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Abstract
Entomopathogenic nematodes (EPNs) have a specialized infective 
juvenile stage (IJ) that is mobile and has the capability to seek insect 
hosts to penetrate their haemocoel. EPNs are primarily applied to soil 
as biological control agents; thus, the IJs must move through the soil to 
find and infect a host. Soil characteristics are known to be an important 
factor that can affect the efficiency of EPN movement behavior. 
Previous research has shown that exposure to ascaroside pheromones 
can enhance EPN movement and infectivity in soil. The ability of 
pheromones to enhance EPN efficacy was recently demonstrated 
under field conditions in a pecan orchard. However, prior to our 
research, it was unknown whether different soils have differential effects 
on pheromone enhanced EPN efficacy. In different soils, we tested the 
biocontrol efficacy of Steinernema carpocapsae, Steinernema feltiae 
and Heterorhabditis bacteriophora in soil columns with and without 
pheromone exposure. All nematodes were evaluated in separate 
columns filled with oven dried commercial play sand and two different 
soils from pecan orchards (from Byron, GA and Tifton, GA). The soils 
differed substantially in several aspects such as field capacity, organic 
matter, nutrients, and nematode movement capacity. Efficacy was 
determined by baiting the bottom section of each column with larvae 
of the yellow mealworm (Tenebrio molitor L.). Results indicated that 
pheromones enhanced EPN efficacy for all EPN species and soils 
tested compared to treatments without pheromones. The magnitude/
extent that pheromones boosted EPN movement in all EPNs 
regardless of soil type did not differ. Soil did not affect EPN efficacy for 
H. bacteriophora but did affect S. carpocapsae and S. feltiae. For both 
S. carpocapsae and S. feltiae efficacy was highest in the sandy field 
soil (Tifton soil) followed by that of the loamy sand (Byron soil) and pure 
sand (commercial play sand). When comparing the efficacy of EPN 
species to each other, we observed that H. bacteriophora killed more 
bait insects exposed to soil in the bottom of the soil column than other 
EPNs. Our findings suggest that pheromones can be used to enhance 
EPN efficacy in diverse soils. Future research may explore pheromone 
effects on EPNs in additional substrates.
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Dispersal, host-finding, and infectivity are principal 
behaviors for parasites. A combination of extrinsic 
cues and intrinsic chemical drivers allied with potential 

hosts directs dispersal, foraging behavior, and 
infection (Kaplan et al., 2020). Local environmental 
conditions also affect a parasite’s success. For 
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example, for soil-inhabiting parasites environmental 
factors impacting dispersal include soil moisture, soil 
type, temperature, salinity, etc. (Kaspi et al., 2010). 

Entomopathogenic nematodes (EPNs) belonging 
to the genera Steinernema and Heterorhabditis are 
biological control agents that are used to control 
a broad range of economically important insect 
pests (Shapiro-Ilan et al., 2017, 2018; Shapiro-
Ilan and Lewis, 2024). These nematodes naturally 
inhabit soil and kill their hosts with the aid of 
symbiotic bacteria: steinernematids are associated 
with Xenorhabdus spp. and heterorhabditids are 
associated with Photorhabdus spp. bacteria. Once 
nematodes consume an insect host, a specialized, 
non-developmental stage called the infective juvenile 
(IJ) develops inside the spent host, which disperses 
and forages to search for a new host. The IJs typically 
move through the soil environment to find their next 
host. 

EPN foraging strategies have been categorized 
on a continuum from ambushing to cruising behavior 
(Campbell et al., 1998; Lewis et al., 2006; Griffin, 
2012; Lewis et al., 2024). While in the soil or on the 
soil surface, ambushers perform a sit and wait 
strategy and spend a considerable amount of host-
finding time in a stationary position, often standing 
on their tails and waiting for a host to pass by. 
Steinernema carpocapsae has been classified as an 
example of an ambusher (Lewis et al., 1992). Cruising 
nematodes are more active in moving in the soil and 
searching for a host to infect, they generally do not 
tail stand or jump (as ambushers do). For example, 
Steinernema glaseri and Heterorhabditis spp. are 
classified as cruisers. Intermediate foragers often 
exhibit foraging behaviors that entail characteristics of 
both ambushers and cruisers; Steinernema feltiae is, 
for example, considered to be an intermediate forager 
(Selvan et al., 1993; Campbell and Kaya, 2002; Lewis 
et al., 2006). 

EPN movement in different soils has been 
observed to vary. In heavier soils, infectivity and 
movement are hindered, whereas in light loam 
soils with similar percentages of silt and clay, their 
movement is facilitated (Brzeski and Sandner, 1974; 
Kaya, 1990; Hazir et al., 2003; Campos-Herrera and 
Gutierrez, 2009; Shapiro-Ilan et al., 2009). Infectivity 
of many EPNs increases with soil sand content (Kung 
et al., 1990; Portillo-Aguilar et al., 1999). IJs penetrate 
hosts more quickly in sandy and sandy loam soils 
(Kaya, 1990). Kaspi et al. (2010) observed the 
highest nematode foraging efficacy and infectivity in 
sandy soils. Soil with the appropriate moisture levels 
also facilitates EPN movement and host-finding. 
The movement of nematodes within soil pores is 

enabled by a thin water capsule around the body 
of the nematode (Norton, 1978; Kaya and Gaugler, 
1993; Shapiro-Ilan and Gaugler, 2002; Glazer, 
2002). Soil pH is a key factor in EPN activity, acidic 
soil pH levels cause decreases in IJ infectivity and 
survival. The optimal pH range of soil for the growth 
and reproduction of most plant species and soil 
organisms is between 5.5 and 7.2 (Stuczynski et al., 
2004).

Given that foraging and infectivity are critical 
to EPN success, factors that impact foraging and 
infectivity in soil can lead to improved efficacy. EPN 
ascaroside pheromones can increase EPN movement 
and infectivity in soil (Oliveira-Hofman et al., 2019; 
Shapiro et al., 2019). Thus, pheromones may be used 
to boost the efficacy of EPNs in pecan systems and 
in other commodities. Examples of improved EPN 
efficacy based on pheromones thus far only include 
sand in laboratory and greenhouse studies (Oliveira-
Hofman et al., 2019; Shapiro et al., 2019) and one field 
experiment in a pecan orchard targeting pecan weevil 
(Perier et al., 2024). However, the impact of different 
soils on pheromone activity has not been studied. In 
this study, we tested the effect of different soils on 
the pheromone booster effect. We tested the efficacy 
of EPNs with three different foraging strategies with 
or without pheromone pre-treatment in three different 
soils. We chose pure sand (commercial play sand 
(as a baseline) and two soils from pecan orchards, a 
sandy field soil (Tifton) and loamy sand (Byron). The 
soils differed substantially in several aspects such 
as field capacity, pH, organic matter, nutrients, and 
nematode movement capacity. For the purposes of 
this paper, we define efficacy as relative measure 
of the ability to move through the soil, infect and kill 
insect pests. 

Materials and Methods

Insect source and nematode culture: Galleria 
mellonella (L.) (Lepidoptera: Pyralidae) and Tenebrio 
molitor L. (Coleoptera: Tenebrionidae) used in this 
experiment were obtained from Southeastern 
insectaries, Inc. (Perry, GA). 

All nematode strains were cultured in vivo at 
25°C in the last instars of commercially obtained 
G. mellonella based on methods described by Hazir 
et al. (2022). Briefly, IJs were collected from cadavers 
using a White trap (White, 1927). This method involved 
placing G. mellonella larvae that were previously 
infected with EPNs into a 60 × 15 mm Petri dish lined 
with moistened filter paper. This Petri dish was placed 
inside of a 90 × 15 mm Petri dish filled with 30–
40 ml of water which the IJs would migrate to upon 
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emergence. IJs were collected from the water every 
day to prevent high mortality due to lack of oxygen. 
All of the emerged IJs were stored at 14 °C until use 
(no later than two weeks post-harvest).

Deconditioning the nematodes: Prior to 
experimentation, all nematodes went through 
a sensitization process to remove any residual 
pheromones from the in vivo cultures. To optimally 
detect a pheromone response, nematodes need to 
be sensitized to pheromones by washing followed 
by removing excess water from them and stored 
for a period of 11–14 days (Srinivasan et al., 2008; 
Kaplan et al., 2011, 2012; Oliveira-Hofman et al., 
2019; Shapiro-Il et al., 2019). EPN washing was done 
by vacuum filtration. Excess water was removed into 
a plastic jar (below the filter) and all IJs remained on 
the top of the filter. IJs were rinsed three times with 
deionized water. After the final wash, deconditioned 
EPNs were resuspended in deionized water and 
stored in a culture flask at 14 °C for 11–14 days 
prior to the experiment to ensure that the IJs were 
deconditioned. 

Pheromone extract: S. feltiae pheromone 
extracts were obtained as described by Kaplan 
et al. (2020). Briefly, pheromones were extracted 
using 70% methyl alcohol from S. feltiae consumed 
host cadavers (Kaplan et al., 2012; Oliveira-Hofman 
et al., 2019; Shapiro-Il et al., 2019). Infected cadavers 
were harvested and used within 10 days of initial IJ 

emergence. The cadavers were mixed with 70% 
methanol (one cadaver in 1 ml of 70% methyl alcohol) 
in an incubator shaker (New Brunswick Scientific, 
Ontario, CA) at 150 rpm at room temperature 
for 10 min. The supernatant was collected by 
centrifugation at 10000 rcf for 15 min and dried in a 
rotary evaporator. The extract was then resuspended 
in 10X concentration using purified water (ELGA 
Purelab Ultra, High Wycombe, UK) and centrifuged at 
6000g for 15 min. The supernatant was lyophilized in 
a 4-L 8 manifold lyophilizer and then stored in −80 °C. 

Efficacy bioassay: Efficacy was measured for 
S. carpocapsae (All strain), S. feltiae (SN) and H. 
bacteriophora (VS) in columns made of three stacked 
sections (4 cm diameter x 5.3 cm length per section 
and full length of 16cm) of polyvinyl chloride (PVC) 
pipes as described by Wu et al. (2018), Oliveira-
Hofman et al. (2019), and Slusher et al. (2024). The 
three EPN species were tested in separate columns. 
Three different soils were tested: commercial play 
sand (Quikrete® Premium Play 76 Sand, Atlanta, 
USA), and soil obtained from two different pecan 
orchards, one in Tifton, GA (University of Georgia 
Ponder Research Farm (31°30′29.1″N 83°38′16.0″W)) 
and one in Byron, GA (USDA-ARS Southeastern 
Fruit and Tree Nut Research Station (32°39′30.9″N 
83°44′31.4″W)). Soil characteristics are provided 
in Table 1. The soils differed substantially in several 
characteristics including organic matter, field capacity 

Table 1: Characteristics of three soils included in entomopathogenic nematode 
movement studies.

Tifton Orchard soil Byron Orchard soil Play Sand

Field-capacity (%) 13.5 14.5 8

Low cation buffer (LCB) (ppm CaCO3/Ph) 238.0 353.0 49.00

pH CaCl2 5.48 4.77 6.16

Equivalent water pH 6.08 5.37 6.76

Sand (%) 98.1 84.1 100.0

Silt (%) 1.9 13.6 0.0

Clay (%) 0.0 2.2 0.0

Organic matter (%) 1.670 6.259 0.0340

Calcium (kg/ha) 1217.24 2252.91 178.77

Potassium (kg/ha) 132.82 219.68 57.42

Magnesium (kg/ha) 181.12 278.97 17.86

Manganese (kg/ha) 15.13 299.26 2.953

Phosphorus (kg/ha) 337.93 162.18 11.44

Zinc (kg/ha) 32.78 51.98 1.769
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and nutrients. Each column was separately filled 
with soil from one of the three different soils and 
maintained at their corresponding field capacity (field 
capacities were 8%, 13.5% and 14.5% for commercial 
play sand, Tifton orchard soil, and Byron orchard soil, 
respectively). Approximately, 3,500 IJs of each EPN 
species were added to the top of each vertically 
placed column. EPNs were introduced in either a 
suspension with pheromones or without (control). 
For the pheromone treatment, resuspended 100 host 
cadaver equivalent (HCE) Sf pheromone extracts 
(Kaplan et al., 2012) in 10 ml of deionized water were 
added to ~100,000 pheromones deconditioned IJs in 
10 ml of water to a pheromone mixture (10ml) (this 
made the final pheromone concentration 1X). The 
total volume was 20 ml (pheromone +IJs) and was 
then incubated for 20 min by placing the suspension 
on its side on a rocking table to ensure aeration. For 
non-pheromone treatments, IJs were resuspended in 
deionized water at the same volume.  The tops of the 
soil columns were covered and stored in an incubator 
at 25 oC for three days to allow for the nematode 
movement.

Treatment comparisons were made by assessing 
EPN efficacy of IJs that moved into the bottom 
section of the columns (Wu et al., 2018; Oliveira-
Hofman et al., 2019). To test for movement and 
infectivity, soil from the bottom section of each PVC 
column was placed into Petri dishes and baited with 
10 T. molitor larvae. After three days of incubation at 
25 °C, the number of dead insects was determined. 
If 100% mortality was achieved, the plates were 
rebaited (three-day incubation) until less than 100% 
mortality was observed. Total insect mortality 
from the multiple baitings was compared among 
treatments.

There were three replicates for each nematode*soil* 
pheromone combination and the entire experiment 
was repeated in time.

Statistical analysis: Data were analyzed using a 
generalized linear model (GLM) followed by Tukey’s 
HSD test (SAS, 2011). To determine the effect of 
pheromone treatment within each soil type, each 
EPN species was run separately. Factorial analysis 
was applied with pheromone and soil as main 
factors. There was no significant interaction between 
soil type and pheromone, so we were able to look at 
differences across the main variables. Subsequently, 
to compare the relative pheromone-boosting effect 
(pheromone improvement) among the EPN species 
and soils, we calculated the ratio of dead bait insects 
in the pheromone treatment columns relative to 
(divided by) the corresponding number of insects 
killed in the non-pheromone control columns for each 

species; this calculation allowed us to compare the 
magnitude of pheromone-boosting effects among 
nematodes and among the soils. No significant 
interaction between main variables was observed 
so again only main effects are reported. Lastly, we 
compared the efficacy among EPN species. Data 
transformations were not applied based on residual 
plots. 

Results

There was no significant interaction between soil 
and pheromones (p = 0.7309 for H. bacteriophora,  
p = 0.8984 for S. carpocapsae, p = 0.6812 for S. 
feltiae). Results indicated that pheromones enhanced 
EPN efficacy for all the EPN species and soils relative to 
non-pheromone controls (F = 33.45, df = 1, 29, 
p <0.0001 for H. bacteriophora, F = 72.59, df = 1, 29,  
p <0.0001 for S. carpocapsae, F = 90.53, df = 1, 29, 
p <0.0001 for S. feltiae) (Fig. 1). 

Next, we tested whether soil types influenced 
EPN efficacy without pheromone treatment. Soil 
did not affect EPN efficacy of H. bacteriophora (F = 
0.11, df = 2, 29, p = 0.895). However, soils affected 
efficacy of the S. carpocapsae (F = 4.77, df = 2, 29, 
p 0.0162), and S. feltiae (F = 4.16, df = 2, 29, p = 
0.0258) (Fig. 2).  Both S. carpocapsae and S. feltiae 
efficacy was higher in the Tifton soil followed by the 
Byron pecan soil (intermediate) and the commercial 
play sand.  

In testing the magnitude of the S. feltiae 
pheromone-booster effect, no significant interaction 
between the main factors (soil and pheromone) 
was detected (p = 0.5039). We found no significant 
differences in the magnitude of the S. feltiae 
pheromone effect on the three EPN species 
(F = 2.98, df = 2, 44, p = 0.061) (Fig. 3). Similarly, no 
significant differences in magnitude of pheromone 
effect were observed among soils (F = 0.1, df = 2, 
44, p = 0.902) (Fig. 4). This indicates that the 
magnitude/extent that the pheromone enhances the 
EPN efficacy did not differ based on EPN species or 
soil types. 

In comparing overall movement among EPN 
species, there was no significant interaction between 
soil and EPN species (p = 0.9462). However, there 
was a significant interaction observed between the 
S. feltiae pheromone and EPN species (p <.0001).  
So, we separated the analysis for each level of 
pheromones (both those with and without) (Fig. 5). 
Efficacy of all the EPN species were significantly 
different from each other (F = 52.1, df = 2, 95, 
p = <.0001). For both pheromones exposed to EPNs 
and non-treated EPNs, H. bacteriophora had higher 
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Figure 1: Mean (± SE) number of dead Tenebrio molitor larvae resulting from exposure to 
Heterorhabditis bacteriophora (HbVS), Steinernema feltiae (SfSN) and Steinernema carpocapsae 
(ScAll). The nematodes were either exposed to pheromones or not exposed. Insect baiting was 
done in different soils (the soil effects are combined across treatments): commercial play sand, 
Byron orchard soil (B) and Tifton orchard soil (T). The number of dead insects reflect the level of 
nematode efficacy after moving through a soil column; The soil from the bottom section of a soil 
column was exposed to the insects. Bars with the same letter are not significantly different within 
each nematode species (Tukey’s test, alpha = 0.05).
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Figure 2: Mean (± SE) number of dead Tenebrio molitor larvae resulting from exposure to 
Heterorhabditis bacteriophora (HbVS), Steinernema feltiae (SfSN) and Steinernema carpocapsae 
(ScAll) baiting in different soils: commercial play sand, Byron orchard soil (B) and Tifton orchard 
soil (T). The number of dead insects reflect the level of nematode efficacy after moving through a 
soil column; The soil from the bottom section of a soil column was exposed to the insects. Bars 
with the same letter within species are not significantly different (Tukey’s test, alpha = 0.05).
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Figure 3: Mean (± SE) ratios of dead Tenebrio molitor in soil baited with Heterorhabditis 
bacteriophora, Steinernema feltiae and Steinernema carpocapsae exposed to pheromone 
(treatment) divided by dead insects from nematodes not exposed to pheromones (control). The 
number of dead insects reflect the level of nematode efficacy after moving through a soil column; 
The soil from the bottom section of a soil column was exposed to the insects. This ratio 
measures the magnitude of the pheromone boosting effect on nematode efficacy among 
species. Bars with the same letter are not significantly different (Tukey’s test, alpha = 0.05).
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Figure 4: Mean (± SE) ratios of dead Tenebrio molitor in different soils baited with 
entomopathogenic nematodes (Heterorhabditis bacteriophora, Steinernema feltiae and 
Steinernema carpocapsae) exposed to pheromone (treatment) divided by dead insects from 
nematodes not exposed to pheromones (control). Nematode species effects are combined 
across treatments. The ratio measures the magnitude of the relative pheromone boosting effect 
on different soils. The number of dead insects reflect the level of nematode efficacy after moving 
through a soil column; The soil from the bottom section of a soil column was exposed to the 
insects. Bars with the same letter are not significantly different (Tukey’s test, alpha = 0.05).
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efficacy compared to S. feltiae, which was in turn 
higher than S. carpocapsae 

Discussion

Our results indicate that pheromones enhanced 
efficacies for all EPN species and in all soils, 
relative to no pheromone controls. Previous 
research has shown that ascaroside pheromones 
can enhance the dispersal of steinernematid and 
heterorhabditid EPNs (Oliveira-Hofman et al., 2019; 
Kaplan et al., 2012, 2020; Wang et al., 2022). 
Ascaroside pheromones were shown to enhance 
EPN movement in soil (Oliveira-Hofman et al., 2019) 
and enhance infectivity (Shapiro-Ilan et al., 2019). 
However, prior to our research it was unknown 
whether the pheromone booster effect would differ 
among different soils. Results indicate that there was 
no difference in magnitude/extent of pheromone 
effect on EPN species and soils. So based on the 
results we expect that pheromones can be used 
across different soils and with the EPNs tested to 
boost EPN efficacy.   

EPNs were differentially impacted by the different 
soils. H. bacteriophora appeared to move equally 

well in all the soils. In contrast, S. carpocapsae and 
S. feltiae efficacy was higher in the Tifton soil than 
the commercial play sand and movement in the 
Byron pecan soil was intermediate. EPNs generally 
move most efficiently when their body length is 
three times the average diameter of soil particles 
(Nicholas, 1984). Many studies have shown that EPN 
foraging efficacy is higher in sandy soil than heavier 
soils (Georgis and Poinar, 1983; Kaspi et al., 2010) 
and that infectivity of many EPNs increases with soil 
sand content (Molyneux and Bedding, 1984; Geden 
et al., 1985; Kung et al., 1990; Portillo-Aguilar et al., 
1999; Koppenhöfer and Fuzy, 2006). Our results 
did not support prior studies in which sandier soils 
were more conducive to EPN efficacy as the Byron 
soil and Tifton soil did not differ for any of the EPN 
species. However, other studies have observed 
exceptions as well (Shapiro et al., 2000). It is not 
clear why the Tifton soil had greater movement than 
plain commercial sand. The higher organic matter in 
the Tifton soil may have led to less compaction and 
thus greater nematode movement. Soil pH can also 
affect nematode efficacy, with certain nematode 
species preferring more acidic or alkaline conditions. 
For example, S. feltiae and H. bacteriophora showed 
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each pheromone series are not significantly different (Tukey’s test, alpha = 0.05).
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greater mobility, activity, and pathogenicity at pH 6.8 
and 8 than at pH 5.5 (Jaworska and Dudek, 1992).  
Khathwayo et al. (2021) observed reduced survival of 
certain EPN species at a pH of 5 and below. Thus, 
the low pH of the Byron soil and Tifton soils may have 
impacted EPN activity. 

In the overall movement comparison among EPN 
species, H. bacteriophora moved more than S. feltiae 
and S. carpocapsae. These results are consistent 
with EPN foraging strategies, H. bacteriophora acts 
as a cruiser, which tends to move more actively than 
ambusher nematodes such as S. carpocapsae (and 
S. feltiae is intermediate). Thus, more H. bacteriophora 
may have moved to the bottom section relative to 
S. carpocapsae (with S. feltiae being intermediate) 
due to their foraging behavior. Prior research also 
reported cruiser nematodes and or intermediate EPN 
species moving farther down a soil column compared 
to an ambusher (e.g., S. carpocapsae) (Grewal et al, 
1994; Slusher et al., 2024). 

Various studies have highlighted the use of 
pheromones as boosters to improve the efficacy 
of EPNs (Wu et al., 2018; Shapiro-Ilan et al., 2019; 
Kaplan et al., 2020). Pheromones have also been 
shown to stimulate dispersal under cool temperatures 
(Kaplan et al., 2020). Other studies have also 
observed conspecific and heterospecific pheromone 
effects (Kaplan et al., 2012, Shapiro- Ilan et al., 2019; 
Kaplan et al., 2020). Our results expand the utility of 
pheromone use in that we have demonstrated that 
the booster effect is observed across soils. 

Additional studies are needed to explore the 
usefulness of EPN pheromones under varying 
conditions. For example, future studies should focus 
on assessing the efficacy of EPN pheromones in a 
wider array of soil types, soil conditions, and other 
media (such as in wood galleries). Moreover, in 
this study, we investigated the impact of different 
soils on the overall efficacy of EPNs encompassing 
both dispersal and infectivity; future research can 
investigate whether dispersal and infectivity behaviors 
are impacted differently.  Research is also needed to 
test the efficacy of pheromone boosters in a wider 
variety of pests and cropping systems. Other booster 
compounds have been discovered. For example, 
3-methyl-3-buten-1-ol, was found to be an effective 
cue for EPN attraction and infection (Mbata et al., 
2019). Additionally, thiourea was found to be a very 
promising EPN booster, as the compound suppresses 
the host immune system and can thereby increase 
their virulence (Li et al., 2024).   Future studies may 
include testing pheromones in combination with other 
boosters (e.g., 3-methyl-3-buten-1-ol or thiourea) for 
EPN efficacy in different types of soils.  
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