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A B S T R A C T   

Below-ground insect pests are challenging to control because they are hard to target with control measures. 
Moreover, broad spectrum insecticides are or will soon be banned due to their negative effects on non-target 
organisms. In this study, we have developed a biological control method for the cabbage maggot Delia radi
cum (Diptera: Anthomyiidae), a significant pest of Brassicacean crops, based on a consortium of three biocontrol 
agents (BCAs). We chose the bacterium Pseudomonas chlororaphis because it can be used in a dual strategy against 
insect pests and fungal plant diseases, and combined it with the nematode Steinernema feltiae and the fungus 
Metarhizium brunneum that have a long history of commercial use against different pest insects. Our aim was to 
combine BCAs with different modes of action in order to achieve a stable and reliable biocontrol effect. We first 
tested double combinations of the bacterium with either the nematode or the fungus for improved potential to 
kill D. radicum in laboratory assays. We then evaluated the effect of double and triple combinations on D. radicum 
development and maggot-induced damage on radish bulbs in a series of pot experiments with artificial cabbage 
maggot infection performed in the greenhouse and outdoors and finally in a field trial with a natural infestation. 
Our results show that i) insecticidal pseudomonads are highly efficient in D. radicum control, ii) the three BCAs 
are compatible and neither inhibit each other’s infectiousness nor survival in the soil or on the roots, iii) syn
ergistic effects of Pseudomonas-nematode and Pseudomonas-fungus combinations on maggot killing are possible, 
and iv) the triple combination reduced both pest survival in greenhouse experiments and maggot-induced 
damage on radish bulbs in the field by 50% each. The strategy we present here is a promising step forward to 
a reliable and efficient environmentally friendly biological control method for the cabbage maggot, which can 
also be adapted to other problematic below-ground pests.   

1. Introduction 

Crop yields are under constant threat from pathogens and pests, both 
above and below ground (Oerke, 2006; Savary et al., 2019). Mono
cropping is particularly beneficial for the spread of these pathogens and 

pests as it provides a high density of suitable host plants within a close 
range (McDonald and Stukenbrock, 2016). Conventional large-scale 
agriculture relies heavily on pesticides to protect yields (Panth et al., 
2020), but pesticide use is linked to a multitude of problems. The 
widespread and excessive application of pesticides containing the same 

Abbreviations: BCA, biocontrol agent; EPB, entomopathogenic bacteria; EPP, entomopathogenic pseudomonads; EPF, entomopathogenic fungi; EPN, entomo
pathogenic nematodes; NB, nematode-associated bacteria; Bt, Bacillus thuringiensis; Ma, Metarhizium anisopliae; Bb, Beauveria bassiana; cfu, colony forming units; IJ, 
infective juveniles. 
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group of active ingredients leads inevitably to the development of re
sistances, rendering the product less- or ineffective (Zhan et al., 2014). 
Pesticide use also affects the environment and harms non-target or
ganisms, many of which are essential to our food production (Kumar and 
Kumar, 2019; Islam et al., 2017). Therefore, there is an increasing de
mand for alternative control measures. 

Biological control agents (BCAs) are a promising alternative control 
measure and BCA products are a rapidly expanding market (van Len
teren et al., 2018). The application of BCAs can reduce pest or pathogen 
damage below an economic threshold (Babbal et al., 2017; Caltagirone, 
1981; Ritika and Utpal, 2014). The most widely used biological control 
agent (BCA) is the entomopathogenic bacterium (EPB) Bacillus thur
ingiensis (Bt) (Sanchis and Bourguet, 2008). It produces effective 
small-host-range Cry toxins that are also commonly expressed in trans
genic crop plants (Sanchis, 2011). However, the widespread use of Cry 
toxins either as BCA or in transgenic plants has led to the emergence of 
insects that are resistant to these toxins (Melo et al., 2016). 

One approach to overcome the limitations of a single BCA applica
tion is to combine BCAs with other management methods or to combine 
different biocontrol agents (Malusà et al., 2021). Only a few studies have 
explored this option so far with mixed results. These involved some lab, 
greenhouse and field experiments using combinations of nematodes 
with either fungi or bacteria against different insect pests (Ansari et al., 
2010; Bueno-Pallero et al., 2018; Jaffuel et al., 2019; Mc Namara et al., 
2018; Shapiro-Ilan et al., 2004). Combinations of BCAs sometimes had 
improved or neutral effects, sometimes antagonistic effects, and results 
often varied strongly depending on the year (e.g. for field trials) or the 
application technique. To increase biocontrol efficacy and consistency, 
we need to develop effective combinations of BCAs i.e. biocontrol con
sortia. However, such consortia do not only have to be evaluated for 
their biocontrol efficacy but also for their compatibility. Thus, the goal 
of this study was to test three BCAs with different modes of actions for 
their compatibility and for their combined effect on an important root 
pest. We chose to test and combine entomopathogenic pseudomonads 
(EPP), entomopathogenic nematodes (EPN) and entomopathogenic 
fungi (EPF) for controlling the cabbage maggot Delia radicum. 

Pseudomonas protegens and Pseudomonas chlororaphis are root- 
colonizing bacteria which are especially interesting for agriculture 
because they possess plant-growth promoting and disease suppressive 
capacities (Chin-A-Woeng et al., 1998; Haas and Défago, 2005; Loper 
et al., 2012; Maurhofer et al., 1994) and additionally have potent oral 
insecticidal activity (Flury et al., 2016; Rangel et al., 2016; Ruffner et al., 
2013). The relationship of entomopathogenic pseudomonads (EPP) with 
insects and the determinants of their insecticidal activity have been 
extensively studied over the last 15 years, especially for the model 
strains P. protegens CHA0 (Pronk et al., 2022) and Pf-5 (Loper et al., 
2016). EPP rely on multiple factors to infect and kill insects: toxins like 
the Fit (P. fluorescens insecticidal toxin) (Kupferschmied et al., 2014, 
2013; Ruffner et al., 2013), rhizoxin (Loper et al., 2016) and TPSA’s 
(two-partner secretion proteins) (Vesga et al., 2020), enzymes such as 
chitinases and phospholipases (Flury et al., 2016), the Type 6 secretion 
system (T6SS) (Vacheron et al., 2019), as well as antimicrobial exo
products (Flury et al., 2017; Jang et al., 2013; Loper et al., 2016). The 
versatile life-style and multifactorial mode of action of EPP makes them 
ideal biocontrol agents with little risk of resistance development and 
dual or even triple use: they can be applied against fungal pathogens and 
insect pests while at the same time promoting plant growth and vigour 
in general. 

Although pseudomonads have many plant-beneficial activities, there 
are only a few Pseudomonas-based products on the market. Pseudomo
nads are registered as antifungal agents (e.g. Cerall/Cedomon and Pro
radix in the EU and in Switzerland) or are ingredients in biofertilizers 
(Babbal et al., 2017; Ritika and Utpal, 2014). However, the biocontrol 
potential of these bacteria against insect pests has so far barely been 
commercially explored. Yet, DuPont Pioneer has inserted an insecticidal 
protein derived from a P. chlororaphis strain into a corn variety, 

rendering plants resistant to corn rootworms (Diabrotica spp.) (Boeck
man et al., 2021; Carlson et al., 2019; Schellenberger et al., 2016). 

Entomopathogenic fungi and nematodes are widely used to control 
insect pests and many EPF- and EPN-based biocontrol products are 
commercially available. The most commonly applied EPF species are 
Metarhizium anisopliae (Ma) and Beauveria bassiana (Bb) (van Lenteren 
et al., 2018). Both Hypocrealean EPF rely on multiple exoproducts to 
overcome the insect’s defence mechanisms and kill it, such as proteases, 
chitinases, lipases, immunomodulation and transcription factors, as well 
as beauvericin, bassianin and oosporein for Bb, and cyclosporine and 
destruxin for Ma (Barelli et al., 2016; Butt et al., 2016; Meyling and 
Eilenberg, 2007; Schrank and Vainstein, 2010). EPN are associated with 
specific bacteria (nematode-associated bacteria, NB) that play the most 
important part in killing the insect, e.g. Steinernema feltiae with Xen
orhabdus bovienii (Campos-Herrera, 2015). EPN enter the insect mainly 
through natural openings and carry their NB into the haemolymph 
(Goodrich-Blair and Clarke, 2007; Stock, 2015). In the haemolymph, NB 
express different insecticidal toxins, e.g. Tc’s (toxin complexes) and Mcf 
(makes caterpillar floppy), and suppress both the hosts immune system 
as well as other microbes, i.e. using antimicrobials and T6SS, while EPN 
express venom proteins or ESPs (excreted/secreted products) (Eliáš 
et al., 2020; ffrench-Constant et al., 2007; ffrench-Constant and Bowen, 
2000; Kochanowsky et al., 2020; Lu et al., 2017). As for the pseudo
monads, the entomopathogenic activity of EPF and EPN relies on mul
tiple mechanisms. The probability that an insect simultaneously evolves 
defences against several pathogenicity mechanisms is very low. Thus, 
the evolution of resistance to EPF, EPN and EPP is unlikely. 

The pest used in this study is the cabbage root fly or cabbage maggot 
Delia radicum L. (Diptera: Anthomyiidae) which poses a big challenge for 
producers of Brassicacean crops. The larvae feed on the below ground 
parts of several crops such as canola, cabbage, radish, broccoli and 
cauliflower. Yield losses occur when larvae feed on the produce, e.g. 
radish or turnip, or reduce plant growth and seed numbers, or cause 
seedling death due to heavy root damage, e.g. in broccoli or canola. 
D. radicum infestations can be devastating for vegetable and oilseed 
producers in temperate regions, with estimated annual economic losses 
of $100 million in Western Europe and Northern America (Sontowski 
et al., 2022). Only very few insecticides are available for controlling the 
cabbage maggot and their efficacy is often limited. For example, cyan
traniliprole (registered for D. radicum control in Canada) is highly toxic 
to bees (Lewis et al., 2016) and is less efficient than the formerly widely 
used chlorpyrifos (van Herk et al., 2017) that is now banned in the EU, 
Canada and the USA (EFSA, 2019; EPA, 2021; PMRA, 2020). As a cul
tural measure, besides crop rotation and weed management, the use of 
nets is recommended to keep the flies from laying eggs in the field 
(Hauenstein and Vieweger, 2021). Though this measure may be very 
effective, it also complicates field management (Witkowska et al., 2018). 
There have been several attempts to control the cabbage maggot with 
entomopathogenic fungi and nematodes. Although laboratory and 
greenhouse studies identified promising candidates, the efficacy was 
generally low in field trials (Chen et al., 2003; Herbst et al., 2017; 
Razinger et al., 2017; Vänninen et al., 1999a). 

In order to establish an effective biological control method using 
multiple BCAs we conducted a series experiments to 1) evaluate the 
potential of insecticidal P. chlororaphis as novel biocontrol agent for 
controlling D. radicum, 2) investigate the compatibility of entomopa
thogenic pseudomonads with entomopathogenic nematodes and ento
mopathogenic fungi for joint applications against soil-derived insect 
pests, and 3) explore BCA consortia for their potential to control 
D. radicum in comparison to each single BCA. 

As a first step, different EPP-EPN and EPP-EPF combinations were 
investigated for synergisms in the killing of D. radicum under laboratory 
conditions. The most promising strains were used to form a tripartite 
consortium, which was tested against the cabbage maggot on radish in 
greenhouse pot experiments, outdoor pot experiments and a field trial. 
The impact of individual BCAs on the survival of the other consortium 
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members and potential synergistic effects on insect control were moni
tored at all stages. Using this systematic approach, we have developed 
an consortium based on three BCAs with different modes of action for 
controlling the cabbage maggot. 

2. Material and methods 

2.1. Rearing of organisms 

2.1.1. Cabbage maggot Delia radicum 
Pupae were obtained from Swiss field sites and from research groups 

at the Julius Kühn Institute in Braunschweig (Germany) and the Uni
versity of Rennes (France). Pupae were stored in sand (0.3–0.9 mm) at 
3 ◦C in the dark. To induce fly emergence, the pupae were placed in an 
insect cage within a climate chamber with the following rearing con
ditions: 16 h daytime at 20 ◦C and 15 kLux and 8 h nighttime at 18 ◦C, 
and 80% relative humidity. Emerging flies were provided with water by 
adding wet sand (0.3–0.9 mm) and fed on dry (10 g glucose, 10 g milk 
powder, 1 g soy flour, 1 g dry yeast) and wet food (5 g honey, 5 g soy 
flour, 1 g dry yeast, ~6.5 ml ddH2O) (all ingredients except for glucose 
were purchased at Coop Supermarket, Switzerland). To induce egg 
laying, kohlrabi pieces were placed on the wet sand. Eggs were har
vested by pouring the sand in an 800 ml beaker, adding water and 
filtering the water through a ø 185 mm filter paper folded in a funnel. 
Approx. 80 eggs were transferred on a ø 90 mm filter paper with a brush 
and placed in an 800 ml beaker on a 2 cm sand layer. Half a kohlrabi was 
added on top of the eggs and covered with sand. After four weeks, 
maggots had completed larval development and the pupae were har
vested by rinsing the remainder of the kohlrabi and the sand over a 2 
mm and then over a 1.5 mm sieve. 

2.1.2. Pseudomonas chlororaphis 
Bacterial strains (Tables 1 and S1) were stored at − 80 ◦C in 44% 

glycerol. Colonies were grown on King’s B medium with antibiotics 
(KB+++ with cycloheximide 100 mg/l, chloramphenicol 13 mg/l and 
ampicillin 40 mg/l; KB++G with gentamycin 10 mg/l instead of ampi
cillin for gfp-tagged strains) (King et al., 1954; Vesga et al., 2021). For 
experiments, overnight Lysogeny broth (LB; 10 g Bacto Tryptone, 5 g 
Bacto Yeast Extract, 0.25 g MgSO4 x 7 H2O, 8 g NaCl dissolved in 1 L 
ddH2O) liquid cultures were prepared (Bertani, 1951). These were either 
used directly or to inoculate KB plates (without antibiotics), where 
bacteria multiply to high numbers within 24 h. The bacteria were 
washed in ddH2O, the optical density at 600 nm (OD600) was measured 
(Ultrospec 3300 pro, Amersham Biosciences, UK) and suspensions 
adjusted to the desired concentration with an OD600 = 0.125 corre
sponding to approx. 108 cfu/ml. 

2.1.3. Steinernema feltiae 
The commercially available formulated product of nematode pop

ulations (Table 1, S1) was kindly provided by e-nema (Schwentinental, 

Germany) and Andermatt Biocontrol (Grossdietwil, Switzerland). The 
powder was dissolved in tap water and suspensions used to infect 
Galleria mellonella (Lepidoptera: Pyralidae) larvae (from Hebeisen Fisher 
or Andy’s Fisher store, Zurich, Switzerland). The other EPN populations 
were isolated from field studies during 2013–2015 in Switzerland 
(Campos-Herrera et al., 2015; Imperiali et al., 2017; Jaffuel et al., 2018; 
Table 1). All nematode populations (also referred to as strains) used in 
this study were regularly multiplied in G. mellonella larvae using the 
White Trap method (Campos-Herrera et al., 2015; White, 1927). 
Emerging infective juveniles (IJ) were stored at 500 IJ/ml in tap water in 
filter cap cell culture flasks (75 cm2, CELLSTAR®, Greiner Bio-One, 
Austria) at 15 ◦C for up to four months. Fresh IJ (no older than three 
weeks) were used for experiments. The concentration was determined 
by counting IJs in 20 or 50 µl suspension under a stereomicroscope and 
suspensions were adjusted with tap water to the desired concentration 
(1000 IJ/ml for most experiments). 

2.1.4. Metarhizium brunneum and Beauveria bassiana 
The fungi M. brunneum BIPESCO5/F52 (Bip5) and B. bassiana 

ART2587 (Table 1) were stored as conidia on plates with SM medium 
(Strasser et al., 1996) for up to one year at 3 ◦C. The infectivity of fungal 
isolates was maintained by frequent passaging through host insects and 
subsequent single spore isolation as described by Reinbacher et al. 
(2021b). For experiments, SM plates were inoculated by transferring 
fungal spores from a stored culture using an inoculation loop (Strasser 
et al., 1996) and incubated for two weeks at 24 ◦C in the dark. Con
idiospores were scraped off the plates using sterile inoculation loops or 
Drigalski spatula and suspended in 0.01% Tween80. For the semi-field 
trial, sterilized barley kernels were inoculated with Bip5 and incu
bated for several weeks at 22 ◦C in the dark as described by Reinbacher 
et al. (2021a). The spores were dried and harvested from the kernels 
using a myco-harvester MH5 (VBS Agriculutre Ltd., Beaconsfield, UK). 
Concentration was measured by counting conidiospores suspended in 
0.01% Tween80 under the microscope using KOVA or Thoma chambers 
and adjusted to the desired concentration with ddH2O. 

2.2. Laboratory sand assay and greenhouse experiments 

For investigating basal compatibility and possible synergistic effects 
of the three BCA, a simple sand-radish bulb test system was used as 
described by Flury et al. (2019) for pseudomonads and adapted for 
nematodes and fungi as described in detail in the supplementary 
methods. 

For greenhouse experiments, we used red bulb forming radish 
Raphanus sativus var. sativus cultivar ‘Riesenbutter’ (Samen Mauser or 
Coop, Switzerland) with the following settings: 21 ◦C (16 h, day) and 
18 ◦C (night) at 70% humidity. Radish seeds were sown in 11×11×12 
cm pots (Lamprecht-Verpackungen, Göttingen, Germany) into a mixture 
(1:1) of Jiffy peat substrate (Jiffy Products International, Moerdijk, the 
Netherlands) and Allmig substrate (Trog- und Topferde, Allmig, Baar, 

Table 1 
Biocontrol agents used in this study.  

Species Strain/ population Origin Reference 

P. chlororaphis PCLRT03 (P) Potato root, CH Vesga et al. (2021) 
P. chlororaphis PCLRT03-gfp Derivative of PCLRT03, 

PCLRT03::miniTn7-gfp2; GmR 
This study; Provided by Jordan Vacheron, Université Lausanne 

P. chlororaphis PCL1391 Tomato root, ESP Chin-A-Woeng et al. (1998); Flury et al. (2016) 
S. feltiae RS-5 (RS5) (N) Soil, wheat field, CH Campos-Herrera et al. (2015); Jaffuel et al. (2018) 
S. feltiae MG-594 * Soil, grassland, CH Jaffuel et al. (2018); this study 
S. feltiae nemaplus e-nema AG e-nema AG 
M. brunneum BIPESCO5/F52 (Bip5) (F) Cydia pomonella, AUT EFSA, 2012 
B. bassiana ART2587 Meligethes sp., CH Meyling et al. (2012); Pilz (2005) 

*This population was isolated within the frame of the respective study, but first individually described in this study 
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Switzerland) and watered by adding water to the trays containing the 
pots. For each treatment, four trays containing each four pots with three 
plants per pot were prepared. In general, plants were grown for four 
weeks, then inoculated with D. radicum eggs and subsequently grown for 
another four weeks until final evaluation. For egg addition, 12–15 
freshly harvested eggs were placed onto a small piece of paper and all 
eggs were washed onto the soil using 1 ml ddH2O. For final evaluation, 
all pupae and larvae were collected by sieving soil through a 2 mm sieve. 
All pupae were stored in a ø 30-mm petri dish for at least one month to 
allow flies to emerge. For fungal treatments, Bip5 conidia were mixed 
into the soil, which was taken from freshly opened bags, at 106 conidia/g 
soil immediately before sowing. For bacterial treatments, 20 ml 
PCLRT03-gfp suspension containing 108 cfu/ml were spread around the 
plants to reach a density of 107 cfu/g soil. Bacteria were added twice, 
first one week after sowing and the second time one week before egg 
addition. For nematode (RS5) treatments, 5000 IJ in a total volume of 5 
ml were pipetted on the soil to reach approx. 50 IJ/cm2. EPN were added 
2 days before egg addition for the triple combination experiments and 3 
days after egg addition for the double combination experiments. 

2.3. Semi-field trials 

Two semi-field trials were performed in 2020 and 2021: trial 1 (April 
– May) with EPN and EPP single treatments and an EPN/EPP combi
nation and trial 2 (August – September) with EPN, EPP, EPF single 
treatments, double and triple combinations. The experimental set-ups 
are shown in Fig. S1. Radish cultivar ‘Riesenbutter’ seeds were pre- 
germinated in 273-hole Quick-Pots (gvz-rossat, Switzerland) for one 
week in Jiffy substrate in the glasshouse. Pots (20×20×23 cm, Grow
land, Germany) were filled with a mixture of field soil and Allmig sub
strate (1:2 for trial 1 resp. 1:1 trial 2). For EPF treatments, spores of 
M. brunneum Bip5 were mixed into the top third (≈ 1.8 kg) at 106 con
idia/g soil. Four seedlings were transferred into one pot and pots were 
placed outside on a 3×20 m seed bed at Agroscope in Zurich, 
Switzerland (47.250413 N, 8.305810 E). Plants were watered and 
covered with a shading net (Accura, Germany) according to weather 
conditions. The day after planting the seedlings, each pot was inoculated 
with EPP (P. chlororaphis PCLRT03) by distributing 50 ml of a suspension 
containing 4 × 108 cfu/ml on the soil around the radishes. This pro
cedure was repeated after one (trial 2) or two weeks (trial 1). The 
infestation with D. radicum eggs took place one week after the second 
EPP inoculation. For trial 1 48 eggs and for trial 2 30 eggs were added to 
each pot except for the Delia-free treatment. For EPN (S. feltiae RS5) 
inoculation, 40 ml of a suspension containing 500 IJ/ml were added to 
each pot three days before egg addition to reach a density of 50 IJ/cm2. 
Four weeks after egg infestation, the pots were transferred into the 
glasshouse to reduce moisture before harvest. Three days later, the 
radishes were harvested, washed, the roots weighed, and the bulbs rated 
for D. radicum damage. Then, the top two thirds of the soil was mixed 
and soil samples (approx. 250 g) were taken to monitor BCA pop
ulations. Soil samples were stored at 10 ◦C and root samples at 3 ◦C until 
processing the next day (EPP and EPF monitoring) or 2 days later (EPN 
monitoring) as described below (chapter 2.5). In the days after egg 
addition in trial 2, soil temperatures reached 30 ◦C which strongly 
affected the survival of the insects. As a result, pest pressure was too low 
to have any effect on plants, therefore only data on BCA populations are 
presented (Fig. 5A, Table S12). 

2.4. Field trial 

The field trial was conducted in Windisch (47.476110 N, 8.227799 E; 
Aargau, Switzerland) in a field sown with radish Raphanus sativus L. 
cultivar ‘Andes F1′ (Enza Zaden, Germany) that forms around 35 cm 
long cylindric white bulbs. The seeds were coated with the fungicide 
Saphire (active ingredient Fludioxonil; Fenaco, Switzerland). The field 
was divided into 25 plots of 10 m x 3.2 m; the width of 3.2 m represents 

eight planting rows. The treatments were distributed according to a 
Latin square design (Fig. S2). Only the inner area, i.e. four rows (1.6 m) 
of 5 m length, of each plot was treated with biocontrol agents and 
sampled. The rest served as buffer zone to avoid cross-contamination. 
Five different treatments were each applied to five plots: 1) control 
with no application, 2) EPP P. chlororaphis PCLRT03, 3) EPN S. feltiae 
RS5, 4) EPF M. brunneum Bip5, and 5) EPP x EPF x EPN with an appli
cation of all three agents (PFN). All BCAs were applied using a watering 
can distributing 2.5 L inoculum suspension for each 5-m planting row. 
EPF were applied one day after sowing at 2.5 × 1010 spores/5-m row 
(corresponding to approx. 1.3 × 1014 spores/ha). One week later, first 
EPN and then EPP were applied at 3.75 × 105 IJ/5-m row (1.9 × 109 IJ/ 
ha) and 2.5 × 1011 cfu/5-m row (1.3 × 1015 cfu/ha), respectively. EPP 
were applied a second time four weeks after sowing. Two and eight 
weeks after sowing, soil and root samples were taken to monitor BCA 
colonization. For this, five samples (three for the control) were taken 
from each plot. Root samples consisted of one root system and soil 
samples of three scoops of soil down to 15 cm depth. Samples were taken 
uniformly over the whole plot. Soil samples were stored at 10 ◦C and 
root samples at 3 ◦C until processing the next day (EPP and EPF moni
toring) or two to three days later (EPN monitoring) as described below 
(chapter 2.5). The final sampling was performed nine weeks after sow
ing when all radish plants were harvested to evaluate damage. All leaves 
were cut off and the white bulbs were washed and rated for damage on a 
scale from 0 to 3 with 0 = no D. radicum specific mining; 1 = light 
damage, 1 mining; 2 = heavy damage, 2–5 minings; 3 = very severe 
damage, bulb partly or completely destroyed by > 5 minings. We also 
noted how much each bulb was rotten due to water logging in the field. 
Heavily rotten bulbs (> 70%) were later excluded from analysis. All 
treatments were harvested within two days. 

2.5. Monitoring of biocontrol agents 

For EPP and EPF soil colonization, 10 g soil was suspended in 50 ml 
sterile 0.9% NaCl solution in a 100 ml Erlenmeyer flask and shaken 
using a rotary shaker at 200 rpm for 30 min at 3 ◦C. For root coloniza
tion, the roots were weighed and incubated in 50 ml falcon tubes with 
40 ml 0.9% NaCl solution, and shaken as described for the soil samples. 
After shaking, samples were serially diluted in 0.9% NaCl solution and 
plated on selective agar (SM for EPF, KB+++ for EPP). Plates were 
incubated at 24 ◦C and colony forming units (cfu) counted after two days 
(EPP) or two weeks (EPF). Metarhizium colonies were identified 
morphologically, thereby also counting naturally occurring Metarhizium 
species. P. chlororaphis PCLRT03 colonies can be distinguished from 
other pseudomonads since colonies turn green due to phenazine 
production. 

EPN colonization was assessed by qPCR as described in Campos-H
errera et al. (2015). Briefly, 200 g soil samples were suspended in tap 
water and sieved through a 125 and then through a 25 µm sieve. The 
EPN collected were sucrose-extracted (Campos-Herrera et al., 2015; 
Jenkins, 1964) and the samples reduced to 100 µl by centrifugation to 
allow for DNA extraction. Each sample was disrupted by a pellet pestle 
motor (KIMBLE®, DWK Life Sciences, Germany) and DNA extracted 
using the DNeasy PowerSoil Pro Kit (QIAGEN, The Netherlands) ac
cording to the manufacturer’s instructions. DNA concentration was 
measured using NanoDrop2000 (Thermo Fisher Scientific, MA, USA) 
and diluted to 1 ng/µl for qPCR. DNA from 300 RS5 IJ (pure culture) 
extracted using the same kit was used for the standard curve and miliQ 
water was used as a negative control. S. feltiae specific primers and 
probes were designed by Campos-Herrera et al. (2011a). The reaction 
was performed using the TaqMan® polymerase (Thermo Fisher Scien
tific, MA, USA) in a 7500 Fast Lightcycler (Thermo Fisher Scientific, MA, 
USA) at the Genetic Diversity Center (GDC, Zurich, Switzerland) and 
analysed with the 7500 Software (v 2.0.6). Thermal cycling was per
formed as described in Campos-Herrera et al. (2011b) with 60 ◦C 
annealing temperature during 40 cycles. The total reaction volume was 
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10 µl and two technical replicates were run for each sample. 
50 g soil samples were dried for 24 h at 105 ◦C to calculate soil dry 

weight. 

2.6. Statistical analysis 

The analysis was conducted in Rstudio (version 1.4.1717) using R 
(version 4.1.2). The results from six greenhouse experiments and five to 
ten supplementary laboratory assays were combined and analysed using 
a linear mixed-effect model comparing the fly emergence rates across 
treatments and controlling for experiment and experiment x treatment 
effects (package lme4 ver. 1.1–27.1). For analysis of single laboratory 
assays, Kruskal-Wallis and post-hoc Dunn test were performed using the 
package FSA (ver. 0.9.1). Radish damage ratings were analysed with an 
ordinal regression model using the function polr (package Mass ver. 
7.3–55) and emmeans (package emmeans ver. 1.7.2) was used for post- 
hoc pairwise testing. Colonization data was log-transformed and tested 
for normal distribution using a Shapiro-Wilk Normality Test. Since data 
did not follow a normal distribution, Kruskal-Wallis and post-hoc Dunn 
test were used for all colonization data sets (field and semi-field trials). 
Differences were considered to be significant at P < 0.05. Boxplots and 
barplots were created using ggpubr (ver. 0.4.0) and ggplot2 (ver. 3.3.5) 
packages. Boxplots are standardized with the middle line representing 
the median, the upper and lower box edge the interquartile range be
tween the 25th and the 75th percentile, the upper and lower line end the 

maximum resp. minimum values within the 1.5 interquartile range, and 
dots represent outliers. Biocontrol effect was calculated in excel as dif
ference in mean value compared to the control. These values were used 
for assessing synergism according to the Bliss independence formula: E12 
= E1 + E2 – (E1 x E2), with E12 > Ecombo = antagonistic, E12 = Ecombo =

basic additivity, E12 < Ecombo = synergism (Demidenko and Miller, 
2019; Xu et al., 2011). 

3. Results and discussion 

3.1. The combination of entomopathogenic pseudomonads with 
nematodes or fungi leads to synergism 

In laboratory assays performed at the onset of this study, we had 
screened different EPP strains and EPN populations and discovered 
several P. chlororaphis strains and S. feltiae populations with promising 
potential to kill larvae of D. radicum (Fig. S3, Table S2). From several 
publications on effects of EPF against D. radicum, we know that isolates 
of Beauveria bassiana and Metarhizium brunneum and among the latter 
especially M. brunneum strain BIPESCO 5 / F52 (Bip5) have promising 
activity against the cabbage maggot (Bruck et al., 2005; Myrand et al., 
2015; Razinger et al., 2014; Vänninen et al., 1999b). Thus, our first step 
was to test combinations of EPP and EPN as well as of EPP and EPF for 
potential synergism. In the first simple radish-sand laboratory experi
ment, P. chlororaphis PCL1391 and S. feltiae RS5 and 594 applied alone 

Fig. 1. Effect of combinations of fluorescent pseudomonads with entomopathogenic nematodes or fungi on D. radicum development in laboratory assays. D. radicum 
fly emergence and pupation rates per egg, respectively, obtained in a radish-sand laboratory assay. A & B) Two experiments applying different combinations of 
P. chlororaphis and S. feltiae. C & D) Two independent repetitions of an experiment applying combinations of P. chlororaphis and M. brunneum or B. bassiana. Strains: 
P. chlororaphis PCL1391 (A, C, D), PCLRT03 (B); S. feltiae RS5 (A, B), 594 (A), nemaplus (B); M. brunneum Bip5 (C, D), B. bassiana 2587 (C, D). Standard boxplots 
represent the pupation resp. fly emergence rate. Kruskal-Wallis and post-hoc Dunn-test with bh-correction were conducted in Rstudio; different letters indicate 
significant differences between treatments (P < 0.05). 
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reduced the average fly emergence rate by 65%, 65% and 30%, 
respectively, compared to the control (Fig. 1A, Table S3). The combi
nation of PCL1391 with either S. feltiae population led to a reduction of 
over 95%. This represents a synergistic interaction according to the Bliss 
formula (Demidenko and Miller, 2019; Xu et al., 2011; Table S4). In the 
second experiment, the combinations of P. chlororaphis PCLRT03 and 
two S. feltiae populations could not improve efficacy as PCLRT03 alone 
reached 100% control (Fig. 1B, Table S3). 

In the experiments with fungi, fly emergence rate in the control 
varied strongly between experiments (17% vs 54%; Fig. 1C-D, Table S5). 
The two EPF strains showed tendencies to reduce fly emergence rates 
but the effect was not significant in either experiment (Fig. 1C-D). The 
performance of EPP PCL1391 was highly variable. In the first experi
ment, the bacteria had no impact at all on fly emergence, in the second, 
however, all the insects died following PCL1391 application. Therefore, 
it was not possible to monitor potential effects of combinations in the 
second experiment. In contrast, in the first experiment, the combination 
of Bip5 and PCL1391 reduced mean fly emergence by 75% compared to 
the control (vs. 25% and 0% reduction for respective individual strains), 
thus resulting in a synergistic effect (Table S4). 

The combined application of pseudomonads and nematodes was 
more promising than that of pseudomonads and fungi and therefore 
upscaled in a semi-field trial, where radishes were grown in pots under 
natural weather conditions and inoculated with D. radicum eggs. In the 
treatment without artificial inoculation, a few D. radicum larvae were 
discovered, implying a very small natural infestation. Consequently, 
only 14% of the plants were affected by the insect (Fig. 2). The artificial 
inoculation with D. radicum eggs, however, created a very high pest 
pressure, resulting in 67% dead plants in the no BCA control (Table S6). 
Although single BCA application reduced D. radicum damage, these ef
fects were not significantly different to the no BCA control. The high 

efficiency of P. chlororaphis PCLRT03 and S. feltiae RS5 that was 
observed under laboratory conditions, was not observed in the upscaling 
to the semi-field trial. The combination of the two biocontrol agents, 
however, resulted in a synergistic interaction (Table S4) and signifi
cantly reduced D. radicum damage by decreasing the number of dead 
radishes by 42% and increasing healthy radish bulbs by 34% (Fig. 2, 
Table S6). Thus, the synergistic relationship of the Pseudomonas-nema
tode combination was preserved when upscaling from the laboratory to 
a semi-field trial. 

To the best of our knowledge, this is the first study to demonstrate a 
synergistic interaction between EPP and EPN against insects under 
laboratory and semi-field conditions, and of EPP with EPF under labo
ratory conditions. Previous studies on combinations of nematodes with 
entomopathogenic bacteria (EPB) have focused predominantly on EPN 
and Bacillus thuringiensis (Bt). Various publications describe additive and 
synergistic effects of EPN × Bt combinations in laboratory, greenhouse 
and field experiments against Lepidopteran, Dipteran and Coleopteran 
pests (Abdolmaleki et al., 2017; Koppenhöfer et al., 1999; Li et al., 2021; 
Oestergaard et al., 2006). The general conclusion from these studies is 
that biocontrol efficiency is increased when EPN and EPB are applied 
together, which is more pronounced in laboratory compared to field 
studies. Our results support this conclusion although insecticidal pseu
domonads and Bt have different modes of action. So far, little is known 
about the interaction between EPN and EPP. Cambon et al. (2020) 
discovered pseudomonads in EPN-infected cadavers. Ogier et al. (2020) 
isolated P. protegens and P. chlororaphis from infective juveniles of 
different EPN species and proposed that EPP belong to the EPN patho
biome. The insecticidal toxins produced by EPP and 
nematode-associated bacteria (NB) show sequence similarity, suggesting 
a common origin (Ruffner et al., 2015). These findings indicate frequent 
interactions between EPP and EPN in nature. 

Similar to EPN, EPF have already been combined with Bt, which 
resulted in synergistic effects in laboratory and field studies (Beris and 
Korkas, 2021; Wraight and Ramos, 2005). Furthermore, EPF have suc
cessfully been combined with fluorescent pseudomonads for simulta
neous pest and disease control, e.g. of leaf miners and collar rot disease 
in groundnut (Senthilraja et al., 2010a, 2010b) and leaf folder pest and 
sheath blight disease of rice (Karthiba et al., 2010). Still, we were sur
prised to find a synergistic effect in our sand-radish bulb assay because 
we observed inhibitory effects in a previous in vitro inhibition assay 
with EPF and EPP (A. Spescha, unpublished data). Fluorescent pseudo
monads are well-known for controlling fungal plant diseases and pro
ducing a vast array of antifungal exoproducts (Haas and Défago, 2005; 
Vesga et al., 2021). EPF, on the other hand, also produce antimicrobial 
compounds that inhibit bacterial growth (Hummadi et al., 2021; Rav
indran et al., 2014). The fact that inhibitory effects were visible on agar 
plates but not observed in the sand-radish bulb assay might be explained 
by the possibility that the cocktail or amounts of exoproducts produced 
by the two BCAs might differ between culture medium and our sand 
system. 

In summary, P. chlororaphis and S. feltiae as well as P. chlororaphis and 
M. brunneum seem to be well compatible when applied together against 
an insect pest. Their different modes of action might be a reason for the 
synergistic effects we have observed. Combining these organisms might 
be a promising approach for developing biological control methods. 

3.2. Upscaling the application of a tripartite biocontrol consortium from 
the greenhouse to the field 

Our next step was to compare single, dual and triple combinations of 
EPP, EPN and EPF in greenhouse trials. All three BCAs significantly 
reduced fly emergence rates compared to the control (Fig. 3, Table S7). 
S. feltiae RS5 reduced the mean emergence by 44% compared to the 
control, thereby showing a similar efficacy in the greenhouse as in the 
laboratory sand assay (Fig. S3, Table S2). P. chlororaphis PCLRT03 
reduced fly emergence in the greenhouse by 59%, which was lower than 

Fig. 2. Impact of insecticidal Pseudomonas and entomopathogenic nematodes 
applied alone and in combination on Delia radicum damage on radish bulbs 
under semi-field conditions. D. radicum damage was recorded on radish bulbs 
grown in pots placed outside under natural weather conditions. In the Delia-free 
(Df) treatment, there was no D. radicum inoculation and no BCA application. 
The remaining treatments were all artificially inoculated with D. radicum eggs; c 
= control with no BCA application; N = EPN population S. feltiae RS5; P = EPP 
strain P. chlororaphis PCLRT03; PN = double combination with P and N appli
cation. D. radicum mining damage on a radish bulb was recorded on the 
following scale: none = no damage; light = small damage, 1 mining; heavy 
= large damages, ≥ 2 minings; dead = plant dead. Different letters on top of the 
barplot refer to significant differences among treatments (P < 0.05) according 
to an ordinal regression model. 
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in the laboratory assay (Fig. S3, Table S2). M. brunneum Bip5 signifi
cantly impacted D. radicum and lowered mean fly emergence by 54%, 
thus performing better than in the laboratory assay (Fig. 1C-D, 
Table S5). Both dual combinations (EPP x EPN and EPP x EPF) signifi
cantly reduced D. radicum survival compared to the control, lowering 
the mean fly emergence rate by 60%, but did not differ significantly to 
the single treatments. The same was observed for the triple combination. 
The synergistic effects observed for EPP combined with EPN and EPF in 
the laboratory assays and the semi-field trial could not be verified in the 
greenhouse. This indicates that synergistic effects are dependent on 
different conditions. The effects of both dual combinations were very 
consistent over both experiments. Even though EPP and EPF as well as 
EPP and EPN combinations did not exhibit a higher efficacy than the 
single applications, the mean and median values were less variable be
tween experiments (Table S8). The stabilizing effect of combining EPP 

either with EPF or with EPN was already observed in the laboratory 
assays (Fig. 1, Tables S3, S5). To verify the biocontrol effect of the 
consortium under natural conditions, the single BCAs and the triple 
combination were applied in a field trial. 

In the field trial, D. radicum damage was significantly reduced 
compared to the untreated control when BCAs were applied alone and in 
a triple combination (Fig. 4, Tables S9, S10). However, there was no 
statistically significant difference between the triple combination and 
any of the single applications. The percentage of bulbs with no damage 
was highest in EPP, and second highest in the triple combination. 
Application of either EPF or EPN increased the percentage of bulbs 
without D. radicum damage (category “none” in Fig. 4) by one third, the 
application of EPP and the triple combination even by by 50% 
(Table S9). Bulbs with no damage can be sold to wholesale at standard 
prices, thus the observed effects of BCA application (either single or in 
combination) would translate into an increase in marketable plants by 
30–50%. The percentage of lightly damaged bulbs, which can, at best, be 
sold on the farmers market at a lower price, did not differ between 
treatments. BCA application reduced the proportion of heavily damaged 
bulbs, which are bulbs that cannot be sold (categories “heavy” and 
“severe” in Fig. 4). Again, the most efficient treatment was EPP, which 
reduced heavy damage by 73%. The results of this first field trial are 
promising, however, more field studies are needed to determine whether 
reliable D. radicum control can be achieved in practice and whether the 
triple combination is more stable over the long term compared to single 
applications. 

Few published studies on D. radicum biocontrol in the field have 
shown effective control of this pest. For example, Vänninen et al. 
(1999a) applied different EPF species as well as B. thuringiensis and 
S. feltiae in several field trials, but biocontrol effects were scarce and 
usually observed in one season only, and Chandler and Davidson (2005) 
reported that M. anisopliae reduced D. radicum survival under green
house conditions, but not in the field. Two recent field studies with 
application of M. brunneum and B. bassiana detected a non-significant 
reduction in pest pressure (Herbst et al., 2017; Razinger et al., 2017). 
The positive exception was a study by Beck et al. (2014) who observed 
significantly reduced cauliflower mortality after application of S. feltiae 
in a field trial with a high natural pest pressure. We achieved a signifi
cant increase in marketable bulbs upon application of EPF M. brunneum 
and EPN S. feltiae. However, the best result was obtained with the 
entomopathogenic pseudomonads of the species P. chlororaphis, which is 
already used for the biological control of fungal diseases. Although the 
triple combination did not result in a synergistic effect, our field trial 
confirmed the results from our greenhouse and semi-field trials: EPP, 
EPN and EPF are compatible and provide significant D. radicum control 
indicating that their use might contribute to solve this severe problem in 
the production of Brassicacean crops in organic and conventional 
agriculture. 

Fig. 3. Effect of single and combined biocon
trol agent applications on D. radicum develop
ment under greenhouse conditions. D. radicum 
fly emergence rate per egg was pooled across 
six independent greenhouse trials combining 
EPP, EPN and EPF (two trials for each combi
nation). Treatments: c = control with no BCA 
application; N = EPN population S. feltiae RS5; 
P = EPP strain P. chlororaphis PCLRT03; F 
= EPF strain M. brunneum Bip5; PN, PF and PFN 
= respective double and triple combinations. 
Boxplot width indicates the number of experi
ments in which a treatment was applied in (two 
trials for each combination, four for F and N, six 
for P and the control). A lmer model was used 
to analyse the data; asterisks refer to significant 
differences compared to the control with P- 
values * = < 0.05, * * < 0.01, * ** <0.001.   

Fig. 4. Reduction of Delia radicum damages on radish bulbs by single and 
combined BCA application observed under field conditions. Treatments: c 
= control with no BCA application; N = EPN population S. feltiae RS5; F = EPF 
strain M. brunneum Bip5; P = EPP strain P. chlororaphis PCLRT03; PFN = triple 
combination with all three BCAs. Bulb damage was scored with the following 
scale: none = no D. radicum damage; light = small damage, 1 larval mining; 
heavy = large damages, 2–5 minings; severe = severe damages, bulb partly or 
completely destroyed by > 5 minings. Data was analysed using an ordinal 
regression model. Significant differences between treatments are indicated by 
the letters above the barplot. 
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In recent studies, EPN and EPP have been combined with arbuscular 
mycorrhizal fungi (AMF) to improve plant fitness and reduce pest 
pressure. Imperiali et al. (2017) inoculated wheat fields with P. protegens 
CHA0 and P. chlororaphis PCL1391 alone and in combination with 
different EPN and different AMF. Under a heavy natural frit fly infes
tation, the combined application of both Pseudomonas strains together 
with H. bacteriophora resulted in the highest yield. Jaffuel et al. (2019) 
treated maize fields over three years with EPP (a mixture of P. protegens 
and P. chlororaphis), EPN (a mixture of H. bacteriophora and S. feltiae) 
and AMF. Although they did not observe synergistic effects of EPP-EPN 
combinations, some of the EPP and EPN treatments increased grain yield 
or reduced damage caused by the western corn rootworm in some of the 
trials. Taken together, these two studies in combination with our own 
indicate that EPN-EPP combinations, alone or together with 
plant-beneficial fungi, can reduce damage caused by different insects on 
different crops. 

3.3. Biocontrol agents do not impact each other’s population sizes under 
semi-field and field conditions 

For successful co-application, the biocontrol agents need to persist 
well together in the soil and on plant roots. We monitored the 

population levels of EPP, EPF and EPN after single and combined 
application in two semi-field trials and a field trial. To summarize our 
results, the EPP, EPN and EPF used in our semi-field trials (Fig. 5A, 
Tables S11, S12) and the field trial (Fig. 5B, Table S13) established and 
persisted well in the soil and on the roots. Population sizes of individual 
BCAs were not altered in dual or triple combinations. 

In the second semi-field and the field trial, the mean EPN population 
levels at harvest ranged between 50 and 100 IJ/100 g soil dry weight, 
and in the first semi-field trial around 350 IJ/100 g soil fresh weight 
(Tables S11-S13). In the field trial, EPN numbers decreased slightly but 
significantly over time (Fig. 5B). The combination with other BCAs did 
not impact EPN population size neither in field nor semi-field trials. 

Mean EPF root colonization was very similar in the semi-field and the 
field trial, ranging from 7 × 103 to 1 × 104 cfu/g fresh weight (Fig. 5, 
Tables S12, S13). EPF populations established in the soil were about one 
order of magnitude higher and means ranged from 1 to 2 × 105 cfu/g 
dry weight. In the field trial, similar to the EPN populations, EPF levels 
decreased slightly over the period of the field trial, which was significant 
in the soil but not on the roots (Fig. 5B). Combining EPF with other BCAs 
did not influence population sizes. 

In the semi-field trials, the mean EPP soil colonization ranged be
tween 3 × 105 and 1 × 106 cfu/g dry weight (Fig. 5A, Tables S11, S12). 

Fig. 5. Soil and root colonization by BCAs applied alone and in combinations under A) semi-field and B) field conditions. A) Soil and root colonization in semi-field 
trial 2 was assessed for all BCAs during the final evaluation after growing radishes for eight weeks in pots (n = 16) placed outside. B) Soil and root samples (n = 25) 
were taken two (t1) and eight weeks (t2) after sowing radishes in a field trial. Treatments: c = control with no BCA application; N = EPN population S. feltiae RS5; F 
= EPF strain M. brunneum Bip5; P = EPP strain P. chlororaphis PCLRT03; FN, PF, PN and PFN = respective double and triple combinations. Letters refer to significant 
differences among treatments at P < 0.05 according to a Dunn-test and may be compared if written in the same colour. Where no letters are shown, no significant 
differences were detected. 
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Pseudomonads were enriched on the roots and reached population 
levels up to 108 cfu/g fresh weight. In the field trial, the soil and root 
colonization levels did not differ much and ranged from 7 × 105 to 
1 × 106 cfu/g at the first sampling (Table S13). In contrast to EPF and 
EPN, EPP population sizes increased more than ten-fold over time and 
reached levels up to 4 × 107 cfu/g eight weeks after sowing (Fig. 5B, 
Table S13). It is most likely that the second application after the first 
sampling has boosted populations. This population boost strongly sup
ports the utility of a second EPP application. As already observed for 
EPN and EPF, combining EPP with other BCAs did not substantially 
affect EPP root or soil colonization. BCA colonization was also observed 
in several greenhouse trials, and neither of the three BCAs had an impact 
on population sizes of the others in combinations (data not shown). 

The soil and root colonization levels established in the semi-field and 
the field trials exceeded the recommended thresholds for biocontrol 
activity that were established for all three biocontrol organisms (EPP: 
105-106 cfu/g root, Haas and Défago, 2005; EPF: 105-106 cfu/g soil, 
Rogge et al., 2017; EPN: 105 IJ/m2, Campos-Herrera et al., 2015). The 
EPP and EPN colonisation levels were comparable to those obtained by 
Imperiali et al. (2017) and Jaffuel et al. (2019). 

4. Conclusions 

This study has explored the biocontrol potential of P. chlororaphis 
against a root-feeding pest insect using a range of experiments from the 
greenhouse to the field. Strain PCLRT03 strongly inhibited survival of 
the cabbage maggot Delia radicum under controlled conditions and 
significantly increased the marketable produce in a first field trial. So 
far, P. chlororaphis is mainly marketed for its plant-growth promoting 
and disease suppressive traits, but our results indicate that new 
P. chlororaphis products or existing ones could also be developed for use 
against insects. A novel bacterial and multifactorial BCA for pest control 
would be most welcome in a future where the use of chemicals is greatly 
reduced or prohibited. 

To our knowledge, this is the first time that a combination of ento
mopathogenic pseudomonads, nematodes and fungi was successfully 
used to fight a below-ground insect pest. Taken together, our results 
from all experiments performed under laboratory, greenhouse, semi- 
field and field conditions indicate that a combination of compatible 
BCAs with different modes of action, such as those studied here, can 
potentially improve D. radicum control. The sequential upscaling and the 
close monitoring of the applied biocontrol agents were essential not only 
to evaluate the efficiency but also the compatibility of the consortium. 
When applying our combinations, we observed synergistic effects under 
semi-field conditions and more stable results in the greenhouse. We 
propose that unreliable pest control obtained when applying single BCAs 
may be overcome by the application of multiple BCAs. A successful 
consortium does not necessarily have to display pronounced synergisms, 
but should perform better under variable conditions. In case the per
formance of an individual BCA is hampered by adverse environmental 
conditions, the other consortium members could compensate and pro
vide effective control. Of course, for our consortium, this will have to be 
verified in further field trials at different locations and under varying 
environmental conditions. It will also be interesting to test the con
sortium against other root feeding pests. Combinations might have a 
broader activity spectrum than single-organism-based products. This 
especially applies to the consortium evaluated here, because all its 
members have demonstrated activity against several insect species. An 
added value of including P. chlororaphis is that these bacteria can also 
control fungal root pathogens. 

Monitoring the three BCA in pot, semi-field and field studies showed 
clearly that EPN, EPF and EPP do not impact each other’s soil and root 
colonization capacity. This is very promising for the development of 
combined biocontrol products. However, the interaction between EPP, 
EPN and EPF needs to be studied more closely, especially regarding the 
formulation and application. Any negative interactions must be 

excluded if all three BCAs were applied together (e.g. in one tank 
mixture) or even included in one single product. It is clear that costs for 
production, registration and application will be higher for products 
containing BCA consortia than for single BCA products. This impairs the 
uptake of combined application strategies of BCAs by farmers for the 
time being. However, we believe that with improved registration pro
cesses, cheaper large-scale production, and more pressure to reduce 
pesticide application in many countries worldwide, these hurdles can be 
overcome in the future. 
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Müller, Sibilla Guillén, Adrian Belosevic, Daniel Osoko and Paula Rivas 
in various experiments and the blockcourse students Caroline Xu, Iman 
Kilb, Fortesa Rama, Julia Thomann, Nicolas Kamber, Martino Bernas
coni, Enrico van der Loo and Maria Doikova for assistance in performing 
nematode screenings. We are thankful to Marco Rey and Gebr. Rey AG 
for allowing us to conduct the field trial on their farmland and use their 
facilities throughout the trial. We are grateful to Jordan Vacheron for 
tagging PCLRT03 with a fluorophore. Nematode molecular identifica
tion was supported by Ruben Blanco-Pérez (ICVV) and data were 
generated in collaboration with the Genetic Diversity Centre (GDC), 
ETH Zurich. We thank Prof. Werner Eugster from the Grassland Sciences 
group at ETH Zurich for providing us with sensory equipment for the 
semi-field trials and for his advice with statistics. Reto Zihlmann from 
Seminar for Statistics group at ETH Zurich gave input on data analysis. 
We acknowledge Ute Vogler and Tina Drechsler from Julius-Kühne 
Institute and Anne Marie Cortesero from University of Rennes for 
providing us with D. radicum pupae to refreshen our lab rearing and 
Cornelia Sauer from Agroscope for the Delia identification course. Anett 
Hofmann and Kenza Benabderrazik from Sustainable Agroecosystems 
group at ETH Zurich provided us with data loggers for the semi-field 
trials. Finally, we thank Jessica Stapley for reviewing and proof
reading this manuscript. 

Funding 

This study was supported by the World Food System Center of ETH 
Zurich, Switzerland, through the Mercator Research Program on 
Organic Production Systems funded by the Mercator Foundation 
Switzerland. Open access funding was provided by ETH Zurich. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.agee.2023.108414. 

References 

Abdolmaleki, A., Rafiee Dastjerdi, H., Tanha Maafi, Z., Naseri, B., 2017. Virulence of two 
entomopathogenic nematodes through their interaction with Beauveria bassiana and 

A. Spescha et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.agee.2023.108414
http://refhub.elsevier.com/S0167-8809(23)00073-7/sbref1
http://refhub.elsevier.com/S0167-8809(23)00073-7/sbref1


Agriculture, Ecosystems and Environment 348 (2023) 108414

10

Bacillus thuringiensis against Pieris brassicae (Lepidoptera: Pieridae). J. Crop Prot. 6, 
287–299. 

Ansari, M.A., Shah, F.A., Butt, T.M., 2010. The entomopathogenic nematode Steinernema 
kraussei and Metarhizium anisopliae work synergistically in controlling overwintering 
larvae of the black vine weevil, Otiorhynchus sulcatus, in strawberry growbags. 
Biocontrol Sci. Technol. 20. https://doi.org/10.1080/09583150903420031. 

Babbal, Adivitiya, Khasa, Y.P., 2017. Microbes as biocontrol agents. In: Probiotics and 
Plant Health. Springer, Singapore, pp. 507–552. https://doi.org/10.1007/978-981- 
10-3473-2_24. 

Barelli, L., Moonjely, S., Behie, S.W., Bidochka, M.J., 2016. Fungi with multifunctional 
lifestyles: endophytic insect pathogenic fungi. Plant Mol. Biol. 90, 657–664. https:// 
doi.org/10.1007/S11103-015-0413-Z. 

Beck, B., Spanoghe, P., Moens, M., Brusselman, E., Temmerman, F., Pollet, S., 
Nuyttens, D., 2014. Improving the biocontrol potential of Steinernema feltiae against 
Delia radicum through dosage, application technique and timing. Pest Manag. Sci. 70, 
841–851. https://doi.org/10.1002/ps.3628. 

Beris, E., Korkas, E., 2021. Additive and synergistic interactions of entomopathogenic 
fungi with Bacillus thuringiensis for the control of the European grapevine moth 
Lobesia botrana (Denis and Schiffermüller) (Lepidoptera: Tortricidae). Egypt J. Biol. 
Pest Control 31, 1–7. https://doi.org/10.1186/S41938-021-00455-W. 

Bertani, G., 1951. Studies on lysogenesis I: the mode of phage liberation by lysogenic 
Escherichia coli. J. Bacteriol. 62, 293–300. 

Boeckman, C.J., Anderson, J.A., Linderblood, C., Olson, T., Roper, J., Sturtz, K., 
Walker, C., Woods, R., 2021. Environmental risk assessment of the DvSSJ1 dsRNA 
and the IPD072Aa protein to non-target organisms. GM Crops Food 12, 459–478. 
https://doi.org/10.1080/21645698.2021.1982348. 

Bruck, D.J., Snelling, J.E., Dreves, A.J., Jaronski, S.T., 2005. Laboratory bioassays of 
entomopathogenic fungi for control of Delia radicum (L.) larvae. J. Invertebr. Pathol. 
89, 179–183. https://doi.org/10.1016/j.jip.2005.02.007. 
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