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Summary 

Psyllid pests are distributed all over the world causing damage in various crop plants by serving as 

vector insects for phytoplasmosis diseases. One of these psyllids distributed in Europe is Cacopsylla 

picta (Hemiptera: Psyllidae), which is the only known vector of Candidatus Phytoplasma mali, the 

causing agent of apple proliferation. There are no direct measures to combat phytoplasmosis bacteria, 

thus, the vector itself needs to be controlled. As chemical insecticides have been increasingly restricted 

in recent years due to their high risk to non-target organisms, new strategies for psyllid control are 

needed. Innovative attract-and-kill strategies using semiochemicals and beneficial microorganisms offer 

insect-specific and environmentally friendly control options.  

One of the potential allomones released by apple trees attractive towards Cacopsylla picta is β-

caryophyllene. Due to the instability against UV and oxidation and their high volatility, protection and 

release control of semiochemicals by formulation is needed. Entomopathogenic fungi are considered as 

promising alternative to common synthetic insecticides. In 2016, the new entomophthoralean fungus 

Pandora sp. nov. inedit. (ARSEF 13372) was isolated from a Cacopsylla sp. collected in a Danish pear 

orchard. Species of the Entomophthorales are known for their strict host specificity, their fast speed-to-

kill and for their ability to cause epizootics. To enable commercial applicability of Pandora sp. nov., the 

non-economic mass production and inconsistent efficiency after field application needs to be overcome. 

The overall aim of this work was the development of innovative formulations that can be applied in 

attract-and-kill-strategies for the biological control of Cacopsylla picta in apple orchards. Special 

emphasize was laid on the development of a slow release formulation for the attractant β-caryophyllene 

and the establishment of a fermentation and formulation process suitable for mass production and 

propagation of the entomopathogenic fungus Pandora sp. nov. inedit. (ARSEF 13372) in psyllid pest 

control. 

Chapter 1 provides important background information and the state-of-the-art of the research topics 

addressed in this thesis. In addition, this chapter contains a review providing an overview of recent 

formulations developed for insect behavior manipulation by semiochemicals, focusing on formulation 

aspects and the potential for slow and controlled release. This chapter also covers the state-of-the-art 

on entomophthoralean fungi as biocontrol agents and on attract-and-kill strategies. 

In Chapter 2, a novel formulation based on an ethylcellulose-candelilla wax-oleogel was developed for 

the slow release of β-caryophyllene as attract formulation for C. picta. The developed and patented 

formulation combines unique properties that makes it highly suitable for semiochemical formulation and 

release, such as a reduced processing temperature, improved oil-binding capacity and mechanical 

stability, self-adhesive properties on leaves and release modifiability. 

Chapter 3 deals with the potential of the attract formulation developed in Chapter 2 for a controlled 

release. β-caryophyllene release was found to be affected by melting of candelilla wax as a thermo-

responsive oleogelator. Thus, the novel ethylcellulose-candelilla wax-oleogel formulation bears the 

potential for a temperature-triggered release of β-caryophyllene. With the formulation presented in 

Chapter 2 and 3, a novel matrix-type semiochemical formulation based on nontoxic, biobased and 
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biodegradable materials is provided that will contribute to the establishment of oleogels as delivery 

systems for semiochemicals in general. 

In Chapter 4, the biomass production of the new entomophthoralean psyllid-pathogenic fungus Pandora 

sp. nov. inedit (ARSEF 13372) in a liquid culture was explored. Pandora sp. nov. was found to grow 

best in media containing skimmed milk, but even faster in a mixture of skimmed milk, yeast extract and 

a low-cost protein hydrolysate from animal by-products. Increased media osmolality through the addition 

of sodium chloride promoted growth as finely dispersed mycelium, which is suitable for subsequent 

encapsulation in hydrogel beads. After the medium had been transferred to a stirred tank bioreactor with 

a working volume of 8 L, a maximum biomass dry weight of 21 g . L-1 was reached after 48 hours. These 

promising results pave the way for large-scale fermentation processes of the new Pandora species. 

In Chapter 5, Pandora sp. nov. inedit. (ARSEF 13372) was converted into an easily applicable form by 

encapsulation in Ca-alginate beads. Pandora sp. nov. grew from the beads and discharged conidia over 

12 days. Supplementing the beads with skimmed milk as nutrient source increased conidial numbers by 

2.95-fold. Beads containing skimmed milk as nutritional additive and 10% Pandora sp. nov. biomass led 

to the highest mortalities of 48.3% and 75.0% in the two target psyllid species Cacopsylla picta and 

Cacopsylla pyri, respectively. In a second bioassay, the survival time of Cacopsylla pyri was significantly 

reduced when exposed to beads containing 20% Pandora sp. nov with a median survival time of 5–6 

days past inoculation and a cumulative mortality of 89%. The promising results of this study will ease 

the way for large-scale field application of the new Pandora species in biological psyllid pest control. 

Chapter 6 addresses the high humidity requirements necessary for successful sporulation of 

entomophthoralean fungi. Pandora sp. nov. was found to sporulate only when the water activity was 

higher than 0.99. Co-application with a paste-type formulation based on biopolymers with high water 

sorption capacities developed and patented in this work allowed encapsulated Pandora sp. nov. to 

sporulate under very dry humidity conditions of 30 – 40% RH in the laboratory for at least 6 days and 

even under dry conditions in a semi-field trial during summertime. 

In Chapter 7, a computer-assisted image analysis method was developed for the rapid, simple and 

objective quantification of actively discharged conidia of Pandora sp. nov. The key to faster quantification 

is the calculation of the linear relationship between the gray value and the automatically counted number 

of conidia, which needs to be performed only once in the beginning of the analysis. Afterwards, the gray 

value is used as single parameter for quantification. The method can be performed with conventional 

laboratory equipment by using bright-field microscopes, standard scanners and the open-source 

software ImageJ and, thus, can serve as a manual for other researchers for quantification of fungal 

spores. 

In Chapter 8 the findings of this work are summarized and discussed, the impact is pointed out and 

prospects for future research and developments are given. 
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Chapter 1 

Introduction 

General Introduction 

One of the main challenges of our century is to provide food for a steadily growing global human 

population from crops grown on steadily shrinking arable land (Lambin & Meyfroidt, 2011; FAO, 2019). 

Already in the year 2030 one expects 8.5 billion people and 9.7 billions in 2050 (United Nations 2019). 

Climate change and increasing temperatures favour insect pest proliferation due to favourable climatic 

conditions and new invasive species are exploring new areas and crop plants (Schneider et al., 2022). 

More than 67,000 different crop pest species are responsible for an annual yield reduction of 40% 

(Oerke et al., 1994). The damage by insect pests is usually caused by herbivory in the form of feeding 

on the plant, plant sap, fruits or roots. Herbivorous insects can further serve as vectors of microbiological 

plant pathogens (Eigenbrode et al., 2018).  

One of the most disastrous microbial plant pathogen responsible for economic damage in various crop 

plants all over the world are phytoplasmas (Bertaccini, 2007; Lee et al., 2000). Phytoplasmas are 

commonly vectored by phloem-feeding insects, such as psyllids (Weintraub & Beanland, 2006; 

Hogenhout et al., 2008). One of the phytoplasma diseases is apple proliferation, one of the most 

important diseases in apple trees (Seemüller & Schneider, 2004). The vector insect of the causing agent 

of apple proliferation, Candidatus Phytoplasma mali, is the summer apple psyllid Cacopsylla picta 

(Jarausch et al., 2007; 2019). As there is no direct measure to combat phytoplasmas, the vector itself 

needs to be controlled.  

In recent decades, chemical insecticides have been used in huge amounts to reduce crop losses due 

to insect pests, also for the control of psyllids. The massive use of chemical insecticides has introduced 

serious problems: resistance in many target insects, leading to reduced efficacy of the insecticide, 

secondary pest outbreaks and high pesticide residues in food (Thakore et al., 2006; Glare et al., 2012; 

Chandler et al., 2011; Blackburn et al., 2016). Additionally, chemical pesticides have fallen into infamy 

because of their toxic effects on non-target organisms and humans. Therefore, a fundamental paradigm 

change is currently emerging. There is an increasing demand for new, more sustainable and 

environmental-friendly pest control options. Even the European Parliament recommends “when 

pesticides are used, appropriate risk management measures should be established and low risk 

pesticides as well as biological control measures should be considered in the first place” (European 

Parliament 2009). Biological control measures also include so-called ´biopesticides´, living 

microorganisms or natural products to suppress pest populations (Chandler et al., 2011). Living 

microorganisms, often termed ´biological control agent´ or shorter ´biocontrol agents´ (Eilenberg et al., 

2001) can include viruses, fungi, bacteria, protozoa and nematodes (Lacey et al., 2015). Also insect 

predators or parasitoids can be used as biocontrol agents (Waage & Hassel, 1982). Natural products 

are commonly extracts or metabolites of plants or microorganisms and further include semiochemicals 

(Chandler et al., 2011; Villaverde et al., 2016). The advantages of biopesticides over synthetic chemical 

pesticides are their higher target specificity, less toxicity to non-target organisms, less likelihood of insect 



Chapter 1 

7 

resistances and that they commonly originate from renewable resources (Seiber et al., 2006; Thakore 

et al., 2014; Villaverde et al., 2016). The global biopesticide market is expected to exceed USD 10 billion 

by 2025 with 15-18% compounded annual growth rate. Biopesticides will reach 10% share of the global 

crop protection market in 2025 (DunhamTrimmer®, 2022), which is still very low in relation to the total 

global pesticide market. This is attributed to non-economic mass-production methods of biopesticides, 

limited stability and inconsistent efficacy under field conditions (Glare et al., 2012). 

New insights in the scent preferences and chemical ecology of psyllids and other pest insects offer new 

control options (Mayer et al., 2008a; 2008b). Innovative attract-and-kill or push-pull-kill strategies aim to 

improve the efficacy of biopesticides by combination of different active agents (Cook et al., 2006; Gregg 

et al., 2018). To improve the killing effect of a bioinsecticide, such as an entomopathogenic 

microorganism or insecticidal plant extract, it is combined with an attractant, in order to attract the target 

insect to the kill compound and thus, increase the contact possibility (Gregg et al., 2018). The attract-

and-kill concept can be combined with repellent stimuli that push the target insect away from the crop 

plant in a push-pull-kill strategy (Cook et al., 2006).  

Different dispenser types for the release of semiochemicals, like pheromones, as ´attract´ compounds 

have been developed during the last decades, which have already successfully been applied in mating 

disruption strategies (Smart et al., 2014). For the formulation of microbial biopesticides, that can be 

applied as the ́ kill´ compound, various bioencapsulation materials and techniques have been developed 

and tested (Burges, 1998; de Faria & Wraight, 2007; Vemmer & Patel, 2013). A suitable formulation 

transfers the active ingredients into an easily applicable form, stabilize them and improve their 

performance and efficacy after field application (Burges, 1998). The choice of a suitable formulation 

material is the key to control the release and let the microbial biocontrol agent efficiently perform after 

field application.  

Thus, there is a need to develop and improve mass production methods for microbial biocontrol agents 

and semiochemical formulations in order to realize attract-and-kill strategies for integrated and biological 

psyllid pest control. 
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Aims 

The overall aim of this work was the development of formulations that can be applied in attract-and-kill-

strategies for the biological control of Cacopsylla picta in apple orchards (see Figure 1.1). Special 

emphasize was laid on the development of a slow release formulation for the attractant β-caryophyllene 

and the establishment of a fermentation and formulation process suitable for mass production and 

propagation of the entomopathogenic fungus Pandora sp. nov. inedit. (ARSEF 13372) in psyllid pest 

control. 

The research presented in this work was split into seven chapters (Chapter 2 – 7), dealing with different 

topics and aims. Chapter 2 and 3 deal with the development of the attract formulation releasing β-

caryophyllene. Chapter 4 – 7 deal with the fermentation and formulation of the kill compound Pandora 

sp. nov. inedit. (ARSEF 13372). 

Chapter 2 aimed to develop an oleogel-based formulation for the slow release of β-caryophyllene as 

attractant for C. picta. The specific objectives were (1) to lower the temperature at which the volatile 

compound is added to the oleogel to improve entrapment efficiency, (2) to slow the release of β-

caryophyllene from the oleogel, (3) to improve the compatibility of the formulation for plant leaves by 

reduced oil leakage and improved mechanical stability, (4) to evaluate the self-adhesive properties of 

the formulation on plant leaves and (5) to validate the insect behavior manipulating effect of the 

formulation. 

Chapter 3 aimed to proof whether the formulation developed in Chapter 2 bears the potential for a 

controlled release of β-caryophyllene. The starting assumption was that melting and crystallization of 

candelilla wax as a thermo-responsive oleogelator will enable a temperature-triggered release. 

Chapter 4 aimed to identify an optimal fermentation medium suitable for mass production of Pandora 

sp. nov. The specific objectives were to (1) screen for a suitable complex nitrogen source for fast growth 

and high biomass production, (2) evaluate growth kinetics in the resulting media, (3) reduce pellet 

formation in order to promote growth as finely dispersed mycelia and (4) prove the scalability of the 

fermentation in a stirred tank bioreactor. 

Chapter 5 aimed for the transfer of Pandora sp. nov. inedit. (ARSEF 13372) into easily applicable 

calcium alginate beads. The specific objectives of this study were (1) to investigate the maintenance of 

sporulation duration and intensity of Pandora sp. nov. after encapsulation in calcium alginate beads, (2) 

to improve and prolong the sporulation by addition of nutritional formulation additives and (3) to evaluate 

the pathogenicity and virulence of the Pandora. sp. nov. formulations against the target species, pear 

psyllid C. pyri and summer apple psyllid C. picta under laboratory conditions. 

Chapter 6 aimed to development and evaluate a formulation that compensate for the specific humidity 

requirements of Pandora sp. nov. (ARSEF13372) and supports sporulation under insufficient humidity 

conditions. The specific objectives of this study were (1) to identify the water activity values necessary 

for growth and sporulation of Pandora sp. nov., (2) to prove a formulation that maintains a sufficiently 

high water activity under non-saturated humidity conditions to allow sporulation of Pandora sp. nov., (3) 

to validate the potential of the formulation for improved sporulation under semi-field conditions and (4) 

evaluate the distance of conidial distribution in a semi-field trial. 
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Chapter 7 aimed to develop a fast, simple, reproducible and objective computer-assisted image analysis 

method for the quantification of actively discharged conidia of encapsulated Pandora sp. nov. with 

potential for analysis of large-scale sample quantities. 
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Figure 1.1. Graphical abstract of this PhD thesis with the title „Development of attract and kill formulations for biological psyllid pest control”. 
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State-of-the-art 

Crop plant apple 

Apple Malus domestica (Rosales:Rosaceae) is the most important pome fruit of temperate regions 

worldwide. Up to 87.2 million t are harvested annually, 20 million t of them in Europe and 1 million t in 

Germany. Sales in Germany amounted to more than € 200 million in 2018 (Behr 2019). The cultivation 

area for apples in Germany is around 33,600 hectares, which is around 70% of the tree fruit growing 

area. Organically produced apples were cultivated on an area of 6,092 hectares in 2017, which 

corresponds to a proportion of 18 percent (Bundesinformationszentrum Landwirtschaft BZL). 

Apple proliferation and Candidatus Phytoplasma mali 

One of the most important diseases in apple trees is apple proliferation, 

causing annual yield losses in European apple production. Typical 

symptoms of apple proliferation (Figure 1.2) are witches´ brooms and 

poor tasting fruits with small size and weight which are untradeable 

(Bovey 1961, Seemüller et al., 2011, Hadidi 2011, Bertaccini 2014). An 

outbreak of apple proliferation in 2001 caused € 25 million yield losses in 

Germany and € 100 million in Italy (Strauss 2009). Besides the 

morphological effects on the plant, phytoplasma infections have several 

effects on physiology of an infected plant, such as altered phloem 

composition (Görg et al., 2021a) and volatile emission (Mayer et al., 

2008a; b; Gallinger et al., 2021). The causing agent of apple proliferation 

is the phytoplasma Candidatus Phytoplasma mali. 

Phytoplasmas 

Phytoplasmas are obligate phytopathogenic bacteria which are 

characterized by lacking of cell wall, a small size (200-800 nm), reduced 

genome size and missing of some key metabolic pathways (IRPCM 2004; 

Bai et al., 2006; Lee et al., 2000). Phytoplasmas are obligat parasitic and 

can only survive in the host plant´s phloem or in their insect vector´s cells 

and fluids (Weintraub & Beanland, 2006; Bai, 2006; Bertaccini et al., 2007; IRPCM 2004; Huang et al., 

2020). Phytoplasmas cannot be cultivated in-vitro to date (Bendix & Lewis, 2018; Lee, 2000; Huang et 

al., 2020). Commonly, phytoplasmas are transmitted by phloem-feeding insect vectors and are 

responsible for plant diseases in hundreds of plant species, including many economically important 

crops, fruit trees and ornamental plants (Hogenhout et al. 2008; Oshima et al. 2013). Besides 

leafhoppers and planthoppers, psyllids are the most important vector insects for phytoplasmas (Huang 

et al., 2020). 

Psyllids 

Psyllids or jumping plant lice belong to the order Hemiptera. They are classified in 8 families and more 

than 3500 species are described which are distributed nearly all over the world (Hodkinson 2009; 

Figure 1.2. Symptoms of apple 
proliferation disease (+ ‘Ca. P. 
mali’, right) in comparison to 
non-infected apple M. 
domestica cv. Mairac (- ‘Ca. P. 
mali’, left): a) witches’ broom, b) 
enlarged stipules and c) 
smaller fruit. (Picture: Felix 
Briem & Kerstin Zikeli) 
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Burckhardt and Ouvrard, 2012), from which 400 occur in Europe (Jarausch et al., 2019). Cacopsylla 

species belonging to the Psyllidae family are restricted to Europe and infest Rosaceae species. Nymph 

and adult Cacopsylla are phloem-feeding phytophagous insects with piercing-sucking mouthparts. They 

are often mono- or oligophagous. They include important crop pests in plants cultivated for fruit 

production, e.g. Cacopsylla picta, C. pyri, C. pyricola, C. pruni causing economic damage in apple, pear 

and stone fruit cultivation (Seemüller & Schneider, 2004). Direct damage is caused by feeding from the 

sugar rich phloem sap and by excretion of honeydew, which favours mold growth. The most important 

damage is caused by the transmission of the phytoplasmas (Weintraub & Beanland, 2006; Hogenhout 

et al., 2008; Jarausch et al., 2019).  

Cacopsylla picta 

One of these phytoplasma-vectoring psyllids is the summer 

apple psyllid Cacopsylla picta (Hemiptera:Psyllidae; 

Figure 1.3), the vector of Candidatus Phytoplasma mali 

(Jarausch et al., 2007; 2019). C. picta belongs to the 

Cacopsylla species and has an egg stage and five 

unwinged instars. It is univoltine and migrates between 

divergent plant species during its lifecycle: C. picta 

reproduces on Malus spp. (Rosaceae). Newly emerged adults leave after some days or weeks to 

conifers in mountainous regions for overwintering, they are therefore called ´emigrants´. In early spring, 

the same individuals remigrate to Malus spp. for mating and oviposition, then they are called 

´remigrants´ (Mayer et al., 2011). C. picta is currently the only known vector of Candidatus Phytoplasma 

mali, the causal agent of apple proliferation in Germany (Frisinghelli et al., 2000; Jarausch et al, 2019; 

Mayer et al., 2009). The mean naturally occurring phytoplasma infection rate of C. picta populations in 

Southern Germany is around 10% (Jarausch et al., 2019). 

Crop protection 

Phytoplasma infected plants cannot be cured. Preventive and phytosanitary measures are limited to 

planting of phytoplasma-free plants and removal of infected plants from the orchard (Weintraub & 

Wilson, 2010; Barthel et al., 2020). Another option is the control of the vector insects. Management of 

psyllids, including C. picta, is reliant on insecticides to limit initial infection and reinfection of trees 

(Grafton-Cardwell, 2013; Jarausch et al., 2019). Synthetic and biological insecticides based on 

pyrethrum, neonicotinoids, azadirachtin and diazomet have been proven for psyllid control in Germany 

(BVL, 2021), but they are harmful for non-target insects, including beneficial insects. Moreover, as part 

of the current trend towards a more sustainable agriculture (European Parliament, 2019), the demand 

for alternative environmentally friendly pest management options is increasing. 

Attract-and-Kill and Push-Pull-Kill strategies as alternative control options 

Novel insect pest control concepts exploit new insights into the chemical ecology of insect pests, their 

host plants and their natural enemies (Pickett et al., 1997; Khan et al, 2008). Innovative approaches 

such as attract-and-kill strategies, also called lure-and-kill or attracticide (Gregg et al., 2017) or push-

pull-kill strategies, also called stimulo-deterrent strategies (Cook et al., 2006), combine behavior 

Figure 1.3. Cacopsylla picta female. Picture: 
Mayer and Gross, JKI Dossenheim. 



Chapter 1 

13 

modifying stimuli in order to manipulate the distribution and abundance of pest insects with compounds 

that kill the pest insect apart from the crop plant (Figure 1.4). Attract-and-kill strategies typically combine 

a semiochemical attractant with a toxicant within a slow-release formulation or device that enables the 

reduction of active ingredients applied (Gregg et al. 2018).  

Semiochemicals have the most versatility and potential for use in attract-and-kill or push-pull-kill 

strategies as ´attract´ (=pull) or `push` (=repel) compound to manipulate the insect’s behavior 

(Agelopoulos et al., 1999). Semiochemicals offer the promise of selective insect manipulation and 

pheromones have long been applied successfully in mating disruption (Smart et al., 2014). Also other 

stimuli, such as visual, acoustic or gustatory stimuli, can be elements of such strategies. Consequently, 

there is a wide range of possible combinations (Eigenbrode et al., 2016). The kill compound can be a 

synthetical insecticide, but a natural and more selective kill compound is preferable. This can be plant 

extracts, so called ´biologicals´, insect growth regulators or living biocontrol agents, such as 

entomopathogenic fungi, applied at the place to where the pest insects are attracted. When the pest 

insect is attracted to a trap crop or semiochemical release system, which simultaneously serves as a 

habitat or attractive cue for parasitoids or predators (Landis et al., 2000), the strategy can be combined 

with conservational pest control management (Cook et al., 2007). Also mass trapping of the attracted 

pest insect is an option (El-Sayed et al., 2006). 

When the attract-and-kill tactic is combined with a ´repel´ (=push) compound, it becomes a push-pull-

kill strategy. This can be implemented by planting of repellent plants in the field, to push the insect out 

to alternative host-plants outside (pull). The aim of push-pull strategies is to divert pest insect 

populations from the crop plant to another less valued trap plant, by making the crop plant difficult to 

locate, unattractive or unsuitable for survival of the offspring. Push-pull concepts have long been proven 

by traditional small farms in Afrika and realized by usage of locally available plants as intercrops with a 

pest repellent plant, which drives away or deters pest insects from the target food crop in combination 

with attractant trap plants (ICIPE, 2022). 

 

Figure 1.4. Elements of attract-and-kill and push-pull-kill strategies. Modified from Zhang et al., 2013. 

Advantages of attract-and-kill or push-pull-kill strategies are the reduction of risk for contact between 

the kill compound and the crop plant, beneficials and non-target organisms (Griggs et al., 2017), thereby, 

a higher specificity for the target pest insect and targets both sexes, when the right kairomones are 

selected as attract compound. A challenge is the behavior manipulation in a complex environment (El-

Sayed et al., 2009) and finding the right mix and dosage of the attractants to be perceptible to the target 

insect and triggering the desired behavior (Bruce & Pickett, 2011).  

Current research in the field of psyllid pest control mainly focusses on citrus psyllid Diaphorina citri, 

vectoring Candidatus Liberibacter citri, the causing agent of Huanglongbing disease (Citrus greening), 
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another economically important psyllid with a similar pathosystem like C. picta. Recently, Martini et al. 

(2020) tested the attract-and-kill approach in a citrus orchard in Florida for population reduction in D. 

citri. A semiochemical blend was used as an attractant; yellow sticky traps or the insecticide spinosad 

achieved killing and successfully reduced population. Chow et al. (2018; 2019) used visual cues as 

attractant with either β-cyfluthrin or the entomopathogenic fungus Isaria fumosorosea as killing 

compound. No reduction of infestation was achieved with the fungus as killing agent, but was with the 

insecticide. George et al. (2020) presented a multimodal attract-and-kill system, using a combination of 

different attractive cues, namely color, semiochemical attractant, phagostimulant and ultraviolet (UV) 

reflectant in combination with the insecticide β-cyfluthrin and found a higher mortality in D. citri compared 

to yellow sticky traps. These studies reinforce the assumption that attract-and-kill is a promising tool for 

integrated or biological pest management of psyllids.  

In order to make the active agents work in the field, specific formulations individually developed for each 

compound are needed, which should also take into account the current trend towards biobased and 

biodegradable materials. 

Specific environmentally friendly formulations to be applied in an attract-and-kill strategy for C. picta and 

other psyllids distributed in European fruit orchards have not yet been developed.  

ATTRACT 

In the next paragraph, recent progress on the development of slow and controlled release 

semiochemical formulations is reviewed. 
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Abstract 

The potential of semiochemicals for the targeted behavior manipulation of insects has been known for 

a long time. Their low impact on non-target organisms makes them interesting candidates for use in 

insect control for various applications such as agricultural and forestry pest control, stored-product 

protection and protection against hematophagous insects. Due to their high volatility and chemical 

instability against UV light and oxidation, their use often remains limited. Tailor-made formulations can 

protect semiochemicals from environmental factors and can improve release performance and duration 

triggering a desired reaction in the target insect at the place of application. This review provides an 

overview of recent formulation types developed for insect behavior manipulation by semiochemicals, 

with emphasize on formulation aspects and formulation potential for slow and controlled release. The 

focus was set on inventions and studies aiming to elucidate material and formulation properties that 

affect the semiochemical release and, with specific attention, enable targeted release manipulation. 

Keywords: Encapsulation; Slow release; Controlled release; Triggered release; Pheromone dispenser; 

Semiochemical release systems; Microencapsulation; Nanoencapsulation; Push-Pull strategy; Attract-

and-Kill; Pheromones; Allomones; Agricultural pest control; Forestry pest control; Mosquitoe repellent 

formulation; Stored-product pest insects; Essential oil formulation. 

Introduction 

Semiochemicals play a key role in the interaction of insects with their environment. Considering their 

purpose, semiochemicals can be divided into two main subgroups: pheromones and allelochemicals. 

Pheromones act intraspecifically between individuals of one species as sex pheromones, aggregation 

pheromones, alarm pheromones, stimulo-deterrent pheromones, trail pheromones or host marking 

pheromones. Allelochemicals are responsible for interspecific chemical communication with other 

species and can be classified into allomones, beneficial for the emitter, kairomones, beneficial for the 

receptor and synomones, beneficial for emitter and receptor (Heuskin et al., 2011; Suckling et al., 2000). 

During the past years, several of these substances have been identified and their potential for insect 

behavior manipulation has been evaluated.  

The major applications for semiochemicals as insect behavior manipulators are insect pest control in 

agriculture and forestry, stored-product protection and the protection of humans and animals from 

hematophagous insects (Figure 1.5). 
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Figure 1.5. Applications of semiochemicals for insect behavior manipulation 

For agriculture and forestry, insects are of great relevance in various ways. On the one hand, there are 

the beneficial insects, which include important pollinator insects, but also predators or parasitoids of 

herbivores. On the other hand, insect pests are responsible for economic and ecological damage in 

cultivated crops and trees. The damage is usually caused by feeding on the plant, fruits or roots or 

through herbivory by bark-, wood- and phloem-borers, foliage-feeders and sap feeders (Liebhold et al., 

2013). Herbivorous insects can further serve as vectors of microbiological plant pathogens (Paine et al., 

1997). Post-harvest pest insects cause serious qualitative and quantitative losses in raw and processed 

products, directly by feeding or indirectly by contamination of stored food with microorganisms, and for 

some people the insect-derived proteins in food can cause allergic reactions (Arlian, 2002; Marsin et al., 

2020). Hematophagous insects serve as vectors for dangerous diseases (Lehane & Lehane, 2005). In 

areas with high pressure from these vector-borne diseases transmitted by insects, protection measures 

and vector control strategies are indispensable. 

The application of semiochemicals offer environmental friendly control options and have come into focus 

in recent years as the use of synthetic insecticides becomes increasingly restricted due to the negative 

effects on non-target organisms (Cardé & Minks, 1997; Howse et al., 1997; Hummel & Miller, 1984). 

The potential of species-specific pheromones is well known and has been established for decades in 

mating disruption strategies, monitoring and mass trapping (Cardé & Elkinton, 1984; Lakatos & Tuba, 

2011; Smart et al., 2014). Based on the increasing knowledge of pheromone chemistry, so called 

parapheromones, that mimic the effect of naturally occurring pheromones, were developed. These 

synthesized pheromone analogues have the potential to overcome some of the drawbacks of 

pheromone use in practice, such as instability and high costs (Renou & Guerrero, 2000; Sellanes & 

González, 2014; Ujváry et al., 1993). Other alternative strategies for the control of insect pests that rely 

on the insect behavior manipulating effect of semiochemicals are attract-, repell-, push-pull or attract-

and-kill strategies, sometimes called “lure-and-kill” or simply as “attracticide” (Trematerra, 2012). As part 

of these strategies, attractive and repellent stimuli are applied individually or in combination, e.g. to 
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attract natural enemies of the insect pest or to repel the insect pest and lure it to an alternative target to 

be killed by insecticides (Gregg et al., 2018; Kovanci et al., 2011; Xu et al., 2018). 

In many of these cases, the use of semiochemicals for insect control purposes is limited. Due to the 

high volatility and chemical instability of semiochemicals against UV light and oxidation (Heuskin et al., 

2011; Lopez et al., 2012) and further for their large-scale application, there is always a need for 

formulation improvement. An optimal semiochemical formulation releases the active ingredient at an 

effective rate for a prolonged period (Stelinski et al., 2005). Moreover, by formulation the toxicity for 

humans, animals and plants can be reduced. Furthermore, formulations mitigate excessive loss of the 

active compound during storage and high levels of the compound in the environment or at the place of 

application by reduction of evaporation. The choice of a suitable formulation material is the key to 

modulate the release rate in a desired way. Another essential factor for the development of a tailor-

made formulation is the knowledge about the physico-chemical properties of the active agent (Table 

1.1) and the conditions at the place of application and release. 

Table 1.1. Properties of semiochemicals and profile of requirements for semiochemical formulations 

Properties of semiochemicals Profile of requirements for semiochemical formulations 

Highly volatile 

Reactive in presence of oxygen or 

UV light 

Hydrophobic/oily 

Slow release 

Controlled release 

High encapsulation efficiency and loading 

Low cost/economic viability 

Easy, non-toxic and scalable preparation procedure 

Storability and long shelf life 

Easy-to-apply 

Low toxicity during application 

Biodegradability but sufficient persistence during application duration 

Compatibility with matrix/lotion/membrane/packaging material 

In the case of insect semiochemicals, a prerequisite for success is to know about the concentration 

perceptible by the insect to achieve the desired behavior manipulating effect. Pheromones are effective 

in very low concentrations due to the presence of specialized receptors to provoke a desired effect on 

the insect (Deisig et al., 2014; Fleischer & Krieger, 2018; Renou, 2014). On the contrary, allelochemicals 

are often needed in much higher concentrations to be perceptible to the target insect and their effect 

can change depending on the concentration. Many publications in this field focus on the potential of 

plant-derived essential oils as allelochemical sources (Marsin et al., 2020; Müller & Buchbauer, 2011). 

Moreover, in the case of allelochemicals, mixtures of more than one component proofed as more 

effective than single components (Bruce & Pickett, 2011; Tóth et al., 2009). Hence, complex essential 

oils or plant extracts have come into focus during the last years. 

When developing formulations, the most important aspect is the release behavior of a semiochemical 

formulation, including release rate and release duration. The release kinetics can be expressed as zero 
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or first order kinetics. The preferred release profile follows zero-order kinetics, characterized by a 

constant release rate independent from the semiochemical concentration. More common, however, is a 

first-order release rate, which, depending on the concentration, has initially high release rates that 

decrease with decreasing concentrations (saturation curve) (Akelah, 2013), resulting in a high residual 

load of the semiochemicals in the release system, well known from pheromone dispensers. Other 

important formulation aspects are listed in Table 1.1. 

In spite of the rapidly growing knowledge on semiochemicals and their role in the environment (Ando, 

2004; Fleischer & Krieger, 2018; Leal, 2013; Schulz, 2005), an overview on advances in formulation 

materials and methods with potential for slow or controlled volatile semiochemical release has been 

missing in the literature so far. In this review, recent formulation technologies in the field of 

semiochemical release are described with emphasize on the formulation materials, methods and 

properties affecting the semiochemical release. 

Formulation methods 

In the following section, innovative semiochemical formulation materials and methods will be presented. 

They were classified by their design into passive dispensers, active aerosol dispensers, bio-polymer 

based microcapsules (consisting of a core-shell structure), matrix types (monolithic and monophasic 

structures) including biopolymer beads, organic nanoparticles (zein nanoparticles and solid-lipid 

nanoparticles), nanogels, emulsions (SPLAT® and nanoemulsions), nanofibers, cyclodextrin inclusion 

complexes, porous materials (silicates, metal-organic frameworks and silica gels) and chemical 

entrappment (photoremovable protection groups). The formulations are illustrated in Figure 1.6. 
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Figure 1.6. Semiochemical formulations. Black = semiochemical. 
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Dispensers 

Passive dispensers 

Different passive dispenser types for the propagation of semiochemicals have been developed in the 

past decades for insect pest control in agriculture and forestry, food storage and other applications like 

textile protection. The most classic dispenser types are made from natural or synthetic polymers, 

impregnated or filled with the semiochemical (Ando, 2004; Butler & McDonough, 1981).  

Due to their simple preparation and suitability for several compounds, different depot dispensers or 

rubber septa are commonly used for insect behavioral studies and also for mating disruption in 

agriculture and forestry. These dispenser types became popular in practice because of their preferably 

long-term (up to 3-4 month) release behavior (Heuskin et al., 2011). Many of them were innovated by 

industry and are available in the world markets. 

Release is mainly affected by the permeability of the dispenser wall material and can further be modified 

the thickness, the combination of different material-layer or additional coatings or membranes. 

A popular example is a commercialized depot dispenser made of a thermoformed thermoplastic polymer 

blend made of polylactid and polyester filled with (Z)-9-dodecen-1-yl acetate and (E,Z)-7,9-dodecadienyl 

acetate (Auffermann & Heck, 2015) with the trade name RAK® 1+2 annually applied in European 

vineyard for simultaneous mating disruption of Lobesia botrana and Eupoecilia ambiguella (BASF). 

The PE bag dispensers marketed by Suterra® as CheckMate® work on a similar principle and are 

available for mating disruption in various agricultural insect pests. They are filled with the sex pheromone 

and release it continuously throughout the season from a huge depot 

(https://www.suterra.com/products_pest). 

One of the best-selling mating disruption dispensers is a plastic tube developed and patented by Shin-

Etsu Chemical Co., Ltd. and traded with the name Isomate®. This dispenser is made of an inner barrier 

wall made of a polyethylene or a copolymeric resin of vinyl acetate and polyethylene, formed as a long 

tubular body, which is filled with the pheromone and sealed at both ends. The tube is partly coated by 

a polymeric material (e.g. polyvinyl chloride (PVC), polyvinylidene fluoride (PVDF), polyacrylonitrile 

(PAN), polysulfone (PSU), polycarbonate (PC), polyamide (PA), polyurethane (PU), polyvinyl alcohol 

(PVA) and so on), which is impermeable or hardly permeable by the pheromone, thus, the pheromone 

can only permeate through the first barrier wall and is sustainably released from the outer surface and 

release can be slowed down by the type and amount of the additional coating polymer (Ogawa et al., 

1989). 

Another carrier material used for a long time as semiochemical release dispenser is rubber. Rubber 

septa are commonly based on natural rubber, composed of polyisoprene. Also synthetic rubbers, such 

as nitrile butadiene rubber (NBR), styrene butadiene rubber (SBR), styrol butadiene styrol (SBS), styrol 

isopren styrol (SIS) or silicone rubbers are available (Baxter, 2009). The semiochemical is impregnated 

onto the rubber septum by organic solvent support, followed by solvent evaporation. The release from 

the rubbers differ dependent from the rubber type, but commonly follows first order kinetics 

(McDonough, 1991). 

However, these passive dispensers are usually non-biodegradable and very persistent in the field and 

require manual application techniques. Besides the dispenser design and material and pheromone 
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volatility, temperature and air-flow are the main factors, affecting pheromone emission rates. Thus, 

another drawback of these dispensers is the loss of expensive pheromones, regardless of the time of 

day or the flight activity of the target insects, as the dispensers also release when the target insect is 

absent. 

Active aerosol dispensers 

In view of increasing digitalization in agriculture, established passive dispenser types now have to 

compete with commercialized active dispensers. While passive dispensers have the drawback of 

continuously releasing pheromones even when the target insect is inactive, active battery-powered 

aerosol dispensers can be programmed to release pheromones from a large depot at selected time 

intervals when the target pest is active and thereby, are suitable for long-term controlled release of 

sufficient pheromone amounts (Baldessari et al., 2013; Benelli et al., 2019; Burks & Thomson, 2020). 

Several aerosol devices at the experimental or commercial development level have already been 

reviewed by Benelli et al. (2019). As there is a lack of knowledge on active aerosol dispensers 

performance in the field, current research aim (1) to explore their efficacy compared to established 

passive dispenser types (2) to find the right release dosage and (3) to minimize the density of dispensers 

under maintenance of their efficiency (Burks & Thomson, 2019; Shorey et al., 1996; Vacas et al., 2016). 

Burks and Thomson (2020) demonstrated that the active aerosol dispensers are highly suitable to insect 

behavioral studies, as aerosol dispensers can release the semiochemical, in the study the sex 

pheromone for navel orangeworm for mating disruption, in a controlled manner, unaffected by the 

formulation properties and the effect of abiotic factors, in particular temperature and wind-speed. 

Opposed to classical passive dispensers, from which the release increases with temperature, active 

aerosol devices enable release under cold conditions which makes them a promising release device for 

mating disruption in night-active insects, such as noctuid moths. 

Despite their improved performance compared to passive dispenser types, the novel active aerosol 

dispensers still suffer from manual application, the requirement for equipment, their non-degradability 

and the need for an additional power source. 

MICROCAPSULES 

Microcapsules, composed of a core-shell-system in which the semiochemical is trapped within the core 

surrounded by a polymeric wall has been developed as technical applicable alternative to dispenser 

systems described in section 2.1. 

Biopolymer-based microcapsules 

The classical microencapsulation method for pheromones is so-called complex coacervation technique, 

which bases on the electrostatic interaction of oppositely charged polymers in aqueous solution (Scher, 

1977; Vemmer & Patel, 2013). 

The principle release mechanisms of volatiles from microcapsules is one single burst-release by rupture 

from internal or external pressure, rupture from dissolution by hydrolysis or by diffusion through the wall. 

The diffusion-mediated release rate can be controlled by particle size distribution, wall thickness, density 

and degree of cross-linking or by combining different microcapsules of different release profiles (Scher, 

1977). 



Chapter 1 

22 

In order to replace toxic cross-linkers for the preparation of microcapsules by complex coacervation, 

alternatives were tested. A promising alternative might be genipin, which is naturally occurring in Genipa 

americana and has the property to cross-link proteins, including gelatine and chitosan (Muzzarelli, 2009; 

Ramos-de-la-Pena et al., 2016). 

The cross-linker genipin was tested for the encapsulation of mosquito repellent Zanthoxylum limonella 

oil in microcapsules prepared from chitosan and gelatin as wall materials (Maji & Hussain, 2009). 

Results show that the release rate of the encapsulated oil can be modified by the cross-linker 

concentration. Increased concentration increased the density of the shell and thereby reduce the oil 

release rate. Moreover, by increasing the chitosan concentration, thermal stability of the beads was 

improved. It has to be mentioned that genipin is a relatively expensive compound that has to be extracted 

from plant material. 

Chitosan which is a derivative of chitin, the second most abundant polysaccharide on earth, can be 

purchased as cheap by-product from marine food industry and is a well-established microencapsulation 

wall material. Core-shell capsules using chitosan as wall material also form by the use of NaOH as 

hardening agent in a simple coacervation around the oily core. This method was demonstrated to be 

suitable for the encapsulation of citronella oil as mosquito repellent by Hsieh et al. (2006) and of 

limonene for insect repellent textile impregnation by Souza et al. (2014). Both found that the release can 

be modified by the concentration of wall material and hardening agent. Higher NaOH concentrations 

lead to larger particle size, increased wall thickness and a slower release rate (Souza et al., 2014). 

In conclusion, core-shell microcapsules allow semiochemical release control and might be suitable for 

the slow release of pheromones needed at low concentrations or for short-lasting applications (2-8 h), 

e.g. of mosquito repellents. Due to their usually small (<200 µm) (Scher, 1977) and modifiable size, 

microcapsules are favorable for easy incorporation into insect repellent carrier formulations, e.g. lotions 

and sprays or into textile impregnation formulations.  

Yeast cell wall microcapsules 

Yeast is one of the most important microorganisms in biotechnology. They are used in a variety of 

processes, thus, yeast biomass waste is generated as a biotechnological by-product and is therefore a 

cheap raw material. In the 1990s, the potential of yeast cell walls as a protective shell for bioactive 

compounds was explored (Bishop et al., 1998). The morphology of this formulation type is like that from 

microcapsules by its core-shell composition with the active agent expected in the core. Since yeast cell 

wall microcapsules have been reported to protect from degradation by oxygen or UV radiation and from 

fast volatilization of the active ingredient (Madene et al., 2006; Shi et al., 2008) they are highly suitable 

for volatile semiochemicals. 

The preparation procedure is easy. The yeast cell walls have to be moistened with water to become 

permeable and enable the diffusion of the active ingredient into the interior of the yeast cell. A 

subsequent drying process seals the cell walls and the substance is encapsulated inside the cell. Lima 

et al. (2019) used this technique for the encapsulation of carvacrol as repellent against the tick 

Rhipicephalus (Boophilus) microplus (Canestrini) within Saccharomyces cerevisiae cell walls. They 

applied the freeze-dried yeast cell microcapsules in a laboratory experiment and found improved 

repellency, compared to unformulated carvacrol, for at least 6 hours. 
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Photosensitive Microcapsules 

An innovative approach to microcapsule-based semiochemical encapsulation is the integration of 

photosensitive adjuvants within the microcapsule shell providing the triggered release of the 

semiochemical localized in the core under light exposure. Titanium dioxide (TiO2) nanoparticles are well 

known as suitable photosensitive adjuvants (Prieto et al., 2015). Due to its photocatalytic properties 

hydroxyl radicals are formed, when exposed to UV light. Ribeiro et al. (2016) used this material by 

functionalization of polyurethane microcapsules with TiO2 nanoparticles and demonstrated that the 

release rate of encapsulated citronella oil increased when the microcapsules were treated with UV light. 

However, polyurethane is not biologically degradable and TiO2 is currently under debate in the REACH 

due to the suspicion of being carcinogenic (ECHA, 2020). 

MATRIX-TYPE FORMULATIONS 

In matrix-type formulations, the semiochemical is embedded within the solidified matrix and the release 

is driven by diffusion of the semiochemical through the formulation material. 

Biopolymer beads 

The use of biobased and biodegradable materials is one of the current global trends also in formulation 

technology. Due to their biocompatibility and biodegradability, the potential of alginate beads has been 

proven in several studies for cell encapsulation for other agricultural applications (Nussinovitch, 2010; 

Vemmer & Patel, 2013). Alginate is a polysaccharide derived from marine brown algae (Phaeophyceae) 

and is composed of α-L-guluronic acid und β-D-mannuronic acid. The preparation of alginate beads is 

simple and the matrix material is available at different qualities and costs and allows the encapsulation 

under mild conditions. The principle of alginate bead formation is based on ionic gelation. By dripping 

of an aqueous sodium alginate solution into a solution containing divalent ions, the alginate chains are 

cross-linked in a three-dimensional network. The supramolecular gel structure is explained by an “egg-

box” model (Grant et al., 1973). 

Since alginate hydrogels are hydrophilic in nature, pre-emulsification of the hydrophobic volatiles within 

an oil-in-alginate emulsion is necessary to enable successful distribution of the semiochemicals within 

the bead (Martins et al., 2017). Once encapsulated, alginate beads have been proven to protect the 

encapsulated volatile from rapid degradation by oxidation due to low oxygen permeability (Heuskin et 

al., 2010). 

Encapsulation efficiency, loading and release rate of semiochemicals from alginate-based hydrogels 

beads is directly affected by the gel network tightness, i.e. the degree of cross-linking. Cross-linking can 

be modified by the type and concentration of alginate and cross-linker ions, ionic strength, cross-linker 

ion to COO- ratio and maturation time and also by the content of the encapsulated volatile, as 

demonstrated by Heuskin et al. (2012) who encapsulated E-β-farnesene and E-β-caryophyllene in a 

gelled oil-in-water emulsion to attract the parasitoid Aphidius ervi for the biological control of 

Acyrtosiphon pisum.  

When the semiochemical itself should serve as the oil-phase embedded within the aqueous alginate, 

stabilization by an additional emulsifier is needed. Yosha et al. (2008) demonstrated, that gelatin is a 

suitable stabilizer for the encapsulation of the model parapheromone dodecyl acetate within alginate 

beads, cross-linked with CaCl2. With increasing gelatin concentration, the emulsion stability was 
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improved. Furthermore, by varying the alginate and gelatin concentrations, bead porosity changed and 

affected the dodecyl acetate release from the beads. As alginate or gelatin concentration increased, the 

release rate decreased. 

The formulation of semiochemicals within alginate beads was adapted by others for the release of E-β-

farnesene for realization of a push-pull strategy by Xu et al. (2018) and for methyl salicylate by Wang et 

al. (2019) for the control of aphids in field trials. Xu et al. (2018) found better attraction to natural enemies 

of aphids by E-β-farnesene formulated within oil than in alginate beads, whereas Wang et al. (2019) 

observed significantly higher numbers of aphid predator Metasyrphus corollae in wheat fields treated 

with methyl salicylate loaded alginate beads. 

However, Lopez et al. (2012) found that conventional alginate beads did not provide slower release of 

linalool by encapsulation. Therefore, they improved encapsulation efficiency, loading, and release 

control of linalool by the addition of starch and especially glycerol. Moreover, they found better 

performance by the inverse gelation technique, which resulted in an alginate-based microcapsule 

formulation, as they were described in section 2.2, realized by dripping the cross-linker solution into 

alginate for gelation from inside to outside, in combination with glycerol and starch addition. 

Besides their advantages of ease and non-toxicity of preparation at low temperatures and low energy 

input and their biodegradability, there are some disadvantages negatively affecting the usability for 

controlled semiochemical release. Hydrogel capsules commonly suffer from a low initial loading due to 

high polymer and water content, low encapsulation efficiencies (<90%) and additionally, the release can 

be negatively affected by humidity due to swelling of the hydrogel (Heuskin et al., 2012; Lopez et al., 

2012; Mao et al., 2020). Daems et al. (2016) found that the release of E-β-caryophyllene from solidified 

oil-in-alginate beads, dried under pressure (2 bar), did not release E-β-caryophyllene at humidity 

conditions >85% r.h. due to increased water content of the beads, which makes them unsuitable for 

insect control under high humidity conditions. A promising study of Valladares et al. (2016) indicate that 

swelling of alginate beads might be reduced by an additional chitosan coating. They found more rigid 

and stable pores by increased pH of the gelling solution, which supported a higher release rate for a 

longer period of 6-methyl-5-hepten-2-ol as sex pheromone encapsulated within chitosan-coated alginate 

beads for the behavior manipulation of Megaplatypus mutates.  

For use as effective delivery system for semiochemicals in agriculture and forestry, further research is 

required aiming a size reduction to enable technical application by conventional spraying instruments 

(Yosha et al., 2008) as the biopolymer beads developed in the reviewed studies are commonly of a 

large size up to several mm. 

Zein nanoparticles 

Zein is the main storage protein in maize. It consists of lipophilic amino acid residues that give it a 

hydrophobic character. As a protein, zein exhibits a special solubility behavior depending on the solvent 

and the pH value and can be classified by its solubility and sequence length into four fractions (α-, β-, 

γ-, and δ-zein) with α-zein as the most abundant and commercially available (Bourbon et al., 2019; Fathi 

et al., 2019). Several methods, like nanoprecipitation, liquid-liquid dispersion, phase separation and 

electrospraying, have been described for the preparation of different zein-based formulations with a 

focus on nanoscale carrier systems. Details on the methodologies were described by Pascoli et al. 
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(2018). A typical manufacturing process, known as solvent-emulsification-evaporation, produces zein 

nanoparticles by dissolving zein in an ethanolic solution (70 - 85% in water), containing the active 

ingredient, followed by solvent evaporation. Thereby, the ethanol evaporates while stirring with high 

speed in a water-surfactant mixture in which the formed zein-active ingredient-droplet is insoluble. In 

the resulting solid nanoparticles, the semiochemical is embedded within the zein matrix (Kasaai, 2018). 

The hydrophobic character of zein supports a high solubility and thus good distribution of the 

hydrophobic compounds within the matrix and high loading capacity. Another major benefit is the 

protection from photodegradation as demonstrated by Oliveira et al. (2018), who formulated geraniol 

and R-citronellal as mite repellents within zein nanoparticles. The encapsulation within zein 

nanoparticles resulted in a 17-fold decrease in degradation of geraniol by UV radiation. This result was 

in line with several other reports on formulation of oils in zein nanoparticles as antimicrobial or 

antioxidant formulations (Oliveira et al., 2018; Pascoli et al., 2018). Due to their excellent protection of 

some encapsulated compounds against photodegradation, zein nanoparticles seem to be very well 

suited for applications under intensive light exposure. 

Solid lipid nanoparticles 

Solid lipid nanoparticles (SLNs) present an alternative drug delivery system to liposomes, micelles and 

nanoemulsions by differing from other lipid based systems by a solidified matrix in which the active agent 

is incorporated. SLNs are commonly of spherical shape and a mean particle size about 40 to 1000 nm 

(Pardeike et al., 2009; San Martin‐Gonzalez, 2015). Several preparation methods are available: high 

pressure homogenization, microemulsification, solvent emulsification-evaporation, ultrasonification/high 

speed homogenization, super critical fluid, spray chilling and double emulsion method (W/O/W) 

(Tavares et al., 2018). 

SLNs are prevalently prepared by high pressure homogenization which includes melting of the lipid 

carrier, dispersion of the active compound within the melt followed by emulsification at temperatures 

above the melting point of the lipid under high pressure in an aqueous phase containing emulsifiers to 

enable the formation of small lipid droplets, followed by rapid cooling to initiate crystallization of the lipid 

(Mehnert & Mäder, 2012; Müller et al., 2002). 

Due to their hydrophobic character and solid matrix, SLNs provide a good barrier against environmental 

factors such as water and light. The release is less affected by moisture compared to e.g. hydrogels as 

described above. 

The main application in semiochemicals release from SLNs is the application on the skin to form a 

repellent reservoir against mosquitoes. Biocompatible lipids as matrix material reduce dermal irritation 

potential and skin permeation compared to ethanolic sprays or unformulated compounds (Müller et al., 

2002; Pardeike et al., 2009). 

One of the most important parameters during development of SLNs is the compatibility of the lipid 

carriers with the active compound. İşcan et al. (2005) found that some lipids were unsuitable for the 

encapsulation of N,N-diethyl-meta-toluamide (DEET), the most common insect repellent against 

medical important pest insects (Syed & Leal, 2008; Tavares et al., 2018). Thus, the nature of the lipid 

matrix is very important for high semiochemical loading and sufficient encapsulation efficiency. The 

compatibility or solubility can be examined by the crystalline status of the SLN formulation and 
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determined by differencial scanning calorimetry (DSC). Stearic acid –Tween 80-based SLNs performed 

best for the encapsulation of DEET and were adapted by other groups, e.g. Puglia et al. (2009). To 

investigate the in-vitro performance of the developed SLNs for topical application, they focused on the 

benefit of the formulation on reduced skin permeation of the formulated repellents. 

Nanogels 

An efficient measure to reduce the semiochemicals volatility is the direct gelling of the oily compound 

with low molecular mass gelators (LMMGs). Up-to-date, there has been only one publication on this 

formulation type in the field of semiochemical release (Bhagat et al., 2013). The described method is 

quite simple and does not require any environmentally harmful and toxic chemicals: the LMMG all-trans 

tri(p-phenylenevinylene) bis-aldoxime was dispersed in methyl eugenol as an attractant for Bactrocera 

dorsalis and heated above the melting point of the LMMG (65°C). By self-assembly through weak 

intermolecular noncovalent interactions such as hydrogen bonding, π–π -stacking and van der Waals 

forces of the gelator, methyl eugenol was gelled. At 50°C, unformulated methyl eugenol evaporates 

within 3 weeks, formulated methyl eugenol within 30 weeks, when 0.2 ml of the gel was placed in a 

glass vial (Ø=5 mm) open at the top. At lower temperatures the release was much slower.  

Since the gel is hydrophobic, similar to solid lipid nanoparticles and zein, release is less affected by 

ambient moisture, making the formulation also useful for pest control in crop protection in rainy climates 

or during rainy seasons. 

Emulsions 

Emulsions are biphasic systems of two non-miscible liquids, typically composed of water, oil and 

emulsifier(s). 

SPLAT® 

One of the first slow release formulations to compete with the classic passive dispenser types was an 

emulsion-based technology developed by Delwiche et al. (1998) and Atterholt et al. (1999), patented 

(Delwiche et al., 1999) and later commercialized with the trade name SPLAT® (Specialized Pheromone 

and Lure Application Technology) for use in agriculture and forestry. 

In order of emulsion preparation, the paraffin wax was molten above its melting point to incorporate the 

pheromone, an emulsifier and other additives, followed by the addition of hot water under rapid stirring 

and emulsification with a high-speed mixer. The resulting emulsion proved to be practical for spray 

application. After application, the water will evaporate from the emulsion and a solidified, rain-proofed 

formulation remains on the bark or foliage of the treated plant (Delwiche et al., 1998). 

The pheromone release from this formulation was found to be mainly affected by the solubility of the 

pheromone within the formulation matrix. The addition of vitamin E and soy oil improved solubility of the 

pheromone within the paraffin wax matrix and thereby decreased the release-rate. Furthermore, higher 

pheromone content and increased surface area increased the release-rate, ranging from 0.4 to 2 mg/day 

and release lasts for at least 100 days at 27°C (Atterholt et al., 1999).  

Several studies and field trials have been conducted using modified SPLAT® for various components 

and insects, as it is commercially available for different applications, mainly in agriculture and forestry, 

such as mating disruption, attract-and-kill strategies, repellency of pest insects or attraction of pollinators 

(https://www.iscatechnologies.com/collections/lures).  



Chapter 1 

27 

Nanoemulsions 

A more recent emulsion-based formulation for semiochemicals are so called nanoemulsions. 

Nanoemulsions differ from classic emulsions by their smaller droplet size, ranging from 10 to 200 nm 

and their stability (Ray et al., 2015). 

Nanoemulsions can be prepared by high or low energy methods: high-pressure homogenization and 

ultrasonification are high energy methods, phase inversion temperature (PIT) and emulsion inversion 

point (EIP) method are low energy methods (Gupta et al., 2016). Compared to larger scale emulsions, 

nanoemulsions are transparent or translucent due to a smaller droplet size and exhibit a larger surface 

area and thereby a higher loading capacity. Nanoemulsions are kinetically and long-term physically 

stable (with no apparent flocculation or coalescence) but not thermodynamically stable. Due to their 

remarkable low viscosity they can be sprayed easily. As metastable formulations, nanoemulsions can 

be further dispersed in aqueous solutions without phase separation (Balaji et al., 2015; Bouchemal et 

al., 2004; Ray et al., 2015). 

The release of semiochemicals from nanoemulsions can be modified by changing the droplet size, 

viscosity and homogeneity, flow behavior, contents of water, surfactant and co-solvent concentrations 

and ratios. By increasing the surfactant concentration and emulsification speed or pressure, the droplet 

size can be reduced, homogeneity increased, the stability improved and thereby release can be slowed 

down (Sakulku et al., 2009). 

Pascual-Villalobos et al. (2017) found that the smaller the droplet size within the nanoemulsion, the 

higher the activity of the encapsulated essential oils against aphids. They also found increased 

nanoemulsion stability by glycerol addition of and/or lecithin as an additional surfactant. The results were 

confirmed by Narawi et al. (2020), who formulated nutmeg essential oil as mosquito repellent in 

nanoemulsions. Their findings demonstrate that the oil mobility within the emulsion affected the release 

rate. By reducing the water content and increasing the glycerol content, the emulsion viscosity and 

stability increased. As the formulation was designed as a mosquito repellent formulation, repellent 

studies were carried out for a duration of only 8 hours. 

Nanofibers 

Nanofibers, characterized by their diameter on nanometer scale, can be produced with an 

electrospinning set-up, which consists of a high-voltage source, an electrically conductive blunted 

needle, a syringe pump and a collector. The spinning solution, composed of a polymer, dissolved in an 

organic solvent and the active ingredient, is filled into the syringe, connected to the spinneret and 

subjected to an electric field. Due to high voltage (10 – 30 kV), the surface of the fluid spinning solution 

droplet gets electrostatically charged at the tip of the needle. This leads to an elongation of the liquid 

drop towards a conical object, the so-called Taylor cone. The formation of electrospun nanofibers relies 

on the electrical field between the positively charged spinneret to which the needle is connected and the 

negatively charged collector (Osanloo et al., 2019). 

In the resulting nanofiber, the active ingredient is embedded in a fiber-shaped matrix made of synthetic 

or natural polymers. The release of semiochemicals from electrospun nanofibers is mainly affected by 

the matrix forming polymer, the content of the active and fiber morphology. Fiber formation, diameter 

and morphology can be controlled by the spinning solution properties such as viscosity, solvent volatility, 
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surface tension, conductivity and dielectric constant (Muñoz et al., 2019) but also by voltage, flow rate 

and distance between tip and collector (Osanloo et al., 2019). 

The first report on electrospun nanofibers for the release of semiochemicals was published by Hellmann 

et al. (2011). In their in-vitro study, grape berry moth synthetic sex pheromone (Z)-9-dodecenyl acetate 

was formulated within electrospun cellulose acetate (CA) and polyamid 6 (PA6) nanofibers. They found 

linear release kinetics (zero-order) from fibers and the fibers released the pheromone for a duration of 

more than 100 days. One of their main finding is the slower release from fibers made of CA than from 

PA6. Direct spinning of the nanofibers in the vineyard for mating disruption of Lobesia botrana by an 

electrospinning apparatus attached to tractor was discussed as future application technique.  

The potential of CA as a carrier for long-lasting semiochemical release was confirmed later by Iliou et 

al. (2019) who formulated citronella oil as mosquito repellent against Aedes albopictus in cellulose 

acetate and polyvinylpyrrolidone and found a release duration for more than 4 weeks from the CA 

nanofibers. This finding was explained by the importance of the solubility, which cause a higher amount 

of the semiochemicals trapped in CA than in PA6 (Hellmann et al., 2011; Iliou et al., 2019; Rempel et 

al., 2019).  

Another feature of electrospun nanofibers to manipulate the release behavior is the ability to produce 

multilayer systems by simply spinning nanofiber mats of a desired thickness and layers made of one or 

more polymers. Iliou et al. (2019) developed a triple layer nanofiber mat, composed of CA and 

polyvinylpyrrolidone individually or in combination and found prolonged release duration compared to 

the single layer mats up to four weeks.  

Muñoz et al. (2019) were able to produce core-enriched fibers by use of a coaxial nozzle. Core-enriched 

fibers performed better by a longer release and efficiency of citrodiol as repellent against Aedes aegyptii 

compared to monolithic fibers prepared by a common single nozzle. Moreover, they found the ratio and 

total content of the repellent affected the release.  

Ryan et al. (2020) also produced monolithic and coaxial fibers for the formulation of picaridin within 

nylon-6,6 as a textile relevant polymer to be applied for tick and mosquito repellent textile advices.  

Rempel et al. (2019) gives an alternative technique for the formation of nanofibers by solution blow 

spinning technique with conventional airbrush equipment. They were able to produce fibers of 95–426 

nm diameter made of ethylen vinyl-acetate by extrusion of the solution through a small diameter nozzle 

(0.3 mm) under high pressure (5 bar) to encapsulate synthetic sex pheromones from the oriental fruit 

moth, Grapholita molesta and citrus leafminer Phyllocnistis citrella. 

In general, electrospun nanofibers exhibit interesting properties like long-term zero-order release, broad 

diameter distribution, high stiffness and strength due to strong chain and crystal orientations induced by 

the spinning process, thus enhancing the fiber stability during field application. Moreover, due to the 

fibrous shape, this formulation type was found being well suited to be combined with textiles for insect 

repellent advices. Especially for use in the environment, e.g. in agriculture, care should be taken to 

ensure that the polymer used is made of biodegradable materials. 
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Cyclodextrin inclusion complexes 

Cyclodextrins (CDs) are cyclic oligosaccharides derived from enzymatically treated starch, consisting of 

α-1,4-glycosidic linked α-D-glucopyranose subunits. They have a toroidal shape and due to hydroxyl 

groups present in the interior, they are sufficiently apolar to reversibly bind hydrophobic molecules, 

depending on their size and shape, within their cavity by weak bonding. Due to their hydrophilic exterior, 

CDs became prominent in pharmaceuticals and food technology for improved bioavailability of poorly 

water soluble molecules in aqueous environments (Del Valle, 2004; Ullmann et al., 1985; Wadhwa et 

al., 2017). Due to their special binding properties, GC-columns containing CDs for selective detection 

of chiral insect pheromones are available. 

Three cyclodextrins differing in the number of α-D-glucopyranose subunits are technical available: α -, 

β- and γ -CDs of six, seven and eight subunits, respectively. The different length causes a variation of 

the cavity diameter as follows: α = 4.7, β = 6.0, γ = 7.5 Å, with β as most commonly used because of its 

low costs (Ullmann et al., 1985).  

The most frequently used methods for the preparation of inclusion complexes are the so-called kneading 

method and the co-precipitation method, commonly followed by freeze-drying and spray-drying 

(Marques, 2010). CDs are known and used to improve light, oxidative and reactive stability of the 

enclosed molecule, increase water solubility of water-insoluble substances, enable the pulverization of 

volatile liquids and most importantly reduce volatilization (Wadhwa et al., 2017). A precondition for 

inclusion is the geometry and size of the molecule that has to be compatible with the cavity diameter 

(Yang, 2005). 

A typical current application is grafting of semiochemical-loaded CDs on textiles through covalent bonds 

via the hydroxyl groups of the cellulose, in order to improve washing resistance of mosquito or tick 

repellents (Hebeish et al., 2008; Inceboz et al., 2015; Khanna & Chakraborty, 2018; Romi et al., 2005). 

Yannakopoulou et al. (2002) elucidated the configuration and deposition of the CD in interaction with 

(Z)-tetradec-7-en-1-al. They found two binding types of guest molecules in the crystalline structure of 

the complex: one inside the β-CD cavity and another trapped and held loosely outside the cavity. They 

concluded that CDs are efficient for slowing down the release. One of their most relevant observations 

was that the pheromone was well stabilized and released more slowly when encapsulated within the 

cavity compared to the exterior.  

One of the main factors affecting encapsulation efficiency and thereby the release from CDs is the 

semiochemical itself (Campos et al., 2018; Khanna & Chakraborty, 2018). Some works observed only 

partial complexation of the molecule within CD resulting in a very fast release (Khanna & Chakraborty, 

2018; Yannakopoulou et al., 2002). Other factors are preparation parameters affecting encapsulation 

efficiency, such as CD:semiochemical ratio, embedding time, embedding temperature and CD:ddH2O 

ratio (Huang et al., 2020). 

Arad-Yellin et al. (2001) strengthened the interaction of the host molecule 1,7-dioxaspiro-5,5-undecane 

by UV irradiation of the solution containing the pheromone and β-cyclodextrin percinnamate (β-CD-PC). 

UV radiation induced the formation of intramolecular cyclobutane bridges that trap the pheromone within 

the CD cavity and release the pheromone by bond-breaking chemical reactions. 
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POROUS MATERIALS 

Micro- and nanoporous materials are characterized by high interior surface area. They can be classified 

by their pore size into microporous: <2 nm; mesoporous: 2-50 nm and macroporous:>50 nm (Everett, 

1972). Depending on the selected porous material, the release of bioactive molecules can be controlled 

by modification of the pore size, shape and chemical properties to manipulate the interaction of the 

molecule with the material. For slow or controlled release formulation of semiochemicals silicates 

(zeolites, sepiolites), metal-organic frameworks and silica gels were evaluated as carriers (Paseta et al., 

2016). 

Silicates  

Zeolites are naturally occurring aluminosilicates building a network of channels and cavities. For each 

framework type identified in natural or synthetical zeolites, a three-letter code (e.g. MFI, ZSM) was 

assigned by the International Zeolite Association (IZA, 2020). Due to their high adsorption capacity, 

zeolites have been used as carriers for several bioactive molecules and fragrances, are commonly used 

as molecular sieves, catalysts or as ion exchange materials (Li et al., 2017). Volatile semiochemicals or 

other non-polar molecules are immobilized by adsorption (De Smedt et al., 2015). The adsorption 

mechanism mainly bases on medium-range or van-der-Waals forces, but depending on the molecule 

and the zeolite, hydrogen bonds or other heteropolar interactions can be involved (Muñoz-Pallares et 

al., 2001). Depending on the molecule size and conformation, the molecular diffusion of the active 

ingredient can be controlled by selection of the zeolite with the desired pore diameter, which can vary 

in the range of 0.7-1.2 nm, by the SiO2/Al2O3 molar ratio or by the presence of acidic or other functional 

groups (De Smedt et al., 2015). 

When investigating release behavior from different zeolite types, Muñoz-Pallares et al. (2001) found that 

zeolite pore dimensions and the presence or absence of acidic sites have the greatest effect on the 

release rate of n-decanol. Release duration decreased with decreasing pore diameter from a half-life of 

2 days (pore diameter: 7.6 x 5.4 Å) to 136 days (pore diameter: 5.3 x 5.6 Å) and by increasing acidity. 

Further factors affecting the release were polarity and polarizability of the framework, modifiable by Si/Al 

ratio variation. Lower polarity resulted in a slower release due to stronger adsorption of the pheromone 

to the zeolite. 

Ramos et al. (2017) formulated rhynchophorol in the two different MFI zeolite types ZSM-5 and silicalite-

1. Thereby, adequate zeolite dimensions to host the guest molecule were considered. Unfortunately, 

rhynchophorol was completely degraded in ZSM-5, rendering this material unsuitable to use as matrix 

for the release of rhynchophorol or similar molecules. As explanation, they found strong chemical 

interactions between rhynchophorol and acid sites of ZSM-5 zeolites promoting the degradation of this 

pheromone. As a supporting result, in silicalite-1, which has no acidic sites in a sufficient amount, 

rhynchophorol was not degraded. However, Viana et al. (2018) also formulated rhynchophorol and 

observed interaction of the pheromone with zeolite L and sodium magadiite. In these materials 

rhynchophorol remained stable and did not degrade. 

To achieve more controlled release options, zeolites can be chemically modified. Seo et al. (2016) were 

able to improve pheromone adsorption capacity of zeolite A by modification with 

cetyltrimethylammonium ions (CTA+) by ion-exchange. Due to the low Si/Al ratio it has higher cation-

exchange capacity than other zeolites and they demonstrated, that the modified zeolite A prolonged the 
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release of aggregation pheromones of Riptorturus pedestris. Only half of the pheromone was released 

after 10 weeks in a field trial. 

Another mesoporous material that can be used for pheromone release is sepiolite, a magnesium silicate. 

Tabletized sepiolite formulations were developed and patented by Corma et al. (2000). The inventors 

demonstrated that the release of the model semiochemical trimedlure can be modified by the 

compacting pressure, the associated cation and the adsorption layer. This formulation material was 

used by Vacas et al. (2009) in field trials for the long-term release of sex pheromones for mating 

disruption in California red scale, Aonidiella aurantii.  

As silicates, such as zeolites and sepiolites are available at low cost, the formulation by tableting and 

adsorption is cheap and easy and it has the potential for long-term release duration, these materials 

seems to be promising alternatives for the common passive dispensers made from synthetic plastics. 

Metal-organic frameworks (MOFs) 

Compared to naturally occurring zeolites, metal-organic frameworks (MOFs) are synthetically created 

from building blocks of metal ions or clusters with organic ligands to form 1D, 2D and 3D crystal lattices. 

MOFs are characterized by having large pore volumes and high surface areas and due to their great 

synthesis control, MOFs exhibit structural flexibility, wider range of porosity and surface area and 

modifiability by chemical functionalization (Furukawa et al., 2013). 

The incorporation and slow release of bioactive molecules from MOFs, first reported by Horcajada et al. 

(2012) can be modified by the framework architecture.  

There are two principle methodologies for the formulation of bioactive molecules in MOFs, the one-step 

and the multi-step encapsulation procedure. During the one-step procedure, the active ingredient is 

added into the synthesis solution of the MOF. In the multi-step procedure, first the MOF is synthesized 

and then subsequently activated to enable the adsorption of molecules (Paseta et al., 2015). 

The release of volatile molecules adsorbed on pore surfaces is driven by slow diffusion through open 

pores or decomposition of the MOF. One of the most important prerequisites is the amount of adsorbed 

compounds into the MOF. In view of the semiochemical uptake, the space-filling model using van-der-

Waals radii of the atoms is an important preview option on successful uptake (Hamzah et al., 2020). 

Due to the high chemical flexibility during preparation, functional groups can be added to modify the 

trapping and release of semiochemicals. Hamzah et al. (2020) demonstrated, that the addition of alkyl 

groups or the presence of an amino group to provide a hydrophobic or hydrophilic pore environment 

improved 3-octanone uptake and retention. The presence of large octyl groups take up too much pore 

space to allow 3-octanone inclusion. 

An interesting feature of many MOFs such as MIL-53(Al) and MIL-88A(Al) (Paseta et al., 2016) is their 

decomposition in the presence of water, also supporting good biodegradability of these MOFs. Paseta 

et al. (2016) make use of this property, because they aimed a triggered release of insect repellents from 

pool treatment tablets at the place of application. At the same time, the fast degradation in presence of 

water is a disadvantage as semiochemicals will be released immediately compromising sufficient 

persistence. To overcome this problem, moisture-stabilized MOFs were designed. The moisture-

stabilized zirconium (IV) MOF used by Hamzah et al. (2020) enabled the release of 3-octanone over a 

period of 100 days.  
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Silica gels 

Silica or so called sol-gel materials are amorphous inorganic materials of metal alkoxides. The most 

frequently used alcoxidic pre-cursors are silanes. In the presence of water and under acidic conditions, 

the pre-cursors form silanol (Si-OH) groups by hydrolysis. A three-dimensional network is formed by the 

subsequent condensation reaction between the partially hydrolyzed silanol pre-cursors. Guest 

molecules added to the sol are enclosed within the resulting silica gel. After full gelation, sol-gel materials 

exhibit glass-like properties (Zada et al., 2009).  

Silica matrices are chemically inert (Kandimalla et al., 2006; Zada et al., 2009) which supports low 

reactivity and interaction with semiochemicals and improves shelf life. Moreover, sol–gel materials can 

be prepared and applied in any desired shape and thickness and thereby modify release rates.  

To adjust the release of active compounds from silica gels, pore size and density can be modified by 

the choice of the pre-cursors, pre-cursor concentration, and degree of pre-cursor hydrolysis, which 

affects the degree of cross-linking during the polymerization process in order to provide an optimal 

release rate from the silica gel (Zada et al., 2009). 

Zada et al. (2009) investigated the effect of preparation parameters, namely water/tetramethyl 

orthosilicate pre-cursor (TMOS) ratios, pH, solvents in which the semiochemical and the surfactants are 

dissolved, and surface tension of surfactants on the stability of the silica matrix and the release rate of 

(Z)-7-dodecenyl acetate. The formulation stability was hardly affected by water/TMOS ratio, since at 

some ratios the silica tends to crack under room temperature causing excessive semiochemical leakage. 

They found that this cracking is related to the pH value and can be prevented by the addition of an 

excess of an ammonium base or by addition of a surfactant.  

Moreover, precursor side chains of the comonomers of sol-gels affect the release of semiochemicals. 

To give an example, Zada et al. (2009) revealed that the phenyl tail of the phenyltrimethoxysilane 

(PTMOS) used as comonomer, may enhance gel hydrophobicity. They also found that increased 

comonomer content decreased cross-linking and thereby enlarged the cavities and microporous 

structure, resulting in pheromone loss (Bian et al., 2014). 

Semiochemical release rates can be modified by increased pheromone/pre-cursor ratios and the gel 

concentration. Bian et al. (2014) found, as the loading volume increased, the half-life of trans-2-hexen-

1-al release increased in a linear relationship. Moreover, the persistence of the encapsulated volatile 

depends on its physico-chemical properties, as can be seen from the observation that alcohols with 6-

10 carbons had the longest half-life, while esters with 6-12 carbons had the shortest. In general, the 

persistence of small molecules is shorter than that of large molecules, rendering sol-gels more suitable 

for long-chain insect sex pheromones than for small semiochemicals (Bian et al., 2014). 

The polarity of the gel may be too high for the incorporation and the diffusion mediated release of 

lipophilic compounds such as pheromones. Another disadvantage is the need for convective or 

hypercritical drying, neither suitable for semiochemical formulation due to high losses or degradation of 

the semiochemical. Another limitation is the low modifiability of pore size uniformity which is essential 

to facilitate the reproducibility and control of release rates. Bian et al. (2014) reduced the pore size by 

using a co-monomer with a short alkyl group and a low comonomer to TMOS ratio to slow down the 

release. 
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Photoremovable protection groups 

Pro-fragrances have long been known in perfume formulation technology. The volatile compound is 

chemically trapped by a group that can be easily eliminated from the molecule by an external trigger. 

Despite the potential of this technique and the physico-chemical similarity of volatile semiochemicals to 

perfumes and fragrances, it has remained nearly unexplored for the controlled release of 

semiochemicals. 

Atta et al. (2013) proved the potential of the four different photoremovable protecting groups 7-hydroxy-

4-hydroxymethylcoumarin (=coumarin), 1-pyrenemethanol (=pyrene), 9-anthracenemethanol 

(=anthracene) and 2-(hydroxymethyl)anthraquinone (=anthraquinone) for the controlled release of (Z)-

11-hexadecen-1-ol, a sex pheromone of Chilo infuscatellus for mating disruption. They reported that the 

pheromone was only released under UV light (≥350 nm) or direct sunlight irradiation and release was 

thereby controllable by an external trigger. 
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Table 1.2. Formulations and materials for semiochemicals, insect species and applications 

Formulation Material Semiochemical Insect species Application References 

Passive dispenser 

     

CheckMate® PE bags Sex pheromones of the 
target insect species 

Amyelois transitella, 
Aonidiella aurantii, 
Planocuccus ficus, Cydia 
pomonella, Grapholita 
molesta 

Mating disruption (https://www.suterra.com/pr
oducts_pest) 

RAK® 1 + 2;  
RAK® 3 

Plastic vials (Z)-9-dodecen-1-yl acetate 
and (E,Z)-7,9-dodecadienyl 
acetate; Codlemone ((E,E)-
8,10-dodecadien-1-ol and 
tetradecyl acetate) 

Lobesia botrana and 
Eupoecilia ambiguella; 
Cydia pomonella 

Mating disruption Auffermann and Heck 
(2015)  

Isomate® Capillary made of polymeric 
materials 

Sex pheromones of the 
target insect species 

Cydia pomonella, 
Grapholita funebrana, 
Synanthedon 
myopaeformis, Grapholita 
lobarzewskii 

Mating disruption Ogawa et al. (1989) 

ISCAlure® Rubber septa Pheromones of the target 
insect species 

Diverse North American 
agricultural pest insects 

Trapping (https://www.iscatechnologi
es.com/collections/lures) 

Active aerosol dispenser 

     

Aerosol dispenser Aerosol dispenser (E,E)-8,10-Dodecadien-1-ol Cydia pomonella Mating disruption Baldessari et al. (2013)  

Aerosol dispenser Aerosol dispenser (Z,Z)-11,13-hexadecadienal Amyelois transitella Mating disruption Burks and Thomson (2020) 

Neburel® - Aerosol 
dispenser 

Aerosol dispenser (Z)-11,16-hexadecenal Chilo suppressalis Mating disruption Vacas et al. (2016) 

Aerosol dispenser Aerosol dispenser (E)-11-14:OAC and (Z)-11-
14:OAC,  (Z,E)-9,12-14:OAc 
and (Z)-9-14: 
OH 

Spodoptera exigua, 
Platynota stultana 

Mating disruption Shorey et al. (1996) 
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Table 1.2 (continued) 

Formulation Material Semiochemical Insect species Application References 

Microcapsules 

     

Simple coacervation Chitosan - NaOH Citronella oil Mosquitoes Mosquito repellent Hsieh et al. (2006) 

Complex coacervation Chitosan-Gelatine - Genipin Zanthoxylum limonella oil Mosquitoes Mosquito repellent Maji and Hussain (2009) 

Simple coacervation Chitosan - NaOH Limonene - Insect repellent - Textile 
impregnation 

Souza et al. (2014) 

Yeast cell wall-
microcapsule 

Yeast cell walls Carvacrol  Rhipicephalus (Boophilus) 
microplus 

Tick (larvae) repellent Lima et al. (2019) 

Photosensitive 
microcapsules –  
Interfacial polymerization 

PU + Titanium dioxide 
nanoparticles 

Citronella oil Anopheles stephensi Mosquito repellent Ribeiro et al. (2016) 

Alginate beads      

Ionic gelation  Alginate + oil + alpha-
tocopherol (CaCl2) 

E-β-farnesene,  
E-β-caryophyllene 

Aphidius ervi Parasitoid attractant Heuskin et al. (2012) 

Ionic gelation  Alginate; Alginate-Chitosan; 
Alginate + glycerol + starch 

Linalool - - Lopez et al. (2012) 

Ionic gelation + interfacial 
precipitation 

Alginate + Chitosan coated 6-methyl-5-hepten-2-ol 
(sulcatol) 

Megaplatypus mutatus Attract formulation Valladares et al. (2016) 

Ionic gelation  Alginate + oil + alpha-
tocopherol (CaCl2) 

E-β-caryophyllene Aphidius ervi Parasitoid attractant Daems et al. (2016) 

Ionic gelation  Alginate + oil (CaCl2) E-β-farnesene, Methyl 
salicylate 

Aphids Push-Pull strategy Xu et al. (2018) 

Ionic gelation  Alginate + oil (CaCl2) Methyl salicylate Sitobion avenae, 
Metasyrphus corollae 

Push-Pull strategy Wang et al. (2019) 

Ionic gelation Alginate + gelatin (CaCl2) Dodecyl acetate - - Yosha et al. (2008) 
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Table 1.2 (continued) 

Formulation Material Semiochemical Insect species Application References 

Nanoparticles 

     

Protein nanoparticle Zein Geraniol and R-citronellal Tetranychus urticae Mite repellent Oliveira et al. (2018) 
      

Solid lipid nanoparticles 
     

SLN high-pressure 
homogenization 

Stearic acid - Tween80 DEET - - İşcan et al. (2005) 

SLN precipitation technique Hydrogenated vegetable oil 
and lecithin 

DEET Aedes aegypti,     
Anopheles stephensi 

Mosquito repellent Domb et al. (1995) 

SLN  simple coacervation Spermaceti®, Polawax® DEET - - Kasting et al. (2008) 

SLN ultrasonification Stearic acid Diethyltoluamide, Ethylhexyl 
p-methoxycinnamate  

- - Puglia et al. (2009) 

Nanogels      

Thermal gelation by LMMG LMMG Methyl eugenol Bactrocera dorsalis Attract fruit pests; Attract 
and Trap 

Bhagat et al. (2013) 

 

 

 

 

 

 



Chapter 1 

37 

Table 1.2 (continued) 

Formulation Material Semiochemical Insect species Application References 

Emulsions      

SPLAT® 

     

SPLAT® 
OFM/CYDIA/Lobesia/GM-
O/LBAM HD-O/EC-
O/PBW/TUTA/HELIO/FAW 

Aqueous paraffin 
emulsion 

Sex pheromone of the target 
insect 

Grapholita molesta/Cydia 
pomonella/Lobesia 
botrana/Lymantria 
dispar/Epiphyas 
postvitanna,/Ectomyelois 
ceratoniae/Pectinophora 
gossypiella/Tuta 
absoluta/Helicoverpa 
spp./Spodoptera 
frugiperda 

Mating disruption (Delwiche et al., 1999; 
https://www.iscatechnologie
s.com/collections/lures) 

SPLAT® SWD/MAT SPIN 
ME/MAT CL/MAT TML;  
HOOK® 
RPW/SPW/RB/TUTA; 
NOCTOVI®; ANAMED® 

Aqueous paraffin 
emulsion 

Sex pheromone, 
parapheromone, aggregation 
pheromone (or other 
attractants) of the target 
insect 

Drosophila 
suzukii/Tephritidae/Bactro
cera oleae/Ceratitis 
capitate;  
Rhynchophorus 
ferrugineus/Rhynchophoru
s palmarum/Dynastinae 
spp./Tuta absoluta; 
Noctuidae; Tephritidae 

Attract and Kill (Delwiche et al., 1999; 
https://www.iscatechnologie
s.com/collections/lures) 

SPLAT® VERB Aqueous paraffin 
emulsion 

Anti-aggregation pheromone Dendroctonus ponderosa Repell mountain pine beetle (Delwiche et al., 1999; 
https://www.iscatechnologie
s.com/collections/lures) 

APIS BloomTM Aqueous paraffin 
emulsion 

Nasonov pheromone Apis mellifera Attract pollinator bees  (Delwiche et al., 1999; 
https://www.iscatechnologie
s.com/collections/lures) 
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Table 1.2 (continued) 

Formulation Material Semiochemical Insect species Application References 

Nanoemulsions 

     

Nanoemulsion - Ultrasound Tween 80, Soy lecithin, 
Glycerol, Water 

Various essential oils Rhopalosiphum padi Aphid repellent for leaf 
application 

Pascual-Villalobos et al. 
(2017) 

Nanoemulsion Poloxamer 407 Ethyl 
butylacetylaminopropionate 
(IR3535) 

- Insect repellent for dermal 
application 

Pinto et al. (2017) 

Nanoemulsion - 
Spontaneous emulsification 

Montanov®82 (+glycerol) Citronella oil Aedes aegypti  Mosquito repellent Sakulku et al. (2009) 

Nanoemulsion -             
Phase inversion method 

Tween 80 Pilocarpus spicatus essential 
oil, (Limonene) 

Rhipicephalus microplus Cattle tick repellent Nogueira et al. (2020) 

Nanoemulsion Montanov®82 (+glycerol) 
nanoemulsion 

Nutmeg oil Aedes aegypti Mosquito repellent Narawi et al. (2020) 

Nanoemulsion Ammonia, ethanol, Tween 
80 

Amyl acetate Drosophila melanogaster Fruit fly attractant Krittika et al. (2019) 

Nanoemulsion –            
Phase inversion 
temperature (PIT) method 

PEG N,N-diethyl phenylacetamide 
(DEPA) 

Culex tritaeniorhynchus Insect repellent Balaji et al. (2015) 
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Table 1.2 (continued) 

Formulation Material Semiochemical Insect species Application References 

Nanofibres 

     

Electrospinning Cellulose acetate  and 
Polyamid 6 nanofibres 

Grape berry moth Lobesia 
botrana synthetic sex 
pheromone 

Lobesia botrana  Mating disruption Hellmann et al. (2011) 

Electrospinning Polycaprolactone, PEG-
polycaprolactone, Ethyl 
cellulose and Polyvinyl 
acetate-PVP. 

Trimedlure Ceratitis capitata Attract formulation Bisotto-de-Oliveira et al. 
(2014) 

Electrospinning Cellulose acetate (CA), 
Polyvinyl acetate (PVAc), 
Polycaprolactone (PCL), 
Polyvinyl pyrrolidone (PVP), 
Styrene-butadienestyrene 
(SBS) copolymer, and 
blends thereof 

Grapholita molesta synthetic 
sex pheromone 

Grapholita molesta Mating disruption Bisotto-De-Oliveira et al. 
(2015) 

Electrospinning Polycaprolactone 
(PCL):polyethylene glycol 
(PEG) (1:1) 

(E)-8,(Z)-8-dodecenyl 
acetate, (Z)-8-dodecanol 

Grapholita molesta Attract-and-kill strategy (in 
combination with 
cypermethrin as kill 
component) 

Czarnobai De Jorge et al. 
(2017) 

Electrospinning Polycaprolactone, Cellulose 
acetate and 
Polyhydroxybutyrate 

1,7-dioxaspiro-5.5-
undecane, (Z)-7-
tetradecenal 

Bactrocera oleae,  
Prays oleae 

Mass trapping 
(Attract formulation) 

Kikionis et al. (2017) 

Electrospinning PLA DEET Aedes aegypti Mosquito repellent, Textile 
integration 

Annandarajah et al. (2019) 

Electrospinning 
 

Cellulose acetate, 
Polyvinylpyrrolidone 

Citronella oil Aedes albopictus Mosquito repellent Iliou et al. (2019) 
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Table 1.2 (continued) 

Formulation Material Semiochemical Insect species Application References 

Blow spinning Ethylene–vinyl acetate 
(EVA) 

(Z,Z)-7,11-hexadecadienal 
and (Z,Z,E)-7,11,13-
hexadecadienal, (E)-8-
dodecenyl acetate, (Z)-8-
dodecenyl acetate, Z-8-
dodecenol 

Grapholita molesta, 
Phyllocnistis citrella  

Mating disruption Rempel et al. (2019) 

Electrospinning Ethylcellulose (Ethocel) 
nanofibre 

Citriodiol Aedes aegypti Mosquito repellent; Mats Muñoz et al. (2019) 

Electrospinning Nylon-6,6 nanofibers Picaridin - Mosquito and tick repellent Ryan et al. (2020) 

Cyclodextrin inclusion complexes     

Inclusion complex β-Cyclodextrin  (Z)-7-tetradecenal, (E)-11-
hexadecenal, (E)-11-
hexadecenyl acetate 

Prays oleae, 
Palpita unionalis 

Mating disruption (in delta 
sticky traps or polyethylene 
vials) 

Mazomenos et al. (2002) 

Inclusion complex β-Cyclodextrin  (Z)-tetradec-7-en-1-al Prays oleae slow release of sex 
pheromone of olive pest 

Yannakopoulou et al. 
(2002) 

Inclusion complex β-Cyclodextrin  DEET Aedes aegypti and 
Anopheles stephensi 

Mosquito repellent  
(Textile impregnation) 

Romi et al. (2005) 

Inclusion complex Monochlorotriazinyl-β-
Cyclodextrin (MCT-β-CD) 

Limonene Mosquitoes Mosquito repellent  
(Textile impregnation) 

Hebeish et al. (2008) 

Inclusion complex β-Cyclodextrin (BHT 
stabilized) 

(Z)-7-tetradecenal (Z)-7-
14:Ald) 

Prays oleae  Mating disruption 
(Polypropylene tube 
dispenser) 

Hegazi et al. (2009) 

Inclusion complex - 
Kneading method 

β-Cyclodextrin  Citronella oil, Citronellal, 
Citronellol 

Aedes aegypti Mosquito repellent; Lotion 
for human skin application  

Songkro et al. (2012) 
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Table 1.2 (continued) 

Formulation Material Semiochemical Insect species Application References 

Inclusion complex - 
Kneading method 

β-Cyclodextrin  Eucalyptol Hyalomma marginatum Tick repellent for cotton 
fabric impregnation 

Inceboz et al. (2015) 

Inclusion complex β-Cyclodextrin  Melaleuca alternifolia oil Rhipicephalus australis Cattle tick repellent Yim et al. (2016) 

Inclusion complex β-Cyclodextrin  Citronella oil Mosquitoes Mosquito repellent  (Textile 
impregnation) 

Lis et al. (2018) 

Inclusion complex -  β-Cyclodextrin  Essential oils of cedarwood, 
clove, eucalyptus, 
peppermint, lavender and 
jasmine 

Anopheles stephensi Mosquito repellent  (Textile 
impregnation) 

Khanna and Chakraborty 
(2018) 

Inclusion complex -  γ-Cyclodextrin  Elsholtzia ciliata oil,  
Ilex chinensis oil 

Blattella germanica Cockroach repellent Huang et al. (2020) 

Inclusion complex + UV 
irradiation 

β-Cyclodextrin 
percinnamate 

1,7-dioxaspiro-5,5-
undecane 

- - Arad-Yellin et al. (2001) 

Inclusion complex - 
kneading method 

β-Cyclodextrin  Carvacrol and linalool Tetranychus urticae Mite repellent Campos et al. (2018) 

Inclusion complex -  β-Cyclodextrin  Linalool - - Lopez et al. (2012) 
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Table 1.2 (continued) 

Formulation Material Semiochemical Insect species Application References 

Zeolite 

     

Adsorption Zeolites differing in their 
Si/Al ratio, polarity, 
compensating cation, 
Brönsted acidity and pore 
size 

n-decanol, Trimedlure (tert-
butyl 4(5)chloro-2-
methylcyclohexane 
carboxylate) 

Agrotis segetum,  
Cydia pomonella,  
Ceratitis capitata 

- Muñoz-Pallares et al. 
(2001) 

Adsorption SMZ-A 
(cetyltrimethylammonium 
ion (=surfactant)-modified 
zeolite A) 

(E)-2-hexenyl-(Z)-3-
hexenoate (E,Z), (E)-2-
hexenyl-(E)-2 hexenoate 
(E,E), Myristyl isobutyrate 

Riptortus pedestris Aggregation pheromone 
trap 

Seo et al. (2016) 

Adsorption ZSM-5  Rhynchophorol (2-methyl-
5(E)-heptene-4-ol) 

Rhynchophorus palmarum Trapping Ramos et al. (2017) 

Adsorption Composite membranes 
(PBAT:Zeolite Y) 

Rhynchophorol (2-methyl-
5(E)-heptene-4-ol) 

Rhynchophorus palmarum - Correia et al. (2018) 

Adsorption Zeolite L, Na-magadiite Rhynchophorol (2-methyl-
5(E)-heptene-4-ol) or 6-
methyl-2-hepten-4-ol 

Rhynchophorus palmarum - Viana et al. (2018) 

Sepiolite 
     

Adsorption Sepiolite tablets - - - Corma et al. (2000) 

Adsorption Sepiolite tablets Sex pheromone of 
Aonidiella aurantii 

Aonidiella aurantii Mating disruption Vacas et al. (2009) 
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Table 1.2 (continued) 

Formulation Material Semiochemical Insect species Application References 

Metal-organic frameworks 

     

MOF Zinc(II) and zirconium(IV) 
metal–organic frameworks 
([Zn4O(bdc)3] (IRMOF-
1),19,22 [Zn4O(bdc-
NH2)3](IRMOF-3),19,23 
[Zn4O(bdc-NHPr)3] 
(IRMOF-NHPr), [Zn4O(bdc-
NHBu)3] 
(IRMOF-NHBu) and 
[Zn4O(bdc-NHOc)3] 
(IRMOF-NHOc)) 

3-octanone, 4-methyl-3-
heptanone (ant alarm 
pheromones) 

Atta and Acromyrmex 
species (Atta sexdens) 

Leaf-cutting ant control; 
Attract-and-Kill strategy; 
Trapping 

Hamzah et al. (2020) 

MOF Copper-benzene-1,3,5-
tricarboxylic acid (Cu-BTC) 

DEET Mosquitoes Insect/Mosquito repellent; 
Textile impregnation 

Emam and Abdelhameed 
(2017) 

MOF MIL-53(Al), MIL-88A(Al)) Geranic acid, citronellic 
acid, geraniol and IR3535 

- Insect repellent; 
Trichloroisocyanuric acid 
tablet for water treatment in 
swimming pools 

Paseta et al. (2016) 
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Table 1.2 (continued) 

Formulation Material Semiochemical Insect species Application References 

Silica gels 

     

Silica gel TMOS/PTMOS Peach twig borer 
pheromone, (8E,10E)-
dodecadienol sex 
pheromone 

Cydia pomonella Mating disruption, hung in 
in funnel traps (IPS) 

Zada et al. (2009) 

Silica gel TMOS/MTMOS, 
TMOS/ETMOS, 
TMOS/PTMOS 

Trans-2-hexen1-al, cis-3-
hexen-1-ol, 3,7-
dimethylocta-1,6-dien3-ol  

Black citrus aphid  Aphid attractant for trapping Bian et al. (2014) 

Silica gel  IBERSIL A-400 Geranic acid, citronellic 
acid, geraniol and IR3535 

- Insect repellent; 
Trichloroisocyanuric acid 
tablet for water treatment in 
swimming pools 

Paseta et al. (2016) 

Photoremovable 
protection groups 

Coumarin, pyrene, 
anthracene 
(=photoremovable 
protecting groups) 

(Z)-11-hexadecen-1-ol Chilo infuscatellus  Mating disruption Atta et al. (2013) 
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Comparison of formulations 

In order to make the right choice when selecting the formulation method taking into account the 

individual characteristics, it is advisable to subject it to a comparison of the advantages and 

disadvantages listed in Table 1.3. It must also be noted that not every formulation method is suitable 

for the intended application. 
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Table 1.3. Advantages and disadvantages of different formulation types 

 

  

FORMULATION ADVANTAGES DISADVANTAGES 

Passive dispensers  • High loading capacity 
• Universal applicability 

• Manual application 
• Non-degradability 

Active aerosol 

dispenser 

• Programmable release  

• High loading capacity 

• Release duration for the whole season  

• Universal applicability 

• Manual application 

• Aerosol dispenser equipment required 

• Non-degradability 

Biopolymer-based 

microcapsules 

• Suitable for spray application 

• Incorporation into delivery systems 

• Flexible material selection 

• Low loading (per unit) 

• Short-term release duration 

Yeast cell wall-

microcapsules 

• Available from cheap industrial by-product 

waste 

• Low loading (per unit) 

• Low release variation 

• Drying equipment required 

Photosensitive MCs • UV triggered controlled release • Expertise on synthesis required  

• Toxicity of TiO2  

Alginate-based 

formulations 

• Biocompatibility and biodegradability 

• Cheap and easy preparation procedure 

• Mild preparation conditions 

• Swelling and shrinkage 

• Release suppressed under high humidity 

• Low loading capacity 

Zein nanoparticles • Excellent protection from photodegradation 

• Biodegradability 

• High energy preparation procedure  

• High speed homogenization equipment required 

• Use of solvents 

Solid lipid 

nanoparticles 

• Release less affected by moisture • High energy preparation procedure  

• High speed homogenization equipment required 

• Short-term release duration 

Nanogels • Very high loading capacity 

• Release less affected by moisture 

• Easy preparation procedure 

• Heat treatment during preparation 

Paraffin emulsions • High loading capacity • Mineral oil based 

Nanoemulsions • Large surface area  

• High loading capacity 

• Dispersion in aqueous solutions without 

phase separation 

• Burst release 

• Low physical stability (Ostwald ripening and 

coalescence) 

Nanofibers • Long-term zero-order release 

• Flexible material selection 

• High mechanical strength 

• Electrospinning equipment and knowledge required 

• Use of solvents 

• High voltage  

Cyclodextrins • Biodegradability • Expensive 

• Low loading capacity 

• Low release control 

• Use of solvents 

Silicates (Zeolites, 

Sepiolites) 

• Clay as degradation product 

• Cheap and easy preparation procedure 

• Low release control 

Metal-organic 

frameworks 

• Modifiable architecture 

• High release control 

• Degradability 

• Expertise on synthesis required 

Silica gels • Degradability • Use of solvents 

Photoremovable 

protection groups 

• UV or light-triggered controlled release • Expertise on synthesis required  

• Limited molecule spectrum 
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Future perspectives and conclusion 

Most of the reviewed technologies, although partially successful in other fields, are at an early stage of 

development. Notable exceptions are well-established commercialized passive dispenser types, which 

are broadly used in agriculture, active aerosol dispensers, microcapsules and the paraffin-based 

emulsion SPLAT®. Novel developments always compete with these established well-working release 

systems and some of the studies showed that they are less appropriate in terms of costs and 

performance. If commercialization for practical large-scale application is the overall aim, scalability of 

the methods has to be considered. Safety and registration issues of nanoformulations, but also for not 

yet registered biobased or clay materials, is one of the most important obstacles. Consequently, some 

of them will be placed ad acta or remain stand-alone studies. 

As most of the studies focused on model compounds or single semiochemicals of relevance for their 

target insect, the potential of the developments has to be proofed for their specific applicability. More 

materials and methods still warrant investigation. Many (bio)polymer options remain unexplored despite 

their potential to be an excellent base for semiochemical formulations. In view of formulation 

technologies for perfumes, flavors and fungicides, there are a lot of unexplored options to develop tailor-

made formulations also for the slow or controlled release of semiochemicals. It can also be noted that 

many studies deal with slow release formulations, while a few studies address controlled release options 

in spite of fruitful material research in other disciplines such as pharmacy. 

Some of the reviewed studies are fundamental studies of scientific interest on the general release 

potential without proposing applications. Future work is needed to demonstrate the potential of the new 

technologies in application studies. Moreover, some key aspects in formulation sciences as 

encapsulation efficiency and loading were often not reported. In the special case of methods requiring 

heating or high energy input during formulation preparation, loss of semiochemicals due to evaporation 

or degradation, which is also a problem for all technologies including a drying step, should be 

considered. Hence, the release duration reported as one of the most important properties is often only 

a few hours instead of several weeks, which is a major drawback of nanoparticles. This release behavior 

will be suitable in short-duration applications, such as mosquito repellent formulations. But this release 

duration is definitely too short for mating disruption or attract-and-kill strategies in agricultural insect pest 

control, since classical dispenser types are the benchmark, which perform for several weeks. In view of 

these considerations, it has to be emphasized that there is no “silver bullet” formulation for all insect 

species and applications that ensure a zero-order kinetic. The release behavior from most of the 

formulations developed up-to-date is mainly affected by temperature, resulting in waste of expensive 

substances even when the target insect is inactive. Thus, there is a need for further development of 

tailor-made formulations that release the semiochemical only when the target insect is active. 

To conclude, more research efforts into new materials, methods and technologies are required to fill the 

gap between identification of new semiochemicals in chemical ecology and their successful application. 
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Oleogels  

A gel type that gained increasing attention during the last decade as formulation matrix for reactive, 

lipophilic substances in cosmetic, pharmaceutical and food formulation technology are oleogels 

(O´Sullivan et al., 2016; Gom, 2001; Singh et al., 2013; Esposito et al., 2018; Park & Maleky, 2020; Mao 

et al., 2020). Oleogels are semi-solid systems, in which a liquid oil phase is entrapped by a structuring 

agent, the oleogelator, forming a three-dimensional network (Vintiliou & Leroux, 2008; Mao et al., 2020). 

They are a subclass of so called organogels, a broader class of colloidal systems immobilizing any 

organic solvent (Patel, 2015). In the literature also the terms molecular gel (Jadhav et al., 2011) or 

nanogel (Bhagat et al., 2013) can be read. 

Dependent from the oleogelator, relatively large amounts of oil can be gelled by a low amount of the 

oleogelator (Patel, 2015). Different gelator molecules have been identified and evaluated in the last 

years (Co & Marangoni, 2018). Oleogelators can be classified based on their molecular weight into low-

molecular-weight organogelators (LMOGs), such as 12-hydroxystearic acid, and high-molecular-weight 

oleogelators, mainly polymeric gelators, such as ethylcellulose (Flöter et al., 2021). LMOGs can be 

crystalline particles or self-assembled structures of low-molecular-weight compounds. Hybrid oleogels, 

gelled by different synergistically acting oleogelators, offer a variety of combinations and enable the 

modulation of gel properties (Pakseresht, & Mazaheri Tehrani, 2022). 

When using polymeric oloegelators, different gel formation options are possible, which are illustrated in 

Figure 1.7. In the direct methods, the gelator is dispersed in the oil and gelation occurs after heating 

and cooling of the mixture. Other principles are emulsion based methods or a more labour-intensive 

method, the solvent exchange, in which after first preparing a hydrogel, the hydrophilic solvent is 

replaced by an oil phase (Martins et al., 2018). 

 

Figure 1.7. Principles of oleogelation using biopolymers (Martins et al., 2018). 

One of the easiest methods is direct dispersion of ethylcellulose (EC) in oil. EC is a linear polysaccharide 

derived from regrowable cellulose. EC is prepared by replacement of the hydroxyl end groups by ethyl 

end groups. Therefore, cellulose is dissoluted in an alkali solution to break down the cellulose 

supramolecular structure. Afterwards, ethyl chloride gas is added, which interacts with the alkalized 

cellulose (Atalla and Isogai, 1998). The resulting degree of substitution (DS) is responsible for the EC 

properties: at low DS <1.5, EC is water soluble, at DS of 2.4 – 2.5 the EC is soluble in organic solvents 

(Koch, 1937).  
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The gelling properties of EC have first been described in 1991 by Aiache et al. (1991). Gel formation is 

induced by heating the dispersion of EC and oil above the glass transition temperature of the EC 

(~140°C). At this temperature, the polymer chains become unfolded. Under subsequent cooling, the 

unfolded polymer chains form a backbone of a cross-linked gel network. The gel is stabilized by self-

assembly through hydrogen bonding among the polymer chains along with some hydrophobic 

interactions between the ester groups of the oil and the side chains of the ethyl cellulose. The oil is 

physically entrapped in the EC network (Davidovich-Pinhas et al., 2015). 

Oleogels for entrapment of lipophilic compounds and volatiles 

The attention that oleogels have gained as formulation matrices for lipophilic compunds can be attributed 

to the oleogel´s desirable properties for such substances: a high loading capacity (Vintiloiu & Leroux, 

2008; Martin et al., 2017), a low risk for microbial contamination, due to the lack of an aquatic medium 

required for growth of most microbial contaminants (Vintiliou & Leroux, 2008) and extended shelf life of 

reactive compounds by improving oxidative stability (Shi et al., 2014; O´Sullivan et al., 2016). 

Few attempts have been made aiming for a slowed or controlled release of volatile substances from 

oleogels (Yang et al., 2018; Yılmaz et al., 2015; Yılmaz & Demirci, 2021; Valls et al., 2020; Pang et al., 

2021). For the release of semiochemicals for agricultural applications or at least volatiles than can act 

as semiochemicals, but were formulated for non-agricultural applications, only a few studies have been 

conducted: the model volatiles 2-heptanone and lauryl acetate were directly gelled with the LMOG 

mannitol dioctanoate by Jadhav et al. (2011); ethyl eugenol as fruit pest attractant was directly gelled 

by Bhagat et al. (2013) with a synthetized LMOG and a very long release duration was found of up to 

several weeks; linalool, citral and Mentha arvensis essential oil as fungicides for food preservation and 

hoof treatment were directly gelled with ethylcellulose by Yogev & Mizrahi (2020), but they were only 

interested in a short-term release duration of up to some hours. 

To the best of my knowledge, there is no study about the development of an ethylcellulose oleogel for 

the slow and controlled release of semiochemicals for application in insect pest behavior manipulating 

strategies. 

β-caryophyllene as semiochemical 

During its migratory flights and host finding behavior C. picta orientates by 

volatile cues released by its host plant Malus spp. Moreover, it was found, 

that phytoplasma-infections alter the volatile emission and host-finding 

behavior of infected plants and vector insects (Gallinger, 2019; Mayer, 

2008a; b). Mayer et al. (2008a; b) have found that young C. picta emigrants 

are more attracted by the scent of infected trees than by the scent of 

healthy trees. This means that the apple proliferation phytoplasma alters 

the scent of apple trees in such a way that the psyllids are attracted to the 

infected trees in early summer and acquire the phytoplasma before 

emigrating to their overwintering host plants. During the overwintering, the 

phytoplasmas multiply in the insect and invade the salivary glands. When returning in spring, the eggs 

are preferentially laid on uninfected plants. In the process, the plants are pierced with the proboscis 

Figure 1.8. Chemical structure 
of β-caryophyllene. Structural 
formula was obtained as open 
source from Wikipedia.org. 
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before and during egg laying, thus transferring the phytoplasmas from the saliva. As a result, the 

phytoplasma spread in the apple orchard increases. 

As one of the key substances released by the infected apple trees and involved in the strong attraction 

of C. picta the sesquiterpene β-caryophyllene (Figure 1.8) was identified (Mayer et al., 2008a). 

Such semiochemicals are suitable candidates for application in attract-and-kill or push-pull-kill 

strategies. As the use of semiochemicals is restricted due to their high volatility and chemical instability, 

formulation is needed. 

KILL 

Entomophthorales as biocontrol agents 

Between 700 and 1000 species of fungi are recognized as pathogens of insects (Goettel et al., 2010; 

Vega et al., 2012). They are found all over the world and play an important role as natural regulators of 

insect populations (Keller, 2006). Entomopathogenic fungi have been considered as promising 

environmentally friendly alternative to synthetic chemical insecticides (Glare et al., 2012; Lacey et al., 

2015). Unlike other entomopathogenic microorganisms, the infection of the insect by an 

entomopathogenic fungus takes place percutaneously, not perorally (Jaronski, 2014). Thus, when 

entomopathogenic fungi are applied as biocontrol agents, they are not actively taken up by the target 

insect, but an external contact with the infection units is sufficient to induce an infection.  

More than 170 entomopathogenic fungal strains have been commercialized as biocontrol agents 

(Jaronski, 2014). The majority of these products contain species of the hypocrealean fungi Beauveria 

and Metarhizium and have proven to be effective bioinsecticides for the control of a variety of 

agriculturally and horticulturally relevant insect pests (De Faria & Wraight, 2007; Lacey, 2007; Jaronski, 

2014). They are mostly less specialized with characteristically broad host ranges, occur mainly in the 

soil and in other protected places and can easily be cultivated. They are hemibiotrophic, as they switch 

from a biotrophic phase in the hemocoel of the living insect to a saprophytic phase when colonizing the 

insect´s body after death. The insect death is usually achieved by organ damage, enzymatic activity, 

exhaustion of nutrients and toxic metabolites (Hajek & St. Leger, 1994; Roy et al., 2006; Goettel et al., 

2001; Strasser et al., 2000). 

Another group of entomopathogenic fungi, the Entomophthorales, bear some highly advantageous 

characteristics that make them suitable candidates as biocontrol agents. Compared to hypocrealean 

fungi, species of the Entomophthorales are primarily occurring above-ground, are highly specialized and 

very virulent species (Keller et al., 2006), are known for their strict host specificity (Eilenberg & Michelsen 

1999; Jensen et al. 2001; Keller 2007), their fast speed-to-kill (Pell et al., 2001) and for their ability to 

cause epizootics (Jaques & Patterson 1962; Vega et al., 2012; Eilenberg et al., 2019). The high 

specificity towards particular host species reduces the risk towards non-target organisms (Latgé & 

Papierok, 1988). 

A main characteristic of the Entomophthorales is the active discharge of conidia, the asexual spores 

that are the infection units of these fungi. Many insects infected by Entomophthorales are known to be 

induced by the fungus to move to high plant parts or exposed sites shortly before death. This 
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phenomenon is called ´summit disease´ and was described for many entomophthoralean species (Roy 

et al., 2006; Elya et al., 2018). Summiting occurs mainly in the late afternoon or evening hours. This has 

two advantages for the fungus: The death of the insect occurs in the evening hours. The dew allows the 

fungus to take up moisture quickly and sufficiently for sporulation. Due to the exposed position, the 

actively discharged spores spread over a large area, they are also exposed to the wind and can be 

further dispersed (Keller, 2008). After landing, the conidia stick, by aid of mucoid substances and a 

partly detached cell wall, to surfaces like the host insect cuticle (Keller, 1991; Olsen et al., 2019). When 

landing on non-suitable surfaces, ́ primary conidia´ are able to form ́ secondary conidia´ or higher orders. 

When landing on the host insect cuticle, the germing tubes penetrate, by enzymatic activity and 

mechanical force, the insect integument to enter the insect´s hemolymph. Within the hemolymph, the 

entomophthorales multiply as cell-wall less protoplasts (Butt et al., 1981), to overcome the insect 

immune system by avoidance of detection of fungal cell-wall components or as hyphal bodies 

(Beauveais & Latgé, 1988). Under unfavorable conditions the zygo- or azygospores may become thick-

walled resting spores to overcome e.g. the absence of the host insect during winter time (Scorsetti et 

al., 2012). After metabolization of essential not yet identified nutrients from the insect hemolymph and 

body, the fungus starts to grow out of the insect, form conidiophores on the insect surface and rhizoids 

on the lower part of the insect body to fix it for optimal deposition of the sporulating cadaver and the 

infection cycle starts all over again.  

Fermentation and mass production of Entomophthorales 

A requirement for the establishment of a fungus as biocontrol agent in agriculture is the mass-production 

of fungal biomass, which is essential to provide inoculant in a sufficient quantity for large scale field 

application (Shah & Pell, 2003; Jaronski, 2014). It is a general assumption, that insect pest control by 

entomopathogenic fungus is successful, when a sufficient amount of inoculum is applied (Jackson et 

al., 2010). 

Different mass-production methods have been established and optimized during the last decades to 

maximize viable and virulent biomass at lowest possible costs. Solid state fermentation is the most 

utilized method for the production of aerial conidia of many hypocrealean entomopathogenic fungi, which 

naturally produce those infection units (Jaronski & Mascarin, 2017).  

For entomophthoralean fungi, whose conidia are difficult to collect, submerged fermentation processes 

for the production of hyphal bodies or mycelia is superior. Furthermore, submerged fermentation 

processes allow for short fermentations times, high yields, control of the biomass morphology and can 

easily be scaled up for mass production (Jackson, 1997; Ravensberg, 2011; Jaronski, 2014). 

Fungi from the Entomophthorales have often been reported to be difficult to grow in vitro because of 

their special nutritional requirements (Latgé, 1981; Eilenberg et al., 1992; Wilding & Latteur, 1987; 

Papierok & Hajek, 1997; Pell et al., 2001; Hajek et al., 2012; Jaronski, 2014). The most commonly used 

media for isolation and laboratory scale growth in vitro contain complex nutrient sources like egg yolk 

(Latgé, 1981; Keller, 1997; Freimoser et al., 2001) supplemented with fetal bovine serum or vitamins 

and amino acid. Thus, the difficulty to grow an entomophthoralean fungus on technical scale in vitro at 

low costs remains one of the main challenges on the way to utilization as biocontrol agent. 
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A more detailed introduction, history and state-of-the-art of the mass production of the 

Entomophthorales is given in Chapter 4. 

Formulation of entomopathogenic fungi 

Since the switch from hyphal body to mycelia growth is required for sporulation (Freimoser et al., 2003), 

a transfer of the fungal material produced in submerged culture to some kind of a solid stage is 

necessary. 

Previous research has evaluated different types of propagules for the application of entomophthoralean 

fungi in insect pest control. The majority of field trials used in-vitro infected insect cadavers as 

propagules for the introduction of an entomophthoralean fungus into insect pest populations in the field 

or greenhouse (Wilding et al., 1990; Dara & Semptner, 2005; Dinu et al., 2016). This method lacks from 

its low potential for scale-up and commercialization. McCabe & Soper (1985) patented their ‘dry-

marcescent process’ for the preparation of dried mycelial mats from which the fungus will sporulate after 

full rehydration. 

Different formulations for various microbial biocontrol agents have been established and 

commercialized: wettable powders, granules, bates, water dispersable granules, contact powder, 

suspension concentrate, oil miscible concentrate, ultra-low volume suspensions, oil dispersions (de 

Faria & Wraight, 2007) for drenching, spraying, baiting or as seed coating. Most commercialized fungal-

based insecticide formulations are emulsifiable suspensions or wettable powders. Although 

unformulated spores with a small separate quantity of wetting agent are sold (Jaronski, 2014; Jaronski 

& Mascarin, 2017).  

A biomaterial that has gained much attention in encapsulation of living cells is calcium alginate 

(Nussinovitch, 2010; Vemmer & Patel, 2013). Alginate refers to the salts of alginic acids, first described 

in 1881 in a patent by Stanford (1881). Alginic acids can be found in various marine brown algae 

(Phaeophyceae) acting as structuring agents and cell wall stabilizers (Helgerud et al., 2010). It forms 

flexible gels with calcium, magnesium, strontium and barium ions (Rehm, 2009; Thu et al., 1996). 

Globally production of alginate is 38,000 t per year (Helgerud et al., 2010). Commonly, alginate is traded 

and used in form of sodium alginate, the water-soluble sodium salt of alginic acid. Alginates are high-

molecular (molecular weight 10-600 kDa) polysaccharides based on α-L-guluronic acid and β-D-

mannuronic acid, 1,4-glycosidally connected to linear chains. The homopolymeric regions composed of 

α-L-guluronic acid are referred to as G-blocks, areas composed of β-D-mannuronic acid as M-blocks, 

heteropolymeric areas as GM-blocks. The G-blocks are mainly involved in the gelation process, but also 

the GM-blocks. Dependent from the content/proportion of G- and M-blocks and concentration of cross-

linker ions stronger or weaker gels are formed. 

A commonly used cross-linker is a calcium chloride. Gelation occurs when sodium alginate, associated 

with monovalent Na+ cations, gets in contact with divalent Ca2+ cations. The Na+ ions are replaced by 

the divalent Ca2+ ions. The Ca2+ ions interact with the anionic carboxylgroups of opposite G-blocks of 

two different polymer chains. By the formation of cavities in which the Ca2+ ions are localized, the 

arrangement looks like eggs in an egg-box, the model of alginate gelation is often called ́ egg-box model´ 

(Figure 1.9).  
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Figure 1.9. The “Egg-box model”: Principle of alginate gelation. Martins et al. (2017). 

There are various advantages making Ca-alginate a highly suitable encapsulation matrix for living fungal 

biocontrol agents and for their application in agriculture: gelation is possible at ambient temperatures, 

spherical beads can be produced from alginate by the use of simple techniques, water is used as 

reaction medium, it has been proven for living cells, it is not toxic to humans and the environment, it is 

vegan and it is a biobased material from renewable resources and is biodegradable, which is desired 

for applications in biological plant protection. 

Formulation additives 

Another advantage of Ca-alginate encapsulation is the ease to co-formulate the entomopathogenic 

fungus with beneficial formulation additives (Burges, 1998). Classical additives belong to the group of 

filling agents, which increase drying survival of entomopathogenic fungi (Przyklenk et al., 2017). 

Nutrients can improve growth and sporulation duration and intensity after field application by serving as 

a ´microfermenter´ formulation and, thus, saving valuable biomass in the production process (Pereira 

and Roberts, 1991; McLoughlin, 1994; Burges, 1998; Przyklenk et al., 2017). Also protective agents, 

such as UV-protectants, drying protectants or superabsorbents for improved rehydration (Zhou et al., 

2009) or attractants for improved contact of the insect with the entomopathogenic fungus (Vemmer et 

al., 2016) are possible additives. Recent developments by Hermann et al. (2021) aimed for an 

enfastened mode of infection by improved water absorption due to the addition of additives that 

increased the capillarity of the EPF formulation matrix. The efficiency of EPF formulations can further 

be imporved by additives, that support the infection and colonization of the target organism or its 

enzymatic activity: Krell et al. (2018) demonstrated enhanced endophytism of an entomopathogenic 

Metarhizium brunneum in tomato plants by addition of cellulase in order to ease the entry of the fungus 

into the plant via the roots. Another class of additives are virulence-enhancing additives. Numerous 

publications highlight the importance of chitinolytic enzyme activity as a key feature of 
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entomopathogenic fungi for successful host insect cuticle penetration and the presence of chitin within 

the insect cuticle or within artificial substrates or formulations may improve virulence of 

entomopathogenic fungi on their host insects and, thus, chitin may serve as a virulence-enhancing 

formulation additive (Charnley & St. Leger, 1991; Charnley, 2003; Gerding-Gonzalez et al., 2007; 

Małagocka et al., 2015; Shah et al., 1999). 

A more detailed state-of-the-art of the formulation of the Entomophthorales is given in Chapter 5. 

Pandora sp. nov. inedit. (ARSEF 13372) 

In 2016, a new entomophthoralean species of the genus Pandora 

(Entomophthorales:Entomophthoraceae) was isolated from infected Cacopsylla spp. collected in a 

Danish pear orchard (Jensen 2017; Jensen et al., 2018). The fungus is not yet named, but based on 

morphological characteristics of the conidia and DNA sequences of the ITS-region the fungus proved to 

be a new, not yet named species (Jensen, 2017; Görg et al., 2021b; Figure 1.10). Pandora species can 

be classified in the Erynia – Pandora – Furia genera clade (Gryganskyi et al., 2013). These fungi are 

obligate entomopathogens. The pathogenicity of Pandora sp. nov. has already been demonstrated for 

several psyllid species under laboratory conditions by exposure of the insects to sporulating mycelia 

grown on solid media (Jensen 2017; Jensen et al., 2018; Herren, 2018; Görg et al., 2021b). 

 

Figure 1.10. Neighbor-joining tree of the evolutionary history of Pandora sp. nov. (ARSEF 13372) based on the 

ITS sequence. Görg et al. (2021b). 

Despite the potential of the Entomophthorales for insect pest control, until today, no Entomophthorales-

based insecticide was established at all and in particular for psyllid pest control above ground in fruit 

trees. 
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Abstract 

Oleogels have been widely studied as delivery matrices for lipophilic compounds. Despite their potential, 

oleogels are underexplored for the formulation and release of semiochemicals for insect behavior 

manipulation strategies. We present an ethylcellulose-candelilla wax-oleogel as suitable carrier for the 

slow release of volatile semiochemicals, employing the sesquiterpene β-caryophyllene as a model 

substance. A current drawback of ethylcellulose oleogels is the high temperature needed during the 

oleogel preparation procedure, leading to excessive volatilization of the active compounds. Reducing 

the gelling temperature from 104.8 to 66.9 °C and, thus, the volatile addition temperature by addition of 

the softener octyldodecanol results in 95.28% entrapment efficiency. Experimental results demonstrate 

release modifiability by tailoring the matrix crystalline state due to candelilla wax addition. Furthermore, 

a method is established for analyzing the self-adhesive properties of the gel on plant leaves. In addition, 

the gel’s self-adhesive properties employed on apple leaves are synergistically affected by oil leakage 

and gel stiffness. Olfactometer experiments showed that the formulation was able to enhance the 

attractiveness of aphid-infested plants for parasitic wasps. The present study provides a novel matrix-

type semiochemical formulation based on non-toxic, biobased and biodegradable materials and will 

contribute to the establishment of oleogels as delivery systems for semiochemicals. 

Keywords: Organogel, Ethylcellulose, Self-assembly, Volatile diffusion, Biomaterial composite, No-flow 

temperature, Insect behavior manipulation 
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Graphical abstract 

 

Introduction 

Plant volatiles play a key role in the interaction of insect pests, their host plants and their natural 

enemies. The use of these volatiles as semiochemicals in insect pest control strategies permits a 

specific effect on the target insect and reduces the risk for non-target organisms (Howse et al., 1997). 

The sesquiterpene β-caryophyllene is a semiochemical of broad application potential for behavior 

manipulation of different agricultural important organisms. β-caryophyllene was identified as an 

attractant for the summer apple psyllid Cacopsylla picta (Mayer et al., 2008) and as a potential repellent 

for the citrus psyllid Diaphorina citri (Alquézar et al., 2017), both being important phytoplasma vector 

insects. It was also identified as an attractant for the parasitic wasps Aphidius ervi (Heuskin et al., 2012) 

and A. colemani (Vitiello et al., 2021) and was found to be released by root-damaged maize plants as 

an attractant for the predatory nematode Heterorhabditis megidis (Rasmann et al., 2005). 

Due to the high volatility and chemical instability of semiochemicals against UV light and oxidation 

(Heuskin et al., 2011) the use of semiochemicals for insect control purposes is often limited. For their 

large-scale application for insect pest control, protection of semiochemicals by formulation is needed 

(Plimmer, 1981; Sucklng & Karg, 2000). Therefore, different dispenser and formulation types have been 

developed in the last decades (Muskat & Patel., 2022).  

An ideal semiochemical formulation protects the active ingredient during storage, is inexpensive and 

non-toxic to produce, improves technical application in the field and, most importantly, increases shelf 

life and fine-tunes release into the environment (Plimmer, 1981; Bieri-Leonhardt, 1982; Muskat & Patel., 

2022). The choice of a suitable formulation material is the key to modulating the release rate in a desired 

way (Muskat & Patel., 2022). Due to their biocompatibility and biodegradability, the potential of alginate 

hydrogel beads has been proven in several studies for a variety of active agents Nussinovitch, 2010; 

Vemmer & Patel., 2013), and have also been tested as carriers for the slow-release of β-caryophyllene 

(Heuskin et al., 2012). A drawback of hydrogel capsules for the formulation of hydrophobic substances 

such as β-caryophyllene is that they commonly suffer from a low initial loading and that the release is 

strongly affected by humidity caused by swelling of the hydrogel (Mao et al., 2020; Daems et al., 2016). 
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A gel type that is gaining more and more interest for the formulation of reactive, lipophilic substances in 

cosmetics, pharmaceuticals and food technology is the so-called organogel (Gom, 2001; Davidovich-

Pinhas, 2015; Esposito, 2018; Park & Maleky, 2020). Organogels are defined as semi-solid systems 

with hydrophobic nature stabilized by the three-dimensional network of an organogelator formed in an 

organic solvent. If oil is the organic solvent, the gels are also termed oleogels (Mao et al., 2020). Other 

synonyms can be found in the literature, too, e.g., molecular gels (Jadhav et al., 2011) or nanogels 

(Bhagat et al., 2013). They are practically organogels, as a lipophilic solvent is gelled by a gelator 

molecule and gelation is sufficient to gel the lipophilic liquid even at low concentrations (Davidovich-

Pinhas, 2018). A growing number of oleogelator molecules that are able to gel oil have been identified 

during the last years (Co & Marangoni, 2018). Based on their molecular weight, oleogelators can be 

classified into low-molecular-weight organogelators LMOGs, such as 12-hydroxystearic acid, and 

polymeric gelators, such as ethylcellulose (Co & Marangoni, 2018). The combination of different 

synergistically acting gelators to create hybrid oleogels enable the modulation of gel properties in a 

desired way for special application (Davidovich-Pinhas, 2018; Buerkle & Rowan, 2012; Gravelle et al., 

2017; Gravelle et al., 2018; da Silva et al., 2019). 

Oleogels as formulation matrices for lipophilic compounds offer high loading capacity (Vintiloiu & Leroux, 

2008; Martin et al., 2017), they are of low risk for microbial contamination and extend shelf life of reactive 

compounds by improving oxidative stability (Shi et al, 2014; O'Sullivan et al., 2016) Numerous studies 

have dealt with the structure-functional relationship of the delivery rate of active lipophilic compounds 

from oleogels (Mao et al., 2020; O'Sullivan et al., 2016; Yang et al., 2018). However, only a few studies 

have focused on the formulation and release of volatile substances from organogels (Yang et al., 2018; 

Yilmaz et al., 2015; Yılmaz & Demirci, 2021; Valls et al., 2020; Pang et al., 2021). 

Despite their potential, oleogels are underexplored for the release of semiochemicals in agricultural 

applications. Recent attempts have demonstrated suitability of organogels as semiochemical carriers: 

Jadhav et al. (2011) directly gelled the model pheromones 2-heptanone and lauryl acetate with the sugar 

alcohol-based amphiphile mannitol dioctanoate at a very low concentration of the gelator molecule. 

Bhagat et al. (2013) directly gelled methyl eugenol as fruit pest attractant with a synthesized low-

molecular mass gelator and found a very long release duration of up to several weeks. Yogev and 

Mizrahi (2020) evaluated the potential of ethylcellulose for the direct gelation of the volatile oils linalool, 

citral and Mentha arvensis essential oil as fungicide formulation for food preservation and hoof 

treatment, but were only interested in a short-term release of up to some hours. However, none of these 

studies investigated whether the release can be further modified by adding additives and how they affect 

gel properties. An optimal semiochemical formulation for use in insect manipulating strategies should 

achieve high loading capacity and entrapment efficiency, be stable under storage, shipping and 

technical application, be easy to apply at the application site and, most importantly, releases the 

semiochemical for a prolonged time period and in a consistent manner. 

Therefore, the aim of the present study was the in-depth development of an oleogel-based formulation 

for the slow release of semiochemicals in agricultural pest control applications. β-caryophyllene was 

employed as a model substance.  
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The specific objectives of this study were 

(1) to lower the temperature at which the volatile compound is added to the oleogel to improve 

entrapment efficiency, 

(2) to slow the release of β-caryophyllene from the oleogel,  

(3) to improve the compatibility of the formulation for plant leaves by reduced oil leakage and improved 

mechanical stability, 

(4) to evaluate the self-adhesive properties of the formulation on plant leaves 

(5) to validate the insect behavior manipulating effect of the formulation. 

Results and Discussion 

Ethylcellulose was selected as oleogelator because the oleogel preparation procedure is simple and 

ethylcellulose is generally considered as safe for food and pharmaceutical applications (Gravelle et al., 

2018; O'Sullivan et al., 2016; ECHA, 2022) and thus will not have any negative impact on the 

environment or when consumed by animals. Furthermore, its odorless and physiologically inert 

character (Rekhi & Jambhekar, 1995) makes it a suitable polymer for the release of semiochemicals. 

Moreover, ethylcellulose has recently been demonstrated to be a promising structuring agent for volatile 

oils (Yogev & Mizrahi, 2020). Sunflower oil as the major oil phase of the gel is considered non-toxic to 

humans and animals and is registered for pesticide applications even in organic agriculture (Mäder et 

al., 2019). With regard to future large-scale field application of the formulation, a technical grade β-

caryophyllene of at least 80% purity was used in this study for financial reasons. Details on the 

preparation procedure and Table 2.2 containing all formulation compositions tested in this study can be 

found in 4. Experimental Section. 

Octyldodecanol reduces no-flow temperature of the sol for improved β-caryophyllene 

entrapment efficiency and softens the gel 

A drawback of oleogelation is the need for heating during preparation, which can result in oxidation of 

the carrier oil (Mao et al., 2020) and in the oxidation and excessive volatilization of the active ingredient. 

The onset volatilization temperature of unformulated β-caryophyllene was 73.3 °C (±0.3). For the 

formation of ethylcellulose oleogels, a heating step above the glass transition temperature of the 

ethylcellulose is necessary (Davidovich-Pinhas et al., 2014) The glass transition temperature of the 

ethylcellulose used in this study was approximately 129–133 °C (Dow, 2005). Gelation occurs during 

cooling below the sol-gel transition temperature (Kavanagh & Ross-Murphy, 1998), also called gelling 

point or no-flow temperature. Addition and proper mixing of β-caryophyllene into the sol is only sufficient 

above the no-flow temperature. In order to avoid β-caryophyllene heating up to the glass transition 

temperature of ethylcellulose and above its volatilization temperature, the ethylcellulose-sunflower oil-

oleogel was prepared first in order to facilitate complete dissolution of the ethylcellulose before addition 

of β-caryophyllene in the last preparation step. The onset temperature of the β-caryophyllene 

volatilization from the formulation (W0+bCAR-OD) was 97.0 °C (±1.5). Thus, β-caryophyllene seems to 

be protected from excessive volatilization by the sol, as unformulated β-caryophyllene onset 

temperature was much lower (73.3 °C ±0.3). This is consistent with other studies that found increased 
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volatilization temperature of active ingredients by their formulation (Rezaei et al., 2019; Jelic, 2021; Sun 

et al., 2021). The no-flow temperature of the ethylcellulose-sunflower oil-oleogel (OD0) proved to be 

104.8 °C (±1.1), which was higher than the β-caryophyllene volatilization temperature. The entrapment 

efficiency of 77.05% (±1.8) of β-caryophyllene in this gel (W0+bCAR-OD) was expectedly low.  

Hence, the first aim of this study was to reduce the no-flow temperature of the sol to protect β-

caryophyllene from excessive heat during entrapment. Plasticizers can improve processability of 

polymers with high glass transition temperatures like ethylcellulose (Rekhi & Jambhekar, 1995; Sears 

& Touchette, 1985; Thakkar et al., 2020; Maru et al., 2011). In the present study, octyldodecanol was 

selected as a softener due to its unique solution properties for ethylcellulose described by Melzer et al. 

(2003). 

The effect of different octyldodecanol concentrations (0, 5, 10, 15, 20 and 25%) on the no-flow 

temperature and the viscosity of the melt at the no-flow temperature is shown in Figure 2.1. 

 

Figure 2.1. Effect of octyldodecanol on no-flow temperature and viscosity of the ethylcellulose-sunflower oil-
oleogels before β-caryophyllene addition. Different letters above bars indicate significant differences based on one-
way ANOVA and Tukey post-hoc test (p<0.001). Mean ±SD, n = 5. 

The addition of octyldodecanol had a significant effect on the no-flow temperature (F5,20 = 407.008; 

p<0.001; one-way ANOVA and Tukey post-hoc test) of the sol. Without the addition of octyldodecanol, 

the no-flow temperature was 104.8 °C. By addition of 5%, the no-flow temperature was significantly 

reduced to 85.8 °C (±0.8), at 10%, the no-flow temperature further decreased significantly to 66.9 °C 

(±1.4). Higher concentrations (>10%) had no further decreasing effect. A saturation effect was ruled out, 

as the no-flow temperature of a gel composed of ethylcellulose and octyldodecanol (OD60; Table 2.2) 

did not occur in the measurable range down to 50 °C (data not shown). 

As the no-flow temperature was lowered to 66.9 °C by octyldodecanol addition, we expected a low β-

caryophyllene loss during the preparation process and thus a higher entrapment efficiency. The mean 

temperature at which the formulated β-caryophyllene was completely volatilized (endset at the DTG 
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curve) from the W0+bCAR variant was 168.0°C (±3.3; n = 30). The entrapment efficiency in the gel with 

the preferred octyldodecanol concentration of 10% (W0+bCAR) was 95.28% (± 2.14). 

Compared to other semiochemical formulation techniques, the entrapment efficiency of the present 

method is comparatively high. Lopez et al. (2012) tested different encapsulation techniques for the 

formulation and slow release of linalool and found the highest entrapment efficiency of 89% for an 

alginate microcapsule. Unfortunately, for the few studies on volatile encapsulation in oleogels, 

entrapment efficiency is often not reported. Milanovic et al. (2010) reported an entrapment efficiency of 

86.5% for the microencapsulation of ethyl vanillin in carnauba wax thermally solidified by an emulsion-

based technique. Martin et al. (2017) found a high encapsulation efficiency for indomethacin and 

ketoconazole formulated in castor oil-oleogel-nanoparticles, but these are non-volatile drugs and the 

method only needs a short heat treatment, as low-molecular-weight organogelators (LMOGs), such as 

12-hydroxystearic acid, were used as oleogelators. 

The viscosity at the no-flow temperature is an important parameter for processability in future technical-

scale production processes (Thakkar et al., 2020). As the no-flow temperature decreased, the viscosity 

of the sol at the no-flow temperature increased from 7.7 (0%), 13.8 (5%), 24.3 (10%) to 29.2 (15%) Pa*s. 

At 20% octyldodecanol (27.3 Pa*s) and 25% (30.4 Pa*s), no significant increase in viscosity was 

observable. 

In terms of applicability in crop protection, mechanical stability of the formulation plays a major role, 

especially during storage, shipping and technical application. We hypothesized that the softening effect 

of octyldodecanol is not only observable for the sol at the no-flow temperature, but also on the stiffness 

of the gelled formulation. 

The stiffness of the gel measured in form of the secant modulus differed for various octyldodecanol 

concentrations, Welch’s F4, 9.709 = 419.794 (p < 0.001). Octyldodecanol strongly softened the 

ethylcellulose-sunflower oil-oleogel (OD0–OD20; Figure 2.2). Games-Howell post-hoc analysis 

revealed a significant difference (p < 0.001) between the stiffness of all octyldodecanol concentrations. 

Mean stiffness decreased from 0.32 MPa (0% octyldodecanol) to 0.17 (5%), 0.08 (10%), 0.06 (15%) 

and 0.01 (20%).  

 

Figure 2.2. Effect of octyldodecanol on ethylcellulose-sunflower oil-oleogel (OD0–OD20) stiffness without β-
caryophyllene addition. a) Stress-strain diagrams of representative samples. b) Secant modulus dependent from 
the octyldodecanol content determined between 0 and 10% compression. Different letters above bars indicate 
significant differences based on Welch’s test and Games-Howell post-hoc test (p<0.001). Mean ± SD, n = 5. 
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The softening effect of octyldodecanol can be explained by polymer–solvent interactions according to 

the observation by Bisschops (1955) that chain junctions are hindered by a good solvent and promoted 

by a poor solvent, which has been commonly accepted for several other polymeric systems (Laredo et 

al., 2011) and also for ethylcellulose oleogels (Gravelle et al., 2016). Considering the ethylcellulose-

sunflower oil-octyldodecanol gel, the addition of octyldodecanol improves solubility of ethylcellulose in 

the solvent, resulting in a hindrance of ethylcellulose self-assembly via hydrogen bonding between the 

ethylcellulose polymer chains. This hindrance caused a lowered gelation temperature and a softer gel.  

Nevertheless, as octyldodecanol has a softening effect on the resulting gel and is a costly additive, its 

concentration should be as low as possible. Therefore, as 10% was sufficient to significantly lower the 

no-flow temperature the following experiments were carried out with the gel containing 10% 

octyldodecanol. 

Ethylcellulose-sunflower oil-octyldodecanol oleogels slow down release of β-caryophyllene 

The most important aspect of a semiochemical formulation is the release rate and release duration. For 

agricultural application, a long and consistent release is required (Yoon et al., 2017). Novel formulations 

have to compete with dispensers of uniform zero-order kinetics and a long release persistence of up to 

6 months for successful use in mating disruption or push-pull strategies (Muskat & Patel, 2022). 

One of the aims of this study was to slow down the release of β-caryophyllene to prolong its persistence 

in the field after application. It is generally accepted that (1) a high solubility of a molecule in the matrix 

material and (2) the structuring of a liquid by a gelator molecule or polymer chain acting as a barrier for 

the diffusion of a molecule through the matrix slows the release (Scher, 1977; Kaplan et al., 2019). 

A β-caryophyllene loading of 30% was chosen, as at this concentration, a sufficient dissolution of 

ethylcellulose in the sunflower oil-octyldodecanol mixture was given. A repeated measures ANOVA 

determined that the release of β-caryophyllene was significantly affected by formulation (F3, 14 = 11.115, 

p < 0.001, partial η² = 0.704). Bonferroni-adjusted post-hoc analysis revealed significantly (p < 0.005) 

slower release of β-caryophyllene by formulation in crude sunflower oil (SO+bCAR) or ethylcellulose-

sunflower oil-oleogels (W0+bCAR-OD and W0+bCAR) compared to unformulated β-caryophyllene. 

While unformulated β-caryophyllene was completely volatilized after 26 days, 66% (W0+bCAR), 63% 

(W0+bCAR-OD) and 50% (SO+bCAR) of the initial β-caryophyllene amount remained in the 

formulations at the same time point (Figure 2.3). Since the unformulated β-caryophyllene was 

completely volatilized after 26 days and the effects of the formulation composition on the release were 

already apparent at this point, all release experiments were terminated after 27 days. 
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Figure 2.3. Release behavior of unformulated β-caryophyllene (bCAR; ○), β-caryophyllene in sunflower oil 
(SO+bCAR; □), β-caryophyllene formulated in ethylcellulose-sunflower oil-oleogel without octyldodecanol 
(W0+bCAR-OD; Δ) and with (10%) octyldodecanol (W0+bCAR; ◊). Different letters indicate significant differences 
based on a RM-ANOVA and Bonferroni post-hoc test (p<0.005). Mean ± SD, n = 5. 

Partial replacement of the sunflower oil with the softener octyldodecanol (10%; w/w) had no significant 

effect on the β-caryophyllene release from the ethylcellulose oleogel over time. Thus, octyldodecanol 

seems not to influence the solubility of β-caryophyllene in the matrix.  

Interestingly, release from crude sunflower oil was as slow as from the ethylcellulose structured oil. This 

result was unexpected, as the structuring of solutes is generally accepted as a measure to slow down 

the diffusion of a molecule by entrapment within any material or gel (Scher, 1977; Kaplan et al., 2019), 

including oleogels (Kavanagh & Ross-Murphy, 1998; Nguyen et al., 2019). 

However, similar observations have been made by others (Jadhav et al., 2011; Pang et al., 2021; Vallet 

et al., 1991). The inefficiency of some oleogelators in slowing the release was explained by the presence 

of hydrophilic domains formed by the intermolecular hydrogen bonding responsible for the self-assembly 

of the gelling agents (den Adel et al., 2010), which reduces the hydrophobicity of the oil (Pang et al., 

2021; Chen et al., 2016). This gelling mechanism is well described for the mixtures of β-sitosterol and 

γ-oryzanol (Bot et al., 2008; Duffy et al., 2009; Liu et al., 2021) and ethylcellulose alike (Gravelle et al., 

2018; Dey et al., 2011) 

With this result, we demonstrate that sunflower oil can also serve as a sprayable carrier for slowing the 

release of β-caryophyllene. Nevertheless, such a formulation is only suitable when small amounts are 

needed, as the oil spreads as a thin film. The advantage of the gel is that it can be prepared in different 

sizes and shapes and thereby release can be prolonged by increasing the formulation size. Moreover, 
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gelation enables a higher rainfastness compared to pure oil and will reduce drift and waste of the 

formulated β-caryophyllene during application, making it more suitable for spot applications. 

Candelilla wax improves oil-binding capacity and mechanical stability 

An initial problem of the ethylcellulose oleogel formulation (W0) was excessive oil leakage, which is a 

disadvantage for subsequent foliar application due to a potential negative effect on the leaf. 

Furthermore, as shown in Figure 2.3, β-caryophyllene release from the ethylcellulose oleogel was as 

fast as from unstructured oil.  

Candelilla wax, a natural wax derived from Euphorbia spp., had previously been described as an 

oleogelator of high oil-binding capacity (Blake et al., 2014) and was therefore incorporated into the 

ethylcellulose oleogel as an additional oleogelator. 

The addition of candelilla wax significantly reduced oil-loss from ethylcellulose-oleogels without β-

caryophyllene (F5,33 = 499.754; p<0.001; one-way ANOVA and Tukey post hoc test) and with β-

caryophyllene (30%) (F5,27 = 1077,376; p<0.001; one-way ANOVA and Tukey post hoc test; Figure 2.4). 

The addition of the second oleogelator candelilla wax at a concentration between 4 and 8% suppressed 

any oil-leakage from the gel and will thereby reduce or inhibit spreading of the oil over the leaf surface. 

 

Figure 2.4. Effect of candelilla wax on oil loss from blank ethylcellulose-sunflower oil-oleogels (BLANK; light grey; 
lower case letters) and ethylcellulose-sunflower oil-oleogels with 30% β-caryophyllene (bCAR (30%); dark grey; 
capital letters). Different letters above bars indicate significant differences based on one-way ANOVA and Tukey 
post hoc test (p<0.001). Mean ± SD, n = 5. 

As expected, entrapment efficiency was not affected by variation of the wax concentrations (F5,24 = 

2.173; p = 0.091; one-way ANOVA and Tukey post-hoc test). Mean entrapment efficiency for all wax 

concentrations (W0+bCAR – W16+bCAR) was 95.35% ±1.16 (n = 30). 

Besides reduced oil-leakage, the addition of candelilla wax was assumed to have a positive effect on 

the mechanical stability of the gel (Lim et al., 2017) and mechanical stability will positively correlate with 

the wax concentration (Rocha et al., 2013; Martins et al., 2016). 
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The addition of candelilla wax had a significant effect on the mechanical stability of the gel without β-

caryophyllene (F5,24 = 968.189; p<0.001; one-way ANOVA and Tukey post-hoc test). The stiffness of the 

candelilla wax-free gel (W0_blank) was relatively low (0.16 MPa). The addition of 1% candelilla wax 

(W1_blank) had no significant effect on the stiffness (p=0.790). From a wax concentration ≥2%, a linear 

increase correlating with candelilla wax concentration was observable. The mechanical stability 

increased significantly from 0.49 MPa for 2% (W2_blank) to 0.88 (W4_blank), 1.32 (W8_blank) and 2.65 

MPa for 16% (W16_blank) candelilla wax (Figure 2.5). 

Candelilla wax also had a significant effect on the mechanical stability of the gel with a 30% β-

caryophyllene loading (F5,24 = 227.151; p<0.001; one-way ANOVA and Tukey post-hoc test). 1% 

candelilla wax (W1+bCAR) had no significant effect on the stiffness (p=0.992). When 2% candelilla wax 

(W2+bCAR) was added, the stiffness increased slightly but significantly to 0.24 MPa. 4% candelilla wax 

(W4+bCAR) had no significant increasing effect compared to 2% (p = 0.102). When 8% candelilla wax 

(W8+bCAR) was added, stiffness significantly increased to 0.71 MPa, a concentration of 16% candelilla 

wax (W16+bCAR) with 0.72 MPa had no further significant stabilizing effect on the gel (p = 1.000). There 

was no significant difference between both candelilla wax free gels, but a higher stabilizing effect in β-

caryophyllene free gels. Thus, β-caryophyllene acts as a softener on the ethylcellulose-candelilla wax-

oleogel, assumed to be attributed to the solvent properties of β-caryophyllene for the candelilla wax. 

 

Figure 2.5. Effect of candelilla wax on the stiffness of the ethylcellulose-sunflower oil-octyldodecanol (10%) oleogel 
without (BLANK; light grey; lowercase letters) and with β-caryophyllene (bCAR (30%); dark grey; capital letters). a) 
Stress-strain diagram of representative samples without β-caryophyllene. b) Stress-strain diagram of representative 
samples with β-caryophyllene (30%). c) Secant modulus dependent from the candelilla wax content of samples 
determined between 0 and 10% compression. Different letters above bars indicate significant differences between 
different wax concentrations, asterisk indicates significant differences between gels with and without β-
caryophyllene but containing the same wax concentration based on one-way ANOVA and Tukey post-hoc test 
(p<0.05). Mean ± SD, n = 5. 
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Candelilla wax slows β-caryophyllene release 

As the addition of the second oleogelator candelilla wax reduced oil leakage, we assumed that the 

candelilla wax also slows the release of the entrapped β-caryophyllene. Our initial hypothesis was that 

the candelilla wax crystals serve as a barrier for β-caryophyllene diffusion. 

This hypothesis was accepted for candelilla wax concentrations between 1 and 4%, where a repeated 

measures ANOVA determined that the release of β-caryophyllene was significantly affected by the 

candelilla wax content F5, 18 = 19.799, p < 0.001, partial η² = 0.846 and a Bonferroni-adjusted post-hoc 

analysis revealed significantly slower release from the formulations containing 1% (W1+bCAR), 2% 

(W2+bCAR) and 4% (W4+bCAR) candelilla wax compared to the wax-free oleogel (W0+bCAR) (p < 

0.01; Figure 2.6). 

 

Figure 2.6. Effect of candelilla wax concentration on β-caryophyllene release from ethylcellulose-sunflower oil-
oleogels. Wax concentrations tested: 0% (W0+bCAR; ◊), 1% (W1+bCAR; ○), 2% (W2+bCAR; Δ), 4% (W4+bCAR; 
─), 8% (W8+bCAR; □), 16% (W16+bCAR; Х). Different letters indicate significant differences based on a RM-
ANOVA and Bonferroni post-hoc test (p<0.001). Mean ± SD, n = 5. 

Surprisingly, with increasing wax content higher than 8% (W8+bCAR), the release increased compared 

to lower wax concentrations between 1 and 4%. From the gel containing 16% wax (W16+bCAR), release 

was as fast as from W0+bCAR. W8+bCAR did not significantly differ from both groups, thus, release 

increased from a wax content between 4 and 8%. This result was unexpected, as it is generally accepted 

that the higher the crystallinity the slower the diffusion of molecules through a material (Yoon et al., 

2017; Scher, 1977; Frank et al., 2005), including oil diffusion through crystalline matrice (Nelis et al., 

2021). 
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For natural waxes, in particular, a volatile release retardation was found by others and explained by the 

formation of closed spaces within the formulation matrix that reduce the mobility of molecules within the 

crystalline network and by reduced solubility of the encapsulated molecule (Pang et al., 2021; Yoon et 

al., 2017; Slodowicz et al., 2017). Atterholt et al. (1999) found soy oil as a volatility suppressant of 

pheromone release from paraffin wax based emulsion. They suggest an increased solubility of the 

pheromone in the paraffin matrix by the soy oil, causing a decrease in the release rate. 

In none of these studies did the wax contents vary, the wax concentrations were at low levels (<8%) 

and it does not explain the lower release from oleogels of low wax contents <8%.  

The explanation for the faster release of β-caryophyllene from gels of higher wax content can be found 

in the microstructure of the gels: Looking at the microscopic images in Figure 2.7, the majority of the 

gels containing 1–4% candelilla wax appears more amorphous with only some single wax crystals 

present. Crystals dispersed throughout an oil phase were declared to increase the tortuosity factor of a 

system (Dey et al., 2011; Nelis et al., 2021; Valoppi et al., 2020) and thereby slow diffusion of the liquid 

phase through the matrix. In gels with higher candelilla wax content, it looks like the majority of the gel 

is present in a crystalline state, which leads to the conclusion that at these (>8% candelilla wax) 

concentrations, the wax co-crystallizes with the oil and β-caryophyllene exists between the crystallized 

areas. 

 

Figure 2.7. Polarized light microscopic images of ethylcellulose-sunflower oil-β-caryophyllene oleogels containing 
different concentrations of candelilla wax: No wax (W0+bCAR), 1% (W1+bCAR), 2% (W2+bCAR), 4% (W4+bCAR), 
8% (W8+bCAR), 16% (W16+bCAR). White and blue areas represent crystals; violet areas are amorphous/non-
crystalline phases. Magnification 20x. 

These results indicate that the barrier effect of the wax crystals acts at low concentration (<8%) and the 

refasten release at higher candelilla wax concentrations can be explained by a “channel effect”. This 

effect is caused by reduced solubility of β-caryophyllene in the matrix, which is in a more solid and 

aggregated state with the non-crystalline β-caryophyllene present in the spaces and being thereby 

unformulated due to a co-crystallization and aggregation of the sunflower oil with the wax.  

This explanation is supported by the study of Yadav et al. (Yadav et al., 2017) who observed increased 

release rates of the model drug ciprofloxacin hydrochloride from a stearic acid:stearyl alcohol rice bran 
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oil oleogel with increasing stearic acid contents. They explained their results with a hindrance of the 

diffusion of the drug within the oleogel by a smaller mesh size in the oleogels at lower stearic acid 

content and improved synergistic interactions among the stearyl alcohol and stearic acid molecules at 

higher contents, which did not allow the drug molecules to accommodate within the gelator network 

structure.  

Ongoing experiments will elucidate the nature and strength of the interaction between β-caryophyllene 

and the wax crystals and provide proof of the “channel effect”. 

Another simpler explanation is based on Hansen solubility parameters (Hansen, 2007): The best 

solubility of β-caryophyllene is expected in the gels containing 1% (W1+bCAR)–8% (W8+bCAR) 

candelilla wax due to the matrix polarity by presence of different candelilla wax contents. 

The modelling of the β-caryophyllene release with the Korsmeyer-Peppas (Korsmeyer et al., 1983) and 

Peppas-Sahlin (1989) diffusion models reveals non-linear release kinetics (Table 2.1). This indicates 

an anomalous release of β-caryophyllene as characterized by Crank (1979), which can be described 

very well with the Peppas-Sahlin model with acceptable coefficients of determination. It should be 

noticed that the variants W1+bCAR, W2+bCAR and W4+bCAR are not well represented by this model, 

since these variants almost stop their release after 14 days. From W0+bCAR and W16+bCAR it can be 

predicted that 100% of the formulated β-caryophyllene will be released within 47 days based on a 

calculation with the Peppas-Sahlin model. In comparison, from W8+bCAR β-caryophyllene will be 

completely released within 183 days. 

Table 2.1 Coefficients of the Korsmeyer-Peppas and Peppas-Sahlin diffusion models. k = kinetic constant; n,m = 
release exponents; k1 = Fickian diffusion constant; k2 = relaxation transport constant; R2 = coefficient of 
determination 

 

 

 

Formulation 

Korsmeyer-Peppas Model 

𝑀𝑡

𝑀∞
= 𝑘𝑡𝑛 

Peppas-Sahlin Model 

𝑀𝑡

𝑀∞
= 𝑘1𝑡𝑚 + 𝑘2𝑡2𝑚 

k n R2 k1 k2 m R2 

bCAR 16,385 0,560 0,959 -166,688 168,273 0,106 0,979 

SO+bCAR 6,838 0,639 0,964 -78,898 76,998 0,123 0,981 

W0+bCAR-

OD 
4,805 0,788 0,995 -15,880 16,963 

0,274 0,998 

W0+bCAR 4,988 0,791 0,998 -12,653 14,571 0,293 0,999 

W1+bCAR 8,718 0,369 0,938 -151,876 156,753 0,038 0,966 

W2+bCAR 7,155 0,423 0,911 -138,214 140,650 0,044 0,944 

W4+bCAR 7,194 0,420 0,910 -149,432 152,099 0,041 0,944 

W8+bCAR 5,464 0,625 0,982 -46,868 46,953 0,137 0,994 

W16+bCAR 3,720 0,862 0,998 -7,143 8,788 0,346 0,999 
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It has to be noted that the release from W1+bCAR, W2+bCAR and W4+bCAR is very slow from day 

eleven. This can be explained by a concentration or equilibrium effect between β-caryophyllene and 

wax crystalline state. This release behavior will result in a high residual load of β-caryophyllene in the 

formulation and there is a risk of insufficient concentrations for target organism behavior manipulation. 

Thus, when huge amounts are needed, slow release is not major to a higher, but more constant release 

rate of the semiochemical as realized by W0+bCAR (no wax) or W16+bCAR (16% candelilla wax). 

Candelilla wax influences adhesive properties on apple leaves 

Retention and rainfastness of non-dispenser semiochemical formulations is important for prolonged 

release in the place of application. Several studies on microencapsulated pheromone formulations are 

reliant on additional adhesive adjuvants or surfactants to improve the retention of the formulation on 

leaves (Taylor & Matthews, 1986; Knight et al., 2004). 

The developed oleogel formulation has self-adhesive properties on apple leaves, which allow for 

application without additional surfactants and will give it a high rainfastness. To the best of our 

knowledge, there is no study on the adhesive properties of an oleogel on plant leaves. Therefore, a 

dynamic-mechanical shear experiment method from conventional sticker technology was adapted for 

the investigation of the adhesive properties of the oleogel on apple leaves.  

Adhesive properties of the gel on apple leaves were significantly dependent on the candelilla wax 

content (F5,24 = 45.262; p<0.001; one-way ANOVA and Tukey post hoc test; Figure 2.8b). The shear 

stress under which the gels slip from the leaf samples was between 483.3 (8%) and 1133.4 (2%) Pa. 

The gels without candelilla wax (0%) withstood a shear stress of 735.8 Pa. With increasing candelilla 

wax content, the shear stress at break increased to 1133.4 Pa for the gel with 2% candelilla wax. When 

the wax content was further increased, the ability to withstand shear stress decreased significantly to 

916.3 Pa (4%). The gels with the highest candelilla wax contents had the lowest adhesive abilities with 

483.3 (8%) and 521.6 Pa (16%). 

 

Figure 2.8. a) Experimental set-up of the self-adhesive properties analysis of the gel on apple leaves by a tensile 
shear test. b) Influence of candelilla wax on self-adhesive strength of the formulation (ethylcellulose-sunflower oil-
octyldodecanol-oleogel+bCAR (30%)) on apple leaves. Different letters above bars indicate significant differences 
based on one-way ANOVA and Tukey post hoc test (p<0.001). Mean ± SD, n = 5. 

Comparing the influence of the wax on both the oil binding properties (Figure 2.4) and the stiffness of 

the gel (Figure 2.5), it can be assumed that, on the one hand, stiffer gels adhere more poorly than 

elastic ones due to a lower direct contact area and, on the other hand, the oil leaking out of the 

formulation apparently serves as an adhesion agent. Nevertheless, if the quantities leaking out become 
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too high, the oil acts as a lubricant, so that the formulation slips off the leaf at low wax contents due to 

the high oil loss. The formulation W2+bCAR (wax content 2%), which is still elastic enough, with at the 

same time medium oil leakage, therefore exhibits the best adhesion properties. How the gels behave 

on the leaves under field conditions needs further investigation. 

Aphidius colemani response to formulation  

Aphid parasitoids in search for host insects are attracted to the odors that plants emit in response to 

aphid feeding (da Silva et al., 2016; Aartsma et al., 2017). Olfactometer experiments with the aphid 

parasitoid A. colemani were performed to test whether a single β-caryophyllene emitting oleogel capsule 

(W2+bCAR) would enhance the attractiveness of odors emanating from an aphid infested plant. β-

caryophyllene emission of one capsule was 4.3 µg h-1 (±0.48; n=5). As mentioned above, for financial 

reasons a technical grade β-caryophyllene of at least 80% purity was used in this study. The main 

component besides β-caryophyllene emitted by the capsules was α-humulene with 0.165 µg h-1 (±0.04; 

n=5). The results showed that naïve parasitoids which had not learned to associate β-caryophyllene 

with successful parasitization of aphids, did not find the enhanced odor blend more attractive. Aphid 

infested plants with odor capsule (bCAR) were not significantly preferred over aphid infested plants 

without capsules (CONTROL) (Z= 0.97, p > 0.33; Wilcoxon matched pairs test; Figure 2.9a). However, 

β-caryophyllene became a conditioned stimulus when A. colemani females were allowed to associate 

the volatile compound with a positive experience (aphid parasitization). Hence, in the second experiment 

significantly more parasitoids were attracted by the odour blend of sugar beet plants treated with aphids 

and capsule (bCAR) compared to plants treated with aphids only (CONTROL) (Z=2.17, P=0.030; 

Wilcoxon matched pairs test; Figure 2.9b). Overall, naïve parasitoids (n=95) were more motivated to 

respond to volatiles in our experiments than experienced insects (n=46). This could be due to the fact 

that experienced parasitoids had parasitized a few aphids immediately before the test and needed time 

to recover before continuing with further host searching.  

 

Figure 2.9. Attraction of the parasitoid Aphidius colemani to odours from a single β-caryophyllene emitting capsule 
placed on a sugar beet plant with 5 aphids. a) Response of naïve parasitoids (without previous oviposition 
experience in the presence of capsule odour prior to olfactometer experiment). b) Response of experienced 
parasitoids (with previous oviposition experience in the presence of capsule odour prior to olfactometer experiment). 
bCAR = single β-caryophyllene capsule placed on a sugar beet plant with 5 aphids, CONTROL = sugar beet plant 
with 5 aphids. Boxes show median numbers of responding parasitoids per released group of 6 (line), 25th and 75th 
percentiles. Whiskers are 5th and 95th percentiles. Dots represent outliers. Wilcoxon matched pairs test, n.s. = not 
significant, *p<0.05). n = 32 (8 replicate days, 4 releases per day) 
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Conclusion 

Oleogel based formulation engineering is in its early days, and for several applications, such as 

semiochemical release, only few attempts have been made. The present study demonstrates that 

ethylcellulose-candelilla wax-oleogels are suitable matrices for the slow release of semiochemicals, in 

particular β-caryophyllene. The developed formulations exhibit a combination of unique properties that 

make it highly suitable for semiochemical formulation and release, such as a reduced processing 

temperature, high loading capacities due to the high solubility of hydrophobic volatiles in the oil based 

matrix, improved oil-binding capacity and mechanical stability, self-adhesive properties on leaves and 

release modifiability. Thus, the developed gel and method can be used as a prototype to establish 

universally usable slow-release semiochemical delivery systems. The formulation’s shape stability is 

given by ethylcellulose, but release modifiability by a second oleogelator, in this case candelilla wax. 

Hybrid oleogelator systems offer unlimited opportunities and will enable release retardation and control 

of a variety of semiochemicals and volatile compounds. For the intended application scenario of using 

the formulation for behavioral manipulation of insects in push-pull, attract-and-reward or attract-and-kill 

strategies, the formulation variant containing 2% candelilla wax (W2+bCAR) proved to be the most 

suitable, as it has the best self-adhesive properties on leaves in addition to a strongly slowed and thus 

long-term β-caryophyllene release. However, the release of β-caryophyllene from this variant was 

slowed to such an extent that after eleven days only very low amounts of β-caryophyllene were released. 

When further dispersed in the environment, the concentration might be too low to be perceptible to any 

target insect. For applications where a high concentration and more uniform release of β-caryophyllene 

is of utmost importance, the formulation variant containing a higher candelilla wax content of 16 % 

(W16+bCAR) would be a more suitable choice, which further exhibits high mechanical stability and 

suppressed oil loss. The mechanism of release modification needs further investigation to elucidate the 

multiple interaction of the ethylcellulose network – candelilla wax – β-caryophyllene and oil component, 

which is responsible for the release behavior. Ongoing experiments deal with the climatic impact on the 

release and material behavior in order to make predictions on release rate and duration under 

application conditions. 

Experimental Section 

Chemicals 

Sunflower oil (SO) was purchased from a local supermarket, ethylcellulose (EC; ETHOCELTM Standard 

100 Industrial Ethylcellulose; batch code: D184IA9031; Dow Chemical Company, Midland, MI, USA) 

with ethoxyl content 48.7% and a viscosity of 98.0 mPa*s was obtained from ChemPoint (Bergen op 

Zoom, Netherlands), candelilla wax (W; 2039; batch code: 10-1185) from Kahlwax GmbH & Co. KG 

(Trittau, Germany), 2-octyldodecan-1-ol (OD; Eutanol® G; batch code: 18112004) from Caelo (Caesar 

& Loretz GmbH, Hilden, Germany) and β-caryophyllene (bCAR; ≥80%, FCC, FG; batch code: 

MKCG3589) from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). 

Preparation procedure 

Sunflower oil was optionally mixed with octyldodecanol in a beaker and ethylcellulose was added. The 

mixture was heated above the ethylcellulose glass transition temperature (140 °C) under continuous 
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stirring at 250 rpm on a magnetic hotplate stirrer (IKA® C-MAG HS 7, IKA®-Werke GmbH & CO. KG, 

Staufen, Germany) set to 180 °C. After full dissolution of the ethylcellulose (~1 hour), the mixture was 

cooled to a temperature above the no-flow temperature and candelilla wax was added. After full melting 

and solving of the candelilla wax, β-caryophyllene was added and the sol was set to room temperature 

for thermal gelation. Samples were stored in closed containers in a fridge at 5 °C or used immediately. 

All formulation compositions tested in this study are listed in Table 2.2. 

Table 2.2. List and composition of all formulation matrices without β-caryophyllene and formulations containing β-
caryophyllene tested in this study. SO = sunflower oil, EC = ethylcellulose, OD = octyldodecanol, W = candelilla 
wax, bCAR = β-caryophyllene. All data are given in weight% (w/w). 

Name SO EC OD W bCAR 

bCAR 0 0 0 0 100 

SO+bCAR 70 0 0 0 30 

OD0 85.71 14.29 0 0 0 

OD5 78.57 14.29 7.14 0 0 

OD10 71.42 14.29 14.29 0 0 

OD15 64.29 14.29 21.42 0 0 

OD20 57.14 14.29 28.57 0 0 

OD25 50 14.29 35.71 0 0 

OD60 0 14.29 85.71 0 0 

W0_blank 80 10 10 0 0 

W1_blank 79 10 10 1 0 

W2_blank 78 10 10 2 0 

W4_blank 76 10 10 4 0 

W8_blank 72 10 10 8 0 

W16_blank 64 10 10 16 0 

W0+bCAR-

OD 
60 10 0 0 30 

W0+bCAR 50 10 10 0 30 

W1+bCAR 49 10 10 1 30 

W2+bCAR 48 10 10 2 30 

W4+bCAR 46 10 10 4 30 

W8+bCAR 42 10 10 8 30 

W16+bCAR 34 10 10 16 30 
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Analysis 

Rheological properties of the sol 

To determine the no-flow temperature and the effects of octyldodecanol addition on the gel 

processability, the viscosity of the melt was continuously analyzed under constant cooling (3 K min-1) 

from the initial preparation temperature of 140 °C to 50 °C with a high-pressure capillary rheometer 

(HPCR; RHEOGRAPH 20, GÖTTFERT Werkstoff-Prüfmaschinen GmbH, Buchen, Germany). 

Therefore, the gels composed of sunflower oil, ethylcellulose and different octyldodecanol contents were 

maintained at 140 °C and filled into the pre-heated (140 °C) barrel of the high-pressure capillary 

rheometer. The constant shear rate was calculated following Pérez et al. (2006) for a 250 rpm stirring 

speed, which corresponds to an average shear rate of 244.08 s−1 (Eq. 1). The piston speed of 0.212 

mm sec-1 was calculated following the HPCR equipment instructions (Eq. 2) for the diameter of the barrel 

(Ø=12 mm) and the capillary (Ø=1 mm; length = 20 mm) and the previously calculated average shear 

rate. 

�̇� =  33.1 𝑁1.4      (1) 

Where �̇� is the average shear rate (in s−1) and N is the agitation speed (in s−1). The average shear rate 

was then inserted in the following equation: 

𝑣 =  
�̇� 𝑅3

𝐷2             (2) 

Where v is the piston speed of the rheometer (in mm s-1), �̇� is the average shear rate (in s−1), R is the 

radius of the capillary (in mm) and D is the diameter of the barrel (in mm). 

The no-flow temperature was set to the point at which the viscosity increases: 

𝜂 =  
𝜏

�̇�
       (3) 

Where η is viscosity (in Pa*s), τ is the shear stress (in Pa) and �̇� is the average shear rate (in s−1).  

𝜏 =
𝑝 𝑅

2 𝐿
       (4) 

Where τ is the shear stress (in Pa), p is the continuously measured pressure (in Pa), R is the radius of 

the capillary (in mm) and L is the length of the capillary (in mm). 

Mechanical properties of the oleogel 

Mechanical stability of the oleogels was evaluated by dynamic-mechanical analysis (DMA Q800, TA 

Instruments, New Castle, Delaware, USA) in a compression test. Therefore, oleogel samples were 

prepared by pouring the melt in cylindrical cavities (Ø = 5 mm; height = 4 mm) of a self-made silicone 

form. After gelation at room temperature, the samples were analyzed starting from a preload of 0.0001 

N and a ramp of 2 N min-1 to 18 N. The measurements were carried out at a constant temperature of 25 

°C and at 60% r.h. The stiffness of the gels was determined by a secant modulus at a compression 

between 0 and 10%, as the gel was more elastic up to this compression before undergoing a constant 

flow phase.  

Thermal behavior and entrapment efficiency 

The onset volatilization temperature of β-caryophyllene and the sufficiently formulated amount of β-

caryophyllene in the oleogels (entrapment efficiency, EE) was determined by thermogravimetric analysis 
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(Hi-Res TGA 2950 Thermogravimetric Analyzer, TA Instruments, New Castle, Delaware, USA). For the 

analysis of the entrapment efficiency, oleogel samples were prepared were prepared in lenticular droplet 

shape (10–15 mg) by dropping the sol on a silicone mat (Kaiser®, WMF Group GmbH, Geislingen/Steige, 

Germany) by means of a pipette. 

Individual gel samples (10–15 mg) or β-caryophyllene (9–11 mg) were placed in a 100-µl-platinum pan. 

The run was performed with a quasi-isotherm high resolution method: equilibration at 30 °C, Ramp 50 

°C min-1, res 5 °C to 600 °C, Hi-res sensitivity 1.0 and a nitrogen flow of 60 ml min-1. The entrapment 

efficiency was calculated by the difference of weight loss (%) between a blank sample without β-

caryophyllene and a sample prepared with a loading of 30% at the endset temperature in the differential 

thermogravimetric (DTG) curve when the whole β-caryophyllene was volatilized from the formulation 

(temp(bCARCV)) as follows: 

𝐸𝐸 [%] =  
𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 𝑎𝑡 𝑡𝑒𝑚𝑝(𝑏𝐶𝐴𝑅𝐶𝑉) [%]

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 [%]
∗ 100 %    (5) 

Release kinetics 

In order to characterize the release of β-caryophyllene, samples were prepared as described above 

according to the compositions listed in Table 2.2 by pouring the hot oleogel melts into crystallization 

dishes (Crystallization dishes ROTILABO® without spout, 20 ml, Ø = 40 mm, Carl Roth GmbH, 

Karlsruhe) and allowing them for gelation at room temperature. In the case of the oleogel and the oil 

samples, 3.5 g was poured per dish. For the bCAR samples, 1.16 g β-caryophyllene (ρ = 0.9) per dish 

was used to correspond to the 30% β-caryophyllene loading of the gel and the oil samples. The samples 

filled in the crystallization dishes were then placed in a climatic chamber (KBF P 240 E5.2, Binder GmbH, 

Tuttlingen, Germany) in a random order and incubated at constant 25 °C, 60% room humidity and an 

air flow of 1 m/sec. The release of β-caryophyllene was determined gravimetrically by weight loss, which 

was measured on an analytical balance (AG204 DeltaRange®, Mettler Toledo GmbH, Gießen, 

Germany) every 24 hours. 

 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑏𝐶𝐴𝑅 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 [%] =  100 [%] − 
𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 𝑏𝐶𝐴𝑅 (𝑡𝑥)[%]

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 (𝑡0) [%]
∗ 100 [%]  (6) 

 

Where Weight loss bCAR (tx) is related to the initial β-caryophyllene amount (in %). 

Each experimental run was performed with five replicates per sample composition. 

Diffusion modeling 

The release of β-caryophyllene was modelled using the mean values from the release experiments with 

the Korsmeyer-Peppas (Korsmeyer et al., 1983; Eq. (7)) and Peppas-Sahlin (1989) model (Eq. (8)). 

𝑀𝑡

𝑀∞
= 𝑘𝑡𝑛      (7) 

𝑀𝑡

𝑀∞
= 𝑘1𝑡𝑚 + 𝑘2𝑡2𝑚      (8) 

The coefficients of the models were determined with the non-linear regression procedure of SPSS 

Statistics V28.0 (SPSS, Chicago, IL), which uses an iterative estimation algorithm. 
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Oil loss determination 

Oil loss from oleogels was determined following the procedure of Dibildox-Alvarado et al. (2004) with 

some modifications. Therefore, oleogel samples were prepared in lenticular droplet shape (10–15 mg). 

One droplet was placed in the middle of a pre-weighted filter paper (Ø = 55 mm, particle retention 12–

15 μm, VWR International, Leuven, France). Blank filter papers without a sample were used as a control. 

The filter papers carrying the samples were individually placed on small petri dishes in order to prevent 

oil loss from the filter paper during the experiment. The filter papers were placed in a climatic chamber 

(INCU-Line, VWR International, Leuven, France) and incubated at constant temperature of 25 °C and 

30–40% r.h. for 24 h. Afterwards, the oleogel samples were discarded and the filter papers were 

weighed again. The oil loss was calculated as follows: 

𝑂𝑖𝑙 𝑙𝑜𝑠𝑠 [%] =  
𝑤𝑓𝑖𝑙𝑡𝑒𝑟+𝑜𝑖𝑙 (𝑡24)− 𝑤𝑓𝑖𝑙𝑡𝑒𝑟 (𝑡0)

𝑤𝑠𝑎𝑚𝑝𝑙𝑒 (𝑡0)
∗ 100 %    (9) 

Where w is weight (in g) and t is time (in h). 

Polarized light microscopy 

For microscopic images, a drop of the sol was placed on a pre-heated glass microscope slide. The sol 

was overlaid with a pre-heated glass cover slip and pressed to ensure a thin sample suitable for 

microscopy. The samples were cooled to room temperature and then stored in a closed container at 

5 °C in the fridge for at least 24 h. Before and during microscopy, the samples were set to room 

temperature. Microscopic images were taken with a Standard WL microscope (Carl Zeiss AG, 

Oberkochen, Germany) equipped with a polarization filter and a λ-plate analyzer at 20-fold 

magnification. 

Adhesive properties 

In order to characterize the adhesive properties of the oleogels on apple leaves, the oleogel samples 

were prepared by pouring the hot melt on a silicone mat with a block thickness of 4 mm, which were 

then cut to an exact width of 12.65 mm with the punch device of the shear set (TA Instruments, New 

Castle, Delaware, USA) and a length of 25 mm with a scalpel. With the same instruments, slices from 

freshly collected apple leaves (Malus domestica var. ‘Cox Orange’) were freshly cut immediately before 

the run. The oleogel sample was fixed in the fixed clamp, the apple leave slice was fixed in the mobile 

clamp (Figure 2.8a). The analysis by a tensile shear test by dynamic-mechanical analysis (DMA Q800, 

TA Instruments, New Castle, Delaware, USA) was performed with the following parameters: preload 

0.001 N; ramp of 0.01 N min-1 to 1 N at constant 25 °C and at 60% r.h. The adhesive strength was 

calculated by the shear stress at break as follows: 

 

𝑆ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠 𝑎𝑡 𝑏𝑟𝑒𝑎𝑘 [𝑃𝑎] =  
𝐹𝑜𝑟𝑐𝑒 𝑎𝑡 𝑏𝑟𝑒𝑎𝑘 [𝑁]

𝑂𝑣𝑒𝑟𝑙𝑎𝑝 𝑎𝑟𝑒𝑎 [𝑚2]
    (10) 

Aphidius colemani response to formulation  

The olfactory attraction of the aphid parasitoid Aphidius colemani to a single β-caryophyllene emitting 

oleogel capsule was assessed in a six-arm-olfactometer (Turlings et al., 2004). Two series of 

experiments were conducted, testing naïve and experienced parasitoid wasps. Mated 2–5 d old females 

of A. colemani were used for all experiments. Naïve parasitoids had no prior exposure to aphids, plants 

or oleogel capsule odor. To give A. colemani experience, 3-4 female parasitoids were allowed to 
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parasitize 12 aphids while being exposed to the odor of an oleogel capsule as described in Costa et al. 

(2010). Experience events were performed twice for each parasitoid: the day before and 0.5 h prior 

olfactometer experiments commenced.  

One day before the test, sugar beet seedlings were infested with five aphid nymphs (instar 3-4) of the 

species Aphis fabae. On the following day, two plants with aphids were placed individually into the cup 

of an odor source vessel of the olfactometer. A single oleogel capsule was placed on a leaf of an aphid 

infested plant, the other aphid infested plant served as control and remained without capsule. The two 

treatments were placed vis-à-vis, the other four vessels remained empty. The flow rate was 1.0 L min−1 

for incoming air and 0.5 L min−1 for air going out to the behavioral arena and the volatile traps, 

respectively. The air stream was stabilized for 10 min before the behavioral assays started. Parasitoid 

wasps were released in groups of 6 into the olfactometer. After 30 min, their choices were recorded and 

the group was replaced by a new one. Four groups of wasps were tested on the same day. The positions 

of the treatments were changed each day, but were always vis-à-vis. Eight replicate days were carried 

out with a new pair of plants and new parasitoids each day. 

 The emission rate of β-caryophyllene in the olfactometer was measured according to Winter and Rostás 

(2010). For 1 h, the headspace was collected with a volatile trap containing 30 mg Porapak Q as 

adsorbens. Trapped volatiles were eluted with 1250 μl dichloromethane. An aliquot of 250 μl was 

transferred to a GC vial and tetralin (200 ng) was added as an internal standard. A sample of 2 µl was 

injected into the GC-MS (Agilent 5977B) equipped with a HP-5ms (30 m × 0.25 mm inner diameter, 0.25 

μm film thickness). 

Statistical analysis 

Statistical analysis was carried out using the software SPSS Statistics V25.0 (SPSS, Chicago, IL). All 

data are given as mean values ± standard deviations (SD). The level of significance was set to p < 0.05. 

All treatments were performed with at least five samples, unless otherwise stated. 

All data were checked for normality by a Shapiro-Wilk test at α = 0.05 and homogeneity of variance by 

a Levene test. Data on entrapment efficiency, oil-loss, effect of octyldodecanol on the gel stiffness and 

release behavior were arcsin transformed prior to analysis. The data on no-flow temperature, 

entrapment efficiency, effect of candelilla wax and β-caryophyllene on gel stiffness, oil-loss and the 

adhesive properties of the gel on apple leaves were analyzed by one-way ANOVA followed by a Tukey 

post-hoc test. Data on the effect of octyldodecanol on the gel stiffness were analyzed by Welch’s test 

for nonhomogeneity, followed by a Games-Howell correction. Data on release of β-caryophyllene were 

proofed for outliers and extreme values, which were excluded from further analysis. A repeated 

measures analysis (RM-ANOVA) was conducted, followed by a Bonferroni post hoc test to examine the 

effect of the formulation on the release rate. Data on parasitoid olfactory responses did not follow normal 

distribution and were therefore analyzed by Wilcoxon matched pairs test.   
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Chapter 3 

Temperature-triggered release of β-caryophyllene from an 

ethylcellulose-candelilla wax oleogel 

Abstract 

Insect flight activity of a majority of agricultural important insects increases with increasing temperature. 

Stimuli-responsive semiochemical delivery systems can match the release with the insect´s flight 

activity. Oleogels as thermo-responsive formulation matrices bear the potential for such a release 

behavior. In this study, the potential of an ethylcellulose–candelilla wax hybrid oleogel for the controlled 

release of β-caryophyllene as model semiochemical was investigated. The peak melting temperature of 

the candelilla wax in the two gels investigated in the present study was found at 29.1 and 38.9 °C. The 

release from the two EC-CLW gels with different candelilla wax contents significantly increase when the 

temperature was increased above the peak melting temperature of the candelilla wax. The candelilla 

wax free gel showed no switch but a linear release increase with increasing temperature. A fine-tuned 

temperature-triggered release could be obtained by altering the wax concentration or replacement by 

other thermo-responsive oleogelators with a different melting and crystallization temperature. 
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Introduction 

The release behavior from most semiochemical formulations or dispensers developed to date is a 

passive release, resulting in waste of expensive substances even when the target insect is inactive 

(Muskat & Patel., 2021). Thus, there is a need for further developments of formulations that release the 

semiochemical matching with the target insect´s behavior. 

Insect flight activity of a majority of agricultural important insects is temperature dependent and 

increases with increasing temperature up to a temperature optimum individual for each insect and then 

decrease at further temperature increase (Taylor, 1963; Goller & Esch, 1990; Hall, 2009). Hence, 

temperature is a reasonable stimulus when developing controlled release formulations for application in 

push-pull or attract-and-kill strategies for the behavior manipulation of these insects. Aiming at a 

controlled release by temperature as stimulus is a special challenge, as temperature is the major 

determinant of the semiochemical release rate, even from passive dispensers (Nielsen et al., 2019). 

Hence, a formulation with a temperature-triggered release needs to be prepared from a thermo-

responsive material. The development of stimuli-responsive gels is one of the top subjects of current 

soft materials science (Ishi & Shinkai, 2005; Esser-Kahn et al., 2009). Thermo-responsive drug release 

is well established in pharmaceutical formulation technology, where a thermo-triggered release at body 

temperature is preferred (Fitzpatrick et al., 2012; Bikram & West, 2008). Few attempts have been made 

for the temperature-triggered release of semiochemicals. Xiao et al. (2021) developed a microcapsule 

with adjustable controlled-release characteristics by the change in temperature based on phase 

transition of the n-hexadecane core of the capsules. However, microcapsules commonly suffer from a 

very low deposit of the active ingredient and are unsuitable for a long-term release of semiochemicals 

(Muskat & Patel, 2022). An interesting matrix type formulation with a high loading capacity for lipophilic 

compounds are so called organogels or oleogels. Numerous studies deal with the structure-functional 

relationship of the delivery rate of active lipophilic compounds from oleogels (Lupi et al., 2013; O´Sullivan 

et al., 2016; Yang et al., 2018; Mao et al., 2019). In fact, most organogels are thermo-responsive (Patel 

et al., 2013) and thereby enable the controlled release of incorporated active substances by phase 

transition through heating (Sagiri et al., 2014; Fasolin et al. 2018), as shown for the model drug 

indomethacin by Tokuyama & Kato (2010). Only a few studies have focused on the formulation and 

release of volatiles from organogels and moreover the potential of organogels for the controlled and 

stimuli-triggered release of volatile substances such as semiochemicals is not yet explored. 

Recently, Muskat et al. (2022) developed an oleogel formulation for the slow release of the model 

semiochemical β-caryophyllene. The formulation contains ethylcellulose and candelilla wax as 

oleogelators and it was shown that the release is mainly affected by the candelilla wax (CLW) content 

under static temperature conditions at 25 °C. 

In this study it was hypothesized that this formulation bears the potential for a temperature-triggered 

release of β-caryophyllene as candelilla wax is a thermo-responsive oleogelator with melting and 

crystallization points at moderate temperatures when incorporated as oleogelator in an organic phase 

(Toro-Vazquez et al., 2007). It is further expected that the oil-leakage from the gel will increase with 

temperature due to melting of the wax, as the wax was found to be the major stabilizer of the formulation. 
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Results and Discussion 

The combination of different synergistically acting oleogelators to create hybrid oleogels enable the 

modulation of gel properties in a desired way for special applications (Davidovich-Pinhas et al., 2018; 

Buerkle & Rowan, 2012; Gravelle et al., 2017; Gravelle et al., 2018; da Silva et al., 2019). 

In a previous study (Muskat et al., 2022), the gel investigated in the present study have been proven as 

highly suitable for the formulation and release of semiochemicals, in particular the model semiochemical 

β-caryophyllene. In view of later field application in insect behavior manipulating strategies, the effect of 

temperature on release and material properties plays a crucial role. The starting hypothesis of the 

present study was, that the melting of the thermo-responsive oleogelator candelilla wax will enable 

release control.  

Melting behavior of the CLW in the EC-CLW-bCAR oleogel 

The second oleogelator candelilla wax serves as a thermo-responsive additive at the same time. In 

Figure 3.1 the differential scanning calorimetry results of the melting behavior of the second oleogelator 

candelilla wax is shown. As expected, the melting temperature and enthalpy increases with increasing 

candelilla wax content. This is in well accordance with previous studies dealing with wax as oleogelators 

(Toro-Vazquez et al., 2007; Blake et al., 2014; Martins et al., 2016). For lowest CLW content of 1%, the 

peak melting temperature was 23.9 °C. With increasing CLW concentration the peak melting 

temperature increased to 29.1 (W2), 38.9 (W4), 40.8 (W8) and 44.0 °C (W16). Moreover, it was 

observed, that the CLW as oleogelator has a wide melting range, indicated in Figure 3.1 by onset 

melting temperature (Tm Onset) and offset melting temperature (Tm Offset) of each wax content. This 

can be attributed to the composition of CLW: CLW has a high content of hydrocarbons and a medium 

amount of esters and some minor compounds (Blake et al., 2014). Furthermore, it was observed that 

the increase in the melting point was not linear or exponential correlating to the CLW content. This can 

be attributed to a change in solubility of the gel components, as a solubility optimum or saturation seems 

to be reached around 4% CLW. This assumption is supported by the data on melting enthalpy (∆H). 

Melting enthalpy was very low at low CLW concentrations (1% and 2% CLW), followed by a shift at 4% 

and then did not further increase at 8%, but was much higher at 16%. 

The melting temperatures or areas are suggested to be the temperature at which a change in release 

will be observable. A switch should not be present in the W0 gel without the second thermo-responsive 

oleogelator wax.  
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Figure 3.1 Peak melting temperature (Tm Peak), Onset melting temperature (Tm Onset), Offset melting 
temperature (Tm Offset) and melting enthalpy (∆H) of the EC-CLW-oleogel+bCAR dependent from the candelilla 
wax content. Mean ±SD, n = 3. 

Effect of temperature on release 

As shown in Figure 3.2 and determined by a repeated measures ANOVA with a Greenhouse-Geisser 

correction temperature was found having a significant effect on the release from all formulation 

variations (F3,30 = 233.501; p<0.001). In all variations an increase in release is observable. The release 

increase from W0+bCAR is likely linear when the temperature increased from 15 to 25, 35 and 45 °C, 

which was expected, as there is no temperature-induced material modification expected besides 

softening of the EC-oleogel. The relationship of increased release rates with increased temperatures 

has been found in several other studies (Kraan and Ebbers 1990; Bradley et al. 1995; Stipanovic et al. 

2004; Zhu et al. 2015; Daems et al., 2016). 

The candelilla wax content also has a significant impact on the β-caryophyllene release (F2,10 = 40.444; 

p<0.001). In both formulation compositions (W2+bCAR and W4+bCAR) release was slower when 

temperature was ≤35 °C compared to the wax free formulation. As hypothesized, the increase in release 

matches with the melting of the wax (see Figure 3.1): Peak melting temperature for W2+bCAR is at 

29.1 °C, onset at 14.6 °C, offset at 37.0 °C, for W4+bCAR peak melting temperature is 38.9 °C, onset 

at 27.5 °C, offset at 45 °C. The switch in increased release up to an amount as high as W0 (without a 

thermo-responsive, meltable additive) was for W2+bCAR between 25 to 35 °C and for W4+bCAR from 

35 to 45 °C, which matches with the mean melting area. The melting of the wax crystals of W4+bCAR 

is also visible in the Graphical abstract. 
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Figure 3.2 Release after 7 days of incubation under different temperature conditions from the gel containing 0% 
(W0+bCAR), 2% (W2+bCAR) and 4% (W4+bCAR) candelilla wax. Different letters above bars indicate significant 
differences between the released amounts of bCAR from the formulations containing different wax contents within 
one temperature regime based on a RM-ANOVA and pairwise comparation followed by a Bonferroni post-hoc test 
at p<0.05. Mean ± SD; n = 5. Arrows highlight the release increase of W2+bCAR and W4+bCAR correlating with 
the peak melting temperature. 

Oil loss 

It is well known, that CLW is a wax with a high oil-binding capacity and it was found, that with increasing 

CLW content the oil-loss can be reduced under a constant temperature of 25 °C (Muskat et al., 2022). 

Data on the effect of temperature on oil-loss from wax oleogels are rare. 

Here we hypothesized, that melting of the oil will lead to gel properties similar to the gel without wax. 

Therefore, it is important to set the oil-loss data under different temperatures in correlation with the 

melting temperature. 

A repeated measures ANOVA with a Greenhouse-Geisser correction determined that temperature had 

a significant effect on oil-loss (F4,80=343.576; p<0.001), candelilla wax content had a significant effect 

on oil-loss (F3,20=104.659; p<0.001) and the combination of temperature with the wax content had a 

significant effect on oil-loss (F12,80=12.110; p<0.001). Bonferroni-adjusted post-hoc analysis revealed 

significant differences within the groups, as indicated in Figure 3.3. 

As expected, the gel without wax (W0+bCAR) showed a temperature independent oil-loss. Thus, this is 

in well accordance with the fact, that the wax is the main compound of the gel hindering the oil leaking 

from the EC network. Only small amounts of CLW (2%; W2+bCAR) were able to significantly reduce oil 

loss from the gel, in as far as the temperature was lower than the melting temperature of the wax 

incorporated in the gel, as it is obvious in the gel W2+bCAR, where the oil-loss increased to a similar 

manner like the gel without wax (W0+bCAR) when the samples were incubated above the melting 
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temperature (~27 °C; Figure 3.1). Interestingly, when the wax content was further increased to ≥4%, 

the oil-loss below 45 °C and thus, a temperature at which the wax is molten, did not reach the high oil-

loss like W0+bCAR.  

This can be explained by the interaction of the oil-phase and the molten wax with the EC network. 

Frolova et al. (2022) found that the content of total polar materials in oils is associated with a decrease 

in the oil-binding capacity of oleogels. Giacintucci et al. (2018) found as the minor compounds from olive 

oil were removed, gel strength decreased, mainly due to the decrease in oil polarity and concomitant 

decreased EC solubility in the oil. Thus, an increase of oil polarity by melting of the wax and thereby an 

increase of the amount of molten wax compounds in the oil phase which is at the same time the solvent 

of EC, changes the interaction of the oil phase with the EC network. 

 

Figure 3.3 Oil loss from the oleogel containing 0, 2, 4, 8 and 16% candelilla wax after 24 h incubation under different 
temperature conditions. Different letters above bars indicate significant differences within one formulation 
composition based on RM-ANOVA and Bonferroni post-hoc test at p<0.05. Mean ±SD; n=5. 

Analysis of the crystallization of the wax showed that the melting of the CLW is reversible and the wax 

recrystallizes under cooling of the gel, as shown in Figure 3.4. This indicates that the release will be 

slowed down when the gel is cooled below the crystallization temperature of the wax. 
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Figure 3.4 Peak crystalization temperature (Tc Peak), Onset crystalization temperature (Tc Onset), Offset 
crystalization temperature (Tc Offset) and crystalization enthalpy (∆H) of the EC-CLW-oleogel+bCAR dependent 
from the candelilla wax content. Mean ±SD, n = 3. 

Conclusion 

This study presents the first report of thermo-tiggered release of a semiochemical from an ethylcellulose-

candelilla wax oleogel. It was found, that the release increase matches with the melting of the second 

oleogelator candelilla wax. As shown in a previous study (Chapter 2), the “outer” gel containing only 

ethylcellulose as single oleogelator is thermally stable up to 66.9 °C (sol-gel temperature; Muskat et al., 

2022). Hence, at temperatures present in Middle European fruit orchards, the formulation proposes 

shape stability under simultaneously temperature induced material modifications due to melting of the 

second oleogelator candelilla wax. Such a form stability in combination with a temperature triggered 

release represents a novel highly innovative delivery system for semiochmicals. The melting range of 

the thermo-responsive additive, e.g. by replacement with another wax with a narrower melting and 

crystallization range, is proposed to fine-tune the release to match it with a target insect´s behavior. The 

On/Off release behavior will prolong release by protection of the deposit during cold temperatures. In 

order to improve the predictability of the temperature induced release, future work should investigate 

modelling with the free volume – diffusion model described by Rafailovich & Sokolov (2011) as there is 

a shrinking and expansion of the gel under alternating temperature due to melting and crystallization of 

the wax. 
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Experimental Section 

Chemicals 

Sunflower oil (SO) was purchased from a local supermarket, ethylcellulose (EC; ETHOCELTM Standard 

100 Industrial Ethylcellulose; batch code: D184IA9031; Dow Chemical Company, Midland, MI, USA) 

with ethoxyl content 48.7% and a viscosity of 98.0 mPa*s was obtained from ChemPoint (Bergen op 

Zoom, Netherlands), candelilla wax (W; 2039; batch code: 10-1185) from Kahlwax GmbH & Co. KG 

(Trittau, Germany), 2-octyldodecan-1-ol (OD; Eutanol® G; batch code: 18112004) from Caelo (Caesar 

& Loretz GmbH, Hilden, Germany) and β-caryophyllene (bCAR; ≥80%, FCC, FG; batch code: 

MKCG3589) from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). 

Preparation procedure 

Gels were prepared according to the method described in Muskat et al. (2022). Sunflower oil was mixed 

with octyldodecanol in a beaker and ethylcellulose was added. The mixture was heated above the 

ethylcellulose glass transition temperature (140 °C) under continuous stirring at 250 rpm on a magnetic 

hotplate stirrer (IKA® C-MAG HS 7, IKA®-Werke GmbH & CO. KG, Staufen, Germany) set to 180 °C. 

After full dissolution of the ethylcellulose (~1 hour), the mixture was cooled to a temperature above the 

no-flow temperature (70 °C) and candelilla wax was added. After full melting and solving of the candelilla 

wax, β-caryophyllene was added and the sol was set to room temperature for thermal gelation. Samples 

were stored in closed containers in a fridge at 5 °C or used immediately. All formulation compositions 

tested in this study are listed in Chapter 2 in Table 2.2. 

Analysis 

Thermal properties 

The melting temperatures (Tm), crystalization temperatures (TC) and melting and crystallization enthalpy 

(ΔH) of the gels were determined by using a DSC 3 STARe System differential scanning calorimeter 

(Mettler-Toledo GmbH, Gießen, Deutschland). Oleogel samples were prepared were prepared in 

lenticular droplet shape (8-12 mg), were weighted and placed in 40 µL aluminium crucibles (Mettler-

Toledo, Gießen, Germany), which were hermetically sealed. Measurements were carried out with the 

TOPEM® method with a pulse of ±1 K. Initial temperature was set to 5 °C. With a rate of 2 K/min the 

temperature was raised to 60 °C and held for 1 min. In the case of the samples containing 16% candelilla 

wax (W16+bCAR), the temperature maximum was 90 °C. Afterwards, the sample was cooled with a 

rate of -2 K/min to 5 °C and held for 1 min. The heating-cooling cycle was run twice. Nitrogen flow was 

set to 60 ml/min. Data were analyzed using the STARe software (Mettler-Toledo) and mean values of 

three replicates were given as results. 

β-caryophyllene release 

In order to characterize the release of β-caryophyllene, samples were prepared by pouring the oleogel 

melt into crystallization dishes (Crystallization dishes ROTILABO® without spout, 20 ml, Ø = 40 mm, 

Carl Roth GmbH, Karlsruhe). For the oleogel and the oil samples 3.5 g were poured per dish. Equal to 

the 30% loading, 1.16 g β-caryophyllene (ρ = 0.9) was filled per dish. Every experiment run was 

performed with five samples per oleogel composition and control. The samples were then placed in a 

climatic chamber (KBF P 240 E5.2, Binder GmbH, Tuttlingen, Germany) and incubated at the following 

temperatures: 15, 25, 35 and 45 °C at 60% relative humidity. The release of β-caryophyllene was 
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determined gravimetrically by weight loss, which was measured on an analytical balance (AG204 

DeltaRange®, Mettler Toledo GmbH, Gießen, Germany) every 24 hours. 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑏𝐶𝐴𝑅 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 [%] =  100 [%] − 
𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 𝑏𝐶𝐴𝑅 (𝑡𝑥)[%]

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 (𝑡0) [%]
∗ 100 [%]  (6) 

Results are given in % released after 7 days of incubation in relation to the initial loading. 

Oil loss determination 

Oil loss from oleogels was determined following the procedure of Dibildox-Alvarado et al. with some 

modifications. Therefore, oleogel samples were prepared in lenticular droplet form (10–15 mg). One 

droplet was placed in the middle of a pre-weighted filter paper (Ø = 55 mm, particle retention 12–15 μm, 

VWR International, Leuven, France). Blank filter papers without a sample were used as a control. The 

filter papers carrying the samples were individually placed on small petri dishes in order to prevent oil 

loss from the filter paper during the experiment. The filter papers were placed in climatic chambers 

(INCU-Line, VWR International, Leuven, France) and incubated at the following temperatures: 15, 25, 

35 and 45 °C at 30–40% relative humidity for 24 h. Afterwards, the oleogel samples were discarded and 

the filter papers were weighed again. The oil loss was calculated as follows: 

𝑂𝑖𝑙 𝑙𝑜𝑠𝑠 [%] =  
𝑤𝑓𝑖𝑙𝑡𝑒𝑟+𝑜𝑖𝑙 (𝑡24)− 𝑤𝑓𝑖𝑙𝑡𝑒𝑟 (𝑡0)

𝑤𝑠𝑎𝑚𝑝𝑙𝑒 (𝑡0)
∗ 100 %    (7) 

Where w is weight (in g) and t is time (in h). 

Statistical analysis 

Statistical analysis was carried out using the software SPSS Statistics V25.0 (SPSS, Chicago, IL). All 

data are given as mean values ± standard deviations (SD). The level of significance was set to p < 0.05. 

All treatments were performed with at least five samples, unless otherwise stated. All data were checked 

for normality by a Shapiro-Wilk test at α = 0.05 and homogeneity of variance by a Levene test. Data on 

oil-loss and β-caryophyllene release were arcsin transformed prior to analysis. Data on oil-loss were 

analyzed by one-way ANOVA followed by a Tukey post-hoc test. Data on release of β-caryophyllene 

were proofed for outliers and extreme values, which were excluded from further analysis. A repeated 

measures analysis (RM-ANOVA) was conducted, followed by a Bonferroni post hoc test and 

Greenhouse-Geisser correction to examine the effect of the temperature in combination with candelilla 

wax content on the release rate. 
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Abstract 

Pandora sp. nov. inedit. (ARSEF13372) is a recently isolated entomophthoralean fungus with high 

potential for psyllid pest control. The use of entomopathogenic fungi as biocontrol agents in large scale 

field application requires biomass production in a sufficient quantity and quality. This work is the first 

attempt to explore the biomass production of the novel entomophthoralean Pandora species in a liquid 

medium. This study aims at establishing a submerged fermentation process with potential for mass 

production of the fungus. Three different complex nutrient sources were evaluated for maximizing 

biomass in a liquid shaking culture. Pandora sp. nov. grew best in media containing skimmed milk, but 

even faster in a mixture of skimmed milk, yeast extract and a low-cost protein hydrolysate from animal 

by-products. Subsequently, the produced biomass can be encapsulated in biopolymer beads or 

granules in order to transfer the fungus into an easily applicable form. Therefore, growth as finely 

dispersed mycelium was promoted by increased media osmolality through the addition of sodium 

chloride. After the medium had been transferred to a stirred tank bioreactor with a working volume of 

8 L, a maximum biomass dry weight of 21 g . L-1 was reached after 48 hours. These promising results 

can pave the way for large scale fermentation and formulation processes of this novel Pandora species 

for biological psyllid pest control. 

Keywords: Entomophthorales, Biological control, Entomopathogenic fungi, Fermentation, Fungal 

morphology, Stirred tank bioreactor 
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Introduction 

Entomopathogenic fungi are considered a promising alternative to common synthetic insecticides (Glare 

et al., 2012; Lacey et al., 2015). Compared with hypocrealean fungi, such as species from the genera 

Metarhizium or Beauveria, species of the Entomophthorales are known for their high host specificity, 

their fast speed-to-kill (Pell et al., 2001) and for their ability to cause epizootics (Vega et al., 2012; 

Eilenberg et al., 2019). In 2016, a new entomophthoralean species of the genus Pandora was isolated 

from infected psyllids collected in a Danish pear orchard (Jensen 2017; Jensen et al., 2018). Psyllids 

are distributed all over the world and cause damage in various crop plants by serving as vector insects 

for phytoplasmosis diseases. Phytoplasma infected plants cannot be cured and defense strategies are 

limited to the use of chemical insecticides of high negative impact on non-target organisms (Jarausch & 

Jarausch, 2009). The pathogenicity of Pandora sp. nov. has already been demonstrated for several 

psyllid species under laboratory conditions (Jensen 2017; Jensen et al., 2018; Herren, 2018; Görg et 

al., 2021b; Muskat et al., 2021b). 

For inundative control strategies, the mass-production of fungal biomass is essential for providing 

inoculant in a sufficient quantity for large scale field application (Shah & Pell, 2003; Jaronski, 2014). 

Despite their many aforementioned advantages, the fungi from Entomophthorales have often been 

reported to be difficult to grow in vitro (Latgé, 1981; Eilenberg et al., 1992; Papierok & Hajek, 1997; Pell 

et al., 2001; Hajek et al., 2012; Jaronski, 2014). By their individual requirements for in vitro growth, the 

different entomophthoralean genera can be categorized into four groups (Latgé, 1981; Keller, 1997; Pell 

et al., 2001): The first group can be easily grown in classical mycological media, such as Conidiobolus 

spp. (Latgé et al., 1983; 1985). The second group is slightly more difficult; therefore, fungi belonging to 

this group need some more supplements, but have been cultivated in submerged culture, including 

Batkoa, Erynia/Pandora and Zoophthora spp. (Latgé et al., 1983; Li et al, 1993; Wraight et al., 2003; 

Leite et al., 2005). Members of the third group only grow in complex media, e.g. some Entomophthora 

and Entomophaga spp. (Wolf, 1951; Jönsson, 1968; Latgé et al., 1977; Latgé & Sanglier, 1985; 

Beauvais & Latgé, 1988; Nolan, 1988; 1993b; Freimoser et al., 2001). Fungi like Strongwellsea and 

Neozygites belong to the fourth group, which so far have only been cultivated in costly tissue culture 

media (Grundschober et al., 1998; Eilenberg et al., 1992; Leite et al., 2000; Delalibera et al., 2003). 

Some Entomophthorales cannot be grown in vitro at all (Hajek & St. Leger, 1994; Leite et al., 2000). 

Thus, the difficulty to grow an entomophthoralean fungus on a technical scale in vitro in low cost media 

remains one of the main challenges on the way to utilization as a biocontrol agent. Three stages of an 

entomophthoralean fungus can be considered for large scale production: 1) conidia, 2) resting spores 

and 3) hyphal bodies (Latgé et al., 1983). Conidia of Entomophthorales are the infective units 

themselves, but they have a low shelf life and are sensitive of UV and desiccation (Brobyn et al., 1985). 

Furthermore, the active conidial discharge and the mucous layer typical for the Entomophthorales 

(Eilenberg et al., 1986; Hajek et al., 2012; Olsen et al., 2019) causes difficulties in conidia collection 

(Muskat et al., 2021a) and down-stream processing (Soper, 1985). Resting spores are resistant to 

environmental stresses (Hajek & Roberts, 1991) and have the potential for long-term storage (Hajek et 

al., 2001, 2008). At the same time, their dormancy is a disadvantage for technical scale application 

because it is difficult to reactivate them to form conidia synchronously (Latgé et al., 1983). Hyphal bodies 
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of Entomophthorales occur naturally in infected hosts and can be grown in submerged fermentation 

(Hajek et al., 2012). Submerged fermentation allows for short process times and can easily be scaled 

up for mass-production (Jackson, 1997; Jaronski, 2014). The aphid pathogenic species Pandora 

neoaphidis has been reported to grow in the form of hyphal bodies in classical mycological media 

supplemented with milk and egg yolk (Latgé et al., 1978) or in a medium composed of yeast extract, 

glucose and milk (Li et al., 1993). P. neoaphidis was subjected to several studies aimed at using this 

fungus as a biocontrol agent, e.g. by Shah et al. (1998, 1999), who adapted Li’s simple medium for 

subsequent encapsulation of the produced biomass in hydrogel beads. They showed that the hyphae 

grown in the liquid shaking culture measured 220 to 620 µm in length and 7 to 19 µm in diameter with a 

74 to 83% cytoplasmic content, but they did not further modify the hyphal morphology or increase 

biomass production by adjustment of the cultivation parameters or medium improvement. Leite et al. 

(2005) tested different nitrogen sources for the production of Batkoa sp., Furia sp. and Neozygites 

floridana in liquid culture. The combination of different nitrogen sources improved the production of 

hyphal bodies of the studied entomophthoralean species, but the most suitable combination for 

maximizing biomass is actually species and even isolate dependent (Papierok & Hajek, 1997; Pell et 

al., 2001; Leite et al., 2005). It has been previously reported that protein hydrolysates as complex 

nitrogen sources support the growth of various Entomophthorales (Latgé, 1975b; 1977; 1981; Latgé & 

Remaudière, 1975; Freimoser et al., 2000; Leite et al., 2003; Hajek et al., 2012). Furthermore, 

fermentation costs can be lowered by selecting complex nutrient substrates that do not require other 

supplements, such as salts, vitamins or amino acids. The reduction of fermentation costs is of actual 

interest in fermentation studies of a diversity of fungi, as demonstrated for Fusarium catingaense (de 

Lima et al., 2021), Metarhizium robertsii (Iwanicki et al, 2020) or Beauveria bassiana (Mascarin et al., 

2018).  

In order to transfer the viable biomass of an entomophthoralean fungus into an easily applicable and 

stable form, a suitable morphology of the fungal material is needed. Filamentous organisms tend to form 

pellet-like structures under submerged culture conditions (Cox et al., 1989). Conglomerated mycelium 

is unsuitable for the formulation within hydrogel beads, as described by Shah et al. (1989) who filtered 

the grown biomass before encapsulation in order to separate pellets from finely dispersed hyphae. To 

prevent the formation of pellets during fermentation, there are various options for modifying the 

fermentation parameters or the media composition, such as increased osmolality and viscosity of the 

media (Wucherpfennig et al., 2011; Krell et al., 2019) or variation of the stirring speed (Patel et al., 2011). 

Notable studies aiming at morphological modifications of an Entomophthorales grown under mass 

fermentation conditions in liquid culture were conducted by Nolan (1990; 1991). He found increased 

hyphal body production from protoplasts of Entomophaga aulicae when stirred tank bioreactors were 

configured with neutral or positively charged disks. As yet, however, there have not been any studies 

on targeted production of finely dispersed mycelium of an Entomophthorales in submerged culture 

suitable for later formulation. 

The aim of this study was to identify an optimal fermentation medium suitable for mass production of 

Pandora sp. nov., paving the way for largescale field application of the novel fungus in biological control 

strategies. The specific objectives were to (1) screen for a suitable complex nitrogen source for fast 

growth and high biomass production, (2) evaluate growth kinetics in the resulting media, (3) reduce 
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pellet formation in order to promote growth as finely dispersed mycelia and (4) prove the scalability of 

the fermentation in a stirred tank bioreactor. 

Materials and Methods 

Chemicals 

All chemicals used in this study were acquired from Carl Roth GmbH (Karlsruhe, Germany) or VWR 

International GmbH (Darmstadt, Germany) and concentrations are given as (w/w), unless otherwise 

stated. 

Fungal isolate 

The Pandora isolate used in this study originated from an infected Cacopsylla sp. collected in Danish 

pear orchards by Jensen (2017) and was named KVL 1644. The isolate is deposited in the USDA 

Agricultural Research Service Collection of Entomopathogenic Fungal Cultures (Ithaca, NY) as ARSEF 

13372. The fungus is under description (inedit.) and will hereinafter be referred to as Pandora sp. nov. 

Cultivation of Pandora sp. nov. 

To ensure that there were no contaminations, all experiments were conducted under sterile conditions. 

All solutions, media, flasks and tools that came in contact with the culture were washed in ultrapure 

water to ensure a salt free state and were autoclaved for 6 min at 121 °C and 2 bar. The media 

components were dissolved in ultrapure water prior to autoclaving and cooled to room temperature prior 

to inoculation. 

Solid state cultivation 

Pandora sp. nov. was grown on a solid medium adapted from Hajek et al. (2012) composed of 4.0% 

glucose, 2.0% casein and 2.0% agar (Saboraud Dextrose Agar (SDA) supplemented with 20% of a 

mixture of 60% egg yolk and 40% fresh skimmed milk (SDAME)) on Petri dishes (diameter 90 mm) 

sealed with Parafilm® and incubated at its optimal growth temperature of 18 °C in the dark. To maintain 

the culture, mycelial plugs (0.5 cm2) were cut and transferred to fresh media when the mycelium reached 

the edge of the plate. In order to prevent a loss of virulence, the fungus was frequently transferred 

through the host insect C. pyri and the solid culture used for experiments was transferred onto fresh 

artificial media for a maximum of two times. 

Submerged cultivation in shaking flasks 

Submerged cultures of Pandora sp. nov. were grown in 100 ml of medium in 250 ml shaking flasks with 

four baffles at 18 °C and 170 rpm and an amplitude of 20 mm (IKA KS 4000 ic control, Staufen, 

Germany). In order to transfer the fungus from the solid media into liquid culture, three pieces of mycelia 

(0.5 cm2) grown on SDAME agar plates were cut with a scalpel and transferred to a pre-culture medium 

composed of fresh skimmed milk (100 g . L-1). The initial pH value of the pre-culture medium was 6.9. 

The hyphal material grown in the pre-culture for 72 h was collected by centrifugation (4700 g; 15 min; 

18 °C) and washed twice in glucose solution (26.6 g . L-1) to equal the original volume under 

centrifugation for removal of the pre-culture medium. After the final centrifugation step, the washed and 

pelletized hyphal bodies were resuspended in glucose solution (26.6 g . L-1) to equal the original volume. 

The main culture was inoculated with 10% (v/v) of the suspension. As the hyphal bodies were of different 

size and shape and the cells agglomerate, it was not possible to adjust the inoculant in hyphal 
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bodies/mL. The biomass dry weight used for inoculation of the main culture was 0.028 g . 10 ml-1 ±0.005 

(n=25).  

In order to find a suitable medium for optimal growth of Pandora sp. nov. in submerged culture, two 

different experiments were carried out, which are described in detail below. The different media 

compositions tested are listed in Table 4.1. 

Table 4.1 Media compositions used in this study. FSM = fresh skimmed milk (1.5% fat), AN = ANiMOX, SM = 
skimmed milk powder, YE = yeast extract, NaCl = sodium chloride. The highlighted medium (grey background) was 
used in the scale-up experiment in a stirred tank bioreactor. All contents are given in [g . L-1]. 

  Medium FSM Glucose AN SM YE NaCl 

  Pre-culture 100 0 0 0 0 0 

    Experiment 1 -      

N screening 

AN 0 26.60 10 0 0 0 

SM 0 26.60 0 10 0 0 

YE 0 26.60 0 0 10 0 

AN+SM 0 26.60 5 5 0 0 

AN+YE 0 26.60 5 0 5 0 

YE+SM 0 26.60 0 5 5 0 

AN+SM+YE 0 26.60 3.3 3.3 3.3 0 

Experiment 2 - 

Pellet reduction 

NaCl 0 0 26.60 3.3 3.3 3.3 0 

NaCl 0.5 0 26.60 3.3 3.3 3.3 5 

NaCl 1 0 26.60 3.3 3.3 3.3 10 

NaCl 2 0 26.60 3.3 3.3 3.3 20 

NaCl 4 0 26.60 3.3 3.3 3.3 40 

 

Screening for suitable complex nitrogen sources 

In order to find a suitable medium for the in vitro cultivation of Pandora sp. nov., the effect of different 

complex nitrogen (N) sources on biomass production in shaking culture was investigated. The N sources 

tested in this study were yeast extract (YE; Carl Roth GmbH, Karlsruhe, Germany), skimmed milk 

prepared from powder (SM; HEIRLER CENOVIS GMBH, Radolfzell, Germany) and a low-cost protein 

hydrolysate from animal by-products (AN; ANiPept, ANiMOX GmbH, Berlin, Germany, batch No. 1176). 

The N sources were added at a fixed total amount of 10 g . L-1, individually or in combinations: when 

added individually, 10 g . L-1 of the single N source, in binary combination, 5 g . L-1 of each N source and 

in the AN+SM+YE mixture 3.3 g . L-1 of each N source. All N sources were dissolved in ultrapure water 

and autoclaved separately to prevent protein precipitation. Glucose was used as main carbon source at 

a fixed amount of 26.6 g . L-1, adapted from Leite et al. (2005). The initial pH value of all main culture 

media was 6.3 and not controlled during the fermentation. The total organic carbon (TOC) content was 

determined with the LCK 381 cuvette test and the total nitrogen (N) content with the LATON® LCK 338 

cuvette test according to the manufacturer instructions (HACH LANGE GMBH, Düsseldorf, Germany) 
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in one sample of each medium prior to inoculation. The TOC and N content and the C/N ratio of the 

media tested in the N screening experiments are listed in Table 4.2. 

Table 4.2 Total nitrogen (N) content, total organic carbon (TOC) content and C/N ratio of the media tested in the N 
screening experiment. 

 N (mg/L) TOC (mg/L) C/N 

Pre-culture 627 5339 8.52 

AN 1089 14298 13.13 

SM 618 14114 22.84 

YE 1264 15188 12.02 

AN+SM 868 14753 17.00 

AN+YE 1145 13175 11.51 

SM+YE 932 14746 15.83 

AN+SM+YE 1080 13406 12.41 

 

The main culture was grown for a further 120 h under the same conditions as the pre-culture. The 

experiments were carried out with five shaking flasks per treatment.  

Analysis of biomass formation, glucose consumption, specific growth rate, yield coefficient and 

mean hyphal length 

Every 24 h, one 10 ml sample was taken from each shaking flask. Fungal material of Pandora sp. nov. 

was separated from the broth culture media by vacuum filtration onto pre-dried and pre-weighted filter 

papers (qualitative filter paper 401, 12–15 μm pore size, VWR, Germany). Unless otherwise stated, all 

analyses were conducted with five replicates. 

For determination of biomass formation, the samples on the filter papers were rinsed separately with 

water under vacuum filtration in order to remove media residuals and filters were subsequently dried for 

48 h at 60 °C. After cooling the filters to room temperature, the biomass dry weight was determined 

gravimetrically and calculated as g biomass dry weight per L−1.  

Glucose concentration in the culture media was analyzed by HPLC. Glucose solutions of known 

concentration were used as references.  

The specific growth rate was determined following the equation (Takors, 2014):  

µ =  
1

𝑋

𝑑𝑋

𝑑𝑡
     (Eq. 1) 

where µ is the specific growth rate (in 1/h), X is biomass dry weight (in g . L-1) and t is time (in h).  

The yield coefficient based on glucose consumption was calculated as follows: 

𝑌𝑖𝑒𝑙𝑑 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =
𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑡120) − 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑡0)

𝑔𝑙𝑢𝑐𝑜𝑠𝑒 (𝑡0) − 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 (𝑡120)
   (Eq. 2) 

where biomass dry weight (in g . L-1) was determined as described above and t is time (in h). 
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The mean hyphal length was determined from pictures taken under the light microscope with the length 

measurement tool of the ImageJ open-source software (version Fiji 1.52; Wayne Rasband; National 

Institutes of Health, Maryland, USA). 

Effect of sodium chloride on pellet formation 

In order to reduce pellet formation, media osmolality was increased by adding different sodium chloride 

concentrations (0, 0.5, 1, 2, 4%) to the culture medium composed of glucose (26.6 g . L-1), ANiPept (3.3 

g . L-1), skimmed milk powder (3.3 g . L-1) and yeast extract (3.3 g . L-1). The experiment was carried out 

with five shaking flasks per treatment. Every 24 hours, one 10 ml sample was taken from each flask. 

The sample was then divided: 5 ml were used for biomass dry weight determination as described in 

2.6.1, the other 5 ml were used for the analysis of pellet formation as described below. 

Determination of medium osmolality 

Osmolality [osmol/kg] of the culture media was determined measuring the melting point by Differential 

Scanning Calorimetry (DSC3+, Mettler-Toledo, Gießen, Germany), using sodium chloride solutions of 

known osmolality as references.  

Analysis of pellet formation 

The quantification of pellets formed by Pandora sp. nov. in shaking cultures was measured by software-

supported image analysis. In order to prepare reproducible macroscopic images of the fungal 

morphology grown in shaking cultures, one 5 ml sample per flask and time point was transferred 

separately into a Petri dish (Ø = 35 mm). The dishes were subsequently placed on a cold cathode lamp 

light panel (5000 K ± 5 %; Slimlite 2420, Kaiser, Germany) in the dark hood of a gel documentation 

system (UVsolo TS, Analytik Jena AG, Jena, Germany) and images were taken with the integrated 

camera system (monochrome camera, 5.0-megapixel resolution, 8–48 mm f/1.2 zoom lens). 

Images were processed and analyzed with the ImageJ open-source software. By manual adjustment of 

the color threshold brightness, the pellet area was measured in relation to the magnification and pixel 

size and given in percent of the whole sample area as parameter for pellet formation. The image 

processing workflow is illustrated in Figure 4.1. 
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Figure 4.1 Workflow of the software supported image analysis for pellet area determination. 5 ml samples were 
taken every 24 h from the liquid shaking culture of Pandora sp. nov. and placed in Petri dishes (Ø = 35 mm). The 
dishes were placed on a cold cathode lamp light panel in the dark hood of a gel documentation system and images 
were taken with the integrated camera system (monochrome camera, 5.0-megapixel resolution, 8 - 48 mm f/1.2 
zoom lens). Images were processed and analyzed with the open source software ImageJ. By manual adjustment 
of the color threshold brightness, the pellet area was measured in relation to the magnification and pixel size and 
given in percent of the whole sample area as parameter for pellet formation. White and grey = Fungal material. 
Black = No fungal material. 

Submerged cultivation in stirred tank bioreactors 

In order to prove the scalability of the developed medium and procedure, upscaling of the submerged 

cultivation was carried out in a 10 L stirred-tank bioreactor (Biostat B, Type 884032/6, Braun, Germany) 

equipped with a three 6 wing/blade disc stirrer (Ø = 75 mm) and with a working volume of 8 L. The main 

culture medium consisted of 26.6 g . L-1 glucose as main carbon source, supplemented with YE, SM and 

AN as nitrogen source (10 g . L-1) and sodium chloride (10 g . L-1) as osmolality modifier. All main culture 

media components were dissolved in deionized water and filled into the bioreactor before autoclaving 

at 121 °C and 2 bar for 20 min (Varioklav®, Type 400, H+P Labortechnik AG, Germany), except for the 

skimmed milk (SM). In order to prevent protein precipitation, SM was dissolved and autoclaved 

separately at 121 °C and 2 bar for 6 min and added before the fermentation process. The total culture 

volume was 8 L. Pandora sp. nov. was transferred from solid into liquid culture and grown in the pre-

culture as described above. The bioreactor was inoculated with 800 mL (10% (v/v)) of the pre-culture 

under sterile conditions. In the bioreactor, Pandora sp. nov. was grown for 96 h at 18 °C. During the 

fermentation process, the pO2 content was controlled by the stirrer speed within a range of 50–350 rpm, 

at a gas rate of 0.8 vvm, to ensure that the pO2 concentration stayed above 60% over the whole period 

of time. The initial pH value was 7.5 and not controlled during the fermentation. 
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Two 50 ml samples were taken every 24 h to determine the biomass dry weight as described above. 

pH, pO2 and rpm were automatically recorded every 24 hours. The fermentation was repeated three 

times.  

Statistical analysis 

Statistical analysis was carried out using the SPSS Statistics V25.0 software (SPSS, Chicago, IL). All 

data are given as mean values ± standard deviations (SD).  

Data on pellet area were arcsine transformed prior to analysis. All data were checked for normality and 

homogeneity of variance using the Shapiro–Wilk and Levene tests. Means were examined for significant 

differences according to one-way analysis of variance (ANOVA), followed by a Tukey post hoc range 

test and Bonferroni correction. If the criteria for variance homogeny and normal distribution were not 

met, data were calculated by a nonparametric Kruskal-Wallis test followed by Dunn-Bonferroni for 

multiple comparisons with one treatment. The level of significance was set to p < 0.05, unless otherwise 

stated.   
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Results 

Effect of different nitrogen sources on biomass production and specific growth 

rate in shaking culture 

The composition of the culture medium affected the biomass production by Pandora sp. nov. in 

submerged culture significantly (F6,28 = 11.943; p<0.001; one-way ANOVA). Growth was markedly 

improved when Pandora sp. nov. was cultured in media containing skimmed milk (SM; Figure 4.2). 

There was no significant difference between all tested media containing SM (p=0.104; Tukey post-hoc 

range test) with a maximum of 5.038 g biomass dry weight per L and a yield coefficient of 0.19 based 

on glucose after 120 h of cultivation. 

The specific growth rate during the first two days of cultivation significantly differed between the different 

media compositions (F6,28 = 5.761; p<0.001; one-way ANOVA). When SM was combined with yeast 

extract (YE), the specific growth rate increased from 0.0134 (±0.0029) to 0.0193 (±0.0035), but growth 

was not significantly faster (p = 0.391; Tukey post-hoc range test). In the medium containing SM in 

combination with YE and animal based protein hydrolysate (AN) the specific growth rate further 

increased to 0.0250 (±0.0054) and was significantly higher compared with the SM medium (p = 0.012; 

Figure 4.2). Further experiments on fermentation were conducted with the medium containing glucose 

(26.6 g L-1), AN (3.3 g L-1), SM (3.3 g L-1) and YE (3.3 g L-1). 

 

Figure 4.2 Biomass production of Pandora sp. nov. in media containing different complex nitrogen sources in 
shaking culture after 120 h and specific growth rate during the first 48 h. All media contain glucose (26.6 g . L-1). 

The nitrogen source was added at a fixed amount of 10 g . L-1 individually or in combinations. AN = protein 
hydrolysate from animal by-products; SM = skimmed-milk; YE = yeast extract. Different letters above bars 
indicate significant differences between biomass dry weight (capital letters) or between specific growth rate 

(lowercase letters) based on one-way ANOVA and Tukey post-hoc range test at p < 0.05 (means ± SD, n = 5). 
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Growth kinetics in liquid shaking culture 

Fungal growth increased within the first 48 h and correlated with glucose consumption (Figure 4.3). 

Subsequently, fungal growth appeared to stagnate, but at the same time glucose consumption increased 

noticeably and the formation of pellets occurred. Following the growth plateau, a second growth phase 

was observable after 72 hours and the formation of pellets increased rapidly, until more than 50% of the 

biomass was present in form of pellets after 120 h. After 120 h, >90% of the initial glucose was consumed 

and the cultivation was discontinued. The pH value did not change noticeably during the entire cultivation 

and remained between 5.9 and 6.3. Lactose concentration was determined by HPLC, but was not 

consumed by Pandora sp. nov. (data not shown). 

 

Figure 4.3 Growth kinetic of Pandora sp. nov. (ARSEF 13372) in liquid shaking culture at 18 °C and 170 rpm for 
120 h in a medium containing glucose (26.6 g . L-1), AN (3.3 g . L-1), SM (3.3 g . L-1) and YE (3.3 g . L-1). Means ± 
SD; n = 5. 

Effect of media osmolality on production of finely dispersed mycelium 

By supplementing the liquid medium composed of glucose (26.6 g L-1), AN (3.3 g L-1), SM (3.3 g L-1) 

and YE (3.3 g L-1) with different amounts of NaCl, osmolality increased from 120.67 osmol/kg (0%) to 

340.23 osmol/kg (0.5%), 461.40 osmol/kg (1%), 892.27 osmol/kg (2%) and 1280.75 osmol/kg (4%), as 

listed in Table 4.3. 
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Table 4.3 Modification of media osmolality by NaCl addition, measured by the melting temperature. 

NaCl content [%] Melting point [°C] Osmolality [osmol/kg] 

0 -2.453 120.666 

0.5 -3.554 340.233 

1 -4.161 461.399 

2 -6.321 892.269 

4 -8.268 1280.751 

 

Pellet formation was significantly affected by the addition of NaCl (F4,20 = 233.3; p<0.001; one-way 

ANOVA), as illustrated in Figure 4.4 and 4.5. In media containing no NaCl or a low concentration of 

0.5% NaCl, intense pellet formation occurred after 72 hours (data not shown) and increased until more 

than 50% of the grown biomass showed pellet morphology after 120 h of cultivation (Figure 4.3). In 

media containing NaCl concentrations >1%, pellet formation was significantly reduced (p<0.001; Tukey 

post hoc range test; Figure 4.5).  

 

Figure 4.4 Pandora sp. nov. grown in shaking culture after 72 h. A = Medium without NaCl addition. B = Medium 
supplemented with 1% NaCl and an osmolality of 461.4 osmol/kg. C = Hyphal bodies of Pandora sp. nov. grown in 
the main culture after 48 h. Media based on glucose (26.6 g . L-1), AN (3.3 g . L-1), SM (3.3 g . L-1) and                     
YE (3.3 g . L-1). The shaking-flasks were placed on a light panel for taking the pictures. 

Moreover, the addition of NaCl significantly affected biomass production (F2,20 = 32.483; p<0.001; one-

way ANOVA). Fungal growth was nearly suppressed by a NaCl concentration of 4% (p>0.001; Tukey 

post hoc test), resulting in a black picture after image processing, as no hyphal material was observable 

in the sample. NaCl concentrations between 0 and 2% did not significantly affect the biomass 

production. 

The mean hyphal length in the medium containing glucose (26.6 g . L-1), AN (3.3 g . L-1),                               

SM (3.3 g . L-1), YE (3.3 g . L-1) and NaCl (10 g . L-1) was 558.253 µm (± 163.042; n=28) after 48 h of 

cultivation. 
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Figure 4.5 Biomass production (light-grey) and pellet formation (dark-grey) by Pandora sp. nov. grown in shaking 
cultures of different osmolalities. All media based on glucose (26.6 g . L-1), AN (3.3 g . L-1), SM (3.3 g . L-1) and 
YE (3.3 g . L-1). Media osmolality [osmol/kg] was modified by addition of sodium chloride as follows: 120.67 (0%), 
340.23 (0.5%), 461.40 (1%), 892.27 (2%), 1280.75 (4%). During incubation for 120 h at 18 °C and 170 rpm, every 
24 h, one 5 ml sample was taken from each flask and transferred into Petri dishes for documentation. The samples 
were placed on a cold cathode lamp light panel in the dark hood of a gel documentation system and pictures (shown 
below the plot) were taken with the integrated camera system. Pictures were processed and analyzed with the open 
source software ImageJ. By manual adjustment of the color threshold brightness, the pellet area was measured in 
relation to the magnification and pixel size and given in percent of the whole sample area as parameter for pellet 
formation. Different letters above bars indicate significant differences between biomass dry weight (capital letters) 
or pellet area (lowercase letters) based on one-way ANOVA and Tukey post hoc range test at p < 0.05 (means ± 
SD, n = 5). 
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Scale-up 

The submerged fermentation process for Pandora. sp. nov. was transferred from shaking flask to a 

stirred bioreactor. The highest biomass production in submerged fermentation in a 10 L stirred tank 

reactor was reached after 48 h of cultivation with a maximum of 21 g biomass dry weight per L (Figure 

4.6). After that point, the biomass concentration started to decrease during the cultivation process until 

the fermentation was stopped after 96 h. With increasing biomass, the stirrer speed increased from 50 

to 350 rpm in order to compensate for the reduced O2 transfer rate due to the high viscosity in the later 

stages of the fermentation. 

 

Figure 4.6 Growth kinetics of Pandora sp. nov. in submerged fermentation in a stirred tank bioreactor in a medium 
containing glucose (26.6 g . L-1), AniPept (3.3 g . L-1), skimmed milk (3.3 g . L-1), yeast extract (3.3 g . L-1) and 
NaCl (10 g . L-1). The fermentation was carried out with following parameters: temperature 18°C, dissolved oxygen 
level (pO2) 60%, initial pH-value 6.0 (not controlled) and a gas flow of 0.8 vvm. The stirrer speed (rpm) was 
controlled by the pO2 value within a range of 50 – 350 rpm that the pO2 concentration stayed above 60% over time. 
The total culture volume was 8 L. Means ± SD; n = 3. 
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Discussion 

Effect of different nitrogen sources on biomass production and specific growth 

rate in shaking culture 

In our search for suitable media components for the liquid cultivation of Pandora sp. nov., we were 

mainly guided by the works of other researchers who studied culture media development for 

phylogenetically related Entomophthorales, namely Pandora neoaphidis (Latgé et al., 1983; Shah et al., 

1999) and Furia sp. (Leite et al., 2005).  

Our results demonstrate that Pandora sp. nov. can be grown in common fungal media components and 

the highest biomass production was observable in the media containing skimmed milk (SM). Skimmed 

milk is a nutrient source commonly used for the cultivation of entomophthoralean fungi (Papierok & 

Hajek 1997; Leite et al., 2005; Hajek et al., 2012), but it is not yet clear why it works so well. Possible 

factors are (1) that skimmed milk provides proteins utilizable by Pandora sp. nov., as previous studies 

imply, in which high protease activity was observed in other Entomophthorales when they grew in 

skimmed milk containing media (Jönsson, 1968; Urbańczyk et al., 1992), (2) the high amino acid content 

or an amino acid profile similar to the host insect’s hemolymph, as amino acids are suitable nitrogen 

sources for growth of the Entomophthorales (Wolf, 1951; Latgé et al., 1975b; Nolan, 1990; Leite et al., 

2005) or (3) that skimmed milk has a comparatively low total nitrogen content (Table 4.2), making it less 

toxic than the other tested complex N sources, as higher nitrogen concentrations possibly lead to 

excessive release of cell toxic ammonia and result in growth inhibition (Griffin 1993; Leite et al. 2005). 

(4) We further speculate that the fungus is adapted to the milk based nutrient source, as in the present 

study the pre-culture contained skimmed milk as sole nutrient source.  

The specific growth rate, in combination with a high biomass production, was even better when SM was 

combined with YE and animal based protein hydrolysate (AN). This is consistent with Hajek et al. (2012) 

who pointed out that most Entomophthorales can be grown in media supplemented with SM and YE. 

Moreover, this is in line with the results of Latgé et al. (1983) who found out that P. neoaphidis can be 

grown in classical mycological media supplemented with milk and egg yolk and also in a medium 

composed of yeast extract, glucose and milk with potential for scale-up in the bioreactor (Li et al., 1993; 

Pell et al., 2001). 

For the Pandora sp. nov. used in this study, YE seems to be less important for biomass maximization 

than SM. Since this protein hydrolysate is comparable with common beef extract, our results are in line 

with Leite et al. (2005). They found out that Furia sp., a fungus belonging to the Erynia – Pandora – 

Furia genera clade (Gryganskyi et al., 2013) and thereby being phylogenetically near to Pandora sp. 

nov., grew well in a combination of SM, YE and beef extract, but also in the SM+YE combination, as 

well.  

Glucose was selected as main carbon source, as several studies indicated that the Entomophthorales 

prefer monosaccharides and are unable to metabolize disaccharides, such as sucrose (Latgé, 1975a; 

Leite et al., 2003). Thus, it was not unexpected when we found that the disaccharide lactose from the 

skimmed milk was not metabolized by Pandora sp. nov. either (data not shown).  
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A yield coefficient of 0.19 is similar to the results of Russell and Paterson (1982) who determined a yield 

of 0.10–0.28 for Erynia radicans (= Zoophthora radicans) grown in a medium composed of glucose and 

yeast extract. Compared with other EPF, these yield coefficients can be considered low, as for example 

finely dispersed mycelium of Metarhizium brunneum BIPESCO5 was cultivated with a yield coefficient 

of 0.5 (Krell, unpublished), Beauveria bassiana ATP-02, DSM 24665 with 0.36 (Lohse et al., 2015) and 

the nematophagous fungus Hirsutella rhossiliensis BBA with 0.44 (Patel et al., 2011). To improve the 

competitiveness of the Entomophthorales with other entomopathogenic fungi, future studies on media 

optimization are needed to address yield enhancement. Furthermore, at present, it is not possible to 

estimate the biomass needed or the cost per hectare for controlling psyllids.  

Growth kinetics 

Describing the kinetic stages, it was observed that after an initial growth phase of two days with low 

glucose consumption, fungal growth appeared to stagnate on day three. Afterward, glucose 

consumption increased noticeably, accompanied by formation of pellets (Figure 4.3). These 

observations indicate that during the early stages, other nutrients from the complex nitrogen sources 

are metabolized for biomass formation. After the first growth phase, the fungus requires energy that is 

not invested in biomass formation, but in other metabolic processes related to the transition from hyphal 

bodies to mycelial growth morphology (Papierok & Hajek, 1997; Freimoser et al., 2003). This 

phenomenon has long been recognized in conventional fermentation studies with filamentous fungi (Cox 

et al., 1998; Gibbs et al., 2000) and was also shown to occur within the Entomophthorales: Nolan 

(1993a) described a shift in glucose consumption by Entomophaga aulicae grown in stirred tank 

bioreactors in different culture media during the first days, when protoplasts turned into hyphal bodies. 

Freimoser et al. (2000; 2003) found walled mycelium formation from Entomophthora thripidum 

protoplasts after exhaustion of complex nitrogen sources. More recently, Iwanicki et al. (2020) gave 

evidence about gene expression distinctions between blastospores that are comparable to hyphal 

bodies in Entomophthorales and mycelial growth stages of Metarhizium anisopliae. Genes up-regulated 

during blastospore stages were involved in oxidative stress, amino acid metabolism, respiration 

processes, transmembrane transport and production of secondary metabolites. In the later mycelial 

growth phase, up-regulated genes were associated with increased growth, metabolism and cell wall re-

organization. 

Effect of osmolality on the production of finely dispersed mycelium 

One common problem when culturing filamentous microorganisms in submerged culture that also 

occurred in this study is the formation of pellet-like structures. Pellets suffer from reduced viable biomass 

(Clark, 1962), limitation of oxygen and nutrient diffusion (Prosser & Tough, 1991) and being unsuitable 

for encapsulation in small sized beads (Patel et al., 2011; Krell et al., 2018) due to their size of up to 

several mm (Cox et al., 1998). Shah et al. (1998) solved this problem by sieving the mycelia of P. 

neoaphidis grown in shaking-culture before encapsulation at the cost of high biomass loss. 

The preferred biomass morphology for ensuing formulation are finely dispersed mycelium or hyphal 

bodies that can be produced by modification of fermentation parameters as demonstrated for other 

filamentous fungi (Patel et al., 2011; Jaronski, 2014; Krell et al., 2018; Hallmann et al., 2019). In the 

present study, pellet formation was reduced by adding salt in order to increase media osmolality in a 
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cheap and simple way. Other cultivation studies on filamentous fungi also succeeded in manipulating 

the hyphal morphology, e.g. of Aspergillus niger by salt addition (Wucherpfennig et al., 2011) or in 

promotion of finely dispersed mycelium morphology of M. brunneum by a combination of increased 

medium osmolality and viscosity (Krell et al., 2018). In this way, the entire biomass can be used for 

encapsulation in hydrogel beads without sieving and loss of viable biomass.  

Moreover, it has to be noted that the osmolality of standard Grace’s insect culture media used for growth 

of entomophthoralean cells is around 340–580 osmol/kg (Beauvais and Latgé, 1988; Lopez Lastra et 

al., 2001; Freimoser et al., 2003). Consequently, the medium containing sodium chloride between 0.5 – 

1% simulates optimal growth conditions in terms of osmolality.  

Scale-up and media costs 

The last aim of this study was to prove the scalability of the medium and method for production of 

Pandora sp. nov. biomass by transferring the cultivation from shaking culture flasks into a stirred tank 

bioreactor. After the transfer, four times more biomass was produced in the stirred tank bioreactor 

compared with the shaking culture in flasks. This can be explained by improved pO2 and nutrient supply.  

After 48 h, the fungal cells became increasingly attached to the vessel wall and stirrer in the area of the 

medium-air interface and formed a growing mycelial ring. This mycelium was not collected for biomass 

dry weight determination, but was probably viable contributing to oxygen consumption. The ensuing 

decrease of pO2 explains the increasing rpm, although the biomass from sampling appears to be 

decreasing at this time (Figure 4.6). It cannot be ruled out that a stirrer speed of 350 rpm at the end of 

the fermentation damages fungal cells. Damage of fungal cells by high stirring speed is mainly caused 

by fluid-mechanical stress from turbulence flow or bursting gas bubbles or direct shear stress by the 

stirring devices (Van Suijdam & Metz, 1981; König, 1981; Märkl & Bronnenmeier, 1985; Chisti, 2009). 

Cells with weakened outer cell layers such as protoplasts or hyphal bodies (Butt et al., 1981) are 

sensitive to shear, as they are not experienced in physiological stress. For the stirring device used in 

the present study with a 75 mm diameter stirrer at a speed of 350 rpm, the impeller tip speed is 1.37 

m/s. For the fungi whose damaging threshold is known, it varies between 0.4 (Trichoderma harzianum 

(Chisti, 2009)) and 2.5 (Penicillium chrysogenum (Makagiansar et al., 1993)), but it also depends on the 

stirrer type and geometry as they generate different shear fields (Hardy et al., 2017). For Pandora or 

any entomophthoralean species, the damaging threshold value of the stirrer speed is unknown. 

Nevertheless, biomass needs to be harvested earlier in the fermentation process when highly viable 

cells are needed for further formulation and application in biocontrol strategies. 

The costs for the media combinations used in this study were calculated (Table 4.4) in order to find the 

most cost efficient medium for cultivation of Pandora sp. nov. with potential for mass-production. The 

combination of SM with YE or with YE and AN leads to both the highest biomass production and highest 

specific growth rate (Figure 4.2). Since YE, even the technical YE used in this study, is an expensive 

media component, media costs were reduced by partially replacing YE with SM and AN, a low-cost 

protein hydrolysate from animal by-products (Χ2 = 23.93; df = 7; p < 0.1; Kruskall-Wallis; Table 4.4).  

 

 



Chapter 4 

131 

Table 4.4 Media costs. All media, except the pre-culture medium, contain a fixed glucose amount of 26.6 g . L-1 
and a fixed amount of a complex nitrogen source of 10 g . L-1 individual or in combination. AN = protein hydrolysate 
from animal by-products, SM = skimmed milk powder, YE = yeast extract, NaCl = sodium chloride. Medium used 
for further experiments is highlighted. Different letters indicate significant differences of the media costs according 
to a Kruskall-Wallis test followed by Dunn-Bonferroni at p<0.1. 

 

Conclusion 

One of the main reasons for the failure to establish an entomophthoralean fungus as a biocontrol agent 

for practical use has so far been the difficulty of growing these fungi in vitro on a large scale and 

thereafter formulating them. In this study, we described the production of finely dispersed mycelium of 

the new Pandora species on a technical scale in a submerged fermentation procedure. Furthermore, as 

the fungus used in this study was recently isolated, this is the first report on in vitro cultivation of Pandora 

sp. nov, inedit. (ARSEF 13372) on a technical scale in liquid culture. The first essential step of mass 

production on the way to large scale field application of the promising novel fungus has been taken. The 

results provide a valuable basis for urgently needed novel control approaches for psyllids as agricultural 

pest insects. Further studies focus on the formulation of Pandora sp. nov. in order to improve the 

sporulation capacity and infection potential (Muskat et al., 2021b) and enable practical use in field 

application. 
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Medium €/L medium €/kg biomass dry weight Sig. 

Pre-culture 0.1 36.7 ± 7.2 - 

AN 0.2025 151.6 ± 115.8 a 

SM 0.3933 94.8 ± 23.6 a 

YE 0.9775 427.1 ± 80.2 b 

AN+SM 0.2979 134.7 ± 47.8 ab 

AN+YE 0.5900 276.0 ± 117.8 ab 

SM+YE 0.6854 144.0 ± 32.6 ab 

AN+SM+YE 0.5210 105.3 ± 9.8 a 

AN+SM+YE + NaCl (1%) 0.5638 99.3 ± 8.4 a 
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Abstract 

BACKGROUND: Pandora sp. nov. inedit. (Entomophthorales: Entomophthoraceae) (ARSEF 13372) is 

a recently isolated entomophthoralean fungus with potential for psyllid pest control. This study aimed to 

develop a formulation based on biocompatible hydrogel beads in order to transfer the fungus into an 

easily applicable form and to test the effects on psyllids. 

RESULTS: After encapsulation in calcium alginate beads, Pandora sp. nov. grew from the beads and 

discharged conidia over 12 days under optimal humidity conditions at 18 °C. Conidial number was 

increased 2.95-fold by the addition of skimmed milk as nutritional formulation additive to the beads. The 

virulence of the encapsulated fungus was assessed with the two target psyllid species; the summer 

apple psyllid, Cacopsylla picta and the pear psyllid, Cacopsylla pyri. Beads containing skimmed milk as 

nutritional additive led to the highest mortalities (48.3% on C. picta and 75.0 % on C. pyri). In a second 

bioassay, survival time of C. pyri exposed to beads containing different concentration (10, 20 or 40%) 

of Pandora sp. nov. was tested. The survival time of C. pyri was significantly reduced when exposed to 

beads containing 10% or 20% Pandora sp. nov. The median survival time was reached after 5-6 days 

past inoculation and the cumulative mortality for C. pyri treated with Pandora sp. nov. beads showed up 

to 89% mortality. 

CONCLUSION: The promising results of this study will ease the way for large-scale field application of 

a novel Pandora species in biological psyllid pest control. 

Keywords: Entomophthorales, Encapsulation, Biological control, Entomopathogenic fungi, Virulence, 

Psyllid control 
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Introduction 

Jumping plant lice (Hemiptera: Psyllidae) are phloem feeding insects damaging fruit trees by serving as 

vectors of phytoplasmas, inducing diverse morphological and physiological changes in their plant hosts 

(Weintraub & Beanland, 2006; Jarausch et al., 2019; Gallinger et al., 2021). The pear psyllid C. pyri 

vectors the phytoplasma ‘Candidatus Phytoplasma pyri’ in pear tree Pyrus communis L., the migrating 

summer apple psyllid Cacopsylla picta (Foerster 1848) vectors ‘Candidatus Phytoplasma mali’, the 

causing agent of apple proliferation disease in Malus domestica Borkh. (Carraro et al., 1997; Frisinghelli 

et al., 2000; Seemüller & Schneider, 2004). In European fruit production, high economic losses are 

caused by reduced fruit yield and quality and dying plants following phytoplasma infection (Bovey, 1961; 

Civolani et al., 2010; Seemüller et al., 2011). In Italy, an outbreak of apple proliferation disease caused 

up to € 100 million losses (Strauss, 2009). So far, phytoplasma infected plants cannot be cured and only 

preventive management strategies such as vector control e.g. with chemical insecticides aiming to 

minimize the spread of phytoplasma diseases are available (Jarausch & Jarausch, 2009). 

In 2016, an entomophthoralean species of the genus Pandora was isolated from infected psyllids 

collected in a Danish pear orchard (Jensen et al., 2018). The species is currently under description as 

a new species, since it differs from the known Pandora species infecting Hemiptera (Görg et al., 2021). 

Under laboratory conditions, the pathogenicity of Pandora sp. nov. mycelial mats grown in-vitro on solid 

media was already demonstrated for several Cacopsylla pests such as C. pyri, C. pyricola, C. picta, 

C. mali and C. pruni but also Triozidae (Jensen et al., 2018; Görg et al., 2021; Jensen, 2017; Herren, 

2018). Fungi from the Entomophthorales are known for their host specificity, their fast speed-to-kill and 

for their ability to cause natural epizootics among insects from different orders (Pell et al, 2001; Eilenberg 

& Philipsen, 1988; Nielsen et al., 2001; Filotas et al., 2003; Vega et al., 2009). Despite their potential, 

no biological control agents based on an Entomophthorales have been commercialized so far, due to 

difficulties of growing and mass-producing them in-vitro and inconsistent results in field trials (Pell et al., 
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2001; Barta & Cagáň, 2006; Jaronski, 2014; Shap & Pell, 2003; Wilding & Latteur, 1987; Wraight et al., 

2001). Moreover, research regarding pathogenicity and virulence and thus the suitability of 

entomophthoralean species for pest control strategies of psyllids in orchards is scarce (Gross et al., 

2021). 

The conversion of Pandora sp. nov. into a biocontrol agent for psyllid pest control requires a formulation 

that secure the virulence of the fungus when applied against the target insects. The formulation of living 

biocontrol agents within a carrier material may improve it´s applicability, shelf life, growth and sporulation 

duration and intensity after field application. The use of biocompatible and biodegradable calcium 

alginate was demonstrated as a promising carrier for the encapsulation of some members of the 

Entomophthorales (Chen et al., 2014; Shah et al., 1998; 1999; Zhou et al., 2016). Moreover, the 

formulation within alginate beads enables the co-formulation of entomopathogenic fungi with beneficial 

formulation additives. Additives may be nutrients, that enable fungal multiplication after field application, 

host insect attractants, filling agents for reduced compression during drying, UV and drying protectants 

or virulence-enhancing components, such as host insect cuticle components that can act as enzyme 

inducers (e.g. proteins or chitin) (Przyklenk et al., 2017; Burges, 1998; Gerding-Gonzalez et al., 2007; 

Krell et al., 2018; Hallmann et al., 2019; Vemmer et al., 2016). In order to enable a future utilization of 

Pandora sp. nov. for psyllid pest control we aimed to develop a formulation based on calcium alginate 

beads. 

The specific objectives of this study were (1) to investigate the maintenance of sporulation duration and 

intensity of Pandora sp. nov. after encapsulation in calcium alginate beads, (2) to improve and prolong 

the sporulation by addition of nutritional formulation additives and (3) to evaluate the pathogenicity and 

virulence of various Pandora. sp. nov. formulations against the target species, pear psyllid C. pyri and 

summer apple psyllid C. picta, under laboratory conditions. 

Materials and Methods 

Chemicals 

All chemicals used in this study were acquired by Carl Roth GmbH (Karlsruhe, Germany) or VWR and 

concentrations are given as (w/w), unless otherwise stated. 

Plants 

Plants were kept in an insect proof screen house under ambient conditions. Healthy potted pear trees 

(Pyrus communis L.) cultivar ‘Williams Christ’ grown on cv. 'Kirchensaller Mostbirne' rootstocks and 

potted apple trees (Malus domestica Borkh.) cultivar ‘Golden Delicious' grown on 'M9' rootstocks were 

used to rear insects and as donor of leaves for infection bioassays. 

Insects 

All insects were collected by the beating tray sampling method (Müther & Vogt, 2005). Adult C. pyri 

specimens (F0) were collected in spring 2018 and 2019 from Pyrus sp. at the conventionally managed 

experimental field at the Julius Kühn - Institut Dossenheim, Germany (49°27'02.1"N 8°38'23.0"E). 

Overwintered adults (remigrants, F0) of the migrating apple psyllid species C. picta were collected in 

March/April 2019 at an extensively managed Malus sp. orchard in Dossenheim, Germany (49°26'45.5"N 

8°38'59.0"E.). The summer apple psyllids C. picta could only be maintained for one generation 
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(emigrants, F1). Rearing conditions for both psyllid species were as follows: 20 °C day and 15 °C night 

temperatures under long day conditions (L16:D8) and 55% relative humidity in a climatic chamber. The 

psyllids were placed on their respective host plant in 47.5 x 47.5 x 93 cm BugDorm rearing cages 

(NHBS, UK). The insect specimens used in bioassays were randomly selected from rearing cages 

containing one single generation. 

Fungal isolate 

The Pandora isolate used in this study originated from an infected Cacopsylla sp. collected in a Danish 

pear orchard (55°50'24.3"N 12°33'46.5"E).14 The strain is deposited in the USDA Agricultural Research 

Service Collection of Entomopathogenic Fungal Cultures (Ithaca, NY) as ARSEF 13372. The fungus is 

under description (inedit.) and will here be referred to as Pandora sp. nov. 

Solid state cultivation 

Pandora sp. nov. was grown on solid medium composed of 4.0% glucose, 2.0% casein and 2.0% agar 

(Saboraud Dextrose Agar (SDA) supplemented with 20% of a mixture of 60% egg yolk and 40% fresh 

skimmed milk (SDAME) on Petri dishes (diameter 90 mm) sealed with parafilm® and incubated at 18 °C 

in the dark (Hajek et al., 2012). To prevent the loss of virulence, the fungus was frequently transferred 

through the host insect C. pyri and the solid culture used for experiments was transferred not more than 

two times onto fresh artificial media. As C. picta can only be maintained for one generation (see. 2.3) 

and is more difficult to collect and rear compared to C. pyri, and thus, not available throughout the whole 

year, the fungus was only transferred through C. pyri. 

Submerged cultivation in shake flasks 

Submerged cultures of Pandora sp. nov. were grown in 100 ml liquid medium in 250 ml shake flasks 

with four baffles at 18 °C and 170 rpm and an amplitude of 20 mm (IKA KS 4000 ic control, Staufen, 

Germany). In order to transfer the fungus from the solid media into liquid culture, three pieces of mycelia 

(0.5 cm2) were cut with a scalpel and transferred to the pre-culture, composed of fresh skimmed milk 

(100 g . L-1) in ultra-pure water (MilliQ) and incubated for 48 h. The hyphal bodies grown in the pre-

culture were collected by centrifugation (4700 g; 15 min; 18 °C) and washed twice in glucose solution 

(26.6 g . L-1) to equal the original volume under repeated centrifugation. Then, the washed and pelletized 

hyphal bodies were resuspended in glucose solution (26.6 g . L-1) to equal the original volume. The main 

culture was inoculated by 10% (v/v) of the suspension. The main culture medium was composed of 

glucose (26.6 g . L-1), sodium chloride (NaCl; 10 g . L-1), yeast extract (3.33 g . L-1), skimmed milk powder 

(HEIRLER CENOVIS GMBH, Radolfzell, Germany; 3.33 g . L-1) and a low-cost protein hydrolysate from 

animal by-products (ANiPept, ANiMOX GmbH, Berlin, Germany, batch No. 1176; 3.33 g . L-1). All media 

components were dissolved in ultrapure water and separately autoclaved for 6 min at 121 °C and 2 bar. 

The main culture was grown for further 48 h at the same conditions like the pre-culture. 

Preparation of Pandora sp. nov. for encapsulation 

In order to collect finely dispersed hyphae of Pandora sp. nov. grown in the main-culture, the cultures 

from five shaking flasks were unified and centrifuged at 4700 g at 18 °C for 15 min and the hyphal 

material was washed twice in NaCl (0.9%) to equal the original volume under repeated centrifugation 
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(4700 g; 15 min; 18 °C). After the final centrifugation step, the washing solution was discarded and the 

pelletized hyphal material was used for encapsulation. 

Preparation of beads 

All bead compositions used in this study are listed in Table 5.1. The experiments were carried out under 

sterile conditions and all solutions and components were autoclaved for 6 min at 121 °C and 2 bar, 

unless otherwise stated. Prior to encapsulation, sodium alginate (Manugel GMB, FMC Corporation, PA, 

USA, batch No. G7708901) was dissolved in ultrapure water to a final concentration of 3.0% and 

autoclaved for 6 min at 121 °C. The encapsulation suspension was prepared by mixing 10% (w/w) heat-

sterilized native corn starch (Maisita, Agrana Beteiligungs-AG, Vienna, Austria; 10%) into the sodium 

alginate. Depending on the treatment, pre-dissolved and autoclaved skimmed milk powder was added 

as nutritional formulation additive at a final concentration of 4% (w/w). To evaluate, if chitin from crab 

shell can serve as a virulence-enhancing factor, the chitin (Roth) was ground by using a ball mill (MM400 

ball mill, Retsch GmbH, Haan, Germany) at 30 Hz for 5 min to a particle size <300 µm. This was 

dispersed and autoclaved in ultrapure water. Skimmed milk was partly replaced by chitin (Sm2Chi2) at 

a final concentration of 2% skimmed milk and 2% chitin (w/w). Finally, hyphal material of Pandora sp. 

nov. (see 2.5.1) was added to final concentrations of 10% (Pandora10), 20% (Pandora20) or 40% 

(Pandora40) (w/w). The suspension was gently stirred for 5 min. For bead formation, the solution was 

dripped into a stirred (250 rpm) calcium chloride solution (0.1 M) by using a syringe with a cannula 

(diameter 2.1 × 0.8 mm, Sterican, B. Braun AG, Melsungen, Germany). Beads were kept in the solution 

under stirring for 20 min and subsequently washed with ultrapure water for 1 min. 

Table 5.1 Composition (in % w/w) of calcium alginate bead formulations used in this study. Chi = chitin. Sm = 
skimmed milk from powder. 

 Starch Pandora sp. nov. Chitin Skimmed milk 

Blank 10 0 0 4 

Alginate 0 10 0 0 

Starch 10 10 0 0 

Chi4 10 10 4 0 

Sm4 10 10 0 4 

Sm2Chi2 10 10 2 2 

Pandora10 (=Sm4) 10 10 0 4 

Pandora20 10 20 0 4 

Pandora40 10 40 0 4 
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Quantification of fungal sporulation from beads 

In order to quantify conidial discharge (see Figure 5.1a), moist beads, randomly selected from the batch, 

were individually placed on water agar (2%) in Petri dishes (Ø = 70 mm) and incubated at 18 °C in the 

dark in a closed container to maintain high humidity conditions >96% RH. To collect the discharged 

conidia, the petri dishes containing the beads were inverted and placed above a smaller petri dish (Ø = 

35 mm) filled with 3 ml of 0.5% sodium dodecyl sulfate (SDS grained pure, AppliChem GmbH, 

Darmstadt, Germany) in order to eliminate the effect of aggregation of conidia or formation of secondary 

conidia or germ-tubes (Hajek et al., 2012). Conidia numbers were determined with a Fuchs-Rosenthal 

counting chamber from five beads per treatment and 12 samples in a fixed time-interval of 24 h. If 

counting was performed to observe sporulation duration and intensity, the SDS solution was replaced 

by a fresh one every 24 h. 

Infection bioassay 

The laboratory infection bioassays (see Figure 5.1b), following the recommendations of Hajek et al. 

(2012), were performed in small UV sterilized polypropylene (PP) cups (Ø: 69 mm, height: 68 mm; 

bikapack GmbH, Feldkirch, Austria) as inoculation units as described by Görg et al. (2021). Details on 

preparation of the PP cups are given in Görg et al. (2019). One bead per cup was placed directly on the 

agar in the middle of the inoculation unit and the cups were sealed with their lids. The beads were 

incubated for 3 days at 18 °C, relative humidity conditions >96% and darkness in a climatic chamber 

(Rumed® Type 3201, Rubarth Apparate GmbH, Laatzen, Germany). Afterwards, the parameters were 

set to 20 °C and short-day conditions (L:D 10:14 h) to better meet the insects rearing conditions, relative 

humidity was maintained >96%. Three psyllids were then introduced in each inoculation unit and 

exposed to conidia discharged by the Pandora sp. nov beads for 24 h. Insects in inoculation units without 

beads were treated similarly and used as control group (Control). After the 24 h exposure time, the 

insects were transferred to new bioassay units free of beads. A leaf from the insects’ respective host 

plant was put into the agar and served as nutrient source. In the middle of each trial period, all insects 

were transferred into completely new bioassay units with fresh leaves. Insect mortality was monitored 

daily over a period of 10 days. Dead insects were observed for signs of fungal growth 24 h after death 

by using a stereomicroscope (Stemi 508, Carl Zeiss AG, Oberkochen, Germany). Jumping plant lice 

individuals which escaped or died due to handling mishaps were marked as censored (See 2.11 

Statistical Analysis). 
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In the first bioassay, survival of two psyllid species, the pear psyllid C. pyri (F2, summer forms) and the 

summer apple psyllid C. picta (F1, emigrants) were exposed to one of the following treatments; Pandora 

sp. nov. formulations (Sm4 or Sm2Chi2), blank bead (Blank) or control treatment without beads 

(Control). Assays were conducted at the same time using the same production batch of formulation. For 

each treatment, 16 cups each containing one bead of the respective formulation was prepared and the 

survival of 48 insects per treatment was monitored for each species (N C. pyri = 192, N C. picta = 192). In 

the second infection bioassay, C. pyri was exposed to different concentrations of Pandora sp. nov. in 

bead formulations Pandora10 (10% Pandora sp. nov.), Pandora20 (20% Pandora sp. nov.), Pandora40 

(40% Pandora sp. nov.), blank beads (Blank) and Control (without beads). For each treatment, 10 cups 

each containing one bead of the respective formulation was prepared and 3 C. pyri (F3, summer forms) 

were added to each cup. Survival of C. pyri, observation of Pandora sp. nov. outgrowth from killed 

psyllids and quantification of conidia discharged from the beads placed in the PP cups was conducted 

as described above (2.9).  

Statistical analysis 

Statistical analysis of sporulation behavior of encapsulated Pandora sp. nov. from beads and the effect 

of variations of the bead composition was carried out using the software SPSS Statistics V25.0 (SPSS, 

Chicago, IL). All data are given as mean values ± standard deviations (SD). Data for conidial discharge 

from beads were checked for normality and homogeneity of variance using Shapiro–Wilk and Levene 

test. Mean numbers of discharged conidia were tested for significant differences by one-way ANOVA 

followed by a Tukey post hoc range test and Bonferroni correction. If the criteria for variance homogeny 

and normal distribution was not met, data were calculated by nonparametric Kruskal-Wallis test followed 

by Dunn-Bonferroni for multiple comparisons with one treatment or a Welch correction for 

nonhomogeneity followed by a Games-Howell test. The effect of different formulation additives 

(treatment) on number of conidia discharged from beads across time was compared with a repeated 

measures ANOVA, with time and treatment as independent variables. The sphaericity of the matrix 

assumption was assessed with the Mauchly sphericity test. If the outcome of the test was significant, 

Figure 5.1 Experimental setup of quantification of discharged conidia (a) and infection bioassays 
with Pandora sp. nov. beads (b). 
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the Greenhouse–Geisser adjustment was used to correct for violations of sphericity. The level of 

significance was set to p < 0.05. 

The statistical analyses of infection bioassays were run in R (Version°1.2.5033; RStudio Team 2019) 

and figures were generated using “ggplot2” (Wickham et al., 2019) and “survminer” (Kassambara et al., 

2017) packages for time-to-event curves. Analysis of time-to-event data (event: death) for censored 

data according to Kaplan-Meier method (Jager et al., 2008) was performed using the survfit function of 

the “survival” package (Therneau & Lumley, 2009). The median survival time and the cumulative 

mortality [%] ± standard error (SE) as 100% minus the cumulative survival [%] at the end of the 

experiment (day 10) were calculated after Jager (2008). A violation of the proportional hazard 

assumption occurred visibly in the crossing of survival curves in each infection bioassay. Hence, in order 

to assess treatment effects, parametric models with different parametric distributions (exponential, 

weibull, loglogistic) were fitted using the survreg function of the “survival” package (Therneau & Lumley, 

2009) and compared according to Akaike information criterions (AIC). The parametric models were 

simplified by removal of non-significant interactions and terms (p > 0.05) using the step function and the 

best model identified. Multiple pairwise comparison between effects of psyllid species and treatments 

were performed with estimated marginal means and 95 % confidence intervals with the function 

emmeans from “emmeans” package (Lenth et al., 2018) and p-value adjustment by the method of Tukey 

(Supplementary table 1 and 2). Significance levels were set to p < 0.05. The conidia production of the 

beads (conidia number ± SE) under infection bioassay conditions were compared by 

Kruskal and Wallis one-way analysis of variance by ranks and Dunn's-test for multiple comparisons with 

one treatment (Sm4 = Pandora10) with p-value adjustment after the Bonferroni method using the 

“PMCMRplus” package (Pohlert, 2020). 

Results 

Effect of nutrients on duration and intensity of sporulation 

Pandora sp. nov. was able to grow and sporulate after encapsulation within calcium alginate beads, as 

illustrated in Figure 5.2. 

 

Figure 5.2 Pandora sp. nov. growing from calcium alginate beads after 6 days of incubation on water agar plates 
(A). Conidiophores are observable on the bead surface within the first 24 h (B). Actively discharged conidia from 
encapsulated Pandora sp. nov. (C). 
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The number of conidia discharged from the beads was significantly affected by the formulation additives 

(F2,177 = 986.751; p < 0.001), the time (F6.946, 1229.449 = 757.302; p < 0.001) and the interaction of 

formulation additives and time (F13.892, 1229.449 = 184,022; p < 0.001). Within the first 24 h, only a few 

conidia were discharged from all beads (Figure 5.3). Sporulation from starch beads increased distinctly 

at day 2 of incubation and reached a plateau with a maximum of 6.59 x 105 (± 1.94 x 105) conidia per 

bead and at day 3 followed by a constant regression in conidia numbers. Sporulation from Sm4 beads 

increased rapidly up to 2.1 x 106 (± 3.73 x 105) conidia per bead and reached a single peak sporulation 

event at day 4 after bead preparation. After 12 days, only a few conidia were discharged from all bead 

variations compared to conidia numbers during peak sporulation within the first 6 days after bead 

preparation. 

 

Figure 5.3 Duration and intensity of conidial discharge by Pandora sp. nov. from different beads within the first 12 
days after bead preparation. Different letters in the legend indicate significant differences according to RM-ANOVA 
with Games-Howell post hoc test at p < 0.05. Means ± SD, n = 5. 

By the addition of skimmed milk (4%; w/w), the total number of conidia discharged from the beads (9.57 

x 106) was significantly increased by 2.95-fold compared to starch beads (3.25 x 106) (Χ2 = 12.500; df = 

2; p < 0.001; Bonferroni). 

From the beads containing chitin (2%; w/w) and skimmed milk (2%; w/w) there was only a slight but not 

significant increase of total conidia numbers (5.30 x 106) by 1.63-fold compared to beads without 

nutritional additives (p = 0.231; Bonferroni), but much less than beads containing skimmed milk (p < 

0.001). 

Effect of Pandora sp. nov. concentration in beads on sporulation 

The Pandora sp. nov. concentration within the beads significantly affected the number of discharged 

conidia (Χ2 = 77.640; df = 2; p < 0.05; Kruskall-Wallis; Figure 5.4). Significantly more conidia were 

discharged from beads containing 20% Pandora sp. nov.  to beads with 10% or 40% (F2,177 = 56,745; p 

< 0.0001; Games-Howell). There was a significant difference between beads with a Pandora sp. nov. 

concentration of 10% and 40% (p = 0.037; Games-Howell). 
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Figure 5.4 Effect of Pandora. sp. nov. concentration in beads on conidial discharge during day 4 after bead 
preparation. Different letters above bars indicate significant differences based on Kruskal-Wallis and Games-Howell 
post-hoc range test at p < 0.05. Means ± SD, n = 5. 

Infection bioassay for evaluation of pathogenicity of formulated Pandora sp. 

nov. on Cacopsylla picta and Cacopsylla pyri 

Sm2Chi2 beads produced significantly more conidia (3x104 ± 7x103 conidia) than Sm4 beads 

(1x104 ± 1x103) during the 24 h exposure time (Χ2 = 7.43, df = 1, p = 0.006; Kruskal-Wallis). Beads 

without Pandora sp. nov. did not produce any conidia. 

Psyllids were exposed to the beads during peak sporulation at day four (see Figure 5.3 – duration Sm4). 

Treatment (Χ2 = 43.30, df = 3, p < 0.0001; survreg) and insect species (Χ2 = 14.24, df = 1, p = 0.0002; 

survreg) had highly significant effects for the survival of C. pyri and C. picta (Supplementary table 1). 

For both species, treatments with Pandora sp. nov. beads (Sm4, Sm2Chi2) significantly reduced the 

survival time compared to beads without fungus (Blank) or no beads (Control) (Figure 5.5). For the Sm4 

formulation, the pear psyllid C. pyri had a significantly decreased mean survival time (6.5 ± 0.7 d) 

compared to C. picta (9.5 ± 0 d, Figure 5.5).  

 

Figure 5.5 Survival [%] for psyllids a) C. picta (n = 48/treatment and b) C. pyri (n = 48/treatment) 10 days after 
exposure to beads containing Pandora sp. nov. visualized by Kaplan–Meier curves. The dashed black lines indicate 
the median survival time. Individuals which escaped or died due to handling mishaps were marked as censored 
events, indicated by tick marks on the Kaplan-Meier curve (Jager et al., 2008). 
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Infection bioassay for evaluation of dose-response effects against C. pyri 

The proportion of Pandora sp. nov. in beads had a significant effect on mean numbers of conidia 

produced (Χ2 = 33.04, df = 4, p < 0.0001; Kruskal-Wallis). Pandora20 beads produced 4x104 ± 2x103 

conidia. This was significantly more (z = 3.49, p = 0.001; Dunn-Bonferroni) than for Pandora40 beads 

that produced 3x103 ± 5x102 conidia). Both Pandora20 and Pandora40 beads produced significantly 

more conidia than Pandora10 beads (z = 2.39, p = 0.03; Dunn-Bonferroni), that produced 1x104 ± 2x103 

conidia. Beads without Pandora sp. nov. material did not produce any conidia. 

 

Figure 5.6 Survival [%] for pear psyllid C. pyri (n = 30/treatment) 10 days past inoculation visualized by Kaplan–
Meier curves. The dashed black lines indicate the median survival time. Individuals which escaped or died due to 
handling mishaps were marked as censored events, indicated by tick marks on the Kaplan-Meier curve (Jager et 
al., 2008). 

Treatment with distinct bead formulations with varying Pandora sp. nov. concentrations had a highly 

significant effect on the mean survival time of C. pyri (Χ2 = 31.25, df = 4, p < 0.0001; survreg; 

Supplementary table 2). The survival time of C. pyri treated with Pandora20 and Pandora10 beads was 

significantly reduced in comparison to C. pyri treated with Control or Blank beads (Figure 5.6). The 

cumulative mortality for pear psyllids C. pyri treated with Pandora sp. nov. beads showed up to 89% 

(± 6) mortality. For insects exposed to beads containing Pandora sp. nov., the median survival time was 

reached between 5-6 days or 8 days after inoculation with Pandora20 and Pandora10 or Pandora40 

beads, respectively (Figure 5.6). Since the cumulative mortality did not reach 50% for C. pyri without 

fungal exposure (Control, Blank) the median survival time could not be determined for these treatments. 

Even though a natural cumulative mortality up to about 42% (± 9) was observed within 10 days, C. pyri 

cadavers without fungal exposure (Control, Blank) did not show post-mortem signs of Pandora sp. nov. 

infection. 

Discussion 

Several studies on conidial discharge in Entomophthorales have reported a rapid increase of conidia 

numbers discharged from infected cadavers and fresh or dried mycelial mat preparations as well, with 

a peak occurring within the first 2 days after death of the host insect followed by a fast decrease and 
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cessation of sporulation within only 3 days (Aoki 1981; Kalsbeek et al., 2001; Wraight et al., 2003; Li et 

al., 2006; Olsen et al., 2019). After encapsulation of Pandora sp. nov., a sporulation peak occurred at 

day 4 after bead preparation and conidial discharge was observable for at least 12 days. This is much 

longer, compared to the report on the same fungus by Olsen et al. (2019), who observed a single peak 

sporulation event <50 h and a maximal sporulation duration of 125 h using mycelia mats grown on solid 

culture media, transferred to wet filter-paper and incubated under similar temperature and humidity 

conditions. Moreover, in the present study the total number of discharged conidia increased by the 

addition of skimmed milk as nutritional additive compared to beads without nutritional additives. This is 

in accordance with the observation of Shah et al. (1999), who increased conidial discharge by 

P. neoaphidis encapsulated in alginate beads by addition of milk based nutrients. There are several 

other reports on the positive effects of formulation on sporulation capacity and infection potential of other 

entomophthoralean fungi, especially in comparison to the sporulation capacity of infected cadavers (Hua 

& Feng, 2003; Zhou & Feng, 2010; Zhou et al., 2014). Compared to these studies, the total number of 

9.57 x 106 conidia discharged by formulated Pandora sp. nov. per bead is even higher. Thus, the 

formulation within calcium alginate beads had at least two beneficial effects: (1) Prolonged sporulation 

duration and (2) Increased conidia production due to nutrient addition. After peak sporulation, conidia 

numbers decreased rapidly but since it was reported that 50 conidia of P. neoaphidis per m3 air are 

sufficient to cause an epizootic in the field (Coremans, 1976; Latgé et al., 1983) the beads may still 

remain infective after peak sporulation. Our results indicate that formulation possess a promising option 

to overcome the well-known problem of the Entomophthorales of very short sporulation capacities 

observable from cadavers. 

In the infection bioassays, summer apple psyllid Cacopsylla picta and pear psyllid C. pyri were 

successfully infected and killed by Pandora sp. nov. formulations. Moreover, a fast speed-to-kill was 

observed with a median survival time of only 5 to 6 days for pear psyllid C. pyri exposed to formulated 

Pandora sp. nov. In comparison, the screening of seventeen Hypocreales species or strains on Asian 

citrus psyllid Diaphorina citri Kuwayama (Hemiptera: Liviidae) revealed a median survival time of approx. 

6 to 10 days whereas for eight fungal species or strains the mortality rate did not even reach 50% within 

10 days (Ausique et al., 2017). In the same experiment, we hypothesized that chitin may serve as a 

virulence-enhancing formulation additive for improved infection efficiency of Pandora sp. nov. as 

reported for other entomopathogenic fungi (Gerding-Gonzalez et al., 2007; Charnley, 2003; Fang et al., 

2005). Previous experiments indicate that Pandora sp. nov. can metabolize chitin, as significantly more 

conidia were discharged from beads containing chitin compared to beads without this additive (p < 

0.001; Tukey post hoc test; Supplementary figure 5.1). Even though beads containing chitin in 

combination with skimmed milk produced higher amounts of conidia, there was no effect on mean 

survival time compared to the formulation without chitin for both tested psyllid species. 

In the second experiment, 20% appears to be an optimal Pandora sp. nov. concentration to obtain high 

conidia numbers. In comparison, formulations containing 40% Pandora sp. nov., however, produced 

significantly less conidia. This may be explained by (1) a faster metabolization of the nutrients due to 

more viable fungal cells or (2) self-metabolization of the fungus due to a lack of nutrients or (3) release 

of toxic components by the fungus e.g. ammonium or (4) a temporal shift of the peak sporulation and 

warrants further investigations. Moreover, it was found that a formulation containing 10% of Pandora sp. 
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nov. was sufficiently effective in killing C. pyri and C. picta., as neither 20% nor 40% Pandora sp. nov. 

concentrations were able to significantly reduce the mean survival times any further. Taken together 

with the results obtained in earlier studies on Pandora sp. nov.’s pathogenicity for four additional 

Cacopsylla sp. using mycelia mats (Jensen et al., 2018; Görg et al., 2021; Jensen, 2017; Herren, 2018), 

the findings indicate the high potential of our formulation (Sm4) for pest control strategies of several 

psyllid pest species of fruit crops. Noteworthy, in infection bioassays with pear psyllid C. pyri and 

summer apple psyllid C. picta, we found that there were significant differences in susceptibility to 

Pandora sp. nov. infections between the two psyllid species. The significantly reduced mean survival 

time as well as the higher cumulative mortality of pear psyllids C. pyri suggests a higher susceptibility 

of C. pyri in comparison to C. picta. This finding is especially interesting as the fungus was originally 

isolated from a Cacopsylla spp. on pear trees. However, the difference in virulence towards C. pyri and 

C. picta could also be due to the effect of frequently transferring Pandora sp. nov. through C. pyri as 

culture maintenance practice and not through C. picta. Nevertheless, the results of our bioassay are in 

accordance to another study, which reported that aphid species were more susceptible to infection by 

entomophthoralean fungi when the fungal inoculum originated from cadavers of the same species 

(conspecific) opposed to other aphid species (heterospecific) (Ben Fekih et al., 2019). Nonetheless, this 

finding may also be caused by the high variation in conidia produced of respective formulations in both 

studies. Given the high variance in conidia produced of beads within the same formulations here 

observed under infection bioassay conditions, we propose that this issue may be the starting point for 

further standardization and improvement of the formulation. Additional improvements should be aimed 

at objective conidia quantification. In the present study conidia were collected in SDS solution to prevent 

germination and eliminate the stickiness, however this method is labour-intense and subjective. As 

conidial discharge is one key parameter to evaluate the infection potential of an Entomophthorales 

formulation, automatized conidia quantification methods were recently developed by our group to further 

improve the comparability of conidia quantification (Muskat et al., 2021). 

Conclusion 

The results of this study provide a valuable basis for an urgently needed novel environmentally friendly 

and economically justifiable control approach for psyllids as agricultural pest insects. Nonetheless, 

experiments were carried out under laboratory conditions with fresh beads. It is well known that 

sporulation of fungi from Entomophthorales is strongly affected by temperature and humidity conditions. 

Ongoing experiments deal with drying and shelf life of the formulation as well as improved water 

retention to enable sporulation under non-saturated humidity conditions present in European fruit 

orchards. Further studies are needed to prove the potential of the developed formulation under field 

conditions in order to develop a commercial product. 
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Supplementary 

 

Supplementary figure 5.1. Conidial discharge by Pandora sp. nov. from beads containing different formulation 
additives at day 4 after bead preparation. All bead matrices based on 1.5% sodium alginate cross-linked in calcium 
chloride solution (0.1 M) and contain 100 g . L-1 Pandora sp. nov. biomass from shaking culture. Alginate = no 
additional additives; Starch = native maize starch (100 g . L-1); Chi4 = chitin from crab shells (ground; <400 µm; 40 
g . L-1); Sm4 = skimmed milk (40 g . L-1). Different letters above bars indicate significant differences based on one-
way ANOVA and Tukey post hoc test at p < 0.05 (means ± SD, n = 5). 
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Infection bioassay 1 

Supplementary table 1. Infection bioassay 1. Cumulative mortality (± SE) [%] and median survival time [d] of pear 
psyllid C. pyri and summer apple psyllid C. picta treated without (Control) or with sodium alginate beads (Blank), 
10% Pandora sp. nov. biomass and skimmed milk (Sm4) or 10% Pandora sp. nov. biomass and skimmed 
milk+chitin (Sm2Chi2) (10 dpi) are given. Furthermore, the influence of treatment or psyllid species as well as their 
interaction are described. Estimated marginal means (Emmean) for mean survival time (± SE) [d] and 
corresponding confidence intervals (CI) from the model are shown for significant factors. 

Treatment Species 

Kaplan-Meier-Estimates Parametric survival regression model§§§ 

Cumulative 

mortality ± 

SE [%] 

Median 

survival time 

[d] 

Emmean ± SE   Lower - upper CI 

Control 

C. pyri 27.1 ± 6.4 NA§ 13.0 ± 1.7 ab§§ 10.1 - 16.7 

C. picta 31.9 ± 7.1 NA 19.1 ± 2.6 cd 14.6 - 24.9 

Blank 

C. pyri 29.3 ± 6.6 NA 14.1 ± 1.9 ac 10.8 - 18.3 

C. picta 20.8 ± 5.9 NA 20.7 ± 2.9 bd 15.7 - 27.4 

Sm4  

C. pyri 75.0 ± 6.3 6 6.5 ± 0.7 e 5.3 - 7.9 

C. picta 48.3 ± 7.3 NA 9.5 ± 1.0 af 7.7 - 11.7 

Sm2Chi2 

C. pyri 58.3 ± 7.1 7 7.3 ± 0.8 ef 5.9 - 9.1 

C. picta 56.2 ± 7.2 10 10.8 ± 1.1 a 8.8 - 13.3 

§ Not available (NA) since cumulative mortality did not reach 50% within a period of 10 days.   
§§ Estimated marginal means followed by the same letter are not significantly different (P > 0.05).  
§§§ A parametric model with loglogistic distribution was used to analyze the effects of main factors and interactions 
on the mean survival of insects. Model statistics are presented for parametric model simplified by removing non-
significant factors due to AIC.  

Infection bioassay 2 

Supplementary table 2. Infection bioassay 2. Cumulative mortality (± SE) [%] and median survival time [d] of pear 
psyllid C. pyri treated without (Control) or with beads containing 0% (Blank), 10%, 20% or 40% Pandora sp. nov. 
biomass (10 dpi) are given. Estimated marginal means (emmean) for mean time (± SE) [d] and corresponding 
confidence intervals (CI) from the model are shown for significant factors. 

Treatment 

Kaplan-Meier-Estimates Parametric survival regression model§§§ 

Cumulative 

mortality ± 

SE [%] 

Median survival 

time [d] 
emmean ± SE lower - upper CI 

Control 36.7 ± 8.8 NA§ 11.9 ± 1.6 a§§ 9.1 - 15.6 

Blank 41.6 ± 9.2 NA 11.2 ± 1.5 ab 8.6 - 14.6 

Pandora10 71.4 ± 8.4 5.5 6.4 ± 0.8 c 5.1 - 8.2 

Pandora20 89.4 ± 5.8 5 5.3 ± 0.6 c 4.3 - 6.6 

Pandora40 75.5 ± 8.0 8 7.0 ± 0.8 bc 5.5 - 8.8 

§ Not available (NA) since cumulative mortality did not reach 50% within a period of 10 days.   
§§ Estimated marginal means followed by the same letter are not significantly different (P > 0.05). 
§§§ A parametric model with loglogistic distribution was used to analyze the effects of main factors and interactions 
on the mean survival of insects. Model statistics are presented for parametric model simplified by removing non-
significant factors due to AIC.   
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Abstract 

Entomophthoralean fungi have high potential for insect pest control due to their high host specificity and 

their fast speed-to-kill. However, due to low efficacy of hitherto existing formulations in field trials, no 

preparation based on these fungi has been established for practical use so far. Previous studies have 

shown that low water availability is the main limiting factor of conidial discharge and germination. In the 

present study, sporulation of the recently discovered psyllid-pathogenic entomophthoralean fungus 

Pandora sp. nov. inedit. (ARSEF 13372) was not observable under reduced water activity values 

(aW≤0.97). In order to support sporulation of encapsulated Pandora sp. under low humidity conditions in 

above-ground applications in field, a paste-type formulation containing bio-based superabsorbents was 

developed, which retained water for a prolonged time period. In co-application with the superabsorbent 

formulation, the otherwise fast-drying capsules were kept sufficiently moist for sporulation for at least 6 

days in laboratory trials at low humidity of 30-40%. Using the new formulation, conidial discharge was 

actually observed under very dry semi-field conditions in summertime, at which trapped conidia numbers 

correlated with the distance from sporulating capsules, and were ascertained up to 40 cm distance to 

the sporulation source. Since water availability is a limiting factor for many fungal biocontrol agents, the 

developed formulation has the potential to improve their efficacy. 

Keywords: Entomophthorales, Encapsulation, Biological control, Entomopathogenic fungi, Virulence, 

Psyllid control, Water activity 
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Graphical abstract 

 

Introduction 

Entomophthoralean fungi have a high potential for insect pest control due to their high host specificity, 

their fast speed-to-kill and the ability to cause epizootics (Eilenberg and Michelsen 1999; Keller 2007; 

Pell et al., 2001; Jaques and Patterson 1962; Vega et al., 2012; Eilenberg et al., 2019). Despite their 

potential, no Entomophthorales-based bioinsecticide has been established and commercialized for 

practical use so far, due to low efficacy in field trials. Previous studies have shown that dissatisfactory 

water availability of to date existing formulations under field conditions is the main limiting factor of 

conidial discharge and germination of a plenty of entomophthoralean species and the main important 

reason for failure in the field (Delalibera Jr et al., 2006; Hajek et al., 1990). Since conidia are the infective 

units of these fungi, efficient sporulation is obligatory for successful application of an entomophthoralean 

fungus in pest control strategies. For some Entomophthorales, germination only occurs in presence of 

free water (Shimazu, 1977, Hajek et al., 1990) or at least under humidity conditions between 90 and 

100% RH (Hall and Papierok, 1982; Glare et al., 1986; Newman and Carner, 1975).  

A new entomophthoralean fungus with potential for the control of psyllids, Pandora sp. nov. inedit 

(ARSEF 13372), was isolated from an infected psyllid collected in a Danish pear orchard by Jensen et 

al. (2018) and is currently under description as a new species. In previous studies, the pathogenicity of 

Pandora sp. nov. has already been demonstrated for several psyllid species such as Cacopsylla pyri, 

C. pyricola, C. picta, C. mali, C. pruni and Trioza apicalis under laboratory conditions (Jensen 2017; 

Jensen et al., 2018; Herren, 2018; Görg et al., 2021). As the mass-production of fungal biomass is 

essential for providing inoculant in a sufficient quantity for large scale field application (Shah and Pell, 

2003; Jaronski, 2014), a suitable fermentation medium and process with potential for mass-production 

of Pandora sp. was established by Muskat et al. (2022a). The conversion of Pandora into an easily 

applicable form was realized by encapsulation of hyphal biomass in Ca-alginate capsules additionally 

providing nutrients for improved sporulation capacity. With this formulation, the two target psyllid species 

C. picta and C. pyri were successfully infected by Pandora sp. and killed with a mortality up to 89% 

(Muskat et al., 2022b). Nonetheless, experiments were carried out under optimal humidity conditions in 

the laboratory. The actual moisture conditions required for growth and sporulation of the new species 

Pandora sp. nov. inedit. (ARSEF 13372) are not known, but suggested to be very high, as for other 

entomophthoralean species. The overall aim of this study was the development and evaluation of a 

formulation that compensates for the specific humidity requirements of the encapsulated 
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entomopathogenic fungus Pandora sp. nov. (ARSEF13372) and supports sporulation under low 

humidity conditions as faced in above-ground applications. 

The specific objectives of this study were (1) to identify the water activity values necessary for growth 

and sporulation of Pandora sp. nov., (2) to demonstrate a formulation that maintains a sufficiently high 

water activity under non-saturated humidity conditions that allows sporulation of Pandora sp. nov. (3) to 

validate the potential of the formulation for improved sporulation under semi-field conditions and (4) 

evaluate the distance of conidial distribution in a semi-field trial. 

Materials & Methods 

Chemicals 

Chemicals used in this study were acquired either from Carl Roth GmbH (Karlsruhe, Germany) or VWR 

International GmbH (Darmstadt, Germany). Carboxymethylcellulose was purchased from Dow (Dow 

Chemical Company, Midland, MI, USA) and Xanthan gum from DuPont (Du Pont de Nemours GmbH, 

Neu-Isenburg, Germany). Concentrations are given as (w/w), unless otherwise stated. 

Fungal isolate 

The Pandora isolate used in this study originated from an infected Cacopsylla pyri specimen collected 

in a Danish pear orchard (55°50'24.3"N 12°33'46.5"E) by Jensen (2017) and was named KVL 16-44. 

The strain is deposited in the USDA Agricultural Research Service Collection of Entomopathogenic 

Fungal Cultures (Ithaca, NY) as ARSEF 13372. The fungus is under description (inedit.) and will here 

be referred to as Pandora sp. nov. 

Cultivation of Pandora sp. nov. 

Pandora sp. nov. was grown on solid medium adapted from Hajek et al. (2012) composed of 4.0% 

glucose, 2.0% casein and 2.0% agar (Saboraud Dextrose Agar (SDA)) supplemented with 20% of a 

mixture of 60% egg yolk and 40% fresh skimmed milk (SDAME) on Petri dishes (diameter 90 mm) 

sealed with Parafilm® and incubated at 18 °C in the dark. To prevent the loss of virulence, the fungus 

was frequently transferred through the host insect C. pyri. 

Submerged cultures of Pandora sp. nov. were grown following Muskat et al. (2022a) in 100 ml liquid 

medium in 250 ml shake flasks with four baffles. Briefly, the pre-culture was composed of fresh skimmed 

milk (10%; w/w), in which the fungus grew for 48 hours at 18 °C and 170 rpm and an amplitude of 20 

mm (IKA KS 4000 ic control, Staufen, Germany). The main culture, which was inoculated by 10% (v/v) 

of the pre-culture and was composed of glucose (26.6 g . L-1), sodium chloride (NaCl; 10 g . L-1), yeast 

extract (3.33 g . L-1), skimmed milk powder (HEIRLER CENOVIS GMBH, Radolfzell, Germany; 3.33 g . 

L-1) and a low-cost protein hydrolysate from animal by-products (ANiPept, ANiMOX GmbH, Berlin, 

Germany, batch No. 1176; 3.33 g . L-1), in which the culture was grown for further 48 h at the same 

conditions as the pre-culture. All media components were dissolved in ultrapure water and separately 

autoclaved for 6 min at 121 °C and 2 bar. 

Preparation of capsules 

All experimental steps were carried out under sterile conditions and all solutions and components were 

autoclaved for 6 min at 121 °C and 2 bar, unless otherwise stated. Composition and preparation of 

capsules were adapted from Muskat et al. (2022b). Briefly, finely dispersed hyphae of Pandora sp. nov. 



Chapter 6 

161 

were collected from liquid culture by centrifugation (4700 g; 15 min; 18 °C). Sodium alginate was 

dissolved in ultrapure water to a final concentration of 3.0% and autoclaved for 6 min at 121 °C. The 

encapsulation suspension was composed of sodium alginate (Manugel GMB, FMC Corporation, PA, 

USA, batch No. G7708901; 1.5%, w/w), heat-sterilized native corn starch (Maisita, Agrana Beteiligungs-

AG, Vienna, Austria; 10%) pre-dissolved skimmed milk powder (4%, w/w) and hyphal material of 

Pandora sp. nov. (10%). For capsule formation, the solution was dripped into a stirred (250 rpm) calcium 

chloride solution (0.1 M) by using a syringe with a cannula (diameter 2.1 × 0.8 mm, Sterican, B. Braun 

AG, Melsungen, Germany). Capsules were kept in the solution under stirring for 20 min and were 

subsequently washed with ultrapure water for 1 min. 

Preparation of the water retaining paste formulation 

Candelilla wax (CLW; Kahlwax GmbH & Co. KG, Trittau, Germany; batch code: 10-1185; 1.5% w/w) 

was mixed with sesame oil (from the local organic supermarket) and maintained under stirring at 100 

°C for 20 min for sterilization. Carboxymethylcellulose (WALOCEL CRT 60000 GA 07, Dow Chemicals, 

Batch code: F294H89011, MW: 60000; CMC) was heat-sterilized at 100 °C overnight in an oven. CMC 

was added to the hot wax oil mixture at a ratio of 1:1 and dispersed by a spatula while cooling the 

mixture to room temperature for solidification. Xanthan gum (GRINDSTED® Xanthan 80, A45100, Du 

Pont, Neu-Isenburg, Germany; batch code: 4453438167; 2%; w/w) was dispersed in ultra-pure water 

and autoclaved at 121 °C and 2 bar for 21 min. 0.5 g of the oil-wax-CMC mixture was spread over the 

bottom of a Petri dish (Ø = 35 mm) by aid of a spatula and overlayered by 7.5 g of the xanthan gum gel. 

The Petri dishes were closed with the Petri dish lid, sealed with Parafilm® and maintained at 5 °C in the 

fridge for at least 24 h and stored there until use. 

Determination of water activity 

The water activity (aW value) of the modified media was determined using a water activity meter 

(LabMASTER-aw, Novasina AG, Lachen, Switzerland) at 25 °C. 

Effect of water activity on mycelial growth and sporulation of Pandora sp. nov. 

In order to examine the water activity demands of Pandora sp. nov. for growth and sporulation, a basic 

solid culture medium, composed of 4.0% glucose, 2.0% casein and 2.0% agar (Saboraud Dextrose Agar 

(SDA)) supplemented with 10% fresh skimmed milk (SDAM) or water agar (2%; w/w) was modified by 

addition of glycerol following the method of Hallsworth & Magan (1999). Therefore, 0%/10%/20%/30% 

(w/w) of the water content of the medium was replaced by glycerol. The aW value of the medium and the 

water agar was 0.98/0.99 (0%), 0.96/0.97 (10%), 0.93/0.95 (20%), 0.89/0.91 (30%) (medium/water 

agar). To determine the effect of water activity on mycelial growth, pieces of mycelium (0.5 cm2) were 

placed in the middle of the culture medium (SDAM). Radial mycelium growth was determined daily in 

two perpendicular directions.  

For determination of the water activity effect on sporulation, one capsule per dish, prepared as described 

above, was placed in the center of glycerol modified water agar plates. The discharged conidia were 

collected according to the method described in Muskat et al. (2022b). Briefly, the plates with the 

capsules were invented and placed above a smaller Petri dish (10 mm) filled with 3 ml SDS (0.5%) and 

incubated at 18 °C for in the darkness for 12 days, as sporulation of Pandora sp. nov. is then almost 

complete (Muskat et al., 2022b). Conidia were quantified in a Fuchs-Rosenthal hemocytometer with 6 

replicates per sample.  
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Sporulation experiments under non-saturated humidity conditions in the laboratory 

For determination of sporulation, one capsule per dish was placed on the surface in the center of each 

paste filled in the Petri dishes. Capsules without the paste were fixed with a drop of pure xanthan gel 

(2%) on the Petri dish bottom. The dishes were fixed at a height of 3 cm above Petri dishes (Ø = 35 

mm) filled with SDS for collection of conidia (Figure 6.1). The formulations were incubated at 30-40% 

room humidity and 21-24 °C for 12 days. Room humidity and temperature was recorded with a 

datalogger (EBI 20-TH 1, Ebro ElectronicTM, Xylem Analytics Germany Sales GmbH & Co. KG, 

Weilheim, Germany) throughout the experiment. The SDS was replaced every 24 h. The collected 

conidia were quantified in a Fuchs-Rosenthal hemocytometer with 6 replicates per sample. 

 

Figure 6.1. Experimental set-up of the sporulation experiment under non-saturated humidity conditions. Pandora 
capsules were fixed in Petri dishes without (left) or with the paste formulation (right) above a SDS solution for 
conidia collection and were incubated at 30 – 40% room humidity and 22 – 24 °C for 12 days. 

Semi-field sporulation trial  

For testing the effect of the superabsorbent paste on fungal sporulation under field conditions, semi-

field trials have been conducted. Two 175 x 175 x 175 cm net cages (Aerarium Nets, Bern, Switzerland) 

with sun and rain shelters were built on experimental field at the Julius Kühn-Institut (Dossenheim, 

Germany). One potted pear tree (Pyrus communis L. cv. ‘Williams Christ’ grown on cv. P. communis 

‘Kirchensaller Mostbirne’ rootstock) was placed in each net cage. Before starting the experiment, the 

capsules were pre-incubated on the water retaining paste formulation in Petri dishes (Ø = 35 mm) for 

three days. The dishes containing the paste formulation and the pre-incubated capsules were fixed to 

the top of the potted pear tree with the dish opening facing downwards. Five petri dishes were fixed to 

each tree, considering in each case the different cardinal directions. To determine sporulation, glass 

slides (Thermo Scientific, Braunschweig, Germany) were placed at regular intervals of 5, 20, and 40 cm 

from each sporulation source (Fig. 6.5A). The experiment was conducted in warm September 2020. 

Humidity and temperature were recorded with data loggers (DS1923-F5, Hygrochron Temp/Luftfeuchte, 

Elektronik Fuchs, Weingarten, Germany) throughout the experiment. After 72 hours, the glass slides 

were recollected. The conidia attached to slides were scanned and counted with a digital microscope 

(VHX 7000, Keyence ® Deutschland, Neu-Isenburg, Germany). 

Statistical analysis 

Statistical analysis of mycelial growth and sporulation of Pandora sp. nov. was carried out using the 

software SPSS Statistics V25.0 (SPSS, Chicago, IL). All data are given as mean values ± standard 

deviations (SD). Data for conidial discharge were checked for normality and homogeneity of variance 

using Shapiro–Wilk and Levene test. Mean numbers of discharged conidia were tested for significant 
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differences by one-way ANOVA followed by a Tukey post hoc range test and Bonferroni correction. If 

the criteria for variance homogeny and normal distribution were not met, data have been calculated by 

nonparametric Kruskal-Wallis test followed by Bonferroni for multiple comparisons with one treatment. 

The number of discharged conidia over time was compared with a repeated measures ANOVA, with 

time and treatment as independent variables. The sphaericity of the matrix assumption was assessed 

with the Mauchly sphericity test. If the outcome of the test was significant, the Greenhouse–Geisser 

adjustment was used to correct for violations of sphericity. The level of significance was set to p < 0.05. 

All experiments were carried out with at least 5 replicates. 

Results 

Effect of water activity on mycelial growth and sporulation of Pandora sp. nov. 

Water activity (aW) of the medium had a significant effect on growth speed of Pandora sp. nov. over time 

(F5,15=303,13; p<0.001; Greenhouse-Geisser), as shown in Figure 6.2. Water activity itself had a 

significant effect on mycelial growth (F3,76 = 933,046; p<0.001; Bonferroni). Mycelial growth was slower 

at aW=0.96 compared to aW=0.98, and totally suppressed at aW≤0.93. 

As shown in Figure 6.3A, also sporulation from capsules was significantly affected by water activity 

(Chi2 = 102,790; df = 3; p<0.05; Bonferroni). At an aW value of 0.99, 4.36 x 106 (±9.35 x 105; n=5) conidia 

were discharged per capsule during 12 days experimental time, which was significantly more than at all 

other water activities (p<0.001). Under these saturated conditions, sporulation and growth of Pandora 

sp. nov. from the capsules was clearly visible (Figure 6.3B). At a marginally reduced water activity of 

0.97, only a few and less than 1.25 x 104 (±2.4 x 104
; n=5) conidia per capsule were discharged, but 

mycelial growth from the capsules was observable (Figure 6.3C). At water activity values ≤0.95, neither 

conidial discharge (Figure 6.3A, nor mycelial growth was noticeable (Figure 6.3D). 

 

Figure 6.2. Effect of water activity on radial mycelial growth during 12 days. Different letters in the legend indicate 
significant differences according to RM-ANOVA followed by a Greenhouse-Geisser post-hoc test at p < 0.05. Means 
± SD, n = 5. 
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Figure 6.3 Effect of water activity (aW) on total conidia numbers released by encapsulated Pandora sp. nov. during 
12 days of incubation. Pictures of the capsules after 4 days of incubation at aW 0.99 (B), aW 0.97 (C) and aW ≤ 
0.95 (D). Different letters above bars indicate significant differences according to Kruskall-Wallis followed by 
Bonferroni post-hoc test (p < 0.05). Means ± SD, n = 5. 

Sporulation of Pandora sp. nov. under non-saturated humidity conditions 

Co-application of the capsules with the paste formulation supported growth and sporulation of 

encapsulated Pandora sp. nov. under non-saturated humidity conditions in the laboratory for 7 days at 

a room humidity between 30 and 40 % (Figure 6.4). Compared to raw capsules, which dried under the 

present conditions and did not release any conidia, significantly more conidia were discharged by 

encapsulated Pandora sp. nov. when co-applied with the paste formulation (F1,58 = 734,951; p<0.001; 

Games-Howell). 

A peak sporulation event was observable at day 4 with the highest conidial numbers of 6.96 x 105 

(±3.08 x 105) conidia/capsule on day 4. The total number of conidia released from the capsules during 

the 7 days within sporulation was detectable was 1.79 x 107 (±3.21 x 106). 
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Figure 6.4 Sporulation of Pandora sp. nov. from capsules (C) and from capsules co-applied with a biobased 
superabsorbent past-type formulation (C+P) under non-saturated humidity conditions (30–40% RH) within 9 days. 
Different letters in the legend indicate significant differences according to RM-ANOVA and Games-Howell correction 
at p < 0.01. Means ± SD, n = 5. 

Sporulation under semi-field conditions 

In the semi-field trial conducted in September 2020, capsules co-applied with the water retaining paste 

formulation were fixed at the top of pear trees. Mean temperature during the experiment was 19.5 °C 

(min 11 °C; max 28 °C) and mean humidity was 64% (min 32%; max 100%). 

Pandora sp. nov. was able to sporulate under these application conditions. Sporulation was determined 

by collection of conidia on glass slides fixed at 5, 20 and 40 cm distance from the sporulation source. 

Most conidia of Pandora sp. nov. were collected at the lowest distance, but conidia were observable on 

all glass slides. The results from two tents are shown in Figure 6.5B. At the lowest distance of 5 cm, 

2730 (±566) conidia per cm2 were counted. At 20 cm distance 362 (±85) conidia per cm2 were found 

and at 40 cm distance 90 (±16) condia/cm2 were counted. 

 

Figure 6.5 A: Experimental set-up of the semi-field trial. The Petri dish containing 20 Pandora capsules and the 
water retaining paste formulation were fixed at the top of a pear tree. Glass slides were fixed below at different 
distances to the Petri dish for conidia collection. B: Number of conidia collected on the glass slides fixed at different 
distances from the Petri dish containing the paste and the Pandora capsules as sporulation source during 72 h. 
Mean of two different tents + SD. n = 2. 
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Discussion 

Water activity (aW) effect on growth and sporulation 

Several studies on entomophthoralean sporulation have reported that sporulation is associated with 

high humidity conditions and often occurs during night time when relative humidity (RH) and leaf wetness 

is high enough (Hemmati et al., 2001 a; b; 2002; Milner & Bourne, 1982; Yu et al., 1995; Nielsen & 

Hajek, 2006). To be more precise, most entomophthoralean species have shown conidial discharge 

only when RH was higher than 90% (Glare et al., 1986). The individual humidity needed for growth and 

sporulation depends on the entomophthoralean genus and species: sporulation by Entomophthora 

aphidis and E. thaxteriana is only possible at >90% RH (Wilding, 1969), by Neozygites tanajoae at >96% 

RH (Delalibera Jr et al., 2006) and for Erynia sp. (=Pandora sp.) at >91% RH (Millstein et al., 1982). 

Only a few Entomophthorales were found to be capable to sporulate at humidities below 90%, such as 

Entomophaga maimaiga (Hajek et al., 1990) and Entomophthora muscae (Kramer, 1980). In general, 

also in these species, lower humidity conditions lead to depressions in growth, sporulation, and 

germination of spores or formation of appressoria (Magalhães et al., 1991). However, the specific water 

activity (aW) value needed for growth and sporulation of Pandora sp. nov. inedit. (ARSEF 13372) was 

not yet known. To the best of our knowledge, the effect of reduced water activity on mycelial growth on 

solid media and on sporulation from Ca-alginate capsules had not been reported for any Pandora 

species, and definitely not for the psyllid-pathogenic species used in the present study. 

In order to compare the results from the listed studies with those from the present one, where the water 

activity value was investigated instead of RH, the comparability needs to be explained: the definition of 

aW is aW = psample/pwater, where psample is the partial vapor pressure in equilibrium with the tested material 

or solution and pwater is the partial vapor pressure of pure water at the same temperature. In the present 

study, glycerol was selected as aW modifier, as it is known for its aW stability under different temperatures 

(Hallsworth & Magan, 1999). The relative humidity of air in equilibrium with a material or solution is also 

called the Equilibrium Relative Humidity (ERH) expressed in %. It is equal to water activity according to 

ERH = aW x 100%. Therefore, the results from studies investigating RH are comparable to the present 

study investigating aW.  

In the present study it was found that efficient sporulation by Pandora sp. nov. was only possible when 

aW value was 0.99, but mycelial growth was possible under reduced aW of 0.97 from capsules, but not 

observable at 0.94. Our results are similar to those made by Glare et al. (1986) who found that 

Zoophthora phalloides was able to grow from Myzus persicae cadavers at 98% RH, but no more at 94% 

and sporulation was only possible at saturated humidity conditions (100%). This can be explained by 

the active mode of conidial discharge of Pandora and other Entomophthorales. Page & Humber (1973) 

discussed that medium osmotic pressure of the environment directly affects the conidiophore´s and the 

spore’s turgor pressure, which is needed, as described for the case of Conidiobolus coronatus and other 

fungi for spore discharge and germination (Inglis et al., 2001; Webster & Weber, 2007). Thus, in some 

species such as Condiobolus sp., Zoophthora and Pandora, free water is needed for the generation of 

a high turgor pressure in the conidiophores, which is required for the ballistic spread of the conidia (Latgé 

et al., 1989). 



Chapter 6 

167 

Sporulation of Pandora sp. nov. by co-application with the paste formulation in the laboratory 

In biological control strategies, efficient sporulation of the entomopathogenic fungus is required 

simultaneously with target insect abundancy. Moreover, very short viability and infectivity of the 

discharged conidia is suggested (Yendol, 1968; Brobyn et al., 1985; 1987; Carruthers et al., 1988; Hajek 

et al., 1990; Uziel & Kenneth, 1991; Griggs et al., 1999). Relying on nocturnal sporulation with sufficient 

ambient humidity, which may be sufficient for the natural maintenance of the species, is not an option 

for controlling the target insect. Therefore, persistence and sustainability of sporulation is required to 

thoroughly provide viable conidia when the target insect is present. 

Few attempts have been made addressing the humidity problem of the Entomophthorales. Pell et al. 

(1993) designed a trap for co-application of Zoophthora radicans with attracting semiochemicals in order 

to realize an attract-and-kill strategy for the control of Plutella xylostella. Sufficient moisture remained 

high within the trap in order to enable efficient sporulation of the fungus by a wick connected to a water 

reservoir placed in the central arena of the trap. Another more practical option for technical application 

is the use of formulated entomopathogenic fungi: Zhou et al. (2009) developed a granular broomcorn 

millet formulation supplemented with synthetic polyacrylate superabsorbent polymers for improved 

sporulation capacity of Pandora nouryi under non-saturated humidity conditions. Unfortunately, solid 

state fermentation was required and polyacryl derivatives of synthetic origin were used, which are 

manufactured in a toxic preparation process and are hardly biodegradable and hence are not approved 

for organic agriculture. 

A more environmentally friendly alternative to non-biodegradable polyacryl-based materials are 

biobased polymers with a high water sorption capacity (Chen et al., 2022). Derivatives of starch or 

cellulose have gained attention in recent years for different agricultural applications, in particular for 

improved water capacity of soil (Demitri et al., 2013). The paste-type formulation tested in the present 

study containing cellulose and xanthan as polymers of high water sorption capacity is biodegradable. 

Moreover, these biopolymers are registered for pesticide applications even in organic agriculture 

(Speiser et al., 2022). 

The biopolymer-based paste formulation provides a water activity value of 0.99–1.0 to the co-applied 

capsules, which was found to be sufficiently high for sporulation of Pandora sp. nov. By co-application, 

sporulation under non-saturated humidity conditions of 30-40% RH was enabled for at least 6 days. A 

peak sporulation event, typical for Pandora sporulation (Muskat et al., 2022b) was observable from the 

capsules co-applied with the paste under reduced RH. 

Furthermore, the results are similar to a previous study by Muskat et al. (2022b), where a sporulation 

peak on day 4 was also observable for the same encapsulated fungus, where the experiments were 

conducted under saturated humidity conditions. Moreover, the total number of discharged conidia under 

non-saturated humidity conditions of 30-40% RH (1.79x107) during the 7 days of conidial discharge was 

as high as under saturated conditions, where 9.57x106 (±8.34x105) conidia/capsule were reported 

during the 12 days conidia were released from capsules of the same composition. Thus, the paste 

formulation is capable to compensate for unsuitable environmental humidity conditions by providing a 

satisfactory water activity to the encapsulated fungus and thereby enabling efficient sporulation.  
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However, the sporulation duration under non-saturated humidity conditions was shorter compared to 

the previous experiment, where some conidia were observable even on day 12, whereas sporulation in 

the present study was finished on day 7. This can be attributed to the drying of the paste. Experiments 

were carried out at a constant humidity regime of 30-40% RH. Under application conditions in the field, 

it is suggested that under alternating humidity conditions at the place of application in the field, the 

formulation will be rewetted during night time and thereby spend moisture for a prolonged period. 

As the surface of the paste formulation provides conditions similar to free water, it serves as an optimal 

medium to enable germination of primary conidia. This will further enable a prolongation of the 

sporulation from the co-formulant of Pandora capsules with the paste.  

In nature, even very short sporulation durations from cadavers of less than 3 days were almost sufficient 

to cause epizootics in insect populations (Aoki et al., 1981; Kalsbeek et al., 2001; Wraight et al., 2003; 

Li et al., 2006). Hence, the sporulation duration of 6 days observed even under constantly low humidity 

conditions (30–40% RH) should be effective for infection of the target insect and the initiation of an 

epizootic.  

Sporulation of Pandora sp. nov. under semi-field conditions 

The ability of an entomophthoralean fungus for sufficient sporulation simultaneously with the insect´s 

abundance at the place of application in the fruit tree is essential for infection. Moreover, also the 

distance of conidial discharge will affect the frequency and intensity of contact between the fungus and 

the target host insect. A wider distance of conidial discharge will encounter more insects and increase 

the ability to initiate epizootics (Six & Mullens, 1997). In nature, the Entomophthorales are known to 

induce the so called ´summit disease´ in their infected insect host, forcing the insect moving to high or 

exposed sites shortly before death (Roy et al., 2006; Elya et al., 2018). Due to the exposed position, the 

actively discharged spores spread over a large area. Those airborne conidia can further be transported 

by wind over long distances (Weseloh & Andreadis 1992; Dwyer et al., 1998; Hemmati et al., 2001a; b; 

Keller, 2007). Besides the humid microenvironment, the paste also has the benefit of a high adhesive 

performance and thus enables an overhead application. Thereby the formulation enabled fixation of the 

sporulation source at a high and exposed place in the plant, in order to simulate the natural death 

orientation and supports a sporulation of the fungus over a wide area by simulating the naturally 

occurring summit disease. 

As even under very dry conditions in the laboratory, conidia were released by encapsulated Pandora 

sp. nov. due to co-application with the water retaining paste formulation, it was not surprising that 

sporulation was also observable in the semi-field trial under alternating humidity conditions. 

Studies on the distance of conidia discharged are rare: Six & Mullens (1997) found the conidia of 

Entomophthora musca and E. schizophorae from Musca domestica cadavers are only discharged over 

a distance of 0 – 8.75 cm in a chamber under still air. Carruthers (1982) found a wider range up to 34 

cm when fly cadavers were fixed at a height of 50 cm in the field. The observations of Carruthers (1982) 

are similar to the present study, as even at a distance of 40 cm from the sporulation source, conidia 

were found. In view of the planned application of the fungus Pandora sp. nov. in psyllid pest control 

strategies in pear, apple and other fruit trees in middle Europe, the results are promising. In commercial 

apple and pear plantations, the trees that needs to be protected are of a mean height of 2 – 4 m. Thus, 
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when the fungus is able to release its conidia over a distance of at least 40 cm, the application of only 

a few capsule/paste formulations should be sufficient to cause infections in target insects. Nevertheless, 

the lethal dose of the fungus against different psyllid species needs to be determined. To improve the 

effectiveness of the formulation, it should be combined with an attractant in order to lure the target insect 

close to the formulation (attract-and-kill strategy), as in a low distance more conidia were counted.  

Conclusion 

As known for many entomopathogenous fungi applied as biocontrol agents, moist conditions are 

essential for effective use of fungi in microbial control against insects. Thus, in this study we 

demonstrated that sporulation by Pandora sp. nov. inedit. can be enabled under non-saturated humidity 

conditions by co-application with a specific water absorbing biobased polymer formulation. Our findings 

present for the first time a strategy of using biobased polymers of huge water absorbency to enable 

efficient sporulation of an Entomophthorales in the field. These promising results will pave the way for 

further developments. What should be addressed in the future is the scale-up of the formulation, 

selection of an appropriate application method the efficiency of the formulation in killing target insects. 
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Abstract 

The present work describes a new computer-assisted image analysis method for the rapid, simple, 

objective and reproducible quantification of actively discharged fungal spores which can serve as a 

manual for laboratories working in this context. The method can be used with conventional laboratory 

equipment by using bright field microscopes, standard scanners and the open-source software ImageJ. 

Compared to other conidia quantification methods by computer-assisted image analysis, the presented 

method bears a higher potential to be applied for large-scale sample quantities. The key to make 

quantification faster is the calculation of the linear relationship between the gray value and the 

automatically counted number of conidia that has only to be performed once in the beginning of analysis. 

Afterwards, the gray value is used as single parameter for quantification. The fast, easy and objective 

determination of sporulation capacity enables facilitated quality control of fungal formulations designed 

for biological pest control. 

Highlights 

 Rapid, simple, objective and reproducible quantification of fungal sporulation suitable for large-

scale sample quantities. 

 Requires conventional laboratory equipment and open-source software without technical or 

computational expertise. 

 The number of automatically counted conidia can be correlated with the gray value and after 

initial calculation of a linear fit, the gray value can be applied as single quantification parameter. 

Keywords: (Semi-)Automatic conidia counting, Computer-assisted sporulation quantification, 

Entomopathogenic fungi 
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Graphical abstract 

 

Introduction 

The formulation of living biocontrol agents as capsules improves their applicability, shelf life and 

storability and prolongs the sporulation duration after field application by serving as a "microfermenter" 

formulation (Przyklenk et al., 2017). When considering entomopathogenic fungi for use in biological 

control, one of the most important issues is a reliable method for quantification of virulent conidia formed 

by encapsulated fungal cells. 

Fungi of the order of Entomophthorales bear an exceptional high potential for biological insect pest 

control because of their narrow host range and fast speed-to-kill (Pell et al., 2001) and the genus 

Pandora contains several species with potential for biological control. Conidia, the asexual spores which 

are the infection units of these fungi, are actively discharged and dispersed into the environment. After 

landing, the conidia of Pandora sp. stick, by aid of mucoid substances and a partly detached cell wall, 

to surfaces like the host insect cuticle (Keller, 1991; Olsen et al., 2019). Although the role of this mucous 

layer is not yet completely clear, it makes classical collection and counting of the conidia using common 

surfactants like polysorbates, e.g. Tween 80, difficult or even impossible. 

A standardization of a novel observation method to determine the meaningful parameter of sporulation 

capacity of Pandora spp. is necessary to enable a routine quality control for biocontrol formulations 

containing living entomophthoralean fungal cells. 

Compared to manual counting of discharged conidia, which is a subjective and time-lasting procedure, 

automatized image analysis is quicker and can improve the comparability of results. Nielsen et al. (2001) 

developed a method for the characterization of conidial size and shape from microscopic images of the 

conidia of different Pandora species. Korsnes et al. (2016) accelerated counting of conidia from spore 
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trap samples by automatized detection and identification of conidia of Pandora neoaphidis. Bonner et 

al. (2003) established a semi-automatized method for the identification and counting of conidia of P. 

neoaphidis by selection of conidia based on the gray scale for shape recognition. These publications 

demonstrate that automatized detection and counting of fungal spores is a subject of relevance, with 

regards to biological control and also, it is relevant for understanding the biology of entomophthoralean 

fungi as well as other fungi. These published methods make counting faster, easier and more objective 

but so far they have solely been proven useful for small sample quantities and from microscopic images. 

The aim of the present study was the development of a rapid, simple and objective method for the 

quantification of discharged conidia of the encapsulated entomophthoralean fungus Pandora sp. nov. 

(ARSEF11372), which has potential for psyllid control. Our starting assumption and hypothesis: We 

assumed that conidia that were dispersed onto a smooth surface would reflect diffuse light and we 

suggested that this emission would correlate with the number of discharged conidia. By calculating the 

correlation of the gray value as magnitude of the reflected light with the automatically counted number 

of conidia, we aimed to develop a method to accelerate the speed of conidia quantification. 

Method details  

Fungal strain 

The fungus Pandora sp. nov. (ARSEF 13372) used in this work was isolated from an infected pear 

psyllid (Cacopsylla pyri) collected from a Danish pear orchard in 2016 by the Eilenberg-group 

(Department of Plant and Environmental Sciences, University of Copenhagen). The fungus is a novel, 

not yet named species of the entomophthoralean genera Pandora (Jensen, 2017). 

Cultivation of the entomopathogenic fungus Pandora sp. nov. (ARSEF13372) 

The fungus was grown as described by Hajek et al. (2012) on Saboraud Dextrose Agar (SDA) 

supplemented with 20% of a mixture of egg yolk (60%) and fresh skimmed milk (40%) (SDAME) on Petri 

dishes (diameter 90 mm) sealed with parafilm® and incubated at 18°C in the dark. To maintain the 

culture, mycelia plugs (0.5 cm2) were cut and transferred to fresh media, when the mycelium reached 

the boarder of the plate. The fungus used for experiments was transferred less than 3 times. 

Production of hyphal material of Pandora sp. nov. (ARSEF13372) in liquid culture 

The cultivation method was adapted from Shah et al. (1998). First, in order to transfer the fungus from 

the solid media into liquid culture, three pieces of mycelia (0.5 cm2) grown on SDAME agar plates were 

cut with a scalpel and transferred to 100 ml of a pre-culture medium composed of 10% skimmed milk in 

ultra-pure water (MilliQ) in 250-ml shaking flasks with 4 baffles and incubated at 18°C and 180 rpm with 

an amplitude of 20 mm in the dark for 48 hours. The main-culture, composed of dextrose (1.6%, w/v), 

yeast extract (1%, w/v), sodium chloride (NaCl; 0.9%, w/v) and skimmed-milk powder (10%, w/v) was 

inoculated with 10% (v/v) of the pre-culture and incubated at the same conditions for 72 h. 

Encapsulation of the fungus within calcium alginate beads 

The hyphal material from the liquid shaking culture was separated from the medium by centrifugation 

(4500 rpm; 10 min; 18°C) and washed twice in NaCl solution (0.9%) before encapsulation within calcium 

alginate beads. The formulation composition was adapted from Shah et al. (1998) with some 

modifications. The formulation solution was composed of sodium alginate (1.5%, w/w), maize starch 

https://plen.ku.dk/english/
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(10%, w/w), NaCl (0.9%, w/w) and hyphal material of Pandora sp. nov. (ARSEF 13372) (10%, w/w). 

After mixing the components in a beaker by magnetic stirring at 250 rpm, the mixture was dripped by 

means of a 20 ml syringe (Braun, Germany) equipped with a needle (0.90 x 40 mm; Braun, Germany) 

from a height of 10 cm into a stirred (250 rpm) calcium chloride solution (0.1 M). The formed beads were 

gelled for 20 min in the cross-linking solution and afterwards washed with a NaCl solution (0.9%) for 30 

sec. All encapsulation steps were carried out at room temperature (22-24°C). The beads size was 4.44 

mm (±0.24) diameter and the initial water activity (aW) was about 0.955. 

Conidia collection 

Freshly prepared calcium alginate beads containing Pandora sp. nov. were transferred to Petri dishes, 

filled with 20 ml water agar (2 %, w/v). The distance between the agar and the lid of the Petri dish on 

which the conidia were collected in this experiment was 7 mm.  

The Petri dishes were sealed with Parafilm® and incubated at 18°C in the dark. After 72 hours, the 

conidia collected on the lids of the Petri dishes were used as sample within the next experimental steps 

for sporulation quantification, which are shown in Figure 7.1. 

 

Figure 7.1. Workflow of the sporulation quantification. The sample must be prepared by collecting conidia on a 
smooth surface. The surface with the sporulation zone has to be placed on a grid pattern and microscope images 
have to be taken. One of the provided macros must be applied to get the conidia densities and fit them against the 
mean gray values of the corresponding digital grid from macroscopic images. The fit allows to calculate conidia 
densities from the gray values and allows optional pseudo-coloring for visualization purposes. 

Sample preparation 

The method is suitable for fungi or other organisms that disperse their conidia or any other actively 

discharged units into the environment. The discharged units must be identifiable by bright field 

microscopy.  

A Petri dish lid, a glass slide or any other kind of smooth surface used for the collection of particles must 

be clear, clean and dry. We suggest cleaning a surface with an alcoholic solvent and a lint-free paper 

tissue, but gently to avoid creating scratches. The blanks should be prepared the same way. If the 
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sample collection surface is wet after the collection of conidia, e.g. under high humidity conditions like 

required for the sporulation of the fungus used in this work, it should be dried prior to the image 

generation. 

Macroscopic image generation of sporulation zone 

The surface for particle collection (e.g. Petri dish lid) is placed in a macroscopic camera system, e.g. 

scanning or gel reading apparatus. The sporulation zone is checked for disturbing scratches and the 

parameters are adjusted so that a clear picture of the sporulation zone can be recorded. (Figure 7.2, 

A). In addition, an image of the empty camera system is taken using the same parameters as with the 

surface as blank. All images should be saved as 8-bit images (e.g. tif format). 

 

Figure 7.2 Generation of gray value and corresponding microscopic sporulation image. A) Macroscopic image of 
the conidia collected on a Petri dish lid after background subtraction. B) Background corrected images overlaid with 
a digital grid for separation of the sporulation zone into disjunct areas. C) Gray value measurement of a selected 
grid cell. D) Microscopic image of the selected grid cell for conidia counting. 

Image processing software ImageJ 

To perform the following image processing steps, the open-source software ImageJ (v1.52p, Fiji) is 

required. We recommend the download of Fiji, which is a version of ImageJ with some useful pre-

installed plug-ins. Further information on software download, plug-in options and theoretical background 

are available on the ImageJ homepage (https://imagej.nih.gov/ij/index.html; 

https://imagej.net/Welcome) 

Macroscopic image correction and determination of the mean gray values 

Empty background image subtraction is carried out using the function Image Calculator (Process>Image 

Calculator…) from the open-source software ImageJ (v1.52p, Fiji) so that the image of the empty gel 

reading apparatus (blank) is subtracted from the images taken with a surface. The background corrected 

images are used to overlay a digital grid (Analyze>Tools>Grid) (Figure 7.2, B). This way of separation 

of the sporulation zone into disjunct areas is achieved (Figure 7.2, C). It should be noted that in “Set 

Measurements” (Analyze>Set Measurements…) the “Mean gray value” checkbox must be activated 

when repeating the experiment. Finally, the areas are marked (“Rectangle”) and the gray values can be 

read out (Ctrl+M). For each area, the average gray value g has to be stored. 

Microscopic image generation of the sporulation zone 

The surface on which the particles are collected must be placed on a grid pattern (which corresponds 

to the digital pattern) and both are inspected with a bright field microscope. Certain areas of the 

sporulation zone are selected and an image (8-bit format) will be recorded. Afterwards, the resulting 

image areas will be identified on the macroscopic images from the scanning or gel reading apparatus 
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(Figure 7.2, C & D). In our set-up, grids of 2.5 x 2.5 mm were used. Only grids containing particles will 

be considered for further analysis. 

Automatic and semi-automatic counting of conidia 

In the following, the process of automatic conidia counting (ACC) is described. Afterwards, the semi-

automatic conidia counting (SACC) method ACC will be described, which is a minor variation of the 

ACC. 

First, all of the microscopic images of the sporulation zone areas are investigated manually and the 

inside of the grid cells are cropped (“Rectangle” & “Duplicate”) and saved as a stack of image patches. 

Next, one of the provided ImageJ macros will be applied to the stack. To this end, the macros have to 

be provided as .txt file and executed via the standard ImageJ functionality (Plugins>Macros). Please 

note that the “Adjustable Watershed” algorithm has to be installed, i.e. the Adjustable_Watershed.class 

has to be in the ImageJ folder “Plug-ins”. The result of this process is a stack of binary image patches 

with segmented spores, corresponding to the input image stack.  

In all patches of the binary stack, the number of particles (white blobs) is determined with the Particle 

Analyzer (Analyze>Analyze Particles) of ImageJ. The check-box “Summarize” has to be activated to get 

the number of particles on each image and other parameters like size and shape that can be analyzed, 

if the corresponding check-boxes at “Set Measurement” are activated.  

To perform the semi-automatic conidia counting (SACC), the same macro is applied as in the ACC 

before with the distinction that the intensity threshold t of the images can be manually adjusted. Pixels 

with an intensity value below the threshold t are regarded as background and shown in blue. Pixels with 

an intensity value above the threshold are regarded as conidia and keep their original intensity values. 

The intensity threshold t has to be adjusted until spores and background are best separated. Afterwards, 

by call Process>Find Maxima… and selection of “Above lower threshold” and “Preview point selection” 

the local intensity maxima will be shown which should correspond to the conidia. By variation of the 

option “Prominence” in the “Find Maxima” box the number of detected maxima (conidia) in the result 

can be adjusted. Lower “Prominence” will result in more maxima, higher “Prominence” will result in less 

maxima. Now, a suitable “Prominence” value has to be found for a noticeable number of particles or by 

selection of “Segmented Particles” at “Output type:” to get a segmented binary image like in the 

automatic macro. The segmented binary image can then be analyzed by the Particle Analyzer.  

Calculation of a linear fit between automatically counted conidia and gray value 

To analyze the resulting data for correlation, first, all of the conidia densities are computed from the 

number of conidia counted within all of the specific areas. Next, the gray values (x-axis) are plotted 

against the corresponding conidia densities C (y-axis) and a linear fit will be carried out with some 

arbitrary basic data analysis software like R or any other suitable. The result formula provides the final 

function to estimate the conidia density represented by a specific observed gray value g.  

Visualization of different conidia densities by pseudo-coloring 

For visualization, the macroscopic 8-bit images from the scanning or gel reading apparatus are opened 

and the ImageJ function Image>Lookup Tables>6 shades is applied. The image of the sporulation zone 

will be pseudo-colored to represent areas with different conidia densities (see Figure 7.6 for an 

example). 
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Method validation 

Two image analysis workflows as previously described were developed in order to automatize the 

counting of conidia from bright field microscopic images. To determine the accuracy and precision of 

both workflows, 14 image crops of 500 x 500 µm2 containing different numbers of conidia were counted 

manually and (semi)-automatic. The results were plotted and a linear fit was applied, as a linear 

correlation was expected (Figure 7.3). 

As expected, both workflows showed a high correlation (R2 = 0.989 and 0.999) and therefore high 

accuracy and a high precision (automatic workflow underestimated the conidia number by 1%; semi-

automatic workflow overestimated by 3 %). Both workflows were therefore considered to be as reliable 

as manual counting but at the same time considerably faster. The semi-automatic workflow is a bit more 

time-consuming (approximately 1 minute per image) than the fully automatic workflow (due to manual 

setting of parameters), however it is more precise in detecting conidia in clusters as seen by comparing 

the middle of Figure 7.3, B and 7.3, D. 

Both workflows were then applied to a data set of 25 microscopy bright field images of 2.5 x 2.5 mm2 

containing different amounts of conidia in order to determine the conidia density (number of conidia per 

cm2). The counted conidia densities were then plotted against the gray values (8-bit, 0-255) of the 

corresponding area of the sporulation zone to determine the correlation between conidia density and 

resulting gray value. A linear fit was applied as a linear correlation was expected (Figure 7.4). 

While with both workflows the conidia densities determined showed little deviation, the linear fit was 

mostly identical for both (slope = 1247 and 1264). The correlation (R2 = 0.959 and 0.948) and therefore 

the precision was very high and proves a high correlation between the conidia density and the gray 

value of the sporulation zone. This indicates that it is possible to determine the conidia density by 

analyzing the gray values of the sporulation zone respectively. 

To proof this, a third data set of 5 bright field microscope images of 2.5 x 2.5 mm2 containing different 

amount of conidia was analyzed for validation. The theoretical conidia density C of the gray values g 

from 1 to 175 was calculated using the fits of Figure 7.4 simplified to:  

𝐶[𝑐𝑚−2] = 1250 ± 60 ∙ 𝑔 − 100 ± 3650                                  (1) 

and plotted against the corresponding gray values, resulting in a prediction range for conidia density. 

The conidia of the correlation and validation image sets were counted by the automatic and semi-

automatic workflow and plotted (Figure 7.5) to compare the calculated and the actual conidia densities. 

The counted conidia from the previous correlation data set were also plotted. 

Figure 7.5 shows that the counted conidia densities of the validation data set have a similar distribution 

like that of the correlation data set. All counted conidia densities increase in linear manner with the gray 

values of the corresponding areas in the sporulation zone. Figure 7.5 also shows that the prediction 

model of equation 1 only includes approximately 50% of the counted conidia densities. The other half 

of the counted conidia densities are outside auf the error interval. To tackle this issue, the error interval 

of the model of equation 1 was expanded: 

𝐶[𝑐𝑚−2] = 1250 ± 250 ∙  𝑔 ± 8000                                         (2) 
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The error interval of the model of equation 2 is now broader and this includes approximately 90% of the 

counted conidia densities of the correlation data set and 100% of the counted conidia densities of the 

validation data set. The new model is therefore less precise but has a higher accuracy. It can therefore 

be assumed that if equation 2 is used to calculate the conidia densities from gray values, the true value 

lies within the calculated range in 90% of cases. 

Equation 2 was therefore used to determine the theoretical conidia densities of two additional sporulation 

zones (Figure 7.4) to allow a quantitative comparison. 

The 8-bit images were pseudo-colored by the 6 shades look-up-table make the zones with different gray 

values and thus different conidia densities respectively more distinguishable for the observer. It shows 

that the outer area of the first sporulation zone (Figure 7.6, A) contains about 5x104 conidia per cm2 

and two areas with approximately 4-fold higher conidia densities of about 1.9x105 conidia per cm2 

(Figure 7.6, B). The overall conidia density of the second sporulation zone (Figure 7.6, C) is significantly 

lower than that of the first. It contains a small area (blue) with a 2-fold higher conidia density (1x105) 

(Figure 7.6, D) than the outer area of the zone (approximately 5x104) which is just half the density of 

the yellow zones of Figure 7.6, B. 
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Figure 7.3 Correlation between (semi-)automatically and manually counted conidia. A) Plot of the automatically 
and manually counted conidia including linear fit with slope of 0.999 and R2 = 0.989. B). Visualization of the 
automatic performed segmentation and counting on an example image crop (scale 20 μm) containing single conidia 
and clusters. The big cluster shows low degree of segmentation (underestimation) and thus leads to a higher 
deviation from the manually counted conidia number (red arrow). C) Plot of the semi-automatically and manually 
counted conidia including a linear fit with slope of 1.031 and R2 = 0.999. D) Visualization of the semi-automatically 
performed segmentation and counting on an example image crop (scale 20 μm) containing single conidia and 
clusters. Here, the big clusters were further segmented after manual inspection for more reliable results (red arrow). 

 

Figure 7.4 Correlation of the (semi-)automatically counted conidia on microscope images and gray values of the 
corresponding areas of the sporulation zone. The linear fit of the automatic workflow has a slope of 1247, a y 0 of -
175 and an R2 of 0.959. The linear fit of the semi-automatic workflow has a slope of 1264, a y 0 of -79 and an R2 of 
0.948. The error of the slope for both fits is approximately ±60 and the error of the y 0 for both fits is approximately 
±3650. 
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Figure 7.5 Comparison of conidia densities calculated from gray values and (semi-)automatic counted conidia 
densities. Blue and red dots represent the conidia densities counted in the correlation data set. Cyan and orange 
squares represent the conidia densities counted in the validation date set. The red area represents the theoretical 
conidia densities calculated from gray values by Eq. 1 . The blue area represents the theoretical conidia densities 
calculated from gray values by Eq. 2 . 

 

Figure 7.6 Gray value image and calculated conidia densities of sporulation zones. A) 8-bit gray value image of the 
first sporulation zone. B) 6 shades pseudo-coloring of the first sporulation zone. C) 8-bit gray value image of the 
second sporulation zone. D) 6 shades pseudo-coloring of the second sporulation zone. E) Color scale of the 
pseudo-coloring with corresponding conidia densities C[cm −2 ] calculated from gray values g by Eq. 2. 
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Limits of the method and discussion 

Working with living fungal cells bears some error sources that can negatively affect the sporulation 

quantification by the developed method. In the present work, the conidia density on the Petri dish lid 

was insufficiently low to be detected by the developed method within the first 48 hours of sporulation 

from capsules. As far as the detectable conidia number threshold is not reached, the automatized 

counting can be applied but not the quantification by the gray value. Moreover, there is an upper limit of 

the conidia number quantifiable by the developed method based on a maximum gray value threshold. 

Furthermore, at high conidia densities, conidia are tending to stick together. The problem of segmenting 

sticking conidia was solved by the application of the watershed algorithm (see (Semi-)Automatic 

counting of conidia in the methodology). Another error source, also existing for other fungi, is the 

germination of conidia under suitable conditions. As shown in Figure 7.7, after application of the 

watershed algorithm, the germ-tubes (Figure 7.7, A) are separated and counted as single particles 

(Figure 7.7, B). 

In the special case of the Entomophthorales, another point worth noting is the formation of secondary 

conidia when landing on a surface not suitable for germination. Each primary conidium can form just 

one secondary conidium, so a secondary conidium represents a primary conidium having landed. The 

leaving remnant of the primary conidium can, however, cause a potentially increase in the gray value 

signal. In the case of Pandora, the error sources of germination and higher order conidia could be 

eliminated by a shorter sample collection time about 4 hours during high sporulation rate intervals to 

avoid germination into secondary conidia (Eilenberg, personal observations). In case of a few secondary 

conidia present, the strong difference in intensity of the secondary conidia and the remnants from 

primary conidia can be clearly distinguished and it is unlikely that remnants will interfere with the analysis 

(Figure 7.7, C). Nevertheless, the influence of remnants on the gray value should be evaluated. 

 

Figure 7.7 A & B The germ-tubes of the conidia are separated by the watershed algorithm and counted as single 
particles.C Primary conidia forming secondary conidia (red arrow) and leaving remnants (white arrow). Due to low 
intensity, the remnants are ignored and only the secondary conidia are counted (red outlines). 

Conclusion 

Compared to manual counting of discharged conidia which is a subjective and time-wasting procedure, 

automatized image analysis improves the comparability of results. Existing computer-assisted methods 

for conidia quantification are generally not well suited for large-scale sample quantities like it is required 

for the development of biopesticides based on fungi actively discharging their infective conidia into the 
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environment. The aim of this study was the development of a method for faster and more precise high-

throughput quantification of fungal sporulation by computer-assisted image analysis. It was 

demonstrated that the correlation between the gray value of the sporulation zone, as magnitude of the 

reflected light by conidia and the actual number of automatically counted conidia can be applied for a 

comparable quantification of conidial discharge. To give consideration to conidia counting, automatic 

and semi-automatic image analysis were tested for their practicability. Automatic counting has proved 

as less subjective and easier for the experimenter, but semi-automatic counting shows higher correlation 

with the actual number of conidia. To eliminate one of the main error sources of sticking conidia 

packages, the watershed algorithm was applied for conidia separation. The linear relationship between 

the number of conidia and the gray value can be investigated for calculation within the range of 0.2x105 

to 2.0x105 conidia/cm2. The statistical power of the developed quantification method was validated by 

comparing the automatized counting results with manual counting to demonstrate the applicability of the 

developed method. A modified protocol also provides the opportunity to make conidia densities more 

visible and comparable by more obvious pseudo-coloring. The present method can be performed with 

low cost, conventional laboratory equipment and the open-source software ImageJ that enables the 

adaptability of the method by other scientists. Furthermore, the developed method could be combined 

with established methods for shape and pattern recognition, e.g. those presented by Nielsen et al. 

(2001) or Ranzato et al. (2007) and might be adapted for other fungi or microscopic particles as well. It 

will also prove useful to quantify spores produced in solid state fermentation on technical scale and 

provide a reliable option for quality control of these bioprocesses. This study demonstrates the high 

potential of the connection between classical biological techniques and automatized image analysis and 

should be confirmed by further publications like the present one to make these methods usable for every 

scientist. 
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Chapter 8 

General discussion and conclusion 

Decades of widespread use of pesticides in crop protection have led to several problems. Moreover, 

favored by climate change and globalization, insect populations are threatening to flourish and new 

invasive pests are spreading. This increasing insect pest pressure on farmers, which threatens their 

livelihood, the crop plant, contradicts the increasingly stringent efforts to reduce pesticide use. Psyllids 

are a major risk to global fruit and vegetable production due to their role as vector insects for 

phytoplasmas (Weintraub & Beanland, 2006; Hogenhout et al., 2008). A psyllid causing economic 

damage in European apple production is Cacopsylla picta, the vector of Candidatus Phytoplasma mali, 

the causing agent of apple proliferation (Seemüller & Schneider, 2004; Jarausch et al., 2019). As there 

are no direct measures to combat phytoplasmas in the plant, the only measure is the control of the 

vector insect. In the face of the increasing popularity of organically grown food and the efforts of politics 

to reduce the application of pesticides, the demand for alternative environmentally friendly and target 

specific insecticides increases. Supported by the EU (European Parliament, 2009) and the European 

Commission's "Green Deal" (European Commission, 2022), the conditions for new developments are 

not only ideal and contemporary at present, but will become indispensable for the next years and 

decades when pesticides have been reduced by 50% by 2030 and thereafter in the sense of the “Green 

Deal”.  

To satisfy the demand for alternative control options, new active ingredients and delivery systems and 

their incorporation into control strategies needs to be explored. By combining semiochemicals for 

behavioral manipulation of insect pests with biobased killing components, such as entomopathogenic 

fungi, high specificities for the target insect and improved efficacy of the killing effect can be achieved 

in so-called attract-and-kill strategies. 

Embedded in this context, the present work aimed to develop formulations that can be applied in attract-

and-kill strategies for the biological control of psyllids as phytoplasma vectors in fruit and vegetable 

crops. The focus was set on the development of a new delivery system for semiochemicals, in particular 

β-caryophyllene as an attractant for Cacopsylla picta and for the new entomophthoralean fungus 

Pandora sp. nov. inedit (ARSEF 13372) as a kill compound. 

In the following section, the results of the present work are discussed in a general context and 

suggestions for improvements and prospects for future research are given. It has to be noted that a 

detailed discussion regarding each topic is given in the corresponding chapter to avoid redundancy. 

ATTRACT 

A wide range of formulation materials and methods for different application scenarios of semiochemicals 

have been developed during the last decades, which are reviewed in Chapter 1 and in Muskat & Patel 

(2022). 
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With the aim of slow release of β-caryophyllene as semiochemical for insect behavior manipulation, a 

novel oleogel based formulation was developed in Chapter 2. As oleogel engineering technology is in 

its early stages, oleogels are not yet established for agricultural applications. To the best of the author´s 

knowledge, this work is the first attempt to design an ethylcellulose-candelilla wax-hybrid oleogel for the 

slow and controlled release of semiochemicals. This assumption is, moreover, supported and reinforced 

in view of the fact that this new formulation was classified as worthy of invention and a patent application 

was filed based on this work (Patel, Muskat & Humbert (2019). DE 10 2019 119 888 A1; Patel, Muskat 

& Humbert (2021). WO 2021/013917 A1).  

During the developmental work in Chapter 2, special emphasize was laid on suitability for (1) 

semiochemical entrapment and release and (2) application in agriculture. Therefore, important material 

and formulation characteristics and properties were analyzed and modified by the formulation 

composition to adjust the gel to the intended application and for the active ingredient β-caryophyllene. 

This started with the selection of the formulation materials and additives, which are all biobased and 

biodegradable, which is important when released in the environment for agricultural applications, and 

are mainly registered for organic agriculture (Speiser et al., 2022). 

A general drawback of oleogels is the hot-melt preparation procedure needed for most oleogel 

formations, which is unsuitable when encapsulating highly volatile and chemically instable substances 

(Mao et al., 2020), such as semiochemicals. The first developmental step was to address this drawback 

and make the oleogel suitable for volatile encapsulation. Therefore, the sol-gel temperature of the gel 

was lowered by addition of octyldodecanol as a softener, resulting in increased encapsulation efficiency. 

In a broader context, this finding is interesting for all oleogels being designed for encapsulation of heat-

sensitive active compounds. Furthermore, it must be mentioned that, to the best of the author's 

knowledge, the method of high-pressure capillary rheometry has not yet been employed to analyse the 

gelation process of oleogels. 

With regard to application on plant leaves, the oil leakage typical for oleogels, in which the oil is 

physically entrapped by hydrophobic interactions between the oil and the oleogelator, such as EC 

oleogels (Davidovich-Pinhas et al., 2015), poses a problem for the plant. Therefore, in the next 

developmental step, candelilla wax (CLW) was added as a second oleogelator and functional additive. 

Such hybrid oleogelator systems were earlier postulated to improve the properties of oleogels 

(Pakseresht, & Mazaheri Tehrani, 2022). The additive had two positive effects on the material properties, 

namely reduced oil loss from the gel and an increased mechanical stability, which will become important 

in agricultural application during shipping, storage and technical application.  

Another interesting feature of the second oleogelator CLW became apparent when analysing the release 

behavior from the formulation with different CLW contents. Based on the reduced oil loss, it was 

hypothesized that the candelilla wax crystals would also act as a barrier to the diffusion of β-

caryophyllene. This hypothesis was only partially verified: at a candelilla wax content between 1 and 

4%, the release of bCAR was significantly slowed down compared to the gel without CLW. Surprisingly, 

the release increased with increasing wax content compared to gels with lower wax content, and the 

release from the gel with 16 % wax was as fast as from the wax-free gel. This result was unexpected as 

it is generally assumed that the higher the crystallinity, the slower the diffusion of molecules through a 

material (Yoon et al., 2017; Scher et al., 1977; Frank et al., 2005), including oil diffusion through 
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crystalline matrices (Nelis et al., 2021). A simple explanation is based on a change in the solubility of 

the various gel compounds, including β-caryophyllene (Hansen et al. 2007). In the discussion of 

Chapter 2 this phenomenon of a refastened release from gels with higher wax contents was explained 

with a more aggregated and crystalline state in which the non-crystalline β-caryophyllene is located in 

the interstitial spaces allowing it to diffuse unhindered. Ongoing experiments should elucidate the nature 

and strength of the interaction between β-caryophyllene and the wax crystals. 

Release from common semiochemical formulations increases with temperature (Nielsen et al., 2019). 

Most of these formulations do not contain a compound which is meltable within the temperature range 

present at the place of application. The starting hypothesis of Chapter 3 was that the second oleogelator 

CLW acts as a thermo-responsive additive. Consequently, temperature must have an impact on the 

release behavior from the formulations containing CLW by melting and crystallization of CLW as a 

diffusion barrier. Some variations of the developed formulation exhibit a very slow release at 

temperatures below the melting point of the second oleogelator candelilla wax and as suspected, a shift 

in the increased release correlating with wax melting was detectable. Such a release behavior is highly 

attractive for target insects whose flight activity increases at a specific temperature. Insect flight activity 

increases with temperature, but each insect has its individual peak flight temperature range (Taylor, 

1963; Goller & Esch, 1990; Hall, 2009). Fine-tuning the release of the semiochemical from the 

formulation to the activity of a specific target insect would be an interesting new challenge. The present 

work has provided a basis for such further developments. The gel represents a prototypical matrix 

formulation that can be used and further modified. To achieve the goal of a temperature range that 

matches with any insects activity that are active at lower temperatures, the CLW can be replaced, e.g. 

by other natural waxes with lower and narrower melting temperature ranges. 

Another highly interesting feature of the formulation are the self-adhesive properties on plant leaves. 

Rainfastness is still an issue for spray-applied formulations in agriculture (Taylor & Matthews, 1986; 

Knight et al., 2004). For the analysis of the adhesive behavior of such large formulations like the oleogel 

developed in the present study on plant leaves, no method was available. Therefore, a new method was 

adapted from classical sticker research and established for investigating the adhesion strength of the 

gel on apple leaves by dynamic mechanical analysis in a shear stress experiment. The results from the 

experiment indicate that the oil leaking from the formulation serves as a sticker up to an optimum but 

then serves as a lubricant when oil-leakage becomes too high. The sticking was further negatively 

correlated with the stiffness of the gel, due to a reduced contact area between the two surfaces 

(Chapter 3). 

The self-sticking behavior will enable application of the gel on the plant without additional surfactants. 

Application of attractant semiochemicals directly on the crop plant could be interesting when benefical 

parasitoids or predators should be attracted to the plant. When incorporating repellents, the plant can 

be protected from pest insects in push-pull strategies.  

To conclude, the new formulation type has two special features, not offered by classical semiochemical 

formulations: (1) self-sticking properties on leaves and (2) temperature-responsible material properties 

enabling a thermo-triggered release. Moreover, in comparison to commercialized passive dispensers 

made from plastics, or active aerosol dispensers the developed formulation is biodegradable and cheap 

and easy to prepare. 
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In addition, Chapters 2 and 3 provide a set of methods that enable analysis of soft materials such as 

oleogels, but also hydrogels, with emphasize on material properties suitable for application in 

agriculture. It includes: the important parameter of encapsulation efficiency, which was analyzed by 

Thermogravimetric Analysis (TGA); the mechanical stability, which is important in view of shipping, 

storage and technical application; self-adhesive properties of macroformulations on plant leaves; oil-

loss, which should be reduced to not to damage the plant or other material that gets in contact with the 

formulation and the thermal stability analyzed by Differencial Scanning Calorimetry (DSC) which is 

important for (1) application under alternating thermal conditions and (2) analysis of thermo-

responsiveness of the gel. Thus, the Chapters 2 and 3 can be used as a manual for material 

characterizations for future development approaches in this field. 

What is missing so far and should be investigated in future studies are the storability, scalability and the 

application technique for the developed formulation and, maybe most important, the amount of 

semiochemical required for perception and behavior manipulation in any target insect. 

In view of storability, it has to be proven, whether the low risk for oxidation known from oleogels (Shi et 

al., 2014; O´Sullivan et al., 2016) is sufficient to protect chemically instable compounds such as β-

caryophyllene and other semiochemicals from oxidation.  

Another point is the scale-up. As the gel exhibits thermoplastic properties, it can be processed by 

classical thermal methods used in plastics processing, such as extrusion in single or double screw 

extruders for preparation of larger granules or beads or even layers or strips. For the preparation of 

smaller sprayable particles, spray chilling of the oleogel melt is an option, which should be tested in 

future studies, when a spray application is desired, and a smaller depot is acceptable. 

The application by a turn table technique utilized for granules is an option. Another idea is the application 

via drones, which is a growing field of engineering research in the course of a more automatized and 

digitalized agriculture. A current drawback of drones is a limited payload weight (Rejeb et al., 2022). The 

formulation developed could be suitable for use in drones, as the self-adhesive properties mean that no 

spray broth or adhesive is required, thus saving weight. 

Crucial for commercialization of the new delivery system for semiochemicals are the cost calculations. 

One kg of the gel with a β-caryophyllene loading of 30% and without CLW costs ~35 €. For calculation 

of costs per hectare, it is essential to know about the semiochemical concentration perceptible by the 

target insect to achieve the desired behavior manipulating effect. Pheromones are effective in very low 

concentrations due to the presence of specialized receptors to provoke a desired effect on the insect 

(Deisig et al. 2014; Fleischer & Krieger 2018; Renou 2014). On the contrary, allelochemicals, such as 

β-caryophyllene used in the present study are often needed in much higher concentrations to be 

perceptible to the target insect and their effect can change depending on the concentration. The exact 

β-caryophyllene amount perceptible by C. picta has yet to be determined. Mayer et al. (2008a) was able 

to trap C. picta in a trap releasing β-caryophyllene from a polyethylene dispenser. Thus, there is 

evidence that the attraction of C. picta is possible even under dilution of the released β-caryophyllene 

in the field in presence of the host plant. In the present work, the β-caryophyllene releasing formulation 

was demonstrated to attract the model organism Aphidius colemani when trained with the formulation 

and then tested in an olfactometer experiment (Chapter 2). Nevertheless, for future developments, in 
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particular in view of the fine-tuned or triggered release of any semiochemical, it will be important to know 

about the concentration range that is needed for the attraction of a specific insect species. What is 

further missing are greenhouse and field studies for validation of the attractive effect of the formulation 

under application conditions. 

KILL 

Entomopathogenic fungi of the Entomophthorales are generally considered to be host specific with a 

narrow host range (Eilenberg and Michelsen 1999; Jensen et al. 2001; Keller 2007; Pell et al. 2001), 

are known for their fast speed-to-kill (Pell et al. 2001) and for their ability to cause epizootics (Jaques 

and Patterson 1962; Keller 2007; Pell et al. 2001). Due to these advantages, the Entomophthorales 

have been recognized as promising biocontrol agents for a long time. Despite their potential they have 

not yet been successfully introduced into pest management strategies. 

The entomophthoralean fungus Pandora sp. nov. inedit. (ARSEF 13372) was isolated from infected 

Cacopsylla spp. collected in a Danish pear orchard by Jensen (2017). The fungus is not yet named but 

based on morphological characteristics of the conidia and DNA sequences of the ITS-region, the fungus 

was found to be a new entomophthoralean species (Jensen et al., 2018) which is currently under 

description (Eilenberg et al. unpubl.) and will be named Pandora cacopsyllae (J. Eilenberg, personal 

communication). 

In fact, as this fungus was a new species which is currently under description, the results from this work, 

in particular Chapter 4 – 7 present the first reports on the approach to convert the new fungus Pandora 

sp. nov. inedit. (ARSEF 13372) into a biocontrol agent for psyllid pest control. 

The present work addressed the major obstacles of Entomophthorales as biocontrol agents, namely (1) 

the difficulty to grow an entomophthoralean fungus in vitro and to be mass produced, (2) the short 

sporulation duration known from infected sporulating cadavers and mycelial mats, (3) the high humidity 

requirements for sufficient sporulation and (4) the contact failure between the fungus and the target 

insect. 

For successful large-scale field application of an entomopathogenic fungus the mass-production of 

fungal biomass is essential for providing inoculant in a sufficient quantity (Jaronski, 2014; Shah & Pell, 

2003).  

The Entomophthorales have often been reported to be difficult to grow in vitro (Eilenberg et al., 1992; 

Hajek & St. Leger, 1994; Hajek et al., 2012; Jaronski, 2014; Latgé, 1981; Papierok & Hajek, 1997; Pell 

et al., 2001). For the Entomophthorales that have been cultivated in vitro it was observed that the best 

medium for cultivation of the Entomophthorales is species and even strain dependent. Since Pandora 

sp. nov. was a completely new fungus which not yet have been tested to be grown in liquid culture this 

issue was crucial to address in Chapter 4.  

The aim of Chapter 4 needs to take the next step of formulation (Chapter 5) into account, in order to 

select a suitable biomass to be produced: conidia, resting spores or hyphal material (Latgé et al., 1983). 

Conidia of Pandora spp. are surrounded by a sticky mucous layer which makes them difficult to collect 

(Eilenberg et al., 1986; Hajek et al., 2012; Olsen et al., 2019). Furthermore, entomophthoralean conidia 
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are sensitive to UV and desiccation and suffer from a short viability. Moreover, when using conidia they 

have to be sprayed when the target insect is present and needs to hit the insect directly. Resting spores 

are not described for Pandora species and have not yet been observed in the present or other studies 

for Pandora sp. nov. When storage is required and lag time due to asyncronous activation of resting 

spores after application are tolerable (Latgé et al., 1983), this cell type could be a promising option for 

other Entomophthorales, such as Entomophaga maimaiga (Hajek & Roberts, 1991; Hajek et al., 2001) 

or Conidiobolus obscurus (Latgé et al., 1983). In this work the decision fell on hyphal material. The 

application of hyphal material enables growth and sporulation over a prolonged duration in the field and 

imitates natural infection from sporulating cadavers (Hajek et al., 2012). Furthermore, hyphal material 

can be produced in liquid shaking culture (Hajek et al., 2012), which in general enables short process 

times and is easily scalable (Jackson, 1997; Jaronski, 2014). Thus, the aim of Chapter 4 was the 

production of hyphal material of Pandora sp. nov. in liquid culture. 

It has been previously reported from other entomophthoralean species belonging to the phylogenetic 

Erynia – Pandora – Furia genera clade (Gryganskyi et al., 2013) and thereby being phylogenetically 

near to Pandora sp. nov. can be cultured in complex nitrogen sources, such as protein hydrolysates in 

combination with glucose as carbon source (Li et al., 1993; Freimoser et al., 2000; Wraight et al., 2003; 

Leite et al., 2003; 2005; Hajek et al., 2012).  

In the present study, fastest growth, in combination with high biomass production, was found to be best 

when skimmed milk (SM) was combined with yeast extract (YE) and animal-based protein hydrolysate 

(AN). The reasons are discussed in detail in Chapter 4. Nevertheless, this result is in well accordance 

with other studies investigating media screening, who found SM and YE were suitable media 

components for cultivation of phylogenetically related species such as P. neoaphidis (Russell and 

Paterson, 1982; Latgé et al., 1983; Li et al., 1993) and Furia sp. (Leite et al., 2005). Moreover, the 

selection of complex nutrient sources, such as protein hydrolysates instead of defined media 

components is an option to achieve reduced fermentation costs, which fits well with the current trend in 

fermentation research (de Lima et al., 2021; Iwanicki et al., 2020; Mascarin et al., 2018). 

One common problem when culturing filamentous microorganisms under submerged culture conditions 

is the occurrence of conglomerated mycelium forming pellet-like structures (Cox et al., 1998; Cui et al., 

1998), as observed in the present study. When such pellets reach sizes up to several mm (Cox et al., 

1998), they are unsuitable for encapsulation in small-sized beads (Krell et al., 2018; Patel et al., 2011). 

By modification of fermentation parameters, such as increased osmolality (Wucherpfennig et al., 2011), 

increased osmolality in combination with increased viscosity of the medium (Krell et al., 2018; 

Wucherpfennig et al., 2011) or variation of the stirring speed (Cui et al., 1998; Patel et al., 2011), the 

formation of pellets can be prevented. 

To the best of the author´s knowledge and as fermentation studies on the Entomophthorales in general 

are scarce, there have not been made any attempts on targeted production of finely dispersed mycelium 

of an Entomophthorales in submerged culture suitable for subsequent formulation. 

In the present study the pellets formed by Pandora in shaking culture were successfully reduced by the 

simple measure of increased media osmolality by addition of sodium chloride. Beyond, Differencial 
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Scanning Calorimetry (DSC) is introduced in this chapter as a new method for determining the media 

osmolality via the lowered crystallization temperature of the medium. 

Furthermore, the pellet quantification by software-supported image analysis as performed in Chapter 4 

enables, similar to the automatized counting of conidia presented in Chapter 7 a more objective analysis 

method compared to manual analysis of cell structures or morphologies. 

The scalability of the fermentation of Pandora sp. nov. was proven in a stirred tank bioreactor, where 

four times more biomass was produced compared with the shaking culture in flasks. This can be 

explained by improved pO2 and nutrient supply and is discussed in detail in Chapter 4. However, after 

48 h, the fungal cells attached to the vessel wall at the medium-air interface and formed a growing 

mycelial ring. This mycelium was not collected for biomass dry weight determination but was probably 

viable. Hence, the biomass yield is not represented by the growth kinetic curve and is supposed to be 

higher. This can be the starting point for further improvements and optimizations of the fermentation. 

The idea of Nolan (1990; 1991) who tested differently charged Teflon disks for the selective production 

of Entomophaga aulicae protoplasts under mass fermentation conditions could also be a promising 

technical solution for inhibition of hyphae or mycelium attachment to bioreactor vessels and stirrers.  

To conclude, the results from Chapter 4 demonstrate that the new fungus Pandora sp. nov. can be 

grown in liquid culture in common fungal media components and the highest biomass production was 

observable in the media containing skimmed milk (SM) and the cultivation is scalable. Thus, the first 

obstacle of supposed difficult cultivation had been successfully met.  

The next step on the way to establishment of Pandora sp. nov. as a biocontrol agent was the formulation 

of the produced living biomass. The specific aim in Chapter 5 was to overcome the short and 

inconsistent sporulation described from infected cadavers or mycelial mats of entomophthoralean fungi 

(Aoki, 1981; Kalsbeek, 2001; Olsen et al., 2019), in order to improve infection probability after field 

application.  

Ca-alginate beads were selected as formulation material and method as it has some preferable 

properties for the encapsulation of living cells, such as moderate temperatures and conditions during 

the encapsulation process and the ease to co-formulate the cells with beneficial additives (Nussinovitch, 

2010; Vemmer & Patel, 2013). 

Skimmed milk, which has proven to increase biomass of Pandora sp. nov. in liquid culture, incorporated 

as a nutrient source also increased conidial numbers discharged by encapsulated Pandora sp. nov. 

from the Ca-alginate beads compared to beads without nutrients. Increased number of infection units 

by addition of nutritional additives to formulations is well known from other fungi (Przyklenk et al., 2017; 

Krell et al., 2018) including entomophthoralean fungi (Shah et al., 1999). 

Moreover, the sporulation duration of 12 days observed form the beads was much longer compared to 

cadavers or mycelial mats: For the same fungus investigated in the present study a peak sporulation 

event <50 h and a maximal sporulation duration of 125 h when mycelia mats were incubated under 

humid conditions was observed by Olsen et al. (2019).  

Besides the question for sporulation duration and intensity, the virulence to the target insects is another 

essential characteristic, which needed to be investigated. In the case of the Entomophthorales research 
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regarding pathogenicity and virulence of entomophthoralean fungi to psyllid species is scarce (Gross et 

al., 2022). This makes the results of the infection trials even more relevant. The significant reduction in 

survival time of 5-6 days for C. pyri and 9-10 days for C. picta treated with the formulated Pandora sp. 

nov. inedit. further demonstrate the potential of the fungus to be applied in biological psyllid pest control.  

The results from the infection bioassays of the present study – in particular in view of C. pyri, - further 

support the fast speed-to-kill and the high host specificity of the Entomophthorales. The survival time in 

C. pyri of 5-6 days is much faster in comparison to other psyllid pathogenic hypocrealean fungi. The 

screening of 17 Hypocreales species and strains on Asian citrus psyllid Diaphorina citri revealed a 

median survival time of 6 to 10 days whereas for eight fungal species or strains the mortality rate did 

not even reach 50% within 10 days (Ausique et al., 2017). In the second bioassay the mortality in C. 

pyri reached 89%.  

The fact that Pandora sp. nov. was isolated from a psyllid collected in pear orchards in combination with 

the higher mortality and shorter median survival time in pear psyllid C. pyri supports the advantage of 

the high host specificity in the Entomophthorales.  

At this point, however, it must be mentioned - somewhat mitigating this assumption - that these 

differences in mortality cannot be confirmed by the study of Görg et al. (2021), who found a similar 

speed-to-kill of 5 days in both species, but a higher mortality of 83.3% in C. picta compared to of 70.9% 

in C. pyri. 

However, during the 5 - 10 days until death the psyllids can act as vectors of phytoplasmas. 

Nevertheless, according in the sense of DeBach (1964) who postulated that biological control is “the 

action of parasites, predators, or pathogens in maintaining another organism´s density at a lower 

average than would occur in their absence”, the application of Pandora sp. nov. would be a promising 

measure for psyllid population reduction, not in the least as there is currently no insecticide registered 

for psyllid pest control in organic agriculture.  

In order to clarify the underlying causes of the inconsistent results on mortality, even under controlled 

laboratory conditions where, for example, sporulation failure due to unfavourable conditions can be 

widely ruled out as a reason for failure, and the 100% mortality not achieved in any study, although the 

experimental cups were relatively small, requires further investigation. Are there differences in 

susceptibility of individual psyllids? Affected by age or gender? Are there resistances in the psyllid 

against Pandora? Is there a failure of germination in Pandora conidia? Is this involved in a strategy of 

Pandora sp. nov. and the Entomophthorales in general to avoid destroying the entire host insect 

population? 

In this chapter it was further hypothesized that chitin may serve as a virulence-enhancing formulation 

additive, as it plays a crucial role during the percutaneous infection process in many entomopathogenic 

fungi (Charnley & St. Leger, 1991; Charnley, 2003). Pandora sp. nov. was found to release significantly 

more conidia from beads containing chitin compared to beads without this additive (P < 0.001; Tukey 

post hoc test; Chapter 5, Supplementary figure 5.1), which indicates that the fungus can metabolize 

chitin. Hence, the chitin would be an interesting alternative nutrient source compared to skimmed milk 

which is of high risk for contaminations. The chitin as a virulence enhancing additive hypothesis was not 

verified. Besides the chitinolytic enzyme activity, proteases and lipases are involved in successful host 
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insect cuticle penetration and are considered as the most important virulence factors of 

entomopathogenic fungi (Charnley and St. Leger, 1991; Humber, 2008). Moreover, these enzymes are 

known to be differentially expressed or up-regulated in the presence of the host insect cuticle and during 

the infection progress (Xu et al., 2006; Grell et al., 2011; Malagocka et al., 2015). The addition of such 

components as virulence enhancing formulation additives to induce enzymes involved in the infection 

process should be taken into account in future studies in order to improve the infection efficacy of 

encapsulated entomopathogenic fungi. 

What is currently still missing is drying and evaluation of the storability of the formulated Pandora sp. 

nov. and the scale-up of the formulation process to enable broad field application of the KILL formulation.  

The Ca-alginate bead production used in this study required dripping into the cross-linking solution which 

is simple and enables a low particle size distribution, but suffers from the formation of comparatively 

large beads (1 – 4 mm) and a limited production capacity (Przyklenk, 2017). The scale-up of the Ca-

alginate bead production can be achived by the use of dripping devices with increased number of 

needles and pressure to increase the flow rate or by droplet breaking systems. The droplet breaking 

method, which has proven best for the technical high-throughput production of Ca-alginate beads is the 

so called JetCutting technology. JetCutting is a technique with a comparatively high bead production 

rate and allows for the production of smaller beads (<1 mm), which are suitable for technical spray 

application (Prüsse et al., 2008; Przyklenk, 2017). Another option would be the transfer of the bead 

production into an extrusion process on one- or twin-screw extruders. In this process, the Na-alginate 

solution containing the fungal cells and additives can be extruded into the cross-linking solution, forming 

a filament, which is then cut into cylindrically shaped granules followed by subsequent spheronization 

to produce round beads, which is an option when a larger bead size is afforded. 

To conclude the results from Chapter 5, the formulation of Pandora sp. nov. within calcium alginate 

beads had at least two beneficial effects: (1) prolonged sporulation duration compared to cadavers or 

mycelial mats and (2) increased conidia production due to nutrient addition. Thus, the well-known 

problem of the Entomophthorales of very short sporulation capacities observable from cadavers was 

overcome. 

Since conidia are the infective units of entomophthoralean fungi, efficient sporulation is obligatory for 

successful application of an entomophthoralean fungus in pest control strategies. As most 

Entomophthorales are only able to sporulate under saturated or saturation near humidity conditions, the 

lack of water availability is the main limiting factor of conidial discharge and conidia germination of a 

plenty of entomophthoralean species and, thus, one of the main reasons for failure in the field (Glare et 

al., 1986; Hajek et al., 1990; Delalibera Jr et al., 2006).  

Therefore, in Chapter 6 the humidity problem was addressed. First of all, the specific humidity 

requirements of Pandora sp. nov. for sporulation needs to be identified. As expected, Pandora sp. nov. 

was only able to sporulate when water activity was 0.99, at 0.97 no sporulation was observable. Since 

Pandora sp. nov. could still grow at water activities of 0.97 and 0.95, it can be assumed that the inhibitory 

effect is not due to a toxic effect of the glycerol which was used to set the aW values. The observations 

are in well accordance with Glare et al. (1986) who found that Zoophthora phalloides was able to grow 

from Myzus persicae cadavers at 98% RH, but no more at 94% and sporulation was only possible at 
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saturated humidity conditions (100%). The comparability of RH and aW is explained in the discussion of 

Chapter 6.  

The high humidity requirements are explainable by the active mode of conidial discharge of Pandora 

spp. and other Entomophthorales: osmotic pressure from the environment is crucial for the generation 

of the turgor pressure in the conidiophores required for the ballistic spread of the conidia (Page & 

Humber, 1973; Latgé et al., 1989; Inglis et al., 2001; Webster & Weber, 2007).  

Nevertheless, when aiming at establishment of a fungus with such high humidity requirements like 

Pandora sp. nov. the demand of the fungus needs to be satisfied. The present work provides one 

possible solution in form of a paste-type formulation. Co-application with a paste-type formulation 

allowed encapsulated Pandora sp. nov. to sporulate under very dry humidity conditions of 30 – 40% RH 

in the laboratory for at least 6 days. A peak sporulation event, typical for Pandora sporulation 

(Chapter 5) was also observable from the beads co-applied with the paste. The total number of 

discharged conidia from the paste-bead-co-application under non-saturated humidity conditions of 30 – 

40% RH (1.79x107) during the 7 days was as high as under saturated conditions, where 9.57x106 

(±8.34x105) conidia/bead were reported during the 12 days conidia were released from beads of the 

same composition. Thus, the paste formulation is capable to compensate for unsatisfactory 

environmental humidity conditions by providing a satisfactory water activity to the encapsulated fungus 

and thereby enable efficient sporulation. 

Compared to the other few attempts that have been made to address the humidity problem of the 

Entomophthorales, the paste-formulation base on carboxymethylcellulose and xanthan and, thus, will 

be biodegradable, other than polyacryl based superabsorbents (Zhou et al., 2009). Another advantage 

is, that the paste was sufficient to maintain a high water activity and for sporulation even when applied 

in an open environment, which makes the application of the fungus able without a protective trap into 

which the target insects would have to enter to get in contact with the fungus (Pell et al., 1993). The 

paste enabled fixation of the sporulation source at a high and exposed position in the plant, in order to 

simulate the natural death orientation and supports a sporulation of the fungus over a wide area by 

simulating the naturally occurring summit disease. The actively discharged spores spread over a large 

area can further be transported by wind (Weseloh & Andreadis 1992; Dwyer et al., 1998; Hemmati et 

al., 2001; Keller, 2007). 

As the surface of the paste formulation provides conditions similar to free water, it serves as an optimal 

medium to enable germination of primary conidia. This will further enable a prolongation of the growth 

and sporulation from the co-formulant of Pandora beads with the paste.  

The developed paste can also serve as a universal carrier formulation for co-application with other 

biocontrol agents with high moisture requirements, including other entomopathogenic fungi, but also 

nematodes. This assumption is further supported by the fact that this new formulation was also found 

to be according to the invention and a patent application was filed based on this work (Muskat & Patel, 

2022. EP 22 159 230.6.). 

Quantification of conidia, the infective units of Pandora sp. nov., is crucial when investigating the 

beneficial effects of formulation additives, such as nutrients. Manual counting of conidia is a time-wasting 

and a non-objective procedure. Moreover, in the special case of Pandora spp., a mucous layer 
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surrounds the conidia, let them stick on the host insect cuticle (Keller, 2007; Olsen et al., 2019) and on 

various other surfaces. Although the role of this mucous layer is not yet completely clear, it makes 

classical collection and counting of the conidia using common surfactants difficult or even impossible. 

Driven by the problem of difficult conidia collection in combination with the desired acceleration of 

conidia quantification led to the development of a new computer-assisted image analysis method for the 

rapid, simple, objective and reproducible quantification of discharged conidia (Chapter 7). As the 

developed method can be performed with conventional laboratory equipment and the open-source 

software ImageJ it can be used as a manual for quantification of other cells. There are some points to 

be taken into account, the cells should be collected on a clean and smooth surface and should not be 

layered. A drawback is the limiting range of 0.2 ×105 to 2.0 ×105 conidia/cm2. Thus, at lower numbers, 

the method based on the gray value is not applicable, the automatized counting from microscopic 

images can be performed. Image-analysis based methods can support laboratory research as 

mentioned before in Chapter 4 where pellet-like structures of mycelia grown in liquid shaking culture 

were analyzed based on an image-analysis based method. Thus, besides the improvements during 

laboratory work by automatization and digitalization, such a method can be further developed as a 

standardized method to determine the meaningful parameter of sporulation to enable a routine quality 

control for biocontrol formulations containing living biocontrol agents.  

Besides the drying, storage, scale-up and application of the developed formulations, a final hurdle on 

the way to commercialization will be the registration. The narrow host range of the Entomophthorales 

makes them favorable candidates for utilization as biocontrol agents (Barta and Cagáň, 2006), as it 

reduces the risk for non-target organisms, as long as beneficial insects are excluded from the narrow 

host range. 

Releasing a living biocontrol agent is always associated with a potential risk (Scheepmaker et al., 2019; 

Köhl et al., 2019). An advantage long assumed for the Entomophthorales was their inability to produce 

toxic secondary metabolites, as they kill their host insect by exhausting nutrients and destroying the host 

insect´s organs due to tissue colonisation with little or no use of toxins (Humber 1984; Shah & Pell, 

2003). However, this assumption needs to be revised, since it has recently be found by Boyce et al. 

(2019) that the so called summit disease, the manipulation of the host insect, is mainly controlled by 

fungus-derived neurogenic metabolites and endotoxins, such as psilocybin. With these new findings, 

combined with the possibility of mass production, there are new opportunities to use entomophthoralean 

fungi for the biotechnological production of secondary metabolites that may be useful for humans. 

Nevertheless, the secondary metabolites pose a risk to humans if the fungus and its metabolites come 

into direct contact with the crop plant. 

The attract-and-kill approach offers a way to separate the fungus from the crop by attracting the insect 

out of the plantation. Both formulations could be placed near to the protected plantation in the boarder 

areas to attract and infect the inflying psyllids on their way to their summer host plant. 

Another imaginable application scenario aims for the application of both formulations within the orchard 

early in the season when no fruits can come into contact with the fungus. The best option would be to 

apply both formulations on two different height levels. The KILL formulation at a higher level and the 

ATTRACT formulation on the level below. As shown in Chapter 6, the developed and co-applied 

Pandora bead/paste formulation released conidia over a distance of at least 40 cm. This wide-spread 
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distribution of conidia below the formulation when applied at a higher position in the fruit tree canopy 

creates a broad possible infection area below. Here would be a suitable place where the ATTRACT 

formulation releasing β-caryophyllene should be applied. For this application scenario further 

developmental work is needed to produce both formulations in a spreadable form by a reduced particle 

size of the Pandora beads, a reduced viscosity of the paste formulation which can then be used as a 

sticking agent and a reduced particle size of the oleogel beads, e.g. by preparation by spray-cooling. 

From the current point of view, the co-formulation of the attractant compound β-caryophyllene with the 

killing compound Pandora sp. nov. within one formulation is not an option. First, the two active 

ingredients have opposite formulation requirements: Pandora sp. nov. demands for high humidity for 

sufficient sporulation (Chapter 6), while the release of β-caryophyllene is suppressed when the 

formulation matrix swells from moisture (Daems et al., 2016). Second, green leaf volatiles and thus 

semiochemicals have been found to inhibit sporulation and growth of entomophthoralean fungi (Brown 

et al., 1995; P.A. Shah, unpublished data). Moreover, the separation of the two active ingredients in 

individual formulations offers new opportunities for the modular use of both components in pest control 

strategies. 

As mentioned in Chapter 1, the studies by Martini et al. (2020), Chow et al. (2019) and George et al. 

(2020a) reinforce the assumption that attract-and-kill is a promising tool for integrated or biological pest 

management of psyllids, as demonstrated for D. citri. Furthermore, to expand the attract-and-kill 

approach, repellent semiochemicals could be added in order to protect the plant from the vector insect 

in a push-pull-kill strategy (Cook et al., 2006). Therefore, formulated repellent semiochemicals can be 

applied at the protected fruit crop. Gallinger et al. (2019) was successful in repelling C. pruni with 

semiochemical blends applied in dispensers on prune trees and demonstrated that the behavior of C. 

pruni can be manipulated in the field by repellent semiochemical mixtures. Those repellent 

semiochemicals can also be directly applied on the plant in formulations such as the oleogel based 

formulation developed in the present work (Chapter 2). 

As it has been reported that a combination of more than one cue is more effective in attracting an insect 

or generally influencing its behavior, other stimuli should be considered in addition to the attractive 

volatiles. As illustrated in the state-of-the-art (Figure 1.4), different stimuli types can be elements of 

attract-and-kill or push-pull-kill strategies (Zhang et al., 2013; Eigenbrode et al., 2016; Gregg et al., 

2018). New insights into colour preferences of various psyllids, such as D. citri (Hall et al., 2007; 

Wenninger et al., 2009; Sétamou et al., 2014) and pear psyllid C. pyri (de Jorge et al., 2019), offer the 

option to add visual cues in form of preferred colours, e.g. in traps or by colouring the formulation or add 

UV reflectants (George et al., 2020b). In the case of the oleogel formulation, the addition of lipophilic 

pigments will work well. Whether the insects also accept or prefer the colored formulations should be 

investigated in future studies. Also phagostimulants can be added as arresting element in order to arrest 

the attracted psyllid near to the kill compound, e.g. Pandora sp. nov., to improve infection. Based on the 

studies of Gallinger & Gross (2018) and Görg et al. (2021), who investigated the role of phloem 

composition on host plant preferences, the preferred sugar and amino acid composition of the target 

insects C. pruni and C. picta can be included as a phagostimulant medium. The challenge will be the 

co-formulation of lipophilic semiochemical compounds and hydrophilic compounds under maintenance 
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of a desired release of the semiochemical and accessability for the insect and prolonged water retention 

of the hydrophilic phagostimulant medium. 

To conclude, the present thesis provides a set of novel delivery systems for successful application of 

biopesticides. The formulation and release of active agents with different physico-chemical properties 

have been investigated in this highly interdisciplinary work at the edge between mycology, 

biotechnology, bioprocess engineering, chemical ecology, material science and formulation technology. 

With the oleogel-based formulation developed and patented in this work, a completely new and 

innovative semiochemical formulation has been introduced, which has a high potential to become an 

universal delivery system for semiochemicals. Thus, this work will contribute to the establishment of 

oleogels for agricultural applications. In the second part of this thesis, the major obstacles of the 

Entomophthorales as biocontrol agents have been successfully addressed investigating a new psyllid-

pathogenic Pandora species. Based on the present work, the new fungus can be mass-produced and 

sufficient sporulation can be achieved due to formulation and co-application with the patented paste 

type formulation based on biopolymers of high water sorptive capacity. Due to their versatility, as the 

developed formulations can be used as a basic matrix for a variety of active compounds, they have a 

high potential to be applied in innovative modular attract-and-kill and push-pull-kill strategies for the 

control of psyllids and other target insects. Thus, this work contributes to a more sustainable and 

environmentally friendly agriculture by providing alternative control options. 
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