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Abstract 

Biological pest control is an environmentally-friendly alternative to synthetic pesticides, using organ-

isms such as viruses, bacteria, fungi, and parasitoids. However, efficacy is variable and combining dif-

ferent biocontrol agents could improve success rates. To date, little is known about the compatibility 

and the efficacy of parasitoid wasps and microbial agents when used in combination. To fill this gap, 

we conducted a systematic review of studies combining a parasitoid with an entomopathogenic virus, 

bacteria or fungus. We hypothesised that the effects could be positive and that more efficient pest 

control could be achieved through combining agents. We searched in Web of Science and extracted data 

from 49 publications matching the pre-defined inclusion criteria. Combinations of 36 hymenopteran 

parasitoids with 17 entomopathogenic microorganisms used to control 31 target pests were found. 

Trichogramma pretiosum and Encarsia formosa were the most frequently studied parasitoids, while 

Beauveria bassiana, Metarhizium anisopliae, Lecanicillium muscarium, Bacillus thuringiensis var. 

kurstaki, the Spodoptera exigua multiple nucleopolyhedrovirus, and the Spodoptera frugiperda multiple 

nucleopolyhedrovirus were the main microbial agents assessed. Out of 49 parasitoid-microorganism 

combinations assessed in the laboratory experiments, 38 were reported as compatible and six as in-

compatible. Timing and dosage of biopesticides played a crucial role, with later application and appro-

priate dosage minimizing adverse effects on parasitoid development. Combinations, including parasi-

toids and fungi, were well represented in the literature. In contrast, few experiments combined bacteria 

(11%) and viruses (9%) with parasitoids highlighting a need for further research into these types of 

combinations. Moreover, most of the reviewed experiments (84%) were carried out in the laboratory. 

 

In the light of these results, we then looked more closely at the case of the South American tomato 

leafminer. Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) is a major threat to worldwide tomato 

production, and sustainable management methods are needed. Phthorimaea operculella granulovirus 

(PhopGV) and the parasitoid wasp Necremnus tutae Ribes & Bernardo (Hymenoptera: Eulophidae) were 

identified as promising biocontrol agents of this pest. Since the virus is most effective against first 

instar larvae, whereas the parasitoid targets older ones, we hypothesised that combining both agents 

could result in increased pest control. We conducted a replicated semi-field experiment to evaluate the 

control efficacy of N. tutae and PhopGV when used alone and in combination against T. absoluta and 

their compatibility over an entire growth period. Four treatments were compared: 1) T. absoluta only 

(control, CO); 2) T. absoluta + N. tutae (PA); 3) T. absoluta + PhopGV (VI); 4) T. absoluta + N. tutae + 

PhopGV (VP). On day 0, five potted tomato plants cv. Admiro (De Ruiter) were placed in 28 walk-in cages 

and 50 T. absoluta pupae were released in each cage to build an initial population. The tomato plants 

in treatments VI and VP were sprayed at a high PhopGV dosage (0.015%, ≥ 3 × 10
9
 OB/l) upon their 

introduction, on day 4 and on day 11, and at a low dosage (0.0015%, ≥ 3 × 10
8
 OB/l) on days 28 and 

42. All further plants introduced into these treatments were sprayed at high dosage on the day of their 

introduction. Plants in treatments CO and PA were sprayed with the equivalent amount of water. On day 

16, thirty couples of adult parasitoids were released in each plot of treatments PA and VP. A second 

release of 30 parasitoid couples was conducted on day 41. During the 9 weeks long assay, we system-

atically recorded the number of T. absoluta larvae, and measured plant damage on a weekly basis. The 

number of adult T. absoluta and N. tutae was recorded once at the end of the assay. 

 

Combining the two agents achieved the highest larval (-24%) and crop damage (-29%) reduction cumu-

lated over the entire experiment. However, there was no significant additive effect of the two agents. 

At the end of the trial, which coincided with the emergence of the third generation of T. absoluta adults, 

using the virus alone resulted in the strongest reduction of adult density (-78%), followed by the virus-

parasitoid combination (-59%). No negative effect of the virus was recorded on the parasitoid popula-

tion. Our results demonstrate the compatibility and potential of N. tutae and PhopGV to reduce popu-

lation growth and crop damage of T. absoluta under semi-field conditions. Predictive models show that 

biocontrol intervention timing and intensity are crucial for success and cost efficiency. Therefore, fur-

ther research should be conducted to determine the appropriate doses of N. tutae and PhopGV when 

applied at different times and on different population densities of T. absoluta. Moreover, new experi-

ments under field conditions are necessary to include agronomic and financial parameters in the final 

compatibility assessment. While more research is needed, our findings provide important insights into 

an innovative combination of biocontrol agents, thereby contributing to more sustainable agriculture. 

 

Keywords: biological control, integrated pest management, compatibility, baculovirus, Phthorimaea 

absoluta 
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1 General introduction 

Demographic growth and climate change pose serious challenges for the agricultural sector: global 

food demand rises, while warmer temperatures lead to increased pest pressure in agricultural crops 

(Skendžić et al. 2021; van Dijk et al. 2021). Simultaneously, synthetic pesticides, largely used for crop 

protection, face growing controversy due to adverse effects on the environment and human health 

(Yadav and Devi 2017; Sharma et al. 2020). Alternative sustainable methods for pest control are sought. 

Biological control is an alternative to synthetic pesticides with fewer adverse environmental effects (Col-

latz et al. 2021). Stenberg et al. (2021) define it as “the exploitation of living agents (incl. viruses) to 

combat pestilential organisms (incl. pathogens, pests, and weeds) for diverse purposes to provide hu-

man benefits”. Among the most used organisms in biological control are microorganisms such as en-

tomopathogenic bacteria, fungi, and viruses, and macroorganisms such as parasitoids (Eggleton and 

Belshaw 1992; Lacey et al. 2015; Qu et al. 2022). The success of biological control relies on multiple 

biotic and abiotic factors (Gillespie et al. 2016; Sabbahi et al. 2022). As some of these are difficult to 

manage, biocontrol efficacy and reliability can be variable. Combining different biocontrol agents could 

help to minimize that problem (Roy and Pell 2000; Cossentine 2009; Quesada-Moraga et al. 2022). To 

explore this topic, the case study of the South American tomato leafminer was considered. 

 

About 190 million tons of tomatoes (Solanum lycopersicum L.) are produced annually on five million 

hectares worldwide (FAO 2023). Tuta absoluta Meyrick (Lepidoptera: Gelechiidae) is a major threat to 

this essential cash crop, relied on by many people (Bergougnoux 2014). It causes up to 100% yield loss 

in all tomato production systems, ranging from soil grown open-field crops to high-tech greenhouse 

crops (Desneux et al. 2010; Desneux et al. 2011; Biondi et al. 2018). Pest control with synthetic insec-

ticides, largely used to control T. absoluta (Desneux et al. 2010; Desneux et al. 2022), is unsustainable 

as the moth species rapidly develops high levels of resistance to many chemical compounds (Guedes et 

al. 2019). Moreover, synthetic insecticides harm key beneficial arthropods and disrupt existing inte-

grated pest management programmes (Abbes et al. 2015; Soares et al. 2019). Phthorimaea operculella 

granulovirus (PhopGV, Baculoviridae: Betabaculovirus) and the parasitoid Necremnus tutae Ribes & Ber-

nardo (Hymenoptera: Eulophidae) were identified as interesting biocontrol agents against T. absoluta. 

PhopGV has a good level of pathogenicity against the first instars of T. absoluta larvae and causes 

sublethal effects such as retarded larval growth and pupation failure in the older larval instars (Mascarin 

et al. 2010; Gómez Valderrama et al. 2018). N. tutae parasitizes and feeds on second to fourth instar 

larvae of the pest with a distinct preference for the third instar (Calvo et al. 2013). It causes additional 

mortality by host-killing (i. e. host-feeding, host-stinging). Augmentative releases of N. tutae alone seem 

insufficient to keep T. absoluta damage on tomato plants below the economic threshold (Cocco et al. 

2015a; Calvo et al. 2016; Desneux et al. 2022). Regarding PhopGV, high doses (weekly application of 

the highest recommended concentration) are required to lethally infect T. absoluta larvae. In addition, 

the most damaging older larvae are difficult to reach due to their location inside the mines, so comple-

mentary control measures are required (Gonthier et al. 2023a). Combining both biocontrol agents could 

increase pest control against T. absoluta. The virus is more effective on young larvae, while the parasi-

toid targets the later instars. In addition, no adverse effects of PhopGV were detected on the develop-

ment of N. tutae under controlled conditions, indicating that both agents are compatible for combined 

use (Gonthier et al. 2023a). 

 

We first conducted a systematic review of literature aiming to synthesize the current state of the art 

when combining a parasitoid with an entomopathogenic microorganism. Combining parasitoids and 

microorganisms may be either positive, negative or with no effect on pest control compared with their 

use alone. We hypothesised that effects can be positive and more efficient pest control can be 

achieved through combining agents. We therefore assessed: 1) Which are the most studied combina-

tions of parasitoids and microorganisms? 2) Which combinations of microorganisms and parasitoids 

are compatible? 3) How do microorganisms influence the life table parameters of parasitoids? 4) 

Which key factors influence the compatibility of microorganisms and parasitoids? 5) Can more effi-

cient pest control be achieved by combining a parasitoid with a microorganism instead of using them 

individually? In the light of the results of this systematic review, we then conducted a replicated semi-

field experiment to assess the efficacy of N. tutae, and PhopGV used alone and in combination for the 

biocontrol of T. absoluta. More precisely, we addressed the following research questions: 1) Do N. 

tutae and PhopGV influence the population development of T. absoluta when used alone or in combi-

nation? 2) Do N. tutae and PhopGV influence the level of crop damage caused by T. absoluta when 

used alone or in combination? 3) Is the N. tutae population influenced by PhopGV under semi-field 

conditions (effects on population size and sex ratio).
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2 State of research: “Entomopathogens and parasitoids allied in bio-

control: a systematic review” 

To date, numerous studies have been conducted to assess the efficacy of parasitoid wasps and ento-

mopathogenic microorganisms for pest biocontrol. However, few is known about the compatibility and 

the efficacy of these two types of biocontrol agents when used combined. To fill this gap, we conducted 

a systematic review of studies combining a parasitoid with an entomopathogenic virus, bacteria or fun-

gus. We published the following article on 20
th
 July 2023 in the special issue “Application of insect 

viruses as biopesticides” in Pathogens. This journal focuses on pathogens and pathogen-host interac-

tions and is published monthly online by MDPI. The article can be found under the following link: 

https://www.mdpi.com/2076-0817/12/7/957. Author guidelines can be found in Annex 1 and original 

data in Annex 2. 

  

https://www.mdpi.com/2076-0817/12/7/957


 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 11 

 



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 12 



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 13 



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 14 



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 15 



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 16 



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 17 



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences        18 



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 19 



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences        20 



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 21 



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 22 



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 23 



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 24 



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 25 



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 26 



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 27 

 

  



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 28 

 



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 29 

  



 

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences 30 

3 Semi-field experiment: “A parasitoid wasp allied with an ento-

mopathogenic virus to control Tuta absoluta” 

The following manuscript was submitted on 28
th
 June 2023 for consideration as a research article in the 

special issue “Entomopathogens: from laboratory to the field” in Crop Protection. This journal focuses 

on the development and description of control strategies and their integration into practical pest man-

agement programs worldwide. In this manuscript, results of a semi-field experiment carried out on the 

site of Agroscope in Conthey (Valais, Switzerland) from June to August 2021 are reported. The aims of 

the study were: 1) to evaluate the control efficacy of the parasitoid wasp Necremnus tutae and the 

Phthorimaea operculella granulovirus when used alone and in combination against Tuta absoluta; 2) to 

assess the compatibility of the two biocontrol agents under semi-field conditions over an entire growth 

period. Authors guidelines can be found in Annex 3, original data in Annex 4 and statistical analyses in 

Annex 5. 
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4 General conclusions 

4.1 Systematic review on combinations of biocontrol agents 

Environmental pollution, loss of biodiversity, pest resistances, and risks to human health are among 

the controversial effects of synthetic pesticides. Alternative methods for pest control are sought. Com-

bining biocontrol agents can improve pest control and reduce harmful effects on the environment. In 

our systematic review, we showed that many combinations of parasitoids and entomopathogenic mi-

croorganisms are compatible and can be deployed together. Eighty percent of the biocontrol agent 

combinations included in the reviewed papers were deemed compatible. Combinations, including par-

asitoids and fungi, were well represented in the literature. In contrast, few experiments were found 

combining bacteria with parasitoids, despite the large number of Bt-biopesticides. Further research on 

combining bacterial or viral biopesticides with parasitoids is required. The most studied microorgan-

isms of each category, i.e., B. bassiana and M. anisopliae for fungi, Btk for bacteria, as well as the 

SeMNPV and the SfMNPV for viruses, were found compatible with many different parasitoids. However, 

most of the studies were conducted in the laboratory, and new experiments under field conditions are 

necessary to include agronomic and financial parameters in the final compatibility assessment. Moreo-

ver, most of the reviewed studies focused on the impacts of entomopathogenic microorganisms on 

parasitoids. Few examined the effects of parasitoids on the development and dissemination of microbial 

biocontrol agents. Further research is required to analyse how both types of biocontrol agents influence 

each other in the field. Such an assessment should be conducted on more than one generation of par-

asitoids to highlight possible long-term effects. Appropriate timing of application and dosage must be 

defined individually for each combination of biocontrol agents against each specific pest, as these are 

key success factors. Combining biocontrol agents has the potential for pest control, yet interactions 

between parasitoids and entomopathogenic microorganisms should be further researched. To develop 

innovative methods, interdisciplinary work should be fostered. Pest biocontrol methods must be viable. 

Therefore, the availability and the production costs of biocontrol agents should be assessed and further 

improved. 

 

4.2 Semi-field experiment on the biological control of Tuta absoluta 

The results of our semi-field experiment demonstrate the compatibility and the potential of N. tutae 

and PhopGV to reduce population growth and crop damage of T. absoluta under semi-field conditions. 

N. tutae significantly restrained crop damage cumulated over the entire experiment but appeared to be 

outnumbered at the end of the trial. Intensity and timing of parasitoid releases are crucial and must be 

adjusted precisely according to the time and level of pest infestation to ensure effective biological con-

trol under field conditions. PhopGV reduced crop damage to the same extent as N. tutae but strongly 

reduced adult density in the third pest generation, whereas the parasitoid did not. Under the conditions 

of our semi-field experiment, the combined use of PhopGV and N. tutae had no additive effect compared 

to each biocontrol agent used alone. However, the interaction outcome could be affected by altered 

population dynamics and environmental factors in real-world settings, as well as by reduced leaf cover-

age during application of the virus under field conditions. Further investigations are warranted to opti-

mize the timing of application and dosage. The system should be studied under various environmental 

conditions to advance this research area further, fully understand its potential, and estimate possible 

benefits under real-world field or greenhouse conditions. Additionally, a cost-benefit assessment of this 

control strategy could provide valuable information for smallholders, organic growers, and large-scale 

productions. It would also be essential to study the seasonal and infestation level variations in the 

efficacy of this control strategy. In summary, while more research is needed to fully evaluate the poten-

tial of combining PhopGV and N. tutae for T. absoluta control, our findings provide interesting insight 

into an innovative combination of biological control agents. 
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2. Original data of the systematic review – see digital annexes 2a and 2b 

3. Guidelines for authors of Crop protection – see digital annex 3 

4. Original data of the semi-field experiment – see digital annexes 4a and 4b 

5. Statistical analysis of the data from the semi-field experiment – see digital annex 5 
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