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Summary

Entomopathogenic nematodes (EPN) are a biological control option for Delia radicum. 
This paper compares the control effects of different application techniques, different 
application rates and of the timing of the application(s). It demonstrates that: (1) a plant tray 
spray with Steinernema feltiae is superior to a drench/injection treatment in controlling D. 
radicum; (2) plant tray sprays with S. feltiae can reduce the number of cauliflower plants 
dying due to D. radicum; (3) numbers of cabbage maggots around the plant roots can be 
temporarily reduced by plant tray sprays; (4) S. feltiae, applied as a plant tray spray, takes 
one to two weeks to spread into the soil around the roots of cauliflower; and (5) the most 
infective period of S. feltiae in the soil is limited up to five weeks. Further research should 
focus on finding more virulent EPN species/strains/breeding products and on prolonging 
the infective period of the EPN.
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Introduction

In conventional agriculture, the cabbage root fly (Delia radicum), is normally controlled with 
organophosphate insecticides, but synthetic pyrethroids are an extra option. In organic agriculture, 
the options are few: in Belgium for example, the only active substance available for professional 
use is spinosad (Fytoweb, 2013). The lack of control alternatives to spinosad, and the evidence of 
emerging resistance in other dipterous insects, indicate the threat of resistance development in D. 
radicum populations (Beck, 2013). Therefore, research into biological control alternatives, like 
entomopathogenic nematodes (EPN) is needed. Several lab and field trials have determined the 
key factors for a successful control of the cabbage root fly with EPN (Beck et al., 2013): EPN 
species: strains of S. feltiae, also selected for the reported field tests, are best suited for control 
of D. radicum (Beck, 2013). Soil moisture content: both very dry soils and water-saturated soils 
will impede movement and have detrimental effects on control with EPN (Grewal, 2002). Soil 
temperature: low soil temperature restricts the efficacy of EPN in temperate regions (Griffin, 
1993). However, S. feltiae is active at cool temperature (Grewal et al., 1994; Chen et al., 2003b). 
Placement: EPN applications depositing nematodes as close as possible to the maggots of
D. radicum are most successful (Schroeder et al., 1996; Chen et al., 2003a). Application rate: The 
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success of EPN as a bio-control agent is very dependent on the used application rate: increasing 
the rate also increases control (Schroeder et al., 1996; Chen et al., 2003a). It should, however, 
be noticed that application rates must be kept as low as possible, since EPN are among the most 
expensive active ingredients on the market (Wright et al., 2005). Timing: maggots of D. radicum 
are exposed to EPN for only a brief period (Georgis et al., 2006); in three weeks’ time, a hatched 
maggot is fully grown, and will exit the roots to pupate in the soil. Hence, nematodes have to be 
applied when eggs or young larvae are present.
The five field trials detailed in this paper focus on the control effects of the placement of S. feltiae 

around the plants’ roots by comparing different application techniques, on different application 
rates of the EPN and on the timing of the application(s).

Materials & Methods

All trials were conducted on fields with a sandy loam soil type in Rumbeke-Beitem (Belgium). 
They were organized as randomized complete block designs with four replications of each treatment. 
The number of treatments differed between trials. General data on the setup of all five trials can 
be found in Table 1.

Table 1. General data on all five cauliflower field trials

Trial Plant date Harvest date Cultivar Number of 
treatments

In-row distance 
between plants

Plot size
Length Width

1 22May 2012 - Clapton 7 0.49 m 4.9 m 2.8 m
2 16 April 2012 9 July–25 July Faraday 8 0.28 m 8.0 m 2.8 m
3 14 May 2012 20 July–30 August Faraday 8 0.28 m 8.0 m 2.8 m
4 22 April 2013 8 July Clapton 7 0.30 m 6.0 m 2.8 m
5 24 April 2013 3 July–17 July Clapton 8 0.28 m 10.0 m 2.8 m

Trial sites 1 and 4 were cultured according to conventional methods. Trial sites 2, 3 and 5 were organically 
cultured.

The cauliflower plants (2–3 leaf stage) were planted with a mechanical 4-row transplanter. The 
distance between rows of plants was set at 0.7 m in all trials. Immediately after planting, the 
plants were covered with a net, to prevent damage from birds and small mammals. The nets were 
temporarily removed for EPN applications after planting and for sampling during the cropping 
period.
Control plots were not treated with insecticides or EPN suspensions. Before planting, spinosad 

(Conserve® Pro, Dow Agrosciences, Indianapolis, IN, USA) was knapsack sprayed on the trays 
with plants intended for the reference plots, at an application rate of 5.76 g/1,000 plants (i.e. 48 mL 
Conserve® Pro/1,000 plants). In the plots that received EPN applications, suspensions of infective 
juveniles (IJ) of S. feltiae were either knapsack sprayed on plantlets in trays before planting, sprayed 
over the field with a boom sprayer, or poured around the base of the plants’ stems at aliquots of 100 
mL suspension/plant. This method is called “drench” hereafter. The concentration of EPN in the 
suspension was adapted to obtain the intended application rate (50,000; 100,000 or 200,000 EPN 
plant-1). In the last two field trials, a fourth application method was tested. Here, aliquots of 100 
mL of suspension were divided over two round holes of 3 cm in diameter and 6 cm deep, made in 
the soil on two sides of a plant. This method is named “injection” hereafter. All treatments in the 
different trials are detailed in Table 2 and 3, for the tests conducted in 2012 and 2013, respectively.

Evaluation methodology
Immediately after planting, ten insect egg-laying traps (felt collars) were randomly distributed over 

or around the trial site. Cabbage root fly eggs deposited in these traps were counted and removed 
on a weekly basis. 
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Table 2. Treatment details of all field trials conducted in 2012

Application before/at planting Application(s) after planting

Trial Treatment  
no. Application

Application rate                 
(IJ of S. feltiae 

plant-1)
Application Weeks(s) 

after planting

Application rate                 
(IJ of S. feltiae 

plant-1)

1 1 Untreated control - - - -
1 2 Reference (spinosad) - - - -
1 3 Plant tray spraying 2*105 - - -
1 4 Plant tray spraying 1*105 - - -
1 5 Plant tray spraying 5*104 - - -
1 6 Plant tray spraying 5*104 Drench 1 5*104

1 7 Plant tray spraying 5*104 Drench 1, 2 5*104

2–3 1 Untreated control - - - -
2–3 2 Reference (spinosad) - - - -

2–3 3 Plant tray spraying (2) 2*105

(3) 5*104 - - -

2–3 4 Drench (2) 2*105

(3) 5*104 - - -

2–3 5 Drench (2) 2*105

(3) 5*104 Drench 1 (2) 2*105

(3) 5*104

2–3 6 - - Drench 1, 2 (2) 2*105

(3) 5*104

2–3 7 - - Drench 2, 3 (2) 2*105

(3) 5*104

2–3 8 - - Drench 1, 2, 3 (2) 2*105

(3) 5*104

In all of the three trials conducted in 2012, the presence and infectivity of IJ of S. feltiae applied 
to the soil was followed up once a week by taking two-mL soil samples from the top five cm of 
the soil around eight cabbage plants per plot. These samples were put in Petri dishes (Falcon 
Easygrip, 35 mm × 10 mm) to which three G. mellonella larvae were added per dish. Petri dishes 
were incubated at 24°C and 90% humidity, during one week. After this period, the numbers of dead 
larvae in these bait traps were counted and the percentage mortality was calculated per plot. The 
same procedure was followed to check the presence and infectivity of the applied IJ in the 2013 
trials, although here, the presence and infectivity of IJ were not tested on a weekly basis, but only 
on one occasion: 5 weeks after planting.
In trials 2 to 5, cauliflowers were planted at twice the normal density within rows, to allow for 

removal of every other plant during the cropping period. Plants were dug up and the number of 
cabbage root fly eggs, larvae and pupae were counted around the roots of each of these plants. The 
removal and analysis of plants continued until the first harvest. If the growing period took longer 
than 10 weeks, a maximum of seven sets of eight plants were removed per plot. 
All dead plants were removed from the field on a weekly basis. The roots of these plants were 

visually inspected to determine the cause of death. Plants that died due to cabbage root fly infection 
were counted.

Statistical analysis
The effects of the treatments on the percentage of plants that died due to cabbage root fly, were 

studied separately per week, through ANOVA analysis. The analysis was followed by a Duncan
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Table 3. Treatment details of all field trials conducted in 2013
  

Application before/at planting Application(s) after planting
Trial Treatment 

nr
Application Application rate (IJ 

of S. feltiae/plant)
Application Week(s) 

after 
planting

Application rate (IJ 
of S. feltiae/plant)

4 1 Untreated control - - - -
4 2 Reference (spinosad) - - - -
4 3 Plant tray spraying 5*104 - - -
4 4 Plant tray spraying 5*104 Injection 4 5*104

4 5 Injection 5*104 - - -
4 6 Drench 5*104 - - -
4 7 - - Full field 

spraying
4 5*104

5 1 Untreated control - - - -
5 2 Reference (spinosad) - - - -
5 3 Plant tray spraying 5*104 - - -
5 4 Plant tray spraying 5*104 Injection 4 5*104

5 5 Plant tray spraying 2*105 - - -
5 6 Plant tray spraying 2*105 Injection 4 2*105

5 7 Plant tray spraying 2*105 Injection 3 2*105

5 8 Plant tray spraying 2*105 Injection 5 2*105

test for multiple comparisons if variances between groups were equal, or by a Dunnett T3 test if 
this was not the case.
In trials 1 to 3, the effect of the treatment on the percentage mortality of G. mellonella was studied 

through general linear mixed (GLMM) model analysis with treatment and time (week number) and 
the interaction between treatment and time as fixed factors. Blocks were considered as a random 
factor to correct for repeated measurements over time within one plot. Tukey-Kramer correction 
for multiple comparisons was applied. In trials 4 and 5, there were no repeated measurements of 
the mortality of G. mellonella. Therefore, the mortality data from these trials were analyzed with 
an ANOVA test, followed by a Tukey test for multiple comparisons.
The effect of the treatment on the number of maggots per plant was studied per week, by a Kruskal-

Wallis test followed by a Dunn’s test for multiple comparisons.
SPSS Statistics 21 (IBM Corp.) was used for the ANOVA and Kruskal-Wallis calculations. SAS 

9.3 (SAS Institute Inc.) was used for the GLMM calculations. Statistical significance was considered 
at P<0.05.

Results

Fig. 1 shows the percentages of plants that died due to damage by the cabbage root fly in trial 
1. On 7 August, plant tray sprays applying 50,000, 100,000 and 200,000 IJ of S. feltiae per plant 
significantly reduced the percentage of dead plants to roughly the same degree (24‒33% dead 
plants). The percentage of dead plants in the untreated control was significantly higher (57%). 
There was no clear effect of the follow-up drench treatments with 50,000 IJ of S. feltiae per plant 
on the percentage of dead plants. The reference treatment with spinosad generated a significantly 
better control of D. radicum (2.5% dead plants) than all treatments with S. feltiae.
The percentages of dead plants in trials 2 and 3, were much lower: at or below 3, 1.5% and 0% 

in the different treatments of trials 2, 3 and 5, respectively. Hence, no significant differences could 
be observed between the different treatments of these trials. In trial 4, the percentage of plants that 
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died due to damage by the cabbage root fly were highest in the control treatment (17.7%a). The 
dead plant percentage in the reference treatment was significantly lower (2.8%b). The dead plant 
percentages in all plots treated with EPN were intermediate (between 8.1 and 9.0%ab).

Fig. 1. Percentage (±SE) of plants that died due to cabbage root fly infection (trial 1) at weekly intervals 
after planting. Different letters indicate statistical differences between the percentage of dead plants per 
date (P<0.05). WAP=weeks after planting.

The percentage mortality of the G. mellonella larvae in the bait traps in trial 1 is shown in Fig. 2. The 
mortality in the control and reference treatment mostly stayed below 20%. The dead G. mellonella 
larvae in these treatments showed signs of bacterial or fungal infection (black discoloration or 
white mould), but never showed the typical signs of infection by S. feltiae (brown-ochre and 
flaccid cadavers). Larval mortality in the treatments with IJ of S. feltiae on 24 May was relatively 
low (29‒51%) when compared to the mortality percentages observed in these treatments in the 
four following weeks (69‒100%). On 28 June and 5 July, i.e. 5 and 6 weeks after planting, larval 
mortality showed an unexpected dip in all treatments with IJ of S. feltiae. In that period, the larval 
mortality observed in plots that received follow-up treatments with S. feltiae suspensions at one 
and/or two weeks after planting, was generally higher than in plots that only received a S. feltiae 
treatment at planting. After 8 weeks the mortality of G. mellonella had returned to levels obtained 
in the control plots in all treatments.
In field trials 2 and 3, the mortality of the G. mellonella larvae in the control and reference treatments 

generally stayed below 20%, and resembled the mortality observed in the same treatments in trial 
1. Similarly, dead larvae did not show symptoms of S. feltiae infection.
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Fig. 2. Percentage mortality (±SE) of Galleria mellonella larvae used as a bait in soil samples taken from 
around cauliflower roots in treatments with spinosad and Steinernema feltiae (trial 1) at weekly intervals 
after planting. Different letters indicate statistical differences between the percentage mortality of larvae in 
different treatments within one week (P<0.05). Plant date: 22 May. WAP=weeks after planting.

The mortality in plots that received the plant tray spraying with S. feltiae in trial 2 did not differ 
from the mortality in the control plots on 17 April, i.e. one day after planting (P=1.0). On the 
other hand, mortality in plots that received a drench treatment at planting, was significantly higher 
than the mortality observed in the control at this point in time (P<0.0001 for the treatment with a 
single drench at planting, P<0.0001 for the treatment with drench applications at planting and one 
week later). Mortality in the plots that received a plant tray spraying with 200,000 IJ of S. feltiae 
per plant, reached its peak (54‒68%) one week after planting and remained at this level until 22 
May (5 weeks after planting) (statistical data not shown). Mortality in the plots that received a 
one-time drench with 200,000 IJ of S. feltiae at planting remained at its peak (62‒93%) until 15 
May (4 weeks after planting). Mortality in the plots that received drenches with 200,000 IJ of S. 
feltiae per plant at planting and/or one week after planting, remained significantly higher than the 
mortality in control plots until 5 June (7 weeks after planting). In plots receiving supplementary 
drench treatments two and/or 3 weeks after planting, mortality remained significantly higher than 
in the control plots until 12 June (8 weeks after planting). After 9 weeks (on 19 June), the G. 
mellonella mortality in all treatments had returned to the level observed in the control, indicating 
that infections by IJ of S. feltiae were rare at this point in time.
In field trial 3, the G. mellonella mortality remained below 60% at all sampling dates in the plots 

that received a plant tray spraying with 50,000 IJ of S. feltiae per plant. Mortality in the plots that 
received a single drench application with 50,000 IJ of S. feltiae reached its highest level (74%) 
immediately after planting, on 15 May, and declined in 2 weeks to a level that did not differ 
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significantly (P=0.3829) from the G. mellonella mortality observed in the control plots. In the plots 
receiving multiple drench applications with 50,000 IJ of S. feltiae per plant, mortality remained 
at its peak until one to three weeks after the last application, and declined gradually afterwards.

Fig. 3. Average number (±SE) of cabbage maggot larvae per plant after different treatments (trial 2) at weekly 
intervals after planting. Different letters indicate statistical differences between the numbers of larvae in 
different treatments within one week (P<0.05). Plant date: 16 April. WAP=weeks after planting.

Only the numbers of larvae of the cabbage root fly were reliably countable, since they reside in 
and immediately around the cabbage roots. Eggs and pupae are distributed further in the soil, and 
were more difficult to trace, which led to low numbers of eggs and pupae being found. Therefore, 
the results of the eggs and pupae counts were omitted.
In all trials with double plantings (trials 2‒5), the reference treatments significantly reduced the 

numbers of maggots during several weeks. In trial 2, of all EPN treatments, only the plant tray 
spraying with 200,000 IJ of S. feltiae per plant significantly (P=0.023) reduced the number of 
cabbage maggots, albeit only temporary: this effect was only noticed on 29 May, 6 weeks after 
planting (Fig. 3). In trial 4, of all EPN treatments, only the two treatments that applied EPN as a 
plant tray spraying, significantly reduced the number of maggots per plant, but again only temporary: 
this effect was only noticed on 4 June, 6 weeks after planting.

Discussion

Trial 1 showed that plant tray sprayings with S. feltiae can reduce the percentage of dead plants 
compared with the non-treated control (Fig. 1). The lack of an application rate-effect relationship 
suggests that it might be possible to further reduce the applied rate of S. feltiae without causing 
a significant reduction in control. Follow-up drench treatments with S. feltiae caused no further 
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reduction of the number of dead plants. In the two other trials in 2012, the percentage of dead plants 
was very low all over the experimental site, despite the high damage potential (high numbers of 
cabbage root fly eggs were detected in egg traps around the plants in these two trials). This low 
plant mortality was probably caused by frequent irrigation. This irrigation was applied to allow 
for optimal soil humidity conditions for EPN infection, but may have had the beneficial side effect 
of keeping plants with damaged roots alive, thereby permitting rapid regrowth following insect 
feeding. Ridging the plant rows, a common cultural measure practiced in organic agriculture, may 
have stimulated regrowth even further by allowing roots to develop above the infected levels. 
The higher presence of natural predators and parasitoids (e.g. Aleochara spp. (rove beetles), 
Trybliographa rapae (a parasitoid wasp) might also have contributed to a lower number of dead 
plants in trials 2 and 3.
In all three trials, the mortality of G. mellonella larvae in the first soil samples taken around 

plantlets that had been plant-tray-sprayed with S. feltiae, was quite low. This indicates that few 
IJ of S. feltiae were present in the upper soil layer around the plants. Because these soil samples 
were taken shortly after planting, it is probable that the EPN did not yet migrate out of the peat 
blocks onto which they were applied. Soil sampling mostly took place next to these peat blocks, 
to avoid damage to the plantlets. On the other hand, the first soil samples taken in plots that had 
received soil drench applications with S. feltiae, showed higher presence of IJ S. feltiae, since the 
EPN were applied directly onto the sampled area. In treatments that had received a single plant tray 
spraying with S. feltiae, the mortality of G. mellonella increased during the first and second week 
after application. This suggests that the presence of IJ increased in the sampling area. It can thus be 
argued that the IJ took 1–2 weeks to spread from the peat block to the top layer of soil surrounding 
the cauliflower roots. Such dispersion behaviour is wanted if the placement of the EPN does not 
correspond to the location of the cabbage maggots, i.e. in and around the main cauliflower roots. 
On the other hand, if the EPN are already located near the roots – as is the case after a plant tray 
spraying – dispersion away from the roots could result in reduced control.
In trial 1, the unexpected dip in G. mellonella mortality on 28 June and 5 July, visible in all 

treatments that had received S. feltiae applications (Fig. 2), was probably caused by a temporarily 
reduced infectivity of the IJ of S. feltiae, which in turn was probably caused by dry circumstances 
(Griffin et al., 2005).
Bait insect mortality, and thus also the presence of infective S. feltiae, remained at its highest level 

in all individual treatments of all three trials until 1–5 weeks after planting, and then gradually 
decreased towards the mortality observed in the control plots. In the three tests carried out in 
2012, mortality remained elevated during 4‒7 weeks after the last application of S. feltiae in most 
treatments, with exceptions for the low-rate plant tray application and drench application in trial 
3. Here, elevated mortality was observed until 3 and 1 week after application, respectively. The 
decline of the mortality of the bait insect is presumably due to a combination of dispersion, death 
and declined infectivity of the surviving EPN. The latter two reasons most probably find their 
origin in the starvation of IJ (Griffin et al., 2005) and perhaps in other biotic and abiotic factors. 
In the 2013 trials, the mortality results, which were obtained in a single sampling, 5 weeks after 
planting, were in line with the results of the 2012 trials.
The cabbage maggot counts in trial 2 (Fig. 3) revealed that a plant tray spray at a high rate (200,000 

IJ S. feltiae per plant) significantly reduced the number of cabbage maggots around plants, when 
compared to the control. In trial 4, a plant tray spray with 50,000 IJ per plant and a combination of 
a plant tray spray and an injection with IJ after 4 weeks at the same application rate, also reduced 
the number of maggots. These effects were visible after 6 weeks, but waned afterwards. None of 
the other treatments in all trials, could significantly reduce numbers of the cabbage maggot.
While a single plant tray spraying with 200,000 IJ S. feltiae per plant was successful at reducing 

cabbage maggot numbers, a single drench treatment with the same amount of EPN was not (Fig. 
3). Furthermore, the follow-up drench treatments at both low and high application rates (trials 2 
and 3, respectively), and the follow-up injection treatments (trials 4 and 5) did not significantly 
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help to reduce numbers of maggots. Based on these data, and on the lack of further reduction of 
the number of dead plants by follow-up drench and injection treatments in trial 1 and 4 (Fig. 1), it 
can be assumed that cabbage maggots are difficult to reach with treatments (injection and drench) 
applied after planting. Plant tray sprays on the contrary, disperse the EPN to where the maggots are 
present, and therefore can be considered a superior application method for controlling D. radicum.
It should be noticed that the reference treatment with spinosad was most successful at reducing 

numbers of cabbage maggots, root damage, and the resulting numbers of dead plants.
The present study demonstrated that: (1) a plant tray spray with S. feltiae is superior to a drench 

treatment and an injection treatment in controlling D. radicum in cauliflower; (2) plant tray sprays 
with S. feltiae can reduce the number of cauliflower plants dying due to D. radicum; (3) numbers 
of cabbage maggots around the plant roots can be temporarily reduced by plant tray sprays; (4) IJ 
of S. feltiae, applied as a plant tray spray, take 1 –2 weeks to spread into the soil around the roots of 
cauliflower; and (5) the most infective period of IJ of S. feltiae in the soil is limited up to 5 weeks, 
which warrants a follow-up treatment.
Further research should focus on finding more virulent EPN species/strains/breeding products 

for cabbage root fly control and on prolonging the infective period of the EPN in the soil, to allow 
protection of the crop throughout the whole cropping period.
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