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Several methods were developed to study the properties of compounds involved in tritrophic 
interactions in soil. Compounds released by the roots of Thuja occidentalis upon attack by weevil 
larvae (Otiorhynchus sulcatus) were found to attract the entomopathogenic nematode Heterorhabditis 
megidis.  

Keywords: Heterorhabditis megidis, Otiorhynchus sulcatus, soil, tritrophic interactions, solubles, volatiles 

Plants protect themselves against insect herbivores, either directly by for instance toxins, or 
indirectly by promoting the effectiveness of the herbivore’s natural enemies. Evidence for this 
indirect defence has been provided by studies on aboveground plant parts (Dicke et al., 1990; 
Takabayashi & Dicke, 1996). Recently, it was shown that indirect plant defences also operate 
underground. Entomopathogenic nematodes (Heterorhabditis megidis) were attracted to exudates 
released by roots of a coniferous plant (Thuja occidentalis) upon attack by weevil larvae 
(Otiorhynchus sulcatus) (Van Tol et al., 2001). These exudates thereby function as a SOS, 
signaling the presence of herbivores to their natural enemies.  

Entomopathogenic nematodes (EPNs) are known to be attracted to undamaged plant roots 
(Choo et al., 1989; Lei et al., 1992), to their insect hosts (Schmidt & All, 1978; Gaugler et al., 
1980; Lei et al., 1992; Lewis et al., 1993) and the associated cues such as CO2 and faeces (Schmidt 
& All, 1978; Gaugler et al., 1980; Lewis et al., 1993) and as recently shown to insect damaged 
roots (Boff et al., 2001; Van Tol et al., 2001). Little is known, however, of the properties of the 
signals involved in these interactions.  

In this study we investigated the properties of SOS signals present in the exudates of weevil-
damaged roots. For this purpose we developed two experimental set-ups; one to test the 
attractiveness of volatiles and one to test the attractiveness of water-soluble compounds.  

MATERIAL AND METHODS 
In both set-ups, nematodes belonging to the species H. megidis were reared on wax moth larvae 
(Galleria mellonella) in sterilized silver sand in a climate chamber at 20°C. Infective juveniles 
emerging from the insects were collected in tap water and stored in a dark climate chamber at 
10°C. 

Experimental set-up 1: volatiles 
In order to test the attractiveness of volatile compounds for infective juveniles we developed a set-
up in which horizontally placed drinking straws were connected to a bottle containing a volatile 
via a precision laboratory pump (Watson Marlow 205S) and tubes (Tygon R3607, ID: 0.27 mm, 
wall: 0.92 mm, color code: orange/blue). Each straw had a length of 15 cm and a diameter of 0.5 
cm and was filled with 500 µl water agar (1.2% with 0.15% Tween) to create a thin layer on which 
the nematodes could move, either towards or away from the volatile source. Prior to the 
experiment, the volatile was pumped into the straws to create a gradient of the volatile via free air 
exchange at the open end of the straw. Nematodes were released in the middle of the straws in a 
volume of 10 µl tap water. After 1 hour of incubation at 20°C the straws were cut into 5 equally 
sized pieces (I, II, III, IV and V) and the amount of nematodes in each part was counted. Part I was 
the part connected to the laboratory pump, part III was the middle of the straw and part V was in 
connection with the air, and other parts were in between. The distribution of the nematodes in the 
straws was represented as the weighted number of nematodes that moved towards the volatile (A) 
divided by the weighted amount that moved away from the volatile (R), the A/R ratio. Thus, A was 
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calculated as A= 2*I + II and R= 2*V + IV. Since CO2 is an attractant for EPNs (Gaugler et al., 
1980), the set up was tested with CO2 and, as a control, with only air in the bottle. Experiments 
were conducted at four different flow rates in order to obtain different CO2 concentration 
gradients. Those flow rates were 1.5 ml/day; 2.25 ml/day; 3 ml/day and 3.75 ml/day. 

Experimental set-up 2: water-solubles 
To test the olfactory behaviour of the nematodes to water-solubles we constructed a Y-shaped 
aluminium tube divided into four parts by nylon gauze; the two arms, a center part and the base of 
the Y-tube. The Y-tube was placed horizontally in a Petri dish (∅ 90 mm) and filled with sterilized 
silver sand. To one of the arms 25 µl root exudate was added, to the other arm 25 µl tap water as a 
control. Tap water was pumped through the Y-tube from the arms to the base by a precision 
laboratory pump (Watson Marlow 205S) (1.5 ml/day) to create a gradient of the exudate. After 30 
minutes 100 nematodes were added to the center part of the Y-tube. The nematodes were collected 
from the four Y-tube parts after half an hour and counted. 

Weevil damaged T. occidentalis plants were planted in sterilized silver sand in PVC tubes with 
a nylon mesh bottom. After 24 h the roots were rinsed with tap water and the plants were 
transplanted in a tube with fresh silversand. After one day the tubes were flushed with 50 ml tap 
water and incubated for another 24 h. The root exudates were collected at the bottom of the tubes 
by flushing the tubes with 10 ml tap water. As a control, tubes with sand only were flushed with 
tap water (sand extract). Half of the exudates were bubbled for 10 minutes with air, the other half 
with helium to remove most dissolved volatiles.  

The following comparisons were made: 
- control vs. control (only tap water) 
- weevil-damaged root exudate vs. sand extract  
- weevil-damaged root exudate vs. sand extract (both helium-bubbled) 
- sand extract (helium-bubbled) vs. sand-extract (non-bubbled) 
- weevil-damaged root exudate vs. sand extract (both air-bubbled) 

RESULTS AND DISCUSSION 

Experimental set-up 1 
We found that the distribution of the nematodes, represented as the A/R ratio, was different from 
an even distribution (A/R=1) at the lowest CO2 flow rates (1.5 ml/day and 2.25 ml/day: A/R>1), 
and the highest CO2 flow rate (3.5 ml/day: A/R<1). The preference of the EPNs at a CO2 flow rate 
of 3 ml/day and in the control treatment did not differ from an equal distribution (A/R=1) (Fig. 1). 
Most likely, nematodes were repelled by the unnaturally high CO2 concentrations in the straws 
caused by the flow rate of 3.5 ml/day. The gradient concentrations in the straws were probably 
higher than average CO2 concentrations in soils. The concentration caused by the flow rate of 3 
ml/day was found to be the turning point; the amount of nematodes attracted by this concentration 
of carbon dioxide equals the repelled amount. The amount of CO2 at the lowest flow rates is still 
attractive to the nematodes, indicating a situation more similar to natural environments. 

Experimental set-up 2  
We found that nematodes were more attracted to weevil damaged-root exudates when a sand 
extract was the alternative. This preference disappeared after removal of volatiles dissolved in the 
exudates by both helium and air-bubbling (Fig. 2). Since the gradient of the root exudates was 
obtained with a water flow and the preference disappeared after removal of the dissolved volatiles 
by bubbling, the active compounds in the exudate are probably water-soluble volatiles. 

CO2 may be a candidate in respect to this. Although carbon dioxide is a water-soluble volatile 
and known to be an attractant for EPNs, it is not likely that CO2 is the only factor determining the 
host finding of H. megidis. Infective juveniles of H. megidis prefer the cues released by insect 
damaged T. occidentalis roots over undamaged and mechanically damaged roots (Van Tol et al., 
2001) and show no preference for mechanically damaged roots over undamaged roots 
(unpublished data, Van Tol and Riemens). If carbon dioxide were the only factor, the nematodes 
would  most likely prefer the mechanically damaged roots to the undamaged roots,  since damaged  
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Figure 1. Distribution of the nematodes represented as the A/R ratio for the different CO2 flow rates and the 
control treatment. The distribution shown in the control treatment is the mean of the distributions from the 
control treatments at the different flow rates. Error bars indicate the standard deviation. Asterisks (*) indicate 
that the distribution in the straws is significantly different (p=0.05) from an even distribution. 

 
 

 
Figure 2. Distribution (mean percentage ± s.d.) of nematodes choosing either arm of the Y-tube. The 
distribution of the nematodes over the arms of the Y-tube was compared within each comparison. Asterisks 
(*) indicate a significant preference for one of the arms compared to the even distribution.1; control vs. 
control (only tap water), 2; weevil damaged-root exudate vs. sand extract, 3; weevil damaged-root exudate 
vs. sand extract (both helium-bubbled), 4; sand extract (helium-bubbled) vs. sand extract (non-bubbled), 
5;weevil damaged-root exudate vs. sand extract (both air-bubbled) UB; unbubbled, HB; helium-bubbled, 
AB; air-bubbled. 
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roots release more CO2. The attraction of the nematodes to CO2 in this study may indicate that they 
use CO2 concentration gradients with other cues, to locate and discriminate their host from other 
CO2 sources in the soil once they are in its vicinity. It seems that they also use CO2 for orientation 
at large distances, especially in organic rich soils where many different CO2 sources may exist that 
are unrelated to the host insect (Van Tol et al., 2001). 

This study shows that with the developed experimental methods it is possible to measure the 
attractiveness of plant-derived water-soluble and volatile compounds. There is evidence that 
volatile water-soluble compounds attract H. megidis towards roots of T. occidentalis which have 
been damaged by vine weevil larvae. Additional experiments in combination with chemical 
fractionation may lead to further identification of the compounds involved in the host finding of 
EPNs in tritrophic interactions. 
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