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“Insects nurture and protect us, sicken us, kill us. They bring us both joy 

and sorrow. They drive us from fear to hate, then to tolerance. At times 

they bring us up short to a realization of the way the world really is, and 

what we have to do to improve it. Their importance to human welfare 

transcends the grand battles we fight against them to manage them for 

our own ends. Most of us hate them, but some of us love them. Indeed, 

at times they even inspire us” 

John J. McKelvey, Jr. 1975 
Insects and Human Welfare 
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SUMMARY 

Aphids are notorious insect pests that harm ornamentals and crops by transmitting viruses and 

feeding on phloem sap, thus causing substantial economic damage. The extensive use of 

chemical insecticides is still the dominant aphid control strategy. The consequences of this are 

obvious: rapidly evolving resistance, environmental pollution, and risks to non-target organisms. 

For the last two decades, traditional control measures have been under debate due to an 

increasing ecological awareness of the society. This ongoing scenario illustrates the necessity to 

develop alternative, novel strategies and methods for sustainable aphid management. This 

dissertation is devoted to aspects of aphid biology, which should be considered to refine the 

application of existing and novel insecticides. Underexplored target genes and enzymes that 

may assist in development of new substances for aphid control are treated and RNA interference 

(RNAi) as a promising alternative pest control strategy is discussed in detail.  

The pea aphid (Acyrthosiphon pisum) is a well-known laboratory model organism to study the 

insect family Aphididae, insect-plant interactions, symbiosis with bacteria, aphid transmitted 

viruses and phenotypic plasticity. It was also the first hemipteran whose genome was fully 

sequenced. The intention of this thesis was to explore the role of epigenetic mechanisms in the 

ontogenesis of this aphid. Epigenetic modifications, e.g. the acetylation of histones, are 

heritable variations of DNA structure that affect gene expression or cellular functions without 

changes to the underlying DNA sequence. Such changes are regulated by the opposing activities 

of enzymes called histone acetyltransferases (KATs) and histone deacetylases (KDACs). These 

enzymes are essential in the regulation of numerous biological processes. In insects, the 

disruption of the tightly controlled equilibrium of acetylation and deacetylation of histones 

results in severely affected life-history traits, such as fecundity or longevity. 

This thesis provides a comprehensive overview of histone acetylation/deacetylation 

enzymes present in the genome of A. pisum. Compared to other insects, an enlarged diversity 

of KATs and KDACs has been identified in the pea aphid. Epigenetic multiple ligand 

(3,5-Bis-(3,5-dibromo-4-hydroxybenzylidene)-tetrahydro-pyran-4-one) and suberoylanilide 

hydroxamic acid (N-Hydroxy-N′-phenyloctandiamide) were used for chemical inhibition of these 

enzymes, which negatively affected survival and reproduction and delayed the development of 

the aphids. These findings indicate that the epigenetic machinery is a promising target system 

for the development of novel aphid control substances. However, specific gene silencing of the 

KATs kat6b, kat7, kat14, and the KDAC rpd3, mediated by RNAi, revealed mild effects on life-

history traits -mentioned above (Kirfel et al., 2019). 

Conversely, the attenuation of the histone acetyltransferase p300/CBP severely reduced 

lifespan and the number of offspring of the aphids. A much shorter reproductive phase and 

more premature nymphs, which developed in abnormally structured ovaries, have been 

observed. These data confirmed the evolutionarily conserved function of p300/CBP known from 
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other insects during ontogenesis and indicated that this protein is an ideal target for RNAi-based 

aphid control (Kirfel et al., 2020). 

It is well known, that aphids harbor the obligate bacterial symbiont Buchnera aphidicola, 

which is localized in a specialized organ (bacteriome), thus enabling the host to survive on a 

nutritionally poor phloem-sap diet by providing essential amino acids. Notably, aphids can live 

in symbiosis with a number of other, facultative symbionts (e.g. Serratia symbiotica, 

Hamiltonella defensa, and Regiella insecticola), facilitating adaptations to biotic and abiotic 

stress. In this context the question arose whether the symbiont S. symbiotica, which is present 

in the aphid line used in this study, has an effect on host fitness. In particular, the effect on the 

susceptibility of the aphids to different insecticidal compounds was investigated. Surprisingly, 

the facultative symbiont S. symbiotica was found to significantly impair the aphids’ fitness and 

the ability of A. pisum to tolerate different classes of insecticides, although it does provide 

benefits in certain circumstances (Skaljac et al., 2018). 

Antimicrobial peptides (AMPs), key players of the insect’s innate immune system, are 

short proteins with antimicrobial activity. During their long evolutionary history, aphids have 

lost many genes encoding AMPs, most likely because AMPs would harm their bacterial 

symbionts. The venoms of animals preying on insects contain molecules, including AMPs, which 

are highly efficient in targeting insects. Consequently, venom-derived scorpion AMPs, which are 

orally delivered to aphids, reduced their survival, reproduction and the density of bacterial 

symbionts. The AMPs compromised the bacteriome but also the aphid directly, holding the 

potential to be developed as bioinsecticides to replace or complement conventional insecticides 

for aphid control. (Luna-Ramirez et al., 2017). 
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ZUSAMMENFASSUNG 

Blattläuse ernähren sich vom Phloem und übertragen Pflanzenpathogene, schädigen so Zier- 

und Nutzpflanzen, und verursachen folglich schweren wirtschaftlichen Schaden. Zur ihrer 

Bekämpfung werden seit Jahrzehnten vorrangig chemisch-synthetische Insektizide verwendet. 

Deren Einsatz ist jedoch mit nachhaltigen Folgeschäden verbunden: zu nennen sind vor allem 

die rasche Entwicklung stabiler Resistenzen, Umweltverschmutzung, und mögliche Risiken für 

Nicht-Zielorganismen. Bedingt durch das sich in den vergangenen beiden Jahrzehnten immer 

stärker entwickelnde Umweltbewusstsein der Bevölkerung, werden rein chemische 

Maßnahmen der Schädlingsbekämpfung zu Recht hinterfragt und die Entwicklung neuartiger, 

nachhaltiger Methoden eingefordert. Die vorliegende Dissertation beleuchtet daher solche 

Aspekte der Blattlausbiologie, die genutzt werden könnten, um den Einsatz bereits vorhandener 

Insektizide zu optimieren und neuartige Strategien zur Bekämpfung von Blattläusen zu 

entwickeln. Hierbei werden bislang wenig beachtete Zielgene und -enzyme sowie der Einsatz 

der RNAi-Technik als vielversprechende Alternativen detailliert betrachtet.  

Die Erbsenblattlaus (Acyrthosiphon pisum) ist ein bewährter Modellorganismus zur 

Untersuchung von Röhrenblattläusen (Familie: Aphididae) und deren phänotypischen 

Plastizität, zum Studium von Interaktionen zwischen Pflanzen und Insekten, von 

Insekten-Bakterien-Symbiosen als auch von Insekten als Vektoren für Pflanzenviren. Die 

Erbsenblattlaus war überdies das erste Insekt aus der Familie Hemiptera, dessen Genom 

vollständig sequenziert worden ist. In der vorliegenden Dissertation wurde vorrangig die 

Bedeutung epigenetischer Mechanismen für die Ontogenese der Blattläuse untersucht. 

Epigenetische Modifikationen sind ererbte Variationen einer Genexpression oder zellulärer 

Funktionen, die jedoch ohne Veränderung der zugrundeliegenden DNA-Sequenzen entstehen. 

Solche Änderungen werden u.a. hervorgerufen durch das Wechselspiel von Histon-

Acetyltransferasen (KATs) und Histon-Deacetylasen (KADCs). Diese Enzyme sind essentiell für 

die Regulation zahlreicher biologischer Prozesse. In Insekten konnte gezeigt werden, dass eine 

Störung des streng kontrollierten Gleichgewichts von Acetylierungs- und 

Deacetylierungsprozesse zu beträchtlichen Veränderungen in der Lebensdauer und 

Fruchtbarkeit führt. 

Diese Arbeit bietet einen umfassenden Überblick über die im Genom von A. pisum 

codierten KATs und KDACs. Verglichen mit anderen Insekten, wurde in Erbsenblattläusen ein 

wesentlich breiteres Spektrum dieser Enzyme identifiziert. Der Einsatz spezifischer Inhibitoren 

(3,5-Bis-(3,5-dibromo-4-hydroxybenzylidene)-tetrahydro-pyran-4-one [= Epigenetic Multiple 

Ligand] gegen KATs; N-Hydroxy-N′-phenyloctandiamide – gegen KDACs) verkürzte die 

Lebensdauer, reduzierte die Nachkommenschaft und verzögerte die Entwicklung von A. pisum. 

Damit konnte gezeigt werden, dass die epigenetische Regulation ein vielversprechendes 

Zielsystem für die Entwicklung neuartiger insektizider Substanzen darstellt. Jedoch beeinflusste 
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die RNA-Interferenz spezifischer KATs und KDACs (kat6b, kat7, kat14, rpd3) die zuvor 

beschriebenen Fitnessparameter nur geringfügig (Kirfel et al., 2019). Wurde hingegen die 

Histon-Acetyltransferase p300/CBP spezifisch gehemmt, führte dies zu einer drastischen 

Verkürzung von Lebensdauer und Reproduktionsphase. Außerdem wurden nur wenige 

lebensfähige, dafür aber viele unterentwickelte Nymphen beobachtet, die sich in 

missgebildeten Ovarien entwickelten. Diese Daten bestätigen die Vermutung einer evolutionär 

konservierten Funktion von p300/CBP in der Ontogenese, wie sie bereits für andere Insekten 

beschrieben ist. Daher ist dieses Protein ein idealer Kandidat zur RNAi-basierten Bekämpfung 

von Röhrenblattläusen (Kirfel et al., 2020).  

A. pisum lebt in Symbiose mit dem Bakterium Buchnera aphidicola. Dieser obligate 

Symbiont besiedelt ein spezialisiertes Organ, das sogenannte Bakteriom. Er ermöglicht es den 

Blattläusen, auf ihrer extrem nährstoffarmen Kost zu überleben, indem er ihnen essentielle 

Aminosäuren zur Verfügung stellt. Darüber hinaus können Blattläuse andere, fakultative 

Symbionten beherbergen (z.B. Serratia symbiotica, Hamiltonella defensa, oder Regiella 

insecticola), die u.a. Anpassungen an biotischen und abiotischen Stress erleichtern. In den dieser 

Arbeit zugrundeliegenden Experimenten wurden die Auswirkungen der Anwesenheit von 

S. symbiotica auf die Überlebensfähigkeit der Wirte und deren Empfindlichkeit gegenüber 

verschiedenen Insektiziden untersucht. Zwar profitiert A. pisum unter gewissen Umständen von 

der Anwesenheit des fakultativen Symbionten, andererseits werden dessen Fitness und seine 

Fähigkeit, verschiedene Klassen von Insektiziden zu tolerieren, erheblich beeinträchtigt 

(Skaljac et al., 2018).  

Antimikrobielle Peptide (AMPs) spielen eine Schlüsselrolle im angeborenen 

Immunsystem von Insekten. Es handelt sich bei AMPs um kleine Proteine mit antimikrobieller 

Aktivität. Blattläuse haben im Laufe ihrer Evolution viele AMP-kodierende Gene verloren. Daher 

liegt die Vermutung nahe, dass AMPs ihren bakteriellen Symbionten erheblich schaden würden. 

Die Gifte solcher Tiere, denen Insekten als Beute dienen, sollten AMPs enthalten, die 

insbesondere zur Blattlausbekämpfung geeignet sein könnten. Es konnte gezeigt werden, dass 

die Verfütterung solcher AMPs die Überlebensfähigkeit und die Vermehrung der Blattläuse 

sowie die Konzentration der bakteriellen Symbionten reduzierte. Die AMPs scheinen dabei nicht 

nur das Bakteriom zu beeinflussen, sondern auch unmittelbare Auswirkungen auf die Blattläuse 

selbst auszuüben. Diese Ergebnisse veranschaulichen das beachtliche Potential von AMPs auf 

der Suche nach biologischen Bekämpfungsmöglichkeiten. Daher stellen AMPs eine interessante 

Alternative dar, um konventionelle Insektizide ganz oder zumindest teilweise zu ersetzen (Luna-

Ramirez et al., 2017).  
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1.  INTRODUCTION 

1.1 THE BIOLOGY OF APHIDS – THE PEA APHID ACYRTHOSIPHON PISUM 

Aphids (Aphidoidea) are small, hemimetabolous, plant phloem sucking insects, 

belonging to the order Hemiptera. The majority of all aphid species are found in temperate 

regions of the northern hemisphere. Together with psyllids (Psylloidae), whiteflies 

(Aleyrodoidea) and scale insects (Coccoidea), Aphidoidea comprise the Hemipteran subtaxon 

Sternorrhyncha (Fig. 1A) [1]. As common for the insect order Aphidoidea, the mouthparts of 

the insects are transformed into a sucking apparatus, which is located between the coxa of the 

first walking legs, thus enabling aphids to feed on phloem sap. Their fairly uniform morphology 

is further characterized by a soft, oval-shaped body ensuing from a broadly fused head, thorax 

and abdomen [2]. Conversely, the development and the lifecycles of aphids largely vary among 

species and include alternations of sexual and asexual generations, with oviparous or 

viviparous, as well as alate and apterous individuals (Fig. 1B) [3].  

Although some aphids can feed 

on a broad range of host plant species 

and are therefore considered 

generalists, about 99% of all 

Aphidoidea are specialists, associated 

with a defined host plant or a very 

limited number of closely related plant 

species. Some of these aphid species 

switch between two (specific) host 

plants, usually depending on seasonal 

changes [4]. The Aphidoidea can be 

further divided into three families, the 

Adelgidae (55 species), the 

Phylloxeridae (80 species), and the 

Aphididae. The latter is by far the 

largest subgroup, comprising ten 

recently described monophyletic 

families, which encompass over 4,400 

species [3,5–7]. The exact phylogenetic resolution of these groups has been a matter of debate 

since their first description, and various correlations have been proposed [6–10]. However, the 

insect family Aphididae is clearly characterized by their member’s life cycles that encompass 

viviparous generations, and the presence of the obligatory bacterial symbiont 

Buchnera aphidicola [11]. This symbiont is located in specialized cells (bacteriocytes) within an 

organ called the ‘bacteriome’ [12]. B. aphidicola provides the insect with essential amino acids 

Figure 1. (A) Taxonomic origin of aphids [3]. (B) Life cycle of 

the pea aphid 
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that allow the aphids to survive on their nutritionally poor phloem sap diet. Inversely, the 

aphids take over the biosynthesis of cell-surface components, regulators, and cell defense 

genes for and from the bacteria [13,14]. B. aphidicola is exclusively transmitted vertically to the 

offspring during embryogenesis. The bacteria are exocytosed from parental bacteriocytes in 

close proximity to the embryos [15] and subsequently endocytosed into the newly developing 

aphid [7,16]. This insect-bacteria symbiosis in aphids was first discovered and studied in the 

model organism Acyrthosiphon pisum, the pea aphid, a member of the aphid subfamily 

Macrosiphini (Hemiptera: Aphidoidea: Aphididae) [14]. Along with symbiosis, the pea aphid 

was taken as an archetype to study the Aphididae insect group as well as insect-plant 

interactions. Notably, A. pisum was the first Aphididae with a sequenced and annotated 

genome [14]. It is further used to explore phenotypic polyphenism, a phenomenon that 

describes the ability of an organism to translate environmental cues into distinct, reproducible 

phenotypic varieties, originated from a single genotype [14,17]. Several of these polyphenic 

forms are part of the complex life cycle of the pea aphid (Fig. 1B). Starting in spring, a wingless 

fundatrix hatches from an overwintering egg. The fundatrix reproduces asexually and 

viviparously, giving birth to up to ~120 winged or wingless female nymphs [18,19]. Wing 

development depends on the environmental conditions of the mothers and includes colony 

density, host plant quality, the presence of predators or parasites, etc. [20–28]. The nymphs go 

through four nymphal stages until they molt into adulthood and start to reproduce 

correspondingly [29]. In fall, shortening of the photoperiod finally triggers suppression of 

juvenile hormone production and induces changes in embryonic development. This results in 

the occurrence of one generation of wingless, sexual, and oviparous females as well as alate 

and apterous males [30–34]. Upon mating, the females lay inseminated, cold-resistant eggs, 

which undergo an embryonic diapause with an extraordinarily decelerated development during 

winter times [35]. Approximately 100 days later, asexual females hatch from these eggs and 

the life cycle starts over again (Fig. 1B) [36,37]. The monoecious pea aphids gain a body length 

of up to 5 mm, and its body color is pale green or pink (color polymorphism) with red eyes [38]. 

It is a major pest of peas and alfalfa, but can be found worldwide in a temperate climate, 

feeding on about 20 plant genera in the family Fabaceae, including Medicago, Trifolium, or 

Lotus [39]. 

1.2 ABOUT INSECT PEST CONTROL IN GENERAL AND APHID CONTROL IN PARTICULAR 

1.2.1 INSECT PEST CONTROL – FROM PAST INNOVATIONS TO PRESENT PROBLEMS 

Insects harbor the highest biodiversity of all eukaryotic groups in the animal kingdom 

[40]. They inhabit every single environmental niche on Earth (except the oceanic benthic zone) 

and are fundamental for all terrestrial ecosystems [8]. They are pollinators, dispensers, and 

they recycle nutrients. Insects maintain soil structure and fertility, control other organisms, and 

are a food source for other taxa themselves [41]. Regardless of their importance, some insects 
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became a threat to human health, or to the human food supply, by being food and feed 

competitors. Thus, the need for crop protection to prevent yield losses might be as old as crop 

domestication itself. First records of substances used to fight pest organisms date back to the 

old Sumerans, who used fumigated sulfur to fight insects or mites. Since 1000 B.C., salts of 

mercury, arsenic, cryolites or borax were used to control insect pests [42,43]. Later, organic 

preparations, such as ground Tanacetum cinerariifolium or tobacco were used as insecticides 

all over the world [44]. About 200 years ago, carbon disulfide and hydrocyanic acid expanded 

the range of compounds used as fumigants for pest control [45]. However, it was not until the 

1930s, that the first synthetic compound with decided insecticidal activity was discovered. 

Dichlordiphenyl-trichlorethan (DDT), synthesized 1874 by Othmar Zeidler, revealed its 

insecticidal properties to Paul Müller in 1939 [43]. DDT was used repeatedly in public health 

programs to fight vector insects (and is still used occasionally) and probably became the best-

known and most-expended chemical insecticide ever to prevent disease [46]. It was due to DDT 

that the elimination of endemic malaria from entire Europe was officially achieved in 1975. Its 

story of success ends, when growing concerns regarding the environmental persistence, fat 

solubility and, consequentially, the accumulation of DDT in non-target organisms, led to bans 

of DDT in most countries [44]. Additionally, more insecticide classes were discovered since the 

1940s, such as organophosphates, pyrethroids, or carbamates. They increasingly replaced DDT 

as they were considered to be less toxic and stable in the environment [43,44,47]. Currently, 

the German Federal Office of Consumer Protection and Food Safety (BVL) reports 279 

insecticides for crop protection [48]. Such products contain a total of 45 approved active 

substances [49]. In 2017, total sales of insecticides in Germany exceeded 850 metric tons of 

active substances [50]. Today, insect pest control products are considered one of the most 

important inventions for the rapidly growing human population. They improve human health 

by controlling vector insects, and secure food and feed supply by substantially decreasing crop 

loss [51]. Despite that, the discussion about problems associated with pest control and plant 

protection products continues. The concerns about the use of insecticides for crop protection 

involve their effects on non-target organisms including beneficial insects, bats, birds, worms, 

microorganisms, fish, etc. It is suggested that the extensive use of insecticides is one reason for 

the general decline in insect abundance and diversity, found recently [55]. Additional concerns 

include the stability and toxicity of the insecticides and/or their residues, (as well as safeners, 

co-formulants, adjuvants, synergists) to humans or livestock and the risk of eutrophication of 

the environment [54,56–62]. Perhaps the most important issue of insecticides is the dramatic 

increase of resistance, taking place in all kinds of agriculturally important pests [63–66] (Tab. 2). 

There is evidence that upon the introduction of every new pesticide group, cases of resistance 

occurred in various key pest species within 2 to 20 years [67]. 
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Table 1. A selection of insecticidal products (IP) and strategies including advantages and disadvantages of these methods 
(according to Serazetdinova, 2019 [52]; Barzmann et al., 2015 [53], Keulemans et al., 2019 [54], the IPM Guides of the 
European Commission and the FDA) 

At least one case of relevant field-evolved insecticide resistance has been confirmed in over 

580 different insect species. Generally, four major types of resistance mechanisms are 

distinguished (Tab. 2) [68–70]. Moreover, the costs for development and registration of a new 

synthetic insecticide have exploded during the last two decades. Currently, they exceed 286 

million US$ per insecticide during an average 12-year period [71].Growing environmental 

awareness, rising resistance issues and economic considerations led to the (re-)discovery, 

development and implementation of alternative plant protection products and strategies aside 

from chemical insecticides (Tab. 1). Now, there is an ongoing and accelerating transformation 

of pest control. One long-known but newly favored strategy is integrated pest management 

(IPM). It encompasses classical insecticides, but also novel or reconsidered products and 

IP/Strategy Advantages Disadvantages Description 

Synthetic 
Insecticides 

 Highly effective 

 Easy to use 

 Scalable 

 Bioaccumulation 

 Can be toxic to humans or non-
target organisms  

 In most cases unspecific 

 Development of resistances  

 Environmental persistence 

 Demanding regulation 

Synthetic substances 
with insecticidal activity 

Biological 
insecticides 

 Degradable 

 Easy to use 

 Can be less toxic than synthetic PPPs 
to humans and non-target 
organisms 

 Less demanding regulation  

 socially accepted 
 Can be specific 

 Scalable 

 Can be toxic to humans 

 In most cases unspecific 

 Development of resistances 

 Can be less effective than 
synthetic PPPs, 

 Risk of eutrophication and 
acidification of land 

A substance with an 
insecticidal or repellant 
activity which is of 
biological origin (animals, 
plants, bacteria) 
including extracts, 
pheromones or 
microorganisms 

Mechanical 
control 

 Free of chemicals or toxic 
substances 

 Time-consuming 

 Inefficient 

 Often not suitable for large 
scale farming 

Removal of pests by 
mechanical actions (e.g. 
shaking, picking) or 
protection through 
physical barriers (nets) 

Crop rotation 
 Easy to establish 

 Beneficial for biodiversity at the 
farm 

 Highly dependent on biological 
context (e.g. present pests) 

 Reduces pest infestation, but 
cannot reduce crop-loss after 
infestation 

Serial planting of crops, 
which are susceptible to 
different types of pests, 
thus, disrupting the 
pest’s lifecycle 

Biological 
control 

 Reduces synthetic PPP usage 

 Increases biodiversity 

 Can be highly efficient 
 Pest control effect can be persistent 

 Resistances are unlikely 

 Can be specific 

 Easy to use 

 Best suitable for closed 
environments (greenhouses) 

 Pest control effect can be 
delayed based on the 
reproduction time of biological 
control organism 

 Availability of control organism 
has to be assured 

Application of natural 
predators or parasites 
including bacteria, 
nematodes, fungi, and 
viruses 

Resistant 
cultivars 

 Reduces chemical intake 

 an be designed specifically against 
target organisms 

 Crop breeding is time-
consuming 

 GMO use limited due regulation 

 Great potential to raise the 
resistance of pests 

Use of crop strains, 
resistant to one or more 
particular pest-species 

Smart farming 
 Free of, or dramatically reducing 

pesticide use 
 Very expensive 

 Technically demanding 

Using sensors, cameras, 
unmanned (aerial) 
vehicles, high-tech 
monitoring and 
information technology 
to predict outbreaks of 
diseases, pests, etc. 
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methods, including bioinsecticides, the use or extension of refugee areas, biological pest 

management, “smart farming”, and others, aiming to balance sociological desires, ecological 

needs, and economical expectations [53,54]. 

Table 2 Mechanisms of resistance (see also The Reflection and Research Network on Pesticide Resistance (R4P) 2016 [70]) 

1.2.2 APHID PESTS AND MANAGEMENT STRATEGIES 

Aphids feed on phloem sap, severely damaging all kinds of plants, from crops in 

agriculture to ornamentals in horticulture [39]. This damage occurs directly through feeding in 

highly infested plants, but aphids are also vectors for a considerable amount of important plant 

pathogens, especially viruses [72]. As an indirect effect of sap-feeding, the aphids secrete large 

amounts of honeydew (a sugar-rich liquid) that covers all parts of the plants [73]. Subsequent, 

devastating fungal growth inhibits photosynthesis, reduces crop yields and decreases the 

market value of contaminated fruits and other field products [74,75]. Thus, aphids may cause 

yield losses worth billions of dollars each year [76,77]. The most prevalent practice to control 

aphids is the use of chemical insecticides including carbamates, organophosphates, 

pyrethroids, neonicotinoids and others [64,78]. Evidently, as a result of such a broad use of 

insecticides, a rapid selection for aphid resistance transpired. For example, the green peach 

aphid (Myzus persicae) has developed various resistance mechanisms (Tab. 2) to more than 70 

synthetic compounds, and it is considered one of the most resistant insect species [79–81]. For 

modern aphid management, predictive models, which use parameters like rainfall, 

temperature and other climate conditions as well as publicly available trap catch data, have 

been developed and adapted to forecast aphid spread and aphid population development. 

These models help to optimize seeding time and to reduce the use of pesticides, thus providing 

a substantial benefit for growers and the environment [74,82]. 

Another method to prevent or delay the use of chemicals for aphid management is to 

engage in biological control using predators, parasitoids and microbial pathogens. Aphid 

parasitoids such as Aphidius spp. and Aphelinus spp., or aphidophagous organisms, including 

ladybirds, hoverflies and lacewings, have been established to decrease aphid abundance to a 

tolerable level in the field [74,83]. Still, biological control faces some challenges (e. g., potency 

and speed of effect) that have to be considered carefully [84–86].  

A third strategy to restrict the aphid load on crops is the use of resistant plant varieties 

[87]. Such resistant cultivars can occur naturally, through breeding activities or are the result 

of genetic modification [88]. Genetically modified (GM) plants can be designed to deliver or 

release bioactive molecules for suppression of aphid population either by killing or by repelling 

the insect. A multitude of such bioactive molecules have been suggested, including protease 

Mechanism of resistance Description 
Target-site resistance Genetic modification of the insecticidal target site eliminates or reduces the insecticidal effect 

Penetration resistance The permeability of the insects' cuticle is diminished in resistant insects 

Metabolic resistance Enhanced detoxification of a certain insecticide using increased levels of metabolic enzymes 

Behavioral resistance Active avoidance of the insecticide by the insect 
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inhibitors, lectins, neurotoxins, modified toxins obtained from Bacillus thuringiensis (Bt toxin), 

aphid alarm pheromones or plant-derived resistance genes (R genes). Moreover, the use of 

double-stranded RNAs (dsRNAs) to inhibit essential aphid proteins through RNA interference 

(RNAi) has been proposed as a promising tool for aphid management [89]. Genetically modified 

pest-resistant crops, e.g. corn that produce multiple insecticidal Bt toxins, are already 

commercially available (e.g. YieldGuard™ from Monsanto or Herculex I® from Corteva 

Agriscience). However, no aphid-specific GM plants have entered the market yet and the future 

will show whether this is scientifically and economically feasible [90]. All over the world, more 

or less restrictive regulations are in place for GM crops. Especially the EU has very strict rules 

for the registration and cultivation of genetically modified plants. Many EU countries have even 

banned such plants completely. From a technical perspective, delivering bioactive molecules 

in planta entails a complex and long-lasting development of the transgenic plant. After 

ingestion, such compounds have to overcome gut defense mechanisms, target the gut directly, 

or have to access to target sides passing the gut epithelium. To circumvent such difficulties, 

non-plant strategies for topical application are now under investigation. The most obvious way 

is the direct application of the (formulated) bioactive molecules in sprays or powders. 

Additionally, recombinant viruses [91], (symbiotic) bacteria [92–95], fungi or microalgae are 

under discussion to be used as vectors to deliver the bioactive substances into the insects 

[96-99]. Next to spray-induced pest control formulations, additional exogenous application 

techniques are possible such as root or seed soaking, trunk injection, petiole absorption, or 

mechanical inoculation [98]. 

1.3 AIMS OF THE THESIS 

The aim of this thesis was to shed light on different aspects of the aphids’ biology that 

can be used to develop insecticidal compounds or strategies for aphid pest management apart 

from the traditional insecticides. Therefore, this thesis assessed the role of epigenetic 

modifications in aphids, or more precisely the importance of histone acetylation/deacetylation 

enzymes (KATs/KDACs) in the life history traits of the pea aphid. In the first step, a 

comprehensive overview of KAT and KDAC genes were supposed to be identified in the aphid 

genome. Then, it elucidated if these enzymes can be inhibited by chemical compounds such as 

Epi-ML (inhibition of KAT enzymes) and SAHA (inhibition of KDAC enzymes), and how such 

inhibition might affect various life-history traits of aphids. Additionally, it was intended to 

establish a robust RNAi protocol in A. pisum. Since achieving a high RNAi efficiency in aphids is 

known to be very challenging [100–103], the aim was to demonstrate that the pea aphid strain 

used herein is susceptible to RNAi. Subsequently, RNAi could be used for the specific 

attenuation of all previously identified KAT or KDAC genes. Doing this, the thesis aimed at the 

identification of target genes related to the histone acetylation apparatus, whose disruption 

reveals a major impact on the life-history traits of aphids. Thus, this thesis intended to find a 
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potent target gene that is suitable to be incorporated in RNAi-based pest control strategies for 

aphids. In addition, these experiments may uncover unknown aspects and new influencing 

variables of the aphid’s RNAi machinery that cause the previously mentioned imponderability 

of RNAi. The findings may help to assess, whether RNAi is a reasonable and highly specific aphid 

control method.  

While focusing on epigenetic traits and their potential as new targets for aphid control, 

this thesis additionally examines the influence of the facultative bacterial symbiont 

S. symbiotica on the life history traits of A. pisum. That included a closer look at the hypothesis 

that bacterial symbionts are crucial factors of insect tolerance against chemical insecticides and 

the idea that they may act as efficient targets for insect control agents itself. This information 

can help to optimize the use of artificial pesticides in the field. Finally, this thesis provides 

evidence that certain AMPs isolated from the venom glands of scorpions hold the potential to 

be developed as sustainable biopesticides.  
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2.  MODERN ASPECTS OF APHID MANAGEMENT 

“It is said that if you know your enemies and know yourself, you will not be imperiled in a 

hundred battles” – Sun Tzu, The Art of War  

For the development of future insect pest control strategies, we have to consider 

numerous requirements. Such strategies have to be sustainable and ecologically friendly, they 

must not be a threat to public health, insect resistance has to be prevented, etc. (European 

Directive EC91/414, [63]). The Eurobarometer for food safety, commissioned by the European 

Food Safety Authority (EFSA) in 2019, revealed that people in the EU are concerned most about 

‘antibiotic, hormone and steroid residues in meat’ (44%) followed by ‘pesticide residues in 

food’ (39%) [104]. Aphid management relies primarily on chemical insecticides. Due to the 

increasing demand in Europe, especially in Germany, to decrease the usage of chemical 

pesticides on cultivated land [105], there is a need to reconsider the traditional use of these 

substances. In the following chapters, aspects of aphid biology and life cycle will be discussed 

that offer new ways and strategies to refine or reduce the amount of currently used synthetic 

insecticides. It is obvious that novel targets and approaches are urgently required for 

sustainable control of aphids in the field.  

2.1 THE EPIGENETIC MACHINERY – THE IMPORTANCE OF HISTONE ACETYLATION IN APHIDS 

Ontogenesis requires a complex interaction of differentially expressed, controlled and 

regulated genes and their products, in order to convert a genotype into a phenotype. In some 

insects, such as aphids, this network appears to be even more complex, since multiple, distinct 

phenotypes may originate from a single genotype. This phenomenon is currently referred to as 

polyphenism. Such exceptional and heritable traits are thought to be environmentally 

triggered. Thus, their underlying molecular mechanisms need to be epigenetically controlled 

instead of being adjusted on the DNA sequence level. One possibility to regulate gene 

expression by means of epigenetic alternation is the chemical modification of chromatin 

residues. Subsequent changes in chromatin formation result in open euchromatin or closed 

heterochromatin. This modifies accessibility of the DNA to transcription factors and facilitates, 

or suppresses gene expression [106,107]. A well-characterized epigenetic modification is the 

acetylation of lysine residues within the N-terminal tail of core histone proteins [106]. The 

acetylation and the deacetylation of histones has to be precisely balanced to maintain normal 

physiological and developmental processes [108]. Disruption of this equilibrium is associated 

with anomalies in development, health, behavior, and other life-history traits [109–111]. For 

example, a disturbed ratio of acetylation and deacetylation of histones in the fruit fly 

Drosophila melanogaster affects survival and development, while in the flesh fly Sarcophaga 

bullata, such dysregulations interfere with the pupal diapause [112–115]. In honey bees (Apis 

mellifera), a reduced deacetylation induces neurological defects, but at the same time can 
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promote queen bee development [116,117]. The importance of this epigenetic mechanism in 

aphids has been discussed under different perspectives, including wing and reproductive 

polyphenism [118–120]. However, the particular significance of histone acetylation in normal 

aphid development remains unresolved. 

The reversible acetylation of histone residues is catalyzed by enzymes originally called 

histone acetyltransferases and histone deacetylases [106]. Today, these enzymes are also 

known as lysine acetyltransferases (KATs) and lysine deacetylases (KDACs), because they 

additionally target an abundant number of non-histone proteins [121–125]. A remarkably 

diverse spectrum of highly conserved KATs and KDACs has been identified in many organisms 

(Fig. 2) [121,126–128]. Most KATs belong to one of three protein families: the GCN5-related 

N-acetyltransferases (GNAT) family (KAT1-2); the p300/CREB-binding protein (p300/CBP) 

family (KAT3A, KAT3B); and the MOZ/Ybf2/Sas2/Tip60 (MYST) family (KAT4-8) (Fig. 2A) 

[121,127,129]. The 11 known KDACs can be subdivided into three families: Class I or Rpd3-like 

proteins, comprising Rpd3/KDAC1, KDAC2, KDAC3 and KDAC8; Class II or Hda1-like proteins, 

comprising KDAC4-7; and Class IV or Hos3-like proteins with KDAC11 as its only resident 

(Fig. 2B) [121]. The sirtuins (Sir1-7), the fourth subgroup of deacetylation enzymes, was 

previously referred to as Class III KDACs, but they appeared to be mechanistically and 

structurally distinct from the other KDACs. Consequently, they are now considered an 

independent group of proteins (Fig. 2C) [121,130–132]. 

2.1.1 KATS AND KDACS IN A. PISUM - DETECTION AND CHARACTERIZATION 

In the present work, the NCBI database and the genome of A. pisum have been 

screened for KAT and KDAC (incl. sirtuin) genes and motifs to identify relevant gene and protein 

sequences [14,133]. This bioinformatics approach revealed 18 KAT-related and 16 

KDAC-related sequences within the pea aphid genome. These results support previous studies 

suggesting an extended repertoire of chromatin-remodeling proteins in the pea aphid 

[14,103,133]. Assembly and annotation of whole genomes, including the pea aphid genome, 

are performed automatically and remain a huge computational challenge, which can be biased 

Figure 2. Classification of (A) Type A lysine acetyltransferases [176], (B.1) histone deacetylases with sirtuins as an inde-

pendent group of deacetylases [168] and (B.2) sirtuins [177,178]. 
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in various ways [134]. Coverage bias or two paralogous genes collapsed into a single gene by 

automatic assembly decrease the number of predicted genes within a draft genome. 

Conversely, splitting of allelic variants into separate paralogous loci (split genes) or the cleavage 

of gene sequences and the subsequent association of the resulting fragments onto more than 

one scaffold or contig (cleaved genes) leads to substantial overestimation of gene diversity 

[135]. With this in mind, the observed sequences have been further characterized – by manual 

examination of the underlying genomic information, protein domain analysis, and phylogenetic 

comparisons. Eventually, they were examined by in vitro detection via PCR and Sanger-

sequencing [103,136]. In this detailed analysis, Kirfel et al. (2019) for the first time revealed 

evidence for split genes (e.g. hdac8 and rpd3) and cleaved genes (e.g. kat6b and kat7) in the 

pea aphid genome assembly [103]. Nevertheless, several KATs and KDACs were clearly 

identified by the phylogenetic analysis and proven experimentally. One hat1 sequence and 

three kat2b sequences (GNAT family) have been cloned and sequenced. A KAT2A protein 

sequence was found and could not be ruled out by the bioinformatics analysis, yet an in vitro 

validation of its mRNA failed. From the MYST family, one sequence each representing kat5, 

kat6b and kat7 was confirmed in silico as well as in vitro [103]. One member of the p300/CBP 

family was recognized and analyzed in detail by Kirfel et al. (2020) [136]. As mentioned 

previously, some KDAC sequences found are most likely split gene events, e.g. only one 

transcript each out of two predicted hdac8 and four predicted rpd3 sequences (both Class I 

KDACs) could be verified experimentally. Conversely, a true gene duplication event was 

observed in the case of the two KDAC6-like sequences (Class II KDACs), which were found both 

bioinformatically and experimentally. Moreover, there is strong evidence for the existence of 

kdac3 (Class I), kdac4 (Class II) and kdac11 (Class IV), but not for homologs of KDAC2, KDAC5, 

KDAC7 and KDAC9. Four sirtuins were cloned and sequenced following the bioinformatic 

identification (Sir1, Sir4, Sir6 and Sir7). The mitochondrial Sir5 was found in silico but its mRNA 

transcript could not be confirmed in the lab [103]. It was demonstrated in Kirfel et al. (2019) 

that previous studies possibly overestimated the diversity of histone-modifying enzymes in 

some respect, but also showed that the repertoire of KATs and KDACs, indeed, has been 

extended in some cases (e.g. kdac6 and kat2b) in A. pisum [103,127]. 

2.1.2 INHIBITING HISTONE MODIFICATION ENZYMES SIGNIFICANTLY EFFECTS APHID FITNESS 

In this thesis, the role of histone modification in normal aphid development was 

investigated, in order to estimate the importance of this epigenetic modification for 

polyphenism, as suggested in previous studies [118–120]. Epigenetic modifications, and 

protein acetylation, in particular, are key regulatory adaptations in many biological processes 

[122,123,137]. Inhibition of this mechanism could lead to a dramatic loss of fitness [113]. 

Notably, this result may become the key to approaching a novel target system for insecticidal 

agents and strategies, apart from the most important classical targets like the nervous system 
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or chitin biosynthesis. Therefore, aphids were fed on an artificial diet containing either 

epigenetic multiple ligand (epi-ML) or suberoylanilide hydroxamic acid (SAHA), two chemicals 

inhibiting the activity of KATs or KDACs, respectively. Upon inhibitor ingestion, survival was 

reduced by up to 70% (SAHA) and 50% (epi-ML), respectively. Furthermore, a reproductive 

delay of up to 2 days was observed in a concentration-dependent manner [103]. Likewise, the 

inhibition of KDACs reduced survival and caused developmental arrest in D. melanogaster, the 

frog Xenopus laevis or the starfish Asterina pectinifera [113,138–140]. Despite the reduced 

development of A. pisum nymphs following SAHA treatment for KDAC inhibition, such aphids 

gained a greater body weight than their untreated peers [103]. This might result from 

nonspecific cell growth comparable to that reported for X. laevis [137]. Contrary to what has 

been observed for SAHA, inhibition of the KAT enzymes by epi-ML led to significantly smaller 

body size and lower body weight of the aphids [103]. These strong effects on survival, 

reproduction, growth, and development, as described in Kirfel et al. (2019), experimentally 

proved the importance of histone modification in several life-history traits in aphids. However, 

a polyphenetic response resulting from exposure to these two inhibitory chemicals was not 

discovered [103]. It is possible that this phenomenon is governed by other epigenetic 

modifications. Such an effect was shown by results of Dombrovsky et al. (2009) [142], who 

demonstrated that inhibition of DNA methylation using RG108 (N-phthalyl-L-tryptophan) or 

zebularine (pyrimidin-2-one-β-D-ribofuranoside) promoted wing development in A. pisum. 

The chemical disturbance of the entire histone acetylation system by SAHA and epi-ML, 

respectively, offers the opportunity to evaluate a possible role of this epigenetic modification 

in the aphid’s biology in general. Notably, this system also bears potential as a novel target for 

aphid control. To go more into detail, RNA interference was used to determine the function 

and importance of the previously identified genes involved in histone modification (see 2.3.1). 

RNAi is a preserved biological response mechanism to exogenous double-stranded RNA. It is a 

mechanism for sequence-specific gene silencing present in most eukaryotic organisms. RNAi 

controls gene expression and facilitates resistance to endogenous parasitic as well as 

exogenous pathogenic nucleic acids [143–147]. Silencing of the KATs hat1, kat2b1, kat2b2, kat8 

and the KDACs kdac3, kdac6, kdac8 and sir1 did not induce significant changes to the monitored 

parameters like survival, development or offspring production. Interestingly, silencing the 

KDAC Rpd3 led to a small but significant number of prematurely born, nonviable 

offspring [103]. Considering that embryos of rpd3-deficient D. melanogaster develop 

segmentation defects and also failed to hatch, these results suggest that Rpd3 is essential in 

aphid embryogenesis and eclosion [103,148]. Interference with the histone acetyltransferase 

kat6b significantly extended the aphid lifespan. Inhibition of kat7 mRNA resulted in the 

production of considerably more offspring compared to the controls. This is in line with studies 

in yeast, D. melanogaster, Caenorhabditis elegans, and mice, reporting a prolonged survival 
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after the loss of histone acetylation [149,150]. A lack of histone acetylation, either through 

impaired acetyltransferases or by an accelerated deacetylation process, is suggested to 

stabilize gene expression and thus, like in aphids, increase longevity [151–154]. The mechanism 

by which KAT7 promotes offspring production in aphids remains unclear. However, such 

beneficial effects of the inhibition of histone acetylation may be limited to certain 

acetyltransferases since the attenuation of the acetyltransferase p300/CBP appeared to be 

detrimental to the aphids’ fitness [136]. 

2.1.3 ABOUT P300/CBP IN APHIDS – A UNIVERSAL TRANSCRIPTIONAL CO-REGULATOR 

Although historically associated with histone acetylation, p300/CBP is now known to be 

important for numerous acetylation processes and signaling pathways [155–158]. With more 

than 400 protein targets resulting in the acetylation of over 100 protein substrates, this enzyme 

has been shown to be essential in many ways for growth and development in multicellular 

organisms [156,159–162]. In humans, p300/CBP has been demonstrated to play important 

roles in various forms of cancer [163]. In D. melanogaster, the German cockroach Blattella 

germanica and the red flour beetle Tribolium castaneum, the loss of p300/CBP activity has been 

shown to cause severe embryonic or postembryonic deformation [115,164–167]. Similar to the 

other KATs, nothing was known about the function of p300/CBP in aphids. The inhibition of 

most KATs in aphids through dsRNA injection exhibit no or rather mild incisions in the observed 

life-history traits [103]. Conversely, the injection of p300/CBP dsRNA had manifold and fatal 

consequences in A. pisum (Fig.3) as demonstrated in Kirfel et al. (2020) [136]. This result 

Figure 3. Scheme of the experimental procedure used for dsRNA injection. Injection occurred between the meso- and 

metathorax of a 5-day-old mother. The effect of different p300/CBP dsRNA concentrations on survival and the production 

of offspring is displayed in graphs. Additionally, regular offspring compared to premature offspring born after the 

injection of control dsRNA (top-right) and p300/CBP dsRNA (down-right), respectively, is shown. 
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strongly supports the conserved function of p300/CBP in fundamental regulatory and cellular 

processes as reported for other organisms [164,166]. E.g. in D. melanogaster, C. elegans and 

mice, p300/CBP seems to be essential during embryogenesis. If dysregulated, it causes lethality 

and severe developmental defects in these organisms [165,167,168]. Kirfel et al. (2020) 

revealed that treated aphids produced less offspring, gave birth to an astonishing number of 

premature nymphs, and showed that the attenuation of p300/CBP triggers the retention of 

embryos by their mothers (Fig. 3) [136]. Such an impact can be explained by a disrupted 

embryogenesis. It can also be caused by reduced tissue integrity within the aphids’ ovaries 

observed in this study upon p300/CBP manipulation. Along with additional effects perceived, 

such as the dramatic truncation of the reproductive phase and the dark-green 

hyperpigmentation of the aphid body, it was concluded in Kirfel et al. (2020), that sufficient 

evidence is provided for the induction of senescence by p300/CBP mitigation [136,169]. This is 

in agreement with other studies associating p300/CBP with an accelerated biological aging 

process [136,169]. Essential roles of p300/CBP in the senescence of human cells, the apoptosis 

of insect cells, and the disabling of lifespan extension in C. elegans have been reported, as well 

as a correlation of age and gene expression levels of p300/CBP in mice [170–174]. The 

hyperpigmentation of the aphids’ bodies, which can also be observed in aging aphids under 

normal conditions, is suggested to result from encapsulation and melanization of particles. This 

is suggested to be one of the few active immune response mechanisms in aphids [175-178]. 

From experiments in T. castaneum it is known that the knockdown of p300/CBP affects the 

expression of more than 1,300 genes, which trigger an enhanced melanization in the midgut of 

the beetles as a consequence of changes in innate immunity, pigmentation, and metabolism 

[166]. Hence, future investigations should additionally consider a correlation between the 

dysregulation of p300/CBP and aphid immunity. Apart from this, depletion of p300/CBP altered 

both foraging behavior and food intake in Camponotus floridanus and B. germanica. Moreover, 

modulation of gluconeogenesis and lipidogenesis was observed in the latter species, whereas 

the stability of nutritional storage proteins was affected in Bombyx mori [164,179,180]. 

Malnutrition may account for or, at least, exacerbate the detected developmental aberrations 

and the lifespan reduction. However, such an explanation seems to be less probable for aphids, 

because no obvious changes in feeding behavior, body weight, and body size were observed in 

this study. 

2.1.4 DSRNAS AS BIOINSECTICIDES – RNAI AS AN ALTERNATIVE APHID MANAGEMENT STRATEGY  

RNAi is regularly used to protect beneficial insects from pathogens or parasites like the 

Israeli acute paralysis virus, the Varroa mite (Varroa destructor), or the microsporidian parasite 

Nosema ceranae [181–185]. It was further considered as an alternative, environmentally 

friendly approach to control (pest) insects themselves [186]. Indeed, Baum et al. (2007) [187] 

and Mao et al. (2007) [188] demonstrated that insect-derived dsRNA expressed in planta 
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exhibit a significant degree of protection against the western corn rootworm (WCR) Diabrotica 

virgifera and the cotton bollworm Helicoverpa armigera, respectively. The only commercially 

available product using RNAi as the active mechanism against insects is SmartStax PRO maize 

that is expressing DvSnf7 dsRNA, which was estimated to reduce WCR appearance by up to 

95% [189]. Although feasible for many insects [144], some Lepidopteran and Hemipteran 

species, including aphids, appear to be recalcitrant in their response to environmental RNAi 

[101,147,190,191]. Previous studies aiming to establish RNAi-mediated aphid control focused 

on target systems that are well known in the context of pest control. Such studies were looking 

for genes related to insect digestion, respiration, and chitin biosynthesis. However, they were 

of debatable success [192–197]. Various reasons for a reduced susceptibility or resistance to 

RNAi were suggested, including natural barriers, such as the insect gut pH value, dsRNA 

degradation by nucleases, the accumulation of dsRNA in endosomes, and SID-1 deficiency. In 

other words, those mechanisms are affected that disturb normal uptake and (systemic) 

transport of dsRNA [102,198,199]. Additionally, RNAi-mediated gene silencing could be 

counteracted by regulatory feedback mechanisms, which are able to compensate for the 

function of the silenced gene. In this context, the gene’s transcription rate can be increased, or 

the up-regulation of other genes can be expedited. Alternative explanations for a less effective 

RNAi scenario comprise low expression or malfunction of RNAi enzymes or compounds [180]. 

The first obstacle for efficient RNAi, which has eventually been identified in aphids, was 

an extracellular dsRNase in the gut. It significantly and non-specifically degrades ingested 

dsRNA molecules [102,200]. Further, although all compounds of the siRNA pathway and related 

transport proteins are present in aphids, it remains controversial how and if these genes are 

regulated upon dsRNA delivery [102,201,202]. Remarkably, the examination of enzymes of the 

second RNAi pathway, the miRNA pathway, which can cause translational instead of 

transcriptional repression, has experienced an extensive expansion in A. pisum. The exposure 

of aphids to different kinds of dsRNA was followed by a vast, but inconclusive expression 

crescendo of several components of this pathway [201,203]. In this thesis, only a partial 

knockdown (~30%) of the expression levels of the p300/CBP mRNA was detected, which was 

Figure 4. Effects of RNAi after injection of p300/CBP dsRNA and GFP control dsRNA mixtures in different ratios (pure, 
1:1, 1:4, 1:8). (A) survival, (B) mean number offspring/day, (C) mean number premature offspring/day.  
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strictly in line with results found in many other studies on the pea aphid. Considering the 

extension of the miRNA pathway, it is worth suggesting that effects observed upon dsRNA 

injection in the pea aphid, at least to some degree, is based on a translational instead of 

transcriptional repression leading to only minor mRNA reductions hardly detectable by 

quantitative PCR [136]. Even if it was clearly demonstrated that there were only minor changes 

in the expression levels of the p300/CBP mRNA, the consequences on various A. pisum 

life-history traits were significant. However, a strong phenotypic effect even if, or especially if, 

the knockdown is only partial, is a prerequisite for a promising candidate gene in terms of 

RNAi-based insect pest control [200]. As pointed out, all enzymes of the RNAi pathways are 

present, but the overall expression levels of relevant enzymes as well as the fate of dsRNAs in 

A. pisum and other aphids largely remains unknown. Kirfel et al. (2020) demonstrated that 

even very low amounts of dsRNA (1.25 ng) can have tremendous effects on the life-history 

traits of aphids [136]. Surprisingly, the injection of larger amounts of dsRNA (75 ng) did not 

result in stronger effects in terms of mortality, offspring count, and viability of emerging 

nymphs [136]. These results may be an indication for low expression levels of participating 

enzymes and consequentially rapid saturation of the RNAi machinery. This hypothesis is 

supported by further experiments deploying mixtures of GFP and p300/CBP dsRNA in different 

proportions (1:1, 4:1 and 8:1, respectively). A rapid competitive inhibition of the RNAi pathways 

was observed (Fig. 4). Although it remains unclear, which part of the RNAi pathways (uptake, 

transport, core enzymes, etc.) is affected most seriously, this finding provides an alternative 

explanation for the variable efficacies of RNAi observed in aphids. At the same time, the 

assumption was corroborated that very strong phenotypic effects, necessary for RNAi-based 

aphid control, can be achieved by careful selection of a suitable target gene. It should not be 

neglected that the hypothesized fast and easy competitive inhibition of the RNAi machinery 

may come along with new challenges, especially for previously suggested delivery systems. For 

instance, modified viruses, which are commonly employed as transfer vectors, may not be a 

suitable tool for the control of aphids [98]. 

Table 3. Identity of the p300/CBP dsRNA construct to the mRNA of other aphid species 

Aphid species Identity Contig. nt (>21-mers) of A. pisum dsRNA similar to p300 mRNA of other species 
Cotton aphid 
(Aphis gossypii) 

93% 38nt, 32nt, 29nt, 41nt, 33nt 

Russian wheat aphid 
(Diuraphis noxia) 

96% 44nt, 123nt, 43nt, 47nt 

Green peach aphid 
(Myzus persicae) 

97% 28nt, 44nt, 80nt, 77nt, 47nt, 27nt 

Sugarcane aphid 
(Melanaphis sacchari) 

93% 29nt, 38nt, 26nt, 29nt, 26nt, 38nt, 30nt 

Corn leaf aphid 
(Rhopalosiphum maidis) 

92% 29nt, 38nt, 92nt, 23nt, 33nt 

Yellow sugarcane aphid 
(Sipha flava) 

88% 26nt, 47nt, 22nt 
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As discussed before, resistance is a major concern of every pest control product. To 

prevent resistance against dsRNA constructs, the use of long dsRNA has been suggested. 

Certainly, the longer the delivered dsRNA constructs, the less are the odds for mutations 

triggering resistance, but the higher the risk to target non-target genes in aphids or genes in 

non-target organisms [204]. The p300/CBP dsRNA construct used herein was >300 nucleotides 

long, and there is a high degree of identity to other aphid p300/CBP mRNA sequences (Tab. 3, 

Fig. 5). That means that the construct used herein is most likely not species-specific but 

presumably limited to the aphid family. In fact, no RNAi-relevant overlaps were identified to 

the mRNA of the beneficial insect A. mellifera and the mammal M. musculus. Consequently, 

those organisms are not targeted by the present dsRNA. Considering the strong phenotypic 

effects and the high specificity, the dsRNA molecules designed in this study are ideal candidates 

for use as alternative and aphid-specific crop protection products (Patent application: Methods 

of Multi-Species insect pest control #EP19209940). 

2.2 FRIEND OR FOE? – THE APHID’S BACTERIAL PASSENGER SERRATIA SYMBIOTICA  

A pest control strategy advocated for many years is the application of insecticides at 

the maximum permitted dose [205]. This practice is debatable, and a simple way to reduce 

insecticides is to apply the lowest possible, but still sufficient amount of insecticidal compound 

in the field [205,206,207]. To determine the appropriate amount of an insecticide to be applied, 

fundamental knowledge of factors influencing the susceptibility of the pest is mandatory. 

Contemporary approaches for IPM include the accurate identification of the pest to be 

controlled as well as an in-depth understanding of its biology and ecology [208]. For example, 

the presence of some bacteria in insects is associated with increased host susceptibility to 

insecticides due to overall reduced fitness of the host-insect [209–211]. In an opposite way, it 

Figure 5. Alignments of the A. pisum dsRNA construct with sequence of the p300/CBP mRNA sequence of other aphids 

(Aphis gossypii, Diuraphis noxia, Myzus persicae, Melanaphis sacchari, Rhopalosiphum maidis, Sipha flava), the honey 

bee (Apis mellifera) and the house mouse (Mus musculus). 
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has been demonstrated that the bacterial symbionts of other insects such as the bean bug 

Riptortus pedestris [212], the oriental fruit fly Bactrocera dorsalis [213], or the mountain pine 

beetle Dendroctonus ponderosae [214], act as detoxifiers. Presumably, such symbionts 

originally might have enabled the host to overcome plant defenses, but eventually, they 

specialized in mediating insecticide resistance [215–220]. Consequently, the presence or 

absence of a highly-specialized symbiont in a specific pest may substantially alter the necessary 

amounts of insecticidal compounds to be applied in the field.  

Outstanding examples of detoxifying bacteria are found in the genus Serratia 

[214,221-225]. One member of this genus, S. symbiotica, is one of the most frequent facultative 

symbionts in aphids, including the pea aphid [226]. S. symbiotica can protect aphids from 

parasitoids, predators, and heat stress [227–230]. Recently, it has been suggested to support 

the feeding on host plants by the excretion of digestive enzymes or through the suppression of 

plant defenses [231]. Therefore, the hypothesis investigated in this thesis was that 

S. symbiotica could also assist the detoxification of insecticides in A. pisum. Consequently, the 

insecticide resistance of aphid strains harboring this symbiont should be more pronounced. 

The influence of the aphids’ symbiont on the susceptibility to common insecticides was 

assessed with respect to the overall impact of S. symbiotica on A. pisum fitness [233]. 

Therefore, aphids from a Serratia-positive stock population were sterilized. Using ampicillin, a 

Serratia-free line of A. pisum was established. Then, several fitness parameters (development, 

reproduction, size, longevity) of the newly established Serratia-free population were analyzed 

and compared to those of the original Serratia-positive population. Furthermore, a bioassay 

was established to test the efficiency of different insecticides covering a spectrum of insecticide 

classes, frequently used for aphid control [64,232,233]. Aphids were exposed to a 

neonicotinoid (imidacloprid: agonist on the nicotinic acetylcholine receptor), an 

organophosphate (chlorpyrifos-methyl: non-competitive inhibitor of acetylcholine esterase), a 

carbamate (methomyl: non-competitive inhibitor of acetylcholine esterase), a diamide 

(cyantraniliprole: agonist on the ryanodine receptor) and a tetramic acid derivate 

(spirotetramat: inhibitor of acetyl-CoA carboxylase). Three concentrations of each insecticide 

were evaluated in order to determine LC50 values for both aphid lines [233]. Contrary to the 

hypothesis, S. symbiotica infection in A. pisum led to severe fitness costs regardless of the 

insecticide treatment. Without treatment, aphids hosting the bacterial symbiont underwent a 

significantly prolonged development, they produced fewer offspring and were considerably 

smaller (lighter) than individuals from the sterilized, Serratia-free population. Following 

insecticide treatment, the mortality in the Serratia-positive aphid line was substantially higher 

than that one in the sterilized line. This result was confirmed for all insecticides tested, except 

for cyantraniliprole, especially when low concentrations of the substances were applied [233]. 

This is in line with results discovered in Bemisia tabaci or Plutella xylostella, where the existence 
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of a bacterial symbiont increases the susceptibility to chemical insecticides [210,234]. As 

previously mentioned, whether symbiotic bacteria are only beneficial or come with costs to 

their insect hosts depends on a complex interplay of diverse factors. The effect of a symbiont 

can change, depending on environmental conditions, the presence or absence of stressors 

[235,236]; and they can vastly differ depending on the host as well as the symbiont species 

[32,169,237] or even strains [238,239]. In several studies, a trade-off between the insect’s 

endurance, offspring production, or development and their need to control their symbiotic 

community to ensure the success of both partners, has been demonstrated [169,237,240]. 

Likewise, it can be assumed that the fitness costs associated with the maintenance of 

S. symbiotica in aphids take part in the alteration of their ability to cope with chemical 

insecticides. Consequently, this study suggests that host sensitivity to insecticides is influenced 

by the introduction of a bacterial symbiont. In other words, the presence or absence of a 

particular symbiont may be a key factor for the efficacy of insecticide applications against 

insects in the field. This decisive result obtained in this thesis needs to be considered in future 

pest management strategies.  

2.3 AMPS – ANTIMICROBIAL PEPTIDES EVOLVING INTO BIOINSECTICIDES 

Antimicrobial peptides (AMPs) are short polypeptides with either a linear structure 

encompassing amphipathic α-helices, or a cyclic structure including β-sheets stabilized by 

disulfide bridges [241]. These peptides have been found in all living organisms ranging from 

bacteria to plants as well as vertebrates and invertebrates. As part of the organisms' innate 

immune system they exhibit antimicrobial activity, but additionally show antiviral or 

anti-inflammatory functions, etc. [242,243]. Depending on the individual biological 

surrounding, AMPs may act through numerous mechanisms including the formation of ion 

channels in the cell membrane; they may alter enzyme activity, inhibit protein folding and bind 

intracellular targets [244]. Although AMPs are under discussion as a replacement for classical 

antibiotics, only a few have officially been approved as such. This is mainly due to concerns 

about toxicity, cleavage, and stability [245–247]. To broaden the potential industrial use of 

AMPs, one attempt of this thesis was to evaluate the insecticidal activity of AMPs and assess 

their utility as bio-insecticides against aphids. 

Insects rely exclusively on their innate immune system to fight infections with 

pathogens or parasites [248]. AMPs play central roles in the insects’ immune response against 

intruding microbes [249–251]. Surprisingly, in the A. pisum genome, some genes for the 

detection and the elimination of microorganisms are absent, and only a weak immune response 

was detected following infection or stress treatments [249]. More precisely, the pea aphid 

genome lacks genes encoding typical antibacterial AMPs such as defensins. It is hypothesized 

that the reduction of the innate immune system co-evolved with the introduction of obligatory 
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endosymbionts in aphids [176,249,252,253]. These bacterial symbionts are responsible for the 

aphids’ ability to survive on nutritionally poor diets [254,255]. Therefore, eradication of the 

endosymbiont by antibiotics leads to a dramatic loss of fitness and fertility [256,257]. 

Consequently, new strategies for aphid pest control could be developed, which selectively 

target the symbionts themselves or the bacteriocytes harboring these organisms.  

To efficiently kill their prey, the venom of scorpions contains neurotoxins and other 

bioactive molecules, as well as a complex mixture of AMPs, optimized over millions of years in 

evolution [258]. The use of scorpion AMPs as antibiotics is still a challenge due to their mildly 

hemolytic activity, but they may also be an untapped source for novel peptides with insecticidal 

activity. In this study, their potential use as insecticides was investigated by testing their activity 

against the pea aphid and its bacterial symbiont, in vitro as well as in vivo. The AMPs used 

herein were part of the largely uncharacterized group of non-disulfide bridged peptides 

(NDBPs) [259] and have been isolated from the venom gland transcriptome of the Australian 

native scorpions Urodacus yaschenkoi and Urodacus manicatus. Naturally occurring scorpion 

AMPs and modified analogs thereof were fed to the pea aphid [260–265]. Survival and 

reproduction of the treated insects were analyzed, and the results were compared to 

treatments with three insect-derived AMPs (apidaecin, cecropin A, stomoxyn). Rifampicin, 

which inhibits the bacterial DNA-dependent RNA polymerase, was used as a control antibiotic, 

whereas the neonicotinoid imidacloprid was used as a control insecticide. Additionally, the 

impact of the AMPs on bacterial load of B. aphidicola and S. symbiotica have been investigated 

in vivo with quantitative PCR. In vitro, minimal inhibitory concentrations (MICs) against 

S. symbiotica were estimated using the cultivable strain CWBI-2.3, which is closely related to 

the S. symbiotica strain found in A. pisum [266]. The scorpion AMPs affected the survival of 

A. pisum to a varying extent, whereas none of the used insect AMPs exhibited lethal effects 

[261]. The observed modes of action of insect and scorpion AMPs are comparable, in general. 

However, while acting against a wide range of bacterial pathogens, insect AMPs do not seem 

to target eukaryotic cells [267–271]. In contrast, scorpion AMPs are devoid of this kind of 

specificity and have been shown to target bacteria, but also eukaryotic cells such as 

erythrocytes [258,268,270]. It has been suggested, that venom gland-associated AMPs not only 

protect the telson of scorpions against bacterial intruders. Additionally, they may influence the 

toxicity of the venom by destroying cell membranes and deploying entrance sites for the 

neurotoxins [268]. The observed decrease in aphid survival after AMP treatment could reflect 

the direct damage caused by scorpion AMPs to different cell-types, including gut cells and the 

bacteriocytes. This idea is supported by the fact that the AMPs influenced aphid viability in the 

feeding assay, although they were not active against S. symbiotica or B. aphidicola in vivo. 

Moreover, they did not exhibit activity against the cultivable S. symbiotica strain CWBI-2.3 or 

Escherichia coli (as a close relative to B. aphidicola) in vitro [260,261]. Nevertheless, most of 
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the scorpion AMPs, but not the insect AMPs, significantly reduced the concentration of the 

obligatory as well as facultative symbionts in the aphids. Still, the ability to affect eukaryotic 

cells may help the scorpion AMPs to penetrate the protective membranes and barriers 

provided by the aphids’ bacteriocytes, thereby promoting the perceived antimicrobial activity 

of the scorpion AMPs in aphids. Notably, the aphids’ bacterial symbionts were either immune 

against the tested insect AMPs or well protected by their bacteriocytes [261].  

In summary, scorpion AMPs are found to be promising as potentially novel insecticidal 

compounds. They reduced the survival as well as the reproduction of the aphids after oral 

uptake, presumably through direct damage of the aphids’ cells. Some of the AMPs examined, 

additionally decrease the amount of bacterial symbionts B. aphidicola and S. symbiotica. This 

also shows that the scorpion AMPs are functional even following exposure to the aphids’ 

digestive system. Genetically modified plants, ectopically expressing the antifungal peptide 

gallerimycin, have been shown to be protected against fungal infection [272]. Likewise, this 

study showed the potential of scorpion AMPs acting as insecticidal compounds, which could be 

provided through insect pest-resistant GM crops, topical application, or even other methods 

previously discussed (see 1.2.2). Hence, future research has to examine suitable application 

techniques, ecotoxicology and persistence, side effects on the adapted crop or the 

environment as well as the degree of protection offered by the AMPs applied.  
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3. CONCLUSIONS AND FURTHER PERSPECTIVES 

“when pests and diseases are causing major losses of biodiversity, and when we are increasingly 

aware of the contribution that plants make to our quality of life,[…], we simply have to be more 

cautious, more vigilant and more demanding, in tackling this major environmental risk.” 

(Charles P. A. G., Prince of Wales at a Plant Health and Biosecurity Conference at the Royal 

Botanic Garden, Kew) 

In recent years, the implementation of novel and secure insect management methods, 

or their improvement, became obligate for the entire agroindustry. This thesis focused on the 

development of alternative strategies for sustainable aphid management, which may stimulate 

the search for novel targets or pest control substances or may help to improve existing 

methods. The major subject of this thesis was the identification of the broad diversity and 

function of histone acetylation and deacetylation enzymes. It was postulated that this tightly 

controlled epigenetic machinery provides a promising target system for the development of 

novel insecticidal compounds. Surprisingly, this work exhibits the resilience of the epigenetic 

machinery against external manipulation, but also its weaknesses in terms of the highly 

connected gene node p300/CBP. The attenuation of p300/CBP has tremendous effects on 

life-history traits of A. pisum, corroborating the fundamental role of p300/CBP as a universal 

transcriptional co-regulator in insects. The RNAi-based insect pest control through transgenic 

plants may not be suitable for aphids for the reasons explained in previous sections (see 1.2.2), 

thus the utilization of dsRNA spray formulations with p300/CBP dsRNA as an active substance 

could provide a highly specific and environmentally sustainable method for aphid control. This 

work not only provides evidence for the potential of an RNAi-based pest management strategy 

but also revealed that this system may be prone to competitive inhibition and low expression 

levels of enzymes of the RNAi pathways. These new challenges need to be considered in future 

gene silencing experiments, the search for relevant target genes, the development of dsRNA 

delivery systems and the integration of this method in aphid management systems in general. 

As a second aspect, this thesis investigated one neglected aspect of aphid management: their 

bacterial symbionts. The presence of the facultative symbiont S. symbiotica increases the 

susceptibility of A. pisum to chemical insecticides. This knowledge opens up a new door to the 

optimization of the use of synthetic insecticides based on the symbiotic community of a specific 

aphid population and its resistance to different artificial stress agents. Additionally, the primary 

bacterial symbiont B. aphidicola itself provides a novel target for aphid pest control. Feeding 

scorpion-derived AMPs to A. pisum significantly decreased the fitness of this insect. Notably, 

this study disclosed the potential of scorpion AMPs as bioinsecticides. However, ecotoxicology 

and persistence, side effects on the adapted crop or the environment as well as the degree of 

protection offered by the applied AMPs have to be further examined.  



                                                                                                                                                         REFERENCES 

22 

4. REFERENCES 

1.  Misof, B.; Liu, S.; Meusemann, K.; Peters, R.S.; Donath, A.; Mayer, C.; Frandsen, P.B.; Ware, J.; Flouri, T.; Beutel, 
R.G.; et al. (96 Authors) Phylogenomics resolves the timing and pattern of insect evolution. Science 2014, 346, 
763–767, doi:10.1126/science.1257570. 

2.  Vilcinskas, A. Biology and ecology of aphids. 269 pp. CRC Press, Abingdon 2016; ISBN 978-1-4822-3678-1. 
3.  Podsiadlowski, L. Phylogeny of the aphids. available online: https://www.taylorfrancis.com/ (accessed on Mar. 

12, 2020). 
4.  Blackman, R.L.; Eastop, V.F. Aphids on the world’s trees: An identification and information guide. 1024 pp. CABI, 

Wallingford,1994; ISBN 978-0-85198-877-1. 
5.  Havill, N.P.; Foottit, R.G.; von Dohlen, C.D. Evolution of host specialization in the Adelgidae (Insecta: Hemiptera) 

inferred from molecular phylogenetics. Molecular Phylogenetics and Evolution 2007, 44, 357–370, 
doi:10.1016/j.ympev.2006.11.008. 

6.  Ortiz-Rivas, B.; Martínez-Torres, D. Combination of molecular data support the existence of three main lineages 
in the phylogeny of aphids (Hemiptera: Aphididae) and the basal position of the subfamily Lachninae. Molecular 
Phylogenetics and Evolution 2010, 55, 305–317, doi:10.1016/j.ympev.2009.12.005. 

7.  Rebijith, K.B.; Asokan, R.; Hande, H.R.; Joshi, S.; Surveswaran, S.; Ramamurthy, V.V.; Krishna Kumar, N.K. 
Reconstructing the macroevolutionary patterns of aphids (Hemiptera: Aphididae) using nuclear and 
mitochondrial DNA sequences. Biological Journal of the Linnean Society 2017, 121, 796–814, 
doi:10.1093/biolinnean/blx020. 

8.  Grimaldi, D.; Engel, M.S. Evolution of the insects. 772 pp. Cambridge University Press, Cambridge 2005; 
ISBN 978-1-107-26877-7. 

9.  Heie, O.E.; Wegierek, P. A classification of the Aphidomorpha (Hemiptera: Sternorrhyncha) under consideration 
of the fossil taxa. Redia 2009, 92, 69–77 

10.  Metz, M.A.; Miller, D.R.; Dickey, A.M.; Bauchan, G.R.; Ochoa, R.; Skvarla, M.J.; Miller, G.L. Rediscovering digitules 
in Aphidomorpha and the question of homology among Sternorrhyncha (Insecta: Hemiptera). ZooKeys 2017, 683, 
39–50, doi:10.3897/zookeys.683.10100. 

11.  Buchner, P. Endosymbiosis of animals with plant microorganisms. 909 pp. Interscience Publishers, New York 
1965; ISBN 978-0-47011-517-6 

12.  Baumann, P.; Lai, C.; Baumann, L.; Rouhbakhsh, D.; Moran, N.A.; Clark, M.A. Mutualistic associations of aphids 
and prokaryotes: biology of the genus Buchnera. Applied and Environmental Microbiology 1995, 61, 1–7, 
doi:10.1128/AEM.61.1.1-7.1995. 

13.  Shigenobu, S.; Watanabe, H.; Hattori, M.; Sakaki, Y.; Ishikawa, H. Genome sequence of the endocellular bacterial 
symbiont of aphids Buchnera sp. APS. Nature 2000, 407, 81–86, doi:10.1038/35024074. 

14.  The International Aphid Genomics Consortium Genome sequence of the pea aphid Acyrthosiphon pisum. PLOS 
Biology 2010, 8, e1000313, doi:10.1371/journal.pbio.1000313. 

15.  Koga, R.; Meng, X.-Y.; Tsuchida, T.; Fukatsu, T. Cellular mechanism for selective vertical transmission of an 
obligate insect symbiont at the bacteriocyte–embryo interface. Proceedings of the National Academy of Sciences 
of the United States of America 2012, 109, E1230–E1237, doi:10.1073/pnas.1119212109. 

16.  Moran, N.A.; Yun, Y. Experimental replacement of an obligate insect symbiont. Proceedings of the National 
Academy of Sciences of the United States of America 2015, 112, 2093–2096, doi:10.1073/pnas.1420037112. 

17.  Yang, C.-H.; Andrew Pospisilik, J. Polyphenism – A window into gene-environment interactions and phenotypic 
plasticity. Frontiers in Genetics 2019, 10:132, doi:10.3389/fgene.2019.00132. 

18.  Schmidtberg, H.; Vilcinskas, A. The ontogenesis of the pea aphid. In Vilcinskas, A. (Ed): Biology and ecology of 
aphids; CRC Press, Abingdon 2016; pp. 14–51. ISBN 978-1-4822-3676-7. 

19.  Ogawa, K.; Miura, T. Aphid polyphenisms: trans-generational developmental regulation through viviparity. 
Frontiers in Physiology 2014, 5:1, doi:10.3389/fphys.2014.00001. 

20.  Braendle, C.; Davis, G.K.; Brisson, J.A.; Stern, D.L. Wing dimorphism in aphids. Heredity 2006, 97, 192–199, 
doi:10.1038/sj.hdy.6800863. 

21.  Chen, Y.; Verheggen, F.J.; Sun, D.; Wang, Z.; Francis, F.; He, K. Differential wing polyphenism adaptation across 
life stages under extreme high temperatures in corn leaf aphid. Scientific Reports 2019, 9, 1–8, 
doi:10.1038/s41598-019-45045-x. 

22.  Johnson, B. Wing polymorphism in aphids II. Interaction between aphids. Entomologia Experimentalis et 
Applicata 1965, 8, 49–64, doi:10.1111/j.1570-7458.1965.tb02342.x. 

23.  Kunert, G.; Weisser, W.W. The interplay between density- and trait-mediated effects in predator-prey 
interactions: a case study in aphid wing polymorphism. Oecologia 2003, 135, 304–312, doi:10.1007/s00442-003-
1185-8. 

24.  Kunert, G.; Weisser, W.W. The importance of antennae for pea aphid wing induction in the presence of natural 
enemies. Bulletin of Entomological Research 2005, 95, 125–131, doi:10.1079/ber2004342. 

25.  Müller, C.B.; Williams, I.S.; Hardie, J. The role of nutrition, crowding and interspecific interactions in the 
development of winged aphids. Ecological Entomology 2001, 26, 330–340, doi:10.1046/j.1365-
2311.2001.00321.x. 

26.  Sloggett, J.J.; Weisser, W.W. Parasitoids induce production of the dispersal morph of the pea aphid, 
Acyrthosiphon pisum. Oikos 2002, 98, 323–333, doi:10.1034/j.1600-0706.2002.980213.x. 



                                                                                                                                                         REFERENCES 

23 

27.  Sutherland, O.R.W. The role of crowding in the production of winged forms by two strains of the pea aphid, 
Acyrthosiphon pisum. Journal of Insect Physiology 1969, 15, 1385–1410, doi:10.1016/0022-1910(69)90199-1. 

28.  Sutherland, O.R.W. The role of the host plant in the production of winged forms by two strains of the pea aphid, 
Acyrthosiphon pisum. Journal of Insect Physiology 1969, 15, 2179–2201, doi:10.1016/0022-1910(69)90083-3. 

29.  Miura, T.; Braendle, C.; Shingleton, A.; Sisk, G.; Kambhampati, S.; Stern, D.L. A comparison of parthenogenetic 
and sexual embryogenesis of the pea aphid Acyrthosiphon pisum (Hemiptera: Aphidoidea). Journal of 
Experimental Zoology Part B: Molecular and Developmental Evolution 2003, 295, 59–81, doi: 10.1002/jez.b.3. 

30.  Ishikawa, A.; Ogawa, K.; Gotoh, H.; Walsh, T.K.; Tagu, D.; Brisson, J.A.; Rispe, C.; Jaubert-Possamai, S.; Kanbe, T.; 
Tsubota, T.; Shiotsuki, T.; Miura, T. Juvenile hormone titre and related gene expression during the change of 
reproductive modes in the pea aphid: JH-related genes. Insect Molecular Biology 2012, 21, 49–60, 
doi:10.1111/j.1365-2583.2011.01111.x. 

31.  Simon, J.-C.; Stoeckel, S.; Tagu, D. Evolutionary and functional insights into reproductive strategies of aphids. 
Comptes Rendus Biologies 2010, 333, 488–496, doi:10.1016/j.crvi.2010.03.003. 

32.  Simon, J.-C.; Boutin, S.; Tsuchida, T.; Koga, R.; Le Gallic, J.-F.; Frantz, A.; Outreman, Y.; Fukatsu, T. Facultative 
symbiont infections affect aphid reproduction. PLoS ONE 2011, 6, e21831, doi:10.1371/journal.pone.0021831. 

33.  Simon, J.-C.; Pfrender, M.E.; Tollrian, R.; Tagu, D.; Colbourne, J.K. Genomics of environmentally induced 
phenotypes in two extremely plastic arthropods. Journal of Heredity 2011, 102, 512–525, 
doi:10.1093/jhered/esr020. 

34.  Tagu, D.; Sabater-Munoz, B.; Simon, J.-C. Deciphering reproductive polyphenism in aphids. Invertebrate 
Reproduction and Development 2005, 48, 71–80, doi:10.1080/07924259.2005.9652172. 

35.  Shingleton, A.W.; Sisk, G.C.; Stern, D.L. Diapause in the pea aphid (Acyrthosiphon pisum) is a slowing but not a 
cessation of development. BMC Developmental Biology 2003, 3, 7, doi:10.1186/1471-213X-3-7 . 

36.  Brisson, J.A.; Stern, D.L. The pea aphid, Acyrthosiphon pisum: an emerging genomic model system for ecological, 
developmental and evolutionary studies. BioEssays 2006, 28, 747–755, doi:10.1002/bies.20436. 

37.  Via, S. Inducing the sexual forms and hatching the eggs of pea aphids. Entomologia Experimentalis et Applicata 
1992, 65, 119–127, doi:10.1111/j.1570-7458.1992.tb01635.x. 

38.  Caillaud, M.C.; Losey, J.E. Genetics of color polymorphism in the pea pahid, Acyrthosiphon pisum. Journal of Insect 
Science 2010, 10, doi:10.1673/031.010.9501. 

39.  Emden, H.F. van; Harrington, R. Aphids as Crop Pests, 2nd Edition; 714 pp. CABI, Croydon 2017; 
ISBN 978-1-78064-709-8 

40.  Stork, N.E. How many species of insects and other terrestrial arthropods are there on earth? Annual Review of 
Entomology 2018, 63, 31–45, doi:10.1146/annurev-ento-020117-043348. 

41.  Scudder, G.G.E. The importance of insects. In Insect Biodiversity: Science and Society II; John Wiley & Sons, Oxford 
2017; pp. 9–43. ISBN 978-1-118-94556-8. 

42. IUPAC - agrochemicals - History of pesticide use. https://agrochemicals.iupac.org/ 

43.  Oberemok, V.V.; Laikova, K.V.; Gninenko, Y.I.; Zaitsev, A.S.; Nyadar, P.M.; Adeyemi, T.A. A short history of 
insecticides. Journal of Plant Protection Research 2015, 55, 221–226, doi:10.1515/jppr-2015-0033. 

44.  Davies, T.G.E.; Field, L.M.; Usherwood, P.N.R.; Williamson, M.S. DDT, pyrethrins, pyrethroids and insect sodium 
channels. IUBMB Life 2007, 59, 151–162, doi:10.1080/15216540701352042. 

45.  Costa, L.G. Toxicology of Pesticides: A Brief History. In Toxicology of Pesticides, SpringerLink, Heidelberg 1987; 
Vol. 13; pp 1-10, ISBN 978-3-642-70900-5. 

46.  Bate, R. The rise, fall, rise, and imminent fall of DDT. American Enterprise Institute 2007, available online: 
https://www.aei.org/research-products/report/the-rise-fall-rise-and-imminent-fall-of-ddt/ (accessed on July 30, 
2020). 

47.  Casida, J.E.; Durkin, K.A. Anticholinesterase insecticide retrospective. Chemico-Biological Interactions 2013, 203, 
221-225, doi:10.1016/j.cbi.2012.08.002. 

48. German Federal Office of Consumer Protection and Food Safety (BVL) 

https://apps2.bvl.bund.de/psm/jsp/index.jsp (effective 18th of March 2020) 

49. Helpdesk: REACH CLP Biozid 

https://www.reach-clp-biozid-helpdesk.de/DE/Biozide/Wirkstoffe/Genehmigte-Wirkstoffe/Genehmigte-

Wirkstoffe0.html#PT18 (effective 18th of March 2020) 

50. German Federal Office of Consumer Protection and Food Safty (BVL)  

https://www.umweltbundesamt.de/daten/land-forstwirtschaft/pflanzenschutzmittelverwendung-in-

der#absatz-von-pflanzenschutzmitteln (effective 18th of March 2020) 

51.  Cooper, J.; Dobson, H. The benefits of pesticides to mankind and the environment. Crop Protection 2007, 26, 
1337–1348, doi:10.1016/j.cropro.2007.03.022. 

52.  Serazetdinova, L. The future of crop protection. Knowledge Transfer Network 2019 available online: 
https://ktn-uk.co.uk/news/the-future-of-crop-protection (accessed on July 30, 2020). 

53.  Barzman, M.; Bàrberi, P.; Birch, A.N.E.; Boonekamp, P.; Dachbrodt-Saaydeh, S.; Graf, B.; Hommel, B.; Jensen, J.E.; 
Kiss, J.; Kudsk, P.; Lamichhane, J.R.; Messèan, A.; Moonen, A.-C.; Ratnadass, A.; Ricci, P.; Sarah, J.-L.; Sattin, M. 
Eight principles of integrated pest management. Agronomy for Sustainable Development 2015, 35, 1199–1215, 
doi:10.1007/s13593-015-0327-9. 

 



                                                                                                                                                         REFERENCES 

24 

54.  Keulemans, W.; Bylemans, D.; De Coninck, B. Farming without plant protection products. Scientific Foresight Unit 
of the European Parliamentary Research Service - Panel for the Future of Science and Technology 2019, available 
online: https://www.europarl.europa.eu/cmsdata/ 185760/EPRS_IDA (2019)634416_EN.pdf (accessed on July 
30, 2020). 

55.  Kunin, W.E. Robust evidence of declines in insect abundance and biodiversity. Nature 2019, 574, 641–642, 
doi:10.1038/d41586-019-03241-9. 

56.  Gerba, C.P. Environmental Toxicology. In Brusseau, M.; Pepper, I.L.; Gerba, C.P. (Eds): Environmental and 
Pollution Science 3rd Edition Academic Press, London 2019; pp. 511–540. ISBN 978-0-12-814719-1. 

57.  Hallmann, C.A.; Foppen, R.P.B.; Turnhout, C.A.M. van; Kroon, H. de; Jongejans, E. Declines in insectivorous birds 
are associated with high neonicotinoid concentrations. Nature 2014, 511, 341–343, doi:10.1038/nature13531. 

58.  Mulé, R.; Sabella, G.; Robba, L.; Manachini, B. Systematic review of the effects of chemical insecticides on four 
common butterfly families. Frontiers in Environmental Sciences 2017, 5, 32, doi:10.3389/fenvs.2017.00032. 

59.  Sánchez-Bayo, F.; Goka, K.; Hayasaka, D. Contamination of the aquatic environment with neonicotinoids and its 
implication for ecosystems. Frontiers in Environmental Sciences 2016, 4, 71, doi:10.3389/fenvs.2016.00071. 

60.  Van Hoesel, W.; Tiefenbacher, A.; König, N.; Dorn, V.M.; Hagenguth, J.F.; Prah, U.; Widhalm, T.; Wiklicky, V.; 
Koller, R.; Bonkowski, M.; Lagerlöf, J.; Ratzenböck, A.; Zaller, J.G. Single and combined effects of pesticide seed 
dressings and herbicides on earthworms, soil microorganisms, and litter decomposition. Frontiers in Plant 
Sciences 2017, 8:215, doi:10.3389/fpls.2017.00215. 

61.  Wu, Y.; Zhang, S.; Ren, C.; Xie, Y.-W.; Zhang, X.-W.; Sojinu, S.O.; Chen, T.-H.; Wang, J.-Z. Residues of 
organophosphorus insecticides in sediment around a highly eutrophic lake, Eastern China. Journal of Soils and 
Sediments 2015, 15, 436–444, doi:10.1007/s11368-014-1011-4. 

62.  Zaller, J.G.; Brühl, C.A. Editorial: Non-target effects of pesticides on organisms inhabiting agroecosystems. 
Frontiers in Environmental Sciences 2019, 7, 75, doi:10.3389/fenvs.2019.00075. 

63. Insecticide Restistance Action Committee https://www.irac-online.org/pests/            

64.  Nauen, R.; Slater, R.; Sparks, T.C.; Elbert, A.; Mccaffery, A. IRAC: Insecticide resistance and mode-of-action 
classification of insecticides. In Krämer, W.; Schirmer, U.; Jeschke, P.; Witschel, M. (Eds): Modern Crop Protection 
Compounds; John Wiley & Sons, Ltd, Oxford 2019; pp. 995–1012 ISBN 978-3-527-69926-1. 

65.  Whalon, M.E.; Mota-Sanchez, D.; Hollingworth, R.M. Global Pesticide Resistance in Arthropods. 169 pp. CABI, 
Trowbridge 2008; ISBN 978-1-84593-379-1. 

66.  Zhu, F.; Lavine, L.; O’Neal, S.; Lavine, M.; Foss, C.; Walsh, D. Insecticide resistance and management strategies in 
urban ecosystems. Insects 2016, 7, 2, doi:10.3390/insects7010002. 

67.  Insecticide Resistance Action Committee IRAC - Resistant management for sustainable agriculture and improved 
public health available online: https://croplife.org/wp-content/uploads/pdf_files/IRAC-Resistant-Management-
for-Sustainable-Agriculture-and-Improved-Public-Health.pdf (accessed on Oct 30, 2019). 

68.  Mota-Sanchez, D.; Wise, J.C. The arthropod pesticide resistance database. available online: 
http://www.pesticideresistance.org (accessed on June 23, 2020). 

69.  Torres, A.Q.; Valle, D.; Mesquita, R.D.; Schama, R. Gene family evolution and the problem of a functional 
classification of insect carboxylesterases. In Elsevier Reference Collection in Life Sciences; Elsevier, online 2018, 
ISBN 978-0-12-809633-8. 

70.  The Reflection and Research Network on Pesticide Resistance (R4P). Trends and challenges in pesticide resistance 
detection. Trends in Plant Science 2016, 21, 834–853, doi:10.1016/j.tplants.2016.06.006. 

71.  McDougall, P. The cost of new agrochemical product discovery, development and registration in 1995, 2000, 
2005-2008 and 2010-2014. R&D expenditure in 2014 and expectations for 2019. A Consultancy Study for CropLife 
International, CropLife America and the European Crop Protection Association 2016, available online: 
https://croplife.org/wp-content/uploads/2016/04/Cost-of-CP-report-FINAL.pdf (accessed on December 12, 
2019). 

72.  Bhat, A.I.; Rao, G.P. Transmission of viruses by aphids. In Bhat, A.I.; Rao, G.P. (Eds): Characterization of Plant 
Viruses : Methods and Protocols; Springer Protocols Handbooks; Springer, New York 2020; pp. 69–75. ISBN 978-
1-07-160334-5. 

73.  Hoffmann, K.H. Aphid honeydew: rubbish or signaler. In Vilcinskas, A. (Ed): Biology and ecology of aphids; CRC 
Press, Abingdon 2016; pp. 199–220, ISBN 978-1-4822-3676-7. 

74.  Edwards, O.R.; Franzmann, B.; Thackray, D.; Micic, S. Insecticide resistance and implications for future aphid 
management in Australian grains and pastures: A review. Australian Journal of Experimental Agriculture 2008, 
48, 1523, doi:10.1071/EA07426. 

75.  Douglas, A.E. Honeydew. In Resh, V.H.; Carde, R.T. (Eds): Encyclopedia of Insects 2nd Edition; Academic Press: 
San Diego 2009; pp. 461–463, ISBN 978-0-12-374144-8. 

76.  Dhaliwal, G.; Jindal, V.; Mohindru, B. Crop losses due to insect pests: Global and Indian scenario. Indian Journal 
of Entomology 2015, 77, 165-168, doi:105958/0974-8172.2015.00033.4 

77.  Oerke, E.-C. Crop losses to pests. The Journal of Agricultural Science 2006, 144, 31–43, 
doi:10.1017/S0021859605005708. 

78.  Sparks, T.C.; Nauen, R. IRAC: Mode of action classification and insecticide resistance management. Pesticide 
Biochemistry and Physiology 2015, 121, 122–128, doi:10.1016/j.pestbp.2014.11.014. 



                                                                                                                                                         REFERENCES 

25 

79.  Anstead, J.A.; Williamson, M.S.; Denholm, I. Evidence for multiple origins of identical insecticide resistance 
mutations in the aphid Myzus persicae. Insect Biochemistry and Molecular Biology 2005, 35, 249–256, 
doi:10.1016/j.ibmb.2004.12.004. 

80.  Silva, A.X.; Jander, G.; Samaniego, H.; Ramsey, J.S.; Figueroa, C.C. Insecticide resistance mechanisms in the green 
peach aphid Myzus persicae (Hemiptera: Aphididae) I: A transcriptomic survey. PLoS ONE 2012, 7, e36366, 
doi:10.1371/journal.pone.0036366. 

81.  Bass, C.; Puinean, A.M.; Zimmer, C.T.; Denholm, I.; Field, L.M.; Foster, S.P.; Gutbrod, O.; Nauen, R.; Slater, R.; 
Williamson, M.S. The evolution of insecticide resistance in the peach potato aphid, Myzus persicae. Insect 
Biochemistry and Molecular Biology 2014, 51, 41–51, doi:10.1016/j.ibmb.2014.05.003. 

82.  Damgaard, C.; Bruus, M.; Axelsen, J.A. The effect of spatial variation for predicting aphid outbreaks. Journal of 
Applied Entomology 2020, 144, 263-269 doi:10.1111/jen.12724. 

83.  Rabasse, J.-M.; van Steenis, M.J. Biological control of aphids. In Gullino M.L.; Albajes, R.; Nicot, P. (Eds): Integrated 
Pest and Disease Management in Greenhouse Crops; Springer Netherlands, Dordrecht 1999; pp. 235–243, 
ISBN 978-0-306-47585-6. 

84.  Goelen, T.; Rediers, H.; Jacquemyn, H.; Lievens, B. Innovative tools to improve biological control of aphids: 
Development of a parasitoid attracting feeding device based on microbial infochemicals. Conference Paper from 
the 71st International Symposium on Crop Protection, Ghent 2019 available online: 
https://lirias.kuleuven.be/2804804?limo=0 (accessed July 30, 2020). 

85.  Heimpel, G.E.; Ragsdale, D.W.; Venette, R.; Hopper, K.R.; O’Neil, R.J.; Rutledge, C.E.; Wu, Z. Prospects for 
importation biological control of the soybean aphid: Anticipating potential costs and benefits. Annals of the 
Entomological Society of America 2004, 97, 249–258, doi:10.1093/aesa/97.2.249. 

86.  Pålsson, J.; Thöming, G.; Silva, R.; Porcel, M.; Dekker, T.; Tasin, M. Recruiting on the spot: A biodegradable 
formulation for lacewings to trigger biological control of aphids. Insects 2019, 10, 6, 
doi:10.3390/insects10010006. 

87.  Ward, S.; Helden, M. van; Heddle, T.; Ridland, P.M.; Pirtle, E.; Umina, P.A. Biology, ecology and management of 
Diuraphis noxia (Hemiptera: Aphididae) in Australia. Australian Journal of Entomology 2020, 59, 238-252, 
doi:10.1111/aen.12453. 

88.  Will, T.; Vilcinskas, A. Aphid-proof plants: Biotechnology-based approaches for aphid control. Advances in 
Biochemical Engineering/Biotechnology 2013, 136, 179–203, doi:10.1007/10_2013_211. 

89.  Yu, X.-D.; Liu, Z.-C.; Huang, S.-L.; Chen, Z.-Q.; Sun, Y.-W.; Duan, P.-F.; Ma, Y.-Z.; Xia, L.-Q. RNAi-mediated plant 
protection against aphids. Pest Management Science 2016, 72, 1090–1098, doi:10.1002/ps.4258. 

90.  Yu, X.; Wang, G.; Huang, S.; Ma, Y.; Xia, L. Engineering plants for aphid resistance: current status and future 
perspectives. Theoretical and Applied Genetics 2014, 127, 2065–2083, doi:10.1007/s00122-014-2371-2. 

91.  Kolliopoulou, A.; Taning, C.N.T.; Smagghe, G.; Swevers, L. Viral delivery of dsRNA for control of insect agricultural 
pests and vectors of human disease: Prospects and challenges. Frontiers in Physiology 2017, 8, 399, 
doi:10.3389/fphys.2017.00399. 

92.  Ahn, S.-J.; Donahue, K.; Koh, Y.; Martin, R.R.; Choi, M.-Y. Microbial-based double-stranded RNA production to 
develop cost-effective RNA interference application for insect pest management. International Journal of Insect 
Science 2019, 11, 1179543319840323, doi:10.1177/1179543319840323. 

93.  Kim, E.; Park, Y.; Kim, Y. A Transformed bacterium expressing double-stranded RNA specific to integrin β1 
enhances Bt toxin efficacy against a polyphagous insect pest, Spodoptera exigua. PLoS ONE 2015, 10, e0132631, 
doi:10.1371/journal.pone.0132631. 

94.  Papić, L.; Rivas, J.; Toledo, S.; Romero, J. Double-stranded RNA production and the kinetics of recombinant 
Escherichia coli HT115 in fed-batch culture. Biotechnology Reports 2018, 20, e00292, 
doi:10.1016/j.btre.2018.e00292. 

95.  Whitten, M.M.A.; Facey, P.D.; Del Sol, R.; Fernández-Martínez, L.T.; Evans, M.C.; Mitchell, J.J.; Bodger, O.G.; 
Dyson, P.J. Symbiont-mediated RNA interference in insects. Proceedings of the Royal Society B: Biological 
Sciences 2016, 283, 20160042, doi:10.1098/rspb.2016.0042. 

96.  Deist, B.; Bonning, B. Biotechnological Approaches to Aphid Management. In Vilcinskas, A.; (Ed): Biology and 
Ecology of Aphids; CRC Press, Abingdon 2016; pp. 238-254, ISBN:978-14822-3676-7. 

97.  Yan, S.; Ren, B.; Zeng, B.; Shen, J. Improving RNAi efficiency for pest control in crop species. BioTechniques 2020, 
68:5, 283–290, doi:10.2144/btn-2019-0171. 

98.  Taning, C.N.T.; Arpaia, S.; Christiaens, O.; Dietz-Pfeilstetter, A.; Jones, H.; Mezzetti, B.; Sabbadini, S.; Sorteberg, 
H.-G.; Sweet, J.; Ventura, V.; Smagghe, G. RNA-based biocontrol compounds: current status and perspectives to 
reach the market. Pest Management Science 2019, 76:3, 841-845, doi:10.1002/ps.5686. 

99.  Somchai, P.; Jitrakorn, S.; Thitamadee, S.; Meetam, M.; Saksmerprome, V. Use of microalgae Chlamydomonas 
reinhardtii for production of double-stranded RNA against shrimp virus. Aquaculture Reports 2016, 3, 178–183, 
doi:10.1016/j.aqrep.2016.03.003. 

100.  Cao, M.; Gatehouse, J.A.; Fitches, E.C. A systematic study of RNAi effects and dsRNA stability in Tribolium 
castaneum and Acyrthosiphon pisum, following injection and ingestion of analogous dsRNAs. International 
Journal of Molecular Sciences 2018, 19:4, 1079, doi:10.3390/ijms19041079. 

101.  Christiaens, O.; Smagghe, G. The challenge of RNAi-mediated control of Hemipterans. Current Opinion in Insect 
Science 2014, 6, 15–21, doi:10.1016/j.cois.2014.09.012. 



                                                                                                                                                         REFERENCES 

26 

102.  Christiaens, O.; Swevers, L.; Smagghe, G. DsRNA degradation in the pea aphid (Acyrthosiphon pisum) associated 
with lack of response in RNAi feeding and injection assay. Peptides 2014, 53, 307–314, 
doi:10.1016/j.peptides.2013.12.014. 

103.  Kirfel, P.; Skaljac, M.; Grotmann, J.; Kessel, T.; Seip, M.; Michaelis, K.; Vilcinskas, A. Inhibition of histone 
acetylation and deacetylation enzymes affects longevity, development, and fecundity in the pea aphid 
(Acyrthosiphon pisum). Archives of Insect Biochemistry and Physiology 2020, 103:3, e21614, 
doi:10.1002/arch.21614. 

104. European Food Safty Authority (EFSA) available online: 

https://www.efsa.europa.eu/en/corporate/pub/eurobarometer19 

105.  Federal Ministry for the Environment, Nature Conservation and Nuclear Safety. Aktionsprogramm 
Insektenschutz – Gemeinsam wirksam gegen das Insektensterben. Bundesministerium für Umwelt, Naturschutz 
und nukleare Sicherheit 2019 available online: https://www.bmu.de/filead-
min/Daten_BMU/Pools/Broschueren/aktionsprogramm_insektenschutz_kabinettversion_bf.pdf (accessed on 
July 30, 2020). 

106.  Bannister, A.J.; Kouzarides, T. Regulation of chromatin by histone modifications. Cell Research 2011, 21, 381–
395, doi:10.1038/cr.2011.22. 

107.  Burggren, W.W. Epigenetics in insects: mechanisms, phenotypes and ecological and evolutionary implications. 
Advances in Insect Physiology 2017; 53, 1–30, doi:10.1016/bs.aiip.2017.04.001. 

108.  Haberland, M.; Montgomery, R.L.; Olson, E.N. The many roles of histone deacetylases in development and 
physiology: implications for disease and therapy. Nature Reviews Genetics 2009, 10, 32–42, 
doi:10.1038/nrg2485. 

109.  Bassett, S.A.; Barnett, M.P.G. The role of dietary histone deacetylases (HDACs) inhibitors in health and disease. 
Nutrients 2014, 6, 4273–4301, doi:10.3390/nu6104273. 

110.  Damjanovski, S.; Sachs, L.M.; Shi, Y.B. Multiple stage-dependent roles for histone deacetylases during amphibian 
embryogenesis: implications for the involvement of extracellular matrix remodeling. International Journal of 
Developmental Biology 2000, 44, 769–776, doi: n/a. 

111.  Schneider, A.; Chatterjee, S.; Bousiges, O.; Selvi, B.R.; Swaminathan, A.; Cassel, R.; Blanc, F.; Kundu, T.K.; Boutillier, 
A.-L. Acetyltransferases (HATs) as targets for neurological therapeutics. Neurotherapeutics 2013, 10, 568–588, 
doi:10.1007/s13311-013-0204-7. 

112.  Kang, Y.; Marischuk, K.; Castelvecchi, G.D.; Bashirullah, A. HDAC inhibitors disrupt programmed resistance to 
apoptosis during Drosophila development. G3: Genes, Genomes, Genetics 2017, 7, 1985–1993, 
doi:10.1534/g3.117.041541. 

113.  Pile, L.A.; Lee, F.-H.; Wassarman, D.A. The histone deacetylase inhibitor trichostatin A influences the 
development of Drosophila melanogaster. Cellular and Molecular Life Sciences 2001, 58, 1715–1718, 
doi:10.1007/PL00000809. 

114.  Reynolds, J.A.; Bautista-Jimenez, R.; Denlinger, D.L. Changes in histone acetylation as potential mediators of 
pupal diapause in the flesh fly, Sarcophaga bullata. Insect Biochemistry and Molecular Biology 2016, 76, 29–37, 
doi:10.1016/j.ibmb.2016.06.012. 

115.  Roy, A.; Palli, S.R. Epigenetic modifications acetylation and deacetylation play important roles in juvenile 
hormone action. BMC Genomics 2018, 19, 934, doi:10.1186/s12864-018-5323-4. 

116.  Lockett, G.; Wilkes, F.; Helliwell, P.; Maleszka, R. Contrasting effects of histone deacetylase inhibitors on reward 
and aversive olfactory memories in the honey bee. Insects 2014, 5, 377–398, doi:10.3390/insects5020377. 

117.  Spannhoff, A.; Kim, Y.K.; Raynal, N.J.-M.; Gharibyan, V.; Su, M.-B.; Zhou, Y.-Y.; Li, J.; Castellano, S.; Sbardella, G.; 
Issa, J.-P.J.; Bedford, M.T. Histone deacetylase inhibitor activity in royal jelly might facilitate caste switching in 
bees. EMBO Reports 2011, 12, 238–243, doi:10.1038/embor.2011.9. 

118.  Baudach, A.F.; Mukherjee, K. Epigenetic control of polyphenism in aphids. In Vilcinskas, A. (Ed): Biology and 
ecology of aphids, CRC Press, Abingdon 2016, pp. 89-99, ISBN 978-1-4822-3678-1. 

119.  Grantham, M.; Brisson, J.A.; Tagu, D.; Le Trionnaire, G. Integrative genomic approaches to studying epigenetic 
mechanisms of phenotypic plasticity in the aphid. In Raman, C.; Goldsmith, M.R.; Agunbiade, T.A. (Eds): Short 
Views on Insect Genomics and Proteomics; Springer, Cham 2015, pp. 95-117 ISBN: 978-3-319-24233-0 

120.  Srinivasan, D.G.; Brisson, J.A. Aphids: A model for polyphenism and epigenetics. Genetics Research International 
2012, 2012, 1–12, doi:10.1155/2012/431531. 

121.  Ali, I.; Conrad, R.J.; Verdin, E.; Ott, M. Lysine acetylation goes global: From epigenetics to metabolism and 
therapeutics. Chemical Reviews 2018, 118, 1216–1252, doi:10.1021/acs.chemrev.7b00181. 

122.  Drazic, A.; Myklebust, L.M.; Ree, R.; Arnesen, T. The world of protein acetylation. Biochimica et Biophysica Acta 
- Proteins and Proteomics 2016, 1864, 1372–1401, doi:10.1016/j.bbapap.2016.06.007. 

123.  Narita, T.; Weinert, B.T.; Choudhary, C. Functions and mechanisms of non-histone protein acetylation. Nature 
Reviews Molecular Cell Biology 2019, 20, 156–174, doi:10.1038/s41580-018-0081-3. 

124.  Ohguchi, H.; Hideshima, T.; Anderson, K.C. The biological significance of histone modifiers in multiple myeloma: 
Clinical applications. Blood Cancer Journal 2018, 8, 83, doi:10.1038/s41408-018-0119-y. 

125.  Rahhal, R.; Seto, E. Emerging roles of histone modifications and HDACs in RNA splicing. Nucleic Acids Research 
2019, 47, 4911–4926, doi:10.1093/nar/gkz292. 

126.  Crump, N.T.; Hazzalin, C.A.; Bowers, E.M.; Alani, R.M.; Cole, P.A.; Mahadevan, L.C. Dynamic acetylation of all 
lysine-4 trimethylated histone H3 is evolutionarily conserved and mediated by p300/CBP. Proceedings of the 



                                                                                                                                                         REFERENCES 

27 

National Academy of Science of the United States of America 2011, 108, 7814–7819, 
doi:10.1073/pnas.1100099108. 

127.  Verdin, E.; Ott, M. 50 years of protein acetylation: from gene regulation to epigenetics, metabolism and beyond. 
Nature Reviews Molecular Cell Biology. 2015, 16, 258–264, doi:10.1038/nrm3931. 

128.  Wang, Z.; Zang, C.; Cui, K.; Schones, D.E.; Barski, A.; Peng, W.; Zhao, K. Genome-wide mapping of HATs and HDACs 
reveals distinct functions in active and inactive genes. Cell 2009, 138, 1019–1031, doi:10.1016/j.cell.2009.06.049. 

129.  Simon, R.P.; Robaa, D.; Alhalabi, Z.; Sippl, W.; Jung, M. KATching-up on small molecule modulators of lysine 
acetyltransferases. Journal of Medicinal Chemistry 2016, 59, 1249–1270, doi:10.1021/acs.jmedchem.5b01502. 

130.  Frye, R.A. Phylogenetic classification of prokaryotic and eukaryotic Sir2-like proteins. Biochemical and Biophysical 
Research Communications 2000, 273, 793–798, doi:10.1006/bbrc.2000.3000. 

131.  Greiss, S.; Gartner, A. Sirtuin/Sir2 phylogeny, evolutionary considerations and structural conservation. Molecules 
and Cells 2009, 28, 407–415, doi:10.1007/s10059-009-0169-x. 

132.  Nakagawa, T.; Guarente, L. Sirtuins at a glance. Journal of Cell Science 2011, 124, 833–838, 
doi:10.1242/jcs.081067. 

133.  Rider, S.D.; Srinivasan, D.G.; Hilgarth, R.S. Chromatin-remodelling proteins of the pea aphid, Acyrthosiphon pisum 
(Harris): Aphid chromatin genes. Insect Molecular Biology 2010, 19, 201–214, doi:10.1111/j.1365-
2583.2009.00972.x. 

134.  Chaisson, M.J.P.; Wilson, R.K.; Eichler, E.E. Genetic variation and the de novo assembly of human genomes. 
Nature Reviews Genetics 2015, 16, 627–640, doi:10.1038/nrg3933. 

135.  Denton, J.F.; Lugo-Martinez, J.; Tucker, A.E.; Schrider, D.R.; Warren, W.C.; Hahn, M.W. Extensive error in the 
number of genes inferred from draft genome assemblies. PLoS Computational Biology 2014, 10, e1003998, 
doi:10.1371/journal.pcbi.1003998. 

136.  Kirfel, P.; Vilcinskas, A.; Skaljac, M. Lysine acetyltransferase p300/CBP plays an important role in reproduction, 
embryogenesis and longevity of the pea aphid Acyrthosiphon pisum. Insects 2020, 11, 265, 
doi:10.3390/insects11050265. 

137.  Christensen, D.G.; Xie, X.; Basisty, N.; Byrnes, J.; McSweeney, S.; Schilling, B.; Wolfe, A.J. Post-translational protein 
acetylation: An elegant mechanism for bacteria to dynamically regulate metabolic functions. Frontiers in 
Microbiology 2019, 10, 1604, doi:10.3389/fmicb.2019.01604. 

138.  Almouzni, G.; Khochbin, S.; Dimitrov, S.; Wolffe, A.P. Histone acetylation influences both gene expression and 
development of Xenopus laevis. Developmental Biology 1994, 165, 654–669, doi:10.1006/dbio.1994.1283. 

139.  Ikegami, S.; Ooe, Y.; Shimizu, T.; Kasahara, T.; Tsuruta, T.; Kijima, M.; Yoshida, M.; Beppu, T. Accumulation of 
multiacetylated forms of histones by trichostatin A and its developmental consequences in early starfish 
embryos. Roux’s Archives of Developmental Biology 1993, 202, 144–151, doi:10.1007/BF00365304. 

140.  Tseng, A.-S.; Carneiro, K.; Lemire, J.M.; Levin, M. HDAC activity is required during Xenopus tail regeneration. PLoS 
ONE 2011, 6, e26382, doi:10.1371/journal.pone.0026382. 

141.  Kozeretska, I.A.; Serga, S.V.; Koliada, A.K.; Vaiserman, A.M. Epigenetic regulation of longevity in insects. Advances 
in Insect Physiology 2017; 87–114 doi:10.1016/bs.aiip.2017.03.001. 

142.  Dombrovsky, A.; Arthaud, L.; Ledger, T.N.; Tares, S.; Robichon, A. Profiling the repertoire of phenotypes 
influenced by environmental cues that occur during asexual reproduction. Genome Research 2009, 11, 2051-
2063, doi:10.1101/gr.091611.109. 

143.  Agrawal, N.; Dasaradhi, P.V.N.; Mohmmed, A.; Malhotra, P.; Bhatnagar, R.K.; Mukherjee, S.K. RNA interference: 
Biology, mechanism, and applications. Microbiology and Molecular Biology Reviews 2003, 67, 657–685, 
doi:10.1128/MMBR.67.4.657-685.2003. 

144.  Baum, J.A.; Roberts, J.K. Progress Towards RNAi-Mediated insect pest management. In Jurenka, R. (Ed): Advances 
in Insect Physiology; Elsevier, online 2014; pp. 249–295, ISBN 978-0-12-800197-4. 

145.  Dang, Y.; Yang, Q.; Xue, Z.; Liu, Y. RNA interference in fungi: pathways, functions, and applications. Eukaryotic 
Cell 2011, 10, 1148–1155, doi:10.1128/EC.05109-11. 

146.  Fire, A.; Xu, S.; Montgomery, M.K.; Kostas, S.A.; Driver, S.E.; Mello, C.C. Potent and specific genetic interference 
by double-stranded RNA in Caenorhabditis elegans. Nature 1998, 391, 806–811, doi:10.1038/35888. 

147.  Zotti, M.; Santos, E.A. dos; Cagliari, D.; Christiaens, O.; Taning, C.N.T.; Smagghe, G. RNA interference technology 
in crop protection against arthropod pests, pathogens and nematodes. Pest Management Science 2018, 74, 
1239–1250, doi:10.1002/ps.4813. 

148.  Chen, G.; Fernandez, J.; Mische, S.; Courey, A.J. A functional interaction between the histone deacetylase Rpd3 
and the corepressor groucho in Drosophila development. Genes and Development 1999, 13, 2218–2230, 
doi:10.1101/gad.13.17.2218. 

149.  Benayoun, B.A.; Pollina, E.A.; Brunet, A. Epigenetic regulation of ageing: Linking environmental inputs to genomic 
stability. Nature Reviews Molecular Cell Biology 2015, 16, 593–610, doi:10.1038/nrm4048. 

150.  Dang, W. The controversial world of sirtuins. Drug Discovery Today: Technologies 2014, 12, e9–e17, 
doi:10.1016/j.ddtec.2012.08.003. 

151.  McConnell, K.H.; Dixon, M.; Calvi, B.R. The histone acetyltransferases CBP and Chameau integrate developmental 
and DNA replication programs in Drosophila ovarian follicle cells. Development 2012, 139, 3880–3890, 
doi:10.1242/dev.083576. 

152.  Peleg, S.; Feller, C.; Forne, I.; Schiller, E.; Sévin, D.C.; Schauer, T.; Regnard, C.; Straub, T.; Prestel, M.; Klima, C.; 
Schmitt Nogueira, M.; Becker, L.; Klopstock, T.; Sauer, U.; Becker, P.B.; Imhof, A.; Ladurner, A.G. et al. Life span 



                                                                                                                                                         REFERENCES 

28 

extension by targeting a link between metabolism and histone acetylation in Drosophila. EMBO Reports 2016, 
17, 455–469, doi:10.15252/embr.201541132. 

153.  Peleg, S.; Feller, C.; Ladurner, A.G.; Imhof, A. The metabolic impact on histone acetylation and transcription in 
ageing. Trends in Biochemical Sciences 2016, 41, 700–711, doi:10.1016/j.tibs.2016.05.008. 

154.  Solovev, I.; Shaposhnikov, M.; Kudryavtseva, A.; Moskalev, A. Drosophila melanogaster as a model for studying 
the epigenetic basis of aging. In Moskalev, A.; Vaisermann, A.M. (Eds): Epigenetics of Aging and Longevity; 
Academic Press, Boston 2018; pp. 293–307 ISBN: 978-0-12-811060-7. 

155.  Bordoli, L.; Netsch, M.; Lüthi, U.; Lutz, W.; Eckner, R. Plant orthologs of p300/CBP: Conservation of a core domain 
in metazoan p300/CBP acetyltransferase-related proteins. Nucleic Acids Research 2001, 29, 589–597, 
doi:10.1093/nar/29.3.589. 

156.  Dancy, B.M.; Cole, P.A. Protein lysine acetylation by p300/CBP. Chemical Reviews 2015, 115, 2419–2452, 
doi:10.1021/cr500452k. 

157.  Dutto, I.; Scalera, C.; Prosperi, E. CREBBP and p300 lysine acetyl transferases in the DNA damage response. 
Cellular and Molecular Life Sciences 2018, 75, 1325–1338, doi:10.1007/s00018-017-2717-4. 

158.  Wang, L.; Tang, Y.; Cole, P.A.; Marmorstein, R. Structure and chemistry of the p300/CBP and Rtt109 histone 
acetyltransferases: Implications for histone acetyltransferase evolution and function. Current Opinion in 
Structural Biology 2008, 18, 741–747, doi:10.1016/j.sbi.2008.09.004. 

159.  Akimaru, H.; Chen, Y.; Dai, P.; Hou, D.-X.; Nonaka, M.; Smolik, S.M.; Armstrong, S.; Goodman, R.H.; Ishii, S. 
Drosophila CBP is a co-activator of cubitus interruptus in hedgehog signaling. Nature 1997, 386, 735–738, 
doi:10.1038/386735a0. 

160.  Akimaru, H.; Hou, D.-X.; Ishii, S. Drosophila CBP is required for dorsal –dependent twist gene expression. Nature 
Genetics 1997, 17, 211–214, doi:10.1038/ng1097-211. 

161.  Domínguez, M.; Brunner, M.; Hafen, E.; Basler, K. Sending and receiving the hedgehog signal: control by the 
Drosophila Gli protein cubitus interruptus. Science 1996, 272, 1621–1625, doi:10.1126/science.272.5268.1621. 

162.  Kanehisa, M. Towards understanding the origin and evolution of cellular organisms. Protein Science 2019, 28, 
1947-1951, doi:10.1002/pro.3715. 

163.  Lasko, L.M.; Jakob, C.G.; Edalji, R.P.; Qiu, W.; Montgomery, D.; Digiammarino, E.L.; Hansen, T.M.; Risi, R.M.; Frey, 
R.; Manaves, V.; et al. Discovery of a potent catalytic p300/CBP inhibitor that targets lineage-specific tumors. 
Nature 2017, 550, 128–132, doi:10.1038/nature24028. 

164.  Fernandez-Nicolas, A.; Belles, X. CREB-binding protein contributes to the regulation of endocrine and 
developmental pathways in insect hemimetabolan pre-metamorphosis. Biochimica et Biophysica Acta - General 
Subjects 2016, 1860, 508–515, doi:10.1016/j.bbagen.2015.12.008. 

165.  Goodman, R.H.; Smolik, S. CBP/p300 in cell growth, transformation, and development. Genes and Development 
2000, 14, 1553–1577, doi:10.1101/gad.14.13.1553. 

166.  Roy, A.; George, S.; Palli, S.R. Multiple functions of CREB-binding protein during postembryonic development: 
Identification of target genes. BMC Genomics 2017, 18, 996, doi:10.1186/s12864-017-4373-3. 

167.  Yao, T.P.; Oh, S.P.; Fuchs, M.; Zhou, N.D.; Ch’ng, L.E.; Newsome, D.; Bronson, R.T.; Li, E.; Livingston, D.M.; Eckner, 
R. Gene dosage-dependent embryonic development and proliferation defects in mice lacking the transcriptional 
integrator p300. Cell 1998, 93, 361–372, doi:10.1016/s0092-8674(00)81165-4. 

168.  Victor, M.; Bei, Y.; Gay, F.; Calvo, D.; Mello, C.; Shi, Y. HAT activity is essential for CBP-1-dependent transcription 
and differentiation in Caenorhabditis elegans. EMBO Reports 2002, 3, 50–55, doi:10.1093/embo-reports/kvf006. 

169.  Laughton, A.M.; Fan, M.H.; Gerardo, N.M. The combined effects of bacterial symbionts and aging on life-history 
traits in the pea aphid, Acyrthosiphon pisum. Applied and Environmental Microbiology 2014, 80, 470–477, 
doi:10.1128/AEM.02657-13. 

170.  Bandyopadhyay, D.; Okan, N.A.; Bales, E.; Nascimento, L.; Cole, P.A.; Medrano, E.E. Down-regulation of p300/CBP 
histone acetyltransferase activates a senescence checkpoint in human melanocytes. Cancer Research 2002, 62, 
6231–6239. 

171.  Bedford, D.C.; Brindle, P.K. Is histone acetylation the most important physiological function for CBP and p300? 
Aging 2012, 4, 247–255, doi:10.18632/aging.100453. 

172.  Sen, P.; Lan, Y.; Li, C.Y.; Sidoli, S.; Donahue, G.; Dou, Z.; Frederick, B.; Chen, Q.; Luense, L.J.; Garcia, B.A.; Dang, 
W.; Johnson, F.B.; Adams, P.D.; Schultz, D.C.; Berger, S.L. Histone acetyltransferase p300 induces de novo super-
enhancers to drive cellular senescence. Molecular Cell 2019, 73, 684-698.e8, doi:10.1016/j.molcel.2019.01.021. 

173.  Yan, G.; Eller, M.S.; Elm, C.; Larocca, C.A.; Ryu, B.; Panova, I.P.; Dancy, B.M.; Bowers, E.M.; Meyers, D.; Lareau, L.; 
Cole, P.A.; Taverna, S.D.; Alani, R.M. Selective inhibition of p300 HAT blocks cell cycle progression, induces cellular 
senescence, and inhibits the DNA damage response in melanoma cells. Journal of Investigative Dermatology 
2013, 133, 2444–2452, doi:10.1038/jid.2013.187. 

174.  Zhang, M.; Poplawski, M.; Yen, K.; Cheng, H.; Bloss, E.; Zhu, X.; Patel, H.; Mobbs, C.V. Role of CBP and SATB-1 in 
aging, dietary restriction, and insulin-like signaling. PLoS Biology 2009, 7, e1000245, 
doi:10.1371/journal.pbio.1000245. 

175.  Cerenius, L.; Lee, B.L.; Söderhäll, K. The proPO-system: pros and cons for its role in invertebrate immunity. Trends 
in Immunology 2008, 29, 263–271, doi:10.1016/j.it.2008.02.009. 

176.  Laughton, A.M.; Garcia, J.R.; Altincicek, B.; Strand, M.R.; Gerardo, N.M. Characterisation of immune responses in 
the pea aphid, Acyrthosiphon pisum. Journal of Insect Physiology 2011, 57, 830–839, 
doi:10.1016/j.jinsphys.2011.03.015. 



                                                                                                                                                         REFERENCES 

29 

177.  Schmitz, A.; Anselme, C.; Ravallec, M.; Rebuf, C.; Simon, J.-C.; Gatti, J.-L.; Poirié, M. The cellular immune response 
of the pea aphid to foreign intrusion and symbiotic challenge. PLoS ONE 2012, 7, e42114, 
doi:10.1371/journal.pone.0042114. 

178.  Xu, L.; Ma, L.; Wang, W.; Li, L.; Lu, Z. Phenoloxidases are required for the pea aphid’s defense against bacterial 
and fungal infection. Insect Molecular Biology 2019, 28, 176–186, doi:10.1111/imb.12536. 

179.  Simola, D.F.; Graham, R.J.; Brady, C.M.; Enzmann, B.L.; Desplan, C.; Ray, A.; Zwiebel, L.J.; Bonasio, R.; Reinberg, 
D.; Liebig, J.; Berger, S.L. Epigenetic (re)programming of caste-specific behavior in the ant Camponotus floridanus. 
Science 2016, 351, aac6633, doi:10.1126/science.aac6633. 

180.  Zhou, Y.; Wu, C.; Sheng, Q.; Jiang, C.; Chen, Q.; Lv, Z.; Yao, J.; Nie, Z. Lysine acetylation stabilizes SP2 protein in 
the silkworm Bombyx mori. Journal of Insect Physiology 2016, 91–92, 56–62, doi:10.1016/j.jinsphys.2016.06.008. 

181.  Burand, J.P.; Hunter, W.B. RNAi: Future in insect management. Journal of Invertebrate Pathology 2013, 112, 68–
74, doi:10.1016/j.jip.2012.07.012. 

182.  Campbell, E.M.; Budge, G.E.; Bowman, A.S. Gene-knockdown in the honey bee mite Varroa destructor by a non-
invasive approach: Studies on a glutathione S-transferase. Parasites and Vectors 2010, 3, 73, doi:10.1186/1756-
3305-3-73. 

183.  Hunter, W.; Ellis, J.; van Engelsdorp, D.; Hayes, J.; Westervelt, D.; Glick, E.; Williams, M.; Sela, I.; Maori, E.; Pettis, 
J.; Cox-Foster, D.; Paldi, N. Large-Scale Field application of RNAi technology reducing Israeli Acute Paralysis Virus 
disease in honey bees Apis mellifera (Hymenoptera: Apidae). PLoS Pathogens 2010, 6, e1001160, 
doi:10.1371/journal.ppat.1001160. 

184.  Paldi, N.; Glick, E.; Oliva, M.; Zilberberg, Y.; Aubin, L.; Pettis, J.; Chen, Y.; Evans, J.D. Effective gene silencing in a 
microsporidian parasite associated with honeybee (Apis mellifera) colony declines. Applied and Environmental 
Microbiology 2010, 76, 5960–5964, doi:10.1128/AEM.01067-10. 

185.  Piot, N.; Snoeck, S.; Vanlede, M.; Smagghe, G.; Meeus, I. The effect of oral administration of dsRNA on viral 
replication and mortality in Bombus terrestris. Viruses 2015, 7, 3172–3185, doi:10.3390/v7062765. 

186. Knorr, E.; Fishilevich, E.; Tenbusch, L.; Frey, M.L.F.; Rangasamy, M.; Billion, A.; Worden, S.E.; Gandra, P.; Arora, 

K.; Lo, W.; Schulenberg, G.; Valverde-Garcia, P.; Vilcinskas, A.; Kenneth, E.N. Gene silencing in Tribolium 

castaneum as a tool for the targeted identification of candidate RNAi targets in crop pests. Scientific Reports 

2018, 8, 2061, doi.org/10.1038/s41598-018-20416-y 

187.  Baum, J.A.; Bogaert, T.; Clinton, W.; Heck, G.R.; Feldmann, P.; Ilagan, O.; Johnson, S.; Plaetinck, G.; Munyikwa, T.; 
Pleau, M.; Vaughn, T.; Roberts, J. Control of coleopteran insect pests through RNA interference. Nature 
Biotechnology 2007, 25, 1322–1326, doi:10.1038/nbt1359. 

188.  Mao, Y.-B.; Cai, W.-J.; Wang, J.-W.; Hong, G.-J.; Tao, X.-Y.; Wang, L.-J.; Huang, Y.-P.; Chen, X.-Y. Silencing a cotton 
bollworm P450 monooxygenase gene by plant-mediated RNAi impairs larval tolerance of gossypol. Nature 
Biotechnology. 2007, 25, 1307–1313, doi:10.1038/nbt1352. 

189.  Head, G.P.; Carroll, M.W.; Evans, S.P.; Rule, D.M.; Willse, A.R.; Clark, T.L.; Storer, N.P.; Flannagan, R.D.; Samuel, 
L.W.; Meinke, L.J. Evaluation of SmartStax and SmartStax PRO maize against western corn rootworm and 
northern corn rootworm: Efficacy and resistance management. Pest Management Science 2017, 73, 1883–1899, 
doi:10.1002/ps.4554. 

190.  Singh, I.K.; Singh, S.; Mogilicherla, K.; Shukla, J.N.; Palli, S.R. Comparative analysis of double-stranded RNA 
degradation and processing in insects. Scientific Reports 2017, 7, 17059, doi:10.1038/s41598-017-17134-2. 

191.  Terenius, O.; Papanicolaou, A.; Garbutt, J.S.; Eleftherianos, I.; Huvenne, H.; Kanginakudru, S.; Albrechtsen, M.; 
An, C.; Aymeric, J.-L.; Barthel, A.; et al. RNA interference in Lepidoptera: An overview of successful and 
unsuccessful studies and implications for experimental design. Journal of Insect Physiology 2011, 57, 231–245, 
doi:10.1016/j.jinsphys.2010.11.006. 

192.  Xu, J.; Wang, X.-F.; Chen, P.; Liu, F.-T.; Zheng, S.-C.; Ye, H.; Mo, M.-H. RNA interference in moths: Mechanisms, 
applications, and progress. Genes 2016, 7:88, doi:10.3390/genes7100088. 

193.  Jaubert-Possamai, S.; Le Trionnaire, G.; Bonhomme, J.; Christophides, G.K.; Rispe, C.; Tagu, D. Gene knockdown 
by RNAi in the pea aphid Acyrthosiphon pisum. BMC Biotechnology 2007, 7, 63, doi:10.1186/1472-6750-7-63. 

194.  Zhang, M.; Zhou, Y.; Wang, H.; Jones, H.D.; Gao, Q.; Wang, D.; Ma, Y.; Xia, L. Identifying potential RNAi targets in 
grain aphid (Sitobion avenae F.) based on transcriptome profiling of its alimentary canal after feeding on wheat 
plants. BMC Genomics 2013, 14, 560, doi:10.1186/1471-2164-14-560. 

195.  Ye, C.; Jiang, Y.-D.; An, X.; Yang, L.; Shang, F.; Niu, J.; Wang, J.-J. Effects of RNAi-based silencing of chitin synthase 
gene on moulting and fecundity in pea aphids (Acyrthosiphon pisum). Scientific Reports 2019, 9, 3694, 
doi:10.1038/s41598-019-39837-4. 

196.  Mutti, N.S.; Park, Y.; Reese, J.C.; Reeck, G.R. RNAi Knockdown of a salivary transcript leading to lethality in the 
pea aphid, Acyrthosiphon pisum. Journal of Insect Science 2006, 6, 1–7, doi:10.1673/031.006.3801. 

197.  Will, T.; Vilcinskas, A. The structural sheath protein of aphids is required for phloem feeding. Insect Biochemistry 
and Molecular Biology 2015, 57, 34–40, doi:10.1016/j.ibmb.2014.12.005. 

198.  Liu, S.; Jaouannet, M.; Dempsey, D.A.; Imani, J.; Coustau, C.; Kogel, K.-H. RNA-based technologies for insect 
control in plant production. Biotechnology Advances 2020, 39, 107463, doi:10.1016/j.biotechadv.2019.107463. 

199.  Yoon, J.-S.; Gurusamy, D.; Palli, S.R. Accumulation of dsRNA in endosomes contributes to inefficient RNA 
interference in the fall armyworm, Spodoptera frugiperda. Insect Biochemistry and Molecular Biology. 2017, 90, 
53–60, doi:10.1016/j.ibmb.2017.09.011. 



                                                                                                                                                         REFERENCES 

30 

200.  Ghodke, A.B.; Good, R.T.; Golz, J.F.; Russell, D.A.; Edwards, O.; Robin, C. Extracellular endonucleases in the midgut 
of Myzus persicae may limit the efficacy of orally delivered RNAi. Scientific Reports 2019, 9, 1–14, 
doi:10.1038/s41598-019-47357-4. 

201.  Yang, L.; Tian, Y.; Peng, Y.-Y.; Niu, J.; Wang, J.-J. Expression dynamics of core RNAi machinery genes in pea aphids 
upon exposure to artificially synthesized dsRNA and miRNAs. Insects 2020, 11, 70, doi:10.3390/insects11020070. 

202.  Ye, C.; An, X.; Jiang, Y.-D.; Ding, B.-Y.; Shang, F.; Christiaens, O.; Taning, C.N.T.; Smagghe, G.; Niu, J.; Wang, J.-J. 
Induction of RNAi core machinery’s gene expression by exogenous dsRNA and the effects of pre-exposure to 
dsRNA on the gene silencing efficiency in the pea aphid (Acyrthosiphon pisum). Frontiers in Physiology 2019, 
9:1906, doi:10.3389/fphys.2018.01906. 

203.  Jaubert-Possamai, S.; Rispe, C.; Tanguy, S.; Gordon, K.; Walsh, T.; Edwards, O.; Tagu, D. Expansion of the miRNA 
pathway in the Hemipteran insect Acyrthosiphon pisum. Molecular Biology and Evolution 2010, 27, 979–987, 
doi:10.1093/molbev/msp256. 

204.  Qiu, S.; Adema, C.M.; Lane, T. A computational study of off-target effects of RNA interference. Nucleic Acids 
Research 2005, 33, 1834–1847, doi:10.1093/nar/gki324. 

205.  Helps, J.C.; Paveley, N.D.; van den Bosch, F. Identifying circumstances under which high insecticide dose increases 
or decreases resistance selection. Journal of Theoretical Biology 2017, 428, 153–167, 
doi:10.1016/j.jtbi.2017.06.007. 

206. IPM of the Food and Agriculture Organization of the United Nations                          www.fao.org (effective on 18th 

of March 2020) 

207. Principles of IPM of the US Environmental Protection Agency (EPA) www.epa.gov/safepestcontrol (effective on 

21st of March 2020)  

208.  Karuppuchamy, P.; Venugopal, S. Integrated Pest Management. In Omkar (Ed): Ecofriendly Pest Management for 

Food Security; Academic Press, San Diego 2016, pp. 651–684, ISBN 978-0-12-803265-7. 

209.  Duron, O.; Labbé, P.; Berticat, C.; Rousset, F.; Guillot, S.; Raymond, M.; Weill, M. High Wolbachia density 
correlates with cost of infection for insecticide resistant Culex pipiens mosquitoes. Evolution 2006, 60, 303–314. 

210.  Kontsedalov, S.; Zchori-Fein, E.; Chiel, E.; Gottlieb, Y.; Inbar, M.; Ghanim, M. The presence of Rickettsia is 
associated with increased susceptibility of Bemisia tabaci (Homoptera: Aleyrodidae) to insecticides. Pest 
Management Science 2008, 64, 789–792, doi:10.1002/ps.1595. 

211.  Tiwari, S.; Pelz-Stelinski, K.; Stelinski, L.L. Effect of Candidatus Liberibacter asiaticus infection on susceptibility of 
Asian citrus psyllid, Diaphorina citri, to selected insecticides. Pest Management Science 2011, 67, 94–99, 
doi:10.1002/ps.2038. 

212.  Kikuchi, Y.; Hayatsu, M.; Hosokawa, T.; Nagayama, A.; Tago, K.; Fukatsu, T. Symbiont-mediated insecticide 
resistance. Proceedings of the National Academy of Science of the United States of America 2012, 109, 8618–
8622, doi:10.1073/pnas.1200231109. 

213.  Cheng, D.; Guo, Z.; Riegler, M.; Xi, Z.; Liang, G.; Xu, Y. Gut symbiont enhances insecticide resistance in a significant 
pest, the oriental fruit fly Bactrocera dorsalis (Hendel). Microbiome 2017, 5, 13, doi:10.1186/s40168-017-0236-
z. 

214.  van den Bosch, T.J.M.; Welte, C.U. Detoxifying symbionts in agriculturally important pest insects. Microbial 
Biotechnology 2016, 10, 531–540, doi:10.1111/1751-7915.12483. 

215.  Abo-Amer, A. Biodegradation of diazinon by Serratia marcescens DI101 and its use in bioremediation of 
contaminated environment. Journal of Microbiology and Biotechnology 2011, 21, 71–80, 
doi:10.4014/jmb.1007.07024. 

216.  Boush, M.G.; Matsumura, F. Insecticidal degradation by Pseudomonas melophthora, the bacterial symbiote of 
the Apple Maggot. Journal of Economic Entomology 1967, 60, 918–920, doi:10.1093/jee/60.4.918. 

217.  Chung, S.H.; Scully, E.D.; Peiffer, M.; Geib, S.M.; Rosa, C.; Hoover, K.; Felton, G.W. Host plant species determines 
symbiotic bacterial community mediating suppression of plant defenses. Scientific Reports 2017, 7, 1–13, 
doi:10.1038/srep39690. 

218.  Ramya, S.L.; Venkatesan, T.; Murthy, K.S.; Jalali, S.K.; Varghese, A. Degradation of acephate by Enterobacter 
asburiae, Bacillus cereus and Pantoea agglomerans isolated from diamondback moth Plutella xylostella (L), a pest 
of cruciferous crops. Journal of Environmental Biology 2016, 37, 611–618, doi: n/a. 

219.  Ramya, S.L.; Venkatesan, T.; Srinivasa Murthy, K.; Jalali, S.K.; Verghese, A. Detection of carboxylesterase and 
esterase activity in culturable gut bacterial flora isolated from diamondback moth, Plutella xylostella (Linnaeus), 
from India and its possible role in indoxacarb degradation. Brazilian Journal of Microbiology 2016, 47, 327–336, 
doi:10.1016/j.bjm.2016.01.012. 

220.  Singh, B.K. Organophosphorus-degrading bacteria: ecology and industrial applications. Nature Reviews 
Microbiology 2009, 7, 156–164, doi:10.1038/nrmicro2050. 

221.  Cycoń, M.; Żmijowska, A.; Wójcik, M.; Piotrowska-Seget, Z. Biodegradation and bioremediation potential of 
diazinon-degrading Serratia marcescens to remove other organophosphorus pesticides from soils. Journal of 
Environmental Management 2013, 117, 7–16, doi:10.1016/j.jenvman.2012.12.031. 

222.  Cycoń, M.; Żmijowska, A.; Piotrowska-Seget, Z. Enhancement of deltamethrin degradation by soil 
bioaugmentation with two different strains of Serratia marcescens. International Journal of Environmental 
Science and Technology 2014, 11, 1305–1316, doi:10.1007/s13762-013-0322-0. 

223.  Itoh, H.; Tago, K.; Hayatsu, M.; Kikuchi, Y. Detoxifying symbiosis: microbe-mediated detoxification of phytotoxins 
and pesticides in insects. Natural Product Reports 2018, 35, 434–454, doi:10.1039/C7NP00051K. 



                                                                                                                                                         REFERENCES 

31 

224.  Li, L.; Guo, S.; Sun, Y.; Li, X.; Gao, Y.; Xu, H.; Li, Y. Detoxification effect of single inoculation and co-inoculation of 
Oudemansiella radicata and Serratia marcescens on Pb and fluoranthene co-contaminated soil. Journal of Soils 
and Sediments 2019, 19, 3008–3017, doi:10.1007/s11368-019-02304-8. 

225.  Pakala, S.B.; Gorla, P.; Pinjari, A.B.; Krovidi, R.K.; Baru, R.; Yanamandra, M.; Merrick, M.; Siddavattam, D. 
Biodegradation of methyl parathion and p-nitrophenol: Evidence for the presence of a p-nitrophenol 2-
hydroxylase in a Gram-negative Serratia sp. strain DS001. Applied Microbiology and Biotechnology 2007, 73, 
1452–1462, doi:10.1007/s00253-006-0595-z. 

226.  Henry, L.M.; Maiden, M.C.J.; Ferrari, J.; Godfray, H.C.J. Insect life history and the evolution of bacterial mutualism. 
Ecology Letters 2015, 18, 516–525, doi:10.1111/ele.12425. 

227.  Burke, G.; Fiehn, O.; Moran, N. Effects of facultative symbionts and heat stress on the metabolome of pea aphids. 
ISME Journal 2009, 4, 242–252, doi:10.1038/ismej.2009.114. 

228.  Frago, E.; Mala, M.; Weldegergis, B.T.; Yang, C.; McLean, A.; Godfray, H.C.J.; Gols, R.; Dicke, M. Symbionts protect 
aphids from parasitic wasps by attenuating herbivore-induced plant volatiles. Nature Communications 2017, 8, 
1–9, doi:10.1038/s41467-017-01935-0. 

229.  Kovacs, J.L.; Wolf, C.; Voisin, D.; Wolf, S. Evidence of indirect symbiont conferred protection against the predatory 
lady beetle Harmonia axyridis in the pea aphid. BMC Ecology 2017, 17, 26, doi:10.1186/s12898-017-0136-x. 

230.  Oliver, K.M.; Russell, J.A.; Moran, N.A.; Hunter, M.S. Facultative bacterial symbionts in aphids confer resistance 
to parasitic wasps. Proceedings of the National Academy of Science of the United States of America 2003, 100, 
1803–1807, doi:10.1073/pnas.0335320100. 

231.  Sugio, A.; Dubreuil, G.; Giron, D.; Simon, J.-C. Plant–insect interactions under bacterial influence: ecological 

implications and underlying mechanisms. Journal of Experimental Botany 2015, 66, 467–478, 

doi:10.1093/jxb/eru435.  

232. International Resistance Action Comitee; http://www.irac-online.org/documents/sucking-pest-moa-poster/ 

233.  Skaljac, M.; Kirfel, P.; Grotmann, J.; Vilcinskas, A. Fitness costs of infection with Serratia symbiotica are associated 
with greater susceptibility to insecticides in the pea aphid Acyrthosiphon pisum. Pest Management Science 2018, 
74, 1829-1836, doi:10.1002/ps.4881. 

234.  Ghanim, M.; Kontsedalov, S. Susceptibility to insecticides in the Q biotype of Bemisia tabaci is correlated with 
bacterial symbiont densities. Pest Management Science 2009, 65, 939–942, doi:10.1002/ps.1795. 

235.  Oliver, K.M.; Smith, A.H.; Russell, J.A. Defensive symbiosis in the real world – advancing ecological studies of 
heritable, protective bacteria in aphids and beyond. Functional Ecology 2014, 28, 341–355, doi:10.1111/1365-
2435.12133. 

236.  Vorburger, C.; Gouskov, A. Only helpful when required: A longevity cost of harbouring defensive symbionts. 
Journal of Evolutionary Biology. 2011, 24, 1611–1617, doi:10.1111/j.1420-9101.2011.02292.x. 

237.  Oliver, K.M.; Campos, J.; Moran, N.A.; Hunter, M.S. Population dynamics of defensive symbionts in aphids. 
Proceedings of the Royal Society B: Biological Sciences 2008, 275, 293–299, doi:10.1098/rspb.2007.1192. 

238.  Cayetano, L.; Rothacher, L.; Simon, J.-C.; Vorburger, C. Cheaper is not always worse: Strongly protective isolates 
of a defensive symbiont are less costly to the aphid host. Proceedings of the Royal Society B: Biological Sciences. 
2015, 282, 20142333, doi:10.1098/rspb.2014.2333. 

239.  Russell, J.A.; Weldon, S.; Smith, A.H.; Kim, K.L.; Hu, Y.; Łukasik, P.; Doll, S.; Anastopoulos, I.; Novin, M.; Oliver, 
K.M. Uncovering symbiont-driven genetic diversity across North American pea aphids. Molecular Ecology 2013, 
22, 2045-2059, doi:10.1111/mec.12211. 

240.  Login, F.H.; Balmand, S.; Vallier, A.; Vincent-Monégat, C.; Vigneron, A.; Weiss-Gayet, M.; Rochat, D.; Heddi, A. 
Antimicrobial peptides keep insect endosymbionts under control. Science 2011, 334, 362–365, 
doi:10.1126/science.1209728. 

241.  Boman, H.G. Peptide antibiotics and their role in innate immunity. Annual Review of Immunology 1995, 13, 61–
92, doi:10.1146/annurev.iy.13.040195.000425. 

242.  Ageitos, J.M.; Sánchez-Pérez, A.; Calo-Mata, P.; Villa, T.G. Antimicrobial peptides (AMPs): Ancient compounds 
that represent novel weapons in the fight against bacteria. Biochemical Pharmacology 2017, 133, 117–138, 
doi:10.1016/j.bcp.2016.09.018. 

243.  Wiesner, J.; Vilcinskas, A. Antimicrobial peptides: The ancient arm of the human immune system. Virulence 2010, 
1, 440-464, doi:10.4161/viru.1.5.12983. 

244.  Bechinger, B.; Gorr, S.-U. Antimicrobial peptides: Mechanisms of Action and Resistance. Journal of Dental 
Research 2017, 96, 254–260, doi:10.1177/0022034516679973. 

245.  Kumar, P.; Kizhakkedathu, J.N.; Straus, S.K. Antimicrobial peptides: Diversity, mechanism of action and strategies 
to improve the activity and biocompatibility in vivo. Biomolecules 2018, 8, 4, doi:10.3390/biom8010004. 

246.  Tonk, M.; Vilcinskas, A. The medical potential of antimicrobial peptides from insects. Current Topics in Medicinal 
Chemistry 2017, 17, 554–575, doi: 10.2174/1568026616666160713123654. 

247.  Wiesner, J.; Vilcinskas, A. Therapeutic potential of anti-microbial peptides from insects. In Vilcinskas, A. (Ed): 
Insect Biotechnology; Springer Netherlands, Dordrecht 2011; pp. 29–65, ISBN 978-90-481-9641-8. 

248.  Rosales, C. Cellular and molecular mechanisms of insect immunity. Insect Physiology and Ecology 2017, 
doi:10.5772/67107 available online: https://www.intechopen.com/books/insect-physiology-and-
ecology/cellular-and-molecular-mechanisms-of-insect-immunity. 



                                                                                                                                                         REFERENCES 

32 

249.  Gerardo, N.M.; Altincicek, B.; Anselme, C.; Atamian, H.; Barribeau, S.M.; de Vos, M.; Duncan, E.J.; Evans, J.D.; 
Gabaldón, T.; Ghanim, M.; et al. (26 authors) Immunity and other defenses in pea aphids, Acyrthosiphon pisum. 
Genome Biology 2010, 11, R21, doi:10.1186/gb-2010-11-2-r21. 

250.  Hanson, M.A.; Dostálová, A.; Ceroni, C.; Poidevin, M.; Kondo, S.; Lemaitre, B. Correction: Synergy and remarkable 
specificity of antimicrobial peptides in vivo using a systematic knockout approach. eLife 2019, 8, 
doi:10.7554/eLife.48778. 

251.  Hanson, M.A.; Dostálová, A.; Ceroni, C.; Poidevin, M.; Kondo, S.; Lemaitre, B. Synergy and remarkable specificity 
of antimicrobial peptides in vivo using a systematic knockout approach. eLife 2019, 8, doi:10.7554/eLife.44341. 

252.  Laughton, A.M.; Garcia, J.R.; Gerardo, N.M. Condition-dependent alteration of cellular immunity by secondary 
symbionts in the pea aphid, Acyrthosiphon pisum. Journal of Insect Physiology 2016, 86, 17–24, 
doi:10.1016/j.jinsphys.2015.12.005. 

253.  Vilcinskas, A. Evolutionary plasticity of insect immunity. Journal of Insect Physiology 2013, 59, 123–129, 
doi:10.1016/j.jinsphys.2012.08.018. 

254.  Akman Gündüz, E.; Douglas, A. Symbiotic bacteria enable insect to use a nutritionally inadequate diet. 
Proceedings of the Royal Society B: Biological Sciences 2009, 276, 987–991, doi:10.1098/rspb.2008.1476. 

255.  Skaljac, M. Bacterial symbionts of aphids (Hemiptera: Aphididae). In Vilcinskas, A. (Ed): Biology and ecology of 
aphids; CRC Press, Abingdon 2016, pp. 100–125, doi:10.1201/b19967-5; ISBN 978-1-4822-3678-1. 

256.  Koga, R.; Tsuchida, T.; Sakurai, M.; Fukatsu, T. Selective elimination of aphid endosymbionts: effects of antibiotic 
dose and host genotype, and fitness consequences. FEMS Microbiology Ecology 2007, 60, 229–239, 
doi:10.1111/j.1574-6941.2007.00284.x. 

257.  Wilkinson, T.L. The elimination of intracellular microorganisms from insects: An analysis of antibiotic-treatment 
in the pea aphid (Acyrthosiphon pisum). Comparative Biochemistry and Physiology Part A: Molecular & 
Integrative Physiology 1998, 119, 871–881, doi:10.1016/S1095-6433(98)00013-0. 

258.  Ortiz, E.; Gurrola, G.B.; Schwartz, E.F.; Possani, L.D. Scorpion venom components as potential candidates for drug 
development. Toxicon 2015, 93, 125–135, doi:10.1016/j.toxicon.2014.11.233. 

259.  Almaaytah, A.; Albalas, Q. Scorpion venom peptides with no disulfide bridges: A review. Peptides 2014, 51, 35–
45, doi:10.1016/j.peptides.2013.10.021. 

260.  Luna-Ramirez, K.; Tonk, M.; Rahnamaeian, M.; Vilcinskas, A. Bioactivity of natural and engineered antimicrobial 
peptides from venom of the scorpions Urodacus yaschenkoi and U. manicatus. Toxins 2017, 9:22, 
doi:10.3390/toxins9010022. 

261.  Luna-Ramirez, K.; Skaljac, M.; Grotmann, J.; Kirfel, P.; Vilcinskas, A. Orally delivered scorpion antimicrobial 
peptides exhibit activity against pea aphid (Acyrthosiphon pisum) and its bacterial symbionts. Toxins 2017, 9:261, 
doi:10.3390/toxins9090261. 

262.  Luna-Ramírez, K.; Quintero-Hernández, V.; Vargas-Jaimes, L.; Batista, C.V.F.; Winkel, K.D.; Possani, L.D. 
Characterization of the venom from the Australian scorpion Urodacus yaschenkoi: Molecular mass analysis of 
components, cDNA sequences and peptides with antimicrobial activity. Toxicon 2013, 63, 44–54, 
doi:10.1016/j.toxicon.2012.11.017. 

263.  Luna-Ramírez, K.; Sani, M.-A.; Silva-Sanchez, J.; Jiménez-Vargas, J.M.; Reyna-Flores, F.; Winkel, K.D.; Wright, C.E.; 
Possani, L.D.; Separovic, F. Membrane interactions and biological activity of antimicrobial peptides from 
Australian scorpion. Biochimica et Biophysica Acta - Biomembranes 2014, 1838, 2140–2148, 
doi:10.1016/j.bbamem.2013.10.022. 

264.  Luna-Ramírez, K.; Quintero-Hernández, V.; Juárez-González, V.R.; Possani, L.D. Whole transcriptome of the 
venom gland from Urodacus yaschenkoi scorpion. PLoS ONE 2015, 10, e0127883, 
doi:10.1371/journal.pone.0127883. 

265.  Sunagar, K.; Undheim, E.A.B.; Chan, A.H.C.; Koludarov, I.; Muñoz-Gómez, S.A.; Antunes, A.; Fry, B.G. Evolution 
stings: The origin and diversification of scorpion toxin peptide scaffolds. Toxins 2013, 5, 2456–2487, 
doi:10.3390/toxins5122456. 

266.  Foray, V.; Grigorescu, A.S.; Sabri, A.; Haubruge, E.; Lognay, G.; Francis, F.; Fauconnier, M.-L.; Hance, T.; Thonart, 
P. Whole-genome sequence of Serratia symbiotica Strain CWBI-2.3T, a free-living symbiont of the black bean 
aphid Aphis fabae. Genome Announcements 2014, 2, e00767-14, doi:10.1128/genomeA.00767-14. 

267.  Hoffmann, J.A.; Reichhart, J.-M. Drosophila innate immunity: an evolutionary perspective. Nature Immunology 
2002, 3, 121–126, doi:10.1038/ni0202-121. 

268.  Kuhn-Nentwig, L. Antimicrobial and cytolytic peptides of venomous arthropods. Cellular and Molecular Life 
Sciences. 2003, 60, 2651–2668, doi:10.1007/s00018-003-3106-8. 

269.  Mylonakis, E.; Podsiadlowski, L.; Muhammed, M.; Vilcinskas, A. Diversity, evolution and medical applications of 
insect antimicrobial peptides. Philosophical Transactions of the Royal Society of London. Series B, Biological 
Sciences 2016, 371, 20150290, doi:10.1098/rstb.2015.0290. 

270.  Sani, M.-A.; Separovic, F. How membrane-active peptides get into lipid membranes. Accounts of Chemical 
Research 2016, 49, 1130–1138, doi:10.1021/acs.accounts.6b00074. 

271.  Steiner, H.; Hultmark, D.; Engström, Å.; Bennich, H.; Boman, H.G. Sequence and specificity of two antibacterial 
proteins involved in insect immunity. Nature 1981, 292, 246–248, doi:10.1038/292246a0. 

272.  Langen, G.; Imani, J.; Altincicek, B.; Kieseritzky, G.; Kogel, K.-H.; Vilcinskas, A. Transgenic expression of 
gallerimycin, a novel antifungal insect defensin from the greater wax moth Galleria mellonella, confers resistance 
to pathogenic fungi in tobacco. Biological Chemistry 2006, 387, 549–557, doi:10.1515/BC.2006.071. 



                                                                                                                                                     PUBLICATIONS 

33 

5. PUBLICATIONS 

5.1 1ST PUBLICATION 

 

 

 

Inhibition of histone acetylation and deacetylation 

enzymes affects longevity, development, and 

fecundity in the pea aphid (Acyrthosiphon pisum) 

 

Phillipp Kirfel, Marisa Skaljac, Jens Grotmann, Tobias Kessel, 

Maximilian Seip, Katja Michaelis & Andreas Vilcinskas 

Archives of Insect Biochemistry and Physiology (2019), e21614 

  

1 



                                                                                                                                                     PUBLICATIONS 

34 

  



                                                                                                                                                     PUBLICATIONS 

35 

  



                                                                                                                                                     PUBLICATIONS 

36 

 



                                                                                                                                                     PUBLICATIONS 

37 

 



                                                                                                                                                     PUBLICATIONS 

38 

 



                                                                                                                                                     PUBLICATIONS 

39 

 



                                                                                                                                                     PUBLICATIONS 

40 

 



                                                                                                                                                     PUBLICATIONS 

41 

 



                                                                                                                                                     PUBLICATIONS 

42 

 



                                                                                                                                                     PUBLICATIONS 

43 

 



                                                                                                                                                     PUBLICATIONS 

44 

 

 



                                                                                                                                                     PUBLICATIONS 

45 

 

  



                                                                                                                                                     PUBLICATIONS 

46 

 

  



                                                                                                                                                     PUBLICATIONS 

47 

 

 



                                                                                                                                                     PUBLICATIONS 

48 

 



                                                                                                                                                     PUBLICATIONS 

49 

 



                                                                                                                                                     PUBLICATIONS 

50 

 



                                                                                                                                                     PUBLICATIONS 

51 

 



                                                                                                                                                     PUBLICATIONS 

52 

 

  



                                                                                                                                                     PUBLICATIONS 

53 

 

  



                                                                                                                                                     PUBLICATIONS 

54 

 

 



                                                                                                                                                     PUBLICATIONS 

55 

 

  



                                                                                                                                                     PUBLICATIONS 

56 

5.2 2ND PUBLICATION 

 

 

 

Lysine acetyltransferase p300/CBP plays an 

important role in reproduction, embryogenesis and 

longevity of the pea aphid Acyrthosiphon pisum 

 

Phillipp Kirfel, Andreas Vilcinskas, Marisa Skaljac 

Insects (2020), 11, 265 

  

2 



                                                                                                                                                     PUBLICATIONS 

57 

 



                                                                                                                                                     PUBLICATIONS 

58 

 



                                                                                                                                                     PUBLICATIONS 

59 

 



                                                                                                                                                     PUBLICATIONS 

60 

 

  



                                                                                                                                                     PUBLICATIONS 

61 

  



                                                                                                                                                     PUBLICATIONS 

62 

 

 



                                                                                                                                                     PUBLICATIONS 

63 

 



                                                                                                                                                     PUBLICATIONS 

64 

 



                                                                                                                                                     PUBLICATIONS 

65 

 



                                                                                                                                                     PUBLICATIONS 

66 

  



                                                                                                                                                     PUBLICATIONS 

67 

 

 



                                                                                                                                                     PUBLICATIONS 

68 

 

  



                                                                                                                                                     PUBLICATIONS 

69 

 



                                                                                                                                                     PUBLICATIONS 

70 

 

 



                                                                                                                                                     PUBLICATIONS 

71 

 

  



                                                                                                                                                     PUBLICATIONS 

72 

 

  



                                                                                                                                                     PUBLICATIONS 

73 

5.3 3RD PUBLICATION – CO-AUTHOR PUBLICATION  

 

 

 

Fitness costs of infection with Serratia symbiotica 

are associated with greater susceptibility to 

insecticides in the pea aphid Acyrthosiphon pisum 

 

Marisa Skaljac, Phillipp Kirfel, Jens Grotmann & 

Andreas Vilcinskas,  

Pest Management Science (2018), 74(8), 1829-1836  

 

Declaration of contribution: 

In this paper I contributed in conceiving and designing the experimental setup. I took part 

in the execution of the experiments and data collection. Additionally, I was responsible 

for the data analysis and supported in data interpretation.  

3 



                                                                                                                                                     PUBLICATIONS 

74 

 



                                                                                                                                                     PUBLICATIONS 

75 

 



                                                                                                                                                     PUBLICATIONS 

76 

 



                                                                                                                                                     PUBLICATIONS 

77 

 



                                                                                                                                                     PUBLICATIONS 

78 

 



                                                                                                                                                     PUBLICATIONS 

79 

 



                                                                                                                                                     PUBLICATIONS 

80 

 



                                                                                                                                                     PUBLICATIONS 

81 

 

  



                                                                                                                                                     PUBLICATIONS 

82 

5.4 4TH PUBLICATION – CO-AUTHOR PUBLICATION  

 

 

 

Orally delivered scorpion antimicrobial peptides 

exhibit activity against pea aphid (Acyrthosiphon 

pisum) and its bacterial symbionts. 

 

Karen Luna-Ramirez, Marisa Skaljac, Jens Grotmann, 

Phillipp Kirfel, & Andreas Vilcinskas,  

Toxins (2017), 9 (9) 

 

Declaration of contribution: 

My contribution to this paper was performing the experiments. I was taking microscopy 

pictures and collecting survival data during the feeding experiements. 

  

4 



                                                                                                                                                     PUBLICATIONS 

83 

 



                                                                                                                                                     PUBLICATIONS 

84 

 



                                                                                                                                                     PUBLICATIONS 

85 

 



                                                                                                                                                     PUBLICATIONS 

86 

 



                                                                                                                                                     PUBLICATIONS 

87 

 



                                                                                                                                                     PUBLICATIONS 

88 

 



                                                                                                                                                     PUBLICATIONS 

89 

 



                                                                                                                                                     PUBLICATIONS 

90 

 



                                                                                                                                                     PUBLICATIONS 

91 

 



                                                                                                                                                     PUBLICATIONS 

92 

 



                                                                                                                                                     PUBLICATIONS 

93 

 



                                                                                                                                                     PUBLICATIONS 

94 

 



                                                                                                                                                     PUBLICATIONS 

95 

 



                                                                                                                                                     PUBLICATIONS 

96 

 



                                                                                                                                                     PUBLICATIONS 

97 

 



                                                                                                                                                     PUBLICATIONS 

98 

 

  



                                                                                                                                                     PUBLICATIONS 

99 

5.5 PATENT AND CONFERENCE PARTICIPATIONS 

PATENTANMELDUNG 

 Vilcinskas A., Skaljac M, Kirfel P. Methods of Multi-Species insect pest control  
Application number EP19209940 

 

CONFERENCE PARTICIPATIONS 

 Insecta 2018 

Gießen, Germany 

Oral presentation: Inhibition of histone acetylation/deacetylation alters longevity, 

development and fecundity of the pea aphid 

 XI European Congress of Entomology 2018 

Naples, Italy 

Oral presentation: Epigenetic inhibition impairs survival, development and fecundity of 

Acyrthosiphon pisum 

 Insecta 2017 

Berlin, Germany 

Poster: Epigenetic inhibitors are affecting life traits of the pea aphid 

 Ecology of Aphidophaga 13 (2016) 

Poster: Effects of Scorpion Antimicrobial Peptides on Bacterial Symbionts of Aphids 

 

 



                                                                                                                                                     DANKSAGUNG 

100 

DANKSAGUNG 

Ich möchte meine Dankbarkeit all denjenigen gegenüber äußern, die auf die eine oder andere 

Weise an der Vollendung dieser Dissertation beteiligt waren oder mich dabei unterstützt habe. 

Zu allererst gilt mein Dank Prof. Dr. Andreas Vilcinskas, für die Gelegenheit meine 

wissenschaftliche Neugierde in einem überaus spannenden Forschungsfeld, der 

Insektenbiotechnologie, zu befriedigen. Ich danke Ihm insbesondere für die Möglichkeit meine 

eigenen Ideen mit einbringen zu können und dafür, dass ich mich auch über das Fachliche 

hinaus weiter entwickeln konnte. Prof. Dr. Adriaan Dorresteijn danke ich für die Übernahme 

des Zweitgutachtens und für die regemäßigen und konstruktiven Gespräche im Verlauf dieser 

Arbeit. 

My acknowledgement goes to Dr. Marisa Skaljac for introducing me to the fascinating world of 

aphids, but also and even more for her constant advice, encouragement and your friendly and 

scientific support throughout my time in Gießen and beyond. Thank you Marisa. 

Ich bedanke mich bei Dr. Thomas Degenkolb für das akribische Lektorat meiner Arbeit und der 

großen Unterstützung bei der Vollendung dieser Thesis. 

Natürlich gilt mein Dank auch allen dauerhaften und zeitweiligen Mitgliedern der Aphid-Group, 

insbesondere möchte ich mich bei Jens, Max, Tobi, Katja und Olga bedanken für die Stunden 

und Tage, inkl. Wochenenden, an denen nicht enden wollende Stapel an Agarplatten bestückt 

oder ausgezählt werden mussten. Aphid-Group, the „A“ stands for „awsome“!! 

Ich bedanke mich bei allen ehemaligen Kollegen, die mir eine angenehme Zeit in Gießen und 

im Labor beschert haben. 

Ein großes Dankeschön geht an meine Freunde, dich sich das ein oder andere Mal meine 

Geschichten und Litaneien anhören mussten, wenn es mal wieder etwas schleppend lief. Danke 

dass ihr immer ein offenes Ohr hattet. 

Zu guter Letzt danke ich meiner Familie, meinen Eltern und Geschwistern, die steht’s an mich 

geglaubt haben, mich immer unterstützt und gefordert haben, wenn es nötig war. Ohne euch 

wäre ich nicht der, der ich heute bin. Danke! 



 

101 

VERSICHERUNG AN EIDES STATT 

Ich erkläre: Ich habe die vorgelegte Dissertation selbstständig und ohne unerlaubte fremde Hilfe 

und nur mit den Hilfen angefertigt, die ich in der Dissertation angegeben habe. Alle Textstellen, 

die wörtlich oder sinngemäß aus veröffentlichten Schriften entnommen sind, und alle Angaben, 

die auf mündlichen Auskünften beruhen, sind als solche kenntlich gemacht. Bei den von mir 

durchgeführten und in der Dissertation erwähnten Untersuchungen habe ich die Grundsätze 

guter wissenschaftlicher Praxis, wie sie in der „Satzung der Justus-Liebig-Universität Gießen zur 

Sicherung guter wissenschaftlicher Praxis“ niedergelegt sind, eingehalten. 

 

 

_______________________                                                    Bad Camberg, den 6. Februar 2021 

(Phillipp Peter Kirfel) 

 

 

 


