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1. Introduction 

1.1 Maize (Zea mays L.) 

Maize (Zea mays) is one of the most important staple crops famously called as queen of 

cereals in the world (Grote et al., 2021). In Central and South America maize is a major source of 

carbohydrates. In the United States, maize is used as an alternative food ingredient. The benefits 

of maize in addition to being consumed by humans, it is also used as animal feed (Erenstein et al., 

2022; Njugi et al., 2018) and as an industrial raw material (Ayiti et al., 2022; Chaudhary et al., 

2014). 

In 2023, Hungary planted maize on roughly 800 thousand hectares, achieving an average 

yield of about 6.05 metric tons per hectare (KSH, 2023). Throughout Europe, approximately 14.1 

million hectares were planted with maize, yielding an estimated 61.4 million metric tons (Huzsvai 

et al., 2024). This reflects a significant agricultural effort in both Hungary and Europe, highlighting 

the importance of maize as a staple crop in the region. 

The morphology of maize plants consists of roots, stems, flowers and seeds. Maize is a tall 

plant, single-housed, and per season. Maize plants are C4 plants that want to grow in places open 

and well lit. C4 crop group is more efficient in utilizing CO2 necessary in the process of 

photosynthesis. 

 

1.2 Diabrotica virgifera virgifera LeConte 

1.2.1 The Origin and biology 

Diabrotica virgifera virgifera, commonly known as the western maize rootworm, is 

believed to have originated in Mexico. Genetic studies indicate that this pest likely spread 

alongside maize cultivation into North America thousands of years ago, adapting to various new 

environments as it expanded (Lombaert et al., 2018). 

Diabrotica virgifera virgifera, is a univoltine beetle species which has one generation per 

year. The lifecycle begins with eggs laid in the soil during late summer, which overwinter and 

hatch into larvae the following spring. The larvae undergo three instars. Larvae then become pupae 

in the soil, emerging as adults in mid to late summer (Levine & Oloumi-Sadeghi, 1991). Male has 

longer antenna than female (Spencer et al., 2009). Both male and female of Diabrotica virgifera 

virgifera exhibit a yellow and black striped pattern on their elytra (wing covers). However, males 

tend to have more pronounced and darker black stripes compared to females, whose stripes are 

usually more regular and less confluent (EPPO, 2017). 
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1.2.2 Spread in Europe 

The population of Diabrotica virgifera virgifera was first detected near Belgrade, Serbia, 

in 1992. The beetle then moves to Hungary, making induced larvae-damage in 1995. Then around 

10 years later it rapidly spread to Central and South-Eastern of Europe (Baufeld and Enzian, 2001). 

The continuously expanding CSE European outbreak extends from Austria to Ukraine from 

southern Poland to northern Bulgaria. A number of isolated outbreaks have been detected almost 

every year since 1998, in various countries including Italy, France, Switzerland, Belgium, the 

United Kingdom, the Netherlands and Germany (Anonymous 2007; Edwards and Kiss, 2007). It 

has invaded with total of 32 countries in Europe. 

 

1.2.3 Damage on maize and factors affected its damage 

Diabrotica virgifera virgifera started created primary damage on maize roots at the first 

instar larvae stage (Blandino et al., 2017). First instar larvae feeding the brace roots causing maize 

plants reduced its ability on absorbing waters and nutrients (Chiang, 1973; Moeser and Hibbard, 

2005). Heavy damage by the larvae causing plant lodging and significant yield losses (Toepfer et 

al., 2010; Szalai et al., 2011). The level of damage caused by larvae on the roots can be measured 

using the IOWA with 1-6 scale (Davis, 1994). If the larvae created heavy root damage, the 

measurement can be evaluated using node-injury 0.00 to 3.00 (Oleson et al., 2005). The adult stage 

feeding on maize silks causing pollination interfering resulting in reduced fertilization and kernel 

set (Culy et al., 1992; Tuska et al., 2002; Tuska et al., 2003). The level of damage caused by adult 

depends on the maize variety, cultivating maize with sweet maize variety and do silk cutting to 1 

cm resulted in moderate yield reduction (Gyeraj et al., 2023). 

 

1.3 Current situation of controlling Diabrotica virgifera virgifera 

Diabrotica virgifera virgifera remains a significant concern for maize cultivation in Europe 

and North America. In hungary, this pest has been detected in 16 out of 19 counties including 

Borsod- Abaúj-Zemplén, Nógrád, Veszprém, and Zala. It then continued to spread to Slovakian 

border and westwards to the northern shore of lake balaton (EPPO, 2023). Bacs Kiskun and 

Csongrád counties were reported as area larvae damaged was observed. Growers use insecticides 

to control the pest. They were used first the organochlorine insecticides against Diabrotica 

virgifera virgifera in the USA in 1949 then resistance of the pest developed within five years (Ball 

and Weekman, 1962). Then, it continues with using carbamate, organophosphate, pyrethroid 

insecticides that also causing pest develop resistance in 2001 (Zhu et al., 2021). In 2003, in USA 

maize producing crystalline toxins derived from the bacterium Bacillus thuringiensis (Bt maize), 



3  

was produced and used to control Diabrotica virgifera virgifera (Storer et al., 2006). In 2006-2009, 

the pest population showed resistance to Cry3Bb1 maize and mCry3A maize. 

In USA, using crop rotation has less value for Diabrotica virgifera virgifera management 

because the species has lost its fidelity for maize and lays eggs in fields planted with other crops 

followed by maize (Prasifka et al., 2013). In Europe, crop rotation is an effective tool for managing 

Diabrotica virgifera virgifera (Kiss et al., 2005b). In addition to crop rotation, and soil or foliar 

insecticide applications are frequently used in the EU to manage Diabrotica virgifera virgifera . 

Using foliar insecticides to control adult Diabrotica virgifera virgifera presents several 

challenges. These include 1) the absence of appropriate machinery for pesticide application in 

maize fields in certain regions, 2) the fragmentation of arable land into small plots in some areas, 

3) restrictions on aerial pesticide application, 4) wide non-target impacts, and 5) challenges in 

pesticide registration. Seed coating and the use of soil insecticides are preferred methods for 

protecting maize because they are less intrusive (Furlan et al., 2002). Chemical control of 

Diabrotica virgifera virgifera larvae has primarily relied on pyrethroid, neonicotinoid, and 

organophosphate insecticides. The soil insecticide, tefluthrin is particularly frequently used (Rozen 

and Ester, 2010). 

Tefluthrin (applied as granular sometimes fluid) is a synthetic pyrethroid insecticide 

targeting soil-dwelling pests (Clark et al., 2012). Neonicotinoid insecticide seed treatments have 

been widely utilized in pest management systems due to their effectiveness in controlling a range 

of underground pests. Since then, the use of some neonicotinoids was banned under regulation 

(EU) No 485/2013. Subsequently thiacloprid was recommended for maize seed treatment because 

of its lower toxicity to honey bees. However, it is not widely used and may also be phased out in 

the future. Insecticide resistance in Diabrotica virgifera virgifera has developed both behaviourally 

and physiologically. Many insecticides have been withdrawn due to their non-target effects. In 

Europe, several safer alternative methods have been explored to reduce the population of 

Diabrotica virgifera virgifera. One example is the use of mating disruption with 8-methyl-2- 

decanolpropanoate (Xie et al., 1992). Other methods include breeding maize hybrids with native 

resistance and tolerance to Diabrotica virgifera virgifera, the attract-and-kill strategy (Schumann 

et al., 2014), and the application of entomopathogenic nematodes. However, these methods face 

implementation challenges and have not yet been widely adopted by growers. 
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1.4 Plant bio stimulants including microbial bio stimulants and their effects on crops 

1.4.1 Definition of plant bio stimulants 

A plant bio stimulant is defined as a “substance”, “microorganism”, “soil improver”, “plant 

strengthener”, “phyto stimulators”, or “plant conditioners” excluding nutrients and pesticides 

when it’s application to plants, or seeds enhances natural processes that give benefit on improving 

nutrient uptake, nutrient efficiency, tolerance to abiotic stress, or quality and crop yield (Du Jardin, 

2005; Rouphael and Colla, 2020; Sharma et al., 2024). Under the new EU Fertilising Products 

Regulation (EU 2019/1009), bio stimulants are now classified as fertilisers and excluded from the 

plant protection regulation, can be commercialized more quickly and cost-effectively (Ricci et al., 

2019). Plant bio stimulants can be divided into 2 categories as follow: microbial and non-microbial 

plant bio stimulants (Sharma et al., 2024). 

 

1.4.2 Definition of microbial bio stimulant 

Microbial bio stimulants are formulations of ingredients that consists a microorganism or a 

consortium of microorganisms which can be applied to plants, seeds, or soil (Castiglione et al., 

2021; Babalola and Glick, 2012). It can contribute to improve plant health and productivity by 

promoting beneficial microbial interactions in the rhizosphere (Fadiji et al., 2022), enhancing 

nutrient availability, and inducing plant defence mechanisms (Farid et al., 2019; Pereira et al., 

2021). It also refers to many terms such as “bio stimulators” (Palma et al., 2022), “bio protectors” 

(Morcillo and Manzanera, 2021), and “bio remediators” (Raklami et al., 2019). It can be made 

from the ingredient a group of fungi, bacteria, or algae (Johnson et al., 2023). 

 

1.4.3 Effect of microbial bio stimulants on crops 

1.4.3.1 Bacterial bio stimulant 

Bacterial bio stimulant is one of innovative product with substance of living beneficial 

bacteria that enhance plant growth and health crops. Many of scientists have been reported the 

positive effects of bacterial bio stimulants against crops. It gives positive effects on crops by 

improving nutrient uptake, boosting soil health, and increasing stress tolerance on the crops 

(Choudhary et al., 2011). For example, Bacillus amyloquafaciens, a plant growth-promoting 

bacteria commonly called PGPB, a free-living in soil, rhizosphere, rhizoplane, and phylosphere 

bacteria were reported have positive effect on improving nutrient uptake on maize, wheat, rice, 

vegetables when it is mixed with Azospirillum lipoferum. Another example is Bacillus subtilis that 

were reported boosting soil health through mechanism increasing nutrient availability and uptake 

thus improve the soil structure by producing enzymes for breaking down the organic matter in soil 
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thus it releasing nutrients to plants for easily absorb (Ortiz and Estibaliz, 2022). Pseudomonas 

fluorescens and Bacillus amyloliquefaciens are the examples of bacterial bio stimulants that 

increasing stress tolerance on the crops by enhancing plant ability to abiotic stresses (drought, 

salinity or extreme temperature) through releasing hormones and enzymes in the root system of 

the crop (Inbaraj, 2021; Sangiorgio et al., 2020). Pseudomonas aeruginosa also were reported on 

capability on increasing stress tolerance against maize, wheat and mung beans plants (Sarma et al., 

2014; Yasmeen et al., 2021). Bacillus megaterium were reported has capability on increasing stress 

tolerance against maize plants by increasing the ability of root on absorbing water under the salinity 

conditions (Marulanda et al., 2010). 

 

1.4. 3. 2 Fungal bio stimulants 

Fungal bio stimulant is a promising tool in modern agriculture. It divided to two group 

including mycorrhizal fungi and endophytic fungi. One of familiar fungal bio stimulant is 

arbuscular mycorrhizal fungi, called AMF, defined as a subset of two or three fungal species that 

specifically penetrate the cortical cells of plant roots. It reported to have positive effect on 

increasing plant resilience through improving the nutrient uptake, particularly ability plant on 

absorbing phosphor from the soil, and enhancing the soil structure and fertility. Furthermore, 

fungal bio stimulants help plants tolerate to abiotic stresses like drought and salinity by improving 

water retention and root growth. 

Several number of fungal microorganisms with positive effect to plants are Rhizophagus 

irregularis - improving uptake of phosphorus on wheat and maize plants (Renaut et al., 2020) 

Trichoderma harzianum - enhancing root development on rice, soybean, and cucumber plants 

(Lian et al., 2023; Singh et al., 2023; Yao et al., 2023), Aspergilus niger - enhancing the phosphorus 

availability and uptake on maize, wheat and soybean (Tian et al., 2023, Naeem et al., 2021). 

 

1.4.3. 3 Algae bio stimulant 

Algal bio stimulant, a new approach in agriculture, derived from algae containing vitamins, 

amino acids, and hormones have been shown that enhance plant growth and productivity of crops 

(González-Pérez et al., 2022). He did reviewed work and highlighted that crop had positively affect 

including better rooting, higher crop yields, and increased resistance to abiotic stress. One of 

famous species of alga bio stimulants is Chlorella vulgaris were reported to increase biomass and 

fruit yield against tomato (Chiaiese et al., 2018), wheat, (García-González and Sommerfeld, 2016), 

and lettuce (Faheed and Fattah, 2008). Another example of algal bio stimulants is Ascophyllum 

nodosum that were reported enhancing growth performance of strawberry plants by reducing the 
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drought stress, improving growth parameters and fruit quality (Shakya et al., 2023). Dunaliella 

salina revealed the enhancing growth against lettuce and tomato plants by boosting their resistance 

to environmental stress (Arroussi et al., 2018). 
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2. Hypotheses and aim of the study 

 
The major goal of this study was to better understand natural source agents for the control 

of the invasive alien western corn rootworm, Diabrotica virgifera virgifera (Coleoptera: 

Chrysomelidae) in maize to widen the IPM toolbox for growers. One of the aims of this study was 

to review scientific papers in order to get information on existing or potential biological control 

properties of microbial plant bio stimulants as well as the knowledge gaps. Secondly, the aim of 

the study was to establish dose-efficacy-responses and minimum effective dosages of common 

pesticides against Diabrotica virgifera virgifera eggs, larvae, and adults under standardised 

laboratory conditions to facilitate a better choice of positive controls in standard bioassays on more 

sustainable control agents. This step was necessary because information on positive controls is 

often not openly available. Thirdly, and mainly the aim of this study was to better understanding 

the breadth and diversity of insecticidal and crop-enhancing effects of microbial biofertilizers and 

yield enhancers through applying experiments under standardised and semi-field conditions. To 

fulfil the third aim of this study, we tested the microbial bio stimulants agents we previously 

reviewed for their potential to affect Diabrotica virgifera virgifera. By confirming our findings, we 

aim to identify better control options for Diabrotica virgifera virgifera for farmers in the future, 

following integrated pest management systems. This will help reduce chemical pesticide use and 

improve the sustainability and resilience of maize cultivation. 

1. Do microbial bio stimulants have biological control properties and what may be their role 

in modern agriculture? (Chapter I.: Biological control properties of microbial plant bio 

stimulant. A review 

Commercial bio stimulants have been used in agriculture for decades. In recent years, the 

number of available products and their use by growers has markedly increased (Sible et al., 2021). 

This is, on one hand, because plant bio stimulants play a key role in further increasing crop yield 

and in maintaining long-term soil fertility, which is essential for meeting increasing food demands 

(Johnson et al., 2023). Many plant bio stimulants have been shown to improve the growth and 

yield of a crop by 10–40% (Nosheen et al., 2021). On the other hand, plant bio stimulants are 

usually not regulated under the legislation for plant protection products, which eases their faster 

and less costly commercialisation (Calvo et al., 2014). However, some microbial plant bio 

stimulants seem not only to improve soil fertility and/or crop productivity, but may also protect 

the plant from arthropod pests or plant diseases (Nosheen et al., 2021). 

In conclusion, microbial bio stimulants can cause a broad diversity of effects. This leads to 

inconsistency on whether registered plant bio stimulants are solely stimulants or also have plant 
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protection properties comparable to plant protection products. In order to better understand the 

breadth and diversity of effects of microbial bio stimulants on crops, we reviewed such products 

that are commercially available. We chose countries that (a) actually have elaborated regulatory 

processes for microbial plant bio stimulants registration separated from plant protection product 

registration, and (b) have accessible databases of commercial microbial plant bio stimulant, such 

as Hungary, Switzerland, Spain, France, Canada and Indonesia. We hypothesized that many 

products of microbial plant bio stimulants may have, for example, additional insecticidal or plant 

defence effects, something that we assessed through reviewing literature databases, such as CAB 

Direct (CABI, 2022) and Web of Science (Clarivate, 2022). The intention of our review was, 

however, not to blame bio stimulants for their plant protection properties or to demand different 

registration processes. Our aim was to raise awareness about the multiple effects of plant bio 

stimulants on crops, something essential to be understood and considered by growers and other 

plant health system stakeholders. 

2. What are the microbial bio stimulants that can be useful for soil insect pest control? 

(Chapter II.: Can microbial plant bio stimulants be useful for insect soil pest control? A 

review 

Microbial plant bio stimulants are products that contain living cells of microorganisms which 

have the ability to enhance plant characteristics. However, many of them have recently been 

reported to also have insecticidal properties (Tarigan et al., 2022). Soil insect pests are a major 

problem in agriculture causing yield losses in many crops. 

We hypothesized that some microbial bio stimulants have effect on soil insect pests. We 

therefore reviewed commercial microbial plant bio stimulants with regard to their effects on soil 

pests, such as on rootworms, a group with several key soil insect pests in the genus Diabrotica 

(Coleoptera: Chrysomelidae). This will help to identify multiple effects of products that not only 

promote plant growth but also offer protection against insect soil pests. By understanding their 

multiple effects, farmers can potentially reduce the need for chemical pesticides, leading to more 

sustainable agricultural practices. Additionally, this review aims to highlight gaps in current 

research and suggest directions for future studies to explore the insecticidal potential of microbial 

bio stimulants further. 

3. Which positive controls in egg, larva, and adult bioassay of Diabrotica virgifera virgifera? 

(Chapter III.: Methods for high-throughput screening of novel agents against the maize pest, 

Diabrotica virgifera virgifera (Coleoptera: Chrysomelidae) 
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The western corn rootworm, Diabrotica virgifera virgifera LeConte is a chrysomelid beetle 

that is one of the most important pests of maize (Zea mays L.) in the USA and Europe (Meinke et 

al., 2021). Its larvae feed on maize roots which can lead to plant instability, reduced growth and 

yield losses (Meinke et al., 2021). This pest has 7 developmental stages: egg, three larval instars, 

pre-pupa, pupa, and adult. Diabrotica virgifera virgifera is often difficult to control because its 

immature stages hide underground, the eggs take a relatively long time to hatch and the larvae feed 

on and in the maize roots or at least a month (Toepfer et al., 2006). With recent bans on key 

insecticides and concerns about overuse of remaining options, there is an urgent need for accessible 

and comparable screening methods. Dipping assays with ready-to-hatch eggs was used for egg 

bioassay. Artificial diet overlay assays were used for larvae bioassay, Artificial diet- core overlay 

assays were used for adult bioassay. 

We hypothesized that there is one or more insecticides as positive control for egg, larvae and 

adult bioassay of Diabrotica virgifera virgifera. There will be one or more insecticides that act as 

good positive control that we defined it has high toxicity in small dosages tested to kill egg, larvae 

or adult with regard to their significance of effects (+ at p < 0.05), their least variable dose-response (+ if 

X2 > 300 and R2 > 0.3), and their highest toxicity (+ if lowest ED 50) when we analysed using probit 

analysis, linear and logarithmic regressions. We evaluated seven common insecticides 

(imidacloprid, clothianidin, acetamiprid, novaluron, cypermethrin, chlorpyrifos-methyl, spinosad) 

against eggs, larvae, and adults as potential positive controls for each of the proposed assay 

methods. 

4. Are microbial bio stimulants able to affect Diabrotica virgifera virgifera life stages, 

increasing the plant performance of maize crop and also preventing the root damage 

(Chapter IV.: Effect of microbial bio stimulants on maize and its pest, the western corn 

rootworm, Diabrotica virgifera virgifera. We hypothesized that 1) some microbial bio 

stimulants can kill eggs, larvae or adults, 2) some microbial bio stimulants can increase the 

maize performance, reduce the root damage and the number of living larvae. 

Plant bio stimulants are ingredients aimed solely at improving the agronomic performance 

of plants. Some microbial plant bio stimulants had effect on insect pest. Diabrotica virgifera 

virgifera is a serious pest affecting maize crops in Europe and the USA. We tested ten bio 

stimulants which represented a group of bacteria (5 species) including Bacillus amyloliquefaciens, 

Bradyrhizobium japonicum, Rhizobium leguminosarum, Bacillus subtilis, Ensifer melliloti, a 

group of fungi (4 species) including Beauveria bassiana, Trichoderma harzianum, Trichoderma 

asperellum, Rhizophagus irregularis, and a group of algae (1 species) such as Chlorella vulgaris. 

For assessing plant bio stimulants in laboratory, all the products were tested against eggs ready to  
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hatch, neonate larvae, and adults of Diabrotica virgifera virgifera using standard laboratory 

bioassay methods whereas for assessing the potential effect of microbial bio stimulants to maize 

crop performances and Diabrotica virgifera virgifera larvae under semi filed conditions, all 

products tested were applied as maize seed treatments. All microbial bio stimulants were diluted 

with unsterilized tap water. Maize seeds were treated with a diluted microbial bio stimulant using a 

pipette, applied to the surface area of the seeds, and then immediately covered with soil. Three 

dosages were applied per treatment, made following the recommended dosages as written in the 

label of products. Untreated control was served as maize seed treated with unsterilized tap water 

only. Our findings will help to identify which microbial bio stimulants are most effective in 

combating Diabrotica virgifera virgifera at different life stages, as well as those that can enhance 

maize crop performance and protect against root damage. This research can lead to the 

development of more integrated pest management strategies, reducing reliance on chemical 

pesticides and promoting sustainable agriculture. Additionally, our study will provide valuable 

insights into the dual- function capabilities of microbial bio stimulant, guiding future research and 

application in crop protection. 
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6.1 Abstract and Introduction 

 

 
* Larger figures are available in the appendices 
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6.2 Material and methods 
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6.2 Results and Discussion 
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7. General discussion and conclusions 

 

 

Chapter I. – Biological control properties of microbial plant bio stimulant. A review 

Microbial bio stimulants are cutting-edge solutions that employ beneficial microbes, 

including bacteria and fungi, to boost plant growth, enhance crop productivity, and bolster stress 

resistance in farming practices. Our review highlighted a wide range of microbial-based bio 

stimulants that growers can utilize to boost their crop production. These commercial products seem 

to be derived from at least 245 distinct microorganism species, as examined from six different 

countries. Interestingly species of bacteria seem had more contribute on microbial bio stimulants 

products compared to fungi and algae. In our study, there are 82% of products contain bacteria, 

63% contain fungi and 14% contain algae. In addition, 29% contained bacteria-fungal mixes, and 

some contain bacteria-algae mixes or fungi-algae mixes or even mixes of all three groups. We 

highlighted that 53% of products (36% species) reviewed were reported to have insecticidal 

properties and 67% of products (54% species) were reported to defend a plant from insects. 

In conclusion, many commercial microorganism-based bio stimulants not only enhance crop 

yield but also offer plant protection benefits. Consequently, they play a role in the biological 

management of insect pests. These effects warrant further study, and it is important to inform 

growers about their multiple effects. 

 

Chapter II. – Can microbial plant bio stimulants be useful for insect soil pest control? A 

review 

Soil pests are organisms that live in the soil and cause damage to plants by feeding on their 

roots, stems, or other underground parts. We successfully reviewed 245 species of bio stimulants 

registered in 6 countries (Hungary, Switzerland, Spain, France, Indonesia and Canada) for their 

potential effects on soil pest using both CAB Direct and Web of Science. 

In our study, bacteria group with reported effects to soil insects, are strains of Bacillus 

thuringiensis and Pseudomonas fluorescens. Bacillus thuringiensis, which is a well-known insect 

pathogen should probably not appear as an ingredient in bio stimulant. Also, some P. fluorescens 

strains have insecticidal effects, such as against Leptinotarsa decemlineata. Fungi group with 

reported effects to soil insects, are strains of Rhizophagus irregularis (syn. Glomus intraradices, 

Rhizophagus intraradices, G. irregulare, Rhizoglomus irregulare, G. irregular), Glomus mosseae 

(syn. Funneliformis mosseae) and Beauveria bassiana. For example, R. irregularis inoculation is 

known to reduce infestation of wheat by Mayetiola destructor. Beauveria bassiana is a well-known 

insecticidal fungus that should not appear in bio stimulant. 
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At least 9% of microorganisms (6 ± 2 species), registered as bio stimulant, were reported in 

the literature to affect rootworms, most of them through indirect effects. This relates to about 20% 

of commercial products potentially affecting rootworms (41 ± 46 products). Most of those 

originate from the bacterial kingdom (3 ± 1, thus 6% of species; 16 ± 13, thus 11% of products) 

followed by fungi (3 ± 2, 15% of species; 29 ± 35, 33% of products). Among the bacteria with 

potential effects on rootworms are strains of Bacillus pumilus, Azospirilium brasiliense, B. 

thuringiensis, or Pseudomonas chlororaphis. For example, the B. pumilus strain INR-7 is known 

to repel rootworms (Disi et al. 2018). Another example is Azospirilium brasiliense where 

rootworm preferentially orient toward roots of non-inoculated plants versus inoculated roots which 

emit the repellent (E)-β-caryophyllene (Santos and Pen 2014). Among the fungi are strains of 

Rhizophagus irregularis, Saccharomyces cerevisiae, Beauveria bassiana, Metarhizium brunneum 

(syn. Metarhizium anisopliae), and Myceliophthora thermophila. For example, R. irregularis was 

reported to render rootworms prone to predation by natural enemies, probably through an indirect 

effect by a modified endorhiza microbial community (Dematheis et al. 2013). 

It’s important to note that the multiple effects of microorganisms in bio stimulants often 

hinge on the specific strain, which is frequently not mentioned on product labels or in scientific 

studies. Nonetheless, it is evident that many microbial plant bio stimulants have multiple effects, 

including insect control, and this information should be communicated to growers. 

 

Chapter III. – What are suitable positive controls for laboratory screening of novel agents 

against the maize pest, Diabrotica virgifera virgifera (Coleoptera: Chrysomelidae)? 

We successfully evaluated seven common insecticides (imidacloprid, clothianidin, 

acetamiprid, novaluron, cypermethrin, chlorpyrifos-methyl, spinosad) against eggs, larvae, and 

adults as potential positive controls for each of the proposed assay methods. 

In our study, standard egg bioassays conducted in the laboratory revealed that imidacloprid 

and clothianidin were the insecticides that suitable as a positive control due to a robust dose- 

response in reducing egg hatching and causing mortality of hatching neonates. Standard diet 

overlay assays for the larvae revealed that only imidacloprid was suitable as positive control due 

to exhibiting best dose-mortality response as well as sub-lethal effects. In contrast, acetamiprid 

might be proposed as positive control in adult bioassays, as it had a good dose-response in killing 

adults, and this with high toxicity. 

These options, along with other potential choices for suitable positive controls based on our 

provided details and the specific study objectives, are intended to assist researchers in screening 

new crop protection agents against the eggs, larvae, or adults of this significant invasive pest. 
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Chapter IV. – Effect of microbial bio stimulants on maize and its pest, the western corn 

rootworm, Diabrotica virgifera virgifera 

Diabrotica virgifera virgifera is a serious pest affecting maize plants both USA and Europe. 

Microbial plant bio stimulants are products that use beneficial living microorganisms to enhance 

plant growth and improve crop yields. Some microbial bio stimulants are hypothesized to have 

insecticidal effects on insect pests. We successfully assessed 10 microbial bio stimulants products 

under laboratory and semi field conditions. Our laboratory assessments of ten microbial bio 

stimulants tested revealed that four out of ten products (40%)—Beauveria bassiana, Trichoderma 

asperellum, Rhizophagus irregularis, and Ensifer meliloti—demonstrated larvicidal effects against 

Diabrotica virgifera virgifera neonate larvae. This suggests that these bio stimulants may play a 

role in managing the early stages of rootworm infestations, potentially reducing Diabrotica 

virgifera virgifera pressure on maize crops. This is interesting, as bio stimulants should, per 

definition and regulation, not affect pests themselves. Particularly Beauveria bassiana should 

probably not be registered as a bio stimulant, but as a biopesticides, as it is a well-known 

bioinsecticide. Interestingly, Bradyrhizobium japonicum was found to increase egg hatching, 

which could indicate a complex interaction with the Diabrotica virgifera virgifera reproductive 

cycle. However, none of the bio stimulants affected, as expected Diabrotica virgifera virgifera 

adults, although many of the bio stimulants are endophytic. 

In our semi-field conditions, the efficacy of the bio stimulants varied. Among the ten tested, 

only two products (20%)—Bradyrhizobium japonicum and Ensifer meliloti—were effective in 

enhancing maize crop performance, particularly in terms of plant height and shoot length. This 

suggests that these bio stimulants can contribute to improved crop growth under semi-field 

conditions, potentially leading to increased yields. We found eight bio stimulants products that had 

no positive effect on maize crops. 

Additionally, 30% of the bio stimulants tested—Bacillus amyloliquefaciens, Bacillus 

subtilis, and Ensifer meliloti—were effective in preventing some root damage caused by 

Diabrotica virgifera virgifera larvae. This indicates their potential for mitigating the negative 

impacts of Diabrotica virgifera virgifera infestations on maize root systems, something that 

warrants further investigation. 

The differential performance of the bio stimulants across laboratory and semi-field 

conditions highlights the complexity of their effects and the importance of context in evaluating 

their efficacy. While some bio stimulants showed promising larvicidal activity in controlled 

settings, their ability to translate these effects into improved plant performance and pest 
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management in semi-field conditions varied. The effectiveness of B. japonicum and E. meliloti in 

enhancing plant growth, along with the root-damage mitigation provided by B. amyloliquefaciens, 

B. subtilis, and E. meliloti, underscores the potential of these bio stimulants to contribute to both 

crop productivity and pest management. 

Our study provides valuable insights into the potential applications of microbial bio 

stimulants in sustainable agriculture. The observed benefits of specific bio stimulants in promoting 

plant growth and managing pest damage suggest that they could be integrated into broader pest 

management and crop enhancement strategies. However, the variability in efficacy across different 

conditions highlights the need for further research to optimize the application of these bio 

stimulants and to explore their interactions with different crop varieties and environmental 

conditions. 

In conclusion, while only a subset of the tested bio stimulants demonstrated significant 

effects, the findings highlight their potential as components of integrated pest management 

strategies and crop performance enhancement. Continued research and field trials will be essential 

for refining the use of bio stimulants and maximizing their benefits for maize production and pest 

control. 
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8. New scientific results 

 

• I have concluded based on reviewed papers that the most common bio stimulants 

microorganisms with reported insecticidal effects are certain strains of Rhizophagus irregularis, 

followed by Bradyrhizobium japonicum, Rhizobium leguminosarum, Bacillus megaterium, B. 

subtilis, B. amyloliquefaciens, B. licheniformis, Penicillium bilaiae, B. pumilus, and Ascophylum 

nodosum. 

• I have clarified the details of dose responses of common insecticides that were tested 

against Diabrotica virgifera virgifera (egg, neonate larvae, and adult) under standardized 

laboratory conditions. Imidacloprid and clothianidin can be used as a positive control in egg 

dipping bioassays. Imidacloprid can be used as a positive control in artificial diet overlays larvae 

bioassays. Acetamiprid might be proposed as positive controls in adult bioassays for Diabrotica 

virgifera virgifera. 

• I have discovered that four (40%) of 10 bio stimulants tested had larvicidal effect on 

D.v.virgifera. neonates under laboratory, such as Beauveria bassiana, Trichoderma asperellum, 

Rhizophagus irregularis and Ensifer meliloti. 

• I have found that microbial bio stimulants products containing B. japonicum or E. meliloti 

were able to increase maize plant height, and those containing E. meliloti were also able to increase 

maize shoot length. 

• I have found that bio stimulants of B. amyloliquefaciens, B. subtilis and Ensifer meliloti 

were capable of preventing some root damage caused by Diabrotica virgifera virgifera larvae in 

maize plants. 
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9. Summary 

 

Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae) is a major pest 

affecting maize especially in North America and Europe. To combat this pest, farmers usually use 

a variety of strategies including crop rotation or use synthetic chemical insecticides to target the 

larvae in the soil and adults above ground. However, the use of synthetic insecticides has raised 

environmental concerns and led to pest resistance. Additionally, many insecticides have recently 

been banned in several countries because they are highly toxic to bees. Consequently, there is a 

need for alternative pest control method that focus on developing novel, less-disruptive control 

measures. Increasingly, microbial bio stimulants are entering the market as they are easier to 

register than plant protection products. This study aims to better understand natural source agents, 

such as microbial bio stimulants, for controlling the invasive Diabrotica virgifera virgifera in 

maize, thereby expanding the IPM toolbox for growers. 

A comprehensive literature review revealed that only 52% of the 483 reviewed products 

contained a single microorganism species, while many contained multiple organisms, with some 

having up to 16 different microorganisms. This complexity makes it difficult to distinguish the 

effects, whether positive or negative. Scientific literature often focuses on single microorganisms, 

rarely addressing the synergistic or antagonistic effects of combinations. Although it is well-known 

that microbial bio stimulants have multiple effects, this complicates their targeted use in crop 

production. We recommend further studies on the effects of bio stimulants on insects under field 

conditions and appropriate labelling of products. 

Our review found that at least 9% of microorganisms (6 ± 2 species) registered as bio 

stimulants are reported in the literature to affect rootworms (Diabrotica pest group), mostly through 

indirect effects. This corresponds to about 20% of commercial products potentially affecting 

rootworms (41 ± 46 products). Most of these microorganisms are from bacteria kingdom (3 ± 1 

species, 6% of species; 16 ± 13 products, 11% of products) followed by fungi (3 ± 2 species, 15% 

of species; 29 ± 35 products, 33% of products). Bacterial strains with potential effects on 

rootworms include Bacillus pumilus, Azospirillum brasiliense, B. thuringiensis, and Pseudomonas 

chlororaphis. Fungal strains include Rhizophagus irregularis, Saccharomyces cerevisiae, 

Beauveria bassiana, Metarhizium brunneum (syn. Metarhizium anisopliae), and Myceliophthora 

thermophila. However, it needs to be noted that the diverse effects of microorganisms in bio 

stimulants often depend on the specific strain, which is frequently not specified on product labels 
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or in scientific studies. It is evident that many microbial plant bio stimulants have multiple effects, 

including the control of insects, which growers should be informed about. 

Secondly, we developed standard bioassay methods to test all life stages of Diabrotica 

virgifera virgifera under laboratory conditions for high-throughput screening. Proposed methods 

include egg dipping assays, artificial diet overlay assays for larvae, and artificial diet-core overlay 

assays for adults. We tested seven insecticides to evaluate their effectiveness against eggs, larvae, 

and adults, and their practicality as positive controls for comparative bioassays. We concluded that 

imidacloprid and clothianidin are likely the most suitable positive controls for egg bioassays due 

to their robust dose-response in reducing egg hatching and causing mortality in hatching neonates. 

Imidacloprid is also suitable for larval bioassays, showing the best dose-mortality response and 

sublethal effects. Lastly, acetamiprid is the most suitable positive control for adult bioassays, 

demonstrating the best dose-mortality response. 

As a significant part of this PhD research, microbial bio stimulants identified as potentially 

effective in the review were tested for their insecticidal properties against Diabrotica virgifera 

virgifera under laboratory and semi-field greenhouse conditions. Specifically, ten microbial bio 

stimulant agents were tested on eggs, larvae, and adults under laboratory, and on eggs (ready to 

hatch) on maize plants under semi-field conditions. We used eggs from a non-diapause population 

of Diabrotica virgifera virgifera. Data were collected on hatching larvae mortality, hatching rate, 

larvae mortality, percentage of stunted larvae, plant performance parameters (plant height, shoot 

length, leaf number, root length, fresh root weight, root volume, and above-ground biomass), and 

plant protection parameters (root damage and the number of livings L2 or L3 instar larvae). 

The results indicated that eight microbial bio stimulants had no beneficial effect on maize, 

regardless of whether the plants were infested with Diabrotica virgifera virgifera larvae. However, 

B. japonicum increased the plant height of maize crops that were not infested with 

Diabrotica virgifera virgifera Additionally, E. melliloti enhanced both plant height and shoot 

length. Interestingly, B. amyloquefaciens, B. subtilis, and E. melliloti were able to prevent some 

root damage caused by Diabrotica virgifera virgifera larvae. This could be due to several factors 

including: 1) induced systemic resistance (ISR) - beneficial bacteria can trigger the plant’s own 

defence mechanisms, similar to a vaccine, 2) nutrient competition – beneficial bacteria can 

outcompete harmful pathogens for nutrients and space in the rhizosphere (root zone), thereby 

reducing the chances of rootworm larvae establishing themselves, 3) production of antimicrobial 

compound- some beneficial bacteria produce antimicrobial substances that can directly inhibit or 

kill rootworm larvae and other pathogens, 4) improvement of plant health- by enhancing nutrient 

uptake and promoting overall plant health, these microorganisms can make plants more robust and 
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less susceptible to damage from pests, 5) alteration of soil microbiome - beneficial microorganisms 

can alter the soil microbiome in ways that create a less favourable environment for rootworm 

larvae. 

This study suggests that these bio stimulants may enhance plant defence mechanisms, 

improve nutrient uptake, or alter the soil microbiome to deter pests. It emphasizes the importance 

of integrating microbial bio stimulants into pest management strategies and calls for further 

research to optimize their use for effective and sustainable agriculture. By leveraging the diverse 

effects of these microorganisms, including their potential insecticidal properties, we can develop 

more targeted and environmentally friendly approaches to controlling Diabrotica virgifera 

virgifera. Additionally, a deeper understanding of the interactions between various microbial 

strains and their combined effects on both crop health and pest management will be crucial. 

Future research may focus on field-based evaluations and the development of precise 

guidelines for the use of microbial bio stimulants, ensuring that products are labelled with detailed 

strain information and usage instructions. Since the effectiveness of microbial bio stimulants can 

vary greatly depending on the specific strain, it is crucial that products clearly identify the strains 

to enable targeted applications and consistent results. This thorough approach could help develop 

Integrated Pest Management (IPM) systems, reducing dependence on chemical insecticides and 

promoting sustainable agricultural practices. Highlighting the specificity of microbial strains will 

not only improve the effectiveness of pest control measures but also support the broader goal of 

maintaining ecological balance and protecting beneficial organisms in agricultural ecosystems. 
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