amount of soil pore openings of dimensions similar to or
greater than the diameters of the nematodes (Portillo-Aguilar et al.,
1999). Small soil pores, particularly in combination with higher soil
moisture also limit oxygen levels and with that activity and survival
(Kung et al., 1990) of EPNs. Indeed, motility and persistence are
influenced by numerous interacting intrinsic (e.g. behavioural, physio-
logical and genetic characteristics) and extrinsic factors [e.g. tempera-
tures, soil moisture, soil texture, relative humidity and UV radiation
(Kaya, 1990; Smits, 1996; Stuart et al., 2006, 2015).

The EβC releasing capillary had only a small effect on the infectivity
and virulence of H. megidis. This result may have several explanations.
Possibly, under the experimental conditions, the CO2 expelled by G.
melonella larvae was more readily detected by the IJs of H. megidis,
before they were able to detect EβC. Turlings et al. (2012), showed that
CO2 works in synergy with the EβC and propose CO2 predominantly
serves as a response activator that alerts EPNs to the general presence
of living organisms and may enhance their responsiveness to more
specific and more reliably inducible plant cues. In the current study we
also did not find any differences between the number of IJs that
succeed to infect one G. melonella larvae in treatments with an EβC
releasing capillary and without it, in contrast to when we used EβC-
releasing maize plants.

4.3. Effects of soil texture on migration of Heterorhabditis megidis in
presence or absence of natural EβC

In agreement with observations in pure sand by Rasmann et al.
(2005) and Hiltpold et al. (2009), IJs of H. megidis were significantly
more attracted to maize plants that release EβC than to plants with low
production or controls without plants. We also confirmed the impor-
tant role of root cues for EPNs attraction (Wang and Gaugler, 1998),
independently of the fact that roots produce EβC or not, they recruited
more EPNs than empty trays, possibly because of root-produced CO2,

which may serve as a universal host cue (Gaugler et al., 1980; Dillman
et al., 2012; Turlings et al., 2012). The attraction towards the roots is
also evident from the fact that fewer nematodes remained at the
original point of release in trays with plants.

The migration of H. megidis toward EβC producing plants was
dependent on soil type and was most effective in clay loam soil. In this
soil, IJs migrated more toward EβC producing plants (var. Graf) than
toward non-producing maize plants (var. Pactol). This result is in
agreement with a Hungarian field trial in clay loam soil, where plants
that produced EβC were found to attract more EPNs than plants that
did not produced EβC (Rasmann, 2006). In our tray experiments with
non-releasing Pactol plants, the majority of nematodes remained at the
release point or in the middle of the tray, which was not the case for the
trays with Graf plants (Fig. 6). In contrast, in sandy loam soil, at the
time we evaluated the experiment, there was not difference between
Graf and Pactol plants in the number of nematodes that reached the
plant area. However, in the middle of the tray we found a significantly
higher number of IJs in the trays with Graf plants, suggesting that IJs
were moving toward the plant releasing the EPN attractant. If this is
the case, we can conclude that recruitment of H. megidis by EβC
producing plants takes a longer time in a sandy loam soil than in a clay
loam soil. This corresponds well with the diffusion of EβC in the
different soils: EβC detection after applying it in the diffusion experi-
ments reached its maximum level at the same time for both soils.
However, the detection of the EβC was more sustained over time in the
clay loam soil than in the sandy loam soil (Fig. 4). This suggests that
EβC may be perceived more easily by the EPN H. megidis in clay loam
soil and may be rapidly lost in a sandy loam soil due to upward
volatilization.

In clay soil, the migration of H. megidis toward EβC producing and
non-producing plants was much less than in the other soil types. The
diffusion of EβC in clay soil was comparable to its diffusion in clay loam
soil. Yet, the IJs took longer to reach the roots. This suggests that, even
though the IJs might readily detect the EβC signal, their movement is
impaired in this type of soil because of low porosity (Kaya, 1990; Stuart
et al., 2006, Stuart et al., 2015).

5. Conclusions

The diffusion of the root signal EβC was found to strongly depend
on soil texture and soil humidity. At low water content (10%), its
diffusion was reduced specially in clay soil but it was improved when
water content was increased to 20% in clay loam, sandy loam and clay
soils. Moreover, the gradient of CO2 produced by insect-caged hosts
may be established faster than the one of the synthetic EβC, favouring
the location of the hosts by the nematodes independently of the
presence of other cues. However, in soil-filled glass trays, under
laboratory conditions, the production of EβC by maize roots was found
to influence the migration behaviour of H. megidis depending on the
soil texture. Under real agricultural conditions, clay loam soils facilitate
the recruitment of H. megidis IJs towards the rhizosphere of EβC-
producing plants. Orientation by EPN in sandy loam soils may be less
efficient and in clay soils the EβC signal may not at all help maize plants
to recruit IJs. Further research on the dynamics of the EβC root signal
in relation to other soils factors such as: pH, organic matter, moisture
and temperature is needed to elucidate how to better exploit this HIPV
to control D. virgifera and other soil-borne pests.
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